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This study investigates soot formation in laminar iso-octane counterflow diffusion flames (CDFs) under varying
strain rates and fuel mass fractions. Spatially resolved measurements of temperature, major and minor gas-phase
species, including polycyclic aromatic hydrocarbons (PAHs) up to three fused aromatic rings, as well as prop-

ISSO':Ctane erties of the formed soot particles, such as volume fractions, primary particle sizes, and optical properties, i.e.,
00 recursors . . . . . . . .
P AHsp refractive-index function for absorption in the near-infrared spectral region E(m,Anr ), were conducted using both

intrusive and non-intrusive diagnostics. With increasing fuel mass fraction, the concentrations of C; to Cs hy-
drocarbons and soot precursor molecules increase. This in turn results in higher soot volume fractions and larger
particle sizes in the investigated CDFs of iso-octane. The evolution of the nanostructure and maturity of soot
particles can be tracked via E(m, Anir), which increases with rising fuel mass fractions and indicates extended
basic structural units and a decreasing carbon-to-hydrogen ratio. Similarly, increasing strain rate reduces PAH
concentrations, thereby affecting soot volume fractions, particle sizes, and maturity due to shortened residence
times. The unique dataset aims to better understand the effects of alkane branching on soot formation by sys-
tematically investigating laminar iso-octane CDFs, and to elucidate the transition from precursor molecules to
primary soot particles, including their molecular fine structure. In addition, the dataset is intended to contribute

to the validation and development of kinetic mechanisms and soot models.

1. Introduction

Soot nanoparticles, in the atmospheric context referred to as black
carbon, are known to influence both climate and human health. While
earlier studies suggested that black carbon ranks among the most sig-
nificant contributors to anthropogenic radiative forcing [1], more recent
assessments indicate a lower, yet non-negligible, impact compared to
greenhouse gases [2,3]. Independently of its climate relevance, the
inhalation of soot particles poses a severe health risk due to their ability
to penetrate deep into the respiratory system [4,5]. Consequently, reg-
ulations targeting soot emissions, particularly in the transportation
sector, have become increasingly stringent. A fundamental under-
standing of soot formation mechanisms is therefore critical for devel-
oping strategies to mitigate particulate emissions from combustion
processes.

Soot formation remains one of the most complex and unresolved
phenomena in combustion science. It involves interactions between gas-
phase chemistry, particle inception and growth, aggregation dynamics,
and energy transport across a wide range of spatial and temporal scales
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[6]. Especially challenging is the transition from small hydrocarbon
intermediates to large polycyclic aromatic hydrocarbons (PAHs),
incipient particles, and eventually mature soot aggregates, which is
governed by both chemical kinetics and local flame condition [7,8]. The
overall process is sensitive to parameters such as temperature, pressure,
residence time, stoichiometry, and strain rate [9-12].

To isolate key mechanisms of soot formation, canonical flame con-
figurations with well-defined boundary conditions are employed.
Laminar counterflow diffusion flames (CDFs) are particularly suitable
for fundamental studies due to their aerodynamic stabilization, minimal
heat losses to burner surfaces, and the ability to systematically vary the
strain rate as an experimental control parameter [11,12]. Moreover,
their quasi-one-dimensional structure enables simplified numerical
modeling, even for large chemical reaction networks. Increased strain
rates have been shown to reduce soot formation by shortening residence
times for molecular growth and particle nucleation [11,13,14], whereas
higher fuel mass fractions tend to enhance soot formation by increasing
precursor concentrations [14,15]. These features make CDFs an ideal
platform for mechanistic soot studies and model development.
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The choice of fuel plays a central role in understanding soot forma-
tion. Real-world fuels such as gasoline, diesel, and aviation fuels are
composed of hundreds of hydrocarbon species, including linear and
branched alkanes, cycloalkanes, and aromatics [16-20]. To reduce
chemical complexity while maintaining key combustion-relevant prop-
erties, surrogate fuels consisting of a limited number of representative
components are commonly employed - both to enable detailed modeling
and to allow for well-controlled experiments under defined boundary
conditions. Investigating individual components of such surrogate
mixtures, such as iso-octane, is valuable for isolating the influence of
specific molecular structures on soot formation pathways and for
developing predictive kinetic models before extending to more complex
multi-component systems. As a representative compound mimicking
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branched alkanes, iso-octane is frequently used as a surrogate compo-
nent due to its relevance to gasoline, diesel, and synthetic aviation fuels
[16-20]. While its combustion characteristics such as ignition delay [21,
22] and flame speed [23,24] have been widely investigated, there is a
notable lack of comprehensive studies on PAH and soot formation in
iso-octane diffusion flames.

Previous studies have focused on individual aspects of soot formation
in iso-octane flames. Zeng et al. [25] analyzed soot precursors in pre-
mixed configurations, while Frenzel et al. [26] quantified soot particle
size distributions and volume fractions in similar flame types. Liu et al.
[27] investigated soot precursor chemistry in a coflow diffusion flame,
yet without soot measurements. Kruse et al. [28] reported soot volume
fractions in iso-octane CDFs under varying strain rates and fuel mass
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Fig 1. Experimental setup.
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fractions but did not provide PAH profiles or temperature data.
Conversely, Sarathy et al. [29] and Zhao et al. [30] presented PAH
concentration profiles in iso-octane CDFs; however, only Sarathy et al.
[29] reported temperature profiles, and neither study included soot
measurements.

This study addresses the identified gap by providing spatially
resolved measurements of temperature and PAH concentrations in iso-
octane CDFs across a range of strain rates and fuel mass fractions. In
addition, soot volume fractions, primary particle sizes, and optical
properties are quantified using both intrusive and non-intrusive di-
agnostics. The resulting dataset enables a deeper understanding of the
relationship between gas-phase chemistry and soot formation, including
the molecular fine structure and carbon-to-hydrogen ratio of the
resulting particles. The data may serve as a basis for the further devel-
opment and validation of kinetic soot models capable of describing both
molecular and optical properties of soot. This study thereby provides a
controlled benchmark for extending soot modeling efforts to more
complex fuel mixtures.

2. Experimental approach

In this study, we investigate CDFs of iso-octane, which are charac-
terized by the flame stabilized on the oxidizer side of the stagnation
plane (SP) and are referred to as soot formation (SF) CDFs [31]. In this
configuration, the soot particles formed are convected in the opposite
direction to the oxidizer flow, thus suppressing soot oxidation. The CDFs
of SF type are realized at moderate oxygen mole fractions on the oxidizer
side, meaning that soot formation takes place in a zone of low oxygen
concentration. The overall process is dominated by particle formation
and particle dynamics [11,14,31], offering the opportunity to focus on
the transition from precursor molecules to primary soot particles.

The flame structure is quantified using intrusive methods. While the
temperature profiles are measured using a thermocouple probe, PAHs
up to pyrene are sampled using a microprobe and quantified via gas
chromatography (GC) coupled to different detectors. Soot volume frac-
tions, primary particle sizes and optical properties of particles formed in
the investigated CDFs are analyzed by two-color time-resolved laser
incandescence (2C-TiRe-LII).

Fig. 1 provides an overview of the counterflow burner, the fuel and
oxidizer supply system and the diagnostic methods employed in this
study and outlined in the following sections.

2.1. Counterflow burner and fuel supply system

The investigated CDFs were stabilized in a counterflow burner
designed by Niemann, Seshadri and Williams at the University of Cali-
fornia San Diego [32]. This water-cooled counterflow burner is move-
able in vertical direction, sketched in Fig 1 and described in detail in [14,
33,34], consists of two identical, opposing ducts with an internal
diameter of 25 mm and a fixed separation distance L of 12.5 mm. The
fuel mixture is fed through the bottom duct and the oxidizer mixture, i.
e., air in this study, is fed through the top duct. Both ducts are sur-
rounded by ring-shaped channels that enable the CDFs to be shielded
with a nitrogen sheath flow. Oxidizer and sheath flow gases of highest
purity are supplied via mass flow controllers (MFCs). Fine stainless steel
wire meshes made of 50 um diameter wires are mounted at the duct exits
to promote approximate plug-flow conditions. The resulting velocity
field has been experimentally shown to be close to plug flow, justifying
the use of average velocities to estimate strain rates [32]. The exhaust
gases are removed via a separate second ring-shaped duct around the
fuel duct.

The liquid fuel, i.e., iso-octane, was supplied to the counterflow
burner in gaseous form via a liquid fuel preparation system consisting of
a syringe pump (500D, Teledyne ISCO, USA) and a direct vaporizer
(aSTEAM, aDROP Feuchtemesstechnik GmbH, Germany). Depending on
the fuel mass fraction, a defined volume flow of nitrogen is added to the
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gaseous fuel downstream of the vaporizer. The fuel lines were condi-
tioned at 400 K to prevent condensation of the liquid components in the
lines and/or in the burner. The iso-octane, i.e., 2,2,4-Trimethylpentane,
CAS number: 540-84-1, used in this study has a purity of 99.99 %.

2.2. Investigated iso-octane counterflow diffusion flames

Following the nomenclature of [14,33,34], the indices 1 and 2
denote the fuel and oxidizer duct respectively. In the experiments, a
momentum balance of the opposing reactant streams, p; V2 = p, V3, is
imposed to keep the stagnation plane approximately in the middle be-
tween the two ducts. Here, v; and v, denote the flow velocities of the fuel
and oxidizer flow normal to the stagnation plane, while p; and p, are the
associated densities. The average velocities of the reactants are esti-
mated as the ratio of the corresponding volumetric flow rates to the
cross-sectional area of the ducts. In the region between the stagnation
plane and the oxidizer duct, the characteristic strain rate a,, defined as
the normal gradient of the normal component of the flow velocity,
evaluated in the stagnation plane, is given by [34,35]:

2 | 1| vP1
- 14 VALY 1
a; L ( +‘v2| e (€8]

Due to the momentum equilibrium, the strain rate a, is directly
correlated with the flow rate of the oxidizer mixture and separation
distance between the two ducts and can be approximated by a, =
4 |vo| L7 [14]. Here, the fuel mass fraction is denoted by Yr;, but is
abbreviated as Yy for simplicity, as neither partially premixed nor pre-
mixed flames are investigated in this study. The oxygen mass fraction of
the oxidizer Yo, » is kept constant at 0.233 in this study.

As listed in Table 1, a total of eight iso-octane CDFs at different fuel
mass fractions and strain rates were investigated. All experiments are
carried out at atmospheric pressure.

As a first diagnostic step, sooting limits in CDFs were determined
using elastic light scattering, following the approach by Joo et al. [36]. A
continuous-wave laser emitting at 532 nm was directed through the
burner axis, and the scattered light was detected by a photomultiplier
tube with narrow-band and polarization filtering; the resulting signal
was demodulated using a lock-in amplifier synchronized with a me-
chanical chopper to improve the signal-to-noise ratio. The transition
from non-sooting to sooting conditions is identified by the appearance of
a local maximum in the normalized scattering intensity profile, indi-
cating the presence of soot particles [34,36].

As a baseline case, a non-sooting CDF with a strain rate of 60 s and a
fuel mass fraction of 0.35 is investigated. The experimental data ob-
tained are used to evaluate the performance of the available chemical
kinetic mechanisms. Then, the fuel mass fraction is varied from 0.35 to
0.60 at a constant strain rate of 60 s™'. The strain rate is finally varied
from 60 s to 120 s at a constant fuel mass fraction of 0.60.

2.3. Quantifying the flame structure

The flame structure is investigated by measuring the temperature

Table 1
Investigated iso-octane CDFs. The sooting limit was determined using the
method proposed by Joo et al. [36].

Flame Fuel Oxidizer Sooting tendency
/st Ye=Ym  Ywm1i Yoo Y, 2
1 60 0.35 0.65 0.233 0.767 non-sooting flame
2 60 0.47 0.53 0.233 0.767 sooting flame
3 60 0.50 0.50 0.233 0.767 sooting flame
4 60 0.60 0.40 0.233 0.767 sooting flame
5 70 0.60 0.40 0.233 0.767 sooting flame
6 80 0.60 0.40 0.233 0.767 sooting flame
7 100 0.60 0.40 0.233 0.767 non-sooting flame
8 120 0.60 0.40 0.233 0.767 non-sooting flame
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and the major and minor species along the flame axis, with the profiles
determined as a function of distance from the fuel duct. The intrusive
diagnostic methods for determining the flame structure are presented in
the following two sub-sections.

2.3.1. Measurement of temperature profiles

The axial temperature profiles of the investigated flames were
measured using an S-type thermocouple probe, as described in our
previous studies [14,34,37]. A spring mechanism prevents deformation
of the thin thermocouple wires with a diameter of 100 um, which are
fixed under tension parallel to the reaction zone [14]. To eliminate
catalytic effects, the wires were coated with zirconium oxide, resulting
in a thermocouple bead with a diameter of 400 um. The measured
temperatures were corrected for radiation losses according to [38], with
further details provided in [14,34]. The influence of soot deposition on
emissivity was considered negligible due to the short residence time of
less than three seconds and the absence of observable soot deposits,
confirmed by optical microscopy. Considering the standard deviation of
the measurements and the uncertainties imposed by the radiation
correction, the uncertainty of the reported temperatures is 80 K [14,34,
37].

2.3.2. Measurement of gas-phase species profiles

A gas chromatograph (GC) coupled with multiple detectors was
employed to quantify the spatially resolved gas-phase composition. For
sampling the local gas-phase, a chemically inert ceramic microprobe
with an inner and outer diameter of 300 um and 500 pm, respectively,
coupled to the GC was used, see also Fig 1. This microprobe approach
was previously proposed by Carbone and Gomez [39] and adopted by us
in a modified design.

For sampling, the microprobe is moved horizontally into the stabi-
lized CDFs using a traverse system. The vertical movement in steps of
500 pm to measure the gas-phase composition along the flame axis, i.e.,
distance from the fuel duct (DFD), was carried out with the traversable
counterflow burner, see Section 2.1. The position of the microprobe
relative to the flame was monitored using a CCD camera. To ensure
accurate registration of the measurement position, the visible blue and
red emission layers - corresponding to CH* chemiluminescence and
Planck radiation from soot particles, respectively - were used as fixed
optical markers. Image analysis confirmed that the lateral displacement
of the flame front caused by the probe was consistently below 200 um
and thus smaller than the vertical scan step. This intrusive method
therefore causes a spatial uncertainty that is primarily related to the step
size and probe positioning and is conservatively estimated as 4+ 500 pm.

The transfer line connecting the microprobe with the GC is heated up
to 423 K to prevent condensation of gas-phase species. A total of 15
storage loops, each with a volume of 10 ml, conditioned at 503 K,
enabled consecutive sampling at different DFD of the CDFs. An auto-
mated routine was used to analyze all gas samples [40].

A GC coupled with multiple detectors, which is described in detail
elsewhere [33], served to determine the gas-phase composition. Three
GC columns connected to a thermal conductivity detector (TCD) were
used to quantify CO, COg, Oz, Hz and H30. Another GC column sepa-
rated lighter, i.e., < Cs, and higher hydrocarbons. Both fractions were
quantified by two separate GC columns and by flame ionization de-
tectors (FID) and mass spectrometry (MS).

The GC, including the multiple detectors, was calibrated with
gaseous and liquid mixtures. Calibration of major gas-phase species was
performed with reference gas mixtures consisting of CO, CO2, Og, Ha, No,
CH,4, CoHy and CgHg. Higher hydrocarbons and PAHs were calibrated
with liquid reference mixtures using the syringe pump and a direct
vaporizer, see Section 2.1., or by liquid injection. Both methods showed
excellent agreement and were used for different concentration levels. To
ensure accurate quantification, all species subjected to quantitative
analysis were calibrated in a two-point calibration. The overall uncer-
tainty on reported concentrations is & 3-10 % for the main species and
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=+ 5-30 % for light and heavy hydrocarbons, which include PAHs, and +
20 % for water. These values correspond to the largest uncertainty of the
species in the flames studied, considering the standard deviations of
three repeated measurements and the uncertainties from the calibration
procedures.

2.4. Quantifying optical properties, volume fractions and primary particle
size distributions of soot particles

In this work, two-color time-resolved laser-induced incandescence
(2C-TiRe-LIl) is applied to quantify the optical properties, volume
fractions and primary particle size distributions of the soot particles
formed in iso-octane CDFs. 2C-TiRe-LII involves detecting thermal ra-
diation emitted by a nano-sized particle ensemble that has been heated
by nanosecond laser pulse absorption [41,42]. The theoretical ap-
proaches of 2C-TiRe-LII to derive the target quantities is presented in
Section 2.4.1. and the optical setup in Section 2.4.2.

2.4.1. Approaches of 2C-TiRe-LII

The temperature increase of an ensemble of spherical primary par-
ticles induced by laser pulse absorption is given by the energy balance
[43,44]:

T,

NP”pP //d dP dT ddp NP” Ellm j-eJr: fexc /dB dP ddp
o 0 exc

@

Here, Tp is the particle temperature, with TS and T, indicating the
temperatures before and after laser pulse absorption, respectively.
Further, pp, dp, Np and c, refer to the density, size, number and volu-
metric heat capacity of the laser-heated particles. The size distribution
function of the particle ensemble within the detection volume is given
by P(dp). According to [45,46], P(dp) can be approximated best by a
log-normal distribution function:

P(dy) = [V2r dln(ey)] " exp {_ [In(dy) — In (CMD)]? -

2(in(o))

Here, the count median diameter CMD and the geometric standard
deviation o, represent the first and second moment of the distribution
function. In this study, a twofold approach regarding o, is applied.
Comparable to [14], a constant geometric standard deviation of 6, =
1.4 = const. is used to ensure the best comparability of count median
diameters. In addition, a variable o, is used as a function of the DFD. The
evolving ¢, values were derived from mobility sizing, applied to track
the soot formation process, and originate from CDFs of comparable
strain rates and fuel mass fractions in [47], albeit for ethylene flames.

In Eq. (2), exc is the wavelength of the excitation laser pulse and fey,
is its laser fluence integrated over the pulse duration. Further, E(m, dey.)
is the refractive-index function for absorption of the absorbing particle
ensemble at the excitation wavelength [48]. Since an excitation wave-
length in the near infrared (NIR) spectral range was used, i.e., dexc =

Anr = 1064 nm, we can specify E(m, Aexc) = E(m, AnR).

According to [44,49,50], E(m,Ang) depends on the molecular
structure of the soot particles. On a molecular scale, nano-sized soot
particles are composed of graphene-like basic structural units (BSUs)
with statistically distributed size [44]. As the size of the BSUs increases,
the optical band gap decreases, increasing the probability of absorption
of low-energy photons. Consequently, the light absorption of the parti-
cles in the NIR increases, resulting in an increase in the values of E(m,
Anmr)- Based on this, the evolution of the molecular structure and/or the
maturity [51-53] of soot particles during their formation can be moni-
tored by measuring E(m, Anr)-

By applying Eq. (2) and assuming a temperature-independent volu-
metric heat capacity, i.e., pp ¢s, [45,54], E(m, Anir) can be determined by



P. Vlavakis et al.

measuring the particle temperature before and after absorption of a laser
pulse with known fluence [49,52,55,56]:

ﬂmmwg%%%%m—ﬁ] @

The initial particle temperature T9 is assumed equal to the local gas
temperature, as soot particles are in thermal equilibrium with the sur-
rounding gas prior to laser heating. This gas temperature is obtained
from the gas-phase measurements described in Section 2.3.1. The post-
laser temperature, Ty, was determined via 2C pyrometry, as outlined in
the following section. E(m,Ayr) can thus be calculated for the investi-
gated soot particles in the absorption-dominated regime [56], i.e., in the
low fluence regime. This approach is subject to several sources of un-
certainty, as discussed in detail in Section 3.

Applying Planck’s radiation law, the temperature of the laser-heated
soot particle ensemble is derived. For homogeneous and optically thin
conditions inside the laser probe volume [45], the thermal radiation
signal S(44, Tp) at a discrete detection wavelength 14 follows Planck’s
radiation law integrated over all solid angles [45,49,57]:

o0

ﬂmnPM/
0

8 3h 2 E(m, 24) q d3 P(dp) he; !
. 1| ddp.
2 daks Tp

(5)

The spectral response of the signal detection system is accounted via
¥4. Further, kg is Boltzmann’s constant, h Planck’s constant and c; the
speed of light. Assuming Wien’s approximation, i.e.,
exp (hc; [Aaks Tp) >1 [58], the temperature of the laser-heated soot
particle ensemble can be calculated from the ratio of the thermal radi-
ation signals, S(4}, Tp) and S(A5, Tp), see Eq. (5), at two different

detection wavelengths, 1; and g, respectively [41,42,45,49,57-59]:

. i . -1
he, (11 S(A, Tp) E(m, %) ()%
Tp=" (= ) |In Uy To) E(m, ) (?)6 Ca| - ®)
o i 4) [P \s(y 1) E(m i) (2)
The calibration constant C’,, which accounts for the spectral sensi-

tivity of the detection system at the two wavelengths, is determined
using a tungsten lamp [41,44,49]. In literature, e.g., [41,44,49,59],

E(m,1%)/E(m, ;) = 1 is often used for detection wavelengths being not
too far apart. This assumption leads to a maximum uncertainty of the
particle temperatures and thus E(m, Axr), see Eq. (4), of approx. 10 %
[44,49], which is also valid for small, nascent particles in flame envi-
ronments, e.g., those presented in [53]. Based on Eq. (6), Tp, i.e., the
particle temperature directly after the laser pulse absorption can be
determined, which is required to evaluate E(m,Ayr) according to Eq. (4).

Following laser pulse absorption and the accompanying prompt
temperature rise, the gas-borne particle ensemble cools down to the
temperature of the surrounding gas-phase. When operating 2C-TiRe-LII
in the low-fluence regime, i.e., the sublimation temperature [51] is not
reached during laser pulse absorption, heat conduction determines the
cooling process of the particles [41,42]. Since the conductive cooling
rate is proportional to particles surface area, small particles cool faster
than larger ones [41]. Thus, the primary particle size distribution of the
laser-heated particles can be derived from the temporal temperature
decay, which in turn is determined from the measured 2C pyrometry
signal, see Eq. (6).

Furthermore, the temperature decay, which depends strongly and
non-linearly on the moments of P(dp), can be simulated numerically
using an energy balance equation for the laser-heated particles.
Assuming a log-normal distribution function, the statistical moments of
the actual primary particle size distribution of the investigated soot
aerosol are obtained by a multidimensional nonlinear fit of the calcu-
lated temperature decays - as a function of the particle size distribution -
to those measured by 2C pyrometry [54]. In the present work, this fit is
applied to the temporal decay of the TiRe-LII signal at a single detection
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wavelength, 4} or A%, which is less affected by measurement noise than
the derived temperature decay and thus yields more robust results,
comparable to the evaluation strategy in e.g., [59,60]. The choice of
detection wavelength is not critical, as we verified that comparable re-
sults are obtained for different wavelengths. Exemplary signal decay
traces and corresponding fits, obtained at different DFD in an investi-
gated iso-octane CDF, are provided in the Supplementary Material.

In the applied simulations, particle cooling is modeled using the
Karlsruhe model [44,49,61], which was first proposed by Lehre et al.
[62], modified in [61], and extended by temperature-dependent ex-
pressions for ¢; [59], pp [63] and the sublimation enthalpy [64]. In this
framework, energy losses due to heat conduction, radiation, and evap-
oration are considered, with evaporation being negligible in the
low-fluence regime applied here. Comparable to Kock et al. [59], energy
fluxes resulting from particle annealing or oxidation are neglected. The
uncertainties in determining P(dp) are discussed in the context of the
obtained results.

The laser pulse absorption of a particle ensemble in the Rayleigh
regime is proportional to its volume within the detection volume, as
shown in Eq. (2). According to Kirchhoff’s law, the thermal radiation of
laser-heated particles is likewise proportional to their volume. When all
particles are heated to the same peak temperature - ensured by operating
in the plateau fluence regime [41,42] - the peak 2C-TiRe-LII signal is
approximately proportional to the soot volume fraction f, [55]. In our
original approach, which forms the basis for f, data presented in this
work, f, was determined in the plateau regime and calibrated against a

reference flame of known f,, yielding the calibration constant Cial (/12)
from:

fr = Cly(4) S(ha. T). )

According to [14], the uncertainty of the prompt approach can be up
to 40 % when considering repeated experiments and variations in E(m,
Anr). For f, > 500 ppb and E(m, Ang) > 0.3, the measurement uncer-
(%) was

determined by comparing the measured S(44, T;) values from our

tainty decreases to below 20 %. The calibration constant C.,

laser-optical setup, see Section 2.4.2., with those obtained in a laminar,
premixed ethylene/air reference flame at an equivalence ratio of 2.1, for
which the soot volume fraction is known from the measurements of
Hadef et al. [65].

In the extended analysis, the low-fluence data originally recorded for
determining P(dp) and E(m,Ang) were also used to derive f,. This
enabled a recursive determination of f, using the auto-compensating
approach [66], based on the particle temperature after laser pulse ab-
sorption, Tp, without reference flame calibration. The required E(m, %)
was estimated from E(m,Aygr) determined in this study, using E(m,
532 nm)/E(m, Anr) ratios reported for comparable ethylene CDFs in
[14]. These ratios, obtained following the approach of Therssen et al.
[67], range from 1.1 to 1.7 depending on strain rate, fuel mass fraction,
and DFD. From this range, an average Angstrom coefficient of 0.45 +
0.30 can be derived, corresponding to a conversion factor for E (m, lg)
relative to E(m, Anr) between 1.08 and 1.45. The resulting uncertainty
in E(m, AZ) directly propagates into the f, values obtained with the
auto-compensating approach, adding an estimated + 15 % relative un-
certainty on top of other measurement errors. The resulting f, values
derived via the auto-compensating approach agreed within + 15 % of
the values obtained using the reference flame calibration approach for f,
up to 500 ppb. For cases with f, > 500 ppb and E(m,Angr) > 0.3, the
deviation remained below 30 %, consistent with the previously stated
measurement uncertainties and confirming the robustness of our soot
volume fraction data.

2.4.2. Laser-optical setup
In this study, the fundamental wavelength of a 10 Hz-pulsed Q-
switched Nd:YAG laser at ... = 1064 nm was employed. A rotating half-
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wave plate and a polarizing beam splitter was used to ensure a constant
and defined laser fluence. A fluence of 0.1 J cm™ in the low-fluence
regime was used to determine E(m,Aygr) and P(dp), as well as to
derive f, via the auto-compensating approach. In the plateau regime, a
fluence of 0.4 J cm™ was applied to quantify f, using the reference flame
calibration approach. Operation in the plateau regime was verified by a
fluence curve study, as shown in the Supplementary Material for the
critical flame in this context, characterized by E(m, Anr) values ranging
from 0.10 to 0.19 at a strain rate of 60 s and a fuel mass fraction of
0.50. However, at a DFD of 6.5 mm and E(m,Ayr) = 0.10, operation is
close to the low-fluence threshold of the plateau regime. Pulse-to-pulse
fluence was measured with a calibrated fast photodiode, see [49,50],
whereas the integral laser energy was measured with an energy sensor.
The laser beam passes through a mirror array, an aperture [49,50] and is
relay imaged to the detection volume with a 1:1 magnification. Beam
monitoring was carried out with and without CDFs to prove a negligible
influence of the flames on the beam profile. The 2C-TiRe-LII signal de-
cays were collected at an angle of 120° to the laser beam with a 2C
detection optics comprising a lens system and two fast photomultipliers
(H10720-20, Hamamatsu Photonics, 0.5 ns rise time) with 10 nm FWHM
bandpass interference filters centered at A, = 450 nm and f;’ = 650 nm,
respectively. The signal recording was carried out with a digital oscil-
loscope (Rohde & Schwarz RTM3004 with RTM-B2410 and RTM-B6)
providing a bandwidth of 1 GHz and a sampling rate of 5 GSa/s. The
triggering of the 2C detection optics was realized with the photodiode
used for pulse-to-pulse fluence measurements. Details of the instruments
used are provided elsewhere [14,49,50]. In data analysis, six hundred
TiRe-LII signals were averaged to calculate E(m, Anr), P(dp) and f,.

3. Results and discussion

Section 3.1 addresses the flame structure, i.e., temperature and
species concentration profiles, of a non-sooting iso-octane CDF, see
Flame 1 in Table 1. This provides a reference for evaluating soot-related
trends without cross-influences from surface chemistry. Section 3.2
discusses the effect of varying fuel mass fractions up to 0.60 at a constant
strain rate of 60 s! on flame structure and soot formation metrics, i.e., f,,
E(m, Anr) and P(dp). Section 3.3 presents results for varying strain rates
at a constant fuel mass fraction of 0.60. For clarity, error bars are
omitted in the following figures; the corresponding uncertainties of the
diagnostics are detailed in Section 2 and in the data discussion.

3.1. Flame structure analysis of a non-sooting iso-octane CDF

In first experiments, the sooting limit was determined using elastic
light scattering following the approach of Joo et al. [36], as described in
Section 2.2. It was found to occur at a fuel mass fraction of 0.45 for a
strain rate of 60 s™'. Accordingly, a fuel mass fraction of 0.35 at the same
strain rate was selected as the non-sooting reference CDF. This section
presents the temperature profile and the concentration profiles of
quantifiable species in this CDF, i.e., Flame 1 in Table 1, as a function of
DFD. These profiles provide a quantitative baseline for subsequent
comparison with sooting flames and for assessing the role of fuel mass
fraction in soot precursor formation.

Fig. 2 presents the radiation-corrected temperature profile as a
function of the DFD. The peak temperature of approximately 1720 K
occurs at a DFD of 6.5 mm, followed by a gradual decline toward the
oxidizer side. The temperature rise on the fuel side marks the reaction
zone of the strained diffusion flame. The profile is largely symmetric
with respect to the position of maximum temperature, while the stag-
nation plane is located further toward the fuel side at a DFD of about 5.7
mm, in agreement with previous measurements in comparable CDFs
[14,29,68].

The measured volume concentration profiles of major reactants and
products are shown in Fig 3. Fuel, i.e., CgHyg, and oxygen are consumed
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Fig 2. Radiation-corrected temperature profile of an iso-octane CDF at a strain
rate of 60 s and a fuel mass fraction of 0.35 as a function of DFD.
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(bottom) of an iso-octane CDF at a strain rate of 60 s and a fuel mass fraction
of 0.35 as a function of DFD.

within the narrow reaction zone between DFD of 5 mm and 6 mm. The
main products, CO; and Hy0, peak in this region, with the HyO
maximum slightly shifted toward the oxidizer side. Hydrogen and car-
bon monoxide, formed as intermediate products, exhibit peaks in the
same zone, with CO reaching higher concentrations than Hp.

Fig. 4 shows the measured volume concentration profiles of C; to C3
hydrocarbons. Methane, CH4, and acetylene, CoH,, peak near a DFD of 6
mm on the oxidizer side of the reaction zone, with CoHy showing the
narrowest, sharpest maximum. Ethylene, C;H4, and propene, C3Hg, peak
closer to a DFD of 5 mm on the fuel side with peak levels comparable to
CH4 and CyHj, while ethane, C;Hg, remains lower. Propane, C3Hg, re-
mains at very low levels and is scaled by a factor of ten for clarity. These
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Fig 4. Concentration profiles of C; to Cs hydrocarbons of an iso-octane CDF at a
strain rate of 60 s™' and a fuel mass fraction of 0.35 as a function of DFD. Note
that the C3Hg concentration is shown multiplied by a factor of ten for clarity.

distributions reflect formation by thermal and oxidative decomposition
of iso-octane in the reaction zone, followed by rapid consumption to-
ward the oxidizer duct. The profiles agree well with previous studies on
CDF of ethylene at comparable strain rates [14,68], confirming the
reliability of the measurements.

Fig. 5 shows the volume concentration profiles of single-ring aro-
matic species as well as PAHs. Benzene, CgHp, is the dominant single
ring, Al, species and exhibits its highest volume concentrations in the
fuel-rich side of the reaction zone. Toluene, C;Hg, ethylbenzene, CgH;o,
and the sum of xylene isomers, CgHjg, i.e., ortho-, meta- and para-
xylene, follow similar spatial trends but with lower concentrations.
Styrene, CgHg, and indene, C9Hg, show comparable profiles and mag-
nitudes to xylene.

The first detected PAH with two fused aromatic rings, naphthalene,
C10Hs, shows a tendency to peak slightly closer to the reaction zone than
benzene and other Al-based species. This behavior is consistent with its
dominant formation pathway, where growth from small aromatics
proceeds rapidly via hydrogen-abstraction-CaHp-addition (HACA) [69].
Three-ring PAHs, represented by the combined concentration of
anthracene, Ci4H;9, and phenanthrene, Ci4Hjo, as well as fluorene,
Cy3Hj0, appear in trace amounts with relatively flat profiles across the
oxidizer side beyond the reaction zone. Pyrene, C1¢Hj o, and higher PAHs
remain below the limit of detection (LOD) of the gas-phase diagnostics
under the investigated flame conditions.

The slight spatial separation between the maxima of Al-based spe-
cies and PAHs indicate a transition from primary aromatic formation to
PAH growth chemistry. In CDFs, such spatial trends are generally
consistent with established PAH growth mechanisms: Single-ring aro-
matics tend to form where C, and C3 hydrocarbon radicals are present in
high concentrations in the high-temperature reaction zone. The profiles
and relative magnitudes of the measured aromatic and PAH species are
in good agreement with previous experimental studies of laminar CDFs
of (toluene-doped) ethylene at comparable strain rates [70,71], sup-
porting the quantitative accuracy of the present dataset.
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Fig 5. Concentration profiles of Al-based species and PAHs of an iso-octane
CDF at a strain rate of 60 s and a fuel mass fraction of 0.35 as a function of
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are similar to those of styrene and indene. The concentrations of fluorene, as
well as the total concentration of the three-ring aromatics anthracene and
phenanthrene, are also similar.

3.2. Analysis of CDFs of varying fuel mass fraction

This section analyzes the influence of fuel mass fraction at a constant
strain rate on precursor chemistry and soot formation. Temperature and
species concentration profiles, as well as quantified soot properties from
Flames 1 to 4, see Table 1, are presented.

With increasing fuel mass fraction, both peak temperature and width
of the reaction zone increase, while the flame shifts slightly closer to the
oxidizer duct. Profiles of temperature, major species, and C; to C3 hy-
drocarbons are provided in the Supplementary Material. As expected,
higher fuel mass fractions result in increased concentrations of all major
species. Specifically, raising the fuel mass fraction from 0.35 to 0.60
increases CO5 and H,O volume concentrations from 8 % to 8.5 % and 10
% to 11.8 %, respectively. The effect is more pronounced for CO and Hy,
with CO increasing from 2.8 % in Flame 1 to 4.5 % in Flame 4, while the
H: concentration nearly doubles. A similar trend is observed for C; to C3
hydrocarbons, i.e., CH4, CoH4, CoHg, CsHg, C3Hg, and CoHj, see Sup-
plementary Material. Increasing the fuel mass fraction from 0.35 to 0.60
results in more than a twofold increase in the concentration of CHy.
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While CyH4, CoHg, C3Hg, and C3Hg also increase, the effect is less pro-
nounced. Fig. 6 shows that the acetylene volume concentration
approximately doubles when the fuel mass fraction increases from 0.35
to 0.60, which is reflected in the benzene profile, as higher CoH> levels
enhance benzene formation via HACA pathways.

Fig. 7 presents concentration profiles for toluene, xylene, styrene,
ethylbenzene, indene, and several higher PAHs. Fuel enrichment leads
to pronounced increases in aromatic species, with some higher-ring
PAHs showing particularly strong sensitivity. For example, the ben-
zene volume concentration, shown in Fig 6, increases from 180 ppm to
nearly 500 ppm, while xylene rises from about 7 ppm at Yz = 0.35 to 65
ppm at Yy = 0.60. Similar to acetylene, styrene, ethylbenzene, and
indene concentrations show increases by factors of about two to three.
Toluene also shows a clear peak increase from approx. 40 ppm to 80
ppm with higher fuel mass fraction. In addition, the onset of PAH growth
is evident: naphthalene, acenaphthylene, fluorene, as well as the sum of
anthracene and phenanthrene all exhibit significantly higher peak
values at Yz = 0.60. The PAHs exhibit concentration profiles similar to
the Al-based aromatic species, with significant increases observed as the
fuel mass fraction rises. Acenaphthylene shows the largest increase,
from 17 ppm in Flame 1 to nearly 70 ppm in Flame 4. Naphthalene
increases from 5 ppm to 20 ppm, while fluorene as well as the sum of
anthracene and phenanthrene, i.e., three-ring PAHs, show a similar rise
from about 1 ppm to 5 ppm. This trend is consistent with established
PAH growth pathways [72], in which enhanced acetylene availability
fosters ring growth. Accordingly, the larger PAHs exhibit a comparable
sensitivity to fuel enrichment as the smaller aromatics.

Fig. 8 shows the soot volume fraction profiles of CDFs with varying
fuel mass fractions. As described in Section 2, these CDFs are of SF type,
where soot particles form on the fuel side near the flame, grow as they
are convected toward the stagnation plane, SP, and eventually leak
through it, resulting in a sharp decrease in soot volume fraction across
the SP [12]. The profiles are similar to those reported in the literature, e.
g., [11-14,28]. For Flame 2, with a fuel mass fraction of 0.47, the peak
soot volume fraction approaches the LOD of 2C-TiRe-LII [47]. Increasing
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Fig 6. Symbols show the measured volume concentration profiles of acetylene
and benzene obtained from iso-octane CDFs at a constant strain rate of 60 s
and varying fuel mass fractions of 0.35 to 0.60 as a function of DFD.
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the fuel mass fraction to 0.50 raises the peak soot volume fraction to
approx. 20 ppb. A further rise leads to a factor of 40 increase, reaching
approx. 0.8 ppm. Similar trends and profiles have been reported for
ethylene CDFs [15,73].

As explained in Section 2.4.1, two complementary approaches were
applied to determine f,. On the one hand, f, was obtained in the plateau
fluence regime using a reference flame, in which soot particles corre-
spond to approximately 13 nm when approximated as monodisperse
[65]. Nanostructural features, such as extended BSU sizes that likely
determine E(m,Angr) [44,49,50], correlate with primary particle size
[14], with smaller primaries generally exhibiting smaller E(m, Anr) and
vice versa [53]. If the actual E(m, Axr) at a specific DFD in an investigated
CDF is smaller than in the reference flame, f, can be underestimated due
to the calibration, whereas larger E(m, Ayr ) would cause overestimation;
this effect is covered by the f, uncertainties stated in Section 2.4.1. On
the other hand, in the low-fluence regime used for the
auto-compensating approach, particles of different sizes do not reach the
same peak temperature due to the limited laser pulse energy, and the
measured ensemble peak temperature represents an average over
size-dependent values, making this method inherently more sensitive to
P(dp) than operation in the plateau regime. The close agreement be-
tween f, from the reference flame calibration and auto-compensating
approaches within the stated uncertainties confirms that such effects
are accounted for in the reported values.

In addition to the soot volume fraction, Fig 8 shows the quantified
count median diameter of the primary particle size distribution. Starting
from the oxidizer side, the primary particle size increases toward the
stagnation plane, reaching its peak value near the SP, which correlates
with soot volume fraction. In CDFs close to the soot limit, primary
particle size is predominantly influenced by surface growth, which is
driven by gas-phase chemistry and PAH concentrations. As Al-based
aromatics and PAH concentrations strongly depend on the iso-octane
fuel mass fraction, the increasing particle size with fuel mass fraction
can be explained.

As outlined in Section 2.4.1, a twofold approach regarding the geo-
metric standard deviation o, is applied. Comparable to [14], a constant
value of 6, = 1.4 was assumed to ensure the best comparability of count
median diameters. In addition, a variable o, was considered as a func-
tion of the DFD. The evolving o, values were derived from mobility
sizing, applied to track the soot formation process, and originate from
CDFs of comparable strain rates and fuel mass fractions in [47], albeit
for ethylene flames. For the variable approach, o, values of 1.60, 1.80,
1.80, 1.75, and 1.70 were used between 5.0 mm and 7.0 mm in 0.5 mm
increments. Independent of the chosen g, the fits of the time-resolved
decay traces with the Karlsruhe model consistently yielded R? > 0.99,
demonstrating excellent agreement. On average, the CMD obtained with
variable o, decreased by about 25 % compared to the constant
assumption, which is on the order of the measurement uncertainty, see
paragraph below. Based on the data reported in [47], it may be assumed
that the variable approach captures the broadening of the size distri-
bution during soot growth more realistically, while the overall CMD
trends remain robust against the chosen o, value.

The quantification of the count median diameter of the primary
particle size distribution from 2C-TiRe-LII decays is influenced by
several factors. The quality of the fit between measured decay curves
and the Karlsruhe model contributes about 2 % to 5 % uncertainty. A
major systematic contribution arises from the assumption for the geo-
metric standard deviation: using either a constant value of 6; = 1.4 or a
variable o, obtained from mobility sizing changes the CMD by 5 % to 10
% and in extreme cases up to 15 %. Additional contributions result from
the uncertainty of the local gas temperature with about 3 %, while ef-
fects of detector linearity are smaller than 2 %. In addition, the
extrapolation of E(m, /12) from E(m, Anr) using Angstrom coefficients, as
described in Section 2.4.1, introduces an uncertainty of about + 15 % in
E(m, A%), which propagates into the CMD determination and adds an
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Fig 7. Symbols show the measured volume concentration profiles of Al-based aromatics and PAHs obtained from iso-octane CDFs at a constant strain rate of 60 s-1
and varying fuel mass fractions of 0.35 to 0.60 as a function of DFD. Pyrene, C16H10, and higher PAHs remain below LOD of the gas-phase diagnostics under the

investigated flame conditions.

additional systematic component of roughly 10 %. These contributions
were estimated using the Karlsruhe model. Altogether, these contribu-
tions yield a combined standard uncertainty of about 10 % to 15 % in
CMD. This order of uncertainty is confirmed by comparing P(dp) with
the values derived via transmission electron microscopy, see e.g., [44,
59]. To remain conservative, count median diameters are reported with
an expanded uncertainty of less than 20 % with coverage factor two,
explicitly including the sensitivity to the choice of 5, and the extrapo-
lation of E(m, A%).

The refractive index function E(m, Aygr) depends on the molecular
structure of the particles, which consists of BSUs with varying sizes [44,
49,51]. Large-sized BSUs reduce the optical band gap, increasing the
absorption of low-energy photons, particularly in NIR spectral region.
This leads to higher E(m,Anr) values, reflecting a higher degree of
graphitization and particle maturity [14,51-53,56,74]. Consequently,
E(m, Anr) can be used to monitor the structural evolution of soot during
its formation. As shown in Fig 8, PAH chemistry not only influences the
primary particle size and soot volume fraction but also impacts the
molecular structure of soot, i.e., E(m,Anr ). Increasing fuel mass fractions
result in increased concentrations of large-sized PAHs, see Fig 7. These
large-sized PAHs form the framework of the developing particle during
particle inception and surface growth reactions, thus shaping its carbon
nanostructure. Therefore, it seems reasonable that a higher concentra-
tion of large-sized PAHs, as observed for increasing fuel mass fractions,
promotes a primary particle graphitization and thereby increases E(m,
Anir)- This relationship has already been demonstrated in [14], where it
was also shown that E(m, Anr) is related to the soot volume fraction.

The determination of E(m, Axg) according to Eq. (4) involves several
sources of uncertainty. As stated in Section 2.4.1, the temperature
measurement of soot particles contributes about 10 %. Using the gas-
phase temperature adds up to 8 %, depending on DFD. The assumed
particle density introduces up to 20 % variation when comparing
nascent and mature soot [75], while neglecting the temperature and
maturity dependence of the volumetric heat capacity contributes on the
order of 10 %. Thus, the overall uncertainty of E(m, Anr) is estimated at
up to 20 % for mature soot particles, where the density is better con-
strained and the higher gas-phase temperature reduces sensitivity, but
may reach up to 40 % for nascent soot particles, where both density
assumptions and lower reference temperatures amplify the error.
Nevertheless, the relative trends of E(m, Axg) remain robust even when
accounting for these uncertainties.

3.3. Analysis of CDFs of varying strain rate

This section is divided into two distinct parts. First, the profiles of
measured gas-phase species are presented and discussed for one sooting
and two non-sooting flames at a constant fuel mass fraction and varying
strain rates, i.e., Flames 4, 7, and 8, comparable to Section 3.2. Subse-
quently, the soot volume fraction, count median diameters of the pri-
mary particle size distributions and E(m, Anig) as a function of DFD are
analyzed for Flames 4, 5, and 6. For these flames, a5 is varied from 60 st
to 80 s! at a constant fuel mass fraction.

The measured temperature profiles align with data from literature, e.
g., [76], showing a decrease in both peak temperature T;,q, and width of
the reaction zone as the strain rate increases from 60 s™! to 120 s™. Major
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Fig 8. Soot volume fraction, refractive-index function for absorption at the
laser excitation wavelength and count median diameter of the primary particle
size distribution for iso-octane CDFs at a constant strain rate of 60 s™! and fuel
mass fractions between 0.47 and 0.60 as a function of DFD. The maximum
temperature Ty,q, marking the reaction zone, and the stagnation plane, SP, are
indicated. The measurement uncertainty in quantifying soot volume fractions is
discussed in Section 2.4.1. Uncertainties in the analysis of the refractive-index
function for absorption amount to up to 20 % for mature soot particles and up
to 40 % for nascent soot in the region around 7 mm to 7.5 mm. The count
median diameter is associated with a relative uncertainty of 20 %. A constant
geometric standard deviation of 6, = 1.4 = const. is shown with open symbols,
while variable ¢, values are indicated with closed symbols and amount to 1.60,
1.80, 1.80, 1.75 and 1.70 between 5.0 mm and 7.0 mm in 0.5 mm increments.

species concentration profiles reveal that the peak concentrations of CO,
COq, Hp, and H,0 remain unaffected by the strain rate, while the widths
of the profiles decrease slightly with increasing strain rate. For selected
C; to C3 hydrocarbons, i.e., C3Hg and CoHy, growth starts at lower DFD
with increasing strain rate. Comparable to Section 3.2, profiles of tem-
perature, major species, and C; to Cg hydrocarbons are provided in the
Supplementary Material.

While C; to C3 hydrocarbons, in particular Co;Hg and C3Hg, show a
systematic decrease in volume concentration with increasing strain rate,
the concentration of acetylene varies unsystematically but remains
within the measurement uncertainty discussed in Section 2.3.2. In
contrast, benzene concentration, shown in Fig 9, is significantly affected
by the strain rate, altering both profile shape and formation zone. With
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Fig 9. Symbols show the measured volume concentration profiles of acetylene
and benzene obtained from iso-octane CDFs at a constant fuel mass fraction of
0.60 and varying strain rates of 60 s, 100 s and 120 s as a function of DFD.

increasing strain rate, the profile becomes narrower, and the peak
concentration decreases systematically.

Concentration profiles for Al-based aromatics and PAHs are shown
in Fig 10. Increasing the strain rate from 60 s to 100 s leads to a

pronounced reduction in their concentrations, with further but less
distinct decreases at 120 s. Changes in profile shape could not be
resolved within the experimental uncertainty and can therefore only be
inferred. At a strain rate of 60 s}, the concentrations of naphthalene and
acenaphthylene are approximately twice those at 120 st Increasing the
strain rate from 60 s to 100 s suppresses the formation of fluorene,
anthracene and phenanthrene, which is why they are not included in Fig
10.

The observed decreases in selected C; to C3 hydrocarbons, Al-based
aromatics, and PAHs with increasing strain rate are attributed to the
reduced residence time in the flame, which suppresses the formation of
larger PAHs and consequently the formation of soot particles [12]. The
latter becomes evident when comparing soot volume fraction profiles
measured in sooting CDFs at different strain rates, see Fig 11. However,
unlike gas-phase species, soot volume fractions were determined at
different strain rates, i.e., sooting Flames 4, 5, and 6.

An increase in the strain rate from 60 s to 70 s reduces the peak
soot volume fraction from 800 ppb to approx. 250 ppb. A further in-
crease to 80 s decreases the peak value by an order of magnitude. Thus,
the changes in f, are significant even when considering the uncertainties
of both quantification methods, see Section 2.4.1. Further evidence is
provided by the fact that these trends are consistent with literature data
[11-14,47,73]. The profile shapes are similar to those observed for
varying fuel mass fractions, as discussed in Section 4.2. As shown above,
the decrease in PAH concentrations with increasing strain rate likely
explains the reduced soot volume fractions.

As expected, particle sizes, represented by the CMD of P(dp),
decrease with increasing strain rate due to reduced residence time,
which limits surface growth and particle-particle coagulation [12]. This
effect is independent of the 5, assumption. As noted in Section 3.2, the
CMD is on average lower when assuming variable o, but remains within
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the uncertainty of the CMD determination. Nevertheless, the overall
trends in the evolution of the count median diameter are significant.
When the strain rate increases from 60 s to 80 s, the peak value of
CMD decreases from about 27 nm to 12 nm for o, = 1.4 = const. and
from approx. 29 nm to 8 nm when assuming variable o, according to
[471, which may explain the pronounced reduction in soot volume
fraction. Similar to variations in fuel mass fraction, particle growth
proceeds from the reaction zone towards the stagnation plane, with a
profile shape comparable to that of the soot volume fraction.

The molecular structure of the formed soot particles also changes
with varying strain rates. As the concentration of large-sized PAHs de-
creases with increasing strain rate, the size of BSUs embedded within
primary particles, i.e., particle maturity, is reduced. This is demon-
strated by the decreasing values of E(m, Anr), see Fig 11 and the dis-
cussion in Sections 2.4.1 and/or 3.2. The range of detected E(m, Ang)
values align with data reported in the literature, covering maturity
levels from nascent to mature particles, e.g., [52,53].

4. Summary and concluding remarks

Iso-octane is widely recognized as an important surrogate compo-
nent for fuels used in internal combustion and aircraft engines. How-
ever, experimental studies on soot formation under well-controlled
conditions are limited. This work presents a systematic investigation of
soot formation in laminar iso-octane counterflow diffusion flames,
covering gas-phase composition and soot particle characteristics at
varying strain rates and fuel mass fractions. Spatially resolved mea-
surements of temperature, major species, C; to C3 hydrocarbons, PAHs
up to three rings, soot volume fraction, particle size, and optical prop-
erties were obtained using a combination of intrusive and non-intrusive
diagnostics.

Key findings of this study highlight the influence of fuel mass fraction
and strain rate on soot formation in iso-octane CDFs. With increasing

11

fuel mass fraction and decreasing strain rate, the concentrations of soot
precursor molecules rise, leading to higher soot volume fractions, larger
particle sizes, and increased E(m,Ang). Since the molecular fine structure
of soot, including BSU length and the carbon-to-hydrogen ratio, is likely
linked to the evolution of the refractive-index function for absorption in
the near-infrared spectral region E(m, Angr) [50], higher values can be
interpreted as indicative of enhanced particle maturity, extended BSUs,
and a decreasing carbon-to-hydrogen ratio. Fig. 12 further supports
these trends by correlating the maximum soot volume fraction with the
maximum naphthalene, A2, concentration and peak E(m, Ayr). Gleason
et al. [68] demonstrated for CDFs of ethylene that increasing peak
temperatures leads to increased soot volume fractions and soot maturity.
A similar behavior emerges when combining our datasets on fuel mass
fraction and strain rate: higher PAH concentrations are associated with
increased soot volume fractions and E(m, Angr), as well as slightly
increased peak temperatures. These coupled trends underline the link
between precursor concentrations, soot volume fraction, and soot
maturity, i.e., the nanostructural features of the formed particles.

By providing insights into soot formation under various boundary
conditions of iso-octane CDFs, it serves as a basis for extending the in-
vestigations to gasoline, diesel, and both fossil and sustainable aviation
fuel surrogates. Additionally, by bridging the gap between gas-phase
chemistry and particle formation, this work provides critical data to
support the validation and development of detailed kinetic mechanisms
and soot models.

Novelty and significance statement

To our knowledge, this is the first study to comprehensively inves-
tigate soot formation in laminar iso-octane counterflow diffusion flames
(CDFs), spanning gas-phase chemistry to soot particle properties under
varying strain rates and fuel mass fractions. The dataset combines
spatially resolved measurements of gas-phase species, including minor
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maximum temperature Tnq, marking the reaction zone, and the stagnation
plane, SP, are indicated. Measurement uncertainties and the assumptions on o
with open symbols for constant values and closed symbols for variable values
are described in detail in the caption of Fig 8.

and major species, C; to C3 hydrocarbons, and PAHs up to three fused
aromatic rings, alongside soot volume fractions, particle sizes, and op-
tical properties. Such detailed data in highly controllable iso-octane
flames are crucial for elucidating the role of alkane branching in the
transition from precursor molecules to soot particles and for providing
input to the validation and development of kinetic mechanisms and soot
models. In addition, the quantification of optical properties provides
new insights into soot maturity, i.e., its molecular fine structure. Thus,
the data support the further development of detailed soot models
capable of predicting both nanostructural and optical particle
properties.
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