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ABSTRACT

The focus of this work is on counter-flow diffusion flames of C,H4/air near the sooting limit
(fy < 500 ppb) to shed light on the transition of precursor molecules to primary soot particles and their
nanostructure. The applied experimental techniques cover non-intrusive methods based on laser-induced
incandescence (LII) for determination of soot volume fractions, primary particle sizes, and ratios of refrac-
tive indices for absorption at different wavelengths. The methods are complemented by intrusive meth-
ods such as sampling with microprobes and analysis of gas composition by gas chromatography and mass
spectrometry, particle sizing by differential mobility analysis, and determining carbon nanostructures of
particles by high-resolution transmission electron microscopy (HRTEM). For numerical simulation, the
well-known ABF-model is applied.

The experimentally determined structures of the counter-flow flames could be well reproduced within
the experimental uncertainties by the ABF-model for varying fuel mass fractions and strain rates. The nu-
merical simulations identify the different processes during particle formation and the main variation can
be attributed to variation of surface growth rates when applying strain rates and fuel mass fractions lead-
ing to higher soot volume fractions. Particle size distributions detected in the fuel flow near and below
the stagnation plane appear bimodal with distinct maxima at particles sizes about 5 nm and 20 nm. The
nanostructure of the primary particles exhibits basic structural units (BSUs), that increase up to the size
of 7 A to 10 A at increasing soot volume fractions from about 100 ppb to 300 ppb. This coincides with
the increase of the mole fractions of the detectable soot precursors with increasing soot volume fraction.
The ratios of refractive index functions for absorption E(m,As3;)/E(m,A1064) and E(m,\,66)/E(m,A1g64) de-
crease approximately linearly with increasing soot volume fractions. This is corroborated by the analyses
of HRTEM-images that clearly bring about increasing sized BSUs with increasing soot volume fractions
causing a shift of the absorption to larger wavelengths.

© 2023 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

cesses take place on molecular to sub-um and pm scales. The time
scales of soot formation are in the order of 5 ms < Tsot < 10 ms

The formation of soot during combustion of carbon containing
fuels represents an extremely complex process. The reasons for this
complexity are manifold: The formation of soot converts molecules
with only few carbon atoms to soot particles containing several
million carbon atoms. The underlying chemical and physical pro-

* Corresponding author at: Karlsruhe Institute of Technology (KIT), Engler-Bunte-
Institute, Division of Combustion Technology, Engler-Bunte-Ring 7, Karlsruhe, Ger-
many.

E-mail address: henning.bockhorn@kit.edu (H. Bockhorn).

https://doi.org/10.1016/j.combustflame.2023.112729

[1], which is more than one order of magnitude larger than the
characteristic time scales of combustion. Therefore, characteristic
time scales of soot formation and combustion, respectively, couple
differently with the hydrodynamic time scales. This interaction af-
fects the properties of soot being formed in flames but also the use
of flames to produce functional carbon-based nanomaterials.

The combustion of carbon containing fuels under sooting con-
ditions encompasses numerous chemical reactions between a large
number of chemical species, their growth to larger molecules, the
dynamics of large pre-particle molecular clusters as well as phase
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transitions, formation of liquid-like particles and aggregation to
fractal aggregates of carbonaceous primary particles. For studying
these processes, usually canonical model configurations are em-
ployed. One model configuration offering the possibility of vary-
ing the essential variables affecting soot formation (and oxidation)
independently of one another consists in laminar counter-flow dif-
fusion flames. In counter-flow diffusion flames the hydrodynamic
time scales can be varied in a simple way by systematically varying
the strain rate without modifying the thermochemistry of the sys-
tem. Another characteristic of counter-flow flames is the possibility
to stabilize the flame at different positions relative to the stagna-
tion plane depending on the flow rates and composition of the two
feed flows. Furthermore, for the numerical simulation of counter-
flow flames one dimensional formulations of the balance equa-
tions are applicable [2] reducing considerably the computational
expense when treating systems with large numbers of chemical
species involved in a complex network of chemical reactions. For
these reasons, laminar counter-flow flames have been used fre-
quently as an important highly controllable model flame config-
uration for investigating soot formation and oxidation, see e.g., [3-
14]. In this work, the focus is on counter-flow diffusion flames of
CyHy/air near the sooting limit (fy < 500 ppb) to shed light on
the transition of precursor molecules to primary soot particles and
their nanostructure.

Several investigations on the formation of soot in counter-flow
diffusion flames of different fuels brought about that an increase
of the fuel mass fraction in the fuel flow increases soot formation,
whereas an increasing strain rate decreases soot formation and
polycyclic aromatic hydrocarbon (PAH) formation due to reduced
residence times [7-14]. Most of these studies were focused on
counter-flow diffusion flames characterized by the flame located
on the oxidizer side of the stagnation plane, so called soot forma-
tion flames (SF). In this configuration, the formed soot particles are
convected in the direction opposite to the oxidizer stream, where
soot oxidation is suppressed. The SF flames are realized at moder-
ate oxygen mole fractions at the oxidizer side and soot formation
occurs in a zone poorer in oxygen and the overall process is domi-
nated by particle inception and particle dynamics [12-14], offering
the option of focussing on the transition of precursor molecules
to primary soot particles. In contrary, in configurations where the
flame is located on the fuel side of the stagnation plane, soot par-
ticles are being convected in the direction of the high-temperature
region towards the oxidizer stream, where soot oxidation occurs at
a reasonable level [6,15], so called soot formation-oxidation flames
(SFO). The SFO flame is realized in the presence of high oxygen
mole fractions at the oxidizer side confining the soot formation re-
gion in a small oxygen rich zone with high temperatures. In this
configuration the competition between soot inception and oxida-
tion processes dominates soot formation.

As the focus of this study is on the interplay of precursor con-
centrations, primary particle size, and carbon nanostructure of pri-
mary particles during soot formation, the SF flame has been cho-
sen as configuration for the counter-flow diffusion flames. As fuel
CyH, is selected because experimental data for comparison is also
available from literature [14] and similar flames are the subject
of discussions in the ISF-workshops [4,5,16]. This work encom-
passes experiments for quantifying mole fractions of gas phase
species in the flames by sampling followed by analysis through
Gas Chromatography and Mass Spectrometry (GC/MS). Particle
characterization is performed through sampling and analysis with
the help of a Scanning Mobility Particle Sizer (SMPS), which
also enables the determination of soot volume fractions. Primary
particle sizes and soot volume fractions are measured as well
non-intrusively by Two-Color Time-Resolved Laser-Induced Incan-
descence (2C-TiRe-LII) allowing comparison with and validation of
the SMPS results. The laser spectroscopic experiments are comple-
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mented by Three-Wavelength-Excitation Time-Resolved LII (3WE-
TiRe-LII) to determine ratio pairs of refractive index functions for
absorption at different wavelengths. The technique represents an
extension of the approach from Therssen et al. [17]. In this work
a Nd:YAG laser operating at the fundamental wavelength 1064 nm
and the second and fourth harmonics (532 nm and 266 nm) has
been used. From the measurements the ratios E(m,Ayy)/E(m,ANR),
E(m,)\.U\/)/E(m,)\.V]s), and E(m,)\.\/]s)/E(m,)\.NIR) are derived. The Opti-
cal properties can be related to the nanostructure of the primary
particles as described in [18,19]. The primary particle nanostruc-
ture is characterized by sampling soot particles from the flames
and inspecting them by High-Resolution Transmission-Electron-
Microscopy (HRTEM). Finally, the flames have been numerically
simulated using the ABF-model for soot formation and oxidation
implemented in the CHEMKIN-based code SOPHOKLES [20].

In the following section of this paper, the experimental con-
cepts and some theoretical backgrounds of the experimental tech-
niques are introduced. Section 3 gives a brief description of the
basics of the numerical simulations. In Section 4 the experimen-
tal and numerical results are presented with focus on the inter-
play of precursor concentrations, primary particle size, and car-
bon nanostructure of primary particles. Starting from the molec-
ular scale with the analysis of the gas phase, the characterization
of the particle phase on the um-scale and the carbon nanostruc-
ture of the primary particles on the sub-um scale follows. Finally
the results for E(m,A;)/E(m,A;) are discussed and related to the
carbon nanostructure of the soot particles. The paper closes with
some conclusions.

2. Experiments
2.1. Counter-flow burner

The experiments have been run in the counter-flow burner con-
figuration sketched in Fig. 1. More details are given in ref. [21].
The burner consists of two identical, opposedly placed ducts with
an inner diameter of 25 mm, and a fixed separation distance L of
12.5 mm. The fuel mixture consisting of C;H4 and N, (flow rate
V,) is fed through the bottom duct and the oxidizer mixture (air,
flow rate V,) from the top. Both ducts are surrounded by concen-
tric annular ducts providing a shield flow of N,. Fine wire meshes
with 50 um wire diameter placed at the duct exits ensure ap-
proximate plug-flow inflow conditions. Oxidizer, fuel, and purge
gasses of highest purity are supplied through mass flow controllers
(MFCs). The exhaust gasses are removed via a separate second con-
centric annular duct around the fuel duct. The removal of the ex-
haust gasses causes slightly bending of the outer edge of the flame
towards the fuel duct.

In the experiments, a momentum balance (p; -v% =py -v%) is
imposed to keep the stagnation plane fixed approximately at the
center between the two ducts. Due to the momentum equilib-
rium, the strain rate is directly correlated with the flow rate of
the oxidizer mixture V, and distance L and can be approximated
by ay =4-|vy|-L71 [21].

2.2. Investigated counter-flow diffusion flames

The investigated counter-flow diffusion flames have been
adapted to the recommendations and target flames of the 5th in-
ternational sooting flame (ISF-5) workshop. Ethylene served as fuel
and the selected fuel mass fractions Yg,; as well as the strain
rates a, are similar to [4,5]. The operating conditions of the flames
reported in this work are given in Table 1 and have been set close
to the sooting limits. Pressure was ambient pressure and feed gas
temperature was 27 °C.
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Fig. 1. Counter-flow burner used in the experiments.

Table 1

Operating conditions of the investigated counter-flow diffusion flames.
Fuel flow Oxidizer Flow Strain rate ap/s~! Zse
Yruel1 YN, 1 Yo, YN, 2
0.200 0.800 0.233 0.767 30, 40, 50, 60 0.254
0.250 0.750 0.233 0.767 30, 40, 50, 60 0.214
0.300 0.700 0.233 0.767 30, 40, 50, 60 0.185
0.350 0.650 0.233 0.767 60 0.163

The stochiometric mixture fraction Zst =Yo,.2/(S Yryel,1+
Yo,,2) < 0.5 with s = Yo, st/Yruel,st has been set to smaller than
0.5. Thereby, the diffusion flames are stabilized in the oxidizer
flow relative to the stagnation plane forming a soot formation
(SF) flame. As far as possible, the experimental methods described
in the subsections below have been applied to the entire set of
the flames. Limitations are due to the intended low soot volume
fractions (fy < 500 ppb), which exclude on the one hand the ap-
plication of 2C-TiRe-LIl and the detection of higher hydrocarbons
by sampling and GC/MS analysis for flames with low fuel mass
fractions and high strain rates. On the other hand, sampling of
soot particles followed by analysis of particle properties by SMPS
is limited by clogging of the probe for flames with high fuel mass
fractions and low strain rates.

2.3. Temperature measurements

The axial temperature profiles of the investigated flames were
determined with the help of thermocouples. Based on refs [22,23],
a thermocouple probe with a S-type thermocouple has been devel-
oped. A fine wire (0.1 mm diameter) with a built-in spring mech-
anism was used fixing the thermocouple wires in parallel to the
burner surface across the flame under tension to prevent defor-
mation in the flame environment. To eliminate catalytic effects,
the wires were coated with zirconia oxide. The coated thermo-
couple bead had a diameter of 0.4 mm. This design allows only
the wires entering the flame avoiding disturbances of the reaction
zone by the thermocouple. The measured temperatures were cor-
rected for radiation losses according to [24] and assuming a spher-

ically shaped bead with diameter dye,q.

d
Teorrected = Tg + o0-¢ ATé . ( bead ) 1)

A -Nu

The emissivity is taken as & = 0.4, the Boltzmann constant
0=5.67x10"8 W-m~2.K-4. Ty means the gas temperature. The
Nusselt number Nu due to the prevailing low convective ve-
locities is assumed to be constant at 2.0. The thermal conduc-
tivity A of the wire has a temperature dependency given by
A = 4.6942-10-3 4 8.122:1073-Tg — 1.4547-10~8-T¢2. The uncer-
tainties in the measured temperatures are estimated to + 40 K,
based on the standard deviations in the measured values and the
uncertainties introduced due to the radiation correction procedure.
The thermocouple device was mounted on a traverse system to
be moved between the fuel and oxidizer ducts. The accuracy of
fixing the position of the thermocouple was better than the size
of the thermocouple bead (0.4 mm). The measured temperatures,
therefore, reflect the conditions averaged over the size of the ther-
mocouple bead. These uncertainties in temperature and position
(+ 40 K, + 0.4 mm) are indicated as error bars in the figures in
Section 4. A visible perturbation of the flame by the thermocouple
could not be observed.

2.4. Gas phase concentration measurements

For measuring the composition of the gas phase, a sampling
technique similar to the concept reported in ref. [21] and described
in ref. [25] has been applied. A chemically inert, deactivated ce-
ramic probe with an inner and outer diameter of 0.3 mm and
0.5 mm, respectively, and a length of 25 mm was used. This micro-
probe is connected to a 1/16” stainless steel tube, which in turn
is fixed through a reducer fitting to a 6 mm stainless steel tube.
The probe system is joint via a particle filter and heated lining
(160 °C) to a GC/MS system (Agilent 130, GC 7890B and MSD
5977B, modified by Teckso GmbH), equipped with a thermal con-
ductivity detector for quantifying permanent gasses (CO, CO,, O,
H,0 and H;) and a flame ionization detector for hydrocarbons. A
detailed description of the GC/MS system is given in [25]. To ob-
tain axial species profiles, the probe is mounted on a traverse sys-
tem and moved in steps of 0.5 mm to cover the distance between
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the fuel and oxidizer ducts. The overall uncertainty in the mea-
sured concentrations is + 3% to + 10% for the main species (N,
0,, Hy, CO, CO,, CoHy), &+ 5% to + 30% for light and heavy hydro-
carbons, including several soot precursors (i.e., acetylene (CyHj),
benzene (A1), and Naphthalene (A2)), and 4+ 20% for H,0. These
values correspond to the largest uncertainty of the species mole
fractions based on the standard deviation of the measurements and
the errors from the calibration of the detectors. As for the thermo-
couple measurements the spatial resolution is in the order of the
size of the microprobe (0.5 mm). In addition, an error in the mea-
sured mole fractions arises from non-isokinetic sampling. These ef-
fects are discussed extensively in refs [26,27]. The resulting errors
have been estimated in ref. [26] via CFD-simulations of the flow
field around the tip of molecular beam probes. It was worked out
in [26], that (i.) the sampling probe can reach a higher tempera-
ture than the gas at the sampling point, (ii.) the probe sucks in
gasses from regions upstream and downstream of the probe orifice,
and (iii.) the sampling leads to deformed isolines of temperature
and varying streamlines. From these effects the suction of flame
gasses is the governing type of perturbation of the flame struc-
ture. For the stable species sampled from flat premixed CH4/O,/Ar
flames at reduced pressure, the deviation of the simulated mole
fraction profiles is in the order of magnitude of the uncertainty
of mole fractions determined by mass spectrometry. Based on this,
the above given maximum uncertainties in species concentrations
(10% to 30%) and spatial resolution (£ 0.5 mm) are indicated as
error bars in the figures in Section 4. A visible perturbation of
the flame, e.g. anchoring of the flame at the probe, could not be
observed or operating conditions where this occurred have been
avoided.

2.5. Soot sampling and characterization

For characterizing soot in the counter-flow diffusion flames
probe sampling connected with SMPS and HRTEM as well as 2C-
TiRe-LIl and 3WE-TiRe-LII have been applied.

2.5.1. Probe sampling and SMPS

When probing soot particles from flames for tracking the evo-
lution of particle properties, a rapid dilution of the particle-laden
gas sampled from the flame is of paramount importance to quench
all processes affecting particle size distributions, coagulation and
diffusion of particles or surface reactions [3,28-30]. Consequently,
the sampled flame gasses need to be mixed immediately after en-
tering the probe with a high quantity of inert diluent. Sampling
methods applied to premixed laminar flames are reported in refs
[28-30] and for turbulent premixed flames in ref. [31]. The par-
ticle sampling system used in this work is similar to that in ref.
[31] and consists of a dilution gas supply, a tailored quartz probe,
and an exhaust gas flow and pressure control system of the diluted
particle-laden gas sample. A sketch of the sampling probe is given
in Fig. 2. More details are provided in [32].

The dilution gas supply comprises two MFCs. Pure N, is used as
inert dilution gas. The primary dilution with a volume flow of \'/DJ
enters the quartz probe directly between the tip of the outer tube
and the inner tube. The secondary dilution with VD,Z further di-
lutes the sampled aerosol at the exit of the quartz probe. Pressure
and temperature of the sampled gasses are monitored.

The dimensions of the probe are given in Fig. 2. The concentric
tubes were chosen to minimize the distance between the tips of
the inner and outer tubes to less than 1.0 mm, allowing optimal
and immediate quenching of the particle-laden flame gas. A pres-
sure gage tube with an inner diameter of 0.8 mm is attached less
than 1.0 mm from the tip of the outer tube. The quartz probe is
installed on a motor driven traverse system enabling an exact two-
dimensional positioning and sampling at different heights above
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Fig. 2. Schematic drawing of the particle sampling probe.

the fuel duct (HAFD) with an accuracy of + 0.5 mm and at dif-
ferent positions within the flame. For particle sampling, a primary
flow rate of Vp; = 4.1 I.min~! is selected. At the tip orifice of
the probe, a pressure drop of APy = P-Py of 10 Pa is set using
the control valve, where P,, = 1 atm. Before entering the SMPS
the aerosol samples are further diluted with VD,Z = 5.0 lmin~1,
The SMPS setup, see, e.g., [33,34] for theory and methodology,
comprises an electrostatic classifier (EC, TSI model 3938), a soft
X-ray neutralizer (TSI model 3088), a nano-differential mobility
analyser (Nano DMA, TSI model 3085A), and a condensation parti-
cle counter (CPC, TSI model 3776). The EC was operated at a sheath
flow rate of 15 I-min~!, while the CPC was operated with V, = 1.5
l-min~1.

In addition to disturbances of the flow field and temperatures,
which cool the flame and affect gaseous species concentrations
and consequently soot particle properties, the particle properties
change due to thermophoretic deposition and reactions within
the probe [28,29]. The developed quartz probe represents a com-
promise between rapid quenching of the extracted sample and
perturbation of the flame, elaborated by preliminary experiments
with differently modified probe geometries. In the final design, the
tip cone and inner tube form a minimum distance ensuring an
immediate quenching. Otherwise, the detection of particles with
dm < 5 nm was not possible. Besides these systematic errors, SMPS
measurements inherently include some systematic errors. Particle
size distributions P(dy) measured via SMPS need to be corrected
for particle losses by particle deposition in the quartz probe, the
pipelines and SMPS. This is estimated using correlations proposed
by Hinds [33] for laminar and turbulent flow regimes. Since mo-
bility sizes may overestimate the size distributions due to inher-
ent limitation of the empirical Cunningham slip correction, trans-
formation of P(dm) into P(dp) requires some scaling as discussed
in [29]. Applying the scaling for soot sampled in the flame with
Yreen = 0.3 and a; = 40 s~! at HAFD = 5.5 mm shifts fy by
less than 0.5% and is therefore neglected. Using the correlations
proposed by Kelesidis and Pratsinis [35] accounting for fractal ag-
gregate morphology results in an overestimation of fy, by 10% to
50%, depending on the assumed primary particle size and flame
condition. Because the agreement between LIl and SMPS results is
reasonable, no corrections have been applied. More discussion on
these aspects is given in [32]. The estimation of the CMDs from the
measured P(dp) has been performed using log-normal shapes of
the distributions with variable standard deviations without trans-
formation of P(dy,) to P(dp). The bimodal shape of the size distri-
butions detected below the stagnation plane in the fuel flow pro-
duces some bias when calculating the CMDs using a log-normal
approximation.

An essential parameter for correlating the absolute mobility
particle size distributions and particle number densities in the
flame is the dilution ratio (DR). In this work, the approach pro-
posed by Camacho et al. is followed, measuring CO, concentra-
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tions of samples taken from a gas flow of pure CO, and/or a CO,-
diluted and stabilized premixed flame [30]. By varying the pres-
sure drop APq at the tip orifice of the probe, DR can be system-
atically adjusted. Experiments with a C;H, counter-flow diffusion
flame (Y1 = 0.3 and a; = 60 s~!) proved mobility particle size
distributions and particle number densities being independent of
APq and, therefore DR, in the range from 10 Pa to 250 Pa [32]. To
ensure optimal quenching of the flame gasses, APy = 10 Pa result-
ing in DR ~ 800 has been selected for the experiments, see also
discussion in ref. [32]. Summing up the uncertainties in the DR,
disturbances of the flame, particle deposition in the probe and tub-
ing, and transformation of the SMPS signals results in estimates of
the accuracy of the measured soot volume fractions and mean par-
ticle sizes of &+ 30%. These uncertainties in soot volume fractions
and particle sizes and probe positioning (+ 0.5 mm) are indicated
as error bars in the figures in Section 4. As for the experiments
with thermocouples and gas phase sampling, operating conditions
with visible perturbations of the flame have been avoided.

2.5.2. Soot sampling and HRTEM

For determining the nanostructure of soot particles generated
in the counter-flow diffusion flames, soot particles have been de-
posited from inside the flame directly onto carbon coated copper
TEM-grids using a fast insertion technique similar to that reported
in refs [36-38]. Soot particles are driven thermophoretically to the
cold TEM-grid mounted on a grid holder and are captured on the
cold grid structure. The insertion system was mounted on a mo-
tor driven traverse system. The sampling time was adjusted within
the range 50 ms to 250 ms to suit the soot level in the different
flames. The orientation of the TEM-grids was parallel to the flow
direction at the duct outlets. Therefore, the spatial resolution is in
the order of the size of the TEM-grids (3.05 mm diameter) and no
axial HAFD-profiles have been attained. The TEM-grids were placed
at the locations of peak soot volume fractions.

HRTEM images were acquired using a Philips CM200 transmis-
sion electron microscope (ThermoFischer Scientific Inc.), operated
at 200 kV and a maximum magnification of 380.000 resulting in
highest spatial resolution of 0.0283 nm-px~!. The carbon nanos-
tructure of the investigated soot samples was evaluated from the
HRTEM images using an image analysis algorithm for quantitative
and reproducible analysis of the carbon nanostructure. The algo-
rithm evaluates the nanostructure from different HRTEM images of
the same soot sample. In this way, more than 10.000 graphene-like
basic structural units (BSUs) have been analysed. The method al-
lows quantification of the size L, curvature Ty, and separation dis-
tance D¢ of the graphene-like BSUs. Due to the large numbers of
evaluated primary particles and fringes, values of the variances of
the calculated properties are accessible and displayed as error bars
in the respective diagrams in Section 4. A detailed explanation of
the algorithm is given elsewhere [39].

2.5.3. Soot particle characterization via 2C-TiRe-LII and 3WE-TiRe-LIl

In completion of the applied soot particle characterization
methods, the 2C-TiRe-LIl as a non-intrusive laser-based diagnos-
tic has been applied to the investigated counter-flow flames. A
schematic of the optical set-up is displayed in Fig. 3. The TiRe-LII
theory applied in this work is based on the energy balance of a
single spherical particle during LIl [40-44]

o= )

dt = Qabs_ Qrad - Qcond - Qevap, (2)

where the change of internal energy of the particle is balanced
by the absorbed laser energy Q,,, and the energy losses caused
by heat transfer (Qgonq), radiation (Qq) and evaporation (Qevap)-
In Eq. (2) cs represents the temperature dependent specific heat
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and pp the density of the particle. In the 2C-TiRe-LII approach, the
temperature Tp is measured by the ratio of the thermal radiation
intensities of the particles at two wavelengths. In this case, only
the LIl signal decay must be monitored and the term Q,, cancels
[40-44]. Applying Planck’s law combined with the emissivity for
soot particles and assuming Wien’s approximation, i.e. exp(h cg/kg
Aq Tp)>>1 [43,44], the particle temperature Tp can be calculated
from the ratio of the thermal radiation intensities at two different
detection wavelengths Al and All,

hCQ 1 1
Tp = E(F — F) In
d d

where S(Ay, Tp) and S(A4, Tp) are the radiation signals of the par-
ticles at the two different detection wavelengths after the nanosec-
ond laser heating [41,43-45], here Al = 450 nm and A}l = 650 nm.
E(m, 1) is the refractive index function for absorption. The calibra-
tion constant C,;, which accounts for the spectral sensitivity of the
detection system at the two wavelengths, can be determined us-
ing a tungsten lamp. The model from refs [44,46] to compute the
remaining terms on the right-hand side of Eq. (2) is used in this
work.

For homogeneous and optically thin conditions inside the
probe volume, the intensity of thermal radiation S(A4,Tp) of the
heated soot particles at a discrete detection wavelength A4 follows
Planck’s radiation law integrated over all solid angles [41,42,45,47-
51]:

. .. -1
SO, Tp) E(m,k3> <AL>6 )

o . ﬁ cal ’
S, Tp) E(m,x;) d

3)

8 w3d3 h 2 E(m, Aq)
Ag

-1
h Co
[exp(m> 1:| %y, |ddp. (4)

The spectral response of the signal collection system is ac-
counted via X; . Further, kg is Boltzmann’s constant, h Planck’s
constant and cy the speed of light. Finally, P(dp) represents the
size distribution function of the particle ensemble within the probe
volume specified as a log-normal distribution function [42,49] and
Np the total particle number. From Eq. (4) the LII signal appears to
be proportional to the absolute soot volume fraction fy. The cali-
bration constant X, J contained in Eq. (4) is obtained by calibrating
the experimental setup (see below).

The temperature rise of a single particle in the Rayleigh size
regime heated by absorption of a nanosecond laser pulse, see first
term on the rhs. of Eq. (2), is given by

72 dl3’ E(m, )\.1) fi
Ai

if the heating of the particle is induced by a laser pulse of few
nanoseconds duration and conductive, radiative, and evaporative
cooling mechanisms can be excluded [52]. Q,,s(};) describes the
absorbed laser energy of the laser pulse with the laser fluence f;
at an irradiation laser wavelength A; causing heating of the parti-
cle from Tpg to Tpmax. If the particle is irradiated after cooling with
a second laser pulse of different wavelength A; and accommodated
laser fluence, thereby achieving coincidence of both LII peak sig-
nals, the absorbed heat fluxes and, therefore, the maximum par-
ticle temperatures resulting from the two consecutive laser pulses
are equal, see Eq. (6):

Qabs()‘i) = Qabs ()\‘_j)s TP,max()Li) = TP,max()Lj)~ (6)

SGa. Tp) = /0 h [Np P(dp)

Qabs (Ai) = (5)
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Fig. 3. Optical set-up for the Two-Color Time-Resolved Laser-Induced Incandescence (2C-TiRe-LII) and the Three-Wavelength-Excitation Time-Resolved Laser-Induced Incan-
descence (3WE-TiRe-LII) method. A: Rotating A/2 Plate, B. Polarizing beam splitter, C: Beam shutter, D: Photodetector, E: Diaphragm with @ 1 mm, F: ND-Filter, G: Notch
filter, H: Bandpass filter @450 nm, I: Bandpass filter @650 nm, J: Dichroic mirror, K: Beam sampler, L: Plano concave lens, M: Mirror, N: Beam splitter, O: Beam dump.

Rearranging Eq. (5) for the condition specified by Eq. (6)
results in

E(m, A) f; E(m, ;)
Th =Ty ~ 7
! Smax (TP.max)

Aj
Smax (TP.max)

Consequently, the ratio of the refractive index functions for ab-
sorption at the two LII excitation laser wavelengths can be deter-
mined from the required fluences of the 2; and A; laser pulses ac-
cording to Eq. (8) [18].

E(m, %)  Ajfi
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From the TiRe-LII experiments threefold particle properties can
be gathered: (i.) The 2C-TiRe-LIl signal decay in the low laser
fluence regime provides quantitative information about the size
distribution of the primary soot particles P(dp), see e.g., [50,51]
and references therein. The 2C-TiRe-LII signal decay is numeri-
cally computed according to Eq. (4) using the experimentally de-
termined particle temperatures according to Eq. (3). The size dis-
tributions P(dp) are determined by a multidimensional nonlinear
fit of the calculated size distributions to the measured LII signals.
Approximating the size distributions by log-normal distribution
functions, the first and second moments of the distribution are
determined. (ii.) Soot volume fractions are obtained from the 2C-
TiRe-LII- signals employing Eq. (4) and (iii.) the ratio of the refrac-
tive index functions for absorption at two LII excitation laser wave-
lengths according to Eq. (8) are determined employing a 3WE-TiRe-
LIl experiment. The experimental procedure for the 3WE-TiRe-LII
experiment is briefly described below.

In the experiments a 10 Hz-pulsed Nd:YAG laser (Quanta Ray
Pro 250, Spectra Physics) operating at the fundamental wavelength
1064 nm and the second and fourth harmonics (532 nm and
266 nm) has been used, see Fig. 3. The laser beam is separated
into three beams of the different wavelengths at Ayr = 1064 nm,
Avis = 532 nm, and Ayy = 266 nm. The beams at 1064 nm and
532 nm each pass through rotating A/2 plates with precisely con-
trolled rotation speeds. The subsequent polarization beam splitter
reflects the s-polarized component into a beam dump while allow-
ing the p-polarized component to pass through. Due to the contin-
uous rotation the A/2 plates generate periodically modulated laser
fluences at Ayg = 1064 nm and Ay;g = 532 nm. The single laser
pulses are monitored by the Rayleigh scattered light normal to the
beam path using two fast (1.0 ns and 2.3 ns rise time) photodetec-
tors (PDA10A2 and PDA36A2, Thorlabs Inc.) equipped with band-
pass filters with 10 nm FWHM centered at 532 nm and 1064 nm.
This procedure allows a pulse-to-pulse evaluation of the energy
density for each of the modulated laser pulses within the low-
fluence regime (0.05 J-cm=2 < f < 0.2 J.cm~2 depending on the
wavelength) to avoid soot evaporation. The beam at Ayy = 266 nm
is directed without modulation into the flame. The TiRe-LII signals
were collected at 120° angle to the laser beam using a lens sys-
tem and two fast photomultipliers (t;s = 0.5 ns) equipped with
10 nm FWHM bandpass interference filters centered at 450 nm and
650 nm, respectively. The laser power was continuously measured
with a power-meter.

The measurement routine of the 3WE-TiRe-LII is automated and
applied to all experiments. To start the measurement, the beam
shutter for the beam with Ayy opens, and the A/2 plates are in
zero position reflecting the beams of the wavelengths Ayngr and
Ayvis into the beam dump. The TiRe-LII induced by Ayy is detected
for 300 laser pulses, simultaneously recording the corresponding
fluences by the power meter. After closing the beam shutter for
the beam with Ayy the A/2 plate associated with Ays starts ro-
tating. The fluence modulation is reflected analogously in the de-
tected TiRe-LII signals. For 1200 laser pulses, the TiRe-LII signals
induced by Ayjs are acquired. Then, the rotation of the A/2 plate
associated with Ay starts, and 1200 TiRe-LII signals induced by
varying fluences are recorded as well.

To determine the three ratios of the refractive index func-
tion for absorption E(m,Ayy)/ E(m,Ayis), E(m,Ayy)/ E(m,Angr) and
E(m,Ayis)/ E(m,ANR), it is mandatory to match the time-resolved
decay of the signals at the corresponding wavelengths as explained
in detail in refs [17,18,53]. Obtaining matches, the oscillating TiRe-
LIl signals induced by different fluences and wavelengths are
correlated with each other. It is compulsory that the TiRe- LII
signals were induced by pulses in the low-fluence regime. Ac-
cording to refs [17,50,53], this holds for f(Ayy) < 0.1 J/cm?
f(Ayis) < 0.15 J/cm?2, and f(Angr) < 0.25 J/cm?2. According to these
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limits the maximum laser fluences f(Ay;s) and f(Ang) where ad-
justed by the applied polarization beam splitters. The fluence
f(Ayy) for the fourth harmonic of the used Nd:YAG-laser was be-
low that limit. Fitting of the fluences to the abovementioned limits
was controlled by a power meter. For coincidence better than 95%
of TiRe-LII signals from two different laser excitation wavelengths
M1 and Ay, E(m,A;)/E(m,A,) can be calculated from Eq. (8) and the
fluences required to generate the matching signals. The subsequent
averaging of all E(m,A;)/ E(m,A,) determined from the matching
signals yields the final ratio including the standard deviation for
each measurement. The TiRe-LII signals induced by Ayy and Ay
are analyzed comparable to Therssen et al. [17] and Yon et al.
[53] after an offset time of 50 ns after absorption of the laser pulse
to avoid interferences with fluorescence signals from soot precur-
sor molecules in the UV-VIS range.

In the experiments for (i.) and (ii.) solely the signals exited at
ANiR=1064 nm at constant power are used and the beam paths for
the other wavelengths are shut. In the experiments for (iii.), the
procedure as described above is performed. The beams of the dif-
ferent laser wavelengths are combined using harmonic beam split-
ters and optical mirrors. To ensure a coincidence of the radial ir-
radiance profiles for the UV, VIS, and NIR laser wavelengths, the
spatial distribution of the laser beam profiles is monitored using
a beam profiler (WinCamD-LCM-UV) and the central part of the
Gaussian laser beam is selected using a ceramic diaphragm with a
diameter of 1 mm positioned inside an aluminum tube guaranty-
ing homogeneous fluences across the laser beam, see also [19].

The beam diameter of 1 mm causes an averaging of the results
over this distance. Due to the slight bending of the flame edge to-
wards the fuel duct a marginal tailing of the HAFD profiles in the
direction of the fuel duct is expected. To convert the 2C-TiRe-LII
signals into soot volume fractions, calibration by laser light extinc-
tion has been employed [32]. For this purpose, on the one hand a
soot aerosol from a graphite spark discharge generator combined
with a calibrated SMPS has been used. On the other hand, use of
a premixed flat C;H, /O, /Ar flame with equivalence ratio of 1.8 and
two CyHy/air flames with equivalence ratio of 2.1 and 2.5, respec-
tively was made. The calibration experiment and optical equipment
for laser light extinction resembles the ones used in refs [6,14], ap-
plying a HeNe-laser at 633 nm. The soot volume fractions in the
aerosol and the flame have been adjusted to the volume fraction
expected in the counter-flow flames (fy < 1000 ppb). In the cal-
ibration experiments, soot volume fractions fy, are obtained from
the measured absorbance

—A-ln(%)
6.7 -E(mA)-L°

For the calibration the refractive index function of absorption is
a critical property depending on soot particle properties and par-
ticularly soot aging. Particle properties and thereby the refractive
index function varies with strain rate a; and Y3, see Section 4.3.
Values ranging from about 0.152 [54] to about 0.37 [55] are re-
ported for flame generated soot. For a given absorbance then fy
ranges within + 40%. In this work E(m.A) = 0.228 [56], which
is consistent with the results from 3WE-TiRe-LIl, has been used
for calibration. In the 2C-TiRe-LII experiments at least 600 single
laser pulses have been used for evaluation providing the targeted
quantities and their standard deviations. An uncertainty of + 40%
related to the uncertainty in E(m,A) is indicated as error bars in
the respective diagrams in Section 4. This uncertainty exceeds the
standard deviation of the LII signals and a possible effect of beam
steering, which is estimated in [14] to + 10%.

According to the discussion in [57] it should be noted that the
accuracy and sensitivity of the different non-intrusive optical and
intrusive non-optical diagnostics applied in this study depend on
the nanostructural properties of soot. The optical methods, e.g., are

fy = (9)
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unsensitive to liquid like nascent soot particles and soot particles
without regions of ordered, graphene-like structures neither ab-
sorb light at Ays for laser extinction and Ay for laser induced
incandescence nor emit light at 450 nm < A< 650 nm. This defi-
ciency is eliminated by using sampling methods. Primary soot par-
ticle sizes measured by 2C-TiRe-LII agree well with soot particle
sizes evaluated from HRTEM-images, however, HRTEM relies also
on extended regions with high nanostructural order.

3. Numerical simulations

To supplement the experimental results, the investigated flames
have been numerically simulated employing the widely adopted
ABF-model for combustion of C;-/Cy-hydrocarbons and soot for-
mation/oxidation [20]. The ABF-model - similar to models for soot
formation found in the literature, see e.g. [6,14,58,59] - comprises
three main modules: i) A reaction mechanism describing the oxi-
dation of the fuel including the formation of higher hydrocarbons,
ii) the treatment of the formation of particles and particle dy-
namics, and iii) the description of the increase/consumption of the
formed soot by surface growth/oxidation reactions.

(i) Combustion of C;H,; is based on the extended GRI-
mechanism 3.0 describing the pyrolysis and oxidation of
H,, C;- and C,-hydrocarbons, the formation of higher, lin-
ear hydrocarbons up to Cg, the formation of benzene (A1)
and phenyl (A1-) and PAHs up to pyrene and their oxida-
tion [60]. The mechanism encompasses three main routes
to the first aromatic ring (A1) via reactions of the n-C4Hs-
and n—C4H5-radicals with CH, (H-C4H3 + GH, = Al
n-C4Hs + CyH, = Al1+H) and the recombination of the
propargy! radical C3Hs (C3H; + C3H3 — Al). The formation
of A2 occurs mainly via the addition of C4Hy to Al- (Al-
+ C4Hy = A2 + H), while the main channel to A3 consists
of ring condensation to biphenyl (P2) followed by addition
of CH, (Al- + Al = P2, P2- + C,H, = A3 + H). The for-
mation of pyrene (A4) proceeds one the one hand via the
H-abstraction-C-addition (HACA) sequence along with ring-
combination reactions. The HACA sequence is described as
an infinite polymerization process with the technique of lin-
ear lumping yielding PAHs up to infinite size. On the other
hand, alternative routes to A3 and A4 consist of the addi-
tion of C4-species to A2- (A2- + C4H, = A3, A2- + C4H4
= A3 + H) and the C;H, and C4H, addition to acenaph-
thylene (AZRS) (AZRS =+ C2H2 — A3—, A2R5 + C4H2 — A4),
ascribing an important role to A1, A2, and A2R5 as interme-
diate in the formation of PAHs and soot. The application of
the mechanism even to complex mixtures such as producer
gas has been demonstrated in [21]. The mechanism is re-
stricted to the combustion of small aliphatic hydrocarbons
and mixture compositions yielding moderate PAHs concen-
trations during combustion. Recent developments in reaction
mechanisms specifically tailored to the combustion of higher
hydrocarbons, aromatic hydrocarbons and mixtures of them,
e.g. [6,14,58,61-64] provide more detailed description of the
formation of higher PAHs. However, due to the use of C;Hy
as fuel and the near sooting limit conditions of the investi-
gated flames, the mechanism from the ABF-Model contain-
ing 101 chemical species and 545 reactions is used in the
present study.

Formation of particles and particle dynamics (soot particle
inception, particle coagulation, PAH adsorption) are treated
by solving the Smoluchowski master equations [65] with the
method of moments [66] covering all coagulation regimes
(free-molecular, continuum, and transition) as well as aggre-
gation into fractal particles [67]. Collisions of A4 and PAHs

(ii

=
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to infinite size and forming thereby larger species of larger
mass are considered as particle inception. Consequently, par-
ticle inception is not restricted to the formation of isosized
dimers of e.g. A4, but includes particles from differently
sized PAHs. The advantage of the approach is, that particle
inception, particle coagulation and PAH adsorption on soot
particles can be treated via the same formalism including
these processes in the source terms of the moment balance
equations. The source terms then contain non-integer mo-
ments, which have to be closed by interpolation (MOMIC:
method of moments with interpolative closure). The disad-
vantage of the method is, that only the moments of the par-
ticle size distributions are calculated. This is different to soot
formation models, which approximate the particle size dis-
tributions by sections and solve particle balances for the sec-
tions, e.g. [6,58], or employ the hybrid method of moments
HMOM [59]. A systematic assessment of MOMIC with guide-
lines for its application to soot particle dynamics in laminar
and turbulent flames is provided in [68].

(iii) Surface growth and oxidation in the ABF model are de-
scribed also through the HACA-sequence and oxidation
by OH and 0,. The reaction sequence consists essen-
tially of the six reactions Csoor-H + H = Csoot*+ Ha,
Csoot-H + OH = Csoot*+H30, Csoot® + H — Csoot-H,
Csoot™ + CoHy — Cspot-H + H, Csoot™ + Oy — 2 CO + prod-
ucts, Cspor-H + OH — CO + products, see [20]. This sequence
is also implemented in soot formation models using differ-
ent components in (i) and (ii), see e.g. [14] and [6] with ex-
tension by H-abstraction through CHs3, C;Hs, and C,H, and
also [58].

The numerical simulations are based on the CHEMKIN collec-
tion of routines [69] for solving the one-dimensional balance equa-
tions for total mass, mass of chemical species, and energy ex-
tended by the balance equations for the first two moments of the
soot particle size distribution. Thermophoretic transport of parti-
cles, radiation of soot and recoupling of the surface reactions to
the gas phase by including the formation/consumption rates of the
involved species in their mass balances has been considered. All
rate coefficients and parameters were set as in ref. [20]. The pa-
rameter « describing the variation of sites accessible for surface
reactions with soot particle aging has been set to 1 and the rate of
oxidation of soot by O, has been increased slightly.

4. Results and discussion
4.1. Gas phase chemistry

As examples of the structure of the counter-flow diffusion
flames, the axial profiles of temperature and species mole frac-
tions as measured and calculated for the flames with mass frac-
tions of fuel Ypy; = 0.25 and Yy = 0.35 at a, = 60 s~! are
displayed in Figs 4a to 4d. The error bars indicated in the figures
represent estimations according to the spatial resolution and ac-
curacy of the measurements (see Section 2.4). The flames stabilize
in the oxidizer flow at about 1.5 mm upwards of the stagnation
plane in the region of peak temperature. As expected, the oxida-
tion of CyH, first leads to H, and CO followed by the formation
of CO, and H,0. The fuel is successively converted partly to C,Hg
and CyH,, the latter, according to the reaction mechanism of the
ABF-model, contributes essentially via reactions with n-C4Hsz- and
n-C4Hs-radicals to the formation of the first aromatic ring Al. The
predictions of temperature and species mole fractions agree very
well with the experimental values within the margin of experi-
mental errors. Particularly, the predicted mole fractions of CyHj,
A1, A2R5, and A2, which are in the concept of the ABF-model most
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Fig. 4. (A): Axial temperature and O,, N, C;H,4 mole fraction profiles for the counter-flow diffusion flames with mass fraction Yg,e; = 0.25 (left), Ype1 = 0.35 (right) and
a, = 60 s'; symbols indicate experimental results, error bars represent estimations of uncertainties according to the spatial resolution and accuracy of the measurements;
lines represent numerical simulations; the stagnation plane is indicated by the black dotted line. (B): Same as Fig. 4(A) for H,0, CO,, CO and H,. (C): Same as 4(A) for C;H,,
CHy4, and C,Hg. (D): Same as 4(A) for A1, A2 and A2R5.
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experimental results, error bars represent estimations of uncertainties according to the accuracy of the measurements; lines represent numerical simulations.

important soot precursors, agree well with the experimental ones.
An exception that can be traced back to the applied reaction mech-
anism is CH4, where the predictions underestimate the measured
mole fractions by a factor of about 0.5.

The main conversion occurs ca. 1.5 mm to 3.5 mm above of the
stagnation plane. The variation of temperature and mole fractions
of the measured species in comparison with the predictions when
varying Ypye; is clearly recognizable from the figures. The slight
dissymmetry of the species mole fraction profiles of the interme-
diate species is due to diffusional transport of the species below
the stagnation plane, where the chemical reactions are weakened.
This is particularly obvious from the H, mole fraction profiles.

The variation of the peak mole fractions of the soot precursors
CyHj,, Al and A2R5 with Yge; at constant strain rate a, of 60 s
and with strain rate a, at constant Yp,; of 0.30 is displayed in
Fig. 5 in comparison with the simulated mole fractions. The match
between experimental and numerical results is as well acceptable
and mostly within the range of accuracy of the experiments. The
increase of the mole fractions with Yp,; is well reproduced. The
dependency of the mole fractions of these species on the strain
rate a, is only little. Due to the near sooting limit conditions of
the counter-flow diffusion flames the mole fractions of higher PAHs
are below the detection limit of the applied sampling and GC/MS-
method. Therefore, experimental data for higher PAHs to compare
with simulations are not available. According to the recent work
of Dong et al. [61], PAH predictions are known to have large un-
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certainties, which for benzene range up to a factor of 5 and for
larger species even up to a factor of 10. However, this statement
holds for the application of one comprehensive reaction mecha-
nism (MAH/PAH subset of the C3MechV3.3) to a variety of com-
plex aliphatic and aromatic fuels and mixtures of them [61]. From
Figs. 4d and 5 predictions of A1, A2R5 and A2 generally better than
+50% compared with experimental values can be seen. The reasons
for this are the near sooting limit conditions for the experiments
producing PAHs in low concentrations, and the comparatively sim-
ple single fuel C;Hy, the combustion of which including the reac-
tion pathways to Al and PAHs is well described by the reaction
mechanism implemented in the ABF-model.

4.2. Soot formation and particle dynamics

Soot formation from the precursor molecules in these flames
occurs between the flame zone and the stagnation plane.
Fig. 6 compares the soot volume fractions obtained by SMPS and
2C-TiRe-LIl with simulations employing the ABF-model for the
flames with mass fraction of fuel Ygy; = 0.25 and Ygye; = 0.35,
at a, = 60 s~!'. Considering the experimental errors and spa-
tial resolution, the experimental values from SMPS and 2C-TiRe-
LIl fairly agree. The extension of the soot volume fraction profile
towards the fuel duct which is observed for the 2C-TiRe-LIl mea-
surements can be traced back to the slight bending of the flame
due to exhaust gas removal.
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Fig. 6. Axial soot volume fraction profiles for the counter-flow diffusion flame with Yge; = 0.25 (left), Ygue; = 0.35 (right) and a, = 60 s~'; symbols indicate experimental
results, error bars represent estimations of uncertainties according to the spatial resolution and accuracy of the measurements; lines represent numerical simulations; the

stagnation plane is indicated by the black dotted lines.
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Fig. 7. Profiles of source terms of the moment balance equations for particle inception (Sp;), coagulation (Scoag), surface growth (Ssg), and oxidation (Sex) for the counter-flow
diffusion flame with Yge; = 0.25 (left) and Yy = 0.35(right) at a, = 60 s~!; the stagnation plane is indicated by the black dotted line.

The ABF-model reproduces the experimental values reasonably
well, the deviation from the experimental values lies within the
differences from the two applied experimental techniques. The ex-
perimental profiles are broader than the computed profiles ow-
ing to the spatial resolution of the probe and the laser technique.
The shape of the profiles and the position of the peak values
agree well. The shapes of the calculated profiles also agree well
with the ones reported in refs [6,14] simulated with the respec-
tive soot models, while the absolute values are in the same order
of magnitude, however, differing due to different Yg,; and strain
rates a;.

Soot formation is induced by particle inception at the posi-
tion, where the aromatic hydrocarbons and CyH, exhibit their peak
mole fractions and soot formation is enhanced by mainly sur-
face growth reactions in that region, see Fig. 7. Growing num-
ber densities of soot particles force particle coagulation leading to
peak number densities slightly below the position of peak surface
growth rates. Surface growth and particle inception continue with
decreasing rates towards the stagnation plane causing the appear-
ance of the peak soot volume fraction slightly above the stagnation
plane. Interestingly, in the stagnation plane region and slightly be-
low particle inception and surface growth prevail at low rates, in-
dicated by a little pronounced peak in number density, inception
and coagulation rates. Similar profiles of number density are sim-
ulated in ref. [6]. This is due to the comparatively high tempera-
ture in this region and the presence of soot precursor molecules
and surface growth species, whereas no oxidation occurs. This be-
havior suggests different types of particles along the HAFD for the
counter-flow diffusion flames. Above the stagnation plane where
oxygen is present, soot particles formed at high rates through par-
ticle inception and surface growth are partially oxidized at high ox-
idation rates. Near the stagnation plane at decreasing oxygen mole
fractions soot particles mature by further surface growth and co-
agulation, whereas even below the stagnation plane particle incep-
tion and PAH adsorption continues leading to particles not having
experienced oxidative attack. These different types of soot particles
should be made visible also through SMPS and 3WE-TiRe-LII.

This figure does not change qualitatively when varying the fuel
mass fraction Yge;, see Fig. 7. Increasing the mass fraction of fuel
Ypyel1 broadens the soot formation zone leading to more inception
soot despite somehow lower peak inception rates. Due to increas-
ing mole fractions of C;H, and PAHs, surface growth rates and ad-
sorption rates increase considerably. Correspondingly, higher soot

1

volume fractions are observed, and coagulation produces particles
with slightly larger CMD.

The measured peak soot volume fractions increase from about
10 ppb at Ygye; = 0.20 to about 200 ppb at Yg,; = 0.35. The
variation of peak soot volume fractions with Yg,,; measured by
SMPS is stronger than that detected with 2C-TiRe-LII, while the lat-
ter is well reproduced by the numerical simulations. The sensitiv-
ity dlog(fy max)/dYr,e 7 amounts to about 8.7 at Ygy; < 0.25 and
8.9 at Yp,e; > 0.25 at strain rates a, = 60 s~1. As far as similar
values of Yp,; have been operated, measured peak soot volume
fractions in ref. [14] are comparable, with a somehow smaller sen-
sitivity dlog(fy max)/dYpyer1 Of 3.5 at 0.2 < Yy < 0.4 at ay = 60
s71.

An inverse effect is observed when increasing the strain rate
a, of the counter-flow diffusion flames. Increasing the strain rate
pushes the different flame zones together reducing reaction times
along the central streamline and the particle inception zone, par-
ticle oxidation zone, and surface growth zone coincide to a larger
extent. Thereby, particle inception rates increase leading to higher
particle number densities of particles with smaller CMD and,
therefore, lower soot volume fractions. This trend is documented
in Fig. 8, right, where the peak soot volume fractions are plot-
ted versus the strain rate for flames with the fuel mass fraction
of Y1 = 0.3. A clear decrease of the peak soot volume frac-
tions with increasing strain rate is obvious from the figure. The
decreasing peak soot volume fraction is accompanied by only a
slight decrease in the peak mole fractions of the soot precursor
molecules C;H,, A1, A2R5, A2, compare Fig. 5. The lower peak soot
volume fractions with increasing strain rate a, are caused mainly
by oxidation through the increased oxygen mole fraction in the
soot forming region. The trend is reproduced well by the ABF-
model and the deviations lie within the experimental uncertainties
or are lower than the differences of the experimental values from
2C-TiRe-LII and SMPS, respectively. At Ygy; = 0.30 the sensitivity
dlog(fy max)/da; amounts to about 0.007 at a; < 40 s~! and 0.029
for a, > 40 s~1, which compares well with the results reported in
[14].

The axial profiles of the CMDs, see Fig. 9, upper left, reflect
the soot particle dynamics occurring in the counter-flow diffu-
sion flames: Soot formation is induced by particle inception at the
positions, where the soot precursor molecules exhibit their peak
mole fractions and is enhanced by mainly surface growth reac-
tions in that region 1 mm to 1.5 mm above the stagnation plane.
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lower left, and Yg; = 0.3 at a, = 50 s, lower right.

Particle growth occurs rapidly essentially through coagulation and
soot particles are convected by the oxidizer flow towards the stag-
nation plane. Consequently, the CMDs increase and attain peak
values in that region. Particle inception and surface growths con-
tinues in the region below the stagnation plane at slower rates,
leading to small particles being convected with the fuel flow to-
wards the stagnation plane and growing during their convective
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transport. Note that the time scale is not linear to HAFD, so that
residence times for particle dynamics along the axial streamline
increase to very large values when approaching the stagnation
plane. The maximum CMDs increase with increasing peak soot vol-
ume fraction and decrease with increasing strain rate. The mea-
sured particle sizes obtained through SMPS agree well with the
ones obtained by 2C-TiRe-LII within the limits of accuracy of the
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experimental methods. Due to the coarse spatial resolution of the
Lll-experiments and particle probing, the widths of measured pro-
files may be oversized.

From the discussion of Fig. 7 different types of particles in
the fuel flow below the stagnation plane and oxidizer flow above
the stagnation plane have been suggested. These fundamental dif-
ferences are obvious from the particle size distributions obtained
through SMPS for particles generated in the oxidizer flow (HAFD
> 6 mm) and those growing in the fuel flow (HAFD < 5 mm),
see Fig. 9. While the former show monodispersed size distribu-
tions, which can be approximated well by log-normal distribution
functions, the latter ones have bimodal size distributions with a
sharp maximum below 5 nm to 10 nm and a second maximum
near 20 nm. The shapes of the size distributions for particles in
the oxidizer flow remain monomodal, but the width of the dis-
tribution decreases when moving further upstream in the oxidizer
flow. This is the result of the oxidation of the particles at fast rates
and shifting thereby the distribution function to smaller sizes and
narrowing the size distributions. This is not observed for particles
generated in the fuel flow. Here, small particles, possibly liquid-like
nascent particles, exist along with relatively large particles of sizes
in the order of magnitude of 20 nm. These small particles coagu-
late with larger ones resulting in reduced number densities and a
shift of the size distribution to larger values when approaching the
stagnation plane. The small liquid-like particles are not captured
by 2C-TiRe-LII, because they scarcely absorb light in the NIR region
(A = 1064 nm). This may be also a reason for differences in the
experimental results from SMPS and 2C-TiRe-LII [32]. The bimodal
size distributions also explain the differences between the results
from 2C-TiRe-LIl and SMPS when calculating of the CMDs on the
basis of lognormal distribution functions.

4.3. Optical particle properties

The absorption of light following Bouguer-Lambert-Beer’s law
and neglecting Rayleigh scattering for molecules, clusters and
small particles, is given by

1)
a(h) = ln<w> =

where a(A) means the absorbance, o (A) the absorption cross sec-
tion, L the optical path length of the experiment and fy the soot
volume fraction. Using the Rayleigh approximation, dp « A, where
dp is the particle diameter and A the absorption wavelength for
spherical particles, o (A) can be expressed as

243

m4d

o) = i PE(m, A).
According to Eq. (11) the absorbance at a wavelength A is high

if the refractive index function of absorption at this wavelength is

high. For experiments with identical mass concentration and opti-

cal path length at two wavelengths, Eq. (11) results in

O'()\,]) ~)\.1 _ E(m,)\q)
o(A2) Ay E(m, Ap)’

If then E(m,Ayy)/E(m,AnR) is large for Ay = Ayy and A,
= AnR, particles absorb stronger in the UV as compared to
NIR and vice versa. The same holds for E(m,Ays)/E(m,AnR), and
E(m,Ayy)/E(m,Ay;s) and the respective wavelengths.

Figure. 10 displays the axial profiles of the ratios
E(m,Ayy)/E(m,ANRr) and E(m,Ays)/E(m,AnRr) for the counter-flow
flame with Yg,e; = 035 and a, = 60 s~! along with the soot vol-
ume fractions obtained from SMPS. The ratio E(m,Ayy)/E(m,ANR) iS
throughout higher than E(m,Ayis)/E(m,ANR) indicating a stronger
absorption in the UV than in the VIS. In the region of peak
soot volume fractions and larger primary particle sizes the ratios

oA fy- L (10)

(11)

(12)
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decrease revealing an increasing absorption in the NIR. Below
the stagnation plain in the fuel flow and above the stagna-
tion plane in the oxidizer flow, where small particles prevail,
larger ratios E(m,A;)/E(m,A;) are detected. The high value of
E(m,Ayy)/E(m,ANR) in the region below the stagnation plane in
the fuel flow corroborates the presence of liquid-like particles
absorbing in the UV as indicated by the particle size distributions
in Fig. 9.

Figure. 11  displays the ratios  E(m,Ayy)/E(m,Ayis),
E(m,Ayy)/E(m,ANR), and E(m,Ayis)/E(m,Anr) for the counter-flow
flames with a, = 60 s~! in dependence on Yg; in the fuel flow
(left part) and in dependence on the strain rate a, for flames with
Yruer1 = 0.3 (right part). The values have been collected at the
positions of maximum particle size (HAFD ~ 5.5 mm). The ratio
E(m,Ayy)/E(m,Ay;s) ranges about 1.5 and is only little dependent
on the fuel mass fraction Y, ; and strain rate a,. In contrary,
E(m,Ayy)/E(m,AyR), and E(m,Ayis)/E(m,ANRr) decrease reasonably
with increasing Yp,ey and decreasing a, ranging between values of
approximately 3 and 0.5. Especially E(m,Ays)/E(m,AnRr) agrees well
with the values published in the literature ranging from 0.8 to 2.0
for matured soot particles to young soot particles [17,52,70-72,74]
and for flame generated soot and commercial carbon black [18].
E(m,Ayy)/E(m,Ayis) and E(m,Ayy)/E(m,Anr) measured by Yon et al.
and Bejaoui et al. [53,72] also agree well with the values evaluated
in this study. If E(m,633 nm) = 0.228, which has been used for
the calibration of the LII signals, is taken as an approximation for
E(m,Ayis), E(m,Ayy) ~ 0.33 and E(m,AnRr) ~ 0.11 to 0.22 can be
derived from the measured ratios. These values also agree well
with data reported in the literature [54-56].

The value of ~ 1.5 for E(m,Ayy)/E(m,Ay;s) implies, that the ab-
sorption of light by the soot particles is stronger by a factor of
about 3 at A = 266 nm compared to the absorption at A = 532 nm,
see Eq. (11), without large variation with Y, ; and a,. A value
of ~ 2.5 for E(m,Ayy)/E(m,ANgR) points out, that the absorption
of light by the soot particles is stronger by a factor of about 10
at A = 266 nm compared to the absorption at A = 1064 nm
(see Fig. 11 at Yg,; = 0.25 (left part) and a, = 60 s~1 (right
part)). However, in the latter case and similarly for the ratio
E(m,Ayis)/E(m,Anr) the values are strongly dependent on Yge|;
and ay, resulting in values of ~ 1.5 at Yp,; = 0.35 or ~ 0.75
at a, = 30 s~!. This variation indicates a reasonable increase of
the absorption in the NIR region for soot particles generated at
high fuel mass fractions and low strain rates, i.e. high soot volume
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fractions fy, see Fig. 8, connected with larger primary particle sizes.
The E(m,Ayy)/E(m,ANR) ratios reported here are quite similar to
what can be calculated from the E(m,)\) values derived from quan-
tum confinement effects by Wan et al. [73], showing a decrease
of the absorption coefficient and an increase of E(m,Ayy)/E(m,AnRR)
ratio as the particle size becomes smaller.

The peak soot volume fractions appearing in the flames appar-
ently determine the absorption behavior of the soot particles ab-
sorbing in the NIR region by affecting the molecular structures. Ob-
viously, these structures are prevailing in large primary particles at
high soot volume fractions as is documented by the variation with
HAFD of the ratios E(m,Ayy)/E(m,AnRr) and E(m,Ays)/E(m,AnR) for
the counter-flow flame with Yp,; = 0.35 and a = 60 s~! in
Fig. 10.

The ratios of refractive index functions for absorption have
been determined by 3WE-TiRe-LII experiments at the wavelengths
266 nm, 532 nm and 1064 nm. Therefore, the signals arise from
molecular structures absorbing light in the respective wavelength
regions. Molecular structures not absorbing at these wavelengths
are not contributing to the signals as discussed in [57]. As can be
seen from the particle size distributions in Fig. 9 small particles in
the size range of about 5 nm appear near the stagnation plane and
below in the fuel flow. If these particles are liquid-like ensembles
of large precursor molecules, they absorb scarcely at 532 nm and
1064 nm [18] and do not contribute to the LII signals and the mea-
sured ratios E(m,A{)/E(m,A,) along HAFD. These small particles are
not detected by this method.

4.4. Nanostructural properties

The refractive index function for absorption E(m,A) describes
the absorption characteristics of soot particles and reflects their
molecular and nanostructural properties. The basic structural units
(BSUs) are stacked graphene-like layers within the primary parti-
cles [18,74-78]. The size L, curvature T;, and separation distance
D¢ of stacked graphene-like layers within primary particles affect
the share of internal and edge carbon-sites as well as of sp2- and
sp3-hybridized carbon atoms, and, therefore, the energy level of
the graphene-like structures and their absorption behavior. Gener-
ally, a bathochromic shift of the absorption connected with a de-
crease of e.g., E(m,Ayy)/E(m,ANRr) With increasing size of the BSUs
can be ascertained [17,19,74,75]. This behavior is reflected from the
soot particles in the investigated counter-flow flames. Fig. 12 de-
picts examples of fringe size distributions for soot primary parti-
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cles obtained from the evaluation of HRTEM images of soot parti-
cles collected from flames with different Yg,e; and a,. The parti-
cles have been collected placing the TEM-grids at the position of
peak soot volume fractions ( ~ 5.5 mm HAFD). At this position the
number density and the primary particle sizes are highest (com-
pare Figs. 6 and 9), so that in spite of the size of the TEM-grids
(~ 3.0 mm diameter), particles with properties representative for
this position are collected.

The figure also shows the HRTEM images of evaluated re-
gions within the primary particles. The measured values of
E(m,Ayy)/E(m,ANRr) at the positions of peak soot volume fractions
are also given. The examples clearly demonstrate a broadening of
the fringe size distributions to larger sizes with decreasing strain
rate a, and increasing fuel mass fraction Yp, ;. Also, a noticeable
decrease of E(m,Ayy)/E(m,AnR) With increasing fringe size is ob-
vious from Fig. 12. Most striking, the appearance of large sized
BSUs relates to increasing peak soot volume fractions of the flames.
These dependencies are detailed in Fig. 13 for the mean fringe size
L¢m. decile of the fringe size Lggp, and maximum fringe size L¢p,y.
For the evaluation of these statistical values of the fringe size dis-
tributions up to 10 distributions such as exemplarily displayed in
Fig. 12 have been averaged.

The mean fringe sizes L¢,, range between about 4.5 Aand 55 A,
whereas the decile L¢gy of the fringe sizes, which represents 90%
of the BSUs ranges between 6.5 A and 8.5 A. However, the primary
particles also contain fringes up to about 17 A to 28 A (maximum
values L¢,.¢) appearing at low frequencies. Fringes of similar size
have been detected in flame generated soot [76] and soot collected
from the exhaust of internal combustion engines [77,78]. The de-
pendency of the fringe sizes on peak soot volume fraction appears
approximately linear.

The approximate linear correlation between peak soot volume
fraction and the fringe sizes on the one hand and the ratio of re-
fractive index functions for absorption E(m,Ayy)/E(m,ANr) On the
other also results in an approximate linear dependency of the ra-
tio of refractive index functions for absorption and the fringe sizes.
This has been detected also in previous work, see e.g. [18,19]. The
broad variation of refractive index function for absorption or its
ratios at different wavelengths reported in the literature [17,52,70-
74] may find its explanation in this dependency. The extension of
the fringes also determines the reactivity of soot against oxidation
by 0, and an approximate linear correlation of a reactivity index
with reciprocal fringe sizes has been reported in [18]. The charac-
teristic statistical values of the fringe size distributions determine
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the properties of the nanosized particles and are easily accessible
via E(m,A;)/E(m,\,), offering a method of characterizing functional
nanoparticles, e.g. their reactivity. On the other hand, the fringe
extension sheds light on the environment of soot particles during
their origin, e.g. concentration of PAHs.

According to the fringe size distributions and their characteris-
tic statistical values, respectively, the largest part of the BSUs in the
primary particles (Lgg) exhibits sizes increasing with the peak soot
volume fraction fy ¢ up to sizes in the order of magnitude of 7 A
to 10 A, compare the size of coronene units ~ 7 A. Similar sizes of
the BSUs determined with different methods are reported from lit-
erature, see e.g., the review in ref. [79] and references therein. This
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is consistent with the mole fractions of pre-particle species and
the rates of particle inception presented in Figs. 5 and 7. The mole
fractions of the soot precursors CoH,, A1, A2R5 increase by about
30% to 40%, when the peak soot volume fraction increases from
about 100 ppb to 300 ppb, see Figs 5. This holds also for the larger
precursors A2, A3 (phenanthrene), A4 (pyrene). The increase of the
mole fractions of these components causes a similar increase of
the surface growth rates, which is the strongest soot mass source
with the main channel occurring via reactions with C;H,, and
PAH adsorption. Surface growth reactions on stacked PAHs/soot
precursors contribute reasonably to their mass growth. For exam-
ple, the growth of pyrene (extension ~ 6 A x 4.8 A) to coronene
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(extension ~ 7 A) increases the mass by about 48% and the in-
crease of mass varies with the square of the size. These findings
are consistent with experimental results based on photo ionization
time of flight mass spectroscopy [80], where species in the mass
range from 200 amu to 400 amu are detected and periodically
appearing multiples of these are assigned to stacked PAHs. Also,
large aromatic structures connected via aliphatic connections and
bridges as discussed in ref. [81] fit into this picture, because the
interruption of aromatic structures by aliphatic strands limits the
absorption of light in the visible and near infrared to the largest
not disturbed aromatic structure.

5. Conclusions

In this work sooting counter-flow diffusion flames of C,Hy/air
have been investigated applying a multitude of experimental meth-
ods and numerical simulations. The focus is on flames with soot
volume fractions near the sooting limit (fy < 500 ppb) to shed
light on the transition of precursor molecules on the molecular
scale to primary soot particles and their nanostructure on the pm-
and sub-pm scales. The operating parameters of the counter-flow
flames have been set to establish a soot formation (SF) flame with
the flame and soot formation region in the oxidizer flow above the
stagnation plane.

The experimental techniques cover non-intrusive methods such
as 2C-TiRe-LII and 3WE-TiRe-LII for the determination of soot vol-
ume fractions, primary particle sizes, and refractive index functions
for absorption and their ratios at different wavelengths, respec-
tively. Non-intrusive techniques have been complemented by intru-
sive ones, such as sampling with microprobes and analysis of gas
composition by GC/MS, and particle sizing by SMPS and HRTEM.
Also, the nanostructures of soot particles are obtained from ana-
lyzing HRTEM-images. For numerical simulations, the well-known
ABF-model has been applied.

The main results can be summarized as follows: The structure
of the counter-flow diffusion flames as determined by the mea-
sured temperatures, mole fractions of the major species, minor
species, soot precursor molecules (as far as detectable) could be
well reproduced within the experimental uncertainties by the ABF-
model for varying fuel mass fractions and strain rates. Soot volume
fractions at the applied low sooting conditions are also reproduced
reasonably within the differences between the applied experimen-
tal methods via the ABF-model. The numerical simulations identify
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the different processes during particle formation. The main vari-
ation is attributed to variation of surface growth rates when ap-
plying strain rates and fuel mass fractions leading to higher soot
volume fractions.

Particle sizing by 2C-TiRe-LIl and SMPS gives results agreeing
within the experimental uncertainties. Particle size distributions in
the fuel rich region near and below the stagnation plane appear
bimodal with a distinct maximum at particles sizes about 5 nm
and 20 nm. The small particles presumably not absorbing light in
the NIR region (A = 1064 nm) due to a liquid like state are not
captured by 2C-TiRe-LIL

The nanostructure of the primary particles exhibits BSUs with
increasing fringe sizes up to the size of 7 A to 10 A when soot
volume fractions increase from about 100 ppb to 300 ppb. This co-
incides with the increase of the mole fractions and the size of the
detectable soot precursors with increasing soot volume fraction.

The ratios of E(m,Ayy)/E(m,Ayis), E(m,Ayis)/E(m,AnRr), and
E(m,Ayy)/E(m,ANR) as determined by 3WE-TiRe-LII agree well with
values reported in the literature. The value of E(m,Ayy)/E(m,Ays)
varies only slightly with the peak soot volume fraction in the
flames, pointing out small sized nanostructures absorbing in the
short wavelength range being contained to a large part in soot
primary particles at all soot volume fractions. In contrary, the ra-
tios E(m,Ayis)/E(m,Anr), and E(m,Ayy)/E(m,ANRr) decrease approx-
imately linear with increasing soot volume fractions, pointing out
nanostructures with increasing sizes absorbing in the visible and
near infrared wavelength region. This finding applies not only to
the variation of flame conditions studied, but also along the flame
axis: In the region of peak soot volume fractions and larger pri-
mary particle sizes the ratios decrease revealing an increasing ab-
sorption in the NIR.

This is corroborated by the analysis of HRTEM-images
that clearly bring about increasing sized BSUs with increas-
ing soot volume fractions causing a shift of the absorption to
larger wavelengths. The dependence of E(m,Ays)/E(m,Ang) and
E(m,Ayy)/E(m,AnRr) on the soot volume fraction may be the rea-
son for the wide ranges of refractive index function for absorption
and their ratios referenced in the literature.
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