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Fuel molecular structure effect on soot mobility
size in premixed Cg hydrocarbon flames

Shruthi Dasappa®® and Joaquin Camacho ™

Soot formation in premixed laminar flames is examined for a canonical
set of flames burning Cg hydrocarbon fuels. Particle mobility size and
flame temperature measurements are complemented by flame structure
calculations using detailed flame chemistry. Specifically, the evolution of
the detailed soot particle size distribution (PSDF) is compared for n-
hexane, n-hexene, 2-methylpentane, cyclohexane and benzene at a
carbon-to-oxygen ratio of 0.69 and maximum flame temperature of
1800 K. Under this constraint, the overall sooting process is comparable
as evidenced by similar time resolved bimodal PSDF. However, the first
inception of particles and the persistence of nucleation-sized particles
with time are depend upon the structure of the parent fuel. For the given
conditions, the fastest onset of soot is observed in cyclohexane and
benzene flames and the observed evolution of the PSDF also shows that
nucleation-sized particles disappear sooner in cyclohexane and benzene
flames. Flame structure computations incorporating detailed chemistry
show a clear connection between the early onset of soot particles as fuel
specific routes to PAH formation are predicted in the pre-flame region of
the cyclohexane and benzene flames. These observations illustrate the
impact of alkane, alkene, cycloalkane and aromatic fuel structure on soot
formation in premixed flames. Analysis of soot particle morphology by
atomic force microscopy indicates that most of size distribution is
composed of aggregates. Simple aggregate mobility diameter analysis
shows the spherical assumption taken to interpret the mobility diameter
does not impact the PSDF number density result but the inferred volume
fraction for aggregates deviates by up to an order of magnitude
depending on the morphology assumptions adopted.
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1. Introduction

Soot formation is critical for optimization of internal
combustion engines and other combustion applications [1].
Moreover, these emissions should be minimized as they
eventually impact public respiratory health [2] and the
environment [3]. Practical transportation fuels are complex
mixtures of hydrocarbons and organics. A direct and complete
kinetic description of real fuel combustion, including soot
formation, is not feasible due to the variability and complex
nature of the mixtures. Development of combustion chemistry
models has relied upon studies of individual fuel components
and simple mixtures serving as fuel surrogates. Premixed
laminar flames are commonly employed to isolate chemical
kinetic behavior of fuels from other aspects of the reacting flow
[4,5]. Studies on soot formation in real fuel flames have been
carried out in laminar premixed flames [6—8] but, the study of
individual components could still provide important insights
into fuel combustion chemistry and precursor formation. For
example, examination of individual components could shed
light on the behavior of real fuels containing species with
overlapping size and molecular formula.

In the current work, soot formation behavior is investigated
for a series of C6 hydrocarbons to explore effects of fuel
structure ranging from the straight-chain alkane to the
aromatic. Systematic studies of n-Hexane, 2-methylpentane, n-
hexene, cyclohexane and benzene flames are carried out in a
complementary experimental and modelling study. Soot
formation is quantified here in terms of detailed particle size
distribution functions measured by mobility sizing under well-
defined boundary conditions. Flame structure calculations are
used to characterize the flame temperature and chemistry with
guidance from independent temperature measurements. The
flame experiments are designed to isolate the fuel structure
effect by constraining the flame temperature-time history to be
nearly identical across all fuels studied. The gas-phase
environment for soot growth is also constrained by using
premixed flames with identical equivalence and C/O ratios. The
series of flames acts a canonical set for soot formation among
C6 fuels across the range of carbon bond structure and
hydrogen saturation.

Fuel structure effects have been studied in sooting premixed
flames of C6 fuels since classical studies of Hottel [9] and
Whitcher [10]. Global soot formation was examined in premixed
laminar flames of cyclohexane [11], hexane [12] and benzene
[13,14]. Detailed behavior in premixed laminar flames has been
examined in terms of soot particle size distribution function
(PSDF) for hexane [15], cyclohexane [15] and benzene fuels [16—
21]. The fuel structure effect on soot formation is more subtle
in premixed flames than diffusion flames [5], but the
aforementioned studies have systematically illustrated
competing temperature, time and flame chemistry effects. The
objective of the current work is to quantify the fuel structure
effect on soot formation from alkane, alkene, cycloalkane and



aromatic fuels of the same carbon length under comparable
conditions.

2. Materials and Methods

2.1 Experimental - The experimental configuration centers
upon the burner-stabilized stagnation flame (BSS) configuration
introduced by Abid and co-workers [22] to sample gas and
aerosol samples under well-characterized boundary conditions.
A custom flat-flame burner is used with a sintered bronze
porous plug (5 cm diameter, 10 micron filter rating). Flow
stagnation is induced by an aluminum plate mounted parallel to
the burner surface to provide an explicit stagnation flow
boundary condition for the sampling orifice (Dorifice = 130
micron) embedded flush with the stagnation surface. The plate
is a surface that accounts for flow stagnation induced by the
aerosol sampling probe. This approach has been employed in

several experimental [23-28] and computational [29-32]
studies of incipient soot formation.
Table 1: Details of flame conditions studied
fuel name Xfuel® Xo2® c/o 0] (C\r:;s)
n-hexane n-CgHyy 0.0748 0.325 0.69 2.19 457
00716 0328 0.65 207 439
2-methylpentane i-CgH1q 0.0748 0.325 0.69 2.19 4.57
0.0716 0.328 0.65 2.07 4.39
n-hexene n-CeHip 0.0748 0.325 0.69 207 3.85
cyclohexane ¢-CeHy, 0.0748 0.325 0.69 207  4.87
benzene CeHs 0.0748 0325 0.69 172 341
ethylene CH, 0.0748 0.325 0.69 207  7.46

Incipient soot formation in flames of C¢ hydrocarbons is
examined in the set of atmospheric, fuel-oxygen-argon flames
summarized in Table 1. For each flame condition, particle-laden
flame products are drawn into the sampling probe at a series of
sampling distances. Burner-to-probe separation distances, H, ,
on the order of one centimeter are employed to sample the
evolution of soot formation from the earliest inception stages
to later growth stages. The set of flames are designed to have
nearly identical temperature-time history for each fuel
corresponding to a maximum flame temperature of 1800 K.
Furthermore, the total C/O ratio of each fuel-O2 mixture is held
fixed at C/O = 0.69 with two additional flow conditions
introduced for the alkanes to compare ® = 2.07 behavior. A
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comparable ethylene flame is also studied to demonstrate the
C/0, C/H and fuel size effect. The adiabatic flame temperature
for benzene is much greater than the other flames because the
equivalence ratio is closer to unity. Thus, the cold gas velocity
of the benzene flame is lower than the flow rate of the other
fuels to match the 1800 K flame temperature constraint. The
axial flame temperature profiles are measured with a Y,03/BeO
coated type-S thermocouple with radiation correction carried
out from computed transport properties [33]. The bead
diameter is approximately 0.3 mm after coating.

The flat flame burner is uncooled because of potential
condensation of the fuel in the porous material. Without water
cooling, however, the pores tend to sinter closed towards the
center over time, thus modifying the local unburned gas
velocity. For this reason, fresh porous material is always used to
keep the flame radially uniform. A sheath of nitrogen shields
the flame to prevent radial entrainment and diffusion of oxygen
from ambient air. The C¢ hydrocarbon fuels, supplied by Sigma-
Aldridge (ACS Reagent grade, 99% purity), are injected into the
heated fuel line through an argon gas-assisted nebulizer for
vaporization and mixing (Precision Glassblowing). The burner
and fuel lines are thermostatically controlled at 400 K to prevent
fuel condensation. Mass flow rates of oxygen, argon and
nitrogen are measured by critical orifices and the flow of argon
driving the fuel nebulizer is calibrated by a bubble
displacement. Particle size distributions are determined by
mobility sizing using a TSI 3080 SMPS (Electrostatic Classifier
3085 and UCPC 3080, AIM Software V.8.1) using a sample
dilution technique developed to minimize probe artifacts [34—
39]. The sample gas enters the probe through an orifice and is
immediately diluted with a cold nitrogen flow to prevent
particle losses. Limitations of the Cunningham slip correction
cause particles below 10 nm to be overestimated by mobility
measurements and thus a nanoparticle transport theory for
small soot particles is employed [40,41]. A diagram of the
experimental setup and typical BSS flames are included in the
supplementary material.

Particle size and morphology analysis is carried out using a
Nanoscope Multimode V atomic force microscope (AFM) on
soot from the benzene and n-hexane flames. Soot samples are
deposited by thermophoresis on freshly cleaved mica disks in a
rapid insertion procedure. This substrate has a flat surface at
the nanometer scale and is tolerant to heat. Particles are
collected after insertion by swiping the substrate horizontally
across the flame. A stepper motor maintains consistent swipe
speed for an exposure time for each swipe of 12 ms. The
samples are imaged immediately after collection to reduce
instances of aging and oxidation in the ambient air.

2.2 Computational - The flame structure is computed by
OPPDIF [42] to characterize the soot particle temperature time-
history and gain insight into gas-phase flame chemistry. The
pseudo one-dimensional formulation employed by OPPDIF has
been shown to provide an efficient and fast solution to laminar
premixed stagnation flames for characterization of detailed
chemistry and particle processes [43,44]. Soot formation is not
modeled in the current study, but analysis of soot precursor
chemistry provides insight into the relative contributions of the
C6 fuel structure to soot. The flame chemistry for the Cg
hydrocarbons is calculated with a reduced JetSurF mechanism
[45] to be introduced below. OPPDIF allows for the calculation



of the temperature and species profiles using only measured
boundary temperatures. The temperature closest to the burner
surface that can be measured is equal to one half of the
thermocouple bead diameter (0.15 mm). The inlet temperature
is extrapolated from the measured temperature profile
immediately adjacent to the burner surface where temperature
profile is roughly linear with respect to the distance, as one
would expect in the pre-heat zone. The probe temperature is
measured with a type K thermocouple embedded on the
stagnation surface. The radiation corrected temperature
profiles are compared to the independently computed
temperature profile to validate the flame structure calculations.

The flame perturbation due to the sampling probe is
accounted for in the OPPDIF code by introducing a stagnation
surface at x = H, in the form of a zero velocity boundary
condition [22]. For soot particles, the finite time in the flame is
determined by considering the thermophoretic velocity which
is driven by the significant temperature gradient at the
stagnation plate. The thermophoretic velocity of the particle
within the flame is calculated in the hard sphere and diffuse
scattering limit [46]. The particle total velocity is determined by
adding the computed thermophoretic velocity to the gas-phase
convective velocity. The particle time is defined as the time
interval for the particle (or precursors) to traverse from the
calculated location of the sharp pre-heat temperature gradient
to the location of the stagnation probe. The BSS method
improves upon the temperature uncertainty induced by probe
perturbation, but additional analysis is necessary to quantify
the net velocity perturbation due to counter-acting flow
stagnation and suction. BSS flames sampled under similar
conditions were corrected previously [26,32] by an upstream
shift in the probe position to compare with computational
results. A brief analysis is carried out below to quantify
systematic velocity perturbations based on previous probe
perturbation analysis considering sampling distance, suction
and orifice size effects.

Two combustion chemistry models are used for the C6
hydrocarbons currently studied. JetSurF 2.0 [45] is reduced here
to only include oxidation for the given parent fuels along with
the subsequent benzene formation chemistry. As discussed in
the acknowledgements section, this reduction was carried out
by the primary author of JetSurF to provide a more
computationally efficient model for the fuel oxidation and
benzene formation without compromising the validity of flame
chemistry conclusions. The reduced JetSurF model, comprised
of 1014 reactions and 175 species, includes details of the parent
fuel combustion but polycyclic aromatic hydrocarbons (PAH)
are not considered. To provide insight into PAH formation, a
separate set of flame structure calculations are carried out
using the CRECK C;-C;6 HT+Soot mechanism [47] in the reduced
form introduced by Pejpichestakul and co-workers [48]. Soot
formation processes are not currently considered so the
sectional BIN reactions of the mechanism are neglected (244
species, 5880 reactions without soot BINS). The two chemistry
models consider ,-hexene, cyclohexane and benzene
combustion but ,-hexane chemistry only exists in JetSurF.
Combustion chemisty of methylpentane is not readily available.

Figure 1: Measured (symbols) and simulated (lines) temperature
profiles for the n-hexane flames at the centerline for the range of
sampling locations, Hp.

3. Results and discussion

Measurements for each flame are taken at a series of Hp to
track the evolution of the soot PSDF. The presence of the
stagnation probe causes secondary stretch effects at the flame
zone [22,49] and a drop in velocity and temperature
downstream at the probe boundary. The local temperature is
measured here to characterize these flame structure effects on
the current burner-stabilized stagnation flames. This
characterization is crucial as local temperature is the dominant
parameter which governs flame chemistry and soot formation
processes [5,50]. A comparison between the measured and
computed (JetSurF) axial temperature profile is shown in Fig. 1
for the n-hexane flames. Even though the flow rates do not
change, each Hp condition provides a new boundary condition
which requires its own flame structure computation. The
temperatures at the inlet and stagnation plate boundaries are
used to solve the energy equation for a temperature profile
solution based on the boundary values. The agreement
between the radiation corrected measurements and the
simulated temperatures is within the thermocouple position
uncertainty (£ 0.3 cm) and the temperature measurement
uncertainty (+ 70 K around the peak temperature region). The
temperature profiles for the other fuels studied are similar at a
series of sampling distances.

A comparison between measured and simulated (JetSurF)
axial temperature profiles is shown in Fig. 2 for all fuels studied.
The temperature profiles overlap to a large extent but
differences in the pre-heat and post-flame are observed. The
micrometer stage has positional precision of 50 micron but the
thermocouple measurements are assigned positional
uncertainty of £ 300 micron to account for uncertainty in the
burner surface position and uncertainties stemming from
variation in wire tension and vibrations. The bottom plot of Fig.
2 expands the x-axis to emphasize the sharp temperature
gradient in the pre-heat region where several thermocouple
measurements are taken. The calculated benzene flame
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temperature peaks slightly sooner due to faster fuel kinetics but
the post-flame region is colder due to the lower cold gas
velocity. The model solves the energy equation without the
measured temperature profiles as an input. Thus, agreement
between radiation corrected measurements and the computed
temperature profile is an indication of the performance of the
underlying combustion chemistry model. Uncertainty within
the simulated local flame temperature along with the resulting
Arrhenius reaction kinetics and species transport can be defined
with this information. In addition, the agreement between the
measurement and computation confirms that the flame
conditions are comparable, and that sooting behavior can be
observed under similar local temperature.
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Figure 2: Measured (symbols) and simulated (lines) axial temperature
profiles for all flames at the centerline with H, = 1.2 cm (top) and the
same profile with the flame-zone expanded on the x-axis for greater
clarity (bottom).

Detailed sooting behavior is examined in terms of the
evolution of particle mobility size distributions for the sooting
flames of C6 hydrocarbons. The PSDF evolution from the onset
of nucleation size particles to later growth stages is summarized
in Fig. 3 for the straight chain and branched chain isomers of
hexane (CgHis). Local flame temperature and C/O ratio
dominate the global sooting behavior of premixed flames, thus
the constrained peak flame temperature and C/O ratio will
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isolate the fuel structure effect between the two isomers of
hexane. At the early stage of soot formation, newly formed
particles burst into the lower end of the measurable size
window at 2.4 nm. These particles grow in size, producing a
shoulder in the PSDF, which grows into a log-normal distribution
at larger burner-to-stagnation surface separations. Meanwhile,
particle inception persists well into the large separation
distances as evidenced by the observed PSDF consisting of a
prominent nucleation-sized mode at all sampling positions.
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Figure 3: Measured PSDFs for n-hexane (filled symbols) and 2-
methylpentane (open symbols) flames. Bi-modal log-normal
distributions (solid lines) are fit to the PSDF at H, = 1.0 and 1.2 cm to
highlight nucleation size particles which persist late in the flame.

Overall, the competition between the nucleation and
growth processes of soot is similar across the two hexane
isomers with the differences being only quantitative and subtle.
As Fig. 3 shows, the onset of soot is slightly delayed in the n-
hexane flame compared to the 2-methylpentane flame, but
during the mass and size growth stages, and PSDFs become less
distinguishable. At the largest separation distance probed (H, =
1.2), the lognormal part of the distributions nearly overlap each
other, whereas the nucleation mode of the PSDF exhibits
reproducible and subtle differences. The relative trend in
particle inception and overall PSDF characteristics between
branched and straight chain isomers observed in Fig. 3 has also
been observed in previous observations of sooting C4 premixed
BSS flames [25]. In the study of C,4 fuels, delayed soot onset and
smaller particle size distributions were observed in the straight
chain isomers when compared to the branched chain fuel. The
present comparison between methylpentane and n-hexane
shows a similar trend, but this fuel effect may be reduced by the
extended carbon chain of CgH14 which exists in both isomers.
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Figure 4: Measured PSDFs for cycloflexane (filled symbols) and n-hexene
(open symbols) flames. Bi-modal flog-normal distributions (solid lines)
are fit to each PSDF.

For the previous isomers, the evolution of incipient soot can
be directly compared in terms of particle residence time for
each Hp because the boundary conditions, flow rates and
resulting flame structure are the same. A similar comparison for
the CgH1, isomers (cyclohexane and n-hexene) is made but the
comparison is not as direct because lower flow rate of the n-
hexene flame causes longer particle times for the given
sampling locations. The adiabatic flame temperature of n-
hexene is greater than cyclohexane. Thus, the constraint of C/O
=0.69 and 1800 K maximum flame temperature is satisfied for
cyclohexane and the other fuels by controlling the cold gas
velocity of the BSS flame. The development of the PSDF in terms
of both sampling location and particle time is summarized in Fig.
4 for both CgH;, isomers. Particle inception occurs for each
isomer at a sampling location in the vicinity of the lowest
sampling distance reported. The burst of nucleation-sized
particles observed at H, = 0.55 cm does not correspond to the
precise location of the rapid gas-to-particle conversion but the
PSDF clearly corresponds to the earliest soot growth stages. The
evolution of the PSDF is similar for the branched alkane, straight
alkane, straight alkene and cycloalkane analogs of Cs. In all the
flames studied, the onset of nucleation-sized particles is
followed by a bimodal PSDF due to persistent soot particle
inception. In addition, the trough between the nucleation and
growth particle sizes is roughly 10 nm in each flame which may
indicate that the particle inception processes are similar among
these flames [31].

Quantitative differences in detailed sooting behavior
between the CgHi, isomers (cyclohexane and n-hexene) are
more prominent than the alkane isomers (n-hexane and
methylpentane) previously discussed. The PSDF growth
summarized in Fig. 4 indicates that soot from n-hexene forms
later and grows slower than cyclohexane soot. For example, the
median mobility diameter of the PSDF is 45 nm for both of the
CeH12 flames at Hp = 1.0 cm. However, it took nearly 20% less
time for the median diameter to reach this size in the
cyclohexane flame. Another striking difference in the soot PSDF
of the CgH1, isomers is the relative intensity of the nucleation-
sized mode within the PSDF. Particle inception persists late for
both flames but the nucleation-size particles become
undetectable after 70 ms in the cyclohexane flame. Under
comparable composition and flame conditions, the relative
early end to nucleation in the cyclohexane flame is attributable
to fuel specific chemistry and soot formation processes.
Chemical pathways are examined below for insight into the
observed particle inception behavior in cyclohexane flames.
Further fuel specific details of soot formation processes such as
the persistence of the nucleation-sized mode require further
complementary experimental and modeling investigation, and
this will be left to future work.

The above comparisons for evolution in PSDF with
increasing sampling height and particle time do not account for
probe perturbations to the flame structure. Previous analysis
for probe perturbations in BSS flames [26,32] showed that
computed PSDF match closer to distributions measured by
aerosol probe suction if an upstream shift is applied to the
experimental PSDF. A typical upstream shift in the range of 1-2
mm was applied to match benchmark sooting flame PSDF data
depending on the burner boundary inlet velocity, sampling
distance, sampling pressure drop and orifice size. The inlet
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velocity of the unburned mixture is on the order of 9 cm/s for
the Ce fuels currently studied. Extrapolating the previous
factorial analysis [32] for probe perturbations gives an
estimated upstream shift such that the experimental sampling
distance, Hp, corresponds to ( Hp — 0.19 cm ) for computed
PSDF. The corresponding reduction for particle time ist- 10 ms.
The unburned mixture inlet velocity for the Cg flames has a
range of 34% between the slowest and fastest flows and the
resulting difference in upstream shift is predicted to be less than
0.01 cm across this range. The range of sampling distances
currently employed (0.55 < H, < 1.2 cm) corresponds to an
upstream shift of 0.15 cm at the smallest distance and 0.20 cm
at the largest distance. These estimations of upstream shifts
systematically effect all the probe-obtained measurements
uniformly. As such, comparisons of the measured PSDF can be
made across the Cg fuels with minimal impact from the
systematic probe perturbation.
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Figure 5: Measured PSDFs for benzene (filled symbols) flames. Bi-modal
log-normal distributions (solid lines) are fit to each PSDF.

The evolution of soot PSDF in the benzene flame is
summarized in Fig. 5. The development of the size distribution
does not follow the other fuels at the given sampling locations.
The smallest sampling distance that could be probed in a stable
manner is more limited in benzene than the other flames
because the benzene flame is more sensitive to heat loss to the
stagnation probe. As shown in Fig. 2, the axial temperature
profile for the benzene flame peaks at 1800 K but the post-
flame region is weaker than the other flames due to the lower
cold gas velocity. The benzene flame is significantly disturbed by
the sampling plate at H, = 0.7 cm because the sharper
temperature gradient of the post-flame causes more heat loss
to the probe. The sampling distance corresponding to the burst
of soot inception cannot be directly accessed but Fig. 5 shows
that the bimodal distribution exists at the lowest stable
sampling distance. Nucleation size particles become
undetectable after H, = 0.8 cm in the benzene flame and the
PSDF transitions to a single log normal mode of larger particles.
The median mobility particle size is significantly greater in the
benzene flames compared to the other Cg fuels.
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Besides affecting the temperature profile, the lower cold gas
velocity in the benzene flame also increases the residence time
that particles undergo at the given sampling distances. The
effect of longer residence time may contribute to the end of
nucleation and larger particle size in the benzene flames.
Additional information on the PSDF is gained from AFM images
of particles deposited in the vicinity of the flame zone. An AFM
image of particles deposited from the benzene flame is shown
in Fig. 6. The stagnation plate is located at Hp = 1.0 cm for this
deposition experiment, but the mica substrate is inserted at the
flame zone to (H, = 0.7 cm) to probe the particle size and
morphology at the earliest stages. The AFM image shows
primary particles and small aggregates in a similar size range of
the PSDF from the other fuels. This is a confirmation that
evolution of soot formed in the benzene flame also begins with
a bi-model distribution including a mode of nucleation sized
particles.
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Figure 6: AFM image of incipient soot particles from the benzene flame
deposited in the vicinity of the flame front (top) and sphericity ratio vs.
cross-sectional particle area based on AFM images of particles
deposited from the n-hexane (H, = 1.0 cm) and benzene flames (H, = 0.7
cm, bottom). Particle 1 in the AFM image is a primary particle with a
diameter of approximately 5nm and particle 2 is an early aggregate with
a diameter of approximately 7nm.



Morphology observations from AFM are also used here to
gain insight into the measured mobility diameter.
Interpretation of the measured particle mobility requires
knowledge or assumptions of the particle morphology. The
simplest assumption is for spherical morphology and mobility in
the electric field can be characterized by a modified Stokes drag
expression for a sphere of diameter Dm [51]. For aggregates, an
effective diameter, Defso, can be defined based on the projected
cross-sectional area of the aggregate, A,, via Ay = 11/4 Deft a2 This
effective diameter can be considered to be the mobility
diameter for aggregates in the free-molecular regime [52,53].
The sphericity ratio, ¥ , is used here as a measure of particle
morphology as follows:

W= Deff,a / Dcircle (1)

where Dgige is the smallest diameter of a circle enclosing the
perimeter of the particle in the AFM image. The particle cross-
sectional area is determined by AFM for a set of particles from
the n-hexane and benzene flames (25 particles each) and the
result is shown in Fig. 6 in terms of the sphericity ratio. These
flames represent the highest and lowest level of hydrogen
saturation in fuel molecular structure for the C¢ hydrocarbons,
yet the soot particle morphology (in terms of sphericity) is not
significantly different. A deviation from spherical particle
morphology is observed for particle size on the order of 10 nm
(area ~ 100 nm?3). Similar sphericity ratio was reported for
incipient soot from premixed ethylene flames at comparable
equivalence ratio and flame temperature [54].

Global sooting properties such as total soot volume fraction,
F,, can be determined for each flame by integrating the PSDF
over all particle sizes measured (D, > 2.4 nm). The above
discussion of mobility diameter has a strong impact on the
volume fraction inferred from mobility size distributions
[26,55]. Four simple models are applied here to compare the
connection between measured mobility size and volume
fraction. The first model assumes the particle mobility is a
related to the Stokes Drag expression modified for
extrapolation to spheres in the free-molecular regime. This is
the model applied to the measured PSDF reported in Figs. 3-5.
The second and third model use the framework introduced by
Lall and Friedlander [56] for aggregates under simplifying
assumptions. The key assumptions are that all aggregates in the
distribution are characterized by a single primary particle size,
the primary particle size corresponds to the free molecular
regime, the total surface area and volume corresponds to the
sum of the individual primary spherical areas and volumes (no
necking), and the fractal dimension is low enough that all of the
particle surface area is exposed to gas collisions. These
assumptions do not describe the polydisperse primary particles
and necks that exist in incipient soot aggregates, but the
analysis provides a lower limit for volume fraction inferred from
the measured mobility diameter. The second model assumes a
single primary particle size of D, = 5 nm and the third model
uses D, = 20 nm. These limiting cases for primary particle size
correspond to the range of primary particles reported for
incipient soot in premixed laminar flames under similar
conditions [54,57]. The fourth model is a simple correction to
the spherical volume fraction by a factor corresponding to the
measured sphericity, W = 0.5. This results in a reduction in the
spherical volume fraction by a factor of 8.
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Figure 7: Volume fraction derived from the measured mobility size
distributions under the four morphology models for PSDF sampled from
the n-hexane (top) and benzene (bottom) flames. Lines are drawn to
guide the eye.

The Nanoparticle Aggregate Mobility Analysis Software
Module is invoked in the mobility sizing software to apply the
aggregate assumptions described above. An example volume
weighted PSDF is included in the supplementary material to
highlight the significant reduction in volume distribution when
aggregate morphology is considered. The connection between
the measured mobility diameter and the interpreted aggregate
size distribution is also included in supplementary material. A
summary of results from the morphology models is shown in
Fig. 7 in terms of soot volume fraction. The PSDF measured at
each separation distance spans 2.4 < D,, < 160 nm when the
spherical assumption is applied but application of the aggregate
analysis limits the smallest mobility size to the chosen primary
particle diameter. The PSDF also extend outside of the
measurement window for the largest PSDF so the volume
fraction is derived from a lognormal fit to the volume weighted
PSDF as discussed previously [27]. Precise interpretation of this
range of sizes requires consideration in evolution in particle
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morphology with increasing particle size. For example, the
spherical assumption may be reasonably accurate for the
nucleation-sized mode reported in Figs. 3-5 but the transition
from coalescence to aggregate growth occurs for soot at
particle size ~ 10 nm [58,59].
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assumption for all flames studied in terms of space (top) and particle
time (middle). Also, shown is additional methylpentane and n-hexane
flames to match the @ = 2.07 condition (bottom). Lines are drawn to
guide the eye.

As expected, the spherical particle assumption results in
volume fractions much larger than the models considering
aggregate morphology. For an aggregate incorrectly assigned
the spherical assumption, the mobility diameter is
approximated by the diameter of a circle enclosing the fractal
shape of the aggregate along with the corresponding empty
space. The simple aggregate models applied here begin to
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account for the effective diameter corresponding to the actual
collision area of the soot aggregates. The D, =5 nm likely over-
compensates for the soot aggregate mobility diameter because
soot primary particles undergo surface growth over time to
form larger primary particles and necks. The D, = 20 nm is a
more reasonable size to represent the average primary particle
size of larger soot aggregates for which the soot volume fraction
is weighted towards. The simple correction based on the
sphericity is based on measured particle morphology, but the
application of a single correction factor is over-simplistic and
requires more extensive morphology and/or mass
characterization. Nonetheless, the current analysis indicates
that the soot volume fraction inferred from measured mobility
size distributions based on the spherical assumption are over-
predicted by up to an order of magnitude. Methods first applied
to diesel soot [60] have recently been extended to incipient soot
in the earliest growth stages to more precisely quantify the
effect of aggregate morphology and interpretation of the
mobility diameter [26,55,61].
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The spherical particle assumption is taken to compare
measured soot volume fraction for a consistent basis among
soot formed from the current range of parent fuels. The above
sphericity measurements provide evidence that the deviation
from spherical shape is comparable for incipient soot formed in
n-hexane and benzene flames. A relative comparison of volume
fraction among the current set of flames is possible regardless
of the morphology assumption employed because the
temperature-time history and flame stoichiometry are
comparable. As such, differences in PSDF could be attributed
primarily to the parent fuel as long as the same morphology
model is applied. The soot volume fraction under the spherical
particle assumption as a function of burner-to-probe separation
distance, Hp, is shown in Fig. 8 for all C¢ hydrocarbon flames
studied. Each BSS flame is sampled within the same range of Hp
as shown in the top plot of Fig. 8. However, the residence time
that soot particles experience in the post-flame region varies for
each flame due to the contrasting flow rates. The middle plot of
Fig. 8 shows that the global sooting behavior clusters closer
together for all flames on the basis of residence time. This is
expected because the particle residence time is a more
fundamental scale for tracking the evolution in size distribution
than the sampling height. The onset of nucleation occurs 25 ms
after the flame zone and the total soot volume fraction reaches
107 after 70 ms. The time development of detailed PSDFs and
global properties is similar between the given Cs hydrocarbon
flames. This observation follows the established conclusion that
global sooting behavior is dominated by flame temperature and
C/O ratio in premixed flames rather than the structure of the
fuel. However, comparisons of the fuel structure impact can be
made between the given Cg hydrocarbons on a more
quantitative level if the timescale of soot formation is
established. The evolution in volume fraction results in lower
soot production for the n-hexene flames on the basis of C/O =
0.69. The volume fraction relative to the alkane flames ( ® =
2.19, C/O = 0.69) may be explained by the lower equivalence
ratio of the n-hexene flames (® = 2.07, C/O = 0.69). The volume
fraction relative to benzene and cyclohexane may be explained
by chemistry pathways to soot precursors, a hypothesis
explored below.

The final soot volume fraction under the spherical
assumption is the greatest in the benzene flame for the given
conditions. This conclusion is expected based on the aromatic
structure of benzene but the difference in final volume fraction
observed between the other premixed BSS flames is only a fine
detail. For the same C/O ratio, hexane, methylpentane and
cylcohexane flames approach the final soot volume fraction of
benzene flame if the trend with time is extrapolated. The
detailed PSDFs also show that the final median diameter is 50-
60 nm for each flame with soot from the benzene flame
consistently being the largest. A comparison of volume fraction
on the basis of equivalence ratio is shown in the bottom plot of
Fig. 8 for ® = 2.07. On this basis of fixed equivalence ratio, the
volume fraction of soot increases with the C/O ratio, again, with
a minor deviation of n-hexane which lies in between the alkane
flames. In this case, the branched alkane flame may be slightly
more favorable to soot formation than the straight chain alkene
and alkane flames.

8 3.0 F S C,H, profiles

~ 25 =TI

E 2.0

Y 1.5 ~ -

o —_—— e e

+« 1.0

[

© 05

= 0.0 1 1 1 1 1 1
20.0 T

l:é | \ C;H; profiles

P, 15.0 'l \,’.\\ ----- n—hexane

c

g | — - = n-hexene

B 10.0 | cyclohexane

g - benzene

@ 5.0

0

Z 0.0 —
20.0 v .

N | CeHe profiles

x 15.0

5

'+ 10.0

(@)

S

-

w 5.0

<)

2 0.0

00 0.2 04 06 08 1.0 1.2
Axial distance from burner, x (cm)

Figure 10: Computed profiles at H, = 1.2 cm for acetylene (top),
propargyl radical (middle) and benzene (bottom) for Ce fuels included in
JetSurF.

The impact of the parent fuel structure can be examined
further if both the equivalence ratio and C/O ratio are identical.
This comparison is shown for in Fig. 9 for the cyclohexane, n-
hexane and an ethylene flame (C;) in terms of the soot volume
fraction and number density. The ethylene flame is similar to
the BSS flame reported previously [22] with the flame
temperature slightly decreased to match the current study. On
the basis of identical C/O and C/H ratio, the impact of the parent
fuel structure is seen in the premixed flames in terms of
contrasting final soot volume fraction, number density and
nucleation time. The hierarchy of the soot volume fraction
resembles the relative trend observed in non-premixed flames
where aromatic structures and higher carbon number increase
soot. Ethylene has the lowest carbon number and cyclohexane
is a hydrogen saturated ring. The number density of the
cyclohexane flame shown in Fig. 9 is relatively small because
nucleation size particles stop forming over time in the
cyclohexane flames as discussed above.
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Detailed sooting characteristics such as the soot inception
time and persistence of inception with time can be established
if the particle residence time is known. The persistence of new
particle formation can be inferred by the detection of a
nucleation-sized mode in the detailed PSDF. The range of
sampling distances (particle time) where this small particle
mode is present varies across the flames. The cyclohexane and
benzene flames stop forming incipient soot 70 ms after the
flames zone. With factors such as flame temperature, C/O ratio
and residence time eliminated, this indicates that soot
precursor and monomer depletion occur more readily in the
aromatic and alkane ring fuels. However, the precise process in
the benzene and cyclohexane flames which causes this behavior
is unknown. This behavior has been reported by Echavarria and
co-workers [18] for PSDFs in benzene premixed flat flames and
was explained by consumption of aromatic precursors in the
oxidation zone. The disappearance of nucleation-sized particles
could also be plausibly related to local flame temperature and
larger surface area rather than a direct consequence fuel-
specific chemistry.

Previous experimental and modeling studies have shown
that competing kinetic processes of soot formation can be
related to features of the bi-modal PSDF [30,31,36]. The
transition from bimodal back to unimodal must also be included
in soot formation models for cases such as cyclohexane and
benzene where precursor depletion occurs and soot inception
is no longer present. The time at which the onset of soot
nucleation occurs can also be determined in PSDFs from the
current BSS flames. The relative order in which nucleation
begins may reveal insight into the fuel structure effect on soot
precursor formation. Differences are observed among the CgH12
and CgHi4 isomers, for example. All measured PSDF indicate
particle inception occurs approximately 30 ms after the flame
front, but the relative PSDF magnitude at this stage indicates
that cyclohexane flames lead to faster soot inception. The
inception region of the benzene flame could not be probed with
the current method but non-intrusive experimental techniques
employed by Minutolo and co-workers [62] have indicated
incipient particles are formed in the oxidation region of laminar
premixed benzene flames. The competing kinetic processes
leading to inception of soot are linked to the underlying gas
phase chemistry in a manner that is not completely understood.
The formation of aromatic precursors is considered a rate-
limiting step for soot formation and the onset of soot inception
may be tied to the fuel specific chemistry leading to aromatic
formation.

Available combustion chemistry models incorporating
detailed mechanisms of the current Cg hydrocarbons are used
for insight into fuel-specific soot formation behavior. Species
profiles of gas-phase soot precursors are analyzed for the n-
hexane, n-hexene, cyclohexane and benzene flames. Chemistry
for 2-methylpentane is not readily available but the behavior
relative to n-hexane may be similar to the relative behavior
reported for i-butane and n-butane fuels under comparable
conditions [45]. The faster nucleation time and greater final
volume fraction in methylpentane discussed above may be
influenced by greater benzene formation in the pre-flame and
post-flame regions as observed in the previous butane study.
The JetSurF gas-phase kinetic model does not extend to PAH
formation. As such, the sensitivity of soot precursor formation



to the fuel structure is evaluated based on production of
acetylene, propargyl radical and benzene with computed axial
species profiles shown in Fig. 10. The hexane flame is predicted
to form the highest concentrations of acetylene, propargyl and
benzene. This could be explained by the higher equivalence
ratio of the alkane flames which is required to match the C/O =
0.69 constraint. In a similar fashion, the lowest precursor
concentrations in the post-flame region are predicted for the
benzene flame due to a lower equivalence ratio. Based on the
computed precursor profile, the majority of soot precursors for
the benzene flame form in the pre-heat zone. Besides the
obvious presence of benzene, propargyl is much higher in the
pre-heat zone of the benzene flame than the other fuels. A
prominent peak of benzene formation is also predicted in the
pre-heat zone of the cyclohexane flame. The onset of particle
inception is fastest in the cyclohexane flame and the pre-flame
peak of benzene production shown in Fig. 10 may influence this
detailed sooting behavior. The predicted benzene formation in
the pre-heat zone allows for a possible pathway to soot which
starts before the flame front. Pre-flame aromatic production is
an exceptional case which does not exist in the classical
mechanism of soot formation in premixed flames. It is well
established that local flame temperature and acetylene
production in the post flame are the main factors controlling
soot precursor formation thus the parent fuel structure is only
of secondary importance [5,63]. In this case, the fuel structure
of cyclohexane has a primary impact in a manner not
conventionally considered.
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Figure 12: Reaction rate profiles computed for the three most
productive benzene formation pathways based on the JetSurF model
(top row) and CRECK PAH model (bottom row). The computation is
based on the flame structure of the n-hexene (left column) and benzene
(right column) flames at H, = 1.2 cm.

Soot formation is not modeled in the current study, thus the
predicted soot precursor concentrations are artificially high in
the absence of soot. Validation of PAH chemistry in the absence
of soot has recently been shown as a primary cause in
discrepancies in existing soot formation models [48,64]. With
this in mind, analysis of predicted gas-phase precursors is
carried out only to compare the relative precursor chemistry
among the current C6 hydrocarbon flames. PAH chemistry is
examined by carrying out separate flame structure calculations
based on the reduced CRECK PAH mechanism. This combustion
chemistry model does not include oxidation chemistry for
hexane and methylpentane so analysis is limited to the
remaining fuels. The computed species profiles for small
precursors and selected PAH are summarized Fig. 11 for the
fuels included in the CRECK PAH mechanism. Fairly close
agreement is observed for acetylene and propargyl production
between the two models employed. A bigger discrepancy is
observed for the predicted benzene production. Reasonable
agreement occurs in the pre-heat zone, but a much higher
concentration is predicted in the post-flame zone for the
JetSurF computation. This may be due to a carbon equilibrium
balance in the post-flame region tending towards higher
benzene concentration in the absence of PAH in the JetSurF
model. Both models predict a prominent peak of benzene
production in the pre-heat region of the cyclohexane flame.

Naphthalene, lumped CisHip, and pyrene species profiles
are also included in Fig. 11. The lumped CisHio species
represents phenanthrene, anthracene and homologous C;3 and
Cis5 [48]. Consideration of PAH allows for examination of the fate
of benzene fuel. Namely, production of PAH in the preheat zone
of the benzene flame indicates substantial pyrolysis to form
stable PAH (and soot) before the flame front. Again, lower
concentrations of soot precursors are predicted in the post-
flame region of the benzene flame due to the lower equivalence
ratio. With the exception of a moderate pre-flame peak of
naphthalene, higher production of PAH is predicted for the n-
hexene flame even though the flame is the same equivalence
ratio and C/O ratio as the cyclohexane flame. The relatively fast
onset of soot inception for cyclohexane relative to n-hexene
may be related to the pre-flame production of benzene and
naphthalene predicted.

Reaction rates are compared between the two combustion
chemistry models in terms of benzene formation pathways.
Upon examination, three pathways dominate benzene
formation in both models. These include well established C; and
Cs paths based on acetylene and propargyl precursors. The third
pathway to benzene is based on dehydrogenation of a non-
aromatic C6 ring. These reactions are as follows:

2C3H3 = CgHe (2)

C4Hs + CH = CeHet+ H (3)

c-CgH7 = CgHg + H (4)

c-CgHg = CgHe + H> (5)

Propargyl recombination (eq. 2) and butynyl + acetylene
(eq.3) pathways are shared across the two models, but there is

a slight difference in the treatment of dehydrogenation. JetSurF
considers dehydrogenation from a ring of C¢H; whereas the
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CRECK mechanism considers a CgHg ring. Profiles of the reaction
rate for the three pathways are shown in Fig. 12 for the two
kinetic mechanisms. The two models both consider combustion
chemistry of n-hexene and cyclohexane, therefore, analysis of
these flames provides a robust examination of fuel-specific and
model-specific reaction rates. Distinctions are observed in rate
profiles among the two kinetic models. Production in benzene
by propargyl recombination is predicted to occur after the flame
in the JetSurF model whereas the reaction is fastest at the flame
front for CRECK. The combination of butynyl and acetylene to
form benzene is significant for both fuels in the CRECK
mechanism but this pathway is only active for cyclohexane in
the JetSurF calculation.

The most significant fuel specific pathway to benzene in
the n-hexene and cyclohexane flames is dehydrogenation. This
is a pyrolysis process to form benzene in the pre-heat zone in
flames for both fuels but cyclohexane flames are predicted to
form benzene much faster than n-hexene. The early onset of
soot inception in the cyclohexane flame may be related to the
predicted dehydrogenation process in the pre-heat zone. Fairly
close agreement exists for the predicted dehydrogenation rate
in the cyclohexane flame across the two mechanisms. In
contrast, the predicted rate of benzene formation for the other
two pathways is an order of magnitude slower for the CRECK
mechanism. Further quantification of discrepancies between
the mechanisms is limited by the lack of benzene and PAH
concentration measurements. However, the current
computational analysis of species profiles and reaction rates is
consistent with the observed evolution in measured soot
mobility size distributions. Namely, pyrolysis reactions of
cyclohexane and benzene fuels to form benzene and PAH in the
pre-heat zone may contribute to the observed onset of soot
inception.

4. Conclusions

The time resolved formation of soot from inception to later
growth stages is examined for premixed burner stabilized
stagnation (BSS) flames of C6 hydrocarbons. The measurements
presented are valuable for combustion and fuels science
community efforts to characterize soot formation using
surrogate fuel approaches or models for real fuels. Surrogate
fuels are formulated based on cumulative behavior of a small
subset of fuels whereas real fuel studies consider the lumped
behavior of a complex mixture. The current systematic study
provides a basis for understanding soot formation behavior in
flames from parent fuels representing alkanes, alkenes,
cycloalkanes and aromatic structures. As such, the study of
specific C¢ fuels aids surrogate development or the broad
representation fuel functional groups could aid real fuel
combustion models. The Cg hydrocarbon family is the smallest
set for which this comparison is possible.

The overall sooting process is comparable in the fuels as
evidenced by similar time resolved bimodal mobility PSDF.
However, the onset of particle inception and the persistence of
nucleation-sized particles are dependent upon the structure of
the parent fuel. The fastest onset of soot is observed in
cyclohexane and benzene flames and this may be due to
significant aromatic formation at the pre-flame region
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predicted by two separate combustion chemistry models. The
observed PSDF evolution for cyclohexane and benzene flames
also shows a transition to a single mode of growth-sized
particles over time. The measured size distributions are based
on particle mobility sizing which requires assumptions or
knowledge of the particle morphology to properly interpret the
measured mobility diameter. Atomic force microscopy
characterization indicates that aggregates are formed across
most of the size range and the particle morphology is similar for
particle sampled from the n-hexane and benzene flames. Even
for contrasting hydrogen saturation in the parent fuels, the
measured particle cross-sectional area and sphericity are
effectively equivalent for particles formed in these flames. Error
associated with improper application of the spherical particle
assumption is evaluated by applying simple aggregate
mechanisms for the measured mobility diameter. The spherical
assumption does not impact the PSDF number density result
but the inferred volume fraction for aggregates deviates by up
to an order of magnitude depending on the morphology
assumptions adopted. The current work provides fundamental
insights into soot formation affected by fuel molecular structure
for a wide range of hydrogen saturation and carbon bonding.
Subtle differences are expected from premixed flames but the
application of detailed combustion chemistry mechanisms
allows for examination of the effect of precursor formation
pathways unique to each parent fuel structure. The current
application of a detailed chemistry model in the context of soot
formation behavior in n-hexane flames is particularly rare.
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