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ABSTRACT

This work is centered on the speciation from propylene and propyne pyrolysis by means of shock tube ex-
periments and detailed kinetic modeling. A wealth of intermediates and products, covering small acyclic
hydrocarbons up to four-ring aromatics, are probed from the C; fuels pyrolysis at a nominal pressure
of 20 bar over 1050-1650 K. With updates in reactions involving Cs; species, our on-going polycyclic
aromatic hydrocarbon (PAH) formation kinetic model can well predict the measurements obtained in
the current work as well as relevant literature data. Propyne exhibits a unique two-stage decomposi-
tion profile, as the characteristic isomerization to allene dominates in its consumption at moderate tem-
peratures below 1300 K. Overall, propylene pyrolysis results in more diverse small hydrocarbons, but
much lower contents of aromatics, in comparison to propyne pyrolysis. In both studied cases, the for-
mation of benzene is dependent upon the propargyl recombination, and since propyne decomposition
induces a more rapid and more plentiful propargyl production, benzene mole fractions are much higher
in propyne pyrolysis. In both cases, naphthalene is observed as the most abundant PAH species, followed
by acenaphthalene. Modeling analyses indicate that similar reaction pathways are responsible for the
PAH formation in propylene and propyne pyrolysis. Indene is formed from the interactions between ben-
zene/phenyl and C; species, through its non-PAH isomers as intermediates. The subsequent reactions of
indenyl radical with methyl and propargyl are essential pathways leading to naphthalene and acenaph-
thalene, respectively. Naphthyl radical further participates in the formation of different larger PAHs. The
methylene-substituted cyclopenta-ring species are deemed as important precursors of their aromatic iso-
mers, as is noted from the fulvene-to-benzene, benzofulvene-to-naphthalene and 9-methylene-fluorene-
to-phenanthrene conversions.

© 2021 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

from combustion processes, it is elemental to accurately character-
ize the consumption of propylene and propyne and the subsequent

Propylene and propyne are usually present in abundance among
the combustion products of practical or surrogate fuels. The fur-
ther dissociation of the C3 molecules brings about resonantly sta-
bilized radicals such as allyl and propargyl. These C3 species are
involved in important pathways leading to the production of the
“first aromatic ring” [1-6], which is deemed as an essential step
in the formation of polycyclic aromatic hydrocarbons (PAHs) and
soot. Moreover, the formed aromatics can subsequently react with
the C3 species to gain larger aromaticity [7-11]. Towards the con-
struction of a kinetic model that can predict the PAH formation
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molecular weight growth processes. Pyrolytic conditions offer the
possibility of highlighting the break-down of fuel molecules and
the build-up of PAH species, and corresponding quantitative speci-
ation measurements provide crucial evidence in proposing the re-
sponsible reaction schemes.

Given the significance, pyrolysis kinetics of the propylene and
propyne has been long pursued [12-28], and among numerous
previous studies, some reported detailed speciation measurements,
as summarized in Table 1. Various experimental configurations and
techniques were used for the acquisition of the data sets covering
different pressure, temperature and initial fuel concentration con-
ditions. Back to 1970s, Burcat et al. [13] studied the cracking of
propylene in a single-pulse shock tube and derived the first-step
decomposition rate, by monitoring the production of stable small
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Table 1
Literature studies reporting detailed speciation measurements from propylene and propyne pyrolysis.
Literature Facility Conditions
Propylene (CsHg)
Burcat [13], 1975 shock tube 0.4% and 1.6% C3Hg in Ar, T = 1160 -1700 K, p = 1.3-2.9 atm, 5.5-8.8 atm, 7*= 690-910 us
Hidaka et al. [19], 1992 shock tube 2.5% and 5.0% C3Hg in Ar, T = 1200 -1800 K, p = ~ 2 atm; t = 800-2500 ps

Davis et al. [20] 1999
Norinaga, et al. [22], 2008
Wang et al. [25], 2015

flow reactor
flow reactor
flow reactor

Nagaraja et al. [26], 2020 shock tube
Propyne (C3H4-P)

Hidaka et al. [17] 1989 shock tube
Davis et al. [21] 1999 flow reactor
Panigrahy et al. [27] 2021 shock tube

0.288% C3Hg in Ny, T = 1210 K, p = 1atm; 7 = 0-200 ms

C3Hg without dilution, T = 1073-1373 K, p = 8 kPa,; 7 = 0.5 s

50% C3Hg diluted in Ny, T = 848-1148 K, p = ~0.83 atm; T = 2.4, 1.2 and 0.5 s
2% C3Hg diluted in Ar, T = 1200-1800 K, p = 2 atm; T = 2.8-4.4 ms

4.0% C3Hy-P in Ar, T = 1200 -1570 K, p = 1.7-2.6 atm; T = 1800-2400 ps
0.297% C3H4-P in Np, T = 1210 K, p = 1latm; T = 0-200 ms
2% C3Hy4-P diluted in Ar, T = 1000-1600 K, p = 2 bar; 7 = 2.8-4.1 ms

* T is the reaction time in shock tube experiments and residence time in flow reactor experiments.

hydrocarbon products with a gas chromatography. In early 1990s,
Hidaka et al. carried out a series of works to address the decompo-
sition of small hydrocarbons including propylene [19] and propyne
[17]. Infrared emission spectroscopy and gas chromatography tech-
niques were combined to analyze the chemical compositions of
the gas-mixtures behind reflected shock waves, and rate expres-
sions for important reactions were evaluated. Davis et al. [20,21]
reported time-dependent speciation measurements in propylene
and propyne pyrolysis at 1210 K and atmospheric pressure in a
flow reactor. RRKM rate coefficients were determined for specific
reactions and used in detailed reaction mechanisms, which were
later integrated in the widely-used USCMech II [29]. Norinaga et al.
[22] and Wang et al. [25] both studied propylene pyrolysis in plug-
flow reactors and provided species concentrations measurements
as a function of the temperature. However, the two works [22,25],
in which separate apparatus were employed, focused on different
aspects: the former [22] also conducted pyrolysis experiments of
ethylene and acetylene, and the obtained data were used to ver-
ify a proposed kinetic model; the later [25] aimed at developing a
fundamentally-based kinetic model by incorporating theoretically
determined rate coefficients for various types of reactions. Very re-
cently, to provide validations for the newly-proposed core mecha-
nism NUIMech1.0, concentration profiles of Cy—C4 species and ben-
zene were measured from propylene [26] and propyne [27] pyrol-
ysis using a new single-pulse shock tube facility.

Nevertheless, on the basis of the above review, new stud-
ies following specific orientations are still necessary on the “old
topic” of propylene and propyne pyrolysis: first, most of the pre-
vious studies focused on the C3 fuel decomposition reactivity and
the formation of small hydrocarbons. Speciation measurements for
heavy species like PAHs are relatively scarce, though highly re-
quired for the development of clean combustion techniques; Sec-
ond, in the few studies [22,25] which reported PAH concentra-
tions, the experiments were limited to sub-atmospheric pressure
conditions and small temperature ranges below 1400 K. It is es-
sential to extend the PAH measurements to larger temperature
regimes and high pressure conditions that are more relevant to
the practical operation conditions in combustion devices. Hence,
in this work, high-pressure (~20 bar) shock tube pyrolysis exper-
iments of propylene and propyne are carried out over a temper-
ature range of 1050-1650 K. By employing the gas chromatog-
raphy/gas chromatography-mass spectrometry (GC/GC-MS) tech-
niques, a variety of species are probed from the post-shock mix-
tures, ranging from small C;-C3 hydrocarbons produced through
C3 fuels dissociation to four-ring PAH compounds. A kinetic model,
which has been developed in our serial works [30-33] on PAH for-
mation chemistry, is used to interpret the measurements, after up-
dates in specific reactions involving C3 species. The detailed speci-
ation behaviors in propylene and propyne pyrolysis are illustrated
based on a combination of experimental observations and kinetic

modeling interpretations. Particular emphasis is put on revealing
the aromatic species formation from the small intermediates pools,
and the similarities and differences in the two studied systems are
elucidated through comparisons.

2. Shock tube pyrolysis experiments

Pyrolysis experiments of propylene and propyne are carried out
with the single-pulse shock tube facility at ICARE, Orléans. De-
tailed descriptions of the set-up and experimental procedures have
been well documented in our previous publications [30-33]. The
driven section of the shock tube is 6.0 m long with an inner di-
ameter of 78 mm. It is separated from the driver section (length:
3.7 m; inner diameter: 120 mm) by a double diaphragm section.
The driven section is heated up at 90 °C to avoid condensation
or absorption of heavy species. To run the shock tube in a single-
pulse fashion, a dump tank with a volume of 150 L is placed on
the driven section side near the diaphragm. Four pressure sensors
(CHIMIE METAL A25L05B) are mounted along the side wall of the
driven section. The intervals between the neighboring sensors are
150 mm and the last sensor is 82 mm away from the endwall.
The pressure signals are used to calculate the incident shock wave
velocity, which is subsequently used to determine the post-shock
conditions Ts and ps by solving the conservation equations with
the ideal gas law and variable heat capacity ratio. The physical di-
mension of the pressure sensors introduces uncertainties in the
correlation between the time when the pressure rise is observed
and the corresponding location on the sensitive area of the sen-
sors. The sensitive area extends around + 1 mm with respect to
the center of the sensor, so the maximum error in the distance be-
tween two neighboring sensors is 2 mm. Besides, the accuracy and
the signal-to-noise ratio of the pressure sensors may result in fur-
ther uncertainties in the calculated shock wave velocities, but such
uncertainties should be minor in view of the steep and large rises
in the pressure signals. Finally, the presence of shock wave attenu-
ation (below 2.5% for most experiments) can also affect the correct
estimation of Ts. Given all the mentioned factors, an uncertainty of
+30 K is estimated in the calculated Ts. A PCB Piezotronics pres-
sure sensor, shielded by a layer of room-temperature vulcanizing
(RTV) silicone, is mounted on the endwall. The pressure history
in each shock operation is recorded, from which the correspond-
ing reaction time can be defined as the time interval between
the arrival of the shock wave and the time point when the pres-
sure decreases to 80% ps due to the quenching rarefaction waves.
Two pressure profiles at different conditions, as well as the corre-
sponding definition of reaction time, are presented in Fig. S1 as ex-
amples. The nominal reaction time with the current experimental
configuration is 4.0 ms. An air-actuated valve is paced at the cen-
ter of the endwall, and its operation is triggered by the endwall
pressure signal, with a delay set at 4.0 ms, equivalent to the nom-
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Fig. 1. The signals detected for C4 species in propylene pyrolysis at Ts = 1368 K, ps = 21.1 bar. The overlapping peaks are separated through multiple gaussian fittings.

inal reaction time. The opening and closing of the sampling valve
takes hundreds of milliseconds, resulting in a relatively large sam-
ple volume so that trace PAH species at the level of 10~2 ppm can
be detected. The sampled gas mixture is transferred to the analyt-
ical system through SilcoTek tubes, which are heated up at 250 °C
to avoid condensation of the heavy products. Two GCs placed in
series are used to analyze the chemical compositions of the post-
shock gas samples. The first GC (Agilent 7890) is equipped with a
flame ionization detector (FID) connected to a DB-17-ms column
for separation and detection of the PAH species, while a thermal
conductivity detector (TCD) with a Molsieve 5A column is used to
monitor the absence of air. An external valve box, which can regu-
late the temperature up to 320 °C, is used for this GC to minimize
the loss of heavy species during transportation and injection. An
FID, coupled to an HP-PLOT Q column, is mounted on the second
GC (Thermo Trace GC Ultra) to quantify the small species, mainly
C;-Cg acyclic hydrocarbons and monocyclic aromatics in the cur-
rent work. Various C4 species are observed in the current exper-
iments, particularly in propylene pyrolysis. The signal recorded in
propylene pyrolysis at Ts of 1368 K and ps of 21.1 bar is shown in
Fig. 1. A split injection mode (with a split ratio of 10) is used so
that the signals exhibit good symmetrical Gaussian peak shapes.
The overlapping peaks of the C4 species with close retention time
are separated through multiple gaussian fittings. A DSQ mass spec-
trometer is also connected to the second GC to assist the identifi-
cation of the PAH species. Before the experiments, different PAH
standards are injected into the first GC to acquire their retention
time, which is the main basis of the PAH identification. Meanwhile,
the mass spectrometry provides essential information, such as the
mass number of the detected species, and suggests possible iso-
meric candidates based on the ionization fragmentation patterns.
Regarding the quantification of the measured species, calibra-
tions for the FID responses are conducted before the experiments.
For the small hydrocarbons except diacetylene (C4H,) and tri-
acetylene (CgH,), the calibrations are performed with standard
gas mixtures with known compositions. The calibration for C4H,
and CgH, is through high-temperature acetylene (CyH,) pyrolysis
experiments based on the carbon atom balance. To obtain accu-
rate quantitative profiles of PAH species, the following procedures
are followed to calibrate the FID response for PAH species up to
three rings: i,) known amounts of PAH standards are dissolved in

dichloromethane to prepare the calibration solutions; ii,) a small
doze of a calibration solution is injected with a syringe into a
vacuumed glass vessel. The vessel is heated up at 150 °C so that
the solution vaporizes immediately; iii,) the vessel is then filled
with argon to around 1.2 bar, and the resulting PAHs-containing
gas mixture stays for 15-20 min to homogenize; iv,) the gas mix-
ture is injected into the GC to obtain the normalized FID responses
and this step is repeated for at least three times to ensure a good
consistency; v,) the above procedures are conducted with several
calibration solutions containing different PAH mole fractions that
cover the range required in the experiments, and the calibration
factors are derived for target PAH species. The calibration curves
for a few typical two- to three- ring PAHs are provided in Fig. S2
in the Supplementary Material. The pressure-normalized peak areas
are plotted against the mole fractions of individual calibrated PAH
species, so the slop of the linear regression is the desired calibra-
tion factor. The calibration curves for the PAHs up to three rings,
namely phenanthrene and anthracene, have good linearity. The
above-mentioned gas-phase calibration approach, however, cannot
be applied to four-ring or larger PAH species such as pyrene, be-
cause the complete vaporization cannot be guaranteed. Therefore,
the corresponding calibration factors are obtained based on the
extrapolation of the one- to three- ring aromatics, i.e. benzene,
naphthalene and phenanthrene. The uncertainty in the measured
species mole fractions mainly come from the errors in the cali-
bration. The uncertainty is estimated to be within 5% for the di-
rectly calibrated small species, and increases to 10%-15% for the
indirectly calibrated C4H,, C¢H, and the PAH species calibrated in
gas phase; while for the heavier PAHs which cannot be calibrated
in gas phase, the uncertainty may be as large as 50% or even more.

The C3 fuel gases used in the experiments, propylene (99.5%)
and propyne (97%), are provided by Air Liquide and Sigma-Aldrich,
respectively. The main impurities are analyzed to be propane in
propylene and 2-butene and iso-butane in propyne. Other gases
including argon (>99.9999%) and helium (99.995%) and the mix-
tures for small species calibration are supplied by Air Liquide; The
PAH samples are purchased from Sigma-Aldrich. The experimen-
tal gas mixtures are prepared in a 136 L electropolished stainless
steel cylinder which is evacuated to below 10> mbar with a tur-
bomolecular pump in advance. Propylene or propyne is introduced
to the cylinder to a partial pressure of around 3.75 Torr, monitored
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by a MKS Baratron pressure transducer with the measuring range
of 0-10 Torr; the cylinder is then filled with argon to a total pres-
sure of about 7500 Torr, measured by a 0-10,000 Torr MKS Bara-
tron pressure transducer. Before the experiments, the prepared gas
mixtures stay overnight to homogenize, and the actual composi-
tions are analyzed with the GC. The two experimental mixtures
used in the current work separately contain 518 ppm propylene
and 509 ppm propyne. In each experiment, the pressure in the
driven section of the shock tube is pumped to below 10~> mbar
before being filled with the experimental mixture. The inner sur-
face of the driven section is cleaned every day to remove carbon
deposit produced from the experiments. All experimental results,
consisting of the post-shock conditions Ts, ps, the measured pres-
sure profiles, the defined reaction time, as well as mole fraction
measurements for individual species, are provided in the Supple-
mentary Material.

3. Kinetic modeling

The current work is a continuation of our previous serial works
[30-33] towards building a kinetic model that accurately predicts
the PAH formation in the pyrolysis of practical/surrogate fuels.
It started with the PAH formation mechanism from the basic
aromatics such as benzene and toluene [30], and the speciation in
larger Cg-Cyq alkylbenzenes pyrolysis was further inspected [32].
The binary aromatic/C, mixtures were also studied [31,33], so that
interactions between aromatic radicals and small C, hydrocarbons
could be highlighted. Similar to the C, hydrocarbons, the Cs
hydrocarbons are also basic intermediates from larger fuels’ con-
sumption and extensively involved in the build-up of PAH species.
Since the latest CRECK PAH model by Pejpichestakul et al. [34] was
selected as the starting point of our model development [30], the
C3 sub-mechanism is already included in the core mechanism of
the on-going kinetic model. Rate coefficients for propylene (CsHg)
and propyne (C3H4-P) unimolecular decomposition reactions and
the C3Hg/C3H4-P+H reactions mostly originate from the theo-
retical analyses on the C3H4_; potential energy surfaces (PESs)
in the publications by Klippenstein and coworkers [35-38]. In
addition, the reaction between singlet methylene and acetylene
(1CH, + CyH, = C3H,4-P) [39] is included in the kinetic model, as
the reverse reaction potentially contributes to propyne dissocia-
tion. The corresponding fuel radicals of C3Hg and C3Hy4-P, in partic-
ular, the resonantly-stabilized allyl (C3Hs5-A) and propargyl (C3Hs),
are important benzene precursors in the combustion of acyclic fu-
els, and relevant kinetic processes have been extensively addressed
in literature. Rate coefficients for the C3H3 recombination reactions
forming fulvene and benzene are from the theoretical work by
Miller and Klippenstein [1]. The reactions of C3H3+C3Hy4-P/C3Hyg-
A = CgHg+H as well as the corresponding rate coefficients are
from the CRECK PAH model [34] without modification. No theoret-
ically determined rate coefficients for such reactions are available
in literature to the best of our knowledge, and the one used in
[34], k = 1.40 x 102exp(—10kcal/RT), originates from an early
study on propyne and allene pyrolysis by Hidaka et al. [17]. Given
the role of these reactions as potential contributors to benzene
formation, future theoretical works are necessary to enhance the
accuracy of the kinetic parameters. The reaction C3H3+C3Hs-A=
fulvene+2H, together with the rate coefficient reported in the
work by Hansen et al. [2] is adopted to represent the formation
of a hydrogen atom and a CgH; radical that subsequently de-
composes to fulvene and another hydrogen atom |[2]. The rate
coefficient reported by Jasper and Hansen [40] is used for the
hydrogen assisted isomerization of fulvene to benzene. Different
from the case of C3H3 self-recombination leading to cyclic species,
the C3Hs-A self-recombination is found to mainly produce the
straight-chained 1,5-hexadiene (CH,=CHCH,CH,CH=CH,, DIAL-
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LYL). Rate coefficients for this channel, as well as for a competing
disproportionation reaction leading to C3Hg+C3Hy4-A, originate
from the shock tube studies by Lynch et al. [41] and Fridlyand
et al. [42], respectively. The CH,=CHCH,CHCH=CH, radical, which
may be formed through the hydrogen abstraction of 1,5-hexadiene,
appears on the CgHg reaction PES. This surface also includes
the addition reactions of vinyl (CyH3)+1,3-butadiene (C4Hg)
and C3Hs5-A+C3H4-P/C3Hy-A and the formation/consumption of
five-membered and six-membered cyclic species, such as cyclopen-
tadiene (CYCsHg)+CH3, methyl-cyclopentadiene (CsHsCH3)+H and
cyclohexadiene (CYCgHg)+H. Relevant reactions as well as the
corresponding rate coefficients reported in [43] are incorporated
in the current kinetic model. Reactions between C3Hg and C3Hs-A
involved on the CgH;; PES were studied by Wang et al. [25],
and the resulting pathways and corresponding rate coefficients
[25] are used in the current model. Since numerous C4 species are
observed in the experiments, updates are also made in the C4 sub-
mechanisms. For the decomposition and isomerization reactions of
C4Hg isomers (2-butyne, 1,2-butadiene and 1,3-butadiene), the rate
coefficients acquired through an RRKM/master equation analysis
by Huang et al. [44] are adopted. The decomposition reactions of
another C4Hg isomer,1-butyne, are however not addressed in the
theoretical work by Huang et al. [44]. So the rate coefficients of 1-
butyne decomposition reactions reported in the shock tube study
by Lockhart et al. [45] are used. Exceptions are made for specific
reactions including the decompositions of 1,2-butadiene and 1-
butyne to propargyl and methyl (C4Hg-1,2/C4Hg-1 — C3H3+CH3).
The C3H3+CH3 recombination reactions are used to represent
the reversible processes, by employing the latest theoretical rate
coefficients reported by Pham et al. [46]. Vinylacetylene (C4H,4) de-
compositions and relevant kinetic parameters originate from recent
theoretical work by Zador et al. [47]. The reactions between C3 fu-
els and the C, intermediates result in the formation of Cs species.
Reactions on the CsHg PES, including C3Hg+CyH3, C3Hs-A+CyHy,
C3Hy4-P/C3H4-A+CoH3, reported by Wang et al. [25] are integrated
in the current model. Cyclopentadienyl (CsHs) is an important
Cs radical, given its resonantly stabilized nature. The reactions
between CsHs and CHj3 result in the formation of Cg species,
which may further lead to benzene and fulvene through dehy-
drogenation processes. Involved reactions and the corresponding
reactions reported in [48,49] are used in the current model. To-
wards the formation of C; species, in particular benzyl (C;H7), the
CsHs+CyH, [50] and C4H4+C3H3 reactions [51], are considered in
this work.

Following the formation of the first aromatic ring, the reac-
tions between the C3 species and the aromatics such as ben-
zene and phenyl further contribute to the formation of larger
PAH species. The interactions between benzene (or phenyl) and
C3 radicals (or molecules) are considered as an important source
of indene [8,9,52-55]. By carrying out a systematic theoretical
study on the reaction potential surfaces (PESs) of CgHg_1;, Mebel
and coworkers recently derived pressure-dependent rate coeffi-
cients for the molecule+radical reaction channels starting from
phenyl+propyne (CgHs+C3Hy-P), phenyl+allene (CgHs+C3Hy-A),
benzene-+propargyl (CgHg+C3H3), phenyl+propylene (CgHs+C3Hg)
and benzene-+allyl (CgHg+C3Hs-A) [8], and the radical+radical re-
actions of phenyl+propargyl (CgHs+C3H3) [11] and phenyl+allyl
(CeHs+C3Hs-A) [10]. The reported reaction pathways and corre-
sponding kinetic parameters [8,10,11] are included in the current
model. The CgH5+C4H,4 reactions forming naphthalene (CigHg), as
well as the competing channel forming the non-PAH CgHs5C4H3
species are also considered in the current model, and the rate coef-
ficients reported by Mebel et al. [9] are used. In a similar manner,
the reaction of naphthyl (C;oH;) and C4H,4 forming phenanthrene
is also considered in the current model through an analogy to the
reaction of CgHs+C4Hy = CioHg+H.
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Fig. 2. Measured (symbols) and simulated (lines) fuel mole fraction profiles as a
function of Ts in (a) propylene pyrolysis and (b) propyne pyrolysis. Thick solid red
lines: simulations using the current kinetic model with the constant ps of 20 bar
and the nominal reaction time of 4 ms; thick dashed black lines: simulations using
the current model with measured pressure profiles up to 10 ms; thin dashed blue
lines: simulations using the NUIMech1.0 ([26] for propylene and [27] for propyne)
with the constant ps of 20 bar and the nominal reaction time of 4 ms; thin dot
dashed green lines: simulations using the LLNL PAH model [64] with constant ps of
20 bar and the nominal reaction time of 4 ms.

The thermochemical data for most species in the current model
are from the latest version of CRECK model [34], which originate
from the databases of ATcT [56] or Burcat [57]. For the species
that are missing from the CRECK model, thermochemical data are
found in the Burcat’s database [57] or computed with the pro-
gram THERM [58]. The kinetic model, including the reaction mech-
anism and the species thermochemical data, is provided in the
Supplementary Material. Simulations in the present work are per-
formed with the homogeneous reactor model of the software COSI-
LAB [59]. Two methods are used in simulating the speciation mea-
surements with the current kinetic model: 1) simulations with a
constant ps of 20 bar and a nominal reaction time of 4 ms; 2) sim-
ulations with Ts at the zero time point and the measured pressure
profiles up to 10 ms. The first method has been widely used in
the simulations for speciation measurements sampled from single-
pulse shock tubes [60,61], and the constant pressure assumption
is well justified [62,63]. Nevertheless, the second method is neces-
sary to take account of specific reactions involving resonantly sta-
bilized radicals, which potentially proceed during the post-shock
quenching. Recent kinetic models, including the NUIMech1.0 up-
dated by Nagaraja et al. [26] and Panigrahy et al. [27] for the com-
bustion of propylene and propyne, respectively, and the LLNL PAH
model reported by Shao et al. [64], are also used to simulate the
current experiments for comparison purpose. Although a lot of re-
actions are shared in the NUIMech and the LLNL models, recent
updates were focused on different aspects, as mentioned above.
Therefore, in the following section, the current model is compared
with the NUIMech and the LLNL models mainly regarding the pre-
dictions for small hydrocarbons and aromatic species, respectively.
The impurities are considered in the simulations, more specifi-
cally, 2 ppm propane in propylene pyrolysis, 4.5 ppm 2-butene and
3.5 ppm iso-butane in propyne pyrolysis.

To test the predictivity of the current kinetic model for propy-
lene and propyne pyrolysis under different conditions, the model
is validated against relevant speciation data reported in liter-
ature [13,17,19-21,25-27]. Different experimental configurations
and thus corresponding simulation methods are involved. For the
shock tube experiments [13,17,19,26,27], each data point is sim-
ulated with the homogeneous reactor by inputting the measured
Ts, ps and reaction time. The “plug-flow” model is employed to
simulate the speciation of propylene pyrolysis in a laminar flow
tube pyrolysis [25]. The measured temperature profiles are used
for individual conditions, and the species mole fractions at the exit
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Fig. 3. Major fuel consumption pathways at Ts of 1300 K and 1400 K based on
ROP-analyzed results.

of the reactor are extracted and plotted against the reactor tem-
peratures (the approximately constant temperatures in the cen-
tral region of the reactor). As for the experiments performed with
the Princeton flow reactor [20,21], an isobaric and adiabatic zero-
dimensional reactor is used by giving the initial temperature, pres-
sure and chemical compositions to simulate the species mole frac-
tion time histories. The comparisons between the literature data
[13,17,19-21,25-27] and the simulations with the current model
are presented in Figs. S3-S13 in the Supplementary Material.

4. Results and discussion

In the current work, more than 40 species, including two- to
four- ring PAH compounds, are identified and quantified in sep-
arate cases of propylene and propyne pyrolysis. Most detected
species are shared in both cases, but with different abundance.
The current kinetic model can well characterize the measured spe-
ciation data, as illustrated later in this section. Furthermore, the
model can also satisfactorily predict literature data obtained un-
der extensive conditions involving different experimental config-
urations, as can be observed in Figs. S3-S13. In this section, we
first examine the fuel decomposition reactivity and the speciation
of small intermediates, and then put emphasis on the production
of aromatic species, from the simplest benzene to larger PAHs. The
following discussion is organized through comparisons between
the two cases of propylene and propyne pyrolysis. Influences of
specific factors, such as the reactions during post-shock quenching,
are also evaluated.
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Fig. 4. Measured (symbols) and simulated (lines) small intermediates mole fraction profiles as a function of Ts in propylene pyrolysis. Thick solid red lines: simulations
using the current kinetic model with the constant ps of 20 bar and the nominal reaction time of 4 ms; thick dashed black lines: simulations using the current model with
measured pressure profiles up to 10 ms; thin dashed blue lines: simulations using the NUIMech1.0 [26] with the constant ps of 20 bar and the nominal reaction time of
4 ms; thin dot dashed green lines: simulations using the LLNL PAH model [64] with the constant ps of 20 bar and the nominal reaction time of 4 ms. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

4.1. Fuel decomposition and the formation of small hydrocarbons

Fig. 2 shows the fuel mole fraction profiles as a function of Ts,
including measurements and simulations using different methods
and with different kinetic models. Propylene decomposition fol-
lows a regular smooth curve, covering a temperature regime of
1200-1500 K. The decay of propyne, however exhibits unique be-
haviors, as it starts at around 1100 K then experiences two stages
of consumption at distinct rates. This phenomenon is also clearly
seen in propyne pyrolysis at a higher initial mole fraction (4%)
and lower pressures around 2 atm [17]. The current model, as

well as the literature models [27,64], can well predict such unique
fuel conversion processes (see Fig. 2(b)). The post-shock quenching
does not obviously influence the fuel decomposition, as the sim-
ulations with the current model using two different methods give
similar results.

Major fuel consumption pathways (reactions with a contribu-
tion over 5%) of propylene and propyne pyrolysis at 1300 K and
1400 K are summarized in Fig. 3, based on rate-of-production
(ROP) analyses. At both analyzed temperatures, the chemically-
activated reaction H+C3Hg = CH3+CyH,4 accounts for about 40%
of propylene consumption, while the contributions of other three
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Fig. 5. Measured (symbols) and simulated (lines) small intermediates mole fraction profiles as a function of Ts in propyne pyrolysis. Thick solid red lines: simulations
using the current kinetic model with the constant ps of 20 bar and the nominal reaction time of 4 ms; thick dashed black lines: simulations using the current model with
measured pressure profiles up to 10 ms; thin dashed blue lines: simulations using the NUIMech1.0 [27] with the constant ps of 20 bar and the nominal reaction time of
4 ms; thin dot dashed green lines: simulations using the LLNL PAH model [64] with the constant ps of 20 bar and the nominal reaction time of 4 ms. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

channels slightly vary in a range of 10%-20%. Because of the suffi-
cient CHs production, the hydrogen abstraction by CHs is the sec-
ond most important C3Hg consumption channel at 1300 K. The rel-
ative importance of the C-H bond fission forming allyl (C3Hs-A)
and the hydrogen abstraction reaction by H increases at 1400 K.
The reaction scheme of propyne decomposition is more sensitive
to the temperature. At low temperatures, the isomerization to al-
lene (C3H4-A) dominates the consumption of propyne, correspond-
ing to the first stage of decomposition as mentioned above. At
higher temperatures, i.e. the second stage of propyne consumption,
hydrogen atoms are released from the chain-initiating C-H bond
fission (the reverse of H+C3H; = C3H4-P), so that the reaction
H+C3H4-P = CH3+C,yH; becomes a significant fuel consumption
pathway, and its contribution exceeds that of the isomerization
(C3H4-P = C3Hy-A) above 1430 K. Due to the unsaturated nature of
propylene and propyne, a larger portion of the C3 fuel is consumed
through the addition-elimination channel H+C3Hyx = CH3+CyHy,
(x = 6, 4), instead of the competing hydrogen abstraction reactions.

Small hydrocarbons are formed directly from the fuel con-
sumption pathways discussed above, or through the subsequent
reactions. Temperature-dependent mole fraction profiles of small
hydrocarbon intermediates and products, mainly C;-C4 acyclic

species, in propylene and propyne pyrolysis are displayed in
Figs. 4 and 5, respectively. Propyne is observed as an important
intermediate in propylene pyrolysis, therefore the small products
of propyne decomposition are also present in the species pool of
propylene pyrolysis. The speciation of C3H4-A starts at a lower
temperature than C3Hy4-P, as C3Hy-P is produced from the C3Hy-
A isomerization, subsequent to the dehydrogenation process of
C3Hg — C3Hs-A — C3H4-A. In propyne pyrolysis, the temperature
regime where C3Hy-A starts to form till reaching the peak mole
fraction synchronizes with that of the first stage of C3H4-P con-
sumption. These observations suggest that the mutual isomeriza-
tion is a fast process and the most important consumption path-
ways of propyne and allene at relatively low temperatures. The
onset of methane (CH,4) formation appears at relatively low tem-
peratures in both cases, result from the hydrogen abstraction re-
actions by CHs from the fuel molecules, following the H+CsHg (or
C3Hy-P) = CH3+CyH, (or CoH,) reactions. The butene isomers are
only observed in propylene pyrolysis. The formation of 1-butene
(1-C4Hg) occurs at a relatively low temperature where propylene
just starts to decompose. The C3Hs-A+CH3 recombination and the
reaction 1-C4Hg+H = C3Hg+CH3, give rise to the production of 1-
C4Hg, and the latter channel (C3Hg+CHj3) also leads to the forma-
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ulations using the current kinetic model with the constant ps of 20 bar and the
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and the nominal reaction time of 4 ms.

tion of 2-butene (2-C4Hg) and iso-butene (i-C4Hg). It is noteworthy
that a part (about 15%) of 1-C4Hg is formed during the quenching
period, while the formation of the other two isomers (2-C4Hg and
i-C4Hg) is completed during the reaction time of 4 ms. The reason
lies in that the radical recombination process between C3Hs-A and
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CH3, which dominates the formation 1-C4Hg, continues after the
arrival of the rarefaction waves.

Four C4Hg isomers, 1-butyne (1-C4Hg), 2-butyne (2-C4Hg), 1,2-
butadiene (1,2-C4Hg) and 1,3-butadiene (1,3-C4Hg) are observed in
propylene and propyne pyrolysis. 1,3-C4Hg is the dominant one,
with the peak mole fractions one order of magnitude higher than
the other three isomers. Quantitative mole fraction profiles of well-
resolved C4Hg isomers are scarcely reported in previous stud-
ies concerning propylene and propyne pyrolysis. In both propy-
lene and propyne pyrolysis, the simulated mole fractions of 1-
C4Hg and 1,2-C4Hg are higher when using the pressure profiles,
indicating that their formation continues during the post-shock
quenching. The current model can well capture the mole frac-
tion measurements for 1,3-C4Hg, though discrepancies exist be-
tween the experimental and simulated speciation profiles of the
three other isomers. Fig. 6 displays the formation pathways of
the C4Hg isomers based on ROP analyses at 1400 K, where 1,3-
C4Hg mole fraction reaches the peak. Reactions between CH3; and
C3 molecules/radicals (C3Hy-P, C3H4-A and C3H3) govern the for-
mation of C4Hg isomers. The formation of the dominant isomer
1,3-C4Hg largely relies on the isomerization reactions of 1,2-C4Hg,
which mainly comes from the CH3+C3H3 recombination. Kinet-
ics of this barrierless radical + radical recombination processes
was addressed in literature [46,65,66], and it was consistently
concluded that 1-C4Hg and 1,2-C4Hg are the major products, es-
pecially under the currently concerned high-pressure and high-
temperature conditions [46]. In propylene pyrolysis, the consump-
tion of 1-C4Hg also contributes to 1,3-C4Hg formation, through H,
elimination and the step-wise dehydrogenation via C4H;1-3 radi-
cal (CH,=CHCHCH;) as an intermediate. Though 1-C4Hg is absent
from the products pool of propyne pyrolysis, 6% of 1,3-C4Hg forma-
tion is contributed by the decomposition of C4H;1-3, which alter-
natively comes from the impurity 2-C4Hg decomposition.

The measured mole fraction profiles of the minor C4Hg isomers
(1-C4Hg, 2-C4Hg and 1,2-C4Hg) exhibit double-peak shapes. The
decreasing trends over the temperature range of 1200-1300 K can
be captured by the literature models, while the current model can-
not reproduce such phenomena. ROP analyses with the LLNL PAH
model suggest that the decreases in 1-C4Hg, 2-C4Hg and 1,2-C4Hg
mole fractions are mainly due to the reduced formation through
C3H3+CHs3 and the increased conversion to 1,3-C4Hg. The current
model can also predict the increased consumption through the iso-
merization to 1,3-C4Hg, but the formation through C3Hs;+CHjs in-
creases as well. The above-mentioned reactions are involved in a
C4Hg PES, and the corresponding rate coefficients are taken from
recent theoretical works [44,46] in the current model, as men-
tioned in the kinetic modeling section. The radical+radical recom-
bination and the isomerization reactions can be largely influenced
by the used thermochemical data. The thermochemical data for
the four C4Hg isomers come from a consistent source, the Burcat
database [57], in the current model, while those in the literature
kinetic models [26,27,64] were computed using THERM [58] or de-
rived from literature [67]. If the thermochemical data for C4Hg iso-
mers from the LLNL or the NUIMech model are used in the current
model, the predicted mole fractions of 1,3-C4Hg will decrease by
half. The selection for both kinetic and thermochemical data in the
current model results in a good prediction for the mole fraction
distribution of the dominant 1,3-C4Hg, though the predictions for
the minor isomers are less satisfactory. Improvements are needed
in the sub-mechanisms of the C4Hg isomers, by refining both the
kinetic and thermochemical parameters in future works.

4.2. Formation of the “first aromatic ring”

The formation of benzene is one of the major topics discussed
in kinetic studies of acyclic fuels consumption under fuel-rich or
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time.

pyrolytic conditions. Figure 7 presents the mole fraction profiles of
benzene, as well as another important CgHg isomer fulvene, which
was, however, not detected in our previous experiments of aro-
matic fuels pyrolysis under similar conditions [30-32]. The mea-
sured peak mole fractions of fulvene in propylene and propyne
pyrolysis are around 1 ppm and 3 ppm, respectively. Fulvene is
formed at lower temperatures than benzene, which suggests its
role as a precursor of benzene. It is noteworthy that the ratios be-
tween fulvene and benzene peak mole fractions (0.031 and 0.035,
respectively) are similar in the two studied cases. Hansen et al.
[68] pointed out that a strong linear correlation exists between
the mole fractions of these two isomers in low-pressure premixed
flames. Such statistical correlations are perhaps also valid among
acyclic fuels pyrolysis. The current kinetic model can correctly cap-
ture the speciation temperature windows and satisfactorily char-
acterize the peak mole fractions of both isomers, despite a slight
overprediction. The peak values of predicted benzene and fulvene
mole fractions are not obviously influenced by the used simula-
tion methods. However, by using the measured pressure profiles
in the simulation, mole fractions of fulvene in propylene pyrolysis
and benzene in propyne pyrolysis are slightly enhanced at moder-
ate temperatures where the species mole fractions are increasing.

To reveal the reasons for the different simulated mole fractions
by using the two methods, the time-dependent rate-of-production
(ROP) coefficients for fulvene in propylene pyrolysis at Ts of 1368 K
and benzene in propyne pyrolysis at Ts of 1411 K are shown in

Fig. 8, and the corresponding fulvene and benzene mole fractions
that evolve with the time are also illustrated. The results for corre-
sponding isomers (benzene in propylene pyrolysis at Ts of 1368 K
and fulvene in propyne pyrolysis at Ts of 1411 K) are given in Fig.
S14 in the Supplementary Material. It is seen that about 10% ful-
vene is produced during the post-shock quenching, while the for-
mation of benzene is almost completed by the end of the defined
reaction time under the analyzed conditions. According to the
ROP-analyzed results shown in Fig. 8 and Fig. S14, the C3H3 self-
recombination is one of the primary sources of both benzene and
fulvene in the two analyzed cases, and the C3Hs-A+C3H3 recombi-
nation is also essential towards the formation of fulvene in propy-
lene pyrolysis. Because of a sufficient production of C3Hs-A, the
C3Hs-A+C3Hs3 channel results in an even higher fulvene production
than the C3Hs self-recombination at the initial stage (<1 ms) (see
Fig. 8). In propyne pyrolysis at Ts of 1411 K, the formation of ben-
zene proceeds at a high rate at the beginning, given the abun-
dant C3 precursors including the fuel C3Hy-P, its isomer C3Hy-
A as well as the fuel radical C3Hs. Differently, in propylene py-
rolysis at 1368 K, the production of fulvene through the C3+C3
channels is relatively gradual (see Fig. 8(a)), and as a result, the
formation of benzene also starts relatively late (see Fig. S14(a)).
This is because the formation of C3Hs from the fuel requires
step-wise dehydrogenation, and thus the reactions involving C3Hs
starts to significantly contribute to fulvene formation at later time
points. These reactions continue after the arrival of the quench-
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Fig. 9. Simulated time-dependent mole fraction profiles of C3Hs-A and C3H; in propylene pyrolysis and CsHs in propyne pyrolysis at specific Tss. The vertical dotted lines

indicate the end of the reaction time of 4 ms.

ing waves, till 6 ms when the temperature decreases to around
925 K.

Time-dependent mole fraction profiles of C3Hs-A and C3Hs in
propylene pyrolysis and C3Hs in propyne pyrolysis at specific Tss
are shown in Fig. 9. Fuel radicals, i.e. C3Hs-A in propylene pyrol-
ysis and C3Hs in propyne pyrolysis, are formed rapidly, reaching
their peak mole fractions in a short time, whereas the consump-
tion spans over a longer time magnitude, particularly for C3Hs-A
at lower temperatures. The ROP analysis for C3Hs-A in propylene
pyrolysis at Ts = 1368 K and at 5 ms is given in Fig. S15 in the
Supplementary Material. Due to the relatively low temperature, the
self-recombination forming diallyl (CH,=CHCH,CH,CH=CH,) and
the recombination with CH; producing 1-C4Hg dominate the con-
sumption of C3Hs-A during post-shock quenching. Besides, the re-
combination with C3Hs forming fulvene has a minor contribution
(less than 15%), and a small part (about 10%) of the C3Hs5-A de-
composes, responsible for the small amount of C3H3 seen after the
reaction time of 4 ms.

To understand the three-fold difference between the benzene
peak mole fractions in propylene and propyne pyrolysis, sensitivity
analyses of benzene are carried out at Ts = 1480 K, close to the
peak temperatures of benzene mole fractions in both cases. The re-
sults, as presented in Fig. 10, are distinct in the two cases of propy-
lene and propyne. In propylene pyrolysis, among the most sensi-
tive reactions promoting benzene formation, C3H3+C3H3 = CgHg
is the only one involving benzene, and the rest are the reactions
along the dehydrogenation route from CsHg to C3Hs. In the case
of propyne, the C3H3 formation from C3Hy-P and C3Hys-A decom-
position is essential in facilitating benzene formation, besides the
C3Hj3 self-recombination and the C3H4-P+C3H3 reaction. The ben-
zene consumption through hydrogen abstraction has the highest
negative sensitivity coefficient. It is seen that in both cases, the
addition-elimination reactions of the C; fuels (C3Hg/C3Hy4-P)+H
forming CH3+C;H4/CyH, inhibit the formation of benzene, as it
competes with the hydrogen abstraction channel leading to C3 rad-
icals. The results discussed above suggest that the production of
C3Hs is the rate-limiting step for CgHg formation in both cases,
and this rationalizes the lower benzene mole fraction in propylene
pyrolysis, following the lower C3Hs production (see Fig. 9).

Monocyclic aromatic hydrocarbons (MAHs) including toluene
(C;Hg), phenylacetylene (CgHsC,H) and styrene (CgHsC,H3) are
observed in both propylene and propyne pyrolysis. The measured
mole fractions for these species, as well as simulations with dif-
ferent methods and different models, are presented in Fig. 11.
C;Hg and CgHsC,H are more abundant in propyne pyrolysis, while
CgHsC,H3 is measured of similar mole fractions in the two studied
cases. The reactions that account for the formation of the MAHs
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Fig. 10. Sensitivity analysis for CgHg at Ts = 1480 K in (a) propylene pyrolysis and
(b) propyne pyrolysis.

are similar in both propylene and propyne pyrolysis. C;Hg has two
major sources: the recombination of C3Hz with but-2-yn-1-yl rad-
ical (CH,C=CCH;) and the reactions between CH; and benzene or
phenyl (H+C;Hg = CH3+CgHg, C;Hg(+M) = CH3+CgHs (+M)), and
the later source has higher relative importance at elevated temper-
atures. The formation of CgH5C,H and CgHsC,H3 mostly relies on
the reactions of phenyl with acetylene and ethylene, respectively.
A higher production of benzene, and thus phenyl, accounts for the
more abundant C;Hg and CgHsC,H in propyne pyrolysis. However,
the formation of CgH5CyH5 is limited by the much lower level of
CyHy4 in propyne pyrolysis than that in propylene pyrolysis, as can
be noted in Figs. 4 and 5.
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4.3. PAH speciation in propylene and propyne pyrolysis

The current study on the C3 fuels serves as a fundamental part
of our serial works towards a good kinetic understanding of PAH
formation from the pyrolysis of practical/surrogate fuels. Thus, it
is one of the major intentions to illustrate how PAH species are
produced from the species pools of propylene and propyne py-
rolysis. Quantitative measurements for PAH species are seldomly
reported in literature studies on C3z fuels pyrolysis, in particular,
under high-pressure conditions. In this work, a wealth of two- to
four- ring PAHs are identified and quantified in both propylene
and propyne pyrolysis. Figure 12 shows the carbon recovery, with
and without considering the PAH species, in the two experimen-
tal sets. A better carbon balance at elevated temperatures (above
1400 K) is achieved if counting the carbon atoms in PAH species.
Note that the PAHs considered here only refer to those identified
and quantified in the current experiments. Some peaks, in particu-
lar species larger than four-ring, are detected, but cannot be iden-
tified or quantified. The carbon balance can be further improved
if all gas-phase species are taken into account. Soot particles are
formed in the pyrolysis of small C3 fuels under highly diluted con-
ditions, as carbon deposit is observed on the inner surface of the
shock tube after high-temperature experiments. A much better car-
bon recovery (with a minimum above 90%) is seen in propylene
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Fig. 12. Carbon recovery with and without considering the PAH species in the cur-
rent experiments of (a) propylene pyrolysis and (b) propyne pyrolysis.

pyrolysis than that in propyne pyrolysis under the same conditions,
suggesting a much higher sooting tendency of propyne.

Following the formation of benzene, indene is expected to be
one of the first produced PAH species through the Cg+C5 reactions,
given the abundant Cs radicals and molecules in the species pool.
Measured and simulated mole fraction profiles of indene (CgHg)
as well as its non-PAH isomers are shown in Fig. 13. 1-phenyl-
propyne (CgHs5C=CCH3, CgHs5C3H3P_1) is observed in both cases,
whereas phenyl-allene (CgHsCH=C=CH,, CgH5C3H3A) is only de-
tected in propyne pyrolysis. The current kinetic model can satisfac-
torily predict the measured mole fraction distributions of the CgHg
isomers. This is mainly owing to the inclusion of the theoretical
rate coefficients reported in a series of works on Cg+C3 reactions
by Mebel and coworkers [9-11]. CyHg is much more abundant than
CgHs5C3H3P_1 and CgH5C3H3A, though in the Cg+Cs reaction sys-
tems, the channels leading to substituted benzene compounds take
comparable or even higher branching ratios than the one forming
indene, according to the theoretical results [9]. In propyne pyroly-
sis, the three isomers start to form at similar temperatures, but the
mole fractions of the non-PAH species peak at lower temperatures
than indene. This suggests that the consumption of CgH5C3H3P_1
and CgHs5C3H3A contributes to the formation of CoHg at elevated
temperatures. 3-phenyl-propyne (CgHsCH,C=CH, CgH5C3H3P_3)+H
is predicted to be a major bimolecular product of CgHs+C3Hy-
A reactions [9], but CgHs5C3H3P_3 is not detected in the current
experiments. The simulated peak mole fractions of CgH5C3H3P_3
(0.01 ppm and 0.05 ppm in propylene and propyne pyrolysis, re-
spectively) are lower than those of CgH5C3H3P_1 and CgHsC3H3A.
CgH5C3H3P_1 is mainly formed through the molecule+radical re-
actions of C3H4-P+CgHs and CgHsC,H+CHs, and the later channel
is predominant at elevated temperatures. Regarding the formation
of CgH5C3H3A, the radical+radical reaction CgHs+C3Hjs is the ma-
jor source, and the reaction C3H4-P+CgHs = CgHsC3H3A+H also
has contributions in propyne pyrolysis at moderate temperatures
(1300-1400 K for instance).

Back to the more concerned PAH isomer indene (CgHg), the
main formation pathways are shown in Fig. 14, which also presents
the reaction schemes responsible for the production of other major
PAH species measured in this work. These reaction pathways are
mapped out based on ROP analyses at 1550 K, where most PAH
species have considerable mole fractions, and the relevant details
will be discussed later in this section. As mentioned above, CoHg
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Fig. 13. Measured (symbols) and simulated (lines) mole fraction profiles for CoHg
isomers as a function of Ts in propyne pyrolysis. Thick solid red lines: simulations
using the current kinetic model with the constant ps of 20 bar and the nominal re-
action time of 4 ms; thick dashed black lines: simulations using the current model
with measured pressure profiles up to 10 ms; thin dot dashed green lines: simula-
tions using the LLNL PAH model [64] with constant ps of 20 bar and the nominal
reaction time of 4 ms.

formation mainly depends on the consumption of CgH5C3H3P_1
and CgHsC3H3A, and the benzyl+acetylene (C;H;+CyH,) channel
also has a minor contribution. It can be noted that the formation
of CgHg carries on during the post-shock quenching (see Fig. 13(a)).
This is partly due to the isomerization of CgH5C3H3A, for which the
simulated mole fractions decrease when using the measure pres-
sure profiles up to 10 ms (see Fig. 13(c)). Besides, a part of in-
denyl (CgH-) radicals converts back to CgHg by recombining with
H atoms, due to the decreasing temperature after the reaction time
of 4 ms.

CgoH7 is an important species in the shown reaction pathways
(see Fig. 14), as it is related to the formation of some other PAHs,
including naphthalene (CigHg) and acenaphthalene (C;yHg), the
most abundant ones detected in the current work. The mole frac-
tion profiles of naphthalene (CigHg) and its isomer benzofulvene
(CoHgCH,) are shown in Fig. 15. This couple of isomers is expected
to share some similarities with the benzene-fulvene isomer pair.
Regarding the structural features, naphthalene and benzofulvene
have one more aromatic ring in comparison to benzene and ful-
vene, respectively. In terms of the speciation behaviors, benzoful-
vene has a lower temperature window and a smaller peak mole
fraction than naphthalene. Moreover, benzofulvene is a vital pre-
cursor of naphthalene (see Fig. 14), and the isomerization of a
methylene (CH,=) substituted cyclopenta-ring to an aromatic ring
is similar to the case of fulvene to benzene conversion. Accord-
ing to the ROP-analyzed results, the formation of both benzoful-
vene and naphthalene relies on three major channels: i) the con-
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sumption of methyl-indene radical (CgH;CH,) following the pro-
duction of methyl-indene (CgH;CH3) through CgH;+CH3; recom-
bination; ii) the recombination between fulvenallyl (C;Hs) and
C3Hs. (To point out, C;Hs mainly comes from benzyl (C;H;) de-
composition and the C3H3+C4H, recombination); iii) the hydro-
gen abstraction acetylene addition (HACA) route through pheny-
lacetylene radical (CgH4CyH) with CyH, leading to benzofulvenyl
(CgHgCH) and naphthyl (CigH7) radicals which convert to benzo-
fulvene and naphthalene, respectively, by recombination with an
hydrogen atom. The relative importance of the mentioned chan-
nels varies with the temperature, and the third one has relatively
higher contribution at elevated temperatures. Towards the forma-
tion of Cyy PAHs, besides the above mentioned Cq+C;, C;+C3 and
Cg+C, channels, the Cg+C4 and C5+Cs are also potential sources,
as suggested in literature [9,69-71], and relevant reactions are
considered in the kinetic model. Under the currently investigated
conditions, a part of naphthyl radical (CioH;) is formed through
CeHs5+C4H;, whereas the C5+Cs reactions, such as the cyclopenta-
dienyl (CsHs) self-recombination, does not have obvious contribu-
tions.

Figure 16 displays the mole fraction profiles of Cqi9-Cy3
PAHs including 1-methyl-indene (CgoH;CHs3), 1-methyl naphtha-
lene (C1oH;CHj3), biphenyl (CgH5CgHs), acenaphthalene (Ci,Hg), 1-
ethynyl-naphthalene (C;oH;C;H) and fluorene (Cy3H;g). All shown
PAHs have higher mole fractions in propyne pyrolysis than in
propylene pyrolysis. The measurements can be satisfactorily pre-
dicted with the current kinetic model using the measured pres-
sure profiles (the second simulation method). As mentioned
above, CgH;CH;3 is an important precursor for the naphthalene-
benzofulvene isomer pair. The majority of CgH;CH5 is formed dur-
ing the post-shock quenching, mainly through the CgH;+CHs3 re-
combination. CgH5CgHs mainly comes from the reaction between
benzene and phenyl (CgHg+CgHs = CgHs5CgHs+H). Due to the dif-
ferent benzene/phenyl mole fractions in propylene and propyne,
the difference in biphenyl mole fractions in the two cases are re-
markable: the peak CgH5CgHs mole fraction in propyne pyrolysis
is about 6 times higher than that in propylene pyrolysis, while
for other PAHs, a ratio of 2-2.5 is seen between the peak mole
fractions in the two cases. A minor contribution to CgH5CgHs for-
mation comes from the reaction between phenyl-propargyl radical
(CgHs5C5H,, CgH5C=CCH,) and C5Hj3, similar to benzene formation
through C3Hj self-recombination. The formation of the rest PAHs
shown in Fig. 16 involves the participation of naphthyl (CigH7): the
CyoH7+CH3 recombination is the predominant source of C;oH;CHjs;
the addition-elimination C;qH;+CyH, = CyoH;C,H+H controls the
formation of CioH;C,H and accounts for a small part (12% at
1550 K) of Cy,Hg production (see Fig. 14); CigH7;+C3H4-P is an es-
sential pathway leading to Cy3Hqg (not shown in Fig. 14). Ci,Hg
is an abundant PAH in both propylene and propyne pyrolysis, and
according to the ROP analysis, it is mainly produced through the
CyH;+C3H3 pathway proposed in [72]. Besides, a minor channel
via the step-wise isomerization starting from the biphenyl radical
(CgHs5CgHy4, C12Hg) [60,73] contributes to around 5% CipHg forma-
tion at 1550 K.

Four different Ci4H;9 species are identified and quantified
in both propylene and propyne pyrolysis, including the dom-
inant phenanthrene (PCy4H;p), and its isomers, 9-methylene-
fluorene (Cy3HgCH,), anthracene (AC14H;9) and diphenylacetylene
(CgH5CCCgH5). Corresponding mole fraction measurements, to-
gether with the simulated results, are given in Fig. 17. It can
be seen that, compared to the LLNL PAH model, the current
model can better characterize the measured mole fraction dis-
tribution, in particular for the minor isomers CgHs5CCCgHs and
Cy3HgCH,. According to the ROP analyses at 1550 K using the cur-
rent model, the addition-elimination reactions of CgH5+CgHs5CoH
result in C;3HgCH, and CgH5CCCgHs, both of which further isomer-
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ize to PCi4Hyo (see Fig. 14). Differently, the LLNL model predicts
that the formation of PCi4H;9 mainly relies on the HACA route
through Ci,Hg (biphenyl radical)+C;H, and the dehydrogenation
of a Cy4Hy; radical formed from CgHs addition to CgHsC,H, while
the Cy3HgCH, and CgHs5CCCgHs isomers are not involved in rele-
vant reaction pathways. The CgHs5+CgHsCoH addition-elimination
reactions are found as important channels leading to fuel con-
sumption and the formation of Cij4H;9 products (CgHs5CCCgHs,
Cy3HgCH,, PCi4Hyg) in CgHsCoH pyrolysis in our previous work
[31]. The involved pathways and corresponding rate coefficients,
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mostly from a theoretical study by Matsugi and Miyoshi [71],
have been validated with the quantitative measurements in [31].
The inclusion of the above-mentioned reactions, which are how-
ever missing from the LLNL PAH model, results in a better pre-
diction for the relevant Cy4H;y PAHs using the current model.
The more abundant CgHs and CgHsC,H account for the much
higher (around 5 times) peak mole fractions of Cy3HgCH, and
CgH5CCCgHs in propyne pyrolysis, in comparison to the case of
propylene pyrolysis. However, the PCi4H;q peak mole fraction in
propylene pyrolysis is about half of that in propyne pyrolysis.
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Fig. 15. Measured (symbols) and simulated (lines) naphthalene and benzofulvene
mole fraction profiles as a function of Ts in propyne pyrolysis. Thick solid red lines:
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this figure legend, the reader is referred to the web version of this article.)

This is because the isomerization of C;3HgCH, and CgH5CCCgHs
to PCy4Hq9 (C13HgCH,/CgH5CCCgH5+H = PCi4Hqg+H) requires the
participation of H atoms, and a larger amount of H atoms exists
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in the reaction system of propylene decomposition. Similar to the
above discussed benzene-fulvene and naphthalene-benzofulvene
isomer pairs, the aromatic ring formation through the isomeriza-
tion of its cyclopenta-ring counterpart is also seen in the case
of Cy;3HgCH,—PCi4H g (see Fig. 14). The methylene substituted
cyclopenta-ring species are important precursors leading to aro-
matic ring growth in the current studied cases. Such structures are
attainable through CH3 addition reactions, i.e. formed as intermedi-
ates along the methyl addition/cyclization (MAC) [74] routes, which
are found as important PAH growth pathways under combustion
related conditions [75-77]. The current model can well predict the
speciation of PCy4H;g, C;3HgCH, and CgH5CCCgHs, while improve-
ments are necessary to better characterize the mole fraction pro-
files of ACy14Hqg, particularly in propylene pyrolysis. The model pre-
dicts higher peak temperatures for AC14Ho than the experiments
in both studied cases. A likely explanation is that there are reac-
tions, other than the PCi4H;o isomerization, which lead to ACi4Hqg
formation at lower temperatures, missing from the current model.
The ACi4H1g formation chemistry, as is not well-established, merits
future investigations through theoretical and experimental meth-
ods. Based on the above discussion, a cyclopenta-ring isomer, 1-
methylene-1H-cyclopenta[b]naphthalene might be a potential pre-
cursor of ACy4Hjp.

Mole fraction distributions for the C;gH;o isomers, fluoranthene
(FC4gHyp) and pyrene (PCigHyg), and another C;g PAH 1-phenyl-
naphthalene (CigH;CgHs) are shown in Fig. 18. All C;g PAHs are
present in trace amounts, with peak mole fractions below 0.1 ppm.
The isomers, FCigHi9 and PCygH;g, are formed through differ-
ent channels according to the current kinetic model. FCigHqq is
mainly formed through the dehydrogenation of C;yH;CgHs follow-
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Fig. 16. Measured (symbols) and simulated (lines) mole fraction profiles for specific C;o-C;3 PAH species as a function of Ts in propyne pyrolysis. Thick solid red lines:
simulations using the current kinetic model with the constant ps of 20 bar and the nominal reaction time of 4 ms; thick dashed black lines: simulations using the current
model with measured pressure profiles up to 10 ms; thin dot dashed green lines: simulations using the LLNL PAH model [64] with constant ps of 20 bar and the nominal
reaction time of 4 ms. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4 ms. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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ing the reaction between CioH; and CgHg; while the production
of CigHyp relies on the HACA mechanism of phenanthryl radical
(PC14Hg)+CyH,. As a precursor of FCigHqg, C1oH7CgHs has a rela-
tively lower peak temperature, and it is under the detection limit
of 0.01 ppm in propylene pyrolysis. Such observations can be cap-
tured by the current kinetic model.

5. Conclusions

In this work, we go back to the fundamental C3 fuels to exam-
ine the formation of the first aromatic ring, benzene, up to two- to
four- ring PAH compounds from the species pool of propylene and
propyne decomposition. Shock tube pyrolysis experiments are con-
ducted with highly argon-diluted mixtures containing 500 ppm of
propylene or propyne at a nominal pressure of 20 bar over a tem-
perature range of 1050-1650 K. Post-shock mixtures are sampled
and analyzed via GC/GC-MS techniques, yielding species mole frac-
tion profiles as a function of the post-shock temperature Ts. Up-
dates, mainly regarding the reactions involving C3 molecules and
radicals, are made in our on-going PAH kinetic model, which shows
satisfactory predictive performances for the speciation measure-
ments obtained in the current work as well those reported in lit-
erature studies on propylene and propyne pyrolysis. Propylene and
propyne show distinct decomposition reactivity, and the consump-
tion of propyne follows a unique curve because of the characteris-
tic isomerization reaction to allene. Propyne is among the propy-
lene pyrolysis products, and thus all small hydrocarbons produced
from propyne consumption are also present in the species pool
of propylene pyrolysis. Fulvene, which was not detected in previ-
ous pyrolysis experiments of aromatic fuels, is observed in non-
negligible amounts and found as one of the major benzene precur-
sors in propylene and propyne pyrolysis. The formation of benzene
relies on C3+Cs reactions, more specifically, the self-combination
of propargyl and the propargyl+propyne reaction; besides, fulvene
is also an important benzene precursor. The production of propar-
gyl through fuel dehydrogenation steps is analyzed to be the rate-
limiting step in benzene formation in the pyrolysis of both Cs fuels,
which rationalizes the higher benzene mole fractions in propyne
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pyrolysis. Consequently, propyne shows a much higher PAH forma-
tion tendency than propylene, given the essential role of the “first
aromatic ring” production. Although the PAHs have distinct abun-
dance in propylene and propyne pyrolysis, the major PAH forma-
tion pathways are similar in the two cases. Indene is formed via
the interactions between benzene (or phenyl) and the C3 species
including the fuels and fuel radicals. By reacting with the abun-
dant methyl and propargyl, indenyl plays an important role in the
formation of naphthalene and acenaphthalene, the most abundant
PAHs measured in the experiments. The methylene substituted
cyclopenta-ring species are found as important precursors leading
to the growth of aromatic ring, more specifically, through direct or
H-assisted isomerization reactions. Beyond benzene and phenyl, C;
radicals such as benzyl and fulvenallyl, despite their limited quan-
tities, are also found to contribute to the PAH formation through
reactions with C,-C3 species. Different from the case of benzene
pyrolysis, C3 species, in particular, the resonantly stabilized radi-
cals propargyl and allyl have considerable mole fractions in propy-
lene and propyne pyrolysis. The interplays between the Cs3 radicals
and the mentioned aromatic species have great potential to induce
larger PAHs, and such topics will be further investigated in our fu-
ture studies.
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