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ABSTRACT

Allene and propyne are important intermediates in the pyrolysis and oxidation of higher hydrocarbon
fuels, and they are also a major source of propargyl radical formation, which can recombine into different
CgHg isomers and finally produce soot. In a prior work (Panigrahy et al., “A comprehensive experimental
and improved kinetic modeling study on the pyrolysis and oxidation of propyne”, Proc. Combust. Inst 38
(2021)), the pyrolysis, ignition , and laminar flame speed of propyne were investigated. To understand
the kinetic features of initial fuel breakdown and oxidation of the two C3H, isomers, new measurements
for allene pyrolysis and oxidation are conducted in the present paper at the same operating conditions as
those studied previously for propyne. Ignition delay times of allene are measured using a high-pressure
shock tube and a heated twin-opposed piston rapid compression machine in the temperature range 690-
1450 K at equivalence ratios of 0.5, 1.0 and 2.0 in ‘air’, and at pressures of 10 and 30 bar. Pyrolysis species
measurements of allene and propyne are also performed using a gas chromatography integrated single-
pulse shock tube in the temperature range 1000-1700 K at pressure of 2 and 5 bar. Furthermore, laminar
flame speeds of allene are measured at elevated gas temperatures of 373 K at pressures of 1 and 2 bar
for a wide range of equivalence ratios from 0.6 to 1.5. A newly updated kinetic mechanism developed for
this study is the first model that can well reproduce all of the experimental results for both allene and
propyne. It is observed that in the pyrolysis process, allene dissociates faster than propyne. Both isomers
exhibit similar ignition delay times at high temperatures (>1000 K), while, at intermediate temperatures
(770-1000 K) propyne is the faster to ignite, and at lower temperatures (< 770 K) allene becomes more
reactive. Furthermore, laminar flame speeds for propyne are found to be slightly faster than those for
allene under the conditions studied in this work.

© 2021 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

hydrocarbons [3] including keyosene [4]. Moreover, they are also
a major source of propargyl (C3Hs) radical formation, which can

Allene (C3H4-a) and propyne (C3Hy4-p) are two crucial inter-
mediates produced in the decomposition and oxidation of higher
hydrocarbon fuels, such as propane [1], propene [2] and heavier
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recombine into different C¢Hg isomers [5]. These recombination
reactions are believed to be the dominant benzene (CgHg) pro-
duction pathways in the pyrolysis and oxidation of organic fu-
els [6,7]. As the first aromatic ring, CgHg is considered to be the
main precursor leading to the generation of polycyclic aromatic
hydrocarbons (PAHs) [8], and PAHs are the precursors of particu-
late and soot [9,10]. Therefore, an accurate understanding of the
combustion mechanism of C3Hy-a and C3Hy-p is key to the devel-
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Table 1

Experimental literature data for C3H4-a oxidation and pyrolysis.
No. Fuel Reactor 7] Dilution (%) T (K) p (atm) Reference Year
1 C3Hy-a/-p ST/JSR 0.5-2.0 97-98 (Ar) 800-2030 1.0-10.0 Curran et al. [11] 1996
2 CsHy-a/-p ST 0.5, 1.0 85-95(Ar) 1200 - 1680  0.3-4.0 Fournet et al. [12] 1999
3 C3Hy-a/-p ST ) 98-99.75 (Ar) 1040 - 1470  1.2-6.0 Lifshitz et al. [13] 1976
4 C3Hy-a/-p ST ) 99.85 (Ar) 1300 - 2100 - Kakumoto et al. [14] 1987
5 C3Hy-a ST 00 95.7 (Ne) 1300 - 2000  0.2-0.5 Wu et al. [15] 1987
6 CsHy-a/-p ST oo 96-99 (Ar) 1200 - 1570  1.7-2.6 Hidaka Y.et al. [16] 1989
7 C3Hy-a/-p ST 00 96-98 (Ne) 1770 - 2500  0.13-0.86  Kiefer et al. [17] 1997
8 H, + C3Hy-a Flat flame burner 1.5 61.5, 62.5 (Ar)  400-1100 0.033 Pauwels et al. [18] 1995
9 CyHy + C3Hy-a/-p  Flat flame burner 1.67 56.5, 60.7 (Ar) 600-2200 0.033 Miller et al. [19] 1996
10 CyHy + C3Hy-a/-p  Flat flame burner 0.7 56.4, 56.5 (Ar)  300-2400 0.04 Law et al. [20] 2005
11 CH4 + C3H4-a/-p Flat flame burner 1.25, 1.55 43.2, 45.7 (Ar) 600-2000 0.067 Gueniche et al. [21] 2006
12 CsHy-a/-p Flat flame burner 1.8 40.8 (Ar) 1300-2300 0.033 Hansen et al. [22] 2007
13 CsHy-a/-p Flat flame burner 1.0 44.4 (Ar) 400-2200 0.033 Hansen et al. [23] 2009
14 C3Hy-a JSR 0.2-2.0 97 - 99 (N,) 1030-1070 1.0 Dagaut et al. [24] 1990
15 CsHy-a/-p JSR 0.2-2.0 99.2 (Ny) 800-1200 1.0-10.0 Faravelli et al. [9] 2000

opment of hierarchical hydrocarbon chemistry models, particularly
for PAHs and soot formation.

A considerable number of experimental and kinetic modeling
investigations of the two C3H4 isomers are available in the liter-
ature [11]-[24], specifically at low-pressure and high-temperature
conditions. Table 1 summarizes these previous studies and includes
the types of reactors and experimental conditions. These include
shock tube ignition delay time (IDT) measurements [11,12], pyrol-
ysis studies using shock tubes (ST) [13]-[17], laminar flame speed
(LFS) measurements using flame burners [18]-[23], and products
species concentration profiles obtained using a jet-stirred reactor
(JSR) and a flow reactor [9,24].

The first C3Hy-a IDT measurements were published by Curran
et al. [11]. A single-pulse shock was utilized to investigate C3Hy-a
and C3Hy4-p ignition characteristics in the pressure (pc) range of 2—
5 atm in the temperature range 1200-1900 K, and at equivalence
ratios of 0.5, 1.0, and 2.0 diluted in Ar. A detailed high-temperature
mechanism describing the oxidation of C3H4-a and C3Hy-p was de-
veloped. The IDT results showed that both isomers exhibit similar
ignition characteristics at these high temperatures. The most re-
cent C3Hy-a IDT measurements were published by Fournet et al.
[12]. The objective of their work was to investigate the oxidation of
C3Hy4-p, C3Hy-a, and acetylene (C;H;) and build a detailed mech-
anism. IDT measurements were conducted in a shock tube in the
temperature range 1200-1680 K, at low pressures (0.3-4.0 atm) for
equivalence ratios of 0.5 and 1.0.

A variety of C3Hg-a shock tube pyrolysis experiments were per-
formed by Lifshitz et al. [13], Kakumoto et al. [14], Wu et al. [15],
Hidaka et al. [16], and Kiefer et al. [17]. The first decomposition
and isomerization experiments were examined by Lifshitz et al.
[13] in the temperature range 1040-1470 K at pressures in the
range 1.2-6.0 atm in a single pulse shock tube (SPST) using gas
chromatography (GC) to detect species concentrations. Kakumoto
et al. [14] investigated the inter-isomerization of C3Hs-a and C3Hy-
p in the temperature range 1300-2100 K using IR emission to
monitor the isomerization rate. They found the process occurred
in the fall-off region via a series of successive reactions involving
cyclopropane. Subsequently, low pressure (0.2-0.5 atm) shock tube
pyrolysis experiments of 4.3% C3H4-a/Ne mixtures were performed
by Wu and Kern [15] in the temperature range 1300-2000 K.
Moreover, a model was developed by including the initial step of
C-H scission for both of the C3H,4 isomers as well as an isomeriza-
tion reaction and the formation of cyclic compounds from linear
unsaturated hydrocarbons. Subsequently, Hidaka et al. [16] utilized
a shock tube to investigate the thermal decomposition of highly
diluted C3H4-a/Ar and CsHy-p/Ar mixtures in the temperature
and pressure ranges of 1200-1570 K and 1.7-2.6 atm, respec-
tively. C3Hy-a and C3Hy-p time history profiles were recorded

using IR emission at 3.48 um and/or 5.18 um for these pyrolysis
experiments. Reactant and product species concentration profiles
were also measured using a GC with a flame ionization detector
(FID).

Most C3Hy-a LES studies have centered on doped flames. The
main aim of these works was to understand the combustion chem-
istry of C3Hs radicals and other related species (including C3Hy-a
and C3H4-p) in flame conditions by adding C3H4-a to other fuels
including hydrogen (H,) [18], C;H, [19], ethylene (C;Hy4) [20] and
methane (CH,4) [21]. A flat-flame burner with different analyti-
cal methods (mass spectrometry, laser-induced fluorescence (LIF)
and gas chromatography-mass spectrometry (GC-MS) were used
to perform these experiments at various conditions (see Table 1,
numbers 18-23). With the development of combustion diagnos-
tic technologies, flame-sampling photoionization molecular beam
mass spectrometry with tuneable vacuum-ultraviolent synchrotron
radiation was used to measure the mole fraction profiles of dif-
ferent flame species to clarify the isomer-specific reaction mecha-
nism in C3Hs-a and C3Hy-p flames [22,23]. Dagaut et al. [24] ex-
perimentally assessed the concentrations profiles of major species
produced from the oxidation of C3Hg-a in a JSR at atmospheric
pressure over the temperature range 1030-1070 K.

Faravelli et al. [9] conducted an oxidation study of C3H4-p and
C3Hy-a in a JSR at pressures in the range 1-10 atm, at tempera-
tures in the range 800-1200 K. A semi-detailed kinetic model in-
volving approximately 100 species and 1500 reactions was devel-
oped for intermediate and high temperatures and validated using
their JSR and shock tube data. It is observed from the literature
that all IDT experiments for C3Hys-a were measured in STs at rel-
atively low pressures (0.3-10 atm) and at high-temperature con-
ditions (1200-1900 K). There is a lack of IDTs data available for
C3H4-a at low to intermediate temperatures (< 1100 K) and at
high pressures (> 10 bar). Moreover, there are only a few studies
available for high temperature C3H4-a oxidation, mostly focusing
on doped flames. Therefore, additional experimental IDT data at
engine-relevant conditions for higher pressures and lower temper-
atures are needed to study the chemical kinetics of C3Hy-a ignition
characteristics. Furthermore, LFS measurements are also needed to
obtain a better understanding of C3Hs-a flame speeds at high-
temperature conditions.

In the current study, new IDTs of C3Hy-a are measured using
a high-pressure shock tube (HPST) and a rapid compression ma-
chine (RCM) at equivalence ratios of 0.5, 1.0, and 2.0 in ‘air’, at 10
and 30 bar pressures over the temperature range of 690 - 1450 K.
In addition, the pyrolysis of C3Hs-a has also been investigated at
pressures of 2 and 5 bar in the temperature range 1000 - 1700 K
in two different SPSTs to measure the concentration profiles of the
stable species products using a GC integrated with FID and ther-
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Table 2

Molar composition of C3Hy-a IDT experiments.
C3Hy-a 0, Diluent 7] pc (bar)
2.56 20.46 76.98 0.5 10, 30
4.99 19.95 75.06 1.0 10, 30
9.50 19.00 71.50 2.0 10, 30

Molar composition of pyrolysis mixtures

C3Hs-a/C3Hy-p Diluent  Internal standard gas (Kr)  pc (bar)

2.0 97.5 0.5 5

mal conductivity detectors. The LFSs of C3Hy-a/‘air’ are also stud-
ied at an elevated gas temperature of 373 K and at two differ-
ent pressures (1 and 2 bar) for a wide range of equivalence ra-
tios (0.6-1.5). An added objective of the current paper is to dis-
tinguish the kinetic features of early fuel breakdown and oxida-
tion of the two C3Hy isomers by comparing and contrasting the
new measurements for IDTs, pyrolysis and LFS of C3Hy-a to our
recently published data for C3H4-p [25] at identical conditions of
temperature, pressure and mixture composition. A newly devel-
oped and improved detailed kinetic mechanism based on NUIG-
Mech1.1 [25] is used to describe the pyrolysis as well as the low-
and high-temperature oxidation behavior of the two C3Hy4 isomers.

2. Experimental methods

IDT measurements of C3Hy-a oxidation were conducted in a
HPST and in a twin-opposed piston RCM at NUI Galway (NUIG).
The pyrolysis experiments were carried out using two different SP-
STs at the North University of China (NUC) and at NUIG [25]. The
flame speed measurements were conducted in a spherical vessel
at the University of Central Florida (UCF) for an unburned C3Hy4-
a/‘air’ mixture temperature of Ty = 373 K, at pressures (pc) of 1
and 2 bar. Table 2 provides a summary of the experimental IDT
and pyrolysis conditions studied here. For the experiments per-
formed at NUIG, C3H4-a was acquired from Air Liquide at 97% pu-
rity. Oy, N, and Ar were acquired from BOC Ireland at high pu-
rity (> 99.5%). For the experiments performed at NUC, C3Hy-a and
C3Hy-p were acquired from Jinhan gas Ltd., China at 97% purity.
Krypton (99.99%) was also obtained from Jinhan gas Ltd., China,
and was utilized as an internal standard gas in the pyrolysis ex-
periments. The purity of C3Hs-a provided by the supplier was ex-
amined using gas chromatography, and the presence of 3% C3Hy-p
was detected in the GC chromatogram. The effects on the predic-
tions of IDTs and flame speeds of the addition of 3% CsHy-p to a
pure C3Hy-a/‘air’ mixture are shown in the Fig. S1. The simulation
results confirm that there is no significant effect of the impurity on
predicted IDTs and on the flame behavior of C3H4-a/‘air’ mixtures.
For the LFS measurements performed at UCF, C3H4-a was supplied
by Synquest Laboratories (> 97%), Oxygen and nitrogen were sup-
plies by NexAir at high purity (> 99.999%).

2.1. NUI Galway high pressure shock tube

The IDT measurements of the C3Hy-a/‘air’ mixtures were per-
formed in the HPST at NUIG at equivalence ratios of 0.5, 1.0 and
2.0, at pressures of 10 and 30 bar and in the temperature range
900-1450 K. The detailed features of the ST setup were described
previously [26,27]-[28]. Briefly, the shock tube has a 5.7 m driven
section, a 3.0 m long driver section, and the double diaphragm
linking the driver and the driven segment is 0.03 m long with
an inner diameter of 63.5 mm. The velocity of the incident shock
wave was measured uisng six PCB 113B24 piezoelectric pressure
transducers located in the sidewall of the driven section. A Kistler
603CAB piezoelectric pressure transducer located in the endwall of
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Fig. 1. A typical pressure trace for C3Hy-a oxidation in the NUIG-HPST.

the driven section, connected to a Kistler 5018 charge amplifier, is
used to measure the pressure-time histories. All pressure traces are
monitored using two digital TiePie Handyscope HS4 oscilloscopes.
The pressure and temperature behind the reflected shock wave are
determined from the reflected shock routine in Gaseq [29]. A de-
tailed description of how the post-shock conditions are calculated
was provided in a previous study [30]. The uncertainty in reflected
shock temperature is calculated to be less than + 20 K, which can
give rise to a 20% uncertainty in the measured IDTs, 7;,, [28]. The
IDT is defined as the time period between the increase in pres-
sure caused by the arrival of the incident shock at the endwall and
the maximum rate of increase of the pressure signal, as shown in
Fig. 1.

2.2. NUI Galway rapid compression machine

The low to intermediate temperature range IDT studies (690-
880 K) of the C3Hy-a/‘air’ mixtures were conducted in the opposed
twin-piston red RCM configuration at NUIG at equivalence ratios of
0.5, 1.0 and 2.0, and at the pressures of 10 and 30 bar. The details
of the RCM can be found in [31,32]-[33], and only a brief descrip-
tion is given here.

The opposed twin-piston contains two creviced piston heads
with an inner diameter of 38.2 mm, which greatly aids tempera-
ture homogeneity throughout the combustion chamber after com-
pression [34]. The opposed twin-piston configuration here leads to
a short compression time of 16 ms, while the compression ratio
of this facility is approximately 10. Since the compression ratio
does not vary, the required compressed gas pressures and temper-
atures are obtained by varying the initial pressure, initial temper-
ature, and the inert gas compositions (Ar and N,). Five thermo-
couples are mounted on the wall of the combustion chamber and
on the sleeves. A Kistler 6045B piezoelectric pressure transducer
placed flush to the wall of the combustion chamber was used to
record the pressure-time history, which was stored using a digi-
tal oscilloscope (PicoScope 5000 series). The compressed gas tem-
perature was determined using the adiabatic/compression expan-
sion routine in Gaseq [29], assuming frozen chemistry. The IDT was
determined as the time period between the first local maximum
pressures to the increase in the maximum rate of the pressure
trace caused by the ignition, Fig. 2. The reactive pressure traces 1
and 2 shown in Fig. 2 demonstrate the good repeatability and re-
producibility of our measurements from two similar experiments.
Non-reactive pressure traces required for the simulations are ob-
tained by replacing O, with N in the oxidizer. To model the effect
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Fig. 2. A typical pressure trace for C3Hs-a oxidation in the NUIG RCM.

of heat loss during compression, the pressure traces are converted
to volume-time profiles, which are to be applied in the kinetic sim-
ulations. The largest uncertainty of compressed temperature was
estimated to be less than 15 K, and the largest uncertainty in IDTs
is estimated to be less than 5%.

2.3. NUC single-pulse shock tube

The pyrolysis experiments for the C3Hy-a/Ar and C3Hy-p/Ar
mixtures were performed at NUC in a SPST at 5 bar in the tem-
perature range 1000 - 1700 K, for reaction times in the range
1.46-1.83 ms using a GC to measure mole fractions of the major
intermediate and product species. The detailed description of the
SPST is as follows. It is composed of a 1.5 m driver section and
a 3.05 m driven section, with an inner diameter of 44 mm. The
driver and driven sections are isolated using a polycarbonate di-
aphragm. The dump tank is connected near the diaphragm section
of the driven tube by a manually operated ball valve with a di-
ameter of 44 mm. The dump tank is a pressure vessel that can
consume the reflected shock wave, ensuring that the reaction mix-
ture only undergoes a single heated condition. The dump tank is
linked to an Inficon PSG500 Pirani gauge and an Inficon CDG100
(1000 Torr) capacitance gauge and has connections for its evacua-
tion and for the supply of argon. The experimental procedure and
product analysis method are almost the same as described by Na-
garaja et al. [25] and will only be briefly described here. Before
each experiment, the ball valve to the dump tank is closed. The
dump tank and driven section is evacuated to 5 x 1072 Pa using
a rotary pump and a turbo molecular pump and the pressure is
monitored using a MKS 901P Pirani gauge. Once the ultimate vac-
uum is attained, the driven section is filled with the reactants to
the desired pressure, which is regulated by the Inficon CDG 100
capacitance manometer. The normal shock equation of Gaseq pro-
gram [29] is utilized to calculate this pressure. The velocity of the
shock wave is measured using four PCB 113B21 and one piezoelec-
tric pressure transducers located in the sidewall and endwall of the
driven section, respectively. The Kistler transducer is also employed
to record the pressure-time profiles .

The shock heated products are collected from the endwall using
a solenoid valve with a 3 mm inner diameter tube that protrudes
10 mm into the ST and are analysed using a GC (Agilent 7820A).
An FID and a TCD are used to analyze the reaction products. Kr
is used as an internal standard for all measurements. The concen-
trations of the species with no calibration standard are estimated
using the effective carbon number concept. The uncertainties in
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the measured temperatures behind the reflected shock caused by
shock velocities are found to be 4 2%. The experimental uncer-
tainty of the calibrated species mole fractions determined using
repetitive sampling of the standard gas is estimated as + 10%. For
reactant mole fractions the uncertainty is approximately + 0.02%.
The uncertainty in the reactant mole fraction is based on the mix-
ture preparation using the available pressure gauges. A mixture is
prepared to 1000 Torr based on the partial pressures of the com-
ponents with an accuracy of + 0.2 Torr. Therefore, the uncertainty
in the reactant mole fraction is + 0.02%. The uncertainty is approx-
imately + 5% for the residence time. The carbon balances from the
GC measurements are 100 4+ 15%. The uncertainties in the prop-
erties from experimental procedures are generally consistent with
other similar facilities [25]. We were unable to detect species > Cg,
because the detection limit of the GC was not low enough to detect
the formation of these higher hydrocarbons in very small amounts.
It is difficult to identify and quantify aromatic species due to the
limitations of the experimental set-up.

2.4. Laminar flame speed measurements

Flame speed measurements of C3Hg-a/‘air’ mixtures were ob-
tained using the spherical vessel setup at UCF. The mixture prepa-
ration system of the experimental setup consisted of the mixing
tank for producing synthetic air from reactant tanks, a rotary vane
vacuum pump, and a liquid fuel injection port. More details of
this facility were presented previously [35,36]-[37]. The MKS 628F
Baratron and MKS E27 Baratron manometers are used to measure
accuracy at high-range (0.2-20,000 Torr) and low-range (0.001-
100 Torr) pressures, respectively. A furnace inside the spherical
vessel controls the temperature of the combustion chamber, and
K-type thermocouples are used to monitor its temperature. A high-
speed camera (Phantom v12.1) is used to capture the flame prop-
agation data inside the combustion chamber. Mixtures of research
grade C3Hy-a and artificial air were supplied inside the vessel ap-
plying the partial pressure concept, which was recorded by utiliz-
ing two Baratron gauges. C3Hy-a was supplied first at an elevated
temperature of 373 K. To warrant homogeneity of the synthetic air,
oxygen/nitrogen mixtures in a ratio of 1/3.76 are mixed for 2 h
before performing the experiments. A National Instruments DAQ
(PCI-6259) system is used to record the data. A waiting time of
5 min for mixture homogeneity was applied before it is ignited by
a spark. The constant volume method is applied to calculate lam-
inar flame speeds using a multizone model. Details are in [35]-
[37], with a brief explanation provided here. The multizone model
consists of two zones: burned and unburned. Equilibrium calcula-
tion was used to obtain the properties of each burned zone during
combustion. After calculating the properties of the burned gases,
the flame speed was calculated from the measured pressure time-
histories. The flame stretch rate effect is an important parameter to
calculate laminar flame speed measurement in a constant-volume
chamber. However, the stretch effect is not considered in this study
because the stretch effects approach zero with the increasing ra-
dius of a flame [38,39]. The average uncertainty in measured lam-
inar flame speed was approximately 5.9%.

3. Kinetic modeling and simulation methods

The detailed kinetic mechanism used in this study is developed
based on the recently published NUIGMech1.1 [25] model which
was hierarchically developed and widely validated for the com-
bustion of C; - C; hydrocarbons. In our previous work [25], the
C3Hy-p sub-chemistry was published as a part of the overall NUIG-
Mech1.1 model development, and is retained in the present mech-
anism. The C3H4-a sub-mechanism in the model presented here,
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Table 3
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Rate coefficients of the important reactions updated in NUIGMech1.2 and not present in Aram-
coMech3.0, k = AT"exp (Eo/RT), where R = 1.987 cal K-'' mol-'. The units are cm?, moles, sec-

onds, and Kelvin.

Reaction A n Egy Ref.
C3H3 + H < C3Hy-p 7.943E +29  -5.06 4861. [43)2
C3H; + H & C3Hy-a 3.162E +29  -5.00 4711. [43)2
C3Hy-a + H & GoH, + CH; 6.625E + 03  3.095 5522. [48]
C3Hy-p + H © CyH, + CH3 2.86E + 04 2.825 4821. [48]
C3Hs-a + OH < C3H3 + H,0 5.05E + 05 2.36 2879. [49]¢
5.95E + 04 25 661.1
C3Hs-p + OH < C3H; + H,0 3.87E + 05 2.34 2173. [49]¢
4.93E + 04 2.48 62.
C3Hs-a + 0 « C3H30 + H 3.85E + 06 2.05 180. [50]P- d
C3Hs-a + O < CHy + CH,CO 3.85E + 06 2.05 180. [50]P- d
C3Hy-a + 0 « C3H3 + OH 1.93E + 06 2.05 180. [50]>: d
C3Hy-p + O « C3H; + OH 7.58E + 01 0.048 3550. [51]2
C3Hs-p + O < C,H; + HCO 2.4E + 12 -0.012  1950. [51]2
C3H4-p + 0 < CHy + CO 2.95E + 14 -0.587  2220. [51]2
C3Hy-p + O < GoH, + CO + H, 8.45E + 22 -3.54 5020. [51] 4
C3Hy-p + O < CH; + HCCO 1.20E + 10 0.901 2170. [51]2
C3Hy-p + O < CH5CCO + H 1.9E + 10 0.803 2850. [51] d
C3Hy-p + 0 « G3H30 + H 1.9E + 06 1.89 2740. [51] d
C3Hs-p + 0 < GH3CO + H 5.1E + 04 2.16 2340. [51] ¢
C3H4-p + OH < pC3H4OH-2 5.36E + 47 -1093  14,280. [49]* ¢
3.15E + 33 -7.11 5101.
C3H4-p + OH < CH;3C(OH)CH 5.38E + 45 -10.36  1481. [49]* ©
3.81E + 29 -5.96 4629.
C3Hy-p + OH < CH,CO + CH; 4.07E + 26 -4.29 12,560. [49]3 ¢ d
4.68E + 06 1.6 3216.
C3Hy-a + OH < SC3H4OH 8.67E + 22 -3.1 5518. [49]2 ©
5.79E - 28 10.4 -22,290.
C3Hs-a + OH < CH,CCH,O0H 2.59E + 44 -9.87 12,970. [49]* ¢
4.77E + 29 -5.88 3477.
C3Hy-a + OH < CH,CO + CH; 1.51E+04 22 1759. [49]3- ¢ d
4.47E + 20 -1.9 20,040.
C3Hs-a + HO, < CH,COOHCH, 3.3E + 28 -5.41 19,090. a.b,d
C3Hy-a + HO, < CH,COOCH; 6.85E + 20 —4.145  9146. a.bd
C3Hy-a + HO, < CH,COCH, + OH 2.37E + 09 0.896 18,121. a.bd
C3Hs-a + HO, < CH3COCH, + 0 1.000E + 00  3.476 13,133. a.bd
C3Hs-a + HO, < CH3COCH + OH 1.000E + 00  2.956 14,163. a.bd
C3Hy-a + HO; < CH,0 + CH3CO 1.000E+00 2.956 6028. a.bd
C3Hy-a + HO, <> C3Hy-p + HO, 1.000E + 00  3.090 15,594. a. b d
C3Hy-a + HO, < CH30+CH,CO 1.000E + 00  2.274 8329. a. b d
CH,COOHCH, < CH,COCH, + OH 1.000E + 00  3.389 19,558. a. b d
CH,CCH,00H < C3Hy-a + HO, 2.72E + 14 -0.381  18,200. [62]¢
CH,CCH,0H + 0, < CH,C(00)CH,0H  5.52E + 42 -9.87 8633. [42] 4
C3Hy-p + HO, < CH3CCHO + OH 1.56E + 10 0.77 19,000. [52]% ¢ d
2.50E + 07 1.56 14,790.
C3H,4-p + HO, < CH3CHCHO + 0 1.98E + 74 -16.33  109,200.  [52] ¢ d
6.57E + 04 1.85 12,360.
C3H4-p + HO, < CH,0 + CH3CO 8.07E + 07 0.6 10,850. [52] < d
3.33E + 102 -24. 138,600.
C3H; < GH,C + H 1.33E + 03 -4.87 93,410. [53]¢
C3H; < G3Hy + H 6.46E + 40 -7.55 108,900.  [53]¢
C3H; + OH < C,H; + HCO 1.095E + 19  -1.65 4628. [54]
C3H; + OH — H, + CyH, + CO 1.51E + 20 2.2 3992. [54]
C3H, + 0, < HCCO + CO + H 2.50E + 05 2.245 367.6 [55]d
C3H, + OH < GH, + H + CO 3.53E + 22 24 14,682.7  [55]¢

2 The rate coefficients are for 1 atm pressure.
b See text for detail.

¢ Declared as duplicate reactions.

d Reactions were absent in AramcoMech3.0.

NUIGMech1.2, is developed to match the new experimental data
from the current work and is included as Supplementary material.

Table 3 summarizes the rate coefficients of the important and
additional reactions updated in NUIGMech1.2 compared to Aram-
coMech3.0 [40]. The thermodynamic parameters in NUIGMech1.2
are obtained primarily from the Burcat database [41]. Where pos-
sible, both the reaction rate coefficients and thermochemical prop-
erties associated with the C3Hy-a and C3Hy-p sub-mechanism are
taken from recent quantum chemistry studies. For example, the
thermodynamic properties of all species on the C3H50, and C3Hy

potential energy surfaces are adopted from the theoretical stud-
ies by Chen et al. [42] and Miller et al. [43], respectively. In the
absence of data in the literature, group additivity was used to cal-
culate the thermodynamic properties for all of the other species.
NUIGMech1.2 has been extensively validated against the available
experimental data for C3Hs-a and C3H4-p. Comparisons of the
model to jet-stirred reactor [44], flow reactor [45], fuel-rich flat
flame burner species profiles from Hansen et al. [46] and shock
tube IDTs data from Curran et al. [11] for the oxidation of both
C3Hy-a and C3Hy-p are provided as Supplementary material.
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All of the simulations are performed using CHEMKIN-Pro
[]1 with different codes. The ST and RCM simulations were con-
ducted assuming a closed homogeneous batch reactor. For the ST
simulations, the definition of IDT is the same as that defined in
the experiments discussed above. The exeprimental reflected shock
pressure and temperature are used as the initial pressure and
temperature in the simulations. To simulate the RCM experimen-
tal results, volume-time profiles obtained from non-reactive pres-
sure trace are used to account for the non-ideal heat loss effects
that occur during and after compression. All of the non-reactive
volume-time histories are provided as Supplementary material.

Sensitivity and flux analyses are used to delineate the key reac-
tion pathways leading to the formation of various major interme-
diate and final products for the pyrolysis and ignition of the fuel
at different operating conditions. The IDT sensitivity analyses are
performed using “brute force” sensitivity coefficient defined as:

In(t+/t-)  In(t+/7-)
In(k+/k—) — In(2.0/0.5)

where 7, and t. represents the IDTs obtained by increasing and
reducing the reaction rate constant of each reaction by a factor of
two. A negative sensitivity coefficient implies to a reaction promot-
ing reactivity, whereas a positive sensitivity coefficient implies to
a reaction inhibiting reactivity. Flux analyses are executed at the
time corresponding to 10% of the fuel consumed.

4. Results and discussion

The experimental IDTs, pyrolysis speciation profiles and LFS
comparisons for the two C3H4 isomers are shown in the sections
below and are compared with the model predictions using NUIG-
Mech1,2. The simulation results using AramcoMech3.0 [40] are also
performed to show the model improvements using NUIGMech1.2.
The important reactions for pyrolysis, ignition and high temper-
ature oxidation process are identified and discussed through the
brute-force sensitivity as well as flux analyses.

4.1. Pyrolysis comparisons of C3H4-a and CsHy-p

To obtain a fundamental knowledge of the initial breakdown of
the C3H4 isomers, Fig. 3 presents comparisons between the com-
puted and experimental species profiles formed in the pyrolysis of
C3Hy-a and C3Hy-p obtained using two different SPSTs. In our pre-
vious work [25], the major and minor species from the pyrolysis
of 2% C3Hy-p were measured in the NUIG-SPST in the tempera-
ture range 1000-1800 K, at pc = 2 bar. In the present study, these
experiments have been extended to 5 bar pressure using the NUC-
SPST. New C3Hy-a pyrolysis experiments were also carried out at
pressures of 2 and 5 bar using the NUIG-SPST and NUC-SPST, re-
spectively in the temperature range 1000-1700 K. The pyrolysis
data for C3Hs-a and C3Hy4-p investigated in this work along with
the C3H4-p pyrolysis measurements from our prior work [25] are
all presented in Fig. 3.

The NUIGMech1.2 concentration profile predictions show good
agreement with the important reactants and products species
detected experimentally including C3Hg-a, C3Hy-p, CH4, CoHs,
CgHg, propene (C3Hg), CoHy, 1,3-butadiene (C4Hg), vinyl acetylene
(C4H4) and di-acetylene (C4H,). On the contrary, large discrep-
ancies are observed compared to the experimental data for the
AramcoMech3.0 [40] predictions, Fig. 4a. NUIGMech1.2 and Aram-
coMech3.0 both under-predict ethylene formation in the pyroly-
sis experiments. Figure S2 of the Supplementary material com-
pares the simulated major and minor species profiles calculated
using AramcoMech3.0 [40] and NUIGMech1.2 with the experimen-
tal measurements for all of the operating conditions studied here.
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The mutual isomerization reaction between allene and propyne
plays an important role in the early consumption of the C3Hy
isomers. Thus, model predictions are very sensitive to varia-
tions/uncertainties in their thermochemistry values. Table 4 com-
pares the heats of formation of C3Hs-a and C3Hg-p at 298 K used
in the NUIGMech mechanisms to those calculated by Miller and
Klippenstein [43] and available in the Active Thermochemical Ta-
bles (ATcT) [56]. The thermochemistry of C3H4-a and C3Hy-p used
in NUIGMech1.2 are taken from the ATcT. The thermochemistry
of C3Hy-a has been updated to be consistent with the theoretical
heat of formation (45.3 kcal mol-'at 298 K) calculated by Miller
and Klippenstein [43]. This decreases the heat of formation of al-
lene by 0.3 kcal mol-! relative to the original value and makes
C3H4-a more stable, shifting the C3Hy-a = C3Hy-p equilibrium to-
wards C3Hy-a leading to a decrease in the rate of consumption of
C3Hy-a. This results in the better predictions of the C3Hy-a pyrol-
ysis experiments presented in Fig. 4(b). Furthermore, C3Hg-a dis-
sociates faster than C3Hy-p during pyrolysis, Fig. 4(b). The C-H
bond dissociation energy (BDE) in C3Hy-a is 88.7 + 3 kcal mol™!
for CHy_c_cy_y, while the C-H BDE in C3Hy-p is 88.9 + 1 kcal
mol-! for CH=C-CH,-H [57]. Due to the similar C-H BDEs of C3H,-
a and C3H4-p, the isomerization reaction C3Hg-a = C3Hy4-p be-
comes more important in governing the pyrolysis of the C3Hy iso-
mers. Figure 5 shows the dominant reactions responsible for the
destructions of C3Hg-a and C3Hy-p during pyrolysis at 1450 K and
atpc = 5 bar. It is observed that the C3Hy-a = C3Hy4-p equilibrium
dominates their consumption in the early stages. Since C3Hy-p is
thermodynamically more stable than C3Hy-a, this reaction equili-
brates very quickly during pyrolysis [43], leading to a faster rate of
consumption of C3Hy-a compared to C3Hy-p. Subsequently, the in-
dividual dissociation reactions C3Hs-p < C3H3 + H and C3Hy-a <
C3Hs + H become critical in the formation of the major products.
A comparison of C3Hg-a and C3H4-p pyrolysis data in Fig. 3 indi-
cates the formation of equal quantities of intermediate and major
product yields from both C3H, isomers.

Figure 6 presents comparisons of concentration profiles of the
two major products C;H, and CHy from the pyrolysis of the C3Hy
isomers performed at pressures of 2 and 5 bar and at residence
times (t) of 3.2 and 1.5 ms, respectively. Both the experimental
data and simulation results show that equal quantities of C;H, and
CH,4 are formed from the pyrolysis of C3Hs-a and C3Hy-p, although
discrepancies are observed in the C;H, measurements for the 5 bar
case, specifically at higher temperatures (> 1450 K) which can be
explained by the relatively low carbon balance (slightly less than
90%) quantified in the standard GC method at the 5 bar condition.
An analysis of the important reactions responsible for the destruc-
tion of both C3H, isomers and the formation of C;H; as a function
of time are shown in Fig. 5. The formation of the major products
C,H, and CHy4 are controlled by the dissociation reactions C3Hy-p
< C3H; + H and C3Hy4-a < C3H; + H which produce H atoms.
These react with both of the C3H4 isomers forming C,H,, via the
chemically activated pathways C;Hs-p + H < C,H, + CH; and
C3Hs-a + H < CyH, + CH3, with the former reaction being the
major contributor to C;H, production. CHj radicals subsequently
abstract H-atoms from the C3H, isomers to produce CHy.

Figure 7 shows the integrated reaction pathway analysis at
1450 K and pc = 5 bar for the pyrolysis of both C3H4-a and C3Hy-
p. The red color values correspond to fluxes through C3Hg-a and
the blue colors represent those through C3Hy-p. It is observed that
C3H4-p and C3Hy-a contribute ~24.2% and ~30.2%, respectively to
the total flux of C;H, formation. Moreover, the production of CH,
accounts for ~16.4% and ~15.9% of the total flux in the pyrolysis
of C3H4-p and C3Hy-a, respectively, via H-atom abstraction by CH;
radicals. We further performed sensitivity analyses to the produc-
tion of C;H, and CH,4 from the pyrolysis of C3Hy-p and C3Hs-a
at 1450 K and pc = 5 bar, Fig. S4. It is observed that Cz3Hs-p <
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Fig. 3. Species concentration profiles for C3Hs-a (a-c) and C3H4-p (d-f) pyrolysis at 2 bar and 5 bar pressures. Solid symbols and open symbols represent experimental data
at 5 bar and 2 bar, respectively, solid lines and dashed lines correspond to the current model (NUIGMech1.2) predictions at 5 bar and 2 bar, respectively.

Table 4

Heat of formation values for C3Hs-a and C3Hy-p.

Species  AHgo (298 K) (kcal mol!)

NUIGMech1.1 NUIGMech1.2 Miller and Klippenstein [43]  ATcT [56]
C3Hg-a 456 453 45.3
CsHsp 443 443 443
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Fig. 4. (a) Comparison between model predictions by current mechanism and AramcoMech3.0 for the pyrolysis of C3Hs-a at 5 bar, (b) Effect of thermochemistry of C3Hy-a
on the concentration profiles of C3Hs-a and C3Hy-p, dashed lines correspond to AHyo (298 K) = 45.6 kcal mol-!, and solid lines correspond to AHjo (298 K) = 45.3 kcal

mol-'.
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Fig. 5. ROP analyses of the important reactions responsible for the destruction and formation of the C3H, isomers as well as C;H, during the pyrolysis of (a), (b) C3Hs-p

and (c), (d) C3Hg-a.

C3H; + H and C3Hz-a < C3H; + H are the most sensitive reac-
tions highlighting the importance of the fuel dissociation reactions
to the formation of the major product species. Furthermore, the
same set of reactions are found to be sensitive to the formation
of C;H, and CHy in the pyrolysis of C3Hy-p and C3Hy-a. Figure S5
compares the rate constants of the most positive sensitive reac-
tions C3H3 4+ H < C3Hy-p and C3H; + H < C3Hy-a as well as the
most negative sensitive reactions C3H,-p + H < C3H3 + Hy and
C3Hs-a + H < C3H; + H,. The rate coefficient for C3H; + H <
C3Hy-a is only lower by a factor of less than 1.55 compared to that

for C3H3 + H < C3H,-p, while the rate coefficients for H-atom ab-
straction by H atoms from C3H,-p and C3Hu-a are within ~40% of
one another.

In NUIGMech1.2 the rate constant coefficients for C;H; + H <
C3Hy-p and C3H3 + H < C3Hy-a are taken from the calculations
by Miller and Klippenstein [43], which are approximately a factor
of 4.5 lower than the rate constants utilized in AramcoMech3.0
at 1500 K. Updating these rate constants in the current model
leads to a significant improvement in the predictions of the py-
rolysis profiles as shown in Figs. 4(a) and S2. C3Hy4-p and C3Hy-



S. Panigrahy, J. Liang, M.K. Ghosh et al.

10000 10000
p,=2bar, 7 =32ms pC=5bar, 7=1.5ms
Propyne pyrolysis Propyne pyrolysis

8000 - e C2H2 8000 - ® C2H2
£ g m CH4
s m CH4 s i
oy Allene pyrolysis o Allene pyrolysis
-~ O C2H2 - O C2H2 .
c 6000 [ cH4 c 6000 - O CH4
S 9
= =
4 £
© 4000 c 4000 |
[} (]
o Q
c c
[<] o
O 2000 | O 2000 |

0 1 1 0 lma. cm
1200 1300 1400 1500 1600 1200 1300 1400 1500 1600

T/IK

Combustion and Flame 233 (2021) 111578

Fig. 6. Comparisons of the measured and the predicted concentration profiles of C;H, and CH,4 from the pyrolysis of C3H4 isomers at (a) pc = 2 bar, T = 3.2 ms, and at (b)

pc = 5 bar, T = 1.5 ms.

5.3% 5.5%
> > | 13%
4.2% 4.2% Yo
H I C3H CH
12% Y| H |V : 3, 2 o e
W 2.2% c/CHs 3.2% 67% C¢CH2 Cay Zﬁo/
H B S > L E— . 2% .
CHy + & - yc? —>» H,c7 m —_—
3 HCZ HCC Hap 1H 40% 2C CyHy-a 4:1 / H
CH, . ) ¢
4% . : - 15.1% 4.4% W 5.5%
2.9% , . 15.9% % “\6.8%
s 4.8% 7% M 5.0%
/CH3 8.7% 6.2%
sC ~CH
. ¢~ CH
H | CH; z CH,
2.6% 1.2%
18% | 1% 10.5%
13% -
CH,
Hye”
3.8% 17.5%
+Mlz'8% 21.7%
CH H
"2 ——H,C
7 042% 2
.2 . -
. 0-2% CHy | H 17.5%
' 0.11% [0.16% 21.7%
. 02% |0.1% )
' )
¥ J '
C._ _CH, H
He? N7 Y
H
02% | 4m
0.3% CH, CH,
. 0.04% CH
\ |‘|:H CH3 | 0.05% Z
O ——— POICEEEEEE >
_c 004% ¢ +M y/c
Hc/ 0.05% Hc/ HC

Fig. 7. Integrated reaction pathway analyses at 1450 K and pc = 5 bar for the pyrolysis of C3Hs-p (blue) and C3Hy-a (red). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

a are also consumed by H-atom abstraction reactions by H and
CH; radicals, leading to the formation of C3H; radicals, and H,
and CH,, respectively. Most of the C3Hs radicals recombine to pro-
duce benzene (CgHg) and fulvene. The formation of considerable
quantities of CgHg from the pyrolysis of C3Hs-a and C3Hy-p can
be seen in Fig. 3. However, the yield of fulvene is low throughout
the pyrolysis process. This is because fulvene subsequently con-
tributes to the formation of CgHg, via the fulvene = CgHg and
fulvene + H < CgHg + H reactions. Fulvene also produces CgHg
via the formation of methylcyclopentadiene radicals (C5H5CH2 1,
C5H5CH2 2 C5H5CH2) followed by C5H5CH2 = CyC5H7 and CyC6H7
< CgHg + H. In the pyrolysis process, C,H, is generated from the
chemically activated reactions of C3Hs-a and C5H,4-p with H atoms,
C3Hs-a + H < CyH, + CH5 and C3Hy-p + H < CyHy + CHj. The
methyl radicals produced recombine to form ethane, which in turn,
undergoes H-atom abstraction by H atoms and CHs radicals pro-

ducing ethyl (Csz) radicals. These decompose to produce ethylene
(C,H4) and H atoms. Small amounts of CH; radicals add to C3Hy-
a and C3Hy-p forming 1,2-C4Hg, which then produces 1,3-C4Hg,
C4H4 and C4H, through the reaction sequence 1,2-C4Hg — 1,3-
C4Hs — C4Hs-i » C4Hy — C4H3-i » C4H, as illustrated in Fig. 5.

4.2. IDT behavior of C3Hy-a and C3Hy-p

IDTs of C3Hy-p in ‘air’ were investigated in our previous work
[25] using the NUIG RCM and HPST at equivalence ratios of 0.5,
1.0, and 2.0, at pressures of 10 and 30 bar, in the temperature
range 690-1450 K. In that work NUIGMech1.1 was shown to pre-
dict these experimental data very well. In the present work, the
IDT measurements of C3Hy-a in ‘air’ are performed at the same
conditions and the detailed kinetic mechanism is extended by in-
corporating the low-temperature chemistry for C3Hg-a. In Fig. 8
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Fig. 8. IDT measurements of C3H,-a/‘air’ mixtures at 10 bar (a) and 30 bar (b); Simulations: solid lines are current model and short dash lines are AromacMech3.0 [40].
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Fig. 9. Sensitivity analyses of IDTs for (a) C3Hs-a and (b) C3H4-p at 770 K for 10 bar and 30 bar pressures.

the measured IDT data for C3Hy-a are compared to the simula-
tions using NUIGMech1.2 and AramcoMech3.0 [40]. The simula-
tions using NUIGMech1.2 (solid lines) show much improved agree-
ment compared to those using AramcoMech3.0 [40] (dashed lines).

To identify the dominant reactions in C3Hy-a ignition, flux anal-
yses were performed at ¢ = 1.0 in ‘air’ and 770 K for 10 bar
and 30 bar pressures and at the time of 10% C3H4-a consumed,
Fig. 10. The black color percentage values correspond to the flux
at p = 10 bar, and the red color values corresponds to the flux at
p = 30 bar with these values normalized to the amount of C3Hys-a
consumed. Sensitivity analyses were also carried out to point out
the dominant reactions occurring during C3Hy-a oxidation at 770 K
for 10 bar and 30 bar pressures, Fig. 9(a).

Based on the current mechanism, at 770 K C3Hy-a consump-
tion commences via H-atom abstraction by OH and HO, radi-
cals forming C3H; radicals. Besides H-atom abstraction, OH rad-
ical addition to the double bond accounts for a large fraction
of fuel consumption, it being almost 37% at 10 bar and 47% at
30 bar. The rate constant for this reaction is taken from the
recent theoretical study of Zador et al. [49], who performed a
high-level ab-initio calculation using the UCCSD(T)-F12b/cc-pVQZ-
F12//M06-2X/6-311++G(d,p) level of theory. Flux analysis shows
that OH addition to the terminal carbon atom forming CH,CCH,OH
is the dominant fuel consumption pathway. Approximately 20%
of the total flux goes through the addition of CH,CCH,OH radi-

10

cals to O, to produce CH,C(O0)CH,OH radicals at 10 bar, while
CH,CCH,OH radical addition to O, producing CH,O via the reac-
tion: CH,CCH,0H + 0, < CH,0 + CH,(OH)CO accounts for the
remaining 11% of the total flux. CH,C(O0)CH,OH radical under-
goes an internal H-atom transfer reaction to form CH,C(OOH)CH,0
radicals and eventually generate ketene (CH,CO), formaldehyde
(CH,0) and OH radicals via B-scission. In the present model the
rate constants forCH,CCH,OH addition to O, is included by anal-
ogy with the 1-methyl-vinyl + O, reaction calculated by Chen
et al. [42]. The rate constants for the subsequent internal H-atom
transfer isomerization is adopted by analogy to the H-atom trans-
fer isomerization reaction CH3CH(OO)CH,O0H < CH3;CH(OOH)CH,0
from Lizardo-Huerta et al. [58]. This is justified by the simi-
lar O-H BDE of 107 kcal mol-! in CH,C(00)CH,0H compared to
105 kcal mol-! in CH3;CH(OO)CH,OH [59]. The rate constant for
CH,C(OOH)CH,0 — CH,0 + CH,CO + OH is adopted by anal-
ogy with CH3CH(OOH)CH,0 — CH,0 + CH3CHO + OH from
Lizardo-Huerta et al. [58]. There is no study available for the
rate constants of CH,C(OOH)CH,0 — CH,0 + CH,CO + OH
and CH,C(00)CH,0H <« CH,C(OOH)CH,0. Furthermore, there
are no significant changes in predicted IDTs even if the cur-
rent rate constants of CH,C(OO)CH,OH <« CH,C(OOH)CH,0 and
CH,C(OOH)CH,0 — CH,0 + CH,CO + OH are reduced or increased
by a factor of five, as shown in Fig. S6, indicating the insignificance
of these reactions in the IDT predictions of C3Hy-a/‘air’ mixtures.
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Fig. 10. Flux analyses for C3Hy-a ignition at ¢ = 1.0 in ‘air’ at 770 K and at 10% C3Hj-a consumed. The black color corresponds to the flux at 10 bar and the red color to
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Thus, implementing the actual rates would not affect the current
model performance.

OH radical addition to the central carbon atom producing
CH,COHCH, radicals accounts for ~7% of C3Hs-a consumption. As
HO, radicals are more effective in reacting with allylic radicals, in
the present mechanism the rate coefficients for the consumption
of CH,COHCH, by hydroperoxyl radicals are assumed to be analo-
gous to C3Hs-a + HO, reactions calculated by Goldsmith et al. [60].
Figures 9(a) and 10 indicate that H atom addition to C3Hs-a and
subsequent reactions of the radicals formed have also a major role
in controlling the fuel reactivity at low temperatures. The forma-
tion of C3Hs-t promotes overall reactivity, while the formation of
(3Hs-a radicals inhibits reactivity, Fig. 9(a). Miller et al. [48] stud-
ied the C3Hs PES which includes the reactions C3Hs-a + H <
(3Hs-a and C3Hy-a + H < C3Hs-t. NUIGMech1.2 includes the rate
constants for the C3Hy-a + H reactions as calculated by Miller et al.
[48]. The C3Hs-t radicals so produced add to O, and subsequently
decompose to CH,0, CO and CH; radicals, while allyl radicals can
either react with hydroperoxyl radicals forming allyl-oxy and hy-
droxyl radicals or recombine to generate 1,5-hexadyne (CgHq9-15),
inhibiting reactivity.

From the sensitivity analyses presented in Fig. 9(a) it is ob-
served that the inclusion of the C3Hy-a + HO, reactions are the
most important in promoting the reactivity of C3Hs-a. The rate
constants for HO, addition to the central carbon atom of C3Hy-
a are determined in this study by utilizing the energies of the
C3H50, potential energy surface (PES) calculated by Chen and
Goldsmith [42] at the CCSD(T)-F12a/cc-pVTZ-F12 level of theory.
We have calculated the partition functions of various interme-
diates, transition states and products using a 1-D hindered ro-
tor treatment at the B2LYPD3/cc-pVTZ level of theory. The rate
constants are determined using RRKM theory using the master
equation system solver program, MESS [61]. The potential en-

1

ergy surfaces and the corresponding rate constants are presented
in Figs. 11 and 12. According to Figs. 11 and 12, C3Hs-a + HO,
< CH,C(OOH)CH, and C3Hz-a + HO, < CH,C(OO)CH3 are the
competitive reaction channels. The intermediate CH,C(OOH)CH,
produces CH,C(OO)CH;3 through isomerization and the product
CH,COCH, + OH by 0-0 bond dissociation. Due to the very high
reaction barrier of the CH,C(OOH)CH, <« CH,C(OO)CH5 channel,
the major population of the intermediate CH,C(OOH)CH, produces
the product CH,COCH, + OH and is the dominant channel for
HO, addition to the central carbon atom in C3H4-a. Therefore, the
isomerization channel CH,C(OOH)CH, < CH,C(00)CH; is not the
major reaction path in the C3Hy-a + HO, system. Moreover, the
CH,C(00)CH; intermediate can produce four different products in-
cluding CH;COCH + OH in addition to CH,0 + CH3CO. Among
these four different channels, CH,C(OO)CH; < CH,0 + CH3CO is
the major product. Figure 12 shows that at the low temperatures
(< 700 K), the formation of CH,0 + CH;3CO via CH,C(00)CH; dom-
inates, whereas at higher temperatures (> 700 K) CH,COCH, + OH
is the major product set produced through the CH,C(OOH)CH, in-
termediate. The CH,COCH, radical reacts with O, leading to the
formation of CO,, via CH,COCH, + O, — CO, + CH5CO + H,
and the rate constant for this reaction is estimated by anal-
ogy with the addition reaction of methylene (CH,) to O,,
CH, + 0, — Co; + H + H. There is no study available for the
interaction of CH,COCH, with O, and thus a further study of this
system is required.

Another vital reaction channel promoting C3Hy-a reactivity at
lower temperature is the formation of the CH,CCH,00H adduct
through the addition of HO, radicals to the terminal carbon atom
of C3Hy-a. The rate constant for the terminal addition of HO, to
C3Hy-a is adopted by analogy to the QOOH < alkene + HO, re-
action, specifically CC=CC(OOH)CCC « CC=C=CCCC + HO, from
You et al. [62]. The CH,CCH,00H can add to O, followed by two
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Fig. 11. The C3Hs0, potential energy surface, relative to C;Hy-a + HO,.
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Fig. 12. Arrhenius plot for the various product channels formed during C3Hg-a + HO, at 0.01 atm, 1 atm and100 atm.

successive OH elimination reactions. In the current mechanism the
rate constants for CH,CCH,00H + O, and the following reactions
are estimated by analogy with the CH,=CHCH; + O, reactions
calculated by Chen and Goldsmith [42] and by Goldsmith et al.
[60] who investigated the C3H;04 PESs, respectively.

In our previous mechanisms [25,40] the above addition reac-
tions of OH and HO, radicals to C3H-a together with their suc-
ceeding pathways were not considered. In the current mecha-
nism we have included the C3Hy-a + HO, and CsHs-a + OH re-
action systems as discussed above. These results reveal that al-
though a lesser flux passes through the C3Hs-a + HO, pathways,
the chain branching channel C3Hy-a + HO, < CH,C(OOH)CH, <
CH,COCH, + OH is the most important reaction promoting the re-
activity of C3Hg-a. The effect on the IDT predictions for ¢ = 2.0
at 30 bar of incorporating the C3Hy-a + HO, reactions in NUIG-
Mech1.2 is presented in Fig. 13. This illustrates the importance of
the HO, addition reactions. It should be noted that in the current
mechanism the energy barrier of C3Hs-a + HO, < CH,C(OOH)CH,
has been decreased by 1.7 kcal/mol which increases the rate con-
stant of this reaction by approximately a factor of two in the tem-
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Fig. 13. Effect of C3Hs-a + HO, reaction on IDT prediction.
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Fig. 14. Comparisons of IDT measurements of C3Hs-a with previously published C3Hy-p data [25] at equivalence ratios of 0.5, 1.0, and 2.0 in ‘air’ at pressures of 10 and

30 bar. Solid lines represent current model predictions.

perature range of 700 - 2000 K. This results in a better agreement
of the model predictions with the experimental RCM IDT data.

To explore the kinetic features of the ignition of the C3Hy iso-
mers, the IDT measurements of C3Hy-a from the current study
are compared with our previously published C3H4-p data [25] in
Fig. 14 at equivalence ratios of 0.5, 1.0, and 2.0 in ‘air’ at pres-
sures of 10 and 30 bar, in a wide range of temperature from 690 —

13

1450 K. The present updated kinetic mechanism accurately predicts
the measured ST and RCM IDTs of the two fuels, for all operating
conditions. Furthermore, both experimental and modeling results
show that the two C3H4 isomers exhibit similar reactivities at high
temperatures (1000-1450 K), whereas at intermediate tempera-
tures (770-1000 K) C3Hy-p is the fastest to ignite and this phe-
nomenon is more pronounced at 10 bar compared to 30 bar. How-
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Fig. 15. Flux analyses for C3H,-p ignition at ¢ = 1.0 in ‘air’ at 770 K and at 10%
C3Hy-p consumed. The black color corresponds to the flux at 10 bar and red color
to that at 30 bar. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

ever, this trend reverses at lower temperatures in the range 690-
770 K, where C3H4-a is more reactive than C3Hy-p, Fig. 14. In our
previous study [25], the updated C3H4-p kinetic sub-mechanism
published as NUIGMech1.1 was found to be in good agreement
against the experimental IDT data measured in both the ST and
RCM, and thus has been retained in our current model. For the
sake of comparison, in Fig. 15, the important reaction channels for
C3Hy-p oxidation are illustrated through a flux analysis at ¢ = 1.0
in ‘air’ at 770 K at pc = 10 bar and 30 bar.

Figures 9(b) and 15 show that the addition of OH and HO,
radicals to C3H4-p plays a major role in the accurate prediction
of C3Hy-p IDTs [25], similar to that discussed above for C3Hyi-
a. Methyl radical is the most influential species in C3Hy-p oxi-
dation formed primarily from 2-oxo propanal decomposition and
the chemically activated reaction C3Hy-p + H < CyH, + CHs. The
C3Hs-t radical produced by C3Hy-p + H < C3Hs-t also contributes
significantly towards CH; formation, via its addition to O,. The re-
sultant methyl radicals subsequently form CH;0, and CH;0,H as
shown in Fig. 15. CH30, radicals abstract hydrogen atoms from
C3H,-p, while CH30,H dissociates into CH;0 and OH radicals, ul-
timately enhancing the reactivity of the C3Hy-p system. Thus, the
formation of C3Hs-t, via H atom addition to both C3H,-a and C3H,-
p promotes reactivity. As discussed earlier, in the case of C3Hy-a it
is competitive with C3Hg-a + H < C3Hs-a, which inhibits reactiv-
ity, Fig. 9(a). For C3H,-p the rate constant of C3Hy-p + H < C3Hs-a
is not competitive with the other channels [48], and this leads to
the faster ignition of C3H4-p compared to C3Hs-a at intermediate
temperatures (770-1000 K).

Figure 14 reveals that at intermediate temperatures, the differ-
ence between the IDTs for C3Hs-a and C3Hy-p is greater at 10 bar
compared to that at 30 bar. Figures 9(a) and 10 show that in the
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case of C3Hy-a, as the pressure increases to 30 bar, the percentage
contribution of C3Hs-a + H < C3Hs-a and C3Hs-a + C3Hs-a <
CeH10-15 reduces, accounting for only 11.7% and 0.6% of the total
flux, while at 10 bar their corresponding contributions are 15.4%
and 1.2%, respectively. Simultaneously, the importance of the reac-
tion C3Hs-a + HO, < CH,CCH,00H and subsequent reactions of
the CH,CCH,OO0H radical increases, promoting reactivity at 30 bar
and leads to a decline in the difference in the reactivities of the
two C3H, isomers. The formation of CH,CCH,OOH and the re-
sulting chain branching reactions producing two OH radicals are
also responsible for the higher reactivity of C3Hy-a at lower tem-
peratures (690-770 K) at 30 bar and at ¢ = 2.0, Fig. 14(f). In
contrast, at higher temperatures, the governing reactions for the
oxidation of both C3H4-a and C3H4-p are similar. At high tem-
peratures (1000-1450 K), the production of C3H; radicals by H-
atom abstraction reactions becomes the dominant fuel consump-
tion channel, and C3H; + O, < CH,CO + HCO is the most sensi-
tive reaction promoting reactivity for both C3Hs-a and C3Hy-p.

4.3. LFSs comparisons for C3Hs-a and Cs3Hy-p

Figure 16(a) presents experimentally measured (using the UCF
combustion vessel) and model predicted (using the present mech-
anism and AramcoMech3.0) LFSs for C3H4-a/‘air’ mixtures at an
unburned temperature of Ty = 373 K and at pressures of 1 and
2 bar. Furthermore, in order to evaluate the effect of molecu-
lar structure of C3H, isomers on the flame characteristics, the
LFSs of C3Hs-a and C3Hy-p [25] are compared for Ty = 373 K
at pc = 1 and 2 bar over the entire range of equivalence ratios
¢ = 0.6 - 1.6 in Fig. 16(b). Figure 16(a) shows that the new up-
dated mechanism better reproduces the C3Hy-a data compared to
AramcoMech3.0, which under-predicts the flame speed data signif-
icantly. However, slight discrepancies between the model predic-
tions and experimental measurements for the C3Hy-p flames are
observed in Fig. 16(b). It can be seen that the maximum flame
speed for C3Hy-p flame is ~5 cm s~! higher than that of C3Hy-a
at both 1 and 2 bar.

The most significant improvement in the model performance
is achieved by adopting the rate coefficients calculated by Miller
and Klippenstein [43] for both fuel dissociation reactions C3Hy-
p < C3H; + H and C3Hs-a < C3Hs + H, and updating the rate
constants in AramcoMech3.0 leads to a ~12% increase in the peak
flame speed prediction as presented by the dash-dotted line in the
Fig. 17. However, this is not the only change that has improved the
flame speed performance. In NUIGMech1.2 the rate constant for
C3H; + OH « CyH; + HCO is adopted from the theoretical work
by Vanuzzo et al. [54] which is a factor of ~1.3 higher than the
rate constant estimated in AramcoMech3.0 in the high temperature
range of 1000-2000 K, and thus, using the updated rate in Aram-
coMech3.0 further increase the peak flame speed by ~5% as de-
picted by the dot-dot-dashed line in the Fig. 17. The last agreement
shown by the solid line is obtained by updating the O atom addi-
tion reactions to C3Hs-a and C3Hy-p in AramcoMech3.0 which fur-
ther increased the peak flame speed prediction by ~7%. The C3Hy-
a + 0 and C3H4-p + O reaction channels are included in the mech-
anism from the theoretical study of Nguyen et al. [50] and Gimondi
et al. [51], respectively. Nguyen et al. [50] determined that the ad-
dition of an O atom to the central and terminal carbon atoms in
C3H,-a dominate at combustion relevant conditions. O atom ad-
dition to the central carbon in C3Hs-a primarily generates CH,
(methylene) and CH,CO (ketene), while addition to the terminal
carbon produces allenyloxy radical (C3H;0) + H, reactions which
were not included in AramcoMech3.0. Gimondi et al. [51] found
that methylketenyl (CH;CCO) + H and CH3 + HCCO are the domi-
nant channels produced from O atom addition to the terminal and
central carbon atoms in C3H4-p. The C3Hs-p + O < CH5CCO + H
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Fig. 16. (a) Comparisons of predicted LFSs by the present mechanism and AramcoMech3.0 against the flame speed measurements for C3H4-a/‘air’ mixtures (b) comparisons
of C3Hy-a/‘air’ and C3H,-p/‘air’ at an unburned temperature of Ty = 373 K and at pressure of 1 bar and 2 bar conditions.
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Fig. 17. Important reactions responsible for the improvement in the flame speed predictions using NUIGMech1.2 compared to AramcoMech3.0.

reaction channel was also not included in AramcoMech3.0. The
aforementioned sets of reactions are also largely responsible for
the improvement in the C3Hy-p flame speed predictions, that is,
the updates made in the rate constants of C3H, dissociation reac-
tions, C3H; + OH and C3Hs-a + O reactions as well as the C3Hg-
p + O addition reactions in NUIGMech1.2 leads to the better agree-
ment with C3Hy-p flame speed experimental measurements.

To identify the key reactions influencing LFSs, flux and sensitiv-
ity analyses are performed in Fig. 18 for both C3Hs-a and C3Hy-p
flames at ¢ = 1.1 and 1 bar pressure. The flux analyses indicate
that the contribution of the major reaction pathways are essen-
tially the same for both the C3H4-a and C3Hy-p flames. According
to the current mechanism, H atom assisted isomerization reaction
between C3Hy-a and C3Hy-p, C3Hy-p + H < C3Hy-a + H become
important at the flame conditions. Moreover, other dominant re-
actions driving fuel consumption in both flames are the chemi-
cal activated channel C3H4-p + H < CyH, + CHy as well as H-
atom abstraction reactions by OH radicals and H atoms forming
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C3H; radicals. Although H atom addition reactions to C3Hg-a and
C3Hy-p contribute little to fuel consumption, they become impor-
tant at high-temperature flame conditions because they compete
with the chain branching reaction H + 0, < O + OH in consum-
ing H atoms. As shown in Fig. 18(b), at the stoichiometric condi-
tion, the C3Hs-a + H < (3Hs-a reaction strongly inhibits the flame
speed of C3Hs-a which accounts for 7% of the total flux, while
for the C3H4-p flame, the contribution of this channel decreases
to only 1%, Fig. 18(a). The resultant C3Hs-a consume H atoms via
C3Hs-a + H < C3Hg accounting for 4.3% of the total flux in the
C3Hy-a flame, while for the C3Hy-p flame this reaction contributes
only 0.5% to H atom consumption. The peak flame speed of allene
is lower than propyne because it consumes high quantities of H
atoms via: C3Hg-a + H < (3Hs-a and C3Hs-a + H < C3Hg as
shown in Fig. 18(a). Removing the C3Hs-a + H <« C3Hg reaction
from the mechanism leads to the same flame speed predictions for
both isomers as shown in the Fig. S7.
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Fig. 18. (a) Flux analyses for flame speed of C3Hj-a/air’ and C3H4-p/‘air’ mixtures, at 50% of fuel consumed. The red color corresponds to the flux for the C3Hs-a flame
and the blue color to the flux for the C3Hs-p flame; (b) Sensitivity analyses to flame speed predictions for CsHy-a/‘air’ and C3H,-p/‘air’ mixtures at ¢ = 1.0, p = 1 bar and
Ty = 373 K. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

5. Conclusions

In this study, new IDTs of C3H4-a/‘air’ mixtures were measured
over a wide range of experimental conditions for the temperature
range 690 - 1450 K at 10 bar and 30 bar pressure, and at equiva-
lence ratios of 0.5 < ¢ < 2.0. C3Hs-a and C3Hy4-p pyrolysis were
studied using a SPST in the temperature range of 1000-1700 K,
at pressure of 2 and 5 bar. Additionally, LFSs of C3Hy-a/‘air’ mix-
tures were also measured at elevated temperature conditions at
equivalence ratios in the range 0.6-1.5. An updated kinetic mecha-
nism, NUIGMech1.2, developed based on NUIGMech1.1, can predict
all of the experimental results for both C3Hs-a and CsH4-p. It is
observed that C3Hg-a dissociates faster than C3Hy-p during pyrol-
ysis. The mutual isomerization reaction C3Hys-a = C3Hy-p governs
the early stage of pyrolysis, and subsequently, the individual dis-
sociation reactions C3Hs-p < C3H; + H and C3Hs-a < C3H; + H
became important to the formation of the major products.

The two C3H,4 isomers display similar IDTs at high temperatures
(> 1000 K), while at intermediate temperatures (770 - 1000 K)
C3Hy-p is faster to ignite. At lower temperatures (< 770 K) C3Hy-
a is more reactive. For both isomers the addition reactions of OH
and HO, radicals to the fuel has the highest influence in promot-
ing reactivity. This work reveals that although a lesser flux passes
through the CsHs-a + HO, the chain branching channel C3H,-
a + HO, < CH,C(OOH)CH, < CH,COCH, + OH is the most im-
portant reaction promoting the reactivity of C3Hg-a. The interac-
tion of CH,COCH, with O, is found to be important for the predic-
tions of C3H4-a IDTs, however there is no study available for the
CH,COCH; + O, reaction and thus a further study of this system is
required. For C3H4-a, the rate of the reaction C3Hy-a + H < C5Hs-
a is found to be competitive with that for C3Hs-a + H < C3Hs-t,
reducing the reactivity of C3Hy-a at intermediate temperatures. At
lower temperatures (< 770 K) the importance of the terminal addi-
tion of HO, radicals to C3H,-a and subsequent reactions increases,
promoting its reactivity. At higher temperatures (> 1000 K) the re-
action C3H3 + 0, < CH,CO + HCO is found to be the most sensi-
tive reaction controlling the reactivity for both C3H4-a and C3Hy-p,
and thus they have similar reactivities in this temperature regime.
The maximum measured and predicted LFSs of C3Hy-p are slightly
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higher than those for C3Hs-a as H atom addition producing allyl
radicals is more important in C3Hg-a compared to C3Hy-p and thus
results in lower flame speeds for C3H4-a compared to C3Hy-p.
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