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Abstract

In recent years, our understanding of fuel oxidation has improved with rigorous experimental
and theoretical investigations being performed. As investigation methods evolve, our understanding
of fundamental fuel chemistry advances. This process allows us to revisit and improve our existing
chemical kinetic models. Propane and propene have been studied in various facilities at different
conditions; however, the interaction of these two species has not been explored well. These two
species play a crucial role in the oxidation of larger hydrocarbons and constitute a significant fraction
of liquefied petroleum gas. The current study involves an experimental investigation of ignition delay
time measurements for neat propene and propane/propene (50%/50%) mixtures in a rapid
compression machine for a range of pressures (20—80 bar). These auto-ignition experiments are
complemented by the measurement of stable intermediate species mole fraction profiles at 750 K for
the non-diluted stoichiometric condition at 40 bar and 50 bar. The experimental output from this study
has contributed to the development of NUIGMech1.0 at high-pressure conditions, for mixtures that
are relevant to engine applications. NUIGMech1.0 is utilized for the kinetic analysis, and its
performance is also compared with two other relevant mechanisms. The kinetic analysis is used to
establish an understanding of the fundamental chemistry controlling fuel oxidation and also to provide
updates of the chemical kinetic mechanism. Additionally, the critical reaction pathways and sensitive
reactions that lead to the intermediate species that control reactivity are explained in detail. It is found
that cross-reactions from both the propane and propene sub-mechanisms play a crucial role in
controlling the reactivity of the mixtures. NUIGMech1.0 not only captures the reactivity and speciation
data for the neat components but also shows good predictions of the mixtures at the conditions
studied.
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1. Introduction

Fuels such as natural gas and liquefied petroleum gas (LPG) are being considered as alternative
fuels as they reduce CO, emissions compared to their gasoline/diesel counterparts. Secondly, these
fuels can also be produced through carbon-neutral processes coupled with power-to-gas [1] and bio-
methane production processes [2, 3]. They have long been investigated for applications in road and
sea transportation, but now, fuels like liquid methane and propene are being tested for use in
commercial space transportation [4, 5]. The development of these engines for different applications
requires immense prototyping and testing. However, with the recent trends in computational
capabilities and advances in powertrain simulations, it is possible to reduce the effort spent on
prototyping and testing. From this perspective, knowledge of emissions and ignition behavior of
different fuels can be obtained through chemical kinetic mechanisms. The ability of a mechanism to
predict different application relevant conditions is vital in this process. Therefore, understanding the
oxidation of these fuels on a fundamental level is essential to accurate reactivity predictions. Although
there are investigations on the lower hydrocarbons in the literature, there is still a lack of mechanistic
data for fuel mixtures at application relevant pressures.

Propene and propane are significant components of LPG [6-9], and they also serve as
representative species for larger alkanes and alkenes. Therefore, investigating these species and their
mixtures can provide new insights into their oxidation behavior and lead to a mechanism that can
capture the auto-ignition behavior of LPG fuels containing significant concentrations of propane and
propene. A pressure-temperature plot showing available literature data for propane was presented in
a recent study [10]. Moreover, a detailed review is also available in studies by Goldsborough et al. [11]
and Sabia et al. [12]. The recent work by Burke et al. [13, 14] investigated propene in different facilities
for a wide range of conditions and provided a detailed review of other propene studies in the
literature. Burke et al. [13, 14] also developed a detailed kinetic mechanism describing propene
oxidation; however, there is a quantitative gap in the ability of the mechanism to replicate
experimental data for propane and for propane/propene mixtures. Apart from a recent study by
Ramalingam et al. [9] of different automotive LPG fuels, there is still a great void in experimental data
for propane/propene mixtures. Figure 1 shows the pressure-temperature plot for propene
experiments that are available in the literature from different facilities [13-27].
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Figure 1: A pressure vs. temperature plot of propene investigations with different reactors (RCM- rapid compression
machine, ST- Shock tube, CV- Combustion vessel, JSR- Jet-stirred reactor, FR- flow reactor) from the literature.

The primary goal of this study is to develop a consistent mechanism that can represent the
auto-ignition behavior of propane, propene, and their mixtures over a wide range of temperature,
pressure, mixture composition, and dilution. The mechanism development is a continually evolving
process, and the experimental work established in this work and from previous studies [9, 10] has
contributed to the development of NUIGMech1.0. The study on automotive LPG fuels [9] and the
previous study on propane [10] showed that mechanisms available in the literature do not capture
the reactivity for the neat components and their mixtures in a consistent way. In this study, the
experimental work on propene is extended to higher pressures (80 bar) for stoichiometric mixtures in
a rapid compression machine (RCM). Propane/propene mixtures are also studied for a range of
pressures (20—60 bar) at stoichiometric conditions. A speciation study for propane/propene mixtures
and neat propene is performed at 750 K for compressed pressures of 40 bar and 50 bar, respectively.
Recent work on species produced during the oxidation of propane in the RCM [10] was also performed
at the same compressed temperature, and therefore allows for a comparison of propane, propene,
and their mixtures using the ignition delay time (IDT) and speciation results. To the authors’
knowledge, this is the first study to obtain experimental IDT and speciation data for propene and
propane/propene mixtures at high pressures.



2. Experimental description

2.1 Ignition delay time measurements
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Figure 2: Recorded experimental traces from an IDT and sampling experiment (propene, pc= 50 bar, @ =1, Tc =750 K,
diluent = 75.48%).

The high-pressure IDT measurements were performed in the RCM at PCFC, RWTH Aachen
University. The description of the facility is provided in previous studies [28, 29]. In brief, the single
stroke creviced piston is pneumatically driven and hydraulically stopped. The compressed
temperature is varied using different diluent gas ratios or by varying the compression ratio using
different end wall positions [29]. The heating of the mixture tank, manifold, and the reaction chamber
is controlled and monitored using type-T thermocouples. The mixture is prepared by monitoring the
partial pressures using two static pressure sensors (ATM STS 1°%: 0—0.5 bar, ATM STS 1°%: 0-5 bar). The
reactive and non-reactive mixtures were prepared using high purity grade propene (99.95%), propane
(99.95%), nitrogen (99.999%), argon (99.996%), carbon dioxide (99.5%), and oxygen (99.999%). For
the relatively low-pressure experiments (< 50 bar), the dynamic pressure in the reactor is monitored
using a Kistler 6125C11U20 pressure sensor. However, for the high-pressure experiments (> 50 bar)
investigated in this study, the dynamic pressure was monitored using a PCB 113B22 pressure sensor
for the reactive experiments, and both a Kistler 6125C11U20 and PCB 113B22 pressure sensors were
used in tandem for the non-reactive experiments. The measured pressure by PCB 113B22 is lower
than the actual pressure as it is affected by thermal heat-shock. The non-reactive pressure traces from
both sensors are used to correct the pressure for the reactive experiment, and in turn, the corrected
pressure is used to estimate the compressed temperature using Gaseq [30]. This procedure is
explained in detail in the work by Ramalingam et al. [29]. A reference pressure trace for a reactive and
non-reactive experiment is provided in Figure 2. The pressure fluctuation after the main ignition in the
reactive pressure trace without IPAS is a consequence of different effects. Globally, the pressure level
is decreasing after ignition due to heat loss effects. However, pressure fluctuations can result from
piston rebound or strong pressure waves induced by the ignition, which propagates and reflects
several times at the walls. Nevertheless, this pressure fluctuation does not affect the result of the
experiments. The non-reactive pressure time histories for the different experiments are converted
into effective volume time histories that are used as input files in our simulations [11, 31]. The
procedure to perform the high-pressure experiments in the RCM and estimate their experimental
uncertainties is elaborated in a previous study [29]. The estimated uncertainty in the compressed
temperature is £ 5 K, and the observed variation in the compressed pressure is less than 2%. The
variation in the measured IDT is within 20%, which is similar to other studies in the literature [13].



2.2 Speciation measurements

The speciation measurements for propene and the propane/propene mixtures were also
performed in the PCFC RCM. The extracted sample was analyzed using a gas chromatograph and mass
spectrometer equipped with a flame ionization detector system (GCMS/FID). A detailed description
and schematic of the sampling system are provided in a previous paper [10]. In brief, the sampling
system consists of a fixed compression ratio endwall with a conical protruding tube, a fast-acting valve,
a sampling volume, a syringe system, and the ignition peak avoidance system (IPAS). The conical
protruding tube on the endwall surface faces the inner side of the reaction chamber and aids in
extracting a sample from the reaction core. The fast-acting solenoid valve (Parker series 9) is mounted
to the outer surface of the endwall and connected to a sampling volume (~ 7.5 ml) and a sample
transfer system. The sample transfer system consists of a stainless-steel syringe with a Kulite pressure
sensor mounted on its piston. The fast-acting solenoid valve is triggered using the pressure signal from
the reactor, a digital delay generator (Stanford systems), and an IOTA pulse driver (Parker). The
triggering pulse width is set to 1 ms on the IOTA pulse driver. The signal from the reactor pressure
sensor, the triggered pulse width, and the sampled pressure traces are recorded on a computer. The
high-pressure IDT experiments involve intense peak pressures that are typically above the rated
pressure of the fast-acting solenoid valve. The IPAS system is connected to one of the six ports in the
reaction chamber to avoid intense peak pressures from damaging the solenoid valve. The IPAS system
consists of a thin diaphragm that separates the reaction chamber from a large volume, and during the
ignition process, the diaphragm breaks, rapidly reducing the pressure in the reaction chamber. Figure
2 shows the pressure trace during the sampling experiment. Once the sample is extracted from the
reaction core, the sample is transferred to the GCMS/FID system.

The GCMS/FID system consists of a Porabond PLOT Q column used to separate the oxygenated
and hydrocarbon species. The column is connected to both the FID and the MS system. The MS is used
to identify the species, whereas the FID chromatogram quantifies the different species. The species
identified in the current work were calibrated using calibration gas standards obtained from Westfalen
AG and Praxair Germany GmbH. For the non-calibrated species identified, the equivalent carbon
number method was used. The response factor for each identified species is used to quantify the
measured mole fractions of each experiment. The measured mole fractions are plotted against the
normalized time, where ‘0’ denotes the end of compression time, and ‘1’ denotes the time of ignition.
It is important to note that the desired gas sampling from the core of the reactor is influenced by the
gas in the dead volume of the protruded tube. The dead volume has a large surface area-to-volume
ratio, which leads to chemical quenching of the compressed gases, and therefore, lowers the
temperature in this volume. Consequently, once the fast-acting valve is triggered to open, this
unreacted gas is also sampled along with the extracted sample from the reaction core. This process
dilutes the entire sample and has to be corrected using a dilution factor. This method of correcting
the dilution is quite common in this sampling technique and thus is not elaborated upon here [10, 32-
35].

The uncertainty in the sampling experiments is explained in detail in the previous work [10].
Hence, only our estimated values are presented in this work. The variation in IDTs for the speciation
measurements for the propane/propene and propene mixtures at 40 and 50 bar are 52.5 + 1.5 ms and
89 + 1.5 ms, respectively. A time scale uncertainty is induced by the opening and closing behavior of
the valve. The sampling period variation is 1.470 + 0.070 ms and 1.634 + 0.135 ms for the 40 and 50
bar experiments, respectively. The uncertainty in the mole fraction scale is induced by the variation in
the response factor, the uncertainty for correction of the dilution effect, uncertainty in the
compressed temperature, variation arising from the sampling period. The overall uncertainty in the
mole fraction scale is estimated to be 19% and 26% for the calibrated and non-calibrated species,
respectively. Apart from these influences on the uncertainty in the mole fraction scale, the simulation
method adds another 3% uncertainty induced by the impact of dead volume in the reaction chamber
(i.e., crevice volume, IPAS dead volume, reactor inlet connection dead volume).



3. Computation methods

The IDT simulations were performed using NUIGMech1.0 with non-reactive input files. For
each reactive experimental temperature obtained, a non-reactive experiment is performed by
replacing the oxygen content with nitrogen. The non-reactive pressure traces obtained are converted
into effective volume traces using the isentropic relationship. The effective volume traces, together
with the initial experimental conditions, are used to perform zero-dimensional simulations [11, 31].
The simulation of IDTs, species mole fraction profiles, sensitivity, and rate of production analyses were
all performed using an in-house script developed using Cantera [36]. The input files used for the
simulations are provided as Supplementary material (SM).

For the simulation of the speciation profiles, the IDT simulations are adapted to provide
species-time histories during the ignition delay period. The procedure of normalization is also
implemented for comparison against the experimental data. In a previous work [10], different
computational methodologies to simulate species profiles were discussed, and therefore, more details
are not provided here. The sensitivity and rate of production analyses were performed using a
constant volume reactor, and these are used to identify the most sensitive reactions and pathways
leading to key intermediates controlling fuel reactivity.

4. Model development, comparison, and Kinetic analysis

In the introduction, we indicated that the goal of this work is to obtain a consistent mechanism
that can predict both the neat components of propane and propene, along with their mixtures in the
investigated regime. For this purpose, many mechanisms from the literature were considered, and
simulations against the high-pressure IDT experiments for propane [10] and four different automotive
LPG mixtures [9] were performed and analyzed. At the same time, the recent study by Burke et al. [13,
14] investigated the oxidation of propene for a wide range of experimental conditions using different
reactors and established a mechanism that represents the oxidation of propene well. The
development of NUIGMech1.0 is a large undertaking with contributions from several experimental [9,
10, 37-40] and theoretical studies [41-44], of which a few are referenced here. NUIGMech1.0 is
hierarchically developed from hydrogen/oxygen to n-heptane chemistry. The detailed model contains
11260 elementary reactions and 2845 chemical species. In this work, only the base mechanism up to
Cs species chemistry is considered, and the collaborative effort from both groups has led to the
development of a consistent propane/propene mechanism described in detail here. The mechanism
used for this purpose, along with the glossary, is provided as SM.

4.1 Propene

The two-part study from Burke et al. [13, 14] approached propene oxidation with
experimental investigations for a wide range of conditions to obtain species information from flow
reactors and jet-stirred reactors, while simultaneously obtaining information on global parameters
such as IDT and laminar burning velocities from shock tubes (STs), RCMs, and combustion vessels,
respectively. The model developed as part of the study [13, 14] could represent most of the measured
data from the different reactors with some shortcomings in the species mole fraction profiles.
Although species profiles at comparatively higher pressures exist in their study [14] and from the
literature [18], these investigations were performed at diluted conditions. As the sensitivity of some
critical reaction pathways can vary depending on the percentage dilution of a mixture [10], species
information at non-diluted conditions can provide another degree of constraint on a mechanisms’
ability to predict different conditions. Therefore, in this study, IDTs for propene oxidation were
obtained at pressures ranging from 30 to 80 bar in the RCM. In addition to the IDT data, information
on species mole fractions has been obtained for propene at 750 K and non-diluted stoichiometric
conditions. The mechanism from Burke et al. [13, 14], AramcoMech3.0 [45], and the recently
developed NUIGMech1.0 are used for the simulation and kinetic analyses. Figure 3(a) compares the
performance of the three selected mechanisms against our IDT measurements. Figure 3(b) shows a



comparison of sensitivity analyses of chemical reactions to IDT measurements for 50 bar, 750 K, and
stoichiometric conditions, while Figure 3(c) shows reaction pathway analyses performed at the time
when 10% of the fuel is consumed using the selected mechanism at the sampling condition. The stable
intermediate species quantified in the measurements are highlighted using rectangles (Figure 3(c)).
The species nomenclature is provided in the glossary and for the discussion in the different sections,
the species molecular structure can be referred in the reaction pathway analyses. The discussion of
propene oxidation is provided using the species mole fraction profiles and the kinetic analysis using
NUIGMech1.0.

AramcoMech3.0 [45] over-predicts IDTs for propene and, therefore, is not considered for the
kinetic analysis in this section, Fig. 3(a). Both the Burke et al. [13, 14] and NUIGMech1.0 mechanisms
show good agreement with the data and are well within the experimental uncertainties. However, the
former is moderately more reactive than the latter. Both the experimental data and the simulation
results show a moderate change in reactivity at temperatures below 870 K, and the mechanisms can
capture this trend reasonably well. With the data obtained in the study by Burke et al. [13, 14] and
the data from this study, the measurement envelope is increased to 80 bar pressure for stoichiometric
conditions NUIGMech1.0 can predict well the reactivity and the pressure dependency in this range.
The sensitivity analyses performed for the different pressures at 800 K (Fig. S1) show sensitive
reactions observed in Fig. 3(b). However, the ranking of the sensitive reactions changes marginally
with pressure (Fig. S1). Comparing the two selected mechanisms with the IDT and species mole
fraction profiles for propene oxidation is a classic example illustrating the importance of species
measurements at application relevant conditions, Fig. 4. The global parameter, in this case, IDT, is
captured well by both mechanisms, but the species mole fraction profiles alter this perspective. Even
though the Burke et al. [13, 14] mechanism was able to predict the speciation trends in the flow- and
jet-stirred reactor measurements reasonably well, the contrast in the prediction capabilities in the
application relevant conditions is quite visible. Further discussions will present the differences in the
mechanisms and, at the same time, provide an understanding of propene oxidation.
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The rate of production analysis reveals that the primary consumption pathway for propene is
through the hydroxyl (OH) radical, forming the resonantly stabilized allyl radical (CsHs-a). The rate
constants for H-atom abstraction from the allylic site by OH radical is based on the experimental work
of Badra et al. [46], where the rate coefficients were directly measured in ST measurements over the
temperature range of 818—1460 K. Bott and Cohen [47] also investigated this reaction with the help
of shock tube experiments at 1 atm and 1200 K using UV absorption to measure OH concentrations.
Zador et al. [48] calculated this rate constant theoretically, which is in reasonable agreement with the
measured rate by Badra et al. [46] at low-temperatures (800-910 K). However, the theoretical rate
starts to deviate from the experimental data by a factor of two at higher temperatures (>910K), Error!
Reference source not found.(b). In NUIGMech1.0, a fit to both the experimental studies [46, 47] was
implemented. The formation of the allyl radicals through H-atom abstraction from propene by
molecular oxygen has been optimized. The reaction rate from Zhou et al. [49] matches the
experimental measurements from Stothard et al. [50] and Barbe et al. [51] in the temperature range
from 600-900 K (Fig. 5(a)). The rate used in NUIGMech1.0 is tailored to be faster by a factor of three
compared to the rate from Zhou et al. [49] in order to match the IDT data in the intermediate and low-
temperature regimes. The other leading consumption pathways are the addition of OH radicals to
propene forming 1-hydroxy-propan-2-yl (CsHsOH1-2) and 2-hydroxy-propan-1-yl (CsHsOH2-1) radicals.
The branching ratios of both the latter pathways were changed based on the work of Zador and Miller
[52] in NUIGMech1.0. The pathway leading to the production of allyl radicals is very sensitive and
inhibits reactivity in NUIGMech1.0. At the same time, this reaction and the pathways leading to
C3HsOH1-2 and C3HsOH2-1 radicals promote reactivity but are not seen to be sensitive in the Burke et
al. mechanism [13, 14], Fig. 3(b). The reason for the stark variations in these sensitivities, Fig. 3(b) is
associated with changes in the flux during primary fuel consumption (CsHs + OH <> C3Hs-a + H,0, C3Hs
+ HO; <> C3Hs-a + Hy03, CsHs + OH «» C3HsOH2-1). The molecular additions of oxygen to CsHgOH1-2
and CsHsOH2-1 radicals have been updated from Miyoshi [53]. The subsequent pathways at this stage
play a crucial role in controlling the reactivity and also in predicting the production of other stable
intermediate species.
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Figure 5: Rate constant comparison of allylic H-atom abstraction from CsHg by (a) O, and (b) OH, respectively.

The fuel consumption is well predicted by both mechanisms compared to the experimental
data and its associated uncertainty. However, with the Burke et al. [13, 14] mechanism, the fuel is
moderately more consumed than the predictions using NUIGMech1.0, which leads to an
overestimation of the stable intermediate species, Fig. 4. This effect is also reflected in the reactivity
of propene at 750 K and 50 bar, Fig. 3(a). The formation of ethylene is mainly controlled by the
decomposition of allyloxy radicals (CsHsO). The isomerization reaction of allyloxy radicals to
CH,CHOCH, and CH,CH,CHO radicals further contribute to the formation of ethylene. From sensitivity
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analysis, it can be observed that the pathways leading to the formation of allyl hydroperoxide
(aCsHsOOH) from allyl radicals, and the subsequent decomposition of allyl hydroperoxide to allyloxy
radicals promote reactivity. This effect can be reasoned by the consumption of less reactive
hydroperoxyl (HO;) radicals from the radical pool and the production of more reactive OH radicals
during the reaction sequence. The species mole fraction profiles of ethene have improved in the right
direction, with NUIGMech1.0 capturing the trend reasonably well.

Acetaldehyde (CH5CHO) is another important intermediate produced during the oxidation of
propene. It is formed through the Waddington mechanism and has been revised in NUIGMech1.0
based on the study of Lizardo-Huerta et al. [54]. The Waddington mechanism was not adequately
included in the mechanism by Burke et al. [13, 14]. First, the addition of 2-hydroxyl-propan-1-yl
(C3HeOH2-1) radicals to O, and the subsequent Waddington mechanism reactions were not included
in that mechanism. Moreover, only a single step Waddington mechanism for 1-hydroxyl-propan-2-yl
peroxy was present. In the current model, two-step Waddington mechanisms for both 2-hydroxyl-
propan-1-yl peroxy and 1-hydroxyl-propan-2-yl peroxy radicals are included, where in the first step,
the hydroxyl H-atom to the peroxyl function of TQJCsHsOH undergoes an internal H-atom transfer to
form TQC3HeOLI. In the second step, propoxyl-hydroperoxide radicals readily undergo B-scission, while
hydroperoxyl-propyl radicals decompose to form acetaldehyde and hydroxyl radicals (TQC3HsOl =>
CH,0 + CH3CHO + OH). The inclusion of the missing Waddington pathways has led to an improved
prediction of acetaldehyde in the species mole fraction profiles. Furthermore, H atom addition to
propene producing iso-propyl radicals, and the subsequent pathways leading to the production of
acetaldehyde through the scission of iCsH;O radicals are another contributing pathway. These updates
have improved the prediction of acetaldehyde mole fraction profiles compared to those predicted
using the Burke et al. mechanism [13, 14].

Propanal (C;HsCHO) is another important aldehyde detected, which is facilitated through the
formic acid-catalyzed conversion of prop-1-en-1-ol (sCsHsOH). Propanal is also produced from the
addition reaction of molecular oxygen to n-propoxyl radicals (nCsH;0 + O, <> C;HsCHO + HO,). In
NUIGMech1.0, the rate constant for this reaction is adopted from Zabarnick and Heicklen [55] and is
two times lower than the estimated rate used by Burke et al. [9, 10]. These modifications have led to
the under-prediction of propanal in NUIGMech1.0.

Another intermediate species over-predicted by the Burke et al. mechanism [13, 14] is
acetone (CH3COCHs). The production of acetone was guided by the addition of oxygen to CsHsOH2-1
radicals. The Waddington pathways in NUIGMech1.0 has changed the fluxes that have led to the
channels promoting (IQJCsHsOH = 1QC3HsOHPJ, IQCsHsOHPIC + O, <> C3KET21 + HO,) and inhibiting
(1QC3HsOHPJC — C(OH)CY(COC) + OH) the reactivity. Based on the theoretical calculation by Lizardo-
Huerta et al. [54], the rate constant of IQJCsHsOH = IQCsHsOHPIC is higher than that of IQJCsHsOH =
IQCs;H6OT above 800 K. Thus, the significant percentage of flux from 1QJCsHsOH forms 1QCsHsOHPJC
(50.9%) and about 36% of IQJCsHsOH undergo H-atom rearrangement to form IQC3H60T and the
remaining produce IQCsHsOHPJ. In NUIGMech1.0, the production channels have been optimized, and
the primary channel for the production of acetone is from the dissociation of iCsH;O radicals forming
CHsCOCHs + H atoms. Previously, an estimated rate constant for iso-propoxy radical decomposition
was included in the mechanism published by Burke et al. [13, 14]. In the present work, pressure-
dependent rate coefficients for the unimolecular dissociation reaction have been derived from the
recent calculations of Zador and Miller [52].

The two other intermediates detected in the experiments are propylene oxide (CsHs01-2) and
1,5-hexadiene (CsH101-5), both formed very early in the fuel oxidation scheme. Propylene oxide is
formed from the addition of HO, radicals to propene, and the 1,5-hexadiene is formed through the
recombination of allyl radicals. The hydroperoxyl-alkyl radicals (CsHsOOH1-2, CsHsOOH2-1) also
undergo B-scission reactions to form propylene oxide. In the case of 1,5-hexadiene, the recombination
of allyl radicals is sensitive in constraining the reactivity due to the formation of more unsaturated
species in its reaction scheme. The mechanism under-predicts the species mole fraction profile of
propylene oxide by a factor of two and over-predicts the 1,5-hexadiene mole fraction profile by ten at

11



the normalized time of 0.8. The optimization of the production routes of propylene oxide and 1,5-
hexadiene would affect the mechanism’s prediction capability at other reactor conditions.

Additionally, small quantities of acetylene, 1,3-butadiene, 2-propen-1-ol, and 3-
methoxypropene were observed in the signals from the MS for experiments close to the normalized
ignition point. On the other hand, the simulations also show significant quantities of 2-methyloxiran-
2-ol (C(OH)CY(COCQ)), 3-methyloxiran-2-ol (CCY(COC)OH), and acrolein (C;H3CHO) at the region closer
to ignition. However, these species were not observed in the experimental analysis. The consumption
pathways of 2- and 3-methyloxiran-2-ol species are not very well established, and similar to other
three-membered cyclic ether species, they could also possibly undergo isomerization reactions at
comparatively lower temperatures [56-58].

4.2 Propane/propene

In the current study, the reactivity for stoichiometric propane/propene mixtures was
determined in the temperature range 735-950 K at pressures of 20, 40, and 60 bar. To constrain the
experimental matrix, and therefore the validation targets, the speciation measurements were
performed at 40 bar. However, the temperature at the point of interest was kept at 750 K. In the
following discussion, the kinetic analysis will be described with three mechanisms, namely
NUIGMech1.0, AramcoMech3.0 [45], and the mechanism from Burke et al. [13, 14]. Fig. 6(a), (b), and
(c) show the IDT measurements and simulations using the three mechanisms, the sensitivity analysis
at the point of interest (750 K) using the three mechanisms, and the reaction pathway analysis using
NUIGMech1.0 at 10% fuel consumed (i.e., in the case of the current analysis 10% propane
consumption was considered). The mole fraction species profiles for the mixtures are presented in
Fig. 7, where the three mechanisms are compared against the measured experimental data. As before,
the kinetic analysis will elaborate on the crucial pathways leading to the production of the stable
intermediates and also establish the pathways that control the reactivity in the investigated regime.
The propene sub-chemistry updates implemented in NUIGMech1.0 have been elaborated in the
previous section, and the optimization performed for propane sub-chemistry will be described in this
section along with the analysis.
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For the pressures investigated, NUIGMechl.0 can qualitatively represent the IDT
measurements (Fig 6(a)). For the 20 bar condition, NUIGMech 1.0 over-predicts the reactivity by more
than 20% in the temperature range investigated. At the 40 bar and 60 bar conditions, the performance
of NUIGMech1.0 is better compared to the 20 bar predictions. The predictions differ from the
experimental data by an average of 30% for the 40 and 60 bar conditions. The performance of
AramcoMech3.0 [45] is qualitatively comparable to that of NUIGMech1.0 at temperatures above 820
K for the 20 and 40 bar conditions. However, at lower temperatures, the mechanism under-predicts
the reactivity. In the case of Burke et al. mechanism [13, 14], the reactivity is under-predicted for all
of the pressures and temperatures investigated. The consumption of both propane and propene is
captured well by all mechanisms (Fig 7). The main consumption pathway for propane is through H-
atom abstraction by OH radicals, leading to n- and iso-propyl radicals. These pathways control
reactivity in this regime, with the formation of n-propyl radicals promoting reactivity and iso-propyl
radicals inhibiting reactivity and the branching ratio playing a pivotal role. The former effect is
characterized by the ability of n-propyl radicals to undergo low-temperature chain branching
pathways, whereas the latter effect is dominated by the iso-propyl radicals forming unsaturated
species. A previous model [45] adopted the rate constant based on measurement by Droege et al.
[59] over the temperature range from 298-900 K. Droege et al. [59] measured the branching ratio of
iso-propyl and n-propyl in their study, and Sivaramakrishnan et al. [60] measured the total rate for
C3Hg + OH < products. The latter study [60] applied the branching ratio obtained by Droege et al. [59]
and extracted a modified Arrhenius three-parameter reaction rate constant for CsHg + OH giving iso-
propyl + H,0 and n-propyl + H,0. Recently, Sivaramakrishnan et al. [61] used H-atom ARAS detection
to quantitatively measure the concentration of H-atoms as a function of time during CsHg + OH
pyrolytic experiments in an ST. The knowledge of H-atom concentrations [61] and the total rate from
[60] allowed for determining the branching ratio between iso- or n- propyl formation. When
comparing the two studies by Sivaramakrishnan et al. [60, 61], the recent work [61] noticed excellent
agreement with their previous study [60]. Figure 8 compares the rate constant for the CsHg + OH
reaction system and the rate constant for the abstraction of the secondary C—H bond that forms iCsH>
radicals. The rate constant utilized in this work is the best fit for the direct measurement of C3Hg + OH
> iC3H7 + H,0 by Sivaramakrishnan et al. [61], together with the other available experimental data.
The rate utilized in NUIGMech1.0 is about 50% higher than that used in AramcoMech3.0 [45] over the
high-temperature regime (1100-2000 K). The H-atom abstraction by HO; radicals is important at
higher pressures and lower temperatures. These rate constants are adopted from the theoretical
study of Aguilera-lparraguuirre et al. [62]. However, the rate constant for the abstraction reaction
forming n-propyl radicals has been increased by approximately 40% in the low-temperature range to
agree with the measurements by Handford-Styring and Walker [63], Fig. 9. The study [63] measured
the total rate of propane + HO, and utilized the bond-additivity rule to obtain the rate constant for
the site specific hydrogen atom abstraction from propane.
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Figure 8: Plot of (a) total rate constant for CsHg + OH, and (b) rate constant for the abstraction of the secondary C-H
bond in CsHg + OH. Comparison of current rate against the study by Bryukov et al. [64], J. Badara et al. [65], Kozlov et al.
[66], Sivaramakrishnan et al. [60], [61], Bott and Cohen et al. [67] and Droege et al. [59].
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Figure 9: Rate constant comparison of C3Hg+HO,=nC5H;+H,0, with the measured data by Handford-Styring and Walker
[63], Baldwin et al. [68], along with the theoretical study of Aguilera-lIparraguirre et al. [62] and Carstensen et al. [69].

The formation of iso-propyl radicals and the iso-propyl-peroxyl radicals subsequently lead to
the formation of propene. The main consumption of propene is through H-atom abstraction by OH
radicals, leading to the formation of allyl radicals, which is also possible through H-atom abstraction
from propene by hydroperoxyl, alkyl-peroxyl, and alkoxyl radicals. Other major pathways for propene
consumption were discussed in Section 4.1. The consumption pathways CsHs + OH <> C3Hs-a + H,0,
and CsHsOH2-1 <> CsHs + OH are observed to be sensitive, with the former inhibiting reactivity by
consuming an OH radical and forming a resonantly-stabilized radical. In contrast, the latter reaction
consumes an OH radical but undergoes subsequent chain branching pathways, thereby promoting
reactivity. The formation of acetaldehyde is controlled by the Waddington pathways and also through
the scission reaction of iso-propoxy radicals (TQCsHsOl — CH,0 + CH3CHO + OH, IQC3H60T <> CH,0 +
CH3CHO + OH and iCsH;0 <> CHs + CH3CHO). However, the ranking to their contribution is different
from the pathway analysis performed for the neat propene case. The pathway leading through the
iso-propoxy radical is more dominant in the propane/propene mixture than in the neat propene case.
The reason is the abundance of the primary consumption pathway of propane.

The production of ethene is chiefly through concerted elimination reaction of ethyl-peroxyl
radical. In the current mechanism, the pressure-dependent rate constant for this reaction has been
updated based on the review work by Klippenstein [70] and is higher compared to the rate constant
used in the previous models [13, 14, 45]. The ethyl-peroxyl radical is produced from the addition of
an oxygen molecule to ethyl radical that is produced through B-scission of n-propoxy radicals. The
other major pathways leading to the production of ethene are C;Hs + O; <> C;H4 + HO,, CH,CH.CHO
<> CHs + HCO, and C3HsO < CHs + HCO. The homolytic fission reaction class for the
ketohydroperoxide has been added from the study of Goldsmith et al. [71], which is sensitive in
promoting the reactivity of the fuel (C3KET13 <> OCHCH,CH,0 + OH). Previously, this reaction step was
lumped into one step, directly producing CH,CHO, CH,0, and OH radical. The branching at the second
addition of molecular oxygen to hydroperoxyl-propyl radical is crucial as one pathway leads to the
low-temperature chain branching (CsKET13 — OCHCH,CH,0 + OH — H,CO + CH,CHO), while the other
pathway is mostly chain propagating, leading to the production of unsaturated compounds like
acrolein and ethene (aCsHsOOH — C3HsO — C,HsCHO and CyHa). In the case of propane/propene
mixtures, the cross-reaction pathways play an essential role. The reaction between allyl radicals from
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the propene consumption and the n-propyl-peroxyl radicals from the propane oxidation scheme leads
to the production of n-propoxy and allyloxy radicals. The consumption of both radicals leads to the
formation of more ethene, and therefore, contributes towards inhibiting the reactivity. Although this
reaction plays a crucial role in the propane/propene case, it is not sensitive in neat propane or propene
conditions. This reaction has been included in the recently developed NUIGMech1.0 and has not been
investigated by quantum methods. Therefore, the rate constant has been estimated based on the
work of Curran et al. [72] and optimized to fit the data for the IDT measurements. The cross-reaction
influence is visible (Fig S.3). In the case where the cross-reaction is removed, the reactivity increases
approximately by 40% at 775 K for the 40 bar condition.

The cyclic ether formation from the hydroperoxyl-propyl radical is still a substantial production
route for propylene oxide. However, the governing pathway to the production of propylene oxide is
through the consumption of HO; radicals by propene to give propylene oxide and a reactive OH radical,
which has been updated from work by Goldsmith et al. [71]. For this reaction, the high-pressure limit
rate constant calculated by Goldsmith et al. [71] is approximately a factor of two lower than the rate
constant used in the previous models [13, 14, 45]. The other pathways leading to the production of
propylene oxide are through the isomerization reactions of propyl-peroxyl radicals (nCsH;0O, and
iC3H702). The mechanism fairly represents the production of propylene oxide. The primary pathway
leading to the formation of propanal is through the addition of oxygen to 1-hydroxypropen-2-yl radical
(C3HeOH1-2). The production of propanal also occurs through the reaction of n-propoxy radicals with
molecular oxygen, where the reaction rate is adapted from the study by Zabarnick and Heicklen [55].
The production of acetone occurs mainly through the unimolecular decomposition of iso-propoxy
radicals (iCsH;0).

Additionally, the reactions between iso-propyl-peroxyl radicals (iCsH;0,) and smaller alkyl-peroxyl
radicals (CHs0,, C;Hs0;) have been included in the mechanism, which contributes to the production
of acetone. The predictions of both propanal and acetone species mole fractions against the
experimental data show good agreement. Lastly, the 1,5-hexadiene that is majorly produced through
allyl recombination is quite well captured by the mechanism in the propane/propene condition.

4.3 Propane

| (a) ’ i (b)  CB3H8+OH <=> H20 + IC3H7
D100 L NC3H702 <=> C3H6 + HO2
E 3 C3HBOOH1-302 <=> AC3H500H + HO2
g g IC3H702 <=> C3H6 + HO2
e [ 2 HO2 <=> H202 + 02
©
= C3H600H1-302 <=> C3KET13 + OH
s 10
c E W 30 bar C3KET13 <=> OCHCH2CH20 + OH
o 5 B 50 bar _ C;H,, 750K, o =1
£ - f a—NUIG 1.0 C3H8 + HO2 <=> H202 + NC3H7 I NG 1.0
o F o = = Burke et al. NC3H702 <=> C3H600H1-3 I AV 3.0
CHg 9 =1 oeee AM30 C3H8 + OH <=> H20 + NC3H
1 - l Lo L L L l L L L L L l L L L L l L T I T | T | T |
1.1 1.2 1.3 1.4 05 00 05 10 15
1000/T (1/K) Sensitivity Coefficient

Figure 10: (a) Performance comparison of NUIGMech1.0, Burke et al., and AramcoMech3.0 against experimental IDTs at
30 and 50 bar for stoichiometric conditions [10]. (b) Sensitivity analysis on IDT using NUIGMech1.0 and AramcoMech3.0
for non-diluted stoichiometric propane/air mixtures at 750 K, 50 bar.

In the current study, no additional experiments on propane were performed. However, the
conditions measured in the previous work on propane [10] are comparable to the conditions
measured in the current study. In the work [10], ignition delay times were measured at 30 and 50 bar
compressed pressure for a stoichiometric mixture. Additionally, speciation measurements were
performed at 765 K and 747 K for non-diluted stoichiometric mixtures at 30 and 50 bar, respectively.
The work [10] showed that AramcoMech3.0 captured the reactivity and speciation trends qualitatively
better than the different mechanisms available in the literature. However, it also over predicted the
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reactivity in the NTC regime for both the measured conditions. The mechanism from Burke et al. [13,
14] under predicts the reactivity of propane, and therefore, is not considered in the following
discussion. Using NUIGMech1.0 leads to better predictions in the NTC regime. The improvement with
the current mechanism is attributed to the combined effect of changes made in the propane sub-
mechanism, as discussed in section 4.2 and the adoption of accurate values for thermo-chemistry of
chemical species from ab-initio calculations computed by Goldsmith et al. [71]. Figure 10(a) shows the
performance of NUIGMech1.0 against the experimental IDTs for propane at 30 and 50 bar. Figure
10(b) compares the sensitivity analysis from both of the mechanisms at 750 K for a stoichiometric
mixture of propane. Figure 11 shows a comparison of species mole fraction profiles using
NUIGMech1.0 against the experimental data. As most of the detected species and their governing
pathways have been discussed in Sections 4.1 and 4.2, only a brief discussion is presented here. The
discussion of the updates and the kinetic analysis also establishes that the changes made to the
NUIGMech1.0 have rather improved the predictions for neat propane case compared to
AramcoMech3.0.

18



10000 50000 — 1
g =
& 8000 & 40000
5 5
= 6000 = 30000
(6] (&)
(1] @
= -
@ 4000 @ 20000
o o
£ =
- 2000 -°10000
™ ™
13 3
0 & 2 0
00 02 04 06 08 1.0
t/ tig, () -
—~1500 2500
E —
8 1250 5
= gzooo
Q c
= 1000 s
8 5= 1500
— [&]
v 750 ®
o —
=] @ 1000
E 500 o
(@] 13
5 250 -
- (3)
(&) 0 0

=400 =100
€ g £
S350 |- oy
5 300 |- § 75
© i °
© 250 - Q
- - &
B o
€ 150 - =
o I O
< 100 - 5 25
% i :“’
™~ o~
O 0 O 0
00 02 04 06 08 1.0 00 02 04 06 08 1.0

t/tg, (-) t/tgn ()

Figure 11: Comparison of NUIGMech1.0 with the intermediate species mole fraction profiles for propane oxidation at 747
K at 50bar and 765K at 30 bar for stoichiometric mixtures (Exp. — Symbols, Filled squares — 50 bar, open squares — 30 bar;
NUIGMech1.0 - Lines, solid line — 50 bar, dashed line — 30 bar).

The consumption of propane at the investigated condition is through the H-atom abstraction
by OH with pathway leading to iso-propyl radical being dominant. The optimization of the reaction
rates for CsHg + OH <> nCsH; + H,0 and CsHg + OH <« iCsH7 + H,0, as discussed in the previous section,
has not influenced the consumption trend for propane. The above-discussed reactions have changed
slightly from AramcoMech3.0 but have not led to any visible changes in the reactivity. The formation
of propene is well predicted at 50 bar, whereas at 30 bar, the mechanism over-predicts the mole
fraction profiles. The formation of propene is central, and it is mostly produced through the concerted
elimination reaction of propylperoxy radicals both from the n- and iso-propyl radical pathways, with
the latter pathway being dominant. Both these pathways are also sensitive in inhibiting the reactivity
of the fuel. Optimizing the branching could lead to a shift in the propene predictions, but as discussed
in the previous section, the branching ratio of the propyl radicals has been investigated in the
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literature [59-61]. Therefore, the pressure-dependent concerted elimination reaction could be
responsible for the over-estimation of the propene predictions in the 30 bar case. Similar is also the
case for ethylene, which is over-predicted in the 30 bar case. Acetaldehyde is another important
intermediate produced during the oxidation of propane. It is primarily formed through the B-scission
of iso-propoxy radicals and has been updated with the reaction rate calculated by Zador et al. [52].
Other reaction pathways leading to the formation of acetaldehyde are through the Waddington
reaction pathways added to the recent NUIGMech1.0 based on the theoretical calculation by Lizardo-
Huerta et al. [54]. The production pathways leading to propylene oxide and propanal have been
sufficiently discussed in previous sections. The performance of the mechanism is well reflected in its
predictions for both the 30 bar and 50 bar cases. A comparative illustration of the reactivity of
propane, propene, and their mixtures at one common condition using constant volume simulations is
provided in SM. The SM also provides a comprehensive outlook on the performance of the
NUIGMech1.0 against the literature data from other reactors and experimental conditions.

The conditions investigated in the current study and from the previous study on propane
allowed the validation of propane, propene, and their mixtures at comparable conditions. As the
mechanism can reliably capture the reactivity at these conditions, a constant volume simulation is
performed to understand the change in reactivity for the mixtures compared to the neat components.
The simulation is performed at 50 bar and non-diluted stoichiometric conditions for the investigated
temperature range of this study, Fig. 12 (a). Propane is reactive at lower temperatures (< 800 K),
followed by the mixtures and propene. However, it is observed that the ranking of the reactivity
changes at temperatures above 800 K. The reactivity of the mixture is higher compared to propane
and propene at higher temperatures. The nature of the NTC behavior and the reason behind the
increased reactivity of the propane/propene mixtures at temperatures above 800 K is explained with
sensitivity and radical pool flux analyses, Fig. 12 (b) and (c). The sensitivity analysis is performed for
the three fuel mixtures at p = 50 bar, ¢ = 1.0, and T = 900 K, while the radical pool flux analysis
considers only the OH and HO; radicals at the condition where 10% of the fuel is consumed. The radical
pool flux analysis illustrates the reactions from the propane, propene, and Co-C; chemistries that
contribute to the production and consumption of OH and HO; radicals.

The observed synergistic effect in reactivity for the propane/propene mixture can be
explained by examining the ROP analysis of OH and HO; in the three cases (cf. SM). For propane, under
the conditions of interest, HO, is formed by the direct oxidation of iso-propyl radical or through the
concerted elimination reaction of propylperoxy radical to propene and HO,. The resulting HO, radicals
abstract hydrogen atoms from the fuel, thereby producing more H,0,, which is thermally stable at low
and intermediate temperatures. At higher temperatures, H,0, quickly decomposes to two reactive OH
radicals, significantly increasing reactivity. For the neat propene system, among the reactions forming
OH radicals, the fastest is the O-O bond cleavage of allylhydroperoxide, aCsHsOOH, resulting from the
recombination of allyl and HO, radicals. However, the reaction pathways forming HO, radicals are
scarce in propene, occurring via the direct oxidation of iso-propyl radicals, and reactions from the Co-
C, base chemistries. The result is a slow ignition of propene. Finally, the system of propane/propene,
which shows a higher reactivity compared to neat propane and propene. As observed previously,
propane has a propensity to give HO, radicals, mainly by direct oxidation of iso-propyl radicals or
concerted HO, radical elimination from iCsH;O,. The allyl radical from propene oxidation, quickly
recombines with HO, radicals, producing OH radicals, promoting reactivity. This fast creation of HO
radicals by propane chemistry, which rapidly converts into OH radicals governed by propene
chemistry, explains the synergistic effect of propane/propene mixtures on the reactivity.
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Figure 12: (a) Constant volume simulation using NUIGMech1.0 for comparing the reactivity of propane, propene, and their
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stoichiometric condition, and 900 K. (c) Radical pool flux analysis performed at 10% of fuel consumption for the three fuel
mixtures at conditions same as (b).

To briefly summarize, NUIGMech1.0 shows an improvement in the prediction capabilities of
propane, propene, and propane/propene IDTs at high pressures in the low-to-intermediate
temperature regime compared to AramcoMech3.0. Concurrently, it also replicates the intermediate
species mole fraction profiles in the measured conditions and also shows improvements in the data
from other reactors in the literature. Overall, it can be seen that both AramcoMech3.0 [45] and Burke
et al. [13, 14] mechanisms provide reasonable reactivity trends for neat components, propane, and
propene, respectively. When these two mechanisms are used contrariwise, they have significant
shortcomings and have to be used cautiously.

5. Conclusions

In the present study, IDT measurements were performed for neat components of propene
and 50% propane/50% propene mixtures in an RCM at pressures ranging from 20 to 80 bar in the low-
to-intermediate temperature regime. These experiments were further accompanied by novel
speciation measurements for propene and propane/propene mixtures at 750 K for 40 and 50 bar
conditions, respectively. The experimental work is an extension of the previous study on propane
oxidation, where the speciation technique was elaborated. The combination of the two studies
provides a good platform for understanding the fundamental chemical kinetic behavior of not only
the neat components but also their mixtures. While the ignition delay time provides a perspective of
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the reactivity of the fuel over a temperature range and pressure, the speciation measurements offer
an insight into the chemistry leading to the ignition event. For the kinetic analysis of the investigated
conditions, three mechanisms were considered. The different sections in the kinetic analyses reveals
the strong and weak associations of the different mechanisms. The grouping of IDT and speciation
measurements certainly shows that a mechanism must capture both the global and intrinsically local
parameters reasonably well to have the right chemistry. This argument is evident from the kinetic
analysis of both the neat components. However, to increase the confidence level on the prediction
capability of the kinetic mechanism, more investigations and theoretical work is essential on aspects
such as mixture variation and higher pressures. The experimental sampling technique not only proves
to provide targets for mechanism development but allows investigations at high-pressure application
relevant conditions. In general, NUIGMech1.0 captures the reactivity of both the neat components
and the investigated mixture reasonably well. The mechanism also well predicts the recent
measurements from the literature. The critical outcome of this work is the influence of cross-reactions
that control the reactivity of the mixture. The reaction of allyl radicals and n-propyl-peroxyl radicals to
form allyloxy and n-propoxy radicals play a crucial role in determining fuel reactivity. This reaction has
not been investigated theoretically or experimentally, and the current study lays the motivation for
future work targeted on binary and complex mixtures of different hydrocarbon groups.
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