Provided by the author(s) and NUI Galway in accordance with publisher policies. Please cite the published
version when available.

Title

Author(s)

A comprehensive experimental and kinetic modeling study of
1-and 2-pentene
Dong, Shijun; Zhang, Kuiwen; Ninnemann, Erik M.; Najjar,
Ahmed; Kukkadapu, Goutham; Baker, Jessica; Arafin, Farhan;
Wang, Zhandong; Pitz, William J.; Vasu, Subith S.; Sarathy, S.
Mani; Senecal, Peter K.; Curran, Henry J.

Publication
Date

2020-10-15

Publication
Information

Dong, Shijun, Zhang, Kuiwen, Ninnemann, Erik M., Najjar,
Ahmed, Kukkadapu, Goutham, Baker, Jessica, Arafin, Farhan,
Wang, Zhandong, Pitz, William J., Vasu, Subith S., Sarathy, S.
Mani, Senecal, Peter K., Curran, Henry J. (2021). A
comprehensive experimental and kinetic modeling study of 1and 2-pentene. Combustion and Flame, 223, 166-180.
doi:https://doi.org/10.1016/j.combustflame.2020.09.012

Publisher

Elsevier

Link to
publisher's
version

https://doi.org/10.1016/j.combustflame.2020.09.012

Item record

http://hdl.handle.net/10379/16444

DOI

http://dx.doi.org/10.1016/j.combustflame.2020.09.012

Downloaded 2023-01-09T02:14:23Z

Some rights reserved. For more information, please see the item record link above.

Combustion and Flame 223 (2021) 166–180

Contents lists available at ScienceDirect

Combustion and Flame
journal homepage: www.elsevier.com/locate/combustflame

A comprehensive experimental and kinetic modeling study of 1- and
2-pentene
Shijun Dong a,∗, Kuiwen Zhang b,c, Erik M. Ninnemann d, Ahmed Najjar e,
Goutham Kukkadapu b, Jessica Baker d, Farhan Araﬁn d, Zhandong Wang e, William J. Pitz b,
Subith S. Vasu d, S. Mani Sarathy e, Peter K. Senecal c, Henry J. Curran a
a

Combustion Chemistry Centre, School of Chemistry, Ryan Institute, MaREI, NUI Galway, Ireland
Lawrence Livermore National Laboratory, Livermore, USA
Convergent Science, Madison, WI, USA
d
Center for Advanced Turbomachinery and Energy Research (CATER), Department of Mechanical and Aerospace Engineering, University of Central Florida,
Orlando, USA
e
King Abdullah University of Science and Technology, Clean Combustion Research Center, Physical Sciences and Engineering Division, Thuwal, Saudi Arabia
b
c

a r t i c l e

i n f o

Article history:
Received 12 May 2020
Revised 10 September 2020
Accepted 11 September 2020

Keywords:
1- and 2-pentene
Ignition delay time
NTC
Kinetic model

a b s t r a c t
1- and 2-pentene are components in gasoline and are also used as representative alkene components in
gasoline surrogate fuels. Most of the available ignition delay time data in the literature for these fuels are
limited to low pressures, high temperatures and highly diluted conditions, which limits the kinetic model
development and validation potential of these fuels. Therefore, ignition delay time measurements under
engine-like conditions are needed to provide target data to understand their low-temperature fuel chemistry and extend their chemical kinetic validation to lower temperatures and higher pressures. In this
study, both a high-pressure shock tube and a rapid compression machine have been employed to measure ignition delay times of 1- and 2-pentene over a wide temperature range (60 0–130 0 K) at equivalence
ratios of 0.5, 1.0 and 2.0 in ‘air’, and at pressures of 15 and 30 atm. At high-temperatures (> 900 K), the
experimental ignition delay times show that the fuel reactivities of 1- and 2-pentene are very similar at
all equivalence ratios and pressures. However, at low temperatures, 1-pentene shows negative temperature coeﬃcient behavior and a higher fuel reactivity compared to 2-pentene. Moreover, carbon monoxide
time-histories for both 1- and 2-pentene were measured in a high-pressure shock tube for a stoichiometric mixture at 10 atm and at high temperatures. Furthermore, species versus temperature proﬁles were
measured in a jet-stirred reactor at ϕ = 1.0 and 1 atm over a temperature range of 70 0–110 0 K. All of
these experimental data have been used to validate the current chemistry mechanism. Starting from a
published pentane mechanism, modiﬁcations have been made to the 1- and 2-pentene sub-mechanisms
resulting in overall good predictions. Moreover, ﬂux and sensitivity analyses were performed to highlight
the important reactions involved in the oxidation process.
© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction
Real gasoline fuels can be composed of over a hundred different hydrocarbon species [1]. Therefore, gasoline surrogate models
which show similar chemical and physical properties to commercial gasoline have been developed to simulate engine combustion
processes. In the development of gasoline surrogate models, generally one or two species are used to represent each of the important hydrocarbon classes in practical gasoline. Alkenes comprise
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approximately 2–5% by volume of a typical gasoline [1]. Alkenes
show higher research octane numbers compared to their corresponding alkanes and thus can directly affect the auto-ignition
behavior, and the unsaturated carbon bond can also contribute
to soot formation [2]. To represent the alkene components of
practical gasoline, 1- and 2-pentene have been adopted as representative alkene components in some gasoline surrogate models
[1–5].
Therefore, it is important to understand the fuel chemistry of 1and 2-pentene. A few studies have measured ignition delay times
(IDTs) [6–9] and ﬂame speeds [10] for both 1- and 2-pentene, and
a few kinetic models have also been developed [6,7]. Touchard
et al. [7] measured IDTs for 1-pentene at high temperatures (1130–
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Table 1
Experimental conditions of the IDT data for 1- and 2-pentene available in the literature.
T (K)

p (atm)

ϕ

Xfuel (%)

Fuel studied

Reference

700–900
1130–1620
1100–1950
1040–1880
600–1300

8
8.5
1, 10
1, 10
15, 30

1.0
0.5,
0.5,
0.5,
0.5,

2.72
1, 2
1, 2.8
0.5, 1.0
1.38, 2.72, 5.44

1-pentene
1-pentene
1- and 2-pentene
1-pentene
1- and 2-pentene

Ribaucour et al. [6]
Touchard et al. [7]
Mehl et al. [8]
Cheng et al. [9]
Current study

1.0,
1.0,
1.0,
1.0,

2.0
2.0
2.0
2.0

1620 K) at a pressure of 8.5 atm in a shock tube, and a kinetic
model describing the high temperature oxidation of 1-pentene was
developed using the EXGAS software. Mehl et al. [8] and Cheng
et al. [9] also recorded IDT data for 1- and 2-pentene in shock
tubes, with most of these data recorded for highly dilute mixtures
at pressures of less than 10 atm. Table 1 shows the experimental
conditions for all of the IDT data for 1- and 2-pentene available in
the literature and measured in the current study. Xfuel represents
the fuel percentage in the mixture. As can be seen, most of the IDT
data for 1- and 2-pentene in the literature were taken at low pressures (less than 12 atm), and only two data sets were taken under fuel in ‘air’ conditions with the remainder taken under highlydiluted conditions (~1% fuel concentration). As a consequence,
measured IDTs in shock tubes are restricted to high temperatures,
> 10 0 0 K. In this study, IDTs were measured for fuel mixtures in
‘air’ at higher pressures, thus the high-pressure shock tube (HPST)
experiments were extended to lower temperatures. Ribaucour
et al. [6] studied the auto-ignition behavior of 1-pentene in a rapid
compression machine (RCM), and observed a less pronounced negative temperature coeﬃcient (NTC) behavior compared to alkanes.
Along with the experimental results, a kinetic model was developed and validated in the low temperature regime (60 0–90 0 K).
However, Ribaucour et al. [6] only recorded one data set and volume versus time proﬁles used to simulate RCM facility effects were
not provided. Moreover, to the authors’ knowledge, there is no
RCM IDT data for 2-pentene available in the literature. Since 1and 2-pentene are important representative alkene components,
IDT data at engine-relevant conditions (fuel in ‘air’, p > 10 atm
and at relatively low temperatures of 60 0–10 0 0 K) are essential to
validate their low-temperature chemistry. Furthermore, to the authors’ knowledge, there is no jet-stirred reactor (JSR) data available
for 1- and 2-pentene in the literature.
Since there is not enough experimental data available at lowtemperature conditions, most of previously published 1- and 2pentene models mainly focused on high-temperature chemistry
[6,7,9]. As discussed earlier, 1-pentene shows a less pronounced
NTC behavior compared to n-pentane, which was not seen for 1butene, even at higher pressures [11]. As a consequence, from ethylene to 1-heptene, 1-pentene is the ﬁrst 1-alkene to show NTC
behavior which is also observed for 1-hexene [12] and 1-heptene
[13]. Therefore, building a 1-pentene kinetics model can help in
understanding the low-temperature chemistry of all alkenes. Some
published quantum chemistry calculations for alkene chemistry
[14–20] has aided our understanding of alkene chemistry. Moreover, since 1- and 2-pentene share potential energy surfaces for
important intermediate species and some identical intermediate
products (1-penten-3-yl, 1,3-pentadiene, etc.) and also have similar
reaction pathways during their oxidation (Waddington mechanism,
allyl radicals combination with hydroperoxyl radicals, etc.), consistent rate constants need to be used for 1- and 2-pentene kinetic
models. Therefore, it is important to develop the two kinetic models simultaneously. Furthermore, pentenes are important intermediate species formed during the oxidation of pentanes. Some reaction pathways can affect both pentene and pentane chemistry,
thus the pentene and pentane models should be validated simultaneously.

Table 2
Experimental conditions studied for both 1- and 2-pentene in the HPST and RCM.
T (K)

p (atm)

ϕ

Dilution (%)

650–1300

15, 30

0.5, 1.0, 2.0

74.8–77.9

In this paper, IDTs of 1- and 2-pentene over a wide temperature
range (60 0–130 0 K) and at high pressure (15 and 30 atm) conditions have been measured using both a high-pressure shock tube
(HPST) and a rapid compression machine. A JSR has also been used
to measure reactant, intermediate and product species proﬁles for
both 1- and 2-pentene oxidation, in the temperature range 700–
1100 K, at ϕ = 1.0 and p = 1 atm. Carbon monoxide time-histories
for both 1- and 2-pentene were measured in a high-pressure shock
tube at high pressures and at high temperatures. Moreover, a kinetic model has been developed based on a published pentane
mechanism [21] to capture the auto-ignition behavior as well as
species proﬁles for both 1- and 2-pentene.
2. Experimental speciﬁcations
2.1. Ignition delay time measurements
In this study, both a HPST and an RCM at NUI Galway were employed to conduct the experiments. The HPST was used to measure
IDTs of less than 3 ms which are too short to be reliably measured
in the RCM. A brief description of the facility will be given here
as detailed descriptions have been reported previously [22,23]. Detailed descriptions of the facilities are also provided as Supplementary material. The gas temperature and pressure behind the
reﬂected shock wave were calculated using GasEq [24] based on
the measured incident shock velocity and initial conditions of temperature, pressure and mixture composition. The compressed gas
temperatures in the RCM experiments are calculated using GasEq
based on the measured compressed pressure and initial conditions
of pressure, temperature, and mixture composition.
As discussed above, IDTs of 1- and 2-pentene have been measured for fuel/‘air’ mixtures at relatively high pressures (15 and 30
atm) over a wide temperature range (60 0–130 0 K). In the experiments, ‘air’ refers to the diluent (nitrogen or argon) and oxygen in
a ratio of 79:21. The designed experimental conditions are shown
in Table 2.
The deﬁnitions of IDTs measured in the HPST and RCM are
shown in Fig. 1, which are based on the measured pressure traces
in the two facilities. As shown in Fig. 1(b), two-stage ignition behavior was observed in the 1-pentene RCM experiments. The deﬁnitions of 1st and 2nd IDT are also shown in Fig. 1(b). As discussed
in previous studies [11], a 20% uncertainty is assigned to all of the
IDT measurements in both facilities.
High purity 1- and 2-pentene fuels were provided by SigmaAldrich. The purity of 1-pentene is > 98.5%, and 2-pentene is a
mixture of trans- and cis-2-pentene with a purity higher than 99%.
IDT measurements for trans-2-pentene (> 99%) were performed
and the results are very close to that of trans- and cis-2-pentene
mixture, with the comparison provided in Fig. S3 of the Supplementary material. Therefore, a mixture of trans- and cis-2-pentene
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Fig. 1. Deﬁnition of ignition delay time measurements in (a) a HPST and (b) an RCM.

has been used for the RCM and HPST experiments. High purity
oxygen (> 99%), nitrogen (> 99%) and argon (> 99%) provided by
BOC were used in the experiments.
2.2. Species time-histories measurements in a high-pressure shock
tube
Carbon monoxide time-histories were measured in a highpressure shock tube at UCF with detailed descriptions of the facility presented in [25–31]. The velocity of the incident shock wave
was measured using ﬁve piezoelectric pressure transducers. The
temperature (T5 ) and pressure (p5 ) behind the reﬂected shock were
calculated through quasi one-dimensional normal shock relations
using the measured incident shock velocity. Eight equally spaced
ports around the circumference of the tube, 2.0 cm from the endwall, were used for pressure and spectroscopic measurements. 1pentene was obtained from Sigma-Aldrich (≥ 99.5% purity), while
trans-2-pentene was obtained from Alfa Aesar (99% purity). To
measure carbon monoxide time-histories, a continuous wave, distributed feedback quantum cascade laser centered at 2046.30 cm–1
from Alpes Lasers (TO3-L-50) was used [32–34]. Detailed descriptions of the laser setup and experiment process are provided as
Supplementary material. The correlation for CO absorption crosssection is taken from Ninnemann et al. [35]. Despite using a correlation with temperature and pressure dependence, the temperature rise due to the observed ignition event was not quantiﬁed;
thus, the CO time-histories are truncated before there is a significant pressure rise. For these experiments, the IDT is deﬁned at
the maximum rate of change in pressure due to the ignition event
from time zero (minimum of the observed Schlieren spike).
2.3. JSR species proﬁle measurements
The JSR experimental setup in KAUST has been described previously [36]. Reactants (fuels and oxidizer) were introduced to
a fused silica spherical reactor (volume 76 cm3 ). Perfect mixing
was achieved by ﬂowing reactant via four opposing nozzles (ID
0.3 mm) [37]. Detailed descriptions of the facility and experiment
process are provided in the Supplementary material. The experiments were performed at a steady state, at a constant pressure of
1 atm with a temperature of 750–1025 K, and a constant mean
residence time τ = 2 s. A mixture composition of 0.4% fuel/3%
O2 /96.6% N2 was used for these measurements, corresponding to
stoichiometric equivalence ratio. Measurement repeatability was
observed to be within 10%, and uncertainty of temperature measurement was determined as 25 K.

Table 3
Major updated reaction classes and references in the current model.
No.

Reaction pathways

Reference

1

ȮH addition to C = C
double bond
Waddington mechanism,
Hydroxy-alkylperoxy
radical isomerization and
HȮ2 elimination
Alkenylperoxy radical
isomerization and
decomposition
Pentene + HȮ2
Pentene + Ḣ
Isomerization and
decomposition of pentenyl
radicals

[39]

2

3

4
5
6

[14]

[15,16]

[18]
[19]
[20]

3. Chemistry mechanism development
Bugler et al. published a chemistry model [38] describing the
oxidation of the pentane isomers which contains sub-models for
1-pentene and 2-pentene. However, the low temperature reaction
pathways for these alkenes are missing. As discussed above, previous experimental results show that 1-pentene has an NTC behavior, which indicates the importance of low-temperature chemistry. In this paper, signiﬁcant modiﬁcations have been made to
the pentene sub-mechanism contained in Bugler et al. [38] mechanism. Moreover, rate constants of some important reaction classes
have been updated according to some recent literature studies
[14,15,16,18,39]. Some of the important improvements are shown
in Table 3 and are discussed in detail below. The thermochemical
parameters for the species related to the pentene chemistry were
calculated using THERM [40], with updated group values from
Burke et al. [41] and Li et al. [42]. A new reaction sub-mechanism,
NUIGMech1.0, was used to develop the current model and the ﬁnal
mechanism is available as Supplementary material.

3.1. Low-temperature chemistry
3.1.1. ȮH addition to the double bond
It is well known that ȮH radical addition to the double bond
is one of the most important reaction classes for alkene chemistry,
as the hydroxyalkyl radicals so produced can add to molecular oxygen and form hydroxyalkyl-peroxyl radicals which can undergo β -
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pointed out by Loison et al. [46] and Feltham et al. [47], which
is consistent with the results from [17,45], while for 1-butene it is
suggested to be 75:25 [46,47]. Thus, in this study, a branching ratio
of 75:25 for ȮH addition to the terminal and central carbon sites
for 1-pentene is used.

Fig. 2. Comparison of rate constants for ȮH addition to the central carbon site of
alkenes at 10 atm from the literature [17,39,45].

scission producing aldehydes and hydroxy radicals, which is known
as the Waddington mechanism, Eqs. (1)–(4).

C5 H10 –1 + ȮH = Ċ5 H10 OH12

(1)

Ċ5 H10 OH12 + O2 = C5 H10 OH-2Ȯ2

(2)

C5 H10 OH-2Ȯ2 = C5 H10 OOH2–1Ȯ

(3)

C5 H10 OOH2–1Ȯ = nC3 H7 CHO + CH2 O + ȮH

(4)

In addition to the Waddington reaction pathway, it is also suggested that hydroxyalkyl-peroxyl radicals can undergo intramolecular hydrogen transfer reactions, similar to those involved in
the low temperature chemistry of alkanes, which can also contribute to low-temperature reactivity [43,44]. Therefore, the rate
constants of ȮH radical addition to the C = C double bond is
critically important in predicting low-temperature alkene chemistry. There have been a number of recent experimental and
theoretical studies concerning ȮH radical addition to the double bond in alkenes [17,39,45]. Zádor et al. [17] studied the reaction of hydroxyl radicals with propene using quantum chemistry calculations. Following this study, they also investigated the
rate constants of ȮH addition to the double bond of propene
in the reverse direction and validated experimental results [45].
Antonov et al. [39] performed a combined experimental and
theoretical study of the reaction of ȮH with trans-2-butene.
Figure 2 shows the comparison of the rate constants of ȮH addition to the central carbon site. It can be seen that at 600 K,
the rate constants from the experimental study of Zádor et al.
[45] (published in 2013) are about a factor of 3.2 higher than their
values from their theoretical study published in 2009 [17], while
the rate constants from Antonov et al. [39] lie between them. As
Antonov et al. [39] only performed their experiments in the temperature range of 40 0−80 0 K, a comparison of these rate constants
at higher temperatures is also shown in Fig. 2. It is observed that
the differences in all of these rate constants are within a factor
of two at 10 0 0 K. It is suggested that the reaction of ȮH addition
to the double bond is only important at temperatures lower than
800 K. In this work, rate constants from the Antonov et al. study
[39] were employed for ȮH addition to the central carbon site for
both 1 and 2-pentene. The branching ratio of ȮH addition to the
terminal and central carbon sites for propene is about 50:50, as

3.1.2. Waddington mechanism, hydroxy-alkylperoxy radical reactions
As suggested by Zhou et al. [44], after the addition of ȮH radicals to the C = C double bond and the subsequent hydroxyalkylperoxyl radical addition to O2 , in addition to the Waddington reaction pathway, hydroxyalkyl-peroxyl radicals can also isomerize
via internal hydrogen atom transfer, which is similar to the low
temperature chemistry of alkanes, and can ultimately contribute to
low-temperature reactivity. In this work, these reactions have been
added to the mechanism.
Following ȮH addition to the double bond, the hydroxyalkyl
radicals so formed add to molecular oxygen, and the resulting hydroxy-alkylperoxy radicals can proceed through Waddington mechanism and alternate internal H-atom isomerization reactions in chain branching, similar to those for alkanes. The rate
constants for the Waddington mechanism, HȮ2 elimination, H-shift
and cyclic ether formation are taken from Lizardo-Huerta et al.
[14]. For the β -scission of the hydroperoxy-alkyl oxide, other possible reaction pathways besides Waddington mechanism have also
been considered, and the rate constants are taken by analogy with
alkyl oxides [48].
3.1.3. Alkene + HȮ2 reactions
There are several reaction pathways for alkene + HȮ2 , including
H-atom abstraction by and addition of HȮ2 radicals to the double
bond, forming alkyl-peroxy or hydroperoxy-alkyl radicals. For Hatom abstraction, rate constants are taken from Zádor et al. [18].
HȮ2 elimination from alkyl-peroxy or hydroperoxy-alkyl radicals is
a prominent reaction pathway for alkene consumption and is also
important for the corresponding saturated alkane chemistry. In
previous studies of alkane chemistry oxidation [21,49,50,51], consistent rate constants were used for the same low-temperature reaction classes of different alkanes, resulting in good predictions of
experimental IDT and species proﬁle measurements. Rate constants
for RȮ2 isomerization to QȮOH are from Sharma et al. [52], and
rate constants for HȮ2 elimination from RȮ2 , cyclic ether formation from QȮOH and HȮ2 elimination from QȮOH are from Villano
et al. [53,54]. In previous studies [6,21], alkane and alkene chemistry have not been simultaneously validated. However, alkene
chemistry can show different sensitivities to these important reaction classes compared to alkanes, since the reaction starts from the
alkene + HȮ2 side in alkenes [18]. The competition of RȮ2 isomerization to QȮOH and HȮ2 elimination from RȮ2 is very important
in predicting NTC behavior in alkanes. Among these reactions, HȮ2
elimination from QȮOH is more important in alkene chemistry. In
this paper, the rate constants for this reaction class are taken from
Zádor et al. [18]. For the reaction of Ċ5 H10 OOH1–2 decomposing to
C5 H10 –1 and HȮ2 , the rate constants from Zádor et al. [18] are between a factor of 9 and 3 slower than those of Villano et al. [54] at
low temperatures (650–10 0 0 K), corresponding to a difference of
~2 kcal mol–1 in activation energy in the calculations performed
by Zádor et al. [18] and Villano et al. [53,54].
3.1.4. H-atom abstraction reactions
In this study, H-atom abstractions by Ö and Ḣ atoms, and ȮH,
HȮ2 , ĊH3 , CH3 Ȯ and CH3 Ȯ2 radicals as well as O2 have been considered. For H-atom abstraction by radicals, the vinylic and allylic
sites are treated separately as their corresponding C – H bond dissociation energies are quite different to those for alkanes. Most of
the rate constants for vinyl and allylic sites are taken by analogy
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with ethylene, propene and butene which we have published previously [11,44]. For secondary and primary alkane-like carbon sites,
rate constants are taken by analogy with alkane chemistry [21].
Among these reactions, H-atom abstraction by ȮH has the largest
effect on IDT predictions.
Allylic H-atom abstraction by molecular oxygen has proven to
be very important for alkene chemistry, which can inhibit fuel reactivity at low temperatures and promote fuel reactivity at high
temperatures [11]. In this paper, the rate constants calculated by
Zhou et al. [55] have been used for allylic H-atom abstractions by
O2 .
In addition, H-atom abstraction reactions from vinylic carbons
have been adopted with rate constants from analogous reactions
of the butene isomers [11,56]. Although these reactions have minor
contribution to fuel consumption, their roles are not trivial, since
the reaction of vinylic radicals with O2 can greatly promote reactivity especially at high temperatures [44,57].
3.1.5. Allylic radicals + HȮ2 reactions
During pentene oxidation, allylic radicals (Ċ5 H9 1–3 and Ċ5 H9 2–
4) are present in much higher concentrations than other alkenyl
radicals, which is due to their more favored formation channels
and lower rates of consumption as they are resonantly stabilized
radicals. These allylic radicals can react with HȮ2 and produce ȮH
radicals, which increases reactivity. Thus, this reaction class is very
important at low to intermediate temperatures (60 0–90 0 K). The
rate constants of this reaction class are based on analogy with allyl + HȮ2 calculated by Goldsmith et al. [58] and the rate constants
of secondary allylic radicals were increased by a factor of 2.0.
3.1.6. Alkenyl-peroxy radical (RȮ2 ) reactions
For alkenyl-peroxy radicals, reaction pathways of HȮ2 elimination, isomerization to QȮOH and cycloadditions have been included in this study, with their rate constants taken from [15] and
[16].
Among the alkenyl-peroxy radicals, allyl-peroxyl radicals are
thermodynamically less stable than alkyl-peroxyl radicals. There
are several studies of allylic RȮ2 reaction pathways [15,59], however, the chemistry of allyl-peroxyl radicals are not well understood. Allylic RȮ2 radical chemistry is highly dependent on the energy barriers for their stabilization in the R˙ + O2 ↔ RȮ2 equilibrium, as it is very easy for them to decompose back to reactants
due to the 15 kcal mol–1 lower energy barrier, it being 19.9 kcal
mol–1 as compared to ~35 kcal mol–1 for alkanes [11]. The increased carbon chain length can introduce more internal H-shift
reaction pathways with lower energy barrier. For instance, when
abstracting hydrogen atoms from the secondary carbon site, the
energy barrier of a 1,5 H-shift reaction is comparable to that of
the decomposition reaction of allylic RȮ2 radicals [15]. This suggests that the allylic RȮ2 reaction pathway may be important for
an alkene molecule larger than 1-pentene. Also, the thermochemistry of allyl-peroxy radicals can also greatly affect the reaction
pathway of allylic RȮ2 radicals since it affects the reverse rate constant when only the forward rate constant is speciﬁed. The thermochemistry of C4 H7 1–3OOH has been estimated using quantum
chemistry calculations and also compared to values in the literature [60]. These values have been used to update the group values
in the THERM code [40] to estimate the thermochemistry of larger
molecules.
For non-allylic allyl-peroxyl radicals, the weaker allylic C – H
bond can signiﬁcantly affect the reaction pathways of RȮ2 and
QȮOH, which will be discussed in detail in the following section.
Alkenyl-peroxy radicals can also undergo cycloaddition reactions producing cyclo-peroxy radicals. Among the three reaction
pathways of alkenyl-peroxy radicals, the cycloaddition reactions
may be the dominant pathways for some alkenyl-peroxy radicals,

which is mainly due to the presence of the C = C double bond
which increases the energy barrier for the reactions leading to HȮ2
elimination and isomerization to QȮOH. This reaction pathway has
been discussed previously and its importance has been highlighted
[15,16,61]. More details on the cycloaddition reactions are provided
in Section 4.4.
3.2. High-temperature chemistry
3.2.1. Unimolecular fuel decomposition
Unimolecular fuel decomposition reactions are very important at high temperatures. The unimolecular decomposition of 1pentene producing allyl and ethyl radicals is one of the major reaction pathways at high temperatures (> 1200 K), which increases
the system’s reactivity. In addition, the retro-ene reaction producing propene and ethylene was also included. The rate constants for
both reactions were measured by Tsang et al. [62] and have been
adopted in this study.
3.2.2. Ḣ atom addition to the double bond
In addition to abstraction reactions by Ḣ atoms which occur at
both low and high temperatures, Ḣ atom addition to the double
bond producing alkyl radicals is more important at high temperatures. The rate constants for Ḣ atom addition reactions and the
subsequent alkyl radical β -scission reactions are taken from the
calculations by Power et al. [19].
3.2.3. Vinylic radical reactions
As discussed above, the reaction of vinylic radicals with O2 can
greatly promote reactivity, especially at high temperatures [44,57].
In this study, the rate constants of these reactions are taken by
analogy with vinyl and methyl vinyl radicals from Goldsmith et al.
[63] and Chen and Goldsmith [64].
3.2.4. Alkenyl radical reactions
Both isomerization and β -scission reactions of alkenyl radicals
have been included with the rate constants taken from the work
of Sun et al. [20].
4. Results and discussion
4.1. Model performance against experimental IDT data
Simulations of IDTs measured in both the HPST and in the RCM
were performed using Chemkin software [65]. The HPST data are
simulated assuming constant volume conditions. For the RCM simulations, effective volume history proﬁles derived from the nonreactive pressure traces were used to account for volume change
and heat losses (i.e., the facility effects of the RCM).
Figures 3 and 4 show comparisons between simulated and
experimental results for 1-pentene using the newly developed
model. In the intermediate temperature range, the current model
is slightly slow for 1-pentene at fuel-lean conditions. In the experiments, an obvious two-stage ignition behavior is only observed at
low pressures for fuel-lean conditions, and the pressure rise after
the ﬁrst-stage ignition is very weak at high temperatures. The current model over-predicts ﬁrst-stage IDTs at both 15 and 30 atm.
Overall, the new model captures well the auto-ignition behavior
of 1-pentene from low to high temperatures at different equivalence ratios and pressures. 1-pentene shows a less pronounced
NTC behavior compared to n-alkanes in the intermediate temperature regime (~750–850 K). At all equivalence ratios fuel reactivity
increases with increasing pressure. Moreover, it can be seen that
pressure has a larger effect on observed IDTs for fuel-lean mixtures
compared to fuel-rich ones, especially in the temperature range
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Fig. 3. Effects of pressures on 1-pentene IDTs. (a) ϕ = 0.5, (b) ϕ = 1.0, (c) ϕ = 2.0. Solid symbols: HPST data. Open symbols: RCM data. Half-ﬁlled symbols: ﬁrst-stage IDT
data. Solid lines: constant-volume simulations. Dashed lines: RCM simulations including facility effect. Dash dotted lines: ﬁrst-stage IDTs predicted for RCM simulations.

Fig. 4. Effects of equivalence ratios on 1-pentene IDTs. (a) 15 atm, (b) 30 atm. Solid symbols: HPST data. Open symbols: RCM data. Solid lines: constant-volume simulations.
Dashed lines: RCM simulations including facility effect.
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Fig. 5. Effects of pressures on 2-pentene IDTs. (a) ϕ = 0.5, (b) ϕ = 1.0, (c) ϕ = 2.0. Solid symbols: HPST data. Open symbols: RCM data. Solid lines: constant-volume
simulations. Dashed lines: RCM simulations including facility effect.

70 0–90 0 K (depending on the pressure), which is different compared to that for n-pentane [21]. This is believed due to the difference between alkane and alkene chemistry and will be discussed
in detail in Section 4.4.
Figure 4 shows the equivalence ratio effects at different pressures. IDTs decrease with increasing equivalence ratios, and the
model captures this effect well. Moreover, the effect of equivalence
ratio on fuel reactivity decreases with increasing pressure, which
is similar to the effect of pressure and will be discussed below.
Figures 5 and 6 show comparisons between simulations and
experimental results for 2-pentene. 2-pentene does not show an
NTC behavior, which was observed for 1-pentene. The fuel reactivity of 2-pentene increases with increasing equivalence ratios and
pressures. The model captures well the experimental auto-ignition
behavior of 2-pentene from low to high temperatures at different
equivalence ratios and at different pressures.
Figure 7 provides a direct comparison of the reactivities of
1- and 2-pentene at 15 atm over a wide range of temperature
at different equivalence ratios. Both 1- and 2-pentene show very
similar reactivities at high temperatures (> 900 K). However, 1pentene shows an NTC behavior and higher reactivity compared
to 2-pentene at low- to intermediate-temperatures (~650–800 K)
at different equivalence ratios. In some previous gasoline surrogate fuel models, both 1- and 2-pentene were employed to represent the alkene component [1–5]. Since the experimental re-

sults show that the low-temperature fuel reactivity of 1- and 2pentene are different, this difference should be considered when
choosing the representative components for gasoline surrogate
models.

4.2. Model performance against shock-tube CO time-histories
Figures 8 and 9 show comparisons of simulated and experimental CO time-histories and IDTs for 1- and 2-pentene. Only validations of one case for each fuel are given here and all of the validation results are provided in Figs. S4 and S5 of the Supplementary material. All of these experiments were taken at highly diluted
conditions, with fuel concentration of 0.25%. As can be seen, the
new model slightly over-predicts the IDTs at different temperatures
and the predicted position of the peak value for the CO mole fraction is also retarded. For all of the cases, auto-ignition occurs when
the CO mole fraction reaches ~60 0 0 ppm. This is mainly due to
the following: both CO and ȮH radicals are important indicators of
high temperature heat release. CO can react with hydroxyl radicals
producing CO2 and Ḣ atoms, which results signiﬁcant heat release,
eventually contributing to auto-ignition. Since the reactions controlling the formation and consumption of CO are mainly included
in the base chemistry, the model performance also indicates that
the current base chemistry is reliable.
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Fig. 6. Effects of equivalence ratios on 2-pentene IDTs. (a) 15 atm, (b) 30 atm. Solid symbols: HPST data. Open symbols: RCM data. Solid lines: constant-volume simulations.
Dashed lines: RCM simulations including facility effects.

Fig. 7. Fuel reactivity comparison of 1- and 2-pentene under different pressures. Solid symbols: HPST data. Open symbols: RCM data. Solid lines: constant-volume simulations. Dashed lines: RCM simulations including facility effect.

4.3. Model performance against experimental JSR data
Figure 10 shows comparisons of simulated and experimental
JSR species proﬁles for 1- and 2-pentene. Only validations for important species are given here and all of the validation results
are given in Fig. S7 of the Supplementary material. The current

model over-predicts the CO2 mole fraction for 1-pentene at 1025 K,
which may be attributed to the high concentration of C2 species
(acetylene and ethylene) in the experiments at the same condition. The model predicts that these species are oxidized at 1025 K,
while in the experiments this oxidation may be shifted to slightly
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Fig. 8. Pressure (blue) and carbon monoxide time-histories (red) during oxidation (ϕ = 1): (a) 1-pentene at T = 1228 K, p = 10.03 atm, (b) 2-pentene at T = 1246 K, p = 9.26
atm. Solid lines represent experimental results and dashed lines the mechanism simulations. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

are consumed via H-atom abstraction by ȮH radicals, and the remaining 63% of the fuel is consumed by addition of ȮH radicals to
the double bond. H-atom abstraction leading to the formation of
three different pentenyl radicals, with 1-penten-3-yl (Ċ5 H9 1–3) being the major radical formed (19.9%) as it is resonantly stabilized.
Most of these react with HȮ2 and ultimately produce C5 H9 Ȯ1–
3/ C5 H9 Ȯ2–1 and ȮH radicals. The subsequent decomposition of
C5 H9 Ȯ1–3 radicals mainly produces ethyl radicals and acrolein.
The other two pentenyl radicals, 1-penten-4-yl (Ċ5 H9 1–4) and 1penten-5-yl (Ċ5 H9 1–5) mainly add to O2 to form alkenyl-peroxy
radicals.

Fig. 9. Ignition delay time of stochiometric oxidation of 1 and 2-pentene in oxygen,
(0.25% fuel loading, balanced in argon). IDTs are deﬁned as the maximum pressure
rise rate due to ignition. Solid symbols: experimental data. Solid lines: simulations
including pressure rise.

higher temperatures not measured here. Overall, the newly developed model can capture well most of the species proﬁles.
In this study, new IDT data, CO time histories and species proﬁles were measured at different conditions, for fuel in ‘air’ and
highly diluted conditions, in various facilities. The newly developed
model can capture well all of these targets.
4.4. Flux and sensitivity analyses based on the newly developed
model
To better understand the difference in reactivity of both fuels,
ﬂux and sensitivity analyses were performed using the Chemkin
[65] software. Figure 11 shows the ﬂux analyses results for both 1and 2-pentene, with only the major reaction pathways shown.
At 650 K, more than 96% of 1- and 2-pentene are consumed via
reaction with hydroxyl radicals. About 33% of the fuel molecules

C5 H9 1–4 + O2 = C5 H9 1–4Ȯ2

(5)

C5 H9 1–4Ȯ2 = C5 H8 1–3 + HȮ2

(6)

C5 H9 1–5 + O2 = C5 H9 1–5Ȯ2

(7)

C5 H9 1–5Ȯ2 = Ċ5 H8 1OOH5–3

(8)

About 51% of C5 H9 1–4Ȯ2 radicals are consumed via concerted
HȮ2 elimination producing 1,3 pentadiene (1,3-C5 H8 ) + HȮ2 as
the C – H bond of the allylic site is weaker and a ﬁve-membered
transition state (TS) ring H-atom isomerization reaction is involved, Eqs. (5) and (6) and another major reaction pathway
(~40%) is cycloaddition. C5 H9 1–5Ȯ2 radicals mainly undergo isomerization to hydroperoxy-alkenyl radicals followed by a second
addition to O2 leading to chain branching, as this sequence involves six-membered TS ring isomerization reactions, Eqs. (7) and
(8). Therefore, for the reaction pathways of pentenyl radicals,
reactive hydroxyl radicals are consumed by H-atom abstraction reactions while fewer of them or less reactive hydroperoxyl radicals are produced due to the presence of the double bond in 1pentene relative to n-pentane, thus decreasing the reactivity of
1-pentene relative to n-pentane. For 2-pentene, approximately 42%
of fuel molecules are consumed through H-atom abstraction, with
1-penten-3-yl (Ċ5 H9 1–3) and 1-penten-4-yl (Ċ5 H9 2–4) being the
major radicals formed as they are resonantly stabilized, and the
subsequent reaction pathways of these pentenyl radicals are similar to those in 1-pentene. C5 H9 2–5Ȯ2 radicals mainly undergo cycloaddition reactions producing cyclo-peroxy radicals, which indicates cycloaddition should be included in the low-temperature
mechanisms of alkenes.
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Fig. 10. Experimental and simulated results of species data. Solid symbols: JSR data. Solid lines: model simulations.

Approximately 63% of 1-pentene is consumed via the Waddington mechanism in which hydroxyl radicals add across the double
bond, leading to the formation of Ċ5 H10 OH1–2 and Ċ5 H10 OH2–
1 radicals. These radicals then add to molecular oxygen to produce C5 H10 OH1–2Ȯ2 and Ċ5 H10 OH2–1Ȯ2 radicals and can subsequently react by abstracting the alkoxy H-atom with subsequent
decomposition of the hydroperoxy-alkoxy radical producing aldehydes and ȮH radicals. However, in addition to this Waddington reaction pathway, C5 H10 OH1–2Ȯ2 and Ċ5 H10 OH2–1Ȯ2 radicals
can also undergo internal H-atom re-arrangements of available Hatoms on other carbon sites to form alcoholic hydroperoxyl-alkyl
radicals which can add to O2 and proceed to chain branching.
For 1-pentene, almost 19% of the fuel ﬂux proceeds via this chain
branching pathway. Therefore, for 1-pentene, the C5 H10 OH1–2Ȯ2
and C5 H10 OH2–1Ȯ2 radicals and C5 H9 1–5Ȯ2 radical contribute to
chain branching reaction pathways, with the C5 H10 OH1–2Ȯ2 radical contributing most. However, for 2-pentene fewer fuel molecules
(45%) go through the Waddington mechanism as the rate of ȮH
radical addition to the central carbon site is slower than that to
the terminal carbon site. Moreover, due to the location of the hydroxyl group, H-atom transfer from the carbon site with the hydroxyl group is the dominant reaction pathway other than H-atom
transfer from the primary carbon sites, due to the weaker C –
H bond resulting from the hydroxyl group. Therefore, the radicals formed by ȮH addition across the double bond mainly decompose via chain propagation reaction pathways. As a result, 2pentene shows lower fuel reactivity compared to 1-pentene at lowtemperatures.
At 800 K, as can be seen from Fig. 11, the branching ratio of
ȮH radicals adding to the double bond descreases for both 1- and

2-pentene, which is mainly due to the competition with H-atom
abstraction by ȮH radicals. As shown in Fig. 3, in this temperature
regime, a less pronounced NTC behavior is observed for 1-pentene
compared to n-pentane. The NTC behavior observed in n-alkanes
is believed to be mainly due to the competition of chain branching and chain propagation reaction pathways [21], with the chain
propagation pathway mainly producing HȮ2 radicals, which decreases the system’s reactivity and consequently results in a more
pronounced NTC behavior. However, for 1-pentene, both the reaction pathways of H-atom abstraction producing alkenyl radicals
and the Waddington mechanism compete with the chain branching reaction pathways. Both the Waddington mechanism and the
reaction pathway of 1-penten-3-yl radicals with HȮ2 produce reactive ȮH radicals rather than less reactive HȮ2 radicals which
are produced from alkyl-peroxy radical elimination reactions or
alkyl radicals produced from β -scission of alkyl radicals in alkanes. As the chain propagation reaction mainly produces reactive
ȮH radicals rather than HȮ2 radicals, the competition of chain
propagation and chain branching reaction pathways shows a relatively smaller effect on auto-ignition for alkenes compared to alkanes. Therefore, a less pronounced NTC behavior is observed for
1-pentene.
As discussed in Section 4.1, the effect of increasing pressure decreases as the fuel mixtures become richer, which is different to
that observed for n-pentane [21]. For alkane chemistry, in the intermediate temperature regime, an increase in fuel reactivity with
increasing pressure is mainly due to the chain branching pathways: RH + HȮ2 = Ṙ + H2 O2 followed by H2 O2 (+M) = ȮH + ȮH
(+M), since the fuel concentration ([RH]) increases with increasing pressure. Therefore, increasing fuel reactivity with increasing
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Fig. 11. Flux analysis results based on constant volume simulations for 1- and 2-pentene at ϕ = 1.0 in ‘air’, p = 30 atm and 20% fuel consumed. Numbers represent the
percentage of fuel ﬂux that goes into a particular species. Black numbers represent ﬂux at 650 K, blue numbers represent ﬂux at 800 K, and red numbers represent ﬂux at
1200 K. Ṙ is the sum of ȮH, HȮ2 and ĊH3 radicals and Ḣ and Ö atoms. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
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Fig. 12. Sensitivity analyses for 1- and 2-pentene at ϕ = 1.0 in ‘air’, p = 15 and 30 atm, and T = 650, 800, 1200 K.
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pressure does not change much at different equivalence ratios.
However, for 1-pentene, in this temperature regime, 1-penten-3yl (Ċ5 H9 1–3) radicals mainly react with HȮ2 producing C5 H9 Ȯ1–
3 radical and one ȮH radical. With increasing equivalence ratios,
the increased fuel concentration ([RH]) results in higher concentrations of Ċ5 H9 1–3 radicals and promotes the reaction of Ċ5 H9 1–
3 with HȮ2 radicals. Consequently, this results in fewer HȮ2
re-combinations producing H2 O2 which decomposes into two ȮH
radicals, Eqs. (9)–(12).

the reaction pathway of ȮH addition, reactions that consuming
hydroxyl radicals and producing pentenyl radicals inhibit reactivity. For 2-pentene, the sensitivity coeﬃcients of the reactions are
much lower than those for 1-pentene. Meanwhile, the reactions
associated with the Waddington mechanism have a smaller effect
on reactivity compared to those for 1-pentene because the produced hydroxy-alkylperoxy radicals mainly undergo chain termination and propagation reactions.

C5 H10 –1 + ȮH = Ċ5 H9 1–3 + H2 O

5. Conclusions

(9)

C5 H10 –1 + HȮ2 = Ṙ + H2 O2

(10)

Ċ5 H9 1–3 + HȮ2 = C5 H9 Ȯ1–3 + ȮH

(11)

H2 O2 + (M) = ȮH + ȮH (+ M)

(12)

Flux analysis results for HȮ2 consumption at different conditions are provided in Fig. S11 of the Supplementary material.
The HȮ2 ﬂux of H-atom abstraction by HȮ2 radicals from stable
molecules does not change much at different conditions. With increasing equivalence ratios, more HȮ2 radicals react with Ċ5 H9 1–3
radicals producing ȮH radicals, and the percentage of HȮ2 recombining to produce H2 O2 decreases. In this temperature range, only
20 – 50% of H2 O2 decomposes into two ȮH radicals. Thus, the reactions of 1-penten-3-yl (Ċ5 H9 1–3) and HȮ2 radicals are more eﬃcient in converting HȮ2 radicals into ȮH radicals, and hence these
reaction pathways promote reactivity. At fuel-lean conditions, the
fraction of HȮ2 radicals that react with Ċ5 H9 1–3 radicals increases
signiﬁcantly as the pressure increases from 15 atm to 30 atm. For
stoichiometric and fuel-rich conditions, the fraction of HȮ2 radicals
that react with Ċ5 H9 1–3 radicals does not change as much with
increasing pressure as observed at fuel-lean conditions. That is the
major reason that pressure shows a greater effect on IDTs at fuellean compared to fuel-rich conditions.
At 1200 K, most of 1-pentene is consumed by H-atom abstraction producing alkenyl radicals, with the Waddington mechanism no longer important. Most Ċ5 H9 1–3 and Ċ5 H9 1–5 radicals undergo β -scission reactions. For Ċ5 H9 1–4 radicals, a large
proportion (~54%) of these radicals undergo β -scission and isomerization reactions. About 40% of these radicals add to O2 to
form alkenyl-peroxyl radicals and, following HȮ2 elimination, produce 1,3-pentadiene and HȮ2 radicals. Other important reaction
pathways include unimolecular decomposition and H-atom addition to the double bond, producing smaller alkenes, and alkenyl
and alkyl radicals. For 2-pentene, most of the fuel is consumed
by H-atom abstraction producing alkenyl radicals. The reaction
of Ċ5 H9 1–3 radicals is similar to those of 1-pentene, producing
1,3-butadiene and ĊH3 radicals. Ċ5 H9 2–4 radicals mostly undergo
β -scission and/or reactions with O2 producing 1,3-pentadiene,
and most Ċ5 H9 2–5 radicals proceed by addition to O2 to form
alkenyl-peroxyl radicals followed by HȮ2 elimination producing
1,3-pentadiene. At high temperatures (> 1200 K), the reactivity
of 2-pentene is slightly lower than that of 1-pentene, mainly because 1-pentene produces higher concentrations of smaller alkenes
and alkenyl radicals which promote reactivity. However, for 2pentene, more than 30% of the fuel is consumed by producing 1,3pentadiene, consequently inhibiting reactivity.
Figure 12 shows the results of brute force sensitivity analyses for both 1- and 2-pentene. Positive values indicate reactions
that inhibit reactivity and negative values promote reactivity. The
brute force sensitivity results are consistent with, and support,
the ﬂux analysis results. For 1-pentene, the reactions that promote reactivity include hydroxyl radical addition to the double
bond and the following chain branching reactions. Competing with

(1) Ignition delay times for 1- and 2-pentene oxidation in ‘air’ at
various equivalence ratios, at 15 and 30 atm and over a wide
temperature range were studied using both a high-pressure
shock tube and a rapid compression machine. These new
data together with species proﬁles measured in a JSR and
CO time-histories measured in a HPST are used for model
validation.
(2) The experimental results show that 1- and 2-pentene show
similar fuel reactivities at high temperatures (> 900 K),
while 1-pentene shows an NTC behavior and higher fuel
reactivity compared to 2-pentene at intermediate temperatures (650–800 K).
(3) The newly developed chemical kinetic model can capture
well the auto-ignition behavior of both 1- and 2-pentene
at different temperatures and pressures. Flux and sensitivity
analyses show that, at low temperatures, hydroxyl radicals
add across the double bond, followed by addition to molecular oxygen producing hydroxy-alkylperoxy radicals. These
radicals can further proceed via the Waddington mechanism
or other alternate internal H-atom isomerization reactions in
a chain branching mechanism similar to those for alkanes,
and this chain branching reaction pathway is responsible for
the higher fuel reactivity of 1-pentene relative to 2-pentene
at low temperatures.
(4) To help further validate the chemical model, a robust evaluation of low-temperature oxidation products and hightemperature pyrolysis products could be performed in the
future.
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