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Abstract 

A comparative reactivity study of 1-alkene fuels from ethylene to 1-heptene has been performed using 
ignition delay time (IDT) measurements from both a high-pressure shock tube and a rapid compression ma- 
chine, at an equivalence ratio of 1.0 in ‘air’, at a pressure of 30 atm in the temperature range of 600–1300 K. 
At low temperatures ( < 950 K), the results show that 1-alkenes with longer carbon chains show higher fuel re- 
activity, with 1-pentene being the first fuel to show negative temperature coefficient (NTC) behavior followed 

by 1-hexene and 1-heptene. At high temperatures ( > 950 K), the experimental results show that all of the fuels 
except propene show very similar fuel reactivity, with the IDTs of propene being approximately four times 
longer than for all of the other 1-alkenes. To analyze the experimental results, a chemistry mechanism has 
been developed using consistent rate constants for these alkenes. At 650 K, flux analyses show that hydroxyl 
radicals add to the double bond, followed by addition to molecular oxygen producing hydroxy–alkylperoxy 
radicals, which can proceed via the Waddington mechanism or alternate internal H-atom isomerizations in 

chain branching similar to those for alkanes. We have found that the major chain propagation reaction path- 
ways that compete with chain branching pathyways mainly produce hydroxyl rather than hydroperoxyl radi- 
cals, which explains the less pronounced NTC behavior for larger 1-alkenes compared to their corresponding 
alkanes. At 1200 K, flux analyses show that the accumulation of hydroperoxyl radicals is important for the 
auto-ignition of 1-alkenes from propene to 1-heptene. The rate of production of hydroperoxyl radicals for 
1-alkenes from 1-butene to 1-heptene is higher than that for propene, which is due to the longer carbon chain 
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facilitating hydroperoxyl radical formation via more efficient reaction pathways. This is the major reason that 
propene presents lower fuel reactivity than the other 1-alkenes at high temperatures. 
© 2020 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

Keywords: 1-Alkene; Ignition delay time; NTC; Chemistry mechanism 

1. Introduction 

Alkenes are important components in practical 
gasoline [1] . The higher research octane numbers 
of alkenes compared to their corresponding alka- 
nes can directly affect auto-ignition behavior, and 

the unsaturated carbon bond can also contribute 
to soot formation [2] . Thus, it is important to un- 
derstand alkene fuel chemistry. The fuel chemistry 
of alkenes has been extensively studied experimen- 
tally and theoretically over the years, and a sig- 
nificant number of kinetic models have been pro- 
posed [3] . Due to the presence of the C 

= C double 
bond, alkene chemistry can be considerably differ- 
ent to the corresponding alkane. Moreover, both 

the number and position of the C 

= C double bond 

can have a significant effect on fuel reactivity [8] . 
The linear 1-alkenes from ethylene to 1-heptene 

have similar structures but different carbon lengths, 
which indicate that they have some reaction path- 
ways in common while the increased carbon length 

may facilitate difference reaction pathways. There- 
fore, a direct fuel reactivity comparison of these 1- 
alkenes can help us understand alkene fuel chem- 
istry. Moreover, as alkenes are major products of 
the β-scissions of alkyl radicals [10] , a direct com- 
parison of alkene fuel reactivity can also help us 
understand alkane fuel reactivity at high tempera- 
tures. Unfortunately, most of the experimental data 
available in previous alkene studies are taken in dif- 
ferent facilities, with mixtures at different degrees 
of dilution and at different conditions of pressure, 
temperature and equivalence ratio. Thus, it is diffi- 
cult to directly compare the fuel reactivity of these 
alkenes. 

Meanwhile, most alkene mechanisms have 
been proposed by different groups at different 
times [3 , 5 , 7] and the suggested important reaction 

pathways and rate constants used for the same 
reaction classes can be different. As a result, 
a detailed understanding of alkene chemistry 
is still not available. For instance, the reaction 

pathways controlling low-temperature chemistry 
remain unclear. In some papers it is suggested 

that it is due to alkenyl-peroxy radical chemistry 
while other papers suggested hydroxy–alkylperoxy 
radical reactions are the major factor [11] . Also, 
the reaction pathways of allyl-peroxy radicals are 
also not fully understood. Some studies show that 
allyl-peroxy radicals just decompose back to allylic 

radicals and molecular oxygen [12] , while other 
studies believe they can undergo further reactions 
and contribute to low-temperature chemistry [8] . 
Moreover, different branching ratios of hydroxyl 
radical addition to the terminal and central carbon 

sites of alkenes have been used [5 , 9] . Furthermore, 
alkenes are important intermediate species formed 

during the oxidation of alkanes. Some common 

reaction pathways can affect alkene, alkane and 

alcohol chemistry [13] . Thus, it is preferable to 

validate these mechanisms simultaneously [14] . 
Some quantum calculations have been published 

for alkene chemistry [15–17] , which has aided our 
understanding of alkene chemistry. 

Kikui et al. [18] compared the combustion and 

ignition characteristics of different 1-alkenes from 

ethylene to 1-pentene based on weak flame posi- 
tions in a micro flow reactor. As the temperature 
of the micro flow reactor is not constant along 
the tube, the ignition is more like an integration 

result of different temperatures. Ribaucour et al. 
[6] studied the auto-ignition of 1-pentene in a rapid 

compression machine (RCM) at 700–900 K and 

p = 7.5 bar and observed a less pronounced NTC 

behavior compared to alkanes. 1-Butene was stud- 
ied at higher pressures by Li et al. [5] who found that 
it does not show any NTC behavior. Thus, compar- 
ing directly the reactivity of 1-butene and 1-pentene 
at the same conditions and determining the reac- 
tions controlling their oxidation in the temperature 
range 600–900 K can help us understand the chem- 
istry of NTC behavior for all 1-alkenes larger than 

C 4 , as observed for 1-pentene, 1-hexene [8] and 1- 
heptene [19] . 

In this paper, ignition delay times (IDTs) of 
1-alkenes from ethylene to 1-heptene over a wide 
temperature range (600–1300 K) at high pressure 
(30 atm) conditions have been measured using 
both a high-pressure shock tube (HPST) and an 

RCM. Moreover, a kinetic model, which cap- 
tures the auto-ignition behavior of all of these 1- 
alkenes using consistent rate constants has been 

developed. Based on this model, flux analyses 
have been performed to understand the controlling 
chemistry. 

http://creativecommons.org/licenses/by/4.0/
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Fig. 1. Definition of ignition delay time measured in HPST (a) and RCM (b). 

2. Experimental specifications 

Detailed descriptions of the HPST and RCM 

facilities and the experimental procedures have 
been reported previously [20 , 21] . 

As discussed above, IDTs of ethylene, propene, 
1-pentene, 1-hexene and 1-heptene have been mea- 
sured for fuel/‘air’ mixtures at relatively high pres- 
sure (30 atm) and over a wide temperature range 
(600–1300 K). In the experiments, ‘air’ refers to the 
diluent (nitrogen or argon) and oxygen in the ra- 
tio 79:21. For the HPST experiments, only nitro- 
gen was used as the diluent gas. For the RCM ex- 
periments, at some conditions 40% N 2 was replaced 

with Ar to achieve higher compressed gas temper- 
atures. Moreover, for each test point a non-reactive 
pressure trace was recorded to simulate facility ef- 
fects. 

For the HPST experiments, the gas tempera- 
ture and pressure behind the reflected shock wave 
were calculated using GasEq [22] based on the mea- 
sured incident shock velocity and initial conditions 
of temperature, pressure and mixture composition. 
For the RCM experiments, the gas temperature af- 
ter compression was calculated using GasEq based 

on the measured compressed pressure and initial 
conditions of pressure, temperature and mixture 
composition. The definitions of IDTs measured in 

both facilities are shown in Fig. 1 . As discussed in 

previous studies [5] , a 20% uncertainty is assigned 

to all of the IDT measurements. 
High purity ethylene, propene, 1-pentene, 1- 

hexene and 1-heptene were provided by Sigma- 
Aldrich. The purity of all fuels is > 98.5%. High 

purity oxygen ( > 99%), nitrogen ( > 99%) and ar- 
gon ( > 99%) were provided by BOC. 

3. Model development 

The kinetic model is developed based the pre- 
vious mechanisms published by NUI Galway and 

LLNL, ethylene [23] , propene [3 , 4] , 1-butene [5] , 

Table 1 
Major updated reaction classes and references in the cur- 
rent model. 

No. Reaction pathways Reference 

1 ȮH addition on double 
bond 

[27] 

2 Waddington 
mechanism, 
Hydroxy-alkylperoxy 
radical isomerization 
and H ̇O 2 elimination 

[15] 

3 Alkenyl-peroxy radical 
isomerization and 
decomposition 

[12 , 16] 

4 Alkene + H ̇O 2 [13] 

the pentane isomers [10] , n -hexane [24] , hexene 
[25] and n -heptane [26] . The low- to intermediate- 
temperature chemistry of the propene, 1-butene, 
and 1-hexene mechanisms have been updated 

with consistent rate constants that were used for 1- 
pentene and 1-heptene model development. Table 1 
shows a list of some important reaction classes 
updated and the corresponding references. Also, a 
new base model, NUIGMech1.0, was used in the 
development of the current model and the final 
mechanism is available as Supplementary material. 

As allyl-peroxy radicals are thermochemically 
less stable than alkyl-peroxy radicals, the reverse 
rate constant is determined by the thermochem- 
istry of O 2 and the relevant allyl and allyl-peroxy 
radicals and hence the degree of reactivity pre- 
dicted by the resulting mechanism depends entirely 
on accurate thermochemistry. The thermochem- 
istry of these allyl-hydroperoxides in the literature 
[16,28–30] was compared, including C 3 H 5 1–
3OOH, C 4 H 7 1–3OOH, trans-C 4 H 7 2–1OOH etc., 
and a slight discrepancy between the entropy from 

these studies was observed (the species notation 

here is defined in a species dictionary included 

with the Supplemental material). In this study, the 
thermochemistry of C 4 H 7 1–3OOH was estimated 
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Fig. 2. (a) Experimental and simulated results of 1-alkenes from ethylene to 1-heptene. Solid symbols: HPST data. Open 
symbols: RCM data. Solid lines: constant-volume simulations. Dashed lines: RCM simulations including facility effect. 
1-Butene data from [5] and isobutene data from [11] . (b) Comparison of NTC behavior between 1-alkenes and the cor- 
responding alkanes. n-Hexane HPST data from [24] is measured at similar conditions. The dash-dotted lines represent 
simulated results using the mechanisms from [10] (nC 5 ), [24] (nC 6 ) and [26] (nC 7 ). 

at the G3B3 level of theory and compared to 

values in the literature. These values have been 

used to update the group values used to generate 
the thermochemistry of allyl-hydroperoxides and 

their radicals using THERM [31] . In this study, 
the thermochemistry used is consistent for all rad- 
ical species associated with the low-temperature 
kinetics of alkenes. 

The simulations of IDTs measured in both the 
HPST and RCM were performed using Chemkin- 
Pro [32] . The HPST data are simulated assuming 
constant volume conditions. For the RCM simula- 
tions, effective volume history profiles derived from 

the non-reactive pressure traces were used to ac- 
count for the facility effects in the RCM. Moreover, 
flux and sensitivity analyses were also performed 

using Chemkin-Pro. 

4. Results and discussions 

4.1. Model performance against experimental data 

Figure 2 (a) shows a comparison of the exper- 
imental and simulated results using the current 
model. As the uncertainty of the experimental data 
is about 20%, and all of the IDTs are measured over 
the same temperature ranges in the same facilities, 
a direct comparison of these results is reasonable, 
and the derived conclusions should be reliable. As 
for the HPST experiments for both ethylene and 

propene, there was a trend of pre-ignition when 

IDTs are approximately 1 ms, thus only experimen- 
tal results for experiments without pre-ignition are 
included in Fig. 2 (a). When the measured IDTs in 

RCMs are shorter than 5 ms the RCM data tend 

to deviate from the data measured in the HPST, 
which is due to the non-negligible chemical reac- 

tion and heat release in the mixture during com- 
pression. It can be seen that the current model 
captures well the auto-ignition behavior of all of 
the 1-alkenes. For ethylene, the slope of the pre- 
dictions is slightly different compared to the ex- 
perimental results in the intermediate-temperature 
regime. At temperatures below 950 K we see that 
fuel reactivity increases with longer carbon chain 

lengths. Starting in molecular size from ethylene 
to 1-heptene, 1-pentene is the first fuel to show an 

NTC behavior, with 1-hexene and 1-heptene also 

showing similar NTC behavior with the fuels be- 
coming progressively more reactive as they grow 

in carbon chain-length. Also, a comparison of the 
auto-ignition behavior in the NTC region between 

1-alkenes and their corresponding alkanes is pro- 
vided in Fig. 2 (b). All of these large 1-alkenes are 
slower than their corresponding alkanes at tem- 
peratures below 900 K and they also show a less 
pronounced NTC behavior (i.e. the slope is not as 
steep), which indicate that the chemistry control- 
ling the NTC behavior of alkenes differs some- 
what compared to alkanes. At high temperatures 
( > 950 K), all 1-alkenes, except for propene, show 

almost identical reactivity, indicating that their re- 
activity may be controlled by the same chemistry. 
The IDTs of propene are approximately four times 
longer than for all other 1-alkenes. In Fig. 2 (a) we 
have also included IDTs for isobutene at the same 
conditions, measured in the same facility [11] . Iso- 
butene shows very similar reactivity to propene at 
high temperatures, indicating that the chemistry of 
these fuels is controlled by a different chemistry 
compared to the other 1-alkenes. 
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4.2. Flux analyses based on the current model 

To further analyze the experimental results 
shown in Fig. 2 , flux analyses for the 1-alkenes 
have been performed using the current model at dif- 
ferent temperatures, Fig. 3 . As 1-butene does not 
show NTC behavior and 1-pentene does, the low- 
temperature reaction pathways of 1-butene and 1- 
pentene are first compared to determine the reac- 
tion pathways that leading to NTC behavior of 
larger alkenes. 

At 650 K in Fig. 3 (d), more than 96% of 1- 
pentene is consumed by reacting with hydroxyl 
radicals. About 31% is consumed via H-atom 

abstraction by hydroxyl radicals, leading to the 
formation of three different pentenyl radicals, with 

1-penten-3-yl ( ̇C 5 H 9 1–3) being the major radical 
formed (18.9%) as it is resonantly stabilized. Most 
1-penten-3-yl radicals react with H ̇O 2 and ulti- 
mately produce C 5 H 9 ̇O1–3/ C 5 H 9 ̇O2–1 and ȮH. 
The other two pentenyl radicals, 1-penten-4-yl 
( ̇C 5 H 9 1–4) and 1-penten-5-yl ( ̇C 5 H 9 1–5) mainly 
add to O 2 to form alkenyl-peroxy radicals. C 5 H 9 1–
4 ̇O 2 radicals mainly undergo H ̇O 2 elimination 

to produce 1,3-C 5 H 8 + H ̇O 2 as the C–H bond 

of the allylic site is weaker and fiv e-membered 

transition state (TS) ring H-atom isomerizations 
are involved. C 5 H 9 1–5 ̇O 2 radicals mainly undergo 

isomerization to hydroperoxy-alkenyl radicals fol- 
lowed by a second addition to O 2 leading to chain 

branching, as this sequence involves six-membered 

TS ring isomerizations. Therefore, for the reaction 

pathways of pentenyl radicals, reactive hydroxyl 
radicals are consumed by H-atom abstraction 

reactions while fewer hydroxyl radicals or less 
reactive hydroperoxyl radicals are produced due 
to the presence of the double bond in 1-pentene 
relative to n -pentane, thus decreasing the reactivity 
of 1-pentene relative to n -pentane. Approximately 
65% of 1-pentene molecules are consumed via 
hydroxyl radical addition to the double bond, 
leading to the formation of Ċ 5 H 10 OH1–2 and 

Ċ 5 H 10 OH2–1 radicals. These add to O 2 to produce 
C 5 H 10 OH1–2 ̇O 2 and C 5 H 10 OH2–1 ̇O 2 radicals 
and can subsequently react via the Waddington 

mechanism by intramolecular abstraction of the 
alkoxy H-atom with subsequent decomposition of 
the hydroperoxy-alkoxy radical. C 5 H 10 OH1–2 ̇O 2 

and C 5 H 10 OH2–1 ̇O 2 radicals can also undergo 

internal H-atom re-arrangements of available 
H-atoms on other carbon sites to form alcoholic 
hydroperoxyl-alkyl radicals which can add to O 2 
and proceed to chain branching. For 1-pentene, 
almost 17% of the fuel flux proceeds via this chain 

branching pathway. Therefore, for 1-pentene, the 
C 5 H 10 OH1–2 ̇O 2 and C 5 H 10 OH2–1 ̇O 2 radicals and 

C 5 H 9 1–5 ̇O 2 radical contribute to chain branch- 
ing reaction pathways, with the C 5 H 10 OH1–2 ̇O 2 
radical contributing most. 

The NTC behavior observed in alkanes is be- 
lieved to be mainly due to the fate of alkyl-peroxy 
(R ̇O 2 ) and hydroperoxy-alkyl ( ̇  Q OOH) radicals. 
Flux analysis results of n -pentane are provided in 

Fig. S1 for comparison. If these radicals undergo 

propagation reactions such as molecular elimi- 
nation, R ̇O 2 = olefin + H ̇O 2 , or ˙ Q OOH = cyclic 
ether + ȮH or olefin + H ̇O 2 or other β-scission 

products this results in reduced reactivity. If 
˙ Q OOH radicals add to O 2 , they can proceed to 

chain branching and increase reactivity. Moreover, 
the β-scission of alkyl radicals is another chain 

propagation reaction class competing with chain 

branching as it produces an olefin and a smaller 
alkyl radical. This competition between branch- 
ing and propagation is responsible for the NTC 

behavior of alkanes [10] . However, for 1-alkenes 
the reasons for NTC behavior are slightly differ- 
ent. Firstly, the fuel flux producing hydroxyalkyl 
radicals that can contribute to low-temperature 
chemistry decreases with increasing temperature. 
Fig. 3 shows that the proportion of fuel flux 
undergoing ȮH addition to the double bond 

decreases with increasing temperature, because 
of competition with abstraction by ȮH radicals. 
Therefore, the concentration of hydroxyalkyl rad- 
icals that can undergo chain branching reaction 

pathways decreases with increasing temperature, 
and this is the main chain branching pathway 
for 1-alkenes at low temperatures. Secondly, the 
major chain propagation reaction pathways com- 
peting with chain branching are the Waddington 

mechanism and 1-penten-3-yl radical reactions 
with H ̇O 2 , Fig. 3 . Although hydroxy–alkylperoxy 
radical concentrations decrease significantly with 

increasing temperature, the fuel flux leading to 

1-penten-3-yl radicals increases and the fuel flux 
leading through the Waddington mechanism only 
slightly decreases while the fuel flux through chain 

branching significantly decreases. Meanwhile, both 

the Waddington mechanism and the reaction of 
1-penten-3-yl radicals with H ̇O 2 produces reactive 
ȮH radicals rather than less reactive H ̇O 2 radicals 
which are produced from alkyl-peroxy radical elim- 
ination 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 H ̇O 2 radicals, the competi- 
tion 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 ob- 
served for 1-alkenes from 1-pentene to 1-heptene, 
compared to their corresponding alkanes, Fig. 2 . 

For 1-butene the reaction pathways of 1-buten- 
3-yl ( ̇C 4 H 7 1–3) and 1-buten-4-yl ( ̇C 4 H 7 1–4) radi- 
cals are similar to those for pentenyl radicals. The 
fuel flux of hydroxyalkyl radicals is slightly higher 
than that for 1-pentene as less H-atom abstrac- 
tion reactions compete with ȮH radical additions 
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Fig. 3. Flux analyses for (a) ethylene, (b) propene, (c) 1-butene, (d) 1-pentene and (e) 1-hexene at ϕ = 1.0 in ‘air’, p = 30 
atm and 20% fuel consumption. 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. ˙ R is the 
sum of ȮH, H ̇O 2 and ĊH 3 radicals and Ḣ and Ö atoms. Only reduced reaction pathways are given here and the detailed 
reaction pathways for all fuels are provided in Fig. S2. 
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across the double bond due to the shorter carbon 

chain. Following subsequent addition to O 2 , less 
fuel flux proceeds from C 4 H 8 OH1–2 ̇O 2 via a 1,5 
H-shift leading to chain branching compared to 

C 5 H 10 OH1–2 ̇O 2 , due to the stronger C–H bond 

of the primary carbon site as a 1,5 H-shift in 

C 5 H 10 OH1–2 ̇O 2 involves a secondary carbon site. 
Moreover, the 1,4 H-shift reaction competes with 

the 1,5 H-shift reaction due to the weaker C–H 

bond due to the presence of the hydroxyl group. 
This is the reason that 1-pentene shows NTC be- 
havior while 1-butene does not. For 1-hexene, due 
to the longer carbon chain length, both 1-hexen- 
3-yl and 1-hexen-5-yl radicals can undergo chain 

branching reaction pathways and contribute to 

low-temperature fuel reactivity. This is the reason 

that 1-hexene shows a higher fuel reactivity com- 
pared to 1-pentene at low temperatures. Also, we 
see that the reaction pathways of alkenyl-peroxy 
radicals are important for linear 1-alkenes with car- 
bon numbers larger than fiv e. 

At 1200 K, for all 1-alkenes most of the fuel 
is consumed by H-atom abstraction produc- 
ing alkenyl radicals, with hydroxyalkyl reaction 

pathways no longer being important, Fig. 3 . As 
propene shows a significantly lower fuel reactivity 
compared to ethylene and other larger 1-alkenes, 
its reaction pathways are compared to the others 
at high temperatures. Ethylene is the smallest fuel 
molecule studied but shows similar reactivity to 

the larger 1-alkenes, thus the reaction pathways of 
ethylene are first discussed. As shown in Fig. 3 (a), 
almost 47% of ethylene is consumed by H-atom 

abstraction producing vinyl radicals and these can 

further produce Ḣ and Ö atoms and ȮH radicals 
by reacting with O 2 at high temperatures, with the 
major chain branching reaction pathway being 
Ċ 2 H 3 + O 2 = ĊH 2 CHO + Ö. Moreover, more than 

20% of the ethylene reacts with Ö or ȮH radicals 
producing Ḣ atoms. These further react with O 2 

in Ḣ + O 2 = Ö + ȮH, which is the most important 
chain-branching reaction at high temperatures. 
This is the reason that ethylene shows relatively 
higher reactivity at high temperatures. However, 
due to the presence of the allylic site, only about 
12% of propene is consumed leading to the forma- 
tion of methyl-vinyl radicals, which decreases the 
percentage flux to chain branching. Almost 7% of 
propene is consumed via H-atom abstraction by 
H ̇O 2 radicals from the allylic site, which is chain 

branching as the H 2 O 2 formed quickly decomposes 
to two ȮH radicals at high temperatures. Allyl rad- 
icals mostly react with H ̇O 2 and ultimately lead to 

the formation of allyloxy and hydroxyl radicals, 
competing with allyl radical recombination which 

is chain terminating. However, there is no efficient 
reaction pathway for H ̇O 2 formation during the 
oxidation of propene. Thus, propene presents 
lower reactivity compared to ethylene. For larger 
1-alkenes, the increased carbon chain facilitates 

Fig. 4. Temperature and species mole fraction traces for 
different 1-alkenes. Short dot lines: temperature. Solid 
lines: fuel mole fraction. Dash lines: H ̇O 2 mole frac- 
tion × 10. Solid symbols: 20% fuel consumption timing. 

more reaction pathways which promote fuel re- 
activity. The first is unimolecular decomposition 

which is chain branching. For 1-pentene, 1-hexene 
and 1-heptene, about 7% of the fuel is consumed 

via unimolecular decomposition, leading to the 
formation of allyl and alkyl radicals. For 1-butene, 
the flux through this reaction pathway is relatively 
small. The second pathway promoting reactivity 
is that leading to the formation of H ̇O 2 radicals. 
As discussed above, H-atom abstraction by H ̇O 2 
radicals from the allylic site is chain branching, 
and allyl radicals are mostly consumed by reacting 
with H ̇O 2 radicals. As shown in Fig. 3 , the reaction 

pathway of H ̇O 2 elimination from alkenyl-peroxy 
radicals is facilitated in 1-butene and larger 1- 
alkene oxidation. Moreover, the ethyl radicals 
produced during the oxidation of 1-butene and 

larger 1-alkenes mostly react with O 2 , leading to 

the formation of ethylene and H ̇O 2 radicals. How- 
ever, there is no such efficient reaction pathway for 
H ̇O 2 formation during the oxidation of propene. 

The mole fractions of H ̇O 2 radicals formed dur- 
ing the oxidation of these 1-alkenes are provided in 

Fig. 4 . For 1-alkenes from propene to 1-heptene, 
auto-ignition occurs when the mole fractions of 
H ̇O 2 reach approximately 0.001. It takes consider- 
ably longer to form H ̇O 2 during propene oxidation. 
Thus, propene presents lower fuel reactivity than 

other larger 1-alkenes. 
Almost 30% of the fuel flux for 1-butene, 1- 

pentene and 1-hexene leads to the formation of 
1,3-butadiene, which is mainly consumed leading 
to the formation of vinyl radicals, as shown in Fig. 
S3. Moreover, significant quantities of ethylene and 

ethyl radicals are produced via direct decomposi- 
tion of the fuel and β-scissions of alkenyl and/or 
alkyl radicals in the oxidation of the 1-olefins from 

1-pentene to 1-heptene, and for 1-butene from β- 
scissions of radicals formed after Ḣ, Ö and ȮH 



618 S. Dong, K. Zhang and P.K. Senecal et al. / Proceedings of the Combustion Institute 38 (2021) 611–619 

additions to the double bond. Most ethyl radicals 
decompose to form ethylene. Thus, 1-butene and 

larger 1-alkenes share some reaction pathways sim- 
ilar to ethylene. This is the major reason that 1- 
butene and larger 1-alkenes show reactivity similar 
to ethylene. 

5. Conclusions 

(1) At low temperatures ( < 950 K), the experi- 
mental results show that the fuel reactivity 
of these 1-alkenes increase with the carbon 

chain length, and 1-pentene is the first fuel to 

show NTC behavior in the series from ethy- 
lene to 1-heptene. 

(2) At high temperatures ( > 950 K), the experi- 
mental results show that all of the 1-alkenes 
except propene show very similar fuel reac- 
tivity, and propene shows significantly lower 
fuel reactivity than all of the other alkenes at 
this condition. 

(3) The current model can well capture the auto- 
ignition behavior of all of these 1-alkenes 
from low to high temperatures. The flux anal- 
yses performed at low temperatures show 

that reaction pathways of hydroxyalkyl rad- 
icals are the major reason for 1-alkene low- 
temperature chemistry. The less pronounced 

NTC behavior observed for larger 1-alkenes 
compared to the corresponding alkanes is 
mainly due to the following reason. The 
Waddington mechanism and the reaction of 
allyl radicals with H ̇O 2 are the major com- 
peting channels with the chain branching re- 
action pathways, which mainly produce reac- 
tive ȮH rather than H ̇O 2 radicals, which are 
produced by the major competing channel in 

alkanes. Therefore, the competition of chain 

branching with chain propagation has a rel- 
atively smaller effect on reactivity for alkenes 
compared to alkanes. 

(4) Flux analyses performed at high tempera- 
tures ( ∼1200 K) show that the accumula- 
tion of H ̇O 2 radicals is important for the 
auto-ignition of 1-alkenes from propene to 

1-heptene, and the higher rate of produc- 
tion of H ̇O 2 radicals for larger 1-alkenes ( ≥
1-butene) is responsible for the higher fuel 
reactivity of these compared to propene. 1- 
Butene and larger 1-alkenes share some re- 
action pathways similar to ethylene. This is 
the major reason that 1-butene and larger 1- 
alkenes show reactivity similar to ethylene. 
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