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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 chem- 

istry 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 mea- 

sure 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 tempera- 

ture 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 stoichiomet- 

ric 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. 
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1. Introduction 

Real gasoline fuels can be composed of over a hundred differ-

ent hydrocarbon species [1] . Therefore, gasoline surrogate models

which show similar chemical and physical properties to commer-

cial gasoline have been developed to simulate engine combustion

processes. In the development of gasoline surrogate models, gen-

erally one or two species are used to represent each of the im-

portant hydrocarbon classes in practical gasoline. Alkenes comprise
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pproximately 2–5% by volume of a typical gasoline [1] . Alkenes

how higher research octane numbers compared to their corre-

ponding alkanes and thus can directly affect the auto-ignition

ehavior, and the unsaturated carbon bond can also contribute

o soot formation [2] . To represent the alkene components of

ractical gasoline, 1- and 2-pentene have been adopted as repre-

entative alkene components in some gasoline surrogate models

1–5] . 

Therefore, it is important to understand the fuel chemistry of 1-

nd 2-pentene. A few studies have measured ignition delay times

IDTs) [6–9] and flame speeds [10] for both 1- and 2-pentene, and

 few kinetic models have also been developed [6 , 7] . Touchard

t 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 X fuel (%) Fuel studied Reference 

700–900 8 1.0 2.72 1-pentene Ribaucour et al. [6] 

1130–1620 8.5 0.5, 1.0, 2.0 1, 2 1-pentene Touchard et al. [7] 

1100–1950 1, 10 0.5, 1.0, 2.0 1, 2.8 1- and 2-pentene Mehl et al. [8] 

1040–1880 1, 10 0.5, 1.0, 2.0 0.5, 1.0 1-pentene Cheng et al. [9] 

600–1300 15, 30 0.5, 1.0, 2.0 1.38, 2.72, 5.44 1- and 2-pentene Current study 
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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 
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620 K) at a pressure of 8.5 atm in a shock tube, and a kinetic

odel describing the high temperature oxidation of 1-pentene was

eveloped using the EXGAS software. Mehl et al. [8] and Cheng

t al. [9] also recorded IDT data for 1- and 2-pentene in shock

ubes, with most of these data recorded for highly dilute mixtures

t pressures of less than 10 atm. Table 1 shows the experimental

onditions for all of the IDT data for 1- and 2-pentene available in

he literature and measured in the current study. X fuel represents

he fuel percentage in the mixture. As can be seen, most of the IDT

ata for 1- and 2-pentene in the literature were taken at low pres-

ures (less than 12 atm), and only two data sets were taken un-

er fuel in ‘air’ conditions with the remainder taken under highly-

iluted conditions (~1% fuel concentration). As a consequence,

easured 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)

xperiments were extended to lower temperatures. Ribaucour

t al. [6] studied the auto-ignition behavior of 1-pentene in a rapid

ompression machine (RCM), and observed a less pronounced neg-

tive temperature coefficient (NTC) behavior compared to alkanes.

long with the experimental results, a kinetic model was devel-

ped and validated in the low temperature regime (60 0–90 0 K).

owever, Ribaucour et al. [6] only recorded one data set and vol-

me versus time profiles used to simulate RCM facility effects were

ot provided. Moreover, to the authors’ knowledge, there is no

CM IDT data for 2-pentene available in the literature. Since 1-

nd 2-pentene are important representative alkene components,

DT data at engine-relevant conditions (fuel in ‘air’, p > 10 atm

nd at relatively low temperatures of 60 0–10 0 0 K) are essential to

alidate their low-temperature chemistry. Furthermore, to the au-

hors’ knowledge, there is no jet-stirred reactor (JSR) data available

or 1- and 2-pentene in the literature. 

Since there is not enough experimental data available at low-

emperature conditions, most of previously published 1- and 2-

entene models mainly focused on high-temperature chemistry

6 , 7 , 9] . As discussed earlier, 1-pentene shows a less pronounced

TC behavior compared to n -pentane, which was not seen for 1-

utene, even at higher pressures [11] . As a consequence, from ethy-

ene to 1-heptene, 1-pentene is the first 1-alkene to show NTC

ehavior which is also observed for 1-hexene [12] and 1-heptene

13] . Therefore, building a 1-pentene kinetics model can help in

nderstanding the low-temperature chemistry of all alkenes. Some

ublished quantum chemistry calculations for alkene chemistry

14–20] has aided our understanding of alkene chemistry. More-

ver, since 1- and 2-pentene share potential energy surfaces for

mportant intermediate species and some identical intermediate

roducts (1-penten-3-yl, 1,3-pentadiene, etc.) and also have similar

eaction pathways during their oxidation (Waddington mechanism,

llyl radicals combination with hydroperoxyl radicals, etc.), consis-

ent rate constants need to be used for 1- and 2-pentene kinetic

odels. Therefore, it is important to develop the two kinetic mod-

ls simultaneously. Furthermore, pentenes are important interme-

iate species formed during the oxidation of pentanes. Some re-

ction pathways can affect both pentene and pentane chemistry,

hus the pentene and pentane models should be validated simul-

aneously. 
m  
In this paper, IDTs of 1- and 2-pentene over a wide temperature

ange (60 0–130 0 K) and at high pressure (15 and 30 atm) condi-

ions have been measured using both a high-pressure shock tube

HPST) and a rapid compression machine. A JSR has also been used

o measure reactant, intermediate and product species profiles for

oth 1- and 2-pentene oxidation, in the temperature range 700–

100 K, at ϕ = 1.0 and p = 1 atm. Carbon monoxide time-histories

or both 1- and 2-pentene were measured in a high-pressure shock

ube at high pressures and at high temperatures. Moreover, a ki-

etic model has been developed based on a published pentane

echanism [21] to capture the auto-ignition behavior as well as

pecies profiles for both 1- and 2-pentene. 

. Experimental specifications 

.1. Ignition delay time measurements 

In this study, both a HPST and an RCM at NUI Galway were em-

loyed to conduct the experiments. The HPST was used to measure

DTs of less than 3 ms which are too short to be reliably measured

n the RCM. A brief description of the facility will be given here

s detailed descriptions have been reported previously [22 , 23] . De-

ailed descriptions of the facilities are also provided as Supple-

entary material. The gas temperature and pressure behind the

eflected shock wave were calculated using GasEq [24] based on

he measured incident shock velocity and initial conditions of tem-

erature, pressure and mixture composition. The compressed gas

emperatures in the RCM experiments are calculated using GasEq

ased on the measured compressed pressure and initial conditions

f pressure, temperature, and mixture composition. 

As discussed above, IDTs of 1- and 2-pentene have been mea-

ured for fuel/‘air’ mixtures at relatively high pressures (15 and 30

tm) over a wide temperature range (60 0–130 0 K). In the experi-

ents, ‘air’ refers to the diluent (nitrogen or argon) and oxygen in

 ratio of 79:21. The designed experimental conditions are shown

n Table 2 . 

The definitions of IDTs measured in the HPST and RCM are

hown in Fig. 1 , which are based on the measured pressure traces

n the two facilities. As shown in Fig. 1 (b), two-stage ignition be-

avior was observed in the 1-pentene RCM experiments. The defi-

itions of 1st and 2nd IDT are also shown in Fig. 1 (b). As discussed

n previous studies [11] , a 20% uncertainty is assigned to all of the

DT measurements in both facilities. 

High purity 1- and 2-pentene fuels were provided by Sigma-

ldrich. The purity of 1-pentene is > 98.5%, and 2-pentene is a

ixture of trans- and cis-2-pentene with a purity higher than 99%.

DT measurements for trans-2-pentene ( > 99%) were performed

nd the results are very close to that of trans- and cis-2-pentene

ixture, with the comparison provided in Fig. S3 of the Supple-

entary 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 

Major updated reaction classes and references in the current model. 

No. Reaction pathways Reference 

1 ȮH addition to C = C 

double bond 

[39] 

2 Waddington mechanism, 

Hydroxy-alkylperoxy 

radical isomerization and 

H ̇O 2 elimination 

[14] 

3 Alkenylperoxy radical 

isomerization and 

decomposition 

[15 , 16] 

4 Pentene + H ̇O 2 [18] 

5 Pentene + Ḣ [19] 

6 Isomerization and 

decomposition of pentenyl 

radicals 

[20] 
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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 high-

pressure shock tube at UCF with detailed descriptions of the facil-

ity presented in [25–31] . The velocity of the incident shock wave

was measured using five piezoelectric pressure transducers. The

temperature ( T 5 ) and pressure ( p 5 ) 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 end-

wall, were used for pressure and spectroscopic measurements. 1-

pentene 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, dis-

tributed feedback quantum cascade laser centered at 2046.30 cm 

–1 

from Alpes Lasers (TO3- L -50) was used [32–34] . Detailed descrip-

tions of the laser setup and experiment process are provided as

Supplementary material. The correlation for CO absorption cross-

section is taken from Ninnemann et al. [35] . Despite using a cor-

relation with temperature and pressure dependence, the temper-

ature rise due to the observed ignition event was not quantified;

thus, the CO time-histories are truncated before there is a signif-

icant 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 pre-

viously [36] . Reactants (fuels and oxidizer) were introduced to

a fused silica spherical reactor (volume 76 cm 

3 ). 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 experi-

ments 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%

O 2 /96.6% N 2 was used for these measurements, corresponding to

stoichiometric equivalence ratio. Measurement repeatability was

observed to be within 10%, and uncertainty of temperature mea-

surement was determined as 25 K. 
. Chemistry mechanism development 

Bugler et al. published a chemistry model [38] describing the

xidation of the pentane isomers which contains sub-models for

-pentene and 2-pentene. However, the low temperature reaction

athways for these alkenes are missing. As discussed above, pre-

ious experimental results show that 1-pentene has an NTC be-

avior, which indicates the importance of low-temperature chem-

stry. In this paper, significant modifications have been made to

he pentene sub-mechanism contained in Bugler et al. [38] mecha-

ism. Moreover, rate constants of some important reaction classes

ave been updated according to some recent literature studies

14 , 15 , 16 , 18 , 39] . Some of the important improvements are shown

n Table 3 and are discussed in detail below. The thermochemical

arameters for the species related to the pentene chemistry were

alculated using THERM [40] , with updated group values from

urke et al. [41] and Li et al. [42] . A new reaction sub-mechanism,

UIGMech1.0, was used to develop the current model and the final

echanism is available as Supplementary material. 

.1. Low-temperature chemistry 

.1.1. ȮH addition to the double bond 

It is well known that ȮH radical addition to the double bond

s one of the most important reaction classes for alkene chemistry,

s the hydroxyalkyl radicals so produced can add to molecular oxy-

en and form hydroxyalkyl-peroxyl radicals which can undergo β-
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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] . 
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cission producing aldehydes and hydroxy radicals, which is known

s the Waddington mechanism, Eqs. (1) –(4) . 

 5 H 10 –1 + ȮH = Ċ 5 H 10 OH12 (1)

˙
 5 H 10 OH12 + O 2 = C 5 H 10 OH-2 ̇O 2 (2)

 5 H 10 OH-2 ̇O 2 = C 5 H 10 OOH2–1 ̇O (3)

 5 H 10 OOH2–1 ̇O = nC 3 H 7 CHO + CH 2 O + ȮH (4)

In addition to the Waddington reaction pathway, it is also sug-

ested that hydroxyalkyl-peroxyl radicals can undergo intramolec-

lar hydrogen transfer reactions, similar to those involved in

he low temperature chemistry of alkanes, which can also con-

ribute to low-temperature reactivity [43 , 44] . Therefore, the rate

onstants of ȮH radical addition to the C = C double bond is

ritically important in predicting low-temperature alkene chem-

stry. There have been a number of recent experimental and

heoretical studies concerning ȮH radical addition to the dou-

le bond in alkenes [17 , 39 , 45] . Zádor et al. [17] studied the re-

ction of hydroxyl radicals with propene using quantum chem-

stry calculations. Following this study, they also investigated the

ate constants of ȮH addition to the double bond of propene

n the reverse direction and validated experimental results [45] .

ntonov et al. [39] performed a combined experimental and

heoretical study of the reaction of ȮH with trans-2-butene.

igure 2 shows the comparison of the rate constants of ȮH ad-

ition to the central carbon site. It can be seen that at 600 K,

he rate constants from the experimental study of Zádor et al.

45] (published in 2013) are about a factor of 3.2 higher than their

alues from their theoretical study published in 2009 [17] , while

he rate constants from Antonov et al. [39] lie between them. As

ntonov et al. [39] only performed their experiments in the tem-

erature range of 40 0 −80 0 K, a comparison of these rate constants

t higher temperatures is also shown in Fig. 2 . It is observed that

he differences in all of these rate constants are within a factor

f two at 10 0 0 K. It is suggested that the reaction of ȮH addition

o the double bond is only important at temperatures lower than

00 K. In this work, rate constants from the Antonov et al. study

39] were employed for ȮH addition to the central carbon site for

oth 1 and 2-pentene. The branching ratio of ȮH addition to the

erminal and central carbon sites for propene is about 50:50, as
ointed out by Loison et al. [46] and Feltham et al. [47] , which

s consistent with the results from [17 , 45] , while for 1-butene it is

uggested to be 75:25 [46 , 47] . Thus, in this study, a branching ratio

f 75:25 for ȮH addition to the terminal and central carbon sites

or 1-pentene is used. 

.1.2. Waddington mechanism, hydroxy-alkylperoxy radical reactions 

As suggested by Zhou et al. [44] , after the addition of ȮH rad-

cals to the C = C double bond and the subsequent hydroxyalkyl-

eroxyl radical addition to O 2 , in addition to the Waddington re-

ction pathway, hydroxyalkyl-peroxyl radicals can also isomerize

ia internal hydrogen atom transfer, which is similar to the low

emperature chemistry of alkanes, and can ultimately contribute to

ow-temperature reactivity. In this work, these reactions have been

dded to the mechanism. 

Following ȮH addition to the double bond, the hydroxyalkyl

adicals so formed add to molecular oxygen, and the result-

ng hydroxy-alkylperoxy radicals can proceed through Wadding-

on mechanism and alternate internal H-atom isomerization re-

ctions in chain branching, similar to those for alkanes. The rate

onstants for the Waddington mechanism, H ̇O 2 elimination, H-shift

nd cyclic ether formation are taken from Lizardo-Huerta et al.

14] . For the β-scission of the hydroperoxy-alkyl oxide, other pos-

ible reaction pathways besides Waddington mechanism have also

een considered, and the rate constants are taken by analogy with

lkyl oxides [48] . 

.1.3. Alkene + H ̇O 2 reactions 

There are several reaction pathways for alkene + H ̇O 2 , including

-atom abstraction by and addition of H ̇O 2 radicals to the double

ond, forming alkyl-peroxy or hydroperoxy-alkyl radicals. For H-

tom abstraction, rate constants are taken from Zádor et al. [18] .

 ̇O 2 elimination from alkyl-peroxy or hydroperoxy-alkyl radicals is

 prominent reaction pathway for alkene consumption and is also

mportant for the corresponding saturated alkane chemistry. In

revious studies of alkane chemistry oxidation [21 , 49 , 50 , 51] , con-

istent rate constants were used for the same low-temperature re-

ction classes of different alkanes, resulting in good predictions of

xperimental IDT and species profile measurements. Rate constants

or R ̇O 2 isomerization to Q ̇OOH are from Sharma et al. [52] , and

ate constants for H ̇O 2 elimination from R ̇O 2 , cyclic ether forma-

ion from Q ̇OOH and H ̇O 2 elimination from Q ̇OOH are from Villano

t al. [53 , 54] . In previous studies [6 , 21] , alkane and alkene chem-

stry have not been simultaneously validated. However, alkene

hemistry can show different sensitivities to these important reac-

ion classes compared to alkanes, since the reaction starts from the

lkene + H ̇O 2 side in alkenes [18] . The competition of R ̇O 2 isomer-

zation to Q ̇OOH and H ̇O 2 elimination from R ̇O 2 is very important

n predicting NTC behavior in alkanes. Among these reactions, H ̇O 2 

limination from Q ̇OOH is more important in alkene chemistry. In

his paper, the rate constants for this reaction class are taken from

ádor et al. [18] . For the reaction of Ċ 5 H 10 OOH1–2 decomposing to

 5 H 10 –1 and H ̇O 2 , the rate constants from Zádor et al. [18] are be-

ween a factor of 9 and 3 slower than those of Villano et al. [54] at

ow temperatures (650–10 0 0 K), corresponding to a difference of

2 kcal mol –1 in activation energy in the calculations performed

y Zádor et al. [18] and Villano et al. [53 , 54] . 

.1.4. H-atom abstraction reactions 

In this study, H-atom abstractions by Ö and Ḣ atoms, and ȮH,

 ̇O 2 , ĊH 3 , CH 3 ̇O and CH 3 ̇O 2 radicals as well as O 2 have been con-

idered. For H-atom abstraction by radicals, the vinylic and allylic

ites are treated separately as their corresponding C – H bond dis-

ociation energies are quite different to those for alkanes. Most of

he rate constants for vinyl and allylic sites are taken by analogy
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with ethylene, propene and butene which we have published pre-

viously [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 re-

activity 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

O 2 . 

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 O 2 can greatly promote reac-

tivity especially at high temperatures [44 , 57] . 

3.1.5. Allylic radicals + H ̇O 2 reactions 

During pentene oxidation, allylic radicals ( ̇C 5 H 9 1–3 and Ċ 5 H 9 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 H ̇O 2 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 al-

lyl + H ̇O 2 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 (R ̇O 2 ) reactions 

For alkenyl-peroxy radicals, reaction pathways of H ̇O 2 elimi-

nation, isomerization to Q ̇OOH and cycloadditions have been in-

cluded 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 R ̇O 2 reaction pathways [15 , 59] , how-

ever, the chemistry of allyl-peroxyl radicals are not well under-

stood. Allylic R ̇O 2 radical chemistry is highly dependent on the en-

ergy barriers for their stabilization in the R˙ + O 2 ↔ R ̇O 2 equilib-

rium, 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 in-

creased 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 R ̇O 2 radicals [15] . This sug-

gests that the allylic R ̇O 2 reaction pathway may be important for

an alkene molecule larger than 1-pentene. Also, the thermochem-

istry of allyl-peroxy radicals can also greatly affect the reaction

pathway of allylic R ̇O 2 radicals since it affects the reverse rate con-

stant when only the forward rate constant is specified. The ther-

mochemistry of C 4 H 7 1–3OOH has been estimated using quantum

chemistry calculations and also compared to values in the litera-

ture [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 R ̇O 2 and

Q ̇OOH, which will be discussed in detail in the following section. 

Alkenyl-peroxy radicals can also undergo cycloaddition reac-

tions 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,
hich is mainly due to the presence of the C = C double bond

hich increases the energy barrier for the reactions leading to H ̇O 2 

limination and isomerization to Q ̇OOH. This reaction pathway has

een discussed previously and its importance has been highlighted

15 , 16 , 61] . More details on the cycloaddition reactions are provided

n Section 4.4 . 

.2. High-temperature chemistry 

.2.1. Unimolecular fuel decomposition 

Unimolecular fuel decomposition reactions are very impor-

ant at high temperatures. The unimolecular decomposition of 1-

entene producing allyl and ethyl radicals is one of the major re-

ction pathways at high temperatures ( > 1200 K), which increases

he system’s reactivity. In addition, the retro-ene reaction produc-

ng propene and ethylene was also included. The rate constants for

oth reactions were measured by Tsang et al. [62] and have been

dopted in this study. 

.2.2. Ḣ atom addition to the double bond 

In addition to abstraction reactions by Ḣ atoms which occur at

oth low and high temperatures, Ḣ atom addition to the double

ond producing alkyl radicals is more important at high temper-

tures. The rate constants for Ḣ atom addition reactions and the

ubsequent alkyl radical β-scission reactions are taken from the

alculations by Power et al. [19] . 

.2.3. Vinylic radical reactions 

As discussed above, the reaction of vinylic radicals with O 2 can

reatly promote reactivity, especially at high temperatures [44 , 57] .

n this study, the rate constants of these reactions are taken by

nalogy with vinyl and methyl vinyl radicals from Goldsmith et al.

63] and Chen and Goldsmith [64] . 

.2.4. Alkenyl radical reactions 

Both isomerization and β-scission reactions of alkenyl radicals

ave been included with the rate constants taken from the work

f Sun et al. [20] . 

. Results and discussion 

.1. Model performance against experimental IDT data 

Simulations of IDTs measured in both the HPST and in the RCM

ere performed using Chemkin software [65] . The HPST data are

imulated assuming constant volume conditions. For the RCM sim-

lations, effective volume history profiles derived from the non-

eactive pressure traces were used to account for volume change

nd heat losses (i.e., the facility effects of the RCM). 

Figures 3 and 4 show comparisons between simulated and

xperimental results for 1-pentene using the newly developed

odel. In the intermediate temperature range, the current model

s slightly slow for 1-pentene at fuel-lean conditions. In the exper-

ments, an obvious two-stage ignition behavior is only observed at

ow pressures for fuel-lean conditions, and the pressure rise after

he first-stage ignition is very weak at high temperatures. The cur-

ent model over-predicts first-stage IDTs at both 15 and 30 atm.

verall, the new model captures well the auto-ignition behavior

f 1-pentene from low to high temperatures at different equiv-

lence ratios and pressures. 1-pentene shows a less pronounced

TC behavior compared to n -alkanes in the intermediate tempera-

ure regime (~750–850 K). At all equivalence ratios fuel reactivity

ncreases with increasing pressure. Moreover, it can be seen that

ressure has a larger effect on observed IDTs for fuel-lean mixtures

ompared 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. 
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70 0–90 0 K (depending on the pressure), which is different com-

pared to that for n -pentane [21] . This is believed due to the differ-

ence between alkane and alkene chemistry and will be discussed

in detail in Section 4.4 . 

Figure 4 shows the equivalence ratio effects at different pres-

sures. 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 reactiv-

ity 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, 1-

pentene 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 surro-

gate fuel models, both 1- and 2-pentene were employed to rep-

resent the alkene component [1–5] . Since the experimental re-
ults show that the low-temperature fuel reactivity of 1- and 2-

entene are different, this difference should be considered when

hoosing the representative components for gasoline surrogate

odels. 

.2. Model performance against shock-tube CO time-histories 

Figures 8 and 9 show comparisons of simulated and experimen-

al CO time-histories and IDTs for 1- and 2-pentene. Only valida-

ions of one case for each fuel are given here and all of the val-

dation results are provided in Figs. S4 and S5 of the Supplemen-

ary material. All of these experiments were taken at highly diluted

onditions, with fuel concentration of 0.25%. As can be seen, the

ew model slightly over-predicts the IDTs at different temperatures

nd the predicted position of the peak value for the CO mole frac-

ion is also retarded. For all of the cases, auto-ignition occurs when

he CO mole fraction reaches ~60 0 0 ppm. This is mainly due to

he following: both CO and ȮH radicals are important indicators of

igh temperature heat release. CO can react with hydroxyl radicals

roducing CO 2 and Ḣ atoms, which results significant heat release,

ventually contributing to auto-ignition. Since the reactions con-

rolling the formation and consumption of CO are mainly included

n the base chemistry, the model performance also indicates that

he 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 simula- 

tions. Dashed lines: RCM simulations including facility effect. 
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.3. Model performance against experimental JSR data 

Figure 10 shows comparisons of simulated and experimental

SR species profiles for 1- and 2-pentene. Only validations for im-

ortant species are given here and all of the validation results

re given in Fig. S7 of the Supplementary material. The current
odel over-predicts the CO 2 mole fraction for 1-pentene at 1025 K,

hich may be attributed to the high concentration of C 2 species

acetylene and ethylene) in the experiments at the same condi-

ion. The model predicts that these species are oxidized at 1025 K,

hile 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.) 

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. 
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higher temperatures not measured here. Overall, the newly devel-

oped model can capture well most of the species profiles. 

In this study, new IDT data, CO time histories and species pro-

files 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 1-

and 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
re consumed via H-atom abstraction by ȮH radicals, and the re-

aining 63% of the fuel is consumed by addition of ȮH radicals to

he double bond. H-atom abstraction leading to the formation of

hree different pentenyl radicals, with 1-penten-3-yl ( ̇C 5 H 9 1–3) be-

ng the major radical formed (19.9%) as it is resonantly stabilized.

ost of these react with H ̇O 2 and ultimately produce C 5 H 9 ̇O1–

/ C 5 H 9 ̇O2–1 and ȮH radicals. The subsequent decomposition of

 5 H 9 ̇O1–3 radicals mainly produces ethyl radicals and acrolein.

he other two pentenyl radicals, 1-penten-4-yl ( ̇C 5 H 9 1–4) and 1-

enten-5-yl ( ̇C 5 H 9 1–5) mainly add to O 2 to form alkenyl-peroxy

adicals. 

 5 H 9 1–4 + O 2 = C 5 H 9 1–4 ̇O 2 (5)

 5 H 9 1–4 ̇O 2 = C 5 H 8 1–3 + H ̇O 2 (6)

 5 H 9 1–5 + O 2 = C 5 H 9 1–5 ̇O 2 (7)

 5 H 9 1–5 ̇O 2 = Ċ 5 H 8 1OOH5–3 (8)

About 51% of C 5 H 9 1–4 ̇O 2 radicals are consumed via concerted

 ̇O 2 elimination producing 1,3 pentadiene (1,3-C 5 H 8 ) + H ̇O 2 as

he C – H bond of the allylic site is weaker and a five-membered

ransition state (TS) ring H-atom isomerization reaction is in-

olved, Eqs. (5) and (6) and another major reaction pathway

~40%) is cycloaddition. C 5 H 9 1–5 ̇O 2 radicals mainly undergo iso-

erization to hydroperoxy-alkenyl radicals followed by a second

ddition to O 2 leading to chain branching, as this sequence in-

olves six-membered TS ring isomerization reactions, Eqs. (7) and

8) . Therefore, for the reaction pathways of pentenyl radicals,

eactive hydroxyl radicals are consumed by H-atom abstraction re-

ctions while fewer of them or less reactive hydroperoxyl radi-

als are produced due to the presence of the double bond in 1-

entene relative to n -pentane, thus decreasing the reactivity of

-pentene relative to n -pentane. For 2-pentene, approximately 42%

f fuel molecules are consumed through H-atom abstraction, with

-penten-3-yl ( ̇C 5 H 9 1–3) and 1-penten-4-yl ( ̇C 5 H 9 2–4) being the

ajor radicals formed as they are resonantly stabilized, and the

ubsequent reaction pathways of these pentenyl radicals are simi-

ar to those in 1-pentene. C 5 H 9 2–5 ̇O 2 radicals mainly undergo cy-

loaddition reactions producing cyclo-peroxy radicals, which in-

icates cycloaddition should be included in the low-temperature

echanisms of alkenes. 
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Fig. 10. Experimental and simulated results of species data. Solid symbols: JSR data. Solid lines: model simulations. 
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Approximately 63% of 1-pentene is consumed via the Wadding-

on mechanism in which hydroxyl radicals add across the double

ond, leading to the formation of Ċ 5 H 10 OH1–2 and Ċ 5 H 10 OH2–

 radicals. These radicals then add to molecular oxygen to pro-

uce C 5 H 10 OH1–2 ̇O 2 and Ċ 5 H 10 OH2–1 ̇O 2 radicals and can subse-

uently react by abstracting the alkoxy H-atom with subsequent

ecomposition of the hydroperoxy-alkoxy radical producing alde-

ydes and ȮH radicals. However, in addition to this Wadding-

on reaction pathway, C 5 H 10 OH1–2 ̇O 2 and Ċ 5 H 10 OH2–1 ̇O 2 radicals

an also undergo internal H-atom re-arrangements of available H-

toms on other carbon sites to form alcoholic hydroperoxyl-alkyl

adicals which can add to O 2 and proceed to chain branching.

or 1-pentene, almost 19% of the fuel flux proceeds via this chain

ranching pathway. Therefore, for 1-pentene, the C 5 H 10 OH1–2 ̇O 2 

nd C 5 H 10 OH2–1 ̇O 2 radicals and C 5 H 9 1–5 ̇O 2 radical contribute to

hain branching reaction pathways, with the C 5 H 10 OH1–2 ̇O 2 radi-

al contributing most. However, for 2-pentene fewer fuel molecules

45%) go through the Waddington mechanism as the rate of ȮH

adical addition to the central carbon site is slower than that to

he terminal carbon site. Moreover, due to the location of the hy-

roxyl group, H-atom transfer from the carbon site with the hy-

roxyl group is the dominant reaction pathway other than H-atom

ransfer from the primary carbon sites, due to the weaker C –

 bond resulting from the hydroxyl group. Therefore, the radi-

als formed by ȮH addition across the double bond mainly de-

ompose via chain propagation reaction pathways. As a result, 2-

entene shows lower fuel reactivity compared to 1-pentene at low-

emperatures. 

At 800 K, as can be seen from Fig. 11 , the branching ratio of
˙ H radicals adding to the double bond descreases for both 1- and
-pentene, which is mainly due to the competition with H-atom

bstraction by ȮH radicals. As shown in Fig. 3 , in this temperature

egime, a less pronounced NTC behavior is observed for 1-pentene

ompared to n -pentane. The NTC behavior observed in n -alkanes

s believed to be mainly due to the competition of chain branch-

ng and chain propagation reaction pathways [21] , with the chain

ropagation pathway mainly producing H ̇O 2 radicals, which de-

reases the system’s reactivity and consequently results in a more

ronounced NTC behavior. However, for 1-pentene, both the re-

ction pathways of H-atom abstraction producing alkenyl radicals

nd the Waddington mechanism compete with the chain branch-

ng reaction pathways. Both the Waddington mechanism and the

eaction pathway of 1-penten-3-yl radicals with H ̇O 2 produce re-

ctive ȮH radicals rather than less reactive H ̇O 2 radicals which

re produced from alkyl-peroxy radical elimination reactions or

lkyl radicals produced from β-scission of alkyl radicals in alka-

es. As the chain propagation reaction mainly produces reactive
˙ H radicals rather than H ̇O 2 radicals, the competition of chain

ropagation and chain branching reaction pathways shows a rela-

ively smaller effect on auto-ignition for alkenes compared to alka-

es. Therefore, a less pronounced NTC behavior is observed for

-pentene. 

As discussed in Section 4.1 , the effect of increasing pressure de-

reases as the fuel mixtures become richer, which is different to

hat observed for n -pentane [21] . For alkane chemistry, in the in-

ermediate temperature regime, an increase in fuel reactivity with

ncreasing pressure is mainly due to the chain branching path-

ays: RH + H ̇O 2 = Ṙ + H 2 O 2 followed by H 2 O 2 ( + M) = ȮH + ȮH

 + M), since the fuel concentration ([RH]) increases with increas-

ng 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, H ̇O 2 and ĊH 3 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-3-

yl ( ̇C 5 H 9 1–3) radicals mainly react with H ̇O 2 producing C 5 H 9 ̇O1–

3 radical and one ȮH radical. With increasing equivalence ratios,

the increased fuel concentration ([RH]) results in higher concen-

trations of Ċ 5 H 9 1–3 radicals and promotes the reaction of Ċ 5 H 9 1–

3 with H ̇O 2 radicals. Consequently, this results in fewer H ̇O 2 

re-combinations producing H 2 O 2 which decomposes into two ȮH

radicals, Eqs. (9) –(12) . 

C 5 H 10 –1 + ȮH = Ċ 5 H 9 1–3 + H 2 O (9)

C 5 H 10 –1 + H ̇O 2 = Ṙ + H 2 O 2 (10)

Ċ 5 H 9 1–3 + H ̇O 2 = C 5 H 9 Ȯ1–3 + ȮH (11)

H 2 O 2 + (M) = ȮH + ȮH ( + M) (12)

Flux analysis results for H ̇O 2 consumption at different con-

ditions are provided in Fig. S11 of the Supplementary material.

The H ̇O 2 flux of H-atom abstraction by H ̇O 2 radicals from stable

molecules does not change much at different conditions. With in-

creasing equivalence ratios, more H ̇O 2 radicals react with Ċ 5 H 9 1–3

radicals producing ȮH radicals, and the percentage of H ̇O 2 recom-

bining to produce H 2 O 2 decreases. In this temperature range, only

20 – 50% of H 2 O 2 decomposes into two ȮH radicals. Thus, the re-

actions of 1-penten-3-yl ( ̇C 5 H 9 1–3) and H ̇O 2 radicals are more effi-

cient in converting H ̇O 2 radicals into ȮH radicals, and hence these

reaction pathways promote reactivity. At fuel-lean conditions, the

fraction of H ̇O 2 radicals that react with Ċ 5 H 9 1–3 radicals increases

significantly as the pressure increases from 15 atm to 30 atm. For

stoichiometric and fuel-rich conditions, the fraction of H ̇O 2 radicals

that react with Ċ 5 H 9 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 fuel-

lean compared to fuel-rich conditions. 

At 1200 K, most of 1-pentene is consumed by H-atom ab-

straction producing alkenyl radicals, with the Waddington mech-

anism no longer important. Most Ċ 5 H 9 1–3 and Ċ 5 H 9 1–5 radi-

cals undergo β-scission reactions. For Ċ 5 H 9 1–4 radicals, a large

proportion (~54%) of these radicals undergo β-scission and iso-

merization reactions. About 40% of these radicals add to O 2 to

form alkenyl-peroxyl radicals and, following H ̇O 2 elimination, pro-

duce 1,3-pentadiene and H ̇O 2 radicals. Other important reaction

pathways include unimolecular decomposition and H-atom addi-

tion 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 Ċ 5 H 9 1–3 radicals is similar to those of 1-pentene, producing

1,3-butadiene and ĊH 3 radicals. Ċ 5 H 9 2–4 radicals mostly undergo

β-scission and/or reactions with O 2 producing 1,3-pentadiene,

and most Ċ 5 H 9 2–5 radicals proceed by addition to O 2 to form

alkenyl-peroxyl radicals followed by H ̇O 2 elimination producing

1,3-pentadiene. At high temperatures ( > 1200 K), the reactivity

of 2-pentene is slightly lower than that of 1-pentene, mainly be-

cause 1-pentene produces higher concentrations of smaller alkenes

and alkenyl radicals which promote reactivity. However, for 2-

pentene, more than 30% of the fuel is consumed by producing 1,3-

pentadiene, consequently inhibiting reactivity. 

Figure 12 shows the results of brute force sensitivity analy-

ses 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 pro-

mote reactivity include hydroxyl radical addition to the double

bond and the following chain branching reactions. Competing with
he reaction pathway of ȮH addition, reactions that consuming

ydroxyl radicals and producing pentenyl radicals inhibit reactiv-

ty. For 2-pentene, the sensitivity coefficients of the reactions are

uch lower than those for 1-pentene. Meanwhile, the reactions

ssociated with the Waddington mechanism have a smaller effect

n reactivity compared to those for 1-pentene because the pro-

uced hydroxy-alkylperoxy radicals mainly undergo chain termina-

ion and propagation reactions. 

. Conclusions 

(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 tempera-

tures (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 molec-

ular 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 eval-

uation of low-temperature oxidation products and high-

temperature pyrolysis products could be performed in the

future. 
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