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a b s t r a c t 

It is important to understand the low-temperature chemistry of 1-hexene as it is used as a representative 

alkene component in gasoline surrogate fuels. Ignition delay times (IDTs) of 1-hexene measured in rapid 

compression machines (RCMs) can be used to validate its low-temperature chemistry. However, volume 

history profiles are not available for published RCM IDT data. This has restricted the validation of the 

low-temperature chemistry of 1-hexene at engine-relevant conditions (i.e. at low temperatures and high 

pressures). Thus, new RCM IDT data with associated volume history profiles are needed. In this study, 

both an RCM and a high-pressure shock tube (ST) are employed to measure IDTs of 1-hexene at equiva- 

lence ratios of 0.5, 1.0 and 2.0 in ‘air’ and at pressures of 15 and 30 atm. A cool-flame (first stage) and 

total (second stage) ignition was observed in the RCM experiments. Moreover, carbon monoxide and wa- 

ter versus time histories produced during 1-hexene oxidation at highly diluted conditions were measured 

in a ST. A new detailed chemical kinetic model describing 1-hexene oxidation is proposed and validated 

using these new measured data together with various experimental data available in the literature. The 

kinetic model can predict well the auto-ignition behavior and oxidation processes of 1-hexene at various 

conditions. The rate constants and branching ratio for hydroxyl radical addition to the double bond of 1- 

hexene are particularly important and discussed based on the experimental and theoretically calculated 

results from previous studies as well as validation results from jet-stirred reactor (JSR) species profiles. 

Flux and sensitivity analyses are performed to determine the important reaction classes for 1-hexene 

oxidation and show that the reactions associated with hydroxy radical addition to the double bond con- 

tribute most to the low-temperature reactivity of 1-hexene. In the negative temperature coefficient (NTC) 

regime, the isomerization of hexenyl-peroxy radicals promotes fuel reactivity due to its associated chain 

branching pathways. 

© 2021 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

1. Introduction 

1-Hexene is often used as a representative alkene component 

in gasoline surrogate fuels [1–7] , and it is also an intermediate 

product of n -hexane oxidation. A number of studies have been 

performed to investigate the combustion chemistry of 1-hexene 

[8–11] . These studies were performed in various facilities, includ- 
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ing shock tubes (STs) [9 , 12] , rapid compression machines (RCMs) 

[10 , 12] and jet-stirred reactors (JSR) [11 , 13 , 14] . Yahyaoui et al. 

[9 , 14] studied the oxidation of 1-hexene in both a ST and in a JSR, 

and a kinetic model was proposed. Mehl et al. [10 , 12] investigated 

the auto-ignition behavior of 1-, 2- and 3-hexene in both an RCM 

and in a high-pressure shock tube (HPST), and a kinetic model was 

also developed to simulate these data. However, in simulating the 

RCM data to calibrate heat losses/facility effects, the same param- 

eters were used in all of the simulations. This affects the predic- 

tion of experimental data with long ignition delay times (IDTs). 
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Meng et al. [11] studied 1-hexene oxidation based on comprehen- 

sive species data measured in a JSR [13] and a new kinetic model 

was proposed. In their study, the model was also validated using 

the RCM data measured by Vanhove et al. [15] and Mehl et al. 

[10 , 12] . However, as there are no volume profiles available, the 

constant volume assumption was used in the simulations and this 

significantly affects the simulation results at low temperatures and 

prevents the validation of the 1-hexene model to the accuracy re- 

quired for current chemical kinetic models. In the low-temperature 

range, 1-hexene shows a more pronounced NTC behavior and a 

higher fuel reactivity than 2-hexene or 3-hexene [10 , 12 , 15] . Since 

1-hexene is an important gasoline surrogate, it is necessary to val- 

idate its low-temperature chemistry at engine relevant conditions 

(i.e. at low temperatures and high pressures). Thus, new IDT mea- 

surements in an RCM with effective volume history profiles are 

needed. Most of the literature ST data related to 1-hexene oxida- 

tion are limited to IDTs. Speciation measurements in the ST can 

provide multiple targets for kinetic model validation at high tem- 

peratures. 

Moreover, most of the hexene mechanisms were proposed 

by different groups, and the chemistry controlling the low- 

temperature reactivity differs among them [8–11] . Therefore, a de- 

tailed understanding of alkene chemistry is less understood com- 

pared to alkanes. New quantum chemistry calculation results have 

been published over the years describing important reactions per- 

taining to alkene chemistry [16–25] , and these results, used in de- 

tailed chemical kinetic models, can help understand and better 

predict alkene chemistry. In a previous study, we have used con- 

sistent rate constants to describe chemical kinetics in the low- to 

intermediate-temperature range for 1-alkene fuels [26] . The cur- 

rent study will focus on 1-hexene and further validate some im- 

portant reaction pathways. 

In this paper, IDTs of 1-hexene were measured using both an 

RCM and a HPST over a wide range of temperature (600 – 1300 K), 

at pressures of 15 and 30 atm. Moreover, for the first time, time 

histories of carbon monoxide and water produced during 1-hexene 

oxidation at highly diluted conditions and various equivalence ra- 

tios (0.5, 1.0, and 2.0) were measured in a ST at approximately 

1.5 atm. A new kinetic model has been developed and validated 

against the new IDT data and species profiles measured in this 

study as well as the existing experimental data available in the lit- 

erature. 

2. Experimental specifications 

2.1. Ignition delay time measurements 

IDTs of 1-hexene were measured in both an RCM and in a 

HPST at NUI Galway, with a detailed description of these facili- 

ties provided previously [27 , 28] . The HPST has an internal diam- 

eter of 63.5 mm and a total length of 8.76 m, divided into three 

parts: a 5.73 m long driven section, a 3.0 m long driver section 

and a 3.0 cm long double-diaphragm section. In the HPST experi- 

ments, the incident shock velocity was determined using six pres- 

sure transducers (PCB, 113B24) installed in the sidewall, and an- 

other pressure transducer (Kistler 603C) installed in the endwall 

was used to determine the IDT. GasEq [29] was used to calculate 

the gas pressure and temperature behind the reflected shock wave, 

based on the incident shock velocity and initial mixture conditions. 

The RCM at NUI Galway has a twin-opposed piston configuration, 

which can achieve a fast compression time of approximately 16 ms. 

Creviced pistons are employed to improve post-compression tem- 

perature homogeneity in the reaction chamber. In the RCM exper- 

iments, the geometric compression ratio was fixed and the initial 

temperature was varied to achieve different compressed gas tem- 

Table 1 

Experimental conditions studied for1-hexene in the RCM 

and HPST. 

T (K) p (atm) ϕ dilution (%) 

600 – 1300 15, 30 0.5, 1.0, 2.0 75.5 – 78.1 

peratures. These were calculated using GasEq [29] based on the 

measured compressed pressure and initial mixture conditions. 

The designed experiment conditions are given in Table 1 . The 

mole fraction of dilution is determined using the total mole frac- 

tion of nitrogen and argon in the mixture. Both the RCM and HPST 

experiments were performed at air-like conditions, with the dilu- 

ent (nitrogen or argon) and oxygen in a ratio of 79:21. In the RCM 

experiments, the initial temperature of the gas mixture was varied 

from room temperature to 150 °C. Moreover, for each test point of 

the RCM experiments, a non-reactive pressure trace, in which the 

O 2 content in the mixture is replaced by N 2 , was also taken so that 

we can account for facility effects in our simulations. 

As shown in Fig. 1 , both the IDTs recorded in the HPST and RCM 

were determined using the measured pressure traces. Figure 1 (b) 

shows the definitions of first-stage IDT and total IDT in the 1- 

hexene RCM experiments. The uncertainty in the IDT data from 

both facilities is ± 20%, as discussed previously [30] . 

High purity 1-hexene ( > 98.5%) was provided by Sigma-Aldrich. 

High purity nitrogen ( > 99%), oxygen ( > 99%) and argon ( > 99%), 

provided by BOC, were used in the experiments. The ST and RCM 

IDTs measured in this study are provided in Table S1 and S2 of the 

Supplementary material. 

2.2. Carbon monoxide and water time-history measurements in a 

low-pressure shock tube 

Carbon monoxide (CO) and water (H 2 O) concentration vs time 

histories were measured using tunable IR lasers in two high-purity 

shock tubes at TAMU. The facilities and diagnostics were described 

in detail previously (see [31] and [32] for the CO shock tube and 

diagnostic and [33] for the H 2 O shock tube and diagnostic), and 

only a brief description of each shock tube and associated diag- 

nostic is provided here. A thorough description of the procedures 

and considerations for these speciation measurements is available 

in Alturaifi et al. [34] . 

The two shock tubes used herein are made of stainless steel 

and employ a single diaphragm. The shock tube used to measure 

CO time histories has a 5.03 m long and 15.24 cm i.d. driven sec- 

tion (2.62 m length, 7.62 cm i.d. driver section). A quantum cas- 

cade laser (QCL) that produces light at 4566.17 nm was used for 

the CO measurements by accessing the R(12) line of the 1 ← 0 

band. The QCL was centered on the R(12) line using a removable 

cell (containing a low-pressure mixture of ~10% CO/Ar) prior to 

each experiment. Note that experiments were performed with and 

without He in the mixture. Adding helium is necessary to expe- 

dite vibrational relaxation in this type of mixture [32] . Tests with 

helium added show a 10% decrease in reflected-shock pressures 

compared to mixtures without helium at similar temperatures due 

to compressibility effects from the decreased molecular weight of 

the bath gas. There is little change in the induction delay time 

(see τ ind below) and only a slight decrease in peak CO formation, 

around 5 – 7%, when compared to data without helium added at 

similar temperatures. 

The primary data measured from the CO diagnostic were the 

species time history profiles but other measurements are extracted 

from the profiles that are used for mechanism validation. For 

the measurements of CO (equivalence ratios of ϕ = 0.5 and 1.0) 

the time at which the peak species mole fraction occurs ( τmax ) 

is recorded and compared with mechanism results. The time at 

2 
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Fig. 1. Definitions of IDTs measured in (a) a HPST and (b) an RCM. 

Fig. 2. Example CO profiles with definitions of τ max and τ ind for the (a) stoichiometric and fuel-lean ( ϕ = 0.5) and (b) fuel-rich ( ϕ = 2.0) mixtures tested. 

which the beginning of the formation of CO is also recorded (in- 

duction time, τ ind ) and is recorded for all mixtures where the 

CO diagnostic was utilized. The methods used to determine τmax 

and τ ind are illustrated in Fig. 2 . The uncertainty in these mea- 

surements is essentially due to the uncertainty in the temperature 

(less than 1%). Given that the signals are easy to interpret due to 

their high signal-to-noise ratio, the uncertainty in the various de- 

lays measured herein is estimated to be approximately 10%. 

The shock tube used to measure water has larger driven 

(6.78 m long, 16.2 cm i.d.) and driver (3.0 m, 7.62-cm i.d.) sections 

compared to that used to measure CO. The water time-history pro- 

files were obtained using a tunable diode laser that accessed the 

5 5,1 ← 5 5,0 transition in the ν1 + ν3 fundamental band by gener- 

ating light at 1388.140 nm. A wavemeter (Burleigh WA-10 0 0) was 

used to constantly monitor the wavelength of the laser. The laser 

path was enclosed and purged using N 2 to suppress laser beam 

attenuation by ambient water. 

All mixtures (equivalence ratios of ϕ = 0.5, 1.0, and 2.0) were 

prepared manometrically in stainless-steel mixing tanks. Mixtures 

were highly diluted (99.5%) in inert gas (Ar or Ar/He). The large 

dilution level follows recent work with iso-octane [35] and allows 

for a limiting of the temperature rise induced by the exothermic 

reactions during the fuel oxidation while providing sufficient CO 

and H 2 O concentration for the measurements. Mixture composi- 

tions are given in Table S3 of the Supplementary material. The ex- 

periments were performed at pressures of ~1.5 atm in the temper- 

ature range of 130 0 – 190 0 K. 

As detailed by Mathieu et al. [32] for CO and Mulvihill et al. 

[36] for H 2 O, the uncertainty in the laser absorption measurements 

is a function of several parameters, such as broadband emission, 

uncertainty in the temperature and pressure behind the reflected 

shock wave, and line strength, among others. As such, the uncer- 

tainty varies between each test and as a function of time during 

each experiment (see Fig. 5 in [32] and Fig. 7 in [36] ). However, to 

provide the reader with a visual estimation of the maximum un- 

certainty in the profiles, error bars are at the peak CO and H 2 O 

plateaus. In both cases, a very conservative uncertainty value is 

used, where the maximum values obtained in [32] for CO and in 

[36] for H 2 O are rounded to the superior figure (5% uncertainty for 

CO, and 6% for H 2 O). Note that in the majority of the cases, the 

uncertainty is actually lower than represented herein. 

3. Model development 

This current model is developed based on a new base model, 

NUIGMech1.2, and the previous published mechanisms, n -hexane 

[37] and 1-hexene [38] . According to some new studies performed 

over the past decade or so [16–25] , some new reaction classes 

were added and rate constants of the important reaction classes 

were updated [26] . THERM [39] integrated with updated group val- 

ues from Burke et al. [40] and Li et al. [41] was used to calculate 

the thermochemical properties of the 1-hexene sub-mechanism 

species. Table 2 provides a summary of the important reaction 

classes updated with the corresponding references. 

In this study, consistent rate constants and thermochemistry for 

low- to intermediate-temperature chemistry of 1-alkene fuels were 

used, and most of the updated reaction classes were discussed pre- 

viously [26] . Thus, only the reaction pathways which are impor- 

3 
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Table 2 

Major updated reaction classes and references in the current model. 

No. Reaction pathways Reference 

1 ȮH addition to C = C double bond [16] 

2 Waddington mechanism, hydroxy–alkylperoxy radical isomerization and H ̇O 2 elimination [19] 

3 Alkenylperoxy radical isomerization and decomposition [18 , 20] 

4 1-Hexene + H ̇O 2 [17] 

5 Isomerization and decomposition of hexenyl radicals [23 , 24] 

Table 3 

The structures of major species which relevant to 1-hexene oxidation. 

tant in 1-hexene chemistry are discussed in detail here. A list of 

the structures of the major species relevant to 1-hexene oxidation 

is provided in Table 3 . The rate constants of the important reac- 

tions used in the current model are shown in Table 4 . The final 

mechanism and species dictionary are available as Supplementary 

material. 

Chemkin-PRO software [44] was used to simulate both the 

HPST and RCM the IDTs. Constant volume assumption was used in 

the simulations of the HPST data. The effective volume history pro- 

files derived from the non-reactive (O 2 replaced with N 2 ) pressure 

traces were used in the RCM simulations to account for facility ef- 

fects. 

3.1. Hydroxy radical addition to the double bond 

This is one of the most important reaction classes in the low- 

temperature oxidation of alkenes. The rate constants of this reac- 

tion from different studies [16 , 45 , 46] were compared in our pre- 

vious study [26] . However, the employed rate constants and the 

branching ratio of ȮH radical addition to the terminal and central 

carbon of alkenes have not been well validated due to a lack of 

experimental data. Loison et al. [47] and Feltham et al. [48] ex- 

perimentally studied this branching ratio at low temperatures, and 

they suggested a branching ratio of 50:50 for propene and this 

is consistent with the results from [16] and [45] , while for 1- 

butene it was determined to be 75:25. ȮH radical addition to 

the double bond initiates the Waddington mechanism, with Eqns. 

1 – 4 depicting it. In the low-temperature range, the Wadding- 

ton mechanism is one of the major sources of aldehydes, which 

for 1-hexene are formaldehyde and n -pentanal. Therefore, differ- 

ent rate constants and branching ratios of ȮH radical addition to 

the terminal and central carbons will directly affect the fuel flux 

of the Waddington reaction pathways and hence affect the rates of 

formaldehyde and n -pentanal formation. 

4 
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Table 4 

Rate constants for the important reactions in the current model (cm 

3 /mol/s/cal units). 

No. Reactions A n E a Reference 

1 C 6 H 12 –1 + ̇OH < = > ̇C 6 H 12 OH-1J2 (DUP) 2.872E + 48 –10.23 23,772. [16] 

2 C 6 H 12 –1 + ̇OH < = > ̇C 6 H 12 OH-1J2 (DUP) 4.589E + 32 –6.310 6088. [16] 

3 C 6 H 12 –1 + ̇OH < = > ̇C 6 H 12 OH-2J1 (DUP) 9.575E + 47 –10.23 23,772. [16] 

4 C 6 H 12 –1 + ̇OH < = > ̇C 6 H 12 OH-2J1 (DUP) 1.530E + 32 –6.310 6088. [16] 

5 Ċ 6 H 12 OH-1J2 + O 2 < = > C 6 H 12 OH-1 ̇O 2 –2 3.487E + 14 –0.816 –536.5 [42] 

6 C 6 H 12 OH-1 ̇O 2 –2 < = > C 6 H 12 OOH2–1 ̇O 2.610E + 10 + 0.290 20,380. [19] 

7 C 6 H 12 OOH2–1 ̇O = > PC 4 H 9 CHO + CH 2 O + ̇OH 2.118E + 11 + 0.437 6184. [25] 

8 C 6 H 12 OH-1 ̇O 2 –2 < = > ̇C 6 H 11 OH1Q2–4 7.150E + 05 + 1.670 16,221. [19] 

9 C 6 H 12 OH-1 ̇O 2 –2 < = > ̇C 6 H 11 OH1Q2–5 8.680E + 02 + 2.310 13,600. [19] 

10 C 6 H 12 –1 + ̇OH < = > ̇C 6 H 11 1–3 + H 2 O 1.212E + 06 + 2.200 –437.2 [21] 

11 C 6 H 12 –1 + ̇OH < = > ̇C 6 H 11 1–5 + H 2 O 7.050E + 09 + 0.935 504.7 [43] 

12 C 6 H 12 –1 + O 2 < = > ̇C 6 H 11 1–3 + H ̇O 2 6.060E + 01 + 3.450 34,600. [22] 

13 C 6 H 12 –1 + H ̇O 2 < = > ̇C 6 H 11 1–3 + H 2 O 2 7.820E–01 + 3.970 11,700. [17] 

14 Ċ 6 H 11 1–3 + O 2 < = > C 6 H 11 1 ̇O 2 –3 9.140E + 02 + 2.179 –2200. [18] 

15 Ċ 6 H 11 1–5 + O 2 < = > C 6 H 11 1 ̇O 2 –5 3.490E + 14 –0.816 –537. [42] 

16 C 6 H 11 1 ̇O 2 –3 < = > ̇C 6 H 10 1OOH3–5 0.580E + 03 + 2.245 15,500. [18] 

17 C 6 H 11 1 ̇O 2 –5 < = > ̇C 6 H 10 1OOH5–3 1.300E–05 + 4.830 9710. [20] 

18 Ċ 6 H 11 1–6 < = > ̇C 6 H 11 1–3 4.220E + 04 + 1.930 13,500. [23] 

19 C 6 H 12 –1 + H ̇O 2 < = > ̇C 6 H 12 OOH1–2 2.820E + 04 + 2.490 14,730. [17] 

20 C 6 H 12 –1 + H ̇O 2 < = > ̇C 6 H 12 OOH2–1 1.360E + 02 + 3.000 12,480. [17] 

(1) 

(2) 

(3) 

(4) 

In this study, the comprehensive JSR data measured by Battin- 

Leclerc [13] and Meng et al. [11] were used to validate the cur- 

rent model for the branching ratio of ȮH addition. The pre- 

dictions of formaldehyde, n -pentanal, hydroxyl cyclic ethers and 

other important species formed in the low-temperature chem- 

istry are illustrated to discuss the employed rate constants and 

the branching ratio of ȮH addition. Flux analyses at 625 K and 

850 K were performed and the results are provided in Fig. S1 of 

the Supplementary material. The results show that formaldehyde 

(CH 2 O), n -pentanal (pC 4 H 9 CHO) and 2-methyl,5-hydroxymethyl- 

tetrahydrofuran (C 6 H 11 OH1O2–5) are the major species formed at 

low temperatures (600 – 700 K). The model results for these 

species and other important species are given in Fig. 3 (species 

nomenclature is defined in the species dictionary in Supplemen- 

tary material). Also, the validation results for all of the species are 

provided as Supplementary material. 

In the studies by Battin-Leclerc [13] and Meng et al. [11] two 

different methods, GC and cavity ring-down spectroscopy (CRDS), 

were used to measure some important intermediate species during 

1-hexene oxidation. At 625 K, the mole fractions of formaldehyde 

measured using CRDS are approximately 50% higher than those 

measured using the GC method. The CRDS results show that the 

peak values of formaldehyde mole fraction at 625 K and 850 K 

are very similar. For n -pentanal and hydroxyl cyclic ethers, only 

the GC method was used in the measurements. The model pre- 

dicts well all of the species except for C 6 H 11 OH1O2–5, which is 

over-predicted by a factor of three. This can be due to the large 

uncertainty in the measurement of hydroxyl cyclic ethers. In the 

study of Battin-Leclerc [13] , it was suggested that C 6 H 11 OH1O2–

5 was the major hydroxyl cyclic ether based on their kinetic in- 

sight. However, this species was not detected in the experiments, 

as this compound may decompose during ionization or it has a 

very low cross-section. Formaldehyde and n -pentanal are the ma- 

jor products formed from the Waddington mechanism. The results 

for formaldehyde and n -pentanal chemistry validations are shown 

in Fig. S2 of the Supplementary material. Figure 4 shows the flux 

and sensitivity analyses results for n -pentanal at 625 K. Approxi- 

mately 98% of n -pentanal is formed via the Waddington reaction 

pathways. However, the Waddington reaction pathway only con- 

tributes about 10% of total concentration of formaldehyde as it is 

produced by many pathways. The simulation results indicate that 

the fuel flux proceeding through the Waddington reaction path- 

ways is correct. However, there are no further experimental results, 

such as concentration measurements of different hydroxyl cyclic 

ethers to help validate the branching ratios. In this study, the rate 

constants calculated by Zádor et al. [16] and a branching ratio of 

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

1-hexene are used. In this study, the rate constants for ȮH addi- 

tion to the double bond and H-atom abstraction by ȮH radicals 

from the allylic carbon site are slightly different to those employed 

in our previous studies [26 , 49] with both being decreased here by 

approximately 40%. These new rate constants mainly affect the JSR 

predictions in the temperature range 500 – 750 K. The Wadding- 

ton mechanism was studied previously [19 , 25] . The isomerization 

of hydroxy–alkylperoxy radicals forming hydroperoxy-alkoxy radi- 

cals were theoretically calculated in both studies [19 , 25] , and the 

rate constants from the two studies are within a factor of two. In 

the study of [19] , the “non-Waddington” pathways via internal H- 

atom re-arrangements of H-atoms on other carbon sites to form 

alcoholic hydroperoxyl-alkyl radicals and H ̇O 2 elimination are also 

studied, and these reaction pathways are proven to be important 

in the low-temperature chemistry of large alkenes [26 , 49] . 

5 
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Fig. 3. Comparison of experiment and simulation results of 1-hexene JSR data [11] . Solid symbols: experiment data using GC method. Half-filled symbols: experiment data 

using CRDS method. Solid lines: simulation results with current model. Only validations for important species in the low-temperature chemistry are given here and all of 

the validation results are provided as Supplementary material. 

3.2. Hexenyl radical isomerization 

The alkenyl radical isomerization reactions are important for 

linear alkenes with a carbon number larger than four, mainly be- 

cause the longer carbon chain facilitates isomerization reactions 

with lower energy barriers. The rate constants calculated by Wang 

et al. [23] and Sun et al. [24] are used in this study. Both the iso- 

merization between hexenyl radicals and to cyclohexyl radical are 

included, Eqn. (5) . 

(5) 

As shown in Figure 5 (a), hexenyl radical isomerization has al- 

most no effect on the reactivity of 1-hexene, except for a slight 

decrease in reactivity at intermediate temperatures (750 – 800 K). 

However, the JSR results show that hexenyl radical isomerization 

does affect the production of cyclohexene, an important inter- 

mediate. Without the isomerization included, the simulated mole 

fraction of cyclohexene in the JSR is negligible for all temper- 

atures investigated. With the isomerization included, Fig. 5 (b), 

the model, including hexenyl radical isomerization, predicts the 

mole fraction of cyclohexene below 750 K and under-predicts the 

mole fraction by a factor of three in the intermediate-temperature 

range. 
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Fig. 4. (a) Flux and (b) sensitivity analyses of n -pentanal during 1-hexene oxidation in a JSR at 625 K, ϕ = 1.0 and 1.05 atm [11] based on the current model. 

Fig. 5. (a) Comparison of simulation results with and without hexenyl radical isomerization. IDTs measured in this study. Solid and dot lines: simulations assuming constant- 

volume conditions. Dash lines: RCM simulations including the facility effects. (b) Com parisons of model predictions for cyclohexene (including hexenyl radical isomerization) 

with JSR data for 1-hexene [11] . 

3.3. Alkenyl-peroxy radical (R ̇O 2 ) reactions 

The reaction pathways of alkenyl-peroxy radicals are important 

to the low-temperature chemistry of 1-alkenes with a carbon num- 

ber larger than five [26] . For the current model, the reactions of 

H ̇O 2 elimination, isomerizing to ˙ Q OOH and cycloaddition reactions 

are included, as shown in Eqns. (6 − 8), and consistent rate con- 

stants and thermochemistry with 1-pentene [49] are used. As the 

longer carbon chain length of 1-hexene compared to 1-pentene de- 

creases the energy barrier of R ̇O 2 isomerization to ˙ Q OOH, these re- 

action pathways show larger effects on the low-temperature chem- 

istry of 1-hexene. 

(6) 

(7) 

(8) 

4. Results and discussions 

4.1. Model performance against experimental idt data 

Figures 6 and 7 show the experiment and simulation IDT re- 

sults using the current model. As can be seen for these fuel/’air’ 

mixtures, the IDTs of 1-hexene decrease with increasing pressure 

and equivalence ratios. In the experiments and simulations, NTC 

behavior is seen for all conditions except for 30 atm and ϕ = 2.0 

where the IDTs do not display an actual negative temperature de- 

pendence. The experiments show NTC behavior which is consistent 

with previous RCM experimental results [10] , [12]. These previ- 

ous stoichiometric experiments for 1-hexene reported a slight NTC 

in IDT at ~ 7.5 atm and a more pronounced NTC behavior at 10 

atm. In the RCM experiments, a two-stage ignition behavior is ob- 

served at temperatures below 900 K, and both the first-stage and 

total IDT data are presented in Fig. 6 . As shown in Fig. 6 , the cur- 

rent model is slightly fast (factor of two) in the low-temperature 

range at fuel-rich conditions. Both the first-stage and total IDTs 

at 15 and 30 atm are well predicted. The current model predicts 

well the auto-ignition behavior of 1-hexene in both the low- and 

high-temperature regimes. The IDTs measured at diluted and low- 

pressure conditions from the literature were also simulated with 

the current model and the results are shown in Fig. S3 and Fig. S4 

of the Supplementary material. 

Figures 6 and 7 also show the pressure effects and equivalence 

ratio effects. The reactivity of 1-hexene increases with increasing 

pressure at all equivalence ratios and increases with increasing 
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Fig. 6. Effects of pressures on 1-hexene IDTs. (a) ϕ = 0.5, (b) ϕ = 1.0, (c) ϕ = 2.0. Solid symbols: HPST IDTs. Half-filled and open symbols represent the first-stage and total 

RCM IDTs, respectively. Solid lines: simulations assuming constant-volume conditions. Dash lines: RCM simulations including the facility effects. Dotted lines: simulations of 

RCM first-stage IDTs. 

Fig. 7. Effects of equivalence ratios on 1-hexene IDTs. (a) 15 atm, (b) 30 atm. Solid symbols: HPST IDTs. Open symbols: RCM IDTs. Solid lines: simulations assuming constant- 

volume conditions. Dash lines: RCM simulations including the facility effects. 

Fig. 8. Comparison of fuel reactivity between 1-hexene and n -hexane. The n -hexane 

IDTs from [37] are measured for fuel in ‘air’ at ϕ = 1.0 and 32 atm. Solid and open 

symbols represent HPST and RCM IDTs, respectively. Solid lines: simulations assum- 

ing constant-volume conditions. Dash lines: RCM simulations including the facility 

effects. The simulation results are based on the current mechanism. 

equivalence ratios at both pressures, and the current model cap- 

tures this effect well. 

Figure 8 shows a comparison of the fuel reactivity of 1-hexene 

and n -hexane in the temperature range 625 – 1540 K. The n - 

hexane IDTs were taken at a slightly higher pressure (~ 32 atm) 

than those for 1-hexene (30 atm), and both data sets were mea- 

sured in the HPST at NUIG. The current model can capture well 

the IDTs of both fuels. 1-hexene is slower to ignite compared to 

n -hexane at temperatures below 950 K and it shows a less pro- 

nounced NTC behavior which is similar to that of 1-pentene and 

1-heptene [26] . However, at temperatures above 950 K, 1-hexene is 

faster to ignite compared to n -hexane and the current model can 

capture this behavior well although the predicted fuel reactivity 

exceeds that of the experiments above 1100 K. The reason of this 

relative difference between the two fuels is analyzed in Section 4.3 . 

4.2. Model performance against shock-tube CO and H 2 O time 

histories 

Figures 9 and 10 show the comparison of experimental and 

simulation results of CO and H 2 O time histories at the stoichio- 

metric condition and ~1.4 atm using the current model. Figure 11 

shows the overall model performance at different conditions of 

equivalence ratio and temperature. Only validation results for a 

few cases at ϕ = 1.0 are shown here, with all of the validation 

results at ϕ = 0.5, 1.0 and 2.0 provided in Fig. S5 and Fig. S6 of 

the Supplementary material. These experimental data were mea- 

sured at ~1.5 atm and at 99.5% dilution. The current model slightly 

under-predicts the maximum mole fraction of CO at temperatures 

above 1600 K. Overall, the current model captures both the timing 

and the shape of the CO and H 2 O time histories at various tem- 

peratures. It can also capture the induction time ( τ ind ) of both CO 

and H 2 O, as well as the time-to-peak CO ( τmax ) and the peak CO 

8 



S. Dong, C. Aul, C. Gregoire et al. Combustion and Flame 232 (2021) 111516 

Fig. 9. Experiment and simulation results of shock-tube CO time histories at stoichiometric conditions and different tem peratures and pressures of 1.4 to 1.5 atm. Solid lines: 

experiment data. Dash lines: simulation results with current model. 

Fig. 10. Experiment and simulation results of shock-tube H 2 O time histories at stoichiometric conditions and different temperatures and pressures of 1.3 to 1.4 atm. Solid 

lines: experiment data. Dash lines: simulation results with current model. 
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Fig. 11. Experimental and simulated results of shock-tube at pressures ~1.4 atm. (a) CO induction time, (b) CO maximum mole fraction time, (c) CO maximum mole fraction, 

and (d) H 2 O induction time. Symbols: experimental results. Solid lines: simulation results. 

mole fractions at all conditions investigated, Fig. 11 . Both CO and 

ȮH radical profiles are important indicators of reaction progress 

and are particularly important in helping capture high-temperature 

heat release. CO can react with hydroxyl radicals in the reaction 

CO + ȮH = CO 2 + Ḣ, with the Ḣ atoms so produced further re- 

acting with ȮH radicals to form H 2 O. Both reactions are strongly 

exothermic and lead to significant heat release prior to fuel auto- 

ignition. The current model is in good agreement with the exper- 

imental measurements, Figs. 9 and 10 , indicating the reliability of 

the underlying base chemistry. 

4.3. Flux and sensitivity analyses based on the current model 

The Chemkin-PRO [44] software was used to perform flux and 

sensitivity analyses. Figure 12 shows the flux analysis results for 

1-hexene oxidation at different temperatures, with only the major 

reaction pathways shown. 

At 650 K, 95% of 1-hexene is consumed by reacting with ȮH, 

including abstraction by ȮH ( ̇OH radical is included in Fig. 12 as 

the sum of radicals, Ṙ). Approximately 50% of the fuel is consumed 

by ȮH radical addition to the double bond, whereas 45% is con- 

sumed via H-atom abstraction, forming four different hexenyl rad- 

icals. As the allylic C–H bond is weakest, the formation of 1-hexen- 

3-yl ( ̇C 6 H 11 1–3) is the most favored (15.0%). Most of these radicals 

react with H ̇O 2 radicals and eventually form C 6 H 11 ̇O1–3/C 6 H 11 ̇O2–

1 hexenyloxy radicals and ȮH. The C 6 H 11 ̇O1–3 radicals mainly de- 

compose and produce acrolein and n -propyl radicals. All of the 

other three hexenyl radicals, 1-hexen-4-yl ( ̇C 6 H 11 1–4), 1-hexen-5- 

yl ( ̇C 6 H 11 1–5) and 1-hexen-6-yl ( ̇C 6 H 11 1–6) mainly add to O 2 pro- 

ducing alkenyl-peroxy radicals. For C 6 H 11 1 ̇O 2 –4 radicals, one ma- 

jor reaction pathway is via H ̇O 2 elimination as the allylic C–H 

bond is the weakest, and the other major reaction pathway is cy- 

cloaddition. C 6 H 11 1 ̇O 2 –5 and C 6 H 11 1 ̇O 2 –6 radicals mainly isomer- 

ize to ˙ Q OOH radicals via six- and seven-membered transition state 

rings as the allylic C–H bond is the weakest. ȮH radical addition 

to the terminal and central carbon sites leads to the formation 

of Ċ 6 H 12 OH-1j2 and Ċ 6 H 12 OH-2j1 radicals, respectively. These can 

add to O 2 producing C 6 H 12 OH-1 ̇O 2 –2 and C 6 H 12 OH-2 ̇O 2 –1 radi- 

cals, followed by internal abstraction of the alkoxy H-atom with 

subsequent decomposition of the hydroperoxy-alkoxy radical, lead- 

ing through the Waddington mechanism. The C 6 H 12 OH-1 ̇O 2 –2 and 

C 6 H 12 OH-2 ̇O 2 –1 radicals can also go through a “non-Waddington”

pathway via internal H-atom re-arrangements of H-atoms on other 

carbon sites to form alcoholic hydroperoxyl-alkyl radicals. These 

radicals can further add to O 2 and proceed through chain branch- 

ing pathways, accounting for 16.0% of the overall fuel flux. 

At 800 K, the fraction of ȮH radical addition to the double bond 

decreases due to the competition with H-atom abstraction by ȮH 

radicals. Figure 8 shows that 1-hexene presents a less pronounced 

NTC behavior compared to n -hexane, which was discussed in de- 

tail previously [26] , and only a brief explanation will be given 

here. The NTC behavior observed in alkanes is due to the com- 

petition between chain branching and propagation leading primar- 

ily from R ̇O 2 and 

˙ Q OOH radicals, with chain branching producing 

two reactive ȮH radicals and a carbonyl-alkoxy radical. Chain prop- 

agation produces: 1) less reactive H ̇O 2 radicals and an olefin, 2) 

cyclic ethers and ȮH radicals, and 3) a smaller alkyl radical via β- 

scission. With increasing temperature in the NTC region, the fuel 

flux to chain branching decreases while the flux to chain propa- 

gation increases, which leads to NTC behavior. For 1-hexene, the 

chain propagation reaction pathways (Waddington mechanism and 

Ċ 6 H 11 1–3 reaction with H ̇O 2 ) produce reactive ȮH rather than H ̇O 2 

radicals. The competition of chain propagation and chain branch- 

ing pathways shows a relatively smaller effect on auto-ignition for 
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Fig. 12. Flux analyses for 1-hexene at ϕ = 1.0 in ‘air’, 30 atm and 20% fuel consumption. Numbers represent the percentage of fuel flux that goes into a particular species. 

Black numbers: 650 K. Blue numbers: 800 K. Red numbers: 1200 K. Ṙ is the sum of ȮH, H ̇O 2 and ĊH 3 radicals and Ḣ and Ö atoms. 

alkenes compared to alkanes. Therefore, 1-hexene presents a less 

pronounced NTC behavior compared to n -hexane. 

At 1200 K, 1-hexene is mostly consumed via H-atom ab- 

straction (58.4%), with ȮH radicals contributing most (35.8%), 

producing alkenyl radicals. 1-Hexene is also consumed via uni- 

molecular decomposition reactions (13.3%), while the Wadding- 

ton mechanism is negligible at 1200 K. Most of the Ċ 6 H 11 1–

3 and Ċ 6 H 11 1–5 radicals produced in these processes undergo 

β-scission reactions. For Ċ 6 H 11 1–4 radicals, a large proportion 

(~60%) undergo β-scission producing 1,4-pentadiene and methyl 

radicals. Approximately 27% of Ċ 6 H 11 1–4 radicals add to O 2 pro- 

ducing alkenyl-peroxyl radicals, and subsequently undergo H ̇O 2 

elimination producing 1,3-hexadiene and H ̇O 2 radicals. Another 

important reaction pathway is H-atom addition to the double 

bond which ultimately produces a smaller alkene and an alkyl 

radical. 

Figure 8 shows that at 1200 K 1-hexene presents a higher re- 

activity compared to n -hexane. Flux analysis for n -hexane at the 

same conditions were performed and the results are provided in 

Fig. S7. For n -hexane oxidation, more than 70% of fuel radicals un- 

dergo β-scission forming smaller alkenes and alkyl radicals. About 

30% of n -hexane leads to the formation of propene, which is the 

major reaction pathway. For 1-hexene, about 22% of the fuel flux 

is consumed producing 1,3-butadiene and ethyl radicals, and only 

12% of the fuel is consumed producing propene. In our previous 

study [26] , the fuel reactivities of 1-alkene fuels are compared di- 

rectly based on IDT measurement results. At high temperatures ( > 

950 K), propene and isobutene present significantly lower reactiv- 

ity compared to other 1-alkenes. Therefore, as n -hexane produces 

more propene compared to 1-hexene, this contributes to a lower 

reactivity of n -hexane compared to 1-hexene at high temperatures. 

Figure 13 presents the brute force sensitivity analysis results for 

1-hexene. Positive values indicate reactions that inhibit reactivity 

and negative values promote reactivity. At 650 K and 30 atm in 

the low temperature range in Fig 13 (a), the reactions which pro- 

mote reactivity include ȮH addition to the double bond and the 

following chain branching reactions, which is consistent with the 

flux analysis results. The most sensitive promoting reaction is the 

ȮH addition to the terminal carbon of the 1-hexene double bond. 

This reaction eventually leads to chain branching through the de- 

composition of a hydroxyl ketohydroperoxide (C 6 H 11 OH1KET2–4) 

which is the third most promoting reaction. At 800 K and 30 

atm in the NTC region, isomerization of hexenyl-peroxy radicals 

promote reactivity due to the chain branching reaction pathways. 

This sequence is seen in Fig. 13 (b) in several promoting reactions. 

First, H-atom abstraction by ȮH from the allylic C–H site pro- 

duces an allylic radical ( ̇C 6 H 11 1–3) which is the second most pro- 

moting reaction. Thereafter, Ċ 6 H 11 1–3 radicals add to O 2 , produc- 

ing alkenyl-peroxy (C 6 H 11 1 ̇O 2 –3) radicals which mostly isomerize 

to Ċ 6 H 10 OOH3–5 radicals in the fourth most promoting reaction. 

Finally, Ċ 6 H 10 OOH3–5 radicals undergo a second addition to O 2 , 

producing C 6 H 10 OOH3–5 ̇O 2 radicals which is the most promot- 
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Fig. 13. Sensitivity analyses for 1-hexene at ϕ = 1.0 in ‘air’, p = 15 and 30 atm. (a) T = 650 K, (b) T = 800 K, and (c) T = 1200 K. 

ing reaction and leads to chain branching. At 650 and 800 K in 

Fig. 13 (a) and (b), the most inhibiting reaction is H-atom abstrac- 

tion from 1-hexene by ȮH at an alkyl site, producing Ċ 6 H 11 1–4 

radicals. Ċ 6 H 11 1–4 radicals mainly add to O 2 producing Ċ 6 H 11 1O 2 –

4 radicals, followed by H ̇O 2 elimination, as the allylic C–H bond is 

weak. This reaction competes with the promoting reaction path- 

ways of ȮH addition and for ȮH abstraction at the allylic site dis- 

cussed above. At 1200 K, in the high-temperature regime illus- 

trated in Fig. 13 (c), the overall magnitude of the sensitivity coef- 

ficients drops compared to the NTC and low temperature regions. 

At 1200 K, decomposition of the fuel to an allyl (C 3 H 5 -a) and an n - 

propyl (n ̇C 3 H 7 ) radical is the second most important reaction pro- 

moting reactivity. The subsequent reaction of an allyl raidcal with 

an H ̇O 2 radical to form a reactive ȮH radical is the most promoting 

reaction. 

5. Conclusions 

In this study, various experimental data for 1-hexene oxidation 

were measured in different facilities. IDTs of 1-hexene at equiva- 

lence ratios of 0.5, 1.0 and 2.0 in ‘air’, at 15 and 30 atm and over 

a wide temperature range (600 – 1300 K) were measured using 

both a HPST and an RCM, and both the first-stage and total IDT 

data were recorded. Also, CO and H 2 O time histories for 1-hexene 

oxidation were measured around 1.5 atm under highly diluted con- 

ditions. 

A new kinetic model was developed and validated against the 

newly taken experimental data as well as experimental data from 

the literature. Based on the validation results of the JSR species 

profiles, the rate constants and branching ratio of ȮH addition to 

the terminal and central carbon sites for 1-hexene were validated. 

The current model can predict well the auto-ignition behav- 

ior of 1-hexene. Flux and sensitivity analyses show that the reac- 

tions associated with hydroxy radical addition to the double bond 

contributes most to the low-temperature reactivity of 1-hexene. In 

the NTC region, the isomerization of hexenyl-peroxy promotes fuel 

reactivity due to its associated chain branching pathways. In the 

high temperature region, the decomposition of 1-hexene to allyl 

radicals, which subsequently reacts with H ̇O 2 radicals, promotes 

reactivity. 
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