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Abstract
 

The continuous development of a core C0 – C4 kinetic mechanism generally involves updating it 

using reliable kinetics, thermodynamics and may also involve the inclusion of missing pathways 

to improve the integrity, prediction accuracy and applicability of the mechanism over a wider 

range of combustion relevant conditions. Accurate kinetic description of the core mechanism can 

be substantial in accurate predictions of higher hydrocarbon combustion models as the 

consumption of these species rely heavily on the core mechanism. This study was motivated by 

severe under prediction in the reactivity of the high temperature experimental targets of di-

isobutylene (DIB), an important component used in surrogate fuel formulations. It is worth noting 

that isobutene (iC4H8) laminar burning velocities are also severely under-predicted in the recent 

publication of Zhou et al. [1], which is regarded as a critical fragment formed in the 

decomposition of DIB, that dictates its fate. We discuss the latest developments to the isobutene 

kinetics and illustrate the influence these updates have on the oxidation of higher order 

hydrocarbons, such as DIB and iso-octane (iC8H18). Improving the kinetic accuracy of the C0 – C4 

core mechanism improved not only the iC4H8 predictions but also the predictions of higher 

hydrocarbons which hierarchically rely on it, for instance, the peak flame speeds for specific 

cases of iso-octane, iso-butene and di-isobutylene have improved by 3, 6, 12 cm s–1, respectively. 

In addition, the new iC4H8 model is in excellent agreement with the new laminar burning velocity 
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measurements taken in this study at 1 atm and 428 K. Contribution of the new iC4H8 kinetics 

alone for the improvement in the LBV prediction is significant, in particular Ċ3H5-t + ĊH3 = 

iĊ4H7 + Ḣ and iC4H8 = iĊ4H7 + Ḣ reactions are very sensitive at high temperatures. In addition, 

the new isobutene model is in very good agreement with experimental ignition delay times and 

species profiles measured during pyrolysis and oxidation conditions.  

Keywords: combustion kinetics, iso-butene, di-isobutylene, iso-octane, laminar burning velocity 

1. Introduction 

A surrogate fuel model usually contains one or more representative elements from important 

classes of compounds (alkane, alkene, aromatic, etc.) to represent the physical and chemical 

properties of real fuel that are of interest in engines. A reliable surrogate model used in CFD 

simulations can lead to a better understanding of the highly complex combustion processes 

involved in practical combustors, ultimately leading to combustor performance optimization [2]. 

2,4,4-trimethyl-1-pentene (DIB-1), a C8 iso-alkene, is one of the isomers of DIB that has gained 

significant attention as a representative of the alkene class of compounds in multi-component 

surrogate mechanisms [3-8]. A high-temperature chemical kinetic model describing DIB 

oxidation was published by Metcalfe et al. [3]. In the past decade, most surrogate models which 

include DIB have used the sub-mechanism proposed by Metcalfe et al. to simulate conditions 

outside the range of validation of the original DIB model. Thus, there is a need to update it. 

In developing a detailed kinetic mechanism to describe DIB oxidation, there is a significant 

hierarchical dependence on the underlying isobutene chemistry on simulating high temperature 

experimental ignition delay times (IDTs) and laminar burning velocities (LBVs). The present 

authors started with the iC4H8 mechanism from Zhou et al. [1] to assess and address any 

deficiencies in this mechanism. Motivation leading to further development in iC4H8 kinetics is 

evident from Fig. 1(a), which shows poor quantitative predictions using the iC4H8 sub-model 

from Zhou et al. [1] compared to experimental data for DIB-1 from Hu et al. [9] at p = 1 atm and 
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T = 373 K and iC4H8 from [1] at p = 1 atm and T = 358 K, the peak flame speeds are under-

predicted by 12 and 6 cm s–1 respectively. A recent iso-octane model from the literature [10] 

containing the previous iC4H8 model [1] exhibits relatively better agreement compared to iC4H8 

and DIB-1, however the peak flame speed data for iso-octane from Ji et al. [11] is slightly under-

predicted by ~1.5 cm s–1. Particularly interesting are the experimental similarities in LBVs 

exhibited by iC4H8 and DIB-1 at 1 atm from Zhou et al. [1] and Hu et al. [9] respectively, 

indicates the strong dependence of DIB-1 kinetics on the underlying iC4H8 chemistry at high 

temperatures. Moreover, the kinetic analyses on the preliminary DIB model, as shown in the Fig. 

2, suggested that the important decomposition pathways of DIB-1 at relatively higher 

temperatures produce either iC4H8 or its related radicals. 
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Figure 1: Performance of the kinetic models of iC4H8 [1], iso-octane [11] and DIB-1 (this study) 

using the iC4H8 kinetics from [1] for (a) LBV (b) DIB-1 IDT targets at various experimental 

conditions. 

A similar under-prediction in the reactivity of DIB-1 is observed in Fig. 1(b) when validated 

against the IDTs at φ = 0.5, 1.0, 2.0 at p = 30 bar and at T = 900 – 1350 K. These new 

experiments were performed as part of a DIB-1 oxidation study in a high-pressure shock-tube 

(HPST) at NUIG and the data is attached as Supplementary material. This consistent under-

prediction in the reactivity of the preliminary DIB model served as the prime motivation to revisit 
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iC4H8 kinetics. Moreover, we also aim to address several shortcomings in the previous iC4H8 

model [1] to justify the completeness of the new detailed mechanism, since rate constants of 

several iC4H8 sensitive reactions, such as 2-methyl allyl (iĊ4H7) radical recombination, are 

available in the literature [12]. The new iC4H8 model has been re-validated against the new LBV 

measurements taken at UCF at 1 atm and 428 K and against various other targets available in the 

literature. In addition, to determine the influence of the updated iC4H8 kinetics on the higher 

hydrocarbon model’s performance, the high temperature targets of DIB-1 and iso-octane were 

also re-simulated. 

 

Figure 2: Various pathways in the current preliminary DIB-1 mechanism producing iC4H8 and/or 

its corresponding radicals. 

2. Experimental 
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High pressure shock-tube (NUIG): The high pressure shock-tube facility at NUIG was 

discussed in detail by Nakamura et al. [13]. In the preparation of test mixtures, the fuel (DIB-1), 

O2 and N2, which were obtained from Sigma Aldrich and BOC Ireland, were added in the order 

of increasing partial pressure. The mixing tank and connecting manifold lines were maintained at 

50 °C to prevent fuel condensation and the mixtures were allowed to mix diffusively for at least 

six hours to achieve homogeneity. The HPST facility at NUIG is a 9 m long steel tube with a 

uniform cross-section of 63.5 mm inner diameter. The test mixture is sent into the ‘driven 

section’ which is a 5.7 m long and a lighter non-reactive gas, helium is pressurized into a 3 m 

long ‘driver section’, which are separated by a 30 cm double-diaphragm section. A shock wave, 

formed by expansion of the driver gas due to the pressure difference created by the sudden 

evacuation of the He gas in the diaphragm section, propagates at supersonic speeds into the 

driven section, thereby heating and compressing the test mixture to the desired thermodynamic 

conditions before reaching the endwall. The arrival of the incident shock is monitored by six PCB 

pressure sensors mounted on the sidewall of the driven section to extrapolate the shock velocity 

to the endwall. The pressure history and the IDT of the test mixture are measured via a Kistler 

603B pressure sensor mounted on the endwall. The compressed pressure and temperature 

conditions are calculated using the “reflected shock” routine in Gaseq [14] and the average 

uncertainties in TC and in IDT measurements are 13 K and 25%, respectively [15].  

Spherical bomb (UCF): The spherical experimental setup mainly consists of a combustion 

reaction environment, a mixture preparation system, optical instrumentation, data acquisition 

system, and ignition system, with details published elsewhere [16, 17]. The combustion reaction 

environment consists of a combustion chamber, a furnace, K-type thermocouples on the 

combustion chamber, and a dynamic pressure instrument. Briefly, the mixing tank was evacuated 

to less than 0.15 Torr before mixture preparation. Using the partial pressure method, isobutene 

(Sigma-Aldrich, 99%) and synthetic air (21% O2 (Praxai, 99.999%) and 79% N2 (Air Liquide, 
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99.999%)) mixture was prepared. The mixture was kept for five minutes to ensure stagnant status 

before the ignition. A minimum of three experiments were conducted for each equivalence ratio 

to verify repeatability. The constant volume method with a multi-zone thermodynamic model was 

used to calculate LBV. The detailed model was presented in [18, 19], with a brief explanation is 

provided here. Cantera [20] with AramcoMech3.0 [21]  was used in equilibrium to calculate the 

thermodynamic properties of each burn zone during combustion. Following the solving properties 

of burned gases, LBV can be calculated from the measured pressure trace. Previous studies [22, 

23] showed that the stretch effect is negligible in the constant volume method. Experimental data 

and flame propagation images are provided as Supplementary material. To calculate the LBV, 

linear extrapolation was used to get LBV at the initial temperature. To extrapolate, authors used 

two data in a stretch-free region before flame instability occurred. The average uncertainty in 

measured LBVs was found to be around 2.1%. 

3. Kinetic Modeling 

DIB model used in this study was developed in a collaborative effort between NUIG and 

LLNL and its kinetic description and analysis is beyond the scope of this paper, hence a paper 

focusing on detailed DIB kinetic model development and validation is currently under progress. 

In this section, we discuss the important updates done to the kinetics, thermodynamics and newly 

added pathways that were not present in the previous work of Zhou et al. for iC4H8 [1]. The 

foundation of the C0 – C3 base model used here is based on several prior mechanisms developed 

at NUI Galway. The kinetic parameters have been re-assessed by incorporating the rates and 

thermochemical properties from recent advances in the ab-initio studies and experimental 

diagnostics. The updated iC4H8 mechanism files, species dictionary and the high temperature 

version of the detailed C0 – C4 mechanism for LBV simulations are attached as Supplementary 

material.  
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3.1 Thermochemistry 

Thermochemical data of the species in a mechanism are essential to estimate the reverse rate 

of the reactions and species properties such as enthalpy, entropy, heat capacity. In this study, the 

thermochemistry has been re-evaluated for all of the species that are of interest to iC4H8 

combustion model using Benson’s group additivity method in THERM software [24] based on 

the recent publication by Li and Curran [25] and Burke et al. [26]. Table 1 compares the 

thermodynamic properties of certain key species involved in the iC4H8 kinetic model and the 

updated THERM data for all species in this work are in good agreement compared to the 

literature data [27]. 

Table1. Comparison of thermodynamic properties of key iC4H8 species. 

Species Zhou et al. [1] this work 

Hf  

(kcal/mol) 

S  

(cal/mol) 

Cp/ R Hf  

(kcal/mol) 

S  

(cal/mol) 

Cp/ R 

iĊ4H7 31.73 70.57 10.07 33.37 70.33 9.81 

H15DE25DM 1.92 104.6 19.80 4.82 108.1 19.40 

tC4H9Ȯ2 –23.56 86.96 15.90 –25.92 85.12 15.35 

iC4H8O –58.54 40.93 12.04 –30.20 71.35 12.69 

cC4H8O –52.07 42.07 11.24 –26.98 70.55 10.89 

iC4ketii –70.71 99.15 15.79 –70.71 99.01 15.70 

iĊ4H8O2H-t –7.15 94.29 15.09 –6.31 96.91 14.59 

tĊ4H8O2H-i –9.24 88.92 15.38 –7.73 93.58 16.28 

iiĊ4H7Q2-i –25.88 115.3 19.61 –20.30 113.2 18.46 
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3.2 Newly updated reaction classes in the iC4H8 mechanism 

Pyrolytic reactions: Unimolecular decomposition reactions involving C–C, C–H bond 

cleavage producing 1-methyl-vinyl (Ċ3H5-t), methyl (ĊH3) and methyl allyl (iĊ4H7-i1) or 2-

methyl allyl (iĊ4H7) radicals and other bimolecular channels are included assuming analogous 

pressure dependent rates calculated at CCSD(T)/cc-pVTZ level of theory on propene potential 

energy surface by Ye et al. [28]. A comparison of rate constants for two key pyrolytic reactions 

between the two models is presented in Figs. 3(a) and 3(b). This class of reactions had a 

significant influence on the LBV predictions of iC4H8, which in turn influenced DIB-1 LBV 

predictions, will be discussed in detail in the following sections.  

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
10

-17

10
-14

10
-11

10
-8

10
-5

10
-2

10
1

10
4

10
7

 Zhou et al. [1]

 Ye et al. [28] (this work)

k
 /

 u
n

it
s

1000 K / T

iC4H8 = iC4H7 + H (a)

 

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
10

-17

10
-14

10
-11

10
-8

10
-5

10
-2

10
1

10
4

10
7

 Zhou et al. [1]

 Ye et al. [28] (this work)

k
 /

 u
n

it
s

1000 K / T

iC4H8 = C3H5-t + CH3
(b)

 

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
10

12

10
13

 Zhou et al. [1]

 Tian et al. [30]

 Khaled et al. [29] extended (this work)

 Khaled et al. [29]

k
 /

 u
n

it
s

1000 K / T

iC4H8 + OH = iC4H7 + H2O (c)

 

 

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
10

-3

10
-1

10
1

10
3

10
5

10
7

10
9

 Zhou et al. [1]

 re-fit (this work)

 Zhou et al. [32]

 Ingham et al. [31]

k
 /

 u
n

it
s

1000 K / T

iC4H8 + O2 = iC4H7 + HO2 (d)
 

X Axis Title

 

Figure 3: Rate constant comparison of pyrolytic and oxidation reactions for iC4H8 (a) iC4H8 = 

iC4H7 + H; (b) iC4H8 = C3H5-t + CH3; (c) allylic H-atom abstraction ȮH; (d) allylic H-atom 

abstraction O2. 
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H-atom abstraction reactions: Rate constants for H-atom abstraction from primary allylic 

sites by ȮH, O2 have been updated in this version. Figure 3(c) compares the rate constants for the 

H-atom abstraction by ȮH radicals which includes the direct measurements by Khaled et al. [29] 

and the theoretical calculations from Zhou et al. [1] and Tian et al. [30]. The H-atom abstraction 

rate constant by O2 was re-fitted following the measurements by Ingham et al. [31] as shown in 

Fig. 3(d), which is approximately a factor of three higher in the temperature range 600 – 900 K 

compared to the theoretical calculations of Zhou et al. [32], whereas abstraction by hydroperoxyl 

(HȮ2) radicals remains unchanged and is taken from the calculations by Zádor et al. [33]. Rates 

for abstraction by Ḣ and Ö atoms and ĊH3 radicals are not available in the literature and hence 

analogies with propene [34-36] were taken and multiplied by two taking account of multiplicity.  

iĊ4H7 reactions: Pressure dependent rates for the recombination and dissociation reactions of 

resonantly stabilized iĊ4H7 radicals were updated from the recent experimental study reported by 

Tranter et al. [12]. These reactions are significant inhibiting at low temperatures (650 – 950 K) 

and promoting at high temperatures (> 1200 K). A brief comparison of the allyl (Ċ3H5-a) and 

iĊ4H7 recombination rates in the forward direction is depicted in Fig. 4(a). The iĊ4H7 self-

recombination rate in the previous model [1], is based on an analogy with allyl (Ċ3H5-a) radicals 

from Fridlyand et al. [37] with the A-factor is further reduced by a factor of 2.3 to accurately 

predict the IDT data at low temperatures (600 – 850 K). However, the direct measurements for 

the recombination of iĊ4H7 [12] suggests that this rate is higher by at least a factor of 2 – 4 at low 

temperatures compared to Ċ3H5-a recombination rates [37-39].  

The cycloaddition reactions of alkenyl-peroxy radicals are one of the important promoting 

channels in the LTC of olefins and the rate constants for cycloaddition of allylic iso-butenyl 

peroxy (iC4H7Ȯ2) radicals were updated from a recent high level calculation from Sun et al. [40] 

and the rate constant comparison plots are provided as Supplementary material.  
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Vinylic radical addition reactions: ȮH and HȮ2 radical addition reactions were unchanged 

from the previous version [1]. However H-atom addition rates have been updated based on a 

recent ab-initio study (wB97XD/aug-cc-pVTZ) published by Power et al. [41], compared to the 

analogous propene rates from Miller et al. [35] in the previous model [1].  Figure 4(b) compares 

the rates for Ḣ atom addition. 
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Figure 4: Rate constant comparison for (a) allylic radical recombination of iĊ4H7 and Ċ3H5-a (b) 

Ḣ-atom addition to iC4H8. 

Waddington mechanism: The Waddington mechanism, proposed by Ray et al. [42], is a 

significant two-step alkene-specific rate promoting pathway at low to intermediate temperatures 

(600 – 950 K). In the previous iC4H8 model [1], the rates for the decomposition reactions 

involving the alkoxy radical (iQC4H8Ot) H2OOHCȮC2 producing CH3COCH3 + CH2O + ȮH and 

CH3COCH2OOH + ĊH3 were assumed by alkane analogy to Ċ3CCOOH => iC4H8 + CH2O + ȮH 

and Ċ2CCOOH => H2C=CHCH2OOH + ĊH3 from Villano et al. [43] respectively, to increase the 

reactivity to match IDT experiments at low temperatures. The previous iC4H8 model [1] estimates 

the allylic H-atom abstraction by O2 rate to be a factor of 3 – 6 higher in the temperature range of 

650 – 800 K, compared to the direct measurements of Ingham et al. [31]. This reaction inhibits 

reactivity in this temperature range and hence to counterbalance reactivity, the analogous alkane 

rates were employed for the alkoxy radical decomposition pathways. In this update, the alkane 
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analogy has been revoked and the specific Waddington-related rates from Sun et al. [44] were 

adopted to describe the Waddington mechanism. The rate constant comparison plots for the 

reactions discussed here are provided as Supplementary material.  

iĊ4H7-i1 reactions: Pressure dependent rate constants for the methyl-allyl (iĊ4H7-i1) + O2 

reaction are adopted by analogy with a recent ab-initio study at the CCSD(T)-F12a/cc-pVTZ-

F12//B2PLYPD3/cc-pVTZ level of theory for 2-methyl-vinyl (Ċ3H5-s) + O2 by Chen et al. [45]. 

A sub-set of 11 elementary reactions were included in the current model compared to three 

pathways in the previous version [1] for which the rates were analogous to vinyl (Ċ2H3) + O2 by 

Goldsmith et al [46]. This sub-set of reactions has very little influence on the iC4H8 model 

performance. However, it is important to note that proper kinetic treatment of these reactions is 

critical in simulating higher order alkenes.  

At intermediate temperatures (750–1000 K), HȮ2 radical concentrations are relatively high 

[33], and thus rates of recombination of HȮ2 with allylic radicals are fast. Thus, we include the 

reactions of iso-butenyl hydroperoxyl (iĊ4H6OOH-i) and methyl-acrolein (iĊ3H4CHO-a) radicals 

with HȮ2 in the mechanism with rate constants adopted by analogy with Ċ3H5-a + HȮ2 as 

calculated by Goldsmith et al. [47]. 

3.3 iso-Butane sub-mechanism 

The iso-butene kinetic mechanism is a subset of iso-butane chemistry, but the iso-butane 

model has not been validated in our previous iC4H8 model [1]. In this study, we updated all the 

kinetics and validated against IDT experiments in ST, RCM as shown in Fig 5.  
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Figure 5: iso-Butane IDT experiments from [49] at 10 and 30 bar, compared against the current 

model as solid lines and that from [1] as dashed lines. 

Additional validation plots of isobutane oxidation, such as LBVs and species profiles data 

from Baker et al. [48] using the current updated model are attached as Supplementary material. 

The agreement of the new model proposed in this study with the experimental results is excellent.  

3.4 Simulation methods 

The IDTs and species profiles were simulated using appropriate CHEMKIN PRO modules. 

LBVs were simulated maintaining the values of GRAD and CURV at 0.1 and using the mixture-

averaged transport properties including the thermal diffusion (Soret effect) and all of the 

solutions were attained at a minimum of 400 grid points to confirm grid independence.  

4. Results and discussion 

4.1 Laminar burning velocities 

Experimental and comparison of model performances for LBVs of iC4H8, iC8H18 and DIB-1 

are shown in Figs. 6(a) and 6(b). Of particular interest is the case of iC4H8, Fig. 6(a), the peak 

LBV predictions are improved by 1.5 – 3.5 cm s–1 at 1 atm and at unburned temperatures of 298 – 

398 K compared to the previous model and experimental data [1]. In addition, the new iC4H8 

model could well reproduce the new LBV experiments (presented as stars) performed for this 

study at 1 atm and an unburnt temperature of 428 K. However, experimental data on much of the 
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fuel-lean side is absent because it was difficult to ignite the iC4H8 mixture (without using other 

strategies for ignition). Notable in Fig. 6(b) are the improved DIB-1 LBV predictions with 

updated iC4H8 kinetics from this work, however iso-octane LBVs are over-predicted by ~1 cm s–1 

at the peak. In addition, iC4H8 validation plots against the new LBV data from Movaghar et al. 

[50] at 8 – 30 atm and 400 – 520 K is provided as Supplementary material.  
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Figure 6: Improvement in LBV predictions using the updated iC4H8 kinetics (solid lines) and 

Zhou et al. [1] (dashed lines) for (a) iC4H8 (b) iC8H18, DIB-1 and iC4H8 at various conditions. 

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0

10

20

30

40

50

60

70

 this work 

 Zhou et al. [1]

 updated iC
4
H

8
 kinetics 

                       coupled with Zhou et al. [1]

L
B

V
 /

 c
m

 /
 s

Equivalence ratio

iC
4
H

8
  1 atm, 398 K [1]

DIB-1 1 atm, 373 K [9]

 

 

Figure 7: Comparison of the kinetics responsible for the improved LBV predictions of iC4H8 

(black solids) and DIB-1 (blue circles). Dotted lines indicate iC4H8 model [1], Dashed lines are 

the updated iC4H8 kinetics from this work coupled with model from [1] and Solid lines are the 

updated C0 – C4 kinetics in this work.  
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The overall improvement of the LBV model predictions of iC4H8 which in turn influence the 

predictions of DIB-1 and iso-octane is due to the cumulative result of the updated C0 – C4 

kinetics. To verify and highlight the sole effect of the iC4H8 specific kinetics on overall 

improvement of LBV predictions, a series of computational experiments were carried out. As 

represented in Fig. 7, Zhou et al. [1] (dotted line) severely under-predicts iC4H8 and DIB-1. By 

replacing only the iC4H8 kinetics developed here in the original isobutene mechanism [1], we 

observe a 3 and 6 cm s–1 increase in the peak flame speeds (dashed line) of iC4H8 and DIB-1 

respectively. Interestingly in the case of DIB-1, C0 – C4 core mechanism is solely responsible for 

the overall improvement in the LBV predictions (dot to solid). The most sensitive iC4H8 reactions 

responsible for the improvement in LBV predictions are: iĊ4H7 + Ḣ = Ċ3H5-t + ĊH3 and iC4H8 = 

iĊ4H7 + Ḣ, whose rate constants are based on analogous propene reactions [28]. Considering the 

sensitivity of the two reactions at high temperatures for iC4H8 LBVs, these reactions could well 

be potential candidates for future work. The further improvement in the model performance (dash 

to solid) of iC4H8 and DIB-1 is attributed to accurate kinetic description of the underlying C0 – C3 

chemistry in this study. Additional LBV validation plots for DIB-1 from Hu et al. [9] are 

provided as Supplementary material. 
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Figure 8: (a) Sensitive reactions in the previous [1] and current iC4H8  kinetics controlling 

LBVs at φ = 0.8 and 298 K (b) Rate constants comparison for the updated H2/HĊO kinetics. 
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Figure 8(a) compares the sensitive reactions using the latest and the previous iC4H8 model [1] 

that dictate flame speed reactivity and most of the reactions correspond to C0 – C1 chemistry. The 

updated iC4H8 kinetics highlighted in Fig. 8(a) are iĊ4H7 + Ḣ = Ċ3H5-t + ĊH3 and iC4H8 + Ḣ = 

iĊ4H7 + H2. Few key H2/CO reactions that were updated and highlighted in the sensitivity are Ḣ + 

ȮH + M = H2O + M, HĊO + O2 = CO + HȮ2 are represented in Fig. 8(b). Updating the H2/CO 

kinetics is not only to improve iC4H8 flame speeds, but to attain consistency in the predictions of 

other key compounds in the base mechanism such as H2, CH4, C2H4, C2H6, C3H6, C3H8, etc. The 

rates of  HĊO + O2 = CO + HȮ2 and Ḣ + ȮH + M = H2O + M were updated to theoretical studies 

of Hsu et al. [51] and Sellevåg et al. [52], which are in good agreement with the experiments of 

Timonen et al. [53] and Srinivasan et al. [54] respectively.  

4.2 Ignition delay times  

The previous [1] and current iC4H8 models could well reproduce the iC4H8 IDT experiments, 

nonetheless, it is evident from Fig. 9(b) that improving the kinetic accuracy and consistency of 

iC4H8 kinetics had a positive effect on the IDT predictions of DIB-1, where iC4H8 is a critical 

intermediate. As shown in Fig. 9(a), the new model can well reproduce the experimental data [1] 

as well as the trend particularly in the low-temperature chemistry regime and the updated 

thermochemistry is responsible for between 5% and 10% of the total improvement in the model 

performance for specific IDT datasets. In the case of DIB-1 IDTs in the temperature range 900 – 

1100 K, the new iC4H8 sub-model performs better than the previous model [1]. Additional iC4H8 

[1] and DIB-1 [6] validation plots at several combustion relevant conditions are attached as 

Supplementary material. 
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Figure 9: (a) Updated iC4H8 model validation for IDT targets (b) Influence of updated iC4H8 

kinetics on DIB-1 IDT predictions. 

 

Figure 10: Potential energy diagram for 2-methyl allyl (iĊ4H7) radical + O2 reactions from Chen 

and Bozzelli [55]. 

The addition of methyl-allyl radical to O2 is simulated according to the calculations of Chen 

and Bozzelli [55]. An abridged version of the iĊ4H7 + O2 potential energy surface (PES) 

investigated by Chen and Bozzelli [55] is shown in Fig. 10, and it can be seen that isomerization 

of iC4H7Ȯ2 to iĊ4H6OOH-i proceeds through a barrier which is below the entrance channel, and 

the unimolecular decomposition channels of iĊ4H6OOH-i exhibit very high activation energy 

barriers (~50 kcal mol–1). Considering the similarities between the iĊ4H7 and iĊ4H6OOH-i 
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radicals, we have treated the kinetics of iĊ4H6OOH-i radical consistent with those for 2-methyl 

allyl radical chemistry and include reactions of iĊ4H6OOH-i with O2 and HȮ2 radicals. 

Figure 11 presents a comparison of the controlling chemistry for IDT predictions at φ = 1.0, p 

= 30 bar and T = 850 K for the previous [1] and the current iC4H8 models. Interestingly, the major 

promoting pathway in the new model is the updated cyclo-addition channel of methyl allyl 

peroxy radical (iC4H7O2) producing CCYCCOOC-t1 from ref. [40], since its decomposition 

pathways produce CH2O, CH2CO, HĊO and ĊH3 radicals that promote reactivity. According to 

the previous model [1], Ċ3H5-t oxidation reactions were very sensitive for iC4H8  IDT predictions 

in the temperature range 750 – 900 K, as the addition reactions of iC4H7 with HȮ2 proceeds via 

formation of Ċ3H5-t. The two C3H5-t reactions highlighted in the previous iC4H8 model, are Ċ3H5-

t + O2 producing CH2O + CH3ĊO and CH3COĊH2 + Ö, are found to be insignificant according to 

the current iC4H8 model, as the current model adopts the rates calculated at a high-level theory for 

Ċ3H5-t oxidation by Chen et al. [45].  They noted that the major product channels of the reaction 

of  Ċ3H5-t with O2 are CH2O + CH3ĊO, and the rates of formation of  CH2O + CH3ĊO and 

CH3COĊH2 + Ö are an order of magnitude lower than the estimated rates from Laskin et al. [56] 

assigned in the previous iC4H8 model [1]. Chen et al. verified the effect of these pathways on 

propene combustion using the mechanism published by Burke et al. [57] and found that 

implementing the calculated rates in the mechanism changes LBV predictions by approximately 

10% at p = 1 and 50 atm in the temperature range of Tu = 300 – 900 K. These rates also alter IDT 

predictions by approximately 10 – 20% at p = 1 and 50 atm in the temperature range 700 – 1200 

K at φ = 0.5 – 2.0 in air. The smaller effect of these reactions on propene combustion is due to the 

more favourable pathways at low temperatures, including H-atom abstraction from the allylic site 

producing methyl-allyl radicals and ȮH addition to the double bond and the subsequent reactions 

of the Waddington mechanism. However, in the case of C4 iso-alkenes and larger ones, the 

dominant low temperature channels are the reactions of the daughter allylic radicals with HȮ2 

which ultimately produce Ċ3H5-t radicals. Thus, an accurate kinetic description of Ċ3H5-t radical 
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is very important in predicting the high temperature kinetics of iso-olefins larger than C3. It is 

interesting to note that Ċ3H5-t radical is not seen to be sensitive for propene kinetics [57]. Several 

other key reactions in the C0 – C3 model that employed estimates due to lack of availability of 

specific rates have been updated in the current version. A detailed flux analysis comparing the 

two models for iC4H8 oxidation is provided as Supplementary material at φ = 1.0, 850 K, 10 atm 

and 20% fuel consumption. 
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Figure 11: Sensitive iC4H8 reactions controlling IDTs for previous [1] and new iC4H8 models at φ 

= 1.0, p = 30 bar and T = 850 K. 

4.3 Speciation data 

The new model has been re-validated against the stable species profiles measured by 

Yasunaga et al. [58] for iC4H8 pyrolysis and Dagaut et al. [59] for iC4H8 oxidation, the model is 

in very good agreement with most of the species over wide range of experimental conditions 

provided in the respective papers as shown in Figs. 12 and 13, additional validation plots are 

attached as Supplementary material.  
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Figure 12: iC4H8 oxidation species profiles from Dagaut et al. [59]  for 0.15% iC4H8,  4.5% O2, 

95.35% N2 and φ = 0.2, at p = 1 atm and τ = 0.15 s. Points are experimental results, lines are 

current model predictions. 
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Figure 13: iC4H8  oxidation species profiles from Dagaut et al. [59] for 0.30% iC4H8,  0.9% O2, 

98.8% N2 and φ = 2.0, at p = 1 atm and τ = 0.15 s. Points are experimental results, lines are 

current model predictions. 

5. Conclusions 

This paper emphasizes on the importance of accurate description of the C0–C4 kinetics to 

model higher hydrocarbons. Improving the kinetic accuracy of iC4H8 model improved not only 

iC4H8 predictions but also resulted in significant improvement in predictions of iso-octane and 
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DIB-1. The updated iC4H8 model no longer under-predicts the iC4H8 LBV experiments from ref. 

[1], furthermore, the new iC4H8 LBV experiments performed at UCF at 1 atm and 428 K are well 

reproduced by the current model. In addition, the current model is in very good agreement against 

variety of experimental targets over a wide range of conditions. The critical reactions responsible 

for majority of improvement of LBVs are Ċ3H5-t + ĊH3 = iĊ4H7 + Ḣ and iC4H8 = iĊ4H7 + Ḣ. 

However, the rates were based on propene analogy and fundamental studies in their rates would 

be useful especially noticing its sensitivity on the LBVs. 

A sensitivity analysis of IDT predictions highlighted the over-dependence of previous iC4H8 

model [1] on the Ċ3H5-t oxidation, which has been rectified by adopting specific rates from Chen 

et al. [45]. In addition, the importance of cycloaddition pathways of alkenyl-peroxy radicals in 

the low temperature combustion of alkenes is highlighted. Several kinetic issues in the previous 

iC4H8 model [1] have been addressed in this article. Future work will be directed towards an 

updated and extensively validated kinetic mechanism for DIB isomers using the iC4H8 base 

chemistry developed in this work. 
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Supplementary material: 

File name Contents 

Experimental data.xlsx New LBV and IDT experimental data 

Flame propagation.pptx Flame propagation images 

Species dictionary.xlsx Species identifiers 

SMM.docx Wide variety of validation for iC4 targets 

NUIG Mech folder Mechanism, Thermo, Transport files 

 


