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Abstract 

iso-Octane (2,2,4-trimethylpentane) is a primary reference fuel and an important component of 

gasoline fuels. Moreover, it is a key component used in surrogates to study the ignition and 

burning characteristics of gasoline fuels. This paper presents an updated chemical kinetic model 

for iso-octane combustion. Specifically, the thermodynamic data and reaction kinetics of iso-

octane have been re-assessed based on new thermodynamic group values and recently evaluated 
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rate coefficients from the literature. The adopted rate coefficients were either experimentally 

measured or determined by analogy to theoretically calculated values. Furthermore, new 

alternative isomerization pathways for peroxy-alkyl hydroperoxide (ȮOQOOH) radicals were 

added to the reaction mechanism. The updated kinetic model was compared against new ignition 

delay data measured in rapid compression machines (RCM) and a high-pressure shock tube. 

These experiments were conducted at pressures of 20 and 40 atm, at equivalence ratios of 0.4 

and 1.0, and at temperatures in the range of 632–1060 K. The updated model was further 

compared against shock tube ignition delay times, jet-stirred reactor oxidation speciation data, 

premixed laminar flame speeds, counterflow diffusion flame ignition , and shock tube pyrolysis 

speciation data available in the literature. Finally, the updated model was used to investigate the 

importance of alternative isomerization pathways in the low temperature oxidation of highly 

branched alkanes. When compared to available models in the literature, the present model 

represents the current state-of-the-art in fundamental thermochemistry and reaction kinetics of 

iso-octane; and thus provides the best prediction of wide ranging experimental data and 

fundamental insights into iso-octane combustion chemistry.   

Keywords: iso-Octane ,combustion kinetics, thermodynamics, gauche, alternative isomerisation 

1- Introduction 

A better understanding of fuel oxidation chemistry and kinetics is crucial for improving the 

design of modern internal combustion engines (ICE) [1]. For example, end-gas autoignition (i.e., 

knock) in spark ignition (SI) engines and combustion phasing in homogeneous charge 

compression ignition engines (HCCI) and partially premixed combustion (PPC) engines are 

driven by chemical kinetic processes [2-4].  A thoroughly tested kinetic model enables the 

accurate simulation of engine experiments and gives insight into the effect of fuel composition 

on HCCI engine combustion phasing [5]. Iso-octane (2,2,4-trimethylpentane) is a gasoline 

primary reference fuel (PRF) that is highly knock resistant, with an assigned octane number of 

100. Since PRF mixtures may be used as surrogates of gasoline, their kinetics and ignition 

properties have been extensively investigated over the past few decades, both experimentally and 

theoretically. Most pratical gasoline fuels have octane numbers above 85, and therefore iso-
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octane is the principal component in PRF surrogates and strongly governs their combustion 

chemistry.  

Various fundamental combustion experiments have been conducted for iso-octane, including 

ignition delay time and pyrolysis measurements in shock tubes [6-12] and rapid compression 

machines (RCM) [13-20], premixed laminar flame speed measurements [21-29], and ignition 

temperature measurements in counterflow flames [30, 31]. However, the majority of experiments 

were conducted at relatively high temperatures because iso-octane is generally less reactive at 

lower temperatures (i.e., compared to normal alkanes such as n-heptane). The measurement of 

intermediate species for iso-octane low temperature oxidation is limited to the measurement of 

species’ concentration profiles in a jet-stirred reactor (JSR) [32-34] using gas chromatography 

and mass spectrometry.  

A comprehensive chemical kinetic model for iso-octane was presented by Curran et al. [35]. The 

model was developed based on the low- and high-temperature reaction pathways and rate rules 

proposed earlier for the Lawrence Livermore National Laboratory (LLNL) n-heptane model 

[36]; however, some modifications were made to better predict experimental iso-octane 

reactivity. The model was compared against various experimental data sets and showed good 

agreement. Later, Mehl et al. [1, 37] further developed the low temperature reaction mechanism 

for iso-octane oxidation to better predict low temperature heat release (LTHR) in HCCI engines. 

Although both versions of the model are capable of matching a wide range of experimental data 

sets available in the literature, there have been some experimental data sets that are difficult to 

match, in particular, shock tube ignition data [9] and HCCI LTHR profiles of PRF mixtures 

containing a large amount of iso-octane (i.e., PRF 85–100) [37-40]. The aforementioned studies 

[9, 37-40] indicate that the currently available iso-octane kinetic models are not sufficiently 

reactive at low and intermediate temperatures and lean conditions encountered in HCCI engines. 

Experimental data of iso-octane ignition at 600-800 K and lean conditions are needed to further 

improve the model.  

Since the publication of the latest comprehensive iso-octane model [1], several computational 

studies have been reported for iso-octane thermochemistry and kinetics. Snitsiriwat and Bozzelli 

[41] computed the standard heat of formation, entropy, and specific heat capacities of iso-octane 

and its radicals at the CBS-QB3//B3LYP/6-31G(d,p) level of theory. Later, Auzmendi-Murua 
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and Bozzelli [42] performed energy calculations on the potential energy surface of the secondary 

iso-octyl radical + O2 system at the CBS-QB3//B3LYP/6-31G(d,p) level of theory, and provided 

corresponding thermochemical and kinetic data. Recently, the thermochemistry of species and 

kinetics of reactions lying on the potential energy surface of tertiary iso-octyl + O2 system were 

computationally studied at the CBS-QB3//B3LYP/6-31G(d,p) level of theory [43]. Finally, the 

pressure-dependent kinetics of iso-octane unimolecular decomposition, radical β-scission, and 

radical isomerization were computed using the CASPT2-(2e,2o)/6-31+G(d,p)//CAS(2e,2o)/6-

31+G(d,p) level of theory and Rice−Ramsperger−Kassel−Marcus/Master Equation (RRKM/ME) 

analysis [44]. 

In addition, several computational studies [45-48] have been recently reported regarding the low-

temperature oxidation kinetics of normal and branched alkanes. The calculated rate coefficients 

have been implemented in the oxidation mechanisms of three pentane isomers (i.e., n-pentane, 

iso-pentane and neo-pentane) [49], n-hexane [50], and 2-methylhexane [51]. The use of these 

coefficients and the addition of alternative peroxy-alkyl hydroperoxide (ȮOQOOH) 

isomerization pathways were found to improve the agreement between simulated and 

experimental ignition delay data for the fuels considered. 

In the present work, a comprehensive approach is taken to update the iso-octane detailed 

chemical kinetic model developed by Curran et al. [35] and Mehl et al. [1]. Specifically, we 

updated thermochemistry group values and reaction rate coefficients based on new experimental 

or theoretical studies.  We also incorporated alternative isomerization pathways for peroxy-

alkylhydroperoxide species (ȮOQOOH) and third O2 addition pathways suggested by Wang et 

al. [52, 53]. The updated model was compared against new RCM ignition delay data from three 

different facilities at King Abdullah University of Science and Technology (KAUST), National 

University of Ireland Galway (NUIG), and University of Connecticut (UCONN). The conditions 

covered by these facilities were low and intermediate temperatures (632–1060K), equivalence 

ratios of 1 and 0.4, and nominal pressures of 20 and 40 atm. In addition, new high-pressure 

shock tube ignition delay data at 20 atm from KAUST were obtained. The updated model was 

also tested against data of ignition delay times [6-9], JSR oxidation speciation data [32],  

premixed laminar flame speeds [21, 23-26, 28, 29], counterflow flame ignition data [54], and 
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shock tube pyrolysis speciation data [12] available in the literature. Chemical kinetic mechanism 

reduction was utilized to generate a skeletal mechanism that was used in flame simulations. 

2- Chemical kinetic modeling 

The updated comprehensive chemical kinetic model for iso-octane was developed by jointly 

researchers at KAUST, LLNL, NUIG, and UCONN. The thermochemical data for all species in 

the iso-octane sub-mechanism were updated using new group values and detailed analysis of 

intra-molecular interactions. Our updated thermochemistry was compared to literature data 

available for a limited number of species that have been subject to high-level theoretical 

calculations. The chemical kinetic reaction mechanism was also updated with new reaction 

classes and rate rules. Further details about the thermochemistry and reaction mechanism are 

provided in the following sections.   

2-1 Thermochemistry 

Chemical kinetic models require thermochemical data, not only for calculating the mixture 

temperature, but also for calculating the rates of reversible reactions. In this work, we re-

evaluated the thermochemical data of all species involved in the iso-octane oxidation sub-

mechanism using Benson’s group additivity method [55], as implemented in THERM software 

[56].  

The new group values suggested by Burke et al. [57] and Simmie and Somers [58] were used, 

and gauche interactions were accounted for based on the work of Sabbe et al. [59]. Iso-octane is 

a highly branched molecule that has three full alkane gauche (AG) interactions according to the 

Newman projection shown in Fig. 1a and 1b. Each gauche interaction is estimated to add 0.8 

kcal to the heat of formation of the molecule [60]. In the case of iso-octyl radicals, the 

contribution of the gauche interaction to the heat of formation depends on the nature of the 

radical site. In their work, Sabbe et al. [59] distinguished between two different types of gauche 

interactions for radicals: i) interaction between two sp3-hybridized carbon groups, one of which 

is connected to the radical site (RG1), and ii) interaction between an sp2-hybridized and an sp3-

hybridized carbon groups (RG2). According to the calculations performed by [59], RG1 and 

RG2 interactions are 40% and 76% lower in energy than a full gauche interaction, respectively. 

For implementation in the THERM program, the total gauche interactions for each radical were 



DRAFT FOR COMBUSTION AND FLAME 

 

6 

 

rounded off to a total number of whole gauche interactions.  Therefore, only two gauche 

interactions are considered for primary iso-octyl radicals (AĊ8H17 and DĊ8H17) and 3 gauche 

interactions for secondary and tertiary iso-octyl radicals (BĊ8H17 and CĊ8H17) (refer to the 

Supplementary material for species nomenclature). For cyclic ethers, gauche interactions are 

only considered if one or both of the interacting groups are not within the cycle, as shown in Fig. 

1e and 1f. This methodology was tested by comparing standard enthalpy of formation and 

entropies from THERM and those from computational chemistry as discussed below. 

 

Figure 1. Newman projections showing gauche interactions for the iso-octane molecule along 

(a) secondary-quaternary bond and (b) secondary-tertiary bond; radical interactions (c) RG2, (d) 

RG1, and (e,f) cyclic ethers; and (g) structure of iso-octane with site labels. 
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Based on the methodology proposed by [59] for olefinic species, gauche interactions between an 

sp3-hybridized carbon center and an sp2-hybridized one, such as the interaction between C1 and 

C6 in 2,2,4 trimethyl-pent-3-ene (Fig. 2a), were not included because they are already accounted 

for in other group values. For example, the C/C3/CD group used for the quaternary carbon center 

in 2,2,4 trimethyl-pent-3-ene includes the interaction between groups 1 and 6.  

 

Figure 2. 2,2,4 trimethyl-pent-3-ene (a) and iso-Octane (b) 

Another destabilizing interaction in the iso-octane molecule is the 1,5 hydrogen interaction 

resulting from the repulsion between the two methyl groups lying on the same side of the 

molecule (e.g., C1 and C7 in the carbon skeletal Fig. 2b). This adds 1.5 kcal mol
–1 

to the heat of 

formation as reported by Benson et al. [60]. This destabilizing effect is lower in the case of 

radicals, as reported by Sabbe et al. [59], especially for the tertiary iso-octyl radical (-0.43 kcal 

mol
–1

). When calculating the thermodynamic properties of radicals, standard THERM hydrogen 

interaction groups were used; the number of standard groups included was chosen to most 

closely match the specific radical hydrogen interactions.  Thus, the 1,5 hydrogen interaction in 

our group additivity thermochemistry estimation for the tertiary iso-octyl radical (-0.43 kcal mol
-

1
) is neglected.  

In addition to gauche and 1,5 hydrogen interactions, we added an optical isomer group (OI) for 

every chiral center and hydroperoxy OOH functional group (pseudo-chiral center). This adds 

R×ln 2 to the entropy of the species, which affects the equilibrium constant: 

𝐾𝑒𝑞 =
𝑘𝑓

𝑘𝑏
= exp(

−𝛥𝐻

𝑅𝑇
+

𝛥𝑆

𝑅
) 

where Keq is the equilibrium constant, kf and kb are rates of forward and backward reactions 

respectively, ΔH and ΔS are the change in the enthalpy and entropy of chemical reaction. 
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Computational standard heat of formation values of iso-octane [41], iso-octyl radicals [41], and 

species involved in the potential energy surfaces of secondary [42] and tertiary iso-octyl radical 

+ O2 [43] are available in the literature. These values, calculated at the CBS-QB3 level of theory, 

were compared to those calculated using group additivity, as shown in Table 1. The agreement 

between the two sets of values is within the uncertainty limits of the computational values (± 

1.5–2.0 kcal mol
–1

), except for species with an OOH group attached to the tertiary site and for 

four membered ring cyclic ethers. The differences observed for these species are likely due to 

uncertainties in the magnitudes of the gauche and 1,5 hydrogen interactions. To correct for such 

systematic discrepancies, we applied a +2 kcal mol
–1 

correction to the heat of formation of all 

species with a tertiary OOH group and a –4 kcal mol
–1 

correction to the heat of formation of all 

four membered ring cyclic ethers. These corrections did not affect simulated ignition delay times 

or jet stirred reactor species profiles (comparison shown in Fig. S1 of the Supplementary 

material). High-level quantum chemical calculations with uncertainties of less than 1 kcal mol
–1 

are needed to develop a rigorous set of group values and counting schemes that allow for more 

accurate estimation of thermochemical properties of complex species. A comparison between 

calculated and estimated entropy values of various species is presented as Supplementary 

material (Table S2) along with a species dictionary and the input groups employed in THERM 

(Table S1). 

Table 1. Comparison of calculated [41-43] and THERM estimated heats of formation of 

different species.  Species that exhibit large discrepancies are shown in bold. All values in kcal 

mol
−1

. 

 
Calculated 

[41-43] 

Estimated 

using 

THERM 

 

Difference 

 

 

Corrected 

 

Difference 

after 

correction 

Applied 

Correction 

Fuel and fuel 

radicals 

IC8H18 −54.40 ± 1.60 −53.14 1.26    

AĊ8H17 −5.00 ± 1.69 −4.89 0.11    

BĊ8H17 −9.03 ± 1.84 −7.17 1.86    

CĊ8H17 −12.30 ± 2.02 −10.22 0.06    

DĊ8H17 −5.18 ± 1.69 −4.89 0.29    

ROOH,QOOH, 

RO2 

BC8H17OOH −75.47 −75.77 −0.30    

BC8H17Ȯ2                                                             −42.75 −42.60 0.15    

BĊ8H16OOH-A −26.30 −27.52 −1.22    

BĊ8H16OOH-C −31.00 −31.35 −0.35    
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BĊ8H16OOH-D −26.88 −27.52 −0.64    

CC8H17OOH −77.85 −80.10 −2.25 −78.10 −0.25 (+2) 

CC8H17Ȯ2 −45.80 −46.93 −1.13    

CĊ8H16OOH-B −31.90 −34.13 −2.23 −32.13 −0.23 (+2) 

CĊ8H16OOH-D −28.50 −31.85 −3.35 −29.85 −1.35 (+2) 

CĊ8H16OOH-A −29.70 -31.85 −2.15 −29.85 −0.15 (+2) 

Cyclic ethers IC8ETERCD −55.12 −54.17 0.95    

IC8ETERAC −76.82 −76.74 0.08    

IC8ETERAB −57.42 −53.44 3.98 −57.44 −0.02 (−4) 

IC8ETERBC −58.72 −58.20 0.52    

IC8ETERBD −58.32 −53.44 4.88 −57.44 0.88 (−4) 

Alkoxy 

radicals 

BC8H17Ȯ −38.30 −40.46 −2.16    

CC8H17Ȯ −45.50 −42.93 2.57    

 

2-2 Chemical kinetic mechanism 

The updated iso-octane oxidation sub-mechanism was built upon that of H2 and C1–C7 

hydrocarbons in a hierarchical manner. AramcoMech 2.0 [61] was used for the C0–C4 base 

chemistry, whereas the chemistry of C5–C7 species was taken from LLNL’s gasoline surrogate 

mechanism [1], with the addition of the mechanism by Metcalfe et al. [62] for the di-isobutylene 

isomers that are produced from iso-octane’s alkylperoxy radicals (ROȮ) by concerted HȮ2 

radical elimination reactions and C-H β-scission of the iso-octyl radicals. The original high- and 

low-temperature chemistry of iso-octane was taken from [1], and the rate coefficients for nine 

reaction classes associated with low-temperature kinetics were updated. The updated classes are 

shown in Fig. 3. These include H-atom abstraction by ȮH radicals, alkyl radical addition to O2, 

concerted elimination of HȮ2 radicals from alkylperoxy radicals, alkylperoxy/hydroperoxy alkyl 

isomerization, formation of cyclic ethers, β-scission reactions of hydroperoxy alkyl radicals, 

QOOH radical addition to O2, and isomerization of ȮOQOOH species. Alternative 

isomerizations, concerted eliminations, hydrogen-exchange and third O2 addition pathways for 

peroxy-alkyl hydroperoxide (ȮOQOOH) radicals were also added to the mechanism. Since the 

kinetics of these reactions has never been studied before, their rate coefficients were estimated 

by analogy. The complete updated mechanism consists of 9220 reactions and 2768 species, with 

481 reactions and 179 species specific to the iso-octane sub-mechanism. 



DRAFT FOR COMBUSTION AND FLAME 

 

10 

 

For all pressure-dependent low temperature oxidation reactions, only the high pressure limit rates 

were included following the recommendations of Villano et al. [46].  They conducted 

simulations for n-butyl radical + O2 using two mechanisms; one including pressure dependent 

rate coefficients and another using only the high pressure limit rates.  The authors concluded that 

the high pressure limit for RO2 and QOOH reactions are sufficient under conditions relevant to 

practical combustors (i.e., pressures higher than a few atmospheres). They also showed that RO2 

radicals are collisionally stabilized at elevated pressure conditions, which results in well-skipping 

R+O2 reactions to form alkenes+HO2 and cyclic ethers+OH being less important. Simulations of 

low temperature oxidation below one atmosphere may require pressure-dependent rate 

coefficients, but such conditions less relevant to practical engines. 

 

Figure 3. Reaction classes for which rate coefficients were updated. The newly added pathways 

are shown in red. 
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2-2-1 Hydrogen abstraction reactions 

In this work, the rate coefficients of all H-atom abstraction reactions were updated based on the 

rate rules suggested by Sarathy et al. [63], except for H-atom abstraction by ȮH radicals, for 

which experimentally-derived rate rules were recently made available [64, 65]. 

Sivaramakrishnan and co-workers [64] provided rate rules that were inferred from shock tube 

kinetic measurements of H-atom abstraction by ȮH radicals from five saturated hydrocarbons 

comprising different types of abstraction sites (primary, secondary and tertiary). The next-

nearest-neighbor (NNN) effects, discussed by Cohen [66], were accounted for, and abstraction 

sites were further distinguished based on the chemical nature of the neighboring atoms. The 

compounds that were chosen for the study led to rate rules for P1, P2, P3, S00, S01, S11, T000 and 

T002 abstraction sites, where P, S and T refer to primary, secondary, and tertiary sites, and the 

subscript denotes the number of C atoms bonded to the NNN C atom of the C-H bond of interest 

[64]. For example, P3 is a primary carbon bonded to a carbon connected to three other carbons 

(i.e., the neighbor is a quarternary site); and T002 is a tertiary carbon bonded to two primary 

carbons and one tertiary carbon.  Badra et al. [65] conducted a similar study wherein they 

measured the total rate of H-atom abstraction by ȮH radicals from different molecules, including 

iso-octane. Based on their measurements, and the rate rules reported by [64], Badra et al. [65] 

derived rate rules for H-atom abstraction by ȮH radicals from S20, S21, S22, S30, S31, S32, S33, T100 

and T101 sites. The classification of abstraction sites in iso-octane based on NNN effects is shown 

in Fig.4. 

 

Figure 4. Carbon sites in iso-octane labeled according to the NNN methodology 

Badra et al [65] proposed iso-octane rate coefficients for H-abstraction by ȮH radicals by 

adopting P2 and P3 rates from Sivaramakrishnan et al. [64] and S32 and T100 from their own work 

[65]. These [65] rate expressions yield a total abstraction rate constant profile that agrees with 

the experimental measurements for iso-octane [65].  The rates from [65] agree better than that 

which was previously employed in the iso-octane kinetic model by Mehl et al. [1], as 

demonstrated in Fig. 5. However, slight deviations between measurements and fittings were 
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observed at low temperatures, as shown in Fig. 5. Therefore, we re-calculated the rate 

coefficients of H-atom abstraction by ȮH radicals from S32 and T100 to better fit the experimental 

total rate constant profile reported by [65].  

The re-calculated rate expressions are given below: 

S32,   k(cm
3
 mol−1 

s −1
)= 18.069 T3.5 exp (

591.344

T
) 

 T100, k(cm
3
 mol−1 

s −1
)= 2.4092 × 109 T exp(

2.516

T
) 

 

Figure 5. Experimental [65] and calculated total rate constant profiles for H-atom abstraction by 

ȮH radicals from iso-octane.                

2-2-2 Addition of alkyl and hydroperoxy alkyl radicals to O2 

The rate rules proposed by Miyoshi [67] were used for the addition of iso-octyl radicals to O2 to 

form alkylperoxy radicals (ROȮ). These rate rules are derived from energy calculations using 

variational transition state theory (VTST) and (RRKM)/master equation. The same rules were 

used for the addition of hydroperoxy-alkyl radicals (QOOH) to O2 to form peroxy-

alkylhydroperoxide radicals (ȮOQOOH); however, the rates were divided by 2, based on the 

findings of Goldsmith et al. [68]. Their calculations showed that the rate for second addition to 

O2 (QOOH + O2) is half that of the first addition to O2 (R +  O2), and in accordance with other 

modeling studies [50, 51, 69]. 

2-2-3 Concerted elimination from ROȮ / ȮOQOOH to form olefin + HȮ2 

The third updated class is the concerted elimination to form olefins and HȮ2 radicals from 

alkylperoxy radicals (ROȮ).  This class of formally chain propagation reactions produces 

1.E+12

1.E+13

0.6 1.1 1.6 2.1 2.6 3.1 3.6

k 
(c

m
3 /

m
o

l.
K

) 

1000/T (1/K) 

Measured [65]

Original model [1]

Fitting [65]

New fitting
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relatively stable olefins and relatively less reactive HȮ2 radicals, effectively inhibiting reactivity 

and slowing ignition. Villano et al. [45] calculated the rate coefficients of these reactions for C2 

to C6 alkylperoxy radicals using CBS-QB3 electronic structure calculations combined with 

B3LYP/6-31G(d,p) optimized geometries , and provided rate rules depending on the degree of 

substitution in the olefins produced. Based on their reported values, the formation of highly 

substituted olefins from alkylperoxy species is two to three times faster than that of less 

substituted olefins, which contributes to the lower reactivity of branched alkanes. The reaction 

kinetics involved in the potential energy surfaces of secondary and tertiary iso-octyl radicals + 

O2, including concerted HȮ2 radical elimination reactions, were studied computationally by  [42] 

and [43], respectively, both using optimized geometries from B3LYP/6-31G(d,p) and CBS-QB3 

for the energy calculation. In both studies, it was shown that the calculated rate constants for 

different classes are in good agreement with those of analogous reactions available in the 

literature [45-48], except for the concerted elimination of HȮ2 radicals from the tertiary site. 

 

Figure 6. The rates of (upper left) CC8H17Ȯ2 <=> IC8H16 + HȮ2 and (upper right) 

CC8H17Ȯ2<=>JC8H16+HȮ2 from Snitsiriwat et al. [43] vs Villano et al. [45]; and (bottom) 
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BC8H17Ȯ2<=>IC8H16+HȮ2 from Auzemendi-Murua et al. [42] vs Villano et al. [45]. See 

Supplementary material for species dictionary. 

Figure 6 compares rate constants of concerted HȮ2 radical elimination for secondary and  tertiary 

peroxy radicals calculated using Villano et al.’s [45] rate rules to those reported for iso-octyl 

peroxy by Auzmendi-Murua and Bozzelli [42] and Snitsiriwat and Bozzelli [43], respectively. 

As shown in Fig. 6, the rate constants obtained from [42] for the HȮ2 radical elimination from 

tertiary iso-octyl peroxy radicals are almost two orders of magnitude higher than those reported 

by [45] for tertiary peroxy, regardless of temperature. Therefore, for consistency, Villano et al.’s 

[45] rate rules of concerted HO2-elimination were used for primary and secondary peroxy 

radicals, whereas Snitsiriwat and Bozzelli’s [43] rate coefficients were used for the tertiary iso-

octyl peroxy radical. By analogy, the rates calculated by Villano et al. [45] were also used for the 

concerted elimination from ȮOQOOH. 

2-2-4 Isomerization of ROȮ and ȮOQOOH species and ketohydroperoxide (KHP) 

decomposition 

Isomerization of ROȮ species involves the intra-molecular migration of a hydrogen atom from 

an alkyl group to the peroxy group via cyclic transition states, leading to the formation of 

hydroperoxy-alkyl radicals (QOOH). The rate coefficients of these reactions were taken from the 

computational study of Villano et al. [45], which provides rate rules depending on both the size 

of the transition state ring and the chemical nature of the alkyl group. The model includes 

isomerizations via 5,6,7 and 8 membered-ring transition states.  The size of the transition and the 

nature of the migrating hydrogen atom (primary , secondary and tertiary) was considered when 

assigning the rates, as recommended by [45].  A comparison of isomerization rates for various 

transition state ring sizes and migrating hydrogen atoms is provided in Supplementary Fig.S3. 

For ȮOQOOH isomerization, Sharma et al. [48] conducted a computational study at the CBS-

QB3 and B3LYP/CBSB7 levels of theory with accurate treatment of hindered rotors. Their rate 

rules for isomerization of ȮOQOOH to ketohydroperoxides (KHP) were adopted in our study. 

However, since Sharma et al. [48] do not provide a rate rule for intra-molecular H-atom 

migration to a peroxy group at a tertiary site, the rate coefficients of this type of reaction were 

estimated based on the knowledge that the rate of abstraction gets progressively slower from 

tertiary to secondary and then primary carbons. The subsequent decomposition of KHP via O–O 

scission was assigned a rate constant with a frequency (A-) factor of 1.5×10
16 

s
–1

 and an 
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activation energy of 42.3 kcal mol
–1

 [69].  In addition, the H-exchange reactions in ȮOQOOH 

radicals from the hydroperoxy site to the peroxy (i.e., ȮOQOOH=HOOQOȮ) were added to the 

mechanism. The rate rules from Miyoshi [47] were adopted for this class.    

2-2-5 Cyclic ether formation, and β-scission of QOOH species 

Hydroperoxy-alkyl radicals (QOOH) undergo addition to molecular oxygen, cyclic ether 

formation, and β-scission reactions. The reactions involving QOOH radical addition to molecular 

oxygen have already been discussed above. 

The β-scission reactions are divided into two classes; β-QOOH = olefin + HȮ2 and β-QOOH = 

olefin + carbonyl + OH. The formation of HȮ2 and olefin is favored due to the weakness of the 

C–OOH bond compared to a C–C or C–H bond. The rates of this reaction class were updated 

based on the computational rate rules published by Villano et al. [46]. They showed that the 

kinetics of this class is insensitive to carbon substitution(s) at the hydroperoxy or the radical site, 

and thus, they only provided one rate rule for this reaction class. The other class involving the 

formation of olefin, carbonyl and OH is less energetically favorable than the other pathways 

(addition to O2 and cyclic ethers formation) due to the higher bond dissociation energy of C–C 

bonds compared to O–O and C–O bonds. This class was updated using the rate rules 

recommended by Bugler and co-workers [49] . 

Another propagation reaction pathway for QOOH radicals is the formation of cyclic ethers + 

ȮH. The kinetics of such reactions were computationally studied by Villano et al. [46] and 

Miyoshi [47] at the CBS-QB3 level of theory. Villano et al. [46] found that the activation 

energies of these reactions vary depending on the thermochemistry of the specific reaction. 

Therefore, they reported rate rules with activation energies written as a function of standard heat 

of reaction (ΔHrxn). Meanwhile, Miyoshi [47] distinguished between different cyclic ether 

formation reactions based on the degree of branching. As the number of substituents on the 

formed ring increases, the exothermicity of the reaction increases, implying that the rate of the 

reaction depends on the nature of the radical site and hydroperoxy site in the QOOH radical. In 

their work, Villano et al. [46] compared their calculated rate constants to those from Miyoshi’s 

work [47] and both sets of rate rules gave good agreement.   
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However, when applied to iso-octane, the rate rules from [46] and [47] did not give similar rate 

constants for cyclic ether formation reactions. Figure 7 compares the rate constants of cyclic 

ether formation from BĊ8H16OOH-A (7a), CĊ8H16OOH-B (7b), CĊ8H16OOH-D (7c) and 

CĊ8H16OOH-A (7d) using the rate rules from Miyoshi [47] and Villano et al. [46] (see 

Supplementary material for species glossary).  

When using Villano et al.’s [46] ΔHrxn-dependent rate rules, three values of ΔHrxn were tested in 

the comparison: i) computational values for ΔHrxn from Bozzelli’s group [42, 43] (solid black 

lines in Fig. 7), ii) THERM-calculated values with the corrections mentioned previously (dashed 

black line in Fig. 7), and iii) THERM-calculated values without the corrections (dotted black line 

in Fig. 7).  Figure 7 clearly shows that the rate constants of cyclic ether formation reactions are 

highly sensitive to the thermochemistry of the reaction. The best agreement is observed between 

Miyoshi’s [47] rate constants and those obtained using Villano et al.’s rate rules with ΔHrxn 

calculated using computational values form Bozzelli’s group [42, 43]. Since computational 

thermochemical properties are not available for all iso-octane QOOH and cyclic ether species, 

Miyoshi’s rate rules for cyclic ether formation reactions were chosen in our model. The effect of 

using different sources for the rate constants of cyclic ether formation on iso-octane ignition 

delay profiles is shown in Fig. S2 of the Supplementary material. 
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Figure 7. Rates of cyclic ether formation from (a) BĊ8H16OOH-A, (b)CĊ8H16OOH-B, (c) 

CĊ8H16OOH-D, and (d) CĊ8H16OOH-A calculated using Miyoshi’s rate rules [47] (grey line), 

Villano’s rate rules [46] with computationally calculated heats of formation from Bozzelli and 

co-workers [42,43] (solid black line), heat of formation from THERM after adding the 

corrections to the groups (dashed black line) and without adding these corrections (dotted black 

line). 

2-3 Alternative isomerization pathways 

In previously developed mechanisms [35, 36], the only reaction pathway available for peroxy-

alkylhydroperoxide radicals (ȮOQOOH) was the formation of ketohydroperoxides (KHP) via 

intra-molecular H-atom migration from the C–H site connected to the peroxy group (i.e. COOH); 

this is followed by cleavage of the O–OH bond to form KHP and an ȮH radical. The H-atom at 

the COOH site is abstracted to form the ketohydroperoxide due to the weak C-H bond. However, 

recent studies [48-51, 69, 70] show that the intra-molecular migration of H-atoms from other 

carbon sites in ȮOQOOH radicals can be competitive. In their study on 2,5-dimethylhexane 

oxidation in a jet stirred reactor, Wang et al. [52] detected species with four and five oxygen 
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atoms that were not accounted for in conventional combustion mechanisms. Based on their 

findings, they proposed new oxidation pathways that are instigated by alternative isomerization 

of ȮOQOOH species to produce alkyl-dihydroperoxides (P(OOH)2), followed by a third O2 

addition, or β-scission, or the formation of hydroperoxy cyclic ethers, as shown in Fig. 3. Later, 

Wang and Sarathy [53] showed the importance of the third O2 addition pathway in simulating 

combustion in HCCI engines, and recommended the addition of this pathway to mechanisms of 

large alkanes (> C6). Therefore, alternative isomerization and subsequent reactions of P(OOH)2 

species were added to our updated iso-octane model.  

 

Figure 8. Conventional and alternative isomerization for one of the ȮOQOOH species 

Since the added reactions have only been recently postulated, no information exists in the 

literature regarding their kinetics. Therefore, we used analogies and estimations to assign rate 

coefficients of these reactions. For alternative isomerization and β-scission of P(OOH)2 species, 

we used Villano et al.’s [46] rate coefficients for ROȮ/QOOH isomerization and β-scission of 

QOOH, respectively. Meanwhile, Miyoshi’s [47] rate coefficients of cyclic ether formation were 

used for the formation of hydroperoxy cyclic ethers. Finally, Miyoshi’s [47] coefficients for 

alkyl radical addition to O2 were used for the third O2 addition (P(OOH)2 + O2), with an A-factor 

divided by two, similar to the second addition to O2 reactions. 
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The subsequent reaction pathway of ȮOP(OOH)2 species is isomerization to keto-

dihydroperoxides (KDHP), for which Sharma et al.’s [48] KHP formation rate coefficients were 

used. Similar to KHP, the KDHP species decompose via O–OH bond scission. However, unlike 

the decomposition of KHP, for which the activation energy is 42.3 kcal mol
–1

, the activation 

energy of KDHP decomposition was chosen as 39 kcal mol
–1 

following the recommendations of 

Sarathy et al. [63]. This value was assigned to better match experimental ignition delay profiles 

of iso-octane.  

2-4 Performance of updated model 

The addition of all of the aforementioned reaction pathways and rate constant updates led to a 

model that is too fast at low and intermediate temperatures, compared to experimental data [9], 

with an example comparison shown in Fig. 9. 

 

Figure 9. Simulated IDT using the updated and untuned model compared against experimental 

data from literature circles [9] and open squares [10] at 40 atm, stoichiometric iso-octane/air 

mixture  

Further modifications to the rate rules, based on ȮH radical sensitivity analysis performed using 

CHEMKIN-PRO [71], were required to achieve better agreement between model-simulated and 

experimental ignition delay time profiles. Figure 10 shows that the QOOH radical plus O2 

reactions exhibit high and positive sensitivity coefficients, meaning that they promote the 

production of ȮH radicals and increase reactivity. Meanwhile, the competing pathways of cyclic 

ether formation from QOOH radicals have negative sensitivity coefficients and decrease 
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reactivity. The formation of cyclic ethers is a chain propagation pathway while the O2 addition is 

a chain branching pathway, which illustrates their opposite effect on reactivity. The rate 

constants of these sensitive reactions were modified within their uncertainty limits, and model 

agreement with experimental data was tested after each modification. The best agreement was 

obtained when the rate constants of cyclic ether and hydroperoxide cyclic ether formation 

reactions for iso-octane moieties were doubled. The tuned reaction classes are shown in Table 2. 

Table 2. Modifications to the rate parameters to fit the experimental data for iso-octane. 

Rate Reference Modification 

QOOH = cyclic ether + ȮH [47] A-factor × 2 

P(OOH)2 = hydroperoxy cyclic ether + ȮH 

KDHP = ȮH + β-scission products 

[47] 

[63] 

A-factor × 2 

Ea=39 kcal 

 

 

Figure 10. Sensitivity analysis to ȮH radicals at 750 K,40 atm, φ =1 at just before ignition. Rates 

of cyclic ethers formation and second O2 addition are shown in dash-outlined and solid-outlined 

boxes, respectively. 
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3- Experimental 

3-1 UCONN RCM 

Experimental ignition delay time measurements at low and intermediate temperatures were 

conducted using rapid compression machines (RCM) at UCONN, NUIG and at KAUST. The 

UCONN RCM consists of a creviced piston that is driven pneumatically, and brought to rest 

hydraulically towards the end of compression. Compression occurs in a single stroke and the 

compression time is about 30–40 ms.  The compression ratio can be varied by changing the 

stroke length and clearance volume independently. Pressure time history from the start of 

compression to post-ignition is measured using a Kistler 6125C pressure transducer along with a 

5010B charge amplifier. Compressed pressures as high as 70 atm and pre-heated temperatures up 

to about 420 K can be attained in this RCM. Further details regarding this machine can be found 

in [72, 73] 

Homogeneous fuel air mixtures were prepared in a stainless steel mixing chamber. Fuel was 

injected into the mixing chamber on a gravimetric measure using a syringe, whereas oxygen and 

diluent gases were filled in on a barometric measure. Ultra high purity (>99.99%) gases supplied 

from Airgas were used to prepare the mixtures, except for iso-octane, which was supplied by 

Sigma-Aldrich at high purity (>99.8%) by Sigma-Aldrich. A magnetic stirrer at the bottom of the 

mixing chamber was used to ensure homogeneity of the prepared gas mixtures. The fuel-oxidizer 

mixtures were allowed to mix in the chamber for about 2.5 hours. 

The homogeneous fuel-air mixtures were compressed rapidly to the desired pressure and 

temperature. The compressed temperature was estimated using the adiabatic-core hypothesis. 

Subsequent to compression and after an induction period, a rapid rise in pressure was observed 

due to auto-ignition. Ignition delay time is defined as the time interval between the end of 

compression and the maximum rate of pressure rise. First- (1) and total ignition delays () are 

defined similarly. This definition of ignition delay is illustrated in Fig. S4. A minimum of 5 

concordant experimental runs were carried out for each data point reported. A representative 

experimental pressure trace close to the mean is chosen for reporting the ignition delay. The 

typical scatter in ignition delay time is ~10% of the reported value and the temperature 

uncertainty is ±5 K. Figure S5 demonstrates the typical repeatability. Inert runs wherein oxygen 
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was replaced by nitrogen were conducted at every set of temperature, pressure and equivalence 

ratio condition in order to infer the heat loss characteristics during the compression stroke and 

the post-compression period. 

Experiments were conducted in the low-to-intermediate temperature range with temperature at 

end of compression (TC) varying between 640 K and 960 K at equivalence ratios of 0.4 and 1 in 

air. High compressed pressures of nominal pC  near 20 and 40 atm are investigated herein.  

3-2 KAUST RCM 

The rapid compression machine (RCM) facility at KAUST is based on a twin-opposed piston 

design similar to the one used at NUIG [74]. The combustion chamber bore is 5.08 cm and, 

based on the final piston spacing, the volumetric compression ratio can be adjusted up to 16.8. 

The characteristic time required for the final 50% of the pressure rise during the compression 

phase is about 3 ms. The piston heads are creviced to minimize boundary layer mixing with the 

core gas. The gas mixtures are prepared in a 20 L stainless steel magnetically stirred mixing 

vessel. The temperature of the vessel and the combustion chamber can be increased using 

heating jackets. The compressed gas temperature at the end-of-compression (EOC) is computed 

by applying the following isentropic relation on the measured pressure trace: 

∫
γ

γ − 1

dT

T

TC

TI

 = ln (
p𝐶

pI

) 

where, the subscripts C and I refer to the EOC (end of compression) and initial conditions, 

respectively. The diluent was varied from pure nitrogen to a mixture of nitrogen and argon to 

reach temperatures up to 950 K and a mixture of nitrogen and carbon dioxide to reach 

temperatures down to 635 K. Six axisymmetric ports are present on the central axial location of 

the combustion chamber for optical access, gas exchange and the pressure transducer (Kistler 

6045A). The ignition delay time for this work was determined from the maximum pressure rise 

in the measured pressure trace. The uncertainty in the ignition delay measurement was 

approximately +/- 10%. 
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3-3 NUIG RCM 

Low- to intermediate-temperature (650-1000 K) ignition delay times for stoichiometric mixtures 

of iso-octane in a 21:79 oxygen to diluent bath gas at nominal pressures of 15 near 15 and 20 atm  

were measured in two RCM facilities at NUIG; low compression piston head (LCPH) and high 

compression piston head (HCPH). The details of the experimental platform and the methodology 

used to measure fuel ignition delay times within the device have been extensively documented in 

[51, 75-78] therefore only a brief description of the apparatus is given here. 

Briefly, the device volumetrically compresses a test gas to a high temperature and pressure 

condition, and allows an isochoric reaction to proceed after compression within the high-energy 

gas. The compressed gas pressure is varied by adjusting the initial gas pressure in the reaction 

chamber, while the compressed gas temperature is varied by altering the initial temperature of 

the reaction chamber as well as by tailoring the composition (specific heat) of the non-reactive 

diluent gases. The transient pressure history of the test gas is monitored during the experiment by 

a Kistler 6045A pressure transducer that is mounted in the sidewall of the reaction chamber. 

Ignition delay times are measured from the test gas pressure history, and defined as the time 

difference between the local maximum in pressure that occurs near the end of volumetric 

compression and the maximum rate of pressure rise due to ignition. The widely used adiabatic 

core model [72, 79] is employed to evaluate the compressed gas temperatures from pressure 

histories. Furthermore, the adiabatic core model is also used to transiently prescribe the energy 

supplied to or lost from the test gases due to volumetric compression and heat losses, 

respectively, in order to adequately compare experimental data sets with mechanism simulations. 

These transport processes are isolated from chemical ones by compressing an analogous non-

reactive gas for each experimental condition (where the reactive gas oxygen fraction is 

substituted by nitrogen), and quantified by deriving the specific volume history of the adiabatic 

core gas from the measured pressure history of the non-reactive experiment that is then used as 

an input boundary condition for a simulated variable volume 0-D reactor. The uncertainty in the 

ignition delay measurement is approximately +/- 15%. 

The fuel burned in this study was provided by Sigma-Aldrich (99.8% pure), while nitrogen 

(99.95%), oxygen (99.5%) and argon (99.5%) gases were supplied by BOC Ireland. 
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3-4 KAUST HPST 

The high-pressure shock tube (HPST) facility has been previously described in detail in [80], so 

only a brief overview is given here. The facility consists of a stainless steel, electropolished tube 

divided by aluminum diaphragms into a 6.6 m driven section and a modular driver section that 

can be extended up to 6.6 m. The inner diameter of the tube is 10 cm. The measurements were 

conducted at the reflected shock conditions via a pressure transducer (Kistler 6045A) mounted at 

a distance of 1 cm from the shock tube endwall. The reflected shock conditions are determined 

from the incident shock wave velocity measurements using five axially spaced pressure 

transducers (PCB113B26) over the last 3.2 m length of the driven section. The reactant mixture 

was prepared in a 40 L stainless steel mixing vessel equipped with a magnetic stirrer. The vessel 

and shock tube were heated to 80 
0
C for these experiments using heating jackets to prevent fuel 

condensation. As with the RCM, the ignition delay time is determined by the time of maximum 

pressure rise. The uncertainty in the ignition delay measurement is +/-20 %.  A non-ideal 

pressure rise (dp/dt) of approximately +3% /ms was observed behind the reflected shock wave in 

these experiments. This non-ideality is accounted for in numerical shock tube simulations using a 

representative volume profile. Example pressure traces for shock tube ignition delay 

measurements are illustrated in Fig. S6 of the Supplementary material. Several  pressure traces at 

lower temperatures (i.e., longer ignition delay times) exhibited significant pre-ignition pressure 

rise that may  be caused by inhomogeneous ignition [81, 82].  

4- Results and Discussion 

4-1 Model validation against new experimental data 

The chemical kinetic model was compared against experimental data at a range of conditions, 

including newly acquired data and data available in the literature, as shown in Table 3.  The 

experimentally measured ignition delay time profiles were simulated using the closed 

homogeneous batch reactor model in CHEMKIN-PRO software [71] along with the updated iso-

octane model. In order to account for heat losses, RCM experiments were simulated using 

experimentally determined variable volume profiles. These volume profiles are available as 

supplementary material. 
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Table 3. Summary of experimental conditions employed for validating iso-octane model. 

Technique 
Pressure 

(atm) 

Equivalence 

Ratio φ 

Temperature 

range (K) 
% Fuel Diluent Reference 

ST ignition 50 0.5,1 700-1200 100% air [9, 10] 

ST ignition 10-50 0.25,0.5, 1 870-1250 100% air [8] 

ST ignition 14,17,50 0.5, 1 855-1170 100% air [7] 

ST ignition 1.4 0.5,1,2 1250-1810 0.25%,0.5%,1% Ar [6] 

ST ignition 20 1 893-1060 100% air KAUST* 

JSR 

oxidation 
10 0.3,0.5,1,1.5 750-1100 0.1% N2 [32] 

Laminar 

flame speed 
1 0.6-1.7 298,355 100% air 

[21, 24-26, 

28, 29] 

Laminar 

flame speed 
10 0.8-1.1 323,373,423,473 100% air [23] 

RCM 

ignition 
15,20 1 

635-787 100% 100% N2 

NUIG* 

765-965 100% 25%N2/75%Ar 

RCM 

ignition 
20,40 0.4,1 632-958 100% 100% N2 UCONN* 

RCM 

ignition 
20 1 

632,655 100% 80%CO2/20%N2 

KAUST* 666-813 100% 100% N2 

851-948 100% 20%N2/80%Ar 

ST pyrolysis 25,50  900-1700 137, 149 ppm Ar [12] 

*
This study 

Figure 11 shows a comparison of the simulated ignition delay time (IDT) profiles to those 

measured experimentally using the RCM facility at UCONN. Simulations were conducted using 

the updated iso-octane model developed in this study, as well as the original model developed by 

Mehl et al. [1].  As shown in Fig. 11, the updated model matches the experimental data better 

than the original one, particularly at φ = 0.4. Matching the reactivity under fuel-lean conditions is 

crucial for HCCI engine simulations because those engines are typically operated at equivalence 
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ratios of less than 0.5. The updated model under predicts the measured ignition delay times by 

nearly a factor of two at the lowest temperature conditions at φ = 0.4, 40 bar and φ = 1, 20 and 40 

bar.  At φ = 0.4, 20 bar, the model slightly over predicts the measured ignition delay time.   

Despite the improved agreement between the updated model and experimental data at φ = 0.4 

and pC = 20 atm, the updated model shows higher reactivity at φ = 1 and pC = 20 atm for 

temperatures higher than 750 K. This discrepancy warranted further investigation. 

In order to ensure the validity of RCM experiments conducted at UCONN, particularly at 

conditions where significant discrepancies were observed between experimental and simulated 

data, the same experiments (φ = 1 and pC = 20 atm) were run using RCM facilities at NUIG and 

at KAUST. However, as mentioned earlier, experiments at UCONN were conducted in air 

(O2/N2), whereas Argon was added to Nitrogen bath gas at NUIG and at KAUST to achieve high 

temperatures at EOC (end of compression).  Figure 12a shows that for temperatures greater than 

850 K, NUIG and KAUST RCM ignition delay data do not match those recorded at UCONN. 

This discrepancy is a attributed to the diluent effect, which was thoroughly discussed by Würmel 

et al. [77];  they argued that substituting nitrogen by argon increases the ignition delay time in 

RCM experiments due to the cooling effect of argon in the post compression period. As shown in 

Fig. 12, for temperatures greater than 850 K the ignition delay times measured by NUIG (diluent 

gas is 25% N2 and 75% Ar) and KAUST (diluent gas is 20% N2 and 80% Ar) are longer than 

those measured by UCONN (diluent gas is only N2). The diluent effect is not observed at 630 K 

and 655 K where 80% CO2/20% N2 were used as diluent at KAUST compared to 100% N2 at 

NUIG and UCONN. This is largely due to the lower heat loss due to the lower thermal 

diffusivities (with correspondingly lower thermal conductivities and higher heat capacities) of N2 

and CO2.  

The diluent effect was not observed in simulated ignition delay times when comparing those 

under NUIG and UCONN conditions, as shown in Fig. 12a.  For example, simulated ignition 

delay times using the inert volume profiles and bath gas conditions from UCONN and NUIG 

show similar ignition delay times at all temperatures.  Simulations at the KAUST conditions (i.e., 

volume profiles and inert composition) show longer ignition delay times compared to the 

UCONN simulations due to the use of Ar as the diluent, but the differences are not as prominent 

as those observed experimentally. A comparison of the inert pressure and temperature traces at 
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850 K from UCONN (O2/N2) , NUIG (O2/ N2/Ar) and KAUST (O2/ N2/Ar) is shown in Fig. S7 in 

the Supplementary Material.  It is interesting to note that the pressure and temperature profiles 

after TDC are similar for both facilities, which indicates similar heat-loss characteristics.   

 

Figure 11. Iso-octane/air ignition delay times measured at the UCONN RCM facility and the 

corresponding simulations. Left panels are 20 atm while right panel are 40 atm. Upper panels are 

0.4 equivalence ratio and lower panels are stoichiometric. Solid and dashed lines represent 

simulations using the updated model and original model [1], respectively. The insets show first 

stage IDT profiles. 

Wagnon and Wooldridge [83] studied the effect of buffer gas composition on autoignition of 

stoichiometric mixtures of three different fuels; iso-octane, n-heptane and n-butanol. Their 

results emphasized the effect of the bath gas composition on low temperature combustion 
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chemistry through HȮ2 radical and H2O2 recombination and decomposition reactions, which are 

pressure dependent. They showed that different bath gases have different collision efficiencies, 

which affects the second stage ignition delay time. They compared experimental data for n-

heptane ignition using different diluents (Ar and N2) and showed that ignition is faster in the 

presence of Ar at high temperatures (>750 K); however their simulations were not able to 

capture the same difference.  

Figure 12a shows a typical trend for the reactivity of alkanes. At low temperature, reactivity 

increases with increasing temperature and then starts to be inversely proportional to temperature. 

This region is known as the negative temperature coefficient regime (NTC), which is 

characterized by the competition between chain branching reactions, mainly isomerization of 

ȮOQOOH compounds (production of keto hydroperoxides), and chain propagation reactions, 

such as the formation of cyclic ethers and olefins from QOOH species (QOOH = cyclic ether + 

ȮH and QOOH = olefin + HȮ2). After the NTC region, reactivity is more controlled by high-

temperature chemistry and HȮ2 radical chemistry, and again increases with increasing 

temperature. 

 

Figure 12. Iso-octane/oxygen/diluent ignition delay times at φ = 1 and 20 atm from (a) various 

RCM facilities and (b) KAUST ST and RCM. Solid lines are variable volume simulations while 

dashed lines are constant volume simulations in (b). Open and closed circles represent RCM 

experiments with only N2 and N2+Ar bath gases, respectively. Closed squares represent RCM 

6257007758509251000

1

10

100

1 1.2 1.4 1.6

Temperature (K) 

ID
T(

m
s)

 

1000/T(1/K) 

UCONN 
NUI Galway 
KAUST 

62577592510751225

0.1

1

10

100

0.8 1 1.2 1.4 1.6

Temperature (K) 

ID
T(

m
s)

 

1000/T(1/K) 

(b) 

KAUST 

affected by 
preignition 

(a) 



DRAFT FOR COMBUSTION AND FLAME 

 

29 

 

experiments with N2+CO2 diluent while open squares in (b) represent KAUST shock tube 

experiments. Dashed circle identified shock tube experiments that exhibited significant pre-

ignition heat release. See digital paper for color version of this figure 

To further understand discrepancies between simulated and experimental measurements, ignition 

delay times measured in the KAUST HPST are presented in Fig. 12b and compared with the 

KAUST RCM data and simulations. The HPST simulations include 3% per millisecond (dp/dt) 

pressure rise rate.  An interesting observation in Fig. 12b is a factor of 3 discrepancy in IDT 

between the HPST and RCM experiments at an intermediate temperature TC of ~ 870 K. This 

phenomenon was noticed in previous studies [38, 84, 85] of other high-octane fuels, but the 

reason for this difference is not yet identified. It may be attributed to the invalidity of the 

homogeneous core assumption of the RCM due to mass loss in the facility crevices or heat loss 

through walls.  Inhomogeneity and boundary layer phenomenon in the shock tube may also 

contribute to the discrepancy. The updated kinetic model captures the IDTs measured by the 

HPST at temperature above 900 K, but the model is more reactive when compared to the RCM 

data these temperatures. It is worth restating that HPST experiments at low temperatures (933 K, 

928 K and 894 K see dashed circle in Fig. 12b) exhibited non-ideal pre-ignition pressure rise, as 

shown in Fig. S5 in the Supplementary material. These conditions exhibited significant pre-

ignition pressure rise (above 3%/ms) due to inhomogeneous ignition phenomenon [81, 82]. 

Various shock tube groups, including KAUST, are exploring such inhomogeneous ignition 

phenomena in detail to understand their causes, their effect on ignition measurements and 

potential remedies. Such discussions and illustrations are beyond the scope of the current work.  

It should be noted that experimental measurements exhibiting pre-ignition pressure rise cannot 

be accurately modeled using 0-D simulations, and therefore are not suitable targets for kinetic 

model validation/optimization. 

The performance of the updated model is also compared to a recently optimized model by Cai 

and Pitsch [86] in which the rate rules assigned by Curran et al. [35] were calibrated to match the 

ignition delay time for iso-octane in [10], which limits the agreement of the model to a broader 

set of target data.  The simulation results from both models compared to the new RCM 

experiments from UCONN are shown in Fig. S8 in the Supplementary material.  The present 

model reproduces the RCM experimental data better than the optimized model of Cai and Pitsch 
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[86].  The optimized model [86] could be improved by including the new data as targets for the 

model optimization. 

Figure 13 shows the ignition delay time for stoichiometric iso-octane mixtures using different 

diluents at 15 atm and 20 atm in the NUIG RCM. Decreasing the pressure decreases the 

reactivity due to lower rate of production of ȮH radicals from H2O2 (+M) = ȮH + ȮH (+M), a 

pressure dependent reaction. In addition, high pressure promotes low temperature chemistry, 

specifically alky radicals addition to O2. Overall, the model shows good agreement with the 

experimental data at low and intermediate temperatures; however, the model is more reactive 

than the experiments at higher temperatures. 

 

Figure 13. Iso-octane/air ignition delay times at φ =1 and 15 atm and 20 atm. Closed circles and 

straight lines represent experiments and simulations respectively with only N2 as diluent in 

LCPH RCM. Triangles and dotted lines represent experiments and simulations in HCPH RCM 

with only N2 as diluent. Open circles and dashed lines represent experiments and simulations 

with 20% N2 and & 80% Ar diluent.  
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CHEMKIN-PRO [71] assuming homogeneous and adiabatic conditions behind the reflected 

shock wave. 

Hartmann et al. [9] and Fieweger et al. [10] measured ignition delay times of iso-octane/air 

mixtures at 40 atm and φ = 0.5 and 1.0 in a high pressure shock tube. Figure 14 shows the 

experimental and simulated ignition delay time profiles over the temperature range 700–1200 K. 

The reactivity at this temperature range is sensitive to the equivalence ratio of the mixture 

because chain branching is dominated by KHP production. The leaner the mixture, the lower the 

fuel concentration and the less KHP produced, which results in a less reactive system [36].  

Figure 14 also shows that the present model offers improved agreement with experimental data 

when compared with the original model by Mehl et al.  [1]. 

 

Figure 14. Iso-octane/air ignition delay times at 40 atm and equivalence ratios of 0.5 and 1.0. 

Experiments are from [9] (circles) and [10] (open squares).  Simulations (lines) with the updated 

and original model [1] are represented by solid and dashed lines, respectively. 

Shen and co-workers [8] carried out ignition delay time experiments of iso-octane/air mixtures in 

a high-pressure shock tube at different equivalence ratios (0.25, 0.5 and 1.0) and at pressures of 

10, 12, 25, 45 and 50 atm. Their experimental data, and those simulated by our updated model 

and the original model [1] at the same conditions, are presented in Fig. 15. Both models match 

the experimental data relatively well at all investigated conditions, with better predictions for the 

updated model at high pressures and low temperatures.  

700800900100011001200

0

0

1

10

100

0.8 1 1.2 1.4

Temperatur (K) 

ID
T 

(m
s)

 
 

1000/T (1/K) 

φ=1 

φ=0.5 



DRAFT FOR COMBUSTION AND FLAME 

 

32 

 

  

Figure 15. Iso-octane/air ignition delay times at various pressures and (a) φ = 1.0,  (b) φ = 0.5, 

and (c) φ = 0.25. Experiments are from [8] (symbols).  Simulations (lines) with the updated and 

original [1] model are represented by solid and dashed lines, respectively. See digital paper for 

color version of this figure. 

Shock tube iso-octane oxidation experiments were also conducted by Davidson and coworkers 

[7] for fuel/air mixtures at pressures between 14 atm and 59 atm, temperatures between 855 K 

and 1270 K, and equivalence ratios of 0.5 and 1. Figure 16 compares the experimental IDT 

profiles from [7] to those simulated using the updated and original [1] iso-octane models. The 

updated model is more reactive than the original one at high pressures and low temperatures, 

which gives better agreement with experimental data at these conditions, particularly at φ =1.0. 
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Figure 16. Iso-octane/air ignition delay times at two pressure and (a) φ = 1.0 and (b) φ =0.5. 

Experiments are from [7] (symbols).  Simulations (lines) with the updated and original model [1] 

are represented by solid and dashed lines, respectively. 

Oehlschlaeger et al. [6] used a shock tube to  measure IDT for iso-octane/O2/Ar mixtures at 1.4 

atm and 0.5 < φ < 2 using different fuel concentrations (0.25%, 0.5% and 1%). Figure 17 

compares experimental data from [6] to those simulated using the updated and original models. 

Both models show good agreement with the experimental data. However, for 1% fuel in air 

mixtures, the updated model is more reactive than the original one, especially at lower 

temperatures, and shows better agreement with experimental data. 
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Figure 17. Iso-octane/O2/Ar ignition delay times at 1.4 atm, various equivalence ratios, and fuel 

concentrations of  (a) 1%, (b) 0.25%,  and (c) 0. 5%. Experiment are from [6] (symbols).  

Simulations  with updated and original [1] models are represented by solid and dashed lines, 

respectively. 

4-2-2 Jet Stirred Reactor data 

Dagaut et al. [32] carried out iso-octane oxidation experiments in a JSR for 0.1% fuel/oxidizer 

mixtures at φ = 0.3, 0.5, 1.0 and 1.5. The experiments were performed at 10 atm and with a mean 

residence time of 1 s. Gas chromatography and mass spectrometry were used to identify and 

quantify intermediates formed during iso-octane oxidation. The updated iso-octane model was 

compared against species concentration profiles measured in [32] using the perfectly stirred 

reactor code in CHEMKIN-PRO [71] with a transient solver to obtain a steady-state solution. 
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Figures [18-21] show the experimental and simulation profiles for different species at the four 

experimentally investigated equivalence ratios. Qualitatively, the updated model matches the 

experimental concentration profiles of all species detected species which include iso-octane, CO, 

CO2, O2, CH4, H2, CH2O, C2H4, C3H6, iso-butene, 2,4-dimethyl-1-pentene, 2,4-dimethyl-2-

pentene and 4,4-dimethyl-1-pentene. The profiles of iso-octane, carbon monoxide (CO), and 

carbon dioxide (CO2) are well captured by the model at different equivalence ratios. Based on 

the shape of the iso-octane and CO profiles, neither the simulations nor experiments showed 

NTC behavior at the conditions studied. At all investigated conditions, CO concentrations are 

lower than those of CO2; however, the concentration profiles of these species cross over at lean 

conditions as a result of oxidation of CO to form CO2 at high temperatures. The leaner the 

mixture, the lower is the crossover temperature. In the presented data, the crossover temperature 

is 1000 K and 1050 K for φ = 0.3 and 0.5, respectively. The simulated concentration profiles of 

H2, CH4 and CH2O agree well with those measured experimentally at φ = 0.5, 1.0 and 1.5. For φ 

= 0.3, H2 concentrations are under predicted by 51% whereas CH2O concentrations are over 

predicted by 36% at peak values. CH4 concentrations are under-predicted below 900 K and over-

predicted above 900 K.  

The concentration profiles of C2H4 and C3H6 are quantitatively well predicted by the model at 

fuel-rich and stoichiometric conditions; however, the peak concentrations are under-predicted by 

50–61% and 41–44%, respectively, at fuel-lean conditions. The predicted profiles as a function 

are temperature for 2,4-dimethyl-1-pentene (XC7H14), 2,4-dimethyl-2-pentene (YC7H14) and 4,4-

dimethyl-1-pentene (PC7H14), the β-scission products of iso-octyl radicals, are generally broader 

that the experimental measurements. However, the maximum concentrations of YC7H14 and 

PC7H14 are under predicted with maximum deviation at φ = 0.3 of 52% and 73%, respectively. 

Also Figs. S9-S12 in the Suppllementary material show the simulated species profiles using the 

Mehl et al. [1] model. Generally, the updated model shows a better agreement for all species. 



DRAFT FOR COMBUSTION AND FLAME 

 

36 

 

 

Figure 18. JSR species concentration profiles (points) and simulations (lines) using updated 

model (straight lines) and original model [1] (dashed lines)  for 0.1 % iso-octane at φ =1.5. 

Experiments are from [32]. See digital paper for color version of this figure. 

 

Figure 19. JSR species concentration profiles (points) and simulations using updated model 

(straight lines) and original model [1] (dashed lines) for 0.1 % iso-octane at φ =1.0. Experiments 

are from [32]. See digital paper for color version of this figure. 
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Figure 20. JSR species concentration profiles (points) and simulations using updated model 

(straight lines) and original model [1] (dashed lines) for 0.1 % iso-octane at φ =0.5. Experiments 

are from [32]. See digital paper for color version of this figure. 

 

Figure 21. JSR species concentration profiles (points) and simulations using updated model 

(straight lines) and original model [1] (dashed lines) for 0.1 % iso-octane at φ =0.3. Experiments 

are from [32]. See digital paper for color version of this figure. 
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4-2-3 Laminar Flame Speed 

In addition to IDT measurements, the updated model was tested against laminar flame speed data 

available in the literature carried out at atmospheric pressure [21, 24-26, 28, 29] and high 

pressure [23]. Flame speeds depend strongly on the base chemistry; however, different fuels 

produce different concentrations of C1-C4 species and this impacts the flame speed. In their 

analysis, Ji et al. [29] showed that a high concentration of iso-butene is produced during the 

oxidation of iso-octane, mainly from the β-scission of iso-octyl radicals, which affects its flame 

speed. To minimize computational time and cost, the proposed updated mechanism was reduced 

and only high temperature reaction pathways were retained.  

The model was reduced using the method of direct relation graph with expert knowledge (DRG-

X) [87].  This approach assumes that some species are weakly coupled to others, so they do not 

play a significant role in combustion processes, and as such, they can be removed whilst 

retaining the chemical fidelity of the remaining species. Also, contrary to the original DRG 

approach that is restricted by a uniform error tolerance for all the species, the DRG-X method 

allows a separate controlled reduction error for heat release rate and species of interest. 

Therefore, the DRG-X method can result in a smaller reduced mechanism with similar chemical 

fidelity compared to the original DRG method. In this work, the detailed mechanism is reduced 

by specifying the error tolerance for heat release as 0.01, for Ḣ atoms and ȮH radicals as 0.1, for 

iso-octane as 0.5, and for other species as 0.4. The target temperatures and pressures for the 

reduction are 1000-2300 K and 1-10 atm respectively. A skeletal mechanism with 189 species 

was generated from the detailed mechanism. The transport parameters for some species in the 

reduced model were estimated by analogy, except for the Lennard-Jones collision parameters 

that were estimated using critical temperature, critical pressure, and acentric factor properties 

based on Tee et al.’s [88] method. The reduced mechanism and the transport file are provided as 

Supplementary Material. 

The simulations were carried out on CloudFlame [89-91], a cyber-infrastructure that presents a 

web front-end for Cantera [92]. The premixed laminar flame speed module was used with a 

domain size of 5 cm and a initial base grid of 20 points; the final solution exhibited grid-

convergence with approximately 260 grid points. Figure 22 shows the experimental and 

simulation results for flame speeds measured at 1 atm and at 298 K and 353 K. Simulations show 
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good agreement with experimental data for fuel-lean conditions at both temperatures; however 

the model under predicts flame speeds at fuel-rich conditions at 298 K. In general, the model 

matches well with the experimental data at 355 K [24,29] across the entire range of equivalence 

ratios when considering the typical experimental uncertainty of ± 2 cm s
–1

.   

In addition, the model was used to simulate high pressure flame speed experiments carried out at 

10 atm and temperatures of 323 K, 373 K, 423 K and 473 K with a high-speed shadowgraph 

system [23]. Figure 23 shows that the updated model agrees within the experimental uncertainty 

to the experimental data of [23] . 

Figure 22. Iso-octane/air premixed laminar flame speeds at 1 atm and (a) 298 K and (b) 355 K. 

Experimental data (symbols) are given for open squares [21], closed triangles [24], crosses [25], 

open triangles [26], open circles [28], and closed squares [29]. Solid lines represent simulations 

using the updated model. 
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Figure 23. Iso-octane/aire premixed laminar flame speeds at 10 atm initial pressure and different 

initial temperatures. Experiments  (symbols) are from [23].  Solid lines represent simulations 

using the updated model.See digital paper for color version of this figure. 

4-2-4 Counterflow Diffusion Flame 

Numerical simulations were also carried out to compare the skeletal model against ignition 

temperature measurements by [54] at different strain rates and iso-octane mass fractions. The 

experiment were carried out in counterflow diffusion flames. The fuel stream was comprised pre-

vaporized isooctane in nitrogen diluent, while the oxidizer stream was air. Counterflow flame 

ignition simulations were performed using the OPPDIF solver in CHEMKIN-PRO [71]. A 

temperature profile was first established with cold mixtures at the oxidizer and fuel inlets, and 

then the temperature of the oxidizer stream was gradually raised until ignition. The composition 

of the fuel and the oxidizer streams and the temperature of the fuel stream, T1, were maintained 

constant while carrying out this procedure [93, 94]. The calculations were carried out with 

thermal diffusion, mixture-averaged transport and convergence parameters of GRAD = 0.25 and 

CURVATURE = 0.25. Overall, the model captured the trend in the experiment, with a 

maximimum 10 K difference observed in the ignition temperatures, as shown in Fig. 24. 
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Figure 24. Iso-octane/air counterflow diffusion flame ignition temperature. Experiments  

(symbols) are from [23]. Solid lines represent simulations using the updated model. 

4-2-5Pyrolysis in shock tube 

The updated model was also tested against shock tube pyrolysis experiments from Malewicki et 

al. [12]. Generally, pyrolysis mechanisms consist of unimolecular decomposition of fuel, β-

scission, isomerization of alky radicals reactions and abstraction by CH3. The first 3 reaction 

classes were not updated in this study even though these classes have been recently studied. 

Wang et al. [95] calculated the rate coefficients of radical isomerization reactions at the CBS-

QB3 level of theory. Their calculated values are similar to those used in the original model [35] 

with a maximum difference in rate constants of 13% at 1200 K. The rates are compared in Fig. 

S13 in the Supplementary material. Meanwhile, the kinetics of unimolecular decomposition of 

iso-octane has been computationally studied by Ning et al. [44]. Their calculated  rate constants 

are much higher than those of Tsang et al. [96] that are used in the original mechanism. Both sets 

of values have been tested against the experimental pyrolysis concentration profile of iso-octane 

measured by [12]. 

Malewicki et al. [12] conducted pyrolysis experiments for diluted iso-octane mixtures (137 ppm 

and 149 ppm) in argon at 25 atm and 50 atm, and at different reaction times over the temperature 

range of 900–1700 K in a high pressure shock tube. They measured the concentrations of stable 

species using gas chromatography. Figure 25 compares the experimental concentration profile of 
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iso-octane to those simulated using unimolecular decomposition rate constants from Tsang et al. 

[96] and from Ning et al. [44]. The figure clearly shows that the Tsang et al.’s [96] values are 

needed in order for the model to match the experimental profile. Therefore, Tsang et al.’s values 

were retained in the updated mechanism.  

 

Figure 25. Experimental [12] (symbols) and simulated (lines) concentration profiles of iso-

octane pyrolysis at 25 atm (grey) and 50 atm (black). Solid and dashed line represents 

simulations using unimolecular decomposition rates from [96]and [44], respectively. 

Figure 26 shows the concentration profiles of the major measured species at 25 atm and 50 atm. 

The model matches the experimental concentration profiles of all detected species, except for 

those of acetylene (C2H2) and methane (CH4), which are over-predicted and under-predicted, 

respectively. 
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Figure 26. Concentration profiles of propene (C3H6), iso-butene+1-butene (C4H8), propyne 

(C3H4-P), ethane (C2H6), methane (CH4) and acetylene (C2H2) produced from iso-octane 

pyrolysis at 25 atm (grey) and 50 atm (black). Symbols and lines represent experiments and 

simulations, respectively. 

4-3 Sensitivity Analyses 

In order to elucidate the reactions responsible for iso-octane ignition under different conditions, 

brute force sensitivity analyses were carried out using CHEMKIN-PRO [71] for stoichiometric 

iso-octane/air mixtures at 20 atm and at 650 K, 750 K and 850 K. 
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First, ȮH and HȮ2 radicals sensitivity analyses were performed at each condition to identify 

reactions that should be considered for brute force sensitivity analysis. The sensitivity coefficient 

of every reaction, at each temperature condition, was then calculated using the following 

equation:  

𝜎 =
log (

𝜏2

𝜏0.5
)

log (
2

0.5
)
 

where τ2 and τ0.5 are the ignition delay times computed with rate constant multiplied and divided 

by a factor of two, respectively. A positive sensitivity coefficient (σ) indicates that the specified 

reaction increases the simulated ignition delay time, and thus, decreases reactivity, and vice 

versa. Plots of ȮH and HȮ2 radicals sensitivity analyses are available as Supplementary 

Material, Figs. S14–S19. The figures demonstrates that, both analyses show the same important 

reactions. 

Figure 27  shows the results of the brute force sensitivity analyses at 650, 750 and 850 K. At all 

the considered temperatures, the ignition delay time is most sensitive to rates of H-atom 

abstraction by ȮH radicals. However, abstractions from primary (AĊ8H17 and DĊ8H17) and 

secondary (BĊ8H17) sites increase reactivity, whereas abstractions from the tertiary site (CĊ8H17) 

decreases reactivity due to the lack of low-temperature chain-branching paths from this site and 

the production of relatively unreactive olefins, as will be discussed in the next section. The 

sensitivity analysis also shows that the rate of H-atom abstraction from the secondary site by 

HȮ2 radicals is more important than ȮH radicals only at 850K, where the high activation barrier 

of H-atom abstraction by HȮ2 radicals is overcome. 

The isomerization of AC8H17Ȯ2 to AĊ8H16OOH-C has negative effect on sensitivity because 

these reactions compete with the formation of AĊ8H16OOH-B with which addition to O2 is very 

promoting (Fig. 27).  Also the formation of H2O2 molecules from HȮ2 radical self-reaction 

exhibits a positive sensitivity, as this is a chain termination step where HȮ2 radicals form two 

stable species. 

The formation of cyclic ethers from hydroperoxy alkyl radicals (QOOH) exhibits a positive 

sensitivity coefficient at all temperatures while its competing pathway; addition to O2 (second O2 
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addition) shows a negative sensitivity coefficient . The effect of both classes is more significant 

at 750 K (NTC region). Moreover, the rates of production of hydroperoxy cyclic ethers (e.g. 

D(OOH)ETRBD, Fig. 27) and 3
rd

 addition to O2 (e.g. C8(OOH)BD-DO2) showed a positive and 

negative sensitivity for the low temperature case (650 K), respectively. The appearance of these 

rates in the sensitivity analysis manifests the importance of these added pathways. 

 

Figure 27. Brute force sensitivity analyses for ignition delay of stoichiometric iso-octane/air 

mixtures at 20 atm and different temperatures. (See Supplementary Material for species 

dictionary) 

4-4 Rate of production analysis 

Rate of production (ROP) analysis for stoichiometric iso-octane/air mixture at 20 atm, 750 K, 

and 20% fuel conversion is presented in Fig. 28. The ROP demonstrates that the major radical 

produced from iso-octane is AĊ8H17 due to the presence of nine equivalent hydrogen atoms at 

this site. Also the figure shows that the predominant pathway for alkyl radicals at 750 K is 

addition to molecular oxygen. Once the alkylperoxy radical is formed, it either undergoes 
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concerted elimination to form an olefin + HȮ2 radical or it isomerizes to hydroperoxy alkyl 

(QOOH) radicals. For example, 98 % of the formed tertiary peroxy radical (CĊ8H17) follows the 

concerted elimination pathway, which agrees with the findings of Snitsiriwat and Bozzelli [43], 

who argued that the main product of the tertiary iso-octyl radical + O2 system is iso-octene + 

HȮ2. The concerted elimination chain termination pathway of the tertiary peroxy radical is 

favored by the absence of 6-membered ring isomerization pathways. Hence the production of 

tertiary iso-octyl radicals inhibits reactivity. On the other hand, DC8H17Ȯ2, a primary iso-octyl 

peroxy radical, produces two different hydroperoxy alkyl radicals through 6-membered ring 

transition states, which are more favorable than concerted elimination due to the lower ring 

strain. The other primary iso-octyl peroxy radical, AC8H17Ȯ2, does not undergo concerted 

elimination due to the absence of beta hydrogens, and rather undergoes isomerization reactions 

involving six-membered ring transition states that lead to low temperature chain-branching and 

promote reactivity.  

None of the hydroperoxy alkyl radicals (QOOH) shown in Fig. 28 are β-QOOH radicals, 

therefore, the primary consumption pathways are: formation of cyclic ethers and addition to O2. 

In general, the pathway forming cyclic ethers shows a higher flux than addition to O2 due to the 

low thermodynamic stability of the ȮOQOOH radicals.  Once formed at the relatively high 

temperature investigated, they favor back dissociation to O2 and QOOH. RO2 isomerizations 

involving seven-membered ring transition states often lead to cyclic ether formation rather than 

low-temperature chain branching because these isomerizations have lower rate constants than 

those involving six-membered rings that lead to chain branching. This behavior is evident for the 

seven-membered ring RO2 isomerization leading to AĊ8H16OOH-C radicals (98% of these 

radicals form the cyclic ether (IC8ETERAC)). 

Figure 28 also shows the ROP of different species from the original model [1], which highlights 

the mechanisitic difference between both models. Generally, the rate of consumption of IC8H18 is 

lower using the original model when compared to the updated one, as previously demonstrated 

by the JSR profiles (Figs. S8-S11). The original model shows a higher flux going to CĊ8H17  

compared to BĊ8H17, which contradicts the updated model. The updated model has different 

branching ratios due to the implementation of updated iso-octane+OH abstraction rates that 

account for NNN effects. Moreover, the original model shows that  addition to O2 is favored by 

the alkyl radicals except for CĊ8H17 where β-scission is more favored. This is attributed to the 
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absence of consumption pathways for the peroxy-hydroperoxy alkyls (ȮOQOOH) with a tertiary 

hydroperoxy group, which prevents the initial tertiary radical from contributing towards radical 

chain branching.  

Figure 28. ROP analysis for stoichiometric iso-octane/air mixture at 20 atm-750 K and 20% fuel 

consumption corresponding to 788 K for the updated model in bold and 791 K for original 

model [1] in italic. 

 

4-5 Effect of Alternative Isomerization and 3
rd

 O2 Addition Pathways on Reactivity 

Including the alternative isomerization pathway in the mechanism required the addition of 206 

reactions and 100 new species to the model. Figure 29 demonstrates that the addition of this 

pathway increased the reactivity of the mechanism at low temperature and NTC. This agrees 

with the findings of Silke et al. [70] and Mohamed et al. [51] for n-heptane and 2-methylhexane 

models, respectively. These findings encourage more thorough investigation of other low 

temperature oxidation pathways, which may be relevant to combustion kinetic models. 
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Peroxy-hydroperoxy alkyls (ȮOQOOH) with a tertiary hydroperoxy group do not form KHPs 

due to absence of -hydrogen atoms. In the original mechanism, these species were accumulated 

in the system, but in the current model they form alkyl-dihydroperoxides (P(OOH)2).  

 

Figure 29. Ignition delay simulation at 20 atm and φ = 1.0 presented to demonstrate the effect of  

alternative isomerization pathways. 

To better understand the importance of the added pathways, ROP analyses were performed for 

the 3 P(OOH)2 radical with the highest concentrations at a pressure of 20 atm, equivalence ratio 

of 1 , and temperatures of 650 K and 750 K , where 650 K shows behavior in the low 

temperature region and 750 K in the middle of the NTC region. The analyses were conducted at 

20% of fuel consumption for each case and results are shown in Fig.30. 

Figure 30 shows that the formation of alkyl-dihydroperoxides from ȮOQOOH radicals may be 

more important than the formation of KHPs, depending on the size of the transition state rings. 

Alternative isomerization pathways with 6-membered ring transition states are the most favored 

due to lower ring strain energy compared to other isomerization reactions. However, in cases 

where the migrating hydrogen atom is at a tertiary site, the 7- membered ring transition state 

isomerization is more favorable than the 6-membered ring one that migrates an H-atom from the 

primary site, based on the reaction rate rules assigned in Section 2-3. For example, in Fig. 30-a , 

at 750 K, 51% of BC8H16OOH-AȮ2 forms CC8H15(OOH)AB via a 7-membered ring transition 

state compared to 28 % for the formation of AC8H15(OOH)AB via a 6-membered ring transition 

state. 
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Figure 30 also shows that the reactivity of ȮOQOOH species at low and intermediate 

temperatures are very similar. However, temperature-dependent variations in ROP are observed 

for P(OOH)2 species. The third O2 addition reactions are more favorable at low temperatures. For 

example, 44% of AC8H15(OOH)BD (Fig. 30(a)) undergoes 3
rd

 O2 addition at 650 K compared to 

13.3% at 750 K. Similarly, 24.6% and 59.4% of DC8H15(OOH)BD (Fig. 30-a) and 

AC8H15(OOH)AB (Fig. 30-b) species undergo 3
rd

 O2 addition at 650 K compared to 4.55% and 

13.1% at 750 K, respectively. It is notable that for the added alternative isomerization pathways 

both hydroperoxy cyclic ether (HPCE) formation and 3
rd

 O2 addition followed by formation of 

ketodihydroperoxides (KDHP) are chain branching pathways. 

Although HȮ2 radical elimination reactions from P(OOH)2 species have been added to the 

model, they do not affect reactivity as shown in Fig. 30. For iso-octane, hydroperoxy olefins may 

only be produced from P(OOH)2 species via 5-membered ring transition states that are 

energetically un-favored. 

Figure 30 also shows that the H-transfer from the hydroperoxy group attached to a primary site 

to the peroxy group attached to a secondary site via H-exchange pathway is more favorable than 

the opposite direction. 

 

Figure 30. Flux analysis for alkyl-dihyroperoxides with the OOH on the (a) B-D sites and (b) A-

B sites for stoichiometric iso-octane/air mixture at 20 atm at 20% fuel consumption. Values in 
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italic and bold represent ROP percentages at 650 K (Low temperature region) and 750 K (NTC 

region), respectively. 

5- Conclusions 

This paper presents a comprehensive chemical kinetic model for iso-octane, an important 

gasoline primary reference fuel surrogate. The iso-octane thermochemistry and mechanism were 

thoroughly updated using newly evaluated group values, reaction pathways, and rate rules. An 

alternative pathway for the isomerization of peroxy-alkyl hydroperoxides (ȮOQOOH) was 

included in the updated model along with 3
rd

 O2 addition reactions. The new model was 

compared against new rapid compression machine and high pressure shock tube experiments. 

The new experiments covered a range of temperatures and pressures that were not previously 

available in literature. Additional comparisons were presented against ignition delay, laminar 

flame speed, counterflow diffusion flame ignition, and speciation measurements available in the 

literature. The present model is compared against  experimental data acquired across a 

temperature range of 630-1800K, pressure range of 10-50 atm, and equivalence ratio range of 

0.25-2. 

The present model shows improved agreement at lower equivalence ratios when compared to 

other mechanisms available in literature.  Thus, the present model is appropriate for simulating 

engine combustions modes operating at lean conditions, such as various low temperature 

combustion engines.  

Sensitivity analysis showed that the model is highly sensitive to H-atom abstraction from fuel 

molecules by ȮH radical.  Flux analysis showed that the main pathway available for tertiary iso-

octyl peroxy radical is concerted elimination, and this decreases the reactivity.  The importance 

of the additional reaction pathways was also investigated. The addition of alternative 

isomerization increases the model reactivity, as all subsequent reaction pathways result in chain 

branching. The 3
rd

 O2 addition reaction pathway was shown to be more important at lower 

temperatures. These findings on the significance of new reaction pathways highlight the need for 

theoretical and experimental investigations of low temperature oxidation mechanisms.  Indeed, 

the kinetic model presented here only represents the current state of knowledge on alkane auto-

oxidation, and reaction pathways that are currently unexplored are not included in the model.  
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The rigorous and comprehensive kinetic model for iso-octane developed herein indicates that 

more fundamental research is needed to improve predictive capabilities.  The thermochemistry of 

low temperature species derived from highly branched alkanes (e.g., iso-octane) need to be 

determined using computational chemistry at a high level of theory. This will facilitate the 

extrapolation of group values and correction parameters to account for various intra-molecular 

interactions (e.g., gauche and 1,5-interactions).  Rate rules for highly branched alkanes also need 

to be determined using rigorous computational methods.  Specifically, the rates for cyclic ether 

formation, alternative isomerization reactions, and 3
rd

 addition to O2 reactions require attention. 

Finally, kinetic model optimization with uncertainty quantification [97] can be used to improve 

the iso-octane model’s predictions of combustion across a broad range of conditions. 
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