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a b s t r a c t 

Cyclic ethers are intermediates formed from unimolecular reaction of carbon-centered hydroperoxy- 

substituted radicals ( ̇QOOH), which are central to low-temperature chain-branching. Because cyclic ethers 

are isomer-specific proxies for Q̇OOH, detailed prescription of chemical reactions describing the consump- 

tion mechanisms is required for accurate combustion modeling. However, the most common approach in 

the development of chemical kinetics mechanisms is to use a simplified set of elementary steps that ne- 

glect the formation and subsequent reaction of cyclic ether radicals, which creates a source of mechanism 

truncation error. As a consequence, quantitative discrepancies between model predictions and experimen- 

tal species profiles of cyclic ethers are ubiquitous and span a range of hydrocarbons such as n -butane, n - 

pentane, n -hexane, cyclohexane, hexene isomers, and hexanal. Moreover, uncertainties in species profile 

predictions of cyclic ethers translate directly to uncertainty in ignition predictions. 

For the explicit purpose of determining the extent to which cyclic ether consumption mechanisms 

affect combustion modeling, the present work examines the chemical kinetics underpinning such dis- 

crepancies using, as a representative case, a subset of cyclic ethers produced from n -butane oxidation. 

Detailed sub-mechanisms are developed using Reaction Mechanism Generator (RMG) for ethyloxirane and 

2,3-dimethyloxirane, which form from unimolecular decomposition of β- ̇QOOH radicals during n -butane 

combustion. The sub-mechanisms prescribe consumption reactions for both cyclic ethers, including ȮH- 

initiated H-abstraction, O 2 -addition, RO ̇O isomerization, among other reactions, and were integrated with 

the NUIGMech1.1 mechanism to examine model predictions of species profiles and ignition delay times. 

Inclusion of the sub-mechanisms led to closer consistency between model predictions and experi- 

mental species profiles and also affected ignition predictions. Sensitivity analysis shows that rates of ȮH- 

initiated H-abstraction are critical for determining temperature dependence of species profiles of cyclic 

ethers, which may serve as an indicator for the importance of branching fractions in the initiation step 

ȮH + n- butane → H 2 O + 1–butyl/2–butyl. Moreover, flux towards ketohydroperoxide formation from n - 

butane increased upon addition of the sub-mechanisms, as determined by rate-of-production analyses 

conducted on ȮH and related impact on ignition delay time simulations. 

The results herein demonstrate that detailed sub-mechanisms and accurate H-abstraction rates from 

cyclic ethers are necessary for high-fidelity predictions of chemical kinetics for combustion modeling. 

Continued refinement of detailed reaction mechanisms is required in order to produce accurate mod- 

els for combustion that serve as a starting point for mechanism reduction techniques applied either to 

detailed mechanisms or to sub-mechanisms for consequent integration. Such techniques are required to 

enable modeling of reactive flows that incorporate computational fluid dynamics at practical conditions. 

© 2023 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 

1. Introduction 

For low-temperature combustion modeling, detailed chemical 

kinetics mechanisms must include reactions involving carbon- 

centered hydroperoxy-substituted radicals ( ̇QOOH) because such 

species generate radicals that control ignition behavior [1] . Given 

the abundance of isomers and complex potential energy surfaces, 
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mechanisms often contain thousands of species and reactions. Sig- 

nificant advances in automated mechanism development [2 , 3] with 

programs such as Reaction Mechanism Generator (RMG), which 

generates chemical kinetics mechanisms using a flux-based model- 

expanding algorithm [4 , 5] , enables the expansion of reaction net- 

works to include such complexities. 

Two competitive pathways consume Q̇OOH in the forward di- 

rection: bimolecular reaction with O 2 and unimolecular decompo- 

sition [1 , 6] . The latter yields cyclic ether intermediates formed co- 

incident with ȮH in a chain-propagating step ( S1 ) and are direct, 
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isomer-specific proxies for reactions of Q̇OOH, yet are measured in 

limited cases [7–9] . In addition to direct contributions to ȮH pop- 

ulations, cyclic ethers can also yield products attributed to other 

classes of molecules [10] . One notable example is dicarbonyls [10–

12] , which are considered to form via ketohydroperoxides [13] . To 

minimize mechanism truncation error – uncertainty derived from 

incomplete sub-mechanisms – chemical kinetics mechanisms must 

accurately predict species profiles of cyclic ethers [6 , 14] , which re- 

mains a ubiquitous issue for alkanes, alkenes, and aldehydes ( S2 ). 

As one example, speciation experiments show that cyclic ether 

formation corresponding to the negative temperature coefficient 

behavior of n -butane yields concentration peaks at 650 K and 

800 K – a gap of ∼150 K [15] . However, species profiles predicted 

by chemical kinetics mechanisms, such as for ethyloxirane and 2,3- 

dimethyloxirane, which are two cyclic ethers formed in abundance 

from β- ̇QOOH during n -butane combustion [11 , 12 , 16 , 17] , exhibit 

a narrower gap of ∼120 K between concentration peaks [13 , 18–

21 ]. Such discrepancies may arise from uncertainty in cyclic ether 

chemistry, which Hartness et al. [15] show to cause significant 

shifts in ignition delay time predictions of n -butane. For example, 

current chemical kinetic mechanisms of n -butane truncate cyclic 

ether consumption reactions in which, at most, two consumption 

reactions are prescribed for ethyloxirane and 2,3-dimethyloxirane 

[13 , 18–21 ]. The placeholder reactions neglect H-abstraction reac- 

tions that form distinct radicals and subsequent reaction via uni- 

molecular decomposition or O 2 -addition [11 , 12] . 

The objective of the present work is not to propose a revised 

n -butane mechanism. Rather, drawing upon the complexities of 

cyclic ethers [10–12] , detailed analysis is carried out to exam- 

ine the extent to which sub-mechanisms developed for ethyloxi- 

rane and 2,3-dimethyloxirane impact n -butane combustion model- 

ing targets. Modeling of species profiles is conducted to examine 

the aforementioned discrepancies for the first time by integrating 

the sub-mechanisms that prescribe detailed consumption chem- 

istry into NUIGMech1.1 and juxtaposing uncertainty in cyclic ether 

profiles with uncertainty in ignition predictions. 

2. Methodology 

Detailed sub-mechanisms for ethyloxirane and 2,3- 

dimethyloxirane were constructed using RMG v3.1 [4 , 5] , guided 

by speciation measurements and potential energy surfaces in 

Doner et al. [11] and Christianson et al. [12] . In total, 884 new 

species and 3828 reactions were added to NUIGMech1.1 [20] . RMG 

produced reactions from numerous classes of oxidation and uni- 

molecular decomposition reactions of both cyclic ethers ( S3 ) that 

are typical in low-temperature combustion, including all possible 

RO ̇O radicals. Figure S3.1 shows reaction pathways for ethyloxirane 

and 2,3-dimethyloxirane around which the sub-mechanisms were 

developed. Stereoisomers of 2,3-dimethyloxirane [11] were not 

considered separately because RMG neglects stereochemistry and, 

consequently, stereochemical-dependent reactions. 

Rates of elementary reactions were produced by RMG using 

rate rules [22] and thermodynamic properties were calculated 

via Benson group additivity methods [23] . The number of oxy- 

gen atoms for all species in the sub-mechanisms was restricted 

to three, meaning that second O 2 -addition to Q̇OOH derived from 

cyclic ethers was neglected based on the experiments of Doner 

et al. [11] and Christianson et al. [12] in which products only from 

unimolecular reactions of Ṙ and Q̇OOH, not from Q̇OOH + O 2 , were 

detected. Additional detail pertaining to the construction of the 

sub-mechanisms, including reactor conditions, model tolerances, 

and RMG input files are in S4. 

To examine the efficacy of rate rules, RMG-generated rate 

parameters of ȮH-initiated H-abstraction from ethyloxirane 

and 2,3-dimethyloxirane were replaced with parameters from 

analogous reactions of 2-butyltetrahydrofuran [24] and 2,5- 

dimethyltetrahydrofuran [25] , respectively. C–H bonds on carbons 

α, α′ , and β to the oxygen atom in 2-butyltetrahydrofuran, as well 

as on the primary carbon of the n –butyl group, were selected as 

H-abstraction sites for comparison with ethyloxirane. Similarly, 

for 2,5-dimethyltetrahydrofuran, C–H bonds on the carbon α to 

the oxygen atom and β on the methyl group were selected for 

comparison with 2,3-dimethyloxirane. 

Simulations using NUIGMech1.1 and the modifications (Table 

S4.1) were conducted using the PSR model in ChemKin 19.2 with 

fixed gas temperature and steady-state solver settings. Sensitivity 

and rate-of-production analyses were also conducted. An initial n - 

butane mole fraction of 0.02 under stoichiometric conditions, pres- 

sure of 1.1 atm, and residence time of 4.0 s were employed for 

modeling species profiles from 500 K to 10 0 0 K, consistent with 

the conditions from Hartness et al. [15] . Ignition simulations were 

performed at constant pressure (10 atm) in the closed homogenous 

reactor model (S5) to isolate the chemical influence of the cyclic 

ether sub-mechanisms. 

3. Results and discussion 

The measured local maxima in the yield of 2,3-dimethyloxirane 

stereoisomers occur at 650 K and 800 K [15] , a gap of 150 K 

( Fig. 1 a), while the NUIGMech1.1 predictions indicate a narrower 

gap of ∼120 K. By accounting for consumption reactions and re- 

placing the placeholder reactions in NUIGMech1.1 with the sub- 

mechanisms herein, the model predictions became more consis- 

tent with the experimental trends: the gap between predicted lo- 

cal maxima increased to 160 K for 2,3-dimethyloxirane. Similar ef- 

fects occurred for ethyloxirane (S5). The results in Figs. 1 a and S5a 

show that the initial addition of consumption reactions in the sub- 

mechanisms led to an increase in the concentration of both cyclic 

ethers despite the rate coefficient for Q̇OOH → cyclic ether + ȮH 

being unaltered. The increase in predicted concentrations using the 

first modification is likely due to a decrease in the total consump- 

tion rate of ethyloxirane and 2,3-dimethyloxirane, as shown in a 

comparison between the rates prescribed in NUIGMech1.1 to the 

rates of H-abstraction in the expanded sub-mechanism developed 

herein ( S6 ). 

Sensitivity analyses were conducted at both local maxima 

of ethyloxirane and 2,3-dimethyloxirane ( S7 ) and show that H- 

abstraction reactions significantly affect species profiles of both 

cyclic ethers. As a result, RMG-generated H-abstraction rates were 

replaced with ones from analogous reactions to produce the sec- 

ond modification (cf. Table S4.1). Only ȮH-initiated H-abstractions 

were considered because ȮH is the dominant abstractor for both 

species, as indicated by rate-of-production analysis (S8). The im- 

pact of replacing H-abstraction rates (S9) on the species profiles 

of 2,3-dimethyloxirane isomers is shown in Fig. 1 a. The shape 

of the species profile matches that from NUIGMech1.1. However, 

the predicted concentrations for 2,3-dimethyloxirane decreased at 

both local maxima by an average of 55% compared to the first 

modified mechanism, bringing the model into closer consistency 

with the experiments. Similar effects were shown for ethyloxirane 

( S5 ). The results demonstrate that ȮH-initiated H-abstraction re- 

actions significantly influence species profiles of ethyloxirane and 

2,3-dimethyloxirane. Sensitivity analyses were subsequently con- 

ducted on the mechanism after the second modification to ana- 

lyze the reason for the observed changes in species profiles ( S7 ) 

and reaffirmed that rates of ȮH-initiated H-abstraction from cyclic 

ethers impact predictions of temperature dependence. 

Significant effects on ignition delay time predictions below 800 

K for n -butane ( Fig. 1 b) also resulted from integration of the sub- 

mechanisms for ethyloxirane and 2,3-dimethyloxirane, and provide 

insight on the implications of incorporating detailed consump- 
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Fig. 1. (a) Species profiles of cis - and trans - stereoisomers of 2,3-dimethyloxirane [15] ; model predictions neglect stereoisomers. (b) Stoichiometric ignition delay time 

simulations of n -butane. Accounting for complete description of cyclic ether reactions improves species profile predictions and affects the prediction of ignition delay times 

for n -butane due to direct connection to Q̇OOH and chain-branching behavior. The sensitivity of model predictions to cyclic ether reactions underscores the impact of 

mechanism truncation error. 

tion reactions of cyclic ethers into chemical kinetics mechanisms. 

Adding such pathways affirms that products of cyclic ether con- 

sumption influence the chain-reaction sequence leading to ignition 

due partly to involvement in the formation of other intermediates 

produced during n -butane combustion. For example, ring-opening 

of alkyloxiranes can form resonance-stabilized ketohydroperoxide- 

type radicals [11 , 12] , which are also produced via H-abstraction of 

ketohydroperoxides, as an alternative to chain-branching (S10). The 

resonance-stabilized radicals can react with O 2 to yield the same 

species that may otherwise form from third-O 2 addition of the par- 

ent hydrocarbon. The comparison in Fig. 1 indicates that includ- 

ing all production and consumption pathways in chemical kinetics 

mechanisms for cyclic ethers of n -butane, as well as for other hy- 

drocarbon and biofuels, is critical for producing high-fidelity com- 

bustion models. 
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