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Abstract: 1-butene is an important intermediate in combustion of various hydrocarbon fuels and 

oxygenated biofuels (e.g., butanol). Understanding its oxidation chemistry can help improve ignition and 

combustion process in advanced engines and provide better emission control. This work addresses a 

discrepancy between experiments and simulations in 1-butene oxidation at low temperatures, wherein 

simulations with AramcoMech 3.0 model show greater fuel reactivity than experiments. To further 

explore 1-butene low temperature reaction pathways from 550 to 910 K, experiments were conducted in 

three jet-stirred reactors: two coupled to time-of-flight molecular beam mass spectrometers with 

synchrotron vacuum ultraviolet radiation as the photoionization source, and one coupled to gas 

chromatography mass spectrometer. Isomeric structure identification, comprehensive species datasets, 

and reactor cross examinations are provided by the combination of three experiments. The identified 

isomer-resolved species provide evidence of various 1-butene low temperature reaction pathways. For 

example, the identification of propanal confirms the Waddington reaction pathway. The kinetic model 

over-predicts fuel reactivity in the low temperature regime (550-700 K). Updating the rate coefficients of 

key reactions in the Waddington pathways, e.g. forward and reverse isomerization of hydroxyl-butyl-
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peroxide to butoxyl-peroxide and Waddington decomposition of butoxyl-peroxide reduces the 

discrepancies. The role of rate constant updates in each step of the Waddington pathway is evaluated and 

discussed to provide directions for future model development. 

Key words: 1-butene, low temperature oxidation, Waddington pathway, second O2 addition, jet-stirred 

reactor. 

1. Introduction 

Alkenes and oxygenates are two major classes of intermediate species from gasoline [1] and biofuel 

combustion [2]. They are incomplete combustion products from low and high temperature oxidation 

reactions [1, 3]. Further oxidation of alkenes produces unsaturated aldehydes and ketones [4], which are 

precursors of atmospheric secondary aerosols, toxic to human health and harmful to the environment [5]. 

As a major intermediate of gasoline and n-butanol combustion [1, 2], 1-butene is the smallest alkene 

with primary, secondary and vinylic carbon atoms. Alkene chemistry differs from the more well-explored 

low temperature oxidation of alkanes [6]. Detailed kinetic models for C2-C6 alkene have been studied with 

ignition delay time as target by literature [7, 8]. Other than H-atom abstraction, a more important initiation 

reaction for alkenes is OH addition to the C=C double bond, and then an O2 addition to produce hydroxy-

alkyl-peroxyl radicals [9]. Hydroxy-alkyl-peroxyl radicals have three possible consumption pathways: H-

atom migration from the C-H bond followed by second O2 addition, H-atom migration from the O-H bond 

followed by Waddington reaction pathways [10, 11], and concerted elimination pathways [9].  

Many previous studies on 1-butene have been performed at high temperatures (>900 K), e.g. 

measuring ignition delay times [12, 13], flame speeds [14], and species in jet-stirred reactors [15, 16], 

premixed flames [17], and counterflow diffusion flames [18]. There are few studies in the literature on 

low temperature oxidation of 1-butene (500-900 K). Recently, Li et al. [9] studied ignition delay times in 

a rapid compression machine from 650 to 1300 K, and developed a kinetic model with low temperature 

oxidation pathways. However, the only targets were ignition delay times, which are insufficient for a 
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thorough exploration of low temperature chemistry. High quality speciation data are needed to further 

understand 1-butene low temperature oxidation pathways, which cannot be provided by only ignition 

delay time measurements. 

In this work, a detailed investigation was conducted experimentally and theoretically on the oxidation 

of 1-butene in jet-stirred reactors (JSR) in the low temperature region (520-910 K). The combination of 

three JSR experiments provides a comprehensive species datasets and identification of isomers, which are 

important to examine the reaction pathways in the kinetic model. Simulations using AramcoMech 3.0 

model [9] show contradictions with experiments, wherein fuel reactivity is over-predicted. Updating rate 

coefficients of key reactions in the Waddington reaction mechanism is shown to improve model 

predictions.  Finally, we perform model analysis and testing of various updates to identify directions for 

future model development. 

2. Experimental and computational methods 

Experiments were conducted in three JSR setups under similar conditions, as follows: 1-butene (purity > 

99.9 %) mole fraction of 1.0 %, O2 mole fraction of 30.0 %, and argon mole fraction of 69.0 % 

(equivalence ratio of 0.2), residence time of 4.0 seconds, pressure and temperature range are at 700 Torr 

(=0.933 bar) and 520-760 K for JSR-1, and 760 Torr (=1 bar) and 520-910 K for JSR-2 and JSR-3. The 

choice of a very lean condition was made to increase the low temperature reactivity of 1-butene. Details 

of each reactor are described in the following sections.  

2.1 JSR-1 experiments at Advanced Light Source 

The JSR-1 experiments were performed at the Chemical Dynamic Beamline of Advanced Light 

Source (ALS) at Lawrence Berkeley National Laboratory, California, USA. Detailed descriptions for this 

facility are available in the literature [19-21]. The reactor volume is 33 cm3. All the gas flows are regulated 

by MKS mass flow controllers to achieve fixed residence time. The resolution of the mass spectrometer 

is ~2500, which can separate molecules with the same nominal mass but different molecular formula. The 
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usage of photoionization can enable species identification and isomer separation because isomers have 

different ionization energies. For example, both acetone and propanal have the chemical formula C3H6O, 

which is inseparable on the mass scan. However, acetone has the ionization energy (IE) onset of 9.703 eV 

(±0.006 eV), and the IE of propanal is 9.96 eV (±0.01 eV) [22]. A selected photon energy of 9.80 eV can 

ionize acetone only and quantify it. Then, propanal mole fraction can be calculated by the reduction of 

acetone amount at a higher photon energy, e.g., 10.50 eV. A photoionization efficiency (PIE) scan (9.00 

to 11.00 eV, 0.05 eV/step) was performed at 760 K to identify isomers based on their IE onsets, as given 

in the NIST chemistry webbook database [22]. Additionally, deuterium oxide experiments (D2O, 5.0 % 

in mole fraction) were performed at 760 K to identify hydroxy and hydroperoxy functional groups, as 

described by Wang et al. [20]. Deuterium oxide can undergo H-D exchange with hydrogen atoms in 

hydroxy or hydroperoxy moieties, so the molecules with one hydroxy or hydroperoxy moiety appear both 

at the original mass and at a mass shifted by one mass unit larger caused by the fact that the deuterium is 

one mass unit larger than hydrogen. Please note that the deuterium oxide experiments qualitatively identify 

the hydroxy or hydroperoxy moiety in the molecules and are not suitable for quantification because the 

efficiency of H-D exchange is unknown. If the mass spectrum shows no shift, the oxygenated functional 

group may be carbonyl rather than hydroxy or hydroperoxy moiety.  

2.2 JSR-2 experiments with gas chromatography mass spectrometry in USTC 

The JSR-2 setup (USTC, Hefei, China), coupled with gas chromatography mass spectrometry (GC-

MS), is similar to that described by Chen et al. [23], wherein further details are available. The volume of 

the spherical reactor is 78 cm3. All gas flows are regulated by MKS mass flow controllers. Diluted gaseous 

fuel is introduced to the reactor through an inner quartz tube in the middle of the outer quartz tube, and 

diluted oxygen is introduced through the outer quartz channel. This configuration can prevent earlier 

mixing of fuel and oxygen before entering the reactor. The large size of the oven covers the inlet part of 

the reactor and preheats the diluted gaseous fuel and oxygen mixture. A K-type thermocouple is placed 

inside the reactor to ensure closer monitoring of the reaction temperature. A quartz sonic-throat probe is 
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placed inside the reactor to extract gas samples under conditions that achieve a localized low-pressure 

atmosphere for reaction suppression. A small vacuum pump is connected to the quartz probe to facilitate 

the sampling process. Sampled gas is delivered to a GC coupled with various detectors for species 

quantification and identification. Light hydrocarbons (up to C4) were separated by an Al2O3 column and 

detected by a flame ionization detector (FID) in the GC. H2, O2, CO, and CO2 were separated by a packed 

column and detected by a thermal conductivity detector (TCD). Identification in the MS and quantification 

in the GC were performed using standard calibration gases. Further details on signal conversion is 

available in previous literature [23]. After calibration, good carbon balance was achieved for each 

temperature point. The lowest carbon recovery among the selected temperature points is 79.3 % at 790 K. 

The missing carbon amount could be from other species that cannot be separated by columns and detected 

by the FID and TCD used in this work, e.g. propanal. Hydrogen and oxygen balance are not performed 

because GC-MS cannot detect water. The experimental uncertainty for species measurements in JSR-2 is 

estimated to be 10 % for hydrocarbons in FID and 20 % for permanent gases in TCD. 

2.3 JSR-3 experiments at National Synchrotron Radiation Laboratory  

JSR-3 experiments were performed at the National Synchrotron Radiation Laboratory (NSRL), Hefei, 

China. Details can be found in the literature [24, 25]. The volume of the reactor is 102 cm3. The mixture 

of dilution gas, gaseous fuel, and oxygen was introduced through the preheating tube before going into 

the reactor. The volume of the preheating tube is much smaller than the volume of the reactor. The 

preheating tube was divided into two sections: the first part was preheated to 473 K, and then the second 

part was heated further to the reactor temperature. K-type thermocouples were used to monitor the reactor 

temperature. Similar to the JSR-1 experiment, a quartz sampling cone was used to extract the gas samples 

and synchrotron vacuum ultraviolet photon beam was used to ionize molecules. The three selected photon 

energies were 10.00, 10.50 and 11.50 eV for species identification and quantification. The mass resolution 

of the mass spectrometer is ~2000, which can separate molecules with the same nominal mass, but 

different molecular formula formed in 1-butene oxidation. The data process used for quantification in 
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JSR-3 is provided in Supplementary Material-1. The photoionization cross sections (PICSs) for 

quantification were taken from the online NSRL database [26] and PICS details were summarized in 

Supplementary Material-1. For reactants, the experimental uncertainties were within 10 %. For other 

quantified species, uncertainties were 50 % with known PICSs.  

2.4 Computational software and kinetic modelling 

     The kinetic model used for simulation is AramcoMech 3.0 C1-C4 mechanism [27]; this model was 

validated with ignition delay times at both low temperatures and high temperatures, and speciation data 

at high temperatures [9]. Other systematically built mechanisms, e.g. CRECK [28] and USC models [29], 

do not have 1-butene low temperature oxidation, so they were not further investigated in this work. The 

transient perfectly stirred reactor code in ANSYS Chemkin Pro v19.1 [30] was used for all simulations. 

The end time was arbitrarily set to 100 seconds to ensure converged solutions. Rate of production and 

sensitivity analysis in the Chemkin package were used to indicate important reactions. 

3. Results and discussions 

3.1 Overview of reaction pathway scheme  

Figure 1 presents the 1-butene reaction scheme with flux analysis using the AramcoMech 3.0 model 

at 600 K. There are two main types of initiation reactions: H-atom abstraction (marked in dark yellow) 

and OH addition (marked in black), with the latter being more favorable in the low temperature regime. 

There are two possible OH addition sites--terminal and central vinylic carbons--to generate −hydroxy-

butyl radicals. A first O2 addition produces hydroxy-butyl-peroxyl radicals (marked in olive). The 

hydroxy-butyl-peroxyl radicals can undergo one of several pathways: 1) an alkane-like low temperature 

degenerate branching pathway (marked in orange), wherein H-atom migration from the C-H bond via a 

six-member ring transition state is followed by a second O2 addition to eventually form OH radical and 

ketohydroperoxides; the latter can decompose to produce another OH radical; 2) a Waddington reaction 

pathway (marked in red), in which the H-atom migrates from the O-H bond on hydroxy-butyl-peroxyl 
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radicals, and the intermediate rapidly decomposes to formaldehyde, propanal and OH radical. The 

Waddington reaction is a chain propagation pathway; or 3) a concerted elimination pathway (marked in 

blue), which releases HO2 radicals and forms butenols. The butenols can quickly tautomerize to aldehydes 

and ketones, or experience further H-atom abstraction, O2 addition, and HO2 elimination to form 

butadienols. The tautomerization reactions of butenols [2, 31, 32] are not included in the AramcoMech 

3.0 model, which needs to be addressed in future model developments. Please note that the model does 

not contain consumption pathways for HOCH2COCH2, the product of C4 ketohydroperoxide 

decomposition, and this needs attention in future model development. The concerted elimination of 

hydroxy-butyl-peroxyl is a chain termination pathway, since HO2 radicals are less reactive than OH 

radicals at low temperatures. Competition amongst the aforementioned pathways governs the low 

temperature chemistry of 1-butene.  

3.2 Contradictions between experiments and simulations 

      Twenty species were identified and quantified experimentally by the combination of three JSRs. 

Identified and quantified species profiles from JSR-2 and JSR-3 are presented in Figs. 2-4. Open symbols 

are from JSR-2; crossed symbols from JSR-3; dashed lines from simulations by the AramcoMech 3.0 

model. The shaded area indicates the experimental uncertainty (uncertainty of JSR-2 in Figs. 2 and 3, and 

uncertainty of JSR-3 in Fig. 4). Detected intermediates included alkenes, oxygenates and hydrogen 

peroxide. Full species datasets of JSR-2 and JSR-3 appear in Supplementary Material-2. JSR-1 datasets 

were found similar to JSR-2 and JSR-3 datasets (see Fig. S1 in Supplementary Material-1). In order to not 

complicate the figures, the PIE curve and deuterium oxide experiments from JSR-1 is used for species 

identification, while JSR-2 and JSR-3 data were shown for species quantification with larger temperature 

range.  

      Discrepancies between experiments and simulations are observed in the low temperature regime (500-

750 K). Numerical simulations by the AramcoMech 3.0 mechanism predict strong reactivity for the fuel 

while experimental data shows less reactivity (see Fig. 2). This disagreement is also observed by the over-
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prediction of other intermediate species profiles in Fig. 3 and 4. Formaldehyde, acetaldehyde, H2O2, 

methanol, formic acid, and propanal are over-estimated by the model in the low temperature regime (500-

700 K) in Fig. 4. According to the rate of production analysis at 600 K (results appear in Table S2 for 

formaldehyde, and Table S3 for acetaldehyde in Supplementary Material-1), the main production 

pathways of formaldehyde are decomposition of C4 ketohydroperoxide (NC4KET24OH-

1=>CH2O+HOCH2COCH2+OH) and Waddington decomposition pathway 

(SQC4H8OP=>C2H5CHO+CH2O+OH). The main production pathway of acetaldehyde is decomposition 

of ketohydroperoxide (NC4KET13OH-2 => CH3CHO + HOCHCHO + OH). The over-predictions of both 

formaldehyde and acetaldehyde are caused by over-predicted mole fractions of ketohydroperoxides, 

which trace back to the over-estimated second O2 addition flux on the hydroxy-butyl-peroxide produced 

from the alkane-like degenerate chain branching pathway in Fig. 1. The mismatch of experiments and 

model simulations motivates further examination of reaction pathways in the model. 

3.3 Experimental validation on the reaction pathways  

This section reports experimental examination of the three competing pathways, namely 1) alkane-like 

low temperature degenerate chain branching pathways with second O2 additions, 2) Waddington reactions, 

and 3) HO2 concerted eliminations. As previously mentioned, the competition of these three pathways 

dominates the low temperature reactivity of 1-butene. 

The most important products of the second O2 addition pathway are ketohydroperoxides, but no 

ketohydroperoxides were detected in all three experiments. The missing signals of ketohydroperoxides, 

and the over-predicted fuel reactivity suggest that second O2 addition is over-estimated. Reducing the 

reaction flux of second O2 addition in the degenerate chain branching pathway can decrease the low 

temperature reactivity.  

Waddington pathways were initially proposed by Waddington et al. for 2-butene [10], 2-methyl-2-

butene and 2,3-dimethyl-2-butene [11]. For 1-butene, the final products of the Waddington pathways are 

propanal, formaldehyde, and OH. Two possible Waddington pathways are initiated by OH addition to 
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different vinylic sites (terminal and center carbon), but both eventually generate the same products: 

propanal, formaldehyde and OH radical (pathways see Fig. 1). 

The most likely isomers for C3H6O chemical formula are acetone and propanal. The instability of other 

possible isomers (e.g. propylene oxide and cyclopropanol) makes them unlikely to be formed. The 

possibility of C3H6O being propenols is eliminated since no shift is observed for C3H6O in deuterium 

oxide experiments (see Fig. 5a), i.e. confirming that C3H6O intermediates do not contain an OH group. 

The PIE curve in JSR-1 for C3H6O in Fig. 6a helps elucidate the isomers: the onset at 9.70 eV corresponds 

to acetone (IE onset 9.70 eV); the turning point of the PIE curve at 9.95 eV corresponds to propanal (IE 

onset 9.96 eV). The best fit of the measured PIE curve with a weighted sum of the pure acetone and 

propanal PIE curves reveals the ratio of propanal to acetone to be eight; therefore, propanal is the dominant 

species for C3H6O. The rate of production analysis of propanal at 600 K provides evidence that 

Waddington decomposition is the main production pathway for propanal. The top five production 

reactions of propanal are listed in Table S4 in Supplementary Material-1, where the top two are 

Waddington decomposition reactions of butoxyl-peroxides (SQC4H8OP=>C2H5CHO+CH2O+OH; 

PQC4H8OS=>C2H5CHO+CH2O+OH). 

The most important products of concerted elimination pathways are butenols and butadienols. Butenols 

are produced by concerted elimination of hydroxy-butyl-peroxyl radicals, while butadienols are produced 

by H-atom abstraction on butenols and subsequent O2 addition and concerted elimination. Deuterium 

oxide experiments help identify the hydroxy functional groups in butenols and butadienols. Fig. 5b 

presents the mass scan with and without deuterium oxide in JSR-1. It can be observed that both C4H6O 

and C4H8O peaks exhibit mass shifts, which are the evidence of the hydroxy functional groups in butenols 

and butadienols. The identification of butenols and butadienols indicates the existence of concerted 

elimination pathways.  

However, the majority for C4H6O and C4H8O are not butedienols and butenols, but aldehydes and 

ketones. This is because the butenols and butadienols are unstable species, so they would quickly 
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tautomerize to more stable aldehydes and ketones. The tautomerization steps are not included in the 

AramcoMech 3.0 model (see Fig. 1). The PIE scan of C4H8O (Fig. 6b) began at 9.50 eV, which identifies 

2-butanone (IE onset 9.52 eV); the turning point, around 9.80 eV, corresponding to n-butanal (IE onset 

9.82 eV). Therefore, the majority of the C4H8O can be identified as n-butanal and 2-butanone. However, 

there is signal below the IE of 2-butanone as shown in the zoomed-out Fig. 6b. This signal can be 

associated with butenol isomers. Similar for C4H6O: the PIE curve (Fig. 6c) starts at 9.60 eV, so the 

majority of C4H6O can be 2-butenal (IE onset 9.73 eV) and methylvinylketone (IE onset 9.65 eV). The 

observed signal in the PIE scan of zoomed-out Fig. 6c below the IE onset of 9.65 eV originates from 

butadienol isomers. The ionization energies of all C4H8O and C4H6O isomers are listed in Tables S5 and 

S6 in Supplementary Material-1.  

 Other isolated butenols and butadienols may also contribute to the signals besides the resonant enols. 

However, their predicted mole fractions are much lower than the resonant isomers as shown in Fig. 7, so 

their contributions can be ignored, and the majority of butenols and butadienols remain as resonant enols. 

3.4 Attempts to update Waddington reaction rates in the kinetic model 

To resolve the contradictions between experiments and simulations on low temperature reactivity, some 

updates were attempted to the Waddington reaction rates. The updates of rate coefficients were not made 

to release a new kinetic model, but rather to tentatively find the possible reasons for over-predicted fuel 

reactivity, and to provide suggestions for future model development. A similar approach was followed by 

Liu et al. on beta-hydrohydroxy-propyl radical reaction with molecular oxygen when studying propene 

low temperature oxidation [33]. 

The Waddington reaction rates in the AramcoMech 3.0 model were evaluated by analogy to theoretical 

quantum chemistry calculations in the isobutene system [34]. Recently, Lizardo-Huerta et al. [35] 

calculated a series of Waddington reaction rates, which were adopted in a 1-hexene study [4] and this 

work. The updated reactions included forward and reverse reactions of H-atom migration from the O-H 

bond in the hydroxy-butyl-peroxyl radical (PC4H8OH-2O2SQC4H8OP and SC4H8OH-
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1O2PQC4H8OS) and Waddington decomposition of butoxyl-peroxide 

(SQC4H8OP=>C2H5CHO+CH2O+OH and PQC4H8OS=>C2H5CHO+CH2O+OH). For the reaction 

sequence PC4H8OH-2O2SQC4H8OP and SQC4H8OP=>C2H5CHO+CH2O+OH, we used the “TS” rate 

by analogy to the C3 system studied by Lizardo-Huerta et al. [35]. The comparisons of the AramcoMech 

and Lizardo-Huerta reaction coefficients are presented in Fig. 8. The results indicate similar forward 

reaction rate of PC4H8OH-2O2 => SQC4H8OP in Fig. 8a, and a higher forward reaction rate of SC4H8OH-

1O2 => PQC4H8OS (16 times higher at 600 K). The reverse reaction rates by Lizardo-Huerta et al. [35] 

were found higher compared to those in the AramcoMech 3.0 model by one order of magnitude (reaction 

rate 3 times higher at 600 K in reaction SQC4H8OP => PC4H8OH-2O2, and 25 times higher at 600 K in 

reaction PQC4H8OS => SQC4H8OH-1O2) in Fig. 8b and 8d. Figure 9 compares the equilibrium constant 

in AramcoMech 3.0 model and by Lizardo-Huerta et al. [35]. The equilibrium constant comparison results 

show that for reaction SC4H8OH-1O2<=>PQC4H8OS, the difference is small, but for reaction 

PQC4H8OS<=>SQC4H8OH-1O2, the chemical equilibrium constant is about three times higher in 

AramcoMech 3.0 model at 600 K. The uncertainty in species thermochemistry leads to lower reverse 

reaction rates in AramcoMech 3.0 model. The Waddington decomposition reaction rates by Lizardo-

Huerta et al. [35] in Fig. 8e and 8f are much higher than those in the AramcoMech 3.0 model by at least 

two orders of magnitude (reaction rate 120 times higher at 600 K in reaction 

SQC4H8OP=>C2H5CHO+CH2O+OH, and 320 times higher at 600 K in reaction 

PQC4H8OS=>C2H5CHO+CH2O+OH). The fast exothermic Waddington decomposition reaction rate is 

favored by the potential energy surface calculation by Sun et al. [34], and the activation energy is found 

to be less than 10 kcal/mol. The enhancement of the Waddington pathways leads to higher importance in 

the competition with the chain branching pathway. Since the Waddington pathway is a chain propagating 

pathway, higher reaction rates and reaction flux via the Waddington pathway would reduce overall low 

temperature reactivity and improve agreement between experiments and simulations. 
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Figure 10 shows the contribution of updating reaction rates from Lizardo-Huerta et al. [35] in each step 

of the Waddington pathway with comparison to the AramcoMech 3.0 model and experimental data of 1-

butene in JSR-2 and JSR-3. The contribution of updating the Waddington decomposition reaction rate of 

butoxyl-peroxide is larger than updating forward and reverse reaction rates of hydroxy-butyl-peroxyl 

isomerization to butoxyl-peroxide. This is consistent with the reaction rate comparison in Fig. 8. Higher 

reaction rates of the Waddington decomposition of butoxyl-peroxide by Lizardo-Huerta et al. [35] 

consume more butoxyl-peroxide. The consumption of butoxyl-peroxide shifts the chemical equilibrium 

from hydroxy-butyl-peroxyl to butoxy-peroxide in the isomerization reaction. More hydroxy-butyl-

peroxyl radicals would undergo the chain propagating Waddington pathway as opposed to the chain 

branching pathway. Therefore, simulations with the updated Waddington decomposition rates of butoxyl-

peroxide reduce the low temperature reactivity and achieve better agreement with experimental data as 

shown in Fig. 10. 

The reaction rate updates of the aforementioned reactions can further improve species predictions in 

the low temperature regime. Comparisons of the modified model and the AramcoMech 3.0 model on 

species predictions are presented in Fig. 11 (solid lines for modified model; dashed lines for the 

AramcoMech 3.0 model; open points from JSR-2; cross points from JSR-3). The over-predictions of many 

important species in the low temperature region are largely reduced and the simulations hence closer to 

the experiments. The over-predictions on many species in the AramcoMech 3.0 model, e.g. carbon 

monoxide in Fig. 11b, ethylene in Fig. 11c, propene in Fig. 11f, formaldehyde in Fig. 11g, methanol in 

Fig. 11h, 1,3-butadiene in Fig. 11i, ketene in Fig. 11j, formic acid in Fig. 11k, hydrogen peroxide in Fig. 

11l, and acetaldehyde in Fig. 11m are all reduced using the modified model; the results are hence closer 

to experimental data in the low temperature regime. However, over-predictions of propanal in Fig. 11o 

are not resolved by the reaction rate updates. The enhancement of the Waddington decomposition of 

butoxyl-peroxide leads to its higher importance compared with the alkane-like degeneracy pathway 

reducing overall fuel reactivity; however, the increased flux of the Waddington decomposition also 
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increases the production of propanal. The over-predictions of propanal suggests that more emphasis needs 

to be put on the chain termination concerted elimination pathway to reduce the overall fuel reactivity in 

future model developments. In addition, consumption pathways of propanal should be revisited. 

Comparison of the reaction flux analyses between the AramcoMech 3.0 model and the modified model 

further confirm the role of the updated Waddington reaction rates. The flux analysis comparison in Fig. 

12 shows that 99.5 % of hydroxy-butyl-peroxyl radical PC4H8OH-2O2 goes through the Waddington 

pathway in the modified model, compared with 19.3 % in the AramcoMech 3.0 model. Only 0.4 % 

PC4H8OH-2O2 goes through the chain branching pathway in the modified model, and this is 67.3 % in the 

AramcoMech 3.0 model. A similar situation exists for the other hydroxy-butyl-peroxyl radical SC4H8OH-

1O2. 92.3% of SC4H8OH-1O2 is consumed via the Waddington pathway in the modified model compared 

to 2.0 % in the AramcoMech 3.0 model, and only 7.6 % of SC4H8OH-1O2 undergoes the chain branching 

pathway compared to 96.6 % in the AramcoMech 3.0 model.  

Sensitivity analyses at 600 K for the AramcoMech 3.0 model and modified model are presented in Fig. 

13 to highlight the role of the updated reactions in reactivity promotion or inhibition. 1-butene and OH 

radical are selected as target species to indicate low temperature reactivity. The top five promoting and 

inhibiting reactions are listed with normalized sensitivity using the Chemkin sensitivity analysis tool. The 

second O2 addition pathway is highlighted in red; blue is used for the Waddington decomposition of 

butoxyl-peroxide; magenta for forward and reverse isomerization of hydroxy-butyl-peroxyl to butoxyl-

peroxide; and green is used for OH addition on 1-butene as initiation reactions. In the AramcoMech 3.0 

model, the top promoting reactions are second O2 addition and OH additions on 1-butene, while 

Waddington decomposition of butoxyl-peroxide inhibits reactivity. This highlights the role of Waddington 

decomposition of butoxyl-peroxide in fuel reactivity reduction. In the modified model, second O2 addition 

and OH additions on 1-butene remain as the top promoting reactions, but their normalized sensitivities 

are smaller, which means fuel reactivity is less dependent on these reactions, and the reactions in 

Waddington pathway have higher influence on fuel reactivity in modified model.  
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Other than updating reaction rates in Waddington pathways, we also attempted to update other reactions, 

but with minor changes or worse prediction. The addition of 1-4H transfer pathway with H migration from 

α-carbon to peroxy site by Lizardo-Huerta et al. [35] showed minor changes to fuel reactivity. The 

modification of allylic hydrogen abstraction rate led to worse fuel reactivity prediction. Among the many 

attempts, updating reaction rates in Waddington pathways proves to have best model performance. 

4. Conclusions 

The low temperature oxidation chemistry of 1-butene was studied in this work. Discrepancies were 

observed in fuel reactivity between the present experiments and AramcoMech 3.0 model simulations. The 

simulations over-predicted fuel reactivity, providing us with the impetus to use measured species profiles 

to investigate competing low temperature reaction pathways. 

Experimentally, 1-butene oxidation experiments were performed in three JSRs; two coupled with time-

of-flight molecular beam mass spectrometry with synchrotron radiation as photoionization source and one 

with GC-MS. Species datasets, isomer identification and cross examination were provided by three JSR 

experiments. Reactants, main products, and key intermediates were quantified to reveal discrepancies 

between experiments and simulations. Important isomers were identified by PIE scans and deuterium 

oxide experiments to elucidate low temperature reaction pathways. The identification of propanal, 

butenols and butadienols were evidence of the Waddington pathways and concerted elimination pathways, 

and the missing signals of ketohydroperoxides suggests that the alkane-like degeneracy pathways are not 

important. 

Updates of key reaction rate coefficients in Waddington reaction pathway were performed to improve 

agreement with experiments. The updated reaction rates are forward and reverse isomerization of 

hydroxy-butyl-peroxyl to butoxyl-peroxide, and Waddington decomposition of butoxyl-peroxide. Each 

step in the Waddington pathways was discussed to show its contributions on model predictions. The 

modified model was further tested against the ignition delay time and JSR speciation simulation. Improved 
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ignition delay time predictions were achieved with modified model in low temperature regime, and both 

models have similar high temperature chemistry. For future model developments, further examinations 

are necessary to re-evaluate the reaction rate coefficients in the reactions of second O2 addition, 

Waddington pathway, concerted elimination pathway and propanal oxidation. 
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Figure 1: 1-butene reaction pathways under JSR conditions. The flux analysis was performed at 40% of 

fuel consumption using the AramcoMech 3.0 model (1.0 % of fuel mole fraction, ϕ=0.2, τ=4 s, T=600 K). 

Boxed species were experimentally identified in this work.  
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Figure 2: Reactants and main product profiles from experiments (open symbols for JSR-2, cross symbols 

for JSR-3) and simulations (dashed lines for the AramcoMech 3.0 model). Conditions are fuel mole 

fraction of 1.0 %, residence time 4.0 s, ϕ=0.2, T=550-910 K. Shaded area indicates experimental 

uncertainty of JSR-2. 

 

Figure 3: Profiles of ethylene, propene, 1,3-butadiene and hydrogen from experiments (open symbols for 

JSR-2, cross symbols for JSR-3) and simulations (dashed lines for the AramcoMech 3.0 model). 

Conditions are fuel mole fraction of 1.0 %, residence time 4.0 s, ϕ=0.2, T=550-910 K. Dark gray shaded 

areas indicate experimental uncertainty of JSR-2, and light gray shaded areas indicate experimental error 

of JSR-3. 
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Figure 4: Profiles of oxygenates from experiments (cross symbols for JSR-3) and simulations (dashed 

lines for the AramcoMech 3.0 model). Conditions are fuel mole fraction of 1.0 %, residence time 4.0 s, 

ϕ=0.2, T=550-910 K. Shaded area indicates experimental uncertainty of JSR-3. 
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Figure 5: Mass scan with and without deuterium oxide (D2O) at 10.0 eV. (a) m/z=57.5-59.5, (b) m/z=69.5-

73.5. Conditions are fuel mole fraction of 1.0 %, residence time 4.0 s, ϕ=0.2, T=760 K in JSR-1. 

 

Figure 6: PIE curve of (a) C3H6O, (b) C4H8O, and (c) C4H6O. The small figures in (b) and (c) are zoomed-

out PIE scan for better view. Conditions are fuel mole fraction of 1.0 %, residence time 4.0 s, ϕ=0.2, 

T=760 K in JSR-1. 
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Figure 7: Mole fraction comparison of simulated isomers with sum formula (a) C4H6O; (b) C4H8O by the 

AramcoMech 3.0 model; (c) nomenclatures of mentioned isomers. 
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Figure 8: Reaction rate comparison of isomerization of hydroxyl-butyl-peroxide to butoxyl-peroxide, and 

Waddington decomposition of butoxyl-peroxide in the AramcoMech 3.0 model and by Lizardo-Huerta et 

al. [35]. The updated reactions are listed in the figure captions. 

 

Figure 9: Chemical equilibrium constant comparison of isomerization of hydroxyl-butyl-peroxide to 

butoxyl-peroxide in the AramcoMech 3.0 model and by Lizardo-Huerta et al. [35]. 
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Figure 10: Contribution of reaction rate update in each step to model predictions. Dash line in black: the 

original AramcoMech 3.0 model; dash dot line in blue: contribution of update forward and reverse rate of 

hydroxy-butyl-peroxyl radical isomerization to butoxyl-peroxide from Lizardo-Huerta et al. [35]; dash 

dot dot line in olive: contribution of update Waddington decomposition of butoxyl-peroxide from Lizardo-

Huerta et al. [35]; solid line in red: update all aforementioned reaction rates.  
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Figure 11: Comparison on the species mole fraction experimental measurements (open symbols for JSR-

2, cross symbols for JSR-3) and model predictions (dashed lines for the original AramcoMech 3.0 model, 

solid lines for updated forward and reverse rates of hydroxy-butyl-peroxyl isomerization to butoxyl-

peroxide, and Waddington decomposition of butoxyl-peroxide). 

 

Figure 12: Reaction flux analysis comparison of the original AramcoMech 3.0 model (numbers in normal) 

and modified model (numbers in bold) in Fig. 1. For clarity, pathways exhibiting minor changes are not 

shown. Conditions are 1.0 % of fuel mole fraction, ϕ=0.2, τ=4 s, T=600 K. 
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Figure 13: Sensitivity analyses of C4H8-1 and OH at 600 K by the original AramcoMech 3.0 model and 

modified model. 

 

 


