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Abstract 

To reduce the reliance on fossil fuels in the transportation sector and increase combustion efficiency, the 

Co-Optima initiative from US Department of Energy identified the top 10 biofuels for downsized, boosted, 

spark-ignition engines. Most of these biofuels have detailed reaction mechanisms available in literature 

developed based on studies at temperatures lower than 1700 K and an equivalence ratio of less than five. 

As such, the performance of these detailed mechanisms at high temperature and extremely rich 

conditions are unknown.  It is important to validate kinetic mechanisms at these conditions because they 

are conducive to soot formation. Prediction of soot by chemical kinetic models relies on the prediction of 

underlying benchmark species like carbon monoxide and ethylene.  In this work, we conduct high 

temperature (1700-2050 K) and high equivalence ratio(Φ=8.6) oxidation of these biofuels, namely 2,4,4-

trimethyl-1-pentene (α-diisobutylene), ethanol, cyclopentanone, methyl acetate, and 2-methylfuran, 

blended in ethylene behind reflected shock waves at 4-4.7 atm pressure. Carbon monoxide and ethylene 

time histories are measured simultaneously using a continuous feedback quantum cascade laser near 4.9 

µm and a tunable CO2 gas laser at 10.532 nm, respectively. Results show that ethanol blend forms more 

carbon monoxide than other biofuels and consumes ethylene faster than the biofuel blends in the 
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temperature range considered. The performance of different mechanisms in literature are evaluated 

against the experimental results. The novel reaction mechanism ‘the Co-Optima model’, which includes 

the sub mechanisms for all the biofuels in this study, was found to be the best mechanism for the 

experimental conditions studied. 

Keywords: biofuel, shock tube, species histories, reaction mechanism. 

1. Introduction 

The high volatility in crude oil price, excessive reliance on fossil fuels, and the environmental issues caused 

by burning fossil fuels have ignited the need for finding alternative solutions. One of the significant 

consumers of fossil fuels is the transportation sector. Reducing the consumption of fossil fuels in the 

transportation sector can be achieved by developing advanced engines with high combustion efficiency 

and by developing advanced, oxygenated biofuels that burn at high efficiency [1-5]. The United States 

Department of Energy started this initiative, known as Co-Optima, to develop advanced engines and fuels 

to enhance efficiency and reduce environmental impact[6]. Under the Co-Optima initiative, top ten fuels 

for spark-ignition engines were outlined based on rigorous screening criteria, including health hazard 

assessments, biodegradability, fuel properties, feasibility of synthesis, etc.[5, 7]. This includes 2,4,4-

trimethyl 1-pentene (α-diisobutylene), ethanol, cyclopentanone, methyl acetate, and methylfuran, which 

are the five biofuels of interest in this work. They were chosen for this study based on the various 

functional groups represented and to probe fuel molecular influences on combustion.  

There have been some studies of these compounds in the literature. Metcalfe et al.[8] studied the ignition 

delay times during the oxidation of 2,4,4 trimethyl 1-pentene (α-DIB), 2,4,4 trimethyl 2-pentene, and their 

blends at fuel-lean and stoichiometric conditions (=0.25-1) within the temperature range of 1200-1550 

K at 1-4 atm. They found that the 2-pentene isomer ignites faster than the 1-pentene isomer, and the 

ignition delays of their blends were directly proportional to the fraction of each isomer present. They also 

developed a kinetic mechanism for predicting ignition delays and were able to capture these trends. Using 

this mechanism, they found that the ignition delay times of α-isomer to be more sensitive to the 

decomposition reaction of isobutene than to the decomposition of the fuel molecule itself. In contrast, 

the 2-pentene isomer decomposition proceeded through the formation of resonant stabilized radicals. Hu 

et al.[9] studied ignition delay of α-DIB behind reflected shockwaves at 2-10 atm pressure and 

temperature range of 1200-1650 K at an equivalence ratio of 0.5-2.0. They found that Metcalfe et al. 

model over-predicted ignition delay and optimized the model by altering reactions related to isobutene 
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and α-DIB as well as updating thermochemical data from the literature. The modified model improved the 

prediction of ignition delay against their experimental data. Later, Li et al.[10] conducted shock tube 

experiments to determine ignition delay of gasoline surrogate fuel containing di-isobutylene within the 

temperature range of 950-1300 K and pressure range of 10-20 bar at an equivalence ratio 0.5-2.0. They 

also developed a kinetic model which contains 563 species and 2915 reactions and was able to predict the 

ignition delay of this surrogate at high pressure satisfactorily. The literature studies were conducted at 

temperatures less than 1700 K and no data exist in literature for α-DIB beyond this temperature. 

Additionally, no experimental data is available for combustion at extremely rich conditions (Φ>5.0) for α-

DIB. 

 Though most of the shock tube studies on ethanol focus on global kinetic parameters like ignition 

delay[11], few studies in the literature measures species/radical concentrations using techniques like 

atomic resonance absorption spectroscopy (ARAS)[12], laser absorption spectroscopy[13, 14] and time of 

flight mass spectrometry (TOF-MS)[15]. The methods like ARAS and laser absorption spectroscopy provide 

results with higher accuracy and very high time resolution as compared to TOF-MS. Using shock tube 

experiments and TOF-MS, Kiecherer et al.[16] determined the reaction rate of unimolecular 

decomposition of ethanol to ethylene and water but with high uncertainty of 40%. Pinzon et al.[17] 

conducted shock tube studies at 1.31 atm within the temperature range of 1250-1677 K and measured 

H2O time-histories with laser absorption spectroscopy near 1388.139 nm. Since unimolecular 

decomposition of ethanol was the only contributor for water formation during the first few microseconds, 

the time-history obtained was used to determine the rate of the reaction C2H5OH (+M) = C2H4 + H2O, 

narrowing down the uncertainty of this reaction to ±20%. Laich et al.[14] measured carbon monoxide 

time-histories behind reflected shock waves during oxidation of ethanol within the temperature range of 

960-1580 K and pressure range of 17.8-23.9 atm at lean and stoichiometric conditions. They compared 

the results obtained with models from the literature and found that the models fail to predict CO time-

histories, especially at lower temperatures (~1250 K). They also highlight the importance of secondary 

radical of ethanol in the formation of carbon monoxide using pathway and sensitivity analysis. From 

review of literature studies, it is clear that having more information on species formed during combustion 

helps in fine tuning the comparatively well studied kinetics of ethanol. Additionally, literature lacks 

experimental data at extremely rich oxidation of ethanol (Φ>5.0) for temperature greater than 1700 K 

and hence the validity of reaction mechanisms at these conditions are unknown.  
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Another oxygenated biofuel of interest in the Co-Optima initiative is cyclopentanone. The ignition delays 

of lean(Φ=0.5), stoichiometric and rich mixtures (Φ=2.0) of cyclopentanone were studied in shock tube 

by Zhang et al.[18] within the temperature range of 768-1368 K and pressure range of 15-30 bar using a 

shock tube and rapid compression machine (RCM). Understanding ignition delay characteristics is one of 

the first steps in improving our understanding of the kinetics of a new biofuel. They also measured carbon 

monoxide time-histories within a temperature range of 1100 K – 1300 K, which was used to validate a 

reaction mechanism. Their reaction mechanism was able to predict the trend in ignition delay and CO 

time-histories during cyclopentanone oxidation. Dong et al.[19] studied pyrolysis of cyclopentanone in a 

shock tube at a temperature range of 1156-1416 K and a pressure range of 8.5-10.0 atm. They used laser 

absorption spectroscopy to measure carbon monoxide and ethylene time-histories during 

cyclopentanone pyrolysis. They used a reaction mechanism generator to generate a model containing 821 

species and 79589 reactions. Their model predicted CO mole fraction similar to Thion et al.[20] model but 

differed in the ratio of ethylene to carbon monoxide. They used the ratio of ethylene to carbon monoxide 

to show the importance of radical involved bimolecular pathways in cyclopentanone pyrolysis. These 

studies were at a temperature lower than 1700 K and an equivalence ratio less than 5.0. Hence the 

performance of these mechanisms at high temperatures and during extremely rich oxidation is unknown. 

 Methyl acetate is another oxygenated biofuel under the Co-Optima initiative, derived from 

vegetable oils and animal fats[21]. Farooq et al.[22] studied the pyrolysis of methyl esters at a 

temperature range of 1260-1653 K and a pressure range of 1.4-1.7 atm. They used laser absorption 

spectroscopy to measure carbon dioxide formed using a tunable diode laser at 2.7 μm. Their results 

indicated the existence of a direct pathway for the formation of CO2 from esters rather than the rapid 

formation of two oxygenated radicals. Later, Ren et al.[23] conducted shock tube experiments for 

pyrolysis and stoichiometric oxidation of methyl acetate within the temperature range of 1400-1700 K 

and pressures around 1.5 atm. They measured species time-histories for CO, CO2, OH, and H2O using laser 

absorption spectroscopy. They determined a rate constant of the unimolecular decomposition reaction 

of methyl acetate (CH3COOCH3=2CH3+CO2) and its branching ratio, which agreed with experimental and 

theoretical studies in the literature. Ahmed et al.[24] determined ignition delay times during lean, 

stoichiometric, and rich oxidation of methyl acetate behind reflected shock waves within a temperature 

range of 1000-1450 K and a pressure range of 15-30 bar. They also conducted speciation studies in a jet 

stirred reactor within a temperature range of 800-1100 K at atmospheric pressure for methyl acetate at 

equivalence ratios 0.5 and 1.0. Using theoretical calculations, they determined the reaction rates for H-

abstraction reactions. They presented a modified kinetic mechanism that could predict the experimental 
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ignition delay times and species profiles in a jet-stirred reactor (JSR) satisfactorily. However, the 

performance of these models beyond 1700 K and extremely rich conditions (Φ>5.0) are still unknown, and 

experimental data are required at these conditions to validate detailed kinetic models.    

2-Methylfuran is a biofuel that can be derived from biomass sources using production methods through 

the synthesis of furfurals[25]. Somers et al.[26] studied the ignition delay times of 2-methylfuran in a 

shock tube within the temperature range of 1200-1800 K at atmospheric pressure and for equivalence 

ratios of 0.5-2.0. They also developed a detailed kinetic mechanism with 391 species and 2059 reactions, 

which could predict their experimental results at all equivalence ratios with reasonable accuracy. Their 

rate of production and sensitivity analyses revealed that hydrogen abstraction by H atom promoted 

reactivity and H atom addition to the furan ring inhibited reactivity. Ugyun et al.[27] conducted high 

pressure (40 bar) shock tube ignition delay measurements for 2-methylfuran within the temperature 

range of 820-1215 K at an equivalence ratio of 1.0. By sensitivity analysis using Somers et al.[28] 

mechanism, they confirmed that abstraction by H atom to be the important reaction at high temperature 

(~1400 K) while at intermediate temperature (~1200 K), H abstraction by OH radicals seems to be more 

critical. Later, Tran et al.[29] developed a reaction mechanism for furanic fuels using the speciation 

measurements in a JSR within the temperature range of 730-1170 K and at 1 bar. These measurements 

were made at a lower temperature (<1700 K), measured global kinetic parameters like ignition delay, and 

were at an equivalence ratio less than 5.0. Recently, Barak et al. [30] looked at the formation of soot 

during combustion of these fuels and found that ethanol produced the least soot under similar conditions 

compared to the other four fuels. Experimental data at high temperature (>1700 K) and extremely rich 

conditions (Φ>5.0) are not available in the literature, and hence the performance of these mechanisms at 

these conditions is unknown. 

The goal of developing a chemical kinetic model for biofuels is to use it in engine or combustor simulations. 

It is well known that engines and combustors have zones with low mixing or less efficient combustion with 

high equivalence ratios[31]. This partially mixed fuel can be exposed to high-temperature zones and 

create high temperature and extremely rich combustion. In this work, we conducted high temperature 

(1700-2100 K) extremely rich oxidation (Φ= 8.6) of ethylene and five Co-optima biofuel blends with 

ethylene. We measure carbon monoxide and ethylene time-histories as both are important combustion 

intermediates at these conditions. Carbon monoxide is also a good indicator of combustion efficiency, 

while ethylene time history shows how much of the parent molecule gets converted to ethylene in the 

first few microseconds. Accurately capturing their time histories will help validate chemical kinetic models 



6 
LLNL-JRNL-825654 

used to design and develop engines and combustors with improved combustion efficiencies. Laser 

absorption spectroscopy was used to measure carbon monoxide and ethylene time histories behind 

reflected shock waves, and comparative analysis was made using the results obtained. Results obtained 

were compared with recent mechanisms from literature, and their performance at our experimental 

conditions was assessed. Pathway analysis was also conducted using the Co-Optima mechanism to 

highlight the crucial pathways leading to carbon monoxide and ethylene at high temperatures and 

extremely rich conditions.   

2. Experimental methods 

2.1. Shock tube facility 

Experiments were conducted in the shock tube facility located at the University of Central Florida (UCF). 

The UCF shock tube is constructed out of stainless steel tube with an inside diameter of 0.14 m and can 

be heated up to 493 K using custom-built heating jackets. The test section is located 2 cm away from the 

end wall on the driven side. The test section has six optical ports for spectroscopic measurements and 

two pressure transducers (Kistler 603B1 and PCB 113B26) for accurate pressure measurements. The 

diaphragm used in this work is a polycarbonate resin thermoplastic (Lexan) with a thickness of 0.38 mm 

and separates the driven and driver side of the shock tube. Before each experiment, the driven side was 

vacuumed to 5 x 10-5 torr using a combination of a rotary vane pump (Agilent DS102) and a turbo 

molecular pump (Agilent V301). The driver side was vacuumed using a separate rotary vane pump (Agilent 

DS102). After filling the driven side with a test gas mixture to desired pressure (P1), the driver side is 

pressurized using helium. The pressure exerted by helium breaks the diaphragm, creating a shockwave 

that propagates down the length of the driven side, heating the test gas mixture on its path. Upon hitting 

the end wall, the shock wave reflects and heats the test mixture to post-shock temperature (T5) and 

pressure (P5). In order to measure the shock wave velocity at the end section, the driven side is equipped 

with five equally spaced piezoelectric pressure transducers (PCB 113B26) and time interval counters 

(Agilent 53220A) which triggers upon arrival of the shock wave. The velocities obtained using timer 

counter values are then extrapolated to get the shock wave velocity at the test section. Using this velocity 

in the one-dimensional shock equation, the uncertainties in post-shock temperature and pressure were 

estimated to be less than 2% and 1.8%, respectively. More details on the shock tube facility can be found 

in our recent works[30, 32-38]. 
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2.2. Mixture preparation 

The test mixture was prepared in a 33 L Teflon coated stainless steel tank which can be heated up to 493 

K. The mixtures were prepared utilizing Dalton’s law using a 100 torr manometer (MKS Baratron E27D) 

and a 10000 torr manometer (MKS 628D). Before preparing the mixture, the mixing tank was vacuumed 

to 5x10-5 torr. The mixing tank was at ambient temperature for mixtures with only gaseous fuels. For 

blends involving liquid fuels, the mixing tank was heated to 393 K. The liquid fuel was injected into the 

tank, followed by ethylene, oxygen, and argon. Argon, oxygen, and ethylene were of 99.999% purity or 

higher obtained from NexAir. Other biofuels used in this work were: 2,4,4-trimethyl-1-pentene or α-

diisobutylene (99%), 2-methylfuran (99%), and ethanol (99.5%) from Acros organics, cyclopentanone 

(99%), and methyl acetate (99%) from Alfa Aesar. The mixture was left to mix for at least 3 hours using a 

magnetically driven stirrer to ensure homogeneity. Different mixtures used in this work and their 

compositions are shown in Table 1. 

Table 1: Experimental reactant compositions investigated (X=mole fraction,  = equivalence ratio) 

Mixture Biofuel 

Chemical 

Formula Xbiofuel XC2H4 XO2  

Carbon 

content 

(% vol) 

1a - - - 0.0250 0.0087 

8.6 5 

2 α-diisobutylene C8H16 0.0016 0.0188 0.0083 

3 Ethanol C2H5OH 0.0063 0.0188 0.0087 

4 Cyclopentanone C5H8O 0.0025 0.0188 0.0084 

5 Methyl acetate C3H6O2 0.0042 0.0188 0.0082 

6 Methylfuran C5H6O 0.0025 0.0188 0.0087 

a Baseline mixture containing only ethylene, oxygen, and argon for comparison purpose. 

2.3. Laser absorption spectroscopy 

Carbon monoxide (CO) was measured using a continuous feedback quantum cascade laser (Alpes Lasers 

(TO3-L-50) centered at 2046.277 cm-1 (4.9 µm). The CO concentration time-histories are obtained using 

the equation: 

𝑋𝐶𝑂 =

𝑙𝑛 (
𝐼0

𝐼𝑡
)

𝐶𝑂
∗ RT5 

𝜎𝐶𝑂P5𝐿
 

1 
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Here, 𝐼𝑜 and 𝐼𝑡 are the reference and transmitted intensities from the laser, L is the absorbing path length, 

and σCO is the absorption cross-section of CO at reflected T5 and P5 obtained from the HITRAN[39] 

database.  

Ethylene (C2H4) was measured using a tunable CO2 gas laser (Access Laser L4GS) at 949.49 cm-1. Figure 1 

shows the absorbance by major species (predicted to be important by the Co-Optima model) at 1750 K 

and 4.5 atm at this wavelength. Since large hydrocarbons break into smaller ones at high temperatures, 

water is a probable interfering species. Thus, we used the ethylene-ethanol blend as it forms more water 

than other biofuel blends because of the water elimination reaction of ethanol. It can be seen that the 

interference from other species is negligible under these conditions. 

 

 

 

Figure 1. Simulated absorbance vs. time for major species formed during oxidation of ethanol-ethylene blend at 1750 K and 4.5 

atm at equivalence ratio 8.6. 

 

The C2H4 concentration time-histories are obtained using the equation:  

𝑋𝐶2𝐻4 =

𝑙𝑛 (
𝐼0

𝐼𝑡
)

𝐶2𝐻4
∗ RT5 

𝜎𝐶2𝐻4P5𝐿
 2 

 

Here, σC2H4 is the cross-section of ethylene at T5 and P5 obtained using the correlation from Ren et 
al.[40].   
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The uncertainty in mole fraction is calculated as following 

𝛿𝑋

𝑋
= √

𝛿𝑃

𝑃
+

𝛿𝑇

𝑇
+

𝛿𝐿

𝐿
+

𝛿𝜎

𝜎
 

 
Uncertainty in post-shock pressure and temperature were calculated from experimental apparatuses 

(timer counters, initial driven side pressure, initial temperature, manometers for mixture preparation, 

etc.). Uncertainty in optical path length (L) was obtained by direct measurement using measuring tools 

in our facility. Uncertainty in absorption cross-section includes the uncertainty due to changes in 

temperature and our facility effects. When all these uncertainties are accounted for, mole fraction 

uncertainties for CO and C2H4 are less than 10 %. Further details about the measurement procedure can 

be found in our previous work [41]. 

3. Modeling methods 

The temperature changes in the shock tube from a pre-shock temperature T1 (~298-393 K) to post-shock 

temperature T5 (~1600-2100 K) occur in a few microseconds. Hence, it can be approximated to be a step-

change in temperature, which helps model the system with an initial temperature of T5. Since the mixture 

inside the shock tube is homogeneous (mixed for at least 3 hours in the mixing tank), 0-D homogeneous 

reactor simulations were conducted. As the post-shock pressure was constant throughout the test time, 

simulations were performed assuming constant pressure. During the test time (~2 ms), the heat transfer 

to the surroundings is negligible. This helps in assuming the reactor to be adiabatic. The only energy 

change would be due to the energy consumed or released by chemical reactions in the system. Hence, all 

simulations were conducted using a constant pressure 0-D closed homogeneous reactor in Chemkin-Pro 

using the energy solver module without any energy transfer to surroundings.  

4. Results and discussion 

4.1. Shock tube data: 

Figure 2 shows the carbon monoxide and ethylene time-histories measured during rich oxidation of 

ethylene and its blend with α-DIB. In general, the CO mole fraction rises steeply initially and then 

continues to increase gradually throughout the test time (1.5 ms). With an increase in temperature from 

~1700 K to ~2000 K, an increase in the amount of CO formed is higher for mixture 1 than mixture 2. 

Ethylene time history shows a gradual consumption, eventually resulting in all ethylene in the mixture 

being converted to other species in less than 1 ms for both mixtures 1 and 2.  
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Ethylene baseline (mixture-1) 

 

Diisobutylene – Ethylene blend (mixture-2) 

 

Figure 2. Carbon monoxide and ethylene time-histories during the oxidation (ø=8.6) of baseline ethylene mixture 1 and DIB blend 

mixture 2. 

Figure 3 shows the CO and ethylene time-histories for blends of ethylene with oxygenated biofuels, 

namely ethanol, cyclopentanone, methyl acetate, and 2-methylfuran. Similar to mixture -1 and -2, these 

mixtures also have a sharp increase in CO mole fraction in the first 0.25 ms and then gradually increase 

until the end of test time. Additionally, an immediate rise in CO near time zero has been observed for 

these oxygenated biofuel blends. These can be attributed to the fuel-specific reactions that contribute to 

the formation of CO as discussed in the following sections  As clearly evident, methyl acetate and ethanol 

produce more CO than any other mixtures under these conditions. The C2H4 time-histories show a gradual 

consumption profile until it is fully consumed or converted to other species for all oxygenated mixtures. 
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Ethanol – Ethylene blend (mixture-3) 

 

Cyclopentanone – Ethylene blend (mixture-4) 

 

Methyl acetate – Ethylene blend (mixture-5) 

 

Methylfuran – Ethylene blend (mixture-6) 
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Figure 3. Carbon monoxide and ethylene time-histories during oxidation of oxygenated fuel blends at equivalence ratio 8.6 

To compare the CO and ethylene time-histories more effectively for each biofuel, they were plotted in 

figure 4 at a common temperature. At 1800 K, CO formation is highest for ethanol blend and produces an 

approximately 1.5-mole percentage of carbon monoxide by the end of test time. Other oxygenated 

biofuels have almost the same CO formed with methyl acetate blend producing slightly higher CO followed 

by methylfuran and cyclopentanone blends. Diisobutylene blend and ethylene have the same amount of 

CO formed during the first 0.2 ms, after which diisobutylene blend diverges and produces more CO. C2H4 

consumption is slowest for diisobutylene and fastest for ethanol blend. The slow consumption of ethylene 

in the diisobutylene blend can be attributed to the formation of ethylene during the breakage of 

diisobutylene. Faster conversion of ethylene in ethanol blend than ethylene baseline case may be due to 

the increased presence of OH radical during the dissociation of ethanol molecule by reaction C2H5OH= 

C2H5 + OH, thereby enhancing reaction progress. Higher CO formation for ethanol and other oxygenated 

biofuel blends indicates that oxygen in the biofuel molecule enhances oxidation, reducing soot formation, 

as observed in Barak et al.[30]. Even though CO formed from the diisobutylene blend is more than the 

ethylene baseline mixture, the larger diisobutylene molecule produces more propargyl radicals (refer Fig. 

12) during combustion, which can explain the higher soot formation observed for the diisobutylene blend 

in Barak et al.[30]. 

Similar trends are observed at 2000 K (see Figure 4) for CO time-histories with all mixtures except the 

methyl acetate blend. Till 0.5 ms, CO produced from mixtures containing methyl acetate, cyclopentanone 

and methylfuran coincide with each other, while at later times, the rate of CO production is higher for 

methyl acetate blend. C2H4 time-histories at 2000 K show that C2H4 in all of these mixtures is consumed 

at a similar rate at this temperature. 
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At 1800 ± 25 K 

 

At 2000 ± 25 K 

 

Figure 4. Carbon monoxide and ethylene time-histories during oxidation of Co-Optima fuels near 1800 K and 2000 K at 

equivalence ratio 8.6. 

4.2. Comparison with models 

The experimental data obtained for rich oxidation of ethylene baseline mixture were used to evaluate the 

performance of some of the n-alkene mechanisms available in the literature. The simulation results 

obtained for CO and ethylene mole fraction time-histories using Aramco 3.0[42], CRECK model[43], and 

Jetsurf 2.0[44] mechanism, and experimental results obtained in this work are shown in Figure 5. We also 

show the results obtained with the latest version of the Co-Optima model. At 1750 K and 1989 K, all 

models capture the general trend in the growth of carbon monoxide mole fraction and ethylene decay. 

Aramco 3.0 and Co-Optima models predict CO and C2H4 profiles within experimental uncertainty at 1750 

K, while CRECK and Jetsurf 2.0 over predicts CO formation and C2H4 decay at this temperature. At 1989 K, 
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ethylene mole fraction time-history predictions are satisfactory with all models while CO is over predicted 

by the CRECK model. 

 

 

Figure 5. Performance of recent mechanisms from the literature on predicting carbon monoxide and ethylene time-histories 

during oxidation of ethylene baseline mixture 1 at equivalence ratio 8.6. Shaded region shows experimental uncertainty. 

Two recent mechanisms from literature and the Co-Optima model were compared with the experimental 

results obtained from shock tube experiments in this work. It can be seen that both Metcalfe et al.[8] and 

Li et al.[10] over predict CO formation and ethylene decay during the first 600 microseconds (Figure 6). 

This shows that the H atom consumption reactions during the initial 600 microseconds are not well 

defined in these mechanisms. However, the Co-Optima mechanism captures the initial growth of CO and 

decay of C2H4 within the uncertainty of experiments.  At 2003 K, all three mechanisms are able to capture 

ethylene decay mole fraction satisfactorily while CO formation during initial 100 microseconds needs 

some improvement. It is also observed that the Co-Optima model predicts lower CO mole fraction than 

other models and experiments. 
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Figure 6. Performance of recent mechanisms from the literature on predicting carbon monoxide and ethylene time-histories during 

oxidation of diisobutylene-ethylene blend at equivalence ratio 8.6. Shaded region shows experimental uncertainty. 

Figure 7 compares experimental results for CO and C2H4 mole fraction time-histories with different models 

from literature for the ethanol-ethylene blend. The comparisons are shown against Aramco 3.0 

mechanism, the C1-C3 alcohol mechanism by Frassoldati et al.[45], the alcohol combustion chemistry 

model from Sarathy et al.[11], and the Co-Optima model. The Co-Optima model predicts CO mole fraction 

time-histories better than other models shown in Figure 7 at 1769K. The decay in C2H4 is slower with this 

model than the experimental results at this temperature. At 1988 K, ethylene decay is predicted 

satisfactorily by all models. Predictions by both Sarathy et al. and Aramco 3.0 models deviate from 

experimental CO time-history near 100 microseconds. In contrast, Frassoldati et al. and the Co-Optima 

model starts to deviate from experimental CO results close to 150-200 microseconds. 
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Figure 7. Performance of recent mechanisms from the literature on predicting carbon monoxide and ethylene time-histories 

during oxidation of ethanol-ethylene blend at equivalence ratio 8.6. Shaded region shows experimental uncertainty. 

CO and C2H4 mole fraction time-histories obtained from rich oxidation of cyclopentanone-ethylene blend 

were compared against Thion et al.[20], Zhang et al.[18], and the Co-Optima models in Figure 8. At 1776 

K, both Thion et al. and Zhang et al. over-predicted ethylene decay while CO formation was over predicted 

by Thion et al. and under predicted by Zhang et al. model. At 1971 K, CO and C2H4 mole fraction time-

histories are predicted within uncertainties by all three models. 

 

 

Figure 8. Performance of recent mechanisms from the literature on predicting carbon monoxide and ethylene time-histories 

during oxidation of cyclopentanone-ethylene blend at equivalence ratio 8.6. Shaded region shows experimental uncertainty. 
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The experimental results for CO and C2H4 mole fraction time-histories during oxidation for the methyl 

acetate-ethylene blend at 1761 K and 2005 K were compared against Ahmed et al.[24] and Co-Optima 

models (Figure 9). Results show that the Co-Optima model captures CO formation and ethylene decay 

time-histories within the uncertainty of experiments at 1761 K. Ahmed et al.[24] mechanism under 

predicts both CO formation and ethylene decay time-histories under these conditions. At higher 

temperatures (2005 K), both Co-Optima and Ahmed et al. captures C2H4 time-histories accurately while 

CO formation time-histories are under-predicted by both models. 

 

Figure 9. Performance of recent mechanisms from the literature on predicting carbon monoxide and ethylene time-histories 

during oxidation of methyl acetate-ethylene blend at equivalence ratio 8.6. Shaded region shows experimental uncertainty. 

 

Time-histories of CO and C2H4 mole fractions obtained during fuel-rich oxidation of methylfuran-ethylene 

blend were compared against predicted results from Cheng et al.[46], Tran et al.[29], Somers et al.[26], 

and Co-Optima model (Figure 10). At 1760 K, the Co-Optima model predicts CO and C2H4 mole fraction 

time-histories within experimental uncertainty. At this temperature, CO formation is under-predicted by 

both Chen et al. and Somers et al. model while Tran et al. over predict CO formation. At 1974 K, a sharp 

deviation in CO mole fraction is observed within the first 150 microseconds by the Tran et al. model, while 

all other models capture the trend in CO growth during this time. After 200 microseconds, CO predicted 

by the Tran et al. model moves closer to experimentally observed CO while other models move away from 

experimentally observed CO.     
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Figure 10. Performance of recent mechanisms from the literature on predicting carbon monoxide and ethylene time-histories 

during oxidation of 2-methylfuran-ethylene blend at equivalence ratio 8.6. Shaded region shows experimental uncertainty. 

 

4.3. Reaction Pathway Analysis: 

 

Figure 11. Major reaction pathways during oxidation of ethylene baseline mixture at 1800 K and equivalence ratio 8.6. 

Figure 11 shows the major reaction paths for ethylene oxidation at equivalence ratio 8.6 using the Co-

Optima model. Initiation of ethylene reactions starts with the reaction R1 and R2. The vinylidene radical 

formed in reaction R1 reacts with oxygen to form HCO, disintegrating to CO and H atoms. This CO 

production is visible as the steep increase in CO during the first 250 microseconds. 
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C2H4 (+M)=H2 +H2CC (+M) R1 

C2H4(+M)=C2H3+H (+M) R2 

Reaction R2 increases the concentration of H atoms in the system and eventually initiates the reactions 

R3, R4, and R5. The vinyl radical formed undergoes dissociation to give more H atoms by reaction R3. 

C2H3 (+M)=C2H2+H (+M) R3 

C2H4+H=C2H3+H2 R4 

O2+H=O+OH R5 

R4 abstracts H atoms from ethylene and forms vinyl radical and hydrogen. At the same time, R5 is the 

well-known high-temperature chain branching reaction in an oxidizing environment that produces 

radicals O and OH. Since R4 and R5 competes for H atoms during this stage, the rate of reaction of R4 

plays an important role in the initial decomposition steps of ethylene. Due to this, this reaction is studied 

experimentally[47, 48] and theoretically[49, 50] by several works. In the Co-Optima model, the rate by 

Knyazev et al.[49] is used for this reaction as in Aramco 3.0.  

Under rich conditions, the methyl radical formed recombines to form ethane and subsequently forms 

ethylene by losing hydrogen atoms, as shown in reactions R6-R8. 

CH3+CH3 (+M)=C2H6 (+M) R6 

C2H6 (+M)=C2H5+H (+M) R7 

C2H5 (+M)=C2H4+H (+M) R8 

One of the significant products during the fuel-rich combustion of ethylene is acetylene (C2H2). Acetylene 

is relatively stable at our experimental conditions (~1600 – 2100 K and ~4-5 atm). It undergoes slow 

reactions with radicals OH and O to form CO. It also undergoes rearrangement to vinylidene (H2CC) radical 

followed by reaction with oxygen to form carbon monoxide formation, as shown in Figure 11. The CO 

formation from acetylene through these pathways is slow and evident in the experimental results at time 

greater than 250 microseconds.  Since other biofuels discussed in this work also form ethylene at high 

temperatures, the acetylene pathways shown in Figure 11 are also applicable for ethylene formed from 

these biofuels.  

Figure 12a shows the major reaction pathways during the oxidation of α-DIB-ethylene blend at 

equivalence ratio 8.6. 
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Figure 12. a) Major reaction pathways during oxidation of α-DIB -ethylene baseline mixture at 1800 K and equivalence ratio 8.6, 

b) Simulated time-histories of major species formed under this condition (DIB) compared to the ethylene-baseline mixture (EB) 

using the Co-Optima model.  

α-DIB (IC8D4) decomposes to IC4H7 and TC4H9 at high temperature by reaction R9 and then proceeds 

eventually to form propargyl radical and acetylene through subsequent reactions shown in Figure 12a.  

IC8D4=TC4H9+IC4H7 R9 

Other important decomposition pathways for α-DIB at high temperatures are the elimination of methyl 

radical and the H-abstraction reactions by H atoms shown in Figure 12a. All these pathways eventually 

result in the formation of more propargyl radicals. Since propargyl and acetylene are important 

intermediates in the growth of polycyclic aromatic hydrocarbons, more soot was observed for the α-DIB 

blend, as stated in Barak et al.[30]. The methyl radical released during the reaction R10 recombines and 

forms ethane and then ethylene, as shown in R6-R8. 

C3H4-P+H=C2H2+CH3 R10 

Figure 12b shows the simulated mole fraction time-histories for α-DIB blend and ethylene baseline at 1800 

K using the Co- optima model. It is clear that more amounts of methane, ethane, propargyl, and benzene 

are formed in the diisobutylene blend than in the ethylene baseline. However, the model shows less 

acetylene formed from the diisobutylene blend during the first 1.5 ms. Since the diisobutylene blend 

considered here has a considerable amount of ethylene (1.875-mole %), most of the CO production is 
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primarily through the pathway shown in Figure 11 for ethylene and acetylene. Additionally, more 

propargyl and phenyl radical (from benzene) formed in the initial 100 μs for α-DIB blend also contributes 

to the formation of CO by the reactions R11-R16. 

C3H3+O2=CH2CO+HCO R11 

C6H5+O2=CJVCCVCCVO+CO R12 

C6H5+O2=C6H5O+O R13 

C6H5O=C5H5+CO R14 

CJCCVCCVO=C5Y1D24-1R R15 

C5Y1D24-1R=C4H5-N+CO R16 

 

Figure 13a shows the major reaction pathways leading to CO and C2H4 during the rich oxidation of ethanol 

blend at equivalence ratio=8.6. Major unimolecular decomposition of ethanol involves the elimination of 

methyl radical, water, or hydroxyl radical by reactions R17-R19. Reaction R18 produces ethylene and R19 

produces ethyl radical, which eventually produces ethylene by reaction R8.  

C2H5OH=CH3+CH2OH R17 

C2H5OH=C2H4+H2O R18 

C2H5OH=C2H5+OH R19 

  

Figure 13.a) Major reaction pathways during oxidation of ethanol-ethylene baseline mixture at 1800 K and equivalence ratio 

8.6, b) Simulated time-histories of major species formed under this condition compared to the ethylene-baseline mixture. 
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The reaction R17 produces CH2OH, which loses one H atom to form formaldehyde. Formaldehyde then 

undergoes H abstraction by H atom to form HCO, which releases CO and H atoms. This process is fast and 

the CO formed through this pathway is responsible for the immediate increase in CO mole fraction time-

histories near time zero. Other important reactions for ethanol under high temperature and fuel-rich 

conditions include H- abstraction by hydrogen atoms, as shown in Figure 13a. The radicals formed from 

these reactions lose H-atoms to form acetaldehyde (CH3CHO), and subsequent reactions lead to carbon 

monoxide formation. The role of these radicals in the formation of CO was also studied in our previous 

work[14]. Apart from this pathway, CO is also produced from ethylene formed from ethanol through 

pathways shown for the ethylene baseline mixture (Figure 11). The higher amount of CO formed from the 

ethanol blend than the ethylene baseline mixture (Figure 13b) is attributed to the C bonded to O that is 

present in the molecular structure of ethanol but absent in the molecular structure of ethylene. The C-O 

in ethanol’s structure is retained when it forms CH2OH/CH3CHO, leading to carbon monoxide (CO). In 

addition to CO, Figure 13b shows more methane and benzene is observed for ethanol blend at 1800 K. 

Increase in methane concentration is attributed to the methyl radicals formed during the intermediate 

reactions R20-R22 and its conversion to methane by reaction R23. Additionally, methyl radicals formed 

from these reactions also recombine and form more ethylene through reaction R6-R8. 

CH2CO+H=CH3+CO R20 

CH3CO (+M)=CH3+CO (+M) R21 

CH2CHO (+M)=CH3+CO (+M) R22 

CH3+H (+M)=CH4 (+M) R23 

Acetylene formed from ethanol blend is lower than baseline mixture while propargyl formed remains 

almost the same as baseline mixture.  

Figure 14a shows the major reaction pathways during rich oxidation of cyclopentanone blend at 

equivalence ratio 8.6.  The most dominant reaction of cyclopentanone is the unimolecular decomposition 

to form ethylene and carbon monoxide, as shown in reaction R24. CO formed by this reaction causes an 

immediate increase in CO mole fraction near time zero as evident in our experimental results (Fig.3). Other 

reactions include the rearrangement of cyclopentanone and H abstraction reactions, as shown in R25-

R27. 

CPN=>2C2H4+CO R24 

CPN=C4H7CHO-4 R25 
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CPN+H=CPN-2R+H2 R26 

CPN+H=CPN-3R+H2 R27 

 

 

 

Figure 14. a) Major reaction pathways during oxidation of cyclopentanone-ethylene baseline mixture at 1800 K and equivalence 

ratio 8.6, b) Simulated time-histories of major species formed under this condition (CPN) compared to the ethylene-baseline 

mixture (EB). 

As shown in figure 14a, many of the intermediate reactions of cyclopentanone produce ethylene as a 

product. The decomposition and oxidation of ethylene proceeds similar to the baseline mixture (Figure 

11). Figure 14b shows the simulated results for some of the hydrocarbon species and CO formed during 

the cyclopentanone blend and ethylene baseline mixture. It can be seen that methane, ethane, propargyl, 

and benzene concentrations are almost the same with both mixtures. The reduction observed for 

acetylene with cyclopentanone blend can be attributed to the increased conversion of cyclopentanone to 

CO by reaction R24. 

Figure 15a shows the major pathways through which methyl acetate is consumed during fuel-rich 

oxidation of methyl acetate blend. Figure 15b shows the simulated results for important species during 

oxidation of methyl acetate blend compared to ethylene baseline mixture. Most of the methyl acetate in 

the mixture gets consumed through the unimolecular decomposition reactions R28 and R29 releasing 

methyl group. 

CH3COOCH3=CH3CO2+CH3 R28 
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CH3COOCH3=CH3OCO+CH3 R29 

 

The products of these reactions, CH3CO2 and CH3OCO, decompose to produce methyl radical and carbon 

dioxide. This results in a sudden increase in methane and carbon dioxide concentration in the initial 100 

μs, as shown in Figure 15b. This immediate increase in CO mole fraction is also evident in the experimental 

results (Fig.3). Since the conversion of CO to CO2 is relatively slow for conditions relevant to current 

experiments (fuel-rich and dilute), it is clear that more than 75% of methyl acetate present in the mixture 

decomposes through this pathway at 1800 K. Additionally, the rates for these reactions are obtained from 

Peukert et al. [51] and does not show any fall-off near 2000 K. Future work is needed to investigate its 

fall-off at high temperatures and the rate constants near 2000 K. Other pathways for consumption of 

methyl acetate includes unimolecular decomposition to form methanol and H-abstraction reactions by H 

atoms. All these pathways lead to more CO and methyl radicals, as shown in Figure 15a. 

 

  

Figure 15. a) Major reaction pathways during oxidation of methyl acetate-ethylene baseline mixture at 1800 K and equivalence 

ratio 8.6, b) Simulated time-histories of major species formed under this condition compared to the ethylene-baseline mixture 

(EB). 

The sudden increase in concentration and consumption of ethane within the initial 100 μs (Figure 15b) 

indicate the role of recombination of methyl radicals produced from the unimolecular decomposition of 

methyl acetate. The ethane formed undergoes subsequent reactions to form ethylene, as shown in 

reactions R6-R8. The large pool of methyl radicals present in the first few microseconds also reacts with 
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the ethylene present in the methyl acetate blend to form propene which undergoes subsequent reactions 

to form benzene, as shown in Figure 11. Due to this, more benzene is formed for the methyl acetate blend 

than the ethylene baseline mixture. The acetylene formation pathway is similar to that of the ethylene 

baseline case. The reduced amount of acetylene is due to the methyl acetate being converted to carbon 

dioxide and carbon monoxide. 

Figure 16a shows some of the major pathways during oxidation of the 2-methylfuran blend at equivalence 

ratio of 8.6. Figure 16b compares simulated time-histories of important species formed for methylfuran 

blend and ethylene baseline mixture at 1800 K. 

 

 

Figure 16. a) Major reaction pathways during oxidation of methylfuran-ethylene baseline mixture at 1800 K and equivalence 

ratio 8.6, b) Simulated time-histories of major species formed under this condition compared to the ethylene-baseline mixture. 

At high temperature, 2-methyfuran undergoes ring-opening through reactions R30 and R31, and also 

rearranges via reaction R32. The products from R30 and R32 will eventually produce carbon monoxide 

and carbon dioxide, as shown in Figure 15(R33-R36). This increases in CO and CO2 concentration in the 

methylfuran blend compared to the ethylene baseline mixture, as shown in Figure 16b. The increase in 

CO mole fraction is also evident in the experimental results shown in Figure 3. 

MF2=P23DE1O-T R30 

MF2=NC5D12Y4 R31 

MF2=MF2ACAR5 R32 

P23DE1O-T=CO+C4H6-1 R33 
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P23DE1O-T=CO+C4H612 R34 

MF2ACAR5=CH2CO+C3H4-P R35 

CH2CO+H=HCCO+H2 R36 

HCCO+O2=CO+CO2+H R37 

NC5D12Y4=C3H3+CH3CO R38 

 

The NC5D12Y4 formed from reaction R31 readily decomposes to propargyl radical and acetaldehyde 

(R38). This is evident in the amount of propargyl formed from the 2-methyfuran blend in Figure 16b. The 

high amount of propargyl radical also increases the concentration of benzene in the mixture. Increased 

concentration of benzene and propargyl radical in methylfuran increases its sooting propensity compared 

to other oxygenated biofuels like ethanol and cyclopentanone[30]. 

The reaction pathway analysis shows significant differences in pathways for the formation of CO and C2H4 

for these blends. Important soot precursors (e.g.,  acetylene and benzene) mole fractions differ drastically 

for most blends compared to the ethylene baseline mixture. Future works should include collecting high-

quality data for species time-histories for these soot precursors. 

5. Conclusions 

High-temperature oxidation of Co-Optima biofuels blended with ethylene were conducted within the 

temperature range of 1700-2050 K at an equivalence ratio of 8.6. Carbon monoxide and ethylene time-

histories were measured using laser absorption spectroscopy near 4.9 μm and 10.532 nm, respectively. 

Results reveal that oxygenated fuel blends produce more carbon monoxide than a diisobutylene-ethylene 

blend or ethylene baseline mixture within the temperature range in this work. In the oxygenated fuel 

blends, ethanol produced more CO than methyl acetate, followed by methylfuran. Ethanol also showed 

the fastest consumption of ethylene, while the diisobutylene blend showed the slowest consumption of 

ethylene. The results obtained were utilized to understand the performance of recent hydrocarbon and 

biofuel mechanisms from the literature. Most of the mechanisms were able to predict ethylene 

consumption at temperatures near 2000 K with high accuracy. At a lower temperature near 1700 K, 

several recent mechanisms over-predicted ethylene decay and CO formation time-histories. The Co-

Optima mechanism was found to agree with experiment results throughout the temperature range of 

1700-2050K. Pathway analysis was conducted using the Co-Optima mechanism, which revealed the 

important reactions involved in CO formation with different biofuel blends. The present work provides 



27 
LLNL-JRNL-825654 

the first high-temperature, time-resolved measurements of species during oxidation of these fuels at the 

fuel-rich conditions tested in a shock tube. The data will serve as a validation target for current and future 

chemical kinetic models of these fuels for use with computational fluid dynamic simulations.  
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