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Abstract 

Dibutyl ether (DBE) is a promising biofuel due to its high cetane number (~ 100) and high volumetric 

energy density (31.6 MJ/L). It could either be used directly in compression ignition engines or blended 

with other conventional or renewable fuels. Oxidation and pyrolysis kinetics of DBE are not well known, 

particularly at high pressures. In this work, we have experimentally investigated the chemical kinetics of 

DBE in three domains: (a) ignition delay time measurements in a rapid compression machine over T = 

550 – 650 K, P = 10, 20, 40 bar,  = 0.5, 1; (b) ignition delay time measurements in a shock tube over T 

= 900 – 1300 K, P = 20, 40 bar,  = 0.5, 1; (c) laser-based carbon monoxide speciation measurements in 

a shock tube during DBE pyrolysis and oxidation over T = 1100 – 1400 K, P = 20 bar. Pressure time-

histories measured in RCM experiments exhibited unique 3-stage and 4-stage ignition behavior 

predominantly at fuel-lean conditions. Experimental data were compared with the predictions of two 

recent chemical kinetic models of DBE. Sensitivity analyses were carried out to identify key reactions 

which may have caused the discrepancy between experiments and simulations. It was found that the rate 

of decomposition of DBE may need to be revisited to improve the oxidative and pyrolytic predictions of 

DBE kinetic model.  

Keywords: Dibutyl ether; ignition delay times; carbon monoxide; shock tube; rapid compression machine.   
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1. Introduction 
 

Ethers are promising biofuels for use in internal combustion engines either in pure form or as blending 

components to conventional and alternative fuels. Ethers can be produced from lignocellulosic biomass 

and are thus classified as second-generation biofuels. Most production methods of ethers are based on the 

corresponding alcohols. Dimethyl ether (DME), diethyl ether (DEE) and di-n-butyl ether (DBE) can be 

produced by the dehydration of methanol, ethanol and n-butanol, respectively [1]. Volumetric energy 

densities of these three ethers are 19.03, 26.9 and 31.6 MJ/L, respectively. Therefore, DBE has 

considerable advantage over the small ethers in terms of energy density. Dibutyl ether is liquid at 

atmospheric conditions and it is not miscible with water. It is used in petrochemical industry as an 

excellent solvent for many natural and synthetic resins, fats, oils and organic acids. High energy density 

of DBE and high cetane number (~ 100) make it highly attractive for use in compression ignition engines.  

Several engine studies have highlighted potential benefits of DBE as diesel replacement or diesel 

additive, such as better ignitibility [2], improved atomization [3, 4], lower soot and lower unburned 

hydrocarbons [2, 5]. There have been a few studies focused on the fundamental combustion characteristics 

of DBE. Guan et al. [6] measured ignition delay times of diluted mixtures of DBE/O2/Ar over 1100 – 1570 

K, 1.2 – 4 bar, and equivalence ratios of 0.5 – 1. Wullenkord et al. [7] carried out a low-pressure (30 Torr) 

flame speciation study of DBE at fuel-lean ( = 0.8) and fuel-rich ( = 1.5) conditions by coupling to an 

electron-ionization molecular beam mass spectrometry (EI-MBMS) system. They detected nearly 50 

species with relatively high concentration of n-butanal, and it was identified to be an important fuel-

specific intermediate in DBE flames. Gao et al. [8] investigated soot reduction capability of DBE by 

blending it with methyl decanoate and carried out laser-induced incandescence (LII) measurements in 

laminar co-flow diffusion flames. Through reaction path analysis, they showed that DBE can suppress 

propargyl recombination and ultimately limit aromatic growth to larger PAHs. Recently, Tran et al. [9] 

utilized an atmospheric-pressure plug flow reactor combined with EI-MBMS and two jet-stirred reactors 
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(JSR) coupled to either gas chromatography or tunable synchrotron vacuum ultraviolet photoionization 

MBMS to carry out speciation measurements over 400 – 1100 K and  = 1. Their experiments confirmed 

high reactivity of DBE and the presence of two NTC regions.  

Two chemical kinetic models have been proposed in literature for DBE oxidation. Cai et al. [10] 

developed the first detailed model for DBE oxidation at low to high temperatures. They based their model 

on 29 elementary reaction classes and the rate rules were taken in analogy with a previous model published 

for n-butanol [11]. The model was validated against ignition delay measurements in a laminar flow reactor 

and flame speed measurements in a stagnation flame apparatus; both sets of measurements were carried 

out at atmospheric pressure. Thion et al. [12] proposed a new model for DBE oxidation by updating 

reaction rates and thermochemistry in Cai et al. [10] model. They validated their model with JSR 

speciation experiments over temperatures ranging from 470 to 1250 K, pressures of 1 and 10 atm, and 

equivalence ratios of 0.5, 1 and 2. They observed a double NTC behavior at fuel-rich conditions and 

showed that their model provided improved prediction of DBE consumption and other intermediate 

species.  

It is evident that experimental and theoretical knowledge of DBE oxidation and pyrolysis is not quite 

mature. The peculiar dual-cool-flame or double-NTC behavior makes it a very unique and challenging 

fuel to study. In particular, there is a lack of ignition delay time and speciation data at high pressures. The 

two literature chemical models for DBE have considerable differences in their predictions. Therefore, in 

this work we have studied DBE oxidation at high pressures in three distinct regimes: (a) low-temperature 

ignition delays in a rapid compression machine, (b) high-temperature ignition delays in a shock tube, (c) 

high-temperature carbon monoxide measurements during DBE pyrolysis and oxidation in a shock tube. 

Experimental results are compared with the predictions of available kinetic models and sensitivity 

analyses are carried out to identify key reactions and pathways for model refinement.  

 



4 

 

2. Experimental Details 

 
2.1. KAUST Rapid Compression Machine 

Low-temperature ignition delay times (IDTs) of dibutyl ether (DBE) were measured in the KAUST rapid 

compression machine (RCM) facility which has a twin-opposed piston design [13]. The combustion 

chamber inner diameter is 50.8 mm, with adjustable volumetric compression ratios up to 16.8. Pistons are 

driven pneumatically, and a hydraulic locking system is used to stop and lock the pistons at the end-of-

compression (EOC) position. Two heated mixing tanks were used to prepare homogenous mixtures; one 

mixing vessel for reactive fuel/air mixture and the other one for non-reactive (oxygen replaced with 

N2/CO2) mixture. Dibutyl ether (99.5% purity) was purchased from Honeywell, and the gases (O2 and 

CO2 with purity of 99.999 and 99.995%, respectively) were supplied by Air Liquide. For the experiments 

reported here, mixing tanks were heated to 80 0C and RCM combustion chamber was heated to 30 – 90 

0C to get the desired EOC temperatures. Pressure profiles were recorded by a Kistler 6045A pressure 

transducer which was mounted through a port in the combustion chamber. A creviced piston design was 

used to suppress rollup vortex formation. Representative pressure traces are shown in Fig. 6 (Section 

3.1.3). Uncertainty in IDTs measured in the RCM is estimated to be ±15%.  

2.2. KAUST High-Pressure Shock Tube 

High-temperature IDTs of DBE were measured in the KAUST high-pressure shock tube facility. The 

shock tube is built from high quality stainless-steel, with inner diameter of 10 cm, driven section length 

of 6.6 m, and a modular driver section with maximum length of 6.6 m [14]. Incident shock speed was 

measured by 6 equally spaced piezoelectric pressure transducers placed over the last 3.7 m of the driven 

section. Temperature and pressure behind reflected shock waves (T5 and P5) were calculated by 1-D 

normal shock relations, with inputs of measured incident shock speed and thermodynamic parameters of 

the gas mixture. Time-resolved pressure and OH* chemiluminescence were recorded by a Kistler 603B1 

piezoelectric transducer and a photomultiplier tube, respectively. Representative pressure and emission 
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profiles are shown in Fig. 1. IDT is defined as the time interval between the arrival of the reflected shock 

wave (step rise in pressure trace) at the side-wall location and the onset of ignition (sharpest rise of 

pressure or OH* emission). Reactive mixtures were prepared in a separate magnetically-stirred vessel. For 

the experiments reported here, mixing vessel was heated to 110 0C and shock tube was heated to 60 0C. 

Uncertainty in shock tube ignition delay time measurements is about  20% which results primarily from 

uncertainties in the mixture composition, thermodynamic parameters and reflected shock temperature.  

  

Figure 1. Representative pressure and OH* traces for IDT measurement in the shock tube 

2.3 UCF Shock Tube and Laser Diagnostic 

Pyrolysis and oxidation experiments of dibutyl ether (DBE) were performed in a double-diaphragm, 

stainless-steel shock tube of 14.17 cm inner diameter located at University of Central Florida (UCF); 

specific details of which can be found in [15]. Since DBE has low vapor pressure (0.8 kPa at 298 K) [16], 

driven section of the shock tube was heated to T1 = 343 K to prevent condensation of the test mixture on 

the walls of the shock tube. Five piezoelectric pressure transducers spaced along the last 1.4 m of the 

shock tube were used to measure incident shock speed. Research-grade DBE (>99% pure, Acros Organics) 

and gases (O2, Ar >99.999% purity, nexAir) were used to prepare test gas mixture manometrically in a 33 

L, stainless steel, heated, magnetically-stirred mixing tank for pyrolysis (~ 0.25% DBE in Ar bath) and 

oxidation (~ 0.125% DBE, 1.5% O2, 98.375% Ar) experiments.  



6 

 

 

Figure 2. Schematic of the shock tube and laser setup used to measure CO time-histories 

Schematic of the laser setup is shown in Fig. 2. A continuous wave, distributed-feedback quantum 

cascade laser (QCL) from Alpes Lasers, operating at 2046.30 cm-1, was used to measure CO time-

histories. The laser wavelength was monitored using a Bristol 771 Spectrum Analyzer. Carbon monoxide 

mole fraction was obtained from the Beer-Lambert law, given in Eq. (1), 

𝛼𝑣 = − ln (
𝐼𝑡𝑟

𝐼𝑟𝑒𝑓
)

𝑣

= 𝜎(𝑣, 𝑇, 𝑃)
𝑋𝑃𝐿

𝑅𝑇
                (1) 

where 𝛼𝑣 is the measured absorbance, 𝜎 (m2/mol) is the absorption cross section, P (Pa) is pressure, T (K) 

is temperature, L (m) is path length, R (J/mol.K) is universal gas constant, and X is the mole fraction of  

the absorbing species. Absorption cross-section of CO was measured behind reflected shock waves over 

1085 – 1884 K and 18–22 atm. A mixture composition of 0.75% CO/2.5% He/96.75% Ar was used for 

these measurements; the addition of helium decreases the relaxation time of CO ensuring the 

measurements are made on ground state species. A polynomial fit, Eq. (2), in both temperature (K) and 

pressure (Pa) yielded good agreement with experimentally obtained cross-sections (cm2/molecule) when 

𝑎1 = −3.605 × 10−18, 𝑎2 = 6.206 × 10−21, 𝑎3 = 1.284 × 10−19, 𝑎4 = −2.896 × 10−24, 𝑎5 = −1.95 × 10−22, 𝑎6 =

3.264 × 10−28, 𝑎7 = 6.925 × 10−26. 

𝜎𝐶𝑂 = 𝑎1 + 𝑎2𝑇 + 𝑎3𝑃 + 𝑎4𝑇2 + 𝑎5𝑇𝑃 + 𝑎6𝑇3 + 𝑎7𝑇2𝑃                    (2) 

Since DBE has very low vapor pressure at room temperature, the entire system including the 

mixing tank, manifold and the shock tube was heated to avoid condensation. If there is any cold spot 
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within the system, DBE molecules will tend to condense or adsorb. To further verify the mixture 

composition, fuel concentration was measured using a laser diagnostic. A continuous wave, distributed-

feedback interband cascade laser (ICL) from Nanoplus, operating at 2939 cm-1, was used to measure 

absorption cross-section of DBE (𝜎𝐷𝐵𝐸) and initial concentration before each experiment. By vaporizing 

pure DBE in the driven side of the shock tube and measuring the absorbance at different fill pressures (see 

Fig. S1 in Supplementary Material), 𝜎𝐷𝐵𝐸(343 K) was obtained from the slope of the line. Fuel 

concentration at the beginning of each experiment was measured by stage filling the mixture into the tube, 

fitting a best-fit-line, and using the measured 𝜎𝐷𝐵𝐸  to extract the initial DBE concentration. The 

uncertainty in measured CO mole fraction was estimated to be < ±10% which results primarily from 

uncertainty in absorbance, pressure, temperature, and absorption cross-section.  

2.4 Chemical Kinetic Simulations  

Simulations of shock tube data were performed in Chemkin-Pro [17] using a closed homogeneous batch 

reactor with constant UV assumption. An experimentally determined dP5/dt (~ 3%/ms) was imposed on 

the constant UV simulations to account for the gradual rise of pressure behind reflected shock waves. For 

RCM simulations, heat loss in the post-compression region was accounted for with volume profiles 

derived from non-reactive pressure profiles (available in Supplementary Material). Model results reported 

in this work were obtained from the simulations using Thion et al. [12] and Cai et al. [10] models.  

3. Results and Discussion 

 
Ignition delay times of dibutyl ether (DBE) were measured in a shock tube and a rapid compression 

machine. Additionally, carbon monoxide concentration was measured in a shock tube during DBE 

pyrolysis and oxidation. Mixtures studied in this work are summarized in Table 1.  

Table 1: Summary of mixture compositions used in IDT and speciation experiments 

# Ф P  

(bar) 

XDBE  XO2 XN2 XCO2 XAr Experiments 

% 

1 1 20, 40 0.4 4.8 94.8   ST IDTs 

2 0.5 20, 40 0.4 9.6 90   
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3 1 10, 20, 40 1.7 20.6  77.7  RCM IDTs  

4 0.5 10, 20 0.86 20.8  78.3  

5 - 20 0.25    99.75 CO speciation, 

pyrolysis 

6 1 20 0.125 1.5   98.375 CO speciation, 

oxidation 

 
3.1 Autoignition of DBE at High Pressures 

3.1.1 Ignition delay time measurements of DBE 

Shock tube ignition delay times (IDTs) of lean and stoichiometric 0.4% DBE/O2/N2 mixtures are plotted 

in Fig. 3 at pressures of 20 and 40 bar. The measured data exhibit expected pressure dependence at both 

equivalence ratios. Comparison with simulated IDTs shows that Thion et al. [12] model (solid lines) 

performs better than Cai et al. [10] model (dashed lines), particularly at the stoichiometric conditions. At 

high temperatures (T > 1100 K), Thion et al. [12] model predictions are quite close to the experimental 

data. However, at lower temperatures (T < 1100 K), the model overestimates measured ignition delays by 

factors of ~ 2 – 4.   

 

Figure 3. Shock tube IDT measurements of DBE. Solid and dashed lines are simulations of Thion et al. [12] and 

Cai et al. [10] models, respectively. Error bars indicate experimental uncertainty.  
 

Low-temperature IDT measurements of DBE were carried out in the RCM using fuel/air type mixtures 

where N2 was replaced with CO2 as the diluent to reach low values of end-of-compression (EOC) 

temperatures. Figure 4 plots total measured IDTs, at lean and stoichiometric conditions, in comparison 
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with heat loss simulations of the two DBE kinetic models. A clear pressure dependence is observed in 

fuel-lean ( = 0.5) experimental data, while IDTs at stoichiometric ( = 1) conditions exhibit negligible 

pressure dependence at these low temperatures. Weak pressure dependence at low temperatures has 

previously been observed for many other fuels, such as light naphtha [18]. For  = 0.5, experiments carried 

out at 40 bar exhibited uncharacteristic piston bounce behavior; therefore, these data are not reported here. 

As seen for shock tube data comparison, Thion et al. [12] model does an overall better job of predicting 

RCM IDTs. However, both models do not show the pressure dependence observed in the fuel-lean 

experiments. For stoichiometric conditions, Thion et al. [12] model overestimates measured IDTs at 

temperatures lower than 600 K. Experimental IDT data are tabulated in Table S1 – S2 (Supplementary 

Materials). 

 

Figure 4. Rapid compression machine IDT measurements of DBE. Solid and dashed lines are simulations of Thion 

et al. [12] and Cai et al. [10] models, respectively. Error bars indicate experimental uncertainty. 

 

3.1.2 Ignition delay time sensitivity analysis 

Temperature sensitivity analyses were carried out to identify key reactions affecting total ignition delays 

of DBE mixtures. Thereafter, brute force IDT sensitivity analyses were carried out for the key reactions; 

the results are plotted in Fig. 5 at high (1100 K) and low temperatures (600 K). A positive sensitivity 

coefficient indicates increased IDTs (or lower reactivity) and vice versa.  
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At 1100 K, both models show the expected dependence on C0-C4 base chemistry including H + O2 chain 

branching reaction. Cai et al. [10] model shows larger sensitivity to C2H5 + O2 reaction than H + O2, which 

is not expected at such a high temperature. For fuel-specific reactions, both models show sensitivity to H-

abstraction from DBE by HO2 radicals at the a-position but Cai et al. [10] model also exhibits sensitivity 

to abstractions at the b- and d-position of DBE. Thion et al. [12] model exhibits expected sensitivity to 

unimolecular decomposition of DBE, which is missing in the Cai et al. [10] sensitivity. In Thion et al. [12] 

model, the rate constant for C-C bond breaking at the alpha position of DBE, leading to the formation of 

n-propyl radical and C4H9OCH2, was taken in analogy to n-butanol. The rate constant for DBE + HO2  

C4H9OC4H8-A + H2O2 was taken from the theoretical work of Mendes et al. [21], who estimated the 

uncertainty in their rate constant calculations to be a factor of ~ 2 – 3. Therefore, it may be argued that the 

rate constants of these two reactions may need to be revisited to further improve model predictions at high 

temperatures. Influence of the rate constants of these key reactions on high-temperature IDT predictions 

is illustrated in Figs. S2 – S3 (Supplementary Material).   

 

Figure 5. Brute force IDT sensitivity analysis for DBE oxidation at representative shock tube (1100 K) and RCM 

(600 K) conditions.  
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At 600 K, both models show that the key reactions affecting autoignition of DBE are the branching of H-

abstraction by OH and the decomposition of ketohydroperoxide species. Abstraction at the a- or c- position 

increases system reactivity while H-abstraction from the b- or d- position decreases system reactivity. One 

main difference between the two models is that Cai et al. [10] model exhibits larger sensitivity to RO2 

isomerization reaction. Thion et al. [12] used rate constants for H-abstraction by OH to be exactly the 

same as in the case of OH + n-butanol. However, the abstraction at the alpha site may behave differently 

in the presence of ether oxygen versus alcohol group. For ketohydroperoxide decomposition, Thion et al. 

[12] decreased the rate used by Cai et al. [10] by almost an order of magnitude to improve model prediction 

at low temperatures. These reaction rates may beed to be revisited for further refinement of the DBE model 

at low temperatures. Influence of the rate constants of these key reactions on low-temperature IDT 

predictions is illustrated in Figs. S4 – S5 (Supplementary Material). 

3.1.3 Multistage ignition behavior of DBE 

A peculiar 3-stage ignition behavior has recently been observed for n-heptane [19] and DEE [20] at low-

temperature fuel-lean conditions. Sarathy et al. [19] argued that for 3-stage ignition cases, the thermal 

runaway at the second stage of ignition is inhibited by radical termination reactions that consume OH and 

HO2. A multi-stage ignition behavior was observed here for DBE in the RCM experiments. Figure 6 shows 

representative pressure traces for various kind of ignition modes observed in RCM experiments.  

 The simplest case is that of a single-stage ignition, Fig. 6(a), which was observed at high pressures (40 

bar), stoichiometric mixtures ( = 1) and temperatures higher than ~ 600 K. Here, IDT is defined as 

the time interval between the EOC (end-of-compression) and the maximum point of the time 

derivative of pressure (max dP/dt). 

 For stoichiometric experiments at 20 bar and T < 600 K at 40 bar, the usual two-stage ignition 

behavior, Fig. 6(b), was observed. The definition used to mark the ignition stages was the same as the 

single-stage ignition. The two stages of ignition were, neverthless, quite close to each other.  
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 Three-stage ignition behavior, Fig. 6(c), was observed at lower pressure (10 bar) and stoichiometric 

mixtures. Again, IDT definition for all stages was based on max dP/dt and the stages were quite close 

to one another, particularly the second and third stages were differentiated only by a change in the 

slope of pressure rise.  

 At fuel-lean conditions ( = 0.5), our experiments showed a unique four-stage ignition behavior, Fig. 

6(d),  at both 10 and 20 bar. The first two stages of ignition are quite close to each other and only 

differentiated by the change in pressure rise slope. The third ignition stage is marked by a clear and 

distinct pressure rise. It is then followed by a gradual fourth stage of pressure increase. While the first 

3 ignition stages are defined based on max dP/dt, we define the timing of the fourth ignition stage 

where the pressure reaches a maximum value. 

 

Fig. 6. RCM experimental pressure trace exhibiting various stages of ignition. 

 

Both Thion et al. [12] and Cai et al. [10] models show 4-stage ignition behavior over the range of 

conditions studies here. Simulated pressure, temperature and heat release time histories are plotted in Fig. 
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7 using the two models. At fuel-lean conditions, in correspondence with the experiments, the first and 

second stages are very close to each other, followed by the third stage after some delay and the fourth 

stage is marked by a gradual increase of pressure. To be aligned with the experimental IDT definition, the 

timing of first 3 stages in simulated traces are marked by maximum dP/dt while the fourth stage timing is 

defined by the maximum value of pressure or temperature. At stoichiometric conditions, both models 

again show 4-stage ignition behavior, though all stages occur quite close to one another (e.g., 32.3 to 32.55 

ms in Thion et al. model at 575 K and 20 bar). One key difference between the two models is in the 

magnitude of third stage heat release, where Cai et al. [10] model shows a much more pronounced third 

stage heat release compared to Thion et al. [12] model.  

    

     

Figure 7. Simulated temperature, pressure and heat release profiles at fuel-lean and stoichiometric low-temperature 

conditions 
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In order to understand the role of various reaction pathways on the stages of ignition and associated heat 

release rates, heat production per reaction is analyzed in Fig. 8 using the two kinetic models at fuel-lean 

and stoichiometric conditions. Following observations can be made from the figure: 

 First stage heat release is dictated by energy consumption by the decomposition of ketohydroperoxide 

species and energy release by the reactions of small species and radicals, such as formaldehyde + OH 

and formyl radical + O2. Thion et al. [12] model shows important role of propyl + O2 and H + O2 

reactions while Cai et al. [10] model gives importance to HO2 reactions. For  = 1, heat release 

reactions are very similar to  = 0.5, though the magnitude of heat release is larger for stoichiometric 

mixtures.  

 
 

Figure 8. Heat production per reaction for stoichiometric DBE oxidation at 575 K and 20 bar. 
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 For the second stage, energy is consumed by OH-producing reactions and produced by mostly the 

same set of reactions as for the first stage. Additionally, Thion et al. [12] model shows the role of HO2 

recombination reaction for second stage heat release, while Cai et al. [10] model includes this reaction 

for both first and second stage. At  = 1, Cai et al. [10] model predicts much smaller second stage heat 

release than Thion et al. [12] model, as seen by comparing the length of green bars in the two models.  

 At the third stage of ignition, temperature has increased past 900 K, and, therefore, the decomposition 

of hydrogen peroxide (H2O2) becomes the key energy consumption reaction. Energy is primarily 

released by HO2 related reactions and a minor role is played by CO + OH reaction. For both lean and 

stoichiometric conditions, Cai et al. [10] model predicts larger third stage heat release than Thion et 

al. [12] model, as seen by comparing the length of blue bars in the two models.  

The gradual fourth stage heat release at  = 0.5 is caused by the scarcity of OH and HO2 radicals which 

are consumed by radical termination reactions. Therefore, energy is released slowly by H + O2, CO + OH 

and HO2 + OH reactions. In contrast, at  = 1, energy is released much more rapidly by various H2O and 

CO2 producing reactions. 
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Figure 9. Comparison of experimental and simulated multi-stage ignition delays 

Experimental ignition delay times of the various stages of ignition are compared with the predictions of 

two kinetic models in Fig. 9. At fuel-lean conditions, experimental data and both models exhibit four 

stages of ignition. The models overestimate the timing of first and second stage ignition, while doing a 

better job in predicting the third and final stages of ignition. The experiments show a larger separation 
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between second and third stages of ignition comapred to the models. As observed previously for total 

ignition delay times (Fig. 4), Thion et al. [12] model does an overall better job in predicting the timing of 

multi-stage ignition intervals. At stoichiometric conditions, experiments mostly show two stages of 

ignition with a few cases of three stage-ignition, while the models show four very closely-spaced ignition 

stages. 

3.2 Carbon Monoxide Speciation Measurements 

3.2.1 DBE pyrolysis 

Carbon monoxide time-histories were measured during DBE pyrolysis over 1136 – 1407 K and pressures 

near 20 atm. Figure 10 shows measured carbon monoxide and pressure profiles in comparison with the 

two DBE kinetic models. At the lowest temperature (1136 K), CO formation is very slow at early times, 

followed by slightly increased rate for the rest of the test time. In contrast, at higher temperatures, CO 

formation rate is quite high initially which gradually decreases at later times. At the highest temperature 

(1407 K), a plateau is reached at about 2 ms and CO remains constant at this value for the remainder of 

the experimental test time. This plateau corresponds approximately a maximum carbon monoxide yield 

(XCO / XDBE) of 1. Both models generally seem to underpredict CO mole fraction, though Thion et al. [12] 

model performs better than Cai et al. [10] model at all conditions of this work.  
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Figure 10. Carbon monoxide time-histories during DBE pyrolysis. Comparisons are shown with Thion et al. [12] 

and Cai et al. [10] models. 

 

3.2.2 DBE oxidation 

Carbon monoxide time-histories were measured during DBE oxidation over 1106 – 1283 K and pressures 

near 20 atm. Figure 11 shows measured carbon monoxide and pressure profiles in comparison with the 

predictions of the two kinetic models. Sudden rise in pressure at later times in Fig. 11 is due to fuel ignition, 

and CO trace is truncated at that point since the polynomial fit equation for CO cross-section is not valid 

at higher pressures. At low temperatures (1106 K, 1123 K), CO starts to form at slower rate which 

increases after ~ 1500 µs as the system progresses towards faster reactivity. As temperature increases 

(1208 K, 1283 K), CO production rate at early times increases and CO reaches high mole fractions quite 

rapidly. For all oxidation cases, CO is expected to reach peak value near the ignition point, beyond which 

it gets converted to carbon dioxide. Model comparisons in Fig. 11 show that Cai et al. [10] predicts too 

rapid of CO formation, particularly at lower temperatures, early ignition. This is in line with high-

temperature IDT comparisons (Fig. 3) where Cai et al. [10] was shown to shorter IDTs in comparison to 

the experiments. Thion et al. [12] model captures the profiles of CO formation very well with small 

underprediction. Comparatively larger deviation between Thion et al. [12] model and experiments in 

initial stage of CO formation at 1106 K and 1123 K suggests improvement of the reaction rate of DBE 

decomposition in the kinetic model.  
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Figure 11. Carbon monoxide time-histories during DBE oxidation. Comparisons are shown with Thion et al. [12] 

and Cai et al. [10] models. 

 

3.2.3 CO sensitivity analysis 

To understand the deviation between the two DBE models as well as the deviation between predicted and 

measured CO yields, sensitivity analyses were carried out with both Cai et al. [10] and Thion et al. [12] 

models; these are shown in Fig. 12. Both models show that CO formation during DBE pyrolysis is mostly 

sensitive to the reactions which initiate C-C bond breaking in fuel molecules. As shown in Fig. 12 (a), 

pressure-dependent fuel decomposition reactions, R2005, R2006 and R2007, are the three most sensitive 

fuel-specific reactions for CO production in Thion et al. [12] model. Figure 12 (c) shows that two of these 
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reaction are also sensitive in Cai et al. [10] model, R1722 and R1723, but the channel leading to methyl 

formation is missing. In the presence of third bodies (+M), rates of these reactions in Thion et al. model 

are much higher than in Cai et al. model. Both models show negative CO sensitivity to H-abstraction from 

DBE by H radicals, R2012 in Fig. 12 (a) and R1727 in Fig. 12(c). However, Cai et al. [10] model also 

shows strong negative CO sensitivity to methyl recombination, R187, and propane decomposition, R487. 

These differences between the two models explain the slower CO formation predicted by Cai et al. [10] 

model during DBE pyrolysis (Fig. 10). It may also be argued that the slight underprediction of Thion et 

al. [12] model may be improved by increasing the rate of DBE decomposition pathways (R2005 – R2007). 

 

 

Figure 12. CO sensitivity for DBE pyrolysis (0.236% DBE / 99.764% Ar mixture at 1136 K and 20.81 atm) and 

DBE oxidation (0.112% DBE / 1.5% O2 / 98.388% Ar mixture at 1208 K and 20.57 atm).  
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Comparison of CO sensitivity during DBE oxidation shows quite different behavior by the two kinetic 

models. In Thion et al. [12] model, Fig. 12 (c), CO formation is primarily sensitive to the branching of H 

+ O2 reaction, DBE decomposition reactions and H-abstraction from DBE by H radicals. On the other 

hand, Cai et al. [10] model shows strong interplay of HO2 related reactions; R1738, R220 and R18 in Fig. 

12(d). In this model, CO is initially sensitive to unimolecular decomposition reaction, DBE = C4H9OC2H4 

+ C2H5, followed by the increasing sensitivity of C2H5 + O2 = C2H4 + HO2 reaction. Released HO2 radicals 

accelerate fuel consumption via H-abstraction reaction: DBE + HO2 = C4H9OC4H8-A + H2O2. 

Concurrently, very high sensitivity of H2O2 (+M) = OH + OH (+M) reaction is observed, producing large 

pool of OH radicals that facilitate DBE oxidation and CO formation. Rate constants of H-abstraction 

reaction by HO2 radicals in Cai et al. [10] model are ~ 25 – 30 times greater than those in Thion et al. [12] 

model at this temperature range (1100 – 1200 K), which explains faster CO formation predicted by Cai et 

al. [10] model in Fig. 11. The strong role of HO2 radicals at such high temperatures is not expected as 

hydroperoxyl radicals are known to be more important at low and intermediate temperatures.  

For Thion et al. [12] model, CO formation in pyrolysis and oxidation is sensitive, Figs. 12(a) and 12(b),  

to DBE decomposition reaction R2007: C4H9OC4H9 (+m)  C4H9OCH2 + nC3H7. This is the most 

significant reaction during the early times of DBE oxidation. This reaction was also identified in the brute-

force IDT sensitivity analysis (see Fig. 5) to be important for high-temperature ignition delay predictions. 

Increasing the rate of this reaction will enhance CO formation in both pyrolysis and oxidation cases, and 

will thus further improve the agreement between Thion et al. [12] model predictions and measurements. 

Influence of the rate constant of reaction R2007 on carbon monoxide predictions is illustrated in Fig. S6 

(Supplementary Material). 
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4. Conclusions 

Ignition delay times (IDTs) and carbon monoxide time-history measurements were carried out at high 

pressures to improve our understanding of oxidation and pyrolysis chemistry of dibutyl ether at engine-

relevant conditions. Shock tube IDT data exhibited negative dependence on pressure for both fuel-lean 

and stoichiometric mixtures. On the other hand, RCM IDTs showed negligible pressure dependence at 

stoichiometric conditions. Pressure time-histories in RCM experiments revealed unique 4-stage ignition 

behavior of DBE at fuel-lean conditions. The fourth stage of ignition is identified as a slow and gradual 

heat release process. Carbon monoxide formation rate scaled directly with temperature in both pyrolysis 

and oxidation experiments. Ignition delay and CO sensitivity analyses revealed that the rates of some key 

reactions may need to be revisited to improve model performance. These include DBE decomposition, H-

abstraction by HO2, H-abstraction by OH and decomposition of ketohydroperoxide species. In particular, 

it is observed that increasing the rate coefficient of DBE decomposition will improve model prediction 

for high-temperature IDTs and CO formation.  
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