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Abstract 

Binary blends of fast-reacting diethyl ether (DEE) and slow-reacting ethanol (EtOH) are quite 

promising as renewable replacements for conventional fuels in modern compression ignition 

engines. In this work, pure diethyl ether and a 50/50 molar binary blend of diethyl ether and ethanol 

(DEE/EtOH) were investigated in a shock tube and a rapid compression machine. Ignition delay 

times were measured over the temperature range of 550 – 1000 K, pressures of 20 – 40 bar, and 

equivalence ratios of 0.5 – 1. Literature reaction mechanisms of diethyl ether and ethanol were 

combined to simulate the reactivity trends of the blends. Species rate-of-production and sensitivity 

analyses were performed to analyze the interplay between radicals originating from the two fuels. 

Multistage ignition behavior was observed in both experiments and simulations, with peculiar 3-

stage ignition visible at fuel-lean conditions. Kinetic analyses were used to identify the reactions 

controlling various stages of ignition. Reactivity comparison of DEE/EtOH and dimethyl 

ether/ethanol (DME/EtOH) blends showed that the oxidation of DEE blends is controlled by 

acetaldehyde whereas formaldehyde controls the oxidation of DME blends.  

 

Keywords: Diethyl ether; Ethanol; Biofuels; Ignition delay times; Shock tube; Rapid compression 

machine. 
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1. Introduction 

Increasing environmental concerns, tightening emission regulations, and depleting oil reserves 

have directed researchers and engineers towards alternative energy sources. Renewable energy 

sources such as solar, wind, and biofuels possess huge potential and are going to play key roles in 

mitigating the effects of climate change. Considering the mobility needs of developing countries, 

it is quite obvious that energy use for transportation will be a substantial component of our future 

energy infrastructure. Electrification of the vehicle fleet will certainly increase; however, liquid-

fuel driven transportation will remain relevant for several decades. In that context, alternative 

sources of liquid fuels with reduced CO2 emissions are expected to become more widespread [1].  

Ethanol (EtOH) is one of the earliest employed biofuels and is presently the most widely used 

renewable fuel. For example, more than 97% of U.S. gasoline contains 10 vol% EtOH, known as 

E10. Blends with larger fractions of EtOH, such as E15 and E85, are also available in the market. 

It is well documented that EtOH is an effective octane booster for spark ignition (SI) engines [2, 

3] which can enhance engine performance and decrease emissions [2-4]. EtOH blending into 

gasoline has also been shown to decrease lifecycle CO2 emissions by allowing engines to operate 

at higher thermodynamic efficiencies [5]. There have also been some attempts to use ethanol in 

compression ignition (CI) engines [6], where ethanol/diesel blends exhibited reduced emissions 

and higher efficiency [7, 8]. 

Diethyl ether (DEE) is a biofuel which is produced as a byproduct of the hydration of ethylene to 

produce ethanol. The production process can be adjusted to make more or less of either product, 

i.e., EtOH or DEE. Diethyl ether may also be produced directly from ethanol by acid ether 

synthesis, where ethanol is mixed with a strong acid such as sulfuric acid [9]. DEE is highly 
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reactive with a cetane number of approximately 139 [10], and, therefore, cannot be used in pure 

form in either SI or CI engines. However, it has been used as a blending component with 

conventional diesel fuel in CI engines [11, 12], and as ignition improver for an acetylene-fueled 

HCCI engine [13]. In another work [14], it was shown that 5% DEE mixed with diesel fuel resulted 

in improved engine performance and lower emissions.  

Considering the striking differences in the reactivity of ethanol and diethyl ether and their common 

production process, it may be envisioned to blend the two fuels in varying proportions to achieve 

desired physical and chemical properties of the blend. The fuel mixture can then be used in 

advanced low-temperature combustion (LTC) engine technologies. Mack et al. [15] operated an 

HCCI engine on blends of EtOH and DEE, and showed that a high-efficiency, low-emission HCCI 

engine can run equally well on EtOH or mixtures of DEE and EtOH. Nagarajan et al. [16] 

introduced DEE in the intake manifold of a direct injection (DI) diesel engine to create a hotter 

environment in the cylinder before the injection of pure ethanol fuel. In a recent work, Polat [17] 

studied various blends of EtOH and DEE in a single-cylinder HCCI engine, and showed that the 

addition of DEE allowed the engine to operate at leaner conditions.  

In order to perform reactive computational fluid dynamic (CFD) simulations for engines operating 

on DEE/EtOH blends, a detailed chemical kinetic model of such blends is required to accurately 

predict combustion phasing and emissions. There have been considerable experimental and 

theoretical studies on the combustion chemistry of EtOH [18], and thus ethanol chemical kinetic 

models have been well-validated. On the other hand, chemical kinetic studies on DEE are relatively 

scarce and corresponding kinetic models are not as mature. Yasunaga et al. [19] studied the 

pyrolysis and oxidation of DEE in a shock tube over 900 – 1900 K. Werler et al. [20] performed 

ignition delay time measurements of DEE in a shock tube and in a rapid compression machine 
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over 2.5 – 40 bar and 500 – 1300 K. Recently, Uygun [21] measured shock tube ignition delay 

times of stoichiometric DEE/air mixtures at pressures ranging 18 to 40 bar and temperatures of 

620 – 1100 K. On the modelling front, six chemical kinetic models [22-27] have recently (2017 - 

2018) been published to describe the low-temperature oxidation of DEE.  

In the present work, ignition delay times of neat DEE and a 50/50 molar blend of DEE/EtOH are 

measured over a range of temperatures and pressures at fuel-lean and stoichiometric conditions. 

Experiments performed herein are compared with literature measurements of DEE as well as those 

of dimethyl ether (DME) blends with EtOH. The measured data are further compared with 

literature models and modifications are proposed to improve the agreement between experiments 

and model predictions. In addition, multistage ignition behavior is discussed and analyzed with 

rate-of-production and reaction flux analyses. This work provides a foundation for predicting the 

reactivity of DEE/EtOH blends in modern compression ignition engines.  

2. Methodologies 

Ignition delay times (IDTs) of pure DEE and DEE/EtOH blend were measured at two pressures 

(20, 40 bar), two equivalence ratios (0.5, 1), and temperature range of 550 – 1100 K. Experimental 

conditions and mixtures are listed in Table 1. Measurements were performed in a high-pressure 

shock tube and a rapid compression machine.  
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Table 1. Experimental conditions for ignition delay time measurements. 

Fuel 

 

Reactor φ (in air) 
Pressure 

(bar) 

Temperature 

(K) 

DEE ST 0.5, 1 20, 40 618 – 1050 

DEE RCM 0.5, 1 20, 40 548 – 610 

50% DEE / 50% EtOH 

(by mole)  

RCM 0.5, 1 20, 40 550 – 840 

 

2.1 High-Pressure Shock Tube  

High-temperature IDTs of pure DEE were measured in the high-pressure shock tube facility at 

King Abdullah University of Science and Technology (KAUST). 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. 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 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 Thorlabs PDA36A photo-detector, respectively. Representative 

pressure and emission profiles are shown in Fig. 1. Ignition delay time 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). 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 [28, 29]. Detailed description of the shock tube facility may be found elsewhere [30]. 
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In subsequent sections, shock tube data are modeled using constant volume and energy (constant 

UV) assumptions. For cases where ignition delay times are relatively long (> 2 ms), an 

experimentally determined dP5/dt = 3%/ms is imposed on the constant UV simulations to account 

for the gradual rise of pressure behind reflected shock waves.  

 

Fig. 1. Representative ignition delay time measurement in the shock tube (Driver gas: helium) 

 

2.2 Rapid Compression Machine  

Low-temperature IDTs of neat DEE and DEE/EtOH blend were measured in the KAUST rapid 

compression machine (RCM) facility which has a twin-opposed piston design [30]. This design 

provides reduced vibrations and faster compression times compared to single piston machines. The 

combustion chamber inner diameter is 50.8 mm, with adjustable volumetric compression ratios up 

to 16.8. The 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 fuel/air mixtures; one mixing vessel for the reactive mixture and the other 

one for the non-reactive (oxygen replaced with nitrogen) mixture. Pressure profiles were recorded 
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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 [31]. IDT is 

defined as: i) the time interval between EOC and the max point of the time derivative of pressure 

(max dP/dt) for the two-staged ignition, and ii) the time interval between EOC and the maximum 

value of pressure or where the pressure derivative slope changes for the three-staged ignition. 

Representative IDT measurements are shown in Fig. 2 for two-staged (a) and three-staged ignition 

cases (b). Uncertainty in IDTs measured in the RCM is estimated to be ±15% [28, 29]. For 

chemical kinetic modelling of RCM ignition delays, heat losses in the post-compression region 

were accounted for with volume profiles derived from non-reactive pressure profiles (available in 

Supplementary Materials). 

  

Fig. 2. Representative ignition delay time measurement in the rapid compression machine: (a) two-staged 

ignition and (b) three-staged ignition 
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3. Results and Discussion 

            3.1 Ignition Delay Time Measurements 

Measured total IDTs from the ST and RCM experiments are plotted in Fig. 3. Some expected 

trends can be observed in the data. For example, IDTs decrease with increasing pressures and 

increasing equivalence ratios, with stoichiometric 40 bar case being the most reactive. The 

dependence of IDTs on equivalence ratio and pressure is highest in the intermediate temperature 

window (763 K – 850 K) (see Fig. 4). Experimental results show typical Arrhenius behavior at 

high (> 850 K) and low (< 650 K) temperatures, and negative temperature coefficient (NTC) 

behavior in the intermediate temperature range. The figures also display IDTs of neat DEE from 

Uygun [21]. At  = 1, shock tube data of pure DEE from our work (blue circles) and those of 

Uygun [21] (blue stars) are in good agreement.  
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Fig. 3. Measured total IDTs of neat DEE and 50% DEE / 50% EtOH (by mole) blend compared with 

literature DEE data. Stoichiometric neat DEE shock tube data are from Uygun [21] (blue stars).  
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Fig. 4. Variation of measured IDTs with (a) equivalence ratio and (b) pressure. 

 

3.2 Chemical Kinetic Modelling 

3.2.1 Kinetic Models of DEE Ignition 

As mentioned previously, ethanol chemical kinetic models are well validated in the literature. 

Therefore, one of the objectives of the current work is to provide an experimentally validated 

chemical kinetic model for the oxidation of pure DEE and DEE/EtOH binary blends. Accordingly, 

all literature models for DEE were tested against shock tube IDT data of neat DEE; the comparison 

is shown in Fig. 5. From the analysis of all models, we observe that Tran et al. [27] and Tang et 

al. [25] models underpredict the experimental data; Serinyel et al. [26] model overpredicts IDTs 

at all conditions; Eble et al. [22] model reproduces 40 bar stoichiometric experiments but 

overpredicts high-temperature experiments for all other cases; Hu et al. [23] and Sakai et al. [24] 

models predict measured IDT trends better compared to other models. We chose the DEE model 

of Sakai et al. [24] as a starting point in this work because: (a) Experimental IDT data at ST 

conditions are captured better, (b) it is one of the most comprehensive of the available DEE models 
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at low-to-intermedaite temperature region, (c) Hu et al. [23] model, which performs as good as 

Sakai et al. [24] model, is a reduced model based on Sakai et al. [24]. A recent study by vom Lehn 

et al. [32] showed the promise of jointly optimizing thermochemical and kinetic rate parameters 

of Sakai et al. [24] model. Nevertheless, we opted to use the original Sakai et al. [24] DEE model.  

 

   

Fig. 5. Ignition delay time comparison of shock tube data (this work) and literature DEE models. Constant 

volume simulations, except φ  = 0.5, 20 bar where dP5/dt = 3%/ms is used due to longer IDTs.  
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3.2.2 Modelling of DEE/EtOH Blend 

We combined Sakai et al. [24] DEE model and Zhang et al. [33] EtOH model (base model for this 

work) to form a composite model for predicting the reactivity of DEE/EtOH blends. Low-

temperature RCM IDTs data are expected to show greater sensitivity to the low-temperature 

reaction scheme employed in the kinetic model and the rate constants adopted therein. Predicted 

IDTs by the composite model are shown as dashed lines in Fig. 6. Although Sakai et al. [24] model 

captured the neat DEE shock tube data, the composite model is less reactive than measured IDTs 

of DEE/EtOH blend at all conditions. The discrepancy is larger at lower temperatures. 
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Fig. 6. Comparison of measured total ignition delay times (solid symbols) with heat loss simulations (open 

symbols with connecting lines; RCM data) and constant volume simulations (ST data) of the composite 

DEE (Sakai et al. [24]) / EtOH (Zhang et al. [33]) model. Dashed lines: original Sakai et al. [24]; Solid 

lines: modified Sakai et al. [24]. Fuel mixture: 50% DEE / 50% EtOH by mole. 

Temperature sensitivity analysis was performed to identify key reactions which influence the 

reactivity of the fuel blend at various conditions. Thereafter, brute force IDT sensitivity, defined 

as S = log(2/0.5)/log(4), was conducted for the top 10 critical reactions, and the results are shown 

in Fig. 7 for 600 K, φ  = 1, p = 20 and 40 bar. Reactions with a positive sensitivity coefficient 

increase IDT and inhibit reactivity, while those with a negative coefficient promote reactivity. The 

species dictionary, showing the structures of molecules, is taken from Sakai et al. [24] and is given 

in the Supplementary Material (Table S1). H-abstraction by OH from EtOH and decomposition of 

ethoxyethylperoxy radical (C4H8ObOOHc) inhibit the reactivity of the system. On the other hand, 

H-abstractions from DEE by OH, HO2, and CH3O2 promote reactivity (all abstractions are from 

the α position). In addition, the decomposition of ethoxyethyl ketohydroperoxide 

(bCOC3H7OcOOH) radical, a chain branching reaction, enhances the system reactivity.  
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Fig. 7. Brute force IDT sensitivity for 50% DEE / 50% EtOH blend. Positive sensitivity indicates 

increased IDTs or reduced reactivity, and vice versa. 

The composite DEE/EtOH model is too slow at low temperatures (see Fig. 6) for the DEE/EtOH 

mixture, so we would like to increase its reactivity at low temperatures. The rate constant of 

ethoxyethyl ketohydroperoxide decomposition was estimated by Sakai et al. [24] where the rate of 

O-O bond fission was taken from [30, 34] while decreasing the activation energy by 1.5 kcal/mole. 

Although the authors did not ascribe specific uncertainty to this rate constant, the uncertainty may 

be quite high in the absence of ab initio calculations or experimental determination. In this work, 

the activation energy of ethoxyethyl ketohydroperoxide decomposition is decreased further by 0.5 

kcal/mole to increase the model reactivity at low temperatures. In addition, the A-factor of α-H 

abstraction by OH from DEE is increased by a factor of 2 to further promote the overall reactivity 

of the model, which makes the rate constant to be the same as calculated by Ogura et al. [35]. With 

these two changes, the modified composite model (solid lines in Fig. 6) resulted in improved 

agreement with the measured IDTs of DEE/EtOH blend at low temperatures. On the high-

temperature end, the modified model performed similar to the original model for pure DEE and 

DEE/EtOH blend. 
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3.3 Multistage ignition behavior of pure DEE and DEE/EtOH blend 

Multistage ignition behavior was observed in RCM experiments of pure DEE and DEE/EtOH 

blend at fuel-lean conditions. Figure 8 shows RCM experimental pressure time-histories, wherein 

3 stages of ignition are observed. The three-stage ignition behavior is more clearly observed for 

pure DEE than the binary blend. For pure DEE, the pressure increase is higher at the first-stage 

ignition than the second and third stage. On the other hand, for the DEE/EtOH blend, the second-

stage pressure increase is highest. The first and second stage ignition are quite clearly identified 

by the pressure derivative; however, the third stage of ignition is marked by a slow increase in 

pressure and, therefore, the definition of the third or total ignition is not as clear. Here, we have 

defined the timing of the 3rd ignition stage where either the pressure reaches a maximum value or 

where the pressure derivative slope changes. Such a three-stage ignition behavior was observed 

previously by Sarathy et al. [36] for highly lean oxidation of n-heptane/air mixtures, as well as 

other hydrocarbons [37]. In contrast to the fuel-lean experiments, a conventional two-staged 

ignition was observed for stoichiometric conditions (see Fig. 2-a).  

  

Fig. 8. RCM experimental pressure traces exhibiting three-staged ignition for pure DEE (a) and 

DEE/EtOH (b) blends at fuel-lean conditions. 
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Furthermore, simulated pressure profiles (with heat loss) of different models are compared in Fig. 

9 for the multistage ignition phenomenon. It is interesting to see that all models show multistage 

ignition behavior. However, Tran et al. [27] and Serinyel et al. [26] (numbered 7 and 8, 

respectively) models exhibit 3-stage ignition whereas other models show 4-stage ignition.  
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Fig. 9. Simulated pressure profiles of all models compared to the experimental pressure profile. Detailed 

regions (A, B, C) highlight the stages of ignitions. Circled numbers represent the legends and rectangular 

numbers represent the stages of ignition. Conditions: pure DEE, φ  = 0.5, PEOC = 21.5 bar, TEOC = 566 K. 

Total ignition delay time measurements were compared with the updated Sakai et al. [24] model 

predictions in Fig. 6. Measured ignition delays of 1st, 2nd and 3rd (total) stages are plotted in Fig. 

10 and compared with the updated Sakai et al. [24] model predictions. From the measured data, it 

is seen that the 1st stage is generally furthest from other stages at higher temperatures, whereas all 

stages converge together at low temperatures. Similar behavior was observed by Sarathy et al. [36] 

in their multistage IDT simulations of lean n-heptane. Predicted ignition delays of the various 

stages by the modified Sakai et al. [24] are in good agreement with the experimental data for both 

pure DEE and DEE/EtOH blend. It may be noted that only 3 stages of ignition were observed in 

the experiments whereas the model predicts 4 stages of ignition.  
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Fig. 10. Measured ignition delays (solid symbols) of various stages of ignition for pure DEE (a, b) and 

DEE/EtOH (c, d) blend at lean conditions. Predictions (open symbols with connecting lines) by the 

modified Sakai et al. [24] model are also shown.  

In addition to pressure (Fig. 9), multistage ignition behavior is also seen in profiles of temperature 

and heat release rate release rate (HRR) for pure DEE and DEE/EtOH blend. Simulated profiles 

of pressure, temperature and HRR are all plotted in Fig. 11, wherein four stages of the ignition 

may be identified. We observe that the second-stage ignition is rather weak in the simulated 

profiles. It may be argued that the ignition of such fuels only exhibits 3-stage ignition or the 

second-stage ignition predicted by the model is too weak to be experimentally observed.  
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Fig. 11. Simulated temperature, pressure and HRR for pure DEE (a, b) and DEE/EtOH (c, d) blend. 

Shaded regions represent the first (τ1), second (τ2), third (τ3), and total (τt) IDTs. Simulations carried out 

using the modified Sakai et al. [24] model. 

From the simulated HRR plots (Fig. 11), it is evident that the magnitudes of HRR for first and 

third stages are quite similar for pure DEE. However, for the DEE/EtOH blend, the highest HRR 

occurs at the third stage. To understand these differences in HRRs, heat of production per reaction 

for neat DEE and for DEE/EtOH blend are analyzed in Fig. 12 at relatively low temperatures. 

Overall, there are no major differences in the reactions controlling heat release for these systems. 

In both cases, energy is consumed by the decomposition of hydrogen peroxide (H2O2 

[+M]→2OH[+M]) and by ethoxyethyl ketohydroperoxide decomposition. The highest amount of 

energy, for pure DEE and DEE/EtOH blend, is generated through the termination reaction 

H+O2[+M]→HO2[+M] and the recombination reaction of hydrogen peroxy radicals 2HO2 → 

H2O2+O2. It is also noticeable from the colored bars that heat is primarily released in the first (red 

bars) and third (blue bars) stages for pure DEE, whereas the third (blue bars) and forth (green bars) 

stages dominate for DEE/EtOH blend. For pure DEE, higher heat release at the first stage is due 

to the recombination of methyl radical with molecular oxygen (CH3+O2[+M]→CH3O2), formation 

of methanol from methyl peroxy and OH (CH3O2+OH→CH3OH+O2), and several reactions 

involving DEE radicals. Nevertheless, by the addition of EtOH to DEE, the first stage heat release 
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is suppressed and the third stage heat release increases due to reactions such as CO oxidation by 

OH (CO+OH→CO2+H) and H+O2[+M]→HO2[+M].      

 

 

Fig. 12. Heat production per reaction for (a) pure DEE, 𝑃𝐸𝑂𝐶  = 21.5 bar, 𝑇𝐸𝑂𝐶  = 566 K, 𝜑 = 0.5               

(b) 50% DEE / 50% EtOH 50% 𝑃𝐸𝑂𝐶  = 20.86 bar, 𝑇𝐸𝑂𝐶  = 606 K, 𝜑 = 0.5. 
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3.4 Effect of Dimethyl Ether (DME) and Diethyl Ether (DEE) on Ethanol Reactivity  

There has been previous work in literature [33] where blends of dimethyl ether (DME) and ethanol 

(EtOH) were studied. Therefore, it is interesting to compare the blending of DME and DEE with 

EtOH. In Fig. 13, auto-ignition of DME and DEE blended with EtOH is compared, wherein a 

much higher reactivity of DEE/EtOH blend is observed in contrast to DME/EtOH blend. All IDT 

data of neat DME and DME/EtOH blend (at 20 – 40 bar, stoichiometric and lean conditions) are 

taken from Zhang et al. [33], and the DME/EtOH model is also form Zhang et al. [33].  
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 Fig. 13. Reactivity comparison of EtOH, DME, DEE and DME/EtOH, DEE/EtOH blends. All blends are 

50 % /50 % by mole. EtOH and DME IDT data are from Zhang et al. [33]. Modified model prediction 

was shown.    

In order to understand the reactivity of DEE and DME blended with EtOH, radical/intermediate 

production rates (Fig. 14) and reaction fluxes (Fig. 15) are analyzed. It is observed that the key 

intermediates during the oxidation of DME and DEE are formaldehyde (CH2O) and acetaldehyde 

(CH3CHO), respectively, over a wide range of temperatures. This observation has previously been 

confirmed by speciation and modelling studies of DME [38-40] and DEE [26, 27]. Reaction flux 

analysis shows that ethanol reacts independently from the ethers, following well-established 

reaction pathways leading to -hydroxyethyl radical and then acetaldehyde and HO2. DEE is 

primarily consumed via H-atom abstraction from the  carbon adjacent to the ether moiety. At low 

temperatures, the -radical undergoes O2 addition and peroxy radical isomerization reactions 

leading to intermediates that decompose to acetaldehyde. At high temperatures, the -radical 

undergoes rapid -scission to form acetaldehyde due to the presence of a weak ether linkage. In 

the case of DME, analogous reaction pathways to DEE at low temperatures lead mainly to 
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formaldehyde. In addition, formic acid (HOCHO), which is relatively unreactive, is produced 

following the decomposition of DME’s main ketohydroperoxide. At high temperatures, the weak 

ether linkage in DME makes large amounts of formaldehyde and methyl radicals, which produce 

methane. In a previous work, Salooja [41] examined the exceptional reactivity of DEE and 

concluded that acetaldehyde production during the oxidation of DEE results in high reactivity. In 

another related work, Salooja [42] observed that aldehydes, produced as primary intermediates, 

control the reactivity of dialkane ethers, and acetaldehyde is the most reactive aldehyde compared 

to formaldehyde and larger aldehydes. Therefore, in agreement with previous works [26, 27] [38-

40] [41], we conclude that the reactivity of DEE/EtOH and DME/EtOH blends is controlled by the 

production of acetaldehyde and formaldehyde/formic acid, respectively.  

  

Fig. 14. Normalized radical and intermediate production rates at 2/3*𝜏𝑖𝑔𝑛 for DEE/EtOH and DME/EtOH 

blends. Conditions: T = 700 K (a) and 1200 K (b), P = 20 bar, φ = 1. 
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Fig. 15. Reaction flux analysis for (a) DEE/EtOH and (b) DME/EtOH blends at the 2/3*𝜏𝑖𝑔𝑛. Conditions: 

T = 700 K (blue) and 1200 K (red), P = 20 bar, φ = 1. 
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4. Conclusions 

Ignition delay times of pure diethyl ether and diethyl ether/ethanol blend were measured over a 

wide range of engine-relevant conditions. A composite model, consisting of literature models of 

DEE (Sakai et al.[24]) and ethanol (Zhang et al.[33]), overestimated the measured ignition delay 

times of DEE/EtOH blend. The DEE model was slightly modified which significantly improved 

the agreement between low-temperature IDT measurements and model predictions. RCM 

experiments at fuel-lean conditions exhibited a unique 3-stage ignition behavior for neat DEE as 

well as DEE/EtOH blend. The kinetic model, on the other hand, predicted 4-stage ignition with a 

relatively weak second-stage ignition. Finally, reactivity comparison of DME/EtOH and 

DEE/EtOH blends showed the important role played by formaldehyde/formic acid and 

acetaldehyde in the two respective blends.       
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