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Abstract

:

Dimethyl ether (DME)/C1-C4 alkane mixtures are ideal fuel for homogeneous charge compression ignition (HCCI) engines. The comparison of ignition delay and multi-stage ignition for DME/C1-C4 alkane mixtures can provide theoretical guidance for expanding the load range and controlling the ignition time of DME HCCI engines. However, the interaction mechanism between DME and C1-C4 alkane under engine relevant high-pressure and low-temperature conditions remains to be revealed, especially the comprehensive comparison of the negative temperature coefficient (NTC) and multi-stage ignition characteristic. Therefore, the CHEMKIN-PRO software is used to calculate the ignition delay process of DME/C1-C4 alkane mixtures (50%/50%) at different compressed temperatures (600–2000 K), pressures (20–50 bar), and equivalence ratios (0.5–2.0) and the multi-stage ignition process of DME/C1-C4 alkane mixtures (50%/50%) over the temperature of 650 K, pressure of 20 bar, and equivalence ratio range of 0.3–0.5. The results show that the ignition delay of the mixtures exhibits a typical NTC characteristic, which is more prominent at a low equivalence ratio and pressure range. The initial temperature of DME/CH4 mixtures of the NTC region is the highest. In the NTC region, the ignition delay DME/CH4 mixtures are the shortest, whereas DME/C3H8 mixtures are the longest. At low-temperature and lean-burn conditions, DME/C1-C4 alkane mixtures exhibit a distinct three-stage ignition characteristic. The time corresponding to heat release rate and pressure peak is the shortest for DME/CH4 mixtures, and it is the longest for DME/C3H8 mixtures. Kinetic analysis indicates that small molecular alkane competes with the OH radical produced in the oxidation process of DME, which inhibits the oxidation of DME and promotes the oxidation of small molecular alkane. The concentration of active radicals and the OH radical production rate of elementary reactions are the highest for DME/CH4 mixtures, and they are the lowest for DME/C3H8 mixtures.
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1. Introduction


Under the pressure of the energy crisis and environmental pollution, it is particularly important to find higher efficiency combustion modes and promising alternative fuels for internal combustion engines [1]. Due to its high oxygen content, latent heat of evaporation, and cetane number, dimethyl ether (DME) can be used as a promising diesel alternative fuel with the chemical formula of CH3OCH3 [2,3]. As a representation of the new combustion mode, homogeneous charge compression ignition (HCCI) has high thermal efficiency and low NOx and soot emissions [4,5]. However, the ignition of DME HCCI engines depends on the chemical kinetics of fuel, and there are some problems such as its narrow operating range and it being difficult to control the ignition time [6,7]. One of the effective ways to control the ignition time of HCCI engines is to mix fuels. Blending a high-octane fuel with another high-cetane fuel [8,9] could effectively expand the load range and control the ignition time, so as to meet the requirements of stable operation of HCCI engines at different load ranges.



The ignition delay is the basic parameter that reflects the ignition process of HCCI engines [10]. Researchers [11,12,13,14,15,16,17,18,19,20] conducted a large number of studies on the ignition delay characteristic of pure DME, and they found that DME has an obvious negative temperature coefficient (NTC) characteristic under medium- and low-temperature conditions, and blending a high-octane fuel with another high-cetane fuel could expand the load range and control the ignition time. Moreover, the high-temperature ignition delay characteristic of DME/C1-C4 alkane mixtures has been relatively clear, but there are few studies on the ignition delay characteristic under engine relevant low-temperature and high-pressure conditions. Burke et al. [21] studied the ignition delay characteristic of DME/CH4 mixtures in a rapid compression machine (RCM) and shock tube (ST) over the temperature range of 600–1600 K, pressure range of 7.09275–41.54325 bar, and equivalence ratio range of 0.3–2.0, and they concluded that the ignition delay of DME/CH4 mixtures decreased nonlinearly with the increase of pressure and equivalence ratio, and the DME dominates the ignition process during the ignition process of the mixtures. For high-temperature conditions, Tang et al. [22] investigated the ignition delay characteristic of DME/CH4 mixtures in an ST at temperatures from 1134 to 2105 K and pressures from 1 to 10 bar. It was found that the ignition delay of the mixtures decreased with increasing DME blending ratio. The ignition delay characteristic of DME/C2H6 mixtures was studied using an RCM by Shi et al. [23] at the temperature of 624–913 K and pressure of 9–35 bar. They found that the ignition delay of DME/C2H6 mixtures decreases nonlinearly with the increase of pressure and equivalence ratio, and that the addition of C2H6 reduced low-temperature chain-branching routes. Zhang et al. [24] and Lu et al. [25] also studied the ignition delay characteristic DME/C2H6 mixtures in an ST at high-temperature conditions. Dames et al. [26] investigated the ignition delay characteristic of DME/C3H8 mixtures using an RCM at the temperature of 550–2000 K, pressure of 10.1325–50.6625 bar, and equivalence ratio of 0.5–2.0. It was found that the addition of DME could promote the ignition process of propane and decrease the ignition delay of the DME/C3H8 mixtures. Hu et al. [27] conducted experiments on an ST to measure the ignition delay of DME/C3H8 mixtures for high-temperature conditions and proposed a modified chemical mechanism (Mod Mech C5), which can well predict the ignition delay of pure DME, pure C3H8, and their mixtures. Wu et al. [28] studied the ignition delay characteristic of DME/C4H10 mixtures on an RCM under low-temperature and high-pressure conditions. The experiment results showed that DME/C4H10 mixtures exhibit an NTC and two-stage ignition characteristic at low-temperature conditions. The addition of DME enhances the reactivity of the system and nonlinearly decreases the ignition delay of the mixtures. Jiang et al. [29,30,31,32,33,34] investigated the ignition delay characteristic of DME/C4H10 mixtures under high-temperature conditions and verified the chemical mechanism of DME and C4H10. As a consequence, the NTC characteristic and interaction mechanism of DME blended with C1-C4 alkane under engine relevant low-temperature and high-pressure conditions are unclear, and it is necessary to further investigate the ignition delay characteristic and interaction mechanism of DME/C1-C4 alkane.



Some relevant scholars [35,36] found that DME exhibits a typical three-stage ignition and heat release phenomenon at low-temperature and lean-burn conditions, which are a low temperature reaction, high temperature first stage reaction, and high temperature second stage reaction, respectively. Iijima et al. [37] conducted experiments on an HCCI engine to study the multi-stage heat release phenomenon of DME/CH4 mixtures. Interestingly, they found that with the increase of methane blending ratio, the heat release rate (HRR) of the high temperature first stage reaction decreased, and the HRR of the high temperature second stage reaction increased. Shimizu et al. [38] and Komatsu et al. [39] conducted experiments on an HCCI engine to investigate the multi-stage heat release phenomenon of DME/CH4 mixtures. It was found that the formation of HCHO in the low-temperature reaction stage is determined by the concentration of DME and independent of the concentration of CH4. Thus, the multi-stage ignition phenomenon of DME blended with C1-C4 small molecular alkane at low-temperature and lean-burn conditions is rarely studied. Meanwhile, the interaction mechanism between DME and C1-C4 alkane is still unclear and needs further analysis.



As is known based on the above literature review, DME blended with C1-C4 small molecular alkane mixtures has an obvious NTC characteristic at low-temperature conditions, but the four mixtures exhibit different NTC characteristics. The comprehensive comparison of different NTC properties of DME blended with C1-C4 alkane mixtures under engine relevant low-temperature and high-pressure conditions has not been reported, and there are few studies on the interaction mechanism between DME and C1-C4 alkane in the NTC region. In addition, DME blended with C1-C4 alkane mixtures exhibits a multi-stage ignition characteristic at low-temperature and lean-burn conditions, but the multi-stage ignition characteristic of four mixtures is different. There are few comprehensive comparative studies on the multi-stage ignition of DME blended with C1-C4 alkane. Therefore, it is necessary to investigate the ignition delay and multi-stage ignition characteristic of DME blended with C1-C4 alkane mixtures and to analyze the interaction mechanism between DME and C1-C4 alkane by chemical kinetics.



In this study, the CHEMKIN-PRO software is used to calculate the ignition delay of DME/C1-C4 alkane mixtures under engine relevant low-temperature and high-pressure conditions and to calculate the ignition delay at high-temperature conditions as a comparison. Moreover, the pressure and HRR of DME/C1-C4 alkane mixtures at low-temperature and lean-burn conditions are calculated. The multi-stage ignition and NTC characteristic of four mixtures are compared, and the interaction mechanism between DME and C1-C4 alkane is analyzed by chemical reaction kinetics. The primary objective of the current study is to investigate the comparison of C1-C4 alkane addition to DME HCCI combustion via the simulation method. Furthermore, the interaction mechanism between DME and C1-C4 alkane during high-pressure and low-temperature ignition is clarified through chemical kinetic analysis. The comparison of ignition delay and multi-stage ignition for DME/C1-C4 alkane mixtures can provide theoretical guidance for expanding the load range and controlling the ignition time of DME HCCI engines.




2. Calculation Method


Numerical simulations were conducted using CHEMKIN-PRO software. The calculation assumes a closed 0-D homogeneous batch reactor at adiabatic and constant volume conditions. Default values from CHEMKIN were used for the solver tolerances and solver time-steps. The NUIG Aramco Mech 3.0 mechanism containing detailed DME and C1-C4 chemistries was developed by Combustion Chemistry Center at NUI Galway in 2018 and can be used to simulate the ignition delay and multi-stage ignition behavior of C1-C4-based hydrocarbons over a wide variety of experimental conditions. The mechanism has been validated against the data from STs, RCMs, flow reactors, and jet-stirred reactors [40]. No modifications to reaction rates were made to the mechanisms considered in this study.



Initial conditions were selected based on relevance to existing experimental ST and RCM data and engine relevant low-temperature and high-pressure conditions, particularly the initial temperatures and pressures. The ignition delay simulations were carried out over the temperature range of 600–2000 K in 50 K increments, the pressure range of 10–50 bar in 10 bar increments, and the equivalence ratio range of 0.5–2.0 in 0.5 increments. However, the multi-stage ignition simulations were conducted at the equivalence ratio of 0.3–0.5 in 0.1 increments, the temperature of 650 K, and the pressure of 20 bar. In this study, the blending ratio of DME (XDME) of 50% was kept constant for all fuels. The ignition characteristic of DME blended with small molecular alkane changed significantly under DME blending ratio of 50% conditions. The DME blending ratio of 50% is expressed as the mole fraction of DME in fuel mixtures. The mixture compositions and initial conditions are given in Table 1.



The first-stage ignition delay, τ1, is defined as the duration between the timing of t = 0, and the timing of the first peak in the temperature rising rate. The second-stage ignition delay, τ2, is defined as the duration from the timing at the first peak to the timing at the second peak in the temperature rising rate during ignition. The total ignition delay τ is the sum of τ1 and τ2. The DME/C1-C4 alkane mixtures display two-stage ignition behavior, which are low temperature reaction (LTR) and high temperature reaction (HTR). The first-stage ignition delay τ1 is the LTR and the second-stage ignition delay τ2 is the transition time from the LTR to HTR. The total ignition delay τ is the HTR. The character φ stands for equivalence ratio. The equivalence ratio φ is defined as the ratio of the theoretical air quantity required for complete combustion to the actual air quantity supplied during fuel combustion. The engine relevant low-temperature and high-pressure conditions refer to the thermodynamic conditions of the engine cylinder.




3. Results and Discussion


3.1. Ignition Delay Characteristic of DME/C1-C4 Alkane Mixtures


3.1.1. Comparison of Ignition Delay Characteristic of DME/C1-C4 Alkane Mixtures at Different Equivalence Ratios


Figure 1 shows the comparison of the ignition delay of DME/C1-C4 alkane (50%/50%) mixtures at different equivalence ratios of 0.5, 1.0, 1.5, and 2.0. It can be observed that the addition of small molecular alkane to DME results in the extension of the ignition delay, namely, the addition of small molecular alkane inhibits the ignition process of DME. The mixtures present an obvious NTC characteristic in the 750–900 K temperature range as the temperature increases. In the NTC region, DME/CH4 mixtures have the highest initial temperature, whereas DME/C4H10 mixtures have the most obvious NTC characteristic. DME/CH4 mixtures have the shortest ignition delay and DME/C3H8 mixtures have the longest. DME/C2H6 and DME/C4H10 mixtures are between the above two mixtures, and DME/C4H10 mixtures are shorter than DME/C2H6 mixtures. The ignition delay shows a significant decreasing trend with the increasing equivalence ratio. This is because the increase of the equivalence ratio could increase fuel concentration, thereby speeding up the reaction rate and decreasing the ignition delay. Moreover, the stronger sensitivity of the equivalence ratio is observed in the NTC region compared to that in the low- and high-temperature region.



The ignition delay of mixtures is further plotted as a function of equivalence ratio at different compressed temperatures, and at the pressure of 20 bar. It can be seen from Figure 2 that the ignition delay exhibits an obvious nonlinear decreasing trend with the increase of equivalence ratio, and this effect becomes significant at a lower equivalence ratio. At temperatures of 650 and 800 K, the ignition delay from long to short is for DME/C3H8, DME/C2H6, DME/C4H10, and DME/CH4 mixtures. However, at a temperature of 1500 K, the ignition delay of DME/CH4 mixtures is the shortest. In the NTC region, the increase of equivalence ratio has the most significant effect on the ignition delay for DME/C3H8 mixtures and the least effect on DME/CH4 mixtures.




3.1.2. Comparison of Ignition Delay Characteristic of DME/C1-C4 Alkane Mixtures at Different Compressed Pressures


The comparison of the ignition delay of DME/C1-C4 alkane (50%/50%) mixtures is studied at compressed pressures of 20, 30, 40, and 50 bar. In Figure 3, the mixtures exhibit an obvious NTC characteristic in the 800–950 K temperature range. In the NTC region, DME/CH4 mixtures have the shortest ignition delay and DME/C3H8 mixtures have the longest. DME/C2H6 and DME/C4H10 mixtures are between the above two mixtures, and DME/C4H10 mixtures are shorter than DME/C2H6 mixtures. DME/CH4 mixtures have the highest initial temperature, whereas DME/C4H10 mixtures have the most obvious NTC characteristic. The ignition delay shows a typical decreasing trend with increasing compressed pressure, which is similar to the effect of the equivalence ratio. This is because the increase of the compressed pressure could increase mixtures’ concentration and the number of effective molecular collisions, thereby speeding up the reaction rate and decreasing the ignition delay. In addition, the stronger dependence of the equivalence ratio is found in the NTC region when compared to the low- and high-temperature region.



The ignition delay of mixtures is further plotted as a function of pressures at different compressed temperatures and at the equivalence ratio of 1.0 in Figure 4. With the increase of compressed pressure, the ignition delay decreases nonlinearly and the effect becomes obvious at lower pressure. At a temperature of 800 K, the increase of equivalence ratio has the most obvious effect on the ignition delay for DME/C3H8 mixtures and the least effect on DME/CH4 mixtures, which is similar to the effect of the equivalence ratio.




3.1.3. Mole Fraction Analysis


To clarify the interaction mechanism between DME and C1-C4 alkane during the ignition process, the mole fraction of certain important species is performed at Pc = 20 bar, φ = 0.5, and Tc = 650, 800, and 1500 K. Moreover, the free radicals such as H, O, OH, HO2, H2O2, R, and RO2 play an important role during the ignition process; thus, these free radicals are used to represent the ignition chemistry of the mixtures.



In order to better compare the mole fraction profile of DME/C1-C4 alkane mixtures, it is essential to use the log-log coordinate in Figure 5, Figure 6 and Figure 7. Figure 5 show the mole fraction as a function of time at Pc = 20 bar, φ = 0.5, and Tc = 650 K. As presented in Figure 5, the addition of C1-C4 alkane to DME will decrease the mole fraction of H, O, OH, HO2, R, and RO2 radicals and delay the time corresponding to the mole fraction peak. In the DME blended with C1-C4 alkane mixtures, the mole fraction of H, O, OH, HO2, R, and RO2 radicals follows the order DME/CH4 > DME/C4H10 > DME/C2H6 > DME/C3H8 and the time corresponding to the mole fraction peak increases in the order DME/CH4 < DME/C4H10 < DME/C2H6 < DME/C3H8. Consequently, the ignition delay increases in the order DME/CH4 < DME/C4H10 < DME/C2H6 < DME/C3H8.



The mole fraction as a function of time at Pc = 20 bar, φ = 0.5, and Tc = 800 K is presented in Figure 6. As presented in Figure 6a,b, the addition of C1-C4 alkane to DME will decrease the mole fraction of H, O, OH, HO2, H2O2, R, and RO2 radicals and delay the time corresponding to the mole fraction peak. DME/CH4 mixtures have the highest mole fraction of H, O, OH, HO2, H2O2, R, and RO2 radicals, and DME/C3H8 mixtures have the lowest. DME/C2H6 and DME/C4H10 mixtures are between the above two mixtures, and DME/C4H10 mixtures are higher than DME/C2H6 mixtures. The time corresponding to the mole fraction peak increases in the order DME/CH4 < DME/C4H10 < DME/C2H6 < DME/C3H8. It can be observed in Figure 6c that DME, C3H8, and C4H10 present distinct two-stage ignition behavior, whereas CH4 and C2H6 exhibit obvious single-stage ignition behavior. Both DME and C1-C4 alkane are dominantly consumed by H-abstraction reactions with OH radicals at low temperatures. C1-C4 alkane compete with the OH radicals produced in the oxidation process of DME, which inhibits the oxidation of DME and promotes the oxidation of C1-C4 alkane. The first stage ignition is mainly dominated by DME during the ignition process of DME/CH4 and DME/C2H6 mixtures, and the first stage ignition is mainly dominated by DME, propane, and n-butane during the ignition process of DME/C3H8 and DME/C4H10 mixtures. The heat and free radicals produced during the first-stage ignition determine the second-stage ignition when the mixtures display two-stage ignition behavior. The time corresponding to the complete consumption of DME or C1-C4 alkane increases in the order DME/CH4 < DME/C4H10 < DME/C2H6 < DME/C3H8. Consequently, the ignition delay of DME/CH4 mixtures is the shortest and DME/C3H8 mixtures is the longest. DME/C2H6 and DME/C4H10 mixtures are between the above two mixtures, and DME/C2H6 mixtures are longer than DME/C4H10 mixtures.



The mole fraction as a function of time at Pc = 20 bar, φ = 0.5, and Tc = 1500 K is presented in Figure 7. As presented in Figure 7a, the addition of C1-C4 alkane to DME will decrease the mole fraction of H, O, OH, HO2, and H2O2 radicals and delay the time corresponding to the mole fraction peak. In the four mixtures of DME blended with C1-C4 alkane, the mole fraction of H, O, OH, HO2, and H2O2 radicals follows the order DME/C2H6 > DME/C4H10 > DME/C3H8 > DME/CH4 and the time corresponding to the mole fraction peak increases in the order DME/C2H6 < DME/C4H10 < DME/C3H8 < DME/CH4. It can be seen from Figure 7b that DME, CH4, C2H6, C3H8, and C4H10 all display distinct single-stage ignition behavior during the high-temperature ignition. The time corresponding to C1-C4 alkane consumption increases in the order DME/C2H6 < DME/C4H10 < DME/C3H8 < DME/CH4. Consequently, the ignition delay increases in the order DME/C2H6 < DME/C4H10 < DME/C3H8 < DME/CH4.




3.1.4. Sensitivity Analysis


To further investigate the effect of small molecular alkane on DME, sensitivity analysis on the ignition delay of DME/C1-C4 alkane mixtures was carried out at the temperature of 800 and 1500 K, the pressure of 20 bar, and equivalence ratio of 0.5. The reactions of the positive coefficient inhibit the ignition, whereas the negative coefficient promotes the ignition. The sensitivity coefficient (S) is defined as


  S =   τ ( 2.0  k i  ) − τ (  k i  )   τ (  k i  )    



(1)




where τ is the ignition delay and ki is the pre-exponential factor of the ith reaction.



The sensitivity coefficient of the ignition delay for mixtures at the temperature of 800 and 1500 K is shown in Figure 8. At the temperature of 800 K, the most promoting reaction is R431 CH3OCH3 + OH <=> CH3OCH2 + H2O, and R453 CH2OCH2O2H <=> 2CH2O + OH is the important inhibiting reaction. The sensitivity coefficient of R453 is larger than the sensitivity coefficient of R431, which indicates that the ignition chemistry is in the NTC region. Moreover, R199 C2H6 + OH <=> C2H5 + H2O, R510 C3H8 + OH <=> NC3H7 + H2O, and R1112 C4H10 + OH <=> PC4H9 + H2O are dominant inhibiting reactions for DME/C2H6, DME/C3H8, and DME/C4H10 mixtures. The reactions R45, R199, R510, and R1112 compete with reaction R431 for OH radicals and inhibit the oxidation process of DME. As shown in Figure 8b, at the temperature of 1500 K, the most promoting and inhibiting reactions are R5 O2 + H <=> O + OH and R48 CH3 + HO2 <=> CH4 + O2, respectively. In addition, the sensitivity coefficient of R5 or R48 increases in the order DME/C2H6 < DME/C4H10 < DME/C3H8 < DME/CH4. Therefore, the ignition delay increases in the order DME/C2H6 < DME/C4H10 < DME/C3H8 < DME/CH4.




3.1.5. Production Rate Analysis


The production rate of OH radicals of the important elementary reactions for mixtures is investigated at Tc = 650, 800, and 1500 K in Figure 9. The important elementary reactions including OH radicals are listed in Table 2. As seen in Figure 9a,b, at Tc = 650 and 800 K, the sum of the reactions R450, R451, and R453 or the sum of reactions R456 and R462 of the OH radicals production rate for pure DME is the highest, and the time corresponding to the production rate peak is the earliest. In the four mixtures of DME blended with small molecular C1-C4 alkane, for the production rate of OH radicals of reactions, the sum of R450, R451, and R453 or the sum of R456 and R462 follows the order DME/CH4 > DME/C4H10 > DME/C2H6 > DME/C3H8 and the time corresponding to the production rate peak increases in the order DME/CH4 < DME/C4H10 < DME/C2H6 < DME/C3H8. In addition, the production rate of OH radicals of the sum of R450, R451, and R453 is larger than the OH radicals production rate of the sum of R456 and R462, which indicates that the ignition chemistry is in the NTC region for DME/C1-C4 alkane mixtures. The reactions R155, R431, R45, R199, R510, R526, R1112, and R1134 are the CH2O, DME, CH4, C2H6, C3H8, and C4H10 consuming OH radicals, respectively. The production rate of OH radicals of reactions R155, R431, R45, R199, R510, R526, R1112, and R1134 follows the order DME/CH4 > DME/C4H10 > DME/C2H6 > DME/C3H8 and the time corresponding to the production rate peak increases in the order DME/CH4 < DME/C4H10 < DME/C2H6 < DME/C3H8. Thus, the ignition delay increases in the order DME/CH4 < DME/C4H10 < DME/C2H6 < DME/C3H8. As shown in Figure 9c, at Tc = 1500 K, the OH radicals production rate of reaction R5 and R98 follows the order DME/C2H6 > DME/C4H10 > DME/C3H8 > DME/CH4 and the time corresponding to the production rate peak increases in the order DME/C2H6 < DME/C4H10 < DME/C3H8 < DME/CH4. As a result, the ignition delay increases in the order DME/C2H6 < DME/C4H10 < DME/C3H8 < DME/CH4.





3.2. Multi-Stage Ignition Characteristic of DME/C1-C4 Alkane Mixtures


Figure 10 and Figure 11 present the HRR and pressure of DME/C1-C4 alkane (50%/50%) mixtures as a function of time at different equivalence ratios of φ = 0.3, 0.4, and 0.5, respectively. DME/C1-C4 alkane mixtures display a three-stage heat release phenomenon, which are low temperature reaction, high temperature first stage reaction, and high temperature second stage reaction. The C1-C4 alkane addition on DME ignition will decrease the pressure and heat release peak and delay the time corresponding to the pressure and heat release peak. At the same equivalence ratio, the difference of the pressure peak of the mixtures is small, but the difference of the time corresponding to the pressure and heat release peak is large. The time corresponding to the heat release and pressure peak increases in the order DME/CH4 < DME/C4H10 < DME/C2H6 < DME/C3H8. The maximum value of the heat release peak of the mixtures appears in the high temperature second stage reaction at the equivalence ratios of 0.3 and 0.4, whereas the maximum value appears in the high temperature first stage reaction at the equivalence ratio of 0.3.



In order to further illustrate the three-stage ignition and heat release characteristic of DME/C1-C4 alkane mixtures at low-temperature and lean-burn conditions, the HRR of the important elementary reactions is plotted as a function of temperature at φ = 0.4 in Figure 12. The important elementary reactions which contribute to the HRR are listed in Table 3. As presented in Figure 12 and Table 3, the heat produced by reactions R2, R3, R4, R5, and R6 dominate the high temperature first stage reaction, whereas the heat produced by reactions R2, R7, and R8 dominate the high temperature second stage reaction.



The HO2 radicals produced by reaction R2 feed reaction R5 and form the H2O2 radicals; thereby, the H2O2 radicals accumulated by reaction R5 feed reaction R6 and produce the OH radicals. Meanwhile, the OH radicals are used to consume HCHO through reaction R3 and produce HCO radicals. The HCO radicals are consumed by reaction R4 and form CO. It can be concluded that the heat release during the high temperature first stage reaction is mainly caused by CO produced by the consumption of HCHO. The HRR of reactions R3, R4, R5, and R6 decreases in the order DME/C3H8 > DME/C2H6 > DME/C4H10 > DME/CH4. Therefore, the heat release peak of the high temperature first stage reaction decreases in the order DME/C3H8 > DME/C2H6 > DME/C4H10 > DME/CH4. In addition, the HO2 radicals produced by reaction R2 feed reaction R8 and produce H2O, and the OH radicals are consumed by reaction R7 and form CO2. It can be concluded that the heat release during the high temperature first stage reaction is mainly caused by CO2 and H2O produced by the consumption of CO and HO2. The HRR of reactions R2, R7, and R8 decreases in the order DME/C2H6 > DME/CH4 > DME/C3H8 > DME/C4H10. As a consequence, the heat release peak of the high temperature second stage reaction decreases in the order DME/C2H6 > DME/CH4 > DME/C3H8 > DME/C4H10.





4. Conclusions


In this study, the CHEMKIN-PRO software is used to calculate the ignition delay and multi-stage ignition process of DME/C1-C4 alkane mixtures under engine relevant low-temperature and high-pressure conditions. The main conclusions are as follows:



(1) The DME/C1-C4 alkane mixtures exhibit a typical NTC characteristic over the temperature range of 750–900 K as the temperature increases. In the NTC region, the ignition delay decreases in the order DME/C3H8 > DME/C2H6 > DME/C4H10 > DME/CH4. The initial temperature of DME/CH4 mixtures of the NTC region is the highest, and DME/C4H10 mixtures have the most obvious NTC phenomenon. With the increase of pressure and equivalence ratio, the ignition delay presents a nonlinear decreasing trend and the effect becomes significant at a lower pressure and equivalence ratio.



(2) At low temperature and low equivalence ratio conditions, DME/C1-C4 alkane mixtures show a distinct three-stage heat release characteristic. The time corresponding to the pressure and HRR peak increases in the order DME/CH4 < DME/C4H10 < DME/C2H6 < DME/C3H8. At the equivalence ratio of 0.4, the heat release peak of the high temperature first stage reaction decreases in the order DME/C3H8 > DME/C2H6 > DME/C4H10 > DME/CH4 and the heat release peak of the high temperature second stage reaction decreases in the order DME/C2H6 > DME/CH4 > DME/C3H8 > DME/C4H10.



(3) Kinetic analysis indicates that methane and ethane show an obvious single-stage ignition characteristic, whereas DME, propane, and n-butane exhibit a typical two-stage ignition characteristic. The heat and free radicals produced during the first-stage ignition determine the second-stage ignition when the mixtures display two-stage ignition behavior. Small molecular alkane competes with the OH radicals generated in the oxidation process of DME, which inhibits the oxidation of DME and promotes the oxidation of small molecular alkane. The concentration of active radicals and the OH radical production rate of elementary reaction for DME/CH4 mixtures are the highest and DME/C3H8 mixtures are the lowest. At the equivalence ratio of 0.4, the heat produced by reactions R2, R3, R4, R5, and R6 dominate the high temperature first stage reaction, whereas the heat produced by reactions R2, R7, and R8 dominate the high temperature second stage reaction. In addition, the HRR of reactions R3, R4, R5, and R6 decreases in the order DME/C3H8 > DME/C2H6 > DME/C4H10 > DME/CH4 and the HRR of reactions R2, R7, and R8 decreases in the order DME/C2H6 > DME/CH4 > DME/C3H8 > DME/C4H10.
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Figure 1. Comparison of ignition delay of DME/C1-C4 alkane mixtures for various equivalence ratios at Pc = 20 bar: (a) φ = 0.5, 1.0 and (b) φ = 1.5, 2.0. 
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Figure 2. Ignition delay as a function of equivalence ratio for various compressed temperatures at Pc = 20 bar: (a) Tc = 650 K; (b) Tc = 800 K; and (c) Tc = 1500 K. 
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Figure 3. Comparison of ignition delay of DME/C1-C4 alkane mixtures for various compressed pressures at φ = 0.5: (a) Pc = 20, 30 bar and (b) Pc = 40, 50 bar. 
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Figure 4. Ignition delay as a function of compressed pressures for various compressed temperatures at φ = 0.5: (a) Tc = 650 K; (b) Tc = 800 K; and (c) Tc = 1500 K. 
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Figure 5. Mole fraction of various species for DME/C1-C4 alkane mixtures at Tc = 650 K, Pc = 20 bar, and φ = 0.5: (a) H, O, OH, HO2 and (b) R, RO2. 
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Figure 6. Mole fraction of various species for DME/C1-C4 alkane mixtures at Tc = 800 K, Pc = 20 bar, and φ = 0.5: (a) H, O, OH, HO2, H2O2; (b) R, RO2; and (c) DME, CH4, C2H6, C3H8, C4H10. 
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Figure 7. Mole fraction of various species for DME/C1-C4 alkane mixtures at Tc = 1500 K, Pc = 20 bar, and φ = 0.5: (a) H, O, OH, HO2, H2O2 and (b) DME, CH4, C2H6, C3H8, C4H10. 
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Figure 8. Sensitivity of the ignition delay of DME/C1-C4 alkane mixtures for various compressed temperatures at Pc = 20 bar and φ = 0.5: (a) Tc = 800 K and (b) Tc = 1500 K. 
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Figure 9. Production rate of OH radicals of the important elementary reactions for various compressed temperatures at Pc = 20 bar and φ = 0.5: (a) Tc = 650 K; (b) Tc = 800 K; and (c) Tc = 1500 K. 
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Figure 10. Comparison of heat release rate of DME/C1-C4 alkane mixtures for various equivalence ratios at Tc = 650 K and Pc = 20 bar: (a) φ = 0.3; (b) φ = 0.4; and (c) φ = 0.5. 
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Figure 11. Comparison of pressure of DME/C1-C4 alkane mixtures for various equivalence ratios at Tc = 650 K and Pc = 20 bar: (a) φ = 0.3; (b) φ = 0.4; and (c) φ = 0.5. 
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Figure 12. Heat release rate for various important elementary reactions at Tc = 650 K, Pc = 20 bar, and φ = 0.4: (a) R2, R7, R8; (b) R3, R4; and (c) R5, R6. 
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Table 1. Mixture compositions and initial conditions for 0-D homogeneous batch reactor simulations.
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Type

	
Fuel

	
XDME (%)

	
Tc (T)

	
Pc (bar)

	
φ (-)






	
Ignition delay

	
DME/CH4

	
50%

	
600–2000

	
10–50

	
0.5–2.0




	
DME/C2H6




	
DME/C3H8




	
DME/C4H10




	
Multi-stage ignition

	
DME/CH4

	
50%

	
650

	
20

	
0.3–0.5




	
DME/C2H6




	
DME/C3H8




	
DME/C4H10
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Table 2. Important elementary reactions involving OH radicals.






Table 2. Important elementary reactions involving OH radicals.





	Reaction Number
	Reaction Equation





	R5
	O2 + H <=> O + OH



	R45
	CH4 + OH <=> CH3 + H2O



	R98
	CH3 + HO2 <=> CH3O + OH



	R155
	CH2O + OH <=> HCO + H2O



	R199
	C2H6 + OH <=> C2H5 + H2O



	R431
	CH3OCH3 + OH <=> CH3OCH2 + H2O



	R450
	CH3OCH2 + O2 <=> 2CH2O + OH



	R451
	CH3OCH2O2 <=> 2CH2O + OH



	R453
	CH2OCH2O2H <=> 2CH2O + OH



	R456
	O2CH2OCH2O2H <=> HO2CH2OCHO + OH



	R462
	HO2CH2OCHO <=> OCH2OCHO + OH



	R510
	C3H8 + OH <=> NC3H7 + H2O



	R526
	C3H8 + OH <=> IC3H7 + H2O



	R1112
	C4H10 + OH <=> PC4H9 + H2O



	R1134
	C4H10 + OH <=> SC4H9 + H2O










[image: Table] 





Table 3. Important elementary reactions contributing to the heat release rate.






Table 3. Important elementary reactions contributing to the heat release rate.





	Reaction Number
	Reaction Equation





	R2
	H + O2 + M <=> HO2 + M



	R3
	HCHO + OH <=> HCO + H2O



	R4
	HCO + O2 <=> CO + HO2



	R5
	HO2 + HO2 <=> H2O2 + O2



	R6
	H2O2 + M <=> OH + OH + M



	R7
	CO + OH <=> CO2 + H



	R8
	HO2 + OH <=> H2O + O2
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