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The recycling of exhaust heat in internal combustion engines to dissociate the methanol, followed by its blending with methanol to produce engine fuel, is promising for improving the efficiency of engines, and reducing emissions. The kinetic model MEOHSYNGAS1.0 for the methanol–syngas fuel is proposed by reducing the detailed chemical kinetic model (Mech15.34). Shock tube experiments are conducted to measure the ignition delay time of methanol blended with dissociated methanol gas at different dissociated methanol ratios (0, 30, 50, and 100%). The model is validated by the experimental data of the present work and with data from the literature. The effects of the equivalence ratio, pressure, and dissociated methanol ratio on the ignition delay time are investigated through reaction path analysis and sensitivity analysis. When the dissociated methanol ratio does not surpass 50%, the ignition delay time increases with the increase in the dissociated methanol ratio, which is more obvious in the low temperature range, and but decreases with the increase in temperature.
Keywords: methanol-syngas, dissociated methanol gas, kinetic modeling, ignition delay time, combustion
INTRODUCTION
Methanol is a promising fuel for internal combustion engines because it can be efficiently and cleanly burned (Verhelst et al., 2019). In addition, methanol is used as an energy carrier for transportation vehicles (Jaspers et al., 2021). Carbon neutrality can be achieved by capturing carbon dioxide (CO2) to produce methanol with renewable energy (Borisut and Nuchitprasittichai, 2019). Methanol can be used in either the spark-ignition engine or the compression-ignition engine, burning either pure methanol directly or a blend of methanol with gasoline or diesel (Li et al., 2021). To improve the thermal efficiency of the engine, the method of blending methanol with dissociated methanol gas was proposed (Xie, 2016; Wen, 2018). Specifically, the methanol is vaporized by the exhaust heat of the internal combustion engine through a methanol dissociation device, and then dissociated using a catalyst to generate a mixture of hydrogen (H2) and carbon monoxide (CO) with a ratio of 2:1. The resulting syngas is added to the engine cylinder to improve combustion, as Figure 1 shows.
[image: Figure 1]FIGURE 1 | Blending methanol and syngas as a fuel for the internal combustion engine.
The thermal decomposition global reaction is
[image: image]
This method can not only recycle the exhaust heat, but also enable the engine to be closer to the constant volume cycle, and, thus, the thermal efficiency of the engine is improved (Ji et al., 2013). In addition, dissociated methanol gas is rich in hydrogen, and mixing hydrogen with a hydrocarbon fuel for combustion can increase the flame speed (Zhao et al., 2019), and extend the lean-burn limit (Jaimes et al., 2018). Lean combustion enables the fuel to burn completely, which further increases the thermal efficiency, and may reduce the emissions of CO (Liu and Dumitrescu, 2019). In addition, lean-burn can reduce the combustion temperature, thus reducing NOx emissions (Yao et al., 2014). Considering the research of Nguyen and Verhelst (2017), Gong et al. (2019), Zhang et al. (2014), and other scholars on the use of methanol blended with hydrogen as a fuel for internal combustion engines, as well as our previous research (Jiang et al., 2019), the results show that under suitable working conditions and parameters, blending methanol and dissociated methanol gas as a fuel can improve the efficiency and reduce emissions of internal combustion engines.
At present, there are very few direct studies on the kinetic modeling of methanol–syngas fuel where hydrogen (H2) and carbon monoxide (CO) are mixed at a ratio of 2:1. This section will review the oxidation mechanism of methanol and syngas. Sun et al. (2007) constructed the oxidation mechanism of CO/H2/air, and the flame speed was measured by the constant-pressure spherical flame technique. Combined with previous ignition temperatures results, the mechanism proved to be accurate. Some of the mechanism parameters were determined by ab initio calculations. Kalitan et al. (2007) studied the combustion characteristics of syngas by a shock tube with a temperature range of 809–1300 K, a pressure of 1.0, 2.5, and 15.0 atm, and an equivalence ratio of 0.5. Thi et al. (2014) investigated the ignition delay time of syngas at different equivalence ratios by a shock tube at 870–1350 K, a pressure 0.2, 1.0, and 2.0 MPa, and equivalence ratios of 0.3, 1.0, and 1.5. Kéromnès et al. (2013) updated the kinetic model of the H2/CO/O2/N2/AR system and verified the accuracy of the mechanism by various experiments including a shock tube, a rapid compression machine (RCM), a spherical bomb facility, etc. It had a pressure range of 1–70 bar, a temperature range of 914–2220 K, and an equivalence ratio range of 0.1–4.0. Mansfield and Wooldridge (2014) studied the ignition characteristics of syngas at a low temperature with a RCM. The H2/CO mole ratio was 0.7, the temperature range was 870–1150 K, the pressure range was 3–15 atm, and the equivalence ratios were 0.1 and 0.5.
The mechanism of methanol oxidation proposed by Held and Dryer (1998) was verified by many experiments, in which the temperature range was 633–2050 K, the pressure range was 0.26–20 atm, and the equivalence ratio range was 0.05–2.6. The experimental verification included a shock tube, a flow reactor, a burner-stabilized flame, a laminar premixed flame, etc. Although some radicals, such as CH and CH2, are neglected in this mechanism, it is consistent with the experimental data. Li et al. (2007) updated some of the reaction rate constants and thermodynamic data in the methanol oxidation process. According to the H2/O2/CO/HCO/CH2O/CH3/CH4/CH2OH/CH3O/CH3OH reaction pathway, the mechanism of the methanol oxidation was constructed. The mechanism proposed by Li et al. (2007) was verified by experimental results using a shock tube, a laminar premixed flame, a burner-stabilized flame, and a flow reactor, where the temperature range was 300–2200 K, the pressure range was 1–20 atm, and the equivalence ratio range was 0.05–6.0. Liao et al. (2011) simplified the methanol mechanism proposed by Held and Dryer (1998), from 22 species and 89 reactions to 17 species and 40 elementary reactions. The mechanism was verified by ignition delay time, premixed laminar flame speeds, and the radicals in static reactors and flow reactors. The temperature ranged from 823 to 2180 K, the pressure ranged from 0.005 to 2.0 MPa, and the equivalence ratio ranged from 0.2 to 2.6. The error between the simulation and experimental results was acceptable. Pinzón et al. (2019) undertook a shock tube experiment for methanol oxidation and measured water time-history profiles. The experimental temperature range was 940–1540 K, the pressure was 1.3 and 14.9 atm, and the equivalence ratios were 0.5, 1.0, and 2.0. The methanol oxidation process was analyzed by the rate of production (ROP) and sensitivity analysis, focusing on the effect on water production. The error between the simulation and experimental data was analyzed. Christensen et al. (2016) updated the Konnov mechanism, version 0.6 (Konnov, 2009). According to the latest theoretical research and experimental results, Christensen et al. (2016) systematically updated the rate constants and compared the simulation results with the experimental results of the shock tube, flow reactors, burner stabilized flame, and freely propagating flames. The results indicate that the new mechanism shows an obvious improvement in predicting the flame propagation speed of methanol.
Burke et al. (2016) summarized the previous studies on the mechanism of methanol oxidation and, based on new experimental data, presented the detailed kinetic model of methanol oxidation Mech15.34, and verified the new mechanism by the experimental results and previous data. Its verification methods include a shock tube, rapid compression machine, and jet-stirred reactor under a pressure range of 1–50 atm, a temperature range of 800–1650 K, and an equivalence ratio range of 0.2–2.0. In addition, the simulation of the laminar premixed flame speed was also verified by previous experimental data (Vancoillie et al., 2012). This mechanism is a detailed and well-validated mechanism of methanol oxidation, but it contains 173 components and 1,011 elementary reactions, and is not suitable for the three-dimensional simulation of combustion in internal combustion engines under the current computational conditions. Aramcomech 3.0 (Zhou et al., 2018) is a detailed mechanism for the oxidation of hydrocarbon fuels, based on 1,3-butadiene, including CH3OH. It was verified by a shock tube, RCM, and laminar flame speed. It contains 581 components and 3,037 elementary reactions, so it needs to be simplified for the application in the methanol–syngas engine. Zhang and Zhang (2019) constructed the methanol-based toluene reference fuel mechanism, which has a high accuracy in the temperature range of 300–2500 K, and an equivalence ratio range of 0.375–2.0, and contains the submechanisms of methanol. Pichler and Nilsson (2020) analyzed the oxidation pathway of small alcohol in the internal combustion engine, and proposed a simplified mechanism of methanol, ethanol, and n-propanol. The mechanism is based on the equivalence ratio range of 0.7–1.4, pressure range of 1–40 atm, temperature range of 700–1700 K, and their errors are within 5% for the ignition delay times, laminar burning velocity, and extinction strain rate (Pichler and Nilsson, 2018).
In summary, the current research on the combustion kinetic modeling of the methanol–syngas mixture mainly focuses on syngas and methanol. There is no specific study on the dissociated methanol gas and methanol-dissociated methanol gas, and there is also a lack of experimental data on the mixture of methanol and dissociated methanol gas. In addition, the most recent comprehensive methanol mechanism that covers the interactions among CH3OH, CO, H2, and their intermediate species was proposed by Burke et al. (2016), and contains 173 species and 1,011 elementary reactions. It is too large for a three-dimensional simulation of the combustion in internal combustion engines under the current computational conditions. In this study, the combustion characteristics of dissociated methanol gas and methanol blended with the dissociated methanol gas are analyzed, and a kinetic model, MEOHSYNGAS1.0, for the methanol–syngas fuel is proposed, and verified experimentally.
METHODOLOGY
Shock Tube Experiments
The shock tube used in this research was validated using various studies and the results were similar to those of other research institutions. Part of the research on fuel ignition delay times has been published (Liu et al., 2019). The shock tube used in this study was 12 m in total, of which the high-pressure section was 4 m, the low-pressure section was 5 m, and the inner diameter was 100 mm. The driving section and the driven section were separated by a polyethylene terephthalate (PET) diaphragm. Considering the reliability and repeatability, the PET diaphragm was burst by a built-in spring needle to produce a shock wave, which is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Polyethylene terephthalate (PET) diaphragm is burst by a built-in spring needle to produce a shock wave.
The mixing tank was first degassed and purged with Ar, followed by degassing again to remove the residual gas. The pressure in a 300 L mixing tank was first reduced below 3,000 Pa using a TRIVAC D40T vacuum pump and then below 1 Pa using a Ruwauvac 501 pump. The fuel, oxidant, and dilute gas were added. Finally, the mixture was left for more than 12 h to ensure complete mixing. For the methanol, it was necessary to first vacuum the tank and then inject the methanol so it vaporizes. Following this, the other gases were added. The fuels and gases used in the experiment, including CH3OH, H2, CO, O2, Ar, He, N2, had a purity of ≥99.9%. The compositions of the mixtures used in the experiment are given in Table 1. The dissociated ratio is used to define the composition of the methanol–syngas blended fuel, which is the percentage of methanol dissociated to H2 and CO in the blended fuel. The dissociated methanol gas had a mole fraction of 67% H2 and 33% CO. To determine the interaction between the methanol and syngas, the experimental pressure was set at 1.6 atm.
TABLE 1 | Mixture composition for the shock tube experiments.
[image: Table 1]Five PCB 111A24 piezoelectric pressure transducers were uniformly distributed near the end wall of the driven segment, between which the distance was 20 cm. The nearest pressure transducer was 0.2 cm from the end wall to obtain a shock velocity. A Kistler 603B1 piezoelectric pressure transducer was also used to measure the pressure, which was 0.2 cm from the end wall. Finally, the temperature was calculated by the program Gaseq (Moley, 2003). The experimental bench was equipped with a band-pass filter with a wavelength of 307 ± 10 nm, which was connected to the photomultiplier through a QP600-2-SR fiber with a length of 2 m and a diameter of 0.6 mm. All optical and pressure signals were converted into digital signals with an amplifier and exported. The ignition delay time was identified based on the pressure.
Numerical Model
A homogeneous 0-D reactor model was used to simulate the chemical reactions in the shock tube for the combustion study. The equations used to calculate the ignition delay time include the mass conservation equations, gas-phase species equations, gas energy equations, and gas equation of state. The simulation was conducted with the software ANSYS Chemkin.
The chemical rate of the fuel oxidation was calculated based on the Arrhenius equation. The rate constants of each elementary reaction are expressed as
[image: image]
where [image: image] is the reaction rate constant, A is the pre-exponential factor, T is the temperature, b is the temperature exponent, E is the activation energy, and R is the gas constant.
Since the MEOHSYNGAS1.0 model needs to reflect the oxidation processes of CH3OH, H2, and CO, as well as the interactions among them and the intermediates, a comprehensive mechanism incorporating all these elementary reactions was selected at the beginning. Based on the Mech15.34 model proposed by Burke et al. (2016), mechanism reduction methods of directed relation graph with error propagation (Pepiot-Desjardins and Pitsch, 2008), and a full species sensitivity analysis (Turányi, 1997) were applied. The initial working condition range covers a pressure of 1–50 atm, a temperature of 800–1650 K, an equivalence ratio (φ) of 0.5–2.0, and a dissociated methanol ratio of 0–50%. As a result, the MEOHSYNGAS1.0 mechanism is able to predict the interaction among CH3OH, H2, CO, and the intermediates.
Sensitivity Analysis
Sensitivity analysis was performed to investigate the level of significance of a certain elementary reaction to the chemical reaction. The influence of the elementary reaction on the ignition delay time was evaluated by the sensitivity coefficient
[image: image]
where [image: image] is the sensitivity coefficient, [image: image] is the ignition time when the rate constant of the certain elementary reaction increases by two folds, [image: image] is the ignition time when the rate constant of the certain elementary reaction decreases by half, and [image: image] is the original ignition delay time of the certain elementary reaction.
The normalized sensitivity coefficient was obtained by
[image: image]
where [image: image] is the normalized sensitivity coefficient, [image: image] is the sensitivity coefficient, and [image: image] is the maximum sensitivity coefficient among all elementary reactions in a specific condition. A positive sensitivity coefficient means that the elementary reaction inhibits the reactivity, while a negative sensitivity coefficient means that the elementary reaction promotes the reactivity.
FUEL REACTION PATH ANALYSIS
Figure 3 shows the reaction pathways of the methanol fuel. The initial reaction conditions were a temperature of 1200 K, a pressure of 1.6 atm, and an equivalence ratio of 1.0. The analyses were performed at the time when 20% of the methanol had been consumed. The percentage indicates the amount of a species consumed in the reaction, as a proportion of the total consumption of the substance at this time.
[image: Figure 3]FIGURE 3 | Reaction pathways for methanol at T = 1200 K, p = 1.6 atm, φ = 1.0, and 20% fuel consumption.
Methanol first undergoes a dehydrogenation reaction, mainly by the reaction between methyl and radicals such as OH, HO2, and H to form CH2OH. Moreover, a small amount of the reaction consists of the removal of hydrogen on the hydroxyl through OH, H to produce CH3O. Meanwhile, H2 is produced by the dehydrogenation reaction of methanol. CH2OH mainly reacts with O2 and also collides with a third body M to form CH2O, while CH3O mainly collides with the M, and also reacts with O2 to form CH2O. CH2O is an important intermediate product in the process of methanol oxidation. It may become a pollutant in the combustion process of an internal combustion engine and be finally released into the atmosphere.
The main oxidation path of CH2O is to produce HCO by reacting with OH, H, HO2, and other radicals. HCO then reacts with O2 or collides with the M to generate CO. H2 is also produced in the CH2O dehydrogenation reaction. The other reaction path of CH2O is to react with OH to form HOCH2O, which subsequently decomposes into HOCHO. HOCHO mainly reacts with OH or H to form CO2 and partially reacts with OH, HO2, and H to form CO.
The main way that CO is oxidized to CO2 is by reacting with OH and HO2, though the amount of CO is very small at this time, because when the methanol consumption ratio is 20%, a large number of hydrocarbons are still in the process of producing and consuming CH2O.
At this stage, a small amount of H2O is generated, which mainly originates from the reaction of OH with CH3OH and CH2O, respectively. In addition, CH3OH and CH2O react with H to form H2. The oxidation of H2 was the main source of water in the later stage of the reaction.
Figure 4 shows the variation of the mole fraction of different species with time at 1200 K, 1.6 atm, a 30% dissociated ratio (Mixture 2), and an equivalence ratio of 1.0. The reaction time signifies the reaction process. At the initial stage, before the peak of the hydrogen fraction, the main reaction is dehydrogenation, and so the fraction of methanol gradually decreases with time. The oxidation of hydrocarbon fuels follows the path of CH3OH-CH2O-CO. Before 2 ms, CH2O consumption was less than CH2O production, so CH2O increased. CO was mainly produced by the reaction between HCO and O2 and the collision between HCO and M. The oxidation of CO to CO2 was not carried out on a large scale, so the increase rate of CO2 was slow. At this stage, both CH3OH and CH2O undergo dehydrogenation. They react with H to form H2, and with OH to form H2O. At this stage, the production of H2 is more than the consumption of H2, and so H2 increases. The main sources of H2O are the reaction of OH with H2, CH3OH, and CH2O respectively.
[image: Figure 4]FIGURE 4 | Mole fraction analysis of species for a mixture of 30% dissociated methanol (Mixture 2) at T = 1200 K, p = 1.6 atm, φ = 1.0, and Ar = 0.9.
Figure 5 shows the rate of production of H2 and CO for a mixture of 30% dissociated methanol (Mixture 2) at T = 1200 K, p = 1.6 atm, φ = 1.0, and Ar = 0.9. When the reaction reaches a certain point, after the peak of H2, the temperature rises, the radical OH is accumulated, and the chain branching reaction increases the oxidation rate rapidly. The reaction rate is further increased by the increasing temperature and the chain branching reaction; therefore, hydrogen is consumed rapidly. Before H2 peaks, CO increases because of the continuous formation, and when the production of CH3OH and CH2O is almost complete, CO begins to be consumed rapidly, mainly by the reaction between CO and OH.
[image: Figure 5]FIGURE 5 | Rate of production analysis for a mixture of 30% dissociated methanol (Mixture 2) at T = 1200 K, p = 1.6 atm, φ = 1.0, and Ar = 0.9 for (A) H2 and (B) CO.
Figure 6 shows the H2O rate of production analysis for a mixture of 30% dissociated methanol (Mixture 2) at T = 1200 K, p = 1.6 atm, φ = 1.0, and Ar = 0.9. In the early stage of the reaction, the main sources of water production are the dehydrogenation of CH3OH, the dehydrogenation of CH2O, and the reaction between H2 and OH. In the later stage, the main source of water is the reaction of H2 with OH.
[image: Figure 6]FIGURE 6 | Analysis of the H2O rate of production for a mixture of 30% dissociated methanol (Mixture 2) at T = 1200 K, p = 1.6 atm, φ = 1.0, and Ar = 0.9.
According to the oxidation process of methanol, hydrogen, carbon monoxide, and other main intermediate species, the important elementary reactions can be determined. A reduced mechanism consisting of 28 species and 146 elementary reactions was constructed and named MEOHSYNGAS1.0.
RESULTS AND DISCUSSION
This section analyzes the effect of equivalence ratios, pressures, and dissociated ratios on the ignition delay time of the methanol–syngas fuel under different conditions. The simulation was conducted based on the mechanism of MEOHSYNGAS1.0 and the results are compared with experiments. The experimental results refer to the data from both this study and the literature.
Effect of the Equivalence Ratio
The effects of different equivalence ratios on the ignition delay times of methanol and dissociated methanol gas are investigated. According to Figure 7, the equivalence ratio does not have a significant effect on the activation energy. The symbols represent the experimental data from Burke et al. (2016). The experimental results show that the increase in the equivalence ratio reduces the ignition delay time of methanol at 0.5–1.0 equivalence ratio, 950–1450 K, 20 atm, and N2 = 0.8. The simulation results also show this trend and fit well with the experimental data.
[image: Figure 7]FIGURE 7 | Influence of the equivalence ratio on mixtures of methanol at 20 atm. The symbols represent the experimental data from Burke et al. (2016).
The concentration of methanol is higher with the increase in the equivalence ratio. There is a higher probability of collisions among the molecules and radicals, and the heat release is faster, which further promotes the reaction of methanol with oxygen molecules and radicals, and the shortening of the ignition delay time.
Figure 8 shows the ignition delay times measured at φ = 1.0 (Mixture 4) and φ = 0.6 (Mixture 5) for dissociated methanol gas (67% H2/33% CO). When the pressure is 1.6 atm, the equivalence ratio range is 0.6–1.0 and the temperature range is 950–1450 K, and the equivalence ratio has little effect on the activation energy in this range. However, when the temperature is below 950 K, there is a significant change in the slope, since the dominant reaction in the H2-O2 system is not the same at high and low temperatures (Kéromnès et al., 2013).
[image: Figure 8]FIGURE 8 | Ignition delay times measured at φ = 1.0 (Mixture 4) and φ = 0.6 (Mixture 5) for dissociated methanol gas (67% H2/33% CO) at 1.6 atm.
The measured ignition delay time is slightly shorter than the simulation, which is consistent with the phenomenon that an increase in the equivalence ratio can increase the ignition delay time, as shown by the simulation. For dissociated methanol gas, the ignition delay time increases with the increase in the equivalence ratio in the certain temperature and pressure range, which is significantly different from methanol fuel (Figure 7). The reason for this phenomenon is explained through a sensitivity analysis of the ignition delay time.
Figure 9 shows the normalized sensitivity coefficients of each elementary reaction in the oxidation process of dissociated methanol gas fuel at p = 1.6 atm, φ = 1.0, Ar = 0.9, and a temperature of 950, 1050, and 1300 K, respectively. The pressure, equivalence ratio, and fuel are the same as those for Mixture 4. At 950 K, only the elementary reaction R5 O2+H=O + OH has a significant effect on the ignition delay time, whereas the other elementary reactions have a negligible effect. When the temperature reaches 1050 K, the elementary reaction R2 H2+O=H + OH and R3 H2+OH = H + H2O also begins to have an influence. When the temperature rises to 1300 K, the elementary reaction R5 O2+H=O + OH is still dominant, though other elementary reactions, such as R2 H2+O=H + OH, R6 H + OH + M = H2O + M, R8 O + H + M = OH + M, and R24 CO + OH = CO2+H, begin to play important roles. The reaction rate of R5 O2+H=O + OH, R2 H2+O=H + OH, and R3 H2+OH = H + H2O will increase with the increase in the temperature; thus, the ignition process will be accelerated, and the ignition delay time will be shortened. The change in the sensitivity coefficient of the elementary reaction shows that the increase in the temperature not only accelerates the reaction rate, but also changes the relative importance of the elementary reaction in the ignition process and alters the reaction path of the fuel.
[image: Figure 9]FIGURE 9 | Sensitivity analysis for dissociated methanol gas (67% H2/33% CO) at different temperatures; p = 1.6 atm, φ = 1.0, and Ar = 0.9.
From 950 to 1300 K, the reaction that promotes oxidation the most and shortens the ignition delay time is R5 O2+H=O + OH. When the equivalence ratio of dissociated methanol gas increases, the oxygen concentration will decrease; hence, the reaction rate of R5 O2+H=O + OH will also decrease, and, as a result, the ignition delay time will increase.
Figure 10 shows the normalized sensitivity coefficients of the elementary reactions in the ignition process of methanol at p = 1.6 atm, φ = 1.0, Ar = 0.9, and temperatures of 1050, 1300, and 1500 K, respectively. The pressure, equivalence ratio, and fuel are the same as Mixture 1. The most important elementary reaction in the ignition process changes with the increase in temperature. At 1050 and 1300 K, the elementary reaction R85 CH3OH + HO2 = CH2OH + H2O2 is the most sensitive elementary reaction. At 1500 K, the reaction R5 O2+H=O + OH becomes the most significant, and though the reaction R85 CH3OH + HO2 = CH2OH + H2O2 still occupies an important position.
[image: Figure 10]FIGURE 10 | Sensitivity analysis for methanol fuel at different temperatures; p = 1.6 atm, φ = 1.0, and Ar = 0.9.
From 1050 to 1500 K, R85 CH3OH + HO2 = CH2OH + H2O2 plays a dominant role in the ignition process. Therefore, the decrease in the methanol equivalence ratio will decrease the CH3OH concentration. Consequently, this will decrease the reaction rate of R85 CH3OH + HO2 = CH2OH + H2O2 and ultimately increase the ignition delay time. Thus, the fuel equivalence ratio has different effects on methanol and dissociated methanol gas.
Effect of the Pressure
Figure 11 shows the change in the methanol ignition delay time with temperature at φ = 1.0, Ar = 0.92, and pressures of 2.2 and 10.5 atm. The symbols represent the experimental data from Noorani et al. (2010). When the pressure is increased from 2.2 to 10.5 atm, the ignition delay time is shortened because the increase in pressure leads to higher concentrations of molecules and radicals; thus, the reaction rate is increased, resulting in a shorter ignition delay time. The experimental results show that increasing the pressure can shorten the ignition delay time.
[image: Figure 11]FIGURE 11 | Influence of pressure on mixtures of methanol at an equivalence ratio of 1.0. The symbols represent the experimental data from Noorani et al. (2010).
Figure 12 shows the change of the syngas ignition delay time with temperature at φ = 0.5, Ar = 0.93, and pressures of 1.0 atm, 4.0 atm, and 16.0 atm. The symbols represent the experimental data from Kéromnès et al. (2013). The variation of the ignition delay time with temperature at different pressures is predicted well with the present model. The ignition delay time is shortened with the increase in pressure at high temperature, whereas this is not the case at low temperature.
[image: Figure 12]FIGURE 12 | Influence of pressure on mixtures of syngas (50% H2/50% CO) at an equivalence ratio of 1.0. The symbols represent the experimental data from Kéromnès et al. (2013).
According to literature (Konnov, 2008; Hong et al., 2011), at low pressures, oxidation is mainly controlled by the competition between R22H + O2 (+M) = HO2(+M) and R5 O2+H=O + OH. At high pressures, the reaction is mainly controlled by R9 H2O2(+M) = 2OH(+M), and R11 H2O2+H=H2+HO2. As the activation energy at high pressure differs from that at low pressure, the shapes of the three curves are different. In the high-temperature range, the dominant chain-branching reaction R5 O2+H=O + OH is not a pressure-dependent reaction. Thus, a pressure increase can increase the concentrations of radicals and decrease the ignition delay time. In the low-temperature range, it is the pressure-dependent reaction R22H + O2 (+M) = HO2(+M) instead of R5 O2+H=O + OH that plays an important role in the reactivity. Hence, the influence of the temperature and pressure is complicated in the low-temperature range.
Effect of the Dissociated Ratio
Figure 13 shows the effect of the dissociated methanol ratio on the ignition delay time of methanol–syngas fuel at p = 1.6 atm, φ = 1.0, Ar = 0.9, and dissociated methanol ratios of 0% (Mixture 1), 30% (Mixture 2), and 50% (Mixture 3). With the increase in the dissociated ratio, the ignition delay time of the mixture fuel increases, and this effect is more obvious at the low-temperature range; however, with the increase in the temperature, this effect is weakened. Regarding the experimental data, the ignition delay time can even be shortened if the dissociated methanol gas is mixed at a high-temperature range. This can be explained by sensitivity analysis.
[image: Figure 13]FIGURE 13 | Influence of the dissociated methanol ratio (0, 30, and 50%) on methanol–syngas mixtures at an equivalence ratio of 1.0 and a pressure of 1.6 atm.
According to the sensitivity analysis in Figure 14, similar to pure methanol, the most important reaction for the mixture fuel at 1050 and 1300 K is R85 CH3OH + HO2 = CH2OH + H2O2, and at 1500 K it is R5 O2+H=O + OH. However, due to the presence of H2 in the mixture, H2-related elementary reactions, such as R3 H2+OH = H + H2O and R77 CH3OH + H=CH2OH + H2, begin to play a more important role in the oxidation process. The influence of CO is relatively small, mainly including the elementary reaction R119 HCO + M = H + CO + M.
[image: Figure 14]FIGURE 14 | Sensitivity analysis for different temperatures at a dissociated methanol ratio of 30%, p = 1.6 atm, and φ = 1.0.
The reaction with the greatest influence on the ignition delay time at low temperature is R85 CH3OH + HO2 = CH2OH + H2O2. The concentration of CH3OH will be decreased by mixing with dissociated methanol gas, so the reaction rate will decrease, and the ignition delay time will be prolonged. With the increase in the temperature, the importance of the R5 O2 + H=O + OH reaction increases, and so the effect of increasing the ignition delay time is not so obvious. In addition, the sensitivity coefficient of the reaction R77 CH3OH + H=CH2OH + H2 becomes higher, and this reaction increases the ignition delay time. The addition of hydrogen inhibits the R77 CH3OH + H=CH2OH + H2 reaction and, therefore, shortens the ignition delay time. This is the reason why the influence of blending-dissociated methanol gas is different at high and low temperatures.
CONCLUSION
Using the exhaust heat of the internal combustion engine to dissociate methanol to produce dissociated methanol gas, and sending it into the cylinder to be blended with methanol for combustion is a promising energy utilization method. This research investigated the combustion characteristics and kinetic model of the methanol–syngas fuel and the main conclusions are as follows.
1) The ignition delay time of dissociated methanol gas with a H2 to CO ratio of 2:1 at equivalence ratios of 0.6 and 1.0 was measured with a shock tube. The ignition delay time of the methanol–syngas fuel with a dissociated ratio of 0, 30, and 50% was measured.
2) By analyzing the oxidation path of the fuel and the concentration change of species, the mechanism MEOHSYNGAS1.0 for the methanol–syngas fuel is proposed based on the reduction of the detailed chemical kinetic model (Mech15.34). Its working condition range covers a temperature of 800–1650 K, a pressure of 1–50 atm, an equivalence ratio of 0.5–2.0, and a dissociated ratio of 0–50%.
3) The effect of the equivalence ratio on the ignition delay time of methanol and the dissociated methanol gas was studied. Over a certain range, the ignition delay time of methanol is decreased with the increase in the equivalence ratio, while the ignition delay time of dissociated methanol gas is increased. This is due to the difference between the elementary reaction influencing the ignition delay time of methanol and the elementary reaction influencing the ignition delay time of dissociated methanol gas.
4) The ignition delay time of methanol decreases with the increase in the pressure, due to the collision frequency between reactants increasing with the increase in pressure. For the dissociated methanol gas the relationship between the ignition delay time and pressure is complex, because the elementary reaction that has the biggest influence on the ignition delay time is different at low pressure and high pressure.
5) Through simulations and experiments, the effect of blending syngas into methanol on the ignition delay time was studied when the dissociated ratio was not greater than 50%. The ignition delay time increases with the increase in the dissociated ratio, which is more obvious at the low temperature range, but the effect decreases with the increase in temperature.
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