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Abstract

:

The ignition and combustion of three-component methane–hydrogen biofuel mixtures, considered as prospective fuels, were experimentally and numerically studied. Ignition delays in argon-diluted methane–hydrogen mixtures partially substituted with methanol or dimethyl ether were measured behind reflected shock waves in a temperature range of 1050–1900 K at pressures of 3.5–5.5 bar. The obtained results were used for validation of modern kinetic mechanisms for hydrocarbons combustion. Numerical modeling of the combustion of the considered fuels in air at elevated pressures and temperatures was carried out, simulating typical engine compressed conditions, and the dependencies of key parameters such as flame velocity and temperature on fuel composition were obtained. The results of the study can be used in developing new energy technologies, reducing the environmental impact of hydrocarbon combustion.
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1. Introduction


One of the most pressing global challenges facing mankind is the development and implementation of new types of fuels that could replace the oil derivatives commonly used in engines of various kinds and in power plants. This is necessary for combating global climate change by reducing CO2 emissions and achieving carbon neutrality, as well as for minimizing the emissions of other harmful substances such as soot, polycyclic aromatic hydrocarbons, and nitrogen oxides. Additionally, the depletion of oil fields is a growing concern.



Among fossil fuels, natural gas is the most environmentally friendly. However, methane, the main component of natural gas, due to the stability of its molecular structure, exhibits several properties that hinder its use as a fuel—a long ignition delay, low flame velocity, and narrow ignition limits. These properties make it challenging to use methane in internal combustion engines. To address these difficulties, introducing additives of more reactive compounds into methane is proposed—first of all, hydrogen, as well as diesel fuels, various ethers, etc. [1,2,3,4,5].



For a considerable period, efforts have been made to introduce biofuels—combustible species produced from the various plant crops. During the growth process, these crops capture CO2 from the air, ensuring carbon neutrality. Due to intense competition for fertile soils with food crops, which has attracted public criticism; thus, only so-called second- and third-generation biofuels are currently under consideration (using areas unsuitable for food agriculture and utilizing the aquatic environment, respectively). The specific chemical composition of biofuels in this case can vary widely depending on the process used; they can include various alcohols, ethers, and other compounds. Biofuels could be utilized both as independent fuels and as components of fuel blends [6,7].



An even more progressive approach to achieving carbon neutrality is the development of renewable energy sources and/or nuclear power or, in the distant future, thermonuclear power. However, the generation of environmentally friendly and cost-effective electrical energy does not immediately fulfill all the requirements of industry and transportation, as the energy densities achievable with electric accumulators in the foreseeable future are incomparable with the specific calorific values of fossil fuels. Consequently, projects are under consideration for utilizing “green” energy in the synthesis of chemical fuels with convenient properties, for subsequent use in various engines and power plants. Hydrogen is potentially one of the cleanest fuels, as it can be synthesized from water through the electrolysis process and subsequently burned without generating harmful emissions. Nevertheless, the use of pure hydrogen as a fuel encounters numerous technical challenges, including the insufficient development of safe transportation and storage means as well as its higher combustion temperature and flame propagation velocity, which contribute to a critical increase in thermal loads on engine design and an elevated concentration of nitrogen oxides in the combustion products. The transition to pure hydrogen combustion requires significant engine design modernization. In this context, the use of methane–hydrogen mixtures is considered a transitional stage. Studies have shown that adding hydrogen to methane already results in a substantial reduction in CO2 and soot emissions [8,9]. It was suggested [10] that the use of methane–hydrogen mixtures is safer not only for using hydrogen, but also for methane itself, as mixtures combine the positive qualities of hydrogen (high diffusion coefficient) and methane (lower flame propagation velocity and narrower ignition limits). Modeling has shown that the explosive property of methane–hydrogen is not much higher than that of methane, and that for both of these fuels, the explosion pressure is significantly lower than that of hydrogen. Another promising area for the use of methane–hydrogen mixtures, which has attracted great interest in recent years, is the safer transportation of hydrogen as an additive to methane, with the subsequent separation of hydrogen and its use as the main fuel in engines and power plants [11].



However, the very possibility of a transition to purely hydrogen energy production is still disputed by many experts, and numerous safety-related issues have remained unresolved for an extended period [12,13,14]. Therefore, the exact development trajectory of future energetic technologies remains unclear, and other compounds that could form the basis of promising fuel mixtures are still a subject of interest. Thus, the development of engines and power plants capable of utilizing fuel blends of various compositions during the transitional stages of global energy production changes is of particular importance as “omnivore” designs begin to achieve dramatic advantages, avoiding locking into wrong choices. Among the various options for such multicomponent combustible mixtures, the possibilities associated with combinations of methane–hydrogen mixtures with various promising biofuels are of particular interest. Some of the most well-known and promising examples of these biofuels are methanol and dimethyl ether (DME).



1.1. Methanol


Methyl alcohol CH3OH (methanol) can be considered as a biofuel; as the simplest alcohol, it can be synthesized from a wide variety of biomasses and any carbonaceous stock, particularly by gasifying waste and using thermochemical (rather than biological) processes. It can also be a product of carbon capture technologies [15], although synthesis from natural gas is currently the most widely used method for economic reasons. Methanol can actually be considered a synthetic fuel and a hydrogen carrier, as it contains 40% more hydrogen per volume than liquid hydrogen, without the issues of required energy input for storage, which are severe for molecular hydrogen. Methanol is already one of the most traded chemicals in the world. It possesses many desirable attributes, which make it a very promising spark-ignition engine fuel [16]. Specifically, due to its lower adiabatic flame temperature, oxygenated molecule, and the absence of carbon–carbon bonds, methanol can reduce both NOx production and soot emissions [17] and has exceptional knock resistance. It can also be used in the form of diesel/methanol dual-fuel combustion [18].




1.2. DME


Dimethyl ether CH3OCH3 (DME) can also be made using various raw materials including biomasses, and is considered both as an independent fuel for diesel engines and gas turbines, and as a component of combustible mixtures [19]. A potentially major use of dimethyl ether is also as a substitute for propane in LPG, widely used as fuel in households, transport, and industry [20,21]. Only moderate modifications are needed to convert a diesel engine to burn dimethyl ether. The simplicity of this short carbon chain compound with high oxygen content of about 35 wt. % leads to low emissions of particulate matter during combustion. It has a cetane number of 55–60 that is higher than that of diesel fuel. It is noteworthy that DME is a notable example of a two-stage ignition fuel demonstrating negative temperature dependencies of ignition delay [22]. While all previous studies have shown that both H2 and DME addition can greatly promote the ignition of CH4, it is important to note that the DME oxidation mechanism is quite different from that of H2, and one can expect that the details of ignition enhancement by adding DME to CH4 would be different from that by adding H2 to CH4.



It is important to emphasize that the practical application of such complex multicomponent combustible mixtures is impossible without the creation and experimental verification of appropriate kinetic mechanisms that make it possible to describe their ignition and combustion under various conditions. The majority of contemporary mechanisms have been validated and optimized based on experimental datasets related to the combustion of fundamental fuels; thus, direct experimental investigation of multicomponent mixtures is valuable.



Thus, the primary goal of the present research was the experimental study of shock-induced ignition delays in methane–hydrogen mixtures partially substituted with promising biofuels, namely methanol and dimethyl ether, and subsequent validation of modern kinetic mechanisms using the obtained data.



The second goal of this research was to study the effect of methanol and dimethyl ether additives on flame velocity and temperature at elevated pressures and temperatures, simulating typical compressed engine conditions based on numerical modeling using verified modern kinetic mechanisms.





2. Materials and Methods


2.1. Experiments


Experiments to measure the ignition delay times of combustible mixtures were carried out in a stainless steel shock tube of a standard design with an inner diameter of 50 mm. The lengths of the high-pressure and low-pressure chambers were 1.5 and 3.0 m, respectively. The tube was equipped with two calibrated piezoelectric pressure gauges PCB113B26 (G1 and G2) positioned at distances of 13 and 107 mm from the end plate, respectively, allowing measurements of the velocity of the incident shock wave (ISW), and with a pair of CaF2 windows 13 mm from the end plate to allow for optical diagnostics. The parameters of the shock-heated gas media behind the reflected shock wave (RSW) were derived from initial conditions and incident shock wave velocity data according to common shock tube theory using the software package SDToolBox, which enables the solution of standard problems for gas-phase explosions and shock wave propagation using realistic thermochemistry [23]. Helium was used as a driver gas, and aluminum diaphragms 70 µm in thickness were used to obtain temperatures TRSW in the range of 1050–1900 K at pressures PRSW in the range of 3.5–5.5 bar behind the reflected wave. The scheme of the investigated section of the shock tube is presented in Figure 1a.



The experimentally studied combustible mixtures were prepared manometrically and stored in a stainless steel mixing tank no less than 12 h before use to ensure uniform mixing. The mixtures were diluted with argon to ensure good shock wave front structure. All of the mixtures had the same 7 mol. % fraction of oxygen and were stoichiometric. Mixtures were designated as     M   α   β    [X], where α is the fraction of methane substituted by hydrogen and β is the fraction of the resulting methane–hydrogen fuel substituted by biofuel with designation X (MET for methanol, or DME). Note that substitution was carried out according to corresponding stoichiometric ratios; thus, for example, mixture M20, where 20% of the original fuel (methane, stoichiometric ratio 1:2) was substituted by hydrogen (stoichiometric ratio 2:1), had equal resulting molar fractions of hydrogen and methane. All of the experimentally investigated mixtures are presented in Table 1.



Experimental conditions were chosen to provide autoignition delay times less than 1 ms, considered as the working time of the shock tube, during which the temperature and pressure near the end plate remain constant. Ignition delay times were determined by registering the radiation of excited radicals OH*, which are the characteristic species indicating the development of combustion of hydrocarbon–oxygen mixtures. Radiation was registered by a photomultiplier (PM) Hamamatsu H6780-04, equipped with an interference filter 310 ± 5 nm. In combustible mixtures, the energy release upon ignition is quite abrupt, and leads to a dramatic increase in the OH concentration in both the ground and excited states. Thus, a rapid rise in OH* chemiluminescence was considered as the end of induction time. The exact ignition moment was determined as the intersection of the inflectional tangent line of the OH* radiation intensity plot with the time axis. The increase in pressure was simultaneously recorded by a pressure gauge G1 positioned at the same section of shock tube. The subsequent changes in OH* radiation intensity reflected the complex combination of kinetic and the intense gas dynamic processes in the post-ignition zone, and were not analyzed. An example of typical oscillograms obtained in the experiments is presented in Figure 1b.




2.2. Modeling


Numerical kinetic modeling was performed using the freely distributed open-source Cantera 3.0 software package [24], implemented as a Python library. Ignition delays were simulated in a zero-dimensional batch reactor of constant volume. The input parameters were mixture composition, pressure, and temperature, and the results were the time profiles of species concentrations. Similar to the approach used in the experiments, the moment of ignition was determined as the point of maximum slope of OH concentration. Typical modeling results for the zero-dimensional (0D) reactor are presented in Figure 2a. As the pressure behind the reflected wave changes only slightly with temperature in the shock tube experiment series, calculations were carried out at a fixed initial pressure corresponding to the mean of the experimental series, while the initial temperature was varied. The obtained results represent the temperature dependencies of ignition delay time.



After verifying the kinetic mechanism used, a one-dimensional (1D) modeling of a flat premixed flame was performed to obtain dependencies of the normal flame velocity and adiabatic temperature on mixture composition. Calculations were carried out using a mixture-averaged transport model in a domain of a fixed width. The grid refinement criteria were the normalized slopes of species concentrations greater than 0.08 and normalized curvatures (i.e., change in slope) greater than 0.16. The results of calculations included spatial profiles of velocity, temperature, and species concentration. The velocity on the inlet boundary represents the flame velocity, and the temperature on the outlet boundary represents the adiabatic flame temperature of interest. Typical modeling results for a 1D reactor are presented in Figure 2b.



The detailed kinetic mechanism of the CRECK modeling group, describing the combustion and pyrolysis of primary fuels, alcohols, and ethers [25,26], was used as the main mechanism in this research. This hierarchically organized mechanism is a result of long-term efforts to model the combustion and pyrolysis of a large number of C1–C16-based hydrocarbon and oxygenated fuels under a wide range of experimental conditions. It has gained popularity, as it implements a modern approach to describing polycyclic hydrocarbons formation, and can also be supplemented with NOx and soot formation reaction submodules. The performance of the mechanisms on methane–hydrogen mixtures autoignition was also compared with other classical kinetic schemes—GRI-Mech 3.0, which has been the industry standard for the last two decades [27]; FFCM-1, resulting from modern efforts of global constrained optimization within the uncertainties of reaction rate parameters [28]; and Aramco 2.0 [29].





3. Experimental Results


As the first stage of the present study, the ignition delay times in well-investigated mixtures of methane with hydrogen were measured to validate both experimental and numerical methods. In Figure 3, the temperature dependencies of the experimentally measured (dots) and modeled (using different kinetic mechanisms (lines)) ignition delay times for methane–hydrogen mixtures are presented. All of the considered mechanisms provided very similar predictions of ignition delay times for well-studied methane–hydrogen combustion. The differences barely exceeded the precision of shock tube measurements, except for low-temperature hydrogen ignition, which has been a major challenge for combustion studies for decades [30]. The observed good agreement between the experimental and modeled data confirms the reliability of the methods used.



Next, the ignition properties of pure biofuels and their blends with methane were investigated, and the obtained data are presented in Figure 4. Again, good agreement was observed, allowing us to conclude that the combustion kinetics of both types of blends is satisfactorily described by the used CRECK mechanism.



Finally, the three-component fuels were investigated. The considered mixtures were based on an M20 methane–hydrogen mixture which was substituted by 20% and 50% of methanol or DME. The obtained experimental values of the ignition delays and modeled temperature dependencies are presented in Figure 5.



It can be seen that the substitution of 20% M20 mixture with methanol has no influence on the ignition delay time at lower temperatures, and only slightly shortens it at higher temperatures, which was observed in both the experiments and modeling. However, a notable decrease in ignition delay time was predicted by the modeling based on the CRECK mechanism for the 50% substitution, but was not observed experimentally.



Contrary to methanol, partial substitution of the M20 mixture with dimethyl ether resulted in a change in the slope of temperature dependence and ambiguous influence, namely accelerating ignition at T > 1330 K and decelerating it at lower temperatures. All of the features are in quite good agreement between the experimental and modeling data, indicating the high reliability of the considered kinetic mechanism for DME-related combustion studies.



The general conclusion that can be drawn from the performed measurements is that substitution of part of the methane–hydrogen mixture with methanol or DME at temperatures above 1400 K leads to acceleration of ignition processes, and this effect is most pronounced when DME is added.




4. Discussion


Numerical analysis was performed to determine the sensitivity of the ignition delay time to the rate constants of individual reactions with the direct participation of the biofuel additives under study. The calculations were carried out for the mixtures     M   20   20    [MET] and     M   20   20    [DME] at T = 1400 K and P = 4.5 bar, with ignition delay times of several hundred microseconds. The sensitivity value was determined as   S =     ln       τ  /    τ   0          /    ln       1 + d k  /    k   0            , where k0 is the undisturbed rate constant, dk is its variation, and τ0 and τ are ignition delay times for the original mechanism and the mechanism with the rate of the current reaction of interest changed, respectively. The sensitivity values for the most important reactions are presented in Figure 6. Note that the negative values correspond to shortening ignition delay times, i.e., to the promotion of combustion.



It is noteworthy that maximal sensitivity among the reactions involving methanol is obtained by the exchange reaction CH3OH + HO2 ↔ CH3OH + H2O2, while for DME, the most important is the reaction of its thermal decomposition CH3OCH3 (+M) ↔ CH3 + CH3O (+M), in which the CH3 radical is formed. This reasonably corresponds to the change in the slope of temperature dependence of the ignition delay time in the presence of DME, and the lack of such a change in the presence of methanol (see Figure 5).



From a practical standpoint, along with ignition delays, the flame propagation velocity is one of the key parameters for estimating the combustion properties of a given mixture and its potential compatibility as a fuel with existing engines.



To analyze the effect of biofuel additives on flame propagation velocity and temperature, modeling was performed for stoichiometric fuel–air mixtures at elevated temperatures and pressures. The values of the inlet pressure and temperature were determined for each mixture individually, and were assumed to correspond to adiabatic compression from normal conditions.



Calculations for two-component methane–hydrogen mixtures and mixtures partially substituted with methanol were performed assuming a V0/V = 10 compression ratio, which could be considered typical for internal combustion engines and gas turbines; the corresponding pressures and temperature ranges were P = 22.5–24.7 bar and T = 670–730 K.



In mixtures with a partial substitution of the methane–hydrogen mixture with DME, the high reactivity of DME posed a “cold boundary” problem for the calculation, as some kinetic rates became non-negligible; therefore, the reactant mixture composition changes ahead of the flame, and a steady-state solution does not exist for the inlet flow. Thus, to achieve a stable solution with the same calculation precision settings, a lower compression ratio of V0/V = 7 was used for modeling in mixtures substituted with DME, resulting in P = 13.9–14.5 bar and T = 590–615 K, with minor changes in the flame parameters for non-substituted methane–hydrogen mixtures. All of the obtained modeling results are presented in Figure 7.



The most notable feature of the obtained dependencies of flame velocity on the fraction of biofuel substitute is their minor slope. Contrary to the substitution of methane with hydrogen that results in sharp increase in flame velocity up to ten times, the substitution of the methane–hydrogen mixture with both methanol and dimethyl ether changes it only slightly. In mixtures containing a small amount of hydrogen (less than 20%), there is a slight increase in flame velocity as the biofuel content increases. At the same time, in mixtures containing 20–30% hydrogen, when replacing part of the mixture by both biofuels, a decrease in flame velocity is still observed, reaching 30–40%.



The influence of bio-additives on the flame temperature is also small. It is characteristic that the addition of methanol slightly reduces the flame temperature, and substituting the methane–hydrogen mixture with 50% DME has virtually no effect on the flame temperature.



Thus, mixing methane–hydrogen mixtures with biofuels results in a very modest change, and in some cases, even a decrease in flame temperature, which can slightly reduce the heat load on potential engine designs.




5. Conclusions


The shock-induced ignition of three-component methane+hydrogen+biofuel (methanol or DME) mixtures, considered as promising fuel blends, under argon-diluted conditions, was studied experimentally. Temperature dependencies of the ignition delay times of the mixtures in the temperature range of 1250–1650 K were obtained. These experimental data were analyzed through numerical simulations based on state-of-the-art kinetic mechanisms. The analysis showed good agreement between the numerical and experimental results. This made it possible to calculate the influence of biofuel additives on the combustion parameters of methane–hydrogen mixtures. The results show that under the investigated conditions, the substitution of methane–hydrogen mixtures with the considered biofuels results in an insignificant change in laminar flame velocity, adiabatic flame temperature, and ignition delay time. These results provide promising possibilities for the development of engines using these three-component fuel mixtures of varying compositions.
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Figure 1. Experimental setup (a) and typical time profiles of radiation of OH* radicals and pressure behind the incident and reflected shock waves (ISW and RSW, correspondingly) in mixture M0 (3.5%CH4 + 7%O2 + Ar), TRSW = 1655 K (b). 






Figure 1. Experimental setup (a) and typical time profiles of radiation of OH* radicals and pressure behind the incident and reflected shock waves (ISW and RSW, correspondingly) in mixture M0 (3.5%CH4 + 7%O2 + Ar), TRSW = 1655 K (b).
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Figure 2. Typical modeling results: (a) temperature, CH4, OH, and CO2 concentration time profiles in zero-dimensional simulations of ignition delay time in mixture M0 (3.5%CH4 + 7%O2 + Ar), T0 = 1655 K, P0 = 4.3 bar; (b) temperature, velocity, CH4, and OH concentration spatial profiles obtained in one-dimensional laminar flame simulation in mixture     M   20   50    [MET] (1.4%CH4 + 1.4%H2 + 2.33%CH3OH + 7%O2 + Ar), T0 = 675 K, P0 = 22.8 bar. 
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Figure 3. Ignition delay times in methane–hydrogen mixtures. Dots—experimentally observed values, lines—modeled temperature dependencies. 
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Figure 4. Experimentally observed (dots) and modeled (lines) ignition delay times in mixtures of methane with methanol (a) and dimethyl ether (b). 
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Figure 5. Experimentally observed (dots) and modeled (lines) ignition delay times in three-component mixtures of methane and hydrogen with methanol (a) and dimethyl ether (b). 






Figure 5. Experimentally observed (dots) and modeled (lines) ignition delay times in three-component mixtures of methane and hydrogen with methanol (a) and dimethyl ether (b).



[image: Fire 06 00460 g005]







[image: Fire 06 00460 g006] 





Figure 6. Sensitivities of ignition delay times in studied mixtures     M   20   20    [MET] and     M   20   20    [DME] to the rate constants of the most important reactions involving methanol (a) and DME (b). 
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Figure 7. Modeled laminar flame velocities (a) and temperatures (b) in stoichiometric fuel–air mixtures at elevated temperatures and pressures resulting from compression under normal conditions. (1) Dependence on substitution of methane with hydrogen, compression ratio V0/V = 10; (2) substitution of various methane–hydrogen mixtures with methanol, V0/V = 10; (3) substitution of various methane–hydrogen mixtures with DME, V0/V = 7. 
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Table 1. Experimentally studied mixtures (α—fraction of methane substituted by hydrogen, β—fraction of methane–hydrogen blend substituted by biofuel).
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Mixture

	
α

	
β

	
Composition






	
Pure fuels




	
     M   0         

	
0

	
0

	
3.5%CH4 + 7%O2 + Ar




	
     M   100         

	
100

	
0

	
14%H2 + 7%O2 + Ar




	
    M   0   100    [MET]

	
0

	
100

	
4.67%CH3OH + 7%O2 + Ar




	
    M   0   100    [DME]

	
0

	
100

	
2.33%DME + 7%O2 + Ar




	
Methane–hydrogen mixtures




	
     M   10         

	
10

	
0

	
3.15%CH4 +1.4%H2 + 7%O2 + Ar




	
     M   20         

	
20

	
0

	
2.8%CH4 + 2.8%H2 + 7%O2 + Ar




	
     M   30         

	
30

	
0

	
2.45%CH4 + 4.2%H2 + 7%O2 + Ar




	
Methane–methanol mixture




	
    M   0   30    [MET]

	
0

	
30

	
2.45%CH4 + 1.4%CH3OH + 7%O2 + Ar




	
Methane–DME mixture




	
    M   0   30    [DME]

	
0

	
30

	
2.45%CH4 + 0.7%DME + 7%O2 + Ar




	
Three-component mixtures




	
    M   20   20    [MET]

	
20

	
20

	
2.24%CH4 + 2.24%H2 + 0.93%CH3OH + 7%O2 + Ar




	
    M   20   50    [MET]

	
20

	
50

	
1.4%CH4 + 1.4%H2 + 2.33%CH3OH + 7%O2 + Ar




	
    M   20   20    [DME]

	
20

	
20

	
2.24%CH4 + 2.24%H2 + 0.47%DME + 7%O2 + Ar




	
    M   20   50    [DME]

	
20

	
50

	
1.4%CH4 + 1.4%H2 + 1.17%DME + 7%O2 + Ar
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