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Abstract

:

In this work, the influence of H2 addition on the auto-ignition and combustion properties of CH4 is investigated experimentally and numerically. Experimental ignition delay times (IDT) are compared with simulations and laminar burning velocities (LBVs), and extinction limits/extinction strain rates (ESRs) are compared with data from the literature. A wide variety of literature data are collected and reviewed, and experimental data points are extracted for IDT, LBV and ESR. The results are used for the validation of existing reaction mechanisms. The reaction mechanisms and models used are able to reproduce the influence of H2 addition to CH4 (e.g., shortening IDTs, increasing ESRs and increasing LBVs). IDTs are investigated in a range from 6 to 15 bar and temperatures from 929 to 1165 K with H2 addition from 10 to 100 mol%. We show that LBV and ESR are predicted in a wide range by the numerical simulations. Moreover, the numerical simulations using detailed Aramco Mech 3.0 (581 species) are compared with the derived reduced reaction mechanism UCB Chen (49 species). The results show that the reduced chemistry obtained by considering only the IDT is also valid for LBV and ESR.
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1. Introduction


Auto-ignition processes of methane (CH4) and hydrogen (H2) have been investigated for the pure substances. However, there is an increasing interest in mixtures of CH4 and H2. For example, there are investigations by several groups [1,2,3] on combustion in SI engines, using CH4/H2 mixtures investigating the peak temperature and NOx production. Petersen et al. [4] investigated lean CH4/H2 mixtures for gas turbine combustion, and Adolf et al. [5] and Melaina et al. [6], for example, investigated the addition of H2 to the natural gas grid. In addition to these technical uses of CH4/H2 mixtures, there is also a safety aspect [7], for example, in nuclear power plants, as Rudy et al. [8] shows, or in pipelines/gas-processing sites as studied by Lowesmith et al. [9]. In addition, CH4 (a main component of natural gas) and H2 are very common fuels and are handled as fuels for greenhouse gas reduction [10,11].



A brief overview of studies investigating the ignition delay times (IDT) of CH4/H2 is summarized in Table 1 without claiming completeness. The studies are categorized by their setup (ST: shock tube and RCM: rapid compression machine) and sorted by year of publication. Regarding the fuel composition, the column named H2 represents the mole fraction of H2 in the CH4/H2 mixture (0 corresponds to pure CH4, and 100 corresponds to pure H2).



Hu et al. [24] measured IDT in an ST and compared the results to twelve reaction mechanisms. Based on [24], the H2 IDT data is simulated in this work by the reaction mechanism from [25]. Focusing on the CH4/H2 mixtures from Table 1, Gersen et al. [14] investigated IDT in a pressure range between 15 and 70 bar and showed that the CH4/C3H8 reaction mechanism of Petersen et al. [26] predicts the IDT for pure CH4 and also for pure H2 better than for their CH4/H2 mixtures. Donohoe et al. [15] measured IDT in an ST and a RCM, as well as flame speeds, of CH4/H2 mixtures and validated a former version of the AramcoMech (version 1.3) with these data.



As mentioned above, Petersen et al. [4] investigated the IDT of two CH4/H2 mixtures in gas turbines in comparison to other CH4/alkanes mixtures. They found a significantly reduced IDT by adding H2. This effect is further investigated in this current work. Zhang et al. [23] studied lean (  ϕ = 0.5  ) CH4/H2 mixtures in a shock tube. Under their conditions, they found a mixture of 40/60 CH4/H2 (molar) was almost independent of pressure. Under the aspect of new technical applications, it makes sense to improve the data on the ignition and combustion properties of CH4/H2 mixtures through dedicated experiments.



For the laminar burning velocity (LBV), numerous experiments have been conducted under different conditions over the last fifteen years. The addition of H2 to CH4 regarding the LBV has been investigated both numerically, e.g., [27,28], and experimentally. An overview of these experiments is given in [29] and in Table 2. The experimental data (see Table 2) were generated with different setups that are described in more detail in [30]. It can be seen that all methods except SEF were applied only under atmospheric conditions. The measurements that are known to us terminate at a pressure of   7.5   bar [31] and a temperature of 650 K [32]. In the high-temperature region, however, only hydrogen admixtures up to 50 mol−% are considered.



For higher pressures, values up to 100 mol−% of H2 in fuel are available. As expected, the trend indicates that the LBV increases over the entire mixing range when temperatures rise. A clear increase in LBV can also be observed for increasing hydrogen fractions with an increase in admixture up to about 50% in a linear fashion and exponentially beyond this point. For the pressure dependence, inconsistencies are found in the literature [30]; this is particularly applicable for higher (80% H2) hydrogen admixtures. For low admixtures, the LBV decreases with increasing pressure.



In comparison to LBV, the extinction strain rate has only been considered in very few experimental studies. An overview of these experiments is given in in Table 3. In the premixed flames [7,65], this may primarily relate to the very high outflow velocities that occur. In the non-premixed case [66,67], there are also only two known studies, for which the increased complexity in the precise dosing of very small amounts of hydrogen (mass-related) could be the determining factor. To the best of our knowledge, neither premixed nor non-premixed studies are known that have investigated a content of above 40 mol−% H2 admixture in CH4. This represents a clear gap in the literature.



As can be seen from Table 1, Table 2 and Table 3, there are several experimental data available for CH4 and H2 mixtures. Recently, Eckart et al. [67] covered the range 0–100% of H2 mixed to CH4 for ESRs; however, the setup was limited to low temperatures. In Eckart et al. [63], they used two setups for the LBV measurements with setup limits ( 5 bar and 373 K). In a small range of conditions, Troshin et al. [51] measured LBVs up to 10 bar (293– 573 K), and Berwal et al. measured up to 650 K ( 1 bar) [64]. Considering the IDT, data for CH4/H2 mixtures are still missing in wide areas. Gersen et al. [14] already provided preliminary work but only higher than 15 bar and only for a limited temperature range. This range will be therefore widened by the recent work.



In this work, we mainly investigated four stoichiometric CH4/H2 mixtures (0/100, 50/50, 80/20 and 90/10 CH4/H2, molar) in regard to their auto-ignition properties. For this purpose, IDTs were measured experimentally in an RCM and compared with simulations. All experimental results were compared with a detailed (AramcoMech 3.0 [68]) and an associated reduced (UCB Chen [69]) reaction mechanism.



As stated earlier, IDT is only one of the relevant validation targets for detailed and reduced reaction mechanisms. Therefore, after a detailed sensitivity analysis for the IDTs, the influence of the reduction of the mechanism on the other validation parameters of the laminar burning velocity and the extinction strain rate were again examined.




2. Methodology


2.1. Rapid Compression Machine: Experiment


The experiments were performed in a rapid compression machine (RCM), which is explained in detail in [70,71,72]; a brief overview of that RCM is given here. Figure 1 depicts the experimental setup of the RCM and the experiment.



The RCM is a piston-cylinder device with a compression time between 20 and 40 ms. The compression takes place under well-defined, reproducible initial and boundary conditions with regard to the pressure, temperature and gas composition. At top dead center (TDC), the piston is fixed with a mechanical lock, consisting of a knee-lever construction, whereby an isochoric state of the combustion chamber is forced. The initial pressure   p 0   in the combustion chamber is measured with an absolute pressure sensor (MKS Baratron 121A, [73]) with a relative accuracy of 0.5%. The initial temperature   T 0   is measured with a type-K thermocouple (accuracy of   2.2   K) [74] and can be adjusted by heating between 320 and 470 K. The gas mixtures to be investigated are prepared in a mixing vessel (about 10 L).



The volume and the pressure in the mixing vessel are higher than the initial pressure and the initial volume in the combustion chamber. This minimizes the measurement inaccuracy in the production of the initial gas. The combustion chamber of the RCM is filled with gas from the mixing vessel. After filling, an RCM experiment is performed. The temporal pressure trace in the combustion chamber is measured with a quartz pressure sensor (Kistler 6061 B [75]) with a linearity of ≤0.5%. In the investigated temperature range, the mentioned uncertainties result in temperature uncertainties of approximately ± 7 K. The time-resolved piston position is detected with a linear position sensor/potentiometer (Burster type 8712 [76]). The linear position sensor has a linearity of 0.1%.



Figure 2 (left) shows the pressure trace as measured in an experiment.



In this study, an RCM experiment is characterized by the pressure and temperature after the end of compression (index EOC, Figure 2 (left)). At TDC and isochoric conditions, however, heat losses occur, and this results in a temperature and pressure drop after compression. Ignition is detected by a rapid increase in pressure. The time measured between the end of compression and ignition is the ignition delay time (IDT,   τ  I G   ).



In measuring the IDT in an RCM, effects (such as heat losses, dilution and pressure) can vary from facility/experiment to facility/experiment and, thus, influence the IDT. Therefore, for validation purposes, the H2 IDT data from this study is compared to the results of other publications (results for stoichiometric mixtures at pressure    p C  > 10    bar   ). Experiments listed in Table 1 matching these criteria are listed with additional information in Table 4.



To minimize the effects of different dilutions (Inert/O2 ratio) and different compression pressures (  p  E O C   ) of the compared studies, we scaled the IDT by the O2 concentration (  [  O 2  ]  ) as proposed by [12]:


   τ  I G    [  O 2  ]  =  τ  I G      p  E O C    X   O 2      R  T  E O C      



(1)




with   τ  I G    as the IDT of a dedicated experiment,   X   O 2     as the corresponding mole fraction, R as the gas constant and   T  E O C    as the temperature at the end of compression. For these calculations, the ideal gas law was assumed. The comparison of the studies by the scaled IDT is shown in Figure 2 (right), whereby different colors denote different RCM facilities with different heat losses (except [24] (blue bullets) with a shock tube). H2 is one of the most frequently measured fuels in RCMs and STs apart from CH4; however, our CH4 data were already published in [69], and we, therefore, chose H2 here. The IDT results of the mentioned studies and our work show good agreement. Based on the depicted IDTs from RCM experiments, an Arrhenius-like fitting curve was calculated,


   τ  I G    [  O 2   ] =  A *  exp  (  E *  / T )  ,  



(2)




with    A *  = 3.3 ×  10  − 17    smol /  m 3    ,    E *  = 3.6 ×  10 4    K   and T as the temperature. The data of the different RCM studies are in a band of   ± 60 %   for this fit. The shock tube data from Hu et al. [24] vary from this band—caused by the different setup and the very high dilution [77].




2.2. Rapid Compression Machine: Model


Simulations were performed using the in-house code HOMREA [78]. IDTs were simulated using the adiabatic core assumption [79,80]. We assumed that, despite the heat losses of the hot gas to the combustion chamber walls, an adiabatic gas (adiabatic core) remains in the middle of the combustion chamber. This adiabatic core delivers work to the surrounding gas layer, which causes a change of the internal energy and, thus, in the temperature of the core gas. The effective volume   v ( τ )   of the adiabatic core is calculated from a measured pressure curve as follows,


      ∫  v 0   v ( t )      c p   ( T )     c v   ( T )     1 v  d v = ln    p 0   p ( t )    .     



(3)







Here,    c p   ( T )    and    c v   ( T )    are the temperature-dependent specific heat capacities of the gas mixture,   v 0   is the initial volume,   p 0   is the initial pressure, and   p ( t )   is the experimentally measured pressure of a non-reacting gas mixture. In the experiment with the non-reacting gas mixture, O2 was substituted with N2, which resulted in a similar heat capacity and thermal conductivity to the corresponding oxygen-containing mixture; however, there was no chemical reaction at the conditions of interest [81,82].



Due to the non-reacting gas mixture, only the influence of heat losses, which are not influenced by the chemistry, was measured. The adiabatic core assumption is sufficient for ignition delay times less than 100 ms [83]. Figure 2 (left) shows the pressure trace measured in the experiment and the pressure trace simulated with the adiabatic core model under nominally the same initial conditions. The pressure trace—in particular, the pressure drop after compression by heat loss and the pressure increase by the combustion after ignition—is reproduced by the simulation.




2.3. Heat-Flux Burner: Model


For comparison with the experimental LBV data, freely propagating one-dimensional flames were investigated numerically with the laminar premixed flamespeed code of Chemkin-Pro 2020 R2 [84]. The laminar burning velocity is a fundamental quantity present in a flat unstretched flame; it can be adequately calculated with a 1D prediction [30]. The LBV was calculated using multicomponent transport coefficients with a thermal diffusion option (Soret effect). The number of grid points was set to 1300 with respect to the gradient (GRAD = 0.04) and curvature (CURV = 0.08) adaptive mesh parameters. Further details are explained in the work of Eckart et al. [85].




2.4. Extinction Limits: Model


The in-house code INSFLA [78,86] was used to calculate the extinction strain rate (ESR) for the counterflow flame. In our model, the detailed transport models, including differential diffusion of different species and the thermal diffusion (the Soret effect) were included [87]. The optical thin model (OTM) for thermal radiation was also considered as documented in [88]. The detailed description of the ESR determination is consistent with that in our previous paper [89]. Note that the extinction limits were determined by using one-dimensional simulations. It was shown in our previous paper [89] that this is sufficient for the accuracy of the extinction limits. Nevertheless, two-dimensional simulations would further improve the accuracy.




2.5. Reaction Mechanisms


In this work, two different reaction mechanisms are used. First, the detailed reaction mechanism ArmacoMech 3.0 [68] was applied. This reaction mechanism consists of 581 species and 3037 reactions. The AramcoMech 3.0 was built by a H2/CO sub-reaction mechanism [17] and a C1−C2 reaction mechanism [90]. The (sub)-reaction mechanisms have already been validated for a large database, such as IDTs, LBVs and species formation in flow reactors [17,68,90]. Due to the size of the AramcoMech 3.0, it is less suitable for very complex models, such as DNS simulations, which are usually performed with smaller reaction mechanisms [91,92]. Therefore, the AramcoMech 3.0 was reduced in a previous work to better reflect the C1−C3 chemistry (UCB Chen [69]). The UCB Chen consists of 49 species and 332 reactions [72] and can also be used as a base reaction mechanism (C1−C3) for other reduced reaction mechanisms, e.g., it was extended for ethanol combustion [72].





3. Results


3.1. Influence of CH4/H2 Ratio


Figure 3 (left) depicts the IDT results from experiments and 0D simulations with an effective volume profile. Four different fuel blends at a pressure of 10 bar are shown. The AramcoMech 3.0 reaction mechanism shows good agreement for the 90/10 CH4/H2 mixture and for pure H2. The IDT results of the experiment and simulation of the other two mixtures diverge with decreasing temperature. The IDTs of mixtures with an intermediate ratio of CH4/H2 were predicted as too short by the AramcoMech 3.0 [68]. A similar effect was observed by Gersen et al. [14] for the reaction mechanism of Petersen et al. [26].



Panigrahy et al. [93] found several reactions that are important for CH4/H2 mixtures but less important for pure CH4 or pure H2. One reaction is CH4 + H· ⇌ CH3· + H2 [93]. The parameters of this reaction are different in the Aramco Mech 3.0 [68] in comparison to the NUI Galway Mech studied in the work of Panigrahy et al. [93]. However, the trend was still captured well for all mixtures. The trend of the experimental data suggests that the IDTs merge at low temperatures. This trend was also predicted by the numerical simulations.



At lower temperatures, the difference in IDT for CH4 and H2 decreased. When the temperature decreased further, the H2 ignition became slower than for CH4 as shown by Panigrahy et al. [93]. This is explained by the higher reactivity of CH3· in comparison to H atoms at low temperatures [93]. Figure 3 (left) demonstrates, on the one hand, the ignition-enhancing effect of H2 in the fuel and, on the other hand, the increase of the apparent activation energy with increasing H2 fraction. To analyze the ignition-enhancing effect of H2 in a CH4/H2 mixture in more detail, Figure 3 (right) compares the IDTs of different simulations with varying H2 mole fractions in fuel (black line). The simulations were each performed in an adiabatic, isochoric and homogeneous reactor with the same initial pressure and the same initial temperature. The H2 content in fuel  α  mentioned in Figure 3 (right) is


  α =  X   H 2    / (  X   H 2    +  X   CH 4    )  



(4)




with   X i   as mole fractions. A stoichiometric mixture with a H2 content of  α  leads to an oxygen ratio  β , defined as


  β =  ν   H 2    α +  ν   CH 4     ( 1 − α )  = 0.5 α + 2  ( 1 − α )  = 2 − 1.5 α  



(5)




with the stoichiometric coefficients   ν i   and the assumption of a complete reaction to H2O and CO2. The Ar dilution is derived from air with a molar Ar/O2 ratio of 3.76, resulting in a gas mixture with the following molar shares:


   ( 1 − α )   /  α  /  β  /  3.76 β      CH 4   /   H 2   /   O 2   /  Ar    ( molar )  .  



(6)







For pure CH4 (  α = 0  ), the gas composition CH4/H2/O2/Ar is   1 / 0 / 2 / 7.52   (molar), and for a pure H2 mixture (  α = 1  ), the gas composition is   0 / 1 / 0.5 / 1.88   (molar).



The simulations were performed with the AramcoMech 3.0 reaction mechanism [68], and they highlight the ignition-accelerating effect of H2. The ignition-accelerating effect can be quantified by the sensitivity S of the IDT with respect to the change in the H2 content  α 


     S =   ∂ τ   ∂ α   ≈   τ  α + 0.01  − τ  α    0.01   ,     



(7)







  τ ( α )   is the calculated IDT shown in Figure 3 (right) as a black line. The corresponding sensitivity according to Equation (7) is shown in Figure 3 (right) as a black dashed line. Low values of the H2 content  α  (low H2 mole fractions) were the most sensitive to increasing  α , meaning that small additions of H2 had the highest impact on reducing IDT at constant pressure/temperature. The more H2 mixed into the fuel, the less sensitive the system becomes for H2 addition according to the IDT. Note that, if CH4 is treated as an inert species and everything else is kept constant, the reactants (H2/O2) no longer form a stoichiometric mixture but lean mixtures instead and, thus, ignite later than their stoichiometric counterparts [24].



Furthermore, the dilution of inert/O2 increases, which generally leads to longer IDT—all other conditions being unchanged. CH4 as an intert species adds a high heat capacity to the system without any ignition-supporting effect and, therefore, slows down the temperature rise during self-ignition.



Figure 4 shows the relative sensitivities of the OH radical (concentration). Full lines refer to positive sensitivities, and dashed lines refer to negative sensitivities. All sensitivities were calculated for an adiabatic and isochoric system for the time right before the gas mixture ignites (  0.9  τ  I G    ). The initial conditions were   p = 10    bar    and   T = 1000   K   with a variable H2 content  α  (CH4/H2 ratio, Equation (4) and a constant Ar/O2 = 3.76 (molar) ratio.



For pure CH4 mixtures (  α = 0  ), the most sensitive reaction was


    CH 3   +   O 2   + M ⇌    CH 3  O  2  + M .  











For a high CH4 mole fraction in the fuel, the following reaction producing methyl radicals (CH3·) was sensitive


    CH 4  +  HO 2  ⇌  CH 3  +    H 2  O  2   .  











On the other hand, with an increasing H2 fraction, reaction


   O 2  + H ⇌ O + OH  








became the most sensitive, followed by two other hydrogen reactions. With respect to negative sensitivities, the formation of hydroperoxyl (HO2) was the most sensitive reaction for compositions   α > 21 %  


   H +  O 2  + M ⇌  HO 2  + M   











However, this reaction loses sensitivity with an increasing CH4 mole fraction (left side). Then, the consumption of CH3· and CH3O2· radicals become important. A notable fact is that even an  α  as small as   5 %   led to high sensitivity with respect to the reaction O2 + H → OH + O. This sensitive reaction also explains the high sensitivity of the IDT according the H2 mole fraction in Figure 3.




3.2. Pressure Influence


Figure 5 (left) depicts the IDT of pure H2 (full symbols) in comparison to the 80/20 CH4/H2 fuel mixture (open symbols) at pressures of 10 and 15 bar. All data points from the simulations show shorter or the same IDT as the experiments. In the H2 case, the experiments are compared to two reaction mechanisms, first the AramcoMech 3.0 reaction mechanism and a H2 reaction mechanism [25]. Both reaction mechanisms reproduced the trend well and also calculated comparable values for the ignition delay time.



When comparing the 80/20 CH4/H2 mixture versus pure H2, both fuels show a linear decrease in the ignition delay time as a function of the temperature increase. Increasing the pressure results in a decrease in the ignition delay time in the investigated pressure/temperature regimes. In comparison, the 80/20 CH4/H2 mixture ignites slower than pure H2 at equivalent pressure and temperature. The temperature sensitivity decreases for the CH4/H2 mixture compared to pure H2 (the slope in the Arrhenius diagram).



Figure 5 (right) compares the ignition delay times of a fuel mixture of 90/10 CH4/H2 and pure H2 as a function of pressure. The compression temperatures for both gas mixtures are in a narrow temperature range since the initial temperature is held constant. The compression temperature of the CH4/H2 mixture is   T C   = 1040–1070 K, and the compression temperatures for the pure H2 experiments are between   T C   = 970 and 1000 K. Increasing the compression pressure from    p C  = 6   to 15 bar, the IDT drops for both fuels. Here, the CH4/H2 mixture shows a stronger pressure dependence for the IDT when compared with H2.




3.3. Laminar Burning Velocity


In addition to the new IDT measurements, the numerical models were also compared against other experiments from the literature. Therefore, LBV and ESR experiments, as listed in Table 2, were selected. In Figure 6, the laminar burning velocities of CH4/H2 mixtures are shown.



The mixtures are 100/0, 80/20, 60/40, 40/60 and 20/80 CH4/H2 (molar). In addition, the LBVs were calculated for temperatures of the gases at 298, 373, 473 and 573 K. Here, the two numerical models, AramcoMech 3.0 [68] (dashed line) and UCB Chen [69] (solid line) are compared. Furthermore, the experimental data from Table 2 are presented. The data are not assigned to the individual measurement series but only serve to determine the range in which a scattering of experimental data is present in the literature.



When evaluating the data, it is clear that the LBV increases with higher temperatures in all equivalence ratio ranges as expected. For temperatures above 373 K, only very few data sets are available [29,63], which clearly complicates the validation of the detailed reaction mechanisms. For CH4, experimental data are available for all four temperature ranges—at least in the lean range. However, above 373 K, the few data for CH4 are clearly overestimated by the models. For the range below 373 K, a good agreement between the reaction mechanisms and the experimental data can be found for all stages of CH4/H2 mixtures.



However, the agreement decreases for 60–80 mol−% H2, and a slight underestimation of certain data sets is observed. Comparing AramcoMech 3.0 with the UCB Chen reaction mechanism, no significant differences were found. This can be assumed to be because the UCB Chen reaction mechanism was developed by reducing AramcoMech 3.0. During development, laminar burning velocity values were also a target to be reproduced by the reduced mechanism.



For higher temperatures (above 373 K) there are currently not enough data available to make a comprehensive comparison. However, it is already evident from the CH4 data that the two mechanisms significantly overestimate the values in the lean range. Simulations of the stoichiometric 80 mol−% H2 mixtures and 473 K show an underestimation of the measurement results. As already mentioned, there are currently only a few studies available that have measured both high temperatures and high H2 contents (see Table 2).



From these comparisons follow some suggestions for future work. Since a validation of the reaction mechanisms for LBV above 373 K is hardly possible, experiments should be performed in these temperature ranges for which some existing spherical chambers as well as diverging channel setups are suitable. Furthermore, this is particularly the case for H2 admixtures above 60%, where significantly less data are available. Only then could the two reaction mechanisms be validated reliably in these ranges; currently, they show a trend towards a slight underestimation of the LBV for higher H2 admixtures. The reason behind the found discrepancies and their improvement should be discussed extensively by means of the rate of production and sensitivity analysis.




3.4. Extinction Strain Rate


Having shown the comparison for the LBV, the extinction of premixed flames is also a key parameter for the validation of reaction mechanisms. Therefore, the experiments of Jackson et al. [65] were used for validation. The experimental setup was a laminar, premixed flame in counterflow flame configuration. The gases were premixed CH4/air and CH4/H2/air mixtures. The authors stated that the double flame created by the opposed jet was a benchmark for assessing the effects of stretch on premixed flames for a range of fuel/air mixtures. In their setup, they investigated the lean extinction for equivalence ratios from 0.42 to 0.9.



The results and comparison to the numerical investigations performed in this work are shown in Figure 7. Both reaction mechanisms reproduce the trend of the pure CH4 case very well (initial temperature of the gas mixture:    T  g a s   = 573   K  ). There are almost no visible differences for the numerical results obtained by the two reaction mechanisms. Neither reaction mechanism can accurately reproduce the values at equivalence ratios of 0.9, and both overestimated these values. Considering the case of the H2 admixture (90/10 CH4/H2, molar), it can be seen that both reaction mechanisms were again able to reproduce the trend well; however, it can be observed that the reduced mechanism shows slightly higher ESRs at equivalence ratios above 0.6 compared with the detailed reaction mechanism, which has an over-estimation of less than 5%. Still, both numerical models accurately describe the effects of the addition of H2.





4. Conclusions


In this work, the auto-ignition of different CH4/H2 mixtures under stoichiometric conditions was investigated experimentally using rapid compression machine measurements. Four different fuel blends were studied in a pressure range from 6 to 15 bar and in a temperature range from 929 to 1165 K. Further, the ignition delay time, the extinction strain rate and the laminar burning velocity data in the literature were reviewed, extracted and compared to new numerical simulations for a wide range of experimental conditions with a detailed and reduced mechanism. The following observations were made:




	1.

	
In the investigated temperature range, all fuel compositions showed a linear correlation of   log ( τ )   to   1 / T  . The apparent activation energy increased with increasing H2 content.




	2.

	
Even small additions of H2 to CH4 enhanced the ignition process.




	3.

	
With further increase of the H2 mole fraction, chain termination reactions, including C-atoms, became slightly less important.




	4.

	
In the investigated pressure/temperature range, an increase in pressure enhanced the ignition of all fuel mixtures.




	5.

	
The ignition delay times (IDT) of mixtures with a high CH4/low H2 mole fraction, as well as the opposite constellation, were predicted well by the reaction mechanism.




	6.

	
The laminar burning velocities (LBV) of mixtures with a high CH4/low H2 mole fraction were predicted well by the reaction mechanism; for a higher temperature and higher H2 mole fraction, the mechanism showed discrepancies. A similar effect was observed by Zettervall et al. [94].




	7.

	
The extinction strain rates (ESR) for pure CH4 and the 90/10 CH4/H2 were well reproduced by both reaction mechanisms.









The measurement of new IDTs over a wide temperature range showed that the reduced reaction mechanism UCB Chen [69] was able to reproduce the entire range of H2 enrichment in CH4. Furthermore, it was shown that satisfactory results were also obtained for the laminar burning velocity and the extinction strain rates. For some conditions, there is a lack of experimental measurements for higher hydrogen admixtures and higher temperatures, which should be the primary focus of research for future investigations. The accurate prediction of IDT, LBV and ESR encourages the use of the reaction mechanisms for simulating turbulent flames where ignition and local extinction take place.
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Figure 1. Schematic of the main components of the RCM experiment. Adapted from [70]. 
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Figure 2. (Left): Pressure trace of an RCM experiment with its corresponding simulation (same initial conditions,   p 0   =   0.6   bar,   T 0   = 411 K). (Right): Ignition delay times of H2 at stoichiometric conditions scaled by the O2 concentration compared with data from the literature. Data from: Gersen, 2008 (1&2) [14], Hu, 2016 [24], Lee, 1998 [12] and Mittal, 2006 [13]. 






Figure 2. (Left): Pressure trace of an RCM experiment with its corresponding simulation (same initial conditions,   p 0   =   0.6   bar,   T 0   = 411 K). (Right): Ignition delay times of H2 at stoichiometric conditions scaled by the O2 concentration compared with data from the literature. Data from: Gersen, 2008 (1&2) [14], Hu, 2016 [24], Lee, 1998 [12] and Mittal, 2006 [13].



[image: Energies 16 02621 g002]







[image: Energies 16 02621 g003 550] 





Figure 3. (Left): IDT experiments and simulations of different fuels at a constant pressure. Simulations were performed with the AramcoMech 3.0 [68] and UCB Chen [69] reaction mechanism. (Right): Sensitivity analysis of stoichiometric mixtures with varying CH4/H2 ratios in fuel. Simulations were performed with AramcoMech 3.0 [68]. 
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Figure 4. Sensitivity analysis of stoichiometric mixtures with varying CH4/H2 ratio  α . Simulations were performed with AramcoMech 3.0 [68]. Full lines: positive sensitivities and dashed lines: negative sensitivities. 
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Figure 5. (Left): Comparison of a stoichiometric H2 mixture (bullets) vs. stoichiometric 80/20 CH4/H2 mixture (open circles) at pressures of   10 ± 0.5   bar and   15 ± 0.5   bar. Simulations: AramcoMech 3.0 [68] (full lines) and UCB Chen [69] (dashed lines). (Right): IDT experiments of two fuels with a constant initial temperature and varying pressure. Lines are drawn to guide the eye. 
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Figure 6. Comparison of the laminar burning velocity of a methane–hydrogen mixture (  p = 1    bar   ) for different temperatures ( 298, 373, 473 and 573 K) to the experimental literature data from Table 2. 
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Figure 7. Experimental [65] and modeling results for the extinction strain rate of 0 and 10 mol−% H2 in a premixed CH4 flame (   T  g a s   = 573   K  ) as a function of the equivalence ratio. 
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Table 1. Overview of the studies that investigated ignition delay times for CH4/H2 mixtures. Column H2 represents the H2 mole fraction in the fuel mixture of CH4/H2. RCM: rapid compression machine and ST: shock tube.
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	Setup
	Author, Year
	T / K
	p / bar
	H2 in fuel/

mol−%
	Source





	RCM
	Lee, 1998
	950–1050
	6–40
	100
	[12]



	RCM
	Mittal, 2006
	950–1100
	15–50
	100
	[13]



	RCM
	Gersen, 2008
	950–1060
	15–70
	0–100
	[14]



	RCM
	Donohoe, 2014
	930–1050
	10, 30
	60, 80
	[15]



	RCM
	Hashemi, 2016
	800–1250
	15–80
	0
	[16]



	RCM
	Kéromnès, 2013
	914–1014
	8–70
	100
	[17]



	ST
	Bhaskaran, 1973
	800–1400
	2.5
	100
	[18]



	ST
	Slack, 1977
	980–1176
	2
	100
	[19]



	ST
	Wang, 2003
	900–1350
	3–17
	100
	[20]



	ST
	Huang, 2004
	1000–1350
	16–40
	0
	[21]



	ST
	Petersen, 2007
	1132–1553
	18–30
	20, 40
	[4]



	ST
	Pang, 2009
	908–1118
	3–4
	100
	[22]



	ST
	Zhang, 2012
	1000–2000
	5–20
	0–100
	[23]



	ST
	Kéromnès, 2013
	925–2100
	1–33
	100
	[17]



	ST
	Donohoe, 2014
	1100–1700
	1–30
	30, 80
	[15]



	ST
	Hu, 2016
	850–1500
	1–16
	100
	[24]
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Table 2. Overview of the studies that investigated the laminar burning velocity for CH4/H2 mixtures. Column H2 represents the H2 mole fraction in the fuel mixture of CH4/H2. BB: Bunsen burner; SB: slotburner; CEV: Cardiff explosion vessel; CF: counterflow; CV: combustion vessel; SEF: spherical expanding flame; HF: heat flux burner; and EHC: external heated converging channel.
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	Setup
	Author, Year
	T / K
	p / bar
	H2 / mol−%
	Source





	BB
	Braun-Unkhoff, 2009
	373
	1
	50
	[33]



	SB
	Boushaki, 2012
	300
	1
	0–30
	[34]



	SB
	Göckeler, 2013
	440
	1
	0–50
	[35]



	SB
	Lhuillier, 2017
	393–473
	1
	0–80
	[36]



	CEV
	Ilbas, 2006
	298
	1
	0–100
	[37]



	CF
	Park, 2011
	298
	1
	95
	[38]



	CF
	Li, 2017
	283
	1
	0–50
	[39]



	CV
	Cammarota, 2009
	298
	1
	10
	[40]



	SEF
	Halter, 2005
	298
	3,5
	0–20
	[41]



	SEF
	Halter, 2007
	298
	1
	0–20
	[42]



	SEF
	Shy, 2008
	298
	1
	0–30
	[43]



	SEF
	Miao, 2009
	298
	1
	20
	[44]



	SEF
	Tahtouh, 2009
	300
	1
	0–30
	[45]



	SEF
	Hu, 2009a
	303
	1
	0–100
	[31]



	SEF
	Hu, 2009b
	303–443
	1–7.5
	0–80
	[46]



	SEF
	Hu, 2009c
	303–443
	1–7.5
	0–80
	[47]



	SEF
	Fairweather, 2009
	360
	1
	0–50
	[48]



	SEF
	Salzano, 2012
	293
	1–6
	0–100
	[49]



	SEF
	Okafor, 2014
	350
	1
	0–100
	[50]



	SEF
	Donohoe, 2014
	300
	1
	50
	[15]



	SEF
	Troshin, 2014
	293–573
	1–10
	0–20
	[51]



	SEF
	Reyes, 2017
	300
	1
	0–100
	[52]



	SEF
	Khan, 2019
	300
	1
	20
	[53]



	SEF
	Morovatiyan, 2019
	298–440
	1
	0–20
	[54]



	SEF
	Cai, 2020
	298
	1
	20–80
	[55]



	SEF
	Nguyen, 2022
	298
	1
	0–50
	[56]



	HF
	Coppens, 2007
	298
	1
	0–35
	[57]



	HF
	Hermanns, 2007
	298–433
	1
	0–40
	[58]



	HF
	Dirrenberger, 2011
	298
	1
	0–67
	[59]



	HF
	Nilsson, 2017
	298
	1
	0–50
	[60]



	HF
	Jithin, 2020
	300
	1
	0–40
	[61]



	HF
	Wang, 2018
	298
	1
	0–40
	[62]



	HF/SEF
	Eckart, 2022
	298–373
	1–5
	0–50
	[63]



	EHC
	Berwal, 2022
	300–650
	1
	0–50
	[64]
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Table 3. Overview of the studies that investigated extinction strain rates for CH4/H2 mixtures. Column H2 represents the H2 mole fraction in the fuel mixture of CH4/H2. CF: counterflow.
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	Setup
	Author, Year
	T / K
	p / bar
	H2 / mol−%
	Mode
	Source





	CF
	Jackson, 2003
	573
	1
	0–20
	premixed
	[65]



	CF
	Yang, 2022
	298
	1
	0–40
	premixed
	[7]



	CF
	Niemann, 2013
	298
	1
	0–18
	non-premixed
	[66]



	CF
	Eckart, 2022
	298
	1
	0–100
	non-premixed
	[67]
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Table 4. Overview of IDT as shown in Figure 2 for pure H2 and stoichiometric conditions.
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	Setup
	Inert/O2
	p / bar
	Source





	RCM
	3.76
	   ≈ 10   
	This work (1)



	RCM
	9
	   ≈ 10   
	This work (2)



	RCM
	5
	16–21
	Gersen (1) [14]



	RCM
	5
	20–50
	Gersen (2) [14]



	ST
	30.8
	10
	Hu [24]



	RCM
	5
	   ≈ 10   
	Lee [12]



	RCM
	13
	15
	Mittal [13]
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