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Abstract

:

Modern gas turbines use combustion chemistry during the design phase to optimize their efficiency and reduce emissions of regulated pollutants such as NOx. The detailed understanding of the interactions during NOx and natural gas during combustion is therefore necessary for this optimization step. To better assess such interactions, NO2 was used as a sole oxidant during the oxidation of CH4 and C2H6 (the main components of natural gas) in a shock tube. The evolution of the CO mole fraction was followed by laser-absorption spectroscopy from dilute mixtures at around 1.2 atm. The experimental CO profiles were compared to several modern detailed kinetics mechanisms from the literature: models tuned to characterize NOx-hydrocarbons interactions, base-chemistry models (C0–C4) that contain a NOx sub-mechanism, and a nitromethane model. The comparison between the models and the experimental profiles showed that most modern NOx-hydrocarbon detailed kinetics mechanisms are not very accurate, while the base chemistry models were lacking accuracy overall as well. The nitromethane model and one hydrocarbon/NOx model were in relatively good agreement with the data over the entire range of conditions investigated, although there is still room for improvement. The numerical analysis of the results showed that while the models considered predict the same reaction pathways from the fuels to CO, they can be very inconsistent in the selection of the reaction rate coefficients. This variation is especially true for ethane, for which a larger disagreement with the data was generally observed.






Keywords:


NO2-hydrocarbon interactions; shock tube; CO laser absorption; detailed kinetics mechanisms












1. Introduction


The combustion of hydrocarbons in air in internal combustion engines and gas turbines can lead to the formation of NOx (NO, NO2, N2O), which are regulated pollutants. Thanks to a large number of fundamental studies conducted over the past few decades, the chemistry of several NOx formation mechanisms was identified (Zeldovich, Fenimore, N2O, etc.) [1,2], which allowed for the implementation of strategies to limit NOx emissions during combustion. For instance, one common method used in gas turbines and internal combustion engines consists of re-circulating the exhaust gases in the combustion chamber, to limit the combustion temperature and minimize NOx formation via the Zeldovich mechanism (so-called exhaust gas recirculation (or EGR) method). However, while NOx reduction is achieved, doing so also introduces some NOx into the fresh charge, which can dramatically change the combustion properties of the mixture, even at low NOx levels, as shown in a large number of fundamental experiments with H2- [3,4,5,6,7,8,9], CH4- [10,11,12,13,14,15,16], or larger hydrocarbon-based mixtures [17,18,19,20,21,22,23].



To design better combustion devices and reduce NOx emissions, it is therefore important to accurately know the chemistry for both NOx formation and NOx-fuel interaction mechanisms. This goal has been the purpose of the many detailed kinetics mechanisms that have been developed and refined continuously over the past 20+ years. To validate these detailed kinetics mechanisms, typically, a fuel/oxidizer (O2 and diluent or air) mixture is seeded with small amounts of NOx (a few hundred to a few thousand ppm). For example, Mathieu et al. [13], measured the ignition delay time of methane-based mixtures seeded with various amounts of NO2. As can be seen in Figure 1, most modern detailed kinetics models are able to predict the CH4-air mixture seeded by about 1500 ppm of NO2 during this study (models: Mathieu et al. [24] (Mathieu 2016), Ahmed et al. [25] (Ahmed 2016), Zhang et al. [26] (Zhang 2017), Deng et al. [20] (Deng 2018), Glarborg et al. [2] (Glarborg 2018), NUIGMech 1.1 [27], CRECK 2002 [28], and Fuller et al. [23] (Fuller 2021)). Note that all models but the Zhang 2017 one are within the experimental uncertainty (or close to) and present somewhat similar predictions.



However, recent studies where a large amount of NOx is used, to exaggerate the fuel/NOx interactions and assess them better, show that these interactions are actually not that well understood. For example, the study of Zhang et al. [26] investigated a dilute mixture of Methane/O2 (1.98% CH4) seeded with nearly 5000 ppm of NO2 (NO2 concentration corresponding to about 25% of the CH4 concentration, versus about 3% in the Mathieu et al. study). This time, as can be seen in Figure 2, the NOx models used in Figure 1 are all significantly over-reactive (by a factor of at least 2.5), except the model of Zhang and coworkers [26] (over-reactive by a factor of about 1.5, except for the lowest temperatures investigated where the model is accurate). The base-chemistry models (NUIGMech 1.1 and CRECK) were within an acceptable range for their predictions, and the nitromethane model from Mathieu et al. [24] was the most accurate overall. Similarly, it was recently shown that nitromethane pyrolysis is poorly predicted by modern detailed kinetics models [29]. During pyrolysis, at the conditions investigated, nitromethane rapidly decomposes into (mostly) CH3 and NO2 [29,30], after which subsequent reactions are basically pure interactions between NOx (NO2) and hydrocarbons (CH3).



These recent results indicate that NOx-hydrocarbon interactions in modern detailed kinetics models could be improved, and that exaggerating these interactions by using a large NO2 concentration would be a good way to assess and further validate models. Thus, the aim of this study was to provide new kinetics measurements for the oxidation of simple and well-studied hydrocarbons (CH4, C2H6) in the presence of a relatively large concentration of NOx. To do so, and to simplify the system and further exaggerate the NOx-hydrocarbon interactions, only NO2 was used to oxidize the hydrocarbons selected. Such an approach is new and was used recently by the authors by following H2O by laser absorption [22]. It was found that following H2O is more representative of the H2/NO2 sub-mechanism, which appears to be relatively well understood. As the present study shows below, contrary to H2O in [22], there are several reactions directly forming CO from reactions between a hydrocarbon molecule or radical and a NOx molecule. To focus on these hydrocarbon/NO2 interactions, CO was followed by laser absorption in the present study. After a brief overview of the experimental setup and optical diagnostic used, the experimental results are presented and then compared with modern detailed kinetics models from the literature. The best performing model was then selected to conduct a numerical analysis, explain the results, and point at deficiencies to address in future modeling efforts.




2. Experimental Setup


The shock tube used in this study to perform the laser-absorption experiments has been described in detail in the literature [31]. Thus, only a brief description is provided here. Due to the nature of the experiments conducted herein, with highly diluted mixtures, experiments were conducted behind reflected shock waves, and the stainless-steel shock tube is operated in a way that limits the impurities and their potential influence on the kinetics results. The large-volume driven section (7.88-m-long, 16.2-cm inner diameter) is vacuumed down to 1 mPa or lower between experiments using a system of mechanical and turbomolecular pumps. All gases were high purity (CH4 (Praxair, 99.97%), C2H6 (Acetylene Oxygen Company, Harlingen, TX, USA, 99.5%), NO2 (99.5% purity, supplied by Praxair as a mixture of 1.02% NO2 (±2%) in balance Ar, and He and Ar (Praxair 99.999%)). To ensure consistency in the mixtures and thus the experiments, enough mixture for several experiments was made for the CH4 and C2H6 cases. These mixtures were prepared manometrically into a separate stainless-steel mixing tank, connected to the shock tube’s manifold, and allowed to rest overnight for proper mixing. The leak rate in the shock tube was below 0.13 Pa/min, which, with experiments run within 5 min after the filling of the driven section with the mixture, considerably limits the possibility of O2 from air influencing the results. Note that Helium was added to the mixture to limit any potential influence of vibrational relaxation in the measured CO time-history profile, as reported in Mathieu et al. [32] for methane/O2 mixtures. The mixtures and conditions investigated are visible in Table 1. The uncertainty in the temperature is within ±10 K.



To overcome issues with the mixture preparation due to the conversion of NO2 and N2O4 at high pressure (the 1.02% NO2 in balance Ar mixture provided by Praxair was made on a weight basis, and the mixtures prepared in this study were prepared on a pressure basis), only fuel-lean mixtures, where the fuel is the limiting factor, were investigated. As reported in Mulvihill et al. [9], this approach allows for observing a concentration of the targeted species similar to the concentration at equilibrium. An equivalence ratio (φ) of 0.5 was targeted assuming CO2, H2O, and N2 as final combustion products. Note that, as seen with nitromethane (CH3NO2), a significant fraction of the NO2 will go to NO instead of N2 during the timeframe of a regular combustion experiment [33], explaining why some authors define the products as CO2, H2O, and NO (along with N2 from air) during nitromethane combustion. In the present study, NO2 is in large enough excess to stay below the stoichiometry regardless of the definition used.



The CO-absorption laser diagnostic has been described in detail in Mathieu et al. [32], and a schematic is visible in Figure 3. Briefly, the quantum cascade laser was used to access the R12 transition in the 1←0 band of CO at 4566.17 nm. The Beer-Lambert relation, 𝐼/𝐼0 = exp(−𝑘𝑣𝑃𝑋𝑎𝑏𝑠𝐿) was used (with 𝐼 and 𝐼0 the transmitted and incident laser intensities, respectively, 𝑘𝑣 the absorption coefficient (cm−1atm−1), 𝑃 the pressure (atm), 𝑋𝑎𝑏𝑠 the species mole fraction, and 𝐿 the path length (cm)). 𝑘𝑣 is the product of the lineshape (calculated using Ren et al. [34] Ar-broadening and Mulvihill et al. He-broadening [35] parameters for CO) and the linestrength (obtained from HITRAN 2004 [36]). To center the laser wavelength at the desired CO transition line, a CO/Ar absorption cell was placed in the laser pathway before each run. Laser intensities were recorded using InSb detectors equipped with bandpass filters (centered at 4500 nm, full width of 500 nm) allowing a decrease in the broadband emission levels entering the detectors to <0.3% of the absorbed signal. Note that a minor CO2 absorption also occurs at the wavelength used for the CO diagnostic, and the procedure described in Alturaifi et al. [37] was employed to correct the CO time histories. The laser absorption procedure is also very well detailed and explained in this reference. The estimated uncertainty in the CO time histories is 4% based on the detailed uncertainty analysis reported in Mulvihill et al. [38].




3. Modeling


The experimental results were modeled using the Chemkin Pro package, using the Closed 0-D Reactor module with the “Constant Volume and Solve Energy Equation” assumption. An assessment of several modern detailed kinetics mechanisms from the literature was conducted. Several Hydrocarbon/NOx models from the literature were used (Ahmed et al. [25] (Ahmed 2016), Zhang et al. [26] (Zhang 2017), Deng et al. [20] (Deng 2018), Glarborg et al. [2] (Glarborg 2018), and Fuller et al. [23] (Fuller 2021)), along with modern baseline generalist models that also contain a NOx sub-mechanism (NUIGMech 1.1 [26] and CRECK 2002 [27]). Finally, the nitromethane mechanisms used in the nitromethane pyrolysis study of Mathieu et al. [29] were used to model the data from the present study, and the model from Mathieu et al. [24] (Mathieu 2016) was found to be the most accurate one. Thus, the Mathieu et al. model was also used to predict the data from the present study.




4. Experimental Results


The CO time-history profiles obtained during the course of this study are visible in Figure 4 for (a) methane and (b) ethane. Both fuels show similar behavior: the increasing slope corresponding to the formation of CO, which becomes steeper as the temperature increases. In addition, the time at which the CO profile reaches an apparent plateau value, or a peak, is shortened as the temperature increases. Overall, within the test time of the shock tube and within the conditions investigated, the higher the temperature, the higher the maximum CO mole fraction. Note that for the highest temperatures investigated, above 1700 K, and especially above 1900 K, the CO profiles present a peak value before decreasing. For the coldest temperatures investigated, the peak value or plateau is not reached within the timeframe of the experiments.



The difference between the two hydrocarbons studied herein can be seen by comparing CO profiles obtained in very similar conditions as presented in Figure 5. At around 1330 K (Figure 5a) it can be seen that C2H6 is more reactive than CH4 as the CO formation starts about 300 µs earlier. The CO concentration also increases more rapidly, and C2H6 appears to produce more CO than CH4 under these conditions. For the highest temperature investigated, around 1924 K (Figure 5b), similar observations can be made. The two CO profiles are very similar in shape, but the one from C2H6 reaches its peak faster than the CO profile from CH4. Due to the fixed dilution between the two mixtures, the CO concentration remains higher for C2H6 over the entire timeframe of the experiment.




5. Model Comparison


A comparison of the models with selected data for methane is visible in Figure 6. As one can see, at a temperature of 1328 K (Figure 6a), the models are under-reactive and are too slow in predicting the CO formation. However, large variations can be observed amongst the models: the models from Ahmed et al. [25] and, to a lower extent, from Zhang et al. [26] are significantly under-reactive, causing the CO mole fraction to be much lower than the experimental one, by a factor of about 1.4, within the timeframe investigated. At the other extreme, the mechanisms of Fuller et al., Deng et al., and Mathieu et al. are slightly too slow at the beginning, but the predicted CO mole fraction is very close to the experimental one by the end of the experiment. The Glarborg model is the most reactive one at the beginning of the experiment, but the CO formation slows down past 1 ms, making the model diverge from the data past this time. The NUIGMech 1.1 and CRECK models have intermediate performance and fall in between the two extreme groups.



At 1451 K (Figure 6b), the Fuller, Mathieu, and Deng models are accurately predicting the final CO mole fraction reached at the end of the test time. At the beginning of the experiment, the Mathieu and Fuller models are the closest to the data, while the Deng one is slightly slower. After 500 µs, the Fuller model predicts a rate of CO formation that is faster than the Mathieu and Deng models, as well as the data. The Glarborg model is again the most reactive at the beginning of the experiment but it under-predicts the most the CO mole fraction toward the end of the experiment (by about 10%). The Ahmed model displays the opposite trend: least reactive model but predicts the largest amount of CO by the end of the experimental time, exceeding the experimental value by about 9%. Among the two base models, one can see that only CRECK predicts the CO mole fraction accurately. At 1565 K (Figure 6c), all models under-predict the CO mole fraction. The shape of the data is well captured by all models, but Fuller predicts a decrease in the CO mole fraction toward the end of the test time, which is not observed experimentally. Models are still under-reactive, with the Fuller and Mathieu mechanisms providing the most accurate reactivity. For the highest temperature investigated (Figure 6d), the peak in the CO profile is captured by all models with relatively accurate timing, although most models predict this peak to appear before the experimental one. The Mathieu and Fuller mechanisms predict the mole fraction at the peak with good accuracy, while other models under-predict the CO level by between 3% (Deng model) and 10% (Ahmed model). Past the peak, the Zhang model is the only one predicting the CO profile with high accuracy for the remainder of the experiment, although all models converge to a value similar to the experimental value at the end of the test time.



For the ethane results (Figure 7), it is visible for the 1332 K case (Figure 7a) that the Ahmed, Glarborg, and Zhang models are largely under-reactive and predict CO mole fractions that are significantly below the experimental values during the test time considered. The Mathieu and Deng models are very close to the data at the early stages of the experiment. After about 750 µs, the Deng model diverges and under-predicts the CO mole fraction, while the Mathieu model remains close to the experimental data. After 1 ms, the Fuller model converges with the Mathieu model and presents similar predictions.



At 1449 K (Figure 7b), the Fuller model is the closest to the data followed by the Mathieu model during the first millisecond. After this first millisecond, the base models (NUIGMech 1.1 and CRECK) present a CO mole fraction that is closer to the data than the Mathieu mechanism. The other hydrocarbon/NOx models considered herein are all under-reactive and under-predict the CO formation by a factor of up to about 1.6 for the Ahmed model. Similar observations can be made for the 1579 K case (Figure 7c), although the Zhang model is now closer to the best models, leaving the Ahmed and Glarborg models as the least accurate models in terms of both reactivity and CO mole fraction, the Ahmed model predicting a final CO mole fraction that is more than 5 times smaller than the experimental value.



For the highest temperature considered, 1934 K (Figure 7d), the predicted peak CO is too early for all models except the one from Glarborg. Only the Mathieu and Fuller models predict an accurate CO mole fraction at the peak, while the other models predict too small of a CO mole fraction. Note that past the peak, all models are similar and, while capturing well the shape of the CO profile, they all under-predict the CO mole fraction by about 15%.




6. Discussion


To explain the results obtained during this study, a numerical analysis was conducted. For this analysis, the Mathieu et al. model was selected as it consistently ranks the best or among the best models in Figure 1, Figure 2, Figure 6 and Figure 7. The model of Glarborg et al. was also used since, despite not being amongst the most accurate models, all NOx reactions used in this model were carefully reviewed and selected individually. It is also more recent that the Mathieu model.



6.1. Methane Mixture


For the methane mixture, the Mathieu model shows that the reactivity is initiated by:


CH4 + NO2 ⇆ CH3 + HNO2



(R1)






CH3+HONO ⇆ CH4 + NO2 (in reverse)



(R2)






CH4 + O ⇆ CH3 + OH



(R3)




with R1 largely dominating. Note that the HNO2 formed during R1 will rapidly isomerize into


HONO (HNO2 ⇆ HONO)



(R4)







The O from R3 is essentially coming from


NO2 + NO2 ⇆ NO3 + NO



(R5)




followed by


NO3 ⇆ NO2 + O



(R6)




with a minor contribution from


NO + O (+M) ⇆ NO2 (+M) (in reverse)



(R7)







After the reactivity is initiated, CO forms chiefly via the following sequence:


CH3 + NO2 ⇆ CH3O + NO



(R8)






CH3O (+M) ⇆ CH2O + H (+M)



(R9)






CH2O + OH ⇆ HCO + H2O



(R10)






HCO + M ⇆ H + CO + M



(R11)




note that a very small contribution comes from NOx interactions via (by order of importance):


HCO + NO2 ⇆ HONO + CO



(R12)






HCO + NO ⇆ HNO + CO



(R13)






HCO + NO2 ⇆ CO + NO + OH



(R14)







For the highest temperatures, the reactivity is initiated by R7 followed by CH4 + O ⇆ CH3 + OH (R3) (followed by the sequence R8–R11 described above). Concerning the decrease in the CO profile observed at 1913 K (Figure 6d), the Mathieu model indicates that the reaction


CO + OH ⇆ CO2 + H



(R15)




is chiefly responsible for this behavior, similar to regular hydrocarbon/O2 mixtures [37,38,39]. However, a small contribution from the following reactions is predicted (by order of importance):


NCO + H ⇆ CO + NH



(R16)






NCO + NO ⇆ N2O + CO



(R17)






HNCO + H ⇆ NH2 + CO



(R18)






NCO + O ⇆ NO + CO



(R19)






HCN + O ⇆ NH + CO



(R20)






CN + O ⇆ CO + N



(R21)







Concerning the Glarborg mechanism, the same reactions are involved (R1–R11), although


CH2O + OH ⇆ H + CO + H2O



(R22)




is also contributing (this reaction is not present in the Mathieu mechanism). For the minor interactions with NOx for the CO formation, R12-R14 are similarly contributing moderately, but R23 is also predicted:


HCO + NO2 ⇆ HONO + CO



(R23)







Likewise, for the highest temperature, predictions show that the R7 (NO + O (+M) ⇆ NO2 (+M) (in reverse))–R3 (CH4 + O ⇆ CH3 + OH) pathway is also initiating the oxidation process. In the area where the CO-to-CO2 conversion is observed, R15 also largely dominates, but reactions involving NOx seem even less important than for the Mathieu model. Here, only R16 (NCO + H ⇆ CO + NH) is predicted to have a very moderate effect.




6.2. Ethane Mixture


For ethane, the larger molecule induces a much more complex reaction scheme. According to the model from Mathieu et al., the oxidation is chiefly initiated by the thermal decomposition of C2H6:


2 CH3 (+M) ⇆ C2H6 (+M) (in reverse)



(R24)







Additional initiation contribution comes from the H-abstraction by NO2:


C2H6 + NO2 ⇆ C2H5 + HNO2



(R25)




which is then followed by R4 to form HONO. Subsequently, HONO rapidly decomposes to NO and OH via


HONO ⇆ OH + NO



(R26)




and, to a lesser extent, by


C2H5 + HONO ⇆ C2H6 + NO2 (in reverse)



(R27)







The CH3 produced from R24 then follows the R8–R11 pathway described for methane. Concerning NO2, the reactions R5–R7 are logically also present given that the conditions are essentially the same.



After this initiation phase, C2H6 is mostly consumed via C2H6 + OH ⇆ C2H5 + H2O, with OH mostly coming from R26. Once C2H5 is produced, it mostly produces CO via the following pathway (the reactions are listed by order of importance for a given molecule/radical):


C2H4 + H (+M) ⇆ C2H5 (+M) (in reverse)



(R28)






C2H4 + OH ⇆ C2H3 + H2O



(R29)






C2H4 + NO2 ⇆ C2H3 + HNO2



(R30)






C2H3 + NO2 ⇆ NO + CH2CHO



(R31)






C2H2 + H (+M) ⇆ C2H3 (+M) in reverse



(R32)






C2H2 + OH ⇆ CH2CO + H



(R33)






C2H2 + O ⇆ HCCO + H



(R34)






CH2CHO (+M) ⇆ CH2CO + H (+M)



(R35)






CH2CHO (+M) ⇆ CH3 + CO (+M)



(R36)






CH2CHO + NO2 ⇆ CH2CO + HONO



(R37)






CH2CHO + NO2 ⇆ CH2O + CO + NO



(R38)






CH2CO + OH ⇆ HCCO + H2O



(R39)






CH2CO + OH ⇆ CH2OH + CO



(R40)






CH2OH (+M) ⇆ CH2O + H (+M)



(R41)






CH2OH + NO2 ⇆ CH2O + HONO



(R42)






HCCO + NO2 ⇆ HCNO + CO2



(R43)






HCCO + NO ⇆ HCNO + CO



(R44)






HCCO + NO ⇆ HCN + CO2



(R45)






HCCO + OH ⇆ H2 + 2 CO



(R46)







Note that R28 also competes with


C2H5 + NO2 ⇆ C2H5O + NO



(R47)




followed by


C2H5O ⇆ CH3 + CH2O



(R48)




with both fragments produced by R48 being part of the methane-to-CO pathway described above. For the highest temperature investigated (Figure 7d), the decomposition of ethane into methyl radicals (R24) largely dominates at the beginning of the computation. A very small contribution (accounting for about 5% of the C2H6 decomposition) is observed for C2H6 + O ⇆ C2H5 + OH, with O mostly coming from R7 (NO + O (+M) ⇆ NO2 (+M)). The subsequent reaction paths to CO follow the ones described above for CH4 (CH3 radical) and ethane (C2H5 radical). The CO decomposition area, past the peak, is subject to the same reactions as described before for methane (R15–21).



Concerning the Glarborg model, for the lowest temperatures, the NO2 still reacts via R5–R6 at the very beginning of the timescale considered (initiation phase). Note that R49: 2 NO2 ⇆ 2 NO + O2 is also relatively important. Ethane also mostly decomposes into CH3 fragments via R24 (which follows the pathway to CO described above for methane). However, the second most important reaction after R24 for C2H6 consumption is C2H6 + O ⇆ C2H5 + OH, which was not as important in the Mathieu et al. model at this stage. Past this initiation phase, C2H6 is mostly consumed via C2H6 + OH ⇆ C2H5 + H2O. Once C2H5 is formed, the pathway from C2 to CO is similar to the one described above for the Mathieu et al. model, but with some differences. First, the conversion from C2H4 to C2H3 via H abstraction by NO2 (R30) does not seem important for the Glarborg model. Similarly, the transition from C2H3 to C2H2 shows that the H abstraction by NO2 (R31) has a larger importance than R32 (C2H2 + H (+M) ⇆ C2H3 (+M) in reverse) in the Mathieu model, whereas the opposite is observed for the Glarborg model. The other reactions leading to CO appear to be the same between the two mechanisms. Similarly, for the highest temperature investigated (Figure 7d) the same main reactions are seen for the two models considered.



These results seem to indicate that the differences in predictions observed between these two models are due to the variations in the reaction rate coefficients used, at possibly both the base hydrocarbon/O2 and the hydrocarbon/NOx interactions level. For instance, a comparison of the CO profiles from the two models considered herein using a CH4/O2 mixture was made in Mathieu et al. [29]. It is visible in [29] that the CO profiles are similar in their shapes and CO levels, although a noticeable difference in terms of reactivity can be observed (the Glarborg model being less reactive). The difference in the CO level observed between the two models in Figure 6 is therefore likely due to the hydrocarbon/NOx interactions. A comparison of the rate coefficients for the reactions involved in the CO formation process for the two mechanisms was made. It was found that the rate coefficients for only 12 reactions (R5, R7, R12, R16–R21, R23, and R31–R32) over the 49 mentioned in this paper are identical. The other reactions present different rate coefficients or are present in one model only (R22, R41, and R46).



While different rate coefficients for some reactions might only lead to minor differences in the predictions, it is worth mentioning that, on the other hand, some reactions are very important for the results presented herein. The reactions pertaining to the base hydrocarbon/O2 chemistry will not be discussed here as they are beyond the scope of this work. However, it can be pointed out that the two modern generalist base models, NUIGMech 1.1 and CRECK 2002, for which the baseline chemistry was extensively validated, both present good predictions overall, stressing the importance of having a robust base chemistry for hydrocarbon/O2 interactions as a foundation.



Concerning the two models discussed, differences in the rate coefficients for reactions such as R1 (CH4 + NO2 ⇆ CH3 + HNO2), which appears to be the leading reaction for initiating the oxidation process in most of the temperature range investigated for the methane mixture, can only lead to differences between the models’ predictions. Concerning the ethane mixture, one can see in Figure 7 that the differences are larger between the two models than for the methane mixture (Figure 6). A careful analysis shows that all important reactions between C2 hydrocarbons (and their subsequent fragments) and NOx use different reaction rate coefficients between the two models (R25, R27, R30–R31, R37–R38, R42–R45, R47). This difference illustrates the need for the experimental results presented herein, so hydrocarbon/NOx models can be further validated, and reaction rate coefficients can be selected with higher confidence. The CO species profiles presented herein are excellent targets to further validate models as they present more stringent constraints to assess specific reaction rate coefficients. Such constraints are not typically offered by global combustion parameters such as ignition delay time or laminar flame speed data.





7. Conclusions


During this study, the oxidation of well-studied hydrocarbons, methane and ethane, was performed in mixtures in excess of NO2 and observed by measuring CO profiles. These data allowed for probing the complex interactions between these hydrocarbons and NOx and are the first of their kind. Several modern detailed kinetics mechanisms from the literature were compared to these new data, and most of them are not accurate enough to predict the results, especially for ethane.



While the two models used for the numerical analysis predicted essentially the same reaction pathways from the initial hydrocarbons to CO, the numerical analysis showed the importance for accurate predictions from the base chemistry as well as the right selection of rate coefficients for the reactions involving NOx. This observation is especially true for ethane, for which larger discrepancies between the models and the data, as well as between the models, were observed.



Further work using the same method with unsaturated (C2H4, C2H2), larger (C3H8, butane isomers, etc.), or different classes (aromatics, alcohols, etc.) of hydrocarbons would be necessary to better comprehend the interactions between NOx and fuels for a large number of applications and fuels (natural gas, gasoline, kerosene, diesel, etc.). The present results show that the discrepancies between the models and between the models and the data are larger for the experiments conducted below 1500 K, which indicates that future experiments should as much as possible be conducted below this temperature.
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Figure 1. Comparison of ignition delay time measurements from Mathieu et al. [13] with predictions from literature models. 
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Figure 2. Comparison of ignition delay time measurements from Zhang et al. [26] with predictions from literature models. 
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Figure 3. Schematic of the laser diagnostic used during this study to measure the CO concentration behind reflected shock waves. 
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Figure 4. CO profiles for (a) methane and (b) ethane obtained during the course of this study. 
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Figure 5. Comparison between the CO profiles from methane and ethane for similar conditions at around (a) 1330 K and (b) 1924 K. 
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Figure 6. Comparison between experimental CO profiles and predictions of detailed kinetics models from the literature for a 0.0015 CH4/0.006 NO2/0.2 He/0.7925 Ar mixture at around 1.2 atm and for various temperatures: (a) 1328 K, (b) 1451 K, (c) 1565 K, and (d) 1913 K. 
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[image: Fuels 03 00001 g006]







[image: Fuels 03 00001 g007 550] 





Figure 7. Comparison between experimental CO profiles and predictions of detailed kinetics models from the literature for a 0.0009375 C2H6/0.006 NO2/0.2 He/0.7925 Ar mixture at around 1.2 atm and for various temperatures: (a) 1332 K, (b) 1449 K, (c) 1579 K, and (d) 1934 K. 
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Table 1. Mixtures and conditions investigated during this study.
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	Mixture Composition (Mol. Fraction)
	T5 (K)
	P5 (atm)





	0.0015 CH4/0.006 NO2/0.2 He/0.7925 Ar
	1213–1913
	1.16–1.37



	0.0009375 C2H6/0.0065625 NO2/0.2 He/0.7925 Ar
	1109–1934
	1.20–1.53
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