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Abstract

:

The near-wall flame structure and pollutant emissions of the laminar premixed biogas-hydrogen impinging flame were simulated with a detailed chemical mechanism. The spatial distributions of the temperature, critical species, and pollutant emissions near the wall of the laminar premixed biogas–hydrogen impinging flame were obtained and investigated quantitatively. The results show that the cold wall can influence the premixed combustion process in the flame front, which is close to the wall but does not touch the wall, and results in the obviously declined concentrations of OH, H, and O radicals in the premixed combustion zone. After flame quenching, a high CO concentration can be observed near the wall at equivalence ratios (φ) of both 0.8 and 1.2. Compared with that at φ = 1.0, more unburned fuel is allowed to pass through the quenching zone and generate CO after flame quenching near the wall thanks to the suppressed fuel consumption rate near the wall and the excess fuel in the unburned gases at φ = 0.8 and 1.2, respectively. By isolating the formation routes of NO production, it is found that the fast-rising trend of NO concentration near the wall in the post flame region at φ = 0.8 is attributed to the NO transportation from the NNH route primarily, while the prompt NO production accounts for more than 90% of NO generation in the wall vicinity at φ = 1.2. It is thus known that, thanks to the effectively increased surface-to-volume ratio, the premixed combustion process in the downsized chamber will be affected more easily by the amplified cooling effects of the cold wall, which will contribute to the declined combustion efficiency, increased CO emission, and improved prompt NO production.






Keywords:


near-wall flame structure; CO and NO formations; biogas–hydrogen blends; impinging flame












1. Introduction


In the real combustion facilities, the combustion process occurs in the closed chamber typically where the walls exert direct influences on the flames through the fluid dynamics, thermochemical properties. Flame-wall interaction (FWI) is thus considered to be quite significant to the near-wall combustion process which can affect the flame stability, combustion efficiency and pollutant formations effectively [1,2]. Furthermore, with a recent trend of utilizing higher power density and downsizing design of combustor, the FWI is considered to be increasingly pivotal to obtain the stable and efficient combustion in the real combustors [3,4,5]. Hence, there exists a need to make more efforts on the investigation on the FWI and near-wall combustion properties of laminar/turbulent flames.



During FWI, flow fields, chemical reactions and wall are interacted, which exert sophisticated coupling effects on the local thermochemical states, chemical reactions, wall heat flux, pollutant formations, etc. With these coupling effects, the flame quenching will happen near the walls of combustion chamber due to the heat loss to the wall, and then influence the fuel consumption rate and emissions. Few of works have been conducted to explore the near-wall quenching mechanism, while the quenching Peclet number is determined under different conditions because the quenching distance is considered as a quite pivotal quantity to characterize the FWI phenomenon [6,7,8]. Besides, many researchers studied the FWI effects on the impingement heat transfer mechanism in order to obtain the highly efficient heating in the domestic and industrial applications when utilizing the flame impingement [9,10,11,12,13]. With the complicated coupling effects during FWI, pollutant formations can be also affected considerably by the near-wall environment which has the large temperature gradient, variable reaction progress, flow boundary layer, considerably increased heat loss, etc. With the downsizing trend of combustor and the stricter emission regulations, it is thus quite necessary to identify the pollutant formations in the near wall region, which can provide the useful knowledge and guidelines for the combustor design in the future. However, quite few works are conducted to analyze pollutant formations near the wall [2].



In the past decades, studies have been conducted to investigate the FWI effects on the pollutant emissions (CO and NOx) of the impinging flames experimentally. While previous works have provided quite a bit of information on the formation mechanism in the near wall region because the overall emissions are measured, instead, more studies are needed to use the measured local data and/or numerical results near the wall to investigate the FWI effects. Thanks to the complex combustion process in the near-wall region, the direct measurement and numerical simulations of the near-wall pollutant formations need to be conducted in order to obtain a clearer understanding of the pollutant production in the near-wall region. Singh et al. [14] measured the CO distributions, flame temperature, and heat fluxes of an impinging flame simultaneously using the LIF and CARS techniques, and the measured data were suggested to be used to validate the numerical simulations. Mann et al. [15] investigated the CO distribution of the stagnation-stabilized methane flame under the HOQ condition experimentally and found that the enthalpy loss to the wall suppressed CO oxidation and led to a high CO concentration in the near-wall region. Jainski et al. [16] studied the side-wall quenching (SWQ) of methane flame experimentally and reported that the FWI effects on the CO distribution is determined by the characteristic time scales of heat transfer, CO oxidation and CO production. Ganter et al. [17] suggested that the high CO concentration near the wall in the V-shape methane flame is attributed to the transport of CO produced at the larger wall distances. Rivera et al. [4] studied the relative contribution of near-wall flame dynamic to the CO emission in the forced laminar premixed flame experimentally. Kosaka et al. [8] measured the CO concentrations near the wall in the methane flame experimentally and reported that CO formation and oxidation are both shifted to the lower temperature in the near wall region. Jiang et al. [18] suggested that the near-wall CO under the head-on quenching condition may be modeled by the integrated diffusion term owing to the dominance of diffusion on the CO concentration near the wall. Wei et al. [19,20,21,22] performed some studies to analyze the CO/NOx formations in the laminar premixed biogas-hydrogen impinging flame and suggested that heat loss can suppress the CO production in the impinging flame while the prompt NO emission can be improved in the near wall region. The improved prompt NO production and suppressed thermal NO near the wall were also reported by Wehrfritz and his co-workers [23]. From the above review, it is known that the formations of CO and NOx suffer the complex influences under various conditions. Furthermore, the near-wall combustion is generally studied under the ideal head-on quenching or side-wall quenching condition in the previous studies, more works need to be performed by utilizing the real flame, such as impinging Bunsen flame, which can provide more useful insights for the combustion process in the wall vicinity of the real combustors. Furthermore, stoichiometric condition is adopted generally in the previous studies to analyze the near wall combustion, however fuel-lean and fuel-rich conditions should be also considered and investigated owing to their different combustion processes. Overall, the near-wall flame structures and CO/NOx formations in the wall vicinity at fuel-lean and fuel-rich conditions need to be investigated more thoroughly with the experimental and/or numerical methods. Additionally, considering the difficulty of experimental measurements on the near-wall combustion process, there exists a need to conduct the highly-resolved numerical simulation using the detailed chemical mechanism. This can make for the establishment of a comprehensive understanding on the FWI on the near-wall flame structure and pollutant formations, which can provide more useful information for the near-wall combustion modeling.



Biogas is seen as a promising renewable fuel which can be obtained by the wastes from the domestic sewage, agriculture and landfills. It is general that CH4 and CO2 are the major parts of biogas, and the CO2 proportion can be changed from 20–60% typically [24,25,26]. Whereas, the fuel properties of biogas are relatively poor than that of methane owing to the large amount of CO2 content, which results in its poor combustion stability, lower laminar flame speed, narrow flammability limits, etc. and then restricts its applications considerably [27]. Hydrogen is another clean fuel with the promising prospect. Thanks to the high diffusivity and reactivity, it is more suitable to utilize the hydrogen as an addition to other fuels in the combustion fields. It is confirmed that the hydrogen addition is competent to improve the fuel characteristics by numerous studies [28,29,30,31,32]. Hence, the hydrogen addition should be also effective to improve the biogas combustion and promote its practical utilizations, which can make the biogas-hydrogen blend to be one of promising renewable and sustainable fuels in the fields of energy and combustion. With this consideration, the biogas-hydrogen blend is utilized in this work.



The objective of this study is to investigate the flame structure in the near-wall vicinity and analyze the distributions and formations of CO and NO in the near-wall region of the laminar premixed biogas-hydrogen impinging flame at different equivalence ratios using the detailed chemistry simulations. This work is expected to improve the understandings the near-wall combustion characteristics of the laminar premixed biogas-hydrogen impinging flame and gain the knowledge of fuel characteristics of the biogas-hydrogen blends.




2. Numerical Methods


To calculate the near-wall combustion process in the laminar premixed impinging biogas–hydrogen flames, STAR-CD software was adopted to perform the simulation in this study. In order to obtain a similar condition of side-wall quenching, the laminar premixed impinging flame was stabilized at the wall-to-nozzle distance of 10 mm and Re = 1000 by using a nozzle with an inner diameter of 9 mm. The wall temperature was set to 313 K, which is consistent with the previous experimental study. The biogas, which consists of 25% CO2 and 75% CH4, was used as a fuel, while 10% H2 was added in the biogas fuel to improve its combustion stability near the wall. In addition, a 2D computational domain was adopted in the simulation considering that the flame used in this work was an axi-symmetric flame, as shown in Figure 1. To eliminate the boundary condition effects on the near wall combustion simulation, the axial size and radial size of the domain were set to 10 mm and 100 mm, respectively. The grids in the flame region and the near-wall zone were refined to 0.05 × 0.05 mm in order to guarantee the accuracy in the combustion zone and the boundary layer. In addition, the grid was increased to 1 × 1 mm gradually outside these regions. To describe the chemical reactions of the biogas–hydrogen–air combustion, a combined chemical mechanism composed of the skeleton methane mechanism [33] and the NO mechanism of the San Diego mechanism [34] was used in this study, which can ensure the simulation accuracy with an acceptable computation cost. Additionally, as NO can be formed via four major routes in the biogas–hydrogen–air flame, the method to isolate NO formation routes [35] was also adopted in the study for the sake of obtaining a clearer understanding on the NO formation in the wall vicinity. The accuracy of this computational model has been validated by the experimental data and more information on this simulation model has been described in the previous works [19,22].



To investigate the near-wall combustion process, the quenching point needs to be determined firstly. The method used in [17] was adopted in this work. With the OH radical distribution in the near-wall region, the OH concentration gradients along the z-direction could be obtained at different x-positions, as shown in Figure 2a. The z-position of the maximum gradient of the OH mass fraction can be determined at a constant x-position. The positions of the maximum gradient of the OH concentration are thus indicated by a white solid line, as illustrated in Figure 2a. Additionally, based on the maximum value along the white line, the gradients along this white solid line can be normalized and the quenching point can be determined by the location with the normalized value of 0.5, as shown in Figure 2b, while the quenching distance can be determined by the distance between the quenching point and the wall along the z-direction as shown in Figure 2a. The absolute x-position of the quenching point was defined as xOH, as shown in Figure 2b. For a better illustration and discussion, the x-position relative to the quenching point (xQ = x − xOH) was defined and adopted for the following result discussions, as shown in Figure 2a.




3. Results and Discussions


3.1. Near-Wall Flame Structure of the Laminar Premixed Biogas–Hydrogen Impinging Flame


The temperature profiles at different xQ in the wall vicinity of the biogas–hydrogen impinging flames at φ = 0.8 and 1.2 are each compared in Figure 3. It can be seen that the temperature varied drastically within the near-wall region of Δz ≤ 0.5 mm, and it remained at a relatively stable level in the post flame region (Δz ≥ 1.0 mm). When xQ = −0.05, 0.45, and 0.95 mm, the temperature decreased more rapidly towards the cold wall, which resulted in a steep increase of the temperature gradient. Furthermore, it is noted that the flame at φ = 1.2 had the almost same temperature in the post flame region at different xQ, while the temperatures at φ = 0.8 had the same peak value at different xQ as Δz ≈ 2.25 mm, but they had the different dropping trends at these x-positions as Δz ≥ 2.25 mm. With the increased xQ, the cold wall and ambient air could exert increased cooling effects on the flame front and the burned gases due to the decreased heat generation and the reduced distance between the flame front and the cold wall. Thanks to the absence of diffusion combustion, the flame at the fuel-lean condition could thus hardly maintain the high temperature of the burned gases and resulted in a faster dropping trend of temperature in the burned gases with the increased xQ. In contrast, with the increased xQ, the flame in the fuel-rich condition could compensate for the increased cooling effects on the burned gases by its comparatively intensive diffusion combustion, which could provide extra heat to maintain the temperature of the burned gases and resulted in an almost unchanged temperature in the post flame region. At xQ = −0.55 and −1.05 mm, the high temperature showed the fast dropping trend firstly across the flame front, and then its dropping rate decreased owing to the layer of unburned gas mixture located close to the wall, as shown in Figure 3. Additionally, it is noted that the peak flame temperature at different xQ were almost the same. Further considering the different dropping trends at various xQ, the highest value of the heat transfer rate of the imping flame was thus generally obtained near the quenching point, while the lower heat fluxes at other locations resulted from the unburned gases layer before quenching and insufficient fuel oxidization after quenching.



It is known that OH, H, and O radicals are the critical active radicals that play a dominated role in the combustion processes of methane and hydrogen fuels, thus the investigation on the spatial distributions of these radicals can improve the understanding on the near wall flame structure of biogas–hydrogen impinging flames. As shown in Figure 4, almost no OH, H, and O radicals were observed in the region of Δz ≤ 0.25 mm, which indicates that the strong cooling effects of the cold plate suppressed the chemical reactions considerably by decreasing the gas temperature.s At φ = 0.8, it is noted that the maximum concentrations of OH, H, and O radicals along the different xQ decreased steadily from xQ = −1.05 mm to 0.95 mm. Specifically, the premixed combustion zone could be still affected effectively by the cold wall, even though the flame had not touched the impingement plate, which could be confirmed by the evident dropping trends of the OH, H, and O concentrations from xQ = −1.05 mm to −0.05 mm, as shown in Figure 4. This implies that although no flame quenching in the central zone of the downsized combustion chamber existed, the premixed combustion process in the chamber could also be influenced considerably owing to the effectively increased surface-to-volume ratio, amplifying the cooling effects of the cold chamber wall on the combustion process. Furthermore, the further decreased peak concentrations of the OH, H and O radicals after flame quenching were caused primarily by the insufficient fuel oxidization owing to the lean condition, continous consumption of these radicals in the gases, and the transport effects on these species. Furthermore, thanks to the complete premixed combustion process, excess air in the unburned gases, and ambient air entrainment at φ = 0.8, the OH, H, and O radicals can be consumed efficiently in the burned gases, while their concentrations declined obviously far away from the cold wall, as shown in Figure 4. In contrast, as shown in Figure 4, the variations of the OH, H, and O concentrations in the premixed combustion zone at φ = 1.2 had the similar dropping trends to that at φ = 0.8 as xQ increased, which further confirmed the cooling effects of the wall on the chemical reactions in the flame front close to the wall. However, it is noted that the concentrations of OH and O radicals showed apparently rising trends with the increased Δz, while the dropping rate of the H concentration became much lower than that at φ = 0.8, as in shown in Figure 4. This was ascribed to the excess fuel oxidized in the diffusion combustion zone and the ambient air entrainment providing more available oxidizor. Furthermore, the low concentrations of the OH, H, and O radicals between the premixed combustion zone and diffusion zone were mainly caused by insufficient oxygen in the unburned gases and the quite moderate ambient air entrainment there. Overall, it is concluded that the cold wall could not only affect the chemical reactions effectively at the quenching point and after the flame quenching, but also exerted a strong influence on the premixed combustion process in the flame front, which was close to the wall but had not touched the wall. This indicates that the premixed combustion process in the downsized chamber would be suppressed more easily by the amplified cooling effects of cold wall, owing to its effectively increased surface-to-volume ratio, which could contribute to the decreased combustion efficiency and increased pollutant emissions.




3.2. Near-Wall Spatial Profiles of CO in the Laminar Premixed Biogas–Hydrogen Impinging Flame


Figure 5 gives the spatial profiles of CO at different xQ in the biogas–hydrogen flames at φ = 0.8 and 1.2. As xQ < 0, the flame at either φ = 0.8 or φ = 1.2 was disturbed slightly by the wall. CO thus had a comparatively low concentration in the layer of unburned gases close to the wall, as shown in Figure 5. When passing through the flame front, CO started to be produced in the premixed combustion zone and the CO mass fraction increased drastically. Further away, CO was oxidized in the burned gases and its concentration decreased steadily. The OH radical profiles illustrated in Figure 4a can be used to analyze the CO oxidation process in the post flame region. It is seen that the variation of CO concentration in the post flame region was dependent on the concentration of the OH radical. Compared with φ = 1.2, CO was oxidized in the post flame region more effectively at φ = 0.8 owing to the abundant OH radical, as shown in Figure 4a. Hence, the flame at φ = 0.8 had an efficient CO oxidation process for the burned gases and a considerably lower CO concentration than for the flame of φ = 1.2 at the location far away from the wall. At φ = 1.2, the CO concentration showed a fast dropping trend near the flame front, firstly thanks to the high temperature and peak concentration of OH radical there, as shown in Figure 4a. Further downstream, the CO concentration remained at a comparatively stable level in the diffusion combustion zone (1.1 mm < Δz < 2.5 mm) at φ = 1.2 because of the reduced available OH radical (shown Figure 4a) and the competition with other species for the OH radical. In the diffusion combustion zone (Δz > 2.5 mm), the ambient air provided more oxidizer to produce an OH radical and resulted in an increased concentration of the OH radical (as shown in Figure 4a). This again accelerated CO oxidation and led to a further decrease of CO concentration in this region (as shown in Figure 5).



Furthermore, at xQ = 0.45 and 0.95 mm, the highest CO concentration occured in the wall vicinity at either the fuel-lean or fuel-rich conditions, while the CO concentration had a similar variation in the larger Δz as that of xQ < 0. Near the wall, the CO production was insignificant for the high concentration of CO in the wall vicinity of the flame at φ = 1.0 because the fast and efficient consumption of fuel and the low temperature near the wall can suppress the CO production in the burned gases (at xQ = 0.45 and 0.95 mm) considerably. Furthermore, due to the relatively longer time scale of CO oxidation, CO could be transported to the wall vicinity from the post flame oxidation region, which gave rise to a higher CO concentration in the region close to the wall [36]. As HCO is a pivotal intermediate and indicator for the CO production of methane premixed combustion, the considerably low HCO concentration near the wall (as shown in Figure 6) indicates the absence of CO production near the wall in the post flame region and further confirms the insignificant contribution of CO production on CO accumulation in the wall vicinity at φ = 1.0. Furthermore, for the flame at φ = 0.8 and 1.2, unburned fuel was more likely to escape into the post-flame region through the quenching zone thanks to the relatively slower fuel consumption and abundant unburned fuel, respectively. The escaped fuel then gave rise to CO production near the wall in the post flame region. As shown in Figure 6, the HCO concentration near the wall at xQ = 0.45 or 0.95 mm had a comparable value to that in the premixed combustion zone, which then contributed to the CO production and gave rise to the high CO concentration in the wall vicinity. Thus, the significance of CO production for a high CO concentration near the wall cannot be neglected after flame quenching at φ = 0.8 and 1.2. Furthermore, CO tranportation from further locations to the near-wall region in the flame at φ = 0.8 and 1.2 existed, which also played an important role in CO accumulation in the wall vicinity at xQ = 0.45 and 0.95 mm (as shown in Figure 5).




3.3. Near-Wall Spatial Profiles of NO in the Laminar Premixed Biogas–Hydrogen Impinging Flame


The spatial distributions of NO at different xQ in the biogas–hydrogen flame are compared in Figure 7. At different xQ, generally, the NO concentration increased gradually with the increased wall distance and reached its maximum value at around Δz = 2.5 mm and 2 mm in the flame at φ = 0.8 and 1.2, respectively. Further away from the wall, the NO concentration was decreased more effectively at φ = 0.8 than that at φ = 1.2, which could be as a result of the excess air and ambient air that reduced the burned gases temperature of the impinging flame more effectively at φ = 0.8, and then suppressed the NO production considerably and decreased its concentration. In addition, it is noted that the NO concentration in the flame at φ = 1.2 was much higher than that at φ = 0.8. This is attributed to the more heat released near the wall, which resulted in a high temperature and then accelerated NO production. Although the NO concentrations at different xQ had similar values at locations far away from the wall (as shown in Figure 7), it is noted that they had a large difference in the near-wall region (Δz < 0.5 mm) at either φ = 0.8 or φ = 1.2. In the wall vicinity, NO could hardly be produced as xQ < −0.05 mm due to the existence of the unburned gases layer. Near the quenching point (xQ = 0), the NO concentration showed an obvious rising trend in the region of Δz < 0.25 mm. In contrast, the increasing rate ofthe NO concentration was further elevated in the post flame region (xQ = 0.45 and 0.95 mm), as illustrated in Figure 7.



In order to clarify the reasons causing this difference, the NO amounts produced by different major routes and the contributions of different routes on NO production at various xQ are discussed here. As shown in Figure 8, it is seen that, at φ = 0.8, the NO mass fraction of the NNH route had a much higher value than that of the other three routes, and its value increased rapidly in the post flame region as Δz < 0.25 mm, which indicates that the NNH route played a dominated role in NO accumulation near the wall at φ = 0.8, as shown in Figure 7. Furthermore, although the prompt NO had the lowest value at locations far away from the wall compared with that of the other routes, it was produced quite effectively in the wall vicinity thanks to the heat loss to the wall, which allowed for more available fuel to participate in the prompt NO production process, which resulted in a higher concentration of prompt NO than that of the thermal route and because of the N2O route in the wall vicinity (Δz < 0.25 mm), as shown in Figure 8. This also contributed to the NO accumulation near the wall as xQ > 0 mm in the biogas–hydrogen flame at the fuel-lean condition. In addition, it is noted that N2O route and thermal route proceeded primarily far away from the wall rather than near the wall, owing to the restraint of the residence time and gas temperatures. At φ = 1.2, it is clear that the fast rising trend of the NO concentration near the wall was predominated by the prompt NO, whose value was two or three orders of magnitude higher than that of other routes (as illustrated in Figure 8). Furthermore, it is seen that NO production via the NNH route, N2O route, and thermal route were improved considerably with the increased Δz thanks to the abundant fuel, more ambient air mixing, and increased gases temperature. To further clarify the reasons for the high concentrations of prompt NO and NNH NO, the near-wall distributions of the HCN and NNH radicals produced via the prompt route and NNH route at different xQ are compared in Figure 9. It is seen that, at either φ = 0.8 or φ = 1.2, the concentration of NNH radical remained at zero within the region of Δz < 0.25 mm, while the HCN radical had a high concentration in the wall vicinity compared with that in the further zone away from the wall when xQ ≥ −0.05 mm. This means that the accumulation of prompt NO near the wall could be attributed to its effective production process in the wall vicinity, while the high concentration of NO via NNH route near the wall might have resulted from the transportation of NO from the location far away from the wall.



Figure 10 compares the contribution variations of different routes at various xQ in the flame. It is seen that the prompt route and NNH intermediate route accounted for more than 80% of NO production in the wall vicinity (Δz < 0.5 mm) at φ = 0.8, while almost all of the NO near the wall was generated via a prompt route at φ = 1.2. As Δz increased, the significance of the prompt route decreased drastically while other routes were increasingly significant in the NO production in the post flame region for the fuel-lean condition. In contrast, although the NO productions via other routes were accelerated quite effectively in the post flame region at φ = 1.2, as shown in Figure 10, the prompt NO still accounted for around 70% of the NO production in the zone further away from the wall due to its efficient production in the wall vicinity. Hence, it is known that NO productions via the prompt route and NNH route are the primary contributors on the high NO concentration near the wall at the fuel-lean condition, while the prompt NO predominates the rapid accumulation of NO in the wall vicinity at the fuel-rich condition. In addition, it is known that, although the contribution of the prompt route can be decreased gradually far away from the wall, the significance of the prompt route for the NO emission cannot be neglected in the micro-combustors in which the combustion process suffers from the drastically strong FWI effects in the whole chamber.





4. Conclusions


The near-wall flame structure and pollutant emissions of the laminar premixed biogas–hydrogen impinging flame were simulated with a detailed chemical mechanism. The spatial distributions of the temperature, critical species, and pollutant emissions near the wall of the laminar premixed biogas–hydrogen impinging flame were obtained and investigated quantitatively. The obtained results are summarized as follows.



	
The temperature and OH, H, and O radicals can be affected considerably by the cold wall, which results in a large temperature gradient and quite low concentrations of OH, H, and O radicals in the wall vicinity. It should be noted that the cold wall can also influence the premixed combustion process in the flame front, which is close to the wall but does not touch the wall, and results in decreased concentrations of OH, H, and O radicals before flame quenching occurs. This means that, thanks to the effectively increased surface-to-volume ratio, the premixed combustion process in the downsized chamber will be suppressed more easily by the amplified cooling effects of the cold wall, which might contribute to the decreased combustion efficiency and increased pollutant emissions.



	
After the flame quenching, the high CO concentration can be observed near the wall at both φ = 0.8 and 1.2. Compared with that at φ = 1.0, more unburned fuel is allowed to pass through the quenching zone and to generate CO after flame quenching near the wall at φ = 0.8 and 1.2 thanks to the suppressed fuel consumption rate and excess fuel in the unburned gases. Thus, the high concentration of CO near the wall in either the fuel-lean or fuel-rich condition is ascribed to the combined effects of CO production and transportation. By isolating the formation routes of NO production, it is found that the fast-rising trend of NO concentration near the wall in the post flame region at φ = 0.8 is attributed to the NO transportation from the NNH route primarily, while the high NO concentration at φ = 1.2 is resulted from the prompt NO production, which accounts for more than 90% of NO generation in the wall vicinity. It is thus known that the incomplete combustion and NO via the prompt and NNH routes might be improved in the downsized combustor due to the amplified cooling effects of the cold wall.
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Figure 1. The computational domain and boundary conditions of the numerical model. 
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Figure 2. The quenching location determination in the flame at φ = 0.8. (a) The z-direction gradient of the OH mass fraction and the locations of maximum values at different x (white line) values. (b) The determination of xOH. 
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Figure 3. Temperature profiles in the near-wall region of the biogas–hydrogen impinging flame at φ = 0.8 (left) and 1.2 (right). 
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Figure 4. Distributions of critical radicals in the near-wall region of biogas–hydrogen impinging flame at at φ = 0.8 (left) and 1.2 (right): (a) OH radical, (b) H radical, and (c) O radical. 
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Figure 5. CO distributions in the near-wall region of the biogas–hydrogen impinging flames at φ = 0.8 and 1.2. 
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Figure 6. Distributions of HCO radicals in the wall vicinity of biogas–hydrogen impinging flames at φ = 0.8 and 1.2. 
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Figure 7. NO distributions in the near-wall region of the biogas–hydrogen impinging flames at φ = 0.8 and 1.2. 
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Figure 8. NO mass fractions of different routes of the biogas–hydrogen impinging flames at φ = 0.8 and 1.2. (a) NO amount produced via the prompt route. (b) NO amount produced via the NNH intermediate route. (c) NO amount produced via the thermal route. (d) NO amount produced via the N2O intermediate route. 
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Figure 9. Distributions of the HCN and NNH radicals produced by the prompt and NNH routes in the near-wall region of the biogas–hydrogen impinging flames at φ = 0.8 and 1.2: (a) HCN radical distributions and (b) NNH radical distributions. 
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Figure 10. Contributions of different routes on the NO production in the near-wall region of the biogas–hydrogen impinging flames at φ = 0.8 and 1.2. (a) Contribution of the prompt route. (b) Contribution of the NNH intermediate route. (c) Contribution of the thermal route. (d) Contribution of the N2O intermediate route. 
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