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Abstract

:

With the rapid development of micro-energy power systems, the performance of micro-combustors as key components is in urgent need of further improvement. Aimed at enhancing combustion performance, a hollow hemispherical bluff body was used to analyze the methane combustion process. In this paper, we exploited the detailed reaction mechanism of methane/air with a laminar finite-rate model; the numerical analysis of methane combustion in the micro-combustor was carried out by Ansys Fluent software. The combustion, flow and thermal characteristics of the micro-combustor embedded with a hollow hemisphere bluff body (MCEHB) and the micro combustor embedded with a slotted hollow hemisphere bluff body (MCESHB) are compared, and the effect of slot width ratio on the combustion characteristics and thermal performance is discussed in detail. The results showed that the bluff body slotting treatment is not only beneficial to improving the velocity and temperature distribution behind the bluff body but also can improve the conversion rate of methane, especially at high inlet velocities. However, the conversion rate of methane is also affected by the slot width. When the slot width ratio below 0.5, the slot width corresponding to the peak methane conversion increased with the inlet velocity. Moreover, the bluff body slotting treatment can improve the wall temperature distribution, meanwhile expanding the high temperature area at the inner wall, thereby reducing the wall temperature fluctuation in the rear part of the micro-combustor. In addition, the optimal slot width ratio B increases with the inlet velocity. Since the inlet velocity is lower than 0.5 m/s, the optimal slot width ratio B is in the range of 0.3–0.375. However, as the inlet velocity exceeds 0.5 m/s, the optimal slot width ratio B moves to the range of 0.375–0.553. Furthermore, both large and small slot widths bring obvious temperature fluctuations to the micro combustor; the uneven wall temperature distribution phenomenon is detrimental to working performance. Therefore, the slot width ratio B of 0.375 only brings slight temperature fluctuations, indicating this is an optimal slot width ratio that should be chosen. This work has reference value for optimizing the design of the bluff body structure and improving the combustion performance of methane in the micro combustor.






Keywords:


micro combustor; hollow hemisphere bluff body; bluff body slotting; slot width ratio; methane combustion












1. Introduction


The rapid development of the manufacturing industry promotes micro-machining technology, and micro-energy power systems develop vigorously [1,2,3]. Scholars pointed out that the micro-energy system converts fuel chemical energy into electric energy, and the energy density of chemical batteries can be exceeded as long as the efficiency reaches 2.5%. Although the fuel represented by hydrogen has excellent energy density, compared with hydrogen, methane has a more mature storage system and requires less pressure sealing strength. Meanwhile, a methane fuel cell has a higher energy conversion rate than an internal combustion engine, and the same amount of natural gas has a longer running capacity. All things being said, methane has a wide application prospect in micro-energy power systems and clean combustion in vehicle power systems [4,5,6]. Therefore, the energy density of micro-power energy systems based on micro-combustion is expected to exceed 100 W/g, which is considered as a promising method to solve the portable energy system problem. Further development and improvement of micro-energy systems will have a huge impact on military, information, medical and other major industries [7,8]. Micro-combustors have small structure size, large specific surface area, unstable combustion, high heat dissipation loss, and are prone to flameout, making the stable combustion of fuel an urgent problem to be solved [9,10,11].



For this purpose, a lot of improvements have been made to the performance of micro-combustors, mainly focusing on catalytic combustion, thermal management, reflux zone structure design and other fields [12,13,14,15]. From the perspective of catalytic stable combustion, E et al. [16] studied catalytic combustion in micro thermo-photovoltaic (MTPV) systems and compared and analyzed combustion characteristics and thermal characteristics with or without catalytic reaction. The results showed that catalytic combustion improved fuel mixing performance and flame stability. Li et al. [17] proposed a symmetrical structure combustor based on catalytic combustion, and the results showed that compared with an asymmetric structure, the combustion efficiency under this structure was up to 98.5%, meanwhile improving the radiation energy of the outer wall. Wu et al. [18] designed a multi-stage split baffle catalytic combustor and compared the combustion characteristics of the conventional flat plate combustor. The results showed that this combustor greatly improves the combustion efficiency and blowout limit. Lu et al. [19] studied the heterogeneous and homogeneous combustion characteristics of premixed hydrogen/oxygen gas in catalytic flat microchannels and analyzed the characteristic energy of homogeneous and heterogeneous reactions, and the results showed that the release of a large amount of heat from heterogeneous reactions is helpful to promote chemical reaction rates and fuel conversions. Based on the catalytic reaction combustor, Chen et al. [20] studied the effect of catalytic reaction on the reaction rate and heat loss at the wall surface, indicating that reasonable control of wall thermal conductivity can help improve flame stability. In addition, related scholars have also conducted research from the perspective of thermal management, including the use of porous media and the design of heat recirculating structures. Wu et al. [21] used porous media to enhance the heat transfer characteristics of the combustor and found that porous media filled with 4 mm have excellent capabilities. Meanwhile, SiC is generally regarded as a reasonable material. Ni et al. [22] inserted a porous media into a curved combustor and combined numerical calculations and experimental studies to evaluate the combustion characteristics of the combustor and also concluded that the porous medium has good thermal properties. To improve the thermal recirculating of the combustor, Li et al. [23] filled the micro-combustor with porous media to enhance the flame stability and used the quantification of the preheating and heat loss of the combustor to analyze the flame stability mechanism; the analysis results showed that the porous media has good stable combustion characteristics. Wei et al. [24] carried out an optimized design on the combustor structure and proposed to insert a block in the heat recirculating combustor, and the results showed that this structure has a good preheating effect and flame stability and avoids the massive loss of waste heat. He et al. [25] proposed a U-shaped combustor with a separator and investigated the combustion characteristics and heat recirculation performance of methane. The results showed that the combustion efficiency and methane conversion rate are significantly improved at the same velocity, and the flame stability is also enhanced. Tang et al. [26] aimed to improve the thermal performance and flame stability of a micro thermo-photovoltaic (MTPV) system; the results showed that heat recirculation enhanced thermal performance and the combustor’s blowout limit more than tripled. Pan et al. [27] studied a micro-combustor with a bluff body sphere; the results showed that the combustion efficiency and flammability limit are significantly increased compared to traditional combustors, and the bluff body had an excellent ability to stabilize the flame propagation velocity. The above studies indicated that catalytic combustion, porous media, heat recirculating structures, and bluff bodies all have a certain ability to stabilize combustion and play an important role in improving combustion characteristics. However, the catalyst is easily deactivated under high temperature conditions for a long time, and it is difficult for porous media to be practically applied to micro-combustors, and thermal management often leads to more complex combustor structures. Compared with several combustion stabilization methods, bluff body stabilization is the simplest and most effective combustion stabilization method.



To pursue a simpler and more effective method for stabilizing combustion, a large number of scholars have conducted in-depth research in the field of bluff body combustion stabilization. Yan et al. [28] proposed a regular triangular pyramid bluff body inserted into a flat-plate micro-combustor and used numerical methods to analyze the combustion characteristics of methane. The results showed that the bluff body leads to a 2.4-fold enlargement of the blowout limit, resulting in higher methane conversion. Wang et al. [29] focused on the blockage ratio of the bluff body in the micro-combustor. The results pointed out that the blockage ratio of the bluff body is too small to destroy the flame stability, but the blockage ratio that is too large causes a huge pressure loss; thus, the blockage ratio of 0.5 should usually be considered as the best value. Fan et al. [30] studied the effect of bluff body shape in micro-combustors; the results showed that the blowout limits of the triangular and semi-circular bluff bodies are 36 m/s and 43 m/s, respectively, and the semicircular bluff bodies can avoid the huge stretching effect and have better flame stability. Based on the hollow hemispherical bluff body mentioned above, Zhang et al. [31] further studied the combustion characteristics in the combustor, and the study showed that the bluff body has a positive effect on the blowout limit, the formation of the recirculation zone and the methane conversion rate, so that the combustion efficiency reaches a higher level. Obviously, the hemispherical bluff body can bring better combustion performance, but there are still optimization methods for its structure to further improve its performance. For example, Yan et al. [32,33,34] have done a lot of research in the field of bluff body slotting, including bluff body center slotting and bilateral slotting. Xu et al. [35] performed center slot treatment on the triangular bluff body in the micro-combustor and found that reasonable regulation of the blockage ratio can effectively improve the combustion performance. But as the blockage ratio exceeds 0.5, the flame becomes gradually unstable, and the combustion efficiency also decreases sharply. He et al. [36] further studied the ability of the bluff body center slot to improve the combustion performance, and the results indicated that compared with the conventional bluff body combustor, the bluff body slot improved the blowout limit by 61.5%. Li et al. [37] also studied the hydrogen reaction process in the slotted bluff body combustor and found that the blockage ratio process is not conducive to the anchoring of the flame, and the blockage ratio is too large to cause pressure loss; the choice of blocking should be considered comprehensively. The above studies also confirmed the positive effect of bluff body slotting, which has an important function in the improvement of combustion characteristics in micro-combustors. On the other hand, since the hollow hemispherical bluff body has good combustion stability, we envisage whether the hollow hemispherical bluff body can be slotted to further optimize its combustion performance.



In this paper, we proposed a hollow hemispherical bluff body micro-combustor, and the bluff body is slotted for comparative analysis. The paper focuses on the effect of the slotted bluff body on the flow, combustion and thermal characteristics and discusses the reasonable value range of the slot width ratio. The innovation of this work is to slot the hollow hemispherical bluff body with good combustion performance, which has an important reference value for the improvement of combustion performance in micro-combustors.




2. Numerical Model


2.1. Physical Model


In order to study the combustion performance of methane, a hollow, semispherical bluff body was designed and embedded in a plate micro-channel. The plate micro-channel has a total length of 20 mm, controlling height (H) and width (W) at 8 mm and 5 mm, respectively. The bluff body arranged in the geometric center of the micro-channel is 5 mm from the inlet, with an outer radius (R) of 2 mm and an inner radius (r) of 1.9 mm; meanwhile, the wall thickness was set as 0.1 mm. For further improving the thermal performance of the combustor, a slot of 1 mm high and 3 mm wide was opened in the center of the bluff body. Both physical models are shown in Figure 1.




2.2. Mathematical Model


Micro-combustion is a complex process involving fuel flow, reaction and heat transfer; the fluid density can be calculated by the ideal gas law. The heat capacity, viscosity coefficient and thermal conductivity of the mixed gas are calculated by weighting the species mass fraction. The combustion process is treated as steady state, and the continuity equation, momentum equation, energy equation and component equation are given as follows:



Continuity equation:


   ∂  ∂ x    (  ρ  v x   )  +  ∂  ∂ y    (  ρ  v y   )  +  ∂  ∂ z    (  ρ  v z   )  = 0  



(1)







In the formula, ρ represents the density of the mixed gas. Vx, vy and vz correspond to the velocity of the mixed gas in the X, Y and Z directions, respectively.



Momentum equation:


   [    ∂  (  ρ  v x   v x   )    ∂ x   +   ∂  (  ρ  v x   v y   )    ∂ y   +   ∂  (  ρ  v x   v z   )    ∂ z    ]  = −   ∂ p   ∂ x   +   ∂  τ  x x     ∂ x   +   ∂  τ  x y     ∂ y   +   ∂  τ  x z     ∂ z    



(2)






   [    ∂  (  ρ  v y   v x   )    ∂ x   +   ∂  (  ρ  v y   v y   )    ∂ y   +   ∂  (  ρ  v y   v z   )    ∂ z    ]  = −   ∂ p   ∂ y   +   ∂  τ  y x     ∂ x   +   ∂  τ  y y     ∂ y   +   ∂  τ  y z     ∂ z    



(3)






   [    ∂  (  ρ  v z   v x   )    ∂ x   +   ∂  (  ρ  v z   v y   )    ∂ y   +   ∂  (  ρ  v z   v z   )    ∂ z    ]  = −   ∂ p   ∂ z   +   ∂  τ  z x     ∂ x   +   ∂  τ  z y     ∂ y   +   ∂  τ  z z     ∂ z    



(4)







Energy equation:


      ∂  (  ρ  v x  h  )    ∂ x   +   ∂  (  ρ  v y  h  )    ∂ y   +   ∂  (  ρ  v z  h  )    ∂ z   =   ∂  (   k f  ∂ T  )    ∂  x 2    +   ∂  (   k f  ∂ T  )    ∂  y 2    +   ∂  (   k f  ∂ T  )    ∂  z 2        +   ∑ i    [   ∂  ∂ x    (   h i  ρ  D  i , m     ∂  Y i    ∂ x    )  +  ∂  ∂ y    (   h i  ρ  D  i , m     ∂  Y i    ∂ y    )  +  ∂  ∂ z    (   h i  ρ  D  i , m     ∂  Y i    ∂ z    )   ]    +   ∑ i    h i   R i       



(5)







Species transport equation:


      ∂  (  ρ  Y i   v x   )    ∂ x   +   ∂  (  ρ  Y i   v y   )    ∂ y   +   ∂  (  ρ  Y i   v z   )    ∂ z       =  ∂  ∂ x    (  ρ  D  i , m     ∂  Y i    ∂ x    )  +  ∂  ∂ y    (  ρ  D  i , m     ∂  Y i    ∂ y    )  +  ∂  ∂ z    (  ρ  D  i , m     ∂  Y i    ∂ z    )  +  R i     



(6)




where kf represents thermal conductivity, Yi corresponds to the mass fraction of the ith component of premixed gas. Di,m represents the diffusion coefficient of the ith component, whereas Ri represents the consumption rate of the ith component.




2.3. Reaction Kinetic Model


As shown in Table 1, this paper applied the chemical reaction mechanism proposed by Deutschmann et al. [38]. It contains 11 surface components (Pt(s), H(s), O(s), OH(s), H2O(s), C(s), CO(s), CO2(s), CH3(s), CH2(s), CH(s)) and seven gas components (CH4, O2, N2, H2O, CO2, CO and H2).




2.4. Computational Model


Because the characteristic size of the combustor is much larger than the average free path of the molecules, the CH4/air premixed gas can be regarded as a continuous fluid, and Navier–Stokes equations can be used to describe fluid motion. The maximum Reynolds number is 779, which belongs to laminar flow range; meanwhile, relevant literature [39] pointed out that although vortexes and shedding occur near the bluff body, fluid flow in the wake area of the bluff body can be regarded as laminar flow. Therefore, the finite rate model of continuous laminar flow and the second-order discrete method are used in numerical calculation. As shown in Table 2, in the boundary condition, uniform velocity boundary is adopted at the inlet, CH4/air premixed gas enters with an initial temperature of 300 K, and the pressure outlet is applied with gauge pressure of 0 Pa. The catalytic walls and the bluff body of the combustor are provided as adiabatic non-slip walls, and SIMPLE algorithm is used to couple pressure and velocity. In order to ensure the convergence of simulation, cold fluid calculation is usually carried out.




2.5. Grid Independence and Model Validation


For saving computer resources, ICEM is used for two-dimensional meshing. The three planes perpendicular to the X-axis, with coordinates of X = 0.01 m, X = 0.015 m and X = 0.02 m, are taken to calculate the methane mass fraction on each plane under different grid numbers, as shown in Figure 2. After the combustion process reaches a steady state, the average methane mass fraction of the plane at different locations is monitored. The grids number increases from 45,041 cells to 82,264 cells. The variation of methane mass fraction is less than 5%; thus, the grids number 45,041 cells is selected to satisfy the grids independence. In terms of model verification, we compared the experimental results with those in the relevant literature [40] in the previous study. By comparing the simulated wall temperature with the measured wall temperature, the maximum error and average error are 6.38% and 4.35%, respectively [41]. It can be seen that the calculated results are in good agreement with the experimental results, which verifies the rationality of the numerical simulation calculation. Therefore, the numerical results can be used to reflect the combustion and heat transfer performance of the micro-combustor.





3. Results and Discussion


3.1. Comparative Analysis of Combustion Performance


Because the calculation process involves the use of an equivalent ratio, the paper defines the equivalent ratio. In this paper, the equivalent ratio is defined to realize the numerical calculation of a slotted bluff body micro-combustor under different working conditions. Relevant definitions are shown in Formula (7).


  ϕ =      (   m  C  H 4    /  m  A i r    )    r e a l        (   m  C  H 4    /  m  A i r    )    s t o i c h      



(7)







In the formula, (mCH4/mAir)real represents the actual fuel to air ratio of the mixture, and (mCH4/mAir)stoich represents the stoichiometric ratio.



3.1.1. Flow Characteristics


The fluid flow of gas in micro-channels is the premise of combustion. The study of combustion flow is helpful to analyze the gas mixing process. Therefore, we firstly analyzed the internal combustion flow state, controlling the equivalent ratio as 1 and the inlet velocity as 0.1 m/s, and observed the velocity distribution in the micro-combustor embedded within a hollow hemisphere bluff body (MCEHB) and the micro-combustor embedded within a slotted hollow hemisphere bluff body (MCESHB).



The corresponding velocity distribution is shown in Figure 3. However, velocity analysis shows that a low velocity backflow zone is formed behind both slotted and unslotted hollow hemispheres bluff bodies; this lower velocity backflow zone obviously contributes to combustion. The difference lies in the fan-shaped low-velocity zone of MCEHB behind the bluff body, whereas the velocity on the rear axis of MCESHB is higher than that on both sides due to the slotted jet of the bluff body, and the backflow zone is divided into two smaller upper and lower backflow zones by the slotted jet with higher velocity. Moreover, because the fuel is injected at the slot, the flow area of mixed gas flowing through the bluff body is increased, so that the mixed gas flow near the wall decreases, and the gas flow rate behind the bluff body near the wall is slightly less than that of MCEHB. In addition, the decrease of flow rate effectively prolongs the premixed gas residence time near the catalytic surface, which has a positive promoting effect on the full combustion of methane. Observing velocity contour, it can be found MCESHB has a velocity area (v < 0.65 m/s) slightly larger than that of MCEHB, showing that it stays in the rear of the premixed gas in bluff body for a long time. This is conducive to sufficient heat and mass exchange between fresh fuel and high-temperature flue gas and promotes fuel ignition and methane combustion.




3.1.2. Thermal Characterization Analysis


Micro-combustors often require a relatively uniform temperature field distribution, while maintaining a stable combustion, so as to avoid catalyst activity failure. Figure 4 shows the temperature field distribution of the two combustors.



Although the two combustors have a similar temperature field distribution, it is because the bluff body slot is small, so it is not enough to cause drastic changes in the temperature field. However, it is interesting that there is a significant difference between the front and back of the hemispherical hollow bluff body. There is an obvious temperature gradient behind the combustor of the slotted bluff body, whereas the unslotted bluff body has a high temperature and stable zone. Although a bluff body without a slot may form a stable duty flame, it is often inefficient and produces local high temperatures. This phenomenon is not conducive to catalytic combustion of methane. In addition, combined with the velocity field distribution, it can be found that the low temperature mixture passing through the bluff body gap will “disturb” the originally stable temperature zone, resulting in obvious temperature change. This indicates that the fuel injected from the slot will transfer heat with the high-temperature zone behind the bluff body, which is beneficial to the preheating of low-temperature gas in the micro-combustor embedded within the slotted hollow hemisphere bluff body.




3.1.3. Analysis of Combustion Characteristics


Methane conversion rate is the best indicator to evaluate combustion characteristics, reflecting the degree of methane combustion and heat release, so we analyzed methane conversion rate in this paper. The expression of methane conversion efficiency is as follows:


   η c  =    m  C  H 4  , i n   −  m  C  H 4  , o u t      m  C  H 4  , i n     × 100 %  



(8)







In the formula,    η c    is the methane conversion rate and    m  C  H  4 ,   i n     and    m  C  H 4  , o u t     are the methane mass flow rate in inlet and outlet, respectively. Figure 5 shows the influence of inlet velocity on methane conversion in two combustors with an equivalent ratio of 1.



As can be seen from Figure 5, the conversion efficiency increases first and then decreases at different inlet velocities. With the inlet velocity in a small range, the total amount of fuel entering the combustion chamber per unit time is limited, and the weak chemical reaction rate leads to low combustion efficiency. As the velocity reaches 0.05 m/s, the methane conversion rate of MCESHB and MCEHB reaches the maximum value, which is 82.49% and 81.97%, respectively. However, when the inlet velocity further increased, the methane conversion decreased sharply to 1.5 m/s at first, and then gradually decreased. This is because with the increase of the inlet velocity, the residence time of the fuel in the combustor is reduced, resulting in the fuel not being fully reacted before being blown out. In the micro-combustor embedded within the slotted bluff body, due to the effect of fuel injection at the slotted bluff body, the methane conversion rate of MCESHB is always higher than that of MCEHB under different premixed gas inlet velocities. At low inlet velocity, the fuel injected at the slot, obviously without disturbing the reflux zone, results in the difference between the two conversion rates being small; the difference is only 0.52% at the inlet velocity of 0.05 m/s. As the velocity increases, the flow field behind the bluff body is disturbed more strongly by the effluents, which promotes heat and mass exchange in the backflow zone, leading to a gradual increase in the conversion rate difference between the two bluff bodies. When the inlet velocity further increases to 1.5 m/s, the conversion rate difference can reach 3.9%.





3.2. The Effect of Slot Width Ratio


3.2.1. The Effect of B on the Flow Field


In this paper, eight kinds of bluff body combustors with different slot width ratios were selected for study, among which the slot height is fixed at 3 mm and the slot width is 0.5 mm, 0.7 mm, 1.0 mm, etc. The structural dimensions of micro-combustors with different slot width ratios are shown in Table 3. To characterize the relationship between slot size and bluff body size, the slot width ratio is defined as follows:


  B =    D e   D   



(9)







In the formula, De represents the equivalent diameter of the slot and D represents the diameter of the hemispherical section of the bluff body, D = 4 mm.



Figure 6 shows the velocity field in the micro-combustor with different slot width ratios under the condition of ϕ = 1 at 1.0 m/s.



By comparing and analyzing the velocity distribution in Figure 6, it can be found that a smaller slot width ratio B tends to flatten the area surrounded by velocity isoclines and meanwhile leads to a denser velocity isocline behind the bluff body, with a larger velocity gradient. As the slot width ratio B increases, the flow velocity of the premixed gas near the wall behind the bluff body decreases. Both high and low flow velocity of the mixed gas are not conducive to the surface catalytic reaction of methane. In addition, with the increase of the slot width ratio B, the fuel flow velocity through the slot first increases and then decreases. With a slot width ratio B of 0.214, the premixed gas passing through the slot is relatively small and the velocity is relatively low, which makes it difficult to produce a strong disturbance in the area behind the bluff body and thus is not conducive to the mixing of raw gas and flue gas or heat and mass exchange. As slot width ratio B increases to 0.553, the velocity area (v < 2 m/s) behind the slot bluff body increases obviously, presenting an obvious triangular shape. Under this slot width ratio condition, there is a huge velocity difference behind the bluff body, and the disturbance is the most intense. As the slot width ratio further increases, the amount of premixed gas with low temperature flowing through the slot increases, but the rate of fuel ejection from the slot decreases. The change of the velocity field is not obvious due to the combined action of the two reasons; thus, considering the velocity field, the slotted bluff body with a slot width ratio of 0.553 is the most suitable.




3.2.2. The Effect of B on Methane Conversion


Figure 7 shows the methane conversion rate in eight micro-combustors with different slots width ratio B with an equivalent ratio of 1. It can be seen that with the increase of slot width ratio B, methane conversion rate shows a trend of first increasing and then decreasing. As the inlet velocity increases from 0.1 m/s to 1 m/s, the methane conversion peak appears when the slot width ratio B is at 0.3, 0.375 and 0.5. It can be seen that the slot width ratio corresponding to the peak methane conversion rate is proportional to the inlet velocity. However, when the inlet velocity increases from 1.0 m/s to 1.5 m/s, methane conversion reaches its maximum value at B = 0.5. Since the slot width ratio B exceeds 0.5, the increase of slot width ratio will lead to the decrease of methane collocation rate at different velocities. Therefore, it can be considered that the peak value of slot width ratio B is 0.5; if it goes beyond this peak value, the methane conversion rate will decrease and further lead to a decrement in combustor efficiency. From the perspective of methane conversion rate, in order to prevent methane conversion from being too low, the optimal slot width ratio should be in a range of 0.3–0.5.




3.2.3. The Effect of B on Wall Temperature


Figure 8 shows the temperature distribution along the axis of the upper wall under different slot width ratios. At the same inlet velocity, the right different slots ratio micro- combustors maintain similar wall temperature distribution trends. When the inlet velocity of premixed gas is 0.1 m/s and 0.5 m/s, the wall temperature in front of the blunt body has reached more than 1200 K and remains near the outlet and there is a relatively large high-temperature zone on the wall, the axial wall temperature distribution with different slot width ratio has a high coincidence degree. This indicates that the slot width has a slight effect on the wall temperature distribution at a lower inlet velocity, but it is worth noting that when the inlet velocity increases to 0.1 m/s, the wall temperature distribution along the axis at the first part of the combustor is almost a monotonous rising, and the rear part tends to be flat. When the inlet velocity further increases to 0.5 m/s, the wall temperature presents a wavy fluctuation along the axial direction.



The inlet velocity of premixed gas is controlled at 1.0 m/s and V =1.5 m/s. At this time, due to the high flow rate, the high-temperature zone starts from the rear part of the blunt body, and the wall temperature in front of the blunt body is mainly the premixed low-temperature gas with premixed gas. Under the condition of high velocity, the axial wall temperature of different slot width ratio is greatly different. With the increase of the inlet velocity, the position where the wall temperature increases sharply will move to the rear part of the combustor, and the length of the high-temperature zone on the wall corresponding to different slot width ratios is also different. For example, the slot width ratio B = 0.553 and B = 0.6 maintained a long high-temperature zone at the inlet velocity of 1.0 m/s. However, when the inlet velocity is increased to 1.5 m/s, although B = 0.5 and B = 0.6 still have a long high-temperature segment, the high-temperature zone corresponding to B = 0.3 is significantly shortened, and the high-temperature zone corresponding to other slot width ratios is roughly the same.



The interesting finding is that except for the micro-combustors corresponding to B = 0.375, in other bluff body combustors with too large or too small slot width, the wall temperature near the bluff body has obvious temperature fluctuation along the axis direction, and this uneven wall temperature distribution phenomenon is detrimental to the working performance of the combustor. The reason may be related to the different velocity fields caused by different slot width ratios; when the slot width ratio is too small, the near wall surface of the blunt body produces a large, premixed gas velocity, resulting in a relatively high concentration of fuel, causing a high chemical reaction rate to occur, which leads to the ignition and combustion of fuel near the catalytic surface. However, excessive inlet velocity will aggravate the heat transfer between the wall and the premixed gas, and the premixed gas will be quickly blown to the rear of the bluff body; the flame will be blown out before it is stabilized. This will directly lead to the stable reaction region only in the small local region of the catalytic surface, so the fluctuation of the wall temperature near the blunt body is formed. When the slot width ratio is too large, the fuel concentration near the wall is also maintained at a relatively low level due to the low flow rate of premixed gas around the bluff body, which further reduces the chemical reaction rate of methane. However, the lower inlet velocity weakens the convective heat transfer between the premixed gas and the inner wall, leading to heat accumulation on the wall surface and higher wall temperature, which catalyzes the combustion reaction of methane on the surface. This will also cause the reaction to occur in a local area of the catalytic surface, resulting in temperature fluctuations.






4. Conclusions


The bluff body structure has good combustion stability in the field of combustion, and different bluff body structures have a significant impact on the combustion process. In order to study the difference between the hollow hemisphere bluff body before and after slotting, the thermal performance under different air inlet speeds and slot widths was studied. The relevant conclusions are as follows:




	
The jet flow in a slotted bluff body not only disturbs the velocity field and temperature field behind the blunt body but also promotes the preheating and combustion of low-temperature gas. With the inlet velocity increasing, the methane conversion efficiency of the slotted bluff body combustor increases first and then decreases, but it is also higher than that of the MCEHB at the same velocity.



	
Too large or too small slot size of bluff body is not conducive to methane combustion near the wall. A slot that is too small to bring significant disturbance to the fluid behind blunt body, but too large of a slot can increase the mixing gas volume at low temperature and decrease the mixing velocity, which also provides a slight effect. Setting the slot width ratio B to 0.553 can bring the maximum jet velocity, resulting in the strongest flow field disturbance behind the bluff body.



	
Methane conversion is affected by inlet velocity and slot width. With the increase of slot width ratio B, methane conversion firstly increases and then decreases. The slot width ratio corresponding to the peak is less than 0.5. Since the inlet velocity is lower than 0.5 m/s, the optimal slot width ratio B is in the range of 0.3–0.375. However, as the inlet velocity exceeds 0.5 m/s, the optimal slot width ratio B moves to the range of 0.375–0.553.



	
With too large or too small slot width, the wall temperature near the bluff body fluctuates obviously along the axis direction, and this uneven wall temperature distribution is detrimental to the performance; thus, it is a reasonable choice to set the slot width ratio B at 0.375.
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Figure 1. Physical model. 
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Figure 2. Grid independence verification. 
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Figure 3. Velocity field distribution of two combustors. 






Figure 3. Velocity field distribution of two combustors.



[image: Energies 15 04033 g003]







[image: Energies 15 04033 g004 550] 





Figure 4. Temperature field distribution in different combustors. 
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Figure 5. Effect of inlet velocity on methane conversion. 
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Figure 6. (a–h) Velocity field at different slot width ratios (v = 1.0 m/s). 
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Figure 7. Effect of slot width ratio at different velocities on methane conversion. 
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Figure 8. The axial wall temperature at different velocities. 
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Table 1. The 24-step surface reaction mechanism of methane [38].
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	Order
	Elementary
	A/[(cm3/mol)n−1/s]
	B
	E/(kJ/mol)





	1
	H2 + Pt(s) + Pt(s) ⇒ H(s) + H(s)
	4.60 × 10−2
	0.0
	0.0



	2
	H(s) + H(s) ⇒ Pt(s) + Pt(s) + H2
	3.70 × 1021
	0.0
	67.4



	3
	H + Pt(s) ⇒ H(s)
	1.0
	1.0
	0.0



	4
	O2 + Pt(s) + Pt(s) ⇒ O(s) + O(s)
	1.80 × 1021
	−0.5
	0.0



	5
	O2 + Pt(s) + Pt(s) ⇒ O(s) + O(s)
	2.30 × 10−2
	0.0
	0.0



	6
	O(s) + O(s) ⇒ Pt(s) + Pt(s) + O2
	3.70 × 1021
	0.0
	213.2



	7
	O + Pt(s) ⇒ O(s)
	1.0
	1.0
	0.0



	8
	H2O + Pt(s) ⇒ H2O(s)
	0.75
	0.0
	0.0



	9
	H2O(s) ⇒ H2O + Pt(s)
	1.00 × 1013
	0.0
	40.3



	10
	OH+ Pt(s) ⇒ OH(s)
	1.0
	0.0
	0.0



	11
	OH(s) + Pt(s) ⇒ OH
	1.00 × 1013
	0.0
	192.8



	12
	O(s) + H(s) ⇒ Pt(s) + OH(s)
	3.70 × 1021
	0.0
	11.5



	13
	H(s) + OH(s) ⇒ H2O(s) + Pt(s)
	3.70 × 1021
	0.0
	17.4



	14
	OH(s) + OH(s) ⇒ H2O(s) + O(s)
	3.70 × 1021
	0.0
	48.2



	15
	CO + Pt(s) ⇒ CO(s)
	8.40 × 10−1
	0.5
	0.0



	16
	CO(s) ⇒ CO + Pt(s)
	1.00 × 1013
	0.0
	125.5



	17
	CO2(s) ⇒ CO2 + Pt(s)
	1.00 × 1013
	0.0
	20.5



	18
	CO(s) + O(s) ⇒ CO2(s) + Pt(s)
	3.70 × 1021
	0.0
	105.0



	19
	CH4(s) + Pt(s) + Pt(s) ⇒ CH3(s) + H(s)
	1.00 × 10−2
	0.5
	0.0



	20
	CH3(s) + Pt(s) ⇒ CH2(s) + H(s)
	3.70 × 1021
	0.0
	20.0



	21
	CH2(s) + Pt(s) ⇒ CH(s) + H(s)
	3.70 × 1021
	0.0
	20.0



	22
	CH(s) + Pt(s) ⇒ C(s) + H(s)
	3.70 × 1021
	0.0
	20.0



	23
	C(s) + O(s) ⇒ CO(s) + Pt(s)
	3.70 × 1021
	0.0
	62.8



	21
	CO(s) + Pt(s) ⇒ C(s) + O(s)
	1.00 × 1018
	0.0
	184.0
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Table 2. Model-related parameter settings.
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Boundary

	
Parameter

	
Value






	
Inlet (Velocity inlet)

	
Temperature

	
300 K




	
Gauge pressure

	
0




	
Outlet (pressure outlet)

	
Slip

	
No-slip




	
Fluid-Solid Surface
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Table 3. Structure parameter of micro-combustors with different slot width ratios.
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	Serial Numbers
	Slot Height (mm)
	Slot Width Ratio





	1
	0.5
	0.214



	2
	0.75
	0.300



	3
	1.0
	0.375



	4
	1.25
	0.441



	5
	1.5
	0.500



	6
	1.75
	0.553



	7
	2.0
	0.600



	8
	2.25
	0.643
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