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Abstract

:

Micro-electro-mechanical systems (MEMS) occupy an important position in the national economy and military fields, and have attracted great attention from a large number of scholars. As an important part of the micro-electromechanical system, the micro-combustor has serious heat loss due to its small size, unstable combustion and low combustion efficiency. Aiming at enhancing the heat transfer of the micro-combustor, improving the combustion stability and high-efficiency combustion, this paper embedded porous media in the combustor, and the effects of different parameters on the combustion characteristics were numerically studied. The research results showed that the layout of porous media should be reasonable, and the small and large pore porous media embedded in the inner and outer layers, respectively, can bring better combustion performance. Meanwhile, A: 10–30 has a high and uniform temperature distribution, and its methane conversion rate reached 97.4%. However, the diameter ratio of the inner layer to the outer layer (d/D) of the porous medium should be maintained at 0.4–0.6, which brings a longer gas residence time, and further enables the pre-mixed gas to preheat and burn completely. At a d/D of 0.5, the combustor has the highest outer wall temperature and CH4 conversion efficiency. Besides, compared with the pore size increasing rate of Δn = 10 PPI and Δn = 10 PPI, the radial temperature distribution of the Δn = 10 PPI combustor is more uniform, meanwhile avoids the occurrence of local high temperature. Under the condition of Δn = 10 PPI, A: 20–30 layout maintains excellent thermal and combustion performance. In addition, the lean flammable limits of MC-U20, MC-10/30-0.8, and MC-20/30-0.5 were compared, at an inlet velocity of 0.5 m/s, the corresponding lean flammable limits are 0.5, 0.4, and 0.3, respectively, among them MC-20/30-0.5 has a wider flammable limit range, showing excellent combustion stability. This research has guiding significance for the combustion stability of the micro combustor.
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1. Introduction


Microelectromechanical systems (MEMS) have broad application prospects in the national economy and military fields, especially in the fields of electronics, medicine, industry, automobiles, and aerospace systems [1,2,3]. Nowadays, the energy supply of these devices comes from traditional chemical batteries, which are limited by traditional chemical batteries, including factors such as small energy density, large volume, and long charging time, making it difficult to achieve high energy density requirements [4,5,6,7]. Fortunately, hydrogen and hydrocarbon fuels have a high energy density, and the typical liquid hydrocarbons can reach 45 MJ/kg, while the energy density of commonly used lithium batteries is only 1.2 MJ/kg. Thus, as long as stable and efficient combustion can be maintained, micro-electromechanical systems based on combustion have great application potential [8,9,10]. The micro combustor is a critical component of the micro power system, but due to the drastically decrement in size of the micro combustor, the area-to-volume ratio of the combustion chamber is drastically increased, resulting in serious heat loss. In addition, the reduced residence time of the fuel in the combustor leads to insufficient combustion and non-uniform temperature distribution, resulting in low combustion efficiency and increased pollutant emissions [11,12]. Therefore, it is very necessary to adopt effective measures to improve the combustion efficiency and stability in the micro combustor, and to optimize the temperature distribution.



In recent years, related scholars have conducted a lot of researches and obtained results in the structure of micro-combustor and flame stabilization technology. From the perspective of catalytic combustion, Li [13] proposed a platinum-plated asymmetric flat plate micro-combustor and studied the thermal characteristics of non-premixed CH4/air catalytic combustion. The study found that combustion can occur at an average inlet velocity above 9 m/s, and the maximum combustion efficiency and surface radiation efficiency reached 98.5% and 25.9%. Wu [14] proposed a multi-stage separated baffle cylindrical micro-combustor with platinum-plated catalyst inside, and compared it with a traditional cylindrical combustor. It was found that the combination of multi-stage baffle and catalyst significantly improved the combustion efficiency and flammability limit of the combustor. Pan [15] studied catalytic combustion of hydrogen/air in a plate combustor using a combination of experimental and numerical studies. Compared with traditional combustion (without catalyst plating), the flammability limit of combustion is broadened. There are many researches using this kind of similar catalytic combustion, and it has certain positive effect on improving the combustion stability [16,17,18,19,20,21,22,23]. However, it should be noted that catalysts still have problems of failure, especially under long-term high temperature conditions. Therefore, a large number of scholars from the combustor structure design, the use of cavity and blunt body reflux zone for stable combustion. Zuo [24] designed a cylindrical combustor with a concave cavity, and studied the effects of inlet velocity, equivalent ratio, and materials. The results showed that compared with the traditional cylindrical combustor (without cavity), its thermal performance is significantly improved, and the average outer wall temperature reaches 1306.88 K. Gao [25] proposed a micro combustor with cavity and guide vane, and compared its combustion characteristics. It is found that the combustion efficiency and thermal characteristics are improved obviously, with an inlet velocity of 32 m/s, the combustion efficiency is increased by 85.96%, and the reaction heat reaches 244.5 W. Similarly, Xu [5] combined the stable combustion characteristics of the cavity and the blunt body, and carried out a slit treatment in the center of the blunt body. The study showed that it can prolong the residence time of fuel and improve the combustion stability. Su [26] proposed a micro combustor with double cavities and studied its thermal characteristics. The results showed that the existence of double cavity brings a higher and uniform temperature distribution of the outer wall, meanwhile improves the radiation efficiency. Yang [27] adopted a cavity design to broaden the blowing limit of the flame, and found that the cavity can improve the combustion efficiency and improve the flame tip splitting phenomenon. He [28] and other relevant scholars have conducted a large number of studies to prove the steady burning effect of blunt body, especially in improving combustion efficiency, making the application of cavity and blunt body in micro combustors reach a high level [29,30,31,32,33,34].



Now, more and more scholars from the perspective of thermal management, are adopting measures to reduce heat loss, so as to pursue efficient and stable combustion. This method mainly uses heat recirculation to reduce heat dissipation loss, let high temperature exhaust preheat low temperature gas, improve the inlet gas temperature to stabilize combustion. He [35] proposed a U-shaped heat recirculation combustor, which uses baffles to isolate the combustion zone from the preheating zone and preheats through the baffles. It is found that heat recirculating is beneficial to increase the methane conversion rate and improve stable combustion. Similarly, Tang [36] designed a flat U-shaped combustor and studied the energy conversion efficiency of the entire micro-thermal photovoltaic system (MTPV). It is found that compared with the traditional straight-channel micro-combustor, its energy conversion efficiency has doubled. In addition, a large number of studies have shown that the heat recirculation combustion technology has better thermal performance, and it can be used to enhance combustion at a small scale [37,38,39,40,41]. As an excellent thermal management method, porous media combustion has also received extensive attention from scholars, because the gas has a strong coupling effect with the porous medium during the combustion process, it can strengthen the overall combustion reaction and improve the combustion efficiency. Wu [42] studied the thermal characteristics of micro-combustors embedded with porous media and found that SiC is an excellent porous media material, and Al2O3 is more suitable as a combustor wall material. The maximum output power of the system reaches 3.10 W when the equivalence ratio is 0.9. Ni et al. [43] proposed to embed Y-type and T-type combustors in porous media, and studied their energy conversion efficiency. It is found that the porous media embedding improves the temperature uniformity of the outer wall, meanwhile improves the energy conversion efficiency of the overall system. Peng et al. [44] experimentally studied the heat transfer characteristics of the embedded porous medium combustor, and analyzed the influence of the porous medium material and the porosity. It was found that the pore ratio of 0.9 showed the highest average outer wall temperature and maintained excellent temperature uniformity. Xie [45] studied the thermal characteristics of multilayer porous media combustors through experiments and numerical methods, and found that compared with uniformly arranged porous media, the thermal characteristics of the three-layer layout are better, which is beneficial to increase the output power. Li [46] used experiments to study the dynamic flame behavior in a porous media micro combustor, and analyzed the effects of the embedding position, width and porosity of the porous media. The results showed that reasonable parameter selection can improve the thermal performance of the combustor.



The above related researches shows that the porous medium combustion technology has shown great advantages in the combustion stability, combustion efficiency, combustion limit and pollutant emission of the micro combustor, especially the reasonable layout of the porous medium [47,48,49,50]. It can be seen that porous media has a positive effect on combustion stability and enhanced heat transfer, the key issue for its restricted applications is the reasonable layout of porous media. Therefore, this paper proposes to embed porous media in a micro-combustor, and reasserted the effects of porous media layout, interlayer diameter ratio (d/D), pore size increase rate, and lean flammability limit, so as to provide a basis for the design of porous media in the micro combustor.




2. Numerical Model


2.1. Physical Model


As shown in Figure 1, the micro combustor is composed of a front inlet part and a combustion chamber, the inlet part is an annular inlet, and the combustion chamber is filled with foam ceramic porous medium. The premixed methane/air enters the combustor from the inlet, combustion occurs in the chamber and is discharged as exhaust gas through the outlet. The annular inlet has an inner diameter (d1) of 8 mm and an outer diameter (d2) of 12 mm, maintaining a length of 5 mm. The combustion chamber is a cylindrical chamber with a total length (L) of 60 mm, an outer wall diameter (d3) of 20 mm, and an outer wall thickness (δ) of 1 mm. The ceramic foam porous medium is located in the middle of the combustion chamber, with an inlet gap (L1) of 5 mm and an outlet gap (L2) of 3 mm, the inner and outer porous media have different porosities, and the corresponding outer diameters d and D are variable.




2.2. Mathematical Model


Since the cylindrical model selected in this paper is a three-dimensional center symmetric structure, for saving computer resources, only its two-dimensional structure is calculated. For the convenience of calculation, assumptions are made on the research conditions related to the model. The radiation effect of gas is ignored and the effect of viscous force is not considered, the embedded porous media is regarded as an inert porous media, and the gas and solid are in a heat balance state. The relevant control equations involved in this paper are as follows:



Continuity equation:


    ∂ ( ε ρ U )   ∂ x   +   ∂ ( ε ρ V )   ∂ y   = 0  



(1)







Momentum equation:


    ∂ ( ε ρ U U )   ∂ x   +   ∂ ( ε ρ U V )   ∂ y   = −   ∂ P   ∂ x   +  ∂  ∂ x   ( μ   ∂ U   ∂ x   ) +  ∂  ∂ y   ( μ   ∂ U   ∂ y   ) +   Δ P   Δ x    



(2)






    ∂ ( ε ρ U V )   ∂ x   +   ∂ ( ε ρ V V )   ∂ y   = −   ∂ P   ∂ y   +  ∂  ∂ x   ( μ   ∂ V   ∂ x   ) +  ∂  ∂ y   ( μ   ∂ V   ∂ y   ) +   Δ P   Δ y    



(3)







Energy equation:


      ∂ ( ε ρ U H )   ∂ x   +   ∂ ( ε ρ V H )   ∂ y   =  ∂  ∂ x   (  k  e f f     ∂  T g    ∂ x   ) +  ∂  ∂ y   (  k  e f f     ∂  T g    ∂ y   ) + ε   ∑  i = 1  N    h i   w i   W i        − ε  ∂  ∂ x    [  ρ g   ∑  i = 1  N    Y i   h i   D  i m     ∂ ( ρ g  Y i  )   ∂ x      ]  − ε  ∂  ∂ y    [  ρ g   ∑  i = 1  N    Y i   h i   D  i m     ∂ ( ρ g  Y i  )   ∂ y      ]     



(4)







Species transport equation:


    ∂ ( ε ρ  M i  )   ∂ t   +   ∂ ( ε ρ U  M i  )   ∂ x   +   ∂ ( ε ρ V  M i  )   ∂ y   =  ∂  ∂ x    [  ε  D  i m     ∂ ( ρ  M i  )   ∂ x    ]  +  ∂  ∂ y    [  ε  D  i m     ∂ ( ρ  M i  )   ∂ y    ]  + ε  M i   W i   



(5)







Ideal gas state equation:


  P = ρ R T   ∑  n = 1  ∞      M i   M     



(6)







For the convenience of this study, the relevant physical parameters are defined. Equivalent ratio refers to the ratio of the actual CH4/Air reaction mass ratio to the theoretical complete reaction mass ratio, which is defined as follows:


  ϕ =     ( F / A )   a c t u a l       ( F / A )   theory      



(7)




where F is the methane mass fraction and A is the air mass fraction.



In the application of porous media combustion technology, the pore size Reynolds number proposed by Pedras et al. [51,52] is used to define the flow pattern.


  Re =   U D  γ   



(8)




where U represents the average cross-sectional velocity, D and γ represent the average diameter of the porous medium and the viscosity of the fluid, respectively.



The porosity ε = 0.85 and PPI = 25 of porous media materials are selected, and the formulas of viscous drag coefficient C1 and inertia drag coefficient C2 are calculated using the empirical formula summarized by Ma [53]:


   C 1  =   150 ( 1 − ε )  n 2      0.0254  2   ε 3     



(9)






   C 2  =   1.75 n   1 − ε     0.0254  ε 3     



(10)







The methane conversion efficiency of the micro combustor in this paper can be defined as follows:


  η =    m  i n   −  m  o u t      m  i n      



(11)







The mass fraction at the inlet of methane is set as min, and the mass fraction at the outlet is set as mout.




2.3. Boundary Conditions


Compared with the molecular free path of the gas, the micro combustor maintains a large characteristic dimension, and CH4/air premixed gas can be regarded as an impressible and continuous flow [54]. Kuo [55] suggested that the turbulence model is more suitable for micro-scale combustion when Re > 500, and researchers [56] found that the Realizable k-ε turbulence model is more suitable for turbulent combustion. In this paper, the flow pattern in a porous media combustor is determined by the aperture Reynolds number (Re), and the minimum Reynolds number in this study exceed 500, thus Realizable k-ε turbulence model is selected and the solid–fluid contact walls are coupling boundary conditions. Inlet velocity boundary conditions is applied, while outlet is set as pressure outlet, and the inlet temperature is fixed at 300 K, the outlet gauge pressure is set at 0. For getting close to the real situation, the heat transfer condition of the outer wall is set as mixed heat transfer, and the mixed heat transfer of radiation and convection is considered. The heat transfer expression is:


  q =  h c  (  T W  −  T ∞  ) + ε σ (  T W 4  −  T ∞ 4  )  



(12)




where Tw and T∞ represent the wall temperature and environmental temperature (300 K), respectively, and hc represents convection heat transfer coefficient of 20 W/(m2·K). While ε and σ represent the wall emissivity (0.8) and the Stephan–Boltzman constant (5.67 × 10−8 W/(m2·K4)), respectively. For judging the convergence of the calculation, the residues of continuity, energy, and velocities are monitored, where the standard energy equation for convergence is less than 10−6, and other residual parameters are set at 10−3. The chemical reaction mechanism includes 23 components and 39 steps of elementary reaction, which provides a guarantee for the combustion reaction.




2.4. Numerical Simulation Verification


In order to discretize the calculation area, according to the above assumptions, the three-dimensional problem studied is transformed into a two-dimensional steady-state problem for processing. According to the geometric model mechanism of the porous medium micro-combustor, using Gambit 2.4.6 to draw a two-dimensional axisymmetric mesh as shown in Figure 2.



The mesh size will affect the numerical calculation results, too large a mesh size will increase the calculation error, but a small mesh size will increase the truncation error and calculation resources. However, in order to ensure the calculation accuracy and save the calculation time, the calculation results of the combustor were verified for mesh independence, as shown in Figure 3, the mesh size of 0.05 mm, 0.1 mm, and 0.2 m is selected for calculation, and the results are analyzed for the temperature of the combustor wall. Compared with the mesh size of 0.20 mm, the average outer wall temperature difference of 0.05 mm remains 18.23 K with an error of 1.27%, but the grid size is 0.1 mm and the average wall temperature difference is only 5.26 K, and the error is 0.35%. Therefore, this paper selected 0.1 mm for mesh division, and the result is considered to meet the requirements of mesh independence.



The rationality of the numerical simulation is based on the accuracy of the results, and the numerical calculation results are compared with the experimental results [57] to verify the accuracy of the model (Figure 4). The same geometric model as the experiment was established, the outer and inner diameters of the combustor were 50 mm and 40 mm, respectively, the length was controlled at 200 mm, and the ceramic plate with a straight hole of 0.9 mm was embedded. Using the mathematical model of this paper, the numerical calculation is carried out under the equivalence ratio of ϕ = 1.07, and the outer wall temperature in the numerical simulation is compared with the experimental results. As shown in Figure 4, the temperature distribution of the experimental results and the numerical results are basically consistent, the maximum temperature difference is 142.43 K, with an error of 9.12%, and the average temperature difference is 61.28 K, with an error of 4.05%. As the numerical simulation is under adiabatic conditions and the temperature is slightly higher, this indicates that the mathematical models in this article are feasible.





3. Results and Discussion


3.1. Effect of PM Layout


In order to study the influence of the porous media layout on the combustion characteristics, three porous media layouts were selected. The first type is a porous media area with a uniform pore density of 30 PPI, which can be expressed as A: 30-30. The second is the layout of 30 PPI in the outer layer porous media and 10 PPI in the inner layer porous media, expressed as A: 10-30. The third layout of porous media is opposite to the second, which is expressed as A: 30-10.



The outer diameter ratio d/D of the inner layer and outer layer porous media is 0.5, the inlet velocity is controlled to 2 m/s, and the equivalent ratio is set to ϕ = 1, and the temperature distribution of the three combustors is shown in Figure 5. It can be seen from the temperature distribution that A: 10-30 has the largest entire high-temperature area (temperature higher than 1600 K), followed by A: 30-10, and A: 30-30 has the smallest high-temperature area. It shows that the large outer aperture of PM has obvious advantages, which will bring a more uniform highest temperature area (temperature higher than 1700 K). A: 10-30 occupies almost 80% in the radial direction, while the temperature uniformity of A: 30-10 and A: 30-30 is relatively poor, and the highest temperature area only occupies 40% in the radial direction. This is because the density of large-pore porous media is small, it brings a smaller coefficient of inertial resistance and viscous resistance, which further reduces the pressure of gas flowing in its area. Therefore, in the layout of porous medium with a large pore size at outer layer and a small pore size at inner layer, a smaller flow resistance is brought to the outer layer, meanwhile increase the flow resistance at the inner layer. Under this condition, more gas flows from the outer layer to increase the flow rate, leading gas flow rate in the radial direction tends to be uniform, and the combustion flame and high temperature area more uniformly along the radial direction. on the contrary, a layout of small pores in the outer layer and large pores in the inner layer is once formed, this aggravates the non-uniformity of the radial flow rate, and the gas flow rate in the inner layer is faster, causing the combustion flame and the high temperature area to be concentrated in the inner layer.



Figure 6 shows the wall temperature of three different layouts of the inner and outer porous media. The wall temperature of different layouts varies similarly with the axial distance, and the wall temperature gradually increases with the progress of the combustion reaction. The wall temperature is mainly judged by the wall temperature of the area after the combustion is stable, it can be seen from the figure that A: 10-30 maintains the highest wall temperature, followed by A: 30-30, and A: 30-10 has the lowest wall temperature. It can be seen that the PM layout in the micro combustor is very critical, a large pore size porous medium is set in the outer layer, and the inner layer maintains a small pore size, which is more reasonable. This is also directly related to the radial temperature distribution in the high temperature area, a uniform radial combustion flame and high temperature area will bring about a higher wall temperature, which is consistent with the previous conclusions.



Combustion requires maintaining a high methane conversion efficiency, and the embedding of porous media also has a greater impact on the methane conversion efficiency, especially the layout of the porous media. Therefore, the methane conversion efficiency under different layout conditions is studied, and the methane conversion efficiency of different combustors is shown in Figure 7. It can be seen from the figure that the methane conversion rates of the three different layouts are relatively high, among them the A: 10-30 maintains the highest conversion efficiency of 97.4%, which is still higher than the 95.3% of A: 30-10 and 96.6% of A: 30-30. Therefore, it can be concluded from the above discussion that the outer layer adopts a large pore size porous medium and the inner layer adopts a small pore size layout, which can improve the flow characteristics in the combustor, resulting in a more uniform temperature distribution and further improving the methane conversion rate.




3.2. Effect of d/D in Porous Media


In the previous work, the layout of the radial aperture of the double-layer porous medium of the combustor was studied, and the optimal layout of A: 10-30 is obtained. Another very important structural parameter is the thickness ratio of the inner layer and outer layer porous media, which can be evaluated by the outer diameter ratio d/D. Based on this, the temperature distribution with d/D increasing from 0.1 to 0.9 is studied, the outer layer pore density is controlled to 10 PPI, the inner layer pore density is 30 PPI, the inlet velocity v = 2 m/s, and the equivalence ratio is ϕ = 1.



As shown in Figure 8, it is the temperature distribution diagram of the combustor under different d/D conditions. According to the distribution characteristics of the high temperature area, the influence of d/D can be roughly divided into three stages: axial expansion (d/D: 0.9–0.7), uniform change (d/D: 0.6–0.4) and temperature decrease (d/D: 0.3–0.1). In the range (d/D: 0.9–0.7), the temperature distribution of the combustor is basically the same in the axial direction, the changes are mainly concentrated in the axial expansion, with the decrease of d/D from 0.9 to 0.7, the high-temperature region gradually stretches downstream in the axial direction. Within the range (d/D: 0.6–0.4), the temperature distribution of the combustor remains consistent regardless of whether it is in the axial or radial direction, and the highest temperature area (greater than 1800 K) disappears, demonstrating a good temperature distribution uniformity. When d/D is less than 0.4 (d/D: 0.3–0.1), the temperature distribution of the combustor decreases, especially when d/D is less than 0.1, all high-temperature regions basically disappear. Analyzing the reasons for the above phenomenon, along with the decrease in the outer diameter ratio d/D, it indicates that the outer large-pore porous medium occupies an increase in the channel area. This increases the flow velocity in the area close to the wall, thereby bringing a more uniform gas flow velocity in the radial direction, and further leading to better temperature uniformity. However, as d/D is further reduced to 0.3, the outer large-pore porous medium almost occupies the entire combustion channel, and the large pore diameter increases so that the inertial resistance coefficient and the viscous resistance coefficient of the porous medium combustion zone are reduced. The preheating effect of the porous medium is reduced, and meanwhile the residence time of the gas is shortened, as a result of incomplete combustion, it will be discharged from the combustion area, which greatly reduces the amount of heat generated by combustion, this is also the reason for the relatively low combustion temperature. Therefore, the high temperature area is uniformly distributed in the range of outer diameter ratio (d/D: 0.4, 0.5, 0.6), and it is considered that the best outer diameter ratio d/D of 0.4–0.6.



Figure 9 shows the wall temperature distribution of the combustor with different porous media outer diameter ratio d/D. On the whole, the outer wall temperature of different micro combustors is similar, and they all maintain a trend of increasing first and then remaining stable. However, careful analysis shows that the outer wall temperature is not linear with d/D, and there is an optimal value. When d/D increases from 0.1 to 0.5, the outer wall temperature increases as a whole, and the trend is the same, but as d/D continues to increase to 0.9, the outer wall temperature no longer increases but decreases. It can be seen that when d/D is 0.5, that is, when the thickness of the large-pore and small-pore layer is the same, the heat transfer capacity is the best.



Figure 10 shows the conversion rate of methane under different d/D conditions. With the increase of d/D from 0.1 to 0.9, the methane conversion rate increased first and then decreased, the conversion rate of d/D reaches a relatively high level in the range of 0.4–0.6. When d/D is 0.4, 0.5, 0.6, the corresponding methane conversion rates are 97.99%, 98.33%, and 97.30, respectively. With a d/D of 0.5, the conversion rate of methane reaches the optimal value at this time, indicating that the methane has been fully burned, which is consistent with the conclusions obtained from the previous temperature distribution. Analysis of the reason: when d/D is too small, it indicates that the combustor is basically occupied by the large-pore porous medium, and the flow resistance is reduced so that the methane is discharged out of the combustor without complete combustion, which reduces the conversion efficiency. However, when d/D is too large, it is also not conducive to the combustion of methane. On the contrary, the porous medium inside the combustor is too dense, and the resistance and pressure are too high. It obstructs the radial flow of methane, but makes the combustion area concentrated in the middle position, and this is difficult to achieve full combustion of methane near the wall. Therefore, a d/D of 0.5 is considered a reasonable choice.




3.3. Effect of Porosity Gradient


It is known from previous studies that it is more reasonable to fill the large porosity PM at the periphery of the combustor and to set the small porosity PM in the center, and the diameter ratio d/D of the outer PM and the center PM should be maintained at 0.5. However, the porosity gradient in the pore diameter of the inner PM to the outer PM requires further research to obtain. Therefore, in order to study the porosity gradient between the different porous media layers, the following definitions are made:


  Δ  n    =  n w  −  n c   



(13)




where    n w    represents the void density of the outer large porosity porous medium, and    n c    represents the central small porosity porous medium.



In order to explore the influence of different increase values (Δn), three different Δn are set in this article, namely 10 PPI, 20 PPI and 30 PPI. At Δn = 10 PPI, set the four layouts as A: 10-20, A: 20-30, A: 30-40, A: 40-50, at Δn = 20 PPI, set four layouts from A: 10-30, A: 20-40, A: 30-50, A: 40-60, and at Δn = 30 PPI, set two layouts as A: 10-40 and A: 20-50. Other settings are the layout of the porous media with a larger porosity at outer layer and a smaller porosity at inner layer, the outer diameter ratio of the inner layer and outer layer porous media is d/D = 0.5, the inlet velocity v = 2 m/s, and the equivalent ratio is ϕ = 1. Figure 11 is the temperature distribution cloud diagram of different Δn, as shown in Figure 11a, with a Δn of 30 PPI, the overall temperature distribution of the micro-combustor is relatively uniform, but it brings a lower temperature. Meanwhile, the wall temperature of the combustor does not exceed 1500 K, and the maximum temperature remains at about 1600 K. This is because although the optimal value of d/D (0.5) is selected, due to the large gap between different porous media layers, the sudden change in the pore size of the outer porous media is too large, so that the gas is quickly discharged in the outer porous media, and the heat transfer is not sufficiently enhanced.



Based on the above analysis, the aim is to choose a smaller Δn to enhance heat transfer and make the temperature distribution more uniform, selected Δn as 10 PPI and 20 PPI for calculation. Figure 11b shows the temperature distribution of the combustor when Δn is 10 PPI and 20 PPI, respectively. Comparing the temperature distribution of Δn = 10 PPI and Δn = 20 PPI combustors, it is found that when Δn = 10 PPI, the combustor temperature distribution is high and uniform, especially at the most concerned combustor wall position. It can be seen that it is more reasonable to choose Δn = 10 PPI, and it will bring a better outer wall temperature. In order to further obtain the optimal layout under the condition of Δn = 10 PPI, the temperature distributions of four groups of different layouts are compared. Comparing the temperature distribution, it can be seen that the radial temperature gradient of A: 10-20 is relatively large, and the wall temperature is relatively low. However, the temperatures of A: 20-30 and A: 30-40 are high and uniform, especially A: 20-30 has an excellent temperature distribution, and the overall temperature of A: 40-50 is significantly reduced. Analyze the reasons, A: 10-20 has a small pore density, leading to a large radial resistance to the porous medium, which restricts the radial diffusion of high-temperature gas, and there is a large gradient in the radial temperature distribution. The layout of the porous media is A: 20-30; the pore density is the most suitable relative to the inlet parameters, and the radial and axial distribution ranges of the high temperature area are widened. As the pore density increases to A: 40-50, the overall combustor temperature drops drastically. Therefore, with Δn = 10 PPI, the temperature distribution is best at A: 20-30.



Figure 12 shows the temperature distribution of the outer wall of the combustor at different Δn. Comprehensive comparison of the temperature distribution of the outer wall of the combustor when Δn is 10 PPI, 20 PPI, and 30 PPI, it is found that when Δn is 10 PPI, the highest wall temperature can reach 1570 K. Then Δn is 20 PPI, and the wall temperature is concentrated around 1550 K, as Δn increases to 30 PPI, the maximum wall temperature drops to 1360 K. It can be seen that Δn = 10 PPI is more reasonable, and it maintains excellent heat transfer performance. Detailed analysis of the outer wall temperature of the combustor when Δn = 10 PPI is shown in Figure 12a, four layouts are compared and studied: A: 10-20, A: 20-30, A: 30-40, A: 40-50. The outer wall temperature of A: 10-20 can reach up to 1560 K, but A: 20-30 can reach 1570 K, with the increase of the pore size of the porous medium, the outer wall temperature has a downward trend. Overall layout A: 20-30 has the best outer wall temperature distribution, from a practical point of view, high outer wall temperature is often what we pursue, so A: 20-30 meets our requirements.



Figure 13 shows the CH4 conversion rate in the combustor for different Δn. Through comparative analysis of the CH4 conversion rate of Figure 13a–c, it is found that when Δn is 10 PPI, the overall CH4 conversion rate is relatively high, followed by 20 PPI, and the CH4 conversion rate is significantly reduced at a Δn of 30 PPI. Therefore, it can be concluded that there should not be a large step in the void ratio between different porous media layers, and the methane conversion rate is higher when the increasing rate Δn is 10 PPI. Detailed comparison of the four layouts of Δn for 10 PPI, layouts A: 10-20, A: 20-30, A: 30-40, and A: 40-50 correspond to conversion efficiencies of 96.4%, 97.6%, 96.9%, and 96.8%, respectively. It can be seen that the conversion efficiency of A: 10-20 and A: 40-50 is relatively low, while A: 20-30 can still maintain a high conversion efficiency, so although a reasonable Δn is very important, the layout of porous media can further promote the efficient conversion of CH4.




3.4. Lean Flammable Limit


The previous research has determined various parameters of the porous medium of the combustor, but due to the good heat storage and heat transfer capabilities of the porous medium material, the porous medium combustor is suitable for lean combustion conditions. In addition, during fuel-rich combustion, over-temperature is prone to cause damage to the combustor. For example, when ϕ = 1.5, the highest temperature reaches 2400 K, which is higher than the melting point of Al2O3. Therefore, it is very necessary to study the lean flammable limit of the combustor, and three situations are selected to study the lean flammable limit in this paper. The first case is that the porous media is uniformly arranged, and the pore density is 20 PPI, named MC-U20. The second case is that the layout of porous media has been optimized, that is, the outer layer of large pore size and inner layer of small pore size porous media are arranged. Meanwhile, given the diameter ratio of the inner and outer layer d/D = 0.8, choose Δn = 20 PPI, the pore density of the porous medium is set to 10 PPI for the outer layer and 30 PPI for the inner layer, named MC-10/30-0.8. The third is the best parameter setting obtained from the previous optimization, the diameter ratio of the inner and outer layers is d/D = 0.5, the porosity increase rate of different porous media layers is Δn = 10 PPI, and the pore density is set to 20 PPI for the outer layer and 30 PPI for the inner layer, named MC-20/30-0.5. Selected the inlet velocity to be 0.5 m/s, 2.0 m/s, 3.5 m/s, and set the equivalent ratios of five lean combustion as ϕ = 0.2, ϕ = 0.3, ϕ = 0.4, ϕ = 0.5, ϕ = 0.6 for research.



As shown in Figure 14, the lean flammable limit range of different combustors is different. Figure 14a–c show the lean flammable limit distributions of MC-U20, MC-10/30-0.8, and MC-20/30-0.5, respectively. Since MC-U20, MC-10/30-0.8, and MC-20/30-0.5 are the optimization directions of our parameters, the lean flammable limit range increases successively, which is also consistent with our optimization research. For MC-U20, as the inlet velocity is 0.5 m/s, 2 m/s, and 3.5 m/s, the corresponding equivalent ratios are ϕ = 0.5, ϕ = 0.6, ϕ = 0.7, and the lowest lean flammable limit is ϕ = 0.5. The flammable limit of MC-10/30-0.8 maintains ϕ = 0.6 when the inlet velocity is 2 m/s and 3.5 m/s, but the lowest flammable limit can reach ϕ = 0.4 at 0.5 m/s. However, for MC-20/30-0.5, when the inlet velocity is 0.5 m/s, the lowest flammable limit can reach ϕ = 0.3, although at 3.5 m/s, its flammable limit can still be maintained at ϕ = 0.6. It can be seen that MC-20/30-0.5 has a lower flammable limit and brings better stability, which again proves that the structural parameters optimized above are reasonable. Therefore, the expansion of the lean combustible limit brings a larger lean burn range for combustion, avoiding the damage to the combustor under rich fuel conditions.





4. Conclusions


This paper proposes to embed porous media in a combustor, studied the combustion characteristics of porous media through numerical simulation, and discusses and optimizes parameters such as porous media layout, d/D, increase rate, and lean flammable limit. The conclusions are as follows:



(1) The layout of porous media should be reasonable, and the small and large pore porous media embedded in the inner and outer layers can bring better combustion performance. A: 10-30 has a high and uniform temperature distribution, and its methane conversion rate has reached 97.4%, indicating that both combustion and heat transfer have been strengthened;



(2) The diameter ratio of the inner layer to the outer layer of the porous medium should be maintained at 0.4–0.6, which brings a more reasonable gas residence time, and further enables the pre-mixed gas to preheat and burn completely. At a d/D of 0.5, the combustor has the highest outer wall temperature and CH4 conversion efficiency;



(3) Compared with the porosity gradient of Δn = 10 PPI, Δn = 10 PPI, the radial temperature distribution of the Δn = 10 PPI combustor is more uniform, and meanwhile it avoids the occurrence of local high temperature. Under the condition of Δn = 10 PPI, A: 20-30 layout has the highest outer wall temperature and CH4 conversion efficiency;



(4) The lean flammable limits of MC-U20, MC-10/30-0.8, and MC-20/30-0.5 are compared, at an inlet velocity of 0.5 m/s, the corresponding lean flammable limits are 0.5, 0.4, and 0.3, respectively. Among them MC-20/30-0.5 has a wider flammable limit range, showing excellent combustion stability, which has a guiding significance for avoiding the destruction of the combustor under fuel-rich conditions.



The research in this article mainly focuses on the layout of porous media in the micro-combustor. However, there are some indicators that are of great research value and are expected to be further studied in future work. Typical examples include porous media materials, porous media resistance, pressure drop, and porous media structure.
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Figure 1. Schematic diagram of geometric structure. 
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Figure 2. Schematic diagram of micro-combustor mesh. 
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Figure 3. Mesh independence verification. 
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Figure 4. Numerical and experimental verification. 
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Figure 5. Temperature cloud diagrams with different layouts. 
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Figure 6. Wall temperature of three different PM layouts. 
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Figure 7. Methane conversion efficiency of different combustor. 
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Figure 8. The temperature of different d/D porous media in combustor. 
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Figure 9. Wall temperature of different d/D porous media. 
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Figure 10. CH4 conversion efficiency with different d/D porous media. 
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Figure 11. Temperature distribution with different Δn. 
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Figure 12. Outer wall temperature (a) Δn = 10 PPI, (b) Δn = 20 PPI, (c) Δn = 30 PPI. 
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Figure 13. CH4 conversion efficiency at different Δn. 
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Figure 14. Lean flammable limit. (a) MC-U20, (b) MC-10/30-0.8, (c) MC-20/30-0.5. 
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