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Abstract

:

With the improvement and development of micro-mechanical manufacturing technology, people can produce an increasing variety of micro-electromechanical systems in recent years, such as micro-satellite thrusters, micro-sensors, micro-aircrafts, micro-medical devices, micro-pumps, and micro-motors. At present, these micro-mechatronic systems are driven by traditional energy power systems, but these traditional energy power systems have such disadvantages as short endurance time, large size, and low energy density. Therefore, efforts were made to study micro-energy dynamical systems with small size, light gravity, high density and energy, and long duration so as to provide continuous and reliable power for these systems. In general, the micro-thermal photoelectric system not only has a simple structure, but also no moving parts. The micro-thermal photoelectric system is a micro-energy power system with good application prospects at present. However, as one of the most important structural components of micro-thermal photoelectric systems, the microburner, is the key to realize the conversion of fuel chemical energy to electric energy in micro-thermal photoelectric system. The studies of how to improve the flame stability and combustion efficiency are very necessary and interesting. Thus, some methods to improve the performance of micro-burners were introduced and summarized systematically, hoping to bring some convenience to researchers in the field.
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1. Introduction


Recently, with the improvement and development of micro-mechanical manufacturing techniques, a variety of microelectromechanical systems with wide applications have been developed, such as micro-satellite propellers, micro-sensors (see Figure 1a), micro-aircrafts(see Figure 1b), micro-medical equipment, and micro-motors(see Figure 1c), which are presented in Figure 1a–c.



Currently, the traditional power systems generally can drive the microelectromechanical systems. However, these traditional power systems have the shortcomings of short endurance time, large size, and low energy density [1]. Therefore, micro power-generation systems with long duration, low weight, high energy density, and small size are desired to provide continuous and reliable power for these microelectromechanical systems. Micro power generation systems with hydrogen or hydrocarbon fuel combustion as the driving force may be a viable solution. Different energy densities are shown in Table 1 [2]. The energy density is almost 100 times higher than lithium-ion batteries, and even hydrogen fuel combustion can be as much as 300 times higher.



1.1. Types of Micropower Generation Devices


The micro-burner in the micro-thermal photoelectric system, which is the key to realize the conversion of chemical energy to electric energy, is considered as the most important structural component. Therefore, the improvements of the present micro-thermal photoelectric technology can be implemented by a detailed review of the current micro combustor for the micro-thermophotovoltaic. In addition, researchers can obtain some convenience and enlightenment in the field.



In the 1990s, the concepts of a Power MEMS and micro-heat engine firstly were suggested by Epstein and Senturia [3]. The system can pump heat or produce power. Subsequently, a significant number of micro-devices were rapidly developed around the world. According to the different energy conversion modes, these micro-energy power systems are mainly divided into micro engine [4], micro thermophotoelectric system [5], micro thermoelectric system [6] and micro fuel cell [7].



1.1.1. Micro Engine System


The fuel is burned in the combustion micro-engine chamber, where the gas is heated and expanded, pushing the piston in a reciprocating motion or the turbine in a rotating motion, thus converting the fuel chemical energy into mechanical energy. Micro-engine systems have high energy conversion efficiency. Therefore, a large number of scholars and researchers have performed systematic numerical simulation and experimental research on different types of micro-engine systems and obtained feasible design schemes and reliable results.



For example, Massachusetts Institute of Technology (MIT) developed a micro-gas turbine engine, which was a typical micro engine system. The aim was to generate 10–50 W power by a turbine system with the size of 2.1 cm × 2.1 cm × 0.38 cm [8]. Figure 2a shows the baseline engine design. It can be found that the system has six individual silicon layers and incudes the housing, combustor, and turbine, all being made of silicon. Another common micro engine system is the micro-rotary engine (see Figure 2b) [9]. The engine displacement is 0.064 mm3 and the micro engine system with a 1 mm rotor can produce a power of 13.9 W when the speed is 30,000 rpm. This is due to the fact that the micro-valve seal and actuation is very complex. The micro-device can be simplified by a rotary design without valves (see Figure 2c,d) [10].



Micro-engine systems have high conversion efficiency. However, the leakage events occur easily due to the existence of moving parts in the micro-engine system. Its operational reliability is not high, and it is prone to failure.




1.1.2. Micro Fuel Cell


In general, micro fuel cells can directly convert the fuel chemical energy into electric energy according to the principle of electrochemistry. Its working principle is shown in Figure 2b [11]. It can be found that the micro fuel cell is mainly composed of an anode, cathode, electrolyte, and external circuit. The central micro fuel cells recently used are Micro PEM [12] and Micro DMFC [13,14].



Micro fuel cell conversion efficiency is high and they output stable power for a long time, making it a promising source of micro power. However, its energy density is low and there are many technical problems.




1.1.3. Micro Thermoelectric System


The micro thermoelectric system can convert the energy of external heat source directly into electric energy through the wall thermoelectric material [15,16]. The thermoelectric conversion principle is the Seebeck effect. Micro thermoelectric systems mainly consist of the heat source, thermoelectric generator, and radiator, as shown in Figure 2c. When a temperature difference occurs between the two ends of the thermoelectric material, the thermal energy drives two carriers (electrons in type N and holes in type P) to the cold end, forming an electromotive force between the two electrodes, and the external electrical equipment can output useful work.



At present, the heat in the micro combustion thermoelectric systems mainly relies on the fuel combustion in the burner [17]. However, the flame is difficult to keep stabilized and the heat loss of the micro burner is relatively large due to the scale effect, resulting in low energy conversion efficiency of the micro combustion thermoelectric system. In addition, micro-combustion thermoelectric systems need an auxiliary heat dissipation system for heat dissipation, which affects the miniaturization of the system and reduces the total energy conversion efficiency.




1.1.4. Micro Thermophotoelectric System (Micro-TPV)


In general, the micro-TPV power device includes a PV cell array, a simple dielectric filter, a micro-flame tube combustor, and a heat source. In addition, the micro-cooling fin array is connected to PV cells and the sink heat is removed by the PV cells.



The micro-thermophotovoltaic power device schematic is shown in Figure 2d. The principle is to release a large amount of heat energy from the fuel-chemical energy through combustion, while the wall of the burner radiates the heat energy to the photoelectric conversion unit, which is eventually converted into electric energy [18,19]. For this reason, many scholars have systematically studied the energy conversion of this system.



Firstly, Yang et al. [20] proposed a new micro-powered electro-mechanical system. The micro-thermal photoelectric system with the hydrogen fuel can generate 3–10 W of electric power at a volume less than 1 cm3. Secondly, Yang et al. [21] designed a micro-thermal photoelectric conversion device with a volume of 0.113 cm3 [22]. The device can convert the thermal energy generated by the combustion in the silicon carbide tube through the 9-layer insulating filter and the GaSb photovoltaic cell array into 0.92 W of electric power. If the GaSb photovoltaic cell is replaced by the GaInAsSb photovoltaic cell, the output electric power can be increased to 1.45 W.





1.2. Research Progress in the Micro Combustor of the Micro Thermophotovoltaic System


As important components of the micro-thermal photoelectric system, the combustion and heat-transfer performance of the micro-burner play a key role in the overall energy conversion efficiency of the system [23,24]. For this reason, a large number of scholars and researchers have performed basic experimental and numerical simulation studies on the flame stability, combustion efficiency, wall temperature, and exertional performance of micro burners, and obtained good results.



1.2.1. Problems and Challenges in the Micro Thermophotovoltaic System


The combustor surface to volume ratio dramatically increases with the decrease of combustor size. Finally, there are strong chemical and thermal couplings between the combustor structure, flame-solid interface, and flame [25]. In the field of micro-scale combustion, the effects of low Reynolds numbers, low flame scale, and viscous force cannot be ignored. Because of the small length of the micro-combustion chamber and the shorter residence time of the mixture, it is difficult for the mixture to completely burn, which directly leads to low combustion efficiency and increases carbon monoxide (CO) and nitric oxide (NOX) release to the environment to some extent. In addition, the chemical kinetic factors and diffusion control [26] also affect the propagation process of micro-scale flame.



Compared with traditional combustors, the micro scale energy systems are not only represented in simple scale reduction, but also produce many new problems and challenges. Similarly, these factors directly or indirectly affect the micro combustion stability and combustion efficiency.




1.2.2. Steady Combustion Method for Micro-Scale Combustion


To study the combustion characteristic of microscale combustion, the researchers carried out many numerical simulations and experiments. The objective was to improve the micro-combustion stability in the combustion process. The micro-combustion stabilization methods are introduced as following:




	(1)

	
Steady combustion in the reflux area









The main characteristics of fuel combustion in the micro-combustor are high reaction temperature and concentrated reaction area. The researchers created a fluid velocity field to form a low-speed reflux zone to stabilize combustion by the change structural design of combustor. In the reflux area, the turbulence pulsation is intense when the high-temperature burned gas flows in the opposite direction to fresh fuel. Therefore, the high-temperature and low-temperature gas can be rapidly mixed in the reflux area to raise the temperature of the unburned gas, thus achieving the purpose of stable combustion.



It is one of the important methods for steady combustion that the fluid effectively refluxes at a low speed and prolonged residence time with a facing step. Yang et al. [27] applied a boss to a cylindrical channel combustor.



Through the research, it was found that the boss can promote the formation of the reflux zone along the wall and enhance the fluid-mixing process near the edge of the inner wall. The combustion in the reflux zone mainly occurs near the wall surface, which effectively increases the external wall surface temperature at the abrupt expansion position with high radiation efficiency.



Blunt body is also a typical way to realize steady combustion by using the reflux zone. When the fluid flows through the obstacle of the blunt body, the blunt body acts as turbulence to the flow field so that the flow field changes and the reflux zone is generated near the blunt body. Hosseini et al. [28] investigated the combustion characteristics of cylindrical microscale burners with and without blunt bodies by numerical simulation. The results confirmed that the stability of the premixed conventional micro-flame increases. Moreover, when N2 was used as diluent, the maximum temperature of the micro-flameless mode increased compared with CO2 utilization.



	(2)

	
Thermal management and steady combustion







The heat loss decreases with the increase of combustor size. Some effective thermal managements can be employed to improve the gas temperature and burning rate of the flame. It will largely affect the microscale flame combustion characteristic and flame propagation limit.



The most widespread method of thermal management is reheating high temperature flue gas to heat the unburned gas. For example, the combustor Swiss roll designed by Weinberg et al. [29,30] was proposed based on this concept. Firstly, the cold-unburned mixture along the passageway tangentially enters the combustion chamber. In addition, the burned gas is discharged tangentially from the combustion chamber along the passageway in parallel to the cold-unburned mixture [31]. Finally, some enthalpy of burned gas is transferred to the unburned gas, resulting in the improvement of the combustion efficiency of the combustion system.



	(3)

	
Catalytic combustion







In order to overcome the negative effects produced by the reduction in the characteristic size of the burner in the microscale combustion process, it is necessary to consider the use of relatively cheap catalytic materials [32]. Some studies have shown that catalytic combustion is conducive to enhancing the performance and inhibiting the consumption of free radicals on the wall [33,34]. Bond et al. [35,36] created a chemical reaction mechanism of micro catalytic combustion, which made significant progress in methane combustion. Christopher et al. [37] developed microscale gas turbine systems for power generation and micro propulsion. The results confirmed that the catalytic combustion efficiency of ethylene-air and propane-air in a three-chip combustion chamber exceeded 40%. Zuo et al. [38] developed an improved micro-cylindrical combustor with rectangular rib, and effects of rib positions and heights on wall temperature are investigated and optimum rib position and height is obtained for high and uniform wall temperature.





1.3. Outline of This Review


In the study, the objective was to explain the currently performance enhancement of the micro-combustor technologies for micro thermophotovoltaic. It benefits the improvements of the present technology and the device efficiency. In Section 2, the paper introduces the effects of the premixed condition or non-premixed condition on the combustion of different fuels. Section 3 introduces the optimal design of combustor construction. Section 4 focuses on the special structure micro-combustor. In Section 5, the application of the catalytic micro-combustion is addressed in the field.





2. Effects of Non-Premixed and Premixed Condition


It is well known that there are differences in the flame characteristics between non-premixed and premixed combustion. Thus, it results in different thermal performance and heat-transfer mechanisms of the micro combustor. In addition, different fuels have different effects on the combustion. A systematic study on the influence of combustion mode is helpful to the practical application and design. So, this section introduces the effects of the non-premixed condition or premixed condition on the combustion of different fuels.



2.1. Premixed Combustion


The premixed flame-propagating velocity is a function of heat and mass loss, adiabatic flame temperature, transport properties, and fuel oxidation chemistry [39]. Moreover, the propagating velocity has a unique value relative to the unburned mixture. In the combustion process, both the heat or radical loss also will reduce the velocity of the flame and sometimes the flame will even extinguish, finally resulting in the propagation limitation. In addition, the max. temperature and velocity of flame will increase, as some external energy is participated with flame. Thus, the flame will become stronger due to the participation of the excess enthalpy. The influences of radical and heat losses on the premixed flame propagation become stronger for micro-scale combustion. In the National University of Singapore, Chou et al. [39,40,41] carried out the experiments and investigated the combustion characteristic and how the fuel-flow rate and H2/air ratio would affect the combustion characteristic. The propagation and combustion regime limits for the conventional flame are changed strongly by the heat recirculation or thermal feedback on a large scale. They found that fuel flow rate and H2/air ratio had a great impact on the device efficiency.



2.1.1. Effect of Fuel/Air Equivalence Ratio on Combustion Characteristics


Chou et al. carried out the experiments and investigated three different H2/air ratios (0.45, 0.7, and 1.0) on combustion characteristics [41]. In addition, the fuel-flow rate kept 8 ms−1 at the inlet. The micro-combustor proposed by Chou et al. and the combustion result are shown in Figure 3a–c. With the increase of H2/air ratios (0.45, 0.7, and 1.0), the combustion temperature increased.



For further study, Chou et al. [41] carried out a numerical simulation and the results are shown in Figure 3. The highest temperature (1305K) can be obtained in the micro-combustor chamber. Moreover, as the H2/air ratio was 1.0, and the combustor temperature showed a uniform distribution. Above all, the experimental result reported that the combustion completeness in the micro-combustor chamber can be improved by the increase of H2/air ratio. As shown in Figure 4, it can be found that with the increase of the H2/air ratio (0.15–0.9), the max. electrical power output increases continuously under different flow rate conditions. More fuel increases the released heat in the micro-combustor chamber. Subsequently, the combustor wall temperature increases greatly. However, the increase of the max. electrical power is very small as the H2/air ratio further continues to increase from 0.9 to 1.0.




2.1.2. Effects of Mass Flow Rate on Combustion Characteristic


The effect of flow rate (Vin = 4 m/s−1, 8 m/s−1 and 12 m/s−1) on combustion characteristics based on the experiments were investigated by Chou et al. [41]. In the experimental process, the H2/air ratio was 0.6. The same micro-combustor proposed by Chou et al. was also employed to investigate the effect. Figure 4 shows the combustion result at different flow rates. It can be found that the wall color obviously changes when the fuel flow rate varies. In addition, the temperature in micro-combustor chamber increases as fuel flow rate increases. Above all, the maximum electrical power output increases with the increases of H2/air ratio and fuel flow rate. The increased flowrate improves the heat release rate, and subsequently increases the power output.





2.2. Non-Premixed Combustion


From the viewpoint of safety, the non-premixed combustion is more suitable for the micro-combustor application compared with premixed combustion. This is due to the fact that the flame flashbacks can be inhibited. Moreover, the improvement of the mixture of oxidizer and fuel is an important challenge of non-premixed combustion. In a Y-shaped non-premixed micro-burner, Miesse et al. found the multiple isolated flame cells [42]. The result showed that the multiple isolated flame cells would occur for heavier fuel, except for H2/O2 mixtures. In addition, Prakash et al. [43] investigated the non-premixed CH4/O2 combustion with the same configuration and found the transient flame dynamics, resulting in the formations of distinct cellular and stable edge flame structures. In addition, Xu and Ju [44] investigated the edge flame and isolated flamelets in a non-premixed CH4-air micro-scale burner. In the planar micro combustor, the diffusion combustion and mixing characteristics of H2-air were investigated by Li et al. [45]. In addition, based on the experimental investigation, the non-premixed CH4/air flames were divided into the edge flame mode and the premixed flame mode by Lee and Kim [46]. The liquid-fuel flame structure was investigated by Pham et al. [47] and the results showed that there were double flames, one triple flame located within the combustor chamber, and another anchored at the exit rim. Similarly, in the Y-shaped meso-scale combustors, Ning et al. carried out the experiments and investigated the non-premixed CH4/air flames when the combustor diameters were 4, 5, and 6 mm [48]. The results showed that after ignition, the flames were inclined and propagated downstream. In order to study the non-premixed combustion, Zuo et al. developed a micro elliptical tube combustor [49], they found that the flame could be maintained at with a very low equivalence ratio and very low fuel flow in this new burner.



In addition, based on the concept of swirl stabilization, a swirling combustor fueled with H2/air was developed by Xiao Yang et al. [39], as shown in Figure 5a–d. The results obtained show that the non-premixed is a high-flame location compared with the premixed. The flame position in the non-premixed is more vulnerable to the variations of equivalence ratio and H2/air mass.



2.2.1. Effects of Fuel/Air Equivalence Ratios on Combustion Characteristics


Figure 6 reports the combustion efficiency for the micro-combustor at the equivalence ratio (7.875 × 10−7 kg/s). With the increase of the H2/air equivalence ratio, the combustion efficiencies of premixed and non-premixed modes decrease in the micro combustors. With the increase of hydrogen/air equivalence ratio, the oxygen in mixture is reduced and the oxygen in the combustion chamber gradually becomes insufficient. Incomplete combustion occurs in the combustion chamber due to the lack of oxygen. Thus, it leads to a reduction in combustion efficiency. For example, it is 99.9% when the hydrogen/air equivalence ratio is 1.2 and the combustion efficiency is 84.1% when the hydrogen/air equivalence ratio is 1.2. Compared with the combustion efficiency of 0.6 equivalence ratio, the combustion efficiency of 1.2 equivalence ratio is decreased by about 16%.




2.2.2. Effects of Fuel Flow Rate


Figure 7 shows the combustion efficiency and temperature for micro-combustors. The result shows that when the H2 mass flow rate increases, the combustion efficiency will reduce under two operating modes. Similarly, the inlet speed increases when the H2 flow rate increases. Compared with the premixed combustor, the non-premixed combustor improves the combustion and increases combustion efficiency at lower hydrogen flow rates.





2.3. Comparison and Summary


Xiao Yang et al. [39] found that the H2/air equivalence ratio had a great impact on the combustor thermal characteristics. Due to the better thermal performance, it is strongly recommended to use a premixed combustor when the equivalent is low. As equivalence ratio increases, the difference is reduced.



Meanwhile, the flam position of non-premixed combustor is higher and more sensitive to the variations of equivalence ratio and H2/air flow rate compared with the premixed mode, as shown in Figure 5c. In addition, Figure 5d shows that the effects of H2 flow rate on thermal performance of outer wall. In addition, the wall temperature distribution of non-premixed mode is more uniform compared with the premixed mode at lower H2 flow rates, while the average outer wall temperature difference can be ignored. However, the wall temperature distribution is more uniform and higher than the non-premixed.



In the paper, the effects of the non-premixed and premixed on micro-combustion were mainly summarized, including the fuel mass flow rate and fuel/air equivalence ratio. Many simulations and experiments were carried out. Based on this knowledge, researchers could further investigate the effects of fuel type, fuel flow rate, and fuel/air equivalence ratio. Therefore, some adjustments and designs can improve the efficiency and stability.





3. Optimal Design of Combustor Geometrical Construction


Recently, the microscale combustion has made significant progress due to a huge number of experimental studies and numerical simulations. Many scholars have studied the basic characteristics of microscale combustion through simple geometric construction such as cylindrical, plate, and radial channel structures.



Zamashchikov [50], Mellish et al. [51], Miesse et al. [52], Prakash et al. [53], Yang et al. [54], and Wan et al. [55,56], researched some micro combustors with a basic construction such as cylindrical and plate through a series of experiments. The materials of the combustors are mainly stainless steel, high-temperature refractory ceramics, and quartz. The studies are significant to deepen the understanding of the basic physical problems of microscale combustion.



Meanwhile, numerical investigations are also used extensively in the research of the basic theory of micro combustion. Karagiannidis et al. [57], Norton [58], Hua et al. [59], Li et al. [60], Chen et al. [61], Wan et al. [62], and George P et al. [63] developed numerical models and investigated the thermal performance enhancement for micro combustors. The research results are summarized as follows: hydrogen or hydrocarbon fuel in the microscale combustion was feasible and combustor wall thermal cycle played an important role in continuous flame burning [64]; in addition, the combustor length, channel width, and wall thickness were important factors to ensure effective burning [65].



Therefore, it is necessary to optimize geometrical structures of micro combustors for researchers to improve the micro combustion performance [66]. In this section, the optimal design of combustor geometrical construction is presented.



3.1. Effect of Basic Geometrical Parameter on Combustion Characteristics


3.1.1. Effect of Wall Thickness


The effect of wall thickness on heat recirculation and heat loss rate is very obvious [67,68]. The thicker wall can increase heat transfer and improve the uniform temperature distribution. On the contrary, the thinner wall shows a steeper axial temperature gradient [69,70]. For the thinner wall, the transverse thermal resistance can be negligible [71]. However, in some numerical studies, the heat conduction along the walls cannot be ignored [72,73]. Moreover, the behavior of wall thickness is similar to that of wall thermal conductivity [74,75]. Therefore, the performance of the combustion chamber can be adjusted not only by selecting wall thickness, but also by appropriate materials.



Figure 8a,b [76] indicates the critical external heat transfer coefficient. The arrow is employed to show the heat transfer direction and movement direction. The inlet flow velocity can be adjusted by the flow rate and affects the residence time and power input. However, there is an optimal inlet flow rate to keep the good combustion stability. Whether qualitative or quantitative analysis, the inlet flow rate has a great impact on combustion stability. The stability curve shows a bell-shaped envelope at lower inlet flow rates. This is due to a tradeoff between heat recirculation and heat loss [70].



In general, the conversion and temperature will decrease when the external heat transfer coefficient increases [77]. The phenomenon will occur when lots of heat in the combustor is removed at a high rate [78,79], or coupled to a strong endothermic reaction [80,81]. On the contrary, if the micro-system is coupled to the external heat source [82] or is an adiabatic [83], the conversion will be improved at the expense of hot spots. Thus, material choice is very important for combustors. Figure 8c [76] shows the functional relationship between the thermal conductivity and critical external heat transfer coefficient. It can be found that the shaded region satisfies the material stability criteria and breakthrough. It also shows the attainable operating region. The complete conversion regime is delimited by the breakthrough line. When it is higher than the breakthrough line, the temperature is low, and the conversion is incomplete. On the contrary, when it is lower than the breakthrough line, the temperature is high, and the conversion is complete. In order to avoid extinction and blowout, the external heat transfer coefficient is employed to restrict in the window for catalytic combustion, as well as to keep material stability. Under the conditions of the low thin walls or wall thermal conductivities, the satisfied region is narrow. However, the operating region is greatly expanded when the materials of moderate and high wall thermal conductivities are used.




3.1.2. Effects of Combustor Length


Variation on the length of the combustion chamber directly leads to changes of the total area and residence time available for heat dissipation to the surroundings. The reaction zone is local, which leads to a reduction in combustion stability as the length of the combustion chamber increases. In the catalytic micro-combustion chamber, the combustion stability increases as the length of combustion chamber increases. This is because the reaction zone in the catalytic micro-combustion zone is relatively wide and may span the entire combustion chamber [84].



Figure 9a is a stability diagram of combustor. It shows that the length of the combustion chamber has a great impact on the detonation limit of high-insulating materials. Figure 9b is a stability diagram of the inlet velocity and critical external heat transfer coefficient. In the nominal combustor chamber, the inlet-based residence time was also shown. Shorter combustion chambers are more stable at lower inlet velocities. This is due to the wider extinguishing limit by reducing external heat loss. On the contrary, compared with short combustion chambers, the combustion of long combustion chambers is more stable, especially at high inlet velocities. This is due to the fact that the blowout restriction is extended, and a longer residence time is provided. However, the influence of the length of the combustion chamber on the stability of combustion was not significant for the wall thermal conductivity. Figure 9b [76] shows the max. wall temperature and conversion as a function of inlet velocity for combustion chamber lengths. Thus, the length of the burner has an important influence on the temperature and conversion rate.





3.2. Effect of Wall Material on Combustion Characteristics


Traditional materials such as aluminum, zinc, and copper do not fit for the manufacture of micro-burners. Materials with good heat resistance and thermal conductivity should be selected. In the study of Yan et al. [85], four materials (ferrochrome, copper, quartz glass, and corundum) were employed to manufacture the micro-burners. Table 2 shows the physical properties.



3.2.1. Effects of Wall Material on Thermal Performance


Thermal conductivity and preheating efficiency affect each other. Figure 10a-c shows temperature distributions in the reaction zones axis in the combustors with different wall materials [83].



From Figure 11a–d, it can be concluded that the reaction zone temperature will increase and the influence on the hot spots is more significant when the wall thermal conductivity reduces. The temperature distribution of the burner with copper baffle is improved, and the preheating effect is the best. In addition, the max. temperature of the burner with chromium-iron or copper baffles will further exceed the melting point of the material when the inlet velocity is low.



Similarly, Yang et al. [86] studied the influence of solid materials on the microtube combustor with convergent-divergent channels. The obtained results show that the material of SiC improves the thermal characteristic in the micro-combustion chamber.



The effects of solid materials on the efficiency are showed in Figure 11c [84]. The results show that average outer wall temperature of steel wall is higher compared with the SiC wall. In addition, emitter efficiency is the opposite. Compared with quartz and steel, SiC should be considered as the wall material. More specifically, emitter efficiency of SiC is improved by 5.6%.




3.2.2. Effects of Wall Material on Stable Combustion Limit


In the study [85], the influence of solid materials on the limitation of stable combustion was studied, as shown in Figure 10c. The research results show that the limitation of stable combustion with quartz glass baffle is small compared with others. It was found that the reaction zone temperature increases when wall thermal conductivity decreases. Similarly, the hot spots become more obvious due to the uneven heat loss caused by the reduced thermal conductivity. The max. temperature of the combustion chamber may exceed the melting point due to the low melting point of ferrochrome and copper. Thus, the inlet velocity cannot be too small. Although the temperature distribution of copper baffle is uniform, it has a better preheating effect on combustible gas. Therefore, it is very important to choose suitable materials to manufacture the micro-combustion chamber.




3.2.3. Effect of Wall Material on Free Radicals


The effect of wall reaction is mainly reflected in the vicinity of the wall. For the burner with four materials [85], the -OH coverage near the catalytic wall is: quartz glass < ferrochrome < corundum < copper. The heat released by the chemical reaction will be more uniformly and more quickly transferred downstream and upstream as the thermal conductivity increases. Moreover, the surface reaction is more active, the methane adsorption capacity of the wall surface is stronger, and along the x direction the coverage of -H and -OH decreases. At that time, the coverage rate of -OH on the wall becomes the highest with higher thermal conductivity.





3.3. Effect of Structural Improvement on Combustion Characteristics


In addition, many researchers have conducted many experimental studies and numerical simulations on the design of micro-combustion chambers. The aim was to improve the micro-TPV system. Some generalizations and introductions are as follows.



3.3.1. Cavity


A low-speed region can be provided by the cavity in the microchannel and is employed to stabilize the flame. It is due to the intermediate free radicals and residence time of fuel/air mixture caused by the cavity. Therefore, the cavity technology can usually be employed to improve the supersonic combustion stability [86,87]. However, there are few studies on the influence of cavities on slow flow combustion. Li et al. proposed a novel design concept and improved the enhancement of H2/CH4, CH4/CO, and H2/CO and blended fuels by catalyst segmentation and cavity technologies in a micro channel [88,89,90]. It was found that the existence of cavity can significantly expand the stable operation range in a wide inlet velocity range for micro-reactor. Fan and Wan et al. [91,92] investigated the effects of equivalent ratio, inlet velocity, and concave cavity length–depth ratio on the combustion characteristic of H2/air premixed gas. The obtained results show the extinction limitation reach 22 m/s when the equivalence ratio is 0.5 and the length-depth ratio is 4.0. In addition, Ran et al. [38] developed a numerical model and investigated the methane/air catalytic combustion in convex and concave cavity micro-combustion. The result shows that the max. conversion rate is 85.3% when the equivalence ratio is 1.0 and the max. extinction limit value is 16.5 m/s in the convex cavity micro-combustion.



	(1)

	
Flame-anchoring mechanisms of micro cavity-combustors







Wan and Fan et al. [92,93,94] developed a numerical model and investigated the premixed H2/air flame-anchoring mechanisms. The result showed that the recirculation zone and low velocity were formed, and the flame anchorage position was close to the vertical cavity wall. However, the upstream inner wall gradually heated the entering gas. It resulted in the earlier initiation of chain reactions, as shown in Figure 12. Especially near the flame-anchoring zone, the reaction is very intense. Moreover, the preferential transport effects caused by the differences between the two-dimensionality of flow field and mass diffusivities of various species control the local equivalence ratio. Thus, the low velocity and recirculation zone are provided simultaneously by the cavity. Similarly, the cavity can provide a better heat recirculation effect.



	(2)

	
Effect of the depth and length of cavity







Wan and Wei et al. [91] investigated the effects of the cavity length-depth ratio. The results show that the larger the cavity length-depth ratio, the greater the flame splitting limit and the lower the wall temperature level. Thus, the large length-depth ratio is not beneficial to the improvement of combustion in micro-combustion chamber when the combustor wall is employed to be used as a thermal photovoltaic device or thermoelectric heat sources. In addition, the flame-splitting limit is showed in Figure 13a,b. The length-depth ratios have a great impact on the flame-splitting limit.



Figure 13c shows that the wall temperature level declines when the length-depth ratio increases. The large length-depth ratio of the cavity is not beneficial to the combustion in micro-combustion chamber when the combustor wall is employed to be used as a thermal photovoltaic device or thermoelectric heat source.



(3) Effect of the cavity aft ramp angle



Linhong L. et al. [95] investigated the effect of cavity aft ramp angle on the conversion ratio of lean H2/air combustion and the structure, as shown in Figure 14a. The results showed that the combustion efficiency of θ = 90° was high compared with θ = 135°, as the velocity was low, and the combustion efficiency of θ = 135° was high compared with θ = 90°, as the velocity was high. In addition, the flame height of θ = 90° was short compared with θ = 135°and the strain rate of θ = 90° was large compared with θ = 135°(see Figure 14b,c).



	(4)

	
Effect of the cavity position







Zhang et al. [96] investigated the influence of cavity position on the catalytic combustion characteristic of CH4/air by the numerical method. The results showed that the variations of the positions of the convex cavity had little effect on CH4 conversion when inlet velocity was less than 1.0 m/s (see Figure 15a). In addition, when the convex cavity was located in the channel downstream, the methane conversion ratio and the extinction limit reached 85.6% and 18.3 m/s, respectively. As the inlet velocities of three channels are 4 m/s, average pressure and temperature on the inner surface along the channel are shown in Figure 15b,c. The pressure at the inlet of convex cavity increases sharply. As the convex cavity is located downstream of the channel, the outlet pressure reaches the max. value. Thus, it is more conducive to methane conversion.



Figure 15c shows the surface temperature when the inlet velocity is 3.0 m/s. As the mixtures flowed into the convex cavity, the fluid temperature rose rapidly. Similarly, the temperature gradually rose, and then reached a maximal value at the outlet. However, the variation of position of the convex cavity in the channel was less effective in comparison with the previous results.



(5) Effect of the channel gap distance



Wan and Fan et al. [97] numerically investigated the variation of the H2/air mixture flame splitting limit in micro channels with gap distance of wall cavities channel. The results indicate that the limits corresponding to 1.0 mm, 0.8 mm, and 0.6 mm channels are 26 m/s, 33 m/s, and 16 m/s respectively. The analysis shows that the fuel proportion which involves into the cavities increases, the flame length shortens at the same time, and the fresh mixture preheating effect is better when the gap distance decreases. When the distance was further decreased to 0.6 mm, the excessive stretching effect led to the complete extinction of downstream flame, resulting in the reduction of the splitting limit. In addition, the results show that the mechanism responsible for the largest flame splitting limit includes the good preheating effect of the fresh, mixture-large fuel proportion involved with the cavities, and reduced the length of the flame front. The over-stretching effect caused by the extinction of the downstream reaction zone is the main reason for the minimum splitting limit of the flame in the 0.6-mm channel.



(6) Double-cavity



Figure 16a shows the design features of combustor. The thermal performance of the double cavity combustor was numerically studied by Song et al. [98]. Figure 16b shows the temperature field of the micro-TPV system. Results show that the micro-TPV system needs a new combustor that obtains a more uniform and higher temperature distribution, and this new type of combustor is the highest temperature region formed in the down-stream chamber at a relatively high inlet velocity. The radiation efficiency of the double-cavity combustor and available radiation energy are higher than those of the single-cavity combustor. In addition, the results indicate that the inlet velocity determines the optimum cavity gap length.




3.3.2. Facing Step


The facing step provides a plain but valid way to strengthen the fuel mixing and lengthen residence time. It is very useful in controlling the position of flame and widening the ranges of the fuel/air ratio and flow rate [99]. The fluid strain and convergence are negative, because they are conducive to the flame stabilization. The thermal recirculation zone behind the steps provides an appropriate position.



	(1)

	
Effect of surface step on combustion characteristics







The flame position is considered to be the position of the max. value of the -OH radical mass fraction or the max. temperature gradient [99,100]. Hosein Faramarzpour et al. [101] simulated and developed a cylindrical combustor without and with a backward-facing step at different inlet velocities. The existence of the backward step leads to the increase of wall temperature and the blowout limit. The temperature distribution of micro-combustor is uniform along external wall. In addition, the lower the step height is, the higher the temperature is. At same inlet velocity, the temperature without backward facing step was about 50 K lower than that with the backward step. Meanwhile, by comparing the external wall of temperature distribution of the No. 2 combustor (the height of step is 1 mm) and the No. 3 combustor (the height of step is 2 mm), it was found that a large step height in combustor resulted in a lower temperature.
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Effect of the cross-section types of steps







Saad et al. [102] investigated the energy conversion efficiency, pressure drop, wall-heat transfer, and wall temperature of a TPV with different cross-section types, such as trapezoidal, triangular, rectangular, square, and circular. Figure 17 shows that when the wall thickness, heat-transfer area, mass flow, and expansion ratio are the same, the outer wall temperature of triangular section is the highest. The increase of the square section temperature was the smallest, while that of triangular section was the largest [103]. This is due to the improved overall energy conversion efficiency caused by combustor geometry. The energy conversion efficiency increases by about 1% between the triangular and circular combustor.



	(3)

	
Effect of the step length and height







Peng et al. [104] investigated a combustor with various inlet shapes and two rearward-steps, as shown in Figure 18. They found that a shorter step length could improve the combustion and obtained a lower flame position and higher mean outer temperature in the micro-combustor system with a smaller outer diameter.
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Effect of increase in the number of steps







The system efficiency and power output of the micro-combustor with two rear-ward steps are more than double compared with the micro-combustor with one step [104]. Additionally, E et al. [105,106,107,108] investigated the enhancement of micro-combustor with a step or two steps by numerical simulations. They found that inlet pressure had a great impact on specific entropy field, temperature, and velocity, especially at the regions of outlet and reaction. From the perspective of energy utilization, the system performed best at p = 0.1 MPa because it is possible to obtain higher exergy efficiency and better energy conversion efficiency. Bhupendra et al. [109] studied the effects of step number on flame stability limits. They chose a combustor with two steps (case 1) from previous work reported in Ref. [110] and designed a three-step configuration. The length of 30 mm and exit diameter of 6 mm were maintained constantly in a three-step (case 2) combustor compared with it (case 1).




3.3.3. Bluff Body


Bluff bodies are widely used in flame stabilization in propulsion and industrial combustion systems [111]. Combustion characteristics of micro-combustors with a bluff body were studied numerically and experimentally by many researchers.



	(1)

	
Effect of blunt body on combustion characteristic







Wan et al. [112] conducted numerical and experimental studies on the combustion characteristic of lean H2/air mixture in blunt-body plane microchannels. They found that blow-off limits with a blunt body micro-combustor were significantly longer than those without a blunt body micro-combustor [113].



Furthermore, with the increase of inlet velocity, the flame front lengthens and narrows. In addition, the high-temperature section of the outer wall moves downstream. The exhaust gas temperature and combustion efficiency raise firstly and then reduce. They also studied the influence of solid materials on micro-combustor blow-off limits [113]. The result shows that at the same equivalence ratio and blockage ratio, the blow-off limit of quartz combustors is the largest, followed by stainless steel combustors and SiC combustors. The quartz combustors have the smallest blow-off limit. Thus, solid materials with low emissivity and thermal conductivity are beneficial to a great limit.



	(2)

	
Effect of shapes of bluff body







Ghobad et al. [114] studied micro-combustor combustion characteristics with different shapes (ellipse, circle, triangle, semicircular, half ellipse, diamond, crescent, wall-blade, and arrowhead). Figure 19 shows the different micro-combustor flame structures. The results illustrate that in low velocity and a moderate equivalence ratio, the max. flame temperature occurs when a wall-blade is used. Meanwhile, Figure 19 shows the flow fields for different states. The micro-combustor flame with a wall-blade bluff body is more jarless than the others. Moreover, the micro-combustor average wall temperature with a wall-blade bluff body is the highest and the emitter efficiency is very high at low velocity.



	(3)

	
Effects of blockage ratio







Fan et al. [115] investigated the influence of the blockage rate on the blow-off limit of a H2/air flame in a planar micro-combustor. The blow-off limit correlates positively with the blockage ratio. Yan et al. [116,117] studied the CH4/air combustion characteristic in a hollow hemispherical bluff body and a micro combustor with a regular triangular pyramid bluff body. Blockage ratio shows the great impact on flame stabilization and CH4 conversion. With the increase of the blockage ratio, the CH4 conversion firstly increased, and then reached the peak value when blockage ratio was 0.22, and finally decreased. Niu et al. [118] found that the two sides’ velocity difference between the bluff bodies became larger with the increase of blockage ratio. This is due to the formed whirlpools by the trapezoidal bluff bodies in a micro-channel.



	(4)

	
Bluff body effect of two side slits







Yan et al. [119,120] constructed a micro combustor with slits on both sides of the bluff body and the bluff body was used to numerically study the effect of controllable flow angle on combustion characteristic and slit width. The effect of the controllable flow angle on combustion efficiency is shown in Figure 20.



They found that it was beneficial to prolonging the residence time in the reflux region and entraining more premixed gas, leading to the increase of efficiency and extinction limit of velocity. Meanwhile, appropriately reducing controllable slit width could enhance combustion efficiency. When the inlet velocity was 10 m/s and controllable slit width is 0.05 mm, the blow-off limit was the min. the and combustion efficiency was max. The change of controllable flow angle has an important effect on combustion efficiency. When controllable flow angle increased from 20° to 80°, the efficiency decreased by 7.26% and 11.62%.




3.3.4. Curved Micro-Combustor


Saad et al. [121,122] constructed a curved micro-combustor, as shown in Figure 21. They explored the effect of curvature on emission characteristics, hydraulic flame structure, and thermal properties. It was observed that the outer wall temperature for inner and outer sides was considerably higher than that of the straight duct, as shown in Figure 21. It resulted in an increase of heat flux, but the penalty must be paid in the form of increased NO emissions and pressure drop for curved combustors. Most studies on flow field for curved ducts and the heat transfer show that the dean vortices are the main reason for the enhancement of transport mass and thermal properties.




3.3.5. Flame Preheating and Holder Channels


Wan et al. [123,124] projected a micro combustor with a plate flame holder and preheating channels and investigated the effect of the plate length numerically on the CH4/air flame blowout limit. The results show the combustor flame blowout limits with different length flame holders. They found that for the lean fuel, a higher equivalence ratio resulted in a faster burning velocity and a higher preheating temperature. A higher preheating temperature further elevated the burning velocity as well as the flow speed of incoming gas mixture. The faster burning velocity made the flame shift upstream, but the bigger flow speed pushed the flame downstream. In such a way, the increase of equivalence ratio gives rise to the increase of burning velocity and flow speed, and the burning velocity increases faster than the flow speed.




3.3.6. Baffle


Jiang et al. [125,126] developed a micro-combustor with baffles and numerically and experimentally investigated the thermal performances and micro-combustor entropy generation distribution without and with baffles. Conventional micro-combustor and schematic diagrams are shown in Figure 22.



The temperature distribution of the combustor and conventional micro-combustor with baffles in the experiment is shown in Figure 22. They found that the average temperature of the conventional micro-combustors was lower than that of the combustor with baffles. For the combustors with baffles, the blowout limit was extended. Besides, the increased mean wall temperature can preheat the H2-air mixture by recovering heat from the exhaust gas. Meanwhile, a higher baffle resulted in larger breaking of available energy and more entropy.






4. Special Structure Combustor


In addition, the structure optimization of the microscale combustor should be described and summarized. Thus, many researchers have also designed micro combustors with unconventional structures and investigated the performances of them numerically and experimentally.



4.1. Swiss Roll Combustor


The Swiss-Roll type heat exchanger came from devices called heat-recirculating or excess enthalpy burners [127]. The flammability limits can be effectively extended by recirculating thermal energy from combusted products to preheat reactants. The reactants have increased total enthalpy due to the increased thermal enthalpy from preheating. The heat of combustor dissipation is effectively reduced by wrapping the heat exchanger in the Swiss-Roll configuration, and combustion in the core and heat transfer between windings become integral parts of the thermal system. This technology has recently reemerged due to efforts in micro scale combustion.



Zhong et al. [126,127,128] designed and manufactured three types of Swiss-roll combustors with double spiral-shaped channels, as shown in Figure 23. Results show that the Swiss-roll combustors highly increase the stability of combustion in the central area of the combustors.



Fan et al. [129] firstly proposed a micro-Swiss-roll combustor with a bluff-body, as shown in Figure 23. The results show that the flame blow-off limit can be greatly extended by reducing the flame stretching effect. The combustor had a larger blow-off limit, which was mainly attributed to the change in downstream flow field of the combustion chamber.



A miniature Swiss-roll combustor was manufactured by Wang et al. [130] for non-premixed combustion, as shown in Figure 23. The combustor has two inlets of CH4 and air and two outlets. They also found that a model combustor with a transparent quartz cover brought about several merits. Firstly, the outer wall temperature distribution and flame structure are symmetric. Secondly, the system can run even if the fuel flow rate and equivalence ratio are low.




4.2. New Special Structures


A new pattern micro planar combustor was proposed by Tang et al. [131], as shown in Figure 24a. The temperature distribution of the combustor center zone, wall temperature, and heat-transfer coefficient are shown in Figure 24b,c. They found that compared with a single-passage combustor, the new combustor reached a higher mean temperature due to the enhancement of heat transfer. Meanwhile, it developed more obvious due to the increased plate number. The heat transfer passage length has a great impact on the uniformity and mean wall temperature distribution. The setting up of parallel separating plates is beneficial for enhancing heat transfer.



Meanwhile, they investigated the effects of H2 to the premixed CH4-air mixture [132,133], as shown in Figure 25. It was found that the fuel blends with 30% CH4 and 70% H2 could improve the wall temperature, efficiency of combustion, and uniformity of temperature by 60 K, 4.5%, and 73%, respectively. Similarly, the proper H2 fraction depends on the thickness of the baffle and increases the energy input.



A micro-cylindrical combustor with gradually reduced wall thickness was proposed by Zuo et al. [134]. They numerically investigated the thermal performance. Results indicated that the emitter efficiency and outer micro combustor temperature with cylindrical channel were lower than that with gradually reduced wall thickness; additionally, there was more uniform temperature distribution of the gradually reduced wall thickness. Due to the diversity of flow channels in the micro combustor, the flow disturbance is caused, which promotes the convective heat transfer between the combustion gas and the wall. It can improve the thermal performance when it uses SiC as the wall material.




4.3. Multiple-Channel Micro Combustor


The total energy conversion efficiency is too low, which is one key problem. In order to solve this problem, the wall temperature and uniformity should be improved. However, the proposed multi-channel micro combustor can solve the problem well compared with the single-channel micro combustor.



4.3.1. Comparison of Single-Channel Combustors


A multiple-channel micro combustor was proposed by Su et al. [135]. At different flow rates, the temperature fields are shown in Figure 26. The results point out that the temperature distribution of the multiple-channel micro combustor is higher than that of the traditional micro combustor as well as more uniform, which is highly conducive to the micro-TPV system. Furthermore, the radiation energy and radiation efficiency of the single-channel micro combustor are lower than those of multiple-channel micro combustor. Tang et al. [131] utilized plate to divide a micro planar combustor into multiple-channel micro combustor. Results show that the new combustor could achieve a higher average temperature of the radiation wall caused by the improvement of heat transfer. Yilmaz et al. [136] realized that the input chemical energy conversion rate to utilizable heat energy could increase by nearly 30% more than that of the single-channel combustor when it had the multi-channel arrangement.




4.3.2. Effect of Different Configurations of Multiple-Channel Micro Combustor


E et al. [137,138] studied comparisons between co-flow and counterflow double-channel micro combustors numerically and improved the structure of the combustor. The schematic of two counterflow double-channel micro combustors is shown in Figure 27. As a result, the co-flow double-channel micro combustor had a less uniform outer wall temperature compared with that of the counterflow double-channel micro combustor. Moreover, the steel and silicon carbide could be used as the solid material of the combustor wall due to higher thermal conductivity.



Meanwhile, Zuo et al. [139] developed the inlets of traditional micro planar combustor into injectors so that it achieved higher thermal performance and output power. Schematic diagrams of two micro combustors are shown in Figure 27. In addition, with the help of fuel injector, the thermal performance of combustor was greatly improved. In the micro planar combustor, the inlet flow velocity was enhanced by the reduction of the step diameter.



The different configurations of a double-layer four-channel micro combustor and a four-channel planar combustor were investigated numerically by Zuo et al. [140,141]. They found that the wall temperature of micro combustor with double-channel four-channel was more uniform when there were more countercurrent channels in the adjacent channels on both sides of the double-channel four-channel micro combustor. Additionally, it was applicable for the four-channel planar combustor. They found that the wall temperature of the micro combustor with two-channel four-channel would be more uniform compared with a micro combustor with double-layer four-channel.





4.4. Summary


In this section, various important geometric structure optimization designs are summarized and compared. Many simulations and experimentations are introduced and analyzed. When there is a cavity in the microchannel, a low-speed region can be provided to stabilize the flame, resulting in enhancement of the intermediate free radicals of the fuel/air mixture and the increase of the residence time. In order to increase the mixing of fuel mixture and prolong the time of residence, a plain yet effective solution is proposed. This step is useful when the way comes to controlling flame position and expanding the operating range of flow and fuel/air ratio [103]. Bluff bodies are extensively used for flame stabilization in micro combustion. These optimization techniques, including their influencing factors, are recommended. It is observed that the straight tube combustor was significantly reduced compared with the curved micro combustor. Flame holder and preheating channels, and baffle are beneficial for reaching a higher wall temperature. Furthermore, the wall materials and thickness and combustor length are important design parameters which affect hot-spots, fuel efficiency, and burner stability strongly, as this section highlights.



Meanwhile, some special structure combustors are introduced. Swiss roll combustor can extend the flammability limits by recirculating thermal energy from combusted products to preheat reactants. A micro tube combustor with parallel separating plates, parallel baffles and cylindrical bluffs, and converging-diverging channels are introduced. It is shown that these combustors outperform the normal combustors in terms of the flame stability, wall temperature, emission, and efficiencies.



Moreover, the multi-channel micro combustor had better thermal performance. The effects of different configurations of multiple-channel micro combustors are also expounded.




4.5. Porous Media Micro Combustor


Porous media combustion has many advantages in combustion technology. The most interesting one of them is the possibility of achieving super adiabatic temperatures and ultra-lean combustion [142]. When porous media is used, it can improve heat transfer capacity and outer wall temperature so as to improve the effective radiant energy of the micro combustion chamber, which is conducive to the application of the micro TPV system. In this section, some generalizations and summarization about porous media used in the micro combustor are expounded.



4.5.1. Comparison of the Micro Combustor without and with Porous Medium


The solid matrix of porous media has higher conductivity, emissivity, and heat capacity than gas, so it can significantly improve the combustion in porous media [141]. There are a large number of channels or pores in the solid matrix of the porous medium. When passing through porous medium, these channels or pores heat the fresh reactant. Therefore, the thermal cycle mechanism from the combustion area to the fresh reactant gas increases the flame velocity, resulting in a higher heat release rate.



In a micro modular combustor, SiC porous media foam was designed by Yang et al. [143]. The methods improved the combustion and enhance heat transfer between the wall and hot gas, thereby increasing the wall temperature for the first time. The results indicate that the peak wall temperature increases by 90–120 K in SiC porous media. The increase of wall temperature obviously enhances radiation energy. Peng et al. [144,145] investigated the non-premixed and premixed H2-air combustion without and with porous medium. Results indicated that the flame stabilization is greatly enhanced when the combustor contains porous medium for both non-premixed and premixed combustion, as shown in Figure 28. In the combustor, the energy conversion and heat transfer from chemical energy to radiation power were effectively enhanced due to the insert of porous medium. In a planar micro-combustor, Chou et al. [146] used the channel width of 1 mm for researching the porous media combustion of premixed H2–air. Results showed that the wall temperature increases when the mixture velocities increase, and higher emitter efficiency was achieved for mixtures as the equivalence ratio was 0.8. In addition, the inserted porous media made the flames be found to be effectively fixed, despite the change of flow conditions. In summary, a huge number of research results suggested that the micro combustor packed by porous media can dramatically increase the wall temperature and flame stabilization, increasing the useful radiation energy of the micro combustor subsequently.




4.5.2. Effects of Properties of Porous Medium


Li et al. [147] studied the ratio of the thermal penetration time into the solid phase to the residence time in the pore. The heat conduction was the dominant mechanism within the porous media. The thermal conductivity and porosity of solid matrix are the most important factors affecting the wall temperature and heat transfer of porous combustion chamber. At the same time, the porous media material characteristic parameters are important factors, especially the Cp and thermoconductivity [148].



	(1)

	
Effect of porous media porosity







Porosity has a critical effect on the thermal performance and flow field in the porous medium [149]. In the porous medium, the combustion with higher porosity has more space when the wall material has low heat conduction and radiation, which limit the improvement of heat transfer for the combustor. The flame stabilization weakens the preheating of reactants [150]. The radiative and convective heat transfer between the solid and fluid skeleton. Furthermore, thanks to a small combustion zone, the possibility of quenching on molecular collision and solid wall is increased.



Pan [148] found that porosity, when too small or large, would weaken the combustion process, and the combustion characteristic was impacted by porosity and other parameters impact together, as shown in Figure 29. When the mixture flow rate was (6 m/s), the temperature gradient was 251 K for the porosity of 0.3 and the average temperature along the combustion wall was 1387 K. It is obvious that the temperature gradient increases when the porosity increases.



Combustion in porous medium inserted in combustors experimentally was investigated by Peng et al. [145]. They found that the effect of porosity on wall temperature was enhanced when the combustion chamber size increased. The SS mesh volume increased when the porosity reduced. At a high mass flow, the mesh blowout and flame blowout may occur rate according to the experimental study.



Li et al. [151] numerically studied the heat recirculation in premixed H2/air filtration combustion in a planar micro-combustor, as shown in Figure 30. They found that Porosity (ε) and solid matrix thermal conductivity (ks) had significant effects on heat transfer in a porous micro-combustor, manifested by the variation of flame position and wall temperature distribution. The flame temperature seemed unaffected by the change of these two parameters.



	(2)

	
Effect of porous media material







Due to the low Cp and high thermal conductivity of porous media material, the combustion will be intensified. Thus, the SiC was considered an ideal porous media material [152]. Figure 30 shows the micro combustor uniform temperature. The average wall temperatures for Si3N4, SiC, and Al2O3 materials are 1101 K, 1283 K, and 946 K, respectively. The average wall temperature for the case with SiC as the porous media is higher than the others. The flame temperatures of the Si3N4 and Al2O3 materials at the inlet of the micro combustor are higher than that of SiC material. The wall temperatures of the Si3N4 and Al2O3 materials drop slower than of SiC material in the back part of micro combustor.



Wang and Zuo et al. [153,154] investigated the flame characteristics of a propane/air mixture in a micro-scale porous combustor experimentally and numerically. They found that increase of wall thermal conductivity significantly improved the upper limits, but the effect on the lower limit was negligible. This is due to the fact that the higher wall thermal conductivity enhances the thermal cycle through the wall and porous media. When the same fuel energy is input, the outer-wall temperature increases due to the increase of the inner-wall convective heat-transfer coefficient. They also found that the gas temperature in the porous medium region increases significantly with the increase of wall thermal conductivity or inlet velocity in the stable operation range [155]. The heat loss ratio decreases when the inlet velocity or wall thermal conductivity increases.




4.5.3. Effect of Filling Position and Folding Schemes


Figure 31a–d shows the influences of position of the porous media on the wall temperature and emitter efficiency [144]. The porous media were inserted into the channel with the positions from the inlet plane being 4.5, 9, and 13.5 mm, defined as ‘Low’, ‘Mid’, and ‘High’, respectively. It showed that the inserted porous media flames anchored effectively. When the porous media gets further from the combustor inlet, the peak wall temperature becomes higher. Additionally, based on the limited cases studied in their paper, the ‘Mid’ case represents a better emitter efficiency over the ‘Low’ and ‘High’ counterparts.



Meng et al. [156] studied the flame stability limits for premixed H2/air combustion when it was partially filled with porous medium. The porous medium was manually created from fine stainless steel mesh with a three-folding scheme to acquire the anisotropic properties. The results illustrate that the SB scheme represents a wider operation window than the other two counterparts under all experimental conditions studied, and this therefore provides some clues to the design as well as operation of porous micro combustors.




4.5.4. Summary


In this section, an overview of porous micro combustors is given. When the porous media is used in micro-combustors, they have great potential and improved efficiency. Many researchers studied the combustion properties. Both numerical and experimental studies showed that when extending standing-wave combustion, there were regimes in micro-combustors filled with porous medium [157]. Therefore, the potential mechanism affecting the critical flame stability limit is very important. In addition, some researchers are committed to designing new structures, such as a Y-type mesoscale combustion chamber with fibrous porous media [48]. In addition, micro-TPV system efficiency can be improved by thermal management [158,159], such as variation of the distance between the TPV cell and the combustor’s external surface.





4.6. Catalytic Micro-Combustion


In ordinary large-scale applications, the thermal runaway is difficult to control. This weakness can be transformed into one of the important advantages for sustaining stable exothermic reactions, and the micro-combustor has the other advantages, such as no quenching distance, clean emission, moderate reaction temperature, and immobile heat release zone. In fact, proper heat management and reducing heat loss in catalytic micro burners are very important in homogeneous micro burners [160]. The reviews detail some new basic aspects of catalytic operation, design, combustion, and optimization, as well as the latest emphasized factors in micro-combustion applications.



4.6.1. Combustion Characteristics


The residence time as well as the energy input into the system were determined by the bulk flow of reacting gases [161,162]. Reactants diffuse from the bulk gas to the wash coat, going into the porous support (catalyst layer) next. Within the support, reaction takes place on catalyst sites, and through the support products diffuse outwards and finally to the bulk gas. Since the micro burner solid structure has a thermal inertia and larger conductivity than the bulk gas, the walls were heated up by combustion reactions.



The catalytic micro burner can be divided into a post-reaction zone, a preheating zone, and a reaction zone. The reaction zones and preheating zones often overlap. The micro burner walls play a dual role: they act as a net heat sink in the post-reaction zones, and as a net heat source in the preheating/reaction zones.



For catalytic burners, gas-catalyst and mixing contact can be an issue [163]. Mixing can be enhanced by introducing a static structure near the inlet of the micro burner. Other alternatives adopt a careful design of inlet manifolds [164,165], a network of bifurcating channels [166], or a wire mesh at the inlet [167,168]. These are briefly reviewed in Deshmukh’s study [169].



Figure 32a shows the experimental axial temperature profiles in a Pt-catalyzed ceramic (alumina) micro burner. The micro burner’s initial section contains non-catalytic and staggered posts. Reactions take place mainly near the entrance because of the-H fast reaction on Pt. This area is associated with hot-spots due to the heat losses. With the increases of the equivalence ratio and inlet flow rate, the enthalpy input per unit micro burner volume increases, resulting in the increase of operating temperature (see Figure 32b,c). The reaction zone may be pushed downstream since it requires a longer length to heat up the increased gas flow. Results of catalytic combustion are reported in micro burner, including methane [170], hydrogen [171,172], methanol [173], propane [174], etc. In addition, catalytic combustion was been carried out [175,176,177,178].




4.6.2. Stability and Flammability Limits of Catalytic Combustion


Being associated with typical fundamental subjects of catalytic combustion, the USC combustion physics laboratory investigated the extinction limits of self-sustaining catalytic combustion by spiral counterflow Swiss-roll burners. They found that the combustion with a catalyst could be supported at much lower Re (minimum ≈1 vs. ≈40 without catalyst for our burner) and at extremely low temperatures (≈350 K vs. ≈920 K). This is due to the much lower effective activation energy. At the same time, with a catalyst, desorbing O(s) rich mixtures was an additional driving force [179].



Maruta et al. [180] studied the catalytic micro burner extinction limits by a cylindrical tube reactor. Figure 32b shows the extinction and blowout limits for methane/air combustion in a micro burner with thin wall approximation. It showed that the equivalence ratio at the extinction limit monotonically increases with the increase of inlet velocity while the wall boundary condition was adiabatic.



A pseudo 2D model was designed by Kaisare et al. [181] and employed to analyze the platinum-catalyzed micro burners. The optimal wall thermal conductivity value increases as the velocity increases. However, the micro burner stability increases monotonically when wall thermal conductivity increases and an optimum material for stability does not exist at very high velocities. In addition, when the mass-transfer rate increases the stability increases, and the stability in the wall conductivity range decreases when the heat-transfer rate from wall to fluid increases [182].



Micro-burner stability of a slow-burning fuel can improve mixing with a faster burning fuel [183]. It means that addition of hydrogen to propane and methane or addition of propane to methane can improve stability. Norton et al. evaluated a catalytic Pt-based micro device. It was found that hydrogen spontaneously combusts in a wide range of components and can successfully cause the spontaneous combustion of propane/air mixture in these micro burners, so there is no need to start the device. Thus, it is a good startup strategy that co-feeds hydrogen with propane. Yan et al. [184] investigated the combustion characteristic of H2 addition on catalytic micro-combustion systems. They found that hydrogen addition had a significant inhibition to CO and CO2 emissions and a significant impact on shortening ignition time and lowering the methane ignition temperature. The promotion effect of hydrogenation on combustion stability is due to the decrease in variation coefficient of hydrogenation, and this effect is stronger at low H2 fractions [185]. Meanwhile, as shown in Figure 32c, the temperature was elevated by the heat released on propane combustion and stabilized methane combustion.




4.6.3. Effect of Geometry


In order to study the impact of the cross-sectional geometry on the extinction/ignition behavior of catalytic micro combustors, Benedetto et al. [186] investigated two different shapes of the cross-section, circular and square. The results show that the square cross-section channel is more resistant to extinction than the cylindrical channel at low inlet velocities. Baigmohammadi et al. [187] numerically studied combustion characteristics of a micro reactor equipped with a catalytic bluff body. The results show that the flame stability can be significantly improved by using a catalytic bluff body in the center of the micro reactor, especially at high speeds. However, it can be found that it can improve the flame stability better than the catalytic bluff body with low thermal conductivity and no cavity when the surface of the catalytic bluff body has high thermal conductivity and multiple cavities. Li et al. [188,189] investigated the effect of catalyst segmentation on combustion performance and found that the existence of cavities appreciably extended the stable operational range of the micro combustor, as it had a wide range of inlet flow velocities. Moreover, the multi-segment catalyst with cavities appreciably extended the stable operating range of catalytic combustion in a small-scale combustor for a wide range of inflow velocities. Nevertheless, a gas-phase reaction could be sustained and anchored by the existence of cavity in a small-scale system. Ran et al. [190] numerically investigated catalytic combustion characteristics of methane in micro-channels with convex and concave cavities, severally, and in a straight channel without a cavity. It has been suggested that methane catalytic micro combustion was at a relatively low velocity when the micro-channel owned a concave wall cavity. In contrast, in a microchannel with a convex wall cavity, the pressure on the inner wall increases because the fuel breaks when flowing through the cavity. The contact between catalyst and methane mixture is enhanced, which is conducive to methane combustion.



In order to study the combustion stability of the catalytic thermal-recirculation micro combustor, several attempts were made. Chen et al. [191,192] investigated the combustion stability of premixed methane-air mixtures in heat recirculating micro combustors and catalytic single-channel. The results show that heat recirculation strongly affects blowout. It is worth mentioning that compared with other walls, the combustion chamber wall has a great impact on the stability. The combustion chamber wall has a highly insulated wall, which is the most stable system [193]. Therefore, the selection of wall thermal conductivity is of great significance. Thermal recirculation does not significantly improve stability, while thermal recirculation is only effective for low-conductivity walls and high-conductivity walls. With the decrease of wall thermal conductivity, the thermal recirculation effect becomes more obvious. Similarly, Yan et al. [194,195] also conducted a series of numerical studies to investigate combustion characteristics of catalytic heat-recirculating combustors. Due to the thermal cycle, the preheating channel plays a positive role in improving the combustion stability of the thermal cycle combustion chamber. The preheating channel is conducive to the thermal cycle effect, which leads to a significant increase in the specific enthalpy of methane at the outlet of the preheating channel. On the other hand, the preheating channel increases the catalyst surface temperature in the main reaction zone and promotes the adsorption of methane on the catalyst surface.




4.6.4. Effect of Wall Materials


Chen et al. [196] investigated three different wall materials. In their study, it was found that the wall thermal conductivity was lower when the wall temperature gradient was higher. The faster the homogeneous combustion moves upstream, the wider the temperature distribution range. Similarly, Chen et al. [197] investigated self-ignition characteristics of hydrogen and combustion in Pt/γ-Al2O3 catalytic micro combustors and also obtained the same conclusion. They found that when the wall thermal conductivity decreased, the time required to reach steady state reduced [198]. High-power systems require highly conductive materials. On the contrary, in order to minimize heat loss, low-power systems will tend to use more insulating materials [199]. It was believed that the heat loss had great influences on extinction and the wall thermal conductivity greatly affects blowout [200]. In addition, Li et al. [201] indicated that the increase of the wall thermal conductivity could increase the critical blowout velocity, suggesting the importance of operation of catalytic micro combustors and thermal management in the design.




4.6.5. Effect of Gap Size


In a catalytic micro combustor, there are two regions. The downstream region is dominated by the homogeneous combustion and upstream region is dominated by the heterogeneous reaction [196]. When the inlet velocity was boosted, the region dominated by heterogeneous reactions expanded downstream and occupied the whole combustor finally. When the flow rates were sufficiently low, the effect of gap distance was significant [199]. As the gap size increased, the critical blowout velocity decreased, and the micro combustor became more resistant [201]. The key factor of stable combustion is to select the appropriate combustion chamber size, because the limitations of material, stability, and conversion determine the rather narrow operation space. The optimum gap size depends on the flow rate or whether the flow rate remains constant [202].






5. Summary and Outlook


This review systematically introduces and summarizes the effect of different technologies on performance enhancement of the micro combustor for the micro thermophotovoltaic application in recent decades [203]. With the continuous deterioration of energy crisis [204,205,206,207,208,209,210] and environmental problems [211,212,213,214,215,216,217,218], finding effective methods to optimize the stable combustion of micro burners, and the integrated equipment of distributed and portable energy power generation has been demonstrated [219,220]. Based on the above review, the numerous experiments and numerical simulation mechanisms in the past decade are as follows:




	(1)

	
Stabilizing combustion through heat recirculation, surface chemical treatment, and thermal management;




	(2)

	
Different flame characteristics under different combustion condition (premixed and non-premixed), and the effects of fuel mass flow rate and fuel/air equivalence ratio;




	(3)

	
Optimal design of combustor geometrical construction, the adjustment of the basic geometrical parameter and wall material, cavity, facing step, baffle, flame holder and preheating channels, curved micro-combustor, bluff body, some special structures, and multiple-channel micro combustor;




	(4)

	
Combustion characteristics of porous media micro combustors and improvement;




	(5)

	
Catalytic combustion in micro burners is reviewed and the role of key operation parameters is elucidated in this paper.









Although these developments are not yet fully mature, they have proved sufficient feasibility through technical challenges. The micro combustor for the micro TPV power system is a feasible and viable option with a bright future.



Meanwhile, there are still many works that can be carried out before it can be established for commercial applications. There are still many possibilities for improvement. Important directions of future research are likely to occur on several fronts:




	(1)

	
Combined with low-temperature combustion technology, further optimization of the application of micro combustors will continue to be the focus of research;




	(2)

	
Homogeneous, catalytic, homogeneous-heterogeneous, and excess enthalpy micro burners;




	(3)

	
Coupled endo- and exothermic reactors for tapping unconventional energy sources, such as natural gas and biomass, will flourish;




	(4)

	
High wall temperature and stable combustion can be achieved by new micro-combustors. Emitting power will be enhanced and it will improve the overall efficiency.
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Figure 1. Different microelectromechanical systems, (a) Micro-sensors, (b) Micro-aircrafts, (c) Micro-motors. 
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Figure 2. The micropower generation devices, (a) Baseline engine, (b) Micro-rotary engine, (c) Electromagnetic system schematic, (d) Micro-TPV. 
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Figure 3. Combustion of the micro-combustor when the flow rate is 8 ms−1 at different H2/air ratios (σ = 0.45, 0.7, and 1.0) [41], (a) H2/air ratio is 0.45, (b) H2/air ratio is 0.7, (c) H2/air ratio is 1.0. 
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Figure 4. Combustion of the micro-combustor at different fuel flow rates when the H2/air ratio is 0.6. 
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Figure 5. Combustion and performance characteristics of the microscale combustor. (a) Swirling micro combustor, (b) H2/air equivalence ratio, (c) Flame location, (d) H2 mass flow rate. 
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Figure 6. The combustion efficiency. 
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Figure 7. The Centerline temperature and combustion efficiency. 
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Figure 8. Stability diagram in terms at different inlet velocities. (a) Catalytic single channel, (b) Combustion stability for different diameters, (c) Combustion stability for different wall thermal conductivities. 
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Figure 9. The combustion stability of the combustor at different thermal conductivities [74,76], (a) Effect of combustor length on the combustion stability, (b) The max. wall temperature and conversion. 
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Figure 10. Combustor grids, stable combustion limit, and temperature distribution. (a) Combustor grids, (b) Temperature distribution, (c) Stable combustion limit. 






Figure 10. Combustor grids, stable combustion limit, and temperature distribution. (a) Combustor grids, (b) Temperature distribution, (c) Stable combustion limit.



[image: Energies 14 06577 g010]







[image: Energies 14 06577 g011 550] 





Figure 11. Emitter efficiency, wall temperature and NTSD of combustor [84], (a) Combustor grids, (b) Wall temperature and NTSD, (c) Emitter efficiency. 
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Figure 12. Major flame-anchoring mechanisms. 
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Figure 13. Flame splitting limit and wall temperature for different length-depth ratios. (a) Temperature field, (b) Flame splitting limit, (c) Outer wall temperature. 
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Figure 14. Combustion efficiency, heat release rate, and stretch rates of the combustor, (a) Combustor grids, (b) Combustion efficiency, (c) Heat release rate and Stretch rates. 
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Figure 15. Profile of CH4 mass fraction, (a) Combustor structure, (b) The inner-surface average pressure, (c) The surface temperature. 
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Figure 16. Design features of the micro combustor and the temperature field. (a) Design features of combustor, (b) Temperature field of the micro-TPV. 
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Figure 17. Velocity contours and temperature contours for different sections. 
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Figure 18. The effects of step length on temperature distribution and flame structure. 
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Figure 19. Micro-combustor flame structure and flow field. 
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Figure 20. Effect of the controllable flow angle on combustion efficiency. 
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Figure 21. Computational domain of a straight channel and temperature contours, (a) Computational domain of a straight channel, (b) Temperature contours. 
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Figure 22. Comparison of combustor temperature distributions with baffles and conventional micro-combustor in the experiment. 
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Figure 23. Four types of Swiss-roll combustors were used in the experiment. 
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Figure 24. Micro planar combustor schematic diagram, temperature distribution, Heat transfer coefficient and Mean temperature of external. (a) Combustor schematic diagram, (b) Temperature distribution, (c) Mean temperature of external and Heat transfer coefficient. 
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Figure 25. The variations of the average wall temperature (Tave), maximum wall temperature (Tmax), normalized temperature standard deviation (NTSD), entropy production (Sgen), and combustion efficiency (ηc) by the change in methane volumetric fraction (X). 
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Figure 26. Schematic of the micro combustor and the temperature fields. 
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Figure 27. Schematic of two counterflow double-channel micro combustors and temperature fields. 
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Figure 28. Distribution of exterior wall temperature in premixed H2/air combustion [145]. 
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Figure 29. Temperature distributions of micro combustor [148]. 
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Figure 30. Effects of porosity and solid matrix thermal conductivity on flame temperature variation with inlet flow velocity. (a) Combustor grid, (b) Wall temperature, (c) Peak gas mixtrue temperature with different porosity, (d) Peak gas mixtrue temperature with different thermal conductivity of solid matrix. 
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Figure 31. Influences of position of the porous media on combustion characteristics. (a) Combustion structure, (b) Experimental result, (c) Wall temperature, (d) Emitter efficiency. 
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Figure 32. Ceramic micro burner temperature for Pt-catalyzed hydrogen combustion [163]. (a) Temperature field, (b) Equivalence ratio at extinction, (c) Heat loss coefficient. 
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Table 1. Different energy densities at 1 atm and 298 K.
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	Type
	Energy Density





	Diesel combustion
	45.3 MJ/kg



	Ethanol combustion
	30.5 MJ/kg



	Heating oil combustion
	42.5 MJ/kg



	Gasoline combustion
	45.8 MJ/kg



	Lithium sulfur batteries
	0.792 MJ/kg



	Lithium ion batteries
	0.468 MJ/kg



	Lead acid batteries
	0.0792 MJ/kg



	Methanol combustion
	22.7 MJ/kg



	Nickel cadmium (NiCad) batteries
	0.158 MJ/kg



	n-Octane combustion
	48.2 MJ/kg



	n-Butane combustion
	49.6 MJ/kg
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Table 2. Physical wall material properties [85].
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	Materials
	Density (kg/m3)
	Melting Point T

(K)
	Thermal Conductivity (W/m K−1)
	Specific Heat Cp (J/kg K−1)





	Corundum
	3940
	2273
	32
	37



	Quartz glass
	2650
	2023
	1.05
	750



	Copper
	8978
	1356
	387
	381



	Ferrochrome
	7200
	1773
	16
	615
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