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The challenge of the powder-fuel ramjet is to improve the mixing effect of powder-fuel with oxidizing agents and combustion efficiency. To improve the mixing and combustion efficiency of the powder-fuel ramjet engine, three configurations in head shapes and three exhaust gas inlet patterns of the engine are designed based on a typical powder-fuel ramjet engine combustion chamber. The effect of the head shapes and exhaust gas inlet patterns is analyzed and compared by the three-dimensional numerical simulation method. A comprehensive model validation is built, and the calculation results of the k-ε standard model are compared with the experimental data. The results show that the cylindrical head forms a recirculation zone at the head of the combustion chamber, which leads to powder deposition in the head region of the chamber. The design with the round head and the coned head reduces the recirculation inside the head region, and the exhaust gas from the fuel gas generator has benefits in powder injection and mixing inside the combustion chamber. The exhaust gas inlet of the inclined six hole type has benefits in the mixing of powder and high temperature exhaust gas because it generates strong flow impingement in the core part of the chamber.
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INTRODUCTION
The powder-fuel ramjet engine combines the advantage of the solid ramjet and the liquid ramjet engine and has drawn a lot of attention in recent years. It uses high-energy metal/non-metal powder as fuel for combustion (Woosuk et al., 2018). It obtains high combustion efficiency and an adjustable fuel supplying rate like a liquid ramjet engine. In addition, it has simple structures, high reliability and easy maintenance like a solid ramjet engine. More and more researchers try to use new fuels in ramjets (Singh and Walker, 2015). Metal fuels can achieve large heat release and high specific impulse in the combustion process compared with traditional hydrocarbon fuels (Goroshin et al., 2001).
Compared with a solid ramjet engine, the flow rate of the powder fuel is easier to be adjusted like one kind of fluid fuel (Gong et al., 2017). In addition, due to the high energy density in the metal powder, the engine can obtain high specific impulse. However, it is difficult to achieve a self-sustaining burn depending on metal powder because a combustion environment of high temperature is required for metal powder. Xu et al. (Xu et al., 2019) designed a hybrid powder–solid fuel ramjet (HPSR). Although the problem of the high-temperature combustion environment has been improved in an HPSR, some new problems about combustion efficiency and flame stabilization have to be solved. For Mach numbers in excess of those for which turbojet concepts can be used, subsonic burning ramjet concepts are used until their Mach number limit is reached (Bertin and Cummings, 2003). Flow structures in a powder-fuel ramjet have changed a lot compared with the traditional scramjet combustor, and the traditional strategy of flame stability needs some modifications (Liu et al., 2020a). Owing to the high combustion requirements of metal particles, some strategies are needed to sustain the combustion, which also brings about other problems such as deposits of combustion products, excessive pressure loss, and low mixing efficiency (Li et al., 2019). These problems can be solved by using a flame stabilizer designed by Hsu et al. (Hsu et al., 1995). However, the design of the flame stabilizer increases the complexity of the structure and reduces reliability.
Many research studies about powder combustion in a powder-fuel ramjet have been performed, including the research centers of NASA and ONERA. Linnell and Miller (2002) analyzed the ramjet with a combustion chamber at a pressure around 250 kPa, and a thrust of 2900 N and specific impulse of 400 s were achieved. Goroshin et al. (1999) found that the combustor operating at fuel-rich conditions has benefits for the combustion stability. An experimental prototype of a powder-fuel ramjet was built and tested in ONERA (A (2002). Ramjet scra, 2002), which laid the foundation for experimental measurements. Miller and Herr (2004) measured effectiveness of these powder-fuel systems, and the related thrust and specific impulse at conditions were obtained. Abbud-Madrid et al. (2001) also tried to use metal and high-energy non-metal powder as engine fuels. It is found that the residual time and powder size can affect the flame shape and the burning rate. Shafirovich et al. (1993)and Shafirovich and Varma (2008) tested the burning of magnesium powder particles with carbon dioxide. It is concluded that magnesium is the most promising fuel with the relatively high-specific impulse and easy inflammability in CO2. The results also show that the reaction of aluminum and carbon dioxide in the ramjet and turbojet engines is feasible. Recently, boron powder has drawn some attention as the fuel for powder ramjet engines (Abdalla et al., 2020). Gany (2015) has studied the boron powder combustion applied in the ramjet combustors. Regarding the blocking phenomenon caused by the thermodynamic reaction at high temperature and pressure, the blocking phenomenon becomes worse at a high ratio of boron/air. Rashkovskiy (2019) developed the model of the residue formation in the combustion chamber with boron powder propellants. Li et al. (2016) investigated an aluminum powder-fuel ramjet, and they found that the increased mass rate of the fluidization gas improved the mixing efficiency.
Mixed compression inlets and isolators exhibit a series of such interactions at different Mach numbers and boundary layer thicknesses (Gaitonde, 2015). The geometric shape of the combustion chamber has a great influence on the blending efficiency (Chelaru and Mingireanu, 2011). Different powder injection arrangements and air inlet patterns were studied by Stowe et al. (2004), such as the angle between the powder injection and the air inlets, the axial distance from the burner head to the air inlets, and the angle between the two air inlets. The main problem that exists in the powder-fuel ramjet is to enhance the mixing effect of the air and the powder fuel (Huang et al., 2020). It is necessary to search for an optimized shape of the combustion chamber and an improved exhaust injection pattern for a powder-fuel ramjet (Li et al., 2021). Because the research work on powder injection and combustion chamber design is in a preliminary stage, some experience and related parameters of solid fuel injection of a solid rocket ramjet are referred.
From the above, there are limited research studies about the design of the combustion chamber in a powder-fuel ramjet to improve the mixing. In the present work, effects of different designs on the head shapes and inlet patterns are considered. Based on a certain typical powder-fuel ramjet, three configurations in head and three exhaust inlet patterns of the engine are designed. The influence of the structural design is analyzed and compared by the three-dimensional numerical simulation method. The mixing efficiency, pressure loss, and relative density distributions are analyzed to provide some references for the design the combustion chamber. Because of the poor deposition and mixing effect in the head region of a powder fuel ramjet, a parametric study of head shapes and gas inlet patterns is performed to improve the mixing efficiency and avoid deposition. The optimal structure of the combustion chamber is proposed for initial design of a powder-fuel ramjet.
GEOMETRIC MODEL
Combustion Chamber of a Typical Powder-Fuel Ramjet
Based on the aforementioned research works, a typical combustion chamber model of the powder-fuel ramjet is created (Figure 1). The oxidizer, air, enters the combustion chamber through two separated air inlets mounted on the combustion chamber along the streamwise direction, shown as air inlet 1 and air inlet 2 in the figure. The air supplied from air inlet 1 makes the air-to-powder ratio close to the equivalent ratio and then meets the requirements of engine startup and ignition (Auerswald et al., 2020). Air from air inlet 2 increases the air-to-powder ratio to improve the specific impulse of the engine and combustion efficiency. There are some exhaust inlets arranged on the head of the combustion chamber. The high-temperature and high-speed exhaust is injected into the combustion through these exhaust inlets. The powder fuel is injected from the central inlet on the head of the chamber by the fluidization gas. The working medium of the fluidization process is air. The fluidizing powder mixes with the exhaust from the exhaust inlet, air from air inlet 1 and air inlet 2 in the combustion chamber.
[image: Figure 1]FIGURE 1 | Typical combustion chamber model of the powder-fuel ramjet.
Computational Domain
From the published articles, some parameters of a solid rocket ramjet are given in Table 1. In the table, the geometric configuration of the experimental combustor and test conditions are available. Figure 2 shows the related geometric parameters of the combustion chamber. The diameter of the combustion chamber is 160 mm (d) with a length of 1,560 mm (l). The simplified engine has six main exhaust nozzles, with a diameter of 16 mm (d2). They are distributed circumferentially at an angle of 60 degrees. The diameter of the powder inlet is 21 mm (d1). The lengths of the two rectangular air inlets on the side wall are 82 mm (l1) and 52 mm (l2), respectively. From the top view, the angle between the two air inlets is 90 degrees. To study the influence of the structural shape in the head and exhaust inlet of the combustion chamber on the mixing and engine performance, dome height 1, dome height 2, and the distance between the high-temperature exhaust inlet center and the fuel inlet center are fixed at 110 mm (h1), 330 mm (h2), and 37 mm (l3), respectively.
TABLE 1 | Geometric parameters and test conditions of the previous experiments.
[image: Table 1][image: Figure 2]FIGURE 2 | Related geometric parameters of the combustion chamber.
Based on the traditional design with a cylindrical head and six exhaust inlets type (case A) Chuang et al. (1989), two modified designs varied in head shapes and three exhaust inlet patterns were built aiming at improving the mixing efficiency. The head shapes of case B and case C are designed as a round head type and a coned head type, respectively, as shown in Figure 3 (case B) and (case C). In Figure 4, the high-temperature exhaust inlet is designed as four-hole type in case A1 and eight-hole type in case A2. Case A3 is designed as six inclined holes, with an inclination angle of 30 degrees. The details of the six configurations are described as follows:
[image: Figure 3]FIGURE 3 | Different designs of head shapes of the combustion chamber.
[image: Figure 4]FIGURE 4 | Different designs of exhaust inlet patterns mounted on the combustion chamber.
Case A: basic model, cylindrical head, six exhaust inlets. Case B: round head with spherical diameter of 243 mm, six exhaust inlets. Case C: coned head with the inclined contracted angle of 22 degrees, six exhaust inlets
Case A1: cylindrical head, four exhaust inlets
Case A2: cylindrical head, eight exhaust inlets
Case A3: cylindrical head, six inclined exhaust inlets with an inclination angle of 30 degrees
COMPUTATIONAL METHODOLOGY
Governing Equations and Model Validation
In the calculations, three turbulence models are tested and compared. Commercial CFD software ANSYS Fluent 19.0 Liu et al. (2020b) is used for simulation. It uses parallel algorithm to solve the three-dimensional Navier–Stokes equation in a structured multi-block grid system. In order to simulate the compressible flow regime, a density-based solver scheme Roe (2003) is applied.
Murty and Chakraborty (2012) used the k-ε standard model in the study of mixing effects and obtained pretty accurate results. The transport equations of k and ε are shown as following two equations:
[image: image]
and
[image: image]
In the two equations, μt is written as follows:
[image: image]
The species transport equation is also used in this article, and this conservation equation takes the following general form:
[image: image]
where Ri is the net rate of production of species i by chemical reaction and Si is the rate of creation by addition from the dispersed phase plus any user-defined sources.
The k-ε standard turbulence model has been used in this work. The pressure values predicated by the turbulence model and the pressure measured by the experiments in the combustion chamber of the ramjet are compared in Figure 5. Obviously, the predicted results by the k-ε standard model have good agreement with the trend with the tested result and the ratio of pressure to total pressure at each pressure measurement locations along the axis in different operation conditions is nearly overlapped. Since the three cross-sectional areas show a trend of increasing and then decreasing, the pressure ratio shows a trend of decrease and then increase. In addition, the results show that the model has good stability and the obtained value has acceptable deviations in a certain range of fluctuations. It should be pointed out that there are some inevitable differences between simulation results and experimental results. For example, the pressure test region has relatively large disturbance by the instruments. However, the fluctuation can be ignored in the simulation process, and the pressure change is not obvious. Therefore, the k-ε standard model has shown enough validations for later calculations.
[image: Figure 5]FIGURE 5 | Turbulence model validation: the value of P/P0 on y-z sections along the streamwise direction at different locations between simulation and experimentation.
Boundary Conditions
In the present work, the mixing effect of high-temperature exhaust and the powder is replaced by the mixing of high-temperature exhaust (H2O and CO2) with air ejecting from the central inlet. Table 2 gives the related parameters of air and high-temperature exhaust and the boundary conditions of the work. The assumptions in the calculations are listed as follows.
1 The fluidized gas of powder is assumed as air.
2 The exhaust is assumed as H2O and CO2. There are many substances in the high-temperature exhaust, but only the CO2 and H2O vapors are considered.
3 The gas in the combustion chamber is adiabatic without heat exchange with the surrounding environment.
4 Gaseous radiation and body force are ignored.
5 High-temperature exhaust is regarded as an ideal gas.
TABLE 2 | Boundary conditions.
[image: Table 2]Mesh Generation
In order to reduce the calculation effort, the computational domain is half of the entire domain with the symmetry boundary conditions. The structured meshes are generated to improve the calculation accuracy. The meshes in the head region are dense because the flow structures and mixing effect in this region are complex. The structured meshes in the whole domain and some typical regions are displayed in Figure 6.
[image: Figure 6]FIGURE 6 | Structured meshes in the typical regions.
The computational domain and grid are generated using commercial software ANSYS ICEM 19.0. A multiblock grid approach is used (as shown in Figure 6). To ensure the accuracy of the numerical simulation, cells are densely close to the wall surface, the high-temperature exhaust inlet, and the powder inlet. The height of the first cell row is made a value of 0.1 mm near the wall, and the total number of cells is 0.9 million.
Grid Independence Analysis
In order to eliminate the influence of the grid sizes on the calculation results, three different mesh systems are built for the grid independence study, the grids are coarse, medium, and fine, and the number of grids is 0.26, 0.91, and 1.48 million, respectively. For different grid regimes, the concentration distribution of carbon dioxide on the section of the combustion chamber is compared. Figure 7 shows the concentration distribution of carbon dioxide at each interface of the combustor displayed by the three different grid regimes. The y-z cross section at x/l = 0.25 is selected from the location of the side wall air inlet mounted the combustion chamber, and the concentration value shows great fluctuation. Therefore, the carbon dioxide concentration in the cross section of the combustion chamber is significantly reduced after x/l = 0.25. From Figure 7, the calculated carbon dioxide concentration on the cross section by three grid systems is basically overlapping. The medium grid and fine grid are closer to each other at the separation point. In order to balance the calculation efficiency and accuracy, medium grid is used for subsequent calculation. The average value of y plus calculated on the grid wall is 22, which is set based on the requirement of the standard k-ε turbulence model.
[image: Figure 7]FIGURE 7 | Averaged mole fraction of CO2 on y-z sections along the streamwise direction predicted by different grid regimes.
RESULTS AND DISCUSSIONS
In order to study the influence of the head structures and high-temperature exhaust inlet patterns on the performance characteristics of the combustion chamber, the flow field characteristics, the mixing efficiency with the total pressure loss, and the density distribution of the combustion chamber are analyzed and compared.
Flow Field Characteristics
In order to figure out the flow field structures inside the combustion chamber in each design, the streamline distributions of the symmetry plane under various conditions are presented. Figure 8 shows the contours of the mole fraction (CO2) and streamline distributions on the x-z central sections of the combustion chamber in each case. The high-temperature exhaust at the inlet of the combustion chamber is water vapor and carbon dioxide, and the central fluidizing gas is air. It can be seen that the high-temperature exhaust mixes with the supplied air at air inlet 1 and air inlet 2 in each case, which forms a recirculation zone inside the head of the combustion chamber. In different cases, the scales of the recirculation zone are different. The small recirculation zones cause the powder to gather together and have a negative effect on the operation of the combustion chamber. Moreover, the powder cannot burn totally in the combustion chamber because of the short residence time so that the production of the powder combustion gathers inside the head of the combustion chamber. Compared with case A, case B and case C have similar symmetrical recirculation zones and the scale of the recirculation zones is relatively large, which can cover the powder injection region. In case B and case C, high-temperature exhaust and air are mixed to form a recirculation zone with a symmetrical structure in the head, which increases the stay time of the powder and can easily achieve fully burned. In case A, some metal powder is wrapped in the recirculation zone and cannot be transported to the core combustion region for full combustion. Compared with other cases, the high-temperature exhaust in case B and case C surrounds the powder particles closely to peel off the surface oxide layer and liquid film of the powder particles continuously, which helps the powder particles to burn completely. In case A2 and case A3, it can be seen that increasing the number of high-temperature exhaust inlets is helpful to the fluidization effect of the powder and the formation and extension of the recirculation zone. In case A3, it can be clearly seen that the heightened effect of the recirculation zone is obvious, and the scouring effect of high-temperature exhaust on the core reaction region is improved. When the exhaust and powder fuel are injected at high temperature with a certain angle, the mixing and combustion efficiency of powder and exhaust are stronger than other cases.
[image: Figure 8]FIGURE 8 | Contours of the mole fraction (CO2) and streamline distributions on the x-z.
Contours of relative density of the mixing exhaust/air on two y-z sections (x/l = 0.125 and x = 0.25) for all the cases are displayed in Figure 9. The relative density is the ratio of the total density to the air density.
[image: image]
[image: Figure 9]FIGURE 9 | Contours of relative density of the mixing exhaust/air on two y-z sections (x/l = 0.125 and x = 0.25) for all the cases: (a) the cases of head shapes (case A, case B, and case C); (b) the cases of different inlet patterns (case A1, case A2, and case A3).
The high relative density is found on the middle of the cross section x/l = 0.125, and it also distributed two sides in the section of x/l = 0.25 for all cases. When the relative density of the certain area is close to 1, it indicates that the density of the area is close to the air. It also means that the mixing degree is better. And the relative density gradient describes the uniformity of the mixing field. From Figure 9A, the high relative density is found in small area inside cylindrical head and round head at the section of x/l = 0.25. It has disadvantages for the powder mixing with the gases around in the region. On the other side, the relative density distribution of the coned head is uniform with a good mixing efficiency. In addition, a better relative density is obtained in the case with the change of exhaust inlet patterns to the inclined six holes type. In the section of x/l = 0.125, a large region with relative high density is found in the coned head shape, which indicates that this design provides a better mixing performance than the other cases.
Pressure distributions on the x-y central sections and six y-z sections along the streamwise direction for all the cases are shown in Figure 10. A region with high static pressure is formed at the region of the two air side inlets. The high-pressure regions in case A and case B are larger than those in case C, which prevents the powder injection and mixing in the combustion chamber. The pressure loss is also shown in this figure, and the coned head type obtains the smallest pressure loss penalty. In case A1 and case A2, there is an obvious decrease in pressure inside the head region, but it is improved in case A3. Therefore, the inclined six holes type, that is, case A3, provides the best powder injection and mixing. Compared with case A1 and case A2, the pressure distribution in case A3 is more uniform.
[image: Figure 10]FIGURE 10 | Pressure distributions on the x-y central sections and six y-z sections along the streamwise direction for all the cases: (a) the cases of head shapes (case A, case B, and case C); (b) the cases of different inlet patterns (case A1, case A2, and case A3).
Mixing Efficiency
In 1992, Lomkov and Kopchenov (Kopchenov and Lomkov, 1992) proposed the definition of a mixing degree in a certain section is defined as follows:
[image: image]
In the formula, [image: image], [image: image], [image: image], and [image: image] represent component mixing degree, flow velocity, mass concentration, and local density, respectively. [image: image] represents area, [image: image] represents the weighted average mass concentration on the calculated section, and [image: image] represents no fuel injection. The mixing efficiency is very low. [image: image]means that the components are fully and uniformly mixed. In order to make the mixing efficiency proportional to the mixing degree, the next equation is defined as follows:
[image: image]
In this expression, [image: image] is the mixing efficiency and [image: image] is the mixing degree.
Figure 11 shows the comparisons of mixing efficiency distributions for all cases. Each datum is obtained by averaging all the results on the y-z sections along the streamwise direction. The side wall air inlet 1 and air inlet 2 cause additional flow mixing in the combustion chamber. The mixing effect is not obvious when the flow is approaching in the combustion chamber. Therefore, the starting point of the distribution in the combustion chamber is set at air inlet 2, and all the six distributions curves obtain the same trend. From Figure 11, the mixing efficiency of the process increases continuously in the section of the combustion chamber from air inlet 2. The final value is equal to 1, which means that the mixing efficiency in the combustion chamber gradually reaches the maximum value. However, in the entire flow field, the mixing efficiency of the coned type (case C) combustor shows an advantage at the starting region of the inlet 2 section. At the starting point, the mixing efficiency of the round type (case B) combustor is always lower than the mixing degree of other two cases. The curve of the round head type has presented a rapid increase in the considered range of x direction. This shows that the mixing efficiency of the round head is better than that of the cylindrical type. It can be seen that change in the number and angle of high-temperature exhaust inlets can have great influence on the mixing efficiency, when cases A1, A2, and A3 are compared. It is not obvious that by changing the head structures and the exhaust inlet patterns in the combustion chamber can directly affect the mixing efficiency. In addition, the relationship between pressure loss and mixing efficiency needs to be considered together to determine the mixing performance.
[image: Figure 11]FIGURE 11 | Comparisons of mixing efficiency distributions for all cases. Each datum is obtained by averaging all the results on the y-z sections along the streamwise direction. (a) Comparisons of pressure mixing efficiency for case A, case B, and case C. (b) Comparisons of pressure mixing efficiency for case A1, case A2, and case A3.
Figure 12 shows correlation between pressure recovery coefficients and mixing efficiency on the y-z sections along the streamwise direction. It can be seen from Figure 12 1) that the traditional cylindrical head of the combustion chamber gives more total pressure loss under the same mixing efficiency. At this time, the coned head type has improved this problem, and it always has high mixing efficiency than other types. This also indicates that the coned head type has the lowest pressure loss under the same mixing efficiency. It can be seen from Figure 12 2) that the three curves of mixing efficiency of case A1, case A2, and case A1 are nearly overlapping. When the head shapes are the round head or coned head, the total pressure loss and mixing efficiency are improved compared with the cylindrical head. In addition, from Figure 12A, it can be found that the round head is slightly inferior to the coned head. It can be seen from Figure 12 1) and Figure 12 2) that as long as the head shape is improved, there is obvious advantages in total pressure loss and mixing efficiency.
[image: Figure 12]FIGURE 12 | Correlation between pressure recovery coefficients and mixing efficiency on the y-z sections along the streamwise direction: (a) the cases of head shapes (case A, case B, and case C); (b) the cases of different exhaust inlet patterns (case A1, case A2, and case A3).
Pressure Loss
The pressure loss in the mixing process is an important evaluation factor for the structure design in a combustion chamber. In order to further compare the pressure loss of several cases and evaluate the engine performance, the pressure recovery coefficient in the combustion chamber is calculated.
The total pressure recovery coefficient is expressed as follows:
[image: image]
In the formula, [image: image] represents the total pressure recovery coefficient, [image: image] represents the average total pressure of the undisturbed air flow, and [image: image] represents the average total pressure of the outlet.
The total pressure recovery coefficient of the inlet is defined as: the ratio of the average total pressure of the inlet to the average total pressure of the undisturbed part. It is used to measure the pressure loss of the airflow inside the engine.
The average total pressure (Li et al. 2017) is defined as follows:
[image: image]
In the formula, [image: image] represents the average total pressure; [image: image] represents the total pressure, [image: image] represents the density, [image: image] represents the speed along the x axis, and [image: image] represents the cross-sectional area.
According to the total inlet pressure recovery coefficient, the pressure recovery coefficient of the combustion chamber is defined. The pressure recovery coefficient is defined as follows:
[image: image]
where [image: image] represents the pressure recovery coefficient of each section of the combustion chamber, [image: image] represents the average total pressure of each section, and [image: image] represents the average total pressure at the inlet.
Figure 13 shows the pressure recovery coefficients distributions for all cases along the axial section. The six curves have the same trend, and the section pressure recovery coefficient shows a gradually decreased trend along the axial direction. It can be seen that the pressure recovery coefficient of case A is always lower than that of other cases in Figure 13A. Even compared with case A1, case A2, and case A3, the pressure recovery coefficient of case A is the smallest. It also indicates that the pressure loss of the combustion chamber with the modified head shapes and exhaust inlet patterns is smaller than that of case A. Among them, case C has the best performance with the largest pressure recovery coefficient compared with other configurations. Therefore, it is more recommended to use a round head or coned head type to improve mixing effect of powder and high temperature exhaust. When the number of high temperature exhaust inlets is changed, the effect of improving the pressure recovery coefficient is not too obvious. It can be clearly seen from Figure 13 that the cross-sectional pressure recovery coefficient in the final stage has increased. Because the cross section is located in front of the engine throat, the pressure recovery coefficient in this region is increased with the pressure increasing.
[image: Figure 13]FIGURE 13 | Pressure recovery coefficients distributions for all cases: (A) pressure recovery coefficients of different cases of the head shapes; (B) pressure recovery coefficients of different cases of the exhaust inlet patterns.
SUMMARY AND CONCLUSION
The k-ε standard turbulence model and the three-dimensional component transport model are used in this study, which is selected from a comprehensive turbulence model validation simulating the flow in the powder-fuel ramjet combustion chamber. Different head shapes of combustion chamber and exhaust inlet patterns are designed, aiming at improving the mixing of powder and exhaust in a combustion chamber. The characteristics and flow field structure of the combustion chamber in each case are compared and analyzed. The pressure recovery, mixing efficiency, and the relative density are presented and compared. The conclusions emerged from this study are provided as follows.
1 For the head shape of the combustion chamber, the design with the coned head (case C) and the round head (case B) has benefits in powder injection and mixing inside the combustion chamber compared with the cylindrical head (case A). The cylindrical head forms recirculation located in the corner of the combustion chamber, which easily leads to powder deposition in the head region and then reduces the powder combustion efficiency. However, the design with the coned head has a better mixing effect than the round head.
2 Compared with the cylindrical head, the mixing efficiency of the combustion chamber is improved without increasing the pressure loss penalty in the case of the cylindrical head and the coned head. The best mixing efficiency of the combustion chamber is obtained by the coned head case.
3 The exhaust inlet of eight-hole type (case A2) has advantages in the powder–exhaust mixing compared with the design with four-hole type (case A1) by increasing the area of the mixing region. Compared with the normal cylindrical holes, the inclined inlet injection holes (case A3) can generate stronger flow impingement and flow mixing in the core part of the chamber with reduced pressure loss penalty.
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NOMENCLATURE
A area of the selected region (m2)
c mass concentration
D component mixing degree
d combustor diameter (mm)
d1 powder fuel inlet diameter (mm)
d2 high-temperature exhaust inlet diameter (mm)
h1 dome height 1 (mm)
h2 dome height 2 (mm)
k turbulent kinetic energy(m2/s2)
l combustor length (mm)
l1 length of air inlet 1 (mm)
l2 length of air inlet 2 (mm)
l3 the distance between the exhaust inlet with the fuel inlet (mm)
P0 total pressure (Pa)
[image: image] 0out average total pressure of the inlet air flow (Pa) 0undisturbed average total pressure of the undisturbed air flow (Pa)
[image: image] 0out average total pressure of the inlet air flow (Pa) 0undisturbed average total pressure of the undisturbed air flow (Pa)
R the net rate of production of species
S the rate of creation
u speed along the x axis (m/s)
v speed along the y axis (m/s)
w speed along the z axis (m/s)
x streamwise direction (m)
y spanwise direction (m)
z normal direction (m)
Greek symbols
α air inlet angles (°)
β angle between the high-temperature exhaust inlet and the fuel inlet (°)
γ angle between high-temperature exhaust inlet (°)
ε eddy current dissipation rate
η mixing efficiency
θ1 angle between air inlet 1 and combustion chamber (°)
θ2 angle between air inlet 2 and combustion chamber (°)
λ pressure recovery coefficient
μ fluid dynamic viscosity (Pa·s)
ρ fluid density (kg/m3)
σ total pressure recovery coefficient
ϕ angle of the cone head
Subscripts
0 total
in air inlet
max maximum
out outlet air flow
undisturbed undisturbed air flow
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