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As a promising and efficient active cooling method, double layer transpiration cooling is introduced into the design of the cooling system in the leading edge of a hypersonic vehicle. The physical model is built combined with hypersonic transpiration cooling, film cooling, heat conduction, porous media heat conduction and convection heat transfer. In addition, effects of different kinds of coolants are considered to reveal cooling mechanisms in different operation conditions. A comprehensive turbulence model validation and mesh independence study are provided. Flow characteristics caused by flow impingement, separation, transition and interaction with the cooling flows are displayed and analyzed in the work. When different kinds of coolants supplied at the same mass flow rate, the coolants with low densities, i.e., H2 and He, have the lowest peak temperature compared with the coolants with large densities, i.e., N2 and CO2. The coolants with low densities have a large ejecting velocity which provides large kinetic energy to penetrate deeply in the porous media. In addition, when the ejecting velocity is large enough, a recirculation is formed in front of the leading edge and pushes the high temperature region located in stagnation region away from the leading edge. However, when the coolants are ejected at the same velocity, the coolants with large densities exhibit better cooling performance.
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INTRODUCTION
Continuous increase of flight Mach number of the hypersonic vehicle, the total temperature of the freestream increases and the surface aerodynamic heating of the aircraft is furtherly enhanced. To meet the aerodynamic performance, the sharp leading edge shape is adopted, which also leads to strong aerodynamic heating (Boyd & Padilla, 2003; Glass, 2008). The peak of heat flux density at the leading edge of a hypersonic vehicle can reach more than 10 MW/m2 (Kennedy et al., 2011). The high heat flux density imposed on the leading edge has exceeded the melting point of the materials and led to the damage to the structures. And with the development of hypersonic vehicles in the direction of wide speed range, long flight time, high Mach number, and lightweight, the traditional passive thermal protection technology is unable to meet high heat load (Ji et al., 2021). Therefore, it is urgent to search for an efficient active cooling technology to protect the leading edge and other high temperature regions of a hypersonic vehicle (Huang et al., 2015).
Transpiration cooling is a kind of active cooling technology that can greatly improve cooling efficiency with limited coolant supply which has the advantage of providing a large quantity of contacting surfaces for solid surfaces and coolant flows. The coolant enters the micro skeleton material of porous media and induces convective heat transfer which has benefits for heat transfer within the porous media. At the same time, a thin film is formed on the solid surface of the material when the coolant flow ejects out and isolates the protected surfaces from the high-temperature mainstream (Luikov, 1963; Glass et al., 2001). Compare with regenerative cooling and film cooling, transpiration cooling can improve respectively the cooling efficiency by 35 and 13% (Landis & Bowman, 1996; Leontiev, 1999). At the same time, transpiration cooling has the advantages of uniform film coverage, low coolant consumption, and high cooling efficiency (Dahmen et al., 2014). At present, transpiration cooling has been applied in the engine combustion chamber, rocket nozzle, nose cone, and leading edge of the reentry aircraft (Soller et al., 2009).
Scholars have carried out some experimental and numerical studies on the application of transpiration cooling in hypersonic vehicles. Shen et al. (2016) carried out transpiration cooling experiments using water as the coolant. The experimental results show that the cooling efficiency is the lowest in the stagnation zone where bears high aerodynamic heating and high stagnation pressure. Jiang et al. (2017) carried out an experimental study on the strut with three different cooling structures in a wind tunnel. The results show that single transpiration cooling structures cannot effectively cool the leading edge of the strut under high injection pressure. Also, the average efficiency of the combination of transpiration cooling and film cooling is higher than that of single transpiration cooling under the same coolant consumption. Connolly (2021) numerically studied the effects of geometric structures on hypersonic transpiration cooling performance under the condition of Ma = 7.5. The results show that the radius of the nosetip has a great influence on the heat flux, while the wedge angle has little effect on the heat flux on the wedge-shaped surface.
Ding et al. (2019) concentrated on the thermal protection of the leading edge of a hypersonic vehicle and proposed a coupled numerical method to calculate the overall cooling effect. Based on the previous studies about double layer cooling structures in a turbine blade, a novel double layer combined cooling (DLCC) conception is proposed by Ding et al. (2020). The coolant is allocated reasonably by adjusting the layout of the film slots, and the feasibility of the film-transpiration combined cooling scheme is verified. The work of Ding et al. (2020) shows that the double layer combined cooling is a very effective active cooling method, which provides a reference for the design of thermal protection system of a hypersonic vehicle. Ding et al. (2020) considered the effects of several discrete film slot layouts on cooling efficiency of the double layer combined cooling structures. The transpiration cooling efficiency is mainly determined by the properties of coolants and main flow, blowing ratio, the geometric structure, and mainstream conditions (Zhu et al., 2018). However, flow structures and heat transfer mechanism of double layer combined cooling conception need to be further studied.
In the previous study, Chauvin and Carter (1955) used gaseous Helium, gaseous Nitrogen, and distilled water as the coolants of transpiration cooling. The results show that the consumption of Helium is less than Nitrogen when the same cooling effect is achieved. Gülhan and Braun (2011) compared the cooling effects of Air, Argon, and Helium at the same blow ratio. The results show that the cooling efficiency of air and Argon is the same, and Helium has better cooling performance under the same blowing ratio.
In the present work, the novel double layer combined cooling structure and transpiration cooling technology is used in the leading edge cooling of a hypersonic vehicle. A model coupled with compressible flow, porous media heat transfer, convective heat transfer, and heat conduction are proposed. The heat transfer and fluid flow characteristics of the transpiration cooling are revealed. Effects of the different coolants and mainstream conditions are considered in this paper. Some suggestions are provided for the application of transpiration cooling in the leading edge of a hypersonic vehicle.
DESCRIPTION OF THE COMPUTATIONAL DOMAIN
Geometrical Model
The design of the geometric model in this work bases on the double layer combined cooling structure at the leading edge of a hypersonic vehicle proposed by Ding et al. (2020). The structure is composed of inner and outer layers, the outer layer is a transpiration cooling layer, and the porous medium material is sintered nickel-based superalloy.
The inner layer is a film slot layer with discrete slots, which is made of high-strength aluminum alloy. Part of the coolant can directly enter the porous media layer through the slots in the two sides, and some coolant can be directly ejected out of the leading edge through the central slot. The pipe at the tail continuously transports coolant into the cooling cavity to realize the thermal protection of the leading edge. The schematic diagram of the structure is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Double layer transpiration cooling in the leading edge of a hypersonic vehicle.
Because the leading edge shape and flow structure characteristics are the same along the spanwise direction, the two-dimensional geometric model is adopted ignoring the three-dimensional effect. In addition, the geometric model and flow field characteristics are symmetric in the spanwise direction, half of the sectional model is selected. The main size of the model is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Two-dimensional computational domain used in the present study.
In Figure 2, the total length of the leading edge is 40 mm, the wedge angle is 14°, and the radius of the head is 3 mm. The film slot layer and the transpiration cooling layer have the same thickness of 1 mm, and the width of all the discrete slots is 0.5 mm.
The sharp end of the leading edge is the origin. The mainstream flow direction is taken as the positive direction of the x-axis, then the positive direction of the y-axis is determined.
Computational Domain and Physical Model
In this paper, the computational domain includes hypersonic transpiration cooling, film cooling, heat conduction in the porous media, and convective heat transfer is established. The computational domain is shown in Figure 3. Table 1 shows the governing equations of all the heat transfer processes (Ding et al., 2020).
[image: Figure 3]FIGURE 3 | Boundary conditions setting.
TABLE 1 | Conservation equations for different computational domains (Ding et al., 2020).
[image: Table 1]In Figure 3, the coolant is injected from the inlet on the right side, and the mass flow rate is controlled as 0.03–0.05 kg/s. Part of the coolant is ejected out through a throughout slot in the central part and pushes the shock wave away from the outside surface. The other part enters the porous media through the film slot and penetrates through the porous media after fully heat exchange with the solid materials. Then a uniform coolant film forms on the solid surface which separates the high temperature mainstream from the structure surfaces.
COMPUTATIONAL METHOD AND PROCEDURE
Meshing Details
The complete structured meshing of the geometric model is carried out, and the O-block and discrete block strategy are adopted to generate the structured meshes. Because the mesh quality of shock wave boundary layer and outside wall has a great influence on the calculation results, the mesh height of the first layer of the leading edge outside wall is adjusted so that the dimensionless wall y plus value is less than one on the whole outside wall (She and Fan, 2018).
In the contact region of the film slot, porous media, and mainstream are connected by coupled algorithms to realize data transportation. The local details of the meshes are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Structured meshes and local mesh details.
A mesh independence study is performed at mass flow rate of 0.03 kg/s. For the mesh independence study, four kinds of mesh with different numbers of nodes, mesh 1 (284,393), mesh 2 (337,832), mesh 3 (403,417), and mesh 4 (549,667), are generated to calculate the stagnation point temperature of the outside wall. The results calculated by the four kinds of mesh are 2328.0, 2321.6, 2314.2, 2319.1 K. Set the Mesh 3 (Total nodes = 403,417) as the baseline. The percentage error of Mesh 1, Mesh 2, and Mesh 4 are +0.6%, +0.32%, and -0.21%, respectively.
According to the calculation results, it can be seen that with the increase of the mesh volume, the difference between the stagnation temperature for different mesh systems becomes smaller. In addition, Mesh 3 is closer to the mainstream temperature and is selected for the lateral calculations.
Boundary Conditions and Solver
The boundary conditions are shown in Table 2 setting according to the experimental data in references (Shen et al., 2016; Ding et al., 2020) to provide some conveniences for turbulence model validations.
TABLE 2 | Boundary conditions.
[image: Table 2]The inlet of the main flow and the upper boundary of the calculation domain is set as pressure far-field, and the outlet of the main flow is set as pressure outlet. The inlet of the coolant is set as mass flow inlet, and the lower boundary of the calculation domain is set as symmetry. The Mach number of the supersonic mainstream is 4.2 with a total pressure of 1.33 MPa and a total temperature of 2310 K. The coolant inlet is set as a constant velocity or mass flow inlet with a flow rate of 0.03–0.05 kg/s, respectively. The temperature of the coolant is set as 300 K. The porosity of porous media is 0.33 and the viscous resistance is 1.33e+13. The turbulent intensity and viscosity ratio are set respectively as 5% and 10.
The air density of mainstream adopts the ideal gas model and viscosity determined by the Sutherland law. The specific heat, thermal conductivity data of air are obtained from the NIST database and fitted with polynomial functions of temperature (He et al., 2020).
A suitable turbulence model is very important for calculation of complex turbulent flows (Dong et al., 2018). The RANS k-ω SST turbulence model is suitable for complex boundary layer and separation flows. Density-based solver and implicit formulation are applied. Second-order upwind scheme is used for the discretization of the continuity, momentum, and energy equations.
The convergence of the calculation is judged by the three aspects below:
1) The absolute criteria are set as 10−5 for the continuity, x-velocity, y-velocity, energy, k, and ω items.
2) Mass conservation between the inlet and the outlet in the computational domain.
3) The difference of averaged temperature and pressure on the outside wall of the leading edge is less than 0.1% between two iteration steps.
Turbulence Model Validation
To validate the accuracy of the computation model, the experiments in Reference (Ding et al., 2020) is used for validation. The size diagram of the test model is shown in Figure 5, and the boundary conditions are set the same with the reference (Ding et al., 2020). The temperature of the outside surface of the porous media is extracted and compared with the experimental results shown in Figure 5. Three common turbulence models, i.e., k-ε RNG model, k-ε Reliable model and k-ω SST model, are used for comparisons with the experimental data. It is found that the numerical simulation results predicted by the k-ω SST model are basically consistent with the experimental data in the literature with better treatment of the shear effect of the boundary layer. Other turbulence models fail to obtain good results and have a large percentage error with experimental values. The trend of the calculated result by the k-ω SST model and experimental result also has good agreements although some deviations can be found in the transition regions. The difference of peak temperature between the calculated results and experimental results is only 29.3K (2.3%). Therefore, the k-ω SST model used in this paper has enough accuracy.
[image: Figure 5]FIGURE 5 | Turbulence model validation. (A) The tested model in Ref. (Ding et al., 2020). (B) Comparisons of temperature distribution along the leading edge.
RESULTS AND DISCUSSION
Effects of Different Kinds of Coolants at Same Mass Flow Rate
Figure 6 shows the whole field temperature contours using different kinds of coolants when the mass flow rate of the coolant inlet is set as 0.03–0.05 kg/s. Four kinds of coolants, i.e., CO2, N2, He, and H2 are used, respectively. From the figure, high temperature is found in the region with strong flow impingement and shear flows. With the strong disturbance with the mainstream, bow-shock is formed around the leading edge. After the shock, the temperature is raised around the leading edge and the stagnation region can reach the total temperature of the mainstream. With the coolant ejects from the porous media in the leading edge and temperature of the leading edge is decreased. In the double layer cooling system, the temperature is also decreased along the streamwise direction. However, different kinds of coolants show different cooling abilities even at the same mass flow rate. It can be shown that the coolants with small density have better temperature distribution especially at approaching the stagnation region. It can be attributed to the higher ejecting velocity is obtained by the coolants with smaller density at the same mass flow rate. The coolants are arranged from high density to low density in one column. When the coolant mass flow rate at 0.03–0.05 kg/s, the cooling ability of different kinds of coolant is in the order of CO2 < N2 < He < H2.
[image: image]
[image: Figure 6]FIGURE 6 | Temperature distributions of the whole domain at coolant mass flow rate = 0.03 kg/s and 0.05 kg/s.
According to Eq. 1, when the mass flow rate of coolant is constant, the flow velocity is inversely proportional to the density of the fluid. The densities of the four kinds of coolants, i.e., CO2, H2, He and N2, are 1.797, 0.082, 0.163 and 1.138 kg/m3, respectively. Under the same mass flow rate, the velocity of the gas with lower density is faster, the bow shock wave is pushed farther away from the head, and an obvious reversed flow region is formed at the stagnation region, which can greatly reduce the temperature.
Figure 7 shows the x-velocity and streamlines around the leading edge with different cooling gases at M = 0.03 kg/s and M = 0.05 kg/s. The x-velocity also reflects the bow shock generation in the leading edge and has a close correlation with static temperature of the mainstream. The small x-velocity means the high static temperature in this region, such as the stagnation region. From the streamline distribution, the strong flow separation and shear flow can be found in the leading edge. When the coolant ejects the cooling hole in the leading edge, the cooling flow interacts with mainstream and is pushed on the leading edge and forms a layer of cooling film. In addition, when the coolant flow ejects at a large velocity, a recirculation region exists in the leading edge region because of the pressure difference and has better thermal protection for the stagnation region. The recirculation region forms a low velocity region and prevents the high temperature mainstream from intruding inside of the leading edge. The largest recirculation region is found in the case of H2 at the larger mass flow rate of M = 0.05 kg/s.
[image: Figure 7]FIGURE 7 | x-velocity distribution and streamlines around the leading edge.
Figure 8A displays temperature distributions on the leading edge surface for different kinds of coolants at M = 0.03 kg/s and M = 0.05 kg/s. Overall, the temperature on the leading edge surfaces is much lower compared with the mainstream temperature nearby because of the cooling film formed around the leading edge which prevents high thermal load. From the figure, the highest temperature on the leading edge is found in the region close to the stagnation region. Because a straight cooling hole is arranged in the head, the temperature of the leading edge corresponding to the stagnation region is not the highest. When the surface temperature reaches the highest point and it begins to decrease along the streamwise direction and becomes relatively stable after some developments along the streamwise direction. The highest temperature of the leading edge is obtained by the case of CO2 and the peak temperature is obtained in the order of TCO2 > TN2 > THe > TH2. The phenomenon also has good agreements with the cooling ability in Figure 6. The highest peak temperature obtained by the case of CO2 is 1262.2 K and the lowest temperature is obtained by the case of H2 with a temperature below than 600 K. The reason for this phenomenon is the larger ejecting velocity and heat capacity of H2. With the increase of the coolant mass flow rate, the temperature on the leading edge surface is also decreased.
[image: Figure 8]FIGURE 8 | Temperature for different kinds of coolants at M = 0.03 kg/s and M = 0.05 kg/s. (A) Temperature contours of the leading edge region (B) Temperature distributions along the leading edge surfaces.
Temperature contours of the leading edge region for different kinds of coolants at M = 0.03 kg/s and M = 0.05 kg/s are displayed in Figure 8B. The high temperature is found in the regions close to the stagnation regions where the coolants have difficulties being ejected out. The temperature distribution has the trend of decrease along the streamwise direction and decreases from the inner to the outside. The sharp increase of temperature is found in the region close to the stagnation region and quickly decreases by the cooling effect. From the temperature distribution, it can be noted that double layer transpiration cooling has a great effect on lower down the overall temperature of the leading edge.
Figure 9 presents mass fractions of coolant in the computational domain at different mass flow rates. From the figure, the coolant entering the cooling chamber and ejects out from the stagnation region of the leading edge. When the coolants eject out and form a cooling film along the leading edge surfaces, the coolants spread downstream along the porous media region driven by the pressure differences. It is found that the mass fraction of coolant downstream of porous media is N2 > He > H2 > CO2. The penetration into the porous media is related to the viscosity of the coolant which determines the flow pattern of coolant around the leading edge.
[image: Figure 9]FIGURE 9 | Coolants mass fraction distributions in the computational domain at different mass.
Effects of Different Kinds of Coolants at the Same Inlet Velocity
When the mass flow rate is constant, the ejecting velocity of different coolants is quite different. In the present study, effects of different kinds of coolants at the same inlet velocity are also considered in this paper. Cooling performance of the coolants at the same injection velocity, i.e., 2.7 m/s are compared. The velocity is chosen based on the case of N2 at the mass flow rate of 0.03 kg/s. Temperature contours for the whole domain using different coolants are provided in Figure 10. In the figure, four coolants, i.e., CO2, N2, He, and H2 are used. From the figure, the temperature contours inside the leading edge are similar for all the cases. The solid region of the leading edge is well protected by the coolants. The coolants penetrate into the porous media and decrease local temperature. However, in the case of CO2 and N2, the mass flow rates are much larger than the cases of He and H2 at the same injection velocity. At an inlet velocity of 2.7 m/s, the overall temperature is lower than 900 K in the downstream regions of the leading edge.
[image: Figure 10]FIGURE 10 | Temperature contours for different kinds of coolants at the same inlet velocity.
Figure 11 displays x-velocity contours and streamlines around the leading edge for different kinds of coolants at the same coolant inlet velocity. From the figure, the streamwise clearly presents the bow shock generation and development around the leading edge. Cooling film interacts with the mainstream and protects the surface of the leading edge. In some regions, reversed flows can be found in the head of the leading edge for the cases of CO2 and N2 which have large densities. Also, it can be found that the coolants penetrate deeply in the downstream porous media in the cases of CO2 and N2 when the coolants have a large density. The coolants with large densities have more strong momentum energy to eject out from the cooling holes and penetrate from the porous media.
[image: Figure 11]FIGURE 11 | Streamwise velocity and streamlines around the leading edge for different kinds of coolants at the same inlet velocity.
Temperatures contours of the leading edge for different coolants are provided in Figure 12A. From the figure, the case of N2 and H2 has the lowest temperature in the head of the leading edge. For the whole leading edge, the cases of CO2 and N2 has relatively low temperature and the coolants have deep penetration downstream. The high density coolants have obvious strengthens when coolants are ejected at the same velocity. However, a relatively large temperature region is found for the case of CO2.
[image: Figure 12]FIGURE 12 | Temperature for different kinds of coolants at the same inlet velocity. (A) Temperature contours of the leading edge (B) Temperature distributions along the leading edge.
Figure 12B presents temperature distributions along the leading edge surface at the same coolant inlet velocity. From the figure, the trend of temperature is basically consistent with the results at the same mass flow rate. For the cases with different coolants, the peak temperature of the case of N2 as the coolant is the lowest. Considering the surface temperature of the whole porous medium regions, the best cooling performance is also provided by coolants using N2. For the cases of H2 and He, the peak temperature is more than 1250 K. The case of CO2 also shows good cooling performance in the downstream region and the surface temperature decreases faster after the peak temperature. However, in the case of CO2, the head region of the leading edge is relatively high. The worst cooling performance is provided by the case of He. Overall, the coolants with large densities have better cooling performance when coolants are ejected at the same velocity.
Figure 13A presents mass fractions distributions of coolant in the computational domain at the same inlet velocity. From the figure, it is clearly shown that the coolants with large densities, i.e., CO2 and N2, penetrate deeply in the porous media. The coolants are mainly concentrated in the leading edge region where the cooling holes are located. The mass fraction of in the cases of CO2 and N2 in the calculation domain is higher than that case of H2 and He. Figure 13B presents pressure distributions around the leading edge at the same inlet velocity. The pressure in the cooling chamber is large to ensure the coolant can eject out from the porous media in the leading edge region. However, the cases of CO2 and N2 are little larger than that of H2 and N2. The coolant in the cases of H2 and He are concentrated upstream of porous media and spread less downstream. However, the cases of CO2 and N2 distribute more coolants downstream of porous media which causes the downstream temperature of CO2 and N2 lower than that of H2 and He. The phenomenon is consistent with that founded in Figure 12.
[image: Figure 13]FIGURE 13 | Pressure and mass fraction contours at the same inlet velocity. (A) Coolants mass fraction distributions in the computational domain. (B) Pressure contours in the leading edge for different kinds of coolants.
CONCLUSION
In the present work, the novel double layer combined cooling structure and transpiration cooling technology is used for the leading edge cooling of a hypersonic vehicle. The physical model built combining with compressible flow, porous media heat transfer, convective heat transfer, and heat conduction are proposed. Heat transfer and fluid flow characteristics of double layer transpiration cooling system are analyzed and revealed. The effects of the coolants and mainstream conditions are considered in this paper. Some conclusions can be obtained from the work.
1) For different kinds of coolants supplied at the same mass flow rate, the coolants with low densities, i.e., H2 and He, have the lowest peak temperature compared with the coolants with large densities, i.e., N2 and CO2. The coolants with low densities have large eject velocity which provides large kinetic energy to eject out from the leading edge and penetrates deeply in the porous media which well cooling protection downstream. In addition, when the ejecting velocity is large enough, a recirculation which is formed in front of the leading edge pushes the high temperature region located in stagnation regions away from the leading edge.
2) For different kinds of coolants supplied at the ejecting velocity, the coolants with large densities, i.e., CO2 and N2, provide good cooling performance considering the whole leading edge region. Compared with the coolant of CO2, the coolant of N2 can protect the leading edge better which has a lower temperature in the stagnation region.
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ABBREVIATIONS
M, mass flow rate, kg/s; l, length of the leading edge, m; k, thermal conductivity, W/m·K; T, temperature, K; p, pressure, Pa; Dp, average pore diameter, m; K, permeability of porous media, m−2; U, velocity, m/s; x, y, Cartesian coordinate, m; μ, fluid dynamic viscosity, Pa·s; ρ, fluid density, kg/m3; k, thermal conductivity, W/(m.K); ε, porosity; γ, specific heat capacity ratio; 0, stagnation; f, fluid; s, solid; c, coolant; eff, effective; Ma, Mach number
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