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Abstract

:

In order to improve the thermal protection performance of the active thermal protection system (TPS) based on the spike and jet, an adjustable non-ablative thermal protection system, of which the spike can be rotated in the direction of the free stream, is proposed in this paper. The thermal protection mechanism and the optimal installation angle are analyzed by adopting the numerical method. The results show that the angle of attack has great influence on the peak heat flux of hypersonic vehicles, the dangerous point is on the windward side of the vehicles at the non-zero angle of attack. With the increase in angle of attack, the heat flux of the windward side of the vehicles rises rapidly, leading to the decrease in the global thermal protection efficiency. The adjustable non-ablative TPS in this paper greatly reduces the aeroheating of the windward side through the installation angle between the spike and nose cone, thus improving the global thermal protection efficiency. The optimal installation angle can be obtained by numerical or experimental methods in engineering design, and the difference between the angle of attack and the optimal installation angle is about 2.4° for the proposed model. Therefore, the installation angle can be automatically adjusted based on the angle of attack to achieve the highest thermal protection efficiency.
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1. Introduction


The thermal protection technology, as one of the key technologies and difficulties of hypersonic vehicles, directly affects the safety of vehicles [1]. At present, the passive thermal protection system (TPS) is widely adopted in hypersonic vehicles, such as the ceramic TPS and metal TPS [2,3]. With the increase in flight speed, the passive TPS has gradually failed to meet the requirements for thermal control due to the limitation of the high temperature resistance of the materials. An active TPS based on the flow control can directly reduce aeroheating and overcome the above shortcoming of the passive TPS, which shows promising potential in engineering applications.



An active TPS based on the flow control mainly includes a spiked blunt body, an opposing jet and the corresponding combined configuration. The spike is mounted at the nose cone, usually with an aerodisk. In the hypersonic flow, a bow shock wave is formed in front of the aerodisk. After flowing through the shock wave, the Mach number is reduced, thus weakening the aeroheating of the nose cone [4,5,6,7,8]. Previous studies show that the flat aerodisk has a high efficiency. Increasing the diameter of the aerodisk can improve the thermal protection efficiency, and meanwhile increase the shock wave drag of the system. The greatest disadvantage is that the spike has ablation property due to the high heat flux at the stagnation point [9,10]. For the opposing jet, its nozzle can eject the high-pressure gas, which can simultaneously cool the nose cone and reduce the shock wave intensity [11,12,13,14,15,16,17]. The opposing jet presents two penetration modes in the hypersonic flow, and the control parameters are the size of the nozzle and the total pressure [18]. Improving total pressure under two modes can reduce the aeroheating of the nose cone, and the thermal protection efficiency is also improved when the jet undergoes the mode transition [19]. Considering the advantages of the spike and jet, some scholars proposed their combined models. The experimental and calculated results indicate that the combined models have higher thermal protection efficiency than single models [20,21,22,23]. Moreover, the spike/opposing jet model is more promising than the spike/lateral jet configuration, because the spike/lateral jet configuration has the ablation problem [7,24].



In the previous combined models, the spike and nose cone are co-axial. The hypersonic vehicles usually fly at non-zero angle of attack, and the aeroheating of the windward side is more serious, leading to the degradation of the global thermal protection performance of the system. This is the greatest disadvantage of the traditional combined models, which greatly limits their application. This paper proposes an adjustable non-ablative TPS to solve this problem, and studies the mechanism of improving global thermal protection performance. The most significant feature is that the spike and nose cone are not co-axial, and the angle between the two axes is adjustable with the angle of attack.




2. Physical and Numerical Models


The spike and nose cone are co-axial in previous combined models based on the spike and jet. The spike and jet are the key parts for thermal protection, and the nose cone is the protected part. The adjustable non-ablative TPS is shown in Figure 1. The spike can be rotated in the direction of the free stream, so there is an angle η between the axis of the spike and the axis of the nose cone. Therefore, the angle η is the installation angle of the spike, and it is adjustable according to the angle of attack α. Table 1 shows the sizes of the adjustable non-ablative TPS, L1 is the length of the spike, L2 is the length of the nose cone, D1 is diameter of the spike and D2 is diameter of the nose cone. Figure 2 shows the numerical computational grid with the first-layer grid height of 1 × 10−6 m. The boundary conditions of the numerical model include the far field, pressure inlet (jet) and isothermal wall (nose cone and spike). Table 2 shows the jet and far-field conditions. The governing equations of the flow field are Navier–Stokes equations, which are shown as follows:


   ∂  ∂ t      ∫ V   W d V    +    ∬  ∂ V    (   F  c  −   F  v  )    n d S = 0  



(1)




where W is the conservative vector, Fc is the convective flux vector, Fv is the viscous flux vector, n is the outer normal unit vector of the boundary surface dS. This paper adopts the computational fluid dynamics (CFD) method based on the Reynolds-averaged Navier–Stokes equations to analyze the aeroheating, and the AUSM+ scheme with second-order accuracy [25] and Menter’s SST k-ω turbulent model [26] are chosen. The Sutherland formula is adopted to calculate the dynamic viscosity and thermal conductivity of gas. The aeroheating analysis is conducted on a nose cone with the opposing jet in Ref. [18]. The flow field and Stanton number match the experimental results well, which demonstrates the validity of the numerical methods and turbulent model adopted in this paper.



In order to conduct the grid independence analysis, different computational grids are generated with grid numbers of 2345856, 3801696 and 5593536, respectively. The aeroheating analysis is carried out and Figure 3 shows the Mach number distribution. The Mach number distributions under different computational grids have little difference. The heat flux distribution of nose cone under different computational grids is shown in Figure 4, the corresponding total heat flux Qt and peak heat flux Qmax are shown in Table 3. The relative errors of Qt and Qmax between grids 2 and 3 are only 0.49% and 0.99%, respectively. According to the above grid independence analysis, grid 2 is adopted for the subsequent studies in this paper to balance the computation accuracy and calculation effort.




3. Results and Discussion


3.1. Thermal Protection Efficiency at Non-Zero Angle of Attack


The thermal protection efficiency of the active TPS with co-axial spike and nose cone is analyzed at a non-zero angle of attack. Figure 5 shows the Mach number and temperature distributions of the flow field at different angles of attack. The windward side of the nose cone has much stronger reattachment shock at a non-zero angle of attack. Therefore, the windward side has severer aeroheating than the leeward side, and the peak heat flux must be on the windward side. In addition, increasing the angle of attack decreases the reattachment shock intensity of the leeward side, while it increases that of the windward side. Figure 6 shows the heat flux distribution, the peak heat flux Qmax and the corresponding location θmax of the windward side. The angle θ represents the position on the nose cone, the datum line is the axis of the nose cone, as shown in Figure 1. As the angle of attack increases from 0° to 12°, the peak heat flux increases from 30.18 kW/m2 to 106.71 kW/m2, up by 253.58%. The position of peak heat flux gradually moves forward and, as the angle of attack increases from 0° to 12°, θmax is reduced by 62.01%.



According to the above analysis results, the angle of attack has great influence on the peak heat flux of the nose cone. The large angle of attack will inevitably increase the aeroheating of the windward side sharply. Therefore, reducing the peak heat flux of the windward side is a key technology in the design of the active TPS.




3.2. Thermal Protection Efficiency of Adjustable Non-Ablative TPS


This paper analyzes the aeroheating of the adjustable non-ablative TPS at the angle of attack of 8°. The Mach number and temperature distributions of the flow field are shown in Figure 7. When the installation angle is 0°, the windward side of the nose cone has much stronger reattachment shock, and the corresponding gas temperature in the shock layer is also higher, resulting in a significant reduction of thermal protection efficiency. When the installation angle is 8°, the reattachment shock intensity and the gas temperature in the shock layer of the windward side are greatly reduced. Although the aeroheating of the leeward side increases at the installation angle of 8°, the global aeroheating of the nose cone decreases, improving the global thermal protection efficiency of the active TPS. The corresponding heat flux distribution at different installation angles is shown in Figure 8. The peak heat flux at the installation angle of 0° and 8° is 79.68 kW/m2 and 40.04 kW/m2, respectively, the peak heat flux can be reduced by 49.75% by adjusting the installation angle from 0° to 8° and it moves backward at large installation angles. Therefore, the appropriate installation angle can greatly improve global thermal protection efficiency at a non-zero angle of attack.




3.3. Optimal Installation Angle


This section attempts to find the optimal installation angle to achieve the highest thermal protection efficiency at the angle of attack of 8°. The aeroheating of the nose cone is analyzed at the installation angles of 5°, 8° and 11°, and the Mach number and temperature distributions of the flow field are shown in Figure 9. The gas temperature in the shock layer indicates that increasing the angle η weakens the aeroheating of the windward side, while it increases the aeroheating of the leeward side. At the installation angles of 5° and 8°, the windward side has much stronger reattachment shock, and the shock layer of the windward side also has a higher temperature. However, the results are reversed at the installation angle of 11°. Therefore, the optimal installation angle ηopt is between 8° and 11°. The peak heat fluxes on the windward and leeward sides should be the same, so as to achieve the highest global thermal protection efficiency of the active TPS.



The heat flux distribution of the nose cone at different installation angles is shown in Figure 10, the peak heat flux and corresponding position are shown in Figure 11. With the angle η increasing from 5° to 12°, the peak heat flux of the windward side decreases from 53.75 kW/m2 to 22.88 kW/m2, a decrease of 57.43%. Meanwhile, the peak heat flux of the leeward side increases from 9.65 kW/m2 to 37.03 kW/m2, an increase of 283.73%. According to Figure 11a, the optimal installation angle and corresponding peak heat flux are 10.42° and 28.95 kW/m2, respectively. In addition, increasing the angle η causes the peak heat fluxes of leeward and windward sides to move forward and backward, respectively. As the angle η increases from 5° to 12°, θmax of the windward side is increased by 47.95%, while θmax of the leeward side is reduced by 39.32%.



At the angles of attack of 7°, 8° and 9°, the optimal installation angle ηopt is obtained, as shown in Table 4. The angle ηopt-α is about 2.4°. Therefore, the angle η can be automatically adjusted based on the angle of attack to achieve the highest thermal protection efficiency.





4. Conclusions


The angle of attack has great influence on the peak heat flux of hypersonic vehicles, and the dangerous point is on the windward side of the vehicles at the non-zero angle of attack. With the increase in angle of attack, the heat flux of the windward side of the vehicles rises rapidly, leading to the decrease in the global thermal protection efficiency. The peak heat flux can be reduced by 49.75% by adjusting the installation angle from 0° to 8°, and the position moves backward at large installation angles. Therefore, the appropriate installation angle can greatly improve global thermal protection efficiency at a non-zero angle of attack, thus validating the advantages of the adjustable non-ablative TPS in this paper. The optimal installation angle can be obtained by a numerical method, and the difference between the angle of attack and the optimal installation angle is about 2.4° for the proposed model. Therefore, the installation angle can be automatically adjusted based on the angle of attack to achieve the highest thermal protection efficiency.
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Figure 1. Physical model. 
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Figure 2. Computational grid. 
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Figure 3. Mach number distribution: (a) grid 1 (2345856); (b) grid 2 (3801696); (c) grid 3 (5593536). 
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Figure 4. Heat flux distribution of nose cone. 
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Figure 5. Numerical results of flow field: (a) α = 2°; (b) α = 6°; (c) α = 10°. 






Figure 5. Numerical results of flow field: (a) α = 2°; (b) α = 6°; (c) α = 10°.



[image: Aerospace 10 00001 g005]







[image: Aerospace 10 00001 g006 550] 





Figure 6. Analysis results of windward side: (a) heat flux; (b) peak heat flux. 
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Figure 7. Comparison of Mach number and temperature distributions: (a) α = 8°, η = 0°; (b) α = 8°, η = 8°. 
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Figure 8. Comparison of heat flux distribution of nose cone. 
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Figure 9. Flow field at different installation angles: (a) η = 5°; (b) η = 8°; (c) η = 11°. 
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Figure 10. Heat flux distribution of nose cone at different installation angles: (a) leeward; (b) windward. 
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Figure 11. Peak heat flux and corresponding position at different installation angles: (a) peak heat flux; (b) position of peak heat flux. 
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Table 1. Sizes of adjustable non-ablative TPS.
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	L1 (mm)
	L2 (mm)
	D1 (mm)
	D2 (mm)





	75
	15
	4
	50
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Table 2. Jet and far-field conditions.
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	Characteristic
	Jet
	Far-Field





	Mach number
	1.5
	5



	Static pressure (Pa)
	—
	21.96



	Static temperature (K)
	—
	247.02



	Total pressure (Pa)
	2323.6
	—



	Total temperature (K)
	300
	—



	Angle of attack (°)
	—
	0
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Table 3. Total heat flux and peak heat flux.
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	Grid
	Number
	Qt (kW)
	Qmax (kW/m2)





	1
	2345856
	94.77
	30.18



	2
	3801696
	93.24
	29.19



	3
	5593536
	92.78
	28.90
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Table 4. Influence of angle of attack on optimal installation angle.
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	α (°)
	7
	8
	9





	ηopt (°)
	9.42
	10.42
	11.47



	ηopt-α (°)
	2.44
	2.42
	2.47
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