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Abstract

:

The Reynolds number effect induced by model scaling and inflow conditions will affect the aerodynamic and starting characteristics of a two-dimensional hypersonic inlet. This effect is investigated through a numerical simulation method. First, the numerical simulation method is validated through experimental data. The static pressure from the numerical simulation method agreed well with wind tunnel tests. Then, this simulation method is used to study the Reynolds number effect on a two-dimensional hypersonic inlet caused by the model scaling and inflow conditions. The numerical simulation results indicate that as the Reynolds number decreases from 4.86 × 106 to 9.71 × 104 with model scaling increases from 1 to 1/50, the relative boundary layer thickness at the entrance of the inlet increases from 10.4% to 21.2%; as the flight altitude increases from 25.5 km to 36.5 km, which causes the Reynolds number to decrease from 5.67 × 106 to 1.07 × 106, the relative boundary layer thickness at the entrance of the inlet increases from 9.8% to 13.2%. Finally, the Reynolds number effect on the aerodynamics and starting characteristics caused by these two different factors are compared. The results show that the effect of scaling the model is similar to the effect of changing the altitude. As the relative boundary layer thickness increased by 1.0%, the total pressure recovery at the throat section decreased by 0.8%, and the inlet starting Mach number increased by 0.1.
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1. Introduction


During the preliminary design phase of supersonic or hypersonic vehicles, computational fluid dynamic (CFD) calculation and wind tunnel tests are two main approaches to predict the aerodynamic characteristics, including lift, drag and pitch moment, of an aircraft [1,2]. During the ground test, the experimental model needs to be scaled down due to the limitation of wind tunnel size, which causes Reynolds number differences between ground tests and flight conditions. These differences in the Reynolds number may cause variation in aerodynamic characteristics. Therefore, CFD calculation is used to correct the ground test [3]. For a long time, great efforts have been made to improve the accuracy of CFD results compared to experimental tests [4]. Nowadays, CFD simulation is accurate enough to predict aerodynamic characteristics at different flight conditions. Meanwhile, it has been used to correct the results of ground tests [5,6,7].



The Reynolds number is a very important similarity criterion in the study of the correlation between flight conditions and ground wind tunnel tests. Jia et al. [8] proved that aerodynamic characteristics from wind tunnel tests are accurate enough to predict real flight conditions, even when the Reynolds number in the ground tests is 1~2 orders of magnitude lower than that in the flight conditions. The Reynolds number effect of external flow characteristics, including lift, drag and pitch moment, have been investigated extensively. Madi et al. [9] investigated cruise drag, pitching moments and the Reynolds number effects of an aircraft based on RANS technology. Recently, Fukushima et al. [10] used wall-modeled large-eddy simulations at realistic high Reynolds numbers (Rec ≈ 107) to investigate the Reynolds number effect on the airfoil flow fields. They qualitatively predicted the decrease in boundary layer thickness and increase in lift coefficient with the Reynolds number effect, and that a thin boundary layer thickness induces the backward displacement of the shock wave in a transonic case.



Since a hypersonic inlet couples the external and internal flow, it is often integrated with the hypersonic forebody [11]. During the hypersonic inlet ground tests, the inlet model should be scaled down based on the wind tunnel size. For instance, during the ground tests of the X-43A hypersonic vehicle, the experiment was scaled down 1:3 compared to the baseline model [12]; an F-15 aircraft inlet was scaled down 1:6 during the ground tests [13]. The Reynolds number effect of the sub-scale model will impact the aerodynamics and starting characteristics of the inlet [14]. Therefore, the scaling effect cannot be ignored during the investigation of a hypersonic inlet, especially in the estimation of the starting Mach number of the hypersonic inlet. A great deal of research has been conducted on the influence of the scale effect on the aerodynamic and starting characteristics of hypersonic inlets. Lin et al. [14] used numerical and wind tunnel tests to study the model-scaling effect on the starting Mach number of a hypersonic inlet. They found that, as the model scaled up to 1/10, the starting Mach number increased from 4.7 to 7.6. Wang et al. [15] studied the model-scaling effect on the aerodynamic performance parameters of a hypersonic inlet. The results indicated that, for the sub-scale model, the total pressure recovery decreased by 0.7% as the relative boundary layer thickness increased by 1.0%.



As mentioned previously, the Reynolds number of the wind tunnel test is 1~2 orders of magnitude lower than that of the flight conditions. These Reynolds number differences can be induced by the model scaling and inflow conditions. Therefore, we use a numerical simulation method to study the Reynolds number effect of these two different induced factors on the aerodynamic and starting characteristics of a two-dimensional hypersonic inlet.




2. Methods


The geometry of the two-dimensional hypersonic inlet is shown in Figure 1. It consists of two external compression ramps. The first ramp has an angle that starts at 4 deg and increases gradually to 8.5 deg with a length of 3.3 m. The second ramp has an angle that is 9.5 deg with a length of 2.6 m. The external contraction ratio of the hypersonic inlet is 3.63. The shock-on-lip condition is achieved at Mach number 6. The height of the inlet capture area is 1.28 m, and the throat height is 0.2 m, which results in a total contraction ratio of the hypersonic inlet of 6.4.



In this paper, a finite volume method is used to discretize the Reynolds-averaged Navier–Stokes equations. Inviscid flux is discretized through the Roe scheme based on MUSCL interpolation, and viscous flux is discretized through a second-order central difference scheme [16]. A point-implicit method is used in time marching. Turbulence flow is modeled with the k-ω SST turbulence model. Structure mesh is used in the hypersonic inlet; the total elements of the mesh are approximately 60,000. The mesh near the wall is refined, and the wall y+ is smaller than 1. The mesh and boundary conditions of the two-dimensional hypersonic inlet are shown in Figure 2. The inflow Mach number is 6.0 at an altitude of 26.5 km. The pressure farfield and pressure outlet boundary conditions are set according to the inflow conditions. The non-slip adiabatic wall boundary condition is used. The ideal gas model is used, and the viscosity is calculated based on the Sutherland equation. The convergence of simulation is determined by a decrease of at least 3 orders of magnitude in the residual of each equation, and the flow quantities are stable at critical sections [17].



The experimental model was scaled down 1:13 from the baseline model shown in Figure 1. The comparison of the static pressure along the ramp and cowl side of the hypersonic inlet between the numerical simulation and experimental test is illustrated in Figure 3. The rectangle and triangle symbols represent the static pressure along the cowl side and the ramp side from the wind tunnel tests, respectively. Dash lines, solid lines and dash-dot lines represent the simulation results from the numerical simulation at mesh number ranges from 2000 to 10,000. The results from the numerical simulation agree well with those of the experimental test, including external oblique shocks and internal reflection shocks, which indicates that this method can be used to investigate the Reynolds number effect of the hypersonic inlet.




3. Results


During the wind tunnel tests, geometric and kinematic similarities with the flight tests can be guaranteed. As we know, the criterion of kinematic similarity is Mach number. It is similar to the flight condition in the wind tunnel test. However, dynamic similarity is not easily satisfied because of the limitation of the wind tunnel cross-section size. The criterion of dynamic similarity is the Reynolds number. Therefore, we focus on the influence of the Reynolds number caused by model scaling and inflow conditions on the aerodynamic and starting characteristics of a two-dimensional hypersonic inlet.



3.1. Model Scaling on Two-Dimensional Hypersonic Inlet Aerodynamic Characteristics


The baseline model of the two-dimensional hypersonic inlet model is 7.6 m in length. The model scaling ratios studied in this paper are 1/2, 1/5, 1/10, 1/20 and 1/50 of the baseline model. The inflow Mach number is 6.0 at a flight altitude 26.5 km. The capture height of the hypersonic inlet is used as the characteristic length during the calculation of the Reynolds number. The Reynolds numbers ranging from 9.71 × 104 to 4.86 × 106 at different model scaling ratios are shown in Table 1.



The Mach number contour at two different scales is shown in Figure 4. As illustrated in Figure 4a, the shock-on-lip condition is achieved in the baseline hypersonic inlet model, and the reflection shock from the cowl lip incline at the shoulder of the hypersonic inlet reflects between the upper and lower walls of the hypersonic inlet. According to this Mach number contour, there is no separation bubble at the inlet shoulder downstream of the incident oblique shock. The Reynolds number decreases with the model scaling, indicating that the viscosity effect increases gradually. Therefore, the relative boundary layer thickness of the hypersonic inlet increases and results in the intense shock/boundary layer interaction [10,19]. As shown in Figure 5, the static pressure along the ramp side of the hypersonic inlet is compared at model scaling from 1 to 1/50. The major difference of static pressure appears at the shoulder of the hypersonic inlet where the shock/boundary layer interaction occurs. There is no separation bubble at the hypersonic inlet shoulder at high Reynolds numbers. The supersonic flow accelerates, and static pressure decreases during the shoulder of the supersonic inlet. The relative boundary layer thickness increases with model scaling. A separation bubble appears at the hypersonic inlet shoulder. The separation bubble size increases as the Reynolds number decreases. The expansion fan at the hypersonic inlet shoulder disappears gradually. As shown in Figure 4b, at a Reynolds number of 9.71 × 104, the expansion fan disappears, and the separation bubble at the shoulder induces a separation shock, which causes the static pressure to increase in this area. As the separation reattaches, an expansion fan occurs, and the static pressure decreases mildly.



According to previous analysis, the Reynolds number difference caused by model scaling leads to the difference in relative boundary layer thickness. Therefore, the velocity profiles of different model scaling are analyzed, especially for the difference near the ramp side of the hypersonic inlet. The velocity profiles at the inlet entrance and throat sections of the hypersonic inlet are illustrated in Figure 6. The detail position of these two sections is shown in Figure 5. The relative boundary layer thickness of the entrance section increases from 10% to 20% with the model scaling; meanwhile, it is double at the throat section. The boundary layer thickness at different scales is then calculated based on the definition of boundary layer thickness. The results at the inlet and throat sections are shown in Figure 7. It is obvious that the relative boundary layer thickness at the throat section is more sensitive than the inlet section to inflow Reynolds number.



As we know, the development of the boundary layer will increase the angle of flow defection and, thus, the oblique shock angle. This will affect the mass flow ratio φ of the hypersonic inlet, which is defined as Equation (1). It is used to evaluate the capture ability of the hypersonic inlet,


  φ =     m .  e      m .  c     



(1)




where     m .  e    indicates the mass flow at the throat section, and     m .  c    indicates the mass flow captured by the inlet, theoretically [20]. Meanwhile, with the increasing of the proportion of boundary layer, the low momentum flow increases; this will reduce the total pressure recovery coefficient σ at the throat section, which is defined as Equation (2),


  σ =    P e ∗     P 0 ∗     



(2)




where    P e ∗    is the mass-weighted total pressure at the throat section, and    P 0 ∗    is the free-stream total pressure [20].



The results of the mass flow ratio and total pressure recovery at different Reynolds numbers are illustrated in Figure 8. The mass flow ratio is not sensitive to the Reynolds number with only 0.5% variation at different Reynolds numbers. However, the total pressure recovery is more sensitive to the Reynolds number. With an increase of the Reynolds number from 2.0 × 105 to 6.0 × 106, the total pressure recovery coefficient of the throat section increases from 0.59 to 0.64, and the variation is approximately 7%. During the curve fitting of the total pressure recovery and mass flow ratio in Figure 8, the results below 1 × 105 are discarded because the flow pattern at this condition (Figure 4b) is different from other states.



As shown previously, the Reynolds number has a significant effect on boundary layer development, and this effect on the aerodynamic characteristics of the hypersonic inlet has been illustrated. Next, this effect on the starting Mach number of the hypersonic inlet will be discussed. As we know, if the inflow Mach number is lower than the inlet starting Mach number, the inlet will unstart; then, it will suffer from an abrupt reduction in captured airflow and total pressure efficiency and an abrupt increase in aerodynamic loads and thermal loads [21]. Therefore, the starting Mach number is another important characteristic of a hypersonic inlet.



The starting Mach number is determined by running multiple CFD simulations at inflow Mach numbers from 3.0 to 5.0 with an interval of 0.05 and finding at which point the inlets start. The starting Mach number of the baseline model is Ma 3.45, and the numerical schlieren at the starting Mach number is shown in Figure 9a. From the enlarged figure on the top left, we find that, as a shock from the cowl lip inclines at the shoulder of the hypersonic inlet, a separation bubble appears. This separation bubble induces a separation shock upstream of the separation bubble and a reattach shock downstream of the separation bubble. As the model is scaled down 1:50, the starting Mach number increases up to Ma 4.5, and the numerical schlieren is shown in Figure 9b. The relative boundary layer upstream of the incident shock is thicker than the baseline model and, under a more intense pressure gradient than baseline, results in a larger separation bubble size. The starting Mach numbers at different model scales are shown in Table 2.




3.2. Inflow Conditions on Two-Dimensional Hypersonic Inlet Aerodynamic Characteristics


In the last section, the effect of the Reynolds number variation induced by model scaling on the hypersonic inlet aerodynamic characteristics are studied. In this section, we investigate flight altitude impact on the aerodynamic characteristics. The inflow Mach number is 6.0, and the flight altitude varies from 25.5 km to 36.5 km with the Reynolds number decreasing from 5.67 × 106 to 1.07 × 106. The Reynolds number variation induced by the flight altitude is smaller than that of model scaling. Therefore, its impact on the hypersonic inlet would be milder. According to the static pressure along the ramp side at different altitudes (Figure 10), the flow acceleration phenomenon at the inlet shoulder exists at different flight altitudes, and there is no flow separation.



As the flight altitude increases, the Reynolds number decreases and the relative boundary layer thickness into the inlet entrance and throat section increases. These changes will lead to the aerodynamic difference in the hypersonic inlet. First, the flow profiles at the entrance and throat sections of the inlet are shown in Figure 11. The relative boundary layer thickness at the entrance section increases from 10% to 13% with flight altitude and, at the throat section, it is nearly twice that of the entrance section. Then, the boundary layer thickness at different altitudes is calculated based on these velocity profiles. The results are shown in Figure 12. The relative boundary layer thickness of the throat section is approximately twice that of the entrance section from Figure 12. Finally, the impact of the flight altitude on the aerodynamic characteristics, including mass flow ratio and total pressure recovery, are illustrated in Figure 13. The mass flow ratio is not sensitive to the Reynolds number in a certain range, while the total pressure recovery is more sensitive. As the Reynolds number decreases from 6.0 × 106 to 1.0 × 106, the total throat pressure recovery coefficient decreases from 0.64 to 0.61, and the variation is approximately 4%.



As shown previously, the Reynolds number has a significant effect on boundary layer development, and this effect on the aerodynamic characteristics of the hypersonic inlet has been illustrated. Next, this effect on the starting Mach number of the hypersonic inlet will be discussed. The starting Mach number at 25.5 km is Ma 3.4, and the numerical schlieren at the starting Mach number is shown in Figure 14a. From the enlarged figure, we can find that, as a shock from the cowl lip inclines at the shoulder of the hypersonic inlet, a separation bubble appears. This separation bubble induces a separation shock upstream of the separation bubble and a reattach shock downstream of the separation bubble. As the flight altitude increases up to 36.5 km, the starting Mach number increases up to Ma 3.7, and the numerical schlieren is shown in Figure 14b. There is only a slight difference in the flow fields between the two different altitudes. The starting Mach numbers at different flight altitudes are shown in Table 3.





4. Discussion


The effect of the Reynolds number caused by the model scale and flight altitude on the aerodynamic and starting characteristics of a two-dimensional hypersonic inlet are analyzed previously. The detailed aerodynamic characteristics, including the velocity profiles at the entrance and throat sections, relative boundary layer thickness at these two sections, performance parameters and starting Mach number are analyzed. The influence of the Reynolds number caused by the model scaling and flight altitude on the relative boundary layer thickness of the inlet is compared. The results are shown in Figure 15. The solid symbols represent the result from model scaling, and the open symbols represent the result from flight altitude. The solid lines represent the curve fitting of the relative boundary layer thickness at different Reynolds numbers. The results indicate that the Reynolds number effect on the relative boundary layer thickness induced by different factors follows the same trend.



The inlet performance and starting Mach number at different Reynolds numbers are shown in Figure 16 and Figure 17. When the Reynolds number is less than 1.0 × 105, the value of the parameters is quite different from other Reynolds numbers. The main reason is that the flow field is significantly different from other Reynolds numbers. As illustrated in Figure 4b, an obvious separation bubble appears at the inlet shoulder at this Reynolds number. As shown in Figure 18, the unit Reynolds number varies at different flight trajectories. The symbols with solid lines represent the flight trajectory and the unit Reynolds number at dynamic pressures of 30 kPa. The symbols with dash lines represent the flight trajectory and the unit Reynolds number at dynamic pressures of 50 kPa. The unit Reynolds number of the inflow is between 1.0 × 106 and 2.0 × 107 during flight conditions. Therefore, the Reynolds number at flight conditions would be larger than 1.0 × 105. Based on this fact, we discard the value when the Reynolds number is lower than 1.0 × 105.




5. Conclusions


The Reynolds number effect induced by model scaling and flight altitude on the aerodynamic and starting characteristics of a two-dimensional hypersonic inlet is studied by a numerical simulation method. The results indicate that:




	
The inflow Reynolds number decreased from 4.86 × 106 to 9.71 × 104 as the model scaling increased from 1 to 1/50. This resulted in an increase in the relative boundary layer thickness of the inlet entrance section from 10.4% to 21.2%. Thus, the inlet shoulder separation bubble size increased gradually, and the total pressure recovery at the inlet throat section decreased from 0.64 to 0.55. The starting Mach number increased from 3.45 to 4.50 with model scaling.



	
The inflow Reynolds number decreased from 5.67 × 106 to 1.07 × 106 as the flight altitude increased from 25.5 km to 36.5 km. This resulted in an increase in the relative boundary layer thickness of the entrance section from 9.8% to 13.2%. Thus, the inlet shoulder separation bubble size increased gradually, and the total pressure recovery at the inlet throat section decreased from 0.64 to 0.61. The starting Mach number increased from 3.40 to 3.70 with flight altitude.



	
The effect of the Reynolds number effect caused by the model scaling and flight altitude on the aerodynamic characteristics of the hypersonic inlet has been compared. The results show that the relative boundary layer thickness at the entrance section, mass flow ratio, total pressure recovery coefficient at the throat section and starting Mach number are almost the same under the same Reynolds number.
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Figure 1. Baseline model of the two-dimensional hypersonic inlet. 
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Figure 2. Mesh and boundary conditions of the two-dimensional hypersonic inlet. 
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Figure 3. Comparison of the static pressure along the ramp and cowl of the hypersonic inlet between the numerical simulation and experimental test [18]. 
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Figure 4. Mach number contour at two different model scalings: (a) Baseline model; (b) Scale 1:50 model. 
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Figure 5. Comparison of static pressure along the ramp side at different scales. 
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Figure 6. Velocity profile at different model scales: (a) Inlet entrance section; (b) Throat section. 
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Figure 7. Relative boundary layer thickness of different scales. 
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Figure 8. Performance parameters of the throat section of different scales. 






Figure 8. Performance parameters of the throat section of different scales.



[image: Aerospace 09 00811 g008]







[image: Aerospace 09 00811 g009 550] 





Figure 9. Numerical schlieren at starting Mach number of different scales: (a) Baseline model numerical schlieren at Ma 3.45; (b) Scale 1:50 model numerical schlieren at Ma 4.5. 
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Figure 10. Comparison of static pressure along the ramp side at different altitudes. 
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Figure 11. Inlet velocity profile at different shrinkage ratio scales: (a) Inlet entrance section; (b) Throat entrance section. 
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Figure 12. Relative boundary layer thickness at different flight altitudes. 
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Figure 13. Performance parameters of the throat section at different flight altitudes. 






Figure 13. Performance parameters of the throat section at different flight altitudes.



[image: Aerospace 09 00811 g013]







[image: Aerospace 09 00811 g014 550] 





Figure 14. Numerical schlieren at the starting Mach number of different flight altitudes: (a) H = 25.5 km numerical schlieren at Ma 3.4; (b) H = 36.5 km numerical schlieren at Ma 3.7. 
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Figure 15. Relative boundary layer thickness of the inlet at different Reynolds number. 
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Figure 16. Inlet performance parameters at different Reynolds numbers. 
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Figure 17. Starting Mach number at different Reynolds numbers. 
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Figure 18. Flight trajectory and unit Reynolds number. 
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Table 1. Reynolds number at different scales.
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	Scale
	Re





	1
	4.86 × 106



	1/2
	2.43 × 106



	1/5
	9.71 × 105



	1/10
	4.86 × 105



	1/20
	2.43 × 105



	1/50
	9.71 × 104
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Table 2. Starting Mach number at different scales.
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	Scale
	Starting Mach Number





	1
	3.45



	1/2
	3.55



	1/5
	3.70



	1/10
	3.85



	1/20
	4.05



	1/50
	4.50
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Table 3. Starting Mach number at different flight altitudes.
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	Altitude (km)
	Starting Mach Number





	25.5
	3.40



	26.5
	3.45



	28.5
	3.50



	30.5
	3.55



	32.5
	3.60



	36.5
	3.70
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