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Abstract: Hypersonic flow over a canonical 25°−55° double-cone configuration with a 

freestream Mach number of 10.38 is numerically investigated. Time-accurate axisymmetric and 

three-dimensional (3-D) simulations are conducted for the double-cone flow to investigate the 

evolution of three-dimensionality and unsteadiness. Both the axisymmetric calculation and the 

3-D simulation without external disturbances predict a significantly larger separation region 

than that in experiments and misrepresent the distributions of surface pressure and heat flux. 

The random forcing approach with two levels of noise amplitude is then applied to 3-D 

simulations. A better agreement with the measured data is observed for the time-averaged heat 

flux and pressure when the white noise is enforced. As the forcing amplitude is increased, the 

agreement is slightly improved. However, discrepancies still exist in surface heat flux and 

pressure distributions between the 3-D results and experimental data. 
 

Keywords:    Hypersonic Flows, Shock Waves, Boundary Layer Separation, Computational Fluid 
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1     Introduction 
 
Understanding and predicting the shock wave/boundary layer interaction (SWBLI) are significant to 

the design and control of hypersonic vehicles. Among various canonical configurations for SWBLI, the 

double-cone flow has been extensively investigated by different experimental and numerical 

techniques. Nowadays, many aspects of hypersonic double-cone flows remain to be understood. For 

example, for some cases at relatively high Reynolds numbers, although the experiments indicated a 

relatively stable and moderate separation bubble, numerical simulations revealed that the separation 

bubble continuously grew and significantly exceeded the experimental data [1–3]. Hao et al. [4] have 

recently investigated the run 35 double-cone flow [5] with a freestream Mach number of 11.5 at varying 

Reynolds numbers. Contrary to steady axisymmetric flow fields, the direct numerical simulation (DNS) 

results were found to be intrinsically three-dimensional (3-D) and unsteady without any external 

disturbances. Compared to run 35, the unit Reynolds number of run 24 [6] is increased by a factor of 

1.5 while the other parameters are similar. For run 24, Gnoffo indicated the presence of large-scale 

unsteadiness using a second order scheme [7]. In their numerical results, the extent of the separation 

region was overpredicted. Besides, significant discrepancies between experimental data and 

axisymmetric calculations were observed for surface pressure and heat flux distributions. Therefore, 

this study focuses on the unsteadiness of the run 24 double-cone flow with a freestream Mach number 

of 10.38. Axisymmetric and 3-D calculations are performed to facilitate a better understanding of the 

evolution of unsteadiness. Furthermore, the random forcing approach [8] is used for the 3-D DNS to 

investigate the role of external disturbances. The axisymmetric and 3-D numerical results are compared 

with the experimental data to illustrate the discrepancy between the experiment and calculations. 

 

2     Problem Statement 

2.1     Computational Details 
The geometric configuration of the 25°−55° double cone is the experimental model tested in the LENS 

facilities. The length of the first and second cones is set to L = 0.1016 m. The freestream Mach number 

is 10.38 and the unit Reynolds number is 3.5 × 105 m−1. The freestream velocity is u∞ = 2610 m/s. Note 
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that the current 25°–55° case sustains no inviscid unsteadiness according to the unsteadiness boundary 

proposed by Hornung et al. [9]. 

The axisymmetric and 3-D solutions are obtained using an in-house multiblock parallel finite-

volume solver called PHAROS [3, 10]. The inviscid fluxes are calculated using the advection upstream 

splitting method by Liou [11] with a fifth-order weighted essentially non-oscillatory (WENO) 

reconstruction [12]. The viscous fluxes are computed using the second-order central difference. A 

second-order implicit method [13] is used for time integration with a physical time step of 10 ns. 1380 

× 400 × 200 grid points are used for 3-D calculations with an azimuthal angle of φ = 30°. A random 

forcing is enforced at x/L = 0.05 to excite broadband upstream disturbances [8, 14]. The white noise is 

in the form of azimuthal velocity perturbations w′ as follows, 

𝑤𝑗,𝑘
′ = 𝐴0(2𝑟𝑛 − 1) = 0, 

where j and k denote the grid points in the radial and azimuthal directions, respectively. A0 is the 

amplitude of the random perturbation. rn represents a pseudo-random number ranging between 0 and 1. 
 
2.2     Results 
For axisymmetric calculations, Figure 1 compares the instantaneous distributions of surface pressure 

coefficient Cp and wall Stanton number St between tu∞/L = 154 and 257. The axisymmetric flow is 

found to be unsteady. Notable discrepancies are observed between the time-averaged values and 

experimental data, which indicates the limitations of axisymmetric calculations. 

 
 

 

 

Figure 2(a) presents the wall pressure history at the time-averaged separation point (x/L = 0.22) 

for axisymmetric results. The pressure signal exhibits an intermittent feature due to the back-and-forth 

motion of the separation point. Spectral analysis is performed for the pressure signal between tu∞/L = 

206 and 462 to obtain the power spectral density (PSD). A low-frequency pattern is observed for the 

unsteady flow in figure 2(b). Furthermore, a peak frequency is captured at approximately fLsep/u∞ = 

0.062, which corresponds to that in shock/turbulent boundary-layer interactions [15, 16]. 
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Figure 1: Instantaneous and time-averaged distributions of Cp and St between tu∞/L = 154 

and 257 for axisymmetric calculations. 
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For the 3-D calculation without any external forcings, Figure 3 shows the instantaneous 

distributions of the azimuthally averaged Cp and St. Significant discrepancies in surface pressure and 

heat flux are seen between the DNS results and the experimental data. The obtained size of the 

separation region is much larger than that was measured in the experiment. 

 
 

 

 

In the presence of the random forcing, Figure 4 compares the instantaneous distributions of the 

azimuthally averaged Cp and St with A0 = 0.1 and 0.2. The overall distributions of surface heat flux and 

pressure at tu∞/L = 77.1, 102.8 and 128.4 are very close. Such features are different from the results 

shown in Figure 3. 

 
 

 

 

 

Figure 5 compares the azimuthally- and time-averaged (tu∞/L = 77–180) distributions of Cp and St 

with experimental data. The overall trend of the calculated results is in reasonable agreement with 

measured data. Besides, the overall results for A0 = 0.1 and 0.2 are close. However, the discrepancies 
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Figure 2: (a) Temporal history of pw/p∞ at x/L = 0.22 and (b) the corresponding PSD for 

pw/p∞ between tu∞/L = 206 and 462. 

Figure 3: Instantaneous distributions of azimuthally averaged Cp and St between tu∞/L = 

25.7 and 102.8 for 3-D calculations without forcing. 

Figure 4: Instantaneous distributions of the azimuthally averaged Cp and St between tu∞/L 

= 25.7 and 128.4 for 3-D calculations in the presence of the random forcing with A0 = 0.1 

(left column) and 0.2 (right column). 
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between the experimental data and the averaged DNS results are still noticeable. The 3-D simulation 

still overestimates the separation region and fails to capture the heat flux and pressure peaks, indicating 

that the most amplified instabilities in the DNS and in the experiment are different. 

 
 

 

 

3     Conclusion and Future Work 
 
The spatial and temporal characteristics of a hypersonic double-cone flow with a freestream Mach 

number of 10.38 are investigated by performing time-accurate axisymmetric and 3-D calculations. 

Both axisymmetric calculation and 3-D simulation without the random forcing fail to reach a steady 

state. Pronounced discrepancies are observed between the numerical results and experimental data. 

The introduction of white noise leads to a better agreement with the measurements of surface pressure 

and heat flux. However, the numerical results with the random forcing still exhibit an overprediction 

of the separation region and a misrepresentation of the surface pressure and heat flux distributions. 

This indicates that the injected white noise is essentially different from real freestream perturbations. 

The source of such discrepancies will be further investigated in a future study. 
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Figure 5: The time-averaged distributions of Cp and St in the presence of the random 

forcing with A0 = 0.1 and 0.2. 
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