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1. Introduction  

The US Army is interested in designing next-generation hypersonic flight vehicles 
with enhanced speed, reach, and lethality, addressing Army and Department of 
Defense Priorities in Long-Range Precision Fires and Hypersonics. Future systems 
must meet new operational and tactical requirements for performance, reach, and 
maneuverability, while simultaneously meeting demanding program schedules and 
budget constraints. The field of hypersonics is inherently interdisciplinary, 
requiring a broad range of expertise including fluid dynamics, material science, and 
applied engineering. To date, one of the primary challenges facing hypersonic 
vehicle design is the excessive temperatures and extreme surface heating. The 
understanding of near-body flow physics (e.g., shock/wall interactions) is thus of 
great importance in developing new concepts to mitigate entropy production and 
reduce the rates of material surface heating. Historically, computational fluid 
dynamics (CFD) has played a key role in the design of hypersonic vehicles, largely 
due to the prohibitive cost associated with experimentation and testing. However, 
the advancement of hypersonic modeling has been hindered in part by the well-
known difficulties in measuring the near-body aerothermodynamics under realistic 
flight conditions. Variations in atmospheric conditions, chemical kinetics, 
vibrational excitation, ablation products, and gas‒surface interactions further 
complicate the modeling of a high-enthalpy plasma system.1 Although 
experimentalists have had success with modern methods, extraction of full 4D 
information with sufficient spatial and temporal resolution for a detailed analysis is 
still infeasible.2 

Remarkable progress has been made in recent years in the development of high-
fidelity computational methods for handling aerothermodynamics at super to 
hypersonic conditions. For example, Fu et al.3 investigated boundary layer 
transition in hypersonic flow due to incident shocks. This was accomplished by 
using a computational technique called direct numerical simulation (DNS) that 
fully resolves all spatiotemporal scales. To create the incident shocks, they 
disturbed the flow field by using an upstream wedge. Provided the wedge had an 
angle of at least 6° and there was an incoming flow of Mach 6 or greater, transition 
to turbulence was achieved. Heat transfer in hypersonic boundary layers was 
investigated in Priebe and Martín,4 wherein they used a setup similar to Fu et al., 
employing an 8° ramp and a DNS method. The researchers demonstrated that the 
Reynolds Analogy, relating the skin friction to the heat transfer, is not valid at the 
reported hypersonic conditions. Instead, they found heat transfer coefficient 
correlates with pressure gradient rather than skin friction. While these studies allow 
for the physics of hypersonic flow to be researched with a high level of fidelity on 
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a micro scale, the detailed physics interactions over a larger and more complex area 
have not yet been fully investigated.  

Larger and more-complex surface interfaces in hypersonic flow were studied 
heavily in the 1950s and early 1960s. These experimental studies were 
groundbreaking at the time but do not provide the level of spatiotemporal resolution 
needed to investigate the physics or accurately predict the heat transfer. In recent 
years, Thakur and Jagadeesh,5 who investigated the aerodynamic response of a 
sphere at hypersonic speeds and compared it with experimental results. While this 
step was important, the scope of the simulation was limited and the results did not 
consider aerodynamic heating rates. To meet the demanding requirements of the 
design of hypersonic flight vehicle, CFD solvers must be scalable to handle a wide 
range of spatiotemporal scales. To address this, a near-DNS level (or other high-
fidelity methods) of resolution is required to provide the aerothermal flow physics 
over a large and complex geometry. The research in this report is the first step 
toward that goal.  

The objective of this research is to investigate the interaction of bow shocks with 
blunt bodies canonically by using a noble gas, argon, to eliminate the effects of 
dissociation and ionization. A fully compressible hydrodynamic solver, based on 
the solution of the 3D unsteady Euler equations, was used to conduct the analysis. 
The problem was parameterized in terms of the Mach number to understand the 
effect of compressibility on the bow-shock standoff distance for a sphere. The 
results were then compared with a benchmark experimental database to validate the 
results with good comparison.  

2. Methodology and Simulation Setup 

In this work, the FLASH CFD solver was used, specifically the FLASH Unsplit 
Hydrodynamics unit. It solves Euler’s equations for compressible gas dynamics in 
three spatial dimensions.6 The Euler equations can be written in conservative form 
as 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝛻𝛻 ∙ (𝜌𝜌𝐯𝐯) = 0 

𝜕𝜕𝜕𝜕𝐯𝐯
𝜕𝜕𝜕𝜕

+ 𝛻𝛻 ∙ (𝜌𝜌𝐯𝐯𝐯𝐯) + 𝛻𝛻𝛻𝛻 =  𝜌𝜌𝜌𝜌 

𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+  𝛻𝛻 ∙ [(𝜌𝜌𝜌𝜌 + 𝑃𝑃) 𝐯𝐯] =  𝜌𝜌𝐯𝐯 ∙ 𝑔𝑔 

For this simulation, gravity was not included, and E was the sum of the internal 
energy 𝜖𝜖 and kinetic energy per unit mass: 
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𝐸𝐸 =  𝜖𝜖 +
1
2

|𝐯𝐯2| 

The pressure is obtained from the energy and density using the equation of state. 
For this simulation using noble gases, the equation of state is that of an ideal gas 
where the pressure is given by 

𝑃𝑃 = (𝛾𝛾 − 1)𝜌𝜌𝜌𝜌 

In regions where the kinetic energy greatly dominates the total energy, computing 
the internal energy can lead to errors. This results in inaccurate pressures and 
temperatures. To avoid this problem, we can separately evolve the internal energy 
as follows: 

𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+  𝛻𝛻 ∙  [(𝜌𝜌𝜌𝜌 + 𝑃𝑃) 𝐯𝐯] − 𝐯𝐯 ∙  𝛻𝛻𝛻𝛻 = 0  

To accurately capture the downstream flow field while also resolving the near-body 
surfaces, adaptive mesh refinement (AMR) technique7 was used. AMR allows the 
solid and shock interface to be a very fine grid while not refining areas upstream 
and out of the shock cone. The AMR technique refines by looking at the pressure 
and density gradients in the cells. If the value is indicating there is a high gradient 
like that across a shock or at the solid boundary, the cell splits it in eight (Fig. 1). It 
then reevaluates the eight cells and splits again if necessary. This process is 
repeated up to three times in the simulation per time step. AMR is used at each time 
step to account for spatial changes in the fluid.  

 
Fig. 1 Schematic of the quad/octree grid method and data hierarchy for AMR 

Given the constantly evolving grid from the AMR, a Quad/Octree is used to 
efficiently collect and organize the data for the simulation. The Octree method 
classifies all the cells by size. The level of the biggest cell is zero. After each 
splitting, the grid level will increase by one level. The information of a child cell 
can transfer to a parent cell, level by level. Using AMR refinement with the Octree 
method, the code can sufficiently resolve the shock interface while maintaining 
reasonable computational efficiency. 

The shock detachment distance is the distance from the body surface to the shock 
location, measured along the stagnation streamline. The diagram for the simulation 
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is given in Fig. 2. These simulations at varying Mach numbers were run on Onyx, 
a Department of Defense high-performance computing platform, using 1000 cores 
and with a total of 35,000 central processing unit hours per simulation. The 
resulting AMR grid had a minimum cell size of 230 μm. The simulation was run 
until the shock detachment distance reached a stable point: approximately 180 time 
steps or 1.2 ms.  

 
Fig. 2 Diagram of a 2D slice of the simulation space, showing the measurement distance for 
shock standoff  

3. Simulation Results and Validation  

To increase the confidence in the FLASH Unsplit Hydrodynamics module for 
solving hypersonic flow simulations, a detailed validation study was conducted. 
The validation was conducted using the experimental results from Schwartz and 
Eckerman.8 In this paper, a metal sphere 7.94 mm in diameter was fired into still 
chamber gas composed of a monoatomic noble gas (Fig. 3). The noble gas pressure 
was set to about 13 kPa and rotated between argon, krypton, and xenon to further 
avoid the effects of ionization (Table 1). For simplicity, and because the simulation 
can explicitly prevent ionization, argon was used for all the case studies. This report 
and the validation of it explore Mach numbers between 2 and 12. This validation 
correlates to a Reynolds number between Re = 51,000 at Mach 2 and Re = 309,000 
at Mach 12.  
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Fig. 3 Diagram of the experimental setup from Schwartz and Eckerman8 

Table 1 Summary of the physical properties for the simulation and the validation 

Physical properties 

Gas Argon 

Gamma 1.67 

Pressure 13,332.2 Pa or 0.132 atm 

Density 0.23298 kg/m3 

Mach number 2–12 

Radius 3.97 mm 

Reynolds number 51,000‒309,000 
 
The results of the shock standoff distance, made non-dimensional by dividing by 
radius, were plotted against both the experimental results and the theoretical values 
for a sphere given by Heybey.9 In Fig. 4, the points from the validation are shown 
in red, taken at each whole Mach number between 2 and 12. The experiment data 
collected included shadowgraph and schlieren pictures. In Schwartz and 
Eckerman,8 attention was given to minimizing optical distortion in the pictures. 
Due to the complexities, out of about 50 shots photographed in monatomic gases, 
only 18 were analyzed. 
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Fig. 4 Plot of the experimental data, theoretical curve, and simulation data 

To effectively analyze the shock standoff distance in the simulations, the 3D 
domain was sliced along the centerline of the sphere. The slice was analyzed on a 
log scale of the density gradient to clearly show the shock and easily measure the 
shock distance along the stagnation line.  

Figure 5 shows the stable shock standoff distance taken at the last time step, 
approximately 1.2 ms after initiation. The density contours clearly show the shock 
position as well as some of the surrounding flow-field characteristics. Clearly, the 
intensity of the density gradient across the shock increases with Mach number. It 
can also be seen in the resulting flow field that as the Mach number increases, the 
instabilities in the wake behind the sphere increase, thus leading to an increase in 
vorticity magnitude. 
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Fig. 5 Images of a 2D slice of the sphere showing the density gradient taken once the shock 
hydrodynamics reaches steady state, Mach 2‒12  

To better show the progression over time, snapshots from different time steps are 
analyzed. To show the temporal effects investigated in this research, three Mach 
numbers are shown: 3, 6, and 12. Shown in Fig. 6 are the same 2D slices of the 
density gradient taken at five time steps (20, 60, 100, 140, and 180). Figure 6 clearly 
shows that the higher Mach number simulations develop faster. At low Mach, 
simulations take almost the full 180 time steps to reach a consistent shock standoff 
distance, while the Mach 12 simulation reaches a steady shock standoff almost 
instantly. Furthermore, the shock cone coming off the sphere reaches a steady angle 
much faster. 
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Fig. 6 Images of a 2D slice of the sphere showing the density gradient at different times. 
From left to right, the time steps are 20, 60, 100, 140, and 180. The top row is Mach 3, the 
middle Mach 6, and the bottom Mach 12.  

One interesting property of the flow field is that at higher Mach numbers, a wave-
like distortion occurs in the wake behind the sphere. At Mach numbers 7+, this 
wave distortion evolves into turbulent eddies. This shows that as the Mach number 
increases, so does the vorticity production in the wake region  

4. Conclusions and Future Work  

This investigation shows that the FLASH solver provides a reliable model to 
simulate hypersonic flow over a sphere without ionization or dissociation. This can 
be seen by the results analyzing the shock detachment distance versus Mach 
number. The comparison of the theoretical and experimental show very good 
agreement. Beyond the validation, it is seen that at higher Mach numbers the shock 
detachment distance reaches a steady state faster. This means both the shock 
detachment distance and the shock cone angle reach a constant value faster in 
higher Mach simulations. In the wake region it was shown that the increase in Mach 
number also increased the vorticity production. 

The result presented in this report based on a canonical geometry sets the 
foundation for the morphing hypersonics work we have planned using FLASH 
supporting our mission projects. Now that this basic model is validated for non-
ionizing, non-dissociated hypersonic flow, the next step will be to introduce non-
equilibrium chemistry models and investigate the impact on the shock 
development. Another interesting avenue is to investigate the effect of surface 
morphology, such as ballistic projectiles (e.g., varying the nose tip bluntness), to 
understand its influence on transition to turbulence and other transport properties. 
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