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Abstract 

Drop tests were performed in the T-ADFA Shock Tunnel in 
Canberra to determine the aerodynamic coefficients of a 37.5mm 
diameter polystyrene sphere experiencing short-duration (approx. 
1 millisecond) Mach 10 flow. The aerodynamic forces acting on 
the sphere were determined from a trajectory analysis based on 
high-speed schlieren video footage. In order to gain a clearer 
understanding of the flow-field generated around the models 
during the tests, transient, moving-mesh computational fluid 
dynamics (CFD) has been used to perform simulations which 
approximate the conditions experienced in the shock tunnel as 
closely as possible. For the assumption of steady free-stream 
conditions the simulations predicted a sphere displacement of 
13mm during the nominal 1ms of test time. The numerical 
displacement predictions were in good agreement with those 
obtained from the experiment. 

Introduction  

It is difficult to obtain quantitative data from drop-test shock 
tunnel experiments due to the short duration of useful test times, 
CFD simulations can be used to gain additional insight into the 
flow physics and in this process also useful in validating the 
applicability of the commercial code to external hypersonic flow. 
Time dependent solutions can be obtained from CFD simulations 
enabling better visualization of the unsteady behaviour of the 
flow and also to analyse the trajectory of the test geometry during 
the free flying phase of the experiment. CFD allows the easy 
variation of free-stream conditions enabling parametric studies of 
a problem, and thus having both programmes complementing 
each other provides the researcher with the maximum possible 
insight into the flow.  
 
Experimental techniques used for short duration hypersonic flows 
such as the direct acceleration measurement technique [4] where 
the models are weakly restrained with low stiffness support such 
as thin wires, so that the effect of the restorative force can be 
neglected, show oscillations caused by the mechanical vibration 
due to the insufficient rigidity of the test model. Although a 
signal recovery process can be applied to this technique to 
remove the oscillations from the acquired force response data 
[11]. The drop-test technique, where the model is in “free flight” 
during the test time removes the need for the complex force 
measurements and the signal analysis. It is potentially a simple 
and cost effective method. The aerodynamic data is gathered 
from automated image processing algorithms which track the in-
plane motion of the model from the captured image sequences. 
These algorithms can also be used to extract the angle of attack 
of slender models [9].  

 
The numerical analysis of the shock tunnel drop tests was 
performed using the commercial solver ANSYS CFX 12.1 which 
is a fully implicit, finite volume, Reynolds-Averaged Navier-
Stokes CFD code. It was used to conduct the moving mesh 
simulations and to analyse the trajectory of a polystyrene sphere 
during the free-flight experiment. Numerical time-dependent 
solutions involving dynamic meshes have been used to study 
store-separation at transonic speeds [7]. Validation work has been 
performed with the commercial code for hypersonic flow 
conditions [5].  
 
Experimental Setup 

To demonstrate the practicality of the free flight technique in the 
T-ADFA shock tunnel, the simplest test case was selected as the 
model; a commercially sourced, expanded polystyrene foam 
sphere of 37.5 mm in diameter. The model was “flown” in the 
nominal test flow condition as described in Table 1.  

 

Free-stream 

conditions 

 Uncertainties 

(  

u∞ (m/s) 2588 1.0 

M∞ 10.30 1.8 

ρ∞ (g/m3) 6.0 10.9 

P∞ (Pa) 291 14.7 

T∞ (K) 168 5.3 

H0 (MJ/kg) 3.94 1.8 

Re∞ (1/m) 1.17x106 8.8 

 
Table 1: T-ADFA shock tunnel free-stream conditions 

 

A magnetic solenoid suspension system was used to release the 
model just before the arrival of the core test flow. The extracted 
trajectory data was converted from position-time data to velocity-
time data and then to acceleration-time data. The average value 
of acceleration was calculated to determine the drag force and the 
value of the free-stream dynamic pressure was used to calculate 
the drag coefficient [9].  



 

 

The T-ADFA shock tunnel which is short duration impulse 
facility has a test time of approximately 1 millisecond. The free-
piston shock tunnel is capable of producing high levels of nozzle 
reservoir pressure and enthalpy. The Mach 10 hypervelocity 
nozzle used for the shock tunnel experiments is a 12.7 mm 
diameter inlet, 305 mm diameter exit, 7.5o half-angle conical 
nozzle. For more detail on the T-ADFA shock tunnel, the reader 
is directed to existing literature [8]. 

 

Numerical model and setup 

A quarter-model was used in this case to save computational time 
and resources. A full 3d simulation was not necessary since the 
simulation was modelled as a one degree of freedom problem; 
movement is only in the axial direction. This assumption was 
based on the fact that during the experiments the sphere was 
observed to fall a distance of 1.04 mm after the arrival of the 
flow, which is only 4% of the observed axial displacement and 
thus can be ignored in this simulation [9]. A fully-structured 
hexahedral mesh was generated in ANSYS ICEM, Figure 2. 

 

 

 
Figure 1: Computational domain used for the 3d transient simulation 

 

The inlet of the domain was defined using a specific normal 
speed and pressure. The value of the free-stream velocity and 
pressure outlined in Table 1 was used as the inlet condition for 
the simulations.  

An appropriate turbulence intensity percentage and a length scale 
were chosen for the simulation. The turbulent intensity has an 
influence on the shock location as well as resolution [6]. A 
turbulent intensity of 0.1% was specified, which allowed for an 
enhanced representation of the shock in the flow-field. The outlet 
was defined using a static pressure with a value equivalent to the 
free-stream pressure during the shock tunnel experiment (Table 
1). The rest of the domain was defined as zero-shear walls other 
than the sphere where the “no-slip” boundary condition was 
employed 

The initial grid used had a total of approximately  
elements. Additionally simulations were conducted with grid 
elements of   1.3 million and 1.9 million for a mesh sensitivity 
study. The simulations with higher number of grid elements over-
predicted the displacement of the sphere after a time of around 
0.6ms subsequent to the initial shock. A possible explanation 
could be that the fine meshes tend to degrade faster than coarser 

meshes due to the increased displacement of the sphere and thus 
over-predict the displacement values. 

 
Figure 2: Mesh around the sphere for 3d simulation 

The test gas, air was modelled as an ideal gas and all simulations 
were run as time-dependent following an initial steady-state case 
to test the mesh and discretisation schemes. Mesh deformation 
was enabled to incorporate the sphere movement. The mesh 
movement is achieved by specifying the motion of points on 
particular mesh regions i.e. the boundary of the domain with the 
help of the CFX Expression Language (CEL). CEL expressions 
are mathematical, logical and operational functions. These 
expressions were used to define the motion of the sphere 
according to 1-DOF physics. This enabled the calculation of 
displacement by the solver every consecutive time step according 
to the aerodynamic forces experienced by the sphere.  

A displacement diffusion equation was solved to determine the 
mesh displacements throughout the volume of the mesh. The 
mesh stiffness was increased in the region around the sphere, 
which is a useful approach to avoid mesh folding as it is a region 
of large deformation. An upwind finite-volume scheme [3] was 
used for the spatial discretisation and a second order backward 
Euler method was employed for the transient scheme.  

The turbulence scheme was set to first-order accuracy for a stable 
solution. A time step of  seconds was used for the 
current simulation based on the smallest cell size of the grid and 
calculated for a Courant number of less than one which was set 
as a stability criterion for the numerical solution [1]. A two-
equation  model was used for the turbulence 
modelling. The choice of the turbulence model was based on 
results obtained from steady-state simulation of the sphere in 
hypersonic flow with the shock tunnel free-stream conditions 
outlined in Table 1 used as the operating conditions. The 

 turbulence model has previously been shown to yield 
good results for hypersonic flow [10]. 

 

Results 

Steady-State Results 

A steady-state analysis was conducted to validate the numerical 
approach before running the transient simulations. Drag 
coefficient obtained from both the experiment and the simulation 
was examined for comparisons. Figure 3 shows the Mach number 
contour for the sphere calculated by the steady-state analysis. 



 

 

 
Figure 3: Mach number plot, steady-state 

 

The value of the coefficient of drag obtained from the steady-
state simulation was 0.88. The drag coefficient deduced from the 
free flight experiments in the T-ADFA shock tunnel gave a value 
of 0.95. The difference in the drag coefficient can attributed to 
the acknowledged uncertainty resulting from image processing of 
the low resolution experimental video, which was used to analyse 
the sphere displacement and thereby derive the aerodynamic 
coefficients. The numerical simulation did not take into account 
the high temperature gas effects, which may be another source 
for the difference in the drag coefficient values although the free-
stream values presented in Table 1 correspond to a low enthalpy 
condition.   

Transient & Moving Mesh Results 

The displacement history of the sphere obtained from the 
numerical analysis was compared to that of the experiments. 
Figure 4 shows the mesh deformation after a time of 1.0 
millisecond has elapsed. 

 

  
Figure 4: Mesh around the sphere after displacement, t=1.0ms, 
approximate position at t=0 shown as dotted curve 

Figure 5 and Figure 6 show numerical schlieren images obtained 
from the analysis at a time of 0.6ms and 1.0ms respectively. The 
reference line drawn shows the displacement of the sphere at 
those specified times.  A difference in the structure of the wake 
of the body is noticeable when the schlieren images for these 
specific simulation times are compared.  

Figure 6 represents the steady-state flow structure. The bow 
shock is fully formed along with the recompression shock. The 
recompression shock is visible in Figure 6, which shows that the 
flow in the wake of the body is fully developed after 1.0ms. 

 

 
Figure 5: Numerical schlieren of the sphere at t=0.6ms, a reference line is 
drawn to indicate the displacement 

 

 
Figure 6: Numerical schlieren of the sphere at t=1.0ms, distance from the 
reference line showing its displacement. 

 

Figure 7 shows the bow shock and the wake profile of the sphere 
at approximately 0.27ms after the initial shock. It shows the 
initial period of the flow being established over the sphere and 
shows the formation of the bow shock. It suggests that the flow in 
the wake of the body is initially highly transient and the bow 
shock is slowly approaching its steady-state shape. 

The displacement history obtained from the CFD analysis is 
compared to the experimental data in Figure 8. There is an 
excellent agreement between the numerical results with the 
experimental values as the CFD predicted displacement graph is 
well within the scatter of the experimental uncertainty. A 
displacement of 13mm is observed for the sphere after 1 
millisecond of test flow.  



 

 

It should also be noted that the inlet was defined as a constant 
pressure inlet during the CFD simulations whereas during the 
experiments there is a continuous decrease in the nozzle reservoir 
pressure during the test time for the condition employed in the 
shock tunnel. These factors may lead to over-prediction of the 
displacement by the constant pressure inlet CFD simulations. 

 

 

Figure 7: Mach number contour plot at t = 0.27 ms 

 

 
Figure 8: Displacement plot obtained from the numerical analysis 
compared to the experimental readings 

 

Conclusions 

The transient behaviour of a 37.5mm diameter polystyrene sphere 
in hypersonic flow at the T-ADFA shock tunnel has been 
analysed using the results from CFD simulation. The numerical 
results are in good correlation with the shock tunnel experimental 
data. The results obtained are for a one degree of freedom 
displacement of the sphere in hypersonic flow. The coefficient of 
drag of the sphere was derived to be 0.88 which is in good 
agreement with values obtained from literature [2]. The 
simulations show that the flow achieves a steady-state condition 
during the nominal test time of 1ms. This shows that the 
commercial code is capable of producing useful results, and was 
able to provide a wealth of additional information about the flow-

field which could not have been obtained from the experiment 
alone. 
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