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Abstract
A free-flying ring crossing the curved bow shock in front of cylinder was selected as numerical test case within ESA’s 
Aerothermodynamics and Design for Demise working group in 2022. The experiment to compare with was carried out in 
the VKI Longshot gun tunnel facility at a free stream Mach number of about 14. This paper presents the DLR simulation 
results achieved by coupling the DLR in-house CFD solver TAU with a 6-DoF flight mechanic solver. Local dynamic grid 
adaptation is used to capture shocks and unsteady shock interactions. The results of the coupled simulation are compared 
to results of a simulation with prescribed motion using the experimental determined motion state as input, and to results of 
a flight mechanic simulation prescribing the measured aerodynamic forces and moments. Both the coupled and the forced 
motion simulation show similar values for the aerodynamic loads but higher than the measured ones. The flight mechanic 
simulation shows good agreement with the VKI experiments.
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Abbreviations
6-DoF 	� Six degree of freedom
ATD3 	� Aerothermodynamics and design for demise
CFD 	� Computational fluid dynamics
CoG 	� Center of gravity
DLR 	� German Aerospace Center
RBD 	� Rigid body dynamics
VKI	� von Karman Institute for Fluid Dynamics

Subscripts
∞	� Free stream values
exp	� Measured value
sim	� Simulated value

Greek
α	� Angle of attack
̇⃗
𝜙	� Rotation rate vector ̇⃗𝜙 = (p, q, r)

ρ	� Density
𝜙	� Orientation vector 𝜙 = (𝜙, 𝜃,𝜓)

Greek
Ī	� Inertia tensor Ī = Iij
̇⃗x	� Velocity vector ̇⃗x = (u, v,w)

F⃗	� Force vector F⃗ = (Fx,Fy,Fz)

g⃗	� Gravitational acceleration
M⃗	� Moments vector M⃗ = (Mx,My,Mz)

x⃗	� Position vector x⃗ = (x, y, z)

CD	� Drag coefficient
CL	� Lift coefficient
Cm	� Pitching moment coefficient
Cp	� Pressure coefficient
D	� Drag
h	� Height
L	� Lift
M	� Mach number
m	� Mass
R	� Radius
T	� Temperature
t	� Time, thickness

1  Introduction

Discarded parts of past space missions remain in orbit for 
long periods of time before they enter the atmosphere uncon-
trolled, burn up, or partially hit the surface. These broken 
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satellites, burnt out rocket stages, lost tool boxes or paint 
chips form a growing cloud of space debris around our 
planet. The size of the parts ranges from several meters to 
centimeters down to the fraction of a millimeter. Cascading 
collisions between these objects create new, smaller debris 
which in turn increase the likelihood of further collisions 
(Kessler effect). Even the tiniest parts possess huge kinetic 
energy due to their tremendous speed, and may cause great 
damage in case of a collision with an active mission. In 
short, the garbage becomes a growing problem for space 
travel. The goal for the future must be to avoid further space 
debris. One way is to initiate the re-entry after the end of 
the operational period, with a structural design that ensures 
the demise. The purpose of a design for demise is to break 
apart the structure and burn its components due to the 
high mechanical and thermal stresses during the re-entry. 
Software tools that can compute re-entry trajectories and 
possible ground footprints rely on simplified aerodynamic 
methods and correlations. These tools are restricted to sim-
ple geometries and do not take into account the interaction 
between different fragments and shock waves. For a better 
understanding of these effects the Aerothermodynamics & 
Design for Demise (ATD3) working group test case 2022 
focuses on the aerodynamic behaviour and prediction of 
interacting free-flying bodies at hypersonic speed.

2 � Test case description and experimental 
set‑up

The selected test case consists of a free-flying annular ring 
crossing the oblique bow shock in front of a two-dimensional 
fixed cylinder. The test has been carried out in the VKI Long-
shot hypersonic gun tunnel using free-flight measurement 
technique at a free stream Mach number of 14. The scenario 
represents a generic interaction between an inter-stage adapter 
and a rocket stage during break-up and reentry. The experi-
mental set-up and the results are discussed in detail by Kovács 
et al. [1] and [2]. Figure 1 shows the Longshot test section with 
the nozzle, the cylinder mounted in lateral direction, and the 
ring suspended by thin wires above the cylinder. When the 
flow builds up, the wires break and the ring flies freely in the 
test section and interacts with the oblique shock generated by 
the cylinder. The test time is in the range of a few millisec-
onds. During this time a number of schlieren pictures is taken. 
The trajectory, velocity and acceleration of the ring is recon-
structed from the pictures using an optical tracking algorithm. 
Below the cylinder shown in Fig. 1 a set of probes is installed 
to measure static pressure and stagnation pressure and heat 
flux. Using a viscous correction of the measured static pres-
sure, Rankine–Hugoniots jump relation, and Fay–Riddell’s 
formula for stagnation heat flux, the free stream velocity and 
temperature are iterated from a first guess until they match the 

measured values [3]. The final test case consists of a data set 
which contains free stream data, the position, and orientation 
and all velocities and accelerations of the ring, and the derived 
aerodynamic coefficients over time. The goal of the workshop 
was to provide numerical results of the free-flying ring and to 
compare them with the experimental results.

Both the cylinder and the ring have a outer radius of 
R = 60mm . The ring has a height of h = 15mm and a thick-
ness of t = 2mm . With the mass m = 13.3 g the tensor of 
inertia with respect to the Center of gravity (GoG) contains 
the main moments of inertia on the diagonal

Since the selected coordinate system coincides with the main 
axes, the off-diagonal moments disappear

A detailed analysis of the experiment showed that the wires 
holding the ring in its initial position did not break imme-
diately with the start-up of the flow [2]. For the test case it 
was decided to start the numerical simulation at t = 3.8ms 
after the arrival of the flow in the test section, at this time 
the ring is free. The motion state and free stream condi-
tions at this time are summarized in Table 1. The complete 
time-history of free stream data taken from [1] is shown 
in Fig. 6. The test gas in the VKI facility is to be assumed 
calorically perfect nitrogen, all body surfaces are modeled as 

(1)Iyy = Izz =
m

12

[

3R2 + 3(R − t)2 + h2
]

(2)= 5.548675 ⋅ 10−6 kg m2

(3)Ixx =
m

2

[

R2 + (R − t)2
]

(4)= 11.1986 ⋅ 10−6 kgm2 .

(5)Ixy = Ixz = Iyz = 0.0 kgm2 .

Fig. 1   Experimental set-up in the VKI Longshot test section (taken 
from [1])
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non-slip isothermal boundaries with constant wall tempera-
ture of Twall = 300K . Sutherland’s law is used to determine 
the temperature dependency of the viscosity. The Reynolds 
number is within the laminar flow regime.

3 � Numerical scheme

The presented numerical results have been carried out 
with the DLR TAU code. The TAU flow solver [4, 5] is a 
cell centered finite volume method to solve the Euler or 
Navier-Stokes equations on unstructured grids. Based on a 
primary grid an edge-based dual-grid metric is generated 
in a preprocessing step. In the same step coarser levels 
of the dual-grid are agglomerated to accelerate numerical 
convergence using the multi-grid technique. Domain split-
ting is also performed by the preprocessor in order to run 
parallel computations. In the CFD solver module inviscid 
terms are computed by employing an AUSMDV upwind 
scheme using linear reconstruction to get second-order 
spatial accuracy. Viscous terms are computed with a sec-
ond-order central scheme. For time integration an explicit 
Runge-Kutta scheme, as well as an implicit approximate 
factorization lower-upper symmetric Gauss-Seidel scheme 
(LU-SGS) are implemented.

In order to perform simulations with moving grids TAU 
is written in an arbitrary Lagrangian-Eulerian formulation. 
The technique of overlapping grids [6] (Chimera technique) 
allows for the simulation of configurations with movable 
parts. The method handles the data exchange and interpola-
tion in the overlapping regions. Grid regions that overlap 
solid parts have to be excluded from the flow computation. 
This is done by an automatic hole cutting procedure [7] 
which is based on the intersection of grid edges and surface 
cells to detect grid points inside solid bodies. Data exchange 
in surface boundary layers may cause interpolation errors 
due to large gradients and the insufficient resolution of the 
overlapping grid. To avoid this a procedure to adapt the 
location of the interpolation zone is implemented in order 
to minimize the width of the overlap, so that the interpola-
tion boundaries are shifted away from the body surfaces. 
The current implementation of the Chimera technique cov-
ers multiple moving parts, and is also available for parallel 
simulations.

Grid adaptation allows a local refinement of the mesh by 
dividing the edges of the primary grid. The flow variables 
serve as an indicator for the division of the edges. The adap-
tation module also allows the removal of previously added 
points based on the indicator. The adaptation is limited by a 
minimum edge length, a maximum refinement level of the 
original edge or a maximum number of total grid points.

The motion of bodies under the influence of external 
forces is separately computed in a Rigid Body Dynam-
ics (RBD) module solving Newton’s second law and the 
Euler equation of rotational dynamics. The equations 
represent a system of ordinary first-order differential 
equations which are solved using Newtons’s method for 
time integration. The scheme converges to machine accu-
racy within five interations [9].

The coupled CFD/RBD problem is solved in a parti-
tioned manner. A so-called strong coupling scheme [8, 
9] is used. Strong coupling means that the coupled equa-
tions are iteratively solved within every physical time 
step by repeatedly solving the involved disciplines CFD 
and RBD separately based on the exchanged coupling 
quantities. These are on CFD side aerodynamic loads 
(forces and moments) and on RBD side the motion state 
(position, rotation angles, velocities, and rotation rates). 
The coupling scheme performs one predictor and a num-
ber of corrector steps. The corrector steps are terminated 
and the code proceeds to the next physical time step until 
a given number of corrector steps is reached or the solu-
tion update of motion state and loads falls below a pre-
defined threshold [9]. If the number of corrector steps is 
set to zero, the strong coupling scheme turns into a weak 
coupling scheme. Figure 2 shows an operation chart of 
the CFD/RBD coupling.

4 � Simulation procedure and computational 
domain

Three types of numerical simulations have been carried out. 
A strong coupled CFD/RBD simulation using the TAU CFD 
solver and the TAU 6-DoF RBD module.

(

x⃗, ̇⃗x,𝜙,
̇⃗
𝜙
)

sim
motion state

CFD
−−−⇀
↽−−−
RBD

(

F⃗, M⃗
)

sim
loads

Table 1   Measured free stream 
and motion data of the ring [1] 
used as input for the numerical 
simulations

t [ms] u∞ [m/s] �∞ [g/m3] T∞ [K] x [mm] z [mm] u [m/s] w [m/s] � [ ◦] q [ ◦/s]

3.8 2530 5.02 79.9 –33.77 77.43 3.603 0.353 –2.04 –483.75
6.0 2440 5.01 81.4 –24.30 78.36 4.970 0.733 –3.06 –564.13
9.0 2340 4.66 73.0 –6.95 83.84 6.562 3.126 –4.66 –532.28
12.0 2240 4.77 63.9 15.29 96.93 8.291 5.322 –7.63 –1665.02
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In the forced motion simulation the motion state measured 
in the VKI experiment is prescribed instead of solving the 
flight mechanic equations. Aerodynamic loads are then com-
puted using the TAU CFD solver.

In the flight mechanic or rigid body simulation, the TAU 
6-DoF RBD module computes the motion state using the 
measured aerodynamic loads as input. The simulation of the 
flow field is not necessary in this case.

In all cases with prescribed data, linear interpolation 
between the given experimental data is used to generate 
input data for the smaller computational time step (Fig. 3).

The TAU code calculates all values in the body-fixed coordi-
nate system of the ring. For the comparison the data have to be 
transformed to the aerodynamic coordinate system. The motion 
of the ring is not restricted in the simulation, so that the motion 
state has 12 values three each for position and orientation and 
three more each for the corresponding velocities. The fully cou-
pled results show that the lateral motion, as well as the roll and 
yaw rotation are neglectable. For the simulations with prescribed 
motion or loads these values are zero anyway, as they are not 
included in the experimental data set. For these reasons only 
three degrees of motion (longitudinal, vertical, and pitch) will be 
consider. Lift and drag measured in the wind tunnel coordinate 
system then result from the body-fixed forces according to

and the corresponding coefficients are calculated according 
to

(

x⃗, ̇⃗x,𝜙,
̇⃗
𝜙
)

exp

CFD
⇀

(

F⃗, M⃗
)

sim

(

x⃗, ̇⃗x,𝜙,
̇⃗
𝜙
)

sim

↽

RBD

(

F⃗, M⃗
)

exp

(6)D = Fz sin � + Fx cos �

(7)L = Fz cos � − Fx sin �

In the aerodynamic coordinate system the motion of the ring 
with respect to the free stream of the wind tunnel has to be 
considered for the computation of the dynamic pressure q∞

and the angle of attack � as sum of the pitch angle � and the 
flight path angle �

with

The pressure coefficient is defined as

The computational domain shown in Fig. 4 consist of a 
rectangular box of 225 × 200 × 225mm . The cylindrical 
sub-domain for the ring has a radius of 70mm and height of 
95mm . The ring has the initial position and orientation given 
in Table 1. The domain is discretized using the commercial 
grid generation software CENTAUR. The hybrid mesh consists 
of tetrahedrons and triangular prisms. The boundary layer of 
the ring is resolved with 32 prismatic layers, that of the cyl-
inder with 40. The wall distance of the first layer is in each 
case 10−3 mm . The initial mesh has around 7.9 million points 
and is dynamically adapted during the unsteady simulation to 
a minimum edge length of 0.1mm and a maximum number 
of 20 million points. Figure 5 shows on the left-hand side the 
center plain of the initial grid. On the right-hand side the grid 
was locally refined to capture shock waves, furthermore regions 
of the grids that overlap solid bodies have been blanked.

The unsteady coupled and forced motion simulations start 
from a converged flow field solution on a refined mesh using 
the initial condition at t = 3.8ms given in Table 1. In each 
time step the motion state and/or the aerodynamic field is 
computed depending on the used simulation type. At the end 

(8)CD =
D

q∞ 2Rh

(9)CL =
L

q∞ 2Rh

(10)Cm =
My

q∞ 2R2 h
.

(11)q∞ =
1

2
�∞

[

(

u∞ − u
)2

+ w2
]

(12)� = � − �

(13)� = arctan

(

w

u∞ − u

)

.

(14)Cp =
p − p∞
1

2
�∞u

2
∞

.

Fig. 2   CFD/RBD coupling scheme. ①, ⑤ exchange of aerodynamic 
loads, ② computation of RBD time step,③ exchange of motion state, 
④ computation of CFD time step, ⑥ repetition of step ① to ④ until 
convergence
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of the time step the grid is adapted to capture the new shock 
contours and the inflow condition is updated according to 
the measured free stream values shown in Fig. 6.

In total 9.2 ms of physical time have been simulated from 
3.8 ms to 13.0ms.

All simulations use a physical time step of Δt = 0.1ms . 
The flight mechanic simulation only computes the motion 
state. For the coupled simulations 500 inner iteration for 
the CFD solver and five coupling cycles have been com-
pleted. This means one coupled time step consisting of 
one predictor and five corrector steps requires 3000 itera-
tions. The convergence of the scheme is shown in Fig. 7 
for seven physical time steps. The density residual as well 
as the pitching moment are fully converged within each 

time step. The results after the first 500 iterations of every 
time step correspond to the weak coupled solution.

All simulations have been carried out on the DLR 
HPC Cluster for Advanced Research and Aerodynam-
ics (CARA) in Dresden, the used compute nodes consist 
of two AMD EPYC 7601 2.2 GHz CPUs with 32 cores 
each. On 16 nodes the coupled simulation of 92 time steps 
requires 105h . Each coupling step (predictor or corrector) 
takes a bit less than 11min the grid adaptation and repar-
titioning takes around 4 min.

A time step convergence study with a time step of 
Δt = 0.05ms shows no difference in the results.

To check the influence of the spatial discretization of the 
computational domain on the aerodynamic coefficients of the 
ring steady-state simulations at three times have been per-
formed. The simulations have been made for the ring with 
and without the cylinder. The flowfield has been computed 
on two different 3D meshes. The free stream in the cases with 
cylinder corresponds to the conditions at t = 6.0ms , 9.0ms , 
and 12.0ms . The case without the cylinder correspond to the 
initial condition at t = 3.8ms but with zero angle of attack 
to allow the comparison with an axisymmetric computation. 
Velocity and rotation rate of the ring are zero for this study. 
The nominal grid is the grid used for the unsteady simulations. 
The fine grid has more points and quadrilateral prisms in the 
boundary layer of the ring. The quadrilateral discretization of 
the ring surface allows a better resolution of the rectangular 
edges. For the nominal grid the same adaptation strategy as for 
the unsteady simulation is used. For the adaptation of the fine 
grid more points are added in each step and the total number 
of points in not limited. For the axisymmetric grid the first 
wall distance is between 1.25 ⋅ 10−4 and 2.50 ⋅ 10−4 mm . All 
steady-state simulation results are summarized in Table 2. The 
difference is around 3% for the drag and 1% for the lift. At 
12.0ms the wake of the ring becomes unsteady, which leads 
to deviations of 10% in the pitching moment.

Fig. 3   Dimensions of the configuration and coordinate systems

Fig. 4   Computational domain. The domain consists of two overlapping sub-domains for the cylinder (grey) and the ring (blue)
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5 � Results

The results of all simulations and the experiment are com-
pared in Figs. 9 and 10. Figure 9 shows the variation of 
lift, drag, and pitching moment of the ring versus angle of 
attack (left) and versus time (right). Figure 10 shows the 
time-history of horizontal and vertical position, the atti-
tude, and the corresponding velocities of the ring. To illus-
trate the influence of the shock interaction on the motion 
and the aerodynamic forces on the ring (blue) additional 
coupled simulation results without the cylinder (red) are 
presented. In the case without shock interaction the ring 
moves with almost uniform acceleration.

During the entire test period the results of the fully cou-
pled CFD/RBD simulation (solid blue lines) show up to 

25% higher drag values compared to the measurements. Lift 
and pitching moment are also above the measured values 
until they reach their maximum values at t = 8.3ms and 
t = 8.1ms respectively. The comparison with the simulation 
without cylinder (solid red lines) shows that the bow shock 
of the cylinder already has an influence on the ring right at 
the start of the simulation at t = 3.8ms . The change over 
time in the experimental values is also less pronounced com-
pared to the computation. Not reproduced by the simulation 
is the bending of the curves of drag and pitching moment at 
t = 11ms . The larger simulated forces lead to higher veloci-
ties and a greater distance covered by the ring at the same 

Fig. 5   Center cut-plane of the primary computational mesh. Cylinder mesh with inertial coordinate system (black) and overlapping ring mesh 
(blue). The picture shows on the left the original mesh, and on the right a local refined mesh where the body overlapping parts have been blanked

Fig. 6   Time-history of the measured free stream values (data taken 
from [1]). A linear interpolation is used to determine the TAU inflow 
boundary condition

Table 2   Influence of the spatial resolution on the aerodynamic coef-
ficients of the ring

Grid No. of 
points (ini-
tial grid)

No. of 
points 
(adapted 
grid)

CD CL Cm

Ring w/ cylinder at t = 12.0ms

3D nominal 7.9M 19.9M 0.87973 0.57963 -0.08215
3D fine 10.8M 82.1 0.90222 0.58191 -0.09006

Ring w/ cylinder at t = 9.0ms

3D nominal 7.9M 19.8M 0.77204 1.07820 -0.05052
3D fine 10.8M 82.2M 0.79561 1.07962 -0.05168

Ring w/ cylinder at t = 6.0ms

3D nominal 7.9M 19.9M 0.66162 0.76695 -0.00176
3D fine 10.8M 82.3M 0.68381 0.77706 -0.00047

Ring w/o cylinder at t = 3.8ms but 
� = 0

◦

3D nominal 4.3M 11.4M 0.73545 – –
3D fine 7.2M 54.9M 0.75937 – –
2.5D 4.1M 6.6M 0.75995 – –
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time, the difference in pitching moment leads to a smaller 
pitch angle as shown in Fig. 10. A different positioning of 
the ring within the shock layer of the cylinder in turn influ-
ences the location and the type of the shock interaction and 
thus the surface pressure distribution and the acting forces 
and moments.

To separate these effects the results of a forced motion 
simulation (dashed blue line) prescribing the measured tra-
jectory are compared in Fig. 9. Considering the distributions 
of the aerodynamic loads versus time both simulations show 
very similar results, the differences between the simulations 
are much smaller than the differences compared to the Long-
shot data. Considering the loads versus angle of attack the 
forced motion data show a shift towards higher (negative) 

angles and are closer to the measured points. The angle of 
attack is a time dependent variable and the shift is due to 
the fact that the pitch angle from the forced simulation is 
always smaller than the pitch angle computed by the coupled 
simulation. Despite the identical movement of the ring in the 
forced motion simulation and the experiment the simulated 
forces are still much higher.

The results of the steady-state computations (circles) are 
consistent with the unsteady results, slight differences are 
due to the fact that the ring is not moving. The differences 
between the various simulations on the trajectory of the ring 
is also shown qualitatively in Fig. 8. On the left fully cou-
pled (grey) and forced motion (blue) results are shown. The 
right side highlight the effect of the shock interation between 
coupled results (grey) and results without cylinder (red).

The flight mechanic simulation using the measured aero-
dynamic loads was intended to check the consistency of the 
experimental data set and the 6-DoF solver. Position, ori-
entation and the corresponding velocities of the ring versus 
time are plotted in Fig. 10. The calculated curves (dashed 
lines) show good agreement and are largely within the error 
range of the measured data. The sensitivity of the motion 
state have been investigated including the given upper and 
lower error of the forces and moments (diamonds in Fig. 9) 
in the 6-DoF simulation. The results are within the blue 
areas. The errors add up over time and are therefore signifi-
cantly larger than the errors of the direct measured values. 
The computed pitch angle and pitch rate are almost every-
where within this error range, which is not the case for the 
horizontal and vertical translational motion.

Figure 11 shows a series of simulation results of the cou-
pled CFD/RBD simulation. Shown is the distribution of the 
surface pressure coefficient Cp and a schlieren image recon-
structed from the density gradient in the center plane of the 

Fig. 7   Density residual and pitching moment coefficient Cm versus 
the number of CFD solver iterations for seven time steps with strong 
CFD/RBD coupling

Fig. 8   Difference in position and attitude of the ring between coupled (grey) and forced motion (blue) simulation results (left). The force motion 
results are identical to the measured VKI Longshot data. Influence of the shock interaction on the position an attitude of the ring (right). Shown 
are the initial position at 3.8 ms and results at 5.0ms, 7.0ms, 9.0ms, 11.0ms, and 13.0ms
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computational domain. In hypersonic flow the majority of 
the force is pressure-induced, so the Cp distribution is an 
indicator for the forces. As far as the ring is within the shock 
layer of the cylinder the interaction between the cylinder 
shock and the ring shock leads to a growing region of high 
pressure on the lower outer side of the ring which is respon-
sible of the lift increases up to t = 8.3ms . At this time the 
secondary interaction point reaches the stagnation region of 

the ring. The observed Edney type interaction increase the 
pressure on the thin front side of the ring up to a maximum 
value of Cp ≈ 6 . This pressure rise initiates the increase of 
the drag and the pitch down motion. When the interaction 
moves upwards, the pressure on the outer side and thus the 
lift decreases again.

Fig. 9   Comparison of simulated (lines) and measured (diamonds) aerodynamic coefficients of the annular ring interacting with the bow shock 
in front of the cylinder (blue) and without shock interaction (red). Shown are results received with CFD/RBD coupling (solid lines) and forced 
motion results (dashed lines). The steady-state results (circles) have been simulated at a fixed time using the conditions at 3.0ms, 3.8ms, 6.0ms, 
9.0ms, and 12.0 ms (left to right) after flow onset
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6 � Conclusion

Fully coupled CFD/RBD and forced motion simulations 
have been carried out to reproduce the VKI experiment of a 
free-flying ring crossing the curved shock wave in front of a 
cylinder. Both simulations show too high values for lift and 
drag compared to the measurements. The simulations also 
show a faster change of these values and can not reproduce 

the drag decrease and the pitching moment increase towards 
the end of the test time. One source for the less pronounced 
gradients could be the filtering of the experimental data. A 
Savitzky-Golay filter has been applied to the data. Not clear 
is if the filtering is also responsible for the bending of the 
curves at the end. Fact is that the ring leaves the core flow of 
the VKI Longshot nozzle and interacts with the shear layer 
[2], which should account for the majority of the effect. The 

Fig. 10   Comparison of the simulated (lines) and measured (diamonds) motion state of the annular ring interacting with the bow shock in front 
of the cylinder (blue) and without shock interaction (red). Shown are results achieved with CFD/RBD coupling (solid lines) and results achieved 
with the flight mechanic solver and prescribed loads (dashed lines). In addition, flight mechanic results along the upper and lower error limits of 
the prescribed loads are shown (blue area)
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Fig. 11   Computed surface pressure coefficient Cp and center plane schlieren pictures showing the motion of the ring and the interaction between 
the shock waves. The results have been achieved with the coupled CFD/RBD simulation. The simulated time is from t = 3.8ms (initial solution) 
to 13ms . Maximum lift is reached at t = 8.3ms . The maximum reached pressure coefficient is about Cp ≈ 6
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higher force values may be caused by different free stream 
values in the wind tunnel test and in the simulations or an 
inadequate gas model. A calorically perfect gas model is 
applied, neither thermo-chemical excitation of the nitrogen 
molecules in the nozzle reservoir nor freezing during the 
expansion process are taken into account. Some aspects of 
the calibration and the modeling of the Longshot nozzle 
expansion including the effects of non-perfect and dense gas 
corrections are discussed in [10] and [11]. The fact that the 
experimental data set is based only on one single experiment 
is not optimal, data from several experiments would allow to 
estimate the shot to shot variation regarding the initial and 
boundary (free stream) conditions.
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