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Abstract

Aerodynamic damping is investigated in the subsonic and transonic regimes for re-entry vehicles. Static moment,
free oscillations and forced oscillations experiments are carried out on replica models in the von Karman Institute
(VKI) S-1 supersonic-subsonic wind tunnel. The frequency of oscillations induced in wind tunnel is made to
match the reduced frequencies of flight vehicles based on their natural frequencies. In free oscillation mode, the
inertia of the vehicle is adjusted for the same reason. Recent results on this vehicle with a sting as support are
compared with existing data in literature and with a previous campaign carried out in the VKI-S1 with a transversal
support on a different experimental set-up. It shows significant effects of the support on the static and dynamic
measurement. Proper validation of the methods should give better confidence into the results for the dynamic
characterization of the vehicles.

Nomenclature

Symbols

α Angle of attack, rad
θ Pitch angle, rad
CD Drag cofficient, -
CL Lift coefficient, -
Cm Pitching moment coefficient, -
Cmq + Cmα̇

Pitching moment derivatives, rad−1

q∞ Dynamic pressure, Pa
ρ∞ flow density, kg/m3

S t Strouhal number, -

Abbreviations

CG Center of Gravity
CTV Crew Tranport Vehicle
SLA Stereolithography

1. Introduction

Entry capsules provide an attractive option for plan-
etary exploration missions. Designed to survive dur-
ing early phases of atmospheric entry, these vehicles
often become dynamically unstable at low altitudes.
Proper characterization of aerodynamic damping can
allow drogue chute deployment at lower Mach num-
ber. Such findings may permit smaller drogue chute
designs, thus enabling a payload volume and weight
increase as well as a vast decrease in drag penalties.

The aerospace vehicle is exposed to unsteady flow
fields that may have significant effects on its charac-
teristics of motion. As a result, the dynamic stability
information, considered of rather lesser importance
for a number of years, has became an object of rel-
atively high interest. The reason is obvious: in the
past, for aircrafts at low angles of attack, most of the
dynamic stability parameters were relatively easy to
predict analytically. It had only a relatively insignifi-
cant or at least, a relatively constant effect on the re-
sulting flight characteristics of the vehicle. With the
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advent of flight at high angles of attack at high speeds,
all that has drastically changed. The dynamic stabil-
ity parameters are now found to depend strongly on
the non-linear effects and can no longer be calculated
using relatively simple linear analytical methods as in
the past and new methods are needed. Since the non-
linear instability phenomena are not well known for
the moment, it is in general difficult to simulate them
using CFD. Thus, the experimental techniques in wind
tunnels are certainly the best way to obtain dynamic
stability information at realistic Reynolds and Mach
numbers.

2. Objective

The objective of this project is to develop the exper-
imental tools for the study of the dynamic stability in
the subsonic and supersonic range. The wind tunnel
S1 was selected for this purpose. Different experimen-
tal technique need to be implemented in it. The free
oscillation technique consists in releasing the model
in a given position and observing the model oscillat-
ing around its axis. It gives directly the behavior of the
model. The forced oscillation technique does not give
directly the characteristic of the model. Oscillations
are forced by a crankshaft mechanism and the pitch-
ing moment is measured during the oscillations thanks
to a balance. These techniques have been developed
and used with various reentry vehicle and need to be
properly validated in order to assess the uncertainty of
the methods.

3. Theory

3.1. Motion equations

Figure 1: Space vehicle entering the atmosphere [2]

The motion of a space capsule during planetary re-
entry can be seen, by classical mechanics, as a combi-
nation of translation and rotation around its center of

gravity. The classical equations of motion of the vehi-
cle are obtained using a fixed system of coordinates,
and assuming the vehicle to be rigid. Then one can
deduce the six equations governing the movement of
the object in the three dimensions. However since the
system obtained is quite complex to solve (impossible
analytically), one usually makes some assumptions:
the displacement is made in two dimensions, the rota-
tion of the earth is neglected and the gravity force is
constant.

In the wind tunnel, the angle of attack and the pitch
angle are equals:

θ = α⇔ γ = 0 (1)

A set of three equations governing the movement of
the vehicle in two dimensions can be obtained:

m
dUx

dt
= q∞S CD (2)

m
dUz

dt
= q∞S CL − mg + m

U2

r
(3)

Iθ̈ = q∞S CmD (4)

This third equation represents the rotation of the
capsule around his pitch axis. The pitching moment
coefficient can be rewritten depending on the other pa-
rameters:

Cm =
∂Cm

∂α
(α − α0) + Cmq

D
2U

θ̇ + Cmα

D
2U

α̇ (5)

Cm may be separated into two parts (recalling that
α and θ are equivalent here):

• a static one: ∂Cm
∂α

(θ − θ0)

• and a dynamic one:
(
Cmq + Cmα̇

)
D

2U θ̇

Hence the equation 4 can be written:

Iθ̈ = q∞S Cmα
D (θ − θ0) +

q∞S
D2

2U

(
Cmq + Cmα̇

)
θ̇ (6)

This equation describes the motion of the model
around its pitching axis. The Cmα

coefficient is the
static coefficient which can be known thanks to the
static measurement of the pitching moment.

The aim of the present activities is to determinate
the dynamic coefficient: Cmq + Cmα̇

.
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3.2. Similarity parameters
The experiment conditions are based on the similar-

ity with flight data. The similarity can be made on sev-
eral parameters, but it is usually impossible to make
all of them respected in the same time. As a conse-
quence, one has to choose which ones are of primary
importance. Geometry of the model is of course one
of them and means that the model should be a scaled
representation of the vehicle outer shape. In order to
reproduce correctly the movement, the CG location
of the flight vehicle should correspond to the center
of rotation of the wind tunnel model. Another im-
portant parameter to match while performing experi-
ments in transonic and supersonic regime is the Mach
number. Here, the experiments deal only with Mach
numbers high enough not to neglect the compressible
effects, and hence the Mach number similarity has to
be applied. Finally, the third parameter to match for
the similarity concern is the oscillations reduced fre-
quency. This non-dimensional number is very similar
to a Strouhal number, but is based on the frequency of
the model oscillations and not on a frequency relating
to the flow. It is assumed that this parameter should
be matched in order to obtain the same aerodynamic
behavior as in flight. The reduced frequency matching
depends on the test technique that is used and its com-
putation is presented below. It is worth to mention that
the Reynolds number similarity, which is very often a
major concern in fluid dynamics experiments, cannot
be fulfilled in the classical facilities: it is in fact much
lower for the experiments than for the flight due to the
large scaling factor, while the other parameters do not
changed a lot. However, it is usually admitted that the
stability phenomena are affected by the flow regime
(meaning laminar or turbulent), and not much by the
exact matching of the Reynolds number. For the sim-
ilarity of this study, the flow in flight is certainly fully
laminar and as the Reynolds number reached during
experiments is much lower than the one of flight, one
can assume that the flow is completely laminar for ex-
periments as well as for the flight.

3.3. Reduced Frequency (Strouhal Number)
The reduced frequencies of both the model and the

flight vehicle for the forced oscillation tests should be
maintained to equate the dissipation or input of en-
ergy from the surrounding flow field (aerodynamic in-
fluences) on the model during testing with the flight
vehicle. It is defined by the Strouhal number (St). Os-
cillations occur at the natural frequencies of the ac-
tual flight vehicle upon atmospheric re-entry condi-
tion. Thus, during free and forced oscillations tests

on the models, the Strouhal number based on the nat-
ural frequency and characteristic length of the flight
vehicle is used. The general formulation is given by:

S t =
f D
U∞

(7)

Extraction of the natural frequency f of the flight
vehicle is obtained from the ’spring’ and ’damping’
constant in equation 6.

f f light =

1
2π


√√√√√√√√√√√√√ q∞S D |(∂Cm/∂θ)|

I︸             ︷︷             ︸
static restoring moment

−

2q∞S D
(
Cmq + Cmα̇

)
2I

 2︸                        ︷︷                        ︸
aerodynamic damping


f light

(8)

The aerodynamic damping can be neglected due to
its magnitude relative to the static restoring moment
contribution. Thus, the Strouhal number of the flight
vehicle becomes:

(S t) f light =

(
f D
U∞

)
f light

=


√
ρ∞S D3 |(∂Cm/∂θ)|

8π2I


f light

(9)

ρ∞ is the free stream density. The respect of the
similarity provides the value of the inertia and of the
driving frequency respectively for the free and forced
oscillations:

Iexperiment =

(
I

ρ∞D5

)
f light
×

(
ρ∞D5

)
experiment

(10)

fexperiment =

1
2π


√
ρ∞S D3

(
−
∂Cm
∂α

)
2I


f light

×

(U∞
D

)
experiment

(11)

4. The free oscillations technique

For this technique, the model is free to rotate
around an axis passing by the CG location. It is re-
lease in a position different of the trim angle. The
model is then free to oscillate around the trim angle.
The incidence angle is recorded over time. In order
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to simplify the writing of the equation of motion, it is
replaced by a more general form:

θ̈(t) + aθ̇(t) + bθ(t) = 0 (12)

where a and b are two coefficients
One can obtain the damping in pitch parameter

from the resolution of this equation with:

Cmq + Cmα̇ = −
Iα

q∞S D D
2U∞

(13)

4.1. Envelope Method
The method used for the resolution of the differ-

ential equation and the extraction of the damping in
pitch parameter is the envelope method. It consists in
using only the maximum or the minimum value of the
signal for each oscillation, and in computing the log-
arithmic decrement between two extrema. For a the-
oretical second order signal, the oscillations damping
is computed by:

a =
2

nT
ln

(
x2

x1

)
(14)

T is the period of the signal x1 and x2 are two ex-
treme values separated by n periods.

In computing the damping over the whole signal
(either by using the first and the last extremum or by
making an envelope fitting of the whole signal), a sin-
gle value is found for the damping in pitch parame-
ter. However, due to the large variation of the oscilla-
tions amplitude during the tests, it appeared that this
method is too global and does not take into account
the possible changes in the damping term: it is not
satisfactory.

Figure 2: Envelope curves

On the opposite, by calculating the damping value
between each two consecutive maxima or minima, the

experimental uncertainty has a large influence on the
results, which are therefore very scattered and not us-
able properly. As a consequence, what it seems to be
the best technique is a compromise between the two:
the use of about seven oscillations of the signal to per-
form the average damping over them gives results of
a quite accuracy and without a large scattering.

5. The forced oscillations technique

Models oscillate with one degree of freedom over a
fixed range of oscillation angles in a periodic pattern.
The forced oscillations induce moments on the model
in addition to the aerodynamic loads. Moments and
incidence angles are recorded over time. Contrary to
the free oscillations equation of motion, the equation
for forced oscillations cannot be solved directly for the
damping in pitch parameter because of the mechanical
moments, which cannot be evaluated independently
from the actual experiments. However, in performing
the so-called no flow measurements (which consist in
forcing the oscillations of the model, with the wind
tunnel not working), one gets the following equation
of motion (like the equation 5 without the aerody-
namic terms):

Iθ̈(t) − cθ̇(t) − kθ(t) = Mn f (t) (15)

Mn f (t) is the external forcing moment as a function
of time in no flow conditions. Then, in computing
the difference between the equation 15 with flow and
without flow, one finds:

q∞S D
D

2U∞

(
Cmq + Cmα̇

)
θ̇(t) + q∞S DCmαθ(t) =

Mn f (t) − M f (t) (16)

M f (t) is the external forcing moment as a function
of time in flow conditions In a more general form, it
gives:

Aθ̇(t) + Bθ(t) =
∆M(t)
qS D

(17)

The mechanical moments as well as the inertial part
of the original equation of motion do not appear any-
more for the resolution of the problem. However, the
use of the two sets (with and without flow) of experi-
ments requires absolutely the equality in the evolution
of the angle of attack (θ f (t) = θn f (t) at every instant).
One can obtain the damping in pitch parameter from
the resolution of this equation with:
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Cmq + Cmα̇ = A
2U
D

(18)

The principle of the energy resolution consists in
integrating the work absorbed by the system (corre-
sponding to amplification) or dissipated (correspond-
ing to damping) during one oscillation cycle. In fact,
since the mechanical friction is not null in the driving
system, some energy injection is always necessary to
compensate the losses. The energy is injected by the
power supply. Depending on the loop direction (see
figure 3), one can deduce if the system oscillations
would be amplified or damped while subjected to free
oscillations. The first case is represented by a counter
clockwise loop associated to a dissipation of energy,
whereas the second situation is associated to a clock-
wise loop associated to an input of energy.

Figure 3: Energy method representation

The general expression of the damping in pitch pa-
rameter is the following [2]:

Cmα̇ + Cmq =

∮
Cmdθ∫

T
θ̇2dt

2U
D

(19)

One can notice that, as the graphical representation
has shown it, the damping in pitch parameter (about
which it has been said that a negative value means dy-
namic stability) and the pitching coefficient integral
are of the same sign.

6. Equipment

6.1. Supersonic / Transonic S-1 Wind Tunnel

The VKI supersonic/transonic wind tunnel S-1 is a
continuous closed circuit facility of the Ackeret type,
driven by a 615 kW axial flow compressor. Two 40

cm x 36 cm test sections are used: a contoured noz-
zle with M = 2.0 and a slotted transonic section with
variable Mach number, from 0.4 to 1.05. The tunnel
is equipped with scani-valves for pressure distribution
measurements, multi-component strain gage balances,
and a free-to-tumble mounting system for investiga-
tions of dynamic stability of aerospace vehicles.

Mach P0 p∞ ReLre f T0 ρ∞ U∞
- Pa Pa - ◦C kg.m−3 m.s−1

0.5 26685 22514 169306 26 0.2755 168.72
0.6 26681 20891 198116 32 0.2558 203.42
0.69 26772 19421 223702 40 0.2374 234.54
0.8 26695 17565 247673 48 0.2151 269.50
0.89 27710 16248 262591 56 0.2000 299.32
2.0 9430 1193 875900 25 0.0249 519.25

Table 1: Typical Flow conditions

6.2. Experimental setup

Several experimental setups have been designed
and build over the years for the static and for the dy-
namic measurement.

6.2.1. Static experiments
First configuration

The first experimental setup was built during the CTV
phase A and one of the purposes was to cover the full
domain of interest for the AEDB (360◦). The figure
4 shows the next setup where a stepping motor was
added in order to rotate the model during the test. The
reference length is 50mm, the diameter of the capsule .
Static force and moment measurements are now pos-
sible in a range of [-225;+225◦]. Axial and normal
forces are measured by two strain gage balances im-
plemented in the arms. The stepping motor and the
angle measurement digital device are mounted on this
balance so that all aerodynamic efforts are applied on
the balances.

Figure 4: Experimental setup for the static test(improved)
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The main interest of this setup was the possibility
to measure the aerodynamic effort for any angle of
attack but the presence of the transversal support
interferes with the flow and can introduce significant
error.

Second configuration
The second configuration is similar to the first one
but the balance and the driving mechanism are not in
the wind tunnel but outside. The setup designed for
the dynamic testing (see figure 8) was used for this
purpose.

Last configuration
For the recent testing, the support is now a sting. The
model for the static measurement is made in Ureol; a
light material easy to machine. The reference length
is 77mm in order to install the equipment inside (bal-
ances, encoder, oscillating mechanism). The balance
was designed to fit into the model along the symmetry
axis. The center of reduction of the balance is close to
the center of mass for a better sensitivity (figure 5 and
figure 6).

Figure 5: Model for the static tests with the balance

Figure 6: Balance for the static measurement

6.2.2. Dynamic experiments
Old configuration

The free to tumble setup used for the first campaign
was developed during a previous study and modifica-
tion was done in order to improve the quality of the
angular measurement. The encoder is now able to
give the angular position with 0.18◦ of accuracy. The
picture (Figure 7) gives a general view of the set-up
in the wind tunnel. The rod is mounted on two ball
bearings and linked to the encoder in one side and
to the release system on the other side. It is possible
with this technique to know the exact angular position
for an infinite range. When the center of gravity is not
on the axis of symmetry, it is necessary to add a mass
to equilibrate the model. Otherwise, the trim position
is influenced by the actual position of the center of
gravity and do not depend only of the aerodynamic
characteristic. The model is made of foam and resin
and the reference length is 50mm.

Figure 7: First Set-up for free to tumble test

Second configuration
A new setup was developed for the VKI S1 wind tun-
nel to support a model by a transversal rod. This rod
is linked to a mechanism able to supply an oscillat-
ing movement or it is free to tumble. In this last case,
an effort was made to limit the friction of the bearing
to a minimum level. For this purpose, ceramic ball
bearings were used because friction is very low when
they are used without lubrication. A magnetic encoder
will measure the angular position with high accuracy
(4096 steps/revolution). In order to adjust the inertia
of the model, a mass can be add on the support but the
complete system must be as light as possible to reach
the lowest value of inertia. For this purpose, particu-
lar care will be taken in the choice of material for the
oscillating elements.

The previous experience shows problems in re-
leasing system. It was not fast enough and it was
difficult to adjust accurately the initial position. A
new system was designed to allow fast and accurate
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Figure 8: Experimental setup for free oscillations testing

angular release position. It is made of a small disk
attached to the transversal rod and an electromagnet.
This one can be operated by the operator thanks to a
secondary axe passing through the wind tunnel.

New configuration
Like for the static efforts, when using a transversal
support, the support disturbs the flow topology and
produce significant error on the pitching moment mea-
surement. The new setup was designed in order to
produce the oscillations of the capsule through a sting.
Since the aim of the study is to measure the forces ap-
plied on the capsule while oscillating. The setup is
rather complicated (figure 9, 10 and 11):

• A big electrical motor is fixed outside the wind
tunnel. It drives the model with the required fre-
quency and amplitude.

• The rotation of the motor is transformed into os-
cillations thanks to an eccentric system.

• A secondary sting is then animated of periodic
forward / backward translation movement inside
of the main sting.

• The diameter of the main sting is selected to
avoid excessive flexion during the tests cam-
paign.

• Inside of the model, a static piece supports the
encoder and the axis of the model.

• This axis is oscillating thanks to a crankshaft sys-
tem and the balances are fixed on the axis.

• Interfaces between the balances and the model
are adjusted together and should give a perfect
trim position of the model.

• One optical encoder is fixed inside the model.

• For these dynamic measurements, the center of
gravity is very important. It means that the center
of rotation of the capsule should correspond to
the center of gravity.

Figure 9: Overview of the dynamic set up

Figure 10: Zoom in on the oscillating system

The model is constructed in several parts which are
then assembled on the balances which are fixed on the
axis. The figure 11 gives a view of the different pieces
composing the model.

To obtain the forces applied on the model during the
experiments, an aerodynamic balance was designed
(balance VKI3822). Two of them are placed inside
the model for a better symmetry and so, a higher ac-
curacy.

The four arms of the balance behave like four
beams. The arm distortions are followed by the differ-
ent distortion gauges stuck at different places on each
arm. The center of reduction of the balance is located

© von Karman Institute for Fluid Dynamics



Figure 11: different pieces constituting the model

Figure 12: Dynamic balance

on the axis of rotation. The balance allows also the
measurement of the axial and normal force in order to
compensate for interferences.

7. Models manufacturing

As mentioned before, the model has to be light
whatever the technique used. In case of free to tumble
model, the model is light in order to respect the simili-
tude and when the forced oscillation technique is used,
the mass is reduced as much as possible in order to de-
crease the inertial part of the moment and increase the
accuracy. Over the years, the technique used to build
the model has changed. First models were built from
foam and resin and the shape was obtained by cast-
ing. The problem of the casting was the accuracy of
the shape of the model. Then, SLA prototyping was
used because of the complexity of the model but this
technique does not allow to control the shape of the
model and the location of the CG. The last improve-
ment consists in mixing the SLA for the complexity
and the classical machining for the quality. It is the
more precise way to build a model but improvements
are still needed to decrease the uncertainty in CG lo-
cation.

8. Results

Many results have been obtained over the years.
This part gives typical results obtained with the CTV
model.

8.1. Static tests
During the first campaign, the moment can be mea-

sured over a large range of angle of attack and the
model is supported by a transversal rod. The results
are given in the figure 13. The figure 14 shows the
same measurement with the new setup. The range of
angle of attack is limited to 15◦. The slope is similar
but the trim angle is very different (α ≈ −40◦ for the
first campaign and α ≈ −17◦ for the second). These
last measurements have been compared with literature
data and good agreement is found (see figure 15). It
clearly indicates the strong influence of the support for
this kind of measurement.

Figure 13: Pitching moment on CTV in transonic regime (first
Setup)

Figure 14: Pitching moment coefficient on the CTV capsule (new
setup)

8.2. Dynamic tests
The dynamic test carried out during the first cam-

paign consisted in qualitative measurement. The pur-
pose of the tests was to measure the trim angle (figure
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Figure 15: Trim angle of the CTV capsule (new set-up versus liter-
ature)

15) and to estimate the range of angle of attack for
which the model is dynamically stable (see figure 16
and table 2 ). It can be noted that the dynamic trim
angle is the same than the static one. The support was
the same and produced the same effect. The phase di-
agram indicates clearly if the model is stable or not
and it can be compared with static result. The trim
points found by static experiments are confirmed with
the dynamic setup and each of these points is stable.

Table 2: Final position of the CTV Capsule

The more recent dynamic experiments were per-
formed with the forced oscillating mechanism sup-
ported by a sting. Experiments are carried out for
various frequencies of oscillation in order to assess
the sensitivity of this parameter. The damping pa-
rameter is computed using the energy method de-
scribed before. For the CTV, the results are given in
the figure 17. It shows the domain of similitude be-
tween 0.002 and 0.003. In this range, Cmq + Cmα̇ ≈

Figure 16: Phase diagram of the CTV capsule at Mach=0.7

+0.7. That means the vehicle is dynamically unsta-
ble. It is noted that for higher Strouhal number, the
damping parameter is suddenly increasing. It happens
for Strouhal =0.003 at Mach number of 0.9 and for
Strouhal =0.006 at Mach number of 0.5.

Figure 17: Damping parameter for the CTV capsule in subsonic
regime

Dynamic results are given in the figure 18 for su-
personic flow. For the CTV capsule, in the range of
similitude, the damping parameter is clearly negative
indicating stable behavior. A stable capsule in super-
sonic regime becoming unstable in subsonic is usual
and not surprising. The phase diagram (only avail-
able for the subsonic regime) was showing opposite
behavior, the vehicle was stable between Mach =0.5
and Mach=0.9

9. Error analysis

It is now clear that the transversal support intro-
duced error. The recent experiment, carried out with
a sting seems to give results of higher quality. Many
aspect of the uncertainty have been studied. The er-
ror due to the balance is proportional to the one on
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Figure 18: Damping parameter for the CTV capsule in supersonic
regime

the damping coefficient (2.3%). The repeatability is
good and the flow properties are very accurate. The
more critical sources of uncertainty are coming from
the CoG location, the balance stiffness, and the sup-
port effect. Many efforts have been done to respect
the CoG and error is expected to be relatively small
(err<0.1mm). For the balance stiffness, a small shift
in angle can happen between angle deduced from the
rotation of the main driving shaft and the real angle.
Under the maximum load of the balance, its flexure
does not exceed 0.07◦ which corresponds to a shift on
the main shaft of a bit less than 1◦. The associated
error on the damping parameter is deduced to be less
than 35 %. It is not possible to quantify the effect of
the support because the reference value is not known.

10. Lesson learnt

During this project, models were designed and ma-
chined for static and dynamic experiments. In the last
campaign, the static model was supported from the
base through a balance. Due to the high sensitivity of
the CoG location, very special care has to be taken to
locate the center of reduction of the balance on the
CG. An error of positioning of 0.1mm in the y di-
rection produces a significant error on the trim angle.
The model for the dynamic testing was much more
complex as it must include the oscillating mechanism,
two balances and the encoder. The fast prototyping
technique allows producing light model with complex
shape but results in not extremely accurate model. For
this project, the outer shape of the model was further
machined after assembly of all the elements with clas-
sical machining. At the end of this second step, some
errors are still present in the positioning and it is sug-
gested to investigate more on the way to produce the
model for future campaign.

The forced oscillation mechanism allows adjusting
the amplitude and the frequency of the model up to the
required frequency to respect the similitude. The main
difficulty came from gaps between pieces. The bronze
bearing should be replace by ball bearing or needle
bearing in order to guaranty the movement with min-
imum friction and minimum gap for every couple of
piece. The sting itself was big compare to the cap-
sule. A significant part of the base of the model was
removed to allow the passage of the sting. It is known
that the sting introduce error in the force measurement
but it should be minimize as much as possible. The
design was made with such big sting to avoid the flex-
ion. Our experience from this campaign let us believe
that the diameter can be further reduced.

The instrumentation for the static measurement is
limited to the balance and the encoders used to mea-
sure the angle of attack. The balance should of course
be correctly calibrated and special measurement must
be taken in order to define precisely the location of the
center of reduction. As explained before the defini-
tion of the trim angle of attack is very sensitive to the
location of the center of reduction. For the dynamic
experiment, two balances are used. The purpose of
using two balances was to keep a good symmetry in
the efforts, so that the interferences are limited. Pos-
sible improvements for the balance are the size and
the stiffness. It is evident that the space in the capsule
being limited, a smaller balance would help in the in-
tegration phase. Due to the strong oscillations during
experiment and the gap between pieces, the balance
must withstand high angular acceleration and deflec-
tion can be observed. A possibility is to increase the
stiffness of the balance or to take it into account in the
post-processing. The measurement of the angle of at-
tack during the oscillating tests was initially expected
to be measured by an encoder inside the model. It was
finaly decided to use an encoder outside the wind tun-
nel on the driving mechanism but the gaps between
pieces introduced significant error and should be cor-
rected by a correct modelisation of all the interfaces.
If possible, the angle of attack should be measured as
close as possible of the capsule in order to avoid the
multiple corrections.

The results for the static effort are in agreement
with reference data for CTV. When compared to the
measurement performed in the past at VKI with a
transversal support, a large deviation is observed on
the trim angle of attack. The transversal support is
suspected to induce perturbation in the wake and to in-
fluence the measurement. Difference on the trim angle
was about 20◦. In the field of another ESA contract,
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same kind of conclusion was done for the EXPERT
vehicle. Both static and dynamic results are different
depending on the support used (sting or transversal).

The CTV was already tested in the past with the
transversal support and with the free to tumble tech-
nique. First of all, as already mentioned before, the
trim angle was very different from the one obtained in
the present campaign. Secondly, the dynamic behav-
ior of the capsule was clearly stable over a large range
of angle while it is now unstable. It is difficult to give
a clear conclusion at that point about this difference.
Possible source of error were discussed in the section
9. The support is one of the sources of uncertainty but
the error cannot be assessed in the field of the present
experiment.

The interference of the support on the flow has been
shown by comparison between the present results and
a previous campaign on CTV. This problem has also
been demonstrated with the EXPERT vehicle by com-
paring the results from VKI and result from ITAM and
SibNIA [17] on the same geometry but with a differ-
ent supporting device. In both case the difference is
significant for the static and dynamic testing. More in-
vestigation should be done to assess the support effect.
As it is not possible to make experiment in wind tun-
nel without any support, it is proposed to investigate
this effect with numerical tools. The first step consists
in static computation in order to assess the effect of the
supports and how they can affect the flow. In a second
step, unsteady computation should be done on a static
model. Comparison with existing experimental results
should help in a better understanding the support ef-
fect and the topology of the flow. The final objective
is to perform unsteady CFD on an oscillating capsule.
Damping parameters can then be calculated with the
same technique than the one used in wind tunnel.

11. Future work

Many results have been obtained with different ex-
perimental techniques. These results can be very dif-
ferent from one technique to another one and need to
be properly validated. That will be the last part of
this work. The purpose is to impose on the model
a damping perfectly known when forced oscillations
are applied. The method to deduce the damping pa-
rameter can then be used and results can be compared
with the reference. Eddy current break was selected
to impose a well-known damping. The advantage is
to be able to vary the coefficient and eventually to im-
pose a damping function of the angle of attack. This
validation will give more confidence into the method

used to found the dynamic derivative. As explained
before, the support plays an important role in the re-
sults. CFD tools will be used to assess the effect of the
support. Better understanding of the flow around the
model and the sting should help in choosing the best
configuration to be used in wind tunnel to found the
dynamic derivative.
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