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Abstract

With the aim of placing Europe among the world’'a@pplayers in the strategic area of atmospheéntey, several
studies on experimental vehicle concepts and ingr@nts of critical re-entry technologies have pabhedway for
the flight of an experimental spacecraft.

The Intermediate eXperimental Vehicle (IXV), unde€BA’s Future Launchers Preparatory Programme (FLRBP)
the significant and fundamental step forward frén@ $uccessful Atmospheric Re-entry Demonstratghtflin 1998,
establishing Europe’s role in this field.

The IXV project objectives are the design, develeptm manufacture on ground and flight verificatioh an
autonomous European lifting and aerodynamicallyo-@entrolled re-entry system, which is highly flebe and
manoeuvrable. Among the critical technologies téri@st, special attention has been paid to:

* Advanced instrumentation for aerodynamics and heratodynamics

» Thermal protection and hot-structure solutions

» Guidance, navigation and flight control throughoanbination of thrusters and aerodynamic flaps

The paper depicts the main components of the sylteminvolving AeroDynamic (AED) — AeroThermoDynam

(ATD) and In Flight Experiments (IFE) aiming a letmastering and validation of aerothermodynamienpmena
with improvement of design tools including CFD, WTT

Copyright0 2011 by Jean-Pierre Tribot, Hervé Bucalo. Publidhethe EUCASS association with permission.
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1. Introduction

The IXV is designed to fulfill a set of high lewadquirements and objectives that have been it@lgtiliscussed and
jointly defined by the Agency and Industry.

The main technical and programmatic constraintsdbfine the project are:

« Perform the atmospheric re-entry with a lifting figaration controlled by combined thrusters and
aerodynamic surfaces.

* Perform verification and experimentation of a wdkfined set of critical re-entry technologies and
disciplines (e.g. aerodynamics, aerothermodynamtbgrmal protections, hot structures, guidance,
navigation and control, ...).

» Concentrate the verification and experimentatiotheénhypersonic and high supersonic flight domains.

* Perform landing and recovery of the vehicle ata®in an “intact” state to allow post flight ingpien and
analysis.

The vehicle configuration defined along the projaitases and has been presented successfullyS€CDR (System
Critical Design Review (SCDR) is shown in Figure 1.

.

Figure 1: Intermediar eXperimental Vehicle, génerallayout (courtesy of ESA)

Itis a lifting platform characterized by a L/D 00.7 in hypersonic regime, two body flaps usedafmodynamic
control. The vehicle is equipped with a descentr@edvery system including a set of parachutetdki@n and
localisation devices.

The resulting nominal ETE trajectory is shown igute 2, where the maximum altitude is set at ~4mb5irk the
ballistic arc. It provides a velocity at the engggte equal to 7450 m/s and a flight path anglelds®; fully
representative of a re-entry from low-earth-orbEQ) missions.
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Figure 2: Intermediate eXperimental Vehicle, missia general overview (courtesy of ESA)

Under ESA control, Thales Alenia Space lItaly isdiag the industrial organization gathered by mdrant 30
European partners.
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One important component of the system loop invold&dD (Aerodynamic), ATD (AeroThermoDynamic) and IFE
(In Flight Experiment).

The development of a robust Aerodynamic and aerothéynamic data bases is carried out for securirg t
aeroshape definition and providing reliable nomiaat sizing data for TPS (Thermal Protection Syjtamd
vehicle dimensioning purposes. Currently, only ugred prediction tools are used for assessing theesrgén
aerothermodynamic characteristics of the IXV vehial flight. Moreover above Mach number 10, gropnediction
tools like wind tunnel facilities are not able teproduce all parameters involved at flight conditidlaving any
flight data for validation, the extrapolation gralio flight strategy is only based on CFD.

For designing a hypersonic spacecraft, a close ipreen AEDB , ATDB & mission analysis is mandgtéor

consolidating the aeroshape. At each iteration AfBBB and ATDB are providing data for mission arsdy FQA /
GNC and TPS activities as well. Potential critipalints are solved by analyzing in depth the datdipted at
different level of the system loop.

Among the different objectives of the mission, t&/ vehicle is a flying test bed able to retrieviglit data for
validating the various prediction tools used far tresign.

As shown in Figure 3, the AEDB provides the aeradyic data to be used by the mission analysis whikds as
output the Mach number, altitude, angle of attadedip aileron and flap setting for each re-erttajectory point.
Then using the ATDB, for any flight trajectory pgia pressure and thermal mapping is computed tsbd for in
flight sensors location. Finally considering onetlad flow field phenomena to be occurred in flighe shock wave
boundary layer interaction phenomena (SWBLI), tlufe 3 displays the evolution of the boundary tsseparation
zone evolution for various flap setting at Mach mem17.75 enabling to define the more promisingéfera and
thermocouples location as well.
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Figure 3: AED / ATD / IFE System loop

Within the IXV programme, the AED/ATD and IFE adtigs are under Dassault Aviation responsibilitydan
involving RTECH, CFSE, UNIROMA, NLR, VKI (for CFDactivities), STARCS, ONERA, VKI (for WTT
activities) and RUAG, ONERA, CIRA, ETHZ, VKI (fonlflight Experiments) as shown in the Figure 4.
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Figure 4: AED, ATD and IFE industrial organisation

3. Aerodynamic

Design and data basing studies require the predicif forces on the « clean » aircraft (i.e. withaontrol surface
deflections), of the derivatives of these forcethwie attitude and motions parameters (primarigia of attack and
angle of sideslip), and with control surface deftat

The AErodynamic DataBase (AEDB) (see Figure 5) cowe wide range of Mach number from supersonic to
hypersonic up to rarefied regime for which globad goartial aerodynamic forces and moments are raadidable.
The ADB is built up in one block including two typef data as follows:

. Supersonic: mainly based on WTT results with GRRvier-Stokes) for specific effects such as Réyso
number effect and model set up interaction

. Hypersonic: based on CFD (Navier-Stokes) for iomtm flow field regime and DSMC for rarefied flow
field regime, with wind tunnel crosschecks.

The aerodynamic forces and moments are usuallypgbas longitudinal or lateral directional coefficis. The
longitudinal terms are normal force, axial forcedgitching moment, while the lateral directionains are rolling
moment, yawing moment, and side force. Furthds, @dommon in many instances to use coefficients derivative
form based on either a control surface deflectingiey the side slip angle, or angle of attack.

The formulation of the Aerodynamic DataBase haslmmsen to be easily usable for aerodynamic aisghyspose
and for a direct integration into the FES (Fligimigiheering System).

Finally, uncertainty on each aerodynamic coeffitienaken into account.

The uncertainties are defined with respect to t®oeiated origin and quality of the data implemeriteo the
database (CFD, WTT, level of validation, availatdenparisons, ...)
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Figure 5: AErodylnamic Data Base AEDé, main comboneﬂs
3.1 Aerodynamic uncertainties
For both supersonic and hypersonic domain the sairagegy was used for updating the aerodynamicrtainges.
The building up of these uncertainties is based Drassault Aviation in-house tool developed focrait.

For both supersonic and hypersonic AEDB, the listavodynamic parameters with uncertainties is:
e CA (axial coefficient) : UCA
e CN (normal coefficient) : UCN
e CM (pitching moment coefficient) : UCM
» CMDE (pitching moment elevator derivative coeffialp: UCMDE
» CYB (side force beta derivative coefficient) : UCYB
e CLLB (rolling moment beta derivative coefficientCLLB
» CLNB (yawing moment beta derivative coefficienty CLNB
» CYDA (side force aileron derivative coefficienty CYDA
e CLLDA (rolling moment aileron derivative coefficien UCLLDA
» CLNDA (yawing moment aileron derivative coefficigntUCLNDA
e CLL (rolling moment coefficient) : UCLLO
e CLN (yawing moment coefficient) : UCLNO

All these uncertainty coefficients are given asctions of the Mach number. They are generally giveabsolute
value, except for UCMDE, UCLLDA and UCLNDA which erespectively given in relative value of CMDE,
CLLDA and UCLLDA. They are all given in body axesll derivative coefficients (wrt beta or control fteections
de and da) are given per radian.

So far, no uncertainty has been defined for theadyo derivatives. These coefficients are of mimopaértance,
especially in supersonic / hypersonic regimes,fand vehicle controlled by a FCS.

The uncertainties may be considered as a combmatio'tolerances" (dispersion from the estimatiopams :
computation codes, wind tunnels) and of "variatigffiight transposition error). So, the breakdowicontributors
to these uncertainties may be as follow:

"Tolerances":
CFD
¢ Meshing inaccuracy
e Solving method(Euler, Navier Stokes, ...)
« Computation code
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* Inaccuracy due to convergence
* Models (turbulence, real gas, chemistry ...)

WTT
e Model inaccuracy
¢ Flow similitude (Reynolds ...)
« Mounting effect (sting ...)

All these contributions induce CFD to CFD dispensi@s well as WTT to WTT and WTT to CFD dispersidhss

out of question to quantify separately each coatrdm. The way of estimating the tolerances is Hase the
assessment of deviations between CFD or WTT re3MiST repeatability tests, etc ... In other word tblerance
assessments are obtained from the analysis oWHikable data resulting from the various predicteans.

"Variations"
. Representativeness of the prediction means (mdtmlscharacteristics ...)
. Realization of the vehicle (consistency with thedtetical shape, aeroelastic distortion ...)

The variation cannot result from the observatiorresfult dispersions. We have here to assess whid be the
deviation from the flight. It can only result eitifieom experience, or from some rationale aboutsgial phenomena
well known to be difficult to predict, such as regals effect in hypersonics.

3.2 Flying Quality Analysis, AEDB evolution check at

The AEDB evolution is assessed by means of a pimdig trim conditions analysis in hypersonic-supeis
regimes at the AEDB reference point centring caodiaind without uncertainties.

For both longitudinal and lateral behaviour analysiie CoG considered is located at h referenast pbdithe AED
(e.g. 58% in X and -2.5 % in Z with the origin atse).

The sizing re-entry trajectory is used as inputFQA (Flying Quality Analysis) at which thr trim alysis is done.

Assuming only nominal aerodynamic and a given AdAL%°, the flap setting evolution is drawn on thigure 6
versus Mach number for the previous and the lasdB.E

Due the aeroshape evolution (ie: real flap georeting nominal flap setting increases slightly iparsonic (above
Mach 4) and in hypersonic. A, increase of arourdkdree of flap setting is noticed. The effect obating a null
elevator efficiency below de = -10 deg of elevateflector can induce longitudinal trim impossilyilin some
centring conditions or AoA range.

The static margin evolution, given for AoA) 45° amiain conditions, shown in Figure 6, is acceptaieglgarding the
aeroshape design requirements and close to thimpseane.

For the lateral stability @3dyn coefficient (see Figure 7), the value obserfveth the last evolution of the AEDB
are quite constant and well below the value prbedsi assuming trim flap setting with nominal aemayic and
given inertia ratio.

Obviously, such current status must be consolidayed more detailed analysis of flying qualitietegrating MCI,
and aerodynamic uncertainties.
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Figure 6: AErodynamic DataBase check out, IXV longudinal behaviour
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Figure 7: AErodynamic DataBase check out, IXV Lateal stability behaviour
4. Aerothermodynamic

In order to provide time history heat fluxes dgria re-entry to be used as input at mission arsbysil aeroshape
design level as well, a Aero thermodynamic Datalaaskan interpolation software have been produced.

The ATDB is based on 45 masks stored on a sameagddouilt from selected 3D Navier-Stokes compatetiand
on 5 sizing skin data obtained by the new methaglolimr uncertainties assessment. Its constructmmsists of
projecting skin results of these computations @ame grid. A nominal database of 5 solutions is alsilable and
this reference case provides results with a parétlycity assumption.

The effects that are taken into consideration bypBTool are deflection angle, angle of attack, sligieand spillage.
The migration to aeroshape 2.3 is also ensured.

During a re-entry phase of the vehicle, it is neaegto know the time where the laminar turbuleamsition occurs
on the flap and on the body of the vehicle. Fos #@iim, an analysis of laminar - turbulent transitariteria were
performed.

It appears that for a given upstream Reynolds nunitis possible to know if the flow remains laraimor becomes
turbulent.

The ATDB software allows to compute heat fluxesl|lyweessure and skin friction for given re-entrgjactories for
the whole body as well as for a given number otkhey points on the body

In order to generate an aero-thermo database ferpwlation, the strategy which consists of prajectdifferent
European partners CFD results on a same grid, dexs dipplied by Dassault Aviation.

The anchor points of the database were selectennass fully catalytic wall assumption with AOA=458jdeslip
angle=0° and a reference flap deflection angle0sf The assessment of these reference data wasmed using a
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statistical method for uncertainties based on CBButations and WTT results. The reference databasebe a
sizing database (assuming fully catalytic wall aggtion) or a nominal database (partial catalytguasption).

Other effects due to deflection angle, angle dckit sideslip angle or aileron effect are treatsithgi masks. The
mask is the ratio between a given CFD and the GFEhe reference configuration (AOA=45°, AoS=0°, fles
da=0°, fully catalytic). When it is possible, thensidered Mach numbers are Mach=10, Mach=15, Mdle=l
Mach=25 with a laminar or/end turbulent flow. Tretabase includes CFD:

- with flap deflection angles of 0°, 5° and 15° fatA=45°)

- at 40° and 50° angle of attack and at flap déflecangles of 10° and 0°.
- with sideslip angles of 5° and 8°

- with a spillage angle=5° (AoA=45°, de=10°)

4.1 Transition criteria

Two criteria for the laminar / turbulent boundaayér prediction transition were proposed (see Ei@)r

The first one (ie: CRIT1) is devoted to predict thensition on the windward side at X=700mm (nasgfion with
the first raw of tiles)):

The second criterion (CRIT2) is applied at X/L=60&b X=2640mm) to determine the onset of laminabtlent
transition in the flap separation along the traject Such transition criterion depends of the ftigflection angle,
and respectively of the free-stream Mach numberth@dReynolds number based on the vehicle length.

The second transition criterion (CRIT2) can betegdandependently of the two flaps. One flap carnuvsbulent and
the other laminar.
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Figure 8: AeroThermodynamic Transition criteria, CRIT1 (nose) & CRIT2 (flap)

4.2 Uncertainties and margins
4.2.1 Uncertainties

The analysis of thermal phenomena on the IXV vehiglmainly led by CFD computations. WTT and idedlight
data are essential to measure the reliability affpatational results by simple comparison.

Despite the enormous power of computation modeds; are not perfect because all of them are orgjradtions of
the realities. Due to the lack of knowledge andube of assumptions by model builder, uncertaisitypévitable for
models at every stage of life cycle. Moreover dergghysical phenomenon are very far from today $iton
capabilities, at least in an industrial progranmfeg as transitional flow or Goertler vortices. Boese phenomenons,
appropriate evaluation by dedicated experiment r@aadly found in bibliography) can be done to potda
dimensioning value covering the risks induced l&yghenomenon considered.
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Another problem is difficult to take into accountCFD: the real detailed shape of the vehicle widps and gaps,
cavities, hinge geometry and so on... Due to the obSEFD with high level of modelization and high she
refinement to cope with a given accuracy, when gehamount of calculation is needed to cover anmenthicle
mission, and finally as the final shape of the gkhis known late in a program, data bases aré towib simplified
“smooth” geometry and to cope with the sizing nefeddinal manufacture, these data bases have todmfied to
account for uncertainties, necessary margins t@rctive different risks induced by specific featu(esughness
transition, overheating on geometrical singulasitie).

In the ATD margin policy, all these problems ar@sidered and have a specific solution in the ATDBStruction.
Let us divide things in three main categories:

* Uncertainties in the simulation (models accuracy)
« Margins on phenomenon indescribable by simulatpanticular flows)
e Margins on specific problems hard to take into aotan global simulation (fine geometry)

The first item is addressed by a statistical metivbath will be exhaustively described in the paegur 4. Briefly,
first a dispersion of numerical results is considesoftwares, chemical and transport models ...puidd a
probability law and deduce the most likely / wossdutions for existing numerical tools, second vaté CFD
solutions are compared to WTT data to quantify stesyatic error and/or another dispersion term wrage the
“sizing” solution retained.

For this second item, different CFD contributorsédanade WTT rebuilding (CFSe in phase C2, DLR & £IR
phase B2/C1). Code-to-code uncertainty effect ésgmt between these contributors and this witfgaocommon
data to build a CFD “most likely” in WTT rebuildingo, only one contributor is retained in this gam, the one
giving the more dimensioning WTT-CFD discrepancso(ided there is no particular doubt on CFD accyache
so chosen candidate).

4.2.2 Margins

Some margins have been added to nominal and stpigtities in order to take into account risks. \dé&m
distinguish three kinds of margin:

e Transitional overshoot: remember that the flap ditton is controlled by the transition
criterion CRIT2 (one for each flap). If CRIT2>1 farflap, then we add a margin of 30% for
this flap, on the interpolation given by the tudmi base. This percentage has been deduced
from the wind-tunnel campaign ONERA S3.

e Steps and gaps: this margin only concerns the bodynot the flaps. A percentage of 15% is
used when the flow is laminar and a percentage0é6 & used when the flow is turbulent.
Theses values have been deduced from the wind{toangaign ONERA S3.

« Goertler effect margin: using Taylor Goertler gendmstability maps, and analyzing the local
properties (boundary layer thickness, separatiobbleu characteristics, local velocities,
pressure or density) on the IXV flap, we observiedt tTaylor Goertler instabilities could
appear within the flap and thus generating locadrbgating, to be taken into account by
margin. This margin only concerns flaps when tbevfls laminar. Moreover, the margin level
directly depends on the deflection angle. An angl@°® is associated with a margin of 0% and
an angle of 15° is associated with a margin of 30%.

4.3 AeroThermodynamic Data Base, ATDB

From a re-entry trajectory either sizing maximizhmeat flux at nose , maximizing the heat load onimal including
AO0A, sideslip flap and aileron setting variatiohetATDB as shown in the Figure 9 provides as apuiut many
files as trajectory points desired describing ptgisparameters like TW, Q, etc... and one file déseg the time
history of several physical parameters includingthguxes (Q) and wall static pressure given foorgetrical
checkpoints throughout the IXV (see Figure 9).

The geometrical checkpoints can be defined on sioks of the IXV vehicle. Each flap is treated ipeledently. The
right flap and the left flap have their own defleat angle, transition criterion and margin (espécitne Goertler
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coefficient).

The wall output files are stored in Tecplot softev&SCII.
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Figure 9: AeroThermodynamic Data Base, ATDB

5. In Flight Experiment

The technological objectives of the IXV mission aret by flying a set of experiments that have be®sen among
a wide range of proposals. The main areas of ifga&in are:

» TPS, for verification and characterization of thatrprotection technologies in representative opamat
environment (i.e. re-entry from LEO).

e AED-ATD, for understanding and validation of aeradwics and aerothermodynamics phenomena with
improvement of design tools, including CFD and WTT.

« GNC, for verification of guidance navigation andntol techniques in representative operational
environment (i.e. re-entry from LEO).

Figure 10 summarizes the TPS and AED/ATD experimentrently selected to be embarked in the IXV miss
Since each experiment required a specific set @somements, several synergies and commonalities exgrloited
to identify a global set of sensors covering apperxmentation requirements.

Although large part of the experimentation is basedthe utilization of “conventional” sensors, sifiecareas
necessitated dedicated equipment, so-called “a@¢tinto acquire specific data. The selection oséhtadvanced”
experiments was performed on the basis of theimlogical maturity and compatibility with the oedirsystem.

10
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Experiment Category Phenomena Area
swsLl AEDVATD Flap/Hinge
Continuum Flow - 1 AEDVATD Windward/Flap/Chin/Si
High Atitude AD -2 AED/ATD Ins:de wehicle
Base Flowfield - 3 AED/ATD Base
General Heatng - 5 AED/ATD who'e vehice surface
. ; Real gas effects. !
Wall catalysis - /58 AED/ATD Mawg‘l ot RO Windward
Real gas effects
Shock-wave-boundary-layer
Flap interaction - 7 AED/ATD mteraction. Flap
Shock-Shock mieracton
Transitiona! separation.
Jet fawfeld imeracton - 2 AED/ATD RCS efficiency Base
L-1-T transition - & AED/ATD |Laminar-to-turbulent transition Windward/Chin
AxXIS ACCEleromelers AEDATD EED insice venicle
Iﬁal gas effects
Shock-wave-boundary-layer
IR CameraTemp Mapping AED/ATD nteracton Flap
Shock-shock interaction.
Transitional separation.
Nese Cap TP Material Verificaton Nose
Ablative TPS TP Material Verificaton Leeward/Base
Hinge line seal TP |M§1¢ﬂa! Verrf%ton Hinge
Large Shingle TP; Material Verification Windward
Shingles wnction TP |Matenal Verificaton W indward
CISC Shingles i Material Verificaton Windward
C/SiC Leading Edges TP Material Verificaton Leading Edge
Body Flap TP |M1|enal Verificaton Flap
CMC FADS AED/ATD Rarified and contnous Nose
Gap and cavily heating - 10 AED/ATD |Cavty reating Windaward/Flap

Figure 10: ESA Mission & System Requirements Docunm, In Flight Experiments

In-Flight-Experimentation (IFE or Experimentatiodgfines the subsystem responsible for the selectesign,
development, and manufacturing of the experimemtshfe scientific data acquisition during the 1X\ssion. The
IFE subsystem is requested also to provide sugporthe integration of the experiments in the véhiand to
provide support for the operational phase durirgflight and post flight.

A detailed design ensuring the successful integmatif the IFE with the various engineering discipb has been

performed.

Also, a IFE plan clean up was carried out enalttingchieve a number of sensors about 283 being atillg with

the scale of the IXV vehicle and avoiding any d&eiafrom the IFE general objectives (see Figurg 11

Avoiding any duplication, most of the sensors agfinidd to be used for several experiments.

|

Figure 11: In Flight Experiments Plan

11
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As example of an iterative process at system levgiiven in Figure 12 about the implementation efisors on

ablative material covering leeward and base sunddeh creates a challenging situation, becausheopyrolysis of

the material expected after a given material teatpee limit and a surface recession out of thistlifihe quality of

the pressure measurements once the surface ratbssiatarted is thus questionable, since theymepsrt will not

be in a flush position any more. Considering ats® small thickness foreseen for the IXV applicatigabout 22

mm), it could be implemented several thermocouptesugh the thickness. So, the baseline is to rategone

thermocouple close to the external surface (whithbe operational up to the starting of the suefaecession) and
a co-located thermocouple on the substrate for sreees, so as to identify the thermal load reacthiagubstrate.

For demonstrating that such instrumentation wowdperative in flight conditions, an ablative matke¢thickness
representative of the flight one) sample was testedKl plamastron facility. The test specificatiovas established
thanks to the mission analysis giving the sizingem&y trajectory which was used by ATDB for prdifig the
maximum heat flux, maximum heat load and pressure thistory to be sustained during tests for being
representative of flight conditions (as shown igufe 12).

— Objectif: Etudes comportement TC dans matériau ablatif

— Moyen d'essais: VKI Plasmatron

Temperature,"C i
LEEB8E3E

1] 500 1000 1500 2000 2500
Time. sec

Figure 12: In Flight Experiments, Ablative material, thermocouples instrumentation, Plasmatron tests K|

On the final result, it is observed that the thezogples worked rather well reproducing the tempeeastaging
expected even if the current instrumentation waalguest some refinement before to be Assembledrited and
Tested in the IXV flight model.

3. Concluding remarks

The AED /ATD /IFE activities remain a fundamentaripof the system loop for securing the design oé-antry
spacecraft.

As on ground (i.e: wind tunnel) for high altitudedahigh Mach number, it is still challenging to reguce the flight
conditions, the extrapolation ground-to-flight iased on CFD which remains to be validated thankes tobust In
Flight Experimental plan.

The aerodynamic and aerothermodynamic databasesiass! with the mission analysis and GNC are gliag the
main inputs for sensors location regarding the nflow field phenomena and aerothermodynamic behavio
predicted by ground prediction tools.

The AED /ATD/ IFE system loop provide dimensionifgizing data, range of measurement, sensor accueacy
data as well as reference data useful for thetflighlf.

In such a way for the reference re-entry trajectarpre-flight analysis report will be edited déisicrg the relevant
assumption, utilized methods, techniques and estdt to be compared further with the flight data.
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Acronyms
AEDB Aerodynamic Data Base
ATDB AeroThermodynamic Data Base
IFE In Flight Experiment
CFD Computational Fluid Dynamic
FES Flight Engineering System
WTT Wind Tunnel Tests
TAS-I Thales Alenia Space ltaly
ESA European Space Agency
FQA Flying Quality Analysis
GNC Guidance Navigation and Control
ETE End to End
SWBLI Shock Wave Boundary Layer Interaction
TPS Thermal Protection System
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