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Nomenclature

AoA = Angle of Attack

c = chord

CFD = Computational Fluid Dynamics

Cm = Pitching moment coefficient

C,or Kp = pressure coefficient

Cx = Drag coefficient

Cz = Lift coefficient

E = Young’s Modulus

ETW = European Transonic Wind tunnel
FLIRET = Flight Reynolds testing

HTP = Horizontal Tail Plane

KULITE = Unsteady pressure transducer

Moo = Free stream Mach number

MDM = Model Deformation Measurements
ONERA = French Aerospace research laboratory
Pi or Ptot = Total Pressure

PMR = Point of Model Rotation

PSP = Pressure Sensitive Paint

q = Dynamic pressure

RANS = Reynolds Average Navier-Stokes computation
SCAB = Sting CAlibration Body

Ti or Ttot = Total Temperature

WT = Wind Tunnel

WTT = Wind Tunnel Tests

WBS = Work Breakdown Structure

ZSing = Blade Sting
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I. Introduction

he FALCON 7X wind tunnel tests at ETW were carried in July 2006 on a full model in the framework o
the European program “FLIRET” (standing félcl ght REynoldsTesting) within Work Package 1 (“advanced
model support”), see figure 1. This entry took plagore than one year after the first flight of #ireraft.
The main objective of this test was to investigate validity of the WT data compared to real ftiglonditions.
In order to match this high level of requiremerBASSAULT, as Workpackage leader, had to combine the
following issues:
¢ (1) to perform a test at ETW, one of the most adedrtransonic wind tunnel facility capable of siatirig
flight conditions in terms of Reynolds number;
¢ (2) to design a dedicated mounting consisting obpiimized blade sting to minimize flow interaction
the model after body part;
¢ (3) to take into account this support interactigrtte help of Navier-Stokes CFD tools (thanks toEBY
who proposed a methodology to correct raw datgpaoduced a full set of data);
¢ (4) to use the best available tools ie the mostenodneasuring techniques to assess wing deformation
(performed with the “MDM” system, thid odel DeformationM easurement system)
« (5) to design and manufacture a dedicated modepped with a set of static pressure ports and afset
unsteady pressure transducers to assess buffétomtserence.

All these topics will be accurately F.'.', E'A“_ WP1_WOI'k Breakdown Structure
detailed in this paper. At the end, th
main results will be presenteq
including flight tests versus wind L L
tunnel testing comparisons. Ou
objective is to provide the ground t
flight extrapolation for future projects | |
This philosophy allows us to have il eI ENICZRCLE ‘ TS A

Low interference model Support for rear end Comparison CFD vs test;

better understanding and to get th SUpEliE E BT —f——recommendations

best evaluation of the remaining g4 L /—’—\ .

between wind tunnel and flight. Th{ ST 114 AF ﬁT 12.1 ONERA “S T13AAF
. . .. . . General Arrangement Selection, Blade-Sting Defailed Aero Comparison CFD vs.test;
aim of this aCtIVIty is to establish Aero-ines Def., Assess Effects Design & Interference Assess v i

better predictions for the nex ' N CFD
. .. . ST 1.1.2 A-UK ST 1.2.2 Dassault EEEE——
genera“on of C|V|I a“’craft programs < Design & manufacture ( Blade Sting Model Design and Model / sti desi A
N Manufacturing oadel / stin esighn

thus  minimizing the level of : manufagctureg
uncertainty during development phas ST 11.3 ARA N [ 123 passau ™
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and I|m|t|ng the |nduStr|al r|SkS to| effects at low & high Re Interference Effects
minimum. | WTtests

Figure 1. FLIRET_WBS of work package 1 . Figure shas the strong
interaction between CFD and experimental activities

II. Context/Objectives

The first flight of the Falcon 7X and the flighest series that followed have been the opportufdty
DASSAULT- AVIATION to validate predictions from hig complexity 3D Navier-Stokes computations and
extensive wind tunnel test campaigns. Most of thevunnel aerodynamic data produced prior to it flight of
the F7X did rely on test campaigns conducted inveational wind tunnels (i.e. non cryogenic), usthg long
experience of DASSAULT- AVIATION in aircrafts congton to integrate the scaling effects to be cozrgd
between wind tunnels and flight.

In order to minimize the level of uncertainty beem predictions and flight, the use of the mostaded tools
available is becoming essential to the conceptibncampetitive aircrafts with increased security,mfort,
manceuvrability and minimised fuel consumption. Tinidudes the use of the ETW (European TransonindWi
tunnel) in the development of all our future pregec
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With its ability to control total
temperature from ambient dow
to 110 K and total pressure fron
1.2 to 4.5 bar, ETW is the only
European wind tunnel capable @
flight Reynolds number
simulation. Therefore, a high
interest was existing after the firs
flight of the F7X to perform a test

campaign in 2006 with a 1/1§

model of the F7X in the ETW
facility (see figure 2),

were conducted in the framewor
of the FLIRET European project
one of the main objectives bein
the design and manufacturing g
an optimised blade support t
minimize  flow interference

thus| =
allowing to establish a completq =
database in the highest fidelity
ground testing facility. The testq |

between fuselage and support. A

\I}I ‘ . f
_ | ‘:ﬂM{ \ L!\
FALCON 7X, model scale 6.25%
inside the ETW test section [2.4*2 m?]
E, mounted on the blade sting

Figure n°2. FACON 7X model mounted on a blade stingin the ETW test
section.

a result, sting interference corrections were redum minimum. As part of the FLIRET project, ONERKd
produce the near-field sting interference corretifor the considered test cases by CFD compugation

.  Test Set-up

A. Overview of the facility

The ETW facility is a transonic, closed-circuiyagenic wind tunnel. The test section is 2 m hiydp m wide.
Temperature can vary from ambient to 110K, totakpure from 1.2 to 4.5 bar, the Mach number fralb @ 1.3.
Pure nitrogen is used as the test gas.

GN2
blow
1off |

stilling
chamber

Figure n°3.

turning vanes

internally insulated

compressor (SOMW)

insulated stainless steel
pressure shell

second throat

ETW circuit. Figure shows the main features of the facility

The high quality of the ETW flow control allowsglparameters to remain constant during testingh\iaenber
stability is better than +0.001, total temperatfitetuations are within +0.25 K, dynamic pressusgiations are
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kept below +150 Pa for all test conditions. Togethéth state-of-the-art instrumentation, this offeETW
outstanding capabilities to deliver high data gyatit flight Reynolds number, thus minimizing thenraining
uncertainty between wind tunnel tests and flight.

The capacity of ETW to vary independently tempeetpressure and Mach number has been takendotaiat
in the definition of the test matrix. Indeed, ageo choice in the flow parameters can allow to wfogre Reynolds
number effects (by variation of total temperatuithveonstant g/E, E being the Yousgnodulus) as well as pure
aeroel agtic effects (by keeping Reynolds number constant with the appropriate choice of Ttot and Ptot).

B. Test envelope

Figure 4 shows the test envelope of the F7X test programme for the Mach number of 0.8. Design point (and
mode jig shape) is at 16 million Reynolds number for a total pressure of 3 bars. The Mach number was varied
during tests between 0.500 and 0.900.

Test parameters have been chosen in order to allow the study of pure Reynolds number effects (at low pressure
level) aswell as pure aeroelastic effects (at the Reynolds number of 16 million).

1yl

&g~ Typical ETW Envelope @ cruise condition
e (Pressure vs Reynolds)
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Figure n°4. ETW test envelope, Pi vs Reynolds numheFigure shows the tested points
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IV. Test instrumentation

A. Model forces and moments, Model attitude

The F7X full model used during this FLIRET testmgaign was mounted on a 6-components cryogeniabtala
Full model balances used at ETW are regularly catidal over the complete temperature range thabeaeached
by the wind tunnel flow. Accuracy of the balancedid% of the maximum loads. Typically, data repbitits for
drag is below + 1 drag count.

The inclinometer, coupled with an accelerometerasnees the angle of incidence with an accuracy0f0p2°, -
0.0005°] within the model incidence range.

B. Pressure measurements

The F7X model was fitted with more than 170 stptiessure ports on nacelles and starboard wing,athowing
accurate pressure distribution measurements oeewitiiy. Pressure measurements are performed witit@racy
of better than £150 Pa (PSP is not yet availabETaV).

In addition to the static pressure measurementsardic pressure measurements were conducted bylingstal
Kulite dynamic pressure sensors on the port wiigs(pne installed on model nose for reference). Ef&/ High
Speed Data Acquisition System (HSDAS) performednmdiaog and complete post-processing of the dynalaia.

C. Model Deformation Measurements

Considering the outstanding progre
made in CFD computations over the pg Ref: 25.234.T006 R

H - B 25,234 T006 FLIRET/DASAULT F7X JUN.2006 M=0.80 P1=288 Tt=298 q=88.1 ReC=8.5
decade' accurate determination of wir W Comparison SPT Measurements <—> Pressure Evaluation Method

twist and bending has become a topic Test:6 - Polar 122 ---

.. . . . T —— <TwistRaw 51>
major importance in wind tunnel testing ] 3
A proper analysis of wind tunnel dat 1
and correct comparison to numeric =
computations can only be performe i
with the accurate evaluation of modé
deformations, which requests the use
adapted measurement techniqug
capable of delivering accurate resul 3
with little or no time delay (on-line data) =

The capability of the Europeal
Transonic Windtunnel to separate pu
aeroelastic effects from pure Reynold
number effects is emphasized by the u g
of the Stereo Pattern Tracking syste E
(SPT system) developed by ETW. &

The SPT system is an opticg
measurement system capable of accur
wing deformation measurements. It cg f
also be adapted to half modéig [ E £
The principle of the system is rathg : R o i T . S NS NN (O O SO
simple, as the setup itself. The optic o o1 02 03 04 05 08 07 08 09 1

system, made of two cameras position{ gigyre 5: Comparison of Twist Evaluation derived fom SPT

behind windows from the test sectio| system (coloured) and model pressures analytic matt (black)
walls, focuses on dots distributed on tw

lines along the leading edge and trailing edgehefwing. The density of the dots is higher towatds wing tip
region to compensate the shortening of the chomdi tlaus still guarantee a good accuracy aroundéigi®n. These
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markers have a diameter of 20 mm and a thickneSquofi. The system needs to be calibrated, whiohaide with a
special frame fitted with light bulbs at precisedtions. The bulbs are identified by the camerakliaked to their
3D coordinates, resulting in the calibration ofdduvne around the wing. The displacement of the dotgg testing
(model pitch + wing deformation) is processed by #slystem, which delivers online information abawitst and
bending along wing span. Twist angle evaluatiogiven with an accuracy better than 0.1°.

Measurements were conducted for the two levetstaf pressure included in the programme. This S§&Tem
was used in parallel with the ETW analytic methodwing deformation measurement (see AIAA paperR2002-
0310 f]). This method is based on wing pressure measuresnfer a constant Reynolds number and different

pressure levels.

The following figure gives a comparison of wingigtvevaluation from the SPT system and from thdysical
method based on model static pressures measurefioentifferent lift values at Mach 0.8, Ptot=3 barkhe
deformation observed for this test case is sinfidlaany test point situated on a iso-g/E line fribva test envelope.

On top of this, the Kulites installed on the pafihg were used to derive an information on wingstwand
bending. A proper control surface and lever arm albcated to each Kulite, thus allowing to derdeformation

evaluation.

As a result, model deformation was assessed bg thdependent methods.

V. Sting Correction

A. Generalities

When simulating an aircraft configuration in a witwhnel, it is necessary to consider among otheections
(as flow angularity, cavity effects,...) the suppoterference effects. Indeed, attaching the mauebduces both a
change in the aircraft geometry - to let the sénger the model - and obviously a flow alteratiom ¢o the intrusive
support system. These disturbances are small direetoptimization of the sting itself, however thiects can be

corrected.
The downstream mounting generally slows down

upstream flow. Close to the model, the velocitydduced by a

few thousands of Mach number. In experiments ad aglin

computations, it is therefore necessary to increéhgeupstream

"free" flow velocity to recover the correct desirbtich number
on the model. This increase in Mach number is daliel=M" -
M in the following lines.

Similarly, non symmetrical devices as the blade sting
mounting induces a change in AocA on the model (generally afew
hundreds of a degree). Therefore, the model geometrica AoA
should be adapted by Ao=a'-a to compensate for this loca
changein flow angle.

In ETW, the Mach number reduction is assessed by a
combination of calibration measurements and computations. The
representative values chosen for AM is the Mach number
reduction a the point of mode rotation.. CFD "Euler" were
shown to be accurate enough for that purpose. A good agreement
has been observed between CFD and SCAB measurements. Mach
number as well as AOA corrections are detailed on figure 6.
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B. Description of the procedure

The computation procedure proposed by ONERA Iisrsarized as sketched here below: (figure 8)

Model without Model with sting | Sting only |
sting |
I 1 — Upstream
Upstream Upstream equivalent conditions conditions
conditions Mo +AM |, o +Aa M., , &t
M., &

Flow disturbance at PMR:
Remove axial buoyancy force AM, Aa
due to far-field effect
I Distribution of pressure on
\ model centreline (6Cp)sr (X)

Figure 8: Computation procedure for the predictionof transonic sting effect

For a given Mach numbét#,, and incidence.,, the procedure is:

1. To compute flow disturbance caused by the stingal@tM,,, «,, (Euler computation of the sting in free-
flow). To probe Mach numbeévpyr at PMR to computdM = M,, - Mpyr. In the same way, to probe angularity at
PMR apyr to computeAa = a,, - apmr. Probe pressure along the model centreline (whexsspre is normalized
overp,, andg,,).

2. To compute the model withou
sting at M., a, (model in free-flow).
Reference dynamic pressure for forg
coefficients ig,.

3. To compute the model with
sting (model on sting in free-flow) a
corrected Mach numbé,, + AM and at
the incidence a,+Aa. Reference
dynamic pressure for force coefficient
IS Q.

4. To integrate pressure
distribution from"1" with model cross-
section distribution to derive axia|
buoyancy force and subtract it from axi
force in"3".

5. Finally, comparison betweer
simulated model in free-flow ang
simulated model on sting corrected fro
far-field contribution yields the near
field effects.

Figure n°9. Example of CFD_RANS EISA provided by OERA
to assess the mounting effecEigure shows skin pressure pattern on
FALCON 7X

The flow around the Falcon tested in ETW was aately modelled, delivering good agreement between
computational results and experimental measuremeatslly limited by wing bending. No blade stindeets occur
on wing schock location (see figure 10).
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Figure 10.  wing pressure distribution. No blade sting effects on wing shock location

Applying the method described here above allowedketive

the effect of the Z-sting support on the flow arte t Mach
corrections to be applied to force coefficientsisThffect ; | T e
was shown to be weak at Mach number below 0.9f(ger g —— 0.0

11). The near-field effect of the sting increadeslift of the
aircraft. Drag and pitching moment are modified sinch
proportions that the performance curves are neg
unchanged. Sting effects were interpolated to buld -
complete dataset of corrections that was delivéoeBTW AP ol F —A— ACL

prior to the test entry, allowing real-time coriens. : oG ' —>— ACD,;
PP LY 5 -~ - ACDy,
—0O— ACm

0 -5 10*ACD cIJ
95 -0 10°ACm 5
5

T | . L
% 10°ACL ZiE

L L L

Lol oler

Figure 11: Sting effect on force coefficient

VI. Test results/ lessons learned

Having produced the corrected win S FALCON 7X

tunnel results, the next step was to compare W J Machioe0 S Longitudinal behaviour
the available flight data. For this purpose, t ETI vs Yol crosscheckes
windtunnel balance measurements were modif |
by calculations based on model deformatio % ///’%/f/
acquired during the test campaign. The resulti | Yy
dataset corresponds to measurements which \>2< /
would have obtained by testing a theoretid \
"rigid" windtunnel model (ie with no wing shapf §
variation with dynamic pressure or angle \\\ A—= be
attack). Figure 12 shows in black an example / e Bese [uniaFil
fully corrected data obtained from wind tunn A
testing, and in blue the corresponding dg / \ exve
calculated for the same test conditions on / NG e
theoretical rigid model.

In a similar manner, flight test data we loeczo _ _ | e
altered to simulate the behaviour of a rigid aiftcrd Figure 12. Comparison of flight test data and windunnel
in flight. These modified flight test data appear | data for a "rigid” aircraft
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red on Figure 12. One must stress that the redeswsliown here are mean values taken from numeigbstest
data acquisitions. The original set of data cossista significant amount of test points includisgme scatter.
Uncertainty is reduced to minimum by using a stiaéi approach, resulting in a large amount of paiats.

Basically, the agreement between wind tunnel aigtitflon the rigid aircraft is very good for thet Ifoefficient.
The agreement is very good for the lower part efghching moment as well, and the deviation olesgat higher
angles of attacks can be attributed to the leveinafertainty of the method. Considering the dasardpancy from
flight tests however, the agreement can be corgsidas very good for pitching moment.

The following figures show another type of compamisetween wind tunnel an flight data. The resfrtis
figures 13 and 14 are on the one hand raw datangpfrom flight (green squares), and on the othedhaodified
wind tunnel data. Wind tunnel data was first maifias in Figure 12, by computing results for a tbecal rigid
model. Then, the wing deformation computed forrésd aircraft in flight conditions was applied teetrigid wind
tunnel model, thus allowing a direct comparisorhvlight test raw data.

Once again, under consideration of the flight thstrepancy, the results show a very good agreebathtfor
lift coefficient and for pitching moment.

LT IRPLCTA WT data vs Flight crosschecks i
] ¢l ;‘: ‘ 9 Fll_ .lR .l:—'l'%!: WT data vs Flight crosschecks
[ T T A I B | |
N O .-
— [ Flight | ,
(E— Aero database from Fliret test . iltlaggtdatabase from Fliret test ]
5 pt -
1 1 pt e
o5 ' o
[
Comparison between Fliret test at ETW and Flight test — : : :
d s Fheh oot ve oA 0"
Figure 13: Comparison of Lift coefficient versus Ad\ from Figure 14: Comparison of Pitching moment coefficienversus
Flight and Windtunnel measurements. WT measurementaiere | ooA  from Flight and Windtunnel measurements. WT
altered to artificially represent the wing deformation of the measurements were altered to artificially represent the wing
aircraft in flight deformation of the aircraft in flight

Figures 15 and 16 show two more comparisons betwéed tunnel and flight results. Figure 15 shows a
comparison of the HTP efficiency for two setting®°and -4°). As in the previous figures, the windnel data was
computed to match the wing deformation from fligtgsults have been calculated for a stabilizedairattitude).
High Reynolds number wind tunnel data is matchiregtp well the data obtained from flight tests tloe four Mach
numbers considered and both HTP settings. On fiierehe comparison between wind tunnel and flighhade
for the assessment of buffet onset occurrence. mgaivery good agreement is observed for both ssuod
information.
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ET IDLETAS WT data vs Flight crosschecks
[ 7 | e | Fa=

[ | |
Horizontal stabilizer efficiency
Comparison wind tunnel test vs flight

Stabilizer efficiency

L o e o . S e o - —

'
=t T

ETW result DELTAME = -2.00 -
ETW result DELTAME = -4.00
wm wuw = Flight test DELTAME = -2.00
s @ Flighttest DELTAME = -4.00

Low reynolds test results DELTAME = -2.0
Low reynolds test results DELTAME = -4.00

2

) o . WwagH NuMBER| IFijgure 16.  Buffet-onset boundary vs Mach number.Figure
Figure 15. HTP efficiency for low and high Reynold$ |shows nice predictions between WT and flight data
number testing compared to Flight

VII. Conclusion

For the first time, DASSAULT-AVIATION has conductednd tunnel tests at flight Reynolds number onla f
model for direct comparison with flight. Thankshigh quality data, the ETW test campaign allow$tidlge the
gap between wind tunnel and flight by minimizingcartainties linked to Reynolds number effects. FhéRET
project gave the opportunity to optimize the stblgde support and thus to reduce the magnitudéeostipport
corrections and the associated uncertainty.

The study conducted here with the F7X paves thetwdlye development of better prediction procesduture
projects. The gained experience allows significanbgress in the understanding of wind tunnel tghtii
transposition. Cryogenic wind tunnel testing haséd out to be essential in the development ofva aiecraft, and
will systematically be included in all future aeypdmic work plans.

First of all, the lessons learned of the ETW testspromising due to a high reliability of the dafhe results
are consistent and repeatability was excellenngutie whole of the test campaign: for exampd, drag count.

One of the main issue is that both ETW data amghffldata cannot be compared directly. ETW datafligiat
data must be reduced separately before to startdhgarison process. Obviously, wing deformatiorfuiby
different between the model and the aircraft. Tgkitto account the MDM (described in 84), a riget@dynamic
data base "ADB” can be built from the WT resultieTsecond step is to perform the same work witHlidpet data
but the difficulty is higher than previously. Beéoto built a rigid flight ADB, the extraction ofattilized data in a
“cloud of points”.

As shown on the previous pictures, ETW data matettywell flight data with respect to the buffaiset, the
lift slope as well. Same nice comparison occurshenlongitudinal stability in the linear part. Aigher lift, a large
discrepancy appears due probably to a poor modielieef rigid law.
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