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tThis paper presents the validation of aerodynami
 and aeroa
ousti
 
omputations of aFenestron R© fan-in-�n tail rotor against aerodynami
 and a
ousti
 �ight test measurements.Comparisons are presented for two �ight 
onditions: a takeo� at 75kt with high 
limb rateand a level �ight at 150 kt. For both �ight 
onditions, 
omputed and measured unsteadyblade pressures are in good agreement even if the 
omputation tends to overestimate theunsteady pressure �u
tuation. Comparison of measured and 
omputed a
ousti
 spe
tra atmi
rophone lo
ations exhibit similar shapes with a better agreement for the takeo� �ight
ondition than for the level �ight 
ondition.Introdu
tionThe enhan
ement of numeri
al tools used forquiet heli
opter studies has yield a lot of progressin predi
ting main rotor impulsive noise. However,the main rotor is not the only noise sour
e of a he-li
opter. In some �ight 
onditions, the tail rotorplays a signi�
ant part in the heli
opter a
ousti
nuisan
e and has to be 
onsidered in the designof low-noise �ight pro
edures. The �ow �eld o
-
urring in a shrouded tail rotor su
h as the Eu-ro
opter Fenestron R© is very 
omplex and dependsstrongly on the �ight parameters so that noise pre-di
tions 
annot be performed by using analyti
almodels. In this 
ase, CFD is required for providinginput data to aeroa
ousti
 integral methods.In this 
ontext a spe
i�
 study has beenlaun
hed by ONERA and Euro
opter with supportof the Fren
h Ministry of Civil Aviation (DGAC),�rst to a
quire an experimental 
omprehensivedata base dedi
ated to Fenestron R© noise analy-sis, se
ondly to develop aerodynami
 and aeroa-
ousti
 simulation tools su�
iently a

urate forFenestron R© noise predi
tion and to 
ompare 
om-putational results against the experiments. The�rst aerodynami
 and aeroa
ousti
 
omputationsof a Fenestron R© in �ight 
onditions [1, 2℄, respe
-

tively based on the Unsteady Reynolds-AveragedNavier-Stokes (URANS) equations and the Ffow
sWilliams-Hawkings equation, have proven the 
a-pability of the numeri
al tools to 
apture themain aerodynami
 and aeroa
ousti
 features ofthe Fenestron R©. In order to validate the numer-i
al 
omputations against relevant experimentaldata, the Dauphin 6075 heli
opter of the DGAFlight Test Center has been spe
i�
ally instru-mented [3, 4℄. Flight tests have been 
arried outto build up an experimental data base that hasalready been used to perform aerodynami
 anda
ousti
 analysis of the Fenestron 
hara
teristi
sdepending on the �ight 
onditions [5, 6℄.This paper addresses the �rst 
omparisonsof aerodynami
 and aeroa
ousti
 
omputationsagainst the experimental data obtained during theFenestron R© noise �ight test 
ampaign. It is orga-nized as follows. The experimental setup is �rstpresented, whi
h 
onsists in the Dauphin 6075 re-sear
h heli
opter, the test program, the instru-mentation and the data pro
essing. Then both nu-meri
al methods and setups used for aerodynami
and aeroa
ousti
 
omputations are detailed. Thelast part of this paper is dedi
ated to the 
ompar-ison of numeri
al results and real �ight data for asele
ted �ight 
ondition.
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raft Forum,Paris, Fran
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1 Flight test data1.1 Dauphin 6075 setupThe Dauphin 6075 used for the �ight tests isan Euro
opter SA365N heli
opter equipped with aFenestron R© of �rst generation. It is 
omposed bya rotor with 13 equally spa
ed blades mounted ona hub supported by 3 equally spa
ed arms [7℄. Theshroud diameter is 0.9 m and the nominal rotationspeed is about 4700 rpm whi
h 
orresponds to ablade passing frequen
y (BPF) of about 1 kHz.Although this rather old and simple geometry isnot representative of modern Fenestron R© with un-even blade spa
ing out of a
ousti
 
on
erns [8, 9,10, 11, 12℄, its use is interesting for physi
al insightand validation of the aerodynami
 and aeroa
ous-ti
 
omputation tools whi
h are the purposes ofthis study. Moreover, this Fenestron has been pre-viously identi�ed as a non negligible sour
e of thenoise radiated by the Dauphin 6075 heli
opter de-pending on the �ight 
onditions [13, 14℄.

Figure 1: Mi
rophone lo
ations on the Dauphin6075 for a
ousti
 measurements1.2 InstrumentationThe development, integration and testing ofthe innovative instrumentation used for the in-�ight measurements is fully des
ribed in [3, 4, 6℄.This instrumentation 
onsists in two distin
t parts,one �xed on the fuselage and one rotating with thetail rotor. The �xed part is 
omposed of steadywall pressure sensors on the rear part of the fuse-lage and tail, of steady and unsteady wall pressuresensors in the Fenestron R© du
t, of Pitot probe

rakes in the du
t and mi
rophones �xed on thehorizontal empennage. These measurement de-vi
es are shown in �gures 1 and 2. The rotat-ing part of the instrumentation 
onsists in a trig-ger system, in pairs of upper/lower thin layer un-steady Kulite pressure transdu
ers mounted on4 blades of the Fenestron R© at 0.7 radius and instrain gauges �xed on a referen
e blade, all dis-played in �gure 2.

Figure 2: Instrumented blade, rotor and du
t forFenestron R© aerodynami
 measurements1.3 Flight test programThe �ight tests, 
arried out by the DGA FlightTest 
rew from November 2008 to January 2009,
onsists in many stabilized �ight 
onditions: take-o�s, approa
hes, level �ights and side-slip �ights.As shown in �gure 3, the �ight speeds vary be-tween 50 and 150 kt with 
limb or des
ent anglesvarying between +2000 and -2000 ft/mn.1.4 Data pro
essingEa
h �ight was re
orded 
ontinuously so thatthe stabilized �ight phases 
orresponding to thetest program were �rst extra
ted from the re
ord-ings by the DGA Flight Test Center. Using the
alibration of the di�erent sensors and instrumen-tation 
hains, these experimental data were then
onverted into physi
al units by ONERA's SystemsControl and Flight Dynami
s Department (DCSD)and sent to the Applied Aerodynami
s Depart-ment (DAAP) and to the Computational Fluid Dy-nami
s and Aeroa
ousti
s Department (DSNA) for2
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Figure 3: Flight 
onditions measured during theFenestron R© �ight testsexploitation and analysis. For ea
h tra
k 
orre-sponding to a �ight 
ase, the unsteady data havebeen pro
essed on an interval sele
ted in order tominimize the variations of the �ight parameterssu
h as �ight velo
ity, 
limb or des
ent rate andside-slip angle.The unsteady blade pressures and a
ousti
 re-
ordings were sampled respe
tively at 20 kHz and80 kHz. In order to isolate the harmoni
 noiseof the tail rotor, these unsteady data have beenpost-pro
essed using a time syn
hronous averag-ing based on the one-per-rev signal given by thetrigger. This method, 
lassi
ally used for rotorharmoni
 noise analysis, redu
es signi�
antly thebroadband noise. Moreover, sin
e the tail rotoroperates at a rotational speed whi
h is not a mul-tiple of the main rotor rotational speed, averaginga
ousti
 data in the time domain on the tail rotorrevolution period is also an e�e
tive way of isolat-ing the tail rotor harmoni
 noise from the mainrotor harmoni
 noise.2 Computational method2.1 Aerodynami
 
omputationsThe aerodynami
 �ow over the Dauphin heli-
opter in �ight 
onditions is obtained by solvingthe URANS equations over the 
omplete air
raftusing the elsA stru
tured CFD solver developedat ONERA and used for many years for heli
opterappli
ations [15℄.

2.1.1 Numeri
al methodThe 3D 
ompressible URANS equations are sol-ved using the two equations k-ω turbulen
e model[16, 17℄ with the Zheng limiter [18, 19℄ and the
orre
tions of Kok [20℄ and Menter [21℄. The 
las-si
al 2nd order 
entered s
heme with s
alar arti�-
ial vis
osity [22℄ and Martinelli's 
orre
tion [23℄is used for the spatial dis
retisation. The numer-i
al s
heme is impli
it in time. The time integra-tion is dis
retized by a se
ond-order upwind three-time-level formula whi
h is solved by using a dualtime stepping method [24℄. For all 
ases, the timestep used for 
omputations 
orresponds to an az-imuthal blade depla
ement of 1 degree.2.1.2 Geometry and 
omputational gridAs 
an be seen in �gure 4, des
ribing the 
om-puted air
raft, the geometry has been simpli�ed(lateral stabilizer removed, simpli�
ation of theengines fairing geometry). The main rotor is mod-eled using a non-uniform a
tuator disk method a
-
ounting for the load of the rotor over one revo-lution. It is in
luded in a two 
ylindri
al blo
kmesh with about 17,000 
ells. This steady stateapproximation of the main rotor redu
es drasti-
ally the 
ost of the unsteady 
omputation andallows densifying the 
omputational grid in theFenestron R© area. The Navier-Stokes ba
kgroundgrid 
ontains 85 blo
ks and around 1.3 million of
ells. The grid in the main part of the fuselageis a relatively 
oarse grid but it has been de
idedto limit the number of 
ells outside the Fenestrondu
t for CPU time 
onsumption reasons.

Figure 4: Heli
opter simpli�ed geometry, a
tuatordisk lo
ation and 
omputational grid for aerody-nami
 
omputations3



As for the Fenestron R© geometry, displayed in�gure 5, it is fully dis
retized with a �xed part 
on-sisting in the du
t, the 3 arms (the one 
ontainingthe drive shaft larger than the others), the huband a rotating part 
onsisting in the 13 equallyspa
ed blades with blade tip gaps. Ea
h of the13 Fenestron R© blades is meshed with 3 blo
ks,whi
h 
ontain about 110,000 
ells. The blade mo-tion during the CFD 
omputations is taken intoa

ount thanks to the Chimera method developedat ONERA [25℄ for heli
opter 
on�gurations and
onsisting in the use of overlapping grids atta
hedto the bodies in relative motion with respe
t tothe air
raft (rotor blades as shown in �gure 6). In-terpolations are used to transfer the 
onservativeand turbulent variables in the overlapping zone be-tween the moving and �xed grids. The 
ompleteunsteady grid system 
ontains 2.7 million 
ells.

Figure 5: Fenestron R© geometry used for CFD 
om-putations

Figure 6: Chimera grids around rotating blades

2.2 Aeroa
ousti
 
omputationsThe aeroa
ousti
 
omputations performed inthis study have been 
arried out by solving theFfow
s-Williams and Hawkings [26℄ (FW-H) equa-tion formulated for porous surfa
es. The radiatednoise is 
omputed by solving the FW-H equationin the time domain using the KIM solver [27℄ de-veloped at ONERA.For the a
ousti
 
omputations presented in thispaper, hypothesis is made that all a
ousti
 sour
esare en
losed by the a
ousti
 data surfa
e so thatthe quadrupole term of the FW-H 
an be negle
ted.No in�uen
e of solid surfa
es, nor of the inhomo-geneous in�ow is a

ounted for in the noise ra-diation 
omputation. Furthermore, only dis
retefrequen
y noise is 
omputed.The porous a
ousti
 data surfa
es are sizedand pla
ed in su
h a way that they 
ontain alla
ousti
 sour
es of the Fenestron but also thatthey a

ount for any re�exion or di�ra
tion o
-
uring in the shroud. These surfa
es, displayedin �gure 7, en
ompass the Fenestron R© du
t andare thus pla
ed in an area where the �ow is morehomogenous than in the Fenestron R© du
t.

Figure 7: Porous surfa
es at in�ow (top) and out-�ow (bottom) sides for a
ousti
 
omputations4



3 Results and dis
ussionTwo �ight 
onditions, a takeo� at speed 75 ktand high 
limb speed 1500 ft/mn and a level �ightat speed 150 kt, have been sele
ted among thegathered data for numeri
al simulation.For both �ight 
onditions, the thrust providedby the Fenestron R© in order to 
ounterbalan
e themain rotor torque has been estimated with theHOST 
omprehensive 
ode [28℄.3.1 Takeo� �ightAt takeo� 
ondition, the thrust needed to 
oun-terbalan
e the main rotor torque is relatively high.Based on previous 
omputations [1℄, the pit
h an-gle of the Fenestron R© blade is set to 22 degreesfor the CFD 
omputation. As 
an be seen in �g-ure 8, the blade loading varies depending on theazimuth and the thrust is strong enough so thatno �ow separation o

urs in the Fenestron R© du
t.The measured and 
omputed unsteady bladepressures at 0.7 R, displayed in �gure 9, exhibitsimilar behavior over the 
omplete rotation butthe 
omputation overestimates the pressure �u
-tuation at both su
tion and pressure sides. Asa matter of fa
t, all �ights were performed withsome sideslip angle (about 2 degrees for the �ightused for 
omparison) so that in real �ight 
ondi-tions a larger amount of the thrust needed to 
oun-terbalan
e the main rotor torque 
ould be pro-vided by the lift of the tail �n rather than by theFenestron R© itself. Sin
e no experimental value ofthe Fenestron R© thrust is available, there is no wayto establish whether these dis
repan
ies on theblade pressure level are related to the CFD mod-elization or to a mismat
h between experimentaland theoreti
al Fenestron R© thrusts.The spe
tra of the measured and 
omputeda
ousti
 pressure signals at experimental mi
ro-phone lo
ations are displayed in �gure 10. Theexperimental and 
omputed spe
tra exhibit simi-lar shapes and the de
rease of the tone levels withthe frequen
y are in good agreement. The 
om-puted levels are overestimated with respe
t to theexperiments but this has to be related with theunsteady blade pressure and thrust level issue dis-
ussed previously.

Figure 8: Computed streamlines and pressure �eldin the Fenestron R© at takeo� 
ondition, horizontal
ut at mid-hub (top), blade skin and du
t (bot-tom)
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Figure 9: Time evolution of blade pressure on su
-tion (•, L, K) and pressure (◦, ▽, △) sides at 0.7 R:present 
omputation ( ), pressure on blade no2( ) and no4 ( ) for a test �ight at speed71.85 kt and 
limb speed 1488.25 ft/mn5
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Figure 10: Spe
tra of the a
ousti
 pressure at mi-
rophone 1 and 4 lo
ations, respe
tively on portside and starboard, on the horizontal stabilizer:present 
omputation ( ), �ight tests (3, △, ▽)at speed varying between 71.85 and 75.85 kt and
limb speed varying between 1488 and 1597 ft/mn3.2 Level �ightFor a level �ight at speed 150 kt, a signi�
antamount of the thrust needed to 
ounterbalan
e themain rotor torque is provided by lift of the tail �nso that the thrust produ
ed by the Fenestron R© ismu
h lower than for takeo� 
ondition. The bladepit
h angle used for the aerodynami
 
omputationis thus set to 12 degrees. The higher �ight speedput together with a lower thrust of the tail ro-tor result in a �ow separation o

uring in the up-wind area of the Fenestron R© intake, in front of thebiggest hub support. It 
an be seen in �gure 11that this �ow separation is atta
hed to the wallover nearly half of the intake and alter signi�
antlythe �ow in the blade tip 
rossing area. The timeevolution of the measured and 
omputed unsteadyblade pressures at 0.7 R are displayed in �gure 12.Experimental and 
omputed pressures are in goodagreement but just as for the takeo� �ight 
on-dition the CFD solution overestimates the level ofpressure �u
tuation.

The spe
tra of the measured and 
omputeda
ousti
 signals are 
ompared in �gure 12. Theagreement between experimental and 
omputedvalues is good in terms of shape and trend of thetone level de
rease but all the 
omputed tone lev-els are underestimated with respe
t to the experi-ments ex
ept for the level at BPF for mi
rophoneno1. As for the takeo� �ight results, an experi-mental value of the Fenestron R© thrust would beuseful to improve the analysis of the dis
repan-
ies observed between the 
omputations and theexperiments.

Figure 11: Computed streamlines and pressure�eld in the Fenestron R© at level �ight 
ondition,horizontal 
ut at mid-hub (top), blade skin anddu
t (bottom)
6
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Figure 12: Time evolution of blade pressure onsu
tion (•, L, K) and pressure (◦, ▽, △) sidesat 0.7 R: present 
omputation ( ), pressure onblade no2 ( ) and no4 ( ) for a test �ight atspeed 149.8 kt and 
limb speed 38.5 ft/mnCon
lusion and futur workAerodynami
 and aeroa
ousti
 
omputationsof a Fenestron R© fan-in-�n tail rotor have been
ompared against aerodynami
 and a
ousti
 �ighttest measurements. The experimental setup andtest program aiming at the analysis of the aero-dynami
s and aeroa
ousti
s of a Fenestron R© tailrotor in real �ight 
onditions have been presented.The elsA and KIM solvers used respe
tively to
ompute the aerodynami
 �ow over the full he-li
opter and the a
ousti
 noise radiated by theFenestron R© have been des
ribed. Thanks to theuse of overlapping grids (Chimera te
hnique), un-steady vis
ous 
omputations have been performedfor two �ight 
onditions: a takeo� at 75kt withhigh 
limb rate and a level �ight at 150 kt.For the takeo� �ight 
ondition, the Fenestron R©thrust is high enough so that no �ow separationo

urs in the shroud while for the level �ight athigh speed the lower thrust 
ombined with a higherforward speed result in a �ow separation on theupwind part of the Fenestron R© intake. For both�ight 
onditions, the 
omparison of the measuredand 
omputed unsteady blade pressures over a rev-olution shows a good agreement but the CFD so-lution tends to overestimate the blade �u
tuation.This indi
ates that the �ow physi
s depending onthe �ight 
ondition is 
aptured by the CFD butalso that the Fenestron R© thrust used for CFD 
om-putations might be too high with respe
t to theexperiments.
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Figure 13: Spe
tra of the a
ousti
 pressure at mi-
rophone 1 and 4 lo
ations: present 
omputation( ), �ight tests (�, △, ▽) at speed varying be-tween 146.78 and 149.75 kt and 
limb speed vary-ing between 22 and 88 ft/mnThe a
ousti
 
omputations have been 
arriedout using the Ffow
s Williams-Hawkings poroussurfa
e approa
h to a

ount for a
ousti
 re�e
-tion in the Fenestron R© du
t. The spe
tra of themeasured and 
omputed a
ousti
 signals at mi
ro-phone lo
ations exhibit similar shapes. The de-
rease rates of the tone levels with the frequen
yin
rease are also in good agreement but there arestill signi�
ant dis
repan
ies with regard to thetone levels.A se
ond �ight test operation has been per-formed at the end of spring 2010 to measure noisefootprints of some �ight 
onditions sele
ted fortheir interest in terms of a
ousti
 nuisan
e, �ow
hara
teristi
s and 
erti�
ation 
on
erns. For thisnew �ight tests, the tail rotor torque has been mea-sured in order to solve the issue related to the realthrust provided by the Fenestron R© depending onthe �ight 
ondition. The 
omputational grid usedfor aerodynami
 
omputations will also be re�ned7



to enhan
e the a

ura
y of the unsteady �ow �eldin the area en
ompassing the Fenestron R© du
t upto the porous surfa
es used the a
ousti
 
omputa-tions.A
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