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Abstract

This paper presents the validation of aerodynamic and aeroacoustic computations of a
Fenestron® fan-in-fin tail rotor against aerodynamic and acoustic flight test measurements.
Comparisons are presented for two flight conditions: a takeoff at 75kt with high climb rate
and a level flight at 150 kt. For both flight conditions, computed and measured unsteady
blade pressures are in good agreement even if the computation tends to overestimate the
unsteady pressure fluctuation. Comparison of measured and computed acoustic spectra at
microphone locations exhibit similar shapes with a better agreement for the takeoff flight
condition than for the level flight condition.

Introduction

The enhancement of numerical tools used for
quiet helicopter studies has yield a lot of progress
in predicting main rotor impulsive noise. However,
the main rotor is not the only noise source of a he-
licopter. In some flight conditions, the tail rotor
plays a significant part in the helicopter acoustic
nuisance and has to be considered in the design
of low-noise flight procedures. The flow field oc-
curring in a shrouded tail rotor such as the FEu-
rocopter Fenestron® is very complex and depends
strongly on the flight parameters so that noise pre-
dictions cannot be performed by using analytical
models. In this case, CFD is required for providing
input data to aeroacoustic integral methods.

In this context a specific study has been
launched by ONERA and Eurocopter with support
of the French Ministry of Civil Aviation (DGAC),
first to acquire an experimental comprehensive
data base dedicated to Fenestron® noise analy-
sis, secondly to develop aerodynamic and aeroa-
coustic simulation tools sufficiently accurate for
Fenestron® noise prediction and to compare com-
putational results against the experiments. The
first aerodynamic and aeroacoustic computations
of a Fenestron® in flight conditions [1, 2|, respec-
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tively based on the Unsteady Reynolds-Averaged
Navier-Stokes (URANS) equations and the Ffowcs
Williams-Hawkings equation, have proven the ca-
pability of the numerical tools to capture the
main aerodynamic and aeroacoustic features of
the Fenestron®. In order to validate the numer-
ical computations against relevant experimental
data, the Dauphin 6075 helicopter of the DGA
Flight Test Center has been specifically instru-
mented [3, 4]. Flight tests have been carried out
to build up an experimental data base that has
already been used to perform aerodynamic and
acoustic analysis of the Fenestron characteristics
depending on the flight conditions [5, 6].

This paper addresses the first comparisons
of aerodynamic and aeroacoustic computations
against the experimental data obtained during the
Fenestron® noise flight test campaign. It is orga-
nized as follows. The experimental setup is first
presented, which consists in the Dauphin 6075 re-
search helicopter, the test program, the instru-
mentation and the data processing. Then both nu-
merical methods and setups used for aerodynamic
and aeroacoustic computations are detailed. The
last part of this paper is dedicated to the compar-
ison of numerical results and real flight data for a
selected flight condition.



1 Flight test data

1.1 Dauphin 6075 setup

The Dauphin 6075 used for the flight tests is
an Eurocopter SA365N helicopter equipped with a
Fenestron® of first generation. It is composed by
a rotor with 13 equally spaced blades mounted on
a hub supported by 3 equally spaced arms [7]. The
shroud diameter is 0.9 m and the nominal rotation
speed is about 4700 rpm which corresponds to a
blade passing frequency (BPF) of about 1 kHz.
Although this rather old and simple geometry is
not representative of modern Fenestron® with un-
even blade spacing out of acoustic concerns [8, 9,
10, 11, 12], its use is interesting for physical insight
and validation of the aerodynamic and aeroacous-
tic computation tools which are the purposes of
this study. Moreover, this Fenestron has been pre-
viously identified as a non negligible source of the
noise radiated by the Dauphin 6075 helicopter de-
pending on the flight conditions [13, 14].
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Figure 1: Microphone locations on the Dauphin
6075 for acoustic measurements

1.2 Instrumentation

The development, integration and testing of
the innovative instrumentation used for the in-
flight measurements is fully described in [3, 4, 6].
This instrumentation consists in two distinct parts,
one fixed on the fuselage and one rotating with the
tail rotor. The fixed part is composed of steady
wall pressure sensors on the rear part of the fuse-
lage and tail, of steady and unsteady wall pressure
sensors in the Fenestron® duct, of Pitot probe

rakes in the duct and microphones fixed on the
horizontal empennage. These measurement de-
vices are shown in figures 1 and 2. The rotat-
ing part of the instrumentation consists in a trig-
ger system, in pairs of upper/lower thin layer un-
steady Kulite pressure transducers mounted on
4 blades of the Fenestron® at 0.7 radius and in
strain gauges fixed on a reference blade, all dis-
played in figure 2.

Figure 2: Instrumented blade, rotor and duct for
Fenestron® aerodynamic measurements

1.3 Flight test program

The flight tests, carried out by the DGA Flight
Test crew from November 2008 to January 2009,
consists in many stabilized flight conditions: take-
offs, approaches, level flights and side-slip flights.
As shown in figure 3, the flight speeds vary be-
tween 50 and 150 kt with climb or descent angles
varying between 42000 and -2000 ft/mn.

1.4 Data processing

Each flight was recorded continuously so that
the stabilized flight phases corresponding to the
test program were first extracted from the record-
ings by the DGA Flight Test Center. Using the
calibration of the different sensors and instrumen-
tation chains, these experimental data were then
converted into physical units by ONERA’s Systems
Control and Flight Dynamics Department (DCSD)
and sent to the Applied Aerodynamics Depart-
ment (DAAP) and to the Computational Fluid Dy-
namics and Aeroacoustics Department (DSNA) for
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Figure 3: Flight conditions measured during the
Fenestron® flight tests

exploitation and analysis. For each track corre-
sponding to a flight case, the unsteady data have
been processed on an interval selected in order to
minimize the variations of the flight parameters
such as flight velocity, climb or descent rate and
side-slip angle.

The unsteady blade pressures and acoustic re-
cordings were sampled respectively at 20 kHz and
80 kHz. In order to isolate the harmonic noise
of the tail rotor, these unsteady data have been
post-processed using a time synchronous averag-
ing based on the one-per-rev signal given by the
trigger. This method, classically used for rotor
harmonic noise analysis, reduces significantly the
broadband noise. Moreover, since the tail rotor
operates at a rotational speed which is not a mul-
tiple of the main rotor rotational speed, averaging
acoustic data in the time domain on the tail rotor
revolution period is also an effective way of isolat-
ing the tail rotor harmonic noise from the main
rotor harmonic noise.

2 Computational method

2.1 Aerodynamic computations

The aerodynamic flow over the Dauphin heli-
copter in flight conditions is obtained by solving
the URANS equations over the complete aircraft
using the elsA structured CFD solver developed
at ONERA and used for many years for helicopter
applications [15].

2.1.1 Numerical method

The 3D compressible URANS equations are sol-
ved using the two equations k-w turbulence model
[16, 17] with the Zheng limiter [18, 19] and the
corrections of Kok [20] and Menter [21]. The clas-
sical 2% order centered scheme with scalar artifi-
cial viscosity [22| and Martinelli’s correction [23]
is used for the spatial discretisation. The numer-
ical scheme is implicit in time. The time integra-
tion is discretized by a second-order upwind three-
time-level formula which is solved by using a dual
time stepping method [24]. For all cases, the time
step used for computations corresponds to an az-
imuthal blade deplacement of 1 degree.

2.1.2 Geometry and computational grid

As can be seen in figure 4, describing the com-
puted aircraft, the geometry has been simplified
(lateral stabilizer removed, simplification of the
engines fairing geometry). The main rotor is mod-
eled using a non-uniform actuator disk method ac-
counting for the load of the rotor over one revo-
lution. It is included in a two cylindrical block
mesh with about 17,000 cells. This steady state
approximation of the main rotor reduces drasti-
cally the cost of the unsteady computation and
allows densifying the computational grid in the
Fenestron® area. The Navier-Stokes background
grid contains 85 blocks and around 1.3 million of
cells. The grid in the main part of the fuselage
is a relatively coarse grid but it has been decided
to limit the number of cells outside the Fenestron
duct for CPU time consumption reasons.
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Figure 4: Helicopter simplified geometry, actuator
disk location and computational grid for aerody-
namic computations



As for the Fenestron® geometry, displayed in
figure 5, it is fully discretized with a fixed part con-
sisting in the duct, the 3 arms (the one containing
the drive shaft larger than the others), the hub
and a rotating part consisting in the 13 equally
spaced blades with blade tip gaps. Each of the
13 Fenestron® blades is meshed with 3 blocks,
which contain about 110,000 cells. The blade mo-
tion during the CFD computations is taken into
account thanks to the Chimera method developed
at ONERA [25] for helicopter configurations and
consisting in the use of overlapping grids attached
to the bodies in relative motion with respect to
the aircraft (rotor blades as shown in figure 6). In-
terpolations are used to transfer the conservative
and turbulent variables in the overlapping zone be-
tween the moving and fixed grids. The complete
unsteady grid system contains 2.7 million cells.

Figure 5: Fenestron® geometry used for CFD com-
putations

Figure 6: Chimera grids around rotating blades

2.2 Aeroacoustic computations

The aeroacoustic computations performed in
this study have been carried out by solving the
Ffowcs-Williams and Hawkings [26] (FW-H) equa-
tion formulated for porous surfaces. The radiated
noise is computed by solving the FW-H equation
in the time domain using the KIM solver [27] de-
veloped at ONERA.

For the acoustic computations presented in this
paper, hypothesis is made that all acoustic sources
are enclosed by the acoustic data surface so that
the quadrupole term of the FW-H can be neglected.
No influence of solid surfaces, nor of the inhomo-
geneous inflow is accounted for in the noise ra-
diation computation. Furthermore, only discrete
frequency noise is computed.

The porous acoustic data surfaces are sized
and placed in such a way that they contain all
acoustic sources of the Fenestron but also that
they account for any reflexion or diffraction oc-
curing in the shroud. These surfaces, displayed
in figure 7, encompass the Fenestron® duct and
are thus placed in an area where the flow is more
homogenous than in the Fenestron® duct.

Figure 7: Porous surfaces at inflow (top) and out-
flow (bottom) sides for acoustic computations



3 Results and discussion

Two flight conditions, a takeoff at speed 75 kt
and high climb speed 1500 ft/mn and a level flight
at speed 150 kt, have been selected among the
gathered data for numerical simulation.

For both flight conditions, the thrust provided
by the Fenestron® in order to counterbalance the
main rotor torque has been estimated with the
HOST comprehensive code [28].

3.1 Takeoff flight

At takeoff condition, the thrust needed to coun-
terbalance the main rotor torque is relatively high.
Based on previous computations [1], the pitch an-
gle of the Fenestron® blade is set to 22 degrees
for the CFD computation. As can be seen in fig-
ure 8, the blade loading varies depending on the
azimuth and the thrust is strong enough so that
no flow separation occurs in the Fenestron® duct.

The measured and computed unsteady blade
pressures at 0.7 R, displayed in figure 9, exhibit
similar behavior over the complete rotation but
the computation overestimates the pressure fluc-
tuation at both suction and pressure sides. As
a matter of fact, all flights were performed with
some sideslip angle (about 2 degrees for the flight
used for comparison) so that in real flight condi-
tions a larger amount of the thrust needed to coun-
terbalance the main rotor torque could be pro-
vided by the lift of the tail fin rather than by the
Fenestron® itself. Since no experimental value of
the Fenestron® thrust is available, there is no way
to establish whether these discrepancies on the
blade pressure level are related to the CFD mod-
elization or to a mismatch between experimental
and theoretical Fenestron® thrusts.

The spectra of the measured and computed
acoustic pressure signals at experimental micro-
phone locations are displayed in figure 10. The
experimental and computed spectra exhibit simi-
lar shapes and the decrease of the tone levels with
the frequency are in good agreement. The com-
puted levels are overestimated with respect to the
experiments but this has to be related with the
unsteady blade pressure and thrust level issue dis-
cussed previously.
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Figure 8: Computed streamlines and pressure field
in the Fenestron® at takeoff condition, horizontal
cut at mid-hub (top), blade skin and duct (bot-
tom)
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Figure 9: Time evolution of blade pressure on suc-
tion (e, ¥, A) and pressure (o, V, A) sides at 0.7 R:
present computation (), pressure on blade n°2
(---) and n°4 (- - ) for a test flight at speed
71.85 kt and climb speed 1488.25 ft/mn
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Figure 10: Spectra of the acoustic pressure at mi-
crophone 1 and 4 locations, respectively on port
side and starboard, on the horizontal stabilizer:
present computation (—), flight tests (&, A, V)
at speed varying between 71.85 and 75.85 kt and
climb speed varying between 1488 and 1597 ft/mn

3.2 Level flight

For a level flight at speed 150 kt, a significant
amount of the thrust needed to counterbalance the
main rotor torque is provided by lift of the tail fin
so that the thrust produced by the Fenestron® is
much lower than for takeoff condition. The blade
pitch angle used for the aerodynamic computation
is thus set to 12 degrees. The higher flight speed
put together with a lower thrust of the tail ro-
tor result in a flow separation occuring in the up-
wind area of the Fenestron® intake, in front of the
biggest hub support. It can be seen in figure 11
that this flow separation is attached to the wall
over nearly half of the intake and alter significantly
the flow in the blade tip crossing area. The time
evolution of the measured and computed unsteady
blade pressures at 0.7 R are displayed in figure 12.
Experimental and computed pressures are in good
agreement but just as for the takeoff flight con-
dition the CFD solution overestimates the level of
pressure fluctuation.

The spectra of the measured and computed
acoustic signals are compared in figure 12. The
agreement between experimental and computed
values is good in terms of shape and trend of the
tone level decrease but all the computed tone lev-
els are underestimated with respect to the experi-
ments except for the level at BPF for microphone
n°l. As for the takeoff flight results, an experi-
mental value of the Fenestron® thrust would be
useful to improve the analysis of the discrepan-
cies observed between the computations and the
experiments.
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Figure 11: Computed streamlines and pressure
field in the Fenestron® at level flight condition,
horizontal cut at mid-hub (top), blade skin and
duct (bottom)
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Figure 12: Time evolution of blade pressure on
suction (e, ¥, A) and pressure (o, V, A) sides
at 0.7 R: present computation (—), pressure on
blade n°2 () and n°4 () for a test flight at
speed 149.8 kt and climb speed 38.5 ft/mn

Conclusion and futur work

Aerodynamic and aeroacoustic computations
of a Fenestron® fan-in-fin tail rotor have been
compared against aerodynamic and acoustic flight
test measurements. The experimental setup and
test program aiming at the analysis of the aero-
dynamics and aeroacoustics of a Fenestron® tail
rotor in real flight conditions have been presented.
The elsA and KIM solvers used respectively to
compute the aerodynamic flow over the full he-
licopter and the acoustic noise radiated by the
Fenestron® have been described. Thanks to the
use of overlapping grids (Chimera technique), un-
steady viscous computations have been performed
for two flight conditions: a takeoff at 75kt with
high climb rate and a level flight at 150 kt.

For the takeoff flight condition, the Fenestron®
thrust is high enough so that no flow separation
occurs in the shroud while for the level flight at
high speed the lower thrust combined with a higher
forward speed result in a flow separation on the
upwind part of the Fenestron® intake. For both
flight conditions, the comparison of the measured
and computed unsteady blade pressures over a rev-
olution shows a good agreement but the CFD so-
lution tends to overestimate the blade fluctuation.
This indicates that the flow physics depending on
the flight condition is captured by the CFD but
also that the Fenestron® thrust used for CFD com-
putations might be too high with respect to the
experiments.
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Figure 13: Spectra of the acoustic pressure at mi-
crophone 1 and 4 locations: present computation
(—), flight tests (O, A, V) at speed varying be-
tween 146.78 and 149.75 kt and climb speed vary-
ing between 22 and 88 ft/mn

The acoustic computations have been carried
out using the Ffowcs Williams-Hawkings porous
surface approach to account for acoustic reflec-
tion in the Fenestron® duct. The spectra of the
measured and computed acoustic signals at micro-
phone locations exhibit similar shapes. The de-
crease rates of the tone levels with the frequency
increase are also in good agreement but there are
still significant discrepancies with regard to the
tone levels.

A second flight test operation has been per-
formed at the end of spring 2010 to measure noise
footprints of some flight conditions selected for
their interest in terms of acoustic nuisance, flow
characteristics and certification concerns. For this
new flight tests, the tail rotor torque has been mea-
sured in order to solve the issue related to the real
thrust provided by the Fenestron® depending on
the flight condition. The computational grid used
for aerodynamic computations will also be refined



to enhance the accuracy of the unsteady flow field
in the area encompassing the Fenestron® duct up
to the porous surfaces used the acoustic computa-
tions.
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