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ABSTRACT the rotor. The following figure schematically siwates BVI
events on the advancing and retreating sides fthree-

This paper presents a detailed analysis of the sticou bladed rotor (only one tip vortex is shown for slitipy).
measurements performed on an aircraft equipped Blitb
Edgé] blades. These blades incorporate a novel double- Tip vortex Parallel interaction ~ Advancing side
swept planform designed to reduce Blade-Vortexraution BVI propagation
(BVI) noise in descending flight. The analysis qaeted
herein demonstrates through full scale near-figid éar-
field noise measurements that the new blade shapsg
efficiently reduces E_sVI nois_e through_out the fligitvelope Retreating side
of the aircraft. Using various metrics to assdss Blue BVI propagation
Edgd]l blades compared to standard straight blades, the
paper shows that the level and directivity of B\dige is
greatly altered due to the forward/backward bladeep. [
Results show that the baseline rotor propagatesstiBVI - 270
noise toward the front and retreating side of thén and Figure 1 : Typical parallel Blade-Vortex Interactions on
that the new blades offer the best gains for these the advancing and retreating blade sides
directivities. Also, it is shown that significaB/| noise is ) . )
generated on the baseline rotors retreating sidel a The main parameters governing BVI noise are:
propagates behind the aircraft, and that the BldgeE - the strength and size of the vortices generayettid blade,
rotor is also successful at reducing these intenast which is mainly drlv_en by the loading distributi@md the
Finally, preliminary noise footprints are shownhighlight ~ SPeed at the blade tip ;

180° <(uum—
Wind direction

4th quad. 3rd quad.

the potential of these blades in terms of operatiomise - the blade/vortex ‘miss-distance’ which is thetaiie in
reduction. the vertical plane between the blade and the voatec
which is mainly governed by the induced velocityotigh

the rotor ;
| NTRODUCTION - the geometry of interaction in the rotor diskraor how

the vortices are positioned with respect to theldlat the

The noise generated by rotorcraft and receiveddsgivers time of inte(action, and which is a function rogpeed and
in the far-field reflects the complexity of the agynamic ~ advance ratio.

environment in which these aircraft operate. Maayrces ) ) ) ) )

are involved (main and tail rotors, engine, trarssigin), and ~ Design solutions aimed at reducing BVI noise themef
each of these sources vary differently in levebgfrency ~ target a modification of these three parametertieei
content, and directivity according to the flightndition. through passive technologies (blade planform, tiaps,
For many years, it has been recognised that theobtiee twist, airfoil distribution, etc), through activedhnologies
most penalising noise source is Blade-Vortex Imtivas  (higher harmonic control, individual blade controlr
(BVI), which generates loud, impulsive, and strgng! through a modification of the aircraft trim (noiabatement

directive noise mainly during descending flight diions. ~ Procedures).  This paper focuses on a passive noise
BVI results from the interaction of the vorticesated by ~ reduction mechanism based on a modification oftiaele
the main rotor blades with its own blades. planform which impacts mostly the geometry of the

interactions.

A typical BVI occurs when a blade tip vortex shedthe ) o )

second quadrant is impacted by a following bladthénfirst e geometry of the interaction in the rotor disane, as
quadrant (see Figure 1). This type of advancidg 8VI is illustrated in Figure 1, _dlctates hqw the acouswa_ves
quite penalising because of the high Mach numbers@ccumulate in the far_ field at a given observeration.
experienced by the blade on the advancing sides riHise These so-called ‘phasmg_ e_ffects’ drastl_cally dfféne level
typically propagates efficiently toward the frorittbe rotor, ~ @nd frequency characteristic of the noise perceivedhe
either toward the advancing or retreating sidegeractions ~ observer (Ref. [1]). When the acoustic pressure
can also occur on the retreating side, where tifioes shed ~ disturbances generated by the BVI at each bladevspe

in the third quadrant are impacted by a blade @ fturth section are received by.an observer substanuatiyeasame
quadrant. These interactions propagate towardahe of  time, the total acoustic pressure tends to be Figh



impulsive in nature. Contrarily, when these pressu
disturbances are spread in time, the total acops@ssure
can be significantly reduced because of an outhafsp
addition (or even cancellation) of the acousticsptee from
each spanwise section.

Interactions that are termed ‘parallel’ (for whittte entire
blade span impacts a vortex simultaneously) callsthex
acoustic pressure disturbances to be receivedeasdime
time by an observer in a direction perpendiculathtblade
leading edge. These therefore tend to be veryligema
Advancing side parallel interactions are partidylar
penalising because of the high blade speed. NateBVI
is mainly a leading edge dominated event since wbtte
rapid aerodynamic loading changes created as thiexvo
passes over the blade occur near the leading edge.

The Blue EdgB" concept aims to reduce the strength of
BVI noise in the most penalising conditions/direns by
avoiding strong parallel interaction simultaneouster the
entire blade span (see Figure 2). Parallel intenae still
occur on certain portion of the blade, but the darg
forward/backward sweep prevents the acoustic pressu
from accumulating over the entire span. Also,ldhekward
sweep on the outboard part of the blade causegalgba
interaction which exhibits a main propagation direty
toward the side of the aircraft (almost perpendicubd the
flight direction). This directivity is beneficidbecause the
component of the Mach number in the direction of th
observer in this case is lower than for an intéoact
propagating toward the centreline, and therefoeexbppler
amplification factor is reduced. Finally, the guatl but
pronounced blade taper causes a smoother bladéndoad
distribution which reduces the strength of thevtiptex.

The Blue Edge™ Programme

This double swept blade design concept had injtinéen
studied within the ERATO project (study of an Acticesl
and Technological Rotor Optimisation, Ref. [2]) aiwas
launched by ONERA, DLR, and Eurocopter.

Following the conclusion of the ERATO project, Ecopter
signed at the end of 2000 a research agreement wit
ONERA that was supported by the DGAC in order to
develop a full-scale blade for flight testing. Téietails of
this programme have previously been presented fn[Be
The four-phase programme started from the lessarat of
ERATO, and continued through detailed blade design,
manufacturing, and finally full-scale testing on BE155
demonstrator aircraft. The following figure showlse
planform evolution from ERATO to Blue Edgé

ERATO

BLUE EDGE™ Q

Figure 2 : Comparison of the blade planform between
ERATO and Blue Edge™

The flight test campaign, which began in 2007, was
performed throughout the entire flight envelope thé
aircraft and covered evaluations of the performastatic

and dynamic loads, vibrations, handling qualitiesmd
acoustics of the new blade. Typically, these fligbst
evaluations were performed as comparative studigsthe
reference EC155 rotor, with flights performed sussbeely
with the same aircraft equipped with the two digfer sets

of blades. By the end of the programme, more #aflight
hours had been performed with the rotor fitted wite
Edge" blades. This paper focuses on the acoustic
evaluations that were performed in 2007 and 20Q&asof

this research programme.

FLIGHT TEST DESCRIPTION

As mentioned previously, the Blue Edge™ blades are
designed specifically to reduce BVI noise in theraach
phase. To demonstrate the efficiency of noise rgaluctwo
different flight test measurements were performeddull-
scale demonstrator (EC155) with a standard rotoipped
with straight blades and a Blue Edge™ rotor equippih
double swept blades (see Figure 3). The basetiter is
comprised of straight blades with a parabolic tip.

6

Figure 3 : EC155 equipped with Blue Edge ™lades
during noise measurements.

A first noise test campaign aimed at measuring and
comparing the noise characteristics of the two eddfit
rotors over the whole flight envelope (includingydver,
[ppproach, and climb) with a set of near-field mptrones
attached to the outside the aircraft. This tess wimed at
quickly validating that the concept tested on arfoladed
rotor in the wind tunnel scaled adequately to d agraraft
with a five-bladed rotor.

Once this risk reduction test was validated, a seédtight
test campaign was conducted, covering several tfligh
conditions with a matrix of seven ground microphorie
assess the direct comparison of the baseline an Bl
Edge™ rotors.

Near-field microphone flight test

The first flight campaign was performed on the vehflight
envelope in order to confirm the capability of tBéue
Edge™ rotor to reduce BVI noise in comparison vilie
reference main rotor. The near-field microphonesrew
attached to the outside of the airframe as showRigure 4,
with three microphones installed on the advancitapdo
side and two additional microphones attached to the
horizontal tail. Nose cones in front of the microphs were
used to reduce the aerodynamic noise resulting fiioen
advancing speed. Aerodynamic noise was also reduced
thanks to an installation on swivelling weathensane



The flyover and descending flight test matrix fdrist
campaign is presented in Table 2 (climb conditiorese
also performed but are not addressed herein). mMhaisix
was designed to cover the most interesting flightditions
based on the results of the in-flight microphonepaign.
All flights were measured both with the standardi dine
Blue Edge™ main rotor to allow close comparisons.

Table 2. Test matrix for ground microphone campaign
True Air Speed (kt)
Glideslope (de¢ |50| 64 70| 80] 95 13(| 14£
0 x | x
-2 X | X
-4 X | x| x]x
: -6 x| x| x| x|x
S ——— — -8 x| x| x| x
d microphone installation. 0 "

The main interest of such microphone set-up ititscost,

the possibility to quickly cover the entire fligehvelope,

and also the ability to test manoeuvring phasesth®mther RESULTS
hand, such measurements are quite limited in teofs ) )

directivity characteristics: the reduced numbers of Near-field microphones results

microphone do not allow a precise ground noise pioot Ref. [3] introduced _reSI_JIts pf the near-field adtmsﬂight
characterisation. envelope characterisation in the form of an A-wagh

contour plot showing the difference between theelbas
The flyover and descent flight test matrix that was "otor and the Blue Edd¥ rotor. In this paper, each flight

performed for both rotors for this test campaigrsiewn  €nvelope plot is shown separately in order to hggitlthe
below. distinctive features of the two rotors.

Table 1. Test matrix for in-flight microphone campagn The approach flight envelope of the EC155 equippet

True Air Speed (kD the baseline rotc_)r is pres_ented on Figure 5. Thysré

mate of Descei 5o T 60T 801 ool 113 T30 Tk shovv_s the near—ﬁ(_eld A—welghteq sound pressurel lasea
function of true airspeed (X-axis) and rate-of-aaac(Y-

0 ft/mn XX L XX X X axis). The levels plotted represent microphone #2the
250ftmn | x | x [ x| x [ X advancing blade side (see Figure 4), and exhilsitrang
500ft/mn | x f x| x| x BVI noise region for low speeds (between 55 and@dis)
-750 ft/mn X | X ] x| X and moderate glideslope -3 to -9° (i.e. rates-cidat
-850 ft/mn X | X between -400 to -900 ft/min). This region correstiag to
-1000ft/mn | x | x | x| X high BVI noise is typical of most rotorcraft. Thimspulsive
-1250 ft/mn X | x ] x noise ‘hotspot’ is penalising because standardeglapes
-1500 ft/mn x| x| x and airspeeds used in operational flight proceduseslly

fall within this high noise region and noise abatein
procedures used to avoid this region require stiegEent
Ground microphone flight test angles, often combined with strong decelerations.
The system used to record on-ground sound prekstekis
composed of several stations connected via Wi-Fiato

central control station. This measurement instmtatén 0
was previously introduced in detail in Ref. [4]. hél 200
measurement stations allow real-time monitoring atif _
channels installed on the field, and the resulte ar g -400-7
compatible with standard noise certification stadda(see = 600 )
for example Refs. [5] and [6]). Synchronized GP&anae ]
on each station allow time to be strictly monitot are $ -800 -
linked to the aircraft and meteorological statimnet base. g 1000
[J)
The microphones used for these ground measuremenés & -1200
standard certification-type pressure-field micropé® set at
1.2m. Two seven-microphone transversal arrays were -1400 - 1 | - o
installed on the airfield and the direction of Htgwas -160 w N s w I
0 60 80 100 120 140

chosen based on the predominant wind direction.r Fo
example, when the wind was mainly blowing from tioeth

or south the seven microphones located on the vesssit-
flight track were used. The microphones were |atatethe
following lateral distance®:300m,+150m,+75m, and Om.

True Airspeed (kt)
Figure 5 : Near-field A-weighted sound pressure leal for
reference rotor (contours are 2dBA apart).



Figure 6 presents the same approach flight envelmpthe
EC155 equipped with Blue Edge™ blades. The higlsenoi
level region due to BVI on Figure 5 has been cotapje
eliminated due to the double-swept blades.
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Figure 6 : Near-field A-weighted sound pressure leal for
Blue Edge ™rotor (contours are 2dBA apart).

In the course of the data processing and analyaisous
metrics were used to highlight the presence or ralesef
BVI noise. These included the standard certifaratinetrics
(such as tone-corrected perceived noise level, BNhiit
also dedicated BVI noise metrics. For exampleghfli
envelope graphs such as Figures 5 and 6 were glotte
terms of BVISPL (for which the signal is filtered show
only the 6" through the 49 harmonic of the main rotor).
However, the BVISPL plots showed the same trendhas
A-weighted plots shown above. The kurtosis of sfgnal
was also used in order to attempt to better chariget the
typical impulsivity of BVI noise, and the impact thfe Blue
Edge™ blades on this impulsivity. The kurtosisuftb
standardized moment of a signal) is a measure ef th
"peakedness" of a signal or how much this signaiiltets
strong/quick variations around a mean value (REj. [ As
such, the kurtosis can be used to quantify the atmafuBVI
present in the near-field microphone pressure level

Figure 7 presents the difference between the kisrtok
near-field microphone #2 with Blue Edge™ and wilie t
baseline rotor as a function of true airspeed aaid-of-
descent. Around the region where BVI is prevaldatv(
speed approach at -400 to -900 ft/min) for the l@seotor
a strong reduction of kurtosis occurs for Blue Edigetor.
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Figure 7 : Difference between near-field kurtosisdr the
two rotors (negative values where reference rotords
higher kurtosis).

Figures 5 and 6, and Ref. [1], highlight the 60 tkno-8°
glideslope approach as the condition which shows th
maximum reduction of A-weighted sound pressure lleve
Figure 7 above shows that the kurtosis also pdmtthis
flight condition. However, the preceding figurs@lshows
significant kurtosis reduction for flight conditisrat -400 to
-500 ft/min between 50 and 70 knots (the 50 knsesaare
not shown on the graph because they are at the dinthe
interpolation range used to plot the graph). Ndtat ton
Figure 7, the two distinct regions of strong kuitos
reduction which are apparent at -450 ft/min and-86nin
most probably form a single region covering thisokeh
descent range, the discontinuity between the tvgons
being due to insufficient data points in that regioThe
following figure focuses on the pressure time-higtof a 55
knots, -4° glideslope approach in order to assdms t
capability of the kurtosis to properly identify BVioise in
this flight condition.

On Figure 8 the acoustic pressure time-history oregsby
the near-field microphone #2 is presented for theebne
and Blue Edge™ rotors. The time axis of the figuas been
set to fit two rotations of the 5-bladed main rofbine strong
negative peaks of the baseline signal charactetiwe
temporal representation of interaction of a vortexh a
blade.

g m Wk MW W\ JWW WWWW WM
Blue Edgé"

Time
Figure 8 : Acoustic pressure time-history for standrd
and Blue Edge™ blades for a 55 kt, -4° glideslope
approach (pressure scales are identical).

On the previous figure the Blue Edge™ BVI presqueeks
are still present but much less important thandtaadard
rotor. This sample result shows that the kurtosigndeed
able to correctly identify and highlight BVI noisethereas
in this case the A-weighted sound pressure levet wa
insufficient. This highlights the importance o&thhoice of
metrics for representing rotorcraft noise sourcds. this
specific case, the usual metrics (dB, dBA, PNLT,IBRL)
do not properly qualify the signal and thus undémeste the
gains brought by the Blue Eddk blades in terms of
annoyance.

This first in-flight microphones campaign demontdathe
ability of the Blue Edge™ blades to reduce BVI ggern a
large region of the flight envelope. This succelssbise test
validated the Blue Edge™ concept on a full scale
demonstrator and led to the second phase of thee riest



campaign which aimed at quantifying the expectetseno
reductions on ground microphones.

Ground microphone flight test

Near-field microphones flight test were conducteithva
reduced number of microphones all positioned ctosthe
aircraft structure and mostly on the advancing sifiehe
rotorcraft. Using this setup, it is indeed difficth estimate
the gains on the ground as well as the directpéiterns of
BVI noise propagation.

To overcome this issue flight tests were conduackeith

blade side for the baseline rotor with its highesiues on
the centreline and -75m microphones. This impihed the
typical advancing parallel interaction (as showrFagure 1)
might be less dominant in this condition than sdaren of
oblique interaction propagating across the airctaftard
the centreline and retreating side. On the otlardhthe
Blue Edge™ noise levels are fairly symmetrical hvatbias
toward the advancing blade side for the furthestrogihone
positions.

In order to better interpret the flight test resulisolated
rotor noise predictions were performed using a siiou

Blue Edge™ and baseline rotors on an array of seversolver coupled to a trim and freewake code. Thises,
ground microphones. This second set of test aimed areferred to as HMMAP (from the chaining of the was

allowing a direct comparison of the two rotors, wfifging

the expected gain of the Blue Edge™ rotor compéwettie
baseline rotor, and evaluating the directivity cluaeristics
of the new rotor in the far-field.

In order to highlight the difference between the tetors,
this part of the article focuses on a single fligbhhdition
(60 knots, -8° glideslope approach) where the beite
reductions in terms of A-weighted sound pressurelle/ere
measured. However the explanations for noise restuaind
directivity characteristics are applicable to otlagaproach
flight conditions where BVI occurs.

Figure 9 presents the effective perceived noisel IE&PNL,
see Ref. [5]) as a function of the lateral distafarethe 60
knots, -8° glideslope approach. For each rota, dhrves
represent the average of all runs that were peddrat that
condition.

) rét_reafing blade side
~ advancing blade side
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Figure 9 : EPNL as a function of lateral distancedr
baseline and Blue Edge™otors.

300 -300

Figure 9 shows that the baseline rotor noise lewsks
significantly higher than the Blue Edge™ rotor desdor
most microphone positions. It is interesting toentitat the
most important gains are experienced on the cémreind
retreating blade side, contrary to what could bpeesed
from advancing side parallel BVI reduction (seeurégl).
For the centreline and -75m microphones the diffeges as
much as 5 EPNdB in favour of the Blue Edge™ rotor.

The directivity pattern of BVI propagation for thfght
condition needs to be further detailed. Indeed, bése
levels measured on the ground are higher on theataig

codes: Host-Mesir, Menthe, Arhis, Paris) has batmarly
designed at ONERA and is described in detail in. Rt
The HMMAP tool models the trim of the aircraft ugithe
internal Eurocopter flight mechanics code HOST (e,
coupled with the freewake code Mesir. The vortesifions
and roll-up are then modelled in the Menthe codereethe
blade-vortex interactions are refined and the tegul
pressures are computed by the Arhis code. In tlketlea
noise sources generated by the elastic blade iriomot
(thickness and loading noise, including BVI) arenpaited
through a Ffwocs-Williams and Hawkings formulatigtef.
[10] and propagated to the ground thanks to theseade.

Figure 10 presents the result of this computation the
baseline rotor: the noise footprint generated leyittolated
rotor (in a clockwise rotation) at 120m height ltech over
the (0, 0) coordinate point (black circle on thgufie) for the
60 knots, -8° glideslope approach. In this repregéEm
equivalent to a wind-tunnel mode, the wind comesnfthe
right side of the figure. The same calculation thoe Blue
Edge™ rotor is presented on Figure 11.
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X-Distance (m)
Figure 10 : Noise footprint for isolated referenceotor
computed with HMMAP prediction tool.
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Figure 11 : Noise footprint for isolated Blue Edge™
rotor computed with HMMAP prediction tool.



On Figure 10 the maximum directivity pattern of Bl
clearly centred (maximum noise on the centrelings ¥m),
but the highest noise regions extend from -50m lo@ t
retreating blade side to +50m, on the advancindebtade.

On Figure 11, the BVI region is located on the ambiag
blade side of the rotor i.e. the positive valueslaiéral
distance (Y-axis).

By comparing the two computations, it can be séen the
isolated rotor prediction results are qualitativetynsistent
with the measured directivity pattern of Figurel8.fact, in
addition to the strong BVI noise level reductioredo the
acoustic phasing effect of the double-swept blathe
previous figures show that the Blue Edge™ bladegdes
drastically changes the baseline rotor directivigttern,
with large noise levels reduction more visible dme t
centreline and retreating blade side. Indeed,btekward
sweep of the Blue EdJ4 blades tends to rotate the main
directivity pattern toward the advancing side oé ttotor.
This shift in directivity is beneficial, becausedirects the
highest noise levels to observers for which the mpament of
the Mach number of the rotating source in theiection is
reduced (i.e., the observer is not ‘in front’ o&timoving
acoustic source).

The next paragraphs give a detailed analysis ofBkié

reduction on the retreating side microphone locatéch
from the centreline. On Figure 12 the measuredeTon
Corrected Perceived Noise level time-history fore th
baseline and Blue Edge™ rotors are compared. Baotres
are synchronised at the overhead position dravenvastical
dashed line on the figure.
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Figure 12 : Tone-Corrected Perceive Noise Level tie
history for reference (red dashed curve) and Blue
Edge™ (blue solid curve) rotors for a 60 kt, -8°
glideslope approach.

Figure 12 shows that the Blue EdYerotor reduces the
noise on this microphone throughout the aircraftofy, and
not only on the forward part of the rotor disk asild be
expected.
observed between 60m to 250m before the aircrafthes
the array, with more than 9 TPNdB reduction whea th
aircraft is 60m before the array (point 2).

On these approach flights the trajectories for

both

at instant of emission are marked from 1 to 4. Tbee
levels at these emission distances are furtheile@ta the
following acoustic pressure time-history figures.

Figure 13 shows the sound pressure signal as agidanaf
time for the baseline and Blue Edge™ rotors. Thetaxis

for both rotors has been set to two rotor revohdioThese
two signals were emitted when the aircraft was tpoed
250 m before the centreline microphone and weréucagp

by a microphone located at 75m from the centreline
microphone on the retreating blade side of theraircThis
position matches the instant of the 10 TPNdB betbe
maximum PNLT for the Blue Edge™ signal.

The two underlying pressure signals are of comparab
amplitude. The main difference comes from the sesfe3-4
strong BVI peaks that occurs for each passing btHdbe
baseline rotor. The peaks are also present on ifoe B
Edge™ signal but the amplitude of the peaks is nmash
important, and the resulting noise is thus quiet&his is
reflected in Figure 12, where a gain of more tharPNdB

is demonstrated at -250m.
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Figure 13 : Acoustic pressure time-history at pointl (see
Figure 12) for reference and Blue Edge™blades for a 60

kt, -8° glideslope approach (pressure scales are
identical).

Figure 14 shows a Fourier transform of the basalater
time signal of Figure 13. The acoustic level forclea
frequency is presented as a function of the mammabaic
number. The red triangles localise the pressurel lefveach
harmonic of the main rotor fundamental blade pagsin
frequency. The range on the graph is limited ® &h to
40" harmonics to focus on BVI content. The same
calculation has been made for the Blue Edge™ tiigneas
on Figure 15. The acoustic pressure range (Y-atishoth

The maximum noise reduction is nonetkele graphs is the same.

measurements are similar in position and speed and

therefore a direct comparison of time signals can b

achieved. On Figure 12 different positions of th&orcraft



Acoustic pressure (dB SF

|
ll
25 30 35 40

Main rotor harmonic number (n)

Figure 14 : Sound Pressure level as a function ofibeline
rotor harmonics at point 1 (Figure 12) for a 60 kt,-8°
glideslope approach.
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Figure 15 : Sound Pressure level as a function oflige
Edge™ rotor harmonic at point 1 (Figure 13) for a ® kt,
-8° glideslope approach.

On Figure 14 the main rotor harmonics levels hawe t
highest amplitudes of the spectrum and they fortypaal
envelope dominated by these harmonics. The chaistate
regular gaps (for example between harmonics nur2Ber
and 23) are mainly due to ground reflection caatielhs, as
1.2m microphones were used during tests.

By studying Figure 15, it is readily seen that fraan
quantitative point of view the baseline main rdtarmonics
are much more present in the spectrum than in dlse of
Blue Edge™ (much smaller emergence from other ssjirc
This is a direct consequence of the reduction of BMse.
Note that peak observed before harmonic numbes 2sb
present on the baseline rotor at a comparable kueh this
case it is covered by the main rotor harmonicsis peak is
not linked with main rotor acoustic sources. As idifficult
to compare Figure 14 and Figure 15 directly on shme
graph, Figure 16 presents a comparative graph usithg
the main rotor harmonics in the BVI frequency rangks
can be seen, all harmonics of the fundamental lpadsing
frequency of the main rotor are reduced in the cd€@lue
Edge™, by up to 10-15dB for some harmonics.
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Figure 16 : Sound Pressure level for'to 40" rotor
harmonics for baseline and Blue Edge rotors at poinl
(Figure 13) for a 60 kt, -8° glideslope approach.

For conciseness, the detailed analysis presentadab not
repeated for each point identified on Figure 12yéwer the
evolution of the pressure time-histories are shtwreach
case.

On Figure 17 the pressure signal extracted at pdiff
Figure 12 are shown, corresponding to the noisetedni
when the aircraft is 60m before the centreline optione; it
matches the maximum value of PNLT for the basetiter.

555)7 (AT |
% M | W W 1 & WM W \( WW q
Blue qug M |

Time
Figure 17 : Acoustic pressure time-history at 2 (6@
before overhead position) for reference and Blue Ege™
blades for a 60 kt, -8° glideslope approach.

Once again the difference on the BVI events is absi the
number and the amplitude of strong peaks have ase
for the baseline rotor compared to Figure 13 wheiR¥dl

activity on Blue Edge™ rotor is clearly reduced mevé
some small BVI peaks can be observed.

Figure 13 and Figure 17 presented impulsive naigeats
coming from the aircraft before it reached the mpdrone.
The impulsive acoustic information recorded at ¢hes
instants results from blade vortex interactionsuogog on
the advancing blade side and propagating in frdnthe
aircraft. The important noise reductions due toeBEdgé&
are expected in these cases, but what can be Sogon



Figure 12 is that the double-swept rotor also aersibly
reduces noise levelsfter the aircraft has flown over the
microphone array.

Indeed, for point 3 of Figure 12, the aircraftagdted 50m
after the microphone location and this point repnés the
instant of maximum PNLT value for the Blue Edge ™bro
On Figure 18 the pressure time signal of the basedind
Blue Edge™ rotors at point 3 are presented. Onenctine
that BVI peaks are present in this case, but thairt
directions have been flipped compared to the B\ékgeof
points 1 and 2. Therefore, the noise signal shiowfFigure
18 is dominated by BVI occurring on the retreathigde
side of the rotor. Again, in this case the Blue &#gpeak
amplitude values are less important, although tames
number of BVI peaks is present.
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Figure 18 : Acoustic pressure time-history at 3 (50
after overhead position) for reference and Blue Edg™
blades for a 60 kt, -8° glideslope approach.

This reduction of retreating blade BVI noise can be
observed in the prediction results shown on Figd@snd
11, where a BVI hotspot is seen for the baselirterrat
(-50m, -75m).

Finally, theFigure 19shows the acoustic pressure signals
measured at point 4 from Figure 12 (225m afteratineraft
crosses the microphone array). This point matches t
instant at which the PNLT falls 10dB below the nmaxim
PNLT value for the Blue Edge™ time-history. Agathe
figure shows that the baseline rotor exhibits B\dise
generated on the retreating side of the rotor, Wwhe
significantly reduced by the double-swept design.

From all these time-signal figures we notice th&l Peaks
were strongly present for the baseline rotor arel Bfue
Edge™ design reduces the number of interactionss (le
peaks) and also reduces the amplitude of the Bekq€eThe
results have shown that for this flight conditidve tdouble-
swept planform geometry is able to mitigate advag@nd
retreating side BVI noise. The flight conditiorosin in this
paper was chosen to highlight the most notablesidiffces
between the two blades. However, as the near-fesddlts
showed, this novel planform geometry successfidbjuces
BVI in all flight conditions where BVI noise is pideminant.
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Figure 19 : Acoustic pressure time-history at pointt
(225m after overhead position) for reference and Bk
Edge™ blades for a 60 kt, -8° glideslope approach.

Preliminary noise footprint assessment

To assess the environmental impact of the new Blige™
design during typical operations, the acousticatada
gathered during the ground measurements are usegh as
input database to generate noise footprints witke th
HELENA software (Ref. [11]).

Figure 20 presents the noise footprint obtainedmfro
HELENA for the 60 knots, -8° glideslope approaclseca
Figure 21 is the equivalent noise footprint for tBtue
Edgé™ rotor. On both graphs the noise level range lage t
same and the coloured contours are 2 EPNdB apart.
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Figure 20 : EPNL noise footprint prediction for basline
rotor in approach phase at 60kt, -8° glideslope (d¢our

contours are 2 EPNdB apart).
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Figure 21 : EPNL noise footprint prediction for Blue
Edge™ rotor in approach phase at 60kt, -8° glideslope

(colour contours are 2 EPNdB apart).
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When comparing these two footprints, it can be olesk
that the maximum EPNdB noise levels are more inagmort
on the reference rotor in the vicinity of the lamglipoint
(X=400m, Y=0m). On the advancing blade side (jaesit
lateral distance), the far lateral contours are manable for



both rotors even if the noise levels are slighdguced for
Blue Edge™ rotor. On the other hand the later&tmxof
the contours on the retreating blade side (negdéteral
distance) presents noise contour
substantially reduced due to the strong impacthef BVI
reduction on Blue Edg¥. The area around the centreline
exhibits an even more dramatic reduction in contven.

For example, the area of the contour highlighted @ashed
red line on the previous figures is reduced by ntbaa 60-
percent with the Blue Ed2 rotor. In terms of longitudinal
extent along the centreline, that particular contoas been
reduced by more than 1 km.

CONCLUSION

The acoustic objective of the novel double-sweptieBl
Edge" planform was to significantly reduce BVI noise in
the approach phase using a passive blade designs T
design was based on avoiding the strong acoustsip
effect that can be encountered in the far-fieldcettain
observer locations with a straight blade.
conclusions of the acoustic flight test campaigas be
summarised as follows:

e The two comparative flight tests that were perfaime
demonstrated that this concept was indeed sucd¢easfu
drastically reducing the intensity of BVI noise dhghout
the descending flight envelope of the EC155 fivadild
helicopter compared to the standard straight rofothat
aircraft. No degradation of the noise in climbforward
flight was observed.

e Various metrics were used to analyse the data,itand
was shown that the use of the kurtosis allowed apegr
identification of BVI noise conditions.

The main
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