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Abstract

The blade/vortex interaction noise and the
thickness noise are the impulsive noises radialed
by a helicopter rotor flying at low speed. A
prediclion code of the thickness and loading
noises applied to a helicopler rotor has been
developed at ISL. This code, named ROTAC, is

very briefly described here.

In order to validate this acoustic code, calculations
are compared with measurements oblained by ISL
and by a DLR US-ARMY coliaboration.

The thickness noise of a rotor in hover and forward
flight is correctly predicted up o a tip Mach
number near 0.88. For a flight configuration with
occurrence of blade/vortex interaction, the small
number of blade pressure measurements does not
allow {o determine the amplitude of the loading
noise but these entry dala make it possible to
examine qualilalively the agreement between cal-
culations and measurements.

Notations

ag sound speed in undisturbed medium

c . blade chord

B : rofor diameter

& 1 surface density of the acrodynamic force acling
by the blade element da on the fuid

My advancing tip Mach number

Ms : hover tip Mach number

M, : Mach numbaer in the receiving direclion

P acoustic pressure

R . distance between the receiving point and the
rotor hub '

Rg : rotor radius (D/2)

ri - {ocation vector of the receiving point with respect
to the biade element do

r . distance between the receiving point and the
blade element do

t . neise receiving time

vo, : normal component of the blade element velocity

X : focation vector of the receiving point

o, @ inclination angle of the rotor disk

€ azimuth angle of the receiving point with respect
to the rotor hub

/] : blade pitch angle

s - collective blade pilch angle (at 0,75 Rg or at
0.70 Ry}

e lateral eyclic pitch angle term

0 tongitudinal cyclic pitch angle term

It . rotor advance ratio

fo o oair density

de  : blade element surface

T : noise emission time

o . sight angle of the receiving point with respect
to the rotor hub

W . blade azimuth angle

£ :rotor blade angular velocity.

Introduction

The impulsive noises radialed by a helicopler
rotor are the blade/vortex inferaclion noise which
is very imporiant at low speed in descent flight, lhe
quadrupolar noise which occurs at high speed and
the thickness noise occurring in all cases.

We have developad a prediclion code of the

thickness and joading noises [(ROTAC) which



computes in time domain and is suilable for

subsonic speeds and non-compact sources.

In this presentalion we are particularly inlerested
ROTAC by

wilh  the

in validating the acouslic code

comparing the calculated resulls
experimental gnes obtained by [SL (lhicknoss
noise in hover flight) and by the DLR US-ARMY
collaboration (fhickness and loading noises in

forward flight).

The pressure measuremenis given by several
sensors located on the blade are used as entry
data for the loading noise calculation,

1 The acoustic code ROTAC

The theorelical study of the noise radialed by
bodies maving with respect to the air is based on
a non-homogeneous sovaeral
source lerms of the second member indicaling the
boundary condilions on lhe body surfaces. The
resolufion of this equalion (called Ffowcs-Wiltiams
and Hawkings equation) leads 1o the expression
of the radialed acouslic pressutre. Neglecling the
influence of the quadrupeolar noise, one oblains the
full formulation of the thickness and loading

noises, respectively 1.2 3] :

wave  aquation,
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PSS E (f‘ L ) kIR DUV do (1)
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Thea far-field approximalion is obfained when the
1irt terms in
negiecled.

the above full formulation are

The acousiic calcuiation code, named ROTAC, is
bzsed on 3 temparal formuiation similar o the one
developed by FARASSAT and SUCCI {1] or
BRENTNER {4]. This code has been operalive
since 1989 and has been applied lo helicopler
rotor prediction noise.

The code is largely described in  {2.3.5],
some relative 1o the
different angles may be worlh remembaoring:

nevertheless, ciauses

« the blade azimulh angie  is zero when the
blade is focated af the back of the rolor,

* the localion of the receiving point defined by
% is given in spherical coordinates by @, &
and R,

¢ the ® angle is the tocstion of the azimuthal
receiving point with respect to the rolor hub:
it is positive in the rotor rolational direction
{the rotor turning counter-clockwise) and il is
zero when the receiving point is ahead of the
rotor,

+ @ is the sight angle of the receiving point with
respecl {o the rotor hub; it is negalive when
the point is below the horizontal plane and il
is zero when the receiving point is in this
piane,

. finally, R is the disiance belween the rotor hub
and the recaiving point.
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The knowledge of the gcomelry and  the
kinematics of the rotor is sirictly nocessary for the
catculalion of the radiated noise. Further, the
knowledge of the aerodynamic forces acling on
the blades is necessary for the loading noise cal-

culation.

The validation of the acouslic code ROTAC is
made by comparing the caiculated resulls with the
experimental ones, the flight conditions being well
known., The selecled procedure for
comparisons is carried out at three levels:

these

* validation of the calcuiated thickness noise for
a rotor in hover flight,

+ validation of the calculated thickness noise for
a rotor in forward flight, .

* validation of the calculated loading noise for
a rotor in forward flight.

When the noise radiated by a rotor is examined,
the calculated thickness noise can be distin-
guished from the calculated loading noise. But
experimentally, it is impossible to dissociate these
iwo kinds of noises, even if their directivities
radiate differently, Therefore, for the loading noise

validation, we also calculate the {hickness noise.

2 Thickness noise of a rotor in hover flight

To validaie the thickness noise caiculation in the
hovering case, we compare the ROTAC resulls
with the acoustic measurements obtained with the
ISL rotor model.

2.1 I1SL rotor model

This experimental apparatus operating in the open
air allows 1o reach transonic speeds at the rolor
biade tips.

This equipment is original because for transonic
spaeds, lThe power available at the rotor head and
necessary to overcome the drag force is such thal
the roior head can be equipped with large chord
blades, the chord dimension being two or four
than the chord of real size

limes smaller

helicopier rotor blades.

The facility, the control and the data acquisilion
syslem are desearibed in (6]

The generat characlerislics of this rotor model are
the totlowing:

¢ power al the rotor head - 140 kW
« maximal speed of the rolor head 3000 rev/min
*» maximal lorque : 467 Nm
¢ heigh! with respect to the ground : 2,50 m

rotation direction seen from above : clockwise,

The characteristics of the actually used blades are

as follows:

¢ rolor diameter 1200 m

* blade root radius (0,28 m

+ profile kind : NACAGO12

* profile chord 0,15 m

* linear twist © 4 5,845 °/m
+ blade mass - 1,400 kg

* btade number 12

2.2 Acoustic recordings

The purpose of the experiments consisis in
recording the acoustic signatures at the receiving
points located around the rotor for rotation speeds
ranging from 1900 rev/min to 3000 rev/min, the
blade {ip pitch angle being zero.

For a given rotation velocity, 2 synchronous data
acquisition is triggered when the reference blade
is seen by the camera localed #/2 ahead of the
receiving points (figure 1). The maximum acguisi-
tion rate is 280 kHz. A test record consists of 16
revolulicns and 1024 samples are recorded per
revolulion. The measured signatures are oblained
by making the phase average over the 16
revolutions. We only present the signatures ol two
microphones ameng the five ones used in this

experiment:

« microphone M0O1 is localed in the horizonlal

plane one diameter from the rotor hub

(= DR =D),

L] microphone M02 is located 207 below (he
horizonial piane one diametler from the rolor
hab (D = - 20" R = D).
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The ground below the rolor was covered wilh
acouslic lining lo avoid reflections.

2 A ROTAC thickness noise calculation

We use the ROTAC code to compule the acoustic
signatures al the location of the microphones wilh
a time step corresponding to the experimental
sampling rate {1024 samples per revolution). The
ROTAC code inpul dala are the same as lhe
experimenial conditions. In order to respect the
propagation delay, the computation is starled at
an azimuth angle corresponding to the triggering
of the dala acquisition.

2.4 Comparison befween compuied and experi-
mental results

Figure 2 shows results concerning microphone
M1 (horizontat plane} with My, == 0.85;

. the measured signature,

¢ the computed signature using the full formu-
iation {equation 1),

¢+ the compuled signature using the far-field ap-
proximation.

The computed signature using the full formulation
has the same shape as the measured one but the
noise is underesfimatled about 13%.
the far-field approximation,
roughly 30%
g time delay is noled. As an example, this case

As regards
the prediction is
smalier than the measurement and

demonstrates that the full formulation {equation 1)
is necessary to predict the noise radisted at dis-
tances in the order of the rofor diameter.

At the same localion {microphone MO1, ¢ =0,
R=0) ihe
obtained

predicied and measured signalures
for six hovering lip Mach numbers
(0865 <M, <089 are presenled in figure 3, the
time scale corresponding fo about 1/5 of a
revolylion. A good agreement is found espaecially
for the shape of the signature bul the level is
underesltimated; the devialion is less than 10% al

M. = 065 and less than 20% at M, = 0.849.

Figure 4 presents the same kind of comparison for
microphone MO2 (= ~ 207, R = D), The pressure

scale s twice as tow as in the above case

(mictophone MO and so is the noise level. A
good agreement is found again, the devialion
between predicted and measured lovels is fower

than 15%.

3 Thickness noise in forward flight

We have compared the predicled signalures given
by the ROTAC code with measuremenis oblained
with an AH-1/0LS model rotor at the ONW wind
These lests were
performed thanks o the collaboralion between the
DLR and the US-ARMY in 1982 [7].

tunnel and with flight tesis.

Figure 5 presents the variation of the pressure
level of the thickness noise negalive peak versus
the advancing tip Mach number (M,) measured
and computed at 1.§ diameter ahead of the rofor
in the horizenial plane (=0, 0 =0, R =1.8D).

In spile of a litlle overprediction concerning the
calculated thickness noise with the far-field ap-
proximation at low Mach numbers {M, < 0.86), a
good agreement is found for the fult formulation
up to M, = 0.88. The small discrepancies between
predictions and in-flighl measuremenis may be
due to the unknown rotor inclination during the
flight fests which is not taken into account.

4 Loading noise in forward flight

Thanks 1o our collaboration with ONERA, we can
usae blade pressure measuremenis and acoustic
data oblained by the US-ARMY for the same
AH-1/0L3 model rolor [8,9,10].

The fiight condilions are;

. horizonlat wind direction,

. hover tip Mach number M, =0 6647,

*  rolor advance ralio ;. =0.1532,

+  rotor disk inclination o, = 17,

«  collective pitch 1, = 5.31°,

«  cyclic piteh 1y = — 1.87°, 4, == 1.867,
with the law 0 = 0y — . cos o — (s sin o,

. sound speer 3, 338.61 m/s,

e air densily pp = 1.253 kgfm?®
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e thrust coelliciont Cp = 0.535 107
4.1 Calculation and comparison with experiment

We use the differential pressures measured at 8
stalions distribuled on the span al 3% chord {rom
the blade leading edge additionally wilh 3 slations
distributed on a chord localed at 85.5% from the
rotor hub. Then we compute the loading noise
radiated by these aerodynamic loads.

Figure Ba shows the temporal evolution of the
differential pressures measured at 3% from the
leading edge, from the middle of the blade 1o its
fip. Figure 6b shows the lime derivalive evolution
of these pressures,

We also gel four acoustic signalures measured at
a distance R equal to 1.72 rotor diameter. The lo-
cation in the wind tunne! of these four micro-
phones is given befow: '

*  microphone M02: in the horizonfal plane,
ahead of the rotor, ®=0°, 0 =0°
*  microphone MO03: below the rotor piane,

ahead of the rotor, ® = 0°, @ = —-30°
* microphone MO7: below the rolor plane, on
the advancing side of the rotor, & = —30°,
P = —30°
. microphone M09 below the rotor plane, on
the retreating side of the rolor, &= —337,
D = —30°.
The noise is compuled with a time step
corresponding to the experimenfal sampling rate
(1024 samples per revolution) {o obtain the same

time resolution with regard to the measurements.

Figure 7 shows the measured acoustic signature
guring one revelution. On the retreating side
{microphone M09}, we nole that the level of the
posilive peaks is lwice as important as the level
of the positive peaks on the advancing side

{microphone MO7).

Figure 8 presenis lhe loading noise signatures
calculalad with the full formulation (equation 1} at
the four microphone stations. The signatures are
lo be compared with the experimenlal resulis in

figure 7. The ordinate scales of the measured sig-
natures are lwice as large as the ordinale scales
of the caiculated signatures.

We verify that the shapes of the calculaled loading
noise are correctly reproduced. With regard o the
levels, we can make the following remarks:

+  MO02: the predicted positive peaks level is four
limes as low as the measured cne, the phase
between the two positive peaks is respecied.

* MO3: the predicled positive peaks level is
twice as low as the measured one, the phase
between the {wo positive peaks is also
recovered.

*  MGO7: the predicted negalive level is in lhe
same order as the measured one.

¢ M09 the predicted positive peaks level is
between two and three times as low as the
measured one, the phase beiween the {wo

positive peaks is recovered again.

calculated at the MO7
microphone is the worst predicted one. This
receiving point is located at about =2 ahead of the
strong blade/vortex

The loading noise

interaclion zone on f{he
advancing side (3§ = 60°, see figures 6b and 9b
presented faler). All blade elementary noises
received in phase at this M0O7 microphone contain
blade/voriex interaction noise. Thus, in the calcu-
lation the integration eflect of all elementary
noises (radiaied by all biade elements) is the most

sensilive o the lack of pressure measurements.
4.2 Blade/voriex interaclion location

For each signature, we note the receiving time of
different acoustic pressure pesks. We consider
three positive peaks and one negslive peak
noticed on three signatures. Figure 8a shows the
four considered peaks of one of the signatures.
For each receiving lime and for each blade
element we delermine the noise emission time
{which defines the acoustic blade) in order 1o
locaje lhe impulsive noise sources on the rotor
disk. Figure 8h shows the posilions for which we
notice important pressuyre peaks on the calculated
acouslic signatures,
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s The lirst positive peak, marked 1, whose level
15 low as compared wilh the mosl important
peak., indicates a blade/vorlex inferaction
near o = 45" on the rolor advancing side.
Examining figure 6b (lime derivatives of the
measured differential pressures), we nolice
this inleraction near the middle of the blade,

+  The mostimportant peak, marked 2, indicales
a strong blade/vortex interaction on the
advancing side., This inieraction is located
between = 55" at the blade tip and =757
near the middie of the blade. We also
recognize this interaction on figure 6b,

* The third peak, marked 3, whose level is twice
as low indicales a

blade/vortex inleraction which occurs on the

y» =B0°. This peak
receiving time is difficult to define because its
duration is important as compared with the
second peak receiving time, On figure 6b we
can see a blade/vorlex inleraction near
Y = 80° at the biade tip.

* The negalive peak, marked 4, indicales a
blade/voriex interaclion on the retreating side
which occurs near = 315°, This interaction

is also recognizable on figure 6b.

as the second peak,

advancing side near

For this flight configuration. the maximum of the
lcading noise is generated by the blade/voriex
interaction which occurs on the advancing side
between Jr = 55" al the blade tip and y = 75° near
the middle of the biade.

These results do not enable us to conclude on the
total validity of the calculated ioading noise, owing
to the small number of embarked transducers.

4 3 Estimation of the {otal noise

The thickness noise is also computed with the fuil
formulalion {equation 1) for the complete bhiade.
Figura 10 shows the calculated thickness noise for
the same microphones, We compare this signa-
tures with the measured ones {figure 7). We nole
a good agreement between the calculalion and the
maasurement for the M0O2 microphone. For ihe
other microphones, we cannol reach conclusions
unabie 1o

hrncause we  aro distinguish  the

measured thickness noisn from the measured

toading noise.

iy otder lo examine the phase doviations betwoeen
the catculated loading noise and the calculaled
Ihickness noise, we use an "atlifice’: this consisls
each

in applying a coeflicient o

calcutated

mulliplying
nofse  signature ol figwe 8 o re-
esiablish this loading noise al a comparable level
to the measured one (mutliplying coefficient 4 for
MO2. 2 for MO3, 1 for MO7 and 3 for MOS), Now, we
add the precedent calculated thickness noise to
this exirapolaled loading noise for each receiving

point.

litite
spurious, due to high frequencies in the differential

These loial acouslic signatures are a
pressure measurements. A smoothing of these
signalures avoids this inconvenience. Figure 11
shows lhe acouslic signalures smoothed by a third

degree polvnomial determined on five poinis,

Although this kind of ‘exirapolation” is not so
safisfactory. we nole g pretty good agreement
between exirapolated resulis and measurements.
From the measured signature oblained on MOQ2
microphone {figure 7), on the one hand, and from
the exirapolated signalure {figure 11), on the other
hand, we determine the receiving time diflerence
belween the most important blade/voriex inlerac-
tion positive peak and the 1hickness noise
neqative peak: there is no phase lag between the

compulation and the measurements.

5 Conclusion

For all the flight cases presenled here, the
thickness noise calculation with the full formu-
[alion gives beller resuits than the far-fiefd ap-
proximation. For the rator in hover flight and in
forward fight, ithe thickness noise pradiclion is in
good agreameant with experimentat resulls up o 3

tip Mach number enual to G 88,

The small number of suriace pressure lransducer
records (used as inpul data for the loading noise
caloulation) do not allow us 1o conclude on the 1o-
fal validity ol the toading noise pradiction.
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it is faslidious to extrapotate to an enlire blade lhe
loading noise compuled with acrodynamic loads
oblained by a small number of pressure
measurements. Although it is not satislactory, the
considered extrapolation used to determine the
fofal loading noise added to the thickness noise
calculation (for the entire blade) aliows lo lind a
good agreement belween the calculated signature

shapes and the experiments.

We can hope thal this acoustic code, coupled with
an efficient aerodynamic code giving the
instantaneous foads on a rolor, will supply a
complete prediclion of the noise radiated by a
rotor flying at low speed.

As an example, figure 12 presents the prediction
of the thickness and loading noises radiated by the
same model rotor AR-1/0LS for the same con-
figuralion studied at paragraph 4. The aero-
dynamic loads are compuled with the ROTAR code
also developed at ISL; these aerodynamic resulls
are published in [11].
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Fig. 1: Microphones focation around the 1SL model rotor,

re full formuiation

far-field
approximalion !

_J measurement
Q

Fig. 2: Comparison of thickness noise calculations with experirmental resull
for the MO1 in-plane microphone (1SL rolor in haver flight, M, =~ 0.85).
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Fig. 10: Calculaled thickness noise for the complele blade (AH-1/0LS rotor in forward flight).
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Fig. 11: Calcuiated lotal noise: “extrapolated’ loading noise added 1o thickness noise
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Fig. 12: Calcutatled loading and thickness noises: the loads are computed with

e ROTAR code {13] (10 be compared wilh measuremenlts on ligure 7).



