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Abstract

This paper presents the Pilot Acoustic Indicator (PAl), one the outcomes of the Clean Sky GRC5 project
MANOEUVRES. The PAl is an instrument designed to present information on the current and expected
noise emission levels to the rotorcraft pilot, to allow him/her to adequately react to incipient high noise
conditions and effectively fly low acoustic impact procedures, such as in terminal manoeuvres. In-flight
noise estimation is based on the interpolation within a pre-calculated database of acoustic hemispheres
interrogated through the retrieval of a limited set of current rotorcraft state parameters. Noise information
is subsequently synthesized in an index for cockpit display, through a dedicated graphical interface. The
paper details the PAI design, development and prototypal implementation, aimed to be integrated in an
industrial research flight simulator for functional demonstration and assessment.

1. INTRODUCTION

Among the various aspects of the environmental emis-
sions of aircraft, noise can be considered to be the
most directly annoying for overflown communities, and
thus can be deemed as one of the key factors to work
on for broadening the public acceptance of flying ma-
chines. The situation is particularly delicate when it
comes to rotorcrafts, since they are more prone to fly
their missions at limited altitudes due to air traffic con-
trol constraints and also because their unique vertical
take-off and landing capabilities permit operations from
helipads located in densely populated urban areas.

Having an on-board instrument conveying information
on the emitted noise footprint would be advantageous
for the pilot for different reasons. For a start, he/she
could monitor in real time the intensity and evolution
of produced noise and apply, when possible, the suit-
able corrective actions to maintain it within acceptable
limits. Additionally, such an instrument would allow the
assessment of the noise impact of different manoeu-
vring strategies in training/verification/evaluation activ-
ities, without the need to fly at low altitudes over an
ad-hoc prepared, ground-deployed acoustic acquisition
infrastructure.

In this regard, the Clean Sky - Green Rotorcraft 5
(GRC5) project MANOEUVRES!"-2l concerns an inno-

vative approach geared towards quieter rotorcraft ma-
noeuvres, especially during terminal flight phases. A
major topic in the project concerns the design, develop-
ment and testing of a novel in-flight measurement sys-
tem for rotor blade flapping that will be able to provide
reliable rotor state information to feed an algorithm that,
together with other data retrieved from the helicopter
avionics, will enable the run-time estimation of the emit-
ted noise. The present paper illustrates how MANOEU-
VRES Work Package 4 has succeeded in producing a
set of noise indexes in real-time and displaying it to the
pilot on a dedicated instrument: the Pilot Acoustic In-
dicator (PAl). The next section illustrates the adopted
noise monitoring methodology, and is followed by the
one dedicated do the presentation of the implemented
noise estimation computational procedure. Finally the
PAl itself is described.

2. NOISE ESTIMATION METHODOLOGY

The starting point of the noise estimation algorithm is
the database of Sound Pressure Level Hemispheres
(SPLHs), which are briefly described in paragraph 2.2.,
that has been produced by Work Package 1 of the MA-
NOEUVRES project.[®l This database has been pop-
ulated with all the SPLHs calculated for a reasonable
range of the three mapping variables: thrust coefficient
Cr, advance ratio ¢ and Tip Path Plane Angle Of At-
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tack (TPP-AOA) arpp. From such database, an inter-
polated SPLH can be calculated for the actual values,
i.e. the values of the three mapping parameters esti-
mated from the current flight condition.

The requirements for the PAI call for two different oper-
ating modes: Ground Noise and Emitted Noise. The
former refers to the noise index evaluated by radiat-
ing the Helicopter (H/C) noise to the Ideal Flat Ground
(IFG) situated at the distance provided by the current
height above ground. The latter refers to a noise in-
dex evaluated locally, on the surface of the H/C-centred
SPLH, regardless of current height above ground.

In the case of the Emitted Noise PAl operating mode,
the subsequent and final step is to evaluate the maxi-
mum values of sound intensity on the obtained SPLH,
and to produce the noise indexes accordingly. On the
other hand, for the Ground Noise PAIl operating mode,
it is first necessary to propagate the Sound Pressure
Level (SPL) values from the obtained SPLH surface to
the IFG below the helicopter. This is achieved by a
two-step process. First the interpolated SPLH, which is
fixed to the helicopter body-axes, is positioned in space
taking into account the current helicopter pitch, roll and
yaw attitude angles. Subsequently the SPL values are
radiated to the ground. Finally, noise indexes relevant
to the radiated SPL values are calculated.

2.1. Assumptions on wind and atmospheric phe-
nomena

Wind and atmospheric phenomena, such as fog, rain,
mist, hail, wind-shear, etcetera, in general have a deep
influence at various level of the presented procedure,
but it has been soon realised that it would be impossible
to take them into account in the presented algorithm,
since most of the necessary values couldn’t possibly
be available in a real-time operating environment. It has
therefore been decided to assume ideal conditions with
no wind, and to neglect the effects of all atmospheric
phenomena.

2.2. Sound Pressure Level Hemispheres

Acoustic noise data is provided in form of SPL values
defined on a suitable number of points distributed on
a hemispherical surface centred in the intersection be-
tween the main rotor axis and Tip Path Plane (TPP),
considered fixed to the helicopter body axes. The
points, referred to as microphones, are equally spaced
by 15° in latitude and longitude, and in order to permit
the compensation of the helicopter attitude (see para-
graph 3.3.1.) are provided from the South pole (90° of

latitude) up to —30° (i.e. 30° above the equator). Such
distribution yields:

e a total number of 24 microphones per parallel
(360/15)

¢ atotal number of 8 considered parallels (from +75°
through —30°)

that, with the addition of the single microphone located
at the hemisphere south pole, produces a total of 193
microphones per hemisphere. For every microphone
the spectrum of SPL data is supplied for the first 20
multiples of the fundamental Blade Passage Frequency
(BPF) at 28 Hz interval, in the range 28 Hz — 560 Hz.
Since all PAl-related calculations are frequency inde-
pendent, the A-weighted noise intensity has been pre-
calculated for every single microphone in every single
SPLH starting from its spectral components. The radius
Ry of the SPLH has been chosen to be large enough
so that for any distance R > Ry dipole effects can be
assumed to be negligible, and the helicopter can be
considered as a anisotropic monopole source. The re-
sulting SPLH radius is 150 m.

2.3. Choice of the noise measure

When it comes to producing a single noise index to
be used for a synthetic description of the intensity of
sound, and to compare it with suitable threshold val-
ues, multiple options are possible. As the high-level
goal of the Clean Sky-GRC5 efforts is to reduce the
environmental impact of rotorcraft operations, it has
been decided to adopt as a measure of noise index
the value obtained applying to the SPL the A*l weight-
ing curve, thus producing values in dBA. Since such
weighting curve is representative of the response of the
human ear, it is generally adopted when dealing with
the subjective perception of sounds (and in particular
of noise) by humans. In particular, the dBA levels thus
obtained are directly comparable against the noise lim-
its imposed by the various regulations.

2.4. Sound radiation model

Sound propagation is a very complex phenomenon
and, in order to be accurately modelled, the knowledge
a wide variety of parameters and quantities is essential.
For PAl implementation it has been decided to adopt a
simplified sound radiation model for two reasons. On
one hand, the necessity to produce an indication to
the pilot, and therefore to process all data, in real-
time sets a limit on the quantity and on the complex-
ity of the calculations that can be performed with the
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expected on-board available number-crunching power.
On the other hand, during normal operations of the
helicopter most of the quantities necessary for apply-
ing a detailed sound propagation algorithm are sim-
ply unknown, since no sensors are provided on-board
for measuring them. It has therefore been decided to
adopt a simplified sound radiation model that takes in
consideration only the conservation of the total acous-
tic power, and that will be presented in the next para-
graphs. Such simplified model produces a slight over-
estimation of the noise in most of the cases, thus yield-
ing conservative indexes.

The formula for calculating the acoustic power Ly, at
the generic distance d from an ideal point source where
a pressure P(d) is measured is:

where

W, is the reference acoustic power = 10712 W

e S is the area of the surface of radiated sound

p is the density of air

c is the velocity of propagation of sound in air

It is important to note that in our simplified propagation
model the total acoustic power is invariant with the dis-
tance d from the source. The sound decay is therefore
proportional to the spherical spreading:[®!

1

Indeed, from 1

2
(3) Lw =10 <10g1o (i;&;{)) + loglos(d)>

Rearranging, we get

2

P
(4) Lw =10 <1og10 (P2> + log;q (47rd2)>
0

where P,? is the reference effective pressure,

(5) Py? = pcWy = 4 x 10710 Pa?

Finally

(6) Lw = Lp (d) + 10logy, (47d?)

Therefore, since Lp (Ry) is known, with Ry as radius
of the hemisphere, Ly, can be computed from:

(7) Lw = Lp (Ry) + 10logy, (47Ry?)

and compute Lp (d) for d being the length of an arbi-
trary ray connecting the helicopter to the observer:

2
) Lr @) = Lp (Ra) + 101og, (22

It is worth to be noted that the adopted simplified radi-
ation model is frequency independent, and for this rea-
son it has been possible to neglect frequency depen-
dent attenuation and to directly radiate to the ground
the noise A-weighted intensity that has been pre-
calculated at every microphone location starting from
the spectral components of the SPL.

2.5. Sound Pressure Level Hemispheres mapping
parameters

As it has been pointed out, at the time of the present
writing, in compliance with the approved MANOEU-
VRES Description Of Work (DOW) the set of param-
eters chosen to map the SPLH database are:

o thrust coefficient Cr
e advance ratio p,
L] TPP-AOA arpp

In order to allow the maximum flexibility the noise es-
timation computational procedure has been designed
and implemented in such a way to make it invariant to
the change of coordinates used to map the SPLHs.

3. NOISE ESTIMATION COMPUTATIONAL PROCE-
DURE

Figure 1 shows the high-level flow chart of the devel-
oped noise estimation computational procedure, where
the following colour scheme has been adopted:
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Figure 1: Flow chart of the noise estimation computa-
tional procedure.

e boxes with a white text on a blue background are
used to indicate procedure steps;

e boxes with a black text on a green background are
used to indicate data acquired from the on board
helicopter avionic data bus;

e boxes with a black text on an orange background
are used to indicate data obtained from the out-
comes of different MANOEUVRES Work Pack-
ages, namely the Rotor Flapping Measurement
System from WP2/WP3 and the SPLH database
from WP1.

It is worth to be noted here that since the PAI require-
ments ask for an indication to the pilot both of the cur-
rent and the predicted (over a 5 seconds timespan)
value of noise indexes, the presented procedure is ex-
ecuted twice. On the first run it is fed with the actual
values of the input quantities and it produces the cur-
rent noise indexes. A second pass is then performed
using a predicted set of the input parameters that best
estimates their value at the end of the 5 seconds inter-
val, and yielding the predicted noise indexes. For the
sake of clarity, in the following discussion all considera-
tions will be referred to the current values case, while a
dedicated paragraph (3.6.) will be used to point out the
differences implied in running the procedure for evalu-
ating the predicted values.

3.1.

This step of the procedure deals with the calculation of
the current values of the set of parameters (Cr, 1 and
arpp) used to map the SPLHs.

Calculation of SPLH mapping parameters

3.1.1. Evaluation of thrust coefficient

The thrust coefficient Cr is defined as

T

O aeR?

where

T is the main rotor thrust magnitude,

p is the air density,
A is the area of the main rotor disc,

e () is the main rotor rotation speed,

e R is the main rotor radius.

Figure 2 shows a balance of the forces acting on the
helicopter in a generic flight condition,

w

Figure 2: Balance of forces acting on the helicopter CG.

corresponding to the balance equation

(10) ma=T+Trpr+F+W

where

e T is the main rotor thrust vector (T = |T|),
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o W is the
(W =mg = |W|),

e —ma is the inertia force, a being the helicopter ac-
celeration,

helicopter ~ weight  vector

e Wn =W —ma is the total mass force, or apparent
weight (n is the load factor vector),

e Trp is the tail rotor thrust vector,

e F is the helicopter fuselage aerodynamic resultant
force.

The latter is given by the sum of fuselage drag, side-
force, and lift, resulting in

(11) F = Xel, +Ye! + Ze!

where (eb,el,e?) are the unit vectors of the (z,y, 2)
axes of the fuselage body frame. Helicopter fuselage
force components can be written as

1
(12) X = %pVQSCX,Y = %pV2SCy,Z = 5pVQSCZ

where

p is the outside air density,

V is the remote velocity,

S is the fuselage reference surface,

(Cx,Cy,Cz)are the fuselage force coefficients.

The force balance equation (10) can be rewritten in the
following form

(13) T = — (Tr + +F + Wn)

Therefore, the final expression of the thrust coefficient
is:

(14)

1
Wn + ipV2S (Cxeb + Cyel +Czel) + Trr
Cr =

pA(QR)?

Among the above quantities A, S, R are constants, and
depend on the specific helicopter type. The coefficients
(Cx,Cy,Cjz) can be related to the coefficients of drag,

sideforce and lift (Cp, Cq, Cr), and also depend on the
specific helicopter type'. The tail rotor thrust can be re-
lated to a tail rotor performance model, given its current
values of RPM and collective pitch.

The rest of data can be taken from the avionic data bus:

e IV is the current value of the helicopter weight,
retrieved from the Flight Management System
(FMS);

1 . .
e n = ——a,; where a, is the total acceleration sensed

g
at the helicopter center of gravity and measured by
the on-board Inertial reference System (IRS);

e pis the air density, evaluated by the Air Data Com-
puter (ADC);
e V is the TAS, evaluated by the ADC;

e () is the main rotor rotation speed and is provided
by the FMS.

A first approximation of the thrust coefficient Cr can
be obtained by neglecting force components normal to
the trajectory, and approximating the residual force with
fuselage drag:

1
Wn + §pVQSCDeg
(15) Cr =

pA (QR)?

3.1.2. Evaluation of advance ratio

Advance ratio p is defined as:

VCOSOLTPP
1 =P
(16) p OR

For calculating the current value of u the procedure is
fed with the following data, taken from the helicopter
avionic bus:

e TAS is calculated by the on-board ADC;
e Q) is provided by the FMS.

3.1.3. Evaluation of tip-path-plane angle of attack

The TPP-AOA is defined as the angle from the main ro-
tor tip path plane to the helicopter airspeed vector. As

At low values of the helicopter fuselage angles of attack and
sideslip, the coefficients (C'x, Cy, Cz) may be approximated as co-
incident with (Cp,Cq,CL).
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such, it can be expressed combining the orientation of
the airspeed vector with respect to the helicopter fuse-
lage body axes and the orientation of the main rotor tip
path plane with respect to the fuselage. Therefore, this
involves two separate problems:

1. Evaluate the orientation of the airspeed vector with
respect to the helicopter fuselage; this amounts to
evaluating the fuselage angle of attack and angle
of sideslip;

2. Evaluate the orientation of the main rotor tip path
plane with respect to the fuselage; this, within the
hypothesis of a definite tip path plane, amounts to
evaluating the cyclic flapping angle components of
the main rotor blades.

In order to solve the first problem with a direct measure-
ment, one possibility relies in the adoption of a swivel-
ling air data boom, adequately placed outside the re-
gion interested by the main rotor wake. Today, this solu-
tion is sometimes adopted in experimental and military
helicopters, while it is not considered in typical produc-
tion helicopters. In absence of a direct measurement
of the fuselage angles of attack and sideslip, an esti-
mation procedure can be considered. A recent attempt
to such evaluation, in connection with the MANOEU-
VRES project, is scheduled for presentation at the 415
European Rotorcraft Forum 2015. €

In the MANOEUVRES project, the second problem is
approached through a direct measurement of the main
rotor blade angles, and specifically the flapping angle.
In fact, assuming that the blade tip trajectories lie in a
plane, the relative orientation of such plane (the tip path
plane) with respect to the shaft, and therefore the fuse-
lage, depends only on the longitudinal and lateral cyclic
flap components. The rotor state measurement system
developed in the WP2 and WP3 of the MANOEUVRES
project provides thus the necessary input to the estima-
tion algorithm, which merges the measurement or esti-
mation of the fuselage angles of attack and sideslip with
the measurement of the flapping angle of the blades.

In steady symmetric flight, the relation between
TPP-AOA, relative airspeed/fuselage orientation and
relative rotor disk/fuselage orientation simplifies to the
following relation:

(17) arpp = ay +im + a1
where

e ay is the fuselage angle of attack,

e —i,, is the mast tilt angle with respect to the fuse-
lage z axis.

e ay, is the longitudinal cyclic flap component.

Consequently, given the constant i,,, by retrieving the
fuselage angle of attack o (from a direct measurement
or a model-based estimation) and the longitudinal cyclic
flap a1 (from the rotor state measurement system), the
TPP-AOA can be estimated.

3.2. Calculation of interpolated SPLH

This step is dedicated to the calculation of the SPLH
associated with the current flight condition of the heli-
copter starting from the SPLHs calculated in WP1 and
available in the database. The values of Cr,u and
arpp calculated in the previous step are used to search
the SPLH database and locate the 8 hemispheres ad-
jacent to the point identified by the current triplet of pa-
rameters that will be used as input for the interpolation
process. The SPL value for every microphone on the
current SPLH is then obtained by means of a tri-linear
interpolation from the SPL value of the corresponding
microphones located at the same latitude and longitude
on the 8 adjacent hemispheres. The resulting interpo-
lated current SPLH will be used for all the subsequent
steps of the procedure.

3.3. Effects of helicopter attitude

When dealing with Emitted Noise calculation, after the
previous step the procedure jumps directly to the final
noise index calculation.

When performing Ground Noise calculation, however, it
must be noted that the helicopter in flight will generally
experience different orientations of its body axes with
respect to the local vertical, as it is measured by the on-
board IRS and quantified by the pitch, roll and yaw atti-
tude angles. Since the calculated SPLH is fixed with the
helicopter fuselage axes, its orientation in space rigidly
follows that of the helicopter fuselage. Therefore, be-
fore radiating to the ground, it is necessary to perform
the corresponding 3D rotation, placing the SPLH with
the correct pitch, roll and yaw attitudes (in general, this
means that the SPLH z axis will not be perpendicular
to the ground). Figure 3 shows a perspective rendering
of this operation where for the sake of clarity only the
microphones placed on a single parallel (75° of latitude)
have been radiated to ground.

Two different scenarios have then been evaluated to
proceed to the radiation to the ground step.

The first considered solution was to leave the SPLH ro-
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Figure 3: Radiation to the ideal flat ground: the nomi-
nal hemisphere radiation (blue) is rotated to account for
helicopter actual attitude (red).

tated and radiate (red lines in Figure 3) from the SPLH
centre to the ground all the microphones intensities.
However, this approach has a number of drawbacks.

First of all the resultant distribution of intensities on the
ground is unevenly spread, making it difficult to calcu-
late the noise indexes in case of the directional repre-
sentation, and therefore asking for a post-radiation in-
terpolation on the ground.

Additionally, the radiating algorithm itself has proven
to be less efficient in terms of math intensity, since
with this approach all the calculations must to be done
at run-tine without the possibility to use pre-evaluated
constant, as in the case that will be explained in the
following sections.

For this reason it has been decided to add to the proce-
dure an intermediate step that given the rotated SPLH
yields, by means of an interpolation on the hemisphere
surface, a normally orientated SPLH, that will subse-
quently be radiated to the Ideal Flat Ground (blue lines
in Figure 3).

3.3.1.

In the previous step it has been shown how, starting
from the current values of Cr, 1 and arpp itis possible
to obtain from the SPLH database the current SPLH.
Since SPLHs are fixed with the helicopter body frame,
the just obtained current SPLH will be rotated with re-
spect to the ground. The purpose of this step of the
procedure is to re-obtain a SPL distribution at the mi-
crophones on a normally orientated SPLH. Supported

Compensation for helicopter attitude

by the observation that spatial gradients of the SPL on
the hemisphere surface are moderated, this steps cal-
culates the SPL at the position of the microphones on
an equivalent, normally orientated SPLH by means of
an interpolation on the SPLH surface. Figure 4 shows
the flowchart of the procedure.

CALCULATION OF TARGET
NORMAL MICROPHONES POSITIONS
IN BODY FRAME COORDINATES

LATITUDE
>75°

SPHERIC TRIANGLE
2D INTERPOLATION

SPHERIC TRAPEZOID
2D INTERPOLATION

Figure 4: Compensation for h/c attitude flowchart.

As for the interpolation on the SPLH surface, taking a
look at the hemisphere surface it can be immediately
realised that a simple bilinear interpolation scheme
would include sensible errors deriving from the uneven
grid pattern. With the aim of finding a spherical shape
that best approximates the single surface element of
the hemisphere, many figure have been analysed, and
eventually two different solutions have been adopted
(Figure 5):

e a spherical trapezoid, for latitudes above the last
(75°) parallel;

e a spherical triangle, for the final hemisphere por-
tion close to the pole.

The two different cases will now be detailed separately.

3.3.2.

The SPL Intensity Ip at the microphone located in
the generic point P, MIC(©p,¢p), on the spherical
trapezoid surface (Figure 5) will be calculated by in-
terpolation starting from the values of SPL intensi-
ties Iy...I5 at the four known microphones MIC (©;, ¢;),

Interpolation on the spherical trapezoid
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Figure 5: Surface of the SPLH.

MIC (©;, ¢j+1), MIC (©;41, ¢j41) located at the four ver-
texes of the spherical trapezoid surrounding P (Figure
6):

(18) IP == Oéo]o + 04111 + Oég[g + Ot3]3

For evaluating the four weights ayg...a3 the following pro-
cedure has been adopted. First of all, the distances d;

are computed along the great circle using the haversine
formulation. [”]

(19)
0 —0p\’ ¢ — o\’
k; = sin (Z> +cos@icos@psill< ! 5 )

2
ki
1—-k

It is now possible to calculate the four weights ag...a3

2
d;

21) i = ———

&0 <Z?—odj>

(20) d; = 2rtan~! <

MIC (8, 9) MiC @, ,,

Figure 6: Interpolation on spherical trapezoid.

(22) @i = —y
3.3.3. Interpolation on the spherical triangle

The procedure is quite similar for the case of the last
portion of the hemisphere, the one limited by the par-
allel at 75° and the pole, the only difference being that
the number of reference points goes from four to three
(Figure 7).

(23) Ip = aplo + a1l + aaly

Again, distances d; are computed along the great cir-
cle using the haversine formulation 19 and the three
weights ag...as

2
d.
24) Bi=|=—
(Z?o dj )

Bi

(25) @i = ——
! Z?:o Bj

3.4. Radiation to Ideal Flat Ground

Once SPL intensities are known on the normal orien-
tated SPLH, they can be radiated to the IFG.
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MIC (8,5, @) MIC (€. @)

Figure 7: Interpolation on spherical triangle.

Figure 8 outlines the situation.

SLP intensity on the ground I (¢),, of the generic micro-
phone at latitude # can be computed starting from the
value of its intensity I (#),, on the surface of the SPLH
of radius Ry

(26) I(8), =1(8); + Ag

g

where the altitude above ground and latitude-

dependent attenuation Ay is given by

R
(27) Ay =20log;q p—H = 20log,q Rg — 201log;q pe
9

Noting that
(28) py = 220
sin 6

where pqq is the distance between the centre of the
SPLH and the ground, i.e. the flight altitude, (27) can
be rewritten as:

(29) Ay = [20log;, (Rp sin )] — 201og;, poo

and defining

(30) Ay, = 20log;, (R sind)

the final expression of attenuation results

(31) Ag = Ag, — 20logy poo

substituting in (26)

=1 (Q)H + Aeo —20 loglo P90

Sound Pressure Level Hemisphere

Py Pgo= Radar Altitude

Y Ideal Flat Ground

Figure 8: SPL Intensity radiation from SPLH to Ideal
Flat Ground.

Expression (32) is particularly efficient for a real time
calculation. In fact, Ay, is only dependent on the radius
Ry of the SPLH and on the latitude 0 of the particular
microphone, and since both are known constants it can
be pre-calculated at software launch time. The other
component 20 log, poo is only dependent on the current
flight altitude above ground py,, or Radar Altitude (RA)
as it is often called, minus the distance between the
origin of the SPLH and the RA sensor, also a known
constant, and is the same for every single microphone
on the SPLH, so it needs to be calculated only once
per iteration. RA is measured by the on board Radar
Altimeter, and is therefore retrieved from the helicopter
avionic data bus. After the presented radiation step of
the procedure every microphone is associated with the
SPL intensity that it produces on the ideal flat ground.
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3.4.1. A note on flight altitudes below the radius

of the SPLH

As it has been shown, the radius Ry of the SPLH has
been chosen in such a way that for distances R > Ry
dipole effects vanish and the helicopter can be consid-
ered as an isotropic source.

Sound Pressure Level Hemisphere

"« Ideal Flat Ground

Figure 9: Radiation for flight altitudes below the radius
of the SPLH.

When the flight altitude above terrain is lower than the
radius of the SPLH the assumption above is no longer
valid, and a precise calculation of SPL would require
the careful evaluation of all the complex dipole effects,
an option which has not been considered to be feasible
for the purpose of PAl. Even in this case, therefore, the
noise intensity on the ground will be calculated using
equation (32), where pgy will be smaller than Ry, de
facto back radiating inside the SPLH from its surface
(Figure 9).

3.5. Noise indexes calculation

Once the values of intensities have been calculated, it
is straightforward to produce noise indexes simply tak-
ing the maximum value in dBA of the obtained intensi-
ties within the applicable domain.

Since radiation to the IFG occurs from a normally orien-
tated SPLH, and therefore produces an homogeneous
distribution on the ground, it is possible to make con-
siderations on the SPLH surface both for the Emitted
Noise and for the Ground Noise mode, since, as it has
been shown, in the latter case SPL intensities at every
microphone have been calculated to take in account the
attenuation due to radiation to the IFG.

The entire SPLH surface is the domain for the Global
Indicator, while for the Directional Indicator five different
domains are defined, as it can be seen in Figure 10.

Figure 10: South pole (bottom) view of SPLH micro-
phones used for Directional Indicator.

3.6. Differences when calculating trend indexes

As it has been pointed out, the procedure has been
presented above for the case of the calculation of the
current noise indexes, i.e. the noise indexes associated
with the current state of the helicopter. The require-
ments for the PAI, however, ask to provide the pilot with
an additional trend value of the noise indexes, that is
to say the predicted value of the indexes over a few (5)
seconds timespan.

The procedure adopted for calculating the predicted
values is exactly the same, the only difference being
the input data it is fed with. The next paragraph will
point out such differences.

3.6.1. Calculation of predicted SPLH mapping pa-

rameters

Precise prediction of thrust coefficient, advance ratio
and TPP-AQA is quite a complicated task since, among
the rest, in order to carry it out rigorously the future ac-
tion of the pilot on flight controls should be known at
prediction time. For the purpose of producing a trend
value of the noise indexes and experimenting the use-
fulness of their presentation to the pilot it has been de-
cided to adopt a leaner yet still effective prediction algo-
rithm for Cr, p and arpp: their value is simply extrap-
olated forward in time, with the polynomial coefficients
calculated using the last available samples.
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3.6.2. Calculation of interpolated SPLH

As it can be easily imagined, no change in the pro-
cedure is requested when evaluating the interpolated
SPLH from the mapping parameters

3.6.3. Compensation for helicopter attitude

The input for the compensation of helicopter attitude
are the pitch and roll attitude angles. In order to esti-
mate their value in the prediction window, it is neces-
sary to know the angular rates (p, ¢, ), which are mea-
sured by the on board IRS and therefore read from the
avionic bus. Once the angular rates are known, a sim-
ple forward integration yields the predicted values of
pitch and roll that will be used for feeding this step of
the procedure

3.6.4. Radiation to ideal flat ground

RA is the only input value to this step of the proce-
dure. Its value at the prediction window can be esti-
mated starting from the current value and forward in-
tegrating the GPS vertical speed, which is available on
the avionic data bus.

4. THE PILOT ACOUSTIC INDICATOR

The PAI has been conceived as secondary flight navi-
gation instrument of practical and straightforward use.
It provides the pilot with the estimated noise emis-
sion index and additional information. This may allow
him/her to react adequately in order to fly low-noise
procedures effectively, with minimum impact on his/her
workload. Given that the PAl is a secondary flight navi-
gation instrument, it has been designed to be integrated
into Multi-Function Display (MFD), with the possibility
for the pilot to turn it on or off according to the situa-
tion, and to switch between the two operating modes
of Emitted Noise estimation and Ground Noise estima-
tion.

4.1.

PAIl requirements concerning Human Machine Inter-
face (HMI) aspects BIFIT0I1M1I12] haye been defined by
analysing the characteristics of the helicopter cockpits
and reviewing regulations, standards and design guide-
lines relevant to the data presentation on aeronautical
cockpit displays.

General requirements

4.1.1.

The PAI has two configurations: Default presentation
and Full presentation. The Default presentation pro-
vides the noise emission index by the Global Indicator,
whilst the Full presentation completes the information
to the pilot by showing the Directional Indicator along-
side the Global Indicator, as shown in the following fig-
ure.

Presentation configurations

4.1.2. Operating modes

The PAI provides two operating modes: Ground Noise
and Emitted Noise. When the Ground Noise mode is
selected, the noise index is evaluated by radiating the
H/C noise to the IFG situated at the distance provided
by the current height above ground retrieved from the
relevant avionic data bus. When the Emitted Noise
mode is selected, the noise index is evaluated locally,
on the surface of the H/C centred SPLH, regardless of
current height above ground.

4.2. Global Indicator

The Global Indicator (Figure 11) is based on a linear
scale composed by two segments. The first represents
admissible noise values, while the second one repre-
sents noise values exceeding a given threshold. At the
side of the linear scale, a triangle-shaped pointer shows
the current noise index value.

GROUND NOISE

Figure 11: PAI Global Indicator.

Additionally, this indicator provides noise trend informa-
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tion in terms of a cyan bar that, starting from the current
index value, shows the expected noise index value at
the end of the prediction window if no corrective action
is taken by the pilot.

Figure 11 shows the Global Indicator elements:

1. Corrective Action Advice Box. lt is the box where
the suggested corrective manoeuvre (intended to
reduce noise) appears. It is displayed in magenta
on black background, with white perimeter only if a
corrective action is applicable.

2. Linear Scale. The linear scale, which is perma-
nently displayed, is composed by two segments;
the green one represent the allowed noise values
set, while the amber one is the not allowed noise
values set. On the right side of the linear scale a
numeric scale is shown.

3. Trend Bar. The trend bar shows the 5-seconds-
ahead prediction of the noise index value.lt is per-
manently displayed in cyan on black background.

4. Current Noise Index. The white arrow points to the
current value of the noise index

5. Operational Mode Label. The cyan label indicates
the currently active operating mode (Ground Noise
or Emitted Noise).

4.3. Directional Indicator

The Directional Indicator (Figure 12) is based on a ra-
dial scale composed by five areas: four sectors of an
annulus plus a central circle. The thickness of each
area is directly proportional to the current noise emis-
sion index relevant to that region. Information is shown
only when the noise emission index is above the cur-
rently selected threshold. In Emitted Noise mode the
indicated regions correspond to four lateral sectors and
the lower spherical segment of the SPLH.

In Ground Noise mode the circular sectors display the
noise index in each of the 90° sectors drawn around the
ground-projected helicopter current position, while the
central circle shows the noise emission index evaluated
at the ground-projected helicopter current position. The
Directional Indicator does not provide any trend infor-
mation.

Figure 12 shows the Directional Indicator elements:

1. Front Sector. This shows the Current Noise In-
dex value in the zone ahead of the helicopter (from
315° to 45°).

GROUND NOISE

Figure 12: PAI Directional Indicator.

2. Right Sector. This shows the Current Noise Index
value on the right side of the helicopter (from 45°
to 135°).

3. Back Sector .This shows the Current Noise Index
value in the rear zone of the helicopter (from 135°
to 225°).

4. Left Sector. This shows the Current Noise Index
value on the left side of the helicopter (from 225° to
315°).

5. Lower Sector. This shows the Current Noise Index
below the helicopter (Nadir).

6. Helicopter Symbol.

7. Outer Circle. This identifies the Noise Index full
scale value for all sectors except the Lower Sector.

8. Inner Circle. This identifies the Noise Index full
scale value for the Lower sector.

9. Operational Mode Label. The cyan label indicates
the currently active operating mode (Ground Noise
or Emitted Noise).

5. TESTS ON FLIGHT SIMULATOR

The MANOEUVRES DOW includes a functional
demonstration of the PAIl on a flight simulator. A fully-
featured PAl demonstrator has therefore been devel-
oped and integrated in a research flight simulator avail-
able at the Helicopter System Design department of
AgustaWestland in order to carry out the required sim-
ulated flight test campaign.
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PAl demonstrator hardware included a dedicated PC
that has been integrated in the simulator environment.
Input for the PAI algorithm were retrieved from the sim-
ulator real-time network, while the output was directly
fed to the pilot MFD.

| SIMULATION NETWORK (TCP/IP) |

ZEROMQ NETWORK LIBRARY

DATA SOURCE TASK

(DST) USE FLAP ANGLE

SENSOR MODEL

EMITTED/GROUND
NOISE MODE PAI MANAGEMENT TASK

(PMT)

NOISE INDEX TASK
(NIT)

GLOBAL
DIRECTIONAL
BOTH
NONE

SPLH
DATABASE

PILOT DISPLAY TASK
(PDT)

Figure 13: PAI Demonstrator software architecture.

Figure 13 shows the software architecture adopted for
the PAl demonstrator. The whole functionality has been
split among four co-operating tasks, communicating via
TCP/IP sockets. Data Source Task takes care to re-
trieve from the Flight Simulator network all necessary
data (boxes in green background in Figure 1), to cal-
culate values of Cr, 1 and arpp and to feed all infor-
mation, including the predicted values, to Noise Index
Task. The latter is in charge to generate the current
and predicted interpolated SPLHs, starting from data
available in the aeroacoustic database, compensate for
helicopter attitude and radiate to IFG - according to the
selected operating mode - and pass the set of current
and predicted Noise Indexes to the Pilot Display Task,
dedicated to symbols generation and display manage-
ment. PAl Management Task, as the name implies, is
in charge of managing the whole operations.

Final PAl demonstration is planned for Autumn 2015,
and will be performed involving AgustaWestland pro-
fessional test pilots that will test PAl in a number of sim-

ulated terminal trajectories.

6. CONCLUSIONS

This paper detailed the design and development of the
Pilot Acoustic Indicator, an innovative instrument for the
helicopter pilot capable of displaying real-time informa-
tion on the current noise impact around the helicopter
and on the ground, together with a prediction within
a few seconds time span. Within the MANOEUVRES
project WP4, currently in its final deployment, a fully
functional PAI prototype has been implemented, includ-
ing relevant hardware, software and pilot graphical in-
terface, and interfaced with a research flight simulator
made available by AgustaWestland.

The PAI capitalises most of the outcomes of the other
MANOEUVRES WPs; it employs the aeroacoustic
database produced by WP1, and uses data from the ro-
tor state measurement system developed by WP2 and
WP3. This device, capable of evaluating blade attitude
angles in real time, can be considered, together with
the PAI, the key enabling technology for the MANOEU-
VRES in-flight noise estimation system.

The availability of such a system is expected to fos-
ter the public acceptance of helicopters, since it will al-
low pilots to adjust, when possible, their manoeuvres in
order to minimise noise emissions. Consequently, ex-
ploiting PAI indications, it will be possible to fly quieter
trajectories, providing sensible benefits to the overflown
communities especially when approaching or departing
from helipads in densely populated areas.
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LIST OF ACRONYMS

ADC Air Data Computer

BPF Blade Passage Frequency
DOW Description Of Work

FMS Flight Management System
GRC5 Green Rotorcraft 5

H/C Helicopter

HMI Human Machine Interface
IFG Ideal Flat Ground
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IRS Inertial reference System

MFD Multi-Function Display

PAI Pilot Acoustic Indicator

RA Radar Altitude

SPL Sound Pressure Level

SPLH Sound Pressure Level Hemisphere
TPP Tip Path Plane

TPP-AOA Tip Path Plane Angle Of Attack
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