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Abstract: In the quest for the reduction of noise pollution,
novel hybrid-electric or fully-electric power-trains promise
to provide a substantial contribution. Especially closer
to airfields, where acceptability issues tend to limit air
operations with conventional fuel-burning engines, such
novel power-trains allow to fly terminal maneuvers with
a dramatically reduced impact on pollution. Considering
the General Aviation (GA) field, where such new types
of propulsion are more likely to gain a significant mar-
ket share thanks to their favorable characteristics for this
weight category, the reduction of the noise impact on
ground may increase the infrastructural value of smaller
airfields, often located in densely populated areas. This
in turn would help in making novel power-train technolo-
gies economically advantageous at a system level. Despite
these evident advantages, a methodology to quantify noise
emissions of a novel type of power-train has not been
identified yet — a fundamental step towards the assess-
ment of the potential contribution of hybrid-electric or
fully-electric aircraft to the global scenario of future avia-
tion. This work introduces and discusses a possible proce-
dure to provide such estimation. While mainly focused on
the field of propeller-driven GA aircraft, the procedure pre-
sented herein can be easily scaled to cope with the specific
features of heavier categories.
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1 Introduction

The reduction of noise pollution in areas close to airfields
is among the most significant improvements promised by
a transition to fully-electric or hybrid-electric propulsion
in aviation. The ability of electric or hybrid-electric air-
craft to operate without the support of a hydro-carbon fuel-
burning engine in terminal maneuvers, i.e. during take-
off/climb-out or approach/landing, allows to reduce noise
emission in proximity to the ground, where these may turn
more annoying and harmful.

For conventionally propelled aircraft, methods for pre-
dicting the aircraft-borne noise perceived on ground are
many, and well documented in the literature as well as in
regulation and best-practice manuals. They will be quickly
revised in the next paragraph 1.1.

1.1 State of the art

The intensity and contours of the noise footprint on
ground can be computed together by applying dedicated
comprehensive models, considering the aircraft as a single
point emitter. The map of noise emissions can be assessed
for comparisons and regulation compliance purposes in
test conditions suggested through best-practices.

Two classes of such comprehensive models exist,
based on either a semi-empirical or theoretical ap-
proach. Concerning semi-empirical, best-practice models,
for many existing aircraft, the ANP database [1] produced
by EUROCONTROL offers self-contained methods for de-
signing a test terminal trajectory and predict the corre-
sponding noise emissions. That estimation methodology
complies with the guidelines for airport noise assessment
approved by ECAC [2], which in turn are derived from ICAO
regulations [3]. Similar methods have been developed in
several European Countries (implemented in suites like
ANCON [4], FLULA [5], SIMUL [6] or AzB [7]), where they are
currently used for regulation compliance assessment. Fur-
ther noise prediction methods are part of suites capable of
predicting also chemical pollution (IESTA [8], IMPACT [9]
and AEDT [10]).
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Due to the complexity and computational effort as-
sociated to sound propagation phenomena, some models
based on a theoretical approach do make use of empirical
methods for internal sub-tasks, for the computation of the
noise footprint over a larger area. Among the most com-
plete suites of methods worth citing are ANOPP2 [11] devel-
oped by NASA, and PANAM [12] of the DLR.

Theoretical methods usually consider separate
sources of noise, which are studied one by one and com-
bined a posteriori, to bear a prediction corresponding to
the whole aircraft. To this end, models for each major
source of noise on-board the aircraft are needed. The
abundant available research works in this area can be
categorized based on the sources they analyze.

Propeller noise has been studied since many decades,
and models unanimously split this effect into a prevailing
tonal component [13] and a background broad-spectrum
noise [14, 15]. The interference of propeller and airframe
has also been analyzed, concerning its tonal contribu-
tion [16, 17]. Best-practice methods as usual require a lower
computational effort and allow for an easier implementa-
tion [18-20].

Comparatively fewer models exist for noise bound to
airframe and landing systems, i.e. landing gear and high-
lift devices. A few semi-empirical models for the airframe
and the fixed part of the wing are rather widespread, some
with a good level of applicability which allows an easier ap-
plication to diverse sub-sources of noise [21], whereas oth-
ers feature a more limited theoretical generality [22]. Wing
noise, mostly bound to turbulent kinetic energy scattering
at the trailing edge of the wing, has been studied more in
depth [23, 24], similarly to flap- [25, 26] and slat-related
noise [27, 28]. Only empirical models exist for landing gear
noise [29].

Considering engine noise, the most recent works deal
with jet applications, whereas piston engines have re-
ceived little attention - despite being of much greater rel-
evance for the application of novel propulsive technolo-
gies in aviation, more likely to appear in the lower aircraft
weight category in substitution of piston engines. Nonethe-
less, analyses carried out in the automotive field have
shown that the most relevant engine-related noise compo-
nent is due to aerodynamics, and connected with intake
and exhaust flows. Very accurate models in this field [30-
33] are possibly less suitable than easier, semi-empirical
models [34-37] at least in the initial phases of aircraft de-
sign, due to the uncertainty on input values typical to this
stage.

While not so intense as the sources of noise cited
above, also the contributions of electric motors and gear-
boxes have been studied. For the former, besides detailed
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models based on FEM/BEM analyses, more compact and
usable models are based on a statistical approach. For
gearboxes, the main emission modes of whine and rattle
can be modeled by means of statistical energy methods [38,
39]. The complexity of the vibration and propagation phe-
nomena often requires simplifications to increase general-
ity and usability, at the price of accuracy. Models based on
such simplifications are conveyed in more widespread em-
pirical formulations [40-42], sometimes presented in an
integrated fashion for more sources [43].

1.2 Issues and proposed methodology

The cited references provide comprehensive procedures
for noise prediction especially useful in close proximity to
airports, as long as fuel-burning aircraft are considered,
whereas documented source-related models deal with the
prediction of noise emitted by components of an aircraft
(e.g. airframe, wing, landing gear) or a power-train, never
considering the aircraft as a whole.

Notwithstanding the available knowledge-base, due
to the relative immaturity of electric and hybrid-electric
aviation for which scant data is available, no best-practices
or consolidated procedures exist dealing with the predic-
tion of noise emission of an electric or hybrid-electric air-
craft. This hampers a straightforward and accurate quan-
tification of the noise foot-print on ground for these novel
types of aircraft. A similar tool would be extremely valu-
able, to better assess the potential contribution of new
propulsion systems in terms of environmental impact and
public acceptability, already at a design level working in a
virtual environment.

The research presented herein tries to fill this gap, de-
scribing a prediction methodology for noise emissions for
aircraft, applicable not only to more usual fuel-burning
models, but also to innovative fully-electric or hybrid-
electric aircraft.

The methodology starts from the selection and refine-
ment of existing models predicting the noise emissions
from some of the most relevant sources in a typical aircraft
design.

Considering in a preparatory phase fuel-burning air-
craft, for which data and procedures for estimating the
overall noise footprint indeed exist, the noise produced
by each source in a simulated validation scenario is com-
bined at first in a brute force fashion, showing how this
approach does not bear accurate results when compared
to the reference. Secondarily, the sources are combined
based on an optimal approach, so as to obtain a total figure
which fits in the best possible way the prediction of a con-
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solidated, comprehensive model. It will be shown how this
model-fitting procedure will produce an estimation model
blending the output of the different sources, directly appli-
cable to a broad set of existing aircraft yielding accurate
predictions.

In view of the state-of-the-art of innovative propulsion,
new electric or hybrid-electric aircraft are more likely to ap-
pear in the General Aviation category, which has been con-
sidered for validating and further testing the novel source-
blending procedure, without loss of generality from a
methodological standpoint.

Once the relative weight of each source has been de-
fined to bear a statistically accurate prediction of the to-
tal noise produced by a standard aircraft, an application
to the case of the Pipistrel Panthera is presented. This air-
craft is already in production in a usual fuel-burning ver-
sion, while a hybrid-electric variant is currently in the de-
sign phase, among the first such aircraft likely to enter pro-
duction soon. The sources of noise differ between the two
variants, which nonetheless share most macroscopic fea-
tures in their configuration.

The results of a comparison of noise emissions, carried
out simulating the real case of terminal maneuvers around
Milan-Bresso Airport (ICAO: LIMB, located north of down-
town Milan), based on realistic trajectory data and using
the presented novel prediction procedures, will be consid-
ered to put forward some speculations about the effective-
ness of hybrid-electric propulsion in reducing noise emis-
sions.

1.3 Structure of this paper

The paper is organized as follows. The models consid-
ered for the source-blending method are presented com-
ponent by component, as well as a comprehensive model
needed for the validation of the method. The novel source-
blending method is thoroughly validated, and its accu-
racy assessed, with respect to the comprehensive ap-
proach, showing its ability to correctly predict the noise
of fuel-burning aircraft. Finally, the potential of the source-
blending method is shown through some specific compara-
tive analyses on hybrid-electric aircraft in the realistic case
of circuit-flying over an existing General Aviation airport.
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2 Modeling noise emissions

2.1 Baseline comprehensive prediction
method

A reliable baseline and term of comparison for setting up
and validating a novel noise prediction procedure is the
monolithic procedure proposed by ECAC Report Doc. 29 [2].
This is currently being adopted by many national aviation
regulation agencies for assessing the noise emissions in
the vicinity of aerodromes, as per the European Regula-
tion No. 598/2014 [44], explicitly citing it as a procedure
for monitoring compliance on existing airports.

2.1.1 Trajectory definition

The basic concept behind the modeling proposed as a best-
practice in prediction procedures by ECAC is that of con-
sidering separately departure and arrival phases, and of
providing for each of them a suitable segmentation of the
maneuver. Segmentation refers primarily to a non-uniform
discretization of the geometrical trajectory in straight seg-
ments, but also to the definition of nodal values of flight
mechanics parameters, namely available power, true air-
speed and bank angle. Specified for the boundary nodes
of each segment of the trajectory, these reference values
are employed to compute a reference for the whole corre-
sponding segment. For many existing aircraft, the Aircraft,
Noise and Performance (ANP) database [1] allows to obtain
by means of look-up tables noise-power-distance (NPD)
data. These include maximum A-weighted sound pressure
levels (SPL) and sound exposure levels (SEL), provided for
each specific aircraft model as functions of an assigned set
of output power and emitter-receiver slant distance values.
Once the trajectory is assigned, for a receiver in a fixed posi-
tion on ground it is possible to measure the contribution of
each segment of a trajectory in terms of maximum SPL and
SEL, by properly navigating the ANP database, interpolat-
ing where necessary. Furthermore, by suitably mixing the
contributions of each segment in a terminal maneuver, it
is possible to assess its associated overall maximum SPL
and SEL for an assigned sensor.

In order to better explain the construction and fea-
tures of the baseline ECAC model, we introduce the ex-
ample of the Milan-Bresso Airport, a General Aviation
airport located north of Milan, Italy, and already consid-
ered for other related projects concerned with transition
to novel aircraft propulsion technologies [45]. Considering
the ground track, i.e. the projection of the terminal trajec-



Carlo E.D. Riboldi et al.

= Flight trajectory
——Ground track

= 1500
£.3000
5
0
5000 SN -~ 10000
-10000 Se-a 5000
-15000 )
y[ft] x [ft]
(@
——Flight trajectory
——Ground track
2500
=i oo
E
=1300 10000
500 5000
0
-5000 0
10000 -5000 xIft]
y [ft]
(b)

Figure 1: Three-dimensional trajectories for (a) departure and (b)
arrival. Milan-Bresso RWY18 right-hand standard circuit. Discretiza-
tion based on ECAC prescription for noise emission analysis, con-
sidering flight performance of a Cessna C172R Skyhawk.

tories on ground, represented by the (x,y) plane, accord-
ing to ECAC guidelines, segments corresponding to curved
trajectories have been modeled considering a maximum
corresponding turn angle of 10 deg. Concerning the verti-
cal dimension (z), the flight profile is described by means
of a geometrical trajectory, as well as speed and thrust
(which implicitly provide power) associated to each seg-
ment node. A trajectory for a specific aircraft model can be
assembled based on corresponding average flight mechan-
ics data. Discretization following the guidelines of ECAC
imposes the addition of nodal points corresponding to ev-
ery change in power setting, as well as for changes of speed
reaching up to 10 m/s. As a result, nodes are not match-
ing a priori for the ground track and vertical profile. All
nodes from both discretizations are considered in the final
three-dimensional discretization.

Considering the case of a Cessna C172R Skyhawk [46],
a model usually operating from Milan-Bresso airfield, Fig-
ure 1 shows the result for standard RWY18 right-hand cir-
cuit departure and arrival procedures.

2.1.2 Computation of noise emission via baseline
method

As recalled, a comprehensive measure of noise emission
associated to a terminal maneuver can be computed by
means of two indicators, namely maximum SPL (symbol
L in equations) and SEL (symbol L in equations), cap-
tured by a noise sensor located in an arbitrary position
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on the (x,y) plane. Based on ECAC best-practices, from the
nodal values around each segment along the trajectory, it
is possible to select a single set of power, speed, and bank
angle values, representative of the motion of the aircraft
along that segment. Adding to the set a reference mea-
sure of slant distance between the segment and sensor on
ground, the contribution of each j-th segment to the over-
all noise perceived by the sensor can be computed in terms
of L, j and L ; as follows [2]

Lpj=Lm(P,d)+A;-AB, 1)+ As (1)
LE,j = LE(P, d) +AV +A1 —A(B, l) +AF +As.

In Eq. 1, quantities L, (P, d) and Lg(P, d) can be ob-
tained from the ANP database, as functions of the power
available P and slant distance between the segment and
the sensor d. Both measures in Eq. 1 are corrected by sev-
eral effects, accounted for by the other components ap-
pearing in the corresponding expressions. The term A; ac-
counts for the effect of engine position in the aircraft con-
figuration. However, as per ECAC prescription, this should
be accounted for only in jet-propelled aircraft. As stated in
the introduction, such propulsion type is not treated in this
research, hence A; = 0 except for the validation of the im-
plementation shown in section 2.1.3. The term A(B, ) rep-
resents lateral attenuation, and is a function of the eleva-
tion angle 8 between the direct sound propagation path
and the ground, and of the lateral displacement of the ob-
server from the ground track l. The Ag term accounts for
the strong directionality of exhaust plumes of jet engines
at high thrust settings, but it is null for propeller-driven
aircraft (As = 0). Again, it will be considered only for vali-
dation (section 2.1.3).

Terms which impact only on the SEL are firstly Ay, a
speed correction factor accounting for the ratio between
the actual airspeed in the nodal points along the trajec-
tory and the reference airspeed V = 160 kn adopted in
the ANP database. Similarly, Ar accounts for the limited
length of each segment in the trajectory, in view of the
ideal infinite-length trajectories considered for the setup
of the ANP database. This term yields a decrease in SEL,
on account of the limited actual time needed to fly each
segment.

2.1.3 Validation of the baseline method

A tool for validating a novel implementation of the ECAC
method is provided by the Volume 3 of ECAC Doc. 29 [47].
The document defines a series of test cases. Three aircraft
with assigned data are considered, a jet-powered aircraft
with underwing engines (JETW), one with tail engines
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Table 1: Results of the validation of a novel implementation for a baseline estimation method wrt. ECAC reference. Values in dB. All values

are below 0.01 dB accuracy tolerance.

Departure (straight)

Departure (with turn)

Approach (straight) Approach (with turn)

JETF 2.99¢73 3.11e73
JETW 2.99¢73 3.04¢73
PROP 3.00e73 3.19¢73

2.84¢73 2.89¢73
2.98¢73 2.97¢73
2.83¢73 2.85¢73

(JETF), and a propeller-driven aircraft (PROP). All three
are checked over four assigned trajectories, two departures
and two approaches, either straight or involving a turn.

In a first stage, noise sensors are positioned in 18 pre-
determined locations, and SEL measured and compared
to provided reference values for each of them. The contri-
bution to SEL, in particular the various corrective compo-
nents shown in Section 2.1.2, are checked separately, and
considering the trajectory segments one by one (see 2.1.1).
In the final stage of the validation, the measurements are
carried out on a more refined grid, covering a broader geo-
metric extension. The adopted validation metric is related
to the difference between the measured SEL Lg ; and the
reference m, as per the following definition

@

5 | ke~ Len)?
Ng ’

where N is the number of sensors in the grid. Table 1
shows the deviation between the ECAC reference and our
implementation, needed for the development of original
models later presented in this work.

It can be noticed that the results are all largely lower
than 0.01 dB required for model compliance. It is hence-
forth assumed that the baseline ECAC method in our im-
plementation can be considered ground-truth for the next
steps.

2.2 Source-bundling prediction method

As explained in the introduction (see 1.2), the baseline
method just discussed makes use of pre-computed noise
emission data provided in the ANP database. An issue
arises when novel aircraft are considered that are not in-
cluded in the database. Especially for electric or hybrid-
electric aircraft of interest here, due to the scant number of
well-developed designs and exemplars flying today, such
data is not available. An alternative way to estimate the
overall noise emitted by an aircraft, and the correspond-
ing SPL and SEL on ground, is that of bundling together
the contributions of the noise sources on board.

As observed in the overview on the state of the art
(see 1.1), there are usually more models available for the
prediction of noise emissions from each considered source.
These can be roughly divided into theoretical models,
based on an analytic approach starting from balance prin-
ciples applied to fluid dynamics, and semi-empirical mod-
els, based on a less accurate analytic description of the
emission and propagation phenomena, but supported by
substantial corrections based on experimental data. The
latter type has been deemed generally more suitable to the
problem under analysis. This is due to at least two reasons.
Firstly, models starting from a theoretical approach are in-
variably dependent on a significant number of parameters,
which are not often available at a design level, or affected
by significant uncertainty. Secondarily, the computational
cost of theoretical methods makes them further unsuit-
able for a preliminary design analysis, where the chance
to quickly predict performance changes with respect to a
baseline, by means of extensive parameterized analyses,
is more relevant than a very high accuracy.

The models selected for an estimation of the over-
all emission following the source-bundling approach are
listed below.

2.2.1 Selection of prediction models for different
sources

As for the propeller, suitable available models have been
proposed by Smith [48], by Rathgeber [19] and in the SAE
AIR1407 [18]. Smith’s model and SAE AIR1407 provide re-
sults more similar to one another also in terms of accuracy,
whereas the likelihood of the output of Rathgeber’s equa-
tion is generally lower. However, Smith’s model requires
propeller data (thickness-to-chord ratio and twist at some
specific radii from the propeller hub) which are not com-
monly available at the preliminary design stage. Therefore,
SAE AIR1407 has been selected for this work.

Based on the adopted formulation, far-field propeller
noise is computed on the basis of a set of partial levels
and correction factors, estimated from the basic configura-
tion and operating parameters of the propeller. In particu-
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lar, the inputs are represented by some geometrical param-
eters (propeller diameter, number of blades and number
of propellers), quantities describing the equilibrium con-
dition (propeller rotational speed, power input and flight
speed) and the environmental condition (ambient temper-
ature). The final input is of course given by the slant dis-
tance between the aircraft and sensor, and the elevation
angle between the ground and the aircraft-sensor line of
propagation. Once singularly determined, a number of par-
tial noise terms and corrections are combined arithmeti-
cally to obtain the A-weighted SPL pertaining to a specific
aircraft position.

The choice of a prediction model for airframe noise
is more limited, especially for propeller-driven aircraft of
interest in this work. The model presented by Fink [21] is
nonetheless of general applicability, and particularly use-
ful especially for it provides simple, separate models for
the wings, flaps, slats and landing gear. Similarly ready-to-
use methods are presented in ESDU 90023 [49], which is
nonetheless not applicable to propeller-driven aircraft.

Focusing on Fink’s model, the A-weighted SPL val-
ues due to the wing, horizontal and vertical empennages
are estimated from their respective surface and span. The
same holds for deployed slats, whereas trailing edge flap
noise requires the flap deflection angle too as an input. As
for landing gear instead, the number of wheels per gear as-
sembly, as well as the diameter of the tyre, is considered
for noise computation. Clearly, the noise of all sources in
Fink’s model is also a function of the relative position be-
tween the aircraft and the ground sensor. The contribution
of the different sources is then summed on an energetic
basis to obtain the A-weighted SPL bound to the airframe
noise.

Considering engine noise, for piston engines in the
aeronautical field the formulation proposed by Dobrzynski
and reported by Tada [36], is more general than Moshkov’s
model [37], which is applicable only to a set of specific en-
gines.

According to Dobrzynski’s formulation, engine noise
in terms of A-weighted SPL is computed from the actual
and maximum rotational speed of the engine, from the
maximum engine power, and clearly from the slant dis-
tance between the aircraft and the sensor on ground.

Concerning the electric motor and gearbox, readily ap-
plicable models compatible with the current aeronautical
application - i.e. power levels and power-to-weight ratios
in the same range of existing electric or hybrid-electric de-
signs - are reported in the work by Bruce [43].

For electric motors, the prediction is provided in terms
of sound power level L, starting from the motor size, rota-
tional speed and power output. Considering the relation-
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ship between acoustic power and pressure, this estima-
tion can be translated into an instantaneous value Ly of
the distance-dependent SPL by assuming a point-source
model for the motor, by means of the transformation

Lp = Lw + 10log, (—47%2) , €)

where Q is a shape parameter defined as the ratio between
a spherical area of radius r and the actual area over which
spreading is taking place instant by instant - so that if the
measurement area is spherical, Q = 1.

As for the gearbox, the sound power level can be com-
puted based on the semi-empirical model expressed as

Ly =86 +3log o N+ 4log,o Pw + 10l0og, S,  (4)

where N is the rotational speed of the shaft, P, is power
transferred by the gearbox, and S a conformal surface mea-
sured at one meter from the gearbox, computed from basic
geometrical data of the gearbox assembly [43]. The same
Eq. 3 can be used for spatial propagation.

2.2.2 Bundling sources: methodological issues

The source-bundling method is centered on the concept
that the total noise emission of the aircraft, measured in
energy terms through the SPL L5¢, where superscript AC
stands for “aircraft”, should be obtained by simply sum-
ming the noise emitted from all sources on board the air-
craft. For a conventionally propelled aircraft, these are
namely the airframe, which includes the wing/tail assem-
blies, deployable surfaces and landing gear, the propeller
and the engine. When novel propulsion systems are con-
sidered, the electric motor and gearbox are further sources
to be considered.

However, the models selected for each noise source
are not fully compatible in terms of output.

In particular, the model for airframe noise produces
spectral values of the SPL Ly, », i.e. spectra of sound pres-
sure levels evaluated at each one-third of octave band. The
effect of spacial attenuation, i.e. decrease in noise power
density as the distance from the source increases, is cor-
rectly accounted for by the model (see Eq. 3). Instead, the
effect of atmospheric absorption, which translates into a
pure energy loss, is not accounted for. This is true except
for the wing sub-part, where also atmospheric absorption
is accounted for in the model.

In order to correct the output of the airframe model ac-
counting for atmospheric absorption, SAE AIR1845 [50] de-
fines the following model

Lp,n, =Lp,n — and, )
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where the absorption-attenuated, frequency-dependent

value of the SPL spectrum Ly, is obtained from the unat-

tenuated Ly, , value, through a correction accounting for

the distance between the source and measurement point

d and an atmospheric absorption coefficient ay.
Differently from the airframe case, the adopted model

for propeller noise produces SPL values which correctly ac-

count also for atmospheric attenuation [18].

The models for the engine, electric motor and gear-
box all produce an overall SPL, i.e. a quantity not depend-
ing on frequency, and unattenuated with respect to atmo-
spheric absorption. This hampers the direct use of Eq. 5.

However, ECAC Doc. 29 provides the means to account for
atmospheric absorption [2]. Among the data provided in

the ANP database, spectral values of SPL Lp,na(a) are re-

ported for a slant distance of d = 1000 ft, and already
corrected recurring to SAE AIR1845 method. Values are
listed depending only on aircraft size, and can therefore be

adopted without precisely accounting for the power-plant.
By inverting Eq. 5, it is possible to obtain first the unatten-

uated value Ly, n(d). Secondarily, the following equation
can be adopted to obtain the spectral SPL information as
a function of a generic slant distance d

Lp,n(d) = Lp,n(d) - 2010g, (%) . (6)

Finally, the SPL accounting for atmospheric absorp-

tion Ly, n, (d) can be computed according to Eq. 5.

Given the values of Lp n (d) and Lp,n(d), the effect of
noise absorption on the overall SPL can be estimated from
the following expression

Lp,ng (d)+An
ALp(d) =10logyo | > 10~ © @)
n

Lp,n(d)+Ap
-10log;q (Z 1070 ) ,
n

where the spectral values of the SPL Ly » (d) and Ly, n(d)
are A-weighted, energetically summed over frequency, and
the results subtracted to one another.

The so-obtained value provides an estimation of the

absorption term on the global SPL, not depending on fre-

quency, which is applied to the noise contributions of the
engine, electric motor and gearbox, making the output of
the respective models compatible with that of propeller

and airframe sources (the latter suitably treated as de-

scribed above).

Now the global SPL from all sources Lﬁf‘}4 (d) can be ob-
tained through an energetic sum of the A-weighted SPL val-
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ues pertaining to each source, as

a p
L8 1 a@ @

L3S (d) = 101og;, (Z 107 1 +10" 10 + (8)
n

e
Lpg.a@

10 10

g
LZ'a,A(d) Lpa,A(d)
+10 1 +10 1 ,

where Ly, ,(d) represents the spectral information of the

SPL pertaining to the n-th frequency considered, account-
ing for atmospheric absorption (subscript a), A-weighted
(subscript A) and due to the airframe (superscript a). Due
to the differences in the output between the airframe
model - which produces a frequency distribution - and
those for the propeller, engine, electric motor and gearbox,
the respective Lga’ A, Ly (), Ly (), Lﬁm 4(d) terms,
representing overall SPL values, are included in Eq. 8 in-
stead of frequency-dependent quantities.

2.2.3 Validation of source-bundling prediction method

In order to assess the accuracy of the source-bundling
method, a procedure has been devised where the NPD data
contained in the ANP database provided by ECAC [47] are
used as a reference. These data refer to noise levels regis-
tered on ground during flyover tests at ten reference slant
distances between 200 ft and 25 000 ft. Flyover tests have
been performed at an airspeed of 160 kn, and for at least
four different power settings, of which two corresponding
to approach procedures, two to departure procedures. In
the intention of the designers of the database, these test
conditions should provide results representative of termi-
nal maneuvers in different aircraft configurations (i.e. dif-
ferent power settings, landing gear extension, flap deploy-
ment). The measured quantity is the SEL of the whole air-
craft, L 4, defined as

tz 14C (d, 1)
p,A
Li.a(d) = 101og;, / 1070 de | . ©)

ty

Clearly, the actual value of Lg 4(d) for an assigned
slant distance d depends on the considered values of t;
and t,. The SEL values reported in the ANP database refer
to the time instants when the A-weighted SPL of the air-
craft L2 (d, t) during a test overflight is above 10 dB from
the maximum recorded during the flyover.

The validation of the source-bundling method was car-
ried out on several aircraft models, including single and
multiple-engine, available in the database. As an exam-
ple, the values of Lg 4 obtained for a Cessna C172R [46] are
presented in Figure 2. This aircraft is of special relevance
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Figure 2: Comparison of SEL data from ANP database and predictions obtained from the source-bundling method for a Cessna C172R during
overflight missions, for method validation. (a,b) arrival procedures. (c,d) departure procedures.

in the present study, for this is the model in the database
more often operating from Milan-Bresso. The SEL values
pertaining to a set of slant distances during the overflight
are displayed. On the top row of Figure 2 are presented re-
sults for arrival procedures, whereas results for departure
are shown on the bottom row. The red line in these plots
refers to database SEL data.

An issue related to the validation procedure is the lack
of information in the description of the ANP database con-
cerning aircraft configuration and engine settings adopted
for flyover tests. Reasonable configuration settings have
been retrieved from flight manuals. In particular, take-
off and landing flap settings have been adopted for the
database entries corresponding to departure at maximum
power (a typical short-distance take-off configuration) and
landing at minimum power respectively. Climb-out and ap-
proach flap settings have been considered for lower power
take-off and high-power landing entries respectively. For
the case of the Cessna C172R in Figure 2, the contribution of
the landing gear is always present, due to the fixed under-
carriage configuration of the aircraft. In other validation
cases with retractable gear (not presented), the noise con-
tribution of the landing gear has been accounted for only

in the entries corresponding to take-off at high-power and
landing at low-power.

Concerning the propeller and engine, the ANP
database provides either the rotational speed or the net
thrust for each flyover, depending on the selected aircraft.
The model for noise emission of the propeller is fed by
input power and rotational speed, whereas for the engine
the model needs as inputs maximum power, current and
maximum rotational speed. Assuming a constant airspeed
of 160 kn and a constant propeller efficiency, it is possible
to compute matching values of propeller thrust and en-
gine power. Furthermore, the engine database elaborated
by Yakovitch [51] allows to extract for several engines
matching values of rotational speed and engine power,
thus allowing to translate one quantity into the other
as required. Such engine operational data are provided
for several configurations, namely take-off, climb, cruise,
approach and landing. Henceforth, with the addition of
sheet data for maximum rotational speed and power for
the considered engines, it is possible to translate the data
in the ANP database into the required input for the noise
emission models of the propeller and engine.
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Table 2: Aircraft in the ANP database considered for the design of the blending coefficients in the source-blending method.

Aircraft model ID Engines MTOW [lb]
Piper PA-28-161 Warrior [52] PA-28 1 2325
Cessna C172R Skyhawk [46] C172R 1 2450
Cessna C182H Skylane [46] C182H 1 2800
Cessna C206H Stationair [46] C206H 1 3600
Cessna T206H Stationair [46] T206H 1 3600
Piper PA-30 Twin Comanche [52] PA-30 2 3600
Beechcraft B58P Baron [53] BB 58 2 6100
Piper PA-31-350 Navajo Chieftain [52] PA-31 2 7000

No electrical motor nor a gearbox are present in the
selected validation test-beds, which are based on standard
piston engines, hence the corresponding noise sources are
not accounted for in this phase.

Recalling Figure 2, the contribution of each compo-
nent is presented together with the total aircraft emission,
resulting from source-bundling (in black on all plots). It
can be noticed that the bundling method generally over-
estimates the ANP value. The error is more marked for ar-
rival procedures, where it is never below 5 dB, and reaches
9.5 dB for the lowest power setting and minimum consid-
ered slant distance, where the SEL is most intense. Looking
again at arrival procedures, the prediction for some of the
sources exceeds the ANP global SEL value.

Considering departures, the picture is only slightly bet-
ter, with an error between the totals as low as 3 dB, and
never exceeding 5 dB. A persistent bias between the two
predictions is noticeable for all considered slant distances.

As a remark, it can be observed that no source is con-
stantly prevailing on others, nor are the source predictions
providing meaningless or unexpectedly scattered results.
This and the (albeit loose) likelihood of the total predicted
values for the two methods is in support of a general reli-
ability of the prediction methods adopted for each noise
source. Yet the accuracy of the source-bundling method,
also due to the basically arbitrary hypotheses needed to
obtain values to be fairly compared to the published ANP
database, is generally not satisfactory.

2.3 Increasing accuracy: the
source-blending method

In order to increase the accuracy of the prediction, a novel
method is introduced, where the predictions obtained
from the models for each single source are blended to-
gether, after modulation through a suitable blending coef-

ficient, yielding the following expression for the SEL

ty

18 4(d0 LP’ (d,0)
LE’A(d)= 1010g10 /IOX1 0 +10% 10+ (10)
t
L8 ,(d.0) LM (d.0) 18 ,d.0
10020 4 104 2 + 105 2D dt) .
The generic blending coefficient x;, k=1,...,5, can

be interpreted under a statistical perspective, as a mea-
surement of the uncertainty associated with the prediction
provided by each source. Ideally, all blending coefficients
should equal 1, so that the SEL Lg 4(d) provided by Eq. 10
or by Eq. 9 through Eq. 8 would be equal.

2.3.1 Estimating the blending coefficients

In order to apply the prediction method proposed in Eq. 10
for noise estimation, a preliminary design of the blending
coefficients needs to be carried out. A dedicated procedure
envisaged for the task will be illustrated in the following.

The starting point of the proposed procedure for coef-
ficient computation is the processing of the ANP database.
A sub-set of the aircraft therein is selected, based on sim-
ilarity with respect to the target application of the predic-
tion model. Table 2 shows the identity of the aircraft con-
sidered here. On account of the application to General Avi-
ation, propeller-driven aircraft, the sub-set is centered on
models in this category.

As pointed out, this category is of special interest
for two reasons. Firstly, hybrid-electric and fully-electric
propulsion are appearing in this category and type of con-
figuration, whereas scalability to larger weights and pow-
ers is still a study topic [54]. Secondarily, aircraft in this
category usually operate from Milan-Bresso airport, a test
case considered for data production, as shown in the re-
sults section [45].
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As explained in section 2.2.3, for each aircraft in the
set, the ANP database provides a value of the global SEL
at ten slant measurement distances, and for a list of power
settings in departure and arrival configuration. As ob-
served in the discussion of the validation results reported
in Figure 2, the relative relevances of the noise prediction
models for each source is generally different in departure
and arrival. This suggests to keep the two scenarios sep-
arated, so that different blending coefficients will be esti-
mated for departure and arrival.

An optimal approach has been selected for the practi-
cal estimation of the coefficients, based on the numerical
solution of the unconstrained optimization of the follow-
ing merit function

Z, 1(LEA

LEA

] = Z(xk -4 (1)

The term L, 4; in Eq. 11 represents the SEL obtained
from the database for the j-th slant distance, whereas the
term Lg 4, is the result of the application of Eq. 10 to the
same slant distance. The value of Lg, 4 is clearly a func-
tion of the choice of parameters x;, as is the latter sum
Z,S(=1(xk - 1)? in the expression of J. In ideal conditions,
values of x;, = 1, for k =1,...,5.In that case, the values
of Lg o, = Lg,a,, and both sum terms in Eq. 11 would be
zero. This would yield J = 0 in ideal conditions, and a pos-
itive value otherwise. Therefore, the optimization problem
can be configured simply as

min  J. (12)

(X1,X2,X3,X4,X5)

As a remark, it should be added that the elastic term
represented by S7_,(x; — 1)? in Eq. 11 is needed to in-
troduce the physical meaning of the blending coefficients,
which represent measures of confidence in the prediction
of the respective noise source models. Values of the co-
efficients too far from 1 (the ideal value), whilst numer-
ically feasible, are not physically acceptable, especially
in view of the generally physical acceptability of the out-
put of each source model demonstrated for the source-
bundling method (see 2.2.3). Therefore, an acceptable
range for the coefficients has been arbitrarily selected be-
tween 0.5 and 1.2.

By solving the optimal problem in Eq. 12 separately
for each measurement entry in the ANP database for an
assigned aircraft, a set of blending coefficients valid for
that aircraft is obtained for each of the entries. Consider-
ing the average and standard deviation pertaining to de-
parture and arrival entries, the blue vertical bars relative
to each aircraft displayed in Figure 3 are obtained. The am-
plitude of the bars refers to two times the standard devia-

DE GRUYTER

tion of the sampled data (i.e. 20). At this stage, only the co-
efficients pertaining to airframe, propeller and engine are
investigated, due to the fact that all considered aircraft do
not feature an electric component in the power-train nor a
gearbox.

Looking at the vertical bars, it is clear that the infor-
mation in the considered samples features much scatter.
Actually, the samples are few in statistical terms. Nonethe-
less, in some specific cases this first result features a good
coherence level, with the extreme of the attended values
not exceeding the reasonable range between 0.5 and 1.2.

Of course, to obtain a more reliable estimation of the
blending coefficients which is also representative of an air-
craft class instead of just a single aircraft, another opti-
mization is performed irrespective of the aircraft, i.e. on all
entries corresponding to departure and arrival maneuvers
performed by aircraft in Table 2. The result is a set of blend-
ing coefficients for departure and another set for arrival,
accounting for all aircraft in the class. With such statisti-
cal sample, the results presented as horizontal bars on the
plots of Figure 3 are obtained.

It can be noticed how the coefficients feature a very
reduced scatter, and the 20 range represented by the hori-
zontal black dashed lines falls generally at a safe distance
from the imposed confidence limits of 0.5 and 1.2 (axis lim-
its on the plots). Some of the average values are actually
close to 1, with a rather mild 20 scatter. The fact that the
coefficients are in average different from 1 clearly justifies
the inability of the source-bundling method to correctly fit
ECAC data, thus further demonstrating the potentiality of
the novel source-blending method and the proposed coeffi-
cient design procedure to overcome the deficiencies of that
first-guess method.

2.3.2 Validation of the source-blending method

In order to validate the source-blending method, based on
the coefficients obtained as described in section 2.3.1, it is
possible to perform the same kind of analysis presented in
section 2.2.3.

Two rather different aircraft from the set in Table 2 are
considered, namely the Cessna T206H Stationair and the
Piper PA-31-350 Twin Comanche. In Figure 4 the plots for
the SEL obtained from the ANP database and from the ap-
plication of Eq. 10 with the optimal blending coefficients
computed in section 2.3.1, and represented by the plain red
lines in Figure 3, are displayed for two departure and two
arrival maneuvers corresponding to different flap configu-
rations and power settings.
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Figure 3: Statistical analysis of blending coefficients. (a,b) airframe coefficient. (c,d) propeller coefficient. (e,f) engine coefficient. (a,c,e)
departure conditions. (b,d,f) arrival conditions. Blue vertical bars: results from coefficients designed considering only a specific aircraft.
Horizontal bars: results obtained from coefficients designed considering all aircraft together.

Despite the 20 confidence area contoured on the plot
being relatively large when looking at the corresponding
uncertainty on the noise prediction (vertical axis), the av-
erage of the estimation is remarkably close to the ANP pre-
diction.

Similarly good results are obtained with the same val-
ues of the coefficients for the Piper PA-31350 Twin Co-
manche, featuring a significantly different configuration
(not reported for brevity). This is in support of the general
applicability of the so-designed blending coefficients, at

least when aircraft sharing the propulsion system, general
configuration and weight category (rather broad) of those
in the set of Table 2 are considered.

2.3.3 Blending-sources method: applicability to novel
propulsion technologies

In order to check the suitability of the proposed predic-
tion method to aircraft with novel propulsion systems, the
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Figure 4: Comparison of SEL data from ANP database and predictions obtained from the source-blending method for a Cessna T206H. (a,b)

arrival procedures. (c,d) departure procedures.

Table 3: Sound power comparison between propeller and electric motor for a Pipistrel Panthera.

Motor power/speed setting Propeller [dB] Electric motor [dB] Difference [dB]
200 kW, 2 400 rpm 130.6 102.7 27.9
160 kW, 1920 rpm 123.5 100.3 23.2
120 kW, 1 440 rpm 115.7 97.1 18.6
80 kW, 960 rpm 106.9 92.7 14.2
40 kW, 480 rpm 96.1 85.2 10.9

test case of the Pipistrel Panthera Hybrid [55] was con-
sidered. Results of an assessment for a specific practical
case will be presented in the results section 3. At this
stage, it is important to remark that for a hybrid-electric
case more sources need to be considered than those typi-
cal to conventionally-powered aircraft (see the hypotheses
in 2.3.1). In particular, the noise emission of the electric mo-
tor and of the gearbox need to be evaluated.

To better understand the following analysis, it should
be noted that on the Pipistrel Panthera Hybrid, featuring
a series-hybrid configuration, the propeller and the elec-
tric motor are always working in a rigidly coupled fashion.
Considering the corresponding noise emissions, they will
be always active together. For this reason, it makes sense

to draw a comparison of the noise emitted by these sources
over the operating spectrum of the power-plant.

In this view, an analysis is performed through a rea-
sonable number of five different cases selected on the ba-
sis of the range of power and rotational speed for this kind
of power-train. Power fractions of 100% to 20% every 20%
have been selected. The same fractions have been applied
to the rotational speed data as well, assuming a linear de-
pendence between this quantity and power. Table 3 fea-
tures a comparison of the emissions for this set of assumed
values. Noise emissions for the propeller and for the elec-
tric motor are compared. Prediction values are obtained by
means of the corresponding models under the five consid-
ered testing conditions.
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Table 4: Sound power comparison between engine and gearbox for a Pipistrel Panthera.

Engine power/speed setting Engine [dB] Gearbox [dB] Difference [dB]
115 hp, 5800 rpm 123.0 113.3 9.7
92 hp, 5800 rpm 123.0 112.9 10.1
69 hp, 5220 rpm 121.2 112.3 8.9
46 hp, 3828 rpm 115.8 111.2 4.6
23 hp, 3828 rpm 115.8 110.0 5.8

It can be immediately inferred from Table 3 that pro-
peller emission is always more intense than that pertain-
ing to the electric motor, confirming an intuitive dispar-
ity between these two sources. The minimum difference is
higher than 10.9 dB, with a peak value of 279 dB for the
condition corresponding to the most intense emission.

In a totally similar fashion, the emission of the pis-
ton engine, acting as a power generation systems on board
the Pipistrel Panthera Hybrid, can be compared to that of
the gearbox. As these two sources always act in a rigidly
coordinated fashion, it makes sense to evaluate the corre-
sponding noise emissions. The same power fractions pre-
viously considered for obtaining the values in Table 3 are
scaled to the maximum power of the internal combustion
engine, while the corresponding rotational speed fractions
are obtained from the database by Yacovitch [51], since
differently from the case of the electric motor a linear de-
pendence of power to rotational speed cannot be safely as-
sumed. On Table 4 the noise emissions in terms of sound
power for the engine and gearbox are reported for these
five conditions, used as a reference when internal combus-
tion engine is activated.

In Table 4 it can be noted that, as the model assumed
for engine noise is not a function of the actual power out-
put, but of the rotational speed only, when the rotational
speed is the same the noise emitted by the engine does not
change. On the other hand, the noise produced by the gear-
box is a function of both power and rotational speed.

Again, the engine always prevails in terms of emitted
noise on the gearbox. The difference between the output
of these sources is at least 4.6 dB, with a peak of 10.1 dB.

Based on this analysis, the electric motor and gearbox
can be ruled out for the case of the hybrid-electric Pipistrel
Panthera Hybrid on account of their negligible noise con-
tribution. Furthermore, considering the conventional con-
figuration and weight of the Pipistrel Panthera in both its
hybrid-electric and conventional versions, fitting well in
the database of Table 2, this in turn enables the applica-
tion of the source-blending method based on the sole co-
efficients already designed (see 2.3.1) also to this aircraft
model.

3 Example noise emission analyses

Once its accuracy level has been assessed through vali-
dations, the proposed source-blending prediction method
can be deployed to analyze cases of practical interest,
in particular investigating the potential of hybrid-electric
and fully-electric propulsion in mitigating noise pollution
around airports.

The airport of Milan-Bresso (ICAO: LIMB) has been se-
lected as a test case for quantitative analyses presented
herein. This airport is the home base of the Aero Club Mi-
lano fleet, which is operated for instructional purposes
and for pleasure flights. The fleet is mainly composed of
Cessna C172 in several variants, and Piper models includ-
ing both single-propeller and twin-propeller aircraft. The
airport features a single 1080x30 m asphalt runway with
a 18/36 alignment, and an elevation of 484 ft above sea
level. Geographically located at the northern border of the
municipal area of Milan, Milan-Bresso is completely sur-
rounded by densely populated districts of the greater Mi-
lan area. This feature makes it noise-emission-critical, and
has fueled an interest for the present analysis.

Based on a realistic description of the circuit around
the runway of Milan-Bresso, two analyses will be proposed
in the present section. At first, an assessment of the effect
on the noise levels perceived on ground when parts of the
circuit (or even all of them) are flown in electric mode will
be described in detail. To this aim, it will be hypothesized
to fly a typical circuit by means of two different convention-
ally powered aircraft, i.e. not provided with electric com-
ponents in the power-plant in reality. Several cases will be
analyzed where the piston engine(s) is conditionally acti-
vated in some clearly identified legs of the circuit. In so
doing, as no re-design of the aircraft is taking place, it is
implicitly assumed that the necessary battery pack and
hybrid-electric power-plant (or even a fully-electric power-
plant, in case all the circuit is completely flown without re-
curring to a piston engine) can be put on board the aircraft
without altering its take-off weight and power requirement.
That said, this comparative analysis produces valuable re-
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Table 5: Characteristics of the grid for the ground track of the circuit in Figure 5.

Leg Length (on ground) [ft] Number of sensors Resolution [ft]
Departure 8990 24 391
Crosswind 4360 9 545
Downwind 15660 21 783
Base 4370 9 546
Final 6670 18 392

sults to better understand in what parts of the circuit elec-
tric propulsion (i.e. the deactivation of piston engines on
hybrid-electric power-trains) may have a greater impact in
terms of noise pollution.

Secondarily, a comparison is attempted between three
existing aircraft, including a Pipistrel Panthera Hybrid,
for an assigned circuit trajectory and given an activa-
tion/deactivation strategy for the power generation sys-
tem (i.e. the piston engine on-board this aircraft). This pro-
duces very reasonable results, which highlight the quanti-
tative advantage that would correspond to a fleet switching
from aging conventionally powered aircraft towards an ex-
isting hybrid-electric aircraft, sharing the weight category
and a similar mission profile.

3.1 Studying the effect of power-train
operational mode

The ECAC modeling approach recalled in section 2.1.1
is applied to the discretization of the right-hand circuit
of RWY18, most commonly in use in normal operation
around Milan-Bresso. The circuit as typically flown by a
Cessna 172R aircraft is presented on Figure 5(a), and fea-
tures a downwind leg at an altitude of 1500 ft QNH. It
should be recalled that the discretization is not only geo-
metrical, but also applied to flight mechanics parameters,
as specified by ECAC guidelines.

The same two aircraft models already introduced in
section 2.3.2, namely a Cessna T206H Stationair and Piper
PA-31-350 Navajo Chieftain, are considered as test-beds.

The prediction of noise emissions is carried out by
computing the SEL on an assigned grid of sensors on
ground. The source-blending method, with the coefficients
computed in section 2.3.1 can be applied for both aircraft,
with the flight trajectory and flight mechanics parameters
along the circuit assigned as input.
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Figure 5: Geometry discretization (a) and noise sensor placement (b)
of the RWY18 right-hand circuit of Milan-Bresso.

3.1.1 Sound exposure along the circuit ground track

In a first stage, a grid of sensors is designed along the
ground trace of the circuit. On Figure 5(b) the adopted map
of sensor points is displayed. The plot also highlights the
extension of the five legs in the circuit - namely departure,
crosswind, downwind, base and final.

The positioning of the grid follows the guidelines of
ECAC validation scenarios [47]. As typical, the discretiza-
tion is the result of a compromise between accuracy and
computational cost, defined by means of a convergence
analysis on the results. In Table 5 are reported basic geo-
metrical data of the grid.

Clearly, the legs where altitude is changing more
quickly (departure and final) correspond to a finer dis-
cretization, whereas the downwind leg, where the aircraft
is flying at constant altitude, is associated to a loose dis-
cretization. The total number of sensors at this stage is 76.
It is also worth mentioning that no transient is considered
in the adopted noise emission models, so all changes in
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Table 6: Piston engine conditional activation cases.

ID Circuit legs with piston engine activated
1 All

2 Departure, Crosswind

3 Departure, Crosswind, Downwind

4 Downwind

5 Downwind, Base, Final

6 Base, Final

7 None

input and output variables involved in those models (e.g.
power settings, rotational speed of the propeller, etc.) take
place instantaneously.

As explained in the introduction to section 3, different
power management strategies for flying the circuit are con-
sidered. Besides the extreme cases represented by using
only the piston engine(s) (conventional propulsion case)
or the electric motor (fully-electric case), five further in-
termediate cases are investigated, listed in Table 6. In or-
der to present the results of the analysis in a concise form,
as looking at the sensors one by one would be impracti-
cal, a more comprehensive measure is introduced. On ac-
count of the energetic nature of the SEL measurement, an
energy-based spacial average L for an arbitrary piece of
the ground track trajectory is computed based on the ex-
pression
s 10% ds

S>— 51 (13)

L =10log,
where the SEL Lg(s) is expressed as a function of the posi-
tion along a segment of the ground track of the circuit, and
s1 and s, correspond to the initial and final extremes of
that segment respectively. By adopting the measurement
in Eq. 13 and applying it to each leg under the circuit (see
Figure 5(b)), it is possible to obtain the results in Table 7
and Table 8, respectively for the Cessna T206H and for the
Piper PA-31-350. Both tables display the results of the ap-
plication of conditional activation strategies for the piston
engine listed in Table 6.

At a glance, a comparison of Table 7 and 8 highlights
a generally higher noise for the latter, corresponding to
the Piper aircraft. This is the result of a larger take-off
weight, fuselage size, wing and tail area, landing gear front
section, and of a twin-engined configuration, as opposed
to smaller size and single-engined configuration of the
Cessna aircraft.

Comparing the legs to one another, it is possible to see
that the noise exposure quotas pertaining to departure and
final are the highest. For departure, this is the result of a
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combination of low distance from ground and high power
settings. As for the sensors under the final leg, these are
exposed to high noise from departure, which justifies the
high values of this part (this will be evident on sound ex-
posure maps in the next subsection).

Considering only the extreme piston engine deactiva-
tion strategies, i.e. cases 1and 7 in Table 6, it is possible to
realize that the sensors under the crosswind leg are asso-
ciated to SEL values immediately below those pertaining
to departure and final, as a result of intermediate power
settings and altitudes. Downwind and base are associated
to the lowest SEL values, due to a higher distance from
ground and lower power settings.

Analyzing the results in terms of conditional activa-
tion strategies, it is apparent that the all-electric (case 7)
and all piston powered (case 1) scenarios are associated to
the lowest and highest SEL values respectively. Looking at
the intermediate cases, it can be seen that SEL values for
each leg are roughly polarized around two extreme values.
This means that when a leg is flown with the piston engine
working, SEL values under that leg assume roughly an ex-
treme, whereas when the piston engine is deactivated, the
SEL values are always close to the opposite extreme. Polar-
ization is further confirmed by the similarity between the
SEL measures averaged over all legs for the cases 4, 5, 6
and 7, i.e. when the piston engine is not run or it is run only
at low power (i.e. on downwind, base and final).

3.1.2 Sound exposure over airport area and
surroundings

To complement the analysis along the ground track of the
circuit, a less refined grid of sensors has been adopted to
quantify the SEL on the ground over a more extensive geo-
metrical area. Referring to Figure 5(b), the new sensor grid
extends between -15 000 ft and 15 000 ft in the direction of
the runway centerline, and from -10 000 ft to 5000 ft in the
cross-centerline direction. The resolution is 1000 ft in both
directions, yielding a total of 496 sensors, which allows to
keep computational time reasonably low 1.

The SEL contour lines associated to the extreme cases
in Table 6 are reported in Figure 6 for the case of both air-
craft under investigation.

1 With this discretization, computational time for one of the plots
in Figure 6, i.e. over the whole grid, is typically between 75 and 90
minutes for the PA-31 and the T206H respectively on a single dual-core
Intel Core ib processor.
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Table 7: Average SEL for the Cessna T206H Stationair. Results for conditional activation cases listed in Table 6.

ID Departure [dB] Crosswind [dB] Downwind [dB] Base [dB] Final [dB] All legs [dB]
1 93.18 83.22 78.82 76.22 88.92 88.15
2 93.15 83.02 76.44 74.39 88.68 87.99
3 93.16 83.22 78.79 74.82 88.69 88.08
4 90.22 80.45 78.48 74.79 86.21 85.43
5 90.26 80.45 78.52 76.20 86.62 85.55
6 90.26 80.06 75.97 75.89 86.61 85.38
7 90.22 80.06 75.91 74.36 86.20 85.25

Table 8: Average SEL for the Piper PA-31-350 Navajo Chieftain. Results for conditional activation cases listed in Table 6.

ID Departure [dB] Crosswind [dB] Downwind [dB] Base [dB] Final [dB] All legs [dB]
1 97.25 87.83 83.19 80.30 91.72 92.03
2 97.22 87.69 80.66 78.66 91.33 91.83
3 97.22 87.83 83.17 78.99 91.34 91.94
4 93.68 85.01 82.96 78.97 88.84 88.87
5 93.75 85.01 82.99 80.29 89.49 89.05
6 93.75 84.73 80.34 80.04 89.47 88.83
7 93.67 84.73 80.29 78.64 88.82 88.65
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Figure 6: Contour plots of SEL over an extended sensor grid around Milan-Bresso airport. (a,b) case 1 (piston engine always active), (c,d)
case 7 (piston engine always deactivated), as per Table 6. (a,c) Cessna T206H Stationair. (b,d) Piper PA-31-350 Navajo Chieftain. Values in
dB.
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Table 9: SEL contoured areas for Cessna T206H Stationair. Case ID corresponding to Table 6.

ID Azo [ft?] Azs [ft?] Ago [ft?] Ags [ft?] Agp [ft?] Ags [ft?] A1oo [ft’]
1 2.1-108 1.2-108 4.4 - 107 9.8-10° 2.8-10° 7.4-10° 8.8-10%
2 1.8 108 8.9 .10’ 3.8-10’ 9.6-10° 2.7 -10° 7.2-10° 8.4-10"
3 2.0-108 1.1-108 4.3-107 9.7 -10° 2.7-10° 7.2-10° 8.5-10%
4 1.8 108 9.4-107 2.4-107 4.7 -10° 1.4-10° 2.6-10°
5 1.9-108 1.0 108 2.5-107 4.7 -10° 1.4-10° 2.7-10°
6 1.7 - 108 7.6-107 2.1-107 4.7 -10° 1.4-10° 2.7-10°
7 1.6 - 108 7.0-107 2.0-107 4.6-10° 1.4-10° 2.5-10°
Table 10: SEL contoured areas for Piper PA-31-350 Navajo Chieftain. Case ID corresponding to Table 6.
ID Ao [ft?] Ass [ft?] Ago [ft?] Ags [ft?] Ago [ft?] Ags [ft?] Aigo [ft?] Asos [ft°]
1 2.6-108 1.8-108 9.4.107 2.6+ 107 7.8-10° 2.4-10° 3.2-10° 3.6 107
2 2.3-108 1.6 - 108 6.0-107 2.4-107 7.7 -10° 2.3-10° 3.0-10° 1.9-10?
3 2.5-108 1.7 - 108 8.8-107 2.6-107 7.7 -10° 2.4-10° 3.0-10° 2.0-10?
4 2.3-108 1.6 108 7.4 107 1.3-107 3.7-10° 6.1-10° 3.2-10%
5 2.4-108 1.7 - 108 7.9 .10’ 1.4-107 3.8.10° 6.6 -10° 3.8-10%
6 2.1-108 1.4 108 4.9 .10’ 1.3-107 3.8-10° 6.6 -10° 3.7 -10%
7 2.1-108 1.4-108 4.5 107 1.2-107 3.7-10° 6.1-10° 3.2.10%

In order to provide a quantitative description of the
noise footprint, Table 9 and 10 display the areas A,; con-
toured by a line corresponding to a given noise level nl (in
dB).

From Table 9, in cases 1, 2 and 3, where the piston en-
gine is working in the departure and crosswind legs, i.e.
correspondingly at higher regimes, it can be observed the
appearance of a core of higher noise intensity, which es-
pecially from Figure 6(a) can be spotted along the ground
track of the circuit, and in particular along the departure
leg.

Comparing the cases from 1 to 3 to the set from 4 to 7,
from Table 9 it can be noticed that lower area values are
associated to all noise levels for the four latter cases, and
the core associated to the highest noise disappears in the
same activation scenarios. This is in support of the results
presented with a more limited analysis in section 3.1.1, and
is confirmed graphically on the plot in Figure 6(c).

The outcome of the analysis for the twin-engined Piper
model is qualitatively similar to that for the Cessna single-
engined aircraft. As observed, the configuration of this
Piper model is forcibly associated to higher noise emis-
sions than the Cessna aircraft. This is testified by the ap-
pearance of a top noise core associated to 105 dB in Ta-
ble 10, whereas the corresponding value in Table 9 is as-
sociated to 100 dB.

The generally more intense noise emission of the Piper
is testified also by the larger areas corresponding to the

same SEL level, as can be seen from the comparison of cor-
responding columns on Table 9 and 10. This has a match in
the stretched shapes of contoured areas associated to the
highest noise levels in the (b) and (d) plots of Figure 6, per-
taining to the Piper aircraft. By comparison, the contoured
areas associated to the highest noise levels for the Cessna
((a) and (c) plots) are clearly more compact.

3.2 Studying the effects of different
propulsion systems

As reported in the introductory part of section 3, after
assessing the effect of different piston engine activation
strategies, without altering the actual structure of two ex-
isting conventionally-powered aircraft, an analysis is at-
tempted on three more realistic test-beds.

Three aircraft are selected for the purpose, namely a
Cessna C172R Skyhawk, a Pipistrel Panthera with conven-
tional propulsion, and its novel hybrid version, the Pip-
istrel Panthera Hybrid.

Again, the case of the RWY18 right-hand circuit of
Milan-Bresso airport has been considered. As pointed out,
the computation of sound exposure is based on the def-
inition of a segmented aircraft trajectory and on the cre-
ation of a set of NPD data, made according to the source-
blending method. The behavior of the flight mechanics pa-
rameters along the trajectory of the circuit has been simu-
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lated following the guidelines of the ANP database, start-
ing from the data listed for a Cessna C172R. The guidelines
have been emended considering the actual circuit altitude
of the considered circuit.

For the case of the Pipistrel Panthera in both its con-
figurations, not included in the database, the same tra-
jectory of the Cessna C172R has been assumed. Due to a
general similarity in size, weight and power, this assump-
tion has not been deemed dramatically heavy or danger-
ous. The aforementioned altitude limitations due to regula-
tions over Milan-Bresso further reduce the impact of such
assumption - actually, all aircraft operating from this air-
port fly a very similar circuital trajectory. It also brings in
as a plus the chance to assess differences in emissions only
due to aircraft-specific features, and not to differences be-
tween trajectories.

Concerning noise emissions, the blending coefficients
introduced and designed in section 2.3 have been adopted
for all aircraft. For the case of the Panthera Hybrid, pro-
pelled by a series-hybrid group, it has been hypothe-
sized that the propeller is always driven by the brushless
Siemens e-Motor SP150D. The power trend with respect
to rotational speed is assumed linear, so that power is di-
rectly proportional to rotational speed.

In order to keep as close as possible to a realistic sce-
nario, the Panthera Hybrid circuit flight has been analyzed
assuming to activate the piston engine, a Rotax 914 [56],
only when the aircraft reaches the maximum allowable al-
titude, as operationally prescribed. In turn, this roughly
corresponds to an engine activation along the downwind
leg. Clearly, the two conventionally powered aircraft are
analyzed with the piston engine always running.

The contour plots of the SEL, computed on the same
grid considered in section 3.1.2, are presented in Figure 7.

As pointed out, from the three plots in Figure 7 it can
be noted that the most intense SEL values are recorded
in proximity to the departure leg, as this is characterized
by the highest power settings and the lowest slant dis-
tances between the aircraft and the receiver on ground.
The higher intensity of emissions in this phase is also re-
sponsible for relatively high SEL values on the ground
track of the final leg. By comparison, the higher distance
from ground typical of the downwind leg, and the lower
power settings of the base and final (the latter with the
caveat just mentioned), are associated to a generally lower
noise mark on ground for these legs.

Comparing the plots pertaining to the two conven-
tional aircraft, these are qualitatively similar, but a differ-
ence in the extreme values can be noticed far from the cir-
cuit, especially port of the aircraft along the downwind leg,
showing a generally lower noise footprint for the Panthera.
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Figure 7: Contour plots of SEL, same grid as Figure 6. (a) Cessna
C172R Skyhawk. (b) Pipistrel Panthera. (c) Pipistrel Panthera Hybrid.

Inside the circuit (i.e. in the immediate vicinity of the run-
way and aerodrome area) more significant differences can
be appreciated in the shapes of the contour plots, but the
values of the SEL are generally similar for both aircraft.
The Panthera Hybrid case displays some marked dif-
ferences with the other two cases. Looking at the regions
out of the circuit, the SEL is generally significantly lower
for the hybrid aircraft, especially closer to high-power legs
(departure, crosswind). It can be noticed also that the SEL
gradient along the departure leg is more pronounced for
the hybrid case. Looking at the downwind leg, the activa-
tion of the piston engine at maximum regime in this phase
produces a 70 dB contour line parallel to the downwind
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Table 11: SEL contoured areas for the three aircraft under analysis in section 3.2. Data corresponding to the plots in Figure 7.

Aircraft A70 [ftZ] A75 [ftZ] Ago [ftz] Ag5 [ftz] A90 [ftz] A95 [ftz] A1()0 [ftz]
Cessna C172R 1.9-10® 1.1-10% 3.4-107 6.2-10° 1.9-10° 2.5.10°
Pipistrel Panthera (conventional) 1.8-10% 9.0-107 2.8-10" 7.4-10° 2.6-10° 6.0-10° 1.6-10%
Pipistrel Panthera Hybrid 7.9-107 8.3-10° 4.1-10° 1.9-10° 5.5-10° 9.0-10°

leg, which contrasts with the noise intensity decay regis-
tered for the two conventional airplanes.

To quantitatively compare the results in Figure 7, the
same approach adopted for Table 9 and 10 has been
adopted in Table 11 for the three aircraft considered in this
phase.

Considering in a first stage the two conventionally-
propelled models, it can be noticed that, somewhat un-
expectedly, sound exposures higher than 100 dB are pro-
duced by the conventional Panthera, which is also associ-
ated to the largest contoured areas for SEL values of 85 dB
and above, i.e. performing somewhat worse than the older
C172R. Looking at the emission maps in Figure 7, such ef-
fect is likely due to the take-off phase, as exposures higher
than 85 dB are registered only near the departure leg. A
possible explanation for this effect is linked to Dobrzyn-
ski’s model for piston engine noise [12], which accounts
only for maximum power and not for its actual value. The
conventional Panthera version is equipped with a 260-hp
Lycoming 10-540-V, which is much more powerful than the
Lycoming I0-360-L2A [57] on the Cessna C172R Skyhawk.
This results into a generally higher engine noise, and con-
sequently also a larger exposure for the conventional Pan-
thera during take-off and climb, i.e. two phases in which
the contribution of the engine is mostly relevant.

On the other hand, the areas relative to the lower SEL
values are higher for the Cessna C172R Skyhawk than the
conventional Panthera (e.g. the 80 dB and the 75 dB lines).
Looking at the emission maps in Figure 7, this difference
is associated with a different behavior in the first part of
the downwind leg, and may be related to the landing gear
contribution to the overall aircraft noise. As engine power
is not at its maximum value over this leg, the engine and
propeller noise emission levels are comparable to the air-
frame contribution, in turn mainly related to landing gear,
greater than wing noise level and for a flap deflection as-
sumed null. Considering the Panthera, landing gear retrac-
tion has been assumed in the generation of the NPD data
adopted for this flight phase, whereas the Cessna C172R
Skyhawk is equipped with a fixed landing gear, contribut-
ing to the difference in overall aircraft noise.

Focusing now on the Panthera Hybrid, the lower con-
toured areas in Table 11 confirm the generally lower noise

footprint of this aircraft, as observed. There are also in
this case locations where SEL reaches 95 dB, but the cor-
responding contoured area is two orders of magnitude
smaller than the value pertaining to the Cessna C172R
Skyhawk and conventional Pipistrel Panthera. The region
contoured by the 90 dB and the 85 dB contour lines is
three-times smaller for the Panthera Hybrid with respect
to Cessna C172R Skyhawk, as a result of the different gradi-
ent in proximity to the departure leg, as observed. The area
enclosed by the 85 dB line for the Panthera Hybrid roughly
matches that associated to the 90 dB level for the Cessna
C172R Skyhawk.

Considering the lowest exposure levels, a more in-
teresting comparison is made with respect to the con-
ventional Panthera, associated to lower values than the
Cessna C172R Skyhawk. Looking at the 75 dB and 80 dB lev-
els, the corresponding enclosed region is one order of mag-
nitude larger for the conventional Panthera than for its
hybrid-electric version. Since the aerodynamic and struc-
tural characteristics are the same for the two aircraft, such
behavior is due to the effect of the electric component of
the power-train.

On the other hand, the area contoured by the 70 dB
contour line for the case of the Panthera Hybrid is only 2.2
times smaller than the corresponding value for the conven-
tional version, as a result of the large 70 dB area produced
on both sides of the downwind leg, as noted in Figure 7(c).

4 Conclusions

The present paper is focused on the setup of a practical pro-
cedure to predict the noise produced and propagated by
an aircraft featuring a novel hybrid-electric or fully-electric
power-train.

To achieve this goal, the following step-by-step con-
ceptual and practical procedure has been followed and
presented.

— A reference noise prediction model has been built
and validated, according to the existing standard for
conventionally propelled aircraft. Such prediction
model computes the noise distribution on ground,
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considering the aircraft as a single noise source. Val-
idation is carried out in a scenario (i.e. airfield, tra-
jectory and aircraft) assigned by regulations.

— In order to prepare a new prediction model appli-
cable to aircraft featuring a novel hybrid-electric
or fully-electric propulsion system, five different
noise sources on board the aircraft are considered
- namely airframe (with sub-components), propeller,
engine, electric motor and gearbox. In order to com-
bine the models for each sub-component, some ma-
nipulation is necessary, to obtain as output from
each of them a measure of the same physical quan-
tity. By accounting for these specific sources, the
scope is reduced to propeller-driven aircraft, typi-
cally designed in the General Aviation (GA) category.
Nonetheless, with a different choice of noise compo-
nents, the procedure can be conceptually extended
to other types of aircraft. Of course, the presence
of a gearbox and electric motor among the noise
sources allows to apply the ensuing procedure to
hybrid-electric or fully-electric power-trains.

— A superimposition of the sources is attempted in the
source-bundling method. A validation is carried out
considering conventionally propelled aircraft oper-
ating from an existing airfield (Milan-Bresso) and ac-
counting for a detailed description of their respec-
tive circuital trajectories. The result highlights a low
global accuracy on the prediction of the sound expo-
sure level (SEL) due to the whole aircraft, but reason-
ably realistic results considering the sources one by
one.

— A novel source combination method is introduced,
named source-blending method, where the output
of each source is blended with all others in an opti-
mal fashion, to bear the overall noise prediction ob-
tained from the reference method proposed by regu-
lations (first point in the list). The optimal blending
coefficients are designed considering a pool of refer-
ence aircraft, for which both the overall noise pro-
duced and the quotas pertaining to each source can
be evaluated. This yields a proportion to be applied
to the measurements from each sub-source to cor-
rectly produce the noise pertaining to the whole air-
craft through a proper combination (blending). The
applicability of the same proportion (same blending
coefficients) to many aircraft in a class is demon-
strated. As a side product of the design procedure
yielding the coefficients, the electric motor and gear-
box are ruled out as insignificant sources of noise,
due to their very low contribution compared to the
other sources, for the considered class of aircraft.
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— The source-blending method is applied to two anal-
yses of practical interest, both prepared considering
the realistic case of the circuit around Milan-Bresso
airfield. In a first instance, the effect of different ac-
tivation strategies of the fuel-burning power gener-
ation system is considered, showing the effective-
ness of some of them in reducing the noise perceived
on ground by a significant amount. In this analy-
sis, ideal hybridized versions of two existing aircraft
have been adopted for testing. In the second sce-
nario, a comparison is carried out between existing
conventionally propelled aircraft and the Pipistrel
Panthera Hybrid, as of today among the few manu-
factured hybrid-electric aircraft. The potential of the
hybrid-electric architecture is fully demonstrated in
terms of noise reduction, thus quantitatively show-
ing the gain offered by this novel type of power-train,
and confirming through reasonable results the abil-
ity of the proposed noise estimation method.

At the current level of maturity of the hybrid-electric
and fully-electric technologies for aviation power-trains, it
has been preferred to put an accent on the GA category,
obtaining more readily applicable results. As a develop-
ment of the present research, a way to extend this pre-
diction methodology to larger aircraft will be investigated.
The lack of consolidated data from existing prototypes in
higher weight categories makes the task very demanding.
Yet providing prospective results assessing the advantages
of further application of this novel technology would al-
low to quantify potential gains at an aircraft design level,
in turn likely contributing to the optimal design of larger
hybrid-electric or fully-electric aircraft in the future.
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