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Abstract
The investigation of technologies that can improve the sustainability of the air transport system requires not only the develop-
ment of alternative fuel concepts and novel vehicle technologies but also the definition of appropriate assessment strategies. 
Regarding noise, the assessment should reflect the situation of communities living near airports, i.e., not only addressing 
sound levels but also accounting for the annoyance caused by aircraft noise. For this purpose, conventional A-weighted sound 
pressure level metrics provide initial but limited information as the level- and frequency-dependency of the human hearing 
is accounted for in a simplified manner. Ideally, subjective evaluations are required to adequately quantify the perceived 
short-term annoyance associated with aircraft noise. However, listening tests are time-consuming and not suitable to be 
applied during the conceptual aircraft design stage, where a large solution space needs to be explored. Aiming at bridging 
this gap, this work presents a methodology for the sound quality assessment of computational aircraft noise predictions, 
which is hereby conducted in terms of objective psychoacoustic metrics. The proposed methodology is applied to a novel 
medium-range vehicle with fan noise shielding architecture during take-off and landing procedures. The relevance of indi-
vidual sound sources, i.e., airframe and engine noise contributions, and their dependencies on the aircraft architecture and 
flight procedures are assessed in terms of loudness, sharpness, and tonality. Moreover, the methodology is steered towards 
community noise assessment, where the impacts on short-term annoyance brought by the novel aircraft design are analysed. 
The assessment is based on the modified psychoacoustic annoyance, a metric that provides a quantitative description of 
human annoyance as a combination of different hearing sensations. The present work is understood as an essential step 
towards low-annoyance aircraft design.
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1  Introduction

To compensate the adverse environmental impacts brought 
by the civil aviation, the European vision set by Flight-
path 2050 [1] aims at ambitious goals: a reduction of 75 % 
on CO2 emissions per passenger kilometer and a 65 % cut of 

the perceived noise levels, among others. These reductions 
are relative to technologies available on typical civil aircraft 
in the year of 2000. Aiming at the identification of game-
changing technologies that can contribute to a greener future 
air transport system, the German Cluster of Excellence SE2 A 
– Sustainable and Energy Efficient Aviation was established 
at TU Braunschweig in 2019 [2]. This task requires not only 
the investigation of alternative fuels and the development of 
novel vehicle technologies but also the definition of adequate 
assessment strategies.

Regarding noise, a comprehensive assessment should 
consider the situation of the exposed communities living at 
the vicinities of airports by addressing not only sound levels 
but also accounting for the annoyance caused by aircraft 
noise. Commonly, A-weighted sound pressure level metrics 
are employed to quantify the impact of a single flight event. 
These levels are then processed into the sound exposure 
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level (SEL) metric per flight which is furthermore translated 
into an energy equivalent sound pressure level to describe 
the long-term impact of the air-traffic on communities. How-
ever, this is a coarse approach since it will account for the 
level- and frequency-dependency of the human hearing in a 
simplified manner. Furthermore, the complex temporal and 
spectral structure associated with the noise perceived dur-
ing each fly-over event is not directly taken into account, 
hence the quantitative assessment does not include enough 
information to quantify human annoyance.

Another typically applied metric is the Effective Per-
ceived Noise Level (EPNL), which was specifically devel-
oped in the 1960’s as a predictor of human annoyance to 
aircraft noise [3]. It accounts for sound magnitude, spectral 
content, event duration and the presence of tones. However, 
perceptual studies conducted in the early 1990’s indicated 
that loudness could be a better predictor of short-term 
annoyance than the EPNL [4]. Moreover, the EPNL tone 
correction procedure is often discussed in the literature 
regarding its capabilities to quantify subjective responses 
to aircraft noise that contains multiple complex tones [5, 6].

According to the goal of a noise assessment describing 
the situation of affected communities, psychoacoustic met-
rics, which are deeply based on the human auditory system, 
offers an alternative way to quantitatively describe human 
annoyance to aircraft noise. In fact, psychoacoustic metrics 
were recently employed by several studies as sound quality 
(SQ) indicators in the context of single flight events, for 
applications such as: aircraft conceptual design [7, 8], for 
the SQ characterization of aircraft under operational condi-
tions [9, 10], and to assess noise abatement procedures [11]. 
Moreover, by verifying that loudness and tonality play an 
important role on human annoyance to aircraft noise, More 
[12] proposed a modified psychoacoustic annoyance model 
that was able to outperform the EPNL in approximating 
short-term annoyance ratings of jet-powered aircraft sounds.

In order to adequately evaluate the perceived annoyance 
associated to aircraft noise, subjective evaluations via lis-
tening tests are required. Consequently, recent activities of 
several research entities around the world focuses on the 
auralization of simulated aircraft noise with subsequent lis-
tening tests [13–15]. Although this concept is straightfor-
ward, due to it’s complexity and inherent limitation regard-
ing the number of test cases, it is not applicable to large 
solution spaces. Therefore, the main motivation of this work 
lies in the development and application of a framework for 
the objective sound quality evaluation of environmental 
aircraft noise predicted through computational simulations.

Single-aisle aircraft correspond to 34 % of the total global 
aircraft fleet operating in the year of 2015 and are expected 
to compose 71 % of the global fleet by 2035 [16]. Thus, the 
present study focuses on the application of the developed 
methodology to assess the sound quality of an innovative 

medium-range aircraft design with fan-noise shielding archi-
tecture. This vehicle was selected from the work of Bertsch 
[17] due to its low-noise potential, and was assessed by pre-
vious works [18, 19] by means of conventional sound met-
rics. For the sake of comparison, a reference aircraft with 
specifications similar to an Airbus A319 is also considered 
in our study.

This work is organized as follows: Sect. 2 presents the 
methodology applied, which is based on two steps: Sect. 2.1 
presents the simulation process employed for the design syn-
thesis and noise prediction of the aircraft, while Sect. 2.2 
describes the sound quality analysis tool along with the 
implemented psychoacoustic metrics. Section 3 gives an 
overall description of the vehicle concepts and study setup 
considered in this work while the results are presented in 
Sect. 4. Finally, Sect. 5 presents the conclusions and outlook.

2 � Methodology

The development of future low-noise aircraft concepts 
requires computational simulation tools capable to pro-
vide reliable noise predictions while considering realistic 
operational conditions. The noise prediction of the aircraft 
designs considered in this work (see Sect. 3) is based on the 
simulation process established and validated by Bertsch [17, 
18]. An overall picture of this methodology is illustrated in 
Fig. 1, which is composed by three tools: (1) the Preliminary 
Aircraft Design and Optimization (PrADO) tool [20], (2) 
the SHADOW tool [21], which accounts for sound shield-
ing effects, and (3) the Parametric Aircraft Noise Analysis 
Module (PANAM) [17]. This framework is capable to pre-
dict the noise immission levels, i.e., sound pressure level 
(SPL) received at arbitrary observer positions on the ground, 
of current and novel aircraft designs along a given flight-
path. The noise immissions are then assessed in terms of 
standard SPL-based metrics as well as certification metrics 
based on the Perceived Noise Level (PNL). As a contribu-
tion of the present work, the Sound Quality Analysis Tool 
(SQAT) is incorporated into this framework so that the noise 
assessment capabilities could be further extended in terms 
of objective psychoacoustic metrics. In the following, a 
detailed description of the upgraded simulation process is 
given.

2.1 � System noise prediction

The underlying system noise prediction is performed with 
the DLR tool PANAM [17]. This tool is comprised of so 
called sound source models that simulate the noise emis-
sion of specific components onboard of the aircraft during 
flight. The major noise sources onboard tube-and-wing air-
craft with turbofan engines are accounted for. If major noise 
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sources are adequately captured, the overall noise emission 
of an aircraft can be approximated, e.g., see verification of 
results [17] or results of tool benchmark tests [19, 22, 23]. 
The implemented noise source models are semi-empirical, 
i.e., they predict absolute emission noise levels for each 
modeled source according to the current operational condi-
tion of the aircraft. The models are furthermore parametric 
with respect to the aircraft and engine geometry meaning 
that different geometries and designs can be assessed within 
certain model-specific and defined limitations. For example, 
an implemented semi-empirical model for the leading edge 
high-lift devices can be applied to a certain design concept 
of this device, i.e., conventional slotted slat and Kruger sys-
tems [24]. Limitation of the design concept is caused by the 
semi-empirical nature of the model. Furthermore, certain 
detailed parameters are not subjected to a modification since 
they are not explicitly resolved by the model but inherently 
accounted for by the semi-empirical nature of the model.

The noise prediction tool PANAM accounts for the clas-
sical noise sources onboard an aircraft, i.e., airframe and 
engine noise sources. The source models considered in this 
study are summarized in Table 1.

Acoustic shielding effects due to the positioning of the 
engine in relation to the airframe geometry can be accounted 
for in PANAM via a dedicated interface to the DLR tool 
SHADOW [21], which provides frequency- and directivity-
dependent attenuation factors according to a given airframe-
engine configuration. Finally, the noise emissions are pre-
dicted by PANAM given the inputs from PrADO (airframe 
geometry and operational conditions along a flightpath) and 
the attenuation factors provided by SHADOW.

The transition from emission to immission is simu-
lated by applying standard propagation effects, i.e., geo-
metrical spreading and atmospheric absorption, accord-
ing to ISO 9613-2 [32]. Furthermore, the Doppler shift 

is considered in order to account for the effect associ-
ated with a moving source in respect to a static observer. 
Ground reflection and attenuation are considered accord-
ing to the method described by SAE AIR 1751 [33], 
where a grass covered ground with flow resistivity of 250 
kg⋅s−1 ⋅m−2 is employed in a flat ground topography. The 
received sound pressure immissions predicted by PANAM 
can then be translated into standard SPL-based metrics, 
i.e., integral levels, maximum levels, or time-level his-
tories. Individual observers can be assessed, e.g. virtual 
noise certification according to ICAO ANNEX 16 [34], 
or contour plots can be assembled. After a PANAM simu-
lation, sufficient input data is available to compute the 
objective psychoacoustic metrics implemented in the new 
SQAT tool or even for the auralization of aircraft flyovers, 
as demonstrated in other studies [15, 35].

Fig. 1   Overall simulation 
process

Sound quality 
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Table 1   Summary of simulation models used within this study

Airframe noise models

Trailing edge devices DLR models [17, 25–27]
Leading edge devices DLR models [17, 25, 28]
Landing gear DLR models [17, 29]
Engine noise models
Fan broadband Modified Heidmann [30]
Fan tonal Modified Heidmann [30]
Jet Modified Stone [31]
Acoustic shielding effects
– SHADOW [21]
Sound propagation effects
– ISO 9613-2 [32]
Ground reflection and attenuation SAE AIR 1751 [33]



	 G. Felix Greco et al.

1 3

2.2 � Sound quality analysis tool

The SQAT coupling interface with PANAM allows the 
assessment of any individual sound sources predicted by 
PANAM (see Table 1) and their possible combinations. Nev-
ertheless, the data flow illustrated in Fig. 2 is considered in 
the present study. The input data is provided by PANAM in 
terms of SPL time-histories in constant intervals of 0.5 s. 
Thereby, the contributions of the airframe and engine noise 
to the overall aircraft noise immission are treated separately.

The engine immission is composed by three components: 
(1) the jet and fan noise; (2) the buzz-saw noise, and (3) the 
fan harmonics. The first two are broadband noise compo-
nents given in 1/3 octave bands while the fan harmonics 
are tonal noise components predicted on their actual central 
frequency. The information about the ith tone’s central fre-
quency, fc,i , and SPL, Lp,i , are employed for the computation 
of the Aures’ tonality, as it will be explained in more details 
in Sect. 2.2.3.

To compute the total engine immission, the tones pre-
dicted by the fan harmonics model are added to the cor-
responding nearest 1/3 octave band from their central fre-
quencies and then summed incoherently with the two other 
previously mentioned sound sources. The total immission 
of the aircraft is then obtained from the incoherent sum of 
the broadband airframe noise (provided in 1/3 octave SPL 
time-histories) with the total engine immission levels. The 

objective psychoacoustic metrics implemented in SQAT are 
described in the following.

2.2.1 � Loudness

Loudness is defined as the subjective perception of the mag-
nitude of a sound, which is a function of its level, spectral 
content and duration. The Zwicker loudness model, which 
is standardized by ISO 532-1 [36], is employed in this work. 
The inputs for the loudness computation are unweighted SPL 
in 1/3 octave bands from 25 Hz to 12.5 kHz. The loudness 
calculation procedure involves three main steps: 

	 (i)	 The physical sound spectra is converted into excita-
tion levels in the critical band rate, z, which describes 
the frequency resolution of the human auditory sys-
tem in the Bark scale [37].

	 (ii)	 The specific loudness, N�(z) , which corresponds to 
the loudness distribution across the 24 critical bands, 
is determined from the excitation levels.

	 (iii)	 The overall loudness, N, is obtained from the inte-
gration of the specific loudness over the whole Bark 
scale, as 

(1)N = ∫
24 Bark

0

N�(z) dz [sone].

Airframe
immission

Fan 
harmonics

Jet + Fan Buzz-saw
noise

Engine 
immission

Total 
immission

Loudness
ISO 532-1

Sharpness
DIN 45692

Aures
Tonality

Psychoacous�c
annoyance

Sound Quality Analysis Tool (SQAT)

Sound immission
at receiver posi�on

on the ground
PANAM
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1/3 octave band

SPL �me-histories (0.5 s steps)

1/3 octave 
band

1/3 octave 
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1/3 octave 
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p, , c,

Fig. 2   Sound quality analysis tool: schematic representation of the input data flow employed in this work
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The unit of Loudness is sone, which expresses the human 
sensation of sound volume in a linear scale (meaning that a 
sound with 12 sone, for example, is perceived twice as loud 
as a sound with 6 sone). As a reference, a 1 kHz narrow-
band tone (one critical-band wide) with a level of 40 dBSPL 
has a loudness of 1 sone.

2.2.2 � Sharpness

The sharpness, S, is the hearing sensation related to the 
amount of high-frequency content contained in the sound 
spectrum, which is associated to the perceived “brightness” 
of a sound. Sharpness is given in acum, where a narrow-
band noise (one critical-band wide), with a central frequency 
of 1 kHz and having a level of 60 dBSPL has a sharpness of 
1 acum. The sharpness is hereby calculated according to the 
level-independent model described by DIN 45692 [38], as 
the ratio between the sound magnitude in the high frequen-
cies and the overall sound magnitude, i.e., along the whole 
frequency range, which is given by

The function g(z), which is applied to weight the high-fre-
quency content above 15.8 Bark ( ≈3054 Hz), is given by

2.2.3 � Tonality

Tonality plays an important role on human annoyance to a 
sound as it can be very irritating even in low amplitudes. 
The Aures’ tonality model is employed by this work as it 
was verified by the works of Minard et al. [5] and More [12] 
to adequately predict perceived unpleasantness ratings of 
aircraft tonal noise.

Based on subjective evaluations of pure tones and narrow-
band noises, Aures [39] developed a model which could pre-
dict with a high degree of correlation how tonal a sound is 
perceived. The Aures’ model expresses tonality, K, in tonal 
units (t.u.), where 1 t.u. corresponds to the tonality of 1 kHz 
pure tone with a level of 60 dBSPL. Figure 3 illustrates the 
procedure implemented in SQAT for the computation of the 
Aures’ tonality model.

The information about the central frequency, fc,i , and the 
SPL, Lp,i , of the i-th tonal content of the fan harmonics are 
used to compute a tonal weighting, which is a function of the 
tone’s central frequency, bandwidth and the sound pressure 
level excess. The reader is referred to the work of Hastings 
et al. [40] for a complete description on the computation of 

(2)S = 0.11 ⋅
∫ 24 Bark
0

N�(z) ⋅ g(z) ⋅ z dz

N
[acum].

(3)g(z) =

{

0.15 ⋅ e0.42(z−15.8) + 0.85 , z > 15.8 Bark

1 , z ≤ 15.8 Bark

the tonal weighting. The sound pressure level excess, ΔLi , 
which is employed to quantify the aural relevance of the 
tones, is based on the procedure proposed by Terhard et al. 
[41]. As PANAM does not provide any information about 
the bandwidth of the tones, Δzi , the approach adopted by 
Sahai [7] is adopted in the present work, i.e., a constant 
percentage bandwidth of 27.5 % of the critical-band around 
each tonal component is used. Finally, the tonality is com-
puted by a weighted multiplication of the tonal weighting, 
WT , with the tonal loudness weighting, WN , which is cal-
culated considering the ratio of the loudness of the engine 
immission without the tonal components, NBBN , and the 
loudness of the total engine immission Ntotal.

2.2.4 � Psychoacoustic annoyance

Fastl and Zwicker [37] developed a metric, called psychoa-
coustic annoyance (PA), capable to approximate annoyance 
ratings obtained via jury evaluations of synthetic and eve-
ryday sounds (e.g., noise from drills, cars and air condition-
ers). This is achieved through the combination of different 
psychoacoustic metrics, which can describe the human per-
ception of distinct hearing sensations attributed to loudness, 
spectral distribution, and the temporal structure of sounds. 
This work employs the modified version of the Zwicker’s 
psychoacoustic annoyance, PAmod , as an indicator for the 
short-term annoyance associated to aircraft flyover events. 
The PAmod model was developed by More [12] in the con-
text of aircraft noise in order to incorporate the influence 
of tonality on the original Zwicker’s psychoacoustic annoy-
ance model. Due to limitations of the framework employed 
in this work for the aircraft system noise predictions, the 

Fan 

harmonics

Engine 

immission

SPL excess of tonal 

component, Δ

Tonal weighting

T = ( c, , Δ , Δ )

Loudness of engine immission

without fan harmonics, BBN

Tonal loudness weighting

N = 1 −
BBN

total

Total loudness,

total

Aures' tonality

= 1.09 ⋅ T
0.29 ⋅ N

0.79 [t.u.]

p, , c, , Δ

Fig. 3   Schematic of the Aures’ tonality computation procedure 
implemented in the SQAT
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terms accounting for the effect of roughness and fluctua-
tion strength are not considered as the computation of these 
metrics would require a finer frequency and temporal dis-
cretization (shorter than the 0.5 s offered by most parametric 
emission models). Nevertheless, More [12] observed that 
the contribution of those two metrics to annoyance ratings 
is typically negligible for jet-powered aircraft. Thus, the ver-
sion of the PAmod employed in the present work is computed 
as

given the constants �0 = −0.16 , �S = 11.48 and �T = 1.25 . 
The terms �S and �T account for the influence of loudness, 
sharpness and tonality, as

and

3 � Vehicle description and study setup

For this work, two medium-range vehicles from the work 
of Bertsch [17] were selected: (1) a reference vehicle, here-
after referred as V-R, which has specifications similar to 
an Airbus A319, and (2) a novel low-noise vehicle design, 
denominated subsequently as V-2, with enhanced sound 
shielding properties promoted by the overall aircraft layout 
as a high-wing configuration and positioning of the engines 

(4)PAmod = N

(

1 +

√

�0 + �S�
2
S
+ �T�

2
T

)

,

(5)𝜔S =

{

0.25(S − 1.75) log10(N + 10) , S > 1.75

0 , S ≤ 1.75

(6)�T = (1 − e−0.29N)(1 − e−5.49K).

above the fuselage-wing junction. The selected aircraft are 
illustrated in Fig. 4.

Both aircraft were designed in PrADO using specifica-
tions of a CFM56-5A5 turbofan engine, which has a bypass 
ratio of 6. Besides the benefit of the fan noise shielding, 
conventional installation effects [42, 43] due to the inter-
action of the jet exhaust flow with the aircraft’s high lift 
devices (HLD) are avoided. Furthermore, the V-2 design 
has a H-tail in order to avoid the direct interaction of the jet 
exhaust with the aircraft’s fin. Another difference between 
the aircraft designs is that the landing gear is mounted in 
the fuselage for the V-2 instead of under the wing, which 
consequently reduces its length by 35 % [44]. Another con-
sequence of the different landing gear installation is the 
avoidance of any gear wake impingement on extracted trail-
ing edge high-lift devices hence preventing a potential noise 
source by design. A complete characterization of these two 
aircraft regarding environmental noise is presented in previ-
ous works [17–19, 22, 23] by means of conventional sound 
metrics. It is worth mentioning that the V-2 layout is prob-
ably unfavorable regarding the internal cabin noise as the 
engines are mounted directly on the fuselage. The possible 
interaction between the hydrodynamic and acoustic fields 
of the jet exhaust flow with the aircraft fuselage as well as 
the structure-borne sound transmitted from the engines to 
the cabin can be expected to have a negative impact on the 
internal noise when compared to the conventional under-the-
wing engine configuration.

The flight trajectories employed by both aircraft during 
approach and departure procedures are shown in Fig. 5. For 
both cases, straight trajectories aligned with the runway 
center are considered. The approach, which is conducted 
with a continuous descent glide slope of ≈ 3◦ and the engine 
speed in idle, has three distinct HLD configurations: (1) until 
≈ −10.7 km before the runway threshold (flap 15◦ and slat 
20◦ ); (2) from ≈ −10.7 km to ≈ −6.6 km the high lift devices 

Fig. 4   Aircraft designs considered in this work
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are fully deployed (flap 35◦ and slat 25◦ ), and (3) the landing 
gears are deployed from ≈ −6.6 km onward. Due to different 
aerodynamic performance of the two vehicles, more thrust 
is required to operate the V-2 along the predefined approach 
trajectory. The departure is conducted with a constant climb 
angle of ≈ 8.72◦ , full thrust and engines at a rotational speed 
N1=100 %.

3.1 � Observer positions for noise assessment

Two single observer positions (one for each flight procedure) 
positioned at a height of 1.2 m above the ground are consid-
ered (see Fig. 6). The height of the observers was chosen in 
order to conform with the recommendations made by ICAO 
Annex 16 [34]. For the approach procedure, the observer is 
positioned at a distance of − 2 km from the runway threshold 
(aircraft flyover altitude of ≈ 260 m), while an observer posi-
tioned at 6.5 km from break release (aircraft flyover altitude 
of ≈ 700 m) is considered during the departure procedure.

4 � Results and discussion

In this section, the framework described in Sect.  2 is 
applied to assess the sound quality of the reference (V-R) 
and low-noise (V-2) vehicles during approach and departure 

procedures. Due to the component-wise noise modeling 
capability of PANAM, not only the overall aircraft noise 
immissions but also the contributions of the airframe and 
engine components are assessed and discussed in terms of 
sound quality metrics (SQM). The upcoming analyses are 
computed at the single observer positions presented previ-
ously in Sect. 3.1.

Before performing the objective assessment of the air-
craft by means of SQM, the physical magnitude of the sound 
spectra reaching the observer positions in the ground is ana-
lysed as it provides useful insights to support the upcoming 
analyses. For this purpose, Fig. 7 presents the aircraft noise 
immission spectra in terms of equivalent sound pressure 
level, Lp,eq , i.e., the unweighted sound spectra energy aver-
aged over the entire flight event duration.

For the approach procedure (see Fig. 7a), the sound spec-
tra for the reference aircraft is dominated by the airframe 
noise at low-frequencies below 400 Hz and by the engine 
noise for frequencies above 1 kHz. Due to the engine shield-
ing, the contribution of the engine noise is considerably 
reduced toward high frequencies ( ≈  13 dB at 2.5 kHz) for 
the V-2 aircraft, while the airframe contribution remained 
basically unchanged.

During departure (see Fig. 7b), the engine contribution 
dominates the whole immission spectra for the reference 
vehicle. Even with the integration of the spectral energy over 
the entire flyover duration, which makes the Lp,eq a weak 
indicator to evaluate non-stationary tonal content, a promi-
nent tone at 2.5 kHz corresponding to the first fan harmonic 
is observed. The results show that V-2 architecture promotes 
a significant reduction of the engine noise for the entire fre-
quency range. As a consequence, the relative contribution 
of the airframe noise to the overall noise immission of the 
V-2 vehicle becomes relevant.

The sound immissions of the aircraft designs are assessed 
in terms of the proposed SQM in Fig. 8. We assume that the 
loudness is stationary during the 0.5 second time-interval 
modeled by PANAM. As the sound event of an aircraft 

Fig. 5   Elevation profiles, engine thrust and the aircraft’s true air speed (TAS) along the prescribed flight trajectories for the V-R (solid lines) and 
V-2 (dashed lines) vehicles

Fig. 6   Single observer positions (red circles) considered in this study. 
For the sake of clarity, the real proportions are not maintained
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flyover perceived by an observer in the ground is non-sta-
tionary, 5 % percentile values (i.e., value exceeded in 5 % of 
the entire flyover event duration) are employed to quantify 
loudness, following the recommendation of ISO 532-1 [36] 
for the analysis of time-varying sounds. The same criteria 
is also adopted for the other SQM being considered in our 
study due to the lack of recommendations.

As a general trend observed in the loudness results (see 
Fig. 8a/b left column), for the V-R vehicle the engine noise 
is perceived louder than the airframe noise during both flight 
procedures. During approach, this happens mainly because 
of the frequency-dependency of the human hearing, which 
penalizes frequencies below 1 kHz (where, according to 
Fig. 7a, airframe noise is more relevant). During departure, 
it is expected that the engine noise predominates over the 
airframe noise for both aircraft designs as the engine is set 
to full power, a fact which is verified in Fig. 7b. With the 
reduction promoted by the engine noise shielding, the loud-
ness of the airframe noise during approach becomes higher 
than the engine loudness for the V-2 vehicle. This is due to 
the fact that the airframe contribution has more energy in the 
frequency range where the human hearing is more sensitive 
(around 1 kHz) whereas the engine contribution is verified to 
be more prominent at low frequencies, as can be verified in 
Figure 7b. Overall, the total immission loudness of the V-2 
vehicle during approach presents a reduction of 7.58 sone 
in relation to the reference aircraft, which means that the 
V-2 would be perceived as ≈ 30 % quieter. As the contribu-
tion of the airframe remained unchanged, further loudness 
reductions of the V-2 total immission during approach could 
be achieved by the use of low-noise airframe technologies 
[45]. During departure, the loudness reduction promoted by 
the shielding of the engine makes the V-2 airplane ≈ 48 % 
(almost two times) quieter than the reference aircraft.

The sharpness results (see Fig. 8a/b center column) gives 
another perspective about the noise reductions achieved by 
the V-2 vehicle. During approach, when the engine noise 
contribution is mostly composed of high-frequency content, 

the shielding promoted by the V-2 architecture contributes 
to a sharpness decrease of ≈ 23 % for the engine noise. This 
reflects upon the overall vehicle sharpness, which is reduced 
by ≈ 21 %. During departure, the engine noise is not mainly 
composed by high-frequency noise from the fan, but also of 
a relevant low-frequency noise share from the jet exhaust 
(see Fig. 7). This fact leads to lower engine sharpness val-
ues during departure than those apparent during approach 
procedure. Nevertheless, a reduction of ≈ 16 % is observed 
in the overall immission sharpness of the V-2 vehicle during 
departure due to the reduction of the engine noise at high 
frequencies.

As a limitation of the system noise prediction process 
employed in this work (see Sect. 2), no information about 
tonal components related to the airframe is available. This 
is indicated by the missing bars in Fig. 8a/b, right column. 
Main sources of tonal components during approach are the 
landing gear [46, 47] and aeroacoustic cavity tones origi-
nated at fuel overpressure vents located in the lower wing 
surfaces, as observed in aircraft from the A320 family [48]. 
Thus, one could argue that the process adopted by the pre-
sent study works with the assumption that these additional 
tonal sources are removed, e.g., by the application of a vor-
tex generator, or are assumed to be insignificant. During 
approach, the results for the V-R vehicle obtained for the 
engine noise tonality are in good agreement with the values 
obtained by Merino-Martinez et al. [9] for similar aircraft 
(A320) through experimental measurements. Hence, the 
tonality evaluation of the engine noise during approach using 
the present methodology is assumed to be representative. 
However, the overall aircraft tonality is underestimated if 
compared to those measured by Merino-Martinez et al. [9], 
probably due to the lack of information about the tonal com-
ponents from the aircraft landing-gear. Our analysis shows 
that the V-2 vehicle, even with the noise shielding promoted 
by the engine position above the aircraft fuselage, promoted 
no significant tonality reductions when compared to the ref-
erence vehicle during approach. This doesn’t means that 

Fig. 7   Time-averaged sound immission spectra (1/3 octave bands) of the V-R (solid-lines) and V-2 (dashed-lines) aircraft
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the physical amplitude of the fan tones were not decreased 
but rather indicates that the magnitudes of the tones and of 
the broadband noise (which masks the tones’ perception) 
remained almost unaltered in relation to each other. A dif-
ferent picture is observed during departure, where a tonality 
improvement of ≈ 19 % is verified for the overall V-2 aircraft 
immission. One last remark about the tonality analysis con-
ducted here is that the tonality of the overall contribution 
is always lower than the values computed for the engine 
contribution. This happens because the total immission has 
more broadband noise contributions (airframe + engine) to 
mask the tones’ perception than the engine noise immission.

Figure  9 provides a comparison of the total immis-
sion reduction promoted by the V-2 vehicle in terms of 
A-weighted conventional metrics and annoyance-based met-
rics. Even though using different approaches, all the selected 
metrics for this analysis take into account the frequency-
dependency of the human hearing. For the sake of compari-
son, the results are computed in relative percentage values, 
meaning that positive values imply a reduction with respect 
to the reference aircraft’s noise immissions.

As a general trend, larger improvements during depar-
ture procedure are observed by all metrics presented in 
Fig. 9, which is likely due to the shielding of the engine 
above the fuselage since the airframe noise contribution 
was verified previously to remain almost unaltered during 

both approach and departure procedures. From the left to 
the right, the sound metrics presented in Fig. 9 differ sub-
stantially regarding the degree of sophistication employed 
to approximate the human perception to sound. Noise reduc-
tions of 12 % and 15.5 % for approach and departure proce-
dures, respectively, are obtained by the Lp,A,max , the simplest 
metric which expresses the maximum sound level magnitude 
occurred during the event without accounting for it’s time 
duration. Taking into account the event duration leads to 
lower reductions of 8.1 % and 12 % for approach and depar-
ture, respectively, as observed for the sound exposure level, 
LAE (also referred to as SEL). The EPNL metric, which takes 

Fig. 8   Aircraft noise immission breakdown in terms of different sound quality indicators: loudness (left column), sharpness (center column) and 
tonality (right column). The sound quality metrics are expressed in terms of 5 % percentile values

Fig. 9   Reduction of the overall aircraft immission noise in terms of 
conventional and annoyance-based sound metrics
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into account sound intensity, spectral content, event-duration 
and applies penalties to prominent tones, shows reduction 
values of 9.2 % and 14.1 %.

For the sake of comparison, the modified psychoacoustic 
annoyance is expressed in logarithmic scale in Fig. 9. When 
compared to the results obtained by the EPNL, which is a 
similar annoyance-based metric, the PAmod,5% presented a 
similar relative reduction during approach procedure, how-
ever, significantly higher values were obtained during depar-
ture. As loudness is the main contributor to the PAmod model, 
the annoyance reductions observed are mainly due to the 
loudness reduction of ≈ 30 % and ≈ 48 % promoted by the 
V-2 aircraft architecture during approach and departure (see 
Fig. 8a/b left column), respectively. These results emphasize 
the necessity to further investigate if short-term annoyance 
to aircraft noise can be better approximated by the PAmod 
model than by the standard metric used for aircraft noise 
certification purposes, i.e., the EPNL.

In order to have a better picture on the spatial variation 
of the annoyance reductions promoted by the V-2 vehicle, 
Fig. 10 presents contours of the PAmod,5% for the reference 
aircraft (solid-lines), superimposed to (color) contours of 
PAmod,5% reduction in respect to the reference aircraft. For 
this analysis, a grid of receivers positioned 1.2 m above the 
ground along a longitudinal distance of 15 km from the run-
way threshold and a lateral distance of 6 km was considered.

During approach (see Fig. 10a), short-term annoyance 
reductions between 10 and 35 % along the area below the 
flight-path can be observed. However, the short-term annoy-
ance promoted by the V-2 aircraft exceeds that of the refer-
ence vehicle by about 10 % along the lateral areas adjacent 
to the flight-path.

During the departure procedure, a similar trend can be 
verified in Fig. 10b. The fan-noise shielding design of the 
V-2 aircraft has a pronounced effect in the area immedi-
ately below the flight-path, where PAmod,5% reductions up to 
50 % are verified. During departure, the flight altitude highly 
increases with the aircraft distance from the runway, and the 
PAmod,5% reduction becomes gradually positive for the lateral 
areas. The increased annoyance in the lateral areas adja-
cent to the flight-path is due to the combination of increased 
thrust and lateral directivity of the engine noise in relation 
to the reference aircraft. The reader is referred to the work 
of Bertsch [17] for more details about the directivity of the 
V-R and V-2 vehicle’s sound sources.

Finally, since EPNL and the modified psychoacoustic 
annoyance metrics are both intended to quantify human 
annoyance, it is of interest to investigate the degree of cor-
relation between them. Figure 11 shows a linear regression 
between the results obtained by the two metrics in all the 
observer positions being considered in Fig. 10, for both air-
craft and flight procedures, summing a total of 868 results.

The results presented in Fig. 11 show that the modi-
fied psychoacoustic annoyance model can describe 94 % 
of the variance seen in EPNL results. The differences 
mainly appear due to results obtained during departure 
procedure, where the EPNL presented higher results than 
the PAmod,5% for some observer positions. As a remark, if 
only the approach procedures were considered, a correla-
tion of 99 % would be verified. Possible reasons for this 
discrepancy are: (1) different criteria to account for the event 
duration and the human perception of loudness; (2) differ-
ent approaches to account for tonality, (3) the fact that only 
the PAmod accounts for the influence of sharpness, and (4) 

Fig. 10   Short-term annoyance predictions for the overall aircraft 
noise immissions: contours of modified psychoacoustic annoyance 
(5  % percentile values) for (1) the reference aircraft (solid black 
lines), and (2) reduction of the V-2 vehicle with respect to the ref-

erence aircraft (colored contours), i.e., negative reduction values 
implies that the V-2 aircraft promotes higher short-term annoyance 
than the reference vehicle
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neglecting the terms that account for the effect of roughness 
and fluctuation strength on the original modified psychoa-
coustic annoyance model. Nevertheless, the remarkable cor-
relation verified in Fig. 11 suggests that, if the EPNL is able 
to approximate human annoyance to aircraft noise, then the 
PAmod model could be considered as an alternative metric for 
aircraft noise certification. However, even though More [12] 
has already shown that the PAmod outperforms the EPNL in 
approximating short-term annoyance ratings of jet-driven 
aircraft noise, additional investigations through perceptual 
tests are required in order to verify if the PAmod is also appli-
cable to propeller-driven aircraft sounds, as those were not 
considered during its development.

5 � Conclusions and outlook

In this work, the environmental noise impact of a novel 
medium-range aircraft design with a high-wing layout and 
enhanced sound shielding properties due to the positioning 
of the engines above the fuselage is assessed in terms of 
objective psychoacoustic metrics. For this purpose, a meth-
odology based on (1) computational predictions of aircraft 
noise immission using the DLR tool PANAM, and (2) a 
sound quality analysis tool is established. A comprehensive 
description of the overall process is given, including the 
data flow required for the computation of the psychoacous-
tic metrics implemented in the Sound Quality Analysis Tool 
(SQAT).

By means of the psychoacoustic metrics it is possible to 
evaluate how the sound quality of the new aircraft design 
differs from the reference vehicle. Firstly, the assessment 
comprises single observer positions directly located below 

the aircraft’s flight-path. The analysis considering the PAmod 
model (in logarithmic scale) shows that the shielding pro-
moted by the engine position leads to short-term annoyance 
reductions of the overall aircraft immission up to 10.1 % 
and 20.2 % for approach and departure procedures, respec-
tively. This is due to the significant loudness reduction of the 
engine noise immission as almost no changes related to the 
airframe noise contribution was verified.

Secondly, a larger assessment area is considered in order 
to verify the spatial distribution of the short-term annoyance 
reductions promoted by the V-2 aircraft. As a general trend, 
it is observed that the fan-noise shielding vehicle architec-
ture studied here is beneficial for the short-term annoyance 
in the area directly below the flight trajectory. For lateral 
areas adjacent to the flight-path, an increase of the short-
term annoyance is observed mainly due to the combination 
of two factors: (1) the directivity of the V-2 aircraft engine 
noise with respect to the V-R aircraft which is increased 
laterally in the opposite direction from that of the flight-
path, and (2) the increased thrust of the V-2 aircraft on the 
chosen flight-path in comparison to the reference aircraft. 
In general, the analysis conducted in Fig. 10 shows that the 
PAmod model can be used as an indicator to assess short-term 
community noise annoyance.

Finally, a correlation analysis between the results 
obtained from EPNL and the modified psychoacoustic 
annoyance metrics shows a correlation of 94 % between 
both metrics. This indicates that both metrics, the EPNL and 
the modified psychoacoustic annoyance, seem to (almost) 
equally quantify short-term annoyance to aircraft noise. 
Investigations on which metric is able to better describe the 
perceived short-term annoyance to aircraft noise or how they 
could be improved for this purpose are left for future works.

The present work serves as a basis for the sound qual-
ity assessment of novel aircraft designs and flight proce-
dures being developed in the frame of the Cluster of Excel-
lence SE2 A – Sustainable and Energy Efficient Aviation. 
Future work will focus on automated sound quality evalu-
ation within large conceptual aircraft studies, aiming at (1) 
assessing possible improvements on current aircraft configu-
rations, and (2) investigating novel low-annoyance aircraft 
designs.
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