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The reduction of aircraft noise over the past decades has generated a growing awareness that the characteristics
of a signal can be equally or more important to annoyance than the sound pressure level. Sound can be perceived as
more annoying, depending on the frequency content or tonal components. The sound quality metrics loudness,
roughness, sharpness, and tonality are important tools to characterize sound. Flyover measurements of landing and
takeoff aircraft are investigated in terms of sound quality metrics. The experimental dataset includes 141
measurements of 14 landing aircraft types and 160 measurements of 12 takeoff aircraft types. The sound quality
metrics are compared for different aircraft types, and their variability within the same aircraft is investigated.
Possible correlations of the sound quality metrics with the airframe, engines, and aircraft operational conditions
are investigated. This analysis provides empirical expressions that show a good agreement with experimental data
for loudness, sharpness, and roughness for takeoff aircraft. For landing aircraft, empirical expressions could only

be obtained for loudness and tonality.

Nomenclature
Agx = amplitude of the secondary neural excitation, dB
c = calibration function for tonality
Eg: = masking intensity of noise in critical bands surrounding
the tone, dB
Eys = intensity at the threshold of hearing, dB
Fmod modulation frequency, Hz
g = weighting function for sharpness
H = absolute altitude, m
K = tonality unit, t.u.
Lg = excitation level per critical band, dB
L; = sound pressure level of a tonal component, dB
Ltg = excitation level at the threshold in quiet conditions, dB
N = loudness, sone
Ny = rotational speed of the fan, %
N, = specific loudness, sone/Bark
N’ = unmasked specific loudness, sone
R = roughness, asper
S = sharpness, acum
VGr = total ground speed, m/s
wg, = broadband noise weighting function
wr = total weighting function
wy = bandwidth weighting function
1) = frequency weighting function
ws = prominence weighting function
z = critical band rate, Bark
AL, = modulation depth, dB
¢ = diameter, m
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1. Introduction

IRCRAFT noise is associated with serious health problems,

such as heart diseases and stress, in communities near airports
[1]. Traditional noise metrics such as the A-weighted maximum sound
pressurelevel L 4 ., the sound exposure level (SEL), and the effective
perceived noise level (EPNL) are used to assess the noise perceived on
the ground. However, these metrics do not provide information about
the characteristics of a sound, and two sound signals with equal noise
levels are not necessarily perceived as equivalent by the receiver [2—4].

Sound quality metrics (SQMs) are associated with different noise
characteristics, such as the frequency content (high or low frequency),
the prominence of tones, and the fast or slow loudness fluctuations. The
five SQMs loudness, roughness, sharpness, tonality, and fluctuation
strength provide a detailed characterization of a sound; and they can be
combined toward an overarching psychoacoustic metric. These metrics
then provide a single value similar to the EPNL and L 4 ,,,y, allowing us
to compare the annoyance of different sounds. Recent work considered
the psychoacoustic metrics as a more accurate method to determine the
annoyance perceived by the human ear than EPNL [5].

The sound quality metrics can be associated with different noise
sources during a flyover, e.g., tonality is associated with fan noise for
landing and roughness with buzz-saw noise for takeoff. The aircraft
design and flight trajectory can be driven by the SQMs with the
objective of lowering annoyance in areas near airports [6,7], which is
a process widely implemented using traditional metrics: more com-
monly, the EPNL and SEL [8,9].

This contribution intends to understand the SQMs for takeoff and
landing aircraft using experimental data. Approximately 300 landing
and takeoff flyover measurements are analyzed for 17 different aircraft
types. The average value and the variability of loudness, roughness,
sharpness, and tonality are investigated for each aircraft type: both for
landing and takeoff. Preliminary research indicated the existence of
correlations between the SQMs and the aircraft design during landing
[10]. Correlations between the SQMs and the aircraft airframe, engines
settings, and operating conditions are further investigated in this work.
This analysis aims to assess whether the SQMs can be associated to the
aircraft design and if it is possible to find empirical expressions that
relate them. Such empirical expressions would allow the design of less
annoying aircraft in the perception of the residents, without necessarily
implying an overall reduction of many decibels.

II. Sound Quality Metrics

The four sound quality metrics used in this work (loudness, sharp-
ness, roughness, and tonality) are briefly described in this section,
and the methods used to calculate them are presented.

Check for
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Aircraft noise is not steady in time, and the SQMs change during
the flyover. Therefore, the values of loudness Ns, tonality K5, sharp-
ness Ss, and roughness Rs in this work refer to the values exceeded
5% of the time.

A. Loudness

Loudness is the subjective perception of the magnitude of a sound,
and itis dependent on its frequency, intensity, and duration. Loudness
has been standardized in the International Organization for Standard-
ization’s STD ISO 532-1[11,12], and it is expressed in phon (when in
logarithmic scale) or sone (in linear scale).

The specific loudness N, which is the loudness of the 24 critical
frequency bands z, is calculated using

N,(z) = 0.0635[100«025Lm(z)]

x [(0.75 +0.25] 100 1Ll ) 1] 1)

where L and L1 are the excitation level and the threshold in quiet
conditions, respectively. These two parameters were calculated fol-
lowing the methodology of Terhardt [13]. The critical bands concept
was introduced by Harvey Fletcher [14] and it is related to the neural
activity of the human ear.

The values of specific loudness are determined in each of the
24 critical bands, and it is checked whether they are masked by a
sound concentrated in an adjacent critical band. The results are values
of unmasked specific loudness in each critical band N’, which are
used to determine the total loudness NV, calculating the area below the
curve of N’ over the critical bands:

24
N=/ N'(z)dz 2)
0

B. Sharpness

Sharpness quantifies the high-frequency content of a sound: a
sound perceived as sharper has more high-frequency content. This
work uses the method of von Bismarck [15] to determine sharpness S,
which is given by

Ji* N'(2)g(z)zdz

S =0.11 3
N (3)
Here, g(z) is a weighting function given by
1 0<z<16
8@ = {0.066&”71Z 16 <z <24 @

This weighting function causes the value of sharpness to be higher for
signals with more content in the higher critical bands.

C. Tonality

The tonal content of a sound is an important characteristic in
aircraft noise, and traditional metrics such as the tone corrected
perceived noise level (PNL) and the effective perceived noise level
(EPNL) include tone penalties. In this work, the sound quality metric
tonality is calculated using Aures’s method [16].

In this method, all the tones are identified and checked if aurally
relevant. This is done by calculating the sound pressure level (SPL)
excess AL; using the method of Terhardt et al. [17]. The value of AL;
is given by

0 2
AL;=L;- 1010%10{ |:ZAEk(fi):| +Ec:(fi) + Ens (fi)} S))

k#i

If the value of AL, is larger than zero, the tone is considered aurally
relevant. In Eq. (5), L; is the SPL of the tonal component i and the
term Ag, is the amplitude of the secondary neural excitation of
frequency f; due to the k™ tone. The sum of A, takes into account
the mutual masking effect of all tonal components. The term Eyg is

the intensity at the threshold of hearing, and Eg, is the masking
intensity of the broadband noise surrounding the selected tones.
Expressions for Agy, Eys, and Eg, can be found in Ref. [17].

The values of AL; aurally relevant are then used to calculate
weighting functions of factors that contribute to tonality: the promi-
nence of the tones ws, the frequency w,, and the bandwidth w:

0.13
w(Az;) = m (6)
-0.29
-\ — fi  700\2
wy(f7) = \/1 + 0.2(700 + 7 ) %)
w3(AL;) = (1 — ¢~(BLi/19))029 @)

These three weighting functions are combined into a total weight-
ing function:

wy = J > lwi(Az)wi(f)wi(AL)P ©)
i=1

where w, = w;/o_ze forl=1,2,3.
Finally, the value of tonality is given by

K = cufPwgl® (10)

where ¢ is a calibration constant equal to 1.09. The term wg,
introduces the effect of broadband noise, and it is calculated using

an
where Ng, is the loudness of the sound without the tones.

D. Roughness

Roughness assesses fast loudness fluctuations (between 50 to
90 Hz). One of the first methods to estimate roughness was developed
by Zwicker and Fastl [18]. It was found that two characteristics of the
ear influence the roughness perception: the frequency selectivity of
the hearing system at low frequencies, and the limited temporal
resolution at high frequencies. The model of roughness proposed
by Zwicker and Fastl takes into account temporal masking. Figure 1
shows the relation between a masker and its temporal masking pattern
(in a solid black line).

In Fig. 1, fioq is the modulation frequency, which is the interval
between two consecutive peaks of the masker envelope; and AL,,(z)
is the modulation depth of the specific loudness at the critical band z.

According to the Zwicker and Fastl model, roughness is given by

24
R = 0.3fm0d/ AL, (z)dz (12)
0

Here, z is the critical band rate, as defined before, in the loudness and
sharpness metrics.

The calculation of the modulation depth can be challenging for
complex signals, and its value can change for different critical bands.
A more practical approach is deriving roughness from the specific
loudness pattern: an approach used by Aures [19] and further
improved by Daniel and Weber [20]. The latter method was used to
calculate roughness in this work.

III. Experimental Setup

The flyover measurements were recorded at Amsterdam Airport
Schiphol on days with similar weather conditions. The meteorological
data were provided by the Royal Netherlands Meteorological Institute.
The measurement system, shown in Fig. 2, is an acoustic array of
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Fig. 2 Acoustic camera used to record the flyovers at Amsterdam Air-
port Schiphol.

64 microphones distributed in an Underbrink spiral configuration [21].
These microphones can be used collectively to localize noise sources
through beamforming techniques. The array has the dimensions of
4 x4 m, and its structure is covered with acoustic absorbing foam to
minimize sound reflections. The foam selected was Flamex GU with
15 mm thickness due to its high absorption coefficient. All the micro-
phones were covered with wind shields and were calibrated with a
piston phone.

The microphone (PUI Audio 665-POM-2735P-R [22]) signals
were sampled at 50 kHz. Also, an optical camera was used (Data-
vision UI-1220LE with a Kowa LM4NCL lens), which had a frame
rate of 30 Hz. The camera is placed at the center of the array to
determine the overhead time and to localize the main acoustic noise
sources using beamforming. Images from the camera can be over-
lapped with beamforming plots, allowing the localization of the noise
sources on the aircraft.

The type of aircraft as well as its height and velocity were
determined using an automatic dependent surveillance-broadcast
(ADS-B) receiver. Since not all aircraft have an ADS-B transpon-
der, the aircraft type was also verified with online flight trackers,
and consecutive frames of the optical camera were used to estimate
the height and velocity.

The acoustic array was positioned at an extension of Runway 18C
of the airport, represented in Fig. 3. This location was chosen because
of its proximity to the runway (670 m) and considerable distance from
main roads, and so car traffic would not contaminate the results.

IV. Experimental Results

This section analyzes the landing and takeoff flyover measure-
ments recorded at Amsterdam Airport Schiphol in terms of SQMs
and their variability within the same aircraft type. The SQMs differ
for distinct aircraft designs, but also for different operating condi-
tions. Consequently, these metrics have different behaviors for land-
ing and takeoff.

It is explored whether the sound quality metrics correspond to
the theoretical expected behavior during landing and takeoff for the
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Fig. 3 Runways of Amsterdam Airport Schiphol: the runway selected
for the measurements (in a red circle), and the approximate measuring

location (represented by a black cross).

different aircraft types and if correlations between the SQMs and the
aircraft design and operational conditions can be found.

A. Assessment of Sound Quality Metrics for Landing and Takeoff
Flyovers

The experimental campaign at Amsterdam Airport Schiphol
resulted in a total of 141 flyover measurements of 14 landing aircraft
types, as well as 160 measurements of 12 takeoff aircraft types.
Table 1 shows the different aircraft types, ordered by their value of
maximum takeoff weight (MTOW), and the corresponding number
of landing and takeoff measurements.

The Boeing 737-800 (B737-800), Airbus A320 (A320), and
Embraer 190 and 195 models (ERJ-190 and ERJ-195, respectively)
correspond to the highest number of measurements for landing and
takeoff.

Some aircraft types are not available for both takeoff and landing, for
example, the Fokker 70 (F70) and the Boeing 787 (B787). This dataset
contains aircraft with very different characteristics: small aircraft with
capacity for less than 100 passengers, such as the Bombardier CRJ-900
and the ERJ-190; medium-range aircraft (the B737 and the A320
series); and long-range aircraft (B777 series). The dataset only contains
turbofan-propelled aircraft; all of them are twin engine, with the
exception of the AVRO-RJS8S5, which has four engines. Three of the
aircraft have rear-mounted engines, the F70, the CRJ-900 and the CRJ-
700, and therefore engine noise is partially shielded by the wings and
fuselage [23,24].

The flight trajectories during landing are more regular than the ones
of takeoff because all aircraft follow the instrument landing system
approach. The flight trajectory and aircraft operating conditions



Downloaded by TU DELFT on January 18, 2021 | http://arc.aiaa.org | DOI: 10.2514/1.J059633

VIEIRA, SNELLEN, AND SIMONS 243

Tablel Landing and takeoff flyovers recorded in
Amsterdam Airport Schiphol

Aircraft Number of landings Number of takeoffs
CRJ-700 0 5
CRJ-900 2 0
ERJ-175 14 22
F70 7 0
AVRO-RJ85 3 0
ERJ-190 22 15
ERJ-195 0 4
B737-700 15 15
A319 3 8
A320 13 19
B737-800 41 53
B737-900 4 4
A321 3 5
A330-200 0 5
B787 6 0
B777-200 5 0
B777-300 3 5
Total 141 160

influence the SQMs measured on ground and should be taken into
account in this analysis. Figures 4-6 show the variability of the
absolute altitude H, the total ground speed V,, and the speed of the
low-pressure shaft of the fan N; (obtained from the spectrograms),
estimated for all the aircraft, during landing and takeoff. The aircraft
types are presented in ascending order of their value of MTOW.

The distance between the aircraft and the microphone array is
approximately 10 times larger for the takeoff measurements than for
the landing. This difference has to be taken into consideration when
analyzing the SQMs because atmospheric attenuation is distance
dependent. The variability of altitude within aircraft type is also higher
for the takeoff measurements, which was expected, due to the more
irregular flight trajectories compared with landing procedures.

The average ground speed measured for landing flyovers varies
between 60 and 80 m/s, whereas for takeoff, the values are between
70 and 90 m/s. Values for N| were obtained from the spectrograms,

70
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i.e., derived from the acoustic measurements. The variability of N is
very significant for some aircraft during landing (e.g., the B787 and
the A321), with most aircraft presenting an average value between 50
and 65%. The values of N, for takeoff flyovers show less variability
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within the same aircraft type than landing, with the exception of a few
flyovers that show extremely low values of N for takeoff.

Similar plots are presented for the SQMs in Figs. 7-10. Figure 7
shows that loudness increases with the dimension of the aircraft, as
expected, as larger surfaces generate higher levels of airframe noise
but also require more powerful engines, and consequently generate
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Fig. 7 Loudness for landing and takeoff flyovers.
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higher levels of engine noise as well. The variability of loudness is
small for landing aircraft but very significant during takeoff. During
landing, fan noise and airframe noise (especially landing gear noise
and flap noise) have approximately the same importance. The air-
frame noise contribution is roughly constant because it depends on
the aircraft structure (e.g., landing gear [25] and high lift devices
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[26]), flap deflection, and the aircraft velocity. In addition, the land-
ing measurements were recorded with the aircraft at very similar
altitudes. Both explain the low variability of loudness for landing
aircraft. The aircraft with the lowest values of loudness are the F70,
the CRJ-900, and the CRJ-700. These aircraft are equipped with rear-
mounted engines, and therefore engine noise is partially shielded by
the airframe.

For the takeoff measurements, however, the engines are the most
important noise source; and a variation of the engine settings is
reflected in the total noise. Also, the trajectories for takeoff are more
irregular; and these two factors result in a high variability of loudness.
The average values of loudness are higher for landing than for takeoff,
which is contrary to what one would expect. However, the aircraft
are at a higher altitude for the takeoff measurements, and therefore
perceived as less loud.

The tonality plots of Fig. 8 show approximately the same average
values for landing and takeoff. The A319 and A320 stand out for their
high values of tonality compared to aircraft of similar size: for instance,
the B737-700 and 800. Prominent tones were expected for landing due
to the high contribution of fan noise, which generates strong tones at
frequencies between 1000 and 2000 Hz. During takeoff, the engines
are at the maximum performance and the blade passing frequency
(BPF) is higher, as well as its harmonics, which increases tonality.
However, tones can be masked by the low-frequency noise generated
by the jet. In addition, tones at high frequency are attenuated more
strongly by the atmosphere. Modern engines have higher values of
bypass ratio (BPR) to decrease the velocity of the jet, and consequently
jetnoise. The BPR of the engines of the A319 and A320 is higher than
six. All the other aircraft recorded during takeoft are equipped with
engines with lower BPRs, between 5 and 5.5 (except the B777-300,
which is a long-range aircraft), which justifies the high value of tonality
of the A319 and A320. The similar values of tonality for landing and
takeoff will be later investigated using spectrograms and the signal
power spectral density.

Also the values of roughness, shown in Fig. 9, are similar for
takeoff and landing. Takeoff aircraft are expected to generate rougher
sounds than landing because of buzz-saw noise. Buzz-saw noise is
generated when the fan tips operate at supersonic speed, generating
weak shock waves spiraling upstream against the mean flow [27,28].
This behavior generates periodic noise, denominated as buzz-saw
noise (BSN) tones, which decreases with frequency. Irregularities in
the mean flow and spacing of shock waves make this phenomenon
difficult to predict.

During landing, low-frequency noise is associated with airframe
noise, which is more dominant during this flight phase than takeoff.
The increase of this metric with the MTOW values also indicates a
relation with the dimensions of the aircraft. The similarity in rough-
ness during takeoff and landing will be explored further ahead in this
research work.

Finally, Fig. 10 shows the values of sharpness and its variability
for each aircraft type. The values are noticeable higher for landing.
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The sharpness values for takeoff are low because jet noise masks the
harmonics of fan noise. In addition, the first harmonics of fan noise,
which are of higher frequency for takeoff than for landing, are
strongly attenuated by the atmosphere. The AVRO-RJ85 shows the
highest value of sharpness because it is the only four-engine aircraft
in the dataset.

Figure 11 shows the spectrogram of an A320 takeoff flyover and
the spectrum at overhead time. This A320 aircraft is equipped with
CFM56-5A engines with 36 fan blades. The BPF of the fan and its
second harmonic are clearly visible in the spectrum at 2650 and
5300 Hz, respectively. Other peaks appear at lower frequencies
(the buzz-saw noise tones) spaced at 74 Hz. Only the most prominent
BSN tones are identified in Fig. 11 for easy reading.

The spectrogram and the spectrum at the overhead time for an
A320 landing flyover is shown in Fig. 12. The BPF value is lower
than in takeoff due to the lower rotational velocity of the fan. The first
four harmonics of the fan are very clear and with a high SPL value.
The spectrum of Fig. 12b has more high-frequency content than the
takeoff spectrum of Fig. 11b. The aircraft altitude is lower at landing;
therefore, the noise is less attenuated by the atmosphere. This
explains the higher values of sharpness found for landing, as men-
tioned before.

The roughness for landing and takeoff measurements is similar; in
this case, we can see that the low-frequency content has approxi-
mately the same SPL value for landing and takeoff. Even though
takeoff presents buzz-saw noise, the BSN tones are not very promi-
nent; during landing, the strong presence of low-frequency airframe
noise contributes to roughness, which results in similar values of this
sound quality metric for these two phases of flight.

The value of tonality is also identical for the landing and takeoff
measurements of the A320. Even though more harmonics of the fan
are present during landing, takeoff exhibits BSN tones and the two
first harmonics of the fan as well, which balance the values of tonality
for the two flight phases.

The aircraft altitude has a direct effect on sharpness and tonality
because the high-frequency content is strongly attenuated by the
atmosphere. High-frequency noise is more relevant during takeoff
because of the higher value of N,. However, the rate of climb for
takeoffis higher than the glide slope for landing, which means that for
areas outside the airport, aircraft fly at higher altitudes for takeoff.
Consequently, the high-frequency content is strongly attenuated
during takeoff.

The analysis of this section shows that the SQMs depend on the
aircraft design but also on the operating conditions of the aircraft; and
neglecting the latter leads to erroneous assumptions.

B. Correlation of the SQMs with the Aircraft Design

This section investigates correlations between the SQMs and
characteristics of the aircraft design and the engine. Such correlations
are determined separately for landing and takeoff, and using the
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Fig. 11 Spectrogram and spectrum at the overhead time for a takeoff measurement of an A320: N5 = 76 sone, S5 = 1.18 acum, K5 = 0.32 t.u., and

Rs = 0.10 asper.
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Fig. 12 Spectrogram and spectrum at the overhead time for a landing measurement of an A320: N5 = 115.8 sone, S5 = 2.20 acum, K5 = 0.27 t.u.,

and R; = 0.09 asper.

average values of the SQMs of each aircraft type. The best correla-
tions are employed to find empirical expressions for the SQMs that
could be used for an aircraft at the design phase.

A variety of aircraft characteristics was considered in this study.
The airframe characteristics considered were the wingspan, the total
height, the length of the aircraft, the cabin width, the MTOW, the
maximum landing weight (MLW)), the ratio flap/span of the wing, and
the diameter and number of wheels in the main and nose landing gear.
The engine parameters examined were the number of fan blades, the
BPR, the diameter of the fan, the length of the nacelle, the maximum
takeoff thrust, and the thrust-specific fuel consumption.

For takeoff, loudness showed a good correlation with the dimen-
sions of the aircraft, e.g., the wing span and MTOW. Also, character-
istics related with the size of the engine, such as the fan diameter and
maximum takeoff thrust, showed a significant correlation. This was
expected because the loudness of an aircraft is directly related with its
dimension, as seen in the previous section. Roughness also showed
dependence on the aircraft dimensions, the diameter of the fan, and
the maximum takeoff thrust. Sharpness, however, has high correla-
tions with engine parameters such as the BPR, the diameter of the
fan and the length of the nacelle, which is expected because high-
frequency noise is mostly generated by the engine. No correlations
were observed for tonality during takeoff.

For landing, loudness showed the same correlations as for takeoff,
but dependence on the landing gear configuration was also observed.
Roughness presented high correlations with many parameters in
common with takeoff. Sharpness did not present any correlations.
The same was verified for tonality, which was not expected due to the
tonal components from the fan.

The aircraft characteristics showing higher values of correlation
with the experimental SQMs values were combined in linear equa-
tions, and the coefficients were found using multiple linear regres-
sion. These equations consider the average values of the SQMs for
each aircraft type, and no operational conditions were accounted for.
Table 2 shows the correlation coefficients squared R? and corre-
sponding p-values obtained for the correlations of the obtained linear
expressions with experimental data for each SQM for takeoff. Table 3
shows the results obtained for the landing aircraft. The aircraft

Table2 Correlations of the empirical expressions considering the
average of the SQMs with experimental data (takeoff flyovers)

SQMs R?
Loudness 0.95

p value Characteristics of the aircraft

2.62e-8  Wing span, length, cabin width, height,
MTOW, fan diameter, takeoff (TO) thrust

5.98e-8  Wing span, length, cabin width, fan
diameter, maximum takeoff thrust

3.07e-6  Wing span, length, cabin width, fan

diameter, nacelle length, TO thrust

No correlations found

Roughness  0.94
Sharpness 0.87

Tonality _ _

parameters used in the linear expressions are also presented. At this
point, the coefficients are not presented because these expressions
will be further improved.

C. Accounting for the Variability of the SQM Within Aircraft Type

The empirical expressions found for the SQMs present a high
correlation with the average of the experimental values for each air-
craft, as seen in Tables 2 and 3. However, as shown in Figs. 7-10, the
SQMs vary within aircraft type because of the operating conditions.
The empirical expressions obtained were applied to the entire dataset
of flyover measurements, and it was found that the values of R?
drastically decreased because, without considering the operating con-
ditions of the aircraft, equal values of SQMs were found for the same
aircraft type. For instance, the R? value of loudness decreased from
0.95 to 0.63 for takeoff and from 0.93 to 0.67 for landing. For rough-
ness, R? decreased from 0.94 to 0.42 for takeoff and from 0.90 to 0.30
for landing. This demonstrates the importance of the operating con-
ditions in aircraft annoyance.

New coefficients of the empirical expressions were found by
considering the entire dataset of measurements and including the
aircraft operating conditions. To the aircraft characteristics providing
the best fit for each SQM, described in Tables 2 and 3, were added
variables for the aircraft velocity, the altitude, the blade passing
frequency, and the rotational speed of the fan. A small number of
random measurements were removed from the dataset used to find
the coefficients of the empirical expressions of the SQMs in order to
use them to test the final expressions.

Some of the aircraft characteristics initially included in Tables 2
and 3 did not contribute to an improved correlation with the exper-
imental data once the operational conditions were included, and
therefore were discarded. As expected, the operating conditions with
more influence in the results were the altitude of the aircraft and the
rotational speed of the fan. Table 4 shows the coefficients of the
empirical expression found for the loudness, roughness, and sharp-
ness for takeoff. All the variables considered in the expression are in
SI units (International System of Units). The correlations of the

Table3 Correlations of the empirical expressions considering the
average of the SQMs with experimental data (landing flyovers)

SQMs R? Characteristics of the aircraft

Loudness 0.93

p-value

4.22e-8  Wing span, length, cabin width, MLW,
BPR, nacelle length, diameter of nose,
and main gear tires.

2.63e-7  Wing span, length, cabin width, height,

Fan diameter, nacelle length, number of

wheels, and diameter of nose and main

gear

No correlations found

No correlations found

Roughness  0.90

Sharpness —_— —_—
Tonality _ _
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Table4 Coefficients of the empirical expressions found for the SQM:s for takeoff
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Altitude N,y Wing span  Height Length ¢ fan Nacelle length  Maximum TO thrust
N5 —1.40e-1 6.14e-1 —_ 5.54 217  -2.67e+1 —_ —1.29-1
Rs —1.00e-4 —— —_ 3.80e-:3 —— _ —_ —8.00e-3
S5 —9.00e-4 2.40e-3  2.32e-2 ——  3.00e-3 7.37e-1 1.29e-1 —9.3e-3
250 R? = 0.80, p value = 5.1e-56 L8 R? =0.58, p value=1.2e-30
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Fig. 13 Comparison of experimental data (x axis) with the results of the empirical expressions (y axis) for takeoff. The black line corresponds to a

correlation of R? = 1.

empirical expressions of the SQMs with the experimental data is
shown in Fig. 13. Some measurements were randomly put aside and
not used to obtain the expressions in order to test them (green points).
A good correlation was obtained for loudness, but sharpness and
roughness show weaker results.

The same analysis is now presented for the landing flyovers.
Despite the good correlation found for roughness in Tables 2 and 3
with the average experimental data, no empirical expression was able
to capture the roughness variation within the same aircraft type. Also,
no empirical expression was found for sharpness. Despite the lack of
a significant correlation for tonality in Tables 2 and 3, this changed

when the operating conditions were introduced, which is not unex-
pected when considering that the fan is the most relevant source of
tonal noise and the sound pressure level of the harmonics depends on
the atmospheric propagation effects, and therefore on the altitude.
The empirical expression for loudness continues to show a strong
correlation with experimental data when considering the entire data-
set: similar to what was verified for takeoff.

Table 5 shows the coefficients of the empirical expressions of
loudness and tonality for landing aircraft. The two expressions do
not have parameters in common; loudness depends only on the
dimension of the aircraft, and tonality has a close relation with the

Table 5 Coefficients of the empirical expressions found for the SQMs for landing

Wing span __ Length Cabin width Height  Nacelle length ¢ wheel MLG ——
Ns =7.76 6.69¢-1 4.82¢ + 1 1.00e + 1 1.05e + 1 2.94e + 1 ——
N, BPF Number of fan blades BPR ¢ fan Number of wheels MLG X ¢ Number of wheels MLG X ¢
Ks —3.00e-3 1.00e + 4 3.40e-3 —3.60e-2 2.44e-1 —8.00e-3 —2.20e-2

MLG = main landing gear.
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Fig. 14 Comparison of experimental data (x axis) with the results of the empirical expressions (y axis) for landing. The black line corresponds to a

correlation of R? = 1.

operating conditions of the fan, engine parameters, and the landing
gear configuration (number of wheels multiplied by their diameter ¢).
The comparison of the experimental data points with the results
obtained using the empirical expressions for landing is shown in
Fig. 14. The measurements that were randomly left out the dataset
used for finding the coefficients of the empirical expressions show a
reasonable agreement with the experimental results (green points).

V. Conclusions

This research uses a large dataset of flyover measurements to
investigate the behavior of the sound quality metrics loudness, tonal-
ity, sharpness, and roughness during landing and takeoff. The meas-
urement locations were close to the airport, representative of urban
areas near airports that are subjected to high levels of annoyance.

It was observed that the values of tonality for the takeoff and landing
flyovers were very similar, and the same was verified for roughness.
The sharpness values were higher for landing than for takeoff. The
aircraft operating conditions and the attenuation of high-frequency
noise caused by the propagation on the atmosphere have an important
effect on the SQMs. For instance, takeoff trajectories have a high climb
rate; therefore, when the aircraft exits the airport limits and enters an
urban area, it is already at a high altitude, and high-frequency noise is
strongly attenuated by the atmosphere, which results in low values of
sharpness.

Although the noise spectrum of takeoff flyovers shows some buzz-
saw noise tones, they are not translated into a significant difference in
roughness for takeoff and landing. The same is true for tonality
during landing; despite the clear peaks of the four first harmonics
of the fan, the values of this sound quality metric do not differ greatly
for landing and takeoff measurements.

It was shown that the SQMs vary within the same aircraft type
because of the aircraft operating conditions. The SQMs can be
correlated with design characteristics and operating conditions of
the aircraft. Empirical expressions were found for loudness, rough-
ness, and sharpness for takeoff aircraft. Empirical expressions for
loudness and tonality were obtained for landing aircraft. These
expressions showed a reasonable correlation with the experimental
data when considering the limited information available, since only
the velocity and altitude of the aircraft and the rotational speed and
blade passing frequency of the fan could be estimated.

The obtained empirical expressions provide important information
about the characteristics of the aircraft that can contribute to a sharper
or a more tonal sound, and they indicate that the SQMs can be taken
into account in the design phase of an aircraft. However, more
experimental data are required to further improve and validate these
empirical expressions for other locations around the airport.
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