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Assessment of the noise variability of landing

aircraft using a phased microphone array

Mirjam Snellen®, Roberto Merino-Martinez® and Dick G. Simons®
Delft University of Technology, 2629 HS Delft, the Netherlands

Enforcing noise control environmental laws around airports is a difficult task due to
the large variability in the noise levels observed for flyovers of the same aircraft type
under similar conditions. These variations are not properly considered by the current
models, such as the Noise-Power-Distance tables. In this research, noise measurements
of aircraft flyovers are used to assess this variability and investigate its causes. 115
flyovers of landing aircraft were recorded using a 32 microphone phased array. It was
assumed that the main cause of this variability is the change of the emitted aircraft
noise, as previous studies showed that the effect of the variable atmosphere (for the
distances considered) is negligible. The noise level variability for the Boeing 737 and
Fokker 70 cases was approximately 7 dB. The fan rotational speed of each flyover was
determined by analyzing the spectrograms. Functional beamforming was applied to
the acoustic data. For the Boeing 737 case it was found that the engines are the
dominant noise source for all flyovers and that over 75% of the variation of the noise
levels can be explained by variations in the engine settings. The Fokker 70 flyovers
were dominated by airframe noise sources. Differences in the aircraft velocity explain

almost 70% of the noise level variability in this case.
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I. Introduction

Aircraft noise is one of the major current issues to be dealt with by the aerospace industry. Apart
from being annoying, noise pollution can even lead to severe health problems, such as hypertension,
sleep deprivation and harmful cognitive effects [1]. Even though individual aircraft have experienced
large noise reductions over the last decades, the continuous growth of air traffic (around 5% per

year [2]) is expected to aggravate the problem even more in the future.

This issue is dealt with through strict noise regulations and night curfews which consequently
limit airport capacity. To assess noise exposure, most airports use models which employ the so-
called Noise-Power-Distance (NPD) tables, such as the Integrated Noise Model (INM) [3-7]. These
tables contain Sound Pressure Level (SPL or L, data) for different aircraft types and for predefined
distances and power settings depending on the flight procedure (since the actual power settings are
typically unknown). Thus, these models provide a unique noise level value for a certain aircraft
type flying in a certain flight phase and at a certain distance. Measurements showed L, 4 variations
as large as 12 dB for the same aircraft type [8], flight procedure and location. This variability is
assumed to be caused mostly due to the combined effects of the changing atmospheric conditions and
the variations of the emitted noise at the source. Other studies [9, 10] showed that the variability
contribution due to the changing atmosphere is typically less than 2 dB for distances up to 100 m,
as considered in this paper. Therefore, this research will assume that the variability due to the noise

source (i.e., the aircraft) is dominant [10].

The aim of this research is to investigate the causes for the variability of the noise levels emitted
by the aircraft. Use was made of noise measurements taken for 115 flyovers at Amsterdam Airport
Schiphol using a 32 microphone phased array. The aircraft were flying in operational conditions, i.e.,
their operation was not adapted for this research in any way. Benefits are that the measurements
are fully representative of the actual situation. However, unknowns, such as the engine settings
and aircraft trajectories need to be determined with care. The measurements taken correspond to
landing aircraft, which typically have more regular trajectories than during takeoff. The use of a
microphone array allows for the application of beamforming algorithms to the acoustic data, which

provide source plots, also known as acoustic images, depicting the location and L, of the sound



sources on the aircraft. Moreover, the effects of background noise and ground reflection are largely
reduced [10]. For this research, use was made of functional beamforming [11, 12]. This method
has a better array resolution (i.e., the beam width of the main lobe 3 dB under its peak [13]) than
conventional beamforming, which is highly beneficial for the flyover measurements considered in
this paper, due to the large distance between source and observer. This way, the noise emissions of
single elements from the aircraft can be separated and studied in terms of frequency.

This research is a continuation of the work done by Simons et al. [10] in which the variations
in the noise levels for a limited number (fewer than ten) of Boeing 737 flyovers at Rotterdam The
Hague Airport were studied. The current paper expands this research investigating more aircraft
types. In addition, functional beamforming is applied. This provides highly detailed source plots,
allowing a good discrimination of the different aircraft noise sources. From these source plots, a
distinction can be made between the noise from the engines and the airframe. Therefore, in this
research airframe noise is also considered and studied in terms of variability.

Section II summarizes the experimental setup of the presented research and the aircraft tra-
jectory estimation methods used. The beamforming method employed in this research is briefly
explained in Sec. III. An explanation on how to derive the engine fan settings of an aircraft from
the acoustic data can be found in Sec. IV. Section V presents the results from the analysis of the

flyover measurements, and finally Sec. VI contains the conclusions.

II. Experimental setup

A total of 115 flyover measurements were recorded at Amsterdam Airport Schiphol using a 32
microphone phased array in a spiral distribution [14, 15]. The array diameter was 1.7 m and the
data were band filtered in the frequency range from 45 Hz to 11,200 Hz. The sampling frequency
employed was 40 kHz. Moreover, an optical camera was integrated into the center of the array
at a fixed angle facing straight up from the ground. The microphone array was located 1240 m
to the south of the threshold of the Aalsmeerbaan runway (36R), mainly used for landing. More
information about the experimental setup and the array response characteristics can be found in
[14]. The aircraft positions will be referred to the distances relative to the array, with the Y axis in

the direction of the runway (with decreasing values for approach) and the X axis perpendicular to



Table 1: Meteorological conditions at Amsterdam Airport Schiphol at 12:00 A.M. [16].

Variable June 18" 2013 August 8" 2013
Temperature 27.2°C 20.3°C
Humidity 56 % 61 %

Air pressure 101,500 Pa 101,890 Pa
Precipitation 0 mm 0 mm
Wind speed (at 10 m height) 2 m/s 5m/s
Wind direction (at 10 m height) 160° 340°

it.

Measurements were taken on two different days. Table 1 contains the most relevant meteo-
rological data for those days at 12:00 A.M., as provided by the Royal Netherlands Meteorological
Institute, KNMI [16]. The values for the same parameters are available every hour. The sound
speed, ¢, and the atmospheric absorption coefficient, o, depend on these meteorological conditions

and, therefore, require to have their variations taken into account.

The measurements taken correspond to 13 different aircraft families depending on their engine
[17], see Table 2. The Boeing 737 “Next Generation” (700, 800 and 900 series) is the most frequently
occurring, with 50 flyover measurements available. This set of series was considered as a collective
since they have the same engine, wing area, wing span and nose landing gear geometries, which are

the objects of study in this paper.

The aircraft trajectories need to be accurately known to properly take into account the prop-
agation, moving source and Doppler effects, as will be explained in Sec. IIT A. Three different ap-
proaches were employed to calculate the aircraft position and velocity [14]: the ADS-B (Automatic
Dependent Surveillance-Broadcast), the ground radar from air traffic control and the extrapolation
of the optical camera images. All three methods provided similar results(with variations up to 6%).
The extrapolation of the optical camera images was used mainly because of its ease to overlay the
beamforming results on to the optical frames. The average flight height and average aircraft velocity

overhead were 67 m and 271 km/h, respectively. Henceforth, true air speeds (considering the wind



Table 2: Aircraft types with their correspondent engine [17] and the number of recorded

measurements for each type. Here ny,q, corresponds to the maximum fan rotational speed (at

100% engine fan settings) in rpm [17].

Aircraft type Amount Engine type No. of fan blades, B nmaz [rpm]
Airbus 300 1 CF6-80C2A5 38 3320
Airbus 320 (CFM) 4 CFM56-5B5/P 36 5000
Airbus 320 (TIAE) 3 TAE V2500-A1 22 5465
Airbus 380 1 GP7270 24 2467
Boeing 737 (series 300, 400 and 500) 9 CFM56-3C1 38 5175
Boeing 737 (series 700, 800 and 900) 50 CFM56-7B 24 5175
Boeing 747 4 CF6-80C2B1F 38 3280
Boeing 767 1 PW 4060 38 3600
Boeing 777 6 GE90-94B 22 2262
Embraer 145 1 RR AE3007A1 24 8700
Embraer 190 11 GE CF34-10E5 24 5954
Fokker 70 23 RR TAY 620 22 8100
McDonnell Douglas 81 1 PW JT8D-217C 24 8219

speeds) are presented in this paper.

III1.

A. Description of the preprocessing of the acoustic data

Beamforming methods applied

For the case of flyover measurements, several corrections need to be applied to the acoustic data

before performing any further analysis or applying beamforming.

First of all, the background noise needs to be taken into account, such as the noise generated

by the microphone array electronics and the ambient noise. Therefore, all the L, values in the

spectrograms under a threshold value of 30 dB (typical L, in a quiet library) were neglected, to

avoid amplification errors later on.

Afterwards, the Doppler effect due to the relative motion of the aircraft with respect to the

observer needs to be considered. The expression for the Doppler shifted frequency, f’, is
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This equation determines the frequency shift due to the Doppler effect, where f’ is the observed

frequency, f is the emitted frequency, M is the Mach number vector, M = (M,, My, M.) =

(ﬁ Vo Vo

c? ¢’ ¢

) = %, V' is the source velocity vector, ¢ is the speed of sound, and € is the angle
between the relative position vector of the source with respect to the observer, r, and the source
velocity vector, V. The last two parameters are known from the aircraft trajectory estimation
explained in Sec. II. The Doppler effect can be observed in the varying frequency of the engine
tones in the spectrogram, see Fig. 1 (a). This phenomenon is corrected by resampling the acoustic
data according to Howell et al. [18].

Lastly, the propagation effects have to be accounted for, to obtain the actual L, values at the
source [19, 20]. The L, at the source position, namely at a distance of one meter (rog =1 m), is
estimated by adding the transmission losses due to the geometrical spreading and the atmospheric

absorption to the sound recorded at the observer position at a distance r as

L, (ro,f) =Ly, (r, f) + 201log <:> +a(f)r (2)

0

The atmospheric absorption coefficient, «, depends on the sound frequency, and the temperature,
relative humidity and static pressure of the atmosphere [19, 20].

The result of all the aforementioned corrections is depicted in Fig. 1 in the form of two spec-
trograms: the picture on the left represents the spectrogram at the array before any correction and
the picture on the right the spectrogram at the source after correcting the data. Notice the different

decibel color scales and the change in the Doppler shifted tones to straight lines.

B. Functional beamforming

Functional beamforming is a beamforming technique developed by Dougherty [11, 12]. This
method is based on the conventional frequency domain beamforming algorithm (CFDBF) [21, 22|,

also known as delay-and-sum, which is the most widely used method for aeroacoustic experiments
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Fig. 1: (a) Spectrogram recorded at the array during an Airbus A321 flyover. (b) Spectrogram at
the source position (rp =1 m) after applying the propagation and source motion corrections. The
white part represents the background noise deletion and the solid black line represents the time

overhead.

[23-31]. Functional beamforming depends on an exponent parameter, v, which needs to be set by

the user. The formulae for the general case of an N-microphone array are described below.

Firstly, the cross-spectral matrix (C) is expressed as its eigenvalue decomposition:

1
C = ipp* =UXU" (3)

where an asterisk, (-)*, denotes the complex conjugate transpose, p = p(f) € CN¥*! contains the
Fourier transform of the recorded Doppler-shifted pressure amplitudes for each microphone at a
frequency f, U is a unitary matrix whose columns are the eigenvectors (ug, ..., uy) of C and ¥
is a diagonal matrix whose diagonal elements are the eigenvalues (o1, ..., on) of C.

For beamforming, a scan grid is defined containing all the potential sound source positions. For
each grid point, a steering vector, g; € CV*!, is determined, which accounts for the phase shifts
and change in amplitude between the source and the microphones. For a general grid point with
position vector §;, the steering vector has N components, g;,, n = 1... N, which are the modeled

pressures at each microphone location for a source at that grid point with unit strength [32]:
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where ||-|| denotes the Euclidean norm of a vector, i = /=1, At;, is the time delay between the
emission and the reception of the signal by the observer (i.e., from the grid point to the microphone)
and T, = (Tpn, Yn, 2n) € RVX3 n =1... N, are the position vectors of the N microphones. In the
case of a moving sound source, like an aircraft flying by, M # 0 and the term in parentheses in
the denominator in Eq. 4 represents the so-called convective amplification [19]. The moving source

effect also needs to be taken into account for calculating the time delay [14, 18, 23|, At; :

Aty =

M (&) + /(M- (0 — )% + 8 |2 — &
o (5)

where § is a parameter defined as

B=y1-IIM| (6)

The expression for the functional beamformer for a grid point located at £; and an exponent

value of v is

A, (&) = {w;C%w]}V = {'ijE%U*wjr (7)

Here A, is the estimate for the source autopower at the grid point &;. Notice that the case with
v = 1 corresponds to the CFDBF formula. In Eq. 7, w; € CN*1 is the normalized steering vector,
g;, for that grid point &;. Different steering vector normalizations are found in the literature [33],
but none of them is able to provide the exact source location and the correct source strength at
the same time, although the errors are typically small for acoustic sources close to the zenith, as
considered here. In this research, two different normalizations were employed. The first one provides

the correct source position (Eq. 8) and the second one, the correct source strength (Eq. 9).

9;
Wi,y = (8)
’ g5l
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An approximate solution is to first determine the source plot with the correct source positions
substituting Eq. 8 in Eq. 7 and later correct the sound pressure levels of the whole source map
according to the ones obtained when using Eq. 9 in Eq. 7. In this way, a satisfactory combination
of estimating both source strength and location is achieved.

The performance of the functional beamforming algorithm depends on the value of the exponent
v. This can be seen when considering a single sound source of amplitude s; at position vector &.
In that case, the dominant eigenvalue of C will be o1 = si /2 with the corresponding eigenvector
u; = gi. Using Egs. 7 and 9, the functional beamforming autopower value for a general location

&, with steering vector g,,, i.e., the Point Spread Function (PSF), will now be:

1 v

v

. (2 ) v v
Irm ( 29k9; ) Gm sy [gi‘ngkg;igm} _ sk l(gi‘ngk)j

g
(10)

x 1 v _ —

A ) = [ O | = | 25— | =3 M) 73
It can be observed that the factor multiplying the source strength is powered to the exponent

v. This factor has a value of one at the correct source locations and alias points (i.e., the so-called
grating lobes) and smaller than one everywhere else. Therefore, powering this factor at a sidelobe
with an exponent larger than 1 will lower its level, leaving the true sources L, values identical if
an appropriate grid is used. The advantage of functional beamforming is that it preserves lower
amplitude noise sources, in contrast with just powering the CFDBF source map by a factor v.
For ideal conditions, the dynamic range (in decibels) for the functional beamforming increases
linearly with the exponent value, v. Thus, for an appropriate exponent value the dynamic range is
significantly increased. The main lobes will also be sharpened, improving the array spatial resolution
to some extent. However, the minimum distance at which two coherent sources can be separated as
two different sources is still limited by the Rayleigh criterion [14, 34]. The computational time for
the functional beamforming is practically identical to the CFDBF one, because the only relevant

additional operation is the eigenvalue decomposition of C, which is typically faster than the rest of



the steps involved in the beamforming process.

In previous work functional beamforming has been applied to numerical simulations [11, 12,
14], idealized cases with speakers as experimental noise sources and controlled experiments with
components in a laboratory [11, 12]. This algorithm was also tested very recently [14, 35-37]
on full-scale aircraft during operational conditions indicating a dynamic range approximately 30
times larger and an array spatial resolution 6 times better than the CFDBF. These qualities make

functional beamforming a suitable method for flyover measurements.

IV. Determination of the engine fan settings

Fan noise is usually a dominant noise source for turbofan aircraft during landing, especially
in the forward direction [19, 38]. It is mainly generated by the interaction between the fan blades
and the stator vanes and it often presents a strong tonal sound component. Differences in the fan
rotational speed are expected to be measured for the same aircraft type [10], since this variable
depends on several conditions, such as the aircraft mass, wind situation or flap settings.

The fan fundamental frequency, f1, is also known as the Blade Passing Frequency (BPF) and

it can be calculated using:

Bn
BPF = f; = — 11
hi= (1)

where B is the number of blades of the fan (see Table 2) and n is the fan rotational speed measured
in rpm.
It is common to find the presence of higher harmonics of the BPF in the frequency spectra as

well. The frequencies of these harmonics, fi, are the multiples of the BPF (f1):

fe=kfi, k=1,2,3... (12)

In order to work with specific variables, the fan rotational speed, n, is divided by the maximum
fan rotational speed, m,,.., to obtain the specific fan speed percentage, also known as N1% =

10072 /Nymqs as it refers to the low pressure spool. Henceforth, N1% will be referred to as the engine

10



fan setting and is considered to be constant during the measurement time, for simplicity. Even if
pilots sometimes vary the engine settings in that interval, the agreement of the calculated engine
settings with the measured ones was satisfactory for all flyovers, observing the spectrograms.

The first step of this analysis is to determine the fan BPF of each flyover using the spectrograms,
to calculate the fan rotational speed with Eq. 11. For this study, the forward arc spectra, i.e., the
sound when the aircraft is approaching the array, is employed. After extracting a time interval
(from 1.5 to 1 s before the time overhead, corresponding to emission angles between 6 = 37° to 63°,
respectively) of the forward arc from the spectrogram (see Fig. 2 (a)), the Doppler-corrected spectra
are averaged over time and a polynomial fit is applied to the averaged spectrum, representing the
broadband noise as presented in Fig. 2 (b). This polynomial is then subtracted from the spectrum
and the difference is squared to observe the engines tonal peaks in a better way (only positive
differences are considered). This magnitude is called squared residual and it is used to calculate the
BPF and its harmonics.

After selecting all the peaks of interest (higher than a threshold amplitude) from the squared
residual vector, three different methods [39] are employed to determine the engine fan settings of

each flyover:

1. Method 1 considers all the possible combinations of three peaks for all the selected peaks as
candidates for being the BPF or its harmonics. It uses a least-squares regression to estimate
a BPF value and its corresponding harmonics for each combination. The four values with the
smallest deviation between the modeled and the measured peaks are selected as candidates

for being harmonics of the BPF.

2. Method 2 uses the three considered peaks with lowest frequency and the differences between
them as potential candidates for being the BPF. The selected BPF value is the one whose
harmonics coincide with the largest number of peaks, as long as it provides a realistic value

for N1%.

3. Method 3 employs a synthetic noise model for the full expected spectrum. An iterative process

is performed varying the engine fan settings N1%, i.e., the BPF value, within a realistic range.

11
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Fig. 2: (a) Spectrogram at the source of a Boeing 737-800 flyover. The solid black line represents
the time overhead and the black dashed lines the selected time window. The circles show the
peaks considered. (b) Mean forward spectrum and the 10** degree broadband polynomial fit. (c)
Comparison between the modeled and measured peaks for method 3. (d) BPF estimation results

for method 1.

The engine fan settings value resulting in the maximum correlation between the modeled and

the experimental data is selected as the candidate, as shown in Fig. 2 (c).

Figure 3 explains the process for estimating the BPF value using the aforementioned methods.
An example of the results obtained by the first method is depicted in Fig. 2 (d). The spectrograms

need to be individually studied with great care and the outcomes of the three methods evaluated

12



depending on their agreement with the spectra. Even if the three methods normally provide similar
results, it is required to confirm whether the solution has a realistic value and whether it explains
as many harmonics as possible. In case the value obtained for N1% is not realistic, a different time

interval is chosen until this condition is met.

e e N
Most
— harmonics
explained
Select time BPF 6
— Maximum
correlation
with data
\ No

Fig. 3: Flowchart showing the process for estimating the BPF value using the three different

methods.

The estimated engine fan settings (N1%) range in this research varies from 40% to 70%, which

are typical values for commercial planes during the landing phase.

V. Experimental results

A. Assessment of overall L, o4 mqr and L, 4. variations using a single microphone

The maximum overall L, 4 (also known as OASPL or L, 4 maq) at the source location (ro =1
m) and the Sound Exposure Level (L, 4 . or SEL) were calculated for each flyover. Both metrics
are obtained from the spectrograms. The first one is calculated as the maximum overall L, 4 at
the source. The second metric is determined by integrating the overall L, 4 time series at the array
position between the two instants with an overall L, 4 10 dB4 lower than the maximum [20].

The obtained results for both metrics are gathered in the boxplots in Fig. 4, where the aircraft
types are presented at the x-axis in order of increasing size. It can be noticed that the Boeing 747
and Boeing 777 generate the highest noise metrics in both cases, as it could be expected, due to
their considerably larger size. The differences between both boxplots values are due to the fact that
the Ly a,. considers the sound perceived at the array and the duration of the sound, but, in general,

the tendencies between aircraft types are similar in both figures. Variations for the same aircraft

13



type as large as 7 dB for the L, 4 mq, and 6 dB for the L, 4 . can be observed.
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Fig. 4: Boxplot of the (a) Ly 4 mas at the source position (b) L, 4 . for the different aircraft
types. On each box, the central mark is the median, the edges of the box are the 25" and 75"

percentiles and the whiskers extend to the most extreme data points.

This variability is also present in the flyover sound frequency spectra and is even larger for
single frequencies, as it can be seen in the examples depicted in Fig. 5 for the Boeing 737 (series
700, 800 and 900) and Fokker 70 cases. The frequency axis for each spectrum was normalized by
the corresponding BPF obtained in Sec. IV. The time interval chosen for this spectral analysis
was 1.5 to 1 s before the time overhead (forward arc). The relatively large contribution of the BPF
harmonics can be observed in a clear way for the Boeing 737 “Next Generation” in Fig. 5 (a), where
the peaks from the third to the eighth harmonic align in a satisfactory manner. On the other hand,
the harmonic tones are not so distinguishable for the Fokker 70 case, see Fig. 5 (b). However, the

fan tones were clearly detected in all cases.

As an attempt to explain these variations of the noise levels, a correlation study was performed
with respect to the engine fan settings N1% (calculated in Sec. IV) and the aircraft velocity, which
was estimated as explained in Sec. II. As a first approach, the L, 4 ma» at the source was used,

without any beamforming method applied and without focusing on any specific frequency.

The results presented in Figs. 6 and 7 correspond to the Boeing 737 “Next Generation” and

14
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Fig. 5: Flyover spectra at the source position with the frequencies normalized with respect to the
BPF harmonics for (a) the Boeing 737 (series 700, 800 and 900) and (b) Fokker 70. The time
interval selected was from 1.5 s before the time overhead

to 1 s before the time overhead.

the Fokker 70 cases because they are the two most numerous aircraft types in this research. The
correlation coefficient, p, the coefficient of determination, p?, and the p-value are calculated and
depicted in each plot. The linear least-squares fit is also included. It can be observed that there
is a significant correlation in all cases, especially with the engine fan settings. Also interesting is
the relatively large correlation (p =~ 0.55) found between the maximum overall L, 4 and the aircraft

velocity for the Fokker 70 case.

The p-value is a measure of the significance of the correlation between two variables. It expresses
the possibility to obtain that particular correlation coefficient in case the variables were uncorrelated.
Thus, it should be as low as possible. In these eight examples the p-values are considerably lower
than the typical threshold value of 0.05, meaning that all the correlations found are significant. The
coefficient of determination, p?, expresses the fraction of the variance in the two variables which is
shared. For instance, for the Boeing 737 case, the L, A mae Vs. the engine settings present p? ~ 0.45,
i.e., almost 45% of the total variance observed in the L, 4 mqs can be explained by the changes in
the fan rotational speed, and 16% is explained by variations in the aircraft velocity. For the Fokker

70 these numbers amount to 37% and 30%, respectively.
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Fig. 6: Correlation analysis results (without beamforming) between the L, 4 maqs and the engine

fan settings for: (a) the Boeing 737 (series 700, 800 and 900) and (b) the Fokker 70.
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Fig. 7: Correlation analysis results (without beamforming) between the Ly 4 mas and the aircraft

velocity for: (a) the Boeing 737 (series 700, 800 and 900) and (b) the Fokker 70.

However, since N1% and the aircraft speed are also correlated (p ~ 0.80), conclusions about the
exact contribution of these parameters to the variability cannot be drawn. Therefore, in the next
subsection, beamforming will be applied. This allows for investigating the noise from the different
aircraft components separately. In this paper, the focus is placed on the noise from the engines,
which is expected to be influenced by the engine settings, and the noise from the airframe, which is

expected to be determined by the aircraft speed.
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B. Assessment of noise level variations using beamforming

1. Engine noise

For studying the variation of the noise levels at an aircraft component level, a correlation analysis
was also performed after applying functional beamforming to the acoustic data. This subsubsection
focuses on the sound generated by the engines. The times selected for this analysis span from 0.2
s before the time overhead to 0.1 s before the time overhead. Figure 8 contains one representative
example of beamforming source plots for both aircraft types. These plots were obtained from the
incoherent summation of the beamform source plots at the individual frequencies over the full band
of available frequencies (from 50 to 11,200 Hz) using a 10 Hz frequency step. Also, indicated in the
plots as black rectangles are the location of the engines. It can be clearly observed that the engines

are the dominant noise source for the Boeing 737-800 case. For the Fokker 70 this is less clear.

121
119
117 =
om
S,
15 =
o
-

113

111

109
20 -10 0 10 20 20 -10 0 10 20
x [m] x [m]

(a) (b)

Fig. 8: Beamforming source plots for a frequency range from 50 to 11,200 Hz using functional
beamforming with v = 100 of (a) A Boeing 737-800 flyover. (b) A Fokker 70 flyover. The black
rectangles show the areas of study for the variability analysis. The time interval spans from 0.2 to

0.1 s before the time overhead.

Figure 9 shows the overall L, 4+ measured in the selected area (black rectangles of Fig. 8)

plotted versus the engine setting. In addition to the overall L, 4 values, the L, 4 values obtained
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Fig. 9: Correlation analysis results after applying functional beamforming and considering the
engines overall L, 4 and engine harmonics L, 4 with respect to the engine fan settings for (a) the

Boeing 737 (series 700, 800 and 900) case and (b) the Fokker 70 case.
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Fig. 10: Correlation analysis results after applying functional beamforming and considering the
engines overall L, 4 and engine harmonics L, 4 with respect to the aircraft velocity for (a) the

Boeing 737 (series 700, 800 and 900) case and (b) the Fokker 70 case.

from the incoherent summation of the source plots for only the frequencies around the BPF and its
harmonics are also shown. Especially for this latter case, the increase in the correlation coefficients
with respect to the engine fan settings compared to the case without applying beamforming is

substantial, explaining more than 75% of the observed total variation of the L, 4 at the engines
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for the BPF harmonics frequencies in the Boeing 737 case. This can be explained because the
contributions from other noise sources are largely eliminated, due to the selection of an appropriate
spatial area and frequencies. A comparable study by Simons et al. [10] showed similar results. For
the Fokker 70 lower correlations are found.

On the other hand, the correlation of the noise levels with the aircraft velocity (see Fig. 10)
is now lower than for the case without beamforming, even being non-significant for the Fokker 70
engine BPF harmonics case (p-value > 0.05). This is because an increase in aircraft velocity is
expected to mostly increase the airframe noise [40-42], and because the main contributors of the
airframe noise are the landing gear system and the high-lift devices, engine noise is affected to a
lesser extent by aircraft velocity. With this reasoning in mind, the larger correlation of the overall
L, a of the Fokker 70 with the aircraft velocity shown in Fig. 7 (b) can be explained, because
airframe noise is expected to be more significant for this aircraft type. This is further investigated

in the following subsubsection.

2. Airframe noise

After observing the relatively large correlation of the Ly 4 ymq. with the aircraft velocity for the
Fokker 70 and the fact that airframe noise is dominant in the beamforming source plots (see Fig. 8
(b)), it was decided to perform an additional correlation study between the noise coming from the
landing gear system and the aircraft velocity for this aircraft type. A distinction between the sound
signals emitted at the nose landing gear and the main landing gear was made, as seen in the two
considered areas in Fig. 11 (a). The selected conditions are the same as for the engine noise case:
a time interval from 0.2 to 0.1 s before the time overhead.

Figure 11 (b) presents the overall L, 4 of the two sources with respect to the aircraft velocity.
The linear least-squares fit is included for each source, as well as the sixth power law with the
aircraft velocity, commonly used for compact sources, such as the landing gear [40-43]. It can be
seen that the three lines approximately have the same slope. A significantly higher correlation
coefficient (0.83) is obtained for the airframe noise case compared to the ones for the engine noise

dependency with the fan rotational speed (0.67 and 0.62, see Figure 9 (b)). These results highlight
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Fig. 11: (a) Beamforming source plot for a frequency range from 50 to 11,200 Hz using functional
beamforming with v = 100 of a Fokker 70 flyover. The black rectangles show the areas of study for
the variability analysis. The time interval ranges from 0.2 to 0.1 s before the time overhead. (b)

Correlation analysis for the Fokker 70 landing gear noise with respect to the aircraft velocity.

the importance of airframe noise and confirm its dependency with the source velocity. Other aircraft
types, such as the Airbus A320, also presented dominant airframe noise sources [14, 36]. Due to the

limited number of flyovers the A320 results are not presented in this paper.

Even if airframe noise is less dominant for the Boeing 737 “Next Generation” case, a similar
correlation study was performed for the noise coming from the nose landing gear and the trailing
edge devices (T.E.D.), with respect to the aircraft velocity. These two sources were selected because
they were distinguishable in most flyover source plots, unlike the main landing gear, which was often
masked by the engine noise. Unfortunately, there was no information available about the deflection
angles of the T.E.D. for the flyovers in this research, but, during approach, one can expect similar
values. The conditions for the beamforming analysis were kept constant. Figure 12 (a) illustrates
an example of a Boeing 737-800 flyover with the selected areas for the analysis indicated as black
boxes. The fifth power law with the air speed for non-compact objects [43, 44], such as the T.E.D.,
is also represented in Fig. 12 (b), because it seems to fit the T.E.D. noise behavior in a better

way than the sixth power law. The correlation coefficient values obtained with the aircraft velocity
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(p = 0.80) are similar to the ones obtained for the Fokker 70 landing gear system. However, the

airframe contribution to the total noise is lower for the Boeing 737 “Next Generation” case.
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Fig. 12: (a) Beamforming source plot for a frequency range from 50 to 11,200 Hz using functional
beamforming with » = 100 of a Boeing 737-800 flyover. The black boxes show the areas of study
for the variability analysis. The time interval ranges from 0.2 to 0.1 s before the time overhead.
(b) Correlation analysis for the Boeing 737 noise from the nose landing gear and from the T.E.D.

with respect to the aircraft velocity.

8. Relative contribution and variability of the aircraft noise sources

To visualize the relative contributions of the analyzed noise sources on the aircraft and their
variability at the same time, the boxplots in Fig. 13 are presented for the Boeing 737 “Next
Generation” and the Fokker 70, respectively.

In the first case (Fig. 13(a)), the engines are the main noise source, with an average overall
L, 4 around 4 dB under the average total overall L, 4. On the other hand the airframe noise
sources studied (T.E.D. and the nose landing gear) present an average overall L, 4 approximately
12 dB lower than the total. The total overall L, 4 variability (6.9 dB) is comparable to that of the
dominant noise source, i.e., the engine (7.4 dB). The variability of the T.E.D. and nose landing gear

is slightly higher (8.4 dB and 8.7 dB, respectively). However, these have a limited contribution to
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the total noise level.

For the Fokker 70 (Fig. 13(Db)), it was shown that the main landing gear is the strongest noise
source presenting an average overall L, 4 approximately 4 dB lower than the average total overall
L, 4. This time, the contribution of the engines is relatively lower, being approximately the same
as the nose landing gear, whose average values are 8 dB lower than the total. The variability of the
total overall L, 4 (7.5 dB) is now slightly larger than the overall L, 4 variabilities of the different
sources: engines (6.8 dB), main landing gear (6.4 dB) and nose landing gear (6.2 dB). It can be
observed that the variabilities for both aircraft types are of the same order of magnitude.

Apart from the considerably lower thrust provided, one of the reasons why the engine noise
from the Fokker 70 is relatively less dominant than the one from the Boeing 737 “Next Generation”
can be the engines location. Figure 14 presents one picture of each aircraft type during operating
conditions [45, 46]. It can be observed that, whereas the engines of the Boeing 737 “Next Generation”
are placed directly under the wing, the engines of the Fokker 70 are placed at the back of the fuselage
over the wing, allowing for some noise shielding, especially for noise coming from the engine fan. In
addition, the average BPF value of the Fokker 70 is higher than the one for the Boeing 737, and
because higher frequencies are usually shielded more efficiently, this fact may explain as well why

the tonal harmonic peaks from the fan were not very clear for the Fokker 70 in Fig. 5 (b).

VI. Conclusions

In this paper the issue of noise variability for aircraft observed directly under the flight path was
analyzed. Large sound pressure level variations for the same aircraft type are observed, hence posing
a problem when assessing the noise levels around airports and when enforcing environmental laws.
The noise assessment models usually employ Noise-Power-Distance tables, which do not consider
these variations adequately and only provide fixed values of actual aircraft noise levels. In this
research, the noise variability was assumed to depend mostly on the emitted noise at the source,
i.e., the aircraft itself, neglecting the effects of a variable atmosphere.

Noise levels of 115 landing aircraft were recorded in a full scale field experiment using a 32
microphone phased array at Amsterdam Schiphol Airport. After correcting the data taking into

account propagation effects, Doppler effect and background noise, the engine fan settings were
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Fig. 13: Boxplot of the total overall L, 4 and the overall L, 4 at different aircraft components for
(a) the Boeing 737 “Next Generation” (b) the Fokker 70. On each box, the central mark is the
median, the edges of the box are the 25! and 75" percentiles and the whiskers extend to the most

extreme data points.
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Fig. 14: (a) A Boeing 737-800 [45]. (b) A Fokker 70. [46]

determined by analyzing the typical harmonic tonal peaks from the fan noise in the spectrograms.

The Lj, A,mar variability observed directly under the flight path was approximately 7 dB for
several landings of two aircraft types (Boeing 737 “Next Generation” and Fokker 70). A correlation
analysis showed that the L, A mq. is highly related to the fan rotational speed of the turbofan
engines. Correlation coefficients of around 0.67 are obtained for the variation of the L, o mqes with
the engine settings, meaning that almost 45% of the total observed variation can be explained by

changes in the engine fan settings. The correlation with the aircraft velocity had lower values, but
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still explains more than 16% of the total variation observed.

The microphone array provides beamforming source plots which give information about the
location and strength of the noise sources on the aircraft. After applying a beamforming technique
called functional beamforming to the acoustic data and focusing only on the engines positions, it
was found that the change in the engine fan settings can now explain more than 75% of the variation
of the engine L, 4 for the Boeing 737 “Next Generation” and 45% for the Fokker 70. However, the
correlation with the aircraft velocity is considerably lower this time, because it does not affect the
engine noise in a considerable way. A similar analysis applied to the landing gear system of the
Fokker 70 and the nose landing gear and T.E.D. of the Boeing 737, determined that differences in
the aircraft velocity explain almost 70% of the noise level changes of these sources. In general, the
remaining unexplained percentages of variability could be attributed to the sound source directivity,
because the relative positions of each aircraft with respect to the array were not exactly the same.

In conclusion, to partly solve the issue of airport noise assessment due to the large noise level
variations for the same aircraft type, it is highly recommended to include more accurate aircraft
engine fan setting data into the models for noise contour calculations around airports. Moreover,
airframe noise has proven to be the dominant source for some aircraft types, such as the Fokker 70
or the Airbus A320. Its dependency with the aircraft velocity has been confirmed.

Moreover, additional research is recommended for future work, such as the consideration of
different sound metrics and, of course, the extension of this study to a larger number of aircraft
types and flyover number. Studying the sound radiation directivity pattern is also a topic to be

investigated, especially if a larger microphone array is employed.
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