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Summary

The shielding of engine noise by the airframe of an aircraft is considered an e�ective way of reducing

noise levels on the ground. Noise shielding in conventional aircraft is mainly due to the presence of the

wings and most model predictions of full-scale aircraft neglect the e�ect of the airfoil curvature. The

engine is typically simpli�ed as a point source. The objective of such approximations is to reduce the

complexity of the model implementation and to decrease the computational time. Measurements of

noise shielding of a model wing took place in an anechoic facility using a microphone array. Two noise

sources are considered: a point source and a model propeller. These measurements assess di�erences

in noise shielding between using a point source and a source with strong directivity as a propeller.

The comparison of experimental data with model predictions ascertain whether the simpli�cations

commonly used in noise shielding problems are realistic. The noise shielding predictions use a method

based on the Kirchho� integral and the Modi�ed Theory of Physical Optics (MTPO). This work

aims to understand, using experimental data, possible limitations of noise shielding predictions when

adopting typical simpli�cations.

1. Introduction

The high levels of annoyance associated with air traf-
�c leads to resistance from part of the citizens re-
garding the expansion of the airports and to night
curfews. This poses a problem considering the contin-
uous growth of air tra�c over the last decades and
therefore, a considerable research e�ort is dedicated
to reducing noise at the source and noise abatement
operational procedures.

The awareness of the importance of reducing air-
craft noise leads to innovative aircraft con�gurations
such as the Blended Wing Body (BWB) [1] and dis-
tributed electric propulsion concepts [2]. These de-
signs rely mostly on shielding of the engine noise by
the airframe to reduce noise levels on ground.

Early predictions of shielding indicate high levels of
engine noise reduction at the observers [3] and most
results were validated using canonical cases with an
exact solution. However, recent research supported
by experimental data indicates lower values of noise
shielding [4, 5]. Lower values of noise shielding than
expected were also found by the analysis of �yover

(c) European Acoustics Association

data of aircraft models with the engines mounted
above the wing [6].

This work aims to understand the di�erences in
noise shielding when using di�erent noise sources and
to compare experimental results with predictions. The
shielding body considered in the experiments is a
NACA wing and the sources considered are an omni-
directional customized source and a small propeller.

A microphone array is used to measure the individ-
ual sound pressure levels at the various microphone
positions and to use beamforming techniques to re-
veal the source distribution on the shielding surface.

The predictions are based on the Kirchho� integral
theory and the Modi�ed Theory of Physical Optics
(MTPO) [7]. This method is accurate and fast enough
to be included in the design optimization phase of an
aircraft. Beamforming is also applied using the acous-
tic pressure values as calculated by the computational
tool, which allows the comparison of the di�raction on
the edges as found in the experiments and predictions.

The theoretical concepts used in this work are
brie�y explained in Section 2. Section 3 investigates
the noise shielding of an omnidirectional source by a
wing and compares the experimental data with pre-
dictions. In Section 4 the customized source is re-
placed by a propeller and the results in terms of noise
shielding are compared to the results of Section 3. The
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Figure 1. Kirchho� integration across a circular aperture
σ in the screen σ.

main conclusions and future work recommendations
are presented in Section 5.

2. Theory

2.1. Noise shielding calculation

The calculation of engine noise shielding in an air-
craft is a challenging problem due to the complexity
of the noise source and the medium conditions. Even
the most common simpli�cations of considering the
medium at rest and an omnidirectional source result
in large computational times. In this work we use a
method based on the Kirchho� integral theory built
on the Modi�ed Theory of Physical Optics (MTPO).
This method is a good trade-o� between accuracy of
the results and computational time, and can include
sources with di�erent directivity.
Consider an arbitrary aperture σ in a screen σ, as

represented in Fig. 1, between a source in position xs

and a receiver in position x.
The scattered �eld ps, and the �eld emitted by the

source pi, follow the Helmholtz equation in a volume
of control that excludes the source location and the
screen surface σ. This system of equations can be
rewritten by applying the Gauss-Green's theorem and
using approximations on the boundary conditions to
simplify the result. The scattered �eld is considered
zero on the screen and it is approximated to zero far
enough from the source. Also, ps equals pi in the aper-
ture σ.
The pressure �eld at the receiver position x can be

obtained by the calculation of the Kirchho� integral
over the aperture σ,

papertures =
1

4π

∫
σ

[
pin · ∇eik|r|

|r|
− eik|r|

|r|
n · ∇pi

]
dS,(1)

where r = y − x, y is a position at the aperture and
k is the wavenumber.
Evaluating the surface integral of Eq.1 is computa-

tionally demanding. So it is simpli�ed using the theory
of di�racted waves. This theory states that the scat-
tered �eld is given by the undisturbed incident �eld
pGO and the boundary di�racted �eld pd,

papertures = pGO + pd. (2)

Here pGO = piχ, where χ is a delta function equal
to unity when the ray from source to receiver passes
through the aperture σ and zero otherwise.

Miyamoto and Wolf [8, 9] derived an expression for
the di�racted �eld written in terms of a line integral
∂σ, which contributes signi�cantly to a decrease of
computational time,

pd =
1

4π

∮
∂σ

eik|ρ|

|ρ|
eik|r|

|r|
(ρ× r) · ds
|ρ||r|+ ρ · r

, (3)

where ρ = y − xs.

This line integral can be discretized in straight line
segments and rewritten as a Fourier integral. This in-
tegral is evaluated using the method of the stationary
phase, and the theory of the di�raction [10] is intro-
duced to deal with the resulting singularities.

Finally, in order to calculate the scattered �eld due
to the presence of the shielding object, pobjects , the ob-
stacle is interchanged with the aperture in the screen,
following Babinet's principle [11],

pobjects = pi − papertures . (4)

Now that pobjects is known we can de�ne a way of
assessing values of noise shielding. A common way
of presenting the noise reduction due to shielding is
based on a shielding factor ∆Lp, given by

∆Lp = −20 log10

∣∣∣∣pobjects

pi

∣∣∣∣ , (5)

with pobjects and pi representing e�ective pressures.

2.2. Beamforming

In this work we measured the sound pressure levels us-
ing a microphone array, which means that the sound
pressure levels are acquired over a range of di�erent
angles and can be used collectively to localize and
quantify noise sources, a procedure known as beam-
forming. The set of microphone signals is given as the
vector p(t) ∈ RN×1, where N is the number of mi-
crophones. After transforming the signal to the fre-
quency domain p(ω), we can construct the so-called
cross spectral matrix (CSM) as

C(ω) = E [p(ω)p∗(ω)] , (6)

where E(·) is the expectation operator and (·)∗ the
complex conjugate transpose.

The source powers, and thus the resultant beam-
former output, for a given scan point xt can then be
given as

B(xt, ω) = h∗(xt)C(ω)h(xt), (7)

where h(xt) ∈ CN×1 is the steering vector and con-
tains the theoretical microphone array responses of
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potential sources. For the steering vector we use For-
mulation III of [12]. For the n-th element this is given
by

hn =
1

rt,nrt,0
∑N

n=1

(
1/r2t,n

)e−jω(rt,n−rt,0)/c, (8)

where rt,n = |xt − xn| is the distance between the
scan point and microphone n and rt,0 = |xt − x0| the
distance between the scan point and the centre of the
array. c stands for the speed of sound.
Eq. (7) is known as Conventional Beamforming

(CB). The general approach is to de�ne a number of
scan points and estimate the source powers for each
point using Eq. (7). The Sound Pressure Level (SPL)
value at the array centre x0 can then be found as

Lp(xt, ω) = 20 log10

(√
B(xt, ω)

p0

)
, (9)

with p0 = 20 µPa, the reference pressure.
The levels are often depicted as a source map and

the grid points usually lie in a plane. For the resultant
image, high levels indicate the presence of a source
xt = xs, whereas low levels indicate a mismatch xt ̸=
xs.
In this work beamforming is performed using both

the shielding model predictions and experimental
data. To have a fair comparison, the shielding model
predictions will be sampled in space at points where
also the real microphones are situated.

3. Experimental Procedure

The microphone array used in the measurements is
composed by 64 40PH CCP Free-�eld Array Micro-
phones, disposed in a metal grid using the TU Delft
Optimized Array distribution [13]. This con�gura-
tion provides the best trade-o� for the Main Lobe
Width (MLW) and Maximum Side lobe Level (MSL)
in beamforming.
The microphones are connected to a National In-

struments data acquisition (DAQ) computer. The
computer consisted of a NI PXIe-1085 rack and has
�ve PXIe-4499 Sound and vibration data acquisition
modules.
The sound pressure in each microphone was

recorded using LabVIEW virtual instrument. The
recording time was 60 s and the sampling frequency
was 50 kHz. Butterworth �ltering was applied for
band-passing the signal for the frequency range of in-
terest.
The �rst source used in this experiment (Fig. 2 a )

is a customized Miniature Sound Source type QindW
developed by Qsources. The source sound power is
omnidirectional in the azimuthal plane and has a �at
frequency response from approximately 500 Hz to 6.3
kHz when driven by white noise.

(a ) (b)

Figure 2. Sources used in the experiment: a) Onmidirec-
tional source; b) Propeller.

Figure 3. Wing used as shielding surface in the experiment.

The second source used is a 3-blade propeller Mas-
ter Airscrew E-MA1260T (Fig. 2 b), connected to a
Kontronik PYRO 700-45 Brushless motor. The motor
is controlled with an electronic speed control (ESC)
using a Kontronik Jive PRO 80+ HV.
The wing used as shielding surface has a chord of

24.5 cm and a length of 123 cm with an airfoil NACA
64-008A. The wing material is aluminium and it is
supported by side plates and two metallic bars, as
represented in Fig. 3.
The distances between the array and the sources

and the array and the wing are varied in the experi-
ments in order to have a large of amount of data for
the comparisons. Due to the heavy structure neces-
sary to �x the propeller, it is in a �xed position in
the anechoic room and in this case only the wing was
moved. Three di�erent values of RPM were set for the
propeller, corresponding to 50%, 80% and 87% of the
motor's total capability.

4. Results

4.1. Noise shielding of an onmidirectional

source

In this section we investigate the noise shielding of an
omnidirectional source by a wing. A typical simpli�-
cation in the calculations of engine noise shielding is
considering the source as a monopole and the wings
as �at plates. The latter simpli�cation is considered
realistic as the thickness of a wing is small when com-
pared with the span. This means that only sharp-edge
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di�racted rays are considered and the creeping rays
(originating from smooth surfaces) are neglected.
In this �rst experiment we assess the di�erences be-

tween experiment and predictions for this particular
case in terms of values for noise shielding. Beamform-
ing is used to investigate the pattern of di�raction on
the edges of the wing.
In this experiment nine di�erent cases were consid-

ered, in which the relative distance between the source
and the plate and the source and the array were var-
ied. Considering that the array is composed of 64 mi-
crophones, this resulted in a very large dataset. There-
fore, a way of condensing the results is to calculate the
mean absolute deviation between experimental data
and predictions, as indicated in Eq. 10

δ =
1

Nsz

∑
Nsz

|∆Lp,prediction −∆Lp,experiment|, (10)

where Nsz is the number of microphones in the zone
where is expected shielding, i.e., the shadow zone.
Only the microphones in the shadow zone were con-

sidered, because it was veri�ed that the levels micro-
phones outside the shadow zone and therefore, with-
out noise shielding, were correctly identi�ed. If those
microphones positions are taken into account in the
mean absolute deviation, the value would decrease sig-
ni�cantly and would no longer be representative.
The results of mean absolute deviation are repre-

sented as bar plots in Fig. 4, and the bars are placed
in the corresponding dwing (distance between the wing
the source) and darray (distance between the source
and the array, i.e. the observers). Therefore, it is easy
to observe to di�erence between experimental data
and predictions, and to investigate if there is a cor-
relation of the results with the position of the source
relative to the wing or to the array.
Fig. 4 represents the mean absolute deviation be-

tween experimental data and predictions in terms of
the Overall Sound Pressure Level (OSPL), and for the
1/3-Octave bands of 3150 Hz and 5000 Hz.
In terms of OSPL the mean absolute deviation be-

tween experimental results and predictions is around
3 dB.
To further investigate this, Fig. 5 represents the ab-

solute di�erence between predictions and experimen-
tal data for each microphone in the array, in terms
of OSPL, for the best and worst cases identi�ed in
Fig. 4 by green and red arrows, respectively. The neg-
ative values indicate overprediction of the computa-
tional tool and the values between light red and light
green indicate a good agreement between predictions
and experimental data (between 0 and -3 dB of dif-
ference).
Figs. 6 and 7 present the beamforming plots, for

predictions and experimental data, for the best and
worst cases of Fig.4, respectively. The frequency of
3150 Hz was selected for the best case and a frequency
of 5000 Hz was selected for the worst one. The selected

frequencies are di�erent in order to have the best res-
olution in each case, since the distance of the array
and the wing to the source are di�erent in the two
cases.

The beamforming plots of experimental data and
predictions are very similar, although the experimen-
tal ones show less symmetry. This also helps explain-
ing some of the di�erences between noise shielding.
The experimental setup can be misaligned in relation
to the observers and the analysis of the beamform-
ing plots can be a useful tool to correct the position
of the source relative to the shielding surface in the
predictions and improve their accuracy.

4.2. Noise shielding of a propeller

In this section the source used in the experiment is
a 3-blade propeller and the shielding surface is the
same wing used in the previous section. The propeller
is in a �xed position in the anechoic room because
the support structure is attached to the nozzle of the
wind tunnel in order to minimize vibrations caused
by the high angular speed of the propeller.

The support structure of the propeller and the noz-
zle were covered with foam to avoid re�ections. The
nozzle is located in the middle of the anechoic room
and therefore there is a limited space between the mi-
crophone array and the propeller to place the wing.
Only two wing positions relative to the array (dwing)
were considered in this experiment, and the angular
speed of the propeller was set at 50%, 80% and 87% of
the motor's total capability. Table I displays the rel-
ative distances used in the experiment and the Blade
Passage Frequencies(BPF) associated to motor's total
capability percentages.

Unlike the customized source used in the previous
section, the propeller is a complex source of noise, dif-
�cult to characterize and predict. The directivity of a
propeller is typically associated to a dipole, however,
di�erent types of noise compose the overall propeller
noise [14]. The displacement of the medium as the
blades pass generates thickness noise (monopole na-
ture), the loading on the blades is associated to load-
ing noise and the interaction of the turbulent �ow
with the trailing edge of the blades generates trailing
edge noise (quadrupole). Other sources of broadband
noise as the interaction of tip vortices with the passing
blade, for example, are also present.

In this experiment the propeller was operating un-
der static conditions, which results in a non-uniform
�ow generated by the rotation of the propeller and
therefore an increase of the unsteady loading noise
[15]. However, it is not feasible to place both the wing
and the propeller in the nozzle of the wind tunnel. The
interaction between the wind tunnel in�ow, the pro-
peller wake and the absence of in�ow around the plate
could a�ect the noise shielding results. It is however
a possible experiment to analyse in the future.
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(a ) Experimenta l (b) Prediction

Figure 6. Beamforming plot at 3150 Hz for the best case of 4 a) experimental, b) prediction. The scale is in relation to
the maximum value of SPL.

Table I. Distances considered in the experiment and Blade
Passage Frequency (BPF) values of the propeller. dsource
is the distance between the array and the source and dwing

is the distance between the array and the wing.

dsource [m] 1.46

dwing [m]
1.07
0.90

BPF [Hz]
BPF1 = 220
BPF2 = 350
BPF3 = 380

Firstly, the values of noise shielding in the micro-
phone array found for the propeller at di�erent val-

ues of angular speed are compared with an equivalent
case considering the customized source (same distance
darray and dwing). In Fig. 8 the values of noise shield-
ing in the array, expressed in terms of OSPL, are il-
lustrated for the customized source and the propeller
at the three angular speeds considered in this experi-
mental work.

The di�erences between the values of noise shielding
considering the customized source and the propeller
are evident. With the customized source the values
of noise shielding are considerable (around -6 dB),
whereas with the propeller the values of noise shield-
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(a ) Experimenta l (b) Prediction

Figure 7. Beamforming plot at 5000 Hz for the worst case of 4: a) experimental, b) prediction. The scale is in relation to
the maximum value of SPL.
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ing decrease abruptly for BPF1 and are negligible for
BPF2 and BPF3.

Although di�erences were expected due to the dif-
ferent nature of the noise source, an inexistence of
noise shielding for the higher BPF values was not ex-
pected. An analysis of the noise spectrum of the ex-
periments (Fig. 11 for BPF1 and Fig. 12 for BPF3) re-
vealed that the majority of the peaks of the harmonics
were not reduced by introducing the wing. The same
was veri�ed for the broadband noise. Other periodic
sound sources besides the BPF frequencies of the pro-
peller were identi�ed in the spectrum. This result will
be further investigated using beamforming.

Three frequencies of interest, indicated by black ar-
rows, were selected from Fig. 9. These frequencies cor-
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-100

-80

-60

-40

P
S
D
[d
B
/H
z
]

No wing (no shielding)

Wing (shielding)

BPF
1

Figure 9. Power Spectral Density (PSD) for BPF1 and
dwing=1.07 m.

respond to the 5th (1100 Hz) and 6th harmonic (1320
Hz) and a peak that stands out in the spectrum and
does not correspond to a harmonic (at 2210 Hz). The
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Figure 10. Power Spectral Density (PSD) for BPF3 and
dwing=1.07 m.

BPF is slightly di�erent in the experiments with and
without the wing. The percentage of the motor's total
capability was the same, however, only round num-
bers could be applied and therefore a small variation
is expected.

In the 5th harmonic the peak of the spectrum with
the wing is slightly lower than the peak of the spec-
trum without the wing, indicating noise shielding. On
the contrary, the peak of the 6th harmonic is higher
when the wing is present.

Observing Fig. 11 a), corresponding to the 5th har-
monic, there are two sources distributed in the lead-
ing and trailing edges of the wing, as observed in the
beamforming plots of the previous section, for the cus-
tomized source. However, in the 6th harmonic, repre-
sented in Fig. 11 b), a third source appears in the
top of the tube where the engine is placed. This other
source explains why there is noise shielding for the
5th but not for the 6th harmonic. The peak around
2210 Hz, illustrated in Fig. 11 c), is associated to the
noise of the electric motor since the source is located
in the same position as the motor.

In the spectrum corresponding to BPF3, of Fig. 10,
other three frequencies were selected: the 5th and the
6th harmonics (corresponding to 1900 Hz and 2280
Hz, respectively) and a peak that only appears when
the wing is introduced. Notice that the frequency cor-
responding to the motor is not a peak at this value of
BPF.

In the 5th harmonic the peak of the spectrum with
the wing is lower than when considering only the
source, indicating noise shielding. Fig. 12 a) shows
two sources in the leading and the trailing edges (indi-
cating noise di�raction and therefore noise shielding)
and a third small source which seems to be originated
in the support. The 6th harmonic, however, seems to
increase with the presence of the wing, and Fig. 12 b)
only indicates one source at the trailing edge.

In Fig. 12 c) the sources are not only located in
the support structure but also coming from a point
of the anechoic room. There is no evidence of noise
di�raction on the wing in this case. This was also ob-
served for several other frequencies (not presented in
this work) - sources coming from the support, nozzle,
or from the anechoic room.

Noise shielding seems to occur only for the harmon-
ics and not for broadband noise. The broadband noise
seems to increase when the wing is present, which can
be associated to the interaction between the turbulent
�ow and the wing surface.

5. CONCLUSIONS

In this work experiments were compared with predic-
tions for the case of noise shielding of a customized
source and a propeller by a NACA wing. Several
distances and frequencies were analysed and a good
agreement was found between experimental results
and predictions for the case of the customized source.
Beamforming was used to visualize the noise di�rac-
tion on the edges of the wing, using acoustic pressure
values from experimental data and predictions. The
beamforming plots are also useful to verify the rela-
tive position of the source and the shielding surface
and to locate external noise sources in the experimen-
tal facility.
Although considering a monopole source is a com-

mon approach in shielding of engine noise, in real-
ity the nature of engine noise is much more complex.
The customized source was replaced by a 3-blade pro-
peller in a second experiment. The noise shielding val-
ues found in this experiment were very low compared
with the experiment considering the omnidirectional
source.
The beamforming plots showed di�raction on the

edges only for the harmonics and several external
sources coming from the support structure, the elec-
tric motor and the anechoic room. Therefore, the pro-
peller has a strong interaction with the surrounding
structures originating new sources which eclipse the
noise reduction due to shielding.
More research is needed to clarify and eliminate the

origin of the new noise sources. The experiment can
be repeated with the propeller at a constant axial in-
�ow to assess di�erences in terms of noise shielding.
Beamforming should be used to identify noise sources.
Many new low-noise aircraft designs rely on noise

shielding to reduce noise on ground. Most analyses
consider sources with simple directivity patterns such
as monopoles or dipoles. The experiments discussed
in this work show that noise shielding is strongly de-
pendant on the noise source and therefore more work
should be performed on this topic.
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(a) (b) (c )

Figure 11. Beamforming for the propeller at the angular speed of BPF1, for a frequency of: a) 5th BPF, b) 6th BPF, c)
2210 Hz. The scale is in relation to the maximum value of SPL.

(a) (b) (c)

Figure 12. Beamforming for the propeller at the angular speed of BPF3, for a frequency of: a) 5th BPF, b) 6th BPF, c)
2936 Hz. The scale is in relation to the maximum value of SPL.
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