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The landing gear system is the dominant airframe noise source for most modern commercial aircraft 
during approach. This manuscript reports the results from the ALLEGRA (Advanced Low Noise Landing 
(Main and Nose) Gear for Regional Aircraft) project. This project assessed the performance of several 
highly realistic low–noise technologies (LNTs) applied to a detailed full–scale nose landing gear (NLG) 
model in aeroacoustic wind–tunnel experiments. Four individual low–noise concepts tested, namely 
a ramp door spoiler, a solid wheel axle fairing, wheel hub caps, and multiple perforated fairings. 
Combinations and small variations of some of these LNTs were also evaluated. The use of multiple planar 
microphone arrays allowed for the application of 2D and 3D acoustic imaging algorithms to assess the 
location and strength of the noise sources within the NLG system in different emission directions for 
each configuration. The wheel axle, the inner wheel hubs, the steering pinions and the torque link were 
identified as the noisiest NLG elements. The solid wheel axle fairing was the most effective individual 
LNT, and it improved its performance when applied in combination with the ramp door spoiler and 
wheel hub caps, reaching overall noise reductions of more than 4 dBA.
© 2021 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY 

license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Noise emissions generated by aircraft cause severe annoyance 
to tens of millions of people living in the vicinity of airports and 
pose environmental constraints for airport operations, with the 
consequence of revenue loss. The successful development of low–
noise propulsion technologies has increased the significance of air-
frame noise in modern commercial aircraft [1]. Hence, in order to 
fulfil the ambitious aircraft noise reduction requirements set by 
governmental organisations, such as ACARE [2] (Advisory Council 
for Aviation Research and Innovation in Europe), and projects such 
as Flight Path 2050 [3], airframe noise levels need to be further 
reduced, as they set the threshold to aircraft noise in the future 
[4,5].

With respect to environmental noise, the landing gear (LG) sys-
tem is often the dominant airframe noise source during approach 
and landing [6–8] depending on the aircraft. A typical LG sys-
tem consists of complicated structures of bluff bodies (struts, links, 
wheels, tires, fairings, etc.) of considerably different sizes. Because 
of its critical importance for the aircraft’s safety, this system has 
little aerodynamic and aeroacoustic refinement to ease its inspec-
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tion and maintenance, which are essential to the reliability of the 
LG [9]. As such, aerodynamic noise is produced when interacting 
with the surrounding airflow [9]. The bluff body components of the 
landing gear radiate noise directly [10] and noise is also generated 
by the subsequent interaction of turbulent wake flow with down-
stream located gear elements [11]. In addition, research projects 
continue to examine the seemingly ever present problem of tonal 
cavity noise in landing gears of commercial aircraft [12–14], ini-
tially identified as an issue several decades ago [10,15].

Depending on their size, LG elements are normally divided into 
three categories [16,17]:

1. Large–scale structures such as the wheels and the wheel bay, 
which contribute to the low–frequency noise.

2. Mid–scale structures such as the main struts, which con-
tribute to the mid–frequency noise.

3. Small–scale structures such as the hydraulic lines, wires, and 
LG dressings, which contribute to the high–frequency noise.

Research to date has attempted to measure the contributions 
of some of these components to form a basis for semi–empirical 
airframe noise prediction models [6,16–19] and the design of LG 
low–noise technologies (LNTs) [20]. Because of their nature, such 
semi–empirical prediction models have limited reliability when 
ess article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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estimating the performance of LNTs or unconventional LG de-
signs [5]. Therefore, dedicated experimental research is required 
for evaluating and validating the potential noise reductions that 
these LNTs can provide. The findings from such studies would pro-
vide valuable information on the noise generation mechanisms and 
low–noise design criteria for future and improved LNTs. Previous 
studies [21,22] showed that the high–frequency noise emissions of 
LGs are a significant contributor to the overall sound pressure level 
(Lp,overall) and, therefore, in order to properly represent them, it is 
essential to employ highly detailed and ideally full scale models in 
wind–tunnel experiments and in computational simulations [5,20].

The current study employs the full–scale nose landing gear 
(NLG) model from the ALLEGRA (Advanced Low Noise Landing 
(Main and Nose) Gear for Regional Aircraft) project [23–26]. This 
included a full representation of the NLG details and associated 
structures (e.g., wheel bay cavity, bay doors, fairings, nose fuselage 
and hydraulic dressings). One of the additional benefits of manu-
facturing the accurate nose fuselage in the test campaign, as well 
as to house the wheel bay, was to provide the correct boundary 
layer and aerodynamic flow field, resulting from the associated 
curvatures, to impinge upon the NLG. This unusual level of detail 
was intended to bring the wind–tunnel tests closer to the condi-
tions experienced in real flight.

Several LNTs for decreasing the sound levels emitted by the LG 
system have been investigated in the last decades. In general, LNTs 
for the LG system aim at reducing the incoming flow velocity, sup-
press cavity resonance, shield small components, or prevent wake 
interactions [9]. They can be grouped into four categories depend-
ing on how they function: component enhancement, component 
smoothing, flow enhancement, and flow deflection. Whereas the 
design optimization of certain LG components (such as the wheel 
spacing, boogie angle, leg–door structure, and brakes) has been 
evaluated in projects such as SILENCER [27] and TIMPAN (Tech-
nologies to Improve Airframe Noise) [28], the use of noise abate-
ment treatments as passive add–ons (such as fairings, spoilers, 
caps, and optimized components) is considered as the simplest 
retrofit technology approach to noise reduction for existing gear 
designs [29]. Considerable work has been devoted in the last years 
to the study of active noise reduction devices as well, such as 
air curtains [30,31] or plasma actuators [9], but their technology 
readiness level (TRL) is relatively low to date. A good overview of 
most LNTs developed to date is presented in [9].

The objective of the present research is to assess the perfor-
mance of four realistic LNTs applied, individually, in certain com-
binations, and with variations, to a NLG model in aeroacoustic 
wind–tunnel measurements: a ramp door spoiler, a wheel axle 
wind shield, wheel hub caps, and a perforated fairing. These tech-
nologies were selected based on criteria, such as their potential 
noise reduction, weight, cost, ease of implementation, TRL, and op-
erational and maintenance impact. These LNTs have a medium to 
high TRL and are suitable for flight testing and commercial imple-
mentation in the near term in the early 2020s.

Phased microphone arrays and acoustic imaging techniques are 
normally employed for estimating the location and strength of the 
sound sources [32–34] and to isolate their contributions. This ap-
proach has been previously used in studying landing gear noise 
in flyover measurements [35–38] and wind–tunnel experiments 
[25,26,39,40]. In the ALLEGRA wind–tunnel experimental cam-
paign, several microphone arrays were used synchronously to mea-
sure the NLG noise emissions, which the authors have identified as 
an opportunity for 3D acoustic source mapping [41]. Henceforth, 
this approach is employed for studying the three–dimensional lo-
cation and strength of the noise sources within the NLG model, 
and how the LNTs influence these.

The paper is structured as follows. Section 2 describes the ex-
perimental facility utilised, as well as the NLG model and the LNTs 
2

Fig. 1. Scheme showing the ALLEGRA NLG model placed inside the Pininfarina wind 
tunnel, the coordinate system, the four microphone arrays (denoted as black, blue, 
red, and magenta dots, respectively), the wind–tunnel’s nozzle exit plane (in cyan) 
and the limits of the scan grid selected (in green). The flow moves in the positive x
direction. (For interpretation of the colours in the figure(s), the reader is referred to 
the web version of this article.)

considered. The acoustic imaging methods employed for the three–
dimensional source mapping and the quantification of the noise 
levels are briefly explained in section 3. The results obtained are 
discussed in section 4, whereas the main conclusions are gathered 
in section 5.

2. Experimental setup

2.1. Wind–tunnel facility

The experimental measurements were performed in the Pin-
infarina open–jet, semi–cylindrical wind–tunnel facility in Turin, 
Italy, which has a test section of 8 m (length) × 9.60 m (width) 
× 4.20 m (height). The semi–circular nozzle has a diameter of 
5.64 m [42]. The facility is equipped with a low–noise, high–speed 
fan–drive system consisting of 13 fans, which provides flow veloc-
ities up to 72.2 m/s. For this study, flow velocities U∞ of 40 m/s, 
50 m/s, and 60 m/s were considered, providing a maximum Mach 
number of about 0.18. The background noise for the ALLEGRA NLG 
tests was a considered as a combination of the wind–tunnel noise 
and the noise produced by the fuselage itself with the bay cav-
ity sealed. Both are mostly low–frequency noise sources (below 
100 Hz), outside of the frequency range of interest in this paper. 
The reader is directed to a separate study which focuses on low–
frequency wheel bay noise [13]. The addition of the NLG causes 
an increase in the noise levels between 5 and 12 dBA across a 
very wide frequency range [24]. The flow velocity produced by the 
wind tunnel is very uniform, since it varies by only 0.5% over the 
test area. The turbulence intensity level had a value of approxi-
mately 0.3% in these experiments.

Fig. 1 depicts the relative position of the NLG model in the wind 
tunnel, as well as the coordinate system employed, where the xz
plane is the symmetry plane of the test model, the yz plane cor-
responds to the wind–tunnel nozzle exit and the origin is situated 
on the floor of the testing platform (xy plane). The NLG complete 
model, with the partial fuselage, was placed in the wind tunnel so 
that the distance between the wind–tunnel’s nozzle exit plane and 
the NLG wheel axis was 2.8 m. The wind–tunnel’s shear layer was 
measured and it was confirmed that it did not impinge on the test 
model for any of the flow velocities considered. The coordinates of 
the middle point of the wheel axis were:
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Fig. 2. Location of the side linear array and emission angles with respect to the middle point of the wheel axis of the NLG model. The flow moves in the positive x direction.
x = 2.8 m; y = 0 m; z = 2.175 m.

Henceforth, two different angles are employed for defining the 
direction of the noise emissions of the NLG model with respect to 
the coordinates of the middle point of the wheel axis: (1) the polar 
emission angle θ with respect to the expected flight direction, with 
θ = 0◦ in the upstream direction, θ = 90◦ in the flyover direction 
(i.e. in the positive z direction), and θ = 180◦ in the downstream 
direction, see Fig. 2a; and (2) the azimuthal emission angle φ, with 
φ = 0◦ in the flyover direction (i.e. in the positive z direction) and 
φ = 90◦ in the lateral right direction (i.e. in the negative y direc-
tion), see Fig. 2b.

Four different planar microphone arrays were installed at the 
top, side and front of the wind tunnel outside of the flow. For the 
present study, data from all arrays were used:

1. For considering the acoustic emissions radiated in the flyover
direction (i.e., for polar emission angles θ ≈ 90◦) the top array 
was employed (illustrated in Fig. 1 with black dots). The array 
consisted of 78 microphones in a multi–arm spiral arrange-
ment of approximately 3 m diameter. This array was located 
in the z = 4 m plane, i.e., at a distance to the NLG wheel axis 
of 1.825 m.

2. To study the lateral or side emission pattern of the NLG (i.e., 
for azimuthal angles φ ≈ 90◦) the side array was used (see 
blue dots in Fig. 1). The array was positioned in the y =
−4.22 m plane, i.e. parallel to the model plane of symmetry 
and consisted of 66 microphones arranged in a half–wheel dis-
tribution with a diameter of approximately 3 m.

3. A spiral front array consisting of 15 microphones was placed 
upstream the NLG forming an angle of 10◦ with the yz plane 
(see red dots in Fig. 1).

4. Lastly, a side linear array of 13 microphones on the same side 
and at the same horizontal distance from the model axis as the 
side array. These microphones are depicted as magenta dots in 
Fig. 1. Fig. 2 illustrates the emission angles from the middle 
point of the NLG wheel axle that can be measured by the side 
linear array, including a single azimuthal sideline angle φ of 
81◦ and polar emission angles (with respect to the expected 
flight direction) θ covering a range from approximately 6◦ to 
171◦ . The shear layer caused by the flow motion inside the 
open–jet wind tunnel requires velocity–dependent geometrical 
corrections, that limit the effective measurable range of emis-
sion angles [32].

The data of all microphones was acquired simultaneously at a 
sampling frequency of 32,768 Hz for 10 s per measurement. The 
time–averaged cross–spectral matrices (CSMs) [43] were obtained 
by using frequency spectra processed with a block length of 8192 
3

samples (0.25 s), Hanning windowing and 50% data overlap, pro-
viding a converged solution with a frequency resolution � f of 
4 Hz.

The frequency range of interest selected for postprocessing ex-
tends from 200 Hz to 4000 Hz. The lower limit was defined by the 
background noise and the spatial resolution of the array in order 
to properly separate the sound coming from the NLG model from 
other noise sources. The higher frequency limit was imposed by 
the minimum distance between microphones to prevent aliasing, 
the amount of sidelobes, and the signal–to–noise ratio.

For additional details about the experimental setup, the reader 
is referred to [44].

2.2. Nose landing gear (NLG) model

The full–scale NLG model used in the ALLEGRA project included 
a full representation of the NLG details and associated structures 
(e.g., bay cavity, bay doors, nose fuselage and hydraulic dressings). 
This LG geometry is that of an advanced regional turboprop air-
craft design and was provided to the authors by members of the 
Clean–Sky consortium [23]. The diameter and width of the NLG 
tires were 0.577 m and 0.221 m, respectively, and the rim diam-
eter was 0.286 m. The separation between wheels was 0.159 m. 
The main strut had a length of 1.295 m and an average diameter 
of 0.11 m. Additional details on the geometry can be found in the 
thesis of Neri [44].

Fig. 3 shows a picture of the model inside the wind tunnel. The 
nose fuselage had a streamwise length of 6.697 m and a maximum 
width in the y direction of 3.417 m. The height of the model, com-
bining the fuselage and NLG model, was 2.463 m.

The wind–tunnel model had a fixed, built–in angle of attack of 
4◦ . Each model configuration was tested for a range of flow speeds 
and yaw angles (±5◦ and ±10◦), allowing the analysis of condi-
tions equivalent to landing with crosswind [44]. For this paper, 
only the yaw angle of 0◦ (no crosswind) was considered.

Fig. 4 identifies the principal components that can generate 
noise on a schematic of the ALLEGRA NLG. The baseline configura-
tion is considered to be the extended landing gear with hydraulic 
dressing applied and is referred to as test case NLG.

Henceforth, the NLG baseline configuration is referred to as 
NLG–BASE, see Table 1. The configuration with only the fuselage 
(with the bay cavity sealed and without the NLG present) is de-
noted as NLF and it was used as a reference to calculate the 
wind–tunnel’s background noise levels. An additional configuration 
without the hydraulic dressings was tested and referred to as NLU. 
A component noise assessment on the baseline configuration was 
performed by Bennett et al. [24] and reported high–amplitude bay 
cavity resonance modes at frequencies below 100 Hz, especially in 
the flyover direction [13].
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Fig. 3. ALLEGRA NLG model inside the wind tunnel with the top array visible. The 
view direction is from upstream towards downstream [44].

Fig. 4. Principal components on the NLG model as seen from upstream (left) and 
downstream (right).

2.3. Low–noise technologies (LNTs)

This paper reports on four different LNTs, which included mul-
tiple separate approaches to noise reduction. These technologies 
are applied individually and in certain combinations and varia-
tions to the NLG model with hydraulic dressing (i.e. the NLG–BASE 
configuration). The main characteristics of the LNTs considered are 
summarised in Table 1. Some photographs of the NLG model with 
the four LNTs are presented in Fig. 5.

A brief description of each of the LNTs considered is provided 
below:

1. The first LNT considered was a retractable ramp door spoiler 
(denoted as NL1) placed upstream of the bay cavity, see 
Fig. 5a, which causes a deflection of the flow onto the outer 
regions of the extended gear. Its main objective is to miti-
gate the bay cavity noise generation mechanisms and to shield 
the steering pinion, drag stay, lower arm, upper strut, and 
bay doors from the incoming flow. However, the potential de-
flected flow interaction with the front edge of the wheel bay 
doors may generate new noise sources, as well as the flow 
separation from the trailing edge of the ramp door spoiler [9]
4

Table 1
ALLEGRA low–noise technologies.

Test ID Fuselage Landing gear Low–noise technology

NLF Sealed None None
NLU Open Bay Undressed None
NLG–BASE Open Bay Dressed None

NL1 Open Bay Dressed Ramp door spoiler
NL2 Open Bay Dressed Solid wheel axle fairing
NL3 Open Bay Dressed Wheel hub caps
NL4 Open Bay Dressed Multiple perforated fairings

NL5 Open Bay Dressed NL2 + NL3 + NL4
NL6 Open Bay Dressed NL1 + NL2 + NL3
NL7 Open Bay Dressed NL4 with alternative material
NL8 Open Bay Dressed NL4 only applied to the wheel axle

and the interaction of its wake with the leg. The primary bene-
fits of this LNT are expected to be observed for low frequencies 
(below 300 Hz).

2. The second LNT employed (NL2) was a wheel axle wind shield 
solid fairing, see Fig. 5b, whose function is mainly to deflect 
flow and produce a more aerodynamic and, hence, quieter ge-
ometry. This LNT has probably the highest TRL due to several 
previous experiments, even in real flight scenarios [9,20]. This 
LNT is expected to effectively mitigate the relatively strong 
noise source between the wheels which has been identified 
in previous studies [20,24,45]. In addition, this fairing design, 
was designed to allow for wheel deformation during touch-
down. Due to the design of the aircraft, there were no brakes 
in the NLG, which allows for the location of such a large fair-
ing. Such a solution would typically not be possible for an 
MLG, however, as its presence would compromise the con-
vective cooling required for its brakes. With regards to the 
NLG, a potential penalty for this LNT is the generation of low–
frequency noise (below 300 Hz) due to the flow deflection to 
adjacent and downstream uncovered gear components [9]. In 
addition, the relatively large fairing size may also cause vortex 
shedding.

3. The NL3 treatment consisted of both inner and outer wheel 
hub caps (see Fig. 5c to cover wheel hub voids and, hence, re-
duce the noise caused by the interaction of the air and the 
wheel [46,47]. The inner hub caps are possible due to the lack 
of brakes in the NLG design, but this LNT is expected to be 
easily installed and to have a negligible impact in the landing 
gear operation [9]. Tire deflection was taken into account in 
the detail of their design.

4. The fourth case, NL4, was a perforated fairing design covering 
multiple regions of the NLG (lower arm, the steering pinion 
and wheel axle in Fig. 4), see elements highlighted in blue 
colour in Fig. 5d. Compared with solid fairings (such as NL2), 
porous fairings with correctly designed porosity, reduce the 
velocity of the deflected flow towards the fairing’s sides and 
the vorticity generated [9]. In addition, they are expected to 
have a lower weight and benefits on brake cooling [48]. On 
the other hand, they are expected to cause high–frequency 
noise due to the shearing flow past the perforations, although 
correct design can push these frequencies above the thresh-
old of hearing. It should be noted that the wheel axle solid 
fairing of NL2 was larger than that of NL4. More information 
about the properties of the perforated material is provided in 
section 2.3.1.

These four LNTs affect a range of areas and components of the 
NLG system and, as such, may be applied either in isolation or 
in combination. Two combination technologies which included a 
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Fig. 5. Photographs of the NLG model fitted with LNTs inside of the wind–tunnel.
subset of three of the individual technologies were tested, referred 
to as:

5. NL5, which was a combination of NL2, NL3, and NL4. In or-
der to allow for the combination of these technologies to be 
tested, the wheel axle fairing of NL4 was excluded due to the 
identical placement of the component with the NL2 technol-
ogy, i.e. only the elements highlighted by the lower blue oval 
in Fig. 5d were present.

6. NL6, which was a combination of NL1, NL2, and NL3. This LNT 
addresses the noise sources on the steering pinions, leg struc-
ture, wheels, and bay doors.

Furthermore, two additional LNTs were tested with different 
perforated fairing characteristics:

7. The technology NL7 consisted of the same fairing locations and 
dimensions of NL4 but with an alternative perforated material, 
see section 2.3.1 and Fig. 6b.

8. Since no direct comparison could be made between NL2 and 
NL4, because NL4 also included fairings in other locations on 
the gear, a configuration which included just the wheel axle 
component (the elements highlighted by the higher blue oval 
in Fig. 5d) of the perforated fairing with the same mate-
rial as NL4 was included in the test campaign, referred to as 
NL8.

Whereas all of the selected LNTs were considered to be at a 
medium to high TRL this does not mean that all their design con-
siderations are complete, and certain considerations can still be 
optimized, such as the consequent added weight, their influence 
on the aerodynamic performance (i.e. a potential drag increase), 
brake cooling, and structural stability of the NLG [49]. Moreover, 
5

these LNTs should be compatible with the safety regulations and 
not hinder the inspection and maintenance procedures. Lastly, it 
should be noted that, although some of these LNTs have been 
relatively successful in wind tunnel measurements [21,27,28,50], 
careful considerations need to be taken for scaling–up wind–tunnel 
results to flight tests with actual aircraft [20,51–54], such as instal-
lation effects.

2.3.1. Perforated fairings
One of the key parameters when designing perforated fairings 

is the porosity of the material. The noise reductions achievable 
by porous materials greatly depend on their porosity [48,55]. The 
percentage porosity σ of a perforated plate of circular holes with 
triangular pitch depends on the diameter d the pitch p, see Fig. 6a, 
and is defined as [56]:

σ = 100

√
3π

6

(
d

p

)2

(1)

The aerodynamic and acoustic characteristics of a perforated 
material strongly depend on the geometry of the perforate. Thus, 
it is possible to design and optimize a perforated material for the 
desired aeroacoustic performance. Boorsma et al. [56,57] defined a 
set of guidelines to be followed when applying perforations to LG 
fairings. It was reported that perforated fairings had the potential 
to break down large–scale flow structures such as vortices, which 
are a negative consequence of using solid fairings (such as NL2), 
hence considerably reducing the broadband noise levels, including 
the fairing self–noise. However, values of porosity which were too 
high were shown to allow too much fluid to be bled through, thus 
recreating a noise source at the LG strut itself. The self–noise of 
a perforated material is influenced by the mass flow through the 
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Fig. 6. (a) Explanation of the parameters defining the perforated meshes considered. (b) Detail of the perforated fairing around the drag stay for NL7 (with σ = 40.31%).
Table 2
Perforated material properties for the 
NL4 and NL7 test cases.

NL4 NL7

σ 29.61% 40.31%
p 3.5 mm 6 mm
d 2 mm 4 mm

holes. While this is dependent on the flow speed, there is also a 
dependency on the hole size [55]. It was suggested that a pore 
diameter of less than 3 mm would generate noise outside the au-
dible range for approach conditions [56,57]. Boorsma et al. [56,57]
applied a fairing with a porosity of 40% to a LG model for wind–
tunnel tests. In the context of ALLEGRA, the two materials available 
met one, but not both of these conditions of small hole sizes and 
relatively high porosity. The NL4 case consisted of the smaller 2 
mm hole size, but with a lower porosity of 29.6% whereas the NL7 
case consisted of a larger hole size, 4 mm, with a higher poros-
ity of 40%. Both perforated meshes had a thickness of 1 mm and a 
pitch angle of 60◦ , see Fig. 6a. The material properties are given in 
Table 2.

These two porous materials were selected based on input from 
the Clean Sky GRA members, manufacturing considerations, a liter-
ature review [56,57] and small–scale tests completed prior to the 
wind–tunnel test campaign. The literature review suggested an im-
proved performance for a greater porosity with a high frequency 
penalty which is a function of the hole size. For practical aircraft 
applications, an appropriate material selection is required due to 
the arduous working environment [9].

3. Acoustic imaging method

The data recorded by the microphone arrays was employed for 
the application of both two– and three–dimensional acoustic map-
ping algorithms. In all cases, the main diagonal of the CSM was 
removed in order to eliminate the influence of noise incoherent 
for all the microphones [36], such as the wind noise. The convec-
tion of the sound waves due to the flow velocity was considered 
and a standard shear layer correction, as described by Amiet [58], 
was applied. In addition, a weighting function was applied to min-
imize coherence loss, especially for outer microphones and at high 
frequencies [33].

3.1. Two–dimensional acoustic mapping

Conventional frequency domain beamforming (CFDBF) [33] was 
applied to the acoustic data acquired by the top and side micro-
phone arrays, separately, in order to obtain the 2D acoustic source 
6

maps in the xy and yz planes, respectively. For each point in a 
defined scan grid, CFDBF estimates the agreement between the 
recorded pressures by the microphone array and the pressures for 
a modeled sound source according to the radiation model selected 
by the user (typically an omnidirectional monopole). This tech-
nique is widely used for source mapping, since it is robust, fast, 
and intuitive [59].

Hence, a scan grid needs to be defined that contains the ex-
pected location of the sound sources. For the top array, a square 
scan grid at the plane containing the NLG axis (z = 2.175 m) was 
defined, ranging from x = 2 m to x = 4 m and from y = −1 m to 
y = 1 m. The side array employed a square scan grid in the sym-
metry plane of the NLG (i.e. y = 0 m) that extended from x = 2 m 
to x = 4 m and from z = 1 m to z = 3 m. Both scan grids have 
a spacing between grid points of 0.01 m, i.e. a total of 40, 401
grid points. Employing a 2D grid for a three–dimensional sound 
source, such as a NLG, is a simplification, but the results obtained 
when considering other scan planes showed essentially the same 
values.

A region of integration (ROI) covering the NLG position was de-
fined for each microphone array case, following the approach of 
the Source Power Integration technique (SPI) [36,60,61]. The inte-
grated acoustic power within the ROI was then normalized by the 
integrated array response for a point source in the centre of the 
ROI, also known as Point Spread Function (PSF). In such a way, 
more physical results can be obtained, because the influence of 
the array’s geometry in the Lp results is reduced [36,61] and the 
source maps are brought back to a single sound pressure level 
Lp. The ROI for the source maps calculated in the flyover emis-
sion direction extended from x = 2.3 m to x = 3.3 m and from 
y = −0.5 m to y = 0.5 m, and for those in the side direction from 
x = 2.3 m to x = 3.3 m and from z = 1.1 m to z = 2.6 m. These 
ROIs were selected to cover the noise sources on the NLG model, 
see Figs. 7 and 8.

Additionally, the enhanced high–resolution deconvolution
method EHR–CLEAN–SC [62–64] was also applied to the data from 
both arrays in order to obtain a better dynamic range (fewer and 
lower sidelobes, i.e. spurious sources) and to investigate whether 
one or multiple sound sources were present (even beyond the 
Rayleigh resolution limit [62,63]). The loop gain [62] selected was 
0.9 and the number of sound sources considered was estimated 
based on the number of dominant eigenvalues of the CSM for each 
frequency case [59]. The width of the synthetic clean main lobes 
has to be input by the user and, in this case, a large enough width 
was selected to ensure a clear visualization. For the frequency 
range considered (200 Hz to 4 kHz), the differences between 
the obtained spectra by the SPI technique and EHR–CLEAN–SC 
were relatively small. Henceforth, the spectra obtained with EHR–
CLEAN–SC are presented in this paper.
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Fig. 7. EHR–CLEAN–SC source maps for the flyover direction for a one–third–octave–band centred at 1250 Hz and U∞ = 50 m/s. The reference case NLG–BASE is shown in 
subfigure (a) and subfigures (b–i) correspond to the cases NL1–NL8, respectively. The ROI is denoted as a dashed green rectangle.
3.2. Three–dimensional acoustic mapping

In order to obtain more precise information about the spatial 
location of the noise sources for each of the NLG configurations 
described in Table 1, CFDBF and EHR–CLEAN–SC were applied to 
a three–dimensional scan grid that contained the NLG and ranged 
from x = 1 m to x = 4 m, from y = −1 m to y = 1 m, and from 
z = 1 m to z = 3 m (see the volume limited by green dashed 
lines in Fig. 1). The three–dimensional scan grid also had a spac-
ing between grid points of 0.01 m, i.e. a total of 12, 160, 701 grid 
points. As for the 2D case, the widths of the clean main lobes of 
EHR–CLEAN–SC were selected to be relatively large to ease the vi-
sualization.

The advanced experimental setup, with several microphone ar-
rays on different planes (i.e. with different points of view) is ben-
eficial for using 3D acoustic mapping [41,65]. Instead of using all 
the microphones synchronously as a larger array, the 3D source 
maps obtained, respectively, by the top, side, and front arrays sep-
arately were calculated and then combined into a total 3D source 
map using a multiplicative approach. For each scan point the ge-
ometric average of the source autopowers in the 3D source maps 
obtained by each of the three arrays was calculated (i.e. the cu-
bic root of the product) [41,65]. In that way, the different sidelobe 
patterns of each array are averaged out, since these strongly de-
pend on the relative position between the sound source and the 
microphone array. Porteous et al. [41] showed that better results 
were obtained when using this technique compared to simply us-
7

ing all the available microphones simultaneously. The beamform-
ing formulation has to be adapted accordingly for obtaining the 
correct source locations in 3D [66]. Battista et al. [67] employed 
inverse methods and CLEAN–SC for three–dimensional acoustic 
source mapping of an aircraft model using the same microphone 
arrays in the same wind tunnel, and suggested that the use of 
multiple arrays is preferred when source localization accuracy is 
crucial. However, it was argued that excessive source directivity 
or potential shielding of the sound emissions in certain directions 
may deteriorate the localization, but specially the quantification of 
noise sources using this approach [67]. In the current setup, for 
example, a noise source located between the wheels would not 
be directly visible to the side array. Therefore, 3D acoustic source 
maps are difficult to directly interpret to obtain quantitative re-
sults. Hence, for the present research, 3D acoustic source mapping 
is only employed for source localization, and the quantification of 
the noise emissions in the flyover and side directions is performed 
by integrating the 2D ROIs defined in section 3.1.

The 3D acoustic source maps presented henceforth depict iso-
contours of the grid points that have a Lp below a certain thresh-
old in dB below the peak value within the map.

4. Results

As discussed, the study presented in this article continues the 
analysis of data from the ALLEGRA test campaign. With respect 
to the NLG results, the outcome of the work published by Ben-



R. Merino-Martínez, J. Kennedy and G.J. Bennett Aerospace Science and Technology 113 (2021) 106705

Fig. 8. EHR–CLEAN–SC source maps for the side direction for a one–third–octave–band centred at 1250 Hz and U∞ = 50 m/s. The reference case NLG–BASE is shown in 
subfigure (a) and subfigures (b–i) correspond to the cases NL1–NL8, respectively. The ROI is denoted as a dashed green rectangle.
nett et al. [24] and Neri et al. [13] resulted in certain conclusions. 
The first was that the presence of the bay, doors, and dressed NLG 
increased the noise levels over the NLF configuration (closed bay 
fuselage with no leg) by up to 15 dB as measured by microphones 
in the linear array. The majority of the noise increase was mea-
sured in the 200 Hz to 1 kHz frequency range with the most 
significant increases centred around 200 Hz and 350 Hz with a 
bias in directivity towards to forward arc. A second key conclusion 
was that significant noise can be generated in the wheel bay be-
low 200 Hz due to the shear layer excitation over the bay cavity, 
but that these Helmholtz–resonance and duct mode noise sources 
tend to be attenuated by the presence of the leg and doors. With 
specific focus on the noise generated by the NLG wheels, a third 
set of conclusions found that the wheels generated noise in the 
315 Hz, 630 Hz and 1.25 kHz one–third–octave bands, with the lat-
ter two frequency ranges being shown to result from inter–wheel 
noise sources. It was also shown in Bennett et al. [24], that adding 
hub caps (internal and external) was as effective at reducing the 
noise level as simply removing the wheels entirely.

4.1. Two–dimensional results

4.1.1. Two–dimensional source maps
This section contains some illustrative examples of 2D acoustic 

source maps obtained by the top and side arrays, used separately. 
These source maps are employed to obtain information about the 
location of the main noise sources within the NLG model and to 
8

quantify the noise levels emitted by integrating them over a ROI, 
as explained in section 3.1. Only the results with the flow veloc-
ity U∞ = 50 m/s are reported for reasons of brevity and to allow 
for comparisons with the results to be found in previous publi-
cations [13,24–26]. Results corresponding to the one–third–octave 
frequency band centred at 1250 Hz are presented, as LNTs were 
found to dramatically reduce noise in this frequency band, as will 
be seen in Figs. 10 and 12. The source maps are plotted over a 
cutout of the NLG 3D model at the location of the scan plane 
(see grey contours in Figs. 7 and 8). Unfortunately, the 3D mod-
els of the LNTs were not available, so the 3D NLG model cor-
responds to the baseline case (NLG–BASE). Lastly, the Lp values 
shown are relative to the maximum value of the reference case 
(NLG–BASE) and all 2D source maps have a dynamic range of 
12 dB.

Fig. 7 depicts the source maps obtained by the top array for the 
1250 Hz case for the baseline case (NLG–BASE) and the eight LNTs. 
As is usually the case with flyover angle beamforming [68], this 
point of view does not provide precise information on the location 
of the strongest noise sources. The baseline case (Fig. 7a) shows a 
main noise source located at the middle point of the wheel axle, 
that could just as easily be located along the main strut. A similar 
source distribution was observed by Yokokawa et al. [20] in a com-
parable experiment. The largest noise reduction for this example is 
achieved by NL2 (solid wheel axle fairing, see Fig. 7c), showing a 
reduction of the peak value of approximately 6 dB, followed by 
NL3, NL5, and NL6 (Figs. 7d, f, and g, respectively), which offer 
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Fig. 9. (a) Narrowband spectra (� f = 4 Hz) for all LNTs and the baseline (NLG–BASE) in the flyover direction for U∞ = 60 m/s. (b) Corresponding reduction in the sound 
pressure level Lp with respect to the baseline (NLG–BASE) provided by each LNT.
peak reductions between 4 to 6 dB. The fact that the combined 
LNTs NL5 and NL6 provide slightly lower noise reductions than 
the individual measure NL2 (even if both combined technologies 
have NL2 equipped) is remarkable and highlights the complexity 
of the physical mechanisms involved in LG noise. However, as will 
be seen in section 4.1.2, NL6 has approximately the same perfor-
mance as NL2 and both NL6 and NL5 perform better than NL3. This 
is a more sensible result and highlights the fact that interpretation 
of such source maps without integration can be erroneous. The 
rest of the LNTs reach lower noise reductions for this frequency 
band. The cases NL2, NL3, and NL5 present a slight downstream 
shift of the main source position away from the main strut lo-
cation, whereas NL4, NL6, NL7 and NL8 seem to shift the source 
location in the upstream direction. The case equipped with a ramp 
door spoiler (NL1) slightly increases the noise emissions at this fre-
quency band, perhaps due to the interaction of the deflected flow 
with certain elements of the NLG.

The side array provides a clearer point of view for separating 
different noise sources within the acoustic source maps, although 
it should be noted that the wheel and the bay door closest to the 
array (in the y < 0 subspace) may shield the sound propagation 
of any potential noise sources behind them. Fig. 8 contains the 
analogous results as for Fig. 7 (i.e. a frequency of 1250 Hz and a 
flow velocity of 50 m/s) but from the side direction. In this figure, 
the baseline case (Fig. 8a) shows what appears to be a distributed 
noise source along the main strut, especially near the wheel and 
around the tow fitting and the steering pinions. This source loca-
tion is possibly not correct, because the 3D source map for this 
case, see Fig. 15a, seems to indicate that the noise source is in 
fact located between the wheels. Hence, the apparent source lo-
cation observed in these 2D source maps is perhaps due to the 
shielding effect of the wheel or other sound propagation effects. 
The best performing LNTs are in line with those observed for the 
flyover direction in Fig. 7: NL2, NL3, NL5, and NL6, managing to 
significantly mitigate the noise source along the main strut. As per 
the flyover case, these four LNTs are primarily located at/within the 
wheels and so it seems that the noise source seen in the baseline 
is attenuated by these wheels LNTs most probably as a result of a 
change in airflow at this location. The case for NL6 (Fig. 8g), how-
ever, presents an additional noise source at the front edge of the 
wheel bay door (or the trailing edge of the ramp door spoiler). This 
is most likely due to the presence of the ramp door spoiler, since a 
similar (although weaker) noise source is also observed in the case 
of NL1 (Fig. 8b). The effect of the flow deflection by the ramp door 
spoiler seems to also shorten the extent of the distributed noise 
source along the main strut and cluster the noise sources at the 
outer part of it. Those LNTs equipped (only) with porous materials 
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(NL4, NL7, and NL8) do provide some noise mitigation, but con-
siderably lower, even though components of them are also located 
between the wheels.

4.1.2. Frequency spectra
This section discusses the frequency spectra obtained by inte-

grating the EHR–CLEAN–SC 2D source maps within the ROIs shown 
in section 4.1.1 for the flyover and the side directions, respectively. 
The noise reductions are presented as relative values with re-
spect to the baseline case (NLG–BASE). Therefore, the parameter 
�Lp = Lp,baseline − Lp,NLi is used, where Lp,baseline represents the 
noise levels of the baseline case, and Lp,NLi those of the ith LNT, 
with i = 1 . . . 8. In this manner, �Lp > 0 corresponds to a noise 
reduction, and vice versa.

Flyover direction The integrated narrowband spectra for the fly-
over direction for each NLG configuration for U∞ = 60 m/s are 
presented in Fig. 9a. The spectra at other flow velocities presented 
very similar trends. In general, the noise signature of all NLG con-
figurations is mostly broadband, except for a few tonal components 
at the lowest frequencies. The respective narrowband noise reduc-
tions provided by each LNT with respect to NLG–BASE are shown 
in Fig. 9b, where it can be observed that the aforementioned low–
frequency tones are effectively suppressed by NL1 and NL6. In 
general, all LNTs provide a fairly constant �Lp throughout the fre-
quency range considered, except for frequencies close to 2700 Hz, 
for which noise reductions up to 12 dB are reported by NL6. More-
over, it looks like NL7 (perforated fairings with the higher porosity) 
produces a hump approximately at 1400 Hz that is not observed 
for its lower porosity counterpart NL4.

In order to have an easier readability of the noise reductions 
achieved, Fig. 10 contains the �Lp values for the flyover direction 
(i.e. as measured by the top array) expressed in one–third–octave 
bands for the three flow velocities. The case NL6 (NL1 + NL2 + 
NL3) outperforms the rest of LNTs throughout the whole frequency 
range and provides average noise reductions of about 6 dB for 
U∞ = 40 m/s and 50 m/s, and 4 dB for U∞ = 60 m/s. Interestingly, 
for some frequency bands, NL6 provides higher �Lp values than 
the summation of the individual LNTs that it consists of, show-
ing that, in some particular cases, the technologies can be mutu-
ally beneficial [9]. However, in other instances the noise reduction 
provided by combined LNTs is below the sum of the individual 
benefits and, sometimes, even below than that of an individual 
treatment, such as in the aforementioned example of NL2 perform-
ing better than NL5 and NL6 at 50 m/s and 1250 Hz for the flyover
direction. This confirms that, due to installation effects, the perfor-
mance of combined LNTs cannot simply be expected to be a linear 
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Fig. 10. Reduction in the sound pressure level Lp with respect to the baseline (NLG–BASE) provided by each LNT in the flyover direction as one–third–octave band spectra for 
(a) U∞ = 40 m/s, (b) U∞ = 50 m/s, and (c) U∞ = 60 m/s.
sum of the individual effects. The ramp door spoiler (NL1) offers 
large noise reductions (up to 6 dB) for frequencies lower than 
300 Hz, because the targeted noise sources by this LNT are dom-
inant in that frequency range, such as those generated from the 
wheel bay shear layer. Hence, for higher frequencies, no relevant 
noise reduction is achieved. The measure consisting of a solid fair-
ing at the wheel axle (NL2) achieves its best performance at 1250 
Hz (up to 6 dB reduction) and presents a similar behaviour as NL6, 
especially for frequencies above 500 Hz, although with slightly 
lower �Lp values. This LNT also shows a low–frequency penalty 
around 200 Hz for the higher velocities. NL3 (wheel hub caps) fol-
lows a similar trend as NL2 but with lower �Lp values, especially 
for the case with U∞ = 40 m/s. The first perforated fairing (NL4) 
achieves a poorer performance than the solid fairing case (NL2) 
with average noise reductions around 2 dB for the three flow ve-
locities, for frequencies higher than 1 kHz. These values agree with 
the findings of Murayama et al. in their computational study [48]. 
The fairing with an alternative perforated material with higher 
percentage porosity (NL7) performs considerably worse than the 
less porous case of NL4, and even increases the noise emissions 
at 400 Hz for U∞ = 40 m/s and 50 m/s, and at 1600 Hz for 
U∞ = 60 m/s. NL8 (perforated fairing only at the wheel axle) es-
sentially offers the same results as NL4 (fairing with the same 
perforated material but covering multiple regions of the NLG), but 
still considerably poorer performance than the solid fairing (NL2). 
This indicates that the perforated fairing is most effective at the 
wheel axle and that the rest of the fairings could be removed with 
the consequent save in weight and complexity. Lastly, the other 
LNT that combines several technologies (NL5 = NL2 + NL3 + NL4) 
provides acceptable results, but comparably lower noise reductions 
than NL2 when used alone.

Side direction The noise emissions in the side direction for each 
NLG configuration for U∞ = 60 m/s are depicted in Fig. 11a as 
10
narrowband spectra. In general, the noise levels measured in this 
direction are higher than those in the flyover direction for most of 
the frequency range. Similar low–frequency tones are observed in 
this case. The noise reductions achieved by each LNT are presented 
in Fig. 11b, where the low–frequency tones are again greatly at-
tenuated by NL1 and NL6. Overall, considerably lower noise re-
ductions are reported in this direction compared to the flyover
one.

The noise reductions achieved by the LNTs on the side direc-
tion as measured by the side array expressed in one–third–octave 
bands are depicted in Fig. 12. As aforementioned, considerably 
lower noise reductions are obtained in this case, compared to the 
flyover direction. In essence, the same conclusions drawn before 
from Fig. 10 still hold for the side direction:

• NL6 is the best performing LNT over the whole frequency 
range.

• NL1 only reduces the noise emitted at low frequencies and its 
performance improves (in relative terms) when increasing the 
flow velocity.

• The solid fairing at the wheel axle (NL2) performs better than 
the perforated ones (NL4, NL7 and NL8), although the differ-
ence is smaller in this case.

• Most wheel–located LNTs, seem to perform best at the 315 Hz, 
630 Hz and 1.25 kHz centred one–third–octave bands support-
ing strongly that the wheels generate noise at these frequen-
cies as discussed at the beginning of section 4.

• Most LNTs (except for NL1) seem to provide their maxi-
mum noise reductions at 1.25 kHz for the three flow veloci-
ties.

Referring to Figs. 10 and 12, it can be noted that there tends 
to be a moderate decrease in the efficiency of the LNTs with in-
creasing flow velocity. Taking NL6 as an example, for the flyover
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Fig. 11. (a) Narrowband spectra (� f = 4 Hz) for all LNTs and the baseline (NLG–BASE) in the side direction for U∞ = 60 m/s. (b) Corresponding reduction in the sound 
pressure level Lp with respect to the baseline (NLG–BASE) provided by each LNT.

Fig. 12. Reduction in the sound pressure level Lp with respect to the baseline (NLG–BASE) provided by each LNT in the side direction as one–third–octave band spectra for 
(a) U∞ = 40 m/s, (b) U∞ = 50 m/s, and (c) U∞ = 60 m/s.
direction the noise reduction decreases from 6.9 dB to 6.8 dB to 
5 dB with increasing velocity (40 m/s, 50 m/s, and 60 m/s). For 
the side direction the noise reduction decreases from 3.5 dB at 40 
m/s to 2.2 dB at 60 m/s with a slight increase to 3.8 dB at 50 
m/s. In contrast, NL1 increases in efficiency with increasing flow 
velocity with 4.1 dB, 4.3 dB and 6.7 dB being the noise reduc-
tion attained with increasing velocity for the flyover direction, for 
example. A similar trend is observed in the side direction, which 
seems to indicate that those noise sources increase in magnitude 
with increasing flow velocity and also that their behaviour is al-
most omnidirectional in nature, being equally measurable in both 
directions.

At first inspection, this may seem to be counter–intuitive as 
if it is assumed that aerodynamic noise increases with U 6∞ , or 
sometimes with U 7∞ at higher frequencies due to small features as 
11
discussed by Guo et al. [69] and Bennett et al. [24], then one might 
expect the efficiency of the LNTs to increase with velocity due to 
an increasing noise source. However, as discussed by Casalino et al. 
[70] significant NLG noise is generated as a result of narrowband 
acoustic modes between the wheels related to the rims being ex-
cited by the flow. This is considered to be a significant noise source 
in our case as it was examined in a previous paper on the same 
experimental rig [24] and in this work it is supported by the fact 
that the solid wheel axle fairing (NL2) and the hubcaps (NL3) are 
the most efficient LNTs for the wheels. Thus, it would not be ex-
pected that these noise sources would, increase significantly with 
increasing flow speed and the decreasing LNT efficiency could be 
due to the noise over the top and bottom of the wheels increasing 
as U 6∞ beginning to dominate these sources.
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Fig. 13. Three–dimensional EHR–CLEAN–SC source maps for the one–third–octave–band centred at 200 Hz and U∞ = 50 m/s. The reference case NLG–BASE is shown in 
subfigure (a) and subfigures (b–i) correspond to the cases NL1–NL8, respectively. The values shown are visualized as isocontours 3 dB (in red) and 6 dB (in yellow) below 
the peak value of the reference case (NLG–BASE).
4.2. Three–dimensional results

The two–dimensional source maps presented in section 4.1.1
provide some insight on the location of the noise sources within 
the NLG model, but it is challenging to identify the exact NLG 
elements generating the noise in each case, since both points of 
view have their own limitations. In addition, it is conceivable that 
both of these arrays may be on the same dipolar nodal plane and 
thus will not be sensitive to certain noise sources with such ra-
diation patterns. The 3D acoustic mapping technique explained in 
section 3.2 aims at solving this issue by combining the results of 
the top, side, and front microphone arrays in a multiplicative ap-
proach, benefiting from their different points of view. This way, 
the typically poorer resolution in the directions normal to each ar-
ray’s plane is partially mitigated. Based on the observations made 
on the integrated spectra of Figs. 10 and 12 the examples pre-
sented below correspond to a flow velocity of 50 m/s and one–
third–octave–bands centred at 200 Hz, 315 Hz and 1250 Hz be-
12
cause those frequencies showed the highest noise reductions for 
most of the LNTs considered. However, it was noticed that per-
formance is better for different LNTs, highlighting the fact that 
the LNTs address different noise sources at different frequencies. 
Acoustic imaging at these frequency bands therefore helps to iden-
tify exactly which sources are being addressed. The 50 m/s test 
point was chosen so that results can be compared with those from 
earlier publications [13,24]. The relative Lp values shown are visu-
alized as isocontours 3 dB (in red) and 6 dB (in yellow) below the 
peak value of the reference case (NLG–BASE).

Fig. 13 illustrates this approach for the 200 Hz case. The ref-
erence case (Fig. 13a) shows that the noise is mostly generated 
around the lower joint arm and the junction between the steer-
ing pinions and the main strut, i.e. not between the wheels, which 
explains why the wheel–located LNTs are not effective at this fre-
quency. The weaker sources away from the NLG model present in 
some of the source maps are due to the poorer spatial resolution 
of the arrays at low frequencies. Consistent with the findings of 
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Fig. 14. Three–dimensional EHR–CLEAN–SC source maps for the one–third–octave–band centred at 315 Hz and U∞ = 50 m/s. The reference case NLG–BASE is shown in 
subfigure (a) and subfigures (b–i) correspond to the cases NL1–NL8, respectively. The values shown are visualized as isocontours 3 dB (in red) and 6 dB (in yellow) below 
the peak value of the reference case (NLG–BASE).
section 4.1.2, the cases equipped with a ramp door spoiler (NL1 
and NL6) completely remove that noise source (in this dynamic 
range), most likely due to the flow deflection. Other LNTs such as 
NL2, NL3, NL5 and NL7 provide smaller noise reductions. Two of 
the technologies equipped with porous materials (NL4 and NL8) 
offer a poorer performance and even increase the noise emissions 
slightly.

For the frequency of 315 Hz (see Fig. 14) the baseline config-
uration shows a cluster of noise sources along the outer part of 
the main strut until the junction with the wheel axle, see Fig. 14a. 
In this case, those LNTs equipped of solid fairings (NL2, NL5 and 
NL6) and wheel hub caps (NL3) considerably decrease the strength 
of the aforementioned noise source. The technologies consisting of 
porous fairings (NL4, NL7 and NL8), on the other hand, do not pro-
vide a good performance for this frequency band. Lastly, NL1 also 
achieves a notable noise reduction (perhaps due to the flow de-
flection by the ramp door spoiler) but smaller than those by NL2, 
NL5, and NL6.
13
Lastly, the source maps corresponding to the frequency of 
1250 Hz are depicted in Fig. 15. For the baseline configuration 
(Fig. 15a) the main noise source is now located at the middle 
point of the wheel axle (between both wheels). Once again the 
LNTs equipped of solid fairings (NL2, NL5 and NL6) and wheel hub 
caps (NL3) manage to successfully reduce the noise levels mea-
sured. NL4 and NL8 provide an almost identical performance for 
this frequency band, confirming again that the perforated fairings 
are most effective when applied at the wheel axle. The case with 
a fairing made of a more porous material (NL7) performs con-
siderably worse than the other material option. Lastly, the ramp 
door spoiler of NL1 barely modifies the baseline’s source distri-
bution, since this frequency is out of the intended range of this 
LNT.

In general, 3D source maps have the added value of offering 
a more precise and global assessment of the location of complex 
noise sources within a system by combining different points of 
view (in this case top, side and front). An example of this was 
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Fig. 15. Three–dimensional EHR–CLEAN–SC source maps for the one–third–octave–band centred at 1250 Hz and U∞ = 50 m/s. The reference case NLG–BASE is shown in 
subfigure (a) and subfigures (b–i) correspond to the cases NL1–NL8, respectively. The values shown are visualized as isocontours 3 dB (in red) and 6 dB (in yellow) below 
the peak value of the reference case (NLG–BASE).
the case of the 3D source maps of Figs. 15a and b, compared to 
the misleading 2D source maps of Figs. 8a and b. Thus, 3D source 
maps should be employed in combination with the 2D source 
maps obtained by the individual planar arrays, since those pro-
vide an easier way to determine the noise levels in the emission 
directions of interest, as explained section 4.1.2.

4.3. Overall noise reduction

The acoustic imaging results of sections 4.1.1 and 4.2 demon-
strate that the NLG is a complex arrangement of sound sources, 
and that whereas the LNTs target an individual source and may re-
duce its level, this may not strongly affect the overall noise level 
as there are potentially multiple other sources of similar magni-
tude on different section of the landing gear.

In noise assessment applications, it is common to employ sound 
metrics that consider the overall frequency spectra. Given the 
strong low–frequency content of the noise signature of the NLG 
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model tested [71], it was decided to apply A–weighting to the 
integrated spectra, in order to highlight the relevance of the ob-
tained noise reductions by the LNTs. Therefore, the �Lp,A,overall
metric was used, in a similar way as in section 4.1.2: �Lp,A,overall =
Lp,A,overall,baseline − Lp,A,overall,NLi. As before, �Lp,A,overall > 0 rep-
resents a noise reduction. Additionally, the D–weighted results 
(�Lp,D,overall) are also examined, since this weighting filter was es-
pecially developed for aircraft noise measurements and is more 
representative of the effective perceived noise level (EPNL) metric 
used for aircraft certification [1]. The overall values were obtained 
by integrating the spectra presented in Figs. 10 and 12 within the 
frequency range of interest (200 Hz to 4 kHz).

4.3.1. Flyover direction
The overall A–weighted noise reductions obtained by each LNT 

in the flyover direction are presented as bar plots in Fig. 16. Not 
surprisingly, similar findings are observed as when analyzing the 
frequency spectra in section 4.1.2: NL6 (NL1 + NL2 + NL3) is the 
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Fig. 16. Reduction in the A–weighted overall sound pressure level Lp,A,overall with respect to the baseline (NLG–BASE) provided by each LNT in the flyover direction for (a) 
U∞ = 40 m/s, (b) U∞ = 50 m/s, and (c) U∞ = 60 m/s.
best performing LNT, achieving overall noise reductions of 6 dBA 
for U∞ = 40 m/s and 50 m/s, and 4 dBA for 60 m/s. NL2 (solid 
wheel axle fairing) is the best performing individual LNT (with 
noise reductions up to 4 dBA) followed by NL3 (wheel hub caps), 
which achieves similar noise reductions as the combined technol-
ogy NL5 (NL2 + NL3 + NL4). Overall, this indicates that simply 
adding as many LNTs as possible might be counterproductive, even 
when those LNTs have proven to have favourable individual effects. 
Since NL1 (ramp door spoiler) mostly reduces the noise emissions 
at low frequencies only and those are heavily reduced by the A–
weighting, it only achieves �Lp,A,overall values of around 1 dBA. As 
mentioned in section 4.1.2, the additional treated regions of NL4 
compared to the perforated fairing only applied to the wheel axle 
(NL8) do not provide any benefit. Lastly, the fairing with higher 
porosity (NL7) performs slightly worse than the less porous cases 
(NL4 and NL8). In general lower noise reductions are reached by 
all LNTs as the velocity increases, which can condition the perfor-
mance achieved in case higher approach velocities are employed. 
Thus, wind–tunnel experiments at higher flow velocities would be 
of high interest.

In general, the D–weighted noise reductions achieved by all the 
LNTs (see Fig. 17) are slightly lower values than the A–weighted 
ones, except for NL1 and NL6 which achieve slightly higher levels 
because their reductions at low frequencies are more relevant in 
the computation of �Lp,D,overall .

4.3.2. Side direction
Similar trends are observed for the case of the side direction 

see Fig. 18, although with considerably lower values. NL6 in this 
case only reaches overall noise reductions of 3 dBA and the rest 
of the LNTs also provide a poorer performance. Only NL1 seems to 
maintain similar values as in the flyover direction.

As for the flyover direction, all LNTs provide lower D–weighted 
noise reductions than the A–weighted ones, except for NL1 and 
NL6, see Fig. 19).
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4.4. Directivity in the polar direction

The side linear array allows for a simple study of the directivity 
pattern that the LNTs present for their noise reductions. The same 
�Lp,A,overall metric as for Figs. 16 and 18 is employed, although this 
time the data used for the analysis does not come from the inte-
gration of acoustic source maps, but rather from the acoustic signal 
of the individual microphones of the side linear array. It should be 
noted that the use of single microphones is more sensitive to the 
background noise inside of the wind–tunnel facility, as the sepa-
ration of noise sources is not possible as with microphone arrays. 
In addition, the side linear array has a sideline angle φ of 81◦ , see 
Fig. 2b. These two aspects are the reason why the noise reduc-
tion values presented in this section do not precisely correspond 
to those observed in Figs. 16 and 18.

As aforementioned, the presence of the shear layer limits the 
effective measurable range of polar emission angles corrected for 
sound convection [32]. Therefore, the available range for θ extends 
from approximately 35◦ to 145◦ for U∞ = 40 m/s and 50 m/s, and 
from 35◦ to 110◦ for U∞ = 60 m/s. Fig. 20 depicts the �Lp,A,overall
values for all flow velocities. The results observed are qualitatively 
consistent with those of Figs. 16 and 18: NL6 is the best perform-
ing LNT, followed by NL2, and the noise reductions decrease when 
the flow velocity increases. In general, all the LNTs tested show an 
almost omnidirectional pattern in their noise reductions.

5. Conclusions

This manuscript has investigated the acoustic performance of 
several low–noise technologies (LNTs) applied to a full–scale nose 
landing gear (NLG) in open–jet wind–tunnel measurements. The 
LNTs analyzed were selected within the European Clean–Sky pro-
gramme and the ALLEGRA project and were highly realistic and 
at a medium to high technology readiness level, allowing them to 
be applied to actual aircraft in the near future. There were four 
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Fig. 17. Reduction in the D–weighted overall sound pressure level Lp,D,overall with respect to the baseline (NLG–BASE) provided by each LNT in the flyover direction for (a) 
U∞ = 40 m/s, (b) U∞ = 50 m/s, and (c) U∞ = 60 m/s.

Fig. 18. Reduction in the A–weighted overall sound pressure level Lp,A,overall with respect to the baseline (NLG–BASE) provided by each LNT in the side direction for (a) 
U∞ = 40 m/s, (b) U∞ = 50 m/s, and (c) U∞ = 60 m/s.
main low–noise concepts tested experimentally, namely a ramp 
door spoiler (NL1), a solid wheel axle fairing (NL2), wheel hub 
caps (NL3), and multiple perforated fairings (NL4). Combinations 
and small variations of some of these LNTs were also investigated.

The acoustic signature of the NLG baseline model and the con-
figurations equipped with LNTs were measured by four different 
16
microphone arrays, which allowed the study of the noise emis-
sions in the flyover and side directions, as well as the use of 3D 
acoustic imaging techniques. This technique was proven very use-
ful for determining the precise location of the noise sources within 
the NLG, compared to the typical 2D source maps as visibility be-
tween the wheels and doors could be obtained as well as including 
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Fig. 19. Reduction in the D–weighted overall sound pressure level Lp,D,overall with respect to the baseline (NLG–BASE) provided by each LNT in the side direction for (a) 
U∞ = 40 m/s, (b) U∞ = 50 m/s, and (c) U∞ = 60 m/s.

Fig. 20. Reduction in the A–weighted overall sound pressure level Lp,A,overall with respect to the baseline (NLG–BASE) provided by each LNT for different polar emission angles 
θ as measured by the side linear array for (a) U∞ = 40 m/s, (b) U∞ = 50 m/s, and (c) U∞ = 60 m/s.
extra data from the front radiation direction. Depending on the fre-
quency, it was found that for the baseline NLG, the wheel axle, the 
main strut, and the tow fitting were the elements generating the 
highest noise levels.
17
The LNTs considered are designed to mitigate noise generation 
at different locations of the NLG system. The ramp door spoiler 
(NL1) achieved large noise reductions (more than 6 dB) at low 
frequencies (around 200 Hz). The solid wheel axle fairing (NL2) 
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was the best performing LNT applied individually, offering overall 
noise reductions between 2 and 6 dBA, particularly in the flyover
direction and peaking at frequencies which correspond to previ-
ously determined wheel noise source frequencies. The wheel hub 
caps (NL3) presented similar but slightly lower noise reductions 
than NL2 (2 to 4 dBA). Regarding the perforated fairings (NL4), it 
was found that the wheel axle (NL8) is the most effective location 
for their application and that fairings with a larger porosity and 
hole size (NL7) offered slightly poorer results. Given the high com-
plexity of porous materials for aeroacoustic applications, however, 
these findings are not enough to induce any design criteria, and 
more research on this topic is recommended.

Since each LNT acts on a different region of the NLG system, 
they are well suited to being applied in combination. It was found 
that joining the ramp door spoiler (NL1), the solid wheel axle fair-
ing (NL2), and the wheel hub caps (NL3) into a combined LNT 
(denoted as NL6) offered the best global results, with overall noise 
reductions between 4 and 7 dBA, showing a mutually beneficial 
union of LNTs. The other combined technology considered (NL5), 
consisting of the solid wheel axle fairing (NL2), the wheel hub caps 
(NL3), and the multiple perforated fairings (NL4), however, did not 
always outperform the individual constituent LNTs, indicating that 
certain combinations of LNTs might be counterproductive. This fact 
highlights again the complexity involved in the design of optimal 
LNTs.

In general, all the LNTs considered showed a better perfor-
mance in the flyover direction than in the side emission direction, 
and slightly lower noise reductions were achieved when increasing 
the flow speed from 40 m/s to 60 m/s. NL1 and NL6 are exceptions 
to these comments. Overall, conducting wind–tunnel experiments 
at higher flow velocities would be of high interest to evaluate this 
trend and more representative results for actual flight conditions. 
A simple directivity study in the polar emission direction showed 
that none of the noise reductions offered by any of the LNTs have 
a pronounced radiation pattern along this particular arc.
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