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ABSTRACT
The present study aims at providing a proper aeroacoustic characterization of the single-passenger configuration of
the quadrotor concept vehicle designed by NASA, through an experimental campaign in the new anechoic chamber
at Politecnico di Milano. A scaled model of the quadrotor CRM was designed from scratch and manufactured to
be exploited to collect aerodynamic force and acoustic measurements in hover condition, with a particular focus on
rotor-on-rotor interaction phenomena by adopting a breakdown approach where rotors were progressively added.

NOTATION

A = rotor disk area [m2]
BPF = blade passing frequency [Hz]
c = blade chord [m]
CFi = global force coefficient = Fi/(ρAω2R2) [-]
CMi = global moment coefficient = Mi/(ρAω2R3) [-]
CT = rotor thrust coefficient = T/(ρAω2R2) [-]
CQ = rotor torque coefficient = Q/(ρAω2R3) [-]
dx = longitudinal distance of master rotor axis [m]
dy = lateral distance of master rotor axis [m]
dz = vertical distance of master rotor axis [m]
fs = sampling frequency [Hz]
Fx = global longitudinal force [N]
Fy = global lateral force [N]
Fz = global vertical force [N]
H = fuselage height from the floor [m]
lx = longitudinal distance of master rotor axis from micro-
phone arc center [m]
Mx = global rolling moment [Nm]
My = global pitching moment [Nm]
Mz = global yawing force [Nm]
ρ = air density [kg/m3]
Q = rotor torque [Nm]
OASPL = Overall Sound Pressure Level [dB]
PSD = Power Spectral Density [ m/s2

Hz ]
R = rotor radius [m] Rm = microphone arc radius [m]
s = fiselage width [m]
SPL = Sound Pressure Level [dB]
T = rotor thrust [N]
γ = angular coordinate of microphones [deg]
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Φ = angular step between microphones [deg]
ω = rotor angular velocity [rad/s]

INTRODUCTION

The process of rapid urbanization combined with the grow-
ing population density and pollution are leading to constant
increase in mobility needs (Ref. 1). Urban Air Mobility
(UAM) is an emerging air transportation system made pos-
sible by advanced technologies (Ref. 2). In this promising
field a particular focus has recently been addressed to elec-
tric vertical take-off and landing (eVTOL) aircraft with un-
conventional designs, including side-by-side or tandem con-
figurations and layouts combining multiple wings. These dis-
ruptive concepts introduce new challenges in every aspect of
the design process. In particular from an aerodynamic stand-
point they present several interactional phenomena, that di-
rectly affect the aircraft performances, handling qualities and
particularly noise generation. Indeed, noise is perceived in
the literature and by experts as a predominant risk of UAM,
as the entry-into-service of urban aerial vehicles would imply
an increase of urban acoustic pollution due to the low altitude
flight and frequent landing/take-off operations in the vertiport
sites. Thus, noise pollution is increasingly becoming an en-
vironmental concern and an influencing factor of the citizen
quality of life and well-being. The World Health Organiza-
tion (WHO, Geneva, Switzerland) lists several adverse health
effects known for aviation noise, strongly recommending that
noise levels do not exceed 45 dB Lden during the daytime and
40 dB Lnight during the night. Consequently, UAM aircraft
must be significantly quieter than today’s helicopters to be ac-
ceptable, which poses a major challenge in aircraft design.
As noted by Straubinger et al. (Ref. 3), potential strategies
for noise reduction include distributing thrust across multi-
ple rotors, reducing take-off weight or increasing rotor area.
However, the latter is in contrast with the need for air taxis
to remain compact, given the limited space in cities. This
means that aircraft size and seating capacity could become
limiting factors for the throughput of vertiports in urban ar-
eas. In general all the previous considerations stress the urge
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for a proper characterization of the different eVTOL configu-
rations in terms of acoustic footprint, eventually as a basis for
an optimization process.

The present work was aimed at providing guidelines to ad-
dress this goal, in particular improving knowledge about
acoustic footprint of a quad-rotor eVTOL configuration,
which is a unique type of VTOL aircraft allowing for cen-
tralization of the payload and control system. This config-
uration enables a wide range of alternatives for flight control
and performance optimization and may be designed following
different architectural choices, including hybrid, turbo-shaft
and fully electric systems, as well as collective pitch con-
trol and RPM-based control strategies (Ref. 4). In the case
of RPM controlled quad-rotor configurations, propellers may
have fixed-pitch blades for a fixed flight condition, while their
control in roll, pitch and yaw is achieved through the use of
the throttle of each rotor (Ref. 5). The four rotors are typically
aligned such that the ones on opposite ends rotate in the same
direction and the other two in the reverse direction, this al-
lows to balance the vehicle removing the need for a tail rotor.
Thanks to their unique advantages with respect to traditional
helicopters, including high maneuverability, compact size and
ease of control, quad-rotors are promising to be used in a va-
riety of applications also beyond UAM. Among these, search-
and-rescue and emergency response are perhaps the most sig-
nificant. Other major uses include homeland security, mili-
tary surveillance and search-and-destroy operations (Ref. 6).
Another important advantage of this configuration lies in con-
siderably low disk-loading values, which is a typical charac-
teristic of all multi-copters. Disk loading is a fundamental
parameter for VTOL aircraft design, as it strongly affects per-
formance and noise. In general, the lower the disk loading,
the better the hover performance, which results in a reduction
in power required to maintain hover flight (Ref. 7). Addition-
ally, lower disk loading allows for quieter hover characteris-
tics (Ref. 8), which constitutes an extremely important benefit
as this kind of aircraft is typically characterized by a consid-
erable noise impact due to the large number of rotors, that
compromises its social acceptance. Given these advantages in
hover condition, it is important to highlight that multi-copters
are not optimized for cruise flight. Indeed, they present very
low lift-to-drag ratios due to the absence of wings that implies
that the rotors are used for both lift and thrust. This makes
these aircraft better suited for short-range, low-speed applica-
tions, such as urban air taxi services (Ref. 9).

NASA’s Revolutionary Vertical Lift Technology (RVLT)
project is developing UAM VTOL aircraft designs that serve
as focal points to guide research activities aimed at supporting
aircraft development for emerging aviation markets. Among
these aircraft configurations, NASA proposes a common ref-
erence model (CRM) of a quad-rotor concept described in
(Refs. 4,10,11). This innovative VTOL aircraft configuration
has already collected numerous studies that through numerical
analyses have highlighted significant aerodynamic interaction
effects across the flight envelope, which have a major impact
on acoustic emissions (Ref. 12). The possibility to have sev-
eral design parameters in terms of rotor size and positioning

Figure 1. Layout of the one-passenger NASA CRM electric
quad-rotor configuration (Ref. 10).

and fuselage geometry has demonstrated the need for further
investigation, that is essential to achieve the optimization of
this configuration. In particular, the present work was aimed
at improving knowledge on these configurations, in particular
by investigating the acoustic signature of the one-passenger
RPM controlled NASA CRM quad-rotor configuration (see
Fig. 1). The goal of the activity was to perform a comprehen-
sive experimental activity aimed at characterizing the noise
footprint related to the mutual aerodynamic interaction phe-
nomena among rotors across the flight envelope conditions of
this aircraft mission. In particular, in this study, preliminary
results regarding the acoustic signature measured for hover
conditions are presented and discussed.

EXPERIMENTAL SET-UP

Model design and equipment

A wind tunnel scaled model based on the NASA CRM quad-
rotor geometry was designed from scratch and manufactured
at Politecnico di Milano. The layout of the quad-rotor model
is shown in Fig. 2. The scaling factor was set to 1:16.9,
guaranteeing a span-to-span dimension around 0.5 m, in or-
der to fit into the test chamber of the main facilities exploited
at Aerodynamics Laboratory of the Department of Aerospace
Science and Technology of Politecnico di Milano. The main
geometrical characteristics of the scaled model are reported in
Tab. 1.

Table 1. Main scaled model geometrical characteristics.
Disk radius [mm] 112
Number of blades 3
Coning angle [°] 1.7
Lx [mm] 303
Ly [mm] 303
Lz [mm] 40
l [mm] 252
s [mm] 77
h [mm] 89
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Figure 2. Layout of the quad-rotor scaled model.

The model was designed considering an internal metallic sup-
porting structure in Ergal alloy composed by a system of
plates attached to a vertical steel sting and housing an in-
ternal balance (see Fig. 3(a)). Four steel arms are used to
connect the rotor hubs to this structure, each equipped with
an electric motor and a couple of load cells for local thrust
and torque measurements (see Fig. 3(b)). The whole internal
structure was covered with a fuselage shell and fairings for
the arms and the rotor hubs, that were obtained through rapid-
prototyping technique, exploiting Windform 2.0, which is a
composite 3D printing material reinforced with carbon fiber,
that guarantees high mechanical properties. In order to allow
for enough robustness and solid joints, the thickness through-
out all the structures was maintained around 2 mm. The ro-
tor blades were manufactured using carbon fiber to ensure the
highest stiffness. Specifically, a unidirectional layer was used
to withstand the centrifugal force, while two layers inclined at
45◦ were applied to resist the torsional moment.

The model is equipped with devices selected considering the
expected loads and the extremely contained dimensions of
the model, that was designed to house them. As previously
stated, an internal balance was placed in the fuselage struc-
ture to measure the global forces and moments. In particular,
a six-component miniature strain gauge balance ATI Mini40-
E was selected due to its compact design. Each rotor hub is
equipped with a miniaturized torsiometer Futek QTA141 and
an axial load cell Burster 8432-5050 to respectively measure
thrust and torque for each rotor, driven by a brushless Broth-
erHobby TC 2004 Ultralight motor. The main specifications
of the motors, main balance, axial load cells and torsiome-
ters are reported respectively in Tabs. 2, 3, 4, 5. In addition,
each hub was equipped with an Hall effect sensor, placed suf-
ficiently close to the corresponding motor, in order to mea-
sure its rotational speed. The sensor consists of two magnetic

components: one represented by the motor itself and the other
mounted on the nacelle. When these magnets are close to each
other during each rotor revolution, they complete an electrical
circuit. As a result, the sensor produces a voltage signal with
spikes that occur each time the magnets align and close the
circuit. By analyzing the frequency spectrum of this signal
the rotational speed of the propeller can be determined. The
model reference system is centered in the middle of the main
balance, as reported in Fig. 4, highlighting also the main dis-
tances of the rotor disks.

Anechoic chamber

The model realized according to the design procedure previ-
ously described was employed to perform force and acous-
tic measurements in hover. This experimental campaign was
conducted in the new anechoic test chamber of the Depart-
ment of Aerospace Science and Technology (DAER) of Po-
litecnico di Milano. This facility represents the plenum of
the open-jet test chamber of a new aeroacoustic wind tunnel,
which is still under construction (Ref. 13). The sizing of the
chamber was obtained from a fair trade-off between space re-
quired for the lowest cut-off frequency possible and the actual
room available in the building. In particular the usable in-
ternal region was set to 4m× 4m× 4m, with an external size
of 6.5m× 6.5m× 5.8m . These values, considering the ad-
dition of sound-absorbing cones, result in a maximum cut-
off frequency of 100 Hz. The external structure consists of
three interconnected modules reinforced by a metallic cage.
The central module features a lateral door to access the test
region, facilitating model adjustments. The lateral modules
are reinforced with tie rods to enhance stiffness and support
the wedge addition, with openings designated for the future
wind tunnel. To minimize acoustic reverberation, the chamber
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(a) Internal layout (b) Detail of the rotor hub

Figure 3. Internal layout of the quad-rotor experimental model.

Figure 4. Definition of the reference system for force measurements.

Table 2. Main specifications of the BrotherHobby TC 2004 Ultralight Motor.
Dimensions [mm] kV Voltage [V] Max Current [A] RPM
24.6 �× 17.4 1700 24 14.1 26341

Table 3. Main specifications of the Force/Torque sensor ATI Mini40-E SI-80-4.
Dimensions [mm] Fx [N] Fy [N] Fz [N] Mx [Nm] My [Nm] Mz [Nm]
40 �× 12.2 80 80 240 4 4 4

Table 4. Main specifications of Burster Precision Minia-
ture Tension and Compression Load Cell 8432 5050.

Dimensions [mm] Tz [N]
25.4 �× 21.9 50

Table 5. Main specifications of the Futek QTA141 Micro
Reaction Torque Sensor.

Dimensions [mm] Mz [Nm]
22 �× 10 1

walls are covered with anechoic wedges, that follow a pattern
where two sets of orthogonally positioned wedges improve
noise refraction, directing sound waves along a mazelike path
to enhance interaction with the absorbing material. Addition-
ally, the lateral door’s internal surface is lined with the same
material to prevent external noise infiltration.

The model was placed in the middle of the described chamber
(see Fig. 5) in order to ensure acoustic symmetry and mini-
mize residual reflections from the walls. The acoustic set-up
is presented in the scheme shown in Fig. 6. An axisymmetric
pylon was engaged to support the vertical sting and a metal-
lic arc was placed above the model at midspan section of the
chamber aligned with the longitudinal direction, housing an
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array of eleven microphones fixed equally spaced. Both these
metallic structures were covered with noise absorbing mate-
rial in order to minimize reverberation effects.

Figure 5. Quad-rotor model set up in the anechoic test
chamber.

EXPERIMENTAL RESULTS

The experimental campaign was performed in order to eval-
uate the effects of the mutual interaction between the rotors
on the aerodynamic loads and on the acoustic signature of
the model, in particular focusing on a specific flight condi-
tion with all the rotors rotating at 6900 RPM. With this aim,
measurements were performed using a breakdown approach,
starting from a single rotor configuration, considered as mas-
ter, thus adding the other ones, while the fuselage shell and
fairings were maintained in position for all the different con-
figurations, in order to enclose and cover cables. In particu-
lar, both a side-by-side and a tandem rotor configuration were
considered, respectively activating the second and the third
rotor together with the master one, finally the whole model
was tested. A further analysis was conducted keeping the
front rotors’ rotational speed at 6900 RPM and adapting the
rear rotors’ one (i.e at 5300 RPM) in order to achieve a lon-
gitudinally trimmed condition for the pitching moment, thus
resembling a more realistic flight condition in hover for the
vehicle (Refs. 5, 14) to be compared in particular in terms of
acoustic signature. The different configurations analyzed in
the test matrix are summarized in Tab. 6. The instrumentation
embedded in the model enabled to evaluate the quad-rotor in-
tegral loads as well as the partial loads acting on each rotor.
In parallel with load measurements, the acoustic footprint at
microphones positions was also measured.

Table 6. Test matrix (rotors numbered according to Fig.
2).

Configuration Rotors front RPM rear RPM
ISO-ROT1 1 6900 6900
SBS 1, 2 6900 6900
TND 1, 3 6900 6900
4ROTs 1, 2, 3, 4 6900 6900
4ROTs-T 1, 2, 3, 4 6900 5300

Force measurements

In order to verify the repeatability of the force measurements,
multiple runs were conducted for the ISO-ROT1 configura-
tion. Table 7 shows the standard deviations of the aerody-
namic coefficients evaluated over 8 different runs for both the
main balance and the master rotor load cells. As can be ob-
served, the quite small values of the standard deviation of the
coefficients confirms the quite good repeatability of the mea-
surements. Once the repeatability check was provided, force
measurements were conducted considering the different con-
figurations from Table 6. Histograms in Figure 7 summarize
the results obtained in terms of global thrust and pitching mo-
ment from the main balance across the different configura-
tions. Figure 7(a) shows how increasing the number of rotors
leads to an expected linear growth in global thrust. In particu-
lar, the SBS and TND configurations provide almost the same
thrust. Figure 7(b) shows an increasing positive pitching mo-
ment between the single and side-by-side rotors configuration.
On the other hand, as the position of the main balance is not
symmetrical with respect to the front and rear rotors, i.e closer
to front rotors, this produces a non negligible negative pitch-
ing moment both in the tandem and complete configurations,
thus the model appears non trimmed for this hover condition
with respect to pitch axis.

Moving to the results in terms of non dimensional local loads
detected on each rotor, Figure 8 shows the slight differences
between both CT and CQ values referring to the same ro-
tor across the four configurations and contained discrepancies
among all in general. This allows to confirm the coherent be-
havior of the different components of the model. Figure 9
compares the global thrust and pitching moment for the com-
plete model in 4ROTs and 4ROTs-T conditions. In particular,
the comparison of the global pitching moment shown in Fig.
9(b) confirms that in 4ROTs-T the different RPM between the
front and rear rotors resembles a quite longitudinally trimmed
condition in hover for the complete model. The reduction in
thrust observed for the trimmed configuration in Fig. 9(a) is
expected due to the decrease of rear rotors rotational speed.

Acoustic measurements

Acoustic measurements were post-processed from the time
histories of the microphones’ signals through the analysis
of the Power Spectral Density (PSD), the Overall Averaged
Sound Pressure Level (OASPL), and the SPL spectra. These
analyses provide insights into the distribution of acoustic in-
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(a) Microphone scheme (b) Microphone scheme detail

Figure 6. Acoustic measurements set-up.

Table 7. Standard deviations of force and moment coefficients from axial load cell, torque sensor and main balance
respectively in the ISO-ROT1 configuration.

σCT σCQ σCFx
σCFy

σCFz
σCMx

σCMy
σCMz

4.3748×10−5 6.2907×10−6 4.4245×10−6 1.5156×10−5 2.9517×10−5 3.9893×10−5 3.1470×10−5 5.1434×10−6

(a) Fz from main balance (b) My from main balance

Figure 7. Load measurements from the main balance across different configurations.

tensity in the frequency domain. Before illustrating the acous-
tic results the presence of recirculation effects in the ane-
choic test chamber was investigated. Several aeroacoustic
studies conducted on rotors and propellers in anechoic cham-
bers (Refs. 15, 16) have observed this phenomenon, that con-
sists in wide thrust fluctuations occurring once the flow sta-

bilizes within the chamber. This leads to an increase in both
harmonic and broadband noise, that appears as a sequential
amplification in correspondence of the BPFs, especially in
higher order ones. To prevent misleading results, it is crucial
to take measurements before recirculation starts and after the
rotor loads have stabilized. The occurring of recirculation is
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(a) CT from each axial load cell (b) CQ from each torque sensor

Figure 8. Load measurements from each rotor load cell across different configurations.

(a) Fz from main balance (b) My from main balance

Figure 9. Load measurements from the main balance: comparison between 4ROTs and 4ROTs-T (trimmed).

influenced by factors such as rotor geometry, test equipment,
and the size of the chamber (Refs. 15, 16). An estimation of
the recirculation effects for the present experimental set up
was retrieved from the microphone 6 signal acquired for the
4ROTs configuration, considered the most critical one. Fig-
ure 10 shows the spectrogram of microphone 6 signal along
the acquisition time of 8 seconds. This representation shows
how peaks in correspondence of the BPFs keep their SPL am-
plitude throughout the acquisition time, thus not showing re-
circulation effects related to the four rotors.

In analogy with the approach followed for the force measure-
ments, a repeatability check was conducted for the micro-
phones measurements considering the results obtained from
8 runs performed for the ISO-ROT1 configuration. Figure
11 shows the mean OASPL obtained from the repeated runs
plotted in the Cartesian plane along with the standard devia-
tions values depicted as errorbars. The quite low values of the

OASPL standard deviations proves a good repeatability of the
acoustic measurements. Thus, in order to enhance the read-
ability of the results, in the following OASPL plots the error
bars due the quite small variability of acoustic measurements
across different runs are not represented.

Figure 12 shows a progressively increasing noise impact as
the number of rotors grows, with the maximum OASPL in
correspondence of the sixth microphone ranging from around
64 dB for the ISO-ROT1 configuration to 71 dB for the whole
model. It is particularly interesting to notice that, conversely
to what was observed in terms of the global thrust generated,
the two configurations including a couple of rotors show a dif-
ferent acoustic behavior. In particular, the SBS configuration
produces a more consistent noise signature with respect to the
TND one, with a 2 dB increase in correspondence of the sixth
microphone. In order to further investigate the comparison be-
tween these two configurations also the SPL specra obtained
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Figure 10. Spectrogram of microphone 6 signal for 4ROTs
configuration.

Figure 11. Microphones measurements repeatability:
mean OASPL and standard deviations for ISO-ROT1 con-
figuration.

from signals detected by the sixth microphone are shown in
Fig. 13(a). The peaks in correspondence of the blade pass-
ing frequency and its integer multiples (BPFs) can be easily
identified. In particular, they appear to be higher for the SBS
case, which confirms the stronger noise signature of this latter
configuration. Beside these expected frequencies, also har-
monics at every (2k − 1)BPF/3 are highlighted, where k is
an integer in the range [1,+∞). They are generally defined as
sub-harmonics and their presence in the SPL spectra was also
observed in literature for a similar propeller test case (Ref. 17)
and attributed to a noise component given by the geometrical
dissimilarities of each rotor’s blades, as shown in (Ref. 18).
However the differences between the two configurations in
correspondence of the sub-harmonics and along the other fre-
quencies appear less appreciable from this graph with respect
to the gaps in correspondence of BPFs. These discrepancies
could be attributed to a higher intensity of pressure fluctu-

ations on the rotor disk experienced in the SBS case due a
more robust interaction. It appears that, even if the model
four rotors are equidistant from the floor point of view, the
vertical offset between the front and rear rotor couples, which
comes into play only in the TND configuration, reduces inter-
action phenomena with respect to the SBS one, characterized
by coplanar rotors.

A final analysis involved the broadband noise component,
which is generally due to the interaction of rotor blades with
turbulence and results in random blade loading variations
(Ref. 19). This contribution is particularly relevant for highly
turbulent flows, such as those encountered in rotor analysis
in the presence of overlapped disk configurations (Ref. 20).
Although the hover conditions analyzed in the present study
are expected to present limited interaction phenomena, the ro-
tor wakes interact with the fuselage body for all the config-
urations, surely generating a non-periodic broadband noise.
This pressure perturbation contributes to the SPL spectra in
the form of low random fluctuations distributed over differ-
ent frequencies. Figure 13(b) shows the SPL spectra referring
to the sixth microphone with the broadband noise highlighted
for the SBS and TND configurations. To better appreciate the
contribution of broadband noise, a least-squares interpolation
on the SPL spectrum curve was performed at points between
the multiples of the BPF, as was similarly done by Zawodny
et al. (Ref. 21) to avoid tonal contributions. This approach
isolates the frequency trend caused by tonal frequencies from
that of background noise, which is distributed across all fre-
quencies. The slightly higher contribution in the SBS config-
uration suggests that also the broadband noise contributes in
identifying this configuration as the most impactful between
the two in terms of noise generation, meaning the turbulence
level is higher with respect to the TND case. However the
discrepancy between the two configurations appears lighter
compared to the considerable gap encountered comparing the
tonal noise peaks.

The same approach of investigation in terms of acoustic re-
sults was conducted also to compare the simplest and the most
complex configurations, i.e. ISO-ROT1 and 4ROTs, that ap-
pear at the opposite extremes of the OASPL plot from Figure
12. The strong difference encountered for the OASPL val-
ues is also encountered in both plots presented in Fig. 14.
Discrepancies in the SPL spectra are particularly visible in
correspondence of the BPFs tonal peaks, associated to the
aerodynamic loads that present a considerable increase (see
Fig. 14(a)). The broadband contribution shown in Fig. 14(b)
proves the increase in turbulence level due to the introduction
of multiple rotors.

A final analysis concerned the comparison in terms of acoustic
signature encountered between the complete configurations
at constant rotors RPM and in longitudinally trimmed con-
dition (4ROTs-T) was therefore performed. Figure 15 shows
the OASPL across the 11 microphones for the 4ROTs-T con-
figuration compared to the 4ROTs one. As expected, the re-
duction in the rear components’ rotational speed impacts on
the noise produced, with a decrease of the maximum value
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Figure 12. Comparison of OASPL for the different configurations.

(a) SPL spectra (mic 6), sub-harmonics (dashed lines) and BPFs (continuous lines). (b) Broadband noise contribution (mic 6).

Figure 13. Acoustic measurements comparison: SBS vs TND configurations.

(sixth microphone) of about 2.5 dB. For a further investiga-
tion in Fig.16 the SPL spectra and the broadband noise com-
ponent in the two cases are compared, showing how this dis-
crepancy is confirmed both in terms of tonal peaks and of the
turbulence-associated fluctuations (broadband noise contribu-
tion) distributed a wider spectrum of frequencies.

CONCLUSIONS

The aerodynamic and acoustic characterization in hover of
the single-passenger quadrotor concept vehicle designed by
NASA was provided through an experimental campaign. The
objective was to address the lack of literature on this configu-
ration, which was analyzed in past works only from a numer-
ical point of view. In addition this study focuses on the inves-
tigation of rotor-on-rotor interaction phenomena, that, among
the various technological challenges associated with eVTOLs,
represents one of the most critical aspects for their aerody-

namic performance and acoustic signature, thus compromis-
ing their successful entry-into-service. In the following the
main goals of the activity.

1. A scaled model of the quadrotor CRM was designed
from scratch and manufactured in order to be exploited
for wind tunnel testing. The most critical aspect con-
sisted in the materials and the devices choice considering
the extremely contained dimensions of the model, dic-
tated by the size of the facilities in use.

2. The recently built anechoic chamber at Politecnico di
Milano was exploited for the first time allowing to con-
duct a first experimental campaign coupling force and
acoustic measurements.

3. Adopting a breakdown approach with a progressive addi-
tion of active rotors allowed to investigate the impact of
interaction effects both on the loads generated and on the
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(a) SPL spectra (mic 6), sub-harmonics (dashed lines) and BPFs (continuous
lines).

(b) Broadband noise contribution (mic 6).

Figure 14. Acoustic measurements comparison: ISO-ROT1 vs 4ROTs configurations.

Figure 15. Comparison of OASPL between 4ROTs and 4ROTs-T configurations.

noise footprint. Increasing the number of components all
equally rotating at 6900 RPM results in an expected in-
crease in the global thrust, with two rotors in side-by-side
and tandem configurations showing a similar behavior.
Moreover, a longitudinally trimmed condition was tested
by varying the rear rotors ROM in order to evaluate the
acoustic impact of a more realistic flight condition for the
vehicle.

4. Acoustic measurements allowed to appreciate the in-
creasing OASPL as the complexity of the configura-
tion grows. It is particularly interesting to observe how
the two rotors in side-by-side and tandem configurations
show a considerable discrepancy, visible also in the tonal
and broadband noise contributions. This could be re-
lated to the higher intensity of pressure fluctuations ex-
perienced by the blades in the SBS case due to the co-
planarity of the rotors involved, opposed to the vertical
offset present in the TND configuration. For what con-
cerns the whole model, moving from the configuration
with all the components equally rotating at 6900 RPM

to the longitudinally trimmed one leads to a reduction in
the acoustic impact, immediately appreciable from the
OASPL comparison, reflected also in the SPL spectra
tonal peaks and in the broadband noise contribution.

Future development of the activity will be focused on the ex-
perimental aerodynamic and aeroacoustic characterization of
the quad-rotor model also in cruise flight conditions, by per-
forming loads and microphone measurements in the new built
anechoic wind tunnel.
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(a) SPL spectra (mic 6), sub-harmonics (dashed lines) and BPFs (continuous lines). (b) Broadband noise contribution (mic 6).

Figure 16. Acoustic measurements comparison: 4ROTs vs 4ROTs-T configurations.
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