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Abstract: The current technologies for developing quiet rotor noise in urban canyons are reviewed.
Several passive noise control approaches are discussed with their limitations in reducing both tonal
and broadband noise. Blade tip modifications are seen to be one of the more successful in reducing
tonal noise, with serrations at the trailing edge useful in reducing trailing edge broadband noise.
Due to the adverse performance limitations of passive control, several optimization approaches are
reviewed to discuss the possible improvements in performance of rotors. Additionally, a few legacy
control technologies for helicopters are discussed. Active control technologies are investigated. The
overall outlook and challenges to these methods are discussed with an eye on Advanced Air Mobility
Vehicles (AAM).
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1. Introduction

The interest in Urban Advanced Air Mobility Vehicles (AAM), such as drones, electrical
Vertical Take-off and Landing (eVTOL), and air taxis, has been significantly increasing.
However, progress in its implementation is hindered by the concerns about its safety and
the associated noise annoyance near vertiports [1–5]. From aerodynamic-point of view,
the most safety-critical situations for civilian aircraft are during takeoff and landing. As
such, the FAA has implemented specific flying procedures near airports to emphasize
safety [1]. Realizing that aircraft noise is also a health-safety hazard to populations around
airports, the FAA has modified the aircrafts takeoff and landing operations around airports
to minimize the noise impact on the populations around airports, thus aero-safety and
aero-noise are coupled.

AAM often encounter adverse environmental conditions near vertiport. This may
include unsteady factors such as gust, concentrated vorticity, turbulence, and proximity
to ground and other buildings. Wind variability produced by gusts could affect the
eVTOL stability in takeoff and even in landing. In descent, vehicles lose their directivity
and the aircraft’s controllability may be significantly degraded. This, along with the
vehicle unsteady maneuvering and rotor-rotor interactions, can lead to elevated noise.
Edgewise-flying rotor noise, which is critical for descending flight into vertiports, needs
to be studied. These elevated noise levels can impact go-no-go flight decisions and make
recommendations for noise-mitigation techniques.

We review here passive and active control of AAM with an eye on operations near
vertiport. We then discuss the outlook and challenges that need to be addressed. We
discuss in Section 2, some passive control technologies as applied to reduction in both
tonal and Broadband Noise (BBN). In Section 3 we discuss Multi-Disciplinary Optimization
(MDO) as pertaining to balancing the noise reduction vs. performance. In Section 4 we
review Active Noise Control (ANC) technologies. Discussions, outlook, and challenges
are given in Section 5. It should be noted that this is not an exhaustive review, but rather
a perspective to showcase some of the important noise reduction techniques for e-VTOL
configurations.
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2. Passive Control Technologies

Several ideas for passive control via design changes have been proposed to reduce
the noise in various eVTOL configurations. The noise is usually classified as tonal and
Broad-Band Noise (BBN). Tonal noise occurs at discrete frequencies, while BBN extends
over a wide range of frequencies. The tonal noise is usually split into loading noise and
thickness noise and is characterized by sharp tonal noise at the Blade-Passing-Frequency
(BPF) and its harmonics. The BBN is created by turbulence effects and non-linearities in the
flow [6] and originates from various sources, including, the turbulent leading or trailing
edge of the boundary layer, and separation effects, among other sources. The discrete tones
peak at harmonics of the Blade-Passing Frequency (BPF). In passive technology, usually
the performance is adversely affected. Therefore, we need to balance noise levels with
overall performance. Multi-Disciplinary Optimization (MDO) key to a successful design of
such vehicles. Several ideas have been spurned to passively reduce the noise signatures
of propellers over the past decade. We summarize here some of the passive technology
proposed in AAM.

2.1. Tonal Noise Reduction

Historically, a great number of works have been undertaken to passively mitigate the
acoustic signature of rotors and small-scale propellers of Unmanned Aerial Vehicles (UAV)
and other AAM:

Ducting: Lu, et al. [7] researched the use of ducts with acoustic absorption materials
to reduce the noise. They tested two ducts – one with perforated internal walls and one
without perforations. Both ducts showed deleterious effects in thrust, with a 10–20%
reduction in thrust, and overall noise level increase of ~5–10 dBA.

Stacking: Two propellers on top of each other was found to increase the overall
propulsive efficiency [8,9]. Loss of thrust and propulsive efficiency was observed in the
front (or top) propeller [9], while an increase in thrust and propulsive efficiency was
observed for the bottom propeller. Diaz et al. [10] investigated the effects of ducts on
coaxial rotors in hover using high-fidelity CFD [10]. They performed some qualitative
acoustic analysis on the various configurations evaluated and saw that placing the duct
around the lower propeller of the coaxial system resulted in reduced acoustic signature
(see Figure 1). Clearly, here we see that there are some acoustic benefits to ducting and may
need critical placement for peak noise cancellation.
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Figure 1. Pressure fluctuations for different configurations (counter-rotating). Left: open rotors,
Center: duct around lower rotor, and Right: duct around upper rotor [10].

Blade Count and Spacing: For the same thrust, increasing the number of blades reduces
the tonal noise. Increasing the number of blades from two blades to four blades resulted
in 10 dB reduction, but also increases the frequency of the noise [11]. This may increase
the broadband noise floor, and hence increase the perceived noise level. Unequal blade
spacings were found to diminish tones at the BPF harmonics [11]. Reducing the diameter of
the propeller reduces the tip Mach number for a given rotational rate and the noise as well.
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A tip Mach number reduction from MT = 0.6 to MT = 0.53 was seen to have an acoustic
energy difference of 6 dB [11].

Phase Control: Pascioni et al. [12] explored the potential of using Phase Control for
noise reduction experimentally by utilizing a dual-rotor test stand. The two-bladed CF125
rotors were separated by a hub separation distance of 0.4 meters. Using a timing belt and
mechanical adjustments, phasing and rotational rates are set for each of the blades. Noise
measurements were performed using microphones installed in the Structural Acoustics
Loads and Transmission (SALT) facility [13]. Using the experiments as validation, they
developed a numerical model for further phasing studies of more configurations, varying
the propeller count from 2 to 8 rotors. They showed that the overall directivity of the blade
passage frequency noise can be modified, with a reduction as high as 28.6 dB recorded [12].
They also conclude that the deviation from the rotational rate between the two systems
should not exceed 0.5% for a 6 dB blade passage frequency noise reduction.

Smith et al. [14] also found similar results numerically by varying the phase angles
between the rotors and found quiet zones in the in-plane inter-boom bisections up to 20 dB.
Similar work was done by Whiteside et al. [15] experimentally and numerically but focused
more on stacked rotor performance. They utilized two sets of 3-bladed rotors, with at tip
radius of 158.75 mm, and tested various axial and azimuthal offsets between the two rotors.
They found that the configuration with the ratio of stack clearance distance to rotor radius
(∆Z/R) = 0.15 to be the most efficient due to rotor power loading with a power savings
of 6.9% relative to the coplanar case. The stacked rotor configurations showed increases
in low frequency tonal noise with increasing axial separation and decreasing azimuthal
offset. All the stacked rotor configurations showed broadband levels lower than that of the
baseline rotor. An unweighted OASPL noise level reduction of 2.6 dB was measured below
the plane of the lower rotor.

2.2. Broadband Noise Reduction

Serration and Trip Effects: Leslie, et al. [16] investigated the main sources of broadband
noise for small scale propellers at low Reynolds numbers and found it to be mainly a result
of the trailing edge boundary layer thickness caused by a laminar separation bubble on
the suction side of the propeller. They used a leading-edge trip and serrations (Figure 2a,c)
placed prior to the laminar separation to reduce trailing edge thickness which resulted
in a decrease in turbulent boundary-layer trailing edge noise. They reported an overall
broadband reduction of up to 4 dB in static tests at a rotational rate of 5000 rpm (see
Figure 2b,d). Figure 2d shows that at the same operational conditions, the serrations had
more broadband noise reduction at higher frequencies by about 2 dB. This may be a result of
the effective magnitudes of the trailing edge noise sources, i.e., the trailing edge boundary
layer interaction noise may be slightly more critical than the laminar separation bubble
interaction noise. An important takeaway mentioned is that this method would only be
effective for cases where there was a presence of a laminar separation bubble, which was
mentioned to be the case only for cruise conditions, and thus would perform poorly for
take-off conditions where blade loading is highest.

Cambray et al. [17] investigated the effects of trailing edge serrations on broadband
noise reductions UAVs. They perform these tests on an experimental test rig with an 8-inch
diameter 2-bladed propeller. They noted that an increase in pitch angles did increase the
overall sound pressure levels both in the tonal and broadband noise levels of UAV pro-
pellers. Reduction in broadband noise levels were achieved using trailing edge serrations.
The results suggested that the noise reduction is due to the interaction between the serra-
tions and the trailing edge boundary layer, which is a dominant source of high-frequency
broadband noise. The depth of the serration also has an effect in the amount of reduction
in SPL that can be achieved with the larger depths resulting in higher BBN reduction of
3 dB at 3 kHz and increases to a 5 dB reduction at 10 kHz (see Figure 3d, where Case 3 is
highest depth/amplitude of serration). Additionally, the effectiveness of this technique is
reported to diminish with increasing rotational rates, and thus is only recommended at
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lower tip speed rotors/propellers. It is important here to note that although the targeted
high-frequency broadband noise was reduced, there may be an increase in the tonal noise
levels as seen in Figure 3d. As such, care must be taken in selecting the right serration
wavelength/size.
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tunnel tests (V = 10 m/s, 5000 RPM). (c) Schematic of propeller showing Leading-edge serrations.
(d) Spectra showing effects of various serration depths. Reprinted with permission from Wong, K.C.
(2008).

Similar work was done by Intravartolo et al. [18], where they focused on the effect of
the saw-toothed serration on the strength of the trailing wake, and subsequently the overall
noise signature of the propeller. They reported an approximately linear reduction in SPL
measurements for an increase in serration depth, with a 46.67% chord depth serration cut
resulting in approximately 28% decrease in noise.

Another novel idea was proposed by Nelson [19] and implemented by Demoret and
Wisniewski [20]. They utilized a DJI Phantom 2-bladed propeller with a diameter of
9.4 inches ad a pitch of 5 inches. The noise measurements are performed below the rotor
and are traversed from hub to tip. They examined the effects of adding a leading-edge
notch to the stock blade by cutting a grove in the blade (see Figure 4). They reported
that placing the notch at r/R of 0.90 resulted in 25% (~30 dB) reduction in peak SPL at a
detriment of 9% increase in power required for similar thrust conditions. The main idea
behind the notch approach was to disrupt the tip vortices rolling off the blade tips which is
one of the major sources of propeller aerodynamic noise. This approach has a potential for
noise control but again, has a penalty of thrust and power increase. Additionally, this may
lead to some structural limitations for scaling to larger rotors.
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A more thorough review of passive and some active control methods for helicopters is
discussed by Schmitz [21]. In summary, a lot of work has been done to passively control the
noise of propellers. One disadvantage of passive methods is that these methods, although
arguably effective in reducing noise levels, do affect the performance of the blades. As such,
it is beneficial to investigate actively controlling rotor noise, especially when needed, such
as near vertiports/heliports, while maintaining performance, perhaps via optimization.

3. Multi-Disciplinary Optimization in Aeroacoustics

As pointed out earlier, Multi-Disciplinary Optimization (MDO) is needed to balance
the noise reduction achieved via passive design changes to reduce noise vs the decrease
in performance. Optimization consists of the use of algorithms to minimize or maximize
a specific set of functions by varying several variables [22]. It is a technique generally
used in design of complex systems hoping to maximize or reduce a specific measure
of performance. The idea of MDO is to be able to not only perform the optimization



Appl. Sci. 2023, 13, 2543 6 of 17

based on the performance of individual disciplines, but also the interactive effects of
multiple disciplines on a specific objective. One of the first aerodynamic shape optimization
papers which proposed the use of adjoint methods for sensitivity analysis was Pironneau
in 1975 [23]. One of the first multidisciplinary design optimization applications was
performed on aircraft wing design, where aerodynamics, structures and controls were
tightly coupled [24,25]. In more recent years, the application of MDO has been applied to
the design of complete aircrafts [26,27], as well as a rotorcraft design [28,29].

Noise Reduction within Optimization Framework

Once again, a lot of research has been done with the focus of MDO for rotors and
propellers with an acoustic constraint. Pagano et al. [30] discussed an optimization method
of coupling unsteady aerodynamic and structural dynamic models to account for the
aero-elastic effects of the propeller. They utilize the 6-bladed propeller of the Piaggio
P.180 Avanti aircraft (see Figure 5, Planform view of single blade, from root to tip) with an
angular velocity of 188.5 rad/s. The aerodynamic parameters of surface pressures were
generated using a “full potential” CFD model with a turbulent boundary layer model
based on the “defect formulation theory”. This was loosely coupled with a computational
structural dynamics code (CSD). The blade loads information, as well as the boundary
layer parameters were then used as input for tonal and broadband noise predictions using
the Ffowcs Williams Hawkings equations [31] for tonal content, and Amiet’s equations [30]
for turbulent boundary layer broadband noise. They applied this method to propellers in
aircraft pusher configurations, with a performance constraint of shaft power availability of
633.8 kW for take-off condition, as well as an acoustic minimization constraint. Because
much of the noise at such high rotational rates stems from the tip speeds, the optimal
solution was obtained by modifying the tip geometries as seen in Figure 5. They realized
an overall sound pressure level reduction of 3.5 dB at 45◦, 20 m away from the propeller
axis at the take-off condition with the optimized blade geometry.
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Figure 5. Comparison between reference blade (dashed line), and optimized blade (solid line) [31].
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Similar work was done by Marinus et al. [32] in which they utilized a Multi-Objective
Differential Evolution (MODE) technique coupled with a genetic algorithm to optimize
propeller blades for transonic flow. By allowing the algorithm to vary geometric variables
such as airfoil chord, camber line, thickness ratio, and twist, generations of solutions
were obtained. High-fidelity RANS simulations were performed and Ffowcs-Williams
Hawkings equations [33] were utilized for noise computations at 4 Rotor radii away. A BPF
noise reduction of 5.2 dB was obtained for “individual B” configuration (see Figure 6d),
which was postulated to be a result of the aerodynamic loads shifting from the tips to the
optimized hump inward of the blades.
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Jones et al. [34] designed an airfoil for low drag and low tonal noise using the genetic
algorithm. They utilized an airfoil representative of a helicopter in forward flight, at three
flight conditions summarized in Figure 7. The optimization constraints were to minimize
form drag, and the acoustic signature in the form of OASPL at observer locations 50 m from
the hub. They utilized XFOIL [35] for aerodynamics and WOPWOP [36] for aeroacoustics
computations. The resulting optimized solution provided rather unconventional airfoil
shapes that had about 25% improvement in the acoustic fitness function (OASPL) while
maintaining a good aerodynamic performance compared to the NACA 0012 airfoil.

More recently Ingraham et al. [37] utilized a gradient-based propeller optimization
with the focus on urban air mobility vehicle. Their work combined a blade element
momentum theory tool “OpenBEMT” with an acoustic prediction tool “ANOPP2” within
an optimization framework called OpenMDAO. They were able to achieve a 5dB reduction
in OASPL at a cost of 1% propeller efficiency.
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4. Active Noise Control (ANC) Technology

Reducing noise radiation via passive control may have adverse effects on the aerody-
namic performance. Therefore, an alternative approach is to design the vehicle with some
passive control built-in the design, which should be optimized for regular flight operations
then engage ANC only in particular situations when the noise temporarily increases above
the allowable level as in the vicinity of vertiport.

The notional principle that the sound pressure can be mitigated by superimposing
a secondary noise source that is in phase with but opposite in amplitude to the primary
source was first introduced by Lueg [38]. Lueg’s idea developed eventually into the field of
active noise control. Three main classifications of active noise control mechanisms were
devised—Zone Control, On-blade or source modification, and sound absorption [39]. For
simplicity, the sound absorption mechanism would be omitted as it pertains mainly to the
fuselage/cabin noise control.

4.1. Zone Control

The first type of ANC is sound field cancellation or zone control. To execute a zone
control, a zone of silence is needed around the sound source. One method for achieving this
is the use of anti-noise. The basic principle is that if the noise at the target point is a simple
wave, one can impose an identical wave to it with a 180 degrees phase shift to cancel it. An
example of this mechanism is the noise cancelling headphones, first developed by Meeker
of RCA [40]. Practical applications of this kind of mechanism are limited to relatively
enclosed regions. Usually, a feedback loop is needed. A sensor measures the radiated
sound, which is fed into a microprocessor to determine the anti-noise signal needed for
sound suppression. Complete cancellation at a given point, in principle, can be achieve via
an iterative process through the feedback mechanism. Ikelheimer & Nagel [41] considered
a propeller surrounded by four speakers to create a zone of silence. The method worked
best at the specific target location, but other locations saw increases in the sound pressure
level. Increasing the number of speakers was found to be more effective. Deviating slightly
from rotors, some successes have been seen in experiments by Koopmann et al. [42] with
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10–20 dB noise reductions in centrifugal fans. This technique becomes unfeasible for open
rotors as it would require a high acoustic impedance to counter the noise source for every
observer location [41].

4.2. On-Blade Actuation

The second type of ANC is the modification or suppression of the sound generation, is
the case where a modification is done on the blade to alter the radiation impedance of the
original noise source for acoustic mitigation. Most active rotor noise control ideas fall under
this mechanism or classification. Several decades of research and studies were directed
towards BVI noise reduction, vibration reduction, and performance enhancement [43–45].
On-blade active rotor control methods such as higher harmonic control (HHC), individual
blade control (IBC), trailing edge flap (TEF), blowing on or near the rotor blade have been
tested as potential ways of altering the wake structure, and subsequently the reduction of
the BVI effects [44].

Higher harmonic control system is an active vibration control mechanism where
the rotor blades are oscillated at higher harmonics of the rotational speed. Although
originally devised as a method for vibrational reduction, it was suggested as a potential
method for reducing BVI in the late 1990s [45]. However, it was determined that when
implemented, fuselage vibration levels were drastically increased when driven at low
BVI noise frequencies [46,47]. This can be reduced by applying the excitation at a higher
harmonic frequency, which ultimately led to the development of the individual blade
control methods. eVTOLs are generally scaled down variants of rotorcrafts with multiple
rotor systems. Applying this method of active rotor control might prove quite deleterious
as the vibrations or excitation of the oscillations from all the rotors might introduce some
structural issues and may reduce the level of comfort in the fuselage/cabin. Several active
control research have been done particularly for helicopter rotors with little to none done
for small-scale rotors for UAVs. However, we review a few techniques and their feasibility
and successes.

Anobile et al. [48] developed a low-frequency controller geared towards reducing
helicopter rotor BVI noise. The utilize an active twist rotor concept via torque load distri-
butions at 2/rev frequency. They apply this methodology numerically to a scaled Bo-105
4-bladed helicopter main rotor, with a radius of 2 m, a constant chord of 0.212 m, linear twist
of -8 degrees, and a rotational speed of 109 rad/s. The general Kussner-Schwarz theory
is employed to determine the unsteady aerodynamic loads associated with the profile
downwash. Aeroelastic computations are performed to account for the blade deformation
and its effects on the wake. The wake inflow is predicted using a free-wake boundary
element solver. They perform open-loop control using the active twist, which showed that
a 2/rev actuation was effective in reducing the BVI sound pressure level by about 2 dB.
However, this also resulted in an increase in vibratory loads and low frequency noise of
about 3 dB. Using the microphones below helicopter and at the skid ends (Figure 8a), a
closed loop controller was developed which resulted in a maximum BVI sound pressure
level reduction of 6 dB at the retreating side.

One of the earliest proven tests of the concept of on-blade actuation for harmonic noise
control was the full-scale “Boeing SMART” rotor [49]. They utilized an active trailing edge
flap for the blade noise control. The results showed that placing the controls near the tips is
an effective thickness noise control, with the total thickness noise reduced to about 50% in
amplitude.
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More recently, Sargent and Schmitz [43,50,51] performed experiments with a 1/7th
scale rotor, where they used tip mass ejection to attempt to reduce specifically the in-plane
thickness noise. They implement this by extracting out the mass flow rate equation and
comparing with the Ffowcs-Williams Hawking equation (Ffowcs Williams and Hawkings,
1969). For an idealized point source ejecting mass into a quiescent medium, the jet mass
flow rate is given as [51]:

.
mjet = ρjet AjetVjet (1)

With velocity of source moving with respect to the medium
→
Vsource =

→
Ω x

→
r jet +

→
V∞.

Assuming ρjet = ρ0 then:

→
F jet =

.
mjet

(→
V jet +

→
Vsource

)
=

.
mjet

(→
V jet +

→
Ω x

→
r jet +

→
V∞

)
(2)

Comparing with FWH equation, we get the permeable mass and momentum injection
terms as:

Q = ρA(un − vn) and
→
F = ρA

→
u (un − vn) (3)

where
→
u =

→
V jet +

→
Vsource and

→
v =

→
Vsource. The anti-noise acoustic pressure was derived

to be the combination of the pressure due to the mass injection term, and that due to the
momentum injection. This method resulted in a reduction in the peak negative amplitude
of the test rotor’s radiated noise by 5 Pa at the target microphone, but was impractical as
the required mass flow rate needed required a high exit jet velocity profile (see Figure 9).

Shi et al. [52] explored the use of trailing edge winglets for unsteady force excitation.
This method specifically looks to target the rotor thickness noise. The method involves the
application of an unsteady aerodynamic force to excite a secondary or anti-sound wave.
This excitation was done with the use of a trailing edge winglet near the tip of the rotor
(see Figure 10).
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A harmonic formulation for prescribing the motion of the trailing edge winglet actuator
was devised:

F = Fn sin(nψ + ψo) (4)

where Fn is amplitude, n is the harmonic, ψ and ψo are azimuthal angle and initial excitation
angle. The limitations of this approach are that the formulation of the anti-noise actuation
depends on the correct amplitude of the forcing function, Fn, the harmonic number, and
the phase angle (see Figure 11). There was no direct correlation to obtain the exact wave
form without experimentation.
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Another approach was devised by Yang et al. [53] by canceling the in-plane thickness
noise with a point source loading noise formulation. They utilize a single-bladed rotor with
a radius of 5.79 m, a chord of 0.381 m, and an advancing-tip Mach number of MAT = 0.8
with a target observer 100 Radii away from the center of the rotor. From the differential
form of the FWH equation, the loading noise is formulated by equating the thickness noise
at an observer to the loading noise:

p′L(x, t) = −p′T(x, t) (5)

This technique was implemented both numerically and experimentally using a flap
for a single observer and a single rotor blade.

They tested two actuators—an active flap and a winglet on the blades and found that
the active flap resulted in about 3 dB noise reduction over an azimuth range of 150 to
210 degrees, and the winglet showed more than 6 dB reduction over an azimuthal range of
120 to 240 degrees in the rotor plane.

All the discussed methods have proven to be successful in cancelling thickness noise,
but the practicality of the applications is still questionable. The use of the active flaps
showed great promise, but its effects on the blade loading and performance, as well as
the structural integrity of the blades is yet to be understood. Additionally, the methods
discussed have all been tested on single rotor blades, and thus their applicability in multi-
bladed and multi-rotor systems must be explored.

4.3. Active Tonal Noise Control of Multi-Rotor Air Mobility Vehicles at Approach

ANC of rotors has been investigated recently by [54], Yang et al. (2019). [50], and [49],
among others. They argued that it is the in-plane fundamental thickness noise that needs
to be reduced as it becomes the significant source during approach. This is particularly true
with the low-frequency high amplitude noise. They proposed placing a point actuator on
the blades to produce some loading noise to cancel the in-plane thickness noise. Actuators
such as a flap, winglets and tip-blowing have been investigated. The above-mentioned
work is, however, limited to the case of a single rotor, and a single actuator. Single point
actuators make the loading actuation per area too excessive. Extension to AAM multi-rotors
with distributed actuators is needed and is the subject of Afari & Mankbadi’s [55] work.

An Active Noise Control (ANC) technology is developed by Afari & Mankbadi [55]
to reduce the in-plane thickness noise associated with multi-rotor Advanced Air Mobility
Vehicles (AAM). They considered two in-line rotors and showed that the FWH-determined
actuation signal can produce perfect cancellation at a point target. However, the practical
need is to achieve noise reduction over an azimuthal zone, not just a single point. Fur-
thermore, for practical applications the single point actuator is replaced by distributed
micro actuators system (Figure 12). Note that Fs is the span-wise force, Fc is the chord-wise
force, and Lr is the resultant loading vector in the target observer direction. To achieve this
zonal noise reduction, an optimization technique is developed to determine the required
actuation signal produced by the on-blade distribution of embedded actuators on the two
rotors.
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where 𝐿௥ is the component of the loading solution in the radiation direction, 𝑛𝐵 and 𝑛𝑅 
are the number of blades and number of rotors, respectively. The anti-noise loading 𝐿௥ 
needed is then solved by feeding the values of the thickness noise, 𝑝ᇱ் , and getting values 
of the observer distance 𝑟, the Mach number in the radiation direction 𝑀௥, and the flight 
Mach number 𝑀 from the computation of the thickness noise into the ordinary differen-
tial equation shown in Equations (8) and (9). A fourth order Runge-Kutta algorithm is 
employed to solve for the loading “anti-noise” solution, which is then fed into Equation 
(7) to find the corresponding anti-noise pressure signal. 𝑑𝐿௥𝑑𝜏 ൅ 𝑝ሺ𝜏ሻ𝐿௥ = 𝑟ሺ𝜏ሻ (8)

where 
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Target Zone: For a zone of target observers, a new loading term, 𝐿௥஺, is introduced 
such that: 
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௝ୀଵ  (11)

where 𝐾௝ and 𝐵௝ are the coefficients and tuning parameters that needs to be solved. This 
function is looped over each blade and each rotor, and thus the number of tuning param-
eters increase. The resulting optimized loading solution, 𝐿௥ as well as far-field noise sig-
nal are shown in Figure 13. The far-field pressure field is also computed and shown in 

Figure 12. Sketch showing the directivity of the forces and the loads in relation to the observer as
well as the dual piezo speaker configuration [55].



Appl. Sci. 2023, 13, 2543 13 of 17

4.4. Calculation of Distributed Array of Loading Actuators

A distributed array of acoustic actuators is used for imposing the required loading
noise needed to reduce the noise at a set of azimuthal observers. From the Farassat’s
formulation 1A [56], the total acoustic pressure at an observer point is given as:

p′(x, t) = p′T(x, t) + p′L(x, t), (6)

To find the loading solution, we set p′L(x, t) = −p′T(x, t). If we assume the blade
surface to be a compact source, the loading noise formulation becomes:

p′LAnti
(x, t) =

1
4πc0

∑nB∗nR
i=1

 1

ri(1−Mri )
2

∂Lri

∂τ
+

c0Lri

r2
i (1−Mri )

+

Lri

(
ri

·
Mri + c0 Mri − c0 M2

)
r2(1−Mri )

3


ret

(7)

where Lr is the component of the loading solution in the radiation direction, nB and nR are
the number of blades and number of rotors, respectively. The anti-noise loading Lr needed
is then solved by feeding the values of the thickness noise, p′T , and getting values of the
observer distance r, the Mach number in the radiation direction Mr, and the flight Mach
number M from the computation of the thickness noise into the ordinary differential equa-
tion shown in Equations (8) and (9). A fourth order Runge-Kutta algorithm is employed to
solve for the loading “anti-noise” solution, which is then fed into Equation (7) to find the
corresponding anti-noise pressure signal.

dLr

dτ
+ p(τ)Lr = r(τ) (8)

where

p(τ) =
nB∗nR

∑
i=1

[
c0(1−Mri )

2 + ri
.

Mri + c0
(

Mri −M2)
ri(1−Mri )

]
(9)

r(τ) = −4πc0
p′T
ε

nB∗nR

∑
i=1

ri(1−Mri )
2 (10)

Target Zone: For a zone of target observers, a new loading term, LrA, is introduced
such that:

LrA,i =
nObs∗nR∗nB

∑
j=1

BjKjLr,j (11)

where Kj and Bj are the coefficients and tuning parameters that needs to be solved. This
function is looped over each blade and each rotor, and thus the number of tuning parameters
increase. The resulting optimized loading solution, Lr as well as far-field noise signal are
shown in Figure 13. The far-field pressure field is also computed and shown in Figure 14.
We see a slightly imperfect total cancellation. This occurs because the loading actuator must
account for each observer peak, which is offset, and is not at the same temporal location.
For the specific geometry, this produced about 9 dB reduction in the in-plane thickness
noise during forward flight of the two rotors. Note that although the method works well
for thickness noise control, broadband noise might prove to be important for AAM, and
thus the method would need to be extended for BBN control.
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5. Discussion

Several passive control methods are reviewed, from leading edge trip, trailing edge
serrations, leading edge notch, effects of blade counts, and ducts. These methods showed
some successes in mitigating the noise of the blades, but ultimately affects the performance
of the rotors. Several works tackled this problem by optimizing the design process with
performance constraints [32,34]. These still have some trade-offs that may work as intended
but may result in difficulty in manufacturing or may present some structural difficulties.

To overcome the physical modifications, we looked at several active control methods.
Zone cancellation was found to be infeasible for open rotors as it would require a high
acoustic impedance to counter the noise source for every observer location [41]. For on-
blade source manipulations, taking some notes from several decades of active BVI noise
control in legacy helicopters, the active twist methodology [48] showed improvements in
the overall noise reduction in the higher frequencies, but were detrimental at the lower
frequencies. Perhaps this approach can be applied to specific stages of the flight envelope,
for example, during approach/landing phase, where blade-wake interactions are highest.
The pulsed tip jets method [43] showed some acoustic benefits but required cumbersome jet
configurations and equipment, which imposes a weight penalty on the vehicle. The winglets
and trailing edge flaps also showed good acoustic benefits but may add a structural penalty
to the rotor blades. As a possible remedy, an on-blade actuation using an embedded speaker
system may require less structural loads and weight. The techniques discussed have been
applied to single rotor blades, thus there is a need to investigate their effectiveness in multi-
bladed and multi-rotor applications as in the case of Afari & Mankbadi [55] Additionally,
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there is a need for a high-fidelity analysis of the above methods and their effectiveness in
more realistic conditions.

Overall, a great deal of research has been performed on understanding propeller
and rotor noise sources, as well as predicting them accurately. Research on the control of
these noise sources has been ongoing, but with allusions to helicopter rotors, they show
great promise for total noise control with the eventual hope to apply the methods to the
emergence of urban air mobility vehicles.

Closed Loop ANC: The actual radiated sound is expected to differ from that obtained by
the simplified methodologies discussed above. Therefore, a feedback loop is needed to mea-
sure/estimate the radiated sound and decide on adjusting the actuator signal accordingly.
Similar work is done by Anobile et al. [48], but targets the rotor floor or region below the
rotor. This may be useful, again during descent or highly impulsive vehicles (helicopters).
For typical AAM vehicles, the BVI phenomena is not as pronounced and thus the in-plane
thickness noise may be more prominent especially on approach. With this, we cannot apply
this method of feedback control. We can measure some of the near-field parameters, such
as the fluctuating pressure, as a surrogate parameter for the far field noise. However, to
develop a closed-loop controller, a Reduced-Order Model (ROM) may be useful.

Anti-Noise and Machine learning (ML): When applying the anti-noise principle to AAM
it becomes too complicated. First, because the radiated signal is composed of tonal and
broadband noise over a range of frequencies, and secondly, because we want to cancel or
reduce the noise in more than one point. Sensing and analyzing the radiated sound and
determining the proper anti-noise signal is difficult in real time and for multi-observer
points, which makes anti-noise a challenge for AAM (e.g., Ikelheimer & Nagel [41], Stevens
& Ahuja [57].

If ML can be used to provide a relatively quick analysis of multiple points of the
radiated noise, and provide the anti-noise signal, then speakers mounted on the AAM can
possibly generate the needed signal relatively instantaneously. High-fidelity simulations
can be used develop a Reduce-Order Model (ROM), then use this ROM to train the ML
model to predict in real time the radiated noise and its anti-noise optimized signal for a
zone of silence.
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