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Abstract: This paper presents a numerical investigation of noise radiated by two side-by-side pro-
pellers, suitable for Distributed-Electric-Propulsion concepts. The focus is on the assessment of
the variation of the effects of blade tip Mach number on the radiated noise for variations of the
direction of rotation, hub relative position, and the relative phase angle between the propeller blades.
The aerodynamic analysis is performed through a potential-flow-based boundary integral formula-
tion, which is able to model severe body–wake interactions.The noise field is evaluated through a
boundary-integral formulation for the solution of the Ffowcs Williams and Hawkings equation. The
numerical investigation shows that: the blade tip Mach number strongly affects the magnitude and
directivity of the radiated noise; the increase of the tip-clearance increases the spatial frequency of
the noise directivity at the two analyzed tip Mach numbers for both co-rotating and counter-rotating
configurations; for counter-rotating propellers, the relative phase angle between the propeller blades
provides a decrease of the averaged emitted noise, regardless the tip Mach number. One of the main
results achieved is the scalability with the blade tip Mach number of the influence on the emitted
noise of the considered design parameters.

Keywords: aeroacoustics; distributed propulsion; numerical simulations

1. Introduction

The constant growth of urban overcrowding and pollution has made the individuation
of alternative and environmentally sustainable solutions to the standard urban mobility a
crucial issue. This has led to an ever-growing interest towards Urban Air Mobility (UAM),
which represents an interesting solution for the infrastructure congestion, overcoming
the limited capacity of ground transport. At the same time, the need to enhance the
sustainability of conventional aircraft (namely for regional, continental and intercontinental
transport) is also mandatory, in the perspective of a low impact next generation aviation.
These two different applications share the common target to develop eco-friendly vehicles,
in terms of both chemical and acoustic pollution, in response to the increasingly demanding
requirements and certification rules. Focusing on the latter application, a great effort has
been made to find new solutions to reduce the environmental impact of conventional,
currently-employed aircraft. This approach has led to remarkable improvements but,
in order to meet the targets in terms of performance and acoustic emissions set in [1],
disruptive layouts and technologies have to be adopted.

In this scenario, the interest of manufacturers and researchers highly focused on
the concept of Distributed Propulsion (DP) and, more specifically, Distributed Electric
Propulsion (DEP). In these propulsive systems the thrust is delivered by multiple and
decoupled propulsive devices [2]. Thanks to this peculiarity and the flexibility in the
operating method of each device, this propulsive system is a viable green alternative to the
traditional single/twin engine propulsive systems, mainly when electric-powered devices
are exploited. Furthermore, this propulsive configuration lends itself well to be installed
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on aircraft wing, usually resulting in an improvement of the system aerodynamics due to
the lift increase produced by the propeller wakes/wing interactions [3,4]. Several research
activities have been performed in this field and a lot of literature on this topic is already
available, well testifying the growing interest in DEP layouts design. However, most of the
existing literature mainly focuses on preliminary aircraft and propulsive system design or,
at most, investigates aerodynamic issues [2,5–8]. Nevertheless, there are few studies aimed
at assessing the aeroacoustic behaviour of such concepts (see, for instance [9,10]). A key
point in DEP configurations design is the difficulty of accurately predicting the aeroacoustic
effects due to the aerodynamic interactions occurring with other aircraft components,
which may significantly modify both the aerodynamic performance and emitted noise of
the system [11].

Focusing on aerodynamic interactions occurring between adjacent propellers a great
amount of literature is already present, as for instance in [12] for tilt-rotor configurations
and in [13–16] for drones. Furthermore, in [13], a numerical investigation of a quadcopter in
hovering condition is proposed to examine the aeroacoustic effect of the rotors interactions,
through a nonlinear vortex-lattice/vortex-particle method coupled with Farassat’s formula-
tion 1A. A similar investigation is presented in [14], where the effect of the relative position
on the aerodynamics and acoustics of two side-by-side propellers has been investigated.
In [17] a numerical/experimental investigation on the effect of hub separation distance,
propeller tilting and blade phasing, for a two two-bladed co-rotating/counter-rotating
propellers, has been presented. However, the available literature mainly concerns hov-
ering conditions, whereas the aeroacoustic interaction effects in forward-flight remains
relatively unexplored. Besides, although isolated multi-propeller systems or wing-mounted
single rotors have been extensively investigated [18–22], installation effects on multi-rotor
configurations have not been deeply examined so far. In particular, some studies regard-
ing the aerodynamics of these configurations are available in the literature [3], whereas
their acoustics remains relatively unexplored. Moreover, due to the novelty of this con-
cepts, semi-empirical computationally efficient models are not present in literature and
approximate solutions, as for instance, scattering models [23,24] are no longer applicable.

Driven by all these considerations, many European projects have started in the frame-
work of Horizon 2020, among which VENUS (inVestigation of distributEd propulsion Noise
and its mitigation through wind tUnnel experiments and numerical Simulations), which
led to the present research, focused on the analysis of DEP systems aeroacoustics, through
both numerical simulations and experimental activities. Regarding the latter, one issue
to be carefully approached, is the sizing of the scaled model to be experimentally tested.
To this purpose, some constraints have to be considered, as the wind tunnel geometrical
characteristics, the power required to move the propeller and the permitted upper limit
for the angular velocity to maintain an accurate control of the propeller blade shift. All
these constraints limit the allowable experimental tip Mach number, which is significantly
lower than that of the real model. Thus, the present paper provides an assessment of the tip
Mach number effects on the aeroacoustic emissions, with the objective of defining general
guidelines to suitably scale the model to be used in the experimental campaign. Specifi-
cally, the numerical analysis investigates the combined effects of the propeller tip Mach
number, distance between hubs, direction of rotation and azimuth shift angle between
blades. The ultimate goal is to assess the possibility of predicting the influence of the design
parameters considered on the real configuration noise emission, starting from the experi-
mental data related to the scaled model. As a by-product, the proposed analysis provides a
systematic investigation of the combined effects of the blade tip Mach number and of the
aforementioned geometrical/kinematic parameters on the noise emitted by multi-propeller
configurations in forward flight, which, to the authors’ knowledge, is not available in the
current literature. The numerical investigation exploits for the aerodynamic analysis a
velocity-potential based zeroth-order boundary element method that accounts for the effect
of wake/body interaction [25] and, for the aeroacoustic one, an acoustic-pressure based
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zeroth-order boundary element method, which solves the Ffowcs Williams and Hawkings
equation [26].

The paper is structured as follows: first, in Section 2 the numerical solvers herein
applied are briefly described, with Sections 2.1 and 2.2 outlining the aerodynamic and
acoustic formulations, respectively. Then, Section 3 discuss the numerical investigation
of a multi-rotor configuration to assess the effects of the propeller tip Mach number on
system noise emissions when the rotor hubs distance, the azimuth phasing angles between
the blades of adjacent propellers, and the direction of rotation change. Finally, Section 4
summarizes the main outcomes of the numerical analysis.

2. Numerical Tools

This section briefly describes the aerodynamic and aeroacoustic tools applied for
the analysis of the multi-propeller configurations. All solvers herein used have been
deeply checked in the recent past against available experimental data and numerical results
for several rotorcraft in severe body-wake and wake-wake interaction conditions (see,
for instance, ref. [27] for helicopter in BVI conditions and [28] for tilt-rotor configurations).

2.1. The Aerodynamic Tool

The aerodynamic solver exploits a Boundary Element Method (BEM)to solve the
boundary integral formulation presented in [25]. Let us consider an incompressible, poten-
tial flow for which the velocity field, v, can be expressed as v = ∇ϕ, where ϕ denotes the
velocity potential given by the sum of an incident potential, ϕI , and a scattered one, ϕS (i.e.,
ϕ = ϕI + ϕS). The scattered potential is given by sources and doublets distributed over
the body surface, SB, and by the doublets distribution over the near wake, SN

W , namely the
portion of the wake close to the emitting trailing edge. The incident potential is instead
generated by the doublets distribution over the far wake, SWF (i.e., the near wake comple-
mentary wake regions) [25]. This splitting of the wake surface is such that only the far
wake may impact bodies. The incident and scattered potentials are discontinuous across
SF

W and SN
W , respectively. Furthermore, the scattered potential equation is [25]

ϕS(x, t) =
∫

SB

[
G(vn − un)− ϕS

∂G
∂n

]
dS(y)−

∫
SN

W

∆ϕS
∂G
∂n

dS(y) (1)

where G = −1/4π ||y− x|| is the 3D free-space Green function, whereas ∆ϕS is the jump
of the scattered potential across the wake surface, which comes from the time history
of scattered potential discontinuity at the corresponding body trailing edge exploiting
Kutta’s condition [29,30]. Furthermore, from the impermeability of the body surface SB,
vn = vB · n, with vB denoting the body velocity and n the unit normal vector to the body
surface, oriented towards the fluid domain, while un = uI · n, where uI is the far-wake
induced velocity.

The numerical solution of Equation (1) is obtained through a zeroth-order boundary
element method, which discretizes both the body and the near-wake surfaces into quadri-
lateral panels. Then, the scattered potential, ϕS, its normal derivative, vn and its jump
across the wake, ∆ϕS, are assumed uniformly distributed on each discretization panel
(with the value matching that at the panel centroid), and the far-wake induced velocity, uI ,
is evaluated by exploiting the equivalence between the distribution of surface doublets
and vortices, through the Biot-Savart law applied to vortices shaped as the wake panels
contour. This formulation becomes singular in strong blade-wake interaction conditions
(i.e., once the wake vortices impact a body). The Rankine vortex model is used to remove
this singularity and ensure a regular induced velocity field even in severe blade-vortex
interactions [25]. The wake shape evolution is obtained through a free-wake algorithm,
which moves the vertices of the wake panels as per the velocity field induced by the bodies
and their wakes. Equation (1) implies that the incident potential influences the scattered
one through the induced-velocity, while the scattered potential influences the incident
one through its trailing-edge jump that is transported by the wake material points and
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defines the intensity of the far-wake vortices [25]. Once the scattered potential and the
far-wake-induced velocity are known, the Bernoulli theorem allows the evaluation of the
pressure field on the bodies [31] from whichthe body loads can be easily evaluated. Note
that the Prandtl-Glauert transformation, applied to the pressure field, is used to include the
compressibility effects to the aerodynamic formulation.

2.2. The Aeroacoustic Tool

The aeroacoustic analysis is based upon the boundary integral formulation for the
solution of the Ffowcs Williams and Hawkings equation introduced in [24,32]. Specifically,
the acoustic pressure field radiated by an impermeable body is given by

E(x)p′(x, t) =−
∫

SB

ρ0
[
v · nv · ∇G + [v · n(1− v · ∇θ)]·G

]
τ
dS(y)

−
∫

SB

[
(Pn) · ∇G− (Ṗn) · ∇θG

]
τ
dS(y)

(2)

where p′ is the pressure disturbance, x and y denote the observer and source positions,
respectively, and v the local rigid blade velocity. In addition, ρ0 is the density in the
undisturbed medium, for inviscid flows P = [p− p0]I is the compressive stress tensor with
p0 denoting the pressure in the undisturbed medium. Furthermore, notation [...]τ means
that these quantities are evaluated at the emission time, τ = t− θ, with θ the time required
by the signal emitted from y ∈ SB to reach the observer at time t.

Also, in this case, Equation (2) is numerically solved through a zeroth-order boundary
element method which discretizes the body into quadrilateral elements and assumes
constant values (equal to their centroidal values) of the local surface velocity, v, and acoustic
pressure, p′, on each of them.

Note that, as demonstrated in [26], Equation (2) is fully equivalent to Farassat 1A
formulation [33], with the first and second integrals corresponding to the thickness and the
loading contributions, respectively.

3. Numerical Results

The numerical investigation herein proposed is aimed at assessing the effect of the
propeller blade tip Mach number, Mt, on the noise emitted by two adjacent co-rotating
and counter-rotating propellers in forward-flight conditions. The examined configuration
consists of two side-by-side, five-bladed propellers, with parallel rotational axes and
diameter d = 0.67 m. The chord length of the untapered blades is equal to 0.025 m. For
the aerodynamic analysis, each blade surface is discretized by 840 panels, with 30 panels
in the chordwise direction (15 on the upper side and 15 on the lower side of the airfoil)
and 28 panels spanwise, whereas 5040 panels are used to discretise the corresponding
two-revolution length free wake surface (28 panels in the radial direction and 180 panels
along the azimuth direction).

The time discretisation consists of 360 time-steps per rotor revolution, corresponding
to 1◦-azimuth resolution. Aeroacoustic calculations are performed using the same blade
mesh and time step used for the aerodynamic analysis. These discretization parameters are
obtained as the best compromise between accuracy and computational efficiency, chosen as
the result of a convergence analysis on the rotor thrust performed by gradually increasing
their values.

The investigation concerns the effect of the propeller blade Mach number on the near-
field and far-field noise emitted by the propeller-wing system when the relative distance
and phase between the propeller blades change. Two angular velocities are examined,
5000 rpm and 6730 rpm, corresponding to Mt = 0.52 and Mt = 0.7, respectively. Note that
the first velocity is typical of scaled models for wind-tunnel tests, whereas the second one is
consistent with standard operative conditions of real-life DEP configurations. The effects of
the distance between the propeller hubs and of the propeller blade phasing are investigated
considering three tip-clearances, TC1 = 0.05d, TC2 = 0.125d, and TC3 = d and three phase
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shifts (12◦, 24◦, and 36◦). All configurations are tested by keeping unchanged both the
advance ratio (increasing the freestream velocity from 25 m/s to 33.65 m/s as Mt increases)
and the thrust (equal to 189 N for each propeller), in that the proposed investigation
aims at studying the noise provided by similarly loaded propellers. A preliminary trim
analysis is performed for each configuration to identify the collective angle providing the
required thrust.

The results of the numerical investigations are shown in terms of Overall Sound
Pressure Levels (OASPLs, evaluated on the basis of the first nine BPFs) on a sphere with
radius R = 40d for the far-field investigation and R = 5d for the near-field analysis,
centered at the midpoint of the two propeller hubs. Specifically, two views of the sphere
are shown. Considering a right-handed frame of reference with origin at the center of the
sphere, the z-axis coincident with the advancing direction and pointing forward and the
y-axis directed starboard (see Figure 1), the northern view (NV) consists of the view of the
sphere as seen from the positive x-axis, whereas in the southern view (SV) it is observed
from the negative x-axis.

Figure 1. Sketch of the examined configurations, counter-rotating propellers.

First, the effect of the blade tip Mach number on the far-field noise produced by
counter-rotating propellers is evaluated for the defined values of TCs. The corresponding
predicted OASPL are compared in Figure 2.

These results show that, although an OASPL magnitude difference of about 10 dB is
observed to be induced by the Mach number change analyzed, the directivities remain
similar for all TCs, especially in the region closer to the rotor disk. In particular, for the
lower Mach number conditions, the northern view presents a symmetric distribution of the
noise radiated by the two propellers with respect to the xz-plane and three lobes with high
OASPL values that collapse into a single high-intensity region located close to the yz-plane
as the tip-clearance increases. A similar behavior is also observed for the higher Mach
number conditions although, in this case, two trilobate structures are present, with the
one below the yz-plane much more intense than that above it. Instead, in the southern
view, a more wavy noise distribution is observed, generated by constructive or destructive
interference between sound fields emitted by the two propellers. The corresponding spatial
frequency increases with the tip clearance and the noise waves remain in the same azimuth
positions regardless the tip Mach number. Some differences appear in the region upstream
the rotor disk, where the radiated noise is quite uniformly distributed for Mt = 0.52,
whereas wave interference patterns are clearly visible for Mt = 0.7.

For a clearer interpretation of the noise distribution, Figure 3 shows the differences
between the OASPL given by different TCs, for both blade tip Mach numbers considered.
In this figure and in the following ones, ∆OASPLij is introduced to denote the difference
between OASPLs evaluated for tip-clearance TCi and tip-clearance TCj.
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←−−−−−−−−−− Northern view (NV) −−−−−−−−−−−→ ←−−−−−−−−−−−−− Southern view (SV) −−−−−−−−−→

(a) TC1 (b) TC2 (c) TC3 (d) TC1 (e) TC2 (f) TC3

(g) TC1 (h) TC2 (i) TC3 (j) TC1 (k) TC2 (l) TC3

(m) legend

Figure 2. Counter-rotating propellers, influence of TC on OASPL, for Mt = 0.52 (upper) and Mt = 0.7
(lower).

←−−−−−−−−−− Northern view (NV) −−−−−−−−−−−→ ←−−−−−−−−−−−−− Southern view (SV) −−−−−−−−−→

(a) ∆ OASPL32 (b) ∆ OASPL31 (c) ∆ OASPL21 (d) ∆ OASPL32 (e) ∆ OASPL31 (f) ∆ OASPL21

(g) ∆ OASPL32 (h) ∆ OASPL31 (i) ∆ OASPL21 (j) ∆ OASPL32 (k) ∆ OASPL31 (l) ∆ OASPL21

(m) legend

Figure 3. Counter-rotating configuration, OASPL difference vs. TC difference, for Mt = 0.52 (upper)
and Mt = 0.7 (lower).

As expected, the most significant difference occurs between the configurations with
the higher and lower tip clearances. At Mt = 0.52 the differences are localized near the
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rotor disk plane, whereas upstream the radiated noise is almost independent of the tip
clearance. At Mt = 0.7 the ∆ OASPL is not negligible also in the microphones near the
polar region upstream the propeller disk. Furthermore, the increase of the spatial frequency
for increasing tip clearance observed in Figure 2 generates ∆ OASPL interference patterns
in the southern view that are similar for both tip Mach numbers.

Next, the same analyses are performed for the configuration with co-rotating pro-
pellers. The corresponding evaluated OASPL distributions are shown in Figure 4. It is
worth noting that, in this case, the SV and the NV coincide due to the geometric symmetry
of this configuration with respect to the xy-plane.

←−−−−−−−−−− Northern view (NV) −−−−−−−−−−−→ ←−−−−−−−−−−−−− Southern view (SV) −−−−−−−−−→

(a) TC1 (b) TC2 (c) TC3 (d) TC1 (e) TC2 (f) TC3

(g) TC1 (h) TC2 (i) TC3 (j) TC1 (k) TC2 (l) TC3

(m) legend

Figure 4. Co-rotating propellers, influence of TC on OASPL, for Mt = 0.52 (upper) and Mt = 0.7
(lower).

Akin to the counter-rotating propeller analysis, in order to get a better insight about
the tip-clearance effect on the emitted noise, Figure 5 shows the differences between the
OASPL given by different TCs, for both blade tip Mach numbers considered.

These results confirm the general trend observed also for the counter-rotating case:
greater differences are present between maximum and minimum tip-clearances, the increase
of the spatial frequency for increasing tip clearance observed in Figure 2 generates ∆ OASPL
interference patterns are similar for both tip Mach numbers.



Appl. Sci. 2022, 12, 9507 8 of 15

←−−−−−−−−−− Northern view (NV) −−−−−−−−−−−→ ←−−−−−−−−−−−−− Southern view (SV) −−−−−−−−−→

(a) ∆ OASPL32 (b) ∆ OASPL31 (c) ∆ OASPL21 (d) ∆ OASPL32 (e) ∆ OASPL31 (f) ∆ OASPL21

(g) ∆ OASPL32 (h) ∆ OASPL31 (i) ∆ OASPL21 (j) ∆ OASPL32 (k) ∆ OASPL31 (l) ∆ OASPL21

(m) legend

Figure 5. Co-rotating configuration, OASPL difference vs. TC difference, for Mt = 0.52 (upper) and
Mt = 0.7 (lower).

The second numerical investigation carried out regards the effect of the phase shift, γ,
on the emitted noise. The analysis is performed for both co-rotating and counter-rotating
configurations, for both Mach numbers, for all the propeller hub distances considered.
Specifically, Figures 6 and 7 show, respectively for the counter-rotating and co-rotating
configurations, and for increasing tip-clearance, the far-field OASPL directivity patterns on
a circular array of observers with radius equal to 40d and centered at the midpoint of the
dual propeller system, lying on the rotor disk plane. Note that, for ψ = 0◦ the observer is
placed at (x = −R, y = 0), and that positive ψ corresponds to positive rotation around the
z-axis.

For all the configurations examined, the effect of the phase angle between the blades
of the two propellers is a shift of the azimuth positions where the signals from the two
propellers generate constructive or destructive interference. Furthermore, Figure 6 shows
that, for the counter-rotating configurations, Mt = 0.52 and TC = 0.125d, a significant
reduction of noise (up to 25 dB) is achieved for γ = 36◦ and 120◦ ≤ ψ ≤ 240◦ (in the
same azimuth region, the radiated noise presents a visible reduction also for γ = 24◦). A
similar behavior is also observed for Mt = 0.7, and for all the tip-clearances, although the
reductions are much smaller and appearing in a narrower azimuth range. The results for
co-rotating propellers presented in Figure 7 show that the phase angle γ = 36◦ produces a
noise magnitude reduction of about 10 dB for TC = d and azimuth ranges 60◦ ≤ ψ ≤ 120◦

and 240◦ ≤ ψ ≤ 300◦. For all the other cases, the noise increases in some directions and
decreases in others.

Thus, at least for the configurations herein investigated, the strategy of reducing the
emitted noise by a proper choice of the relative phase angle between propellers seems to be
more effective for the counter-rotating configuration than for the co-rotating one.

This conclusion is confirmed by the examination of the values of the averaged OASPL
computed over the sphere that are reported in Table 1. However, further considerations
can be drawn from Table 1.
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Table 1. Averaged OASPL.

Mt Tip-Clearance γ = 0◦ γ = 12◦ γ = 24◦ γ = 36◦

Counter-rotating

0.52
0.05d 68.78 dB 68.51 dB 67.90 dB 66.97 dB

0.125d 68.67 dB 68.43 dB 67.80 dB 66.97 dB
1d 69.09 dB 68.78 dB 67.67 dB 65.23 dB

0.7
0.05d 75.07 dB 74.74 dB 74.05 dB 73.49 dB
0.125d 75.00 dB 74.67 dB 73.96 dB 73.35 dB

1d 75.36 dB 74.84 dB 73.64 dB 72.78 dB

Co-rotating

0.52
0.05d 67.31 dB 67.97 dB 68.46 dB 68.65 dB

0.125d 66.92 dB 67.74 dB 68.46 dB 68.70 dB
1d 67.45 dB 67.96 dB 68.12 dB 68.00 dB

0.7
0.05d 73.38 dB 74.04 dB 74.84 dB 75.14 dB

0.125d 73.24 dB 73.83 dB 74.77 dB 75.14 dB
1d 73.62 dB 73.95 dB 74.45 dB 74.65 dB

(a) TC1 (b) TC2 (c) TC3

(d) TC1 (e) TC2 (f) TC3

Figure 6. Counter-rotating propellers, OASPL directivity pattern on rotor disk for different TCs and
different phase shifts (black line γ = 0◦, blue line γ = 12◦, red line γ = 24◦, green line γ = 36◦);
upper Mt = 0.52, lower Mt = 0.7.

First, regardless of the propeller direction of rotation and the tip Mach number,
for γ = 0◦, the highest averaged OASPL is obtained for the maximum TC, whereas
the minimum averaged OASPL is obtained for TC = 0.125d. This behavior can be the result
of a combination of source-observer distance (inversely proportional to the tip-clearance)
and unsteady propeller loading (directly proportional to the tip-clearance).

Second, regardless of the tip Mach number and tip clearance, increasing the relative
phase angle yields a noise increase for the co-rotating configuration and a noise decrease
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for the counter-rotating one (thus confirming the overall trend observed in Figures 6 and 7).
For the counter-rotating configuration, the maximum relative phase angle seems to be the
most effective in reducing the noise at both Mach numbers.

(a) TC1 (b) TC2 (c) TC3

(d) TC1 (e) TC2 (f) TC3

Figure 7. Co-rotating propellers, OASPL directivity pattern on rotor disk for different TCs and
different phase shifts (black line γ = 0◦, blue line γ = 12◦, red line γ = 24◦, green line γ = 36◦);
upper Mt = 0.52, lower Mt = 0.7.

Finally, the above investigations are also performed for near-field observers (located
on the sphere of radius 5d). First, for the counter-rotating configuration, Figure 8 shows the
difference between the OASPL evaluated in the far-field hemisphere (radius 40d) and the
near-field one (radius 5d), indicated as ∆ OASPL, for the defined TCs and Mach numbers.
Note that for this comparison, a suitable scaling of the OASPLs in terms of the ratio between
the sphere radii is performed.

In this case, the differences between near-field and far-field noise distribution are
limited to a few dBs in wide areas of the northern hemisphere, especially in regions close to
the rotor disk plane. Greater discrepancies arise near the poles (where the noise emitted
is less significant) and in the southern hemisphere. From these results it is inferred that
the dipole contribution to the noise is negligible also on the hemisphere of radius 5d. This
could be due to the phase shifts of the dipole signals coming from the two propellers of
the counter-rotating configuration, which produce a destructive interference even at small
observation distances.

Figure 9 shows the same results for the co-rotating configuration. In this case, the dif-
ferences between near- and far-field predictions are greater, although the overall trend is
the same as the counter-rotating configuration, in terms of both tip-clearance and tip Mach
number effects. In this case, the phase shifts of the dipole signals seem to be such that the
dipole contributions do not cancel out each other in the near field.
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←−−−−−−−−−− Northern view (NV) −−−−−−−−−−−→ ←−−−−−−−−−−−−− Southern view (SV) −−−−−−−−−→

(a) TC1 (b) TC2 (c) TC3 (d) TC1 (e) TC2 (f) TC3

(g) TC1 (h) TC2 (i) TC3 (j) TC1 (k) TC2 (l) TC2

(m) legend

Figure 8. Counter-rotating configuration, difference between far-field and near-field OASPL for the
defined TCs and for Mt = 0.52 (upper) and Mt = 0.7 (lower).

←−−−−−−−−−− Northern view (NV) −−−−−−−−−−−→ ←−−−−−−−−−−−−− Southern view (SV) −−−−−−−−−→

(a) TC1 (b) TC2 (c) TC3 (d) TC1 (e) TC2 (f) TC3

(g) TC1 (h) TC2 (i) TC3 (j) TC1 (k) TC2 (l) TC3

(m) legend

Figure 9. Co-rotating configuration, difference between far-field and near-field OASPL for the defined
TCs and for Mt = 0.52 (upper) and Mt = 0.7 (lower).
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Finally, Figures 10 and 11 show, respectively for the counter-rotating and co-rotating
case, the comparison between near-field and far-field directivity patterns evaluated on the
circular array of microphones located on the rotor disk plane, for different phase shifts and
tip Mach numbers. For the sake of conciseness, only results for the phase angles γ = 0◦

and γ = 36◦ and TC = 0.05d and TC = d are shown (the conclusions that are drawn in
these cases are valid also for all the other configurations examined). Note that, also in this
case, for comparison purposes, the OASPLs have been scaled by the ratio between the
hemisphere radii.

These results prove that the directivity patterns of the near-field and far-field predic-
tions are in excellent agreement for the counter-rotating case, whereas some discrepancies
appear in the co-rotating configuration. Indeed, in this latter case an angular shift be-
tween them is present, due to the non-vanishing dipole contribution in the near-field noise
discussed above.

←−−−−−−−−−−− Ω = 5000 rpm−−−−−−−−−−−→ ←−−−−−−−−−−− Ω = 6730 rpm−−−−−−−−−−−→

(a) γ = 0◦ (b) γ = 36◦ (c) γ = 0◦ (d) γ = 36◦

(e) γ = 0◦ (f) γ = 36◦ (g) γ = 0◦ (h) γ = 36◦

Figure 10. Counter-rotating configuration, comparison between far-field and near-field OASPL
directivity patterns; red line near field, black line far-field; TC = 0.05d (upper), TC = d (lower).
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←−−−−−−−−−−− Ω = 5000 rpm−−−−−−−−−−−→ ←−−−−−−−−−−− Ω = 6730 rpm−−−−−−−−−−−→

(a) γ = 0◦ (b) γ = 36◦ (c) γ = 0◦ (d) γ = 36◦

(e) γ = 0◦ (f) γ = 36◦ (g) γ = 0◦ (h) γ = 36◦

Figure 11. Co-rotating configuration, comparison between far-field and near-field OASPL directivity
patterns; red line near field, black line far-field; TC = 0.05d (upper), TC = d (lower).

4. Conclusions

This paper presents a numerical investigation on the effect of the blade tip Mach
number on the noise emitted by two side-by-side propellers, in co-rotating and counter-
rotating configurations. In particular, the proposed analyses investigate the influence of the
propeller blades’ tip Mach number on the emitted noise sensitivity to design parameters
like the relative distance and the relative phase angle between the propeller blades. Both
near-field and far-field noise propagation are examined. From the numerical investigations
discussed some considerations can be drawn:

• for both co-rotating and counter-rotating propellers, the effects on the emitted noise of
the tip-clearance is similar for both tip Mach numbers, with those related to the lower
tip Mach number mainly localized near the rotor disk plane;

• for the counter-rotating propellers configuration the relative phase angle alters the
noise directivity pattern on the rotor disk plane, generally providing an angular shift of
it; however, for specific values of phase angle and tip-clearance, a significant reduction
of the emitted noise magnitude is observed for a wide angular range, particularly for
the low Mach number flight condition;

• for the co-rotating propellers configuration the relative phase angle produces angular
shift of the noise directivity pattern on the rotor disk plane, but slight modifications of
the magnitude; anyway, these effects are more evident for the lower tip Mach number;

• the differences between near-field and far-field noise predictions decrease with the
tip Mach number, increase with the tip clearance, and are greater for the co-rotating
propellers configuration; this occurs because, in this case, the dipole-type propagation
is still non-vanishing in the near field (whereas it is almost negligible in the counter-
rotating propellers configuration because of a mutual cancellation effect).

A consequence of the results achieved is that, in the perspective of an experimental
investigation, even if a low-Mach-number model is tested for near field noise measurements,
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these could be suitably scaled to obtain reliable predictions of the far-field noise propagation
of the real, higher-Mach-number configuration.

Author Contributions: Conceptualization, C.P., G.B., M.G. and R.C.; methodology, C.P., G.B. and
M.G.; software, C.P., G.B. and M.G.; investigation, C.P.; data curation, C.P.; writing—original draft
preparation, C.P. and G.B.; writing—review and editing, C.P., G.B., M.G. and R.C.; visualization,
C.P.; supervision, G.B., M.G. and R.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This work has been partially supported by the European Union Horizon 2020 research
and innovation programme under project VENUS (inVestigation of distributEd propulsion Noise
and its mitigation through wind tUnnel experiments and numerical Simulations), grant agreement
No 886019.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
The following abbreviations are used in this manuscript:

DEP Distributed Electric Propulsion
DP Distributed Propulsion
OASPL Overall Sound Pressure Level
NV Northern View
SV Sounthern View

References
1. EC. Flightpath 2050, Europe’s Vision for Aviation; Technical Report; European Commission: Brussels, Belgium, 2011.
2. Kim, H.D.; Perry, A.T.; Ansell, P.J. A review of distributed electric propulsion concepts for air vehicle technology. In Proceedings

of the 2018 AIAA/IEEE Electric Aircraft Technologies Symposium (EATS), Cincinnati, OH, USA, 12–14 July 2018; pp. 1–21.
3. Aref, P.; Ghoreyshi, M.; Jirasek, A.; Satchell, M.J.; Bergeron, K. Computational study of propeller–wing aerodynamic interaction.

Aerospace 2018, 5, 79. [CrossRef]
4. Poggi, C.; Bernardini, G.; Gennaretti, M. Aeroacoustic analysis of wing-mounted propeller arrays. In Proceedings of the AIAA

Aviation 2021 Forum, Virtual, 2–6 August 2021; p. 2236.
5. Borer, N.K.; Patterson, M.D.; Viken, J.K.; Moore, M.D.; Bevirt, J.; Stoll, A.M.; Gibson, A.R. Design and performance of the NASA

SCEPTOR distributed electric propulsion flight demonstrator. In Proceedings of the 16th AIAA Aviation Technology, Integration,
and Operations Conference, Washington, DC, USA, 13–17 June 2016; p. 3920.

6. Hermetz, J.; Ridel, M.; Doll, C. Distributed electric propulsion for small business aircraft a concept-plane for key-technologies
investigations. In Proceedings of the ICAS 2016, Daejeon, Korea, 25–30 September 2016.

7. Deere, K.A.; Viken, J.K.; Viken, S.; Carter, M.B.; Wiese, M.; Farr, N. Computational analysis of a wing designed for the X-57
distributed electric propulsion aircraft. In Proceedings of the September of the 35th AIAA Applied Aerodynamics Conference,
Denver, CO, USA, 5–9 June 2017; p. 3923.

8. Moore, K.R.; Ning, A. Takeoff and Performance Trade-Offs of Retrofit Distributed Electric Propulsion for Urban Transport. J.
Aircr. 2019, 56, 1880–1892. [CrossRef]

9. Rizzi, S.A.; Palumbo, D.L.; Rathsam, J.; Christian, A.W.; Rafaelof, M. Annoyance to noise produced by a distributed electric
propulsion high-lift system. In Proceedings of the 23rd AIAA/CEAS Aeroacoustics Conference, Denver, CO, USA, 5–9 June 2017;
p. 4050.

10. Synodinos, A.; Self, R.; Torija Martinez, A. Noise assessment of aircraft with distributed electric propulsion using a new noise
estimation framework. In Proceedings of the 24th International Congress on Sound and Vibration, ICSV 2017, London, UK, 23–27
July 2017; International Institute of Acoustics and Vibration, IIAV: Henrico, VA, USA, 2017.

11. Bernardini, G.; Centracchio, F.; Gennaretti, M.; Iemma, U.; Pasquali, C.; Poggi, C.; Rossetti, M.; Serafini, J. Numerical Char-
acterisation of the Aeroacoustic Signature of Propeller Arrays for Distributed Electric Propulsion. Appl. Sci. 2020, 10, 2643.
[CrossRef]

12. Sheng, C.; Narramore, J.C. Computational simulation and analysis of bell boeing quad tiltrotor aero interaction. J. Am. Helicopter
Soc. 2009, 54, 42002. [CrossRef]

13. Lee, H.; Lee, D.J. Rotor interactional effects on aerodynamic and noise characteristics of a small multirotor unmanned aerial
vehicle. Phys. Fluids 2020, 32, 047107.

14. Alvarez, E.; Schenk, A.; Critchfield, T.; Ning, A. Rotor-on-Rotor Aeroacoustic Interactions of Multirotor in Hover. J. Am. Helicopter
Soc. 2020, in review.

15. Tinney, C.E.; Sirohi, J. Multirotor drone noise at static thrust. AIAA J. 2018, 56, 2816–2826. [CrossRef]

http://doi.org/10.3390/aerospace5030079
http://dx.doi.org/10.2514/1.C035321
http://dx.doi.org/10.3390/app10082643
http://dx.doi.org/10.4050/JAHS.54.042002
http://dx.doi.org/10.2514/1.J056827


Appl. Sci. 2022, 12, 9507 15 of 15

16. Thai, A.D.; De Paola, E.; Di Marco, A.; Stoica, L.G.; Camussi, R.; Tron, R.; Grace, S.M. Experimental and Computational
Aeroacoustic Investigation of Small Rotor Interactions in Hover. Appl. Sci. 2021, 11, 10016. [CrossRef]

17. Zhou, T.; Fattah, R. Tonal noise characteristics of two small-scale propellers. AIAA Pap. 2017, 4054, 2017.
18. Poggi, C.; Rossetti, M.; Bernardini, G.; Iemma, U.; Andolfi, C.; Milano, C.; Gennaretti, M. Surrogate models for predicting noise

emission and aerodynamic performance of propellers. Aerosp. Sci. Technol. 2022, 125, 107016. [CrossRef]
19. Chirico, G.; Barakos, G.N.; Bown, N. Propeller installation effects on turboprop aircraft acoustics. J. Sound Vib. 2018, 424, 238–262.

[CrossRef]
20. Marcus, E.A.; de Vries, R.; Raju Kulkarni, A.; Veldhuis, L.L. Aerodynamic investigation of an over-the-wing propeller for

distributed propulsion. In Proceedings of the 2018 AIAA Aerospace Sciences Meeting, Kissimmee, FL, USA, 8–12 January 2018;
p. 2053.

21. Sinnige, T.; van Arnhem, N.; Stokkermans, T.C.; Eitelberg, G.; Veldhuis, L.L. Wingtip-mounted propellers: Aerodynamic analysis
of interaction effects and comparison with conventional layout. J. Aircr. 2019, 56, 295–312. [CrossRef]

22. Iemma, U.; Poggi, C.; Rossetti, M.; Bernardini, G. Techniques for adaptive metamodelling of propeller arrays far-field noise. In
Proceedings of the INTER-NOISE and NOISE-CON Congress and Conference Proceedings, Washington, DC, USA, 1–5 August
2021; Institute of Noise Control Engineering: Lucerne, Switzerland, 2021; Volume 263, pp. 2674–2686.

23. Yin, J.; Rossignol, K.S.; Barbarino, M.; Bianco, D.; Testa, C.; Brouwer, H.; Janssen, S.R.; Reboul, G.; Vigevano, L.; Bernardini, G.;
et al. GARTEUR activities on acoustical methods and experiments for studying on acoustic scattering. CEAS Aeronaut. J. 2019,
10, 531–551. [CrossRef]

24. Testa, C.; Poggi, C.; Bernardini, G.; Gennaretti, M. Pressure-field permeable-surface integral formulations for sound scattered by
moving bodies. J. Sound Vib. 2019, 459, 114860. [CrossRef]

25. Gennaretti, M.; Bernardini, G. Novel boundary integral formulation for blade-vortex interaction aerodynamics of helicopter
rotors. AIAA J. 2007, 45, 1169–1176. [CrossRef]

26. Testa, C. Acoustic Formulations for Aeronautical and Naval Rotorcraft Noise Prediction Based on the Ffowcs Williams and
Hawkings Equation. Ph.D. Thesis, Delft University of Technology, Delft, The Netherlands, 2008.

27. Gennaretti, M.; Bernardini, G.; Serafini, J.; Romani, G. Rotorcraft comprehensive code assessment for blade–vortex interaction
conditions. Aerosp. Sci. Technol. 2018, 80, 232–246. [CrossRef]

28. Gennaretti, M.; Colella, M.M.; Bernardini, G. Prediction of tiltrotor vibratory loads with inclusion of wing-proprotor aerodynamic
interaction. J. Aircr. 2010, 47, 71–79. [CrossRef]

29. Gennaretti, M.; Luceri, L.; Morino, L. A unified boundary integral methodology for aerodynamics and aeroacoustics of rotors. J.
Sound Vib. 1997, 200, 467–489. [CrossRef]

30. Morino, L.; Bernardini, G. Singularities in BIEs for the Laplace equation; Joukowski trailing-edge conjecture revisited. Eng. Anal.
Bound. Elem. 2001, 25, 805–818. [CrossRef]

31. Bernardini, G.; Serafini, J.; Colella, M.M.; Gennaretti, M. Analysis of a structural-aerodynamic fully-coupled formulation for
aeroelastic response of rotorcraft. Aerosp. Sci. Technol. 2013, 29, 175–184. [CrossRef]

32. Morino, L.; Gennaretti, M. Toward an Integration of Aerodynamics and Aeroacoustics of Rotors. In Proceedings of the
DGLR/AIAA Paper 92-02-003, DGLR/AIAA 14th Aeroacoustics Conference, Aachen, Germany, 11–14 May 1992.

33. Farassat, F. Derivation of Formulations 1 and 1A of Farassat; NASA: Hampton, VA, USA, 2007.

http://dx.doi.org/10.3390/app112110016
http://dx.doi.org/10.1016/j.ast.2021.107016
http://dx.doi.org/10.1016/j.jsv.2018.03.003
http://dx.doi.org/10.2514/1.C034978
http://dx.doi.org/10.1007/s13272-018-0333-0
http://dx.doi.org/10.1016/j.jsv.2019.114860
http://dx.doi.org/10.2514/1.18383
http://dx.doi.org/10.1016/j.ast.2018.07.013
http://dx.doi.org/10.2514/1.41825
http://dx.doi.org/10.1006/jsvi.1996.0713
http://dx.doi.org/10.1016/S0955-7997(01)00063-7
http://dx.doi.org/10.1016/j.ast.2013.03.002

	Introduction
	Numerical [id=GB]Toolssolvers
	The Aerodynamic [id=GB]Toolsolver
	The Aeroacoustic [id=GB]Toolsolver

	Numerical Results
	Conclusions
	References

