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Distributed electric propulsion systems are an emerging technology with the potential of
revolutionizing the design and performance of aircraft. When propellers are located in close
proximity, they can be subjected to aerodynamic interactions, which affect the far-field noise. In
this paper, we study an array of three co-rotating and adjacent propellers to describe both the
aerodynamic and acoustic installation effects. A scale-resolving CFD simulation based on the
Lattice-Boltzmann/Very-Large-Eddy-Simulation method is used to solve the flow field around
the propellers. An acoustic analogy integral approach calculates the far-field noise. Findings
show that the helical vortical structures, generated at the tip of each blade undergo a flow
deformation at the location of interaction. This causes the loading of each blade to vary during
the rotation. Consequently, the unsteady loading noise becomes a dominant noise generation
mechanism, driving the noise levels and directivity. It is also shown that introducing a non-zero
relative phase angle between the propellers results in a reduction of the unsteady thrust, leading
to a mitigation of the unsteady-loading tonal components along the rotation axis. Additionally,
the relative phase angle causes constructive/destructive acoustic interference, as demonstrated
by analyzing the noise emitted simultaneously by the three propellers.

I. Introduction

EW aircraft propulsion systems are being investigated in the aeronautical community to meet future objectives

for low noise and pollutant emissions [1]. Due to the advantage of separating the location where the energy is
generated or stored, from where it is converted in momentum applied to the flow, the Distributed Electric Propulsion
(DEP) concept has the potential to increase aircraft propulsive efficiency and reduce the community noise [2]. Thrust
is generated through arrays of propellers distributed along the wingspan [3H5]]. Benefits associated with distributing
propellers side-by-side ahead or above the wing are the spanwise lift augmentation [6]], and the increase of low-speed
performance [[7]. In addition, because the propellers are driven by electric motors, DEP aircraft have the potential to
be much more energy sustainable, paving the way for futuristic designs such as the Helios Prototype Flying Wing by
NASA [8].

When propellers are adjacent to each other, complex aerodynamic and acoustic interactions occur, which ought to
be considered in the development of new vehicle concepts. Studies in the literature involving multiple propellers have
mainly focused on the hover condition. It is shown that proximity between propellers causes, depending on configuration,
a detrimental effect on thrust generation, corresponding to a loss of up to 8% [9,[10]. The higher percentages appear
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especially for hovering conditions. At the same time, an important increase in the aerodynamic blade load oscillations
at small distances between the propellers is observed [11} [12]], yielding vibrations and noise radiations. These studies
show that when rotors operate in close proximity, the evolution of slipstreams is impacted. In particular, their helical
path is deformed due to the interaction between the tip vortices of neighboring rotors, which distorts their trajectory
causing them to merge and break-up.

A recent study by de Vries et al. [[13]], involving an array of three adjacent propellers, focused on the forward-flight
conditions. The authors observed an efficiency loss with respect to the isolated-propeller case of 1.5% for a tip clearance
equal to 4% of the propeller radius. Furthermore, it was shown that the slipstreams generated by each propeller do not
merge thus generating a high-momentum flow region, as previously assumed; as a matter of fact, the time-averaged
evolution of the slipstreams was not drastically affected when propellers were located close to each other. Consequently,
each slipstream could be easily distinguished at downstream locations where a wing could be installed. This may be
attributed to the fact that, in forward flight, the dominance of inertia forces over viscous ones would result in less intense
viscous interactions than in hover, preventing the slipstreams to deform and merge.

The present research is intended to complement the experimental time-averaged study by de Vries et al. [13], by
considering the same array of propellers in forward-flight conditions and by performing high-fidelity simulations to gain
insight into the unsteady flow behaviour. The interest of this article is to investigate the tip-on-tip interaction effects
by looking at the unsteady formation, evolution, and deformation of the slipstream when subjected to the presence of
adjacent propellers. The first objective is to clarify whether there is a link between the slipstream’s deformation, blade
unsteady load generation, and far-field noise. This is motivated by the fact that it has been shown that by decreasing
the separation distance among propellers, the emitted sound increases in both tonal and broadband components [[11]].
The tip-on-tip interaction would induce non-uniform inflow conditions leading to periodic loads that radiate tonal
noise [14]. Broadband noise related to turbulence interactions is also enhanced, by both the trailing-edge scattering of
the turbulent boundary layer [[15]] and the mixing of tip vortices causing eddy dissipation, yielding random fluctuations
on the blades [9]]. Hence, we intend to quantify the noise generation and directivity variations caused by the aerodynamic
installation of the adjacent three propellers with respect to the isolated-propeller case. We will focus in particular on
tonal noise, which is the one perceived by the human ear as more annoying [16].

The second objective of this work is to investigate the effect of the relative phase angle between the three propellers.
Indeed, by synchronizing the azimuthal position of two or more rotors, it is possible to achieve partial cancellation of
sound emissions in some directions due to the destructive inference [17]]. By accurately selecting the phase angle and
with a maximum nominal rotational speed deviation of less than 0.5%, Pascioni ef al. [[18]] experimentally obtained a
decrease of 6 dB at the rotor’s Blade Passing Frequency (BPF). Zhou and Fattah [19] similarly observed that the phase
angle between two propellers can affect their sound emissions up to 10 dB. While the phase angle can be used as an
active noise reduction means that can lead to benefits of 17 dB at a given listener location [20], the effect of unsteady
aerodynamic interactions remains unexplored in the literature, especially in forward-flight conditions. In fact, in addition
to constructive and/or destructive acoustic interference, the different relative positioning between the blades affects the
local unsteady loading at the blade tip, thus the evolution of slipstreams, and thus the acoustic emissions [[13]. We aim
at quantifying the latter by providing a physical understanding of why sound radiation is being modified and whether
this depends solely on acoustic interference or whether the aerodynamic sources of sound are considerably altered by
changes in the phase angle. Simulations based on a Lattice-Boltzmann Method hybridized with a Very Large Eddy
Simulation (LBM/VLES) model for turbulence are computed in this paper and coupled with an acoustic solver based on
Farassat’s formulation 1A of the FW-H’s equation to predict both broadband emissions and the tonal thickness and
loading noise. This simulation technique has previously been successfully applied to deal with propellers operating in
similar Reynolds and Mach numbers [21H23]. This work is organized as follows: in Section[[l] the numerical approach
selected for calculating the flow-field is introduced, followed by a description of the acoustic solver. Section [[II]describes
the computational setup with the three adjacent propellers. In Section[IV] the aerodynamic simulation is validated
against experimental measurements, whereas the acoustic results are compared with the ones obtained employing a
low-fidelity noise-prediction methodology. The flow developing around the isolated- and distributed-propulsion cases is
studied in Section[V] The acoustic results are described in Section[VI] Finally, Section|[VII| summarizes our findings and
outlines future steps.

I1. Computational method

The commercial CFD/CAA software SIMULIA PowerFLOW®, version 6-2021-R2, is used to solve the flow around
the propellers. It solves the discrete LB equation for the distribution function f(x, v, t), which represents the probability
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density of particles with velocity v at location x and time 7. A D3Q19 stencil, which utilizes 19 discrete velocities in the
3 spatial dimensions, is considered, together with a regularized collision operator based on the Bhatnagar-Gross-Krook
(BGK) collision model [24]. Hydrodynamic flow quantities, such as flow density and velocity, can be determined
through discrete integration of the discrete distribution function [25]]. For high-subsonic Mach-number simulations, e.g,
flows with local Mach number greater or near 0.5, as in the present case, the LB solver is coupled with the solution of an
energy conservation equation solved through a Lax-Wendroff finite difference scheme on the Cartesian LB mesh [26].

A Cartesian grid with cubic volumetric elements (voxels) is used to solve the LB equations, while planar surface
elements (surfels) are used to discretize the surfaces of solid bodies within each voxel that intersects the wall geometry.
The no-slip and slip wall boundary conditions are recovered by exploiting a boundary system based on a particle
bounce-back process and a specular reflection process, respectively [27]].

The solver employs a VLES approach to model the effects of the unresolved scales of turbulence. A two-equation
transport model based on the k-e renormalization group theory [28] is used to compute the turbulent relaxation time
associated with time scales of the resolved sheared flow field [29]. In a turbulent flow, this relaxation time drives the
collision process of the kinematic model in which the equilibrium state corresponds to the local level of turbulent kinetic
energy.

To reduce the computational cost, a pressure-gradient extended wall model is used to approximate the no-slip
boundary condition on solid walls. This model is based on the extension of the generalized law-of-the-wall model to
take into account the effect of the pressure gradient.

The far-field noise is computed via an impermeable FW-H formulation, known as Farassat’s Formulation 1A [30],
solved in forward time [31]], and implemented within the post-processing software SIMULIA PowerACOUSTICS®. It
involves distributions of acoustic monopoles and dipoles calculated by means of surface integrals on solid surfaces,
accounting for the thickness and loading noise, respectively. The quadrupolar term related to non-linear effects in the
volume surrounding the integration surface is neglected. In fact, this term accounts for sound sources generated by
shock waves, turbulence mixing, and non-linear propagation effects, which are of minor importance for propellers
operating at low blade-tip Mach number [32} 33]].

III. Computational setup

The computational test case is based on the experiments performed by de Vries et al. [[13], involving a setup with
three adjacent propellers, as shown in Figure[I(a)). These are known as TUD-XPROP-S propellers, featuring six blades
and a diameter D = 0.2032 m, whose geometry was made available by the Delft University of Technology [13]. The
pitch angle is equal to 30° at 70% of the radius (/R = 0.7, where r is the local radial location and R is the propeller
radius), whereas the root chord length of the blades is ¢, = 16.287 mm. More details concerning the geometry of the
propeller, such as the pitch angle and chord distributions along the blade span are given in Ref. [[13].

While the spinner and the blade geometries are exactly replicated from the experiments, the wind-tunnel test
section is not included in the computational domain; similarly, the supports that hold the nacelles in place during the
measurements are not included. The nacelles are designed with a length corresponding to 3.7R and with a tapered
termination to minimize any possible disturbance to the flow field around the rotors.

Three identical propellers are distributed along the Y-axis, with tip clearance of 6 = 0.02D = 4.064 mm, as shown
in Figure[I(b)] In the same figure the Global Reference System (GRS) (X, Y, Z) is also introduced. Figure shows a
configuration with a co-rotating direction of the propellers (anticlockwise) and a relative phase angle of A¢ = 15°. In
order to investigate the influence of the relative phase angle on the aerodynamic and acoustic performance, an additional
configuration with A¢ = 0° is investigated.

The propellers are operated at free-stream velocity Vi, = 30 ms~!, directed along the X-axis, and at an advance
ratio J = Vo /(nD) = 0.8, where n is the number of rotations per second. The Mach number at the tip is equal to 0.357
and the Reynolds number at the tip is 5.66 x 10*, given that the chord at the tip is equal to 6.8 mm. The free-stream
static pressure and temperature are po, = 101330 Pa and 7., = 288.15 K. The inlet turbulence intensity is set to a value
of 0.04%, similar to the experiments. The rotation time is equal to T,,; = 5.41867 X 1073 s.

The simulation volume, depicted in Figure is a cubic box whose side faces are placed 64D away from the GRS
origin. To prevent acoustic reflections at the outer boundary, an acoustic sponge, i.e. an anechoic outer layer, is defined
by two concentric spheres of radius 8D and 30D, respectively, centred at the GRS origin [21} 34]. In this region, the
viscosity increases up to a constant value at radial locations larger than 30D. A total of 15 Variable Resolution (VR)
regions are employed; the change in resolution between adjacent VR regions is equal to 2. The first 8§ VRs are defined
as the boxes shown in Figure [I(a)] (the simulation volume being set at VR0), where the correct scaled dimensions are
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Fig.1 (a) Front view of the computational domain with the Variable Resolution (VR) mesh regions and the
global reference frame. (b) Top view of the three adjacent propellers with wake survey plane location in a dashed
line. (c) Close-up on the zig-zag trip applied on the blades.

reported and where the refinement level is increased moving toward the GRS origin. In Figure 2(a)] three volumes
of revolution defining the Local Reference Frame (LRF) of each propeller are indicated with solid lines. Each of the
grids contained within these regions slides with respect to the outer stationary grid. Within the revolution volumes, a
refinement (VR9) is applied. Cylindrical hollow refinements set to VR9 can also be observed: these are used to better
discretize the regions enveloping the slipstream helical paths. VR10 is applied around the blade and spinner surfaces
and to ring refinement regions following the blade tip motion, as illustrated in Figure[2(b)] The latter approach is needed
to allow a minimum of 4 voxels to discretize the non-rotating gaps between the tips of the blades. VR10, VR11, and
VRI12 are applied on the blade surfaces, where a fine discretization is needed to capture the surface pressure fluctuations.
The nacelles are enveloped by VRO9. The finest VR13 and VR14 envelope the zig-zag trip device that is located at 10%
from the blade leading edge (see it in Figure[T(c)). This is done to discretize the trip thickness with about three voxels,
as suggested in Ref. [33].
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Fig.2 Near-body grid size with volumes of revolution enclosed by a solid line: top view (a) and front view (b).

A physical zig-zag trip is applied on the blade suction side to force turbulent boundary-layer transition and cause
the VLES to switch from a modeled- to a resolved-scale modality. This solution, adopted in previous numerical
simulations [2136], is selected to minimize the computational cost of the simulations without neglecting the contribution
of turbulent boundary layer trailing-edge noise for future studies. As a matter of fact, at the Reynolds number (Re ~ 10%)
at which experiments have been carried out, we might expect the appearance of a laminar separation bubble followed by
turbulent reattachment [37]. This causes a broadband hump in the far-field spectra at frequencies higher than the BPF.
This behaviour can be reproduced numerically without a physical zig-zag trip, as it was shown by Romani et al. [22],
by increasing resolution such that the surface y+ is smaller than 15 at each point on the blades’ surface. However,
for the three-propellers setup, the associated computational cost is too high and the physical zig-zag trip solution has
been preferred to still account for all the relevant sources of noise. The zig-zag trip is built using the OptydB toolkit,
embedded in PowerFLOW rotor noise workflow [35]], and it features a chordwise amplitude of 0.05¢,, a spanwise length
between two subsequent zig-zag peaks of 0.1c,-.

For the finest grid case, a total of about 225.5 million voxels are used to discretize the case, with a resolution at
VR14 of 900 voxels per characteristic length (¢, ). This leads to the smallest voxel size of 1.79445 x 1073 m. The
isolated-propeller case involves the same setup and characteristics as the distributed one described above, with about
one-third of the total voxel count.

The acoustic data is sampled at 33.218 kHz on the solid FW-H integration surfaces, corresponding to the propeller
blades. This is done to achieve a time discretization up to the tenth BPF harmonic multiplied by a Nyquist factor of 3 (to
avoid aliasing artifacts). The Power Spectral Density (PSD) is computed with one Welch block, filtered by a Hanning
window, corresponding to a bandwidth of Af,, = 91.28 Hz. The PSD of the far-field noise as a function of the frequency

f is computed as:
PSD(f)
Spp(f) =10logy, 2
pref

where p,.r = 20Pa is the reference pressure. The Sound Pressure Level (SPL) is defined as:

Ly(f) = 101og,, 2P0

>

pref

in order to obtain acoustic decibels as output.

IV. Validation and comparison with low-order acoustic methodologies
Figure [3(a)| shows the grid convergence study for the isolated-propeller case. The value of the thrust coefficient is
defined as T = T/(gemR?), where T is the thrust and ¢ is the upstream undisturbed dynamic pressure.
In the coarser case, all VRs greater than VRS are turned off, while for the mid-resolution case, those above VR11
are turned off. As can be seen, the trend gets closer to the measurements [13]], until a difference of 0.9% is achieved
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Fig. 3 Convergence of the thrust coefficient against the total number of voxels for the isolated propeller (a) and
the middle propeller of the A¢ = 15° configuration (b).

with the finest mesh. The latter is then used to conduct the following analyses. The same grid refinement approach is
conducted for the DP simulations. In particular, Figure 3(b)|shows the case with A¢ = 15°, in which a difference of
2.0% is obtained for the thrust generated by the central propeller. The time-averaged thrust predictions achieved at these
accuracy levels are deemed satisfactory for concluding that the grids under consideration are sufficiently refined to
capture the investigated aeroacoustic mechanisms.

Since the acoustic data measured in Ref. [13]] were not obtained in an anechoic environment, a direct comparison
is not possible. In fact, the simulations, as described in Section do not contain acoustic reflections due to the
wind-tunnel geometry. Consequently, we compare the simulated SPL against the one obtained following the low-fidelity
methodology present within the OptydB toolkit, based on a Blade Element Momentum Theory (BEMT) model to
compute the radial distribution of forces [33]], and a time-domain FW-H formulation based on a compact dipole and
compact monopole formulation [38]].

Figure [4(a)| shows the directivity of tonal sound at the first BPF calculated, by means of the BEMT/FW-H approach,
in the XY plane, namely the one containing the axis of rotation and perpendicular to the plane of the rotor. In this
work, L, is always calculated on this plane and at 10D from the GRS origin on this plane, unless differently specified.
According to propeller noise theory [32], steady-loading noise and thickness noise dominate the sound emissions
generated by an isolated rotor for observers located in the plane of the rotor. Indeed, one can see the characteristic
vertical lobe shape which reaches a maximum for observers placed in this plane. In contrast, the sound directivity
reaches a minimum for listeners placed in the direction of the axis of rotation. Notice how the LBM/VLES simulation
of the isolated case reports the vertical lobe shape with a deviation of less than 2 dB on the vertical axis. This occurs for
both observers placed in the XY plane and those in the XZ plane. This small discrepancy is attributed to unsteady
loading effects that are absent in the BEMT + FW-H computation. Since the isolated case is axisymmetric, these
two curves should overlap perfectly in both planes. However, on the horizontal axis, in the angular ranges between
330° and 30° and between 150° and 210°, two different trends of L, directivity are observed. This is because in such
directions the contribution of steady loading noise and thickness noise is very low. What remains is due to random
acoustic pressure fluctuations of very small magnitude (we are around and below 20 dB). In Figure A(b)l we show the
directivity of the calculated SPL for the DP case with A¢ = 15° at the first BPF. This figure depicts the sound emitted by
the middle propeller, but it can similarly be shown that even taking into account the contribution of the two adjacent
propellers, the loading noise is always far greater than the thickness noise in each direction (minimum difference of
4.4 dB up to 67 dB in the upstream direction).
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Fig. 4 Far-field sound L, at the first BPF. In (a), this is computed for the isolated-propeller simulation in XY
and X Z planes against the one computed via BEMT+FW-H low-fidelity approach. In (b), the contribution of the
thickness noise against loading noise is represented for the middle propeller of the A¢ = 15° configuration.

V. Flow-field analysis

In Figure[5(a)] the slipstream development for the isolated-propeller case at a given time instant is reported by means
of the A; criterion, computed with a value of 1, = -2 X 106 1/s2. It can be seen that the vortical structures follow a
helical path starting from the blade tip and evolving essentially undisturbed downstream of the rotor. Referring to the
DP case with A¢ = 15° in Figure[5(b)| we notice a similar behavior of each slipstream, which do not merge together or
break-up, in agreement with the experimental results [[13]. Nevertheless, we do observe that the proximity between the
rotors induces a deformation of the vortex structures that become progressively more pronounced moving downstream
of the rotor. This interaction is due to the circulations of the vortical structures mutually influencing their trajectories
and that of the structures adjacent to them through the generation of an induced-velocity field.

In Figure[6(a)] we report the thrust produced by the blades of the simulated propellers as a function of the physical
time t normalized by the rotation time 7,,,. We notice how the isolated propeller generates a relatively constant
thrust profile with small fluctuations from the mean value possibly caused by its own wake development. Differently,
propellers belonging to the DP case (for instance, the A¢ = 15° case reported in the figure) show greater oscillations
from their mean value. In particular, the side propellers (see Figure[I(b)), present peak-to-peak oscillations of about
0.4% from the mean value, while the middle one exhibits fluctuations of about twice as much. This indicates that
the fluctuations are caused by the aerodynamic interactions between the propellers, since the middle one interacts
on both sides. It is thus shown that the tip-on-tip interaction increases the unsteadiness of the thrust generated by
the blades, anticipating an augmentation of noise production, as reported in Section[VIl Moreover, consistently with
the experimental findings [13]], we confirm that the impact of the angle A¢ on time-averaged thrust, and hence on
aerodynamic performance, is negligible when compared to the isolated-propeller case, as it was consistently less than
0.75% across all analyzed cases. The thrust of the propeller in the middle for the DP configurations is reported in
Figure [6(b)] The thrust profile is modulated by a sinusoidal pattern that has a periodicity of six times the period of
rotation. This is clearly due to the interaction with the blades of adjacent propellers. Furthermore, we may notice
the expected temporal phase shift corresponding to 15° compared with the case with A¢ = 0°. However, we further
remark that the average peak-to-peak ratio for the case with A¢ = 15° is only 0.60%. This means the evolution of the
slipstreams affects the magnitude of the tip-on-tip interaction, which becomes a function of the relative phase angle A¢.



Downloaded by Technische Universiteit Delft on June 9, 2023 | http://arc.aiaa.org | DOI: 10.2514/6.2023-4489

AN D .

(a) (b)
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Fig. 6 (a) Thrust values produced by the blades of the propellers of the distributed configuration (Side 1, Side 2,
and Middle) and of the single propeller case (Isolated). (b) Thrust values produced by the blades of the middle
propellers for the two analyzed DP cases.

In Figure[7(a)| the time-averaged velocity magnitude of the isolated propeller is reported. It is shown in a plane
parallel to the rotational plane, placed 1.2R downstream of the propeller as indicated in Figure[I(b)} This corresponds
to a typical distance at which a wing would be installed, as stated in Ref. [13]. We observe that the flow field is
uniform along the azimuthal direction and symmetric with respect to the propeller axis. In contrast, when we refer to
the distributed case with A¢ = 0° given in Figure[7(b)] we notice that at the interaction zones between the tips, there
is a time-averaged flow-field deformation. Therefore, the proximity between the propellers induces a time-averaged
deformation on the wake that propagates to a typical distance at which a wing would be located, inducing non-uniform
aerodynamic loads on the wing.
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Fig. 7 Time-averaged velocity magnitude at the plane location depicted in Figure|l1(b): isolated propeller (a),
distributed configurations with A¢ = 0°(b), and A¢ = 15° (¢). Axial velocity comparison of the 3 analyzed cases
at the plane location defined in Figure [I(b)] (d).

We observe that the distributed cases with A¢ = 15°, shown in Figures also exhibit deformation of the
slipstreams in the region between propellers. However, in the former case, the flow of the middle propeller bends
outward first when the blades approach the adjacent ones, whereas in the latter case, the flow bends firstly inward.
Hence, we understand that the relative phase angle A¢ between the propellers has an effect not only on the slipstream
instantaneous evolution, but also on the time-averaged flow field. Qualitatively similar time-averaged deformations
have also been observed experimentally in Ref [[13], albeit with differences due to the choice of the relative phase angle
between the blades and to the different advance ratio.

The computed axial velocities along the positive direction of the Y axis and at X = 1.2R and Z = 0 are shown
in Figure We observe that the isolated-propeller case reaches the maximum of u/V,, = 1.54 at a distance
Y/R = 0.77, followed by a rapid decrease toward undisturbed flow conditions at the blade tip end. In contrast, both
distributed-propulsion cases exhibit outward wake widening due to the mutual induction velocity between blade tip
vortices, yielding a maximum of u/V,, = 1.51 at a distance of Y /R = 0.80. This effect is also found in the experimental
measurements in Ref. [[13] and is responsible for the general widening of the wake in the Y-axis direction, losing the
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circular symmetry proper to the isolated propeller. We also remark that the case with A¢ = 0° shows symmetry in the
evolution of the axial velocity at Y/R = 1.04, i.e., exactly half the distance between adjacent propellers. In contrast, the
case with A¢ = 15°, exhibits greater widening than the previous case, as the point of minimum axial velocity is reached
at Y/R = 1.06. This is due to the phase shift (exactly 15°) of the tip vortex cores produced in this case, which maintain
this phase difference during their downstream evolution.

To investigate how the tip-on-tip interaction impacts the azimuthal and radial distribution of thrust, we calculate
the difference between the thrust coefficient of the DP case with A¢ = 15° versus that of the isolated case (AT, =
Tepyerso — Teiy,) in the rotor plane. The blade is divided into 100 spanwise segments on which A7, is computed.

Figure [8(a)|illustrates that for the side propeller (the one located on the positive direction of the Y-axis in Figure [I(b))

2 2
1 1t
1 1
0.5 0.5
- 0? - OT
= o) 2 s o -
N a4 N 4
0.5 -1 0.5 -1
1t 2 1 -2
-1 0.5 0 0.5 1 %107 -1 0.5 0 0.5 1 x1074
Yy/R [-] Yi/R [

(a) (b)

Fig. 8 Thrust coefficient distribution difference (A7) between the distributed configuration with A¢ = 15° and
the isolated propeller. Sidel propeller depicted in (a), Middle propeller depicted in (b).

the thrust coefficient’s azimuthally uniform distribution is disrupted. This happens when the blades come closer to
the middle propeller: in the approaching phase, the thrust decreases until it reaches the minimal distance from the
middle-propeller blades. After that, the thrust increases again. This process is repeated twice in one revolution for
the middle propeller, as shown in Figure [8(b)l namely when the blades approach and retreat the side propellers. One
notable aspect is that the alterations in thrust occur close to the blade tip, with the highest thrust point located at
around 80% of the blade’s radius. These adjustments in thrust at the blade tips are distinct from the time-averaged
analysis discussed previously, as the decrease and increase in thrust are symmetrical and, therefore, do not influence the
propeller’s time-averaged performance. However, this pattern is connected to the unsteadiness generated between the
propellers, which is crucial for noise generation.

VI. Acoustic analysis

In Figure @ Spp is computed by means of the FW-H impermeable formulation discussed in Section @ for one
microphone located at X = —10D and Y = Z = 0, i.e., upstream of the middle propeller. The far-field sound spectrum
obtained from the middle propeller of the case with A¢ = 0° is compared with that obtained from the isolated propeller.

Three tonal peaks are present in the case with A¢ = 0°, at the first BPF and harmonics. These tones are attributed to
the unsteadiness generated by the aerodynamic tip-on-tip interaction discussed in Section[V]and dominate the acoustic
emissions at microphone location. In contrast, the isolated-propeller case presents a sound spectrum without any tonal
peaks that stand out visibly from the average broadband level identified by the simulation. This is because the amplitude
of steady loading noise and thickness noise is maximum in the plane of the rotor and minimum along the propeller
axis, as explained in Section|[[V] Keeping in mind that the focus of this work is on tonal noise, we ensured that the
amplitude of the tonal peaks at the first and second BPFs does not change when the length of the temporal signal, on
which the sound spectrum is calculated, is varied. In Figure[9(b)] we compare the isolated-propeller case versus the
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Fig.9 (a) Far-field noise power spectral density S, , with microphone position at X = -10D and Y = Z = 0;
comparison between the distributed middle propeller with A¢ = 0° against the isolated one. (b) Far-field sound
L, directivity plot comparing the distributed middle propeller with A¢ = 0° and the isolated one.

middle-propeller case when A¢ = 0°. We illustrate how the sound pressure level L, varies in the XY plane with the
microphones placed 10D from the GRS origin in Figure We can see that at 90°, the middle propeller generates
sound emissions that exceed the one generated by the isolated propeller by about 2.5 dB. This is attributed to the larger
level of flow unsteadiness induced by the proximity of the side propellers. The horizontal directivity lobes that strongly
dominate the upstream and downstream directions of the flow are also due to this interaction. As a consequence, we
infer that the unsteady loading interaction between adjacent rotors is by far the dominant generating mechanism for this
DP configuration, especially upstream and downstream of the propellers.

In Figure[TO(a)} we show the effect of employing a different relative phase angle A¢, comparing the tone generated
at the first BPF by the middle propeller for the configuration with A¢ = 0° versus the one for the configuration with
A¢ = 15°. We may observe that generally, the shape of the sound directivity remains very similar between the two cases.
However, the case with A¢ = 15° exhibits less noise amplitude in the direction of the axis of rotation by 4.2 dB. This can
be explained by the reduced aerodynamic interaction between propellers that occurs in this case, as demonstrated earlier
in Figure[6(b)] Differently, in the rotor plane, since steady loading noise dominates the sound emission and since the
difference in average thrust between the two cases is negligible, we obtain almost the same level of sound emission along
this direction. In Figure[T0(b)} the comparison of the tone at the second BPF for the two DP configurations is depicted.
Again, the shape of the directivity lobes is quite similar between the two examined cases. However, the configuration
with A¢ = 0° shows higher noise amplitude in all the directions (about 7 dB along the rotation axis direction). This is
also caused by the unsteady loading interactions, according to the propeller noise theory [32]].

In Figure[TT(a)| we show the directivity plot obtained by accounting for the three propellers. This is in order to
identify whether acoustic interference between the three propellers would significantly change the sound directivity of
the tone at the first BPF. However, this does not occur since it retains essentially the same shape of the sound lobes as
in the case of Figure[I0(a)] where only the middle-propeller contribution was included. Similarly, this also occurs in
Figure[TT(b)| where the tonal directivity at the second BPF is depicted. One might expect that there would be other
acoustic interaction effects that would change the directivity shape at the first BPF, but this is not the case since the
acoustic wavelengths corresponding to the first and second BPFs are large compared to the characteristic distance
between the sound sources on the blade or on the blade tips of two adjacent rotors. These frequencies are therefore
acoustically compact and the sound directivity maintains a shape similar to that of the isolated rotor. Hence, it is the
unsteady tip-on-tip interaction that determines the sound-emission directivity around the propeller array. However, we
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Fig. 10 Far-field sound L, directivity plot comparing the distributed middle propellers with A¢ = 0° and
A¢ = 15°. Tones at the first BPF (a), and at the second BPF (b).
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Fig. 11 Far-field sound L, directivity plot obtained summing the 3 propellers contributions for the 2 analyzed
configurations with A¢ = 0° and A¢ = 15°. Tones at the first BPF (a), and at the second BPF (b).

remark that along the vertical direction the case with A¢ = 0° radiates about 4 dB more than the one with A¢ = 15°. We
conjecture that this amplification effect may be due to an acoustic constructive/destructive interference, caused by the
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relative phase angle A¢. To prove that, we report the acoustic pressure signal as a function of time at the microphone
location Y = —10D, X = Z = 0 for the DP case with A¢ = 0° in Figure[T2(a)} This is computed removing the mean of
the pressure signal p as p” = p — p. We notice that the acoustic pressure signals computed from the three propellers are
in phase. Differently, observing the DP case with A¢ = 15°, the middle-propeller acoustic pressure signal shows a time
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Fig. 12 Acoustic pressure signal as a function of time at microphone location Y = —-10D, X = Z = 0; in (a) the
DP case with A¢ = 0° is depicted, in (b) the DP case with A¢ = 15°.

shift which leads to a destructive acoustic interference that mitigate the total radiated noise along this direction.

VII. Conclusions

This manuscript presents a numerical investigation of the aerodynamic interaction between adjacent propellers in
forward flight, aimed at addressing the gaps in knowledge regarding this interaction as highlighted in Ref. [13]]. The
3DS PowerFLOW software is used to calculate the flow field, while an impermeable FW-H formulation present within
the solver Power ACOUSTICS was used to obtain the acoustic data.

The results indicate that, when subject to the presence of adjacent propellers, the helical vortical structures generated
at the tip of the blades do not break down but deform. This confirms the experimental observations. The deformations
modify the downstream wake of the propeller, leading to a loss of azimuthal uniformity. Furthermore, the presence of
adjacent propellers amplifies the unsteadiness of the thrust profile, which increases the sound emissions. This effect is
most pronounced along the propeller rotation axis, where amplifications above 50 dB are observed. Thus, the dominant
sound-generating mechanism in this distributed propulsion configuration is loading noise, especially its unsteady part
due to the close interaction between the tips of adjacent blades.

The impact of the relative phase angle on aerodynamic performance is negligible, resulting in a change in thrust
coefficient of less than 0.75%. However, findings reveal a reduction in the unsteady thrust profile when a non-zero
A¢ is introduced, leading to a mitigation of the unsteady loading noise on the rotation axis and at the first BPF of
4.2 dB. This effect is attributed to the impulsive interaction between adjacent rotors described in Ref. and cannot
be characterized in a time-averaged sense since it depends directly on the local azimuthal and radial variation of the
blade load. In addition, the relative phase angle produces a constructive/destructive acoustic interference effect when
analyzing the noise emitted simultaneously from the array of the three propellers.

Several questions still remain to be answered in future work. First of all it would be interesting to understand how the
unsteady aerodynamic mitigation varies for cases in which A¢ differs from those examined, for example by confirming
the mitigation trend when the relative phase angle reaches the maximum with A¢ = 30°. As the tip-on-tip interaction
has been found to possess an unsteady nature, conventional low-order steady-state models, such as vortex tube wake
models, cannot be utilized during the design phase to model the noise variations that result from the relative phase angle.
Therefore, an alternative method that accounts for this angle should be considered. Additionally, it is worth investigating
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whether the presence of neighboring propellers affects the broadband noise, or if the noise can be analyzed separately
from the isolated-propeller case.
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