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Abstract: The rapid growth of drone use in urban areas has prompted authorities to review airspace
regulations, forcing drone manufacturers to anticipate and reduce the noise emissions during the
design stage. Additionally, micro air vehicles (MAVs) are designed to be aerodynamically efficient,
allowing them to fly farther, longer and safer. In this study, a steady aerodynamic code and an acoustic
propagator based on the non-linear vortex lattice method (NVLM) and Farassat’s formulation-1A
of the Ffowcs Williams and Hawkings (FW-H) acoustic analogy, respectively, are coupled with
pymoo, a python-based optimization framework. This tool is used to perform a multi-objective (noise
and aerodynamic efficiency) optimization of a 20 cm diameter two-bladed rotor under hovering
conditions. From the set of optimized results, (i.e., the Pareto front), three different rotors are 3D-
printed using a stereolithography (SLA) technique and tested in an anechoic room. Here, an array
of far-field microphones captures the acoustic radiation and directivity of the rotor, while a balance
measures the aerodynamic performance. Both the aerodynamic and aeroacoustic performance of the
three different rotors, in line with what has been predicted by the numerical codes, are compared and
guidelines for the design of aerodynamically and aeroacoustically efficient MAV rotors are extracted.
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1. Introduction

The straightforward and simple design of quadcopter micro air vehicles (MAVs) has
contributed greatly to their growing popularity in recent years [1]. The versatility and utility
of drones in diverse sectors is highlighted by their use in a variety of applications, such as
delivery of goods [2], photogrammetric surveying [3], and facility surveillance [4-6]. The
deployment of micro air vehicles in densely populated urban environments has necessitated
regulatory oversight, resulting in the enactment of usage restrictions [7]. It is expected that
future regulations will also introduce increasingly stringent noise limits, a development
which is already forcing manufacturers to incorporate noise reduction strategies at the early
stages in the design process. As a result, there is a growing demand for methodologies
that can quickly and accurately predict the aerodynamic and aeroacoustic performance of
micro air vehicles, which is critical for optimizing their characteristics within an acceptable

timeframe. However, the complexity of the airflow interactions experienced by these
drones presents a significant challenge. Accurately modeling all the aeroacoustic noise
sources with methods that are both rapid and reliable remains a complex task, reflecting
the intricate nature of the airflow dynamics associated with MAVs. The close proximity of
the fast rotating rotors to each other [8] and to the body [9-11] generates highly coupled
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components. While the former consists of a tonal peak at the blade-passing frequency (BPF)
and its harmonics and is mainly associated with stationary loading, the latter is related
to turbulence interacting with the airfoil [13]. They can all be predicted quite accurately
by high-fidelity approaches such as DNS (direct numerical simulations) or LES (large
eddy simulations), which are however computationally expensive and far too slow for
industrial purposes. For such targets, low-fidelity aerodynamic codes such as BEMT (blade
element momentum theory) or VLM (vortex lattice method)/VPM (vortex particle method)
combined with aeroacoustic models are preferred. The tonal noise of rotating systems
has been studied extensively since the appearance of aircraft propellers and helicopters
rotors. Gutin [14] holds the distinction of being the first researcher to successfully compute
the first harmonics of the steady loading noise for a stationary propeller. This significant
contribution is the reason why steady loading noise is often referred to as Gutin noise. In
parallel, Ernsthausen and Deming first acknowledged the significance of the thickness
noise. Ernsthausen [15] explained its origin and characteristics, Deming [16] formulated the
problem theoretically. Building upon these studies, Farassat and Succi [17] delved deeper
into these two phenomena. They developed formulations 1 and 1A of the Ffowcs Williams
and Hawkings (FW-H) acoustic analogy [18], which have become instrumental in the field.
Notably, the formulation-1A has been used extensively to predict the tonal noise emitted
by rotary wings, such as helicopter rotors and aircraft propellers. During the last decade,
this methodology has also demonstrated its effectiveness in predicting the tonal noise from
MAV rotors, as evidenced by multiple studies [19,20].

The first model for broadband noise was developed by Ffowcs Williams and Hall [21],
who calculated the trailing edge noise component from turbulent eddies convected at the
trailing edge using the Green’s function of a semi-infinite plate. Amiet [22,23] decom-
posed the various sources to obtain the scattered surface pressure distribution. Roger
and Moreau [24-26] extended Amiet’s work by incorporating the effects of leading-edge
back-scattering. In parallel, the BPM (Brooks, Pope, and Marcolini) model [27], developed
by Brooks, Pope, and Marcolini from Ffowcs Williams and Hall’s solution and empirical
data from NACAQ012 airfoil tests, was initially developed for airfoil noise and later adapted
for propellers using strip theory [13].

These models have accurately predicted broadband noise for helicopter rotors [28,29], au-
tomotive fans [30-33] and wind turbines [34-37], which involve moderate-to-high Reynolds
numbers and fully turbulent boundary layers. However, for micro air vehicles operating at
lower Reynolds numbers, the boundary layer dynamics differ, being not fully turbulent,
prone to laminar separation, and the formation of laminar separation bubbles [38-40],
leading to more challenging broadband noise predictions and reducing the accuracy of
these methods for smaller rotors.

In the present study, the attention is primarily focused on the blade passing frequency
(BPF) noise, as it has been observed that the tonal noise peaks are typically more prominent
than the broadband noise in the context of two-bladed 20 cm diameter rotors [41]. This
approach prioritizes the analysis of BPF noise as the initial step in understanding the
acoustic characteristics of such rotors.

The susceptibility of the boundary layer to separate and the importance of viscous
friction at the characteristic Reynolds numbers of MAVs (~10%-10°) results in a reduction
in the aerodynamic efficiency of the propellers [42]. Consequently, the airfoil lift coefficient
slopes may be far off the 27t slope predicted by the thin airfoil theory. Winslow et al. [43]
explained through computational studies the origin of the two different slopes in the
“linear region” appearing on the NACA0012 airfoil at Re = 3 x 10°: from 0° to 8°, a
separation bubble travels from the trailing edge to the leading edge, modifying the laminar-
to-turbulent transition. After 8°, a trailing edge separation bubble is formed until full stall
at around 12°-14°. These phenomena also cause lower airfoil (and rotor) efficiencies and
make rotor aerodynamic predictions more challenging. Due to the aforementioned reasons,
and because MAVs rely on lightweight batteries with relatively low energy storage, rotor



Fluids 2024, 9, 96

30f31

aeroacoustics optimizations must be tightly coupled with the aerodynamic optimizations
to create stealthier and high endurance rotors.

In the past and starting from a two-blade standard propeller, Vogeley [44] experi-
mentally reduced the aircraft propeller noise by changing the number and planform of
the blades. Together with the position of the engine exhaust system, these modifications
induced a decrease in the operating rotational speed and an abatement of the emitted
sound, without compromising its aerodynamic performance.

With the advent of optimization algorithms and the increase in computational power,
multi-objective optimizations started to be performed on fans [45-47] and on general
aviation aircraft propellers [48-56].

Pagano et al. [50,57] used a design of experiment (DOE) technique to optimize the
aerodynamic efficiency in cruise condition (at Mach number = 0.58), calculated by means
of CFD simulations, and the noise emitted at take-off, when the thrust is maximum and
the aircraft is closer to the ground. Although the code was able to predict both tonal and
broadband noise components using the Farassat formulation-1A of the Ffowcs Williams-
Hawkings acoustic analogy and trailing edge noise semi-empirical models, respectively, the
optimization results demonstrated that the noise reduction was mainly led by the reduction
in the tonal noise.

Optimizations have also been performed on helicopter rotors [58-63]. Bu et al. [61]
coupled a RANS solver, a penetrable data surface (PDS) formulation of the FW-H acoustic
analogy, with a hierarchical kriging (HK) optimization procedure to optimize the noise
emitted without decreasing the efficiency in hover. The airfoil shape and also the blade
chord, pitch, and sweep distributions were modified.

Due to the recent developments of MAVs, MAV rotor optimizations have been carried
out [64-71]. Serré et al. [67] used BEMT simulations coupled with the Farassat formulation-
1A and semi-empirical broadband noise models to predict hover efficiency, tonal noise,
and broadband noise, respectively. The optimizations involved changes in airfoil, chord
and pitch distributions. However, the resulting geometries differed from the more tradi-
tional optimized rotor geometries. In order to optimize the hover efficiency, Gessow [72]
demonstrated through the momentum theory/BEMT that the ideal rotor should have a
pitch distribution that follows a hyperbolic equation, resulting in a linear distribution of
lift. Additionally, to ensure that each blade section operates at the optimum lift-to-drag
ratio, the local blade solidity and chord should also follow a hyperbolic equation. The
chord therefore tends to infinity at the root of the blade, making it impossible to replicate
in reality. Nevertheless, a linear approximation of both chord and pitch distributions in
the region near the blade tip showed aerodynamic performance comparable to that of the
rotors with hyperbolic chord and pitch distributions.

Since BEMT simulations (used in [67-69]) do not predict the aerodynamic blade vortex
interaction and the blade-wake interaction, the need for more accurate optimizations has
pushed the authors to perform multi-objective optimizations using middle fidelity, but with
a relatively fast, steady non-linear vortex lattice method (S-NVLM) code [20,73] coupled
to a Farassat formulation-1A code. Furthermore, the optimization process includes manu-
facturing and operational constraints which render present results more useful in practice.
Finally, optimizations are verified a posteriori using experiments, which is rarely reported
in the literature and helps to gain further insight into the advantages and disadvantages of
the optimization procedure.

The aim of this paper is thus to first describe a multi-objective optimization of MAV
rotors subject to manufacturing and operational constraints using middle fidelity numerical
tools. The optimized geometries are then analyzed both numerically and experimentally.
The numerical procedure permitting to capture the aerodynamic performance of the rotor
and its tonal noise is presented in Section 2, followed by the optimization setup used to
obtain the final three optimized MAV rotors in Section 2.5. The results are then presented:
first the optimization results in Section 3.1, then the optimized rotors and the unsteady sim-
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ulations in Section 3.2, followed by the experimental results in Section 3.3 and a conclusion
in Section 4.

2. Numerical Methods

As outlined in the Section 1, drone manufacturers are being pushed by stricter regula-
tions to design MAV rotors that not only comply with current and future noise regulations,
but that can also fly longer and farther to accomplish different missions. The develop-
ment of numerical tools and procedures to predict and optimize the aerodynamic and
aeroacoustic performance of rotors is essential to avoid the classical (and expensive) ex-
perimental trial-and-error approach. The optimization procedure, used in this work and
described in Section 2.4, relies on an aerodynamic solver (Section 2.1) and an aeroacoustic
propagator (Section 2.2).

2.1. Aerodynamic Solver: Non-Linear Vortex Lattice Method

The NVLM code developed by Jo et al. [19,73] is used here to calculate the performance
and the airflow properties induced by MAYV rotors in hovering and isolated conditions
(Figure 1). Two different solvers of the same NVLM code are used: a steady one, which
models the wake as an uncontracted helicoid, and an unsteady one, which models the wake
by means of free vortex particles (Figure 1). The former is used during the optimization
phase because of its computational speed, while the latter is used for ad hoc verification of
the performance of the optimal geometries.

Figure 1. On the left, an unsteady simulation snapshot with blade lattices, wake lattices (the red
panels), and vortex particles (the green dots). On the right, a steady simulation snapshot of the blade
lattices and the prescribed wake lattices (the blue panels).

Both solvers are based on the potential flow theory which assumes that the flow
is incompressible (V - V = 0), inviscid (v = 0), and irrotational (V AV = 0). The last
hypothesis leads to a conservative vector field, that is, the velocity vector V is equal to the
gradient of a velocity potential, noted as ¢:

V=V @

Equation (1) satisfies Laplace’s equation (A(¢) = 0). Since Laplace’s operator A is
linear, multiple velocity potentials can be linearly added to create more complex flows.

In the case of the VLM, the final flow-field is a combination of elementary vortex
rings (or lattices) with constant strength I'. Since the rotor blade is considered to be thin
(with respect to the chord), the 3D blade camber line is discretized into N; x N; lattices
(where N; and N; are the number of lattices along the chord and span, respectively) and the
circulations of the vortex rings are noted as I'; ; [74] (see Figure 2). These vortices generate
an induced velocity at all points in space and must satisfy the non-penetrating condition at
the blade surface. As shown in Figure 2, each vortex lattice follows the 1/4-3/4 rule [74]:
the leading vortex ring segment is placed at 1/4 of the geometric cell chordwise length,
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and a collocation point is placed at 3/4 of the chordwise cell length. In this point, noted
CP; , the non-penetrating condition is applied. The velocity induced by a vortex ring at
the collocation point CP is computed by considering the contribution of all the four vortex
edges thanks to the Biot-Savart law [74].

Discretized camber line

Figure 2. A typical VLM blade discretization, with the vortex ring (in red).

The total number of lattices N is equal to the number of rotors multiplied by the
number of rotor blades and the number of lattices per blade (N, x Nj, x N; x N;). As the
circulations I' are the unknowns of the problem, the influence coefficients a, ; are initially
computed by considering the velocity induced by the four vortex segments of lattice 4 onto
the collocation point of lattice p, with I'; = 1. For each lattice p, the non-penetrating flow
condition can be written as follows:

N
Y apqly+ (Voo + Vywake + Q X Rp) -ny =0 )
q

\'

By moving the terms V - n, to the right-hand side, the following system is obtained:
AT =B 3)

V ,wake is the velocity induced by all wake vortices at the collocation point of lattice
of index p, QO x Ry, the velocity induced at lattice p by the rotation of the blade, V is the
freestream velocity vector, and nj, the vector normal to the lattice.

A sectional non linear correction on I';; is then performed using the XFOIL [75] lookup
tables to account for the low Reynolds number induced non-linearities (for more informa-
tion, please refer to Li Volsi [76]).

As the wake affects the velocity induced on the blade, and therefore the rotor perfor-
mance through the term V,, 5, several methods have been developed to propagate the
wake behind the trailing edge of the blades. As previously mentioned, two different wake
models are used in this work: a steady one, which models the wake as a prescribed and
uncontracted helicoidal wake, and an unsteady one, more accurate and computationally
more expensive, that uses a vortex particle method (VPM).

On the latter, Lagrangian-described vortex particles (or blobs) are shed at each timestep
from the trailing edge of the blades. Their total number N, depends on the number of
blade spanwise lattices, the angle-defined timestep (referred to as step angle afterwards),
and the number of total revolutions. They are characterized by a constant circulation T
and allow us to reconstruct the vorticity field at a given location x anywhere near the rotor
through the following formula:

NZ(/
w(xt) =V x V=3 Ti(t){s(x—x(t)) (4)
i=1
with:

*  x; the location of the ith particle;
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et the physical time;
e (=(0(x/0)/ o> is the regularized vorticity distribution function within the core of the
particle (¢ is the core size).

Since the N vortex particles constantly influence each others and their number
increases throughout the simulation, the computational cost is proportional to O(N3), but
the implementation of a Fast Multipole Method has reduced it to O(Ny) [19].

The steady solver, on the other hand, is based on a prescribed wake model [77]. The
discretization of the helical wake is fixed from the beginning of the simulation and depends
on the blade spanwise lattices, the step angle (that, in this case, defines the angular spacing
between two consecutive rows of wake lattices), and the number of revolutions to simulate.
The induced velocity is calculated at each spanwise section j by using Biot-Savart’s law
and the blades’ lattices circulations. In the present prescribed wake model, the helix pitch
is supposed to be constant from the inboard to the outboard part of the helix, the rotor
induced velocity is calculated by averaging all the spanwise induced velocities and used to
set the helix pitch. To satisfy the 3D Kutta condition at the trailing edge of the blades, the
circulation of the first row (noted k) of wake lattices must be equal to the circulations of the
trailing edge lattices:

Ij=TN,; ®)

The other wake lattice rows take the same circulation strength as the first row:

INyj = oo = T,y = T (6)

Ny is the total number of wake lattice rows.

In the next iteration, the new averaged spanwise-induced velocity projected on the
rotational axis is calculated by taking into account the new blade and wake lattice circula-
tions, so that the new helix pitch is calculated. As this is a steady simulation and the helix
discretization is fixed at the beginning of the computation, the calculation stops when the
thrust coefficient cr = T/(0.50tQ?R*) is converged.

The main outputs of both solvers are the rotor thrust and torque and the blade loading
distribution (this is one of the inputs of the acoustic propagator presented in Section 2.2).
The aerodynamic efficiency is calculated through the figure of merit [78] (FM, Equation (7)),
which depends on the thrust T, torque Q, rotational speed (), air density p, and rotor
radius R:

T3/2
M aavaE ?

The simulation parameters, shown in Table 1 and chosen for the optimizations, are
sufficient to capture with a good accuracy both aerodynamic and aeroacoustic performance
of the rotors, while limiting the computational time (please refer to Jo et al. [19] and Li
Volsi [76] for the validation of the code). As previously explained, the step angle defines
the geometric discretization of the helical wake in the steady simulations, whereas in
the unsteady simulations, it defines the time discretization. Both FM and BPF SPL are
calculated by taking into account the last five revolutions in the unsteady simulations.

Table 1. Simulation parameters.

Blade Discretization Steady Unsteady
# of Chordwise Lattices (N;) 5 5
# of Spanwise Lattices (N;) 10 10
Simulation Parameters Steady Unsteady
Step angle [°] 5 5
Revolutions [-] 5 15

Averaging [-] - 10-15
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2.2. Aeroacoustics Solver: Farassat Formulation-1A

To capture the tonal noise emitted by MAV rotors, Farassat’s formulation-1A of the
Ffowcs Williams and Hawkings acoustic analogy has been implemented in the NVLM
code on both unsteady and steady solvers [20,79]. The considered acoustic sources are
as follows:

p(xt) = pr(xt) + pL(xt) (8)

The thickness noise depends on the rotor geometry presented in Figure 3 (through the
n normal vector and the integral on the blades surface f = 0), the rotational speed (velocity
v and Mach vector M), the position of the observer (x is the position of the observer and
r is the observer vector that defines the position of the observer from a radiating point in
the geometry), and the properties of the air (density p and speed of sound c):

4rpr(x,t) = / ds+
f:() ret (9)

' YY)
+/ [pvn(r]\/zlr—i—cMr 3cM )] is
f=0 r2(1—M,) et

p(9n + vn)
r(l— Mr)2

with:
Uy = 0ifl; Oy = 0ift; vy = vl My = M

The loading noise depends on the loading distribution ! and its derivative / on the
blade surface (in the case of the present NVLM code, on the mean camber line of the blade,
see Figure 3). These variables, calculated beforehand by the aerodynamic code, are the
input of the following equation:

Lo 1 / ok
4mpp(x t) = cJf=0 [r(l - M,)? retds+

_ y _ A
+/ Ll d5+1/ L (rM; + ¢(M, M D1 s
Jf=0 7’2(1 - Mr) ret € Jf=0 1’2(1 - M”)

ret

(10)

with
I, = li?i iy = ii?i lM = liMi
This formulation is applied to solid boundaries (the blades) for the noise calculation.

Therefore, only thickness and loading noise are radiated here, while the quadrupole term
due to the wake turbulence is neglected.

e

Figure 3. A typical pressure distribution (depicted by the red arrows) along the mean camber line of
the rotor blades (on the left) used to compute the loading noise and the 3D-modeling of the rotor
blades (on the right) used to compute the thickness noise.
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The NVLM code used in this work calculates the pressure jump between the suction
and pressure sides on the blade mean camber line due to the thin airfoil approximation. This
pressure difference distribution is then used to compute the loading noise (see Figure 3).

Since lattices do not radiate to the observer at the same time, the retarded time (T)
must be calculated for each lattice, and the acoustic pressure evaluated at this retarded
instant. The contribution of each lattice is then taken into account to calculate the whole
rotor acoustic pressure. It is worth noting that for both loading and thickness noises, the
near-field terms (characterized by an amplitude decay of 1/7%) and far-field terms (1/r
decay) are separated.

Once the temporal signal is calculated, the fast-Fourier-transform (FFT) is computed
and the BPF SPL captured. Note that the frequency sampling depends on the previously in-
troduced step-angle (Section 2.1). The BPF SPL is the input required by the optimization algorithm.

2.3. Optimization Algorithm and Framework

Optimization techniques play a pivotal role in diverse applications, ranging from
engineering to machine learning, finance, and many more [80]. These techniques focus
on finding the best solution(s) within a defined parameter space and by satisfying the
constraints set for a given problem (Equation (11)).

mxinf(x) (11)

where x = [x1,...,x,] is the vector constituted by the design variables that are allowed to
change during the optimization. Traditional gradient-based optimization techniques have proven
their effectiveness in searching the optimized parameters in single-objective optimizations.

However, this minimum may be local, rather than global. Gradient-based algorithms
are, in fact, very sensitive to the initial guess. If it is located next to a local minimum, this
family of algorithms will generally become stuck at the local minimum.

Real-world problems often require multi-objective optimizations, which do not con-
verge to a singular, global optimal solution but rather yield a set of Pareto optimal solutions.
This complexity is compounded when the gradient of the objective function is challenging
to compute or unavailable. To address this, gradient-free algorithms have been devel-
oped, offering a viable approach to calculate Pareto optimal solutions in the absence of
gradient information.

In this work, genetic algorithms (GA) are employed to simultaneously optimize two
distinct and competing objectives. These algorithms, inspired by Charles Darwin’s theory
of natural evolution, are based on the survival of the fittest and on the appearance of
crossover combinations and mutations that lead to fitter successive generations. Since
they work with a population of solutions, a different set of solutions can be maintained
throughout the optimization to reach global minima and/or identify the set of Pareto
optimal solutions. The main difference between GAs lies in the survival and selection
methods. The NSGA-II [81] (non-dominated sorting genetic algorithm), already used by
the authors in the past [82], is employed in this work.

To link both aerodynamic and aeroacoustic Python [83] solvers to the optimization
algorithm, the Python-based optimization framework pymoo version 0.4.2 [84] is used. It
was selected for integrating aerodynamic and aeroacoustic solvers due to its capability for
parallel computation, customization of crossover and mutation probabilities and distribu-
tions, and the extraction of the Pareto front. The reader is referred to Blank and Deb [84]
for further information.

2.4. Optimization Procedure

The aim of this work is to optimize the geometry of a MAV rotor under hovering
conditions, considering manufacturing and operational constraints. The two optimization
objectives are the aerodynamic figure-of-merit FM [78] and the BPF SPL recorded by a
microphone placed at a far-field distance Dpjc = 1.62 m and 6;c = +30° below the rotor
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disk plane, in the flow direction (see Figure 4). This distance corresponds to that of the
microphones used in experiments (see Figure 4) for comparisons reported later in the paper.
More information about this experimental setup can be found in Gojon et al. [41,85]. The
angle is arbitrarily chosen below the rotor where the noise is expected to be detrimental
to operation.

Figure 4. ISAE-SUPAERO anechoic room and experimental setup.

The ideal rotor has a high FM to maximize the flight endurance and a low BPF SPL
value to be acoustically stealthy. In the present paper, the optimization procedure relies on
the following steps:

1.  The drone configuration and weight are defined, as well as the optimization design
variables, space, and constraints. In the case of the present optimization, a quad-
copter drone weighting ~800 g is considered (meaning that each rotor must sustain
approximately 2 N in hover).

2. The multi-objective optimization is executed by using the NSGA-II optimization algo-
rithm, the steady solver of the NVLM code (later called S-NLVM), and the Farassat
formulation-1A [17] to predict the aerodynamic and aeroacoustic performance. Be-
cause of the concurrent nature of the two objectives, a set of all optimal solutions is
obtained (hereafter referred to as the steady Pareto front, or steady PF).

3. Three optimized rotors representing the Pareto front are chosen and tested using the
unsteady solver of the NVLM code (or U-NVLM), and the “unsteady Pareto front”
is obtained.

4. The three rotors are then 3D-printed and experimentally tested in the anechoic room
at ISAE-SUPAERO.

2.5. Optimization Setup

The optimization described in this paper takes into account multiple manufacturing
constraints. The best geometries resulting from the optimization are 3D-printed using
stereo-lithography techniques at ISAE-SUPAERO and tested in the anechoic room to verify
the performance of the optimized geometries. The starting geometry of the following
optimization is the 20 cm diameter rotor previously tested in the ISAE-SUPAERO anechoic
room [9]. The rotor diameter was appositely chosen because it is the maximum diameter
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that could be 3D-printed in one piece with the available 3D-printer. For this study, only
two-bladed rotors were tested because they are easier to balance statically. The NACA0012
aerodynamic coefficients calculated using XFOIL had previously been validated against
experimental tests for different Reynolds numbers and angles of attack (as shown in [76]).
This airfoil was therefore appropriately chosen to eliminate a possible source of discrepancy
between the tests and the calculations when using lookup tables in the non-linear correction
module embedded in the actual NVLM code. Its characteristics and the experimental results
(evaluated at 2 N thrust) are summarized in Table 2.

Table 2. Starting geometry parameters and performance. * Optimization variables.

Rotor Parameters

# of blades 2
Airfoil Section NACA0012
Diameter [m] 0.2
Root cut-out 18% of the Radius
Chord * [m] 0.025
Pitch angle * [°] 10 (cste)
Rotor Performance
Thrust [N] 2.0
Rotational speed [rpm] 7660
Torque [N-mm] 25.22
FM [-] 0.50
BPF SPL [dB] 59.6

All of the values in Table 2 are fixed throughout the optimization except for the chord
and pitch distributions. That is, all tested rotors have two blades with a NACAQ0012 airfoil
constant over the entire span of the blade and a diameter of 20 cm.

In order to minimize the number of parameters and still test very different rotor
geometries, a blade reconstruction procedure previously introduced by the authors [82]
is used. The optimization algorithm can select the parameter values within predefined
minimum and maximum bounds using a continuous function. In this work, pitch and
chord distributions are defined by three points: a point located at the root of the blade,
one at the tip (called TIP,, where x is the parameter), and a control point (CPy, for which
the spanwise position CPy pos can be adjusted). The pitch and chord distributions are
constructed as follows:

*  The root pitch angle and chord length are set to 10° and 0.025 m, respectively;

*  The CPpitch pos defines the spanwise position at which the value CPpjch,ang is applied.
The derivative of the curve at this point is fixed to zero (same strategy for the chord
distribution with the CPpord pos and CPenord len Variables, respectively);

e  The pitch angle at the tip of the blade is defined by TIPpjtch ang (the chord length at the
tip by TIPChord,len)-

The BPoly.from_derivatives function of the Python (version 3.8.2) package Scipy version
1.4.1 [86] permits us to obtain the final distribution from the three different points by
constructing a piecewise polynomial in the Bernstein basis. The parametrization used in
this case has an advantage over conventional NURBS (non-uniform rational basis splines)
because the interpolated curve always passes through the control points. This means that
both the lower and upper bounds in the GA have a physical meaning. Figure 5 shows
examples of pitch distribution interpolation.
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Figure 5. Pitch distribution definition from the control point {CPpjtch,poss CPpitch,ang} (the upward
pointing triangles) and the tip value TTPpitch,ang (the downward pointing triangles).

The total design space hence consists of six variables, presented in Table 3.

Table 3. Design variables used in this part and their minimum and maximum bounds.

Design Variables Min Value Max Value
] Angle [°] 5 30
Pitch CPpitch Position [%] 20 80
TPpitch Angle [°] 0 10
Length [m] 0.01 0.05
Chord Pehord Position [%] 20 80
TIP chord Length [m] 0.01 0.05

As this paper focuses on the performance of optimized 3D-printed rotors, multiple
manufacturing and operational constraints are defined and set in the optimization to
achieve robust and 3D-printable rotors. These constraints include limits on the chord length
and solidity, due to the fact that rotors with higher solidities are generally heavier and
more challenging to manufacture. The upper solidity limit was established to match that of
the initial rotor design, while the lower limit was set at 0.08, a value that was arbitrarily
chosen. Quadcopter drones are easily maneuverable due to their simplicity, as flight control
is achieved by changing the rotational speed of the different rotors. However, the higher
the inertia of the rotors, the more difficult it is to maneuver the drone. For this reason, an
upper limit of inertia is fixed equal to the inertia of the starting geometry. For the rotational
speed, because one critical structural mode of the test stand sustaining the rotor in the
anechoic room is at around 3000 rpm, this value is selected as the lower limit.

The constraints (summarized in Table 4) are handled using a technique described by
Deb et al. [81]. In an unconstrained single-objective optimization, when two solutions are
compared, the one with the better objective value is chosen. In constrained multi-objective
optimization, three different situations can be encountered: both solutions are feasible
(i.e., they do not violate any constraints); one is feasible, and the other is not, and both
violate the constraints. These three situations lead to different outcomes: the solution with
the better objective value is chosen, the feasible solution is chosen, and the solution with
smaller overall violation constraint is chosen, respectively. Taking into account solutions
not feasible in the generation of a new offspring population is very important during
the first generations, when the initial population is randomly chosen and the constraints
are tight.

Table 4. Constraints variables and lower/upper bounds.

Constraints Min Value Max Value
Rotational speed Q) [rpm] 3000 -
Solidity o [-] 0.08 0.129

Inertia I, [kg-m?] - 3.078 x 1078
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In this study, each generation consists of 100 candidates randomly selected at the
beginning. Both crossovers and mutations are activated with a probability of 90% and 10%,
respectively, and the optimization stops after 50 generations.

3. Results

First, the results are presented in Section 3.1. The performance of the optimized
geometries obtained with the SSNVLM/F1A code are then verified using U-NVLM/F1A
simulations (in Section 3.2). The most interesting candidates are analyzed. In Section 3.3,
the experimental aerodynamic and aeroacoustic results obtained in the anechoic room are
discussed, and the performance of the optimization procedure is evaluated.

3.1. Optimization Convergence and Steady Pareto Fronts

During the optimization performed in this paper, a total of 5000 candidates were
tested (100 candidates per generation x 50 generations). To check the convergence of
the optimization, the moving averages of both objectives (FM and BPF SPL), obtained by
averaging all the candidates satisfying the constraints and belonging to each generation,
are plotted in Figure 6. The moving averages reach a plateau after ~40 generations,
indicating convergence.

0.70

(@]
%
BPF SPL [dB]

—e— Moving average

0 20 40 0 20 40
Generations Generations

Figure 6. Convergence plot showing the FM and the BPF SPL as functions of the generations. The
dark dotted lines represent the moving average curves, while the grey lines represent the performance
of all the simulated candidates.

Figure 7 shows the proportion of candidates that satisfy all the constraints of the
optimization, as well as those that do not, plotted against the number of generations.
Due to the random selection of the initial generation and the strict constraints, only 3 out
of the 100 candidates meet all the criteria. After six generations, the rate of accepted
candidates reaches 80% and remains constant until approximately the 30th generation,
where it begins to decrease to a final rate of 60%. The results converge to the Pareto front,
and the candidates are almost all borderline, with a solidity close to the maximum available
value (as shown in Appendix B—Figure A2). Therefore, a small change in the chord can
result in rejected candidates.

Figure 8 illustrates the aerodynamic and aeroacoustic performance of all the candidates,
including the last generation candidates. The ideal candidate should have the lowest BPF
SPL and the highest FM, placing it in the bottom-right part of the graph. However, there is
no single ideal candidate, but rather a set of optimized candidates belonging to the Pareto
front (also called steady Pareto front). By following the Pareto front from right to left, the
tonal noise is gradually reduced at the expense of the aerodynamic performance.
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Figure 7. Evolution of the number of rejected and accepted candidates per generation as functions of
the generations.
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Figure 8. Scatter plot showing all the candidates simulated, the last generation candidates and the
Pareto front.

To assess the different contributions of both loading and thickness noise, the upper
plots of Figure 9 show all the candidates colored by the thickness and loading noise com-
ponents. The latter dominates the thickness noise, and it is therefore the main component
of the tonal noise. It is also clear from the graph at the bottom left of Figure 9 that the
tonal noise is linked to the rotational speed (). To achieve the lowest possible BPF SPL,
the nominal rotational speed is reduced. To do this, the rotor blades must develop higher
thrust by increasing the chord towards the tip of the blade (increasing the rotor inertia, see
bottom-right graph in Figure 9) and/or increasing the pitch value over the entire span of the
blade (as previously described by the authors [82]) (avoiding stall). Note that reducing the
rotational speed may not always decrease the tonal noise, especially if it causes significant
changes in the relative contribution of the thickness noise to the overall tonal noise. The
positions and values of the control points are presented in Appendix B.

To analyze the optimal solutions, three rotors representative of the full Pareto front
were selected. Two geometries were chosen because they optimized one of the objectives.
The rotor with the highest FM, called best aero rotor, and the rotor with the lowest tonal
noise BPF SPL, that improves the BPF SPL by approximately 1.7 dB at a cost of 13% in FM
compared to the best aero performance. However, as they did not optimize both objectives
at the same time, another rotor with performance in-between was chosen, the compromise
rotor. This final geometry reduces the noise by approximately 1.3 dB at a cost of 3% in FM
compared to the best aero rotor.
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Figure 9. Scatter plots showing the candidates colored by different variables: loading noise
(top-left), thickness noise (top-right), nominal rotational speed () (bottom-left), and rotor inertia

I, (bottom-right).

These three geometries composing the steady Pareto front are shown in Figure 10, along
with their chord and pitch distributions (the CAD models are shown in Figure 11).
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Figure 10. On the left: scatter plot showing all the simulated candidates, three optimized rotors and
the steady Pareto front. Chord (center) and pitch (right) distribution of the three optimized rotors
belonging to the steady Pareto front.
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Figure 11. The CAD models of the three optimized rotors.

While both best aero and best acoustic rotors have similar tip chords, the main difference
lies in the control point. The best aero control point has a larger chord and is located close to
the root. The best acoustic has a smaller chord at the control point, which is located outboard,
resulting in a higher inertia (+19%). The pitch distributions are also significantly different
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between the two geometries. In the best aero geometry, the pitch control point is located
near the root, at approximately the same position as the chord control point. However, it
has a lower value than the best acoustic control point. Additionally, the pitch at the tip is
also lower in the best aero rotor. These chord and pitch distributions enable the best acoustic
rotor to produce greater thrust than the best aero rotor on the outer part of the blade. As
a result, the rotational speed required to reach 2 N is lower than that of the best aero rotor
(5170 rpm and 6212 rpm, respectively). Finally, the compromise geometry combines features
of both rotors: it has a similar chord distribution to the best aero geometry, a similar pitch
distribution shape, and it shares the same pitch value at the tip of the best acoustic blade.
This design results in a performance that falls between the other two rotors. In summary,
to slightly reduce the BPF tonal noise without affecting the aerodynamic efficiency of the
rotor, it is advised to optimize the planform and the pitch distribution of the rotor, then
adjust the collective pitch of the rotor blade. This will slow down the nominal rotational
speed, resulting in quieter rotors. It is also worth mentioning that the chord and pitch
distributions are neither linear nor hyperbolic near the tip. This is due to the particular
geometric reconstruction based on the Bernstein basis polynomials, where the derivative of
chord and pitch are set to zero in the control point (as discussed in Section 2.5). A different
parametrization could have potentially led to linear/hyperbolic distributions near the tip.

3.2. Unsteady Pareto Front

Unsteady NVLM simulations were performed on steady Pareto front candidates. Two
simulations per candidate are run to account for potential differences in thrust values
resulting from higher fidelity simulations at the same rotational speed. The first simulation
is run at the rotational speed predicted by the steady NVLM simulations (to reach the 2 N
of thrust), while the second simulations is run at the rotational speed that satisfies the 2 N
target thrust in U-NVLM simulations. The results are presented in Figure 12. Although the
FM and BPF SPL have changed, the overall trend of the Pareto front remains unchanged,
demonstrating the consistency between S-NVLM and U-NVLM simulations.
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Figure 12. Scatter plot showing the steady and unsteady (at iso rotational speed and 2 N iso thrust)
Pareto fronts.

Unsteady simulations allow for a more accurate prediction of the rotor wake, and
therefore, the analysis of the three different rotor wakes is performed on this basis. In the
simulations, the rotor spins along the Z-axis and lies in the XY plane.

For all three optimized rotors, Figure 13 shows the instantaneous z-velocity (V) and
vorticity magnitude (w = V x V) distributions after 10 rotations, while Figure 14 shows
the z-velocity distributions averaged between the 10th and 15th rotations at four vertical
positions in the Y = 0 plane.
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Figure 13. Y = 0 planes colored by the instantaneous z-velocity (on top) and the vorticity magnitude (bottom)
for the optimized rotors.
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Figure 14. Mean z-velocity distributions along radial position at different z locations for the three
optimized rotors and at Y = 0 plane.

It can be observed that, for the best acoustic rotor, the induced velocities are stronger
in the region close to the tip, where this rotor has larger chord lengths and pitch angles
than the other two. This can be seen in Figures 13 and 14, where a slightly less uniform
z-velocity distribution is observed, with the highest induced velocities more concentrated at
the tip compared to both compromise and best aero geometries. This phenomenon also leads
to stronger tip vortices, and it is the reason for the higher values of vorticity magnitude
observed for the best acoustic and compromise rotors compared to the best aero rotor (see
Figure 14, bottom).

The tip vortices of the best acoustic configuration also tend to pair much earlier than
the vortices of the other rotors, leading to earlier vortex merging. The location of the vortex
merger trend is consistent with the findings of Ohanian et al. [87], where they showed that
for rotors operating at comparable Reynolds numbers, the faster the rotor spins, the farther
the vortex merger appears.
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Figure 14 highlights the difference between the compromise and best aero rotors observed
in Figure 13. While their z-velocity distributions are similar up to z/D = —0.5, the best aero
rotor shows the most contracted wake of the three geometries from z/D = —0.75. This
explains its higher efficiency (Froude’s theory shows that the ideal rotor has the highest
contraction ratio, which can theoretically reach Syy,xe/ Srotor = 0.5 [78]).

The different pitch and chord distributions characterizing the optimized rotors also
lead to different thrust and torque distributions (see Figure 15). When comparing the thrust
distributions, it can be observed that the compromise and best aero rotors have the same
thrust distribution. As the best acoustic rotor has larger pitch and chord values towards the
tip of the blade, the thrust is more concentrated in this area. The location of the maximum
thrust is located between 80% and 90% of the blade radius, and the thrust of the best acoustic
blade is larger than the other two in this region, resulting in a center of thrust that is located
at 75% of the rotor radius compared to 73% for the other two. While the thrust distribution
is the same for the best aero and the compromise geometries, this is not the case for the
torque distribution. The larger pitch values of the compromise blade induce larger torque
over most of the blade span. The lower chord and pitch values of the best acoustic blade
between the root and ~55% of the radius induce lower torque values, while the opposite is
observed outboard. The three centers of torque are located at 70% for the best aero, 71% for
the compromise, and 75% for the best acoustic.
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Figure 15. Thrust and torque spanwise distribution (thrust per unit length t and torque per unit
length g, respectively) of the three optimized rotors and their respective center of thrust and torque.

3.3. Experimental Analysis of Optimized Rotors

The CAD models of the three optimized rotors were created using the chord and pitch
distributions generated by the optimization. For each rotor, the NACAQ012 airfoil was 3D
swept along the radial direction to create the 3D geometry of the blade which, in turn, was
smoothly attached to the rotor hub.

The three optimized rotors were then 3D-printed in-house using Formlabs stereolitho-
graphic (SLA) 3D-printers [88], then polished with sandpaper and statically balanced.
Note that the hand polishing process may introduce geometric differences between the
CAD models (shown in Figure 11) and the final rotors. These differences are discussed in
Appendix C.

Experimental tests were carried out in the ISAE-SUPAERO anechoic room to evaluate
the aerodynamic performance and acoustic radiation of the three rotors at 1.62 m and
angles ranging from —60° to 60°, where 0° corresponds to the plane of the rotor disk and
positive angles are in the hemisphere containing the rotor wake (see Figure 4 and refer
to Parisot-Dupuis et al. [89] for more details on the aerodynamic and acoustic setups).
A 6-axis load cell was used to record the aerodynamic forces and moments. Only the
averaged forces and moments along the z-axis are presented in Table 5, as they represent
the rotor thrust (T) and torque (Q). An analysis of the uncertainties associated with
these measurements is presented in Appendix A. For each rotor, the rotational speed was
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manually modified to achieve the target thrust of 2 N. As previously expected from both
steady and unsteady simulations, the rotational speed required to achieve the target thrust
increases from the best acoustic rotor to the compromise and best aero rotors. However, the
ranking of FM and power (P = Q - (0) does not follow that of the simulations. While in the
experiments the best acoustic rotor has the lowest efficiency (as expected), the compromise
is the one with the highest FM, overtaking the best aero rotor by 3%, which is within the
repeatability uncertainty.

Table 5. Experimental aerodynamic results evaluated at ISA (international standard atmosphere)
conditions: Ty = 15 °C, Py = 101,301 N/m?, and pg = 1.225 kg/m?3.

Results REF Best Acoustic Compromise Best Aero
Q [rpm] 7660 5500 5900 6800
T [N] 2.00 2.06 2.01 2.00
Q [N-mm] 25.22 36.69 27.20 24.49
P [W] 20.05 21.13 16.81 17.39
FM [-] 0.50 0.50 0.61 0.59

Figure 16 shows the narrowband acoustic spectra of the three optimized rotors,
recorded by the same microphone location used for the optimization (1.62 m from the
rotor center and 30° below the rotor disk plane) at a sampling frequency of 51.2 kHz
for 16 s.
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Figure 16. Experimental sound pressure level of the three optimized rotors taken from a microphone
located 1.62 m from the rotor center and 30° below the rotor disk plane in the rotor wake direction.

The three spectra are composed of two distinct tonal peaks, one at the rotational
frequency and one at the BPF, which are at least 10 dB higher than their harmonics, and a
broadband noise whose shape varies greatly from one rotor to another.

The ranking of the BPF noise levels is the same as that predicted by the steady and
unsteady Pareto fronts; although, in the experiments, the compromise BPF noise level is closer
to the best acoustic one than predicted by the simulations. As mentioned above, the dominant
component of the tonal noise for these 20 cm diameter rotors at 2 N thrust is the loading
noise. Therefore, small changes in the geometry can induce different aerodynamic and
aeroacoustic behavior (as shown by the change in the aerodynamic ranking). Furthermore,
the 3D-printed blades are only statically balanced. This can explain the part of the spectra
around 100 Hz of Figure 16, where tonal peaks at the rotational speeds are present and not
negligible. The lowest rotational speed peak belongs to the compromise rotor, which seems
to be the most dynamically balanced rotor of the three rotors tested. The tonal peaks have
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not been filtered out in the overall sound pressure level (OASPL) calculation, as they also
affect the harmonics of the rotational speed.

While the trend of the tonal noise at the blade passing frequency is unchanged with
respect to that found by simulation, the broadband noise from ~110 Hz to 10 kHz shows an
inverse trend. In this range, the best aero configuration is the one with the lowest broadband
noise level. On the contrary, above 10 kHz, the high frequency broadband noise follows
the tonal noise trend. However, it should be noted that the anechoic room allows free-field
propagation up to 16 kHz. These results suggest that the optimization of the acoustic
spectrum of low Reynolds number hovering rotors should include broadband noise when
the minimization of the OASPL is the main objective. The mid-to-high frequency broadband
noise is associated with turbulent and more complex phenomena that need to be simulated
using semi-empirical models that relate the boundary layer properties and rotor geometry
to the far-field acoustic radiation.

Both the tonal and broadband noise components of the MAV rotor have a certain
directivity. It is therefore important to investigate the total directivity in order to fully
assess the aeroacoustic performance. For this purpose, the directivity antenna shown in
Figure 4 is used. The directivities of the BPF, the OASPL, which is obtained by integrating
the entire acoustic spectrum from 80 Hz to 16 kHz (the range where the room is guaranteed
to be anechoic), and the broadband noise (BBN), for which all the tonal peaks are filtered
and the resulting spectrum is integrated from 1 kHz to 16 kHz, are shown in Figure 17.
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Figure 17. Overall sound pressure level (OASPL), blade passing frequency (BPF), and broadband
noise (BBN) directivities of the optimized rotors.

Between —30° and 30°, the BPF directivity follows the trend predicted by the simula-
tions at the 30° microphone angle. Below —30°, the compromise geometry has the highest
peaks and above 30° the lowest. The BPF maximum is at 10° for the best aero and the best
acoustic, while it is at 0° for the compromise. As discussed in Section 3.1, the BPF SPL radiated
by these rotors is mainly generated by the loading noise. It has been demonstrated [76]
that its maximum moves towards positive microphone angles (i.e., downstream the rotor)
when the torque decreases. As the BPF maximum of the best aero is at 10° and that of the
compromise is at 0°, the trend is respected. However, the maximum at 10° for the best acoustic
rotor does not seem to respect this theory. It should be noted that their geometries and
operating rotational speeds are different, leading to different thrust and torque distributions
and different centers of thrust and torque (see Figure 15), which may influence the radial
position of the equivalent rotating dipole (please refer to Li Volsi [76] for more details).

The inverse trend in the BBN noise described above for the 30° microphone is con-
firmed for the other microphone angles and, as expected, the broadband noise level becomes
more important than the BPF for microphone angles below —30° and above 30°. This again
confirms that aeroacoustic optimizations should include the broadband noise in the opti-
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mization loop if the minimization of the OASPL is the objective. Since it is the result of the
integration over the full acoustic spectrum, it can be considered as the sum of both tonal
and broadband noise components. On the graph, it actually follows the BPF directivity
trend between —30° and 30°, while it follows the trend of the broadband noise elsewhere,
resulting in a different hierarchy to that obtained with the BPF SPL. However, there is
an offset between the OASPL and the sum of the BBN and BPF, as the OASPL takes into
account all the harmonics of the BPF and the peak at the rotational frequency (which are
smoothed out in the BBN curve). If the OASPL had been the parameter to choose in this
case, the compromise would have been the best candidate of the three tested, since it has the
lowest levels from —30° to 40°, while the best acoustic rotor would have been the worst at
almost all microphone angles.

In the light of the results discussed above, the experimental Pareto front is shown in
Figure 18, together with both steady and unsteady Pareto fronts. While the aerodynamic
and aeroacoustic performance of the best acoustic rotor are overestimated by the unsteady
NVLM, the performance of the other two rotors are underestimated. The experimental
tests also showed that the compromise rotor has the highest aerodynamic efficiency and a
tonal noise very similar to that of the best acoustic rotor. However, these conclusions can be
tempered by the ranges of uncertainties (described in Appendix A) and the comparisons
between the CAD models of the scanned 3D-printed rotors and the initial geometries
(presented in Appendix C). Comparing the experimental results of the three optimized
rotors with the initial geometry (whose performance are summarized in Table 2), it can
be concluded that the compromise and the best aero rotors improve the aerodynamic perfor-
mance by more than 15% (while the best acoustic has the same aerodynamic performance)
and the acoustics BPF SPL by, at least, 4 dB. All the simulation and experimental results of
the optimized rotors are summarized in Table 6.

Table 6. Summary of numerical and experimental results.

S-NVLM Best Acoustic Compromise Best Aero
Q [rpm] 5170 5615 6212
T [N] 2.04 2.04 2.04
Q [N-mm] 33.13 27.34 24.22
FM [-] 0.59 0.65 0.67
BPF SPL [dB] 51.32 51.62 52.99
U-NVLM Best Acoustic Compromise Best Aero
Q [rpm] 5497 6056 6702
T [N] 2.00 2.00 2.00
Q [N-mm] 33.88 28.46 25.36
FM [-] 0.52 0.56 0.57
BPF SPL [dB] 52.34 53.29 54.83
EXP Best Acoustic Compromise Best Aero
Q [rpm] 5500 5900 6800
T [N] 2.06 2.01 2.00
Q [N-mm] 36.69 27.20 24.49
FM [-] 0.50 0.61 0.59

BPF SPL [dB] 52.93 53.02 54.61
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Figure 18. Scatter plot showing the experimental Pareto front, as well as both simulated steady and
unsteady Pareto fronts. Error bars are representing the uncertainty for a 95% confidence interval.

4. Conclusions and Perspectives

In this work, a multi-objective aeroacoustic optimization was performed using a
steady non-linear vortex lattice method coupled with Farassat F1A acoustic analogy. The
optimization was subject to manufacturing and operational constraints, such as the rotor
inertia, its solidity and its rotational speed. The rotors were designed at 2 N iso-thrust, and
the objectives were the aerodynamic efficiency (represented by the figure-of-merit) and the
blade passing frequency sound pressure level (BPF SPL) for a microphone placed 30° below
the rotor and at a far-field distance of 1.62 m. Pitch and chord distributions were modified
by six design parameters. From the optimization, a set of optimized candidates (the steady
Pareto front) was extracted, and three different optimized rotors were selected: one with
the best aerodynamic performance, a second with the lowest blade passing frequency tonal
noise, and a compromise. These three rotors were numerically tested using higher fidelity,
unsteady non-linear vortex lattice method solver, and the unsteady Pareto front confirmed
the trend predicted by the steady simulations. The analysis of the three wakes showed
that the best aerodynamic rotor has the most contracted wake and an induced flow that
is more homogeneous across the span of the blades. The best acoustic rotor, being the
less aerodynamically efficient, had high induced velocities concentrated at the tip of the
blade. This was combined with larger pitch angles at the tip to produce the same rotor
thrust at lower rotational speeds than the other rotors, thus reducing the BPF acoustic
footprint of the rotor. The compromise, with a similar chord distribution but slightly larger
pitch angles than the best aerodynamic rotor, rotates slower than the best aerodynamic
rotor and has similar wake characteristics. The optimized rotors were then 3D-printed,
hand-polished, statically balanced, and tested in the ISAE-SUPAERO anechoic room. A
microphone directivity antenna and a load cell were used to evaluate the aerodynamic
and acoustic performance used for the optimization. The compromise rotor has the best
aerodynamic efficiency and a tonal noise level close to the best acoustic rotor. However, the
best acoustic rotor is the geometry showing the highest broadband noise and overall sound
pressure level. While the difference in the aerodynamic trend is within the experimental
uncertainty, the broadband noise shows a clear and inverse trend. To optimize the full
acoustic spectrum using different criteria, such as Overall Sound Pressure Level (OASPL)
or A-weighted OASPL, it is necessary to include both brandband and tonal noise at the
blade passing frequency in the optimization loop.
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BEMT Blade element momentum theory
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BVI Blade vortex interaction

CAD Computer-aided design
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DNS Direct numerical simulation

DOE Design of experiments

DRE Data reduction equation
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FFT Fast-Fourier transform

FW-H Ffowces Williams and Hawkings
GA Genetic algorithm

HK Hierarchical kriging

LES Large eddy simulation

LIDAR Laser imaging detection and ranging
MAV Micro air vehicle

MCM Monte Carlo method

NSGA Non-dominated sorting genetic algorithm
NURBS Non-uniform rational basis splines

NVLM Non-linear vortex lattice method
OASPL Overall sound pressure level

PDS Penetrable data surface

PF Pareto front

RANS Reynolds-averaged Navier-Stokes simulation
RPM Revolutions per minute

S-NVLM  Steady non-linear vortex lattice method

SLA Stereolithography

SPL Sound pressure level

TSM Taylor series method

U-NVLM  Unsteady non-linear vortex lattice method
VLM Vortex lattice method

VPM Vortex particle method
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Appendix A. Uncertainty Analysis

In order to improve the comparison between numerical and experimental results, an
uncertainty analysis of the measurements has been performed. On steady-state experi-
ments like the measurement of the figure of merit (FM) of an isolated rotor, errors can be
induced by

e  (Calibration errors;
*  Variations of atmospheric conditions (temperature, humidity, ambient pressure, etc.);
*  Unsteadiness in measurements.

In the ISO 1993 GUM guide issued in 1993 [90], two different types of uncertainties
are defined: the type A uncertainty, which is calculated by statistical analysis of series of
observations, and type B uncertainty calculated by other means than the statistical analysis.
Uncertainties (1,) on measured variables [91] are calculated from the root-sum-square (RSS)
of the random standard uncertainty, s, and the systematic standard uncertainties, b; (b
for bias):

(A1)

Once the uncertainty u, for a measured variable (X) is obtained, it is important to
“expand” this uncertainty with an associated level of confidence. In this work, a level of
confidence of 95% is chosen. To calculate the expanded uncertainty Uygse,, the following
equation is needed:

Uosy, = tos9, - Ux (A2)

where tg59, depends on the degree of freedom (DOF) of the sample population.

As expressed before, one of the results analyzed here in the work is the figure of
merit (FM), whose equation is defined in Equation (7). This quantity, being the result of
a data reduction equation (DRE), is not a directly measurable variable. When it comes to
calculating the uncertainty of a DRE result (r), all the uncertainties affecting the measured
quantities Xj_ ; ; must be taken into account. It is possible to do so by using two different
approaches: the Monte Carlo method (MCM) and the Taylor series method (TSM) [92].
Here, the TSM method is used and the combined standard uncertainty in the dimensionless
form is presented, by considering r = r(Xj_; j).

2 2 2 2 2 2
&: &i ﬁ +... 4+ &ar ux; +...+ &i ﬁ (A3)
r r E)Xl X1 r aXl' Xi r E)X] X]

where
ux; . . .
* ! istherelative uncertainty;
1

e UMEF = § % is the uncertainty magnification factor. If it is greater than one, then its

uncertainty will have bigger repercussions on the combined uncertainty.

When applying Equation (A3) for the calculation of the FM uncertainty,
2 (O IFM\? 2 IFM\? (ug\?
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Since the air density (p) is also a result of a DRE, the equation associated should be
taken into account and its value is injected in Equation (A4):

p
PR T (A5)

() -G (o (e Gyt
0 pop % p oT T R R

The uncertainty on the gaz constant (R) is considered equal to zero. The calculation
of the FM uncertainty was carried out beforehand by running (and taking into account
only) a repeatability test on the reference rotor described in Table 2 at 5000 RPM. In total,

19 measurements were collected and both mean p and standard deviation o values of all
the measured variables are shown in Table Al.

Table Al. Repeatability measured variables uncertainties.

Results TI[N] QI[Nmm] Q[RPM] p [Pal TIK] plkg/m3] BPF SPL [dB]
7 0.940 12.110 4999.41  99,731.27 292.08  1.189541 45.96
o 0.016 0.115 0.18 2.74 0.03 0.000094 0.35

Since this repeatability test uses the same blade, there is no calculable standard devia-
tion on the radius (R) of the rotor. This led to the following relative, absolute, and expanded
uncertainties on the FM on which the error-bars are based in Figure 18:

T — 0,027 = 2.7% = upy = 0.027 - FM (A6)
Uppgo5% = tose, (0027 - FM) (A7)

Since the BPF SPL is the result of only one measured variable, its uncertainty depends
only on the standard deviation of the repeatability test:

Uspr,95% = tos% (0spr.) (A8)

Appendix B. Constrained Optimization-Design Variables and Constraints

The distribution of the six design variables used for the constrained optimization
discussed in Section 3 is shown in Figure Al: the chord control point and tip lengths
(CPchord len at top-left and TIPporq jen at top-right, respectively), the pitch control point and
tip angles (CPpitch ang at center-left and TIPpjtch,ang at center-right), and the spanwise relative
position of the chord and pitch control points (CPchord,pos at bottom-left and CPpiteh pos at
bottom-right).

Because of the solidity and inertia constraints, the position of the chord control point
CPchord pos and its value CPehorglen change within the Pareto front. For silent rotors,
CPchord,pos ~ 70%, and their value CPpord len 15 relatively low compared to the more
aerodynamically efficient rotors to avoid an increase in the inertia and to decrease the
rotational speed. More aerodynamically efficient rotors, on the other hand, have larger
chords at the control point and its position is relatively close to the hub. The values of the
tip chord are quite similar for all Pareto front candidates.

Higher pitch angles on both control point CPpitch,ang and tip TIPpitch ang are used to
reduce the rotational speed and the tonal noise. Moreover, the position of the pitch control
point CPpitch,pos s located at ~70% of the rotor radius to help in reducing the nominal
speed of the rotor.
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Figure A1. Scatter plots showing the candidates colored by different variables: CP,orq, 1en (top-left),
TIPchord,len (top-right), CPpitch ang (center-left), TIPpiich ang (center-right), CPepord pos (bottom-left),
CPpitch pos (bottom-right).

The distribution of the rotor solidity ¢ is shown in Figure A2. All the Pareto front
candidates reach larger solidities (approaching the maximum allowed solidity ¢ = 0.129),
when compared to the other candidates. The large solidity of the Pareto front candidates
next to the best aero rotor is caused by larger control point chords, while the ones next to the
best acoustic rotor have larger tip chords.
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Figure A2. Scatter plot showing the candidates colored by the rotor solidity o.

Appendix C. Comparison between CAD Models and 3D-Printed Rotors

The discrepancy between predictions made by U-NVLM and S-NVLM simulations
and the results of experimental tests on the compromise rotor have prompted the analysis
of 3D-printed rotors and their comparison to the CAD models used to print the rotors.
With this goal in mind, the scanner Solutionix C500 [93] is used. Figure A3 shows the
setup including one of the optimized rotors that have been scanned. This scanner utilizes a
laser, two cameras, and the phase-shifting optical triangulation process to create 3D models of
objects. A turning table permits to rotate the object around three different axes to capture

all the object surfaces.
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Figure A3. Setup of the Solutionix C500 scanner with the rotor mounted on the turntable.

The optimized rotors have a diameter of 20 cm, which necessitates a camera with

a field of view of 500 mm, for this scanner. This enables the scanning of objects up to
385 mm x 312 mm X 210 mm. Once the scanner acquires point clouds at different orien-
tations, the software reconstructs the full geometry, that is then exported in STL format.
This allows us to compare it with the original CAD model (in the same format). Global
comparisons between CAD models and scanned STLs are performed on Paraview [94].
Geomagic Design X [95] is then used to perform point-to-point comparisons of two geome-
tries, determining the distance in millimeters between two surfaces (suction or pressure
side surfaces), as well as calculating and comparing the local thickness of the geometries.
For each rotor, Paraview and Geomagic comparisons are presented:

best aero rotor: Figure A4 shows small differences between the CAD and scanned
models, with the tip of the scanned model slightly bent upward. Colormaps of
Figure A5 confirm the small deflection at the tip, with differences reaching 1.2 mm.
The thickness comparison shows differences smaller than 0.1 mm. The squared patches
on thickness and suction side figures are caused by the reflective patch used to measure
the rotational speed.

best acoustic rotor: The tips of the scanned blades resulted bent downward when com-
pared to the CAD model. Point-to-point distances between the suction and pressure
sides of CAD/scanned models showed a spanwise gradient, with a difference reaching
1.6 mm. Small differences in the pitch distribution were visualized by chordwise gra-
dients, visible on both suction and pressure sides. The thickness differences showed
good agreements between the CAD and printed rotors.

compromise rotor: Bigger differences (when compared to the best aero and compromise
rotors) are measured at the tip of the blades, as the scanned blades result bent upward.
The point-to-point distances between the suction and pressure sides of CAD/scanned
models showed spanwise and chordwise gradients, with a maximum difference
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reaching 4.3 mm at the tip. The thickness differences are also bigger than the other
rotors, reaching 0.6 mm.

The results reported above confirm that the printed compromise rotor presents the
biggest differences with its original CAD model. Attention must be paid on the values
obtained with Geomagic, since the automatic rotation of the 3D-scanned rotor reference
system to the CAD model is sometimes not perfect and needs manual corrections. However,
visualizations performed on Paraview permit to confirm the trends predicted by Geomagic.

4

Figure A4. best aero CAD (gray) and 3D-scanned (light blue) models comparisons.

Suction Side | Pressure Side Thickness

Figure A5. best aero Comparison of suction side (the scale goes from —1.2 mm to 1.2 mm), pressure
side (—1.2 mm to 1.2 mm) and thickness (—1.2 mm to 1.2 mm).
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