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Abstract

The demand in Micro—Air Vehicles (MAV) is increasing as well as their potential missions. Whether for discretion in military
operations or noise pollution in civilian use, noise reduction of MAV is a goal to achieve. This contribution briefly describes
a low—cost, numerical methodology to achieve noise reduction by optimization of MAV rotor blade geometry. It is suited for
engineering purposes and dedicated to low—Reynolds number rotors. That methodology is applied to reduce noise from
a MAV developped at ISAE-Supaero and a 8 dB(A) reduction on the acoustic power is found experimentally. Noise due
to turbulence ingestion is found to be the dominant source of noise in MAV rotors. The innovative rotor blade geometry al-
lowing this noise reduction is then analyzed in detail using high—fidelity numerical approaches such as Unsteady Reynolds
Averaged Navier—Stokes (URANS) simulation and Large Eddy Simulation using Lattice Boltzmann Method (LES-LBM).
That strategy gives insight on the flow features around the optimized rotor to allow higher noise reduction through passive

control devices such as leading edge tubercles.
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1 INTRODUCTION

Designing a silent rotor goes through an aeroacoustic op-
timization, which implies understanding the aerodynamic
phenomena responsible for noise generation. Predicting
the noise generated aerodynamically is relatively straight-
forward once detailed aerodynamics involved in the propul-
sion system are available through the use of direct noise
computation or hybrid prediction. Aeroacoustic optimization
in that framework is possible®l but demanding in terms
of computational cost hence not realistic in an industrial
context. To this aim, lower—fidelity tools are needed. The
numerical tool discussed in the present paper is suited for
engineering purposes. It contains an aerodynamic model,
acoustic models for tonal and broadband noise and opti-
mization algorithms. A similar strategy has been followed
by Wisniewsky et al.®! and Zawodny et al.! with models
based on empirical data at relatively high Reynolds num-
bers and for symetrical profile. The present study proposes
a more general methodology. The optimization consists in
a systematic scanning of the parameters space defined by
chord and twist laws as a function of the blade radius and
rotor rotation speed with constant thrust as objective. The
blade chord and twist laws are parameterized by Bézier
curves considering control points in 4 sections along the
blade span giving 8 variables. However, in order to ensure
that lift at blade tip vanishes, which is required to minimize
induced velocity, the twist at the fourth control point is set
to zero eventually giving 7 variables. In the combination
method, each variable can take 4 values giving 47 individ-
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ual evaluations. A multi—objective selection is applied to ex-
press the pareto front according to lower power consump-
tion and lower overall sound pressure level. The numerical
tool allows airfoil section optimization although this paper fo-
cuses on investigating one optimized geometry previously
obtained. The effect of the airfoil section optimization has
been addressed in a companion paper®! and will not be dis-
cussed hereafter. It is carried out in a second step through
another optimization process. This second optimization is
carried out with the NSGA-II evolutionary algorithm through
CST airfoil parametrization to maximize is the lift-to-drag ra-
tio.

2 AERODYNAMIC MODELING

For each set of parameters, the blade loading is obtained
using Blade Element and Momentium Theory (BEMT) as
described by Winarto!®l. Distributions of lift and drag and
global thrust and torque are retrieved from local lift and drag
coefficients of the blade element airfoil sections. Knowl-
edge of the aerodynamic polar of the considered airfoil sec-
tion is essential. Three strategies may be employed to
this end: experimental !, high—fidelity simulation!® or low—
fidelity modeling!®. The last one is used in the present
study for efficiency reasons. Lift and drag coefficients are
extracted from Xfoil open—source software by Drelal®!, as
well as boundary layer data. That software is based on po-
tential theory with viscosity models. It was shown in a pre-
vious paper® that Xfoil provides results in agreement with



experiments. For that reason, it is used herein to provide
input data to the optimization tool. The aerodynamic model
based on BEMT is fast and reliable but yields a steady load-
ing on the blades and that reduces a priori the ability to
predict noise radiation, for acoustic is intrinsically unsteady.
However, because of the relative motion between the spin-
ning blades and a static observer, acoustic radiation can
still be retrieved from a steady loading but only the main
tonal part from the periodic excitation. As stated by Sini-
baldi and Marinot1%, the acoustic spectrum radiated by ro-
tors exhibits also a broadband part. Low—fidelity broadband
models are added in the optimization process to enrich the
acoustic prediction.

3 ACOUSTIC MODELING

The acoustic modeling is realized in two steps: i) an integral
method based on the Ffowcs Williams and Hawkings ™!
(FWH) equation gives the tonal noise radiated by the rotor
from the steady loading yielded by the BEMT and ii) ana-
lytical models estimate the broadband part of the acoustic
spectrum based on the work of Roger and Moreaul’?. The
FWH equation is implemented in the time domain as ex-
pressed by Casalino!3! in the form known as Formulation
1AB4 and applied on the blade surface. The quadrupole
term is removed from the FWH equation and since the in-
tegration surfaces correspond to the blades, no quadrupole
source is taken into account. This is physically consistent
with the low Mach number context of the MAV rotors 9. As
a consequence, the FWH reduces to thickness and loading
noise computation obtained from the two surface integrals.
The main input parameters are the incoming flow velocity at
the blade element influencing the thickness noise and the
force distributions acting on the loading noise. In that steady
loading framework, the latter is found to be relatively small
without significantly contributing to the overall noise while
the former is found to be dominant independently of the ob-
server’s location. This discussion is addressed at the end of
the paper. In addition, two sources of broadband noise are
considered: the scattering of boundary layer waves by the
trailing edge and the ingestion of turbulence at the leading
edgel™@l. The main input for the trailing edge noise model
is a wall pressure spectrum model as proposed by Kim and
Georgel™®. The driving parameters for the interaction noise
model is a the turbulence length scale and the turbulence in-
tensity. LBM simulation discussed in the present paper has
provided these informations and helped calibrate a scaling
parameter in the optimization tool®!. Power spectral den-
sity are then retrieved from the models with a correlation
function modified by a Doppler shift imposed by the rela-
tive motion between the source and the observer. Note that
during the optimization process, only one observer location
is considered, located 45 ° above the rotor plane, 1 m away
from the center of rotation. This location has been chosen
as a compromise according to the directivity yielded by the
optimization tool®. Formulation 1A of the FWH equation

gives a singular value on the axis of rotation while the broad-
band noise models have a singularity in the rotor plane.

4 EXPERIMENTAL PROCEDURE

The optimization tool is used at ISAE—Supaero to determine
a low noise MAV blade geometry. Chord and twist distribu-
tion laws were derived from a range of possibilities in the
spanwise chord—twist space for several numbers of blades
per rotor at constant thrust of 2.85 N required for hover-
ing flight, allowing for rotational speed to adjust. The airfoil
section is a Gottingen 265 for it is a thin, cambered airfoil
suitable for low Reynolds number flow. The conventional
rotor compared to the optimized configurations is a two—
blade commercial rotor with APC7x5 blades, mounted on
the ISAE-Supaero MAV. Since the airfoil section of APC7x5
blades wass unknown to the authors, the conventional rotor
and the best optimized one are compared experimentally.
The optimized rotors are manufactured using SLA technol-
ogy on a 3D printer with a 50 um vertical resolution.

Figure 1: Schematic view of the experimental set—up following the
ISO 3746 : 1995 standard. The source (orange) is surrounded
by the measurement surface (blue) on which the microphones are
positionned (red).

The measurements take place in a rectangular room,
acoustically non-treated of dimensions (I} x I, x I3) =
(14.9 x 4.5 x 1.8) m3. The aerodynamic forces are re-
trieved from a five components balance. The sound power
level is computed according to 1ISO 3746 : 1995 standard
with five measurement points 1 m around the rotor as il-
lustrated in figure [1] on a Brilel & Kjeer 1/2" free—field mi-
crophone and a Nexus frequency analyzer with a frequency
resolution of 3.125 Hz. The distance between the source
and the microphones approximately represents 5 rotor di-
ameters. Four of the microphones are on a meridian line
parallel to the ground and centered on the axis of rota-
tion and a fifth microphone is located in the plane of ro-
tation. The experimental procedure is currently being set in
an anechoic chamber recently delivered to ISAE-Supaero.
The maximum noise reduction for the optimized geome-
tries is achieved by the three—blade configuration according
to measurementst®. Its chord and twist distribution laws



are plotted in figure [2 with those of the conventional rotor.
The radial position is normalized by maximum radius of the
blade R = 0.0875 m. The optimized chord is larger while
the twist laws are approximately the same, except at 75%
of blade span where the optimized twist increases again be-
fore vanishing at the tip.
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Figure 2: Chord and twist distribution laws for the conventional
rotor (“REF”) and the optimized rotor (“OPT”). Normalized by tip
radius R = 0.0875 m.

5 INVESTIGATION OF THE OPTI-
MIZED ROTOR

The optimized rotor is investigated with high—fidelity numer-
ical simulation as discussed in the first part of the present
contribution. For acoustic purposes, only the LBM simula-
tion is hereby discussed. Analyzing the characteristics of
the optimized geometry with high—fidelity numerical simu-
lations helps validate the aerodynamic model in the opti-
mization tool and the acoustic broadband models and gives
informations on the noise sources ranking in MAV rotors.
Analyzing the LBM simulation also provides informations on
the flow features around the optimized rotor and helps iden-
tify specific characteristics such as leading edge separation
as can be seen on figure Such a phenomenon occurs
around 75% of the blade radius, where the twist angle in-
creases again (figure suggesting that having an inflection
point on the twist distribution law should be avoided. The
resulting flow then merges with the tip vortex and impinges
the following blade. It creates an interaction noise that is be-
lieved by the authors to be the most dominant noise source
in this configuration'®l. This supports the idea that passive
control devices on the leading edge may reduce interaction
noise and significantly decrease the acoustic power radi-
ated.

Figure 3: Iso—surface of Q—criterion colored by longitudinal veloc-
ity for the optimized rotor at 5,000 rpm. LBM simulation.

An aeroacoustic solver is developped to predict the
noise from the LBM simulation. It solves the FWH equa-
tion in the frequency domaint on a cartesian, porous sur-
face surrounding the optimized rotor. The porous surface
is centered on the rotor and is two rotor diameters long in
the directions parallel to the rotor plane and one rotor di-
ameter long in the direction parallel to the axis of rotation.
Aerodynamic data are extracted for three rotor revolutions
with a high frequency resolution that is approximately a third
of the blade passing frequency or 30 Hz. The purpose is
first to assess the ability of LBM simulation to provide valu-
able information for wave propagation methods 8. It is be-
lieved that LBM simulation is a natural candidate for pro-
viding aerodynamic input to aeroacoustic analogies if care
is taken to ensure that eddies do not cross the control sur-
faces. It is brought to the reader’s attention that a filtering
procedure has been addressed recently in reference ¥ to
suppress spurious signal from porous FWH solver but does
not appear mature. A weighting coefficient is applied on
the multipole definitions as suggested by Lockard €%, That
FWH-LBM tool is used for comparison with measurements
and prediction from the optimization tool. The same proce-
dure will be applied with U-RANS simulations discussed in
the first part of the present paper when the appropriate data
are available. Acoustic power L,,4 computed according to
ISO 3746 : 1995 standard is plotted on figure [ for a range
of rotational speeds from measurements (labelled “Exp” for
experimental), LBM simulation (labelled “LBM”) and opti-
mization tool with noise models activated separately. It
is referred as “TN” when only tonal noise is considered,
“TE” when the trailing edge broadband noise model is ac-
tivated in addition to the tonal noise and “TI” when interac-
tion broadband noise model is activated. The optimization
tool and the FWH-LBM yield higher acoustic power than
the measurements. On the one hand, the overestimation
from the optimization tool might be a consequence of the
approximation discussed in reference™® of the two driving
parameters: the turbulence length scale and the turbulence



intensity. On the other hand, the overestimation from the
FWH-LBM tool might be a consequence of the large fre-
quency resolution currently available.
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Figure 4: Acoustic power with rotational speed from measure-
ments with standard deviation and numerical predictions.

This slight overestimation notwithstanding, the interac-
tion noise model is relevant and allow a prediction of the
optimization tool right between the measurements and the
FWH-LBM tool prediction. The prediction from the trail-
ing edge noise model or from the tonal noise model are
both underneath the measurements. This observation indi-
cates that interaction noise is the dominant source of noise
in this context and that the model proposed by Roger and
Moreaul? is suitable for MAV rotor noise prediction. It is
expected to be satisfactory for engineering purposes. Note
that a high standard deviation is observed on the measure-
ments at 4,500 rpm. It might indicate the triggering of
a vortex shedding phenomenon as a consequence of the
leading seperation suspected from figure [3| as discussed
in reference . The possibility of an hysteresis effect is
under investigation. Looking at the acoustic power spec-
trum L, f can indicate the reason behind the overestima-
tion of the two numerical tool. Acoustic power spectra are
showed on figure [B] from the measurements and the nu-
merical tools, namely, the optimization tool with the interac-
tion noise model activated and the FWH-LBM aeroacous-
tic solver. On the one hand, the optimization tool overesti-
mates the acoustic power as a result of the interaction noise
model which yields a monotonically increasing spectrum re-
sulting in high acoustic power at relatively high frequencies
(beyond 2,000 Hz). On the other hand, the FWH-LBM tool
overestimates the energy radiated at the blade passing fre-
quency (in the 315 Hz centered frequency band) and that
drives the total acoustic power predicted.
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Figure 5: Acoustic power level at 5,000 rpm from measurements
and numerical predictions.

The acoustic predicted by the LBM simulation is stud-
ied based on predictions from the FWH-LBM tool and from
direct measurements in the LBM simulation. That overes-
timation of the blade passing frequency is observed on the
acoustic power spectral density (PSD) plotted in figure |§|
both from the FWH-LBM tool and the direct measurements
of the LBM simulation. The signals are taken in the rotor
plane, corresponding with one microphone position, 1 m
away from the rotor. Numerical predictions observed in fig-
ure |§| is a preliminary results: the PSD seems higher for
every frequency than the measurements and that might be
a consequence of the large frequency resolution available
from the LBM simulations. The spectral densities are in
general agreement and the FWH-LBM tool proves its rel-
evance at higher frequencies. In this domain, mesh dis-
cretization of the LBM simulation reaches the same order
of magnitude than the acoustic wavelength and a significant
dissipation occurs.
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Figure 6: Acoustic power spectral density (PSD) from measure-
ments and numerical predictions from LBM simulation at one mi-
crophone position in the rotor plane.

6 INTERACTING ON THE LEADING
EDGE

From the previous investigation, the leading edge of the pro-
posed optimized rotor is a key parameter to allow higher
noise reduction: i) there is evidence of a leading edge sep-
aration that reduces the aerodynamic performances and



impinges the following blade and i) turbulence interaction
noise (or leading edge noise) is seen as the dominant
source of noise. A passive device for flow control might
then be a good option to enhance the aerodynamic perfor-
mances and reduce the leading edge noise. One solution is
a series of vortex generators to prevent flow separation el
Another solution, that currently receives a lot of attention,
is leading edge turbercles, suggested by Fish and Battle
and inspired by humpack whale flippers?!. An early exper-
imental investigation as been carried out by Soderman /<l
yielding potential benefits. Investigation through LBM sim-
ulation is expensive, specially in an optimization context. A
possible solution is the implementation in the optimization
tool of a model that estimates the effect of leading edge
waviness on acoustic radiation according to!?4. Three de-
signs of wavy leading edge are presented and their respec-
tive chord distribution laws are plotted in figure[7]

Baseline

Figure 7: Chord distribution laws for the optimized rotor with
straight and wavy leading edges.

Experimental and numerical investigation with LBM sim-
ulation has been carried out for one wavelength and one
amplitude following the work of Favier et al.B3. This is
the first design referred to as “LWL” that stands for Large
WavelLength. A more recent work published by Chaitanya
et al.!®® suggests to scale the wavy leading edge wave-
length with the turbulence length scale. However, there is
no evidence to suggest that it holds for a rotary wing. Exper-
imental investigation has been carried out for a optimized
rotor with wavy leading edge wavelength based on the Tay-
lor micro—scale retrieved from the LBM simulation. These
are the second and third designs referred to as “TWLM”
and “TWLm” that stands for Taylor WaveLength with high
and low amplitude respectively. An experimental paramet-
ric study is under investigation by the authors to find the
best geometrical properties of such serrations for rotors or
propellers. No particular benefit on the acoustic reduction
has yet been observed although a significant enhancement
in aerodynamic performances is suspected for low wave-
length and high amplitude serrations (such as the leading
edge with serrations based on the Taylor micro—scale). The
effect of the leading edge treatments on the aerodynamic
performances are presented in table[T] for the thrust coeffi-
cient and the figure of merit at two rotational speeds. The
thrust and torque coefficients and the figure of merit, re-

spectively C;, C, and FM are defined as

W G=—t M=
%p(mR)an2 0Q4/2pnR?

where T is the thrust, Q is the torque, p is the ambient den-
sity, m is the rotational frequency and R is the rotor radius.

Table 1: Measurements of aerodynamic performances of the opti-
mized rotor with straight and wavy leading edges.

Baseline | LWL | TWLM | TWLm
G 0.08 | 0.08| 009 | 008
3,000mem  cur !l 071 | 065 | 050 | 073
G 0.08 | 008 | 0.10 | 0.08
2,000mpm ol 069 | 076 | 057 | 082

The wavy leading edge with large wavelength (“LWL")
has a predominant effect on torque. The thrust coefficient
is almost unaffected for the two rotational speeds while the
figure of merit decreases at lower rotational speeds and in-
creases at higher rotational speed. The wavy leading with a
wavelength based on the Taylor micro—scale and a high am-
plitude (“TWLM”) has a high thrust coefficient at every rota-
tional speeds but the figure of merit is lower which shows
that the torque is very high for this configuration. Con-
versely, the wavy leading with a wavelength based on the
Taylor micro—scale and a low amplitude (“TWLm”) does not
affect the thrust coefficient but significantly increases the
figure of merit up to 20%, indicating that torque is reduced.
The figure of merit for the optimized rotor with straight lead-
ing edge is decreasing with the rotational speed while it is
increasing for every leading edge treatments. The effect of
the leading edge treatments on the acoustic radiation is now
presented in table [2| for the acoustic power at 5,000 rpm.
The corresponding acoustic power spectra are plotted in fig-
ure[8

Table 2: Acoustic power at 5,000 rpm from measurements for the
optimized rotor with straight and wavy leading edges.

LWL
69.3

TWLM
72.2

TWLm
68.83

Baseline
69.9

Lya dB(A)

The acoustic power is systematically reduced with the
use of leading edge treatments except when the wavelength
is based on the Taylor micro—scale with a high amplitude
(“TWLM”). The most important noise reduction is achieved
when the wavelength is based on the Taylor micro—scale
with a low amplitude (“TWLmM”) and that correspond to the
case of higher figure of merit. That indicates that the opti-
mization tool combined with a suitable leading edge treat-
ment of low wavelength and low amplitude can enhance the
aerodynamic performance and reduce acoustic radiation.
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Figure 8: Acoustic power level at 5,000 rpm from measurements
for the optimized rotor with straight and wavy leading edges.

The corresponding acoustic power spectra showed in
figure (8] bring insight on the noise reduction mechanisms.
The low frequencies are higher for every leading edge treat-
ments while the high frequencies are lower: i) the acous-
tic energy is more equally distributed over the frequency
range and ij) as acoustic energy is shifted from the high
frequencies to the low frequencies, less radiated energy is
perceived by the observer as a result of A—weighting filter-
ing. Two mechanisms to explain noise reduction by leading
edge tubercles can be found in references 28 and 27, Wang
et al.®l indicates that leading edge tubercles are efficient to
prevent leading edge separation and that in turns reduces
vortex shedding noise that is fed by that flow separation and
shed in the wake. Clair et al.28! suggest that it is efficient to
reduction turbulence interaction noise and the explanation
is provided by!2®l in the form of a sound wave cancellation
phenomenon where acoustic sources are forced to be lo-
calized in the through.

7 CONCLUSIONS

An optimization tool is developped for engineering purposes
and has proven its effectiveness to reduce noise produced
by MAV rotors in hover and increase endurance. An exper-
imental protocol is designed for non—treated rooms. Com-
parisons with measurements in anechoic environments are
to follow. In MAV rotors, the dominant source of noise is
found to be produced by the interaction between turbulence
and leading edge. Higher level of noise reduction are ex-
pected in the future using appropriate leading edge treat-
ments.
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