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PSYCHOACOUSTIC EVALUATION OF AN OPTIMIZED
LOW-NOISE DRONE PROPELLER DESIGN

Roberto Merino-Martinez, Hadar Ben-Gida, and Mirjam Snellen
Aircraft Noise and Climate Effects, Delft University of Technology, Delft, The Netherlands
E-mail: r.merinomartinez@tudelft.nl

The noise emissions of an optimized low-noise drone propeller design were measured experimen-
tally using a polar array consisting of fifteen microphones within a circular arc covering 105 degrees.
The experiments were conducted in the anechoic chamber at the Faculty of Aerospace Engineering
at the Technion - Israel Institute of Technology. A comparison between the optimized low-noise
drone propeller design and the baseline case (a commercial off-the-shelf APC 14” x 5.5” propeller)
was performed using conventional sound metrics (e.g. equivalent A-weighted sound pressure level
or perceived noise level), as well as state-of-the-art psychoacoustic sound quality metrics (loudness,
sharpness, tonality, roughness, and fluctuation strength). These sound quality metrics (SQMs) were
also combined into a global psychoacoustic annoyance metric to assess the predicted noise annoyance
a human observer would experience. Despite increasing noise levels at the lower frequencies, the op-
timized configuration presents consistently lower noise emissions in the directivity angles considered
for all the sound metrics employed. These results encourage further research into the perception-
influenced design of drone propellers by focusing on psychoacoustic metrics that capture human
hearing more accurately than conventional sound metrics typically used in certification.
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1. Introduction

The relatively low cost and simple usage of small unmanned aircraft systems (SUAS) enabled them
to become a growing market within general aviation during the past decade. However, although much
technological improvement has been achieved regarding SUAS performance, the noise emissions associ-
ated with the operation of such systems remain a challenge. In particular, since most SUAS utilize rotary
wing propulsion systems with electric motors, the propeller/rotor is often recognized as the most signif-
icant noise source. The propeller noise contains rich tonal and broadband contents due to the periodic
rotatory motions of the blades and the surrounding complex turbulent flows, which can adversely impact
human health; e.g., broadband noise affects the human auditory evoked response [1]] and the tonal noise
contributes to annoyance as the human ear is sensitive to the pitch characteristics [2]. As a result, there
has been a growing interest in propeller noise reduction strategies in recent years [3]].

The use of conventional sound metrics for noise annoyance assessment (e.g., equivalent A-weighted
sound pressure level L, A oq) is questionable because they fail to capture important sound characteristics
that cause annoyance [4} I5]. Therefore, the current study also employs psychoacoustic sound quality
metrics (SQMs) [6] to assess the perception of the noise emissions of two different drone propeller
designs.




The manuscript is organized as follows: Section [2]explains the design process for the optimized drone
propeller, the experimental setup, and the sound metrics considered in this study. The results obtained
are discussed in section 3, whereas section ] presents the main conclusions.

2. Methodology

2.1 Propeller design process

Two propellers were studied herein: a baseline and an optimized propeller. The baseline propeller
considered corresponds to the commercial off-the-shelf APC 14” x 5.5” propeller [} made of nylon; this
propeller has a diameter of Dy, = 14” = 355.6 mm and a pitch of 5.5”. The optimized low-noise signa-
ture propeller was derived from a perception-influenced optimization design process using the getPROP
suite [7]. The getPROP framework enables an end-to-end analysis, from an initial propeller design to a
low-noise signature optimized configuration that meets the desired operational requirements. The code
consists of various modules, such as aerodynamic modeling, performance computation, aeroacoustic
prediction, atmospheric attenuation, psychoacoustics, and multi-objective optimization.

The psychoacoustic module in the getPROP code involves computing the attenuated acoustic spec-
trum (under specific background noise) in critical bands, following Zwicker’s formalism [4]. Then, the
loudness metric /N is computed as a function of the observer’s distance s and azimuth angle 6 from the
propeller’s axis (see Fig.[I). A signal is assumed not noticeable by a human ear when the loudness value
is N < 0.1 sone. The detection range R, is calculated (from (6, s)) based on the minimum horizontal
distance s between the propeller and the observer for which N < (.1 sone; i.e., the detection range is a
threshold range from which the observer notices the propeller at first.

In the getPROP analysis, the propeller disk radius (Ryo, = 177.8 mm) and the number of blades
(B = 2) were preserved to allow a reasonable comparison to the reference propeller. The blade sections
of the baseline propeller consist of a NACA5608 airfoil shape, whereas a low-Reynolds FX63-137 airfoil
was selected for the optimized propeller design to improve its performance in the low-Reynolds number
regime [8]]. The design thrust point for both propellers is Tpp = 9.5 N.

The optimized propeller was derived from a multi-objective optimization process (using a genetic al-
gorithm) set to yield a propeller design with a minimum detection range, 2, and minimal required power
at the design point, Ppp. The geometrical variables changing throughout the optimization process were
the blade’s radial chord distribution ¢(r) and the pitch angle distribution 3(r), see Fig. Three con-
straints are set to prevent diverging from the reference design’s performance. The first one corresponds to
the blade’s aspect ratio, AR = Rgrop /Sret > 6, where S is the surface area of a single propeller blade.
The second one is related to the propeller’s figure-of-merit, FM = /2C%/(47Cq) > 0.68, where Cr
and Cy are the thrust and torque coefficients, respectively. A third constraint sets the maximum motor
shaft torque required for the optimal propeller design at maximum thrust. Otherwise, the propeller might
not be able to achieve the maximum required thrust for a given system using an existing motor. The
optimization process resulted in a Pareto front with multiple propeller designs, from which a desired op-
timized low-noise signature propeller design was selected. The radial distributions of the blade’s chord
normalized by the propeller radius ¢(7)/ Ryop and pitch angle 5(r) for the baseline and optimal propellers
are depicted in Fig.

The optimal propeller design was manufactured from carbon fiber, with the blades attached to an
aluminum hub (with a radius of R; = 0.14R,p). To satisfy the minimum blade thickness threshold
(2t* = 0.2mm) allowed for manufacturing, the trailing-edge region of the optimal propeller design had

'APC 14" x 5.5" propeller website: https://www.apcprop.com/product/14x5-5mt/
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to be modified. Therefore, the upper (y,.) and lower (y,.) curves of each blade’s section around the mean
camber line were modified to satisfy y,. — yi. > 2t*, with the trailing edge being rounded.

2.2 Experimental setup
2.2.1 Anechoic chamber

Acoustic measurements of both propellers were conducted in the newly-commissioned, fully-anechoic
chamber at the Faculty of Aerospace Engineering at the Technion - Israel Institute of Technology. The
chamber, designed by Eckel Industries, has physical dimensions of 7m X 5m X 5m (length x width x
height), where a metal mesh walking surface extends across most of its projected floor area. The facility
has a cut-off frequency of 150 Hz and a background facility noise level that is below 15 dB (above the
cut-off frequency).

2.2.2 Propellers and test rig

The propeller test rig consists of a support structure, a motor coupled with an encoder, and a load
cell. The propeller was set up on a cylindrical strut, placed at the center of the anechoic chamber at 0.9 m
(2.6 Dprop) above the ground. The propeller was powered by a brushless electric motor and controlled
using an electronic speed controller. The motor shaft rotational velocity was measured using dedicated
optic and electromagnetic encoders placed under the motor hub.

The operation conditions employed for each propeller during the acoustic measurements are presented
in Table[I] These conditions were selected because they correspond to the design thrust of Tpp = 9.5 N
for each propeller. For example, the baseline rotor spun at a rate of n = 75rev/s (i.e., 4,480 RPM),
resulting in a first blade passing frequency of BPF = Bn = 149 Hz. The Reynolds number based on the
blade chord of 00-75Rpr0p =23mmatr = 0-75Rpr0p is R60.75Rpmp = 00_75Rpmp271'n0.75Rpmp/1/ =1.33- 105,
where v is the kinematic viscosity of air. The tip Mach number is My, = 270 Rprop/aoc = 0.245, where
G0 18 the speed of sound in air, considered as 343 m/s. The optimized propeller design is shown to operate
at the design thrust point (7Tpp = 9.5 N) with a considerably lower rotational speed and, hence, lower
M;;,, than the baseline propeller. Reducing these values is commonly known to lower the tonal noise and
shift it to the lower frequencies, where the auditory filter responds correspondingly.

Table 1: Operational conditions set for each propeller to yield the design thrust point of 7Tpp = 9.5 N.

Propeller | n,rev/s RPM, rev/min BPF, Hz Regrsr,,, Mip
Baseline 75 4,480 149 1.00-10° 0.245
Optimized 61 3,680 123 1.03-10° 0.201

2.2.3 Acoustic measurements and data processing

The sound pressure in the free field was measured by an arc array consisting of eight G.R.A.S 46AE
1/2" free-field microphones and seven B&K Type 4189 1/2” free-field microphones, resulting in a total
of fifteen microphones. The microphones were placed symmetrically around the propeller hub at a radial
distance of 1.5 m. The circular arc spanned an azimuth angular range of 0° < 6 < 105°, where 6 = 0°,
corresponds to the axis of rotation above the propeller’s hub, whereas § = 90° refers to the rotor disk
plane, see the schematic propeller test rig depicted in Fig. A constant angular increment of Af = 7.5°
was set between adjacent microphones on the circular arc array. The circular arc array was enfolded by
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porous absorbing material to mitigate acoustic reflections. Acoustic data were acquired with the sampling
frequency of F; = 40.225kHz for T, = 20 sec. A National Instruments PXIe-4497 system provided the
data acquisition, where the encoder and microphone measurements were recorded simultaneously. The
interested reader is referred to [7]] for further details on the experimental setup.

The acoustic spectra (C?pp) were calculated with Welch’s algorithm using a Hanning window. The data
was divided into segments of 2'° samples with a 50% overlap. This resulted in a frequency resolution of
Af = 1.235 Hz for the auto-spectral density (Gpp) of the measured signal in Pa?/Hz. The auto-spectral
density is henceforth presented in dB scale as L, = 101og,o(G,p - Af/p2), where p; corresponds to
the threshold hearing pressure of 20 pPa.
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Figure 1: (a) Top: Photographs of both propellers. Center: Radial distribution of the blade’s normalized
chord (¢/ Rprop), and Bottom: pitch angle (), for the reference APC 14” x 5.5” propeller (black) and the
optimal design propeller (red) computed by the getPROP software. (b) Schematics of the experimental
setup employed, consisting of the propeller test rig and the circular arc array.

2.3 Conventional sound metric evaluation

As mentioned in the introduction, conventional sound metrics typically used in noise assessment pose
challenges for quantifying noise annoyance. Nevertheless, current noise regulations still employ these
metrics for enforcing environmental noise laws. Therefore, the current study considers the equivalent
sound pressure level L., and its A-weighted version Ly 4 ¢q, as well as the maximum tone-corrected
perceived noise level (PNLT) to assess the noise emissions of both propellers. The latter is the base for
the effective perceived noise level (EPNL) metric typically employed during aircraft noise certification
processes [9].
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Figure 2: Comparison between the frequency spectra of the baseline and the optimized propellers for an
emission angle # = 60°: (a) Frequency on a logarithmic scale, (b) Linear frequency normalized by the
respective BPF.

2.4 Psychoacoustic Sound Quality Metric (SQM) evaluation

Unlike the L, metric, which quantifies the purely physical magnitude of sound based on the pres-
sure fluctuations, Sound Quality Metrics (SQMs) describe the subjective perception of sound by human
hearing. Hence, SQMs are expected to better capture the auditory behavior of the human ear compared
to conventional sound metrics typically employed in noise assessments. The five most commonly-used
SQMs [6] are:

* Loudness (/V): Perception of sound magnitude corresponding to the overall sound intensity.

* Tonality (K): Perceived strength of unmasked tonal energy within a complex sound.

* Sharpness (5): High-frequency sound content.

* Roughness (R?): Hearing sensation caused by modulation frequencies between 15 Hz and 300 Hz.

* Fluctuation strength (£'S): Assessment of slow fluctuations in loudness with modulation frequen-

cies up to 20 Hz, with maximum sensitivity for modulation frequencies around 4 Hz.

These five SQMs were calculated for each sound wave and combined into a single global psychoa-
coustic annoyance (PA) metric. Henceforth, the top 5% percentiles of these metrics (values exceeded 5%
of the time) are reported (and hence the sub-index 5). All the SQMs and the PA metric were computed
using the open-source MATLAB toolbox SQAT (Sound Quality Analysis Toolbox) v1.1 [10].

3. Results and discussion

3.1 Conventional sound metrics

Figure|2|depicts exemplary frequency spectra for both the baseline and the optimized propellers for an
azimuth angle 6§ = 60°. Figure [2a presents such a comparison by plotting the frequency on a logarithmic
scale, showing the different BPF values for the baseline (149 Hz) and optimized (123 Hz) propellers; see
Table[I] For a more relevant comparison, Fig. [2b] employs a normalized (linear) frequency axis by the
respective BPF values in each configuration. As aforementioned in section [2.2] the optimized propeller
design presents a lower My, value for the design thrust point and, hence, shifts the noise emissions
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towards lower frequencies (f < 12BPF), as depicted in Fig. This is especially the case for the
shaft BPF (i.e., half the propeller BPF), which presents values about 22 dB higher for the optimized
propeller. This difference is also partly due to the different materials employed for the blades and hub
of the optimized propeller. On the other hand, the high-frequency noise emissions (f > 40 BPF) of the
optimized propeller are up to 10 dB lower than for the baseline. Henceforth, the results for certain relevant
sound metrics are also reported as low- and high-frequency, after applying, respectively, a low-pass and
a high-pass filter with a cut-off frequency of (f.uorr > 40 BPF). This cut-off frequency corresponds to
5960 Hz and 4920 Hz for the baseline and optimized propeller, respectively.

The directivity plots of the three conventional sound metrics considered are depicted in Fig.[3] For the
Ly,q metric (Fig.[3a)), there are no major differences (below 1.8 dB) between both propellers for all emis-
sion angles measured. For the low-frequency noise (f < 40 BPF), this difference is even smaller (below
0.9 dB). The acoustic radiation patterns of these two cases are also relatively omnidirectional. Despite
emitting lower levels, the high-frequency noise (f > 40 BPF) presents considerably lower values for the
optimized case (up to 9.5 dB) and a dipole-like radiation pattern typical for propeller noise with minimum
emissions around 6 = 90°. The L 4 oq (Fig. and PNLT ., (Fig.[3c)) metrics depict the aforementioned
dipole-like radiation pattern for all three cases (total, low-frequency, and high-frequency). The major dif-
ferences between both propellers are also reported for the high-frequency case with values up to 8.8 dBA
and 8.2 PNLTdB, respectively. The total and low-frequency noise emissions are comparable between
both configurations, with only minor reductions (2.3 dBA and 2.8 PNLTdB) achieved by the optimized
propeller.
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-+ Baseline low-pass =¥+ Optimized low-pass
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(@) Lpeq (b) LpAeq (¢) Maximum PNLT

Figure 3: Directivity plots for both propellers considering conventional sound metrics and both low-pass
and high-pass filters.

3.2 Psychoacoustic sound quality metrics

Figure [ contains the directivity plots for the five SQMs introduced in section [2.4] and the global
PA metric. The loudness metric (N5, Fig. [4a) depicts comparable radiation patterns as the Ly A ¢q case
and reductions up to 3.6 sone offered by the optimized propeller geometry. The tonality (5, Fig. fb)
presents considerably high values (up to 0.25 t.u. for the baseline case) and maximum values on the
propeller plane (0 ~ 90°). The optimized propeller appears to reduce the tonality to almost half its base-
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Figure 4: Directivity plots for both propellers considering the top 5% percentiles of the sound quality
metrics and (when relevant) both low-pass and high-pass filters.

line value in that direction. This reduction is explained by the generally lower tones observed for this
configuration and higher masking by broadband noise, especially at low frequencies, see Fig. [2al This
phenomenon could be due to the expected reduction in leading-edge noise (blade-vortex interaction) for
the optimized. As expected from the aforementioned reduction in high-frequency noise, the optimized
propeller shows notable reductions in sharpness (S5, Fig. up to 0.47 acum. The two metrics related
to amplitude modulation (roughness () and fluctuation strength (F'S5)), however, do not present major
variations compared to the baseline case, see Figs. #d| and respectively. Lastly, the global psychoa-
coustic annoyance (PA) metric presents consistent reductions up to 20% in all the emission directions
investigated. All in all, these results seem to indicate that the optimized propeller does indeed provide
substantial reductions in noise annoyance for the same operational conditions at the thrust condition.
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4.

Conclusions

The present paper has demonstrated the potential of perception-influenced design for reducing pro-

peller noise annoyance. A low-signature optimized propeller design was experimentally tested in an ane-
choic chamber, and its sound emissions were compared to a baseline propeller in terms of conventional
and psychoacoustic noise metrics. The optimized propeller consistently provided lower noise values
in all metrics considered while maintaining the desired thrust conditions. Future research will include
dedicated listening experiments to confirm these claims.
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