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Abstract

The multi-rotors have a limited operational period and generate too much noise, which
is insufficient for complex tasks and adversely affects humans' and animals' health.
Nevertheless, their market has become increasingly popular. Therefore, low-noise
products are more competitive, and aerodynamic and acoustic improvements are critical.
This investigation aims to design a small bioinspired propeller with the same power input
as a conventional propeller to achieve the same or better aerodynamic performance
while decreasing noise. Accordingly, an experimental investigated the impacts of
operation conditions and varied geometric parameters on six small propellers'
aeroacoustic performances with a unique planform shape inspired by five insects and one
plant, such as Blattodea, Hemiptera, Hymenoptera, Neuroptera, Odonata, and Maple Seed.
Each propeller was operated at eleven rotational speeds ranging from 3000 to 8000 RPM
with no freestream velocity for simulating hover conditions. Compared to the baseline
propeller, the results demonstrate that all bioinspired propellers produce more thrust for
the same power supply, reduce harmonic and broadband noise, and provide a better
noise level. Also, their rotational speed is lower and their figure of merit is higher than
the baseline propeller at hover flight with 3N thrust. They all outperform the baseline
propeller in terms of hover efficiency at all thrust values considered. Besides, the
Neuroptera propeller is more efficient than other propellers, and decreasing 5.5W of
power and reducing 7.9 dBA at hover flight with 3N thrust and 1.5 meters distance,
compared to the baseline propeller.

Keywords:

Aeroacoustics, Aerodynamic Performance, Propeller, Insect Bioinspiration, Planform
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Graphical Abstract
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1. INTRODUCTION

The Unmanned Aerial Systems (UASs) market has become increasingly popular for
commercial, recreational, and scientific research applications in recent years, due to their
small size, low-cost electronic devices, hovering and maneuvering ability, ability to
perform difficult or dangerous tasks, and user-friendly flight controllability. Various UAS
systems have been presented as a new means of transportation and delivery over
distances ranging from 1 to 300 km. Small Unmanned Aerial Systems (sUAS) have offered
promising solutions for various civilian applications, such as food and postal package
delivery, medical supplies delivery, surveillance, rescue operations, reaching hard-to-
reach areas, inspecting buildings, mapping construction, traffic control, aerial
photography, video recording, agriculture, and entertainment. Nowadays, multi-rotors
are the preferred sUAS platform, and their presence has been increased. Currently, multi-
rotors have an operational period of less than one hour, which is insufficient for complex
tasks. Besides, the noise generated from the operating multi-rotors is another essential
problem that can be limited to their use. Noise has adverse effects on humans' and
animals' health, such as fatigue, mental illness, cognitive dysfunction, aggression,
hormonal disorders, stress, stroke, heart attack, hypertension, diabetes, sleep disruption,
and hearing impairment [1]. Therefore, low-noise products are more competitive in the
market, and aerodynamic and acoustic improvements are critical to increasing
operational duration and lowering noise.

The two primary noise sources of multi-rotors are the propellers and the motors. The
propellers are the main source of lift generation and the predominant noise heard during
flight phases under normal conditions, so in comparison, the noise of the motors can be
ignored [2]. The propellers introduce complicated aerodynamic and aeroacoustic
interactions that understanding their characteristics is critical for more efficient and
quiet design. Figure 1 shows aerodynamic noise sources. Small propellers are operated
at lower Reynolds number regimes (10* — 10°) and by decreasing the Reynolds number
in this range, the lift decreases, whereas the drag increases. Propellers only have a few
aerodynamic noise sources due to their size and Reynolds number regimes. A single
propeller blade's noise mechanisms contribute to two main classes: broadband noise and
harmonic noise. Harmonic noise includes thickness noise, loading noise, and blade-vortex
interactions. Thickness noise is caused by the fluid being displaced around the blade as it
turns and being directed towards the propeller plane. Loading noise is generated
predominantly above and below the propeller plane due to the surface's steady and
unsteady pressure loads. When the Mach number is less than one, the loading noise
outweighs the harmonic noise. However, blade-vortex interaction (BVI) noise is heard
when the previously generated tip vortices and entrance blade collision. Broadband noise
contains inflow turbulence and vortex noise. Inflow turbulence is present in broadband
noise, and vortex noise is produced by the interaction of the flow with various
components of the blade, such as the leading edge, trailing edge, blade-tip, or turbulent
flow in the wake.
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There have been various noise reduction approaches to changing the design of the
propeller blade, but these techniques must have no profound impact on aerodynamic
performance and vehicle flight dynamics. Propeller noise studies, especially for larger
vehicles like helicopters, focus on harmonic and impulsive noise sources. However,
isolated small-scale propellers suffer from a different type of noise [3]. Tonal noise in the
low to mid-frequency region dominates isolated small-scale propellers, as it does full-
scale propellers [4]. Broadband noise is substantial for small propellers at higher
frequencies [5], [6]. In recent years, some experimental and numerical research has been
done to understand and improve the aerodynamic performance and aeroacoustic
signatures of small propellers in different flight modes and conditions, such as hover
flight, forward flight, and flight in harsh environments. Hovering quadrotors' noise
signatures can be considerably decreased by replacing them with customized propellers.
Zawodny and Boyd [7] studied hover acoustic measurements of isolated small propeller-
airframe interactions. According to the analysis, under certain propeller tip clearance
circumstances, the presence of the airframe surfaces might cause noise levels similar to
or larger than the propeller blade surfaces. Whelchel, Alexander, and Intaratep [8]
experimentally investigated the noise and thrust produced by four small propellers
operating at takeoff conditions and propeller-airframe interaction and compared them
with a D]JI Matrice 600 Pro propeller. Brandt and Selig [9] tested 79 small propellers fitted
in the 9- to 11-in diameter that operate in the low Reynolds number range of 50,000 to
100,000 to quantify propeller efficiency. Propeller efficiencies range from a high of 0.65
(for an efficient propeller) to a low of 0.28 (for an efficient propeller). According to the
findings, appropriate propeller selection for UAVs can have a significant impact on
aircraft performance. Wisniewski et al. [10] analyzed thrust, sound pressure level (SPL),
and RPM data from a DJI standard propeller and three custom-designed propellers at 1.4
Ibf thrust. They realized the noise signature of hovering quadcopters can be significantly
reduced by replacing them with custom-designed, wide chord multi-bladed propellers.
McKay and Kingan [11] observed that the minor variations in the small propeller's RPM
produced unsteady loading and thickness noise, and after that, blade passing frequency
tones started showing up. Zawodny and Haskin [12] performed a subsequent detailed
experimental investigation which showed how the relative importance of thickness and
loading noise changed with observer position and how interference between the two
noise sources could be important at specific locations. Andria et al. [13] presented a way
to improve small propeller performance. The modeling of the propeller's blades and hub,
followed by simulation to estimate thrust, was the first step in this procedure. Finally, the
thrust produced by different propellers was compared to better understand the changes
that may be made. The aeroacoustic fingerprints of two small propellers were studied
experimentally by Sinibaldi and Marino [14]. They observed that the improved propeller
produces significantly less noise than the standard propeller at lower thrust settings.

Active and passive flow control techniques can be utilized to increase propeller
performance and minimize noise. Active flow control methods are unviable for small
propellers. On the other hand, passive flow control approaches manipulate the boundary
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layer without using any extra energy. Because flying animals have evolved over millions
of years to create efficient, high-performance wings, nature is an excellent source for
passive flow control approaches for designing bioinspired wings. Yang, Wang, et al. [15]
adopted an owl wing-inspired trailing-edge serrations for noise reduction of a small
propeller and compared its aerodynamic and acoustic performance with a baseline
propeller in the forward flight condition. Cambray et al. [16] investigated the noise
production process from small propellers as well as the influence of trailing-edge
serrations on noise reduction in their tests. Ning, Wlezien, and Hu [17] studied the noise
attenuation capability of three distinct bio-inspired saw-tooth serrations applied to the
baseline propeller to assess the serration's noise attenuation potential on a small
propeller. To achieve maximal noise reduction while preserving aerodynamic power,
Xiong, Nguyen, and Cramer [18] optimized an anti-phase alternating trailing-edge
pattern for propeller noise suppression. Yang, Liu, Hu, et al. [19] presented a small wavy
propeller and compared its aerodynamic and acoustic performance with a baseline
propeller. Hintz et al. [20] presented experimental research findings to determine the
influence of a bio-inspired blade planform on small-scale propeller thrust and energy
consumption. Ning and Hu [21] examined a small propeller's aerodynamic and
aeroacoustic properties with a novel planform shape inspired by the maple seed by
comparing it to a typical baseline propeller in hover flight. They showed that the
bioinspired propeller could provide equivalent thrust with constant power input while
emitting less noise.

The goal of this research is to create a small bioinspired propeller that has the same
power input as a conventional propeller and can achieve the same or better aerodynamic
performance while reducing noise. Nature appears to have done an incredible job of
designing insects' wings that are both practical and capable of sustained flight. Insects
have different species, fly slower than birds, and operate at low Reynolds number flows.
They take advantage of vortex patterns to provide the additional lift they require to fly
[22]. Several studies have connected flow separation and vortex generation to insect
flight's high lift aerodynamics [23]. The tip vortex adds significantly to the lift generated
by a flat plate with an aspect ratio and motion amplitudes equal to those seen in nature,
according to experimental studies [24]. Ning and Hu [21] showed that the majority of the
thrust for a rotary-wing is known to be created between 50% and 90% of the propeller
radius, and at Reynolds numbers ranging from 10,000 to 100,000, the lift to drag ratio
dramatically increases as the Reynolds number increases. As shown in Fig. 2, these
bioinspired wing planforms appear to be more compatible with the lift distribution,
where the largest chord length is in the high lift area. As a result, if these planform
configurations are used in the design, the propeller will operate at a better lift to drag
ratio. Accordingly, an experimental test is mainly used to study six small propellers'
aerodynamic and aeroacoustic performance with unique planform shapes inspired by
five insects and one plant, such as Blattodea, Hemiptera, Hymenoptera, Neuroptera,
Odonata, and Maple Seed. For the current investigation's comparison study, a typical
tapered small-scale propeller was used as the baseline propeller.
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2. Experimental Setup

The experiments were performed in the Experimental Aerodynamics and
Aeroacoustics Research Laboratory's anechoic chamber at the University of Tehran. A
schematic of the facility is sketched out in Fig. 3. The inner dimensions of the anechoic
chamber from wedge tip to wedge tip are 3m long, 2.5m wide, and 2.56m tall with a low-
frequency cut-off of 100 Hz. To reduce noise contamination, the propeller noise and
loadings at the hover flight condition were measured using an external PC and DAQ.

Our experimental analysis compares the aeroacoustic features of seven propellers
with different planforms. We call the first one the baseline propeller and the others the
Blattodea, Hemiptera, Hymenoptera, Maple Seed, Neuroptera, and Odonata propellers,
respectively. The shape of the baseline propeller is derived from a two-bladed 9450
model for the DJI Phantom II that has a 9.4" diameter and a pitch of 5.0", which is a small-
scale commercial drone propeller used for video shooting and entertainment. The
Blattodea propeller's shape is inspired by a type of insect divided into approximately
4400 species of beetles and 3000 species of termites. The Hemiptera propeller's shape is
inspired by a type of insect with about 50 to 80 thousand species, including cicadas. Their
flying abilities are well developed for short distances and sporadically. The Hymenoptera
propeller's shape is inspired by one of the largest insect groups with more than 150,000
species, including bees. Their flight distance varies from small to large depending on the
species size, and they typically have two pairs of wings. The Maple Seed propeller's shape
is inspired by a thin, smooth wing with dry fibrous tissue attached to the nut of maple
tree seeds. Due to the grain weight relative to the whole structure, the seeds rotate like a
helicopter's propeller when they fall. The Neuroptera propeller's shape is inspired by a
type of insect with two pairs of membranous wings and consists of about 6,000 species.
Finally, The Odonata propeller's shape is inspired by a type of insect with two long,
transparent wings that move independently. They fly straight, and the flight muscles are
attached directly to the wings.

Based on Ning and Hu [21], the chord length from the largest chord on the planform to
the propeller's tip decreased linearly. It was calculated by C,. = C¢;,, /7, where C, is the
chord length at the corresponding radius location, and r represents a non-dimensional
radial distance. The blade twisted 17.7 degrees at the largest chord on the planform to
4.7 degrees at the propeller's tip. Like Ning and Hu [21], due to a strength worry, we
reshaped every single profile with a doubled thickness E63 airfoil based on the camber
line and rescaled the diameter to 24cm fixed for both propellers, and our developed
propellers achieved 0.12 solidity like other ordinary small propellers. The schematic and
geometric details of all propellers are shown in Fig. 4. The propellers with a 0.1mm airfoil
trailing edge thickness were manufactured using the Umbreil3d 3D printer with a 100pum
resolution and a density of 20%, and were made by PLA material.
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The experimental setup is shown in Fig. 3, which measures the thrust, torque, RPM,
and sound pressure level. The testing equipment was positioned on a lab stand 6.25D
above the surface such that the thrust was directed toward the chamber floor. When the
propeller is in hover mode, the entire rig experiences nearly no vibration. For the
measurement of the propeller thrust and torque, driven by an AIR 2213 electric brushless
Tiger Motor with 920 KV, a three-component balance (a 30kg force capacity AmCells S-
type and two 5kg force capacity YZC-133 loadcell) produced by the Experimental
Aerodynamics and Aeroacoustics Research Group was located directly below the motor.
An Agilent E3621A DC power supply provided power to the motor set at a constant 11.1
V for all tests. The propeller rotational speed was regulated using a T-Motor 20A AIR
electronic speed controller, which received time pulse signals from an Arduino Uno and
measured using a LUTRON DT-2268 tachometer. The T9545 propeller was tested to
validate the aerodynamic facility's accuracy, and the results were compared to its
datasheet, which showed the error was about 0.8%.

The microphone array is shown in Fig. 3. All acoustic measurements were made using
fifteen 1/2 inch free-field Bruel & Kjaer microphones type 4190 microphones. The
microphones were configured on two crossed C-shaped arrays at a 6.25D (1.5 meters)
radial distance from the center of the propeller and were positioned every 15" between
0° and 45  and every 7.5 between 0° and —30° on the roll-plane C-shape array
configuration and every 13° on the propeller plane from the common microphone. The
goal of this microphone array is to demonstrate noise reduction directivity and provide
more accurate results than a single microphone. Wind-screens covered the microphones,
and the frame was lined with absorbing material to reduce reflections. They were
individually calibrated using a B&K Type 4231 sound calibrator. The calibrator showed
+0.2 dB calibration accuracy. The microphone's measurement uncertainty was *1 dB up
to 20 kHz. Noise measurements were performed on all microphones, but only results for
microphone number five are reported for the sake of compactness. While acoustic
pressure was recorded for 15 seconds at a sampling rate of 48 kHz, only the last 5 seconds
of data was used to calculate the acoustic spectra. This time range was selected to
consider only the steady-state noise. The thrust, torque, and rotation rates were recorded
synchronously with the acoustic data. The balance data was collected for 5 seconds at a
sampling rate of 2000 Hz. The thrust, torque, RPM, and microphone data were recorded
using a LAN-XI DAQ data acquisition system and collected by an in-house developed data
acquisition and control. For each Fourier transform, the recorded acoustic data was
divided into time blocks of 1024 samples. Hanning windows were used, with a 50 percent
overlap.

While investigating the impacts of propeller operation conditions and varied
geometric parameters on aerodynamic loads and noise emissions, each propeller was
operated at eleven rotational speeds ranging from 3000 rpm to 8000 rpm in 500 rpm
increments. This rotation rate represents the typical RPM for small drones. Also, the
freestream velocity was 0 m/s because the propeller was operated at a simulated hover
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condition. Representative values of local chord-based Reynolds and Mach numbers are
displayed in Table 1.

Before testing in place, the load cells were calibrated by applying known weights to
provide steady thrust and torque loads along the axis of each load cell, which covers the
range of propeller loadings, and the calibration was verified before each set of tests. The
thrust and torque measurement uncertainties were obtained at about 0.29% and 0.15%
of the full range. The repeatability of 20 measurements on the baseline model at 3000,
5500, and 8000 RPM was used to calculate the uncertainty of the microphone data. The
uncertainties for the total noise's overall A-weighted sound pressure level (OASPL) were
obtained at about 0.1 dB and 0.9 dB, respectively. The rotational speed uncertainty is 5
RPM, which can be ignored.

3. Results and Discussion

This section presents and discusses the contribution of a bioinspired planform to
modifying small propeller aerodynamic efficiency and acoustic signature in three parts.
In the first part, experimental aerodynamic performance is presented, and efficiency is
studied, in the second part, the experimental acoustic signature is investigated and noise
reduction is discussed, and in the last part aeroacoustic results compared to the T9545
propeller.

3.1. Aerodynamic Performance Results

The payload and endurance duration of multi-rotors are determined by aerodynamic
performance. To characterize the designed propellers' performance, the coefficient of
thrust (Cr), coefficient of torque (Cy), mechanical power (B, ), and figure of merit (FoM)
have been calculated, as shown in Equations (1), (2), (3), and (4) respectively, where p is
flow density (kg/m3), A is the propeller disk area (m?), Q is propeller rotational speed
(rev/sec), R is propeller radius (m), T is thrust (N), and Q is torque (N.m). Also, the
parameter of power loading (PL) is defined as the available thrust for a given power in
order to measure the efficiency of the rotors and is demonstrated by Equation (5). We
utilize both dimensional and non-dimensional data in propeller comparison, and there is
no obligation to use just non-dimensional data. Furthermore, the sound pressure level is
affected by the propeller's dimensional loading.

T

Cr = AR (1)
Q
Co = a0 )

B —0-02 .RPM
m—Q(ﬂw) (3)
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C3/? V2
TC—N— @
Q

PL = T/P (5)

FoM =

Figure 5 and 6 presents the comparative aerodynamic results. When the rotational
speed increase from 3000 RPM to 8000 RPM, the time-averaged thrust increase for the
baseline propeller from 0.51N to 3.82N, for the Blattodea propeller from 0.72N to 5.17N,
for Hemiptera propeller from 0.85N to 4.86N, for Hymenoptera propeller from 1.02N to
5.77N, for Maple Seed propeller from 0.74N to 5.04N, for Neuroptera propeller from
1.11N to 7.03N, and for Odonata propeller from 0.83N to 6.01N.

Also, when the rotational speed increase from 3000 RPM to 8000 RPM, the power
loading of the baseline increase from 0.07 N/W to 0.19 N/W, the Blattodea increase from
0.10 N/W to 0.26 N/W, the Hemiptera increase from 0.11 N/W to 0.24 N/W, the
Hymenoptera increase from 0.14 N/W to 0.29 N/W, the Maple Seed increase from 0.10
N/W to 0.25 N/W, the Neuroptera increase from 0.15 N/W to 0.35 N/W, and the Odonata
increase from 0.11 N/W to 0.30 N/W. Therefore, the power loading of the bioinspired-
planform propellers in all RPM and thrust ranges are higher than the baseline propeller.

Athover flight with 3N thrust, the rotational speed of the Neuroptera propeller is 4860
RPM, the Hymenoptera propeller is 5200 RPM, the Odonata propeller is 5460 RPM, the
Blattodea propeller is 5915 RPM, the Hemiptera propeller is 5925 RPM, the Maple Seed
propeller is 6120 RPM, and the baseline propeller is 7060 RPM. The results show that
Neuroptera is 36.6 %, Hymenoptera is 31.0 %, Odonata is 26.7 %, Blattodea is 19.1 %,
Hemiptera is 18.9 %, and Maple Seed is 15.7 % slower than the baseline propeller at the
same thrust. The drop in rotational speed shows that the thrust coefficient of the
bioinspired propellers is greater than that of the baseline propeller.

Further, at hover flight with 3N thrust, the required time-averaged power of the
Neuroptera propeller is 12.2W, the Hymenoptera propeller is 13W, the Odonata
propeller is 13.7W, the Blattodea and Hemiptera propellers are 14.8W, the Maple Seed
propeller is 15.3W, and the baseline propeller is 17.7W. The results indicate that the
Neuroptera propeller consumes 5.5W, the Hymenoptera propeller consumes 4.6W, the
Odonata propeller consumes 4.0W, the Blattodea and Hemiptera propellers consume
2.9W, and the Maple Seed propeller consumes 2.3W less power than the baseline
propeller at hover flight, and with a maximum power decrease of 31.0% in Neuroptera
propeller, 26.2% in Hymenoptera propeller, 22.6% in Odonata propeller, 16.2% in
Blattodea and Hemiptera propeller, and 13.3% in Maple Seed propeller, the bioinspired
propellers perform better than the baseline propeller. In conclusion, at hover flight with
3N thrust, the power loading of the Neuroptera propeller is 0.25 N/W, the Hymenoptera
propeller is 0.23 N/W, the Odonata propeller is 0.22 N/W, the Blattodea, Hemiptera, and
Maple Seed propellers are 0.20 N/W, and the baseline propeller is 0.17 N/W.
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Furthermore, at hover flight with 3N thrust, the figure of merit of the Neuroptera
propeller is 4.06, the Hymenoptera propeller is 3.79, the Odonata propeller is 3.52, the
Hemiptera propeller is 3.34, the Blattodea propeller is 3.30, the Maple Seed propeller is
3.20, and the baseline propeller is 2.79. At this thrust, the figure of merit of the
Neuroptera propeller is about 45.5%, the Hymenoptera propeller is about 35.7%, the
Odonata propeller is about 25.9%, the Hemiptera propeller is about 19.5%, the Blattodea
propeller is about 18.1%, and the Maple Seed propeller is about 14.5% higher than the
baseline propeller, which leads to less torque or more thrust.

The results demonstrate that the bioinspired propellers produce more thrust than the
baseline propeller for the same power supply and generate less drag than the baseline
propeller at hover flight with 3N thrust. At all thrust numbers evaluated, the bioinspired
propellers exhibit greater hover efficiency than the baseline propeller. This trend can be
attributed to the largest chord length closer to or at 50% to 90% of the spanwise, which
is known as the lift booster area, and means the bioinspired planforms are beneficial in
terms of aerodynamic efficiency. Compared to other bioinspired propellers, the
Neuroptera propeller produced more thrust and showed higher hover efficiency.

3.2. Acoustic Signature Results

The aeroacoustic signature is characterized by an overall A-weighted sound pressure
level (OASPL) at different frequencies and is calculated by Equations (6) and (7). Where
SPL, is A-weighted sound pressure level, p,(t) is the instantaneous sound pressure
measured using the standard frequency weighting A, and p,. is the reference pressure

and equal to 2 x 107° Pa.

SPLy4

OASPL = 10log » 10 10 (6)
i=1
t
SPL, = 20log (p“( )> (7)
pref

As shown in Fig. 7, mechanical noise (no propeller) has little influence at low
frequencies (2500 Hz) but grows significantly above that frequency. Clearly, motor noise
plays a key role in the system's stress noise at low frequencies. Also, Fig. 7 shows that the
bioinspired propellers can decrease harmonic and broadband noise more effectively than
the baseline propeller at hover flight with 3N thrust. Harmonic noise is associated with
blade passing frequency and consists of loading and thickness noise. When the Mach
number is less than one, the loading noise takes precedence over the harmonic noise.
However, it can decrease broadband noise more effectively than the baseline propeller at
higher frequencies, due to the effect of the bioinspired planforms on the velocity gradient
and pushing the wake vortices further from the trailing edge. This phenomenon reduces
turbulent-boundary layer trailing edge noise and vortex shedding noise at the trailing
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edge and decreases inter-mode interference involving modes from the propeller
apparent at higher frequencies. To better illustrate the differences in the graphs, the
original graphs are shown in transparent and the ninth degree polynomial is shown in
bold. This analysis helps to understand the noise characteristics of the bioinspired
planforms.

Figure 8 shows the OASPL directivity plot at hover flight with 3N thrust. As we move
up and down from microphone number five, the noise increases, which shows the
loading, broadband, and blade-vortex interaction noise have overcome the thickness
noise. The microphones on the roll plane show a distinct level of noise increasing and
more noise emitting at the top of the roll plane. There is a slight variation in rotor plane
microphone noises. As long as there is no interference from another rotor, the noise is
virtually constant throughout the rotor plane.

Figure 9 indicates changing OASPL values of microphone number five versus RPM and
thrust to evaluate the overall noise reduction. At microphone number five, when the
rotational speed increase from 3000 RPM to 8000 RPM, the OASPL of the baseline
propeller increase from 42.3 dBA to 64.4 dBA, the Blattodea propeller increase from 40.5
dBA to 63.4 dBA, the Hemiptera propeller increase from 40.5 dBA to 62.9 dBA, the
Hymenoptera propeller increase from 41.8 dBA to 64.5 dBA, the Maple Seed propeller
increase from 40.2 dBA to 62.4 dBA, the Neuroptera propeller increase from 40.6 dBA to
64.3 dBA, and the Odonata propeller increase from 40.9 dBA to 62.1 dBA. Due to the
difference in the generated thrust at the same RPM, the sound produced by the
bioinspired propellers is lower than the baseline propeller in all thrust ranges.

The OASPL at hover fight with 3N thrust for Neuroptera propeller is 52.5 dBA, for
Odonata propeller is 53.5 dBA, for Hymenoptera propeller is 54.2 dBA, for Hemiptera and
Maple Seed propellers are 55.4 dBA, for Blattodea propeller is 56.9 dBA, and for baseline
propeller is 60.4 dBA. Therefore, the results indicate that the Neuroptera propeller
generates 7.9 dBA, the Odonata propeller generates 6.9 dBA, the Hymenoptera propeller
generates 6.2 dBA, the Hemiptera and Maple Seed propeller generates 5 dBA, and the
Blattodea propeller generates 3.5 dBA less noise than the baseline propeller at
microphone number five and hover condition with 3N thrust.

3.3. Aeroacoustic Results Compared to The T9545 Propeller

Figure 10 presents the comparative aerodynamic and aeroacoustic performance
results. When the rotational speed increase from 3000 RPM to 8000 RPM, the time-
averaged thrust of the T9545 propeller increases from 0.79N to 5.63N, and the power
loading of the T9545 propeller increases from 0.11 N/W to 0.28 N/W. Therefore, the
power loading of the T9545 propeller in all RPM and thrust ranges is higher than the
baseline and lower than the Neuroptera, Hymenoptera, and Odonata propellers.
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At hover flight with 3N thrust, the rotational speed of the T9545 propeller is 5777
RPM, which shows this propeller is 21.4Hz slower than the baseline propeller, and 15.3Hz
faster than the Neuroptera propeller, 9.6Hz faster than the Hymenoptera propeller, and
5.3Hz faster than the Odonata propeller at the same thrust.

Further, the required time-averaged power of the T9545 propeller at hover flight with
3N thrust is 14.5W. The results indicate that the T9545 propeller consumes 2.3W more
power than the Neuroptera propeller, 1.4W more power than the Hymenoptera
propeller, 0.8W more power than the Odonata propeller, and 0.3W less power than the
Blattodea and Hemiptera propeller, 0.8W less power than the Maple Seed propeller, 3.2W
less power than the baseline propeller at hover flight. With a maximum power decrease
of 18% at hover flight, the T9545 propeller performs better than the baseline propeller.
This propeller performs worse than Neuroptera, Hymenoptera, and Odonata propellers
with maximum power increase of 13%, 8.2%, and 4.6% at hover flight, respectively. In
conclusion, at hover flight with 3N thrust, the power loading of this propelleris 0.21 N/W.

Furthermore, the figure of merit of the T9545 propeller at hover flight with 3N thrust
is 3.05. The figure of merit of the T9545 propeller at this thrust is about 9.3% higher than
the baseline propeller. The figure of merit of the T9545 propeller is lower than the other
propellers.

The results demonstrate that the T9545 propeller produces more thrust than the
baseline, Blattodea, Maple Seed, and Hemiptera propellers and less thrust than the
Hymenoptera, Neuroptera, and Odonata propellers for the same power supply. Also,
T9545 propeller generates less drag than the baseline, Blattodea, Hemiptera, and Maple
Seed propellers and more drag than the Hymenoptera, Neuroptera, and Odonata
propellers at hover flight with 3N thrust.

The OASPL of the T9545 propeller at microphone number five increases from 38.3 dBA
to 62.5 dBA when the rotational speed increase from 3000 RPM to 8000 RPM. Also, the
OASPL at hover fight with 3N thrust for this propeller is 51.5 dBA. Therefore, the results
indicate that the T9545 propeller generates noise 1.0 dBA less than the Neuroptera
propeller, 2.0 dBA less than the Odonata propeller, 2.7 dBA less than the Hymenoptera
propeller, 3.8 dBA less than the Maple Seed propeller, 3.9 dBA less than the Hymenoptera
propeller, 5.4 dBA less than the Blattodea propeller, and 8.9 dBA less than the baseline
propeller at microphone number five and hover condition with 3N thrust.

Aeroacoustic results reveal that bioinspired propellers perform better than baseline
and T9545 propellers. It should be noted that the designed propellers have lower
manufacturing quality than the T9545 propeller. It is expected that by increasing the
manufacturing quality, the results of all propellers will improve, and the baseline
propeller shows results that are closer to those of the T9545 propeller.

4. Conclusions
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An experimental investigated the impacts of operation conditions and varied
geometric parameters on six small propellers' aerodynamic and aeroacoustic
performance with a unique planform shape inspired by five insects and one plant, such
as Blattodea, Hemiptera, Hymenoptera, Neuroptera, Odonata, and Maple Seed. Each
propeller was operated at eleven rotational speeds ranging from 3000 to 8000 RPM with
no freestream velocity for simulating hover conditions. Finally, using force and sound, a
comparative experimental investigation into the aerodynamics and aeroacoustics
characteristics of the baseline and bioinspired propellers was undertaken in an anechoic
chamber. Compared to the baseline propeller, the results demonstrate that all
bioinspired propellers produce more thrust for the same power supply, reduce harmonic
and broadband noise, and provide a better noise level. This noise reduction can be
ascribed to the decreasing bioinspired propeller force variation. Also, their rotational
speed is lower and their figure of merit is higher than the baseline propeller at hover
flight with 3N thrust. They all outperform the baseline propeller in terms of hover
efficiency at all thrust values considered. Besides, the Neuroptera propeller is more
efficient than other propellers, decreasing 5.5W of power and reducing 7.9 dBA at hover
flight with 3N thrust and 1.5 meters distance, compared to the baseline propeller.

Future investigations will focus on some improvements. XFoil should be utilized to
guarantee that the best airfoil is chosen for each blade segment. Because noise generation
is affected by blade quality vibrations, a high-resolution (25um) 3D printed using a rigid
material such as ABS plastic might offer accurate manufacturing precision. To increase
structural stiffness, the airfoil section from r/R = 0.2 should be smoothly integrated into
the hub. To ensure reliable printing output, the trailing edge airfoil utilized along the
propeller span (E63) should be thickened to 0.8 mm. The propeller should be connected
from the top to a profiled aluminum testing rig for the least amount of interference. To
decrease motor and test stand vibrations, a neoprene dampening material should be put
directly beneath the load cell. The sampling rate may be increased to 80 kHz. The
recording time may be increased by up to 20 seconds, and the data from the first 10
seconds could be utilized to compute acoustic spectra. It is necessary to investigate the
effects of recirculation within the anechoic chamber. To get a frequency resolution of
around 5 Hz, the number of FFT samples might be increased.

This study did not assess the influence of the existence of adjacent propellers and
forward flight, which makes them a great target for future investigations.
Furthermore, Smoke visualization, hotwire mapping, and PIV might be used to describe
the downwash flow of a propeller, among other methods.
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Fig. 7 Acoustic signature results compared to the baseline propeller at hover flight with 3N thrust (To better
illustrate the differences in the graphs, the original graphs are shown in transparent and the ninth degree
polynomial is shown in bold.)
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Fig. 8 Bioinspired propellers noise directivity at hover flight with 3N thrust compared to the baseline propeller
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Fig. 9 Aeroacoustic performance results compared to the baseline propeller at microphone number five
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Fig. 10 Aerodynamic, Acoustic, and Aeroacoustic performance results of bioinspired propellers compared to the
T9545 propeller at microphone number five
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Table 1 Local chord-based Reynolds and Mach numbers of all propellers
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