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Abstract. The results of full-scale acoustic tests of a Ptero-G0O unmanned aerial vehicle (UAV) in
an anechoic chamber are presented. The aim of the work is to determine the acoustic
characteristics of a Ptero-G0 UAV and to assess the influence of various parameters on the noise
level of the device. A unique aspect of the experiment is that a full-scale apparatus with a power
plant including a single-cylinder 4-stroke piston engine and 2-bladed fixed-pitch propeller, was
studied. Data on the spectral, energy and directivity characteristics of the UAV and its power plant
were obtained. The tests assessed the effects of incoming flow velocity, power condition of the
power plant, pitch angle of the UAV, propeller diameter, and vibrations of the bonnet on the UAV
noise. In particular, increase in the power condition (engine speed) and incoming flow velocity
led to an increase in spectral noise levels in the 1/3-octave frequencies bands ranging from 40 to
10,000 Hz. At the same time, background levels up to 40 Hz were determined by background
noise. The influence of engine speed and incoming flow velocity on the directivity pattern has not
been established. An increase in propeller diameter at a constant speed resulted in higher
circumferential speed of the propeller and thrust, as well as increased load on the engine. As a
result, intensity of the tonal components of propeller and engine noise increases. A slight decrease
in diameter (by 6 %) led to a decrease in the overall noise level by 1.3 dB. Placing the engine in
the bonnet without a vibration insulation system led to an increase in the overall sound pressure
levels by up to 2.5 dB.

Keywords: Ptero-GO, UAV noise, propeller noise, piston engine, community noise,
aeroacoustics.

1. Introduction

Currently, the theme of drones is becoming increasingly relevant. The low noise of unmanned
aerial vehicles (UAVs) offers a competitive advantage for civilian applications and serves as an
indicator of survivability for military vehicles.

The structure of the problem of UAV acoustics is considered in Fig. 1. For special-purpose
UAVs, it is crucial to ensure the inaudibility [2] and invisibility while simultaneously being able
to detect, identify and determine the flight path of enemy UAVs in real time (target direction
finding). The solution to this problem is possible both with the help of specialized ground
equipment and specialized UAVs with microphone arrays performing airspace patrol [3-5].

When designing civil aircraft, it is necessary to ensure competitive community noise levels.
To achieve this at various stages of the device's creation, estimates of the UAV’s community noise
levels are performed using specialized software [6-10] which analyzes the superposition of the
noise fields of the main sources (propeller [11, 12], engine [13-15] and airframe [16-18]), taking
into account actual aircraft configurations and various noise reduction methods for both discrete
sources and methods of leveling aeroacoustics effects in real configurations [19-21].

Within the framework of aeroacoustics of propeller-driven UAVs, the main areas of research
are:

— Study of the spectral and integral characteristics of ambient noise and its masking effect on
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an observer and measuring systems [22].

— Experimental study of the sound field structure of various types of UAVs, including
separately propeller noise and engine noise, noise of airframe elements and aeroacoustics effects
in real aircraft configurations.

— Research and selection of criteria for audibility and acoustic signature of various types of
propeller-driven UAVs.

— Study and development of noise reduction methods for propeller UAVs.
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Fig. 1. The structure of the UAV aeroacoustics problem

The ultimate goal of research in UAV aeroacoustics is to develop the following calculation
methods and software necessary for implementing the concept of acoustic design for propeller-
driven UAVs [23]:

— A method for calculating ambient noise in various area landscapes at different wind speeds
and types of underlying surfaces.

— A method for modelling propeller-driven UAV noise, taking into account main sources and
aeroacoustics effects in real aircraft configurations.

— Software for assessing UAV community noise, considering the Doppler effect, sound
absorption in a real turbulent atmosphere and near the earth's surface, interference from direct and
reflected sound near the earth's surface.

— Software for detecting, identifying and determining the flight path of a propeller-driven UAV
in real time.

— Software for constructing spatiotemporal trajectories of UAV movement that are
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undetectable by ear or through acoustic direction-finding devices.

In contrast to results of many studies devoted to computational [24-32] and experimental
[33-40] studies of UAV noise, this paper considers a real Ptero-GO UAV that is commercially
available and operational, rather than separated isolated propellers, piston engines, or electric
motors. This work continues the authors' research into the sound fields of propeller-driven
fixed-wing aircrafts [41-51].

The aim of this work is to determine the influence of various parameters on the noise levels of
fixed-wing UAVs. Within the framework of these parametric tests, it was possible to evaluate the
effects of incoming flow velocity, power condition of the power plant (PP), UAV pitch angle,
propeller diameter, and vibrations of the bonnet on community noise levels.

Based on the results of this study, a database of acoustic characteristics for the device has been
formed, which can be used to validate computational methods for estimating noise of a propeller
and a piston engine.

The presented results can assist developers in designing similar devices taking into account
the required acoustic parameters and, in addition, allow to evaluate the acoustic signature and
audibility characteristics of a Ptero-G0O UAV using special software.

2. Object of the study and the method of acoustic tests

A study was conducted on the acoustic characteristics of a Ptero-G0 UAV, developed by
AFM-Servers LLC, was carried out in an anechoic chamber AC-2 [52]. The general view of the
UAYV during testing is shown in Fig. 2. The maximum take-off weight of the UAV is 20 kg. The
UAV's power plant includes a single-cylinder, four-stroke Saito FG-40 engine with a maximum
power of 2.9 kW and a 2-bladed fixed pitch propeller.

AC-2 is an anechoic installation with an open working circuit for studying the noise of
turbulent jets, airframe noise, noise of small-sized propellers, etc. The flow enters an anechoic
chamber with dimensions of 9.6 mx5.5 mx4.0 m. The walls of anechoic chamber are lined with
acoustic polyurethane wedges, ensuring that deviations from free-field conditions do not exceed
1dB within the operating frequency band of 160-20000 Hz for sound waves with an intensity of
no more than 160 dB.

Measurement points were located at the crankshaft axis level on a circle with a radius of 2 m.
The measurement range corresponded to azimuthal angles from 30 to 135° with a step of 15°
relative to the axis of the engine crankshaft (Fig. 3). Note that the nozzle diameter for creating the
incoming flow is limited by the installation capabilities to 80 cm; therefore, the wing flow was
carried out only in wings’ areas adjacent to the fuselage.

S
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Fig. 2. Location of a Pter—GO UA\; du‘ ing testing in an anechoic chamber AC-2

e

For measurements, we used half-inch microphones (type 4189) with preamplifiers (type 2669)
from Bruel&Kjaer (frequency range 6.3-20000 Hz, sensitivity 50 mV/Pa). Before the start of the
experiment, all measuring channels were calibrated using a pistonphone (type 4228) from
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Bruel&Kjaer. Signals from eight microphones were transmitted to the PULSE from Bruel&Kjaer
multichannel data acquisition and processing system. This measurement system has a
measurement error of 0.5 dB for sound pressure level.

Processing of the measured audio signal included obtaining narrow-band spectra with a
bandwidth of 2 Hz in the frequency range 0-12800 Hz and a 1/3-octave spectrum of sound pressure
levels in the central frequency range 20-12500 Hz.

Acoustic tests were performed both in the presence of an incoming flow and without it (static
conditions). The range of flow velocities corresponded to the range of UAV flight speeds from 20
to 35 m/s in increments of 5 m/s. The engine (propeller) speed (n,) varied from 4800 to 6900 rpm.
Propellers of various diameters (0.486 and 0.508 m), but of the same profile, were studied. A
smaller diameter propeller was obtained by simply cutting the end of a wooden propeller.

Under static conditions, UAV noise measurements were performed with and without a bonnet,
as well as with and without the wing, at different pitch angles of 4° and 8°. It should be noted that
the total volume of acoustic measurements corresponded to 108 modes of joint operation for the
power plant and the anechoic chamber.

B 6 £y 3
Pw-

Fig. 3. Scheme of the location of noise measurement points on a circle with a radius of 2 m in AC-2 (the
distance from the nozzle exit to the plane of rotation of the propeller is 1.7 m, the nozzle diameter is 0.8 m)

3. Main results of acoustic tests
3.1. Spectral characteristics of the acoustic field

The preliminary test results were discussed in Ref. [43]. A typical narrowband spectrum of
sound pressure levels (SPL) measured during operation of the UAV power plant under static
conditions is shown in Fig. 4. On the graph, the numbers with the indices “e” and “p” indicate
tones at frequencies that are multiples of the frequency of the flashes in the engine cylinder and
tones at frequencies that are multiples of the frequency of the propeller blades. It can be seen that
the frequency of the 4th tone of the engine noise and the 1st tone of the propeller, as well as the
8th tone of the engine noise and the 2nd tone of the propeller, coincide, etc. In the further analysis
of engine noise, only tones that are guaranteed to relate to engine radiation will be used, since it
is not possible to separate these sources at the same frequency without conducting additional
research. At the same time, we will assume that in the radiation spectrum at the frequency of the
1st tone of the propeller noise and the 4th tone of the engine noise, the intensity of the radiation
from the propeller is dominant.

3.2. Influence of the power plant power condition and the incoming flow velocity
The effect of the engine speed on the direction of the total noise radiation at a constant velocity
of the incoming flow is considered in Fig. 5. It can be seen that an increase in the operating mode

leads to an increase in the overall sound pressure levels (OASPL) throughout the studied range of
azimuth angles.
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Fig. 4. Narrowband spectrum of sound pressure levels in the frequency range 0.1-1000 Hz (band width
(Af) 2 Hz, engine speed (n,) 5400 rpm, radiation direction (¢) 120°, distance (R) 2 m, static conditions)
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Fig. 5. Influence of the incoming flow velocity on the direction of the total noise radiation (25-10000 Hz)
of the PP (incoming flow velocity (V) 30 m/s, R = 2 m, configuration — without wing, with bonnet)
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Fig. 6. Influence of the PP power conditions on the narrowband spectrum of sound pressure levels
(V =30m/s, ¢ = 120°, R =2 m, configuration - without wing, with bonnet)

The narrowband spectra of sound pressure levels measured in the direction (¢) of 120° are
shown in Fig. 6. An increase in the power condition of the PP is found to lead to an increase in
spectral levels in the frequency range of 40-10000 Hz due to an increase in the levels of the tonal
components of propeller and engine noise, as well as broadband noise at frequencies above
2000 Hz. It is also possible to see the shift of characteristic frequencies in the radiation spectra
with an increase in the power condition. Spectral levels in the range of 10-40 Hz (below the
frequency of the first tone in the spectrum) do not depend on the engine speed, which indicates
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their connection with the background noise of the incoming flow.

The effect of the incoming flow velocity at a constant engine speed on the directivity pattern
of the total noise radiation is considered in Fig. 7. An increase in the velocity of the incoming flow
at a constant engine speed leads to an increase in the characteristic flow velocity of the blade
profile and the load on the engine, and, as a consequence, to an increase in spectral levels in the
frequency range of 40-10000 Hz (Fig. 8). An increase in spectral levels in the frequency range of
20-40 Hz is associated with an increase in the background noise of the incoming flow.
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Fig. 7. The effect of the incoming flow velocity on the direction of the total noise radiation
(25-10000 Hz) of the PP (n, = 5520 rpm, configuration — without wings, with hood)
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Fig. 8. Influence of the incoming flow velocity on the 1/3-octave spectrum of sound pressure levels
(ne = 5520 rpm, ¢ = 120°, configuration — without wing, with bonnet)

3.3. The effect of in-flight conditions

The effect of in-flight conditions on the directivity pattern of the overall noise of the UAV is
considered in Fig. 9. The graph shows a comparison of the data obtained during the operation of
the UAV power plant under static conditions and in the presence of an incoming flow of 25 m/s
at the same engine speed (n, = 5370 rpm). It can be seen that the radiation patterns of the total
noise radiation differ significantly when the PP is operating under static and in-flight conditions.
Under static conditions, the overall sound pressure levels are higher in the entire studied frequency
range by up to 3.4 dB in the direction of 105°.

The effect of flight conditions on the spectrum of sound pressure levels in the 1/3-octave
frequency bands is considered in Fig. 10 for the radiation direction of 120°. It can be seen that in
the presence of an incoming flow, the amplitudes of the tonal components in the noise spectrum
decrease significantly. The greatest effect is observed at the frequency of the second engine tone
(the 2nd tone in the spectrum). Note that in the presence of a flow, the levels of background
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broadband noise increase significantly, which indicates their connection with the background
noise of the flow.

The results obtained can be interpreted as follows. When the propeller is operating under static
conditions, maximum thrust develops, but the traction power is zero. In addition, in flight
conditions, the turbulence scale of the flow impinging on the propeller disk is significantly lower
than in static conditions. Thus, the role of noise from unsteady load on the propeller blades is
significantly lower in flight conditions. In flight and static conditions, despite the equality of
rotational speeds, the piston engine operates according to various partially high-speed
characteristics. In the presence of an incoming flow, the engine is less loaded, which leads to a
decrease in the intensity of the tonal components of its radiation.

The experimental data presented in Fig. 9 and 10 on the effect of in-flight conditions on the
noise of a propeller-driven power plant are fully consistent with previously performed in-flight
and static tests of power plants of light propeller-driven aircrafts [12, 47].

—Tb— static condition
2dB 25 m/s

A

,—1 \

OASPL, dB
&

30 45 60 75 90 105 120 135
azimuthal angle, degree
Fig. 9. Comparison of the directivity pattern of the PP overall noise (25-10000 Hz)
in flight and static conditions (R =2 m, n, = 5370 rpm)
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Fig. 10. Comparison of the sound pressure level spectrum in flight
and static conditions (¢ = 120°, R = 2 m, n, = 5370 rpm)

3.4. Influence of the pitch angle of the UAV

Based on the calculations obtained by the Hanson method [53] and presented in the Ref. [54],
it is known that with a positive pitch angle (during takeoff) of the UAV, noise levels increase
relative to the level-flight condition at the same propeller speed. Moreover, the higher the pitch
angle, the higher the noise level of the propeller. With a negative pitch (with a decrease) of the
UAV, there is a decrease in noise levels with an increase in the pitch angle.

Within the framework of these tests, the influence of the pitch angle on the noise of the UAV
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under static conditions and in the presence of an incoming flow for the angles of pitch of 4 and 8°
was evaluated.

The influence of the angle of pitch on the UAV noise under static conditions is considered in
Fig. 11, where a comparison of the directivity patterns of the total UAV radiation is presented. It
can be seen that the overall noise levels decrease slightly with an increase in the pitch angle of the
UAYV throughout the studied range of azimuth angles. The greatest effect of reduction to 2 dB is
observed in the direction of 60°. For this direction, Fig. 12 shows the 1/3-octave spectrum of sound
pressure levels.

It can be seen that the decrease in the overall noise level (25-10000 Hz) with an increase in the
angle of pitch is due to a decrease in sound pressure levels in the range of 1/3-octave frequency
bands from 160-1000 Hz (Fig. 12) by 2-4 dB. In this frequency range, there is a decrease in the
intensity of the tonal components of the power plant noise starting from the 4th tone in the
spectrum. Most likely, under static conditions, an increase in the angle of pitch of the UAV led to
a decrease in the thrust of the propeller and, as a result, the load on the engine, which explains the
decrease in the sound pressure levels of the tonal components in the UAV noise spectrum starting
from the 4th. At the same time, the sound pressure levels of the first three tones in the spectrum
associated with the operation of the internal combustion engine practically do not depend on the
pitch angle of the UAV.

I 2dB

—0—4 degree

OASPL, dB

— 8 degree

30 45 60 75 920 105 120 135
azimithal angle, degree

Fig. 11. Influence of the angle of pitch for the overall sound pressure levels
(25-10000 Hz) under static conditions (n, = 5400 rpm)
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Fig. 12. Influence of the angle of pitch on the spectrum of sound pressure levels when
the power plant is operating under static conditions (¢ = 120°, n, = 5400 rpm)
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3.5. Influence of the propeller diameter

One of the important parameters affecting the propeller noise is its diameter [55-57]. The
condition for a correct comparison of two propellers in the context of the influence of various
parameters on noise is the condition of constant thrust. With an increase in the diameter of the
propeller at a constant speed, an increase in both thrust and the circumferential speed of the
propeller should be expected, which leads to an increase in noise levels. At the same time, with
an increase in the diameter of the propeller and a compensating decrease in the propeller speed, in
order to maintain the condition of constant thrust, a reduction in propeller noise should be expected
due to the distribution of aerodynamic load over a larger area.

At the same time, when the power plant includes fixed-pitch propellers, an indirect effect of
the diameter of the propeller on the overall noise from the PP should be expected due to the
influence of the diameter of the propeller on the load on the engine. The higher the load, the noisier
the engine will be at the same engine speed. Note that the comparison is made for propellers with
diameters (d) of 0.486 and 0.508 m. A propeller of a smaller (by 6 %) diameter is obtained by
truncating the tip of a propeller of a larger diameter.

The radiation patterns of the total noise radiated for propellers of two diameters, measured
when the PP is operating under static conditions, are shown in Fig. 13. With an increase in the
diameter of the propeller, provided that the engine speed is constant, noise levels increase
throughout the studied range of azimuth angles by 1.3 dB in the direction of 135°. There is no
effect on the nature of the directivity pattern of total noise radiation.

— J=0.486m
2 dB d=0.508 m

OASPL, dB

»

-

\

30 45 60 75 90 105 120 135
azimuthal angle, degree

Fig. 13. The effect of the propeller diameter on the directivity patterns
of the total noise radiation (25-10000 Hz) (n, = 4860 rpm, without wing)

For the direction of the maximum of the radiation pattern of the total radiation, Fig. 14 shows
a comparison of the spectrum of sound pressure levels in the 1/3-octave frequency bands. It can
be seen that the sound pressure level of the 4th tone in the spectrum, including the 1st tone of
propeller noise, increases by 2 dB with an increasing diameter. An increase in the diameter of the
propeller leads to an increase in the load on the engine, which leads to an increase in the sound
pressure levels of the tones of the engine noise, while the greatest effect (6 dB) is observed at the
frequency of the second tone in the spectrum.

The resulting effect of reducing the propeller noise with a decrease in diameter at a constant
rotation speed is consistent with the semiempirical theory of propeller noise [51], and the obtained
directional patterns of the first harmonic of the noise of the propeller rotation under static
conditions (Fig. 13) are consistent with experimental data previously obtained by the authors for
other propeller aircraft [11, 12] and the results of numerical studies by other authors [13, 25].
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Fig. 14. The effect of the propeller diameter on the spectrum of sound pressure levels
(p = 135°,n, = 4860 rpm, without wing)

3.6. Influence of the bonnet vibrations

It is known that one of the main ways to reduce the structure-borne noise of the engine is the
installation of various bonnets [58, 59]. The Ptero-G0 engine is enclosed in the bonnet, while in
these laboratory tests it was possible to assess the effect of the bonnet on the noise of the aircraft.
It was expected that the influence of the bonnet would be insignificant, and the configurations of
the UAV without wing were compared only when the PP was operating under static conditions.

The directivity patterns of the total noise radiation of the PP are shown in Fig. 15. It can be
seen that installing the bonnet on the engine leads to an increase in the overall noise levels by
1.2-2.5 dB in the range of azimuthal angles of 45-135°. In the direction of 30°, the engine cowling
leads to a decrease in the overall sound pressure levels by 4.7 dB.

—®= with bonnet
without bonnet

4dB

OASPL, dB

30 45 60 5] 90 105 120 135

azimutal angle, degree
Fig. 15. The effect of bonnet on the directivity pattern of the total noise radiation (25-10000 Hz)
for a reduced PP power condition (n, = 4470 rpm)

The effect of the bonnet on the spectrum of the sound pressure levels of the PP in the
1/3-octave frequency bands for the direction of radiation at 120° is considered in Fig. 16. It can
be seen that installing the bonnet leads to an increase in the levels of the tonal components of the
PP noise up to a frequency of 2000 Hz. On separate tones, the increase in sound pressure levels is
10 dB. In fact, vibrations of the engine bonnet at frequencies that are multiples of the frequency
of flashes in the cylinder lead to an increase in the overall noise level of the UAV power plant.
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Fig. 16. The effect of bonnet on the spectrum of sound pressure levels (¢ = 120°, n, = 4470 rpm)

4. Conclusions

Based on the performed parametric study of a Ptero-G0 UAV, the following results were
obtained.

The dominant source of the PP noise is an internal combustion engine with a low-efficiency
exhaust muffler. The radiation of the propeller dominates at the frequency of the 4th tone in the
spectrum.

Under static conditions, an increase in the angle of pitch of the UAV from 4° to 8° leads to a
decrease in the overall sound pressure level by up to 2 dB in the direction of 60°.

An increase in the diameter of the propeller at a constant speed leads to an increase in the
circumferential speed of the propeller and thrust, as well as the load on the engine. As a result, the
intensity of the tonal components of the propeller and engine noise increases. A slight decrease in
diameter (by 6 %) led to a decrease in the total noise level by 1.3 dB in the entire studied range of
azimuth angles without an effect on the nature of the directivity pattern. Such a design solution
can be effective in reducing the degree of acoustic signature of fixed-wing propeller aircraft.

The conclusion of the engine in the bonnet without a vibration and sound insulation system
leads to an increase in the overall sound pressure levels by up to 2.5 dB in the entire range of
radiation propagation directions under consideration, with the exception of the 30° direction,
where most likely, in the absence of a bonnet, the structure-borne noise of the piston engine
dominates.

Tests of the UAV have shown that in the absence of a gearbox, it is quite difficult to separate
the noise of the propeller and the piston engine when testing full-scale aircraft. This problem is
solved in a full-scale experiment under certain assumptions. In order to separate sources at the
same frequency, it is advisable to carry out studies using other methods of loading the engine
(hydro, electric brakes, etc.) or using an electric motor as a propeller drive.

For the specific UAV under study with a low-efficiency exhaust muffler, the flight mode and,
as a consequence, the power plant operating mode will have the greatest impact on the community
noise level. Parameters such as bonnet vibrations and propeller diameter should be taken into
account when designing similar small-sized UAVs. The pitch angle of the UAV should be taken
into account when assessing the community noise of such UAVs when considering various modes
(climb, cruise flight), where the influence of this parameter will manifest itself.

The presented results can be used to validate computational methods for estimating the noise
of a propeller and a piston engine.
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