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Abstract. The results of the study of acoustic characteristics of aircraft radial piston engines
ASH-621R and M-14P are presented. The tests were carried out during the race of the power plants
of the AN-2 and Yak-18T light propeller-driven aircrafts under static conditions at the local
aerodrome. It is shown that the method of organizing the exhaust of a multi-cylinder engine
determines the main tone frequency. The influence of the engine power condition on the directivity
of the tonal noise components is considered. The dependences of the sound power on the engine
speed are obtained.
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1. Introduction

Currently, internal combustion engines (ICE) are used as a propeller drive for light aircraft,
helicopters and unmanned aerial vehicles (UAVs), while providing low specific fuel consumption
and long flight time [1, 2].

The aircraft noise with piston engines is a superposition of fields formed by the radiation of a
power plant [3-7] (propeller [8], piston engine [9]) and an airframe [10, 11], taking into account
aeroacoustics effects in real power plant configurations, such as the scattering of power plant noise
on airframe elements [12, 13], the noise of the “blade-turbulent wake” interaction noise for
pushing layouts [14], the “wing (pylon)-blade” interaction for pulling layouts.

In general, the role of a piston engine in the overall noise level of an aircraft will be determined
by many factors, among which we note: the power condition of the power plant, the direction of
sound radiation, the configuration of the power plant on the aircraft, the number of stroke and
displacement of the engine, the ignition method, the type of mixing, load, the presence of mufflers
in the intake and exhaust paths and bonnets, the unit of noise assessment, etc.

Modern light propeller-driven aircraft (LPDA) are certified for community noise during the
take-off power condition of the power plant, and the main methods used to reduce noise are
increasing the number of blades and installing exhaust noise mufflers [15].

For small-sized UAVs, it is important to ensure low noise levels in cruising flight mode, and
approaches to reducing LPDA noise may not be applicable due to the following circumstances:

— With an increase in the number of blades of a small-sized propeller operating at low Reynolds
numbers, one can expect deterioration in the acrodynamic characteristics of the UAV [16].

— The inability to install exhaust noise mufflers due to the mass and dimensional limitations of
the UAV.

Therefore, the study of the patterns of noise generation by aircraft internal combustion engines
in order to develop reliable methods for assessing the community noise of propeller-driven UAVs
[17] is an urgent and important task.

The purpose of this work is to study the spectral, directivity and energy characteristics of the
sound field of radial piston engines used in small aircraft as part of the power plants of light
propeller-driven aircrafts.
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2. Object of study and test procedure

The objects of the tests are radial 4-stroke gasoline engines with external mixing and
air-cooling ASH-62IR and M-14P, installed on light propeller-driven aircrafts AN-2 and
YAK-18T, respectively. The aircraft have automatic variable pitch propellers operating in a
straight line. The engines under study are low-altitude, but to improve the quality of the fuel-air
mixture and operational characteristics, drive centrifugal superchargers are installed on the
engines. Exhaust noise mufflers are not installed on engines.

The main parameters [18, 19] and engine power conditions during aircraft tests are presented
in Tables 1 and 2, respectively. It can be seen that the engines are similar in the main parameters,
which are compression ratio, power-to-volume ratio and specific power. Additionally, Table 1
provides information on the gear ratio and the number of blades of the power plants in question.
This information determines the frequencies of the tonal components of the propeller in the noise
spectrum of the power plant.

Table 1. The main parameters of the studied power plants of light propeller-driven aircrafts

Aircraft AN-2 YAK-18T
Engine ASH-62IR M-14P
Available power, kW 735.43 265
Displacement, | 29.86 10.161
Compression ratio 6.4 6.3
Power-to-volume ratio, KW/l 24.62 26.06
Specific power, kW/kg 1.31 1.24
Gear ratio 0.6875 0.658
Propeller AV-2 MTV-9
Number of blades 4 3
Table 2. Engine power conditions during tests
Aircraft AN-2 YAK-18T
Engine ASH-62IR M-14P
Power condition No. Ng, IpM
1 1100 1160
2 1300 1450
3 1500 1740
4 1700 2030
5 1900 2320
6 (nominal) 2100 2610
7 (take-off) - 2900

The reduced power conditions of power plants in the paper are understood to be modes with a
rotation speed less than when the engine is running in cruising mode. The ASH-621R engine could
not be brought to the take-off power condition, which corresponds to the engine speed of 2200 rpm
when the propeller run under static condition and the maximum power condition is the nominal
(2100 rpm). For the M-14P engine, all power conditions from idle to take-off were considered.
The actual engine speeds were determined based on the analysis of narrowband spectrum of sound
pressure levels.

The tests were carried out at the local aerodrome of the Moscow Aviation Institute (National
Research University) with an underlying surface in the form of mown grass. The sound pressure
during the tests of the AN-2 aircraft was measured at 12 points of the acoustic field located on an
arc of a circle with a radius of 30 meters and in increments of 15° (Fig. 1(a)). The center of the
arc of the circle coincided with the projection of the propeller sleeve on the earth's surface. The
direction (¢) 0° corresponded to the radiation into the front hemisphere in the plane passing
through the crankshaft, and the direction 90° corresponded to the direction of radiation in the plane
of the propeller disc. When testing the power plant of the YAK-18T aircraft, measurements were
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carried out in the following directions 0, 20, 40, 60, 80, 90, 100, 120, 140 and 160° (Fig. 1(b)).
Measuring microphones in both cases were located at the level of the earth's surface.
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Fig. 1. Scheme of the noise measurement points on the arc of a circle with a radius of 30 m,
when testing light propeller-driven aircraft

The “PORTABLE” measuring system was used for recording acoustic measurements and
subsequent data processing. Acoustic signal measurements were performed in parallel from 12
measuring channels with a sampling frequency of 51200 Hz for 30 seconds. Post-processing of
the signal within the framework of the purposes of this work included obtaining narrowband
spectrum of sound pressure levels (SPL) with a bandwidth of 1.56 Hz in the frequency range of
0.1-10000 Hz. The Hanning window with 50 % overlap was used as the Fourier transform window
for obtaining narrowband spectrum.

During the tests, atmospheric parameters (temperature, pressure and relative humidity), as well
as wind speed and direction were measured. To minimize measurement uncertainty, the aircraft
was installed in such a way that the wind direction corresponded to direction 0°. Measurements
were performed at wind speeds of less than 2 m/s. The ambient noise levels during the tests were
lower than the noise levels of the power plant in the entire studied frequency range by at least 1
0-15 dB [20].

3. Test results
3.1. Spectral characteristics of the sound field of propeller-driven power plants

The noise spectrum of the propeller power plant includes the tonal components of the noise of
the propeller at frequencies multiple of the frequency of the blades and the piston engine at
frequencies multiple of the frequency of the flashes in the cylinders. The frequencies of cylinder
(f-) and engine (f,) tones in the engine noise spectrum are determined by the ratios:

fe= %, (1)
fe = kfel, ()

where k — tone number, n, — engine speed (rpm), i — number of cylinders, T — number of strokes
in the engine (2 or 4).

Fig. 1 shows the narrowband spectrum of sound pressure levels measured during the run of the
AN-2 power plant in reduced (Fig. 2(a)) and nominal (Fig. 2(b)) power conditions. On the graphs,
the figures with the indices “p” and “c” indicate the first two tones of the propeller noise and tones
(from the 2nd to the 10th) at frequencies multiple of the frequency of flashes in the engine
cylinders, respectively. It can be seen that the first cylinder tones in the noise spectrum are masked
by the broadband component, the lower the engine speed, the fewer cylinder tones stand out
against the broadband noise. When operating at nominal mode, the power plant noise spectrum
contains tonal components between the 2nd and 3rd, 8th and 9th and 9th and 10th cylinder tones,
which are most likely due to the run of the power plant units, but it was not possible to identify
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the sources of this tonal radiation.

In accordance with Eq. (2), the 1st engine tone is the 9th cylinder tone. But the tones of the
engine noise of the highest intensity when operating in reduced power condition correspond to the
Sth and 7th cylinder tones. When running in nominal power condition, the sound pressure level of
the 2nd cylinder tone is even slightly higher (by ~1 dB) than the sound pressure levels of the Sth
and 7th tones.
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Fig. 2. Narrowband spectrums of sound pressure levels measured in direction 105°
for two different power conditions of AN-2 power plant

In the ASH-62IR engine, the exhaust is organized in such a way that exhaust gases from the
cylinders fall into the circular flame tube and then into the exhaust manifold (Fig. 3). The ends of
the circular flame tube are open, and it turns out that 7 cylinders work together for one exhaust,
and the two lower cylinders work separately and their exhaust gases go down without falling into
the common exhaust manifold.

And yet, the main tone in the noise spectrum of the ASH-62IR engine will be the 7th cylinder
tone due to the design features of the exhaust system of this engine. And the 5th cylinder tone is
most likely the main tone for two cylinders operating on separate exhausts, which is consistent
with the experimental data obtained by the author earlier when studying the noise of a UAV with
a single-cylinder 4-stroke gasoline engine [21]. The 2nd cylinder tone is most likely the main tone
for the two lower cylinders (two imaginary single-cylinder engines) running on separate exhausts.

Thus, the multi-cylinder radial engine ASH-621R can be considered as a complex noise source,
consisting in fact of three separate imaginary engines: 7-cylinder and two single-cylinder.

éH-621R engine on the AN-2 aircraft

Fig. 3. General view of the exhaust system v‘ the A

Fig. 3 shows narrowband spectrum of sound pressure levels measured during running of the
power plant of the YAK-18T aircraft in reduced (Fig. 4(a)) and take-off (Fig. 4(b)) power
conditions. The graphs, similar to the data presented in Fig. 1, indicate tones at frequencies
multiple of the frequency of the propeller blades, and tones at frequencies multiple of the
frequency of the flashes in the engine cylinders, respectively. Just as when the ASH-62IR engine
is running, the 1st cylinder tones in the noise spectrum when running at reduced modes are masked
by a broadband component.
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Fig. 4. Narrowband spectrums of sound pressure levels measured in direction 100°
for two different power conditions of YAK-18T power plant

It can be seen that the frequencies of the 1st tone of propeller noise and the 4th cylinder tone
of engine noise, the 2nd tone of propeller noise and the 8th cylinder tone, as well as the 3rd tone
of propeller noise and the 12th cylinder tone in the spectrum are close and in spectral analysis with
a given bandwidth (1.56 Hz) actually coincide. Most likely, at the frequency of the 1st tone of the
noise of the propeller and the 4th cylinder tone, the radiation of the propeller dominates when the
power plant is running in take-off power condition, but at the frequency of the 2nd tone of the
propeller noise and the 8th cylinder tone, etc., given the monotonous nature of the decrease in the
intensity of the propeller noise with the frequency, it is impossible to speak unequivocally about
the dominance of the propeller noise. At reduced power conditions (Fig. 3(a)), most likely the
contribution of the tones of the propeller noise is insignificant against the background of the ICE
noise.

The main tone of the engine when running in reduced mode is the 9th cylinder tone (1st engine
tone in accordance with Eq. (2)), and when running in take-off power condition, the level of the
2nd cylinder tone is slightly higher than that of the other cylinder tones in the spectrum.

In the M-14P engine, the exhaust is organized in such a way that exhaust gases from the
cylinders fall into two annular exhaust manifolds (Fig. 5). One collector connects four cylinders,
and the other connects five.

Exhaust

N
.. ’ 3
manifo!dé-j

Fig. 5. General view of the exhaust system of the M-14P engine on the YAK-18T aircraft

Thus, in fact, the M-1P engine is a complex noise source consisting of actually four separate
dummy engines: a 5-cylinder, a 4-cylinder and two single-cylinder.

Note the general characteristic features of the spectral characteristics of the studied 9-cylinder
radial engines:

— at reduced engine power conditions in the noise spectra, the first cylinder tones do not stand
out against the broadband noise;

— at the nominal and take-off power conditions of the power plants under study, the 2nd
cylinder tone is slightly higher in level than other tonal components in the radiation spectrum,;

— the method of organizing the exhaust of multi-cylinder internal combustion engines
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significantly affects the intensity of the tonal components in the spectrum.

As part of the tests of propeller-driven power plants, it is not possible to separate the vortex
component of the propeller noise [22] and the broadband component of the ICE noise, therefore,
further analysis of the directivity and energy characteristics of engine noise is performed for the
tonal components.

3.2. Directivity pattern of ICE noise

Fig. 6 shows the directivity patterns of the tonal components of the noise and the overall tonal
radiation of the ASH-62IR ICE for the noise tones shown in the graphs allocated in the radiation
spectrum of the power plant. It can be seen that for reduced (Fig. 6(a)) and nominal (Fig. 6(b))
engine power conditions, the maximum overall tonal radiation occurs in the front hemisphere
along the crankshaft axis (0°) and in the rear hemisphere in the direction of 135°. The maximum
in the front hemisphere is most likely due to structural-borne noise, and in the rear — the noise of
the exhaust of the ICE.

For a reduced power condition, the 7th cylinder tone determines the direction of the overall
radiation of the internal combustion engine, except for the angles of 105 and 165°, where the
contribution of the Sth cylinder tone is also significant. When running at the nominal power
condition, the directivity of the overall noise of the internal combustion engine is determined in
the range of azimuth angles 0-45° and 165° by radiation on the 7th cylinder tone, in the range of
angles 60—75° by radiation at the frequency of the Sth cylinder tone, in the range of angles
90-120° by radiation on the 5th and 7th tones, and in the directions 135-150° by radiation on the
4th cylinder tone.
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Fig. 6. Directivity patterns of the tonal components of the ASH-62IR engine noise

Sum

When running in the take-off power condition (Fig. 6(a)), the direction of the overall radiation
of the internal combustion engine in the directions of 20-120° is determined by radiation at the
frequency of the 2nd cylinder tone. The 9th cylinder tone dominates in the directions 0, 140 and
160°, and also makes a significant contribution to the overall radiation in the direction of 60°.

To assess the effect of the power condition on the directivity patterns of the overall tonal noise
of the internal combustion engine, the measurement results were brought to a normalized form
according to the expression:

AL =L, — Ly, 3)

where L, — sound pressure level measured in the direction ¢, L, — sound pressure level measured
in the direction ¢ = 0°.

The normalized directivity patterns of the overall tonal radiation of the ASH-62IR and M-14P
engines are shown in Fig. 7(a) and (b), respectively.

For the ASH-62IR engine, there is no significant change in the directivity patterns during the
transition from reduced power conditions to nominal. As previously noted, the maximum in the
front hemisphere (0°) is most likely due to structural-borne engine noise, the maximum in the rear

ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460 611



STUDY OF AIRCRAFT RADIAL PISTON ENGINES NOISE.
PETR MOSHKOV

hemisphere (135°) is exhaust noise. At the same time, the minimum noise levels are observed in
the direction of 90°. When assessing the community noise of an aircraft with this engine, it is
possible to use the radiation directivity factor obtained from the radiation directivity characteristic
averaged over all power conditions.

For the M-14P engine, one can see a significant influence of the engine speed on the directivity
pattern. The radiation maximum corresponds to azimuthal angles of 60 and 90 degrees. When
assessing the community noise of an aircraft with this engine, it is necessary to use radiation
directivity factors obtained for each characteristic (cruising, nominal or take-off) engine power
condition. At reduced power conditions, the maximum in the direction of 0° are most likely due
to structural-borne engine noise. And the maximum in the direction of 140° are most likely caused
by exhaust noise and shift to an angle of 90° with an increase in the power condition.

A significant difference in the directivity patterns of the ASH-62IR and M-14P engines is due
to:

— the difference in the methods of exhaust organization;

— the presence of the M-14P engine, in addition to the bonnet, additional controlled shutters
installed to improve the cooling of the engine cylinders in flight, which also affect the energy and
directivity characteristics of structural-borne noise.

8
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a) ASH-62IR b) M-14P

Fig. 7. Normalized directivity patterns of the overall tonal noise of piston engines
3.3. Energy characteristics of ICE noise

Based on the measured sound pressure levels on the arc of the circle, the overall sound power
level of the tonal component of the internal combustion engine noise for different power
conditions is estimated in accordance with the ratio:

s
Ly = 101g (nR2 f 10L(‘P)sin(¢)d<ﬁ>, @
0

where R — distance from the source to the microphone, L(¢) — function of the dependence of the
overall sound pressure level on the azimuth angle.

It should be noted that when calculating sound power levels, the acoustic field of the engine
was assumed to be axisymmetric with respect to the crankshaft axis, and sound radiation is carried
out into the hemisphere.

The dependences of the overall sound power levels of the ASH-62IR and M-14P engines
depending on the engine speed are shown in Fig. 8. At engine speeds over ~1500 rpm, the
ASH-62IR engine is ~2 dB noisier. This is due to almost 3 times the displacement and more
available power at the same engine speeds.

Based on the presented data, indicators of the degree of dependence of the overall sound power
on the engine speed were obtained. For the ASH-62IR engine, the indicator of the degree of
dependence is 3.9, and for the M-14P engine is 1.8. A significant difference in the degree
indicators indicates a different ratio of sources in the overall noise of engines in different power
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conditions.

If the first two reduced modes are not taken into account for the ASH-62IR engine when
evaluating the degree indicator, then the degree indicator will be 1.6, which is close to the degree
indicator for the M-14P engine.

$ 2dB =
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Fig. 8. Dependences of sound power levels on the engine speed of the ASH-62IR and M-14P engines
4. Conclusions

The results of the study of acoustic characteristics of aviation radial piston engines with similar
specific characteristics without exhaust mufflers are presented. Spectral, energy and directivity
characteristics of sound fields are considered. The significant influence of the exhaust organization
method (the number of cylinders in the engine working on one exhaust) on the spectrum and
directivity pattern of the internal combustion engine noise is shown. The obtained directivity
factors and energy dependences can be used to verify methods for accessing community noise.
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