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The widespread development of unmanned aerial vehicles and light propeller-driven aircraft
poses the task of reducing the community noise of such vehicles. To solve this problem, tools are
needed to calculate the noise of such devices. The paper presents the results of the numerical
simulation of the noise of an AV-2 propeller mounted on an AN-2 light propeller-driven aircraft.
The authors use the acoustic-vortex method to solve the problem of aeroacoustic modeling of
propeller noise in the presence of an incoming flow. The paper shows a good agreement of computed
data with the in-flight experiment results and the calculation by the semi-empirical method. For
the flight mode with an airspeed of 180 km/h, the deviation of the numerical simulation results
from the experimental data does not exceed 2 dB.
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Introduction

The problem of numerical simulation of propeller noise is currently relevant due to the
following factors:

e the vast development of the subject of uncrewed aerial vehicles (UAVSs) ;
e development of advanced configurations of aircraft with a distributed power plant ;

e development of open-rotor power plants and their integration into aircraft configuration.

For all the types of aircraft described above, the problem of controlling low noise levels
to ensure certification and competitiveness is relevant. Several types of modern and promising
aircraft configurations with propellers are shown in Fig.|1| Aeroacoustic effects may appear in
the presented configurations, such as the noise of the blade-turbulent wake interaction @ ,
the noise of the vortex blade interaction, the scattering of the power plant noise on the airframe
elements E] and others. These effects must be considered when modeling aircraft noise and
when implementing noise reduction technologies .

The work aims to verify the acoustic-vortex method in modeling the noise of an isolated
propeller in the presence of an incoming flow (in-flight conditions). Preliminary verification was
previously performed based on the results of static tests of the propeller-driven power plant, and
the results are presented in .

The paper assumes that in the studied layout of AV-2 propeller on AN-2 aircraft, the
propeller in flight conditions can be taken isolated.

The article is organized as follows. Sectionpresents object of study and test procedure for
verification. Sectiondescribes the numerical modeling method, presents the main equations,
the calculated area and grid. Sectionpresents the results of numerical simulation of the aero-
dynamic and acoustic characteristics of the propeller. Sectionpresents a comparison of the
results of numerical modeling with experimental data, as well as the results of calculation using

a semi-empirical model.
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1. Object of Study and Test Procedure for Verification

The object of the study is an AV-2 propeller mounted on AN-2 light propeller-driven aircraft
(LPDA). The main parameters of the aircraft and its power plant are presented in Tab. The
general view of the aircraft and its propeller is shown in Fig.

Figure 1. Modern and advanced configurations of aircraft with propellers

Table 1. The main parameters of AN-2 light
propeller-driven aircraft

Engine ASH-621IR
Available power, kW 735.43
Displacement, 1 29.86
Compression ratio 6.4
Power-to-volume ratio, kW/1 24.62
Specific power, kW /kg 1.31
Gear ratio 0.6875
Propeller AV-2
Number of blades 4
Propeller diameter, m 3.6

The results of aeroacoustic modeling were compared with experimental data on the AV-2
propeller noise to verify the acoustic-vortex method. Flight tests of the aircraft were conducted
with level cruising flight conditions at an altitude of 100 m. Tablepresents the flight modes
considered in the framework of this work to verify the numerical solution.

The tests were conducted at the local aerodrome of the Moscow Aviation Institute (National
Research University) with an underlying surface in the form of mown grass. During tests, the
measuring microphone was located so that the sensitive membrane was parallel to the round
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Figure 2. A general view of AN-2 aircraft (a) and its propeller AV-2 (b)

Table 2. Flight modes of AN-2 light propeller-driven
aircraft for verifying the numerical solution

No. | Airspeed (V), km/h | Propeller speed (n), rpm
160 1100

2 180 1238

metal plate on the earth’s surface and was placed 7 mm from it. The microphone was installed
at a distance equal to three-fourths between the center and the edge of the plate along the radius
and perpendicular to the flight path of LPDA. This microphone installation method is used in
the certification tests of light propeller-driven aircraft. 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 10—-15 dB. The results of flight acoustic tests of AN-2 aircraft are presented in detail in .

2. Method of Numerical Simulation

2.1. Main Equations

Aeroacoustics modeling is based on decomposing compressible medium motion equations
into the vortex (vortex motion of an incompressible medium) and acoustic modes . The
velocity is the sum of the vortex flow velocity and the velocity of acoustic motion, which gives
an acoustic-vortex equation for the fluctuations of the enthalpy () in the isentropic flow of the

compressible medium:

1 0%

5 — A=V (VLU U x (Y x 1)), (1)

where a — mean sound speed, U — the velocity field of the vortex mode (pseudo-sound).
The equations of moments are used to model the vortex mode:

8gtU+V~(pU®U)=—VP+V'<(M+Mt>(2§_§(v'U)f)> (2)

and continuity
dp
o +Vi(p-U)=0, (3)
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where p — air density, P — pressure in the vortex flow, u — molecular coefficient of dynamic
viscosity, puy — turbulent coefficient of dynamic viscosity, S — strain rate tensor, T — unit tensor.

The solution methodology discussed is based on the finite volume method. The finite volume
method involves the integration of the equations of fluid motion and the transfer of scalar
quantities in partial derivatives with respect to the volumes of computational cells — polyhedra.
This ensures the conservatism of the mass, momentum, energy and other desired quantities
in the computational domain. For the finite-difference solution of the equations of the vortex
mode, the method of splitting by physical processes is used, which provides the second order
of approximation accuracy in spatial variables and the first order in time. To solve the wave
equation, an explicit method is used in time with the second order of approximation accuracy
in space and time.

The acoustic-vortex method is implemented as a beta version of the single-processor software
code FlowVision 2.5x. Currently, the development of a multiprocessor version of the acoustic-
vortex module based on FlowVision 3.12 is being completed.

The k-e turbulence model determines the turbulent viscosity with setting of solid wall bound-
ary condition in the form of “wall functions” (numerical implementation of the logarithmic law

for the velocity profile in the boundary layer).

2.2. Calculated Area and Grid

The calculation is carried out on a grid of the third level of adaptation with the number
of calculation cells of 230000. The calculation time on the Intel(R) Core (TM) i5-7400 CPU
3.00 GHz processor for solving the vortex mode equations from zero initial conditions is 40 hours.

The calculated area is a cylinder with a diameter of 20 m and a height of 20 m (Fig. .
The propeller locates in the center of the computation domain. The calculation is carried out in
a fixed coordinate system with a simulation of the propeller rotation.

Figure 3. Computation region
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In the computation study, an adapted grid of the third level is applied — near the propeller,
the cells of the initial rectangular grid are divided into eight smaller cells — this procedure repeats
three times. The computation grid in the vicinity of the propeller is shown in Fig.

(a) in the plan view (b) in the meridional plane

Figure 4. Computation grid

3. Results of Numerical Simulation

Numerical calculations were performed for two flight modes presented in Tab. This section
presents computational data on the airspeed of 180 km/h at a propeller speed of 1238 rpm.

3.1. Aerodynamic Results

The aerodynamic results are presented in Fig. [5|in the form of an instantaneous static
pressure field (Pa) in the propeller rotation plane and the meridional plane.

One can see (Fig. ) that local pressure drop zones are formed when the propeller blades
flow around. The propeller at work (Fig. ) throws off the flow and creates thrust, thus the
aerodynamic pattern of the problem under consideration is realistic.

The results of the calculated evaluation of the thrust and power of the propeller for the flow
conditions of the power plant considered in the work are presented in Tab.

Table 3. Thrust and power of the propeller according to the results of numerical

simulation
No. | Airspeed (V'), km/h | Propeller speed (n), rpm | Thrust, N | Power, kW
1 160 1100 506.8 133.8
2 180 1238 315.8 139.3

3.2. Acoustic Results

The acoustic results in the sound pressure field (Pa) of the first BPF tone of propeller
noise in the plane of rotation of the propeller and the meridional plane are shown in Fig. |§|
The distribution of the amplitude (Pa) of the first BPF tone of propeller noise in the plane of
rotation and the meridional plane is shown in Fig.
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(a) in the plan view (b) in the meridional plane

Figure 5. Instantaneous static pressure field

The presented results indicate the dipole nature of the noise emission of the propeller .
The maximum noise levels are observed in the direction of the azimuth angle of 90, which is
consistent with the directional pattern of the first BPF tone of the studied propeller obtained
under static conditions when the maximum was observed in the direction of 105 . There
are four characteristic directions of radiation maximums located symmetrically in the plane of

rotation.
=
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(a) in the plan view (b) in the meridional plane

Figure 6. Sound pressure field (Pa) of the 1st BPF tone of the propeller noise (flight direction
along the Y-axis)

The distribution of sound pressure of the 1st BPF tone at the boundary of the calculation
domain is shown in Fig.[8| The sound pressure is distributed unevenly and symmetrically on
the lateral surface, revealing four maximums. One can see that at the inlet and outlet of the
cylindrical region, the sound pressure is distributed evenly and decreases to the periphery.

4. Comparison of Calculated and Experimental Data

The comparison of calculated and experimental data is based on comparing the sound power
levels of the first three tones of the propeller noise. The evaluation results are shown in Fig. @
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Figure 7. Amplitude (Pa) of the 1st BPF tone of the propeller noise (flight direction along the
Y-axis)

Figure 8. Sound pressure distribution (dB) of the first tone at the boundary of the computational
region

for two flight modes. Additionally, the graph shows the results of the calculation performed by
the semi-empirical method .

For a flight mode with an airspeed of 160 km/h, a good agreement was obtained between
the results of numerical simulation and experimental data for the first two tones of propeller
noise. For the flight mode with a speed of 180 km/h, the deviation from the experimental data
does not exceed 2 dB.
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Note that the semiempirical method provides an acceptable calculation accuracy for solving
engineering problems. For the two presented calculated cases, the deviation of the measured and
calculated sound power levels of the above three tones does not exceed 2 dB.

According to the authors of the work, in this case, a deviation within 2 dB is a good result
of modeling the sound field of a propeller, since the measurement error of the sound pressure
level of the measuring system used is 0.7 dB. A deviation of more than 3 dB when assessing the
sound power level leads to an overestimation or underestimation of the sound power by 2 times.
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Figure 9. Comparison of sound power levels of the first three propeller noise tones obtained in
the experiment with numerical and semi-empirical modeling

Conclusions

A numerical simulation of the noise of the AV-2 propeller installed on AN-2 LPDA is per-
formed. The calculations were performed for the cruising flight modes of the aircraft with air-
speeds of 160 and 180 km /h corresponding to the propeller speeds of 1100 and 1238 rpm, respec-
tively. The description of the acoustic-vortex method, the calculation area, and the computation
grid are presented. The aerodynamic results are presented in a distribution of the instantaneous
pressure field. The acoustic results are presented in the form of a sound pressure field and the
amplitude of the first BPF tone of the propeller noise. The data indicates the dominance of
dipole noise at the frequency of the first tone, that is, noise from a steady aerodynamic load.
For the studied propeller, the thickness noise is insignificant in the flight modes considered,
consistent with well-known propeller noise theories and experimental data.

The numerical simulation results are compared with the results of the in-flight experiment
and the results of calculating the propeller noise by the semi-empirical method. The data ob-
tained in the experiment agree with the results of numerical and semi-empirical modeling. Verifi-
cation results indicate the possibility of using the acoustic-vortex method in solving the problem
of computing the noise of propellers in tractor configurations. As a parameter for comparative
evaluation, the sound power level for the first three tones at frequencies multiple of the blade
passing frequency was selected. This parameter does not depend on the distance from the source
and characterizes the propeller sound energy emission.
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The presented work continues to investigate the possibility of using the acoustic-vortex

method to simulate the propeller noise in actual aircraft configurations, considering the instal-

lation effects (blade-wake interaction noise, blade-vortex interaction noise, scattering noise of

airframe elements, etc.).
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