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MODELING OF AERODYNAMIC NOISE OF QUADROTOR TYPE AEROTAXI

The subject of this work is a study of the current state of modeling the flow around the blades of quadcopters,
models of aerodynamic sound generation, formulation, and numerical solution of the problem of generation of
rotation noise by the blades of a quadrotor type aerotaxi. The models describing the flow field around the
quadrotor blades include the model of nonlinear vortices in lattices, the Reynolds-averaged Navier-Stokes
equation (RANS, URANS), the large eddy simulation method (LES), and the direct numerical simulation (DNS)
of the system of aerodynamic equations. This paper analyzes the main noise models of different types of aero-
dynamic origin. Gutin’s model is used to describe the noise of the quadrotor rotation, and the Ffowcs -
Williams-Hawkings equation in the formulation of Farassat is used to model the noise taking into account var-
ious sound sources. However, these approaches have certain drawbacks that limit their application. The fol-
lowing paper uses a modern approach to modeling noise of aerodynamic origin based on the three-
dimensional unsteady equation of sound propagation from a thin blade in the potential approximation, previ-
ously proposed by one of the authors of the work. Using this approach, a numerical calculation of the problem
of sound generation (rotational noise) of the aerodynamic origin of a quadrotor type aerotaxi was performed.
The purpose of the study. Despite the approaches described above, there is a problem associated with
achieving an acceptable noise level, i.e. its further reduction. To solve this problem, there is a need to use
more accurate models that will allow research on reducing air taxi noise. Tasks of the study. In this regard,
the task of modeling noise of aerodynamic origin was set and solved using a refined model of the sound
generated by the interaction of the flow and air taxi blades. Research methods are based on the construction
and use of a mathematical model for the generation of rotation sound generated by the joint operation of aero-
taxi rotors. On this basis, the calculations of the near and far sound fields were performed. A new model for
calculating the long-range sound field of a quadrotor type aerotaxi is proposed, which considers the mutual
formation of the resulting sound field from the joint operation of 4 propellers. The pressure coefficient and the
sound pressure level in the distant sound field were calculated, and the frequency filling of the spectrum of the
generated sound wave was investigated. Results and Conclusions. Numerical calculations of the problem of
aerotaxi rotation noise generation showed that the maximum pressure level in the generated waves is in the
immediate vicinity of the location of the quadrotor screws. However, the maximum value of the pressure level
depends on the parameters of the problem, which vary: the thickness of the blade and the speed of the horizon-
tal flight of the aerotaxi. As one moves away from the screws, the local maxima disappear and the wave takes
the form of a flat wave. The general level of generated sound (rotational noise) is in the range of 70dB-102dB,
which coincides with the results of studies of quadrotor aerotaxi, as well as taxis with the arrangement of pro-
pellers according to the aircraft type. The generated rotational noise energy is concentrated in the first 4-5
harmonics. Therefore, the noise model of aerodynamic origin proposed in this study can be used to study the
rotation noise of a quadrotor type aerotaxi.

Keywords: generation of aerotaxi rotation sound; calculation of sound field characteristics.

from helicopters of the classical single-rotor design by
the presence of several (4, 6, 8) symmetrically arranged
propellers. The placement of the propellers, the
adjustment of the blade angle to the flow, and the ability

Introduction

The need for mobile movement of small groups of

people within a few hundred kilometers naturally led to
the search for aircraft designs that can solve this
problem. One of the solutions is a quadrotor (4
propellers) air taxi, Fig. 1. Today, there are also air taxis
equipped with 6 and 8 propellers. Based on the size of
existing air taxi models, such constructions can be
classified as small aircraft. Structurally, air taxis are
built like vertical take-off aircraft. The lift is generated
by screws rotating in a horizontal plane. Air taxis differ

to rotate the propellers at different speeds allow the air
taxi to move in the horizontal plane, performing the
necessary maneuvers.

The air taxi is a relatively new type of transport,
and more and more attention is being paid to its research
and development. One of the problems of improving air
taxis is reducing the level of aerodynamic noise. This
problem is typical for helicopters and is also present in
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air taxis. Acoustic noise is a source of environmental
pollution that negatively affects the human psyche. A
number of scientists around the world are looking for
ways to reduce it. Below is a brief overview of the
current research on noise from quadcopters and
quadrotor air taxis.

Fig.1 Air taxi a quadrotor type

The existing works can be divided into three areas
of research:

1) studying the flow around the quadrotor blades;

2) modeling the noise of aerodynamic origin of the
blade-flow interaction; 3) the impact of acoustic noise
on the human psyche.

The rotational noise that is the subject of this paper
was first modelled by Gutin [1] for an aircraft propeller.
However, this model is very simplified, taking into
account only the load distribution along the blade span.
The Ffowcs-Williams-Hawkings equation [2] is based
on Lighthill's acoustic analogy, which has many
questions, i.e. it is far from perfect. The Farassat [3]
model is based on the idea of introducing artificial, non-
existent sound sources inside a rigid blade. This model
actually describes the process of sound generation by
sources that do not exist in reality. Therefore, knowing
the shortcomings of modelling the sound generation
process, the author of this paper proposed an improved
sound generation model [4], which allows studying the
aerodynamic noise from the interaction of the blade
with the air flow.

One of the important issues in mode, ling the noise
of quadrotors is the choice of an appropriate flow model
around the rotor blade and fuselage of the quadrotor.
In [5], a nonlinear method of vortices in the lattice is
used to calculate the loads on the blades. The calculated
data are used to calculate the far sound field.
Papers [6, 7] use a CFD model of increased accuracy.
The accuracy of the calculation is achieved by using
different numerical methods for solving the problem
computatiional grids, for different flow regions around
the blades of rotating propellers. Acoustic noise was
calculated based on the Farassat model.

In [8, 9] blade element theory is used as a model of
the flow around the blade. In these papers, the tonal and
broadband noise for different air taxi flight conditions is
studied. However, the blade element model used is very
simplistic, as it does not take into account compressibil-
ity and viscosity effects.

Paper [10] presents a method for calculating the
aerodynamic characteristics of a rotor propeller based
on a combination of the discrete vortex method and the
plane section method. A brief overview of the main
nonlinear aerodynamic models used to calculate flow
characteristics is given in [11]. In particular, these are
the  Reynolds-averaged  Navier-Stokes  equations
(RANS, URANS) and the method of large eddy
simulation (LES). However, these approaches are rather
simplified from the acoustic point of view: averaging
and not taking into account small changes in the flow
lead to an inaccurate physical model of sound
generation.

For example, in [12], different types of noise were
calculated: displacement noise, isolated rotor load noise,
and quadrotor noise. To model the noise, the acoustic
analogy, the Ffowcs-Williams-Hawkings equation in the
formulation of Farasat 1A, is used. It was assumed that
monopole and dipole sound sources were distributed on
the blade surface. The directivity diagrams for an
isolated rotor and for the quadrotor as a whole [12]
indicate that the noise of the quadrotor is significantly
higher than that of a single rotor. An integral approach
using the variational principle was used in [13].

The calculation was performed for a quadcopter
with a rotor radius of 6cm and a rotation frequency of
17387RPM-20133RPM. The maximum noise level was
achieved at a frequency of 600-700Hz and was about
85 dB — 97 dB. Similar studies were performed in [14].
The radius of the quadrotor rotor was 12 cm, the length
of the blade chord was 2.5 cm, and the test rotation
range was 2500RPM-8000RPM. The acoustic pressure
was calculated for different positions of the observer.
The peak noise level was about 74 dB. The acoustic
noise of the quadrotor at low heights was
experimentally studied in [15]. In particular, depending
on the flight mode (start, hover mode, flight at marching
speed, and landing), the maximum sound pressure level
was observed at frequencies of 400 Hz — 600 Hz, and
the noise spectrum showed the predominance of the
first 3-4 harmonics at frequencies from 100 Hz to
800 Hz. In [16], the rotational noise of a quadrotor is
modeled taking into account the Gutin model. An ex-
perimental study of the spectrum of mixed
electromagnetic and acoustic noise under conditions of
horizontal flight and various maneuvers, flying
altitudes, taking into account reflection, and interference
from the objects present is presented in [17]. The
dominance of noise components in different modes of
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quadrocopter operation was revealed. It was found that
the noise spectrum of the quadrocopter changes with
height. This is due to the variable properties of the
atmosphere, in particular, the presence of turbulent
phenomena. The issues of detecting quadrocopters in
urban interference are discussed in [18]. Since the noise
of quadrocopters differs from that of helicopters, the
noise level and its spectrum differ from that of
helicopters. This issue is also discussed in [18].

Recently, more and more attention has been paid
to assessing the impact of quadcopter noise radiation on
the human psyche. This paper [19] first describes the
main acoustic and operational characteristics of drones,
as an unconventional noise source compared to conven-
tional civil aircraft. In paper [20] notes that drone noise
is specific and more annoying than road noise and
aircraft noise. The impact of noise from different types
of drones (quadrotors, hexavectors) on humans was
studied in[21]. In particular, it was found that
hexavectors have a more negative impact than
quadrotors. The impact of various sources of drone-
generated noise was assessed using microphones and
numerical modulation in [22]. The effect of noise on
humans from four different types quadrocopters and the
assessment of the psychoacoustic effect was
studied [23]. This area of research is actually a
continuation of the study of the impact of helicopter
noise on the environment.

Almost all of the above studies are dedicated to
quadcopters, i.e. unmanned aerial vehicles. As for air
taxis, there are much fewer publications on this topic.
For example, paper [24] presents a CFD model of the
flow around various parts of an air taxi and studies the
mutual influence of the propellers and fuselage on the
formation of a vortex flow. Paper [25] considers the
complex problem of optimizing an air taxi flight with a
number of parameters (speed, angle of attack) under
certain constraints. This paper is a continuation of [7].

The results of the noise level study, when the
above parameters are changed,d have shown that the
noise level varies from 45 dB to 120 dB depending on
flight conditions and parameter optimization in different
scenarios. It was found that the noise of an air taxi with
1 passenger can be completely masked by the noise of
the highway at an altitude of more than 1000 feet, while
the noise of an air taxi with 6 passengers can only be
partially blocked by ambient noise.

Another interesting work is [26], which calculates
the noise of an aircraft-type air taxi. It presents three
different models: an isolated rotor configuration with 1
passenger, a full configuration with 1 passenger, and an
isolated rotor configuration with 6 belt-fats. The noise
comparison between the isolated rotor with 1 passenger
and the full configuration shows that the wvehicle
fuselage can increase the sound pressure level (SPL) by

up to 5dB. An acoustic comparison of the 1 and
6-passenger configurations shows that the maximum
difference in overall sound pressure level between the
two configurations is 14 dB. In addition, it is shown
that the noise in the single-seat and six-seat
configrations is significantly lower than that of a
conventional four-blade helicopter in horizontal flight.
The noise impact of aircraft on the population was
assessed in comparison with the background noise of
the sound field. The sound pressure level calculation
data without taking into account the full layout of the air
taxi ranged from 77 dB for one passenger to 92 dB
for 6 passengers.

1. Problem formulation
1.1. Formulation of the aerodynamics problem

To study the rotor rotation noise of quadrotors, we
use the potential flow model described by the system of
equations [4]:

ovh Ve _

azoliv(vq))—V¢(V¢.V)—2V¢7 = 0 ()

— equations of motion in potential form.

2 2 2 2
V_¢+a_=u_+a;°° (2)
2

%,
ot y-1 2

vy-1
— Bernoulli's equation.

If the shape of the blade's enveloping cross-section
is a function F, then the boundary condition on the
blade's surface is that the fluid does not flow through the
surface:

F+VvVF=0. (3)

To solve the problem of acoustics, it is necessary to
distinguish small acoustic disturbances of the flow. For
this purpose, we introduce dimensionless coordinates.

1.2. Dimensionless coordinate system,
formulation of the acoustics problem

We assume that the blades of the quadrotor screws
are subjected to a flow with a wvelocity U, which

generates small acoustic disturbances ¢ in the process

of interaction with the blades. Based on the above, the
flow potential can be represented as follows:

o=U(x+9). Q)

Let's enter the dimensionless coordinates:
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The equation describing the generation and

propagation of small sound vibrations is written in the
form [4]:

ke 2 1 kc
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o) (eY 1,

(6)

where f(&,n,C,t) is the potential of small acoustic in-

teractions associated with small perturbations of the full
flow potential by expression:

¢

c

e-f(En,E 1) = )

After simplifications, boundary condition (3) will take
the form:

—f,+efg, =-g, . (8)

Equations (6) with boundary condition (8) consti-
tute the boundary value problem for the sound potential
f(&n,&,1). It should be noted that the boundary condi-

tion (8) is set on the inner part of the boundary of the
computational domain of the sound potential. On the
outer boundary of the domain, a sphere of large radius,
the Sommerfeld radiation conditions are set. They are
taken into account in the integral expression for the far
field presented later in this paper. Since the potential is
a function of time, it is necessary to specify additional
initial conditions. Before the interaction with the blade,
the flow was undisturbed, i.e., the potential and its time
derivative are zero:

f‘r:O = f‘r‘t:O =0. (9)

2. Method of solving the problem

It should be noted that the equation for the
propagation of small disturbances (6), depending on the
domain of realization of the flow parameters, can be of
either elliptic or hyperbolic type. Therefore, standard
finite-difference schemes do not allow solving such
problems numerically. The numerical-analytical method
developed by the author [27, 28] allows for solving such
problems.

The numerical-analytical method was tested on the
problems of sound generation by a helicopter blade for
subsonic flow [29], studying the effect of blade curva-

ture and shape on rotational noise [30], studying the
noise of a helicopter rotor when the helicopter blade is
obliquely blown [31], and the effect of variation in the
cross-sectional shape along the blade span on rotational
noise [32]. In the non-stationary three-dimensional
problem, the 15-point scheme of the method was used.

3. Analysis of the sound near-field
calculation data

As a test configuration, a radius R=3M blade
with a chord ¢=0.3m was used in the air taxi. In

cross-section, the blade has a NASA parabolic profile.
As a result of the numerical solution of the above
boundary value problem, we have numerical values of
the potential and its derivatives. Since the cross-section
of the blade is a thin wing profile, the behavior in the
pressure wave of the near-sound field can be studied
using the pressure coefficient:

1
Cp:28~(k-fr+fé+§8-7»2~ffl). (10)

The pressure coefficient shows how the pressure
over the blade changes as the blade flows around the
flow. Since the pressure coefficient is a function of the
sound potential f, it reflects the intensity of sound
generation in different parts of the blade surface.

b)

Fig. 2. The pressure coefficient:
a) M=0.1;b) M=0.2
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Let us analyze the pressure coefficient calculations
made for two different specific blade thicknesses
6=0.06;0.1and two different values of the Mach

number M=0.1;0.2 corresponding to the actual

horizontal flight speeds of an air taxi. It was assumed
that the rotational speed of each propeller is
QR =220m/s.

Fig. 3. The pressure coefficient:
a) M=0.1;b) M=0.2

The curves C, in Fig. 2 (8=0.06) and Fig. 3

(8=0.1) show that the thickness blade disturbs the flow
much less than the thickness blade. The maximum level
and nature of the main series of peaks at &=0.36de-

pend on the Mach number. Thus, for Mach num-
ber M =0.2, the peaks C, have larger amplitudes and

are more densely distributed along the blade span than
in the case of M =0.1. In addition to the main series of
perturbations realized along the blade swing, additional
zones of sound generation appeared in two places at
£=0.7. At the same time, they are more pronounced

for Mach number M =0.2 than for Mach number
M=0.1.

4. Far sound field

The integral representation using the second
Green's formula is generally accepted as a model of the
far sound field. It allows, knowing the distribution of
acoustic sources on the blade surface, to describe the
sound field at each point of its existence at different
distances from the area of direct sound generation.
When deriving a representation of the far sound field,
boundary conditions on a sphere of large radius, at a
considerable distance from the blade surface, are taken
into account. These conditions are the Sommerfeld
radiation conditions [33]. Their essence is that with a
significant increase in the radius of the sphere at
infinity, the sound potential and its first derivatives tend
to be zero. At the same time, the total sound energy
remains constant if there is no attenuation in the
medium.

The distinctive feature of each such representation
is only the equation, taking into account which this inte-
gral representation is obtained. If we are talking about
the three-dimensional nonstationary propagation of
small sound disturbances from a thin body, a rotor
blade, then this representation is given in [4]:

ot =-M2[| 2 6+ 5000?85, -
S t

2M7 1| o
-5 IE s, + (10)
S t
+J. i%JrLa_R%_q,'i(i) ds
S Ron Ra, on ot on R .

In work [4], representation (10) was used to nu-
merically calculate the sound field of rotating propellers
(rotational noise). The peculiarity of this problem is that
the total far sound field is formed taking into account
the sound generation by each of the 4 air taxi propellers,
Fig. 4.

Fig. 4 Scheme of air taxi screws placement
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Therefore, the sound potential ¢ is a superposi-

tion of the sound potential of 4 rotors:

O =01+ +05+d,, (11)
where
. 1. . 1 .
4mgy =M | [E(dnx +5(1+v)(¢ix)2} dS;, -
S; t
2M7 | du
- Xt : 12
O | dsi s 12)
S; t
+I £%+ 1 ﬁ%_q,'ii(l) ds;
S»R@n Ra, on ot anRt
In equation (12), the index values i=1,....4

correspond to the four surfaces S; of the air taxi rotors.

The far field is presented in dimensional values. This is
necessary in order to perform a comparative analysis of
the values obtained as a result of the calculation with the
available experimental data. A square of size
[xxz]=[-4m;4m]x[-4m;4m], which covers the

entire area of the air taxi propellers, was selected as the
calculated area for recording the generated sound
(noise) level. This allows us to see the general picture of
the formation of the sound field over the air taxi as a
whole.

Fig. 5 and Fig. 6 show the distribution of the sound
pressure level for the case 3=0.06;M=0.1. It should
be noted that there are 4 local areas of increased sound
generation in the specified computational square. These
areas correspond to the locations of 4 air taxi rotors.
However, the mutual influence of the sound fields of
each of the air taxi rotors is such that the pressure
concentration in the area of individual rotors is slightly
higher than that of other rotors. The sound pressure
level is in the range of 70dB-85dB. The sound pressure
level decreases with increasing distance from the
calculated area.

With an increase in the Mach number M=0.2,
Fig. 7, the pressure level increased by 3dB compared to
the case of M =0.1. This indicates the direct influence
of the flow velocity flowing around the blade on the
intensity of sound generation and its level.

Increasing the relative blade thickness to the value
of §=0.1, Fig. 8-11, resulted in a significant increase in
the generated noise level to 95 dB. At the same time, the
pattern of distribution of the peaks in the sound wave
changed slightly: the peaks became more pronounced.
With increasing distance from the control surface, the
local areas of the maximum pressure level significantly

decrease, levelling out with the overall sound pressure
level. Thus, at a distance of y = 5.0 m, Fig. 9, b, the
sound wave has a shape close to a plane sound wave.
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Fig. 5. Sound pressure level, dB:
a) y=0.2m, b) y=0.5m
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Fig. 6. Sound pressure level, dB:
a) y=1.0m, b) y=2.0 m
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b) Fig. 9. Sound pressure level, dB:
a) y=2.0m, b) y=5.0 m

Fig. 7. Sound pressure level, dB:

a) y=0.5m, b) y=1.0m Increasing the Mach number toM=0.2, Fig. 10

and Fig. 11, resulted in a significant local variation of

the sound pressure level in the area of one of the screws.
100 ¢ This indicates that there is a significant non-stationarity
in the flow, which leads to sharp changes in the sound
pressure level. At the same time, the total sound pres-
sure level increased to 105 dB. With an increase in dis-
tance from the calculation area, these peaks are
smoothed out, but the total sound pressure level is 3 dB
higher than in the case of M=0.1.

Paper [26] presents data on the sound field level
from the operation of 4 propellers arranged in a single
row for an aircraft-type air taxi. There are 2 propellers
on each of the wings of the airframe. As mentioned in
the introduction, the noise from the propellers of this air
taxi ranges from 77 dB to 92 dB. The noise calculations
of the quadrotor type air taxi studied above fall within
the same noise range. Thus, the model used in this study
to calculate the noise of the aerodynamic origin of a
quadrotor-type air taxi is quantitatively consistent with
the available calculated data of close analogs of air tax-
is.
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w Another important characteristic of the generated

sound is the spectral content of harmonics. As can be

-4 seen from Fig. 12, the main energy in the radiation spec-

b) trum is concentrated in the first 7-8 harmonics for the

case of 5=0.06;M =0.1. The activation of the harmon-

Fig. 8. Sound pressure level, dB: ic near 400 Hz is also noticeable (light ridge in

a) y=0.2m, b) y=1.0m Fig. 12, a). With increasing Mach number M =0.2 and
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blade thickness 5=0.1, the sound energy is concentrat-
ed in the first 4-5 harmonics.
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Fig. 12. Frequency spectrum of a sound wave;
a) 6=0.06;M=0.1,b) 6=0.;M=0.1,
c) 6=0.LM=0.2

Discussion

The problem solved above is one of the possible
variants of modeling the rotational noise of the
aerodynamic origin of a quadrotor-type air taxi. The
three-dimensional unsteady flow model used in the
potential approximation has certain limitations.
However, these limitations relate to the vortex noise, not
to the rotational noise, which is described quite

i accurately in the potential approximation. Nevertheless,
b) the existing Gutin and Fowkes-Williams-Hawkings

models are not accurate compared to the model used in
this paper, since they do not physically correctly extract
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Fig. 11. Sound pressure level, dB:
a) y=2.0m, b) y=5.0m
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sound from unsteady flow. The solved problem does not
take into account the secondary wave reflected from the
air taxi fuselage. However, this will not affect the
maximum sound pressure level, since the reflected wave
is already significantly attenuated. This issue can be
taken into account in a further study when a model
using the secondary flow around the air taxi blade is
applied.

Conclusions

The paper analyses the studies on modelling the
flow around the blades of quadrotors and the methods
for calculating the acoustic field generated by the
aerodynamic interaction of the flow and the blades.

The problem of generating rotational noise by the
blades of a quadrotor-type air taxi is formulated and
numerically solved in the potential approximation. The
characteristics of the near and far sound fields are
studied. In particular, the pressure coefficient and the
sound pressure level in the far sound field are calculat-
ed, and the frequency content of the generated sound
wave spectrum is investigated.

The total level of generated rotational noise is in
the range of 70dB-102dB, which is quite close to the
results of studies of a quadrotor air taxi, and is also
close to an air taxi with an aircraft-type propeller
arrangement. The energy of the generated rotational
noise is concentrated in the first 4-5 harmonics. Thus,
the noise model of aerodynamic origin proposed in this
paper can be used to study the rotational noise of
quadrotor-type air taxis.

In further research, it is planned to study the noise
of air taxis generated during various malfunctions.
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MOJAEJIOBAHHS AEPOIMHAMIYHOI'O IYMY AEPOTAKCI
KBAZIPOTOPHOI'O TUITY

Ilempo JIyk’anos, Onez /lyweoa

IIpexmeTrom 1aHoi poGOTH € NOCTIIKEHHS Cy4aCHOTO CTaHy MOZENIOBAHHSA Tedii HaBKOJIO JIonaTeil KBaapo-
KOIITEePiB, MOJIeNell reHepallii 3ByKy aepoAMHAMIYHOrO TIOXO/KEHHSI, TOCTAHOBKA Ta YUCEIIbHE PO3B’s3aHHs 3a/1a4i
reHepatlii mrymy oOepTaHHS JIONATSIMUA aepOTaKci KBaAPOTOpHOro Tumy. Jlo Mojesnei, 1o ONUCyIOTh Iojie Tedii
HaBKOJIO JIOTIATEH KBaJPOTOPIB CJIiJ BIAHOCTH MOJIEIi HENiHIMHUX BUXOPIB y IpaTax, ocepeIHeHoro 3a PeiiHoib -
nem piBasHHs Has’e-Ctokca (RANS, URANS), meton mozestoBannst Benukux Buxopi (LES), a takox npsime uu-
cenbHe MonemtoBanHs (DNS) cucremu piBHSHb aepojnHaMikk. B poOOTI BUKOHAHO aHAi3 OCHOBHHX MOJEJCiH
LIYMY aepOANHAMIYHOrO MOXODKEHHS pi3HOro Tumy. g onmcy mymy oO0epTaHHS KBaJpOTOpa KOPUCTYIOTHCS MO-
nemto ['yriHa, a 17 MOJETIOBAHHS IIYMY 3 YpaxyBaHHSM Di3HHX 3BYKOBHX JDKEpET BUKOPHUCTOBYIOTH PIBHSHHS
doykc-Yinbsimca-Xoykinrca y ¢popmysroBanHi ®apaccara. OfHak i MiIX0JU MAIOTh MEBHI HEIOMIKH, 10 0OMe-
JKYIOTh 3a3Ha4yeHl MOJIelli y 3aCTOCYBaHHI. Y HaBeJeHiil Hik4ye poOOTi BUKOPUCTAHO CYYaCHUH IiJIXiJ] MOACIIOBAH-
HS IIYMY aepOAMHAMIYHOrO MOXO/PKEHHSI HAa OCHOBI 3-X BHUMIPHOTO HECTAIlIOHAPHOTO PIBHSHHS TMOIIUPEHHS 3BYKY
BiJI TOHKOI JIONATI B TIOTEHIIHHOMY HaOMMKeHHI. BUKOPUCTOBYIOUN JTaHWil Mi/IX1]l, BAKOHAHO YHCEIbHUN pO3paxy-
HOK 3aj7adi TreHeparii 3ByKy (IIymMy OOepTaHHS) aepOIMHAMIYHOIO ITOXOKEHHS aepoTaKci KBAaAPOTOPHOT'O THUITY.
Merta gocaigxkenHs. He3paxkaroun Ha ommcaHi BUIIE MiAXOIM, iICHYE mpoOiieMa, TTOB's13aHa 3 JOCATHEHHAM MPUHHS-
THOT'O PiBHS IIyMY, TOOTO HOTr0 MOJANBIINM 3HIKEHHAM. /711 BUpieHHS 1iel Tpo0ieMu iCHye HeOoOXiqHICTh BUKO-
pUCTaHHS OLITBII TOYHUX MOJENEH, SKi JO3BOJSATH MPOBOAUTU JOCTIKCHHS OO0 3MEHIICHHS IIyMy aepoTakci.
3agaui mociaigkenns. Y 3B's3Ky 3 1M Oyira TIOCTaBJICHA i BUpIIIEHA 3a7ada MOJICTIOBAHHS IITyMY aepOANHAMIYHO-
'O IIOXO/DKEHHS 3 BUKOPUCTaHHIM YTOYHEHOI MOJEN 3BYKY, IO T€HEPYEThCS MPH B3a€MOIT MOTOKY 1 Jonateit mo-
BiTpsiHOTO Takci. MeToau A0c/TiIsKeHHsI 3aCHOBaHI Ha TMOOYIOBI Ta BUKOPUCTaHHI MaTeMaTHYHOI MOJIEITi TeHepa-
1ii 3ByKy oOepTaHHS, 110 TEHEPYETHCS CIITFHOI0 POOOTOI0 POTOpPiB aeporakci. Ha ii OCHOBI BUKOHAHO PO3pPaxyHOK
OJIMKHBOTO Ta JaJbHBOIO 3BYKOBHX IIOJIIB. 3alPOIIOHOBAHO HOBY MOJIENb PO3PAXyHKY 3BYKOBOI'O HaIbHBOT'O MOJIS
aepoTakci KBaJPOTOPHOTO THITY, 1[0 BPAXOBYE B3aeMHE (DOPMYBAHHS PE3YIBTYIOUOTO 3BYKOBOTO TIOJSI BiJl CITIIIEHOL
pobotu 4-x rBUHTIB. BUKOHaHO pO3paxyHOK KoedillieHTa THCKY, PiBHS 3BYKOBOT'O THCKY B JallbHROMY 3BYKOBOMY
TOJTi, JIOCHI/PKEHO YacTOTHE HANlOBHEHHS CIIEKTPa 3BYKOBOI XBHUII, IO T€HEpYyeThCA. Pe3yabTaTH Ta BHCHOBKH.
UwmcnoBi po3paxyHKH 3a/adi TeHepallii IryMy 0OepTaHHS aepOTaKCi MOKa3alH, 0 MAKCUMYMH PiBHS THCKY B XBHIII,
0 TEHEPYIOTHCS, 3HAXOMAThCA B Oe3MOocepeHiid OIM3BKOCTI BiJl pO3TAallyBaHHS TBHHTIB KBagporopa. OqHaK 3Ha-
YeHHS MaKCHUMYMIB PiBHS THUCKY 3aJICKHUThH BiJ TapaMeTpiB 3a[adi, 0 BapilOIOTHCS: TOBIIUHM JIOTIATI 1 MIBUAKOCTI
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TOPU30HTAIILHOTO IIOJILOTY aepoTakci. Y Mipy BiJUIajeHHs BiJ TBHHTIB JOKaJbHI MakCUMYMH 3HHKAIOTh 1 XBHJISL
HaOyBae (hopMHM IIIOCKOT XBHWJI. 3arajbHUM pPiBeHb T'€HEPOBAHOTO 3BYKY (IIyMy O0OepTaHHS) 3HAXOJUTHCS B MEXKax
70 nb -102 nb, 1o 36iraeThest 3 pe3yabTaTaMu JIOCHIPKEeHb KBaJIPOTOPHOIO aepPOTAKCi, a TAKOXK TaKCl 3 PO3TaIIy-
BaHHSM TBHUHTIB 3a JITaKOBUM THIIOM. EHeprist mymy oOepTaHHS, IO T€HEPYETHCS, 30CepelKeHa y repmmx 4-5
rapMmoHikax. OTxe, 3aIporoHoBaHa y poOOTi MOZENb IIyMy aepOANHAMIYHOTO ITOXO/KEHHSI MOXKE OyTH BHUKOpPHC-
TaHHS JIJIs1 BUBYEHHS IIyMY 00€pTaHHs aepOTaKci KBaAPOTOPHOTO THUITY.
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