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EVALUATION OF THE SCATTER OF LIQUID LAUNCH VEHICLE
POGO OSCILLATION AMPLITUDES DUE TO THE INFLUENCE
OF THE SCATTER OF INTERNAL FACTORS

Almost all liquid launch vehicle developers faced the problem of ensuring stability in relation to POGO oscillations. The level of POGO
amplitudes oscillations of the launch vehicle can be significantly affected by the scatter of internal factors. The study aims to create a
mathematical model that can determine the range of POGO amplitudes in liquid launch vehicles. This will be demonstrated through
the example of the Dnipro launch vehicle, which is affected by a variety of internal factors that cause its POGO amplitudes to vary.
We developed the non-linear non-stationary mathematical model of POGO oscillations of the prototype of the Dnipro space launch
vehicle. The model is built by taking into account the two lower vibration modes of the LV structure, two lower oscillation modes of
the oxidizer feedline, and the first oscillation mode of the fuel feedline of the propulsion system. Modeling of dynamic processes was
conducted in a combination of four liquid rocket engines based on the schematic of the staged rocket engine. The simulation takes into
account cavitation phenomena in the engine pumps and delay times in the gas generators’ chambers. We have developed a method for
determining the scatter of the POGO oscillations caused by the action of internal factors, which is based on the use of the LP_uniformly
distributed sequences. As internal factors, the frequencies, decrements, and shapes of LV structural oscillation modes, the values of
pressurization of the propellant tanks, and the engines’ specific thrust impulses were considered. Based on the results of the calculations,
the dependence of the POGO amplitudes in two regions of LV instability was determined, and the lower and upper enveloping curves
for the POGO amplitudes were constructed. It is shown that the maximum POGO amplitudes oscillations in the first region of instability
lie in the range from 0.23 g to 0.72 g and in the second region of instability — from 0 g to 0.60 g. Variants of combinations of internal
factors, which provided the largest and smallest values of POGO amplitudes, were analyzed. This made it possible to determine the
internal factors, the scatter of which has the greatest effect on the POGO amplitudes scatter: frequency, decrement, shape coefficients
of oscillations of the oxidizer feedlines and the LV Ist mode structural longitudinal oscillations in the payload cross-section.

Keywords: liquid-propellant launch vehicle, POGO oscillations, liquid-propellant rocket propulsion system, mathematical modeling,
internal factors, scatter of amplitudes of longitudinal vibrations.
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INTRODUCTION

An integral component of the complex of prob-
lems solved in the case of creating liquid-propellant
launch vehicles (LVs) is ensuring their longitudinal
stability (POGO phenomenon). All developers of
medium and heavy-class Vs have encountered this
problem in the USA [23], in the USSR [7], in the
European Union (France) [2], in Japan [27], in Chi-
na [22], and in South Korea [4]. An increase in the
amplitudes of longitudinal vibrations of the launch
vehicle structure, which occurs during the loss of
LV POGO stability, poses a threat to the integrity of
structural elements and the execution of the LV flight
program as a whole. In addition, as indicated in [11],
despite the presence of general patterns inherent in
the POGO phenomenon, each of the cases of loss of
POGO stability of new launch vehicles has its own
characteristics and is realized in a unique form. Cur-
rently, the creation of liquid launch vehicles is always
accompanied by an analysis of their POGO stabil-
ity and the development of measures to eliminate
POGO vibrations (in case of LV instability) [3]. The
most common means of eliminating the POGO in-
stability of the launch vehicle or reducing the ampli-
tudes of the POGO vibrations of the LV structure to
acceptable values is the installation of POGO sup-
pressors [19]. Such a planned and consistent solu-
tion to the problem of ensuring POGO stability was
implemented during the creation of the Zenit liquid-
propellant launch vehicle [15].

Currently, the development of methods for analyz-
ing the POGO stability of liquid launch vehicles is
directed towards a more detailed and complete ac-
count of physical processes and phenomena in the
model of LV longitudinal vibrations. Thus, in [26],
for analyzing the LV POGO stability, the propulsion
systems of two propellants are studied. In [28], to take
into account LV design features in more detail and
simplify calculations, the main physical elements are
divided and combined into nine types of generalized
elements. In [29], to improve the results of POGO
analysis, a method for three-dimensional modeling
of a tank near the intake device was developed. In
work [5], a finite element model of a coupled “pro-
pulsion — rocket structure” dynamic system was de-
vised for POGO analysis. In [6], special attention is

4

paid to taking into account cavitation phenomena in
pumps based on the results of experimental studies.

Theoretical analysis of the POGO stability of lig-
uid launch vehicles and the selection of parameters
of POGO suppressors (if necessary) are carried out
based on a study of the “LV structure — propulsion
system” linear dynamic system. The corresponding
linear mathematical model of POGO oscillations of
the launch vehicle describes a wide range of physical
processes and phenomena of various natures that oc-
cur during LV flight in the LV structure at different
filling levels of its propellant tanks and in the pro-
pulsion system [24]. This mathematical model is very
complex [19]. To determine the amplitudes of POGO
oscillations of the launch vehicle, we need a nonlin-
ear dynamic model of the “LV structure — propulsion
system” that accounts for the effect of limiting the
growth of the POGO vibration amplitudes due to the
system’s nonlinearity. The nonlinear model is more
complex than the linear one and must also be non-
stationary since the parameters of the longitudinal
modes of the launch vehicle structure change signifi-
cantly over the flight time [10, 11].

Due to the extreme complexity of developing a
nonlinear model of POGO vibrations, the use of the
model is observed in unique cases. These include the
determination of the amplitudes of longitudinal vi-
brations of the Cyclone [10] and Dnepr [11] launch
vehicles. Currently, the use of nonlinear models of
longitudinal vibrations is justified in the case of mod-
ernizing existing launch vehicles that had acceptable
values of the amplitudes of POGO vibrations.

Modernization of existing L'Vs for their commercial
use requires significantly less time, material, and finan-
cial resources than the creation of new LVs. As a result
of this modernization, the “Cyclone” and “Dnepr”
liquid-propellant launch vehicles were developed by
the Yuzhnoye Design Bureau and produced by the
State Factory “Production Union Pivdennyi Machine-
Building Plant named after O. M. Makarov” [1]. The
prototype rockets of these launch vehicles were unsta-
ble to POGO vibrations, but the amplitudes of these
vibrations had acceptable values [10, 11].

The modernization of these LVs is usually accom-
panied by an increase in the mass and dimensions of
the payload and can lead to an increase in the ampli-
tudes of POGO oscillations and an increase in their
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permissible level [12, 14]. However, before the launch
of the modernized LV, it is possible to estimate the
amplitude of POGO oscillations only by computa-
tion [10, 11].

Note that the POGO amplitudes of the LV oscil-
lations are significantly influenced by a number of
internal factors, the scatter of which can significantly
change the value of the parameters of the POGO
vibrations of the launch vehicle. Such factors in-
clude the frequencies, shapes, and decrements of the
natural longitudinal vibrations of the launch vehicle
structure, the characteristics of the pressurization of
its propellant tanks, and the characteristics of liquid
rocket propulsion systems (LRPU). The variations in
these factors are due to technological reasons, varia-
tions in the tank filling level, temperature and pres-
sure of propellants, variations in the level of pressur-
ization of propellant tanks and engine thrust.

The purpose of the article is to develop a mathe-
matical model and determine the scatter of POGO
amplitudes of liquid-propellant launch vehicles for
the case of the Dnepr launch vehicle (as the model
example), caused by the scatter of a set of internal
factors.

1. MATHEMATICAL MODEL OF POGO
OSCILLATIONS OF THE LAUNCH VEHICLE

In this work, the determination of the scatter in the
amplitudes of POGO vibrations of liquid launch ve-
hicles, caused by the scatter combination of internal
factors, was carried out using the example of the pro-
totype rocket of the Dnepr space launch vehicle [1].
During flight tests of this launch vehicle, it was found
that in the active part of its flight during the propul-
sion system operation of the LV stage I there are two
ofthe POGO instability time intervals (see Fig. 1). In
the first time interval (from 1 s to 30 s of LV flight),
the frequencies of POGO vibrations were in the
range from 9 Hz to 12 Hz. In the second time interval
(from 70 s to 100 s of flight), the oscillation frequen-
cies were in the range of 15 Hz to 20 Hz. The maxi-
mum recorded values of the POGO structure ampli-
tudes of the acceleration oscillations in the rocket’s
instrument compartment were 0.6 g in the first time
interval and 0.20 g in the second time interval.

The layout diagram of the LV 1st stage propulsion
system under consideration is shown in Fig. 2. Its
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Figure 1. Experimental frequencies () and amplitudes of the
LV POGO acceleration oscillations (b) vs. the flight time of
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clustered propulsion system includes four main en-
gines, designed according to the rich-oxidizer staged
propulsion schematic. The engines are supplied with
oxidizer from a common main pipeline. Fuel is sup-
plied to the engines by autonomous pipelines.

Each engine includes an oxidizer pump (in Fig. 2
designated by pump O) and first- and second-stage
fuel pumps (pump F, pump 2F), which are located
on the same shaft of the turbine. The working gas for
operating the turbine comes from the gas generator,
where gasification of the entire oxidizer and combus-
tion of the fuel, coming from the second stage fuel
pump, occurs. After performing work on the turbine,
the generator gas enters the combustion chamber
through the gas duct, where it interacts with the main
fuel flow and creates engine thrust. At the inlet to
pumps O and F, the ejector pumps O and F (jet pump
O, jet pump F) are installed to increase the cavitation
margins of the main pumps O and E The active fluid
for the operation of the ejector pumps is taken from
the outlet of the main pumps O and F. Presented in
Fig. 2, filling levels H,, and H,, of the O and F
tanks are variable during the LV flight. The projec-
tions of the feedlines O and F onto the vertical axis
are indicated by h,,, h,,,and h, .

In this work, the elastic longitudinal oscillations
of the LV structure as a part of the “LV structure —
propulsion system” dynamic system were described
according to the basic principles outlined in the work
[9]. The two lower modes of the longitudinal vibra-
tions of the LV structure were taken into account,
the frequencies of which are in the same frequency
range as the frequencies of the two lower modes of
the oxidizer feedline and the frequency of the first
oscillation mode of the fuel feedline of LV propul-
sion system. The equations of the forced longitudinal
oscillations of the LV structure relative to the flight
path time for the i-th mode of structural oscillations
have the form
dzz,. . o,(t)d,(t,n,) dz, N B,(t)oR,

dr’ n m, (t)
where z, is the longitudinal deviation of the /-th gen-
eralized coordinate of the LV structure relative to the
position on the flight path, t is the LV flight time,
o,(t) is the cyclic frequency of the i-th mode of the
longitudinal oscillations of the LV structure, B,(¢) is

6

o (t)z, = , (1)

the shape of the i-th mode of the longitudinal oscil-
lations of the LV structure at the place of attachment
of the propulsion system, R, is the deviation of the
total propulsion system thrust of the LV first stage,
caused by the POGO oscillations of the LV, m (t) is
the reduced mass of the mode of the longitudinal os-
cillations of the LV structure, §,(t,n,) is the depen-
dence of the decrement of the i-th mode of the lon-
gitudinal oscillations of the LV structure on the flight
time and the amplitude of the oscillations, which was
set as follows:

8,(t, n,)=38,(t)+a-n,’, 2)
0,(t) — the dependence of the decrement of the
i -th mode of the longitudinal oscillations of the LV
structure on the flight time, a is a constant coefficient
determined from experimental data (a = 0.044).

The characteristics o,(¢), 6,(t), B,(t) and m ()
were determined for different values of the LV flight
time according to work [9]. In this work, linear equa-
tions of longitudinal vibrations of the LV structure
similar to (1) were used. The dependence of the
decrement of longitudinal vibrations of the launch
vehicle structure on the flight time and amplitude
of vibrations §,(t, n,) are significant nonlinearities
in the problem of longitudinal vibrations of liquid-
propellant rockets [11]. Their use turns the equations
of longitudinal vibrations of the launch vehicle struc-
ture into nonlinear ones.

It was believed that the deviation of the engine
thrust SR, is proportional to the deviation of the
pressure in the engine combustion chamber

6Rz th(Pc_pc)/Pc > (3)
where p_, p, is the current and nominal pressure in
the chambers of the cruising engine, R, is the total
propulsion system thrust of the LV first stage.

Modeling of fluid dynamics in feedlines, taking
into account wave processes in the fluid, was carried
out using the impedance method [16]. At the same
time, the equivalence of models with distributed and
concentrated parameters was ensured in the frequen-
cy range covering the frequencies of the two lower
modes of the liquid natural oscillations.

The interaction of fluid oscillations in the engine
feedlines and the vibrations of the rocket structure
were taken into account in the equations of motion
of the propellant in each section of the feedline:
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2
JJ+

p‘+ p
j+l j ,Y]

+yjhj(n (t)+ J Jdt]’ 4)

where j is a pipeline section number, p;, pj., are
the pressure at the pipeline boundaries, a e J] are
coefficients of hydraulic and inertial pressure losses,
G]. is the propellant flowrate at the j-th section of
the pipeline, Y; is the propellant specific weight,
h]. is the height of the liquid column in the pipeline
section; n_ (¢) is the dependence of the overload of
the LV center of mass on the flight time, which is
determined by the results of ballistic calculations; g
is the acceleration of gravity, f3, j(t) is the dependence
of the coefficient of the form of the j-th mode of the
structural natural longitudinal vibrations on the time
of flight for the j-th section of the pipeline, k is a
number of considered modes of natural longitudinal
oscillations of the LV structure.

Mathematical models of liquid rocket engines
(LREs), used in the modeling of longitudinal oscil-
lations of the launch vehicle, describe the dynamics
of LREs at steady-state operating modes. The re-
quirements for these models are significantly lower
than for the models that describe the LRE dynamics
in transient modes — in particular, at engine start-
up and shutdown modes. However, a large number
of various dynamic processes of different natures
are observed even in steady-state engine operation
mode. Mathematical modeling of these processes
is the most difficult in the development of the “LV
structure — propulsion system” dynamic system [3,
5]. The mathematical model of LRE low-frequency
dynamics should describe liquid flows taking into ac-
count wave processes, subsonic and critical gas flows,
thermophysical processes of gas formation, ignition
and combustion in the gas generator and combustion
chamber, mechanical processes during the opera-
tion of the turbopump unit, flow regulator and other
units. Often, systems of equations describing low-
frequency engine dynamics contain hundreds of dif-
ferential and algebraic equations [18, 21].

A special place in the modeling of LRE dynamic
processes is the taking into account cavitation phe-
nomena in engine pumps. Due to their great flexibil-

=URRP TS

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2024. T. 30. No 3

ity, cavitation cavities with a relatively small volume
completely change the LRE feedlines’ oscillation
frequency. Taking into account cavitation phenom-
ena in engine pumps has been consistent with the
hydrodynamic model of cavitation pumps [16] with
the results of the current experimental results from
work [13]. In this case, the same form of equalizing
the cavitation dynamics and equalizing the dynamic
pressure at the outlet of the cavitation pump, like in
the paper [17], was established:

1+a )ﬂ:GI—GZ iR, dG, iR, dG, ’
Pt C, dt dt
~ dG
p2:p1+pp.pp(‘/b)_]p dt2 5 (5)

where p,,G, are the pressure and fluid flowrate at
the pump inlet, p,,G, are the pressure and liquid
flowrate at the pump outlet, Py f)P(Vb) are the
pressure and cavitation function of the pump, V,
is a cavitation volume, J , is the coefficient of liquid
inertial resistance in the flow part of the pump, o, is
a dynamic coefficient

a,= a(BlTb)/apl (G, -G,);

C,= —y/ B, is cavitation compliance, R
are cavitation resistance coefficients:

BZ(pl’Gl) :apl/aGl >
R, =B,-B, -Tb/y+6pbd/8G -3(BT,)/0G,(G,-G,),

=BT, / Y;
B, T, — elasticity and the time constant of cavitation
cavities, y is the specific gravity of the liquid, p,, is
the pump breakdown pressure.

In LREs, based on a rich-oxidizer staged combus-
tion schematic, the operating process in the gas gen-
erator must be described in terms of conversion time
delay (of liquid propellant to combustion products)
and the residence time of the gas in the ignited vol-
ume of a gas generator

(20 Rb2’ B

dp (RT). . .
a v, CwtCw G
“ . (6)
(RT),, = f(ky), ky G‘fg" ,
wf
dG’ dG»
& _g8°+G” =G, Y .G =G, (7
K 7 w = O ()
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*

L dRT), *
T8 -T+(RT)gg=(RT)gg, @®)

Kgg+l

2
2 K K
6ok, g Pu P {P_] ‘ (P_] “ |
Kg —1 (RT)gg Dy Dy

)
where p,, (RT) « > K are the pressure, efficiency,
and adiabatic index of combustion products in the
gas generator, Vgg, Fgg are the volume and critical
cross-sectional area of the gas generator, kgg is the
propellant ratio in the gas generator, Gggo , G o ATe
flowrates of liquid propellant components in the
LRE gas generator; G, is the gas flowrate at the
gas generator exit, Py is the gas pressure in the
gas pipeline, t¥ is a time of conversion of liquid
propellant components into gaseous ones, T is the
residence time of combustion gases in the generator.

Operation processes in the gas manifold are de-
scribed by a system of equations similar to system
(6)—(9).

For rich-oxidizer staged propulsion engines, tak-
ing into account the time delay of propellant gasifi-
cation and the gas residence time in equations of the
gas generator dynamics and the gas manifold is man-
datory. It is important that, in such engines, the gas
generator, gas duct, and turbopump unit create an
additional closed internal engine combustion circuit.
The time of mixing and the gas residence time ¥,
¥ in the gas generator and gas manifold ¥, ¥,
as well as the moment of turbopump unit rotor iner-
tia, determine the frequency of the oscillating circuit.
This circuit can strongly influence the engine gain
factor, and errors in determining its characteristics
can distort the results of determining the amplitudes
of longitudinal oscillations. Delays in the equations
of the dynamics of the combustion chamber do not
have a noticeable effect on the engine dynamic gain
since their values are much smaller, and the combus-
tion chamber is not included in the specified circuit
[18]. Work processes in the combustion chamber are
described by a system of equations similar to (6)—
(9), but without taking into account delays.

The complete system of equations (1)—(9), de-
scribing the POGO vibrations of the analyzed launch
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vehicle, contains more than 100 ordinary differential
equations with variable coefficients, while the dy-
namic processes of each of the four rocket engines
are modeled separately.

2. INTERNAL FACTORS INFLUENCING
THE SCATTER OF AMPLITUDES OF POGO
OSCILLATIONS OF THE LIQUID LAUNCH VEHICLE

Due to the uniqueness of the realization of the loss
of POGO stability by different liquid LVs, the list of
internal factors that affect the spread of amplitudes
of POGO oscillations in each specific case may be
different. In addition, the list of internal factors also
depends on the calculation scheme and the content
of the mathematical model of POGO oscillations of
the launch vehicle.

In particular, in the “LV structure — propulsion
system” dynamic system, the longitudinal oscilla-
tions of the LV structure can be modeled on the basis
of various calculation schemes. If the modeling of the
POGO oscillations of the rocket is performed taking
into account the individual longitudinal modes of
its structure (as in this case), then in the calculation
scheme, the elastic oscillations of the structure are
simulated by their mechanical analogues — several
oscillators with damping — and are described ac-
cordingly by several equations of oscillating links. In
this case, the internal factors influencing the ampli-
tudes of POGO oscillations of the LV on the part of
the structure are the frequencies, decrements, and
shapes of its natural longitudinal oscillations. If a
more detailed calculation scheme of the LV struc-
ture is used in the modeling of the POGO oscilla-
tions, in which it is represented by a branched chain
or a complex multi-link system of finite elements (for
example, [8]), then such factors are the elastic-mass
characteristics and damping coefficients of the oscil-
lations of these elements.

Internal factors should also include propellant
tank pressures, which scatter of values affects cavita-
tion phenomena in pumps and changes the natural
frequencies of liquid oscillations in engine propul-
sion systems with oxidizer and fuel feedlines.

In [20], the influence of such internal factors as
the temperature of the combustion products in the
gas generator and the combustion chamber of the
engines, the efficiency and pressure of the pumps,
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the area of the nozzle apparatus of the turbines, etc.,
are considered. It shows that the number of inter-
nal factors that significantly affect the thrust scatter
of an engine installation can number several dozen,
especially if the engine installation includes several
engines. In this work, when determining the scatter
of the POGO amplitudes of the LV, as internal fac-
tors related to the engines, we will consider only the
specific thrust impulses J of the engines, which inte-
grally contain the above-mentioned internal factors.

Let’s assume that each of the engines, which is
part of the clustered propulsion system, despite some
geometric and operation mode differences of these
engines, provides a given thrust P thanks to the LV
control system. This can be achieved by changing the
amount of propellant flow rates through the engines.
From the formula for determining the specific im-
pulse ] =P/ Gy (where Gy is the total propellant
flow rate through the engine), it is possible to deter-
mine the relationship between the scatter of the val-
ues of the specific impulse 8]/ and the scatter of the
total propellant flowrate 3Gy

8] =—(P/G3)3Gy
or
3Gy =—(Gs./ P)J] .

In addition, we believe that during the propulsion
system operation of the LV Ist stage, the flow rate ra-
tio k=G, /G, isensured (where G,,G, are the flow
rates of the oxidizer and fuel through the engine).
Then the scatter of the oxidant and fuel flow rate val-
ues will be determined by the relations

3G, =6Gz/(1+1/k)
and
SGF=SGZ/(1+k).

Scatters of values of the specific impulse of the
engine traction are determined by regulatory docu-
ments. Using them, we will get the propellant scat-
ters of 8G, and 6G,, which can easily be used in
the mathematical model of the “LV structure — pro-
pulsion system” dynamic system to determine the LV
POGO amplitudes.

Table 1 presents the most significant internal fac-
tors, the effect of which was taken into account for
determining the scatter of POGO amplitudes of the
analyzed LVs, and their marginal deviations.
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Figure 3. The first mode of longitudinal vibration shape of the
launch vehicle structure at the payload section vs. the flight
time of the launch vehicle first stage (experimental data and
curve used in calculations)
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Figure 4. The first mode decrement of the of longitudinal vi-
brations of the launch vehicle structure vs. the longitudinal
vibrations amplitude (experimental data and curve used in
calculations)

Determining the scatter of internal factors is a
separate task in general. In this work, the assessment
of their limit values was carried out as follows. The
scatter of natural frequencies of the longitudinal vi-
brations of the LV structure was estimated according
to experimental data (see Fig. 1, @) and was 0.5 Hz.
Fig. 3 presents the experimental values and the cal-
culation curve of the dependence of the oscillation
shape of the I mode of the longitudinal oscillations of
the LV structure in the cross-section corresponding
to the location of the LV payload, on the time of the
rocket flight. The maximum scatter of its values, as
well as the scatter of the values of other shapes of the
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Table 1. Internal factors taken into account for determining the scatter of POGO amplitudes of the LV

No Name of the factor Limit deviations Marking

1 | The natural frequency of the 1st mode of the longitudinal oscillations +0.5 X,
of the LV structure, Hz

2 | The natural shape of the 1st mode of the longitudinal oscillations +10 X,
of the LV structure, which corresponds to the oxidizer feedline, %

3 | The natural shape of 1st mode of the longitudinal oscillations +10 X3
of the LV structure, which corresponds to the oxidizer tank, %

4 | The natural shape of 1st mode of the longitudinal oscillations +10 X4
of the LV structure, which corresponds to the fuel tank, %

5 | The natural shape of 1st mode of the longitudinal oscillations +10 X
of the LV structure, which corresponds to the LV payload, %

6 | The decrement of the first mode of the natural longitudinal oscillations +40 Xg
of the LV structure, %
Pressure in the oxidizer tank, bar +0.25 X5

8 | Pressure in the fuel tank, bar +0.20 Xg

9 | The oxidizer flow rate through the engine Ne 1, % +4.0 Xg

10 | Fuel flow rate through the engine Ne 1, % +4.0 X0

11 | The oxidizer flow rate through the engine Ne 2, % +4.0 X

12 | Fuel flow rate through the engine Ne 2, % +4.0 X5

13 | The oxidizer flow rate through the engine Ne 3, % +4.0 X3

14 | Fuel flow rate through the engine Ne 3, % +4.0 X4

15 | The oxidizer flow rate through the engine Ne 4, % +4.0 X5

16 | Fuel flow rate through the engine Ne 4, % +4.0 X6

form of the I mode of the longitudinal vibrations of
the LV structure (see Table 1), was taken to be equal
to 10 % of the calculated nominal values. Experi-
mental data and calculation curve (see Fig. 4) regard-
ing the dependence of the decrement on the POGO
amplitude of oscillations were used to estimate the
scatter of the values of the decrement of the I mode of
the longitudinal oscillations of the LV structure. Ac-
cording to this estimate, the maximum scatter of the
values of the decrement of oscillations is 40 %. Scat-
ters of pressures in propellant tanks (as well as scat-
ters of the specific thrust impulse or propellant flow
rates) were determined by regulatory documents.
The calculations showed that for the considered
internal factors, the frequency and decrement of the
longitudinal oscillations of the LV structure, as well
as the shapes of natural longitudinal oscillations cor-
responding to the location of the oxidizer feed feed-
line, have the greatest influence (within the speci-
fied scatter) on the scatter of the POGO amplitudes.

10

The pressures in the tanks of the propellants and the
specific thrust impulses of the engines have the least
influence. The degree of influence of the specified
internal factors was assessed based on the results of
calculations of the POGO amplitudes at extreme
changes in the values of each individual parameter,
according to Table 1.

3. THE METHOD OF DETERMINING
THE SCATTER OF INTERNAL FACTORS

Let’s assume that the nonlinear mathematical model
of the “LV structure — propulsion system” dynamic
system, based on which the POGO amplitudes of the
liquid LV are evaluated, contains # internal factors
o,,....a., . The set of points A, with Cartesian
coordinates . ;,...,a,; forms an n-dimensional
space of parameters. In fact, the values of the
parameters o ,...,0, change within limited limits
and belong to the admissible set P, which is an

n -dimensional region of the parameter space:
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P={a,,..,a,: ocj‘?‘in <a, Soc}mx, j=1..,n}.(10)

n

A direct approach to determining the scatter of
POGO amplitudes of liquid launch vehicles consists
of implementing various combinations of values of
external and internal factors from the admissible set
(10). Values of imprecisely specified parameters (trial
points) can be chosen based on a random search,
while the search will be more effective the more uni-
formly their values are located in the parameter space
[25]. In both cases, the solution to the problem of
determining the scatter of POGO amplitudes of the
liquid launch vehicle, due to the scatter of internal
factors, requires a large number of calculations and
is quite time-consuming, even with a relatively small
number of varied parameters.

In this work, it is proposed to use a space prob-
ing method, which is called LP-search, to select test
points o ,...,o, € P. This method is implemented
for a one-dimensional cube. The points of LPt-se-
quences are used as test points in the n-dimensional
cube. LPt-sequences are the most evenly distribut-
ed among all currently known sequences. Their use
has an advantage compared to the simplest random
search and is much more efficient than uniform cu-
bic lattices for n>1 [25].

Different combinations of deviations of each of the
internal factors determine various combinations of the
values of the varied parameters when calculating the
POGO amplitudes. Combinations of deviations of
parameters reduced to a dimensionless form were de-
termined by LPt-sequences, which were constructed

in a unit cube K" according to [25]. The use of LPz-
sequences makes it possible to cover the deviations of
internal factors more evenly with a smaller number of
implementations. The calculation algorithm is pre-
sented in [25], and Table 2 shows a set of combinations
of internal factors when calculating amplitudes of lon-
gitudinal oscillations obtained using LPz-sequences.
Each row of the table determines the coordinates
(x,5%,5...,x,) of one point of the n-dimensional unit
cube and specifies one of the options for implement-
ing the deviations of the internal factors. Each column
of the table specifies one coordinate of a point in the
n-dimensional unit cube for all variants of realizations
of deviations of internal factors.

The data in Table 2 are used as follows. Let us
denote the internal factors of the system given in
Table 1, variables y,,y,,... ¥, - Then, if the scat-
ter of internal factors is specified in absolute values,
the current value of the parameter y,, chosen taking
into account the possible scatter of its values, is de-
termined by the formula

¥, =y, +2Ax,(x,—0.5),

where y, is the nominal value of the parameter, Ax,
is the boundary deviation of the parameter from
the nominal value, x,is the number from the x.-th
column of Table 2.

If the scatter of internal factors is specified as a
percentage of the nominal value, then the current
value of the parameter is determined by the formula

y, =7, [1+2Ax,(x, —0.5)] .

Table 2. A set of scatters for combinations of internal factors for determining the scatter of POGO amplitudes of the liquid LV

Variant Coordinates of points of LPt-sequence
number X X X3 X4 Xs X6 Xi6
1 0.5 0.5 0.5 0.5 0.5 0.5 0.5
2 0.25 0.75 0.25 0.75 0.25 0.75 0.25
3 0.75 0.25 0.75 0.25 0.75 0.25 0.75
4 0.125 0.625 0.875 0.875 0.625 0.125 0.375
5 0.625 0.125 0.375 0.375 0.125 0.625 0.875
6 0.375 0.375 0.625 0.125 0.875 0.875 0.125
0.563
255 0.996 0.004 0.770 0.582 0.574 0.746 0.063
256 0.002 0.502 0.908 0.857 0.346 0.627 0.688
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4. RESULTS OF DETERMINING
THE SCATTER OF POGO AMPLITUDES

Based on the results of mathematical modeling of
the developed “LV structure — propulsion system”
non-linear non-stationary dynamic system, the de-
pendence of the POGO amplitudes of the prototype
of the “Dnipro” space LV on the flight time (during
the operation of its engines of the LV 1st stage) with
various combinations of scatters of internal factors
was determined. According to the results of calcu-
lations, as well as according to the results of experi-
ments, two-time intervals of instability of the system
were obtained (see Fig. 5). Note that the LV instabil-
ity of the investigated system in the first interval was
obtained for all considered combinations of internal
factor scatters, and the calculated limits of the first
interval of LV instability are close to the experimen-

f, Hz
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10 £ et \
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0.6
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0.4 H!
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tal ones obtained from the results of the 20 rocket
launches. The second interval of dynamic system in-
stability is absent in some variants of the combina-
tion of scatters of internal factors. Compared with
the experimental data, the calculated boundaries
of the second interval are noticeably wider, and the
calculated POGO amplitudes of the LV reach their
maximum values somewhat earlier.

The lower and upper enveloping curves were con-
structed for the dependence of the POGO ampli-
tudes of the LV analyzed (see Fig. 5, b, curves 2). It
is shown that in the first time interval of POGO in-
stability, the maximum values of calculated POGO
amplitudes are in the range from 0.23 gt0 0.72 g (the
value 0.49 g is without taking into account the scatter
of internal factors, curve 7 in Fig. 5, b), and in the
second interval of POGO instability is in the range
from 0 g to 0.60 g (the value 0.24 g is without taking
into account the scatter of internal factors). These
enveloping curves for the dependences of the POGO
amplitudes in both flight time intervals of POGO in-
stability cover most of the results of 20 launches of
this liquid rocket (see Fig. 5, b, curves 2).

Variants of combinations of scatters of internal fac-
tors were analyzed, in which the largest and smallest
values of POGO amplitudes were obtained. In par-
ticular, it was established that in the first time interval
of instability, the amplitudes reached their maximum
values (option No. 64) when the frequency and decre-
ment of the first mode of the POGO vibrations of the
LV structure were close to the lower limit of the range
of their possible values, and the shape coefficient of
the structural vibrations in the section corresponding
to the location of the instrument compartment is to
the upper limit (see Table 3). The minimum values of
POGO amplitudes (option No. 119) were recorded

Table 3. Variants of combinations of the most important
internal factors, in which the maximum and minimum values
of the POGO amplitudes of the liquid LV are recorded

20 40

Figure 5. Oxidizer feedline oscillation frequencies f, the
launch vehicle structure f;, f;; (@) and longitudinal acceleration
amplitudes (b) vs. the flight time of the first stage launch
vehicle: 7 is without taking into account the internal factors
spread, 2 is lower and upper envelope curves
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Variant Coordinates of points of LPt-sequence
number
X X, X, X4 X5 Xg
64 0.008 | 0.664 | 0.523 | 0.383 | 0.977 | 0.195
119 0.930 | 0.055 | 0.227 | 0.336 | 0.180 | 0.961
121 0.617 | 0.617 | 0.164 | 0.148 | 0.992 | 0.023
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when the frequency and decrement of I mode of the
POGO oscillations of the LV structure were close to
the upper limit of the range of their possible values,
and the coefficients of the form of oscillations of the
LV structure, which correspond to the location of the
LV instrument compartment and the oxidizer feedline
is to the lower limit (see Table 3). In the second time
interval of instability, the maximum value of the am-
plitude (option No. 121) was reached for small (close
to the lower limit) values of the decrement of the
I mode of the LV structure longitudinal vibrations, as
well as large (close to the upper limit) values of the os-
cillation shape, which corresponds to the location of
the LV instrument compartment (see Table 3). Table 3
presents the value of only the first six internal factors,
the influence of which is the greatest.

The influence of the scatter of the engine-specific
thrust impulse does not have a significant effect on
the scatter of the POGO amplitudes of the consid-
ered LV due to the relatively small value of this scat-
ter. For the same reason, no noticeable differences
were observed in the oscillations of engine param-
eters among themselves and the interaction of the
oscillation systems of different engines.

CONCLUSIONS

1. A non-linear, non-stationary mathematical model
of LV longitudinal oscillations for the prototype of
the Dnipro space launch vehicle was developed. It
took into account two lower modes of oscillations
of the LV structure, two lower oscillation modes of
the oxidizer feedline, and the first oscillation mode
of the fuel feedline. Modeling of dynamic processes
of the propulsion system with the four rich-oxidizer
staged propulsion LRE was carried out, taking into
account pump cavitation phenomena, gasification
time delays of the propellants, and the gas residence
time delays in gas generators.
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[HcTUTYT TexHiuHOT MexaHiku HallioHanbHOI akaneMii HayK YKkpaiHu i Jlep:kaBHOro KOCMi4HOTO areHTCTBa YKpaiHu
ByJ1. Jlemko-Ilonens 15, Aninpo, Ykpaina, 49005

BHU3HAYEHHA PO3KMAY AMITIITY/ ITO3JOBXKHIX KOJIMBAHb
PIAMHHUX PAKET-HOCIIB 3A PAXYHOK BITJIMBY PO3KUAY BHYTPILIHIX ®AKTOPIB

3 npobGsieMolo 3a0e3MeUeHHs CTIKOCTI 111010 MO3/I0BXKHiX KOJMBaHb piiMHHUX pakeT-HociiB (PH) cTukanucs npakTuuHo BCi
po3poonuku PH. Ha piBenb amrutityn mo3noBxHix konmuBaHb (AITK) PH MoXyTb cyTTEBO BIUIMBATH PO3KWIM BHYTPIlIHIX
¢akropiB. MeTolo cTaTTi € po3poOdKa MaTeMaTUYHO1 MOJIEJTi Ta BU3BHAYEHHST PO3KMLY aMIUTITY/I TTO3I0BXHIX KOJMBAaHb PilH-
HUX pakeT-HociiB Ha nipukiafai PH «/IHinpo», BUKJIMKAaHOTO PO3KUIOM CYKYITHOCTI BHYTPIllIHiX (pakTOpiB. ¥ poOOTi po3po-
0JIeHO HeNiHiliHY HecTallioHapHYy MaTeMaTUYHY MOJEJb MO3I0BXHIX KOJIMBaHb MPOTOTUITY KocMiuHoi PH «/IHinmpo». ¥V wiit
MOJIeJIi BpaxOBYBaJIMCS ABA HUKYi TOHU KOJIMBaHb KOHCTpYKUIil PH i 1Ba HMXX4Yi TOHM KOJIMBaHb OKUCIIIOBAYa i MepIInii TOH
KOJINBaHb MaJIbHOTO. MoeTIOBaHHSI TMHAMIYHUX TTPOIIECIB Y 3B’ 3111 i3 YOTUPHOX PiIIMHHMUX PaKETHUX IBUTYHIB, BAKOHAHMX
3a CXEMOIO 3 IONAJTIOBAHHAM T€HEPATOPHOTO a3y, MPOBEACHO 3 ypaXyBaHHSIM KaBiTallilHUX SBUIL Yy HACOCAX IBUTYHIB Ta Yya-
CiB 3aIi3HIOBaHb Y BOTHEBUX MOPOXKHUHAX ra3oreHepaTopiB. Po3pobieHo metoa BusHayeHHs po3kuny AIIK pinunaux PH,
3YMOBJICHOTO €10 BHYTPIillIHiX (DaKTOPiB, sIKMIi 6a3yEThCs HA BUKOPUCTaHHI piBHOMipHO po3nofaiieHnx LPt-mocmigoBHOCTE .
B sxocTi BHYTpilIHIX (hakTOpiB Oy/1M PO3IJISIHYTI YACTOTU, IEKPEMEHTHU Ta KoedillieHTH (POpM BIIaCHUX MTO3I0BXHIX KOJIMBaHb
kopryca PH, Tucku HapiyBy naIMBHUX OaKiB Ta MUTOMI iMITYJIbCU TSTU ABUTYHIB. 3a pe3yJibTaTaMu pO3paxyHKiB BUSHAUEHO
3anexHictb AIIK posrisinyroi PH y n1Box o06acTsix HeCTiHKOCTI Ta 1o0y10BaHO HUXKHIO i BepXHIO 00BinHY KpuBi 1 ATTK.
[ToxazaHo, 1110 MaKCHMaJIbHI aMILTITYIM TTO3M0BXHIX KOJIMBaHb y TIEPIIiif 001aCTi HECTIKOCTI JiexaTh B Aiama3oHi Bin 0.23 mo
0.72g i B npyriit o6acti HectiitkocTi — Bin 0 1o 0.60g. [TpoaHaizoBaHO BapiaHTH MOETHAHB PO3KU/IIB BHYTPILIIHIX (DAKTOPIB,
3a IKUX OyJI0 OTpMMaHo HaiiOubIi Ta HaliMeHIni 3HaueHHs1 AITK. e 103Boina0 BUSHAYMTH BHYTPIllIHI (haKTOpU, PO3KUL
SIKUX HaliOinbiie BriMBae Ha po3kua AITK: yactora, aekpeMeHT, KoedillieHTH (popMu KOJUBaHb KMBUIBHOTO TPYOOITPOBOAY
OKHCJIIOBaya i y nepepisi KOpMCHOro HaBaHTaxKeHHsI Ha | TOHI MO3M0BXKHIX KoauBaHb Kopriyca PH.

Karouoei caoea: pininHa pakeTa-HOCIH, MO300BXHI KOJMBAHHS, pilMHHA pakeTHa IBUTYHHA yCTAaHOBKA, MaTeMaTUYHE MOJIe-
JIFOBaHHSI, BHYTPIILIHI (haKTOPU, PO3KUI aMILTITY MO3M0BXKHIX KOJMBaHb.
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SP-SAT: DEVELOPMENT OF AN EDUCATIONAL SATELLITE

In Bolivia, as in several other Latin American nations, there is a growing trend of burgeoning space projects and a rising interest among
young students in the aerospace domain. Consequently, there arises an imperative to cultivate a new generation of space professionals.
However, the exorbitant costs associated with the equipment utilized in these projects render them inaccessible to a vast majority of inter-
ested students, including CubeSat kits, educational satellites, satellite kits, among others. Consequently, alternatives like educational sat-
ellites have emerged to simulate the satellite design, construction, testing, launch, and operation processes on a scale conducive to student
involvement. The primary challenge faced by students lies in integrating the essential subsystems of a satellite, encompassing power supply,
sensors, and communication systems, within the confines of limited space. Considering this, the design and construction of an educational
satellite with its respective signal reception equipment was developed. The equipment designed and manufactured is a low-cost one so that
universities and educational centers could acquire it. This equipment educational kit is called SP-SAT (Space Program — educational
satellite kit). This real satellite simulator offers a wide variety of educational activities. The kit’s equipment is distributed in two systems:
1) Space Segment, which consists of an Onboard Computer (OBC), Electrical Power System (EPS), Communications System (COMM),
Experiment Plate (PYL), Complete PLA plastic structure (3D printed), rods, bolts, and nuts. 2) Ground segment: This segment includes
all the equipment that is part of the ground station, which will receive data from the satellite.

Keywords: classroom satellite, educational satellite, picosatellites, low-cost satellite.

INTRODUCTION

The aerospace field has historically catalyzed some
of humanity’s most remarkable achievements. Re-
grettably, its development lags in numerous South
American nations, primarily attributable to econom-
ic constraints. Nonetheless, several academic institu-
tions in South America have endeavored to advance
aerospace engineering through initiatives focused on
low-cost projects, often commencing with picosatel-
lite missions.

Satellites are categorized based on their applica-
tion, characteristics, orbit, and weight. Regarding ap-
plication, they include meteorological, communica-
tion, navigation, earth observation, and astronomical
satellites. Character classifications encompass mili-
tary, governmental, and civil satellites. Orbit types
consist of low, medium, geosynchronous, and highly
elliptical orbits. Weight classification, often consid-
ered the most utilized, is detailed by mass, with large
satellites exceeding 1000 kg, medium satellites rang-

LlutyBanHs: Soliz J., Jaimes A., Cuiza M. SP-SAT: Development of an educational satellite. Space Science and Technology.
2024. 30, No. 3 (148). P. 16—21. https://doi.org/10.15407 /knit2024.03.016
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ing from 500 to 1000 kg, and small satellites falling
below 500 kg. Further subcategories include minisat-
ellites (100 to 500 kg), microsatellites (10 to 100 kg),
nanosatellites (1 to 10 kg), picosatellites (100 g to
1 kg), femtosatellites (10 to 100 g), attosatellites (1 to
10 g), and zeptosatellites (0.1 to 1 g), as specified by
[9] and supported by [3, 7].

Nowadays, the imperative to develop Pico, Nano,
and Microsatellites is paramount, serving as a means
to facilitate access to space and sustain space explora-
tion endeavors for academic institutions and smaller
nations [6]. Programs such as The Open Prototype
for Educational NanoSats (OPEN) are dedicated to
fostering the advancement of educational, govern-
mental, and commercial nanosatellites. This initia-
tive is grounded in the recognition that such endeav-
ors not only stimulate societal progress but also sig-
nificantly contribute to educational enrichment [1].
Different investigations, such as [10], have elucidat-
ed various educational outcomes stemming from stu-
dent engagement in a small spacecraft development
program. These include enhanced confidence in
contributing to scientific endeavors, improved ability
to articulate scientific concepts, strengthened col-
laborative skills, heightened confidence in succeed-
ing in future science courses, increased capacity for
independent work, and the cultivation of patience in
navigating the deliberate pace of research.

An exemplary instance of a small spacecraft de-
velopment program is exemplified by the creation of
an “Educational Satellite” — a simulated model mir-
roring the subsystems of an actual satellite intended
for terrestrial purposes. This model serves as a prac-
tical tool for familiarizing students with aerospace
concepts, enabling them to engage in cost-effective
simulations of space missions, as well as to design and
evaluate customized components. Studies such as [4]
aim to devise more accessible solutions for picosatel-
lites, leveraging kits such as the PocketQubes. Cur-
rently, there exist many educational satellites available
from different companies, the best known being Ey-
asSat. This is a fully functional nanosatellite designed
for teaching spacecraft systems engineering in the
classroom and laboratory. EyasSAT was co-developed
between the U.S. Air Force Academy and Colorado
Satellite Services. EyasSAT demonstrates six tradi-
tional satellite subsystems of a satellite bus: Structural,
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Electrical Power (EPS), Data Handling (DH), Com-
munications (COMM), Attitude Determination and
Control (ADCS), and Thermal subsystems [2].

Unfortunately, obtaining these educational satel-
lites implies an elevated cost, ranging from 8000 up
to 12000 dollars. For this reason, this paper presents
a low-cost kit that aims to inspire and motivate uni-
versity and other young students to get familiarized
and involved with satellite missions. Specifically, the
design and manufacturing of an economical satellite
called SP-SAT is presented along with its technical,
user, software, and hardware specifications.

SP-SAT: EDUCATIONAL SATELLITE

The “Educational Satellite” provides the experience
of being involved in a space mission by allowing the
user to perform measurements and different experi-
ments at a height of 1000 to 2000 meters.

An “Educational Satellite System” is a simulator
of a real satellite integrated inside a small cylindri-
cal volume (6.6 x 11.1 cm). This SP-SAT provides
all the necessary subsystems to work properly. The
communications system is capable of transmitting
the acquired data at a height of up to 2000 meters.
The SP-SAT contains the components of the satellite
as well as a ground station to receive data directly on
a computer. The SP-SAT allows students to focus on
the experiment and optimization of the subsystems
instead of the internal workings of the satellite.

The Educational Satellite System is a model of an
artificial satellite designed for terrestrial use, having
the same subsystems as a space satellite. This allows
us to introduce students to the subject of acrospace
by simulating real missions without leaving Earth and
encourages the development of custom experiments.

The SP-SAT provides all the operational com-
ponents at the mechanical, electronic, and software
levels, thus representing an ideal tool for teaching
and experimentation in schools as well as in univer-
sities. The communications system allows the trans-
mission of information concerning the incorporated
experiments to a ground station, which receives the
data by connecting directly to a computer with the
corresponding software installed.

Components of SP-SAT. The SP-SAT contains two
main systems: the space and ground systems. On the
one hand, the space system consists of those compo-
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Figure 1. Components of Space System (Satellite)

Table 1. Space and Ground Systems

#item Component Subsystem Description Quantity

1 Onboard computer CD&H Computer (printed circuit board) with: Arm Cortex-M3 1
MCU with 64 Kbytes of Flash memory, 72 MHz

2 Electric power system EPS Printed circuit board of DC-DC 1
3.3 V (regulator)

3 Communication system COMM Printed circuit board with radio RFM26 433 Mhz 1
(modulation OOK, FSK, GFSK)

4 Board for experiment PYL Printed circuit board (empty) 1

5 Structure MEC Complete structure (PLA) with joining elements (bolts, 1
screws, rods)

6 Battery EPS 9V 1

7 Radio receiver GS RTL-SDR V3 1

8 Advanced programmer CD&H ST-link V2 1

9 Programmer cable CD&H 4 pin 1

10 Antenna PYL Frequency RX 433 Mhz 1

nents that perform the functions of a satellite during
a space mission. These components are:

e Command and Data Handling and Onboard
computer (OBC) contains both the hardware and
software to carry out any important operations in
the satellite. This subsystem is usually considered the
brain of the entire satellite.

18

e Electrical power system (EPS). Its main func-
tion is to provide electrical energy to the whole satel-
lite.

* Communications system (COMM). This sub-
system works with the received and transmitted sig-
nals. Specifically, it receives, amplifies, processes,
and transmits the signals.
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* Payload or experiment (PYL). The payload re-
fers to the entire set of instruments and tools used
for the satellite to fulfill its objective or mission. In
this kit, the plate is empty. The reason for this is that
students can place the specific experiment they want
to perform. These experiments can have components
such as sensors, cameras, etc.

* Mechanical structure (MEC); finally, there is the
satellite component in charge of protecting it. The
kit structure is composed of a 3D printed shield with
Polylactic acid (PLA) with their respective clamping
elements rods, screws, bolts, and nuts.

On the other hand, the ground system refers to
those components and elements that allow the pro-
gramming of the satellite and the reception of data
from the satellite, such as:

* Ground station (GS)

* Advanced programmer

e Complementary software.

The aforementioned components will be dis-
played in Table 1, where items 1 to 6 correspond to
the Space System, and items 7 to 10 correspond to
the Ground System. Figure 1 displays the finished
components of the SP-SAT with the corresponding
numbering shown in Table 1. Items 1 to 6 correspond
to the Space System, while items 7 to 10 correspond
to the Ground System.

Assembly. The components that are part of the SP-
SAT were designed in the most optimal way possible
to eliminate the need for connection cables. The
PC104 component was implemented for the various
subsystems. This component enables the intercon-
nection of the different subsystems. The assembly or-
der for the components of the SP-SAT is specified in
Figure 2. All boards possess two triangular markings
that indicate their orientation. It is very important
that these markings are aligned while assembling.

Electronic assembly order (see Figure 2):

o Experiment(s) board(s)

o Communications Board

o Onboard computer

o Energy supply board

General assembly order (see Figure 2):

o Screw

o Structurecasing

o Electronic components

o Battery

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2024. T. 30. No 3
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Figure 2. Electronic and
General Assembly
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o Battery connector

o Base structure

o Bolts

Software Installation. For the correct operation of
the SP-SAT, there is a series of online libraries that
allow its programming through Arduino and Matlab-
Simulink, as well as software for the operation of the
SDR and the ST-link V2 in-circuit programmer. The
software repository (GitLab and GitHub) [5] pro-
vides additional up-to-date information on the SP-
SAT, along with the libraries and sample code for the
supported platforms.

* Arduino: Compatibility with Arduino IDE ver-
sion 1.8.x through the Arduino — STM32 extension.

¢ Matlab-Simulink: Compatibility with Matlab-
Simulink version R2017b or above through the ex-
tension RTL-SDR Support from Communications
Toolbox.

e ST-Link V2: it allows the programming and de-
bugging of the code through specialized software,
like SystemWorkbench for STM32 (SW4STM32).

General Geometry of the Boards. A relatively small
size configuration was sought in order to keep the
satellite’s weight down. The educational satellite’s
printed circuit board, together with its structure,
weighs 310 grams. For this reason, all the boards have
the same dimensions. The dimensions of printed cir-
cuit boards are: the surface diameter is 53.34 mm,
and the distance between PC104 connectors is 33.02
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Figure 3. Pinout Connector

mm, which are 25.4 mm in length. The total board
width is 19.5 mm.

APPLICATIONS

Asyoucansee in Figure 3, according to the design and
the pinout disposal, there are lots of ports available
to use and configure according to the requirements
of different kinds of experiments. Considering the
natural and main purpose of the SP-SAT, it is a
device that can communicate with different types of
sensors to transmit the measurements’ information,
simulating the real behavior of a satellite system.
Some examples of it include measurement and
calculations of the concentration of gases in the
atmosphere using a carbon monoxide sensor such as
an MQ7 sensor.

Currently, students of Electronic and Telecom-
munications Engineering in Bolivia are working with
SP-SAT for various subjects and analyses. To test the
operation and range of the satellite Kkit, tests can be
carried out using drones that raise the device to a cer-
tain height and verify whether the STL-SDR receiv-
ing device can capture the information sent by the
SP-SAT.

20

CONCLUSIONS

As a result of this project, it was possible to design
and manufacture a satellite educational platform
designed in Bolivia to train university students. This
platform is fully operational and has been tested for
operation up to 2000 meters between the satellite and
the ground station. The built and assembled satellite
can be seen in Figure 2.

The field of aerospace plays an increasingly im-
portant role in the development of South American
countries, where more and more projects of this kind
are executed. These projects generally start as pico-
satellite missions, but the final objective is to develop
these technologies so that more useful satellites can
be designed and built. This is the case of Argentina
and Brazil, which started with small projects, but
over the years and with the gained experience. Now,
both countries manufacture satellites for Earth ob-
servation and communications at the service of their
own country and other countries. The present project
is intended as a starting point for university students
to gain experience in space technology and to gener-
ate the motivation required to execute increasingly
complex projects.
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LleHTp KepyBaHHS Ta MOHITOPUHTY CyMYyTHUKIB,
BouniBilicbkuit mpuBaTHUI yHiBEpCUTET

SP-SAT: PO3POBKA OCBITHbOI'O CYITYTHUKA

V Bouiii, 5IK i B I€IKMX iHIINUX JATUHOAMEPUKAHCHKUX KpaiHaX, CIIOCTEPIraeThCsl TEHAEHILiSI 10 3pOCTaHHS KiJIbKOCTi KOC-
MiYHMX TPOEKTIB i MiIBUIIICHHS iHTEpPECY MOJOAMX CTYIEHTIB IO aepOKOCMIUHOI Tay3i. SIK HacliIoK BUHUKAE TOTpeda y
BUXOBaHHiI HOBOTO MOKOJIIHHS KOCMiYHUX MpodecioHaniB. OqHaK HeMOMipHa BapTiCTh O0JIalHAHHS, 1110 BUKOPUCTOBYETHCS
B LIMX ITPOEKTAX, 30KpemMa KoMIieKTiB CubeSat, HaBUaIbHUX CYMyTHUKIB, CYITyTHUKOBUX HA0OPiB, pOOUTH iX HEAOCTYITHUMU
IIJIST TIEPEBasKHOI OLTBIIOCTI 3alliKaBIeHUX CTYIEHTIB. SIK HACIiIOK 3’ IBWJIMCS aIbTePHATUBHU, TaKi SIK HaBYaJIbHi CYITyTHUKMU,
110 TO3BOJISIIOTh MOJIEIIOBATH MPOLIECH MPOEKTYBAHHS, KOHCTPYIOBaHHSI, TECTYBaHHSI, 3aMyCKy Ta eKCIUlyaTallii CylmyTHUKiIB
y MaciuTabax, 1o CpusoTh 3aTy9eHHIO CTyIeHTiB. OCHOBHUI BUKIINK, 3 SIKMM CTUKAIOThCS CTYACHTH, TIOJISITAE B iHTEeTpallii
OCHOBHUX MiICUCTEM CYITyTHUKA — JIKePeJI KUBJICHHS, 1aBayiB i CUCTEM 3B 13Ky — B OOMEXeHOMY MPOCTOPi. 3 OISy Ha 1ie
OyJ10 po3p0o0JIEHO JU3aiiH Ta KOHCTPYKILiI0 HAaBYaJIbHOTO CYITyTHUKA 3 BiAMOBIIHOIO anapaTypolo puiiMaHHs curHaiy. Pos-
pobJieHe Ta BUTOTOBJIEHE OOJIafHAHHS € JOCUTh HEAOPOTUM, 11100 Oro MOIIU NMPUAOATH YHIBEPCUTETU Ta OCBITHI LEHTPU.
e oonagHanHst Mae Ha3By SP-SAT (Space Program — educational satellite kit) — «KocMiuHa nporpamMa — HaBYaJIbHUI Cy-
IMyTHUKOBUI KOMILIEKT». Lleii cripaBxXHiii CyIyTHUKOBUI CUMYJISITOP TIPOTTIOHYE IMPOKUIA CITEKTP OCBiTHIX 3axoaiB. O0a-
HaHHS KOMIUICKTY TTOAUISIETbCS Ha IBi CUCTeMU: 1) KOCMIYHMI CETMEHT, SIKU1 cKJlagaeThbes 3 6opToBoro komi’'rotepa (OBC),
cuctemu enekrpoxubieHHs (EPS), cucremu 38’a3ky (COMM), ruiatu iHcTpyMeHTapito ekcriepuMeHTy (PYL), moBHOi mac-
TuKOBOI KOHCTPYKIii PLA (3D-apyk), CTpuxXHiB, OOITIB i railok; 2) Ha3eMHUI CErMEHT, SIKUIi BKJIIOYA€ BCe O0JIaJHAHHS, 1110
BXOJIMTb IO CKJIaAy Ha3eMHOI CTaHILIil, sika Oyae NpuiiMaTH 1aHi 3 CyMyTHUKA.

Karouosi cao6a: HaBUATLHUI CYTTYTHUK, OCBITHIH CYITyTHUK, TIIKOCYITYTHUKY, HEMOPOTUIA CYTTyTHUK.
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AJITOPUTM BUSHAYEHHA fIMOl}IPHOCTI BUBJIEHHA
I PO3III3HABAHHA HUIT ABIALIIMHOIO TEILJIOBI3IMHOIO
CUCTEMOIO, OBMEXEHOIO ITYMOM

Y cyuacnux giiicokosux onepayisx wupoko suKopucmos8yemvcs menaosizilina mexnika 3a60aKu ii 30amuocmi 6e3nepeperHo cnocme-
pieamu 3a yinamu, HA8iMb y HECNPUAMAUBUX NO2OOHUX YM08aX. Tennosizitini cucmemu cnocmepediceHHs: 8 0CHOGHOMY NPUSHAYEeH]
ons idenmudpixauii yineil. Hezsaxcaiouu na nocmiiine 600CKOHANCHHS MENAOBIZIIHUX CUCMEM CROCIePedCeHHS, HASA8HI Memoou He
0036045210Mb WEUOKO 00UUCAUMU UMOBIPHICIYb BUAGACHHS, PO3NI3HABAHHS ab0 idenmupikayii yineil.

Y pobomi pospobaerno dinvur dockonanuil i 3pyuHUll aneopumm i Memoo po3paxyHKy UMOBIPHOCMI 8UAGAEHHS, PO3NIZHABAHHSA MA
idenmudpixauii 06’ exkma (yini) menaosiziliHOK CUCMEMO CHOCMEPEICeHHs HA 3A0aHill 0aAbHOCMI, 6 OCHOBI K020 Aelcamb MiHi-
ManvHa po3dinbHa pizHuus memnepamyp, kpumepii uconcona, a maxoxc gyuxyii TTPF i TRTPF. 3anpononosanuii areopumm
003604151€ BIOHOCHO NPOCMO PO3PAXYEAMU WLYKAHI NAPAMemMpPU MeNnA08i3iliHoI cucmemu, aKa 00Melcena wymamu cucmemu.

Karouoei caosa: asiayitina menaosiziiina cucmema, UmoGIpHIiCIMb 8UABACHHS, PO3NI3HAGAHHS ma i0enmupikayii yiri; dasvHicms 00
yini; MIHIMAAbHA BUABAIBAHA PI3HUUS MeMnepamyp; yHKYis nepedayi imogipHocmi no darbHocmi 00 yini.
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BCTVYII

V cyuyacHux BiliCbKOBUX KOH(IIKTax IIMPOKO 3a-
CTOCOBYIOTh TEIUIOBi30pM, OCKUIBKM BOHM 3HaTHi
crocTepiraTd 3a UiIsSIMU 11iJ10J000BO Y CKJIaTHUX
MEeTeOopoJIOTiYHUX YMoBax [2, 3, 5, 7]. OCHOBHe Mpu-
3HAYEHHS TaKUX TEIJIOBi3ilHUX CUCTEM CIIOCTEpe-
xkeHHs1 (TTICC) € BusiBIeHHSI, pO3Ii3HaBaHHS Ta
imeHTH(dIKallis Lijeil Ha rpaHUYHIA TadbHOCTI IpU
3aJaHiii IMOBIPHOCTI BUKOHAHHS 3aBIaHHs. 3 TOY-
K1 30py TakTUIHOTO 3actocyBaHHs TIICC BaxinBo
3HATU MMOBIPHOCTI BUSIBJICHHSI, PO3Ii3HABAaHHS Ta
ineHTHGiKaLil T HA 3amaHiil 10 Hel JaJIbHOCTI.

OcHoBHuMM xapakTepuctukamu TITCC, siki Bu-
3HauyalTh €(heKTUBHICTh IXHBOI'O 3aCTOCYBaHHSI, €
MpPOCTOPOBE i TemnepaTypHe po3aiaeHHs. IIpocTo-
pPOBE PO3IiCHHS XapaKTepHe JIs1 KOHTPACTHO 00-
mexeHux TIICC, gki Oyau JociimkeHi aBTopamMu
y poboti [6]. TemmneparypHe (eHepreTMuHe) po3-
IUJICHHST Bilirpa€ BaxKJIMBY POJIb MPU BU3HAYCHHI
WMOBIPHOCTI BUKOHAHHSI 3aBIAaHHSI HAa TPaHWUYHINA
TTATBHOCTI, KOJIM CUTHAJ BiJ ITiJTi JOCTATHHO MAaJTHiA.
Hocnimkennio TIICC, oOMexkeHUX IITyMOM CHCTe-
MU, IPUCBIYEHO 3HAYHY KUIBKICTh CTaTeil i MOHO-
rpadiii, IKi BUKOPUCTOBYIOTh CKJaaHi (iznko-Ma-
TemMaTn4Hi Moaesi. Cepel, HUX HaWOLIbII BIAJIUM i
MOIIMPEHUM, Ha TYMKY aBTopiB, € cranaapT HATO
4247, AKuii BiIpi3HSETHCS BiIHOCHOIO MPOCTOTOIO
3actocyBaHHs [1]. Lleit cranmapT moenHye B cobi
IIPOCTOPOBE i €eHePTreTUYHE PO3AiIICHHS TEILIOBI30-
pa Ha OCHOBI MOTO MiHIMaJIbHO PO3IIIBLHOI Pi3HULIL
temnepatyp MRTD (Minimum Resolvable Tempera-
ture Difference) [5, 7].

OpHak 1i MeToAu He J03BOJISIIOTH OINEepaTUBHO
po3paxyBaT HMOBIpHOCTI BUSIBJIEHHSI, pO3Mi3Ha-
BaHHS a0o imeHTUdIKALIT 1T JJ19 JOBiTBHO 3a1aHOT
Bincrtadi Bixg TITCC no wimi.

1. IIOCTAHOBKA 3AJAYI

MeToro cTaTTi € po3pobdKa OiJIbII JOCKOHAIUX Me-
TONIy i aITOPUTMY PO3PaXyHKyY MWMOBIpHOCTI BUSIB-
JIEHHS, pO3Ili3HaBaHHS Ta imeHTM(ikalii 00’exTa
(LiJ1i) TErJIOBi3iliHOIO CUCTEMOIO CITOCTEPEXEHHS,
1110 OOMeXeHa IITyMOM, Ha OCHOBI MiHiMaJIbHO PO3-
IUTBHOI pi3HULI TeMmepaTyp i Kputepito JI’koHcoHa
CIIPUIHSATTS OTIepaTOpoOM 300pakeHHs Ha eKpaHi
LTI AUCTLIes .
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2. CUCTEMM, 11O OBMEXKEHI IIYMAMU

V TtemoBizopax, OCHOBHUMM €JIEMEHTAMU SIKUX €
iHdpauepBonuii (19) 06’eKTUB i MATPUUHUIL TIPUIA-
mau BunpomiHoBaHHs (MIIB), Ha ekpaHi aucruiest
(opmyeTbcst KopucHMit (iH(OPMAaTUBHUIA) CUTHAI
BiJI 1iJTi i IIyMOBUIA CUTHAJI, 3yMOBJICHUIA (DOHOM i
BJJACHMMU IIyMaMu TpuiiMaya i eJJIEKTPOHHOI CUC-
temu. [Toporosa uytnusicTs TITCC obMexeHa 1ry-
MOBHM CUTHAJIOM, SIKUI JOJAETbCS 10 CUTHAITY BiJ
00’€eKTa, 1110 BUKJIMKAE (PIyKTyallil SICKpaBOCTi y 30-
OpakeHHi. Y BMIIaZKy BHMCOKOTO PiBHS IIIyMOBOIO
CUTHaJIy 300paxkeHHsI 00’€KTa HEMOXJIUBO PO3IJie-
JiTh (pO3inuTH) Ha eKpaHi aucres. Haituacriiie
11 SIBUILIE CITOCTEPIra€ThCS HAa TPAaHWYHIN TaJIbHOCTI
nii TTICC. ¥V upoMy BUNIaaKy 300paxkeHHsT 00’ eKTa
dopMyeThCsT Ha eKpaHi JucIuies Ha GOHi BUITaaKO-
BOTO IT0JISI SICKPABOCTi Y BUIJISIAII «CHIry», i caMme e
KOHTPACT, & HE TTOPOTOBUI, 0OMEXKYE MPOCTOPOBE
posmineHHs. TakuM 4YMHOM, 11O MEHIIUM € BiIHO-
LIeHHSI CUTHAJI/IIyM, TO TipIIUMU OyIyTh IIPOCTO-
pOBe PO3/iJIEHHS i SIKiCTh 300paXkeHHs1. Y 3arajibHO-
MY BUIIAJIKY «3aCHiXeHi» 300paXkeHHsl, sIK MpaBuIo,
OOME>KeHi IIyMOM, a 300paKeHHSI BUCOKOI SIKOCTi
BiIMTOBiMAI0Th KOHTPACTHO OOMEXEHUM CHUCTEMaM.

3. MIHIMAJIbHA PO3JL/TbHA
PI3HUIA TEMIIEPATYPU

MinimanbHa po3aiibHa pizHuLs Temmnepatyp MRTD
€ OIHIEI0 i3 BaXJIMBUX XapaKTePUCTUK TEILJIOBi-
30piB. BoHa € (pyHKIIi€l0 TMPOCTOPOBOI 4YaCTOTH
MRTD(VX) , SIKa TMOEMHYE B cO0i TeMmepaTypHe i
MpOCTOpOBE po3aisieHHs. Lle 103BoJIsIE JOCTiaXKyBa-
™™ TITCC, o6MexkeHi KOHTpacToM i mymamu. Tomy
min yac mogemoBaHHsl TIICC 3 mMeTol0 po3poOKu
METOly pO3paxyHKy MMOBIPHOCTiI BUSIBI€HHS, PO3-
Mmi3HaBaHHS Ta imeHTU(iKalil 00’exra (i) Oyme-
Mo BuKopuctoByBatu MRTD i xputepiii JIxxoHco-
Ha JIJIs1 pi3HUX BU[IIB PO3Pi3HEHHST 300pakeHHs Ha
eKpaHi qucruies 3 iMoBipHicTio 50 %.

Minimaavna posdiavha pizHuys memnepamyp
MRTD — ue miHiMaIbHA Pi3HULS €(PEKTUBHUX TEM-
rneparyp Mix cmyraMu (IITpUXaMU) TeCT-00’€KTa i3
3a/1aHOI0 TIPOCTOPOBOIO YAaCTOTOIO Ta (POHOM, sSKa
JI03BOJISIE Bi3yaJIbHO Ha €KpaHi AUCILIEesT PO3ALISITU
mtpuxu o0’ekra. TecT-00’€KT — 11€ YOTUPUIITPU-
X0Ba Mipa, B SIKiil CMyTa Ta IPOMiXKKM MalOTh OQHA-
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i Y MRTD
Mipa ®dyko Anvocdepa v,)
4
- TIcc AT .
/ : . ; V..
o R R, L
X & 2 1 Vay, max
®ynkuist TRTPF ®ynkuist TTPF ”
PR AP(N) IlepeTBOpeHHS
MPOCTOPOBOI YaCTOTU
ISR ] = "“7_ Vi max B KUTBKICTB
A 4 '
R —> N nap
R, Ry N,
N |

Puc. 1. Mopenn TIICC mist nporHo3yBaHHsI BAKOHAHHS 3aBIAHHS CIIOCTEPEXKEH-
HS1, IKa BUKOPUCTOBYE MiHIMaJIbHY PO3IiJIbHY Pi3HUIIIO TEMITEpaTypy TeIIOBi3opa

i KpuTepiii JIxKoHCOHA

KOBY LIMPUHY ﬁw =0, a iXHSI BHMCOTa IOPiBHIOE
f,tp,y =7, (puc. 1). Cmyra Ta NpOMiXKHU BUITPO-
MiHI010Th 5IK AUT 3 pi3HOI0, aJjie MOCTIHHOIO TeMIIe-
patypoto. IIpoctopoBy yactoty v, =1/2wm,, MOXHa
BUPA3UTH K BJIIHIHHUX, TaK i B KyTOBUX BETMUMHAX
(Haityacrime MM~ un mpang~!). Takuit TecT-06’€KT
yacTo HasuBaloTh Mipowo Dyko. Itpuxosi Mipu
PI3HUX TMPOCTOPOBUX YACTOT CTAHOBJSATH PO3KIal
®yp’e cTPyKTypH 00’ €KTA CITOCTEPEKEHHS.

TennoBy TecT-Mipy 300paxkeHo Ha puc. 1. Ctpyk-
Typa 3 YOTUPHOX INTPUXiB 3 OJHAKOBUMM BifCTa-
HSIMUA MiXK HUMH Ta CITiBBiIHOIIEHHSIM BUCOTH IO
wupuHu 7:1 3abe3mneuye MeBHY MNEPiOAWYHICTb B
HaMpsIMKY y i HECKiHU€HHY TPOTSIKHICTb IITPUXIB Y
HarpsMKy X.

[ns omucaHHS TeCcT-00’€KTa BUKOPHUCTOBY-
I0Tb MOIYJISILIHY MepeaaBajibHy (PYHKIIiIO Ms(vy)
(MII®) yciei TIICC. Ockiabku Ms(vy) BU3HAUYECHA
JIJISI CMHYCOiJaIbHOI MipH, a TeCT-00’€KT ISl BU3HA-
yeHHst MRTD € TIpsSIMOKYTHOIO MipO10, TO TTOTPiOHO
BBECTH IIONpPaBKy Ha po3kiang Dyp’e mpsaMOKYyTHOL
mipu. I3 mpuxkiany 1.3, HaBegeHOro y MoHorpadii
[5], BumuBae, 110 amruiiTyaa 1-1 rapMOHiKuU Tpsi-
MOKYTHOTO CUTHaJy B 4/m pa3iB Oijibllia BiJ aMILTi-
Ty CUHYCOiJaJbHOTO CHUTHAJIy TOTO X Tepioay i
amIntityau. JlogaTkoBoO CJlif BpaxyBaTH, IO OKO pe-
€CTPYE CEPENIHIO SICKPaBiCTh MPSIMOKYTHOTO IITpUXa
Ha ¢oHi. CepeaHe 3HaueHHs 3a MiBnepion 1-i rap-
MOHIKU MPSIMOKYTHOTO CUTHAJY B 2/ pa3u MEHIIa
Bin amrutitynu (auB. npukian 1.3). 3Biacu BUILIM-

24

Bae, 1mo MIT® TIICC 3 ypaxyBaHHSIM CIIPUMHSTTS
TecT-00’€KTa OKOM MAa€ TaKUil BUTJISI

M=8

tp,E 2
P

VpaxyBaHHSI MeXaHi3My CIPUUHSTTSI OKOM 30-
OpaxkeHHSI 3IilCHIOETHCS 4Yepe3 CIiBBIAHOIIECHHS
CHUTHAJI/IIlyM Ha BHUXOJi €TaJOHHOTO (hibTpa, s
SIKOTO CITpaBelJIMBa MPOMOPLIiHICTb

M, AT
SNR; = —=———, 2)

NETD
ne AT — TemneparypHuii KoHTtpacTt, NETD — ex-
BiBaJIeHTHa IIyMy pi3Huis Temiepatyp MIIB, mo
BU3HAya€ IIYMM Ha BUXOAi e€TaJoHHOTO (ijabTpa 3
e(heKTUBHOIO 1IIyMOBOIO CMYTroio Af, Mtp,EAT
CUTHAJI 3 YypaxXyBaHHSIM pPO3AUIbHOL

M, . (1)

30aTHOCTI
TIICC. [lnst po3paxyHKY BiTHOILIEHHSI CUTHAJ/IITyM
NOTPiOHO BpaxyBaTHU BiAMiHHICTb €(PEKTUBHOI IIYy-
moBoi cmyru TIICC, 1110 BpaxoBYy€ CIIEKTP MOTYX-
HocTi mwymiB MITIB NPS(f) Ta MII® eneKTpoHHO-
ro Tpakry Mp(f) i mucruies M ((f), Bin epexTuBHOI
LIYMOBOiI cMyTU eTajioHHoro ¢iasrpa Af. Toxdi Bin-
HOIIIEHHSI CUTHaJ/IIIyM Ha eKpaHi Aucruiess Oyje
MaTu BUTJISI

M_AT[ /% L
SNR, = —2E—— Af/ [NPS(f )M ()M f)df

0.5

NETD
3)

IHTerpyBanbHi BIACTUBOCTI OKa BpaxyeEMO 3Mi-
HOO BifHOILIeHHs1 curHayi/mym. Ilpu 11boMy BBO-
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IATh BeauuuHy SNR,, siKa rapaHTye i3 3a[1aHOl0
WIMOBIpHICTIO po3Mi3HaBaHHS TECT-Mipy Ha 3aIIyM-
JieHOMY (DOHi.

3aKOHM 30pOBOTr0 CHPUNMHATTS BPaxyEMO TaKUM
YUHOM.

1. Oxo 3xilicHIOE YacoBe iHTeTpyBaHHs, 30iIbIIY-
IOUM BiTHOLLIEHHSI CUTHAJ/ILIYyM Y fftE pasiB, ae
j} — yacrora Kaapis; 7, = 0.2 ¢ — nocriiiHa oka.

2. OKO 3OiiiCHIOE IIPOCTOPOBE IHTErpyBaHHs 3a
JIBOMa KOOpAMHATaMHU X, y i BiIMOBIiAHO 10 (opmyn
[5] minBuIIy€e cCipuiiHSITE BiTHOILLIEHHS CUTHAJ/IIIyM:

* Y3lI0BX KOOPAMHATU X — B O, / (ZétptoAf ) pasiB,

® Y3I0BX KOOPIUHATU Y — B /étp /o, pasis,
ne t, — 4yac (hopMyBaHHsI OHOTO eJIleMeHTa 300pa-
JKEHHS, o ;) — KYTOBUI po3mip mikcess MIIB.

3 ypaxyBaHHSIM LIbOTO 3i CIHiBBigHOIIEHHS (2)
oTpuMaemMo (GopMyITy ISk pO3paxyHKy MiHIMaIbHOL
PO3IiIBbHOI Pi3HULL TeMITepaTyp:

AT = MRTD(vy) =

V)’ 0LDBD K (4)
M(v )\ Aft,frt,

Cunin 3a3Ha4YUTH, 10 KYTOBY MPOCTOPOBY YacTO-
TY v, ¥ (opmyi (4) BUBHAYEHO Y MPOCTOPI «IUC-
e — cnocrepiray». OrpuMana popmyiia (4) mae
psin oomexeHb. 1. ®opmyna s MIT® oka cripa-
BEeJIMBA JUISI BUIIAJKY, KOJIM PO3Mip 300pakeHH:
TpUXa Mipu co;; TIePEBUIIYE KYTOBE PO3IMiITCHHS
oka. 2. IlpocTopoBe iHTerpyBaHHSI OKa ITPUITMHSI-
€ThCH, SIKIIO 7(\);;7 > 40 KYT. XB.

Yucnenni ngocaimkenHsa TITCC cBiguaTh mpo Te,
IO po3paxyHoK 3a ¢opMyiolo (4) mae xopolli pe-
3yJIbTaTH, SIKi 30iraloTbCsl 3 eKCIepuMEHTAIbHUMU
manumu. OnHaK Taka y3arajbHeHa XapaKTepuCTH-
Ka, sk MRTD, mae i neBHi Henoniku. Ilo-mepiie,
BOHa He BpaxoBye peajbHy MII® oka. Ilo-mpyre,
dopmyna st MRTD He BpaxoBye peaibHi 00’ €KTH
ta ¢oHu. [Ipore Gopmyna (4) no3Bosisie MpoaHa-
JlidyBaTu BIUIMB OcHOBHUX mMapameTpiB TITICC Ha
MPOCTOPOBE i TeMIepaTypHe PO3iICHHSI.

Baxmsictb ¢pyHkuii MRTD (v, ) K y3araibHEHOI
xapakTepuctuku TITCC y Tomy, 1110 BOHa BU3HAYa€E
TeMIlepaTypHY YyTJIMBICTb Ha HU3bKili IIPOCTOPOBIiA
4acToTi (W11 BeIMKUX 00’ EKTIB) 1 IIPOCTOPOBE PO3-
JIIJICHHSI HA BUCOKMX yacTtoTax. DyHKIIis MRTD(vy)
no3Bosisie epekTuBHO TopiBHIOBaTu TIICC, TOMY

=0.66-SNR, - NETD
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Puc. 2. Monynsuiiitna nepemaBaibHa GyHkiist TIICC

110 BPaxoOBYE BCIO CUCTEMY B LIJIOMY, 11 IIyMHU i
CIPUNHSATTS 300pakKeHHST OIepaToOpPOM.

Ha puc. 2 HaBeneHo rpadik MOmyISLiiHOL Iepe-
JlaBaIbHOI (PYHKITiT Ms(vy) IIJIs1 TeTJIOBi3opa, mapa-
METPHU SIKOT0 HaBeIEeHO y poborTi [6]:

* 00’ekTuB: (okycHa Bincranb f, = 70 MM, mia-
METp BXiZHOI 3iHUII Dop =70 mmM;

* MiKpoOojoOMeTpyUYHa MaTpuis: ¢opMaT Ma-
tpuiti 320 %240 nikit, po3mip mikeenst Wi, = 17 Mkm
nocriiiHa yacy 75, = 10 MKc, yactoTa Kajpis j} = 50Tix;

* IMCIUICH: PO3MIp MKCeNst vy = 15 MKM, po3Mip
ekpaHa Y, = 7.2 mm;

* eKBiBaJIEHTHA IIIyMy pi3HULS TeMmIeparyp
NETD = 40 mK.

4. KPUTEPIII JZKOHCOHA JIJISl OLTHKHU
E®EKTUBHOCTI TIICC

Kputepiii JIxkoHCOHa AeTaabHO OMMCAHO Y pOOOTI
[6]. OcHoBHa inest KpuTepito [IKOHCOHA TOJIATAE B
TOMY, 1110 3/IaTHiCTh CITOCTepiraya po3mnizHaBaTH il
Ha neBHOMY (pOHI 3aJ€KUTh BiJl TOro, HACKIILKU
Jo0pe BiH MOXE PO3Pi3HATH IITPUXOBI CMYTU MipH
®DyKo 3 pi3HUMU MPOCTOPOBUMM YACTOTAMM i TUM
caMMM TeMIlepaTypHUM KOHTpacToM AT, 110 i Lib,
BimHOCHO (DOHY:

AT=T,—T, )
ne T,i T, — Temriepatypa MoBepxHi Lifi i pOoHy Bin-
MOBiTHO.

Mopnens TIICC pist BUsIBIGHHS i po3Ii3HaBaH-
HS LI, sIka BUKOPHUCTOBYE KOHIIenio JIXKoHco-
Ha i MiHIMQJIbHY PO3IIIbHY Pi3HUIIO TeMIEpaTyp
TeTJI0Bi30pa, MmokazaHo Ha puc. 1. TemmepaTypHuii
KOHTpacT WiJi A7 3MEHIIYETLCS 32 paxyHOK OcJia-
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OJICHHSI BUIIPOMiHIOBaHHS B aTMoCdepi, TOOTO
AT'=ATt,(R), (6)
e t,(R) — iHTerpaabHUil KOe(Illi€HT MPOIYCKAHHS
atMocdepu, R — Bincranb Mix uiyuto i TTICC. Bu-
KopucToBytoun piBHSHHS (4) nst MRTD i temnepa-
TYpHUI KOHTpAcT AT, 3HaXOIMMO KyTOBY MPOCTOPO-
BY 4acToty v, ,, Mipu DyKo, sIKa 3aJI€KUTh Bill KPHU-
TUYHOTO PO3MIPY Wi /. Ta BiAcTaHi R i BUMipIo€TbCs
y MpaI[_l. VY 3anezxHocCTI Bif BigcTtaHi R KiJIbKICTb Ie-
pioxiB Mipu DyKo, po3TAlIOBAHUX Y3AOBX KPUTHY-

HOI'0 PO3Mipy 1ifi /,., BUSHAYMMO 3a (POPMYII0I0

lcr
N=v,, =, ()

ae [, BUMIpIOETbCSI Y MeTpax, R — y KilomeTpax.
Kinbkicte map mrpuxiB N OyaeMo BUKOPHUCTOBY-
BaTH U1 BUBHAYEHHSI IMOBIPHOCTI BUKOHAHHS 3a-
BIAHHS i3 CIIOCTEPEKEHHS 3a LIJUTIO.

VIMOBipHICTh BUKOHAHHSI 3aBIAHHS CIIOCTEpE-
JKeHHS1 (BUSIBJICHHSI, PO3Mi3HaBaHHS, imeHTUdika-
11is1) BUBHAYAEMO 3a JIOIMOMOTOIO 1IiJIbOBOI (hyHKIIiT
nepenayvi imoBipHocTi TTPF (Target Transfer Prob-
ability Function), sika po3paxoByeTbcsl 3a opmy-
Jomo [2, 4, 8]

P(N)=—""1—, ®)

1+i

D

e P — IMOBIpHiCTb BUKOHAHHS IIEBHOTO 3aBIaHHS
criocTepexkeHHst, Ny — KUIbKiCTb Iap LITPHUXIB 3Tij-
HO 3 KpuTepieM JIXKOHCOHa, sike 3a0e3rnedye HmMo-
BipHICTb BUKOHAHHSI TIEBHOI'O 3aBIAaHHS CIIOCTEpE-
xenHst P= 50 %, k=2.7+0.7(N/ND).

Ilro dyHKIIiI0 OyJ10 OTpUMaHO B pe3yJibTaTi Be-
JIMKO1 KiJIbKOCTI EeKCIIepMMEHTAIbHUX IMOJbOBUX
nociimkedb. Hanpukitan, mus iimosipHocti 50 %

Tabauysa 1. KinbkicTs nepionis (map mrpuxis) mipu Ny,
Y3[10B3K KPUTHYHOTO PO3MIpy Wi 1151 AMOBIPHOCTI BUKOHAHHS
3aBaanns cnocrepexenns P = 50 % (kpurepiii [KoHcoHa)

3aBaaHHsI IS CIIOCTEPEKEHHS KinbKicTb nepioniB Mipu

Bussiaenns 1
PosnizHaBaHHs 3

InenTudikauis
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BUKOHAHHS Pi3HUX 3aBIaHb i3 CIIOCTEpPEeXeHb LT
y Tabu. 1 [2] HaBemeHO cepenHIo KiIbKiCTh IIEPiOiB
mipu Dyko. Lli maHi yacTo Ha3MBaIOTh KPUTEPIEM
JI>KoHCOHa.

MMoBipHicTb piBHSI criocTepexeHHs (BUSIBICH-
HsI, pO3Ii3HaBaHHs a0o igeHTU(iKallis) BU3HAYA-
€ThCSl 3a JIOMIOMOTOI0 LIiJIbOBOI (PYHKIIiTI Tmepemayi
imoBipHocTi TTPF (8) i obupaeTbes i3 Taba. 1 mis
iiMOBipHOCTI BinnosinHoro piBHsa P(Ns)) = 50 %.

5. BAJIEXKHICTh MIMOBIPHOCTI
PO3IMI3HABAHHS 1[I BIJI JAJIBHOCTI J0 TIICC

Y po6GoTi [6] Oyso 3amporOHOBAHO (DYHKIIIO TTe-
penadi ¥MoBipHOCTI mo AanabHOCTI no wini TRTPF
(Target Rang Transfer Probability Function), sika
Ma€ BUIJISIT

50

P(R)= (R T
N ( R, J2.7+0.7[Rj

R

Rsy
2.7+0.7] =
j R

®)

ne Ry, — BincraHb Bi TIICC po wini, Ha sIKiii BUKO-
HYETBCSI TIEBHE 3aBAaHHS CIIOCTEPEXKEHHS 3 iIMOBIp-
HicTio 50 % 3rimHo i3 KpuTepieM JIXKOHCOHA.

Ha puc. 3 HaBeneHo rpadik ¢yHkuii (9), 3 sKo-
ro JU1s1 OTpMMaHOI IMOBIPHOCTI pO3Mi3HaBaHHS LTl
P(R) Bin ganpHOCTi R no TIICC moxHa BU3HAYUTUA
BIIHOLIIEHHS RSO/R.

MinimanbHuii nepion 2V~ 300paxeHHS Mipu
(po3Mip CBITJIOi i TEMHOI CMYT), 1110 PO3IIISETHCS,
BU3HAYaloTh i3 ymoBu v, . =1/ ZVQ',’min . Toxi miHi-
MaJIbHUI po3Mip 300pakeHHsI 00’€KTa, 1110 PO3i-
JISIEThCS CUCTEMOIO, TOPIBHIOE

r__ ’ _
1% =V min =1/2v (10)
IIpn upoMy MiHiManbHUIT po3Mip 00’eKkTa abo
JOro eJieMeHTa, 1110 PO3AUISIETbCS CUCTEMOIO, N10-

PiBHIOE

x,max *

3V =38V'/|B,|=1/[p,|2v (11)
ne B, — miniidHe 36inbireHHss TIICC. I3 (11) mae-
MO, 1110 BeJuuuHa &V obepHeHO MporopliiiHa a0
LIIMPUHU CMYTU TIPOIYCKaHHSI MPOCTOPOBUX Yac-
TOT CHCTEMOIO i ii jiHiliHOro 30ijblIeHHs. [TpoTe
€ OOMeXeHHSI Ha BUKOPUCTaHHS i€l ¢opmyau. 3i
30UIbIIEHHAM |BS| BCE MEHILI JeTali 00’eKTa po3Jii-
JISTIOThCS, TIOKW He OyJe TOCATHYTO MeXKi pO3IiJIeH-

Xx,max
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Hs, 3ymoBiieHoi ®PT TIICC. To06To, 3i 30iJblIeH-
HSIM |B5| po3Mip eneMeHTa 00’ekTa OV 1110 po3aiisi-
€TbCS, 3MEHIITYETHCS.

V Bumagky 3HAYHOIO 30i/IbIIEHHS |BS| SAKICTb
300paxkeHHs] OoOMeXeHa IIUPUHOI CMYTU TIpo-
MyCKaHHS MTPOCTOPOBUX YAaCTOT, a 301JIbIIEHHS |[35|
3YMOBUTbD JIMIIIE 30iIbIIEHHSI KPYXXKa pO3CiloBaH-
Hs1 TIICC i He npu3Bene 10 MiABUILEHHST PO3Miib-
HOI 31aTHOCTI. Y 3arajJlbHOMY BMITaAKYy, 110 Oilblla
LIIXPUHA CMYTY TTPOMTYCKAHHS MPOCTOPOBUX YAaCTOT
CUCTEMU, TO MEHIIi JAeTalli 00’€KTa PO3AUISIOTh-
cs. Kpim Toro, 1o Oinplimii po3Mip 300pakeHH:
00’ekTa MOpPiBHSHO 3 V', TO sIKicHILIUM Oyae 30-
OpakeHHSI.

6. AITOPUTM BU3HAYEHHS BIIZCTAHI BIJI

IUIT 1O TIICC ITPM BUKOHAHHI 3ABJJAHHA
CIIOCTEPEXEHHS 3 MEBHOIO IMOBIPHICTIO
HA OCHOBI MIHIMAJIBHOI PO3/IUIbHOT PI3HUIII
TEMITEPATYP TA ®YHKIIIA TTPF1 TRTPF

[Tpu po3poOLIi LIOro AIrOpUTMY OYIEMO BUKOPHUC-
toByBaTu Mojesib TIICC, 300paxeHy Ha puc. 1.

1. Po3paxoByeMO MaKcuUMaJbHY KYTOBY ITPOCTO-
POBY YACTOTY V. 11 Mipu DyKo, Ky 31aTHA CIIPUIA-
Matu TIICC, nuissxoM po3B’si3aHHS piBHSHHS

ATt,(R)=MRTD(v,) . (12)

2. 3a dopmynow (7) po3paxoBYEMO KiJIbKIiCTb
repioniB N mipu DyKo y3M0BXK BEPTUKATBHOTO Ha-
NPAMKY (KPUTUYHOTO pO3Mipy wifdi /), je BUCOTa
LiJTi /. BAMIPIOETbCA Y METPaXx, BiAcTaHb R 10 1ijti —
B KiJIOMETpaXx, a MPOCTOPOBA YaCTOTa MipH v, ,, — B
mpan~! (puc. 1). Kinbkicts nap mrpuxis N 6yzemo
BUKOPUCTOBYBAaTU U1l BM3HAUY€HHSI KMMOBipHOCTI
BUKOHAHHS 3aBJaHHS i3 CIIOCTePEXXEHHSI 1IiJIi.

3. 3a 3amaHUMU TeMIIepaTypamMu TIOBEpXHi i 7,
i hony T}, po3paxoBYEMO TeMIIEPATYPHUIA KOHTPACT
AT =T —T,, g9Kuii [IOpiBHIOE TEMIIEPaTypPHOMY
KoHTpacty Mipu Dyko. TemmepaTypHUii KOHTpacT
AT 3MeHIIYEThCS 3a PAXYHOK TMOIIMHAHHST BUIIPO-
MiHIOBaHHS B aTMocdepi 3a 3akoHoMm byrepa —
Jlambepra.

4. 3rinHo 3 KputTepieM JIXKoHCOHaA Is1 MMOBIp-
HOCTi BUKOHAHHSI 3aBOaHHs crioctepexkeHHs 50 %
i3 Tabna. 1 BM3HAYAEMO KIiNbKICTh IIEPiOiB Mipu
Y310BX KPUTUUHOTO PO3MIpYy LIiJli: JIJI1 BUSIBJICH-
H9 — N, =1; Wit posmisHaBaHHs — N, o, =3;
s imenTudikamii — N 50 =0
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P
0.8
0.6
0.4

0.2

O 1 1 1 1 1
0.4 0.8 1.2 1.6 R/R

Puc. 3. ©ynxuis TRTPF: 3aexHicTh IMOBIpHOCTi BUKOHAH-
HSI 3aBIaHHS criocTepexXeHHs P(R) Bi BinctaHi R MiX LIJUTIO
i TIICC

5. Jlnsg BuU3HaueHoOro uwuciaa mnepioniB N Mmipu
®yxo 3a dopmymoro (8) mrs pyukii 77PF Bu3Ha-
YaeEMO WMOBIpHICTb BUSIBJACHHSI, PO3Ii3HABaHHS
abo igeHTUgIiKaLil LiTi.

6. I3 dpopmynu (7) 3HaxomMMO BiacTaHi o0 1,
Ha SIKMX BUKOHYETHCS 3aBIAaHHS CIIOCTEPEKEHHS 3
iMoBipHicTio 50 %:

=v L (13)

50 ystp N50
7. 11 BU3HAYEHOI BiACTaHi MO LI IIpU BUKO-
HaHHI CIIOCTEpEeXEeHHsS 3 IIEBHOIO0 MMOBIPHICTIO 3a
dbopmymoro (9) mna ¢yukuii TRTPF (puc. 3) BH-
3HAYaEMO BiJICTaHi BUSIBJICHHSI, pO3Mi3HaBaHHS a00
imeHTudiKaLil iTi.

R

7. IPUKJIAZL PO3PAXYHKY

J71s1 TpaKTUYHOTO 3aCTOCYBAHHS 3alIPOITIOHOBAHOTO
METOAY BU3HAUYE€HHS IMOBIpHOCTI BUSIBIIEHHS, PO3-
mi3HaBaHHA Ta igeHTUdiKauii, posrasHemo TIICC,
sKa OyJia mocImimKeHa y po0OoTi [6] It KOHTpacTHO
obMexeHoro TerioBizopa. lle macTh MOXIIMBICTBH
nopiBHoBatu TIICC, 1110 mpaloe B pexXuMi KOHT-
pPacTHO OOMEXEHOro CHUCTeMU, ab0 CUCTEMHM, IO
oOMesKeHa LITyMOM.

TeroBiziiiHa cucTeMa CIIOCTEPEXKEHHST Ma€ TaKi
XapaKTepUCTUKH.

* Tenaosizop. OG’extuB: (HOKYCHa BiACTaHb [, =
= 70 MM, miaMeTp BXiIHOI 3iHUII Dop =70 mm. Mi-
KpoOojioMeTpuuHa MaTpuus: ¢opMar MaTpulii
320 x 240 ik, posmip mikcens Vy = W, = 17 MKkM,
nocriiiHa yacy 7, = 10 MKc, yacToTa Kaapis J; =
= 50 I [ducruieii: posmip Mikcens v, = wp =
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M
0.8
0.6
0.4

0.2

—~ J

0 1 1 1 1 1
04 08 12 1.6 2 24 28 32

-1
Vy» MPAJl

Puc. 4. Monynsuiiina nepefraBaibHa (QYHKIIIS TETIOBi3opa:
1 — 3a ganumu [6]; 2 — anpokcumoBaHa ¢GyHKisg (16) mpu
®y =0.19 Mpazn

= 15 MKM, po3Mmip expaHa Y,=7.2 MM. ExsiBa-
JIEHTHa 1nyMmy pizHus temnepaTtypNETD = 0.05 K.

* 00°ckm cnocmepexcenns. TecT-00’€KT, IO BU-
kopucTtoByeThcs B ctaHaapTi HATO 4347 nnst Bu3Ha-
YeHHsI MaKCHMMaJIbHOI NaIbHOCTI PO3Pi3HEHHS Liji
TIICC i mMae Taki mapaMeTpu: CIIEKTpaJbHUI Aia-
IMa30H BUIIPOMIHIOBaHHS 00’€KTa i pony 8...14 MKM;
TeMIiepaTypHUI KOHTPACT MixX O0’€KTOM i 3amHiM
boHoMm (BinHocHo Temnieparypu AYT B 7, =288 K) —
AT, =2K; posmipu V, xW, =2.3x2.3M.

* Ymoeu cnocmepexcenns. 3MiHa II09aTKOBOTIO
TEMIIEPATYPHOTO KOHTpacTy AT, MiX 00’€KTOM i
3agHiM (OHOM YHACIIOK OCJIa0JIeHHSI BHUITPOMi-
HIOBaHHSI B aTMocC(]epi BpaxOBYEThCS 3a 3aKOHOM
byrepa — JlambepTa, sIKMii Ma€e BUTIS

AT(R)= AT, exp(-x,R), (14)
ne R — manbHICTh, KM; K = 0.2 km~! — Moka3HUK
ocJIa0JeHHS ISl CIIPUSITIIMBUX YMOB ITPOITYCKaHHS
atTMocdepu.

Huxye onuiineMo MOBHY IIOCIiIOBHICTb po3pa-
XYHKIB.

1. Po3paxoByeM0O MaKCHUMaJbHY KyTOBY IIPOCTO-
POBY YaCTOTY V,,, 11 Mipu DyKo, SIKy 31aTHA CIIPUTi-
maTu TTICC, uuissxom po3B’sa3aHHS piBHSIHHS (12),
Jle BUKOPUCTOBYIOThCSI HaBeICHI paHillie pe3yjbra-
T DOCHIIKEHb i 3aJjaHi YMOBU MPUKIIALY.

1.1. TemneparypHuii KoHTpacT Mipyu Pyko mnpu
HAJXOMXKEHHI BUIPOMIiHIOBaHHSI N0 0O0’€KTHUBA
TIICC 3miHI0€THCS 3TigHO 3 hopmyIolo (14).

28

1.2. MiHimMalbHa po3aiibHa pi3HUIIS TeMIIEpaTyp
TeIJIOBi30pa BU3HAYAETHCS (hOopMyJIolo (4), siKa Ij1st
KYTOBUX [IPOCTOPOBUX YaCTOT V,, Y IPOCTOPI «auc-
Tieil — omepaTop» Ma€ BULJISI

MRTD(v,, )=

Vo By
=0.66-SNR _-NETD ,
M, (vay) Af -t fitg

ne SNR, =4.2 — BiIHOILIEHHS CUTHaJI/1IIyM y 300pa-
KeHHi Mipn DyKo Ha eKpaHi IUCIUIes, SKe 3a0e31e-
yye sIKiCHe PO3MiJeHHs ITPUXiB Mipu, Aft, =0.5,
}} =50 T, 1,=0.2¢, NETD = 0.05 K.

BusznaunMo iHmI mapamerpu, SIKi BXOISTH OO
bopmynu (15).

* KytoBi po3mipu o,,, 4ymmBOi IUIOLIANKK
MIIB nopiBHIOIOTH

(15)

& = 1—7 =0.24 mpaj.
f) 70

* MonynauiiiHy niepenaBaibHy QYHKI0 M vay),
IO PO3IJINAEThCA Yy TpUKIaAi, OyJ0 OTpUMaHO
y pobori [6] (muB. puc. 4). 3 METOIO IMiABUAILIEHHS
eeKTUBHOCTI i 3py4HOCTi IpoekTyBaHHs TIICC
anpokcuMyemo 1o MII® rayccoBolo (yHKII€O
3TiJTHO 3 METOAMKOIO, BUKJIAJIEHO Y MOHOTrpadisix
[6, 7]:

G’DZBD:

Ms(vuy)zexp(—anmisvzy), (16)
ne o, =0.19Mpaa paaiyc Kpyxka (dyHKILii po3cito-
BaHHS TOYKM TeruioBizopoM. Ipadik dyHkii (16)
TaKOXX HaBeJeHO Ha puc. 4.

e KyTroBa mpocTopoBa 4yacToTa V,y 3QIEKNTH BiI
Bimcrani R mixk miporo Dyko i terutosizopom. I3
puc. 1 i popmynu (7) maemo

1 N-R

Y] =

yotp l
Ci

, (17)

m)’ p

xe I, =W, =2.3M — posMip TecT-00’eKTa.
ITincTaBMO HaBeneHi BUIlE TTapaMeTpHu i (yHK-
wii 1o piBHIHHS (12):
2exp(—0.2R) =

(0.24)’

v 4
=0.66-4.2-0.05 L .
0.5-50-0.2

exp(—0.71vi’tp)

OcTaHHE piBHHHHH 3alnMuIeMo y BUTJISIAL

—-0.71v*
exp(—O.ZR)M =0.007 mpazn. (18)

V}’JP
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Po3B’s13k0M 11IbOTO TPAaHCLIEHAEHTHOTO PiBHSIHHS
€ KyTOBa MPOCTOPOBA YaCTOTa V,, JIs pi3HUX 3Ha-
yeHb BigcTaHi R. Hanpukman, mjisg R = 2 KM MaeMoO
Vaymax = 2-2 mpag L.

2. 3a dopmynoo (7) po3paxoBYEMO KiJIBKIiCTb
nepioAiB N mMipu PyKo y310BXK BEPTUKAIbHOTO Ha-

MPSMKY (KPUTUIHOTO pOo3Mipy i, puc. 1).
2.3
N = 2.27 ~ 3 mepioau.

KinpkicTb mmap mrpuxiB N 0yaeMoO BUKOPUCTOBY-
BaTU 1JIsl BUBHAYEHHST IMOBIPHOCTi BUKOHAHHSI 3a-
BJIAHHS 13 CITOCTEPEXEHHS 3a LIJUTIO.

3. 3rigHo i3 KpuTtepiem KOHCOHA IJI MMOBIip-
HOCTi BUKOHAHHSI 3aBOaHHs crioctepexkeHHs 50 %
i3 Tabja. 1 BM3HAYAEMO KiNbKICTh IIEPiOniB Mipu
Y3I0BX KPUTUYHOTO PO3MIpy Lili: IjIsT BUSBJICH-
H — N, =1, g posmisHaBaHHs — N ., =3,
s imeHTudikamii — N 50 =0

4. JIng BU3HAUYeHOTro yKciia nepioaiB N =3 Mmipu
®yxko 3a popmyinoro (8) mis dyukuii 77PF Bu3Ha-
YaEMO MMOBIpHICTh BUSIBJICHHSI, pO3Mi3HaBaHHS Ta
inenrudikanii uigi: P, =98 % , P, =50 %, P.=10 %.

5. I3 popmynu (7), IKy IpeaCTaBUMO y BUIJISIII

R

0=V, If;’ , (19)
50

po3paxoByemo BincTaHi Big TITCC mo wimi, npu sgKiii
BUKOHYETBHCA TI€BHE 3aBIAHHSA CIIOCTEPEXKEHHA 3
riMoBipHicTiO 50 % 3rinHo 3 KpuTepieM JI)koHCOHA:
R,,,=51xm, R , =169 kM, R, =0.84 kM.

6. 3a hopmyioto (7) nng pyukuii TRTPF Bu3Ha-
YaeEMO MMOBIpHICTh BUKOHAHHS 3aBIaHHS Ha 3a1a-
Hili BincTaHi R. JIns orpyuMaHoi IMOBIpHOCTI P(R)
i3 rpacika, HaBeAeHOro Ha puc. 4, BU3HAYAEMO
BingHowmeHHsT R, /R, gke mug Biacrani R=1.7 km
JIO3BOJISIE BU3BHAYMUTU MMOBIPHOCTI: BUSIBICHHS —
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P, =0.99, posnizHaBanHa — P. =0.5, inenTudika-
uii P, =0.1.

7. TlopiBHSIHHSI pe3yJbTaTiB pO3paxyHKiB HMO-
BipHOCTE!l BUSIBJICHHSI, PO3Ili3HABaHHS Ta iACHTU-
dikawii 1imi, g9Ki Oyau oTpyMMaHi IJIs iZeHTUYHUX
TIICC nmns KoHTpacTHO oOMekeHOoi cucrteMu [6] i
CUCTEeMM, OOMEXEHOI IIIyMOM, CBiIyaTh IIPO aaeK-
BaTHICTb 3aIIpOIIOHOBAHUX MOIEIEH TeTIJIOBI31MHIX
cucteM. Ha Hamy nymky, mepesary cllif BiagaTu
TIICC, obMmexeHiil mrymMoMm, 00 BOHAa OJHOYACHO
BpPaxoBYE MPOCTOPOBE i €HEPreTUYHE PO3IiJIEHHS,
110 BaXXKJIMBO MPU 3aCTOCYBaHHI CUCTEM Yy BiliChKO-
Bili cripaBi IJIsT po3pi3HEHHS 1liJieli Ha TpaHUYHIN
JaJIbHOCTI.

BIUCHOBKHM

Po3pobieHo Oinbll gocKOHaAIW# (3pyYHMIl) ajaro-
PUTM i METOJ pO3pPaxyHKy UMOBIPHOCTI BUSIBJICHHS,
po3ni3HaBaHHS Ta imeHTuU(iKallii 06’ekTa (1ii) Te-
IJIOBi3ifiHOIO CUCTEMOIO CITOCTEPEXEHHS Ha 3ala-
Hill JaJIbHOCTI, B OCHOBI SIKOTO JieXKaTh MiHiMaJlbHA
po3aiNibHa pi3HUI TeMmIiepaTyp, Kputepiii I>KoH-
COHa CHOPUKMHATTS ONepaTopoM 300pakeHHsS Ha
ekpaHi aucruies, a Takox @yHkuii 7TPF i TRTPF.
¥V 3amponoHoBaHili MOHENi TeIJIOBi3iiiHa cucTeMa
CITOCTEePEKEHHSI PO3TJISIIAEThCS SIK JIiHiliHA iHBapi-
aHTHa CUCTeMa B KYTOBUX ITPOCTOPOBUX YaCTOTaX Yy
npoctopi 06’ekt — TIICC.

3anponoHOBaHUI aJlTOPUTM JO3BOJISIE BiTHOCHO
MPOCTO pO3paxyBaTH MMOBiIpHICTb BUSIBJICHHS, PO3-
Mi3HaBaHHS Ta igeHTUIKAalil 1iIi TeII0Bi3iiiHOIO
CHUCTEMOIO, sIka OOMeXeHa IIyMaMy CUCTEMU, 1110 €
JIy>Ke BaXJIUBUM /11 €(DEKTUBHOTO BUKOPUCTAHHS
JIPOHIB TSI pO3pi3HEHH! 11iJIeli Ha rpaHUYHIN Jajlb-
HocTi. [Toganbuii gocainkeHHs TOUiJIbHO MTPOBECTU
i3 3aCTOCYBaHHS 1LIbOTO AJITOPUTMY ISl BUSHAUYECHHST
MPOCTOPOBUX KOOPAMHAT IPOHIB.
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ALGORITHM FOR DETERMINING THE PROBABILITY OF TARGET DETECTION
AND RECOGNITION BY AN AVIATION THERMAL VISION SYSTEM IN NOISE CONDITIONS

Thermal imaging equipment is widely used in modern military operations due to its ability to observe targets even in adverse
weather conditions continuously. Thermal imaging surveillance systems (TISS) are primarily designed to detect, recognize, and
identify targets. Despite the progress, existing methods do not allow quickly calculating the probability of detecting, recogniz-
ing, or identifying a target at user-defined distances from the TISS to the target.

The article aims to develop a more advanced method and algorithm for calculating the probability of detection, recognition,
and identification of a target by a noise-limited thermal imaging surveillance system.

A more advanced (convenient) algorithm and method for calculating the probability of detection, recognition, and identi-
fication of an object (target) by a thermal imaging surveillance system at a given range have been developed. This is based on
the minimum resolution temperature difference, Johnson’s criterion, as well as the 7TPF and TRTPF functions. The proposed
algorithm makes it relatively easy to calculate the probability of detecting, recognizing, and identifying a target by a thermal
imaging system, which is limited by system noise.

Keywords: aviation thermal imaging system; probability of detecting, recognizing, and identifying the target; target range;
threshold contrast perception; probability transfer function based on target distance.
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VERSION OF LOITERING MUNITIONS CLASSIFICATION
BASED ON THE STATE-OF-THE-ART AND TRENDS ANALYSIS

At present, objects of the rocket and space industry and strategic nuclear forces of the leading countries of the world, as well as other
expensive infrastructure objects, can be attacked by air attack units belonging to the newest class of weapon — loitering munitions. This
type of weapons combines low cost and easy development and production, which makes them available for illegal armed formations
and the conduct of hybrid warfare. According to their design features and performance characteristics, loitering munitions occupy a
place between cruise missiles and unmanned aerial vehicles.

To analyze the threats from this type of weaponry to objects of the rocket and space industry and other sectors of the economy and
to determine potential countermeasures, a version of classifying modern and future loitering munitions is proposed based on their
operating range and typical destruction objectives. Specifically, loitering munitions can be divided into anti-aircraft munitions and
munitions to target ground objectives. The latter category is additionally divided into tactical, medium-range, and long-range loitering
munitions. Technical features, typical munitions and development trends are given for each category of loitering munitions. The de-
pendence of the loitering munition warhead mass on the launch mass was studied, and the effect of the installed engine type was shown.
The dependence of the main engine type on the loitering munition category is identified, which is a determining factor that forms the
configuration and performance characteristics of a munition.

An analysis of modern armed conflicts shows that loitering munitions are gaining more and more importance for successful accom-
plishment of combat missions. It is shown that depending on the enemy, nature of hostilities, technological and economic capabilities of
the parties to the conflict, loitering munitions of different categories can be used. Examples are given of the prominent role of loitering
munitions in such conflicts as the current conflict in Yemen and the recent war in Nagorno-Karabakh.

Based on the proposed classification of loitering munitions and the experience of their tactical employment in armed conflicts of the
215 century, a vision was formed for the development of loitering munitions for the Armed Forces of Ukraine.

Keywords: loitering munitions, operating range, armed conflict.
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INTRODUCTION

The experience of local armed conflicts of the 215
century, measures for the development of the armed
forces, as well as the views of the military leadership of
leading countries on the preparation and conduct of
hostilities testify to the growing role of complexes with
unmanned aerial vehicles (UAV) of various types and
applications. Attack and multi-purpose UAVs, which,
in addition to reconnaissance, are capable of destroy-
ing enemy targets, are becoming more and more es-
sential. Among the aircraft of this category, kamikaze
UAVs are widely used, equipped with a warhead and
reconnaissance and surveillance equipment. Thanks
to the ability to stay in the air for a long time while
waiting for the moment to strike, the UAVs of this class
were named “loitering munitions” (LM).

Themostvividexamplesofmassiveand coordinated
use of the attack UAVs are the Second Karabakh
War, where up to 39 % of all targets destroyed by the
Armed Forces of Azerbaijan were accounted for by
these means of air strike, as well as the war in Yemen,
during which the Yemeni rebels carried out a series
of strikes on military bases, airfields, oil production
facilities and oil refineries using loitering, probably
Iran-made munitions.

The start of the development of loitering munitions
in Ukraine is connected with the anti-terrorist
operation in the east of Ukraine. Specialists of the
State Research and Testing Center of the Armed
Forces of Ukraine, jointly with Pershiy Kontakt
LLC, conducted research tests of domestic loitering
munitions [10]. A particularly urgent task today, after
the start of the full-scale invasion, is to identify the
priority areas of development of this type of weapon.

PROBLEM STATEMENT

Before giving practical recommendations for the de-
velopment of a line of domestic loitering munitions,

it is advisable to analyze existing and future world
counterparts, their typical use in armed conflicts,
and identify the principal global trends in the devel-
opment of this class of aircraft.

PRESENTATION OF THE MAIN MATERIAL

Loitering munitions (LM) are a relatively new class
of weapons that have occupied an intermediate niche
between cruise missiles (CM) and unmanned aerial
vehicles (UAV). A comparison of the above classes of
weapons is shown in Table 1.

At the same time, the tendency of blurring the
lines between the above classes of weapons can be
mentioned. Tomahawk and Deliah cruise missiles
can loiter in the target area with a target change, with
information transmitted via Link 16 tactical data
transmission network. In addition, some UAVs that
used to be reconnaissance are now equipped with a
warhead (for example, Orbiter-1K). LMs with long
flight duration can be used to transmit data before
attacking a target.

Modern LMs can be divided into the following
categories according to their operational range:

e Tactical (up to 50 km);

* Medium range (from 50 to 150 km);

* Long range (over 150 km).

Infantry units at the platoon-company level and
special forces are equipped with tactical loitering mu-
nitions. As a rule, this type of LMs is launched manu-
ally or from launch containers, which are transported
by the personnel. In addition, tactical LMs can be
installed on off-road passenger cars, combat boats,
and aircraft. Some tactical LMs (Lancet, RAM UAYV,
etc.) are launched from a catapult. Tactical LMs are
characterized by low cruising speed and short flight
duration (not more than 2 hours), which is ensured
by electric motors and low-capacity on-board power
sources. The development of tactical LMs is aimed at

Table 1. Comparison of cruise missiles, loitering munitions, and unmanned aerial vehicles

Weapon Return Loitering Flight - Target search
class Warhead and reuse capability controllability Cruising speed and acquisition
CM yes no no or limited no or limited >750 km/h terminal phase
LM yes rarely yes yes 100 to 150 km/h whole flight
UAV no yes yes yes 100 to 900 km/h whole flight
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Figure 1. LM Switchblade 300 configuration

Table 2. Basic specifications of tactical LMs

ol

2

Figure 2. LM Hero-120 configuration

Name Manu- Length, | Wingspan, | Launch | Warhead Altitude, Fl'ight ve- | Operational Time of lqi—
facturer m m mass, kg | mass, kg m locity, km/h | range, km | tering, min

Green Dragon | Israel 1.6 1.7 15 3 n/a upto 185 [40—50 90

Hero 30 Israel 0.8 0.5 3 0.5 up to 3100 | 100—160 |5—40 30

Hero 70 Israel 1 0.565 7 1.2 up to 3100 | 100—150 |40 45

Hero 120 Israel 1.5 0.85 12.5 3.5 up to 3100 [ 100—120 |40 60
Rotem L Israel n/a n/a 45—6 |0.9—1.2 |n/a upto 100 |10 45
Switchblade 300 | USA upto0.61 [n/a 2.5 0.23 152 102—161 |10 15
Switchblade 600 | USA n/a n/a 23 n/a 200 112—185 |40 40
Coyote USA 0.9 1.5 5.9 0.9 n/a 102—130 |[n/a up to 120
CH-901 China 1.2 1.5 9 2.7 up to 1500 [70—120 15 up to 120
RF-70 China 0.885 n/a 7 1.5 up to 5000 | 108—144 |10 60
RF-90 China 1.07 n/a 10 3 up to 5000 | 108—144 |upto 15 60
RF-200 China 1.86 n/a 20 4.5 up to 5000 | 100—126 |up to 30 120
BG-201v.1 China 0.739 n/a 3.5 0.5 n/a 108—144 |10 30
BG-201v.2 China 1.069 n/a 9 1.5 n/a 108—144 |10 30

S570 China n/a n/a 7 n/a n/a n/a 10 25
KUB-BLA Russia 0.95 1.2 n/a 3 n/a upto 130 [n/a 30
Lancet-1 Russia n/a n/a 5 1 n/a 80—110 |40 30
Lancet-3 v.51 Russia n/a 1.65 n/a 5 n/a upto 110 |40 40—60
Lancet-3 v.52 Russia n/a n/a 12 3 n/a 80—110 40 40

Kargu Turkey 0.78 0.78 6.285 1.3 500 72 5 15
ALPAGU Turkey n/a n/a 3.7 1.3 125 92—120 5—10 10—20
Warmate Poland 1.1 1.6 5.3 1.4 100—500 | 50—150 12 50
Warmate 2 Poland n/a n/a 30 4.8 200—500 |upto 150 |20 120
Meraj-521 Iran n/a n/a n/a 0.5—1 n/a n/a 5—10 5—15
HRESH Armenia |n/a n/a 7 1.6 1000 n/a 20 n/a
Enrol Pilot Indonesia |n/a 1.2 3 0.8 n/a up to 250 |40 20

RAM UAV Ukraine |1.78 2.3 8 upto3 |n/a 70 up to 30 up to 40
RAM 11 Ukraine | 1.45 2.584 9.8 3 n/a 70 30 up to 60
ST-35 Thunder |Ukraine |n/a n/a 9.5 3.5 800—1200 |120—140 |30 up to 60
UJ-31/32 Ukraine |n/a n/a n/a upto2 |n/a 120 20 up to 30
ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2024. T. 30. Ne 3 33
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Figure 3. LM Ababil-T configuration

Table 3. Basic specifications of medium-range LMs

Figure 4. LM Shahed-136 configuration

Name Manufacturer Length, | Wing- Launch Warhead Altitude, Fl.ight velo- | Operational Time of
m span, m | mass, kg mass, kg m city, km/h range, km | loitering, h
Mini Harpy Israel 2.5 2.9 40 8 up to 1500 | 102—370 100 2
Orbiter-1K Israel 1 2.2 10.3 upto2.5 [upto 3100 |upto 140 upto 100 |3
Sparrow Israel 2.14 2.44 45 upto12 |n/a up to 185 upto 120 |upto6
Hero 250 Israel 1.8 1.2 25 5 up to 4100 | 100—120 |upto 120 |3
Hero 400 Israel 2.2 1.5 40 8§—10 up to 4100 |{100—120 upto 120 |4
Jackal USA n/a n/a n/a 4.5 n/a ~480 100 0.25
Fire Shadow Great Britain | 4 n/a 200 100 up to 4600 | 150—300 100 upto6
WS-43 China 3421 |2.1 60 20 n/a 370 up to 60 0.5
CM-501X/G | China 2 n/a 100—150 | 8—40 n/a up to 980 up to 70 up to 0.5
Ababil-T/Qasef | [ran 2.88 3.25 upto 90 |upto30 |[3000 250—305 120 1.25—2
Raad-85 Iran 291 3.8 upto85 |uptol5 |3350 25 100 1.5
Table 4. Basic specifications of long-range LMs
Manufac- | Length, | Wing- Launch Warhead Altitude, Flight velo- Operational Time of
Name turer m span, m | mass, kg mass, kg m city, km/h range, km loitering, h
Harpy Israel 2.7 2.1 125 32 up to 3000 | 185—250 |[400—500 2—3
Harop Israel 2.5 3 135 16—23 upto 4600 |upto417 |uptol000 6
Harpy NG Israel n/a n/a 160 15 n/a up to 417 up to 1000 9
Hero 900 Israel 2.5 1.8 97 20 upto 4100 |100—120 |upto 250 7
Hero 1250 Israel n/a n/a 125 30 n/a n/a 200+ 10
LOCAAS USA 0.91 1.18 39 7.7 230 370 185 up to 0.5
Gremlin USA 4.2 347 680 up to 65.7 [up to 12000 |650 up to 556 upto3
ASN-301 China 2.5 2.2 135 n/a n/a up to 220 280 4
Kargi Turkey |n/a n/a n/a n/a n/a n/a up to 1000 6
Chien Hsiang |Taiwan |[1.2 2 n/a n/a n/a 185 up to 1000 5
N/a Armenia |n/a 2.88 n/a 10—12 up to 4000 |n/a 500 n/a
Samad-2 Yemen |2.8 4.5 87,5 18 n/a 150—250 1000—1200 |upto7
Samad-3 Yemen |2.8 4.5 107.4 18 n/a 150—250 ~1500 up to 13.5
Arash/Arash-2 | Iran 4.5 4—4.5 |n/a n/a n/a n/a 1000 — 2000 |7—8
Shahed-131 Iran 2.6 2.2 135 15 n/a n/a up to 900 n/a
(Geran-1)
Shahed-136 Iran 3.5 2.5 200 36—50 n/a up to 200 | up to 2000 ~10
(Geran-2)
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further reduction of mass, dimensions, and cost. It is
also possible to distinguish two subclasses of tactical
LMs, viz. anti-personnel ultra-light LMs with high-
explosive fragmentation warheads weighing up to
1.5 kg (Type 1, for example, Switchblade300, Rotem
L) and LMs for hitting lightly armored vehicles with
a warhead weighing up to 4 kg (Type 2, for example,
Hero-120, Lancet-3, ST-35). Overall configurations
of typical Type 1 and Type 2 tactical LMs are shown
in Figs. 1, 2. Table 2 shows the basic specifications of
tactical LMs.

Medium-range loitering munitions can be used for
both direct support to military units and destroying
enemy targets in the depth of defense. Medium-
range LMs are placed on land, at sea, and on vari-
ous aviation platforms. Electric motors and piston
engines are usually used as propulsion in such LMs;
some LMs feature turbojet engines (WS-43, Jackal).
Turbojet and, to a lesser extent, piston engines pro-
vide a higher cruising speed and can supply power to
onboard electrical equipment (if a built-in generator
is available); however, they are less easy to operate
and increase the LM acoustic and thermal visibility.
As a rule, such engines are used for LMs with a sig-
nificant launch mass (~50 kg and more). The devel-
opment of medium-range LMs is aimed at improving
flight and performance characteristics, payload mod-
ularity, and improving control and guidance systems.
A configuration of a typical medium-range LM is
shown in Fig. 3. The basic specifications of medium-
range LMs are shown in Table 3.

Long-range loitering munitions are designed to
hit particularly important targets in the depth of the
enemy’s defenses. Thanks to long flight duration and
autonomous target detection and capture equipment
placed on board, this class of LMs can stay in a pa-
trol area for a considerable time and hit targets such
as components of long-range air defense systems and
short-range ballistic missile systems, as they are ad-
vancing and deploying at firing points; aircraft on
open tarmacs; communication, command, and con-
trol facilities; administrative institutions, infrastruc-
ture objects, etc. Today, three design schools can be
distinguished: Israeli, American, and Iranian. Israeli
LMs are placed on ground launchers and equipped
with piston engines. Harpy/Harop LMs were actively
exported to different countries [4], some of which

Figure 5. LM 358 configuration

developed their unlicensed copies (ASN-301, Kar-
gi). Long-range LMs developed in the United States
are aircraft-based and equipped with turbojet en-
gines. A separate area of development is long-range
LMs developed in Iran or with Iran’s assistance. Like
the Israeli munitions, they are equipped with pis-
ton engines and launched from a ground launcher,
but they do not have a guidance system in the ter-
minal flight phase; their targets are stationary objects
whose coordinates are set before launch or transmit-
ted in flight from an external reconnaissance de-
vice. According to the tactical employment profile
and performance characteristics, these LMs can be
compared with long-range cruise missiles; however,
they have a much lower speed (up to 200 km/h). The
improvement of long-range L.Ms is aimed at increas-
ing the maximum flight range, time of loitering, and
warhead power. A configuration of a typical long-
range LM is shown in Fig. 4. The basic specifications
of medium-range LMs are shown in Table 4.

A rather promising area is the development of
anti-aircraft missile systems based on loitering muni-
tions to counter low-speed aircraft (primarily UAVs).
A representative of this LM class is Coyote Block2,
used as part of the M-ATV-based air defense system.
The Coyote Block2 LM has a range of about 15 km,
other characteristics are unknown. This type of
weapon also includes an Iranian anti-aircraft loiter-
ing missile, which is designated as “358” according to
the U.S. classification. This LM has a 10-kg warhead
and an approximate range of 150 km. A feature of
these anti-aircraft LMs is the use of a turbojet as the
main engine, which provides high subsonic speed.
The prospects for the development of this class of
LMs are the expansion of the range of targets and the
improvement of flight and performance characteris-
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Figure 6. Dependence of warhead mass on launch mass for
tactical loitering munitions (curve / is for Type 1 tactical LMs,
curve 2 is for Type 2 tactical LMs)
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Figure 7. Dependence of warhead mass on launch mass for
medium-range loitering munitions (curve / is for medium-
range LMs with an electric motor, curve 2 is for medium-
range LMs with a piston engine, curve 3 is for medium-range
LMs with a turbojet)

tics. A configuration of a typical anti-aircraft LM is
shown in Fig. 5.

Based on the analysis of the available characteris-
tics of loitering munitions, dependences of the loi-
tering munition warhead mass on the launch mass
were made. Fig. 6 shows the dependence for tactical
loitering munitions. A clear division between Type 1
and Type 2 LMs can be seen, which is due to the de-
ployment of a rather powerful warhead to destroy ar-
mored targets by Type 2 tactical LMs. Fig. 7 shows
this dependence for medium-range loitering muni-
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Figure 8. Dependence of warhead mass on launch mass for
long-range loitering munitions (curve / is for long-range LMs
with a piston engine, curve 2 is for long-range LMs with a tur-
bojet)

tions, indicating the type of main engine. It can be
seen from Fig. 7 that the nature of the dependence is
approximately the same for LMs with any type of en-
gine, but using an electric motor is advisable for loi-
tering munitions with a launch mass of not more than
50 kg. Fig. 8 shows the dependence for long-range
LMs. It can be seen from the Figure that LMs with
piston engines have a slightly higher relative war-
head mass, which is compensated by a lower cruising
speed. Since the main engine type has a significant
impact on the LM characteristics, its dependence on
the LM type was compiled in accordance with the
proposed classification. This dependence is shown in
Fig. 9.

The LMs have been widely used in armed conflicts
of the 21st century (in Afghanistan, Libya, Syria,
Yemen, Nagorno-Karabakh, and Ukraine). In Af-
ghanistan, the U.S. Army used mostly light tactical
LM Switchblade 300 [3], which was determined by
the existing threat, i.e., personnel on unarmored ve-
hicles.

Using LMs by the Government of National Ac-
cord, supported by Turkey, was reported during the
civil war in Libya. Fragments of Kargu tactical LMs,
which were used against the enemy, were discovered,
and long-range Harpy LMs were also probably used
to defeat the Pantsir-S anti-aircraft missile defense
system [2].
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Loitering munition, LM

| Tactical LM |
| Type 1 | | Type 2 | Medium range LM Long range LM Anti-aircraft LM
— Hero 30 — Hero 120 — Mini Harpy
— Hero 70 — Green Dragon — Orbiter-1K
— Rotem-L — Switchblade 600 — Hero 250
— Switchblade 300 — CH-901 — Hero-400
— Coyote — RF-90
— RF-70 — RF-200 °
—BG-201v.1 — KUB-BLA .5)
—BG-201v.2 — Lancet mod.51 5
— Lancet-1 — Lancet mod.52 Q
— Kargu — Warmate 2 =
— ALPAGU — RAM UAV L%
— Warmate — RAMII
— Meraj-521 — ST-35 Thunder
— HRESH —UJ-31/32
— Enrol Pilot
— Sparrow — Harpy/Harpy NG
— Fire Shadow — Harop
— Ababil-T/Qasef — Hero-900
— Raad-85 — Hero-1250 o
— ASN-301 g
— Kargi 5
— Chien Hsiang g
— Samad-2 2
— Samad-3 A
— Arash/Arash-2
— Shahed-131
— Shahed-136
— Jackal — LOCAAS — Coyote Block 2 S
— WS-43 — Gremlin — «358» munition §
— CM-501X/G ;5

Figure 9. Dependence of main engine type on loitering munition category

The civil war in Syria led to the intervention of the
armed forces of the United States, Israel, Turkey, the
Russian Federation, and Iran, most of whom used
LMs [8]. In particular, the United States, Turkey, and
the Russian Federation used tactical LMs, Switch-
blade 300, Kargu, and Lancet-3, respectively, to de-
stroy personnel and vehicles, while Israel used an un-
specified type of LMs to destroy enemy air defenses.

During the civil war in Yemen, the Houthi rebels
used LMs supplied by Iran. Medium-range (Qasef)
and long-range (Samad-2/3, Shahed-131) LMs are
used, their principal targets being infrastructure ob-
jects and stationary and mobile military facilities [1,

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2024. T. 30. No 3

6]. In addition, LM “358” is used to defeat MALE-
class UAVs [7].

In Nagorno-Karabakh, LMs were first used in
2016, but the massive use started during the Second
Karabakh War. The Armed Forces of Azerbaijan used
a large number of tactical (Kargu, SkyStriker), me-
dium-range (Orbiter-1K), and long-range (Harop)
LMs [5], which hit at least 48 different targets (main-
ly armor and vehicles). The Armed Forces of Arme-
nia episodically used HRESH tactical LMs, mainly
targeting personnel.

During the Russian invasion of Ukraine, LMs were
used by both sides. The Armed Forces of Ukraine
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use tactical LMs (Switchblade 300, Warmate, RAM
II, etc.) to destroy enemy personnel and equipment
and improvised long-range LMs, based on civil-
use UAVs, for strikes on infrastructure objects. The
Armed Forces of the Russian Federation use tactical
LMs (KUB-UAY, Lancet-1/3) to destroy equipment
and long-range LMs (Shahed-131/Gheran-1, Sha-
hed-136/Gheran-2) to destroy infrastructure objects
[9, 11].

CONCLUSIONS

The analysis of the LMSs’ basic specifications, devel-
opment trends, and features of tactical employment
in armed conflicts showed that it is important for the
Armed Forces of Ukraine to have a line of LMs of
different classes to perform the following missions:

e Hit personnel and unarmored equipment

(Type 1),
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BAPIAHT KJJACU®IKALIIT BAPAXKYBAJIbHUX BOETPUIIACIB
HA OCHOBI AHAJII3Y CYYACHOT'O CTAHY TA TEHJAEHLIIN PO3BUTKY

V TenepillHiil yac 06’€KTU pPaKeTHO-KOCMIYHOI rajy3i Ta CTpaTeriuHuX sSIAepHUX CUJ PO3BUHEHUX KpaiH CBiTy, 5K i iHIII J0-
poroBapTicHi 00’€KTH iHOPACTPYKTYPH, MOXYTh 3a3HaTH aTak 3aco0aMM MOBITPSHOIO Hamauy, 110 HajeXaTb 10 HOBITHbOTO
KJ1acy 030po€eHHsT — OapaxkyBaJlbHUX Ooernpunaci. JlaHui TUIT 030pOEHHS TTOEAHYE B COOI HU3BKY BapTICTh i TPOCTOTY pO3-
pOOKM Ta BUTOTOBJIEHHS, 1110 POOUTH iX JOCTYMTHUMMU JUTS HE3aKOHHUX 30poitHUX (hOPMYBaHb Ta BeAeHHS FiOpUIHUX OOOBUX
niid. 3a CBOIMM KOHCTPYKTUBHUMM OCOOIMBOCTSIMM Ta TEXHIYHUMU XapaKTepUCTMKaMU OapakKyBaJIbHi OoempuIiacu 3aiiMa-
I0Th Hillly MK KpWJIaTUMM pakeTamu Ta 0e3MiJTIOTHUMU JIiTaIbHUMU ariapaTaMM.

Jlist aHami3zy 3arpo3 3 60Ky JaHOTO TUITY 030pO€EHD ISl 00’ €KTiB paKETHO-KOCMIUHOI Ta iHIIMX Tajy3eil eKOHOMIKU 3 METOIO
MOJAJIBIIOr0 BU3HAUYCHHSI LIJISIXiB MPOTUIiT 3alIPONOHOBAHO BapiaHT Kiaacudikallii cydacHUX Ta MEPCIeKTUBHUX OapaKyBajib-
HUX OOEMpPUIIACiB 3a ONEPATUBHUM PajiiycoM il Ta TUITOBUMM 00’ €KTaMU ypaXKeHHsI, 30KpeMa pO3/iJieHHs 6apaxkyBaTbHUX
0oemnpuIiaciB Ha KJlac MPOTUIIOBITPSIHUX Ta KJIac OOENpPUNACiB, TPU3HAYEHUX JUISl ypaXXeHHs! Ha3eMHUX uiieil. [1pu ubomy
OCTaHHIl KJTac JOMAaTKOBO PO3MITISIETHCS HA TIMKIACH TAKTUIHUX, OTIEPATUBHO-TAKTUIHUX Ta OTIEPATUBHUX OapaKyBaTbHUX
O6oemnpuriaciB. sl KOXKHOTO Kjacy 0apaxkyBalbHMX OOEIPUIACIB HaBeAEHO TeXHiYHi OCOOIMBOCTI, TUIIOBI MPEACTaBHUKKA
Ta TeHACHLIiT po3BUTKY. JlocimkeHO 3a/IexkHiCTh Macu 00 0BOI YaCTUHHU OapaKyBaJIbHOTO OOETpPUIACY Bill CTApTOBOI MacH,
MOKa3aHO BILIMB Ha Hel TUITYy BCTAHOBJIEHOI'O JABUTYHA. BU3HaueHO 3ajleXHICTh THUITy MaplIOBOTroO ABUTYHA BiJ Kiacy Gapa-
KYBaJIbBHOTO OOETIPUIIACY, 1110 € BUZHAYATBLHUM (haKTOPOM, SIKUIT (hOpMYE 3arajibHUI BUJI Ta XapaKTePUCTUKY OOETIPUTIACY.

AHaJti3 cydacHUX BilicbKOBMX KOH(IIKTiB MoKa3ye, 110 6apaxKyBaibHi Ooenpunacu HabyBalOTh Bce OUIbIIOTO 3HAYEHHS
JIJTS YCTILITHOTO TOCSITHEeHHS 0oioBux 3anay. [TokazaHo, 1110 B 3aJIeXKHOCTI BiJl TPOTMBHUKA, XapaKTepy OOMOBUX iil, TEXHO-
JIOTIYHMX Ta EKOHOMIYHMX MOXJIMBOCTEM CTOPiH MOXYTh 3aCTOCOBYBaTHCS OapaXyBaslbHi O0empuIiacy pisHuX KiaciB. Hase-
JIEHO MPUKJIAJIU BUSHAYHOI poJIi OapakyBaJbHUX OOENPUINACIB Y TAKMX KOH(IIIKTaX, sIK BiliHa y €EMeHi Ta BiiiHa y HaropHomy
Kapabaxy.

Ha ocHoBi 3anponoHoBaHoi kiacudikallii 0apaxxyBaJlbHUX OO€NpUMaciB Ta JOCBily iXHbOTO OOMOBOrO 3aCTOCYBaHHS Y
BilicbkoBUX KOoHuTikTax XXI cT. chopMOBaHO Bi3il0 pO3BUTKY OapaxkyBaJIbHUX OOETPUTIIACIB Y CKIIaIi 30pOHUX CUT YKpaiHu.

Karouoei caoea: bapaxyBaibHUI OO€NpuUIac, orepaTuBHUIA paaiyc Ail, BiiCbKOBUI KOHMIIIKT.
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BU3HAYEHHSA OIITUMAJIBHOI KOHCTPYKIIII
3ACOBY 3ABE3ITEYEHHSA CYUILIbHOCTI ITAJINBA
3A IOIIOMOT'0I0 METOAY YNCEJIbHOTI'O MOJAEJTIOBAHHA

SaruwiKy KOMNOHEHMI6 PAKEeMH020 NAAUBA Y CUCIMEMI JICUBNCHHS PYULILIHOI YCMAHOBKU HANPUKIHYI poOOmMU CIYNeHs paKemu-HOCis
3HAUHOI0 MIPOIO BNAUBAIOMb HA §T eHepeemU4HI XapaKmepucmukuy. 3acoou 3a6e3neuerHs CyyinbHoCmi natuea, IKUMU 001a0HaHo 6aku
cyMacHux pakem-Hociie, 3abesneuyoms HenepepeHy nodavy KOMHOHeHmie naiuea iz 6aka 00 pyulitiHoi ycmaHogKu 0e3 nopyuleHHs
CYUinbHOCMI NOMOKY | MIHIMI3YHOMb 3aiuuku. Y 6aKy naivHoeo pakem-Hociie HaseHicmb MyHeAbHO20 MPYOONpo8o0dy YCKAAOHIOE, a
YV Ne6HUX BUNAOKAX BUKAIOMAE MOMNCAUBICMb 3a00py naauea iz noatoca 6axa. Bupiwiumu 3adauy 3a60py nansbHo2o y 4bomy 6UNaoky
0036015€ BUKOpUCMAHHs 3aco0y 3a6e3nevents cyyinbHocmi naauea 6iunoeo muny. Ilpome makuii npucmpii 3a paxyHox 3miujeHHs
8i0HOCHO noatoca OHuWa 6aKa Ha NeeHULl Kym Modice npu3eodumu 00 HepiGHOMIPHO20 3a pi6HeM NPOpUBY i 3aHypeHHs 2a3y 00 8X00y Y
BUMPAMHY MAicmpans i, K HACAI00K, 3HA4HO20 30iNbUEHHS 3AAULIKY KOMROHEHMI PaKemHo20 nauea. Agmopamu npogeoeHo nouLyK
i 00TPYHMYBAHHA ONMUMANBHOT KOHCMPYKUIT 3ac00y 3a0e3neueHHs CyyiabHOCmi Naaueéa Ha npUKkAadi 6aKa naibHo2o nepuioco cmyne-
Hs pakemu-nocis «Llukaon-4», sxuii 06aadnano 3acobom 3abesneuentss CyyiabHocmi naiuea 6ivHo2o muny y eueasnodi npoginboeanol
naacmunu (mapini). Posensuymo konempykuii cugpornoeo i Kinbyeoeo 3acoby 3abezneueHts cyyinbHocmi naiusa. 3a 00nomoeorn em-
NIPUMHUX 301e)ICHOCMell AHANTMUYHO PO3PAX0BAHO QI3UMHUL eKCNepUMeHM, Ma HiceabHe MOOCABAHHS IXHIX OCHOBHUX Napamempis.
Ha ocrosi eukonanux podim 30ilicHeHO NOPIGHANbHUL AHAAI3 3MIHU eHEPeeMUYHUX XAPAKMepUCmuK paKemu-Hocis ) 3a1eicHOCmi
6i0 eubpanoi koHcmpykuyii. Busnaueno epexmuenicmoy pozeisHymux 3acobie 3a6e3neueHHs CyuinbHoCmi naauea 3a Macorw 3a UKy
KOMNOHeHmMi6 paKemHo20 naiuea y cmamu4nux ymogax. Pesysomamom nposedenux excnepumenmansHux ma po3paxyHKo8o-aHani-
MUYHUX pOOImM CMano OMpUMaHHs HAuOAbU ONMUMAAbHO20 GaPIAHMY 3aco0y 3a0e3neueHHs CYYIAbHOCMI NAAU8ad, AKUM 34 0eKINbKO-
ma napamempamu 8us8uecs cughon. Bnposadicenns 6 koncmpykuyito naausHoeo baxa pakemu-Hocis «Lluxaon-4» cugonnoeo 3acoby
3a0e3neueHHss CyyinbHOCMI nauea, wo € 0iabul A0CKOHAAUM, 00360AUMb NIdGUWUMU [T eHepeemuUHI XapaKmMepUCmuKky 3a paxyHoK
30iAbULeHHS 82U KOPUCHO20 6aHmMadicy Ha 5.4 ke. Buxopucmanns memodis uuceavroeo modearosanus (CFD-memodie) npu éukonanHi
NPOEKMHO-KOHCMPYKMOPCLKUX POOIM 3aMICb 36UHALIHOC0 BUKOPUCIANHS eMRIPUMHUX Ma HANIBEMNIPUMHUX 3aAedcHOCmell 0036015€
ompuUMyeamu mouHiuii pe3yabmamu ma cKopomumu KiabKicmo 8UKOPUCIOBY8aAHUX D0CAIOHUX KOHCMPYKUI, Kinbkicmb | mpusasicmy
8unpo0yeans ma cyKynHy mpueanicms npOEKMHO-eKCnepuUMeHmanbHux pooim, cKOpomumu 3a2anbHi MamepianbHo-mexHiuni gumpa-
mu ma 30euwesumu KiHyegy eapmicmos npooyKmy po3pooKu, wo nioguuUms 020 KOHKYPEeHMOCHPOMOICHICIb.

Karouosi caosa: 3aruuiku KoMnoHeHmie naiuga, 3acio 3abezneueHus CyuinbHOCmi naiuea, pyulitina ycmaHoéxka, NAAueHull 0ax,
KOMNOHeHmU Naiusa.
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Busnauenns onmumanvhoi Kkonempykuii 3aco0y 3a0e3nevenHs CyyinbHoCmi NaAU8a 3a 00NOMo2010 Memoody YUCeAbHO20 MOOEAEAHHS

BCTYII

Ha eHepreTuyHi XxapakTepUCTUKU CydaCHUX paKeT-
HociiB (PH) 3HauHOI0 Mipo10 BIUIMBAIOTh 3aIUIIKU
KOMITOHEHTIB paKEeTHOrO MajvBa y 0akax Hampu-
KiHII poOOTH CTYIIEHS. 3a/IMIIKY KOMIIOHEHTIB I1a-
muBa (3KII) — 1e KiabKicTh KOMIIOHEHTIB ITaiiBa
(KIT) y cucreMi XuBJIEHHSI pyIIiliHOI YCTaHOBKU
(PY), siki HeMOXJIMBO BUPOOUTH Yepe3 MOpyILIeHHS
BUMOT IIIOJIO CYLIUIBHOCTI, TUCKY, TemIiiepatypu KII
Ha Bxozi B PY, a Takox yepe3 KOHCTPYKTUBHI 0CO0-
JIMBOCTI 0aka i BUTpaTHoi marictpaji (BM).

3aci0 3abesrnedyeHHs] CYLUIbHOCTI  MajauBa
(33CII) — BaXJIMBHI eJleMEHT IMaJMBHOro Oakxa,
SIKMI 3a0e3mneuye Oe3nepepBHy nmogauy KIT i3 6aka
1o PY 6e3 mopylieHHs CyLibHOCTI MOTOKY (6€e3 ra-
30BMX BKJIIOYEHB), TOOTO MaKCHUMaJbHE iXHE BUPOO-
JICHHSI.

VY mpolieci MpoeKTYBaHHS MAJIMBHUX 0aKiB i CUC-
teMm kuBjaeHHs1 KIT PY gk misi HUXKHIX CTyIEeHiB
[1, 17], TaKk i mag kocMiyHux ctyneHis PH [9, 18],
BAXJIMBUM € TUTAHHS BUOOPY ONTUMAIBHOTO TUITY
33CII. Hum OynyTh Hagami BU3HAYATUCS TEPMiHU
npoexkryBadHs 33CII; oOcar Ta TepMiH eKCIlepH-
MEHTaJIbHOTO BifnpaltoBaHHs ((hi3MYHOTrO i ynceb-
Horo) [12, 16]; ToTpiOHa W eKCTIepUMEHTATbHOTO
BiMpaIloBaHHs MaTepiaJlbHO-TEXHIYHA YacTUHA;
eHepreTnyHi xapakrepuctuku PH (3a paxyHok macu
zaymiukiB KIT) i, Ik Hacmimok, 3arajbHi 4acoBi Ta
MaTepiaJbHO-TEXHiYHI BUTPATU Ha PO3POOKY SIK Oe3-
nocepentbo 33CII, tak i PH B uinomy [13, 21].

OCHOBHUM ITapaMeTPOM, SIKMII BU3HA4Ya€e ehek-
TUBHIiCTb poboTu 311, € KpuTUUYHA BUCOTA HKp po-
Bany piBHg KII y cratmunux ymosax. Lle Bucora
PiBHS piguHM y 0aKy, MpH SKill BiZOyBa€TbCsl MpPoO-
puB razy g0 Bxoay y BH. Bin 3HaueHHs1 HKp Oe3ro-
cepenHbo 3anexuth Maca 3KII.

ITOCTAHOBKA 3AJAYI

HagsnicTb y 6akax manpHoro aeskux PH tyHenb-
HOTO TpyOOMNpPOBOIY, Majla BiICTaHb MiX BXOJOM Yy
JIBUTYH i JHUIIIEM 0aka, moTpeda po3aiIbHOIO KB~
JICHHS KiUTbKOX JBUTYHIB 13 OHOTO 0aka s 3a0e3-
neyeHHs xuBjiaeHHs PY KII 3HauHO ycKiIagHIOIOTH
BifgOip maiuBa i3 moJiroca 6aka.

MeTtolo HaloOro AOCHIIXKEHHS € BU3HAYEHHS
ontumanbHoi KoHcTpykuii 33CIT pis 6aka 3 HasiB-
HICTIO TYHEJILHOTO TPYOOIIPOBOMY, sIKa 3a0€3MeYnTh
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MiABUILIEHHSI €HEPreTMYHuX Xapakrtepuctuk PH.
OnHUM 3 JOCUTHh MOIIMPEHUX BapiaHTIB pillleHHS
LIONO BimOOpy majuBa i3 6aKka B IIbOMY BUITAIKY €
BukopuctanHs 33CII 6iuHoro tuy.

biuni 33CIT xapakTepusyoTbcsi KyTOM pO3Tallly-
BaHHS BiIHOCHO ToJtoca 6aka 3 (IU1sl LeHTpaTbHUX
33CII kyt B = 0). HasgBHicTb Haxuy 3 MPU3BOAUTD
JI0 HEPiBHOMIipHOTO 3a piBHEM IIPOPHMBY a3y 10 BXO-
ny y BM i, sIK Hacligok, A0 3HAYHOTO 30iIbIIeHHS
3KII, 1m0 HeraTUBHO BIUIMBAE HAa €HEPreTUYHI Xa-
paxkrepuctuku PH [2, 10].

V noriepeiHiii cTarti aBTopiB [6] HA MpuKiami 6aka
naybHOTO Tepiuoro cryneHs PH «{ukiion-4», sxuii
ob6nanHaHo 6iyHrMu 33CI 1 y Bursiai npodiniboBaHoi
MJIACTUHU (Tapifii), A1 YCyHeHHS HeOiKiB, MpUTa-
MaHHUX Iili KOHCTPYKIIii, OYJIO pO3IJISTHYTO MOKJIU-
BiCTb BUKOPHMCTAaHHSI 3aMiCTh Oi4YHOI Tapijii CU(POHHO-
ro Ta KinbiieBoro 33CI1. 3ams 1boro OyJu 3aiACHEHI
MPOEKTHI pOOOTU 3 BUBHAYEHHSI iXHiX OCHOBHUX I'€0-
METPUYHUX ITapaMeTpiB (po3poOKa KOHCTPYKTUBHUX
cxeM). byno po3paxoBaHO 3HaYEHHSI HKp 3a METO-
nuKoro [11], 1o rpyHTYETHCSI HAa eMITipUYHUX Ta Ha-
MiBEeMITipUYHUX 3ajexkHOCTIX. KoedilieHTn 1o mux
3aJIEXKHOCTEN OTPUMYBAIUCH MPU €KCIIEPUMEHTAb-
HOMY BIiIIpalllOBaHHI MoJeJeii, KOHCTPYKILST SIKMX
HalOIbI rToaioHa mo crpoexkroBaHux 33CI1. ITicaa
LOTO OYJI0 BUKOHAHO ITOPIBHSUIBHUM aHaJIi3 3MiHN
eHepreTuyHux xapakrepuctuk PH B 3anexHocTi Bin
BuOpaHoi koHcTpykii 33CI1.

KoncrpykTusHi cxemu HasiBHoro 33CIT PH «1u-
KJIOH-4» y BUIJISIAI OiUHOT MpodiiboBaHOI MJIaCTUHU
(Tapiji), Ta CIPOEKTOBAHUX CU(POHHOIO Ta KiJble-
Boro 33CII HaBemeHo Ha puc. 1. IeranbHile 3a-
rajibHi IapamMeTpu KijbleBoro ta cuponHoro 33CII
Ta OCHOBHI MPUHIUNHN IXHOTO IPOEKTYBAHHS PO3-
TJISTHYTO y Po6oTi [6].

Ha ocHoBi pe3ynbrartiB po3paxyHKOBO-aHAJiTUI-
HUX PoOOIT OyJIO0 3pO0JEHO MOPIBHSIBHUMN aHasi3
3Ha4YeHb HKp posrisgayBaHux KoHcTpykuiin 33CII.

3HayeHH KPUTUYHOI BUCOTHU IpoBajy piBHs KIT
i 3KII y Gaky majJbHOro 3 HasIBHICTIO TYHEJIbHO-
ro TpyOOIIPOBOIY IIPU BIPOBAIKEHHI Pi3HUX CXeM
33CIl HaBeneHo y Tabim. 1 [6], me I-IKp — KpUTUYHA
BucoTa npoBaiy piBHs KIT BimHOCHO TeOpeTUYHOIO
noJjiroca 6aka, M?flerT[ — Maca CTaTMYHOTO rigpaBiiv-
Horo 3KIT, M;KH— Maca KoHCcTpyKtuBHoro 3KIT,
M3y — cymapHa maca 3KIT.
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Puc. 1. ITpuHuunosi koHcTpykTuBHI cxemu 33CIT: a — GiyHO-
ro TUITy, y 6aKky najbHoro repiioro cryrnenst PH «LlukiaoH-4»,
6 — cudonnoro 33CI1, ¢ — kinbuesoro 33CI1. 3niBa — akco-
HOMETPUYHMII BUIJISII, CTIIpaBa — BUTJISI CIICPEIy

Tabauys 1. 3HaveHHs BeTMYMHU KPUTHYHOT BUCOTH NMPOBATY
PiBHS KOMIIOHEHTIB NMAJIMBA i BiINOBiHE 3HAYEHHS 3a/IUIIKIB
KOMIIOHEHTIB NMAJINBA Y 0aKy NaJIbHOTO

Koncrpykuis 33CIT | H, ), M| Mgy, Kr| My, Kt | My, Kr
33CII 6iyHoro tumy | 147 94.8 — 94.8
Cudonnnii 33CII 40 8.69 2291 31.6
Kinbuesuii 33CI1 104 47.4 — 47.4

YV pO3BUTOK ITPOEKTHUX pOOIT, HABEICHUX Yy CTaT-
Ti [6], 3 METOIO GBI JOCKOHAIOTO PO3PAXYHKY PO-
6ouux napametpiB 33CII aBTopamu Oy10 10IaTKO-
BO 3pO0JICHO:

* bizuuHuMii exkcriepuMeHT 3 BudHaueHHs 3KII
s 33CI1 6iyHOro TUMy Ha AOCHiIIHUX KOHCTPYK-
uisix (AK);

® yyCceJIbHE MOJIEJIOBAHHS TiApOAUMHAMIYHUX
MPOLIECIB ITiJ YaC BUTIOPOXKHEHHS 0aKa i BUSHAUEHHS
3KIT past 33CI1 6iyHOro TUMY 3a JOIIOMOTIOIO TTPO-
rpamHoro rmakety CFD-pospaxynkiB ANSYS Fluent;

e Bepudikallilo YKMCEIbHOIO MOIEIIOBAaHHS 3a
pe3yabsratamu (pi3MYHOrO eKCIepUMEHTY;

° yyceJIbHE MOJEMIOBAaHHS TiApOAMHAMIYHUX
MPOLIECiB ITiJl Yac BUIMTOPOXKHEHHS Oaka i BU3HAUEH-
Hs1 3KIT mist cuponHoro ta Kinwsueoro 33CIT;

® MIOPiBHSIIBHUI aHaji3 i BU3HAUYEHHSI OINTHU-
MasibHO1 KoHcTpyKLii 33CIT 3a (pakTOpOM BILIMBY
orpuMaHux 3HadyeHb 3KIIT Ha 3MiHM eHepreTUUYHUX
xapakrtepuctuk PH 10 pesynbrarax umcelbHOro
MOJIETIOBaHHS.

®I3NYHUIA EKCIEPUMEHT
3 BUSHAYEHHS 3AJIMIIKIB KOMIIOHEHTIB
TTAJINBA JJIA 33CIT BIYHOI'O THITY

Di3YHII eKCTIEPUMEHT 3 BU3HAYCHHS TiIpaBiiivy-
Hux 3KIT mrg 33CIT 6iyHoTO THITY OYJIO ITPOBEAEHO
Ha JIK macmra6is M, 1:1, ta M, 1:4 B ymoBax 3em-
HOTO TSKiHHS. 32 MOJEIbHI piluHN OYJIO BUKOPUC-
TaHO AMCTUIILOBaHY Boay (mis M, 1:1) Ta rac (s
M, 1:4).

ITomiGHiCcTh TimpoaMHAMIYHMX IIPOLIECiB, IO Bim-
OyBatoTbesl min yac criopoxHeHHst K y 3emHux
yMOBax Ta B YMOBaX KOCMiUHOTIO MOJIbOTY Y HaTyp-
HUX 0akax 3 TMaJbHUM, 3a0e3Ie4yBaJioCh PiBHICTIO
6e3posmipaux uncen ®pyna (Fr), PeitHonbaca (Re),
Crpyxans (St), Ta reoMeTpUYIHOI MOAIOHOCTI [§].

Yucno @pyna:

Fr= Vi = Vi
Axm 'LSM Axu 'L?{ ,

yyciao PeiiHonbaca:
_ WM 'LM — WH 'LH

Re ,
VM VH
yucio Crpyxans:
2 2
St = ATy — Ay Ty
b
LM LH
reoMeTpuyHa MoAiOHICTh:
L
H _
“HoM,
LM

e a,;, d; — MOJEJbHE i HATypHE NPUCKOPEHHH,
M/c?; Ty, Ty — MOIEIbHUM i HaTypHUM 4ac, C;
L, , L, — niniitnuii posmip, m; V,,, V,, — Mozesb-
Hi i HATypHiI 00’€MHI BUTpaTH, M3/c;WM , Wy
MOJieJIbHA i HATypHA LIBUAKICTh TeYil piiuHU, M/C;
Vy s Vy — MOJIEIbHA i HaTypHA KiHeMaTU4Ha B’ A3~
KicTb, M%/c.
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Puc. 2. ®oTo npoliecy HaMOBHEHHS 10-
CIIIHUX KOHCTPyKUi M, 1:1 momenn-
HOIO PiIMHOIO (BOIOIO)

HocninHa KoHCTpyKuis M, 1:1 Oy1a HUXHBOIO
YaCTUHOIO IITaTHOIO Oaka rmajgbHoro pazom 3 33CI1
oiuHoro tumy Ta BM, Ha KiH1Ii s1Koi OyJI0O BCTAHOB-
JIeHo (oToMeTpUYHUI maBay cyiiibHocTi. [lepen
MOYaTKOM EKCIEPUMEHTY AOCJiIHA KOHCTPYKILis
3allOBHIOBAJaCh MOJEJBbHOI PiIMHO0 (BOJOIO).
IToTpiOHe 3HAYeHHSI BUTpAT PiAMHU ITia 4Yac Mpo-
BEJCHHS €KCIIEPUMEHTY 3a0e3I1eUyBaoch 3aBISKU
TToTIepeTHLOMY HAJIAIITYBAHHIO IPOCETBHOTO MeXa-
Hi3MYy BiJICIYHOTO KJ1ariaHa. Y Mpolieci eKCriepuMeH-
Ty miciast ¢ikcallii JaBayeM CyLiIbHOCTI HasBHOCTI
ra3oBUX BKJIIOUYEHb Y TTOTOLII PiIMHN, BAKOHYBajlach
Binciuka 3KII, Ta ixHiii 3711B 110 OaifmacHii JiHii 10
BUMIpIOBaJIbHOI EMHOCTI, JIe BU3HAYAJIMCh 3HAYEH-
Hs1 3KII. Ha puc. 2 HaBegeHo (oTo Mpoliecy Harmo-
BHeHHs [IK M, 1:1 MozebHO0 pigHOI0 (BOLOIO).

HocninHa KOHCTpyKuUiss M, 1:4 Oyna HUXHBOIO
YaCTUHOIO LITaTHOrO 0aka MajbHOTO, BUKOHAHOIO 3
IPO30pOro opraHiyHoro ckja, pazom 3 33CII 6iu-
Horo Tuity Ta BM, Ha KiH1Ii SIKOi 0y/10 BCTAHOBJIEHO
¢doroMeTpuuHMii JaBay cyuiabHocTI. K OyJro iHTe-
rpoBaHoO y KiHematuuHy moaeiab (KM), no ckiamy
SIKO1 BXOIWUJIU:

e cucteMa kepyBaHHs Ta BuMipioBaHHs (CKTB);

e tHeBMorinpocucrema (IIT'C);

Puc. 3. ®oro 3aranpHOTO Buay KM (a) i JK (6) mnst rigpo-
AMHAMiYHUX icnuTis M, 1:4

Tabauys 2. Maca M cTaTHIHMX TiTpaBIidHUX
3aJIMIIKIB KOMIIOHEHTIB NajmBa a1 oiunoro 311,
B 3ajieskHOCTi Bin uncia @pyna Fr

Fr M, xr Fr M, xr
M, L:1 (Boma) M, 1:4 (rac)
12.49 76.50 18.19 83.34
11.97 82.03 19.87 104.72
14.66 78.87 20.80 99.22
18.23 94.68 20.83 105.82
19.51 94.68 20.84 94.04
23.61 101.00 21.11 91.60
27.32 102.58 21.21 94.55
27.32 105.75 21.37 86.00

* CUCTEMA BiIEOBUMIpPIOBaHb.

Ilepen moyaTkoM eKCIIEpPUMEHTY AOCJigHA KOH-
CTPYKIIisl 3allOBHIOBajJach MOJEJbHOIO PiIMHOIO
(racom). IlorpiOHe 3HAYeHHSI BUTpAT PiIVMHU ITif
yac eKCIIepUMEHTY 3a0e3MeuyBajoch CTBOPEHHSIM
HeoOxigHoro Tucky y JK. Tlig yac excnepuMmeHTy
BimmoBimHi gaBaui dikcyBanu tuck y JAK, Butpatn
PIIVMHU, CYIUTBHICTh MOTOKY PiIMHW Ha BUXOAi 3
BM, TucK y 31MBHilf EMHOCTI, TIPOBOAMIIACH BileO-
dikcalis mpouecy 3JIMBaHHSI MOIEIbHOI PiIVMHU 3
JK 10 31MBHOT EMHOCTI.

Pospaxynok 3KII BuKOHyBaBcsl 00UMCIIIOBaIb-
HOIO CTAHIII€I0 CUCTEMU KePyBaHHS Ta BUMipIOBaH-
HS1 Ha OCHOBiI OTPUMaHUX JJaHUX.

Ha puc. 3 HaBeneHo ¢doto 3arajibHoro Buagy KM
1715 rigpoanHamMivyHux icnuTiB i K (okpemuit Bum)
M, 1:4 BinnosinHo.
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Pesynbraty icniuTiB 3 BUBHAYEHHS Macy CTaTHUY-
Hux rigpasaiyHux 3KITy KM macmira6is M 1:1 ta
M, 1:4 nna 33CII GiuHOro TUITY, B 3aJI€KHOCTI Bil
3HaueHb yuciia Opyna Fr, sxi Oy nepepaxoBaHi
JIJIS1 HATYpHUX YMOB, HaBeAeHO y Ta0. 2.

YUCEJBHE MOJETIOBAHHA I'IPOANHAMIYHUX
ITPOLIECIB IIIJI YAC BUIIOPOKHEHHA BAKA

I BUBHAYEHH{ 3AJIMIIKIB KOMIIOHEHTIB
TTAJIMBA JIJIA 33CIT BIYHOI'O TUITY

3 PO3BUTKOM OOYMCIIOBAJIbHOI TEXHIKM Ta YMCIIO-
BUX METOJIiB pO3B’sI3yBaHHS AU(epeHIlialbHUX PiB-
HSIHb PYXy PiIMHM 3’SIBUJIaCh MOXJIMBICTh 3aMiHU
MPaKTUYHO MOBCIOJJHOTO BUKOPUCTAHHS €MITipuy-
HUX 3aJIEXKHOCTEU O1JIbIII TOUHUM 00U CITIOBAIBHUM
€KCIEPUMEHTOM, SIKY AYyXe aKTMBHO CTajld BUKO-
pucTOBYBaTH iHKeHepU-npoekTyBaabHuKu 33CII
[7, 14,15, 19, 20].

Tak, no 1990-x pokiB y CIIIA kommnaHisimu «Lock-
heed Martin» i «PMD Technology» Oyj0 MOBHiCTIO
cOopMOBaHO Ta 0araTopa3zoBo aripoOOBaHO HAYKOBO-
iHXKeHepHUit minxig go po3pooku 33CII, sxwmit mo-
3BOJISIB PO3LIMPUTH MOJEJIBbHUI DS, ONTUMI3yBaTh
napaMeTpy KOHCTPYKIIil, 3SMEHILIUTU CTPOK MPOEKTY-
BaHHS i 3/IE1LIEBUTH KiHLEBY BapTiCTb BUpOOiB. Takuii
IIiIXiI TTOBHICTIO 0a3yBaBCsl HA BUKOPHUCTAHHI METO/IIB
o0uuMcIoBaIbHOI TiiporazonuHamiku (Computational
Fluid Dynamics — CFD). 3 yacom BiH CTaB MOBCIOTHO
BU3HAHUM iH:KEHEPHUM iHCTPYMEHTOM.

o KJITIO4OBUX MPOEKTIB, SIKi MiATBEPAIN MOXK-
JIMBICTb YMCJIOBMX MeTomiB mpu pospoodui 33CII,
cranu Micii TeneckoniB SDO i JWST, kocMmiuHoi1
ekcriepuMeHTanbHOI Tatopmu NFIRE; mocin-
Hunpbkoro cynytiHuka MESSENGER.

ITpu upomy mig yac micii MESSENGER Ha op-
0iTi Mepkypisi po3poOHMKM BUKOHaIM OaraTopa-
30Bi po3paxyHku y CFD, mo6 ontumisyBaTu mo-
CJTiIOBHICTh BMMKaHHSI MaplIOBOTO JIBUIYyHA s
3BibHeHHS 3KII, IKUii «IIpUInIT» 40 IEPEropoIoK
6aka. Ilpornosu, orpumani CFD-meTomoMm, Oynu
JIy>Ke NOLUIbHUMU Ta TOYHUMHU, 1110 Y YEPTOBUI pa3
MiATBEpAUJIO €KOHOMIYHY i HAyKOBY JOLLIbHICTh
BUKOPUCTAHHS METO/iB YMCEJIbHOTO MOJIETIOBAHHS
B paKeTHO-KOCMIUHill ramys3i.

YV €Bpomi 3a BiICYTHOCTI TOCTYITHOI 0a31 JaHUX
pe3y/ibTaTiB Ha3eMHOIO BilmpalloBaHHsI pi3HOMa-
HiTHUX KOoHCTpyKiin 33CII mpouec BOpoBaaKeH-

44

H$1 yuceabHuX MeToniB npu pospodbui 33CIT imos
OinbI MoBiIbHUMU TeMnaMu. [TpucKopeHHs oMy
Hanajia pobota Hap crijbHUM 3 CIHIA npoekTom
«Space Shuttle» Hanpukinii 1980-x pokis. ITig yac
oro peasnizaliii 0yJ10 MpoOBeIEHO IIMPOKOMACIITa0-
Hi JOCTIIKEHHS 3 BUKOPHUCTAHHSAM HOCTiIHUIIb-
koi mar¢opmu EMTE, 110 103BOJMIO OTpUMaTU
rapHy nodJaTkoBy 0a3y maHux. Hamaii eBponeichbKi
po3pobonukn 33CII momoBXyBaiu poO3MIMPIOBATA
HasiBHY 0a3y IaHMX IIi Yac BTUICHHS Pi3HOMAaHIT-
Hux OpoekTiB. [IpoBoamauch SIK €KCIepUMEHTH,
TaK i po3paxyHKU YMCETbHUMU METOIAMU.

B Yxpaini imxkenepu 1T «Kb «ITiBneHHe» moya-
JIM BAKOPUCTOBYBATH YMCEJIbHI METOAM TIPY MPOEK-
tyBaHHi 33CII 3 2012 p., micis npuadaHHs JileH3i1
Ha nporpamHuii maker ANSYS. fk i y Bunagky 3
€BPONENCHKUMU iHXKEHEpaAMU, MOMTOBHEHHSI HEO00-
XimHO1 s Bepudikallil 4MceJbHUX PO3paxyHKiB
0a3u eKkcrepuMeHTaTbHUX JaHUX MIIUIO pa30M 3 BU-
KOHaHHSIM poOiT Haa npoekToM PH «LlukiaoH-4». |
SIKIIIO Ha TIEPIIUX eTarax poOiT MPOEKTHI MapamMeTpu
33CII nmiaTBepAKyBaIuCh BUKJIIOUHO pe3yabraTaMu
eKCIMEPUMEHTIB Ha Ha3eMHMX TiIpOoAWMHaAMiYHUX
CTEH/Iax Ta CTEHIax HEBAaroMOCTi, TO Ha 3aKJIIOUHUX
eranax royaiu MapajejbHO 3aCTOCOBYBAaTHUCh UM-
CeJIbHI MeTOAM. 3aCTOCYBaHHS YMCEIbHUX METOMIB
JIO3BOJIUJIO CKOPOTUTU: KiJIbKICTh BUKOPMCTAHUX
JK, HeoOXinHY KiJIbKicTh BUITPOOYBaHb, TPUBATICTh
iCTIIUTIB, i, OHAWBAXJIMBILLIE, CKOPOTUTHU 3araJibHi
MaTepiajibHi BUTPATH.

i1 po3B’sI3aHHS ITOTOYHOI 3a1a4i YMCceIbHE MO-
NIeJIIOBAaHHS BUKOHYBAJIOCh [IJI1 TOBHOMACIITAOHO-
ro (HaTypHOTI0) NaJMBHOTO 0aka Ta HATYPHUX YMOB
nosboty PH «llukinoH-4».

TTpouec unceabHOTO MOJEIIOBAHHS TipoAnWHa-
MIYHMX IIpOLIECIB ITi 4Yac BMIIOPOXHEHHS Oaka i
BusHayeHHs 3KIT mrs 33CI1 6iuHOTO THITY Y IPO-
rpaMHOMY ITaKeTi 00YMCIIOBATIBLHOI TiApOAMHAMIKMA
ANSYS Fluent ckiiagaBcsl 3 KiIbKOX eTarliB:

e mobynoBa 3D-mopeni po3paxyHKOBOI o0OJjacTi
Teyil piguHu;

* 1100yJI0Ba pO3pPaxyHKOBOI CiTKU;

* BUOip MaTeMaTUYHOI MOJIEJIi pO3PaxyHKY;

° 3aBJlaHHS BJIACTMBOCTEI MaTepialiB;

* 3aBJlaHHS MTOYAaTKOBUX Ta TPAHUYHUX YMOB;

* 3aBJlaHHS MapaMeTpiB BUpilllyBaua;

* 00YMCIIOBAHHS;

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2024. T. 30. No 3



Busnauenns onmumansHoi KoHCmpyKuyii 3aco6y 3a6e3neuents CyyinbHoCHi naAU6a 3a 00NOMO20H Memody YUCEAbHO20 MOOeAI08AHHS

* Bi3yajizalisi, oOpoOKa Ta aHaJji3 pe3y/JabTaTiB
00YMCITIOBaHHS.

TouHicTh Ta HOCTOBIpHICTh PE3YJIbTaTiB YMCEIIb-
HOTO €KCIIEpMMEHTY 3ajiexkajla BiJl KOPeKTHOCTI BU-
KOHAHHS KOXHOTO 3 TIepETiYeHNX eTalliB.

ITpu mnpoBeaeHHI YMCETBHOTO eKCIEPUMEHTY
OyJ0 MPUUHATO PsiI CIPOLIEHb Ta JOMYyIlIeHb (B
OCHOBHOMY MNpu nodynosi 3D-mopeni), OCKiabKu
BpaxyBaTU BCi (pakTopu, 10 BIUIMBAaIOTh Ha MO-
BEAiHKY PiAMHU B HATYpHUX yMoBax MoJjiboTy PH,
MPaKTUIHO HEMOKITUBO.

Takox gesike MOTipIlIeHHs] TOYHOCTI YMCEIbHOIO
eKCIIepUMEHTY OyJIO IIOB’si3aHEe 3 OOMEXEHOIO IT0-
TY>XHICTIO HasiBHOT OOUUMCITIOBAIbHOI TEXHIKU Ta 00-
MEXEeHHSIM YaCOBOTO PECYPCY.

st yrcenbHOro eKcrnepuMeHTy 0yso modynoBa-
HOo 3D-Mozenb po3paxyHKOBOI 00JIacTi Tevii pign-
HU, TOOTO 3MOJEJbOBAaHI BHYTPILIHI MOPOXHUHU
HaTypHOro (IoBHOMAacIITaOHOro) JHMINA Oaka Ta
BM 06e3 BpaxyBaHHSI TOBILIMH CTiHOK (IuB. puc. 4,
a, 6). Ha 6a3i 3D-Mopmeni Oyjo CTBOpEHO po3pa-
XYHKOBY KiHIIEBO-€JIeMeHTHY ciTKy [5]. Tum cit-
ku — Tetrahedrons. 3anisxi oneparopu Curvature ta
Proximity. 30BHIllIHi/A BUIJISIA CTBOPEHOI CITKU Ta i1
rapaMeTpu HaBelIeHO Ha puc. 4, 6.

I[Ticns 3aBaHTaXKeHHS pO3PaxXyHKOBOI CiTKU Y MO-
oy CED-po3spaxyHkiB ANSYS Fluent 6yno obpa-
Ho [4]:

* METOJ pO3B’sI3yBaHH: 3a1aui — Pressure- Based,

* TUI BUpilllyBaya [Jis HeCTalliOHApHUX po3pa-
XyHKiB — Transient;

* 3HAYCHHS MPUCKOPEHHS BIJIBHOTO TamiHHI —
Gravitational Acceleration — 4.905 m/c?;

* po3paxyHKoBa Mojenb Teuii — Multiphase,
Volume of Fluid (VOF). KinbkicTtb paz — 2;

* TypOyJeHTHa Mopeab B’sI3KocTi — Realizable
k-¢ (+2E) (EilnepoBa Mojeb).

JI1st cripolieHHST po3paxyHKiB Iepina a3a (Tra3),
o0OpaHa sik ToBiTpsl (air); npyra da3za — pinuHa, 3a-
JlaHa K HeCUMETpUYHUI numetwirinpasud UDMH
(HAMI TOCT B17803-72.HJIMT'), BianosinHo 3anaHi
Oro XapakTepUCTUKHU (ILIiIbHICTb, B’SI3KiCTh TOLLIO).

Y posnini Boundary Conditions (rpaHU4Hi YMOBH)
3aaHo:

e Ha BxoJi (inlet) — mis pa3u mixture 3agaHO TUTT
pressure-inlet — BcTaHoBJIeHO 3HaueHHS 202650 I1a
(2.1 ara) y noni Gauge Total Pressure (pascal);

Defaults - Element Sze - 20mm
Quality - Skewness - max - 099977
Statistics - Nodes - 1102626

0 0.5

Im Details of MASH:
Statisties - Chements - 6002176

8

Puc. 4. 3D-Monenb po3paxyHKOBOI 001aCTi Teuii piTuHM ISt
YUCeNIbHUX po3paxyHKiB 0iuHoro 3I1: ¢ — akcoHOMeTpuY-
HUI BUIJISII, 6 — BUTJISII CIIEPEy, 6 — PO3paxXyHKOBa CiTKa

* Ha Buxofi (outlet) — s dha3u mixture 3a1aHO
Tutl velocity-inlet — BcTaHOBJIEHO 3HaYeHHS —3.95 M/
y niofii Velocity Magnitude;

e 1151 cTiHOK (wall) — paza mixture 3agaHo TUIT
wall — y noni Wall Adhesion BcTaHOB/IEHO 3HAUYEHHST
0 pam mas KOHTaKTHOTO KyTa 3MOUYYBaHHS PimnHU
Contact Angles; y noni Roughness Height BcTaHOBJIE-
HO 3HaueHHs 40 MKM JUIsl IIOPCTKOCTi CTiHOK.

Y po3snini Solution Methods (MeTogu po3B’sI3y-
BaHHS) 0OpaHo:

* CXeMy CHOJIy4eHHS TUCKY Ta IBKUIKocTi — PISO;

° cXeMy MOWCKpeTu3alii rpagieHTa — Least
Squares Cell Based,

e cxeMmy nuckperusauii Tucky — PRESTO!;

* CXeMy IMCKpeTH3allil iMITyJIbCcy, 00’eMy, KiHe-
TUYHOI €Heprii, piBHs poO3CiloBaHHSI TypOyJIeHTHO-
ro nmotoky — Second Order Upwind (nyickpeTusatiist
2-T0 TMOPSIIIKY).

3amaHo MOYaTKOBHI piBeHb PIIMHU IO KOOPIU-
HaTax 3a Jornomorow (GyHkiii Adapt -> Region ->
Mark.

[Ticns xiHLeBUX HalalITyBaHb y po3aisi Run Cal-
culation Oyno 3miliCHEHO PO3paxyHOK i OTpMMaHO
pe3yJIbTaTy NapaMeTPiB TiApoAMHAMIYHMX IIPOLIECIB
ig yac BUIOPOXHEHHs Oaka i Bu3HaueHHs 3KII
st 33CIT 6iuHoro TMITY, SIKi Oy/Iu BimoOpakeHi 3a
JIOTIOMOTo10 MoayJist Results.

Ha puc. 5 HaBeaeHO XpOHOMETpax MpoLecy BU-
nopoxHeHHs1 0aka i Bu3HaueHHs1 3KIT misa 33CI1
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Puc. 5. XpoHoMerpax Mpoliiecy BUMOPOXKHEHHs 0aka i BuU-
s3HayeHHs 3KIT st 33CI1 6iyHOTrO THITY JUTSI YOTUPHOX KITIO-
YOBUX MOMEHTIB: @ — TMIOYATOK 3JIMBY, 0 — 3aHYPEHHSI ra30BO1
dasu nig tapinb 33CI1 6iyHOTO THUITY, 6 — 3aHYPEHHS Ira30BOi
aszu o Bxomy y BM, ¢ — 3aHypeHHsI Ta30B0i (pa3u 10 BXomy
y PY

Tabauys 3. 3HaAYeHHSI MACH KOMIIOHEHTIB NMAJIMBA
Ta CYUIJIbHICTD PiAMHM Y NAJTMBHIl CHCTeMi XKHUBJIEHHS
pyiiiHoi ycraHoBKH 11 OiunHoro 311

MoMmeHT Yac, ¢ CyminbHicTh, % Maca KII, kr
T, 0.0213 100 1547.64
T, 38.5939 100 129.09
T; 38.7271 100 124.19
T, 39.0284 98 113.28

OIYHOTO TUMY IS YOTUPHOX KIIFOYOBMX MOMEHTIB
(7,..T)).

V tabn. 3 nHaBemeno 3HayeHHs macu KIT Ta cy-
HiNbHiCTh pinuHM (HanpukiHii BM) y nanusHii
cucteMi XuBJeHHsS PY 1msi 4OTMPBbOX KIIIOYOBUX
MOMEHTIB BUITOPOXXKHEHHSI MaJlMBHOTO Oaka 3 Oiu-
HumM 3I1.

BEPH®IKAIIS YMCEJLHOTO MOJIEJTIOBAHHA
TIPOIMHAMIYHUX MTPOLIECIB IIJ] YAC
BUTIOPOXHEHHS BAKA I BU3HAYEHHS 3AJUIIIKIB
KOMITOHEHTIB IMAJIVBA LIS 33CIT BIYHOTO TUITY
3A PE3VJIBTATAMU ®I3UYHOTO EKCITEPUMEHTY

PesynbraTtit UnceIbHOrO MOACTIOBAHHS, SIK 3BUYAli-
HO, BepU(]iKyIOTbCSI TaHUMU (hi3MIHOTO EKCIIepH-
MeHTY. /1151 TOpiBHSJIBHOTO aHai3y AaHi (pi3MIHOro
eKCIIepUMEHTY, HaBeJeHi y TabJ. 2, OyJ10 HaHece-
Ho Ha rpadik 3anexHocti macu 3KII Bim yncma Fr

100

80

60 1 1 1
10 20 30 Fr

Puc. 6. Ipadik 3anexnocti macu 3KIT Ha MOMEHT 3aHYpeH-
HS Ta3oBoi a3y 1o Bxoay y PY Bim umncna Fr: xpectuku —
PE3YJIBTaTH €KCIIEPMMEHTAIBHOIO BilmpaloBanHsa M, 1:1
(BoIa); KOCi XpPeCTUKU — PE3yIbTaTh €KCIEPUMEHTATbHOTO
BinnpaioBaHHs M, 1:4 (rac); KBajipaTUK — Pe3yJIbTaTh PO3-
paxyHKIB 3a eMITipUIHUMU 3aJIeXKHOCTSIMU; TPUKYTHUK —
pesynbratn CFD-MonmemoBaHHS; CyIIiJibHa TIpsiMa — JIiHil-
Ha arnpoKcuMallisi eKCIepUMEHTAJbHUX JaHUX; IITPUXOBI
npsiMi — MeXi PO3KUIY €KCITePUMEHTaTbHUX JTaHUX

(puc. 6) pa3oM 3 TaHWMM YKHCETBHOTO MOJIETIOBAH-
HS Ta JAHMMU TOIEPEIHIX PO3paxyHKIiB 3a €MITi-
pyuyHUMM 3ajieXXHOoCTsIMU (nuB. Ta6a. 1) mist 33CIT
6iyHoro tumy. 3HaueHHs uucen Fr ta macu 3KII
MPUBEJEHO /I TOBHOMACIITAOHOTO 6aKa MajibHO-
ro (pazom 3 BM) Ta HaTypHUX YMOB MOJILOTY HA MO-
MEHT 3aHypeHHsI ra3oBoi (a3u 10 Bxoay y PVY. Ilpu
LIbOMY, OCKiJIbKU po3paxyHKoBe 3HaueHHs1 3KIT mis
33CII 6iyHoro tumy (nuB. Tabi. 1) OyJio OTpUMaHO
s 6aka manbHOro 6e3 BM Ha MOMEHT 3aHypeH-
Hs ra3oBoi ¢a3u mo Bxomy y BM, itoro 3HaueHHS
Ha MOMEHT 3aHypeHHs Ta30Boi (pa3u 1o Bxony y PY
(M§) Oyne mopiBHIOBaTU

n — n46yM 3KIT I1BM w0
Mg =Ms3cnor ¥ Myzcnor — 7 Gpy, (D)
cym 3KIT cym 3KIT
ne My3cn 6. — CyMapHa maca 3KII. Mycner =

= 3C1y(Mn st 33CI1 6iunoro Tumy (auB. Tabm. 1),

Maserle =10.67 kr — maca KITy BM 6aka 3 33CI1

6iuHoro Tuty, t* ~ 0.3 ¢ — yac, 3a JKu1if ra3oBa ¢asa
3aHYypIOEThCS Bim Bxonmy y BM mo Bxomy y PV, Teo-
peTUYHO 1Ieli Yac 3aJiexXUTh Bil KoHbirypalii BM,
LIJISIXY, 110 JoJla€ ra3oBa (paza Bim Bxoxy y BM mo
Bxony y PY, ta mBuakocTi il 3aHypeHHsl. Benrnunna
Gpy = 38.57 xr/c— Barosi Butpatu KII 1o PY.
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Detaults - Dement Size - 20mm
Det . Qaality - Skewness - max - 093527
ils of MASH: Statistics - Nodes - 747371
Statistics - Dlements - 3510280

Defaults - Element Size - 20mm
u,ﬂualnky - Shewness - max - 0,86208

“Statistics - Nodes - 1206956

Statistics - Elements - 6308838

Details of MAS

Puc. 7. 3D-Mozaeni po3paxyHKOBOI 001aCTi TeUil piIiMHM IJ1 YMCeIbHUX po3paxyHKiB: a — cudoHHoro 33CI1, 6 — KinbueBoro
33CII. 3niBa — aKCOHOMETPUYHU I BUIJISI, TOCEPEIUHI — BUTJISII CIEPELy, ClpaBa — PO3paxXyHKOBI CiTKU

st Tounimoro BpaxyBaHHg Macu KII, Ha sKy
3MeHIINTbC cyMapHe 3HadeHHs 3KII 3a yac 3a-
HypeHHsI ra3oBoi ¢a3u Bin Bxoay y BM 1o Bxony y
PY, saminumo y popmyii (1) 3HaYeHHSI MHOXHUKA
T -Gpy Ha Pi3HUIIO M, —M, (muB. TaGn. 3). V
LboMy BUNaAKy ¢opmyJa (1) Oyme MaTu BUTJISI

Mg = MS3RGn + Masenon— Mg )
e Mg = MT4 —MT3 . g 33CI1 6iyHOTO THITY Mg =
=10.91 kr.

Sx BumHo 3 puc. 6, 3HadeHHs 3KIT mis 33CI1T
OiYHOrO TWITy, OTPMMAaHE METOJOM YMCEIbHOIO
MOJIEJIIOBAHHS, JIEXXUTh Y MeXax PO3KUIY 3HAUYE€Hb
€KCMEPUMEHTATbHUX JaHUX Ta BIIXWISETbCH Bil
JIiHII ampoKcuMallii eKCcHepuMeHTaJbHUX JaHUX
npubanu3Ho Ha 9 % (cepenHbO alPOKCHMOBAHE 3a
pe3ynbsratamMu exkcrnepumeHTy 3HadeHHsT 3KII mo-
piBHoe 104 k1, npu Fr = 25.81) npu 3arajibHOMY
BiIXWJIEHH] PO3KMIY 3HaY€Hb eKCIIEpUMEHTaTbHUX
nmanux £12 %. Lle cBim4uTh PO JOTPUMAHHS TifApoO-
IMHaMiYyHOI noaioHocTi npu 3D-MopemoBaHHI Ta
MiATBEPXKYE KOPEKTHICTh BUKOHAHHS IOCTaBJIE-
HUX 33J1a4 YUCEJIbHOTO EKCIIEPUMEHTY.

IIpuiiHaTi Npu TPOBENEHHI YMCEIbHOIO €eKC-
MEPUMEHTY CIPOIIEHHS, OOMEXeHa IOTYXHICTh
HassBHOI OOYMCJIIOBAJIbHOI TEXHIKM Ta OOMEKeHHS
4acoOBOI'0 PeCypcy CYTTEBO He BIUIMHYJIM Ha 10CTO-
BipHICTb OTPMMaHUX pe3yJbTaTiB, TOMY 1O BOHU
MiATBEP/KYIOTbCSl TaHUMU (DI3MYHOTO EKCIepU-
MeHTy. Lle o3Hauae, 110 OTpMMaHa MaTeMaTU4Ha
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MOJIEJIb MOX€e BUKOPHUCTOBYBATUCS IIJISI YMCEIHHOTO
MOJIEJIIOBAHHS TiApOAMHAMIUHMX TIPOLIECIB ITiJ yac
BUITIOPOXKHEHHsT 0aka i BuzHaueHHs 3KII mis cu-
¢onHoro ta kinsuesoro 33CII.

YUCEJIbHE MOJETIOBAHHA
ITIPOANHAMIYHUX ITPOLIECIB

11 YAC BUIIOPO2KHEHHSI BAKA

I BUSBHAYEHHSA 3AJIMIIKIB KOMIIOHEHTIB
ITAJIMBA JI1 CUPOHHOI'O TA KUIBIIEBOT'O 33CII

YucenbHe MOAEIIOBAHHSI BUKOHYBAJIOCh [JIsI MO-
BHOMAcCINTAOHOro (HAaTypHOIO) ITAJIMBHOrO ©Oaka
I-ro cTyneHs ta HaTypHUX YMOB noiboTy PH «Ilu-
KJIOH-4» 3 anpTepHaTuBHUMU Bapiantammu 33CII:
CU(POHHUM Ta KiJIbLIEBUM.

JJ1s1 4rceIbHOrO MOAEIIOBAHHS Oy10 IMo0ymoBa-
HO 3D-Mmomens po3paxyHKOBOI 00acTi Tedii pimm-
HU, TOOTO 3MOJE/JbOBaHI BHYTPIlLIHI MOPOXHUHU
HaTypHOro (IOBHOMAcCILITaOHOro) AHUIA Oaka Ta
BM, 06e3 BpaxyBaHHSI TOBILIMH CTiHOK IJIs1 CU(POH-
Horo (puc. 7, a) Ta KiJbLesoro (puc. 7, 6) 33CII.

Ha 6a3i 3D-Mognesni Oy10 CTBOPEHO poO3paxyH-
KOBY KiHIIEBO-€JIeMEHTHY ciTKy [5]. Tum citku —
Tetrahedrons. 3anisni onepatopu — Curvature ma
Proximity. 30BHillIHIli BUIJISIA CTBOPEHOI CiTKU Ta
11 mapameTpu Juisi cuoHHOoro Ta Kijbiesoro 33CI1
TaKOX HaBeleHO Ha puc. 7 (cpaBa).

YV nopansmiomy y moayiai CFD-po3paxyHKiB
ANSYS Fluent micasg 3aBaHTaXKeHHSI pO3paxXyHKO-
BOI CiTKM 0OMpaiMCh HaJallITyBaHHS Ta 3aJaBalCh
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Puc. 8. XpoHoMeTpax Mpoliecy BUITOPOKHEHHs 0aka i BU-
3HauyeHHs1 3KIT misa cudponnoro 33CIT st YOTUPHOX KITIO-
YOBUX MOMEHTIB: @ — TTOYATOK 3JTUBY, 6 — 3aHypPEHHsI Ta30BO1
dazu no Bxony y cudonnuit 33CI1, ¢ — 3aHypeHHS ra30BOi
dasu 10 Bxoay y BM, e — 3aHypeHHs ra3oBoi a3y 10 BXOIY
y Py

Puc. 9. XpoHomeTpax Tpoiiecy BUTTOPOXKHEHHs 0aka i BU-
s3HayeHHs1 3KIT ms xinbueBoro 33CI1 mist 4OTUPHOX KITIO-
YOBMX MOMEHTIB: @ — MOYATOK 3JIUBY, 6 — 3aHYPEHHS ra30-
Boi (pasu mig nepdopoBaHy rutacTuHy KinbueBoro 33CII,
6 — 3aHypeHHsI ra3oBoi a3u 10 Bxoay y BM, e — 3aHypeHHs
ra3zoBoi ¢a3u 110 Bxoay y PY

MOYaTKOBi Ta TpAHWYHI YMOBMU 3TiHO 3 METOIUKOIO,
BinnpanpsoBaHoto g 33CIT 6iyHoro Tumny [4].

ITicas po3paxyHKiB i OTpMMaHHS OIIIHOK Tapa-
METPIB TiIpoAMHAMIYHUX IPOLECiB Iif Yyac BUIIO-
poxxHeHHs1 60aka i Bu3HaueHHs 3KII mis cudoHHO-
ro i kizpueBoro 33CII, BoHu Oyu Bi3yasi3oBaHi 3a
JIOIIOMOT 010 MOIyJIs Results.

Ha puc. 8 Ta 9 HaBeneHO XpOHOMETpax MpoLecy
BUITOpOXHEHHs1 6aka i BusHaueHHst 3KII mis cu-

¢onHoro i kinbueoro 33CII (BianoBinHO) A5 4O-
TUPBOX KIIIOYOBUX MOMEHTIB T7...T),.

VY Tabn. 4 HaBeneHo 3HaueHHs Macu KIT Ta cy-
LUIBHICTD pigvHu (HampukiHui BM) y manuBHil
cucteMi XupieHHs PY w1 4oTUphOX KIIIOYOBUX
MOMEHTIB BUIIOPOXXHEHHS TMaJMBHOro 6aka 3 CH-
¢doHHUM Ta KinbueBuM 33CII.

AHAJII3 PE3VJIbTATIB

Ockinbky 3HaueHHs riapasiaiuHoro 3KIT BusHaua-
€Tbcs 17151 cuctemMu xkubieHHst PY PH, sika ckiana-
€TbCH 3 aIMBHOTO 6aka Ta BM, TO /11 KOPEKTHOTO
MOPIiBHSIHHS Ta aHali3y pe3yJbTaTiB aHaJiTUYHUX
pO3paxyHKiB, $§Ki IPOBOAWIMCH 0€3 ypaxyBaHHS
BM, 3 pe3syabraramMy 4UCEIbHOTO MOJEIIOBAHHS,
notpioHo mpoBectu nepepaxyHku 3KIT mns cu-
¢onHoro Ta xinbuesoro 33CII (taba. 1) 3a TakuMu

dopMynamu:

cym 3KIT IT1 BM

M =M 53cn + M, 33cn— M, 3)
, _ ~scym 3KIT KIT BM .
MK — My33cn + MK.33CH - MK' 4)
V bopmysti (3) wist cudornoro 33CT: MR-
cym 3KIT )

Cyl\éa é{ﬁMaca 3KH, Mc.33CH = §Iy<1\i[-[(,£[I/IB. TaoJI. 1),
M, 50 = 10.75 kr — maca KIT'y BM 6aka, M)} =

K.
= 9.48 xr — Maca KII, Ha sIKy 3MEHILUUTBCS CYyMapHe

3HaueHHs 3KII 3a yac 3aHypeHHs ra3oBoi ¢a3u Bil
Bxony y BM no Bxony ¥K1;Iy Y bopmyii (4) niist Kinnb-

nesoro 33CII: Mz.y:;hgcn — cymapHa maca 3KII,
cym 3KIL KIT BM

M, 330n = Msicn(nus. 1a6m. 1), M, 330 = 12.09kr—

maca KITy BM Gaka, M; = 12.10 xr — maca KII, na

Tabauys 4. 3HaYeHHs: MACH KOMIIOHEHTIB MAJMBA
Ta CYUJIbHICTD PiAMHM Y NAJMBHIli cCCTeMi XKUBJIEHHS
pymiiiiHoi ycTaHoBKH 1715 cuonHoro Ta kinbuesoro 33CIIT

MomeHT Yac, ¢ CyuiibHicth, % | Maca KII, kr

Cuchonnuit 33CIT

T, 0.0445 100 1542.03

T, 40.7670 100 46.24

T; 40.9919 100 36.44

T, 41.2503 99 26.96
Kinvuesuii 33CIT

T, 0.0439 100 1546.61

T, 40.8234 100 47.27

T; 40.9879 100 41.19

T, 41.3169 98 29.09
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SIKy 3MEHILIUTHCS cyMapHe 3HaueHHs1 3KI1 3a yac 3a-
HypeHHSI ra3oBoi a3y Big Bxoay y BM 1o Bxony y PVY.

PospaxyHkoBi 3HaueHHs M" cTaTM4YHOrO rigpas-
smiyHoro 3KII, oTpuMaHi 1j1d CUCTEMM >KUBJICHHS
PY PH 3a dopmynamu (2)—(4), sHaueHHs Mg,
OTpUMaHI IIPpU YUCETBHOMY MOJEIIOBAHHI IIJIsSI BCIX
Tpbox BapiaHTiB 33CII, Ta iXHe cTaHAapTHE BiIXU-
JICHHS G BiJ HaBeISHO y Ta0JI. 5.

Sx BumHO 3 TaGa. 5, 3HAYEHHS TiApaBIiYHUX
3KII, oTpuMaHi YMceIbHUM MOJETIOBAHHSM, TyXKe
BiIpi3HSIIOThCS BiJ 3HAUYE€Hb, PO3PAXOBAHUX 3a JO-
IMOMOTOI0 METOAUKM [11], IO TPYHTYETHCS Ha eM-
MMipMYHUX Ta HAIMiBEeMITIPUYHUX 3aJIEXKHOCTIX. AJle
pe3yJbTaTi YynuceabHoro MoaemoBanHs aist 33CIT
OIYHOTO TUIY BIOXWISIOTHCS Bif JIiHII OcepeaHeH-
HSI €KCITIEPUMEHTAJIBHUX TaHUX MpUOIN3HO Ha 9 %
(cepenHe ampoOKCHMMOBaHe 3a pe3yjJbTaTaMMu eKc-
nepuMeHTy 3HayeHHs1 3KIT nopiBHioe 104 xr, ipu
Fr = 25.81), npu 3aranbHOMY BiIXUJICHHI PO3KUILY
3HAaYeHb €KCIIEpUMEHTAIbHUX gaHux 12 %. lle
JIa€ MOXJIMBICTb BUCYHYTH TilOTe3y, 1110 pO3po0dJie-
Ha METOAMKA YMUCEIbHOTO MOJEIIOBAHHS TiIpOIM-
HaMIYHMX IIPOLIECIB ITiI Yac BUITOPOXKHEHHS 0aka i
BusHaueHHs 3KI1 € mitficHo10, a OTpMMaHi IIpH ii BU-
kopuctadHi 3HaueHHs 3KIT my1s1 6iyHMX, cuoHHUX
i kimpuesux 311 OynyTh nexatu y Mmexxkax =15 % Bin
cepeaHbO alPOKCUMOBAHOIO 3HAUYECHHS (Pi3MYHOIO
eKCIEPUMEHTY.

Tabauys 5. IlapameTpu cTaTuuHoro rigpasiiynoro 3KIIT

Tun 33CIT M",kr | Mgy, KT c, %
Konctpykitist 6iuroro tumy | 94.56 113.28 20.8
Cudonnunii 311 32.87 26.96 18.0
Kinbueswnit 311 47.48 29.09 38.7
Tabauysa 6. 3mina macu AM/;;, KOPUCHOTO BAHTAXKY
Y BUNIAJKY BOPOBA/KEHHs CM()OHHOTrO M KiJIbLIEBOTo
33CII BigHocHo mrarHoro 33CII 6iunoro Tumy
3a pe3y/IbTaTaAMH YHCEJbHOTO MO/IETIOBAHHS

Tur 33CI1 AM{pp, KT
LlITaTHa KOHCTPYKILisE GIYHOTO TUITY 0
Cucdonnuii 33CI1 +54
Kinbuesnii 33CI1 +5.2

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2024. T. 30. No 3

Bigxunenns 3nadenb 3KII 3a pe3yiabraToM 4m-
CeJIbHOrO MojenoBaHHs Kijblesoro 311 Ha 38.7 %
MOSICHIOETBCS TUM, 110 aHaJiTUYHA MeTtoauka [11],
3a sIKO10 Oyso oliHeHo monepeaHe 3HayeHHs 3KII
(47.48 xr), He BpaxoByBajla KOHCTPYKTUBHUX OCO-
omuBocTeit 6aka 3 kimbueBuM 33CII, me Teuis pi-
IVHU y 3K0JI00i mim rmepdopoBaHOIO IUIACTUHOIO
MOXXe BiOyBaTUCS 3a «[MOPIIHEBUM» MPUHIUIIOM.
Lle MOXIMBO, KOJM MOYAaTKOBE 3aHYPEHHSI ra30BO1
¢a3u mig 1mIacTuHy BiZOYBAETHCS Y caMOMY Jajlb-
HboMy Big BM 1i cekTopi, 110 Hagaldi Moxe Ipu-
3BECTU J0 MOBHOI'O PiBHOMiIpHOI'O BUITIOPOXXHEHHS
K0J100a 32 «IIOPIIHEBMM» HNPUHIUNOM. YacTKOBO
el e(heKT CIIOCTePIira€ThCs Ha XpOHOMETPaXi mpo-
1IeCY UYMCEIbHOTO MOJEIIOBAHHS BUMOPOXKHEHHS
6aka 3 xinbuesum 33CII (puc. 9, 6—e).

Takum ynHoM, 3HaueHHs 3KII, orpumani 3a 10-
MOMOTOI0 YUCEIbHOTO MOJIEIIOBAHHS, ITOBHICTIO
BiITBOPIOIOTh (Di3MUHY KapTUHY BUIIOPOXKHEHHS
b6aka ta ¢opmyBaHHsg 3KII i € GiabII JOCTOBIpHU-
MU, HI3K 3HaY€HHSI, OTpMMaHi 3a JOIOMOI0I0 aHai-
TUYHUX PO3PAXYHKIB.

I3 Tabn. 5 BumumBae, mo HaiiMeHiry macy 3KIIT
3a0esneuye cudonHuit 33CII, 5K 3a aHATITUYHU-
MM, TaK i 32 YMCEJTbHUMMU po3paxyHKaMu. Buxoasuu
i3 orpumaHux 3HayeHb 3KII y 6aky nmajgbHOro s
posrsiHyTux BapiantiB 33CI1, 3a MeTonMKOMO i pe-
KOMeHJalissMu [3] BU3HaUE€HO 3MiHY €HEPreTUYHMX
xapakTepuctuk PH «lluxion-4». JIasg 1poro oii-
HIOBaJIacsl 3MiHa Macu KOPUCHOTO BaHTaXYy, KU
moxe 0yt BuBeaeHo PH Ha omopHy op0iTy BigHOC-
Ho mraTtHoro 33CII Giunoro tumy. Y Tabi. 6 HaBe-
JIEHO 3HAaYeHHS 3MiHU Macu KOPUCHOTO BaHTaxy y
BUITIaJKy BIIPOBaIKEHHsI CU(OHHOTO i KiJIbLIEBOI'O
33CII BignocHo mtatHoro 33CII 6iyHOrO THITY 3a
pe3yabraTaMu YMCETbHOTO MOJICTIOBAHHSI.

BUCHOBKU

Pe3ynbrati po3paxyHKOBO-aHATITUYHUX Ta €KCIe-
PUMEHTAJIbHUX POOIT 3acBimumiau, mo 3KIT Haii-
MEHIIUN y BUIAAKY BHUKOPUCTaHHS CU(MOHHOTO
33CII. OcHOBHUMMU IIepeBaraMu Moro €:

* 3MEHIIIEHHs CEPeTHBOTO 3HAUYEHHST CTATUYHOTO
rinpasiaiynoro 3KII y cucremi xusinenns PY PH
«Iukmnon-4», 3 104 xr (mst mmratHoro 33CII GiyHO-
TO THMY), 10 26.96 Kr (pi3HuIII cTaHOBUTH 77.04 KT
i € CYTTEBOIO);
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* 330e3MeYeHHs] PiIBHOMIPHOTO 3HMXKEHHSI PiBHS
KIT y 6axky;

* 3MEHIIEHHS AMHAMIYHOI CKJIaJ0BOI CyMapHO-
IO 3aJIMIIKY SIK HACIIIOK 3MEHIIEeHHS M 3aBIsAKU
HeHTpasibHOMY BimoupanHio KIT;

* 3anpoBamxkeHHss cudonHoro 33CIT mist KuB-
JIeHHS pynboBoi PY He moTpebye moornpaliroBaHHS
y 6aky najabHoro 33CII mapioBoi PY.

V nmiacyMKy BIpoBaIKEHHST B KOHCTPYKIIiIO MaJIMB-
Horo 6aka PH «l1uxjioH-4» 3aMicTb GiYHOTO — OLIbILI
nJockoHanoro cugonHoro 33CII no3BomuTh IiABU-
IIUTA eHepreTuuHi xapaktepuctuku PH uuisaxom
30UIbILIEHHSI MAaCd KOPHUCHOTO BAaHTAXY, SIKMII BUBO-
JIUTHCS Ha OITOPHY HABKOJIO3eMHY OpOiTY, Ha 5.4 KT,

K mnokazanu pe3yJbTaTh IIPOBEACHUX POOIT,
3aCTOCYBaHHS TIpU BUKOHAHHiI IPOEKTHO-KOH-
CTPYKTOPCHKUX POOIT 3 po3poOKM, ONTUMi3allil Ta
BIOCKOHAJIEHHSI, 3aMiCTh 3BMYaliHOIO BUKOPHUC-
TaHHSI EeMITIpUMYHMX Ta HAIliBEeMITIPUYHUX 3aIeX-
HOCTe, MeTomiB uncebHoro monenoBaHHs (CFD-
MOJIEJIIOBaHHSI ), JO3BOJISIE:

p

JIITEPATYPA

* OTpUMYBATH OiJIbII TOYHI Pe3yJIbTaTH;

® CKOPOTUTHU KiJIbKiCTh BUKopucTaHux JIK;

* CKOPOTUTU HEOOXiJHY KiIbKiCTh BUTIPOOYBaHb;

* CKOPOTUTU TPUBAJIICTh IIPOBEICHHS iCITUTIB;

* CKOPOTUTHU CYKYMHY TPUBaJIiCTh 00UMCIIIOBAJIb-
HUX Ta MPOEKTHO-EKCIIEPUMEHTAIBHUX POOIT;

* CKOPOTHUTH 3arajibHi MaTepiaJTbHO-TEXHIYHI BU-
TpaTH i, SIK HACIiIOK, 3[ACIIEBUTH KiHIIEBY BapTiCTh
MPOAYKTY PO3POOKH, IO MiABUIIATH MOr0 KOHKY-
PEHTOCIIPOMOXKHICTb.

INOJAJIBIII POBOTH

Y nonanbioMy miaaHy€eThCS:

°* MPOBEACHHS YMCEIbHOTO MOJEIIOBAHHS TiApO-
JNMHAMIYHUX MPOLIECIB Mill Yac BUTIOPOXKHEHHS Oaka
i BUBHaUYeHHs n1MHaMiuHOi ckiaagoBoi 3KIT mist 6ig-
Horo, cudoHHoro Ta Kiibsuesoro 33CII,;

* TIPOBEIECHHS IMOPiBHSUILHOTO aHaJIi3y i miaTBep-
IKeHHs1 onTumajibHol KoHcTpykuii 33CII 3a pe-
3yJbTaTaMy YMCETbHOTO MOJIETIOBAHHSI.
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DETERMINATION OF THE OPTIMUM DESIGN OF THE MEANS
TO ENSURE FUEL CONTINUITY USING THE METHOD OF NUMERICAL SIMULATION

Residues of liquid propellant components in the power system of the propulsion system at the end of the operation of the launch
vehicle stage significantly affect its energy characteristics. The fuel continuity features found in modern launch vehicle tanks
ensure a continuous supply of propellant components from the tank to the propulsion system without disrupting flow and mini-
mizing residues. In the fuel tank of launch vehicles, the presence of a tunnel pipeline complicates, and in certain cases excludes
the possibility of taking fuel from the pole of the tank. Solving the problem of fuel intake, in this case, allows the use of means
to ensure the continuity of fuel of the side type. However, the use of such a device, due to the displacement relative to the pole
of the bottom of the tank by a certain angle of the sampling point, can lead to an uneven level of breakthrough and immersion
of the boost gas at the inlet to the flow line and, as a result, a significant increase in the remainder of the fuel components. The
authors searched for and substantiated the optimal design of the means for ensuring fuel continuity on the example of the fuel
tank of the first stage of the Cyclone-4 launch vehicle, which is equipped with a side-type fuel continuity means in the form of
a profiled plate (plate). The designs of siphon and annular fuel continuity means are considered. An analytical calculation was
carried out using empirical dependences, a physical experiment, and a numerical simulation of their main parameters. Based on
the work performed, a comparative analysis of the change in the energy characteristics of the launch vehicle depending on the
chosen design was carried out. The efficiency of the operation of the considered means of ensuring the continuity of the fuel is
determined in terms of the mass parameter of the remainder of the propellant components under static conditions. The result of
the experimental and computational-analytical work was to obtain the most optimal variant of the fuel continuity means, which
turned out to be a siphon according to several parameters. The introduction of a siphon means of ensuring continuity, as more
optimal, into the design of the fuel tank of the Cyclone-4 launch vehicle will improve its energy characteristics by increasing the
mass of the output payload by 5.4 kg. Also, using the numerical modeling methods (CFD methods) for design work on devel-
opment, optimization, and improvement, instead of empirical and semi-empirical dependencies, allows you to: obtain more
accurate results; reduce the number of experimental designs; reduce the required number of tests; reduce the duration of exami-
nations; reduce the total duration of computational and design and experimental work; reduce the overall material and technical
costs and, as a result, reduce the final cost of the development product, which will increase its competitiveness.

Keywords: residues of fuel components; fuel continuity means; propulsion system; fuel tank; fuel components.
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IHcTutyT TexHiuHoi MmexaHiku HauioHanbHoi akageMii HayK Ykpainu i JlepXkaBHOTO KOCMIYHOTO areHTCTBa YKpaiHu
By Jlemko-Tlonens 15, [Ininpo, Ykpaina, 49005

BIIJINB KYTA BXOAY 10 A3BOHOIIOAIBHOT'O HACAJIKY
YKOPOYEHOI'O KPYIJIOTO HAI3BYKOBOI'O COILIA
PAKETHOI'O IBUT'YHA HA NOT'O IMITVJIbCHI XAPAKTEPUCTUKHA

Y eazoodunamiunux docaioxncennsx pakemnux 08ueynie eeauxa ysaza npudiinemscs XapaKmepucmukam conaa — ioeo eeomempii,
imnyascy, gmpamam ma ms208UM XapaKmepucmuKam y pisHux ymogax pooomu. Jlany pobomy npucesaueHo 0ocaiodHceHHIo GNaugy
VM08 6X00Y Y 0360HON00IOHUI HACAOOK YKOPOUEHO020 CONAA HA 1020 2A300UHAMIYHI ma iMnyabcHi Xapakmepucmuku. Pozensoaroms-
¢ yKopoueHi conna 3 00HAK08UMU KOHIYHUMU HAO38YKOBUMU YACMUHAMU, 00HAKO0BOIO 3a2ANbHOI0 008JICUHOIO CONAA, aae PiZHUMU
Kymamu CnoAy4eHHs KOHIYHOI YacmuHu conaa 3 0360HON00IOHUM HACAOKOM.

Ilpu pobomi Ha pieni mops 3miHa Kyma HAXuAy meipHoi 0360HON00IOH020 HACAOKA HE GHOCUMb ICMOMHOI 3MIHU HA 8CAUMUHY
cmamu4Hoe0 MUCKY 30 KYMO0Goio mMO4Ko ma Ha Koegiuienm imnyascy conaa. Lle nog’s3ano 3 6uHUKHeHHAM 8i0pU8y NOMoKy Ha
Kymosiil mouui i Hasenicmo eeauxomacumaonoeo suxopy. Ilpu 6e3eiopueHiii meuii'y conai nio uac pobomu 0eueyra pakemu Ha 6u-
comi xapakmep po3noodiny mucky Ha CMIHYi CONAA 3a KYMOBOH MOYKO0H 3MIHIOEMbC NPU 3MIHI Kyma CNOAYYeHHS KOHIYHOI YacmuHu
3 HACAOKOM, a MAKCUMAAbHe 3HaA4eH s Ha 3pi3i conaa npubausHo oonakose. Lleii hakm nosacHioemocsa noagoro sucsauoi yoapHoi xeuni
0ina cminku Hacaoka npu maiux Kymax exooy (30°).

TIpoananizosaro iMnyavbCHi Xapakmepucmuku meuii ¢ COnal NPu Pi3HUX 3HAYEHHAX MUCKY Ha 6X00i 8 CONA0 MA MUCKY HABKO-
AUUHb020 cepedosuuya. Koeghiuicnm imnyavcy y 3eMHUX YMOBAX MAA0 3AAeAHCUMb 810 3MIHU HACAOKA | 3HUNCYEMbCSA 31 30IAbUICHHAM
mucky Ha 6xo00i é conao. Ilpu pobomi na eucomi cnocmepieacmucs carabKuil 6nNAUG 3MIHU Kyma 6xX00y 8 HACA0OK Ha KoegiyicHm
imMnynocy.

Karouoei caosa: ykopouene conno, 03601onodionuil Hacadox, 30ypeHHs NOMOKY, IMRYAbCHI XapaKmepucmuKku, Kymosa moka.

HuryBanus: [psaaxo H. C., Crpensaukos I O., Teprnosa K. B. Brmus kyTta Bxomy 10 I3BOHOIONIOHOTO HACAIKY YKOPOUe-
HOTO KPYTJIOTO HAJ3BYKOBOTO COTJIa PAKETHOTO JBUTYHA HA MOTO iMITYJIbCHI XapaKTepUCTUKU. Kocmiuna nayka i mexnonoeis.
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BCTVYII

B octaHHE necaTUITTS 3HAYHO 30UIbLIMIACS KiJlb-
KiCTb 3amycKiB IITYYHUX CYNyTHUKIB 3eMili, i mo-
CUJIWJIacs KOMEpliiiHa cKJagoBa ILIMX 3aMycKiB.
BaprticTh mocTtaBKuM OZHOTO KijorpamMa KOPHMCHOTO
HaBaHTaXXeHHsI Ha OpOITY HUHI OOUYUCITIOETHCS Je-
CATKaMU TUCSIY J0JlapiB, KOPUCHE HaBaHTaXKeH-
HsI CTAaHOBUTH JIMIIIE KiJIbKAa BiJICOTKIB Bill CTapTO-
Boi Macu [16]. ToMy HaBiTb HE3HAYHE ITiABUILEHHS
e(eKTUBHOCTI CUCTEMM 3aIYyCKY € BaXJIMBUM Ta aK-
TyaJIbHUM 3aBIaHHsIM. JloCIiIKeHHs moKa3aju, 1110
Take MiIBUILIEHHS TEOPETUYHO MOXJIMBE Ha OCHOBI
MOKpallleHHSI XapaKTepuCTUK coruia paketu [7]. ¥V
LbOMY IIMTaHHiI 0arato 3po0JieHO, MPOTE ITOLIYKU
ONTUMAJBLHOTO COILIA 11 JaieKi 10 3aBepIeHHSI.

EdekTuBHICTh comia pakeTh BU3HAYAETHCS J0-
CSITHEHHSIM TOJIOBHOI METH COILJa y ABUTYHi pakKe-
TU — TIePEeTBOPEHHSI €HEeprii 3ropsiHHS MajuBa Ha
KOPHMCHY KiHeTUYHY €HEepriio Ta OTpUMaHHS O1IbILIOT
Taru. Tgra comja 30UIbIIYETHCS 31 30UIBLIEHHSIM
TUJIOILI coruia, aje e 30iJbIIeHHST He HECKiHUEeHHE.
KoediieHT T 3anexxuTh Bil CIiBBiIHOIIEHHS
TUIOLLI KPUTUYHOTO Tepepi3y Ta IO BUXiJHOTO
COILJ1a, TIPY [IbOMY COIUIO 3 MOCTIMHUM LIUM CITiBBiI-
HOIIIEHHSIM OTNITUMAaJIbHO Tpalllo€e Ha MEeBHil BUCOTI,
JIe TUCK Ha BUXO/Ii TOPiBHIOE TUCKY B HABKOJIMIITHI
atMocdepi. B iHIIoMy BUTIagKy Mpu HEpO3paxyHKO-
BOMY PO3ILIMPEHHI COTJIa 3HUXYEThCS MPOIYKTHUB-
HIiCTb, BiZOYBA€ETHCS BiAAiICHHSI MOTOKY BiJl CTiHOK
coIlIa, MOPYIIYEThCS CTIMKICTh fioro poooTtu. Tomy
B ra3oJJMHaMiuYHUX JOCTIIXKEHHSIX COIIOBUX OJIOKiB
paKeTHUX ABUTYHIB BeJiMKa yBara mpuaiIsiETbCs Xa-
paKTepucTUKaM corljla — MOro reoMeTpii, iMIyJib-
Cy, BTpaTaM Ta TSITOBUM XapaKTepUCTUKAM Y Pi3HUX
yMOBax poOOTH.

VY pakeTHiil TexHilli CTBOPEHO Pi3Hi GopmMu co-
nen. OcTaHHIM YacoM, KpiM KJlacuyHux coriei Jla-
BaJisl, yBary JOCIiTHUKIB MPUBEPTAIOTh 3pi3aHi [1],
IITUPBOBI [9], TapinyacTi [6] Ta yKopodeHi coria 3
Hacankamu |5, 15]. Bci 1i Buau coriell € HaiOLIbII
BUBYEHMMM i3 yCiX KOMIIEHCALIITHUX COTIE]I.

YkopoueHi coruia 3 HacaJkaMu MaloTh HU3KY Tie-
peBar. Hacamniepen corma 3 y10oCKOHaJeHUMU Ha-
cajKaMM JI03BOJISIIOTh alanTyBaTh TUCK Ha BUXO/i 3
coIjia 0 TUCKY HABKOJMUIITHBOTO CEPelIOBUIIA il
yac TMOoJbOTY, a TAKOX, 110 HABITh CYTTERBIlIE, AAIOTh
MOXJIMBICTb MOJ0JIATU OOMEXEHHS 1110J0 CITiBBi/I-
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HOIIIEHHSI TUIOLI, TOOTO 3MiHUTU TEOMETPUYHMIA
CTyMiHb pO3IIMpPEHHS coria. Bee 1ie pazom B okpe-
MUX BUMNAAKax Bele M0 30LIbIIEHHS Macu KOpHUC-
HOro HaBaHTaxXeHHS Ha 25 % i Ginblie. Y 3B’SI3Ky
3 IIMM OCTaHHIM 4acOM iHTE€HCUBHO AOCIiIXKYIOTh-
Csl XapaKTepPUCTUKU COMesl 3 IMOABIMHUM PO3TPY-
6oM, n3BoHomnoniOHi coruta Dual-Bell [4, 10, 11],
Aerospike [17, 18].

Coma 3 A3BOHOMNOAIOHMMHU HacaakaMu MaloTh
BTpaTH IiMIIYJbCY, MPOTE€ MalOTh KOHCTPYKTUBHY
rnepeBary — iX MOXHa YCITiIIITHO BUKOPUCTOBYBaTU
MpH IIJIbHOMY KOMITOHYBaHHi y IBUTYHI JiTaabHO-
ro anapara. Mopma i KoH@irypalist Hacagka coruia
mindupaeThcs Tak, 1100 BiH ONTHMMAJbHO BIIUCY-
BaBCSl y OHUIINE IBUTYHA, 110 JTO3BOJISIE CKOPOTUTHU
3arajbHy Bary IBUTYHA i BiAIIOBIAHO 301IbIINTHU KO-
pUCHE HaBaHTaXXEHHSI.

Y nonepenHix podorax aBTopiB [5, 15] po3risana-
JIMCSI YKOPOYEHi coIlia 3 pi3HUMU A3BOHOMNOAIOHMU-
MU HacagkaMM B yMOBaxX poOOTU Ha piBHI Mops Ta
Ha BUcOTi. JlocmimKeHo BapiaHTU YKOPOUYEHOTO CO-
ma 3 pPi3HOIO 3aTaJIbHOIO JTOBXKMHOIO Ta KOHIYHOIO
BXiIHOIO IUISTHKOIO IIPU Pi3HUX 3HAYEHHSIX CTyIIEHS
HEPO3pPaxyHKOBOCTI MOTOKY Ta II0KAa3aHO, 10 IIpU
LbOMY KapTMHM Tedii (MOJsT IIBUAKOCTEM) 3MiHIO-
IOThCS 31 3MiHOIO JJOBXMHU KOHIYHOI yacTuHu. [1pn
BMBUYEHHI Ha/I3BYKOBOI Teuii B COIMJIax 3 0IHAKOBOIO
KOHIUHOIO YaCTUHOIO, ajleé Pi3HUMU 3a JTOBXMHOIO
N3BOHOMOMIOHMMM  HacagkaMy  eJIiIrcooOpa3Hoil
KOH(irypaliii BCTaHOBJICHO, IO JOBXMWHA HacalIka
HE BILIMBA€E iCTOTHO Ha IMITYJIbCHi XapaKTepUCTUKU
YKOPOUYEHOTO COILIA.

HasgBHiCTb MPUCTIHKOBOTO TypOYJIEHTHOIO IIapy
MOX€E CHJIBHO BIUIMHYTH Ha XapaKTepPUCTUKU MOTO-
KY, TaKi SIK IOBEpXHEBe TePTsl, TeIIoNepeaada, TUCK
i Touka BinpuBy mnpurpaHuyHoro mapy |[3]. Taxi
0COOJIMBOCTI IMTOTOKY MOB’s13aHi a00 3 0COOIMBOCTSI-
MU reoMeTpii, a00 3 ra30AMHaAMiYHUMU OCOOJIUBOC-
TSIMU TeYil B COILII.

J1s1 miTbHUX KOMITOHOBOK JITAJbHUX arapaTiB
3 YKOPOYEHHUM COILIOM BeJIMKE 3HAaUYeHHsI Ma€ (op-
Ma n3BoHononioHoro Hacanka [5]. IIpu upbomy KyT
BXOAY y N3BOHOMOMIOHMIA HacamoK (Iicjs KOHIY-
HOI YKOPOUYEHOI HaJa3BYKOBOI AiIsIHKY coruia JlaBa-
Jist), 1110 B OCHOBHOMY (hOpPMYE MOTOK razy B HbOMY,
BU3HAUYa€ sSIK MO3I0BXHI rabapuTv Hacaaka, Tak i
BTpaTH iMITyJIbCY B HbOMY. Y 11ili poOOTi po3risaa-
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Bnaue kyma 6xo0dy 0o 0360H0n00i0H020 HACAOKY YKOPOHEH020 KPYea020 HA038YK08020 CONAA PAKEMHO20 O8USYHA ...

€ThCSI BIUIMB KyTa BXOIY B JA3BOHOIOAIOHUIT Haca-
JIOK (3a IHIIMX PiBHMX YMOB) Ha ra3oJMHaMidyHi Ta
IMITYJIbCHiI XapaKTEpUCTUKM ITOTOKY razy B HbOMY.
OCKibKY COIUIO PAaKETHOTO IBUTYHA TOBMHHO IIpa-
IIIOBaTH B Pi3HMX YMOBAX IMOJIBOTY, K TIOOIN3Y 3eM-
JIi, TaK i BUCOTHUX YMOBaX, HEOOXiTHO PO3IJISTHYTU
0COOJIMBOCTI MOTOKY B COTLIi ITPU Pi3HUX 3HAYEHHSIX
30BHIllIHHOTO TUCKY.

MeTta po6oTH — JOCTiI)KEHHSI BIUIMBY KyTa BXOILY
y I3BOHOIOAIOHM I HacalOK YKOPOYEHOTO KPYIJIOTO
COTIlJIa Ha Moro ra3oJuMHaMiuyHi Ta iMITyJIbCHI Xapak-
TEPUCTUKMU.

METOJMKA JOCJIIKEHD

PosrisinaoTecst yKopoueHi coria 3 0THaKOBUMU KO-
HiIYHUMM HaAA3BYKOBUMHU YaCTMHAMM, OJHAKOBOIO
3arajbHOIO JIOBXWHOIO COILIa, aje Pi3HUMU KyTamMu
CTIOJTyYE€HHSI KOHIYHOI YaCTMHU COIIa i J3BOHOIO-
npioHoro Hacazaka: 30°, 50° i 70°. Taxi dopmu Hacan-
KiB MOXYTb CIYKUTH aJbTepHAaTUBHUMM BapiaHTaMU
YKOPOYEHMX COIIeJI IIpU IIPOEKTYBAHHI ABUIYyHIB. Ha
puc. 1 mokazaHO reoOMeTPilo PO3IJISTHYTUX COME.

IIpu omHakoBiii BXimHIM YaCTMHI YKOPOYEHOTO
coIlIa 0 HacaJKa BiIMiHHICTb ITOJISITA€ B KYyTaX BXO-
Ny B HacajokK (BBaXKarouu CTiHKHU 3pi3aHOI YaCTMHU
KOHIYHOTO coria 3 KyToM miBposxuiy 20°). i kytu
CTaHOBJISITh BeaUYMHY 30° (KyT MiX TOTUYHOIO 10
CTiHKM Ta Biccio coruta — 0, = 50°), 50° (70%) ta 70°
(90°). ITpu onnakoBomy KyTi (0, = 0°) cTiHKM Ha-
cajJika Ha BUXO[Ii 1€ TPU3BOIUTH 0 TOTO, 1110 paiyc
KpUBU3HU Hacanka 0, = 90° — MiHiMaIbHUI, TPU
0, = 50° — makcumanbHuid. Ha Buxoni 3 Hacaaka
(mpu 0, = 50°) MpakTUYHO JIiHIAHA MiNSHKA KOH-
Typa (MOYMHAIYM Bill KyTOBOi TOYKHM) HA BiTHOCHO
KOpoTKiit finsHii (~ 10 % Bin 3aranbHOl HOBXKUHU
Hacajuka) MepexoauTh Y MiHIMaJIbHUN paaiyc KpH-
BU3HU (piBHMIA paziycy npu 0, = 90°). KoHdirypa-
uig Hacanka rnpu 0, = 70° 3aiiMa€ IPOMiXHE IMOJI0-
JKeHHS 110 pajiiycy KpUBU3HU.

A BuaHO, Taki (opMU 103BOJISITH 3a0€3MEUUTH
pi3HMI CTYMiHb 3alIOBHEHHSI MOPOXHUHU Hacaaka
MpU YUIITbHEHH] 3’€IHYBaHUX €JIEMEHTIB JiTaIbHO-
ro anapara (HarpuKiaa, IpyU CTUKYBaHHI CTYMEHIB
pakeTH).

MonenoBaHHs Tedii BcepeIrHi coruia 3 Moaalb-
LIMM 3aKiHU€HHSIM ITOTOKY B HABKOJIUIIIHIH ITPOCTIip
MPOBAIUTHCSI 3a JOMOMOIOI0 MPOrPaMHOTrO MaKe-

35 MM .

20 MM 0 Y

28 Mm

5Mm

Puc. 1. TeomeTpryHi TapaMeTpH COIIET

Puc. 2. Po3paxyHKoBa CiTKa

ta ANSYS FLUENT Ha 6a3i «<ANSYS 2019 Rl1».
PospaxyHkoBa ciTka OymyBajiacsl Ha AUISIHII PO3-
mipom 4L x 2L, ne L — moBxwuHa coma. [1Tpu no-
OyIOBi CiTKM po3paxyHKoBa 00yiacTh Oyjia po3ouTta
Ha 30HM, JJIsI KOXHOI BCTAHOBJICHO Di3Hi po3Mipu
KOMIpOK [IJ1S1 OTpPUMAHHS aJ€KBAaTHOTO pPe3yJbTaTy
y HaiilikaBinmx 30Hax. Takox CiTKy moOymnoBaHoO 3i
3IYIIEHHSIM Yy MPUCTIHKOBMX 30HaX, NEPEBIpEHO Ha
SKiCTb (puc. 2).

PospaxyHku 3ailiCHIOBaIMCh y HecTalliOHapHii
OCEeCHMMETPUYHIN mocTaHoBLi. Pyx cyuinbHoi ¢ha3u
y ANSYS Fluent MOaeIOETHCS LUISIXOM YMCEIbHO-
IO PO3B’sSI3yBaHHS HECTalliOHAPHUX YCEPEMHEHUX 3a
Peiinonbacom piBHssHb HaB’e — Ctokca (Unsteady
Reynolds Averaged Navier-Stokes — URANS) [2].
V piBasaHHsx HaB’e — CtoKca KOMIOHEHTH B/ -
KOCTi, TeMIIepaTypH i mOB’s13aHi 3 HEI0 3MiHHI oce-
penHIOOTHECS 3a DaBpom.
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Puc. 3. 1300iHii uncna Maxa M Tedii B yKOpOYEHOMY COILII 3
KyTOM BX0oy B Hacamok 70° mpu poOOTi B 3eMHUX YMOBax Ta
Npy noyaTkoBoMy Tucky 50-10° ITa

P, xlla
100 |
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Puc. 4. Po3nonis TUCKY Ha CTiHLIi HacaakKa 3 pi3HUMU KyTaMU
itoro TBipHMX 30° (kpuBi /, 3) Ta 70° (KpuBi 2, 4) pu poboTi
B 36MHUX YMOBAX Ta I0YaTKoBoMy TUcKY 50-10° Ia (kpusi 7,
2) ta 100-10° Ia (xpusi 3, 4)

st oGuucieHHs KoedillieHTa JUHaMIidyHOI B’ s13-
KOCTi BUKOpUCTOBYEThCS (popmysta CazepiieHaa

3/2
[T} T;+C
=t T,) T+C’
ae W, — koediuieHt B’askocti npu T =T, nua

T, = 273 K koediuieHr p, = 1.71-10° H‘C/Mz, C —
crana, miusg razy C = 117.

Jns 3aMMKaHHS ycepelHeHuX piBHsIHb HaB’e —
CTokca BBOISTHCS PIBHSIHHSI MEPEHOCY KiHETHY-
HOi eHeprii TypOyJIEHTHOCTI i piBHSIHHS BiIHOCHOI

IIBUAKOCTI aucunaunii. Ik podoue Tij0 BUKOPHUC-
TOBYBasiocs oBiTps TeMnepartyporo 300 K. Hocia-
>KEHHS TTPOBAAMIINCS 3 YpaxXyBaHHSM MPUITYLIEHb:

* 3MilllyBaHi ra3u BiiMOBiAaIOTh PiBHSIHHIO CTaHY
iIeaJbHOIO ra3y i OMHaKOBi 3a CKJIagoM;

* IpoiTi TUCKY, TeMIIepaTypyu Ta IIBUIKOCTI y
IMOYaTKOBOMY MEPETUHI PiIBHOMIpHi;

° Teruionepesayero Ha CTiHKaX MOXHa 3HEXTY-
BaTHU.

Po3paxyHoK Tedii BUKOHAaHO Ha OCHOBI Mojei
TypoOysnentHocti SST k£ — ®, TOOTO BUKOPUCTOBY-
BaJIach IIIMPOKO PO3IMOBCIOMXKEHA B aePOKOCMIUHUX
nopatkax SST-momudikaliss k-w-Momei TypOy-
JieHTHocTi. BoHa € Mmonudikalieo moneneit k — €
Ta k — o [8]. s Monmenb modpe mpailtoe ajisi mpu-
CTIHKOBHUX TeYill i JO3BOJISIE aKypaTHO BU3HAyaTu
BimpuB. JlaHy Mozenb TypOyJIEHTHOCTI OOpaHO 3
ypaxyBaHHSIM aHaJli3y, BAKOHAHOIO Y po00Tax aBTO-
piB [14]. LIg Moneb 1To30aBiieHa IesIKMX HEAOIiKiB
06azoBux MoJesieil k — o i k — €. PesynbraTtu, otpu-
MaHi 3a JIOMOMOTIOIO 1€l Mojesi, 100pe y3romxy-
IOThCS 3 eKCIIEpUMEHTaIbHUMU JaHumu [13].

Sk poboue cepemoBullle BUKOPUCTOBYETHCS T10-
BiTpsl 3 MOKa3HUKOM afiadaTtu y = 1.4. Po3paxyHku
OyJ10 TTPOBEAEHO JUISl 3HaUY€Hb TUCKY Ha BXOJli B CO-
wio Py = 50-10%, 100-10° ITa. TucK HABKOJIMLIHBOTO
cepeloBUlIIa MPUIAMABC piBHUM P, = 10° IMa, wo
BiMOBIAAJIO TMOJOXEHHIO Ha TOBEPXHi 3eMJi, Ta
P = 10* Ia 1715 MOBOTIB Y BEPXHIX LIapax aTMO-
chepu.

Hns KoHTpoJto 301KHOCTI TepeBipsiBcsl piBeHb
HeB’SI3KM  (PYHKIIil; OOYMCICHHSI TPUIUHSUIUCE,
KOJIM 3aJIMIIKOBUM piBeHb BCiX HEOOXiTHUX (DYHK-
wiii caras BesmmunrHM 0.0001. KinbkicTb iTepaliii 3a-
JIEXWUTh BiJl 3alaHUX YMOB i KOJUBAETbCH y MeXkax
100...800 itepartiid.

PE3VYJIBTATH TA OBTOBOPEHHA

Ha puc. 3 HaBeneHO TUIIOBY IJIST AOCTIMKEHNX YKO-
poYeHMX comnesl KapTuHa Tedii (i3oiHii unuciaa Maxa
M) mim yac poOOTH coIUla B aTMOC(PEepHUX YMOBaX
(3oBHimHIKA Tuck 100 kIla). ITpu mopiBHSIHO He-
BEJMKMX THCKaxX Ha BXofi B corio (<10* xITa) 3a
3pi30M KOHIYHOI YKOPOYEHOI YaCTUHM COILIa CIIO-
CTepiraeTbcsl HaI3BYKOBA TeUisl 3 JBOMAa BUCIYUMU
cTpuOKaMu yiuiibHeHHs [ i 2 (3a3BUYail criocTepi-
raloThCs y BUIbHIN HAaA3BYKOBIl TeUii).
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3a cTpuOKOM 2 TUCK Y IIOTOLIi BUPiBHIOETHCS 3
HaBKOJIMIIIHIM TUCKOM. BinbHa Mexa Tedii 3 Bu3Ha-
YAETbCS KOHTYPOM YKOPOUYEHOI KOHIYHOI YaCTUHU
comta (omHakoBa IIs1 pizHMX (popM Hacamka). 3a
KPUTUYHUM TI€pEepPi3oM KOHIYHOI YaCTUHM COILIAa B
Tevii 10 cTpubKa / crocTepiraeThbcsl BUCSYa Cilo-
nofioHa (BepeTeHOIoAiOHa) XBUIS YIIIIbHEHHST 4
HEeBEJMKOI iIHTEHCMBHOCTI. 3a KyTOBOIO TOYKOIO Ha-
cajgka (mepexoay KOHyca B HacamoK) 10 MOro 3pi3y
MiX MEXXe0 3a3HaUYeHOIr0 HaA3ByKOBOI'O CTPYMEHSI i
CTIHKOIO HacaJKa CIOCTEpIra€ThCsi pO3BMHEHA Bil-
puBHA 30Ha 3 BeJimKkoMaciuTadHuM BuxopoM J. [1o-
JIi0HA KapTWHA Tedii CIIOCTEePiraeTbes i JJIs iHIINUX
JoCIiKeHNX KoHbirypauiii Hacagka (50° i 30°) 3a
IHIIMX PiBHUX YMOB.

BinnoBinHUA 10 pO3TISIHYTUX BUIIE KapTUH Te-
4ii (B aTMOC(epHUX YMOBaXx IpU TUCKAxX Ha BXOJIi B
corto 50-10° Ia ta 100-103 ITa) po3nomin TMCKY Ha
cTiHLi Hacanka (3 Kyramu Bxoay 30° i 70°) HaBeneHO
Ha puc. 4.

Binpa3sy 3a KyTOBOIO TOUKOIO Hacajaka TUCK Pi3KO
3pOCTa€ A0 3HAYEHHsI, OJM3bKOIO 10 aTMOC(HEpPHO-
ro (P,). lns MeHIoro Kyra Bxoay B Hacanok (30°)
mnepexia 10 MOCTIMHOTo TUCKY B Hacaaky BigOyBa-
€ThCst OiTbIl TUTaBHO (Ha miasHLi mopsaaky 20 % Bin
JOBXWHU Hacaaka). 3i 30UIbIIEHHSIM YIBiUi TUCKY
Ha Bxofi B coruio (1o 100-10° IMa) Tuck Ha cTiHLi
HacalKa 3MeHIIYEThCs TTpuoIn3Ho Ha 5 %. Lle 1o-
SICHIOETBCS 01100 IIBUIKICTIO HA MEXi Tedil, 1110
BUTIiKA€ 3 KOHIYHOI YaCTMHU COILIA.

KapTtunHa teuii B comuti mig yac poOOTH Ha BUCO-
Ti BiIpi3HSIETHCS CBOEIO CTpyKTYypoto [12]. Ha puc. 5
HaBeIeHO PO3MOJiJ i30IiHii yncena Maxa st 1BOX
BUIIB HACAIKiB COIIEI.

B ymMOBax HM3BKOrO 30BHIlIHBOrO TUCKY (P, <
< 0.1-10° I1a) noTiK 3a KyTOBOIO TOUKOIO HACajiKa
npu P, > 50-10° TTa po3ropTaeTbcs y HampsIMKY
JI0 CTIHKM HacajKa i TaJIbMyeTbCsl Ha Hill y BUCSIUiii
XBWII CTUCHEHHS / 3 YTBOPEHHSIM OiJIst CTIHKY pO3-
BUHEHOI BiJpMBHOI 30HU 3 APiOHOMACIITA0OHOO BU-
XpOBOIO CTPYKTypoio. B oGiacri 3pi3y (Ha miistHII
nopsiaky 10 % Bin AOBKMHM HACcaaKa) YTBOPIOEThCS
pO3BMHEHA BUXPOBA CTPYKTYpa BilipBaHOTO MeXe-
BOTO IIIAPY, i TUM OisbIla, 110 OUTLIINM € KyT BXOIY
B HacalloK (3a KyTOBOIO TOUKOI0). Bin KyToBoi TOuku
Hacaaka 10 3pi3y BUHUKA€E CJTaOKUI BUCSUMIL CTpU-
0ok 2. 3a 3pi3oM Hacaaka YTBOPIOEThbCS BUCSUMIA
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Puc. 5. 130miHii yucna Maxa M Teudii B yKOpPOUEHOMY COILII 3
KyTOM BXOJy KOHiIYHOI YacTMHU B Hacamok 30° (a) Ta 70° (6)
Mpu poOOTi y MyCTOTHUX YMOBAX Ta MPH IMOYaTKOBOMY TUCKY
100105 Ma

cTpuOOK 3 (MpakKTUYHO OAHAKOBOI KOHGirypaitii
JUJIS1 HACaJKiB 3 Pi3HUMU KyTaMU BXOJY B Hacauok),
B SIKOMY TUCK BUPIBHIOETHCS 3 TUCKOM HABKOJIUIII-
HBOTO cepeaoBUIA. Y sApi Teuil, 110 BUTIKA€E 3 KO-
HiIYHOI YacTWHM COIJIa, TaKOX CIIOCTEpPira€TbCst
BEPETEHOIIOAIOHA CTPYKTypa CJa0OKOro BUCSYOIO
cTpuOKa yIIiIbHEHHS 4.

Posmonin Trcky Ha criHIi Hacagka (puc. 6) Bia-
MOBiJA€ OMMCAHOMY PO3ITOALIY IIBUAKOCTI Ta XBH-
JIbOBil CTPYKTypi MOTOKY Hacazaka. [licis pizkoro
HafiHHS TACKY Ha KYTOBilf TOYIli BXOAY B HacaloK
THMCK Ha CTiHIIi 3pOCTa€ 10 MAaKCUMaJIbHOTO 3HAYEH-
Hs B 00J1acTi 3pi3y Hacazaka. [Tpu npbomy Bimpasy 3a
KYTOBOIO TOYKOIO TUCK (KpuBi 2 Ta 4) y Hacaaky 3
BeJIMKUM KyToM (70°) Oinblumii, HixX BigmoBigHUIA
TUCK (KpuBi / Ta 3) y Hacaaky 3 MEHIIUM KyTOM
(30°). Lle MOSICHIOETBCSI OLIBIIOK iIHTEHCUBHICTIO
MPUJIETJIOro J0 CTIHKM Hacajaka cTpuOKa ylliibHeH-
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Puc. 6. Pozmnonin TricKy Ha CTiHIIi HacaaKa 3 KyTamMu, 10 HOTo
YTBOPIOIOTH Ha Bxoxi, 30° (kpuBi /, 3) Ta70° (kpuBi 2, 4), mpu
po0oTi y BucoTHUX ymMOBax (P,=0.1- 10° I1a) Ta MOYaTKOBOMY
tucky 50-105 ITa (xpusi 7, 2) Ta 100-105 IMa (xpusi 3, 4)
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Puc. 7. 3anexHicTs KoedillieHTa iMITyJTbCY YKOPOUEHOTO CO-
IJ1a 3 HACaIKOM BiJl TUCKY Ha BXOji B corio Ta KyTa (30°, 50°,
70°) BXO4y B HacamoK: @ — TMOPIBHIHHS KOE(DILIIEHTIB y pi3-
HUX yMOBax poboru: I — ipu P, =103, 2— npu P, =0.1-10°,
6 — MaciTabyBaHHS 3aJIeXKHOCTI 2 3 puc. 6, a; 3 — Kyt 70°,
4 —xyr 30°, 5 — kyt 50°

Hs (I Ha puc. 5) BHACiAOK OiIBIIOTO PO3BOPOTY MO~
TOKY Ha KyTOBil1 Toulli y Teuii [Ipanariss — Maiiepa
i, BIOMOBIAHO, OiNBIIOrO KyTa IMPUMMKAHHS JIiHIN
CTPYMY JO CTiHKH.

¥ 3pi3i HacagKa CIOCTePiraeThCs iHILA MOBEAiHKA
TucKy. Tuck (y MakcumyMi) Oiisi Hacaaka 3 KyTOM
Bxoay 30° GibILIMIA, HiX OiJI Hacagka 3 KyTOM BXO-
ny 70°. 1le MOSICHIOEThCS MEHILMM paaiycoM KpH-
BU3HU CTIHKM Hacajaka Oilsl 3pi3y Mpu KyTi BXOIy
30° BHACIOZOK OOHAKOBMX KYTiB CTIHKM Ha BUXOZi
HacankiB. MeHIa KpUBM3HA CTiHKM BUKJIMKAE iH-
TEHCUBHIIIMI CTpUOOK YIIiIIbHEHHS i, BiAIIOBiTHO,
OLTBILINMIA TUCK HA CTiHLII.

Koediuient taru K, comia i3 Hacaakom 3aie-
JKWTh BiJl TUCKY 30BHIIIIHBOTO CepeJoBUIA. Y 3eM-
HUX yMOBax npu P, = 10° (puc. 7, a, xpusa I) 3i
36LIBIIEHHSIM THCKY Ha BXOi B coruio 3 50-105 IMa
1o 100-105 TTa KoedillieHT iMITY/IBCY COILIA 3MEH-
myetbes Ha 14 %. Lle MOSICHIOETBCST BETUKUM PO3-
BOPOTOM ITOTOKY Ha KyTOBili TOULli BXO/ly B HACaJ0K
i, BiIMOBIAHO, MEHIIMM THMCKOM MOTOKY, IO PO3-
BepHyBcsl. Ha puc. 7, a (kpuBa 2) pakTUYHO He 3a-
JICKUTH Bil 3MiHM THCKY Ha BXOJi B COILJIO. AHaJi3
i€l 3a/IeXKHOCTI y 30ibIIeHOMY MaciuTabi (puc. 7,
0) mokasye cnabKy 3aleXHICTb BeMYMHU K Bin
KyTa Bxoay B Hacamok. Ilpu Ginbmomy kyti (70°)
3HAYEHHS KT npu6imsHo Ha 0.1 % MmeHIle Bij 3Ha-
yeHb npu KyTi 30°. Lle Moke MosICHIOBaTUCS SIK BU-
11e3raJJaHo0 MTPUUUHOIO (OiTbIINI PO3BOPOT MOTO-
Ky), TaK i TTOXMOKaMU PO3PaxyHKY, OCKiIbKHA TPU
LIbOMY HE CITIOCTepira€ThCsl MOAIOHOI 3aJesKHOCTI
st kyTa 50°.

BICHOBKHN

Jocaidnceno razoqrHaMIYHI Ta iIMITYJIbCHI XapaKTe-
PUCTUKN YKOPOYEHOTO COILIa 3 OJHAKOBUMHU KO-
HIYHMMU HaA3BYKOBUMMU YaCTMHAMM, TIOB’ SI3aHUMU
Ha BUXO/i 3 I3BOHOMOIIOHUM HacalkoM. 3arajibHa
JIOBXXMHA COIUIa 3 HACaJKOM, HaJ3BYKOBa KOHiuHa
yacTMHa, BCTAHOBJIGHA Tiepe/ HacajkoM, i KyT Ha
3pi3i Hacajka — oaHakoBi. KyT crioigyyeHHsT KOHi4-
HOI YaCTMHM COILIa Ta A3BOHOIIOAIOHOTO Hacaaka
npuitMaBcs piBHuM 30°, 50° Ta 70°.

Hnss BUKOpUCTaHHS KOHQirypaiii mociimKyBa-
HOTO COILIA IIPOTSTOM BCHOT'O ITOJILOTY paKeTH Oyin
PO3IJISTHYTI OCOOJIMBOCTI Tedil B COILII B 3eMHHUX i
BUCOTHMX YMOBaXx.
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ITpu po6ori y semuux ymopax (P, = 10° Ia) 3a ky-
TOBOIO TOUKOIO Hacaaka (IOoCimkKeHUX KOHDirypa-
Liif) 10 #oro 3pi3y MixX MexXelo Haa3BYKOBOI Tedil,
110 BUXOIMTb 3 KOHYyca, i CTIHKOI Hacalka Cro-
CTepira€TbCsl po3BUHEHA BipUMBHA 30HA 3 BEJIMKO-
MacITaOHUM BUXOPOM. 3MiHa KyTa HaXujay TBipHOi
JI3BOHOMNOMIOHOTO Hacajlka HE BHOCUTb iCTOTHOI
3MiHM BEJIMYMHMU CTATUYHOTO TUCKY 3a KYTOBOIO
To4KOI0 (~ 0.9P,).

[Tpu poGori y 6ucomnux ymosax (P, < 0.1-10° Ma)
NOTIK 3a KyTOBOIO TOYKOK Hacaiaka npu P, > 50x
x 103 TTa po3ropTa€eThcs y HAMPSMKY JI0 CTIHKM Ha-
caJika i TaJIbMYEThCS HaA Hill Y BUCAYill XBUJIi CTUC-
HEHHSI 3 YTBOPEHHSIM Oifsl CTiHKM PO3BMHEHOL
BiIpMBHOI 30HU 3 APiOHOMACIITAOHOK BUXPOBOIO
CTpYKTYpo1o. THCK Ha CTiHIII HacajaKa micisl pi3Koro
MaaiHHs Ha KYTOBiil TOYlli (BXOMAY B HAacaaokK) 3poc-
Ta€ OO0 MaKCHMMaJbHOIO 3HAYe€HHSI B 00JacTi 3pi3y
Hacazaka. [Ipu uboMy Bigpasy 3a KyTOBOIO TOUKOIO
3MiHa TUCKY 110 JIOBXMHI HacalKa Ma€ MoaiOHU xa-
pakTep Mpu pi3HUX KyTax BXOAY B Hacanok. PiBeHb
TMCKY B HacaaKy 3 BeJIMKUM KyToM Bxoay (70°) Oinb-
IIKHA, HiX Y Hacaaky 3 MeHIIUM KyToM (30°). Tuck
Oinst 3pi3y Hacagka 3 MEHIIMM KyToM Bxoay (30°)
OinbIIMIA, HiXK Y Hacaaka 3 KyroM Bxoay 70°. Ile mo-
SICHIOETBCSI MEHILIMM pajiiycOM KpMBU3HU (BHACJIi-
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THE INFLUENCE OF THE ANGLE OF ENTRY INTO THE BELL-SHAPED TIP OF A SHORTENED
ROUND SUPERSONIC NOZZLE OF A ROCKET ENGINE ON ITS IMPULSE CHARACTERISTICS

In gas-dynamic studies of rocket engines, much attention is paid to the characteristics of the nozzle — its geometry, momentum,
losses, and manifestation of traction characteristics under various operating conditions. This work is devoted to the study of the
influence of the entry conditions into the bell-shaped tip of a shortened nozzle on its gas-dynamic and impulse characteristics.
We consider shortened nozzles with the same conical supersonic parts and the same total length of the nozzle but with different
angles of connection of the conical part of the nozzle with the bell-shaped tip.

When working at sea level, changing the angle of inclination of the forming bell-shaped tip does not significantly change
the value of the static pressure at the corner point and the coefficient of nozzle impulse. This is due to the occurrence of flow
separation at the corner point and the presence of a large-scale vortex. With a continuous flow in the nozzle during the operation
of the rocket engine at altitude, the nature of the pressure distribution on the nozzle wall at the corner point differs when the
angle of connection of the conical part with the tip changes, and the maximum value at the nozzle section is approximately the
same. This fact is explained by the appearance of a hanging shock wave near the tip wall at small entrance angles (30°).

The study examines the flow’s impulse characteristics in the nozzle under different pressure values at the inlet and the
surrounding environment. The impulse coefficient in terrestrial conditions depends little on changing the tip and decreases with
increasing pressure at the nozzle inlet. When working at height, there is a weak effect of changing the angle of entry into the
nozzles on the momentum coefficient.

Keywords: shortened nozzle, bell-shaped tip, flow disturbance, impulse characteristics, corner point.
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PREDICTION AND RISK MANAGEMENT OF SPREADING
FOREST PEST INFESTATIONS USING SATELLITE DATA

The article is devoted to predicting the risk of occurrence of large foci of infection in a pine forest with bark beetles, pathogenic fungi,
and nematodes. The areas of disease observed on satellite images have a spotted, clustered structure of drying forest. An important
statistical characteristic of the infestation structure is the power law of distribution of infestation clusters in size. Large, catastrophic
events have a significant probability in processes with power laws of distributions. The given methods of computer identification and
analysis of cluster distributions make it possible to form a statistical percolation model of prediction and risk management of forest
infestation based on information captured (read out) from space images.

The only effective means of combating the bark beetle is sanitary felling of the forest. The sanitary cuttings area is considered
a control parameter in the model. The model uses forest observation on a lattice of satellite image pixels, similar to the lattice of a
percolation system. The universality of the theory is explained by the fact that it considers the interaction of elements of infection
clusters, which, near the critical state of a forest ecosystem, obey a power-law distribution.

The value of the power-law indicator indicates the formation of large clusters and is used in the model for the risk prediction of
infestation development. In the model, risk prediction is understood as a statistical assessment of risk in the future, taking into account
changes in the conditions for its manifestation. Changes are determined based on the results of satellite imagery, and the effectiveness
of sanitary tree cuttings is considered.

An example of a prediction of the development of forest infestations (drying) using images from the Sentinel-2 satellites is presented.
Model identification methods are considered, and a test verification of the model is performed. Using scale-invariant indicators of
power-law distributions made it possible to abandon expensive high-precision images and replace them with images of average spatial
resolution. The approach to synthesizing a prediction and risk management model from space images discussed in the article is based
on the theory of self-organized criticality. The model is quite universal and can be used in space geoinformation technologies to orga-
nize effective environmental management.

Keywords: drying of pine forests; stem pests, remote sensing data, power-law distributions, risk prediction, risk management, percola-
tion model
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1. INTRODUCTION

The degradation and death of pine forests in vast ar-
eas of several European states and other countries
worldwide is a serious public concern [15]. This
trend, which has emerged in Ukraine over the last
decade, has now taken on catastrophic proportions.
Data from recent years show that the most common
pest species in pine forests in Ukraine, the stem pests
Ips acuminatus and Ips sexdentatus, are rapidly in-
creasing in number. Previously nonaggressive bark
beetle Ips acuminatus is now considered among the
most serious pests of pine forests in Ukraine and oth-
er European countries Fig 1. The bark beetle is a car-
rier of pathogenic fungi and nematodes.

Among serious forest pests in Ukraine, xylophages
(stem pests) were taking the dominant position
gradually, making up 23 % of the area of all pests
in 2018 and increasing the area of its outbreak for
4 years by 7.7 times [5]. Most experts acknowledge
that the main factor for the mass infestation of for-
est pests is the critical state of forest ecosystems in
the regions under consideration. The pine bark bee-
tle invades weakened trees, which completely dry up
within a short period of a few weeks. The observed
mass weakening and desiccation of forests reflect the
general critical state of forest ecosystems [8].

The only effective means of bark beetle control are
timely identification of infested areas, sanitary fell-
ing, and rapid disposal of infested wood [13]. The
number of bark beetles caught in pheromone traps is
counted to determine the distribution level quickly.
In [12], an algorithm for expert prediction of Ips acu-

-

Figure 1. Forestry territory (June 2019) inhabited by xylophag-
es: Ips sexdentatus, Ips acuminatus, Blastophagus minor (from
left to right)
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minatus spread risk depending on environmental fac-
tors was proposed.

Remote sensing data proved to be an effective tool
for detecting and monitoring areas infected with bark
beetles, as they provide global, spatially continuous,
and periodic data on vegetation status. [11]. In addi-
tion, there are now many freely available satellite data
sources with worldwide coverage and high temporal
resolution (e.g., Landsat and Sentinel programs).
These are a cost-effective alternative to costly terres-
trial forest field surveys [18]. Remote sensing opens
possibilities for detecting and mapping bark beetle in-
festations based on spectral features of the vegetation.
Spectral features are related to various functional and
structural characteristics of plants, such as pigment
amount, leaf structure, moisture content, nitrogen
concentration, leaf surface area index, and other spe-
cific indexes. In the current study, the influence of
pests is known to be reflected in plants’ biophysical
and biochemical properties and consequently affects
spectral signatures [1]. An analysis of the dynamics
of the spread of infestations observed from satellite
images reveals the formation of infestation patches.
Infestation patches have a coherent (clustered) struc-
ture consisting of individual elements (pixels, cells)
with at least one side in common. The emergence of
such a spatial structure of infestations cannot be de-
scribed using regular dynamics methods. A statistical
model of percolation theory is used to describe the
formation of the cluster structure of forest infesta-
tions based on satellite images [3].

The percolation model in our research is based
on one of the first works by S.R. Broadbent and
J. M. Hammerslay on percolation processes [6],
which discusses the propagation of liquid (fluid) in
inhomogeneous media. A model of spreading an in-
fectious epidemic in a garden on a square grid is con-
sidered among the examples. The authors showed
that there is a critical value for the probability of
infection spreading across the grid cells. Below this
value, an epidemic cannot occur, and above a criti-
cal value, the spread of large infections (epidemics)
occurs with a high probability. Subsequent studies
revealed [16, 19] that in a regime close to the critical
value, a large percolation cluster of fluid (infection)
appears, a power law distribution of infection clus-
ters by size takes place [14], and the percolation clus-
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ter has a fractal structure [9]. In our work, we retain
the terminology of the first percolation model [6]
— “contagion”. Tree infestations are observed from
spacecraft as clusters of dead and fresh dead trees of a
pine forest populated by xylophages.

If the statistical analysis of the distribution of for-
est infestation clusters follows a power law [2, 14],
then the dynamics of the process may show synergis-
tic (cooperative) properties of environmental factors,
which are emergent [4]. The prediction behaviour of
systems and processes with such systemic properties
cannot be made by studying and subsequently gene-
ralizing the effects of individual factors. The occur-
rence of large outbreaks of pests depends on many
factors, including ongoing sanitary measures (tree
felling), the initial area of pest outbreaks, air temper-
ature, groundwater levels, soil conditions, tree age,
forest stand structure, and others. It is impossible to
accurately account for and mathematically describe
the impact of even the significant factors influencing
the spread of infestations, and a statistical distribu-
tion of clusters models their generalizing effect.

A feature of the power law of distribution, also
called Zipf law, Pareto distribution, is the slow de-
creasing probability of large values of a random vari-
able. The power law is one of the indicators of di-
sasters in the natural, technical, and socio-economic
spheres [4]. In the case of non-power statistics, the
area of large values of a quantity is characterized by
a small probability. In systems with a power-law dis-
tribution, large events are not rare enough to neglect
their probability. The power-law distribution of forest
infestation clusters indicates the possible occurrence
of large-scale infestation foci. This is because the
evolution of the forest ecosystem has accumulated a
large amount of a resource (weakened trees), and a
favourable combination of environmental factors has
occurred that can synergistically affect the deploy-
ment of large clusters of infestation foci. This results
in the process moving into the high-risk category of
large-area tree mortality.

Events that give rise to dangers and risks can be
described in statistical language. However, statistics
is subject to well-defined deterministic laws. Conse-
quently, risks can be predicted and assessed if process
statistics are considered. Risks can be managed by
influencing control parameters promptly.

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2024. T. 30. No 3

Risk management is the process of identifying, as-
sessing, and taking steps to reduce risk to an accept-
able level [17].

The study’s objectives are to substantiate and devel-
op a statistical method and models for risk predicting
and managing the drying of a pine forest caused by the
colonization of trees by stem pests. This will avoid sig-
nificant financial losses associated with a decrease in
the commodity value of wood damaged by pests. The
source data for the statistical method are the remote
sensing data over studied areas of the forest.

2. IDENTIFICATION OF A RISK PREDICTION MODEL

The synthesis of a statistical risk model is carried out
using forest remote sensing data from spacecraft.
The synthesis includes the stages of structural and
parametric identification.

The decryption of images. To monitor changes in
the composition of the controlled area of the pine
forest, optical data from the MSI (Multispectral In-
strument) Sentinel-2A, -2B scanner were used. Im-
age interpretation was performed using a pixel-based
approach and artificial neural networks [18]. The
classification method with learning involved the fol-
lowing steps:

1) creation of a “region of interest” to pre-define
3 classes of objects,

2) histogram analysis and creation of training sam-
ples,

3) image classification by artificial neural network
method.

This method confidently segments the images
into 3 classes: glades and areas of sanitary cuttings,
healthy coniferous forests, and areas with completely
and partially dried trees. The spatial resolution of the
classification result is 10 m/pixel.

Structural identification. By classifying an image
of a forest area from a spacecraft, the formation of a
cluster structure of infection is established. The size
of each cluster in pixels is determined in Fig. 2.

A comparative statistical analysis of the sizes of in-
fection clusters is carried out to identify the model’s
structure.

Let u(x)dx be the fraction of clusters with size be-
tween X and x + dx . Distributions of the form (1) are
said to follow a power law:

u(x)=Cx™“, a>0. (1
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Figure 2. Classification of the image of a test forest area, 2017:
a — Fragment of the image of a pine forest from the Sentinel-
2A spacecraft, the study area is marked with a square in the
image for the 2017 year, b — Result of image fragment classi-
fication: / — glades and areas of sanitary cuttings, 2 — healthy
forests, 3 — clusters of withered trees

The constant C in Eq. (1) is given by the normali-
zation requirement.

The histogram is a straight line on log-log scales,

Inu(x)=-alnx+c, 2)
where o, and ¢ are constants and ¢ =InC . The con-
stant o, is called the exponent of the power law.

In the case of power distributions, huge sample
sizes are needed to construct good-quality histo-
grams, which are empirical analogues of probabili-
ty densities. In most cases, just making a histogram
(Fig. 3, a) and plotting it on log scales to see if it looks
straight is a poor way to proceed. The right-hand end
of the distribution is noisy because of sampling er-
rors. In practice, the rank method identifies power
distributions, which reduces the requirement for a
large volume of statistical data and avoids the early
appearance of statistical noise [2, 14]. In order to
process the observation data using the rank method,
it is necessary to order the sequence of values of varia-
ble x in descending order and assign an ordinal num-
ber to each element of the sequence, starting from
the highest value. Elements with the same value get
different numbers in the descending sequence. Each
sampled value has a rank equal to the highest element
number with that value. The ranks of values are the
cumulative frequencies of the distribution, and the
maximum value of the cumulative frequency (the
total frequency) is equal to the number of items N
in the sample. The frequency with which values of a
random variable occur, expressed relative to N units,

is treated as a statistical probability. Identification of
a power rank distribution is done by constructing a
probability cumulative function F(X):
F(x)=U(X>x)= Y U(X=x,), (3)
x;2x
where X — is a random variable and x — is the current
value of the variable. The notation below the sum
signs in (3) indicates that the summation applies to
all values that are greater than or equal to the current
value. The probability cumulative function of a pow-
er distribution has a maximum value equal to one if
X=x_. ., F(x__ )=1.The function F(x) is defined
for both discrete and continuous values. For a con-
tinuous value x, the function F(x) is related to the
density function u(x) by the integral relation, which
takes into account the fact that the power distribu-
tion (1) diverges for small values of x,

F(x)= Tu(x’)dx’ = CT(x’)‘“dx' =

=& e Cx™. (4)
a-—1

Power laws with exponents less than one cannot be
normalized and are not usually found in nature [13].
Comparison of relations (1) and (4) shows that the
cumulative function F(X) of a power distribution is
also a power function with a value of the exponent
one less than that a of the function U(X) and is ex-
pressed in bi-logarithmic coordinates as a linear re-

lationship:
InF=InC, —(a—1)Inx. &)

In practice, it is possible to construct rank dia-
grams in natural rather than relative units. Determi-
nation of the coefficient of the direct oo —1 of the
cumulative function in the notation (5) is usually
performed using many values of X and F(X) by the
least squares method. The method of graphing cu-
mulative functions in bi-logarithmic coordinates is
the most obvious method for structurally identifying
power-law distributions since the functions’ graphs
should well approximate straight lines.

Based on the graph of the cumulative function
(Fig. 3, b), it follows (we can conclude) that the struc-
ture of distributions of infection clusters (Fig. 2, b)
obeys a power law.

Parametric model identification. However, it is
known that the least squares method of approximat-
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ing a power function gives a systematic error in de-
termining o [10, 14]. In [14], the derivation of the
maximum likelihood method is recommended to
determine the exponent and estimate the statistical
error o. Considering that the value of the power-law
index is an important indicator for predicting the oc-
currence of large infection forest foci, we use these
recommendations and the formulas of the maximum
likelihood method:

o= 1+r{ilni} , (6)

i=1 xmin

-1
} =°°T1, )
n
where x, — the quantities i=1,n are the measured
values of x and x_, is the minimum value of x,
X, — the minimum value of the quantity x, at
which the power law is satisfied, oo — the exponent
of the power law, c — an estimate of the expected
statistical error.

For the example under consideration (see Fig. 2),
exponent values o were calculated using the maxi-
mum likelihood method of Eq. (6), statistical error
c—Eq (7):a=174,6=0.09, a = 1.74 + 0.09,
o = 1.74(9). Numbers in parentheses give the error
on the trailing figures. The distribution follows a
power law, see Eq. (1). The constant C is mostly un-
interesting.

Gzﬁ{imi
=1 X

min

3. THE DIVERGENCE OF THE AVERAGE
CLUSTER SIZE AS AN INDICATOR OF RISK

Consider the probability density function u(X) of a
random continuous variable X with values x, in the
notation of Eq. (1). The first-order moment M, de-
termines the mean { X) and expected value:
M, = (x)= I xu(x)dx =C j x'dx =
- - (8)

At a <2, the mean value of the power-law distri-
bution Ml —> 00, the first-order moment diverges,
but at o > 2, the mean value is completely deter-
mined. From this, we can conclude that the average
value of infection clusters tends to be tremendous
for the values of the exponent ao<2 calculated by
Egs. (6), (7). Critical value o = 2. Consequently,
significant losses will be associated with catastro-
phes, which can be predicted from the values of the
power exponent calculated at the early stages of for-
est infection development. It should also be consid-
ered that for all-natural systems with values <2,
the average value of infection clusters is limited by
the size of the forest. The distributions are truncated
at the tail of large values since the areas of infesta-
tion cannot be larger than the area of the entire for-
est area, see Fig. 3, b. This is a finite-size effect. The
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Figure 3. The result of identifying the distribution of infection clusters from a satellite
image, see Fig. 2: @ — histogram, » — cumulative functions F(x) of cluster distribution

by size x, a straight line on log-log scales
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divergence of the average cluster size is determined
from the relation (8). At a <2, further development
of the process will generate large values of the sizes of
infection clusters. All calculations are performed by a
computer program. This program models the process
according to the initial data on the areas of infection
clusters X received from Remote sensing (Fig. 2).
The size of a cluster is determined by its area, which
is measured in pixels (1 pixel = 100 m?). The values
of indicator o, are calculated by Eq. (6).

Calculating the average size of infection clusters in
a percolation forest model. The approximation of the
observed distribution by a power distribution is con-
trolled by statistical error 6. When calculating the
average value of clusters for a < 2, a specific large,
but not infinitely large, number will be obtained. Our
data set is not infinite, and the size of the controlled
forest area limits the cluster sizes. The size of the in-
fection cluster is determined by decoding the image
as the number of pixels of its components. Calcula-
ting the average value of clusters for any values of a. is
performed using the following algorithm.

The type of cluster is characterized by its size. Let
there be 1 =1, N types of clusters in the satellite im-
age, then: s; — size of clusters of type i, n; — number
of clusters of type i. Let p; be the fraction of infection
clusters of type 7 of size s;:

Si N

P = D> op=1, ©)

=5 |
dosn
i=1

then the average size of infection clusters will be
determined as a first-order moment

N
<s>=>'"p,s,. (10)
i=1

Table 1. Risk prediction levels

Comparing Calculated Values

Risk levels -
a, G, o, =2

2<oa—o0

or

the distribution that does not follow a
power law, see Eq. (5)
a—-oc<2<ato

atoc<2

R, — low

R, — medium
R;— high

a — the exponent, critical value o, =2, 6 — error

Risk assessments and recommendations for reducing
risk levels. Statistics on foci of forest infestation make
it possible to predict three different dynamics of tree
death and risk levels: 1) low, 2) medium, and 3) high.
The indicator for the prediction assessment is the
exponent of the power law o, Eq. (6), taking into
account an estimate of the expected statistical error
o, Eq. (7). The average size of infection clusters <s>
is calculated using Egs (9), (10) and characterize the
current state of the spread of infection in a forest area.
The controlling parameter is the size of the tree felling
area. The control parameter can change the prediction
estimate. Calculating the current state <s> allows you
to evaluate the effectiveness of the control action.

Sanitary measures change the observed structure
of infection clusters, requiring a new risk prediction.
This concept of risk management based on remote
sensing data is implemented by a computer program.
The risk prediction levels are carried out according to
the relationships given in Table 1.

Risk levels and recommendations: R, — planned
selective sanitary of tree felling should be carried
out, R, — new risks may emerge, and risks that were
previously addressed may become a problem again,
it is recommended to increase the frequency of ob-
servations and carry out selective sanitary cuttings of
weakened trees, R; — tree death is expected over a
large area; it is recommended to carry out clear sani-
tary cuttings of weakened trees.

4. TESTING OF A MODEL FOR PREDICTION AND RISK
MANAGEMENT OF DRYING OF THE PINE FOREST

The initial data for predicting the development of
foci of infestation of pine forests by the bark beetle
were obtained by processing satellite images of a
forest area in central Ukraine. The observation was
carried out for plantations Pinus sylvestris in the area
of the Tobolsk forestry (Volyn region, Ukraine). Trees
are 35 years old. The size of the square observation
plot is about 53.5 ha, see Fig. 2, a.

Table 2 summarizes the main results of predictions
and observations of the spread of pine forest dieback
in the test area. The drying out of the forest is caused
by the colonization of trees by stem pests. Observation
of the forest was carried out over 7 calendar years
(2015—2021), the dates of filming are presented in
the second column of the table. The observation area
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85(#,) = 534700 m? corresponds to the projections of
a 5347-pixel image of the terrain. The data in Table
2 were obtained as a result of space surveys from
Sentinel-2A, see Fig. 2, a, and further classification
of digital images by area: infection, felling, and
healthy forest, see Fig. 2, b. The calculation of the
predictive risk indicator a was performed based on the
distributions of infection clusters, Fig. 3, according to
model identification methods, see Section 2, and Egs.
(6), (7). The average size of infection clusters <s> was
calculated using the method described in Section 3,
Egs. (9), (10). The predicted risk level R is determined
according to Table 1. The remaining values in Table 2
are calculated according to the equations:

ASq (1) = S1(ti1) —S1(t;) (11)
S3(ti+1) =Sa(to) —Sa(ti+1) (12)
AS3(ti+1) = So(t;) — Sa(tj11) (13)

where i1 =0,6.

The data given in Table 2 allow you to test the
percolation model of risk prediction over observation
periods:

e j = 1 the average value of infection clusters is
small, <s(#,)> = 3.97 — the current condition is good,
the risk prediction indicator a(#)) predicts a low level
of risk R, for the next observation period, sanitary cut-
tings have not been carried out, AS/(z,) = 0;

* i =12 <s(ty)> = 15.75 — the current condition is
satisfactory (the prediction is correct), the risk pre-

diction indicator a(#,) predicts a high level of risk R,
for the next observation period, minor sanitary cut-
tings were carried out AS|(#,) = 8, (according to the
recommendations, in order for the prediction not to
be justified, it was necessary to carry out clear sani-
tary cuttings);

* i=3<s(t;)>=57.97 — the current state of infec-
tion clusters is characterized by large-scale infection
of the forest (the prediction is correct), prediction
estimates for the next period a(#;) and R; indicate
the death of trees over a large area next year, sanitary
cuttings were carried out only of dried trees AS (#;) =
= 136 (this does not correspond to the recommenda-
tions, see Table 1);

* i =4 <s(t,)> = 67.60, the current state — large-
scale forest infestation (the prediction is correct),
prediction estimates for the next period au(#,) and Ry —

trees are expected to die over a large area, clear sani-
tary cutting as have been carried out AS,(7,) = 498
(corresponds to the recommendations, see Table 1);

* i =15 <s(t5)> = 9.19, the current condition is
good due to compliance with the recommendations
of last year, the prediction did not come true, the risk
prediction indicator a(Zs) predicts a low level of risk
R, for the next year, sanitary cuttings AS,(#5) = 531
were carried out over a large area, which does not
correspond to the recommendations of the model
and is considered as an unreasonable loss of wood, it
is possible that part of the sanitary cuttings from the
previous period was transferred to the current period;

Table 2. Results of prediction and observations of pine forest drying

i 7; (observation period) <s> o R AS, S S, A\ AS;
0 1, (initial value) — — — 0 639 4708 639 —
1 1, (19.08.2015) 3.97 2.56(20") R, 639 4555 153 153
2 1, (13.07.2016) 15.75 1.85(11) R, 8 647 4327 381 228
3 13 (31.07.2017) 57.97 1.74(10) R, 136 783 3802 906 525
4 7, (10.08.2018) 67.60 1.68(9) R, 498 1281 3381 1327 421
5 15(12.08.2019) 9.19 2.22(13) R, 531 1812 3205 1503 176
6 16 (16.08.2020) 7.67 2.21(12) R, 215 2027 2989 1719 216
7 17 (03.09.2021) 6.17 2.19(12) R, 72 2099 2932 1776 57

*— the distribution does not obey the power law, i — number of the observation period, <s> — average area of dried forest
clusters, o — predictive risk indicator, R — predicted risk level, AS| — forest felling area for the period, S| — total area of forest
felling at the time of observation, §, — total area occupied by forest at the time of observation, §; — total area of forest loss at
the time of observation, AS; — forest loss over the period. All areas are given in the areas of projections of image pixels onto the

surface, (1 pixel = 100 m?).
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2015
17 2 .

Figure 4. Map of forest losses in the test area of the forestry for
the period 2015—2021: / — glades and areas of sanitary cut-
tings, 2 — healthy forests, 3 — clusters of withered trees

2021

Inx

Figure 5. lllustration of verification of the prediction of pine
forest infestation distribution: ¢ — map of total forest infesta-
tion over 6 years (2015—2020), » — cumulative functions F(x)
of cluster distribution by size x (intensity ranking diagrams).
The dots indicate the number of infestation clusters whose
size exceeds a given value of x, the linear form of the function
in logarithmic coordinates illustrates the implementation of
the power distribution law

* i =6 <s(t;)> = 7.67 — the current condition
is good (the prediction is correct), risk prediction
a(ts) predicts a low level of risk R, for the next year,
sanitary cuttings have been completed on the square
AS(tg) = 215;

e i =7 <s(t;)> = 6.17, the current condition is
good (the prediction is correct), risk prediction
al(t,) predicts a low level of risk R, for the next year,
sanitary cuttings have been completed on the square
AS(t;) = T72.

Analysis of forest loss in a test area, see Table 2,
shows that during the observation period 2015—2021,

the percentage of forest loss was (55(7,)/8,(,))100 =
= (1776/4708)100 ~ 38 %.

Figure 2 shows the distribution of sanitary felling
and forest drying in 2017. Figure 4 shows the results
of interpreting an image from the satellite Sentinel-
2A of a test area of the forest in 2015 and 2021.

The map of forest losses in 2021 shows how the ar-
eas of forest cutting prevent the formation of a perco-
lation cluster of infection and drying out of trees. The
cluster passes through a section of forest from left to
right. Figure 5, a illustrates the verification of the
process of formation of a percolation cluster of in-
fection spread on a site over 6 years. Statistics on the
spread of infections obey a power law, see Fig. 5, b.

Test model verification over 7 years demonstrated
the model’s ability to predict the risks of large out-
breaks of forest pest infestation. A timely prediction
makes the use of clear sanitary cuttings of healthy
trees in areas where percolation infection clusters
form justified. This will avoid significant financial
losses associated with a decrease in the commodity
value of wood damaged by pests.

5. CONCLUSION

The percolation model of prediction and risk manage-
ment of forest infections discussed in the article refers
to the formalization of the description and analysis
of one of the phenomena of self-organized critical-
ity. The universality of the concept of self-organized
criticality is manifested in the general patterns inher-
ent in many phenomena studied in various fields of
natural and socio-economic sciences. As first pro-
posed by P. Bak [4], some dynamical systems arrange
themselves so that they always sit at the “critical” point
of parametric space, no matter what state we start in.
One says that such systems self-organize to the critical
point or display self-organized criticality.

Such systems develop power-law distributions at par-
ticular “critical” points in their parameter space because
of the divergence of some characteristic scale [14], such
as the mean cluster size in the percolation model.

The value ofthe power distribution parameterserves
as a statistical indicator of a predictive assessment of
the risk of the appearance of undesirable large values
of the controlled quantity. This indicator is used in
the model to decide on the formation of management
impacts on the forest ecosystem.
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JlepxaBHa ycTaHOBa « HayKoBMit LIEHTP a€pOKOCMIYHUX JOCTiIKEHb 3eMITi
IHcTUTYyTY reosioriunux Hayk HaltionanbHoi akageMii HayK YkpaiHu»
ByJ1. Onecst [onuapa 55-6, KuiB, Ykpaina, 01054

MMPOIHO3YBAHHSA TA KEPYBAHHA PUSUKAMMUA ITOIIMPEHHA
3APAKEHb JIICY IKIAHUKAMU 3A JAHUMU 133

CTarTiO MPUCBSYEHO MPOTHO3YBAaHHIO PU3MKiB BUHMKHEHHSI BEJIMKMX BOTHMUIL 3apPa’kKeHHsI COCHOBOTO JIiCy XyKaMU-KOpPO-
imamu, rMaToreHHUMU rpubamMu Ta HemaTogaMu. JliJISTHKY 3apakeHHs, 110 CIOCTEPiraloThCsl Ha KOCMIYHUX 3HiIMKax, MatoTh
TISIMUCTY, KJIACTEPHY CTPYKTYPY BCOXJIOTO JIicy. BaXITMBOIO CTATUCTUIHOIO XapaKTePUCTUKOIO CTPYKTYPH 3apaskeHb € CTeTle-
HEBUIi 3aKOH PO3IOALTY KJIACTePiB 3apakeHb 3a po3MipaMu. HaBeneHi MeToau KOMIT'10TepHOI ineHTUdiKaIlil Ta aHami3y po3-
TOAITY KJIACTePiB A03BOJSIIOTH CHOPMYBATU CTATUCTUUYHY, MEPKOISILIHY MOJIETb TPOrHO3YBaHHS Ta KEPYBaHHSI pU3UKaAMU
3apaxkeHHs Jiicy 3a iHpopMallielo, oTpuMaHolo 3acodbamu J133. €1uHuM eeKTHUBHUM 3aCO000M 0OPOTHOU 3 KOPOIIOM € TpO-
BEJIEHHSI caHiTapHUX PYOOK Jiicy. [0l caHiTapHUX PYyOOK PO3IJISIIAIOTHCS Y MOJIEIi SIK KEPiBHUI MapameTp.

YV Mojesi BUKOPUCTOBYEThCS CITIOCTEPEXKEHHS 3a JIICOM Ha PEeLIiTii MiKceJliB KOCMIYHOTO 3HIMKY SIK Ha pelIiTii MepKo-
JIAUiAHOL cucTteMu. Y mpouecax 3i CTeeHeBUMU 3aKOHAMU PO3IOALUTIB 3HAYHY HMOBIPHICTh MalOTh BEJHMKi, KaTacTpodiyHi
noii.

VYHiBepcaJIbHICTh TEOPil MOSICHIOETLCS TUM, 1110 B Hill pO3MJISIAAETHCS B3aEMO/Iisl €JIEMEHTIB KJIaCTepiB 3apaXkKeHHs, SIKi 10~
0JIM3Y KPUTUYHOTO CTAHY JIiCOBOT €KOCUCTEMU IMiIMOPSIAKOBYIOTHCSI CTEIIEHEBOMY PO3ITOIiTY.

BenuunHa moka3zHUKa CTENEHEBOTO PO3MOJIily € iHAMKATOPOM BUHUKHEHHS BEJMKHUX KJIACTEpiB i BUKOPUCTOBYETHCS
Yy MOJeJli 11 MPOTHO3HUX OLIIHOK PU3UKY PO3BUTKY 3apakeHb. Y MOJENi Mill TPOrHO3yBaHHSIM PU3UKIB PO3YMI€ThCS CTa-
TUCTUYHA OLliHKA PU3UKY Y MAaOYyTHHOMY 3 ypaXyBaHHSIM 3MiH YMOB OTO TIPOSIBiB. 3MiHM BU3HAYAIOTHCS 3a pe3yJbraTaMu
3OMKHU 3 KOCMOCY i BPaXOBYIOTb €(DeKTUBHICTh CaHITApHUX PYOOK nepeB. HaBomuThCsl mpukiIan MPOrHO3yBaHHS PO3BUTKY
3apakeHHs (yCUXaHHs) JIicy 3a 3HIMKaMu 3 KOCMiYHMX amapartiB «Sentinel-2». Po3riasiHyTo Metonu ineHTudikalii Mmoaesi
Ta BUKOHAHO TECTOBY MepPeBipKy MOAEi. 3aCTOCYBaHHSI MacIITaOHO-iHBapiaHTHUX iHAMKATOPIB CTENEHEeBUX PO3IO/iJIIB 10-
3BOJIWJIO BiIMOBUTUCS BiJl BAKOPUCTAHHS 1IOPOTMX BUCOKOTOYHUX 3HIMKIB Ta 3aMiHUTHU iX 3HIMKAMU CepeHbO1 MPOCTOPOBOI
PO3pi3HEHHOCTI. PO3MISAHYTHIA y CTATTi MiaXiA 10 CUHTE3Y MOJEJi MPOTHO3YBAHHS Ta KEPYBaHHS PU3MKAMU Ha OCHOBI KOC-
MIYHUX 3HIMKIB I'PYHTYETbCSI HAa KOHLEMLI TeOpili caMOOpraHi3oBaHOI KpUTUYHOCTI. Mojelb JOCUTh YHiBepcaabHa i MOXe
BUKOPHUCTOBYBATHCH Y KOCMIUHUX Te0iH(POpMaIiifHMX TEXHOJIOTISIX IJIs1 OpraHizailii e(peKTUMBHOTO MPUPOIOKOPHCTYBaHHS.

Karouoei caosa: BcuxaHHSI COCHOBUX JIiCiB; CTOBOYPOBI IKiTHUKU, 1aHi IMCTAHIIHHOTO 30HIYBaHHSI, CTETIEHEBUI PO3MOIIT,
MPOrHO3YBaHHS PU3UKIB, KEPYBAHHS PU3MKAMU, TIEPKOJISLiiHA MOJIEIb.
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JACTOCYBAHHA CUHIYJIAPHOI'O PO3KJIALY MATPUIII
ITPU PO3B’A3YBAHHI HEKOPEKTHUX T’EOAE3NYHNX 3A/IAY

Haiibinvw naditinuit memod 043 00uUCAeHHS AIHITIHUX DIGHAHb NPUHUUNY HAUMEHUWUX K8aopamie, AKuil MOJCHA GUKOPUCMAMU 015
D036’A3V8AHHS HEKOPeKMHUX 2e00e3UuMHUX 3a0a4, 6a3VEMbCa HA MAMpU4Hill pakmopusayii, AKy HA3UBAIOMb CUHYAAPHUM PO3-
Kaadom. [Hwi memodu eumaearoms MeHuie MAWUHHOR0 Yacy ma nam’smi, ane 60HU MeHul egheKmueHi w000 8paxyeants NOXUOoK
BUXIOHOT IH(hopMauii, NOXUOOK 3a0KpyeAeHHS Ma AIHILIHOT 3aAeXCHOCI.

Memodonoeis maxoeo docaioxucenHs noaseae 6 momy, uio o1 6yov-axoi mampuyi A ma 6y0b-aKux 080X 0pMOOHANLHUX M-
mpuus Uma Vicnye mampuys ¥, saxa eusnauacmoca 3i cnisgionowennn ¥ =UT AV. I0es cuneyaaprozo po3kaady noaseae 8 nmomy,
wo HanexcHum eubopom mampuyb U ma V moxcna nepemeopumu 6invuticms enemenmie mampuyi X 8 Hyai ma 3pooumu ii diaconanb-
HOI0 3 HeGI0 eEMHUMU eneMeHmamu.

Hoeusna ma axmyanvnicme nHaykoeux piuieHb noaseac y 0ouinbHOCMi 3acmMOCY8AHHA CUHYAAPHO20 PO3KAAOY MAmpuuyi npu
OMPUMAHHI ATHIUHUX PIGHAHb MemOo0y HAUMEHUUX K8aopamis, AKUll MOJICHA GUKOPUCIMAMU 045 PO36°3Y6AHHA HeKOPEKMHUX 2e0-
de3uunux 3adad.

Mema nayko6020 docrioxicenHs noaseae @ OMPUMAHHI CMIK020 PO36°A3KY NApaMempU4HUX PiGHAHb NONPABOK 00 Pe3YAbMmamia
BUMIDIOBAHDb Y HEKOPEKMHUX 2e00e3UMHUX 3a0a4ax.

Ha ocrogi euxonanux docaidiiceHs i3 3acMocy8anHs Memody CUHeYASAPHO20 PO3KAAY NPpU PO36’°SI3Y6aHHI HEKOPEeKMHUX eeode-
SuuHuX 3a0au modcna pesiomysamu maie. Cunzyaaprum po3xaadom Oiiicnoi mampuyi A nazueaemvcs Oydv-aKa ii paxmopusauis
A=UXW?" na mampuuyo 3 opmoconansnumu cmoenysamu U , opmoeonansty mampuyio W ma diaeonanvry mampuyio S, ene-
MeHMU AKOT HAZUBAIOMBCA CUHSYAAPHUMU HucAamu mampuyi A , a cmosnyi mampuys U ma W — aigumu ma npasumu cunzyasp-
HUMU 6exmopamu. Ko mampuya A mae nosuuii pane, mo i po3e’s30k 6yOe €OUHUM Ma CMITIKUM, SKUL MOJICHA OMPUMAMU 3a

LutyBanus: Corop A. P, Cimopos I. C., CmipHosa O. M. 3acTocyBaHHS CUHTYJISIPHOTO PO3KJIaay MaTPUIIi TIPU PO3B’sI-
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donomoeoro pisHuXx memoodie. Ane memood CuHeYAAPHO20 PO3KAADY, Ha 6iIOMIHY 8i0 iHWUX Memodis, 0ae MONCAUBICIb PO36°A3Y6amU
3adaui 3 HeNoBHUM paHeoM. HK nokazyrwmo pezysvmamu 00CAi0NceHb, 00CUMb NOWUPeHUTl 8 eeode3ii Memoo po36’s13y8anHHs HOP-
MANbHUX PIBHSAHb 3G 00NOMO20H NOCAIO08HO0 BUKAHOUEHHS Hegidomux (Memod laycca) He dae cmilikux po36’a3Kié 045 HeKOpeKmHUX
eeode3uynux 3ada4. Tomy y eunaoky noeano 3yMo8aeHUx CUCHeM PiGHAHb 3anPONOHOBAHO GUKOPUCMOBY8AMU MEMO0 CUHSYAAPHOO
Dpo3KAady Mampuyi, KUl 6 004UCA08aANbHIT Mamemamuyi Hocumb Ha3ey SVD. Memoo cuneyasproeo poskaady SVD dae moxcau-
gicmb ompumysamu CmiliKi po3e’si3Ku K Cmilkux, max i HeCmiiKkux 3a c8o€io npupodoro 3adau. Taxa moxcausicms pose’sazyeamu
came HeKopeKmHi eeode3uyHi 3a0aui 08 ’a3aHa 3 3acmMocy8aHHAM 0esKoi epanuuyi t, 6udip AKoi ModCHa 30ilCHI08amMU 3a GIOHOCHUMU
noxubkamu mampuyi KoegiyieHmie napamempuuHux pigHsAHb NONPABOK A ma 6eKmMopa pe3yamamie ee00e3uuHuxX 6UMIPIOGAHb L.
[lpu uyvomy po36’s30k cucmemu HOPMANLHUX Pi6HAHb, ompumaHnuii memodom SVD, Oyde mamu HallmMeHULy 008XUCUHY.

Taxkum wurom, 3acmocogyrouu anapam CUHYAAPHO20 PO3KAAJY MAMpPuUyi KoeQiyicHmie napamempuiHux pieHsaHb NONPAagox 0o
pe3yabmamie 2e00e3uyHUX GUMIPIOBAHb, MU OMPUMANYU HO8I YOpMyaU 045 OUIHKU MOYHOCMI Memody HaUMeHwux Keaopamis npu
PO36’13Y8AHHI HEKOPEKMHUX 2e00e3utHux 3a0ay. Bueedeni gpopmyau maromes Komnakmuuil 6ueasnd i 0aroms MoJCAUICMb docUmb
N1€2K0 oBuucaumu enemenmu | i Q. OUIHKU MOYHOCMI, NPAKMUYHO 00x0054U CKAAOHY npoyedypy obepmanHs mampuui Koegiyi-
€HMI@ HOPMANbHUX DIGHSAHb.

Karouogi caosa: mampuuna gpaxkmopu3sayis, memoo HAUMeHWUX K8aopamie, HeKOpeKmHi eeode3uyHi 3adaui, oyiHKa mMovHOCMI,

CUHRYAAPHULL PO3KAAO MAMPUYL.

BCTYII

HaiiGinpn HagiiHU MeTon 1Jisi OOYMCIEHHS Koe-
(iieHTIB B 3arajbHill 3ama4i HAMMEHIIMX KBaapa-
TiB 0a3yeThCS HA MAaTPUYHIN (hakTOpHU3allii, IKy Ha-
3UBalOTh CUHTYJSIPHUM PO3KJIagoM. € i iHIIi Me-
TOJIM, 1110 BUMAraloTb MEHIIE MAIIMHHOIO Yacy Ta
nam’sTi. Ajle BOHM MeHII e(eKTUBHI 1IOA0 Bpaxy-
BaHHS IMOXMOOK BUXimHOI iHpopMallii, Toxubok 3a-
OKPYIJIEHHS Ta JIHIMHOI 3a1eXHOCTi [3].

CunrynasspHuit poskiaa, um SVD (Singular Value
Decomposition), € MOTYXXHUM OOYKCIIOBAaJIbHUM
3aco0O0M JIUIS aHAaJIi3y MaTPUIIb Ta 3a[1a4, ITOB’ SI3aHIX
3 MaTPULISIMU, SIKUI Ma€ 3aCTOCYBaHHS y OaraTbox
cepax. Lleil anroputM — TUITOBUIA MPEACTABHUK
HanOIIbII BXMBAHUX B TEIEPILIHI Yyac alropuTMiB
JIJIS. pO3B’SI3yBaHHSI Pi3HOMAHITHUX MaTPUYHUX 3a-
Jlad Ha TaK 3BaHi BJIACHi YMCJa, i OJHOYACHO MOXKe
BUKOPUCTOBYBAaTHUCh y YMCIOBUX METOJaX JaHUX
3aj1au [4].

MertopoJiorisi TakOro HayKOBOTO JOCJiIXKEHHS
MoJisira€ B TOMY, 110 ISl Oyab-sIKOi MaTpuili A Ta
OyIb-SIKUX TBOX OPTOTOHAIbHMUX Matpullb U Ta V'
iCHye MaTpuls X, sika BU3HAYa€TbCsl 31 CITiBBif-
HoweHHs X =U"AV . fIKio eneMeHTH u, Ta v,
€ croBnusgMu Matpunb U ta V, T0 oKpemi KOMITIO-
HEHTU MaTpulli £ OyAyTb piBHUMU c; = uiTAvj .Ines
CUHTYJISIPHOTO PO3KJIaday TOJISITAaE B TOMY, 11O Ha-
JIEXKHUM BUOOpoM MaTpullb U Ta V' MoXXHa IepeTBO-
PUTHU OiNIBIIICTh €JIEMEHTIB G, B HYJIi; MOXKHA HaBiTh
3pOOMTU MATPULIIO X Jia20HAAbHOK 3 HEBIL EMHUMU

AiaroHaibHUMM eleMeHTamu o, . Kiiou 1o mpa-
BUJILHOTO BUKOpUCTaHHsI Metony SVD — 1ie BBe-
JNeHHSI JesIKOl TpaHHUILi T, SKa BigoOpaxkae Tou-
HICTb BUXIIHMX JaHUX. BinHouwennsa o / G, A
G, . — HaiiblIbllle HEHYIbOBE CUHTYIAPHE YUCIIO, a

ma:

G, — HaliMEHIe HEHYJIbOBE CUHTYJISIPHE YHCIIO,
MOXHA BBaXKaTW YKMCJIOM 3YMOBJIEHOCTI MaTpuLli A.
Binkupanuga yucen G, SIKi OyIyTh MEHIIMMM, HixX
rpaHulls T, TPU3BOAUTH A0 3MEHILEHHS Yucsa 3y-
MOBJIEHOCTI IO 3HaY€HHA G / T.

Haperri MoxHa 3ayBaXkuUTH, 1110 BaXKJIUBOIO 0CO-
onuBicTio Metony SVD € 31aTHICTh BUSIBIISITU 3a-
JIEXHICTb 1 HEOIHO3HAYHICTh Ta 3HAXOIMUTHU yXe
Maji CUHTYISIpHI umcia. Lleil Tun momaTkoBoi iH-
dopmaliii aj1s 3amad METOIy HaiiIMEHIIIMX KBagpaTiB
Ha3UBAIOThb CUHYAAPHUM aHasizom. BiH 3acTOCOBY-
€TbCS TIPU aHaJli3i CKIAgHUX MaTEeMaTUYHUX MO-
neneit [4, 10]. CunrynsipHuii po3kjiag Ma€ JOCUTH
naBHIO icTopito. ®yHIaMeHTaIbHUMU Y ITIEpPEeBaKHIi
Oinblrocti Oynu npaui Tonyba Ta itoro koner Koxa-
Ha, bizinrepa i PaiiHia. 3okpema, ctaTtts [onyoa Ta
Paiinima Oyna omny6sikosaHa me y 1971 p. [4]. AB-
TOPH BiIOMMX aJITOPUTMIB JJIsI MATPUUYHUX BIIACHUX
gucen — Ppemncic, Pyricxaysep Ta Binkiacon; mi a-
TOPUTMH OYJIM OTHCaHi y iXHiX mpamsax me y 1965 p.
[10]. ¥V cBoix mpausx Jloycon, XeHcon (1974) i
Crioapt (1973) posrasnaioTs Metoa SVD Ta psia mo-
B’A3aHUX 3 HUM 3aga4 [7, 9]. Cnin 3ayBaxkuTtu, 1110
IaHWI METOJ CHHTYJISIPHOTO PO3KJaay MaTpulii,
SIKMIA 0a3yeThCsSl HA BilOMOMY B CTaTUCTHUIII aHaJIi-
3i rojgoBHMX KoMnoHeHTiB (Principal Component

72 ISSN 1561-8889. Kocmiuna nayka i mexunonoeis. 2024. T. 30. Ne 3



3acmocyeants cuneyaapHoe0 po3KAady MAmpuyi npu po36’a3y8aHHi HeKOPEKMHUX 2e00e3UMHUX 3a0ay

Analysis), IIMPOKO BUCBITJICHUI B CydaCHUX HAyKO-
Bux npaugx [1, 2, 5, 6, 8].

TakuM 4MHOM, HOBU3HA Ta aKTyaJibHICTh HayKO-
BUX pillleHb MOJISITAE Y MOLIIBHOCTI 3aCTOCYBaHHS
CUHTYJISIDHOTO PO3KJIaay MaTpulli Mpyu OTpUMaHHi
JIIHIMHUX PiBHSIHb METOMY HaWMEHIIWX KBaapaTiB,
SIKUIA MOXXHA BUKOPUCTATH IJIsI PO3B’sI3yBaHHS He-
KOPEKTHUX reoIe3nYHUX 3a1a4.

PO3B’A3YBAHHS CCTEM JITHITHUX PIBHAHB

Hexait A — 3amaHa maTpulls PO3MIpHICTIO mX# ,
MpuuoMy m>n , a b — 3ajaHuil BEKTOP po3MipHic-
TI0 m . [1oTpiOHO 3HAWUTHM BCi BEKTOPU X, IJIST IKHAX
Ax=b.

BxmiounMo croay BUITAmOK, Kogu Marpuus A
MOXe OyTH KBaJIpaTHOIO Ta BUPOIXKEHOIO.

TeopeTnyHo € Garato pi3HOMAaHITHUX aJTOPUT-
MiB, SIKi pO3B’SI3yI0Th JaHy CUCTEMY PiBHSIHb. AJle B
00YMCIIIOBAIbHIN MTPAKTUL 3 1T HETOUHUMU Pe3YJib-
TaTaMu BuMipioBaHb MeTon SVD 110 cyTi € enuHUM
BiIOMHUM METOIOM 3 BHMCOKOIO HAmilHICTIO OTpHU-
MaHHSI po3B’s3KiB [3, 4, 7].

BUKOpUCTOBYIOUM CUHTYJIIPHUIA pO3KJIag MaTpy -
i A, TiHiiHY cucTeMy Ax =b MoOXHa IepenucaTu y
BUIJISIII

UsV'x=b,
3BIIKUA
Yz=d,
ne z=V'x, d=U"b. Cucrema piBHsIHb 2z =d €
JIiarOHAJIbHOIO, IO 3HAYHO CIIPOIIYE 11 PO3B’SI30K.
JlaHy crucTeMy MOXHA pO3KJIaCTU Ha TPU ITiACUCTe-
MU B 3aJIEXKHOCTI Bil 3HaU€Hb PO3MIpHOCTEM m, 1 Ta
paHry k, TOOTO KiJIbKOCTI HEHYJIbOBUX CUHTYJIIPHUX
YHCeI:
c.z =dj,;1KLuo jsnrtac;#0,
0-z, =dj,;u<mo jsnrtac,;=0,
0=dj,HK]_LlO j>n.

Hpyra migcucteMa € MOpPOXHBOMW, SIKIIO kK = #;
TPETS MiACUCTEMA € TIOPOXHBOIO, SIKIIO /1 = M.

PiBHSIHHS € CyMiCHMMH, Ta PO3B’SI30K iCHYE B
TOMY i TiJIBKM TOMY BUITIAJKYy, KON dj =0, a TaKOX
C,= 0 abo j>n.fxmo k <n, To HEBiOMOMY ITapa-
METpy z;, 110 BinMnoBifgae HyJbOBOMY KoedilliEeHTY
G, , MOXXHA ITPUCBOITH I0BUTbHE 3HAYCHHSI, i TAKOX
oTpuMaTh po3B’s130K. Ilicjist TTOBepHEHHS OO BU-
XiIHUX KOOPAMHAT 3aBIsSKU MEPETBOPEHHIO X =VZz
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JIOBUIbHI KOMIIOHEHTH Z JAalOTh 3MOLY ITapaMeTpu-
3yBaTU MHOXMHY BCiX MOXJIMBHUX PO3B’SI3KiB X.

IToznauumo uepe3 u, Ta v, cToBMnui MaTpullb U

ta V. Toxi po3kian A=UXV" MoxHa 3anucaTi Tak:
Av,=cu;, j=L....n.

Sodpom maTtpuli A € MHOXMHA BEKTOPIB X, IJIS
akux Ax =0, a obaracme 3Hayens MaTpuli A — 1€
MHOXWHA BEKTOPIiB b, IUIS SIKHX cucTeMa Ax=b
Ma€ po3B’s30K. Ko c,= 0, 10 Avj =0,i v, Ha-
JIEXKUTD SIAPY MaTpULL A; IKIIO X G ;#0, 10 u; Ha-
JIEXKUTh 00J1aCTi 3HAUY€Hb MaTPULLi A.

3BiJCH BUILJIMBAE, 1110 MU MOXEMO OTPUMATU MO-
BHUI onuc sapa Ta obsacti 3HayeHb. Hexait V, —
CHCTEMa CTOBITIIIB v;, wis sikux o;=0,a V, —
cucTema pelutu croBruis v;. Hexait U, — cucre-
Ma CTOBMIIiB u;, s SKUX G, #0,a U, — cucre-
Ma PeIUTH CTOBIILIB u;, BKIIOYAIOYN Ti, IS SIKKX
j>n. VY cucremi V, € n — k croBnuis, y cucremi
V, — k cToBmuiB i cTiibKM X y cucteMi U, , y cucre-
mi U, € m — k crosnuis. OTxe:

1) V, — oproHopmoOBaHMii 6a3uc Ui sAapa ma-
TpuLi A,

2) V, — OpTOHOpPMOBaHMii 6a3uc Uig OPTOro-
HaJILHOTO IOTIOBHEHHSI sipa A,
3) U, — oproHOpMOBaHMIi Ga3uc Ui o0JacTi

3Ha4YeHb MaTpULi A,
4) U, — OpTOHOPMOBaHUI1 Ga3uc 1 OPTOro-
HaJIbHOTO IOTIOBHEHHS 001aCTi 3HaUYeHb A.

JITHIHA 3AJTAYA METOZTY
HAMMEHIIIX KBAJIPATIB

PosrasiHemo tenep y3araJbHEHHS ITOIIEPEaHbOI 3a-
Jadi, aje OyaeMo IIyKaTWu BEKTOPU X PO3MipHICTIO
n, ISt IKMX Ax JIMiie HaOJMXeHO TOPiBHIOE BEK-
TOpY b TIp¥ YMOBI MiHIMaJIbHOI TOBXWHU HEB’ SI3KU.
ITig HeB’s13K0I0 TYT OyIEMO PO3YMITH BEKTOD PO3-
MipHiCTIO m1, TOOTO
r=Ax-b.

Otxe, 3amaya noJjsarae y BUOOpi BeKTopa X, SIKuit
Oyae MiHiMi3yBaTU MOBXUHY HEB’SI3KU r (BipHillIe,
KBaJipaT JOBXWHU HEB’SI3KM)

m
IrlP=2r
i=1

Taky 3agady B CTaTUCTUIII HA3UBAIOTh 3aJa4elO /i -
HiliHoi peepecii. SIK1110 MaTpUIld A Ma€ IIOBHUI paHT,
TO PO3B’SI30K X Oyde €IMHUM Ta CTiMKuUM. Takumii
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PO3B’I30K MOXHa OTPUMATH 3a JOIIOMOI0IO Pi3HUX
MeTOomiB, BigMiHHUX Bim metomy SVD. Ane meron
SVD, Ha BigMiHy Bin iHIIMX METO[IB, JA€ MOXKJIM-
BIiCTb pO3B’s13yBaTH 3ajayi 3 HEMMOBHUM PaHrom |[3,
4, 10].

OCKiJIbKM OpTOTOHAJIbHI MaTpUIIi 30epiraroTb HOp-
My, TO

I [I=[[UT(AVV x=b)||=]| 2z~ d]|.

Otxe, metoa SVD 3BOAUTh 3arajibHY 3a/1auy Haki-

MEHIIMX KBaapaTiB A0 3aJayi 3 JiaroHaJIbHOI Ma-

Tpulieto. HeBaxkko MOMITUTHU, 110 BEKTOP Z, SIKUIA
MiHiMi3ye |||, MOXXHA BUpa3UTH CIIiBBIIHOIIEHHIMU

d,

z =—L gxkuo o, #0;

]
O;

z JIOBIJIBHE, SIKIIIO c,= 0.

TakuM yMHOM, k PIiBHSIHb JiaroHaJbHOI (popMu
pPO3B’SI3YIOTbCSI TOUHO. IHII PiBHSHHSI 3BOHSITh-
cs IO TOro, IO BEKTOpP-HEB’sd3Ka Oyae BimMiH-
HUM Bill HyJISI, IPUYOMY MOTrO HOpMa Oyjie PiBHOIO
|I7|F=> d; . ne cymy Gepemo 1o BCiX j, 1ist SIKHX
c,= 0 abo j>n. Tomi 3BOpPOTHE MEPETBOPEHHSA
x = Vz nae 3MOry po3B’s13aTu Hallly BUXiJIHY 3aa4dy.

SIK110 3aga4a Ma€ HEIMMOBHMI paHT, TO 11 po3B’SI30K,
KU MiHiMisye |||, He Gyne exuHuMm. Y Takiii cu-
Tyallil OTPUMYEMO €IMHUI PO3B’SI30K, BUOMpaoun
[| x| — min . Takoro po3B’si3ky MOXHa TOCATHYTH,
SIKILIO TIPUNHATU

zZ; =0, Kkonu G, =0.

¥ Bunaky oBHOTO paHTy pO3B’sI30K Oy/1e EAUHUM.

YacTo Ha NpakTULi po3MIsAaloTh Moau(iKoBaHi
3aJaui MeToly HaliMeHIIMX KBaJpaTiB, B IKMX MiHi-
Mi3yeThes fesika KombiHartis [|A| Ta |[x||, To6To

2 2 .
| + 2% — min,
Ie A — AeSIKWA KoeilliEHT MPOITOPIIiHOCTI.

PO3B’A3YBAHHA HEKOPEKTHHNX
TEOJE3NYHHUX 3AIAY

OTpuMaHi BulLe JiHiliHi piBHSIHHSI METOY HaliMEH-
LIKUX KBaApaTiB MOXHA BUKOPUCTATU IJIs1 PO3B’SI3Y-
BaHHSI HEKOPEKTHUX IeoJe3MYHUX 3a1ad. s 1po-
ro 300pa3uMo PiBHSIHHS JIiHIHOI perpecii y BUTJsiai
BiIOMUX TIpM BUPIBHIOBAaHHI T'€OIE3UYHUX MEPEX
napaMeTpMyHUX PiBHSIHb Nonpasok. [TpencraBumo
IX y MaTpHA4Hii hopmi:
AX+L=V,

74

ne A — wmaTtpulsd Koedilli€HTiB IapamMeTpUYHUX
PiBHSIHb MOTPABOK, €JIEMEHTH SIKO1 OTPUMYIOTb SIK
YaCTKOBI IOXigHI Aeskoi (pyHKIii MO HEBiIOMUX
napaMmeTpax, X — BEKTOpP HEBiIOMUX BEJIUYMH, SIKi
Ha3UBaKOTh MapamMeTpamMu, L. — BEKTOpP pe3yJibTaTiB
BUMipIOBaHb, V — BEKTOp IMOIMPaBOK A0 Pe3yIbTaTiB
BUMipIOBaHb.

JaHa cucTeMa piBHSIHb € HeIOBU3HAYEHOIO, TOMY
BOHA HE Ma€ €IMHOTIO PO3B’a3KYy. I3 6araTbox pizHO-
MaHITHUX KPUTEPiiB IJIs BU3HAYEHHSI HEBITOMUX
napaMmeTpiB X, SIK MU BX€ 3ayBaXKyBaJIM paHillle,
BUKOPUCTAEMO TIPUHLIMIT HAWMEHIIUX KBaJIpaTiB.
To6T0, Ha cucTemy piBHsIHb AX + L =V Hakianemo
JI0AaTKOBY YMOBY

®=V'C'V - min,
S C;j — o0epHeHa KoBapialliiiHa MaTpULIsI TOX1-
OOK pe3yJIbTaTiB BUMipIOBaHb.

IIIo6 omepyBaTM MPOCTIIIMMM BHUpa3aMu, I0-
LJIBHO CKOPUCTATUCSI MOJAHHSIM HEPiBHOTOUHUX
pe3y/bTatiB BUMiploBaHb Yy PiBHOTOUHOMY BUIJISI-
Ii. SKII0 MiaCTaBUTH B YMOBY MiHIMyMY 3HAYEHHS
BeKTOpa V 3 mapaMeTpuU4HUX PiBHSIHb MOMPaBOK,
OTPUMAEMO

®=(AX+L)'C, (AX+L)—> min.

Po3skpuBatoun IyxKKu, OyaeMo MaTh

©=X"A"C]AX+2X"A"C,L+L'C,'L —> min.

Just aificHOT CMMETPUYHOI T0JaTHO BU3HAYEHOI
00epHEHO1 KoBapialliiiHO1 MaTpuili C}m1 BUKOPHUC-
TaEMO TaKy TEOPEMY.

Teopewma. /Ist aiiicHOI CUMETPUYHOI JOAATHO BU-
3HaY€HO1 MaTpuLli C;nl iCHye Taka cMMeTpuYHa J10-
JIaTHO BU3HAYEHA MaTPULIA C;/ ?, wo (C,:/ y=C,.
[Tpu oMy

(€Y = YAPYT.YAYT = YAYT = C,
ne

AV = diag{n), 1), 002
— JiaroHajbHa MaTpMLS BJIACHUX YMCEN MaTpULi
C;i/ ’ , 4 CTOBIILi MaTpuli Y — BJIaCHi BEKTOpU Ma-
TpULi C;i/ 2, CKOpHCTaBIIMCh BU3HAYEHHSM JAHOI
TeOpeMHU, YMOBY MiHIMYMY MOXHa 3arucaTd y BU-
DL
®=X"A"C’CAX+2X"ATC*C L+
+1'C’C L — min .
AKIo BBECTU MO3HAYEHHS
A=C’A,L=CL,V=CV,
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TO YMOBA MiHiMyMy OCTaTOYHO MaTUMe BUIJISI
O=X"A"AX+2X"A"L+L'L=V"V - min .

K BimoMoO 3 MaTeMaTMYHOrO aHali3y, HeoOXim-
HO0 YMOBOIO MiHiIMyMy (DyHKIIi1 ® € piBHICTb HYyJe-
Bi ii YaCTKOBMX TTOXiTHUX, TOOTO 8@/ 0X=0. B pe-
3yJIbTaTi, BXe 11 BUITAJKy PiBHOTOYHMX BUMIipIO-
BaHb L = C;/ ’L , OTPUMYEMO CHUCTEMY HOPMaJIbHUX
PiBHSHb

A"A-X+A'L=0.
Hesginomi mapameTpu 3BiIcu OTPUMYIOTHCS SIK
X=—(ATA)"-A'L.

JocuTb nmomuMpeHuii B reofiesii MeTol po3B’s3y-
BaHHSI HOPMaJIbHUX PiBHSIHb 3a JIOTMIOMOTOIO MOCITi-
JIOBHOTO BUKJIIOUEHHSI HeBimoMux (Meton laycca)
HE Ja€ CTIMKMX PO3B’S3KiB IJIs1 TOraHO 3yMOBJICHUX
a00 HEKOPEKTHUX Teofe3nYHuX 3amad. Tomy y BU-
MaJKy IOraHO 3yMOBJIEHUX CUCTEM PiBHSIHb OaKaHO
BUKOPMCTOBYBAaTH TaKU1 METO, SIKW1 OM TrapaHTy-
BaB CTaOLIbHUI PO3B’s130K. OMHUM i3 TAKMX METOMIB
MOe OyTU CUHTYJISIpHUI pO3KJIaay MaTpulli, SKUii
B 00YMC/IIOBaIbHIN MaTeMaTulli HOCUTh Ha3By SVD
[3, 4].

3iliCHUIMO CHUHTYJISIPHUI PO3KJIAL MaTpuii A .
CHHTYJISIPHUM PO3KJIAIOM JiiiCHOI MaTpulli A po3-
MIipHICTIO M1 X#n Ha3UBAEThCS ycsKa il (pakTopu3a-
LIisT BUTJISITY

A=UzW",
ne U — MaTpuLs 3 OPTOrOHAJBHUMU CTOBITLISIMH
PO3MIpHICTIO mXn W — OpPTOrOHAJIbHA MaTpU-
11 PO3MIPHICTIO nXn, % — [IiaroHaJbHa MaTpu-
LI PO3MIPHICTIO nXxn, IS SIKOI c_sij =0 npu i#j
i 6,,]. = 6]. > 0. Benmmunuu 6 ; Ha3BEMO CHHTYJISPHHU-
MM YyMcIaMU MaTpuli A, a ctoBnui Marpuilp U i
W — 1iBUMH Ta TIPaBUMM CHHTYJISIPHUMU BEKTO-
pamu. [t Matpuus U i W cripaBeuBi Taki cIiiB-
BiIHOILIEHHSI:
U'U=I,U0U0"#1,
WwW=1,WwWw"=1,
ne I — onuHuyHa matpulis. [TimcraBuMo tenep 3Ha-
YEHHS CHHTYJISIPHOTO PO3KJIaLy MaTpuli A B CHC-
TeMY HOPMaJIbHUX PiBHSIHb, OTPUMAEMO
(W' (UZW")- X +(UZW")'L=0.
TpancnoHyoOUM MaTpUlli, OTPUMAEMO
WXU'UEW" - X+WZU"-L=0.

ITicnss ckopoueHb HOBa cUcTeMa HOPMaJbHUX

PiBHSIHb HaOy1e BUTJISITY

WITW!.X+WZU"-L=0.
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Toxi po3B’s130K TaKO1 CUCTEMU 3AMUIIETHCS SIK
X=-(WIIW")'WEU"-L.

BpaxyBaBILI OPTOrOHATBHICTb MaTpuLi W Ta 3po-
OMBILIM BIiAIIOBiIHI CKOPOYEHHS, OCTATOYHO OTPHU-
MYEMO PO3B’SI30K CUCTEeMU HOPMAaJIbHUX PiBHSIHbD:

X=-Wx'U"-L,
ne X' — [iaroHajbHA MaTPUIS, WICHH SKOi PiBHi
/5, .

Otxe, 1Lieil pO3B’I30K JIa€ MOXJIMBICTb OTpUMa-
TU HeBimoMi mapaMeTpu X, BUKOPUCTOBYIOUM CUH-
TYJAIPHUIA PO3KJIaL MaTpulli A . 3BenemMo iioro 10
€KBIBaJICHTHOI JIiarOHAJIbHOI CUCTEMU

X-Z=D,
Ie
Z=W'X,D=-U"L.

Ax1o BCi BEMUYUHU c_s]. € BIIMiHHVMU BiJl HYJIS,
TO €KBiBaJICHTHY J[diarOHajJbHy CHUCTeMY MOXHa
pO3B’s13aTu, BBaXKaloun

d.

ij__]’
O,

J
Jie z; — eJIeMeHTU BEeKTOpa Z, d]. — eJIEeMEeHTH BeK-
Topa D .

OpHak Ha TMpakTULi He 3aBXIU € MOXJIUBUM
OTpUMAaTU KOPEKTHUI poO3B’SI30K Takoi 3a;adi,
SKILIO AesIKi BEJIMYMHU G, MaioTh MaJli 3HAUYEHHSI.
3rigHo i3 TBEPMIKEHHSIMM, IPUBEACHUMU BUIIIE, MU
MOXEMO CKa3aTH, 110 BCi 3HAYCHHS BEINYUH G, HE
Oy/lyTb JOPiBHIOBATU HYJIEBi y TOMY BUIIaJKYy, KOJIU
CTOBIILIi €JIEMEHTIB Elj Matpuii A OyIyTb JTiHIIHO
He3aJIeXKHUMMU.

AK BimoMoO, Ui OTPUMAaHHS KOPEKTHOTO PO3-
B’SI3KY TTOTPIOHO BBECTU JI€SIKY IPAHMIIIO T, SIKA Bi-
Jo0paxae TOYHICTb BUXiTHUX JaHUX, 1110 BUKOPUC-
TOBYETHCS B I€OAC3MYHNUX 3aga4yax. IMiHM BUXITHUX
JaHUX Ta MOXUOKW 3a0KPYIJIEeHb, SIKi € MEHIIUMU,
HiX I'paHULIS T, MOXYTh IMTPU3BECTU 0 30BCIM iHIIO-
ro Habopy KoediuieHTiB. JI1st Toro 106 1i Koedili-
€HTU OYJIM MO MOXJIMBOCTI MAJIMMMU, 3aMUILIEMO

Zj=0,$1KLLlO GJST.

Bubip z i= 0 mae ocobsuBuM 3MicT. BiH mpu3Bo-
JIUTh 10 PO3B’SI3KY, 110 MA€E CEPEN BCiX MOXJIMBUX
PO3B’SI3KiB HAlIMEHIITY TOBXUHY.

BigHowenna G Lc_smin HA3BEMO YUCIIOM 3Y-
MOBJIEHOCTi MaTpulli A, TOOTO

j=1...,n,

cond(A) = Omax ,

min
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ae G, — Haiibinblie, a G,
JIbOBI CUHTYJISIPHI YKCIIa.
OTxe, BiIKMHYBIIM Yuca 6]. , SIKi OyI1yTb MEH-
LIUMU, HIX TpaHUUS T, OTPUMYEMO 3MEHILEHHS
YKCJIa 3yMOBJIEHOCTI 10 3HAYEHHA G / T, TOOTO

— HallMeHIlle HEHY-

cond(A) = Omax.

JocnigkeHHsl ToKas3ajiu, IO BiAKMAATU IesIKi
MaJli 3HaYeHHS G; JOLIbHO B TOMY BUIMA/KY, KON
YUCTIO 3yMOBJICHOCT1 MaTpuLi cond(A) MePEBUIIYE
o6epHeHi BiTHOCHI MOXMOKYM MaTpuili A Ta BEKTOpa
BUTBHUX WIEHIB L , 110 € BEKTOPOM Pe3yJIbTaTiB BU-
MipIOBaHb Ieofe3MYHuX BeanduH. Tomi oTpumaTtu
CTiiKMI1 PO3B’SI30K HallIO1 3a7a4i MOXKHA B TOMY BU-
MajKy, SKIo Oyae BUKOHYBaTHCh yMOBa

cond(A)<d,

e d — 3HAMEHHUK BiIHOCHUX MOXMOOK MaTpuil A
Ta BCKTOpa pe3yJIbTaTiB reoe3MIHUX BUMipIOBaHb

. K110 miacTaBUTH 3HAaYEHHAI cond(A) & / T
Yy HEPiBHICTb cond(A) <d , OTpUMaEMO

O <.
T
Toni rpaHuIIO T MOXXHA BU3HAYUTH i3 YMOBU

Takym ymHOM, MM OIMCaId MPOOJIEMYy PO3B’s-
3yBaHHSI HEKOPEKTHUX T€0/Ie3UYHMX 3a/1a4 Y BUTJISI-
Jli CUCTEMU HOPMaJbHUX PiBHSIHb, 1110 1a€ MOXJIH-
BiCTb, BpaxyBaBIlIY BUXiIHY KOBapialliilHy MaTpUIIIO
C,, , OTPUMAaTH JOCUTb NIPOCTUI BUPa3 I MOLIYKY
HEBIJOMUX BeJWYUH X, 3aCTOCOBYIOUM CHUHTYJSIP-
HUI po3KJIaj MaTpulli KoedillieHTiB ImapaMeTpuyd-
HUX PiBHSHb A. MeTon CHHIYJISPHOTO po3Kiiany
SVD nae MOXJIMBICTb OTPUMYBATHU CTilKi pO3B’SI3KU1
SIK CTIMKUX, TaK i HECTIMKMX 3a CBOEIO IIPUPOIOI0
3aga4. Taka MOXJIMBICTb PO3B’SI3yBaTU camMe HEKO-
PeKTHi reoie3nyHi 3aa4i MoB’si3aHa i3 3aCTOCYBaH-
HSIM JIesIKO1 TpaHMUlli T, siKka Ja€ 3MOTy He BKJIIOYaTh
y IPo1eC 00UYMCIEHHS Iy>Ke MaJli CUHTYJISIpHI yrcia
G., 1 TUM caMUM NTOKPAIIATUA 3yMOBJIEHICTb CUCTE-
MU HOpMAaJIbHUX piBHAHBL. Bubip rpanuii t MoxHa
3[iMAICHIOBATU 3a BITHOCHMMM IMOXMOKaMU MaTpUIIi
KoeilliEHTiB mapaMeTpUYHUX PIBHSIHb ITOIIPABOK
A Ta BEKTOpa pe3yJIbTATiB IeONe3MYHIX BUMIpIO-
BaHb L . [1pu 1IbOMY PO3B’SI30K CHCTEMU HOPMaJTh-
HUX PiBHSIHb, OTpUMaHuii MeTonoM SVD, Oyie matu
HalMEHIIy JOBXUHY.
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OIIITHKA TOYHOCTI JAHOI'O METO1Y
Busenemo dopMynu misi OTpUMaHHS OLIHKU TOY-
HOCTi IIpU BMKOPHCTaHHI METOIY CHUHIYISIPHOIO
poskianay. B 3araipHOMY BUIISII cepenHsl KBaapa-
TUYHA NOX1OKa OyIb-SIKOI BeJIMYMHU BU3HAYAETHCST
3 hopMyu
my =My Qy

Je p — noxubka oauHuLi Baru, Q, =Py !
HEHa Bara BEKTOpa OL[iHIOBAaHO1 BEJIMYMHMU.

Otxe, 3agaya OLIHKM TOYHOCTI PO3KJIAJAEThCS
Ha ABi 3agayvi: 1) BU3HAYEHHSI MOXUOKM OJMHMIII
Baru, 2) BUBHAYCHHS Baru BEKTOPa OLIiHIOBAHOI Be-
JTMYuHU. 11 BU3HAUYEHHST MOXUMOKM OAWHMIII Baru
MOXHAa CKOPUCTAaTUCh (DOPMYJIOIO 3 TEOPil MOXMNOOK:

— obep-

ne m — n =k — KiIbKiCTb HaJUTMIIIKOBO BUMipSIHUX
BEJIMUMH, a JO0OYTOK Matpuup V'V , 3rizHo 3 dop-
MyJIaMU TIOTIePEeIHBOTO MYHKTY, TOPiBHIOE VTg ;1_/ .
BukopuctoByloun 3HayeHHd ¢yHKuii ®=V'V,
BUBEJIEHi BUIIE, Ta BUKOHABIIIU JESKi CIIPOILIEHHS,
OTPUMAEMO

VIV=X"(A"TAX+A"L)+L"AX+L"L

AJle BUpa3 y KpYNIMX Oy>KKaX JOPIiBHIOE HYJIEBI,
OCKIJIBKM BiH TMPEACTABISIE CHUCTEMY HOPMalbHHUX
piBHsHB. ToMy BemunHa V'V Habyne BUITISILY

V'V=L"AX+IL'L

Toxi, 3acTOCOBYIOUM CUHTYJISIPHUIA pO3KJIal Ma-

TpuLi A, nany GopMyITy MOXHA 3aITicaTy Y BUJISII
V'V=L'USW'X+L'L.

Axmo 3amiHuTH BeKTOop X IOro 3HAYEHHSIM,
OTPUMAHMUM i3 PO3B’SI3KY CUCTEMU HOPMaJIbHUX PiB-
HSIHb, TO OyJeMO MaTu

V'V=-L'USW'WZ'U'L+LL.

BrKopurcTOBYIOUM BIACTUBOCTI TPAHCIIOHOBAHOI,
OpTOFOHaIIbHOI Ta 00EpHEHOI MaTpullb, BEIUYNHA
VIV sanumerscs y Bnrnﬂm

V'V=-L'UU'L+LL.

Toni cepemHst KBampaTuyHa MHOXMOKAa OJMHMIIL

Barv OCTaTOYHO MaTUMe BUTJISI]I

3a obepHeHy Bary Q, B Teopii MOX1OOK npuitma-
I0Th BEJIMUUHY
L =(ATCA)".
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3rigHo i3 TeopeMo CUMETPUYHOI TOJATHO BU-
3HAYeHO1 MaTpulLi (C;i/ 2y =C,,, chopmyrboBa-
HOIO Y TIONEepeIHbOMY IIyHKTi, 00epHeHa Bara Q,
JIOPiBHIOE

Q,=(ATA)™".

TTic/1s1 CUHTYJISIPHOTO PO3KJIafaHHsI MaTpuii A

obepHeHa Bara Q, HaOyzae BUIJIALY
Q, =[([TEW' Y TEW' ],

BukoHaBIIM TpaHCTIOHYBaHHS Ta CIPOCTHUBLIN

BUpa3, 3aMUIIEMO
Q, =[WZZW']".

BukopucroByioun BIaCTUBOCTI OOEpHEHOI Ma-
TpUlli JOOYTKY Ta OPTOrOHaJIbHOI MaTpulli, OCTa-
TOYHO OTPMMAEMO OOEpPHEHY Bary BEKTOpa OLIiHIO-
BaHOI BEJIMYUHU

Q = WSS W,

TakuM 4YMHOM, 3aCTOCOBYIOUM ariapat CUHTYJISIp-
HOTI'O pO3KJIaay MaTpUlli KoeillieHTiB TapaMeTpuy-
HUX PiBHSIHb IIOIIPABOK [0 PE3YJIbTaTiB reome3ny-
HUX BUMipIOBaHb, MU OTPUMAaJIX HOBi (hOpMYIIN IS
OLIIHKM TOYHOCTI METOAY HalMEHIINX KBaapaTiB
MPpU pO3B’sI3yBaHHI HEKOPEKTHUX Te0/Ie3UYHUX 3a-
na4y. BuBeneHi hopMysiu MaroTh KOMITAKTHUM BU-
[JISI i JAl0Th MOXJIMBICTh TOCUTH JIETKO OOUYMCIIM-
TU €JIEMEHTU 1 i Q, OLIHKU TOYHOCTI, IPAKTUYHO
00X0Is14M CKJIaIHY IpOoLIeaypy o0epTaHHSI MaTpUIIi
Koedilli€HTIB HOPMaJIbHUX PIBHSIHb.

PE3YJIBTATU OBYUCJIEHD

Ha ocHoBi onrcaHuX B poOOTi TEOPETUIHUX JOCTi-
JKEHb BAKOHAHO OOYMCIEHHS 3HAUYE€Hb NTapaMeTpiB
BHYTPIIlIHBOIO OpPi€HTYBaHHS IJIs1 pedepeHIl-ein-
coiga 3emMJii 3a JaHUMU T€0Ie3UYHUX BUMIipIOBaHb
Pi3HUX PETiOHIB TepuTOpii YKpalHM Ta akBaTopii
YopHoro i A30BCcbKOro MopiB. Y Tabi. 1 mpuBeaeHO
OLIIHKM, OTPMMaHi TpaguLiiiHUM METOA0M HaliMeH-
mux kBanpatiB (MHK) ta MeTonmoM CUHTYJISIPHOTO
poskiany marputii (SVD).

BUCHOBKUI

Ha ocHOBi BUKOHaHUX JOCTiIXEHb i3 3aCTOCYBaH-
HSIM METOMy CHUHIYJIsIpHOro poskiamxy SVD mnpu
pO3B’sI3yBaHHI HEKOPEKTHUX TIeOAe3MYHUX 3aaad
0yJ10 3’SICOBaHO TaKe.

1. dx moxazamm pe3yabTaTd HOCHIMKEHb, IO-
CUTh MOIIMPEHU B Teose3ii MeTo po3B’sI3yBaHHS
HOpPMaJbHUX PiBHSIHb 3a JOMOMOTIO0 MOCTiTOBHO-
ro BUKJIIOUYEHHS HeBimoMux (Meron laycca) He nae
CTIMKUX PO3B’A3KiB [JIS1 HEKOPEKTHUX Te0Ie3UUHUX
3aJa4, OTpMMaHUX Ha TIpUKJIalai MoOydoBU perio-
HaJbHOT'O 36MHOTO eJIiICcoiza.

2. YV BUIangKy IOTaHO 3YMOBJIEHMX CHUCTEM piB-
HSIHb  3alIPOIIOHOBAHO BUKOPUCTOBYBATH METOI
CUHTYJISIDHOTO PO3KJIAAy MaTpUlli, SKUL B 00UYMC-
JIIOBaJIbHIT MaTeMaTHli HOCUThb Ha3By SVD.

Tabauys 1. IlapameTpu pedepeni-enincoina 3emii, BU3HaAYeHi METOAAMH HAWMEHIINX KBAJAPATIB TA CHHTYJISIPHOTO PO3KJIATy

PETTOH a,m 1/a Ax, M Ay, M AZ, M

MHK

3aximHa Ykpaina 6385940 £ 400 211 £ 11 —7547 £ 342 —3488 £ 154 +3592 £+ 967

IliBHivHa, cxigHa Ta 6377489 = 75 293 +2 +378 + 30 +67 £ 19 +881 £ 189

niBaeHHa YKpaiHa

VkpaiHa 6377621 £ 78 303+2 +523 £ 20 +172 £ 12 +18 £ 185

AxBaTopii 6379393 + 39 316 + 1 =310+ 18 359+ 12 —2112 £ 108

Vkpaina + akBaTopii 6378218 = 13 299.8 £ 0.5 +93+9 —-84+6 —191 + 41
SVD

3aximHa Ykpaina 6378169 * 1 297.53 £ 0.02 +98 +2 —37+4 —22.3+0.9

IliBHiuHa, cxigHa Ta 6378159 + 1 297.79 £ 0.01 +119+ 1 —94+1 —14.5£0.6

niBaeHHa YKpaiHa

VkpaiHa 6378160 % 1 297.78 £0.01 +101 + 1 —71.5+0.9 —14.0£0.6

AxBaropii 6378154 + 1 297.998 £ 0.008 +93.9+0.5 —84.5+0.6 —7.6%0.3

Vkpaina + akBaTopil 6378154 £ 1 298.011 £ 0.004 +91.6 £ 0.4 —85.0+0.4 —6.4£0.2

[TosicHeHH . @ — BEJIMKA MiBBiCh 00YKMCIEHOTO pedepeHti-eincoina 3emii, o, — HOro MoJspHe CTUCHEHHS, Ax, Ay, Az —
MPSMOKYTHi KOOPAMHATU LIEHTPA OTPUMAHOT0 pedepeHIi-eincoiaa B Tii 3eMJi.
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3. Metomom cuHIyJsipHoro poskiaamy SVD Oyio
OTPMMAHO CTiMKi PO3B’SI3KM 3amadyi OOYMCIICHHS
napameTpiB pedepeHil-eincoina 3emMai 3a JaHU-
MU MOTO perioHaJIbHOTO TpaBiTaliitHoro moJjs. Taka
MOXKJIMBICTh PO3B’SI3yBaTM caMe HEKOPEKTHi TIeo-
JIe3UYHi 3a/1a4i OB’ s13aHa i3 3aCTOCYBaHHSIM AESIKO1
rpaHuli t, BUOIp SIKOT MOXHA 3IiiCHIOBAaTU 3a BiJ-
HOCHUMM TMOXMOKaMM MaTpulli KoedillieHTiB mapa-
METPUYHMX PiBHSHB IOMPAaBOK A Ta BEKTOpa pe-
3YJIBTATiB T€ONe3MIHNUX BUMipIoBaHb L . [Tpy 1ipomy

REFERENCES

PO3B’S130K CMCTEMM HOPMaJIbHUX PiBHSHb, OTpUMa-
Huit MmeTogoM SVD, Oyne MaTy HAMEHIITY JTOBXKIHY.

4. Mu orpumaiu HOBi (popMyJu IJis1 OLiHKY TOY -
HOCTi METOJY CHUHTYJsIpHOro poskianmy SVD npu
pO3B’sI3yBaHHI HEKOPEKTHUX TIeole3UYHUX 3amad.
BuBeneHi ¢hopMyau MaroTh KOMITAKTHUI BUTJIAL i
JTIaI0Th MOXJIMBICTb TOCUTH JIETKO OOYMCIIUTH €Jie-
MEHTH W i Q, OLIIHKM TOYHOCTI, IPAKTUYHO HEXTY-
104K CKJIQJIHOIO MPOLEAYPOIO OO0EPTaHHS MaTpHIL
Koeilli€HTiB HOpMaJIbHUX PIBHSIHb.

1. Abdi H., Williams L. J. (2010). Principal component analysis. Wiley Interdisciplinary Reviews: Computational Statistics, 2,

433—459.

2. Berkooz G., Holmes Ph., Lumley J. L. (1993). The proper orthogonal decomposition in the analysis of turbulent flows.

Annu. Rev. Fluid Mech., 25, 539—575.

3. Forsythe G. E., Malcolm M. A., Moler C. B. (1977). Computer Methods for Mathematical Computations. Englewood Cliffs.

N. J. Prentice-Hall.

4. Golub G. H., Reinsch C. (1971). Singular value decomposition and least squares solution. Handbook for Automatic
Computation. Vol. II: Linear Algebra. Eds J. H. Wilkinson, C. Reinsch. Heidelberg: Springer.

5. Gorban A. N., Kegl B., Wunsch D., Zinovyev A. Y. (Eds). (2007). Principal Manifolds for Data Visualisation and Dimension
Reduction. Ser.: Lecture Notes in Computational Science and Engineering 58. Berlin — Heidelberg — New York: Springer,

XXIV, 340 p. ISBN 978-3-540-73749-0.

6. Hyvdrinen A., Karhunen J., Oja E. (2001). Independent Component Analysis. A Volume in the Wiley Series on and Adaptive
Learning Systems for Signal Processing, Communications, and Control. John Wiley & Sons, Inc., XVI+481 p. ISBN 0-471-

40540-X.

7. Lawson C. L., Hanson R. J. (1974). Solving least squares problems. Englewood Cliffs. N. J. Prentice-Hall.

8. Scholz M., Fraunholz M., Selbig J. (2007). Nonlinear Principal Component Analysis: Neural Network Models and
Applications. Eds. A. N. Gorban et al. LNCSE 58, Springer, ISBN 978-3-540-73749-0.

9. Stewart G. W. (1973). Introduction to Matrix Computation. New York: Academic Press.

10. Wilkinson J. H. (1965). The Algebraic Eigenvalue Problem. Oxford: Clarendon Press.

Cmamms Hadiitwaa 0o pedakuyii 10.01.2024
Ilicas doonpayrosanns 06.02.2024
[lpuiinamo oo dpyky 07.02.2024

78

Received 10.01.2024
Revised 06.02.2024
Accepted 07.02.2024

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2024. T. 30. No 3



3acmocyeanHs cuH2yAApHO20 PO3KAAdy Mampuyi npu po3e’a3y8anti HeKOPeKMHUX 2e00e3UtHUX 3a0ay

A. Sohor, PhD in Technical Sciences, Associate Professor
ORCID: 0000-0002-0084-9552

ResearcherID: ABI-6288-2020. Scopus Author ID: 57224950613
E-mail: andrii.r.sohor@Ipnu.ua

1. Sidorov, Senior Lecturer

ORCID: 0000-0001-5634-0512

ResearcherID: AAC-1271-2020. Scopus Author ID: 57212560353
E-mail: ihor.s.sidorov@lpnu.ua

0. Smirnova, PhD in Technical Sciences, Associate Professor
ORCID: 0000-0003-3958-2880

ResearcherID: JKH-7065-2023. Scopus Author ID: 57559498700
E-mail: olha.m.smirnova@lpnu.ua

Institute of Geodesy Lviv Polytechnic National University
12, Stepana Bandery Str., Lviv, 79013 Ukraine

APPLICATION OF THE SINGULAR DECOMPOSITION OF THE MATRIX
IN SOLVING INCORRECT GEODESIC PROBLEMS

The most reliable method for solving linear equations of the least squares principle, which can be used to solve incorrect geodetic
problems, is based on matrix factorization, which is called a singular expansion. Some other methods require less machine time
and memory. However, they are less effective in taking into account the errors of the source information, rounding errors, and
linear dependence.

The methodology of such research is that for any matrix 4 and any two orthogonal matrices U and V, there is a matrix X,
which is determined as X =U" AV . The idea of a singular decomposition is that by choosing the right matrices U and V, you
can convert most elements of the matrix X to zero and make it diagonal with non-negative elements.

The novelty and relevance of scientific solutions lie in the feasibility of using a singular decomposition of the matrix to obtain
linear equations of the least squares method, which can be used to solve incorrect geodetic problems.

The purpose of scientific research is to obtain a stable solution of parametric equations of corrections to the results of mea-
surements in incorrect geodetic problems.

Based on the performed research on the application of the singular decomposition method for solving incorrect geodetlc
problems, we can summarize the following results. A singular expansion of a real matrix Ais any factorization A=UXW" ofa
matrix with orthogonal columns U, an orthogonal matrix W, and a diagonal matrix %, the elements of which are called singular
numbers of the matrix A, and the columns of matrices Uand W — left and right singular vectors. If the matrix A has a full
rank, then its solution will be unique and stable, which can be obtained by different methods. However, the method of singular
decomposition, in contrast to other methods, makes it possible to solve problems with incomplete rank. Research shows that the
method of solving normal equations by sequential exclusion of unknowns (Gaussian method), which is quite common in geod-
esy, does not provide stable solutions for poorly conditioned or incorrect geodetic problems. Therefore, in the case of unstable
systems of equations, it is proposed to use the method of singular matrix decomposition, which in computational mathematics
is called SVD. The SVD singular decomposition method makes it possible to obtain stable solutions to both stable and by nature
unstable problems. This possibility to solve incorrect geodetic problems is associated with the application of some limit t, the
choice of which can be made by the relative errors of the matrix of coefficients of parametric equations of corrections A and the
vector of results of geodetic measurements L . Moreover, the solution of the system of normal equations obtained by the SVD
method will have the shortest length.

Thus, applying the apparatus of the singular decomposition of the matrix of coefficients of parametric equations of correc-
tions to the results of geodetic measurements, we obtained new formulas for estimating the accuracy of the least squares method
in solving incorrect geodetic problems. The derived formulas have a compact form and allow the easy calculation of elements
p and Q, estimates of accuracy, almost ignoring the complex procedure of rotation of the matrix of coefficients of normal
equations.

Keywords: matrix factorization, least squares method, incorrect geodesic problems, accuracy assessment, singular matrix
decomposition.
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CTATUCTNYHI XAPAKTEPUCTUKHN TEOPI3UYHUX I10JIIB,
3BYPEHUX ITIOTOAHNUMU OPOHTAMU

Ymeopenna «3emas (6Hympiwini obosonku) — ammocghepa — ionocghepa — maenimocgpepa» (3AIM) € eduroro cucmemoro 3 npamu-
MU ma 360pOMHUMU, NOUMUSHUMU MA HE2AMUBHUMU 36 I3KAMU, a MAKoXC IXHbol0 KomOIHauiclo. Bucokoenepeemuuni oxcepena
NpUpoOHO20 Ma AHMPONO2EHHO20 NOXOONCEHHS AKMUBIZYIOMY 83aEM00ii0 nidcucmem y cucmemi 3AIM. Bnaue na cucmemy 3AIM
docepen piznoi izuuroi npupodu docums dobpe docaionceno. Menwe susuero enaus Ha cucmemy 3AIM noecoonux gponmie ma
iHwux nomyxcnux ammocgeprux dxcepes. Mema pobomu — @ukaad pe3yabmamie cMmamucmu4Ho20 aHAizy eapiayiii 0CHOBHUX
napamempie 2eoizuuHUX NOAIB, WO CYNPOBOOICYBANU PYX AMMOCGHEPHUX Pppormie. AHnariz eicmoepam nepenady ammocgheprHozo
mucky, memnepamypu ammocgepu, mpueasocmi 0ii ammocgheproeo ¢ponmy, wieuokocmeil 3MiHU MUCKY ma memnepamypu, a
makodic eapiayiii ammocpeprHoeo eAeKmpu1Ho20 NOAs, WiNbHOCMI AMMOCHEePHO20 CMpYMY Ma MA2HIMHO20 NOAA NOKA3A8, o nio
8NAUBOM POHMY Ui napamempu 3MiHIORMbCA Y wWupokux mexcax. Cepeoni 3HAUeHHS YUX napamempie 6i0nogioHo 00PieHIOHMY
145 Ila, 6 °C, 70 xe, 2.4 Ila/xe, 0.23 °C/xe, 3.2 kB/m, 63 nA/m? ma 20 nTa. Ananiz kopeaauiiinux noaie nokasae, wo maiiice
3a6xc0u Kopeasuis mixc eapiayiamu @izuunux napamempie eidcymus. lle o3nauae, wo npomsaeom pyxy ammocgeproeo ¢pornmy
€0uH020 KepigHo2o napamempy Hemae. Ompumano npocme aHanimu4He cniggioHoOweHHs 045 OUiHKU 30YPeHHs HaAnPYylceHoCmi enex-
mpuun020 noas ammocgpeprum gponmom. Oyinku danru 3uauenns 6...60 k B/m. I1i0 uac epo3 us éeauuuna 30in6uyemocs Ha nNopsi-
dok. ITokazaro, wo y 36yperux ymoeax ujinbHicmo ammocgeproeo cmpymy 36insuyemoca 6id 10~12 0o 10-11...10~10 A/m2. Poszens-
HYmMo mpu mexanizmu 30invuleHHs 30ypeHs iIHOYKYii MacHimHo2o noas nio 6nAu8oM ammocgheproeo ponmy: 30ypenns cmopPoHHb020
CMpyMY, eneKmpoMasHimHa iHOYKyis, MaeHimHuil epekm mypoysenmuocmi. Bci yi hakmopu daromo eeauuuny egpexmy y mexncax
1 uTh. Tinoku maenimuum 30ypeHnsAM ioHocGepu ModCHA nosichumu 30invuleHHs eapiayiil maeHimroeo noas do 10...70 uTha. Ouyine-
Ho enepeemuxy 6apuunoeo (1070...10"7 JIxnc, 10%3...10'% Bm), menaosoeo (10%5...10"° Jnc, 1075...10' Bm), enexmpuunoeo (10°...
10" JTne, 106...10° Bm) i maenimnoeo (10%0... 10" Jine, 107...10° Bm) noais. O6rpynmosaro maxi kananu 3aemodii niocucmem
y cucmemi 3AIM nio énaueom ammocpeprux pponmis: nepenad ammochepHoeo MuckKy, nepenad KOHUESHMpayii efeKmponia y io-
Hocghepi, eenepauisn iH(PazeyKosux i epasimayiiiHux Xeunb, eeHepayis OAUCKABKAMU eAeKMPOMACHIMHO020 GUNPOMIHIBAHH MdA
30ypeHHsl 2n00aNbHORO eneKmPUUHO20 KOoAQ.

Karouosi caosa: nocoonuii pponm, npusemna ammocghepa, cucmema 3AIM, eeoghizuuni noas, cmamucmuyHi XxapaKkmepucmuxiu,
Kopeasauyiiine noae, eicmoepama.
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BCTVYII

3rigHo i3 CMCTEMHOIO0 MapagurMoro, copMyiboBa-
Hoto aBTopoM y 1970—1980 pp., yTBopeHHS «3eMJIst
(BHYTPpIIIIHI 00010HKM) — aTMocdepa — ioHoche-
pa — marHitocdepa» (3AIM) € enMHOIO CUCTEMOIO
3 IPSIMUMU Ta 3BOPOTHUMMU, TIO3UTUBHUMMU Ta HEera-
TUBHUMH 3B’SI3KaMH, a TAKOX IXHBOIO KOMOiHAIIiEO
[16—18, 21]. Bizomo, 1110 BUCOKOEHEPTeTHYHI JKe-
pejia MPUPOJHOTO Ta aHTPOMOTEHHOTO TMOXOMXKEH-
HSI aKTHUBI3YIOTh B3AaEMOJIIO TIICUCTEM Yy CUCTEMI
3AIM. Jlo npupogHuX JIKepesl HajlexXaTb HaaiHHS
meTeopoinis [20], reokocmiuHi 6ypi [21, 53, 54], co-
HSIYHIi 3aTeMHeHHS [43, 58], COHIUHMI TepMiHATOD
[7, 8], moromHi GpOHTH, IMKIOHHU, TOPHAA0, ypara-
Hu (taiidynn) [15, 22, 23, 28,29, 57, 65], rpo3u [37,
64], BUOyxu Ta BUBEPXEHHS BYJIKaHiB [24, 46, 48,
61, 64], 3emaetpycu [39, 42, 44, 47, 52, 56, 60], 1y-
HaMmi [47] To1ro.

Jlo aHTPOIMOreHHUX JKepes HajlexXaTh MOTYXKHi
anepHi [26, 33, 34, 38, 40, 44, 55, 59, 60, 63] Ta xi-
MiuHi [19, 41] BUOyxu, MycKu KpyInHUX paket [27,
30—32, 45, 49—51], BIUIMB MOTYXHOTO pajaio- Ta
aKyCTMYHOTO BUMpOMiHIOBaHHA [2, 17, 18], mpu-
3eMJICHHSI KOCMIYHUMX allapaTiB, IMOJbOTU BEIUKUX
JmiTakiB [25, 35, 36], meranomnicu |5, 6, 9] Too.

By Ha cuctemy 3AIM OinbIIocTi 3 mepepaxo-
BaHUX JIKepes JOCUTh J00pe JociimkeHo [16—18,
21, 44]. MeHille BUBYEHO BIUIUMB Ha cucteMy 3AIM
Ta ii MmiacucTeMu MOrogHUX (PPOHTIB Ta iHIIUX MO-
TYXKHUX aTMocepHux mkepes. BomHoyac came
mincucrema 3emiist — aTMocdepa HalOiblle BILIU-
Ba€ Ha XUTTEMISUILHICTD JoncTBa. CaMe y mpuseM-
Hili aTMocdepi HalOUIbIIa IIIIbHICTh, HAOLIbIIA
EHEeprisl aepoaAMHAMIYHUX MpPOILEeciB. Y mimcucreMi
3eMsisi — atMocdepa Halikpallle BUBYEHO Ipolie-
CU TeHepalil Ta TMOLIMPEHHSI CEMCMIYHUX XBUJIb,
LIyHaMi, aKyCTUYHUX i TpaBiTalliiHuX xBuJab. Came
IIi XBUJIi IEPEHOCSATh €HEPTilo Ta iIMIYJbC i Biamo-
BimaloTh 3a B3aeMofilo IigcucreM y cucremi 3AIM.
HaGarato ripiie 3a XBWJIbOBI MPOLECHM BUBUYEHO
eJIEKTPUYHi, MarHiTHi Ta €JeKTPOMAarHiTHi mpole-
cH y TIpu3eMHiit atMocdepi. IM npucssdeHo nue
oKpeMi pobotH |5, 6, 9—13]. Majo mocimKkeHo KO-
pelsiiio 30ypeHb Treoi3nYHuX MOMiB (TEIIOBOTO,
0aprM4yHOro, eJeKTPUYHOro, MarHiTHOro) mMim vac
MOTY>KHUX aTMOC(hEPHUX MTPOLIECiB.
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Merta 1iei poOOTH — BUKJIAJ Pe3yIbTaTiB CTATHUC-
TUYHOrO aHali3y Bapialliii OCHOBHMX IapameTpiB
reoi3uyHUX TOJIB, 110 CYNPOBOKYBAIM PyX aT-
MochepHUX (PPOHTIB.

3ACOBM TA METOIHN

1S CTAaTUCTUYHOTO aHali3y BUKOPUCTAHO Pe3yiib-
TaTM CUHXPOHHMX BUMipIOBaHb ynpomoBx 2015—
2021 pp., HaBedeHi B pobOoti [13]. KoopauHatu
IYHKTiB BUMip1OBaHb MPUOJIM3HO Taki: 55° mH. Iil.,
38° cx. 1. SIK BUCOKOeHepreTuUHe JIKepesio 30ypeHb
BUKOPUCTAHO TePeMillleHHsI XOJI0IHOTO aTMocdep-
HOTro (bpOHTY 3 BUCOKHUX LIUPOT Y CEPEIHI LLIUPOTHU.

PeectpyBanmcs MeTeoposIOTiuHi ImapaMeTpu: aT-
MochepHUil TUCK p, TeMrepaTypa oBitpst T, IBU/I-
KiCTb BiTpy Ta BOJIOTIiCTb IMOBITPs Y TIPU3EMHINA aT-
Mocodepi. KpiM 1ux mapaMeTpiB, peeCTpyBaIvcCs
TPU KOMIOHEHTH iHAYKIIii T€OMarHiTHOTO IoJis B,
BEPTUKAJIbHUN KOMITOHEHT HaIpPYy>XEeHOCTi eJeK-
TpUUYHOrO Tojsi E Ta BEepTUKAIbHUN KOMITOHEHT
LIUTBHOCTI aTMOC(EPHOTO eJIeKTPUIHOTO CTPYMY J.
Yacosa po3nijibHa 3MaTHICTb CTaHOBMIIA 1 C.

3HaueHHs1 mapaMeTpiB reodizMYHUX TOJIB, 1110
CYMPOBOJIXKYBAJIM PYX XOJOAHUX (PPOHTIB, HaBejIe-
HO y Ta6uI. 1.

Ha nepmomy etani OyayBaiucsl TicTorpaMu JJjist
Takux (Pi3MYHUX MapaMeTpiB: 30YpeHHST TUCKY Ap,
30ypeHHs TemiepaTypu AT, XxapaKTepHOI TpHUBa-
JIOCTI [ii MOroAHOro (MPOHTY T, IIBUIAKOCTI 3MiHU
TUCKY T = Ap (TOuKa MO3HAYAE TOXITHY 32 4aCOM),
IIBUIKOCTI 3MiHU TeMIlepaTypu 0 = AT , 30ypeHHs
HamnpyXeHOCTi eJIeKTpUYHoro mojst AE, iHayKuii
T€OMAarHiTHOIO MoJist AB Ta IIiJIbHOCTI €J1eKTPUYHO-
ro ctpymy Aj. 3a rictrorpaMaMu OILiHIOBAJMCSI Hali-
OinbliI iMOBIpHI (cepeaHi) 3HaYeHHSI.

Ha npyromy erami OymyBaaucst TaKi KOpeJIsiiiiHi
MOJIsI: 3aJIeXHICTh YCiX iHIIMX NapaMeTpiB Bim Ap,
notiM Bix AT, mmoTiM Bim 0, motiM Big wt. JIist enex-
TPOMArHITHUX MapaMeTpiB OyIyBaUCsI KOPESIIiii-
Hi o151 «AB — AE», «Aj — AE» Ta «AB — Aj». Tam,
Ie 1e Oyy0 JOUibHO, 3HAXOAUINCS BiAMOBiAHI piB-
HSIHHSI perpecii.

AHAJII3 I'ICTOT'PAM

licrorpamu Bapiauiii mapaMeTpiB reoizMYHUX OB
HaBejieHOo Ha puc. 1. BuaHo, 1110 pyx xonogHux ¢hpoH-
TiB CYIMPOBOMXKYBaBCSl 3MEHIIIEHHSIM TeMIepaTypu
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Ha 4...10.5 °C (y cepennbomy mpubnm3Ho Ha 6 °C), Pyx xonogHux (poHTIB CyIpPOBOIKYBABCSI TAKOX
tcky — Bin 30 mo 400 I1a (y cepenHboMy ITpuOIM3- | €JIEKTPUYHMMM Ta MarHiTHUMHU 30ypeHHsIMH. Tak,
Ho Ha 145 TTa), Tpusaiictio Big 30 10 180 xB (y ce- | HaNpyXeHICTb €JeKTPUUYHOIO IOl BapitoBaia Bil
peanbomy mpubauzHo 70 xB). IIBuakicts 3Minu | 0.85104.8 kB/M (y cepeanbomy 3.2 kB/m), LIiIbHICTD
Temrepatypu 3miHoBanacs Bix 0.02 no 0.23 °C/xs, | arMocdepHoro ctpymy — Bin 10 10 80 nA/m?2 (y ce-
MIBUAKICTb 3MiHM TUCKY — Bif 1 1o 8 Tla/xB. Y ce- | penHboMmy 63 NA/M2), iHAyKILisl MarHiTHOrO MOJSI —
penHboMy 0 ~ 0.14 °C/xB, n ~ 2.4 [1a/xs. Bix 5 no 80 HT (y cepenHbomMy 01m3bK0 20 HTI).

Tabauys 1. 3naveHHs napamMeTpiB reodisMYHUX MOTIB, IO CYNPOBOIKYBAIHM PYX X0JIOAHUX aTMOC(hepHuX (hPOHTIB

Jara Yac (UTC) AT, °C Ap, I1a T, XB 0, °C/xB n, [la/xB AE, B/m Aj, TA /M2 AB, vTn
15.06.2015 13:00 10.5 180 150 0.07 1.2 4000 10 75
02.07.2015 14:30 6 70 40 0.15 1.75 4700 80 15
11.07.2015 15:00 5.5 50 110 0.05 0.45 2000 70 40
13.07.2015 12:30 5 100 30 0.17 3.33 600 80 35
28.07.2015 13:00 7.5 170 53 0.14 4.86 — — 35
11.06.2016 13:30 4 100 180 0.02 0.55 3000 60 25
27.06.2016 13:00 7 60 64 0.11 0.3 — —

05.07.2016 13:30 6 120 90 0.06 1.33 6300 40

24.08.2016 14:00 5.5 270 30 0.18 9 — — 10
30.08.2016 13:00 10 400 80 0.12 5 — — 25
30.06.2017 12:20 9.5 290 55 0.17 5.27 — — 30
30.07.2017 12:30 4 120 50 0.08 2.4 1300 70 10
12.06.2018 11:00 7 60 130 0.05 0.46 850 60 20
30.06.2018 11:30 9 100 40 0.23 2.5 4800 60

08.05.2019 14:30 6 260 35 0.17 7.43 15 3 5
09.05.2019 11:30 8.5 90 53 0.16 0.75 4400 65 20
23.05.2019 12:30 8 165 50 0.16 3.3 3400 75 10
08.06.2019 12:00 5.5 80 40 0.14 2 4000 70 15
09.07.2019 14:00 5.5 110 80 0.07 1.37 4500 75 30
16.07.2019 13:00 7.5 180 80 0.09 2.25 3500 80 15
04.05.2020 14:00 6.5 190 45 0.14 4.22 4300 50 5
12.06.2020 09:00 10.5 100 65 0.16 1.54 600 15 10
25.06.2020 15:00 6.5 — 65 0.10 — 40 10
04.07.2020 10:30 8.5 — 170 0.05 — 45 10
01.08.2020 11:00 6 30 50 0.12 0.6 4100 50 5
12.05.2021 14:00 6 180 100 0.06 1.8 — — 80
15.05.2021 15:00 8 — 60 0.13 — — 10
20.05.2021 12:00 5 — 60 0.08 — — 40
13.06.2021 10:30 7 160 50 0.14 3.2 — — 10
28.06.2021 10:00 7.5 — 70 0.11 — — 5
15.07.2021 10:30 6 100 50 0.12 2 — — 20
17.07.2021 11:00 7 40 55 0.13 0.73 — — 10
02.08.2021 20:00 6.5 200 60 0.11 3.33 3600 — 50
18.08.2021 13:30 10.5 250 75 0.14 3.33 3000 — 10
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Puc. 1. l'icrorpamu Bapiauiii mapameTpiB reodizsMYHUX MOJIiB
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Puc. 2. KopensuiitHi 3aexXHOCTI reodhi3nIHUX MMapaMeTpiB Bia 30ypeHHsS aTMocdepHOTro TUCKY. PiBHSHHS perpecii:
n=—-0.03+0.019Ap; R? =0.603, c = 1.30
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0 | poeee o Puc. 3. KopensuiiiHi 3a1eXXHOCTI Teodi3nuHMX mapameTpiB
4 6 8 AT. °C Biz 30ypeHHs Temriepatypu atMocdepu. PiBHSIHHS perpecii:

AHAJII3 KOPEJIALIMHUX ITOJIIB
3aaexncnocmi 6i0 30ypeHHs ammocgepHozo MUcKy.
Kopenauiiini mois wis t, 6, ©, AE, Aj Ta AB B 3a-
JIEXKHOCTI Big Ap 1mokasaHo Ha puc. 2. BumHo, 1o
CTIiMKOI 3aJIeKHOCTI TPUBAJIOCTI peakilii reogizny-
HUX MOJIB Bil 30ypeHHS TUCKY HEMAE.

3anexncnicmo 6i0 30ypenns memnepamypu npu-
3emuoi ammocehepu. Kopensiiiiiti 1mosist 1ist HU3Ku
reoi3MUHUX MapamMeTpiB y 3aJIe3KHOCTI Bil 30ypeH-
Hs1 AT HaBeneHo Ha puc. 3. 3HaYHUI PO3KUI TOYOK
CBITUUTH TIpO (AKTUUHY BIiACYTHICTh KOPEJSILIi.
Hesnauna xopensuisi 3 KoedilliEHTOM JIOCTOBIp-
HocTi R2=0.16 i 6 = 80.67 criocTepiraeThcs As 3a-
JIEXKHOCTI «Ap — AT» (nuB. puc. 3, a).

84

Ap =15.64 + 18.53AT; R2=0.16, c = 80.67 Ia

3aaexncnicmo 6i0 weudxkocmi 30ypenns memnepa-
mypu. Kopessiuiiiai nons st Ap, AT, 1, t, AE, Aj i
AB 'y 3anexxHocCTi Bin 0 HaBenmeHo Ha puc. 4. BunHo,
1110 37e0iIBIIOT0 Ma€ MiClle 3HAYHUI pO3KU]I TOUOK.
BuHsITKOM € KOpessiiiiHi 3aleXHOCTi «t — O» i
«t — O». JIng mepmoi 3anexHocTi (puc. 4, ¢) cro-
cTepiraeThcsl moMipHa Kopessitis 3 R2 = 0.31i 6 =
= 1.72. s apyroi 3ajexXHOoCTi (puc. 4, 8) KopeJsisiist
BUpaxeHa Oibll sickpaBo: R2=0.68, a o = 21.63.

3anexncuicmo 6id meudxocmi 30ypenns ammocgep-
Ho20 mucky. KopensiilfiHi nmosst 11 HU3KU Tapa-
METpIiB y 3aJIeKHOCTI Bim 3Ha4eHb 7 HaBEAEHO Ha
puc. 5, 3 IKOTO BUIIHO, 110 KOPEJIsiiisi MTPakKTUYHO
BiCyTHs. JlesIKuM BUHSITKOM € KOpEJISIiiiHe ToJie
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20 [ ° e ° e Puc. 4. Kopenauiiini 3anexxHocTi reodisuuHuX mapameTpis
0 T * ..".:. o L. BiJl IIBUIKOCTI 30ypeHHsI TeMnepaTypu atMocdepu. PiBHsIH-
0.05 0.10 0.15 9’ OC/XB HA pel‘peCi'l'Z 1 =129.59 + 3.76 9_1, R2 = 0.68, c=21.63 XB;

e

«T — m» (puc. 5, 0), IJ1s IKOTO CIIOCTEPIira€Thbcs Mo-
MipHa Kopessauig (R2 = 0.38, ¢ = 28.73).

3aaexcuicmo eaeKkmpuMHUX | Ma2HIMHUX 30ypeHb
6i0 30ypeHb HANPY’CEHOCMI eAeKMPUHHO20 NOAs ma
wiavnocmi ammocgeprnozo cmpymy. KopensiuiiiHi
nosist «AB — AE» i «Aj — AE» HaBeieHO Ha puc. 6.
BunHo, 1110 Kopesiist mpakTiuyHo BiacyTHs. Kope-
JsuiiiHe one «AB — Aj» (puc. 7) TakoX CBiTYUTb,
1110 AB paKTUYHO HE 3aJIeXKUTh Bif Aj.

OBI'OBOPEHHA

Mexanizmu 30ypens. AHaniz KOpeJSLiAHMUX IIOJIiB
I0Ka3aB, 110 y OUIBIIOCTI BUITAAKIB KOPEJISLIil MixX
BapiallisMu QizMuHUX BeJUUMH He OyJio. [TeBHa KO-
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n=-20+23.390; R?=0.31,6 = 1.72 [a/xB

peJislisl criocTepirajiacsl Julle s 3aJesKHOCTeK
«Ap — AT» (R2=0.16), «<t — 0» (R2=0.31), «t — 1»
(R?=10.38) i «t — 0» (R? = 0.68). Lle o3Hauae, 110
MNpu TepeMillleHHi X0JIOAHOTo (DpOHTY HEMAE €1U-
HOTO KepiBHOro mMapameTrpa. AepoavHaMiuHi (Ap,
1), TerioBi (AT, 0), enektpuuHi (AE, Aj) i MarHiTHi
MPOLIECH MPOTIKAIOTh MPAKTUYHO HE3AIEXKHO OIUH
Bill oiHOTO. [OpM30HTAIBHUI PYX XOJOAHOTO (PPOH-
Ty NPU3BOJUTH JO MiJICUJIEHHS KOHBEKTUBHUX TO-
TOKIB Oi/IbII TEIUIMX MOBITPSIHUX Mac i TypOyJIeHT-
HUX MPOLECIB Y IMX NoTokax. HasBHiCTh MMIMHOK
(aepo3oJeit) y MoBiTpi Ta 30i/IbIIEHHST IXHbOI KOH-
LIEHTpAallii i €10 BITPY Ta KOHBEKIIil TPU3BOAUTD
110 iHTeHcuiKallil eJleKTpu3allii, 30ibIIeHHST KOH-
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Tabauys 2. TlapameTpu Biznanux npouecis y npusemiii atmocdepi

TTapametp Hes0ypeHi ymoBu 30ypeHi yMOBU JlitepaTypHe IKepeso

KoHueHTpaLis aepo301is, M—3 109...101! 1010, 1012 1
Hauiiok KOHIeHTpalii BaXKKX ioHiB, M~3 108...10° 10°...1010 [1,8,17]
IMTuToMa eeKTponpoBiaHicTh, OM™!-M~! 1014 10-13...10-12 [1,8,17]
L1iNbHICTb €EeKTPUYHOTO CTPYMY, A/M> 10-12 10-10...10-8 [1,8,17]
LinbHicTB enexTpuuHOTO 3apsmy, Ki/m3 10~ 10-10...10-8 [1,8, 18]
HarmnpyxeHicTb eexTpuaHoTO 110151, B/M 102 103...10% [1,16]
IHaykuist reomarditHoro mosst, H T 0.1...1 10...100 [16, 18]
Ilepenan Temmneparyp, °C 0.1...1 4...10 [1, 16]
Ilepenan tucky, I1a 1...10 50...500 [1, 16]
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Puc. 7. KopenduiitHa 3aleXHIiCTb 30ypeHHSI MarHiTHOTO
TOJIs1 Bijl 30ypeHHSI IIITBHOCTI aTMOC(HEPHOTO CTPYMY

LIEHTpallii BaXXKUX iOHiB, TUTOMOI eJeKTPOIPOBia-
HOCTi 6 aTMochepU Ta aTMOCHEPHOTO eIeKTPUUHO-
ro cTpymy. 30ypeHa morogHuM (GpoHTOM aTMocde-
pa BUKJIMKA€E 30ypeHHs JIOKAJTbHUX (3 XapaKTepHUM
po3mipom 100...1000 kM) eneKTpUUYHOIO Ta Mar-
HITHOTO MOJIiB. 30ypeHHsI IILIbHOCTI €JIeKTPUIHO-
ro CTPyMy He € MPOIOPLIHHUM 10 30ypeHHS eJieK-
TPUYHOTO MOJIsI, TOOTO 3aKOH OMa He Ma€ MicIis.
Binb11 iMOBIpHOIO 3aIEXHICTIO € Taka:
AN = AcE + cAE.

TakuM 4MHOM BOAETHCS MOSICHUTU BiACYTHICTh
KOpeJisLii Mix Aj i AE.

Ilepenik He30ypeHMX i 30ypeHMX 3Ha4eHb reodi-
3WYHUX MOJIiB Ta IXHiX MapaMeTpiB HaBeJIEeHO B Ta0. 2.

30ypenns HanpyyceHocmi eAeKmMPUHHO20 NOAS.
OuiHMMO BeJIMYMHY 30ypeHb HAIPY>KEHOCTI eJIeKT-
PUYHOTO TOJIST 332 paXyHOK eJIEKTPH3allii YaCTUHOK Y
MOBiTpi. ¥ He30ypeHUX yMoBax 00’€MHa IIUIbHICTb
eJIEKTPUYHOTO 3apsiay CTaHOBUTH g ~ 1011 Ku/m3,
a y 30ypeHux 36inbiyersest 1o 10710...10-8 Ko/m?
[1, 4, 15]. CxopucraeMocst 3akoHoM laycca B Tako-
MY BUIJISIII:

$ES=—[qav ,
80

Jie § — MOBEPXHS, 1110 OXOIUTIOE 00°eM V, g, — eiek-
TpUYHA CTaja.

Posrisinemo 06’em V'30ypeHoi atmocdepu 3 po3-
Mipamu [, [, Ta h (I, — noBXuHa, I, — mpuHa, h —
BHCOTa XoJlogHOoTo PpoHTy). Tomi

S=20,+L)h+2lL, V=ILh. (1)
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Ockinbku /; ~ 1000 km, /, ~ 100 kM, 2 ~ 10 kM, TO
3 (1) BumumBae, 110

S=2ll, = 2-1011 M2,

IMpu uvomy ¥ ~ 1015 m3. Toni s E Maemo Take

CITiBBiIHOIIIEHHS
p="
2¢,

Y He36ypeHux ymoBax ¢ ~ 10~ Kui/m3, h = 100...
200 M. Tomi £ = 60...120 B/Mm. Y 30ypeHUX yMOBax
h=1..10 km. Ins1 g =~ 10710 Kin/m3 maemo E = 6...
60 kB/m. ITix yac rpo3 ¢ = 1072...10~8 Ki/m3. Toni
st A = 1000 m maemo E = 60...600 xB/m.

OuiHMMO WIIJIBHICTh €JIEKTPUYHOTO CTPYyMY. Y He-
36ypeHnx ymobaxc~ 10~ Om~ M1, a E~ 100 B/m.
Toni j ~ 10712 A/m2. Y 36ypeHux ymoBax s Ac ~
~ 10713 Om~'m~! Ta AE = 1...10 xB/M Maemo Aj =
~10711...10710 A/m2.

[TpubauM3HO Taki 3HaAUEHHS HAIIPY>XKEHOCTI eleK-
TpuaHOTO 10J1A (1...6 KB/M) i IIiTbHOCTI eNeKTpuy-
HOTO CTPYMY 3apeecTpoBaHo y pobori [13] (10~11...
10-10 A/M2).

TakuMm 4nMHOM, criocTepexkeHe 30iJIblIeHHS F Bif
0.1 kB/m 1o 1...6 xB/M ta j Bin ~1 nA/M? mo 10...
100 mA/M? MOXXHA TIOSICHUTH 36iIbLICHHSIM 00’ €M-
HOI IIUIBHOCTI 3apsay Yy pe3yiabTaTi KOHBEKIIii,
eJIeKTpu3allii Ta Po3AiJieHHs 3apsiiiB y MPU3EMHil
atMocepi i Ji€X0 XOJI0THOTO IMOTOTHOTO (DPOHTY.

36ypenns indykuii macnimuoeo noas. Jlani po3risi-
HEMO MOXJIMBI ME€XaHi3MU JIOKAJIbHOTO 30ypeHHsI
MAarHITHOTO TOJIS i Ji€l0 XOJOIHOTO MOTOAHOIO
GbpoHTy.

Ckopucraemocs piBHAHHAM Makcsemna 1y
BeKTopa B B iHTerpayibHiii (hopmi:

- - = OF -

] ¢ Bdl=p,$ ]dS+sou0<ﬁEdS, 3)
ne dl — eeMEeHT 3aMKHEHOTO KOHTYDY, |, — Mar-
HiTHA CcTaja, j — IIUIbHICTh CTOPOHHBOTO CTPYMY,
S — MoBepxHsI, 1110 OXOILIIOE 00’€EM 3i CTPyMOM Ta
HaMpyXeHiCTIO eeKTPUYHOTO MOJIs.

3oiavmenna cuau cmoponnvozo cmpymy. Crouar-
Ky OLIIHMMO BeJIMYMHY MarHiTHOTO e(eKTy 3a paxy-
HOK TeHepallii CTOpOHHbOro cTpyMy. OCKiIbKM

=20 +1)=2l, S=2Il, 4)
TO CITiBBiZHOIIIEHHS 111 AB Ma€e BULJIAL,
AB = pyAjl,.
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B ymoBax, 110 aHami3yloThCs y Hallliii poOoTi,
Aj = 107110710 A/m?%, [, ~ 100 kM. Toxi AB =
=1.26...12.6 1T, 10 HabaraTo MeHIIIE BiJ 3HAYCHbD,
oTpuMaHuXx mia yac BuMiptoBanb (10...70 v'Tn). To-
JIaMo, 110 MaKCHMalbHe 3HaueHHs1j .~ 1078 A/m?
[14]. Toni s [, =~ 100 km maemo AB ~ 1.25 nT.

Mexanizm eaexkmpomacnimuoi indyxuii. Posrnsi-
HEMO MeXaHi3M eJIeKTPOMATHITHOI iHAyK1Iii. ¥ 11b0-
MY BMIIQIKy TeHepallis 30ypeHb MarHiTHOTO I1OJIs
3yMOBJIEHa 4aCOBUMM BapiallisiMU €JEKTPUYHOrO
noJisi, TOOTO y piBHSIHHI (3) 4JleHOM 3 8E/ ot#0.3a
PaxyHOK KOHBeKIIii BUCOTa 00’€MY 3 KOHBEKTUBHU-
MU KoMipkamu i = h(t). Toni 3 (2) BUILIMBAE, 110

8_E - i@ _ 4% (3)
ot 2e,dt 2,
Je U, — ILIBUAKICTb PYXy BEPXHbOI MeXi 00sacTi
aTMocdepu 3 KOHBeKTUBHUMU KoMipkamu. I3 (3) 3
ypaxyBaHHM (4) Ta (5) MaeMo:

1 )
AB = E“oqvklz = l’loA]eqlz ) (6)

ne N, = qu, /2. Onst g = 10710 Ko/m3, v, = 1.
10 m/c, [, = 100 km maemo Aj,, = 51071
510719A/m2, AB=6.3...62.8 n'Tuw. SIKmo ¢ = g, =
= 10-8 Kn/m%, v, = 1...10 m/c, To AB_ . = 0.6...
6.3 uTn. Leit MexaHi3M TaKOX He 30aTHUM MTOSICHU-
TU BeJIMUMHY BUMipsIHUX 3HaueHb AB = 10...70 .

Macenimnuuii egpexkm mypoyasenmnocmi. O6’eMHa
LIUIBHICTh €Heprii TypOYJIEHTHOIO PyXy 3apsiixe-
HUX YACTUHOK AA€THCS CIiBBIIHOIEHHIM

2
L (7)
2
ne p; = MINI — 00’eMHa IIUTBHICTD 3apsmKeHUX
JaCTUHOK, Ml — Maca ioHa, M — KOHIIEHTpaLIis io-
HiB, U, — MIBUIKICTb TypOyJI€HTHOrO pyxy. O6’eMHa
LIiIIBHICTh MarHiTHOTO ITOJISI, BUKJIMKAHOIO TypOy-
JICHTHHUM PYXOM 3apsiKeHMX 00’eMiB atMocdepn
CTaHOBUTD
_AB’
- bl
2u,
Hexaii ¢, ~ € 5. Toni 3 (7) i (8) maemo

AB:\/piuovt :\/MiNiMOUt :

Jlis Macu Baxkoro (KjiactepHoro) ioHa M; ~
~ 1078k, N, =10°...101 M= [1] i v, » 0.10, me
v =~ 30 M/c — WBUAKICTb PyXy (PPOHTY, MAEMO
AB=0.3...11Tn.
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®)

€

Takum 4yMHOM i LIei MeXaHi3M He MOXeE ITOSICHU-
TH CIIOCTEPEXYBAaHY BEJIWMYMHY MAarHiTHOTO e(deKTy
(AB=10...70 uTm).

Maenimnuii eghexm ionocghepu. Ilepenan aTmo-
cepHoro Tucky Ap = 30...300 Ila, nommpromouuch
MPUOJIN3HO 3i 3BYKOBOIO IIBUIKICTIO, JOCSTHYB
ioHocepHux BucoT (z ~ 100 km). SKiio He Bpaxo-
BYBaTH 3aracaHHsI, TO

! [ dz
5,(2)=38,(0)e, 1_£Hﬂ@,

ne 8,(0) = Ap(0)/p(0), p(0) = 10° Ia — He30ypeHMit
arMocgepHuit Tuck, H(z) — mMacmrtad BuUcoT. s
Ap(0) = 30...300 I1a maemo 6p(0) =3-104...3-1073.
Ockinbku Ha Bucoti z ~ 100 km /= 6.9, TO Sp(IOO) =
= (.3...3. HacmipaBni Taki 3Ha4€HHS BITHOCHOTO IIe-
penamy TUCKY Ha BHCOTI ioHOc(epu cIocTepiraTu-
cst He MOXyThb. CIipaBa B TOMY, 1110 IPU Sp >0.2...0.3
aKyCTUYHe 30ypeHHSs e(DeKTUBHO 3araca€ 3a paxyHoK
HeJIiHIMHUX e(eKTiB caMOBIUIMBY. ToMy peaTbHUMU
€ 3HAYCHHSI Sp(IOO) = 0.1...0.3. Lle o3Hauae, 1110 Ma€
Miclie epeKT HaCUUeHHs, TOOTO 3HAUEHHS 6p B iOHO-
cepi He 30LIbILIYETHCS 31 30LIbIIEHHSIM 6p(0).

Pyxome 30ypeHHs1 Sp BUKJIMKAE y ioHochepi
€JIEKTPUYHUI CTPYM 3i LIIITbHICTIO

j,=eNv, =eNvg3 , 9)

ne N — KOHLEHTpallisl eJEKTPOHiB, U, — Maco-
Ba IIBUAKICTh YAaCTMHOK B aKyCTUYHOMY 30ypeHHI,
v, — IWBUJAKICTb 3BYKYy Ha BUCOTI Z ~ 100 KM.

I3 poropHoro piBHsIHHSI MakcBeJlia 3 ypaxyBaH-
HsIM (9) MOXXHA OTpUMAaTU TaKy (DOPMYJTy JUISl OLIiH-
KM MarHiTHOro eexTy:

AB~pj,Az=peNvsd Az,

(10)
e j )= eNvd »» AZ— TOBIIMHA ioHOC(epHOro HIapy
3i cTpymoM. BHKOpHCTOBYIOUM CITiBBiTHOILIEHHS
(10) s N ~ 101 M3, v, ~ 330 m/c, §,=0.1..0.3
Ta Az = 30 kXM Maemo AB = 20...60 uTn. Lle 3HaueH-
HS oyXe 013bKe J0 criocTepexyBaHoro (AB = 10...
70 uTn). BaxuuBo, 110 edeKkT HaCUYeHHs st 8p
MPU3BOAUTH 10 €DEeKTYy HACUYEHHS ISl IIUIBHOCTI
CcTpyMy Ta MmarHiTHoro edekty. Came mpo 1e CBia-
yaTh pe3yJbTaTu CHOCTePeXeHb (IUB. puc. 2, d).
Yacro 36inbiieHHst Ap Bia 30 no 300 [Ta mpusBoau-
Jio o Bapiattiiit AB ~ 10 HTn. HassHi daykryariii AB
nopsiaky 10...80 v moB’s13aHi, mepiil 3a Bce, 3 Ba-
piamissmMu N, a He Ap.
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TakuMm 4MHOM, MarHiTHUI e(heKT, BUKIMKAHUIA
PYXOM XOJIOJHOTO aTMOC(HEPHOTO (PPOHTY, BIAETHCS
MOSICHUTY B3a€EMOZIEI0 MmifcucTeM aTMocdepa — io-
Hocdepa B cuctemi 3AIM.

EHEPTETHUKA ®POHTY

Enepeemura 6apuunozo noas. 3MeHIICHHSI TUCKY Ha
Ap y Mexax GpoHTy 3 po3mipamu [, [, Ta hi06’emom
V npu3BoauTh 10 3MEHIIEHHSI eHeprii GapuuHOro
TIOJIST HA BEIMYMHY

AEp =ApV.

3a Ap = 30...300 Ma, V'~ 10> M3 maemo AE, =
= 3-10'6...3-10'7 1. 3a t ~ 70 XB cepemHsI MOTYX-
HiCTb 10piBHIOE P, = 7.1-10!2,..7.1-10!3 Bt.

Enepeemurxa menio6o2o noas. 3MeHIIICHHSI BHY-
TPILIHBOI (TEIUIOBOI) €Heprii Ma€eTbCsl CITiBBIIHO-
IIEHHSIM

AE, =Cp,V,AT =Cp,LH AT ,

e C ~ 103 Ixxr'K-! — nmuroma TernoemHicTb
HOBITP#, P, — IIUTBHICTH MOBITPS Ha MOBEPXHi 3eM-
i, HO ~ 7.5 KM — BHCOTa OIHOpPigHOI aTMoOcde-
pu. 3a p, = 1.3 kr/M3, AT=4...10 K, /; = 1000 kM,
[, = 100 ki maemo AE, = 4-1013..10" JIx. [dns
T ~ 70 XB MAaEMO CEpemHIO MOTYXHIiCTh P, =
=101...10'® Br.

Sx GaunMo, eHepreTMka MOromHoro (poHTY €
3HAYHOI10, 1110 3a0e3Meuye BUHUKHEHHS HE TiJIbKU
JIOKanbHUX e(eKTiB B armocdepi, aje il BeIMKO-
MacmTabHuX (~1000 kM) i rmodansHuX (~ 10000 KM).

Enepeemura eaexmpuunozo noas. O6’eMHa IIiIb-
HICTh €HEPTil eJIEKTPUYHOTO TTOJISI

&,(AE)’
g, =——"—.
2
Ina AE = 1..10 xB/m ta V ~ 1015 M3 mae-

Mo g, = 4.5:1076..4.5107* Ix/™m3, a E, = ¢,V =
= 4.5-10°...4.5-10'"! Ix. Tomi o151 cepeaHbOro 3Ha-
yeHHs T ~ 70 XB OTPUMYEMO CEpPEIHIO MOTYKHICTh
P,=E,/t=105...10% Br.

Enepeemurxa macnimnoeo noas. 30ypeHHs1 06’ eM-
HOI LIiJIbHOCTI €HePTii MarHiTHOTO TOJIsI Ta€ThCs Ta-
KWM CITiBBiTHOIIICHHSIM:

_ B,AB

m b

)
ne By = 510~ Tn — inayKllis He30ypeHoro Mar-
HitHOrO oA, TIpu AB = 10...100 HTt Mmaemo g, =
=4-10"7...4-107% JIxx/m3. OcKinbku 30ypeHHS Mar-

€
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HITHOTO TOJISI HE € JIOKAJIbHUM €(eKTOM, TO 00’eM
V,, 31 30ypeHUM MarHiTHUM IOJIeM 3HaYHO Oilb-
Ui 3a 00°’eM aTMochepu 3 XOJOTHUM (PPOHTOM
V~ 105 M3, Moknagemo V,, ~ 1017 M3, Tozi E, =
=4-1019...4-10"" 1x. Mpu t ~ 70 XB MaEMO cepeIHIO
noryxsicts P, ~ 107...10% Br.

Sk 6aunmo, eHepreTMka Gi3MYHUX TMPOLIECIB, 110
CYITPOBOIXYIOThH PYX MOTOAHOTO (PPOHTY, € 3HAUHOIO.
Yacro 11 1oCTaTHRO, 11100 BUKJIMKATH BEJIMKOMACIII-
TabHi Ta r7100aJbHi Ipolecu y cucteMi 3AIM Ta ak-
THUBI3allil0 B3aEMOIII ITiACUCTEM Y Lili CUCTEMi.

B3AEMOIA MIACUCTEM Y CUCTEMI 3AIM

IcHye mexinbKa KaHaJliB, IO IKMX MOXe 3IiliCHIOBa-
THCSI B3aEMOIIS ITiacucteM y cucremi 3AIM.

Ilepenao ammocgepnozo mucky. Ilepenan TUCKY y
npu3eMHilt atmocdepi, MOAIOHO 10 MOPIIHS, TTPU-
3BOJUTH J0 OUIMPEHHS 3 aKYCTUYHOIO IIBUIKICTIO
BTOPUHHMX 30ypeHb THUCKY, BiIHOCHA aMILIiTyaa
SIKMX 30UIBIIYETHCS 3i 30iIblIeHHIM BucoTu. Came
Taki 30ypeHHsS THUCKY Ha iOHOC(EepHUX BHCOTax
MPU3BOISITH 10 MarHiTHOTO €(heKTY.

Ilepenaod konuenmpauii eaexmpownie Ha BHCOTaX
z ~ 100 kM, BUKJIMKAHI MepenagoM TUCKY, BUKIIU-
Ka€e 30ypeHHs MUTOMOI eJIEKTPONPOBIAHOCTI HA BU-
coTax JAMHaMO-00JiacTi, reHepallil aJdbBeHiBCbKO-
ro immynbcy. Lleil iMITy/IbC IOIIMPIOETHCS B3IOBX
MarHiTHOI CHMJIOBOI JIiHil 10 MarHirocdepu Ta pa-
JialiifHOTO TosICy 3eMili, BUKIMKAIOYM BTOPMHHI
Mpoliecu, 30KpeMa BUCUIIAHHSI BUCOKOEHEePIiiiHuX
eJIeKTPOHIB 3 pafiauiitHoro noscy. [Momuproroduch
JTaJTi, iIMITYJIbC TOCSITA€ MArHiTOCTIPSIKEHO1 00J1acTi,
BiIOMBa€ETHCST Ta MoBepTaeThCs Hazad. IloTiM mpo-
11€C TOBTOPIOETHCS.

Ienepauia ingppazeyxy ma epagimauiiinux xeuav.
HoOpe Bimomo, 110 IOrogHuii (pPoHT, IigcUIeHa
HUM TYpOYJIEHTHICTb € TeHepaTopoM iH(ppa3ByKo-
BUX XBWJIb 3 Tiepionom T < 250 ¢ i rpaBitauiiftHux
XBWIb 3 IIepioJlOM Tg > 300 c. i xBwi, mmommpio-
I0YMCh 10 ioHOC(hepH, BUKIMKAIOTh TaM BTOPUHHI
npouecu. Ak iHpa3ByK, Tak i rpaBiTalliiiHi XBuUJIi,
MOIIMPIOIOTLCS Y TJ00aJbHUX MaciuTabax 3 He-
3HAYHUM 3aracaHHsIM. IXHE MOLIMPEHHS CYIPOBO-
JIKYETHCSI TEHEpalli€l0 KBa3ilepiogudHUX 30ypeHb
€JIEKTPUYHOIO Ta MArHiTHOIO TOJIiB.

Ienepauin eaexmpomaeHimmuozo eunpomiHIOBaAHHA.
[Tpuxin morogHUX MPOHTIB YaCTO CYNPOBOIKYEThH-
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Csl TPO3aMU Ta 3JIMBaMU, a B3UMKY — CHirornaiamu.
biuvckaBku € reHepatopaMu 30ypeHb eJ1IeKTPUUHO-
ro noJjist. [1py uboMy HarnpyKeHiCTb eJIeKTPUYHOTO
noJjst 30inbiayerbest 1o 1 MB/m. Kpim kBasicra-
TUYHOI €JIEKTPUKU, TEHEePYIThCS eJeKTPOMAarHiT-
Hi XBWJIi MepeBaxkHO y AianaszoHi yactot f = 10...
100 xIi1. Cepenns 6McKaBKa Ma€ €HEPrilo MOPSIAKY
10° JIx i motyxuicts 10° BT. V eHeprito enekrpo-
MAarHiTHOrO BMIIPOMIHIOBAaHHSI II€PETBOPIOETHCS
noust M, ~ 1074...1073 [62]. Lle BumpoMiHIOBaHHS
KaHaJIIOEThCSl B3OBX MArHiTHOI CWJIOBOI JIiHii Ta
MOIIMUPIOETLCS 10 MarHirocdepu Ta pamialiiiHOro
nosicy 3emJii, CTUMYJIIOIOYM BTOPUHHI ITPOLIECHU.

36ypenns 2a06aavrozo eaexkmpuurozo koaa (I'EK).
30iJblIEHHS Ha JeKiJbKa MOPSAKIB IIIIbHOCTI aT-
Moc(epHOro cTpymy (auB. Ta0J. 1) IpU3BOAUTH J0
nepedynosu npoiieciB y 'EK.

TakuM umHOM, € BCi ITiZCTaBM BBaXKaTH, 110 I10-
romHi (PPOHTH IMIPU3BOAITH IO BEIMKOMACIITAOHMX i
robaabHUX 30ypeHb. Taka Touka 30py MPUHIUIIO-
BO BIAPI3HSETHCS Bill aJJbTEPHATUBHOI TOYKU 30Dy
[13], 3rizHO 3 sikolo aTMocdepHi GPOHTHU, Ha Bifl-
MiHY BiJl 3eMJIETPYCiB, BUOYXiB BYJIKaHiB Ta iHIIIMX
JIKepesl, BUKJIMKAIOTh U1 JOKaIbHi 30ypeHHS.

T'OJIOBHI BUCHOBKHN

1. Anami3 ricrorpaM Ijis meperamy aTMoc(epHOro
TUCKY, TeMIepaTypu aTMoc(epu, TPUBAJIOCTI 1Iii aT-
MocdepHOro (PPOHTY, IIBUAKOCTEH 3MiHUA TUCKY Ta
TeMIIepaTypHy, a TaKOX JJIsI Bapialiii aTMocgepHO-
ro eJeKTPUYHOTO MOJis, IIIBHOCTI aTMOC(hEepHOro
CTPYMY Ta MarHiTHOTO IOJIg MoKa3aBs, 1110 i/l BILIA-
BOM (PPOHTY Lii MapaMeTpHy 3MiHIOIOThCS B LIIMPOKHUX
mexax. CepelHi 3HaUe€HHSI LIMX MapaMeTpiB BilMo-
BigHO mopiBHIOOTE 145 Ta, 6 °C, 70 xB, 2.4 I1a/xB,
0.23 °C/xB, 3.2 kB/M, 63 nA/m? ta 20 HTn.

2. AHaJi3 KOpeJsiliiiHUX IO0JIiB TO0Ka3aB, IO
Malike 3aBXIW KOPEeJsIii MK BapiallisiMA pi3HUX
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¢iznuHux mapameTpiB He Oyno. Ile o3Hauvae, 110
BIIPOJIOBX PYyXy aTMoc(epHOro (hpoHTY €IMHOTO
KEepiBHOTO MapaMeTpy HEMae.

3. OTpuMaHO IIPOCTe aHAJIITUYHE CITiBBiTHOIIEH-
HSI JUISI OLIHKY 30ypeHHSI HAITPY>KEHOCTi eJIeKTpUY-
Horo noist atMochepHuM (GpoHTOM. OLIIHKM gaau
3HayeHHs 6...60 kB/M. Ilix yac rpo3 11 BeaTuumMHa
301JIBITYETHCST HA MTOPSIIOK.

4. IlokazaHo, 1110 y 30ypeHUX YMOBaX IIiJIbHICTh
aTMoc(epHOro cTpymy 36inbiyersest Bin 10712 1o
10-11...1010 A/m2.

5. Po3risiHyTO Tpu MexaHi3Mu 30iJIbILIEHHST 30y-
peHb iHAYKILii MarHiTHOro IOJISI MiJ BIUIMBOM aT-
MochepHOro (GpoHTy: 30YpeHHSI CTOPOHHBOTO
CTPYMY, €JIEKTpOMAarHiTHa iHAYKIlisg, MarHiTHUA
edexT TypOyJieHTHOCTi. Bci i mapameTpu naioTh
BeIMYUHY edeKTy, 110 He nepepuinye 1 HTn. Tinb-
KM MarHiTHuii egexT ioHocdepu MOoxKe MOSICHUTU
30iblLIeHHsT Bapialiii Mar"itHoro mois mo 10...
70 H'Tn.

6. OuiHeHO eHepreTUKy TMOJIB: OapUIHOTO
(10%6...10'7 Ix, 10'3...10'* Br), Terooro (1018...
101 JIx, 1015...10'¢ Br), enexrpuynoro (10°...
101 JTxx, 10°...108 Br) i marnitoro (1019...101! Tx,
107...108 Br).

7. OOrpyHTOBaHO KaHa/IN, 10 IKUX 3Ii11ICHIOETHCS
B3aeMOis migcucteM y cucteMi 3AIM min BriuBoM
atMochepHux (POHTIB: Tepemnan aTMOc(epHOro
TUCKY, TIepeTiaj KOHIIEHTpallil €JIEKTPOHIB y i0HOC-
¢epi, reHeparisi iHOpPa3BYKOBUX 1 TpaBiTalliiHUX
XBUJIb, TeHepalliss OJMCKaBKaMU €JICeKTPpOMarHiT-
HOTro BUITPOMiHIOBaHHS Ta 30ypeHHS TJI00aJTbHOIO
€JIEKTPUYHOIO KoJia.

Poboma eukonysanace 3a uacmkoeoi niompum-
Ku Odepucorodncemuux HIP, 3adanux MOH Ykpa-
iHu (Homepu Odepxcpeccmpayii 0122U001476 ma
0124U000461).
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STATISTICAL CHARACTERISTICS OF THE GEOPHYSICAL FIELDS DISTURBED BY WEATHER FRONTS

The Earth (internal spheres) — atmosphere — ionosphere — magnetosphere (EAIM) formation is a single integrated system
with direct and reverse, positive and negative coupling, as well as with their combination. The high-energy sources of natural
and anthropogenic origins activate coupling between the components of the EAIM. The effects that the sources of various physi-
cal nature have on the EAIM system have been studied quite well, while the influence of the weather fronts and other powerful
atmospheric sources on the EAIM system and its components has been studied only partly. The scientific objective of this study
is to conduct a statistical analysis of variations in the basic parameters of the geophysical fields that accompany the movement
of atmospheric fronts. The histograms have been constructed that show the atmospheric pressure difference, atmospheric tem-
perature difference, duration of the action of the atmospheric front, and the rate of change in the pressure and temperature, as
well as the histograms showing the distribution of variations in the atmospheric electric field, the atmospheric current density,
and in the magnetic field. The analysis undertaken has shown that these parameters exhibit variations within a broad range of
values. The mean values of these parameters are estimated to be 145 Pa, 6 °C, 70 min, 2.4 Pa/min, 0.23 °C/min, 3.2 kV/m,
63 nA/m?2, and 20 nT, respectively. The analysis of the scatter diagrams shows that the correlation between the variation in physi-
cal parameters is almost always absent. This means that a single governing parameter along the path of the atmospheric front
does not exist. A simplified analytical relation has been derived to estimate the perturbation in the electric field strength caused
by the atmospheric front, which yields ~6—60 kV/m values that increase by an order of magnitude during thunderstorms. Under
disturbed conditions, the atmospheric current density is shown to increase from 10712 A/m?2 to 10~1'—10~10 A/m?2. The fol-
lowing three mechanisms of an increase in the magnetic induction under the influence of the atmospheric front are considered:
the disturbances of the external current density, electromagnetic induction, and the magnetic effect of turbulence. All these
mechanisms yield the value of the effect less than ~1 nT. Only the magnetic effect of the ionosphere can explain an increase
of 10—70 nT in the magnetic field variations. The energetics of the pressure, temperature, electric, and magnetic fields has
been estimated to be (~1016—1017 J, ~1013—104 W), (~1018—1019 J, 1015—1016 W), (~109—10!1 J, ~106—103 W), (~1010—
1011 ], 107—108 W), respectively. The following channels have been validated through which the components of the EAIM sys-
tem couple under the action of atmospheric fronts: atmospheric pressure differences, ionospheric electron density differences,
the generation of infrasound and gravity waves, the generation of electromagnetic waves by lightning flashes, and the perturba-
tions in the global electric circuit.

Keywords: weather front, atmosphere at the air-earth boundary, EAIM system, geophysical fields, statistical characteristics,
scatter diagram, histogram.
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NRERNAN!

€nu3aBeta JIbBiBHA Hapoaunacs 3 aucrtonaga 1932
poky B Kuesi. 1955 poky 3akiHumia KuiBcbKuii
nepxaBHuil yHiBepcuteT iM. T. I. IlleBuenka, mic-
JIsl 4yOoro mpatioBaja crnepuly B boraHiuHOMy camy
iMeni akamemika O. B. ®owmiHa, a 3 1959 poky — B
Incturyti 6otanikn AH Ykpainu. Bin 1976 poky i
IO KIHIS KUTTS OYOJIIOBAJIa BT KJIIITUHHOI Oio-
Jiorii Ta aHatoMii IHcTuTyTy 60TaHiKu iM. M. I. Xo-
nonHoro HAH VYkpainu. IlpaioBajia Ha Tmoca-
Jlax 3acTyIIHUKa JUpPEeKTopa 3 HayKoBOi poboTH (y
1998—2003 pokax) i BUKOHYBaya OOOB’SI3KiB M-
pekropa (y1998—1999 pokax) wi€ei ycraHoBu. 1960
poky €. JI. Kopmiom 3axucTiia KaHAUOATCHKY, a
1969-ro — mOKTOPCHKY mmcepraliifo. 1986 poky iii
npucBoiny 3BaHHA Tpodecopa, 2000 poky — 00-
panu wieHoM-KopecnioHaeHToM HAH Vkpainu 3a
Bigginennsm 3aranabHoi Oiosnorii HAH VYkpainwu.
Bona 0Oyna gificHuM djieHoM MixXHapogHOI akaje-
Mii aCTPOHABTUKMU.

€. JI. Kopaiom — BumaTHuii eMOpiosor, OOTaHiK,
KJIITUHHUI 0iojor cBiToBoro piBHs. BoHa 3ampo-
MOHYyBaJjIa Iepily Kiacugikalliio MaKpOCIIOpaHTiiB
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TTAM’SITI
EJIN3ABETH JILBIBHUI
KOPIIOM

03.11.1932, KMIB — 27.04.2024, KAIB

MOKPUTOHACIHHUX POCJIHUH, po3poduia Kiacudi-
Kallilo CTaTeBUX THUIIiB KBITKM i BCTAHOBWJIA 3aKO-
HOMIpHOCTI iXHBOTO (hOpMyBaHHS. i1 HaIEeXUTb
BIIKPUTTS TPaBiYyTIMBOCTI POCIMHHUX KIIITUH, HE
creliajxizoBaHUX OO CIPUMHSATTS TpaBiTaliiiHOIO
BEeKTOpa, 110 Ti3Hillle MiATBepAUIN AOCHiTHUKN B
IHIIMX KpaiHax. BoHa BU3HauuIa HU3KY 3araibHUX
3aKOHOMIipHOCTE! BILUTMBY MiKpOTpaBiTallii Ha opra-
Hi3MOBOMY, KJIITUHHOMY i MOJIEKYJIIPHOMY DiBHSIX.
€. JI. KopaioMm ynepuie gociiauia 3MiHY Ha-
MpsIMY TPaBITPOITIYHOI peakliiii KOpeHs B clIabKoMy
KOMOiHOBaHOMY MarHiTHoMy I1ojii. BoHa € 3acHo-
BHUIICI0O HAYKOBOI IIKOJM 3 KOCMIYHOI Ta rpaBiTa-
1iftHo1 Giosorii. Ak rososa cekilii «KocmiuHa 6io-
JIOTisI Ta MeauIInHa» Paan 3 KOCMIYHUX TOCIIIKEHD
HAH VYxkpainu €. JI. Kopatom cripusijia CTBOPEHHIO
B YKpaiHi [Iporpamu 3 KocMmiuHO1 GioJorii Ta Meau-
LMHM i i1 yCIiIHIN peali3alii, pe3yJbTaToM 4Oro
craB cninbHuil i3 HACA ykpaiHChbKO-aMepuKaH-
CbKMI1 €eKCIIEpUMEHT, Kuii 19 nuctonamga — 5 rpya-
Hs1 1997 poky Ha KocMiuHOMY Kopaoui «KomnymGis»
BUKOHYBAB IIEpIIM KOCMOHABT YKpaiHu JleoHin
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KaneHrok. 3aBasiku BUCOKOMY iMinxXy YKpaiHu B ra-
JIy3i KocMivHoi Oiosorii JlepkaBHe KOCMiUHE areHT-
cTBO Ykpainu npuitasian 2000 poky 1o MixkHapo-
HOi po00YOoi IPyNy 3 HAyK IPO XKUTTS B KOCMOCI.
€. JI. Kopaiom Oyna 4jaeHOM penakiliiiHOI KoJjierii
HayKOBO-IPaKTUYHOIO XypHally «KocMmiuHa Hayka
i rexnomorisi» HAH Ykpainu.

OcHoBHi HaykoBi iHTepecu €. JI. Kopaiom Oy
MOB’sI3aHi 3 MpoOJeMOI0 ajanTallii poCauH 10 He-
CHPUATINBUX 3MiH €KOJIOTIYHUX (paKTopiB Oioche-
pu Ta GaKTOPiB KOCMIYHOTIO ITOJIBOTY, ITIepeLyCiM Mi-
KporpasiTallii, MexaHi3MiB I'paBiTPOIiYHOI peakiil
KopeHsi. BoHa po3po0Jisiia mUuTaHHS CTa0iIbHOCTI
Ta IUIACTUYHOCTI OHTOT€HEe3y POCANH Ha KIITUHHO-
MY 1 MOJIEKYJISIPHOMY PiBHSIX Y IIPUPOTHUX YMOBAX
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1 B €KCIEepUMEHTI, 30KpeMa MUTaHHs agalTUBHOL
poJii (beHOTUITIYHOI IJIACTUYHOCTI Ta 3HAYEHHS
eMireHeTUYHOI peryJsiii TeHHOI eKcrpecii i cnaa-
KOBOCTI B OHTOT'€HE31 pOC/IMH Ta IXHili aganTalii 10
(ayKTyaliit JOBKIJIIS.

€. JI. KopmioM € aBTopom moHan 550 HayKoOBUX
myOiKaliii, 3Ha4Hy YacCTUHY SIKMX OMyOJiKOBaHO
Yy 3aKOpAOHHMX HAyKOBUX BUAAHHSX. barato yBaru
BOHAa MpPUJIiIsIA MiAroToBLi HaykoBuX Kaapis. ITig
11 KepiBHUIITBOM MiATOTOBJIEHO Ta 3aXUILEHO 22 11-
cepraiiii.

3a BU3HAYHY HAYKOBY AiSUIbHICTD i aKTUBHY I'PO-
MAaAChKy TIO3HUIIil0 4WieHa-KopecroHneHta HAH
Ykpainu €. JI. KopatoM BigzHaueHO BUCOKUMU JIEP-
J)KaBHMMU Ta aKaleMiYHUMU HaropojamMyu — BOHA €
MOBHUM KaBaJiepoM opjeHa KHsIrTuHi Onbru, Jaype-
atoM [lep:kaBHOi mpemii YKpaiHu B rajaysi HaykKu i
texHiku Ta npemii HAH Ykpainu imeni M. I. Xonon-
Horo. Mae 4McCJIeHHI Meaali Ta MOYEeCHi TUILJIOMU:
Haropo/keHa 30JI0T0I0, IBOMa CPiOHMMMU Ta TphoMa
oponzoBumu Meaansimu BJIHIT CPCP, noyecHumu
IUIUIOMaMM i MeJajisiMu AMepHKaHCBKOro Oiorpa-
¢iyHoro iHctuTyTy Ta MixXXHapoaHOi GiorpacdiuyHoi
acouiauii, ITam’sitHOI0 Megaumio FO. B. KonnpaTtio-
Ka, yucaeHHUMHU BindHakamu HAH VYkpainu. 1984
POKY 1l TIPUCBOINMU TTOYECHE 3BaHHS «3acay>KeHU
NS4 HayKW i TEXHIKU YKpaiHW».

CBimUueHHSIM MIKHApOAHOTO BU3HAHHS 3aCiIyT
€. JI. Kopatom € BHeceHH: 1i iMeHi mo 3amu Crna-
Bu (International Air & Space Hall of Fame Hall
of Fame) y 2020 poui. Ile Haropoma MixkHapomHOi
acTpoHaBTMYHOI (denepartii (International Astro-
nautical Federation), sika Biggae faHUHY TTOBaru fi-
siyaM KOCMIYHOI rayty3i 3a 0COOJIMBUI BHECOK Y PO3-
BUTOK KOCMiYHOI HAyKH i TEXHIiKU.

Biuna i cBiTiia mam’sath €n1u3aBeTi JIbBiBHI. ..
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IMAM’ATI
OJIETA BIKTOPOBIYA
IMAJINITEHKA

14.07.1961, JHIITPO — 01.05.2024, THIITPO

Onger BiktopoBuu [TununeHko — BUIATHUM yueHU T
y rajaysi MexaHiku, JUupekTop [HCTUTYTYy TeXHiuHOI
MexaHiku HAH Ykpainu i JIKA Ykpainu, akagemik
HAH VYkpainu, 3aciyXeHuil Iisidy HayKu i TeXHiKU
VYkpainu, naypeat depkaBHoi IpeMii YKpaiHu B ra-
JIy3i HayKM i TexHiku, ripemii iMm. M. K. furens HAH
VYKpainu, 10KTOp TeXHIYHUX HayK, mpodecop.

Onmer BikTopoBud IninneHko HapoauBscs 14 nuri-
Ha 1961 poky y M. [IHimporreTpoBchK. Y 1983 pori
3aKiHUMB 3 BifA3HaKo0 JIHIMpOMeTpOBCHLKUI Aep-
JKaBHUI yHiBepcuTeT (HUHI JIHimpoBChbKUIA Hallio-
HaibHUH yHiBepcuTeT iMeHi Osiecst Tonuapa). [icas
3aKiHUEHHSI acIlipaHTYpU YHiBEpCUTETY Ta 3aXUCTY
nuMcepTallii Ha 3700yTTSI HayKOBOI'O CTYMEHSI KaH-
IUata TeXHiYHUX HayK y 1985 p. OyB HarnpaBiieHUIA
Ha poOoty B IHcTuTyT TexHiuHoi mexaHiku HAH
VYkpainu i KA Vkpainu Ha mocamy MOJIOOIIOTO
HAyKOBOTO CITiBpOOITHMKA. 3 TOTO Yacy BiH IMOCTili-
HO TIpallioBaB B iHCTHTYTi: 1986—1988 pp. — Ha-
yKoBMII cHiBpoOiTHUK, 1988—1993 — crapmmii
HayKOBUIi CIiBpoOiTHUK, 1993—1996 — 3aBimyBau
snabopatopii, 1996—2003 — 3aBimyBau HayKOBOIO
Bimminy, 3 2003 p. — qupexTop IHCTUTYTY.

O. B. [IunurieHKo — MpOBIAHUI yUeHUIA-MEXaHIK
y rajaysi IMHaMiKy pilMHHUX paKeTHUX IBUTYHHUX

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2024. T. 30. No 3

ycraHoBok (PPIY), ckiiagHux rigpomexaHivHUX
CHUCTEM, CHUCTEeM BiOPO3axHUCTy OO0’€KTiB paKeTHO-
KOCMIYHOi, aBTOMOOIJTbHOI i BiiCBKOBOI TEXHiKH.
OcHOBHi HanpsiMu HaykoBoi misutbHOCTI O. B. Tu-
JIMTIEHKA OYJI1 TTOB’sI3aHi 3 JOCTiIXKEHHSM ITPOLIECiB
JUHAMIKM €JIEMEHTIB KOHCTPYKIIiii pakeTHO-KOC-
MIYHOI T€XHiKM, €HEePreTUYHOIo i TPaHCIIOPTHOIO
MalIMHOOYIyBaHHSI, PO3pOOKOI0 Ta CTBOPEHHSIM
eeKTUBHUX 3ac00iB 3a0e3MeYeHHsI JMHAMIYHOI Cy-
MicHocTi PP/1Y 3 Koprycom pakeTu i cucteM BiGpo-
3aXUCTY 3 KBa3iHYJbOBOIO XXOPCTKICTIO.

3a gonomoroo po3pobdiieHoro ocoducto O. B. [Tu-
JINTIEHKOM METOJAWYHOTO, aJITOPUTMIYHOTO Ta Mpo-
IrpaMHOro 3a0e3MeYyeHHs OTPMMAaHO HU3KY HOBMX
pe3yJIbTarTiB, 1110 MalOTh 3HAYEHHS JIJISI PO3PaXyHKIB
MO3I0BXHbOI CTIIKOCTi pakeT-HOCiiB po3pooku AI1
«Kb «IliBoeHHEe», po3p0o0KM i1 eKCIIePUMEHTAIbHO-
ro BiAIpallbOBYBAaHHS TiApOAMHAMIYHOTO IeMIipe-
pa mis1 3abe3IedYeHHs] MO3I0BXHbOI CTIMKOCTI pa-
KEeT-HOCIiB, BKJII0OYalOUM aBTOHOMHi BUITPOOYBaHHS
geMrdepa Ha MOJAENbHINM piAUHI, BUMPOOYyBaHHS
nemriepa B CKJIali IBUTYHHOI YCTAHOBKW, BOTHEBI
CTEHJIOBI BUMPOOYBAHHS i JbOTHO-KOHCTPYKTOP-
CbKi BuUNpoOyBaHHSA. Po3po0iieHO MaTeMaTU4Hi

o .

MOJIeJIi 1 MPOBEIEeHO MOCHIIKEHHS 31 CTBOPEHHS

97



[lam’ami Oneea Bikmopoeuua Ilurunenxa

MPUHILIMIIOBO HOBMX BUCOKOE(MEKTUBHUX BiOpoO3a-
XUCHUX CUCTEM KOCMIUHHUX anaparis.

Po3pobisieHO MeToa0J10Ti10 i CTBOPEHO MPUHLU-
IIOBO HOBI ITACMBHI BiOPO3axXMCHI CUCTEMU IS M-
pecoproBaHHS aBTOMOOLTIB i 3aXUCTy Bim BiOpalriii-
HUX i yIapHUX HaBaHTaXK€Hb BOMiiB TPAHCTIOPTHUX
3aco0iB pi3HOro MpU3HAYCHHS, SIKi MOBHICTIO Bif-
MOBIIAIOTh €BPOMNENCHKUM CTaHAApTaM Ta HeE TO-
CTYMAlOTbCS XapaKTePUCTHMKAM KpallluX CBiTOBUX
AHaJIOTiB ITACUBHUX, HAITIBAKTUBHUX i aKTUBHUX Bi-
OPO3axXMCHUX CUCTEM.

Ha mincraBi TeopeTMYHUX Ta eKCIIEpUMEHTAJb-
HUX JOCHiIKeHb PO3p0OJEHO Ta CTBOPEHO TPUH-
IITIOBO HOBY TTHEBMATUYHY ITiIBICKY aBTOMOOIIS 3
KBa3iHYJIbOBOIO XXOPCTKICTIO Ta PO3MiJTbHUM TacCiH-
HSIM HM3bKOYACTOTHUX KOJIMBAaHb MiPECOPEHOI Ta
BHUCOKOYACTOTHUX KOJMBaHb HEITiIpecopeHol Mac
aBTomMo0Ois. ITiciss mpoBeaeHHSI aBTOHOMHUX CTa-
TUYHMX i IMHAMIYHUX BUIIPOOYBaHb HOBOI ITiABICKM
Helo OyJI0 OCHAILIEHO cepiliHi aBToMoOiTi. Pesynb-
TaTy AUHAMIYHUX BUIIPOOYBaHb ITiIBICKM y CKIami
aBTOMOOIJIS i XOA0Bi BUMTPOOYBaHHSI aBTOMOOLIIB 3
HOBUMM ITHEBMAaTUYHUMMU ITiIBICKaMU IMiATBEPAUINA
BUCOKY €(heKTUBHICTb iX 3aCTOCYBaHHSI Ha aBTOMO-
OiJIsIX Pi3HUX KJIaciB.

ITig xepiBaunTBoM O. B. INmnunenka i 3a #ioro
0e3nocepeHbOI0 YYaCTIO 3alTPOITIOHOBAHO HOBY Ka-
BiTalliliHO-1MITyJIbCHY TE€XHOJIOTi10 OTPUMAaHHS TOH-
KOIUCIIEPCHOTO BOAOBYTUIBHOIO majauBa. Po3po6-
JIEHO HOBIi MaJIbHUKOBI IPUCTPOI 11 €(heKTUBHOTO
CIaJIlOBaHHS BOJIOBYTUJIBHOTO TajvMBa B TEILIOEHEP-
FeTUYHMX YCTAaHOBKAX, MTPOBEJACHO iX BUITPOOYBaH-
HsI Ta OTPUMAHO CTiiike (pakesibHe TOpiHHS BOJOBY-
TUJIBHOTO MaJnBa.

Po3pobiieHo mpuiiany 3HUKEHHSI PiBHSI 3BYKY
nocTpiay. BunpoOyBaHHSI CTBOpeHUX 3pa3KiB Mif-
TBEPAWIN BUCOKY e(DeKTUBHICTD 3aIIyIICHHS 3BYKY
nocTpiiay. Ha ocHOBI mpoBeneHNX OOCTiIKEHb PO3-
pobGsieHo 6a30Bi MoOjelli, 1110 BPaxOBYIOTb OCOOIM-
BOCTI BUKOPUCTAHHS MPUCTPOIB IS CHAWTEPChKOL
30poi, aBTOMAaTUYHOI Ta iHIIIO1 CTPiIEIBKOI 30pPOi.

Akanemik O. B. [ununeHKoO CTBOPUB HayKOBY
LIKOJIy 3 MUTaHb JOCIAKEHHS POOOUYMX IPOLIECIB
i po3poOKM TIPUHILIMIIOBO HOBUX BUCOKOE(PEKTUB-
HUX CHUCTEM BiOpo3axucTy. B ocTaHHI poKM ILIs-
XoM 00’egHaHHS ABOX IIKiJa Oyja CTBOpeHa HOBa
HayKoBa IIKOJa 3 NMUTaHb JOCTIIKEHHS AUHAMiKU

rirpoMexaHiyHUX i BIOpPO3axXUCHUX CUCTEM 00’ €KTIB
PaKEeTHO-KOCMIYHOI TEXHiKW, EHEPreTMYHOro i
TPAHCMOPTHOIO MalllMHOOYAYBaHHs. 3apa3 B paM-
Kax 00’eIHaHOI1 HAyKOBOI 1IKOJIM YCIIIIIIHO BUPILILY-
IOThCS Cy4dacHi MpoOjieMy AUHAMIKU PiIMHHUX pa-
KeT-HOCIiB, CUCTEM BiOPO3aXUCTy pi3HOIO IpU3HA-
YeHHSI, TIApOANHAMIKY HOBUX TEXHIYHUX IIPUCTPOIB
3 KaBiTYIOUUMU eJeMEeHTaMH1 TOIIIO.

Ax nupexrop iHcturyty O. B. IlununeHko ak-
TUBHO 3aliMaBCsI HayKOBO-OpraHi3aliliiHOI po0o-
TOIO 3i CIIPSIMyBaHHSI TeMaTUKW HAyKOBUX BiIdijliB
Ha BUPIILIEHHST HAQyKOBO-TEXHIYHMX ITpo0JieM cyJac-
HOT'O PO3BUTKY PaKEeTHO-KOCMIUHOI Ta MalIlnHOOY-
NiBeJIbHOI rajay3eii, aBTOMOOLIbHOIO Ta 3a1i3HUYHO-
ro TPAHCIIOPTY, a TaKOX MaJWBHO-EHEPTreTUYHOTO
KoMILIeKCy. BiH OyB roloBHUM penakTOpoOM HayKo-
BOTO XypHay «TexHiuHa MexaHiKa», 3aCTYITHUKOM
TOJIOBHOTO pefakTopa HayKOBO-TIPaKTUYHOTO XKYp-
Hany «KocMmiuHa Hayka i TeXHOJOTis1», wieHoM Ko-
OpAVHALIIHOI paaX Ta KEPIiBHUKOM JIBOX POOOYMX
rpyn CIIUJIbHUX HayKOBUX JOCJHiIXEHb iHCTUTYTIB
HAH Vkpainu i AI1 «Kb «IliBoeHHe», 3acTynmHU-
KOM rojioBu Pany 3 KOCMIYHUX TOCTiIKEHb, YJICHOM
bropo Bigginenns mexaniku HAH VYkpainu i cexitii
MmaTeMaTuku i mexaHiku Kowmitety 3 HamionanbHoi
npewmii Ykpainu imeHi bopuca Ilarona.

O. B. INunumenka Oyjio 06paHO YJIeHOM-KOpeC-
noHAeHTOM MiXHapoaHOI akajeMii aCTpOHABTUKM,
MOYECHUM TOKTOPOM JIHIMPOBCHKOIO HalliOHAIb-
Horo yHiBepcuteTy iMeHi Onecst ToHyapa, Haropo-
mxeHo Big3Hakoto Jlep:kaBHOro KOCMiYHOIO areHT-
ctBa YKpainu, Ipamotoro BepxoBHoi Pagu Ykpainu,
ITonsxoro Ilpem’ep-MinicTpa YKpainu 3a 3HaUHUI
BHECOK Yy 3a0e31eYeHHSs pO3BUTKY BITYUM3HSIHOI Hay-
KU, CYMJIIHHY TTIpalito Ta BUCOKHW podecioHami3M.

¥V cniucky HaykoBux npaub O. B. ITnimnenka mo-
Han 190 HaitMeHyBaHb. OCHOBHI pe3y/ibTaTh J0CTi-
JI>KEHb HAIPYKOBAHO y I’ SITU MOHOTpadisiX i CTaTTsIX
B HayKOBUX BUAAHHSIX. TaKoX BOHU OyJv MIpeICcTaB-
JIeHi Ha MixkHapogHux cumnosiymax y CIOA, ITis-
neHHii Kopei, fnonii, YkpaiHi Ta iHIIMX KpaiHax.

Biuna i cBiTiia mam’atb Onery BikropoBuuy...

Biodinenns mexaniku HAH Ykpainu
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