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FUZZY MODELING IN CONTROL SYSTEMS

The method of synthesis of the control system based on the theory of fuzzy sets has been
formulated. The results of the simulation of the system with a fuzzy logical controller and neuro-
controller are presented. MATLAB — Simulink, Fuzzy Logic Toolbox — was used to build models and
rulebases.

The method of fuzzy adaptation of parameters for regulator's settings is proposed. Modelling
results showed that at the constant parameters of the object of regulation, the system with fuzzy
regulators and a neuro-controller has better dynamic performance compared to classical systems. An
analysis of the work of the fuzzy regulator has been carried out.

Keywords: fuzzy PID-regulator, linguistic variable, neuro-controller, fuzzy adaptation block,
quality of regulation, transition process.

Chopmynvosano memoo cunmesy cucmemu KepysauHs HA OCHOBI Meopii HeYimKUX MHONICUH.
Hagedeno pesynomamu mooentogamnms cucmemu 3 HeUimKum J02IYHUM KOHMPOAEPOM MA HelPpOKOHM-
ponepom. MATLAB — Simulink, Fuzzy Logic Toolbox — euxopucmogysagcs 0iist no6yoosu mooenet
ma 6a3 npasu.

3anpononosano memoo nevimxoi adanmayii napamempie 018 HALAWMY8aHb pezyasimopa. Pe-
3YILMAMU MOOETIO8ANHS NOKA3AAU, WO NPU ROCMILIHUX NAPAMEMPAx 00 €Kma pezyoeants cucmema
3 HeUIMmKUMU pe2yisimopamy ma HetipoKOHMPOLEPOM MAE Kpawyi OUHAMIYHI XapaKxmepucmuKky nopis-
HAHO 3 KAacuuHuMu cucmemamu. Ilposedeno ananiz pobomu nHeuimkozo pezyisimopa.

Knrouoei cnosa: neuimxuii PID-peeynamop, ninegsicmuuna 3minHA, HeUpOKOHmMponep, 010K
Heyimkoi adanmayii, aKicmo pe2ynoeants, nepexionull npoyec.

Problem’s Formulation

The tasks solved by information systems can in most cases be reduced to a number of typical
ones, among which are the following: Classification of images; Approximation of functions;
Prediction); Optimization; Regulation — transition and maintenance of the system in the required state.

Regulation is the most complex, and most of the time requires other auxiliary tasks solved.
Control systems are, generally, characterized by non-linear dependencies, complex to model dynam-
ics, uncontrollable noises and interferences. The classic Control Theory is based on the idea of lineari-
sation of systems. Hence a more effective approach would be a development of control systems that
are based on an adaptive approach, an amalgam of methods from theory of neural networks and fuzzy
logic.

Controllers based on this innovative concept are capable of providing higher values of modu-
lation quality in numerous cases in comparison to those of classic controllers. By incorporating fuzzy
control algorithm synthesis and technology of neural network building, it is possible to optimise com-
plex control loops without conducting additional comprehensive, mathematical research.
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Analysis of recent research and publications

The use of linear proportional-integral-derivative (PID) regulators in non-linear object
management systems often results in a poor regulatory process characterized by high re-regulation
values, static error and/or transition time.

Analysis of the literature [1—5] showcased that there is a large number of approaches to the
problem of synthesis of non-linear object control systems with random signals, and there is no
universal controller yet.

Formulation of the study purpose

PID controllers are performing poorly when managing non-linear and complex systems, or
when information about the object of management is insufficient. Regulators can be improved in some
cases by fuzzy logic, neural networks, and genetic algorithms. These methods are referred to around
the world as "soft-computing", emphasizing their difference from "hard-computing", which consists of
the ability of the method to operate with incomplete and inaccurate data. A variety of methods can be
combined in a single controller: fuzzy-PID, neuro-PID, neuro-fuzzy-PID controllers with genetic
algorithms. The main disadvantage of fuzzy and neural network controllers is the complexity of their
configuration: the compilation of a base of fuzzy rules and the training of a neural network.

The problem of creating a rule base is one of the key challenges in building a fuzzy logical
controller. Different methods are used to solve it: either interviewing an experienced operator, or
fixing decisions made by the operator in different situations, or tracking the desired trajectory of
control based on any type of considerations.

This paper proposes a fuzzy adaptation of parameters of the PID-controller settings, allowing
to take into account the non-linear properties of the object and provide the required quality of
regulation when using the search algorithms of the Simulink software package also the synthesis of a
neuro-controller with prediction implemented using MATLAB.

Presentation of the main material
An example is the desired trajectory of a closed system with a PID-controller and a third-
order object (Fig. 1).

Y — ; 15 =
0.01453+0.232+5+1 5
Scoped
PID Controller Tt bene
B Mux e —
B du/dt > Skopet
Dervative Mus?

Fig. 1. System with negative feedback and PID-controller

The mathematical model of the system with the PID-controller is researched in terms of
transitional processes by "error," "derivative error" and "output" when the task signal jumps and with
the constant parameters of the control object (Fig. 2).

Fig. 2 shows transition processes in the system by "error," "derivative error" and "output" (top
curve) when the input signal jumps and at the constant parameters of the control object.
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Fig. 2. Transitional processes of the measurable values of input-output of a controller

The fuzzy adaptive PID controller consists of a linear PID controller described by the ratio of

t
d
u(t)zer(t)+Ki_([e(t)dt+Kd7j (1)

and a fuzzy adaptation block proportional to K ,, integral K; and differential K; coefficients, that
contains input fuzzification operations (error e=y, —y and it’s speed de/dt), fuzzy rules, fuzzy
output and defuzzification operation of three outputs, those are definitions and refinements
K, .K; K4 . Variables ¢ and e =de/dt vary in a range [-3, 3], coefficients: K, — in range [-0.3,
0.3]; K; — in range [-0.06,0.06] and accept 7 linguistic values NB, NM, NS, Z, PS, PM, PB
(Negative Big, Negative Medium, Negative Small , Zero approaching zero, Positive Small, Positive
Medium, Positive Big).
Internal structure of a fuzzy adaptation module

The main steps of building fuzzy rule groups connecting the error e and its derivative ¢' with
three coefficients K ,,K;, Ky [1]: 1) if e is relatively high, then it should be decreased by increasing

K, and decreasing K, as well as decreasing the impact of the integral; 2) if e and e are acceptable
KP

adjustment and overall influence on the system is reached; 3) If e is very small, K, and K; should be

should be decreased until a certain necessary value that would decrease the amounts of re-

increased, to introduce higher stability to the system K ;should be changed so, that any jittering is
avoided in the system. if e is too low, we're increasing K ;, if e is too high, we decrease K d-
Bases of production rules for coefficients K ,,K;, K, are demonstrated in tabl. 1—3. Fuzzy

knowledge base rules, with which the proportional coefficient K, , is refined, the integral coefficient

p :
K;, the differential coefficient K; are written in the form

R}) :if e is NB, €' is NB, then Kp is PB, K; is PS, K; is NB,

R;g :if e is PB, e’ is PB, then Kp ectb NB, K; ects PB, K; ects PB.
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Table 1. Base of production rules of coefficient K,

X@ NB | NM | NS V4 PS | PM | PB
t

NB PB | PB PM PM | PS Z Z
NM | PB| PB PM PS PS Z NS
NS PM | PM | PM PS Z | NS | NS
Z PM | PM PS Z NS | NM | NM
PS PS PS Z NS | NS |NM | NM
PM PS Z NS NM |NM | NM | NB
PB Z Z NM | NM |[NM | NB | NB

Table 2. Base of production rules of coefficient K;

Xﬁd NB | NM | NS V4 PS | PM | PB
dexdt

NB PS | NS NB NB | NB | NM | PS

NM PS | NS NB | NM |[NM | NS | Z

NS Z NS | NM | NM | NS | NS | Z
Z 4
Z Z

Y4 NS NS NS | NS | NS
PS Z Z Z Z Z
PM PB | NS PS PS PS | PS | PB
PB PB| PM | PM PS PS | PS | PB

Table 3. Base of production rules of coefficient K,

md NB|[NM|NS| Z [ PS |[PM| PB
the/dt

NB NB|NB|NM | NM|NS| Z Z

NM |[NB | NB|NM|NS|NS| Z Z
NS NB| NM| NS | NS| Z | PS|PS
Z NM|NM|NS| Z | PS |PM | PM
PS NM|NS| Z | PS |PS |PM| PB
PM Z Z | PS | PS |PM| PB | PB
PB Z Z | PS | PM|PM| PB | PB

The rule base was built in the FIS-editor with a fuzzy conclusion on the Mamdani algorithm
(Fig. 3).

Closed loop control system in dynamic mode package in a Simulink MATLAB window, con-
taining the fuzzy PID-controller adapter block, as well as a control object with the transfer function (Fig.
1), is shown in Fig. 4. Initial values of the coefficients are K, =1Ky, =1K 0 =1K;o=1LKy0 =1.
K.=1.

The structure of the PID-controller, presented in fig. 5. To set up a fuzzy PID regulator to
optimize and improve the quality of the transition process, you can use the Response Optimization
block by triggering the Check Step Response Characteristics optimization window, which sets the
necessary parameters to be automatically configured.

In the process of optimizing the "Response Optimization Options" window, you can install
and use several search algorithms in succession. Once the optimization is complete, the "Design
Optimization" window displays a schedule of the optimal transition process.
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Fig. 3. Upper part of the FIS-editor window
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Fig. 4. A system with fuzzy adaptive PID-management and PID-Controller
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Fig. 5. Customized PID-regulator scheme
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Neural controller design

The work [6] describes three neurocontrollers: NN Predictive Controller; a controller based on
the autoeggression model with a moving average NARMA — L2 Controller; Model Reference
Controller effective controller is the NN Predictive Controller. The regulator uses a model of a non-
linear controlled object in the form of a neural network in order to predict its future behavior. The
regulator calculates a control signal that optimizes the volume's behavior at a given time interval. The
design of the neurocontroller consists of two stages: the stage of identification of a managed object
and the stage of synthesis of the control law. During the identification phase, a model of a controlled
object in the form of a neural network is developed, which is used for the synthesis of the regulator at
the synthesis stage.

Synthesis of the NN Prediction Controller neurocontroller uses files placed in the
toolbox/nnet/nncontrol catalog of toolbox/nnet nncontrol the SIMULINK system, which can be broken
down into three groups: one-dimensional optimization functions, SIMULINK models, auxiliary
functions: Sfunxy2 — a function for output of graphs; Nncontrolutil is a support that enables private
functions from the SIMULINK system to be accessed; Nnident.m is a feature used in identifying an
object in the private catalog that provides a GUIL a learning sample, and network creation and training.

On fig. 6 shows the structural circuit of the neural network system along with the fuzzy
adaptive and classic PID-regulator developed by SIMULINK. This structure includes a controllable
process unit and a NN Predictive Controller unit, as well as reference step signal generation units. The
NN Predictive Controller is activated by the double click of the left mouse button.

= L
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Gaind st 1 —— — L
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> i In3 |
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Fig. 6. Witha tink-black circuit of a fuzzy adaptive PID-regulator, a neural network regulator
and the classic PID-regulator

After the appearance of the user GUI window — Neural Network Predictive Control and set
the controller parameters. E. build his neusse-modern model using the plant Identification special
procedure.

The identification procedure requires the task of the following parameters: the size of the
hidden layer of the detected neurons, the tact of discreteness in seconds, the number of lag elements at
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the entrance and exit of the model, the length of the training sequence (the number of points of
removal of information), the maximum and minimum values of the input signal, the maximum and
minimum values of the output signal.

This window is versatile and can be used to build neural network models for any dynamic
object that is described by the Simulink model. In our case, it is a non-linear dynamic model of the third
order. n Epochs n function With the Browse button, you can choose any model available. If the model
should be used to set up the controller, it should be created before the controller is calculated. You may
also need to create a new model of the object if the designed controller is not functioning well.

Choosing the Generate Training Data procedure will result in the launch of a training sequence
generation program at 1600 ¢ for the model under study. The program generates training data by
impacting a number of random step signals on the Simulink managed process model.

When the training sequence is finished, it is suggested either to accept the data generated
(Accept Data) or to abandon it (Reject Data). If the data is accepted, the app returns to the Plant
Identification window. Training of the neural network model will begin. After completing the training,
the results are displayed on the graphs, where the results are built accordingly on the training and
control set.

The current state is marked in the Plant Identification window by "training is complete." You
can generate or import new data, continue learning, or save results by selecting OK or Apply buttons.
As a result, the parameters of the neural network model of the managed process will be introduced into
the NN Predictive Controller block of the Simulink system.

Then they return to the Neural Network Predictive Controller window and set optimization
parameters: Gost Horizon is the upper limit in the quality indicator(Nz7, the lower limit is fixed and
is 1), the upper clog limit when assessing control power (NNq2), the weight factor for the control
power component (z0.05), the one-dimensional search option, setting the threshold for quality
reduction (), choosing the one-dimensional search procedure (the csrhbac procedure was chosen — the
search with reverse run), the number of iterations per 1 tact of the discrete is equal2. o =0.001
Introduce the regulator's parameters into the NN Predictive Controller block by pressing the OK or
Apply buttons and start modeling by selecting the Start option from the Simulation menu.

From fig. 7 It can be seen that the output of the system control facility with fuzzy adaptive
PID control and neurocontroller has less overregulation and the number of fluctuations, i.e. the quality
of regulation.

Fig. 7. Transitional processes of output with PID, adaptive fuzzy and neural controller



14 Marematnune MozentoBaHas Ne 1(46) 2022

Conclusion
This work considers issues of constructing and adjusting a fuzzy adaptive PID-controller,
consisting of a block of fuzzy adaptation of fuzzy coefficients of the linear PID-controller, as well as a
neurocontroller with prediction. As the results of the simulation showed, at the constant parameters of
the object of regulation of the system with fuzzy regulators and neurocontrollers have the best
dynamic indicators compared to classical systems. At the same time, both in the classical and in the
system with a fuzzy regulator, the time of reaching the output of a given value is about the same.
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HEYITKE MOJAEJIIOBAHHSA B CACTEMAX YITPABJIHHS
JApannmHukos JI.B.

Pedepar

3acrocyBaHHs NiHIHHUX TponopuiiHo-iHTerpatbHo-gudepenuiansuux (I1IJ]) perymaropis y
CHCTEMax YNpaBJIiHHS HEMHIHHUMH 00'€KTaMH HaldacTille MPU3BOAMUTH 0 HU3BKOI SKOCTI Ipolecy
PETYJIIOBaHHS, IO XapaKTEePU3y€EThCA BEIMKUMH 3HAUEHHSIMH TepeperyIioBaHHs, CTATHYHOIO TOMUJI-
KOO Ta/ab0 YacoM TMepeXiTHOro Mmporecy.

Cuctemu ynpaBIiHHS XapaKTepPU3YIOThCS, SIK MPABUIIO, HENIHIMHUMHU 3aIeKHOCTSIMH, CKiIal-
HOIO /7151 MOJIENTIOBaHHS TMHAMIKOIO, HasIBHICTIO HEKOHTPOJILOBAHUX IIyMiB Ta mepemkoa. Kiacuuna
Teopis ympaBmiHHS 0a3yloThcs Ha inei smiHeapusauii cucteM. Tomy HalleeKTHBHIIIOI € Po3poOKa
CHCTEM YIpaBIliHHs Ha OCHOBI aJaliTUBHOIO MiAXOAY Y MOEAHAHHI 3 METOJAMH Teopii ITYYHUX HEH-
POHHHUX MEPEX Ta HEYITKOI JIOTIKH.

Perynsaropu, noOynoBaHi 3 ypaxyBaHHsSIM Iii€l iHHOBaliifHOT KOHIENLii, YacoM 37aTHi 3a0e3-
MEYUTH BHILI MOKa3HUKH SIKOCTI MEPEeXigHUX MPOLECIB MPOTH KIACHYHUMH PEryJIATOpaMu. 3acToCo-
BYIOUH TEXHOJIOTII0 CHHTE3y HEUITKHUX aJrOpUTMIB YNpaBIIiHHS, TEXHOJOTI0 MOOYJ0BH HEHPOHHHX
MepeX MOKHA MPOBECTH ONTUMI3ALI0 CKIaJHIX KOHTYPIB peryiatoBaHHs 0e3 MPOBeACHHS BCEOIUHUX
MaTeMaTHYHHUX JOCTiHKCHb.

VY po6oti chopMyIbOBaHO METOJUKY CHHTE3y CUCTEMH YIPABJIiHHS Ha OCHOBI TEOpii HEUITKHX
MHOXHH. HaBeneHo pe3ynbTaT iMiTalliiiHOro MOJETIOBAaHHS CHCTEMH 3 HEYITKHM JIOTIYHUM KOHTpPO-
nepoM Ta HelpokoHTposepoM. [Ipu moOymoBi mozeneit Ta 6a3u mpaBwi OyaM BUKOPHCTaHI 3aCO0M
MATLAB — Simulink, Fuzzy Logic Toolbox.

PesynbpTatn MoaenmoBaHHs NOKa3ajHd, IO 3 TTOCTIHHUX MapaMerpax o0'€KTa peryatoBaHHS CH-
CTEMH 3 HEUITKUMH PEryasiTopaMu i HSHPOKOHTPOJIEPOM MAlOTh Kpallli TUHAMIYHI TOKa3HUKH IPOTH
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KJIACHYHHMH CHCTeMaMH. 3arpornoHOBAaHO METOJ HEUiTKOi ajamnTalii mapaMerpiB HaJalITyBaHHS pe-
TyJsTopa.

Ha mincraBi oTpuMaHuX pe3yiapTaTiB MOJENIOBaHHS 00paHO palliOHAIbHI aJITOPUTMH YIIpaB-
JHHA A7 HEYiTKOr0 PeryisiTopa 3 IIyMOM y BXiIHOMY KaHami. BukoHaHO aHami3 poOOTH HEYITKOro
peryisitopa. Po3risiHyTo OCHOBHI IpoliecH, 10 BigOyBalOTbCsl y HEUITKOMY BUCHOBKY y HEUITKUX CH-
creMax yrpaBIliHHA.
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STATISTICAL METHODS OF PROCESSING MEASUREMENT DATA
ON MEASUREMENT INSTRUMENTS

The article investigates the application of methods of mathematical statistics in the processing
of data on parametric failures of measuring instruments (MI). Calculations and comparative analysis
of the method of maximum likelihood and the method of least squares in estimating the parameters
and confidence intervals of the functions of the distribution of probability of failure. An expert ap-
proach to estimating the parameters of the failure model based on statistical data is proposed.
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B cmammi docniosxceno 3acmocysanms memoodie MamemMamuyHoi Cmamucmuxu npu 0opooyi
OaHUX NPO NApaAMempudti 8i0Mosu 3acodis eumipiosaus(3B). [Iposedeni po3paxyuku i NOPIGHANbHULL
amaniz memoody MaxKcumMaibHoi npasoonodiOHoCmi i Memoody HAUMEHUUX K8AOPamie npu oyiHyi na-
pamempis i 008IpouHUX IHmMepsanie GyHKYil po3nodiny UMOSIPHOCHEN SUHUKHEHHS 8I0MO08. 3anpo-
NOHOBAHUIL eKCNepMHULL NIOXI0 OYIHIOBAHHS NAPAMEMPIE MOOE 8iI0MO8 HA OCHOBI CIMAMUCHUYHUX
OaHuXx.

Knrouoei cnosa: ougysiiini poznodinu, mooeni 6i0M08 3acobi6 GUMIPIOBAHb, MEMOO MAKCUMATb-

HOI npago0onooibHOCH, Memoo HAUMEHUUX K8AOPamis.

Problem’s formulation

The practice of using measuring instruments for various purposes has shown that without the
installation and conduct of special work to ensure metrological reliability, which is determined by hid-
den failures, such devices are not effective enough. The peculiarity of hidden (parametric) failures in
MI is the hidden nature of their appearance. Probabilistic-physical (diffusion) models of failures are
used to mathematically describe the process of hidden failures. Therefore, the task of estimating the
parameters of diffusion distributions on the basis of failure statistics in the process of MI operation is
relevant.

Analysis of recent research and publications

The analysis of the results of Monte Carlo modeling of samples from different types of empir-
ical distributions of object developments conducted in [1] shows that for qualitative approximation of
failure statistics it is expedient to use DM (diffusion-monotone) and DN (diffusion-nonmonotonic)
distributions In this work, simulations were performed and 1,200 samples with a volume of 100 values
of up to (on) failure were processed and a number of statistical tests were performed. As theoretical
models of the distribution functions of the failure time were adopted: DM and DN-distribution func-
tions, normal distribution (N), logarithmically normal (LN), Weibull (W). Distribution parameters are
evaluated as sample unbiased estimates & and v for the case of the full test plan (NUN) [1].

As we can see, the efficiency of diffusion models is confirmed by the results of statistical
modeling. Unfortunately, in real operating conditions, the specialists of the metrological service do not
always have a sufficient amount and different origin of information on failure statistics. In this case,
the main advantage of DM and DN-models is to take into account a priori information and the nature
of the random diffusion process, which leads to the parameter exceeding the allowable limits.

Formulation of the study purpose

The purpose of the work is to study the methods of processing statistical data on metrological
failures of measuring instruments and to develop methods for estimating the parameters of diffusion
laws of distribution of failures based on the results of controlled operation.
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Presenting main material

For research we will use statistical data on failures of induction single-phase electricity meters.
The term of verification of such electricity meters according to passport data is 16 years, and operation
is at least 30 years (for some models at least 40 years). The source of information on the operational
characteristics of the MI is the data obtained from the results of controlled operation. Picture 1 shows
the points of the empirical distribution function according to the data of controlled operation (NUr
plan) of two similar groups of MI. The calculation of ordinal statistics and the corresponding values of
the distribution function were performed by the Johnson method. Since the results of data processing
of controlled operation of devices during the first 13 years coincide well, and then the data for the cal-
culation of the distribution function are missing in the future we will consider only the first group of
devices.

Using the statistics of failures of induction single-phase electricity meters from a sample of
n =60 (m = 22 — refused, s = 38 — not refused) we estimate the parameters of diffusion models of
metrological failures by the method of maximum likelihood (MML) and compare with the results ob-
tained for Weibull's law.

For a truncated and censored sample n, the plausibility function in the case of diffusion distri-
butions takes the form

L=T]re [Iu-Fepn, M
i=1 j=1

where f(r) — the density of the distribution of operating time to failure, and F(¢) — the distribution
of the time of failure-free operation (values 7;and 7; are given in Annex B, Table B.1). The vector of

parameters of diffusion distributions ® =[,v] at which the function L(X,®), or InL(X,®) reaches

the point of local optimum (maximum) is the most plausible estimate of the parameters of the theoreti-
cal distribution ( X -matrix of random values of developments).

OL(X,0)
0

To obtain a numerical solution of the equation =0, we use the following method.

To find the maximum L(X,®) using the optimization procedures of the Matlab package, we find the
minimum of the likelihood function with the opposite sign (—L(X,®) . The search for the minimum

was performed using an algorithm that implements the simplex Nelder-Mead method (does not require
gradient calculation).
The result of the calculation for the case of DM-distribution showed that the iteration process

coincides with the accuracy of the argument of the equal function 10~ . The number of estimates of
the objective function — 153, the number of iterations — 75. The most plausible estimates of the pa-
rameters 2 = 22,0915 and v = 0,7630. To verify the results of the calculation, we construct the sur-

face (three-dimensional model) of the plausibility function Z ( v,z ) and its projection on the plane of
values XY = (v u) (Fig. 1).

For convenience of calculation we will round off values of parameter of scale to tenths
4 =221, and parameter of form to hundredths v=0,76 (in fig. 2 designations mu = # and v=v ) and

we will present their vector-line m = [22,1; 0.76]. We will change the value x4 in the range [15; 34]
with a step of 0.1, and v=0.1... 2 with a step of 0,01.

First, we calculate the values of the elements of the matrix L, which are equal
L; j =L(y;,vj,7,t) toi=j=1.191. The result will be a surface matrix of the likelihood function,

which is calculated as the ratio Z= L(4;,v,7,t)/ L(m,7,t) . As can be seen from fig. 1 Z =1 at a point

with coordinates X =v=0,76 and Y = g =221 which confirms the reliability of the calculation of
estimates of the parameters of the DM-distribution.
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Fig. 1. Graph of the surface of the likelihood function Z( v, u )

The interval estimation of the DM-distribution parameters according to the NUr test plan for
the lower and upper confidence limits of the parameters uy, vy and upg, vp accordingly, is calcu-
lated using the expressions given in [1—2]

=1 \72Uq ;Uq 4 NZU/ (2)
= + - A4+V m|;
Hi = H 2m ZM 1
1420907 U
VH:;1+¥__‘1\/[8m+(1+252)uj](1+232 ; 3)
4m 4m
=1 \72Uq ;Uq '4 NZU/ 4)
= + +—= +v m{;
Hp = H 2m ZM 1
1+252U2 U
Vg =y 1+Q+—q\/[8m+(1+2\72)Uq2](1+2,\72 R (5)
4m 4m

where ¢ — is the reliability of the estimate, v — the number of recorded failures (in this example m =
22), U, — the value of the quantile of the normalized normal distribution.

Tabl. 1 presents the calculations of the values of the confidence limits for the values of the pa-
rameters of the scale # and v in the case of DM-distribution for a number of values of reliability g.
To compare the diffusion distributions of failures, similar calculations were performed under the as-
sumption of the law DN-distribution of the occurrence of metrological failure (tabl. 2).

Estimation of the DN-distribution parameters by the MML method gave the following values:
4 =30,1752 and v = 0,8644. It should be noted that the sample weighted estimates of the estimated

parameters are z,= 20,8675 and v,= 0,5046 and belong to the confidence interval for the parameters
of DM and DN-distributions at specified values of reliability g [3—4].
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Table 1. Confidence limits for DM-distribution functions

q DM
0,95 M € [16,9182;28,8467] v € [0,5308; 1,0967]
0,99 M € [15,1667;32,1801] v € [0,4580; 1,2710]
0,999 M € [13,4317;36,3344] v € [0,3894; 1,4951]
0,9999 M € [12,1713;40,0971] v € [0,3418; 1,7033]

Table 2. Confidence limits for DN-distribution functions

q DN
0,95 M € [22,3095; 40,8142] v € [0,5857; 1,2757]
0,99 M € [19,7189; 46,1762] v € [0,5002; 1,4937]
0,999 M € [17,2001; 52,9381] v € [0,4207; 1,7761]
0,9999 M € [15,4004; 59,1245] v € [0,3662; 2,0404]

Consider another example of processing and analyzing data on failures of electricity meters. In
this case, the number of failures r; in the group N ; with Ml in the interval is known [0;7].

The authors of this monograph propose to calculate the values of the empirical distribution

function by the formula F; = l—e % , where 4; = ZI:;\;—J the accumulated failure rate is, and to de-
i=1""J

termine the parameters of the theoretical model byjthe method of least squares. We will use this as-

sess.rnent approach to study the quality of the approximation of failure statistics using diffusion distri-

buUons'The parameters of diffusion failure models are obtained using the least squares method (LSM)

k
by minimizing the objective function of the form ¥(®) = Z(Fz —Fpy (¢7,0)) = min, where & —
j=1
number of options, F, — the value of the empirical distribution function, ® =[g, v] — the parame-
ters of the theoretical model £y, . The problem of nonlinear programming was solved using numeri-

cal methods for optimizing the Matlab environment (modified simplex Nelder-Mead method). As a
result, received ©® =[11,5390, 0,4129].

Based on the analysis of the obtained empirical distribution functions and the monotonic na-
ture of random processes of change in time of metrological characteristics MI, it is shown that the DM
distribution function better approximates empirical distribution functions based on different sources of
statistical information compared to Weibull distribution results (Fig. 2).

Here is one of the possible options for expert evaluation of the parameters of the theoretical
model of failures based on statistics of failures of controlled operation and data on the number of fail-
ures at a fixed point in time. For example, if the limits of the confidence interval for the parameters of
the DM-failure model (truncated sample) x e [13,4317; 36,3344] and v e [0,4207; 1,7761] at
g = 0,999, you can choose the parameters of the DM-distribution, which would belong to a given con-
fidence interval and do not contradict the hypothesis in the selection of the theoretical function for data
obtained on the basis of the accumulated failure rate. Checking the adequacy of the statistical model in
the second case can be assessed using the Kolmogorov agreement criterion and calculations of graphs
of distribution functions using a PC (non-parametric statistics method).

In our example, the parameters p =13,4318and v =0,3895 are within the confidence interval
and the selected theoretical model does not contradict the experimental data on the criterion of Kol-
mogorov's agreement at the level of significance & = 0,05 . The maximum difference between the em-
pirical and theoretical distribution does not exceed 0,1884.
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Fig. 2. Approximation of experimental data using DM-distribution: 1 — empirical function of
distribution of failures; 2 — approximating curve of DM-distribution (estimation of function parame-
ters was performed by MNC method); 3 — DM-distribution function (estimation of distribution para-
meters 3 was performed using the MML method)

Conclusions
The conducted research allowed to choose and substantiate the methods of statistical
processing of metrological failures of MI and to set the task of complex application of these methods.
The proposed set of methods increases the reliability of the procedure for processing and analysis of
failure statistics in assessing the reliability of MI. The methods of mathematical statistics developed in
the work expand the results of similar studies of metrological reliability of MI in operation.
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CTATUCTUYHI METOAU OBPOBKHN JAHUX PO BIIMOBU 3ACOBIB
BUMIPIOBAHDb
JInTBuHenko B.A., Mapuenko C.B., C’ssnoB O.M.

Pedepar

Js MaTeMaTHYHOTO OMUCY MPOLeCy BUHUKHEHHS MPUXOBAaHUX BiIMOB 3aCTOCOBYIOTH HMOBI-
pHictHO-}i3muHi (audys3iitai) Moxeni BiaMoB. ToMy akTyaJbHOIO € 3a/aya OLiHKa HapameTpiB audy-
31HUX PO3NOALIIB Ha OCHOBI CTATUCTUKHU BIAMOB B Ipolieci ekciuryaTamnii 3B.

Mera nociipKeHHS MOJsirae B po3poOLi METOAY CTaTHCTUYHOI OOPOOKH JaHWMX ManaMeTphd-
HUX 1 panToBUX BiAMOB. OCOOINBICTh MapaMETPUYHHUX BiIMOB IOJISTa€ B MPUXOBAHOMY XapakTepy ix
nosiBU. [ MaTeMaTH4YHOrO OMMCy MpoLecy BUHUKHEHHS! MPUXOBAHUX BiIMOB 3aCTOCOBYIOTH HMOBI-
pHictHO-di3nuHi (audys3iitai) Moxeni BiaMoB. B po0oTi mpoBeneHi po3paxyHKH 1 MOPIBHSUIHUMA aHa-
713 METOLy MaKCHMaJbHOI MPaBAONOAIOHOCTI i METONy HAaHMEHIINX KBaApaTiB MPH OLIHII MapamMer-
piB 1 1OBipOYHUX iHTEepBaIiB QYHKLIN po3nOAiy HMOBIpHOCTEH BUHUKHEHHS BigMoB. Ha ocHOBI aHa-
73y OTpUMaHMX eMIipHYHUX (PYHKUIH PO3MONLTY Ta MOHOTOHHMH XapakTep BHIIaJKOBHX IPOLECIB
3MiHHU B Yaci METPOJIOTriYHMX XapakTepucTuk 3B mokazano, mo ¢ynkuis DM-po3noziny kpaiue anpo-
KCUMY€E eMITipru4Hi QyHKIIT po3noainy noOyaoBaHi Ha OCHOBI Pi3HUX JKEpeN CTaTHCTUYHOI iHpopMa-
Uil B MOpiBHSHHI 3 pe3ylbTaTaMy OTPUMaHUMU [UIs po3noaity BeiOya.

3anponoHoBaHUil HAOIp METOIB MiBUIILY€E JOCTOBIPHICTH MPOLEAypH 0OpOOKH 1 aHaNI3y CcTa-
TUCTHKH BiIMOB NIPH OL{iHII TOKa3HUKIB HaliiHOCTi 3B. Po3BuHyTI B poboTn MeToan MaTeMaTHYHOT
CTaTUCTUKU PO3LIMPIOIOTH PE3yIbTaTH JOCIIKEHb B 001acTi METpoIoriyHoi HagiHocTi. JlaHi Mero-
I PO3pOOJIEH] ISl CIELiallicTiB METPOJIOTIYHUX CIIYKO MiANPUEMCTB MPHU BHUKOHAHHI CIEHiaJbHUX
POOIT 1Mo 3a0€3MEYSHHI0 METPOJIOTTYHOT HAaIIHHOCTI B CKJIJli aBTOMATU30BAHUX CHCTEM.
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JIHIPOBCHKHIA Jep>KaBHUM TeXHIUHUI yHiBepcuTeT, M. Kam'siHCbKe

MATPUYHE INPEJACTABJIEHHSA EJIEKTPOANMHAMIYHOI'O AJITOPUTMY
METOAY HIBAPIA J1JIAA PO3B’A3AHHA JUPPAKINIMHUX 3AJTAY

B pobomi npeocmasneno nodarvwuti pozgumox imepayiiinozo memody Llleapya ma memody
YACMKOBUX NepemuHHUX obracmeti O pO368 S3aHHA 3A0ay OUDPAKyii ereKmpoMasHimHol Xeuni y
XBUAEBOOHUX JIHIAX nepedayi. 3anponoH08aAHO YUCLO8I AN2OpUMMU, AKi 003601UIU NIOBUWUMU edeK-
MUBHICMb HABEOCHUX MAMEMATMUYHUX Memo0ié Npu po36 a3aHHi OUDpakyitiHux 3a0ay 3a paxyHox
nioguweHH s IX WeUOKO0Dil [ CnpoweHHs npoyedypu areopummizayii. B sxocmi pezyibmamy HagedeHo
3ANeJCHICMb H4aACY YUCETbHO2O PO38 SI3aHHSA eCmogoi 3a0ayi 8 3anedHCHOCHI 8i0 NOYATNKOBGUX YMOG
OJ1s1 PI3HUX 8APIAHMIE PO32ASAHYMUX MEMOOI8.

Knrouoei cnosa: imepayitini memoou, iHmezpaivbHi PiGHAHHS, 6eKMOpU3aYis, OUPpaxyis.

The further development of the Schwartz alternating method and the method of overlapping
partial domains for solving the electromagnetic wave diffraction problems is presented in this paper.
Numerical algorithms, which allow increasing the efficiency of presented mathematical methods by
increasing their performance and simplifying the algorithmization procedure, are proposed. As a re-
sult, the dependence of the performance time for the different variants of the considered methods is
presented.

Keywords: iterative methods, integral equations, vectorization, diffraction.

IHocTanoBka nmpodaemMu

3amava JOCTiIKEHHS Mpolecy TUQpakiii eleKTPOMarHiTHUX XBHIJIb METOIaMH MaTeMaTHIHO-
IO MOJENIIOBaHHS BITHOCUTHCS 10 TPAaHUYHHUX 3a/1a4 MaTeMaTH4HOI (i3UKH, OCKIIBKH IPU3BOIUTH 10
HEOoOXiHOCTI PO3B’sI3yBaHHS CHCTeMH AM(epeHlianbHuX PiBHAHb MakcBelia, SiKi 3aZ0BONBHSIOTH
TpaHUYHUM YMOBaM Ha Mexax obnacreii [1]. B manwuii yac po3B’si3yBaHHS JUQpaKIifHUX 3a1a4 Kia-
CHYHOI €NeKTPOIUHAMIKH BUKOHYETHCS SK 3 BHKOPHUCTaHHAM YHCIOBHX CITKOBHX METOJIB, HAaIlpH-
KJIaJ, METOJly CKiIHYCHHHMX CJIEMEHTIB 1 CKIHUEHHUX Pi3HUIL [2—4], TaK i pi3HOMaHITHUX YHCEIBHO-
aHATITHYHUX METOMIB [5].

[Ipu mpoekTyBaHHi Ta aHami3i mpucTpoiB HaaBUcokUX yacToT (HBY) uyacto BUKOPHCTOBYIOTH
KOMEpLIiiHI TPporpaMu KOMIT'IOTEpHOr'0 MoJentoBaHHs [6, 7]. Taki mporpaMu peanizyloTh YHiBepcalb-
Hi YMCJIOBI METOJH 1 JO3BOJISIIOTH PO3B’SI3yBAaTH IIHPOKHUH CIIEKTP €IEKTPOJMHAMIYHUX 3a1ad, OAHAK,
HaBiTh A cydacHux EOM mporec 4rcenbHOro MOACTIOBAaHHS BHMAarae 3HAaYHUX BHTPAT 4acy, a y
BiZICYTHOCTI XOPOILIOTO IMOYaTKOBOTO HAOJMKEHHS, HaifuacTimle, B3araui HE JO3BOJSIOTH PO3B’S3aTH
MOCTaBJIEHY 3aJady. TakuM YMHOM, PO3BHTOK YHCEIbHO-aHAIITHYHUX METOJIB aHaJi3y XBHJICBOJHHUX
MIPUCTPOIB € aKTyaJbHOIO 3a/1a4€IO0.

AHaJi3 0CTaHHIX JOCTIITKeHb Ta MyOJriKamii

B ocranHiii yac yBary nOCIiJHHKIB IPUBEPTAIOTh TaKi METOAM PO3B’A3aHHSA 3a]a4 MaTeMaTH-
4yHOI (Di3UKH, sKi 0a3yl0Tbcs Ha po3OHUTTI Beiel oOmacTi BU3HAaYeHHs (YHKUIT Ha MPOCTi ZOTUYHI abo
nepetuHHi o0nacti. ['pyma Takux MeroniB oTpumana Ha3By domain decomposition methods (DDM)
[8—10]. Lli meronu € mepcrneKTUBHUMU 3 TOYKH 30pY iX YHiBepCadbHOCTI, a TaKOX MOTEHLIHHOI iX
MOXJIMBOCTI BUKOPHCTaHHS y apaJIeIbHUX O0UMCIIeHHSAX [§].

B ocranne pecstupiuus A po3B’sA3aHHS 3a7ad €IEKTPOAMHAMIKH HaJIBUCOKUX YacTOT OTPHU-
MaJIy CBOT'O MOAAJBIIOrO PO3BUTKY MEPCIEKTHBHI METOAM 3 BKa3aHOI TPyIH, a caMe: iTepalliiHui Me-
ton llIBapua [11] i moximHi B HHOr0 METOAX IHTErpajJbHUX PIBHSIHB YACTKOBHX MEPETHHHUX 0biac-
teit (MUIIO) [12] Ta mponusyrouoi obaacti (MIIO) [13] 3 BukopucranusaM anapaty ¢yHkuii ['pina.
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B ocHOBi WX METOIB JASKUTH MPUIOM PO3OUTTS BCi€l CKIIaqHOT 00JacTi BUHAUECHHSI MTOJIS Ha
MPOCTi MepeTHHHI obnacTi, i akux GyHkuig ['pina Bizoma abo Moxke OyTH Jierko nmodynosana. Bu-
XigHa 3amava GOPMYIIOETBCS Yy BUTIISAL iHTErpasibHOTO piBHAHHS PpearonsMa apyroro poay abo ix
CHCTEMH BiTHOCHO IIYKaHMX IOJIiB YACTKOBHX 00JIaCTEH, SIKi pO3B’A3YIOThCA iTepaliiiHuMu abo mpoe-
KuidHuMu Merofgamu. O4YeBUIHUMU TepeBaraMy [UX METOJIB, Y MOPIBHSIHHI 3 IIUPOKO BiIOMUM Me-
TOJOM YacTKOBHX obnacteii [14], € aBToMaTHUHE BpaXyBaHHSI yMOB Ha pedpi Ta BiICYTHICTh HEOOXia-
HOCT1 3HaXOPKEHHA MOXiTHOI HeBinoMoi pyHKIIT Ha rpaHUISIX YaCTKOBUX obnacteit [15].

DopMyJTHOBAHHS METH T0CTIIKEHHS

Y cydacHiii Ttexuini HBY 3HaxomaTh mHMpoKe 3acTOCyBaHHS CKIQJHI XBHJICBOIHO-
pe3oHaTopHi cuctemMu. sl eeMEHTIB KOHCTPYKLIA TaKMX XBHJICBOAHUX MPHCTPOIB XapaKTEPHOIO €
cTpuOKonoAiOHa 3MiHa PO3MIpiB MOMEPEUHOr0 Mepepi3zy peryisipHoro xsuwieony. [loaiOni mepexoau
3aCTOCOBYIOTBCSI TIPH 3'€IHAHHI XBUJICBOIIB 3 PI3HUMHU IONEPEYHUMHU PO3MIpaMH, a TAKOXK MOXKYTh
PO3IIIAAAIOTECS K CKIAJ0BI YaCTHHHU OLTBII CKIaJHUX HPUCTPOIB: QUIBTPIB, MEPETBOPIOBAYIB TUIIIB
XBHJIb, TPaHC(HOPMATOPIB IMIIEAAHCIB 1 IHIIMX TPUCTPOIB [16].

V pasi 3actocyBanus merony llIBapuia no 3agau qudpaxiii eneKTpoMartiTHOI XBUIII Ha CXill-
YacTUX HEOJHOPIIHOCTSAX y XBHJIEBOAHUX MPUCTPosAX, pyHKUii ['piHa mpeacTaBisiOTHCS Y BHUITIALL
PO3KJIaaHHs B HECKIHUEHHHH DAL 32 TIOBHOIO CUCTEMOIO OPTOTOHAIBHUX BJIACHUX (PYHKIIN BiAMOBi-
JTHOI YyacTKoBOi 00macti [17]. UncenbHa peaizaiiis TaKOTo MiX0ay TPU3BOIUTH J0 HEOOX1THOCTI I1Oo-
CITIIOBHOT'O OOYUCIICHHS BKJIAJACHUX CYM, KUIBKICTh WICHIB SKHX OOMEXKYETHCS KiHIIEBOIO BETHUHNHOIO.
30UIbLICHHS YMClIa BpaXOBaHUX WICHIB PSAAY MPU3BOAUTH A0 MIIBUIIEHHS TOYHOCTI Ta TOCTOBIPHOCT1
pe3ynbTaTiB, ane B TOM e Yac, i 10 3HAYHOI'0 3pOCTaHHs 4acy paxyHKY, IIO B JAESKUX BUIAIKaX po-
oute 3actocyBanHs Merony llIBapua ta MUIIO HemouinbHUM Yy TOPIBHSAHHI 3 IHIIUMH METOAAMHU.
[Ipore, cydacHe mporpamMHe i anapaTHe 3a0e3M€UeHHS YNCETbHUX MaTeMaTUIHUX PO3PaxyHKiB J103BO-
nsie [18] 3HaYHO MPUCKOPUTH AITOPUTMH PO3PaxyHKIB y pa3i mpeAcTaBiIeHHS apu(pMETHYHHUX orepa-
Uil HaJ CKaJSIpHUMH BeJTMYMHAMU SIK OTepaniii HaJl BEKTOpaMH Ui MaTPHUIISIMU.

Mertoro 1aHOi pOOOTH € MOJANBIINN PO3BUTOK MPEACTABICHUX BHUILE METOIB, SIKHH 103BOISIE
MiABUIIUTH iX MBHUAKOIIO i CIPOCTUTH aJATrOPUTMI3aLliIO 32 PAXYHOK BUKOPHCTAaHHS anapaTHUX 1 Ipo-
IrpaMHHUX MOKJIMBOCTEH Cy4acHOI 00YHCIIOBAIbHOI TEXHIKH.

Bukisiax ocHoBHOTO MaTepiaiay

Posrisinemo 3actrocyBanHA iTepauiiiHoro meroay HIBapua ta MUIIO na npuxiazai po3B'sa3an-
HS TECTOBOI 3a7aui 1u(paKuii eTeKTPOMarHiTHOI XBUJIl HAa HECKIHUEHHIN (a30BaHill aHTEHHIN periTii
(DAP) 3 mpsIMOKYTHHX XBHJICBOJIB, PO3MIIIEHUX Y By3JIaX MPSIMOKYTHOI CITKH.

Kopucryrouncb Mopemao HECKiHYeHHOI aH-
AN Z TeHHO1 pewiTku 1 Teopemoro dmoke [19, 20], obme-
b XKHUMOCS PO3IJISIIOM IO B MEXaX TUIBKH OJJHOTO Te-
%,’ | | 1 pioay aHTeHHOI pewriTku (OAHIET KOMIPKH) 1 TOYaTKO-
|
I

BY 3aJlauy 3BEIEMO 0 3aJa4i PO CTHK JBOX XBUJIEBO-
JiB: XBHJIEBOJY PELIITKM Ta MPOCTOPOBOI'O XBUJIEBOLY,

Bl ‘ | B a6o komipku Dioke.
Ha puc. 1 300pakeH0 OIMHUYHY KOMIpKY pe-
l 3" o | X LIITKK 3 XBUJIEBOMIB, IO 30YIKYIOTHCS XBUIISIMU THITY
’ H,y. BBaxxaeMo, 110 CKaHyBaHHS 3JIMCHIOEThCA B H-
TUTOIMHI 1 CTIHKMA XBWJICBOZIB, IO MEPIEHANKYISPHI
CHJIOBUM JIiHISIM TAagarouoro eJIEKTPUYHOTO MO, €
HECKIHYEHHO TOHKMMH. TakuM YHHOM, 3ajada CTae
onHOBUMIpHOIO 1 ckajsipHoto [20]. [lpu orpumansi
IHTErpaNbHUX PIBHSHB B SKOCTI HEBiZOMOI (yHKIIi
= i/ OyleMO BUKOPUCTOBYBAaTH E, KOMIIOHEHTY IO, IO
3aJJ0BOJIbHSIE ABOBUMIPHOMY PiBHAHHIO [ 'enbMronsia,
a TaKOXX TpaHUYHUM yMOBaM JUIs TaHTeHLIANbHUX
CKJIaJIOBUX BEKTOPA EIIEKTPUIHOTO OISl HA METAJICBUX
CTiHKaxX 1 yMOBi BUIpOMiHIOBaHHS. Po3B’s3anHHs 1i€i
3agadi merogoMm llIBapria monsirae B 3BeneHHi audge-

III Ior.' «

o o

Puc. 1. OnnanuHa KOMipKa HECKiH-
4eHHOi (a30BaHOI PEIITKA 3 MJIAacKo-
napajelnbHUX XBHJICBOMIB
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PEHLIIBHOrO PIBHSHHS B YACTKOBUX MOXIAHUX JI0 CUCTEMH IHTErpajibHUX PIBHSIHb YACTKOBHUX IIEepe-
TUHHHX 00acTel, sSKa Jaii po3B’sI3yETbCS METOAOM MOCHIAOBHUX HaOmmxkeHs [21].

Po3ninumo Bcio o0nacTh BU3HAYEHHsI MOJsl B BUOpaHid KOMIpLi Ha JBi MepeTHHHi objacTi
(puc. 1). O6nacts I (—a/2 < x < a/2) npeactasisie co0OI0 MIacKONapaienbHUil XBUIIEBO, MTPOIOBIKE-
HUW B HECKIHUEHHICTh (—o0 < z < ). Obmacth 1I(—b/2 < x < b/2, 0 <z < 00) — 007aCTh BUTIPOMIHIO-
BaHHS. B obnacti I mpu z — —oo 30ymKyeThest xBuiis Hjo ItackomapanensHoro xsuiesony. [pumyc-
THMO, 10 HaM Binomi dyrkiii I'pina o6nacreii 1111 G', G" [22]. B sixocTi mykanoi ¢yskIii 6yaemo
BHUKOPHUCTOBYBATH Toue mepioi obmacti. Toxi, ckopuctaBmmch apyroio Gopmysioro ['pina i Bpaxysa-
BIIM TPaHUYHI YMOBH, OTPUMAEMO iHTerpaibHe piBHsIHHA Dpearoiabma APyroro poay BiZHOCHO MO
nepiuoi odmacTi:

0 2
t

E! (x.z)=Eq (x,z)+ l(x",O)K(x,z;x",O)a’x"; (H
K(x,z;x",0) = Z Z Py (x)exp (j;/qz)y/;; (x") Cym- 2)
q=1 m=—o0

2 - U U
Com =\ —— exp[—j“ "’)—eXp[fa s
ab 2ay, (Yq +FM) 2b

@qo (x") V/:;l (x") dxn .

)cos(qn).

mq

)
1l
N‘\Q"_"N‘Q

Tyr E' — HeBinoma dynKiia obnacti I, 3HaueHHs KOi IIyKaeThes HA TpaHuIi P’ (IUIOMKMHA
z=0, —a/2<x<a/2), p Ta y — BIACHI PYHKIIi MIACKOIAPAIEITBHOTO 1 TPOCTOPOBOTO XBHIICBO/IIB,
U,— xepytounii 3cyB (a3. s obmacti [ 3MiHHI X Ta z € KOOpAUHATAMH TOYOK CIIOCTEPEKEHHS, a X~
Ta z”— TOUOK jKepen noms. J{ms obmacti II: x” Ta z”— TOYKM crocTepeKeHHs, X7 Ta z” — TOYKH
okepen. Ha yactuHi rpaHuIii o, 1Mo HAJIGKHUTh TUIOIIUHI Z — —00, TPAaHUYHI 3HAYCHHSI BU3HAYAIOTHCS
TIOJIEM T1a/Iak0U0i XBIIIL THITY H .

P03B’s13aHHS 11LOTO PIBHAHHS BiTHOCHO HeBinoMoi GyrKii £'(x,z) B piBHaHHI (1) 6yaemo 3Ha-
XOJMTH y BUTJISI CYMH TIAJAr040i Ta BiIOUTOI XBUIIb:

E! (x,z)=¢)1(x)exp J?’lz ZRqu exp(];/q ) ®)

Jnst po3B’si3aHHs piBHAHHA (1) iTepauifHUM METOIOM MiICTaBUMO MpencTaBieHHs (3) y JiBY
gacTtuHy (1), a y IKOCTi TOYaTKOBOTO HaOJIMKEHHSI BUKOPUCTAEMO TI0JIE TTa1al0u0i XBHJIi:

Eqy (x,z)=(p1 (x)exp(—jylz). “4)

Jami, CKOpUCTaBIIKMCh BJIACTHBICTIO OPTOrOHANBHOCTI [23] BnacHUX (QYHKIIH Iackonapae-

JBHOTO XBUIIEBOAY @, [22], oTpuMaeMO 3HaUeHHs KOe(ili€HTa BIIOUTTS Rq<0> xBuUIi Hy 10 iTepanisx.
Hagenemo Hrk4e BUpasu I MEpIINX TPHOX iTepariil:

>

Mm=—c0
[e0] o0 o0 [e0]
Z Cszz Dm21 + Z Z Z Cszz myqy ClelD
My =—00 my=—00 q; =1 m;=—0

AV Y Y Y ¢ Com Do 1
T g, + Z Z Z 42 mz% qm Zm 1>

My =00 gy =1 my=—o0
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Rq3 - Z Cl]3m3 Dm31 + Z Z Z Cf]3m3 Dmﬂz Cf]zmz Dm21 *
3 ==90 m3 == gy =1 ny=—o0
e8] e8] e8] e8] e8]
+ Z Z Z Z Z q3ims Dm3‘12 C‘]zmz myq C‘]lml Dml
3=—00 gp =1 my=—00 my=—0 g=l1

o0 o0 o0 o0 o0
Z Z Z Z Z Cyyms Pimagy Capmy Pimag, Cgum D1
M3 =—00 g, =1 my=—00 m=—0 q, =1
SIK BUIHO 3 MpEACTaBIEHUX BHPa3iB, 3HAUCHHS KOoeillieHTy BigOMTTA y iTepauii i-mopsaKy
CKJIAZIA€ThCS 13 Oro 3HadeHHs y itepauii (i—1) mopsaKy i3 JoJaBaHHSAM YTOUHIOIOUOro KoeilieHTy.
[Ipu upomy, i3 3pOCTaHHSM KUTBKOCTI iTepaliil KUIbKICTh BKIAJCHUX CYM 30UIbIIYETHCS HAa BETHUYUHY
(2i — 1). TakuM YMHOM, TAaHUH YHCIIOBHH AITOPUTM HE € ONITUMAIBHIM 3 TOYKH 30pY YHiBEpCcalbHOCT1
14acy, 110 BUTPAYAETHCS Ha O0UNCIICHHS.
[leperBopuMoO iTepalliiiHy HOCTIIOBHICTh TaK, MO0 3HAYEHHS KOS(IIliEHTY BIIOUTTS g-XBHIIi B
iTepalii i-mopsAKy CKIagaioch 13 CyMH HOro 3HA4eHHs y MepIiil itepalii Ta yrouHow9oro koedimi-
€HTY, SIKUI 3MIHIOEThCA y KOXKHiH iTepariii, mpu LIBOMy OTPUMAEMO HACTYIHUN pEeKypEeHTHHH BUPa3:

0 .
(i) = gl1) (i-1)
Ry =Ry + 2 Z CamDmgy | Ry " |- ®)
qo=1\m=-M
Tyr M i Q makcuMasbHe YHCIO BpaXxOBaHUX TUIB XBWIb B obnactsix | i II. BBezemo matpu-
o A posmipom Q X (), eleMEeHTH K0T BU3HAYAIOThCS SIK:

z qm m‘]o

Cyma 3a ingexcamu m y (5) Mmoxke OyTu Hpe)_ICTaBJ'IeHa K 100yTok matpumi C p03M1p0M q*m Ha MaT-
puwto D 3 posmipamu m*q,. IIpenctaBumMo MHOXKUHY Koedili€HTIB R, y BUIIIAAl MaTpuli-cToBnus R,
a Bupa3 (5) 3anuIeMo y BUIJIAl HACTYITHOTO MaTPUYHOT'O PIBHSAHHS:
R =R 4 A RV, ©6)

PipasiHHs (6) BU3HAYa€ 3HAYEHHS MATPHIN-CTOBII R B i-HAOMMKEHHI MPU HOTO BiOMOMY
HaOmxkeHHi (i— 1) nopsinky. Po3B’s3aBim 1aHe piBHSHHS METOJIOM IMOCTIOBHUX HAOJMKEHh MOXKHA
OTpUMAaTH BENMYMHY KoedilieHTa BinOUTTS XBuii Hjo B iTepauii i-mopsaKy, 0epydi B SIKOCTI pe3yib-
TaTy HepIInii enement Marpuii-cropnus R.

Meron ygactkoBux mnepetuHHuX obnactedi (MUIIO) Takok BUKOPHCTOBYE IHTETpajbHE PiB-
HsaHHA (1), ane 6epeThes 40 yBary, o sapo (2) iHTerpaabHOro piBHAHHS JUIA JaHOI 3aJadi NpH Bpa-
XyBaHHi1 0OMEKEHOT 0 Yiciia TUIIIB XBHJIb € KIHLIEBOIO CYMOIO JOOYTKIB JIIHIHHO HE3aIeKHUX (PYHKIIH.
TakuMm 4MHOM, SAPO IHTErPAIBHOIO PIBHSAHHS € BHPOMKEHHM, IO JONMYCKAE OTPHUMAHHS CTPOTOro
PO3B’SI3Ky TIISXOM 3BEIEHHS HOro 0 KIiHIEBOI CHCTeMH IiHIMHMX anreOpaiuHux piBHSHBL [21].
Po3B’s130k Oynemo 3Haxoautu y Burisidi (3). s uporo, migcraBumo Bupas (3) y JiBy Ta mpaBy dac-
TuHy piBHAHHA (1). Toxi, CKOPUCTABINMCH BIACTUBICTIO OPTOrOHAIBHOCTI (QYHKIINH @ 4(X) 1 OOMEXUB-
M KIHLEBOIO BEJTMYMHOIO YHCIIO BPaXOBaHUX THITIB XBHJIb, EpEiiIeMO 10 HACTYIHOT CUCTEMH JiHIN-
HUX anreOpaiyHUX PIBHAHB BITHOCHO HEBLIOMUX KOE(ILI€HTIB BIIOUTTS Ry

0 M M
=Y R; > CyuDpi= D CyuDp. q=12...0. @)
j= m=—M m=—M
Bknaznena cyma 3a iHaekcaMu m MPEACTABISIETHCS, SIK 1 paHille, Yy BUIIIAA JOOYTKY MaTpHIi
C posmipom gxm Ha MatpuLio D 3 po3Mipamu mX;.
Hns po3s’sizanns cuctemu (7) BBeJeMO MaTpULI0 A pO3MIpOM ¢Xj, eIeMEHTH K01 BHU3Haua-
IOTBCSI fIK:
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M
A =04~ 2, CanDujs
=M

ne 0, — cumBon Kponekepa. [IpencraBusmm R, y Burisai Matpuui-croBons R cucremy piBHsHB (7)
MOXKHA 3aIMCaTU Y BUIIAAI HACTYITHOTO MATPUYHOIO PIBHSHHS:
A-R=F.

Po3B’s3aHHA 1i€i cucTeMy piBHSHB JIO3BOJISE OTPUMATH BEIMYMHY Koe(illieHTa BiIOWTTS
XBuII TUITY H)0, SIKE 3HAXOAUTHCS Y TIEPLIOMY €IeMEHTI MaTpuLi-cToBNLs R.

Hns posrasHyToi qudpakuiiinoi 3agayi Oynu ckiaieHi allfOpUTMH YUCEIBHOTO PO3PaXyHKY
Ha [TEOM BennunHm koediieHTa BiOUTTS MaAaroyoi XBUIi B onuHUUHIN komipii PAP i3 3acrocy-
BaHHsAM Mmetoay Ieapra i MUIIO. [{ns nopiBHSHHS BUTpAIly Y MIBUAKOIT IPEACTABICHOTO MiAX0Y,
YHCJIOBI AJITOPUTMH CKJIaJJAIMCh SIK 3 BUKOPHUCTaHHAM MAaTPHUYHHX apu(pMETHUYHUX OIeparii, Tak i 3
BHUKOPHUCTaHHSM BKJIAJEHUX CyM 3a iHAeKcaMu m Ta ¢. B Xoai po3B'a3anHs 3a7a4i GikcyBaBcs yac, 1Mo
BHUTPAYAEThCSI HA OOYMCIIEHHS 3HAYEHHS KoedilieHTa BimOWTTSA magarodoi xBWiIl Hjy y XBHIEBOIAX
MU pi3Hill BEMWYMHI BpaxOBaHUX THUITIB XBWIb Ta KUIBKOCTI iTepalii npu ¢pikcoBaHOMY 3HaUCHHI Be-
JITYMHU KEPYIOY0ro 3CcyBy (as.

UucenpHi po3paxyHku BukoHyBanucs Ha [IEOM 3a gomomoroto 113 Octave 5.2.0 3 koHiry-
pariero CPU Intel Core 15-2500K 3,06 GHz, RAM DDR-III 8 Gb OC Windows 7 SP1. Po3paxyHok
BruKoHyBaBcs At DAP 3 mapamerpamu b/A = 0.5714, b = a. B 1abn. 1 nokazanuii cepenniii yac pos-
paxyHKy BelIWYHHU KoediuieHTy BigOuTTa y xBuiieBoni AP mist ¢pikcoBaHOro 3HaUCHHS KEPYIHOUOro
3cyBY ¢a3 k-b-sin® y mianazoni Big 0 1o 1/(2b) st 4MCIOBOTO aNTrOPUTMY, 110 BUKOPHCTOBYE BKIIAZE-
Hi CyMHU.

Tabnuya 1. Yac paxyHKy BennuuHH KoedinieHTy BigOuTTst meronom llIBapia 3 BUKOpuCTaH-
HSIM BKJIAJICHUX CYM

; Yac paxyHky (c), 1uist BenmuanHu M
2 4 6 8 10 12 14 16

2 10.0046674 | 0.026002 | 0.076338 | 0.17034 | 0.35435 | 0.59403 1.0041 1.2561
4 0.012667 | 0.072337 | 0.31002 0.5037 1.0497 1.9624 2.5865 3.7002
6 0.020334 | 0.11901 | 0.37102 | 0.82571 1.7288 2.9905 4.4576 6.243

8 0.028669 | 0.16634 | 0.50703 1.1371 2.3941 4.0846 6.2454 8.6435
10 | 0.036335 | 0.21535 | 0.65237 1.4921 3.2545 5.2963 7.7658 11.226
12 | 0.045003 | 0.26435 | 0.80771 2.0244 3.9522 6.5944 9.5782 13.539
14 | 0.054337 | 0.31002 | 0.95139 2.2905 4.4953 7.6041 10.91 16.014
16 | 0.064004 | 0.36202 1.1127 2.8652 5.265 8.8615 12.657 19.581
18 | 0.070671 | 0.41136 1.2484 3.0675 5.8497 10.057 14.172 23.059
20 | 0.079337 | 0.45369 1.3937 3.4462 6.5954 11.44 15.778 25.633

B 1abn. 2 nokazanuii cepeqHiid yac po3paxyHKy BETHUYWHHU KOe(illieHTy BiIOUTTS ISl aHAJIO-
TYHOI CTPYKTYPH 13 3aCTOCYBaHHSM YMCIIOBOTO AJITOPUTMY, 110 BUKOPUCTOBYE MaTpU4Hi oreparii. Sk
BUJHO 3 HaBEIEGHHUX PE3yJbTATIB, A1 aroputMy Meroaa LlIBapua npeacTaBiieHHs iTepaliiiHOl OCITi-
JOBHOCTI Y BUIJISIII MaTPUYHOTO PIBHSIHHA J03BOJISIE CYTTEBO 3MEHIIMTH Yac PO3PaxyHKY BETMUWHHU
koediuieHTa BinobutTsa. Tak, Hanpuknan, npu M = 16 (Q = 2M + 1) i xinbKocTi iTepauniit i = 16 3anpo-
MOHOBAHUH MiAXiA J03BONSAE OOYMCIMTH BEMMYMHY KoediuieHta Bimoutts 3a yac 0,389 cexkyHau, B
TOW Yac K aJIrOPUTM i3 3aCTOCYBaHHSAM ONepaliil BKIaJEHUX CYM JO03BOJISE OTPUMATH PE3yJbTaT 3a
19,581 cekyna. IIpu nipomy, 30inbmIeHHs ynciaa M B JBa pa3u 30UIbIIYE Yac paxyHKY AJIS 3aIIPOIIOHO-
BaHOTO aJTOPUTMY B 4 pasu, a Jjsl AITOPUTMY 13 3aCTOCYBaHHSM BKJIQZAEHUX cyM — B 6 pasiB. Cin
3a3HAYUTH, IO ISl 3aIPOIIOHOBAHOTO YHCIOBOI'O JITOPUTMY KUIBKICTh iTepaliil cinabko BIUIMBA€E HA
qac paxyHKy, 0coOiauBo npu M > 2. TakuM YMHOM, NPH 301IbIIEHH] YKCIa BPaxXOBAaHUX TUIIB XBHJIb
nepeBaru 3apornoHOBAHOTO MiAXOAY 3POCTAIOTh.
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Tabnuya 2. Yac paxyHKy BenHuuHH KoedinieHTy BigOuTTst meronom llIBapia 3 BUKOpUCTaH-
HSIM MaTPUYHOTO TPEACTaBICHHS

; Yac paxyHky (c), 1uist BenmuauHu M
2 4 6 8 10 12 14 16
2 1 0.0086006 | 0.027602 | 0.058203 | 0.099606 | 0.15241 | 0.22021 | 0.29782 | 0.38062
4 10.0086004 | 0.028602 | 0.058203 | 0.099606 | 0.15281 | 0.22261 | 0.29462 | 0.38182
6 | 0.0088006 | 0.030602 | 0.057803 | 0.10021 | 0.15361 | 0.22101 | 0.29482 | 0.39122
8 10.0080006 | 0.028002 | 0.059203 | 0.099406 | 0.15601 | 0.21441 | 0.29262 | 0.38622
10 | 0.0090004 | 0.028802 | 0.058203 | 0.10121 | 0.15461 | 0.22041 | 0.29702 | 0.38262
12 | 0.0092005 | 0.028602 | 0.060804 | 0.10081 | 0.15641 | 0.21561 | 0.29602 | 0.38782
14 | 0.0094004 | 0.028602 | 0.059003 | 0.10281 | 0.15421 | 0.22341 | 0.30022 | 0.38842
16 | 0.0098006 | 0.028201 | 0.060803 | 0.10241 | 0.15321 | 0.21681 | 0.29162 | 0.38902
18 | 0.0094006 | 0.029202 | 0.061204 | 0.10121 | 0.15701 | 0.21881 | 0.29202 | 0.38362
20 | 0.010001 | 0.028802 | 0.059603 | 0.10441 | 0.15701 | 0.22061 | 0.29722 | 0.38642

Hns yucnoBux anroputmiB Merogqy MUIIO neperBopenHst y Bupasi (7) HUKIIB MiICyMOBY-
BaHHS 3a 1HAEKCaMH m B MaTPHUHIi orepauii Ui OTpUMaHHS MaTpHULi A TaKOX JT03BOJISE CKOPOTUTH
Yac paxyHKy, 10 IOKa3aHo y Tabui. 3.

Tabnuya 3. Yac paxyHKy Ajsl pi3HUX BapiaHTiB YHCI0BOro anroputmy MUYIIO

Yac paxyHky (c), 1uist BenmuanHu M
B anropity 2 4 6 8 10 12 14 16
Martpuuni onepanii | 0.0086 | 0.0262 | 0.0534 | 0.0934 | 0.1446 | 0.2082 | 0.2816 | 0.3760
Bxnageni cymu 0.0148 | 0.0458 | 0.1148 | 0.2294 | 0.3918 | 0.6304 | 0.9491 | 1.6449

3 tabn. 3 BungHo, mo s MYIIO, sk i ans meroxy LlBapia, 3011bIIEHHS YKCa BpaXOBaHUX
TUIIB XBUJIb B 1B pa3u NPU3BOJUTD A0 30UIbIIEHHS Yacy paXyHKY y NpHOJIN3HO 4 pa3u st ajdropuT-
MiB 3 BUKOPHUCTaHHAM MaTPUYHUX Olepaliil i npubiau3Ho 6 pas3iB I aJrOPUTMIB 3 BUKOPUCTaHHSIM
BKJIAQJICHUX ITUKIIIB.
JloibHO MPOBECTH OLIHKY BIUTUBY YKCIIa BPAXOBAHUX THUITIB XBUJIb HA TOYHICT PE3yJIbTATIB,
OTPUMaHHUX PO3TISTHYTHMU MeTonamu. Y Tabi. 4 mokaszaHi 3Ha4eHHsS Moayis i (as3u koedimieHTa Bin-
outTs npu sinf = 0.05 11 pizHUX 3Ha4YeHb M, a TAaKOXK Yac paxyHKY [IMX 3HA4eHb IPU BUKOPUCTAaHHI
3alpONOHOBAaHUX YMCIOBHX anroputmiB. s meromy llIBapua KinmekicTh iTepariii, HeoOXigHa IS
OTPMMAHHS pillleHHs 3 TounicTio 107, ckmama i = 15.

Tabnuysa 4. JlocnimkenHs 30DKHOCTI 32 KUTBKICTIO BpaXOBaHUX THUITIB XBHJIb [UTS PI3HUX METO/IIB

M Merton lBapua MUIIO
Mogyne | Pa3za (rpan.) | Yac paxynky (¢) | Moayns | @a3a(rpan.) | Yac paxyHky (c)

2 | 0.34005 156.23 0.0070 0.34005 156.23 0.0100
4 | 0.34464 155.70 0.0320 0.34464 155.71 0.0300
6 | 0.34587 155.65 0.0570 0.34587 155.65 0.0600
8 | 0.34637 155.66 0.0950 0.34637 155.66 0.1100
10 | 0.34662 155.68 0.1430 0.34662 155.68 0.1730
12 | 0.34676 155.70 0.2070 0.34676 155.70 0.2390
14 | 0.34685 155.72 0.2870 0.34685 155.72 0.3210
16 | 0.34691 155.73 0.3960 0.34691 155.73 0.4270
18 | 0.34695 155.74 0.4680 0.34695 155.74 0.4800
20 | 0.34698 155.75 0.5870 0.34698 155.76 0.5790
22 | 0.34701 155.76 0.7480 0.34700 155.76 0.7300
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24 | 0.34702 155.77 0.8681 0.34702 155.77 0.8951
26 | 0.34704 155.78 1.1811 0.34704 155.78 1.0061
28 | 0.34705 155.79 1.2801 0.34705 155.79 1.1801
30 | 0.34706 155.79 1.4541 0.34706 155.79 1.3391
32 | 0.34706 155.80 1.5671 0.34706 155.80 1.5351

3 Tabmn. 4 BUAHO, MO 30UTBIIEHHS YKcIa BPaXOBaHUX TUIIIB XBHJIb Bele 0 MOKPAIIEHHS TOY-
HOCTI pe3y/bTatiB. Yac paxyHKy IpH [OMY IPONOpUiliHMil Bemuunai M. Takox, B XOJi YHCETLHOIO
EKCIIepUMEHTY OyJi0 BCTaHOBJICHO, IO HPHU JOCATHEHHI MEBHOI'O 3HAYEHHS MOJaJbIle 301TbIICHHS
Yrcia BpaXOBaHUX TUIIIB XBUJIb HE IPU3BOIUTH JI0 MiABHUILEHHS TOYHOCTI pe3ynbTary. TakuM 4uHOM,
JOLITBEHO 301TBIIYBATH YHCIIO BPaXOBaHUX THUITIB XBHJIb 10 THX IIip, MOKH HE OyIyTh HOCATHYTI 3a1aHi
BHMOT'H IO TOYHOCTI NPH 30epeKEeHH] MPUIHATHOTO Yacy paxyHKYy.

BucHoBkn

1. B pobori Bukonano po3Butok meroxy llIBapuma ta MUIIO, sikuii 103BONMB MiABHIMTH
e eKTUBHICTh BKAa3aHMX METOJIB Ta COPOCTUTH IX aJIFOPUTMI3alilo P PO3B’A3aHHI 3a1a4d qudpaxiii
eNIeKTPOMAarHiTHOI XBUJIl Ha HEOJHOPITHOCTSIX Y XBUJIeBOIHUX npuctposix HBY.

2. llokazano, o npencTasieHHs iTepaliiHoi nponenypu meroxy lIBapua i onepauiii i3 pyH-
KuissmMu ['piHa y BUTIISAI MAaTPUYHUX aprU(PMETHYHHUX OIepaliil J03BOJIsE 3HAYHO 30UTBIINTH LIBHIKO-
JII0 aJrOPUTMIB YHCETBHOTO PO3PaXyHKY JUIS PO3TIISTHYTHX METOIB.
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THE MATRIX REPRESENTATION OF THE SCHWARTZ ALTERNATING
METHOD FOR SOLVING DIFFRACTION PROBLEMS
Gnatyuk M., Garkavenko 1., Kononenko A.

Methods for solving electromagnetic problems are traditionally divided into analytical, direct
numerical and numerical-analytical methods. Analytical methods allow obtaining an exact solution of
the problem with closed form equations, but are applicable only to a limited class of problems; direct
numerical methods are universal with regard to a structure under consideration, but demand significant
computational resources. At the same time, numerical-analytical methods combine advantages the first
two groups of methods, so their development is of interest.

The aim of this paper is to develop numerical-analytical methods for analyzing the process of
electromagnetic wave diffraction in high frequency devices, namely: the Schwartz alternating method
and the method of overlapping partial domains.

The application of the Schwartz alternating method and overlapping partial domains method to
diffraction problems leads to the calculation of series in the form of sums limited by a finite number of
terms of the series, which slows down numerical algorithms for these methods, and sometimes does
not allow them to be used effectively. To overcome this limitation, authors propose the representation
of operations with infinite series in the form of matrix operations. This approach has significantly re-
duced the performance time of numerical algorithms for the considered methods. The iterative proce-
dure of the Schwartz method is represented as a recurrent expression with for unknown value of the
reflection coefficient. Further, this expression is represented as a matrix equation, which is solved by
iterative methods.
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Thus, further development of the Schwartz alternating method and the method of overlapping

partial domains for solving the electromagnetic wave diffraction problems is presented in this paper.
Numerical algorithms, which allow increasing the efficiency of presented mathematical methods by
increasing their performance and simplifying the algorithmization procedure, are proposed. As a re-
sult, the dependence of the performance time for the different variants of the considered methods is
presented. It is shown that the advantages of the proposed approach are more significant in case of
increasing the number of considered terms of the series, which can make the analysis of vector prob-
lems more efficient.
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LenTpanbsHOYKpaiHCHKUH Aep>KaBHUH MefaroriyHui yHiBepcurer iM. B. BurHn4eHka,
M. KponuBHUIbKUN

JOCJIJIXXEHHS XBUJILOBUX PYXIB Y TPUIIIAPOBIN I'IJIPOJIJMHAMIUHINA
CUCTEMI dIIAP 3 TBEPUM JHOM - IITAP — ITAP 3 KPUIITKOIO»

Jlocnioacyemuves 3a0aua NOWUPERHs X8Ulb y MPUUAposii 2i0poOUHAMIUHIN cucmemi «uap 3
MEepOUM OHOM — AP — WAp 3 KpUKoioy. [ nepuioeo HaOIudiCenHs OmpUMano oucnepciine cnig-
giOHOWeEHHsT ma 08I napu KopeHie. OmpumMaro eupasu GiOHOWEHb AMNIIMYO BIOXUIEHb HOBEPXOHb
KOHMAKmy, 5Ki 8i0n06i0aoms KOPeHIM OUCHEPCIIHO20 PIGHAHHA. 3ANeHCHOCMI 8IOHOWEHb AMNIIINYO
8i0 pi3HUX DI3UYHUX NAPAMEMPIE epApIUHO NPOITIOCMPOBAH] MA NPOAHANIZ06AHI.

Knrouoei cnosa: sionoutents amniimyo, Xeuii, X6Uib08uULl pyx.

The problem of wave propagation in a three-layer hydrodynamic system "layer with a hard
bottom - layer - layer with a cover" is investigated. For the first approximation, the variance relation
and two pairs of roots are obtained. The expressions of the relations of the amplitudes of the devia-
tions of the contact surfaces, which correspond to the roots of the dispersion equation, are obtained.
The dependences of the amplitude relations on different physical parameters are graphically illu-
strated and analyzed.

Keywords: amplitude ratio, waves, wave motion.

IHocTanoBka nmpodaemMu

JocnimKeHHs XBUIbOBUX MPOLECIB y piAMHAX 3 PI3HUM THIOM cTpaTudikamii 3a TYCTHHOIO
MPOBOAATHCS CYYaCHUMH BUCHHMHU B HATYPHUX YMOBAaxX Ta €KCIIEPUMEHTAIBHO 3a JIOMOMOrOI0 PiHH-
HUX CHCTEM Pi3HOI CTPYKTYpH Ta 3a JOMOMOIOI0 MaTeMaTHYHHX Mmozened. YuncenbHuil Ta QisnyHnit
aHaJIi3 TaKMX MOJIEeNel J03BOJIsE He TUTHKH 3pO3YMITH pealibHi (pisuuHi nporecu y CBITOBOMY OKeaHi,
a ¥ CIyTyIOTh TEOPETUYHHUM JOTIOBHEHHSM [T MaiOyTHIX €KCIIEpUMEHTIB.

TakuM YMHOM aKTyalbHUM € JIOCHTIKEHHS MPOOJIeMU MOMIMPEHHs CIaOKOHENIHIMHUX XBH-
JHOBUX MAKETIB y TPHUILAPOBIA TiAPOAMHAMIUHIN cHCTeMi «map 3 TBEpAMM JHOM — Imap — Imap 3
KPHILIKOIO».

AHaJIi3 0OCTaHHIX JOCTIIKeHb Ta MyOJiKamii

JocnimKeHHsT XBUIbOBUX MPOLECIB y CTpaTH(IKOBAaHUX piIMHAX Y CUCTEMaX Pi3HOTO THIIY €
npeaMeToM 0araTboX Cy4acHHX JNOCHIKEHb TiAPOAMHAMIKH.

VY mochimxendi [1] y nHabnmkenHi Byccinecka po3riisgaioTecs BUIbHI BHYTPILIHI XBHIII B JBO-
BHUMIPHOMY BEPTHUKAJIbHO HEOAHOPIAHOMY CTpaTU(iKOBAaHOMY IOTOLI 3 ypaxyBaHHSAM oOepTaHHS 3e-
M. PiBHSHHS 111 aMIUTITyM BEPTHKANbHOI IIBUAKOCTI (PiKCcOBaHOI MOIM BHYTPIIIHIX XBHJIb Ma€
KOMITJIEKCHI Koe()illieHTH; OTKe, BIacHa (yHKLIsA 1 yactora XBUJIl ckiagHi. BeTtaHoBieHo, mo ysBHA
YacTUHA YaCTOTH MaJja i MOXke OyTH SIK IO3UTHBHOIO, TaK 1 HEraTUBHOIO. 3 Ii€1 MPUYMHHU B 3aJICKHOCTI
BiJl XBUJIBOBOT'O YHCJIa 1 HOMEpa MOAM MOXIIMBO SIK CJIa0Ke 3aTyXaHH, TaK 1 claOKe OCUIIEHHS XBUIIL.
[loToku iMIynbCcy BepTUKAJIbHOI XBHJII BiAMIHHI Bil HYJA 1 MOXYTh MEPEBUIIYBaTH BiANOBIIHI Typ-
OYJICHTHI TIOTOKH.

VY crarti [2] mocmimkyeTbess mpoOieMa MOMKMPEHHS Ta B3a€MOAIl XBWIIb B3/IOBXK ITOBEPXOHB
KOHTAaKTy y TiApOIMHAMIYHIA CUCTEM1 «PiIKUH MiBOPOCTIp — map — map 3 TBEPAOI0 KPHIIKOIo». [Ipo-
aHaJII30BaHO 3aJIGKHICTh BiIHOLICHHS aMILTITY[ XBWJIb Ha MOBEPXHSIX KOHTAKTy IPU Pi3HUX TE€OMET-
pUUYHUX Ta QI3HYHHUX MapaMeTpax cucteMu. JociiKeHO CTPYKTYpY XBUJIBOBUX PYXiB Ha MOBEPXHSIX
KOHTAKTY.

V crarri [3] gocHimKyeThCs SIBUILE, KOJIM BHYTPILIHI XBHUJIi ONUCYIOTH (JiHIMHKN) BIATYK He-
CTHUCIHBOI cTabLIBHO cTpaTu(iKOBaHOI PiAMHN Ha HEeBeNUKi 30ypeHHs. Haxui iX rpymnoBoi mBHUAKOCTI
II0/I0 BEPTUKaJl MOBHICTIO BU3HAYAETHCS iX 4acTOTOI0. JJOBOMUTHCS, 110 B 1[I KPUTUUHIN reomerpii
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cIIaOKOB’s13Ki 1 clmaOoHeNiHIHI XBIIIbOB1 PIBHAHHS HACIPaBAi MAalOTh PO3B’SI30K, SIKUI 10Ope armpok-
CHUMYETBCSI CYMOIO MaJarouoro XBHJILOBOTO TaKeTa, BiToOpaskeHol APYroi rapMOHIKH 1 JesIKMX YICHIB
MPUKOPAOHHOTO LIApPY.

VY mochimxeHHi [4] po3risgHyTa TEOpis TPUIIAPOBUX CTPaTHU(IKOBAaHMX 3a TYCTHHOIO ifeajb-
HUX PIOMH 3 METOIO ii y3araJbHEHHS Ha BHMAAOK n-inapiB. OCHOBHA yBara NpUAUIIETHCS CTPYKTYP-
HUM BJIACTUBOCTSIM, OCOOJMBO y BUIAJKY dOPCTKOro oOMEXeHHs BepxHboi Kpumku. [Tokazano, mo
JOBrOXBHJIbOBA Oe3ancrepciiiHa Mexa sBJisie cOO0I0 CHCTEMY KBa3iuTiHIHHUX PiBHSHB, IO HE TOIYyC-
KatoTh iHBapiaHTiB PimMaHa. Takok oOroBoproioTbcss Mexka bycciHecka i ciMeicTBO cremiadbHHX
PO3B’sI3KiB, HeaBHO BBeAeHHX Ae Merno BipicciMo 1 MineBcbKkuM.

VY nmochimkeHHi [5] po3rasaaeThes MOMMUPEHHS MIOCKUX KaNUISPHUX TPaBiTalliiHAX BiJOKpe-
MJIEHUX XBWJIb MOCTIHHOI opMu B TpuIIapoBiii moctaHoBwi. [IpomMi>kHa pianHA BBa)Kae€ThCs CTPATH-
(ikoBaHOIO, @ BEPXHS 1 HKHI — OAHOPIAHUMH 1 HECKiHUeHHO TuOokuMu. OnHa abo oOKBi rpaHuLi
PO3ILTY CXWIBbHI A0 KaminsapHOCTi. JlocmipkeHHs MoXe OYTH 3aCTOCOBaHE JI0 BUIAKY JBOX TIIMOWH-
HUX PiWH, KOJIHM OfHA 3 HUX cTpaTH(ikoBaHa moOmM3y rpanuni posniny. OctanHe HOPMyYITIOBaHHS
Ma€ BiTHOLIEHHS 10 TOCTIKEeHb KallUIAPHUX TPaBiTalliiHUX XBIIb B MEpexigHild 001acTi MK MOpChb-
KOO BOZIOIO 1 PIIKUM BYTJICKUCIUM ra3oM B TIMOMHAX OKEaHy.

[lokazaHo, MO B PO3MIIAHYTIMl MOCTaHOBLI KamISIpHO-TpaBiTaLliliHi BiZOKpeMIIeH1 XBUIl KiH-
LEBOi aMILTITyId MigKOPSIIOTHCS IHTErpaibHO-IU(PEpEHLIATbHOMY PIBHIHHIO, SIKE MICTUTH 3aKOHHU
mucniepcii Kopresera-ne ®piza (KdV) i benmkamina-Bono (BO), a Takox crienudiuHy HeliHiiHICTS,
110 3aJISKUTH BiJ BIACTHBOCTEH CTpaTH(IKOBAHOTO MIApYy.

VY poborti [6] Oyno excepuMEHTaIbHO AOCTIIKEHO MOMNPEHHS BUCOKUX BHYTPIIIHIX BiTo-
KpPEMJICHUX XBHJIb 10 BETUKOMY TPUKYTHOMY I'peOeHIO B MOTOLi cTpaTtu(ikoBaHol pinuHU. Xapakre-
PUCTUKH TOmMpeHHs migHeceHnx ISW Han rpebeHem Oynu BHMIpsiHI 32 JOMOMOTOIO TPUIANy VIS
BHMIpPIOBaHHS XBUJIb B pealIbHOMY 4aci i BeociMeTpii o 300pakeHHIX YaCTHHOK, BiATIOBiAHO.

V crarri [7] ans B3aeMomii 3 )KOPCTKOIO TIOPUCTOIO CTPYKTYPOIO y Burisiai T-o0pasHoi mepe-
TOPOIKHA B YMOBaxX IUIECKaHHS MOJETIOETHCS YHCETbHA MOJENb, IO MICTHTh CTpaTU(iKOBaHI IO
LIUTBHOCTI MIapH piAkoi HadTH 1 BOAU B MPSIMOKYTHOMY pe3epByapi. st BiAcTe:KEHHsI eBOMIOLIT MixK-
¢azHoi 1 BiIbHOT OBepXHEBO1 XBUII 3 piBHAHHAME HaB'e-Ctokca i Bpinkmana, sKi KepyloTh TOTOKOM
HECTUCIUBOI PIAMHU 1 MMOTOKOM Yepe3 MOpPHCTy O0JacTh BiIMOBIHO, BUKOPHCTOBYETHCS AOBUIBHUN
meron Jlarpanxka-Eitnepa.

Cepist BUNIAAKIB YCTAHOBKH MOZEITIOETHCS ISl CHOCTEPEKEHHS B3a€MOIIT IapyBaToi PiAMHM 1
MiK(]a3HOT XBIIII 3 TTOPUCTOIO CTPYKTYPOIO. AHAJI3yeThCsl BIUIMB MOPHUCTOI CTPYKTYPH 1 ii eeKTuB-
HICTH B TacCiHHI MOB'SI3aHUX XBWJIb KOJHMBaHHS 1 yAapHOrO THCKY Ha CTIHKU pe3epByapa MpH pi3HUX
KOH(]Irypamisix ycTaHOBKH.

B cratTi [8] mochimKkyeTbes MOMMPEHHs] OJHOBUMIPHUX HECTAl[iOHAPHUX XBWJIb B HACHYEHO-
My OaraTomapoBOMy I'PYHTI 3 piIKUM moBepxHeBUM mapoM. Ha ocHoBi Teopii bio amst po3pobku aHa-
JMTUYHKX / HaMiBaHATITUYHUX PIlIEHb BUKOPUCTOBYIOTHCS METOJ PO3KJIalaHHs 3a BIaCHUMHU (DyHKIIi-
SIMH, METOJ] MaTPHIIi IIEPEHOCY, METO MPOCTOPY CTaHIB 1 METO iIHTErpyBaHHs TOYHOI'O TUMYaCOBOT'O
Kpoky. Ha uncieHHMX MpHKIagax aHali3yeTbcsl BIUIMB Koeili€HTIB AMHAMIYHOI MPOHUKHOCTI AJIS
piIMHE Ha mepexiiHy XapaKTepUCTHKY MOJENI, IO BaXXJIMBO B J0JATKaX Ui MOPCHKOI CeHCMIKH i
aKyCTHKH OKeaHy.

VY crarti [9] npencTaBieHO SBHUH TOYHUI PO3B’A30K HENiHIHHOTO OCHOBHOI'O PIiBHSHHS 3
ynenaMu Kopiomica i 1OIEHTpOBIMH WieHaMH B MOAU (pikoBaHOMY HaONMKEHH1 eKBaTOpianbHOI OeTa-
TUTOIIMHHY 1 Ha JOBUIBHIA KPOTi. PO3B’ 30K Omucye XBHUJIi B JarpaHKeBiil a3uMyTallbHill eKBaToOpia-
JIBHINA MACTI, U0 MOIUPIOIOTECS HA CXiA B CTpaTH(ikoBaHIl piMHI, 110 00EPTAETHCA.

V crarri [10] B pamkax piBHsiHb HaB'e-Ctokca st cTpaTudikoBaHOl pilMHNA YHCEIBHO JOCIi-
JDKeH1 AMHaMiKa 1 eHepreTuka J000BOro 3ITKHEHHS BHYTPIIIHIX BiIOKpEMIIEHHX XBHJIb MEPLIOT MOIU
B PiMHI 3 TBOMa OIHOPIIHUMH IIApaMH, PO3ALUICHUMH TOHKMM Mibk(]a3HuMm mapom. Byno mokazaHo,
0 J1000BE 3ITKHEHHs BHYTPIIIHIX BiJOKPEMJICHHX XBWJIb MOl 1 MOMIPHOI aMIUTITYAW MPU3BOAUTH
70 Masioro (a30BOro 3CyBy i reHepalii Iiyra JUCIepCiiiHIX XBUJIb, IO ODKATh 32 MHHYJIOIO BIJOKPEM-
JICHOIO XBUJICIO.

da3oBwmii 3CyB 3pOCTa€ 3i 30UTBIICHHSIM aMIUTITY]l B3a€EMOJIIFOYMX XBHJIb. MaKkcuMaabHa aMIl-
JiTya HaKaTy NpH 3iTKHEHHI XBWJIb JOCATA€ 3HAYEHHS, L0 MEPEBHIIYE CyMy aMIUTITYH Magalounx
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BiJOKpeMJIEHUX XBHJIb. [lepeBHILEHHS MakCHMaJbHOI aMIUTITYIM HaKaTy HaJ CyMOIO aMILITy[ 3y-
CTPIUHUX XBHJIb 3pOCTA€ 31 30UTbIICHHSIM aMIUTITYAN B3a€MOAIIOYMX XBUJIb MOl 1 TIOMIpHOI aMILTi-
TYIH, TOA1 K VIS 3yCTPIYHUX XBHJIb BEJTMKOI aMILTITYIX BOHO 3MEHILIY€EThCA.

VY pobori [11] po3riaHyTO akTyanbHI 3ajadi, 10 BUHUKAIOTH B OkeaHorpadii i mos's3ani 3i
cTpaTH(iKOBaHMMH TEUisIMH, TAKUMH K TPaBiTaLlii{Hi TOTOKK Ha KOHTUHEHTAJILHOMY CXHJI Oinst AH-
TApKTUYHOTO IMIBOCTPOBA, JIe PO3TAIIOBaHa yKpaiHCbKa aHTapKTHYHA CTaHLisl «Akagemik BepHanchb-
K{I», TeHepalilo Ta MOUMPEHHS BHYTPIIIHIX XBHJIb Y MOPSX Ta OKeaHax Ta iX BIUIMB Ha MepeMimy-
BaHHS B IENb(POBUX 30HAX.

VY mochimxendi [13] 3a 10MOMOroro JIarpaHKeBOro OMHCY PYXY PiIMHE BUBYAIOTHCS IrpaBiTa-
LilfiHI XBHJII CTOKCOBOTO THILy B CHCTEMi BOX TOPH3OHTAJIBHHUX IIAapiB HEB'S3K0I, cTpartnikoBaHOl
pinuHm, mo 3mimyetses. [lokasaHo, mo s TOro, mo0 MOBHUM BEpTHKAIBHO-IHTErPOBAHUH MOTIK
Crokca cTaB piBHUM HYJIIO, IIUIBHICTh IOBUHHA OYTH HETlEpPEPBHOIO HA TPAHMLII PO3ILTY.

VY pobori [14] mocnimkyBanacs MOIENb MOMUPEHHS XBUIIb y TiAPOAMHAMIUHIN cHcTeMi «pia-
KW 1Iap 3 TBEPAUM AHOM — PIOKHUil ap 3 BUIbHOIO MOBepXHeto». [loka3aHo icHyBaHHA BHYTPILIHBOT
1 MOBEpXHEBOI CKIIaJOBUX XBHJILOBOTO MOJIsI TA MPOAHATII30BAHO X B3a€EMOJIIIO.

DopMyJTHOBAHHS METH T0CTITKEHHS

Meroro naHoi poboTu € AOoCHiKeHHsT TPoOIeMH MOMNPEHHs CIaOKOHETIHIHHINX XBHIIBOBHX
MAKeTiB y TPUILAPOBiH TiIpOANHAMIUHIN CHCTEMI «IIap 3 TBEPAUM JAHOM — MIap — MIap 3 KPHIIKOO». 3
BUKOPUCTAaHHSIM MeToAy OaraToMaclITaOHMX DPO3BHHEHb OTPUMATH TepIly JiHIHHY 3azady Ta ii
po3B’si3ku. OTpUMaTH BUPaA3W JUIA BiAHOLIEHb aMILTITY[ BiIXWJICHb BEPXHBOI T4 HIKHBOI MOBEPXOHB
KOHTaKTY, K1 BiANOB1IAIOTh KOPEHAM IucHepciiHoro piBHAHHI. OTpuMatu rpadiku 3aaeKHOCTI Bij-
HOLICHb aMIUIITY/ Bif TakuxX (Qi3MYHHX MapaMeTpiB: TOBILMHH BEPXHBOTO Ta HIKHBOTO IIAPIB, XBU-
JIBOBOr0 yncna. [IpoBecTu sKicCHUI aHali3 TOBEIIHKY BiTHOLIEHb aMILUTITYI.

Bukiiax ocHoBHOTO MaTepiaiay

VY nmaniii cTaTTi AOCTiIKYEThCS 3a/1a4a MOMIMPEHH XBIJIBOBUX MAaKETIiB y TPUILAPOBIH TiApo-

JMHAMIYHIN CHCTEMI «Iap 3 TBEPIUM JHOM — Iap — map 3 KPUIIKow» (puc. 1).

z h+h

Puc. 1. TloctaHoBka 3a1aui

He Q, = {(x, z): |x| <oo,—hy <z< 0} 3 TYCTHHOWO p,, Q, = {(x, z) :|x| <0,0<z< hz} 3 TYCTHU-
HOW p,, Q; = {(x, z):|x| <o,h, <z<h, +h3} 3 TYCTHHOK p, — HWXHIH, cepenHiil Ta BepxHill
HIapy BIANOBIAHO, PO3JLUIEHI NOBEPXHAMH KOHTAKTy z=T1,(X,f) Ta z="n,(x,¢). BepxHniii map o0-
MEKEHHH KpHUIIKOIO, HIKHIM map oOMexeHWid TBepauM OHoM. Cuiia TSDKIHHS HampaBlieHa y
BiJl’€MHOMY Z-HAIIPSIMKY TEPHEHANKYIAPHO 10 MOBEPXHI PO3MOALTY.

MaTemMaTiyHa MOCTAaHOBKA MPOOIEMU BUTIISIIAE HACTYITHUM YHHOM:
MIBUAKICT MOIMIUPEHHS MAKETiB

(p_/,x,‘c + (p_/,zz = 0 Yy Q_/’j = 17273 s (1)
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KIHEMaTHYHI YMOBHU Ha MOBCPXHAX KOHTAKTY
nl,t - (p_/,z = _(p_/,xnl,x npu z = nl(xﬂ t) 5 ] = 132 5 (2)

Ny =@, =—9; My, IpH Z=h, +M,(x,8), j=23, 3)

JUHAMIYHI YMOBU Ha MOBEPXHSIX KOHTAKTY
3

1 1
PP, — PPy, + g(p, —py)ny +Epl(V(P1)2 _Epz(V(Pz)2 _Tl(l + (m,x)z) Mi = 0

opu z =1,(x,t); 4
3

1 1 -
PaPr, —P3P3, +g(py — P3N, +Epz(V(Pz)2 _593(V(P3)2 _Tz(l"'(nz,x)z) Mo =0

opu z =hy +n,(x,1), (&)
yMOBa HEITPOHUKJIMBOCTI HA JTHI
¢. =0 npu z=—h, (6)
YMOBa HEMPOHHUKIUBOCTI Ha KPULILi
¢, =0 mpu z=h, +h,, (7

ne @; (j=1,2,3) moreHuiany MWBUIKOCTI YACTUHOK B €2, M;,M, — BIIXHJICHHS [OBEPXOHb KOHTAK~

1y, 1,7, — Koedilli€eHTU TOBEPXHEBOIO HATATY HA IIOBEPXHAX KOHTAKTY, g — IPUCKOPEHHS Bilb-

HOTrO maaiHHS.
3a JOnOMOro MeToay 0arato MacIiiTaOHUX PO3BUHEHb, (PYHKIIIi BiAXUJICHHS MTOBEPXOHb KO-
HTAaKTy Ta TMOTEHINIAN IBUIKOCTEH NPEACTABICHO Y BUTIISII

3
n,(x,1) = zoﬁ"fln_/n (X0, %1, X 00, 11,85) + O(a’),j=1.2; (®)

n=1

3
0, (x,1,2) = Y 0”0, (Xg, X1, Xy Z, g 1y, 15) + O(0), j = 1,23 ©9)

n=l

3ajaya repmoro HaOJINKEHHS MA€ BUTIIST

@i, TP2=0y Q=123

My =Pz = 0 Haz=0,7=12;

Nary, —Pj1z = Onaz=h,,j=23;

Qi —P2P21g, + L=po)Ny =Ty, =0HA 2=0;

P2Pa1y, —P3P31y, + (P2 —P3IM2t — oMoy, =0 HA Z=hy

Oy, = Ona z=—h;

03, =0 Ha z=h, +hy. (10)
Hacrymni aBi 3aayi niHiliHi 3a71a4i HaBeneHi y poooTi [12].

Jnst 3aa4i epiioro HaOMMKEHHST BUBEIGHE AUCIIEPCiiiHE CIiBBiTHOICHHS:

2 4
py® 32
————\(1-p,)k+T k" — o (cth(kh)) + p,cth(kh,))|x
iy Pk TH —0 Cth(kh) +pacth(hy) )
x((p2 = ps)k + Tk — 0 (pscth(khy) + pscth (ki )))= .
Otpumane nucrnepciiiHe CIiBBiAHOLICHHS Ma€ JBi Mapy KOPEHiB
2_—b+\/b2—4ac » —b- b —4ac

@ 2a » 2 2a ’ (12)

ac

2
a= zp—z — (p,cth(kh,) + pycth(khy))(cth(kh ) + p,cth(kh,)) ;
sh>(kh,)
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b = (p,cth(kh,) + pscth(kiy))(1 = py)k + Tk ) + (k(p, — p3) + Tk )(cth(khy) + p,cth(kh,)) ;

c=—(k(p2—p3)+T2k3)((l—p2)k+le3). (13)
Hns o,
o0 =— 2O chk(h, + ) Asin(ky — w,t)
ksh(kh,)
_ _ 32 _ 2
91) __ 2o,ch(k(h, —2)) N 2((1 = py)k + k™ — o cth(kh)) — p,o; cth(kh,))ch(kz) Asin(kx— to,)
ksh(kh,) P,k
o = 2sh(kh, )(1 - p, )k + T,k> — w;cth(kh, ) — p,w cth(kh,))ch(k(h, + hy —2)) Asinhe—r0)):
P, ksh(khy)
N =24cos(kx — o t);
_ 3.2 _ 2
n(211) __ sh(kh, )(1—p,)k+Tik 2(’)1 cth(kh) —p,wjcth(kh,)) 2 Acos(hkx— 1) (14)
®; P,
Hns o,
@ _ 2pzo);ch(k(h1 +z))Bsin(kx — o,t) )
o ksh(kh, )sh(khy)(1—p, )k + T,k> — w3cth(kh, ) — p,w3cth (kh,))
pa— 2 1 pa—
o2 = ch(k(th j))pzwz : +ch(ks) 20, Bsin(kx — o,1) :
sh(khy)((1—p,)k + Tk” — w5cth(kh)) — p,m5cth(kh,)) ksh(kh,)
@ _ _ 20,ch(k(hy + hy — z))Bsin(kx — 0,f) |
Pt ksh(kh,) ’
n® = — 2B cos(kx — m,1)05p, .
U sh(khy)((1— py)k + Tk — wicth(kly ) — pyo3cth(khy )
N2 = 2Bcos(kx —m,t). (15)
Jle n') — xBuns-siaryk ma xsumo 1!} 3 yacToror0 ®, Ta aMIIITY/I0I0 4 Ha HIKHIil TIOBEp-

XHI KOHTaKTy. A 2) € XBI/IJ'ICIO—Bi)_IF KOM Ha XBHJIIO @ 3 YaCTOTOK @, Ta AMILTIT p1{0) 3] B Ha Bepx-
21 11 2

Hill TOBEpXHi KOHTAKTY.
[IpoBenemo aHami3 MOAyJsl BiTHOIIEHHS aMIUTITYZ BiAXWIEHb HMXKHBOI Ta BEPXHBOI MOBEp-

XOHb KOHTAKTy M,,(X,£) Ta M,,(x,t), O BiANOBIAAIOTE ®; Ta ®; JUIs Mepuloi NinitiHoi 3amaui. Jani
MOJLyJIi BITHOILIEHb [TO3HAYMMO HACTYIIHUM YHHOM
_ || sh(ky (1= py)k + 11k — o}cth(khy) — pro; eth(khy )|

1= 2
P20

_ Pzwé | (16)
sh(khy )((1 - p,)k + Ty — wacth(khy) — p,wicth(khy )|

A€ a; Ta a, XapaKTCPpU3yKOTb BHCCOK XBHJIl 3 4aCTOTOO ®; Ta (I, BIAIIOBIAHO Y XBHJIbOBUHM PYX Ha

az—

MOBEPXHSIX KOHTAKTY.
Ha puc. 2, 3 npencrasiieHi rpagiky 3a1eXHOCTI BEIMYUH @, Ta @, Bl TOBLUIMHH HUKHBOIO

mapy /4, IOpu pi3HUX 3HAYEHHSAX A, Ta (PIKCOBAaHUX IapaMeTpPiB I'YCTHH CEPEIHBOrO Ta BEPXHBOI'O
mapis. [Hii napamerpu HaOyBaroTh Takux 3HaueHb: 7, = 0,7, = 0,4, =1,k =1. 3 MantOHKIB BUJHO, 1110
SIKICHA TIOBE/IHKA BiIXHMJICHHSI aMIUTITY/] OJIHaKOBa. TakoX BUIHO, IO JJISl BCIX TPhOX BHIAJKIB IS
KOXXHOT'O 3HAY€HHs /i, iCHYIOTb IDAaHMYHI 3HAYE€HHS, JI0 SKUX HAOIMXKAIOThCS aOCOMIOTHI BEIUYUHU

a, Ta a,. llpu uomy, 31 30UIbLIEHHSM TOBIIMHM BEPXHbOro Iuapy Bix 1 no 10 rpaHuuHi 3HaYEHHS
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BEJIMUUH @, Ta a, 3MEHIIYITbcs. IIpu oMy, 3MiHA BiJHOLIEHHS I'YCTUH SIKICHO HE BILUIMBA€E HA IO-
BEIIHKY BiJIHOIIIEHHS aMILTITY/I.

3 TOuUKH 30py 30UIbIIEHHS I'YCTUHU BEPXHBOI'O IIapy, IPAaHUYHI 3HAYEHHS BEIUYMH a, Ta 4,
301TBIIYIOThCS. 301LTBLICHHS TOBIIMHU BEPXHBOTO IIAPY SIKICHO HE BIUIMBAE HA MMOBEIHKY BiTHOIIEHB
a, 1a a,. Ilpu p, =0.95,p, =0.9 (puc. 26, puc. 36¢) rpaHUYHE 3HAYEHHS, 10 KO0 HAOIMKAIOTHCS

aOCOJIIOTHI BEJIMUUHU @; Ta a4, OJHAKOBE.

p,=0.9p; =085

1 2 3 4
Frl

a

003

h. =5

3 -
/‘/
/ h=10

4 4.5 3
F:rl

p,=0.95p, =0.85

10

0z

0937

CHETENY A
1

P, =0.95p3 =0.9

1 2 h 3 4 5
1

o

1 2 h 3 4 5
1

8

Puc. 2. 3anexHicTh BITHOIIEHHS aMILITY] @, BiA TOBIIMHU HIKHBOI'O HIAPY:
a—p,=09,p,=0.85 6—p,=095p,=085 ¢— p,=0.95,p,=0.9

a

p,=0.95p,=0.85

05663

056355

343A324042444648

05662 ;?3 =5 e
05661 j:/
0 5660 !
— 04

05639 ;3"3 10
05652
05657 /

7 05656 / h

- 1

1 2 h o3 4 3
1

o

Puc. 3. 3anexHicTh BITHOIIEHHS aMIUNTY] d, BiJ TOBLIIMHU HIXKHBOI'O HIAPY:
a—p,=09,p,=085 6—p,=095p,=085 ¢— p,=0.95,p,=0.9
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p,=0.95p =085 o[, =095 P53 =

6 0.5420 \

02835 \ 5 09415 \ ;? :10

0 94]iﬂ

1 2 h, 3 4 5

Puc. 4. 3anexHicTb BITHOUIEHHS aMILIITYy]] @, Bl TOBLIMHYU BEPXHBOI'O LIAPY:
a—p,=09,p,=085 6—p,=095p,=085 ¢— p,=0.95,p,=0.9

T 7 ?
=0.95p zosq

1.5530 |p~> 3 - —
. |12 P2 0.95 P,

1.5525 \ 05670, %2
3 ;? =10 BIRE S

15 0 5668 \ 05410

0 5667 _
4 1.55%5 4 0.5666 e\ ;:_.1 =10 R P R -\ :1':-'1 =10
a — 5\ 0.5665 ‘. a 200406| N,
2 15510 2 0.5664 ‘ \ z 0 9404 \
3 ' 3638404244464850 0.5663 ;?12 e, 3 N
F?3 =
2 2
. F?l =1 .
P,= 0.9p3= 0.85
0 0
1 2 3 4 3
hy 3
a 9] 8

Puc. 5. 3anexHicTh BITHOIIEHHS aMIUNTY] d, BiJ TOBIIMHU BEPXHBOIO LIAPY:
a—p,=09,p,=085 6—p,=095p,=085 ¢— p,=0.95,p,=0.9

Ha puc. 4, 5 npencrasieni rpadiku 3a1eXHOCTI BEIUYUH @, Ta @, BiJ TOBLIIMHU BEPXHBOIO
mapy h, I pi3HUX 3HAUEHHSX /; NpH (IKCOBAHUX 3HAYEHHSX YCTHUH P, Ta p,. [Ipu 30uIblIeHH]
TOBIIUHH /; 3HAUCHHS aOCOMIOTHUX BEIMYMH 3MEHUIYIOThCS. JIJsl KOKHOTO 3HAYEHHS TOBILMHU HIUK-
HBOI'O HIapy /4, ICHYIOTb BIJIOB1IHI PaHUYHI 3HAYEHHS, O SIKUX HAONMKAIOThCs A0COIIOTHI BEITHYH-
HU a, Ta a,. Y BCIX BUNAJAKaX 30UIbLICHHS TOBIUMHM HMKHBOIO IIAPY MPU3BOAUTH 10 30LIbLICHHS
BIANOBIJIHUX IPAaHUYHUX 3HA4YEHb BEIMYMH @, Ta a,. 3MiHA I'YCTUH CEPEJHBOrO Ta BEPXHBOI'O IIApiB
SKICHO HE BIIJIMBA€ HA MOBEJIHKY BIIHOIIEHb @, Ta @, .

[Tpu nocnikeHHI 3MIHU TOBIUMHM /; 31 30UIbLIEHHSIM T'YCTHHU P, TPAHUYHI 3HAUEHHS 000X

a0COJIOTHUX BEIWYHMH TakoX 30UTbLIYIOThCA. SIKiCHOT 3MiHM B mOBeniHLi rpadikiB HE BiIOYBA€THCS.
AHaJOriYHO 10 NONEePEeHbOr0 BUMAAKy Ipu p, =0.95,p, =0.9 (puc. 4 6, puc. 5 6) rpaHU4HI 3HAYEH-

Hs BIZIHOIIEHb @, Ta @, CIIBIAJAIOTh.
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1 )3 1 2 3f4

a o 8

Puc. 6. 3anexHicTh BiTHOIIEHHS aMIUTITY]l @, BiJl XBUJIbOBOIO YHMCIIA:
a—p,=09,p,=085 6—p,=095p,=0.85 6— p,=0.95p,=0.9

1 2 3 aks
8

Puc. 7. 3anexHicTh BITHOIIEHHS aMIUNITY]l @, BiJl XBHJIbOBOIO YMCIIA:
a—p,=09,p,=085 6—p,=095p,=0.85 6—p,=0.95p,=0.9

Ha puc. 6 Ta 7 HaBe/ieHa 3aJIeXKHICTh BITHONIEHb @; Ta a, BiJl XBWJIBOBOIO YMcla k Ui pi3-
HMX 3HaYeHb TOBIIMHU /. Y Bunazaky 6a ta 7a (xomu p, =0.9,p, =0.85) s rpasiTaniiHux Ta Kari-
JSIPHUX XBUJIb 31 30UIBIIEHHSAM XBHMJIBOBOIO UMCJIA 3HAYECHHS BEIMYMH @, Ta a, 30UIblIyloThCA. B
IHIIMX BUMAJKaX 31 30UIbIIEHHAM XBUJIBOBOIO YMCIIA 3HAYEHHS BIAXWIEHb aMILNTY] @, Ta d, 3MEH-

IIYIOTHCS, HAOKAIOUHCh JI0 TPAHUYHOTO 3HAYCHHS, OJM3bKOro 70 Hyist. YuM OulbIia TOBIIMHA HH-
’KHBOT'O IIapy /; THM OUIbIIE IOYaTKOBE 3HaYECHHs aOCOMIOTHUX BEIUYUH 4, Ta a,. Y BIANOBIAHUX

BUIIAJKaX 3MIHU I'YCTUH P, Ta P, HNOBEIIHKA BIAXWJIECHb aMIUNTYA @, Ta 4, € aHAJIOIYHOK0. Y BHIA-

IKax 66, 76 TAKOXK CIIOCTEPIraeThCs piBHICTh aOCOMIOTHUX BEJIMYHUH IS KAUIIPHUX Ta TPaBiTalliiHUX
XBHJIb.
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a

Puc. 8. 3anexHicTh BiITHOIIEHHS aMIUTITY/ @, BiJl XBUJIbOBOIO YMCIIA:
a—p,=09,p,=085 6—p,=095p,=0.85 6—p,=0.95p,=0.9

3 4afs

8

Puc. 9. 3anexHicTb BIJHOIIECHHS aMILITY/l a, BiJl XBUJIbOBOIO YHCIIA:
a—p,=09,p,=085 6—p,=095p,=0.85 6—p,=0.95p,=0.9

Ha puc. 8, 9 npeacraBiaeHo 3a1eXKHICTb aOCOMIOTHUX BEIUYMH @, Ta @, BiJ XBHIBOBOI'O YHC-
Ja JUld Pi3HUX 3HaU€Hb TOBIUMHM BEPXHBOIO IIAPy /A, [UIS Pi3HUX (PIKCOBAHUX 3HAYEHb P, Ta Ps.
ITpu p, =0.9,p, =0.85 BenuuuHM a, Ta a, 3pOCTAIOTH 31 30LIBIIEHHAM XBUJILOBOI'O YKCIA AJIsl IpaBi-
TalliHKUX Ta KaNUIIPHUX XBUJIb, B IHINMX BUIAJKaX 3MIiHU I'YCTUH P, Ta P, — IIOYMHAIOYH 3 JESIKOrO
3HAYEHHS XBHIJILOBOT'O YHCJIa 3MEHIIYIOThCS, HAOMMKAUNCEH 10 HYJsA. bimble 3HaYeHHS TOBIIWHU
BEPXHBOI'0 APy BiANOBiIAa€ MEHIIOMY IOYaTKOBOMY 3HAUEHHIO BEIMUUH 4, Ta a, (AJs rpasiramiii-
HUX XBWIb). [loBemiHKa BiXWIEHh aMIUTITY]] Y BiJIIOBITHUX BUIAJKaX 3MIHH TYCTHH CEPEIHBOIO Ta
BepXHbOro mapis ananoriuna. Ilpu p, =0.95,p, =0.9 (puc. 86, puc. 9¢) mae Micue piBHICTb aOCOIIIO-
THUX 3HAYCHb |a1| = |a2|. 31 30UIbILIEHHAM 3HaYeHHs P, (puc. 8 6—s, puc. 9 6—¢) BIIIOBIIHI MaKCH-

MaJlbHi 3HaUEHHS a0COIIOTHUX BEIUYMHH @, Ta @, 30UIBIIYIOTHCS.
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BucHoBkn

HocnimxyBanacs 3afada NOMKMPEHHS XBIWIb Y TPUIIAPOBil CUCTEMI «IIap 3 TBEPAUM THOM —
map — map 3 Kpumkoro». s 3agadi neporo HaONMKeHHs! BUBEIEHE JHCIIepCiiHe CIIiBBITHOIICHHS
Ta 7Bl mapu KopeHiB. OTprMaHO BHpa3M BiTHOLIEHb aMIUTITYZ BiOXWIEHb MOBEPXOHb KOHTAKTY, SIKi
BIJMIOBial0Th KOPEHSIM JHcIiepCiiHOro piBHSAHHS. [padidHo mpoimocTpoBaHa Ta MpoaHai30BaHA
3aJIeKHICTh BIAHOMIEHD aMILTITY Bil pi3HUX (i3WYHUX MapaMerpiB (TOBIIMHHA BEPXHBOTO Ta HUKHBO-
IO IIapiB, XBUJIBOBOI'O YMCJIA) IPH 3MiHI TOBLIIMHU HHKHBOTO 1 BEPXHBOT'O IIAPIB Ta TYCTHH CEPENHbO-
IO Ta BEPXHBOT'O MIAPIB.

I'pacixu 3a51€KHOCTI BIAHOLIEHb aMILNITYA @, Ta @, BLI A Ta A, y BCIX BUNAJIKaX OPAMYIOTb
70 TIEBHOTO TPaHUYHOTO 3HAYCHHS HE 3aJISKHO BiJ 3MiHHM T'yCTHH CEPEAHBOrO Ta BEPXHHOTO IIAPIB.
ITpore npy 3a1€KHOCTI BITHOIIEHb aMILIITY/l @, Ta a, BiJ h, BEIMYMHM @, TA @, 30LIBIIYIOTHCS 10

IPaHUYHOrO 3HA4YEHHS, [IPU 3aJIEKHOCT] BITHOIIEHb AMILTITYA Bifl /; — 3MEHILYIOThCSL.

I'pacixu 3anexHOCTI @, Ta @, BiA XBHIbOBOI'O 4YUCIA IMOKAa3ylTh, L0 y BHUIAAKY, KOIU
p, =0.9,p; =0.85 mpu pi3HUX 3HAUYEHHSAX TOBLIMHHU HUXKHBOI'O LIAPY 3HAUEHHS BIAHOLIEHb aMILTITYJ
30LIBIIYIOTHCS 31 3MEHIIEHHSM JO0BKUHM XBUJI1, B IHIIMX BUINAJKaX 3MIHU T'YCTHH 3HAUCHHS a, Ta 4,
3MEHIIYIOTHCS, HAOMKAIOYUCh JI0 IEBHOTO TPAHUYHOTO 3HAYCHHSI.

I[Tpu 3MiHI TOBIMHU BEPXHBOIO IIAPY /4, 3HAYEHHS BEIUYUH a, Ta a, upu p, =0.9,p, =0.85
TaKOXX 3pOCTAIOTh JIJISl KANUIIPHUX 1 rpaBiTAliIfHUX XBWIb. B 1HIINX BHITaIKax IICHs JESTKOTO YHCIa
k 3HAuYEHHS BEIIMYUH @, Ta @, 3MEHIIYIOTHCS 1 B 00JaCT] KallIAPHUX XBUIIb IIPU BEIUKHUX 3HAYECHHAX

XBUJIBOBOI'O uucaa k >8 rpadiku uisd BiANOBIIHUX 3HA4Y€Hb TOBLIMHU /i, CIIBIAJAIOTh, HAOIMKAIO-
YHCh A0 HYJISL.
Takox BHUSIBJICHO BUMIAAKH PIBHOCTI aOCONIOTHUX 3HAYEHb BEJTMYUH |a1| = |a2| .
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INVESTIGATION OF WAVE MOVEMENTS IN THE THREE-LAYER
HYDRODYNAMIC SYSTEM "LAYER WITH HARD BOTTOM - LAYER -
LAYER WITH COVER"

Naradovyi V., Kharchenko D.

Abstract

Modeling of wave motions in stratified liquids of different types makes it possible to study
similar wave processes in the ocean and predict their behavior.

The aim of this article is to study the problem of propagation of weakly nonlinear wave pack-
ets in a three-layer hydrodynamic system "layer with a hard bottom — layer — layer with a cover".

Using the method of multiscale developments, the first linear problem is obtained, the variance
relation and two pairs of roots are derived. Expressions for the relations of amplitudes of deviations of
contact surfaces corresponding to the roots of the dispersion equation are obtained. The dependence of
amplitude relations on different physical parameters (thickness of upper and lower layers, wave num-
ber) when changing the thickness of lower and upper layers and densities of middle and upper layers is
graphically illustrated and analyzed.

Graphs of the dependence of the ratios of the amplitudes @, and a, on A, and A, in all cases
go to a certain limit value, regardless of changes in the densities of the middle and upper layers. How-
ever, if the ratios of the amplitudes a, and a, depend on 4, the values of a, and a, increase to the

limit value, and if the ratios of the amplitudes depend on 4, , they decrease.

Graphs of the dependence of @, and a, on the wave number show that in the case when
p, =0.9,p; =0.85 at different values of the thickness of the lower layer, the values of the amplitude
ratios increase with decreasing wavelength. In other cases density changes values a; and a, decrease,

approaching a certain limit value.
When the thickness of the upper layer h; changes, the values of g, and a, at

p, =0.9,p; =0.85 also increase for capillary and gravitational waves. In other cases, after a certain
number £ , the values of @, and a, decrease, and in the region of capillary waves at large values of
the wave number k > 8, the graphs for the corresponding values of the thickness /4, coincide, ap-

proaching zero. There are also cases of equality of absolute values of | a, =] a, |.

The results of the study can be applied in oceanography, hydrodynamics, biomechanics, in
some branches of shipbuilding.
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NUMERICAL METHODS OF INTEGRATING FUNCTIONS OF METROLOGICAL
RELIABILITY OF MEASURING INSTRUMENTS

The methods used in the integration of discrete-continuous functions of metrological reliabili-
ty of measuring instruments (MI) are determined. The mathematical apparatus of recursive reliability
functions is given, the peculiarities of integration of these functions are determined. Algorithms for
implementing and estimating the accuracy of quadrature functions in calculating the metrological re-
liability of MI are considered.

Keywords: metrological reliability, recursive functions, methods of numerical integration, ac-
curacy of quadratures.

Busnauaiomvca memoou saxi 3acmocogyiomsvcs npu iHmezpy8anui OUCKpemHo-6e3nepepeHux
@yHryit memponoeiunoi Haoitinocmi 3acobie eumipiosans (3B). Ilpusooumvcs mamemamuyruil
anapam pexypcusHux QyHKyYil HaOiliHOCMI, GU3HAUATOMbCS 0COOIUBOCTH THMESPYBAHHS OAHUX (DYH-
Kyitl. Posensdaromucsi aneopummu peanizayii i oyinku mounocmi Qyukyii Kkeadpamyp npu ooyuc-
JIeHHT Mempono2iunol Haoditinocmi 3B.
Knrouoei cnosa: memponoziuna HadiuHicms, peKypCUusHi (yHKYii, Memoou YUceibHo20 iHmee-
PYBAHHSL, MOUHICIb KEAOPAMYD.

Problem’s formulation

The main mathematical apparatus of the theory of metrological reliability is the theory of ran-
dom functions, probability theory and mathematical statistics. In the a priori analysis of reliability al-
low fully defined probabilistic characteristics of reliability. Establishing an analytical expression for
the distribution of random variables allows you to determine the required reliability. The choice of
theoretical model of failures determines the accuracy of quantitative estimates of reliability indicators.
The distribution function, which is used as a model of failures, solves the following problem — the
calculation of failure rates. The classical method of calculating the reliability of systems is to deter-
mine the characteristics of indicators of system reliability based on the use of fundamental theorems of
probability theory. The probabilistic-physical method is based on the use of the probabilistic-physical
model and considers many states of the system with continuous time. At the same time there is a prob-
lem of integration of discrete-continuous functions of metrological reliability.

Analysis of recent research and publications

Mathematical and physical (in the sense of statistical distributions) failure distribution func-
tions are universal and have an advantage over the classical integral distribution laws, but due to the
fact that these functions are expressed through the Laplace integral and the integral of the form

J. e_t2 dt 1is not expressed through elementary functions, there are difficulties in obtaining both accu-

rate and approximate analytical solution of a definite integral for functions p_ ik () — probability of

MI operation without metrological failure and p ,, x (1) — work of MI with metrological refusal at cal-

culation #;— time of faultless work. Application of some standardized approximations [1] of the func-
z z :

tion @(z)= i j e_7 dz allows you to approximate these functions in a limited range of values. De-

—00

composition into a McLaren series, or trigonometric series, and finding the partial sum of a series,
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finding the initial approximating function, and applying the integration apparatus in parts lead to cum-
bersome and inefficient calculations. Therefore, these techniques cannot be used to solve this class of
problems. For example, the decomposition of the function f(x)=0.5-(1+erf(x)) in the McLaren

series allows to approximate the studied function in a limited range of values x €[-2,2] in the neigh-

borhood x=0.
The use of polynomial approximation methods does not allow to approximate the function
with high accuracy f(x) (Fig.1), but the superposition (convolution) of the product

{ (1-Fppr,,(O)R, (t)} of the subintegral function can be approximated with the minimum deviation
(Fig. 2).
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Fig. 1. Polynomial approximation by polynomials of 4th, 7th, 8th degree
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The ineffectiveness of these approaches is explained as follows. These expressions are func-
tions of many variables that depend on both time and the parameters of the metrological control which
in turn are parameters of the laws of distribution of probability of failure (and some are set by the tar-
get production system); when varying these parameters, the shape of the approximating functions
changes and it is necessary to calculate new polynomial coefficients for each case and obtain an ap-
proximate analytical solution of the integral to find the mathematical expectation of the total metrolog-
ical control time without failures.

Formulation of the study purpose

The aim of the article is to define analytical expressions for recursive functions of metrological
reliability of MI. Taking into account the peculiarities of the subintegral function of the faultless opera-
tion of the MI, the substantiation of the choice and comparison of numerical integration methods, as well
as the calculation of the accuracy of the algorithms for the implementation of quadrature functions.

Presenting main material
We write the expressions for the functions p_,, 4 (¢) and p,, ; (?), for the diffusion monotone

distribution of the probabilities of metrological failures and for the exponential model of explicit fail-
ures in the following form

Pk O prr =Py k- A= Fppr ,, ()R (0);
Pk O par =2y + Piov s - Fom s (OIR, (1)

where Fpyy ,,(¢), R, (t) — the functions of the probabilities of metrological failure and work without

(1)

explicit failures of the metrological control in the time interval z, +k7, <t<7t, +(k+1)T, , respec-

tively(verification time, verification number, verification period).
Recursive functions of probabilities of finding MI in states 1 and 2 (1 — MI is workable and
used for its intended purpose; 2 — MI is used with metrological refusal) after £ — its verification

Pipm k+1 = Piom ke - (L= Fpar (TR, (T) (1= ay); | @
Papur k1 =[Papar .k + Pioack - Fou o, TR (T) Bas|
for zero verification:
Piom,o =A=B,)A=Fpyr , (7,))R, (7)1 - a,); )
Papm 0 =By +A=B,)Fpy,, (T )IR, (7,) B,
(probability of error of the 1st kind, probability of error of the 2nd kind).
T,
For convenience of calculations we will enter the following relative sizes: x = TL , Xy = T—” ,
M M
_x, 1 xp -1

Z Z

Ty . x—1
x, =—— (work on metrological refusal). Let's denote by Z;, =——, Z,=——, Z, =
T, VWX VA X, VAl X,

(coefficient of variation). As a result, the following relations are valid for expressions (1—3)

FDMM(t) =%|:1+erf(%Ji|’ FDMM(Tn) =%|:1+e}’f(%Ji|,

Tn Tn

(4)

FDMW”)%{Heﬁ(%ﬂ;&m:e LR (T =e T R, (zy) =€ To.

The parameter is the time for explicit refusal.
According to formula (4) we write the expression ¢; for the DM-distribution of operating time
I-x

v

on the metrological failure. To do this, introduce the following substitutions: denote by U; =
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then the multiplier (1—Fpyy ,, (1)) =DU,) =Rpps (1) — the probability of MI operation without

metrological failures at the time 7.

Given the behavior of reliability functions depending on the parameters of the metrological
control and the results of the integration procedures of the above quadratures as the optimal algorithm

T,+kT,
for calculating the function: f(¢)p = j (Rp (R, (¢))dt , which is valid for both diffusion mod-
T+, n

els (index D) the adaptive Gauss-Lobatto quadrature is chosen with an accuracy of 10°.

To verify the validity of the obtained solutions using numerical integration methods to calcu-
late the value f;, we compared the results obtained for the adaptive Simpson and Gauss-Lobatto qua-

drature in the input diffusion models of metrological failures. Studies conducted for different values of
metrological control parameters using a discrete-continuous operation model have shown the advan-
tages of quadrature of Gaussian algebraic accuracy (reliability parameters for DM-distribution)
T,=T, =10000200.,v, =1.

In the process of research and configuration of the computational procedure of the MI relia-
bility analysis module, a library of numerical quadrature programs was created. It includes the adap-
tive Simpson algorithm (degree of accuracy) and programs that implement three-point and ten-point
Gauss-Legendre methods. Initially, these algorithms were implemented and tested as Matlab file func-
tions for comparison with standard Matlab numerical integration procedures, which are based on algo-
rithms developed by computer mathematics specialists Prof. Walter Gautschi and Walter Gander [2].

When choosing a quadrature method in addition to the behavior of this function, you need to
consider the accuracy and speed of numerical solutions. Since this function is quite smooth and has
(albeit cumbersome) expressions for high-order derivatives, we explore the possibility of applying qu-
adratures based on the Gauss-Legendre method.

On the basis of the algorithms given in the works carried out in [3—5], adaptive quadratures
based on 3 and 10-point interpolation of the Gaussian method are implemented. It is proposed to
choose the following recursive algorithm as a basis for software implementation

S(X,Y, f)= abs([Ga“SS(X Z, )+ Gauss(Z,Y, )] - Gauss(X, Y, f)J
Gauss(X,Y, f)

gauss m(X,Z,)=[S(X.,Y, f)<D — Gauss(X,Y, f),
else
gauss_m(X,Z, [)+gaus _m(Z,Y, f);],
Y
where G(X,Y, f) is the function for calculating the approximate value of the integral .[ f(x)dx,
X
m — selected quadrature method, D — integration threshold; first calculated G(X,Y,f),
G(X,Z,f) and G(Z,Y, ), where Z=0,5(X+Y).
The results of calculations and comparison of the accuracy of numerical integration functions for
a set of test algebraic functions by Gauss-Lobatto (quadl) and adaptive Simpson quadrature (quad) —
standard Matlab 7 functions, and author-modified procedures that implement three-point (gauss 3) and
ten ) Gauss-Legendre method. The criterion of accuracy (given relative error) in these examples is 10
Comparison of the results of calculation of reliability indicators using Gauss-Legendre and
Gauss-Lobatto algorithms showed that for engineering calculations it is recommended to use algo-
rithms based on 3 and 10-point Gauss-Legendre method, and for Gauss-Lobatto research (tabl. 1, 2)

[5].
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Table 1. Comparison of the accuracy of quadrature algorithms

Quadratur Test results on control examples
e —3x

4 —3x 6 .
functions | 7, = [13(x —x7)e 2 I, = {2+Sln(2\/;)dx
0

T

I, = [ + x + Dcos(x)dx
0

quadl -1.548788372527948 8.183479207654349 2.038197427572023
quad -1.548788476684941 8.183479195675837 2.038197433763133
gauss 3 -1.548788002258859 8.183479974070949 2.038198170813146
gauss 10 | -1.548788422369362 8.183478567673465 2.038198060499660

Table 2. Comparison of the accuracy of Gaussian quadratures in calculating the integral

Coefficient T, +kT,
of variation I= j Rp ()R, (t)dt
Vu 7, +T,

DM — metrological failure model

Em.gauss 3 Em. gauss 10

0,2 5.2189e-004 2.7016e-007

0,4 -0.0033 2.6547e-007

0,7 5.3990e-004 3.9050e-007

1,2 -0.0033 6.0549¢-007
Conclusions

The study of the accuracy of quadratures was carried out taking into account the change in the
behavior of the function at possible values of the coefficient of variation, which allows to assess the
accuracy and reliability of the developed algorithms when calculating reliability. To reduce the errors
of the numerical result, it is recommended to increase the accuracy of the integration threshold and the
limits of calculation of recursive series of the discrete-continuous model.
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III/ICE\.'J'ILHI METO/IU IHTET'PYBAHHS ®YHKIIA METPOJIOT' TYHOI
HAAIMHOCTI 3ACOBIB BUMIPIOBAHb
JIntBuHenko B.A., Pazannen O.B., I'natiok M.O.

Pedepar
MareMaTHYHUM anapaToM Teopii METPOIOridHOl HagiHOCTI € Teopis BUMAaAKOBUX (YHKIIH,
Teopis IMOBIPHOCTI 1 MaTeMaTUYHA CTATUCTHKA. BCTaHOBICHHS aHANITHYHOTO BUpPa3y (YHKIIH po3-
MOJIUICHHST BUTIQJIKOBUX BEIMYWH JIO3BOJISE BUSHAUNTH HEOOXiHI TTOKa3HUKM HajiliHOCTI. Bubip Teo-
peTuyHOi MOjeNi BiIMOB BH3HAYa€ TOYHICTh KUTBKICHHMX OIIHOK TOKAa3HUKIB HaJiitHOCTI. DyHKITiSA
PO3IIOIiTY, SIKa 3aCTOCOBYETHCS B SIKOCTI MOl BiIMOB BHPILIy€e HACTYIIHY 3aJady — pO3paxyHOK IO-
Ka3HHKIB 0e3BiIMOBHOCTI. MeTo/ po3paxyHKy HaIilfHOCTiI CHCTEM MOJISArae B BU3HAUYCHHI XapaKTepHc-
TUK TIOKA3HUKIB HaAIfHOCTI CHCTEM 3aCHOBAHMH Ha BHUKOPHUCTaHHI (yHIaMEHTaJbHUX TEOpEM Teopii
fiMoBipHOCTI. IMOBipHICTHO-(i3HUHHT METO 3aCHOBAHHIT HA BUKOPHCTAHHI HMOBIpHICTHO-(hi3HuHOT
MOJIeNi 1 po3riIggae MHOKMHY CTaHIB CHCTEMH 3 Oe3nepepBHUM dacoM. IIpu iboMy BHHHKAE mpobiie-
Ma iHTerpyBaHHs JUCKpEeTHO-Oe3nepepBHUX (PYHKIIM METPOIIOTTYHOT HaJIHHOCTI.
B craTTi po3risiHyTi 00UMCITIOBaTIbHI METOOM THTEPYBaHHS IUCKPETHO-0e3mepepBHIX (PyHK-
it Mmerpornoriunoi HaxiHocTi. [IpuBeneno pekypcuBHi GyHKIIH MaTeMaTHYHOI Teopii HaAIHHOCTI 1
METO/U IHTEerpyBaHHA NaHuX QyHKUiH. Po3pobneni anroputmu i mpoBeaeHO NOPIBHAIBHHAN aHAII3 3
OL[IHKOIO TOYHOCTI (PYHKUill KBaApaTyp 3 BpaxXyBaHHSAM 3MiHHM MOBENIHKM (YHKILIi IPH MOKIHBHX
3Ha4YeHHSIX Koedimienta Bapiamii. Ilpm mpoMy BpaxoBYeETbCS MIBHAKICTH Omepamiii YMCENbHOTO
po3B’si3Ky. i 3MeHIIeHHs] TOXUOOK YHCENbHOTO PEe3yabTaTy PEKOMEHIYEThCS 30UIbIIYyBAaTH TOY-
HICTb TIOPOTY IHTErpyBaHHS i TpaHMLI OOYHMCICHHS PEKYPCHBHHX PSAIB AMCKPETHO-Oe3mepepBHOT
Mozeni. Jnsa imkeHepHUX po3paxyHKIB PEKOMEHIYEThCS 3aCTOCOBYBAaTH aIrOPUTMHU HAa OCHOBI Me-
tony ['aycca-Jlexxannpa, a s HayKoBUX JnociimpkeHs ["aycca-JIobarro.
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CTATUCTUYHE JOCJIIKEHHS BJIACTUBOCTEM
CTEIIEHEBHUX PO3IIOAIJIIB

3 uxopucmanHam memooié CmamucmuiHo20 MOOE08AHHS 00CTIONCEHO NAPpAMempY PO3NOo-
0iny 8UNAOKOBUX NPOMEHI8 HAO npsaAmMolo ma niowunoio. Ilokasano, wo 68edeni cmenenesi po3nodinu
00360J15110Mb OIILUW MOYHO 8PAXYBAMU 0COOAUBOCMI PO3ZNOOLLY OJicepela YU Glacmusocmeli cepeoo-
suwya.

Knrouoei cnosa: sunadkosi npomeni, cmenenesi po3nooiiu.

Using the methods of statistical modeling, the parameters of distribution of random rays over
the line and plane were studied. It is shown that the power distributions introduced allow you to more
accurately take into account the peculiarities of the distribution of the source or properties of the envi-
ronment.

Keywords: random rays, power distributions.

IHocTanoBka nmpodaemMu

3amadi mpo po3MoaiT BUMAAKOBUX MPOMEHIB 1 XOpJ 4acTO PO3IIIsSAaINCh B Pi3Hil iHTepHpera-
mii [1, ¢.39, ¢.107], mo npuBOIMIIO HEOAHOPA30BO A0 “mapanokciB” [2]. B Toit ke yac ans gitko cho-
PMYJIbOBaHHMX MOJENell MOXKHA OTPUMAaTH OZHO3HAUYHI pe3yibTaTH. I mpocTUX reoMeTpUYHHX Til
HaMHM paHillle OTPUMaHi aHaJITUYHI UM CTATUCTHYHI PO3NOIUIN mapaMeTpiB — aist cdepu [3] 1 kyOy
[4]. Huxde po3rissHyTo 0coOIMBOCTI PO3MOTY BHIIAAKOBHX HMPOMEHIB B 3arajJbHOMY BUMAAKY PO3-
TalIyBaHHA JyKepesa MPOMEHIB HaJl BICCIO 1 HaJl TUIOLIMHOIO.

AHaJIi3 0CTaHHIX JOCTIIKeHb Ta MyOJiKamii

Jlyis Mojieni TOYKOBOTO JDKepena 3 piBHOMIpHUM Ha iHTepBati (—7z/2, 7/2) po3noaiioMm mpo-
MEHIB OTPUMAaHO BHpa3 PO3NOALTY adCuuC NepEeTHHY BUIMAJAKOBOIO IPOMEHIB 3 MPSIMOIO Y BUTIISAL PO-
snoniny Komi 3 mapamerpom a [5, c. 73]. Hamu panimie 6yno po3mupeHo Kiac po3noiiiB Bi TOUKO-
BOTO JKepena a0 po3nofiry CThIoAeHTa 3 IpOOOBHM apryMeHTOM [7] 1 JOCHIIKEHO BJIACTUBOCTI Ci-
MeHcTBa a-po3MoAIiB. B mogansmoMy rpymy CTeleHeBHX PO3NOAUIIB OYy/IO MOMKPEHO HA BUMAJ0K
JpKepena Hal IoumHoo [9]. BBeaeHHS rpyn cTeneHeBHX pO3MOALTIB 0yJI0 BUKOHAHO 3 YUCTO (op-
MaJbHHX MO3MIlii. Ha OCHOBI IBOTO 3’SBHUBCS IHTEPEC MPOBECTH JOCTIKEHHS 3aKOHIB PO3MOALUTY BH-
MAaJAKOBUX MPOMEHIB 3 TOUYKOBOT'O JDKepera MpH Pi3HUX BIACTUBOCTAX JDKEpelia UM CepeloBHILa, Yepe3
SKe IPOXOIATh MpoMeHi. Hikue MeToiaMu cTaTHCTHYHOTO MOJIEIOBAHHS TIOKa3aHO, 110 KOHKPETHUM
MOJIETISIM BiIIOBIJAIOTh CTENICHEB] PO3MOIITHN 3 PI3HUMH MapaMeTPaMH.

DopMyJTIOBAHHS METH J0CTITKEHHS

Merto10 poOOTH € TOCTIPKEHHS CTATUCTUYHUME METOAaMHU MapaMeTpiB po3NoALTy KOOpANHAT
MepeTHHy BUMAAKOBUX IMPOMEHIB 3 €KPaHOM BiJl TOUKOBOI'O JpKepelna IUIIXOM BUKOPHCTaHHS BBeEeE-
HUX paHillle po3nofiniB i3 minbhicTio Bumy f(x) = Crq ' (1 +x%/a®)™ ma oci i man niommnoro

f@,y) = Crpn- (1+x%/h% +y?/h?)™k. Otpumani pesynbTaté y3romkyloThcs 3 TEOPETHYHHUMH
BUKJIaIKAMH JUTS PO3TISIHYTHX MOJIEIEH.
BukJsiax ocHoBHOTO MaTepiaiay

I'pyna a-po3noainis. [Ipu BBeneHi poznoniny Komri 3 mapamerpoM a 0ymno 3pobieHo mpuiry-
LICHHS PO PIBHOMIPHHUM 3aKOH PO3MOALTY KyTiB MMPOMEHIB 3 JuKepena Ha iHTepBani (—/2, 7/2). Ilpn
LBOMY MIPHUITYCKAETHCA, 10 IHTEHCUBHICTD JKEpena € piIBHOMIPHOIO 1 €Heprisl JKepena T0CUTh BelHKa
abo cepenoBHIIe, Yyepe3 sIKe MPOXOSITh MPOMEHi, € abCOMOTHO po3opuM. B iHIMX BHUMAAKax 3aKOH
PO3MOUTY MPOEKIIiH MpOMEHiB Oyje nemio iHmuM. BeeneHe B poOoTi [7] po3mIMpeHHs Tpynu cTere-
HEBHX PO3MOALTIB MOXKE BpaXxyBaTH Ii 0OMEKEHHS, 10 POOUTH a-pO3MOILTH OUIBII YHIBEpCATEHUMH.
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AHaNITHYHUHN BUpa3 LIIBHOCTI PO3NOALTY AJISl TPYIH a-PO3MOALTIB 3alIUCY€ETHCS Y BUTTIAL
c
F(x) =;"(1+("/a)2)"‘ a>0,k>05, —0o<x<om, (1)

J€ OLiHEHWH CTATHCTHYHO MHOXHHMK Ci = 0,0336 + 0,6577 - In(k + 0,500), R*=0,996. [Ipu pis-
HOMIpDHOMY Ha iHTepBaJi (—7/2, 77/2) po3moaini mpoMeHiB 3 mkepena k =1, ¢, = 1/7 1 mae micue
posmonin Komri. Ha puc. 1 naBeneni rpadik npuBeneHnx BigTHOCHUX 4acTOT po3noainy Komri, obunc-
JICHWH 3a IHTerpanbHO0 QyHKII€I0 po3nonity [5], i ricrorpama pe3yibTaTiB CTATUCTUYHOTO MOJIEIIO-
BaHHS, mapaMmeTp a = 1. Pe3ynpTaTu cTaTHCTHYHOTO MOJETIOBAHHS a/IeKBaTHI TEOPETUYHIN KpuBiil. B
MOJANBIIOMY MpH TOPIBHSIHHI PI3HUX MOJENEH HABOIATHCA OOBiAHI CTaTUCTUYHHX TicTOrpaM sK
Ou1bII iH(OPMATHBHI, HIXK TiCTOTpaMu.

[Ipu BigMiHHOMY Bi PIBHOMIpPHOT'O 3aKOH1 pO3MOALTY KyTiB IPOMEHIB 3 JKepena 1 He3MiHHO-
My HapaMerpi a 3aKOH po3MoniTy abCIuc MepeTHHY MPOMEHIB 3 MPSMOIO CYTTEBO MiHA€Thca. Ha
puc. 2 HaBeneHi rpadiky BiZTHOCHUX YacTOT, KOJIM IPOMEH1 po3MoAiIeH] Ha iHTepBam (—/2, 7/2), ane
3a HOpMaJbHUM 3aKOHOM posmnoniny ['ayca 3 mapamerpamu (0, 774) Ta (0, 7/6) (TyT i mani a = 1). An-
pokcuManis MeTofoM HaiiMeHmux kaapatiB (MHK) orpuMaHuX cTaTMCTUYHMX pO3MOLTIB CTENEHE-
BHMH TI0Ka3al1a, 110 3 Koedilientom nerepminamii R>= 0,98 MojenbHi i perpeciiini kpuBi mpakTHUHO
CHIBMAaroTh. 3HAUCHHsI MapaMeTpy A MOXHa OLIHUTH SIK 10 MakCHMMajJbHOMY 3HaU€HHIO BiIHOCHOI
w(0)-0,0336

0,6577

MPHUBEACHUX BITHOCHMX YacTOT Ha iHTepBaii (—3, 3), konu BenuunHa k, BuzHadaetbess MHK mpu dik-

COBaHOMY a. 30Kpema, JUI po3MoaLTy IpoMeHiB 3a 3akoHoM ["ayca 3 mapamerpamu (0, 774) otpumani
3HavyeHHs k,=1,50 1 k,=1,49, nna posnoainy npomenis 3 napamerpamu (0, 776) otpumano kq= 2,34,
k,=2,36. B Toli e 4ac ampoKCHMALlisl CTATUCTHYHHUX PO3MOALTIB HOPMAJIbLHUM HE JO3BOJISIE OTPUMAa-
Tn KoedilienT aerepMinarii R? 6inbimm 3a 0,50, 10 € Majo NPUHHATHAM.

gactotn w(0) 3a dopmynoro k; = exp( )— 0,5, Tak 1 3 BUKOPHUCTaHHSM BCiX 3HA4Y€Hb

0,35 w w
0.30 a 0-8
0,25
0,20
0.15
0.10
0.05
0.00
3 2 -1 o 1 2 37 x
E=MoneneEHil  —8— TeOpPETHYHHI - % —g/d —t—/6 Kouwi
Puc. 1. TlopiBHSHHS PO3MOiNTIB Puc. 2. Poznoninu npu HepiBHOMIpHIH
LITBHOCTI JAKeperna
w
OTxe, MOXHa 3pOOMTH BHCHOBOK, IO TpU
30UIBIIEHH] JIOKaMi3alil pO3MOALTYy MPOMEHIB 3
IpKeperna napaMerp k anpoKCHMYIOUOTro CTETEeHEeBO-
ro posnoninty 30inbpmyeTbes. L BnacTuBicTs miAT-
BEPIKYETHCS MOJENAMH 3 “aHTUMOJAIBHUM PO3-
MOJIIOM HAaNpsMKIB MPOMEHIB 3 JpKepena (cumer-
PUYHUI PO3MOALUL, UIJIBHICT SKOTO Ma€ BUA
. f(x) =cpqe(p+qx*) 3 minimymom mpu x =0).

Pesynbratn HaBenmeni Ha puc. 3, ¢ = 1. MoxensHa
KpHBa OUIbII 3ri1apkeHa y TOPIBHSAHHI 3 PO3MOAi-
nom Komi, 1 oTpumaHi Taki 3HAa4YEHHS: TpH
Puc. 3. Poznoninu npu aHTUMOAATb- p=1ky =0875(k; =089), npu p=2 k; =
Hili WiTBHOCT JKepena 0,93 (k; = 0,96), ToOTO B 000X BUMaaKax k < 1.

-3 -2 -1 0 1 2

(F¥ ]

Kouwii = # =p=] =—o=—p=2
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[HIe nmpunymeHHst npu BBEIEHI po3Io-
niny Komri 3 mapamerpom a — aGCcooTHa Mpo-
30piCTh CEpeOBHUINA, KOJIU BCi MPOMEHI JOCS-
raroTh eKpany. byjao po3risiHyTo Moaenb piBHO-
MIpHOI'O PO3MOAINY HANpsSMKIB NPOMEHIB Ha
iHTepBaii (—2/2, #/2), koMU IOBKUHA MTPOMEHIB
po3MojijeHa 3a MoKasHUKOBUM 3akoHOM f (1) =
=A-exp(—1-1) 0<l< o 3 cepennim 3Ha-
yeHHsiM L = 1/4. Ha puc. 4 naBeneni pe3ynbra-
TH MOJENIOBAaHHS, BCi Tpadiku CTaTUCTUYHHX
4acTOT OUIBII JIOKaJi30BaHi y MOPIBHSAHHI 3 pO3-
nominom Kommi. Anpokcumariis cTerneHeBUMH
po3IoaiIaMu TIOKa3aja, Mo Npy L = 2 BeTUYrHU
napamerpy posnogminy kq = 1,41 (k, =1,44) i
npul =1 k; = 1,67 (k, = 1,71). Takum  uu-
HOM, YUM MEHIIIE€ PO30PIiCTh CEPEIOBHUIIA, THM
OlIblIe PO3NOAUIN MPOEKLiH MpPOMEHIB BiIpi3-
HAIOTBCA Bif posnoainy Komri.

I'pyna creneneBux h-po3noaiiiB Ha miaomuHi. CTerneHeBl po3NOAUTN NPOMEHIB HaJ IIO-
IIMHOIO OYJIM BBEJCHI 32 aHAJIOTIEI0 3 a-pO3MoiIaMu, 0e3 Po3riisiy KOHKpeTHOi Monem. s miiib-
HOCT1 PO3MOAiTYy aOCIUC TOUYOK MEpPEeTHHY BHIIAJKOBUX IPOMEHIB 3 TUIOLIMHOIO Bifl JAXKepena Ha Bijc-
TaHi /1 Bill TUIOLIMHY 3aPOIIOHOBAaHO HOpMYITy

k—1 V(v )\ —k

f(x,y)=m-<1+(/h) +(/h)) k>1 —o<xy<oo, (2)
[Ipu craTMcTHYHOMY MOJIENIOBaHHI piBHOMIpHOro y miBmpoctopi z < 0 posnofminy npoMeHiB
€ KUTbKa MOKJIMBUX aJITOpUTMiB. MOKHa BBa)XaTH PO3MOALT PIBHOMIPHUM Y MIiBIIPOCTOPI, SIKIIO BiH
3a0e3neuye OJHAKOBY WMOBIPHICTP Ha KOKHOMY €JIEMEHTI MOoBepxHi cdepu As = Au - Av pagiycy,
JUIS BU3Ha4YeHOCTi, R = 1, ne Au — noBXWHA IyrH 1O ropu3oHTali (“mo mapaneni”), Av — po3Mip
IOyTu 1o BepTHKaii (“mo mepuniany’”). PiBHOMipHICTD po3noniny 3HadeHb Au 3a0e3meqyeThesi piBHO-
MIipHHM PO3IOJUIOM Ha iHTepBai (—7, 7) MOISPHOrO KyTa (b, JUIS YOro JOCTATHHO FEHEPYBATH MOC-
JIOBHOCTI HE3aJEKHHUX X 1 ¥, pIBHOMIPHO pO3MOAUIeHUX Ha iHTepBaii (—1,1) 1 BpaxoByBaTH TiIbKU

Ti mapy uncen Touku N, SKi 3a10BONBHAIOTH YMOBI X 5 + Y& < 1.
Hero cxiafninie 3a0€3MeYnT 0OTHAKOBY HMOBIpHICTh BiIydeHHs Ha iHTepBai Av. [Inoma mo-
BEPXHI MIAPOBOro MOsICY MPOIMOpLiiiHa fioro Bucoti Ah, sika mMoB’si3aHa 3 eJIeMEHTOM MOBEPXHi cepu
Av popmynoro Ah = Av - sin 6, ne & — mmpora enementy As, ToOTO MoIsApHUI KyT @MiX Biccio ar-
mikaT 1 HampsaMoM Ha enemeHT As, 8 € (0, z/2). Yci npoMmeHi BUXOIATH 3 LEHTPY cdepu (mKepena
MPOMEHIB), 1 MOJENi MOXYTb BiIPI3HATHCH MK COOOIO aITOPUTMOM BHOOPY TOUKH M, depe3 sIKy mpo-
XOAATh MpoMeHi. SIKmo Touku M BHOMpaTH Ha MEPETHHI MPOMEHIB 3 PIBHOMIPHO PO3MOIIICHUMH KY-
TaMH 6 3 moBepxHelo cepr, TO He BPaxXOBY€EThCS HEMHIHHICTD 3ajeXHOCTI MiX Ah Ta Av. Skimo xo-

opIMHaTH TouKM M BUOGMpPATH Ha MOBEPXHi cepy 3 KoopaMHaTamMu Zy = /1 — (xZ + y2), To 3a pe-
3yAbTaTaMy CTaTUCTUYHOTO MOJCIIOBAHHS OTPUMAHO, IO LIUTBHICTH PO3NOAUTY KyTa € ONMUCYETHCS

dopmymoro f(6) =sin(2 6), 0 < 6 < z/2. Hapenrri, sKuio Touku M 3aMoBHIOOTH BeCh 00°eM cde-
pH, TO OTPUMAHO po3moAin KyTiB @ 3i miiieHicTio f(6) = sin §, 0 < 6 < /2. Came Take CHiBBiIHO-
LICHHS BIAIIOBiZa€ 3aJIeKHOCTI MK BUCOTOIO LIAPOBOTO moscy Ah Ta elneMeHTOM MoBepxHi cdepu Av.
Tomy Takuii anroput™ OyB BUKOPUCTAHHU TP CTATUCTUYHOMY MOJEITIOBAHHI.

MogenroBaBcst po3moAisl TO4oK M y miBKyndi pagiycom R =1 3 IEHTpOM B TOULi JKepena
MPOMEHIB, Xy 1Yy € BUIIAJKOBI YKcCia, pIBHOMIpHO po3noniieHi Ha inTepBaii (—1, 1), a zy; piBHOMIp-
HO posnoniieHo Ha iHTepaii (0, 1). BUkopucTOBYIOTbCA TUIBKH Ti TPifiKM KOOPJAMHAT, SIKi 3a10BOJIb-
HAIOTH YMOBi zZ4 + X% + ¥4 < 1. Uepes 11i TOUKH MPOBOIMIMCH IPOMEHI 3 LIEHTPY MiBKYJi i 064MC-
JOBANUCh KoopauHaTH (X;,y;) 1X MepeTuHy 3 IJIOMMHOIO Ha BIACTaHi /4 Bix mxepena. Pesynpratu Mo-
JISITIOBAHHSI 3aCBIUMIIN, [0 MaKCUMalbHE 3HAYEHHS YacTOTH, Y BiIMOBiIHOCTI 10 dopmynu (2), obe-

Puc. 4. Poznoninu npu HENPO30pOMY
CepeIOBUIII
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PHEHO TPOMOPLIifHO KBaApaTy BEIMYMHH /4, a BITHOCHI 4acTOTH OOEpHEHO MpOIOpLiiHI KBagpaTy
BEJIMYMHU KPOKY OOUUCIICHHS TiCTOrpam.

He Oyno oueBugHuMM, sike 3HaYEHHS MaTUMeE MapaMerp k Ipu PiBHOMIPHOMY PO3MOALII Mpo-
MEHIB 3 JKepena. AHali3 pe3ynbTaTiB CTATUCTUYHOTO MOJETIOBAHHS /-pO3MIOILTIB 103BOJIMB OLIIHUTH
3Ha4YeHHS MapaMerpy k Ui NpUHHITOI MOJeNi pIBHOMIPHOTO PO3NOiTY IPOMEHIB 3 JKepena.

B T1abn. 1 nns pizHUX BeIWYUH / HaBeleHi 3HaUYCHHSA ki, OTpUMaHi 3 BUKOPUCTaHHAM MaKCH-
MasbHOro 3HadeHns k; = 1+ w(0,0) - 7+ h?, i 3nauenns k,, orpumani MHK 3 BUKOpPHCTaHHSAM TIpH-
BEIEHMX CTaTHCTHYHHX 4acToT W(x, 0) Ha ocboBOMY mepeTuHi Ha iHTepBaii (-3, 3). ani cratuctuy-
HO CTaOUIbHI i MOKHA TPUHHSATH, 1110 PO3NOIITY KOOPAHHAT MEPETHHY MPOMEHIB IIPH PIBHOMIPHOMY B
MiBIPOCTOPi PO3MONLTI IPOMEHIB BiANOBiae 3HaueHHs napamerpy k = 1,50 = 3/2 y popmymni (2).

Tabnuysa 1. 3a4eHHs napaMeTpy k AJs pi3HUX A

015 A A 1 15 2 3 4 5
1,492 | 1,486 | 1,493 | 1,498 | 1,503 | 1,503

1,494 | 1,492 | 1,495 | 1,499 | 1,501 | 1,499

[

= | =

L)

Ha sxanb, rpagiune 300pakeHHS NOBEPXOHBb
w(x,y) He € LTIOCTPaTUBHUM, TOMY OOMEKHUMOCH Tpa-
¢ikaMH PUBEACHOI CTATUCTUYHOI YaCTOTH TI0 OCHOBO-
4 -3 -2 -1 0 1 2 3 4 My nepetuHy. Ha puc. 5 HaBeneni Taki rpadiku mpu

—— =2 — e =h=15 —a—h=10 PIBHOMIpHOMY PO3MOiNi MPOMEHIB 3 JpKepena s pi3-
HUX h. OOuucieHi 3HayeHHs k HaBeneHi B Tabm. 1. [Ipo
a/IcKBaTHICTh MIPUHHATOI MOJENI, KA MPEICTABISE PiB-
HOMIPHHUH PO3MOiN MPOMEHIB y MiBIIPOCTOPI, CBIAYUTH
MOBHE CIIBMAiHHA YacTOT, OOYMCIIEHHX MpPH CTaTHC-
TUYHOMY MOJIETIIOBaHHI Ta 3 BHKOPUCTaHHAM iHTerpanbHoi ¢yHKUii F(x,y) Ins crerneHeBoro 7 —
posmnoniny (py BUBeAeHHI (GOpMYIU TpuitHsTO k =1,5).

1 Xy x y 1
F(x,y) = —| arctan +arctan—+arctan= | +- —oo<x,y<o. (3)
2z hyh? + x2 + y2 h h) 4

MoskHa BIAMITHTH €0 HE3BUYHE MOJIOKEHHS rpadikiB BiAHOCHO OIUH 10 OAHOTO: AJS Of-
HOBHUMIPHHUX PO3MOALUIIB IO TiA TpadikaMu BiTHOCHUX YacTOT MOBHHHI OyTH OIHAaKOBHMH, B TOH
qac sIK 7151 ABOBUMIPHUX CUMETPUYHHX PO3MOALIIB MAIOTh OYTH OAHAKOBHMHU 00’ €MH KOHIYHHX Tl 3
TBipHOIO W(X, 0). [lilficHO, cymMH BCiX BiIHOCHMX 4YacTOT Ha TuloUmIMHI Ha iHTepBami —10 < x < 10,
—10 < y < 10 g koxxHOT Mozeni Oau3bKi 10 1.

Jnst creneHeBux A-po3noiliB TAKOXK aKTyaJbHUM € TIMTAaHHS PO 3aJISKHICTh TapaMeTpiB po-
3MOJILTY BiJ BIUIMBY HEPIBHOMIPHOCTI pO3MOALTY 3 JAXKepena 4d 00OMeXeHOoI MPO30pPOCTi CepeaoBHILA.

Ha puc. 6, 7, 8 HaBeneni rpadiku OCbOBHUX MEPETUHIB MPUBEIEHOI CTATUCTUYHOI MIUIBHOCTI
PO3IOUTIB AJIS PI3HUX MOJENEel po3Mnoaily MPOMEHIB 3 JDKepena, Y BCiX BUnaakax h = 2, Kpok (ik-
camii 3Ha4eHp yacrotu Ax = 0,5.

[Ipu HOpManEHOMY ABOBHMIPHOMY PO3MOALII MPOMEHIB 3 Kepena (puc. 6) Kpui OUIbII J10-
KaJIi30BaHi B MOPIBHSIHHI 3 PIBHOMIPHUM PO3MOALIOM 1 OTPUMaHi Taki 3HaYEHHS IapaMerpy k:

npu S, = S, = 0,8 Benuuunu ky; = 1,65 (k; = 1,64);

npu S, =S, = 0,5 Bemmumnm ky = 1,96 (k, = 1,91).

(Haragaemo, o a1 piBHOMIPHOTO y MIBIPOCTOPI JpKepena 3HadeHHs k 6mu3bki o 1,50). Crig Bigmi-
TUTH, 110 IPH HOPMAJILHOMY PO3MOii MPOMEHIB 3 JKepesna po3MoIiyl KOOPAUHAT CYTTEBO BiApi3HA-
€ThCS Bill IBOBUMIPHOI'0 HOPMAIBHOTO PO3MOLNY, KoedillieHT neTepMminanii R” He nepesuurye 0,60, B
TOi Uac SIK IIPU ampPOKCHMALii 4-posmoxinom R* = 0,995.

Puc. 5. I'padiku ocbOBUX NEPETUHIB
MpH PiIBHOMIPHOMY PO3MOLTI
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4 3 2 -1 0 1 2 3 4% 4 3 2 1 0 1 2 3 47
pigron —e—S=0,5 — = =5=0,8 pierom — v+ —L=4h —a—1L=2h
Puc. 6. OcboBi nepervHu NpH HOPMAIBHO- Puc. 7. OcboBi mepeTuHN NpH Pi3HINA J0B-

MYy PO3MOAii MPOMEHIB KHUHI TPOMEHIB

AmnasioriuHa KapTUHa Ma€ Micle IJisi Hempo-
30pOro CEepeIOBHINA, KOJIIM HE BCl IPOMEHI JIOCSTal0Th
ekpany (puc. 7). Sk i ans a-po3noaitiB, BUKOpHCTaHA
MOJIeTIb PIBHOMIPHOT'O Y HIBIPOCTOPi PO3NOIITY Hpo-
MEHIB, JOBXXWHHU SKHX MalOThb NMOKa3HUKOBHU pO3IO-
I 3 cepenHiM 3HadeHHSM L (Haragaemo, po3riisiia-
I0ThCSI MoJeni 4 = 2). 3a pe3yapTaTaMu CTaTUCTHYHO-
rO0 MOJETIOBAaHHS PO3MOAUIM OLTBLI JIOKali30BaHi i
IUIsl TTapaMeTpy k OTpUMaHi Taki 3HaAYCHHS:

npu L = 4h semmunnn k; = 1,73 (k, = 1,83);

0,00 » npu L = 2h Benmuuunn kq = 2,16 (k, = 2,12).
4 3 2 -1 0 1 2 3 4 Ha puc. 8 naBeneHi rpadiki 0CbOBHX MEPETHHIB
pieHoy = & =b=0,45 ===b=0,40 IS pKepena 3 aHTUMOJAIBHUM posnomitom f(r) =

Co(b+(1—2b)-7r), ne re(0,1). Sx i mis
Puc. 8. OcboBi mepeTHHU I JKe-  g-pO3NONUTIB, KPHBI CTaTHCTHYHHMX YacTOT OUIbII
pena 3 aHTUMOJAJILHUM PO3HOALIOM 3TMIaJPKEH1 y MOPIBHSAHHI 3 PO3MOIITOM IS PiBHOMIp-
HOT'O JPKepena, a mapaMeTp k po3noily MeHIIEe CTaH-
naptHoro k =1,5:

npu b = 0,45 Benmuunnn k; = 1,43 (k, = 1,44);

npu b = 0,40 Benuunnu k, = 1,37 (k, = 1,39).

B Toii xe yac Bukonana MHK 00po0ka pe3ynpTarTiB CTaTUCTHYHOIO MOJEIIOBAHHS TPU OA-
HOYaCHOMY 3HaXO/KEHHI 000X mapamerpiB posnoniny — k1 4 (K i k Ta a) — mokasasna, mo Koediri-
€HT JleTepMiHalli 3aBxkau 3poctae i ckmagae R? ~ 0,99, oaHak BHACIIIOK 0COONUBOCTEH penbedy
LTbOBOT (QYHKIIT pe3yabTaTUBHI 3HAYECHHS MapaMeTPiB @ Ta /i BaXKKO MiAAAI0THCS IHTEpIpeTaLii.

BucHoBkn

B minoMy MerogaMu cTaTHCTUYHOTO MOJENIIOBAHHS MiATBEPKEHO, IO CTEIEHEB1 PO3MOAUIN
MOXYTh Kpalle BifoOpakaTh OCOOJMBOCTI PO3MOALIIB NMPOMEHIB 3 JKepena IS Pi3HUX Mopelneil.
OmiHeHO CTeniHb 3aJIeKHOCT MapaMeTpiB pO3MOALTY Bif Moneneil — 4uM Oiblua JIOKaJi3alis, THM
OlIblle 3HaYeHHS TTOKA3HUKA CTEIeHIo k mpH (ikcoBaHOMY / 49U a.

Oxpemoi yBaru 3aciyroBye B MOJAIBLIMX JOCTIIKEHHAX (DaKT aHANOrii MaTeMaTHUYHUX (op-
MYJ, SIKI OHMCYIOTh PO3IOILT KOOPAWHAT MEPETHHY BUIIAIKOBHX IPOMEHIB 3 €KpaHOM i PO3MOJiNI 3Ha-
YeHb BEPTHKAIBHOI CKIIAI0BOI CHIIN TSOKIHHSA SIK IS TUIOCKOT, TaK 1 U1 MPOCTOPOBOI Moelnei.
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STATISTICAL STUDY OF THE PROPERTIES OF POWER DISTRIBUTIONS
Avramenko V., Stroieva V.

Abstract

The laws of distribution of random rays to the screen from a point source are investigated by
statistical methods. The previously introduced [1, 2] distributions from the group of power species
were used f(x) = Crq- (1 +x%/a?) ™ and f(x,y) = Cip - (1 + x%/h? + y%/h?)™* for the case on
the axis and on the plane, respectively.

It has been shown that the use of power distributions allows more accurately describing the
laws of distribution of projection coordinates for different models of ray distribution from the source
or properties of the environment through which rays pass.

For a source over a line in the case of uniform distribution of rays from the source, the law of
the Cauchy distribution (k = 1) is true, for more complex models it is proposed to use a-distributions.
They can be considered an extension of the Student distribution, including fractional values of para-
meters.

For sources above the plane, /-distributions of the power type are entered. It is shown that
even in half the space of ray distribution from the source corresponds to the distribution of the coordi-
nates of rays in the plane at a distance of h with a power of k= 1.5.

Statistical modeling methods estimated that in cases of distribution more localized compared
to uniform, during approximation of statistical distribution significantly increases the value of the pa-
rameter k£ power distribution. Similar conclusions are obtained for the case of a not quite transparent
environment, when not all rays reach the screen: the shorter the rays, the greater the parameter & of the
apprizing distribution.
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IMITYJBbCHE TPAKTYBAHHS E®EKTIB JOIIIJIEPA
CTOCOBHO PAIIOJIOKAIIII

Y pobomi supiwena axmyanrvna nayxosa zadaua, sKka noasiecae 8 pospooyi MamemMamuinoi
Mooeni po3paxyHKy epexmy [lonniepa 3 GUKOPUCMAHHAM NPUHYUNY 30epedcentss 00cazy iMnYaIbCHoT
ROCAI008HOCHI 8 PIZHUX cucmemax 8IOAIKY «00'ekm — padionoxayiina cmanyisny. Ompumano nepem-
sopenus Jlopenya, sk eeomempuune cepeOHe Ol HAOMUIICEHHS Ma 8i00aleHHs 00 ekma 8i0 padiono-
Kayitinoi cmanyii, a maxodic OmpumMana 2e0MempuyHa iHmepnpemayis 63a4EM038's13Ky NONepeuHoco
ma no30082cHbo20 epexmy onnnepa. 3anpononosana memoouxa 0036018€ GUSHAUAMU He MITbKU
paodianvhy, a i NOGHY WEUOKICHb PYXy 00 €Kmi8 6i0HOCHO padioNoKayitiHoi cmanyii.

Knrouoei cnosa: padionoxkayivina cmanyis, egpexm Jlonniepa, cneyianbHa meopisi 6i0HOCHOC-
mi, IMRYIbCHA NOCTIO0BHICHb.

The work has solved an urgent scientific problem, which consists in the development of a ma-
thematical model of Doppler effect with use of the principle of preservation of volume of pulse se-
quence in various reference systems "object — radar station". The Lorentz transformation is obtained
as a geometric mean for approaching and moving the object away from the radar station, and a geo-
metric interpretation of the relationship between the transverse and longitudinal Doppler effects is
obtained. The proposed method allows to determine not only the radial but also the total speed of ob-
Jects relative to the radar station.

Key words: radar station, Doppler effect, special theory of relativity, pulse sequence.

IHocTanoBka nmpodJjemMu

AxtuBHi paagionokauiiiHi cuctemu (PJIC) 1o3BonsoTs BU3HAYATH MBUAKICTh PyXY 00'€KTIB 32
nonomoroto epekty Hommepa (EM). Ilpu npoMy 3a3Buuail BU3HAYAETHCS pajiajibHa KOMIIOHEHTA
LIBUJIKOCTI, 110 30ira€Thbesl 3a HAPSIMKOM 3 paniyc-BekTopoM, npoBeneHuM Bif PJIC mo ol'ekry, a
BignoBignuii EJ] Ha3uBaroTh mo3aoBxHIM. JIJ1s1 OTpUMaHHS BUpa3y AOMILIEPiBCHKOIO YaCTOTHOT'O 3CY-
BY B pasi eNEeKTPOMAarHiTHUX XBHWJIb 3a3BHYall KOPUCTYIOTbCS PIBHSAHHAM IUIOCKOI XBWII 1 (hopmalris-
MoM crenianbHoi Teopii BimHocHocTi (CTB), mpuuomMy, sk i AJs NPYXHHUX XBUJb, (HAKTOPOM, IO
BUKpHBILSiE iHPopMaLito B kaHali 3B'13Ky «PJIC-00'ekT» € BimHOCHA IWBUAKICTE iX pyxy. Tomy akTya-
JHHOI0 HAYKOBOIO MPOOJIEMOI0 € OHOYACHE BH3HAUCHHS palialibHOI Ta TAaHTCHLIAJIbHOI KOMIIOHEHT
JyHa-CUTHAITY.

AHaJIi3 0OCTaHHIX JOCTIIKeHb Ta MyOJriKamii

3onnysansHuii curHan PJIC i, BianoBiaHO, TyHa-CUTHAN HalYacTille MalOTh BUIJISL KOPOTKHX
panioiMnysbCiB, TOMY IPEACTABISAE IHTEPEC POMIIHYTH 3MiHY MapaMeTpiB caMe TaKUX CHTHAJIB MpU
nepexoax MK CHCTeMaMH BimiKy crmoctepirada (aampukinan, PJIC) i o6'exta. Kpim Toro, sik Oyne
MOKa3aHO HW)KYE, TAKUH PO3TIISA JO3BOJISIE MPOCTO 1 HAOUHO MposBUTH cyTh EJl 000x TumiB — mos-
JIOBXKHBOT'O 1 TIOTIEPEYHOr0 He BAarounch 10 Bukopuctanas CTB ( cm. nanpuknan [1, 2]).
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H
B nanomy BuUnanky 3py4HO BBECTH paliyc-BEeKTOp R , IPOBEACHUH BiA LIEHTPY KOOPAMHAT 110
- -
JoKepena BUIPOMIHIOBAHHS, TOMI BEKTOP IIBMJKOCTI JKEpena, 3a BU3HAUEHHSIM o = dR/dt, 1 AKIIO
- -
paiyc-BEeKTOp MpeACcTaBUTU sIK JOOYTOK Horo Moayis Ha BIacHUM opT, T00T0 R =R -ep , TO OTpU-

MaeEMoO

N
- - -

=Ll R cp | = R LR

dt dt dt

[lepmmii nomaHOK BU3HAYa€ MBHUIKICTH AedopMallii paaiyc-BeKTopa, a B HAIIOMY BHIIAJKy —

3MiHH BiZIcTaHi MK BUIIPOMiHIOBaYeM 1 mpuiiMadeM. J[pyre ’ MiCTUTh NOXiIHY BiA OpTa 3a 4yacoMm, a

TaK AK OpT (OAWHUYHUI BEKTOpP) 3a BU3HAUCHHSAM HE IeOPMYETHCS, TO HOTO MOXiAHA 32 4aCOM MOXE

- -
OyTu 00yMOBIIEHA TUIbKM OOEPTAHHAM 1 TaK K ep 30ira€ThCs 3a HAPSIMKOM 3 PajlyC-BEKTOPOM R ,

(1)

TO JAPYIHi JOJAHOK BH3HA4Ya€ IIBUAKICTH 3MIHM Opi€HTalil mpuiiMaya Ha BUOpoMiHioBad. [leprmit
JOAAaHOK 3a3BMYal Ha31BAIOTh PadialbHOI0 KOMIIOHEHTOIO IIBUAKOCTI, 8 APYTHi — KYTOBOIO a00 TaH-
> > > - o
FeHIIaJIbHOI0, TOOTO U =Upg+ U, , IpudoMy v, Lvp [3,4].
DopMyJTIOBAHHS METH JOCTIIKEHHS

Meroro naHoi poOOTH € OTpUMaHHS BHpa3y AOMILIEPIBCHKOIO 3CYBY YacTOTH 3a JOIOMOIOI0
NpUHIUITY 30epekeHHs 00csaTy iIMIyIbcHOI mocmigoBHOCTI B cucremax Biaiky (PJIC — o0'ext) mis
MO3110BKHBOTO 1 monepeuHoro EJI, BcranoBneHHs B3aeMO3B's13Ky 000x TuniB EJ] B reomeTpuyHiii iH-
TeprpeTarii.

BukJsiax ocHoBHOTO MaTepiaay

Posrisinemo cnowatky mosgoxHild EJl, TOOTO cuTyalito, KoM BEKTOp IIBUAKOCTI JKepena
BUITPOMiHIOBaHHS (00'€KTa) M00 crocTepiraya (mpuitMay) 30iraeTbes 3 NPAMOIO, IO MIPOXOAUTH Ye-
pe3 o0'ext 1 mpuiitmau. [TpumyctimMo, mo 00'eKT HaniTae Ha MpUMay 3 AESIKOI MBHIKICTIO U LI0I0

npuiiMada BUIPOMIHIOIOUH KOPOTKI & -BUJHI IMITYJIbCH 3 YaCTOTOIO MPOXOKEHHS f; B CUCTEMI BiaJIi-
Ky (CB) camoro o0'ekra. bynemo, Takoxk, BUXOAUTH 3 TOTO, 110 MIBUAKICTh MOIMIMPEHHS UX IMITYJIhb-
CiB 3aJIeXHUTh TUIBKH BiJ BUAY 30ypeHHs (Ipy>KHA, eIeKTPOMAarHiTHa) i BiAMOBITHMX BJIACTUBOCTEH
cepenoBHIIa B Kl JaHe iMITyJIbcHa 30ypeHHs momuproeTbes 5, 6]. Ockinbku B PJIC BuKOpHCTOBY-

IOTbCS €IEKTPOMArHiTHI IMIYJIbCH, TO CIiJ BpaxyBaTH, O U <<c, e ¢ = 3- 10® w/c — mBmaKicTS
MOUIMPEHHS EIEeKTPOMAarHiTHOro 30ypeHHs B Bakyywmi (moBitps). Toni, Aisl AeIKOTO MOMEHTY dYacy,
IO XapaKTepu3yeThCs BiICTaHHIO R Bij BUIPOMiHIOBAuYa 10 MpUiiMaya, YTBOPIOETHCS JAHIIOKOK iM-
MyJAbCHUX 30ypeHb, 10 PyXaloThesl OJJMH 32 OJHKUM 3 iHTEpBAJIOM /, SIK TIOKa3aHo Ha puc. 1.
60
+“—O

[Tpuiimay O0'exT
° °

—~—
R

Puc. 1. Inroctpartist 1o mo3mpoBxkHBOr0 EJ|

OueBnnHO, MO KON 00'eKT OyB HEPYXOMHU LIOAO NpuiiMaya, TO BETMYMHA iHTEPBAIY MDK
iMysabcamu cranoBuwia 6 [ =c- T, ie ¢ — MBHUAKICTb IMITYJIBCIB, a T — Iepioj BUMPOMIHIOBAH-
HA iMnybciB B CB o6'exTa. SIKmo K 00'€KT pyXaeTbes, TO BIMOBIAHO 0 MPHUITYILEHb Lel iHTepBaj
ckoporutHcs Ha BenmuunHy Al =vg - Ty, Tak mo [ =1 (c —UO). Came 114 BennuuHa Oyze peecTpy-
BATUCs CIIOCTEpiraveM, sSKMidi Mae mpaBo noxpatu il y surisigi [=c-Tpp, ne Typ — mepion mpoxo-
JDKeHHA NpUAHATHX iMIynbeiB B CB cnoctepiraua (PJIC). BuzHaunmo npuiiManbHy 4acToTy
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[ ¢ c
Tpp=—» fop=7=——F—"— )
C / TO (C —Uo )
. c c+0p . 1
npejacTaBuMo (2) y Burisai fpp = —- 1 Bpaxyemo, o — = f; — 4acToTa BU-
To (c~vo)c+vp) To
mpoMiHIOBaHHS iMITyJbCiB B CB o0'exra.
. c-lc+v . . .
Toni orpumyemo frp = f7 M 1 HeXTyouu 0(2) B TOPIBHSHHI 3 BEIMYMHOIO
c —Uo
(
¢ (v << c) OTPUMYEMO
2
¢ +cyg Lo
fHP=f1—2=f1'[1+—Ja )
c C
v . "
ae fr Oy 7 — HOMILICPIBCBKE 3PYLICHHS 4aCTOTH JUIsl JaHOi cuTyauii. OYeBHAHO, 1O SKIIO
c

OMUCAaTH TaKUM YMHOM CHTYalil0 BHIAJIEHHS 00'ekTa Bin mpuiimMaua, To (4) mpuumbano O BUIIIAL

Sap =f1'(1—UTOJaT06T0 Jap=Jf1-7n-

[HmmMu cnoBamu, mpocTopoBi iHTepBanu s crnocrepirada (CB PJIC) B nepmomy Bumanxy
CTHUCKAIOThCA, a MPUUMAETHCS YaCTOTa IMITYJIBCIB 3pOCTa€, y APYyroMy HaBIAKd — IHTEpPBaIU PO3TS-
T'YIOTbCS, a (PIKCYETBhCS 4aCTOTa 3MEHIIYeThCs. TOOTO CIOTBOPEHHS BETMYMHHI BHUIIPOMIHIOBAHOI 00'e-
KTOM YacTOTH B KaHaJli 3B'A3Ky OOYMOBJIEHO caMe pyXoM 00'€eKTa BITHOCHO CIOCTepiraya, ajie JaHe
CIIOTBOPEHHSI BUKOPUCTOBYEeThCA B PJIC i BU3HaUEHHS MIBUAKOCTI pyXy 00'€KTa.

Taxi >k pe3ynbTaTH MOJKHA OTPUMATH, SKIIO BBECTU CBOEPITHHM 3aKOH 30epeXeHHS KUIbKOCTI
imnynbci. el 3akoH BimoOpakae HOCHTh OYEBWAHI MPHITYLIEHHS MPO TE, IO KUTBKICTh IMITYJIBCIB,
BUITPOMIHIOBaHUX 00'€KTOM 3a MEBHHUH MPOMDKOK 4acy, AOPIBHIOE KUIBKOCTI IMIYJIbCIB 3apeecTpoBa-
HUX puiiMadeM 3a 1ei ke IpOMDKOK. [HIMMHU clioBaMH, iIMITYJIBCH IO BHITPOMIHIOIOTHCSI HE MOXYTh
HAKOMUYyBaTHCsA a00 3HUKAaTH B MPOCTOPI MK BHIpOMiHIOBaueM i mpuiiMauem. Tomi, Ans AEIKOro
MOMEHTY 4acy, umocTpoBaHuM puc. 1. Maemo Nyp =Ny + N, ne No — nodaTkoBa KUIbKICTb IMITy-

JbCIB HA BiACTaHi R B JaHWH MOMEHT 4acy, N; — KUIbKICTh IMITYJIbCiB, BUIPOMIHEHHX 00'€KTOM 3a 4ac
10 MUHYB BiJl IOYaTKOBOI'O MOMEHTY O MOMEHTY 31TKHEHHsI 00'eKkTa 3 mpuiiMadeM. Busnaunmo Te-
nep aeranbHo No i V.

¢~ Yo

R c . R-
OueBuaHo, o Ny =7 ,Ioe = , K TIOKa3aHo paHile, To0To Ny = —fl

I ¢~Vbo
Bemmunna Nj = f;-t, ne f; — uacTtora BUIpOMiHIOBaHHS iMmynbciB B CB o0'ekra, a t —

, . R R . .
qgac pyxy 00'exTa A0 npuumMadya —. Taxum YUHOM, N] = f] -——, TOA1 NHP Ma€ OJOpP1IBHIOBATH BE-
Lo Lo
R- R- 1 1
—fl + _fl =R- f] | —_—
c—Ugp Lo Cc—Up Uo

avuuHi N pp =

Hns mepyxomoro crioctepiraya (PJIC) kinbKicTh NPUHHATHX IMITYJIBCIB 32 LN MPOMDKOK Yacy

R . . . . . " .
N P = f 7P - t= f p - — , TOIl 3aKOH 36epe>KeHH$[ KUIBKOCT1 BUIIPOMIHIOBAHHUX 1 IPUHMHATHUX IMITY-
Lo
JIBCIB OTpHUMAa€ BUTIAL
R 1 1 1 1
fHP'_ZR'f]' ——+— |, W fHP:UO'f]' —+t— (4)
Lo Cc—Up Lo c—Up Lo
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1 .
ITeperBopumo (4) TakuM uuHOM: f7p = f7 -| 1+ ——— |, a Opyruil JO#aHOK B JyXKKaX —
c—Up
Lo 200(C+Uo)zUo(C+Uo)zC‘UO:UO

c-vo  ?- 0(2; ? ? ¢

. Lo
B pesynbrati orpumanu fp = f7 | 1+ —= |, T00TO 32 yMOBU U << C, IO 3aBXIU 33/10BO-
C

nbHsieThes pu GyHKuionyBaHHi PJIC, onuc noznosxuboro EJl moxusuii B popmi (3) 3 o0miky 3Ha-

KiB f7.
Kpim Toro, ockinbku B aktuBHUX PJIC BUKOPHCTOBYETHCS BlIaCHE BUIIPOMIHIOBAHHSI, TO JOII-

. . U,
IJICPIBCBKC 3MIINICHHA 4aCTOTU CUTHATY HOABOKETHCA, TOOTO MaeMO BCIIMYUHY 2f1 20 .B obOMY
c

Bunaaky EJl nmposiBisieTbest ABIYI — AJIS1 CUTHALY 11aJal0vdoro Ha 00'eKT 1 BinOuToro Bix o0'ekra.
[Tpunmn 30epexeHHs KUIBKOCTI BUITYIIEHUX 00'€KTOM 1 MPUHHATHM HEPYXOMHM CIIOCTepira-
gyeM (PJIC) iMmynbciB BUSBISETHCS TOCUTD YHIBepcadbHUM. [Ipudomy, SIKIO po3risaaTy naker iMimy-
JbCIB 3 AesikuM 06'emoM N, To BenmmunHa N moBHHHa 30epiratucs B pyxomiii CB, i B CB 3 HepyxoMoto
PJIC. ¥ cBoto uepry, BenuurHa N XapaKTepU3YEThCS YacOM peecTpalii i pOCTOPOBUM PO3MIpOM, SKi
cami o co0i He 30epirarorbest pu nepexoni 3 oguiel CB B inmry. Tak, Hampukiaa, JOBXKHHA MaKeTa

. . lole—v,
imnynbeiB peectpoBaHoro PJIC nnst oG'ekra mo Habmwxkaetses Ly gp =N-I=N -M, ne
c
lo — Bincranp Mik cycimHiMu iMmnynecamu B CB oO'exta. [Jlns of'ekta 1m0 BigmanseThes
lO (C + 1)0)
LH-BIﬂ- =N ‘—c .

Jis makera B CB o0'exta L7 9 =N -l . Toni obcsr makera N, sikuil € iHBapiaHTOM, MOXKHA
BUCIIOBUTHU TaK

N Lonp.-c _ Ltnsp< Lo (5)

lolc=vo) lolc+vo) o
Posrisinemo Tenep ocoOGiMBY TOUKY Ha TpaekTopii 00'ekra, mo mnpoitae Haa PJIC, sxiii Bia-
MOBiJae MpsIMHUA KyT MK HanmpsaMkoM (paniyc-Bekropom «PJIC — 00'ekT») 1 BEKTOPOM ILBUAKOCTI
o0'ekra. O4ueBHIHO, IO B AaHiil Touni no3noBxHii B/l 3HMKae, a mpu nepexoai yepes LI0 TOUKY Ha-
OnMKEeHHsI 3MIHIOETHCS BUaeHHAM a00 HaBIAKU (3MiHA 3HaKa nepen v B (5)). Big BruBy 3Haka

JIETKO Mmo30yTHCs BBIBIUM cepenne reomerpuane Bin Ly gp 1 Ly ppy. Licp = \/LH. np. "Ly -

L e Losiy ? o . . - B v

X O =—75"", 3BUIKH BIIpa3y OTPHMYEMO Ligcp =Lio 41— - —
/ 19) (C —Uo ) / 19) C
neperBopeHHs JlopeHna 11t JOBXKHUH BiApi3KiB, a B JAHOMY BHUITaIKy BUpas i nonepeunoro EJI, sxe
MPOSBISEThCA Y 3a3HAYEHIN OCOONMMBIN TOYI[I B YHCTOMY BUIIIAI, 0€3 TO3OBXKHBOI KOMITOHEHTH
EJI — B mi#i Toumi o0'ext He HaOmmkaeTbes B PJIC 1 He Bigmanserscs Bix Hel. Takuii ke pe3yabTaT
OTpPUMaHO B [7] 1 9acOBUX IHTEPBAJIIB 1 YaCTOTH. [HIIMMU CIOBaMU, BUXOIUTH, 110 monepeunuii EJ]
MOXHa IHTEPIPETYBaTH SIK TEOMETPHYHE cepeHe Bin no3aoBxuboro EJl nis HaOmkeHHs 1 BUAaleH-
HSl, @ IPUHIUT 30epeKEeHHS KUIBKOCT1 IMITyJIbCiB MOXXHA BUKOPUCTOBYBATH 3aMiCTh BUMOTH iHBapiaH-
THOCTi POCTOPOBO-YaCOBOTO KOHTUHYYMY.

VY cBOIO Uepry, NOHATTA TE€OMETPUUIHOTO CEPEeIHBOT0 BiqoOpaXkae HACTYIHI BIACTUBOCTI M-

MOKYTHOTO TPUKYTHHKa — OyIIb-IKHI 3 KaTeTiB TPUKYTHHUKA € TEOMETPUYHUM CEpEeNHIM Bill CyMH i
Pi3HHII JOBXWHU TIMOTEHY3M i 1HIIOro KareTa. Y HamoMmy BUOAAKy, ajis nomnepedHoro EJl pons ta-

Toni N2 =

KOI'0 TPUKYTHHKA I'pa€ TPUKYTHHUK IIBUAKOCTEH 3 KaTeTaMU Cp, Uy =Up 1 TINOTEHY3010 ¢, TOOTO

CHiBBiZ[HOH_IeHHH C2 = C]ze + Ué MOXHa 3alrcaTu Biz[pasy, 0e3 BUKOPUCTAHHA TMOHATTA y;IBHOI Ioa0B-

xeHoi TpaekTopii. Di3uyHO 1€ 03Hauae, MO I XBUJIb MTONIEpEeYHOro Tuly nonepeunuii EJl BuHuKae B



Poztin 2. MonentoBaHHS Ta ONTUMI3allis B TEXHOJIOTI] KOHCTPYKIIHHUX MaTepialliB 61

pe3ynbTaTi AESIKOro MOBOPOTY XBUIIBOBOT'O BEKTOPA BIJHOCHOTO HANPIMKY «00'ekT — PJIC» 1 Biamo-
BiZJTHOTO MIOBOPOTY uepe3 (pa3oBoi moBepXHi XBHII (U1 HEPYXOMOTO crioctepirayda). [Ipu npomy mBu-
JKICTh XBWJII B pafialbHOMY HampsiMKy Bing oO'exta no PJIC cp BuUSBIAETBCA MeHIIE ¢, TOOTO
L0
C2

Bci otpumani Bulle pe3ynbTaTy, sIKi BAKOPUCTOBYIOTh YABIICHHS PO IMITYJILCHUX TOCITiJOBHO-
CTAX CIPaBeUIUBI AJsl CUTHAIB OyIb-sIKOi ()OPMH, B TOMY YHCII TApPMOHIHHHMX, MPUUIOMY, BUpPA3 IS
1mo310BkHBOr0 EJl B 1IbOMY BHITQIKy BUXOIUTH MaKCUMAIBHO MPOCTO 1 HE BUMArae HisIKUX IPHUITYILCHb.
Hans LBOTO JOCHTh BUKOPHCTOBYBaTH PIBHSIHHS, HanpHKIaz, IUIOCKOT  XBHWII

a(x, t) =4- cos(a)l t—k- x) , Ie X — BIJICTaHb BiJI JpKepelia BUIPOMiHIOBaHHS (00'€KTa) 10 criocTepira-

Cp=c-" . 3ayBaskuMo, 10 A7l XBUIIb TTO30BXKHBOTO THITY nonepeunuii EJl BincyTHii.

ya (PJIC), k — xBuiboBe uucio 272/ A; . Togi noxigHa i hasu o yacy 1ae 4acToTy NPUIHATHX KOJHU-
dx
dt

BaHb 1 AKIIO JHKEPEIO PyXaeThCsl, HAIPHUKIIA, HAOMKAETHCS A0 CIIOCTEpirada, T0 wp =@y +k

. dx x
BIJICTaHb X CKOPOUYETHCS, TOOTO 7 < 0. 3 onigy Ha Te M0 — = V() , OAEPKYEMO
t t

2 2 ) V)
Wrp =07 +—Vp =0 + UO=w1+27y”1—0=a)1 1+—0 .
/11 C'TI C C

BucHoBkn
1. ITokazaHo, 10 BUpa3u Aj1sl MO3OBXKHBOrO 1 morepeyHoro edexry Jlonmiepa MOKHa OTpHU-
MaTH BUKOPHCTOBYIOUHM MPUHIUI 30€peKeHHs 00CATY IMIYIbCHOI TIOCHIIJOBHOCTI B PI3HUX CHCTEMaxX
BiUTIKY (00'€KT — pajioioKaIliiiHa CTaHIlis).
2. Otpumano nieperBopeHHs JlopeHna, sk TeOMeTprYHe CepeaHe Ul HAOMIKeHHS Ta Binaa-
nenHs 00’ekra Big PJIC, a Takoxx oTpuMaHa TeoMeTprYHa iHTEpIIpeTallis B3a€MO3B'SI3KY MOIEPEYHOT O
Ta MO3A0BXHBOTO edekry Jommepa.
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PULSE INTERPRETATION OF DOPPLER EFFECTS ON RADAR
Ryazantsev O., Kulik M., S'yanov O.

The work has solved an urgent scientific problem, which consists in the development of a ma-
thematical model of Doppler effect with use of the principle of preservation of volume of pulse se-
quence in various reference systems "object — radar station". The Lorentz transformation is obtained as
a geometric mean for approaching and moving the object away from the radar station, and a geometric
interpretation of the relationship between the transverse and longitudinal Doppler effects is obtained.
The proposed method allows to determine not only the radial but also the total speed of objects rela-
tive to the radar station.

The main results of the work can be obtained by introducing a kind of law of conservation of
the number of pulses. This law reflects a fairly obvious assumption that the number of pulses emitted
by the object for a certain period of time is equal to the number of pulses registered by the receiver for
the same period. In other words, the emitted pulses cannot accumulate or disappear in the space be-
tween the emitter and the receiver.

The principle of preserving the number of pulses emitted by the object and received by a sta-
tionary observer (for example, a radar station) is quite universal. Thus, in turn, the concept of geome-
tric mean reflects the following properties of a right triangle — any of the legs of the triangle is the
geometric mean of the sum and difference of the lengths of the hypotenuse and the other leg. Physical-
ly, this means that for waves of the transverse type, the transverse ED occurs as a result of some rota-
tion of the wave vector of the relative direction "object — radar" and the corresponding rotation
through the phase surface of the wave (for a stationary observer).
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KINETIC SIMULATION OF ROD ROLLING IN A WIRE BLOCK

Rolling of round billet in the system of calibers "oval-round" in wire blocks is the main me-
thod of modern production of wire rod. However, due to the lack of much experimental data in the
corresponding development of the theory of high-speed rolling, simulation is relevant. To build a ki-
netic model of the high-speed rolling process, the calculation algorithms are taken into account the
longitudinal stability of the process. The adequacy of the model is assessed by the results of the calcu-
lation of the calibration of the rolls for the stands of the wire block when rolling the wire rod with a
diameter of 5.5 mm, which correspond to the proprietary materials of the design documentation.

Keywords: high-speed rolling; kinetic model of wire rod rolling; longitudinal stability of roll-
ing; calibration of rolls.

Ilpoxamxa Kpyanoi 3a20moeku 8 cucmemi Kauiopie «ogan-kpyey» y Opomanux 610Kax € 0CHO8-
HUM MEMOOOM CYuaCH020 eupooHuymea kamanku. QOHAK y 36 513Ky 3 6i0cymHicmio 6azamvox exche-
PUMEHATbHUX OAHUX NPU 8I0N0GIOHOMY PO3GUMKY MEOPIi BUCOKOUBUOKICHO20 NPOKATMYBAHHS AKMY-
anvre imimayiiine mooemosanns. s no6yoosu KiHemuuHoi mMooleni npoyecy 6UCOKOUBUOKICHO2O
NPOKAMYBAHHs 00 AN2OPUMMIE PO3PAXYHKIE 000AEMbCA BPAXYBAHHS NO3008IHCHLOI CIMANOCTI npoye-
cy. Adexeamuicmov MoOeni OYiHIOEMbCS 3a PE3YIbMAMamMi PO3PAXYHKY KALOPoeKi 8anKie 0as Kiimetl
OpOmsH020 ONOKY NpU NPOKAMYBAHHI KAMAaHKu diamempom 5,5 mm, aKi 6ionosioaromv Qipmosum
NPOEKMHUM MAMEPIANaM.

Knwouoei cnosa: sucoxowguoKicie npoxamy8auts, KiHemuuna mMooeib npoKamy8anus Kkama-
HKU,; NO3006IICHS CIMALICIb NPOKAMKU, KAIOPOBKA 8AJIKIE.

Problem’s Formulation

In modern wire rod manufacturing with the use of wire blocks, it is important to avoid an un-
stable process, which is expressed in slips of workpiece in the rolls, leads to equipment failures and
reduced productivity of the technological process. When improving the technological process, system
analysis involves the study of material flows from the source material to the final product. Analysis of
the production of small-grade rolled metal allows us to present the process of forming and transporta-
tion of metal as a set of operations to which the material of the initial workpiece in the process of its
transformation into marketable products. We obtain a scheme in the form of a linear flow process for
technological specialization of both its stages and individual operations. By stages, the technological
process of production the products is one-line. Moreover, in the analysis of the operative process dur-
ing the steps also has a pronounced single-line flow character. However, even for such a simple
scheme in the design and control should use a scientific approach based on mathematical modeling
and simulation.

Analysis of recent research and publications

According to the tasks of rolling production technology, plastic deformations of the processed
material are first subject to modeling. Known methods for calculating the modes of reduction and cali-
bration of rolls in the rolling of profile products, including the production of wire rod, set out in the
fundamental works [2—5]. In modern rolling mills during the production of round profiles use a sys-
tem of oval-round gauges [2, 3, 6, 7]. This system allows for a smooth transition from one cross-
sectional shape to another in the rolling. When calculating the modes of reduction and calibration the
rolls of the wire block, fundamental difficulties are caused by the exact determination of the ratio be-
tween longitudinal and transverse deformation, as well as the choice of the friction coefficient, espe-
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cially in high-speed stands, since experimental and calculated analytical data in the literature are ab-
sent. The systems approach focuses on the simulation of high-speed working processes, taking into
account their various aspects.

Formulation of the study purpose

First of all, the aim of this work is to develop a kinetic model of wire rod rolling in a wire
block, which, along with the law of constancy of seconds volumes (process kinematics), would take
into account the equilibrium conditions of metal in the rolls with the presence of forward and rear ten-
sion rolling on all stands of the wire block (dynamics of process).

Presenting main material

Modern mathematical models in rolling production can be divided into three classes. The first
includes descriptive models: regression and other empirically established quantitative dependencies
that do not claim to reveal the mechanism of the process being analyzed. They are usually used to
describe separated dependencies and are included as fragments in simulation models. These include
most of the calculation formulas for determining the extension.

The second — qualitative models, which are built to determine the dynamic mechanism of the
studied process, are able to reproduce the dynamic effects observed in the behavior of systems, such as
changes in stress in the deformation center. To do this, you can use the solution of the boundary value
problem with the equation of T. Karman or energy methods. Usually these models are subjected to
quantitative research using analytical and computer methods.

The third class — simulation models of specific technological systems that take into account all
available information about the object of production. The purpose of building such models is a de-
tailed prediction of the behavior of complex systems or solving the optimization problem of their op-
eration. Calculations of longitudinal stability in rolling the profiles should be included in the methods
of technological calculations.

The kinetic model is applicable to the analysis of the rolling process the wire rod with a di-
ameter of 5.5 mm in the wire block of the mill 400/200 of PJSC "DMC". Taking into account the
thermal expansion and half the minus tolerance in terms of the corresponding strip, the final transverse
dimensions of the strip after rolling in the tenth stand will be h; (19 X by (19)=4.87 x 4.87 mm. Let us set
the lead value S(;9) = 0.05. Taking into account the real linear speed of the rolls vy0) = 98 m/s, we
determine the speed of the wire rod exit from the last stand

Viao = (1+ S (10)) Ve (10) = 1.05-98 =102.9 m/s.

As a result, the second volume of metal will be

Ve = 4.87 - 4.87 - 102.9 = 2440.5 mm’ - ny/s.

Further, proceeding from the law of constancy of second volumes, we determine the kinematic

value of the angle of the neutral section

where Ry is the rolling radius the rolls in stand 10.
After substitution of values (R;o = 104, 36 mm)

0.05-4.87
= 206 048,
P10 =404, 36

We numerically solve the differential equation of T. Karman [8] with the known parameters
Rio, hy, £, (f, = 0.26 is the friction coefficient obtained from the conditions of longitudinal stability of
the strip in rolls [9]) taking into account the front and rear tensions.

Assume

0010 o110
= 005, qll() =

cpl0 kcplO

9010 = =0.0 N

where gj1o and ¢q1o are front and rear tensions in 10 stand, 2k, is the average deformation re-

sistance.
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With the specified parameters, we find such an angle of rolling ,, , at which the angle y1¢,

obtained from the equilibrium conditions by the results of solving the Karman equation, would be
equal to the neutral angle y,o. The solution results in the form of graphs are shown in Fig. 1 for the

case of a,,19= 0.145 at absolute reduction Ahg = 2.2 mm. Then the initial thickness /9= 7.07
mm. To determine the initial width of the profile in the tenth pass b |, it is necessary to determine the

final dimensions of the roll in the 8th pass. To do this, asking ourselves Sg =0.05, we will find the
final speed of the strip in this pass.
Taking into account that v zg=63.21 m/s, we have

g =1.05-63.21=66.37 mis.

V 2440.8
h18=b18=\/ SEE z\/663 =6.06 mm.
V18 .37

Then

Hence it follows that Ayg = by9 =6.06 mm. Determine the kinematic and geometric parame-
ters in the 9th pass. As before, we set advancing Sg = 0,06 and take into account value v gg=79.6
m/s. We find vjg =1.06-79.6 =84.38 m/s.

Considering that b 9=/ (;9="7.07 mm, we find the final metal thickness in the ninth pass:

Ve _ 24408
Vig-bg 7.07-8438

hg =

Ah 9=6.06-4.09=1.97 mm; @, = /% =0.137; Ry =104.6mm.

Let us determiney , g = M=0.0483, for gy9 =0,06 and g9 =0,055 by the indi-
P9 1047 09 19

cated calibration parameters /g = p9> i.e. the equilibrium conditions of the metal in the ninth stand
are consistent with the law of constancy of second volumes. In this case, the broadening of the metal
in this passage is equal to Ab g=7.07-6.06 =1.01 mm.

Considering that b (y;90=/ 19=4.09 mm, we get the broadening of the roll in the tenth pass

Abjy =4.87-4.09=0.78 mm. According to the results of calculations, the deformation modes and

kinematic parameters in stands 9 and 10 are determined.
We continue calculating the parameters in the eighth stand. Find the neutral angle

0.05-6.06
= [R50 g gsa.
P8 TN 103.88

Numerical solution of the differential equation of equilibrium at / 1g=6.06 mm; /), =0.26;
Ry =103.88mm; ¢13 =0,06 and g9 =0,055;05 =0.191 gives yg =y,g=0.054. Next, we deter-
mine Ah g= 103.88-0.191% =3.8 mm and hyg =6.06+3.8=9.86 mm. The value b g is calculated in

the same way as for stand 10. The final dimensions of the roll in the sixth stand are preliminarily de-
termined, which corresponds to the initial dimensions /4~ andby;. We use bj7 =hyg= 9.86 mm.

Then, acting in the same way as in the 9th passage, we find 7 7, A7, 7 and Ab;. Geometric and

kinematic parameters for rolling in 4, 5 and 6 stands are calculated by the same way. Further, in ac-
cordance with the algorithm, calculations continue until the first pass. For the convenience of analysis,
the data and results of calculations of technological parameters during rolling the corresponding strip
are summarized in tabl. 1.
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b, mm | 4,87
R 104,4
hy 4,87

f 0,26

o 0,145
qo/2k 0,05
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Fig. 1. Distribution of the stresses and current longitudinal force in the deformation zone of

the tenth stand
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Table 1. Geometric, kinematic and force parameters of rolling the corresponding strip

NR [/ |m | &b [be |k [Ab [Re |qo

1 [1533]8.99]634]1533]18.9]3.57|102.6]0

2 189 [11.9]7.03]899 [11.9]2.88] 101.7 | 0.06
3 | 11.87]69 [4.97]11.87]16.7|4.83]103.3]0.07
4 116.65/9.58]696]69 [9.58]2.68]103.3]0.05
5 |958 |56 [3.98]9.58 |13.0]3.42]104.0]0.06
6 |1299]7.62[537]56 |7.62]2.02]103.3]0.05
7 [7.62 [459]3.03]7.62 [9.86|224]104.4]0.06
8 |9.86 |6.06]38 [459 [6.06]|1.47]103.9]0.06
9 |6.06 |4.09]1.97]6.06 |7.07]1.01]104.7]0.06
10 [7.07 |487]22 [4.09 [4.87]0.78] 1044 0.05

Table I continuation

NR | ¢ a v Vi S Vp Q*epnp

1 0.06 | 0.249 | 13.68 | 14.36 | 0.05 | 0.068 | -0.0145
2 [0.07]0.263|16.82|17.32|0.03 | 0.061 | -0.0036
3 0.05 | 0.219 | 20.37 | 21.29 | 0.05 | 0.057 | -0.0096
4 10.06]026 |2508]26.08]0.04|0.061 |-0.0065
5 10.05(0.196 | 31.63 | 33.53 | 0.05 | 0.057 | -0.0127
6 |0.06|0.228 | 40.02 | 42.02 | 0.05 | 0.061 | -0.0106
7 10.06|0.17 |49.87 | 53.36 | 0.07 | 0.055 | -0.0138
8 [0.060.193 | 63.25 | 66.37 | 0.05 | 0.059 | -0.0124
9 10.05[0.136 | 79.6 | 84.39 | 0.06 | 0.048 | -0.0127
10 |0 0.145 | 98.0 | 102.9 | 0.05 | 0.048 | -0.0139

Taking into account that the condition y = 0 does not always accurately reflect the limiting
conditions of rolling [10, 11], the paper analyzes the internal longitudinal forces in the deformation

zones of all stands of the block. To characterize these current forces, their average resultant Q:p np
[8, 9, 12] is used. If this force is directed opposite to the direction of movement the metal (is negative),

then the process is carried out steadily without signs of slipping. When Q:p np >0, the rolling process

is impossible. Table 1 shows the calculated values of the force Q:p np and shows that under the given

conditions of friction, the values of the angles of capture, specific tensions, as well as with the ob-
tained dimensions Ag; bg;; /15, by; the process of metal deformation along the mill line should be per-
formed steadily without complications.

At the same time, it should be noted that in the first four passes the longitudinal stability of the
rolling piece is somewhat worse than in the other stands of the block. The minimum modulus value of
the dimensionless force O*, ,, is observed in the deformation zone of the second stand. Obviously,
this is due to a significant angle of capture, as well as a significant rear specific tension of the rolling
specimen.
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According to the conditions for recalculating the dimensions of the corresponding strip and the
real rolling specimen [13], the dimensions of the profile were determined when rolling in each stand of
the block and roll grooves in the round-oval-round scheme, which are presenting in tabl. 2.

Table 2. Transverse dimensions of the specimens in a wire block

Stand’s | Corresponding strip Real profile dimensions

number | F, F, ho/by hi/b, ho by hy by

1 235 170 1 0.476 17.3 17.3 9.24 19.41
2 170 140.9 2.025 1 19.41 9.24 13.4 13.4
3 1409 | 115 1 0.478 13.4 13.4 7.75 18.9
4 115 91.78 2.091 1 18.9 7.75 10.81 | 10.81
5 91.78 | 72.74 1 0.431 10.81 10.81 | 6.32 14.66
6 72.74 | 58.06 2.32 1 14.66 6.32 8.6 8.6

7 58.06 | 45.26 1 0.466 8.6 8.6 4.88 10.47
8 45.26 | 36.72 2.148 1 10.47 4.88 6.84 6.84
9 36.72 | 28.92 1 0.579 6.84 6.84 4.62 7.98
10 28.92 | 23.717 1.729 1 7.98 4.62 5.5 5.5

Comparing the results of the calculations performed with the data from the calibration table
for the rolls of the wire block when rolling wire rod with a diameter of 5.5 mm, drawn up in accor-
dance with the proprietary design documentation, we can conclude that they do not differ significantly
and complement each other.

Conclusions

A kinetic model has been developed for rolling wire rod in the stands of a wire block by the
gauges’ system the oval-round, taking into account the law of constancy the seconds volumes, the
equilibrium of specimen in rolls in the presence of tension in the metal, as well as the fulfillment of the
condition for the longitudinal stability of the process. Using this model, the calculation of the calibra-
tion of the wire block the 400/200 mill for rolling wire rod with a diameter of 5.5 mm was carried out,
the results obtained correspond to the proprietary materials of the design documentation.
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KIHETHYHE MOJIEJIOBAHHS ITPOKATYBAHHSA KATAHKHU
Y IPOTOBOMY BJIOII
Makcumenko O.I1., Hikyain O.B., Camoxsaa B.M., Ilpuiimak A.b.

Pedepar

BucokomBukicHa MpoKaTka € OCHOBHUM CIIOCOOOM BHT'OTOBJICHHS KaTaHKH HA Cy4aCHUX Me-
Tanypriiuux mianpuemctsax. [lo cragisx mpoiec BUpOOHUITBA IPiOHOCOPTHOIO MPOKATY € OJHOJI-
HiltHuM. OfHAK 1 17151 TaKOi TEXHOJIOTYHOI CXeMH IpU MPOEKTYBaHHI Ta IJIsl KepyBaHHs Tpeba Kopuc-
TYBaTUCS HAYKOBUM ITiAX0JJOM Ha OCHOB1 MaTeMaTHYHOT0 MoetoBaHHs. CHUCTEMHHM MiAXin OpieHTYye
Ha iMiTaliiiHe MOAETIOBaHHS BHCOKOIIBUIKICHUX TpoLeciB 0OpOOKH, BpaXxoBYIOUi iX pi3HI acIeKTH.
[IpokaTka Kpyrioi 3aroTOBKH B CUCTEMi KaJliOpiB «OBal-Kpyr» y APOTSIHHUX OM0Kax HAHOLIBII MOIIN-
peHa y BUpOOHUUTBI KaTaHKH. OHAK y 3B 53Ky 3 BiACYTHICTIO 0araTbOX €KCIIEPUMEHTATBHUX AaHUX
IpH BIANOBITHOMY PO3BUTKY TeOpii BHCOKOIIBHAKICHOTO MPOKATYBaHHS aKTyalbHE MaTeMaTHYHE
MozenoBaHHs. s moOyZoBM KIHETHYHOI MOAENTI MPOIeCy BUCOKOIIBUAKICHOTO MPOKATYBaHHS 10
AITOPUTMIB PO3PaXyHKIB TOJAETHCS BpaxyBaHHS MO3A0BXKHBOI cTanocTi mpouecy. HaBeneHi pospaxy-
HKOB1 3HaY€HHS MO3/I0BKHBOI PE3YIbTYIOUOI CHIIH 3a 3alaHMX YMOB TEPTS, 3HAUCHHAX KYTiB 3aXBaTy,
MUTOMHX HATSTiB, @ TAKOXK MPH OTPUMAHHUX PO3Mipax MOKa3ykoTh, 110 Tpolec Aedopmalii MeTany 1mo
BCill JiHIT cTaHy Mae 3AiCHIOBATHCS CTiKO 0e3 yckiagHeHb. PazoMm mpo Te, ciim 3a3Ha4yuTH, IO Y
MEepIINX YOTUPHOX MPOXOAAX MO3I0BXKHS CTIMKICTh PO3KOUYBaHHS TPOXH TipIle, HIK Y IHIIMX KITH-
Hax O05oky. OueBHIHO, 1I€ MOB'SI3aHO 13 3HAYHUM KYTOM 3aXOIUICHHS], & TAKOXK CYTTEBHM 3aIHIM ITHTO-
MHUM HaTATOM MPOKaTyBaHHS. AJEKBAaTHICTh MOJEINI OL[IHIOETHCS 3@ PE3yJIbTaTaMU PO3PAaxXyHKY Kajii0-
POBKi BaJIKiB [UIsl KIITeH APOTAHOrO OJIOKY MPH MPOKaTyBaHHI KaTaHKU JiaMeTpoM 5,5 MM, fKi Bixmo-
BiatoTh (ipMOBHM MPOEKTHUM MaTepiajam.
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MODELING AND THERMODYNAMIC ANALYSIS OF REACTIONS DURING
THERMOCHEMICAL PRESSING OF POWDER INTERMETALLIC ALLOYS

The results of thermodynamic analysis of reactions that are possible during the production of
powder intermetallic alloys under the conditions of thermochemical pressing are presented. On the
basis of thermodynamic analysis of the course of reactions of formation of intermetallic alloys in the
conditions of thermochemical pressing the thermodynamic properties and equilibrium constants of all
independent reactions of formation of intermetallics in Ni-Al and Ti-Al systems and their activation
energies are obtained. It was found that intermetallic compounds in the Ti-Al system have high values
of activation energy, and therefore show the complexity of thermochemical reactions under normal
conditions. The equilibrium composition of the synthesis product in the Ti-Al system, although the tar-
get reaction product here is titanium monoaluminide e-TiAl, but the main (inevitably present) by-
product is 6,-TizAl.

Keywords: modeling, thermodynamic analysis, intermetallics, thermochemical reaction, ther-
mochemical pressing, activation energy.

Ilpeocmasneno pezyriomamu mepmoOUHAMIYHO20 AHANIZY PeaKyiti, Wo MOMCIUGL Nid Yac 0le-
PIHCAHHS NOPOUKOBUX THMEPMEMANiOHUX CHIABI8 3d YMO8 MepMOXiMiuHo20 npecysanus. Ha ocrosi
MePMOOUHAMIYHO20 AHANIZY nepedicy peakyill YmMEOPeHHs IHmepMemaniOHux Cniasié 8 ymMosax mep-
MOXIMIMHO20 NPECY8AHHA OMPUMAHI MEPMOOUHAMIYHI GIACMUBOCTI A KOHCMAHMU DIGHOBACU 6CiX
nezanescnux peaxyit ymeopennsi inmepmemaniois y cucmemax Ni-Al i Ti-Al ma ixui enepeii axmuea-
yii. Bemanoeneno, wo inmepmemanioni cnonyku 6 cucmemi Ti-Al marome eucoxi snauenus enepeii
akmueayii, a 8i0max, NOKA3yMb CKIAOHICMb nepedicy mepMOoXIMIYHUX pearkyil 8 36UHAIHUX YMOBAX.
Pisnosasicnuii cknao npodykmy cunmesy y cucmemi Ti-Al xoua i yinbosum npodyxmom peaxyii mym €
monoaniominio mumany 2-TIAl, are ocnosnum (nemumnyue npucymuim) nobiunum npoOOYKMom €
62-TizAl

Knrwouoei cnosa: mooentosanHs, mepmoOuHaMivHull aHALi3, IHmepMemaniou, mepmoxXimMiuHi pe-
aKyis, mepmoximiune npecysamns, eHepais akmueayii.

Problem’s Formulation

Thermodynamic analysis, first of all determination of maximum adiabatic temperatures of
process, acquires essential value at an estimation of possibilities of reception of various inorganic
compounds, in particular aluminides, by a method of thermochemical pressing. A significant amount
of data from thermodynamic analysis of reactions of formation of carbides, borides, nitrides and other
compounds has been published. However, there is absolutely no such information about intermetallics.
This is due to the lack of data in the reference literature on their thermodynamic properties, such as
heat capacity and entropy. At the same time, various empirical and semi-empirical methods for esti-
mating these values are known. Therefore, it is of undeniable interest to conduct thermodynamic anal-
ysis of intermetallic formation reactions using such methods that allow to estimate unknown quantities
with a sufficient level of accuracy.

Further progress in the creation of intermetallic alloys is possible with the use of new methods
of synthesis. One of the most promising areas in the field of obtaining new materials with a high level
of performance is the creation of composite materials based on intermetallics by high-energy and high-
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speed pressure treatment methods. Such technologies are the technology of thermochemical pressing.
Thermochemical pressing is a new type of technology for processing metals by pressure, in which hot
products of thermochemical synthesis, which have not yet cooled, are compacted by external forces
(pressing, extrusion, blasting) [1, 2].

Given the above, the aim of this work was to study the effect of thermodynamic properties of in-
termetallic systems on the structure and phase formation of alloys obtained by thermochemical press-
ing of powder mixtures of Ni-Al and Ti-Al systems.

Analysis of recent research and publications

The object of research is intermetallic alloys based on titanium and nickel aluminides. Thermo-
dynamic calculations were performed in a wide range of temperatures. The initial temperature for cal-
culations is the standard temperature of 298 K, and the final — the maximum melting point of inter-
metallics (~ 2000 K) [3]. For each intermetallic compound in this temperature range, the values of and
were calculated in increments of ~ 200 K. The values of the thermodynamic functions were also de-
termined at the melting point of aluminum (933 K). For some compounds, calculations were per-
formed using the programs "TERRA" and "THERMO" [4], which consists of an information fund and
contains information about the thermodynamic properties of individual substances and a set of pro-
grams that calculate the equilibrium parameters of chemically reactive systems. Calculations of en-
thalpy of formation and Gibbs energy of intermetallics in a wide temperature range were performed
using the classical Vant-Hoff isothermal equation, reference data on standard values of enthalpy of
formation of compounds, entropy, temperature series of heat capacities, and temperature and thermal
effects of phase transitions [5].

Formulation of the study purpose

The most reliable way to predict the possibility of a thermochemical reaction in any mixture is
to calculate the adiabatic combustion temperature of this mixture. This temperature must be high
enough to provide an intense heterogeneous response. It is desirable that the adiabatic combustion
temperature be higher than the melting point of at least one of the components. Therefore, consider
briefly the method and results of calculating the combustion temperature.

Presenting main material

Temperatures of thermochemical processes are usually calculated under the assumption of
adiabaticity, ie the absence of heat loss from the reaction zone, in the case of complete conversion of
reagents into final products. At the same time the equality of enthalpies of initial substances at initial
temperature T, and final products at T,, [6] should be carried out

n
2 [H(Tao) = H(To)l = 4H =Qy, (1)
i=1

where T,,, T, — adiabatic and initial reaction temperatures; Q, — thermal effect of the reaction.

Data are summarized for all reaction products.
If one product is formed, equation (1) takes the form

Ta0
[CoTT =Q-p-L, )
TO

where Cp(T) — heat capacity; Q, L — heat of formation and melting of the product, respectively;
u — the proportion of the liquid phase in the combustion product;
_ {](-) opuT,, <T,, . @)
apul,, >T,,

If, T,p=T,, then 0<wu<1. The fraction of the high-temperature phase for the case

T,y =T,, can be determined by the formula
_ Q_C(Tnﬂ _TO) (4)

L L
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where ¢ — the heat capacity of the reaction products, averaged over the temperature range Ty ... T ;.
In the simplest case of one reaction product formed of elements

Zn:xi —7Z. ()
i=1

Then equation (1) can be transformed by equation (2). Usually the values T,,are found from

the solution of equation (2). Using the expression for the average heat capacity and thermal effect of
the process
Ta()

- 1
c=— = [c(T)T; (6)
Tao—To T'[
Q=Q-u-L, (7)
can be rewritten (2) for greater clarity in the form
T, =To +% . (8)

A number of papers have used a more general approach that considers the chemical and phase
equilibrium in multicomponent combustion products and allows to calculate not only the combustion
temperature but also the composition of products [5, 7]. For gas-free combustion of a single-phase
product, both approaches give the same result.

Therefore, to calculate the adiabatic combustion temperature, it is necessary to know the stan-

dard values of the heat of formation of compounds AH 4, temperature dependences of their heat ca-
pacity C (T ), heat of fusion. L .

he greatest difficulties in thermodynamic analysis arise due to the lack of study of temperature
dependences of the heat capacity of the formed compounds. The heat of formation of a significant
amount of these compounds is given in the reference literature [7, 8]. Approximate semi-empirical
methods are used to obtain the equations for determining the heat capacity and heat of fusion. There
are several methods for calculating the heat capacity of compounds, such as Neumann-Kopp, Landia
and others. The calculation of heat capacity, ie determination of the coefficients of the equation

Cp(T)z ap +ay 1073T + a_p :10°T 2, was performed by the method proposed in [90]. The values of

melting points of compounds Tm(K), indicators of standard entropies 8298 and temperatures of po-
lymorphic transformations were used for calculation. Tsagareishvili and Gvelesiani equations were
used ag, &, a_p to calculate the coefficients [9]

03Cay
a="0_|595_ P27 |. 9)
n nn
034C%%
p- a1 034Ch20s . (10)
n Tl’l]l
c=“72=o,9(a+b.298—cg’§98).1o5, (11)

where 3’598 — standard gram-atomic heat capacity; n — the number of atoms in the compound;
6 — characteristic temperature.

For some types of crystalline compounds, in particular for intermetallics, the method of calcu-
lation C,59g known in the scientific literature using the principles of the entropy method and the

Kopp-Neumann rule is used [10]

C

p298 = 385 |g Sélgé +2,25. (12)
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The characteristic temperature is determined by the formula [13]
sam -1/2
0= 1130(exp% - 0,78J , (13)

where S5gs — standard gram-atomic entropy, which can be calculated by the formula of Yatsimirsky

[9]

am D.S2980; — 0= AV
n

S298 = , (14)

where 28298 . — sum of entropies of the elements that make up the compound; « — constant,

when measured in ml/mol is approximately 1/3; AV — the difference between the volume of 1 mole
of the compound and the sum of the atomic volumes of the components.

Melting points and polymorphic transformations are determined by the state diagram. Also,
the missing values of the entropy of intermetallics formed can be calculated by the formula of Eastman
[11]

o 3 3
8298 = R(EInACp + InVCp —ElnTm)+ a, (15)

Acp — molecular weight of the compound relative to the atoms in it; V¢, — average atomic volume;

T,, — absolute melting point of the compound; R — universal gas constant, which is equal to 8.31

J/(mol-K); a — constant equal to 52.3 J/(mol-K).

Formulas (12)—(14) determine the atomic heat capacity, characteristic temperature and atom-
ic entropy for intermetallic compounds of the Ni-Al and Ti-Al systems. Using the obtained data, we
then obtained the equation to determine the heat capacity. The experimental values Cp(T) differed

from the calculated data by no more than 5 %.
According to the obtained equations of heat capacity and reference data on the heat of forma-
tionT,,, the calculation is performed in accordance with expression (2). First, the thermal effect is

calculated by the formula [12]
Tl’l.'"l
AH(T,,)= [Cp(T)T, (16)
T()

and is compared with the value Q . When AH(T,,)>Q adiabatic temperature T, was lower than the
melting point of the product 7, and its value was found from equation (2). If AH(T,,)<Q, then
T, 2T,,,and in this case it is necessary to consider melting of the formed product.

1

The heat of fusion of intermetallics is estimated by the formula [17]
AHy . = A8y Ty, )

since it is known that the melting entropy of inorganic compounds can be estimated in the range of
5...7 cal/mol-deg (20.9... .29.3 J/mol-K). The heat capacity of the liquid product C,,. was assumed to

be 8-n cal/mol-deg, where n — is the number of atoms in the molecule of the compound formed. The
adiabatic combustion temperatures of binary metal systems that form various intermetallic com-
pounds. Thermodynamic analysis showed that for most metal systems the adiabatic combustion tem-
perature is equal to or higher than the melting point of the final product — the intermetallic com-
pound. This condition is sufficient for the self-propagating high-temperature synthesis to take place
under normal conditions.

Therefore, thermodynamic analysis of thermochemical reactions of intermetallic formation by
the ratio of adiabatic combustion temperature and melting point of the formed product showed that the
studied reactions can be divided into two groups. The first group includes systems in which the adia-
batic combustion temperature is lower than the melting point of the compound formed (7, <T,,)-
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First of all, it is the Ti + Al system, in which synthesis under normal conditions is unlikely. Preheating
is required to carry out the synthesis reaction. The second group includes systems for which the adia-
batic combustion temperature is equal to or exceeds the melting point of the product formed
(T,y=T,,).This group includes the Ni + Al system, which, as shown by the thermodynamic calcula-
tion of the maximum adiabatic temperature, is characterized by the interaction in the combustion mode
under normal conditions (7, = 298 K).

Thermodynamic calculations of the stability of intermetallic compounds, as well as other
chemical compounds, based on the use of the Gibbs-Helmholtz equations, as the dependence of the
change in free Gibbs energy on temperature [5]

AGT = AH1 —T - ASt, (18)
where AGt — free Gibbs energy, kd/mol; AH; — enthalpy of formation, kJ/mol, AS? — entropy,

J/imol-K; T — temperature, K.
In the case of the reaction of intermetallic in the Me-Al system according to the equation

Me, + Aly = Me, Al , (19)
the standard enthalpy of formation and entropy of this chemical reaction is calculated as follows [5]:
AH98 =v1 Y AH 208 poo —V2 D, AH 208 e (20)
AS98 =v1 Y. AS298 mpoo —V2 D, 49298 uex » (21)
where Z AH 508 npoo  — Sum of standard enthalpies of formation of reaction products, kl/mol;

ZAH 208 vex — SUm of standard enthalpies of initial substances, kd/mol; ZASZ% npoo — Sum of

standard entropies of reaction products, kl/mol; ZASZ% wex — sum of standard entropies of initial

substances, kJ/mol; v; i v, — stoichiometric coefficients.

Next, the Gibbs energy at standard temperature is calculated for the reactions of formation of
compounds Mey AIy according to formula (19).

Next, the Kirchhoff equation calculates the change in enthalpy and entropy of intermetallics at

the required temperature T [12]
T

AHT =AH§98+ IAdeT ; (22)
298
T
o AC pdT
AST = A8298 + J y (23)
T
298

where AC, — change in heat capacity depending on temperature, J/mol-K.

The next step is to calculate the change in Gibbs energy ( AGt ) of this intermetallic at temper-

ature T
AGT = AH; =T - 481 . (24)

Enthalpy calculations showed that in the temperature range 298... 7, , K the thermal effects
of these chemical reactions have values < 0 and, accordingly, the reactions occur with the release of
heat.

Analyzing the dependence of the free Gibbs energy on temperature, we can conclude that the
stability of intermetallic compounds formed in the Ti-Al and Ni-Al. systems. Each compound of the
system is characterized by a negative value of Gibbs energy. Estimation of the change in Gibbs free
energy AGt during the formation of various aluminides with aluminum and Nickel showed that the

intermetallic phase NiAl; . It is slightly lower AG in the metastable phase of NiyAls, but it can be
formed only after a few intermediate transformation reactions, which is thermodynamically unlikely.
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Calculations of the change in the Gibbs free energy AG during the formation of various alumi-
num and titanium aluminides confirmed that the TiAl; phase has the lowest energy of stable interme-
tallics in the entire temperature range. Slightly lower AG in metastable phases TiAl, and Ti,Als, but
they can be formed only after a few intermediate transformation reactions, which is thermodynamical-
ly unlikely.

To calculate the equilibrium of chemical reactions in the studied systems, as well as to deter-
mine the equilibrium compositions of the components involved in these reactions, the equilibrium
constants of all independent reactions possible in these systems were determined. The equilibrium
constant is associated with a change in the Gibbs energy of the reaction through the relationship [3, 5]

AG? =-RTInk ; (25)
AGY

kr =exp| ——L |. 26

T p[ RTJ (26)

Equations (25) and (26) make it possible, knowing AG’, to calculate the equilibrium constant
and, conversely, to determine the change in the Gibbs energy of the reaction from the experimentally
found value of the equilibrium constant. The results of calculating the rate constant of the reaction rate
of formation of intermetallic compounds in Ni-Al and Ti-Al systems show that with increasing tem-
perature the value of the constant decreases, ie heat is released as a result of reactions (thermochemical
exothermic reaction Q > 0).

Based on the thermodynamic calculation, it is established that the reaction of formation of in-
termetallic compounds proceeds in the forward direction, at all possible temperatures of the process.
Large values of the equilibrium constant (for NiAl — k = 5,03-10%, TiAl — k = 2,3-10") show that
under standard equilibrium conditions the reaction is very shifted to the right, which means that at
298 K a stable compound of intermetallics is formed . At low temperatures, less than 933 K, the reac-
tion proceeds very intensely, as evidenced by the very high value of the reaction constant.

The activation energy of each reaction can be estimated by the formula [27]

RlInk, —Ink
Ea:%. (27)
nT

We find the value of the reaction rate constant of the formation of intermetallic compounds at
temperatures 77 = 298 K i 7, = 1000 K. Accordingly, we obtain for the Ni-Al — Ink; = 16,051 Ink, =

3,21, for the system Ti-Al Ink; = 26,89 1 Ink, = 3,57. The values of the activation energy of the in-

termetallic alloy formation reaction obtained by thermodynamic calculation were 45.153 kJ/mol and
82.263 kd/mol, respectively.

Therefore, based on thermodynamic analysis of intermetallic alloys formation reactions under
thermochemical pressing conditions, the equilibrium constants of all independent intermetallic forma-
tion reactions in Ni-Al and Ti-Al systems and their activation energies are obtained. It was found that
the activation energy for the reaction of titanium and aluminum with the formation of intermetallics is
82.263 kJ/mol, which is ~ 1.8 times higher than the activation energy of Ni-Al alloys. Therefore, in-
termetallic compounds in the Ti-Al system have high values of activation energy, and thus show the
complexity of the SHS reaction under normal conditions. To carry out the synthesis reaction in the Ti-
Al system requires preheating the system to a temperature of 400...600 K.

The second most important problem of thermodynamics of thermochemical processes is aimed
at calculating the equilibrium composition of synthesis products. Solving this problem allows you to
find the composition of the reaction mixture required to obtain the desired product. Such thermody-
namic analysis is especially important in complex multicomponent systems, when the composition of
combustion products is not obvious due to the presence of competitive side effects, phase transforma-
tions, dissociation. Thermodynamic calculations of the change in Gibbs free energy AG in the forma-
tion of various aluminum and titanium aluminides confirmed that in the entire temperature range the
lowest energy of stable intermetallics has the phase TiAls.
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Thermodynamic calculations of the equilibrium state in the Ni-Al system have shown that in-
termetallics are always synthesized into a single-phase product of the specified stoichiometry. In the
NiAl formation system, the monophase product is NiAl Nickel monoaluminide. In the TiAl system,
the calculation showed that although the target reaction product here is titanium monoaluminide TiAl,
the main (inevitably present) by-product is the Ti3Al phase. The ratio of phase components (TiAl to
Ti3Al) is 70: 30 %, which is in good agreement with the available results of the study of structural and
phase formation of alloys obtained by thermochemical pressing of powder mixtures of Ni-Al and Ti-
Al [13—15].

Therefore, the optimal areas for obtaining certain phases, determined thermodynamically (cal-
culation), will monitor the processes of both phase formation and formation of the microstructure of
the product at all stages of the process, identify the sequence of phase and structural transformations
and mechanisms of interaction of these metals with aluminum in high temperature synthesis.

Conclusions

Thus, thermodynamic analysis of intermetallic systems and determination of adiabatic temper-
atures of formation of various compounds leads us to believe that the implementation of the process of
thermochemical pressing is not the only exception, but the rule for many refractory compounds. Al-
most every refractory intermetallic compound of metals resistant to high temperatures is formed from
elements with strong heat release, and can be obtained by thermochemical pressing. It should also be
noted that despite the short duration of the thermochemical pressing process, the obtained products are
close in composition to thermodynamic equilibrium.
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MOJEJIOBAHHSA 1 TEPMOI[I/IHAMI‘IHI/IFI AHAJII3 PEAKHII71 nprPu
TEPMOXIMIYHOMY HPECYBAHHI ITIOPOUIKIB IHTEPMETAJIITHUX
CILIABIB

Cepena B.I1., Benokons 10.0., Kpyrask I.B., Cepena I.b., Kpyrask /1.0.

Pedepar

[IpeacraBneHo pe3ynbTaTH TEPMOAMHAMIYHOTO aHaJi3y peakuii, o MOXKJIIHMBI i 9ac oxep-
KaHHS TIOPOIIKOBUX IHTEPMETANiIHUX CIUIaBiB 32 YMOB TepMoOXiMidyHOro mpecyBaHHsi. Ha ocHoOBi
TEPMOIMHAMIYHOTO aHaji3y mnepediry peakmii yTBOpEHHsI IiHTEpMETaliIHUX CIUIaBiB B yMOBax
TEPMOXIMIYHOTO MpECyBaHHS OTpUMaHi TEPMOJMHAMIYHI BIACTUBOCTI Ta KOHCTAHTH PIBHOBATH BCiX
HE3aJICKHUX peakiiii yrBopenHs inTepMmeramigiB y cucremax Ni-Al i Ti-Al ta ixHi eneprii akTuBamii.
BcranoieHo, mo a1 peakuii B3a€eMoil TUTaHY Ta aJIIOMIHIIO 3 YTBOPEHHSIM IHTEpMETaJIiIiB eHepris
akTHBaIlii craHoBUTH 82,263 k/[x/Mob, 110 B ~ 1,8 pasa Bumia 3a eHeprito aktusaiii Ni-Al criagis.
BcranoBieHo, mo iHTepMmeTanmimHi cmonyku B cucteMmi Ti-Al MaroTh BHCOKI 3HAueHHS EHeEpTii
aKTHBalii, a BiITaK, MOKa3ylOTh CKIAAHICTh Mepediry TepMOXiMiuHUX peaklii B 3BHYaHUX yMOBAaX.
AmHani3 piBHOBakHOTO cTaHy iHTepMmeraninnux crasiB NiAl Ta TIAl moka3zas, mo MexaHi3MH CTPYK-
TYPOYTBOpPEHHSI CIUIABY SIKICHO pO3pi3HsIOThCSA. Ha BiaMmiHy Bin cHHTE3y aliOMiHimy HiKemro, KR
Max MOHO(a3HuMil poayKT, Audy3iitHi nporecu B TIAl BigOyBaroTbcs MOBNBHIIIE, 1 CHHTE3 T-(a3u
BiOyBa€eThCsI B MPOLEC OXONOMKEHHS, 3 TOBUIBHUM pPYXOM MEXKI pO3IUly Ta 31 ClIaOKuM
TEIUTOBUIUICHHSM (MIOBTOPHE CTPYKTYpOYTBOPEHHs). PIBHOBaKHHMI CKJIaJ TPOIAYKTY CHHTEIY Y
cucreMi Ti-Al xo4a i IUTBOBMM MPOAYKTOM peakiii TyT € MOHOa OMiHIN TuTany r-TIAl, ane ocHOB-
HUM (HEeMUHYYE MPUCYTHIM) OOIYHUM MPOIYKTOM € 0p-TizAl.
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JOCJIHDKEHHS PYXY IPYHTY IO TOBEPXHI POBOYOI'O OPTAHY

Poboui opeanu, axi npayioioms y wiibHOMY cepedosuiyi Marms GUCOKULL MA2068ULl ONIp OOHI-
€10 CKAA0060I0 U020 € NepeMiueHtss IPYHmy no nogepxui pobouoeo opeany. Lla cxnaoosea msaco6020
Onopy € 0yice 8enUK0I0, MOMY OOCTIONHCEHHS MAKOL BEIUYUHU € OVICe BANCTUSUM. Y cmammi po3ens-
0aemubcst OOCIONCEHHSL PYXY TPYHMY HO NOBEPXHI pOOOY020 Opearny 3a OONOMO20I0 ChepuuHux iHou-
Kampuc oomuunux. Bcmanoeneno, wo no pozeopmuum nogepxusam IpyHm pyxXaemucs 6NOpsA0KO8aHo,
WO ZHUIICYE MALOBULL ONID.

Knrwowuoei crosa: winvue cepedosuwye, tpynm, poooui opeanu, msa2o8uti onip.

Working bodies that work in a dense environment have a high traction resistance, one of its
components is the movement of soil on the surface of the working body. This component of traction
resistance is very large, so the study of this value is very important. The article considers the study of
soil movement on the surface of the working body with the help of spherical tangent indicators. It is
established that the soil moves in an orderly manner along the deployed surfaces, which reduces the
traction resistance word.

Key words: dwelling environment, soil, working bodies, traction resistance.

IHocTanoBka mpo0JemMn

Jyxe Oarato MammH i MexaHi3MiB MalOTb poOoUi OpraHH, siKi IPaIol0Th y IUIBHOMY cepe-
JnoBui. Hail0iiab1 po3noBCIOKEHUM cepeJOBUIIEM € IPYHT. Bei rpyHTO00p0OHI poboui opranu sk
TO TUTYTH, TIOCKOPi3H, KyJbTHBATOPH MalOTh po00Ui OpraHy, sIKi MPalIOI0Th Y IIIEHOMY CEpeIOBHILI
TOOTO y IpyHTI. baraTo OyaiBensHUX MallMH, a caMe CKperepu, eKCKaBaTOpPH YCiX TUIIIB Ta MpU3HA-
YeHb, Ta iHIII MAIIMHU, MAalOTh poOOUl OpraHH, SKi NPaliol0Th y IPYHTI. JJo IMX MammMH MOXHa Bia-
HECTH KaHaBOKOIayi, MEJIiOpaTHBHI MaIllIMHH, POO0Yi OPTaHH SIKUX TEX MPALIOIOTh Y MITEHOMY cepe-
JoBHII TOOTO IpyHTI. Lle BUKIIMKae BENUKY yBary A0 MPOSKTyBaHHs IMOBEPXOHb pOOOYHX OpraHis [1,
2, 3]. B Ham yac po3po0iieHi y3araJbHEHI TeOMETpHYHI MOJIEIi TIOBEpXOHb podounx opraHis [4, 8],
ajie BOHU MOTPeOYIOTh TOCTIHKEHb CTOCOBHO OOTIKaHHIO CEPEAOBHUIIEM POOOUOro Oprany.

[Ipouec B3aemoxaii poboUoro oprany 3 IpyHTOM CKJIAZA€ThCA 3 ABOX (a3 pyHHYBaHHS IPYHTY
Ta foro nepemimieHHs 1o nosepxHi. Gaza pyiiHyBaHHA IPYHTY PO3IIISHYTa B JIITEpaTypi TOCUTH AeTa-
JILHO, & PyX IPYHTY II0 MIOBEPXHi poOOYOro oprany norpedye JoAaTKOBOIO BUBUCHHS .

AHaJIi3 0CTaHHIX JOCTIIKeHb Ta mMyOJaikanii

[Tpu pobOTi CiTBCHKOrOCIIOAAPCHKUX TUTYTIB Ha MEPEMIIIEHHs IPYHTY 110 TOBEPXHI pobouoro
opraHy BUTpauaeThcs Onm3bko 25 % eneprii [7], sika BUTpadaeThcst Ha 00pOOITOK IpyHTY. Texk came
MOXKHA CKa3aTH MPO KOBIII €KCKaBaTOpiB, MOJHLb Oynbao3epiB. ToMy BHBUEHHS 3aKOHOMIpPHOCTEH
PYXY IPYHTY I10 TIOBEPXHi IPYHTOOOPOOHOTr0 pod0oUoro oprany JO3BONUTH HOMITHTH LIISIXH 3HMXKEH -
HSl eHEPrOEMHOCTi 00pOOITKY IPYHTY.

[Ticns pyiiHyBaHHS, MiA €0 JieMella, IPYHT IIOYMHAE PyX IO MOBEPXHI poOOYOro oprasy,
3aJIMILIAI0YMCh 3 HEI0 B KOHTAKTI JI0 THX Iip, JOKK He 3iiife 3 Hei y 00po3Hy. 3anuiialoyich y KOHTaK-

Ti 3 TIOBEPXHEIO IPYHT OIHILE AesKi TpaekTopil L, siKi € eHMMY cBinkaMu B3aeMoxii pododoro op-

raHy 3 IPyHTOM 1 TOMY HECyTb BCIO iH(OpMaIio po KiHeMaTH4Hi Ta JUHAMIYHI BIaCTHBOCTI MOBEp-
XHi, TOOTO PO CHJIM Ta BUTPATax €HEPTii, 110 BUTPAYalOTHCS Ha MEPEMIILEHHS IPYHTY.

OnHuM 13 MeTOiB MOOYIOBH TPAEKTOPIH € METOI PHCOK, K1 3ajJHIIa€ IPYHT, IO PYXa€ThCs
0 MOBEPXHi podouoro oprany [9]. BUKOpUCTOBYIOUM PUCKH SK JOTUYHI MOXKHA MOOYAYyBaTH TPa€K-
TOpiI0 PyXy, 3aJaBIIM MMOYATKOBY TOYKY Ha JieMelli. B pe3ynbrari moOynoBu OyneMo MaTH CyKyII-
HICTb TPA€KTOPiH, sKi OyIyTh HakpuBaTH MoBepxHIo. [licis 4oro mi TpaexTopii MOXHa aHaNi3yBaTH
o0 BU3HAYMTH KiHEMATHUHI Ta JUHAMIUHI XapaKTePUCTUKY PyXy CKHOH I'PYHTY IO MOBEpXHi pobo-
YOro Oprasy.
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DopMyTHOBAHHS METH J0CTITKEHHS
MeToro TOoCTiIKEeHD € 3alpoBaKeHHS CHEPUIHUX IHAUKATPUC TOTHUYHUX O TPAEKTOPIN AJis
BHBYCHHS KIHEMAaTHYHHUX XapaKTEPUCTHK PYXY IPYHTY IO OBEPXHi poOOYOro OpraHy.
BukJiax ocHoBHOrO MaTepianay
HocnimKkeHHs KIHEeMaTHYHUX Ta JUHAMIYHUX XapaKTEePUCTUK PYXy IPYHTY MPOBOIHIUCH Ha
IBHHTOBHX MOJHISX IUTykHUX KoprnyciB KBC-40A (puc. 1, a) no tuny kopmyca «OBepym Bpyk»,
KKB.01.000-01 (puc. 1, 6) no Tumy kopmyca «KBepHenanm» npu4oMy BCi i TOIHI MaJH PO3TOPTHY
MOBEPXHIO, SIKa PO3ropTajiach Ha IUIOMIMHY 0e3 CKIIaJoK Ta po3pHBiB. OAHOYACHO 3 IMMHU MOTUISIMU
y IOCIHIDKEHHSX mpuiiManu ydacts nonuii reuaToBoro tumy KKB.01.000 (puc. 1, 6), sxuii MaroTh
HEpPO3TOPTHY MOBEPXHIO. 3arajJbHUil BU] ITY)KHUX KOPIYCiB MPENCTaBICHO Ha PUC. 2.
Po3ropTHi moBepxHi BUAUISAIOTHCS BiJ IHIIMX JIHIHYATUX MOBEPXOHb TaKUMH Au(epeHIiaib-
HO-T€OMETPUYHHUMH BIIACTUBOCTSIMH.
— raycoBa KpHBHHA MTOBEPXHi JOPIBHIOE HYIIO;
— JOTUYHA TJIOMIMHA JOTHKAETHCS BCi€l MOBEPXHI i HEe 3MIHIOE CBOTO MOJOKEHHS MPH MepeMi-
LICHH] TOYKH TOTUKY B3/I0BXK TBIPHOI.
I'aycoBa kpuBuHa [2, 3, 4] € OCHOBHOIO XapaKTEPHCTUKOIO TIOBEPXHI Y TOUI i O0YHCITIOETHCS
¢dopmyni
K=k -Kk,,

ne K, n K, — ronoBHi kpuBHHE TOBEPXHI 110 IBOM B3a€MHO-IIEPIICHANKY/IAPHIM HanpsMkaM. Tak s

y PO3rOpTHOT MOBEPXHI OJIMH 3 TOJIOBHUX HAINPSMKIB CIiBIIajace 3 TBipHOIO [5, 8], To raycoBa kpuBHHa
Oyze 1OopiBHIOBaTH HYIIO
k=1.1_¢.
IR ©
Tomy 1110 pajiyc KpUBMHH NPSAMOMIiHIMHOI TBIpHOI JOPIBHIOE HYIIO I, =00,
BHhacnigok wi€i B1acTUBOCTI ckuba I'pyHTY Ha TOPCOBIil MoBepXHi Oyae BumpodyBatu nedop-

MaIil0 MPOCTOro 3rMHY. 3 BIOAXWJICHHSM IOBEPXHi BiJ TOPCOBOI y CKUOI IPyHTY OyayTh 3’ABISTHCH
tacTuuHi gedopmartii, siKki BU3BAHO CTUCKOM Ta PO3TATYBAHHAM CKHOM IPYHTY, IPUUOMY BOHH Oy-
IOyTh TUM OiTbII, 9uM OiIBII MOBEPXHS Oy BIAXUIATHCH Bil pO3TOPTHOI.

JocnimkeHHs TPOBOAMINCE MPU YMOBAX: IPYHT — Ba)KKO CYTJIMHUCTUH, YOpHO3EM, perbed
nojst — BupiBHsAHHNA. CepenHs Bojioricts IpyHTy y mapax 0—25 cm cknana 18,4 %, a TBepaicTh Bin-
nosixuo 1,69 MIla. JlocmimkenHs npoBoguiIkCch Ha mBuakoctsax V, =1,37 m/cu V, =3,06 m/c.

Jnsi BUBUCHHSI KIHEMAaTHYHUX Ta JTUHAMIYHHUX XapaKTEPUCTHK PyXy IPYHTY 3HIMAIUCh TPU
TpaekTopii. [IoTiM KOOpAMHATHUM METOMIOM IIi TPAEKTOPii MEePEHOCHIIUCH Ha MPOoeKLii podouoi moBe-
pxHi. B pe3ynbTari Maiu ropu3oHTaNbHI Ta IPOB3I0BKHBO-BEPTHKAIIBHI MPOEKLIi pyXy IPYHTY.

JocnigxeHHs pyXy IPYHTY [0 TOBEPXHSIM MPOBOAMIOCH 32 IOMOMOTr0I0 chepUYHHX 1HIUKAT-
pHUC JOTHYHHX.

[Ipu pyxy 1o moBepxHi MONULI KOKHA TOYKa CKUOU OyJe pyXaTHCh IO MPOCTOPOBii KPUBIii,
Ky MOXKHa B 3araJIbHOMY BUMAJIKY MIPEICTABUTH TAKUM YHHOM

L:F=F(t), 1)
ne I — morouHuii pagiyc-Bekrop; t — uac.
[MpomudepenuiroBasmu (1) mo yacy orpumaeMo Takuii Bupas:

. ds_
V=—or, (2)
dt
ne % — MIBHUJAKICTb PyXy TOYKH IO y31 TPAEKTOpii, 7 — OXMHUYHHUMA BEKTOp, AOTUYHHUN JI0 TPAEK-

dt
Topii L y Touri A.
dopmyna (2) Bkazye, MO BEKTOP MBUAKOCTI V 3aBXKIM Mae HAMPAMOK JOTHYHOI 0 TPAEKTO-
pii L, a cama mBUIKICTh pyXy TOYKH 4 __ penyunna ckansipHa. TakuM YWHOM, HANpPSMOK OJUHUY-
dt

HOT'O BEKTOpa 7 B OyZb AKil TOYILI MOBEPXHI CHIBIAJA€ 3 HAPSIMKOM BiTHOCHOI IIBUAKOCTI V.
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Puc. 1. TloBepxHi IUTy)KHUX KOPITYCiB,
Ha SKUX 3HIMAJUCh TPAEKTOpii: @ — pPO3ropTHA
noBepxHst rBUHTOBOrO Koprycy KBC-40A; 6 —
pPO3rOpTHAa TOBEPXHS TBUHTOBOTO KOPIYCY
KKB.01.000-1; 6 — Hepo3ropTHa MOBEpXHS
reuHTOBOrO Kopnycy KKB.01.000
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Puc. 2. 3aranpHi BUOM KOPIYCiB, IO
MPUAMAaI  y49acTh y JOCHIDKEHHAX: a —
KKB.01.000-01; 6 — KBC-40A; ¢ — IIJIE-
8 21; e— KKB.01.000

BusHaunMmo y kOXHiH Toumi A (i =1 n), tpaekTopii L Bekrop mormunoi 7j. Toxi kiHeup
IIbOTO BEKTOpA, TOYKa M;, 1acTh Ha cepl OMMHUYHOrO pajiyCy KpUBy M, sKa Ha3UBAE€ThCA cepuy-

Ha iHaukarpuca noruunux [1, 10]. KoxHniit TpaexTopii L Ha cdepi oguHUYHOrO paniycy Oyae Bidmo-
BiZJaTH NeBHA cepuyHa iIHANKATpUCA JOTHYHHX.

omoxenHst To4KH |; Ha cepi OAMHUIHOrO pajiyCy BHUSHAYAETBCH KYTAMH ., 1 Oy .
3Harouy i KyTH MOXHA o0y IyBaTH BigoOpakeHHA cepuyHOi IHANKATPUCH JOTHYHHUX Ha IUIOLIMHY
SIK (YHKIIIO 3MIHH OJHOrO KyTa BLJ APYrOro, HalpHKIan ay, = f(ayy). o nauuiit GpyHkuii MoxHa
CYIMTH SIK 3MIHIOETHCSI HAIPSIMOK BiIHOCHOT MIBUIIKOCTI IPYHTY V B3J0BK KOXKHOI TPAaEKTOPI.

Ha puc. 3 HaBeneHo BinoOpaxeHHs cepHYHMX iHIMKATpUC JOTHYHUX Tpaektopin L, L,,

L, . Tpaexropis L, posramoByersest Ommkde 10 BEpXHBOro o0pi3y momuii, a tpaekropis L, — 1o
HUKHBOT'O 00pi3y MOJHIIL.
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Puc. 3. Chepuuni iHAUKATPUCH TOTUYHUX IO TPACKTOPIA Ha MOBEPXHSIX TBUHTOBUX IOJIUIIb:
a — posropTHa moBepxHsi TBUHTOBOro Kopnycy KBC-40A; 6 — po3ropTHa MOBEpXHsI TBHHTOBOTO
kopnycy KKB.01.000-01; ¢ — HeposropTHa noBepxHs reuaToBoro Kopmycy KKB.01.000

Sk BUAHO 3 PUCYHKY KpuBi 1, 2, 3 MaroTh 3HAYHO PIi3HHUH XapakTep. Y PO3TOPTHUX MOIHUIb
koprryciB KBC-40A i KKB.01.000-01 kpwuBi 1, 2, 3 cxoxki Mixk CO000, BOHU MalOTh €KBITUCTAHTHUIN

xapakrep. Lle o3Hauae, Mo BEeKTOpH vV , TIpH o Tpaekropism L., L, , 00epTaroThCA 3 OIHA-
p p p pu pyxy p Y 2 p

KOBOIO MIBUJKICTIO. TakuM YMHOM, TPa€eKTOPIi |-1' Lz, L, noxi6Hi. Ile, B cBOIO Uepry, BKasye Ha Te,
0 cKkuba IPYyHTY, pyXato4duch 0 PO3TOPTHINA MOBEPXHi, HE BITYyBa€ MICIIEBUX CTHCHEHb Ta PO3TATY-
BaHb, XapaKTEPHUX IS TUIACTUIHUX JTehOpMaIrii.
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[nmy kaptuny Oyaemo OauuTn
MpH pyXy CKUOU 10 HEPO3TOPTHIN MOBe-
pxui kopmyca KKB.01.000 (puc.3). ¥V
pOMY BUNAIKy Kpusi 1, 2, 3 MaroTh pi-
3HY KpUBUHY Ta CKpYT, 11O MPHUBOAE 10O
ix mepetuny. Pi3Ha kpuBHHa KpuBHX 1,
2, 3 Bkazye, mo tpaekropii L, L,, L,

PYXy CKHOM TIO HEpO3TOpPTHii MOBEpXHi
BIIPI3HAIOTHCS 110 KPUBUHI Ta CKPYTY.
IIpu npomy tpaexropii L, L,, L;, Ha
MTOBEPXHI TTOJIMII pi3Hi, 110
OPUBOIE /O MICIEBUX CTHCKYBaHb (y
MICHSAX  MaKCUMaJIBHOTO  30JMKEHHS
CYCiZIHIX TpaekTopiit) i po3TsaryBans (y
MICIIX HaHOLIBIIOTO PO3XOKEHHSI Tpa-
€KTOpIii), HAa TOMONAHHS SIKUX MOTPIOHO
3aTpaTUTH JOJATKOBY eHeprito. Micus

Puc. 4. MakcuManbHHA# 3HOC TBUHTOBUX ITOIHUIID 3 HaWOUIBIIOr0 CTUCKAHHS CKUOM OymyTh
HEPO3TOPTHOIO TIOBEPXHEIO y Micrax meperuHy kpuBux 1, 2, 3 Ha
puc. 3, 6.

YV MicogX CTHCKaHHS CKUOH
YTBOPIOIOTHCSI MAKCUMaJIbHI HOPMaJlbHI HampyXKeHHS AKi BU3UBAIOTh HAHMOINBIINKA 3HOC MOJHI TUTY-
’kHoro kopmycy. Ha puc. 4 HaBeneno 3Hoc rBunTOoBHX KopiryciB KKB.01.000 3 Hepo3ropTHOIO oBEp-
XHEI0. Sk BUAHO 3 PUCYHKY Ha TPYAMHI 3HOC MaKCUMAIIbHil — TONHLIA 3HOIIEeHa moBHicTio. Lle mice
BIJINOBi/Ia€ TIEpETUHY C(hEPUIHUX IHIUKATPHUC JOTUYHUX BiIMIOBIIHO 10 puC. 3, 2.
BucHoBkn

Ha ocHOBi mpoBeneHHMX AOCTIIKEHb MO 3aCTOCYBaHHS CHEPUUYHUX IHAMKATPUC JOTHYHHX
MOXHa 3pOOUTH HACTYITHI BUCHOBKH.

1. Cdepuuni iHAMKATPHCH AOTUYHUX JO3BOJSIOTH MIPOCTOPOBY KapTUHY OOTIKaHHS IPYHTOM
MOBEPXHI pOOOYOro oprany MepeTBOPUTH Ha TIOCKY KAPTHHY Ha IJIOMIUHI.

2. 3actocyBaHHA c(pepUYHHX IHAMKATPUC JTOTHYHUX JIO TPAEKTOPIH JTO3BOJSE BUSBUTH Micls
MaKCHUMaJIbHOrO HOPMaJIbHOTO TUCKY CKHOM IPYHTY Ha poOOUHil opraH.

3. BuBueHHs cepruHNX iHINKATPUC TOTUYHUX BKa3ye Ha Te, 110 KOPIIYCH IUIYTiB 3 PO3TOPT-
HUMH TIOBEPXHAMH MOJIUIL MAIOTh MEHIINK TSATOBUH OIMIp 32 PaXyHOK BIOPSAKOBAHOTO PyXy CKHUOH
IPYHTY, 110 BUKITIOYA€E MICIEBI CTUCHEHHS Ta PO3TATYBAHHS.

4. HacrymHi g0CTiKeHHsI TOTPiOHO MPOBOAUTH Y JOCTIKEHH] pO3PaxyHKOBUX TPASKTOPill 3
METOIO0 BHUSIBIICHHS MaKCHMaJILHOT'O 3HOCY TIOBEpXHi poO0YOro opraHy.
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INVESTIGATION OF SOIL MOVEMENT ON THE SURFACE OF THE
WORKING BODY
S. Tishchenko

Abstract

Many machines and mechanisms have working bodies that work in a dense environment. The
most common environment is soil. All tillage implements such as plows, flat cutters, cultivators have
implements that work in a dense environment, ie in the soil. Many construction machines, namely
scrapers, excavators of all types and purposes, and other machines, have working bodies that work in
the ground. These machines include diggers, reclamation machines, the working bodies of which also
work in a dense environment, if soil. This causes a lot of attention to the design of the surfaces of the
working bodies.

Nowadays, generalized geometric models of working body surfaces have been developed, but
they require research on the flow around the working body.

During the operation of agricultural plows, about 25 % of energy is used to move the soil on
the surface of the working body, which is spent on tillage. The same can be said about buckets of ex-
cavators, shelves of bulldozers. Therefore, the study of the patterns of soil movement on the surface of
the tillage working body will notice ways to reduce the energy intensity of tillage.

One of the methods of constructing trajectories is the method of strokes left by the soil moving
on the surface of the working body. Using the lines as tangents, you can build a trajectory by setting
the starting point on the ploughshare. As a result of construction we will have a set of trajectories
which will cover a surface. Then these trajectories can be analyzed to the kinematic characteristics of
the movement of soil chips on the surface.

The aim of the research is to introduce spherical indicators of tangents to the trajectories to
study the kinematic characteristics of soil movement on the surface of the working body.

Studies of soil movement on the surfaces of plow bodies have established that the spatial pic-
ture of soil flow around the working body can be turned into a flat one. Research has shown that the
soil moves in orderly on the unfolding surfaces, at the same time on the unfolded surfaces the soil
moves, forming local sources of pressure on the surface of the working body. Local pressure sources
lead to increased wear of the working bodies.

Thus, the use of spherical indicators tangent to the trajectories allows the spatial picture of soil
movement on the surface of the working body to lead to a flat and identify local places of increased
wear.
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USE OF COMBINED STRENGTHENING METHOD TO OBTAIN OPTIMAL
COMPOSITION OF PHYSICO-MECHANICAL CHARACTERISTICS
OF MEDIUM CARBON

The research of the combined method of restoration and strengthening of the surface layer of
the camshaft of the internal combustion engine is carried out. A comparative analysis of the physical
and mechanical characteristics of coatings after the most common hardening treatments, taking into
account structural transformations in the surface layers.

The graph of dependence of physical and mechanical characteristics of coverings at the cor-
responding technologies of hardening taking into account prime cost and expenses for optimization of
technological ways of hardening is deduced.

Key words: hardening, drilling, laser processing, microstructural analysis, combined method,
instrumental identification, technological processes of hardening.

B pobomi nposedeni docniodicenns KomMOIiHOBAH020 CNOCcoOy BIOHOGNECHHSA | 3MIYHEHHS NOBEPX-
He6020 uiapy KyladKiB po3nodilbHo20 8any 08USYHA HYMPIUHBLO2O 320panHs. 3pooienull nopieHsIb-
HUU AHANE3 DI3UKO-MEXAHIYHUX XaAPAKMePUCMUK NOKPUMMIE NiC/ie HAUOLIbW NOWUPEHUX 3MIYHIOOYU
00pOOOK 3 YPAXy8auHAM CIMPYKIMYPHUX NEPEmMBOPeHb 8 NOBEPXHEBUX UWLAPAX.

Buseoenuii epaghixzanesicnocmi (izuxo-mexaniyHux Xapaxmepucmux nOKpUmmis npu 6iono-
BIOHUX MEXHONO02IU 3MIYHEHHS 3 YPAXYBAHHAM cobieapmocmi i sumpam 05t ONMUMI3AYii MexHoa02iu-
HUX CNOCOo0i8 3MIYHEHHsL.

Knwuogi cnosa: smiynenns, 6opyeanns, nazepua 0opooxa, MiKpOCmMpYKmMypHUtl aHariz, Kom-
OiHoBaHUL CROCID, IHCMPYMEHMaTbHe I0eHMUDIKYBAHHS, MEXHOIOSIUHI NPOYeCU 3MIYHEHHSL.

Problem’s Formulation

Modern conditions of operation and use of automotive equipment require a significant in-
crease in loads, speed and temperature of the main components, mechanisms and units while increas-
ing the reliability, durability and life of the car as a whole.

The main percentage of destruction of parts (30 %) is allocated to friction processes in the
contact pairs of mechanisms. Therefore, special attention is paid to the condition of the surface layer
of tribocontact pairs, namely hardening technologies.

The wear resistance of the surface layer, durability, reliability and service life of cars depend
on the complex of the formed properties at various technological ways of strengthening.

Analysis of recent research and publications

Over the last decades, hundreds of technologies have been introduced into the machine-
building industry in the world practice to strengthen the surface layer of parts. The main criteria for
choosing methods of hardening are high wear-resistant, physical and mechanical, operational proper-
ties of coatings and the total cost of the technological process, equipment, consumables, environmental
friendliness and safety. The mechanisms of formation of wear-resistant structures are covered in many
works of famous scientists [1—4].

The directories provide the modes of processing and the end result of the most common tech-
nological methods of processing, which is guaranteed by the sequential performance of certain opera-
tions are appropriate microstructures with specified microhardness and wear resistance on experimen-
tal steels [5—7].
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A significant breakthrough in the field of strengthening treatments was the use of high-energy
energy sources, which allowed to expand the range of modification of surface layers, significantly in-
crease the strength and wear resistance characteristics [8].

Formation of the study purpose

Based on the analysis of the use of the latest methods of hardening to develop a method of
choosing the best option for the use of wear-resistant technologies, to develop a sequence of combined
methods of surface layer modification by boriding followed by laser treatment.

Presenting main material

The disadvantage of most methods using laser treatment with different types of coatings is the
inability to control the surface roughness, structural processes, the concentration of alloying elements
in the surface layers in the laser treatment zone, the heterogeneity of the treated surface, fluctuations in
microhardness of local areas processing.

In industrial practice, quite often the processes of restoration and strengthening of the surface
layer consist of the following successive operations: restoration of the geometry and shape of the sur-
face by surfacing with electrodes; blade processing to ensure the geometric parameters of the product;
drilling of the surface with the formation of superhard structures; laser treatment for surface modifica-
tion; finishing. In fig. 1 shows a cross-sectional view of the camshaft after surfacing and hardening.

Combined method of modification by drilling and laser treatment, including pre-drilling in the
furnace in the environment of boron-containing substances and followed by pulsed laser treatment at
storage energy E =28 kJ, @ = 8 mm — diameter of the laser beam with a coefficient of overlap of
15 % with a pulse duration of 1.10°—2-10"% and a distance of 70 mm from the target (fig. 1) allows
you to get on steel 45stable layer of borides and boboboroids type carboborodi Fe (CB), Fe, (CB).

The deposited layer (h =400 pm)
Border area

Fig.1. Photo of the cross section of the camshaft after surfacing and hardening

The technological process is based on the task of improving the combined method of surface
modification by combining two consecutive operations — saturation of the surface layer with boron in
the furnace with the formation of high-strength phases FeB, Fe,B with microhardness H,s, = 16000 MPa
on steel 45 at a depth of 25 microns. The disadvantage of superhard structure is its fragility and suscepti-
bility to cracking. To eliminate these defects, a second cycle of processing using laser pre-drilled surfac-
es of the part is proposed. The needle microstructure of the surface boron layer is destroyed by laser ir-
radiation. The crystal needles of the microstructure are crushed and new quenching structures appear in
the surface layers such as Fe (CB) and Fe, (CB) carboborides. Decreased by 20 % above the high
stresses of the crystal lattice and the microhardness H,so = 14000 MPa in the surface layer.

Modes of laser processing are developed with the following parameters at: accumulation ener-
gy E = 28 kJ, @ = 8 mm — diameter of laser beam with coefficient of overlap of processing zones
15 %, with pulse duration 1-10°—2-10° s and with distance to target 70 mm. When boriding in the
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combined method in the furnace is the saturation of the surface layer with boron to a depth of 25 mcm.
The next stage in surface modification is pulsed laser treatment of a homogeneous boron-saturated sur-
face with preservation of geometric parameters. The implementation of the combined method according
to the prototype leads to partial recrystallization of the microstructures of the borated layer. The super-
hard needle-shaped boron layer after laser treatment is transformed into smaller formations, and the
accumulation of FeB and Fe2B borides is transformed into carboborides of the Fe (CB), Fe, (CB) type
with a 15—20 % reduction in the surface layer hardness. This proportionally increases the ductility of
the material, which has a positive effect on the overall characteristics of strength and durability.

The specified modes of boriding and laser processing provide recrystallization of surface layer
structures. Modes of combined processing are developed: drilling at a temperature of 850°C with en-
durance of 7 hours of processed details in the environment of boron-containing substances and the
subsequent laser processing at energy of accumulation E = 28 kJ, @ = 8 mm — diameter of a laser
beam with coefficient of overlapping 1-10°—2-10s and from a distance of 70 mm to the target. Fluc-
tuations in the values of energy accumulation less than E = 28 kJ leads to incomplete recrystallization
of the surface layer structures, the presence of zones without the influence of laser radiation. When
using energies greater than E = 28 kJ leads to uncontrolled melting of local areas, violation and de-
struction of the microgeometry of the surface layer, the emergence of craters and other defects of the
surface layer. When the coefficient of overlap fluctuates less than 10 %, some local areas do not fall
under the zone of laser exposure, and more than 30 % to the imbalance of components and boron layer
and uncontrolled processes of hardening and double hardening. Fig. 2 shows a schematic diagram of
the proposed combined method of strengthening the surface layer. The boron hardening process is as
follows. The prepared surface of the part 1 in a special container is loaded into an electric furnace 2 for
chemical-heat treatment (boriding). Electric heating device 3 provides temperature maintenance in the
furnace T = 850° with a holding time of 7 hours in the environment of boron-containing substances.
The second stage of the hardening process is associated with laser treatment (solid-state pulsed laser 3
GOS-1001) of the boriding layer according to the given modes at storage energy E = 28 kJ, @ = 8 mm
— diameter of the laser beam with overlap coefficient of 15 % pulse 1-10°—2-10"%s and with a dis-
tance to the target of 70 mm. After completion of the combined method of hardening, the surface of
the part is cleaned of soot and oxidation products.

Fig. 2. Scheme of implementation of the combined method of hardening — boriding + laser
treatment

For determination of vibrations of physical and mechanical properties of superficial layer (pa-
rameters of Hu, KCU, E, oy, 0., K 8, ) of steel 45 after the different methods of strengthening (bo-
riding, boriding +of LT, laser treatment (LT), nitriding + of LT, nitriding, heat treatment) used the me-
thod of instrumental authentication by means of device of "Micron-gamma” [9, 10]. On results mea-
suring the graphic chart of vibrations of physical and mechanical properties of steel 45 (Fig. 3) after
the different methods of strengthening.
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Fig. 3. Graphic diagram of fluctuations of physical and mechanical properties of steel 45 after
different methods of hardening (boriding, boriding + LT, laser treatment (LT), nitriding + LO, nitrid-
ing, heat treatment

The method of the dynamic squeezing out is based on automatic registration of loading (P) on
an indenter and depths of his squeezing (h). Result is given as a diagram of loading, treatment of that
allows to investigate micro hardness, study the features of microstrain after kinetics of squeezing to
the indenter, to registration microcreep and to measure the resiliency of materials. Methodical bases of
determination of hardness and module of resiliency after the diagrams of squeezing are based on the
method of Oliver W.C., Pharr G. and international standard (ISO/FDIS 14577-1: 2002) accepted in
quality.

The excellent feature of device is the use of differential sensor of the small moving, principle
of work of that consists in bathymetry of squeezing to the indenter in relation to the surface of pre-
production model. authentication is by means of device of "Micron-gamma" [9, 10]. On results mea-

suring the graphic chart of vibrations of physical and mechanical properties of steel 45 (fig.3) after the
different methods of strengthening.
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Conclusions
Worked out methodology of determination of optimal methods and technologies of streng-
thening of superficial layer of details from steel 45 on the criterion indexes of efficiency. The defined
basic values of base indexes that fold I, are a zero level that is taken for an optimal variant forstreng-
thening of surfaces at corresponding technologies.
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BUKOPUCTAHHS KOMBIHOBAHOI'O CITIOCOBY 3MINHEHHA AJ151
OTPUMAHHS OIITUMAJIBHOI'O CKIAALY ®I3UKO-MEXAHIYHUX
XAPAKTEPUCTHUK CEPEJHbOBYTJIELIEBUX CTAJIEN

Yepuera O.I'., Cepena B.1I1., Kyounu B.1.

Pedepar

MexaHi3MH YTBOPEHHSI 3HOCOCTIHKMX CTPYKTYp BHCBITJIEHI B 0araThbOX Mpalsix i HIMPOKO
3aCTOCOBYIOTBCSl Y BUPOOHHMYMX MpOLecax MAlIMHOOYAIBHUX rany3sx. BigmpanpsoBaHi pexxumu o0po-
00K, /e TapaHTOBaHO NP MOCTIJOBHOMY BUKOHAHHI MIEBHUX OMepaniidl OTPUMYIOTHCS BiAIOBIAHI MiK-
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POCTPYKTYpH 3 3aJJaHUMH IMOKa3HUKAMH MIKPOTBEPAOCTI i 3HOCOCTIMKOCTI Ha TOCIHITHUX CTaJSIX. 3Ha-
YHUM TIPOPUBOM Y cepi 3MIHIOIOUNX 00pOOOK CTal0 BUKOPUCTAHHS BUCOKOCHEPTETUYHHX JUKEpe
SHeprii, 0 JA03BOIUIO PO3MIMPUTH CIIEKTP MOAN(IKYBaHHS MOBEPXHEBUX IIAPIB, 3HAYHO MiABUIIUTH
MIITHUIBKI 1 3HOCOCTIHKI XapaKTepUCTHKU. Y BHUPOOHMYMI MPAKTHUI JOBOJI YACTO MPOLECH BiJHOB-
JICHHS 1 3MIITHEHHS IOBEPXHEBOr0 MIapy CKJIANAIOThCA 13 HACTYIMHUX TOCiOBHUX OMEpalii: BiTHOB-
JIeHHS1 TeoMeTpii 1 opMH MOBEPXHi 32 PaxyHOK HAIUIABJICHHS €JIeKTPOAaMu, Je3BiiHa oOpoOka ams
3a0e3MmeYeHHs] TEOMETPUYHUX MapaMeTpiB BUpoOy; OOpYBaHHs MOBEPXHiI 3 YTBOPEHHSM HaATBEPAMX
CTPYKTYp; JiazepHa 00poOka A moan(ikyBaHHA MoBepXHi; QinimHa 00podka. KombiHoBanuit crocid
Moaudikawii 3a JormoMororo OopyBaHHS 1 J1a3epHOi 00pOOKH, IO BKIIOYAE MOMEpenHe OOpYBaHHS B
nedi B cepefoBUIII OOPOBMILIYIOUMX PEYOBUH i3 HACTYITHOIO OOpPOOKOIO IMITYJILCHHM JIa3epOM IpHU
eHeprii HakonmyeHHs E=28 k[, @=8 MM — niaMerpom Ja3epHOro my4ka 3 KoeilieHTOM MepeKPUTTS
30H 00pobKku 15 %, 3 TpuBamicTio iMmynbcy1'10°— 2107 i 3 BincranHIO 10 Minreni70 MM 103BOINsE
orpumatu Ha crami 45 crabuibHuil map OopuaiB i kaboOopuaiB Ty kapOodopumamu Fe(CB),
Fe,(CB). lns Bu3HAYCHHS KOJNMBaHb (Di3UKO-MEXaHIYHUX BIACTHBOCTEH IMOBEPXHEBOro Imnapy (mapa-
merpu H,, KCU, E, oy, 0., Ky, 3, W) crani 45 micns pisHEX cmoco0iB 3MminHeHHs (OopyBaHHS, Oopy-
BanHs + JIO, nazepHa oopoOka (JIO), azoryBanus + JIO, a3oryBaHHSs, TepMOOOpOOKA) BUKOPHUCTOBY-
BaJIM METOJ IHCTPYMEHTAJIBHOTO 1ICHTU(IKYBAaHHS 32 JJOMOMOro npuwiamay «Micron-gamma». 3a pe-
3ynpTaTaMu BUMIpiB MoOyAoBaHa rpadiuyHa cxema KOJUBaHb (Pi3UKO-MEXaHIYHUX BIACTUBOCTEH cTaji
45micnst pi3HUX CMOCOOIB 3MilTHEHHS. P03po0iieHa METOAMKa BH3HAYCHHS ONTHMAIBHUX CIIOCOOIB i
TEXHOJIOT1H 3MILHEHHsI MIOBEPXHEBOrO IIapy JeTajel i3 cTaii 45 3a KpuTepiaJbHUMHU MMOKa3HUKAMHU
e eKTUBHOCTI. Bu3HayeHi OCHOBHI 3HaueHHS 0a30BMX MOKa3HUKIB, IO CKJIANAIOTh J| — HyIhOBHIA
piBeHB 1 000B’I3KOBO HEOOXiHI [T 3MIITHEHUX ITOBEPXOHB MPY BiIIOBITHUX TEXHOJOTISX.
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Y pobomi npoeedeni namyphi cnocmepedicents 3a IHMEHCUBHICIIO PYXY A8MOMPAHCHOPMY |
BU3HAYEHA THMEHCUBHICMb PYXY 3d GUOAMU MPAHCNOPMHUX 3acobié y pankosuil yac 0obu. Bynu
OMPUMAHT WYMOBI XAPAKMEPUCUKU MPAHCHOPMHUX NOMOKI8 AKI CKIA0AIOMbCA 3 eKGIBAIeHMHUX |
MAKCUMAbHUX pieHi6 38YKYy. Excnepumenmanvui ma po3paxyHkosi 0aHHi NOPIGHIOBAIUCH 3 HOPMAMU-
BHUMU BUMO2AMU DIBHS UWYMOB020 HABAHMANCEHHS HA MAICMPATbHUX GYIUYAX 3A2ATbHOMICYE8020
sHavenns m. Kam aucoke. bynu sanpononosani 3axo0u no 3MeHUeHHI0 WYyMO08020 3A0pYOHEHHs Npu-
MazicmpanvHux mepumopii.

Knrouosi cnosa: mepumopis, mpancnopmuuii 3acio, UMIPIOSAHHS, OOCHIONCEHHS, De3)ib-
mam, po3paxyHox.

Problem’s Formulation

The acoustic characteristics of the traffic flow are determined by the noise levels of cars.
Noise from transport depends on many factors: engine power and mode, technical condition of the
crew, the quality of the road surface, speed.

Road transport has the most adverse acoustic effect. Cars are the predominant source of in-
tense and prolonged noise, with which no other can compare. Noise generated by moving cars is part
of traffic noise. In the general case, the greatest noise is generated by trucks. At low speeds on high-
ways and high speeds of the engine shaft, the main source of noise is usually the power plant, while at
high speeds, low speeds and lower power of the power plant can be dominated by noise due to the in-
teraction of tires with the road surface.

Due to the growing number of cars, the industrialization of cities, the growth of transport mo-
bility of the population, the growth of technical equipment of the city economy, contacts between the
man-made environment of the city and the natural environment are expanding. Recently, the average
noise level from transport has increased by 12—14 dB, and the subjective volume has increased 3—4
times. On the main highways of large cities, noise levels exceed 90 dB and tend to increase annually
by 0.5 dB, which is the greatest danger to the environment in areas of busy highways.

Currently, in large cities there are areas where it exceeds 70 dB (sanitary norm for night time
— 40 dB). 60—80 % of urban noise is generated by vehicles.

Analysis of recent research and publications

In modern conditions of development of urban areas due to the growing number of cars
(which are the most common source of noise), industrialization of cities, increasing transport mobility,
increasing technical equipment of the city economy, increasing levels of noise pollution. Traffic noise
is the main acoustic pollutant in almost all modern cities, and its contribution to the total share of noise
in residential areas is 60—80 %. In the main areas, significant traffic noise is observed on average
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18—20 hours a day, sometimes around the clock. Denisov V. in his research he found that the impact
zone of the highway, depending on the intensity of traffic, meteorological and topographic conditions
of the area extends to a distance of up to three kilometers from the edge of the carriageway [1].

According to research by some governmental and non-governmental organizations (such as
the UK's Office for National Statistics), noise levels in European cities have increased 10—15 times
over the past 20 years, affecting more than 50 % of urban dwellers. [2]

Vehicle noise while driving should be considered as a set of sounds of different frequency and
intensity, which are perceived by human hearing and cause unpleasant subjective sensations, and as a
physical factor are mechanical random oscillating movements that propagate in waves in an elastic
medium. Tokar A., Mitnik Y. found that noise indicators depend on such factors as power, technical
condition and mode of operation of the engine, type and quality of road surface and speed, driver gqua-
lification, features of traffic on certain sections of the road (intersections), frequency and signal
strength of vehicles, etc. [3]

Formulation of the study purpose

The purpose of the work is to study the noise pollution of the urban area of Kamyansk by
road.

Presenting main material

The sections of the city territory of Kamyansky, which are the most loaded with trucks, were
selected to assess the noise pollution by motor transport on the main territory.

Observations of traffic intensity were carried out during the day. The counting of cars, light
and medium trucks, heavy cars and buses was conducted separately. Determination of traffic intensity
was carried out according to the following formula

N =YL N2, (1)
Td
where Ny, — hourly traffic intensity in transport units, bus/hour; T4 — measurement duration, min.

In generalized form, the results of studies of traffic intensity on sections of roads in Ka-

myansky are given in tabl. 1.

Table 1. The results of observations of traffic intensity and composition of vehicles on the
research sections of roads

Place of | Time Traffic intensity vehicles, bus / hour
measurement measurement Heavy
Cars Trucks Buses Total
trucks

Hrushevsky street | 8" — 10" % 53.2 388 6 4 100
Number —of | = 59, 122 59 67 640
vehicles

Anoshkin Avenue | 8° — 117 % 63,7 11,9 11,4 13 100

(section near the Number of

Metallurgical Col- vehicles 368 53 54 31 506

lege)

Jubilee Avenue 90— 9% % 74,5 7,4 41 14,0 100
Number —of | = /o, 95 59 43 989
vehicles

Anoshkin Avenue | 109 — 11" % 64,5 14,1 14,8 6.6 100

(exit  from the N

. umber  of
bridge) vehicles 394 60 81 10 545

From the analysis of the results of observations according to table. 1 we can conclude that the
main contribution to traffic flows at the research sites is made by passenger transport on average about
77 %, light and medium loads — 11 %, heavy trucks — 9 % and buses — 3 %.
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Noise level measurements were carried out in accordance with LTO 3.3.6.037-99 during the
day directly on the side of the city's main streets, which are most congested with trucks and pass at a
distance of 30—50 m from residential high-rises.

A portable noise meter type VSHV-003-M2 with a scale range from 20 to 130 dB was used
for the research. The research was carried out on sections of asphalt roads. Measurements were per-
formed at each point for 30 minutes. On the section of Hrushevskoho Street, the traffic is two-way in
one lane in each direction. On the section of Jubilee Avenue, the traffic is two-way, with two lanes in
each direction. In other research areas, traffic in two lanes in one direction. The measurement results
are given in tabl. 2.

Table 2. Levels of noise pollution in residential areas Kamyansky

Traffic intensity Time
Place of measurement motor transport, Noise level, dB
bus / year measurement
Hrushevsky street 640 8® — 10" 68—79
Anoshkin Avenue
(section near the Metallurgical 506 80 —11% 61—71
College)
Jubilee Avenue 989 9% _ 9% 65—78
Anoshkin Avenue 40 15
(exit from the bridge) 545 107 —11 64—76

In accordance with the state building codes of Ukraine DBN B.1.1-31:2013 "Protection of ter-
ritories, buildings and structures from noise” recommended normative noise levels of the settlement
area — 55 dBA during the day and 45 dBA at night, noise levels for adjacent areas to: residential pre-
mises — 45—60 dB, public premises — 55—70 dB. For main streets of city and district impor-
tance — LAeq = 78 dBA, and LAmax = 93 dBA, respectively, DSTU-N B B.1.1-33: 2013.

As shown by the analysis of measurement results and their comparison with regulatory re-
quirements in accordance with DSTU-N B B.1.1-33: 2013, the noise level on the experimental main
streets of local significance exceeds by 2—4 dBA equivalent noise level LAeq = 78 dBA, but does not
exceed LAmax = 93 dBA.

To calculate the noise characteristic, the method described in DSTU-N B B.1.1-33: 2013 was
used.

Noise characteristics of transport flows are equivalent and maximum sound levels in dBA,
which are determined either by full-scale instrumental measurements in accordance with GOST
23337, GOST 22283, or by calculations [4, 5].

Noise characteristics of road traffic flows (including trucks, cars, buses) are equivalent LAeq
and maximum LAmax sound levels in dBA at a distance of 7.5 m from the axis closest to the calcu-
lated point of the lane.

The values of LAeq are determined by the formula

Liws = 44 + 0,26V + 10 g t:—} + ALy + ALy, @)
s

where V — the average speed of traffic flow on the race, km/h.
v = Vi Ny +Vo No+ Wy N+ n.mi’ @)
Ny +N,+Ng+N,
where Vi, N; — respectively, the speed and intensity of passenger cars and their modifications for the
carriage of goods, as well as trucks with a maximum permissible weight of up to 3.5 tons, incl. (cars);
V,, N, — respectively the speed and intensity of trucks and buses with a maximum permissible weight
of up to 5 tons inclusive, units/hour. (trucks); Vs, N3 — respectively the speed and intensity of move-
ment of trucks and buses with a permissible maximum weight of 5 tons to 12 tons inclusive, as well as
trolleybuses, units/hour. (medium trucks); V4, N, — respectively the speed and intensity of movement
of trucks and buses with a permissible maximum weight of more than 12 tons, units/hour (heavy



Poznin 2. MonentoBanHs Ta ONTUMi3allisl B TEXHOJIOT1] KOHCTPYKIIHHUX MaTepiaiB 97

trucks); Nc — reduced (by sound energy) intensity of movement in units/hour;

Nc=N; +4N;+ 6N3 + 8Ny, (4)
Ve — reduced (relative to the speed of cars) average speed of traffic flow on the race, km/h.;
V-V, + 1,141, + 1,18V, + 1,22V, (5)

AL; — amendment to the DBA, which takes into account the type of pavement of the street or road;
AL, — amendment to the DBA, taking into account the longitudinal slope of the street or road.

The values of LAeq and LAmax are determined according to the number of lanes of the car-
riageway in both directions.

When located between lanes in different directions of dividing lanes, boulevards and pede-
strian alleys, the noise characteristic of the flows of motor vehicles LAeq and LAmax must be deter-
mined separately for each direction.

Full-scale measurements and acoustic calculation of the noise characteristic of the flow of
road transport should be carried out for the daytime, based on the average hourly traffic intensity Nz
during the four-hour period with the highest traffic intensity [6, 7]. It is allowed to take the consolidat-
ed traffic intensity during the day, equal to 7 % of the average daily traffic intensity. At night Nc is
taken for the noisiest hourly period.

This technique allows to determine the sound level at a distance of 7.5 m from the transport
flow with the smallest error (standard deviation 1—2 dBA). In the calculations, the average flow
speed was taken as 50 km / h, the correction for the road surface AL; = 0 dBA for asphalt.

The results of calculations of the noise characteristics of the traffic flow at different research
sites were calculated by formula (2) and are given in tabl. 3.

Table 3. Noise characteristics of traffic flow in different areas

Road section Traffic Percentage  of | Correction | Correction | Equivalent
intensity, trucks, % AL, dBA AL,, dBA noise level
bus / hour LAeq, dBA

Hrushevsky street 640 448 0 1 65,00

Anoshkin Avenue

(section near the Metal- 506 23,3 0 0 68,43

lurgical College)

Jubilee Avenue 989 115 0 0 64,85

Anoshkin Avenue

(exit from the bridge) 545 28,9 0 1 66,12

As shown by the estimated data given in table 3, the noise characteristic of the transport flow
LAeq is 65—68 dBA at a distance of 7.5 m from the axis of the transport lane closest to the calculated
point. In comparison with the regulatory requirements, on the sections of the research roads the
permissible level is exceeded by 1—2 dBA, which is created by trucks, the percentage of which from
the total traffic flow is 14—21 %.

Conclusions

The method of determination of noise pollution from urban traffic flows is presented and the
ways to reduce or eliminate the data of harmful factors are offered.

Noise levels are expected to be reduced through the use of screens, territorial gaps, noise pro-
tection structures, zoning and zoning of sources and objects of protection, and protective landscaping
strips. Acoustic noise protection equipment is divided into sound insulation, sound absorption and si-
lencers.

Some progress in noise reduction can be achieved with the appropriate tread pattern configura-
tion and tire design. Important from the point of view of noise limitation is the structure of the asphalt
pavement itself, which reduces noise, and noise absorption is achieved mainly due to the high porosity
of such asphalt — 26 % is the volume of cavities (in conventional coatings it is about 6 %).
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AOCJIUKEHHA ITYMOBOTI'O 3ABPYTHEHHA ABTOTPAHCIIOPTHUMH
3ACOBAMU NTPUMATI'ICTPAJIBHUX TEPUTOPIU m. KAM’SIHCBKOI'O
Imatko J.3., Cacos O.0., ABep’ssHoB B.C., Betuxonnmnii €.1.

Pedepar

TpaHCHOPTHHI LIyM € OCHOBHUM aKyCTHYHHMM 3a0pyJHIOBadeM IMPaKTHYHO BCIX CydacHHX
MICT, a HOro BHECOK y 3arajbHy YacTKy LIyMY B >KMUTJIOBUX 30Hax ckinamae 60—80 %. Ha npumarict-
pATBHUX TEPUTOPISX 3HAYHUN TPAHCHIOPTHUI IIyM B cepeqHboMy crocTepiraetbes 18—20 ronun Ha
o0y, iHoAi 1i10j000B0. BeTaHOBIGHO, MO 30HA BILTMBY aBTOMOOUIBHOI JIOPOTH 3aJICKHO Bij iHTEH-
CHUBHOCTI JJOPOXKHBOI'O PYXy, METEOPOJIOTUHUX Ta TOMOrpadiyHUX YMOB MiCIIE€BOCTI MOLIUPIOETHCS HA
BiZICTaHb J0 TPHOX KUJIOMETPiB BiJl KPOMKHU MPOi3HOI YacTHHHU. J{J1s1 MPOBEINEHHS JOCIHIHKEHHS IIIyMO-
BOTO 3a0pyIHEHHS! MpUMAricTpaJbHUX TepuTopi micta Kam’sHcbke Oynu momepenHbO MPOBEICHO
HATYpPHI CIIOCTEPEKEHHS 33 IHTCHCHBHICTIO PyXy Ta THIIOM aBTOTPAHCHOPTHHUX 3ac00iB 1 BU3HAUEHO
BiZICOTKOBA YaCTHHA KOXKHOTO 3 HUX. CIoCTepexeHHs 3a IHTEHCUBHICTIO pyXy IMPOBOJMIINCH Ha Haii-
OUIBII 3aBaHTAKEHUX TPAHCIIOPTHUM ITOTOKOM BYIUISX 1 Y TOAWHHU A00OM KOMM LEd TpaHCIOPTHHM
MOTIK HAMOIBII IHTCHCUBHUM.

i mocmipkeHb ITyMOBUX XapaKTEPUCTHK BUKOPUCTOBYBABCs mepeHocHui mrymomMip BIIIB-
003-M2. B pe3ynbTaTi MpoBENEHUX NOCHIIKEHb OYyJIM OTPUMAaHi IIyMOBI XapaKTEPUCTHKH TPaHCIIOp-
THUX MOTOKIB, AKi CKIIaJAI0THCS 3 €KBIBAJIGHTHOTO 1 MAKCHMAJILHOTO PiBHIB 3BYKY B nenubenax. bymn
3aMpONOHOBAHI 3aX0IU IO 3MEHILIEHHIO LIIYMOBOTO 3a0pyAHEHHS MPHMAriCTpalbHUX TEPUTOPIH M.
Kawm’saHceKke.

V 3aranbHOMY BHUNAAKy METOAM 3HIKCHHS TPAHCIIOPTHOTO LIyMY OYJIM 3allpoOIIOHOBaHi MO Ha-
CTYIHHUX TPbOM HampsiMaM: 3MEHILICHHS IIyMY B JDKEpeli HOro BUHUKHEHHS, BKIIOYAIOUU BIIIYUYEHHS 3
eKcIUTyaTalii TpPaHCIIOPTHUX 3ac00iB 1 3MiHY MapIIpyTiB iX pyXy; 3HWKEHHS IIyMYy Ha LIIAXY HOTO po3-
MOBCIO/IKEHHS 32 JOTMOMOrOI0 3aCTOCYBaHHSI IIYMOIOIIIMHAIOYOI 34aTHOCTI POCIIMH, a TAKOXK IIISIXOM
BUKOPHCTAaHHS €KpaHiB TEPUTOPIAIbHUX PO3PUBIB, IIYMO3aXMCHUX KOHCTPYKILIH, 30HyBaHHs i paiioHy-
BaHHSA JPKepen 1 00'€KTiB 3aXHUCTY, 3aXHUCHUX CMYT O3€JICHEHHS, 3aCTOCYBaHHS 3aC00iB 3ByKOBOT'O 3aXHC-
Ty TIPU CIIPUHHATTI 3BYKY, a came OyIOBH CaMOro AOPOKHBOI'O MOKPUTTS acasibTy, IO 3HIKYE LIyM,
MPUYOMY TOTJIMHAHHS LIYMY JOCATAETHCS TOJOBHUM YMHOM 3aBJISIKH BUCOKIH IIOPUCTOCTI Takoro acga-
apTy — 26 % ckiagae oocsr mopoxHUH (y 3BUYAHUX TOKPUTTSX BiH CTAHOBUTH OJM3bKO 6 %0).
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Timing of time parameters of technological routes of the transport-technological system of the
quarry of the metallurgical enterprise is carried out. Statistical characteristics and distribution laws
of the above parameters are determined.
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Ilposedene xpoHomempysanus 4acogux napamempis mexHoI0SIYHUX Mapuipymie mpaHcnop-
MHO-MEXHONIO2IYHOI cucmemu Kap €py Memanypeitino2o nionpuememea. Busnaueni cmamucmuyni xa-
Ppakmepucmuxyu ma 3aKOHU po3nooiny GUe3a3HAYeHUX napamempis.

Knwuoei cnosa: xponomempagic, 3aKk0H po3noOiLy, 4ac 3A6aHMANCEHHS, YAC PO3BAHMAINCEH-
H5l, MEXHON02IYHI NPOCMOL, MEXHOAOSIUHT MAPWPYMU, PYXOMUL CKIA0, BAHMANCONRIOUOMHICTD.

Problem’s Formulation

Quarry dump trucks are an important element of the transport and technological system of
mining quarries. In this regard, the task of solving the problem of improving the efficiency of the sys-
tem as a whole by choosing a rational fleet of rolling stock, taking into account changes in traffic con-
ditions and the random nature of the time parameters of the transport process. Solving the task requires
obtaining characteristics of the time parameters of the transportation process for further performance
of the task.

Analysis of recent research and publications

The transport network in the quarry is a complex system consisting of a large number of active
elements — dump trucks and excavators of individual types. This system is characterized by relatively
rapid changes in the parameters of traffic flow in space and time, as well as random values of the time
of individual processes, such as maneuvering vehicles, loading and unloading, traffic on the route. Op-
timal operational planning and management of quarry transport can increase its productivity by more
than 20% by reducing downtime and queues [1]. As a result, the process of transportation of technolo-
gical raw materials by dump trucks in mining conditions does not meet the requirements of the modern
transportation process due to inefficiency of existing methods of managing fleets of heavy trucks,
which are insufficiently adapted to operating conditions in technological cycles of metallurgical and
mining production [2].

Analysis of works [3—12] on aspects of selection and approaches to the selection of rolling
stock shows that sufficient research has been done on the selection, formation, calculation, economic
feasibility of using a particular type of rolling stock on technological routes of industrial enterprises.
Thus, in [3] it is argued that the choice of vehicles requires a comprehensive approach, the essence of
which is, above all, that the issues of transportation, unloading, loading and warehousing are consi-
dered simultaneously and in conjunction with other issues of technology and organization production.
The choice of vehicles is based on the generally accepted method of assessing the economic efficiency
of new equipment and investments. The initial data required for the selection of the most economical
vehicles include: characteristics of the goods transported; route information; data on the volume of
cargo transportation by the consumer, etc. In [4] the existing approaches to the definition and under-
standing of the term "choice of rolling stock™ in transport logistics are considered. The paper [5—®6]
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highlights the issues of existing and modern methods of calculating the rolling stock and their short-
comings.
Formulation of research purpose

Given the peculiarities of the fleet of heavy-duty dump trucks on technological routes, it is ne-
cessary to obtain time characteristics, namely — loading time, unloading time, downtime, travel time
with cargo, travel time without cargo, which will solve the problem of choosing a rational fleet.

Presenting main material

Timing of time parameters of technological routes of the transport-technological system was
carried out on the technological routes of the quarry of the metallurgical enterprise. The motor trans-
port subdivision serves the technological routes of the slag processing subdivisions and carries out
transportation of technological wastes and products of processing of the main production to ensure a
continuous production process of the main production of the metallurgical enterprise. The research
was carried out on the technological routes of the open-hearth slag processing area of the slag
processing plant. Timing was carried out during four working days in two shifts (from 08.00 to 20.00
and from 20.00 to 08.00).

Timing was carried out according to the following values: time of zero mileage (t,,.p.), load-
ing time (t55), Unloading time (t,035), time of driving with cargo (tis,, saur.), driving time without
Cargo (tis, ces sant)- Also recorded downtime (t,,) of technological and physiological nature.

Timing was carried out according to the following values: zero mileage time, loading time, un-
loading time, driving time with cargo, driving time without cargo. Also recorded downtime of tech-
nological and physiological nature. The study was conducted using the Wialon software package.

The results of statistical data processing are summarized by the timing of time parameters of
technological routes are summarized in tabl. 1.

Table 1. Basic statistical characteristics of time parameters of technological routes

Parameters of

: . Standard Minimum, Maximum,
technological Mean Variance . .
error min min
routes
tisy. san. 7,561 17,153 0,128 1,1 18,933
tisn 6es pant 5,507 16,226 0,124 0,1 17,567
taas. 6,654 40,118 0,195 1,1 69,52
tposs. 3,603 35,237 0,183 0,667 114,75
Downtime for one 5,354 220,451 0,458 0 191,083
ride, min
Number of riders 19,811 17,618 0,577 4 29

Values in the first six lines were obtained from 1056 riders. Values in the latter were obtained
for 53 changes in the operation of cars.

The results of the experiment showed that the number of rides of each car during the shift is not
a constant value. According to the received data it is clear. That the average time of one ride for each car
is 19,811 minutes. The histogram of the distribution of the number of riders is presented in Fig. 1.

The parameter number of rides is subject to the normal distribution law with x = 19,811 and
y = 0,577, the probability density f (x) of which is as follows

1 (x—19,811)2

— ¢ 2(0577)%
0577v2p

Fig. 2 presents a histogram of the distribution of downtime on routes. This parameter is sub-
ject to the normal distribution law with X = 5,354 and y = 0,458, the probability density f(x) of which
is as follows

f&) =
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1 _(x—5,354)%
f(x) =— ¢ 2(0458)%
0,458V2p
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Fig. 2. Characteristic of the idle time parameter

This characteristic is mostly related to the "human factor”, which is quite difficult to analyze.
According to the obtained data, the unloading time has a histogram shown in Fig. 3. This pa-
rameter is subject to the normal distribution law with X = 3,603 and y = 0,183, the probability density
f (x) of which is as follows
1 _ (x—3,603)2
N =—"_ ¢ 2(0183)%
1(2) 0,183v2p
The load time, the distribution diagram of which is shown in Fig. 4 is also subject to the nor-
mal distribution law with X = 6,654 and y = 0,195, the probability density f(x) of which is as follows
1 (x—6,654)>

x)=—— o 2(0195)2
f@x) 0,195V2p
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Fig. 5 and 6 show histograms of the distribution of driving time with and without cargo. These
parameters are subject to the normal distribution law with x = 7,561, with X = 5,507 with y = 0,128,
y = 0,124, the probability density f(x) of which is as follows

1 _(x—=7,561)%
x)=—— o 2(0128)?
fx) 0,128V2p
1 _(x—5,507)2
)= ——" ¢ 2(0124)2
f@x) 0,124+/2p
Conclusions

Analyzing the results, we can conclude that downtime before loading (unloading) of cargo can
occur on any ride during the work shift. This is due to the fact that during the movement of the car on
the route, the value of the time parameters may be such that there are conditions of downtime. In this
regard, it can be concluded that the occurrence of downtime on technological routes is probabilistic.

Histogram: Var3
K-S d=,31165, p<,01 ; Lilliefors p<,01
—— Expected Normal
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Fig. 3. Characteristics of the unloading time parameter
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Fig. 4. Characteristics of the feed time parameter



104 Matemariyne MoaemoBanHs Ne 1(46) 2022
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Fig. 5. Characteristics of the parameter of driving with cargo
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Fig. 6. Characteristics of the parameter of driving without cargo
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EKCIIEPUMEHTAJIBHE JOCIIIKEHHA YACOBUX ITAPAMETPIB
TEXHOJIOTTYHUX MAPIIPYTIB ABTOMBIJIIBHOI'O TPAHCIIOPTY
MPAIIOIOYOI'O B KAP'€PI METAJIYPITMHOI'O MIJIIIPUEMCTBA

Cepena B.I1., MykoBcbka JI.51., Cepena /1.b.

Po3BUTOK ramysell BITYUM3HSHOIO BUPOOHUITBA B 0araThOX acleKTax 3ajieXHTh Bil edeKkTHB-
HOCT1 (PyHKIIOHYBaHHS BaHTaXHOTO aBTOMOOUITFHOIO TPAHCIIOPTY, OCHOBHA 3a/1a4a SIKOTO IMOJISTae B
opraHizalii CBOEYaCHOI JOCTaBKH BaHTaXiB 3 MiHIMAaJIbHUMU BUTpaTaMu. He BUHATKOM € 1 mianpuem-
CTBa TipHUY0-BUI00YBHOTO KOMIUIEKCY, Ha SIKMX OpraHi3allis BaHTA)XKHUX MEPEBE3CHb, SKa XapaKTepu-
3Y€THCS CKIIAJHUMH YMOBaMHU €KCIUTyaTalil Ta 3a0e3neuye oOCIyroByBaHHsS BUPOOHUYMX Kap €piB, a
came, TIepeMilleHHs BiAXOIB METaIypriiHOro BUPOOHMITBA Ta BUAOOYBHOI CHPOBMHHU Ha TIPHUYMX
MiAMPUEMCTBAX.

3aBAsgKU CBOIM MepeBaraM aBTOMOOUIBHUN TPAHCIIOPT IIMPOKO 3aCTOCOBYETHCS PI3HUX TipHH-
YOTEXHIYHMX YMOBAX MPaKTUYHO HA OUIBIIOCTI MiAMPUEMCTB TipHHUOA00YBHUX rany3eil Ykpainu, Ha
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3aITi30pyIHUX Kap'epaX YKpaiHH aBTOTPaHCHOPT HaOyB HAHOLIBIIOTO MONIUPEHHS: HUM TEPEBO3STH
o6mu3bko 60...70 % yciel ripunyoi macu. OOcAT IUX NepeBe3eHb Ha BETUKUX TpHHY0-30aradqyBajgbHUX
koMmOiHaTtax Ykpainu Ta Pocii mopoky cranoButh 30...130 mumH.T. 30kpeMa B YKpaiHi Ha 3ai30pya-
HUX Kap’epax MIOPOKY MepeBo3saTh aBToMo0uIssMu 50...125 MiTH. T BaHTaxiB.

B nmanuii yac Ha kap’epax MPOMUCIOBUX IMiIPUEMCTB HAOLTBIIIOr0 MOMIUPEHHS OTPUMAaB aB-
TOMOOUTEHUI TPAHCIIOPT, @ CaMe, BETUKOBAHTAXHI Kap €pPHI CAMOCKUIM ISl IKOTO XapaKTepHi MOOi-
JIBHICTH 1 BIHOCHO HEBUCOKI IMOYATKOBI KaIliTAJIOBKIAACHHS. Jliama3oH TEXHIYHMX 1 KIIIMATUYHUX
YMOB, B SIKUX 3aCTOCOBYIOTHCS Kap'€pHi aBTOCAMOCKH/IH, HaJ[3BUYAHO IIMPOKUH, TOMY JliHilTKka MoJIe-
Jiei 1 MomuGikaiiid y KOXKHOTO BUPOOHUKA BETbMU pi3HOMaHITHA. [lepeBe3eHHsI CHPOBUHU Ha BITYM3-
HSHUX BUPOOHHYUX MailaHYMKaX Kap €piB TIPHUYO-BUI00YBHUX MiAMPUEMCTB MEPEBAXKHO 3/IiHCHIO-
€THhCS Kap €PHUMH caMOCKHIaMU Mapk bemA3, siki Bipi3HSIOTHCS BUCOKOIO MIIHICTIO, 3HAYHOK Ba-
HTa)KOIMITHOMHICTIO H BEJTMKOIO EMHICTIO Ky30Ba.

Ha croromnimHiil 1eHs Iepe aBTOTPAHCIIOPTHUMH MiIPO3IUTAMH TIOCTAE 3a/1aya 30UThIICHHS
MpUOYTKY 1 MiABUIICHHS e()EeKTUBHOCTI CUCTEMH YIIPABIIHHS IIEPEBI3HUM IIpOIIecOM. Y Kap’epax Tip-
HUYO0-BUAOOYBHUX IMIIIPUEMCTB MEPEBE3CHHS BAHTAXKIB 3/IHCHIOETHCS B MIHJIMBHX YMOBaX 30BHIII-
HBOTO CEPEIOBHINA Ta TMOB’I3aHA i3 BUMAKOBUMH TporiecaMu (BUXi 3 Ay PyXOMOTO CKIaay, HaBa-
HTa)XYBaJIbHO-PO3BAHTAKYBAJILHUX MEXaHI3MiB, BUPOOHHUYOro OOJIaJHAHHS,KIIMAaTHYHI yMOBH). SIK
HACJIJIOK, 116 3YMOBIIIOETHCS TIOSIBOIO OJIHI€T 3 OCHOBHHX IPOOJIEM MU MEPEBE3CHHI CUPOBUHU — TI&
HasIBHICTh IPOCTOIB TPaHCIIOPTY MPHU OYiKyBaHHI HAaBaHTAXKEHHS 1 PO3BaHTAXCHHsI, 1, K HACHIJOK,
HEIOCTaTHS e()EKTUBHICTh BUKOPUCTAHHS HaBaHTAXXyBaJIBHUX 3ac00iB i camockuiB. lle mos's3aHo, B
TOMY YHCIi, 1 3 TUIAHYBaHHSIM MEPEBE3CHb 0€3 ypaxyBaHHS JISIKUX IMapaMeTpiB, MO BILUIUBAIOTH HA
e EKTUBHICTH MEPEBI3HOTO MPOIIECY.

JlocmimpkeHHs MPOBOIMIIOCH HA JIUISIHIN MTepepoOKH MUTAKY METATYPriifHOTO MiANPUEMCTBA Ti-
BIHS YKpaiHu. XpOHOMETPaX MPOBOAMBCS TMPOTATOM YOTHPHOX pobounx nib y aBi 3minu (3 08.00 1o
20.00 Ta 3 20.00 mo 08.00).

XpoHOMeTpaxk 3/iHCHIOBABCS 32 HACTYITHUMU BEITMYMHAMU: 4ac HYJIBOBOT'O MPOOIry, Jac 3a-
BaHTAXXCHHS, YaCc PO3BaHTaXXCHHS, Yac I37KM 3 BaHTaXeM, Jac i3nku 0e3 BaHTaxXy. Takox ¢ikcyBaiu-
CsI IPOCTOI TEXHOJIOTTYHOro Ta (i3ioJaoriyHoro xapakrepy. JocnimKeHHs TPpOBOANIOCH 3a JOIOMOTOI0
nporpamuoro nakery Wialon.

AHaNi3yroun OTpUMaHi Pe3ylIbTaTH MOXKHA 3pDOOMTH BUCHOBKH, IO TIPOCTOI aBTOTPAHCIIOPTY
nepesl HABAHTAKEHHSIM (PO3BAHTAXKCHHAM) BAHTAXY MOXYTh BUHHKATH Ha Oyb sKii {3111 mpoTarom
pobouoi 3MiHu. Lle moB’s13aHO 3 TUM, IO 33 Yac MPSIMYBaHHS aBTOMOOLIS Ha MapIIpyTi 3HAUCHHS 4Ya-
COBHUX IMapaMeTpiB MOKe OyTH TaKuM, [0 BUHUKAIOTh YMOBH IPOCTOI0 aBTOTPAHCIIOPTY. Y 3B’S3KY 3
UM MOXHa 3pOOUTH BHCHOBOK, [0 BUHUKHEHHS MPOCTOI0 aBTOTPAHCIIOPTY HA TEXHOJIOTIYHUX Map-
HmIpyTax Ma€ iMOBIpHICHHI XapakTep.
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MATEMATHUYHE MOJAEJIOBAHHSA IHTEHCI®IKAII JPOBJEHHSA 1
NOJIPIBHEHHS 3AJII3HOI PYJIU

Jlocniosiceno ocHO8HI Xapakmepucmuxy npoyecié pyunyeanHs 3ani3Hoi pyou npu 00OHOYACHO-
MY 3aCcmocy8anti 00 Hei MeXaHiuHO20 HABAHMANCEHHSI Ma eeKMPUYHO20 NOASA YIbMPAGUCOKOT Yac-
mMomu Ha NIOCMAGi aHANi3y MAMEMAmMU4Hol Mooeni, wo onucye Qizuuni npoyecu, sKi GUHUKAIOMb NPU
yvomy y Kpucmanax xeapyy. Ilpogedeno nopieusamHs 3 6UNAOKOM 3ACTMOCYBAHHS TUULEe MEXAHIUHO20
Haganmaoicents. Teopemuuno 0o06edeno, wo npu HaseHocmi 080X pyliHieHux cui (6 nepwomy unao-
KY) KpUCmanu Keapyy HaKonuuyioms Ointvuie enepeii, npudomy yeu eghpexm nposeisicmovcs Haubitvule
npu pe3oHanci. 3anponoHo8aHo Memoo MeXaniyHo20 OpoOaeHHs | NOOPIOHEHHS 3a1i3HOI PYOU 3 GUKO-
PUCMAHHAM eNIeKMPUYHO20 NOJIsL YIbMPAGUCOKOI Yacmomu. 3poOneHo epamyiomMempudHuil auaiiz
npooyKmie OpoobnenHs i NOOPIOHeHHs 3ai3HOI pyou. 3a pe3yibmamamu meopemuyHux ma YUcCieHHUx
EeKCNEPUMEHMANbHUX OO0CTIONCEHb OOIPDYHMOBAHO NPOOOBIHCEHHS HAYKOB0-00CHIOHUX MA KOHCMPYK-
MOPCbKUX pobim 3 adanmayii' 3anponoH08AHOI WOK080I OpobapKu 00 6UPOOHUYUX YMOE.

Knrwouogi cnosa: opobienns i noOpibHenHs, 2panyioMempusHuil aHaais, wokoea opobapxa.

The main characteristics of the destruction processes of iron ore with its simultaneous effect
by mechanical load and electric field of ultra-high frequency to it are studied based on the
mathematical model analysis. The model describes the physical processes that arising in this case in
quartz crystals. A comparison is made with the case of effect only a mechanical load.It is proved that
in the presence of two destructive forces (in the first case), quartz crystals accumulate more energy.
This effect is more pronounced at resonance. A granulometric analysis of the crushing and grinding
products of iron ore was fulfilled. A method is proposed for mechanical crushing and grinding of iron
ore using an electric field of ultra-high frequency. The continuation of research and development work
on the proposed jaw crusher adaptation to production conditions is justified on the results of
theoretical and experimental studies.

Keywords: crushing and grinding,granulometric composition, jawcrusher.

IHocTanoBka mpo0JjemMn

MexaniuyHe ApoOJIeHHSA Ta NOAPIOHEHHS 3aJIi3HOI Py € EHEPTOEMHUM IPOLIECOM, IO BUMa-
rae BUKOPHCTaHHS BEIHKHX PECYPCIiB TipchbKOro MiANPUEMCTBA, TOMY HOr0 BJOCKOHAJIECHHS € aKTya-
apHUM (0cOONMBO MOpPiOHEHHs). Y Tporeci 30arayeHHs 3ai3Hol Py IpoIecH IPOOJICHHS Ta MOA-
PIOHEHHSI 3aCTOCOBYIOTBCS ISl PO3KPHUTTS 3pPOCTKIB (3'€JHAHB) MOPOJIH, MO0 MOJETIIUTH Ta 301IbIIH-
TH BHXIJ 3aj1i3a 3 KOHIEHTpaTy. PO3pi3HAIOTE KiJibKa CrIOCO01IB ApOOIICHHS: MEXaHIYHIH, MTHEBMAaTH-
HUii, aepoanHaMiYHui (CTpyMEHEBHIT) Ta yiabTpa3ByKOBHiA. HallOULIbII NOMMPEHUIT MEXaHIYHUI CII0-
ci0 npoOGIieHHs 3aMi3HSAKY B CHITy TEXHOJIOTTYHOCTI B YMOBaX MOTY)KHUX TPHUYOPYIHUX MiAIPUEMCTB.
PamtionansHO Merox OpoOJeHHS MiaOUpaTH, BUXOIASYM 3 BIACTHBOCTEH Ta IIHHOCTEH MiHEpPabHUX
3epeH, [0 BXOAATH 10 CKIIay 3aji3HOT pyAH.

MogentoBanHs iHTeHCUiKalil ApOOICHHA Ta MOAPIOHEHHS 3ali3HOI pyOu 3 ypaxyBaHHSIM
B3a€MOJII1 MOPOIHU 3 eJIEKTPOMArHiTHUM mosieM Y BU 103BOJISIOTH OLIHUTH XapaKTEPUCTHKH IPOLIECiB
IpoOIieHHs Ta ToApiOHEHHS.

AHaJIi3 0CTaHHIX JOCTIIKeHb Ta MyOJpiKkanii

[Torut Ha BIOCKOHAJECHHS METOJIB JPOOJICHHS Ta MOJPIOHEHHS CKEMLHUX IOPiJ, ONTUMI3a-
IO YIpaBJIiHHA UMM TEXHOJIOTTYHHMH TpoliecaMt 3a3Havae Ta minrpumye Mapunand [.A.[1]. Benu-
Ky yBary MpH IIbOMY IpPUIUJIS€ ONTHMI3allii ypaBIiHHs IpoLecoM ApoOiieHH s, 1o 3abe3neuye HeoO-
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XiTHe 3HaYeHHS apaMeTpiB BUXIIHUX pyau. MeToau ApoOeHHs, 10 BUKOPUCTOBYIOTHCS IPH LILOMY
MEXaHIYHUH 1 THeBMAaTHYHUI Ha PI3HHUX CTamisx apooieHHs [1, 2].

BusHayeHHS rpaHyIOMETPHYHOrO CKIaay TipChbKUX MOPiA HAAa0Th JOCTATHHOTO 3HAUYEHHS Ta
BPaxoBYIOTH ITPH BHOOPi TUITY Ta MapaMeTpiB TEXHOJOTTYHOro 00aHaHHs KUTalChKi ¢axiBLi 3i 30a-
rayeHHs 3ali3HsKY [3, 4].

VYnpasiiHHS nporecaMu IpoOJIeHHS Ha OCHOBI KOHTPOJIO TPaHyJIOMETPHYHOIO CKIAAy PYyIH
3a0e3MeYnTh 30UTBIICHHS IPOAYKTUBHOCTI Ta 3HM)KEHHS GHEPrOBUTPAT Ha APOOIeHHs[2].

Hageneni myOmikaiiii cBigaTh PO aKTyalbHICTh JOCIHIHKEHb 1 MOJIEpHI3aIlii, SKi TIOB’s13aHi 3
ypaxyBaHHAM BJIACTUBOCTEH 3alli3HOI PyIH Ta TipChKUX IMOPIA y LIOMY, a TaKOX IIOIO MPHUCTPOIB
npobnenss i noapioHenns. Enexrpuune moine YBY B mpouecax npoOneHHs 1 nmoApiOHEHHS HE BHKO-
PHUCTOBYIOTb.

BukJsiax ocHoBHOrO MaTepianay

3anponoHOBaHO Crocid iHTeHCcUdiKaii qpodaeHHs KBapLOBMICHUX MOpin (30KpeMa 3aii3HuX
pPYZ) CHUTBHUM 3aCTOCYBaHHSM JI0 HUX MEXaHIYHOIO HaBaHTa)KEHHs Ta elekrpuuHoro nons ¥YBY [5].
BiaMiHHOIO OCOONMBICTIO B3a€MOAIl 3a1i3HOI PyAM 3 €JIEKTPOMATHITHUM MOJNeM € ii MiHepaJbHUN
CKJIaJ, 110 BKJIIOYA€E KPHCTAIN KBaplly, FeMaTUTy, MarHeTUTy Ta iH. [Ipu npoMy KoXeH KpUCTajl OKpe-
MO 332 MEXaHIYHUMH, €JICKTPUYHUMH Ta MAaTHITHUMH BJIaCTHBOCTSIMH € aHi30TPOITHUM CTOCOBHO 1HILIUX.

Hexaii cepemoBuIle CKIaIa€eTbCs TUIBKU 3 KPUCTAJIB KBapIly, KOXKHE 3€PHO Ma€ CIEKTPUUYHY
Bich (m'e30Bich). Lle nae 3Mory BpaxyBaTH MpsIMHiA Ta 3BOPOTHHH M'e30e(ekT. KBapir BiTHOCUTBCS 10
10HHHMX KPHUCTAJIB, TOMY Oy/Ib-sIKUI HOro aToM abo i0H MOXe OJHAKOBO B3a€EMOJIISITH 3 yCiMa CyCi/iHi-
MU aToMamu abo ioHaMu. OTKe, BECh KPHCTal MOXKHA PO3TILSIATH K OKPEMHI KpUCTaNIiuHUI ocepe-
JIOK 1 IPOJIOHTYBATH aHAJi30BaHUI eeKT Ha BeCh KpUCTal. 3 1HIIOr0 OOKY, KOKEH KPUCTaj KBapily
Mae Habip pe3oHaHCHUX 4yacToT. [IpuitHsaTe mpunyIieHHs 03BOsS€ BUKOPUCTOBYBATH MOJEIh TapMo-
HilfHOTO ocumisTopa [6, 7], mo BimoOpaskae (i3udHI MPOILECH, 5K 3’ IBIISIOTHCS MPH LIEOMY Y KPHCTa-
Jax KBapiy. MatemaTiuHa MOJIENb TapMOHIHHOTO OCIMIsATOpa Mae BUrisy [8]:

My" + Myy' + Mwdy = F,tcoswt + F,tcoswt + Fst, (1)
ne M — mpuBeieHa Maca i0HIB; Y — 3MIII[EHHS MO3UTUBHUX Ta HETATHBHUX 10HIB MIOJ0 KPUCTAIIYHOT
pelIiTKy; ¥ — KoeQillieHT 3racaHHs; wy — BJAacHa MUKIIYHA YacTOTa KOJUBAHb OCLHUIATOPA; W —
OUKITIYHA YaCTOTa KOJIMBAHb EIEKTPUYHOrO MOJs; ¢ — Yac CHHYCOiJadbHOI 3MIiHU €IEKTPUYHOrO MOo-
JIs1, 1O JIi€ HAa KpHUCTall.

F; = a;AyPv; F, = a,A,; F; = Pv, 2
Ie q, &y — KOeilliEHTH MPOMOPIIHHOCTI; Ay — aMIUIITYJa KOJIUBaHb EIEKTPUYHOro mons; P —
BEJIMYMHA MEXaHIYHOTO HAaBAaHTAXXEHHS, 10 MPHKIIAZIAETHCS;, ¥V — LIBUJIKICTh HABAaHTAXKEHHSI.

OOMEXYIOUNCh HArojoK ciadkoro 3racaHHs (mpu Y < wg), OTPUMYEMO HACTYITHHHA

PO3B’S30K 1IbOTO piBHSHHS [9]:

y = (F1t+F2)%sina)t+ (F1t+F2)%COSa)t +MF—;(2)t, (3)
e
= = L;uz 4)
(@02 ry7a? (@3- r7a?
[Ipu upoMy mocTiiiHa A, = % y po3B’si3Kky (3) HA3MBAETLCS AMILTITYIOK MOTJIMHAHHSA 1

F,B . .
Ay, = 17 — aMIUTITY 010 Auctiepcii (IPYKHOK aMILTITY/I0H0).

Enepris, sxy Hakomuuye KpUCTall KBapIly MU CIIUTLHOMY iX HaBaHTa)KEHHI MEXaHIYHUM Ha-
BaHTAXXCHHSM Ta €ISKTPUYHUM moneM Y BY, BU3HAUa€ThCA CyMOIO KIHETUYHHX Ta MOTEHIIIHUX eHep-
il BIATIOBIMHUX OCIIIISATOPIB

F3?
2Mw?

D
ECOB =m(F1t+F2)2 + tz’ (5)

2 2
wo—w
neD = 0

(w(Z)_wz)2+yzwz'

Jocmimpkytoun Bupas (5) Ha icCHyBaHHS €KCTPEMyMY, 3HAXOAUMO
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— ¥?
w= [2w? fl—m—a)g. (6)

3BiJCH BUILIMBAE, 10 32 MPUITHATOT yMOBH (Y<K ®g) pe3oHaHC Oyae MaTh MiCIle, SKII0W = W.
Y npomy BHIAAKy amIiiTyna aucnepcii A,y = 0, a ammuityna nornuHaHHs A,n(4) nocsrae
MakcuMalibHOro 3HayeHHs [10].

AA

Puc. 1. Cxematnunuii rpadik 3MiHU aMILTITyIM TOTIMHAHHS A, (1) Ta ammityau mgucnepcii
A, (2) Bin HUKIIIYHOT 4aCTOTH KOJMMBAHb €IEKTPUUHOro nojis YBY

3 puc. 1 BuaHO, MO cepeHe 3a 4acoM 3HAUYEHHS MOTJIMHEHOI OCUUIISITOPOM MOTYXHOCTI BHU-
3HAYA€ThCS KOMIIOHEHTOI0 A,; = Sinwt. Komnonenra A,; = COSwtnae NMEBHUH BHECOK Y MHTTEBE
3HAaYEHHs TOrMHAEMOI ToTykHOoCTi P(t), mpote, B cepenHboMy ii BHECOK 3a I[MKJ KOJMBAHb, IIO
BCTaHOBWJIUCSI, JOPIBHIOE HYITIO.

PosrnsHemo Bupa3s (5), y sIkoMy Apyruii JOAAHOK NMPEICTABIISIE CHEPTiI0, HAKOITUYYBaHY KPHUC-
TaJOM IIPH YHCTO MEXaHIYHOMY HaBaHTaKEHH1, TOOTO

2
Euex = g7 - 7)

3 nopiBastaEsA (5) 1 (7) BUILIMBAE, 110 BCI KPUCTAIM KBapIly NMPH CHUIBHOMY 3aCTOCYBaHHI 10
HUX MEXaHIYHOrO HaBaHTaKEHHS Ta eNeKTpUYHOro noyst YBY Hakonu4yloTh eHeprii Oinblie, HiX npu
YHCTO MEXaHIYHOMY HAaBaHTa)KEHHI B IbOMY K pexuMi HaBaHTaKeHHS (Eco; > Eyey). Lleit edext mpo-
SABIISIETHCS HAWCHITBHILLIE TPHU PE3OHAHCI.

Hexail pyliHyBaHHsA HacTae TUIBKM 32 PaxyHOK MeXaHi4HOro HaBaHTAKEHHS (Eyex = Eyp).

CxopucTaemocs BUpa3oM (7), MO3HAYMBIIK t = t;

Eep = oy t,? (8)
Kp T oMw2 1
[Mpupisatoemo Bupasu (8) ta (5), B sskomy nmo3HaunMot = t,
D F3? F3?
ECOB = EKp abo m (FltZ + F2)2 + 21\43(4)(2) t22 = 21\43(4)(2) t12. (9)
3BigKH

D . 2

m(ﬂtz +F)* = 2M3w(2) (t:° — 7). (10)

JliBa yactuna piBHsHHS (10) 3aBKaM MO3UTUBHA, TOAI Ma€ BUKOHYBATUCS HEPIBHICTB t; > t,.

Takum 4MHOM, Yac JOCSATHEHHS KPUTHYHOIO HABAaHTAXKECHHS, IPU AKOMY HACTa€ pyHHYBaHHS,
MEHIIIe TPU CHITBHOI Jil MEXaHIYHOro HAaBAaHTAXEHHS Ta eNeKTpuuHoro mnons YBY y mopiBHsSHHI 3
94acoM pyHHYBaHHS IIPU YHCTO MEXaHIYHOMY HaBaHTakeHHi [11].

OTpumaHi pe3yibTaTH TEOPETHYHUX IOCHIHKEHb MOKHA MOSCHUTH CTaTHCTUYHOIO TEOPIEI0
pyiHauii. BiamosizHo 10 Hel B cepemoBHIL i3 301IbIIEHHSIM €HEepTii MOrJIMHAHHSA 3POCTa€ KUTbKiCTh
«ocialIeHux» Miclib, y SIKUX 3apOPKYIOThCS TPILIMHHU, OTXKE, CKOPOUYEThCA Yac iX 3MUKaHHS. 3a pa-
XYHOK LOTO 301TBIIY€ETHCA KIIBKICTh OKPEMOCTEH, SIKi yTBOPIOIOTHCS B TaHOMY 00'eMi, 110, 6€3yMOB-
HO, IPU3BOIUTH 10 3MEHIIEHHS 1X pO3MIpiB 1, 3pelITOI0, 10 IHTEHCUBHILIOTO JPOOIEHHS CepeoOBUIIIA.
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3 METO0 TMEepEeBipKU Ta YTOYHCHHS BHCHOBKIB, 3pOOJICHUX Y PE3YNIbTaTi TEOPETUYHHUX JTOCII-
JDKEHB, MTPOBEJICHO 1abopaTopHi BUMTPOOYBaHHS HA 3pa3kax 3amizHux pyn [lonraBceroro Ta Kpusopi-
3pkoro ['3K. BcranoBneno, mo ix pe3oHaHC crocrepiraethcs Ha dactorax Bim 41,5 mo 43 MI.
LentpanbHa yacToTa pe3oHancy craHoButh 42,3 MI'n. Kpim Toro, pe3oHaHCHa 4acToTa 3a3HAYCHUX
Py 3 MOCIIIOBHO BKIIOUEHOI iHAyKTUBHICTIO 0,5 MK['H nmopiBHIoe 24,5 MTI'1i, mpuuoMy pe30HaHCHI
BJIACTUBOCTI Ha il 4aCTOTI BUPa)KeHi OiJIbII iCTOTHO.

Po3pobniennii Ta BUTOTOBIICHUH €KCIIEPUMEHTAIBHUIN 3pa30K reHepaTopa Pe30HAHCHOI YacTo-
TH, IPU3HAYEHU 11 poOOTH Ha MOrokeHe HaBaHTaxkeHHs 750 Om.

I'enepatop Mae Taki mapamerpu:
— IIOTYXHICTh Ha BUXOJI1 Ha y3rojkeHe HaBaHTaxeHHs He MeHIre 200 Br;
— poboua wactoTa nepedynoByerbest B aianazoni 20—50 MI;
— pexuM poboTH Oe3mepepBHUM Ta IMITYJIbCHUH, 10 epedyA0BYeThCs 3 yacToro Bix 3 10 10kI;
— CBEpNIOBUHHICTH Bix 2 1o 10;
— "amnpyra xusnenns 200B, 50 ['m.

I'eHepaTop BUKOHAHMI 32 YOTHPUKACKATHO CXEMOI0, HOro (DyHKI[IOHAIbHA CXeMa TpescTa-
BIcHA Ha puc. 2. Jlo ckiaxy reHeparopa BXosTh Jukepena xusneHus (II11, 1T12), BiamosimgHo Ha Ha-
npyru +5B, +30B, +60B i +1000B, +300B, ~ 6,3B, a Takox 30yauuk (B), iMIyabCHUN MOAYIATOP
(IM), mipcumoBau (ITY), TpanchopmaTopuuii y3romkyBansauil miacwtoBad (TCY), BuxigHuii kackan
(BK) — TpancdopMaTopHHil TBOKACKATHHI MiICHIIIOBAY.

+5B +1000B
L " : —————
~220B 1 +30 B ~220B 12 ﬂo
— +50B M L
——— o
+5B +30B +1000 B +300B ~6.3 B +1000B +300B ~6.3 B

|

+5B [y TCY BK

J10 Ha BAHTAXKEHHA

Puc. 2. dynkuionansHa cxema reaepatopa Y BY

Jo cknagy nporo reHepaTopa Mixk HOro BXOJIOM Ta HaBaHTAXEHHSIM BKIIIOUEH] Y3rOKyBaJIbHi
IHAYKTHUBHOCTI Ta MapajeibHO HABaHTaXXEHHIO — KoHAeHcaTop. Lli mpucTpoi K03BONSIOTH BUKOPHUC-
TOBYBaTH IreHepaTop Ha Oyab-sKe HaBaHTa)KEeHHA 3 YMOBOIo BuKopucTanHs 0,8 Big MakcuMaibHOI 1o-
TYHOCTI.

B ymoBax HaBYanbHO-BUPOOHMUYOI MaiicTepHi YHIBEPCUTETY BUTOTOBJICHO €KCTIEPUMEHTAIIBHY
LIOKOBY JIpo0apKy, IO A03BOJSE APOOMTH MIMATKH TOBUTHHOI (DOPMHU 3 MaKCHMaJIBHHUMHU PO3MipaMu
60—80 MM Ta crynenem npotnenns 4—5 [12]. Ilpu migkmodenomy reHeparopi YBY BoHa peanisye
OJIHOYACHO MEXaHIYHE HAaBAHTAKCHHS Ta JIF0 SIEKTPUYHOTO TIOJIS 3 PE30HAHCHOK 4acToTor0 (puc. 3).

s mpoBeneHHst 1a00paTOPHUX EKCIIEPUMEHTIB pyAa MOPIBHSHO BUTPUMAHOIO CKIIaly MOJi-
JIsIacs MOMapHO Ha TPYIIH, IO CKIIAJAal0ThCA 3 IIMATKIB OHaKoBOi MacH (Tadi. 1).

PyiinyBanHs 3pa3Kka 3 KOXHOI IpyH pOOMIIH IUIIXOM MEXaHIYHOTO HaBaHTAXKEHHs, TIOTIM 01
HOYACHO BHKOPUCTOBYBAJM MEXaHIYHE HaBaHTaKEHHS Ta enekTpuyHe nojie YBY Ha ekcrepumenta-
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JBHIN Apobapii. 3pa3ku, po3apoOIieHi 32 BKa3aHOK METOIUKOI0, MiIaBaIncs mojanbimomy (IpioHo-
My) IpoOJieHHIO Ha JlabopaTopHiil mokoBiid apodapui tumy JJII] 150%80 3 po3BaHTa)KyBaJbHOO IIi-
JUHOI 3 MM. 3a JIONOMOTOI0 CTaTHCTUYHOI 0OpOOKM pe3yNbTaTiB IIUX EKCIIEPUMEHTIB [7] oTpumMaHi
MOPIBHSUTBHI JaH1 010 KOXKHOT KOHTPOIbOBaHOI (hpakuii qpodiieHHs (Tadm. 2).

Puc. 3. JJabopaTopHa 1mokoBa apobapka 3 po3TallioBaHUM Ha Hill reHepatopoM Y BU

Tabnuya 1. YMOBHI TpynH 3pa3KiB 3aji3HOI pyAu

Howmep rpynu 1 2 3 4 5
1100 1000 700 600 180

Maca 3paska, r

Tabnuysa 2. I'panynoMeTprudHi CKIaau MPOAYKTIB IpiOHOTro ApoOIeHHs 3a1i3HO0I pyAn

Ne Pexum Posnonin y % oxpemux ¢pakiuiii, MM
Tpynu | HaBaHTaxeHHs | +50 -50 -30 -20 -10 -0.03
+30 +20 +10 +0.63
I bes YBY 18.8 35.0 17.0 14.8 0.4 14.0
3 YBU 24.9 35.1 13.8 13.6 0.6 12.0
I bes YBY 21.9 33.3 16.7 15.3 0.5 12.3
3VYBY 28.3 35.5 13.9 12.0 0.5 9.8
i bes YBY 18.9 355 16.0 16.2 0.5 12.9
3 YBU 11.9 30.7 20.0 19.8 1.0 16.6
v bes YBY 26.0 38.0 14.1 11.9 0.4 9.6
3 YBUY 26.5 37.0 14.4 12.3 0.5 9.3
\Y bes YBY 34.4 33.8 11.7 11.3 0.4 8.4
3 YBU 16.1 36.9 16.8 16.5 0.4 13.3
Cepenni be3 YBUY 24.0 35.12 15.1 13.9 0.44 11.44
3HAYCHHS YBY 21.54 35.04 15.78 14.84 0.6 12.2
B % no npoGnenns 6e3 82.75 99.77 104.5 106.76 136.36 106.6
YBUY




Poznin 2. MonientoBaHHs Ta ONTHMI3allisl B TEXHOJIOT1] KOHCTPYKIIHHUX MaTepiajiB 113

[TonpiOHeHHs: mpoaykTiB IpiOHOro ApOOJEHHS 3IIMCHIOBANOCA B KyJIbOBOMY MIIMHI THITY
MBJI — (75A—MC) 3 o6'emom 14 L npu crymneHi 3anoBHeHHs Kyasimu ¢ = 0.45. [1IBuaxicts 00ep-
TaHHs Oapabana mimHa ¥ = 0.7Big KpUTHYHOI, Yac NoApiOHEHHs] BUOMpaBCA TAKMM YMHOM, 11100 3a-
Oe3NeuynTH KPYMHICTh NOApiIOHEHHS OnM3bKy JO0 TMepuioi crafii moApiOHEHHS Ha TipHUYO-
30aradyBasibHOMY KoMOiHaTi.IIpogykTu monpiOHeHHS! MOAUTAINCS Ha M'ATh KIAciB.Y KOXHOMY Kiaci
BU3HAYaBCs BMICT 3aj1i3a 3 HACTYITHIM YCEpPEIHECHHSIM pe3yJIbTAaTIB 110 AaHii mpooi (Tadm. 3).

Tabnuya 3. JlaHi rpaHyIOMETPHYHUX Ta XIMIYHUX aHANI31B MPOAYKTIB MOAPIOHEHHS 3ai3HOi

pyaun
Ne PexxnMm HaBaH- Buxin 3a xnacamu, % Fe, %
rpymnu Ta)KEHHS +4 -4 -2 -1 -0.63
+2 +1 +0.63
I bes YBU 0 7.2 16.0 15.7 61.1 41.8
3 YBU 0 55 15.1 11.2 68.2 44.3
Il be3s YBU 0 12.2 16.8 135 57.5 26.7
3 VBY 7.5 16.2 15.0 10.2 51.1 27.0
Il be3s YBU 0 6.3 16.3 13.8 63.6 21.3
3 YBU 0 2.7 11.2 11.0 75.1 25.3
v be3s YBU 0 4.9 18.7 17.4 59.0 36.0
3 YBU 2.6 12.8 18.5 18.7 47.4 33.6
\Y bes YBU 0 0 10.1 14.3 75.6 18.2
3 YBU 0 4.5 11.6 17.0 66.9 28.2
Cepenni bes YBU 0 6.12 15.58 14.94 63.36 28.8
3HAYCHHS 3 VBY 2.02 8.34 14.28 13.62 61.74 31.68

Sx BumnuBae 3 Tabn. 2 i 3, mpu Ail MEXaHIYHOr0 HABaHTAXEHHS OAHOYACHO 3 EIEKTPUYHUM
nonem YBY 30epiraerbest TeHASHLIS iHTeHCU(iKaLii 7poOnIeHHs 3aIi3H01 pyaH 32 paxyHOK 3HUKEHHS
BHUXO/y BEJIMKUX Ta MiIBULICHHS BUXOAY APiOHMX (pakmiid, a TaKOX CIIOCTEPIraeThCsl 30UTbIICHHS
BMicTy 3amiza 10 11 % y npoaykrax ii moapiOHeHHSI.

BucHoBkn

[To6ynoBaHo MaTemMaTHYHy MOAENb (Pi3SMUHOrO Mpolecy, 0 BUHUKAE B KBAPIOBMICHUX I10-
poxmax. JlocnipKeHO OCHOBHI XapaKTEepUCTUKY MPOLECiB pyHHYBaHHS 3aJ1i3HOI PyAW NPH BILIUBI Ha HET
MeXaHIYHOrO HaBaHTa)KEHHI Ta IPU OJHOYACHOMY BIUIMBI Ha Hel MEXaHIYHOrO HABaHTa)KEHHsI Ta ele-
KTPUYHOTO TOJISl YIBTPaBUCOKOI 4acToTH. HaBeneHi pe3ynbTaT TEOPETUYHHUX Ta YHCICHHUX EKCIie-
PUMEHTaIBHUX JOCITiIKEHb CBiIYaTh PO peajbHy NEPCHEeKTUBY CTBOPEHHS e(eKTHBHUX TEXHOJIOTIH
IpoOJieHHs Ta MoAPiOHEHHS 3aJi3HOI PyAu B BUPOOHMYMX YMOBaX. 3alpOlIOHOBaHa KOHCTPYKLIA HO-
BOI IIOKOBOI IpobapKH, sika peajtizye Airo eneKTpuaHoro noist YBY Ha KOXKHY MOHONITHY OKPEMICTb,
10 3HaXOAUTHCA B ii pobouomy mpocropi. Hamami nependaueHo HayKOBO-AOCTiAHI Ta KOHCTPYKTOP-
CbKi po0oTH 3 11 3acTOCYBaHHS Ha OHIH 13 CcTafild APOOJICHHS 3aJi3HOI pyIH.
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MATHEMATICAL MODELING OF THE CRUSHING AND GRINDING
INTENSIFICATION OF THE IRON ORE
Shcherbakov P., Sdvyzhkova E., Tymchenko S., Klymenko D.

Abstract
A mathematical model of the physical process that occurs in quartz-bearing rocks is

constructed. The main characteristics of the destruction processes of iron ore with its simultaneous
effect by mechanical load and electric field of ultra-high frequency to it (the first case) are researched
based on the mathematical model analysis. The model of the destruction process of iron ore only under
the mechanical load effect is considered.

The mathematical model analysis shows that quartz crystals accumulate more energy in the

first case, and this effect is most pronounced at resonance. A comparison is made with the case of
effect only a mechanical load. The tendency to reduce the output of large fractions and increase the
output of fine fractions continues and the iron content in the grinding products increases to 11%.
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A method for mechanical crushing and grinding of iron ore using an electric field of ultra-high
frequencies is proposed.

The continuation of research and development work on the proposed jaw crusher adaptation to
production conditions is justified on the results of theoretical and experimental studies.
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MATHEMATICAL MODELING OF OBTAINING WEAR-RESISTANT COATINGS
USING SELF-PROPAGATING HIGH-TEMPERATURE SYNTHESIS TECHNOLOGY

The paper considers methods for obtaining chromoaluminized coatings and presents a new
technology for the formation of protective layers on steels under conditions of self-propagating high-
temperature synthesis. With the use of mathematical modeling methods, when obtaining wear-resistant
coatings on machine parts under conditions of self-propagating high-temperature synthesis, optimal
compositions of SHS mixtures have been developed. The study of the wear resistance of chromoalumi-
nized layers on steels 50 and U80A alloyed with boron and silicon allows us to speak about an in-
crease in the wear resistance of machine parts and mechanisms by 2—3 times.

Keywords: mathematical modeling, wear resistance, synthesis, SHS charge, temperature.

B pobomi posensnymi memoou ompumantsa XpomMoairimosanux noOKpUmmie ma npeocmasieHd
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Knruoei cnosa: mamemamuune mooeniosanns, 3Hococmiukicms, cunmes, CBC-wuxma, mem-

nepamypa.

Problem’s Formulation

The efficiency of the final result depends to a large extent on the correct choice of the surface
hardness of machine parts — their long-term performance at minimal cost. Test algorithms should
form the technology in such a way as to determine what and how should be applied in the technology
of obtaining protective coatings. The technology should provide for a range of different modes of
chemical-thermal treatment, control and diagnostic devices — from manual to automated execution,
with their rational use in the processes of production, testing and operation of machine parts. It should
have a wide range of algorithms and programs that are applied to specific parts, operations and tasks
of improving the wear resistance of steel parts operating under sliding friction conditions. The use of a
new technology for the formation of wear-resistant coatings under the conditions of self-propagating
high-temperature synthesis requires its thorough study and research.

There are many methods for hardening the surface of steels, some of them are used in several
versions. They are divided into two large groups [1]:

— processes of formation of protective coatings, which include: application of electrolytic coat-
ings, galvanization, deposition of coatings from the gas phase by PVD and CVD methods, laser depo-
sition, etc;

— processes associated with the modification of the material of existing surfaces. The most ad-
vanced techniques in this area include surface hardening using laser technology, electron beams, ion
implantation, etc., as well as classical methods of chemical-thermal surface treatment (nitriding, borid-
ing).

Methods for obtaining protective coatings on metal products differ in the technology of coat-
ing, and the main purpose of creation is good adhesion to the substrate, as well as obtaining a conti-
nuous, non-porous and resistant protective layer in this environment. Currently, the main methods of
applying a protective coating are: galvanic precipitation during electrolysis, thermal spraying or metal-
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lization, thermal diffusion saturation in powder, immersion in molten metal, cladding. According to
the type of connection of the protective layer with the substrate, adhesive and diffusion metal coatings
are distinguished.

Surface saturation of steel with aluminum, chromium, zinc and other elements is called diffu-
sion saturation with metals [2]. The product, the surface of which is enriched with these elements, ac-
quires valuable properties, which include high heat resistance, corrosion resistance, increased wear
resistance and hardness.

In this regard, it is important to use technologies that allow obtaining coatings with a limited
or minimal time of their formation. One of such technologies is the method of self-propagating high-
temperature synthesis [3—4].

Analysis of recent research and publications

Many scientists are engaged in the issues of increasing the wear resistance of machine parts.
Recently, the use of chromium-alloyed coatings has become widespread. Chromium aluminizing —
simultaneous or sequential saturation of metals and alloys with chromium and aluminum — is used
mainly to increase wear, heat and corrosion resistance of parts. The main methods of chromoaluminiz-
ing include: solid, vapor phase, gas and liquid. In turn, saturation from the vapor phase is divided into
contact and non-contact, gas — simultaneous and sequential, solid — simultaneous and slip [7—29].

The solid method includes saturation in powder media. This method consists in the fact that
the part on which the coating is created is placed in a container and covered with a powder mixture.
The mixture usually contains: metal or alloy powder, which is the coating itself, an activator, which is
most often used as halogen salts, and a neutral substance, the powder of which is introduced into the
mixture to prevent sintering of the metal component. The peculiarity of the method is that the mixture
contains an activator, and as a result of its interaction with the metal, a gaseous compound is formed.

Alloying of chromoaluminized coatings with titanium, silicon and boron makes it possible to
sharply increase the operational characteristics and, along with high corrosion and heat resistance, to
obtain more universal layers with high surface hardness, scale resistance and corrosion resistance due
to the formation of additional silicon and titanium oxides.

Chromium aluminizing can be carried out in a sequential manner, chrome plated and then
aluminized. Diffusion chromium plating is one of the progressive technological processes of chemical-
thermal treatment, which makes it possible to obtain material with special physical and mechanical
properties and at the same time reduce the cost of expensive and hard-to-machine steels through the
use of more economical carbon steels. With an increase in the aluminum content in the layer, the dif-
fusion rate of chromium increases, and the concentration decreases. The sequential method of iron
saturation makes it possible to obtain a layer with a higher concentration of chromium and aluminum.
Simultaneous saturation in powder mixtures with the use of high-frequency heating sharply accelerates
the process of chromoaluminizing in the absence of a brittle FeAl phase in the surface layer [10—11].

Formulation of the study purpose

The purpose of the work is the search for optimal SHS powder mixtures that allow the forma-
tion of intermetallic protective layers on steel 50 and UBA under conditions of self-propagating high-
temperature synthesis, the study of the structure of protective layers and their wear resistance under
sliding friction.

Presenting main material

In the work, steels 50 and U8A were used for coating. Chemical-thermal treatment was carried
out in an open-type reactor (P = 105 Pa) in the temperature range of 900—1050 °C and the total dura-
tion of isothermal holding up to 60 min. As a saturating medium, a mixture of powders with a disper-
sion of 100—400 pm of the following materials was used:

1. Cr,03 — chromium (111) oxide — a source of chromium in the coating.

2. Al,O; — aluminum oxide (111) — inert additive.

3. Al — aluminum grade ASD1— oxide reducer, source of aluminum in the coating.

4. B — technical boron — a source of boron in the coating.

5. Si — silicon grade Krl — a source of silicon in the coating.

6. I,— metallic iodine — activator of the saturation process.

7. NH,Cl — ammonium chloride — activator of the saturation process.
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In order to find compositions of SHS powder mixtures that provide high wear resistance, a full
factorial experiment was used.

The choice of the optimal composition of the mixture for carrying out SHS processes under
conditions of thermal self-ignition was carried out on the basis of the results of studies of the thermal
picture of the SHS process and the physical and mechanical properties of protective coatings, in par-
ticular wear resistance, AG (test on the SMT-1 thorn machine, t test — 5 h) [5—6, 12].

Optimization options:

Y1 — wear resistance indicators, AG 1, 5h, for system B alloyed with boron;

Y, — wear resistance indicators, AG 1, 5h, for a system alloyed with silicon Si.

The following were chosen as independent variables: the content of the chromium component,
silicon, boron and aluminum in the SHS mixture. Steel 50 was chosen as the starting material. The
process activators are I, and NH4F for all systems.

The calculated levels of variation intervals, the nature of their changes and coding schemes are
presented in Tabl. 1 and 2. The introduction of more than 5 % of the gas transport agent into the mix-
ture leads to a strong etching of the sample surface, less than 1 % does not activate all gas transport
reactions.

To obtain a 100 % composition of SHS powder mixtures, Al,Oz; was used as the final product.

Table 1. Investigated factors for the chromium-aluminum-boron system

Characteristic dakTophl

Al %, wt. B %, wt. XC %, wt.
The code X X5 X3
Main level 10 10 20
Variation interval 5 5 5
Lower level 5 5 15
Upper level 15 15 25

Table 2. Investigated factors for the chromium-aluminum-silicon system

Characteristic DakTopsl

Al %, wt. Si %, wt. XC %, wt.
The code X X5 X3
Main level 10 12 20
Variation interval 5 5 5
Lower level 5 7 15
Upper level 15 17 25

As a result of the regression analysis, a number of equations were obtained showing the de-
pendence of the wear resistance of protective coatings on the mode of thermal self-ignition and the
content of alloying elements.

As a result of calculations, the following equations were obtained

Y, = 77,444 —0,9X; + 1X, — 3,1X5 — 0,0556 X2 + 3,4444X,° + 1,9444 X% +

0,125X,X, — 0,125X, X5 —1,875X,X5; (1)
Y, = 107,04 — 0,3X; + 3,8X, — 3X5 — 0,0556X,2 + 1,4444X,> + 6,4444 X% +
0,125X,X, — 0,375X; X5 — 1,875X,Xa. (2

The numerical values of the regression coefficients and their significance, determined taking
into account the difference in variances for each response function, as well as the significance test by
the Student's criterion and the evaluation of the adequacy of the model by the Fisher criterion are pre-
sented in Tabl. 3.
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Table 3. Results of regression analysis of experimental data

Parameter Response Function
Y1 Y2
bo 77,444 107,04
by -0,9 -0,3
b, 1 3,8
bs -3,1 -3
b, -0,0556 -0,0556
bs 3,4444 1,4444
bs 1,9444 6,4444
b; 0,125 0,125
bg -0,125 -0,375
bg -1,875 1,875
Ab 2,028 5,58
t-criterion 2,78 2,78
F-criterion 1,51<6,59 5,61<7,70

Checking the adequacy of the models shows that they can be used to predict the values of the

response functions for any values of the factors that are between the upper and lower levels. To do
this, it is advisable to switch to natural variables using the translation formula presented in the follow-
ing form

k J ij
Xij=——— ©)

k Lo . . .
where Xij — coded value of the studied i-th factor in the j-th equation; Xi? — natural value of the

studied i-th factor in the j-th equation; Xij? — value of the studied i-th factor in the j-th equation at the

main level; A, — value of the variation interval of the studied i-th factor.

If we replace the variables X; in equations (1—2) with the right side of equation (3) and then
reduce similar ones, we get natural equations that describe the effects of the thermal self-ignition mode
and the content of alloying elements on the wear resistance of protective coatings:

Y, = 77,444 —0,9Al + 1B — 3,1XC — 0,0556Al > + 3,4444B% + 1,9444XC? +

0,125 AIB - 0,125AIXC -1,875BXC; (4)
Y,=107,04 —0,3 Al + 3,8 Si — 3 XC - 0,0556 Al? + 1,4444 Al + 6,4444 XC 2+
0,125 AISi — 0,375 AIXC - 1,875 SiXC. (5)

To assess the adequacy of the equations, a calculation was carried out using the obtained re-
gression equations for the optimal mode of thermal self-ignition. The calculation results were com-
pared with experimental studies. As can be seen from Tabl. 4, the error between the calculated and
experimental values of the response function does not exceed 5.

Table 4. Ratio of calculated and experimental data

Indicator Calculated value Experimental Error
AG(B) 84,903 85 0,09
AG(Si) 105,4 105 0,4

In order to determine the mode and SHS compositions that provide optimal indicators of wear

resistance of coatings, three-dimensional graphical dependencies were built (Fig. 1—2).
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Fig. 1. Optimization of the wear resistance of the surface layer for the Cr-Al-B system: the ef-
fect of boron and aluminum content on the wear resistance of steel 50 with a protective intermetallic
coating
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Fig. 2. Optimization of the wear resistance of the surface layer for the Cr-Al-Si system: the ef-
fect of boron and chromium content on the wear resistance of steel 50 with a protective intermetallic
coating

Research results and discussion. An analysis of the reactions occurring during the SHS
process, as well as the results of experiments and metallographic studies, made it possible to obtain a
scheme for the formation of protective coatings. The process of formation of protective coatings in the
mode of thermal self-ignition can be conditionally divided into five stages — inert heating of the SHS
mixture to the temperature of self-ignition, thermal self-ignition, heating of parts, isothermal exposure
and cooling.

At the initial stage (stage 1), inert heating of the mixture occurs. When a diffusing element,
boron or silicon, is used as a supplier, the formation of a borated or siliconized layer is observed.

At stage 2 — the stage of thermal self-ignition, the self-ignition temperature rises at a rate of 200—
400 °C/s to a maximum value. At this stage, along with the formation of active boron and silicon
atoms, reactions occur for the formation of elemental chromium and their combination with carriers
(fluorine, chlorine and iodine), with the formation of volatile halides. If the activation energy of the
interaction of the elements of the charge with the carrier is less than the activation energy of the main
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reduction process, then the formation of volatile halides will proceed quasi-stationary as the main
reaction proceeds. If the self-ignition temperature is lower than the temperature at which the volatile
halide begins to form intensively, then for this case, the formation of halides occurs only at the stage
of unsteady temperature growth. When the maximum temperature is reached, which converts the pyro-
lysis temperature of chromium diiodide, silicon, its rapid decay occurs.

At stage 3 — the stage of heating products, the temperature drops to the process temperature
Tp due to the reception of the released heat by the products. Active atoms begin to diffuse into the
substrate and the carbide phases are alloyed with boron and silicon. Doped boride and silicide phases
begin to form.

At stage 4 — the stage of isothermal exposure, a constant diffusion flow of formed active
atoms of chromium, aluminum, silicon and boron is formed. The diffusion layer increases and the
chromium aluminized layers are doped with boron and silicon. With an increase in isothermal expo-
sure, an increase in the layer thickness occurs. The growth of the layer obeys a parabolic law.

At the 5th stage — the stage of cooling, a diffusion layer is formed with a lower intensity due
to a decrease in the diffusion coefficient of silicon and boron due to a drop in temperature. The layer
consists of two phases: the outer one, which is chromium borides and silicides, and the inner one, the
carbide phase.

Studies have shown that such a high rate of coating formation can be explained by the fact that
austenite formed during high-speed heating due to the stage of self-ignition is characterized by a high
structure defect and fine grain size, which sharply increases its diffusion susceptibility to saturable
elements. Thus, it is possible to control both the layer growth rate and their phase composition and
structure. The main factors influencing the kinetics of the formation of protective layers are the com-
position of the SHS charge, the amount of the chromium component, the time of isothermal holding,
the composition of the treated steel, and the type of SHS process taking place in the combustion mode
or in the thermal self-ignition mode. On fig. 3 shows the microstructures of chromium-alloyed coat-
ings alloyed with boron, titanium and silicon, obtained in the mode of thermal self-ignition in optimal
mixtures. According to the results of a metallographic study, on a Neophot-21 microscope, and X-ray
diffraction analysis, it was found that chromium-alloyed coatings doped with boron, silicon, and tita-
nium contain in their composition, in addition to the main phase (FesAl, (FeCr),3Cq, (FeCr);Cs,
(FeCr)sC, CrsC; Fe,Als, When applying chromium-aluminated layers doped with boron, the coating
consists of single-phase doped layers of the type (FeCrAl),B.

450
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250 -+ ~—t— Cr-Al-B

AG-104

200 -~ ~— Cr-Al-Si

150 - Cr-Al-Ti

— Ge3 NOKPBITHA
100 -
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Fig. 3. Effect of test time on the wear resistance of intermetallic coatings on steel 50 when
tested on a friction machine SMT-1
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When applying chromium-alloyed layers doped with silicon, a layer is formed on the surface
(FeCrAl);C on materials with a high carbon content (steel 50, U8A), carbides are formed (FeCr),3Ces.
The layer is immediately adjacent to a carbon-rich transition zone, which is formed due to counter-
diffusion of carbon, and behind it is a carbon-depleted ferrite zone.

The result obtained correlates with the hardness of the hardened zones. With increasing hard-
ness, wear resistance increases. Hardness was measured on transverse sections on a PMT-3 device,
according to the standard method. With an increase in the carbon content in steels, the microhardness
of the surface layer increases. The microhardness of the surface layer during chromoaluminoboration
is 15000 MPa, and on steel USA 16000 MPa (phases (Fe,Cr,Al),B). With chromoaluminosiliconiza-
tion (Fe,Cr,Al);Si = 13500, and on U8A steel 14500 MPa.

When tested under conditions of sliding friction, chromoaluminoborated coatings have the best
wear resistance among the coatings under consideration. Their wear resistance is 4.8—5 times higher
than that of uncoated samples, chromoaluminosilicated and chromoaluminum-titanized 2.1—3.5
times. As can be seen from Fig. 3, the wear resistance for the considered friction pairs depends on the
microhardness of the layer.

Conclusions

Modeling was carried out to search for optimal SHS powder mixtures to obtain intermetallic
wear-resistant protective coatings on steel 50 and UBA using the technology of self-propagating high-
temperature synthesis. The structures of protective layers and their wear resistance under sliding fric-
tion conditions have been studied. The best wear resistance, among the coatings under consideration,
is chromoaluminoborated coatings. Their wear resistance is 4.8—5 times higher than that of uncoated
samples, chromoaluminosiliconized and chromoaluminum-titanized 2.1—3.5 times
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MATEMATHUYHE MOJEJIOBAHHS OTPUMAHHS 3HOCOCTIMKHX IMOK-
PUTTIB 3 BUKOPUCTAHHAM TEXHOJIOT'TI CAMOPO3IOBCIOI’)KYBAJIb-
HOI'O BUCOKOTEMIIEPATYPHOI'O CUHTE3Y

Cepena B.I1., Kpyrask L.B., Cepena J1.b.

Pedepar

VY poGoTi pO3rISIHYTO CIOCOOM OTPHMAaHHS XPOMOAJTiTOBAaHMUX MOKPHUTTIB Ta MPEACTaBICHO
HOBY TEXHOJOri0 (JOpMYyBaHHS 3aXMCHUX IIApiB Ha CTaJsIX B YMOBaX CaMOpO3IMOBCIODKYBAJILHOTO
BHCOKOTEMIIEPATYPHOI'0 CHHTE3y. 3 BHUKOPHCTaHHSIM METOIIB MaTeMaTHYHOrO MOJENIOBAHHS HpHU
OTpUMaHHi 3HOCOCTIMKHX IMOKPUTTIB Ha JAETAJIAX MAIIMH B yMOBaX CaMOPO3IMOBCIO)KYBAJILHOI'O BHCO-
KOTEMIIEpaTypHOI'0 CUHTE3y po3podieHo ontuManbHi ckiann CBC cymimeid. AnoMiHyBaHHS! XpPOMOM
MOX€E MPOBOIUTHCS MOCTIIOBHO, XPOMYBaTH, a MOTIM aniTyBaTH. Judy3iiiHe XpoMyBaHHS € OIHUM 13
MPOrPECUBHUX TEXHOJOTTYHUX MPOLECIB XIMIKO-TEpPMiYHOI 00pOOKH, IO Ta€ MOXKIIUBICTh OTPUMYBa-
TH Matepian 3 0coOMMBUMH (i3UKO-MEXaHIYHIUMH BIACTHBOCTSAMH 1 BOIHOYAC 3HU3UTH BapTIiCTh 10PO-
T'UX 1 BAXXKOOOPOOIIOBAaHHX CTallell 32 paXyHOK BUKOPUCTaHHsI OUIbI €eKOHOMIYHI BYTJIEIEB1 CTaIi.

Meroro pobotu € nomyk ontuManbaux CBC mopomkoBux cymimieii, mo J03BOSIOTh YTBO-
ploBaTH iHTepMerTaniuHi 3axucHi mapu Ha crtaii 50 Ta Y8A B yMoBax caMopO3MOBCIOKYBaIBEHOTO
BHCOKOTEMIIEPATYPHOI'0 CUHTE3Y, AOCITIIKEHHS CTPYKTYPH 3aXMCHUX IIAapiB Ta X 3HOCOCTIHKOCTI Mix
TEpTsI KOB3aHHSI.

OTpuMaHuil pe3ynbTaT KOPENIIOE 3 TBEPAICTIO 3arapTOBaHUX 30H. 31 301TbIIEHHIM TBEPAOCTI
MiABHIIYETHCS 3HOCOCTIHKICTh. TBEpIiCTh BUMIPIOBAJIN HA MOIEpedHuX 3pizax Ha npuiaai [IMT-3 3a
CTaHJAPTHOIO METOIMKOIO. 31 301/IbIIEHHSIM BMICTY BYTJICLIO B CTAIAX 3POCTAE MIKPOTBEPIICTH MOBE-
pXHeBoro mapy. MikpoTBepIicTh MOBEPXHEBOr0 IIapy npu JeryBaHHi 0opom cranosuts 15000 Mlla,
a Ha ctaii Y8A 16000 MIla (¢a3u (Fe,Cr,Al)2B). IIpu neryBanni kpemniem (Fe,Cr,Al)3Si = 13500, a
Ha crani USA 14500 MITa.

BuB4eHHS 3HOCOCTIHKOCTI XpoMoaliToBaHMX mapiB Ha cTaisax 50 1 Y8 A, nerosanux 6opom i
KPEMHIEM, JI03BOJISIE TOBOPUTH IIPO ITiIBUIIEHHS 3HOCOCTIMKOCTI JieTajell MalliH i MexaHi3MiB y 2—3
pasu.
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BORIDING TECHNOLOGIES AND THEIR INFLUENCE
ON SURFACE MODIFICATION

The results of research of the diffusion method of boriding, strengthening of the surface layer
of details from average carbon steels are carried out in the work. The analysis of physical and me-
chanical characteristics of boron coatings after chemical and thermal treatments taking into account
structural transformations in surface layers is made. The graph of dependence of microhardness of
bored coverings at the corresponding technologies of strengthening taking into account thickness of a
bored layer is constructed.

Keywords: hardening, harrowing, chemical-heat treatment, microstructural analysis, com-
bined method, boron-containing component, technological processes of hardening.

B pobomi nposedenipesyrvmamu 0ocniodxcents oughysitinoco cnocody O0pyeanHs, 3MiyHEHHS
N0BepXHEe8020 wapy oemainell i3 cepeduvbo gyaneyeux cmanei.3pobnenuil ananiz Qizuko-mexaniunux
Xapaxmepucmux 60po8anHux NOKPUMMIe Nicas XiMiKO-mepMiuHux o6poOOK 3 Ypaxy8aHHIM CIPYKMYp-
HUX nepemeopers 6 nogepxuesux wapax.llooyoosanuii epagix 3anedzicnocmi Mikpomeepoocmi 60posa-
HUX NOKPpUMMi6 npu 6iON0GIOHUX MEXHONO2IU 3MIYHEHHSL 3 YPAXYBAHHAM MOBWUHU OOPOBAHO20 WAPY.

Knrouosi cnosa: 3smiynenns, 6opyeanus, Ximiko-mepmiuna 00pooKa, MiKpOCMpYyKmypHull ana-
J1i3, KOMOIHOBAHUL CROCIO, 6OPOSMIYYIOHULL KOMNOHEHM, MEXHOL02IYHI NPpoYyecu 3MilyHeHHS.

Problem’s Formulation

Saturation of the surface of parts with boron in modern production by chemical-thermal treat-
ment (HTO) is a common and attractive step in strengthening metal products. Boride diffusion coat-
ings have high physical and mechanical characteristics, a sufficient degree of wear resistance and mi-
crohardness. Significant disadvantages of surface hardening of harrowing technologies are low plastic-
ity of coatings and high cost of boron-containing components. In world practice, the saturation of bo-
ron-containing components of the surface of relatively inexpensive available materials is widely used.
In some cases, the technological process is used with pre-saturation of the surface layer of boron by
chemical-thermal treatment (CTT).

Analysis of recent research and publications

In world practice, hundreds of technologies have been introduced into the production of the
machine-building complex to strengthen the surface layer of parts. Important criteria for choosing har-
dening technologies are wear resistance, microhardness, physical and mechanical, operational proper-
ties of coatings. Special attention is paid to the mechanisms of formation of wear-resistant structures
of scientists, engineers and workers of the machine-building complex [1—4].

Formulation of the study purpose

On the basis of the analysis of use of the newest ways of strengthening to develop a technique

and technology of diffusion drilling, to investigate their influence on modification of a surface layer.
Presenting main material

The process of diffusion boriding of steel parts 45 is carried out in a furnace at a temperature
of 850°C in the environment of boron-containing components with a holding time of 7 hours until
complete cooling. The bored surface of the steel part 45 has three zones (Fig. 1)— boride zone with a
thickness of 20—25 um; transition zone up to 80 um thick; area of the main material. The boride zone
has a dense layer of borides such as FeB, Fe,B. FeB borides are located in the upper part of the coat-
ing, and Fe,B borides in the lower part. The transition zone has a complex structure due to the nature
of the residual stress distribution, the bond strength of the boride layer with the base metal. Therefore,
when choosing steel and boriding modes, it is necessary to take into account the influence of the struc-
ture of the transition zone, which is directly related to the ability to brittle fracture, the conditions of
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fatigue cracks, etc. At the increased content of boron rounded borides of the FeB type are formed that
is connected with formation of crystals of the wrong form — lack of elements of symmetry. These
phenomena occur when crystals growing simultaneously from many centers inhibit the growth of oth-
er crystals and disrupt the formation of the correct cut. In the direction from the surface of the boron
layer to the steel base, the volume fraction of the FeB phase decreases more intensively than Fe,B with
a structure in the form of needles — a more correct geometric shape.

boron steel layer 45

transition zone

area of the main
material

Fig. 1.Microstructure of steel 45 with boron reinforced on the top (side section): a, ¢ — in-
crease x500, b —x1500. White circle highlighted areas of textured perlite

Fig. 2 shows an X-ray diffraction pattern of sample 2 fil-523. 26,12,14. Cu-Ka radiation of the
boron surface of the steel part 45 where the phases of the borides FeB, Fe2B are clearly observed.

Despite the high hardness of FeB monoboride, its presence leads to negative phenomena —
the fragility of the reinforced layers [5—8]. Therefore, more attention and preference is given to Fe,B
crystals with the structure of the correct geometric shape.

As you move away from the surface layer, the concentration of boron decreases. The structure
has the form of a mixture of euthetics (a-Fe + Fe,B) and primary crystals of iron boride of the correct
geometric shape. The morphology of boride crystals in the surface layer is different from many similar
forms of crystals.It is likely that such a structure is formed by the combined diffusion of boron and
carbon from the surface to the depth of the material. Therefore, all formed structural components (car-
bides, borides and carboborides), which interfere with diffusion flows, dissolve at the beginning of
labor, and components with parallel dislocation to the concentration gradient are more likely to avoid
solution and grow to significant sizes[9—10]. Figures 1 and 2 show that perlite, which was present in
the initial phase of diffusion drilling, was all fragmented, while the plates of newly formed perlite are
located along the concentration gradient line and did not receive a significant degree of fragmentation.
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Fig. 2.X-ray diffraction pattern of sample 2 fil-523. 26,12,14. Cu-Ka radiation of the boron
surface of the steel part 45 where the phases of the borides FeB, Fe,B are clearly observed
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Conclusions
In the structure of boride coatings on steel 45 can be divided into three zones: a dense boron

layer with phases such as FeB, Fe,B, the transition zone of the upper part of which mainly has borides
of regular geometric shape, and the lower part with defective structure of boride inclusions. The third
zone is under the transition and is characterized by the original perlite-ferritic structure with separate
inclusions — products of diffusion drilling.
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TEXHOJIOT'TI BOPYBAHHS I iX BIIVIMB HA MOJIU®IKYBAHHS ITOBEPXHI
Yepuera O.T'.

Pedepar

HacuuenHns noBepxHi feraneil 60poM y cydacCHOMY BUPOOHHIITBI METOJIaMH XiMIKO-TepPMIiYHOI
00po0ku (XTO) € mommpeHnM i MPUBaOIMBUM KPOKOM TP 3MIIIHEHHI MeTaleBUX BUPoOiB. bopumHi
nudy3iiiHi TOKPUTTS MalOTh BUCOKI (Pi3MKO-MEXaHIYHI XapaKTEPUCTHKH, AOCTATHIO CTYIEHb 3HOCO-
CTiKOCTI 1 MiKpoTBeprocTi. [0 cyTTEBHX HENONIKIB MOBEPXHEBOrO 3MILHEHHS TEXHOIOTiIMH O0py-
BaHHS € HU3bKa [UIACTHYHICTH MOKPHUTTIB 1 BUCOKA BapTICTh OOPOBMIIIyIOUMX KOMIIOHEHTIB. B cBiTo-
Bilf MPaKTHL MIHPOKE BUKOPUCTAHHS HAOyBae HaCHYEHHS OOPOBMILIYIOYMMH KOMIIOHEHTaMH IIOBEp-
XHI BIIHOCHO HE KOIITOBHMX JOCTYIHHMX MatepiasiB. B okpeMux BuUmagkax BUKOPUCTOBYIOTHCS TeX-
HOJIOTTYHUH Tpolec 3 MONepeJHIM HACHYEHHAM I[OBEPXHEBOro Imapy Oopy MeTodaMH XiMiKo-
TepmigHoi 00pobku (XTO).

[ponec nudysiiHoro GopyBaHHS jAeTanel i3 crami 45 3MiCHIOEThCS B T4l IPU TeMIIepaTypi
850° C B cepenoBuILi OOPOBMIIIYIOUNX KOMIIOHEHTIB 3 BUTPUMKOIO 7 TOAWH JI0 TIOBHOT'O OCTUTaHHSI.
bopoBana nmoBepxHs aerani i3 crani 45 Mae yMOBHO TpH 30HU (puc. 1) — 30Ha OOpHIIB TOBHIMHOIO
20—25 mMxwM; mepexigHa 30Ha TOBIIMHOKO 10 80 MKM; 30Ha OCHOBHOT'O Martepiany. bopuaHa 30Ha Mae
wiapHuA map 6opunis Tuny FeB, Fe,B. bopunun FeB posramoByioTecs y BepxHiil 4acTHHI HOKPHUTT,
a OopunuFe;B B HmwxkHil yactuni. [lepexinHa 30Ha Mae cknagHy OyaoBY 13-3a XapakTepy pO3MOALTY
3aJMIIKOBUX HANpPY>KEHb, MIIIHOCTI 3B’3Ky OOpMAHOTO LIapy 3 OCHOBHHMM 0a30BUM MeTasioM. OTxke
pu BHOOPI cTami i pexxuMiB OOpyBaHHs HEOOXiJTHO BPaxOBYBAaTH BILIMB CTPYKTYPH MEpEXinHOi 30HH,
IO HalpsIMy OB si3aHa 3 3aTHICTIO 10 KPUXKOi pyiHalil, yMOB BHHHKHEHHS BTOMJICHHX TPIIIMH Ta
iHI. B cTpykTypi O0pUAHKX MOKPUTTIB Ha cTaji 45 yMOBHO MOYKHA BHIUINTH TPH 30HH: LIUTBHHUHA 00-
poBaHMii map 3 HasBHICTIO Qa3 Tumy FeB, Fe,B, mepexigny 30Hy BepxHs 4acTHHA SKOI MEpEBaXHO
Mae OOpUAM MPaBUIIBHOI T€OMETPUYHOT (OPMH, a HIDKHS YacTHHA 3 Ae(EKTHOIO CTPYKTYPOIO OopHI-
HUX BKJIIOYEHBb. TpeTsl 30Ha 3HAXOOUTHCS MiJ MEPEXiTHOI0 1 XapaKTEePU3Y€EThCS BUXITHOIO MEPIITO-
(hepUTHOIO CTPYKTYPOIO 3 OKPEMUMU BKITIOUECHHSIMH — MPOAYKTIB MU y3iHHOTO OOpyBaHHS.
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Ilpoananizogano cyuachuti cman 8UKOHAHHS 3060aHb CMANIO20 PO3GUMKY MICm ma zpomad 6 Yxpaiui. Ha-
6e0en0 OUHAMIKU 3MIHU KoeiyieHma naamocnpoMONCHOCMI NOZUHATIbHUKA, KLIbKOCMI RAM SIMOK HAYIOHATbHOO
3HAYEHHS, KiIbKOCME NPayi6HUKI8, 3aUHAMUX MYypUCmudHolo disibricmio. OXapakmepusoeano cmar 3a6e3nedenns
CBOEUACHO20 ONOGIWEHHS HACENEHHS NPO HAO38UYALHI cumyayii ma odcsaeu sukudie y ammocgepre nogimps 3a-
OPYOHIOIOUUX PEHOBUH.

Kniouogi cnosa: cmanuii po36umox, naamocnpomMOdiCHICMb, KYJAbIMYypHA CNaowuna, iHoexc 3a0pyOHeHH s,
ammocgepu, SpaHutHo OONyCMuUMa KOHYeHmMpayis.

Problem statement

In the modern activities of mankind, issues related to various aspects of sustainable urban de-
velopment are considered as a key factor in the development of modern economy. Sustainable devel-
opment of cities makes them viable, capable of adaptation, mitigation of adverse effects, to stimulate
positive socio-economic and environmental changes. Sustainable development covers all aspects of
healthy development the city and should provide solutions to financial, economic, social and environ-
mental problems.

In Europe and Central Asia, urban residents make up more than two-thirds of the total popula-
tion. Accordingly, the cities of these countries face a wide variety of challenges related to climate
change, economic transformation, demographic change, and finding sustainable solutions to these
problems is becoming an increasingly important task for governments and city leaders.

The main solution to these problems is to transform large cities into rational and sustainable
communities, whose residents will be able to enjoy such benefits as reducing energy costs, improving
service quality, reducing waste, creating a more favorable urban environment, creating opportunities
for economic activity and development.

Analysis of recent research and publications

The United Nations Sustainable Urban Development Initiative (SCI) is working to address the
challenges of sustainable urban development in Europe and Central Asia (ECA) and to support cities
and public programs. The main idea of this initiative is that the cities of the ECA countries can learn a
lot from their neighbors — the cities of Western Europe. They can provide practical examples of how
policy change and investment can be facilitated. This will allow ECA cities to better prepare for future
urban development challenges.
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The SCI initiative aims to optimize the solution of economic, financial, social and environ-
mental challenges of cities. Activities within the initiative are carried out in 4 main areas, which to-
gether are called “Community for the dissemination of applied knowledge” [1]:

- conducting informational and practical seminars;

- development and implementation of diagnostic tools for specific cities;

- reforms of socio-economic policy and investment strategies;

- organization of project financing, technical assistance, assistance in project implementation.

The sustainable development of cities and communities is one of the global goals of sustaina-
ble development (CSD) of the United Nations (UN).

The tasks of sustainable development of cities and communities include ensuring until 2030 [2]:

- access to safe and affordable housing;

- inexpensive and environmentally sustainable transport systems;

- open to all and environmentally sustainable urbanization;

- preservation of world cultural and natural heritage;

- reduction of losses from natural disasters;

- reduction of negative environmental impact of cities;

- providing access to safe and open to all green areas and public places;

- improving the quality of national and regional development planning;

- implementation of an integrated approach to management in cities and towns;

- assisting the least developed countries in building sustainable and durable buildings.

Ukraine, like other UN member states, has joined the global process of sustainable development.
During 2016—2017, a large-scale process of adapting the CSB to the Ukrainian context continued.

Quality monitoring and evaluation is necessary to achieve the CSD as an integral part of
building a civilized and democratic society, planning development and making managerial decisions.
The analysis of the CSB data allows identifying current problems in a timely manner, to determine the
priority (priority) of solving economic and social policy problems.

Issues and strategies of sustainable development of enterprises, cities and communities are
covered in many works (for example, [3—®6]), in particular in [5] it is established that the problem of
sustainable development of industrial enterprises must be addressed taking into account biological,
geographical, economic and social facilities of a particular country, as well as a set of factors and en-
vironmental conditions. The article [6] analyzes the national specifics of state organizational and legal
regulation of planning and development of urban areas and their compliance with the main provisions
of the concept of sustainable development.

Purpose statement

The aim of the work is a comparative analysis of the implementation of sustainable develop-
ment of cities and communities (target number 11) in Ukraine as of 2019 and provides proposals to
ensure the achievement of objectives.

Statement of basic materials

Let's analyze the state of solving the problems of sustainable development of cities and com-
munities in Ukraine for the period 2015—2019.

Ensuring the availability of housing. In Fig. 1 shows the change in the year of the borrower's
solvency ratio (RTI), i.e. the ratio of monthly expenses of the borrower and his family members to ser-
vice the debt on a soft mortgage loan obtained from the state or local budget, and total monthly income.

The reduction of the RTI coefficient from 0,36 in 2015 to 0,19 in 2019 was achieved due to the
Government's improvement of the procedure for citizen participation in the program to provide the popu-
lation with affordable housing. It should be noted that currently programs to provide affordable housing
for various categories of citizens cover 100 % of the regions of Ukraine [7].

Special attention is paid to mortgage lending to ensure the affordability of housing. In 2022, the
mortgage rate in Ukraine will be 7 %. For comparison, in Fig. 2 shows the lowest average mortgage inter-
est rates in Europe in 2022. The highest interest rates are in Andorra and Bulgaria (4,5 %), Croatia (5 %),
Norway and Hungary (6 %), Macedonia (7,5 %), Bosnia and Herzegovina (8 %).

Thus, to address the issue of housing affordability in Ukraine by 2030, there is a further reduc-
tion in the borrower's solvency ratio, for example, by reducing interest rates on mortgage lending.
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Fig. 1. Change in the solvency ratio of the borrower in Ukraine over the years
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Fig. 2. Lowest interest rates (average values) on mortgage lending in European countries in 2022
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Ensuring the development of settlements and territories exclusively on the basis of integrated
planning and management with public participation. In Ukraine, during the implementation of decentra-
lization reform, it was possible to achieve 100 % approval and implementation by all 25 regions of re-
gional development strategies developed with public participation. It should be noted that the availability
of regional development strategies and action plans for their implementation is a necessary condition for
the regions to receive funds from the state fund for regional development.

Ensuring the preservation of cultural and natural heritage with the involvement of the private
sector. The number of monuments of national importance included in the State Register of Immovable
Monuments of Ukraine for 2015—2019, and the dynamics of changes in the area of the nature reserve
fund of national importance for the same period are shown in Fig. 3 and 4 [7].

As follows from Fig. 3, there is an increase in the number of monuments of national importance
included in the State Register of Immovable Monuments of Ukraine to 992 in 2019. This was due to a
change in approaches to understanding the cultural heritage of the state as a whole, and reforming the
accounting of immovable cultural heritage has made it possible to digitize standardized processes of ac-
counting for cultural heritage.
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Fig. 3. Number of monuments of national importance included in the State Register of Immova-
ble Monuments of Ukraine for 2015—2019
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Fig. 4. Dynamics of change in the area of the nature reserve fund of national importance in
Ukraine in% of the country's territory for 2015—2019
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The increase in the area of the nature reserve fund of Ukraine to 4,24 % of the country's territory
in 2019 (Fig. 4) became possible due to the implementation of a number of regulations on the creation
and expansion of territories and objects of the nature reserve fund of national importance, increased the
area of the nature reserve fund of Ukraine by more than 80,000 hectares, part of which is a UNESCO
World Heritage Site [7].

The number of cultural and natural heritage sites in Ukraine for 2021, which are included in the
UNESCO World Heritage List, is 7 (6 cultural and 1 natural), including:

- St. Sophia Cathedral and adjacent monastic buildings, Kyiv-Pechersk Lavra (Kyiv);

- ensemble of the historical center of Lviv;

- Struve geodetic arc;

- primitive beech forests of the Carpathians and other regions of Europe (natural);

- residence of the metropolitans of Bukovina and Dalmatia;

- wooden churches of the Carpathian region in Poland and Ukraine;

- ancient city of Chersonesos Tavria and its choir.

For comparison, in Fig. 5 shows the countries with the largest number of UNESCO World Her-
itage Sites in 2021. The total number of UNESCO World Heritage Sites as of 2021 is 1,154, of which
897 are cultural, 218 natural and 39 mixed in 167 member countries of the UNESCO Convention Con-
cerning the Protection of the World Cultural and Natural Heritage.
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Fig. 5. Countries with the largest number of UNESCO World Heritage Sites

Therefore, further work to increase the number of monuments of national importance included in
the State Register of Immovable Monuments of Ukraine, the area of the nature reserve fund of national
importance and cultural and natural heritage sites that may be included in the UNESCO World Heritage
List, is necessary for the sustainable development of cities and communities in Ukraine. In particular, it
will ensure the implementation of local development strategies aimed at economic growth, job creation,
tourism development, recreation, local culture and local production.

In fig. 6 shows the dynamics of increasing the number of employees engaged in tourism activi-
ties in Ukraine since 2015. The increase in the number of employees in tourism in Ukraine is due to the
implementation of the Strategy for Tourism and Resorts until 2026, as well as an increase in the number
of monuments of national importance, the area of nature reserves and the presence of 7 cultural and natu-
ral heritage sites included to the UNESCO World Heritage List [7].

In order to achieve sustainable development of cities and communities, it is important to ensure
timely notification of emergencies of natural, man-made, social and military nature [8, 9], as well as sa-
tisfactory condition (with minimal emissions) of ambient air.

There is a positive trend in the implementation of these issues. Thus, the level of implementation
(creation, modernization, improvement) of local automated centralized alert systems in 2019 reached
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0,2 %. Emissions of pollutants into the air also decreased compared to 2015 to 86,1 %, although the
number of cities increased to 36, where the average annual concentrations of major pollutants in the air
exceed the average daily maximum permissible concentrations (MPC).

In Fig. 7 provides information on the excess of average annual concentrations of major pollu-
tants in the air in the cities of Ukraine in 2019 [7].
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Fig. 6. The dynamics of increasing the number of employees engaged in tourism in Ukraine
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Fig. 7. Information on the number of cities in Ukraine in which the average annual concentra-
tions of pollutants in the air exceed the average daily MPC (as of 2019)

The most polluted cities in Ukraine are Mariupol, Dnipro, Odessa and Kamianske (Dniprope-
trovsk region). In Fig. 8 shows the values of air quality indices (AQI) of these and other most polluted
cities of Ukraine in 2019 [10].

It should be noted that the AQI is calculated for the five substances with the highest normalized
MPC, taking into account their hazard class. To assess the level of air pollution, there are 4 levels of AQI:

- low, with AQI less than 5,0;

- increased, with AQI from 5,0 to 7,0;

- high, with AQI from 7,0 to 14,0;

- very high, at AQI from 14,0 and above.
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Fig. 8. Values of air quality indices (AQI) in the most polluted cities of Ukraine (as of 2019)

Thus, the cities of Mariupol, Dnipro, Odessa and Kamianske have a very high level of AQI, and
others, shown in Fig. 8, — high. The lowest indicators of AQI from all cities of Ukraine, where hydro-
meteorological organizations conduct observations, are observed in 1zmail (2,7), Svitlovodsk (2,6) and
Horishni Plavny (1,2).

The total level of air pollution in Ukraine in 2019 is high (ISA is 8,2). Compared to 2018, it in-
creased slightly from 7,6 due to the increase in the average annual content of formaldehyde [10].

The main reason for the negative dynamics of air pollution is the increase in anthropogenic im-
pact on the environment. The biggest air pollutants are thermal power plants, metallurgical and chemical
enterprises (emissions of sulfur, carbon and nitrogen compounds), road transport (emissions of carbon
monoxide, nitrogen dioxide, lead, toxic hydrocarbons).

Conclusion

From the review we can identify the main trends in ensuring further achievement of the goals of
sustainable development of cities and communities in Ukraine.

1. Mandatory monitoring, analysis of results and evaluation of the effectiveness of work per-
formed on the issues.

2. Maintaining positive trends in the short and long term in terms of housing affordability, pre-
servation of cultural and natural heritage, public safety, reducing the negative impact of pollutants, etc.
and planning further measures leading to sustainable development of cities and communities.

3. Raising the level of education and awareness of the population by proving greening plans, ex-
plaining its positive aspects, educating the desire to change consumer behavior. To develop effective
educational programs and conduct activities in environmental education, it is necessary to pay special
attention to 3 areas of environmental education:

- understanding of the Earth's ecosystem and understanding of natural processes (for example,

the impact of carbon dioxide on Earth's climate change);

- knowledge in the field of nature management and environmental protection (for example,

reduction of household waste);

- understanding of resource conservation processes, i.e. knowledge of the effectiveness of dif-

ferent behaviors in terms of energy savings or emission reductions.

4. Promoting the socio-economic development of territories as a result of interaction of repre-
sentatives of international organizations with the population by choosing the best environmental practic-
es involving local communities in decision-making, preserving cultural heritage, improving human
health and safety, creating new jobs and stimulating local economy.
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CTAJIMM PO3BUTOK MICTA SIK KJJIOUOBUM ®AKTOP PO3BUTKY
EKOHOMIKHA KPATHU
JeBuyk K.O., Pomanwok P.51.

Pedepar

VY cydacHiil IisUTbHOCTI JIIOACTBA MMUTAHHS, TIOB'SI3aH1 3 PI3HUMH aCIIEKTaMHU CTaJIOr0 PO3BUTKY
MICT, PO3IIISAAIOTECS SIK KIIOUOBHH (DaKTOp PO3BUTKY Cy4acHOi eKOHOMiKH. CTalnii pO3BUTOK MiCT
poOUTH X KUTTECTIMKMUMH, 3AaTHUMH 10 aJanTamiid, MOM'IKIICHHS! HECTIPUATINBUX BIUIMBIB, O CTH-
MYJIIOBaHHS TO3UTHBHUX COL[aIbHO-€KOHOMIYHUX Ta €KONOTTYHUX 3MiH. CTanuii pO3BUTOK OXOILTIOE
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BCl aCIeKTH 370pOBOr0 PO3BUTKY MicTa Ta Mae€ 3a0e3neuyBaTy BUpIlIeHH (iHAHCOBO-EKOHOMIUHUX,
COLIaJIbHUX Ta €KOJIOTTYHUX MPOOIIEM.

Jlo 3aBaHp CTAJIOr0 PO3BUTKY MICT Ta CHUIBHOT BigHOCSThCA 3a0e3meueHHs g0 2030 poky:
JOCTYIY 10 0€3MeYHOro Ta HeIOPOroro KUTIa, HEJOPOTHUX Ta KOJIIOTTYHO CTAINX TPAHCIOPTHUX CHC-
TeM, BIJKPUTOI AJIsl BCIX Ta €KOJOTiYHO cTanoi ypOaHizawii, 30epe:KeHHs BCECBITHBOI KyJIbTYPHOI Ta
MPUPOAHOI CHIAAIIMHN, 3MEHIICHHS 30UTKIB BiJl MPUPOAHUX JIMX, 3MEHIICHHS HETaTUBHOI'O €KOJIOT1Y-
HOT'O BIUTUBY MICT, 3a0e3Me4eHHs JOCTYN A0 Oe3MeYyHUX Ta BIAKPUTUX IJISl BCIX 3€JIEHHUX 30H Ta Ipo-
MaJCBKUX MiCIlb, TIABUIIEHHS SKOCTI IUIaHyBaHHS HAaLlIOHAJIBHOTO Ta PETriOHAIBHOIO PO3BHUTKY, 3MiM-
CHEHHSI KOMIUIEKCHOTO MiAXOAY YNPAaBIiHHS B MiCTaX Ta HACENCHMX ITyHKTaX, CIPHUSHHS HalMEHII
PO3BHHEHHMM KpaiHaM y OyIiBHULTBI CTIHKKX Ta MiTHUX Oy/iBelb.

[IpoBeneno aHami3 BUpilIEHHS 3aBAaHb CTAJOr0 PO3BUTKY MICT i rpoMaj B YKpaiHi 3a nepiof
2015—2019 pp. 3 mpoBeneHoOro OrisiAy MOXKHA BUAUIMTH OCHOBHI TEHICHLI MO0 3a0e3MedeHHs I10-
JAJIBIIOTO JOCSTHEHHS NMOCTAaBJICHUX LJIel CTaJoro po3BUTKY MICT Ta rpoMal B Y KpaiHi.

OCHOBHHMMU 3 HHX €:

- 00O0B'SI3KOBHII MOHITOPHHT, aHANI3 PE3y/IbTaTIB Ta OLiHKA e()eKTUBHOCTI BUKOHAHOI Po0o-

TH 3 TIOCTABJICHUX ITUTaHb;

- 30epeKeHHS MO3UTHBHHUX TEHJCHLIH Yy KOPOTKOCTPOKOBIH Ta JOBrOCTPOKOBIH MEPCIIEKTH-
BaxX y MUTaHHAX 3a0e3MeYeHHs JOCTYIHOCTI KHUTIA, 30epeKeHHs KyJIbTYPHOI Ta TPUPOTHOT
CHaIIIMHN, Oe3MeKH HACETICHHS], 3HKEHHSI HEraTUBHOTO BIUIMBY 3a0pYAHIOIOUMX PEYOBUH
TOLIO Ta MJIAHYBAaHHS MOAANBIIMX 3aXOMIB, IO BEAYTH J0 CTAJIOr0 PO3BUTKY MICT Ta Ipo-
Man,

- MiOBHMIIECHHS PIiBHS OCBITM Ta MOiH(OPMOBAHOCTI HACENEHHS HUISIXOM OOIPYHTYBaHHS
TUTaHIB eKoJIori3alii, po3’sicHeHHS ii MO3UTUBHUX CTOPiH, BUXOBAaHHS MparHeHHS 3MIHUTH
CIOXXMBYY TIOBE/IIHKY;

- CIOPUSHHS COLIaJbHO-€KOHOMIYHOMY PO3BUTKY TEPUTOPIH y pe3yabTaTi B3a€MOAii IpencTa-
BHHKIB MDKHapOJHUX OpTraHizalliif 3 HACEeJICHHSIM IIUIIXOM BHOOpY KpalllMX BapiaHTIB €KoO-
JIOTTYHUX MPAKTHK 13 3aydeHHSIM MICIEBHX CIJIBHOT Y MPOLIEC MPUHHSATTS pillieHb, 30epe-
JKEHHS! KyJIBTYPHOI CHIaAIIMHHY, TIOKPAIIEHHS 310pOB's Ta O€3MeKH JII0el, CTBOPEHHS HOBHX
POOOYHX MICITh Ta CTUMYJTFOBAHHS MiCI[EBOi €KOHOMIKHU.
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MATHEMATICAL MODELING AND ANALYSIS OF HUMAN CARDIOVASCULAR
SYSTEM INDICATORS

Cardiovascular diseases are a group of diseases of heart and blood vessels. The causes of
cardiovascular disease are disorders of heart and blood vessels. Examples of such diseases are:
ischemic heart disease (heart attack), cerebrovascular disease (blood stroke), high blood pressure
(hypertension), peripheral arterial disease, rheumatic heart disease, congenital heart disease and
heart failure. It is the leading cause of death worldwide: no other disease causes so many deaths every
year. It is estimated that 17.3 million people died of cardiovascular disease in 2021; it represents
30 % of all global deaths. Of these deaths, it is estimated that 7.3 million were due to coronary heart
disease and 6.2 million were due to stroke. More than 75 % of cardiovascular deaths occur in coun-
tries with low — and middle — living standards, almost equally among men and women. Modern med-
icine assures that 80 % of premature heart attacks and strokes can be prevented, this is due to the
timely prevention of onset of the disease.

Keywords: cardiovascular diseases, telemedicine systems, physical condition monitoring, sys-
tolic blood pressure, adaptive potential of cardiovascular system.

Cepyeso-cyOunni 3axe0pioganHs — ye 2pyna 3axe60pioeaHb cepys i KpoBOHOCHUX cyouH. Ilpu-
YUHAMU CEePYEBO-CYOUHHUX 3AXBOPI0GAHL € NOPYUIEHHS OIIbHOCMI cucmemu cepyst i KPOBOHOCHUX
cyoun. Tlpuknadamu maxkux 3axeopioéams €: iuemiuna xeopooa cepys (ingpapxmu), yepebposackyisp-
Ha xeopoba (incynrpm), niosuwjenull kpoe'suuti muck (cinepmonis), xeéopoba nepugepuunux apmepiii,
pesmamudHull NOPOK cepysl, 8POOICEHULl NOPOK cepys i cepyesa Hedocmamuicmy. Lle nposiona npu-
YUHA CMEpMi 8 YCbOMY CImi: He i0 AKOI IHUWOI NPUYUHU WOPIUYHO He NOMUPAE CMINbKU aroell. 3a
niopaxynxamu, ¢ 2021 poyi 6i0 cepyeso-cyournux 3axsoproeanv nomepio 17,3 minrviiona uonogix —
ye cmanosunio 30 % ecix enobanvuux eunaoxie cmepmi. 3 yux eunadkie cmepmi, 3a oyinkamu, 1,3 mi-
JLUOHA 8UNAOKI8 CMANOCs 8 pe3yibmami iwemiyHoi xeopobu cepysi, a 6,2 minvlionu — 8i0 iHCYIbM).
Binvuwe 75 % sunadkie cmepmi 8i0 cepyeso-CyOUHHUX 30X80PIOBAHL MPANISAIOMbCS 8 KPAIHAX 3 HU3b-
KUM i cepeOHimM pigHem 00CMamKy, matice 8 piHill Mipi K ceped uonosixkie ma dcinok. Cyuacna me-
ouyuna 3anesnse, wo 80 Y% nepeduacnux inghapkmis ma incynomie mMoxicyms Oymu nonepeodiceHi, ye
N0B'A3aH0 3 CBOEYACHUM NONEPEOINCEHHAM NOYAMKY 3AXE0PIOBAHHS.

Knrouosi cnosa: cepyeso-cyOunni 3ax60pio8anHs, meiemeouyHi cucmemu, MOHImMopuHe Qizuy-
HO20 CMAHy, CUCTIONTYHULL apMePiabHULL MUCK, A0ANMAYIIHUT NOMEHYIAL cepyedo-CyOUHHOI cucmemi.

Problem’s Formulation

Cardiovascular diseases (CVD) are a group of diseases of heart and blood vessels. The causes of
cardiovascular disease are disorders of heart and blood vessels. Examples of such diseases are ischemic
heart disease (heart attack), cerebrovascular disease (blood stroke), high blood pressure (hypertension),
peripheral arterial disease, rheumatic heart disease, congenital heart disease and heart failure.

Analysis of recent research and publications

As we have said before, cardiovascular diseases are the leading causes of death worldwide. It
is estimated that 17.3 million people died of cardiovascular disease in 2021, it represents 30 % of all
global deaths. Of these deaths, it is estimated that 7.3 million were due to coronary heart disease and
6.2 million were due to stroke. More than 75 % of cardiovascular deaths (CVD) occur in low- and
middle-life countries, with almost the same rate for men and women [1]. Modern medicine assures
that 80 % of premature heart attacks and strokes can be prevented. This is due to the timely prevention
of the onset of the disease.


https://www.multitran.com/m.exe?s=living+standards&l1=1&l2=2
https://www.multitran.com/m.exe?s=living+standards&l1=1&l2=2
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The latest IT technologies of artificial intelligence are already changing medicine. The digiti-
zation of healthcare is no longer limited to the introduction of electronic medical records and remote
consultations. A telemedicine system is being developed which, using only a smartphone with applica-
tions and a pocket sensor, allows for real-time monitoring of the cardiovascular system and broadcast-
ing its results on a smartphone screen and a family doctor's monitor for promptly receiving of urgent
advice. These methods are increasingly used in Ukraine. Due to this the analysis of the main characte-
ristics of the human cardiovascular system (CVD) is of great interest. These technologies must be im-
plemented into modern medicine even more.

Formulation of the study purpose

The main objective of the scientific work is to develop a mathematical model and to analyze

values indicating problems with the cardiovascular system of a person (patient).
Presenting main material

In the research the authors studied the main indicators of the human cardiovascular system
(general and peripheral bleeding resistance, physical status and adaptive capacity index), which can be
identified by relatively sustainable indicators, such as a person’s age, body length and weight. In addi-
tion to that, we should note that the cardiovascular system variables are: heart rate, systolic and dias-
tolic blood pressure. Analysis of Cardiovascular Adaptive Capacity Index (ACI) (by Bayevskiy R.M.
et al., 1987), Physical Condition Index (PCI) (by Pirogova E.A. et al.,1986), and general peripheral
blood flow resistance (PBFR). These main indexes allowed to research the peculiarities of the influ-
ence of physical human indicators (age, body length and weight), and geodynamic parameters of the
cardiovascular system (heart rate, systolic and diastolic blood pressure). To achieve and implement the
task an analysis of the human cardiovascular system, given in modern scientific literature [2, 3], was
performed.

What does it take to quickly determine the state of the human cardiovascular system? To do
this, the physical characteristics of the person, which change slowly over time, were taken. They are:
person’s age, body length, weight and functional parameters that change through the environment,
stress, intense monotonous physical and mental work and emotional workload. These values are
measured in non-invasive ways: systolic blood pressure, diatonic blood pressure and heart rate.

Due to the analysis of modern scientific literature we can see several calculation methods for
determining the parameter of the cardiovascular system: Cardiovascular Adaptive Capacity Index of
the system — ACI and health rate or a6o functional changes index — FCI, that can be found calcu-
lated the equation by Bayevskiy R.M., 1987 [4, 5, 6]:

ACI =0,011 x HR+0,014 x (SBP + E) + 0,008 x (W —H) — 0,27 (1)
Physical Condition Index (PCI) — from the equation by Pirogova E.A. [4, 5, 6]:

700—3><HR—2,5><(SBP+32,*DBP)—2,7><E+O,28><W

(350 — 2,6 x E+ 0,21 x H)

PCI =

(2)

and general peripheral blood flow resistance (PBFR), the equation obtained by us from the formulas
given in the researches [7, 8]
PRER = (2 x DBP + SBP) x 1,45 x 10° 3
B [HR x (2,671 xH+ W — 3,022 x E — 4,632 x DBP + 2,294 x SBP — 98,009) )

ACI — adaptive potential of the cardiovascular system;

PCI — indicator of equal physical state;

PBFR — global peripheral baseline for blood flow, dyn/s/cm-0.5;

HR — heart rate, beats/hv;

SBP — systolic arterial pressure, mm Hg;

DBP — diastolic arterial pressure, mm Hg. Art.;

E — age of people, rock

W — body weight of people, kg;

H — dozhina body, people, sm.
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After analyzing formulas (1, 2, 3) using SBP, DBP and HR we take a middle-aged man, me-
dium build (age 40, 75kg., 175cm). Monitoring has been implemented during two years. During the
whole period 835 measurements of the main statistical parameter values were carried out. The mea-
surements are shown in Tabl. 1

Table 1. Main statical indicators SBP, DBP, HR, ACI, PCI, PBFR

Indicators | Minimum Average Maximum | Standard deviation
SBP 100 145 190 16,5
DBP 50 70 90 7,5
HR 40 55 70 51
ACI 1,63 2,59 3,54 0,3
satisfactory | satisfactory | very intense
PCI 1,06 0,61 0,17 0,12
high below average | very low
PBFR 1793 1798 1778 0,34

Cardiovascular effects were analyzed from the equations (1, 2, 3), using the indicators shown
in the Tabl. 1. Using these indicators we have produced graphs of SBP, DBP, age, and weight and
body length. Graphs were produced separately for each factor of ACI (Graph 1), PCI (Graph 2) and
PBFR (Graph 3). We should note that other factors were at their averages (Tabl. 1).

295
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Graph 1. Adaptive Capacity Index (ACI) dependence on SBP, DBP, HR, age, weight and

body length
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Graph 3. General peripheral blood flow resistance (PBFR) dependence on SBP, DBP, HR,
age, weight and body length

With variable: heart rate — HR=40...70 bpm; systolic blood pressure — SBP=100...190
mm Hg.; diatonic blood pressure — DBP=50...90 mm Hg.

With constant: age=40 years; weight=75 Kkg.; body length=175 cm.

For further analysis the influence of cardiovascular hemodynamics indicators (SBP, DBP, HR,
age, weight, body length) at Adaptive Capacity Index (ACI), Physical Condition Index (PCI) General
peripheral blood flow resistance (PBFR) in the range of indicators (SBP, DBP, HR) was taken. It is
presented in table 1, with indicator values (age, weight, body length).

Impact analysis of increasing age, weight and body length from the equations (1, 2, 3), was
conducted in the range of average human values: body length — from 150 to 190 cm., weight — from
50 to 150 kg. and age — from 40 to 60 years. ACI, PCI and PBFR dependences on SBP, DBP, HR,
age, weight and body length are represented on graphs (Graph 1, 2, 3). As shown in the graphs in-
crease of HR, DBP, SBP, age and weight had resulted in increasing of ACI, but body length is de-
creasing it. Increase of weight had resulted in increasing of ACI and PCI. Increasing of body length
leads to decrease of all three indicators (ACI, PCI, PBFR). Increasing HR, DBP, SBP leads to de-
crease of PBFR. PBFR increases with body length and age. The results are presented in Tabl. 2.

Table 2. ACI, PCI and PBFR dependences on SBP, DBP, HR, age, weight and body length

Indicators SBP DBP HR age weight body length
ACI + + + + + -
PCI - - - - + -
PBFR - + - + - -

In tabl. 2 increasing of ACI, PCI and PBFR is marked with the sign «+», decreasing is marked
with «-» under conditions of SBP, DBP, HR, age, weight and body length increase. Impact analysis of
SBP, DBP, HR, age, weight and body length on ACI, PCI and PBFR quantitatively reflects the level
of the functional state of the body and its systems. It allows you to draw conclusions about state of
human to improve his cardiovascular system.

Conclusions

During the study of the dependence of the adaptive potential of cardiovascular system of the
human body (ACI), the indicator of the level of physical condition (PCI) and the total peripheral resis-
tance of blood flow (PBFR) on heart rate (HR), systolic and diastolic blood pressure (SBP, DBP), age,
weight and length of the human body, the connected graphs were constructed that clearly display their
influence in magnitude and behind the sign of influence.

Authors reported that the same hemodynamic indicators of ccardiovascular system (HR, SBR,
DBR) have the opposite effect on the functional state of the body and its systems.
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MATEMATHUYHE MOJAEJIIOBAHHS TA AHAJII3 ITIOKA3ZHUKIB
CEPLIEBO-CYJIMHHOI CUCTEMM JIIOJJUHA
Tpuxkino A.l., Barpiii B.B., I'ynema O.M., Boromun P.B.

Pedepar

CepueBo-CyArHHI 3aXBOPIOBaHHS — II€ Tpyna 3aXBOPIOBAaHb CEPLs 1| KPOBOHOCHHUX CYAWH.
[IprunHamMu cepreBO-CyAMHHUX 3aXBOPIOBaHb € MOPYLICHHS MiSUIBHOCTI CUCTEMH cepls i KpOBOHOC-
HUX cyauH. [IpuKIagaMi TaKuX 3aXBOPIOBAHb €: ilieMiuHa xBopoba cepis (iHdapkTH), mepedposac-
KyJsipHa XBopoOa (IHCYJIbT), MiABHIICHUN KPOB'SHHUI THCK (TiEPTOHIs), XBopoOa mnepudepuyHux ap-
Tepidd, peBMAaTUYHUI MOPOK CepIlsl, BPOIKEHUH TOPOK ceplis 1 cepueBa HeAoCTaTHICTh. Lle mpoBinHa
MPUYMHA CMEPTi B YCbOMY CBITi: HE BiJ SIKOT 1HIIOT MPUYMHH LIOPIYHO HE IOMUPAE CTUIBKHU JIONEH. 3a
nigpaxynkamu, B 2021 poui Biz cepiieBo-cyIMHHUX 3aXBOPIOBaHb moMepio 17,3 MijbiioHa YOIoBiK —
e craHoBmi0 30% BCiX TII00AEHUX BUMAAKIB CMEpTi. 3 I[UX BUMAJKIB CMEPTI, 3a OIliHKamHu, 7,3 Mi-
JbIOHAa BUMAJIKIB CTANOCA B pe3yJbTaTi ieMidHOl XBOpoOu cepus, a 6,2 MiTbHOHN — BiA IHCYIBTY.
Binpme 75% BumankiB cMepTi Bill CepLeBO-CyIMHHUX 3aXBOPIOBAHb TPAIUISIOTHCSA B KpaiHax 3 HU3b-
KUM 1 cepeiHIM piBHEM JIOCTaTKy, Mailke B PiBHIH Mipi K cepel] 4onoBiKiB Ta iHOK. CyyacHa Meau-
nuHa 3aneBHse, mo 80% nepenyacHuX iH(ApKTIB Ta IHCYNBTIB MOXYTh OYTH MOMEpeHKEHi, 1€ TOB's-
3aHO 3 CBOEYACHUM MONEPEIKCHHSIM I109aTKy 3aXBOPIOBAHHSI.

Hogi IT TexHOMOrii IITYYHOTO IHTENEKTY BXKE 3MIHIOIOTh MeTUITNHY. OnndpoByBaHHS 0X0pO-
HU 3J0pOB'A BXKE€ HE JIMITYETHCS BIPOBAHKEHHIM €JICKTPOHHUX MEJUYHUX KapTOK Ta BiIJaIeHUMH
KOHCYNbTalisIMU. PO3po0sIOThCA TeTeMeqUuyHi CHCTEMH SIKi 3a TOIMTOMOT0I0 TUIBKK cMapT(oHa 3 J0-
JaTKaM{ Ta KALIEHBKOBOTO JaTYMKa, JO3BOJSIOTH IPOBOAUTH HPOLIEAYPY MOHITOPHUHTY CTaHy ceplie-
BO-CYJJMHHOI CUCTEMH B PEKUMIi peaibHOrO 4acy, TPAHCIIIOBATH HOTro pe3yabTaTh Ha eKpaH cMapTdo-
Ha Ta MOHITOp CIMEIHOTrO0 JliKaps AJs ONEepaTUBHOIO OTPUMAaHHS HEBIKIIaJHOT TOPAIH.

Jlnst 3miiCHEHHS TMOCTaBIIeHOI 3ajadi OyB BHUKOHAHWH aHAli3 MOKA3HUKIB CTaHy CEpICBO-
CYAMHHOI CHCTEMH JIIOAWHU, HABEICHUX y Cy4acHii HayKoBii mirepaTtypi. Jns Toro mob omnepaTuBHO
BHU3HAYUTU CTaH CEPLEBO-CYIUHHOI CHCTEMH JIIOAWHH, OyiIM MPUHHATI (i3WvHI MOKA3HUKH JIOIMHU,
SIKi 3MIHIOIOTBCS 3 YaCOM HEIIBUJIKO: BiK JIFOJMHY, JOBXKHHA TiNa, ii Bara, Ta ()yHKIIIOHAJIbHI TTapamer-
PH, 10 3MIHIOIOTHCS Yepe3 HaBKOJIMIIHE CEPEIOBHIIE, CTPEC, HANPY)KEHY MOHOTOHHY (i3W4HY Ta po-
3yMOBY IpaLio i eMOIIOHaIbHE HAaBAaHTaKEHHS, IKi BUMIPIOIOTHCS HEIHBAa31MHUMH CIIOCOOaMU: CHUCTO-
JYHOTO apTepianbHOrO TUCKY, AIATOHIYHOTO apTepiaibHOrO TUCKY Ta YaCTOTH CEPLEBUX CKOPOUECHb.

Amnani3 BIUIMBY NOKa3HHUKIB, SIKi KUTBKICHO BiIJ3€pKaIOIOTh PiBeHb (YHKIIOHATBHOTO CTAHY
OpraHi3My i HOro cCHCTeM, LIO XapaKTepU3ye HOro 3JaTHICTh alleKBaTHO i BIEBHEHO pearyBaTH Ha
KOMIIJIEKC HEBUTIIHMX (DAKTOpiB MPU EKOHOMHIM BHUTpaTi (yHKIIOHAJIBHUX PE3epBiB, MOKa3aB, LIO
BIUIMB Ha HECXOXI MOKa3HUKHU MPOTUIICKHUHN, 1 TOMY 1HOJI A€SKi BUCHOBKHM MPO CTaH OpraHi3My Jo-
JTUHU po30ikHI. [lin yac BUKOHAHHS JOCIIDKCHHS 3aJISKHOCT] aJlallTallifHOTO MOTEHIIaly CepIIeBO-
CYOMHHOI CUCTEMH OpraHi3My JIOJMHH, NMOKa3HUKa PiBHA (Hi3MUHOrO CTaHy Ta 3arajbHOro mnepude-
PiHOTO OMOpPY KPOBOTOKY BiJl YaCTOTH CEPLIEBUX CKOPOUYEHb, CUCTOIIYHOrO Ta JiacTOIIYHOIO apTepi-
aJBHOTO TUCKY, BIKYy, Maca i IOBXKHHH Tija JIFOIUHU Oynu moOy10BaHi moeaHaHi rpadiku, SKi HAOYHO
BiZlOOpaXKyIOTh iX BIUIMB 32 BEJTMYMHOIO 1 38 3HAKOM BILIHBY.
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In memory of our author Korobochka Alexander Nikolayevich
(01.01.1953 —12.02.2022)

12.02.2022 the rector of the Dnipro
State Technical University, Doctor of
Technical Sciences, Professor, Academician
of the PTN of Ukraine, Honored Worker of
Education of Ukraine Alexander Nikolayevich
Korobochka, who published his articles in our
journal Mathematical Modeling, passed away.
Alexander Nikolayevich devoted 46 years of
his life to the prosperity and development of
the Dnipro State Technical University.
Alexander Nikolayevich Korobochka was
born on January 1, 1953 in Ali Bayramne
(Azerbaijan). In 1975 he graduated from the
Dneprodzerzhinsk Industrial Institute with a
degree in Engineering Technology, Machine
Tools and Tools. In 1985 he defended his
Ph.D. thesis, in 1996 — a doctoral thesis. He
worked as a professor of the Department of
Mechanical Engineering, Dean of the Faculty of Mechanics, Head of the Department of Automobiles,
Vice-Rector for Academic Affairs. July 8, 2014 Alexander Nikolayevich was appointed rector of the
Dneprodzerzhinsk State Technical University. Alexander Korobochka was the deputy chairman of the
expert council of the Higher Attestation Commission on mechanics and transport, a member of the
presidium of the scientific and methodological commission. Alexander Korobochka was the deputy
chairman of the expert council of the Higher Attestation Commission on mechanics and transport, a
member of the presidium of the scientific and methodological commission on engineering mechanics
of the Ministry of Education and Science;. Under his scientific supervision 7 PhD theses were
defended,

In the journal mathematical modeling Korobochka A.N. published articles: Mathematical
model for the process of eliminating water from mechanical houses, Mathematical modeling of
washing solution cleaning process on continuous action oil separators, Comprehensive solution to the
problem of rolling stock choice and inventory management, Determination of the optimal composition
of physico-mechanical characteristics of medium-carbon steels for car parts.

A.N. Korobochka was a hardworking, generous and sincere person who invited me to work at
DSTU and always supported me as the head of the department and as the director of the research
center for materials science and innovative technologies.

The editorial board of the journal Mathematical Modeling is deeply saddened by this
irreparable loss and express our sincere condolences to the family of the deceased. In our memory,

Alexander Nikolayevich will forever remain a good friend, a benevolent colleague, a reliable adviser,
and a professional in his field. Eternal memory to our colleague and friend.

Editor-in-Chief of journal Mathematical Modeling,

President of the Academy of Sciences of Materials Science and Innovative Technologies,
Head of the Department of Automotive and Automotive Economy DSTU,

Doctor of Technical Sciences, Professor Borys SEREDA



IIlanoBHi aBTOpPH!

HaykoBuii >kypHanm «MarematnyHe MOJCNIOBAHHS» € TEPIOAMYHUM HAYKOBUM  BHJIAHHSM,
NPU3HAYCHUM U ITyOmikamii HOBITHIX BHCOKOSIKICHMX HAyKOBHX CTaTeld 3a HACTYTHUMH HayKOBUMH
HanpsMaMu:

Po3aia 1. MaTtemaTuyHe MO/IeIIOBAHHA B MPUPOJIHUYUX HAYKAX TA iH)opMaLiHHUX TEXHOJIOTIfIX.

Pozpin 2. MogenoBaHHS Ta ONTUMI3ALis B TEXHOJIOTil KOHCTPYKLiIiHMX MaTepiaJiB.

Pozpin 3. MaTremMaTH4Hi METOAN B CYCHIJIBHUX TA TYMAHITADHUX HayKaX.

CraTTro HeoOXiHO TToAaBaT HaOpaHo B pemakTopi MS Word.

CraTTsl MOBMHHA MAaTH TaKi HEOOXiJHI eleMeHTH (TEKCT cTaTTi po30MBaeThcs Ha BIAIOBIAHI po3ainu i3
I1i13ar0JI0OBKaMH, SIKi BUALISIOTHCS HAIIIBXKUPHUM HIPADTOM):

® IOCTAHOBKA NMPodJieMu,

® aHAJI3 OCTaHHIX JOCHiT:KeHb Ta MyOJIiKaIiii,

® (hOpMYJIIOBAHHS METH JOCTiZKEHHSI,

® BHUKJIA/I OCHOBHOI'0 MaTepiaiy,

® BHCHOBKH.

Moga cTatTi — yKpaiHCbKa, aHTJIiichbKa (32 BHOOPOM aBTOpa).

O0csr cTaTTi — BiJ II'ATH 0 JECATH CTOPIHOK TEKCTY.

IMapamerpu cropinku. @opmar cropinku A4, opieHTyBaHHS JicTa — KHIDKHE. [loist: Bepxne — 3,5 cm;
HIDKHE, JTiBe, ipaBe — 2,5 cM. HIpudt Times New Roman — 11 nit, MbKpsiikoBuii iHTEpBal — OXUHAPHUH.

IocainoBHicTh po3mimennst martepiaay crarri: V/K. Imimianm ta mnpisBuma aBTOpiB, HAYKOBHH
CTYHiHb, 3BaHHA (TOcaaa), KOHTakTHHI e-mail. Micnie po6otun, micrto (y miBOMYy BepxHbOMY KyTKy). Hasma
cTarTi (HamiBXHUpPHUM OIpu(TOM BeTUKMMH OykBaMH). AHOTalii yKpaiHCBKOIO Ta AHIIIIHCHKOIO MOBAaMH,
KJIIOUOBI ClToBa (KypcuBOM). TeKCT cTaTTi B OHY KOIOHKY. CTIIMCOK BUKOPHCTAHOI JIiTEpaTypH.

®opmyJu HabUparoThCa B pemaktopi Gopmyn — Microsoft Equation, mpnudtom Times New Roman,
KypcuBoM. IIpsiMum mpudToM HaOMParOThCA MO3HAYEHHS BEKTOPIB Ta MAaTpHIlb, KPUTEpii, TPUTOHOMETPHUHI
¢yuxuii. [Tapamerpn posmipy mpudry: 3BUdaiiHmii cumBos — 11 0T, KpynHUHA iHAEKC — 9 1T, NpiOHMI 1HIEKC —
7 nt, KpynHHUH cuMBoX — 18 mT, npibHMi cumBon — 12 nt. PopMynH HEHTPYIOTh, a Ti, HA SIKi € MOCHIAHHI —
HyMepytoThes. Homepn (opmyn BKazyloTh y KPYITIMX OyXKax 1 BHUPIBHIOIOTH IO TPaBOMY KpaiO CTOPIHKH.
DopMyiH BETUKOTO PO3MIpy 3aIUCYIOTHCS B KiJIbKa PSIIKIB.

Tabauui, pucynku, rpagiku mMaroTe OyTH NpPOHYMEpOBaHI Ta MaTH Ha3By. [Ipm moOymoBi rpadikis,
TabnIB, 300paKeHb MaliTe Ha yBas3i, 110 XKYpPHAJ € YOPHO-O1JTHM.

Jlo crarTi okpemuMH daiiiaMu J0AAI0THCS:

— peneHsis;

— (haiii1 i3 3aNIOBHEHOIO aHKETOIO, 1110 MICTHTh BiJOMOCTI IIPO aBTOPIB;

— ¢aitn 3 pedepaTom craTTi aHrIiiichkol0 (200 YKpaiHCHKOIO, SIKIIO CTATTs HAaNHCaHa aHTJIICHKOIO)
MOBOIO, SIKHM Mae€ ckiajgatucs 3 Ha3Bu crarti, [III1 aBTOpiB, ckopoueHoi Bepcii crarti obcsrom 1800-2300
3HaKiB. Tekct pedepaTy MOBHHEH MICTUTH BIJIOMOCTI TIPO aKTyaJbHICTb, METY, 3aBJaHHS, BHCHOBKH,
MIEPCIIEKTHBH aHOTo fociimkenHs. Crucok miteparypu (References) odopmiroerses 3a cranmaptom APA.

Crarti pa3oM i3 CyNpOBOKYBAaJbHUMH JOKYMEHTAMHM HAJCWIATH EJICKTPOHHOIO  IIOIITOIO
(e-mail: matmod@dstu.dp.ua ta seredabp@ukr.net) y Burisai Bknagenux ¢aiinis abo mpuHOCUTH 0COOHCTO
BiJIIOB1TAJIEHOMY CEKpeTaplo 3a aapecoro: Byi. JHinpoOyniBchKa, 2, Kopiyc 5, kimHaTa 17a.

CraTTst mpUiAMaEThCS Ha PO3TISA Ta MEPEeNacThCs HA PElCH3II0 TUIBKH 3a HASBHOCTI TIOBHOTO TMAKETY
JIOKYMEHTIB, TMIiArOTOBICHNX BiINOBITHAM YHHOM, Ta OGOPMIICHHX 3TiIHO BHUMOTI IO CTaTTi Ta
CYIPOBOKYBAJIbHUX JOKYMEHTIB.

Penaxmiss 3ammmmae 3a co0or0 TpaBO Ha HE3HAYHE penaryBaHHs, 30epiraroud TpH [BOMY TOJIOBHI
PE3y/IbTATH Ta aBTOPCHKY CTHIIICTHKY.
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