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ABOUT THE FEATURES OF COMPUTER MODELING FOR PIPE
PRODUCTION PROCESSES

Memor 0ano020 00CHiOHCEHHS € BUBHAUEHHSA KOHYenylll ma Memoodie npoeeoeHHs eeKmusHo-
20 KOMN'tomepHoco MOOen08anHts, po3pooKa SHYUKUX KOMN TI0MePHUX Npocpam Oiist GUPIUEHHS npo-
Onem supobHuymea mpyo.

Poszensnymo ingpopmayitino-komn'tomepruil acnekm cCUCmMemMHUXx 00CHiONiCceHb npu po3pooyi
MoOenetl supobruymea mpy6. Y motil sice uac, inghopmayitino-008iokoea iHghopmayis npo npedmem
MOO€NI0BAHHS, Peali308ana y 6ueisidi pisHUX O3 OAHUX Ma 3HAHb, eKCNEPMHI CUCTNEMU, WO BUKOPUC-
MOBYIONb HOBIMHI 3ACO0U THPOPMAMUKY, HAOAIOMb 3HAYHY 0ONOMOZY HA NOYAMKOBUX emanax nooy-
0osu mooenel. Pozensanymo ingopmayitino-008i0K08ULl acheKm KAacu@ikayii mexHoi02iuHux npoye-
ci6 8upoOHUYmMEa mpyo 01 BUKOPUCMAHHI OOCTIOHUKOM ) ROULYKY HeoOXiOHOT in(hopmayii, KopucHoi
Y KOMN'TomepHoMy MOOeN08AHHI.

Kniouosi cnosa: nanpyosicennsi;, MOOeN0BAHH, ACOPUMM,; KOHYENYIs.

The purpose of this study is to determine the concepts and methods for conducting effective
computer modeling, developing flexible computer programs in relation to the problems of pipe pro-
duction.

The information-computer aspect of system research in the development of pipe production
models is considered. At the same time, out information and reference information about the subject of
modeling, implemented in the form of various databases and knowledge, expert systems using the lat-
est informatics tools, provides significant assistance at the initial stages of building models. The in-
formation and reference aspect of the classification of technological processes of pipe production for
use by a researcher in the search of the necessary information useful in computer modeling is consi-
dered.

Keywords: stress; modeling, algorithm,; concept.

Formulation of the problem

In recent years, more and more attention has been paid to the modeling of various technologi-
cal processes, including the processes of pipe production. This is relative in to the fact that in a market
economy, the main task of production is to getting maximum profit at minimal cost, and one of the
numerousexpenses points is testing new products and launching new equipment.

Research and experiments in real pipe production have their disadvantages [1]:

- high energy costs and the risk of producing poor quality products, which will most likely
have to be melted down;
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- inability to change process parameters over wide ranges;

- the probability of an accident and equipment breakdowns.

Therefore, improving the technological processes of pipe production, as well as obtaining a
new assortment of pipes requires additional costs.

Analysis of recent research and publications

However, with the apparent progress of computer simulation in various fields and the availa-
bility of a large number of simulation tools, ranging from universal mathematical packages [2,3], sta-
tistical processing systems [4,5], simulation modeling packages [6,7] and ending with specialized
packages of modeling pressure- treating metals [8—10], during modelling processes in pipe produc-
tion researches don't use them widely. In addition, despite the large accumulated potential of many
research teams [10—12], it is unsatisfactory to present mathematical models in the form of modern
competitive software packages with a developed graphical interface to apply in production. Develop-
ers of computer models do not actively use modern means of development, environment and language
of object-oriented design technologies.

Formulation of the research objectives

Currently, the requirements for the reliability of the experimental researchresults are increas-
ing, however the high cost of materials or new equipment does not allow a researcher — a specialist in
the field of pipe production to fully carry out experimental justifications of new technologies or the
intensification of existing traditional ones. At the same time, computing power of computer technolo-
gy increases with a significant decrease in its price and an increase in the number of programs, tools
intended for modeling in the field of pipe production.

The purpose of this work is to determine concepts and methods for conducting effective com-
puter modelling and developing flexible computer programs for pipe production problems.

Presenting of main material

The logical solution to this problem is the widespread use of methodology of computer model-
ling of objects and processes of pipe production, in which researchers can "reproduce" different
process scenarios, investigate the properties of metal in a deformation zone to find rational processing
modes and predict product quality.

The gist of such a methodology is to replace the original object with its "image" — the model
and further study of the model using computer-implemented algorithms.

Working not with the object or technological process itself, but with its model enables rela-
tively quickly and without significant expense to investigate its properties and behavior in any imagin-
able situations. At the same time, computer and simulation experiments with models objects allow,
based on the modern computing power methods and technical tools of informatics, to thoroughly and
deeply to study objects in a sufficiently complete, inaccessible to purely theoretical methods of vo-
lume.

At the first stage, an "equivalent” of the object is constructed, which reflects in mathematical
form of its most important properties — the laws to which it obeys, the bonds inherent in its constitu-
ent parts, etc. The synthesis of an object model is carried out with the use of system analysis apparatus
and object decomposition.

At the second stage, an algorithm is being developed to implement the model on a computer in
a form convenient for applying numerical methods, and determination of a sequence of computational
and logical operations that need to be done to find the desired quantities with a given accuracy. The
computational algorithms should not distort the basic properties of the model, and consequently, the
original object, as well as be economical and adaptable to the features of the tasks and the technical
means used.

At the third stage, programs are created that "translate" the model and algorithm into a lan-
guage accessible to the computer and to which requirements of economy and adaptability are pre-
sented. They are called the "electronic”" equivalent of a studied object, suitable for direct testing on a
"pilot plant" — a computer. Currently, there are large number of programming languages, tools and
design tools for computer system for modelling purposes, in particular object-oriented programming.

Creating a computer model in the form of appropriate software, the researcher gets a univer-
sal, flexible and inexpensive tool, which is first tested in "trial" computing experiments. The coinci-
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dence of the numerical values of the 10 characteristics of the object and model at the characteristic
points of the factor space is checked. After the requirements of the model adequacy of the original ob-
ject are satisfied, various and detailed experiments are conducted to give all the necessary qualitative
and quantitative characteristics of the object. As necessary, the modeling process is accompanied by
the improvement and clarification of all elements of the model.

For modeling in the program, it is necessary to enter the rheological properties of the material
[13]:

- curves of plastic flow of material at different temperatures and deformation rates;

- physical characteristics of the material, such as thermal conductivity, thermal diffusivity,
density, etc.;

- critical conversion points at different cooling rates (thermokinetic diagrams).

The basis of computer modeling in pipe production is the use of modern software. The follow-
ing systems of three-dimensional design are used for design development of technologicalmodels
processes and formation of drawings: Pro / Engineer, Solid Edge, SolidWorks, "Kommnac 3D", Auto-
CAD, ZWCAD and others.

At the same time, specialized software complexes such as QFORM, Forge 3, DEFORM, AN-
SYS, PAM-STAMP, AutoForm, etc., are becoming more widely used to model the processes of pipe
production and predict metal behavior under the action of deforming loads and deformation condi-
tions.

Tabl. 1 shows a list of software that allows you to calculate the parameters of pipe production
processes.

Table 1. Computer programs and their developers

Program Developer
QForm «KBanTop®Dopm»
Deform ScientificFormingTechnologiesCorporation

AutoForm MetalFormingSystems, Inc

AutoForm AutoForm

Ansys ANSYS, Inc

LS-Dyna Livermore Software Technology Corporation (LSTC)
Forge Transvalor

SuperForge  Superforge

The result of the solution is displayed in the form of a picture in which different areas with
different deformation or temperature colors are marked [14].

The main reasons for the creation and active use in the pipe production of these computer pro-
grams are:

- the need to reduce the development time of technological processes, the time of designing
equipment and conducting research works when implementing processes in production;



10 Maremartnune MozemtoBanas Ne 2(43) 2020

- obligatory reduction of the cost of false technological and design solutions before the begin-
ning of industrial experiments, increase of reliability of the developed technical activities, including
technological processes of pipe production;

- active development of computer equipment and technology with the simultaneous course of
the education system course for training users with personal computers makes it possible to involve
software modeling of pipe production processes for enterprises and organizations of different levels.

Applying modern CAD / CAM systems makes it possible to achieve significant optimization
of design processes. The following systems of three-dimensional design are used for the design devel-
opment of technological processes models and the drawing of drawings.

1.SolidWorks — CAD software complex for automation of the industrial enterprise at the
stages of design and technological preparation of production, which provides the development of
products of any complexity and purpose and works in the Microsoft Windows environment.

2. AutoCAD is a two- and three-dimensional computer aided design and drawing system de-
veloped by Autodesk. AutoCAD and specialized applications based on it have been widely used in
engineering, construction, architecture and other industries. The current version of the program (Au-
toCAD 2014) includes a complete set of tools for complex 3D modeling (solid, surface and polygonal
modeling is supported). AutoCAD allows you to get high-quality visualization model rendering using
the mental ray rendering system. The program also implements 3D printing management (modelling
results can be sent to a 3D printer) and point cloud support (allows you to work with 3D scanning re-
sults). However, it should be noted that the lack of three-dimensional parameterization does not allow
AutoCAD to compete directly with middle-class engineering CAD system such as Inventor, Solid-
Works, etc. AutoCAD 2012 includes Inventor Fusion, which implements direct modelling technology.

3. ANSYS — universal finite element analysis software is quite popular with experts in the
field of automatic engineering calculations (CAE, Computer-Aided Engineering).

4. In the United States, Scientific Forming Technologies Corporation (SFTC) has developed a
specialized software engineering complex DEFORM, designed for the analysis of metalworking
processes, heat treatment and machining, which allows you to check, refine and optimize technologi-
cal processes directly at the computer, not in during experiments on production by trial and error. Due
to this, the time of production is significantly reduced, its quality is increased and the cost is reduced.

5. Unigraphics NX is a leading CAD / CAM / CAE system built on the best technologies de-
signed to create products of any complexity. The main task of the system ultimately is to reduce the
cost of the product, improve its quality and reduce the time to market. This enables companies to pay
back the investment spent on the purchase and implementation of Unigraphics in the short term. An
important advantage of the system is that it is the only CAD / CAM / CAE top-level system on the
market that has a Russian interface and documentation in Russian.

6. QForm 7- is a new software product that meets the most up-to-date requirements in the
modeling of metalworking processes. The creation of the new version used many years of experience
in the development of the program, as well as took into account the current requirements and trends of
market development. As a result, the new program has collected the most advanced modeling tech-
niques, became more convenient and acquired the flexibility needed to further develop modern soft-
ware. The program has acquired a new architecture, data structure and interface. The changes made it
possible to significantly expand the range of tasks to be solved and make the program faster and easi-
er. The interface part and the program kernel work independently. Information is exchanged between
them using files that store the output and the simulation results.

The new data structure was specifically designed to manage large arrays of data that are cha-
racteristic of finite element modeling. Now access to the data has become faster and more convenient,
with all the steps of the simulation being recorded, and the calculation of a large number of additional
parameters is carried out in the post-processor mode after the end of the simulation. View results are
much faster and can be done right during the calculation. The Source Preparation Wizard and the
Source Editor have convenient access to the QForm database. Data management and view results are
separated from the core of the program. This allows you to use your computer's memory more effi-
ciently, and you can view all the results right during the calculation.
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The calculation of Langrangian lines, traced points and other additional functions is carried
out in the postprocessor. The postprocessor also allows you to calculate some user-specified functions
and provides export of results to other programs. The 2D and 3D models are fully integrated and now
use a common interface that uses the same commands. This means that both models have the same
capabilities except those specific features that are used only for 2D or 3D modeling only.

The use of the above programs has expanded the capabilities of computer simulation in pipe
production and has formed a whole class of new tasks:

- associated thermal task of the workpiece with tools;

-connected mechanical problem of viscous-plastic workpiece;

- modeling of several deformable blanks;

- modeling of component 3D tools with pre-stressed tool;

- elastic — plastic deformation of the workpieces, residual stresses in the workpiece.

All this has led to the extension of modeling methods:

- explicit and implicit time integration schemes;
is a new method of generating a finite element grid.

Conclusions and prospects for further research

As a result of the performed research, the goal was achieved and the following results were
obtained.

1. The analysis of the systematic approach in the development of models describing different
processes and objects in pipe production is carried out. It is shown that in order to create flexible,
competitive models, suitable for further implementation in the form of computer software, in the de-
velopment it is necessary to approach from systematic positions by performing a sequence of stages of
model construction: "system-wide model — system model — constructive model".

2. The information-computer aspect of system studies in the development of pipe production
models is considered. At the same time, essential information on the subject of modeling is provided
in the initial stages of model construction by providing various databases and knowledge, expert sys-
tems using the latest tools of informatics.

3. The analysis of widespread use of computer modeling in pipe production is carried out —
development of class libraries that describe many types of objects or processes. This component ap-
proach reduces the time and cost of developing computer models. The most promising for this purpose
is the use of software packages such as QFORM and DEFORM, which have proven themselves well
in solving such problems.

4. The information and reference aspect of the classification of technological processes of pipe
production is considered, for the researcher to use in finding the necessary information useful in com-
puter simulation. Some issues of use of modern means of informatics are discussed.
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PO OCOBJIUBOCTI KOMIT'IOTEPHOI'O MOJAEJKOBAHHS MPOLECIB
BUPOBHHUILITBA TPYB
Caskun C.B., KpuBopyuko O.H.

Pedepar

MeTor0 TaHOTO AOCTiIKEHHS € BU3HAUCHHS KOHIIEMIIH Ta METOIIB MPOBECHHS e()EeKTHBHOTO
KOMIT'IOTEpPHOI'0 MOJIETIOBAHHS, PO3pO0Ka 'HYYKHUX KOMIT FOTEPHUX MPOrpaM sl BUPILIEHHS podieM
BUPOOHUIITBA TPYO.

3nificCHEHO aHaji3 CUCTEMHOTO MiIXO0y MPU PO3pOOII MoJeNeH, 10 OMUCYIOTh Pi3HI MPOIeCcH
Ta 00’ekTH y BUpOOHUNTBI TpyO. [lokazaHo, MmO AN CTBOPEHHS THYYKHX, KOHKYPEHTOCIIPOMOXHHX
MoJernel, MPUAATHUX AJIS MOJaNbIIOl peanizalii y BUTJSAI KOMII IOTEPHOT'O MPOrpaMHOro 3abdesre-
YEeHHS, MPU PO3pO0IIi HEOOXiTHO MIIXOAUTHA 3 CUCTEMATHYHHUX IMO3UIli, BUKOHYIOUYH TIOCIiIOBHICTh
eTamniB MoOyJIOBU MOJENI: «3arajJbHOCHCTEMHA MOJEb - MOAETb CUCTEMHU - KOHCTPYKTHBHA MOZEIbY.
PosrisiayTo iH(OpMaILiifHO-KOMIT'IOTEpHUI acleKT CHCTEMHHX IOCTIDKEHb NMPH po3poOIi Momerneit
BHPOOHUIITBA TPpyO. Y TOM ke Yac icTOTHA iH(opMallis moA0 MpeaAMETa MOACIIOBAHHS HAIa€ThC Ha
MOYAaTKOBUX €Tarax MoOyI0BH MOJEII IUISIXOM HaJaHHA pi3HUX 0a3 JaHUX Ta 3HaHb, EKCIIEPTHUX CH-
CTEM i3 BUKOPHUCTaHHAM HOBITHIX iHCTpyMeHTIB iH(opMmaTuku. [IpoBOANTHECS aHaI3 IUPOKOrO BUKO-
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pPHUCTaHHS KOMIT'IOTEPHOTO MOJIEMIOBAHHS Y BHPOOHUUTBI TpyO — po3poOka 6i0mioTek KiaciB, 110
OMUCYIOTH Oarato THIIB 00'€KTiB uM mporeciB. Llell KOMIMOHEHTHHI MiAXiA CKOPOUYYE Yac i BATPATH Ha
PO3pOOKY KOMIT'IOTepHUX Mozeneld. HalOinbIn nepcreKTUBHUM [T i€l METH € BUKOPUCTAHHS TPO-
rpamaux naketiB, Takux sk QFORM ta DEFORM, sixi noOpe 3apekoMeHIyBaiu cede y BHpIlIEHH]
nofibHux mpobneM. PosrisiHyTo iH(pOpMamiiHO-IOBIAKOBHM acmeKT kiaacudikamii TEXHOIOTTYHHX
MpoIeciB BUPOOHULITBA TPYO, KU JOCITIIHUK Ma€ BUKOPUCTOBYBATH ISl MOIIYKY HEoOXigHOI iH(O-
pMarii, KOpUCHOT y KOMI'IOTEpHOMY MoJentoBaHHI. OOroBOPIOIOTECS JeAKi MUTaHHS BUKOPHCTAHHS
Cy4acHHX 3ac00iB iH(OPMAaTHKH.
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ACUMIITOTUYHE PO3B'SI3YBAHHA 3AJJAYI OIITUMAJIBHOI'O KEPYBAHHSA
HECTAINIOHAPHUMHU CUCTEMAMM

Ilobyoosano acumnmomuuni po36'a3Ku 3a0ayi ONMUMATLHO20 KEPYBAHHS CUCTIEMAMU 3 NOGI-
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Asymptotic solutions of systems for automatic control with slowly variable parameters are
constructed. The cases of available of turning points in the system are investigated. The estimation of
the error of the constructed approximate solution is given.

Keywords: system of automatic control; asymptotic solution; turning point.

IHocTanoBka nmpodJjemMu
CucTema ONTUMANIBHOTO KEPYBAaHHS, [0 OMUCYETHCS CUCTEMOIO Au(epeHIialbHIX PiBHSHB
% = A(7, &)X(z, &) + B(z, &)u(r, &) » ey
HEOAHOPA30BO AOCTIIKYBaNUCh [1, 4, 6] y pi3HUX NpUNyLIEHHX Npo ii koedinieHTu. TyT X(7, &) —
HEBiZIOMU n- BUMipHHI BeKTOp, A(7, £) Ta B(7, £) — BIANOBIAHO 1 X 11 Ta 1 X r- MATPUIl TUHAMIYHUX
KOe(iIliEHTIB CUCTeMH, IO € (PYHKIIIMU MOBUTEHOTO yacy 7= &, 7€ [0; L], L <+ oo, £> 0 — nific-
HUH Manuii napamerp; u(7, &) — 7- BUMIpHUH BeKTOp KepyBaHHs. HactynHy 3agady Teopii onTumans-
HOT'O KepyBaHHA Ha3UBAIOTh 331a4ei0 ONTHMaIbHOI Kopekuii [4, ctop. 370].
HeoOxigHo BuOpatu kepyBaHHA u(7), IO MepeBOAUTH cucTteMy (1) i3 mMOYaTKOBOrO CTaHy
(TOYKH X, - BUMIPHOTO TIPOCTOPY)
x(0, &) = xp 2)
Y TOUKY
x(7, & = Xr 3)
3a (hikcoBaHuil yac 7, 3a0e3Meuyoun Mpyu [HOMY MiHIMyM (DyHKLIOHATY

1= j((W(r, &)x-x)+C(z, )u- u))dt > )

ne W(z, ¢) Ta C(7, &) — A0maTHO O3HAYCH] MaTpPHULIL.
AHaJIi3 0OCTaHHIX JOCTIIKeHb Ta MyOJiKamii
CdopmynboBana 3agaya BuBuaiacs [4, crop. 370; 6, crop. 84] y 3B 513Ky 13 MPaKTUYHUMH 3a-
CTOCYBAaHHSIMHU y TEXHIYHHUX Ta EKOHOMIYHHMX CHCTEMax, 30KpeMa y 3ajadi KOpeKuii opOiT ITydHHX
CYNYTHHKIB, 3a/1a4i KEpyBaHHS B EKOHOMIYHMX CHCTEMaXx TOLLO.
[Mpumyckanocs, mo marpuni A(z, &), B(z, ), W(z, ) Ta C(7, &) 300pakyloThCSl ACHMIITOTHY-
HUMH PSIaMH BUTIISILY

A(r, &)= iskAk (7),B(r, &)= iskBk(r), W(r, &)= iska (r),C(z, &)= iska(r) .

[Ipu upomy BuMaranocs, mod crekTp MaTpuii A7) OyB CTaOITEHIM Ha JOCIIIKYBaHOMY IIPOMIKKY,
TOOTO BJIACHI 3HAYEHHS 3ralaHOi MaTPUIll HE JOPIBHIOBAIM HYJIIO B OKPEMHX HOTro TOYKax i He 30ira-
JHCA B 130JIbOBAHMX TOYKax. ToYKa AOCTIIKYBAaHOTO MPOMIXKKY, A€ Oyab-IKUH KOPiHb AOPIBHIOE HY-
JI10, Ha3MBAIOTh TOUKOIO HECTaOUIbHOCTI criekTpy [3], Ko ABa abo OIbIIe KOPEHiB JOPIBHIOIOTH HY-
0 (a0 TepeTHHAIOTHCS), TO TOBOPUTHCS PO TOUKU MOBOPOTY [2; 3; 5; 7; 8]; 1IN Ha3BU — mepexin-
Hi TOYKH, TOYKU 3BOpOTY. OCTaHHI HE € OCOOJMBUMH TOYKAMHU JJISI PO3B'SI3KY CHCTEMH, a JIMLIE IS
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HOro acHMOTOTHYHOTO 300paskeHHs. ToMmy mpobiieMa TOYOK IOBOPOTY y Teopii aCHMIOTOTHYHOIO iH-
TErpyBaHHS CHCTEM PO3POOIISIacs YMPOJOBK MUHYIOTO CTOMTTS [3; 7; 8], HAHOUTBII IHTEHCUBHO Y
60-x pokax, i He BTpaTHJIa aKTyaJbHOCTI B HUHIIIHbOMY cTONITTi. Came wiil mpobiemi npucBsAveHi psa
pob6itr B.I1. MacnoBa, A.M. Camoiinenka, M.O. Ilepectioka, I1.®. Camycenka, A.l HladapeBuua,
B.M. Bobouxa, I'.B. 3aBiziona, L.I'. Kimtounuk Ta iHmmx aBropiB. BuB4eHHs cucteM KepyBaHHS i3 He-
CTaOlTBHUM CIIEKTPOM po3Ioyasiocs poooToro [2]. Xoya cnekTpaibHi 0cOOIMBOCTI, SK 3a3HaYANOCs, €
JUIIE OCOONMMBOCTAMHU UI MOOYZOBH ACHMITOTUYHOTO 300payKeHHS PO3B'SI3KY CHUCTEMH PiBHSHbD,
npore IikaBi eeKTH BHHHMKAIOTh Y BHUMAJIKY HECTAL[IOHAPHUX CHUCTEM i3 HECTaOUIbHUM CIEKTPOM.
Came i AOCTIKEHHS 1 IpeacTaBiIeHi y CTaTTi.
DopMyJTHOBAHHS METH JOCTITKEHHS

Mertor0 1ocTiIKeHHs € TOOYA0Ba aCUMIITOTHYHOIO PO3B'A3Ky cuctemH (1) mpu ymoBax (2)—
(4), ToOTO 3ama4i onTuManbHOI Kopekuii. Cucrema (1) € cucTeMoro piBHSIHB 3 IOBUTBHO 3MIHHUMH KO-
edimienTamMu, ToMy, SIK IPaBHUIIO, HE 3BOAUTHCS 0 KBaapaTyp. s mobynoBu ii po3B’si3Ky BHUKOpHUC-
TOBYIOTbCS pi3Hi HabmmkeHi MeToau. OAHI 3 TAKMX METOJIB — ACUMIITOTHYHI, B IKUX OyIyeThCcs Ha-
OMIKEHHS TOYHOTO PO3B’S3KY 3a CTENEHSMH MaJloro mapameTpa & ACUMITOTHYHI PO3B’S3KH CHCTEMH
(1) moOGymoBano y poOortax [4;6] y NpHUIYyILIEHHI, IIO0 KOPEHI XapaKTEepHUCTUYHOTO PIBHSHHSI
P(A,7)= det”A(T) - ﬂE" = ( 30epiraroTh NOCTiHY KpaTHicTs Ha poMikKY [0; L]; E — oguanyHa ma-

Tpuus. Bunanok npoctux kopeHiB noniHoma P(A4, 7) posrisiHyTo B [4], a B poboTi [6] mpumyckanocs,
10 KOPEHI € TOTOXKHO KpaTHUMHU. [Ipu Takiil mocTaHOBII 3a1a4i FOIOBHY POJIb BiJirpae CIIEKTP HE Ma-
Tpuni A(7), a 3anucanoi pami Matpumi Dy(t). ¥ pobori OynyeTrbcs acHMNTOTHYHE 300pa)KEHHS
PO3B’SI3KY 3a/1a4i 32 YMOBH HECTAaOUIBHOTO CIIEKTPY T'OJIOBHOI MAaTPHLII CHCTEMH.
BukJsiax ocHoBHOTO MaTepianay

Hapani BumaratuMeMo BUKOHAHHS TAKHX YMOB.

1°. Marpuui Ay(7), Bi(7), Wi(7), Ci(7) € Heckinuenno mudepeniiiioaunmu Ha cermenti [0; L];
k=0.

2°. Kopeni A1(2), Ax(7), ..., A,(7) piBHsEES P(),1)=0 € pisHuvu Ha (0; L] i mpunaiimui 18a
36iratotecs mpu T = 0.

3acrocoBytoun npuHOMI Makcumyma [loHTparina no 3agadi (1), (2), BBemeMo A0 po3risigy
ramiJbTOHIaH

H=(A(r,¢)x,p) +B(z,e)u,p) — (C(z,&)u, u) — (W(z, £)x, x)»

1€ \y — 1 - BUMIPHUH BEKTOP CIIPSKEHUX 3MIHHHUX.

3rigno 3 [4; 7] dyHKuis

uo(r,g):%C'l(r,g)-Bt(r,g)-t// 5)

HaJa€ TaMiIbTOHIAaHY MaKCHMAaJIbHOT'O 3HAYEHHS, OTKe ii mo0yaoBa € 3a/1a4yero JAOCHIDKCHHS, TYT 1
Jaji 3HAYKOM ' MO3HAYCHO TpaHCIOHYBaHHsA. PosrisHemo 27 - BUMIpHHMI BEKTOp y(T,€) = (x, W)’. 3

ypaxyBaHHSM BUpa3y s u’, QiCTAHEMO BEKTOPHO-MATPUUHE PIBHAHHS
% =D(z,¢)y (6)
Tyr
A(r,&)  0,5-B(r,6)C ' (z,6)B'(1,¢)| &

D(z, ) = =YD, () (7)

2W(z,¢) -A'(7,¢)
€ KBaJPaTHOIO MATPHUIICIO MOPSIKY 2n. XapaKTep acCHMITOTHYHOIO 300pa)KeHHs IHTerpana CUCTEMH
(2) ictotHO 3anexuTh Bix ciektpy Marpuui Do(t) = D(0, 0). V [4; 6] nocmimxKyBanucs BUNaaku cTadi-
JBHOTO CIEKTPY MaTpulli Ay(7), a omxe i Do(t). 3rimHo 3 [6], y pa3i cTabinbHOro CIEKTPY OCTaHHBOI
MAaTpHIIi Ta PO3B’3HOCTI MATPUYHOTO PIBHSIHHS
A (DQ(7)+ (1) Aq (1)~ Ry (1) =0, (®)
cucrema (2) 3BOOUTHCS A0 KBa3iAiaroHaNbHOI, i aCHMOTOTHYHE 300paskeHHS 1i PO3B'SA3KY OTPUMYETHCS
ONMCAaHUMHU Y [4; 6] anropuT™Mamu.
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[IpumycTuBIy, MO CTIEKTP MaTpULi A7) € HECTaOITbHUM, PO3TIIIHEMO BiAMIHHOCTI Y 00Y-
JIOB1 aCHMIITOMYHOTO 300paxkeHHs po3B'sa3Ky 3amadi (1)—(3). [epm 3a Bce 3ayBakuMo, 110 ACHMIITO-
TUYHE 300pakeHHs! MaJlo PIBHOMIpHHMN XapakTep Ha AOCIiIKyBaHOMY Bipi3Ky, 1 OyB 3ammcaHuii 3a
JOTIOMOT010 (PiKCOBaHOI aCHMITTOTHYHOI IIKAJIH.

Hexail BukOoHaHO OAHY 3 YMOB.

4°, Mpunaiivui onra i3 Gynkwii A,(7), Ax(2), ..., A,(7) KopiBHIOE HyTIO y TouLi 7= 0.

5°. Mpunaiivai 18i Gyskii A(7) i A(7) 36iratorbest y Touui 7= 0, 1 BiAPI3HAIOTHCS B IHIIMX
TOYKaX MPOMIKKY, IPU IboMY MaTpuLs Ay(0) Mae IpocTy CTPYKTYpY.

6". Tpunaiivai 18i GysKii A7) i A(7) 36iratorbest y Touui 7= 0, 1 BiAPI3HAIOTHCS B IHIIMX
TOYKaX MPOMIKKY, IpU IIboMy MaTpuis Ay(0) moaiOHa KopJaHOBiH KIITHHI.

Bubip Touku 7= 0 He € IPUHIUIIOBUM, LIe MOXKe OyTH Oy/b-AKa 1301b0BaHa TOYKa MPOMDKKY,
a00 IEKUIbKA TOYOK.

Ipu BuKOHaHHI 6yb-K0i 3 yMOB 4° — 6° detA((0) = 0, omxe piBHsHH (8) He 115 OyIb-AKOT
MaTpuli Ro(7) Oyae po3B'a3HHUM, i aITOpUTMH, po3pobiieHi y [4; 7] He 1al0Th MOKIIMBOCTI 3iHTErpyBa-
TH 3afaudy. SIKmo BUKoHaHO yMoBY 5°, To cuctemy (1) MOXKHA TIPOIHTErpyBaTH 6araTodhasoBHM METO-
10M, TOOTO 3amucaTH ii pO3B'I30K €JMHUM BHUPa30M. AJie 11€ HEMOXKIIMBO 30iCHUTH Aj1sl cucteMu (6),
Ky TpeOa po3B'A3aTu pH JaHii MOCTaHOBIII 3a1adi.

VY poborti [6, cTop. 92] Ans imtocTpamii anropuTMy pO3IIISIHYTO PIBHSIHHS

d’x(t,€)
dr’

IO OMKCYE ACAKY CUCTEMY 31 CKAIAPHUM KepyBaHHAM U(T) Ha mpoMixky [0; 1], ne

+o’(1,8)x(1,8) =u(t)

0)(T,8)=i850)5(‘t), 0)0(‘5)>0,OSZ‘ST=1,‘E=81‘~
s=0 e

: : , 15
Kpurepiem sikocti € pynkuionan /(u) = E.[uz (r)dt .
0
VY BeKTOpHO-MaTpuuHii (HopMi JOCTIIKyBaHE PIBHAHHS MA€ BUTIISA

% = A(r,&)x(7,&) + B(r)u(r) »

(X A 3 0 1 B(:) =K 3 0
X= X, A= —w’(r,e) 0/ =E u(@)= u(r) '

Martpuus Dy(t) cucremu (6) y 1bOMy BUTIAAKY MA€ BUTIISA
0 1 1 0

—w*(r,e) 0 0 1 .
0 0 0 w(r,e8)
0 0 -1 0

SAxmo w(t, 0) > 0, sx BuUMaraetbes y [6], To MmaTpuist Dy(T) HEBUPOIKEHUM IEpETBOPEHHIM 3BOJUTh-
csl 10 AlaroHaJIbHOT

ac

D(z,¢) =

diag{iwo (T), iwo (T), - iwo (T), - iwo (T)} :
SAxmo »(0, 0) = 0, To Takoro nepeTBopeHHs He icHye, a Matpuls Dy(0) moaiOHa kopaaHoBii
KIIITHHI 13 HEBUPOKEHOIO MaTpuiiero nepersoperns P(0, 0):

0 1 0 0 1 0 -1 0

; 0 0 1 0 0 1+0’me) 1 0
P 'D(r,&)P = ; P(r,6) = 2 i

0 0 0 1 0  -o’(me 0 -1

~0*(r,e) 0 —20°(r,&) 0 0’ (1,8) 0 1 0

[Ipu moOyn0Bi aCUMITOTHYHOTO 300pa’keHHs PO3B’A3KY 3alHCAHOIO PIBHAHHS BUKOPUCTOBY-
1oTh QyHKUii Efipi. {ng cucremn HeoOXiaHO BUKOpUCTATH OaraToMaciuTaOHUKA METO/.
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3okpema, KO BuKOHAHO yMoBY 2° 1 21 x 2n — marpunsa Do(0) moxiGua omiii skopraHoBiit
KJITHHI 13 HYyJbOBUM BJIACHUM 3HAYCHHSM, TO aCUMOTOTHYHE 300pa’KEeHHS PO3B’S3KY 32 BUKOHAHHS
JOAAaTKOBOI YMOBH

#0>
=0

7. 4 4etp, (v)
dr

3aIMUIICTLCA Yy BI/IFHHI{i
2n 2n 2n

229 MEY e (2), 7 €[0; Lig>],
Y(T, 8) = J:O:) k:t() )

Y. U (D) expy [ Ay (s)ds |, T e[l,e; L],
k=0 0

Tyr o¢ynxuii Z”(s) — QysnamentansHa cucreMa poO3B'A3KiB  piBHsHHA  Eiipi
YA (2”)(3) +5Z(s)=0, L, i/, — crani, mo He 3anexath Bi €. Ilepmmii i3 3amicanux BUpa3iB Ha3u-

BalOTh «BHYTPILIHIM» PO3BHUHEHHSIM PO3B'A3KY, a APYIHi — «30BHIilIHIM». [liciis BU3Ha4YeHHS HEBi-
JOMHX KOe(illieHTIB 3aTMCaHnX BHIIE (OpPMaJIbHHUX PAAIB HE0OXiqHA MPOLEeaypa 3pOIIYBaHHS aCUMII-
TOTUYHUX PO3BHHEHD, SIKi MPHUCBIYEHO poOoTy [8], B AKili oTpruMaHo GOpMyIH 3BA3KY AJIS «30BHIMI-
HBOT'O» Ta «BHYTPILIHBOTO» PO3BUHEHb. T1NbKM Y BUNAAKY # =2 (OpMyJH 3B'A3KY HE MOTPiOHI —
MOXJINBa 100y J0Ba (yHAaMEHTAIbHOI MAaTpPHL Yy BUINIALI €AnHOTrO Bupa3y. Came y 3amnMcaHoMy BU-
1Ie BUIISAAI OTPUMaHO pe3ynbTaT poOoTH [2], ne MaB Micle caMe BUIMAAOK # = 2, TOOTO pe3yibTaT
MOXHa MOJaTH €AWHUM 3arucoM. B HaBeneHOMY BapiaHTi BUpa3 Uil €IMHOTO 3aMKCy NOTpeOye BUKO-
pHUCTaHHS PO3OUTTS OAWHUILIL.

Posristremo crioci6 po3B's3yBaHHs cucteMH (6) y 3arajJbHOMY BUIJISLI, a JJIs1 aHaJli3y PO3B's3-
Ky BUKOPUCTA€MO AEsKi BIacTUBOCTI cuctemi (1) i3 HecTaOLIbHUM CIIEKTPOM.

3rigHo 3 OaraToMacmTaOHUM METOIOM [7], AicTaHEMO Pi3HI BUpa3u il aCHMTOTHYHOIO PO3-
B'SI3KY Ha MPOMDKKaxX

Iy Fp—k+1 . Fp-, .
[O;Lo'g’]’[lk'glu,Lk'gM]’[lp'gr],L]~ (9)
Tyt Iy 1 Ly — crani, mo He 3anexats Bifg €; k=1,2,...,p, 0=ry<r; <... <r, — AiliCcHI 4uclIa, MHO-
JKUHA SKHUX € CKIHYeHHOI0. baraTomacimrabauM mMeronom [7] moOyyeMo aCHMITOTHYHE 300paKCHHS
IHTErpajIbHOI MaTPHUL y BUTIISAL

O, ) =0, 7, o)

2n,n
i,j=1

Ha KO)KHOMY 13 mepepaxoBaHux y (9) mpoMixKiB.

[ToOGynoBa po3B'sI3Ky Ha BCbOMY POMDKKY 3MiHM HE3aJIKHOI 3MIHHOI ONMMCAaHUM METOIOM, SIK
3a3Havyanocs BUILE, MOTpedye JOCUTH IPOMI3AKOI IPOLEAYPH CKICIOBAHHS PO3B'A3KiB (200 y3romKeH-
HSl ACUMIITOTHYHUX PO3BUHEHD), OTPUMAHUX Ha BKa3aHUX MPOMiKKax. BUKOHABIIN Ha3BaHi MpOLEAy-
PH, OTpUMAEMO PO3B's30K cucteMu (6) y popmi popManbHOro psaay A iHTErpaabHOI MATPULI

(0= 3 PO, (£, ) (10)

Tyt p(t) — po30HUTTS OOMHMII, BU3HAYECHE HA JOCTIIKYBAHOMY MIPOMDKKY. Marouu iHTerpajbHy Ma-
2n, . .

TpUIIO cucTeMH (6) d(z, &) = Hq)ij(r’ g)H ™" MOYKHA 3alMCAaTH BUPA3U JUIA HEBIJOMUX BEKTOPIB:
ij=1

X(z, &) = (i@liai, wes id)m.a,. j;
i=1 i=1
2n 2n

w(, 5):(2(1)“11”1" eees Z(D2niaij’
i=1 i=1

7€ a; — KOOPIWHATU CTaJOro BEKTOpa, SIKi BU3HAYAIOTHCS 13 KPalOBUX YMOB SIK PO3B'SI3KH CHCTEMHU
piBHSHB
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2n
X, = Z@U(O)ai,
j=l

2n
Xp = Zd)ij(T)ai.
Jj=1

Meronom [6] noBoauThes, mo popmansHa Matpuis (10) € acuMITOTHIHUM 300paxeHHsIM y-
HJaMeHTaNIbHOI Matpulli Y(t, €) cucremu (6) 1 Mae Micue pIBHICTb Y(t,e)=d (t,8)+ O(s""), AC
®, (t,€) — m-HAOMWKEHHS, SKE JIa€ m-a YACTUHHA CyMa PLy.

Matoun ¢pyHAaMEHTaIbHY MAaTPHULIIO cucTeMu (6), MOBTOPUMO MipKyBaHHS pobotu [6, ctop. 93]
ISl TOOYZIOBM aCUMITTOTHYHOTO 300paykeHHS CUHTE3Y ONTUMAIBHOTO KepyBaHHS.3HAHAEMO HEeBiIOMi
BEKTOpH X(T, €) Ta (T, €), @ OTXKE 1 BEKTOP KepyBaHH: (T, €) 3 ACHMITOTHYHUMH OLIIHKAMHU:

X, (7,6)=®, (7,¢)-a+0(g""),

u, (1) =Q2C)'(r,¢)-B'(z,6) D, (7, &) a+O0("").

D, (r,¢6)= (cD (T8 @, ) (7, g))’ , @ TAKOK aCUMIITOTHYHY (opMyTy uisl GyHKIIOHAA!

m

I = J.((W(T, 5)Xm . Xm)+ C(T, g)u::l 'll::,))ft + O(g(m—l)-r1 ) .

BukmrounBim napamerp a i3 3allMcaHyx BULIE BUPA3iB AJIS X, Ta Uy, AICTAHEMO aCUMITOTUYHE
300paKeHHS JJIs1 CHHTE3Y ONTHMAIbHOIO KEpyBaHHS:
u! (7,x,,&) =2C)' (r,¢) -B'(z,¢)- D, (7, 8) @;{(1) (z,€)-x, +O0(™).
VY mpunymieHHi, 0 BU3HAYEHO BEKTOP KepyBaHH, po3risiHeMo cuctemy (1), sika craHe Heoa-
HOPITHOIO CHCTEMOIO
dx(z, €)
dt
SIKImo octaHHS cHCTeMa Ma€ B TOULI T; HECTaOUIBHICTD Yy CIIEKTpPi TakKy, IO MpUHAMMHI OAHE
BiacHe 3HaueHHsA A(t;) =0, To det A(ty, 0) =0, 1 po3B's130K (a HE TUIBKM HOro acHMOTOTHYHE 300pa-
xeHHs) wiei cucremu npu f(t;) # 0 MaTuMe HEOOMEKeHICTh mpu € — 0, 0 MOXXe OyTH HeOaKaHUM Y

0araTh0X peajbHUX CHCTeMax. 30Kpema, sKmo A(t;, 0) mogiOHa >KOpAAHOBIN KIITI MOPAIKY 7, TO
1

|X(Z‘, g)| = (O(& ") HaBITb 32 BUKOHAHHS YMOBHU CTiliKkocTi. IIpy HasIBHOCTI TOYOK OBOPOT TAaKUX, L0

=A(r, &)x(z, €)+1(7)-

det A(ty, 0) # 0, po3B'A30K 3aNMUIMIATHMETHCSI OOMEKEHHM 33 BHKOHAHHS YMOBH cTiiikocTi. OTxe, 3a-
Oe3rneueHHs YMOBU 00OMEXKEHOCTI po3B'sa3ky MoxuBe nipu f(t;) = 0. Lle MmoxkiBO abo 1pu BUKOHAHHI
piBHoCTi B(1), 0) = 0 260 u(t;, 0) = 0. [HIIMIMHU cTOBaMU, KepyBaHHS Ma€ OyTH PIBHUM HYJIIO B MOMEHT
MPOXOPKEHHS CUCTEMOIO TOYKH ITOBOPOTY.
BucHoBkn

HecrabinpHicT y clieKTpi FOIOBHOI MAaTPHIIl CUCTEMH MPU3BOAUTE A0 TOTO, IO TOOYAOBA acH-
MIOTOTHYHOTO 300pakKeHHs PO3B'SA3KY € 3HAUHO CKIATHIMIMNM, 1 MOoTpedye rpOMI3IKUX MPOLEayp NpH
KOHCTpPYIOBaHHI (yHAaMeHTaabHOI MaTpuii. [IpoTe 1e BiTHOCHTBCS 10 CYTO MaTeMaTHYHOI YaCTUHU
nociimkenaa. PeanpHicTs 1 ¢i3nuHuil 3MicT TOYOK HecTaOLmbHOCTI MOTpedye aHami3y ISl KOXKHOT
KOHKPETHOI CUCTEMH KEpyBaHHS.
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ASYMPTOTIC SOLUTION OF THE OPTIMAL CONTROL PROBLEM
NON-STATIONARY SYSTEMS
Rashevs’kyi M.

Abstract

Models of non-stationary automatic control systems are differential equations with variable
coefficients. Such equations do not integrate in quadratures in the general case. Asymptotic methods
are methods of approximate integration of differential equations with variable coefficients.

In the article the non-stationary automatic control system with slowly variable parameters is
considered. To study this system it is necessary to construct an asymptotic representation of its
solution. In the theory of asymptotic integration exist a problem to construction of the asymptotic
solution of a system in the presence of a turning point. Special methods have been developed to
construct a solution to such systems. The most common methods is the method of reference equations,
the method of the Maslov’s canonical operator, the multiphase Kucherenko method , the method of
W. Wasow.

The purpose of the article is to construct an asymptotic solution of a linear system of
differential equations with available a turning point.

In this article the asymptotic representation of the solution of the optimal correction problem is
constructed. The case of nonstability spectrum of the main matrix and the available of turning points
are investigated. Application of the Pontryagin maximum principle to the problem leads to a system
with slowly varying coefficients and an nonstable spectrum. Construction of a formal solution of the
main system with turning points in the form of a single expression in some cases is possible. The
system formed in the process of solving the problem of optimal correction does not allow the
mentioned construction. A multiscale method was used to solve this system of equations. Asymptotic
estimates for the constructed approximations are given. The studied problem has practical applications
in technical and economic systems, in particular in the calculation of the correction of the orbits of
artificial satellites.

Further research may be aimed at finding a unified approach to solving such problems and to
ascertain the physical meaning of the turning point in specific systems of automatic control.
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PO METOJHU 3HAXO/KEHHS BJIACHUX 3HAYEHD
SVD-PO3KJIAJAHHA MATPUIII

Obpanns ancopummie avanizy OAHUX HA emani 3MEHUIEHHS POIMIPHOCTE OGHUX 3 8MPAMO
MIHIManbHOI Kitbkocmi iHGopmayii 3anedcams 6i0 HAOOPY OAHUX MA NOOAILUIOZO BUKOPUCHIAHHSL
3MEHUEHO20 NPOCHOPY O3HAK 8 NOOANLUUX ANCOPUMMAX (Hanpuxiao, npu pobomi 3 300padicenHamu
ma 06pobyi mekcmosux OAHUX).

B pobomi ompumano pesyromamu GUKOPUCMAHHSA MOYHUX, YUCETbHUX MA TMepayitiHux me-
MOO0I8 CUHSYIAPHO2O PO3KIAOAHHS NPAMOKYMHUX MAMPUYb MA SUKOHAHUL NOPIGHANLHUL AHANI3 PO-
oomu ix aneopummis. Onpaybogysants Memoodie NPOGOOUIOCS HA 300PAINCEHHAX 0TI OMPUMAHHS HAO-
YHOCMI, WO He 3MEHULYE 00IACTG iX BUKOPUCANHS 0I5l pOOOMU 3 MEKCMOBUMU OAHUMU.

Kntouosi cnosa: svd-memoo; cuneyisipui wucna, 61acHi 6eKMOpPU, ANOPUMM CUHSYIAPHO2O0
PO3KIAAOAHHSL.

The choice of data analysis algorithms at the stage of the data reducing dimensionality with
the loss of the information minimum amount depends on the data set and the subsequent use of re-
duced feature space in the subsequent algorithms (for example, when working with images and text
processing).

The results of using exact, numerical and iterative methods of singular decomposition of rec-
tangular matrices are obtained and a comparative analysis of their algorithms is performed. The me-
thods were processed on images to obtain clarity, which does not reduce the scope of their use for
working with textual data.

Keywords: svd-method; singular numbers, eigenvectors, singular decomposition algorithm.

IHocTanoBka nmpodjaemMu

3MEeHILIEHHS. PO3MIPHOCTI JaHUX 3 BTPATOI0 MiHIMaJIbHOI KUTBKOCTI iH(OpManii 0azyeTbcs Ha
CKOPOYEHH1 KUIBKOCTi BHIAJKOBUX 3MIHHHX IHUISIXOM OTPUMaHHS MHOXHHHU TOJOBHUX 3MiHHUX. Llto
3aJady MOXKHA PO3AUIMTH Ha JeKiibKa KpokiB. [lepmmM KpokoM BBakaloTh OOpaHHsI O3HAK, a IPYruM
— BUJAUICHHS BaroMMx O3HakK. MaTeMaTH4YHOIO OCHOBOIO HIOAO BHJALIEHHS O3HAK € MEpeTBOPEHHS
0araTOBUMIPHOTO MPOCTOPY B MPOCTIp HEBEIHKOi KUIBKOCTI BUMIpiB. [ma BupimeHHs wiei 3amadqi
MOXXHa BUKOPHUCTATH JIiHIMHE Ta HENiHiIHHE epeTBOpPEeHHs abo0 AesKi MiAX0AN TEH30PHOTO YHCICHHS.

KnacnyauM mpuxiaioM JTiHIAHOT TEXHIKM TEPETBOPEHHS MOXKHA BBa)KATH METOJ TOJIOBHHUX
komrioHeHT (principal component analysis, PCA), ans peanizamii sskoro MOXyTh OyTH BHUKOpPHCTaHi
OOYHMCIIEHHS BJIACHUX BEKTOPIB 1 YMCeN KOBapialiiiHOI MaTpHLi MOYaTKOBUX JaHUX a00 METOJ CHHIY-
JIIPHOTO PO3KIIany MaTpuilb (singular-value decomposition, SVD). IcHye BenTUKHii CIIEKTP YHCEIEHUX
METO/IB AJIs1 OOYHMCIICHHS BIaCHUX 3HAY€Hb Ta BIACHUX BEKTOPIB.

AHaJi3 OCTaHHIX JOCTiIKeHb Ta myOJikamiii

[Ipu BUKOpHCTaHHI METOMIB BIACHHX [1] 1 CHHTYJISIpHHUX BEKTOpiB [2] HIOAO aHAi3y JaHUX
300paKeHb/TEKCTIB OCHOBHUM HENOJIIKOM € BUKOPUCTaHHS 3HAYHUX OOUYHCIIOBAIBHUX pecypciB. s
poboTH 3 300pa’KEHHSAMH MOXKHA BUKOPUCTATH 1HCTPYMEHTApiii MOJAILHOTO aHATi3Yy.

OOpaHHs anrOpUTMIB aHaJIi3y JaHUX Ha eTarl 3MEHIICHHs pO3MIPHOCTI JaHUX 3 BTPATOIO Mi-
HIMaJIbHOI KUIBKOCTI iH(OpMaIii 3anexaTts Bif Ha0Opy AaHUX Ta MOAAIBIIOIO BUKOPUCTAHHS 3MEH-
LICHOT'0 POCTOPY O3HAK B MOAAJBIINX aJITOPUTMAX.
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DopMyJTHOBAHHS METH T0CTITKEHHS

B poborti craBuThCs 3agaua OTpUMaHHS PE3yJbTaTiB BUKOPUCTAHHS YHCENBHHUX Ta iTepariii-
HUX METOJIB CHHTYJSIPHOTO PO3KJIaJaHHA MaTpULb Ta BHUKOHAHHS MOPIBHAJIBHOTO aHANi3y poOOTH
WX aJITOPUTMIB.

BukJsiax ocHoBHOTO MaTepiaiay

Hns pobOTH 3 AaHUMH TOTPIOHO PO3IJSHYTH 1B OCHOBHI 3ajadi — 3ajady CTUCHEHHS-
BiTHOBJICHHS 31 30€peXKEHHIM JIOCTaTHBOI SKOCTI 1 3a7a49y imeHTH(iKaIlii, Kol MoTpiOHO MO0y IyBaTH
crucnuii obpa3 3 BEIMKHM KOe(illiEHTOM CTHCHEHHA, 1 Le BimoOpakeHHs Mae OyTH B3a€MHO-
OJHO3HAYHUM. TEeXHONOTis CTHCHEHHSA-BiAHOBIICHHS MOXKe OyTH 3aCHOBaHA Ha CHHTYJSPHOMY PO3K-
naganHi matpui [4]. Ins GaraThox KiaciB 300pakeHb CHHTYIISIPHI YKCTa Iy)Ke MIBHIKO 3MEHIIYIOTb-
cs1. Mo)KHa 3aJMINATH Maly KUTbKICTh CHHTYJSIPHUX YHCEIN, IPH IIbOMY HOpMa 3MIHUTBCS HE3HAYHO i
3MIHH 300pakeHHs OyayTh Maibke HermomitTHi. Lleit ¢eHoOMeH 1 Jae MOXIHMBICTH CTHUCHEHHS-
BiTHOBJICHHS (3 BTpaTamu).

YopHo-0i1e 300paskeHHsT PO3MIPHOCTI 72X /1 TIKCETB MOXHA PO3TILAATH K MaTPHULIO Ti€l K
PO3MIpPHOCTI, 3HAUEHHSIMH EIEMEHTIB K01 CIy’KaTh YUcia, BiINOBIAHI IHTEHCUBHOCTI O110r0 KOIbOPY
IUIsl KOKHOTO Tikcens. Tomy, Ak i it Oynb-sKoi MaTpui, 10 300pakeHHs] MOXKHA 3aCTOCYBaTH CHH-
ryisipae poskinagansas (SVD-po3kiaganHs).

Posrastaemo anroputm SVD-cTucHEHHS Ha TPUKIAi.

1. Hexaii 3anano B hopmati *.bmp 300pakeHHs A. 300pakeHHIO A BiAMOBIga€E IITOYUCETbHA
MaTpulst 4 T0BUIBHOTO po3mipy (512x512), (256x256) abo iH. 3ailicHIOEMO CHHTYJISIpHE PO3KIIaiaHHs
MaTpHIli, BAKOPUCTOBYIOUH YHCEIbHUI anapaT 3HaXOPKEHHS BJIACHHX 3HAYeHb Ta BEKTOPIB MaTpHUIb

AT A 1a 44T (mys 3pydnocti Oyna Bukopuctana 6i6miorexa Alglib).

2. CuUHTynsipHI YHcia IIBHUAKO 3MEHIIYIOTHCS, 1 MOYMHAIOYHM 3 JEIKOro HoMepa CTaroTh J0-
CHTh MAJIIMMH, @, OT)KE, 3HAUCHH, 1110 3aJIMIIAIOTHCS, MO’KHA HE BPaXOBYBATH IPU BiTHOBJICHHI BUXI-
HOTO 300pakeHHs. TakKuM YHHOM, 3aMiCTh MAaTPHIll A PO3MIPHOCTI # X 71 TOTPiOHO 30epiraTy MaTpHIl
po3mipHocTi nxk, kxn ipsagok 3 k gucen. ToOTO OTpEMy€EMO CTHCHEHHS 3 KOE(DII[IEHTOM

2
n

k(2n+1)
Anroput™ SVD-CTHCHEHHS Ta 3HAXODKCHHS BIIACHUX 3HA4YCHb Ta BIACHHX BEKTOPIB y PO3po-

OJICHOMY MPOrpaMHOMY 3a0€3TCUCHHI pealli3yeThCs 3a JIOIMTOMOTO0 MiANporpaM. 30KpeMa, BUIIIMO
TakKi;

1) Iionpoepama Ons 3HAXOONHCEHHS 6IACHUX 3HAYEHb (I 6IACHUX GEKMOpPI8) CuMempuyHoi
mampuyi:

BxinHumu mapamerpamu €: 4 — CHUMETpUYHA MATpHLS, KA 3aJa€ThCS MOr0 BEPXHBOIO 200
HKHBOIO TPUKYTHOK YacTuHOW; MacuB [0..N-1, 0..N-1], ne N — po3mip matpumi 4; ZNeeded —
Mpanop, SIKUi KOHTPOIIOE, UM MOTPiOH1 BiaacHi BekTopu uM Hi (skio ZNeeded nopisaroe 0, To BiacHi
BEKTOPH HE TOBEPTAIOThCS, a SKIIO 1, TO BiacHI BekTopu moBepTaroThes); IsUpperA — dopmar 36e-
piranHs matpuui A; Bl, B2 — TpaHuLi HamiBBIAKPUTOro iHTepBaiy (B, B2) mns momyky BIacHHX
3HaYCHb.

Buxignumu napamerpamu €: M — 4yucio BracHuX 3HaueHb (M >0 ); W — macuB 3HaiiieHuX
BJIACHMX 3HA4YCHb, MAaCHUB, IHJEKC SKOr0 3MIHIOKOTBCS B iHTepBam [0..M-1]; mpamop Z — SKIIO
ZNeeded nmopiBHIO€e 0, TO 3HAYCHHS Z HE 3MIHIOEThCS, a KO, TO Z OyJe MICTUTH BIIACHI BEKTODH;
MacCHB, IHJCKCH SKOT0 3MIHIOIOTHCS B iHTepBanax [(..N-1, 0..M-1]. [Ipu 1ipoMy BiacHi BeKTOpH 30epi-
raroThCsl B CTOBIILSAX MaTPHIIL.

PesynpraToM pobotu mignporpamu €:

- 3Ha4eHHA True, KO poOoTa ycmimHa; M MICTUTB YMCIIO BIACHUX 3HAYCHb Y JaHOMY HaIli-
BiHTepBasti (Moxe OyTu nopiBHioe 0); W MIiCTUTD BJIacHI 3Ha4Y€HHS, Z MICTHTh BJIACHI BEKTOPH (SIKIIO
HEOO0XiTHO);

- False, sixmo miamporpama Merony OiceKIii He 3MOTIa 3HAMUTH BIIACHI 3HAYCHHS B 3aJaHOMY
iHTepBasi abo SKIIO MiAmporpaMa 3BOPOTHOI iTepallil He 3MOria 3HaWTH BCl BiAMOBIAHI BJIACHI BEKTO-
pu. Y nbOMy BHIIAAKY BJIACHI 3HAUEHHS 1 BJIacHI BEKTOPHU HE TIOBEpTatoThes, M nopiHIoe 0.
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2) Hionpoepama cunyisiproeo po3KIA0AHHI MAmMpuyi:

Bxinnumu mapamerpamu €: 4 — CUMETpUYHA MaTpPHLS, SKa 3aJa€ThCs 1 BEpXHBOIO a00 HUXK-
HBOIO TPUKYTHOIO YacTHHOIO, [0..N-1, 0..N-1], ne N — po3mip matpuui 4; ZNeeded — mpanop, skuit
KOHTPOJIOE, YW TOTPiOHI BIacHi BEKTOpW 4 Hi, skmo ZNeeded nopiBHioe 0, TO BIacHi BEKTOpH HE
MOBEPTAIOTHCA, @ SIKIIO 1, TO BIAcHI BeKTopu moBepTatoThest; IsUpperA — ¢opmat 30epiranns mat-
puti 4; B1, B2 — Mexi HanliBBIAKpUTOro iHTepBaiy (B1, B2) ans nomyky BIaCHUX 3HaYEHB Y.

Buxignumu napamerpamu €: M — 4yucio BracHuX 3HaueHb (M >0 ); W — macuB 3HaiiieHuX
BIIACHHX 3HAUYCHb, MACHB, 1HJIEKC SKOT'0 3MIHIOIOThCS B iHTepBai [0..M-1]; Z — sxmo ZNeeded mopi-
BHIO€ 0, TO Z He 3MIHIOEThCA, a KO 1, TO Z MICTUTh BJIAacHI BEKTOPH; MAaCUB, 1HAEKCH SIKOT'O 3MiHIO-
10ThCs B iHTepBanax [0..N-1, 0..M-1]. BnacHi BekTopu 30€piraloThCsi B CTOBIISIX MaTPHLI.

PesynbraToM pobotu mignporpamu €:

- True, sixmio omepauisi ycmimHa, M MICTHTh KUIBKICTh BIACHUX 3Ha4YeHb (Moxe Oytu 0), W
MICTHUTb BIIACHI 3HAUYEHHS, Z MiCTUTH BJIACHI BEKTOPH (KO0 HEOOXiTHO).

- False, sixmo miamporpama merony Oicekiii He 3MOria 3HAHUTH BJIACHI 3HAYCHHS B 3aJaHOMY
iHTepBasTi a0 SIKIIO 3BOPOTHIH iTepamii miAmporpaMu He BAAIOCS 3HAWTH BCi BIAMOBIAHI BJIACHI BEK-
TOpH. Y IbOMY BHUNAJKY BJIACHI 3HaYCHHS 1 BJIacHI BEKTOPH HE MOBepTatoThes, M nopiHIOE 0.

B po6oti po3pobiaeHo nmporpaMHUil TPOAYKT y mporpamMHoMy cepemoBuini Microsoft Visual
Studio Ha moBi mporpamysanns C#. [Ipu oOpaHHI 300pa)XeHHS 3aIyCKA€THCSI METOJ CHHTYJSPHOTO
PO3KJIalaHHsI MATpPUIli SCKPAaBOCTI Ta BHUKOHYETHCS IEpEBipKa MPaBHIBHOCTI PO3KIaAy IpH 30epe-
JKeHHI IaHuX TphoX MaTpulb po3Mipy 400*400. I"ooBHE BIKHO porpamu MmpeacTaBieHo Ha puc. 1.

Brazartn uwiax o zobpaxensn: |\\Home-nb\d\Bepcun\v 7.0 (20.06.20) 6i6n.+irepan)\ bin}Debug JapauTaXMHTH .
KinbkicTe paakis (EncoTta sobpamensn): -_400
Kinpkicrs croenuukie {unprsa sobpasenHna): 400

Boynoeaunii merog SVD [ Tounnit uncennnnii metog SVD

ITepauinauii MeToq,

Bxinse zo6paxenns BxinHa MaTpuua A MaTpung pozknaay U*S*VAT Crucnenamatpuns Up * Sp * Vp*T

E cipHx BigTIHKax

[l Yopuo-bite BukoHaTH poKIagaHHA MaTPHIL

KinpxicTs cuaryaapuny yucen p = 10 Qbparu

Puc. 1. TonoBHe BIKHO Iporpamu

s mokaszy pobotu merony SVD MoxHa 00patu pi3Hy KUIbKICTh CHHTYJISIPHUX 3HAYEHb Ta IO0-
OymyBaTH BiAIIOBIOHI anmpoOKCHMMaNiifHi MaTpHLl 300pakeHb.

Pesynbprati poGOTH TOYHOTO YHCEIBHOTO METOAY MOXKHA MoOayuTu Ha puc. 1 y popmi «Mart-
puist posknany U*S*VATy. Ha npomy eramni poGoTH A7l 00UYKCICHHS BIaCHUX BEKTOPIB CHHTYJISIPHO-
ro pO3KJIaJaHHS BUKOPUCTAHWIA MiAXiN, SIKUM mpencraBicHuid y poOoti [1]. 3HaXOmKEHHS BIACHHUX
3HAaYCHbh BUKOHAHO HA OCHOBI MeToy JleBep €.

Jyxe dacTo nmpu po3B‘sA3aHHI MPUKIIAIHOL 3a/1a4i HEOOXIHO 3HAWTH HE 00O0B‘SI3KOBO BCi BIAacHI
3Ha4YeHHs. [HOal JOCTaTHRO 3HAWTH TUIHKM HaWOiIbIIE BIacHe 3Ha4YeHHS abo HaOip BIAaCHUX 3HAYEHB,
SKI pO3TallloBaHi B MOPAAKY crnagaHHA. s po3B’si3aHHS 4acTKOBOI 3ajadi 3HAXOPKEHHS BJIACHUX
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3Ha4YeHb eEKTUBHUMH € iTepauiiiHi Meronu. JoBiUTbHUI iTepaliiHui mpolec 3HaXOMKEHHS HalOi-
JBLIOrO BIACHOTO 3HA4YEHHS A 0a3yeTbCs Ha PO3B‘S3aHHI CUCTEMM piBHAHb AX = 41X . [Ipu nosTo-
PEHHI JeKinpKa pasiB onepalii MHOKeHH AX IpaBa 4acTHHA PiBHAHHS Oye 30UIbIIyBaTHUCS HAa MaK-
cuMalbHe 1o Moxyio uncino A;. Lleil miaxix itepariiiHoro Merony peasizoBaHHil y IIPEACTABICHOMY
MPOEKT1 aHai3y METO/IB. B sIKOCT1 10JaTKOBHUX iTepalliiHUX METOAIB 3HAXOKEHHS BIACHUX 3HAYEHb
1 BEKTOpiB 00HMpanucsi TOKOMIOHEHTHUI METOA, METO/ CKaISIPHHUX N0OYTKiB, MeTox JleBep’e, Merox
daneeBa Ta MeToq 0O0epTaHHs K001 I CUMETPUYHUX MaTPHIIb.

8- ITepauifHuid metog SVD =

Marpun araay U=S=V Marpuua itepauiil adniuxeHa Marpul
arpuud pozxaany U=S=vaT ATpHIA iTepaniil Hadnuzena marpiug

ITepauin

Puc. 2. PesynbraTn poboTH iTepaniiiHoro anroputmy (2 ireparii)

Buninsarors iTepalifHuil adropuT™M 3HaXOKEHHS BIACHHX YHCEN Ta MaTPHUIb CHHTYJISPHOTO
posknazanHs SVD. CraBuTbes 3a1a4a MOCIiIOBHOTO 3HAXOMKEHHS BeKTOpiB Uy, V), Ta CHHTYISIpHUX
uncen A, (k = 1,7,7 = min(m,n)), r — panr matpuni A posmipy m X n. Itepaniiinuii nporuec
MPOXOJMTH 32 BIANOBIAHOIO cxeMoto. Pobora mpencraBieHoro irepauiiHOro anropuTMy MmpeacTaBiie-
Ha Ha puc.2. KopucryBauy HagaeTbcs MOXKIUBICTH CHIAKYBaTH 3a iTepalifHUM MPOLIECOM TOOYAOBH
MaTpHIll 300pakeHHs 3 TIEPErIAAOM pe3yabTaTiB MaTpulli A =V £ W, matpuui itepauiil Ta HaOmmxe-
HOI MaTpHIIi.

BucHoBkn

BukopucTtanHS TEXHOJNOT1] CTUCHEHHS-BIJTHOBJIEHHSI, SIKa 3aCHOBaHA Ha CHUHTYJSIPHOMY PO3K-
JajiaHHi MaTpHLi, HaJae IHCTPYMEHT poOoTH 3 OaraTbMa KJIacaMH JAHHX IMPH IIBUAKOMY 3MEHIICHHI
BiZICOPTOBaHOI MHO)KMHU CHHTYJISIPHHUX YHCEII.

VY maniii pobOTi OTpUMaHO Pe3yabTaTH BUKOPHCTAHHS ITEpAlliiHUX METONIB CHHIYJSPHOTO
PO3KIIaIaHHs TPSAMOKYTHHUX MaTpHUIlb T4 BUKOHAHHM MOPIBHSUIBHUM aHalli3 poOOTH iX alropUTMIB.
OtpumaHi pe3yabTaTd BUKOPUCTaHHS iTepalifHIX METOIB CHHTYIAPHOTO PO3KIAAaHHs MaTPULb IPH
Ppo0OTi 3 TaHUMH MOXYTb OyTH BUKOPUCTaHI JJsl pOOOTH 3 TEKCTOBUMH JaHUMH (KOPITyCaMH TEKCTiB).
Jnst 00poOkK BETHKOro 00CSATY TEKCTOBHX NaHMX (HANpUKIa[, TEMaTHYHE MOJEIIOBAHHS) 3ajWIla-
€TbCS TIPo0JIeMa PO3PIHKEHOCTI MATPHIb Ta KOPEKTHOTO BUKOPUCTAHHS METPHUK MPOCTOPY.

BukopucTaHHS TOYHHX YHCENTFHUX METOZIB IJISl 3HAXOMKEHHS BIaCHUX BEKTOPIB Ta BIACHUX
3HAUYEHb y CYKYITHOCTI CYTTEBO YCKIIAJHIOE TIPOIIEC OOYUCIICHHS 32 PaXyHOK BUCOKOI KUTBKOCTI 004H-
CIIeHb PU BpaxyBaHHI BENUKHUX PO3MIpiB BXiTHMX MaTpuupb JaHuX. CKIaAHICTh LBOTO MiAXOLY MOs-
ra€ y BUKOPHCTaHHI YHCEIbHUX METOMIB OOYMCIICHHS BHU3HAYHHUKIB, PO3B‘A3aHHS CHUCTEM JIIHIMHHX
PiBHSHB, 3HAXOPKEHHSI KOPEHIB TPAHCUEHACHTHUX PIBHSHb.
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ABOUT METHODS OF FINDING OWN VALUES FOR SVD-DECOMPOSITION
MATRIX
Bozhukha L., Kosukhina E., Kosukhin A., Bozhukha D.

The choice of data analysis algorithms at the stage of the data reducing dimensionality with
the loss of the information minimum amount depends on the data set and the subsequent use of re-
duced feature space in the subsequent algorithms (for example, when working with images and text
processing).

To work with the data, two main tasks are considered — the task of compression-recovery
with sufficient quality and the problem of identification, when you want to build a compressed image
with a high compression ratio, and this mapping should be mutually unique. Compression-recovery
technology can be based on the singular decomposition of the matrix [4]. For many image classes,
singular numbers decrease very rapidly. You can leave a small number of singular numbers, while the
rate will change slightly and the changes in the image will be almost invisible. This phenomenon al-
lows compression-recovery (with losses).

The results of using exact, numerical and iterative methods of singular decomposition of rec-
tangular matrices are obtained and a comparative analysis of their algorithms is performed. The me-
thods were processed on images to obtain clarity, which does not reduce the scope of their use for
working with textual data.

The use of compression-recovery technology, which is based on the singular decomposition of
the matrix, provides a tool for working with many classes of data while rapidly reducing the sorted set
of singular numbers.

In this paper, the results of using iterative methods of singular decomposition of rectangular
matrices are obtained and a comparative analysis of their algorithms is performed. The obtained re-
sults of using iterative methods of singular decomposition of matrices when working with data can be
used to work with text data (text corpora). For the processing of large amounts of text data (for exam-
ple, thematic modeling) there is a problem of sparse matrices and the correct use of space metrics.

The use of accurate numerical methods to find eigenvectors and eigenvalues in the aggregate
significantly complicates the calculation process due to the high number of calculations, taking into
account the large size of the input data matrices. The complexity of this approach lies in the use of
numerical methods for calculating determinants, solving systems of linear equations, finding the roots
of transcendental equations.
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SUBSTANTIATION OF THE ALGORITHM FOR MODELING OF THE JAW CRUSHER
MECHANISM WITH A SIMPLE MOVEMENT OF THE JAW

The actual scientific problem is solved in the work, which consists in substantiation of the al-
gorithm of modeling of the jaw crusher mechanism with a simple movement of the jaw on the basis of
using SOLIDWORKS modelling tools. Empirical equations are obtained, which relate the parameters
of the crusher: the height and thickness of the fixed and movable jaws and connecting rod, the length
of the spacer plates from the size of the loading inlet, the size of the eccentricity from the stroke of the
Jjaw. It is recommended to use the received regularities at designing the domestic crushers with a sim-
ple movement of the jaw.

Key words: jaw crusher; jaw crusher mechanism with a simple jaw movement; eccentricity;
movable jaw stroke.

B pobomi supiwena axmyanvua naykoea 3aoaya, sKa noasiede 8 0OIPYHMYBAHHI AN2OPUMMY
MOOENI0BAHHS MEXAHI3MY WOK0B80I Opo0dapKu 3 NPOCTHUM PYXOM WOKU HA OCHOGI GUKOPUCTMAHHS [H-
cmpymenmig mooeniosanns SOLIDWORKS. Ompumarno emnipuyni pigHsaHHA, KOMpI No8's13y10ms Midic
o001 napamempu OpoOAPKU: BUCOMA | MOBWUHA HEPYXOMOI I PYXOMOT WOK [ wamyna, 008HCUHU
PO3NIPHUX NAUM 8I0 POIMIPY 3A6AHMAIICYBATLHO20 OEOPY, POMID eKCYeHmpucumemy 6io xo0y ujo-
Ku. Pexomenoyemoucs euxopucmogysamu ompumani 3aKOHOMIPHOCI NpU NPOEKIYEAHHT GITMUUSHAHUX
0pobapoK 3 RPOCMUM PYXOM WOKU.

Knwuoei cnosa: ujoxosa opobapra,; mexanizm woxkosi Opobapku 3 NPOCMumM pyxom Woku, ex-
cyenmpucumem, Xio pyxomoi woxu.

Problem’s Formulation

Jaw crushers with a simple movement of the jaw are produced by factories [1—4]:
CJSC “Avtokompozyt” (trademark “Drobmash”, Viksa), PJSC “Volgotsemmash” (Tolyatti), machine-
building corporation “Uralmash” (Yekaterinburg). On the territory of Ukraine, only the production of
jaw crushers with complex jaw movement is established, and jaw crushers are not produced. The analy-
sis of the state of the issue shows that there is a fundamental difference in the designs of the same typical
sizes of crushers. The sizes of an outlet (the size of the crushed material), the stroke of a movable jaw,
the size of eccentricity, coordinates of fixed supports, overall dimensions differ. This suggests that there
is no unification despite the presence of state standard (DEST).

Analysis of recent research and publications

The analysis of the literature shows that the magnitude of the stroke of the movable jaw is de-
termined by different ratios. For example, in Bauman’s book [2] the stroke of the movable jaw s is
determined by the ratio s =(0.04...0.065)B; in Klushantsev [3] s =(0.01...0.03)B; in Dunaiev [4]
s =(0.03...0.035)B. In addition, according to the recommendations of Klushantsev [3] the size of the
eccentricity is approximately equal to the stroke of the movable jaw, while Bauman with the reference
to the study VNDIdormash [2] which states that the stroke should be twice the size of the eccentricity.

In order to determine the basic geometric parameters of jaw crusher (height and thickness of
fixed and movable jaws and connecting rod, the length of the spacer plates from the size of the loading
inlet, the size of the eccentricity from the stroke of the jaw) it is necessary to solve an urgent scientific
problem, namely, to substantiate the algorithm for modeling the mechanism of the jaw crusher with a
simple movement of the jaw.
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Formulation of the study purpose

The purpose of this work is to create sound recommendations for the design of a jaw crusher
with a simple movement of the jaw, to determine the geometric dimensions of the mechanism of the
jaw crusher with a simple movement of the jaw.

Presenting main material

Using modern SOLIDWORKS modelling tools, we will determine the relationship between
the size of the eccentricity and the links of the mechanism of jaw crushers with a simple movement of
the jaw and the stroke of the movable jaw. As a basic design we accept crushers size 90041200 [1—
4].

Fig. 1 shows a cross section of a jaw crusher with a simple movement of the jaw, as well as its
model. Here it is marked: fixed jaw I — is modelled by a rod hinged in nodes 1 and 2; movable jaw II
— is represented by a T-shaped rod (O1-3-5-6), which is hinged in node O1; front spacer plate III —
is depicted in the form of a rod 6-7; rear spacer plate [V — is marked with rod 8-O3, hinged in node
03; connecting rod V —is presented in the form of a T-shaped rod (7-8-9-10); eccentric shaft VI — is
modelled by a 10-O2 rod, which is hinged in O2 node.
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Fig. 1. Model of a jaw crusher with a simple movement of a jaw

To build the mechanism, we use the data given in literature [1—4], where it is known: the
overall dimensions of the crusher; flywheel diameter; the stroke of the movable jaw s = (0.03 ... 0.035)
B; the size of the outlet b; the connecting rod and the eccentric must occupy a vertical position in the
open state of the slot of the outlet. For the closed state it is known only that the connecting rod and the
eccentric must be collinear; the angles of inclination of the spacer plates to the horizon should be 10e;
the width of the inlet B; the lower points on the fixed and movable jaws are horizontal. In order to
fully determine the mechanism of JCS it is necessary in addition to the sizes B, H, b, s, L1, L2, L3, L4,
L5, L6, m and a1 to determine the value of the eccentric e coordinates of fixed supports XO1, YOI,
X02, YO2 , X03, YO3.

Based on the above conditions, we construct a jaw crusher mechanism of the size 90041200
according to the following algorithm [5]. Let's start with the open state of the mechanism. On the
sketch we will create a rectangle which symbolizes the overall dimensions of the crusher. From data
[1—4] it is seen that the thicknesses of the fixed jaw and the rear support plate are equal and for this
crusher are 600 mm. This factor was taken into account when creating the sketch (Fig. 2). Here the
overall dimensions of the crusher and the diameter of the flywheel are indicated by dash-dotted lines.

Construction of the open position of the crusher mechanism. From the origin of the coordi-
nates we draw vertically down segment 1-2 of length H. From point 2 to the right at a distance b we
note point 3, and from the origin of the coordinates at a distance B — 4 (the size of the loading inlet
900 mm). Through points 3 and 4 we construct a segment of length L6 (without reaching a bounding
rectangle). The position of the upper point of the segment L6 corresponds to the position of the fixed
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support O1. On segment 3-O1 from the point O1 we draw O1-5 of length L5, and from the point 5
perpendicularly O1-5 to the right we draw the segment 5-6 of length nl. From point 6 we construct a
segment 6-7 at an angle to the horizon 15-16° of length L1. From point 7 we draw a horizontal line 7-8
of length L3. From the centre of segment 7-8 (point 9) we draw perpendicularly upwards the segment
9-10 of length L4. From point 8 at an angle to horizon 15-16° — segment 8-O3 of length L2. The posi-
tion of the right point of segment 8-O3 corresponds to the position of the fixed support O3. From point
10 collinearly upwards we draw a line 10-O2 without setting a size of length approximately equal to b.
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Fig 2. The mechanism of the crusher sizes 90041200

The jaw crusher mechanism with a simple jaw movement with the minimum outlet. From
point O1 we draw line O1-3 and set the relationship “equality” between it and segment O1-3, as well
as the distance between the fixed plate and point 3° — by = b —s. Collinearly to segment O1-3 we
draw line O1-5 and set the relationship “equality” to segment O1-5. Next, draw a perpendicular 5-6
equal to 5-6. From the perpendicular at an arbitrary angle, we draw three interconnected lines 6’-7°,
7°-8’ and 8’-0O3 and close them at point O3. We add the relationship “equality” with 6-7, 7-8 and 8-
03. We check the angle of the spacer plates. To do this, we put a controlled angular size between the
plates and the horizontal segment 7-8. The angles should not exceed 10-12°. From the middle point of
segment 7°-8” we lay up perpendicular 9’-10° with the relationship “equality” to segment 9-10. We
connect perpendicular 9°-10” with eccentric 10-O2 obtained in the sketch with the outlet. Add the rela-
tionship “collinearly” (between 10°-O2 and 9’-10") and “equality” (between 10-O2 and 10°-O2). Both
sketches became quite definite (black). Let's put “controlled”: the size of the eccentric and the horizon-
tal and vertical distances between the origin of the coordinates and the centres of the fixed supports
01, 02 and O3.

Thus, for the given output data (sizes of the inlet and outlet, the stroke of the jaw), an algo-
rithm for constructing the mechanism of the size 90041200 jaw crusher was developed, due to which
the lengths of the mechanism links and coordinates of fixed supports were found.

Similarly, we will build mechanisms for crushers sizes 120041500, 150042100. The simula-
tion results are presented in Fig. 3.

The analysis of mechanisms (Fig. 3) has made it possible to reveal the relationships between
the geometric dimensions of the links and formulate the formulas to determine their value. In the for-
mulas, all geometric parameters are expressed through the size of the loading inlet B:

H=2.40-B,
L1=1.072- B,
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L2=0.656-B,
L3=0417-B,
L4=1433-B,
L5=2.089- B,
L6=20983-B,
61=0.833-B.

Next, determine the dependence of the size of the eccentricity on the stroke of the movable jaw of
the crusher. For this purpose, the value of the eccentricity value in the range from 1 mm to 100 mm was
changed on the constructed models (Fig. 2—3) and the value of the jaw stroke was measured.
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Fig. 3. The mechanism of the crusher: @ — for crushers sizes 120041500; & — for crushers
sizes 150042100

Based on the results of the study, we construct a graph of the dependence of the value of eccen-
tricity on the stroke of the movable jaw (Fig. 4). After analysing these graphs of dependence, we obtain
approximation polynomials of the influence of the value of eccentricity on the stroke of the movable jaw
of the form:

— for crushers sizes 90041200  ¢(s)=1.081-s + 0.076,

— for crushers sizes 120041500  e(s)=1.064- s +0.055,
— for crushers sizes 150042100  e(s)=1.021-5 + 0.051.

Conclusions
The analysis of the literature shows that there is no unambiguous information on the choice of
the parameters of the jaw crusher mechanism with a simple movement of the jaw that affect the kine-
matics of the movable jaw.
The actual scientific problem has been solved in the work, which consists in substantiation of
the algorithm of construction of jaw crusher mechanism with a simple jaw movement on the basis of
the use of the tools of SOLIDWORKS modelling,
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Empirical equations have been obtained which relate the parameters of the crusher: the height
and thickness of the fixed and movable jaws and connecting rod, the length of the spacer plates from

the size of the loading inlet, the size of the eccentricity from the stroke of the jaw.
e, mm
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0 20 40 60 80 100 120 s, mm

Fig. 4. The dependence of the magnitude of the eccentricity on the stroke of the movable jaw
for different typical sizes of crushers

It is recommended to use the received regularities at designing domestic crushers with a sim-
ple movement of the jaw.
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OBIPYHTYBAHHS AJITOPUTMY MOJEJIOBAHHA MEXAHI3ZMY lHOKOBOi
JAPOBAPKH 3 MPOCTUM PYXOM HIOKHA
ITanuenko O.B.

Pedepar

B poGorti BupilleHa akTyajdbHa HayKkoBa 3ajada, sKa IOJATa€ B OOIPYHTYBaHHI alrOPUTMY
MOJIETIIOBAaHHSI MEXaHi3My HIOKOBOI JAPOOAapKH 3 MPOCTUM PYXOM IOKH HA OCHOBI BUKOPHCTAHHS 1H-
crpymentiB mogentoBanHs SOLIDWORKS.

Meroro pobOTH € CTBOPEHHS OOIPYHTOBAHUX PEKOMEHAALIN IIOAO MPOEKTYBAHHS IIOKOBOI
Ipo0apKu 3 MPOCTHUM PyXOM IOKH, BU3HAYEHHS! TEOMETPUYHHUX PO3MIPIB MeXaHi3My IIOKOBOI Ipoba-
PKH 3 IPOCTUM PYXOM IL[OKH.

Jnst BU3HaUeHHSI OCHOBHUX reoMeTpuuHux napamerpis LIJIIT (Bucora i ToBIMHA HEPYXOMOI 1
PYXOMOI IIOK 1 MIATyHa, AOBKWHHU PO3MIPHUX IUMT BiJl PO3MIpy 3aBaHTa)KyBaJIbHOTO OTBOPY, PO3MIp
EKCLIEHTPUCHUTETY BiJl X0y IIOKH) OTPIOHO BUPILINTH aKTyallbHY HAyKOBY 3ajady, a caMe OOIpyHTY-
BaTH aJrOPUTM MOACIIOBAHHS MEXaHI3My LIOKOBOI APOOAPKHU 3 IPOCTHM PYXOM IIOKH.

OTtpumaHo eMIipuYHi PiBHSHHS, KOTPi MOB'SA3YIOTh MK COOOIO MapamMeTpu ApodapKu: BHCOTa
1 TOBIIMHA HEPYXOMOI 1 pyXOMOT IIOK 1 IIaTyHa, JOBKWHU PO3MIPHUX IUIUT BiJl PO3MIpY 3aBaHTaKyBa-
JIBHOTO OTBOPY, PO3MIp €KCIIEHTPUCHUTETY BiJl XOAY LIOKH.

OTtpumaHi 3aKOHOMIPHOCTI, 110 MOB’A3YIOTh PO3MIP €KCLEHTPHKA 3 XOJOM PYyXOMOI LIOKH, a
TaKOX T€OMETPUYHI PO3MIpH JTAHOK MEXaHi3MY IpOOapKH, MEPCIeKTUBHO BUKOPUCTOBYBATH MIPU IPO-
eKTYBaHHI BITYM3HAHUX APOOAPOK 3 IPOCTUM PYXOM LIOKH.
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NON-STATIONARY SURFACE TEMPERATURE FIELD LAYER OF METAL
WITH PERIODIC ENERGY ACTION ON SURFACE

Under the influence of temperature fluctuations, the properties of metals can change. Ther-
mocyclic treatment of metals, in particular steels, requires accurate detection of patterns of non-
stationary temperature field in the treated metal layer. An expression was obtained for the deviation of
the temperature from the value of its instantaneous equilibrium distribution for a one-dimensional
homogeneous model of finite length under conditions of periodic energy action on its active surface.
This solution was applied to the low carbon steel sample.

Keywords: periodic temperature action; surface layer of metal; thermal conductivity equa-
tion; method of distribution of variables.

ITio enausom memnepamypHux KOIUBAHb GIACMUBOCTI MEMANI8 MONCYMb 3MIHIOBAMUCSL.
Tepmoyukniuna 0bpobka memanie, 30Kkpema cmaieil, nompeoye mo4H020 GUABIEHHS 3AKOHOMIPHOC-
meti HeCIMAayiOHAPHO2O MEMNEPAMYPHO20 NOJISL 8 0OPoOIvéanomy wapi memany. Byio ompumano eu-
pas 075 BIOXUNIEHH MEeMNEPAmypu 8i0 8eIUNUHU MUMIMEBO2O PIBHOBANCHO2O0 I PO3NOOJINY OJist 0OHO-
BUMIPHOT 00HOPIOHOT MOOeNi KOHEYHOI 008ICUHU 8 YMOBAX NePioOUUHOT enepeemuyHol 0ii Ha il akmu-
6HY nosepxwio. Brazamne piwienHs Oy10 3acmoco8ano 0 3pa3Ka i3 HU3bKO 8yeleyesoi cmaJi.

Kniouosi cnosa: nepioouuna memnepamypra 0is; NO8EpXHEGUIl WAP MEMALy, PIGHAHHS men-
JIONPOBIOHOCI,; MEMOO PO3NOOLNY 3MIHHUX.

Problem’s Formulation

Metals, semiconductors, most other materials in the solid state mainly function in conditions
of variable temperatures. In the process of manufacturing or restoration, they are also subject to varia-
ble thermal action. Under the influence of temperature fluctuations, due to thermal stresses caused by
temperature gradients and phase transformations, the properties of materials may not change irreversi-
bly. Local thermal non-uniform expansion is fixed by diffusion fluxes of vacancies and dislocated
atoms, which leads, in addition to macroscopic changes in shape and size, to the formation of new
physical properties in the surface layers of the material. Thermocycling of metals, in particular steels
[1]—][5], attracts attention in the context of high-intensity pulse technologies that can speed up the
processing phase or save resources [6]. It is possible to increase the set upper limits of heating and in-
tensify diffusion processes. Pulsed energy action is easy to reproduce as part of local heat treatment
using available local energy sources. A clear temperature conditionality of diffusion fluxes, phase
transformations requires the detection of patterns of non-stationary temperature field in the surface
layer of the metal under conditions of pulsed energy action on the surface to carry out a balanced point
effect on this layer.
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For transient nonequilibrium processes under conditions of local heating and cooling of the
metal surface, it is difficult to experimentally determine the temperature, the rate of its change, and
other parameters of heat fluxes. Mathematical modeling of the studied phenomena greatly simplifies
the result, saves time and resources.

Analysis of recent research and publications

In the analytical study of the thermal conductivity process at time t, sufficiently distant from
the initial moment t0, the effect of the initial temperature distribution is leveled. In this case, the prob-
lem is to find a solution of the equation of thermal conductivity that satisfies only the boundary condi-
tions.

A typical boundary condition in the case of thermal conductivity problems without initial con-
ditions reflects the change in temperature at the boundary surface according to the law of periodic, in
particular sinusoidal, function (Fourier problem) [7, p. 242]. The simplest approach to finding the so-
lution of the Fourier problem is carried out by introducing a complex variable with the subsequent se-
lection of the real part of the solution [7, p. 242, 243], [8, p. 177].

The analytical solution of the equation of thermal conductivity in the one-dimensional approx-
imation for a semi-infinite homogeneous model of the medium requires the setting of only one boun-
dary condition — the dependence of the temperature on the surface of the medium on time. At period-
ic change of the specified temperature with frequency o, after long enough time interval deducted
from the initial moment of process, in depth of the environment fluctuations of temperature with the
same frequency are also established [7, p. 247].

The Fourier problem without initial conditions for a bounded segment requires the setting of
two boundary conditions and also leads to a solution in the form of a harmonic function or superposi-
tion of harmonics [7, p. 244].

This problem for a bounded homogeneous segment 0<x<l in the standardized form of boun-
dary conditions has the form [7, p. 243]:

N

ov 2 52\}
—=a" —,
ot ox

v(0,¢) = Acos wt,
v(l,t)=0.

where v(x,?) is the temperature of a one-dimensional homogeneous bounded model of the medium, and
a’ is the coefficient of thermal conductivity of the medium.
Search for the solution of equation (1) in a complex form

vE(x,0) = X (x)e ' 2)
with boundary conditions

v*(0,0) = Ae ' v*(1,1)=0,
leads to the equation for the function X (x)

2 }ia) } @
a 2a

X0)=4, X{)=0. @)
The general form of the solution of equation (3) has the form:

with additional conditions

X(x)=Ccosyx+ C,sinyx,



Poznin 2. MonentoBaHHS Ta ONTUMI3allis B TEXHOJIOTI] KOHCTPYKIIHHUX MaTepialiB 35

where C; and C; are integration constants. Additional conditions (4) are met by the following values of
these constants

Then, taking into account the sine formula of the difference of the two angles, we obtain

X(x) = siny(/ —x). ®))

sin y/
Converting the function X(x) to a standard complex form
X(x) = X(x) +iX5(x),
and, taking into account the general form of solution (2), by selecting the real part of the function, we
find the solution of the original problem in the form

v(x,t) = X{(x)cos wt + X, (x)sin wt . (6)
Define the explicit expression of the functions X;(x) and X>(x).

/ 1)
We introduce in expression (5) the notation ,[— =k, then y = k(1+i) and

2a
siny (I — sink(1+i)( - sin|k(l —x)+ik(l—x
X(x)= aS07Um) _ sinkaDU-2) [ =0 + ke )].
sin y/ sin k(1 + i)l sin(kl + ikl)
We use the expression of the sine function for the complex number z:
. eiz _ e—iz
sinz =
2i
Then
ez[k(l—x)+ik(1—x)] ~ e—z[k(l—x)+ik(l—x)] o kU= k(=) _ k(l=x) | =ik(l=x)
X(x)=4- i(ki+ikl)y  —i(kl+ik) =4 —K ik K —ik
e —-e e e —e -e
For the obtained expression we apply Euler's formula:
¢’ =cosz+isinz.
Then
—k(l-x) . . k(l-x) . .
e -|cosk(l—x)+isink(l-x)|—e -lcosk(l —x)—isink(l — x)
X(x)=A- [ ] [ ] '

¢ M (coskl +isinkl) — e - (coski — isin kl)

After conversion

[e_k(l_x) - ek(l_x):| -cosk(l —x)+ i[e_k(l_x) + ek(l_x):| -sink(/ — x)

X(x)=4- (e_kl - ekl) - coskl + i(e_kl + ekl)Sin ki

Entering notation
a- [e"‘("” _ ek(l_x):| ccosk(l = x); b = [e_k(l_x) + ek(l_x):| sink(l - x);
c= (e_kl - ekl) -coskl; d = (e_kl + ekl)sin ki,

obsessed
a+ib

X(x)=4- .
c+id
Multiplying the numerator and denominator of this fraction by (c-id)
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‘ (a+ib)(c—id) (ac+bd)+l(bc—ad)
(c+id)(c—id) < 1d?

X(x)=4

So, so much X(x) = X;(x) +iX,(x), so

ac + bd bc —ad
X =455 =45 —5. )
¢ +d ¢ +d
And define auxiliary expressions:
2 2
Erd? = (e_kl - ekl) - cos? kI +( + ekl) sin> kl = ¢ M 1 M 9 cos 2k ;

[e =) _ K= cos kel - x) - (e H ekl)coskl;

]
¢ KU ek(l_x):|sm k(I - (e M )sm ki
]

I
[ ~k(l=x) _ k(=)

e

S

d

ad = cos k(I — (e e )sinkl;

be = (e_kl _ M )cos K- |:e_k(l =), HfU=X) ] sink(/ — x).

The actual part of the complex temperature v *(x,#) is determined by formula (6).

However, these solutions correspond to moments of time that do not cover the temperature
fields of the initial time interval of energy action, which are fundamental for the pulse processing
mode.

Formulation of the study purpose

The problem of analytical study of the temperature field of a one-dimensional homogeneous
metal model of finite length 1 under conditions of periodic (sinusoidal) energy action with a given fre-
quency ® on its one active surface is maintained, while maintaining a constant temperature on another
surface bordering the substrate. In the process of energy action on the active surface of the sample, its
temperature periodically changes from the minimum temperature level T, to the maximum level T; +
2A, where T, is the initial surface temperature, A is the amplitude of temperature fluctuations on the
surface. The solution should cover not only the remote time interval from the beginning of the heat
treatment, but also the starting time.

Presenting main material
The goal is to solve a one-dimensional homogeneous equation of thermal conductivity
oT _ 20°T
a1l ®
where T'= T (x, t) is the temperature in the sample, t is the processing time, x is the distance from the
processing surface towards the substrate, is the coefficient of thermal conductivity of the homogene-
ous metal, with the appropriate additional conditions:

w()=T(0,t)=T, + A— Acos wt , )

,Uz(t)zT(l,t)sz, (10)
- boundary conditions of the sample,

h-1
p(x)=T(x,0)=1] - l X. 11

- initial temperature distribution in the sample (equilibrium distribution with temperatures 7, at x = 0
and T atx =1).
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We look for a solution to this problem in a standard way

T(x,t) =u(x,t)+v(x,t), (12)
where u(x,¢) is the basic auxiliary function that specifies the instantaneous equilibrium temperature
distribution in the sample:

X X
u(x,0) = () + =~ [ (0) = ()| =T, + A~ Acost + (T, T, — A+ Acosar)  (13)
[ [
and v(x,¢) — some unknown function that has the meaning of deviation from u(x,?).
For the function v(x,?) equation (8) is converted to equation
ov o, R

—=a —5+ f(x1), (14)
ot Ox

with homogeneous additional conditions

I -7, x
v(x,0) = p(x) —u(x,0)=| T, - l x |- Tl+7(T2—T1) =0,

v(0,1) = 44(¢) —u(0,) =0,
V(l,f) = ,le(f) - u(lat) =0,

Ou 262u ) X ) X )
fx,y=—| ——-a — |=—| Awsinwt - — Awsinwt | = Aw| — -1 |sinort.
ot Ox [ [

The inhomogeneous equation of thermal conductivity (14) with zero initial and boundary con-
ditions has a solution in the form of a decomposition on the interval (0, 1) in the Fourier series by func-

where

n
tions {sinx} ,wheren=1,2,3,...:
/

® . 7n
v(x,t) = Zlvn (1) sme,
n=

where
2
4 n 2
v, (1) =[exp —(1 j a (t—17) | f,(v)dz,
0

and f,(?) are the coefficients of the decomposition of the function f{x,#) into a Fourier series over the
variable x:

® . Th 21 . zn
S (x,0) = Zzllfn(f)SHlTx; fn(f)=?(f)f(§’f)sm7§d§-

Let's define f,,(2):
21 21 2!
L0 ==] Aa)(é —ljsin ot -sin2EdE = Awsin a){— 1S sin M eas 2| sinﬂgdgj -
107\ I 101 1 10 1

1

L 2 2
%ffsin%§d§+icos%§ J = Awsin a)t[—(—cos ﬁn)}+Aa)sin w{—(cos n —l)} =
0 0

n

= Awsin ot
n n

2 .
=——Awsin wt .
n
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2

l zn
(Integral | &sin—¢&dE = ———cos zrn taken in parts).
0 [ n
Next we define v,(¢):

2 2
v,(t) = }exp{—(%j az(t —r)Zl‘fn (r)dt =exp l:— n azt}x
0

l n 2 2 2 n 2 l n 2
x[exp|| — a’r || - Awsin ot -dr =——Aw-exp| —| — a’t Jexp|| — a’t |-sinor-dr =
0 [ n n [ 0 [

, J L
2
=——Aw-: explZ—(ﬂj athI-I.
n [
h

2

t

Integral [ = [exp (j azr -sinwr - dr is taken by double application of the formula of integra-
0 )

tion by parts and use of a recurrent formula:

2 2
1 mn 2 n 2 .
I = 5 5 Qexp|| — | at|||— | a sinot—-—wcoswt |+ o
n 2 2 ! !
— | a + w
/
Then
2 2
2 1 n 2 n 2 .
v,(t)=-—— Aw- 5 Qwexp| —| — | at|+||— | a sinwt—-wcoswt
zn 2 [ [
n 2 2
— | a + w
( ! j
So much
e8]
v(x,t)= 2 v, (t)sin—ux,
n=l1
then
_ 5 -
n 2
2 — | a
© 2 2 1 n 2 / ) . Tn
vix,t)=—2 —Aw 5 exp| —| — | a't|+| —F——sinwt —coswt |psin—x -
n=1 rn 2 / (2 )
n 2 2
/ L J

You can interpret the ~expression for deviation differently v(x,#). So much

2
. . . zn 2 .
cos(a + f) =cosa - cos B —sine - sin 3, then the expression | | — | a” sinwt — @coswt | can be
[
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2 2

. n 2 . . n 2

submitted as | — | a” sinwt — wcoswt = —cos(wt + ¢, ), where singp, =| — | a, cos@, =w;
[ [

or, more precisely, 1gp, =

2
© 2 2 1 n 2 1 . Tn
v(x,t)=-2 —Aw 3 exp| | — | @'t |- —cos(at +¢,) rsin—x,
[ [

n=l n 2
n 2 2
e a + o
/

after entering the notation

2
B =——Aa)2 :

; . — .
n 2 n 2
n 2 2 wn 2 2
e a + o e a +
[ [

2
x© n 2 . Tn
v(x,t)= 2 4B, -exp —(j a’t |+C, cos(wt+¢,) - sin—x. (15)
[ [

can be submitted as.

n=l1

The temperature field 7 (x, ¢) of the model is determined by relations (12), (13) and (15). The
problem is solved.

The behavior of a certain non-stationary temperature field was interpreted on the example of a
specific model material — low-carbon steel (base metal for a wide class of technological problems),
with the length of the model samples within 2—20 mm (/; = 2 mm, /, = 5 mm, /5= 10 mm, /, = 20
mm). The initial temperature level of the active surface 7, = 550 °C and the magnitude of temperature
fluctuations 24 = 380 °C corresponded to the typical modes of periodic temperature action on the met-
al during thermal cycling [3]—[5]. The coefficient of thermal conductivity for the selected tempera-
ture range of the model was 6,9-10° m¥/s [9].

A wide range of frequencies of energy action was studied. The frequency of energy action was
determined by the heating and cooling rates of the active surface. For maximum heat treatment rates:
from very slow (=0.1 K/s) to high speed (%1000 K/s and even up to ~10° K/s), according to the se-
lected surface temperature range, the cycle period may vary from 4000 s to 0.4 s (up to 0.4 ms). Cyclic
processing frequency at the same time makes 1,57-10°—1,57 rad/s. Limit regimes with frequencies
were also investigated 15,7 rad/s and 15,7-10° rad/s. Depending on the heating — cooling rate, four
processing modes were distinguished: A-mode — for low heating rates ~1 K/s; B-mode — for average
speeds ~100 K/s; C-mode — for high speeds ~1000 K/s; D-mode — for high-speed heating ~10° K/s.

To control the non-stationary temperature field in the surface layer, a characteristic point (D-
point) was selected at a distance of 1 mm from the active surface, in which the temperature behavior
was monitored in the context of promoting the saturation of the surface layer with the alloying compo-
nent. In fig. 1 and fig. 2 shows the resulting oscillations in the control D-point of sample 14 for B- and
C-modes during the first cycles. The initial temperature fluctuations on the surface 710, ¢), instantane-
ous equilibrium fluctuations u(x,#) and deviations v(x,¢) at the indicated points are also shown.
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Fig. 1. Temperature deviation w(1,7), nstantaneous equilibrium u(1,7) and resulting 7(1,7)
temperature fluctuations at the D-point of the sample /, = 20 mm in the conditions of the B-mode of
processing; 7(0,7) — initial temperature fluctuations on the active surface of the sample
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Fig. 2. Temperature deviation v(1,7), instantaneous equilibrium u(1,#) and the resulting 7(1,¢)
temperature fluctuations at the D-point of the sample /, = 20 mm in the conditions of the C-mode of
processing; 7(0,f) — initial temperature fluctuations on the active surface of the sample

As can be seen from the graphs, the amplitude and phase deviation increase with increasing
speed of heat treatment. The point of maximum deviation of temperature v(x,#) from its equilibrium
value is shifted to the active surface (for these models, it was localized near the coordinates x;=~6 mm
and x,~3 mm).
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In Fig. 3 shows the resulting temperature fluctuations at the D-point of the sample /; = 20 mm
in the case of high-speed thermal action (D-mode) for the first and remote (101-102) cycles. As can be
seen from the figure, at the control point there is a significant increase in background temperature over
time.
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Fig. 3. The resulting temperature fluctuations at the control point 1 mm under conditions of
D-mode processing for the first (1—4) and remote (101—102) cycles in the sample /, = 20 mm

The phase shift of the temperature oscillations at the points of the surface layer of the sample,
in relation to the initial oscillations on the active surface, can be interpreted as the propagation of the
temperature pulse in the medium — the temperature wave. The speed of temperature waves in the in-
vestigated metal ¢ depends on the length of the model and the processing mode and was of the order of
several mm/s [10], [11].

Conclusions

By analyzing the temperature field of a one-dimensional homogeneous metal model of finite
length under conditions of periodic (sinusoidal) temperature action on its treated surface, a Fourier
method was used to deviate the temperature from its instantaneous equilibrium distribution depending
on the distance to the surface and processing time. The obtained solution has significant differences
from similar analogues, due to the different formulation of the problem in relation to the time of the
process. This solution was applied to a sample of low carbon steel of a given length.
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HECTAINIOHAPHE TEMIIEPATYPHE I1OJIE IOBEPXHEBOI'O LHIAPY METAJIY
IIPU NEPIOANYHIN EHEPTETUYHIN JIi HA IOBEPXHIO
Houko B.1., dino6opeus O.U., Kneuxos O.M.

Pedepar

Merany, HaniBIPOBIAHKUKH, OUTBIIICTD 1HIIMX MaTepiasliB y TBEpAOMY CTaHi mepeBaxxHO (yH-
KLIOHYIOTh B YMOBaX 3MiHHUX Temrepatyp. [1ig BIUINBOM TeMIiepaTypHHX KOJIMBAaHb BIACTUBOCTI Ma-
TepiaiiB MOXKYTh HE 3BOPOTHO 3MiHIOBaTHCS. TepMonuKkiIidyHa oOpoOka MeTalliB, 30KpemMa craiei, sk i
HIMPOKUH Kiac iHIIMX BUCOKOIHTEHCHBHUX IMITYyJIbCHUX TEXHOJOTIH, HO3BOJSIOTH MPUCKOPUTH (a3y
00poOKkn a00 3eKOHOMHTH BUTpaTH pecypciB. YiTka TemmepaTrypHa 3yMOBJIECHICTh JU(Y3iHHUX OTO-
KiB Ta (a30BUX MEPETBOPEHL B 00pOOIIIOBAHOMY IIapi MeTairy noTpeOye BUSBICHHS 3aKOHOMIpHOCTEH
HecTal[iOHApPHOIO TEMIIEPaTypPHOTO TOJII B HhOMY B YMOBaX IMITYJIbCHOT €HEPreTUYHO1 Aii Ha MoBepX-
HIO /715 TPOBEIEHHS BUBAYKEHOT'O IIOTOYKOBOI'O BIUIMBY HA JAHHH IIap.

Bimomi aHaMiTHYHI JOCTIIKEHHS HE OXOIUTIOOTH 3 JOCTATHHOI TOYHICTIO BECh IHTEPBAJ IIHK-
Ji4HOT TepMOOOPOOKH TTOBEPXHEBOrO MIapy METally, OCOOJIMBO B IIOYATKOBIM HOro cTaii, o € MpHH-
LUIOBO ISl IMITYJICHOTO PEXHUMY 0OpPOOKH.

Byna mocraBneHa 3agada 3HaXOMKEHHS IOJISI TEMIIEPATYP OIHOBHUMIPHOI OJHOPIIHOI MeTaTi-
YHOI MOZIENl KOHEUHOI JOBXKMHM B YMOBaX MepiognydHOi (CHHYcOifaiabHOI) eHepreTuyHoi Aii 3 3aaa-
HOIO YacCTOTOIO Ha il aKTUBHY MOBEPXHIO, IIPU MIATPUMII CTaj0l TeMIlepaTypy Ha iHIIIH, rpaHUYHIHA 3
MiAKIaAKOI0, TIOBEPXHi YIPOAOBK YCHOI0 4acy 0OpOOKH.

MeronoM po3noniny 3MiHHHX OyJI0 OTPUMaHO BUpa3 AJIsl BIAXUICHHS TEMIIEPaTypH Bill BENH-
YMHA MUTTEBOIO PIBHOBAXXHOTO 11 pO3MOALIY B 3aJI€KHOCTI Bill BiICTaHi 1O MMOBEPXHI Ta yacy o0poO-
ku. OpepxaHuil Po3B’sI30K Ma€ iCTOTHI BiIMIHHOCTI BiJ MOAIOHMX aHAJIOTiB, IO 3yMOBIIEHO Pi3HOIO
MOCTAaHOBKOIO 3aJ[ayi MO BiAHOLIEHHIO 10 Yacy mpouecy. BkazaHe pimeHHs Oyno 3acTOCOBaHO AJIS
3pa3ka i3 HU3bKO BYIJIELEBOI CTaji 3aJaHol JOBXHHH. BusBieHa 3aJIeKHICTh TTTMOWHU TPOHUKHEHHS
TEeMIIepaTypHOro 30ypeHHs BiJ YaCTOTU TepMivHO]I Aii Moxke OyTH BUKOPUCTaHA IJIsl KEPYyBaHHSA CTPY-
KTYpOIO Ta (pi3MYHUMH BJIACTUBOCTSIMH ITOBEPXHEBOI'0 IIAPY METAY.

Jliteparypa
1. Areenko C.b. BiausHue nMKIN4YECKON 3IEKTPOTEPMHUUECKON 00paOOTKH Ha CBOMCTBA CBAPHOI'O CO-
enuHeHus Ba-TypOokoneco u3 craneit 40X u 401" co crmaBom CXKJI-800. Obopyodosarue u mex-
HOO2UU MepMULecKoli 00pabomKy Memailos u chiagos: co. nokman. 6-i MeKXIyHapOTHOH KOH-
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THE USE OF FUZZY CLUSTERING IN SOLVING PROBLEM IN PREDICTING
THE DURABILITY OF CORROSIVE STRUCTURES

In solving the problems of forecasting corroding structures, the problematic aspects related to
computational costs are considered. It is proposed to use a multi-stage approach to reduce
computational costs in solving tasks of this class. In particular: a fuzzy clustering algorithm is used
for processing multivariate data; the resulting clusters are used to build the rule base; and the fuzzy
logical output of the Mamdani type is used for defasification.

Keywords: fuzzy clustering; fuzzy knowledge base; fuzzy inference,; corrosive structures.

Ilpu po3g’azauni 3a0au NPocHO3YEAHHS KOPOOYIOUUX KOHCIPYKYIU DO3SIAHYMO HPOOIEMHI
acnexmu, AKi H0G’SA3aHI 3 0OUUCTIOBANLHUMU UMpamamuy. 3anponoHogano bazamoemantui nioxio
30071 3MEHUIEeHHST OOUUCTIOBATLHUX GUMPAM NPU PO38 A3AHHA 3a0ay maxoeo kiacy. A came:ons
00pOOKU  6ACAMOBUMIDHUX OAHUX BUKOPUCIOBYEMbCS  ANCOPUMM  HewimKkol Kiacmepusayii; 07
no6yoosu onopHoi 0azu npasuil 3acMOCOBYVIOMbCS OMPUMAHI Kiacmepu, 01 Oegpasugpixayii
BUKOHYEMbCS HeyimKe N02iuHe susedentss muny Mamoani.

Kniouosi cnosa: wneuimxa xnacmepusayis, Hewimka 6a3a 3HAHL, HeuimKe GUBEOCHHS,
KOpOOYI04i KOHCIMPYKYIi.

Problem’s Formulation

A lot of work has been devoted to the study of methods for processing multidimensional data
arrays in various subject areas, and these studies are far from complete [3, 17, 18, 21]. Before starting
work with such data, it is necessary to carry out preliminary processing, if possible, for example,
remove abnormal or noisy elements, etc.

One of the directions of processing multidimensional arrays of various structures is cluster
data analysis, which allows you to sort heterogeneous data into subsets of a more or less homogeneous
structure [2, 14].

There are a sufficient number of clustering methods with various metrics that can be grouped
as clear and fuzzy. Using clear clustering methods allows you to split the original set of objects into
several, as a rule, disjoint subsets [2, 14—16]. It is assumed that any object from the obtained partition
into subsets belongs to the only cluster. Fuzzy clustering methods allow to split the source data into
subsets in such a way that an element can belong to several clusters with different degrees of
membership at the same time. Obviously, the use of clear or fuzzy clustering methods is entirely
dependent on the problem being solved. The advantages and disadvantages of clustering methods are
known.

The subject area of work is predicting the durability of a structure with changing geometric
characteristics, which functions in an aggressive external environment (direct task) (fig. 1) [11, 20, 21].
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Fig. 1. Structural scheme of the solution for the problem of predicting durability



Poz i 2. MonentoBaHHS Ta ONTUMI3allis B TEXHOJIOTI] KOHCTPYKIIHHUX MaTepialliB 45

Here x — vector of geometric characteristics; ¢ — aggressive parameter vector (AE); v —

vector of constant parameters; ¢* — estimated durability. Here the modules {SSS} and {SDE} are
respectively the modules for calculating the stress-strain state (SSS) and solving the system of
differential equations (SDE), which describes the corrosion wear.

The destabilizing factor of the external environment is corrosion, and the generalized
parameter is its speed. Joint corrosion interaction with mechanical loads often leads to premature, and
sometimes to emergency, structural failure. Therefore, we have a dynamic mechanical system that
operates in an aggressive environment, the behavior of which and the timing of its operation must be
predicted.

The problem of solving the problem of predicting the durability of corroding structures (CS) is
of independent importance, it should be emphasized that it is an integral part of the optimization
problem (inverse problem) (fig. 2): the stage of calculating the constraint functions (CF) [21].

When solving optimization problems, the problem of increasing the efficiency of
computational methods and costs is especially relevant. n view of the fact that the task of predicting
the CS durability has been repeatedly solved, there is rather scattered information in the form of
multidimensional data arrays that require some formalization.
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Fig. 2. Structural scheme of the solution for the optimization task

Here modules {SSS} and {SDE} have the same meaning as before, {OF} — block for
calculating the objective function; {NLP} — module for solving the problem of nonlinear
mathematical programming

Analysis of recent research and publications

When solving the CDE in many works the integration step was a parameter of the problem to
be solved, which was chosen by an expert in the subject field quite intuitively. Obviously, this
approach does not allow to obtain a solution to the task with a certain accuracy: it can be either
overpriced or underestimated, which negatively affects the computational cost.

The considered error will depend on the following factors: initial geometric characteristics of
the element (area A, and perimeter F, ), initial o, and ultimate [0] voltages in it, parameters of the

corrosion process and the maximum permissible error value [¢]. Therefore, the error of the numerical
solution of the differential equation describing the corrosion wear (4) can be represented as a function

of several variables: e(v(, 4y, Ry,0¢.[c],h,) [11, 20, 21].

As a control module, neural network algorithms are offered that have proven themselves quite
well. However, the use of neural networks has its advantages and disadvantages [9, 20]. Neural
networks (NN), as you know, are universal approximating systems and are based on a specific
mathematical apparatus.

There are a lot of works devoted to problems of approximation using neural networks in
various subject areas [21]. The NN are the undisputed leaders in this direction. However, the success
of using a neural network usually requires a significant number of experiments; an important factor is
the volume and quality of training data; in addition, a certain network architecture must have and the
parameters of its training. The process of training, testing and tuning the network itself requires some
time and effort from its designer [21].
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In addition to neural networks, combined approaches using genetic algorithms and NN are
proposed for solving such tasks [8, 10, 20]. As a rule, the use of one or another approach is determined
by the class of tasks being solved and computational costs that are spent on obtaining a solution
[21].

Formulation of the study purpose

The purpose of the work is to create some control module, which allows to formalize the
existing information and obtain parameters of numerical procedures, which allow to obtain a solution
with an error not higher than the specified. The general statement of the problem includes the
following successive steps:

1) using the fuzzy clustering algorithm for processing multidimensional data arrays in order to
formalize this information and build a fuzzy model for the prediction of the durability of a corroding
structure;

2) obtaining a basic rule base based on fuzzy clustering (fcm algorithm) to build a fuzzy
knowledge base;

3) the use of fuzzy inference techniques (for example, Mamdani type) and defuzzification of
results (for example, using the heights method).

Presenting main material

Mathematical statement of the problem of predicting the CS durability with accuracy control
during modeling.

The mathematical model of structural deformation in the AE will include:

a system of differential equations describing a corrosion process of the form (module SDE):

%Ivo-t//{ai(é)}, i=1LN. M)
With initial conditions:

9}—0=0. 2)

Here N — the number of parameters that determine the geometric dimensions of the structure;
0; — depth of corrosion damage (damage parameter); t — time; v, — stress free corrosion rate; o;

— voltage in the i-th element of time ¢; 1//{01- ( 5 )} — some famous function;

2) system of equations of the finite element method (module SSS);
3) limit state equations: conditions of strength and stability. The design retains the bearing
capacity as long as the following system of restrictions is implemented:
[G]—Ui(t,E)ZO; i=1LN
aj-(t)—aj(t,E)ZO; jeJ ’
where [ o ] — allowable voltage; o;(t) — current voltage in the i-th element; o ;— critical voltage
loss of stability; J — many elements working on compression; N — number of elements in the system.
The first system of inequalities determines the condition for the strength of structural elements, the
second — the condition of stability.
Then the problem statement of the algorithm for controlling the accuracy of the numerical

result for a given error in solving the tasks of forecasting the CS durability can be formulated as
follows [4]:

{h,(&E)—)max 3)
e.n)<le]

Here E={00,vo,A0,PO} — vector of factors affecting the size of the integration step, which
includes the parameters of an aggressive environment; o, — initial stresses; 4y, Py — respectively,

the area and perimeter of the section of the CS element; €, [€] — respectively, the obtained and
maximum permissible error value of the numerical solution; 4, — the parameter of numerical
procedures.
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For definiteness, the mathematical model of V. Dolinsky [11, 13, 21] was used in the work as
a model of corrosion wear:

]’ 4)

where k-coefficient of influence of stresses on corrosion rate.

The procedure for determining the voltage in the right-hand sides of the SDE (4) is a
computational algorithm, the system can only be solved numerically, and the voltage calculation is
carried out at each node of the time grid.

When solving the system of differential equations (4), in fact, the main computational costs
are associated with a rational choice of parameters of numerical procedures. As for one subset of
multidimensional data, {o(,vy,4y,B).k []} the size of the integration step % can lead to excessive
computational costs, and for another subset of it, to be insufficient.

According to the author, when solving SDE (4) to control the accuracy of the result, neuro-
fuzzy technologies can be used. It is proposed to control the error of the numerical solution using a
multi-stage approach, which includes an algorithm that takes into account information about the
factors affecting the error of the numerical solution of the SDE (4). The algorithm allows to choose the
appropriate parameters of numerical procedures and providing the required accuracy of calculations.

Neuro-fuzzy approaches are an alternative to NN, according to the FAT theorem [7], an
approximating system of computational intelligence based on fuzzy logical inference of the Mamdani
type is proposed [1, 15].

As noted earlier, the task of predicting durability has been repeatedly solved and information
about the relationship between the given accuracy, the parameters of numerical integration and the
values that affect them are not systematized. It is proposed to formalize this knowledge in the form of
a model of a system of fuzzy logical inference, which for each particular case will find the value of the
parameter of numerical procedures and provide a given accuracy of calculations.

In [4, 21], the possibility of obtaining training samples is substantiated not for the structure as
a whole, but for its individual elements. This allows, on the one hand, to simplify the solution of the
task of predicting durability for a training sample, and on the other hand, to create a sufficiently
universal model of fuzzy inference for calculating articulated-rod structures with arbitrary geometry,
boundary conditions, and loading conditions.

It is proposed to formalize multidimensional data arrays using the fcm-algorithm of fuzzy
clustering. Input data are: initial voltage o, ; corrosion rate in the absence of voltage v ; respectively,
the area and perimeter of the section of the element of the corroding structure 4, Py; SDE numerical
integration parameter — integration step /4 ; real error of the numerical solution of the SDE ¢, which
should not be higher than a given [¢]; the estimated value of the durability of CS #*.

It is proposed to use clusters after breaking into subsets to build a fuzzy knowledge base
(FKB). Let us describe this process in more detail and in stages.

The optimal number of clusters should be established for the best partitioning of the data array
into subsets. There is currently no formalized approach to solving this problem. The choice of a certain
number of clusters depends on the designer of the fuzzy logical inference system (FLIS) [12]. In the
work, this was established empirically, taking into account the fact that each individual cluster will
serve as a reference rule for the FKB. Almost after fuzzy clustering, we get a system of support rules
for the knowledge base. In addition, these rules can be improved, for example, by adding or removing
some of them, as well as by revising the number of term sets for fuzzy model variables. In this case,
the designer of the FLIS may ascribe the significance factors of the rules (0;1]. It should be noted that
for the supporting rules this coefficient is equal to one.

Obviously, the main elements of the knowledge base are products that include terms of
linguistic variables (LV) {ao,vo,AO,PO,[g],ht,t*} [19]. After clustering and analysis of support rules,
using the numerical values of the variables that are used to determine the terms of each linguistic
variable, taking into account the obtained values of their membership functions. As noted in some
sources, a rational number of terms is considered to be from two to nine. The basic terms used are the
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values of the LV: low (L), below average (BA), medium (M), above average (AA), below high (BH),
high (H), which can be supplemented or combined into other values after analysis of the results of
clustering.

It is proposed to consider the boundaries of each cluster as a carrier of a fuzzy set, which then
expand through the use of fuzzy clustering. This is possible due to the fact that when using fuzzy
clustering, the degree of belonging of the boundaries of the clusters is not less than 0,45—0,5.
Therefore, the carrier of the fuzzy set itself is much wider than the obtained cluster boundaries. In fact,
the designer of the FKB determines the domain of definition of the membership function. According
to the author, this process does not require additional explanation.

The next step in the construction of the FKB is the definition and setting of semantic and
syntactic rules for the definition of each linguistic variable.

The center of each cluster is proposed to be regarded as the core of a fuzzy set with a
membership degree of unity. To construct membership functions, the a-level principle of L. Zadeh
generalization was used [12]. The process of determining the term sets of linguistic variables can be
considered complete.

The next stage of the work is the analysis of the built FKB. As noted in [12], as the number of
rules or terms of fuzzy sets increases (increasing the level of complexity of the model), the ability of a
fuzzy model to describe a real system proportionally improves. With this approach, it is possible to
obtain an isomorphic model of the system, which eliminates the entire modeling process (including
fuzzy ones). In addition, with this approach, an exponential growth (the so-called “curse of
dimension”) of the number of rules of the number of model inputs and the number of fuzzy sets in it
occurs.

The proposed approach allows to state that the constructed fuzzy model and fuzzy partition of
the range of values of all variables are complete [12], since each input state associates a fuzzy model
with some output value.

The fuzzy rule base is numerically complete, since each input state leads to the activation of at
least one rule. The basic rule base is complete and consistent, that is, it does not contain conflicting
rules.

Fuzzy clustering allows to get the term sets of each linguistic variable The support base of the
model rules is linguistically complete, since each input linguistic state is associated with at least one
output linguistic state. All these properties will be demonstrated as a result of numerical experiments.

Thus, the stage of formalizing information on each cluster in the form of a model for
representing a fuzzy knowledge base can be considered as completed.

After building and setting up a fuzzy knowledge base, it is possible proceed to work directly
with it. In this case, when setting the input values {o(, vy, 4y, B[]} the output will be interested in
the values of the integration step 4, , which the predicted value of the durability #* CS will be obtained

for the maximum permissible error [g] of the numerical solution of the SDE (4).

The process of building the FKB can be considered completed. We have a predetermined rule
base in which all input and output linguistic variables are defined. Further, the well-known methods of
fuzzy inference can be used (in the work the Mamdani algorithm). And the final stage of the proposed
phased approach is to obtain not only the interval value of the predicted durability, but its exact value.
Without loss of generality of reasoning, the method of heights was used, which is a simplified discrete
version of the method of centers.

The obtained defuzzified value fully satisfies the set requirements, since with well-defined

input data: (initial voltage o, corrosion rate v, and geometric characteristics of system elements F,

Ap) with the given parameters of numerical procedures /4, and the required accuracy [¢]; a

knowledge-based system will provide a predicted value of durability with a certain degree of expert
confidence.

This approach allows to reduce computational costs when solving both direct and inverse
problems. When solving the optimization problem, the calculation of the constraint functions entails
the main computational costs.
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Numerical experiments

As noted earlier, the task of predicting the durability of corroding structures was solved many
times (the amount of training data from thousands of samples), therefore there are multidimensional
arrays of disordered information. To solve the direct task, it is necessary to approximate
tx=F(oy,vy,49,Fy.h;.[¢]), where FF — unknown function, which is a function of constraints in

solving the inverse task. For definiteness, a five-element hinged-rod structure was considered as a
model design. The proposed approach in this work does not in any way narrow the class of tasks
under consideration.

According to this approach, for the formation of terms of linguistic variables based on clusters,

in general terms, the rule of a fuzzy knowledge base can be represented:

R(k) :

IF ([G]ZY}jAVOZY}jA(AO/PO):]}j/\[g]:Tl-j/\hIZY}j),

THEN t#=T/
1

Here Tl-j — corresponding term sets of linguistic variables; i — term number of each variable

(i :2,_N), N — maximum number of terms ( N<Ny; ); j — number of the variable itself (j:L_6);

R® — the corresponding .-th rule of FKB (A< Ny; ).
The results of fuzzy clustering using fcm-algorithm are shown in tabl. 1.

Table 1. The results of fuzzy clustering for five clusters

Clusters The boundaries | The boundaries | The boundaries | The boundaries | The boundaries
of the first of the second of the third of the fourth of the fifth
cluster, cluster, cluster, cluster, cluster,

LV (Centre) (Centre) (Centre) (Centre) (Centre)

Initial

voltage o [907,977; 999,498] | [580,737; 644,630] | [362,295; 466,158] | [826,862; 907,580] | [525,846; 577,952]
8209 (945,062) (616,643) (407,335) (870,678) (544,560)

MPa

Corrosion

rate v [0,0800; 0,1179] [0,1034; 0,1075] [0,0800; 0,1199 [0,0805; 0,1199] [0,1075; 0,1106]

0> (0,1117) (0,1052) (0,1104) (0,1012) (0,1095)

cm/year

Areas A() ) [27,5232; 31,4642] [6,3502; 7,7540] [11,3125; 13,4514] [28,1413; 35,2489] [7,9553; 8,9559]

e (28,6164) (6,9759) (12,4921) (35,0596) (8,6894)

Perimeter [19,8775;29,8640] | [14,4766; 15,3306] | [16,4189; 17,8921] | [20,0793;30,5627] | [15,2622; 15,8366]

Ry, cm (26,2053) (14,8736) (17,0901) (26,1040) (15,6333)

The

maximum

perrnissible [0,04800; 0,05200] [0,04813; 0,05194] [0,04801; 0,05199] [0,04800; 0,05200] [0,04803; 0,05197]

error value,

]

(0,04930)

(0,04981)

(0,05000)

(0,05038)

(0,05007)

Parameter of

numerical [1,1590; 1,9993] [0,2529; 0,2817] [0,2124; 0,3393] [1,1248; 1,9921] [0,2478; 0,2798]

procedures, (1,4177) (0,2675) (0,2537) (1,5830) (0,2625)

h; , years

The

forecasted

value of [3,9378; 7,0418] [2,5025;2,9782] [4,0852;7,4706] [4,9577;7,4959] [3,0165; 3,5024]
o (4,9972) (2,7041) (5,1497) (6,6710) (3,3200)

durability,

t*, years
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Using the data obtained after clustering, we can record a support base of five rules in the
following form:

RV H&H&H&L &L &AA—M
R?: M&BA&KL &L &BA&M—L
RY: L&AAKMEMEM&L—AA

RY: AA&L &BH&BH&H&H—H
RY: BA&M&BA&BA&AA&BA—BA

An analysis of the obtained rules allows to determine this rule base to numerically complete.
There are several options and it all depends on the designer of the fuzzy knowledge base. We can start
by analyzing the input variables. In particular, linguistic variables, the area 4, and perimeter of
structural elements, take the same values of term sets. Therefore, they can be considered as a single
variable (for example, as the ratio 4¢/P,) and, thus, reduce the number of input variables of the fuzzy
model under consideration. It should be noted that the following are the results for one input variable:
the ratio of area and perimeter Ay/P.

As noted earlier, the structures operate in the AE, therefore, if we assume that the area is
“highly aggressive” [4—6, 21], then to simplify the fuzzy model, we can reduce the number of input
variables and by assuming that the corrosion rate is constant, for example, v, =01 cm/year. For the
same purpose, preliminary clustering can be carried out according to the maximum permissible error
values [¢].

Configuring the FKB can also be carried out by supplementing the support base of the rules.
This process is the most time-consuming and is implemented through the analysis of working / active
rules, where there is an “imposition” of neighboring term-sets of linguistic variables and the degree of
belonging of the elements is close to 0,5. For example, rule two and five can be supplemented by at
least one of the rules for linguistic variables {o(,vg, 4/ Py.[€]. 1 }:

R (BAN M) &BAEL &(L  BA) &M v BA)—L
RY: BA&M ~ BA)&(L v BA)&(BA~ M~ AA) &L v BA)—BA

Obviously, it would be advisable to evaluate the informational characteristics of all variables
by their individual values, but this is beyond the scope of this study.

To numerically illustrate the operation of the designed FKB, a sample was used: initial voltage

o9 = 920,3579 MPa; corrosion rate vy=0,11567 cm/year; initial area and perimeter of an element
Ay = 32,0856 em* and Fy =27,60186 cm; maximum permissible error values [€] = 0,048; integration
step h,= 1,2 year.

For definiteness, we give the corresponding values of the term-sets of linguistic variables:
initial voltage — “H”; corrosion rate — “H” or “BA”; the ratio of the area to the perimeter is “H” or
“BA”; the maximum permissible error values are “L” or “BA”; integration step — “H” or “AA”.

After working the fuzzy knowledge base, the degree of belonging of the input data is obtained:
1oy )=0,663; u(vy)=0,752; u(dy/Fy)=0976; u([e])=09598; u(h, )=0,989.

The rules turned out to be active under the number one of the basic rules base and
supplemented to it, therefore, the output variable, the forecasted value of the durability ¢* should be
either average or above average (“M” or “AA”). The center of this cluster for the value of durability
i =49972 years.

Using the fuzzy logical conclusion of Mamdani and the method of heights, it is possible to
obtain a defuzzified value of the forecast value t* As it is known, there are a sufficient number of
defazzification methods. Without loss of generality of reasoning, the method of heights [21] was used
in the work and the desired was obtained value tdef =4,47 years. It can be argued that the expert’s

confidence level of this value has a pessimistic forecast of 0,663 and an optimistic 0,989.

It should be noted that in this case, to verify the results obtained, the reference value of the
durability was calculated #*=4,6507 years of the model structure, which was calculated with a
sufficiently small integration step /,=0,00078 years [21]. The reference solution can be considered

asymptotically exact and obtained for comparing the numerical results. However, the calculation of
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standard solutions is quite expensive and this approach to solving optimal design tasks is unjustified or
generally unsuitable.
Conclusions

The results of numerical experiments for the test sample demonstrate fairly close values of the
forecasted CS durability. Moreover, the fuzzy knowledge base, as a rule, offers it slightly less than in
the test sample, which is quite acceptable for the task being solved.

The multi-stage approach proposed in the work for working with multidimensional data arrays
using fuzzy clustering allows to formalize the initial information. The resulting reference rule base
serves as the basis for a numerically complete rule base. The results of numerical experiments make it
possible to assert that a fuzzy clustering system allows to obtain a forecasted value of durability in
modeling the behavior of corroding structures.
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HEYITKA KJIACTEPHU3AILS JJIS1 ®OPMAJII3ALIL HEMIOBHOI IHOOPMAIIIL
B 3AJIAYAX ITIPOTHO3YBAHHS JOBI'OBIYHOCTI KOPOJYIOUHUX
KOHCTPYKLIN

Koporka JLI.

Pedepar

[Ipu BupimeHHi 3afad TPOTHO3YBaHHS IOBIOBIYHOCTI KOPOAYIOUMX KOHCTPYKLIA Ta iX
ONTHUMAJILHOTO TIPOEKTYBaHHS (B poOOTi mpsimMa Ta oOepHEHa 3ajjaya) BUHUKAE HEOOXigHICTE 00poOKH
0araToOBUMIpHUX MAaCHBIB JaHWUX JUIS MIJBUIICHHS €(PEKTUBHOCTI OOYHMCIIOBATbHUX aAJITOPUTMIB.
3anponoHoBaHO GopMaii3yBaTH HasiBHY iH(opMalito, sika MpeAcTaBieHa Y BUIVIAAl OaraTOBUMIpHHUX
MacHBIB JUCKPETHHUX BEIMYWH, BUKOPHUCTOBYIOUM OarartocTyneHeBUH minxia. Bin Bxmowae Taki
OCHOBHI KPOKH: HEWITKY KJacTepu3alilo BXiTHMX HaHux (poboTa fcm-anroputmy); ¢opmaizaiiro
JAHUX 10 KOKHOMY KJIACTEpy Y BUTJISII HEUITKOI 0a3u 3HaHb: MepEeBU3HAYEHHS OMOPHOI 0a3u mpaBul;
Oe3rocepelHe 3aCTOCYBaHHSI HEYITKOro BUBEIEHHA (Hampukian, y pobori anroputM Mampani) Ta
nedaszndikaiiss METOJOM BHCOT.

[IpononyeTbes 3amucaTy MpaBuia Uil HEUiTKOI 0a3u 3HaHb Ta HAOOPY TEPMIB JIHI'BICTUYHUX
3MIHHMX, BUKOPUCTOBYIOUHM iH(opMallito, sika oTprMaHa Iiciisi BUKOHAHHS MpoLecy KiacTepusaiii. B
SKOCTI HOCiSi MHOXKMHH TEpMIB PO3IIIAJAIOTHCS 3a37alieriib BU3HAUEHI MEXi KOKHOI'O HEYITKOro
Kjacrtepa, a LEHTP BIANOBIAHOIO KiacTepa pO3IsAaeTbes K Horo sapo. msa ¢opmanbHOro
npeAcTaBieHHs (QYHKIIH HaJeKHOCTI BUKOPHUCTOBYETHCS C-PIBHEBUH NPHHLUI Yy3araJbHEHHS.
Po3risiHyTO Ba)KiMBI BIACTHBOCTI MpaBHJI OTPUMAaHOI 0a3u 3HaHB, SIKi HMPOIOHYETHCSI BUKOPUCTATH
JUIl BHU3HA4YEeHHS Oa3u mpaBwjl. 3alpolOHOBAHO HEYITKY MOJENb MPEeACTAaBICHHS 3HaHb NpU
PO3B’s13aHHI 3a/1a4 yKa3aHOTro Kiacy.
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BukopucToByioun HediTke JIOriYHE BUBEACHHS MaMaHi Ta METOJ BHUCOT, MOKHA OTpUMATH
MPOrHO30BAaHE 3HAUYCHHS JOBIOBIYHOCTI KOPOAYIOUMX KOHCTpYyKHid. B  sdkocTi anpTepHaTHBU
HEHpPOHHUM MepeKaM MpH BHpIMIEHHS 3aJad amnpoKCHUMalii MPOMOHYETHCS  3aCTOCYBaTH
OaraTtocTyneHeBHI MiIXiJ, 3aCHOBaHUI HA HEUITKiN KiacTepu3allii Ta Teopii HEeUiTKUX MHOXKHH.

3anponoHoBaHWH Minxin Ao3Boisie GopMallizyBaTH HasBHY HEUITKY iH(OpMaliio i 3a1ad
TaKOro Kiacy. btk TouHe KOpUTyBaHHS OTpUMaHOI 0a3u 3HaHb Ma€ HE3aJISKHE 3HAUCHHS 1 BUMarae
OKPEMOI'0 PO3IJISLY.

PesynbTat 4yncenbHMX EKCIIEPUMEHTIB Jal0Th 3MOIY CTBEPIKYBaTH, IO 3alpOIOHOBAaHA
cHUCTeMa HEYITKOl KJacTepu3alii J03BOJISIE TPOrHO3YBATH JOBIOBIYHICTH KOHCTPYKIIH, fKi
(YHKLIOHYIOTh B arpeCUBHUX CEPEAOBHUILAX, Ta, SIK HACTIJOK, 3MEHIIUTH O0YMCIIIOBAIbHI BUTPATH.
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MODELING PRODUCTION OF CORROSION RESISTANT DIFFUSION LAYERS UNDER
NON-STATIONARY TEMPERATURE CONDITIONS

The paper discusses methods for obtaining alloyed chromium-alloyed coatings and the search
for optimal powder mixtures that allow the formation of protective coatings on CCCM under non-
Stationary temperature conditions. Refractory compounds, primarily carbides, borides, nitrides and
silicides, as well as alloys based on them, can be promising materials for applying protective coatings.
In addition to protection against oxidation, coatings made of refractory compounds have high
hardness and wear resistance. The implementation of the application of protective coatings on high-
carbon materials is difficult for a number of reasons. This concerns the low wettability of the carbon
surface by refractory metals, low adhesion of the coating to the substrate, which largely depends on
the thermophysical properties of the coating, and also the choice of coating components depending on
the operating conditions of the finished product. Under non-stationary temperature conditions, it is
possible to obtain coatings of various chemical compositions by varying the amount and content of
alloying additives. The gas-transport method of applying coatings using UTC makes it possible to
obtain CCCM with enhanced physical and mechanical properties, without requiring high energy costs
and time.

Keywords: modeling; optimization, variation interval; regression analysis, carbon material;
protective coating, corrosion, heat resistance.

B pobomi poszensnymi memoou ompumanHs 1e208AHUX XPOMOANIMIPOBAHHUX NOKPUMMIE |
HOULYK ONMUMATLHUX NOPOWUKOBUX WUXTH, WO 003601510Mb hopmysamu 3axuchi nokpumms na BBKM
npu HeCcmayioHApHux memnepamypHux ymosax. Illepcnexmuenumu mamepianamu 01 HAHECEHMS
3AXUCHUX NOKPUMIMIE MOICYMb OYMuU MY2OnaaeKi CHOLYKU, nepu 3a éce Kapoiou, bopuou, Himpuou i
cuniyuou, a maxoxc cniagu Ha ix ocrosi. Kpim 3axucmy 6i0 oxucneHmss nOKpumms 3 myeoniaeKux
CHOIYK MAiOmb 8UCOKY meepdicms i 3Hococmitikicmy. Peanizayis Hanecenns 3axuchux nokpummis Ha
BUCOKOBY2NIeYesUx mamepianrax YmpyoHeHa yinum psaoom npuuun. Lle cmocyemvcsa He 6uUCOKOIO
MOJICTUBICMIO  3MOYYBAHHSL NOGEPXHI GVeneylo MyOoniaeKuUMU Memaniamy, Cciaokoo adeze3i€r
noKkpumms 00 RiOKAAOKU, WO 3anedcums y 6azamo 6i0 menio@izutuHux 81acmueocmell NOKpUmMms, i
MAKodHc 6UOOPY KOMNOHEHMI8 NOKPUMMSL 8 3ANeHCHOCHI 8I0 YM08 pobomu 20mogozo eupobdy. llpu
HEeCMAayiOHapHUx MemMnepamypHux YMOBax MOJCIUEE OMPUMAHHA NOKPUMMIE PIZHO20 XIMIYHO20
cKaady, 6apiroioul KinbKicms i 3micm ae2yrouux 000agok. I azompancnopmuuii Memoo HaHeceHHs
NOKpUmMmie npu HeCmayiOHApHUX MeMNnepamypHux ymoeax, 0o36onae ompumamu BBKM 3
nioBUeHUMU (PI3UKO-MEXAHTUHUMU 6IACMUBOCAMU, HE BUMALAIOYU BUCOKUX EHEP2OBUMPAm i 4acy.

Knrouosi cnosa: mooeniosanns, onmumizayis, iHMepeanl 6apitO8aHHs, PecPeCUBHUNl AHAN3;
gyaeyesuli mamepiai, 3axXucHe NOKPUmmsi, Kopo3is, mepmocmitiKicme.

Problem’s Formulation

The practical use of carbon-carbon composite materials (CCCM) in high-temperature
processes is very limited due to strong oxidation, as well as erosion and burnout in gas streams. In this
regard, the protection of CCCM from oxidation and burnout is an important scientific and technical
problem. Refractory compounds, primarily carbides, borides, nitrides and silicides, as well as alloys
based on them, can be promising materials for applying protective coatings. In addition to protection
against oxidation, coatings made of refractory compounds have high hardness and wear resistance.

Analysis of recent research and publications

Analysis of the latest research sources and publications. The known methods of obtaining
coatings have a number of disadvantages and advantages. The most unacceptable is the fact that when
a coating is obtained by impregnating Si from the liquid phase, a chemical interaction occurs with the
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CCCM matrix and a carbide phase is formed, while the mechanical characteristics of the material
change, and it should also be taken into account that the carbide component is formed unevenly along
section of the main material.

The implementation of the application of protective coatings on high-carbon materials is
difficult for a number of reasons. This concerns the low wettability of the carbon surface by refractory
metals, low adhesion of the coating to the substrate, which largely depends on the thermophysical
properties of the coating, and also the choice of coating components depending on the operating
conditions of the finished product. However, to date, many technologies have been developed for the
application of protective coatings on carbon materials using the methods of chemical thermal
treatment (CHT), as well as impregnation from the liquid phase.

These methods of obtaining coatings have a number of disadvantages and advantages. The
most unacceptable is the fact that when a coating is obtained by impregnating Si from the liquid phase,
a chemical interaction occurs with the CCCM matrix and a carbide phase is formed, while the
mechanical characteristics of the material change, and it should also be taken into account that the
carbide component is formed unevenly along section of the main material. In this case, the use of CHT
methods is much more priority, but it is characterized by high energy consumption and duration of the
process.

One of the most promising methods of applying protective coatings today is the production of
diffusion layers under unsteady temperature conditions (UTC) [1—5]. Based on the analysis of the
requirements for coatings at CCCM, we chose the diffusion method of surface saturation from the
solid phase in an active gas medium in the UTC mode. A distinctive feature of this method is the high
quality of the resulting coating surface, short duration, and high temperatures, which are characterized
by the composition of the UTC-mixture. Under UTC conditions, it is possible to obtain coatings of
various chemical compositions by varying the amount and content of alloying additives.

Many scientists are engaged in the issues of increasing the heat resistance of machine parts.
Recently, the use of chromium-alloyed coatings has become widespread. Chromoalloying —
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 chromium
alloying include: solid, from the vapor phase, gas and liquid — simultaneous and sequential, solid —
simultaneous and from slip [11—12].

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

At a content of < 25% in the mixture, a chromosilicated layer is formed, at 25—40% Al — a
chromoaluminosilicated layer, and at a content of > 40% Al — an aluminized layer.

Chromoalitization can be carried out in a sequential manner, chromium plated and then
aluminized. Simultaneous saturation with chromium and aluminum occurs in aluminothermic mixtures
with a Cr203:Al ratio of 75-60: 25-40. At a content of > 40% Al in the mixture, a predominantly
aluminized layer is formed. At a concentration of <10 Al on the surface of the layer, the mechanical
properties of steel do not differ from the properties of the initial one, and at a higher aluminum
content, the characteristics of strength, ductility and impact toughness decrease [13—15].

Composite materials based on carbon fibers and carbon matrix are used in industry as:

- High-temperature insulation (asbestos replacement). Pyrocarbon composites: thermal protec-
tion, vacuum furnaces, growth units for monosilicon, stress furnaces for silicon carbide products, etc .;

- Anticorrosive coatings and linings;

- Hydroturbine and ship bearings, friction units.

CCCM are widely used in products of rocket and space technology as heat-shielding materials.
However, as with any material, CCCM has a number of disadvantages, the main of which is low oxid-
ative resistance at temperatures above 500 °C [10]. Therefore, special heat-resistant coatings are re-
quired for CCCM. Samples for experiments with CCCM (URAL-T22P).

Alloy protective coatings obtained under isothermal conditions have a more porous surface
(FeAl phase is present), through which oxygen penetrates to the surface of the CCCM. In comparison
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with the coverings received in isothermal conditions, heat resistance of the alloyed protective cover-
ings received in the UTH conditions is 1,5—1,7 times higher that can be explained also by higher con-
centration of chromium, aluminum, silicon and titanium which promote formation of protective oxide
skin SiO,, TiO,, Cr,03, ALOs. It was found that protective coatings doped with silicon and titanium,
successfully protect carbon materials from oxidation in the temperature range 900—1100 °C.
Formulation of the study purpose

The purpose of the work is the search for optimal powder SHS-charge, allowing the formation

of alloyed chromium-alloyed protective coatings on CCCM in UTC conditions.
Presenting main material

In this work, CCCM was used for coating. Chemical-thermal treatment was carried out in an
open-type reactor (P =10’ Pa) in the temperature range 900—1100 °C and the total duration of
isothermal holding up to 60 min. A mixture of powders with a dispersion of 100—400 microns was
used as a saturating medium, powders of these materials: Cr,Os, Al,O;, Al, Ti, Si, J,, NH4Cl . In order
to search for the compositions of SHS powder mixtures providing high corrosion resistance, a full
factorial experiment was used.

Table 1. Results of regression analysis of experimental data

Parameter Response functions
Y,

by 60,311
b, -0,6
b, 4,1
b; -0,6
b, 0,1111
bs -3,3889
bs 4,1111
b, 2,375
bg 0,375
by 2,125
Ab 2,02

t- criterion 2,77

F- criterion 2,84<6,16

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 [6—9].
The following were chosen as independent variables:, the content of the chromium component, silicon,
titanium and aluminum in the SHS-mixture. Steel 50 was chosen as the starting material. The process
activators are J, and NH,4F for all systems. To obtain a 100% composition of SHS powder mixtures,
AlL,O5 was used as the final product.

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 between the upper and lower levels.In order to
determine the mode and SHS-compositions that provide optimal indicators of heat resistance of
coatings, three-dimensional graphical dependences were built (Fig. 1).

Based on the results of mathematical modeling, the optimal content of alloying elements was
established when applying corrosion-resistant coatings on the CCCM. From the analysis established
that the rational titanium content of 20% of the mass. As the aluminum content increases, the amount
of mass loss decreases. The rational content of aluminum is 14—15% of the mass. As a result, the
optimal composition for applying corrosion-resistant coatings is: 25% CC + 15% Al + 20% Ti+ 35%
ALO; + 2% I+ 3% NH.CL
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As a result of calculations, the following equations were obtained:

Y, =60,311—-0,6X;+4,1X,— 0,6X;5 + 0,1111X,*— 3,3889X,” + 4,1111X*+
+2,375X, X5+ 0,375X,X;5 + 2,125X,X;.

The analysis of the reactions occurring during the UTC 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 thermal autoignition mode
can be conventionally divided into five stages: inert heating of the UTC mixture to the autoignition
temperature, thermal autoignition, heating of parts, isothermal holding and cooling.

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

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

At 3 stages — the stage of warming up the 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 doped with titanium and silicon.

At the 4th stage, the stage of isothermal holding, a constant diffusion flow of the formed active
atoms of chromium, aluminum, silicon and titanium is formed. The diffusion layer increases and the
chromium-alloyed layers are doped with boron and silicon. With increasing isothermal exposure, the
layer thickness increases. The growth of the layer obeys a parabolic law.

At the 5th stage — the cooling stage, 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.
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For tests of heat resistance, flat samples were used (thickness = 3 mm, length = 30 mm, width =
20 mm). The test temperature was: 90—1100 °C. Weighing of the tested samples was carried out
every 5 hours of testing, on an analytical balance VLR — 200 with an accuracy of 10 g. The total test
time was 25 hours. The best heat resistance among the considered coatings have chromium-
alumosilicated coatings. Their heat resistance is 2.5—3.3 times higher than that of uncoated samples.

Conclusions

Based on the results of mathematical modeling, the optimal content of alloying elements was
established when applying corrosion-resistant coatings on the CCCM. From the analysis established
that the rational titanium content of 20% of the mass. As the aluminum content increases, the amount
of mass loss decreases. The rational content of aluminum is 14—15% of the mass. The rational
content of aluminum is 14—15% of the mass. As a result, the optimal composition for applying
corrosion-resistant coatings is: 25% CC + 15% Al + 20% Ti+ 35% ALO; + 2% J,+ 3% NH4CL

When studying the influence of the mode of thermal self-ignition, it was found that the optimal
process temperature is 1050 °C, the duration of exposure at this temperature — 60 minutes. The best
heat resistance among the considered coatings have chromium-alumosilicated coatings. Their heat
resistance is 2.8—3.5 times higher than that of uncoated samples. Research the heat resistance of the
obtained protective coatings, suggests an increase in the heat resistance of machine parts and
mechanisms by 1.5—1.9 times. The gas-transport method of applying coatings using UTC makes it
possible to obtain CCCM with enhanced physical and mechanical properties, without requiring high
energy costs and time.
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MOJEJIOBAHHSA KOPO3IMHOCTIMKUX JJU®Y3IMHUX IIAPIB ITPU
HECTAIIIOHAPHUX TEMIIEPATYPHUX YMOB
Cepena I1.b.

Pedepar

B po6oTi po3risHyTi METOJM OTPHUMAaHHS JIETOBAHUX XPOMOATITIpOBAHHHUX IMMOKPUTTIB 1 OIIYK
ONTHUMAJILHUX TMOPOMIKOBUX MIUXT, IO JO3BOJIAIOTH (OpMyBaTh 3axucHi mokputta Ha BBKM mpu
HecTal[iOHApHUX TeMIlepaTypHUX yMoBaX. [lepcrieKTHBHMMHU MaTtepiaiaMu IJisi HAaHECEHHS 3aXHUCHHX
MOKPHUTTIB MOXXYTh OyTH TYTOIUIaBKi CIIONYKH, TIEpII 3a Bce KapOinu, OOpuan, HITPUIM 1 CHITIIKUIN, a
TaKOX CIUIaBH Ha iX ocHOBi. KpiM 3axucTy Bill OKHCIIEHHS MOKPUTTS 3 TYTOIUIABKUX CIONYK MaroTh
BHCOKY TBEpPAICTH 1 3HOCOCTIMKICTh. BimoMi MeToau OoTpHMaHHS NOKPHUTTIB MAaIOTh PsIl HENOMIKIiB i
nepesar. HailOnpln HeNmpUHHATHUM € TOM (pakT, O NPH OTPHUMAHHI HOKPHUTTS MPOCOYCHHSIM
KpemHieM Si 3 pinkoi ¢asm, BinOyBaeThcs XimiuHa B3aemomis 3 matpuiieio BBKM i yTBoproerscs
kapOigHa (asza, Ipu OMY 3MIHIOIOTHCS MEXaHIYHI XapaKTEpHCTUKU MaTepialy, a TaK camo CIif
BpaxoByBaTH TOW (akT, 1m0 KapOifHa CKIal0Ba YTBOPIOETHCS HEPIBHOMIPHO 1O TIEPETUHY OCHOBHOT'O
MaTepiaiy. Peanizamis HaHeCEHHS 3aXMCHUX MOKPUTTIB HAa BUCOKOBYTJICLIEBUX MaTepiaiax yIpyAaHeHa
oinaM psimoM npuyuH. Lle cTocyeThcsi HEe BHCOKOIO MOXKIIMBICTIO 3MOUYYBAHHS ITOBEPXHI BYIJICLIO
TYrOIUTABKUMU MeTajlaMH, cJIaOKOI0 aAre3i€lo MOKPUTTS 10 MiAKIAIKH, II0 3aleKUTh Yy 0araTo Bim
TerT0(i3MYHUX BJIACTHBOCTEH MOKPUTTS, i TAKOXK BUOOPY KOMIIOHEHTIB MOKPUTTA B 3aJICKHOCTI Bif
YMOB pOOOTH TOTOBOTO BHPOOY.

[Ipy HecTamioHapHHX TeMIEpPAaTYPHUX YMOBaxX MOJKIMBE OTPHUMAHHS MOKPHUTTIB Pi3HOrO
XIMIYHOTO CKJaJy, BapilOlouM KUIBKICTH 1 3MiCT Jieryroumx no0aBok. ['azoTpaHcnopTHUIl MeTon
HAHECEHHS MOKPUTTIB MPU HECTALlIOHAPHUX TeMIIEpaTypHUX yMOBax, No3Bomse orpumatd BBKM 3
MiABHIICHUMH (Pi3MKO-MEXaHIYHUMH BIACTUBOCTSIMU, HE BUMAraloun BUCOKHX €HEproBUTPAT 1 yacy.

3 METOI0 MOIIYKY CKJIaJiB MOPOLIKOBUX IIWXT, IO 3a0€3MeYyloTh BHUCOKY KOPPO31OHHYIO
CTOMKOCTh 1 JKapOCTIHKiCTh, BHKOPHUCTOBYBaBCS TIOBHHHA (HaKTOPHHH eKcliepuMeHT. Bubip
ONTHUMAJBHOTO cKiIaay cymimi s mpoBeaeHHss CBC — mpomeciB B yMOBax TeMIOBOTO
caMmo3aiiMaHHSl TPOBOIMJIM Ha MiACTaBi pe3ynbTaTiB AOCTILKEHb TEIUIOBOI KAapTUHHU Tpolecy i
(i3uKO-MeXaHIUHUX BIACTUBOCTEH 3aXUCHHUX MTOKPHUTTIB.

[lepeBipka anexkBaTHOCTI MOAENEH IOKa3ye, IO iX MOXXKHA BHKOPHUCTOBYBAaTH Uil IIPOT-
HO3YBaHHsI 3HaueHb ()YHKLIH BIATYKY HpU OyAb-SKMX 3HAYEHHSX (DaKTOpiB, IO 3HAXOIATHCS MIX
BEPXHIM 1 HW)KHIM pPIiBHSAMH. 3 METOI0 BHU3HAYEHHS PEXKHMY 1 CKIaay IIUXTH, MO 3a0e3MedyloTh
OTPUMAaHHS ONTHMANbHUX MOKAa3HHKIB >KapOCTIMKOCTI TMOKPUTTIB OyAyBasid TpUBHUMIpHI Tpadiuni
3aJIeKHOCTI, Ta OTPUMAaHO ONTHMAJbHAN CKJIal MIMXTH TPH HACHYEHI NpH HECTaliOHAPHHUX
TEeMIIepaTypHUX YMOBaX.

Jliteparypa
1. Chuen-Chien Lee (1990) Fuzzy Logic in Control Systems: Fuzzy Logic Controller, Part I1. IEEE
Transactions on systems, man, and cybernetics. 1990/3. — Vol. 20, Ne 2. — P. 404-418.



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

10.

11.

12.

13.

14.

15.

TpedunmoBa H.B. AHanu3 COBpEeMEHHBIX METOJOB HAHECEHHS 3alUTHBIX MOKPBITUN//
CoBpeMeHHbIe HayKoeMKue TexHonoruu. — 2014. — Ne 10. — C. 67-67

Jlaxtr FO.M. MerannoBenenue u repmudeckas oopadorka meramios. / FO.M. Jlaxtun // — M.:
Meramnyprus, 1993. — 448 c.

Mepxkanos A.I". IIpouecce ropenus u cunte3 Mmatepuanos/Ilon pen. U.T. Tenensl, A.Il. Xauos-
Ha. YepHoronoskam MCMAH, 1998. 512c.

Cepena B.I1. CoBpeMeHHOE COCTOSIHHE U MEPCIEKTUBBI PAa3BUTHSI TEXHOJIOTUH HAHECEHHUS 3alUT-
HbIx nokpbITuil B yenosusix CBC / B.I1. Cepena, U.B. Kpyrnsk, B.1. MBanos // HoBbie maTepua-
JIBl ¥ TEXHOJIOTHH B METAITYpPTrUX ¥ MammHocTpoeHuu. — 2004, — Nel. — C. 88-93.

Cepena B.I1. TloBepxueBe 3MminHeHHs1 MatepianiB: Monorpadis / Cepena b.I1., Kaninina H.€.,
Kpyrnsik [.B. — 3anopixoks: PBB 3/11A, —2004. — 230 c.

XycauHoB M.A. Xumuueckas razopasHo-audy3snoHHasi KpucTaIM3auus U CTPYKTypa MOKpPbI-
THH K3 KapOMA0B mepexogHbix MeramioB 1Va — Va monrpynn Ha rpagute / M.A. XycanHoB,
I''M. Jemsmer, M.M. Mepmnisako // 3. AH CCCP. Meramisl. — 1991. — Ne4. — C. 152-157.
3amyTHBIC TOKPBITHS KOHCTPYKIHMOHHBIX yrierpaguroBbix Matepuanos / B.C. JlepryHosa, ' A.
Kpageukuii, A.B. Emsites [u ap.] // 3amutasie nokpeitus. — JL.: Hayka, 1978. — C. 114-117.
I3snukesud 10.B. Llnaxu 3axucty rpadiroBux marepianiB Bin okucienns (Ornaxn) / FO.B. 3s-
mukeBnd, B.E. Omiiinuk // [lopomkoBas metautyprus. — 1996. — Ne 3/4. — C. 41-47.

Cepena B.I1. MccnenoBanue KuHETHKH (HOPMHPOBAHUS 3AIIMTHBIX MOKPBITHH HA YIIIEpOTHBIX
matepuanax B ycinoBusix CBC/ B.IIL. Cepena, FO.A. Benokons, }0.B. Bonnapenxo // C6. Hayu.
TpyznoB “CTpOHTENbCTBO, MaTepuanoBeaeHrne, MammHoctpoenne”. Beim. 45, U.2, Crapoxy0OoB-
ckue yrenus 2008, Iuenponerposck. — C. 31-36.

SAronkun F0.J1. XKapocroiikue nokpertust (0630p) / FO. . Aroakun, B.C. TepentoeBa // Mtorn Hayku
u Texuukd. Cep. MetaimoBeneHue u Tepmuaeckas oopadorka. — 1991. — Ne 25. — C. 183-254.
Xumuko-repMudeckas 06paborka MeTauioB U cruiaBoB. CnpaBounuk. bopucenok I'.B., Bacuib-
eB JI.A., Bopomnun JLI'. u np. M.: Merannyprus, 1981. 424 c.

Cepena B.I1., babauyenko €.B., Cepena J.b. YTBOpeHHS ®apoMIlIHUX CIJIaBiB Ha OCHOBI 1HTeEp-
METaJiIHUX CHONYK, oTpuMaHHUX B yMoBax CBC. CTpouTenbcTBO, MaTepHalOBEACHUE, MAIIIH-
Hoctpoenue: CO. Hayy. TpynoB. Beim. 74 - JIn-Bck., [ITACA, 2014.- C.29-33.

Sereda B., Sereda D. Modeling Deformation in Material Processing and Laws of Phasic by SHS
Pressing Intermetallics Alloys. Material science and technology 2015. Conference and Exhibi-
tion. Columbus, OH,USA. 1821p. P.611-617

Cepena B.II. Teopis OymoBu pigkoro, KpHCTAJIIYHOTO Ta aMOp(HOro craHy pEYOBHHHU.
Hapuansuuit nociouuk 3 rpudom MOHY, rpud Ne 1.4/8-I"-80.-3anopixxxs PBB 3/1IA, — 2008. —
238 c.



62 Marematnune MozemtoBanas Ne 2(43) 2020

DOI: 10.31319/2519-8106.2(43)2020.219269

UDK 538.911

A. Dedoborez, associate professor, Mathematphysics@gmail.com
A. Kletskov, assistant, alex.kI87@i.ua

V. Tsotsko, senior lecturer

Dniprovsky State Agrarian and Economic University, Dnipro

DETERMINATION OF OPTIMAL PARAMETERS TO RECEIPT THE SEMICONDUCTOR
TAPES OF CdSe/ZnTe ON BASIS OF MATHEMATICAL MODEL

Worked out mathematical model of receipt the semiconductor tapes for comparison with expe-
rimental data got the method of molecular-radial epitaxation.
Keywords: time of evaporation, speed of besieging; vaporizer, lining.

Po3pobrena mamemamuyna mooens ompumanis Hani6NPOGIOHUKOBUX NATEOK 05l 3ICINAGIEHHSA 3
EeKCNePUMEHMATLHUMU OGHUMU OMPUMAHUMU MEMOOOM MOLEKYVIAPHO-NPOMEHEBOT enimaKcii.
Kniouosi cnosa: uac eunapogyganhs, weUOKiCmy 0CAONCEHHS, BUNAPHUK, NIOKAAOKA.

Problem’s Formulation

High enough speed of besieging of semiconductor tapes puts the problem of determination of
the most optimal parameters of evaporation and creation of mathematical model by means of which it
is possible it would be to change parameters for different configurations of semiconductor pellicle
structures.

Analysis of recent research and publications

Research of structure and properties of semiconductor tapes of connections of A;Bg many
works are sanctified to, including [1,2,3]. For creation of mathematical model of receipt of semicon-
ductor tapes drawn on the results of research of authors [1,4,5,6].

Formulation of the study purpose

The purpose of work is development of mathematical model for determination of optimal para-
meters of receipt of semiconductor tapes on the basis of comparison with experimental data got the me-
thod of evaporation in a vacuum, determination of pressure of gases in middle of the quasi-closed vo-
lume of a vacuum post, time and temperature of evaporation.

Presenting main material

There are many methods of besieging of thin-films. General requirements to the receipt of
thin-films is evenness of thickness of tape, homogeneity of her structure, high adgesion with lining or
other tapes. From all methods of receipt of thin-films the method of thermal evaporation most answers
the declared terms in a vacuum with the indirect heating by a glower (capacitance-resistance heating).

Essence of method of the capacitance-resistance heating consists in placing of the evaporated
material in a vaporizer, which is heated by a current until then while pressure of pair of material will
exceed pressure in a vacuum system. Vaporizers make from materials with subzero flying (tungsten,
molybdenum). Capacitance-resistance vaporizers depending on a construction are to the wire, band
and tigel. Most widespread from them are tigel vaporizers. Tigel vaporizer is bath in what place the
evaporated material. Mostly the crucible is made from a refractory metal and has a form to the cone.

In this research a device was used for the all-epitaxial increase of tapes of VCC-5M. (fig. 1). At
thermal evaporation distance of L between a vaporizer and lining folded from a 100 mm to 500 mm
Radius of ring of vaporizer — » =5 mm Vaporizer was cutting-in in tungsten wire (& wire is a
0,8 mm) with quartz crucible, where halkogen was loaded. Mass of evaporant folded from 50 mg to
200 mg. A lining area is covered by the layer of tape of F is 3-10™*m”. Pressure of remaining gas of Pis
a 10"'pascal. A closeness of matter of tape is p (CdSe) = 5,81-10° kg/m’, a closeness of matter of tape
is p (ZnTe) = 6,34-10° kg/m’.
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Fig. 1. Chart of device for the synthesis of tapes of CdSe and ZnTe in CCV: 1,2 are the
evaporated compartments; 3,4 are heaters of walls; 5—7 are afterheaters; 8—10 are thermocouples; 11
is lining; 12 is a lining heater; 13 are stands; 14 are heater elements of vaporizer [1]

Properties of thin-films substantially depend on the parameters of process of besieging: speeds
of besieging, temperature of lining, remaining vacuum and others like that
Speed of besieging is determined after a formula:

v, = Bxq 'R, (1)
where f is a coefficient of condensation, which takes into account the terms of condensation (frequen-
cy surfaces, temperature), x — const, that depended on the form of vaporizer.

Speed of evaporation v, in id est amount of matter [2,3], evaporated for one second from unit
of area of surface of vaporizer, calculates in obedience to the formula of Hertz-Knudsen [4] but looks

like:
v, = 0,585P; \/% (2)

where P; is pressure of pair of matter.
In times of ¢ evaporation an amount of the evaporated matter is from the vaporizer of radius of 7:
o = wnr’t. 3)
On condition that all atoms of evaporant condense on lining a desorption is absent, it is possible
to consider that 0= G, where G is mass of the got tape.
The thickness of tape can be certain from correlation:

m
d= vomr®t _ OISSS.PS\/; nrlt, 4)
Fp Fp

where m is mass of evaporant, # is time of evaporation.

Thus under a thickness understand such thickness, which the layer of matter, equipartition for
surfaces subspoon would have with the closeness of this matter. In an order to take into account the
unevenness of distribution of tape for the surfaces of lining it is necessary to enter the coefficient of
proportion of Z:

1
z (1+(%)2)3/2’ (5)
where £ is distance from the center of lining to the view point, L is distance from a vaporizer to
the center of lining.
Then finally will have a formula:
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O,585PS\/% .
= t.

=— ¥ 6
Fp(1+(%)2)3/2 r ©)

Expression for high speed of evaporation (2) was got Lengmur [4] from experiments answers
evaporation from free-form, id est situations of not "returning" of the evaporated particles are on the
surface of lining. Such evaporation is named lengmured [4]. By a key variable which influences there
is a temperature on speed, as she is strong influence on pressure saturated pair.

In this work for practical application it is approximately possible to apply a formula from the
estimation of thermodynamics data [4, 5] for pressure saturated pair of matter 2, above fusion evened:

InP,(mm.m.p) = —15.993T 1 + 12.409 + 0.999 In(T) — 3.52 - 10~2T. (7)

At causing of tapes by the method of evaporation a matter must evaporate in the molecular
mode (fig.1), an atomic (often as "molecular") bunch is here created, and his particles move from a
vaporizer to the subspoon rectilineal, without collisions. In obedience to these terms and on the basis
of kinetic theory of gases it is possible to get next dependence:

L ~5-1073/P,(mm.m.p). (3)

Then according to initial data will get a value Zsnear 1—7 Pascal. Putting finding to (7) will
get the value of near 600—650 K.

For determination of time of evaporation it is necessary to compare the experimental and theo-
retical values of thickness of tapes. The thickness of tape on a flat subspoon which is athwart to the nor-

mal to the surface of vaporizer is determined by expressions [6]:
mL

d= 4mpad (9)
and
2
d = _:;z - (10)

where a — is distance from a vaporizer to the looks point, L is distance from a vaporizer to the center
of lining,

For determination of thickness of d in the set point of subspoon it is necessary look to examine
evaporation from all elements of ring [6]. The angular co-ordinates of element of vaporizer are deter-
mined by a corner d, and for the stowage of holding from every element it is necessary to integrate for ¢
from 0 to 2.

a? =1%? +r2+ h% + 2hrcos (a), (11)
where 4 is distance from the center of lining to the looks point, 7 is a radius of ring of vaporizer.

At calculations assumptions are done in relation to descriptions of evaporation from the separate
elements of vaporizer. HollandandShtekelmaher conducted a calculation for a "ring which consists of
point or superficial vaporizers". Integration for ¢ equalizations (9) and (10) taking into account equality

(11) gives for a size d expression:
_m L2(L?>+h2%+1?)
d= mp ((L2+h2+712)2—412p2)3/2" (12)
Comparing expressions (12) and (6) can get expression for time of condensate ¢:
2
_m L2(L?+h?+71?) ] FP(“’(%) )3/2
T mp ((L2+h2+12)2-412h2)3/2

. 13
O,585Ps\/%7tr2 ( )

Time of evaporation folds from 5 c to a few minutes, depending on mass of condensate matter.

Coming from finding can define the optimal parameters of receipt of semiconductor tapes. Pres-
sure of pair of matter A it is better to do a permanent size (in this research 5 pascal), id est distance from
a vaporizer to lining always unchanging. Also from these data swims out, that and a temperature of eva-
poration is a permanent size.

Knowing what thickness of semiconductor tape it is necessary condensate on lining it is possi-
ble from a formula (12) to expect mass of evaporant. Time of evaporation of ¢ settles accounts after a
formula (13) for every found mass of evaporant.
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Conclusions

The worked out mathematical model provides high enough exactness of approximation and flex-
ibility to the change of terms of receipt.

For the brought objects over it is got: pressure steam evaporant — 5 Pascal optimal temperature
of evaporation — 650 K, optimal value of distance from a vaporizer to lining — a 100 mm a mathemati-
cal model is created for the calculation of thickness of semiconductor tape and time to the necessity for
her causing on lining. Research of receipt of tapes of different thickness is conducted, at it data of expe-
riment with high exactness of near with data of theory.
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BU3HAYEHHS OIITUMAJIBHUX ITAPAMETPIB OTPUMAHHSA
HAIIIBITPOBI/THUKOBHUX IIJIIBOK CdSe/ZnTe HA OCHOBI
MATEMATHUYHOI MOJEJII

Hino6opens O.M., Kixenkos O.M., Lonko B.I.

Pedepar

Mertoto poOoTH € po3poOKa MaTeMaTHYHOI MOJENI AJIsl BU3HAYCHHS ONTUMAIBHUX MapaMeTpiB
OTpUMaHHS HaIliBIPOBIAHMKOBUX IUTIBOK Ha OCHOB1 3iCTaBICHHS 3 EKCHEPUMEHTAIBHUMH JAHUMHU
OTPUMaHNUMH{ METOAOM BUIIAPOBYBAHHS Y BaKyyMi, BU3HaUCHHS THCKY T'a3iB yCepeArHi KBa3i3aMKHYTOTO
00’€My BaKyyMHOTO IIOCTY, Yacy Ta TeMIIEpaTypy BUIIApPOBYBaHHS

Icnye Garato MeToniB OcaKeHHS TOHKMX IUTIBOK. 3arajJbHUMH BUMOTaMH O OTPHUMAaHHS TO-
HKUX IUTIBOK € PIBHOMIPHICTh TOBIIMHH IUTIBKH, OQHOPIAHICTH ii CTPYKTYpH, BHCOKA aire3is 3 miama-
pKOM 200 IHIIMMU TUTIBKaMH. 3 YCiX METOMIB OTPUMAHHS TOHKUX IUTIBOK HAMOLIBIN BiAMOBITa€E 3asiB-
JICHUM YMOBaM METOJ TEPMIYHOI'O BHIIAPOBYBAHHS Y BaKyyMi 3 HENPSAMHUM MiIrpiBOM HUTKOIO PO3-
XKapeHHs (pPe3UCTUBHUM MiAITPiB).

CyTHICTh METOAY PE3UCTUBHOIO MiAIrPiBY MOJATa€e B pO3MILICHHI BUIAPIOBAHOTO MaTepiary y
BUIAPHUK, SIKMH HArpiBa€Tbcs CTPYMOM JI0 THX Hip JOKH THCK MapH MaTepiaiy MEepPeBHIIHUTH THCK Y
BaKyyMHIH cucTeMi. BUllapHUKN BHTOTOBIIAIOTH 3 MaTepiajliB 3 HU3BKOIO JIETKICTIO (BOJIb(pam, MOIi-
OneH). PesncTHBHI BUNIAPHUKH B 3aJIKHOCTI Bii KOHCTPYKUii OyBaloTh APOTOBi, CTPIYKOBI Ta THTElb-
Hi. Hall0inpI mommpeHuMy 3 HUX € TUTENbHI BHIAPHUKU. THUTENbHUM BUIAPHUKOM € BaHHA B AKY
MOMIIIAIOTh BUNApIOBaHUK MaTepiai. HalfuacTimie TUTenb BUTOTOBISETHCS 3 TYTOIIABKOTO METally Ta
Mae GopMy KOHYCY.
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B nanomy mocnigyKeHHI BUKOPUCTOBYBABCS MPUCTPIil AJIsl eMiTaKCciaJbHOTO HAPOIIYBaHHS IUTIBOK
BVII-5M. (puc. 1). IIpu TepmiuHOMy BuTIapi BicTaHb L Mk BUIAPHUKOM 1 MiAKIAAKOIO CKIIaZaja Bif
100 mm 1o 500 mm. Pagiyc kinbis Bunapauka — 7 = 5 MM. BunapHauk OyB BcTaBJICHUM Y BOJIb(pamo-
BY IpoBOJIOKY (2 mpoBonoku 0,8 MM) 3 KBapLEBUM THUTJIEM, KyAH 3aBaHTa)KyBaBCs XaJlbKOTeH. Maca
BHITAPOBYBAHOI peUuoBMHU ckiaaana Big 50 mr go 200 mr. [hnoma migKIa Ky MOKPUTA MAPOM TUTIBKH
F= 3-10" M’ Tuck sammmkoBoro rasy P= 10" Ila. Illineuicts pedoBunn miiBku — p(CdSe) =
5,81-10° kr/M’, mineHicTs peuoBuHM mIiBKH — p(ZnTe) = 6,34-10° kr/m’

Po3pobiiena maremaTiyHa MOJENb 3a0€3Meuy€e JOCUTh BUCOKY TOYHICTh alpOKCUMAIlil Ta THyY-
KiCTb 710 3MiHH YMOB OTPUMAaHHSL.

Jns mpuBeAeHNX 00’ €KTIB OTPHMAHO: TUCK MapiB BUMapoByBaHoi pedoBuHu — 5 Ila, ontuma-
JIBHUI TemnepaTrypa BunapoByBaHHA — 650 K, onTrManbHe 3Ha4YeHHS BifCTaHi Bil BUMAPHHUKA JI0 MiAK-
nmagkn — 100 mM. CTBOpeHa MaTeMaTWdHa MOJETH ISl PO3PaxyHKY TOBILMHHW HAMIBIPOBiTHUKOBOI
IUTIBKK Ta 4yacy HeoOXimHoMy sl 1l HaHeCceHHs Ha miakiIanky. [IpoBeneHo MOCTimKEHHS OTPUMAaHHS
TUTIBOK Pi3HMX TOBIIWH, IIPH BOMY JaHi €KCIIEPUMEHTY 3 BUCOKOIO TOUHICTIO CIIBMNAAAIOTh 3 JAHUMU
Teopii.
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MOJIEJIJIOBAHHSA PYXY IPYHTY 11O IIOBEPXHI 1OJIOTA

Crraodeno ougepenyianvhe pigHAHHA PYXy IPYHMY NO 00J0MY, siKe MA€E YUITHOPUYHY NOBEPX-
H10. J{OCHIOdCen s 6KA3VIOMb, WO NPU HEBENUKUX PAOLyCax KPUSUHU OOJOMO NPAYIOE Y PEHCUMI PO3-
NYULYBAHHS | nepemiwyenns IpyHmy. 3i 3pOCMAaHHAM KPUGUHU NePEeMIWEHH s IDYHIY 3HUNCYEMbCS | 00-
JIOMO NPAyIoe MiNbKU Y Percumi pO3nyuLy8anHs..

Knrouosi cnosa: tpynm; nosepxus,; 0oiomo, 06pooxa rpyHmy.

The differential equation of soil motion along the bit, which has a cylindrical surface, is made.
Studies indicate that at small radii of curvature, the bit works in the mode of loosening and moving the
soil. As the curvature increases, the movement of the soil decreases and the bit works only in the mode
of loosening.

Keywords: soil; surface, chisel; tillage.

IHocTanoBa npodsemu
JonoTo sIK TpyHT00OpOOHUH poOOUHiA OpraH, 3aCTOCOBYETHCS Ul PO3ITYLITYBAaHHS IPYHTY 1 30€-
PEeXEHHS ACPHUHU Ta POCIMHHUX PEIUTKIB Ha MOBEPXHI MOJIS.
PosramoByrounch 3a pod0d4nM OpraHoM, BOHO BiJBOJUTH Ha CBOIO MMOBEPXHIO YaCTUHY MOTO-
Ky IPYHTY, BIUTMBAaIOYH TUM CAMHM Ha IIPOIec 0OPOOKH IPYHTY.
JlonoTo sIK mpaBUIIO Ma€ KPUBOMIHIITHY TIOBEPXHIO, SIKa YHIBEpCalbHa, OJJHAK B ITAHUW Yac He-
Ma€ JOCTaTHBO MTOBHUX JOCTIDKCHBb PyXY IPYHTY MO KPUBOIIHITHOMY J0JIOTY.
AHaJIi3 0CTaHHIX JOCTiIKeHb Ta MyOJriKamii
Haii6inbm npocTuii KpUBOIIHIHHOIO MOBEPXHEIO € LHMWIIHAPHYHA TTOBEPXHS 3 MOCTIHHUM pai-
yCOM KpUBHU3HH. PyX 10 Takiii mOBEepXHi B KO)KEH MOMEHT Yacy MOKHA PO3KJIACTH Ha TOCTYNaIbHHH 1
obepTanpauid. Tak, B poOoTi [5] pO3riIsHYTO METOJUKY BU3HAYCHHS y3araJbHEHOro KoedilieHTta Tep-
Ts1. B pobori [1, 3] po3risiHyTO pyX IPYHTY 10 KYJIBTUBATOPHIN CTilI, a B [6] 1O MOBEPXHI CHIrOOYH-
carka. OKpiM IbOro poOOYi OpraHH TUIY «I0JOTO» 3aCTOCOBYIOTHCS MPU OKPEMHX TEXHOJIOTTYHHX
ornepauisx [4], HanpuKiIaa, BallHyBaHHI IPYHTY.
Haii6inpm 6mu3bpKoto € podora [2] B sIKil pO3TISHYTO pPyX YaCTHHKH MiJ Ai€I0 CHUIIH TSKIHHS
M0 KPUBOMIHIIHINA MOBEPXHI.
Opnnak Bci 1i poOOTH HE AaI0Th MOBHOI 3B'SI3KY MIXK PYXOM 1 TapaMeTpamMu MOBEPXHI.
DopMyJTIOBAHHS METH J0CTII:KEHb
VY cTaTTi po3rIISIHYTO PyX CTPYKTYPHOI'O arperaty IpyHTY IO IMOBEpXHI 10JI0Ta B 3aJ€KHOCTI
BiJ] MapaMeTpiB MOBEPXHI 1 IBUAKOCTI PyXy 3HAPSAI.
BukJsiax ocHoBHOTO MaTepiaay
B skocTi noBepxHi pobo4yoro oprany npuiiMaeMo MoJieNb, B SIKii TBipHa iHIWAEHTHA IO OJHI-
€1 HanpsiMHOT KpuBOi. [Ipyu IbOMY HampsiMHa KpHBa PO3TAILlOBaHA y BEPTUKAJIbHIN IUIOMIKHI, a TBipHA
— pO3TaloBaHa FOPU3OHTANIBHO. B K01 HanpsAMHOI KpuBoi npuiiMeMo Ayry kKoja. OCHOBHUMH mapa-
METpaMH{ HampsIMHOI B IbOMY BUTIAJIKy OYAYTb:
- paniyc Oyru Koia;
- KyT HaXWIy JOTHYHOI 10 TOPU30HTY B ITOYATKOBIH TOULI.
PiBHsIHHS HANPSAMHOT KPUBOi B IOJIAPHIA CUCTEMI Ma€ BUTIISA

r ((o) =R,
ne R — movaTKoBHil pajiilyc BEKTOp, M.
A B JlexapToBiii cucTeMi:
x=R-sin(a+a,),
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z=R-cos(a+a,),
1€ ¢, — INOYaTKOBUH KyT OBOPOTY pajiyc-BeKTopa (puc. 1), sikuil JOpIBHIOE KYTYy YCTaHOBKHM JIaIH
JI0 TOPU3OHTY &, =, , 'Pa.
Koopnunaru nonspaoro ueHtpy OyayTh BU3HAYATHCS TAKUM YHHOM:
Xor =R-sineg,,
Zpp =R-cosq,,

3 Meroro OOTpyHTYBaHHS MapaMeTpiB HANPSMHOI KPUBOI PO3IIITHEMO PYX TPYAKH IPYHTY IIO
HaNpsAMHIA KpUBIH 3rigHO 31 cxeMoro Ha puc. 1. [y Bu3HaUYeHHS MBUAKOCTI PyXy IPYHTOBOT YaCTHH-
KU T10 HaNpsIMHIH, 3aJISKHO Bl KyTa IIOBOPOTY pailyc-BeKTOpa, 3anuiieMo audepeHiiiaabHe PiBHIHHS
PIBHOBaru 4acTHHKHU IPYHTY:

mchR :_fl.Q—f1~P~cosa—P~sina,

A€ m — Maca YaCTUHKHU IPYHTY, KI; V, — IIBUIKICTh PyXy YaCTUHKHU IO HANpPsAMHIN, M/c; ¢ — 4ac

PyXy YaCTHHKH II0 HAaIPSIMHIN, ¢; f, — Koe(illieHT TepTs IPYHTY [OBEPXHi poOOYOro opraty, BiJHO-
cHi 0f1.; () — BiAlIGHTPOBa CUia iHepIlii, Iiroya Ha YacThHKy, H; P — Bara uactuHku 1pyHty, H; «
— KYT HaXWIy JOTUYHOI 10 HAIPSAMHOI IO TOPU30HTY, Tpas.

Og

Puc. 1. Cxema pyxy YaCTUHKH IPYHTY TI0 HaIlpsIMHi# KPUBii MOBEPXHI J07I0Ta

[lo3HaumBIIM cuiTy Bard i CHJTy iHepLUii HACTYIIHUM YHHOM:
2

v
P=m-g; O=m-*%,
R
Jie g — HPUCKOPEHHS CHIIM TSKIHHS, M/c’; R — pajiiyc HanpsiIMHOT KPHBO, M.
3anuiiemMo piBHSHHS PIBHOBArd YaCTHMHKU IPYHTY IPHU PyXy MO HANPSIMHINA KPUBIM B HACTYI-
HOMY BUTJISIAL

2
mdﬁz—flmV—R—flmgcosa—mgsina- (1)
dt R
Binomo, 1110 mpu pyci 1o Koy BUKOHYIOTBCSI HACTYITHI CITIBBIHOILICHHS:
ds=Rda =V,dt,
R
ar =242, @)
Vi

ne ds — MOBXKHHA AyTH KOJia, M.
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[MincraBuBim (1) 1 (2) Ta CKOPOTHUBILIM HA Macy, MPUHAEMO 10 HACTYITHOro AuepeHiaTbHOrO

PIBHSHHS PyXy YaCTHHKH IPYHTY
dv, R-g :
=—f-V,—=(f -cosa+sina).
da SV Ve (fl )

[HTErpyBaHHs OTPUMAHOTO PIBHSAHHS Ja€ HAM HACTYITHHUM BUpPa3
2R-g-exp(2f,-a) .
2 _ | _ 1 2 _ A _ .
V: _[ 0 [(2]’1 1)cos05+3f1 s1naJ+C exp( 21 a).

[MocriiiHy iHTErpyBaHHS 3HAXOIMMO 3 MOYATKOBMX YMOB B MOMEHT 4acy f = (), Komu MmBUA-
KICTh pyXy YaCTHHKH IPYHTY IO HaNpsIMHINA MOBEPXHI JIANIK TOPIBHIOE MIBUIKOCTI pyXY KyJbTHBATOpA

V', a moyaTKoBHMi KyT HaXWjy JOTHYHOI JO HANpPAMHOI IOPIBHIOE (X, . Y 1IbOMY BUIQJKy MOCTIHHA
IHTErpyBaHHs AOPIBHIOE
2Rgexp(2 fia,) [(2f2
2 1
41 +1
[lincTaBnsroun 3HaliieHe 3HAYCHHS OCTIMHOI IHTErpyBaHHs, OTPUMAEMO HACTYIIHUNA BUpa3 IS
LIBUJIKOCT] PyXY YaCTHHKH I'PYHTY MO HaNpsIMHIN KpUBiil MOBepXHi J1anu y QyHKUIi KyTa migioMy:

2= 42; £ [(2]‘12—l)cosa+3flsina}+V02€Xp[2fl(%_0‘)]"'
42; [(2]‘ —l)cosa0+3fs1na0}exp[2f (e - )]

Ha puc. 2 naBeneni rpadiku 3MiHM IIBHAKOCTI PyXy IPYHTY IO HaNpsIMHIA KpPHBIH MOBEpXHi

C=V,exp(2fia,)+

—l)cosoz0 +3/ sinao}

KyJIbTUBATOPHOI JIAlK 1 KyTa MiA#OMy IPYHTY IIpU HOYAaTKOBOMY KyTi Haxwiy notuunid o, =107 i

o, = 20° npu cepemHboMy KoedilieHTi TepTs f,=0,58.
v, T } T
\ o= 10° oL ,=20°
25 \
\
2,0 - \T ol°
3% \ /
15 \ /\\ \\ 16’0 \\“f //
2 TTT 1
Aa \ \2 \6\ Qy'/

1ol \ LEX "o V%
o5
=
L

N

| ™
\\\\\5/\\\\ 80 /
\ ' = A
AN

10 15 25 30 ° 05 10 15 20 25 30 UM

a o

Puc. 2. XapaKkTepucTUKH PyXy YaCTHMHKH IPYHTY 1O JOJIOTY, BHKOHAHOTO MO Ay3i KoJja:
a — 3aJeKHICTh BUAKOCTI PyXYy; 6 — 3aJIKHICTh KyTa MAHNOMY Bill IIBUAKOCTI PyXY:

1 —V,=1wm/c; R=0,2 M; 2—V,=2mc; R=0,2m;
3—V,=3mc; R=0,2M; 4—V,=1m/c; R=0,5m;
5—V,=2w/c; R=0,5Mm; 6 —V,=3m/c; R=0,5m;
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Sk BugHO 3 rpadikiB, npu pagiyci ;yru R =0,1 m dynxuis a(V,) pi3ko ixe Bropy. I3 36i-
JBIICHHSAM pajiyca IyrH KpuBUHA 3anexHocti (V) manae, a mua pagiycy nyru R = 0,5 M npakru-
YHO HaOMMKaeThes 0 npsmoi miHil. Taka moBemiHKa (QYHKINII MOSCHIOETHCS THM, IO, TOYHMHAIOYA 3
Ho4yaTKoBOi MIBHAKOCTL V| = 2 m/c, siKa € MIBUAKICTIO PyXY 3HapsIs, MOUMHAE MPOSBILATUCS CHIIA

iHepIii, sika gomae cuity TsoKiHHA 1uiacta. Ocobmuso 1e momitHo mpu R =0,1M. 3 poctom pamiyca
OyTW cujia iHepuii 3MEHIIYEThCS, OTXE, 3MEHLIYETbCS 1 KyT migiomy rpyHty. Ilpm paaiyci myru
R =0,5 m i Oinbiie aist cuy iHEpIil NPAKTUYHO HE TIOMITHA.
BucHoBkn
1. BeranoBneHo, mo npu pamiyci KpuBUHHU 10J0Ta R >0,5 M 1 Ipu poOoYO0i MIBUAKOCTI PyXy

V. < 2 m/c 3a0e3medyeThes pO3IyLIyBaHHS IPYHTY.

2. Ipwm 36inbIIeH1 pagiycy kpuBuHU noiora Buie 0,5 M, a00 migBuUIeHHI0 po00Y0i MBHIKOCT1
BHUIIIE 2 M/C OKpPIM PO3IYIIyBaHHA IPYHTY 3a0€3I1eUy€eThCs 3arOPTaHHS POCIMHHUX PEIUTOK IPYHTOM.
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SIMULATION OF SOIL MOVEMENT ON CHAIN SLAVES
Tishchenko S.

Abstract

The article is devoted to the topical problem of shelfless tillage in which there is no plowing
with a shelf plow. Thus tillage is carried out by various working bodies which are fixed on racks.

The shape of the rack on which the selfless working bodies intended for shelfless tillage are
fixed is of great importance. Since it is a continuation of the working body, the quality of work
depends a lot on its shape. The quality of work of shelfless tillage includes loosening the soil and
earning crop residues.

The article considers modelling of the movement of soil chips on the cylindrical surface of the
rack. The forces acting on a piece of soil when moving on a cylindrical surface are considered. The
model of motion of soil chips in the form of the differential equation of motion of a part of soil is
deduced. As a result of modelling, the dependences of the speed of soil chips and the angle of rise on
the rack depending on the speed of the rack and its radius were constructed.

Modeling of soil movement on the rack of the working body established:

1. It is established that at a radius of curvature of a bit of 0,5 m and at working speed of

movement of 2 m/ s loosening of soil is provided.
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2. When the radius of curvature of the bit is increased above 0.5 m, or the working speed is
increased above 2 m/ s, in addition to loosening the soil, the plant remains are wrapped in soil.
The established fact can be applied in the design of tillage implements, such as chisels, cultivators and
tillage machines.
The established fact can be applied in the design of tillage implements, such as chisels,
cultivators and tillage machines.
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JIHIPOBCHKHI Jep>KaBHUM TeXHIUHUI yHiIBepcuTeT, M. Kam’sHChke

THHOBAIIIMHI METOIU HEPYWHIBHOI'O KOHTPOJIIO SIKOCTI
METAJIOKOHCTPYKUIN TA TEXHOJIOTTYHOI'O YCTATKYBAHHSA

Ilpoananizosano cywacHi HepyluHiGHI MemoOu KOHMPOIO SAKOCHI MemAaloKOHCMPYKYIll ma
MEXHON02TYHO20 YCIMAMKYBAHHSA 3 MEMOI0 RIOGUUWEHHSI MEPMIHY iX pobomu — Memoou KOHMPOTIO
Mampuyamu BUXPOCTIPYMOBUX O0amyuuxie ma eiopayitinoi diaenocmuku. Posensnymo npunyunu Oii,
nepesazu ma HeOONKU OaHUX Memoois.

Knrouoei cnosa: damuux,; Oeghexmockon, HepyUHIGHUN KOHMPOIb, OIAZHOCUKA SIOpAyicio;
Odegexm.

Modern non-destructive methods quality control of metal structures and technological equip-
ment are analyzed in order to increase their service life — methods control by matrices of eddy cur-
rent sensors and vibration diagnostics. The principles of operation, advantages and disadvantages of
these methods are considered.

Keywords: sensor; flaw detector; non-destructive testing, vibration diagnostics, defect.

IHocTanoBka nmpodaemMu

HepyliniBHI MeTOOM KOHTPOJIO SIKOCTiI Ta BHNPOOYBaHHS MeETajiB BKIIOYAIOTH Oe33pa3KoBi
BUIpoOyBaHHs 1 AedexTockorito. [IpuitHaTO, MO mix TepMiHOM “HEpyHHIBHI (i3WYHI METOAN KOHT-
POII0” PO3yMilOTh BUAW KOHTPOJIO, SIKi MalOTh JBi XapaKTepPHI O3HAKH:

- BOHM HE MIOBHHHI IPU3BOIUTH 10 pyHHYBaHHS (YIIKOIKEHHS) KOHTPOIbOBAHOTO 00'€KTa;

- BOHM 3aCHOBaHI Ha B3aeMogii (i3NYHUX OB a00 PeUOBHH 3 IedeKkTami.

B ocHoBy xiacudikanii MeToAiB HEpYHHIBHOTO KOHTPOIIO MOKIaAeHO (pismyHMid mpouec 3
MOMEHTY B3a€MOJii (i3HUHOr0 Mojisi a00 PEYOBUHH 3 KOHTPOJIBOBAHUM O0'€KTOM A0 OJIepKaHHS Iep-
BHUHHOI iH(popmaii [1, 2].

Hepytinisauit koutpons (HK) mogminserses Ha HAacTymHiI BUAM: Bi3yalbHO-BHMIpIOBaJbHHI,
AKyCTUYHHM, MarHIiTHUHN, ONTUYHWHA, KaUISPHUM, TEUi€ IIyKaHHSIM, PaiallifHuiA, paioXBHILOBUH,
TEIJIOBHUH, €JIEKTPUYHHMA, €ICKTPOMArHITHHIH BUXPOBUX CTPYMIB (BUXPOCTPYMOBHIA).

Konen 3 meronis HK He € yHiBepcanbHUM, TOMY IIpH TEXHIYHOMY JAiarHOCTYBaHHI yXe Ba-
XKIJIMBUI HE TLNBKH NPaBHJILHUN BHOIp METOAY KOHTPOIIO, aje i KOMOIHYyBaHHS Py METOIB, CIIONY-
YeHHS HepYHHIBHUX 1 pyHHIBHUX BHITPOOYBaHb, a TAKOXK MPOBEICHHS MIKPOCKOIIYHOTO TOCTiIKEHHS
Touo. HallBayKMBIMIMMHU XapaKTEpPUCTHKAMU HEPYHHIBHUX METOMIB KOHTPOIIO € IXHS YyTIHMBICTH i
pO3IiIbHA 3[aTHICTH, MPOCTOTA 1 JOCTYIHICTh TEXHOJIOTIYHOrO MPOLECY KOHTPOJIO, a TaKOXK HaJii-
HICTb anapaTypH.

AHaJi3 0CTaHHIX JOCTIIKeHb Ta mMyOJiKamii

HaiiBaxxmBimmii MOKa3HUK HAJIHOCTI 1 TOBTOBIYHOCTI METAIOKOHCTPYKITIH Ta 00N HAHHS
— CTaH MMOBEPXHEBOT'0 IIapy KOHCTPYKIII Ta AeTallell yCTaTKyBaHHS, OCKUIbKH PyHHYBaHHS KOHCTPY-
KLIHHOTrO MaTepialy MOYHHAETHCS 3 HOro MOBEpXHi. Y TBOpEHHs pi3HUX Ae(eKTiB Ha IOBEPXHI BUPOOY
BHACHIZIOK a0pa3uBHOIO 3HOLICHHS, Aii aKTUBHUX CEPEIOBHII TOLIO MPU3BOAUTH 10 BTPATH HEOOXin-
HUX AKICHUX XapaKTepHCTHUK METAJOKOHCTPYKILIi Ta Jeranell ycTaTKyBaHHS. Yci JedeKTH BHKINKa-
I0Th 3MiHY OfHi€T a00 OeKiNbKOX (HI3UYHHUX XapaKTEPUCTUK METANIB 1 IX CIJIaBiB — LIUIBHOCTI, €IEKT-
POIPOBiAHOCTI, MATHITHOI MPOHUKHOCTI, MPYKHUX BIACTHBOCTEH TOLIO.

BukopucTtaHHS METO/IIB MOBEPXHEBOI'0 3MIIIHEHHS KOHCTPYKLIHHUX MaTepialliB TO3BOJISE BU-
pimuTH 6araTo HAMBaKIMBIMIMX TEXHIYHUX 3aBAaHb, aje MPH LbOMY Yy KO)KHOMY KOHKPETHOMY BHIIa-
IKy MOTpiOHMI perenbHUi MiAXin npu BHOOPI crioco0y 3MilHeHHs a00 HaHECeHHS 3aXHCHUX MOKPHT-
TiB [3].
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Kpim 1mux cnoco0iB iCHyIOTh TaKOXX METOJH, SIKi HE MOB’A3aHi 3 BIAHOBIICHHS ITOBEPXHI MaTe-
piainiB, a cyTb iX monsrae y 3acToCyBaHHI Cy4acCHUX HEPYHHIBHHX METOJIB KOHTPOIIO SKOCT1 METalo-
KOHCTPYKIIii, 30KpeMa y BCTaHOBJICHHI 3aKOHOMIPHOCTEH M BHYTPIIIHIM CTaHOM JeTaleil ycTaTKy-
BaHHS Ta iX 3HOWIEHHAM. L{i MeTonu H03BOMSAIOTH OLIHUTH 3aralbHUM TEXHIYHUI cTaH 00iaTHaHHSA, 32
HEeOoOXiIHOCTI MPOBECTU MOTAHONECHUI aHali3 HOro TEXHIYHOTO CTaHy, BUSHAUNTH MPUYNHHU 3POCTaH-
HSl JOCTIDKYBAaHUX IapaMeTpiB, BCTAHOBUTH Je(EKTH 1 iX yCyHYTH, TOOTO MiABHLIMTH HaXiiiHICTh
eKCIUTyaTalii MeTaJOKOHCTPYKIIi, yCTaTKyBaHHS Ta 30UIBIIMTH TEPMiH iX poOOTH.

DopMyJTHOBAHHS METH T0CTIIKEHHS

Meroro gaHoi poOOTH € aHalli3 CydyacHUX HEPYHHIBHHX METOJIB KOHTPOJIO SKOCTI METaJIOKO-

HCTPYKLIH Ta TEXHOJIOTTYHOT0 YCTaTKyBaHHS 3 METOIO MiIBUIIEHHS TEPMiHY iX poOOTH.
Bukisiax ocHoBHOTO MaTepiaay

[lepmra yacTuHa poOOTH MpPHUCBSYEHA OJHOMY 3 HOBHX Ta IEPCIEKTHBHHUX HANPSAMKIB y He-
PYHHIBHOMY KOHTPOJIi METATOKOHCTPYKII — KOHTPOJIb BUXPOCTPYMOBHUMH MAaTPHIISIMH.

CyuacHull BUXpOCTPYMOBHI J€EKTOCKON € KOMIIAKTHUM HPUIIAZIOM 3 aBTOHOMHUM XHBJICH-
HSIM, OCHAIIICHUM EKpaHOM, KJIABIaTYpoOIO 1 JaTYMKaMH 3 MOXKIIMBICTIO BUBEICHHS HEOOXIAHUX Mapa-
METpiB Ha pi3HI MPHUCTPOI, BKIIOYAIOYH NEPCOHAIBLHUM KOMIT'IOTEP, NPUHTEP, KapTy Mam’sATi TOLIO.
CyuacHi 6araTodyHKIIOHATIbHI BUXPOB1 1€ EKTOCKONH 37aTHI HE TLNbKH aHaJi3yBaTH KOHTPOIbOBaH1
JUTBHHLI, ajie 1 00poOIIATH iH(pOPMALIiIO 3 HaJaHHAM PO3TOPHYTOr0 TEXHIYHOTO 3BITY SIK y JlabopaTo-
PHHX, TakK 1 B IOJIbOBUX YMOBaX.

OcHoBY mpuiany CKiaga€ BUHOCHUH maTduk (puc. 1, a), sKuil mpu MpOTiKaHHI KPi3b HHOTO
3MIHHOT'O CTPYMY CTBOPIOE BUXPOBi CTPYMH Y KOHTPOJbOBaHii obnacti. Byap-saki HecyminsHOCTI 260
3MIHU BJIACTHBOCTEH MatepiaiB, sSKi 3MiHIOIOTh BUXPOBI CTpPyMH B KOHTPOJbOBaHiil obiacTi, peect-
PYIOTbCS BUHOCHHM JTaTYUKOM 1 PO3TIIIAIOTHCA SIK MOKJIMBI Aedextn. CkaHyBaHHs AeeKTiB JaHUM
CIIOCOOOM € 3BOPOTHO-TIOCTYATbHHM.
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Puc. 1. TlpuHnun nii BEXPOCTPYMOBOTO Je(EKTOCKONA: ¢ — 3 BHUKOPUCTAHHSIM OJHOTO

JIaTyrka (3BOPOTHO-TIOCTYMANbHE CKaHYBaHHS); 6 — 3 BHKOPUCTAHHSM MaTpHI AaTUMKIB (JTiHiIHHE
CKaHyBaHHS)

V TenepimHiii yac JaHWHA NPUIIaJA ICTOTHO BIOCKOHAJIEHUH. Y HbOMY BUKOPHCTOBYETHCS Mat-
PHIISI BUXPOCTPYMOBHX JATUMKIB (pHcC. 1, 0).

MeToa KOHTPOIIO 3 BUKOPUCTAHHIM MaTPHUL BUXPOCTPYMOBUX aTUYMKIB 3aCHOBAHO HA E€IeK-
TPOHHOMY YIPaBIiHHI 1 3YMTYBaHHI iHPOpMAL] 3 KUIbKOX BUXPOCTPYMOBHX JaTYHKIB, PO3TAIIOBAHUX
y BUIJISIII MaTpHLi Ha 00'eKTi KOHTpoIto (JiHifiHEe cKkaHyBaHH:). 30ip TaHUX CTaB MOXKJIMBHH 3aBASKA
BHUKOPUCTAaHHIO MYJBTHILIEKCOPA, IO A03BOJISIE YCYHYTH B3a€EMHHI BIUIUB MK OKPEMUMH JaTUYHKaAMH.
3aMiHUTH 3BOPOTHO-IIOCTYTAJIbHE CKAHYBAaHHS HA CKaHYBaHHS B OJJHOMY HAIPSMKY JO3BOJISIE MaTPHU-
YHUH BUXPOCTPYMOBH 30HI.

[lepeBarn Merony KOHTPOIIIO 3 BUKOPUCTAHHSIM MaTPHL BUXPOCTPYMOBHX JAaTYHKIB y MOPiB-
HSHHI 3 OTHOKAHAJIBHUM BUXPOCTPYMOBHM KOHTPOJIEM TOJIATAIOTH Yy HACTYITHOMY:
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- 1CTOTHO CKOPOYYETHCS Yac MPOBEACHHS KOHTPOIIO;

- OXOIUTIOETHCS OLblIa MIIOIIA 32 ONUH MPOXIf;

- CIPOILYETHCS KOHCTPYKIIiSI MEXaHIYHHUX 1 aBTOMATH30BAHUX CUCTEM CKaHyBaHHS;

- pe3yJibTaTH KOHTPOJIO 3aJ1aHoi 001acTi Haal0ThCA y PEKHMI peallbHOTO Yacy;

- CIPOILYETHCS IHTEPIPETALis AaHUX;

- TiABUINYETHCS HAAIHHICTD 1 JOCTOBIPHICTH KOHTPOIIO.

Martpuus BUXpOCTPYMOBHX JaTYMKIB MOe OyTH ONTHMi30BaHA Uil KOKHOI'O KOHKPETHOT'O
BUIA/IKY IUIIXOM 3MiHH B3a€EMHOTO PO3TalIyBaHHs OKPEMHX JATYUKIB 1 popmu Beiel maTpuui. binbmri
MEPCIEKTUBHU BiIKPUBA€E 3aCTOCYBaHHS y BUXPOCTPYMOBHX CHCTEMaX KOMIT'IOTEPHOI TEXHIKH, IO 3a-
Oesliedye sIK aBTOMAaTHYHE KEPYBAaHHS yCiM IIMKIIOM BUMIpY, TaK 1 iHTEpIIpeTalilo OTpUMaHUX Pe3yib-
TaTiB.

VY cucremi, pospodneHoro dipmoro Oak Ridge, 3Ha9HOIO Mipor0 peai3oBaHi Ii MOXIJIUBOCTI.
Cucrtema KOHTPOJIIO METaJeBHX KOXKYXIB HAaANMpPOBIIHMX MAarHiTiB, MpU3Ha4YeHa U IIEXOBUX YMOB,
MPOBOAMTH aHANTI3 OAHOYACHO Ha TPHOX YacTOTax, IO AO3BOJISE Bipa3y BU3HAYATH IMOJIOKEHHS 1 po-
3Mipu 1eeKTiB, a TaKOX pOOUTH BinOymOBYBaHHS Bix “3a30piB” [1].

OnHiero 3 KOMIaHiH, sika 3aiiMaeTbcss BAPOOHULITBOM MaTPUYHHX JATYMKIB MIMPOKOI 00sacTi
3acrocyBanHs, € Olympus NTD Inc [4]. Lli naTunku MOXyTh OyTH CKOHCTPYWOBaHI JJIsi BUSBIICHHS
3aJaHoro Tumy AedekTiB abo s o0CTeXKeHHS! KOHTPOJIbOBaHOI Jeraii 3amaHoi ¢popmu. CranmapTHi
MaTpHIll BUKOHYIOTBCS JJIsl peECTpallil MOBEpXHEBHX 1 MiAMOBEPXHEBUX Ne(EKTIB.

BuBeneHHs pe3yibTaTiB Bilirpae roloBHY pOJib MPH BUKOPUCTaHHI BUXPOCTPYMOBUX JAaT4H-
kiB. Halinommpenimum crocobom € 300paxenHs y Burisini C-Ckany (2D a6o 3D), mo sBisie coboro
KOJIOBaHE KOJNbOPOM JIBO- 200 TpUBUMIpHE 300paKeHHsI KOHTPOJIbOBAHOI MOBEpXHi. MaTpHIlsl JaT4n-
KiB pyxaeThscsi Hal JeeKToM, KOKHUH JaTYMK BHUIA€ BUXPOCTPYMOBHH curHail. Bick X Biamosimae
HaNpsAMKy pyxy MaTpuii, a Bicb Y — Bici 30Haa. Takum unnom, C-CkaH Hagae iH(pOpMAaLiio SIK PO
MoJOKeHHS AedeKTy, Tak i mpo HOoro po3Mipu, IO MiABHUILYE HaAIHHICTE KOHTPOIIO, OCKLIBbKH 3Aikc-
HIOETHCS TIOBHE OXOIUICHHS TIOBEPXHi KOHTPOITIO.

[Hmoro kommaniero, sika Bunyckae cydacHi gedekrockonu (Reddy) 3 Texnomoriero BUXpocT-
pymMoBHX MaTpullb, € Eddyfi [5].

Reddy nmiarpumye yci MaTpuyHi epeTBopioBadi BupoOoHuLTBa Komnanii Eddyfi, y Tomy umcni

neperBoproBaui cepii [-Flex, mpusHadeni 1yt KOHTpoto 00'eKTiB cKimagHoi GpopMu. MaTpuis miady-
JOBY€ETBCA MiJl TEOMETPil0 KOHTPOJILOBAHOI MOBEPXHI 1 MOBHICTIO MOBTOPIOE 11 popmy. 3anexHo Bin
MoOJIefTi TIepeTBOpIOBaya 3aCTOCOBYIOTHCA LMIIHAPUYHI KOTYIIKH AiaMeTpoM Bif 2 10 6 MM, 110 3a0e3-
neyye BHCOKY pO3AUIbHY 3AaTHICTh. CepiiiHO BUIYCKAIOTHCS MEPETBOPIOBAYI 3 KUIBKICTIO KOTYILIOK
Big 16 no 128. ['mnbuHa NpOHUKHEHHSI BUXPOBUX CTPYMIB y CTajlb CTAHOBUTH JIO 5 MM.
Haii6inpm po3noBCIOKEHUM 3aCTOCYBAHHSIM BUXPOCTPYMOBOT'O KOHTPOJIO 3 MaTPUYHUMH IMEPETBO-
pIoBavYaMH € MOUIYK 1 KapTorpadyBaHHS CTPeC-KOPO3iiHUX ypaskeHb y MeTaii. PO3BUTOK gaHOTO THITY
nedexTiB BKpail BaXXKO BUSBIIIETbCS TPAAULIHUMU METOAAaMH, OAHAK caMe BOHU € MPUYMHOIO YHC-
JICHHUX aBapilf Ha MaricTpaJibHUX ra3onpoBoJax B yChoMy CBiTi. CTaTHCTHKA CBITUUTB, IO Y BUMAAKY
HECBOEYACHOT0 BUABJIECHHS (200 MPOIMYCKY) OCEpeKy CTPec-KOpo3ii, [0 pO3BUBAETHCS, BPAXOBYIOUH
CTaOlTbHO BUCOKUN THCK y MaricTpajibHil ra3oBiil TpyOi, maHuil medekt 0e3CyMHIBHO MpH3BenE 110
MOPHBY 1 “pO3KPHUTTS” TpyOONPOBOLY HA AaHiil IUTEHULII.

Jani po3riisiHeMO epeTBopIoBadi, po3po0iieHi CreialIbHO U1l KOHTPOIIO BUCOKOBYTIICHEBIX
CTaJIeBUX METAJIOKOHCTPYKUi. MaTpHllsl y HUX MICTUTh HE TUIBKH TPaAMLIiHI BUXPOCTPYMOBI KOTY-
ik, ane i TanrennianbHi (TECA). Bice 00MOTKM TaHTeHIIaIbHUX KOTYILIOK PO3TAaIllOBYETHCS Mapa-
JIETIbHO CKaHyo4iil moBepxHi. TaHreHUiaNnbH1 KOTYIIKH T€HEPYIOTh BUXPOCTPYMOBHII MOTIK, IO MPO-
TiKa€ mapajenbHO MoBepxHi. J[yxke BHCOKa MPOHHUKAr0Ua 34aTHICTh JA03BOJSE eeKTHBHIIIE BUMIPIO-
BaTH IMMONHY 3aJIsITaHHS BEIMKUX TPILIWH.

Cepist neperBoproBadis 3 TexHozorieio TECA € 3amatenToBanoro po3podkoro komnanii Eddyfi
1 HasuBaeTscs Schark. BoHn BUKOHaHI TakUM YMHOM, 1100 MOXHa OyJl0 KOHTPONIOBATH BajMK IIBa
Oynb-sxoi Bucotd. KoKHUH MinnpyKUHEHUI eIeMEeHT y MepeTBOPIOBadl CKIAJA€ThCs 3 TPhOX KOTY-
LIOK: [Bi 3 HUX TaHT'eHLiaJIbHI (30yMKyloua, IpuiiMaioda), TpeTst — TpaaulliiiHa KOTYILIKa JAJsl BUSB-
JICHHS TPIILMH, MOMIEPEYHUX BiCi CKAHYBaHHA.
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KommnekcHa pob6oTa ycix KOTYIIOK, SIKi CTBOPIOIOTh Y MAaTpHLI €JUHUNA MacuB 3 KiTBKOX Je-
CATKIB €JI€MEHTIB, O3BOJISIE TEHEPYBATH BUXPOBI CTPYMH 3 MOXKIIMBICTIO MPOHUKHEHHS Ha TIHOHHY
10 10 mm. CkanyBaHHA MO>KHA IPOBOIUTH 31 MIBUAKICTIO 0 200 MM/c.
JlaHi KOHTPOIIO 30MPaIOTHCS 1 MEPETBOPIOIOTHCS 32 JOMOMOIOI0 ITporpamMHoro 3abesnedeHas Magnifi
GO B inTyiTHBHO 3p03yMini nudposi C-CkaHu, M0 MOJETIYIOTh aHalli3 Pe3yJabTaTiB, y AKUH 30KpeMa
BXOAATH BUMIPH IIIMOMHY 1 TOBXKHUHU AeeKTiB (puc. 2).
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Puc. 2. C-Cxkan (2D) pesynbTariB BUMIiproBaHHs po3MipiB AedekriB mpumagom Reddy 3
neperBoproBadaMu Schark

OTKe, TEXHOJOTisI BUXPOCTPYMOBHX MaTpHILb Y 3HAYHIH Mipi JO3BOJISE MOJETIIUTH MPOLEC
KOHTPOJIO, TAPaHTY€ BIUCOKY IIBUAKICTh, TOCTOBIPHICTS 1 SIKICTh OTPUMAHHX PE3YNIbTaTIB.

B HactynHiii yacTuHI poOOTH PO3MIIHEMO 1HIIMK IHHOBALIfHUN METOJ HEPYHHIBHOTO KOHT-
POIIO SIKOCTI AeTaneil obnaaHaHHs — MeToA BiOpawuiiHOiI AiarHOCTUKU. BiH 3acTOCOBY€ETHCS ISl TIPO-
THO3YBaHHS 3aJIMIIKOBOTO pecypcy poOOTH yCTaTKyBaHHS, HAPUKIIAA, TPYHTOBUX HACOCIB.

JliarHOCTHKA yCTaTKyBaHHA 3a BiOpaLli€to, 0 30yIKYeTbCA Y HbOMY, — HalOUIbII e eKTUBHUN
croci0 monepemKeHHs! CepHO3HNUX IHIUIEHTIB, OCKUTBKH OimblI HiX Y 80 % BHUIIAAKIB MOSBU HE3BOPOT-
HUX 3MiH CTaHy OKpEMHUX BY3JIiB 3MIHIOIOTHCS Pi3HI MapaMerpu BiOpauii Mmammuu. HaBite npu ctpuOKo-
noAiOHIK 3MiHI CTaHy OKPEMHUX BY3IIB MEPiOJMYHUI KOHTPOJb BiOpallii 703BOJISIE€ BUSBUTH HE3BOPOTHI
3MIHHU CTaHy /IO TOTO, SIK BUHUKHE BiMOBA JIaHOI MaIuHu abo oOnaaHaHHs [6, 7.

BiOpariss HacocHUX arperartiB iCTOTHO 3pOCTa€ 3i 30UIBIICHHAM TiIpoaOpa3sHMBHOTO 3HOLIY-
BaHHS. /)11 BCTAHOBIIGHHA 3aJISKHOCTI Yacy HalpanioBaHHSI HACOCHUX arperariB Bil Tigpoadpa3uBHO-
T'0 3HOLITYBaHHS HEOOX1IHO Ha KO)KHOMY HAacOCi BCTAHOBUTH BIOPOAATUMKH, IO MEpeAaloTh iHpopMa-
ito Ipo poOOTy Hacoca Ha 3arajbHUH MyJbT MAIIWHICTa HACOCHOI CTAHIIi.

[Ipu mochimkeHHI YaCTOTHOTO CIIEKTpa MOXHA BUSIBUTU CKIIAJOBI, IO BiTHOCATHCs Oesmoce-
penHBO A0 MEBHUX 30yAIMBHX CHJI. Maiibke yci CIIeKTpH MEXaHIYHUX KOJIHBAaHb MAlOTh TAaKOX BaXKIIH-
Bi CKJIaJIOB1 3 4ACTOTaMH, MOB'SI3aHIMH 3 PyXaMH OKPEMHX BY3JIIB 1 JeTanieil MaluH. Y TBOPEHHS 1 po-
3BUTOK Je(eKTy MPU3BOIUTD 10 MOSABU y CHEKTPi TAKUX CKIAZOBUX aMILTITYAH, SIKi 3pOCTalOTh Y Mipy
3MiHU napamerpiB gedexty. YacToTH, Ha SKUX CIIOCTEPIraroThCs i CKIal0Bi, MOXKYTh OyTH 3a3/ae-
riIp po3paxoBaHi 3a KOHCTPYKTUBHUMH MapaMeTpaMu 00'€KTa JiarHOCTYBAaHHS 1 32 4acTOTOIO o0ep-
taHHs. OTXKe, IPU AIarHOCTYBaHHI HasIBHICTH Ne(eKTiB MOke OyTH BHsIBIICHAa Ha iZCHTH(IKamiiHIX
JacTorax.

OO0'eKTOM J1arHOCTYBaHHSI 3@ ITUM METOJIOM € TiMIUITHUKY KOueHHs. [nenTudikariitai gacro-
TH BU3HAYAIOTHCS YaCTOTOIO MEPEKOYYBAHHS TLI KOUEHHS 0 30BHIIIHHOMY KUIBLIO. Y SIKOCTi mapa-
MeTpiB BHMIpIOBaHHS Hal4acTille BUKOPHCTOBYIOThCS BiOpomepeMilleHHs, BiOpOmBUAKICTs Ta BiO-
POIPUCKOPEHHSI.

[losiBa Ha YacTOTHOMY CIEKTpi Mika y MEBHIHA YacCTOTHIN cMy3i 3 cymeprapMoHikaMu (KpaTHi
TapMOHiIli) CBIAYUTH PO HASIBHICTh KOHKPETHOTO BUIY NedeKTy. SKiio Ha crekTporpaMi MiAMIHITHA-
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Ka KOYEHHS IiKOBa CMyTa 30ira€Tbcs 3 4acTOTOI0 00epTaHHS BaJla Hacoca, TO e MOKe OyTH TOB'sI3aHe
3 #oro nedekToM (HEeBpiBHOBaXEHICTh), Ae()EKTOM 3'€IHYBaIbHOI MY(TH, BUTHHOM Bajia TowIo. SKIIo
MiK 31 CBOIMHM TapMOHITHMMHU CKJIQIOBHUMHU 30ira€Tbcsi 3 OUIBIIICTIO YACTOTHUX 3HA4YEeHb €JIEMEHTIB
MiAIMITHAKE, TO L€ 03HAYa€, MO MOYMHAETHCS HAIOMyCTUME KOMTUBAHHS, IIPH SIKOMY HEO0OX1THO 3y-
MUHUTU HACOC.

Jns mpukiany Ha puc. 3 HaBe[eHi pe3yIbTaTH BUMIPIOBaHHS BiOpalii Hacoca Ha ONMOPHHUX Ii-
JIIUITHUKAX BaJla 3a JOMOMOTOI0 BiOpOIATUMKIB, SIKi BCTAHOBJIECHI Ha KOPITycax MepenHbOro i 3aIHbO-
ro miamunHuKiB. BuMipu npoBoanmmcs gepe3 koxkHi 300 rox.

BifponpHCKOPEHH. MM/C
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Puc. 3. liarpama giarHOCTYyBaHHS CTaHY IPYHTOBOI'O HACOCY 3a JIOIOMOTOI0 BiOpOIaTUHKiB

Ha npomy prucyHKy MO)kKHa 0Oa4uTH CTpHOOK BIOPONPHCKOPEHHS NP eKCIUTyaTalii Hacoca
npotaroM 30 mi6. e cBiguuTh mpo Te, mo BinOymocs TpaHWYHE 3HOLIYBaHHS PoOOYOro Koimeca Ta
CJIEMEHTH MIAIIUITHAKAa BUIPOOOBYIOTH TpaHHWYHI BiOpamii, sIKi HEMHHydYe NPHU3BEAYThH A0 HOro
MOJIOMKH.

Otxe, 3a TOTIOMOr0I0 JaHOT'0 METOAY MOXHA CIIPOTHO3YBATH TEPMiH MOJIOMKH yCTaTKyBaHHS
1 3amyIaHyBaTH HOro TeXHIYHE OOCTYrOBYBaHHS Ta PEMOHT.

BucHoBkn

[IpoanamnizoBaHO iHHOBaLiHI HEPYHHIBHI METOOM KOHTPOMIO SIKOCTI METATOKOHCTPYKLIN Ta
TEXHOJIOTTYHOTO YCTATKyBaHHS — METOAM KOHTPOIIO MAaTPHISIMH BUXPOCTPYMOBUX JATUHKIB Ta BiO-
pawuiiHoi AilarHOCTUKH.

[lepeBaru KOHTPOIIO BUXPOCTPYMOBHUMH MATPHUIISIMU HOJIATAIOTH Y HACTYITHOMY: iCTOTHO CKO-
POUYETHCS Yac MPOBEACHHS KOHTPOJIO, OXOIUIIOETHCS OUTbIIA TUIOMIA 38 OAWH MPOXill, CIIPOIIYETHCS
KOHCTPYKIIisl MEXaHIYHUX 1 aBTOMATH30BaHMX CHCTEM CKaHYBaHHS, Pe3yJbTaTH KOHTPOIIO 3aJaHol
005acTi HaaIOThCA Y PEKUMI pPearbHOro 4acy, CHPOILYEThCS IHTEpHIpeTamis JaHWX, HiIBUIIYETHCS
HAJIIHICTH 1 JOCTOBIPHICTH KOHTPOITIO.

JiarHocTuka ycTaTKyBaHHS 3a BiOpami€io BiTHOCHTBCS 10 e(EeKTUBHOrO CIOCcoOy morepe-
JDKEHHS CEpHO3HMX 1IHIUACHTIB, OCKUTBKH TOSBH HE3BOPOTHUX 3MiH CTaHy OKPEMHUX BY3JIiB 3MIHIOIOTh
pi3Hi mapamerpu BiOpanii mammau. Lle 103BoJsIE BUSIBUTH HE3BOPOTHI 3MIiHU CTaHy JI0 TOTO, SIK BUHU-
KHE BiIMOBa JaHOTO MexaHi3My abo oOnagHaHHS.
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INNOVATIVE METHODS OF NON-DESTRUCTIVE CONTROL THE QUALITY
METAL STRUCTURES AND TECHNOLOGICAL EQUIPMENT
Hasylo Yu., Romaniuk R.

Abstract

The most important indicator of the reliability and durability of metal structures and equip-
ment is the condition of the surface layer of the structure and equipment parts, since the destruction of
a structural material begins from its surface. The formation of various defects on the surface of the
product due to abrasive wear, the action of active media, etc. leads to the loss of the necessary quality
characteristics of metal structures and equipment parts.

The purpose of this work is to analyze modern non-destructive methods of quality control of
metal structures and technological equipment in order to increase their service life.

This paper discusses innovative methods of non-destructive testing — methods of control by
matrices of eddy current sensors and vibration diagnostics.

The control method using a matrix of eddy-current sensors is based on electronic control and
reading information from several eddy-current sensors located in the form of a matrix on the con-
trolled object (linear scanning). Data collection was made possible by the use of a multiplexer, which
eliminates the mutual influence between individual sensors. The advantages of the inspection method
using an eddy-current sensor array are as follows: the inspection time is significantly reduced, a large
area is covered in one pass, the design of mechanical and automated scanning systems is simplified,
the results of the control a given area are provided in real time, data interpretation is simplified, relia-
bility is increased and reliability of control.

Diagnostics of equipment using vibration that is excited in it is the most effective way to pre-
vent serious incidents, since in more than 80% of cases of irreversible changes in the state of individu-
al units, various parameters of the machine vibration change. Even with an abrupt change in the state
of individual units, periodic monitoring of vibration makes it possible to identify irreversible changes
in state before a failure of this machine or equipment occurs.
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MATHEMATICAL MODELING OF DIFFUSION LAYERS FORMATION USING
COMPOSITIONAL SATURATING BATCHES CHARGES

The problem of chemical-thermal treatment of steel using composite saturating charge ECD
(Energy component of diffusion). In the system under consideration, a complex of processes occurs:
wave propagation in the charge layer on the steel surface, non-stationary heat removal into the inte-
rior of the sample, and non-stationary diffusion of atoms of the saturating element deep into the steel
under non-isothermal conditions. In this case, that part of the surface from which the diffusion satura-
tion of steel occurs expands as the wave moves. In this work, the thermal conductivity A is not an addi-
tive, but a structure-dependent quantity. However, for simplicity, in the area where ECD occurs, the
additive formula is usually adopted: A = A(1-1) + A,n, and for steel A = Ay. For the i-th individual
substance, a linear dependence of thermal conductivity on temperature was used: 2(T) = A9 + ArT.
After the ECD wave has reached the edge, i.e. the charge has fully reacted, the diffusion of atoms from
the surface and conductive heat transfer in the steel continue during the holding time t,. This problem
is two-dimensional, nonstationary, and essentially nonisothermal.

Keywords: composite saturating charge, border conditions, energy component of diffusion;
conductive heat transfer; nonlinear unsteady equation.

Posenanymo 3a0auy npo ximixo-mepmiuniti 06pobyi cmani 3 GUKOPUCTNAHHAM KOMRO3IYIUHO20
HaciuysanvHozo cepedosuwya 3 Buxopucmanna ECD (Energy component of diffusion). ¥V oaniti cuc-
memi 8i00)8aEMbCst KOMNJIEKC NPOYECi8. NOWUPEHHS X8UILE 8 WLAPI WUXMU HA NOGEPXHI CMAIU, HeCcma-
YioHapHuil Meniosiogio eaaub 3paska i HeCmayioHapHa OuQy3isi amomie HACUUYE ereMeHma 62nud
cmanu 8 neizomepmiunux ymogax. Ilpu ypomy ma wacmuna nogepxui, 3 aKoi tide oughysitine HacuueHms
CIMAnu, po3uuprOEMsCs 8 Mipy pyxy xeuni. B pobomi mennonpogionicme A € He a0umusHoi, a cmpyk-
mypHo-3anedicHoi seauuunor. OOHax onsi npocmomu 6 obaacmi, 0e npomixae ECD, 3azeuuaii npuii-
maroms a0oumusHyio gopmyny: A = Aaq(1-n) + A,.n, a ona cmani A = Ay A i-20 inougioyanvnozo
PEUOBUHU BUKOPUCIOBYBANU JIHIUHY 3ANeNCHICMb Menionpogionocmi 6io memnepamypu. A(T) = Ay +
ArT. Iicia moeo, sk xeuns ECD 0obiena 0o kparo, mobmo wmuxma nosHicmio npopeazysand, ougpysis
amomig 3 NOBEPXHi i KOHOYKMUBHUL MENJIONEPEHOC 8 CIMAIU MPUBATOMb NPOMALOM YACY GUMPUMKU L),
Taxe 3a60anus € 080BUMIPHOL, HECMAYIOHAPHOL | ICMOMHO HEI30MEPMIUHOI.

Knwuoei cnosa: xomnosuyiiine Hacuyyioue cepedosuuje; SpanuiHi yMOSU, eHepeemuund
CKA008a Ou@ysii; nposioHUll Menjio0OMiH, HeliHilHe HeCMAYIOHAPHE PIGHAHHSL.

Problem’s Formulation

Obtaining diffusion protective layers with the use of composite saturating media — a new type
of CHT which uses saturating elements, which in one technological cycle provide the required type of
alloying with a minimum time of their formation. Diffusion protective layers obtained using composite
saturating charge (CSC) are an effective method of increasing the reliability of machine parts and
process equipment by creating on the surface of the machined parts layers doped with aluminum, va-
nadium, titanium, molybdenum, boron, tungsten, which have a unique set of physical and chemical
properties.

Let us consider the problem of chemical-thermal treatment (CHT) of steel using a composite
saturated charge using ECD (Energy component of diffusion). The situation under consideration is
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shown schematically in Fig. 1. A layer of reactive charge ABCD with a thickness of 4., = AD is lo-
cated on the surface of a steel sample CDEF with a thickness of A, = DE; the length of the sample
with a layer of charge L = AB = DC. The Ox xis is directed from left to right — along the motion of the
ECD wave, and the Oy — axis — into the depth of the steel. The front of the ECD wave is shown to be
curved, since heat removal into steel will inevitably slow down its movement from the side adjacent to
the DC surface.

ECD wave movement B
Z —

|Pﬁﬂ ECD / CSC x
g RN AN AN

diffusion saturation

construction
material
FE F

y

Fig. 1. Scheme of the saturation process in a composite saturated medium

At the initial moment of time =0 the sample and the charge are at a constant temperature 7;
this temperature is higher than room temperature, but lower than that at which an exothermic reaction
can begin in the ECD charge. On the left edge of 4D, i.e. at x=0, y=[0, D] at the initial moment of time
=0 the ECD charge is ignited due to external heating by an incandescent coil with a constant tempera-
ture T, for a time #;,, — until a combustion wave is formed, propagating through the layer charge along
the Ox axis. Further, in section 4D external heating stops. For simplicity, it is assumed that the sample
surfaces AB, BF, ED and EF are thermally insulated, i.e. there is no heat exchange with the environ-
ment; The same applies to the surface AD after the end of the ignition, i.e. for # > t,,. During an exo-
thermic reaction, active atoms of a saturating element are formed in the charge layer, which diffuse
deep into the steel from the DC, boundary, while ahead of the combustion wave front, i.e. where the
reaction has not yet taken place and active atoms have not been formed, diffusion saturation does not
occur. The heat from the afterburning zone of the ECD wave is partially removed deep into the steel
sample.Thus, a complex of processes occurs in the system under consideration: propagation of the
ECD wave in the charge layer on the steel surface, unsteady heat removal into the interior of the sam-
ple, and unsteady diffusion of atoms of the saturating element deep into the steel under non-isothermal
conditions. In this case, that part of the DC surface from which the steel diffusion saturation expands
as the ECD wave moves. After the ECD wave has reached the BC edge, i.e. the charge is completely
burnt, the diffusion of atoms from the DC surface and conductive heat transfer in the steel continue
during the holding time ¢,. This problem is two-dimensional, nonstationary, and essentially noniso-
thermal.

Presenting main material

For the mathematical formulation of the above physical problem, it is necessary to make a
number of assumptions that do not reduce the level of generality of the problem and do not distort the
physics of the process:

- on the DC surface (boundary steel / ECD charge and steel / ECD product) there is an ideal
thermal contact, i.e. there are no discontinuities (pores, cracks) or intermediate layers of substances
with low thermal conductivity (for example, scale);

- the concentration of the saturating element along that part of the DC surface where the exo-
thermic reaction has occurred is the same and does not change over time; it is equal to zero where the
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reaction has not yet occurred, i.e. ahead of the ECD wave front; after the completion of the reaction
over the entire DC surface, this concentration is also taken constant during the entire holding time #;;

- at the DC boundary, we take an ideal diffusion contact, i.e. there are no intermediate layers
or impurities that could slow down the transition of active atoms formed during ECD to the surface
layer of steel.

The kinetics of the interaction of reagents in the ECD wave is very complex and insufficiently
studied [1, 2]. The same applies to the kinetics of generation of active atoms in the ECD wave, which
will diffuse into steel. In this regard, we will describe the kinetics of interaction and heat release in the
ECD wave using the relatively simple Khaikin-Merzhanov model [3—7], and consider the first-order
reaction.

The propagation of the ECD wave in the charge layer ABCD and the conductive heat transfer
in the steel sample CDEF can be described by the same two-dimensional non-stationary nonlinear eq-
uation of heat conductivity with coefficients depending on the coordinates x, y and on the temperature
T; in this case, the term describing the rate of heat release in the CDEF region will be equal to zero:

a _of(,d\ o, _ on
pc—d = dc(l_ch + ﬁy(l_ﬁyJ +F, F pp,,Q—d , (1)
7;7=(1—77) ko exp(—%) )

Here T — is the temperature [K], ¢=c(x,y,7) — is the mass heat capacity [J/(kg-K)],
p=pxy,T) — is the density [kg/m’], 1= A(x,y,]) — is the thermal conductivity coefficient
[W/(m:K)], n — is the degree of conversion in the ECD reaction (dimensionless quantity), < 17 <1, n
— is the order of the reaction (as noted above, n = 1), Q — is the heat release of the reaction per unit
mass of the product [J/kg], ko — is the pre-exponent in the Arrhenius expression for the reaction rate
[c'], E, — is the activation energy of the gross reaction in the ECD wave [J/mol], R — is the univer-
sal gas constant,, R=8,314 J/(mol-K), the subscript “pr” means the reaction product.

Formula (1) is a nonlinear non-stationary heat conduction equation, in which the last term on
the right-hand side (value F) has the meaning of a heat source (rate of heat release) due to the occur-
rence of a heterogenecous exothermic reaction. The ordinary differential equation (2) describes the
reaction rate according to the Khaikin-Merzhanov macrokinetic model.

Let us describe the parameters included in the heat conduction equation with a source (1). The
amount of heat release O = —AH,, where AH, — is the enthalpy change for an exothermic reaction
(AH,<0), it can be determined on the basis of thermodynamic reference books, for example [§—12].
In the area ABCD, i.e. for 0 <x < D, 0 <y < B, the heat source F is nonzero and the degree of conver-
sion 1) is determined from the solution of equation (2). In the CDEF (for D <x < E, 0 <y < B) in equa-
tion (1) F=0, =0, i.e. it is solved without a heat source and is an ordinary two-dimensional nonli-
near equation of heat conduction, and equation (2) vanishes identically, i.e. it is not calculated.

Heat capacity ¢ and density p are additive quantities, therefore, in equation (1) is determined as
follows:

- in the domain ABCD: ¢ = c,(1-n) + ¢c,,n, p= pa(1-1) + ppr17

- in the CDEF: ¢ = ¢y, p = Pst>
where the subscripts ch, pr and st stand for charge, product of CBC (product) and steel (steel). For
each individual substance i (charge component, reaction product, steel or pure iron), the temperature
dependence of the heat capacity is usually written in the form ¢(T) = 4 + BT + CT > + DT where the
values of the coefficients A, B, C and D are available in thermodynamic reference books [8—12].

Thermal conductivity A is not an additive, but a structure-dependent quantity. However, for
simplicity, in the ABCD region, where ECD occurs, the additive formula is usually adopted:
A= Aa(1-n) + 4,1, and for steel (region CDEF) A = Ay. For the i-th individual substance, a linear
dependence of thermal conductivity on temperature is often used: A(7) = Ay + A,T.

The initial conditions for the heat conduction equation with a source (1) and kinetic equation
(2) have the form



82 Maremartnune MozemtoBaHas Ne 2(43) 2020

T(x,y,t=0) = Ty = const, m(x,y,=0)=0. 3)
Since the initial temperature Ty is chosen so that at it the reaction rate is negligible, then when
numerically solving Eq. (2), one can use the “trimming” of the Arrhenius exponent: at T npu 7<T,
dn/dt=0.
Let us write the boundary conditions to the heat conduction equation (1). During firing t<t;, at
the edge x=0, 0<y<D condition of the first kind is set:
T(x=0, 0<y<D, t < t;y) = T}, 4)
On all other edges of the sample during the entire process time (£>0), as well as on the edge
AD (x=0, 0<y<D) after ignition (#>t,;) a boundary condition of the second kind is set (absence of heat
exchange with environment):

90 00 Ly, (5)
Ox x=0 ox x=B

— /‘La_T = _,‘La_T =0. (6)
oy y=0 oy y=E

Thus, the thermal problem for the considered situation is formulated.

The diffusion equation in steel in the CDEF region (see Fig. 1) is written as Fick's II law, tak-
ing into account the Arrhenius dependence of the diffusion coefficient D of the saturating element at
each point on temperature:

EZE(D£)+£(D£J | -
a & & & &
D =D, exp(— %} ®)

Here C — is the concentration of the diffusing element, £, — is the activation energy of its
diffusion in steel (or pure iron), Dy — is the pre-exponential factor; the values of Ep and D, for the
diffusion of many elements in - and y-Fe are given in the reference literature, for example [13].

The initial condition to eq. (7) has a simple form

Clx,y,r=0)=0. 9)

The boundary conditions for the diffusion equation (7) are as follows. Since there is no mass
transfer of the steel sample with the environment, at the boundaries DE, CF and EF (see Fig. 1), we
write down conditions of the second kind, which are similar to expressions (5) and (6):

- Da_c = _Da_c =0, (10)
ox x=0, ye DE Ox x=B, yeDE
_p% =0. (11)
ay y=E, xeAB

On the CD border, the situation is different. The ECD wave moves along it in the reaction
mixture in the direction of the Ox axis, and active atoms of the saturating element are generated in the
region behind its front (in the zone of thermal reaction and the zone of afterburning of the ECD wave).
Since we consider the ideal diffusion contact of the steel sample with the region ABCD, the boundary
conditions of the first kind should be set at the DC boundary: C (y=D,x <P)=C,; and C (y =D,
x 2P) =0, where C; — is the concentration of the saturating element formed as a result of ECD, P(r)
— is the current coordinate of the combustion front on the surface DC, which can be defined as a point
where 7= 0,5 [7].

But here the following circumstance arises: when the front is displaced to the next point along
the Ox axis, the boundary condition in it will change abruptly, which can lead to the cycling of the
computer program in the numerical solution of the above problem. In addition, in the ECD wave, in
front of the narrow zone of rapid reaction, there is a wide Michelson zone, in which the charge is
heated by the heat flow from the reaction zone. For the considered two-dimensional problem, the heat
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from the specified zone will be partially removed to the surface region of the steel located in front of
the ECD wave front, and then the diffusion coefficient D there will increase. Then, at a low velocity of
propagation of the ECD wave, a situation is theoretically possible when the atoms of the saturating
element diffuse forward along the Ox axis from the surface zone of the steel located behind the ECD
front. This, again, will lead to significant difficulties in the numerical solution of the problem. There-
fore, it is better to set boundary conditions of the third kind, which in the situation under consideration
we will write in an unusual form, taking into account the motion of the combustion front along the DC
line:

~D— =ch7|x, y:E(cs —c|x, y:D), (12)

where 7 v y=E and C . — respectively, the degree of conversion and concentration of the dif-

y=D
fuser in steel at a point with the current coordinate x at the boundary DC (i.e., at y=D), and the parame-
ter K¢ is the coefficient of mass transfer between the steel surface and the reacted charge. At a high
value of K the concentration of diffusant in the steel at a given point C—C;, and then the condition of
the III kind (11) will be reduced to the condition of the I type (constant concentration at a given point).

Thus, the diffusion part of the problem is formulated completely. The heat conduction equa-
tions with a source (1), (2) and initial (3) and boundary conditions (4)—(6) must be solved together
with the diffusion equation (7) with the initial condition (9), boundary conditions (10>—(13) and ex-
pression for the diffusion coefficient (8).

Equations in dimensionless form: instead of an infinite region, we will consider a finite one
with the size X,,,.. To develop a method for the numerical solution of the Stefan problem, it is neces-
sary to bring all equations to a dimensionless form:

x=X/Xgy, Ymax = Xmax / Xo» 7=t/tg, 0=(T=Ty)/ AT, AT =Ty — T,

P =P /pO’ Ep,k =Cpk /CO’ lp,k z/ip.k /ﬂ()’ k=1,s,
where ¢, and X, — are the characteristic scales in time and distance, po, co and 1o — are the characte-
ristic values of density, heat capacity and thermal conductivity, respectively, x and 7— are the dimen-
sionless spatial coordinate and time, respectively, §— is the dimensionless temperature, 7,,,, — is the
maximum the possible temperature of the melt in the process under consideration, p, ¢ and A —

(13)

dimensionless (scaled) density, heat capacity and thermal conductivity, respectively.
Conclusions

Thus, the diffusion part of the problem is formulated completely. The heat conduction equa-
tions with a source (1), (2) and initial (3) and boundary conditions (4)—(6) must be solved together
with the diffusion equation (7) with the initial condition (9), boundary conditions (10>—(13) and ex-
pression for the diffusion coefficient (8).

In the future, it is necessary to build a finite-difference scheme, calculate the running coeffi-
cients and numerically solve the finite-difference equations by the iteration method.
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MATEMATHUYHE MOJEJIOBAHHS ®OPMYBAHHSA JITU®Y3IMHUX IIIAPIB
3 BAKOPUCTAHHAM KOMIIO3UIIIMHOIO HACUYYBAJILHOTI'O
CEPEJOBHMIIIA

Cepena B.I1., Xuna B.b.,. Kpyrisik I.B, Cepena /I.b.

Pedepar

PosrisiayTO 3amavy mpo ximiko-TepMiuHiii oOpoOui cTali 3 BUKOPUCTaHHSAM KOMIO3ILIHHOTO
HaciuyBanbHOro cepenopuina 3 Bukopucranus ECD (Energy component of diffusion). ¥ nawniit cuc-
TeMi BiZOyBa€eThCA KOMIUIEKC MPOLIECIB: MOMMPEHHs XBUJIl B LIapi MIWXTH HA MOBEPXHI CTaIH, HECTa-
LiOHApHUH TEIUIOBiABIA BIIIMO 3pa3Ka i HecTalioHapHa Au(y3is aTOMIB HACHYY€ eleMeHTa BIiub cTa-
T B HEi30TepMiuyHUX yMoBax. IIpu mboMy Ta yacTWHa MOBEpXHi, 3 SAKOI Hae aAudysiiiHe HaCHYCHHS
CTaJIH, PO3IMIMPIOETHCS B MIpy pyXy XBHIIi. B po0OTi TemonpoBigHicTs A € HE aIUTHBHOI, @ CTPYKTYp-
HO-3aJeKHOI BennunHoo. OHaK Ui IpOCTOTH B obnacTi, Ae nportikae ECD, 3a3Bu4ail npuiiMaioTh
anauTHBHYI dopmyny: A = Au(1-n) + A,n, a qus crani A = Ay. Jlng i-ro iHAUBIAYalbHOTO PEYOBUHU
BHKOPHUCTOBYBAJIH JIHIHHY 3aJIeKHICTh TerionposiaHocTi Bin temnepatypu: A7) = Ao + ArT. Iicas
toro, Ak xBuist ECD moGirna go kparo, TOOTO IIMXTa MOBHICTIO MpopearyBaia, Judy3is aToMiB 3 1O-
BEpXHIi 1 KOHAYKTUBHHUH TEIUIONEPEHOC B CTAIM TPUBAIOTH MPOTATOM Yacy BUTPUMKH f;,. Take 3aBAaH-
HS € IBOBUMIPHOI, HECTAL[IOHAPHO] 1 ICTOTHO HEI30TEPMIYHO].

Kineruka B3aemomnii pearentiB B xuiii ECD HOCHTH HOCUTH CKIIAJHUI XapaKTep 1 € HEeTOCTaT-
HbO BHUBUYCHOI. Te caMe MOXHa CKas3aTy 1 JI0 KIHeTHUKHU reHepallii akTHBHUX aToMiB B xBwiti ECD, sxki
OyayTh TU(YHIYBaTH B CTalb. ¥ 3B'I3KYy 3 UM OyIEeMO OMHUCYBATH KiHETHKY B3a€MOIIi 1 TEIIOBHII-
nenns B xBuwii ECD 3 BUKOpHUCTaHHAM BITHOCHO MPOCTHH Mozeni XaikiHa-MepKaHoBa, 1 po3riisaaTu
peakuito [-ro mopsaky. [Nommpenns xsuni ECD B mapi KHC 1 koHgyKTHBHE TEIUIO IEPEHOC B CTaje-
BOMY 3pa3Ky MO>KHa OITMCATH OAHUM 1 TUM K€ JBOBUMIPHUM HECTAL[IOHAPHUM HETIHIHHUM PIBHSIHHSAM
TEIIONPOBIAHOCTI 3 KoeilieHTaMu, 3aJIKHUMHE Bl KOOPAWHAT X, ) 1 BiJ Temneparypu 7; Ipu IbOMY
YJIeH, IO ONHUCYE IBUAKICTh TEIUIOBUIUIEHHS, B 00J1acTi Oy/ie JOpiBHIOBATH HYJIIO.
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PO3POBKA MATEMATHUYHOI MOJEJII HAIIPYKEHO-IE®OPMOBAHOI'O CTAHY
BAPABAHIB ITAXTHHUX IMIAIMMAJIBHUX MAIIIUH

B pobomi supiwena axmyanvha naykosa 3aoaua, sika noisieae 6 po3pooyi mMamemamuiHol
MOOeNi 3aNeNHCHOCII HANPYIHCEHO-0edopMosanozo cmany bapabana 6i0 napamempie NiOKpinjieHHs
bapabanie waxmuux nidiumanvrux mawuy. Memorw pobomu € po3podKa HAYKOBO-0OIPYHMOBAHUX
PpeKoMeHOayill wooo eubopy napamempis niOKpInIoyux eiemenmie bapabarnis. Ompumano 3anedxc-
HOCMI Hanpysceno-0eghopmosano2o cmawny dapabana 6i0 napamempis NIOKPINIIOOYUX eleMEHMIS.
Pexomenoyemocsa suxopucmosgyeamu OmpumaHi 3aKOHOMIPHOCMI NPU NPOEKMYBAHHI GIMUUSHAHUX
WAXMHUX NIOTUMATLHUX MAWUH 3 YUTTHOPUYHUM O6apabaHoM.

Knrouoei cnosa: yuninopuunuil bapaban, wiaxmua nioiiMaibHa MAWUHA, RIOKPINAOWOYL ele-
MEHMU, HANPYIHCEHHS, KOHYESHMPAMOP HANPYIHCEHDb.

In the work an urgent scientific problem has been solved which consists in the development of
the mathematical model of the dependence of the stress-strain state of the drum on the parameters of
reinforcement of the drums of mine hoisting machines. The aim of the work is to develop scientifically
grounded recommendations on the choice of the parameters of reinforcing elements of the drums. The
dependences of the stress-strain state of the drum on the parameters of the reinforcing elements are
obtained. It is recommended to use the obtained regularities in the design of domestic mine hoisting
machines with a cylindrical drum.

Keywords: cylindrical drum, mine hoisting machine, reinforcing elements, stresses, stress
concentrator.

IHocTanoBka npodJemMu

MaxtHi miaifiManeHi Mamuan (LIIIM) BiTun3HsAHOTO BUPOOHUIITBA, HA BiAMIHY Bil 3apyOix-
HUX, BUTOTOBISIIOTHCA 3 MiAKPIIUIIOBaJbHUMH €JIEMEHTaMH{, L0 CIPHUYMHSIE BHCOKI HANPYKEHHS B
KOHCTPYKIIii uepe3 HasBHICTH KoHLIEHTpaTopiB [1, 5]. ToMy, akTyanbHOIO TEXHIYHOIO MPOOIEMOIO €
MiJBUIICHHS MIIHOCTI OapabaHiB MPH JOCATHEHHI MiHIMalbHOI HOro MacH 3a JOMOMOTOK METOIIIB
MaTeMaTHYHOTO Ta KOMI'TOTEPHOT 0 MOJCIIIOBAHHSI.

AHaJIi3 0CTaHHIX JOCTIIKeHb Ta MyOJiKamii

Tpanmuiiiini HanmiBaHAITUYHI MaTeMaTHYHI METOIU JAal0Th OCEPEIHEHY OIlIHKY HaIpyKEHO-
nedopmosanoro crany (H/IC) 6apabana npoekroBanoi koHcTpyKitii LIITTM i He 10O3BONSAIOTH OIIHUTH
3aJIeKHICTh HampyXeHo-1e)OopMOBaHOro CTaHy Oapabana Bif BHOOpY THX YW IHIIMX BHIIB HiIKpir-
nenb [1—3]. Omxe, HEOOXiAHO IS 3aJaHUX BHXIIHUX AaHuX mpoekroBanoi LIIIM mepebpatn Bei
MOXIJIMBI BapiaHTH MiIKpimjieHs OapabaHa 3a KpUTEPiEM MiHIMYM Mach 1 MaKCHMMajbHOI MIITHOCTi. A
micist 0OpoOKH pe3ynbTaTiB 00UMCIIIOBAIBHOTO EKCIIEPUMEHTY OoTpuMaTu MatematuuHi moneni HIC,
BHUKOPHUCTOBYIOUYH KOTPi MOXKHA BU3HAYUTH HEOOX1JHI MapaMeTpH MigKpPillIeHb.

Takum 4rHOM, PO3poOKa MaTeMaTH4YHOI MOMETI 3aJEeKHOCTI HaIpy:KeHO-IehOpMOBaHOTO
crany OapabaHa BiJ mapaMeTpiB MiAKPIIJICHHS AaXTHOI MiAIMMaIbHOI MalllMHA — aKTyaJlbHEe HayKo-
BE 3aBIaHHS.

DopMyJTHOBAHHS METH J0CTIIKEHHS

Meroro po6oTH € po3po0ka HAyKOBO-OOTPYHTOBAHUX PEKOMEH Al 1010 BUOOPY mapaMer-

PiB MiOKPIIUTIOIOYUX eTeMEeHTiB OapaOaHiB MIAXTHUX MiTHOMHUX MAIlHH.
Bukisiax ocHoBHOTO MaTepiaiay

CyuacHi 6apabanu migiimansaux Mammd HKM3 BUTOTOBISIIOTE 3BapHUMU 3 BUKOPUCTAHHSAM
JIMCTOBOTO TMPOKATy 1 HAPi3KOIO MMiJ KaHAT MO MerajeBii ¢yrepoBUi. MalliHu 3 OTHUM PO3PIZHUM
OapabaHOM BHUKOHYIOTH 3 ABOX YaCTHH: OZIHIET BY3bKOI IIEPECTaBHOI, 10 CAY>KUTH ISl PO3MIILIICHHS Ha
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Hill BUTKIB TepTs 1 3almacHUX BUTKIB KaHaTa, a iHIIOI — IIMPOKOI HEPYXOMO 3aKpiIUIEHOi Ha Bay.
3axkiMHEeHy YacTHHY OapaOaHa NpUBapIOIOTH OO0 TPYOH YKOPCTKOCTI, SIKY 3aKpIIJIIOIOTH OONTaMH A0
JIBOX MaTOYHH, SIKi OCAKEH1 Ha KOpiHHMIA Bajl. JIiBa MaTounHa mocaJKeHa Ha BaJ MO rapsyii moca-
ami. [IpaBa 3akivHeHa Ha Basly TaHTEHLIATbHUMH IIMoHKaMmH. [lepectaBHy yacTuHy OapabaHa BCTa-
HOBJIIOIOTh Ha MPaBil 3aKIMHEHI MaTOYMHM, BOHA MOXE BUTbHO MEPEKOYYBATHCA IO Hill MPH BUMK-
HEHOMY MEXaHi3Mi IIepeCTaHOBKH 3aBJISTKM POJIMKOBIH OMOpi, 110 00epTaeThCsl.

CkitajieHuii TONOBHUH Baul migiiManbHOi Marmman [[P-6Y3,2 nogano Ha puc. 1 [4]. Ty mo3-
HaueHo: | — mepecraBHUl OapabaH; 2 — 3akIMHEHHNH OapabaH; 3 — MiIMITHIKOBA OMOpa, KiHIIEBa;
4 — MiAWINHUK TPOMDKHHN; 5 — MeXaHi3M IepecTaHOBKU (pO3UinHUM MPHUCTPi); 6 — TOIOBHUI
BaJ MigiiiManbHOI MalIMHK; 7 — 3MalllyBajibHa CUCTEMa OIop mepecTtaBHOro Oapabana; 8 — Hepyxo-
Ma MaTOYMHA 3aKJIMHEHOro OapabaHa; 9 — MaTourHa nepectaBHOro 6apabana; 10 — ranxbpMiBHI Juc-
ku; 11 — pebopanm; 12 — mydra.

Puc. 1. Cxnagenunii roJOBHUH Baj migiiManbHol Marmam [IP-643,2

HaBuBka Oyzap-siKoro BUTKa KaHaTa MPU3BOAUTH A0 Aedopmalii oOnuaiiku GapabaHa, BHACTI-
JIOK 4oro AeOopMyrOThCS paHillle HaBUTI BUTKU [5, 6]. [Ipu 1iboMy 3MIHIOETHCSI HATSOKIHHSI BHUTKIB
KaHaTa, fKe 3MIHIOE paliaibHe HaBaHTaKCHHs Ha obOedaliky Oapabana. IlpumitHATO, 10 HATSKIHHS
KaHaTa B MeXaX KOXXKHOTO BUTKa MOCTIHO, MPH LBOMY ClipajibHa KaHaBKa 3aMiHEHa KibleBoro. Lle
POOUTH MOKIIMBUM BHPILIYBaTH 3alady sIK BicecuMmeTpuuny [7, 8]. [y mociimkeHHs! BIUIUBY L[OT'O
HaBaHTa)XEHH:S Ha HampykeHo-IeopMmoBaHuii ctan Oapabana B gomatky SolidWorks Simulation 3a
noromoroto Merony ckinueHHuX enemenTiB (MCE) HeoOXigHO CTBOPHTH TPUBUMIPHY TBEPIOTLTY
Mozens [4, 7].

I'eomeTpuyHi MozeNi 3aKIMHEHOT 1 IepecTaBHOI YacTHH OapabaHa MAXTHOI MigiiManbHOI Ma-
mwan [[P-6U3,2 (puc. 2) cknagaroTbes 3: Mojienel oOnyaiiku 1 3 KibIIeBUMY KaHaBKAMH; TATbMiBHIX
MOJIB 2; JBOX KUTbLEBUX pedop i KibIEBOI HUIIHAPUIHOI 00JIACTi ATl PO3MIIIEHHS] BUTKIB TEpTS 1
3amacHoro kanara 3; yno0oBuH 4. [l nochimKeHHS HampyKeHO-IepOopMoBaHOro craHy OapabaHa
Oyiia cTBOpeHa oro rmapamMeTpuvHa MOJCTh, B SAKill repen0dadeHo aiis 30UTbIIeHHS JKOPCTKOCTI Oapa-
0aHiB pi3HI BUIU MiAKpiIUIeHb. Y MOZET MOXHa 3MIHIOBAaTH IapaMeTpu TOBIIMHHU OOMYAMKH 1 1000-
BHHH, PO3MipH IIMAHTOYTiB, KOCHHOK, paiaJbHUX pedep >KOPCTKOCTI.

[locTaBneHo 3aBHaHHS: NOCTIOUTH BIUTUB KOHCTPYKTHBHUX (aKTOpIB 3aKIMHEHOI YaCTHHU
Oapabana Ha 1i HJIC.

OCHOBHMM THapaMeTpoM JIsl TOCTIKEHHSI € MaKCUMaJlbHE CTaTHYHE HATSDKIHHS HaBaHTaXe-
HOI BITKM KaHaTa — SIK€ 32 TEXHIYHUMH BUMOTaMy CTaHOBUTH He MeHIue 320 xH.

B skocti migkpiruieHs B 6apabaHi MOXXyTs OyTH peOpa, CTprHTepH (IT0310BXKHI pedpa), mmnaH-
roytu (KuTeleBi pedpa), kocuHku. Ha Moseni 3aknHeHol yacTiHU OapabaHa MpH TOBIIMHI JIOOOBUHHI
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40 MM 1 BiacTaHi MiX JIOOOBHHOIO 1 TJIOMIMHOIO PO3Pi3y 5...6 KaHaBOK, 3 MAaKCUMaJIbHUM PO3MIpOM
CKiHUeHOro eneMeHTa citku 20 MM, Oyo mpoBeneHo pospaxynok HJIC ans migkpirieHs.

JinsHKyY 3aKJIMHEHOT YaCTHHH, SIKa MEXY€ 3 TUIOLIMHOIO PO3pi3y Ta 3 iHIIOro 60Ky oOMexeHa
J000BUHOIO, HallUacTille MigKpimIoTh KocuHKaMu. OKpiM Takoro po3TalryBaHHS KOCHHOK CTBOpe-
HO MIIKPIMJIeHHS Wi€l JUISHKW IIIaHTOyTOM, SKHHA MEXYeE 3 TUIOLIIMHOI0 po3pi3y. Takok B3ATO Micie
pO3TalllyBaHHS MIMAHT0yTa CAMETPHUYHE OCTAHHHOMY BiIHOCHO JJOOOBHHH.

Jnst 36imbIIeHHs )KOPCTKOCTI 00MYaiiki Ta MK OTBOpaMH JIOOOBHHH JIO HUX MIPUBApeHO peod-
pa 3 KpUBOIIHIHHUM MIEPEXOIOM.

Hns mopiusHHs BBy Ha HJIC Gapabana minkpimieHs, mo 30UTbIIYIOTh KUTbLIEBY KOPCT-
KiCTb OOMYaliKH, JOCTIIKEHO BIUIUB MiJKPIIUIEHb, SIKI BUKOPUCTOBYIOTh AJIS1 30UIBIICHHS MOMEpevHOl
KOPCTKOCTI 00MYaiik — cTpuHrepH. Byno 3amponoHoBaHo TpH iX BUAM: Tpanelueifaibhi 3 00po0Koio
TBIpHOI MiCJIA 3BapIOBaHHs, TparnelneinanbHi 31 3MiHOIO KyTa Haxuity TBipHOI, [1-moaiOHi.

Puc. 2. Tlapamerpuueckast MoJienb OapabaHa MaxTHON moabeMHol Marmmab [[P-643,2

Hesiki koMOiHaLI] TiAKPINJeHb HEMOXKIMBO BUKOHATH 3 KOHCTPYKTUBHUX MIPKYBaHb. Y NaHii
Mozeni (puc. 2) BUKOPUCTOBYBaJMCA pedpa 5 B KUIBKOCTI 6 IIT. Ha KOXHY JTOOOBUHY, CTpUHTEpH 6 Y
KUIBKOCTI 16 IT. Ha 00MYaiill MK JIOOOBHHAMH, KOCUHKH 7 B KUIBKOCTI 40 IIT. Ha OUISHIN 3aKIHHE-
HOI YaCTHHH, Ka MEXY€ 3 IUIOMINHOIO po3pi3y 1 3 iHIOro 60Ky oOMexeHa J1000BHHOI. Po3risaHyTo
BCl MOXKJIMBI KOMOIHAIIT MiAKPITIEHb.

VY mepriii 4acTHHI €KCIIEPUMEHTY HE3MIHHUMH 00paHi HemepepBHI YMHHUKHU MOJIOXKEHHS JIO-
O0oBuHM Ta ii ToBmmHHM. Ha Moneni 1/8 3aknmHeHomoi yacTuHU OapabaHa MpH TOBLIMHI JIOOOBUHHU
1 =40 MM, i BincTaHi MiX JIOOOBHHOIO 1 MJIOMIWHOIO PO3Pi3y 5,6 TOBKUHN KaHABKH.

PesynbTat 0OYMCITIOBANBHOTO EKCIIEPHUMEHTY OOpOOISUTHCS 32 JOMOMOTOI0 METOAY Hai-
MEHIIMX KBaJpaTiB. 3 aHali3y pe3ybTaTiB 004YHCIeHb BUILIMBAE, U0 HAHOLIBII BAAMM HiIKpiMieH-
HSM € IIIaHroyT, MPUBapeHU 0 0OMYaiilli 3aKIMHEHOMY YaCTHHU, PO3TAallOBaHUN Ha TiH e BincTa-
Hi, IO 1 BiJ{ JOOOBHHM JI0 TaJIbMIBHOTO J¥CKA. 3'CYBaNOCS, IO € IMiAKPIMUICHHS Ja€ HalMEHII MaK-
CHMaJbHI HampyxeHHs. OnHaK B 00ONOHII HAMpPY)KEHHS MEpEBUILYIOTh NPUITyCTHMI 3HadeHHS (155
MIla npu mynbcylounx HaBaHTaKeHHsX [7, 8]), a Takox 30inbu1ye Macy 6apabana Ha 400 Kr.

Haii0inpIn HEeBUTITHUM 332 METAJIOEMHICTIO € MOETHAHHS PeOepHOro MiAKpiruieHHs, aBox [1-
0o0pa3HUX CTpUHTEpiB. Y TOpPIBHSAHHI 3 OapabaHOM 0Oe€3 MiAKPIIJICHh BOHO 30UIBIITye MaKCHMabHI
HanpyxeHHs1 Ha 38%. HaliOinbin HeOe3leuHH 3a HANpyXEHHSMH — L€ BUMAAOK MiAKPIIUICHHS
CTPHHIEpOM 3 00pOOKOI0 TBipHOI B Oynb-sKiii KOMOIHALIT 3 IHIIMMH MiAKPiIUIEHHSIMH (301UIbIIYyE Ha-
NpYy)KEHHS B NOPIBHAHHI 3 OapabanoMm 0e3 minkpimnens Ha 133-151%), i gae 30UIbIIEHHS Macu Bif
1160 xr.

Bunaznok 6e3 migkpinieHp 3 TOYKH 30py MacH HalOUIbIl BUrinHUHA. TyT MakcCUMalbHI HAMIPY-
KEHHS! BUHUKAIOTh HA MTOBEPXHAX KAHABOK, SIKI 3HAXOAATHCS HAJl 3'€ITHAHHSIM OOMYalKH 3 JOOOBHHOIO
ONMM3bKO TUIOLIMHI po3pizy. HasBHICTH MiAKpIIUIEHh Ma€ BUKIMKATH PO3BaHTAKEHHS OOMYAHKH i, B
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HACIIIIOK, 3MILICHHS! MAaKCUMaJIbHUX HANpPY>KeHb Ha camMoMy mifgkpiruieHHi. lllnanroytu npu mManomy
Kpoui ycranoBku (250—300 MM g ganoro 6apabaHa) HE MepeMillaloTh MaKCUMallbHI HAlpyKeHHS,
ane 30UIbIIYIOTh JKOPCTKICTh 00MYaiiki 1 3MEHIIYIOTh Ha Hill IHTEHCUBHICTh HampyxeHb. Ha kocuH-
Kax BUHUKAIOTh MaKCHMAaJbHI HANIPY>KEHHA B MicLi 3'eqHaHHA 1i 3 moOoBUHOI0. [ pebep makcuma-
JbHI HANIPY>KEHHS NPAaKTUYHO HE BUHUKAIOTH. [IpH CHITbHOMY BUKOPHCTAHHI LMX MiAKPIIUIEHb MaK-
CHMYM HaIlpyKeHb CIIOCTEpiraeMo Ha KOCHHKax. Y MOpiBHSIHHI KOCHHOK i [I-o0pa3Hux cTpuHrepiB,
MU COITBHOMY iX BUKOPHCTaHH1, HaiiO1nbI1 HeOe3MeUHNMH 3a HAPYXEHHSIMH € KOCHHKH, a TIPU IBOX
IHIIMX KOHCTPYKIIAX CTPUHTEPIB MAKCUMAaIIbH1 HANPY>KEHHSI BUHUKAIOTh CaMe B HUX.

VY nopiBHsHHI pedep 1 [1-00pa3HuX cTpUHTEpiB, IpU CHUIBHOMY iX BUKOPHUCTaHHI, HAHOLIBII
HeOe3MeUHUMH 33 HalpY)KEHHSIMH BUSBISIFOTBCS CTPUHTEPH, alleé MAKCUMaJbHI 3HAUEHHS B HUX Hai-
OiIbII ONMM3BKI 10 AOMYCTUMHUX.

OTmxe, B sAKOCTI peOepHOro MiAKpiIlieHHs HeoOXigHO BHOMpaTH KombOiHamiro pebep i Il-
o0pa3Hux ctpuHrepiB. OgHaK HEOOXiAHO MPOBECTH TOJATKOBI JOCHTIKEHHS 1Sl BU3HAYCHHS T€OMET-
puuHuX po3mipiB [1-00pa3HUX CTpUHTEPIB, NPH SKUX IHTEHCHBHICTh HANpYyKeHb Oyzae mepeOyBaTu B
JOMYCTHUMHUX MEKax.

BHacnigok aHamizy BCTaHOBJICHO, II0 3HAYYIIMM MAapaMeTpoM, 110 XapaKTepH3ye HampyKeHo-
nedopMoBaHUil cTaH MPOEKTOBaHOTO Oapabana, € mapamerp H, a HOro rpaHUYHI 3HAYEHHS 3HAXOSTh-
ca B mianazoni 0—600 MM (nuB. puc. 3).

3
h=H/25
1

h

———

Puc. 3. Ilapamerpu I1-o6paszHoro crpunrepa

Pesynbpratu gocnimkeHHs mogani B rpadiyHOMY BUTIISAL Ha puc. 4, 3 IKOTO BUIHO, IO IHTEH-
CHBHICTh HalpykeHb 3MeHInyeThest Big 500 MIla mo 150 MIla (nmpu nomyctumux 155 MIla). Takox
OTpUMaHO, 10 NpH 3Ha4deHHI H =450 MM HampyXeHHS IOCATIH CBOrO MiHIMAJIBHOTO 3HAYEHHS, 1
nojasble 30UIbIEHHS JOBXKUHN PUBOAUTE TUIBKH 10 301IbIIEHHS MACH.

Ao, Mlla
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- =]
500 | 5% 5
400 —">meas - Rl
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Puc. 4. I'padik 3anexHOCTi HANpY>KEHHsI B OapabaHi BiJ BUCOTH CTpHHTrepa: | —B oOnuaiiii;
2 —y cTpuHTepi; 3 — AOMyCTUME HapyKEHHS

MaTeMaTUYHy MOJIEITb 3aJISKHOCTI HAIIPYKEHb B OapabaHi BiJl BUCOTU CTPUHTEPA 3aMUIIEMO Y
BUTJISLAL [TOJIIHOMA:

o(H)=k, -H* —k,-H* ks - H +k,,
Ie {k}T = {1,306 MHa/MM3 10,49 MHa/MM2 49,51 MHa/MM 551,9 MHa} — BM3HAYEHI MECTO-
JIOM HaliMEHIITNX KBaJIPaTiB.
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Takum uuHOM, mapamerp H HeoOximHo BuOMpatu 3i chiBBimHomienns: H/B>0,17 (tyt

B — mmpuna 6apabana).

Kpim Toro, BUKOHaH1 TOCHTIPKEHHS JaJId MOKITUBICTh BUSIBUTU ONTHMAJIBHY CXeMY peOepHOro
MiAKpimIeHHs. A came, PEKOMEHIYETbCS BUKOPHCTOBYBATH Uil 3aKiIMHEHO! yacTWHU OapabaHa
[1-00pa3uwuii cTpuHTep B KOMOiHAIII] 3 pedpaMu, BCTAHOBICHUMHE MK JIOOOBUHOIO i TaJIbMiBHUM JIHC-
koM. ['eoMeTpuuHi mapamerpu eneMeHTiB Oapabana (oOmualiky, JIOOOBWHH, MIAKPIIUIEHb) 0OpaHi 3
YMOBH MIHIMYM MacH i 0OOMEKEHHSM y BUTJISIAL AOMYCTUMHUX Hampy)KeHb, Ta IOKa3aHi Ha pHcC. 5.

i 2700 14
Tt 4 I —‘ ]
. — =
s 2 180] J S
C 180 60160
30 30

6000

Puc. 5. 'eomerpuuni napamerpu enemMenTiB 6apabana

Bukonanuii nepeBipouHHA PO3PaxyHOK MiATBEPIXKYE IMpale3faTHICTh KOHCTPYKUii. Pe3ynb-
TaTH CKIHUYEHO-eJIEMEHTHOIO aHali3y MOKa3aHi Ha puc. 6. 3 enopu Halpy:KeHb BUAHO, IO MPU BUO-
paHMX mapaMerpax MaKcUManbHi 3HaueHHs ckianu 127 Mlla, mo HMX4Ye TpaHUYHO AOMYCTUMOTO.
[Ipu npoMy, Maca KOHCTPYKLIi MeHIIe Ha 8% B MOpiBHSHHI 3 BUXigHoto. Kpim Toro, mepemimnieHHs B
obnuaini He mepeBHLIYIOTH 0,7 MM. OTKe, KOHCTPYKLisl AOMYCTHMA 32 YMOBOIO CTIHKOCTI Ta JJOIMYCKY
Ha TIepeMilleHHS.

—+ I[IpemelT TekyHecTH: 295.0

Puc. 6. Jocnimxenns HIAC 3 mpuiHATAME MiIKPITLICHHIMEI
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BucHoBkn

VY maxTHUX migiiManbHuX MammHax Tuny LIP Hanpyxeno-gedopmoBanuii cran Gapabana ic-
TOTHO 3aJIEXHTD BiZl 00paHoi cxeMH peOepHOro MiIKpiIIeHHs, a caMme:

- KOHCTpYKLisl Oapabana Oe3 migkpimjeHb Mae MiHIMalbHY Macy, aje eKBiBaJICHTHI Hampy-
KEHHS Ha TIOBEPXHAX KAHABOK MEPEBUIIYIOTh JONYCTHMI B 30HI CTHKY JIOOOBHHH 3 OONYaHKOIO;

- KOCHHKH, $IKi 3'€THYIOTh T0OOBHUHY 3 00M4alKOI0, € KOHIEHTPATOPOM HampyKeHb 1 BUKOpHUC-
TOBYIOTBCSI B KOHCTPYKIII IK CTpaxyBaJibHi €l1eMEHTH;

- KOpPOTK1 CTpUHTEpH, IO BCTAHOBJEHI Ha BHYTPIIIHINA MOBEpXHI OOMYAHKH, MPAKTUYHO HE
301TBIIYIOTH XKOPCTKICTh OapabaHa, aje caMi € KOHIIEHTPAaTOPOM HalpyKeHb;

- [1-o6pasni cTpuHrepH, 301IbIIYIOTE MIHICTh KOHCTPYKLIi, ane iCTOTHO 30UIBLIYIOTH Macy
OapabaHa;

- LIMAHTOYTH NPaKTHYHO He 30UIBIIYIOTh MIIIHICTh KOHCTPYKIIi IIPH HEIOCTAaTHIHN 1X KiTBKOCTI;

- PEKOMEHYEThCSI BUKOPUCTOBYBATHU [UIs 3aKJIMHEHOT YacTHHU Oapabana [1-o6pasuwmii cTpuH-
rep B KOMOIHAITi 3 peOpoMm.

VY xoHcTpykuii migiiMansaol Mamman L[P-6Y3,2 miniManbHi HanpyKeHHs B o0H4aiini crpoe-
KToBaHOro OapabaHa 3a0e3neuye komOiHarlis [1-o0pa3Horo crpuarepa i pebpa, mpuuoMy Mapamerp
crpunrepa H HeoOXxinHo BuOUpaty 3i criseinnomenus H/B > 0,17.
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DEVELOPMENT OF A MATHEMATICAL MODEL FOR THE STRESS-STRAIN
STATE OF MINE HOISTING MACHINES DRUMS
Panchenko O., Bodnar D.

Abstract

In the work an urgent scientific problem has been solved which consists in the development of
the mathematical model of the dependence of the stress-strain state of the drum on the parameters of
reinforcement of the drums of mine hoisting machines. The aim of the work is to develop scientifically
grounded recommendations on the choice of the parameters of reinforcing elements of the drums.

As a result of the performed computational experiment, it is shown that the stress-strain state
of the drum depends significantly on the selected rib reinforcement scheme. The design of the drum
without reinforcements has a minimum mass, but the equivalent stresses on the surfaces of the grooves
exceed the allowable ones in the area of the joint of the front member with the shell. The gussets that
connect the front member to the shell are a stress concentrator and are used in the structure as safety
elements. Short stringers installed on the inner surface of the shell practically do not increase the stiff-
ness of the drum, but are themselves a stress concentrator. U-shaped stringers increase the strength of
a structure, but significantly increase the mass of the drum. Frames practically do not increase the
strength of the structure with an insufficient number of them. It is recommended to use a U-shaped
stringer in combination with a rib for the jammed part of the drum. In the design of the CR-643.2
hoisting machine, the minimum stresses in the shell of the designed drum are provided by a combina-
tion of the U-shaped stringer and rib, and the stringer parameter H must be selected from the ratio
H/B >0.17. The mathematical model has been obtained that describes the equivalent stresses in the

drum depending on the stringer height.
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In the course of this research, statistical data on the operation of BelAZ heavy-duty dump
trucks with a capacity of 30 and 42 tons in the transport and technological system of recycling of
technological waste of two sections of the slag processing plant for 31 days were processed. Expertly
identified 18 parameters that characterize the quality of dump trucks, namely — the number of riders
(z1), the volume of cargo transported (z;), mileage (z3), the number of operating hours (z,), the actual
fuel consumption (zs), technical speed (zq), travel time (z;), idling (zs), parking duration (zy¢), number of
stops (z1y), duration of stops (z;;), number of stops (z;3), operating speed (z;3), static load capacity fac-
tor (z,4), average ride duration (z;s), average ride distance (z;¢), average ride length (z,;), idle time
under load (unloading) (z;5). The practical implementation of the method is carried out on a computer
in the module "Factor analysis" of the integrated system of statistical analysis STATISTICA. In the
process of component analysis, the number of the most important main components was substantiated,
the relationship between the main components and the initial parameters was established, and a mea-
ningful interpretation of the main components was performed.

Keywords: dump truck, ride, component analysis, metallurgical slag, operating speed, hours,
idling.

B npoyeci 0anozo docnioacenns Oynu onpayb08ani cCmamucmuyti OAHHI npo pooomy 6eauKo-
sanmaoicHux camockudie benA3 eanmaosiconiovomuicmio 30 ma 42 m 6 mpaHcnopmMHO-MEXHONI02IUHIl
cucmemu peyuriiney mexHoI02iHHUX 8I0X00i6 080X OLISIHOK yexy uliakonepepobku npomseom 31 do-
ou. Excnepmuum wiisxom Oyau eudineni 18 napamempis, sKi Xxapaxmepusyioms sKiCHy poOomy camo-
cKudie, a came, — KiabKicms 300K (z;), 0b6cse nepege3eHoco 8anmagicy (z), npobie (z3), KitbKicmo
Momouacie pobomu (z,), paxmuuna eumpama naiuea (zs), MexHiuHa WeUOKICmb Pyxy (zg), wac y pyci
(z7), xonocmuil Xio (zg), MpPUBANICMb CMOSHOK (29), KiIbKICMb CMOSAHOK (Z19), MPpUALicms 3YNUHOK
(z11), KIbKICMb 3YRUHOK (Z)3), eKCHAYamayiiHa weuoKicms pyxy (z;3), Koeiyicum cmamuyHo2o 6u-
KOPUCMAHHS 8AHMANCONIOUOMHOCII (Z14), CEpeOHs mpusanicme i30Ku (z;5), cepedHs 8i0cmaHb i30Ku
(Z16), CepedHs 008dCUHA 130KU (Z;7), 4AC NPOCMOI NI0 3A6AHMANCEHHAM (PO3BAHMANCEHHAM) (Z)5).
Hpaxmuuna peanizayis memody 30iticnena na EOM y mooyni « @akxmopuuili ananizy iHmeeposanol
cucmemu cmamucmuynoz2o ananizy STATISTICA. B npoyeci komnonenmuozo ananisy 6yio oorpyHmo-
6AHO KINbKICMb HAUOINbUL 8A2068UX 2006HUX KOMNOHEHM, 6CMAHOGICHO CRIGEIOHOUEHHS MIJIC 20106~
HUMU KOMNOHEHMAMU | 8UXIOHUMU NAPAMEMPAMU, NPOBEOEHO 3MICHOBHE IHMEPNPEMYEAHHS 20A06HUX
KOMNOHEHM.

Knrwwuosi cnosa: camockuo, i30ka, KOMROHEHMHUL AHANI3, MEMATYPSIUHUL WLIAK, eKCILyama-
YiHa WeUOKiCmb, MOMO200UHU, XOIOCMULL XiO.

Introduction and problem statement. Technical and operational indicators of dump trucks
during transportation of technological waste of the main production of metallurgical enterprises are
determined by a large number of features and have a close connection with the technology of main
production, specialization of cargo points, technology of cargo points, etc. Therefore, for a complete
technical and economic characteristics of the process of operation of dump trucks, it is necessary to
have statistical information for a large number of different physical characteristics. If the process of
dump trucks includes a large number of features, the meaningful characterization of the relationships
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identified by regression analysis becomes a non-trivial task. One of the methods of multidimensional
statistical analysis, the principal components method, can be successfully used to study such
processes. The principal components method is used to group the starting factors so that the members
of the group are correlated with each other, but the group as a whole would be independent of other
groups. Linearly independent groups of factors are called the main components [1,2,3].

One of the important advantages of the principal components method is that it allows to
represent the process of behavior of the studied object in the form of a set of independent (statistically)
components, which allows to study the studied system using a reference model and conduct research
by comparing the reference model with real system behavior. . Thus, the essence of the principal com-
ponents method is to display complex processes in a simplified form and to study possible options for
their development in a model situation [4].

The purpose of the work. On the basis of the statistical data characterizing work of dump
trucks to carry out the analysis of parameters of work of dump trucks in processes of recycling of
technological waste of the metallurgical enterprise by a method of the main components.

Results of work.In the course of this research, statistical data on the operation of BelAZ
heavy-duty dump trucks with a capacity of 30 and 42 tons in the transport and technological system of
recycling of technological waste of two sections of the slag processing plant for 31 days were
processed.

Expertly identified 18 parameters that characterize the quality of dump trucks, namely — the
number of riders (z;), the volume of cargo transported (z,), mileage (z3), the number of operating
hours (z4), the actual fuel consumption (zs), technical speed (z), travel time (z;), idling (zs), parking
duration (zo), number of stops (zi¢), duration of stops (z;1), number of stops (z;,), operating speed (z;3),
static load capacity factor (z;4), average ride duration (z;s), average ride distance (z;¢), average ride
length (z,7), idle time under load (unloading) (z;5).

The practical implementation of the method is carried out on a computer in the module "Factor
analysis" of the integrated system of statistical analysis STATISTICA [5].

Component analysis of the studied process of cargo processing is performed in the following
sequence [6].

1. Justification of the number of the most important main components. For the accepted initial
number of principal components m = 18, the eigenvalues of the principal components were calculated,
which characterize the contribution of the corresponding component to the total variance (Tabl. 1).

To substantiate the number of main components, we use an approach in which the contribution
v; of the next main component included in the consideration must satisfy the condition v, > 1.
[7,8,9]According to this approach, it is advisable to use the first 4 main components for further re-
search to carry out the next stages of component analysis, we select the first 4 main components.

Table 1. Contributions of principal components to the total variance

The amount of component Type of contribution
contribution Absolute | Relative, %
Open-hearth slag processing site
F, 8,486 47,145
F, 3,212 17,842
F; 1,805 10,029
Fy 1,393 7,741
Fs 0,936 5,199
F¢ 0,743 4,129
F; 0,498 2,767
Fg 0,321 1,782
Fy 0,284 1,577
Fio 0,161 0,894
Fi 0,066 0,367
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Continue of the table 1.

Fiy 0,039 0,215
Fi3 0,029 0,159
Fiy 0,013 0,070
Fis 0,007 0,038
Fi6 0,005 0,026
Fi; 0,002 0,012
Fig 0,001 0,007
Blast furnace slag processing site
F, 8,708 48,379
F, 3,069 17,052
F; 2,241 12,450
Fy4 1,109 6,160
F; 0,948 5,269
Fe 0,730 4,055
F; 0,523 2,904
Fg 0,245 1,362
Fy 0,155 0,861
Fig 0,132 0,731
Fiy 0,058 0,322
Fi, 0,027 0,147
Fi3 0,024 0,131
Fiy 0,012 0,069
Fis 0,009 0,048
Fi6 0,006 0,035
Fi; 0,004 0,023
Fig 0,000 0,002

2. Establishing relationships between the main components and output parameters. Such rela-
tions are mathematical models of the studied process. To build models, a matrix of factor loads is
used, obtained as a result of component analysis and reduced to 4 selected components (Tabl. 2).

Components with a value of factor load f < 0.5 in the model were not included.

Table 2. Factor load matrix

Output parame-

Values of weights

ters a | a | as | Ay
Open-hearth slag processing site
Z) 0,968 -0,082 -0,014 -0,153
Z 0,928 -0,207 -0,033 0,093
Z3 0,853 -0,274 0,093 0,287
Z4 0,938 0,199 -0,113 0,208
Zs 0,851 -0,056 -0,069 0,265
Zg -0,066 -0,617 -0,475 0,248
77 0,804 0,158 0,360 0,074
Zg 0,725 0,177 -0,297 0,398
Zo 0,666 -0,042 0,526 -0,354
Z1o 0,667 -0,050 0,527 -0,354
Z1 0,665 0,593 -0,329 0,053
Z12 0,940 -0,076 -0,199 -0,013
713 -0,103 -0,852 0,359 0,231
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Continue of the table 2.

Z14 -0,487 -0,279 0,398 0,550
715 -0,184 0,897 0,053 0,068
Z1i6 -0,694 -0,129 -0,255 0,003
Z17 -0,278 0,316 0,482 0,634
Z1g -0,348 0,722 0,211 0,176
Blast furnace slag processing site
4} 0,941 -0,038 0,194 0,095
Z 0,921 -0,020 0,173 0,227
73 0,953 0,122 -0,226 -0,069
Zs 0,815 -0,515 0,052 -0,085
Zs 0,932 0,045 -0,062 0,054
Zg 0,388 0,518 -0,396 -0,480
Z7 0,959 0,014 -0,139 0,078
7 0,441 0,772 0,199 0,189
Zy 0,896 0,019 0,051 0,232
Z10 0,924 0,053 -0,050 0,117
7 0,388 -0,834 0,103 20,247
7 0,949 0,000 0,014 0,065
Z13 0,486 0,772 -0,286 0,096
Z14 -0,275 -0,203 -0,218 0,707
715 -0,250 0,514 0,747 0,185
Z16 -0,022 0,347 -0,106 0,120
717 0,315 0,098 -0,818 0,252
713 -0,290 -0,535 -0,720 0,084

Note: The factor loads included in the model are marked in bold

Models of the relationship of the original features (parameters with the main componentsz; = @
(aR) are constructed in accordance with formula (1) [10]

zj=a; F, +apFot ... +ajkFik+ ... +allnFn =1, 2... n), (1)

wherez; — is the normalized value of the feature obtained from the model; aj;, ap... aj, — coefficients
characterizing the weight of the k-th component in the j-th variable; F;, F,, ..., Fn—the values of the
main components.

Values ofajkconsidered unknown to be determined.

Models of the relationship of the initial characteristics for the open-hearth slag processing
area: z; = 0,968 a;, z, = 0,928 a;, z; = 0,853 a;, z4 = 0,938 a;, zs = 0,851 a;, z¢ = -0,617 a,, z; = 0,804
a;, zg = 0,725 a;, zg = 0,666 a; + 0,526 as, z;p = 0,667 a; + 0,527 a3, z;; = 0,665 a; + 0,593 a,, z;, =
0,940 ay, Z13 — -0,852 Ay, Z14 — 0,550 g, Z15 = 0,897 Ay, Z16 — -0,694 ay, Z17 = 0,634 g, 218 — 0,722 aj.

Models of the relationship of the initial characteristics for the processing area of blast furnace
slag:z; = 0,941 a;, z, = 0,921 a;, z; = 0,953 a;, z, = 0,815 a5 - 0,515 a,, zs = 0,932 a,, zs = 0,518a,, z; =
0,959 a;, zs = 0,441 a; - 0,722 a,, zo = 0,896 a;, 210 = 0,924 a;, z;; = - 0,834 a,, z;, = 0,896 a;, z;3 =
0,722 a5, 214 = 0,707 a4, z;5 = - 0,514 a, - 0,747 a3, z;7 = 0,818 a3,z13 = -0,535 a, - 0,720 a;.

3. Meaningful interpretation of the main components.At interpretation signs in which size of
loading is not less than 0,5 were considered. In tabl. 1 and 2, such features are highlighted in bold.

Comparative analysis of the load of the components on the studied features are presented in
tabl. 3.
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Table 3. Comparative analysis of the load of components on the studied features

Output Weight coefficients
parameters 4 | 4 | - 4 ; | A4 4 | 4 | 4 | a4
Open-hearth slag processing site Blast furnace slag processing site
VA + - - - + - - -
Z + - - - + - - -
V4] + - - - + - - -
Zs + - - - + + - -
Zs + - - - + - - -
Zs - + - - - + - -
77 + - - - + - - -
VA + - - - - + - -
Z9 + - + - + - - -
Zio + - + - + - - .
1 + + - - - + - -
Z12 + - - - + - - -
Z13 - + - - - + - -
Z14 - - - + - - - +
Zs - + - - - + + -
Z16 + - - - - - - -
Z17 - - - + - - + -
718 - - - - - + + -

Note: "+" indicates the factor loads included in the model, and "-", which are not included

Let's analyze the process of dump trucks in the area of open-hearth slag processing.

The first component has significant loads on the following features: number of rides (z;), vo-
lume of cargo transported (zz), mileage (z3), number of operating hours (z4), actual fuel consumption
(zs), travel time (z;), idling (zs), duration of stops (zy), number of stops (zio), duration of stops (z11),
number of stops (z;2), coefficient of static capacity utilization (z4), average driving distance (z;s).

The second component reflects the influence of five essential features: technical speed (z6),
duration of stops (zi1); operating speed (z;3), average driving time (z;s), idle time under load (unload-
ing) (z1).

The third component includes the following features: duration of parking (zo), number of park-
ing (zy0).

The fourth positive relationship with the fourth component is the coefficient of static load ca-
pacity (z14), the average ride length (z;7).

Let's analyze the process of dump trucks at the blast furnace slag processing site.

The first component has a significant load on the following features: number of rides (z;), vo-
lume of cargo transported (z,), mileage (z;), number of operating hours (z4), actual fuel consumption
(zs), travel time (z7), duration of parking (zo), number of stops (z;0), number of stops (zi2).

The second component has a load on the following features: the number of operating hours
(z4), technical speed (z), idling (zs), duration of stops (z;;); operating speed (z3), average driving
time (z;5), idle time under load (unloading) (z;s).

The third component includes the following features: average ride duration (z;s), average ride
length (z,7), idle time under load (unloading) (z;s).

The fourth positive relationship with the fourth component is the coefficient of static capacity
utilization (z;4).

From the principal components identified in the analysis, two homogeneous groups can be
formed.

The first group includes the first and fourth main components, which are a summary of the ef-
fectiveness of dump trucks.

The second group can be described as the degree of use of dump trucks.
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Conclusions

Based on the results of research, the following conclusions can be drawn.

1. The method of the main components in combination with engineering and economic infor-
mation about the physical nature of the real process is a good tool for grouping interrelated factors in
accordance with their economic content.

2. The use of the principal components method makes it possible to move to the modeling of
the studied process using a limited set of new variables, which simplifies the procedure of economic
and statistical analysis and makes it more efficient.

3. The use of component analysis makes it possible to construct analytical expressions of ge-
neralized factors through a system of interrelated primary parameters.

4. Among the obtained set of generalized factors can be distinguished homogeneous groups
that characterize certain complex characteristics of the production process.

The selected main components can be used as generalized factors to approximate the perfor-
mance of the cargo processing process using a linear regression model.
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JOCITIIKEHHA POBOTU CAMOCKHU/IB B TPAHCIIOPTHO-
TEXHOJIOTTYHIA CUCTEMI PELIMKJITHT'Y TEXHOJIOI'TYHUX BIIXO/IIB
METAJIYPTTMHOI'O NIJMPUEMCTBA METOJIOM I'OJIOBHUX KOMITOHEHT
Cepena B.I1., MykoBcbka J1.51., Cepena /.b.

Pedepar

B mporteci nanoro mociimkeHHs: Oyiu ONMpaiboBaHi CTATHCTUYHI JaHHI MPO POOOTY BEIHKO-
BaHTaXHUX camMockuliB benA3 BanTaxkomiaiioMHuicTio 30 Ta 42 T B TpaHCIIOPTHO-TEXHOJOT1UHIH cHC-
TEeMH PELMKIIIHTY TEXHOJIOTTYHHX BiOXOMIB IBOX IUISHOK LEXy Luiakornepepodku mpotsarom 31 nobu.
ExcneprHum muisxom Oynu BuaiieHi 18 mapamerpiB, sIKi XapaKTepH3YIOTh SIKICHY poOOTy caMOCKH-
IiB, a came, — KUTBKICTb i3710K (Z;), 0OCST MepeBe3eHoro BaHTaxy (Z,), Ipooir (z3), KUIbKICTH MOTOYA-
ciB po0OOTH (Z4), haKTHUHA BUTpaTa MajuBa (Zs), TEXHIUYHA IIBUAKICTE PyXy (Ze), 4ac y pyci (z7), Xxoio-
CTUH XiA (Zg), TPUBATICTH CTOSHOK (Zo), KUIBKICTh CTOSTHOK (Z)0), TPUBATICTh 3YyIHHOK (Z;1), KUIbKICTb
3YIHHOK (Z1,), €KCIUTyaTaliifHa MBUAKICTb PYXY (Z13), KOE]IiEHT CTATHYHOTO BUKOPUCTAHHS BaHTa-
KOIITHOMHOCTI (Z14), CEpEIAHS TPUBATICTD 131AKU (Z;5), CEPENHS BiICTaHb T31KH (Z15), CEPETHS TOBKHU-
Ha i31KH (Z17), Yac MPOCTOIO M 3aBaHTAXKECHHSIM (pO3BaHTaKEHHSIM) (Z15). [IpakTruHa peamizaiis me-
tony 3aiicHena Ha EOM y moayni «®akTopHU aHaji3» IHTErpoBaHOI CUCTEMH CTATHCTHYHOIO aHa-
mizy STATISTICA. B nporeci KOMIIOHEHTHOTO aHalli3y Oyio 0OOTpyHTOBaHO KUTbKiCTh HaiOUIbII Ba-
TOBUX TFOJIOBHUX KOMIIOHEHT, BCTAHOBJICHO CITIBBiTHOIICHHS MK TOJJOBHUMH KOMIIOHEHTaMH 1 BUXiJ-
HUMH MTapaMeTpaMy, IPOBEICHO 3MICTOBHE iHTEPNPETYBaHHS TOJIOBHUX KOMITIOHEHT.
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HETEROGENEITY OF TAPES GOT BY METHOD OF THERMAL EVAPORATION
AND METHODS OF THEIR REMOVAL

The considered problem of heterogeneities of the got semiconductor tapes and worked out me-
thods of their removal are within the framework of the experimental setting of VCC-5M. Experimentally
tested the got methods of removal of heterogeneities of moswumn.

Keywords: superficial source, speed of besieging; vaporizer, lining.

Pozenanyma npobrema HeodHopioHOCmEN OMPUMAHUX —HANIGNPOGIOHUKOBUX NIIBOK Mda
PO3pO0IAEH] CROCOOU iX YCYHEHHs 8 paMKax excnepumenmaivHoi ycmanosku BYII-5M. Excnepumen-
MAIbHO NepegiperHa OMPUMaHi cnocoou YCyHeHHs: HeOOHOPIOHOCMeEl MOBUJUH.

Knrwuosi cnosa: nosepxuese 0dicepeno; meUOKiCmb 0CAONCEHH, GUNAPHUK, NIOKIAOKA.

Problem’s Formulation

High speed of besieging of semiconductor tapes puts the problem of heterogeneity of the got
tape on lining. In this work examined as a problem of heterogeneity of pellicle structures so ways of
her removal within the framework of the experimental setting of VCC-5M.

Analysis of recent research and publications

Research of problem of heterogeneities of the got semiconductor tapes many works are sancti-
fied to, including [1,2,3]. For determination of methods of removal of heterogeneities of thickness of
the got semiconductor tapes drawn on the results of research of authors [1,2,4,5].

Formulation of the study purpose

The purpose of work is being of optimal method, by means of which will be maximal homo-
geneity of semiconductor structure on the basis of change of configuration of the experimental setting of
VCC-5M and determination of parameters of actions within the framework of the offered model.

Presenting main material

General requirements to the receipt of thin-films are evenness of thickness of tape, homo-
geneity of her structure. From all methods of receipt of thin-films the method of thermal evaporation
most answers the declared terms in a vacuum. The thickness of tapes, got the method of thermal eva-
poration in a vacuum, depends on a few factors: from emission properties of source, which determine
distribution of stream of evaporant in space, from geometrical sizes and lining position in relation to a
source, speed and time of evaporation of condansate matter [1]. On emission properties vaporizers are
divided by a point and superficial. 4 point source is a small sphere, diameter what far fewer distance a
"source is lining". In this research at thermal evaporation distance of L between a vaporizer and lining
folded from 100 mm to 500 mm, radius of ring of vaporizer — 7 is 5 mm.

If from unit of surface of point source a matter evaporating with identical speed v, (dimension
of g-s"'sm™), then amount of matter which passes into a corporal corner in any direction in time (fig.
la) unit, it is possible to write down as:

dv=(""Y/y) - do, (M)
where A is a surface of sphere of evaporation.
If an evaporant acts on the element of area of the dS, lining, inclined under a corner 6 to
streamline of steam in the distance / from a point source (fig. 1), then the amount of matter which
falls on dS; appears as [1]:

dv' = (A " Up * COS (6)/47[. 12) . ds. @)
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Fig. 1. Models of emission parameters of vaporizers: a — is evaporation from the source of S
in the corporal corner of dw to direction of R; b — is a receiving surface of dS, fromto which folds a
corner ¢ a normal with streamline of steam [1]

For time unit thickness of tape:
__ Av,cos (0)
a="0ecs@f o). 3

where p is a closeness of the evaporated matter, condensated on lining.

A superficial source is a small ground, from unit of area of one side of which in time unit in a
corporal corner Zwwhich is created with a corner ¢ evaporation goes along with the normal of surface
of source (fig. 1b):

dv = (Z2)cos (p)dow. (4)
The amount of matter which falls on dS; appears as [2,3] :
dv' = %cos (¢)cos (68)dS. (5)
Thickness of tape :
Av,
d= ootz €08 (p)cos (6). (6)

Using the above-mentioned formulas will consider heterogeneity of semiconductor tape after
directions on the rightand on the left of point, that perpendicular to the surface of vaporizer.

Designating through 8 the angle of slope linings in relation to a normal, and conducting cor-
responding calculations, will get distribution of thickness on length of tape for the case of vaporizer
with a small surface:

2
dfy =+ (%) sin(@))cos ()1 + (2) +2 (%) sin(6)) 2, )
where dj is a thickness of tape in a point above a vaporizer; / is distance from a vaporizer to this point;
h is distance from a point in lining above a vaporizer to this point.
Like for the case of point vaporizer:

2
A/, = cos (O)(1 + (3) +2(%)sin(@)) 2. 8)

From expressions (7) and (8) it is possible to see that distribution of thickness is very sensible
from the corner of rejection 8 of lining from a normal. The maximal value of thickness increases with
the increase of corner 8; at most thickness moved toward the large values of lining length; symmetry is
violated in relation to the maximal value of thickness (fig. 3).

For the removal of heterogeneities of the got tapes it is possible to apply a few methods. Will
consider most technically possible within the framework of evaporation in a vacuum setting of
VCC-5M:

1. Apply the row of small vaporizers, located on a ring in parallel to lining or one vaporizer,
which pivots , perpendicular to the plane lining.



102 Maremaruune mozenroBans Ne 2(43) 2020

0.7% o

L5 4

e
—

0.5 1.0 15 b

Fig. 2. Distribution of thickness of tape is on a flat surface, that square to the vaporizer in the
case of evaporation from a point (continuous line) and from a source with a small area (dotted line)

Fig. 3. Distribution of thickness at evaporation from a vaporizer with a small surface: 8 = 0°
(1), 30°(2),45° 3)

2. At the receipt of tapes of even plane to the substretcher revolve about axis, perpendicular to
her plane.

By defects, as the first so second method there is application of many vaporizers, that techni-
cally not always possibly, and the more so rotation of vaporizer or lining from current-line. Also a
defect is violation of specific structure with the inclined dendritic performances, which arises up at the
sloping besieging.

3. At sloping evaporation between a vaporizer and linings metallic window shade which can
be moved by means of magnet in parallel surfaces of source is set in a vacuum chamber . After
achievement of the nearest to the vaporizer end of tape of optimal thickness, it follows to begin to
move window shade with speed, dependency upon speed of besieging of matter, closing to the same
the motion of molecular bunch to this part of lining. Thus, and other part of tape will attain an optimal
thickness gradually.

Speed of besieging of tape of tape depends [2, 4] from a temperature and pressure in a vacuum
chamber:
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v, = 0,585 P, \/? . )

At inclination of lining plane to direction of molecular bunch speed of besieging on the differ-
ent ends of lining is different. In our research there were the besieged tapes from next data: angle of
slope of lining 45°, distancefrom window shade to the vaporizer a 5 sm, speed of moving of window
shade was even a 1 mm/min, distance from lining to the vaporizer a 10 sm; length of layer is a 3 sm,
choice of optimal thickness of about 1 mkm, speed of height the nearest to the vaporizer of end of tape
of 0,04 mkm/min, speed of height of remote end of 0,02 mkm/min. Lack of this method is a necessity
of correlate speed of moving of window shade at evaporation of different amount of matter.

From all considered methods exactly the third method is most technically simple to implemen-
tation on the base of a vacuum setting of VCC-5M.

Conclusions

The worked out method of removal of unevenness of got tapes is on lining. A method provides
high enough exactness of evenness and flexibility to the change of terms of receipt.

For the brought objects over it is got: tapes of different thickness with the rejection of thickness
along all lining no more 0,1 %. The created model is forremovalheterogeneity of got of pellicle structure.
Research of receipt of tapes of different length is conducted, at it data of experiment with high exactness
of coincide with data of theory.
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HEOAHOPIJIHICTbD IIVIIBOK, OTPUMAHUX METOJ1OM TEPMIYHOI'O
BHUITAPOBYBAHHSI TA CIIOCOBH IX YCYHEHHS
Hinodopeus O.HU., Kiueukos O.M., Houko B.1.

Pedepar

Mertoto pob0TH € 3HAXOLKEHHS OITHMAIBHOTO CIIOCO0Y, 3a JOMOMOT0I0 SIKOTO Oyze H0CATHEHa
MaKCHMaJlbHa OJHOPIAHICTh HaMiBIPOBIAHUKOBOI CTPYKTYpH Ha OCHOBI 3MiHM KOH(]Irypaiii excrepu-
MeHTaJIbHOT ycTaHOBKHBYI1-5M Ta Bu3HaueHHS mapaMeTpiB il B paMKax 3alpOIOHOBAHOI MOJEII.

3araJlbHUIMH BUMOTaMH 10 OTPUMAaHHS TOHKUX IUTIBOK € PIBHOMIPHICTh TOBIIMHU TUTIBKH, O-
HOPIIHICTB ii CTPYKTYpH. 3 yCiX METOMIB OTPUMAaHHS TOHKUX IITIBOK HaiOUTBII BiANOBiAa€ 3asBICHUM
YMOBaM METOJ TEpMiYHOIO0 BUNIAPOBYBAaHHS y BaKyyMi. TOBIIMHA IUTIBOK, OTpPUMaHUX METOAOM TEp-
MIYHOT'O BUIIAPOBYBAHHS B BaKyyMi, 3aJISKHUTh Bill IEKUIHKOX YMHHUKIB: BiJ] EMICIIfHIX BIACTHBOCTCH
JpKepena, 110 BU3HAaYaloTh PO3MOALT MOTOKY BUIIAPOBYBAHOI PEYOBUHH B MIPOCTOPI, Bii T€OMETPUIHHUX
PO3MIpIB 1 OJIOXKEHHSI MIAKIAJKH BiIHOCHO JPKEpena, MIBUIKOCTI 1 4acy BUIIAPY OCaJHKEHHOI PEeYOBHU-
Hu [1].
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Jnst ycyHeHHSI HeOTHOPITHOCTEeH OTpUMaHMX IUTIBOK MOXKHA 3aCTOCOBYBATH AEKUIbKa CIOCO-
0iB. PosrnmsHeMo HailOumblI TEXHIYHO MOXJIHMBI B paMKaxX BHUIIAPOBYBAaHHS y BaKyyMHilyCTaHOBII
BVII-5M:

1. 3acTOCOBYIOTH psii HEBEMUKMX BHIIAPHUKIB, PO3TALIOBAHMX MO KUIBLIO MapajiefbHO MiIK-
naaui abo oJHOTO BHUIIAPHHUKA, 10 00EpTaeThCs HABKOJIO OCi, IEPIEHANKYISPHOI 10 TUIOLIMHU MiIK-
Ja/IKH.

2. [Ipu orpuMaHHi MIIBOK PIBHOMIPHOT IUIOIIMHHM MiAJIOKKY 00€pTaloTh HABKOJIO OCi, TIEpPIIEeH-
JUKYJISPHOL 10 11 TUIOLLMHM.

Henonikamu, siK mepIioro Tak, i Apyroro cnoco0y € 3acTocyBaHHs 0araTb0X BUIIAPHHKIB, 110
TEXHIYHO HE 3aBXKIU MOXIMBO, a TUM Oinblie oOepTaHHs BUIIAPHUKA a00 MiAKIaAKHA 3 TOKOIMPOBOAA-
MU. Takox HEIOJIKOM € MOPYLICHHS CenuiuHOl CTPYKTYPHU 3 HAXMJICHUMH ACHAPUTHUMH BUCTYTIA-
MU, SIKa BUHHKAE TP TOXHIIOMY OCa>KEHHI.

3. Ilpn noxunoMy BHUMapi Mk BUMAPHUKOM 1 MiAKJIAIKaMH y BaKyyMHill KaMmepi BCTaHOBIIIO-
€THCSl METaJeBa ITOPKA, SIKY MOYKHA TIEpEMIIIATH 3a JOMOMOI0I0 MarHiTa rnapajeiabHO TOBEpXHi JKe-
pena. Ilicns mocsrHeHHS HaHOMMKYOTO [0 BHIIAPHUKA KiHI IUTIBKM ONTHMAJIBHOI TOBILMHH, CIif
MoYaTy pyXaTH WITOPKY 31 IIBUAKICTIO, 3aJIEKHOIO B/l IIBUIKOCTI OCaXKEHHS PEUOBHUHH, 3aKpPUBAIOUN
TUM CaMUM XiJ] MOJEKYJSIPHOTO MydYKa 10 Ii€l YaCTUHU MiAKIaAKA. TakuM 4MHOM, 1 iHIIA YacTHHA
TUTIBKH TTOCTYIIOBO JIOCSATHE ONTHMAaJIbHOT TOBIHHH.

Po3pobiiennii crocié ycyHeHHs HEepiBHOMIPHOCTI OTpUMaHMX IUTiBOK Ha migximandi. Crocib 3a-
Oe3mneuye TOCUTh BUCOKY TOUHICTh PIBHOMIPHOCTI Ta THYUKICTh 10 3MiHA YMOB OTPHMAaHHS.

Jnis mpuBeneHUX O0’€KTIB OTPUMAHO: IUTIBKM Pi3HOI TOBIIWHU 3 BiIXWUJICHHSIM TOBIIMHH
B310BXK Beiel minkianku He Oinbie 0,1%. CTBopeHa MoAenb Ui yCyHEeHHS HEOAHOPIIHOCTI OTpUMaH-
HOI TUTIBKOBOI CcTpyKTypH. IIpoBeneHo nociipkeHHs! OTPUMaHH IUTIBOK Pi3HUX TOBIUWH, MPH LBOMY
JlaHi eKCTIEPUMEHTY 3 BUCOKOIO TOUHICTIO CIIBNAAalOTh 3 TaHUMH TEOPii.
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MATEMATHUYHE MOJAEJIIOBAHHS B ITPOEKTI YIIPABJIIHHSA CUCTEMOIO
OIIHIOBAHHSA KPEJUTOCITPOMOXKHOCTI ®I3UYHUX OCIb

Memoro danoeo docriddicens € po3pooKa cmMEOPeHHs KOMNIEKCHOI MemoOUuKU OYiHKU Kpeou-
MOCNPOMOIAICHOCME  DI3UYHUX  OCIO HA  OCHOBI  AHANIMUYHUX — DOPMYN, I3  3ACMOCY8AHHAM
IT-mexnonoeziti 6 suensidi 8ionosionux Web-oooamxie.

O0rpyHmMoB8ano HeoOXIOHICMb 6 YNPAGIIHHI Npoyec i8OYIHIOBAHHS (I3UUHUX OCIO 3 Memor
SHUICEHHSL PUSUKIE KPEOUMYBAHHS.

Ipoyec oyinku KpedumocnpomodxcHocmi QizuyHux ocio nepeddauae KOMNIEKC 3ax00i6 3 ma-
MEMAMUIHO20 MOOENOBAHHS OI3HeC-npoyecie, a makoxlc subOpy 3acobieé npoeKmyeanus i po3pooKu
apximexmypu 6a3u OaHUX.

Cmeopeno agmomamuz08amny npoyedypy (yHKYioHyeanHs 0a3u OaHUX, wjo 00380JUMb GUDI-
wumu Oinvwicms npobiem, no8's3aHux 3i 30epieanHsIM, CMPYKMYPYBAHHAM, 0OPOOKOH i NOULYKOM
inghopmayii, ma 003801ums npuckopumu pobomy ¢inancogoi ycmarnosu. Pospobreno cxemy npoyecy
RIOKNIOYEHHsl KOPUCMY8A4a NOCLye 00 ONepayitHol cucmemu 3 Memoio weuoKoeo NOULYKY OaHUX 6
Oasi, wo HACMPOIEMbCSA 3a OCHOBHUMU NAPAMEMPAMU OYIHKU KPEOUMOCNPOMONCHOCHI (DI3UUHUX
ocio.

Memoouxa nobyoosu agmomamuz06anol cucmemu modxce OYmu 3acmoco8ana 6 pisHuUX Ha-
npAMKax OisibHOCMI OAHKIE BCIX (hopM 81ACHOCTI.

Knrouosi cnosa: kpedumocnpomosicricmo, pusuxu, Qizuuna ocoba, 6aza 0auux.

The purpose of this study is to develop a comprehensive methodology for assessing the
creditworthiness of individuals on the basis of analytical formulas, using IT technologies in the form
of relevant Web applications.

The necessity to manage the processvaluation of individuals in order to reduce credit risks is
substantiated.

The process of assessing the creditworthiness of individuals involves a set of measures for
mathematical modeling of business processes, as well as the choice of design and development tools
for database architecture.

An automated database operation procedure has been created to solve most of the problems
associated with storing, structuring, processing and retrieving information and to speed up the work
of a financial institution. The scheme of process of connection of the service user to the operating
system with the purpose of quick search of data in the database, which is adjusted according to the
basic parameters of creditworthiness of individuals, has been developed.

The methodology of building an automated system can be applied in different areas of activity
of banks of all forms of ownership.

Keywords: creditworthiness, risks; individual,; database.
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IHocTanoBka mpodJemMu

B nanwmii yac B YkpaiHi crioctepiraeTbCsi iHTEHCUBHE 3pOCTaHHs pPUHKY KPEAUTYBAaHHS 1, 30K-
pema, cekTopy KpenuTyBaHHsS (izuvHuX oci0. e HeMuHydYe mpU3BOIUTH 10 30UTBIICHHS KPEIUTHIX
PH3HKIB, SKi IPUHAMAIOTh Ha ce0e SIK OKpeMi KpeauTHO-(hiHAHCOB1 iIHCTUTYTH, Tak 1 OaHKIBCbKa CHUCTe-
Ma KpaiHH B LJIOMY. 3pocTaiodya KOHKYPEHIsI Ha PUHKY po3IpiOHMX OaHKIBCBKUX IOCIHYT, IiABH-
LICHHS MOMUTY HACEJICHHS Ha Pi3HI KPeOUTHI MPOAYKTH, @ TAKOXK MPAarHeHHs KPEAUTHUX OpraHizamiil
710 MakcuMizamii npuOyTKy 3MYIIYIOTh (hiHAHCOB1 IHCTUTYTH LIyKaTH OUIbII e)EeKTUBHI LUISXU 3aly-
YEeHHS HOBUX IJIATOCIIPOMOYKHUX KITIEHTIB, HAMAralOYHch MPH LIbOMY KOHTPOJIIOBATH BTPATH.

[Ipu Bunmaui kpenuty OaHK, MEpII 3a BCe, LIKAaBUTh KPEAUTOCIPOMOKHICTh TOTEHIIITHOTO T10-
3UYallbHUKA, TOOTO 34aTHICTH MOBHICTIO 1 B CTPOK PO3paxyBaTHCA 3a CBOIMU OOProBUMH 3000B's3aH-
Hamu. Came 3aaa4i BHOOPY KPEIUTOCTIPOMOKHUX MO3MYAIBHUKIB B OCHOBHOMY 1 CIyKaTbh CHCTEMHU
OLIIHKH KPEAUTOCIIPOMOXKHOCTI (pi3ndHMX 0ci0. TakuM 4MHOM, aHali3 KPeAUTOCTIPOMOKHOCTI 3asiBHU-
Ka, METOAM OLIHKU KPEAUTOCIPOMOXKHOCTI (Pi3UYHUX OCIO € BHCOKO aKTyaJIbHOIO TEMOIO Ha ChOTO[-
HIIIHIH J1eHb.

AHaJi3 OCTaHHIX JOCTiIKeHb Ta myOJikamniii

Hocuth iH(pOpMaLii Ha AaHy TeMy NPEACTaBICHO B MEPIOANYHUX BHIAHHAX, TaKuX sK «baH-
KiBChKa crpaBay, «['porri Ta kpeanT», «baHKIBChKUH KypHaI», a TakoX B mpausix M. Byrare, Bnacosa
B.1.,JIayta 10.C., I'epacumoBa E .b., Kpusnosa A.H., CazonoBa A.K., bakanosa M.L., lllepemera A./I.
, Bunorpanosoi T.H. i in. [1—9]. [o Tenepimnboro yacy 3apyOi>KHUMH KOMEpLiHHUMH OaHKaMu Oy-
71 BUIIPOOYBaHi Pi3HI CHCTEMH OLIHKH KPEAUTOCHPOMOXKHOCTI KiieHTIB. Lli cucremu Bigpi3HAIOTHCS
OIIMH BiJ OJHOTO YHCJIOM IMOKA3HHUKIB, IO 3aCTOCOBYIOTHCS B SIKOCT1 CKJIaJOBHX YaCTHH 3arajbHOTO
PEUTHHTY MO3MYAIBHMKA, & TAKOXK PI3HUMH MIAXOJaMHU JI0 CAMUX XapaKTEPUCTUK Ta MPIOPUTETHICTIO
KOXHOI 3 HUX.

3a xopmoHoM (yHAaMEHTAJbLHUMHU 3acalaMH Uil BU3HAUYEHHS MaTeMaTH4YHOI HMOBIpHOCTI
nedonty cnyxate MbKHapoAHI KpenuTHi peiitunry. «Standard andPoor's» sik MibkHapoaHe pedTHHIO-
BE areHTCTBO BK€ MPOTAToM Oinbine 20 poKiB HAKOMUYYE CTATUCTHKY Ae(pONTIB MO3HYAILHUKIB Pi3-
HUX PEUTHHIOBUX KaTETOPIiM.

VY mpakTuii aMepuKaHCHKHX OaHKIB 3aCTOCOBYETHCS "MPaBHIIO M'SITH Ci», A€ KpUTEpil BinOopy
KITIEHTIB IMO3HAYEHI CIIOBAMHU, III0 MMOYHNHAIOThHCS Ha OykBy "C":

- character (xapaxTep, penyTamis no3u4aJbHUKA);

- capacity (piHaHCOBI MOKIIMBOCTI, 3IaTHICTh ITOTACUTH TTO3UKY);

- capital (kartiTasn, BOJIOAIHHSA aKTHBAMH);

- collateral (HasiBHICTD 3a0e3meUeHH);

- conditions (eKOHOMiYHa KOH'IOHKTYpa i 11 IepCIeKTUBH).

B AHTIIIT KIIIOYOBHM CIIOBOM, B SIKOMY 30C€peIlKeHi BUMOTH IIPH BUAAYl O3UK MO3NYaIbHUKAM,
€ Tepmin «PARTS»: purpose (mpusHaueHHs, Mera); amount (Cyma, po3mip); repayment (oriara, moBep-
HeHHs Oopry 1 BiICOTKiB); term (TepMiH); security (3abe3nedeHns, 3actasa) [10].

DopMyJTHOBAHHS METH JOCTITKEHHS

VY mocTpaAsHCEKOMY MPOCTOPI BCe OLTBIIOr0 MOUIMPEHHS MOPSA 3 TPaJULIHHIMU CIIOCO0aMu
OL[IHKH KPEOUTOCIIPOMOKHOCTI MO3MYAIFHUKA OTPUMYE CKOPHHT-KPEIWTYBAaHHS, a TaKOX OILlIHKa
KPEIUTOCIIPOMOXKHOCTI TO3WYajJbHUKA Ha OCHOBI TEXHONOTil IHTENEKTYaJbHOT'O aHali3y HOaHHX
DataMining (3 BUKOPUCTaHHSIM JIEPEB PIllICHB ).

B 3a7adi OIiHKK KPEAUTOCIIPOMOXKHOCTI (hi3UYHUX OCI0 BUKOPHUCTOBYIOTHCS TaKi IiIXOJH, 5K
Mozenb ropaHa (KIacHuHa CKOPUHTOBA CUCTEMa), CTATUCTHYHI METOIH, MeTol k-HalOMmK4InxX cyci-
IiB, TEHETHYHI aJrOpUTMH, HEHPOHHI Mepexi, AepeBa pilleHb, ekcriepTHi cuctemu [10].

OnHak 3aIpOMOHOBaHUK METOIUKH HOCATH TIOBEPXHEBHI XapakTep i He pO3KPUBAIOTh [TOBHIC-
TIO MOXIJIMBOCTI KPEUTYBaHHS BEIUKUX BEPCTB HACENEHHSA. A MIX THM, 32 OLIIHKaMH €KCIIepTiB, Kpe-
IUTYBaHHSA MigaaeTbes noHan 50% nopocioro HaceleHHs pO3BHHEHHX €BPONEHChKUX KpaiH.

Meroro [aHOTro JAOCHI/KEHHST € CTBOPEHHS KOMIUIEKCHOT METOJOMKH OIIHKH KpPEAHUTO-
CIIPOMOKHOCT1 (pi3MUHUX 0ci0 Ha OCHOBI aHANITHYHHX (QopMmyd, i3 3acTocyBaHHsAM IT-TexHOmorii B
BUTIIAAL BignoBinHux Web-monaTkis.
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BukJsiax ocHoBHOTO MaTepianay
BusHayeHHS KpeAMTOCIPOMOKHOCTI 3asBHUKA MPOBOAUTHCS LUIIXOM PO3PaXyHKY MaKCHMa-
JILHO MOXKJIMBOI CYMH KPEUTY Y BalllOTi KpenuTy 3a ¢opmynamu [11]:

(A-P)K
Cyax = T, BC> (D

( HM) 1200

__ (4-P)-BIIM
CMax - L_'_ BC » (2)

IIM " 1200

ne Cyax — MaKcHMasIbHa CyMa KpeAuTy (FpaHUYHHUI po3Mip OAHOPA30BOi 3a00pPTOBAaHOCTI 32 Kpeau-

ToM); BC — BizncoTkoBa cTaBka 3a KpeOUTOM, B 3aJEKHOCTI Bil BHIY KPEAWUTY, BAIIOTH 1 TEPMiHY
KpenuTyBaHHsL;, J| — cepeaHbOMICSYHUN JOXif 3asBHUKA (TIOPYUYHTENs) 3a MEeBHUI nepiox yacy; P —
CepenHbOMICSIUHI BUTPATH 3asiBHUKA (IIOPYUYHUTENs) 3a MEBHUH nepion yacy; BIIM — Oromxer npou-
TKOBOTO MiHIMYMY B CEpelIHbOMY Ha JyIy HAceJeHHs, SKUW Ji€ Ha ATy IPOBEICHHS PO3PaxXyHKY
KPEIUTOCTIPOMOYKHOCTI 1 MiIrOTOBKH BiJIIOBIAHOTO BUCHOBKY CITY>K0010 aHaeppaiTunry; K — xoedi-
LIEHT, 3a3HAYCHUH Y BIAMOBIMHIN crienudikariii.

VY Bumagkax, nepeadavyeHux crenudikalieo, IpH HEAOCTATHIH KPEIUTOCIIPOMOXKHOCTI 3asiB-
HUKa, IPU PO3PaxXyHKY PO3MIpY KPEAUTY (I KPEOUTHOI JIiHii — TPaHMYHOro po3Mipy OIHOPa30BOi
3a00proBaHOCTI IO KPEOUTY) MOXKYTh OpaTHCs JO yBard AOXOJH 1 BUTPATH 1HIKX Pi3HUHHUX 0Ci0, AKi
nepeOyBaroTh B OJIM3bKil CIIOPIIHEHOCTI, a TAKOXK APYKUHH (-a ) 3asBHUKA. [Ipy IbOMy cyMa KpeauTy
PO3PaxoBYETHCS SIK CYKYIHICTh MAKCUMAIBHUX MOKIIMBUX CYM KPEIUTY AJIsl KOXKHOI (Pi3MIHOT 0co0H,
JIOXOJM 1 BUTPATH SKAX MPUHAMAIOTHCS B PO3PAaXyHOK KPEeOUTy. 3 JaHUMH 0co0amMH B 0OOB'SI3KOBOMY
MOPSIZIKY YKJIaJa€ThCsl IOTOBIp MOPYKH.

CyMa BiJICOTKIB, HAJIGKHHUX JIO CIUIATH 32 BECh MEPioJ] KOPUCTYBAHHS KPEAUTOM, BU3HAYAETD-

csl Ha TMIJICTaB1 pO3PaxyHKy:
BC MM+1

BC
C%=CﬁMﬂH+Cﬁ S 3)

ne C% — cyma BiCOTKIB, HaJISKHUX JI0 CIUIATH 32 BECh IEPioA KOPUCTYyBaHHA KpenuToMm; C — cyma
Kpenuty (TpaHUuYHUE po3Mip OJHOPa30BOi 3a00proBaHOCTI 3a KpeauToM); M/IIT — KibKicTh MicSIIiB
KOPUCTYBaHHS KPEAUTOM JI0 MTOYATKY HOro norameHHs; [IM — KiIbKiCTh MIATLKHUX MICAIIIB.

[NoramenHs 3a00proBaHOCTI 38 KPEIUTHUM AOTOBOPOM 3AIHCHIOETHCS KPEAUTOOTPHUMYBaUYEM
B MOPSIIKY 1 CTPOKH, BCTAHOBJICH] B KpeAuTHOMY aoroBopi.llopsmok BU3HaUeHHS po3Mipy LIOMicsd-
HUX TUIATSXKIB 32 KPEAUTOM 1 BiZICOTKAMU 32 KOPUCTYBAHHS KPEAUTAMH 1 TEPMIHHM IX CIUTATH BCTAHOB-
JIOIOTHCS Y BIATIOBIIHUX crienu@iKallisix 1 BKa3ylOThCS B KPEOUTHUX JOrOBOPaX.

Jis po3paxyHKy CyMH BiICOTKiB 32 KOPHCTYBaHHS KPEIUTOM 3aCTOCOBYETHCS Taka (hopmyia:

CB=YM CO;—-JP, (4)

Y100
ne CB — cyma BiICOTKiB, HapaXOBaHMX 3a (DAaKTUYHMI Yac KOPUCTYBaHHS KPEIUTOM; Zflznl CO; —
cyMa (haKTHYHUX [IOICHHUX 3aJIUILKIB 3a epioa HapaxyBaHHs 1 = | (BizcoTkoBe umncio); BC — piuna
BIZICOTKOBA CTaBKa 3a KPEAUTHUM JOTOBOPOM (3 ypaxyBaHHsM ii 3MiHU B MepioA Iii KpeAUTHOro J0-
roBopy); AIl — KinbKicTh JHIB ()aKTUYHOIO Yacy KOPHCTYBaHHS KpenuToM; /[P — KinbKicTh THIB B
poui (BiAMOBiAHO 10 00JIKOBOI MOMITHKK OaHKY 1 yMOBaMHU KPEAUTHOT'O I0TOBOPY).

Sxiio e nepeadadeHo BiAMOBITHOK CHEU(IKAIE, TO B MEPioJ] MOTAICHHS KPEAUTY PO3-
PaxyHOK 1 CIjlaTa BiZICOTKIB 3a KOPHUCTYBaHHS KPEAMTOM MOXE 3IIHCHIOBATUCS LUIIXOM BHECECHHS
MIOMICSYHUX 32 BIZICOTKAMH PIBHUMHU YaCcTKaMH 3a (hOPMYIIO0

[I=C%/IIM, (5
ne [1 — momicsyamii mIaTix 3a BiICOTKaMH 3a KOpHCTyBaHHS KpeauToMm; C% — cyma BiICOTKIB, Ha-
JISKHHUX JI0 CIUIATH 3a BECh Mepioj] KOpUCTYBaHHS KpeauToM; [IM — KiIbKicTh MIATLKHUX MICALIB,
10 BU3HAYAIOTHCSA 32 POPMYIIOI0

[IM = MITI-MJI1, (6)
ne M/IIT — KinbKiCTh MICSIIB KOPUCTYBaHHS KPEAUTOM J0 MOYaTKy ioro moramenHs; MIT — kinb-
KICTb MICSIIIiIB KOPUCTYBAHHS KPEIUTOM.

[Ipu HOCTPOKOBOMY MOTAIICHHI YaCTHHU KPEAWTY, CIJIaTa LIOMICAYHUX IJIATEKIB 3a BiACOT-
KaMH 3a KOPHCTYBaHHS SIKUM B IEpioJl HOro moramieHHs nependayeHa piBHUMH YaCTKaMu, 3a 3asiBOIO
KpPEIUTOOTPpUMYBaya MOYIIMBO TEpepaxyHOK HIOMICIYHUX MJIATEXKIB 32 KPEeAUTOM Ta (a00) BiACOTKIB
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3a KOpHCTYBaHHS KpenuToM. [lepepaxyHOK po3Mipy IOMICSYHOrO IUIATEXY 3a BIACOTKAMH 3/1HCHIO-

€TbCS 32 POPMYIIOI0
_ CIy+(CM,~Cll3)

M ’ )
ne [T — po3mip momMicsSyHOro MmIaTexy 1Mo BiACOTKax 3a KopuctyBaHHs kpenutom; CIl; — cyma Bin-
COTKIB, PO3PaxOBaHUX 3a BECh MEPioJ]] KOPUCTYBAHHS KPEIUTOM ITiCIsl IPOBECHHS MEpEepaxyHKy po3-
Mipy HIOMICSYHOTO TIATEXY IO BiICOTKaX 3a KopucTyBaHHs kpenutom; CII, — cyma BincoTkis, pos-
paxoBaHuX 3a (GaKTHUYHUI 4ac KOPUCTYBAHHS KPEIUTOM Ha MOMEHT IPOBEICHHS MEpepaxyHKy po3Mi-
Py ILOMICSYHOTO IUIATEXY 10 BiICOTKaxX 3a KopucTyBaHHs kpeautom; CIl; — cyma BincoTkis, cruia-
YEHUX KPEAUTOOTPHUMYBAUYEM PIBHUMHU YaCTKaAMW Ha MOMEHT MPOBEIEHHS IepepaxyHKy pO3Mipy LIO-
MICSIYHOTO TIATEXKY 10 BiJICOTKAxX 3a KOPUCTyBaHHs KpeauTom; [IM — KinbKicTh mIaTLKHUX Tepio-
TiB.

I1

Jnst mpoeKTyBaHHs BeO-10aTKIB OLIHKH KPEAUTOCIIPOMOXKHOCTI (hi3nIHUX 0cid Oyno odpaHo
Taki iHcTpyMeHTH npoekryBaHHs: IBM RationalRose i BPwin. [ns ctBopeHHs camoi 6a3u gaHuX, 110
¢yHKLiOHYe B cucTeMi, Oyna oOpaHa cepBepHa 0a3a manux — Microsoft SQL Server i cepenoBuie
s 1i po3pookn — SQL Server ManagementStudio [12].I1poekTyBanHs 6a3 1aHUX — TPOIEC CTBO-
peHHs cxeMu 0a3u JaHuX 1 BU3HAUCHHS HEOOXiTHIX OOMEKEHb ITiICHOCTI.

OcHOBHI 3aBJIaHHS IPOEKTYBAaHHS 0a31 AaHUX:

* 3abe3neuenns 30epiranus B b/] Bciel HeoOXxigHO1 iH(OpMarii.

* 3a0e3mneueHHs] MOXKIIMBOCT1 OTPUMAaHHS JaHKX 33 BCIMa HEOOX1THUMHU 3aIIUTaMHU.

* CKOpOUYeHHS HAAMIPHOCTI 1 {yOJIIOBaHHS TaHHX.

* 3a0e3mnedyeHHs UTICHOCTI 0a3u JaHuX.

baza nanux cxiagaeTbes 3 TaOMUIb, mogaHux Ha puc. 1—3. B tabmuni «Credit» BimoOpaxkeHi
BHJIU KPEIMTIB, X BiJICOTKOBI CTaBKH, MAKCUMAJIbHI 1 MiHIMaJIbHI TEPMiHU 1 cymu. TaOnHIst MiCTHTB
JlaHi sIK 4ucioBi (1i1eHTHdikaTop KpeauTy, BiICOTKOBA CTaBKa, TEPMiHHU 1 CyMH KPEAUTIB), TaK 1 TEKC-
TOB1 (BuI Kpenuty). [lons, B sIKMX He BKa3aHi 3HaueHHs, ToOTO 3HaueHHss NULL, o3HavaroTh mio ams
JAHOTO BUJY KPEAUTY MakCHUMajbHa CyMa HE BCTAaHOBJICHA.

# Wma  Tun CpaBHeHWe ATtpubytel Null Mo ymonyauurw KommeHTapuu [JONOMHUTENBHO Oencrene
1 id int(11) Her Hem AUTO_INCREMENT # X =«
2 value varchar(15) utf8_general_ci Hetr Hem #F X -

Puc. 1. Ctpykrypa Tabnuui «Bpm»

# Wwma Tun CpaBHeHue AtpubyTtel Null TNo ymonuaHuw KommeHTapuu [JONOnNHUTENbHO DedcTBne

1 id [ int(11) Her Hem AUTO_INCREMENT #* X
2 usemname | varchar(50) utf8 unicode ci Het ol S
3  password varchar(50) utf8_unicode_ci Het P X -
4 secret_key varchar(50) utf8_unicode_ci Het A

Puc.2. Ctpykrypa Tabmuni «Credit»

# Wma Tun CpaBHeHue ATpubyTtel Null Mo ymonuanuwe KommeHTapuu [JononHUTENbHO DewcTene

1 df int(11) Her Hem AUTO_INCREMENT _# ¥
2  type_credit  varchar(255) utf8_general_ci Het  Hem P X -
3 term int(11) Oa  NULL Al S
4 until_rate varchar(11)  utf8_general ci Her Hem b Gl
5 after_rate int(11) Oa  NULL &SoxX -
6 min_amount varchar(50)  utf8_general_ci Oa  NULL v Al S
7 max_amount varchar(50) utf8 general ci Oa  NULL F X -

Puc.3. Crpykrypa Tabmuni «Usertbly»
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Web-nonatku He icHYy0Th 0e3 iHTepdelicy 3 6a3amu naHuX. Y 3B'S3KY 3 [IUM, HAJAFOThCS HaJI-
3BHYAHO OaraTi MOXIIMBOCTI B3a€MOJil 3 cXoBHILaMH iHpopmalii pizHoro poxny. KopucryBau 3amu-
Tye nokymeHT Web, 3amuT 3MiHCHIOETHCS 3a JIOMIOMOTOIO CIIEHMiaJbHUX MporpaM — Opay3epis, M0
MPaLIoIOTh Ha KIIEHTCHKUX KOMIT'toTepax. bpaysep Biampasmse Web-By3iny 3amuT Ha JOKYMEHT, II0
00poOJIIEThCS MPOrpaMHUM JIOJATKOM, SKHWA OoTpuMaB Ha3By Web-cepBepa. bpaysepamu i Web-
cepBepaMu BUKOPUCTOBYEThCs crienianbHuil mpotokon HTTP (HyperTextTransferProtocol), sikuii Bu-
3HaYae, K Opaysep MoBHHEH (opMmaTyBaTH 1 Binnmpasisatu 3anutu Web-cepsepy. [loBHa cnenndikarris
JoKyMeHTa HasuBaeTbes aapecoro URL (uniformresourcelocator). Bin 3amae mporokon (HTTP), im's
BY3JIOBOT'O KOMIT'IOTEpa, IPU HEOOXIIHOCTI HOMEp MOPTY, a TAKOX iM's (MiCIIE3HaXOMKEHHS) JOKyMe-
Hta. Anpeca URL Bkasyetbest 6e3 mpoOiniB (sik ogHe cioBo). Anpeca URL 3amae micue po3ramryBaH-
Hs pecypcy (00'€KTy) B Mepexi, BiH € MEpEKEBUM aHaJIOroM imMeHi Qaiiny B ¢aitnoBoi cucremi. [Ipo-
tokon HTTP BukopucroByetses s nepeaadi Web-cropinok [12].

Taxum unHOM, Web-cepBep oTpuMye Bin Opaysepa 3amuT 3a Tieto abo iHmoro agpecoo URL,
3 BukopuctaHHsaM nporokony HTTP. OrpumaBim 3anut, Web-cepBep 3HaXOOUTh B CBOIX KaTajorax
¢aiin morpidHoi cropinku HTML i Bignpasinse #oro Opay3epy Kili€HTa, y BiKHI SIKOTO CTOpiHKa 1 Bi-
nobpaxaetbes. Tepmin Web o3Hadae, M0 cucTeMa poO3MIIAAAEThC SIK HaOip BY3JiB 3 MOCHIaHHAMH
onuH Ha opHoro. [locunanHs 3a0e3MedyIoTh MOXIMBICTD HaBiraiii Mi>k pecypcamu cuctemMu. Kopuc-
TyBay MPOCTO KIIAI[Aa€ HA MOCUIaHHI B JOKYMEHTI, 1 Opay3ep IHTepIpeTye L0 Iif0 SK 3alUT Ha 3aBaH-
Ta)XeHHS JOKyMeHTa abo pecypcy, Ha SKUi 15 MocHIaHHs BKasye. KpiM ycTaHOBKH MepeXeBHX 3'€l1-
HaHb 1 IPOTOKOIB, U1 OOMiHY JOKyMEHTaMU Opay3epH TaKoX BUKOHYIOTH (YHKLII0 00poOKH 1 Bifo-
OpakenHs nokymeHTiB. [Iporoxomu TCP / IP i HTTP B3arani He BupimyoTs Lio npobiaemy. Bimo-
OpaskeHHSI 3MICTY IOKyMEHTa BUKOHYETHCS Opay3epoM, MpH LIbOMY Ha apeHy BHCTYIIA€ MOBa PO3MITKH
rineprekcty HTML (HyperTextMarkupLanguage). Tomy nana TeXHOJIOTISI HE TO3BOJISIE CTBOPIOBATH
JIMHAMIYHI CTaHUIII, a TUTBKU cTaTu4Hi Web-By3iu.

OtpumaBumm Big Opay3epa 3alUT Ha BinoOpaskeHHs CTOpPiHKH, Web-cepBep 10IaTKiB BUKOHYE
MOTepeIHI0 00pOOKY CTOPIHKH, IHTEPIIPETYE BCE M0 MICTATHCSA B HIill CIleHapii 1 mpu HEOOXiaHOCTI
B3aEMOJIi€ 3 pecypcamu cepBepa. B pesynbraTi renepyetbes cropinka B ¢popmati HTML, sika i mepe-
Ja€ThCsl Hazaa Opay3epy-KIlieHTy.

BucHoBkn

1. B cyyacHHX ymMoOBax IpH OLIHIOBaHHI KPEAMTOCIPOMOXKHOCTI (hi3MuHOi 0coOM OaHKH To-
BHUHHI BUKOPUCTOBYBATH CYKYIHICTh KPHUTEPIiB 1 MOKa3HUKIB, SKi TOBUHHI BUAO3MIHIOBATUCS B MPO-
1eci po3BUTKY KPEIUTHUX BiTHOCHH.

2. IlocriiiHe BIOCKOHAJICHHS CUCTEMHU KPEIUTYBaHHS HACCNICHHS B yMOBaX 3POCTaHHS MikOa-
HKIBCBKOI KOHKYpEHLIi € i 0aHKy HEOOXiJHOIO YMOBOIO ()OPMYBaHHS HOTo TPOMaJCHKOrO IMITKY
SK YHIBEPCAIBHOIO KPEAUTHOI YCTAHOBH, @ TAKOXK CIYXKHUTH JOJATKOBUM KEPEIOM J0XOIY Bif MPO-
BE/ICHHS KPEAUTHHX orepaniii 3 (i3nIHUMH 0COOaMH.

3. Iporec OMIHKK KPEOUTOCIPOMOXKHOCTI (hi3MYHMX OCI0 rmependadae KOMILUICKC 3aXOJiB 3
MaTEeMaTHYHOT'O MOJISITIOBaHHS Oi3HEC-ITPOIIECIiB, a TAKOXK BHOOPY 3aCO0IB MPOCKTYBAHHS 1 PO3POOKH
apxiTekTypu 0a3u JaHuX.

4. CTBOpeHa aBTOMaTH30BaHa CHUCTEeMa 30epiraHHs JAaHUX, IIBUAKOrO MOLIYKY JaHHX B 0asi,
110 HACTPOIOETHCS 32 OCHOBHUMH IapaMeTpaMy OL[IHKH KPEIUTOCTIPOMOKHOCTI (Ppi3muHuX 0CiO.

5. Meronuka no0y0BH aBTOMAaTH30BaHOI CUCTEMH MOKe OyTH 3aCTOCOBaHa B PI3HUX Hamps-
MKax JTisTbHOCTI OaHKIB BCiX ()OPM BIACHOCTI.
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MATHEMATICAL MODELING IN THE PROJECT OF MANAGING THE CREDIT
CAPACITY FOR INDIVIDUALS
Grigorenko V., Kadilnikova T.

Abstract

Currently, there is an intense growth in the lending market in Ukraine, and in particular in the
retail lending sector. This inevitably leads to an increase in credit risks that both individual credit insti-
tutions and the banking system of the country as a whole take on. Increasing competition in the retail
banking market, increasing consumer demand for various credit products, and the desire of credit insti-
tutions to maximize profits are forcing financial institutions to seek more effective ways of attracting
new solvent customers while trying to control losses.

However, the proposed methods are superficial and do not fully reveal the possibility of lend-
ing to large sections of the population. Meanwhile, experts estimate that more than 50% of the adult
population of developed European countries is lending.

The purpose of this study is to create a comprehensive methodology for assessing the credit-
worthiness of individuals on the basis of analytical formulas, using IT technologies in the form of re-
levant Web applications.

In modern conditions, banks must use a set of criteria and indicators that should be modified
in the course of developing credit relations when assessing the creditworthiness of an individual. The
process of assessing the creditworthiness of individuals involves a set of measures for mathematical
modeling of business processes, as well as the choice of design and development tools for database
architecture.

An automated system of data storage, quick search of data in the database, which is configured
according to the basic parameters of creditworthiness of individuals, has been created. The methodol-
ogy of building an automated system can be applied in different areas of activity of banks of all forms
of ownership.
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IIlanoBHi aBTOpH!

HaykoBuii kypHanm «MaremaTnuHe MOJENIOBAaHHS» € TEPIOAMYHUM HAYKOBUM BHJIAHHSM,
NIPU3HAYCHUM ISl ITyOmikaiii HOBITHIX BHCOKOSKICHHX HAayKOBHX CTaTel 3a HACTYITHUMU HayKOBHMH
HanpsMamu:

Po3aia 1. MaremaTu4yHe MOIe/IIOBAHHA B IPUPOTHUYHUX HAYKaX Ta iH)opMamiHHUX TEXHOJIOTIAX.

Pozpain 2. MogenoBaHHS Ta ONTUMI3aLisl B TEXHOJIOTil KOHCTPYKIiHMX MaTepiaJiB.

Pozain 3. MaTeMaTH4Hi METOAN B CYCHIJILHUX TA TYMAHITADHUX HayKaX.

CratTro He0OXiTHO TIofaBaTH HabpaHow B penakropi MS Word.

CraTTsl TIOBMHHA MaTH Taki HEOOXiIHI eleMEHTH (TEKCT CTaTTi Po30MBAaEThCA Ha BiINOBIAHI PO3ALIH 13
I1113ar0JIOBKaMH, SIKi BUALIAIOTHCS HAITIBXXUPHUM MIPH(TOM):

® 10CTAHOBKA npoliemu,

® aHAJII3 OCTAHHIX JOCJTiIKeHb Ta MyOJiKaiid,

© (hOpMYJIIOBAHHS METH JOCTi/I2KEeHHSI,

® BHKJIA/I OCHOBHOI'0 MaTepiaJy,

® BHCHOBKH.

Moga ctaTTi — yKpaiHCbKa, aHIJIichKa (32 BHOOPOM aBTOpa).

O0csir cTaTTi — BiJ I'ATH 10 JECATH CTOPIHOK TEKCTY.

IMapameTtpu cropinku. @opmar cropinku A4, opieHTyBaHHS JcTa — KHIDKHE. [loist: BepxHe — 3,5 cm;
HIDKHE, JTiBe, npaBe — 2,5 cM. HIpudt Times New Roman — 11 nt, MbkpsiikoBuii iHTEpBa — OIMHAPHUH.

IocainoBuicTh po3mimennst marepiaay crarri: V/IK. Inimianu ta npisBuima aBTOpiB, HAYKOBHM
CTYMiHb, 3BaHHA (TOcana), KOHTAaKTHHH e-mail. Micne poboru, micro (y niBOMY BepXHBOMY KyTKy). Ha3Ba
cTarTi (HamiBXUPHUM MIPU(PTOM BEIUKMMH OykBaMu). AHOTamii yKpaiHCBKOIO Ta aHIJIIHCHKOIO MOBaMH,
KJIFOUOBI cltoBa (KypcuBoM). TekcT cTaTTi B ofHY KOIOHKY. CIIMCOK BUKOPHCTAHOI JIITEpaTypH.

®opmynau HabupaloThes B pepakropi Gopmyn — Microsoft Equation, mpudtom Times New Roman,
KypcuBoM. IIpsiMuMm mpudToM HAOMParoThCS MO3HAYEHHS BEKTOPIB Ta MATpPHIb, KPUTEPii, TPUTOHOMETPHUHI
¢ynxuii. [Tapamerpu posmipy mpudry: 3Buuaiinuii cumson — 11 0T, KpynHuit ingexe — 9 nt, npiGHMI iHIEKC —
7 nt, KpynHUH cuMmBoI — 18 T, npiGHMi cumBon — 12 nit. PopMynH LEHTPYIOTh, a Ti, HA SIKi € ITOCHIaHHI —
HyMepytoTbes. Homepn (opmynr BKa3yroTh y KPYIJIMX IyKKax i BUPIBHIOIOTH MO IPaBOMY Kpar0 CTOPIHKH.
@®opMynu BETMKOro po3Mipy 3aIiCyIOThCS B KiTbKA PSAKIB.

Tabauni, pucynku, rpadgiku MaroTs OyTH NpOHYMEpOBaHI Ta MaTH Ha3By. [Ipm moOynoBi rpadikis,
TabMIb, 300payKeHb MaiTe Ha yBa3i, 10 KypHaJ € YOpHO-01InM.

Jlo craTTi okpeMuMH (aiiaMu 10Aal0ThCS:

— peleH3is;

— (paid i3 3aTIOBHEHOIO aHKETOIO, 110 MICTUTH BiZIOMOCTI IIPO aBTOPIB;

— Qaiin 3 pedepaToM craTTi aHTIiHCHKOIO (a00 YKpaiHCHKOIO, SIKIIO CTAaTTSl HAlMCaHa aHTJIIHCHKOIO)
MOBOIO, SIKUH Mae ckinamatucs 3 Ha3Bu cratti, [III1 aBTOpiB, ckOpodeHOi Bepcii craTti odcsrom 1800-2300
3HaKkiB. Tekcr pedepaTy MOBHHEH MICTHTH BIJIOMOCTI NpO aKTyallbHICTh, METY, 3aBJaHHS, BHCHOBKH,
TMIepCIIeKTHBH AaHoro pociimpkenHs. Crmcok aiteparypu (References) odopmimtoerses 3a cranmaprom APA.

Cratti pa3oM i3 CYNpOBO/UKYBAJBHUMH JOKYMEHTAMH HAJCWJIATH EJIEKTPOHHOIO  MOIITOO
(e-mail: matmod@dstu.dp.ua Ta seredabp@ukr.net) y Burnsiai BiageHux ¢aiiais abo MpHHOCHTH 0COOHCTO
BiJINIOBiTAJIEHOMY CEKpeTaplo 3a aapecoro: Byi. J{HinpoOyniBchbKa, 2, Kopiyc 5, kiMHaTta 17a.

CraTTs mpUMAETbCA Ha PO3TIIAI Ta MEPEHAEThCs Ha PELEH3I0 TUTBKH 332 HASBHOCTI TTOBHOTO MAaKETy
JMIOKYMEHTIB, IIrOTOBJICHUX BIAMOBIMHAM YHHOM, Ta O(OPMIICHMX 3TiJHO BHMOTI JIO CTaTTi Ta
CYTIPOBOKYBAIBHUX JJOKYMCHTIB.

Penakuist 3amumiae 3a co0Or0 TpaBO Ha HE3HAYHE peNaryBaHHS, 30epiraroud NPU [EOMY TOJOBHI
PE3YIABTATH Ta aBTOPCHKY CTHIIICTUKY.
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