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AHOTANIA

binanin P.B. TeniaoBuil KOHTPOJIb TEXHIYHOTO CTaHy 1HAYKIIAHUX YCTaHO-
BOK JIJIS TIIZIBUITIICHHS SIKOCTI MiJTHOT KaTaHKU. — KBami(ikariiiHa HayKoBa Iparis Ha
paBax pyKOMIHCY.

Juceprariiss Ha 3M100yTTS HAYKOBOTO CTYNEHS KaHAHWIaTa TEXHIYHUX HAayK
3a cnerianbHicTio 05.11.13 — mputagy 1 METOIM KOHTPOJIIO Ta BUSHAYCHHSI CKIIATY
pedoBuH. — [IAT "3ABO/ IIIBJJEHKABEJIB", m. Xapkis, 2019.

VY nuceprarii BupilieHa BaXJIMBa HAyKOBa 3a7a4a 3 PO3BUTKY METOIIB KO-
HTPOJIIO TEXHIYHOTO CTaHy 1HAYKIIMHUX YCTAaHOBOK JJIsi BUPOOHUIITBA BUCOKOSIKI-
CHO{ MiJIHOT KaTaHK! IUIIXOM BHKOPHUCTaHHS MaTeMAaTUYHOTO MOJICITIOBAHHSI €JIeK-
TPOTEIUIOBUX TMPOIIECIB Yy MITHOMY pO3IUIaBl 1 OaraTomapoBiii TepMOI130JsIli 3
BpaxyBaHH:M 1i Jerpajanii 1 po3nojaily TeMnepaTypu Ha OBEPXHI YCTaHOBKH, SKa
Ma€ CyTTEBE 3HAUCHHS AJI PO3BUTKY KaOeIbHOI MPOMHUCIOBOCTI.

IcHyroui Ha CHOTOJIHI METOJM KOHTPOJIIO TEXHIYHOTO CTAaHY 1HIYKIIHHUX
YCTAaHOBOK BUPOOHHUIITBA MIJHOT KAaTaHKW 3/IIMCHIOIOTHCS Ha OCHOBI MOTOYHOIO
BUMIPIOBAHHS JIUIIIE TAKUX YCEPEAHEHUX MapaMeTpiB, K CHOKMBAaHA €JIEKTPUYHA
NOTYXHICTh, €KBIBAJICHTHI aKTUBHUUN 1 PEAKTUBHUI OMOPH €JIEKTPUYHOTO HABAH-
TaXEHHS 1HIYKTOpa Ta PI3HMIS TEMIEPATypH BOJM HAa BUXOAl 1 BXOJl KOHTYpPY
OXO0JIOJKeHHSI. BOHM naroTh MOCUTH OOMEkeHY 1H(OpMaIlil0 M0J0 TEXHIYHOTO
CTaHy 1IHAYKIIHHUX YCTAaHOBOK, PEKUMIB BUPOOHUIITBA BUCOKOSIKICHOT KaTaHKH Ta
MIJBUIIEHHS X €()eKTUBHOCTI, pECypCy 1 HQJAIMHOCTI y BiJIMOBITHOCTI 3 BUMOTaMHU
Ccy4yacHoi KaOeIbHOI TPOMHUCIOBOCTI.

Bonu 30kpeMa He BpaxoBYHOTh OCOOJIMBOCTI JIOKAJIBHUX MPOTIKaHb MiJHO-
ro po3IUIaBy B OaratoniapoBy TEPMOI30JIAIII0 YCTAHOBKU Ta 3MIHEHHS iX PO3MIpPIB
1 KoH(iryparii, ski BU3HaYalOTh MOOUIBHICTh JIOKAIBHUX PYWHAIIN 13071111, 3a-
KOHOMIPHOCTI 3MEHIIICHHS 3aJUIIKOBOTO PECYpPCY 1 €HEProe(peKTUBHOCTI YCTAHO-
BOK Ta MOTIPIICHHS SIKOCTI MIJHOTO po3ruiaBy. BceOiuHMil aHaMi3 CBITOBUX HAyKO-
BUX MyOJiKaliil mATBEpIMB aKTyaJlbHICTh BUPIIICHHS HAYKOBOI 3a/1adl 3 YAOCKO-

HaJICHHA MGTOI[iB TCIIOBOT'O KOHTPOJIXO TEXHIYHOTO CTaHy iH,ZIYKHiI;’IHPIX YCTAHO-
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BOK ISl BUPOOHHUIITBA MiJHOI KaTaHKU Ta BU3HAYUB HANPSIMOK HAyKOBUX JOCIHIi-
JUKEHB JTAHOI JucepTarii.

Ines nocnimxkeHHs mojsirajia B TOMY, 100 BU3HAYUTH B3a€EMO3B'SI30K M1k
pO3MOiIaMH TEMIIEPAaTypH MO MOBEPXHI KOPIYCY 1HIYKIIHHOI eyl Ta BCepennH1
il yTepoBkH, a TaKOX 3aKOHOMIPHOCTI 3MIHU IIMX PO3MOAUTIB B 3aJIEKHOCTI BiJ
FeOMETPUYHUX XapaKTEPUCTUK BUTOKIB PO3ILJIABY Ta iX 3MiHU y 4aci. Jlocipken-
HS TOKa3alid, [0 TemIiepaTypa B JIOKAJbHUX 00JacTSIX Ha KOPITyCl 1HIYKI[IHHUX
neuen micis ix 6araropiuyHoi eKcIuTyaTallii MOXKe 3pOCTaTH y JCKUIbKa pa3iB 1 Ie-
peBaxaTl MaKCUMAaJIbHO JOIYCTHUMI 3HAUEHHS U1 0€3[1€YHOr0 BUKOPUCTAHHSL.

MeTogaMu 9HCENBHOTO €KCIEPUMEHTY MPOBEACHI AOCTIIKEHHS B HEJO-
CTYIHUX JJIs1 PiI3UYHOTO €KCIIEPUMEHTY Yepe3 CBOI0 MOHOJITHY CTPYKTYpPY BHYT-
pinmHiX o0nacTsaX GyTepoOBKH TMedl — came TUX 00JacTsIX J€ BUHUKAE pyHHYBaHHSA 1
POHUKHEHHS po3IuiaBy. Bepudikaris Moaeni 1 maATBepKEHHS pe3yJIbTaTiB po3-
PaxyHKIB ITPOBOJMIIACH IIIAXOM (PI3UUHOTO €KCIIEPUMEHTY.

B Hacnmigox mpoBeIeHHMX JOCHIKEHb CTBOpPEHA Tak 3BaHa Oi0JI10TEKH
dbopM TemmepaTypHHUX 130T€PM B 3aJIeKHOCTI Bl KOH]Irypalliil mpoTikaHb pO3Ii-
naBy y ¢yTtepoBKy. B mpoiieci BUMiptOBaHHSI MOBEPXHEBOTO PO3MOJLTY TeMIepa-
TYypU Ha KOPITYCl POMUCIIOBOI €41, TPU NOPIBHSAHHI BUIJISY peajbHUX 130TEPM 3
MaTtepianamMu 010J110TE€KH, 32 HAHOUIBIIMM CHIBIAIIHHAM HPOMOHYETHCS POOUTH
IPOTHO3 CTYNEHIO 3HOCY (PyTEPOBKHU.

[TpoBeneHi TOCTiKEHHS BKIIIOYAIIA €TaIu:

— IpOBeJIeHHA 0araTopiyHOTO HEMEPEPBHOTO MOHITOPUHTY TEXHIYHOTO
CTaHy 1HIYKIIAHOI Me4l B Mepioj MPOMHUCIOBOTO BUKOPUCTAHHS 3 METOIO JIOCIIi-
JUKEHHSI 3MIHM PO3MOJUTY TeMIIepaTypu Ha MOBEPXHI il KOPIyCy, MOB'SI3aHOTO 3
MPOTIKAHHSM MIJTHOTO PO3IUIaBY B JehekTax OaraTomapoBoi 1301111,

— PO3pOOKH MaTEMATUYHOI MOJIEN 1HAYKIIMHOI YCTAaHOBKH 3 BpaXyBaHHIM
TEpiajiiB, a TAKOXK MPOBEACHHS YMCIEHHOTO €KCIIEPUMEHTY 10 BU3HAUYEHHIO 3MIHU
00’€MHOTO 1 MOBEPXHEBOTO PO3MOLTY TEMIEPATYpH B 3aJ€KHOCTI BIJl PI3HUX TH-

1B MPOTIKaHb M1IHOTO PO3IUIABY B 130JIAIIIIO;
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— BU3HAUEHHS KOH(Irypallii pealbHUX MPOTIKaHb MiJll 32 JaHUMHU (PI3UYHOTO
EKCTIICpUMEHTY MPH Po30UpaHHI YCTAHOBKH MICS ii 6araTopiyHOT0 BUKOPUCTAHHS;

— pO3pOOKH HA OCHOBI MPOBEICHOTO aHaJ13y 0COOJUBOCTEH POOOTH 1HIAYK-
IMHOT YCTAaHOBKHM HOBOTO TEXHIYHOIO PIIIEHHS, CHPSIMOBAHOTO HA yIO0CKOHAJICHHS
OaratomapoBoi TEPMOI30JIAIIL JJIs 301bIIEHHS pecypcy (PyTepoBKHU 1 3MEHIIICHHS
TEIJIOBUX BTPAT B YCTAHOBKAX MPH iX TPOMHUCIIOBIN €KCILTyaTallli.

Po3po6iieno HOBUI MeTO HEPYHHIBHOTO KOHTPOJIIO TEXHIYHOTO CTaHy 1H-
JOYKIIMHUX yCTAaHOBOK JJIE BUPOOHMIITBA MIJHOI KaTaHKU JJISI CHJIOBUX KaOeliB
CHEPTreTUYHOTO MPU3HAYCHHSA. Y HOBOMY METO/I1 KpIM BUMIPIOBAHHSI PEAKTHBHOTO
1 aKTUBHOTO OIOPIB 1HAYKTOpa 1 TEMIIEpaTypy BOJM B CUCTEMI1 OXOJOJKEHHS J0-
JIATKOBO BU3HAYAETHCS CTEIIHb Jerpajaailii 0araTomapoBoi TEPMOI30IAIl HUISIXOM
MOPIBHSHHS PO3PAaXyHKOBOTO PO3MOJLTY MTOTOYHOI TeMIlepaTypu B 00’ eMi po3Iuia-
BY 1 130JIALll1 HA TPUBUMIPHIA MaTeMaTUYHIM MOJENl YCTAHOBKHM 3 MPAKTUYHUM
BUMIPIOBAaHHSAM TEMIIEpAaTypH JIOKaJbHUX obnacteil (B poOoTi ix Oyno 72) Ha mo-
BEPXHI KOPITYCY Teyi.

["os10BHOMO TIepeBaror po3poOSIEHOr0 METOAY JAIarHOCTHUKU € MOMKJIMBICTD
BU3HAYCHHS OE3MOCEPENHBOr0 PO3TAllyBaHHSA, (OPMHU 1 PO3MIPIB MPOTIKAHb Mij-
HOTO pO3IUIaBy y aAedekTu GpyTepoBKH (110 OyJI0 HEMOKIIMBO paHille), a, BIMOBI-
JTHO, O1IBIII TOYHOTO MTPOTHO3YBAHHS 3aJUIITIKOBOTO PECYPCY YCTAHOBOK, 3aBYaCHO-
ro BUSIBJICHHSI PEXHUMIB X poOOTH, ONMM3bKUX JI0 aBapiiHUX, Ta ONTHMI3aIlii BCIX
PEXUMIB B 3AJIEKHOCTI B1J] IOTOYHOTO CTaHY 1 pecypcy (pyTepOBKH.

['onoBHa HaykOBa HOBH3HA OTPUMAHUX PE3YJIBTATIB MOJIATAE Y TOMY, IIO:

1. Bnepire po3po0aeHO METO/ TEMJIOBOIO KOHTPOJIO TEXHIYHOTO CTaHy 1H-
OYKIIHHUX YCTAaHOBOK BUPOOHUIITBA MiJHOI KaTaHKU IIJISTXOM BHKOPHUCTAHHS eJie-
KTPOTEIJIOBUX aHAJOrIH 1 po3poOKM HOBOI MaTeMaTHYHOI MOJEI YyCepeIHEHUX
€JICKTPOTEIJIOBUX MPOLIECIB Y MIAHOMY pO3IUIaBl Ta OaraTtomapoBidl 13074l 3
ypaxyBaHHSM BHHHKAIOUMX HEIIHIMHUX 3aJIEKHOCTEH, 0 3a0e3medusio peasisa-
[II0 EKCIPEC-TEPMOKOHTPOIIO CTAaHy YCTAaHOBOK MPH TPUBAIUX MEPEXITHUX €IICK-

TPOTEPMIYHUX MPOLECAX.
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2. Briepiiie po3BUHYTO METOJ MMOTOYHOTO TEIIOBOTO KOHTPOJIIO YCTAaHOBOK
BUPOOHUIITBA MiJTHOI KATAHKH HA OCHOBI aHaNi3y HE TUIbKU aKTUBHOTO 1 PEaKTHB-
HOTO OIOPIB 1HAYKTOpa Ta TeMIIEpaTypH BOJU Yy CHCTEMI OXOJIOJKEHHs, aje MU
CTYIIEHIO JIeTpajaliii TepMOI130JIIIil Ta BU3HAUEHHS 00'€MHOTO 1 TOBEPXHEBOI'O PO-
3MOJUTIB TeMIEepaTypyu Ha TPUBUMIPHIA MaTEeMAaTHYHIN MOJIENi 3 iX MOPIBHSHHSM 3
PO3MOIIIaMU TEMIIEpaTypH B JIOKAJIBHUX OOJIACTAX HA MOBEPXHI 130JiA11i1. Bukopu-
CTaHHS IILOTO METOY 3a0e3mnedye po3poOKy METOMMKHU MiABUIICHHS €EKTUBHOC-
T1, pecypcy 1 0e3neKku IHAYKIIHHUX YCTAaHOBOK 3 YpaXyBaHHSM CTYNEHIO Jerpajia-
11ii 6araTorapoBoi TEPMOI30JISIIIT TeHi.

3. Brepire po3po6iieHO MaTeMaTuyHy MOJIEIb TOTOYHOTO PO3MOALTY TEM-
nepatypu y 0araTomapoBiil 130JLii 1HAYKIIHHUX KaHAIbHUX YCTAaHOBOK 3 ypaxy-
TepianiB 1 3MiHEHb KOH(ITypaliii MeTaleBUX NPOTIKaHb B 130JL1t0. Bukopucran-
HS 11€1 MOJIeJTl JO3BOJIsIE BUBHAYATH HAMOUIbII HEOE3MeUH1 PO3MOIIIN TeMIIepaTy-
pH TIpH TPUBAJIIN eKCIUTyaTallii yCTaHOBOK.

4. Briepuie po3po0J€HO METOJ KOHTPOJ KOHQIrypaiiil 1 3arajibHOro
00'eMy MPOTIKaHb MIJHOTO PO3IUIABY B TEPMOI3OJISIIII0 YCTAHOBOK IIJITXOM TIOPIB-
HSIHb 00'€MHOTO 1 TOBEPXHEBOI'O PO3MOALUIIB TEMIIEPATYPH B HET, 1110 TO3BOJISIE BU-
3HAYaTU 1HTEHCUBHICTh JIOKAJIbHOI pyHHAaLli 130JI111 Ta MOTOYHOI'O MOTIPIIEHHS
SKOCT1 M1THOTO PO3IUIaBy 1 KATAaHKH.

5. Briepiie 006TpyHTOBAHO YJIOCKOHAJICHHS 130JISI11i1 32 paXyHOK 3MIHEHHS ii
CTPYKTYPH — 3aMIiHH OJHOTO 13 IIapiB TPhOMa 1HIUMH 0€3 3MIHEHHS 3arajbHOi TO-
BUIMHHU Ha OCHOBI BU3HAUYEHHS OCOOJIMBOCTEN PO3BUTKY IMPOTIKaHb MIJHOIO PO3II-
JIaBy B TEPMOI30JIALIII0 YCTAHOBOK 1 BUHUKAIOUMX 3MIHEHb PO3IOJIY B Hill TeMrie-
parypu, 1o 3a0e3neunsio MmaBUIIeHHS epEeKTUBHOCTI, pecypcy 1 O€3MeKu yCcTaHo-
BOK Ta SIKOCTI M1JJHO1 KaTaHKH.

["on0BHE MpakTUYHE 3HAYECHHS OJCPKAHUX PE3YJbTATIB B Taly3l elIeKTpoe-
HEPreTUKH MOJISITaeE y TOMY, 110 pO3p00JIEHO HOBE TEXHIYHE PIIICHHS JIJISl YAOCKO-
HaJICHHs 0araTomapoBoi TepMOI30JiALii IHAYKIIHHIX yCTAHOBOK 3 METOI0 3MEH-

HICHHS 1X €HeproBTpaT 1 30UIbIIECHHS pecypcy. BoHO mossirae y BUKOpUCTaHHI 3a-



5

MICTh TPETHOTO TEPMOI30JISIIIHOTO APy 3 JIETKOBAroBoi IEerl TPhOX IIapiB: MO-
HOJIITHOTO BOTHETPUBKOTO OETOHY, JIETKOBAroBOi IETJIM 1 BOTHETPUBKOTO Tamepy,
npu 30€peKEHHI 3arajlbHOT TOBIIUHH 130JIAII11.

BnpoBamkenHss Takoro pimeHHsS B 1HAyKHidHINA ycraHoBmi UPCAST
US20X-10 na ITAT "3ABO/I IIIBJAEHKABEJIb" 3a6e3neunio:

— 3HmkeHHs Ha 20°C TeMmmeparypu Ha ii MOBEpXHI — TeMIepaTypa 3MeEH-
mtacst 10 110°C, 3amicts 130°C, sik Oyio paHiiie B eIl MICSIIl MICHS 3aIyCKy
YCTaHOBKU;

— 3MEHIICHHA MUTOMUX €HeproBUTpaT Ha 1 T MigHOI 3aroToBKH — Ha 5%
BITHOCHO €HEPTrOBUTPAT YCTAHOBKHU Micid 1i mycky Ta Ha 15% BiIHOCHO BUTpar
repen il 3ylnuHKOR;

— MOKpAIIEHHs YMOB Ipalli CIeialiCTIB, 110 OOCIYTOBYIOTh YCTaHOBKY;

— MIJIBUIIICHHS SIKOCTI MIJIHOI KaTaHKH, 30Kpema 301iibineHHs Ha 10% Kijb-
KOCTI KaTaHKHU 3 BIJICOTKOBHMM BMICTOM Mijil He MeHIIe 99,99%.

Po3pobieHo mpakTU4HI peKoMeHAaIli I 3MEHIIEHHS MaKCHMAaJIbHUX
3Ha4Y€Hb TEMIEpaTypH, ii TPAIIEHTIB, PO3MIPIB 130JA11i 3 MiJABUILIEHOI TEMIIepa-
TypOIO Ta BUTOKIB y HEl MITHOTO po3muiaBy. Po3pobiieHi pekoMeHali 3 onTumi-
3aiii NPOAYKTHUBHOCTI YCTAHOBOK, iX MUTOMHUX €HEPrOBUTpAT Ta 30UIbILIECHHS pe-
cypcy BrnpoBamkeHo Ha [TAT "3ABOJ IIIBAEHKABEJIB", IHCTUTYTI enexTpo-
muHamikn HAH Ykpainu 1 B HaB4aJIbHOMY MpoIieci kKaeapu eneKTpoi30IsiiiHol
Ta kabenbpHO1 TexHiku HTY "XTII".

Kuio4uoBi cjioBa: 1HIyKIIIAHUN HArpiB, TJIaBICHHS O0€3KMCHEBOI M, IJjia-
BUJILHO-PO3/IaBalibHA KaHAJIbHA 114, JIarHOCTUKA 1 MOHITOPUHT TEXHIYHOTO CTaHY,
IPOTIKaHHS PO3IUIaBy, pydHYBaHHS (yTEepOBKH, (PI3UYHUN €KCIIEPUMEHT, YHCEIIb-

HC MOACIIFOBAHHA.
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ANNOTATION

Belyanin R.V. Thermal control of the technical state of induction installa-
tions for quality increasing of copper rod. — Qualifying scientific work on the
rights of the manuscript.

The thesis for a Candidate of Engineering Sciences degree by specialty
05.11.13 — devices and methods of control and determination of composition of
substances. — PJSC "Yuzhcable Works", Kharkiv, 2019.

The dissertation solves an important scientific task on the development of
control methods of the technical state of induction installations for the production
of high-quality copper wire rod using the mathematical modeling of electro-
thermal processes in copper melt and multilayer thermal insulation, taking into ac-
count its degradation and temperature distribution on the surface of the installation,
which is essential for the development of the cable industry.

The existing methods for controlling the technical state of induction installa-
tions for the production of copper rod are realized on the basis of the current mea-
surement of only such averaged parameters as the electric power consumed, the
equivalent active and reactive resistances of the electric load of inductor, and the dif-
ference in water temperature at the outlet and inlet of the cooling circuit. They pro-
vide very limited information on the technical state of induction installations, modes
of production of high-quality wire rod and increase their efficiency, resource life and
reliability in accordance with the requirements of modern cable industry.

In particular, they do not take into account the peculiarities of local leakag-
es of the copper melt into the multilayer insulation of the installation and change
its dimensions and configurations, which determine the mobility of local insulation
destruction, the regularities of reduction of the residual life and energy efficiency
of the installations, and the deterioration of the copper melt quality. Comprehen-
sive analysis of world scientific publications confirmed the actuality of solving the
scientific problem of improving the methods of thermal control of the technical
state of induction installations for the production of copper wire rod and determine

the direction of scientific research in this dissertation.
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The idea of the study was to determine the relationship between the tem-

perature distributions along the surface of the body of the induction furnace and
inside its lining, as well as to find the regularities of the change of these distribu-
tions, depending on the geometric characteristics of the melt leakages and their
changes in time. Studies have shown that the temperature in the local areas on the
body of induction furnaces after their long-term operation can increase several
times and exceed the maximum allowable values for safe use.

The study of the interior of the lining of the furnace, which is inaccessible
to the physical experiment (due to its monolithic structure), i.e. in those areas
where the destruction of lining and penetration of the melt occurred, is carried out
by numerical experiment methods. Verification of the model and confirmation of
the results of calculations were carried out by physical experiment.

As a result of the research, a so-called library of forms of temperature iso-
therms has been created, depending on configurations of leakage of the melt in the
lining. In the process of measuring the surface temperature distribution on the body
of an industrial furnace, the real isotherms are compared with the isotherms from
the library, and for the greatest coincidence it is proposed to make a forecast of the
degree of wear of the lining.

The studies included the following steps:

— performance a long-term continuous monitoring of the technical state of
the induction furnace during its industrial use for the purpose of studying the
change in the temperature distribution on the surface of the furnace body caused by
the leakage of the copper melt in the defects of the lining;

— development of the mathematical model of an induction furnace that
takes into account the complex three-dimensional configuration of its elements and
nonlinear properties of the materials, as well as a performance of numerical expe-
riment in order to determine the change in the volumetric and surface temperature

distribution depending on different types of copper melt leakage into insulation;
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— determination of the configurations of real copper leakages according to

the experimental data during the disassembly of the installation after its long-term
industrial use;

— on the basis of analysis of the peculiarities of the operation of the induction
installation a new technical solution development, which improve the multilayer
thermo-insulation for increase the lining life and reduce thermal losses in the installa-
tions during its industrial operation.

A new method of non-destructive control of the technical state of induction
installations for the production of copper wire rod for power cables of energy pur-
pose has been developed. According to new method, in addition to measuring the
reactive and active resistances of the inductor and the water temperature in the cool-
ing system, the degree of degradation of the multilayer thermal insulation is addi-
tionally determined by comparing the calculated distribution of the current tempera-
ture in the volume of melt and insulation on the three-dimensional mathematical
model of the installation with practical measurement of the temperature of the local
areas (there were 72 areas in the dissertation) on the surface of the furnace body.

The main advantage of the developed diagnostic method is the ability to
determine the direct location, shape and dimension of copper melt leakages into
defects of the lining (which was impossible earlier), and therefore more accurately
predict the remaining life of the installations , the timely detection of their opera-
tion, which is close to emergency operation, and optimization of all modes depend-
ing on the current state and lining life.

The main scientific novelty of the results contains in:

1. For the first time the method of thermal control of the technical state of
the induction installations for the production of copper wire rod has been devel-
oped using the electro-thermal analogies and new mathematical model of the aver-
aged electro-thermal processes in the copper melt and multilayer insulation, taking
into account emerging nonlinear dependencies, which ensured the realization of the
express-thermo-controlling the state of the installations with long transient electro-

thermal processes.
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2. For the first time the method of the current thermal control of installa-

tions for copper wire rod production has been developed on the basis of the analy-
sis of not only the active and reactive resistances of the inductor and the water
temperature in the cooling system, but also the degree of degradation of the ther-
mal insulation and the determination of the volume and surface temperature distri-
butions on a three-dimensional mathematical model with their comparison with
temperature distributions in local areas on the insulation surface. The use of this
method provides the development of technique for increasing the efficiency, re-
source life and safety of induction installations, taking into account the degree of
degradation of multilayer thermal insulation of the furnace.

3. For the first time a mathematical model of the current distribution of tem-
perature in a multilayer insulation of induction channel installations with the consid-
eration of the three-dimensional configuration of its elements, nonlinear characteris-
tics of materials and changes in the configurations of metal leakages into insulation
has been developed. The use of this model allows to determine the most dangerous
temperature distributions with long-term operation of the installations.

4. For the first time a method for controlling the configurations and the to-
tal volume of copper melt leakages into the thermal insulation of installations was
developed by comparing the volume and surface distribution of temperature in the
insulation, which allows to determine the intensity of the local destruction of the
insulation and the current deterioration of the quality of copper melt and wire rod .

5. For the first time the improvement of insulation was justified due to the
change of its structure — the replacement of one of the layers by three other without
changing the total thickness, on the basis of determining the peculiarities of the devel-
opment of copper leakages into the thermal insulation of installations and the resulting
changes in the distribution of the temperature in it, which ensured improvement effi-
ciency, resource life and safety of installations and quality of copper wire rod.

The main practical significance of the results obtained in the field of elec-
tric power industry is that a new technical solution has been developed to improve

the multilayer thermal insulation of induction installations in order to reduce their
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energy loss and to increase the resource life. It consists in using instead of the third

thermal insulation layer of lightweight brick — three layers: monolithic refractory
concrete, lightweight brick and refractory paper, while maintaining the overall
thickness of the insulation.

Implementation of this solution in the UPCAST induction installation
US20X-10 at PJSC "PIVDENKABEL WORKS" provided following:

— decrease in temperature on its surface by 20 °C - the temperature
dropped to 110 °C, instead of 130 °C, as it was before in the first months after the
installation start;

— reduction of specific energy consumption per 1 ton of copper billet — by
5% relative to the energy consumption of the installation after its commissioning
and by 15% relative to the consumption before it stops;

— improvement of working conditions for specialists serving the installation;

— improvement of the quality of copper wire rod, in particular, an increase
by 10% of the wire rod with a percentage of copper content not less than 99.99%.

Practical recommendations for reducing the maximum values of tempera-
ture, its gradients, the sizes of insulation with high temperature and the leakages of
copper melt in it have been developed. The recommendations for optimization of
installation productivity, their specific energy consumption and resource life in-
crease have been implemented at PJSC "PIVDENKABEL WORK?", at the Institute
of Electrodynamics of the National Academy of Sciences of Ukraine and in the
educational process of the Department of Electrical Insulation and Cable Engineer-
ing of NTU "KhPI".

Key words: induction heating, melting of oxygen-free copper, melting and
distributing channel furnace, diagnostics and monitoring of technical state, melt

leakage, lining destruction, physical experiment, numerical simulation.



PUBLICATION LIST OF APPLICANT

1. Belyanin R.V. Analysis of the influence of the method of manufacturing
of copper rod on the characteristics of copper wire / R.V. Belyanin // Visnyk NTU
«KhPl». 2013. No 11 (985). Pp. 174-181.

2. Belyanin R.V. Selection of the main requirements for electrical testing
of domestic cable samples with XLPE insulation / V.M. Zolotaryov,
Yu.A. Antonets, V.V. Zolotaryov, R.V. Belyanin, A.A. Naumenko // Visnyk NTU
«KhPI». 2014. No 21 (1064). Pp. 31-35.

3. Belyanin R. The comparison of electric field perturbations by water in-
clusions in linear and nonlinear XLPE insulation / M. Shcherba, V. Zolotarev,
R. Belyanin // Proc. of 16th Intern. Conf. on Computational Problems of Electrical
Engineering (CPEE-2015). P. 188-191.

4. Belyanin R. V. Analysis of electromagnetic processes in the induction
channel furnace used in the cable industry / V.M. Zolotaryov, R. V. Belyanin,
O.D. Podoltsev // Pratsi Insyitutu Elektrodynamiky Natsionalnoi Akademii Nauk
Ukrainy. Kyiv, 2016. No 44. Pp. 110-115.

5. Belyanin R. V. Three-dimensional modeling of electromagnetic and
thermal processes of induction melting of copper template with accounting of in-
stallation elements design / V.M. Zolotaryov, M. A. Shcherba, V. V. Zolotaryov,
R. V. Belyanin // Tekhnichna Elekrodynamika. 2017. No 3. Pp. 13-21.

6. Belyanin R. V. Modeling and control of long-term electromagnetic and
thermal processes in induction channel furnace for copper rod production /
A.A. Shcherba, O.D. Podoltsev, I.N. Kucheriava, V.M. Zolotaryov,
R.V. Belyanin // Tekhnichna Elekrodynamika. 2017. No 4. Pp. 55-64.

7. Belyanin R.V. Comparative analysis of electrical and thermal control of
the lining state of induction apparatus of copper wire manufacture /
V.M. Zolotaryov, M.A. Shcherba, R.V. Belyanin, R.P. Mygushchenko,
O.Yu. Kropachek // Electrical engineering and electromechanics. 2018. Ne 1.
P. 35-40.



7
8. Belyanin R.V. Calculation of the equivalent electrical parameters of the

inductor of an induction channel furnace with defects in its lining / A.D. Podoltsev,
V.M. Zolotaryov, M.A. Shcherba, R.V. Belyanin // Electrical engineering and elec-
tromechanics. 2018. Ne 4. P. 29-34.

9. Belyanin R. The optimization of power supply modes of induction melt-
ing apparatus with a total metal draining / V. Zolotarev, R. Belyanin,
Y. Peretyatko, S. Lamanov // Proc. of 16th Intern. Conf. on Computational Prob-
lems of Electrical Engineering (CPEE-2015). P. 255-258.

10. Belyanin R.V. Electromechanical transient processes during supply vol-
tage changing in the system of polymer insulation covering of the current-carrying
core of ultra-high voltage cables / V.M. Zolotaryov, M.A. Shcherba,
R.V. Belyanin, R.P. Mygushchenko, I.M. Korzhov // Electrical engineering and
clectromechanics. 2018. Ne2. P. 47-53.

11. Belyanin R. V. Using an adjustable magnetic connection in induction
units with a semiconductor serial resonant single-cell inverter / S.L. Lamanov,
Yu.V. Peretiatko, R.V. Belyanin // Visnyk NTU «KhPI». 2015. No 12 (1121).
Pp. 435-438.

12. Belyanin R. V. Features of production and operation of cross-linked po-
lyethylene insulation of power cables of different voltage classes /
A.A. Shcherba, I.N. Kucheriava, V.M. Zolotaryov, R.V. Belyanin // Gidroenerge-
tyka Ukrainy. 2016. No 1-2. Pp. 30-40.



3MICT

TTEPEJIIK TIPUAHSATUX CKOPOUEHD ...........ovoiiiieeeee e,

PO311JT 1 AHAJII3 METOIB KOHTPOJIKO TEXHIYHOI'O CTAHY
[HAYKILINHNX YCTAHOBOK BUT'OTOBJIEHHS MIJTHOI KATAHKU
1.1 Bumoru 10 XapaKTEPUCTHK MiTHOT KaTaHKH ISl BATOTOBJICHHS CyYaCHUX
(3701 00):)7 0.0 - 101501 11 : T T
1.2 AHasi3 iICHYIO4YMX METO/I1B BUTOTOBJICHHS M1JIHOI KaTaHKH JIJIsl KaOeabHOT
TIPOMUCTIOBOCTL: « .+« e et tettaseeaes e eesbe e bt e sttt e s e b e e bt et e e sne e e sbe e s e e b e e nnneennees
1.3 3arampHa OIliHKa METOMIB KOHTPOJIIO TEXHIYHOTO CTaHy IUJIABUIbLHUX
nedei JUIT BUTOTOBJICHHS MIJTHOI KaTaHKH, III0 BUKOPUCTOBYETHCS TIPH BUTO-
TOBJICHHI Cy4aCHUX KAOCTIB HAABUCOKUX HATIPYT ... uvvenreennreenneenneennnanns
1.4 MOxJIMBI NUISIXU BIOCKOHAJIEHHS METOIB J1arHOCTUKM TEXHIYHOI'O CTa-
HY QYTEPOBKH THAYKIITAHIX TTEUCH vt vuetinvue e vt e vteennieeantieeennnenanenns

1.5 BUCHOBKHY 32 PO3IITOM 1 ..ot e e e

PO31J1 2 MOJAEJIIOBAHHA YCEPEJJHEHUX EJIEKTPOTEITVIOBUX
[IPOLECIB B IHIYKI[IMHNX IIEYAX BUTOTOBJIEHHS MIJTHO{
KATAHKU JJIA CYHACHUX CUJIOBUX KABEJIIB .......ccccoivviiiienes
2.1 Onuc eneKTpUYHMX 1 TEMJIOBUX IMPOIIECIB, K1 BUHUKAIOTh B 1HIYKIIHHUX
KAHATTBHIX TICUAX ..t vuventeententeteenaiene tae eanaeeen e ae nee et e aeesreesreeanneesnneanneas
2.2 MartemaTtuuHa MOJENb 1HIYKIIHHOT KaHalbHOI Tiedyi B Matlab/Simulink/
SPS Ha ocHOBI MeTOZa MyTbTU(PIZUIHOTO MOACTIOBAHHS .. v vevven e veaneennns
2.3 MopentoBaHHS 1 KOHTPOJIb TOBITOTPUBAJIUX E€JIEKTPOMArHITHUX 1 TEIUIO-
BUX MPOIIECIB B IHAYKIIHHUX KaHAJTLHUX MeYaXxX MpH iX IePBUHHUX 3aITyCcKax
2.4 MopentoBaHHS 1 KOHTPOJIb TOBIOTPUBAJIUX E€JIEKTPOMArHITHUX 1 TEIUIO-
BUX IIPOIIECIB B IHAYKIIMHUX KaHAJIbHUX MeYax MPHU JUTTI KATaHKH ............
2.5 ExBiBaJICHTHI €JIEKTPUYHI NMapaMeTpH 1HAYKTOpa 1HIYKIINHOT KaHAJILHOT eyl

PO 2771033 (0):3:07 BT I o103 1 B) (01 0

14

14

23

27

35
44

47

49

52

66

71
74



PO3UT 3 BUSBHAUEHH JIOKAJIbBHUX OB’€EMHUX I [IOBEPXHEBUX
30H MAKCUMAJIBHOI'O HAT'PIBAHHSA ®YTEPOBKU IHAYKTOPA.....
3.1 Oco0aMBOCTI METOAIB KOHTPOJIIO TEXHIYHOTO CTaHy Ta BUSBIICHHS Tepe-
JaBapliHUX CUTYyAlll IHAYKUIHHUX NIe4ell Py BUTOTOBJICHH] MITHOI KaTaHKU
3.2 TpuBuMipHa MaTeMaTH4YHA MOJIEJIb IHAYKI[IHHOT KaHAJIBHOI eyl ...........
3.3 ®i3uKko-MaTeMaTUYHa MTOCTAHOBKA 3a/1a4l PO3PaXyHKY TEIUIOBHX IMPOIle-
CiB 'y (DyTEpOBLI THIYKITIHHIX TICTEH ... v v eeevneeeineveeeneaneeneenaennannens
3.4 EnexTpoMarHiTHi 1 TEIJIOBI MOJIS B 1HAYKTOP1 1HAYKIIMHUX KaHAJIbHUX
MIEYEH MTPU MOTO MEPBUHHOMY 3AITYCKY .tvuntuttnrneennaneernnssnnessannnsennnn
3.5 JliarHocTHka mosiBu Ae(PeKTiB (PyTEpOBKH IHIYKTOpa Ta BU3HAYCHHS iX
KOHMITYPALIIT .+ 1 veeiuvvieeiiiieeesiteeeestteeessstteeessssteesssssseessssbeaessstaeesssssseessasseeessnsseesans
KON 277 (63: (0):3:07 801 (01 o 10 31 101 4 20K A R
PO3A1JI 4 BUSBHAYEHH JIOKAJIBHUX OF’€MHIX I [IOBEPXHEBUX
30H MAKCHUMAJIBHOI'O HAT'PIBAHHA ®YTEPOBKI BAHHU TTEUI ...
4.1 ®i3uyHUN EKCIEePUMEHT 10 BUMIPIOBAHHIO PO3MOIITY TeMIEpaTypu Ha
KOPITyCl BaHHU IHIYKIIHHOT KaHaJIBHOI TeYl MPU MPOHUKHEHHI PO3ILIaBY
Y AT DY TEPOBKY .. et ettt ettt et et e e et et e e e
4.2 MopentoBaHHs 00’ €MHOTO PO3MOALTY MPOTIKaHb MiJll Y (yTEPOBIL ........
4.3 BuzHaueHHs cTaHy (DYTEPOBKH M€Y TIPH 1T 3AMIHI +.vvvnvveeinvanennvanennann,
4.4 Po3poOka i BIPOBAKEHHSI TEXHIUHUX PIllIEHb MO BAOCKOHAJICHHIO (Y-
1S 0100:3:7 0 1 () § E PSP RP T PUPPRPPPPRRPPPRS
4.5 BUCHOBKH IO POBIIITY 4 ... ettt et et e e et e e ae et e et ee e e e e
BATAJIBHI BUCHOBKWM ... e e
CIIMCOK BUKOPUCTAHUX JIXKEPEJL ..o
JNOIJATOK A HaykoBi mpami B SKUX OMyOJiKOBaHI OCHOBHI HayKOBI
PE3YIABTATH THCEPTALIIT .+ uv vt eveesiiiesieesiteesteeestreesbeeesneeesnneeanreesnneeesnneeennas

JOJATOK b Ilpaktuune 3acTOCyBaHHS pe3yJIbTaTiB POOOTH ..................

86

88
96

102

106

120
125

127

127
138
143

146
152
154
157



