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KOMIUIEKCHUH BIIJIMB MOJAV®IKYBAHHS HA BJIACTUBOCTI
v-CIIJTABY HA OCHOBI AJIIOMIHIAY TUTAHY

AHomauis. Memodom nnaHyeaHHs NOBHOPAKMOPHO20 eKChepumeHmy O00CNi0HEeHO
enaue modugikywuux enemenmie Y, Re ma B Ha enacmugocmi cnnagy HAa OCHO8I
anominioy mumawmy cucmemu Ti-28Al-7Nb-2Mo. OmpumaHo pezpecitiHi piBHSAHHSA, WO
daroms MOXIUBICMB pO3paxysamu xXimiuHuli cknad cnaasy y 8ionosidHocmi do 3adaHozo
pisHs enracmusocmeti mamepiany asiayitiHozo eupooy.

Kntouosi cnoea: anominio mumauy, no8HOQAKmopHuii exchepumeHm, moodugixyoui
eJleMeHmu, pezpeciliHi piBHAHHS, napamempu onmumisauii, GyHKYis 8i02yKy, MexaHiuHi

8/1aCMuUBoCcmi.

ITocTaHoBKa Mpoo1eMMu.

CrutaBM Ha OCHOBI QJIOMIiHIZy TWUTaHy 3aBOSIKM BUCOKMM TMUTOMUM
XapaKTepUCTUKaM MIITHOCTi, >KapOMIIITHOCTI Ta >KapOCTifiKOCTi Ha CbOTOMHIIIHIN
IIeHb € HalOiIbII MMepPCIeKTUBHMM KJIACOM MaTepiajiB AJis BUTOTOBJIEHHS JleTasieil
CyyaCHMX aBialliliHMX ABUTYHiB, 30KpeMa, JIOMaTOK TypOiHM, poboua TemMrepaTypa
SIKMX 3HaxoauThcs B AianasoHi 700...900°C, i 3aMiHM >KapOMIILIHMX CIIJIaBiB Ha OCHOBI
HiKeJI10, 110 BOJIOAIIOTH 3HAUHO Oi/IBIIO0 IIiIbHICTIO.

['0JIOBHOIO TEXHOJIOTI€X0 OTPUMAHHS JeTajleli 3 allOMiHIy TUTAHY € TeXHOJIOTis
autTtss  [1-3], 3aBOSKM  sIKiii  GOpPMYETbCSI KPYIHO3epeHHa CTPYKTypa, IIo
TOCTYIIAEThCSI 3@ BJIACTUMBOCTSIMM  MarTepiajam, 1[0 OTpMMaHi, 30Kpema,
nuistxom gedopmariii [4].

OmHMM i3 IIISIXiB MOAPiOHEHHS 3epHa JIMTOI CTPYKTYPH IJIs1 TiIBUIIEHHS PiBHS
MeXaHiUHMX BJIACTMBOCTEN Y-CIUIaBiB € MoAMQiKyBaHHS MOBEPXHEBO aKTUBHUMMU
eJleMeHTaMM, IO aJCcopOyIOThCSI Ha IIOBEpPXHi 3epeH Ta CHPUSIOTh 3MiHi
ITOBEpPXHEBOi aKTMBHOCTI KPUCTaJiB MBUAKOCTI mudysii i mpM3BOAUTH M0 3MiHU
dbopmu Ta posmipiB kpucrtadiB [5]. 3rigHO TPUHIMIIIB KOMIUIEKCHOTO JieTyBaHHS

IOLIJIbHUM € 3aCTOCYBaHHSI CYMiCHOTO JIeTyBaHHSI MOAUDiIKyI0UMMM eJleMeHTaMu.

© T'anenkosa O.B., Edanos B.C., 3aBroponHiii O.B., BpoHenpka B.1., [llepuenko B.T.
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[Ipu BMBUYEHHiI CyMiCcHOTO BIUIMBY MoAMGikaTopiB Ha BJIACTMBOCTi CILUIaBY Ha
OCHOBi ajOMIiHIoy [OJj 3MeHIIeHHS KiJIbKOCTi eKCIepMMEHTIB BUKOPUCTOBYIOTh
MeTOOM TUIAaHYBaHHSI eKkcrepuMeHTy. [lnaHyBaHHSI €eKCIIEPUMEHTY I O03BOJISIE
BapiloBaTM OJHOYACHO yCi ¢akToOpM i OTPpMMYBATHM KiJIbKiCHI OLIiIHKM OCHOBHUX
edekTiB B3aeMopii [6].

Ha cporopHimHiii geHb HaibOiAbIla KiJbKiCTh OOCHIIKEHb 10 BUBUEHHIO
BIUIMBY IIapaMeTpiB 1 TUITy CTPYKTYpPM Ha MeXaHiuHI BJIACTUBOCTI 3[i/CHIOETHCS
CTOCOBHO CIUIaBiB QJIIOMiHiAY TUTaHy YeTBEPTOro MOKOMiHHSA [7-9]. Tomy B SIKOCTi
CILJIaBY /IS OCTiIKeHb 00paHo cIuiaB yeTBepToro rnmokominus tumy TNM (Titanium-
Niobium-Molybdenum) cucremu Ti-28Al-7Nb-2Mo. Ha ocHOBi aHasi3y BIUIMBY
pisHMX MOIMQDIKYyIOUMX eJieMeHTiB Ha CTPYKTypy Ta BJIACTUBOCTI Y-CILIaBiB
efleMeHTaMM-MoamdikaTopamu o6paso B, Y Ta Re.

Merta poGoTu — 3a6e3reueHHs] piBHS BJIACTUBOCTEN B y-CIIaBax 3a PaxyHOK

OITMMAaJIbHOT'O BMiCTy MOAMDIKYyIOUMX eJIeMEeHTIB.

BuknageHHsI OCHOBHOTO MaTepiaay JOoCTiIKeHHSs

T BM3HAUEHHS iHAMBIZyaJIbHOTO Ta KOMIIJIEKCHOTO BIUIMBY OOpaHMUX
MoauGiKaTOPiB AOCTIIKEHHS IIPOBOOMINM Y BiITIOBiAHOCTI 3 METO/IOM IIaHYBaHHS
MOBHO(AKTOPHOI'O eKCIIepUMEHTY 2.

InTepBanu BapioBaHHS MoAM@IiKaTOpiB 0OMpaayM HACTYIMIHMM UYMHOM. [Ijist
BU3HAUEHHS iHAMBiAYyaJbHOTO BIIMBY MOAMGIKAaTOPiB iX HMUKHIil piBeHb MpuitManu
piBHMM Hym0. BepxHilt piBeHb BMicTy MoaudikaTopiB o06upasu BUXOASUMU 3
Gi3sMyHMX Ta XiMiYHMX 0COOIMBOCTEN BJIACTUBOCTEN KOKHOTO 3 €JIeMEHTIB.

bepyun po vyBarum pdaHi JiTepaTypHUX [Kepesl MaKCUMMadbHUIA BMICT
Moaudikyoumu eeMeHTiB npuiiMmasnu Ha piBHi 0,2% koxeH [10-12].

3 MeTOI0 BM3HAUEHHS BIUIMBY KOHIeHTpalliii Moaudikyounux ejeMeHTiB Ha
CTPYKTYpPy Ta BJIACTMBOCTi MPOBOAMIM HOCTiIkeHHS BIUIMBY Y, Re, B y ckmani
mocaimHoro criaBy cuctemu Ti-28Al-7Nb-2Mo. JlocrimskeHHsI peali3oByBaM 3a
MaTpuIielo IVIaHyBaHHSI eKCIIepUMEHTY.

B gaxocTi dakTopiB (He3anekHUX 3MiHHMX) TpM BUOOpi XiMiUHOTO CKIamy
eKCIIepUMEHTA/IbHOTO CIVIaBY BUKOPUCTOBYBA/IM BiICOTKOBUIA BMiCT MOAMUMIKYIOUMX

eJIeMeHTIB:

X1—Y,%;X2—Re,%;X3—B,%.

4 ISSN-print 1991-7848
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CymicHMIA BIUIMB JAaHUX €JIEMEHTiB BPaxOBYBaJIM B perpeciiHuxX pPiBHSIHHSIX.
PoboTy mpoBOAMIM 3 BUKOPUCTAHHSIM METOQYy MAaTeMaTUMYHOTO ILJIaHYBaHHS
eKCIIepUMEeHTY Mpy TNPUNYIIEeHHI JiHiiHOI 3a/IeXKHOCTI MeXaHiUYHMX BJIACTUBOCTEN
Big XiMi4YHOTO CKIamy.

B saxocTi GyHKIIil BiAryKy o6paHi MexaHiuHi BIaCTMBOCTI MaTepiaay: rpaHUIIs
MIIITHOCTi op i TJIACTUYHICTHh &, IO OOYMOBJIIOIOTH TEXHOJIOTiUHi BJIACTMBOCTI Ta
BY3HAUAIOTh MOXJ/IMBICTD BMKOPUCTAHHS CIUIaBy [Ji1 BMPOOIB aBialliifHOTO
MIpU3HAYEeHHS.

Ha mimcraBi mpuBemeHMX MHaHMX B POOOTI peasi3oBaHO OPTOrOHAJbHUI

MMOBHO(MAKTOPHMII eKcriepumMeHT 2° (Tabmmis 1).

Tabmuug 1
KonyBaHHS (pakTOPiB OPTOTOHATIBHOTO LIEHTPAIbHOTO TUIAHY eKCITepUMEHTY 2°

THTepBanu daxTopu, 1110 BUBUAIOTHCS
BapiloBaHHS Ta piBHi o o o
Cl)aKTOpiB Xi(Y), % Xs2(Re), % Xs5(B), %
HynboBuii piBeHb:

1 1 1
X=0 O’ O’ O’
larepaan 0,1 0,1 0,1
BapitoBaHHA, A
BepxHin piBEeHb: 0.2 0,2 0,2
X=+1
Huskniii piBenb: X=—1 | 0 0 0

MaTpuiis IUIaHyBaHHSI €KCIIEPMMEHTY B KOZOBOMY MacIITabi IMOKa3aHa B
TabaUIT 2. [TapameTpamu OITMMi3alrii € MeXaHiuHi BJIACTUBOCTI
eKCIIepMMEHTAIbHOTO CIUIaBy. [IJIs BUK/IIOUEHHS MOMMUJIKM €KCIIepUMEHTY KOXXeH
IOCTiA Ha 3aJaHOMy piBHI TOBTOpPIOBaJM TpuU pas3u. PesynbTatu AyOIIOI0UMX
IOCJIiAiB ycepeJHIOBaJIN.

[l peanizaiiii po3po6yieHOro IUIaHy eKCIIepMMEeHTY HeoOXimHO oTpumaTu 8
CKJIAJiB CIIJIaBY 3a OCHOBHMM IUIaHOM i 1 ckiam B IeHTpi IuiaHy. HeobximHo
npoBecT 9 IUIAaBOK 3 TpbOMa IIOBTOpaMM IO KOXKHOMY 3i cKaafdiB. s 1IbOTO
BUILIABJISUIM T10 TPU 3JIMTKA KOXKHOTO CIIaBY.

Bepyuu no yBaru BejnKi 06’eMy IJIaBOK, He MeHIle 27, po60Ty POBOOMIIN 3

BMKOPUCTAHHSIM J1abOpaTOPHOi YCTAHOBKM BaKyyMHO-IyTOBOTO II€peIiaBy, IO

ISSN-print 1991-7848 5
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3a0e3I11euye BUILJIABKY HEBEJIMKOTO 00’€My MeTaly B IOCTaTHi KiJibKocTi. OTpuMaHi
3JIMTKM €eKCIIeEpUMMEHTAJNbHMUX CKIaMiB miameTrpoM @90MM Ta BuCOTOW 15MM €
IOCTaTHIM 06’€eMOM MeTasy IJIsl Bimoopy mpob /sl BU3HAUEHHS XiMiYHOTO aHasli3y,
BUTOTOBJIEHHS 3pasKiB JIsI MeXaHiYHMX BUIIpOOyBaHb, aHa/li3y MaKpo- Ta

MIKpOCTPYKTYpU MaTepiay.

Tabanug 2
OpTOroHaJIbHMII LIEHTPAJIbHMI IIaH eKCIIepUMEHTIB 2°
N¢ mocimy X, X, X
1 + ¥ N
) -
3 + _ _
4 - - -
5 - - +
6 - + +
7 + - +
8 - + -
9 0 0

[T BU3HAYEHHSI BIUIMBY MiKpomo6aBok Y, Re Ta B Ha piBeHb MexaHiUHMUX
XapaKTepUCTUK CIVIaBiB eKCIIepMMeHTaJIbHUX CKIa[iB BUTOTOBJIEHI 3pasku B
IIOIIePeYHOMY HAIIPSIMKY KOXKHOTO 3 3JIMTKIB. Pe3ybTaTy MexaHiuHMX BUITPOOYBaHb
B 3aJeKHOCTi Bim piBHSI MomamudikaTopiB - ¢GakTopiB BapiloBaHHSI 3BelleHi B
TabINIIIO 3.

Tabanig 3
MexaHiuHi BIaCTMBOCTI CIVIaBiB eKCIIepMMEeHTaIbHUX CKIAiB

Crran . CTTaBis i KOROBOMY ®daKTUYHMII CKIafd, Cpa, %$Mac | MexaHiuHi BIaCTMBOCTI, CpJ,
MaciTabi
N? criiaBy X X, X3 Y Re B oz, MIIa (Y1) S, % (Y2)
1 + 0,21 0,20 0,19 615 0,6
2 - 0,21 0,19 0 551 0,8
3 - - 0,19 0 0 507 0,6
4 - - - 0 0 0 285 0,4
5 - - + 0 0 0,21 500 0,6
6 - + + 0 0,19 0,21 527 0,4
7 + - + 0,20 0 0,21 446 0,4
8 - + - 0 0,19 0 610 0,6
Hymeopwit |, 0 0 0,10 | 0,09 0,11 800 1
piBeHb (9)
6 ISSN-print 1991-7848
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[lInsgxoM perpeciiiHOTO aHali3y OTPMMAHO pSiI PpiBHSHb, $IKi IMOKa3ylTb
3aJIeKHICTh MEeXaHiYHMX BJIACTMBOCTEN TUTAHOBOIO CIUIABY Bif BMicTy ¢akTopiB
BapiloBaHHs1 Y, Re Ta B. Iliisi aHanisy Koe@illieHTiB perpecii Ha 3HAUYMMICTh Ta
BiIKMIAHHSI He3HAUMMMX KoedillieHTiB OTpuMaHi piBHSIHHS Y KOJOBOMY MaclITabi
MaJi HaCTYITHUI BUIJISIT:

Y, =807,8365339+30, 765198X, - 370,462485X ? +105,605891X  +
+109,09515X, - 15,655536X 2 +21, 7347749X,

()

Y, =0,6+01X, —01X, — 01X, X, + 01X, X, X, 2)

[TepeBipka amekBaTHOCTI Mojenei 3a KputepieM Qimtepa mokasasa, [0 BOHU
MOXYTb OyTM BUKOPUCTaHI I/l TPOrHO3yBaHHSI 3HaueHb (DYHKIIiM Biaryky s Oyab-
SIKMX 3HaueHb (PaKTOPiB MiK BepXHIM i HUKHIM PiBHSIMMA.

[Ticyis mepeBeieHHST PiBHSIHb B HATypaJbHMUIT MacliTab OTpUMaHi 3aJIesKHOCTI,
110 ONMCYIOTh BIUIMB BilCOTKOBOTO BMICTy 3a Macol MoAudiKylounx ejieMeHTiB Y,
Re Ta B Ha MexaHiuHi BJAaCTMBOCTi €KCIepPMMEHTA/JbHOTO CIIJIaBy Ha OCHOBI

amoMiHigy Tutany cuctemu Ti-28 Al1-7Nb-2Mo:

0,365,729281+7716,90168Y - 1021,16632Re +530, 4584698 - 37046, 2485Y? +10560,5891Re? - 1565,5536B; (3)
0 =0,40+0,98B+3,12Re+0,99Y - 20,27BRe- 9,64BY - 10,26ReY +100,11BReY; (4)
BuKOpuCTOBYIOUM OTPMMAaHHI perpeciiiHi Mogesli po3paxoBaHi 3HAaUE€HHS B yCiX
TOUKax IUIAHYy EeKCIepUMEHTY. AHa/li3 OTpUMMaHUX PO3PaXyHKOBUX MACUBIB Y
MOPIiBHSIHHI 3 (AKTMUYHMMM 3HAUEHHSIMM MeXaHiYHMX BJIACTUBOCTE BUSBUB
BUCOKMI1 Kopessiiriauit 38’s130K. KoeditieHT kopensiii pyHkiii o,=f(Y, Re, B) ckias
R =0,92, a nig dyukuii 6=f(Y, Re, B) BigmosigHo R = 0,998.

MexaHi3Mm aii MmoaMdiKyrounx eleMeHTiB y CKIaAi CIIIaBy TOJSITAaE Y aficopoiiii
Ha TOBEpXHi 3epeH, IO CIIPUSI€E€ 3MiHi MOBEPXHEBOI AaKTMBHOCTI KPUCTaIiB Ta
MIBUAKOCTI AMdy3ii i MpMBOAUTD 00 3MiHM HOpMM Ta PO3MipiB KpUCTaJIiB [5].

3 BMKOPMCTAHHSIM MeTajorpadiuHOro aHaslisy 3pasKiB AOCHiIIHMUX CIUIaBiB
BCTAHOBJIEHO, 1110 BBeJIEHHS iTPilo NMPU3BOAUTH 0 parMeHTallii IJIaCTUHOK (0zty)-
da3, momaBaHHS peHil0 3HAYHO MOTOHIIYE IIJIACTUMHKU CTPYKTYPHUX CKJIaJOBUX
CIIJIaBiB, a BBeZeHHS 60py cIipusie GOpMyBaHHIO IJIACTUHYACTOI CTPYKTYPU 3 MaIUM

PO3MipOM KOJIOHIIA.

ISSN-print 1991-7848 7
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AHajiz 371amiB IIicJasS MeXaHIUHMX BUIIPOOYBaHb ITOKa3aB, IO ITOBEPXHS
pPYiHYBaHHS 3pasKiB BUXiZHOro cCILIaBy 6e3 MomudikaToOpiB XapaKTepuU3yeThCS
KpUXKMMM ¢aceTkaMu, 10 06YMOBJIIOE HM3bKMII piBEHb MeXaHiUHMX BJIACTUBOCTEN
(pucyHok 1la). Ha moBepxHi pyliHyBaHHS 3pa3KiB CIJIaBY 3 KOMIIJIEKCHUM
MoaMGpiKyBaHHSM CIIOCTEPIraloThCsl OMHOPIAHI APiOHi IMKM (pUCYHOK 16), HAsSIBHICTh
SIKMX BiATIOBiJlae GisbIll eHeproeMHOMY ITpOIleCy PYyIHYBaHHS, a OTXe OibIIUM

3HAQUEeHHSIM MeXaHiUHMX BJIaCTUBOCTEIA.

WD=14.1mm 25006V xL.00k ___ 50pm WD=14.2mm 25.00kV__ x1.00k

a) Ti-29Al-7Nb-2Mo; 6) Ti-29A1-7Nb-2Mo-0,3 (Y, Re, B)
PucyHok 1 — ®pakrorpamu IoBepxHi pyiiHYBaHb 3pa3KiB Mic/IsI MeXaHIYHMX BUIIPOOYBaHb,
x1000

TakMm 4YMHOM, TMpM IUIaHYBaHHI 3a CXeMOl IOBHOrO (aKTOPHOTO
eKCIIepUMMEeHTY peai3yloTbCsl BCi MOXIMBI KOMOiHallii (haKToOpiB Ha BCix 0OpaHMUX
IJs1 mociimkeHHsT piBHSX. [Ipy migcTaHoBII ¢akTOpiB BapiloBaHHSI, TOOTO BMiCTy
MoauGiKylOuMX eJleMeHTiB, y perpeciiiHi piBHSHHS MOXKHA CIIPOTHO3YBaTU
pesy/lbTaT¥ MexXaHIYHMX BJIACTUBOCTEN CIUIAaBY Ha OCHOBI aalOMIiHIy TUTaHY
cuctemnu Ti-28Al-7Nb-2Mo.

TakoxX B 3a71€3KHOCTi BiJi, yMOB BUMKOPMUCTAHHS Ti€l UM iHIIOI JeTasi ABUTYHA
BMCYBAIOTBCS Pi3HI BUMOTM [0 BJIACTUMBOCTEN CIUIaBy Ha OCHOBI aJlOMiHiLy TUTaHY.
OTpuMaHHiI piBHSHHS JAlOThb MOKIMBICTh PO3paxyBaTU XiMiUHMI CKJaf, CIUIABy Y
BiTIOBiMHOCTI M0 HEOOXiTHOrO piBHS BAACTMBOCTEN MaTepianay aBialmiiiHOTo BUpoOy.
JIyis1 JIoTaTKM 2 CTYIIeHS BibHOI TypOiHM, CTOCOBHO SIKOi ITPOBEIEeHi PO3PaxyHKU Y
poboTi, BMMOramMu 3a MeXaHiYHMMM BJIACTUBOCTSIMM € 3abe3leueHHS] piBHSA

miHocTi 2800MIIa Ta miactTuuHocTi 621%. 3agaHi BIaCTUBOCTI, 3TiAHO OTPUMAaHMUX

8 ISSN-print 1991-7848
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piBHSIHb, TOCSITAIOThCSI MPU BBeIeHHi y ckiaf criaBy cuctemu Ti-28Al-7Nb-2Mo
6/13bKO0 0,1% KOKHOTO 3 MOAMPIKYyIOUMX eJIeMEHTIB.

To6TO onTMMaJbHMII CKJIa[ CIUIABY Ha OCHOBi aJIOMiHiZy TuTaHy, IO
3abe3meuyye 3HAUEHHS MeXaHiUHMX BjacTuMBocTelt o, >800MIla Ta MIACTUYHOCTI
5>1%, Bignosimae cucremi Ti-29A1-7Nb-2Mo-0,3 (Y, Re, B).
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Olha Halienkova, Volodymyr Yefanov, Olexandr Zavgorodny, Viktoriia Bronetska,
Volodymyr Shevchenko

COMPLEX EFFECT OF MODIFICATION ON THE PROPERTIES
OF y-ALLOY BASED ON TITANIUM ALUMINIDE

Abstract.Titanium aluminide-based alloys are a promising class of materials, the range
of effective use of which is 600-800°C. The advantages of y-alloys are low density, high
structural stability, and heat resistance. The main forming technology for producing
parts based on aluminides is casting, which forms a coarse-grained microstructure of the
ingot with low values of strength and ductility characteristics. One of the practically
feasible ways to improve the properties of y-alloys is modification. The mechanism of
action of modifying elements is adsorption on the surface of grains, which contributes to
a change in the surface activity of crystals and the rate of diffusion and leads to a change
in the shape and size of crystals. The effect of modifying elements Y, Re, and B on the
properties of an alloy based on titanium aluminide of the Ti-28Al-7Nb-2Mo system was
investigated using the full-factorial experimental design method. In accordance with the
experimental planning matrix using a laboratory vacuum arc furnace with a copper
water-cooled crystallizer, ingots of various compositions were melted. A study of the
chemical composition, metallographic analysis of the macro- and microstructure,
determination of mechanical properties, and analysis of the fracture surface of the
samples after testing were carried out. The mechanical properties of the alloy — ultimate
strength and ductility — were chosen as optimization parameters. The obtained
regression equations make it possible to calculate the chemical composition of the alloy
in accordance with the required level of material properties of the aviation product. Also,
by substituting the content of modifying elements into the equation, it is possible to
predict the results of the mechanical properties of an alloy based on titanium aluminide
of the Ti-28Al-7Nb-2Mo system. The optimal composition of the titanium aluminide-
based alloy was determined, which provides the value of mechanical properties
a¢ 2800MPa and plasticity 6>1%.

Keywords: titanium aluminide, full-factor experiment, modifying elements, regression

equations, optimization parameters, response function, mechanical properties.
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C.B. Amxamcopknii, T.B. banaxaHosa, O. €. bapaHOBCbKa,

P.B.ITogonbchkuii, C.I. bagiok

TOCIIIKEHHA OCOBJIMBOCTEN ®OPMYBAHHS JTE®EKTY KEY HOLE B
3AJIEJXXHOCTI BIJJ TEXHOJIOTTYHUX ITAPAMETPIB BUTOTOBJIEHHSA 3A
LPBF-TEXHOJIOI'IEIO

Anoramnia. YV npoueci LPBF ¢opmysanuHs Oemani 8i06ysacmscs uepe3 JOKAJIbHE
N1aeieHHs NOPOUIKY JIA3ePOM, WO CMBOPIOE 8aHHy posnasy. Ii cmabinbHicme susHauae
aKkicme nogepxvi. O0HumM 3  KpumuuHux Oegexmie npoyecy LPBF € nopucmicmo,
OCKIIbKU 80HA NOZIPWIYE 8MOMHY MiyHicmes ma HadiliHicmy KOHcmpyKuiti. Y pobomi
docnidxceHo eniue napamempie JnaszepHoz0 NJ1aeJieHHs. NOPOWK08020 mamepiany 316L
Ha Mop@on02io po3niasieHoi 8aHHU Ma YymeopeHHs nopucmocmi, 30kpema degpekmis
muny «Key Hole». Mamepianom 0ns docnioxceHv cnyeysanu 0O0CNiOHI 3pasku, uwo
8U20MOBJIEHHI 3 HepH(asiouoi cmani aycmeHimHozo kaacy 316L 3 XiMiuHUM CK1adom 8
% no maci: Cr=17,79; Ni=12,63; Mo=2,35; Mn=0,78; Si=0,64; C=0,016, 3 po3mipom
yacmuHok: 45*15 um. ExcnepumeHmasnvHi 0ocioneHHs 8UKOHYBANUCS HA YCMAHOBYi 3
00HOM0008UM B80JIOKOHHUM imepbicsum nazepom 3 npoginem euepeii Flet-top, axuti
Xapaxkmepusyemucsi piBHOMIPHUM pO3N00iJIoM eHepzii 3a hepepi3oM NpOMeEHS Jid3epy.
Iapamempu npouecy 8kaw4aIu 3MiHHY homyxcHicmo nasepa (80-270 Bm), wieudxkicme
ckavysauHs (200-1050 wmm/c) i Odiamemp JnazepHozo npomeHs (75-175 mxm).
Ipoananizosaro 808 mpekis, i3 akux y 46 sunadkax 3aghikcoeaHo nopucmicme yb020
muny. BcmauoeneHo, w0 60HA He BUHUKAE Npu weudkocmi CKAHy8aHHs NOHAO
600 mm/c, a 36inbuIeHHs WinbHOCMI eHepeii cnpuse ii ymeopeHHo. BcmaHosneHo, wo
3MeHWeHHs1 Kinbkocmi degpekmid 3i 30ibUWEeHHAM NOMYHHOCMI Ja3epa Noe’sa3aHo 3
NOKpaujeHHsIM NJAUHHOCMI po3naiasy ma iiozo 30amHicmioo egekmueHiuie nozauHamu
eHepeil 8UNPOMIHIOBAHHA. 3a MAKUX YyMO8 2a308i BKJIOUEHHS 8CMU2AMb 8ULIMU HA
nosepxHw 0o momenmy 3akpumms «Key Hole», wjo 3HUXCYE liMOBIpHICMb YMBOPEHHS
nopucmocmi. ExkcnepumenmanvHi 00CNiO#eHHs NOKA3anu, wo Nnopo206e 3HAYEHHS
Habauxcaemoca 0o 0,8, npome 80HO He € (pikcosaHum i 3anewums 6i0 IHWUX
napamempie npoyecy CKaHy8aHHs, MAKUux SK NOMyM¥Hicmos Jjaszepa, uweudxicmo
nepemiwjeHHs NPoMeHI0 ma (izuko-xiMiuHi 871acmusocmi mamepiany.

KirouoBi ciioBa: adumugHe eupobHuymeo, nopucmicmes, depekm «Key Hole», pexcum
nJ1aeJieHHs, BAHHA PO3NJa8Y.

© Apxamcbkuii C.B., banaxaHosa T.B., bapaHosceka O. €., ITomonbcbknii P.B., bagiok C.1.
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BcTyn

V mipotieci a3epHOro mjaBaeHHs rmopoiikosoro mapy (LPBF) noBepxHs gertaiti
dbopMyeThCST 3aBIASIKM MMOC/TiIOBHOMY IIJIaBJIEHHIO TIOPOIIKOBOTO MaTepiaty ITiJ Ai€io
Jla3epHOro npoMeHs. B3aeMoiisi IpoMeHI0 3 MaTepiaJioM CTBOPIOE BAHHY PO3ILIABY,
Jle KiJbKiCTh pO3IUIaBYy Ta CTabiMbHICTh IMpolecy 6e3rocepegHbO BIUIMBAIOTh Ha
SIKiCTh KiHIIeBOi KOHCTpPYKIIii. HemocTaTHiii mporiaB abo HagMipHe HarpiBaHHS
MOKYTb MPU3BOAUTHU A0 YTBOPeHHS AedeKTiB, 110 BMMarae AeTaJbHOIO BMBUYEHHS
LIMX B3a€EMOJIili Ha PiBHI BaHHM PO3IUIaBY Ta iX BIUVIMBY Ha SIKicTb. Cepell OCHOBHUX
nedeKTiB, siKi BMUHMKaIOTh y Tpoileci LPBF, MokHa BUAIMUTY HEIIOBHE CIJIaBJI€HHS,
MOPUCTICTb, Trapsiyi  TpPilIMHM, HepiBHOMIpHE HAaHECEHHS  IIOPOIIKY Ta
KyJIbKOYTBOpeHHS. SIK Bimomo [1], HasBHICTh 3HAYHOI KiJIBKOCTi MOp y Marepiasi
HeraTMBHO BIJIMBA€ HA 1100 BTOMHY MIIIHICTb Ta iHILII MeXaHiuHi BJaCTUBOCTI, IO €

KPUTUYHUM [IJIS1 3aCTOCYBAHHS TaKMX KOHCTPYKIIiii Y TPOMMCIOBOCTI.

AHaJIi3 oCTaHHIX JOCIAIIKeHb

[TopucTicTh pO3pi3HSIOTh 3@ TPbOMa OCHOBHMMM BUJIAMM: ra30Ba, MOPUCTICTh
yepe3 HeciviaBjaeHHS Ta «Key Hole» (puc. 1). HemoBHe criiaBjieHHsI BUHMKAE yepes
HEJIOCTATHIO MOTYXKHICTh Jia3epa, 110 He [J03BOJISIE MMOBHICTIO PO3IUIaBUTU MaTepial.
IMopu Tuny «Key Hole» — yTBOpI0OIOTHCSI 4epe3 HAAMipHY eHepriio Jiazepa, sKa
BUIIAPOBYE MaTepiaj i 3anuiinae ra3osi 6ynbbamky. [TopokHeuM BUHUKAIOTH Uyepes
IIBUAKE OXOJOMKEHHSI MaTepianay Ta 3aJMUIIKOBI HaINpy>KeHHS, 10 NPU3BOISTh [0
YTBOpPEHHS 110D [2].

Ha BigMiHy Bif 1op, 1110 BUHMKAIOTh Yepe3 HeCIlJIaBJIeHHs, Topu y BUTTIsAAL «Key
Hole» BaXkkO yCyHYTM LUISIXOM MOBTOPHOTO IJIaBJI€HHSI BEPXHIX MIAPiB, OCKUIbKU
BOHM 3HAXOMASITbCSI 3aHAATO TMO60KO. TOMy HaMBasKIMBILIMM € TOTNepeIsKeHHS
yTtBopeHHs T1op «Key Hole» Ha paHHiX eramax BMpoOOHMYOTO TIipoliecy. Ha
MTOYaTKOBUX eTarnax (opMyBaHHS CTPYKTYPU BasKIMBY POJib Biflirpae OgHOIPOXigHA
BaHHA pO3ILIaBy, SIKA € OCHOBHOIO CTPYKTYPHOIO OOMHUIIEIO AJ1s1 6araTOMpPOXigHUX i
6araTomapoBux KOHCTPYKIii y LPBF. Mopdosoriga Ta po3mipu OOMHUYHOTO CITimy
IIJIaBJIeHHS MalOTh 3HAUHMII BIIMB HA MiKPOCTPYKTYPY, MOPUCTICTb i BAACTUBOCTI
BUTOTOBJIEHUX JeTaseit [3]. 3abe3rneyeHHs] BUCOKOI SIKOCTi BUPOOIB 3a7eXUThb Bif

TOYHOT'O KOHTPOJIIO Ta MOHITOPMHTY BaHHM pPO3IUIaBy — JIOKaJi30BaHOi 00/acTi, B
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SIKiii MeTajeBMii MOPOILIOK IJIABUTbHCS Ta TBEpPAHE ITiJ BIJIMBOM HaIpaB/I€HOTO
I>kepesia eHeprii. AHaJi3 XapaKTepUCTUK pO3IUIaBJI€HOI BaHHM € BakKIUBUM,
OCKiJIbKM  YMCJAeHHI  JOCHiIKeHHS  BCTAHOBUJIM  YiTKy  3aJIeXXHICTh  MiX
0cOOMMBOCTAMM  Iiiei BaHHM Ta PpisHMMM Turamu JedeKkTiB TOTOBOIO

MeTaaeBoro BUpooy [4].

Pucynoxk 1 - Mikpodororpadii nedekris, BussieHux y LPBF:
a — ra30oBa MOPUCTICTh, 6 — AedeKT HeCIUIaBIeHHSs, B — MOpUCTicTb «Key Hole»

l'azoBa mopuctictb i mopucrtictb y Burisai «Key Hole» BuMHMKAIOTH Y
po3iuiaBiieHiit BaHHI B pexkumi «Key Hole». ITopucticTb, 10 3’SIBASIETHCS 4epes
HecCIJIaB/IeHHSI, yTBOPIOETHCS B PEXKMMI IMTPOBOAMMOCTI pO3I/IaB/IeHO1 BaHHM [5].

[Tepexin Bim OAHOrO peXXUMy IJIaBJA€HHS OO iHIIOTO € OOHMM 3 BaK/IMBUX
aCMeKTiB, OJHAK BiH 3a/JIMIIAETHCS OOHI€I0 3 OCHOBHMX IIpO6JEeM y MOJeIOBaHHI
npouecy LPBF [6]. [Topir «Key Hole» 3HauHO10 MipO0 3a/1€KUTh BiJi TUITY MalllMHU Ta
rapaMeTpiB pouecy [7], 10 YCKIaJAHIOE TOYHE POTHO3YBaHHS 11 yTBOpeHHS. IcCHye
KilbKa MiAXOJiB A0 BM3HAUEHHs IlapaMeTpiB Mpoliecy, 30KpeMa Ha OCHOBI
HOpPMaJli30BaHOiI eHTasbIlii abo pexxumy riaBiaeHHs [8]. Ilepexin Mixk pexumamu
IUIaBJIeHHS BU3HAUYAKOTh 3a3BMYali yepes3 IMiKOBY TeMIlepaTypy, sIka CBOEK Ueproio
3aJIeKUTh BiJl OCHOBHMX IlapaMeTpiB Ipoliecy — TIIOTY)KHOCTi Ta MIBUIKOCTI
CcKaHyBaHHS [9]. Bucoka MNOTYXHICTb Jasepa i HM3bKa HIBUAKICTb CKaHYBAaHHS

36iMbINYIOTh [VIMOMHY BaHHM pO3IUIABY, IO MiABUIIYE NMOBipHICTb YTBOPEHHS
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nmedekTiB. [IJisT 3arajJbHOI XapaKTePUCTUKM HaifvacTillle BUKOPUCTOBYIOTb TaKMIA
rapaMeTp SIK «IIiIbHiCTh eHeprii». IIliybHiCTh eHeprii 1a3epa MoXke OyTH OLliHEeHA 3a
Kitbkoma mapamerpamu: LED - eHepris Ha oauHuUi0 OOBXUMHU (I>K/MM),
AED - BpaxoBye 1oy jgasepHoro rnpomens (Ix/mm?), VED — eHeprist Ha OAVHULIIO
06’emy ([I)k/MM*), BpaXxoBY€ BifiIcCTaHb MiX IITPMXaMM Ta TOBLIMHY miapy [27]. I xoua
VED - HalmommpeHilmmnii mnapamMeTp OJjs Ii€el TeXHOJOorii, mpu OOCTiIKeHHI
MTOOAMHOKMX TPEKiB HaiyacTine BUMKOpMUCTOBYIOTh LED a6o AED. He3Bakatoum Ha
BEJIMKY KUJIBKICTh OOCTiIKeHb Y 1iii ramxysi [10], ;IyMKM 040 nepexony Bif pexumy
npoBoaumocTi 1o pexkumy «Key Hole» pi3HSITbCS, IO BKa3ye€ Ha HEOOXiTHICTb

MOJAJIBIINX PO3POOOK i YTOUHEHb.

MeTa gociaigKeHHs

MeToI0 CTAaTTi € JOC/TiMKEHHSI 0COOIMBOCTEN KpUCTali3allii BAHHM PO3ILIaBy Ta

BCTAHOBJIEHHS YMOB YTBOpeHHS medekTiB Tumy «Key Hole» B TOOAMHOKMX TpeKax.

MeTOﬂI/IKa IIPpOBEICHHSA ,[[OCJIi,Z[)KEHb

Lig cTaTTs MOAiNSIETHCS HA ABAa OCHOBHI pO3MAiau: Iepilia YacTMHA MpUCBsiUeHa
aQHAJTITMYHOMY HOC/iIKEHHIO, a Apyra — BUBUYEHHIO (OpM ILIaBUIbHOI BaHHMU Ta
YMOB YTBOpeHHS mopucTtocTi Tuity «Key Hole» B MooaAMHOKMX TpeKaxX, OTPUMaHUX 3
nmopomky 316L B % mo maci: Cr=17,79; Ni=12,63; Mo=2,35; Mn=0,78; Si=0,64;
C=0,016, po310/1i/1 YaCTMHOK CTAHOBMB Bif, 15 M0 45 MKM.

ExcnepuMeHTasbHI JOCTiIKeHHS BUKOHYBAJIMCS HA YCTAHOBIII 3 OJHOMOJOBUM
BOJIOKOHHMM iTepbieBuM Jjazepom 3 1podinem eHeprii Flet-top, skuii
XapaKTepu3yeTbCsl PIiBHOMIpHMM pO3IOMAiJIOM eHeprii 3a IMepepizoM MOPOMeHs
nasepy [12]. IlapameTpu mpouecy BKIOYAIM 3MiHHY IIOTY)XXHICTb Jia3epa
(80-270 Br), mBuaKictb ckaHyBaHHS (200-1050 mm/c) i miameTp Jia3epHOTO
npomeHs: (75-175 mkm). Ycboro pocmimkeHo 808 IiIbHUX TpeKiB, 3 SKUX Y
oocmimkeHnx pexkumax 3adikcoBaHo 46 BumankiB mopuctocTi Tuiy «Key Hole».
AHaJii3 mornepevyHux rnepepisziB TpeKiB BUKOPUCTOBYBAM [JIS1 OLIiIHKY T€OMEeTPUYHUX
rapaMeTpiB BaHHM IUIABJIEHHS Ha MiKPOCTPYKTYPHOMY PiBHi: IIMPUHU, TAUOUHU Ta
3arajbHOi opmu. ITiATOTOBKY 3pasKiB AJIs1 aHaJi3y MiKpOCTPYKTYpU MPOBOAMIN 3a
CTaHIApPTHOI MeTOAMKOI0 IuTihyBaHHS Ta IIOJMipyBaHHS, [Js TpaBJIeHHS

3acTocoBaHoO peakTus Kaytinra N22.
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PesyabTaTi JOCTIIKEHb

[nmnbuHa 30HM TUIABJAEHHSI Ta XapaKTePUCTUKM IUIaBMIBHOI  BaHHU
BJ/3HAUYAIOTHCS TEIVIOBMM I10JIeM Ta MexaHi3MoM Teruionepezaui [11]. @opmyBaHHSA
BaHHM po3muiaBy B pexumi «Key Hole» BimOyBaeThCsl Mpy BUCOKiV iHTEHCMBHOCTI
JIa3epHOr0 HarpiBy, KOJM Mapllia/ibHMII TUCK MeTasy, 1110 BUIApPOBYETHCS, YTBOPIOE
moryiubeHHss B pos3miaBi. 3i 30i/bIIeHHSIM eHeproBKIA[eHHS TeoMeTpiss 30HU
po3IUIaBy 3MIiHIOEThCSI Big MinKkoi HamiBchepmuHoi dopmu 1m0 ramMbokoi
WIHApMYHOi. OpHaK TMoIIMpeHe IMPUIYLUIEeHHSI IIpo HarmiBchepuuHy ¢Gopmy
IJIaBWIbHOI BaHHM € CHOPOIIEHHSM, $SKe MOXXe He 3aBXIM BiamoBigaTu
eKCIiepuMMeHTaIbHUM gaHuM [12-13]. Ilepexin Bif IJIOCKOI BaHHU 0 pexxumy «Key
Hole» 3ymoBnenuit KiJibKomMa Qi3suuHMMM MOpolecamiu: 30iMbIIEHHSIM IIOTOKY
MeTaJieBUX MapiB; MiJABUILEHHSIM JIOKQJIbHOIO TUCKY MapoBOi BiAgadi; B3a€MOi€l0
KaIJIIPHMUX CWJI Ta TepMOKAIIIPHOI KOHBeKIIii [13]. YTBOpeHHS MOp BilOyBa€ThCs
yepe3 JIOKaJbHi XOJOAHI 30HM 3 BUCOKMM ITOBEPXHEBMM HATITOM i HeJOCTATHIiM
TUCKOM I1apoBOi Bigmaui. YacTMHa MOp MOXKe BUXOAMUTY HA IOBEPXHIO MeTalry abo
PO3UMHSITUCDH Y 3BOPOTHOMY ITOTOII.

SIk BXe OyJI0 IMOKa3aHO, IMPU AOCTIIKEHHI Iepexoay Bif pekumy ILIaB/IeHHS
MpoBOAMMICTh N0 pexkumy «Key Hole» 3a3Bmuaii BUKOPUCTOBYIOTH TeOMETPUUHI
XapaKTepUCTUKM BaHHM po3IUiaBy sIK rambmHa (D) ta mmpuna (W) (puc. 2).
JloaTKOBO B JIaHiil poOOTi 3BepHY/IM YBary Ha INIMOMHY 3a/ISITAHHS MEePIINX YiTKUX
TpaHUIb BAHHM pO3IIaBy D2, OCKi/IbKM HIDKUE HMX HaifyacTille BimOyBa€eThCs 3MiHa
Mopdoviorii Ta popMM MOTIepevuHOro Mepepi3y MOOAMHOKOTO Tpeka.

Mopdosoris posmnaBjieHUX MOOAMHOKMX TPeKiB MOske 3HAUHO BiJpi3HATHUCS
HaBiTh 3a MomioHOi reometpii (puc. 3). 3okpema, uamionomioHa ¢gopma BaHHU
pPO3IJIaBy 3 HEPiBHOMIpHMM 3BY)XEHHSIM YIJIMO MOXKe CIPUUYMHSITA YTBOPEHHS

TMOPUCTOCTI.
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W - mmmpuna, D — rimmbuHa, D2 — rimbuHa 3a1siraHHs MepHixX YiTKUX IPaHuIlb
PucyHok 2 - [Ipuknagy BUMiprOBaHHS TeOMETPUYHMX XapaKTePUCTUK BAHHU PO3TJIaBY
TpeKiB

PucyHOK 3 - MiKpOCTPYKTYpU TPEKiB 3 6JIM3bKMM 3HAUEHHSIM INIMOVHM A0 IIMPUHU BaHHU
posmiaBy ~ 1, x200: a — P 270Brt, V 800 mm/c, AED 76,39 Ixk/mm2; 6 — P 110 Bt, V 400
mm/c, AED 62,25 Ixx/Mm2; B — P 150 BT, V 400 mm/c, AED 84,88 JI>k/MM2

AHaJti3 BIUIMBY OCHOBHMX IapaMeTpiB IpOLeCy — WBUIKOCTI Ta MOTYKHOCTI
CKaHyBaHHS — IMOKa3aB, 110 MOPUCTICTh YacTillle BUHMKAJIA HEe NMPU MaKCUMaJIbHOMY
BiHOIIEHHI TIMOMHM [0 IIMPUMHM BaHHM poO3IUIaBy. Posmnonis 3HaueHb Mae
rayCiBCbKMii XapakTep i3 cepefgHiM 3HaueHHSM 1,44. TakoXX BCTaHOBJIEHO, IO
MOPUCTICTh CHOCTepirasacsd B YCbOMY MOOCJIIKEHOMY [iala30Hi ITOTY>KHOCTI.
BogHouac mpu MIBMUAKOCTI CKaHyBaHHS MToHaf 600 Mm/c mopucTicts THiy «Key Hole»

He yTBOproBasacs (puc. 4).

18 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui npo6aemu meranyprii”, N2 28 — 2025

TenpmeH1liss g0 30i/JIbIIEHHS TOPUCTOCTI CIIOCTEPIira€Thcsi 3i 3pPOCTAHHSIM
I[iIBHOCTi JIiHi/IHOI Ta IUIOIIMHHOI eHeprii, IO Y3TOMKYETbCS 3 JIiTepaTypHUMU
manuMyu. OpHak YTBOpeHHS nOedekTiB He MOXHa IIOB’SI3yBaTM BMKJIIOUHO 3
PO3ILIaBJIEHMMM BaHHAMM, JIe BiIHOIIEHHS IJIMOMHM OO TOBIIMHU MeHIue 1. Ilpwu
BiJHOIIEHH] IMIMOMHM 10 IIMPUHU MeHIIe 1 3HaueHHS IJIMOVHM € CTaOiIbHIIIMMM Ta
JIerie KOHTPoJboBaHMMM. Koy X 1e BimHOIIEHHS HabMVKaeThest O0 1, ramMbuHa

MO3Ke CYTTEBO 3MiHIOBATMUCSI HAaBiTh y MeKax OAHOTO MOJIOXKEeHHS Ha IIaTdopMi.
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PucyHOK 4 - Bunagky BUHMKHEHHS MOpucTocTi 3a Turom «Key Hole» mipu pizHux
3HAUEHHSIX: a — BiJHOILIIEHHS TJIMOMHY 10 TOBIIVMHM TPEKiB, 6 — MOTY>KHOCTi CKaHyBaHHSI,
B — IIBUAKOCTI CKAaHYBaHHS

[IpucKOopeHHSI CKaHYBaHHS CYTTEBO 3MEHIIYy€ IVIMOMHY BaHHM Ta BiAIOBigHe
BiJHOWIEHHSI TAMOMHM OO TOBIIMHM - MpPMOAM3HO mo mBuakocti 500 mm/c.
[Topmasnbine 36iMbIIEHHS IIBUIKOCTI Maiiske He BIUIMBAE HA IIi TapaMeTpu. BogHouac
Ha IIOPOroBy IIBUAKICTh MOKYTb BIUIMBATM ¥ iHII TexXHOJOriYHi (daKkTopu.
[ToTy>XKHICTh TAaKOX Ma€ JIiHiMiHMI, X04ya 1 MeHII BUpakeHu# BIUIMB. Y 3pa3Kax
MOOJMHOKMX TPEKiB YaCTO CIIOCTEPIraeTbCsl UiTKa TPaHMUIS KOHTYPY BaHHU

pO3IJIaBy, a TaKOxX OiJblll rpyba OeHApUTHA CTPyKTypa. Byno BusiBieHoO, 110

ISSN-print 1991-7848 19
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 28 - 2025

MIBUAKICTh CKAaHYBaHHS Maibke He BIUIMBAE HA YTBOPEHHS TaK 3BaHOIO
«ITOABIAHOTO AHA» — INIMOMHA 3aJMIIAETHCS HA PiBHIi IUIATO, IO BiJOOPaska€ThCs Y
3arajibHiil 3aJIe;KHOCTi MiXK IIBMIKICTIO CKAHyBaHHS Ta INIMOMHOIO TpekiB. Brums
TIOTYKHOCTI € GijIbIIl pPiIBHOMIpHMM, OCKiJIbKM BOHA JIiHi/fHO 3MiHIO€ SIK TOBLIMHY, TaK
i TIMOMHY TpeKiB, Xoua MPY MaIUX 3HAUEHHSX BiIHOIIEHHS IIMOVMHM A0 TOBUIMHU
CIIOCTEpPIraeTbCsl MeHIa BapiaTuBHICTh. CepelHe 3HAYEHHS BiJHOIIEHHS IJIMOMHM
MPOMIXKHOI ~ BaHHM  pO3IVIaBY OO TOBUIMHM  TpekiB  craHOoBwiao 0,68
(MakcumyMm — 1,24), Tomi SIK cepelHE BigHOIIEHHS OCHOBHOI INIMOMHM TPEKiB 10

TOBIIMHM cKiazaso 0,9, a MakcuMasibHe — 3,24.

BucHoBku

1. ExcrniepuMeHTanbHi [OOCHIIKEHHS IIOKa3aau, IO I[IOPOTOBe 3HAYeHHS
nedexkty Key Hole Habmskaetbest 1o 0,8, mpoTe BOHO He € (PiKCOBaHMM i 3a/IEXXUTH
Big iHIIMX MapaMeTpiB IMpoliecy CKaHyBaHHSI, TaKMX S$IK IIOTYXKHICTb Jjasepa,
IMIBUAKICTh MIepeMillleHHS ITpOMeHI0 Ta (i3uKOo-XiMiuHi BIaCTMBOCTI MaTepiainy.

2. HagBHICTb YiTKO BMpPaKe€HOI MeXi MiK OCHOBHOIO Ta MaJIOl0 BaHHOI
pO3IUIaBy CBigUMTb MPO 3HAUYHY Pi3HUII0 TeMIlepaTyp y Pi3HMX [iITHKaX 30HU
njaaBjeHHs. IMOBipHO, IlOyaTKoBa Majia BaHHAa pO3IUIaBy 3 [MINMOMHOI D2
yTBOpPWJIACcSi 3a MeXaHi3MOM TeIUIONPOBiAHOCTI (KOHBEKIIii), a mojaJblile
36inbIIeHHs IIMOMHM BiOyBasocs Bxke 3a MexaHismom «Key Hole». CTpyKTypa, 110
OXapaKTepu30BaHa, SIK 30Ha D He 3aBXAM Ma€ YiTKi KOHTYpH, ajie B Till UM iHIIiN
Mipi TIpUCYTHSI Y BCiX Tpekax, 0COOGJIMBO B TUX BUIIAJKaxX, KOJIM BaHHA pPO3IUIABY
HabyBa€ 4auIonoaioHoi popmu.

3. CmocTepiraeTbcsi TEHMOEHIISI 10 3MEHIIeHHS KiJbKOCTi medeKTiB 3i
30i/IbIlIEHHSIM TIOTY>KHOCTi Jja3epa, IO, MMOBipHO, TOB’SI3aHO 3 ITOKpalleHHSIM
IJIMHHOCTI pO3MUIaBy Ta #Oro 3AaTHICTI0O edeKTMBHIillle TMOTJAMHATA eHepriio
BUIIPOMiHIOBaHHSI. 3a TaKMX YMOB Ta30Bi BK/IWUYEHHS BCTUTalOTh BUIITU Ha
ITIOBEPXHIO A0 MOMeHTY 3akpUTTsl «Key Hole», 1110 3HMKY€E IMOBipHICTh YTBOPEHHS

TTOPUCTOCTI.
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Sergey Adzhamsky, Tetana Balakhanova, Olena Baranovskaya,

Rostyslav Podolsky, Sergey Baduk

STUDY OF THE FEATURES OF KEY HOLE DEFECT FORMATION
DEPENDING ON THE TECHNOLOGICAL PARAMETERS OF
MANUFACTURING USING LPBF TECHNOLOGY

In the LPBF process, the part is formed by local melting of the powder by a laser, which
creates a melt pool. Its stability determines the surface quality. One of the critical defects
in the LPBF process is porosity, as it worsens the fatigue strength and reliability of
structures. The work investigated the effect of laser melting parameters of the 316L
powder material on the morphology of the molten pool and the formation of porosity, in
particular, defects of the “Key Hole” type. The material for the research was
experimental samples made of austenitic stainless steel 316L with a chemical
composition in wt%: Cr=17.79; Ni=12.63; Mo=2.35; Mn=0.78; Si=0.64; C=0.016, with a
particle size: 4515 um. Experimental studies were performed on a single-mode fiber
ytterbium laser with a Flet-top energy profile, which is characterized by a uniform energy
distribution across the laser beam cross-section. The process parameters included
variable laser power (80-270 W), scanning speed (200—1050 mm/s), and laser beam
diameter (75-175 um). 808 tracks were analyzed, of which 46 cases recorded porosity of
this type. It was established that it does not occur at scanning speeds above 600 mm/s,
and an increase in energy density contributes to its formation. It was established that the
decrease in the number of defects with increasing laser power is associated with
improved melt fluidity and its ability to more effectively absorb radiation energy. Under
such conditions, gas inclusions have time to reach the surface by the time the “Key Hole”
closes, which reduces the likelihood of porosity formation. Experimental studies have
shown that the threshold value is close to 0.8, but it is not fixed and depends on other
parameters of the scanning process, such as laser power, beam speed, and

physicochemical properties of the material.

Keywords: additive manufacturing, porosity, key hole defect, melting mode, melt pool.
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TTOPIBHSIJIBHUN AHAJII3 MATEMATUYHUX MOJEJIEN
BU3HAUYEHHS TEMIIEPATYP KPUTUYHUX TOYOK
EKOHOMHOJIETOBAHUX CTAJIEA

AHoranifn. KiHyesull piseHb MexaHiuHUX ma excnayamayiltiHux eaacmueocmeli
Jle208aHux cmaneti 6azamo 8 womy 3abesneuyrms napamempu mepmiuHoi 06pobxu 0
npogedeHHs1 AKOi HeoOXIOHO 3HAMU 6eIUYUHU KPUMmuuyHux memnepamyp @a3osux
nepemsopeHv Acl i Ac3, makox memnepamyp 6etinimHoz20o (BS) ma mapmeHcumHozo
(MS) nepemeopeHs. EkcnepumeHmanvHe 6USHAUEHHS 6UMPAamHe, momy akmyaibHow €
nompeba y 8uKOpUCmMaHHi po3paxyHkosux memodie. Mema pobomu — 3 uucaa 8i0omux
mamemamuyHux modejeli 8uU3HaUUMuU Halibinbw npudamui 0nsg NpPozHO3Y8AHHS
memnepamypu  KpumuyHux mouoK 6azamoKOMNOHEHMHUX eKOHOMHONe208aAHUX

KOHCMPYKUitiHUXx cma.gneti.

HocnidxceHHs: npo8odUIU ULTSIXOM NOPiBHSIbHOZ0 AHAJI3Y pe3ybmamie po3paxyHKie 3a
gidomumu mamemamuyHuMu MmodensmMu, SIKi UKOpUCMOB8Yloms 0Jisl BU3HAUEHHS
memnepamyp Kpumu4Hux mouok ¢aszosux nepemeopeHv 8 0azamoKOMNOHEHMHUX
€KOHOMHOJ1e208AHUX KOHCMPYKYIUIHUX cmanasx, ma eKcnepumMeHmaibHux O0avux ons
docnioxcysarux cmaneti i cmani-npomomuny. XimiuHuil ckanad docnioxcysaqux cmanet
gusHauanu Ha npeyusitinomy ananizamopi EXPERT 4L. /locnioxysaxi cmasi uniasisiu
8 1a60pamopHUX YMO8AX 3 WUXMOBUX MAMepianie mexHiuHoi uucmomu 6 iHOYKYitiHomMy
mooyni ITITE-0,01. IInasky nposodunu memodom nepenagy 6e3 npumycosozo OKUC/IeHHS]
Jdomiwiok. [Ina eusiesieHHs: CmMpyKmypHux i (a3oeux nepemeopeHs cmasi-npomomuny
0ys suxopucmaruti memoo dugpepenyiiinozo mepmozpasimempuurozo axanizy (ATI'A)

AKULl Np0BOOUNU HA CUHXPOHHOMY mepmiuHomy aHanizamopi STA 449 C Jupiter.

IIpusedeno pe3yivmamu NOPIBHANIbHO20 aAHANIZYy MamemamuuHux modesell, ujo
3acmocogyoms 011 NpO2ZHO3Y8AHHS Memnhepamyp KpUmuuHux mouok a3oeux
nepemeopeHs 8 eKOHOMHOJ1e208aAHUX KOHCMPYKUYiliHux cmansx. IIpoananizosaxo enaue
JIe2yuux eeMeHmie Ha 3HAYeHHs KPUMUUHUX memnepamyp, a maxox< po32isiHymo
YMO8U 3ACMOCY8AHHS Pi3HUX MamemamuuHux modesieil. BcmaHosneHo, wjo docnioxnceHi

mMamemamuyHi modesi 00380J1100Mb 6CMAHOBUMU BENUUUHU KpumuuyHux movok cmaneti

© Babauenko O.I., KonoHenko I'.A., Kimctau T.B., [Tomonscekuii P.B., CadporoBa O.A.
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3 8i0HOCHO HeeenUuKow  MOUHICMi0  8i0HOCHO  (pakmuuHux, BU3HAYEHUX
excnepumeHmanvHo. Tum He MeHule, uUX00s4U 3 MO020, WO Ha npakmuyi 0ns
npu3HaveHHss memnepamypu niod 3azapmyeaHHs Hatibibul 3HAYYW0 € memnepamypa
Acs, a peanvHa memnepamypa 3azapmyeaHHsi, 3 MEXHOJI02iYHOI MOouKu 30py ma
00/1a0HAHHS, WO BUKOPUCMOBYEMBCS 071l NPOBEOEHHS MepMiuHOi 00poOKU, MOxcE
nepesuuwilyseamu memnepamypy mouku Acs Ha 30...100 °C, mo 3 docmamuws0 8UCOKUM
piBHeM MOYHOCMI PO3PAXYHOK 8eNUUUHU memnepamypu Acs 0N eKOHOMHOJ1€208aHUX
KOHCMPYKYitiHux cmaneti pekomeHA08aHO nposooumu 3a MamemamuyHuUMu mMooensamu

npozpamuozo komnaekcy Jmat PRO a6o IYM.

KmrouoBi c1oBa: cmans, mamemamuuHa MoOeNb, KPUMU4Hi MOuKU, mepMiuHa

06po0Ka, Jiezyroui enemeHmul.
Beryn

JIucToBMIt CTa/IeBUIi IIPOKAT CKIaJa€ Maike ITIOJIOBUHY BiJj 3arajabHOI KiJIbKOCTI
IIPOKaTy, II0 BMPOOJISIOTh HA MeTaJTYyPrifiHuX IiAIIPUEMCTBAX, i MOTpeba B HbOMY
IIOPIYHO 3pOCTa€. 3aCTOCYBAHHS CyYaCHMX TEeXHOJIOTIYHMX MPOLIeCiB MITaMITyBaHHS
Ta 3BaplOBaHHS 3aMiCTb JIMTTSI, KyBaHHS Ta pi3aHHS OOYMOBJIIOE INMPOKE
BUKOPMCTAHHS JIMCTOBOTO MTPOKATY B Pi3HUX Ta/Ty3s1X IIPOMMUCIOBOCTI.

HaiiGinbiMMy  CIIOKMBAIOUMMM TalTy3sSIMM TOBCTOJMCTOBOTO MeTaly €:
CYOHOOYIyBaHHS — [IJiT BUTOTOBJIEHHS eJIeMeHTiB KOpIycCy Ta HaaOymoBu, AeTaneit
dbyHoameHTy, AJjisi OOUIMBKM CyAHA, IIpU BUPOOHUIITBI CyAHOBUX TIpUIafiB,
MexaHi3MiB, IOHTOHIB, IPUYaJIiB Ta iHIIMX KOHCTPYKILiii:

- OYIiBHMIITBO Ta MOCTOOYIOYBaHHS - IJIsI BUTOTOBJIEHHSI ABOTaBPOBUX 6a’loK,
3BapHMX KOJIOH KOpPOOUYACTOro Iepepisy Ta iHmmMx Hecyunx mpodisiB, ogepsKkyBaHUX
IUISIXOM pi3aHHSI Ta 3BaplOBaHHS e€JIeMEeHTIB 3 JIMCTOBOI CTajli; MepeKpUTTIB
OyniBesb, eeMeHTiB IIPOTrOHOBOiI OyJOBM MOCTiB, ecCTakKajd, Trajiepei; Tpyo
CepefHbOTO Ta BEIMKOrO AiaMeTpa, SKi MOXYTb CAYXUTU $SK AJjs1 OpraHisarii
KOMYHiKalliit (TpyoompoBoau, fumMapi, KabeabHi KOMyHiKallii TOIO), TaK i IK Hecy4i
OIIOpM CITOPY/[, i MOCTIB;

- MamuHOOYyAyBaHHSI (aBTOTPAaKTOpPHE, BaroHO- Ta TeIUIOBO300YyAiBHe
BUMPOOHMUIITBO) — Ky30Ba CaMOCKM[iB Ta (pOHTaJbHMX HaBaHTa)KyBauiB, KiBIIi
eKCKaBaTopiB, IpobapKy, 6eTOHOMIIIIaIKK, Pi3Hi eJieMeHTM TOOYBHOTO O6aHAHHS,

BY3J/IN CiIIbeKOI‘OCl'IO,E[apCbKI/IX MalllMH Ta iHIJ_Ie;
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- XiMiuHe BMPOOHMIITBO — [JISI BUTOTOBJIEHHSI TPyO, KOT/iB, TMOCYOMH Ta
pesepByapiB 1151 TPaHCIIOPTYBAHHS Ta 30epiraHHs pigKux Ta rasornoaioHMX peuoBUH
TOLIO;

- BepCcTaToOyayBaHHS Ta iHIIMX BUPOOHMUMX chepax i HampsiMKax.

ToOBCTUIA NUCT Yy 3HAUHINA KUIBKOCTI TaKOX € 3arOTOBKOIO AJjiI OTPUMAaHHS
TOHKMX JIMCTiB. 3aBASIKM HeEOOXigZHOMY piBHIO MeXaHiUYHMX, TeXHOJOTIYHMX Ta
eKCIUTyaTaliiHuX BJIACTUBOCTEN TrapsiyeKaTaHMil JMUCT € KpallMM Ha CbOTOMHI
BUXITHMM MaTepiajloM IIpM BUTOTOBJI€HHiI 3BapHUX MeTaJleBUX KOHCTPYKIILiiA,
noetaneii i 3'emHaHb, HAMpPUKIAZ, 3BapHUX HaTOra3ompoBiIHMUX TPYO BeEJMKOTO
JiameTpa.

ToBcTOMMCTOBY TPYyOHY CTalib INIMPOKO 3aCTOCOBYIOTH [JIsI BUTOTOBJIEHHS
OGIUIOPHMUX KOHCTPYKIIil - MOPCHKUX CIIOPY MJIsT BUAOOYTKY Ta 306epiranHs HadTH i
rasy, IJisl reHepallili Ta aKyMyJIOBaHHSI eJIeKTpOeHeprii, 0 OTPUMYETbCS Bif
TTIOHOBJIIOBAHMX JI3KepeJl, HeCyuux KOHCTPYKILilt, TMO0KOBOAHMX T71aTGOPM TOIIO.

KokeH i3 mepeiiueHMX CerMeHTIB Mpen siBJsS€ CBili KOMIJIEKC BUMOT [0
JIMCTOBOT'O MeTaJIy BiITIOBiHO 40 YMOB MOr'0 eKCIUTyaTallil.

SJKicTh TOBCTOMMCTOBOI CTaysi 3aJieXXuTh Big Oaratbox @akTopiB i 3i
301/IbIlIEHHSIM TOBIIVHM JIXCTA TOTipIIyeThcs. Lle 00yMOB/IeHO MEHIIUM CTyIeHeM
O0OTHMCKAHHS cepeIMHHMX 1apiB JIMCTA MPU IPOKATIIi, 6i/IbII pO3BMHEHOIO JIiKBAIIi€l0
ByTJIelo, cipku Ta ¢ocdopy, MEHIIOW MBUAKICTIO OXOJOIKEHHS i, SIK HaCTiIOK,
rpyO03epHUCTOI0 CTPYKTYypolo. B cBolo uepry, 30i/JbIIeHHSI TOBIIMHU JIMCTA
MIPU3BOAUTH IO 3MEHIIEeHHSI Mopora X0JOJHOJIAMKOCTi, 110 HeMMHYy4Ye MOB'sI3aHO 3
HeOOXiTHICTIO IMOJIIMIIIeHHSI TTOKa3HMUKIB yaapHOi B'sI3KOCTi. KOHKpeTHi BUMOTM 110
TOBCTOTO JIMCTA 3aJieXXaTh Bifl 1Or0 MOAAJbIIOrO0 BUKOPUCTAHHS. 3 4YMCIa BiZOMMUX
Ba)KeJIiB BIUIMBY Ha XapaKTepPUCTUKU TOBCTOTO JIMCTA € JOro TepMiuHa 0OpoOKa,
TeMIlepaTypHO-4acoBi pexXMMM $SIKOI IIpU3HAUYalTh 3 ypaxyBaHHSIM pe3yJbTaTiB
BU3HAUEHHS TeMrepaTyp KPUTUUHUX TOUOK.

CraH nuTaHHS. KOHCTpyKIIi/iHa TPUIATHICTh MaTepiany BUPOOiB BU3HAUAETHCS
KOMILJIEKCOM MeXaHIUHMX 1 eKCIUlyaTaliiiHMX BJIaCTUBOCTEN, ONTUMaJIbHe
MMOEMHAHHS SIKMX 3abe3Ieuye HaZifHiCTh iX ekcruryaTarii. s crtaji e, mepin 3a
BCe, TIIOKa3HMKM MIIIHOCTi, a TaKOX yJapHa B'SI3KiCTb, IUIACTUYHICTb,

TPIIMHOCTINAKICTL 1 psf, iHIMX MmapaMmeTpiB. IX KiHIeBi 3HaueHHS 6araTo B YOMY
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3a0e3I1euyioTh TTapaMeTpy TepMiuyHOi 0OpOOKM [IJisi TIPOBEIEeHHST SIKOi, TepIl 3a Bce
I JIeTOBaHMX CTajei, Tpeba 3HATU BeJUUYMHM TeMIlepaTyp KPUTUUYHUX TOUOK
da3zoBux nmeperBopeHb Acl i Ac3, TaKOX TOUOK OeiiHiTHOrO (BS) Ta MapTeHCUTHOrO
(MS) nmepeTBOpEHD.

Taka HeoOXimHICTh BM3HAUEHHSI TEeMIIEPATYp KPUTUUYHMUX TOYOK BUKIMKAHA
TUM, IO JIETYIOUi eJIeMEeHTH B CTAJ/ISIX 3HAUHO BIUIMBAKOTh HA 1X BeJIMYMHY. 30KpeMa,
JIeTyIoui eJeMeHTM Ta JOMIIIKM B CTali MOXYTh 3HAUYHO ITiABUINYBaTH abo
3HMKYBATU TeMIlepaTypy il Touku Acl.

IMomi6bHMit XapakTep BIUIMBY JIETYIOUMX e€JIEeMEHTiB IIOB'SI3aHMii 3 JBOMa
HacTynHuUMM dakTopamu. 5K Bimomo, KpuTU4YHaA TemIilepaTtypa Acl B ByTJeleBiii
CTaJIi BiATIOBiZa€ MepeTBOPEHHIO €BTEeKTOINHOI cyMmili mepiity o+Fe3C B aycTeHIT
IUISIXOM (pa30BOTO TMEepexoAy o—>y, AMCOoliallii Kapoigy i po3unMHeHHS BYTJ/IEN0 B y-
3ami3i. 3 opHOro OOKy, Jieryioui ejJeMeHTM 3MiHIOIOTb TeMIlepaTypy o—>y-
nepeTBOpeHHS 171 GepuTy, IO BXOAUTb A0 CKIAZy eBTeKToimy (IepsiTy), a 3
iHmoro OOKy Jieryioui ejJeMeHTM BIUIMBAIOTh Ha TeMIlepaTypy IuUcoIliallii
eBTEKTOiTHMX KapOiiB i momaibiiie po3UMHEHHS BYIJIEIIO Ta JETyIOUnX eJIeMeHTiB B
y-3aji3i. SIK mpaBmsio KapOigOyTBOPIOIOUI eJIeMeHTM IiJIBUIIYIOTh TeMIlepaTypy
ouconianii kap6igis. Ilpu 1boMy, SKIIO KapOimOyTBOPIOIOUi e€JIeMEeHTU TaKOX
MiABUIIYIOTh TeMIlepaTypy o—>y-IIepeTBOPEHHSI, TO iX BIUIMB Ha 3MillleHHS
TeMIlepaTypu TOUKM Acl MOCUITIOETHCS 11ie Gifblie.

Hekap6igoyTBOpIOIOUi eJIeMeHTH, PO3UMHSIIOUMCh Y I[€MEHTUTi, 3HMXKYIOTh
TeMIlepaTypy maucorianii kap6imy. IIpu 1mpoMy HiKenb i MapraHelb 3HIKYIOTb
TeMIIepaTypy o—>Yy-Tepexomy, a OTXKe, 3HWKYKTb TOUYkKy Acl. B mimomy BIUIMB
eJIeMeHTiB Ha KPUTUUHI TOUKM 306epira€Thcst i B CTAIAX, IO MIiCTSITh OJHOYACHO
JleKisibKa JIerylounx eJieMeHTiB.

BrumB xpomMy Ha TOUYKy Acl Mae ckiamgHuit XapakTep. 30iJbIIeHHS BMICTy
xpomy 1o 12-13% mopiBHSIHO y1abo migBuIye TOUky Acl, a mpu 306iibIIeHHi #0ro
BMicTy moHap 14% crioctepiraeTbes piske MmigBuineHHs Temiepatypu Acl. ITomi6Hmii
BIUIMB TOSICHIOETHCS TUM, IO NMPU BMICTi O0 12-13% Xpom 3HMKYE TeMIepaTypy
o—y-Tiepexony, i MiaBuileHHST TOUkM Acl 0OyMOBJIEHO OiJibIll CMJIBHMM BIIJIMBOM

i IBUIEHMX TeMIIepaTyp AMUCoIliallii eBTeKTOiJHMX KapOimiB.
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baraToOKOMITOHEHTHe JieTyBaHHSI CTajeli 3HAayHO YCKJIAJHIOE npouec
MPOTHO3YBAHHS Ta 3HIKYE JOT0 TOYHICTh IIOAO BM3HAUEHHSI TeMIlepaTyp
KPUTUYHUX TOYOK. ToMy, OISl HAZLiiHOTO BU3HAUYEHHS KPUTUYHUX TeMIIepaTyp
dba30BUxX MepeTBOpeHb 3aCTOCOBYIOTh eKCIepMMeHTaabHi MeToAu (MeTOJ, MPOOHMX
3arapTyBaHb, OWIATOMETPUUHMIA, OudepeHIliaJibHMUI, TepPMiuHMII, BUMipIOBaHHS
eJIEKTPOOIIOPY TOLLO).

VYV 3B’S3Ky 3 TUM, HI0 eKCIepUMeHTa/ibHi BU3HAUEHHSI KPUTUYHUX TOUYOK
MOTPeOYyIOTh 3HAUHMX YAaCOBMX, MaTepiaJbHMX Ta (QiHAHCOBMX BUTpAT Hapasi mjs
BU3HAUEHHS 3HAaueHb KPUTUYHMX TOUYOK BCe YacCTille BUKOPUCTOBYIOTh
MaTeMaTU4Hi MOoJeJli - eMITipUYHI PiBHSIHHS, SIKi OTPUMYIOTD LIJISXOM 3iCTaBJI€HHS
Ta BUPIIIEHHSI CUCTEMM JIiHITHUX PiBHSIHb 3a €KCIIepUMEHTAIbHUMM JTaHUMM, abo
OTPUMAaHMMM 3a pe3yJabTaTaMy BUKOPUCTaHHS (e HOMEHOJIOTiYHOTO ITiIX0y.

B 6isbIIOCTi BiOMMX MaTeMaTUUYHMX MOJENei MJisl PO3PaxyHKy TeMIlepaTyp
($ha30BUX IEepeTBOPEHb BMICT €JIeMEHTIiB BUPAXXE€HO VY MAaCOBMUX BiJICOTKAX,
TeMrepaTypa — y rpagycax Lesbcis. B uncii Takux MaTeMaTUYHUX MOZeliei €:

- mogensb E. ['tonTepa, I'. Pagomceku ta b. Oxaiim [1]:
Ac=723-9,2-Mn+30,4-Si+19,0-Cr-15,8-Ni+23,6-V+24,3-Al. (1)
Acs=924,8-231,1-4/C +53,7-8i-15,9-Ni+23,2-Mo+88,7-V+78,6:A1-439,2.Zr.  (2)
- mopeinnb K. Enpproca [2]:

Aci=723-10,7-Mn+29,1-Si+16,9-Cr—16,9-Ni+6,38-W+290-As. (3)
Acs=910-203-/C +44,7-Si-15,2-Ni+31,5:-Mo+13,1-W+104-V+(-30-Mn—

—-11Cr-20-Cu+400-A1+400-Ti+700-P+120-As). 4)

Ms=539-423-C-30,4-Mn-12,1-Cr-17,7-Ni-7,5-Mo (5)

Ms=512-453-C+217-C?*+15-Cr-16,9-Ni-9,5-Mo-71,5-C-Mn-67,6-C-Cr. (6)
- Mopesnb P. I'peitaxka [3]:
Ac;=723-13,9-Mn+22,2-Si+23,3-Cr—14,4-Ni. )
Acsz =854-179,4-C-13,9-Mn+44,4-Si-1,7-Cr-17,8-Ni. (8)
- mozesnb T. Kynitake [4]:
Ac=727,0-32,7-C+2,0-Mn +14,9-Si+17,8-Cr-14,2-Ni+25,6-Mo-17,0-Cu.  (9)
Acs=912,0-230,5-C-20,4-Mn+31,6-Si-14,8-Cr-18,1-Ni + 16,8-M0-39,8-Cu.  (10)
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Ms=560,5-407,3-C-37,8-Mn-7,3-Si-19,8-Cr-19,5-Ni-4,5-Mo-20,5-Cu.  (11)
- mopeinb T. Kynitake ta T. Kato [5]:

Aci1=754,83-32,25-C-17,76-Mn-23,32-Si+17,13-Cr+4,51-Mo+15,62-V.  (12)

Acs=930,21-394,75-C-14,40-Mn+54,99-Si+5,77-Cr+24,49-Mo+83,37-V.  (13)

- mozpenb k. Enpica [6]:

Ac;=712-17,8-Mn+20,1-Si+11,9-Cr-19,1-Ni-9,8-Mo. (14)
Acs=871-254,4-C+51,7-Si—14,2-Ni. (15)
Ms=531-391,2-C—43,3-Mn~-16,2-Cr-21,8-Ni. (16)

- mopenb O.I'. Kacatkina, b.b. Binokypa Ta B.JI. [TunomeHko (7, 8]:

Ac;=723-7,08-Mn+37,7-Si+18,1-Cr-8,95-Ni+44,2-Mo+3,18-W+50,1V +21,7-Al+
+297-S-830-N-11,5-C-Si-5,28-C-Ni-57,9-C-Mo-27,4-C-V-14,0-Mn-Si-
-6,0-Mn-Ni-15,5-Mn-Mo-3,1-Si-Cr+6,77-Si-Ni-0,8-Cr-Ni+30,8-Mo-V-0,84-Cr?-
-0,46:Ni*-3,46-M0?*-28-V2. a7

Acs=912-370-C-27,4-Mn+27,3-Si—6,35-Cr—32,7-Ni+5,57-W+95,2-V+
+72,0-A1+70,2:Ti+64,5-Nb+276-P+332-S-485-N-900-B+16,2-C-Mn+
+32,3-C-Si+15,4-C-Cr+48,0-C-Ni+4,8-Mn-Ni+4,32-Si-Cr—18,6-Si-Ni—
~17,3-Si-M0+40,5-Mo-V+174-C2+2,46:Mn2-6,86-Si2-0,322-Cr>+1,24-Ni2+
+9,9-Mo02-60,2-V?. (18)

- mozenb B.1. 3103iHa, B.Jl. Cagoscokoro ta C.I. bBapaHuyka [9]:
Ms=520-320-C-45-Mn-5-Si-30-Cr-20-Ni-20-Mo-5-Cu. (19)
- mozenb Y. CriBeHa Ta A. XeiiHca [10]:
Ms=561-474-C-33-Mn-17-Cr-17-Ni-21-Mo. (20)
Bs=830-270-C-90-Mn-70-Cr-37-Ni-83-Mo. (21)
- mopesb JI. Kapanennu [11]:

Ms=513,9-(1-0,620-C)-(1-0,092-Mn)-(1-0,033-Si)-(1-0,070-Cr)-(1-
~0,045-Ni)-(1 —0,029-Mo)-(1-0,013-W)-(1+0,120-Co)—18. (22)

- mozens I1. ITeiicona ta K. Cesizka [12]:
Ms=499-317-C-33,3-Mn-11,1-Si-27,8-Cr-16,7-Ni-11,1-Mo-11,1-W.  (23)
- Mogenb O. Poynenna ta C. Jlaiina [13], ska yTouHtoe dopmyny [12]:

Ms=499-333-C-33,3-Mn—11,1-Si-27,8-Cr-16,7-Ni-11,1-Mo-1,1-W.  (24)
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- mopnensb P. I'peringka ta I'. Ctioapra [14]
Ms=538-361-C-38,9-Mn-38,9-Cr-20-Ni-27,8-Mo. (25)
- Mogenb I. Aptinrepa [15]:
Ms=520-(360-C)-C-33-Mn-11-Si-22-Cr-17-Ni—-11-Mo-11-W+6-Co+17-Al. (26)
- Mozesb T. Kynitake ta 4. Okagu [16]:
Bs=732-202-C-85-Mn+216-Si-47-Cr-37-Ni-39-Mo. (27)
- Mozenb A. Kynbm6ypra [17]:

- IIJISI CTaJiel BeJIMKUX [TOKOBOK:

Ac=747-17,4-Mn+13,3-Cr-24,8-Ni+18,4-Mo (28)
Acz=880-204-C+19,5-Si-17,2-Ni+83,5-V. (29)
Ms=572-386-C—-69-Mn-43-Cr-26-Ni. (30)
Bs=813-303-C-86-Mn+107-Si-68-Cr-37-Ni—-108-Mo. (31)

IIJIST KOPO3iiHOCTIMKMX CcTased:

Ac1,=765-30,2-C-19,5-Mn+134-Si-67-Ni+20,5-Mo-64-V. (32)
- Mozenb A. Hepenbepra [18], 10 € yTOuHeHHSIM Mopjesai pobotu [12] mae

HACTYITHU BUTJIS,:

Ms=499-300-C-33,3-Mn-11,1-Si-22,2-Cr-16,7-Ni-11,1-Mo. (33)

o uucia po3paxyHKOBMUX MOJeseil TakKoX BiJHOCATb MaTe€MaTUUYHY MOJEJb,

sgKka pospobseHa IHcTuTtyTom YopHoi Mertamyprii (IUM, ™. [Hinpo) [as
IIPOrHO3YBaHHS TemIiepaTyp ¢a3oBux repeTBopeHb. LI Moaenb cTBOpeHa Ha OCHOBI
KOHIIENI[ii COpSIMOBAHOTO XiMiYHOTO 3B’SI3Ky 3 BUKOPUCTAHHSM iHTerpajbHUX

rapamMeTpiB Mi>KaTOMHOI B3aeMo[ii [19]:
Ac;=10%x[5,538-61,831tga—0,188AZY+0,187pl] (34)
Ac3;=10%x[7,430+0,521d-83,547tga—0,559ZY] (35)

oe d - cepemHbOCTATUCTUYHA MiX’simepHa BimcTaHb, 10-1HM; tga — rpamieHT
3MiHM pafiycy ioHa Tpu 3MiHi jtoro 3apsanmy; ZY — (i3uko-xXiMiuyHMUIT eKBiBaJieHT
3apsIOBOTO CTaHy Ta 7Oro MiKpoHeomHopigHocTi — AZY, e; pl - mnapametp
CITPSIMOBAHOI 3apsIIOBOI 1IiJIbHOCTI, €/HM.
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Kpim 3a3HavyeHMxX Bullle Mojeseli Ta METOAIB, Ha CbOTOAHI iCHYE MOZe/b IJIst
BU3HAuUeHHS (a30BMX II€peTBOpPEeHb B MpoOrpamMHOMYy KomIuiekci JMatPro, ska
OCHOBaHa Ha MaTeMaTU4YHil mozmeni Kipkasnmi.

S 6yno 3a3HavueHO BUIE, BUKOPMUCTAHHS PO3PAXYHKOBOTO METOAY [IO3BOJISIE
3HAQYHO CKOPOTUTM YacC Ta BUTPATU HA BU3HAUEHHSI TeMMepaTyp KPUTUUHUX TOYOK,
HeOOXiMHMX IJIsT PO3POOKM TeMIIEpaTypHO-YaCOBUX PEKMMIB TEPMiUHOI 0OPOOKMN.
Tum He MeHIIe, Hapasi BiJICyTHIi BiJOMOCTi IIOJO0 TPUIATHOCTI OYIb-SIKOi
MaTeMaTUYHOI Mofesii /s 11 BUKOPUCTaHHSI CTOCOBHO €KOHOMHOJIETOBaHUX CTajein
B yMOBaxX 3i 3MiHEHOI0 KOHIIEHTpalli€l0 JIerylouMx KOMIIOHEHTIB BiJHOCHO
KOHILIEHTpalliii B BifoMuX CTa/lsIXx. Buxomsium 3 1poro, poboTa, [0 CIIPSIMOBaHa Ha
BCTAHOBJIEHHSI PiBHIO TOYHOCTi iCHYIOUMX MaTeMaTUYHUX MOJiesieli MPOrHO3yBaHHS
TeMIepaTyp KpPUTUUHMUX TOYOK [HJjiI €eKOHOMHOJIETOBAaHUX KOHCTPYKIIIHUX
cTajiel € aKTyaJIbHOIO.

MeTta poGoTu. 3 uuMcjla BiIOMMX MaTeMAaTUYHMX MOJeNeli BU3HAUUTU
HalOIMbII TPUIOATHI [JISS TPOrHO3YBAHHSI TeMIepaTyp KPUTUUYHUX TOUYOK
6araTOKOMITOHEHTHMX €KOHOMHOJIETOBaHMX KOHCTPYKITITHMUX cTasiei

MeToauka AOCTAimKeHb. J1OC/HiIKeHHSI IIPOBOAM/IN IIJISXOM ITOPiBHSJIbHOTO
aHaji3y pesy/abTaTiB pPO3paxyHKiB 3a BiJOMMMM MaTeMaTUUYHUMU MOAEISIMU, SIKi
BUMKOPUCTOBYIOTh [JISI BM3HAUEHHS TeMIepaTyp KPUTUYHMX TOYOK (pa30BUX
IepeTBOpeHb B 0araTOKOMIIOHEHTHMX €KOHOMHOJIETOBAHMUX KOHCTPYKIIIMHMX
CTa/ISIX, Ta eKCIepUMEeHTaJIbHUX OaHUX [JIs1 OOCTiIKyBaHMX cCTajeit i craiti-
MIPOTOTUITY, XiMiUHMIA CKJIaM, IKMX ITPUBEAEHO B Tabauii 1.

Tabmuug 1

XiMiuHMIA CKIaJ LOC/IIKYBAHUX CTajlel Ta CTali-IIPOTOTUITY

BwmicT eneMeHTiB, % Mac.

Cramb - =vmlsi lor Ni Mo VT AL lca Wb s P N lcu BB

[Tporotmn|0,313|0,35/0,384(2,86/2,54/0,4510,0057/0,0031/0,014/<0,0001<0,004/0,018/0,011/0,012 |0,03 (0,002

Cxmag 1 10,32900,74(1,68 |2,26/1,92(0,455(0,153 (0,0024{0,024(0,0004 [<0,001/0,007/0,004/0,007 (0,03 |0,001

Cxnag 2 |0,321/0,54(0,368/0,81/2,26/0,356/0,148 0,026 [0,043/0,003 |0,002 |0,022/0,02 |0,0035/0,03 |0,002

Cxmag 3 |0,251/0,65/0,284(0,98)1,840,317|0,133 |0,0012(0,026/0,0003 |0,029 (0,022(0,022/0,0071(0,271{0,002

XiMiuHMIT CKaad, [AOCTIMKYBaHMUX CTajieli BU3HAUaIM HaA Mpelu3iiiHOMY
a”anizatopi EXPERT 4L.
JlocmimKyBaHi CTali BUIUIAB/SUIM 3 LIMXTOBMX MaTepiajiB TeXHIYHOI UMCTOTU B

ingykuiinomy wmopmymi ITIIE-0,01. TInaBKy MpoBOAMIM METOIOM IeperviaBy 6e3
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IIPUMYCOBOI'O OKMUCJIEHHS JIOMIIIOK. BBelleHHS Jleryloumx ejieMeHTIB B PiIKy CTallb
MPOBOAM/IM NIUIIXOM 3aHypeHHSI B Hei 3aXMCHOrO MeTaJeBOro KOHTelHepa [e
PO3MIiIIyBajIM HaBaXKKM HEOOXiTHMX JIETYIOUMX eJIEeMEHTIB.

[T BUSIBJIEHHSI CTPYKTYpPHMX i (pa30BUX MepeTBOpPeHb CTasli-MPOTOTUITY OyB
BUKOPUCTaHUII MeTon audepeHIliifHOro TepMorpaBiMeTpuuHoro aHamizy (ITTA),
SIKU TIPOBOAVJIM Ha CMUHXPOHHOMY TepMidyHOMY aHasizatopi STA 449 C Jupiter.

PesyinbTaTi pociimkeHb. [Ipobsema BuOOpPYy ONTUMAIBHOTO XiMiUHOTO
CKJIaJly Ta TEXHOJIOTiYHOrO pekuMy 00p0oOKM OyIb-SIKOi JIeroBaHoi cTasti nepembavae
HEeOOXiTHICTh BM3HAUEHHSI BIUIMBY BMICTY OKpeMMX XiMiUHMX e€JIeMEHTiB Ha
TeMIlepaTypHi iHTepBa/iM icHyBaHHS (a3, a TaKOX IMOJOXKEHHS KPUTUUHUX TOYOK.
[Ipy 1bOMY, BM3HAUAJBHMMMU TapamMeTpaMu IJjsI PO3POOKM TeXHOJOTiYHOTO
perjiaMeHTy TepMiuHOi OOpoOKM BUPOOIB 3 TakMxX CTajeil mpM iX HarpiBaHHi
(OXOJIOMI;KeHHi) € KpUTUUHI TemnepaTypyu dha30Bux nepeTBopeHb (Ac; i Acs). TobTo,
BiZMIOBIiAHO IO BeJIMUMH TeMIlepaTypHMUX 3Ha4eHb AC; i ACs i IpU3HAYAIOTh PEXMUMU
TepMidHOi 00p0oOKM IS HaJaHHS CTaJIIM HeoOXimHMX
eKCIUTyaTaliliHMX BJIaCTUBOCTEIA.

Buxomsum 3 TOro, mo Oyab sSIKa MaTeMaTMYHa MOIeIb MJISI PO3PaxXyHKY
TeMIlepaTyp KpUTUUYHUX TOUOK Oysia po3pobsieHa iX aBTopamu JJ1s1 BiATIOBIAHMX MeX
3MiH XiMiYHOTO CKJaAy CTaji, IPOBeNM aHajai3 yMOB (OMB. TaGaMI0 2) IIOI0

MOJK/IMBOCTiI BUKOPUCTAHHI IIpeACTaBIeHNX BUIIle MAaTEMATUUYHUX MOJIeJIeN.
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Tabmuis 2

o

" 3a XIMIYHMM CKJIaaOM CTaJlen

o

YMoBU BUKOPUCTAaHHA MaTeMaTUYHMX MOeJsie
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Pe3ynbTaTy BM3HAUYEHHS TeMIIepaTyp KPUTUUHMUX TOUOK JJISI CTaJIi-IIPOTOTUITY
(mmB. Tabmuiio 1) 3a pesynpratamu ITI'A nmpuBegeHo B Tabauili 3.

Tabanug 3

ExcriepymMmeHTabHi BeIMUMHY TeMIIEPATYP KPUTUUHUX TOUOK JIJISI CTaIi MPOTOTUITY

KputnuHi Touku Acl Ac3 Ms Bs

Temrmepartypa, °C 749 761 285 311

Pe3ysbTaT pO3paxyHKy TemImeparyp KPUTUYHMX TOUYOK CTasIi-
IIPOTOTUITY, SIKi BUKOHAHO 33 MaTeMaTUYHMMM MOIEJISIMHU, 1110 Oy/u o6paHi 3a
pe3yabTaTaMM OI[iHIOBAHHS YMOB iX BMKOPUCTAHHS (OMB. Tabauiio 2), Ta
BEJIMUMHM TTOXMOOK Bif iX eKCIepMMeHTaJbHUX 3HAUeHb (AMB. TAOMUIIO 3),
HaBelIeHOo B Tabiuii 4.

Tabaung 4

PesynbTaTy po3paxyHKiB TeMIepaTyp KpUTUYHMUX TOUOK JJIs1 CTaTi-IIPOTOTUITY, Ta ITOXMOKa
MiXX pO3paxXyHKOBMMM Ta eKCIIepUMeHTAIbHUMMY TaHUMU

Ac: Acs M; Bs
% % % %
A g g g g
ot sl oal £ 2] &l § 2] &l 5] 2| & €
1] 746 | 0,40 788 | -3,5
2] 736 | 1,74 762 | -0,1 319 | -11,9
[10] 300 | -53 382 | -22,8
(1] 259 | 9,1
[12] 257 9.8
3] 749 761 285 e T1ie | 5!
[16] 476 | -53.1
[18] 278 | 2,5
JmatPRO 743 | 0,80 756 | 0,7 289 | -1.4 305 | 1,9
M 717 | 4,27 762 | -0,1

lcrorpamu TemmepaTyp (pa3oBuxX mepeTBOpeHb B KPUTUUHUX TOUKAX CTaJli-
MIPOTOTUITY, SIKi pO3pax0OBaHi 3a pisHMMU MOZEJISIMU MTpeACcTaBIeHo Ha puc. 1.
3 aHaJi3y OTpPMMaHMUX pe3yabTaTiB (OMB. Tabmuio 4, puc. 1) BuUTiKae, 1m0 3

yucia 0bpaHMx MaTeMaTUYHUX Momeieii HalOiIbII TOYHOIO
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(BemMumHa MOXMOKM He Oinbine 1,9%) € Momenb, sSiIka OCHOBaHA Ha MaTeMaTUYHil

mopeti Kipkasngi i peanizoBaHa B iporpaMHOMY KoMIieKci JMatPro.

Buxopgsiuu 3 11poro, B MOJaJbIIMX IOOCTiIKeHHSIX Ojag ctaneit 1...3 B IKOCTi

iCTMHHMX BUKOPUCTOBYBA/IM Pe3yIbTaTy PO3PaXyHKY TeMIlepaTyp KPpUTUUYHUX TOYOK

3a mporpaMHuM Komruiekcom JMatPro. PesdynbTaTu po3paxyHKy 3a IIPOrpaMolo

JmatPRO pgyst craneii 1...3 mpuBeneHo B Tabuili 5.

t, °C

780

760

740

720

700

M m Acs

—Ac1

IT_IM: ‘

JmatPRO

a

t, °C
450
400
350

300

250

[10]

[P
(1217

(18]

JmatPRO '
' =

—
o
—
[—

[16]

6

¥

Pucynok 1 - Ticrorpamu TemriepaTyp ¢a3oBux nepeTBopeHb B KpUTUUHMX TOUKax Acl, Ac3
(a) Ta Ms, Bs (6) B cTasTi-IIpOTOTHITY, SIKi pO3paxOBaHi 3a pi3HUMM MOJIENIIMHU, 1
TOPU30OHTAJIbHUMM JIiHISIMM BiIMiueHi eKCIlepMMeHTabHi PiBHI KpUTUUYHUX TOUOK

-Ac -Acs -Mg -Bs
Tabmuiig 5
PesynbTaTu po3paxyHKy 3a nporpamoro JmatPRO gns craneii 1...3

Ac; Acs ‘ Ms ‘ Bs
Cranb

Temmneparypa, °C
Crainb 1 772 780 280 303
Crasnb 2 720 773 354 368
Cranb 3 719 763 335 412

Pe3ynbTaTyt po3paxyHKiB TeMIlepaTyp KpUTUUYHMUX TOYOK Ajisl cTasneit 1...3, Ta

MOXMOKa MiXK pO3paxyHKOBMMM JaHMMM Ta HTaHMMM 3a mporpamoro JmatPRO

TIpe/CTaBIeHo B TabauIIsX 6...8, Ta Ha ricrorpamax puc. 2...4.
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Tabnuig 6

Pe3ynbTaTy po3paxyHKiB TEMIIEPATYP KPUTUUHMUX TOUOK IJISI CTasi 1, Ta moxmubKa Mixk
PO3paxyHKOBMMM AAaHUMM Ta JaHUMM 3a mporpamoro JmatPRO

AC1 AC3 Ms Bs
a o ] o R o S @) o
s | E g | F . S g1 . S & . g
= = a S = o, S = Q, ) ) Q, S
S| | 8| 2| 8| 8| 5| z| &8 B |E| & 5
= | E| 8] = | E| R = | E| & =2 | E| & =
[1] 784 | -1,55 878 -12,56
2] 770 | 0,26 835 | -7,05 316 | -12,86
5] 735 | 4,79 919 | -17,82
[10] 300 | -7,14 408 -34,65
1 | 772 780 280 | 255 | 8,93 | 303
[12] 251 | 10,36
[13] 246 | 12,14
[18] 270 | 3,57
UM 713 | 7,64 721 |7,56
t, °C t, °C
900| - 400
— 350
800— — — —— Ac3
1 A 300 Bs
700 ) ] 1 Ms
600 200 H
= 8oz Ng-hE &
a 6

PucyHox 2 - T'icrorpam Temmnepatyp ¢a3oBux rnepeTBopeHb B KpUTUUHUX TOUKax Acl, Ac3
(a) Ta Ms, Bs (6) B cTasi 1, sIKi po3paxoBaHi 3a pi3HUMM MOIEJISIMU, 1€ TOPU3OHTATbHUMU

JiHiAMM BigMiuyeHi piBHI KpUTUUHUX TOUOK, BU3HAUEHMX 32 Iporpamoro JmatPRO
T -Act -Ac3 -Mg -Bs
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Tabnuis 7

Pe3ynbTaTy po3paxyHKiB TEMIIEPATYP KPUTUUHMUX TOUOK IJISI CTasTi 2, Ta IMTOXMOKa MiK
PO3paxyHKOBMMM AAaHUMM Ta JaHUMM 3a mporpamoro JmatPRO

Acy % | Acs ® | M % | B, R
S | . Q| . Qx5 . Q| . Q
X | & g, 5 = & X | & & X | & & 5
o o] o E o o E o o E o ]
s | Eol B| B | Eol 8| E|Eg 8| 2 lEg 8 =
[1] 713 | 0,97 802 |-3,75
[2] 703 | 2,36 820 | -6,08 330 | 6,78
3] 710 | 1,39 764 | 1,16
[4] 714 0,83 791 -2,33 344 | 2,82
[6] 673 6,53 776 -0,39 320 | 9,60
[7,8] 730 | -1,39 796 | -2,98
[10] 331 | 6,50 525 -42,66
[11] 720 773 354 [ 306 | 13,56 | 368
[12] 311 | 12,15
[13] 306 | 13,56
[14] 315 | 11,02
[16] 565 | -53,53
[17] 699 2,92 795 -2,85 317 | 10,45 532 -44.57
[18] 321 | 9,32
JBIYI 694 3,61 756 2,20
t,°C t, °C
800 |—1— — _ - M
_ 500 ||
Acs
750 — — L B
— — — — Act 400 S A
700( - - || Bs
i E—
650 T N ( H 300 L] H m . = - ml
EEEEEQEE o F 8 g T . TR x
S~ F 000 T T ToZDzDooD oo
6

PucyHok 3 - T'icrorpam Temnepatyp (a3oBux rnepeTBOpeHb B KpUTUUHUX TOUKaxX Acl, Ac3
(a) Ta Ms, Bs (6) B cTasi 2, ki po3paxoBaHi 3a pisHMMM MOAEISIMU, 1€ TOPU30HTATbHUMMU

JIIHISIMM BiZiMiueHi piBHi KpUTUUHUX TOUOK, BU3HAUEHMX 3a IIporpamoio JmatPRO
,MS

-Act

-Acs

-Bs
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Tabnuiga 8

Pe3ynbTaTy po3paxyHKiB TEMIIEPATYP KPUTUUHMUX TOUOK IJISI CTaJTi 3, Ta IMTOXMOKa MixK
PO3paxyHKOBMMM AAaHUMM Ta JaHUMM 3a mporpamoro JmatPRO

ACl O\o'\ ACZ O\o'\ Ms O\o'\ Bs O\o.\
[av}
2| g g g gl = g | = g
[«F] [aW . < [a W . < [a W) . < [al} . <
2|5 | & = 5| & X| & & X 5| & X
s | E | & = E| 8] = | E g = E| & =
[1] 719 | 0,00 816 6,95
2] 710 | 1,25 807 5,77 364 -8,66
[4] 719 | 0,00 797 446 369 -10,15
[6] 680 | 5,42 796 433 349 4,18
[7,8] 729 | -1,39 809 6,03
[10] | 719 763 335 | 366 -9,25 | 412 | 541 | -31,31
[11] 324 3,28
[12] 333 0,60
[13] 329 1,79
[14] 338 -0,90
[16] 561 |-36,17
[17] 709 | 1,39 814 ;)68 340 -1,49 542 | -31,55
[18] 343 -2,39
UM 705 | 1,95 780 2,23
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t, °C t, °C
800 — —+—— 550 — T
7Ac3
750— —H — HH—Ht 450 — ¢
- - — — F Aa B | Bs
700{ — : 350 — — T—_MS
650 F 250 H
8T e RS ST ez =8 mT &R
=) R PR o PO o o PO o O
a 6

PucyHoK 4 - T'icTorpam Temriepatyp ¢a3oBuX MePEeTBOPEHDb B KPUTUIHMUX TOUKAX
Acl, Ac3 (a) Ta Ms, Bs (6) B cTasti 3, IKi po3paxoBaHi 3a pi3HMMM MOIEJISIMHA,
Jle TOpM3OHTAIbHUMM JIiHISIMM BiiMideHi piBHI KpUTUUHMUX TOUOK, BU3SHAUEHUX 34

nmporpamoro JmatPRO
-Act -Acs -Mg -Bs

SIk BUIIMBaE 3 aHaMi3y OTPUMaHUX JAHUX, OJIs BUSHAUEHHS TemIiepaTypu Ac: i
Acs MOXXHa peKOMeHIyBaTy MaTeMaTUM4Hy mopenab pobotu [1]. llomo ycix iHIIMxX
KPUTUYIHUX TOUYOK, TO KOJHA 3 BUKOPUCTAHUX MOJIesIeil He TO3BOJISIE 3 MPUHSITHOIO
IUIST iIH>)KeHEepHMX PO3PaxyHKIB TOUHICTIO BUUMCAUTU iX 3HadyeHHsS. Kpim TOro Bci
BijoMi MoOgeni 3a BMK/IIOUEHHSM MOZeNi IIpOorpaMHOro komiuiekcy JmatPRO
HeNpUAATHI AJjI1 KOMILJIEKCHOTO PO3PaxyHKy OJHMM METOJOM TeMIepaTyp BCiX
KPUTUYHMX TOUOK, OOpaHMX B POOOTI 6araTOKOMIIOHEHTHMX KOHCTPYKIIIMHMX

eKOHOMHOJIeTOBAHMX 6araTOKOMIIOHEHTHMUX CTaJIei.
BucuosBku.

3a pesyabTaTaMM BMKOHAHMUX MOOC/IIKeHb BCTAHOBJIEHO, IO MOOC/TiIKeHi
MaTeMaTUYHi MOJie/li 1O3BOJISIIOTh BCTAHOBUTY BeJIMUMHYM KPUTUUHMUX TOUYOK CTajen
3 BiJHOCHO HEBEJMKOI TOYHICTIO. TMM He MeHIle, BUXOMSYM 3 TOTO, IO Ha
MIPaKTUIIi 1T IPU3HAYEHHST TEMIIEPATYPH ITiJI 3arapTyBaHHSI HalOiIbIIT 3HAUYIIOK0 €
TeMIiepaTypa AcCs, a peajbHa TemMmepaTypa 3arapTyBaHHS, 3 T€XHOJIOTIYHOI TOUYKU
30py Ta 006JiaJiHAHHS, 1110 BUKOPUCTOBYETHCS [IJIsI TPOBEIeHHSI TePMiuHOI 0OPOOKM,
MOXe TiepeBMIIyBaTU TemiepaTtypy Touku Acs Ha 30...100 °C, TO 3 OOCTaTHBO
BUMCOKMM piBHEM TOYHOCTI pPO3PaxyHOK BeJIMYMHU TemrepaTypu Acs s
€KOHOMHOJIETOBAHMX KOHCTPYKIIHUX CTajeil peKOMeHIOBaHO TMPOBOAUTH 3a

MaTeMaTUYHMMM MOJIeJISIMM ITPpOrpaMHOro KoMmiiekcy Jmat PRO a6o IYM.
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Oleksandr Babachenko, Ganna Kononenko, Tetiana Kimstach,

Rostyslav Podolskyi, Olena Safronova

COMPARATIVE ANALYSIS OF MATHEMATICAL MODELS FOR

DETERMINING CRITICAL POINT TEMPERATURES OF ECONOMICALLY

42

ALLOYED STEELS

The problem of determining the temperatures of critical points of phase transformations
in steels remains relevant due to the need to ensure high accuracy in assigning heat
treatment modes. It is known that the position of critical points is largely determined by
the chemical composition of the steel, in particular the content of alloying elements.

The aim of the work is to determine, from among the known mathematical models, the
most suitable ones for predicting the temperatures of critical points of multicomponent
economically alloyed structural steels.

The research was conducted by comparative analysis of the results of calculations using
known mathematical models used to determine the temperatures of critical points of
phase transformations in multicomponent economically alloyed structural steels, and
experimental data for the studied steels and the prototype steel. The chemical
composition of the studied steels was determined on a precision analyzer EXPERT 4L.
The studied steels were smelted from charge materials of technical purity in an induction
module ITIIE-0,01. The melting was carried out by the remelting method without forced
oxidation of impurities. The introduction of alloying elements into the liquid steel was carried
out by immersing a protective metal container into it, where samples of the necessary
alloying elements were placed. To identify structural and phase transformations of the
prototype steel, the method of differential thermogravimetric analysis was used, which
was carried out on a synchronous thermal analyzer STA 449 C Jupiter.

The results of a comparative analysis of mathematical models used to predict the
temperatures of critical points of phase transformations in multicomponent economically
alloyed structural steels are presented. The influence of alloying elements on the values
of critical temperatures is analyzed, and the conditions for the application of various
mathematical models are also considered. It was found that the studied mathematical
models allow to establish the values of critical points of steels with relatively low
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accuracy. Nevertheless, based on the fact that in practice, the most significant
temperature for setting the tempering temperature is the Ac3 temperature, and the real
tempering temperature, from a technological point of view and the equipment used for
heat treatment, may exceed the Ac3 point temperature by 30...100 °C, it is recommended
to calculate the Ac3 temperature value for economically alloyed structural steels with a
sufficiently high level of accuracy using mathematical models of the Jmat PRO or ISI
software complex..

Keywords: steel, mathematical model, critical points, heat treatment, alloying
elements.
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IMPROVING THE EFFICIENCY OF THE FERROALLOY SMELTING
PROCESS IN ELECTRIC ARC FURNACES BY IMPROVING CONTROL AND
MANAGEMENT OF TECHNOLOGICAL MODES

Abstract. The article addresses the issues of improving the efficiency of ferroalloy
smelting in electric arc furnaces by enhancing the control and management of
technological regimes. Recent global trends, such as the increase in the production of
high-quality alloy steels and semiconductor products, have led to a sharp rise in the
demand for ferroalloys and crystalline silicon. In this context, the intensification of
technological processes and the optimization of energy consumption in ferroalloy electric

furnaces have become particularly relevant.

The ferroalloy smelting process is based on the carbothermic reduction of metals from
their oxides, occurring at high temperatures with significant heat absorption. Although
the mechanisms and kinetics of the main reduction reactions have been well studied, in
industrial conditions, the techno-economic indicators of the process are significantly
inferior to those achieved in laboratory settings. The extraction rate of target elements
decreases to 75-80%, and the energy consumption exceeds the theoretically necessary

amount by 1.5-2 times.

Traditional approaches to improving the ferroalloy smelting process through the
enhancement of furnace designs and the selection of charge materials with specific
physico-chemical properties have largely exhausted their potential. In the context of
continuously rising energy costs and deteriorating raw material quality, the urgent
problem now lies in implementing fundamentally new approaches to technological
process control, focused on detailed monitoring and analysis of the furnace’s
current state.

The authors justify the necessity of transitioning from the "input-output” control system
to a more advanced "input-state-output” principle, which enables real-time analysis of

the furnace workspace parameters and prompt influence on the course of the
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technological process. In particular, significant attention is devoted to the development
of methods for analyzing the electrical, thermal, and physico-chemical characteristics of
the active zone of the furnace, which determine the main transformation processes
of the charge.

The paper discusses the design features of electric arc furnaces and describes the
structure of the workspace for different types of processes - slag-free and slag-forming. It
is shown that the distribution of energy among the zones of the charge, the arc, and the
melt has a substantial impact on the techno-economic indicators of production. The
peculiarities of arc burning, heat transfer processes, and ionization in the gas cavities of

the furnaces are studied.

The article highlights the main methods for investigating processes in furnaces: probing,
analyzing oscillograms of current and voltage, determining the resistances of the charge
and melt, as well as modern methods for assessing power distribution across furnace
zones based on measurements of electrical parameters. Special attention is paid to the
problem of increasing the accuracy of assessing the parameters of energy processes
without interfering with the technological process.

The authors emphasize the importance of optimizing the modes of electric power supply
and the structural parameters of furnaces to ensure the stability of the bath operation,
reduce the dispersion of fluctuations, and minimize losses. Methods for selecting optimal
electrode immersion parameters, managing charge regimes, and selecting charge
materials considering their electrophysical properties are presented.

The article makes a significant contribution to the creation of a scientific basis for
improving the efficiency of ferroalloy smelting, which is of particular importance in the
context of the modern energy crisis and the growing demands for the quality of
metallurgical industry products.

Keywords: ferroalloy smelting; electric arc furnace; carbothermic reduction; automated
control; techno-economic indicators; energy distribution; electric arc discharge; process

optimization; charge materials; energy consumption; furnace state control.
Introduction

The global trend towards increasing the production of high-quality alloy steels
and semiconductors, which has emerged in recent years, has defined the growing
demand for ferroalloy and crystalline silicon smelting. Mass production ferroalloys

are obtained in electric arc furnaces by a carbothermic method based on the
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reduction of metals from their oxides. The key feature of this method is that the
reactions between oxides and carbon occur at high temperatures with significant
heat absorption. The specific energy consumption during the production of different
alloys ranges from 3 to 18 MWh per ton. The mechanisms and kinetics of the
reduction reactions are fairly well studied, and the conditions for their optimal
progress have been determined and optimized. However, while in laboratory
conditions one of the main indicators of the process - the extraction rate of the
target element - reaches 90% or higher, during industrial implementation, it is
significantly lower, around 75-80%, and the specific energy consumption exceeds
the theoretical minimum by 1.5 to 2 times.

Numerous research efforts aimed at improving furnace designs and selecting
charge materials with specified physico-chemical properties have helped reduce the
gap between theoretical and actual process performance. However, this reserve is
now almost exhausted. In conditions of high energy costs and the tendency for
further price increases, the share of energy expenses in the production cost structure
is growing substantially. Furthermore, the declining quality of ores and
carbonaceous reductants leads to a significant deterioration in the techno-economic
indicators of production. Therefore, the issues of intensifying technological
processes and improving production efficiency are becoming particularly urgent.

A specific feature of ferroalloy technologies is the inaccessibility of the furnace
workspace for direct measurements, resulting in a lack of real-time information
about the process state, which has historically determined the widespread use of the
"input-output" control principle. However, the complex interrelation of chemical,
electrical, and thermal processes in the furnace bath requires a different
management approach - the "input-state-output" principle.

The technical re-equipment of the ferroalloy industry, which began at the end
of the 1970s, led to an increase in the power capacity of existing furnaces and the
commissioning of units with installed capacities up to 81 MVA. As a result, the
management of these facilities has become significantly more complicated,
necessitating a scientifically based study of the full diversity of processes occurring
in the furnace bath and their interrelationships. At that time, the level of monitoring

of key technological parameters was extremely low, and the underdevelopment of
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methodological frameworks for process state analysis led to an inefficient, largely
intuitive approach to process control. The use of automated systems for these
purposes was limited by the low capabilities of domestic computing technology.

The significant progress in computing technology that began in the 1990s
greatly improved the quality of process monitoring and control. This allowed the
development of local automated control systems that included automatic regulators
for electrical regime parameters. With the development of network technologies, it
became possible to create large databases that integrate technological and economic
process parameters along with tools for their timely updating and processing.
However, the methodological basis of such systems has not undergone significant
changes, and most of them still operate according to the "input-output” principle.
Therefore, special attention must be given to the development of methods for
monitoring and analyzing the process state when designing control systems.

The ferroalloy furnace, as a control object, represents a complex dynamic
system. The interconnection of physico-chemical, thermal, and electrophysical
processes occurring in the furnace bath, as well as their different inertia, determine
their stochastic nature. Insufficient information about the process state leads to
untimely or often incorrect application of control actions. The result is a fluctuating
process behavior characterized by the alternation of transitions from one inefficient
state to another. The higher the furnace capacity - and thus the longer the transient
processes - the greater the dispersion of these fluctuations, and the higher the
material and energy losses accompanying the process.

Another negative consequence of insufficient informational support for process
control is the largely subjective nature of decision-making. Responsibility for
applying the necessary control actions generally falls on the furnace operator. Thus,
the quality of process control becomes dependent on the technical training and
experience of the personnel, meaning that the control procedure is not formalized
and is often performed intuitively. Consequently, the probability of errors during
control execution is very high. Formalizing the control procedure means defining
and clearly understanding the sequence of steps needed to achieve the desired state
of the object, offering a single, reliable way to lead the process toward

optimal operation.
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Expanding the information base by introducing additional parameters that
describe the process state allows for a quantitative analysis of the technological
parameters' interrelations and the development of methods for regulating the main
technological regimes.

The objective of this research is to develop scientifically grounded methods for
real-time control of the ferroalloy smelting process in electric arc furnaces, to
improve the regulation of technological regimes, and to optimize the distribution of
energy parameters within the furnace workspace. Achieving these goals is expected
to ensure the intensification of the smelting process, improvement of the techno-
economic performance of production, reduction of energy consumption and material
losses, and create the foundation for implementing modern automated control
systems for ferroalloy smelting processes under conditions of limited informational

support and high complexity of the physico-chemical interactions.

Presentation of the Main Material

Electric arc reduction furnaces intended for the production of ferroalloys are
continuous operation units, as these technologies are characterized by continuous
charging, processing of charge materials, and periodic tapping of slag and metal. The
electrical circuit of the furnace includes the furnace transformer, the secondary
current supply system (short network), self-baking electrodes, and the melting bath.
A distinctive feature of the carbothermic reduction of metals in electric arc furnaces
lies in the direct conversion of supplied electrical energy into heat within the
working material itself, that is, on the active resistances of individual zones of the
furnace workspace: in the charge, the melt, and the arc discharge. In turn, the
resistances of these zones depend on a multitude of factors determined by the
electrical, thermophysical, and physico-chemical processes occurring in the furnace
bath and the properties of the materials involved. Given that these processes are
closely interconnected, the interdependence of the parameters of the main
technological regimes - electrode, electrical, and charge regimes - is highly complex.

At the same time, studying the interrelation of energy and technological
process parameters is critically important for solving the problems of intensifying

the operation of electric arc reduction furnaces, optimizing technological regimes,
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and developing production control systems. It is worth noting that at the early
stages of electric furnace technology development, arc reduction furnaces were
primarily viewed as electrical devices, with less attention paid to the study of
physico-chemical and thermophysical processes. The first works on studying the
relationship between energy parameters and technological aspects were conducted
by one of the founders of domestic electric furnace technology, M.S. Maksimenko
[1]. He was the first to point out that achieving high techno-economic production
indicators requires the optimization of the energy characteristics of the process.
According to M.S. Maksimenko, these characteristics include the volumetric
densities of energy and power released in solid and liquid conductors as well as in
the gas discharge.

Subsequently, this research direction was further developed in the works of A.S.
Mikulinsky, Ya.S. Shchedrovitsky, S.I. Khitrik, S.I. Telnoy, and other scholars. A.S.
Mikulinsky can be considered the founder of the comprehensive approach to
studying processes in the baths of ore-reducing electric furnaces. He outlined the
main directions in the theory and practice of ore electric furnace technology and
proposed the classification of electric furnace processes based on the quantity of slag
produced [2]. According to this classification, slag-free processes are those in which
the slag ratio (the mass of slag relative to the mass of metal) is insignificant,
approximately ~0.03-0.05, because practically all elements present in the ore are
reduced. This group includes the processes of producing silicon and
high-silicon ferroalloys.

Slag-forming processes correspond to selective reduction technologies, where
only a group of target elements present in the ore is reduced, while oxides of other
elements form the slag. These processes include the production of
ferrosilicomanganese (slag ratio 0.45-0.6), ferromanganese (0.8-1.2), and carbon
ferrochrome (0.8-0.9). Some specific features differentiate the processes of the first
and second groups. Thus, for slag-free processes, a powerful, stable arc discharge is
characteristic, shielded by the charge and shunted by its resistance. In slag-forming
processes, a powerful arc only exists during the tapping of the melt from the furnace
and for a short period afterward. The electrical resistance of the charge in slag-

forming processes is significantly higher than in slag-free ones, as less carbonaceous
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reductant is required for selective reduction, and carbon has the highest conductivity
among all charge components.

According to the classification proposed by B.M. Strunsky [3], reduction
processes in electric arc furnaces are distinguished by the methods of energy release
in the working space, highlighting the following main groups:

- In the near-electrode zone and under-electrode gas cavity covered with

charge materials;

- In the slag;

- Through open arcs on the burden surface (typically for

refining processes).

The complex nature of the interrelation between energy and technological
parameters, as well as the mutual influence of individual technological regimes,
defines the multifaceted variety of studies of electric arc furnace processes as objects
of control.

Among the main research directions, the following can be distinguished:

- Investigation of the kinetics and mechanisms of carbothermic metal
reduction reactions;

- Study of the structure of furnace bath workspaces;

- Experimental research and mathematical modeling of electrical and
temperature fields in the furnace bath;

- Study of the physico-chemical, thermophysical, and electrical
properties of workspace materials;

- Examination of the distribution of energy across different zones of the
workspace and the development of methods and algorithms
for process optimization,;

- Development and implementation of automated control systems
for the technology.

The advancement of understanding regarding the structure of the furnace
workspace for carbothermic reduction enables a deeper comprehension of the
kinetics and mechanisms of the processes and the specifics of energy supply to
individual charge transformation zones. This knowledge is also necessary for furnace
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design, creation of mathematical models of the process and individual technological
regimes, and the development of control and optimization algorithms.

The structure of the furnace bath workspace is predominantly determined by
the horizontal distribution of materials: raw charge, intermediate products, the
target alloy, and slag. The first studies [4] examining the structure of the workspace
were conducted by disassembling cooled furnaces used for the smelting of carbon
ferrochrome, ferrosilicomanganese, and ferrosilicon. However, the assumption
underlying these studies-that the structure of the cooled furnace corresponds
exactly to that of an operating furnace-was not fully confirmed in practice.
Nevertheless, data obtained from the disassembly of cooled furnace baths allow for
qualitative conclusions about the relationships between the materials and
products of smelting.

Notably, it was observed that there is no clear layered separation between the
solid charge, magmatic mass, slag, and metal inside the furnace. The boundaries
between these phases have complex configurations and are characterized by mutual
penetration. Significant advances in studying the active zones of operating furnaces
were made by I.T. Zherdev and his collaborators through the use of probing methods
[5]. Their work confirmed the existence of gas cavities, estimated their dimensions,
and determined the transition boundaries where the charge materials change from
one physical state to another, as well as the configurations of electrical and
temperature fields.

Important observations for the theory and practice of electric furnace processes
were also made by Japanese researchers T. Otani and M. Saito. Using a graphite tube
equipped with an optical system and gas sampling apparatus, they probed the gas
cavity of a 2.8 MW silicon smelting furnace. Through this system, they were able to
determine the temperature of specific zones of the electrode and crucible, and to
observe the conditions and transformations of materials on the cavity walls. Their
studies confirmed the existence of the gas cavity and expanded the knowledge
about its structure.

A summary of data on furnace bath structure is presented in works [2, 3]. For
slag-free processes, the structure of the furnace workspace appears as follows: above

the gas cavity surrounding the electrode tip lies a layer of solid charge, typically
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conical in shape at the burden surface, composed of quartzite, carbonaceous
materials, and metallic additives. The lower portion of the burden surface, which
covers the gas cavity from above, forms a dome consisting of a viscous silicon
dioxide melt interspersed with pieces of carbonaceous reductant, on the surfaces of
which silicon carbide forms. The concentration of silicon carbide increases with the
depth of immersion.

The walls of the gas cavity mainly consist of silicon carbide and siliceous slag
with inclusions of the alloy. The target product, silicon alloy, coagulates into large
droplets that drain to the bottom of the cavity and fill the channels in the porous
mass of the "false" furnace bottom, which is primarily composed of silicon carbide
and slag magma. Due to the continuous interaction between silicon monoxide and
silicon carbide, the charge at the cavity walls is constantly renewed while
maintaining the relative shape and size of the cavity.

In furnaces operating slag-forming processes, the structure of the workspace is
described less extensively in the literature. Due to the periodic tapping of the alloy
and slag, the structure of the active zone changes throughout each smelting cycle.
According to most researchers [6], a viscous, slag-saturated layer of metal forms at
the furnace bottom, atop which accumulates a pool of metal melt that periodically
taps out and covers the entire area confined by the furnace lining. Above the metal
melt lies a slag layer of variable thickness. Depending on many factors, the slag layer
may occupy part or all of the bath surface during the smelting cycle. Between the
solid charge and the slag is a layer of magmatic charge. The highest concentration of
target elements is found at the slag-magmatic boundary. This description mainly
applies to furnaces used for smelting carbon ferrochrome and ferromanganese.

Some differences are observed in the structure of furnace baths used for the
production of ferrosilicomanganese and one-stage silicochromium. These furnaces
are characterized by more developed gas cavities and a non-uniform cross-sectional
distribution of the slag melt. Differences also exist in bath structure between
furnaces producing manganese-based and chromium-based alloys.

For example, during ferrosilicomanganese production, a wide coke layer
(the coke burden) lies above the slag. The heating of this coke layer induces the

melting of the ore component of the charge and filtration of the primary melt
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through it. In furnaces smelting carbon ferrochrome, the ore layer is more developed
and consists of semi-molten pieces of ore, slag, and coke. Droplets of carbon
ferrochrome, formed in the solid-phase reduction zone, pass through this layer and
are refined by carbon.

An important element of the furnace workspace is the electrodes. During the
smelting process, they are gradually consumed due to interactions with the oxides of
the charge, the exhaust gases, carbon sublimation from the arc spot, and thermal
destruction. Therefore, the electrodes must be periodically lengthened. In ferroalloy
smelting, self-baking electrodes are commonly used, while in silicon production,
graphitized electrodes are preferred.

The most widely adopted in ferroalloy technology are cylindrical self-baking
electrodes with diameters ranging from 100 to 200 cm, lengths between 15 and 20
meters, and weights of 15-30 tons. The steel casing, reinforced with radially
arranged stiffeners, is filled with electrode mass, primarily composed of
thermoanthracite (50-70%), along with foundry coke, graphitized coke, and
production waste from the electrode industry. The binding material is coal
tar pitch (25-28%).

The depth of electrode immersion into the charge determines the position of
the reaction (active) zone within the furnace workspace. The correct selection of
immersion depth significantly influences the techno-economic indicators of the
process. The contact area between the electrode and the charge - and hence its
diameter - greatly affects both the active resistance of the bath and the distribution
of energy across the workspace zones. Additionally, electrode movement is the most
frequently employed control action during the smelting process. Therefore, studying
the properties of electrode mass, the design features, and operating modes of
electrodes is of particular importance for solving technological control tasks.

The most comprehensive information on this topic is provided in the
monograph by M.I. Gasyk [7]. The purpose of self-baking electrodes is to deliver
electrical energy directly to the zones where material transformations occur.
Moreover, the electrode acts as a regulator of electrical resistance and the position of
the active (reaction) zone within the furnace workspace. Its carbon also plays the

role of a compensator for the shortage of reductant in the charge.
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Research [7] established that the sintering process proceeds in three stages:
heating and melting of the electrode mass, coking, and graphitization of the coked
electrode section. This sintering is primarily ensured by Joule heating within the
electrode, although this heat constitutes no more than 10% of the electrode's total
energy balance.

According to [7], several factors significantly influence the baking process: the
current load, the height of the liquid electrode mass column, the air temperature at
the exit of the "electrode-mantel" space, the parameters of the cooling water, and
the overall progress of the technological process. To implement a rational coking
regime, it is necessary to match the electrode baking speed to its consumption rate,
which requires proper selection of the current load and the electrode slip rate.
Naturally, the optimal solution to this problem can be achieved only through the
application of automated monitoring and control systems [8].

The increase in installed furnace capacities to 63-80 MVA and the
corresponding rise in current strength to 180-200 KA necessitated the use of larger-
diameter electrodes (up to 2200 mm) and rectangular-section electrodes. As a result,
due to the development of their lateral surface, the resistance decreased, leading to a
drop in the power factor - the ratio of the active resistance component to the furnace
impedance. Furthermore, the increase in electrode diameter led to a redistribution of
energy across the furnace workspace zones because the increased ratio of "delta" to
"star" currents caused a higher proportion of energy to be released in the charge.

An important feature of electrodes, as conductors of alternating electric
current, is the non-uniform distribution of current density across their cross-section
due to the "skin effect.” Since the penetration depth of the electromagnetic wave
into the electrode does not depend on its size, the main portion of the electrical
power is released within a zone of equal width for both large and small diameter
electrodes. Consequently, with approximately equal volumetric power densities in
the carbon part of the electrodes, the ratio of heat-releasing to heat-absorbing
volumes of the electrode mass is significantly lower for larger electrodes than for
smaller ones. Therefore, the baked portion of large-diameter electrodes exhibits low
thermal stability. Other issues arising during electrode operation are discussed in [8].
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A particularly important zone of the furnace workspace, in terms of heat
exchange intensity and energy concentration, is the gas cavity containing the
electric arc. The arc - one of the many types of electrical discharges in gases -
represents a column of plasma moving within an electromagnetic field and serves as
a highly efficient converter of electrical energy into thermal energy.

The theory of low-temperature (thermal) plasma and electric arc discharge has
been extensively developed and presents no major contradictions. Key contributions
to this field include the monographs by A. Engel and M. Steenbeck, W. Finkelnburg
and G. Meckel, N.A. Kaptsov, D.M. Somerville, and other researchers. Here, we shall
highlight only the fundamental principles of this theory as they pertain to powerful
(current above 50 A), compressed arcs.

The compressed electric arc, due to its high current density and constriction,
achieves very high temperatures in its core, often exceeding several thousand
degrees Celsius. The surrounding plasma envelope enables efficient transfer of heat
to the surrounding materials - the charge, the slag, and the electrode surfaces. Due
to these characteristics, the arc plays a pivotal role in providing the necessary
thermal energy for driving the reduction reactions and phase transformations within
the furnace bath.

The stability and characteristics of the arc depend heavily on several factors,
including the composition and pressure of the gas atmosphere, the electrical
parameters of the circuit (current and voltage), the configuration and condition of
the electrodes, and the characteristics of the furnace charge. Variations in these
factors can lead to changes in the arc length, temperature distribution, and energy
density, all of which significantly influence the efficiency and stability of the
smelting process.

In the context of ferroalloy production, understanding and controlling the
behavior of the arc is crucial for optimizing energy use, minimizing electrode
consumption, and ensuring the desired quality of the final alloy product. Research
into arc behavior and its interaction with the furnace materials remains an
important area of study, as it directly impacts the overall techno-economic
performance of the electric arc furnace operations.
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The electric arc tends to stabilize itself in such a way that its consumed energy
is minimized (Steenbeck's principle of minimum energy).

The temperature of the arc column is directly proportional to the ionization
potential of the gas.

The cathode current is primarily governed by thermoelectronic emission, with
a lesser role played by autoelectronic emission.

The plasma conductivity 1is proportional to the density and
mobility of electrons.

The degree of ionization (), defined as the ratio of the number of ionized
molecules to the total number of molecules before ionization, considering the
quantum statistical weights of the molecular (gg) and ionic (gp) states formed, is
determined by the Saha equation.

Most of the voltage drop across the arc occurs in the near-electrode regions of
the gas discharge gap, with the anode voltage drop being significantly higher than
the cathode drop.

The static current-voltage characteristics (CVC) of the arc show a
decreasing trend.

In his work, G.A. Sisoyan [9] proposed classifying powerful AC electric furnace
arcs based on their thermal state and heat exchange regime with the surrounding
environment. According to this classification, all arcs are divided into three groups.
As the author notes, the external manifestation of the arc burning behavior can be
observed in the forms of the current and voltage curves.

The first group includes arcs with an intensely cooled arc column. Due to the
intense cooling, the discharge gap rapidly deionizes during the current decay, and
the arc extinguishes before the voltage curve crosses the zero point. The voltage at
which the arc extinguishes - the extinction voltage - can create a potential gradient
necessary to sustain the current. During the period when the arc is extinguished, the
deionization of the medium increases, requiring a higher voltage for re-ignition
compared to the voltage at extinction. Hence, ignition and extinction peaks are
observed on voltage oscillograms, where the ignition peak corresponds to a higher
voltage value, and the arc current curve shows pauses. Arcs of this group are

typically observed in electric steelmaking furnaces.
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The second group consists of arcs with a moderate degree of column cooling,
burning under more favorable thermal conditions. In this case, the ignition and
extinction peaks on the voltage oscillograms are much smaller or may even be
absent. The voltage curves during burning do not exhibit convexity and have a
trapezoidal shape. Pauses in the current oscillogram still exist but are significantly
shorter. This group includes arcs burning in enclosed volumes under less favorable
thermal and technological conditions, such as after furnace downtime.

The third group includes arcs with minimal column cooling, burning steadily
and continuously. The deionization of the arc column occurs so slowly that by the
end of the current half-cycle, a sufficient number of charged particles remain in the
discharge gap to sustain the current. According to the author, if the applied voltage
at that moment is sufficient to overcome the cathode and anode potential drops, the
next current period begins without a pause, and the arc burns continuously, with the
current curve having a sinusoidal shape when powered by a sinusoidal voltage
source. This type includes powerful arcs shunted and shielded by the burden,
burning in ore-smelting furnaces intended for the production of ferroalloys, such as
ferrosilicon of various grades and crystalline silicon.

An effective method for studying the electrical parameters of the arc discharge
is the oscillographic recording of current and voltage curves, as well as the
registration of static and dynamic current-voltage characteristics (CVCs). Static
CVCs of the arc represent the relationship between the root mean square (RMS)
values of the arc voltage drop and the arc current at a given arc length, while
dynamic CVCs describe the relationship between the instantaneous values
of these parameters.

In one of his early works [10], S.I. Telny, analyzing the results of oscillograms of
arc voltage in electric furnaces, concluded that the arc voltage remains constant
throughout the burning period. Based on this conclusion, he derived the equations
for current and voltage curves. In a subsequent work, together with I.T. Zherdev [11],
he published oscillograms of the current and voltage of arcs burning in single- and
three-phase furnaces and confirmed the assumption of the constancy of the arc
voltage and the presence of pauses on the current oscillograms.
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Similar conclusions were reached by foreign researchers studying the
characteristics of powerful (current strength from 10 to 50 kA) electric arcs under
various heat exchange conditions with the surrounding environment. They noted
the presence of ignition and extinction peaks on the arc voltage oscillograms under
conditions of intensive cooling, the reduction of these peaks under moderate cooling
of the arc column, and their disappearance under conditions of high
thermal insulation.

The linear parameters of the circuit also have a significant impact on the arc
characteristics, namely: resistances shunting the arc and resistances connected in
series with it, as well as the circuit inductance. In works [11, 12], an analysis of the
influence of these factors on arc burning modes was conducted. In particular, it was
noted that the series resistance serves both as a limiter of the arc discharge current
and stabilizes the arc burning mode. The series-connected inductance, under certain
conditions, ensures a continuous arc burning mode, eliminating current pauses and
giving the voltage a rectangular waveform.

The distinct difference between the arc current and voltage curves from a
sinusoidal form unambiguously indicates the nonlinear nature of the arc’s electrical
properties. However, some researchers, including G.A. Sisoyan [9] and P.V. Sergeev
[13], based on oscillographic analysis of currents and voltages in industrial furnaces,
argued that with increasing temperature, the arc increasingly exhibits the properties
of an active conductor with a linear CVC.

It is evident, however, that such mistakes arise from neglecting the voltage
drop across the melt resistance. When added to the trapezoidal arc voltage signal, it
yields a curve close to a sinusoid, which leads to incorrect conclusions.

A significant contribution to the development of the theory of the shunted
three-phase electric arc was made by I.T. Zherdev. In his works [14, 15], he provided
solutions to systems of differential equations describing the balance of voltages in
individual phases and branches of the equivalent electrical circuit of a ferroalloy
furnace. His models assumed equal active and reactive resistances in each phase,
constant and equal arc voltages across all three phases.

The outcome included formulas for calculating the time dependencies of arc

and burden currents, phase voltage drops, voltage drops across the charge, and
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neutral point shifts. Among the main results of these studies are the
conclusions that:
- The convex form of the phase voltage drop curve does not contradict the
assumption of constant arc voltage;
- The melt resistance plays an exceptional role in regulating the
electrical regime;
- A continuous current (without pauses) mode of burning a shunted
arc is impossible.

Thus, it becomes evident that the idealized dynamic CVC of an AC arc has the
so-called "relay form." Numerous studies have confirmed that the static CVCs of
powerful arcs exhibit a falling characteristic. Some researchers also noted that for
current densities exceeding critical values - where the volume power density of the
arc discharge becomes sufficient to cause intensive electrode material erosion - an
ascending section appears on the static CVC.

The final confirmation regarding the forms of current and voltage curves of
powerful shielded and shunted arcs and their dynamic CVC was provided in work
[16] by Ya.B. Dantsis. For this study, an original probing method was applied: a probe
was introduced at a constant speed through an axial hole in the electrode. As the
probe moved, the voltage between the electrode tip and individual points within the
gas discharge gap was oscillographically recorded. The results of these
investigations, conducted on a 1 MVA single-phase industrial furnace, fully
confirmed the assumptions of S.I. Telny and I.T. Zherdev.

Being a conductive medium and thus an element of the equivalent electrical
circuit of the furnace workspace, the melt zone significantly influences the energy
characteristics of the process. In particular, it affects the power distribution across
the bath zones, the configuration of the temperature and electrical fields, and,
consequently, the main techno-economic performance indicators of the process.

The structure of this zone differs substantially between slag and slagless
processes. In slagless processes, the so-called "false bottom," which consists of an
oxide-carbide layer, forms due to local, and sometimes systematic, deviations of the
charge composition from stoichiometry. It has a porous structure and is impregnated

with a liquid metal melt. Since the constituent materials of the false bottom have a

ISSN-print 1991-7848 59
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 28 - 2025

higher specific electrical resistance compared to ferroalloys and silicon, during metal
tapping, as the pores of the charge materials are emptied, the resistance of the melt
zone increases.

The slag ratio in the technologies for producing crystalline silicon and silicon-
rich ferroalloys is very low (approximately 0.03-0.05). However, the specific
resistance of slag exceeds that of the metallic melt by a factor of 102-103. Therefore,
the assertions made by some authors about the negligible influence of slag
resistance on practical calculations of electrical parameters are incorrect.

In work [17], a generalization of data regarding the viscosity and melting
temperatures of slags formed during ferroalloy smelting was conducted. It was noted
that during ferrosilicon production, an increase in silicon content results in a higher
proportion of silica in the slag and a slight increase in its melting temperature. In
slag processes, the slag occupies the predominant volume of the melt zone.
Possessing the highest resistance compared to other zones of the workspace and
being the major consumer of thermal and electrical energy, it largely determines the
character of the temperature and electrical regimes of the smelting process.

The electrical circuit of reduction furnaces can be represented as an equivalent
circuit model with lumped parameters. This simplification is particularly important
for solving tasks related to the real-time control and management of the electrical
regime. Equivalent circuits for the useful load - essentially the furnace workspace -
differ between slag and slagless processes and are determined based on the current
flow patterns obtained from research data.

For slagless processes, the substitution circuit of one phase of the load consists
of the arc resistance (a nonlinear element) and the melt resistance (Rp) connected in
series, shunted by the charge resistance (Rch). This circuit is further connected in
series with an inductive reactance, determined by the sum of the inductances of the
open electrode segment and the furnace bath, along with the mutual inductances
between the electrodes of different phases.

In slag processes, the arc is shunted by the charge resistance, and the melt
resistance is connected in series with them.

The difficulty in assessing the energy distribution among the zones of the

workspace primarily stems from the lack of sufficient information about the

60 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui npo6aemu meranyprii”, N2 28 — 2025

electrical parameters of the substitution scheme. Indeed, the only directly
measurable electrical characteristics are the currents in the electrodes and the phase
voltage drops, which are insufficient to calculate the resistances and the power
dissipated in individual zones.

Therefore, certain studies focusing on the distribution of potential and current
density within the ferroalloy furnace baths, conducted via probing methods, are of
significant interest. For example, in work [18], it was shown that in a 10 MVA
furnace smelting silicochromium, the current density in the charge increased with
depth (from 5 to 50 cm) from 0.2 to 0.8 A/cm?, the specific resistance decreased to
0.48 Q-cm, and the volumetric power density increased to 0.5-0.6 W/cm?.

I.T. Zherdev and his colleagues [19] demonstrated that in furnaces smelting
silicon-rich alloys, the current density in the charge varied between 0.45 and
0.76 A/cm? at depths ranging from 20 to 40 cm.

To determine the charge resistance and the combined resistance of the arc and
melt, V.P. Vorobyov [20] proposed a method based on the simultaneous
measurement of electrode currents and useful phase voltage drops as the electrodes
are lifted by certain distances from their normal immersion level. From the
measured currents and voltages, the average phase bath resistance was calculated.
On the characteristic curve of resistance change during the electrode lift above
70-80 cm from the nominal immersion, constant resistance sections were noted,
which were then considered as the average resistance of the charge zone.

Another method for assessing the power distribution was proposed by
B.M. Strunsky [21], based on replacing the high primary voltage of the furnace
transformer with a reduced voltage (220-560 V). As a result, due to the drastic
decrease of the voltage on the electrodes (down to 2-3 V), arc burning ceases,
allowing, without changing the electrode position, the measurement of the small
charge conductivity currents and subsequent calculation of the power and resistance
values for the individual zones.

The value of such studies lies in the indisputable evidence of the existence of
charge conductivity currents and the ability to estimate the share of charge power in
the total phase power. However, probing methods are extremely labor-intensive and

require complex experimental equipment, and the methods involving electrode
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lifting and primary voltage reduction significantly impact the main characteristics
and the course of the process. Therefore, these methods cannot be fully applied for
real-time monitoring of the energy parameters of the furnace workspace zones.

In this context, direct measurement methods of electrical parameters are of
great practical interest. The essence of most of these methods lies in complementing
the system of equations describing the electrical regime of the process with the
characteristic features of any element of the substitution scheme. In particular, the
arc discharge, which has pronounced nonlinear electrical properties, is used.

An example is the method proposed by N.A. Markov [22], based on the
following principle: depending on the change in the charge resistance, the neutral
point shift occurs - the voltage between the artificial neutral of the furnace
transformer’s low side and the bath neutral. It is known [22] that in the presence of a
nonlinear element in the circuit, under a symmetrical supply voltage system and
symmetrical loading, this voltage results from the third and higher odd harmonics of
the phase voltages of the furnace.

Based on the calculated dependencies of UOO on the charge current at different
values of charge and melt resistance, the values of rch and rm are determined. The
main disadvantage of this method is that it applies only under conditions of
complete symmetry of the electrical regime, which is practically unattainable in
industrial furnaces.

Another method based on the determination of the third harmonic in the
"electrode-bottom" voltage signal was proposed by S.A. Morgulev [23]. Neglecting
the charge conductivity currents and assuming a rectangular shape for the arc
voltage, the arc voltage drop is calculated as three times the third harmonic voltage.
However, many researchers have both theoretically and experimentally shown that
charge conductivity currents do exist, and in slagless processes, they can be three or
more times higher than the currents flowing through the "arc-melt" circuit. Thus,
this method is not suitable for the calculation and monitoring of energy distribution
among individual furnace zones.

V.M. Frigin [24] proposed a method to determine the charge and arc currents in
electric arc reduction furnaces operating under slagless technologies. A sinusoidal

voltage Us from an external source is applied counter to the furnace voltage
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(presumably the phase voltage drop). Given that the shunted arc burns
intermittently, and by adjusting the amplitude and phase of the external signal, a
differential signal Up is obtained on the oscilloscope screen.

The tuning criterion for this signal is the appearance of straight-line sections
corresponding to arc current pauses on the time axis of the oscillogram. Correctly
assuming that without arc current, the entire current flows through the charge, and
accepting that the charge current is proportional to the furnace voltage, it follows
that by measuring Up and Us and knowing the effective furnace current, one can
determine the arc current and then calculate the charge current according to
Kirchhoff’s first law.

A variation of the method involves determining the total charge resistance Zch
based on the tangent of the slope of the dynamic CVC built on the oscilloscope
screen, accounting for scaling coefficients. The main advantage of this method
compared to the previously discussed ones is that it allows real-time monitoring and
tracking of changes in current distribution and power among the "charge", "arc," and
"melt" zones, as well as the charge resistance value, without the use of complex
equipment and without interfering with the technological process.

As a result of the review of power distribution assessment methods across
furnace bath zones, various data obtained by different researchers are summarized.
However, data on energy distribution in slag processes are almost absent, and for
slagless processes, the results vary significantly.

For example, B.M. Strunsky, using the method of replacing the high voltage
with a reduced voltage when studying the modes of a carbide furnace, obtained the
following power distribution across zones: 27-30% in the charge, 40-50% in the
arcs, and 32% in the melt. Applying the same method for studying the power
distribution in a furnace smelting 75% ferrosilicon, Weinstein and Yermolovich
found: 56-64% in the charge, 29-32% in the arcs, and 7-8% in the melt.

According to V.M. Frigin, in most cases, the share of arc power in the total
phase power is 18-23%, although in some cases it may reach 50-60%.

Achieving high techno-economic indicators in ferroalloy technologies critically
depends on rational and efficient process control. However, the differing inertia of
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processes in the furnace bath necessitates the separation of subsystem controls for
individual technological modes within the general control system.

The tasks of process control are closely linked to the tasks of optimizing the
energy and technological parameters. Two optimization paths can be distinguished,
differing in their goals:

Selecting rational geometrical and electrical parameters (bath diameter,
electrode diameter and spacing, total transformer capacity, and secondary voltage)
when designing new furnaces or reconstructing existing ones.

Optimizing the parameters of individual technological modes.

The first path was proposed by A.S. Mikulinsky [25] and is based on the theory
of similarity. A working furnace with lower capacity but optimal techno-economic
performance among similar ones is chosen as a model. Based on the condition of
ensuring a given electrical energy distribution under optimal electrode immersion, a
similarity criterion for the electric field was derived using Ohm’s law in
differential form.

[.T. Zherdev shared similar views, although he noted that the relative
geometric parameters depend on the furnace power. In practice, it has been shown
that similarity constants are not universal and require adjustment when calculating
parameters for furnaces producing different alloys.

V.A. Ershov and V.L. Rozenberg determined that this dependence is statistical,
and the similarity parameter (p) can vary between 0.25 and 0.33, with the coefficient
C depending on the conditions of the chemical processes: reagent activity, product
composition, average temperature, and granularity of the charge. Thus, as the
authors note, the concept of a “reference furnace” loses its meaning.

The second approach in solving optimization tasks is associated with
determining the optimal parameters of separate technological modes that affect
each other, and identifying the nature of their interdependence. Measurements of
parameters are based on the method of comprehensive furnace research.

In the monograph [26], V.I. Zhuchkov and V.L. Rozenberg highlighted the main
tasks solved by this method:

- Identifying limiting structural elements in terms of reliability;

- Determining optimal operating modes to achieve maximum productivity;
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- Obtaining initial data for automated process control,

- Defining technical requirements for the type and quality of charge
materials;

- Obtaining data for the design of new, modern, and more powerful
aggregates.

However, a significant disadvantage of this method is that its application
involves the use of special equipment (probes, a large number of measuring devices)
and the high labor intensity of experiments, which excludes its use for real-time
monitoring of the process state.

Clearly, solving optimization, control, and monitoring tasks must be
increasingly oriented toward the development and application of indirect methods
for process state evaluation [27-29].

Long-observed trends, such as the decrease in charge material quality (ores and
reducing agents) and the sharp reduction in bath active resistance due to increased
furnace unit power, have determined the main optimization directions, including:

- Replacing part of the expensive carbon reducer with a cheaper one;

- Selecting the optimal chemical and granulometric composition of the
carbonaceous part of the charge to ensure maximum bath resistance;

- Determining the optimal electrode immersion depth and movement
patterns during smelting cycles;

- Studying the influence of the carbon excess coefficient in the charge
on process indicators;

- Selecting optimal electrical mode parameters.

Conclusions

The effective control and optimization of the techno-economic performance of
ferroalloy smelting processes in electric arc furnaces are impossible without the
application of modern automated monitoring and production control systems.
Despite the significant advancements in computing technologies that began in the
early 1990s, the current level of automation in ferroalloy production remains
insufficiently developed. Most furnaces are still equipped only with automatic

regulators for electrode movement, and only in isolated cases have systems been
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introduced for managing charge weighing and dosing regimes, typically designed by
in-house specialists.

The creation of multi-level automated control systems for ferroalloy smelting
technologies therefore remains a highly relevant and urgent task. Transitioning from
traditional "input-output" control models to more advanced "input-state-output”
models is essential to significantly improve process efficiency. Such a transition
would allow real-time monitoring and comprehensive analysis of the state of the
furnace workspace, enabling operators to make timely and more
accurate corrective actions.

The studies presented emphasize that achieving high techno-economic
performance requires a deeper understanding of the complex and interconnected
physico-chemical, thermal, and electrical processes occurring within the furnace
bath. Special attention must be given to the optimization of energy distribution
among the furnace zones (charge, arc, melt), as the efficiency of these processes has
a direct impact on energy consumption, material yield, and product quality.

The implementation of indirect methods for evaluating the state of the furnace,
based on the analysis of electrical parameters without interfering with the
technological process, represents a promising direction for enhancing control
quality. Furthermore, research demonstrates that developing mathematical models
of furnace behavior, identifying optimal technological parameters, and formalizing
control procedures can significantly reduce the dispersion of process fluctuations,
minimize material and energy losses, and improve the stability of
furnace operations.

Future development efforts must focus on:

- Increasing the depth and accuracy of real-time process diagnostics;

- Creating adaptive and predictive control systems based on
data-driven modeling;

- Integrating intelligent decision support systems to assist operators;

- Expanding the scope of automated monitoring to include not only
electrical, but also chemical and thermal parameters.
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The solutions outlined in this work create a foundation for the future transition
to smart ferroalloy production technologies that meet modern requirements for

energy efficiency, environmental safety, and high product quality.
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Awnarosiit Hikonenko, Bagum HexxypiH, Biktop KyBaeB, Onekcanap BepboBKiH,

bamko Bonogumup, Bnagucinas Komnncos, Onekcanap KossimeHKO

MNIABUITEHHSA E@EKTUBHOCTI ITPOLLECY BUIIVIABKH ®EPOCIIJIABIB B
EJIEKTPOAYIOBHUX IIEYAX IIJIIXOM BAJOCKOHAJIEHHS KOHTPOJIIO
TA KEPYBAHHS TEXHOJIOTTYHUMU PEXKUMAMUA

AHoTanis. Y cmammi po3ensiHymo npo6semu nidsuwjeHHs e(pekmueHoCcmi euniasku
(epocnnasie 6 enekmpooyz08ux neuax WLIsIXoM YOOCKOHANEHHsT KOHMpOJw ma
YNPABNiHHA MeXHON02iUHUMU pexcumamu. Ceimosi meHOeHUil, W0 cnocmepizarmscs
OCMAHHIMU poKamu, maki sIK 30L1buweHHsT 8UpPOOHUYMBA BUCOKOSKICHUX J1e208AHUX

cmarneii ma Hanienpos8iOHUK0B0I NPOOYKUii, BUSHAUUIU CMPIMKe 3POCMAHHS NONUMY Ha
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(epocnnasu ma KpucmaniuHuii KpemHiil. YV 38'3Ky 3 yum 0cob6au8oi akmyanbHoOCmi
Habysarwms numavHsa iHMeHcugikayii mexHos02iuHUX npoyecie ma onmumizauii
eHepeemuuHux sumpam y pepocniasHux eiekmponeuax.

IIpouyec sunnasku ¢epocniagie 6azyemscs Ha KapbomepmiuHOMy chocobi 8i0HO8IEHHS
memanig i3 ix okcudis, Wo NpPomMikAe npu BUCOKUX Mmemnepamypax i3 noziauHaHHIM
3HauHoi Kinbkocmi menna. Ilonpu me, WO MexaHi3M ma KiHeMuKa OCHOBHUX
8i0H08/1108A/IBHUX peaKyili dobpe 8usueHi, Yy NPOMUCTIOBUX YMOBAX MEXHIKO-eKOHOMIUHI
NOKA3HUKU Npoyecy iCmomHo nocmynarnmscsi aadopamopHum. CmyniHb 6UNYYEHHs
uinbosux enemeHmis 3HuxXyemocs 00 75-80%, a eumpama enekmpoeHepzii nepesuulye

meopemuuHo HeoOxioHy y 1,5-2 pasu.

TpaduuitiHi nidxodu 00 B00CKOHAJEHHS Npoyecy B8UNIA8KU (Pepocniasie WasIXom
NoKpauleHHs KoHCmpyKyii neueti i nid6opy i3uxko-XiMiuHux 81acmusocmeti WUXMOBUX
mamepianig euuepnanu cgiti homeHuial. B ymosax nocmiiiHozo 3pocmaHHA UiH Ha
eHepzopecypcu ma NozipuwleHHs1 SIKOCMI CUPOBUHU HA2ATIbHOK NpoOneMo Cmae
8NPOBAOHCEHHS! NPUHYUNOBO HOBUX Ni0x00i8 00 KepYBAHHSI MEXHON02IUHUM NPOYECcoM,

OpiEHmOGGHMX Ha demanvHuli KOHmMpOJib ma aHANi3 NOMOYHO20 cmady neui.

Asmopu 00rpyHmMosyloms HeoOXioHicmb nepexody 8i0 cucmemu KepysaHHs 3da
NPUHYUNOM «8Xxi0-8uxid» 00 OiLMbW NPOZPecu8Ho20 NPUHYUNY «BXi0-CMAH-8UXIO», WO
00380J151€ 8 pexuMi peanbHO20 Uacy aHanizygeamu napamempu poo6o402o npocmopy neui
ma onepamueHo enaueamu Ha xid mexHoJI02iuH020 npoyecy. 30kpema, 3HauHa yeaza
NpuoingeEmMuvcs po3eumky Memodié aHanizy eneKmpuuHux, menaosux ma Qi3uko-
XIMIUHUX Xapakmepucmuk akmueHoi 30Hu neui, ujo 8U3Ha4awmo Xio 0CHOBHUX NPOYecie

nepemeopeHHs wuxmu.

Y pobomi po3znsaHymo KOHCmMpyKmueHi ocobugocmi enekmpodyz08ux neuetl, onucaHo
0ydosy po60ou020 npocmopy 018 pi3HUX munie npoyecie - 6e3ULIAK08UX MAa WLIAKOBUX.
IMoxasaHo, wio popma po3nodiny eHepeii mixc 30Hamu wuxmu, dy2u ma po3niagy Mae
cymmesuii 6n1uU8 Ha MmMexHiKO-eKOHOMIUHI NOKA3HUKU eupobHuymea. BueueHo
ocobueocmi z20piHHA Ody2u, npoyecu meniooOMiHy ma ioHi3ayii 8 2d308UX

NopoXHUHAx neuetl.

Cmamms euceime 0CHOBHI Memodu 00CNiOHEeHHS npoyecie y neuax: 30HOYBAHHS,
aManiz ocyunozpam Cmpymy ma Hanpyu, 6U3HA4YeHHs. 0nopie wuxmu ma po3njiasy, a
Makox HoeimHi memodu OUIHKU p03N00ily NOMYHCHOCMI NO 30HAX Nneui HA OCHOBI

8UMIpI0BaHb enekmpuuHux napamempie. Ocobnusoi yedaeu HaoaHo hpobaemamuyi
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nidsuujeHHs: mouHocmi OYiHKU napamempis eHepzemuuHuUX npouecie 6e3 empyuaHHs 8

mexHoJ102iuHUli npoyec.

Asmopu 006rpyHMOo8yMb 8AMHIUBICMb ONMUMI3AUIT pexcumie eleKmponocmauaHHs ma
KOHCMpYKMugHUX napamempis neueti 0151 3a6e3neueHHs: cmabiibHocmi po6omu 8aHHU,
3HUMCEHHS ducnepcii KoaueaHs ma MmiHimizayii empam. Hasedeno memoodu eubopy
ONMUMAnbHUX napamempie 3aHypeHHs enekmpodie, YNpPasaiHHA  WUXMOBUMU
pexcumamu, niobopy WUXmosux Mmamepiania i3 YPAaxy8aHHAM ix

ezieKmpogizuutux gaacmusocmeti.

Cmamms pobumb 6azomuti 6HeCOK Yy CMBOPEHHS1 HAYKOB0I OCHOB8U O/ Nid8uuleHHS
epexkmueHocmi guniasku epocnnasis, wjo mae 0cobauee 3HaUeHHs. 8 YM0OB8AX CYyUdACHOI
eHepzemuuHoi  Kpu3u ma  3pocmaHHs — 8umoz 00  AKocmi  npooyKuii

MemanypzitiHol NpoMUCT080CMI.

KmiouoBi cioBa: sunnaska @epocnnasis; enekmpodyzoea niu; KapbomepmiuHe
8I0HOBJIEHHS; ABMOMAMU308AHE KePY8AHHS; MeEXHIKO-eKOHOMIUHI NOKA3HUKU; pO3n00in
eHepeii; dyz208uli po3psad; onmumizayis npouecy; wWuUxmosi mamepianu; eHepzemuuHi

sumpamu,; KOHmMpOJib CMAaHy neui.
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ADAPTATION OF A PREDICATE MODEL IN CONTROL PROBLEMS OF
NONSTATIONARY STATIC OBJECTS

Abstract. When controlling static objects at the optimization level, pattern recognition
methods are used that allow partitioning the factor space into elementary subdomains in
the form of n-dimensional hyperparallelepipeds. One of the main elements of the control
structure for this approach to control is the adaptation algorithm, that makes it possible
to refine the description of a static object under nonstationarity conditions. Repeated use
of the adaptation algorithm to refine the model leads to an unjustified complication of its
logical structure and the accumulation of information that has lost its relevance. The
paper proposes a method for minimizing the description of images of technological
situations, that makes it possible to overcome the indicated disadvantages. The method
is based on the property of invariance of the number of parameters defining the
hyperparallelepiped to the size of the described area in the factor space. This made it
possible to identify significant boundary sub-areas in the description of the image of
technological situations and, by their subsequent combination in the direction of the
feature axes, to select a description with a minimum number of sub-areas. When
performing these operations, “outdated” information is removed and the logical
structure of a static control object is simplified as much as possible. The paper shows the
possibility of implementing an algorithm for minimizing the description of images on the
basis of a-algebra, that makes it possible to integrate its control structures using
relational data models. The effectiveness of the proposed algorithm is confirmed by
computational experiments in the control of the process of lump crushing for the

conditions of a mining and processing plant.

Keywords: controlling static objects, a-algebra, method for minimizing the description

of images, information, adaptation algorithm
Introduction

Adaptive control systems capable of functioning effectively in unstable

environments remain an important area of modern scientific research. In particular,
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predicate models — logical knowledge representation models based on predicates
(mathematical logic formulas) — and their adaptation for solving control tasks of
technical objects are being actively studied [1]. Predicate models make it possible to
describe the states and interrelations of an object in the form of logical statements
(predicates), which ensures flexible decision-making based on knowledge. However,
for their effective application in real-time systems, such models require mechanisms
for adaptation to changing operating conditions of the controlled object.

Ukrainian researchers have made a significant contribution to the development
of this area. Thus, the authors in [2] proposed a predicate model for selecting
protection devices for asynchronous motors operating under unstable power supply
conditions. It has been shown that the energy-economic model of the motor can be
represented as a disjunction of predicates, and pattern recognition algorithms can be
applied to this model for decision-making regarding motor protection. An important
advantage of this approach is the openness of the model and the possibility of
accumulating knowledge about the equipment [3]. Based on the classical algorithm
of statistical optimization of nonlinear objects represented by a set of predicates, the
authors in [2, 3] achieved an effective search for solutions according to the principle
of local gain. Further research by these authors was aimed at accelerating the
development of predicate models and ensuring their structural adaptation. In
particular, methods for reducing the description of features made it possible to build
a model faster at the training stage and subsequently perform the necessary
structural transformations during adaptation while maintaining the accuracy of
describing the interrelations [4, 5]. This made it possible to take into account the
technical and economic performance indicators of the equipment under various
conditions (with or without protection devices) and to ensure the optimal choice of a
solution [2-5].

In addition to recent works, it is worth noting earlier studies that laid the
foundation for the development of adaptive predicate models. The author in [6]
proposed a method of adapting the description of patterns in the algorithm of
recognizing production situations as early as 1984. The author in [7] in 1982
developed a method for describing technological situations for process control using

state predicates, optimizing the description by reducing redundant information.
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These studies [6,7] demonstrated the possibility of encoding the states of
technological objects in the form of numerical predicates and their use in control
systems. These fundamental studies, although conducted several decades ago,
remain relevant as examples of knowledge formalization about the control object
and their gradual refinement (adaptation) during operation.

In parallel with Ukrainian research, approaches to adaptive control based on
logical models are also actively developing in the global scientific community. For
example, the authors in [8] compared the capabilities of classical predicate logic,
fuzzy logic, and non-monotonic logic as methods of knowledge representation for
control systems. They demonstrated that each approach has its strengths: predicate
logic ensures strictness and unambiguity of conclusions; fuzzy logic provides
flexibility in conditions of uncertainty; and non-monotonic logic enables the
revision of previously made conclusions when new information becomes available.
Modern studies often combine these approaches to achieve greater adaptability of
control systems.

Scientific literature emphasizes that effective control of non-stationary objects
requires the use of models capable of being updated in real-time and of taking into
account changes in system parameters during operation. Such models reflect both
the current state of the object and the rules of response to changes (for example,
exceeding parameter thresholds).

Once a sufficient amount of reliable and accurate information about the main
disturbing factors and external influences affecting the technological object is
collected, it becomes possible to significantly improve the quality of control over
such systems. In particular, the availability of detailed data on the characteristics
and behavior of the controlled object under varying operating conditions allows for
the development and implementation of highly effective control strategies. These
strategies are aimed at ensuring stable operation of the object, minimizing negative
effects from disturbances, and maintaining optimal performance indicators.

In order to achieve such a high level of control, it is necessary to determine
optimal control actions that are adequate to the current operational state of the
object and the nature of the influencing disturbances. The formation of these
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optimal control actions can be carried out in different ways, depending on the
peculiarities of the technological process and the available computational resources.

One of the possible approaches is to establish the dependence of the control
actions on the changing disturbances directly in the course of the control process. In
this case, optimal solutions are determined in real time using optimization
algorithms based on the current values of disturbances and object parameters.
However, this approach often requires considerable computational resources and
time, especially when the system is complex or when the object is influenced by a
large number of rapidly changing factors. Moreover, the resulting dependence of
optimal control actions on disturbances usually cannot be expressed explicitly in a
simple analytical form due to the complexity of the object’s behavior.

Alternatively, the dependence of control actions on disturbing factors can be
formed in advance, during the design or configuration phase of the control system,
based on a mathematical model of the object obtained from previous studies or
experimental data. In this case, the optimization calculations are carried out
beforehand for different scenarios of possible disturbances, and the results are
stored in the form of precomputed functions, lookup tables, or control charts. These
stored solutions are then used during the operation of the system for quick selection
of control actions without the need for repeated optimization computations.

Both of these approaches are conceptually similar, as they are based on the idea
of optimizing control actions in accordance with the characteristics of the object and
the nature of the disturbances. However, they differ primarily in the frequency and
timing of optimization calculations. In the first approach, the calculations are
performed continuously or at the rate at which the disturbances change, ensuring an
adaptive response of the control system to real-time changes. In the second
approach, all necessary computations are performed offline, prior to the control
process, and the system uses the prepared data during its operation.

Regardless of the chosen approach, in both cases the task of determining
optimal control actions is solved using well-known mathematical programming
methods. These include various techniques of linear, nonlinear, and dynamic
optimization, which are widely used in control theory for static or quasi-static

objects [9, 10]. These methods allow for formalizing the control problem, taking into
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account existing constraints and optimization criteria, and finding the most
effective control actions that ensure stable and efficient functioning of technological
objects under variable external conditions.

Static optimization methods are widely recognized as an effective tool for
solving a broad spectrum of practical problems in the field of control of
technological processes and technical systems. These methods make it possible to
determine optimal operating modes, resource allocation, or control strategies under
given conditions and system constraints. The choice of a particular optimization
method, as indicated in [11], is largely determined by the availability of a well-
defined mathematical description of the process or object to be controlled.

Indeed, the presence of a reliable and sufficiently accurate mathematical model
of the object is a key prerequisite for the successful application of most static
optimization techniques. Such a model serves as the basis for formulating the
optimization problem, setting the objective function, and defining the
system constraints.

However, in many real-world cases, obtaining a mathematical model of a
complex technological object is associated with significant challenges. This is
especially true for industrial processes characterized by high variability,
nonlinearity, or the influence of many uncontrolled factors. A typical example of this
is the process of lump crushing at ore-dressing and processing plants, where the
dynamics of the process are determined by a large number of random and difficult-
to-measure parameters.

The development of a mathematical model for such objects using traditional
approaches — such as experimental research, statistical data analysis, or physical
modeling — requires considerable financial investment, as well as substantial time
and human resources. These costs may become even more substantial when
considering the fact that in real operating conditions, the parameters and
characteristics of the process often change over time due to wear of equipment,
changes in raw material properties, or varying external influences.

Consequently, it is necessary not only to develop the initial mathematical
model but also to regularly update or refine the model coefficients to maintain its

relevance and accuracy. This model adjustment is essential to ensure the correctness
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of the optimization results and the effectiveness of control decisions. However,
periodic model identification or recalibration requires additional measurements,
data collection, and computational resources, which further increases the overall
economic and labor costs associated with the modeling and optimization process.

Therefore, when selecting optimization methods for practical application, it is
very important to take into account not only the accuracy requirements for the
mathematical description of the process but also the cost-effectiveness of obtaining
and maintaining such a model. In some cases, it may be reasonable to use simplified
models, heuristic methods, or knowledge-based approaches that require less detailed
information about the object but still provide acceptable quality of optimization and
control solutions.

One of the possible and widely recognized approaches to overcoming the
aforementioned difficulties associated with obtaining mathematical models of
complex technological processes is the use of adaptive identification methods. These
methods are designed to automatically adjust the parameters of the model during
the operation of the control system based on real-time measurement data. This
approach makes it possible to significantly reduce the cost and time associated with
traditional offline modeling procedures, especially in cases where the system
operates under conditions of uncertainty or frequent changes in its parameters.

Among the existing adaptive identification methods, the most commonly used
is the least squares method, which has proven to be highly effective in many
engineering applications. This method provides parameter estimation by minimizing
the sum of squared deviations between the measured output data of the system and
the corresponding values calculated from the model. Its widespread popularity is
explained by its relatively simple mathematical implementation, stability of results,
and the possibility of its application in both static and dynamic systems.

In addition to the least squares method, various modifications of the stochastic
approximation method are also used quite successfully for solving identification
tasks, especially in situations where the measurement data are subject to significant
noise or when the system parameters vary in a random manner [12]. These methods
allow for a gradual refinement of parameter estimates through iterative procedures
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based on incoming measurement data, which ensures the adaptability of the model
to changing external and internal conditions of the technological object.

However, despite the obvious advantages and the wide range of proposed
methods for adaptive identification, it should be noted that the practical application
of this approach is not without significant limitations and challenges. One of the
main problems is that, although the theory of identification provides a large variety
of mathematical tools, algorithms, and procedures for parameter estimation, it does
not offer clear recommendations regarding the rational choice of the model
structure itself or the optimal identification criteria.

In other words, the main focus of identification theory is on the mathematical
aspects of parameter estimation within an already defined model structure, while
the issue of selecting the appropriate structure of the model — that is, the set of
variables, their interrelationships, and the form of the model equations — often
remains outside the scope of this theory. Additionally, there is a lack of universally
accepted criteria for evaluating the quality of identification results and for choosing
the most suitable identification algorithms for a specific object or control task.

As a result, as noted by experts in this field [13], the process of selecting
appropriate adjustable models and corresponding algorithms for their identification
is often based not only on strict scientific principles but also on the experience,
intuition, and creative approach of the developer or system designer. Therefore, it is
quite fair to state that “the choice of tunable models and algorithms is more an art
than a science” [13], reflecting the fact that successful implementation of adaptive
identification methods in practice requires not only theoretical knowledge but also a
deep understanding of the specific features of the controlled object, the nature of
the disturbances, and the requirements of the control system.

In addition, the model of an object in analytical form has a significant
drawback: the invariability of its structure. The constancy of the structure of the
mathematical model leads to a loss of accuracy in describing a real process. Pattern
recognition methods have much greater flexibility in terms of improving the model,
that is, clarifying its structure.

Recognition methods are widely used in process control. They are mainly used

for predicting its course, that is, predicting the parameters characterizing the
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process, or assigning the expected mode to one of the predetermined classes -
typical modes. It is obvious that optimization methods and recognition methods
complement each other, and only their combined application can improve the
efficiency of technological processes control.

In [14, 15], this approach is applied to the choice of technical means of
protection of an induction motor in electrical networks with low-quality electricity.
At the same time, a predicate adaptive model of the following type was chosen as a
mathematical model reflecting the regularities of the influence of the indicators of
the electrical network and the cost indicators of protective equipment on the

economic efficiency of operating an induction motor:

2 [xu)-3)[¥z, [y’gﬂ/{izpl [mﬂ ®

where Y,U — are the vectors of power quality indicators and cost indicators of

protective equipment, respectively; $and S, - the number of results obtained for
the recognition of contradictions of the first and second kind, respectively; (- the

number of images of economic situations; /Ip - the number of predicates describing [

- the pattern at the end of the pattern recognition learning procedure; ; A,V — logical
operations of disjunction and conjunction, respectively.

Model (1) can also be applied to optimize static technological processes, if

vectors of perturbing and control quantities are considered as vectors X and U.
However, continuous refinement of this model will inevitably lead to an increase in
conjunction and disjunction operations in its right-hand side and, as a consequence,
a complication of the structure and the need to adjust the algorithm for choosing the
optimal control actions. This circumstance limits the application of the considered
approach to the control of technological processes with constant parameters.

Purpose of paper. This paper is aimed at substantiating the possibility and
determining the stages of identical transformations of the predicate model in order
to prevent the complication of its structure.
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The main material

The optimal control of static and case-static modes of robots of technological
objects is based on the pattern recognition method, which allows partitioning the
factor space into elementary subdomains. The essence of the algorithm for
recognizing static optimization of nonlinear objects is as follows.

In the process of learning recognition by elements of the sample population
(7{,. o Z), it is necessary, by setting different values of the control criterion y in
the interval y,_ .. + ¥, to split the factor space {Xi,...xn} into two images: M, if
y;<yand My, if y; >y (] =1,v), where v - sample size. If, in this case, the value
of the control criterion is changed with the interval Ay, then

m=entier (Y, . — Ymin) / AY) +1 of the separating images of hypersurfaces will be

obtained, which, in accordance with the method of analytical description of objects
by methods that allow partitioning the factor space into elementary regions, can be
specified in the form of predicate equations Z,. If a controlled value can be selected
as a quality, then Ay is the accuracy of its control.

A significant advantage of constructing a mathematical model of a complex
and heterogeneous technological process within a unified mathematical framework
is that such a model inherently incorporates the basic constraints and limitations
imposed by the physical nature and operating conditions of the process itself. These
built-in constraints reflect the fundamental technological requirements, safety
regulations, operational limits, and resource restrictions that must be respected
during the control of the object.

When the technological process is adequately described within a single
modeling approach — for example, using unified mathematical equations or a
generalized set of dynamic relationships — it becomes possible to significantly
simplify the development of the control system. This is because the restrictions that
normally require separate consideration in optimization problems are already
implicitly present in the mathematical representation of the process.

As a result, there is no need to formulate an additional system of external

constraints or perform complex analytical transformations to account for them
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during optimization. The constraints are naturally integrated into the model
structure through the interconnections between variables, technological balances,
and functional relationships governing the process behavior.

This modeling feature provides a unique opportunity to design control
algorithms that do not require the application of conventional, often resource-
intensive, optimization methods. Instead of resorting to classical optimization
procedures — such as linear programming, nonlinear programming, or multi-criteria
optimization — the control problem can be solved using relatively simple
computational procedures based on the existing model.

In such cases, the optimal control actions are generated directly within the
control algorithm as a result of the model's structure and its inherent properties. The
system automatically respects all process limitations without the need for additional
computational steps for constraint handling.

Thus, the use of a unified mathematical model for describing heterogeneous
technological processes allows for the implementation of straightforward and
computationally efficient control algorithms. These algorithms ensure optimal or
near-optimal control performance while significantly reducing the complexity of the
control system and minimizing the computational burden compared to traditional
optimization-based control approaches.

This modeling strategy is especially relevant in real-time control tasks or in
systems with limited computational resources, where the simplicity and speed of the
control algorithm are critical factors for its practical implementation.

Of the factors influencing the process, controllers X, + X, are distinguished and

the full range of their changes is presented as a series of values with an interval AX.
Thus, all possible controls can be specified as combinations of these values. Then,

based on the values of the disturbing factors X, ,, + X, it is sufficient to determine
the truth of the predicate Z, for all possible controls. The optimal control is the one

that ensures the truth of the predicate. If the optimal combination is not found by

the predicate Z,, then it is necessary to expand the investigated zone of the factor

space by passing to the predicate Z,, etc.
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When constructing mathematical models of complex systems or when solving
control and optimization problems, it is often necessary to partition the n-
dimensional factor space into simpler geometric regions for the purpose of analysis,
classification, or decision-making. In this context, one of the most convenient and
widely used geometric objects for representing an elementary domain in an n-
dimensional factor space is the hyperparallelepiped.

A hyperparallelepiped is a generalized geometric figure in multidimensional
space, which is a direct extension of a parallelepiped in three-dimensional space to
higher dimensions. Its structure is defined by specifying the lower and upper
boundaries along each of the n coordinate axes corresponding to the factors or
variables under consideration.

Mathematically, such an elementary domain can be very conveniently and
compactly described using a two-valued logical predicate function, which allows one
to determine whether a given point in the factor space belongs to this region or not.
In other words, the hyperparallelepiped is defined as a set of all points whose
coordinates satisfy a system of inequality constraints that specify the minimum and
maximum permissible values for each factor.

This two-valued predicate takes the value "true" (or 1) if the point lies within
the specified limits along all coordinate axes, and "false" (or 0) if at least one of the
constraints is violated. Such a representation is not only mathematically rigorous
and unambiguous but also very convenient for practical implementation in
algorithms of control, identification, classification, or optimization.

Moreover, using a hyperparallelepiped as an elementary domain in the factor
space offers a number of advantages from the computational point of view. The
simplicity of the mathematical expression that defines its boundaries allows for fast
checking of point membership, which is critical in real-time control systems or in
optimization algorithms where a large number of such checks may be required.

In summary, the hyperparallelepiped provides a universal and efficient
geometric structure for partitioning the factor space in multidimensional modeling
tasks. Its formal description through a two-valued logical predicate ensures clarity,

ease of implementation, and high computational efficiency, making it one of the
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most suitable elementary domains for use in control theory, decision-making

systems, pattern recognition, and various engineering applications:
Vi 1 yn
Z[X:':?Hj—l{l-i_sgn[(xj _xjmin)(xjmax_xj)]} (2)
where

L [OKG = X)X = X ) [0
son| (%, xjm‘”)(xjmaxxj)J{—l, T [OX) = X)X = X )] <O N

X imins X jmax (J =1,n) - parameters of an elementary hyperparallelepiped that

determine its dimensions; N - the number of input quantities (disturbing and

controlling); X;- current values of input quantities; H - mathematical
multiplication operation.

If the current technological situation X (X,X,,...,X,) falls inside the

hyperparallelepiped (the technological situation is recognized), then Z[)Z]:l,

otherwise Z [)Z ] =0 (the technological situation is not recognized).

Then the whole p - image can be represented as a logical sum of predicates:

— }\D —
z,| X |=Uz[X], 4)
1=
where ﬂp — the number of predicates that determine the p - image.

The set of n - dimensional hyperparallelepipeds that define the p - image in the
feature space have a random arrangement - they may intersect or have no common
points at all.

The mathematical model of the controlled object, presented in the form of m -

images, will take the form:
z,[ X]=Uz, IX], (5)
p=1

In the process of control, it is possible to refine the model (5). So if for the

current technological situation the optimal control values have not been found
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(error of the first kind), then predicate (2) is formed based on the control result with
the current control values and is included in (4). If, for the current situation, the
optimal control values are determined, but the control result does not correspond to
the expected (error of the second kind), then the corresponding predicate in (4) is
further considered false and a new alternative image is formed, and the
mathematical model takes the form (1). A simple removal of the false predicate from
(4) is impossible, since it defines a set of technological situations that fall inside
some n-dimensional hyperparallelepiped.

Obviously, when controlling a non-stationary static or quasi-static object, such
refinements can be performed many times, which will lead to a structural
complication of the mathematical model (1) and, as a consequence, to the loss of the
control algorithm performance. Structural changes (1) should be limited.

It is proposed to solve the problem of limiting structural changes in the
predicate model of technological situations on the basis of the invariance of the
number of parameters of the hyperparallelepiped to the size (volume) of the region
specified by it in the feature space. A set of randomly located p-image
hyperparallelepipeds can be represented as ordered hyperparallelepipeds differing in
size (Fig. 1). The hyperparallelepipeds located on the border of the image will have
the smallest dimensions, since they determine the accuracy of the dividing function.
In Fig. 1 they are shaded.

x —
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Figure 1 - Location of Boundary Subareas
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If we combine the shaded boundary sub-areas in the direction of one of the

feature axes, for example, x, we get different-sized sub-areas that completely

describe the image. Thus, the union of the subdomains D, and D; is of interest, since
the resulting subdomain D, includes, in addition to D; and D, one more internal
subdomain of the image Six. Combining the D; and Ds subdomains into the Dis
subdomain will allow simultaneously describing four more internal subdomains.

It is easy to see that the combined subregions differ only in the parameters of
one projection. This allows us to propose a simple condition according to which two

boundary subdomains are to be united if all internal subdomains located between

too=x? oxt =x°_ under j=1n; j#r, where

jmin jmin? “jmax j max

them belong to the image X

1 2 1 2

X min+ Xjmin+ Xjmax: Xjmax —Parameters of function (2) describing two combined

subdomains; r is the number of the feature axis in the direction of which the union is

performed. For the resulting subdomain, the unknown minimum and maximum

value of the m-feature is defined as
2 1 2 Lol 1 2
Xmmin =min {Xmmin ’ Xmmin }’ Xmmax - max{xmmax ' Xmmax}'

Obviously, the considered unification of the boundary subareas does not lead to
a change in the location of the image in the feature space, since the boundary areas
do not change their location - they are only united by oppositely located boundary
subareas. This transformation of the image is identical. It can be performed
immediately upon the occurrence of the previously mentioned contradiction of the
second kind. Then the complication of the structure of model (5) is not required.

It should be noted that the number of enlarged subregions obtained as a result
of merging is already more than two times less than the number of boundary
subregions. These joins can be continued in the remaining n - 1 directions. If you
change the sequence of combining along the attribute axes, you can get n!,
separating functions, from which the minimum in terms of the number of

constituent subdomains is selected.
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Practical implementation of the minimization algorithm

The set of technological situations given by predicates (2) are combined into
classes depending on the values of the control criterion. Each class is determined by
the disjunction of predicates. The use of such a model involves arranging its

elements in the form of a two-dimensional table. And in its columns values

X jpr'nin, X jpr'nax are placed, and the line corresponds to some predicate.

It is easy to see that the columns of the table have different names and are
homogeneous, all rows are unique and have the same structure. The order of the
lines is not significant and only affects the speed of access to each of them. Given
also that the information in the columns is atomic, we can conclude that this table
satisfies the conditions and constraints that allow us to consider its relationship as a
relational data model [16-18]. The sequence number of the relation tuple (table row)
uniquely identifies the current technological situation. The set of attributes
(columns of the table) determines the scheme of the relationship. It is clear that the

set of relations M K, each of which describes a certain class of technological
situations, completely determine the model of the technological process. Here
k =1,_q , where ( is the number of relationships.

Operations on relations are determined by a-algebra. Consider the application
of a-algebra to implement the procedures of the proposed minimization algorithm.
Algorithms for minimization and accelerated learning are based on combining

two subregions D1 and D2 in factor space (Fig. 2).
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Figure 2 - Defining a tuple that defines a merged area

The tuples of relations that define these subdomains differ in the value of the
two attributes X, i, Xjmax (X1 the sign axis in the direction of which the union takes

place. Selection of these tuples D 1 and D _2 is achieved by the filtering
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operation. To obtain a tuple D 12 that defines the combined region D 12, the
relation D 1 is first decomposed into the relation D 1MX without the attribute
X;min and the relation D _1MN without the attribute X, ., , and the relation D _2

into the relation D_2MN with a single attribute X ., and the relation D_2MX

min
with a single attribute X, .

This decomposition is achieved by the projection operation. In the future,

performing the Cartesian multiplication operation D _IMX ® D _2MN and
D IMN ®D _2MX, two tuples of the relation D 12 with a complete set of

attributes are formed, from which the desired D 12 is selected by filtering under

the condition X, i, < X a -

Conclusions

1. The proposed minimization algorithm provides a robust mechanism for
stabilizing the structure of the predicate model, which is particularly important
when dealing with nonlinear and nonstationary objects. By systematically reducing
the uncertainty and variability inherent in such systems, the algorithm ensures the
consistency and adaptability of the model structure over time. This, in turn, allows
the refined predicate model to be effectively utilized for solving optimal control
problems, enabling improved decision-making, better system responsiveness, and
enhanced performance in dynamic and complex environments.

2. Identical transformations applied to the predicate model, which are
grounded in the principle of invariance of the number of predicate parameters with
respect to the size of the region in the n-dimensional factor space that the model
characterizes, enable a significant simplification of the model structure. This
invariance implies that the complexity of the model does not necessarily have to
grow with the expansion of the factor space, allowing for a more efficient
representation of the system’s behavior. As a result, it becomes possible to
systematically reduce the number of predicates without losing the descriptive power
or accuracy of the model. Such a reduction contributes to improved computational

efficiency, enhances interpretability, and facilitates the application of the model to
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real-time or large-scale control and decision-making tasks in dynamic
environments.

3. Representation of elements of the predicate model in the form of a relational
data model allows to describe the minimization procedure on the basis of a single
mathematical apparatus of o-algebra. Given that relational data models are
supported by database management systems, the proposed algorithm can be easily
integrated into the information and software structures of existing management
systems.
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VK 681.3.06

Mwukona TpuryteHs, Bitanit Ky3nenos, Oyniekcanap BepboBKiH, BiTastiii [BiieB

AJATITALIS MTPEAVUKATHOI MOJEJI B 3ATAYAX KEPYBAHHS
HECTALUIOHAPHUMU CTATUYHVMMU OB’€EKTAMUA

AHomauis. Y Oaxili pobomi po32/1STHYMO aKmyanbHy HAyKO80-NpakmuuHy 3sadauy
nidguweHHs: e(ekmueHoCmi YNpasaiHHA CMAMUYHUMU Ma KeéasicmamuuHumu
MexHOJI02IYHUMU 00°eKmamu 8 yMo8ax iX HecmayioHapHoi nosediHKu ma MiHAUu8ocmi
306HIiWHIX enausis. Ocobausa yeaza npudiiiEmsCsi 3acMOCy8aHHO NPeduKamHux
Modenell, ki 00380/15100Mb (POPMANi308aHO ONUCYBAMU PI3ZHOMAHIMHI MEXHON02IUHI
cumyauii, cmaHu ma 83AemMo038’°3Ku napamempie 06’ekma ynpasiiHHs 3a 00nomozow
J02iYHUX KOHCmpyKuiti. Taki modeni € eHyuKuUM IHCMpPYMeHmMom O/l NpeocmassieHHs
3HAaHb Npo 00°ekm i 3abe3neuyrms Mo#IUBICMs adanmayii 0o 3MiHU napamempie y
npoyeci ekcnayamayii.

3anponoHoeaHo Hoeuil nidxid do nobydosu ma adanmayii npedukamuoi modeni Ha
0CHOBI anzopummy MiHimisayii onucy 06pasie mexuonoziunux cumyayiii. Mozo cymuicme

nonsizae 'y eusielieHHi ma eudaieHHi 3 Mmodeni iHgopmayii, wo empamuna
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akmyaabHicmos, a MAakox<y CNPOWeHHI JI02iuHoi cmpykmypu modeni 6e3 empamu aKocmi
ii onucy. Baxueow o0cobaugicmio 0aHozo nioxody € BUKOPUCMAHHA 81aCmusocmi
iHeapiaHmHocmi KinbKocmi napamempis, wo 6u3Hauawmos 2inepnapanenenined y
(akmopHomy npocmopi He3anewHo 8i0 1iozo po3mipie. ILle 00380/15€ Ccymmeso
3MeHWUmMuU Kinvkicme npeduxamie y modesi ma 3HU3UMU CKIAOHICMb 00UUCTIO8ATBHUX

npoyeodyp y cucmemax agmomamu3o8aHoz0 ynpasaiHHs.

Memooduxa nobydosu modeni nepedbauae po3dumms (HakmopHoz0 npocmopy Ha
esleMeHmapHi nido6acmi - zinepnapaneneninedu, ki 00360J1110Mb 2HYUKO opmysamu
onuc pisHux cumyauiti. IIpu uvsomy epaHuuni nidobnacmi, w0 mawome HatimeHwi
pO3Mipu, 8U3HaA4AMy MOUHiCMb po30invHoi (yHKyii. O6'edHauHs maxkux nidobaacmeti
y HanpsiMKy oceli 03Hak 00360J15€ onmumizysamu cCmpykmypy modejii ma chpocmumu

npouec npuiiHammsi piuieHs 8 CUCmemMax ynpasaiHHsl.

Ocobnusy ysazy 8 pobomi npudiieHo MOXIUBOCMI NPAKMUYHOI peanizauii arzopummy
MiHiMi3auii Ha ocHosi anapamy a-anzebpu. Ile 3abe3neuye inmezpayiro modeni 0o
iH(hopmayiiiHux cucmem Ha 0CHO8I pensuyiliHux modeneli daHux, sKi nIOMpPUMYHOMbCS
Cy4UacHumu cucmemamu ynpasniinHs 6aszamu dauvux. Taxuii nioxio 00380./15€ nidsuwumu
YHIBEpCaNbHICMb Ma 3pYuHICMb 8UKOPUCMAHHS 3aNPONOHO8aHO20 Memody y cKaaodi

iCHy}OLll,lX asmomamu308aHux cucmem yanIGJliHHﬂ MexHOoJI021YHUMU npouecamu.

Iokasaxo, ujo 8UKOPUCMAHHS MOOENT 3 MIHIMI308AHUM ONUCOM 00380J51€ 3abe3neuumu
BUCOKY SIKICMb YNpaeiHCbKUX pilleHb, adanmueHicms 00 3MIiHU Xapakmepucmuk
npouecy ma cmabiibHicmb QYHKYIOHY8AHHS CUCMEMU 8 YMO8AX 6NJIUBY 308HIUHIX ma

BHYMPIWHIX pakmopie He8U3HAUEHOCMI.

Taxum uuHom, npedcmaseHuti y po6omi nioxio 0o no6ydosu npedukamHoi modeni ma ii
adanmauyii - wigxoM  MiHimizayii onucy 00paszié mMexHOJ02iUHUX cumyauyiti €
YHIBepCanbHuUM [HCMpYMeHmMoMm 011 YNpaeiHHS HeCmayioHapHumu CcmamuyHuMmu
00'ekmamu. 3anponoHo8aHull anzopumm moxce Oymu 8UKOPUCMAHULl 0711 CMeOopeHHS
[HMeNeKmMyaipHux cucmem niOmMpumku nputiHamms piuleHb, aA8MmomMamu308aHux
cucmem onmMuManbH020 YNpaeiiHHs, a MAKOXC IHPOPMAayiliHo-aHANIMUUHUX cUCmeMm

NPOMUCII08UX NIONPUEMCME.

KniouoBi cioBa: ynpasniHHa cmamuuHumu 06'€Kmamu, npeoukamua Mooens, o-
anzebpa, MiHimizayia onucy obpasis, adanmauis mooeni, iHpopmauis, HecmayioHapHi
MexHoNo2IuHI npoyecu, penasayitiHa Modens Oavux, aemomamu308aHi cucmemu

YNPAasiHHSL.
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INCREASING THE RELIABILITY OF SIMULATION OF ASYNCHRONOUS
MOTOR OPERATION BASED ON AN ADAPTIVE APPROACH

Abstract. This research focuses on improving the reliability of simulating the operation
of induction motors when solving technical and economic problems related to the
selection of protection systems for electric drives operating in industrial power networks
with poor power quality. The presence of voltage asymmetry, harmonic distortions, and
other power quality issues in workshop networks significantly affects the performance

and service life of induction motors, increasing energy losses and maintenance costs.

The article proposes a power and economic model that allows conducting computational
experiments to determine the optimal solution for improving power supply quality. A key
element of the model is the system for generating and controlling linear voltage
parameters, which ensures compliance of the simulated signals with their statistical

regularities observed in real industrial conditions.

The research introduces adaptive algorithms for the continuous and simultaneous
assessment of average values, variances, autocorrelation, and cross-correlation
functions of voltage harmonics. Mathematical expressions for their correction during the
accumulation of information are presented. Structural schemes of control systems for
both analog and digital modeling of voltage processes are proposed, allowing for real-

time monitoring of the reliability of generated data.

The simulation results were verified through statistical hypothesis testing for the average
values and variances of the generated voltage harmonics. Experimental studies were
carried out in the rolling shop No. 1 of Dneprospetsstal LLC, where significant voltage
distortions are caused by the operation of powerful semiconductor converters. The
results confirmed the adequacy of the proposed modeling approach and its applicability
for making economically sound decisions regarding the choice of technical solutions for
voltage quality improvement.

This work contributes to the field of energy efficiency in industrial enterprises by

providing a methodological basis for the reliable simulation of induction motor operation

© Tryputen Mykola, Kuznetsov Vitalii, Verovkin Oleksandr, Koliadenko Oleksandr
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in the presence of distorted power supply conditions. The proposed approach allows
reducing the cost and duration of experimental studies by replacing them with validated
computational modeling.

Keywords: Induction Motor, Electric Networks, Linear Voltages, Protection Tools,
Economic Model, Electric Energy

Introduction

In the current context, induction motors are the primary devices for converting
electrical energy into mechanical energy and form the foundation of the drive
systems of most industrial mechanisms. This position has been earned due to a
successful combination of operational and structural characteristics — the ability to
automatically adjust torque in response to changes in load torque on the shaft, high
efficiency, simple construction, and relatively low manufacturing cost compared to
other electromechanical converters [1]. Moreover, it should be emphasized that
induction motors, despite their numerous advantages and widespread application in
various industries, remain the largest consumers of electrical energy on a global
scale. Their extensive use in industrial enterprises, transport systems, municipal
infrastructure, and household appliances has led to an exceptionally high share of
total electricity consumption attributed to electric drive systems. According to
expert estimates and international energy studies, the share of electric motors in the
global structure of electricity consumption ranges from 43% to 46%, making them
the most energy-intensive class of electrical equipment.

Such a significant consumption of energy resources by electric motors is a key
factor influencing the development of modern energy policy, especially in the
context of the growing need for energy saving, reducing operational costs, and
minimizing negative environmental impacts. If no systematic and effective measures
are taken to increase energy efficiency, optimize the operation of drive systems, and
modernize the power infrastructure, then according to analytical forecasts,
electricity consumption by induction motors could increase to a critical level — up to
13,360 TWh per year by 2030. This scenario takes into account the projected growth
of industrial production volumes, the increase in the number of automated
technological lines, and the expansion of the global industrial sector.

Currently, end-users of electric motors - industrial enterprises, commercial

facilities, and residential consumers - collectively spend approximately 565 billion
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US dollars annually on electricity costs for the operation of electric motor-driven
systems. These costs include not only direct energy expenses but also additional
operational costs associated with low energy efficiency, equipment wear, and losses
in power networks. If comprehensive programs aimed at improving the energy
efficiency of electric drives, implementing smart control systems, and using modern
energy-saving technologies are not implemented at the national and international
levels, it is expected that by 2030 these annual expenditures may increase
dramatically - reaching almost 900 billion US dollars. This will place a considerable
burden on both industrial enterprises and national economies, underscoring the
urgent need to develop and apply technical and organizational measures to improve
the energy performance of electric motors across all sectors of their use [2].

Modern electric drive systems, which implement electromechanical energy
conversion processes and are mainly based on squirrel-cage induction motors, are
not structurally complex. However, the operation of this class of motors today is
associated with a number of challenges. One of the most pressing problems is the
supply of poor-quality electric power to induction motors. It is well established that
even minor deviations in supply voltage quality lead to adverse effects, including
insulation aging and reductions in energy performance indicators such as efficiency
and power factor [3]. The quality of electric power supply significantly affects the
reliability, efficiency, and service life of these motors [4]. Therefore, one of the
urgent problems influencing the operation of induction motors is the deterioration
of power quality — the presence of asymmetry, waveform distortion, frequency
instability, and other deviations from standard values [5, 6, 7].

It is known [8] that harmonic voltage distortions arise due to the operation of
thyristor converters, switching power supplies, and other nonlinear loads, which
lead to voltage and current waveform distortion in motor windings. In [9], the
authors showed that voltage containing harmonic components on the stator causes
significant changes in the motor's electromagnetic parameters (torque, currents,
losses, etc.) and affects the mechanical part of the drive. The study concluded that
electric motors operating under harmonic distortion suffer from reduced efficiency
and shorter service life due to increased iron and copper losses. Additionally, voltage
and current harmonics can influence the torque developed by the motor. Harmonic

components in rotating machines can also cause vibrations and noise. For example,
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harmonics of negative sequence create a counteracting torque that opposes the main
motor torque, thereby reducing overall motor efficiency. Odd harmonics generate a
reverse magnetic field (negative sequence) in the motor, which produces a negative
torque and further reduces the useful output torque of the induction motor.

The study by the author in [10] investigates the relationship between supply
voltage variations and the operating characteristics of induction motors, particularly
their effects on torque, current, power factor, heating, and overall efficiency. The
author concluded that voltage deviations significantly affect the reliability and
performance of electric motors. To ensure stable operation and extend motor service
life, system voltage must be maintained as close to the nominal value as possible
[10]. A special case is voltage asymmetry in induction motors, when deviation occurs
in only one phase of the supply network, as studied in [11]. The researchers modeled
situations in which the voltage in one phase exceeded the nominal value by 10% and
20%, while the other two phases remained at nominal levels. The simulations on the
synthesized model [11] demonstrated that even a minor overvoltage in one phase
(10-20%) has a substantial impact on the performance of a three-phase induction
motor — leading to increased winding temperatures and reduced performance
metrics, which may result in premature motor failure.

Other researchers [12, 13] note that short-term overvoltages caused by
switching processes can lead to insulation breakdown in motors. Modeling results
presented in [13] confirm that overvoltages reduce insulation lifespan and can cause
premature inter-turn insulation failures. Practical recommendations include the use
of surge protection devices (such as surge arresters, varistors, etc.) and maintaining
voltage levels within acceptable limits, as any exceedance of 10% or more should be
considered an emergency condition.

Industrial enterprises, especially those with a large number of
electromechanical systems, often face a serious problem related to the deterioration
of power supply quality within workshop electrical networks. In particular, induction
motors - widely used in production processes - are highly sensitive to deviations of
electrical parameters from nominal values. The so-called "noisy electricity", which
includes voltage asymmetry, harmonic distortions, and a general deviation from the
sinusoidal form of the supply voltage, negatively affects the stable operation of
such motors.
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Unsymmetrical load distribution between phases, the presence of higher
harmonics in the power grid, and frequent voltage fluctuations lead to a whole
complex of undesirable phenomena in the operation of induction motors. These
factors cause overheating of motor windings, which provokes premature insulation
wear and increases the risk of failures. In addition, a decrease in power factor and
energy efficiency is observed, along with a significant increase in reactive power
consumption. Over time, these processes not only reduce the overall efficiency of
production equipment but also contribute to its accelerated wear and shortening of
service life, increasing the frequency of repairs and maintenance.

Therefore, the problem of reducing the negative influence of poor-quality
power supply on electromechanical systems becomes particularly relevant for
modern industrial enterprises seeking to increase energy efficiency and minimize
downtime losses. To neutralize or mitigate the harmful effects of distorted voltage,
several technical solutions are used in practice. These include, for example,
"individual" LC-filters installed directly at the input of a specific electric motor, or
more powerful "cluster" devices for compensation of voltage distortion installed at
the level of an entire workshop or production section.

An alternative strategy involves the control and correction of power supply
quality directly in the zones of distortion formation — in other words, preventive
actions aimed at eliminating the causes of noise at the earliest stages. However, each
of the mentioned approaches has not only a certain technical potential but also
requires significant financial investments for its implementation, as well as
subsequent maintenance costs.

Choosing the optimal solution among these alternatives is a complex technical
and economic task. It requires consideration of many factors - from the
characteristics of the technological process and the degree of power supply quality
deviation to the costs of implementing and operating compensating devices.
Conducting real industrial experiments to compare these options is extremely costly
and time-consuming. Therefore, a promising direction is the use of mathematical
modeling and computer simulations. They make it possible to evaluate in advance
the effectiveness of various technical solutions, predict their impact on energy
consumption, equipment operation, and the overall economic efficiency of

production. Simulation experiments allow companies to minimize financial risks and
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make informed decisions regarding the modernization of workshop
electrical networks.

Literature review and problem statement. It is a well-established and widely
recognized fact in the field of electrical engineering that poor-quality power supply
has a significant and often detrimental impact on the operational characteristics and
performance parameters of induction motors (IM), which are among the most
commonly used types of electric motors in industrial applications. The stability,
reliability, and efficiency of induction motors directly depend on the quality of the
supplied voltage. Any deviations of power supply parameters from the nominal
values — including voltage fluctuations, asymmetry between phases, frequency
instability, or the presence of harmonic distortions — inevitably lead to unfavorable
operating conditions for the motor.

Such distortions in the supply voltage negatively influence the electromagnetic
processes occurring within the motor, altering its torque characteristics, increasing
energy losses, and provoking the emergence of additional heating in motor
windings. As a result, the service life of the insulation system is reduced, and the
probability of premature failures grows substantially. Moreover, poor power quality
affects not only the energy efficiency indicators of induction motors — such as
efficiency, power factor, and reactive power consumption — but also leads to
mechanical problems, such as increased vibration, noise, and even mechanical stress
on the motor shaft and bearings.

Given that induction motors often operate in critical technological processes in
industrial enterprises, where stable and uninterrupted functioning of equipment is
required, ensuring high-quality power supply becomes an essential prerequisite for
maintaining operational reliability and extending the service life of electric drives.
Therefore, analyzing the negative impact of poor-quality power supply on induction
motors and developing effective methods to mitigate this influence remains one of
the key areas of research in modern energy engineering and industrial
automation [14 - 16].

Reduced quality of power voltage results in pulsation of the moment generated
by the motor, drop of starting and critical IM moment, increase in vibration, early
wear of bearing and gear components, increased steel losses due to higher harmonic
field constituents in a gap, reduction in such power indices of induction motor
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operation as efficiency coefficient and power coefficient. Moreover, availability of
noisy electric energy within workshop grids of industrial enterprises results in the
accelerated physical ageing; in the decreased power efficiency of equipment in use;
and in the increased risk of industrial emergency situations. Paper [17] has shown
that the problem solution should be sought at technical-and-economic level
involving methods of mathematical modeling. Papers [17 and 18] have proposed a
technique to make optimum decision as for electric equipment operation under the
conditions of noisy power. The technique relies upon economic evaluation of various
alternatives to recover supply voltage up to the preset quality indices. Moreover, its
suitability has been demonstrated in terms of induction motor operation. According
to the technique, power indices of electromechanical transducer are calculated
involving the current quality power indices within the enterprise power grid [19, 20,
and 21], and basing upon electric model, and thermal model [22]. If indices,
calculated in such a way, differ substantially from preset ones, various alternatives
of engineering solutions, intended to recover electric power supplying the motor, are
considered. Cost of each of the alternatives is estimated and final decision,
concerning its further operation, is made.

Method relies upon the use of power and economic model of certain electric
equipment; taken as a whole, it helps optimize selection of technical means aimed at
electric energy quality recovery according to cost criterion involving restrictions to
power indices of the electrical consumer. However, calculation of different variants
is based upon the knowledge of statistic regularities of linear voltage change under
specific operation conditions of the equipment. That supposes carrying out of a
number of expensive and long-term experiments using real object. To reduce both
cost of the experiments as well as their period, it has been proposed to substitute
industrial experiments for computational ones. For that purpose, power and
economic model is supplemented by a unit to form linear voltages and to control
them. Probability model of linear voltages to be applied in workshops of industrial
enterprises is represented in [23].

Power and economic model of electric equipment. Fig. 1 demonstrates one
of the variations of power and economic model making it possible to perform
computational studies of IM operation. In this context, making a correct decision is
possible, if only linear voltages are simulated in accordance with their statistic
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regularities. Basing upon specific features of linear voltage simulation [23] it is
required to control average values, dispersion, autocorrelation, and cross-correlation
functions of harmonics of linear voltages. Moreover, the listed values and functions
should be evaluated simultaneously and continuously during the modeling process.
Such an evaluation can be performed relying upon adaptive approach.

Average value of continuous stationary random process at t time moment is
determined using the formula:

t

i(t):%jx(t)dt (1)
0

where X(t) is continuous stationary random process.

Unit to form phase Asynchronous Calculation of
voltages and to motor model | ’ energy
P
control them performance of
»  asynchronous
motor
Calculation of Requirements for Variations of
power quality energy performance of ” engineering .
> indices asynchronous motor | solutions indented feé
to improve power
r quality

Cost estimation of the
engineering solutions

Decision making

h 4

Figure 1 - Schematic diagram of power and economic model of electric equipment

Differentiate left side and right side of expression (1) with respect to t :

dx(t) 1

1
ot 2 x(t)dt + t X(t) (1)

O ) —+
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or:

dx(t) _ 1

d t

If the random process is represented by a discrete (impulse) function, then

i(t)+%x(t>%(x(t)—i(t». @

expression (2) is:
XT1-X(-DT]= % OAT]-X[(-DT]) (3)

where T is time discretization of X(t) function; i=1n is discretization

interval number; and N is a total of discretization intervals.

It is more convenient to demonstrate expression (3) as follows:
XT]=X(I -DT]+ %(X[iT] —X[(i-DT]) 4)
|

Dispersion of continuous stationary random process at t time moment is

determined by means of the formula:

t
D,(0) = [ (X(V) - X(t)2t ®
0

and values of autocorrelation function and cross-correlation function for

different time shifts  are determined by means of the formulas:

t
Rext0) =5 (O - XONX(E =) - XO))et ©
0

t
Ry (6:7) =3 (O - XDy~ ) - yO))et ™
0

where y(t)is continuous stationary random process, and y(t) average

y(t) value at t time moment.
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After performing transformation of (5), (6), and (7) expressions, being
analogous to the above mentioned ones, we obtain the following for continuous

random functions:

Ll 2 (x0-x0) - 0,00 ®
dR, ,(t.,7) 1
T:_(( (t) = X(®)(X(t — 7) — X(t)) — Ry  (t, 7)) ©)
dRy y(t7) 1
I = (O - KO- -YO) Ry (7)) (0

In a digital form, (8), (9), and (10) expressions are:
. i 1 . —,. .
Dy[iT]=Dy[(1-1)T] +i((><[(l ~DTI-X[(-DTD? - DI -DTD A

RodiT 71 = Ryl =T, 71+ 3 (G ~DT] -G - DTD x
X -DT1= X[ ~DTD) ~ Ry o[ - T, ] .
Ry, y[IT,z]=Ry y[(i =T, 7]+ %((X[(i —)T]- X[ —DT]) x

((YI(=)T1= YL -DTD) — Ry, [(i ~1T, ]) (13)

Fig. 2 represents structural scheme of a control system implementing (2), (8),
(9), and (10) algorithms to evaluate statistic characteristics of continuous

implementations of random functions of first harmonics of amplitudes (phases) of

linear voltages AB and BC U ag1(t) and U gc1(t) (¥ ap1(t) and wpe(t)).
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Figure 2 - Diagram of analogous control system

Fig. 3 represents structural scheme of a control system implementing (4), (11),
(12), and (13) algorithms to evaluate statistic characteristics of discrete
implementations of the same random functions according to [3,24].

The control system scheme, shown in Fig. 2, can be used in the process of

analogous modeling of linear phase voltages; the scheme, shown in Fig. 3, is
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applicable in the context of digital modeling. Letter D specifies discrete integrator,
i.e. digrator. Values of the averages and dispersions of the generated random
functions, obtained during the modeling, have been checked for significance of their

variation from those hypothetic average values and dispersions obtained in [3, 24].

Unnaga ]
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Figure 3 - Diagram of discrete control system
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Zero hypothesis checking in terms of « Hy: ;:XO significance level

concerning equality between an overall average X of normal population with the
known dispersion Dy and hypothetic value X in terms of a competing hypothesis

Hy: X # Xp has been performed basing upon the criterion value [25-27]:

_ (x=x)Vn

Uobserv = D
0

and critical point U, of two-sided critical region determined according to

Laplace function table relying upon the equation:

(-a)
2

P(Uer) =

In this context, n is the number of observations.
If |U observ| <Ugr , then there is no necessity to reject zero hypothesis.
Determine ¢(U.,) =0,475 for & =0,05 where U, =1,96.

Table 1 demonstrates checking results of the average random sequences of

harmonics of linear voltages generated according to [25-27] and evaluated with the

help of a control system (Fig. 3) if n=30.
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Table 1
Checking results of average harmonics of linear voltages

Linear voltage Y48

E Amplitude, V Phase, degrees

2 | Average Average Ugsene] | Average | Average x | |Ugpeen|

o X0 X Xo

jan)

1 529.82 531.26 [1.8] - - -
2 4.23 4.38 10.7] 63 59.95 |-1.58|
3 17.60 16.85 |-1.35] | 206 208.01 11.34]
4 1.51 1.58 [1.63] | 92 94.88 11.71]
5 18.54 17.75 |-1.51] | 130 134.99 11.87|
6 3.05 2.95 [-1.02| | 290 286.24 |-1.67
Linear voltage Ysc

o | Amplitude, V Phase, degrees

.g Average éverage |U0bserv| Average jfverage |Uobsew|

é Xo X Xo X

T

1 532.09 533.38 [1.70] | - - -
2 3.98 4.41 |1.88] | 78 74.63 |-1.83|
3 19.13 18.38 |-1.44| | 235 236.7 11.33]
4 1.55 1.64 11.92] | 111 114.27 11.74]
5 16.77 17.35 [1.25] | 114 109.11 |-1.85]
6 4.15 4.33 10.94] | 325 327.08 10.97|
Linear voltage U,

o | Amplitude, V Phase, degrees

g 12verage éverage |U0bserv| I:xverage éverage |U0bserv|
Eg 0 y 0 y
1 530.41 531.85 [1.90] | - - -
2 3.71 4.07 11.78] | 94 91.23 |-1.55]
3 18.27 19.09 [1.69] | 182 182.31 10.19|
4 1.50 1.57 [1.63] | 83 85.42 11.77|
5 16.01 16.56 [1.08] | 165 169.22 11.71]
6 3.82 3.57 |-1.88| | 310 315.34 11.89]

Zero hypothesis checking in terms of a Hg:Dy =Dy significance level
concerning equality between unknown overall dispersion D, with the known
dispersion Dgand hypothetic value Dgin terms of a competing hypothesis

Hy: Dy # Dy, has been performed basing upon the criterion value [25-27].
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2 _ (n _1) Dx
ZXobserv Dy

. o 2 2 . .
Zero hypothesis is accepted if X or. (1—%;k) < Xobserv < X, or. (%;k) inequality
. : Cn_1 .2
is met. In this context, K =n—1 is the number of degrees of freedom; X er 1 %;k)
2 . - . . .
and Zror (%;k) are left and right critical points determined according to Laplace

function table. In the context of N=30 and «=0,05, Z|2cr (l—o/'k) =16 and

2 _
Zr.cr.(%;k) =42.6

Table 2 demonstrates checking results of dispersions of random consequences
of harmonics of linear voltages generated with the help of digital generators.

Experimental validation is the most reliable method to confirm adequacy of
any mathematical model. The rolling shop No. 1 of Dneprospetsstal LLC was selected
as the experimental one; the rolling shop contains powerful semiconductor
converter which operation is accompanied by distortions in the workshop power grid
(asymmetry and nonsinusoidality). During the experiment, oscillograms of currents
used by IM of 7.5 kW power have been obtained. In the process of the experiment,
there was an access to a zero point of the motor; thus, oscillograms of phase currents
and voltages were taken. Measuring of active resistances of windings has shown
their symmetry and correspondence to the certified values. IM shaft load was of

random character changing within a wide range from 2.3 up to 12.8 kW.
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Control results of dispersions of harmonics of linear voltages

Linear voltage Use

Amplitude,V Phase, degrees
'?::: Dispersi | Dispersi Zgbserv Dispersi | Dispersi | 42 _
g| on on on on
Z| D, D, Do Dy
1 |19.11 21.19 32.16 | - - -
2 | 1.42 1.24 25.34 | 112 70.06 18.14
3 19.35 6.41 19.87 | 68 62.16 26.51
4 |0.06 0.04 21.19 | 85 68.06 23.22
5 |8.29 11.35 39.72 | 214 276.06 37.41
6 |0.27 0.31 33.07 | 152 180.51 34.44
Linear voltage U ;.
o | Amplitude,V Phase, degrees
'g Dispersi | Dispersi | 42 | Dispersi | Dispersi | ,2_
€| on on on on
£ Do Dy Do Dy
1 |17.36 11.87 19.83 | - - -
2 | 1.56 1.02 18.92 | 102 96.20 27.35
3 |8.19 8.83 31.27 | 49 40.82 24.16
4 |0.06 0.05 22.88 | 106 137.99 37.75
5 |6.44 5.59 25.17 | 210 191.97 26.51
6 |1.11 0.82 21.45 | 138 144.00 30.47
Linear voltage U,
o, | Amplitude,V Phase, degrees
'g Dispersi | Dispersi | ,2 | Dispersi | Dispersi | ;3
£ on on on on
S| Dy D, Do D,
1 |17.28 1.59 21.13 | - - -
2 | 1.25 1.75 40.52 | 96 87.66 26.48
3 (7.14 9.38 38.10 | 78 97.23 36.15
4 10.06 0.04 17.06 | 56 66.86 34.62
5 | 7.66 6.59 24.93 | 1853 250.90 39.76
6 |0.53 0.36 19.67 | 240 338.90 40.95

Table 2

Fig. 4 demonstrates a window of CED Expert software in the process of

oscillographic testing of signals during operation of tested electric motor

under loading.
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Figure 4 - Oscillograms of currents (from above) and voltages (from below) within the
considered electric motor while operating under loading

Conclusions

The analysis of complex processes through computer-based experiments
inherently involves the emergence of errors that stem from multiple sources. One
major source of such errors lies in the fact that a discrete function is often
represented as a finite set of its values corresponding to different groups of
arguments. This inherently discrete nature leads to approximation inaccuracies
because the continuous behavior of a system can only be imitated by a limited
number of sampled points. In addition to sampling errors, computational procedures
often involve rounding of numerical results, either deliberately to conform to
specified precision levels or inherently due to hardware and software limitations.
Further compounding the situation are errors that arise during the conversion of
numbers between different numerical formats, such as from decimal to binary
systems, and particularly when employing floating-point representations, which are
well known for their limited precision and susceptibility to cumulative
rounding errors.

These cumulative and interdependent sources of errors may, under certain
circumstances, cause the generation of completely unexpected or even paradoxical

results during the simulation or computational experimentation processes. For
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instance, subtle inaccuracies in the representation of harmonic components of
voltage waveforms can result in significant deviations when assessing power quality
metrics or motor behavior characteristics. Consequently, careful management of
computational errors becomes critically important when high-precision modeling
and decision-making are required.

To address these issues within the context of analyzing electric motors,
particularly asynchronous (induction) motors, a significant improvement was
achieved by complementing the existing power-economic model with a dedicated
control system aimed at managing the static characteristics of the motor’s linear
voltages. The addition of this control system enables the regulation and correction
of random sequences generated during computational experiments, thereby
improving the reliability and correctness of the simulated data. This, in turn,
facilitates the selection of more cost-effective alternatives for restoring and
maintaining the quality of the electric power supplied to electric motors.

The control systems were synthesized based on the concept of adaptation,
employing mathematical expressions derived from a thorough analysis of the system
behavior and error propagation characteristics. These adaptation-based control
systems dynamically adjust key parameters during the simulation process to
compensate for observed deviations, thereby enhancing the overall robustness of the
modeling results.

The paper presents comprehensive results of the evaluation regarding the
control of averages, amplitude dispersions, and phases associated with six
harmonics of linear voltages obtained through extensive computer-based modeling.
The assessments include not only the calculation of statistical parameters of the
generated random sequences but also a critical verification step. This verification
involves checking the extent to which the empirical averages and dispersions differ
from their respective hypothetical (theoretical) values. Special emphasis is placed on
quantifying these differences and analyzing their impact on the overall fidelity and
validity of the computational experiments.

Through this rigorous approach, the study highlights both the necessity and
the effectiveness of incorporating adaptation-based control systems into

computational models to minimize error accumulation and to maintain the
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statistical integrity of simulation outputs. Such improvements are essential for
advancing the precision and reliability of computer-based analysis in the context of
complex electrotechnical systems.
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YVIK 681.3.06
Mukona TpuryteHs, Bitaniii Ky3Heios,

Onexcanap BepboBkiH, Onekcanap KossimeHKO

MIJIBULIEHHSA HAJIIMHOCTI MOJIEJIIOBAHHS POBOTU
ACHMHXPOHHOTO IBUT'YHA HA OCHOBI AJAIITUBHOTIO ITIAXOOY

AHoramnia. /[locnidmcenHs npucesueHe hnideuujeHHo HadiliHocmi ModenwedaHHs pobomu
ACUHXPOHHUX 08U2yHI8 Ni0 uac p036'A3AHHS MEXHIKO-eKOHOMIUHUX 3a80dHb, NO8'S3aHUX i3
subopom cucmem 3axucmy ejnekmponpueodie, ujo npayiowmes y NPoMUCIO8UX eJeKMPUUHUX
Mepexcax 3i 3HUMCEHOI0 sIKicmio enekmpoeHepezii. HasgHicms Hanpy208ux acumempiti,
20PMOHIUHUX CNOMBOPEeHb Mma iHWUX NnpobseM SKOCMIi eleKmpoeHepzii 8 Uexo8ux Mepexcax
icmomHo enauede Ha egexmusHicmes pobomu i mpusanicme CAy¥OU ACUHXPOHHUX O0BUZYHIB,

30i1bWyOUU 8Mpamu eHepzii ma sumpamu Ha mexHiuHe 06C1y208y8aAHHS.

Y cmammi 3anponoHosamo eHepeemuKo-eKOHOMIUHY Modens, sKa 00360€ hposodumu
00UUCTIIOBAIbHI eKcnepuMeHmuU 3 Memow BU3HAYEHHS ONMUMAIbHUX MeXHIUHUX piuieHb 0/
noninweHHs sIKocmi eHepzonocmauaxHs. Knwouosum enemenmom mooeni € cucmema zeHepauii
ma KoHmpoJilo napamempie JNiHIliHUX Hanpye, sika 3abe3neuye 8i0n0GiOHICMb 3M00eN1b08aHUX
CUzHaNi@ ix cmMamucmu4HuM 3AKOHOMIPHOCMSM, WO CNOCMepiearomecs y pealbHUX ymoeax

pob6omu NPoMUCI08UX NIONPUEMCME.

Bnepuie enposaodxeHo adanmueHi aizopummu 07 6e3nepepéHoi ma 00HOUACHOI OYIHKU
cepedHix 3HaueHs, Oduchepcili, asMOKOPeNAYIIHUX | 83AEMOKOpPeNAUIlIHUX (DYHKUIL 2apMOHIK
Hanpyzu. HasedeHo mamemamuuHi supasu 071 KOpeKyii yux xapakmepucmuxk y npoueci
HAKoONu4eHHa iHpopmauii. 3anponoHo8aHo CMPYKMYpHi cXemu Ccucmem KepyeaHmHs OJis
amanoz08020 ma UYupposozo Mo0denio8aHHs npoyecie 3MiHU Hanpyzu, ujo 00360J10Mb

30ilicHI08amu MOHIiMopuHz 00CMOBIPHOCMI OMPUMAHUX OAHUX Y PeaibHOMY Udci.

Ompumari pesynsmamu ModenwedaHHs Oyau eepugikoeani 3a 0onomozow nepesipKu
cmamucmuyHux 2inome3 w000 cepedHiX 3HaueHb i ducnepcili 2apMOHIK  Hanpyau.
ExcnepumenmanvHi  docnioxceHHs — nposodunucs 'y — npokamuomy —uexy N°1 IIAT
"[IHinpocneycmansy”, de (QYHKUIOHYBAHHS NOMYMHUX HANIBNPOBIOHUKOBUX Nepemaeoprsayis
CNPUYUHAE 3HAYHI CNOMBOPEHHS Hanpyeu 8 uyexoeux mepexcax. Pezynemamu docnioxceHs
niomeepouau adexgamHicms 3anponoHo8aH020 Nidxody 00 MOOeNB8AHHA Mma 1i020 npudamHicms
ons 006TPYHMY8AHHS €KOHOMIUHO e(ekmueHux piuieHs wodo noJinueHHs

sIKoCcmi enekmpoeHepzii.

Po6oma pobums 8azomuli B8HeCOK Yy nideuujeHHss eHepzoeheKmusHOCMmi NPOMUCTIOBUX
nionpuemcmse, Hadawuu MmemoouuHy OCHO8Y 011 00CMO8ipH020 ModeneaHHs pobomu
ACUHXPOHHUX 08UZYHI8 8 YMO08AX CNOMBOPEHOI AKOCMI eHepzonocmauaHHs. 3anponoHo8aHuil

nioxio 00380J15€ icMOMHO CKOPOMUMU 8UMpamu i mpueanicmes eKCnepUMEeHMAaIbHUX 00CNiI0HEeHb
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3a paxyHok 3amiHu ix Ha eanidoeaHe o6UuUCa08aNbHE ModentoganHs. OKpim Yb02o, po3pobieHa
cucmema adanmueHoz0 KepyedHHs 3a0e3neuye MiHiMi3ayito HakonuueHHss noxubox y npoueci
YUCENIbHO20 MOQENIBAHH Ma NiOBUWEHHS MOUHOCMI AHANI3Y CKAAOHUX €eJIeKMPOMEeXHIUHUX
cucmem. IIpoeedeHe O0CNiOHeHHS NIOKPECNOE BAMIUBICMb KOMNJIEKCH020 Nidxody 00
8DAXYBAHHS PEAIbHUX YMO8 pOGOmMU esleKmponpuiimavie y npoyeci cmeopenHs modesneli 0
onmumizayii - eHepzocnoxueaHHs ma 3abe3neueHHs HadiliHocmi  enekmponpugodie Y
NPOMUCTI08UX MEPEXNCaX.
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T.C. T'ony6, JI.C. MomyanoB, O.M. Minaii

KOMIUIEKCHE JOCJIIXEHHS TA30JIMHAMIYHUX OCOBJIMBOCTEN
CTPYMEHIB, IO BUTIKAIOTbH 3 COIIEJI HUJIITHAPUYHOI
KOHCTPVYKIIII, 111 YMOB BUKOPUCTAHHA
B KUCHEBUX KOHBEPTEPAX

AHoranis. KucHego-KOH8epmMOpHUll npoyec € €0UHUM KOHKYPEHMOCNPOMOXCHUM
Jidepom 3 supobHUYymea piokoi cmani. Lle, Hacamnepeod, 3yM08J1eHO HASBHUMU PI3HUMU
munamu npody8HuUx Npucmpoie, iKi 8UKOHYIOMb 3d X000M BUNJIABKU PIZHOMAHIMHI
¢yHKuii ma daomsv 3M02y OnepamusHo Nidaauimosysamucst nid 3mMiHHI MexHOJI02iuHi
ymogu. OCHOBHUMU Mmunamu conen 01 8epxHix npodysHUX npucmpois € conna Jlagans,
AKI 8UKOPUCMOBYIOMbCSL 0711 nodayi OCHOBHO20 KUCHEB020 NOMOKY, ma YudiHOPUUHI
conna, sAKi uacmiwe BuUKOpucmosywmos 01 00nanedaHHs 8i0XioHux 2asie.
IIpedcmasneri pesynvmamu pi3HONJIAHO8020 OOCNIOHCEHHSI 0coOaU80CMEll 8UMIKAHHS
20308020 CMpyMeHs1 3 UUNIHOpUUHO20 consd, sIKi 6yau nposedeHi Memodamu miHb080i
3lioMKu npu BUMIKAHHI 2d308020 NOMOKY Y 8LIbHe nosimpsiHe cepedosuwe ma y
ModenbHy piduHy — 800y, ma Memooamu MamemamuiyHozo0 MOOen08aHHs Ons
3’9CY8AHHS PAUIOHANbHUX MeXC IX 8UKOPUCMAHHSA Y KOHCMPYKUIi 8epxHIX NpoOYBHUX
¢ypm KucHesoz0 KoHeepmepd. 3a pe3ynbmamamu 00CNiOWeHb 8i0n08idHO 00
NPOMUCTIOBUX MEXHOI02IUHUX YMO8 BUKOPUCMAHHS COnesl, 6CMAHO8JEHO, WO npu
gucomi po3mawly8amHs UUIiHOpuuHux conen Ha pieHi 40 Kanibpie 8i0 nosepxHi
CNOKIlIHOI BAHHU BUCOKI NOKA3HUKU eHepzii npodysHozo 2a3y ma 8i0nosioHo
weudkocmeli 2a308020 NOMOKY Moxymes 6ymu docsizHymi npu nodaui npodyeHoz20 2a3y 3
Hadauwkosum muckom He meHute 300 kIla. IIpu YyboMy MOMXIUBICMb NPOHUKHEHHS Y
peanvHull wiako-memanesull po3naaé 3a Makux ymoé (npu  ekcmpanoasiyii
po3paxyHkie Ha 60 k2 n1abopamopHy mModesb KUCHE8020 KOH8epmepa) ckaadae Ha pieHi
56 — 65 % eucomu wnakosozo posnnasy. BiomiueHo, wjo 021 30inblieHHS NPOHUKHOT
30amHocmi 2a308020 CMpPYMeHs, WO BUMIKAE 3 YUMIHOPUUHO20 conad, HeobXiOHO

3MeHWuUmMu 8UCOMy po3miujeHHst NPoO0y8H020 NPUCMPOI HA 25%8i0H.

Bid3HaueHni xapaxkmepHi o0cobaugocmi 3MiHU (OpMU 2a308020 CMpYMeHS Mma

P03n06cl0HeHHs weudkocmeti 3a 008XUHOI0 NPU 3MIHI MUCKY NpOOYBHO20 2a3y, ma ix

© T'onry6 T.C., Momuanos JI.C., Minait O.M.
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8NIUB HA (hakMuUHY eUOUHY 3AHYPEHHS 2308020 CMPYMEHS Y MOOeJIbHY PiOUHY - 800Y.
3pobneHuli 8UCHOBOK NPO OOUINbHICMb BUKOPUCMAHHS UUNIHOPUUHUX CONesl SIK conell

0pyz020 pady 021 6azamops0HUX 8ePXHIX PypM.
KmouoBi cimoBa: npodyska 368epxy, yuaiHOpuuHe conso, 2a3osuli cmpymiHb, miHe08a
3liomMKa, mamemamuure MOOeN08AHHS, 2IUOUHA 3AHYPEHHS.

IToctraHoBKa mpoOseMu. 3 TPAKTUKM CY4aCHOTO KMUCHEBO-KOHBEPTEPHOTO
Mpolecy BigomMO, M0 UMIIHAPUYHI COIUIAa BMKOPUCTOBYIOTHCS [JISI OpraHisariii
IUISHOK BHYTPIIIHBOTO IIPOCTOPY KOHBEpTepa, S$Ki BiApi3HSIIOTHCS 3BYKOBOIO
IIBUJIKICTIO PYXYy ra30BUX MOTOKIB /1 BUKOPUCTOBYIOTBCS AJIsI ONTUMIi3allii TerI0BOro
OajlaHCy TUIABKM Ta TIOJIIMIIEHHS YMOB MLIJIAKOYTBOPEHHS. 3 AOCBily KUCHEBO-
KOHBEPTEPHOro Ipollecy BigoMo, 110 B Mepiofi CTAHOBJEHHSI BMKOPUCTOBYBAJINUCS
dbypmu, ocHameHi UWIIHAPUMYHMMM COIIaMM. Bimomo, 110 BUTOTOBJIEHHS
HAaKOHEUHMKIB KMCHeBMX (ypM, OCHallleHuX coruiamu JlaBasi, CyIpOBOMKYETHCS
HEOOXiTHICTI0O BMKOPMUCTAHHS CK/JIATHOTO TEXHOJOTiYHOIO YCTaTKyBaHHS. A
eKCIUTyaTallisl 3a3HaueHOoro TUITY COIleJl B yMOBax BMCOKOTeMIlepaTypHOi MeTaieBoi
BaHHM OOMeykeHa 3MiHOI0 KOHGirypailii mpodiso KpOMKM coria depes ii posrap.
TakMM UMHOM aKTyaJbHMM 3aBAAHHSIM [JiSI Cy4aCHOTO KMUCHEBO-KOHBEpPTEPHOTO
TpoLeCcy € BCTAHOBJIEHHS MeX BMKOPMCTAHHS comeql UWIIHAPUYHOTO TUIY Y
KOHCTPYKIIii BEpXHbOI KMCHEBOI QYypMIU.

AHaniz pociaigkeHb. KucHeBO-KOHBepPTepHMII CIIOCI6 OTpUMMAaHHSI 3ali30-
BYIJIEL[€BOTO HAIiBOPOAYKTY 3aJIUIIAETHCS €OVHUM HaoiIbII
KOHKYPEHTOCITPOMOXKHMM CIIOCOO0M, sIKMi1 3a6e3meuye 6;113bK0 71 % BUPOOHUIITBA
[1, 2]. Lle 3yMOBJIEHO SIK THYYKICTIO CaMOTO IIPOLeCY, SIKUI1 JIETKO MPUCTOCOBYETHCS
IO WIMXTOBMX YMOB, TaK 1 MEHIIMMM TMOpPIBHSHO 3 IHIIMMM BapiaHTaMu
BUPOOHUIITBA pigkoi ctani BuTpaTtamu [2]. 'HYUKiCTh KMCHEBO-KOHBEPTEPHOTO
Mpolecy 3yMOBJieHa HasiBHMMM Pi3HOBUIAMM IIPOIIeCY, i, B epIiry 4epry, 3HaUHUMU
KepyHUYMMU MOKIMBOCTSIMM BEPXHBOTO MPOJAYBHOTO MPUCTPOIO — KUCHEBOI (pypmu
[3-6]. B cyuacHux ymoBax [jsi 3abe3sredeHHs] e(eKTMBHOrO KepyKuoro BIUIUBY
BepXHbOI MpoAyBHOI ¢ypMu Ha (@isuKo-xiMiuHi Ipoilecu, [0 MNPOTiKalOTh B
MTOPOXKHMHI KMCHEBOTO KOHBepTepa, B KOHCTPYKIii pypMu BUKOPUCTOBYIOTH Pi3Hi
comia: Tuity JlaBass Ojisi BBeJleHHSI OCHOBHOTO KMCHEBOTO TOTOKY IJisl 3[Ai/iCHEeHHS

MpOoLeCiB  OKUCJIeHHSI; COIUIa UWIIHAPUYHOTO TUIY, pO3TAalllOBaHi $K Ha
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HAaKOHEUHMKY, TaK i Ha IeBHiM BiICTaHi Bif, HbOrO — Ha Jpyromy spyci. BoHu
NpU3HavyeHi OJsg 3[i/iICHEHHS NOAATKOBOTO BIUIMBY Ha MpPOLlEC KOHBEPTYBaHHS 3a
PaxXYHOK IOJIIIIIEeHHS TeIJIOBOro 6alaHCy IUIaBKyM 3a paxyHOK gomaneHHs CO po CO;
Yy BigxigHux Trasax; MOKpalleHHSI MacOOOMIHHMX IIPOILECiB [JISI aCUMIiJsIIii
IIJIAKOYTBOPIOIOUMX MaTepiajiB Ta e)eKTMBHOIO BIUIMBY Ha Iporecu padiHyBaHHS
3@ PaxXyHOK ra3oJiMHaMi4YHOTO BIUIMBY Ha IIIJIAKO-MeTaieBy eMYJIbCilo.

MeTa gociigskeHHsI. BpaxoBylouy BUKOPUCTAHHS COmes UUIiHAPUUYHOTO TUITY
y BepxHixX MOpoayBHMX ¢ypMax, IO BUKOPUCTOBYIOTHCS Yy IIJIaBMAbHUX Iedyax
BiIOMBHOrO TMITYy, METOI0 MHOCTIIKEeHHS € BCTAHOBJIEHHSI Ta30dMHAMIYHUX
0COOMMBOCTE} BUTIKAHHSI Ta30BUMX CTPYMEHIB 3 IIWIIHAPUUHMX COMeT IJIsl
3’SICyBaHHS PalliOHAJIbLHMX MeX 1X BUKOPUCTAHHS Y KOHCTPYKIIil BEpXHiX IMTPOAYBHUX
dbypM K1CHeBOTO KOHBepTepa.

IIpunagu Ta o6GaagHaHHSA. [lOCTiIKeHHS TeXHOJIOTIYHUX MOXKIMBOCTEN
IWTIHAPUUHMX comen Oya0 MpoBefeHO 3a [0MoMOrow (Gi3sMyHOro CTEeHA0BOTO
OOCTiI)KeHHSI 3 TIPOJYBKOK y MOBITpsSiHE CepeloBUIllEe Ta y MOZe/ibHEe BOAHE
cepeloBuIlle, a TAKOXK 3a JOIOMOIOI0 MaTeMaTMUYHOTO MOJE/IOBaHHS Ha MPUKIaLdi
ITIHAPUYHOTO coria miametpoM 3,2:103m (y macmitabi 1:13 go ImpoMMCI0BOrO
eKBiBaJIEeHTHOTO MIepeTUHY coTlel BepXHbOi KMCHeBO1 PypMH, 1110 BUKOPUCTOBYETHCS
o7 TpoayBKM B 250-T KUCHEBMX KOHBepTepax) IIpu IMPOAyBaHHI CTUCHEHUM
MOBITPSAM 3a KOHTPONIOEMOI BUTpaTu (TUCKy). CTeHIOBe HOCTiMIKeHHS OyJio
IIPOBEJIEHO 3 BUKOPUCTAHHSIM METOZiB TiHbOBOI 3110MKM [7, 8]. Ha puc. 1 HaBeeHO
3arajbHUit BUIJISINL CTeHAY JOCTiI)KeHHS TiHbOBOK (DOTO31IOMKOI BUTiIKaHHS
ra3oBOro CTpyMeHs y IOBITpsiHe cepenoBuie [7]. Ha puc. 2 HaBeneHmit 3arajibHUi
BUIJISIA, CTEeHAY [HOCTiIKeHHS B3a€EMOMil Tra3oBOro CTpPyMeHsI 3 PiAMHOIO 3a
IIOTIOMOT0I0 TiHbOBOI (hOTO/BigeositoMKu. [Ijisi MOAe/NIOBaHHSI B3a€MO/ii ra30BOro
CTPYMeHS 3 PigKO0 BaHHOIO Oy/1a 00paHO y SIKOCTi MOAEIbHOI PilMHM BOJIA, SIKA Mae
O/1M3bKi 3HAUEHHS B’SI3KOCTi y IOPIiBHSHHI i3 pigKor cTayio i ¢isudHi mapameTpu
SIKOi  mo0pe  Y3rOMKYIOThCS  BiAINoBigHO 1m0 KputepiiB momobu  dpynma
moaudikosanoro [9, 10]. IIpu npoBengeHHI CTeHAOBOI TiHbOBOiI 3/1OMKM B3a€MOZii
ra30BOTO CTPyMeHSI 3 pigkoio ¢a30i0 BUKOPUCTOBYBAIM IUIACKY IPO30PY CKISHY
eMHicTb. Takuit BuO6ip OYB OOIPpYHTOBaHMII TMPOBEIEHUMU TONATKOBUMMU

JIOCTiIKeHHSIMM 100 BIUIMBY THMITY €MHOCTI Ha JIiHiliHI po3MipM 006’€KTiB Ta ix
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CITiBBiIHOIIEHHSI HA OoTpuMMaHuxX ¢ororpadisix, 3a IKMMM OyJIO0 BCTAaHOBJEHO, IO
IUIacKa IIOBEPXHSI CTBOPIOE MeEHIle BUKPUBJIEHHS CepefoBMINa, HiK OIyK/Ia.
[TpomyBKy 3A4iiiCHIOBaJIM CTUCHEHUM IMOBiTpsM 3 Tckom 100, 200 ta 300 kIla (mo
MOKA3HMKIB TUCKY, IO IMPUITMAETHCSI 3a poOOUiii Tepen COIJIaMM ITPOMMUCIOBUX
BEpPXHiX NpOoyBHMX NpuUcTpoiB [11]), w0 mnomaBaBcsl Bi KOMIIpecopa Kpi3b
nwIHApuYHe corio 3,2-10° M. BucoTy po3mimieHHST MPoayBHOI GypMM BiHOCHO

CITOKIiJiHOI pigvHM BcTaHOB/IOBaIM Ha piBHI 20 — 40 KaiopiB MPOAYBHOTO COILIA.

PucyHok 1 — ®0OTO yCTaHOBKM [1JI1 TIHBOBOI 3/I0MKM BUTIKaHHS Ta30BOT0 CTPYMeEHS 3
JOCIiAHOrO coma. 1 — JoCaiqHNIiI HAKOHEeYHMK 3 COIIOM, 2 — dypMa, 3 — KPOHIUTEH,
4 - royiyacTuit KpaH, 5 — MaHOMeTp, 6 — Ginit ekpaH, 7 — IyKepeJio CBiT/Ia, 8 — Kamepa.

o B __d R
PucyHOK 2 — @OTO yCTaHOBKM TiHbOBOI 311IOMKM B3a€MOZ,ii Fa30BOT0 CTPYMeEHS], 1110 BUTIKAE 3
OOCIiTHOTO COIIA, 3 PiKOI0 BAHHO0, 3MOZe/IbOBAHOI0 BOAOIO (A), Ta BUIJISIZ, TIHBOBOI
dororpadii (b) 1 — mocaigHMIT HAKOHEYHMK 3 COTJIOM, 2 — ITpoAyBHa ypMma,
3 — KpOHILTEH, 4 — IIJIAHT MI0Aa4i CTMCHEHOTrO MOBIiTPSI HAa TPOAYBKY,
5 — mopenbHa piguHa — Boma, 6 — IMpo30pa IJIacka EMHICTh
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O6acTh 3aHYpEHHS TA30BOT0 CTPYMeHS Y piguHy dikcyBaiu Ha 6iloMy eKpaHi,
pO3TalllOBaHOMY I103afy Mogesi. [eomeTpuuHi mapameTpu JyHKU 3aHYPEHHS
1Iepeo0UMCIIOBAIM Ha pealibHi BUXOOSUM 3 [IifiICHMX TeOMETPUYHUX PO3MipiB
MIPOAYBHOI'O MPUCTPOIO, 10 (dikcyBaBcs TakoX Ha GOTO, Ta 3 ypaxyBaHHSIM KyTa
HaxXMJIy Bimeokamepwu, sika Oysa posTalioBaHa [JjisI peecTpallii MIMOMHU JIYHKU
3aHYpeHHS 31 3MillleHHSIM BIIPaBO BiJ LIeHTPAJIbHOI BiCi MIPOAYBHOrO PUCTPOIO [8].

MaTemaTuyHe MoJie/ilOBaHHSI OyJI0 MPOBeNEeHO 3a JIOMOMOTOI0 MPOrpPamMHOr0
npomykrta ANSYS Fluent, saxuit mnpu3HaueHMii [Ojs BUpIlIeHHST 3a7ay
00uMcIIOBaabHOI ra3o- Ta rigpoavHamiku (CFD). [Ins momenioBaHHSI OyB oOpaHuit
aJITOPUTM pillleHHS, [0 6a3Y€ThCSI HAa TYCTUHI. BiH 3aCTOCOBYETHCS [/ pO3paXyHKIB
BUCOKOIIBMUAKICHMX TpaHC- Ta HAA3BYKOBMX IOTOKiB. IloBeliHka Tra3oBOro
CTpyMeHS, II0 BUTIKA€ 3 COIJIa, MOXXHA OMMUCATU PiBHSIHHSIM HEpPO3PUBHOCTI, sike
3B’SI3y€ IWIBUIKICTb MOTOKY 3 IUVIOIIMHOK MEpeTMHY BUXiZHOTO KaHaly, SIKe Yy

IudepeH1iiHOMY BUIJISIZI 32 OCbOBMM HampaBjieHHSIM Mae Bursy, [12-13]:

ld_p+ld_v+ld_8=o (1)
pdx V dx S dx

Ile p — T'yCTMHA rasy, kr/m>; V — MBUIKICTb ITOTOKY, M/C; S — IIOIIA BUXiTHOTO
MepeTuUHy coria, M2

Il CTBOpEeHHSI YMOB BUTIiKaHHS CTPYMeHSI 3 HaJ3BYKOBOIO IIBUAKICTIO,
CITiBBiHOIIIEHHSI TUCKY, IO € Ha BXOZi B COIUIO, TA HAaBKOJMIIHbOTO TUCKY Ma€

3a/I0BOJIBHSITU PiBHSIHHIO:

N
P, D1, g9 (2)
P 2

5

Ie Po —TuCK rasy Ha BXO[i B COIUIO, I1a; P, - 30BHIilIHIA TUCK, [1a; y — MOKa3HUK
amiabaTy (/11 IBOATOMHOTIO Ta3y — KMCHIO Ta MOBITPS, MOpiBHIOE 1,4).

3a BKazaHMx YMOB (OPMYETHCSI CTPYMiHb, 10 PYXa€ThCS 3 HAJ3BYKOBOIO
IIBUAKICTIO, ¥ TpU B3a€EMO/Ii1 i3 HABKOJIMUIIIHIM CepeIOBUIIEM YTBOPIOE yAAPHi XBUJI,
B SIKUX CepeloBUIlle CTPyMeHs 3IYIIYETbCSI 3 (OopMyBaHHSIM OOUKOIOIiOHMX
YTBOPEHb 11 AucKiB Maxa [12-14].

ANTOPUTM O0OUYMC/IEHHS MaTeMaTMUYHOi Mojesi 6a3yBaBCsi Ha PO3B'sI3aHHI

piBHsiHHS Hag'e-CTokca i3 [OMCKpeTU3alli€l0 OCHOBHMX PpiBHSIHb Yy BUIJISIII
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HEYCTaJIeHOTO piBHSHHSI 30epekeHHS eHeprii Ojsi TepeHeceHHS CKaISIpHUX
BeJIMUMH, TYpOyJIeHTHOI B’SI3KOCTi Ta TeIUIONpPOBimHOCTI [15]. I HeCTHMCKaeEMOTo

ra30BOr0 CEpeIOBMIIA CUCTEMA PiBHSIHb Majia BULJISI:

op o,
—+div (pv) =0,
o (pV)
av 1 N T
paz—grad p+,uAV+§,u grad (divv)+ f,
dp:Kd_p.
Y2,

oe A — omeparop Jlamiaca; v — KiHeMaTM4YHa B'SI3KiCTh, M%/C; U — AMHaMiuHa

B'I3KiCTb, KI/M-C; p — TYCTMHA cepeloBUIIA, KI/M%; p — TUCK, I1a; f — 06’emHa cuia

©)

(HarpuKIan;, CUIa TSOKIHHS).
OCHOBHMMM KpOKaMy IPOBEIEeHHS] MaTeEMAaTUYHOTO MOJIe/TIOBaHHS Oy/Ii:

1. mobymoBa reomeTpii po3paxyHKOBOI MOIeJIi;.

2. I06yoBa pO3pPaxyHKOBOI CiTKM;

3. HaJaAIITYBaHHS MaTeMaTU4YHOI Mofesi (BM3HaueHHsT (isMUHMX BIACTUBOCTEN
MaTepianiB, 3aBOAaHHS TpPaHMUYHMX YMOB, HaJaIITyBaHHS IlapaMeTpiB
BUpIiIIeHHS, iHillia/mi3allis NOYaTKOBUX 3HAaUeHb 3MiHHUX, 3aBOAaHHSI YaCTOTU
30epeskeHHs MTPOMIXKHUX pe3yabTaTiB, BMOip KPOKY Yacy po3paxyHKy);

4. KOMII'IOTepHE 00UMCIeHHS;

5. 06po6Ka OTpMMaHUX pe3y/bTaTiB.

I MaTeMaTMYHOTO MOJIeIOBaHHS BUTIKAHHS Ta30BOrO TOTOKY Kpi3b

LWITHApUYHE coTuio 6yra mobyaoBaHa 3D Mmogenb HWIiHAPUUHOTO coria (puc. 3).

PucyHok 3 — 3D Momenb UMAIHAPUYIHOTO COTIIA y MepeTuHi
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MopenbHMM TiloM OyJI0 0OpaHO IIOBIiTPs, BJIACTUMBOCTI SIKOTO 3a7aBajuCs
PIBHSIHHSIM CTaHy igeanbHOro rasy Kiamneripona-MeHpeneesa [16]. [I1s1 oTpuMaHHS
TOYHMX pillleHb OyJa BMKOpPMUCTAHA AMCKPETH3allisl PiBHSIHb IOTOKY, KiHETUYHOI
eHeprii B TypOyJeHTHOMY ITOTOLIi, pO3CilOBaHHS TypOYJIEHTHOTO MOTOKY JIPYyroro Ta
BUILle TIOPSIKiB TOYHOCTI. Pe3ynbTaTu MoJentoBaHHS OyauM OTpMMaHi y BUIJISAI
KOJIbOPOBMX I10JIiB MIBUAKOCTEH Ta TUCKY IIPOAYBHOTO ra3y 3a JOBXMHOIO CTPYMEHSI.

PesynbTaTi Ta auckycifa. Ha puc. 4 pjas npukiagy HaBeleHO pe3yibTaTu
06YMCIEHHS TIOJIiB IIBUAKOCTE Y ra3oBOMY CTPYMEHi, IO PO3MOBCIOIKYETHCS Y
MOBITPSIHE cepefoBUIIEe 3a CTAHAAPTHUX YMOB MIPU HAJJIMIIKOBOMY TUCKY TPOAYBKMU
100 - 300 kITa. 3a oTpuMaHMMM pe3yJabTaTaMM OY/IO BCTAHOBJEHO, IO IIpU
BUTIKaHHI 3 UIWIIHAPUYHOTO COIUIA y Ta30BOMY CTPYMEHi IIif [i€l0 3MiHU
HaBKOJIMIIIHBOTO TUCKY (OPMYETHCS yIIiJIbHEHA LIeHTPaJbHA YaCTUHA — «SIAPO», 1€
IIBUAKOCTI rasy HaOyBalOTh Ha IOYATKOBiii MOiMSIHIII HAA3BYKOBMX 3HAU€Hb
(moMapaHyeBMiAi Ta YEepBOHMII KOJip Ha pUCYHKY 4). BigmideHo, 110 m1pu
HaIJAUIIKOBOMY TUCKY npoayBku 200 kIla i Buille Ha IOYATKOBIN AJISIHIII Ta30BOTO
cTpyMeHS (OpPMYIOTbCSI TE€piOAMYHO TMOBTOPIOBAHI OMYyK/Ii VIIiJIbHEHHS 7
PO3PSIIKEHHST — TaK 3BaHi «00ukM uM auckyu Maxar. lle cBigumMTh mpo JOCTaTHHO
BMCOKY €Heprilo, SIKy Hece i3 c00010 cTpyMiHb. 1le miaTBepasKyeThCSI pO3paxyHKaMM:
st HagjauimkoBoro Tucky 200 kIla y «siapi» eHepris cTpyMmeHst csirae 1o 235 KK, a
st 300 kIla — go 244 k/IK. ITopiBHSIHHSI TOBKMHM «sIApa» CTPyMeHs BKa3ye Ha Te,
110 3i 3poCcTaHHsAM NpoayBHOTO THUCKY 3 100 kITa go 200 kIla HaAJIMIIKOBUX JOBXMHA
«smpa» 306imbiryeTbess Ha 21,8 % BimH. Ane B IMOJA/IBIIOMY, i3 MEpPepo3I0oiioM
eHeprii Ha YTBOpeHHS AMCKiB Maxa, rpu 36i/bllleHHi TpoAyBHOrO THCKY 10 300 KIla
IOBKMHA Siipa 30i/bIIYEThCS TiIbKY Ha 4,5 %BigH. Y MOPiBHSAHHI i3 POAYBKOIO 3

tuckom 200 kI1a.
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Velocity [m s?-1]
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PucyHoK 4 — KobOpoBi 10711 pO3IMOBCIOIKEHHS LIBUIKOCTEN y ra30BOMY IOTOLLi IIPK
BUTIKaHHI 3 UWIIHAPUYHOTO COIUIa 3 HALIUIIKOBUM TUCKOM:
1 - 100 ITa, 2 — 200 ITa, 3 - 300 kIIa

Ha pucyHky 4 BiZMi4eHO BiZiCTaHb 3a OOBXMHOI CTPyMeHs, IO BiJAIIOBia€
po6ouiit BimcTaHi 1S MpoAyBKYM peasibHOI BaHHM — 40 Kaji6piB. BigmoBimHo MoskHa
3p0oOMTHM BMCHOBOK, III0 Ha poOOUiil BicTaHi rasoBuii CTPYMiHb MOKE UMHUTHU
HeOOXimHMI AMHAMIYHMI BIUIMB 3a YMOB ITPOAYBKM i3 TrcKom Buie 300 kIla (3a mux
YMOB MOXHa OYiKyBaTM MJOCATHEHHS Ta30BOr0 IOTOKY IIOBEpXHi BaHHU i3
MIBUAKOCTSIMM Ha PiBHI 3BYKOBUX - HMIBUAKICTB 3BYKY 330 M/C y TTOBITpi).

I OLIiHKM OTPMMAHMX pe3yJbTaTiB MaTeMaTMUYHOIO MOEIIOBAHHS OyJi0o
MPOBEIeHO HAaTypHe AOCTiIKEeHHS MPOAYBKU Kpi3b LUMIIHAPUYHE MOJeEIbHEe COIIO
MEeTOJIOM TiHbOBO1 3MOMKM TIpU pO3MOBCIOIKEHHI Yy TOBITpsiHE CcepefoBuIIeE.
KiouoBMMM MOMEHTaMM TiHbOBOi 3/iOMKM Oynu: 3abe3reueHHs JIiHIHOCTI

CBITOBOTO IIOTOKY BiJ [Kepeja CBiTia; 3abe3rneuyeHHs MepIeHIUKYISIPHOCTI

ISSN-print 1991-7848 121
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 28 - 2025

IKepejia CBiT/Ia Ta ra3oBOro CTpyMeHs i ekpaHy. EkcriepumMeHTanbHi OTO3HIMKM
OyJiu TIepi 3a BCe MOPiBHSHI 3 KOJbOPOBMMU ITOJISIMU IMIBUAKOCTEN, PO3PaXOBAHUX
3a OJHAKOBMX yMOB. Ha puc. 5, Ik Npukiaj, HaBeAeHO TMOPiBHSIHHS [JiSI YMOB
HagnauikoBoro Tucky 300 kIla. Ha pesynbraTi MopmenioBaHHSI Ta (POTO3/OMKMU
BUXiTHMII Tlepepi3 coIia y HaBeaeHOMY (opmaTi PUCYHKY € OJHAKOBUM [IJIS

3abe3meueHHs aIeKBaTHOI MOXK/IMBOCTI ITOPiBHSIHHS.
Velocity [m s?-1]

0 SS9 77 77, %5 %y TS
ARR A IENONENONCTER AL IE DN

PucyHoK 5 — IlopiBHSIHHS pe3y/IbTaTiB MaTeMaTUUYHOTO MO/Ie/IFOBaHHSI Ta TiHbOBOI 3/10MKMU
BUTiKaHHS Ta30BOr0 CTPYMeHS KpPi3b LMIiHAPUUHE COILIO 3a TUCKY
npoaysHoro razy 300 klla

@OTO3HIMKM MalOThb CXOXi 3 pe3yabTaTaMy MaTeMaTUYHOIO MOeT0BaHHS
0COOGMMBOCTI 3MiHM TIOJIiB IIBUAKOCTEN 3a MOBXKMHOIO CTPYMEHS 3 YTBOPEHHSIM
«B6OUKOMOAIOHNX» CTPYKTYp — OMCKiB Maxa, 3 OiITHKaMU YIIiJibHEHb ¥ pO3pimkeHb
cepeoBuIla, SIKi Ha (OTO3HIMKax IPOSIBASIOTHCS B 3ryIleHHI abo BUCBIT/IEHHI
iHTeHCMBHOCTi KoJIbOpy. MoOKHa cKasaTu, 10 pe3yJbTaT¥ MaTeMaTUUYHOTO
MOJeIOBaHHsI Oinbin iH(GopMaTMUBHI. 3a iX JOMOMOrOI0 MOKHA Kpallle OILiHUTU
0COGIMBOCTi PO3IOBCIOKEHHS TA30BOT0 CTPYMEHS 3 MOMEHTY BUTiIKaHHS 3 COILIA i
Iali B3JIOBX CTpyMeHS. BumgHO, 110 caMe B II€HTPi KOXKHOIO «OOYKOMOmiOHOTO»
YTBOPEHHS MIBUAKICTh CTPYMEHSI Ha0yBa€ MaKCMMAaIbHOTO 3HaUeHHS. TaKoX BUIHO,
0 Hafgasi, 3a 06/1aCTI0O YTBOPEHHS «OOUKOIOAiOHUX» CTPYKTYp, CTPYMiHb [IeIlo
PO3IIMPIOETHCST Y TIOPiBHSIHHI 3 BUXiITHMUM IepeTuHOM (mpubimsHo Ha 15 — 20 %),
36epirarouM AOCTATHBO BMCOKi 3HAUEHHS IIBUIKOCTI (BUIE 3BYKOBOI IIBUIKOCTI
330 m/c [J1s IOBiTpS).

Takox ciif Big3HAYMTH, IO HA PUCYHKAaX CHiBNAJalOTh AOBXVUHU YTBOPEHUX

BiITIOBiAHMX 3@ [OBXMHOIO CTpPyMeHSI «0ouok»: mag mepmoi - 0,012 M,
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apyroi — 0,014 m, Tpetboi 0,013 m, yerBepToi — 0,012 M (masni 3a HasAIBHUX YMOB
3710MKM Ha (POTO «OOUKOIOAIOHI» YTBOPEHHSI HEMA€ MOXKJIMBOCTI TOYHO OI[iIHUTH).
Jlelio Bimpi3HSIETHCS BUCOTA «OOUKOIIOAIOHMX» YTBOPEHD 3a (DOTO BiJ MaTeMaTUYHO
OTPpMMaHMX MpuOJM3HO Ha 1 MM, 10O, WMOBipHO, TIIOB’SI3aHO 3
TOYHICTIO (OTO3/OMK.

BignmoBigHO OO METOAMKM OLIiHIOBAaHHSI IIBUAKOCTI Ta30BOTO IIOTOKY 3a
TiHbOBUMMM (OTO, 3a SIKOi HIBUAKICTb Ta30BOTO ITOTOKY Iepej yAapHOI XBUJIEHO
BM3HAYAETHCS 32 KyTOM HaXWIy JOTUYHOI CTpUOKA yilibHeHHS [8], 6y/iu BU3HAUYeHi
IIBUAKOCTI 3a IEpIIMMMU TpPpbOMa «OOUYKOMOMiOHMMM» YTBOPEHHSIMU ¥ OTpMMaHi
pe3yabTaTy Oy/M CITiBCTaBJIEHi 3 pe3yabTaTaMM OOUMCIEHHSI IMIBUAKOCTI METOIOM
MaTeMaTMYHOTO MojestoBaHHS. Ha puc. 6, A HaBegeHO CITIiBCTaBJIEHHS IJi1 YMOB
MPOAYBKM 3 HaajauIIKoBUM TuckoM 300 kIla. byno Big3HadyeHO, IO pe3yabTaTu
MaTeMaTMYHOTO MOJIENIOBAaHHS Ta Ti, IO OyaM OTpMMaHi 3a TiHbOBUMMM (OTO,
BiIpi3HSIIOTHCSI HA BeIMUMHY nopsiaka 1,6 — 5,5 %. Lle mae 3mory 3po6MUTH BUCHOBOK
NP0 aieKBATHICTh OTPMMAHMX PE3Yy/AbTATIB LIJIIXOM MaTEMAaTUYHOTO MOAETIOBAHHSI.
Crmipg Big3HAUMTHU, IO TOYHICT METOAY BU3HAUEHHS WIBMOKOCTI 3a TiHbOBOIO
31IOMKOI0, SIK i OyIOb-sSIKMii MeTOH, y SIKOMY Oepe yuyacTb JIIOAVHA, 3aJ€KUTh Bil
TOYHOCTiI MOOYAOBM MPSIMMX Ta BM3HAUEHHS iX KOOpAMHAT MepeTuHy oceit njs

BCTAHOBJIEHHS KyTiB HaAXWIy.
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PucyHoK 6 — CriiBcTaB/IeHHS pe3yibTaTiB (A) MaTeMaTUUHOTO o6umcaeHHs (1) MBUIKOCTI
3a TOPM30HTAJIBHOIO BiCCIO CTPYMeEHS Ta LIBUAKOCTEN, Ol[iHeHMX 3a TiHbOBMUMM (HOTO (2) Ta
CIIiBCTaB/IE€HHS IIBUIKOCTEN BUTIKAHHS ra30BOro CTPyMEHS 3a JOBXMHOIO IIPU Pi3HOMY
HaJIMIIKOBOMY TUCKY ITponyBHOro rasy (b): 1 — 100 kIIa, 2 — 200 kIIa, 3 — 300 kIla
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OpHak, O OAHOTO BUIIAAKY MpsiMe€ BUMIPIOBAHHSI He HaAaCTbh TOYHIIIMX
pesyJbTaTiB, 60 diaMeTp MOJEJbHOIO COILIa OJM3bKMII 1O poOOYOro miaMeTpy
OTBOPIB CTaHAAPTHUX TPYOOK ITiTo. KpiM TOro HasIBHOIO € IepeBara MaTeMaTUYHOI'O
MOJEIIOBAaHHS, SIKe [OO03BOJSE OTPUMATU He TiIIbKM Yy OKpeMMX TOuKax [OaHi
IIBUAKOCTE Tra3oBOrO CTPyMEHS, ajie i [i3HaTuUCS SIK i 3 SKMM XapaKTepom
IMIBUIKICTh 3MIiHIOETHCS 3a OOBXMHOW CTpyMeHs. Lli JaHHI OalOTh [OOOATKOBY
KOpUCHY iH(opmaliito aJjis1 po3yMiHHS TTOBEAiHKM SIK OKPEMO Ta30BMX ITOTOKIB, TaK i
Ha HACTYITHOMY eTalli — y B3a€EMO/|i i3 piIKOI BaHHOIO.

HacTymHuMM KpOKOM  JOCTimkeHHSI OyJ0 TpOBeeHHS CITiBCTaBAeHHS
YyCeJIbHMUX Pe3ybTaTiB PO3PaxyHKYy LIBUIKOCTEN Ta30BUX CTPYMEHIB 3a JOBXUHOIO
CTPyMeHS MpU Pi3HUX HAIJUIIKOBUX TUCKAX BUTIKaHHS MpomyBHOTro rasy: 100, 200
ta 300 kIla (puc.6, b). BimmiueHO, 10 xapaKTep 3MiHM 3a OOBXMWHOI CTPYMEHS
OTPUMMAaHMX PO3PAXyHKOBMX DPe3yJbTaTiB KOPECIOHAYETbCSI 3 HAsIBHMMMU B
JiTepaTypi JAaHMMM IOAO 3MiHM IHIBMIKOCTI Ta30BOTO CTPyMeHSs, KU1 BUTIKae 3
MPONYBHMUX TIPUCTPOIB 3a YMOB €JIEKTPOAYTrOBOl1 IIJIaBKM, W0 € OOHATKOBUM
MiATBEPIKEHHSIM aleKBaTHOCTI pO3paxyHKOBUX Mogeneli [17].

BcTaHOoBJIEHO, 1110 Mic/s BUXOAY 3 MPOIYBHOIO COILIA 3a TOBXMHOIO CTPYMEHS
IIBUIKICTh IMPOAYBHOT'O rasy CIIOYaTKy Mae€ ITyJAbCYHOUMii XapakTep i3 cepemHiM
MpuUOAM3HO CTATUM MTOKAa3HUKOM A0 AOBXMHU CTPyMeHsT Mpuoin3Ho 36 — 40 -1073 M,
a Jami IoumMHa€ 3HMWKyBaTucst (puc. 6, B). Bigmiueno, mo 3i 306igblIeHHSIM
HaJJIUIIIKOBOTO TUCKY mpoayBHoro rady 3 100 kIla mo 300 kIla miBMAKICTb ra30BOTO
CTPYMeHS Ha ITOYaTKOBOMY eTalli, e TIPUCYTHi KOJIMBaHHS, 30ibITyeThcs Ha 29,5 %,
a Ha OingHIi cnagy - Ha 62,6 %. Ilpy 1boMy aMIUITyAa KOJMBaHb IIBUIKOCTI
ra30BOT0 IMOTOKY HA BMUXOZi 30i/bIIyeThCcs1 y 21 pas i JOBXMHA CTPYMEHSI, BIIPOIOBXK
SIKOi MPUCYTHiI KOJMBaHHS, Ginbiia y 4,2 pas3u. KinbkicTh BiAMiueHMX MaKCUMYMiB
IMIBUAKOCTI Ta30BOrO CTPyMeHsI IIpM MpPOAYBaHHI 3 HAIJIUIIKOBUM TUCKOM
200 - 300 xIla 6ysa BcTaHOB/JIEHA Ha PiBHi 8 i3 MaKCMMa/JIbHMMM ITOKAa3HMKAMU
mBuakocti nmpu 200 klla mepmi matb - 435 - 416  wm/c,
a mpu 300 kITa — 505 - 451 m/c. 1i BeMUMHM TTIepPeBUIIYIOTh 3BYKOBY IIBUIKICTh Ha
31,8 — 26,1 % Ta 53,0 — 36,6 % BignosigHo. [Ipy mpoayBaHHi i3 HAIIUIIKOBUM
tuckoMm 100 xIla mBUAKICTH MPOAYBHOTO ra3y 3HAaXOAMUTbCSI HA PiBHI 3BYKOBOI,

ofHaK 3adikcyBaTy Bi3yaJqbHO 3TYIIEHHS C€peIOBUINA Ha TiHbOBUX (oTorpadisix 3a
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IMX YMOB He BAajocs. BkasaHi HIBMAKOCTI BiAMOBiAalOTh MOYATKOBiV miNSHII
CTpyMeHs. BriogasplioMy IMIBUAKICTb CTPYMEHS 3HMWKYETbCS 1 Ha BiAcTaHi
40 xasnibpiB, M0 € PO6OUYMM ITOJOKEHHSIM [IJI IMPOMMCIOBUX BEPXHIX MPOTYBHUX
dbypM KMCHEBOTO KOHBepTepa, Ckiajae rmpu Hagauimkosomy Tucky 200 kIla 210 m/c,
a ripu 300 kITa - 150 m/c.

OriHKa ra3oaMHaMiuHMX OCpPOJIMBOCTEl Ta30BOTO CTPYMEHS, IO BUTIKa€E 3
UMIIHAPUYHOIO COIUIa TEeBHOTO [iamMeTpa 3a OOIMOMOIOI CTEeHZY XOJIOJHOIO
MOJEMIOBAaHHSI 3 BUKOPUCTAHHSM BOOM Y SIKOCTI MOAENbHOI piAHM MOKa3ajia
HacTtymnHe. Ilo-mepiie, OyJ0 BimMiueHO 3HauHe PO3OPU3KYBAHHS PiIuHU IIpU
MPOIyBaHHI 3 HAAJUIIKOBUM TuckoM Oisbiie 100 xIla. llomo rimbuHu 3aHYpeHHS
ra3oBOro CTPyMeHSI y piAMHY BCTAaHOBJIEHO, IO IPM PO3MillleHHi IPOAYBHOIO
TIPUCTPOIO i3 IWIIHAPMYHMM COIJIOM Ha BucoTi 40 KamibpiB (puc. 7) rambuHa
3aHYpEeHHSI ra30BOrO CTPYMeHSI y PiAKy BaHHYy CKJajia IpU HaAJIMIIKOBOMY TUCKY
100 xIla - 76-10° m, nipu 200 kIla - 84,4-10° m, a nopu 300 klla - 90-10° m.
BignmoBimHO 10 OTpMMaHMX pe3yJbTaTiB MaTeMaTUYHOTO MOJeII0OBAHHS MOXKHA
BiZI3HAUMTH, IO 3a YMOB MepexoAy MPOAYBKM Tra30BUM CTPYMEHEM OO0 PEXUMY 3
YTBOPEHHSIM «OOUKOIMOAIOHMX» VIIIIbHEHb IMPU Iepexofli pekuMy IpPOAYBKU 3
100 «kIla go 200 «kIla ramMbmMHa  JIyHKM  3aHYpeHHSI  301/IbLIYETHCS

pu6aM3HO Ha 12%BigH.

PucyHok 7 — XapakTepHi TiHbOBi ()OTO IMPOAYBKM BOJHOI MOAEJi IIpy po3MillleHHi
MMPOAYBHOTO MIPUCTPOIO Ha BUCOTi 40 KamibpiB mpu pisHOMY HAJIUIIKOBOMY TUCKY
nmpoayBHoro razy: 1 — 100 kIa, 2 — 200 kIIa, 3 — 300 kIIa.

[ — HakOHeuHMK MponyBHOI Gypmu, II — TyHKa 3aHYpeHHSI Ta30BOTO CTPYMEHS Y PiINHY,
IIT — crinecku pigvHu
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[Toganbiie 36ibllIeHHS] eHeprii CTpyMeHs 3i 30i/IbIlIeHHSIM TUCKY ITPOLYBHOTO
rasy mo 300 kIla mpMBOAMTH OO MEHIIOTO e(eKTy — 30i/JbIIeHHS TIMOMHU
3aHypeHHSs Ha 6 %BigH. BinnoBigHO, eHeprisi ra30BOT0 CTPYMEHS PO3IOIiISIEThCS Ha
«30i/1bIIeHHsI» eHeprii «00YKOMmOmiOHMX» VIIiIbHEeHb. SIKi, JMOBipHO, 3HAYHO
BiI0Opaskal0ThCS Y aKTUBHOMY PO3XUTYBaHHi Ta po30pM3KyBaHHI BAHHM.

BignoBimHO A0 HasBHOI y [17] MeTOOMKM 3@ JaHMMM TUCKY Y Ta30BOMY
CTPYMEHI Ta 3 ypaxyBaHHSM BIUIMBY TeMIIepaTypy Ha TiApPOAMHAMIUHI MOKa3HUKU
MIPOIYBHOTO CTPyMeHSI, 6yJI0 ITPOBEIEHO PO3PaxXyHOK IJIMOVHM 3aHYPEHHS Ta30BOTr0O
CTPpyMeHS y pigKy meTaneBy BaHHY. OI[iHKa MOX/IMBOI IIMOMHM 3aHYPEHHS Ta30BUX
CTPYMEHIB 3a YMOB MPOHMKHEHHS y PiJiKi nutakoBuit (i3 Bucoroio 0,025 m 3a ymoB
MozenoBaHHA y 60 KT Mozelli KUCHEBOTO KOHBepTepa [18]) Ta MeTaneBuil po3IiaBu
MoKasajia HacTynHe. PospaxyHku Oynu TIpoBelleHi [Jis yMOB 3arinbJieHHS
IIPOIyBHOIO ra3y y IUIAKOBY i1 MeTasieBy ¢asu (puc. 8). BimmiueHo, 1m0 3a/1eXXHiCTb
IMOMHM 3aHYpeHHS Ta30BOrO CTPyMeHsI Ma€ CTyIlleHeBUii XapakTep it Iipu
30i/bIIIeHHI HAIJMIIKOBOTO TUCKY 30iJbIIYETHCSI AOCTOBIPHICTH OTPUMAaHMUX
MaTeMaTUYHUX PiBHSIHb, 1[0 OMMUCYIOTh BKa3aHi 3ajexkHoCTi. byso BigMmiueHo, 1110 3a
YMOB, OOpaHMX [JisI IIPOBEOEHHSI aHaji3y, MOJIMBICTb MPOHMKHEHHSI Ta30BUX
CTPYMEHIB, 110 BUTIKAIOTh 3 UMWIIHAPUYHOTO COIJIA, IIPU PO3MillleHHi MPOLYyBHOTO
MpuUcTpoio Ha BuUcOTi 40 KamiOpiB Mpu BpaxyBaHHi i IIJJaKOBOTO, i MeTajieBOTrO
pO3IIJIaBy 3MOXe ckjafgatu 56 — 65 % cepeldHbOi BUCOTM IUIAKOBOTO PO3ILIABY.
To6To UMIIHAPUYHI COIIa CIPUSITUMYTh IepeMilllyBaHHIO IIJIAKOBOTO PO3ILIaBy.
[Tpu po3MmilieHHi TpoAyBHOI ¢GypMM Ha MeHIIii BucoTi — 30 KaymibpiB MpoOayBHOTO
CoIia, MOXKHA OYiKyBaTy 3HAUHO I/IMOIIe 3aHYPEeHHSI Ta30BOT0 CTPYMEHS 3 TTOBHUM
MPOHMKHEHHSIM Kpi3b IIap MUIaKy MpY NOPOAYBILI 3 HAMJIUIIKOBUM TUCKOM

200 - 300 kIla i, HaBiTb, IPOHMKHEHHS Y IJIMO MeTajeBOro po3IliaBy.
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PucyHoK 8 — Po3paxyHOK I/TMOMHY 3aHYpEeHHS ra30BOTO CTPYMEHS Y PiJIKy MeTajeBy BAaHHY
3a YMOB IIPOHMKHEHHS Y 1IIJIAKOBY 71 MeTajieBy dha3y Ipy pisHOMY MOJIOKEHHI ITPOTyBHOTO
MIPUCTPOIO 33 BUCOTOIO TIPU Pi3HOMY HAA/IUIIIKOBOMY TUCKY IIPOIYBHOTO Ta3y:

1 - 100 kITa, 2 — 200 kITa, 3 — 300 kIla

BucHoBku.

[IpoBeneHe KOMIUIeKCHe 6araToIJIaHOBE [OCTiAKeHHs Ta30qMHaMiuHUX
0CO6JIMBOCTEN BUKOPUCTAHHS COTeJ IUIIHAPUUYHOI KOHCTPYKIIii CTOCOBHO IO YMOB
KMCHEBO-KOHBEPTEPHOi IIJIaBKU. BCTaHOBIEHO, 10 [ YMOB BUKOPUCTAHHS
ITIHAPUUHUX COTIeT 3 BUCOTOIO PO3TallyBaHHSI Ha piBHI 40 KasibpiB Bif moBepxHi
CIIOKi/iHOI BaHHM KiHETMYHOI eHeprii y ra3oBOro CTPYMeHS BiAIIOBIZHO [0
BCTAQHOBJIECHMX 3HAaueHb IIBUJKOCTEN Tra30BOTO IMOTOKY He BUCTAYa€ AJisl ITOBHOTO
MTPOOUTTS 1IJIAKOBOTO po3ruiaBy. OHAK TOCTATHBO JJIs1 aKTUBHOTO TMepeMilllyBaHHS
niaky. IIpy iboMy Ipy po3MillieHHi MPOAYBHOTO MPUCTPOIO Ha 25%BiTH HUXKUE BKe
CIIpUSITMME 3HAUYHOMY 3aHYPEHHIO Ta30BOTO CTPYMEHSI 3 MOBHUM IPOHUKHEHHSIM
Kpi3b IUIAKOBUII PO3IJIaB.

BigmiueHo, 1m0 Tipu TMepexoAi OO0 TMPOAYBHOTO pPEXMMY 3 YTBOPEHHSIM
«OOYKOIOiOHMUX» YIIiIIbHEHb Yy CTPyMeHi 3i 3MiHOW IIPOAYBHOTO TUCKY 3i
100 mo 200 xIla rmM6MHA 3aHYPEHHS Y MOAEIbHY PiIMHY — BOAY 30i/bIIYETHCSI HA

12 %, a nipu MomayibIIOMy aHAJOTiYHOMY 36imbiieHHi THUCKYy A0 300 kIla eHepris
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CTPYMeHS Y 3HauUHili Mipi ITlepepo3noaiIsieThCs HA MiJITHKAX YIIiJIbHEHHS Ta TMOMHA
3aHYpEHHSI 30iIbIIYETHCS TIIBKY Ha 6 %.

Takoxxk TpoBefeHe [HOCTIAKEHHSI [ajJo0 3MOry 3poOUTM BUCHOBOK, IO
Bepudikallifo pesyabTaTiB MaTeMaTMYHOTO MOMAEIIOBAHHSI MOK/IMBO ITPOBOIUTHU
IIJIIXOM TiHbOBOI 3/IOMKM BUTIKAaHHS ra30BMX IOTOKIB 3 COIeJ, SIKi MOJEe/ITI0I0ThCS,
3a OJHAKOBMX 3 MaTeMaTUUYHUM MOJEeTI0OBAHHSIM TEeXHOJIOTiYHMX YMOB. Bif3zHaueHO
BUCOKNI piBeHb Bi3yaJIbHOTO CITIiBOAAiHHS OTPMMaHMX pPe3yJbTaTiB Ta 3HAYHUIA
piBeHb CIiBIaAiHHSA (PaKTUUHO OGUMCIEHMX Pe3y/IbTaTiB 3a ITOKA3HUKOM IIBUAKOCTI
BUTIKaHHSI Ta30BOr0 CTPYMEHSI Ha Pi3HMX [iJsSTHKaX 3a AOBXMHOW. BimmidyeHo, 1110
MaTeMaTU4YHe MOJEe/NI0BaHHSI Ma€ 3HauHi repeBaru sIK M0A0 Bidyasisaliii 3araabHOI1
KapTUHM 0COOJIMBOCTEN PO3MOMAiTY MIBUAKOCTEN Y CTPYMEHI IIpy BUTIKaHHI 3 COILIA,
TaK i IOAO0 BM3HAUEHHS 3MiHM BeJIMUMHM IIBUAKOCTI y pi3HUMX TOUYKaAx 3a
OCbOBMM HaIlpaBJIE€HHSIM.

Takum 4MHOM, MOKHA MiJCYMyBaTH, 110 BUKOPUCTAHHSI UMIIHAPUUHMUX COTIEN
y SIKOCTi [OOATKOBUX COMeJs, HAMpUKIaZ, APYroro psiny y ABOPSIIHMUX COIUIOBUX

HAaKOHEUHMKAX, O6I‘pYHTOBaH0 OJI1 aKTMBHOI'O IIVIAKOYTBOPEHHS.
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T. Golub, L. Molchanov, O. Minai

COMPREHENSIVE STUDY OF GASDYNAMIC FEATURES OF JETS
OUTFLOW FROM NOZZLES OF CYLINDRICAL DESIGN FOR OXYGEN
CONVERTERS CONDITIONS

Abstract. The oxygen converter process is the only competitive leader in the production
of liquid steel. This is primarily due to the available different types of blowing devices
that perform various functions during smelting and allow for rapid adaptation to

changing technological conditions. The main types of nozzles for top blowing devices are
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Laval nozzles, which are used to supply the main oxygen flow, and cylindrical nozzles,
which are more often used for postcombustion of exhaust gases. The results of a
multifaceted study of the features of the gas jet outflow from the cylindrical nozzle are
presented to clarify the rational limits of their use in the design of the top blown lances of
an oxygen converter. It was conducted by shadow shooting methods when the gas stream
flows into the free air environment and into a model liquid - water, and by mathematical
modeling methods. In accordance with the industrial technological conditions of using
nozzles, it was established that when the height of the cylindrical nozzles was 40 calibers
from the surface of the calm bath, high indicators of the energy of the blowout gas and,
accordingly, the gas flow velocities were achieved when the blowing gas was supplied
with an excess pressure of at least 300 kPa. At the same time, the possibility of
penetration into a real slag-metal melt under such conditions (when extrapolating
calculations to a 60 kg laboratory model of an oxygen converter) was at the level of 56 -
65% of the height of the slag melt. It was noted that to increase the permeability of the
gas jet flowing from the cylindrical nozzle, it is necessary to reduce the lance height by
25%relative.

The characteristic features of the change in the shape of the gas jet and the distribution
of velocities along the length when the pressure of the blowing gas changes, and their
influence on the actual depth of immersion of the gas jet in the model liquid - water, were
noted. A conclusion was made about the feasibility of using cylindrical nozzles as

second-row nozzles for multi-row upper lances.

Keywords: top blowing, cylindrical nozzle, gas jet, shadow shooting, mathematical

modeling, immersion depth.

Tony6 Terssna CepriiBHa, K.T.H., CTapiiuii HAyKOBUit CHiBpOGITHUK Bigminy ®isuko-
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HAHY.
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YIOCKOHAJIEHHSA METAJIO3BEPITAIOUOI TEXHOJIOT'II TIPOKATKHA
TPYBb HA IIIVNIITPUMOBOMY CTAHI

AHotanis. Po3znsHymi ocobaugocmi i nepcnekmusu po3sumky npouyecy po3kamixu
ninizpumosoi 207108KuU Ha 8i/bHill dinaHyi dopHa. OCHOBHOK NPOOTIEMOIO Ub020 NPOUECY €
3MiuleHHs OiNIIHKU no JOpHY 8 HANPIMKY 00epmaHHs 8aJKie niniepumosozo cmaua. Ha
OCHO8I Meopii NPYy¥HO-NAACMUYHO20 Yoapy ninizpumosoi 207108KU i 8a/Kie cmaa
po3paxosaHi nicns yoapHi weudkocmi i nepemiuieHHss mpyb 0 peanbHuUx ymos
ninizpumosoi npokamku. Po3znaHymi 0ea cnocoOu 3MEHUWEHHS NepeMillieHHs
ninizpumosoi 20108Ku npu ii 83aemodii 3 8aANKAMU: 3HUMNEHHS KYmo8oi weudkocmi
8AJIKi8 NPU pO3KAMKU N NiJli2PUMOB0I 207108KU MaA 3ACMOCY8AHHS 2AbMiBHUX KOJI000K,

AKI cmeopiomo 3aoHiti Hamsiz mpyou.

KnwouoBi cimoBa: ninizpumosuti cmaH, mpyba, 2inv3a, 0OpH, hilizpumosa 207108Kd,
8AJI0K NiNiepumM0o8020 cmawa, gopzoanep, nodasanvHuili anapam, KoegiyicHm sumpamu

Memana, NPYy*cHO-NAACMU4HULL yoap.
AHasti3 ocTaHHIX JOCTiIKeHb i myoJTiKaii

[Ipotiecy rapsiuoi MIIrpMMOBOI TMPOKATKM TPyd XapaKTepHO IiBUIIEHWIA
BUTpaTHMUII KoedimieHT MeTtasa (BKM) BHAC/IIOK HAasIBHOCTI HeIOKAaTaHOI 3aJHbOI
YaCTUHU TiIb3U — MiJIbreprosoBKu, sIKa ige y obpisb, Ta ckiaamac 4-7 % Bim macu
BUXiJHOI 3aTOTOBKM.

[Momryk NUISIXiB 3HMXXKEHHSI Baru MiJbTepTOJIOBKM 3aJIMIIAETLCSI OAHI€ 3
OCHOBHMX ITpO06JIEM YIOCKOHAJTEHHS ITPOIeCy rapsyoi IMiJirpMMOBOi ITPOKATKYU TPYO
IIMPOKOTO PO3MIpHOTO i MapoyHOro coprameHTy. OcoO6aMBO akTyajabHa LISl
npob6jema cTajsia B 3B’SI3KYy 3 IIepexoioM Ha 0e3IepepBHO JIMTY 3aTOTOBKY KPYTJIOTO
TIOMIepevHOro nepepizy, KOTpa I03BOJISIE EKOHOMUTH 10 16% MeTasna B MOPiBHSIHHI 3i
3JIMTKaMM CTalliOHaPHOI PO3JIMBKM B BUJIMBHUIIL.

MoknmuBi  Crocod6M  3HWDKEHHSI Macu  ITUIbIeprojoBKM  IPU  IPOKATIN

TOBCTOCTiHHMX i TOHKOCTiHHUX TpyO IipuBeleHi B psifi pobiT [1-4]. MiHimanbHe

© Hob6psxk B.1., Yrpiomos 10.11., CraceBcokuii C.JI., Masyp L.A., Yrpiomos [I.10.
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3MEHIIEeHHSI Macyu IIiJIbTepProjiIOBKM MOSKIMBO 3a PAaxyHOK ii MOBHOI PO3KaTKM Ha
Bi/IbHIN AUISHLI gopHa. OgHAaK 1ieil MeTOJ 3aCTOCOBYETHCS TIIbKU AJISI OTPUMaHHS

TOBCTOCTiHHMX Tpy6 3 BigHomeHHsSM D/S=6-12,5. MoxmBOCTi pPO3KaTKu

MIiJIbTepProjIOBKM Ha TOHKOCTIHHMX TpybOax OOMeEXKeHO TpaHMUYHOK CTiliKiCTio
3aHBOTO KiHILSI TPyOM TN Yac BMJIYYEHHS JOpHA 3a [OMOMOIOI INMOEepPHOro
MIPUCTPOI0 Ta MOAAaBaJIbHOrO amnapara. [IoBHY pO3KaTKy ITiIbreprojioOBKM MOXJIMBO
3[iMICHIOBATU TiJIbKM Ha BUIbHIN OiSHIII JOpHA, 110 3HAYHO YCKIAAHIOE 11eii Ipoliec.

[Tpouiecy po3kaTKM TiJIbreprojOBKM Ha BUIbHIN AUISHII AOpHA IPUCBSYEHi
pob60oTH BueHMX JIHIMIponeTpoBChKOro MeTanypriiHoro incturyta: O.I1. YekmapboBa,
B.M. [lanuenko, E.H. IlortamkiHa, a TakoxX croeuiagicTiB HMKHbOOHIIIPOBCHKOTO
TPYOOIIPOKATHOI'O 3aBoja: A.A. YepHSBCKOTO, B.H. YMepeHI1ieBa,
B.B. Bepe3oBcbkoro Ta iH. B ocTaHHI poKM 1eii HaIpsIMOK pPO3BUBABCS B
VKpaiHCbKOMY Aep>KaBHOMY YHiBepCUTeTi HayKM i TeXHOJIOTii IMiJi KepiBHMUIITBOM
B.®. banakiHa. Lleit mpoiiec iCTOTHOTO 3HM)KEHHSI BTpPAT MeTajla B MiJIbreprojiOBKY
Mae TeBHi MepCcIrieKTUBY /ISl PO3IIMPEHHS I0T0 BUKOPUCTAHHSI.

ITocTaHOBKa 3amaui JOCTiIKeHHS

Ha ocHOBi aHami3y 0coOaMBOCTEl IIPOIEeCY PO3KATKM IIiJIbITE€ProjOBKM Ha
BiJIbHIN FiNSIHII TOpHA HEOOXiJTHO 3aIIPOIIOHYBATY HOBi TEXHOJIOTIUHI pillleHHS IJIs1
3MeHIIIeHHS 3MillleHHSI PO3KaTy M0 AOPHY B HAMPSIMKY 00epTaHHS BajKiB 0COOIMBO
B IepliMX IIMKJIAX IIbOTO MpPOIleCy KOAM TPaKTUUHO BifACyTHE 34YerUIeHHS
po3KaTa 3 JOPHOM.

Ocob6nmBoOCTi Ipoliecy rapsiuoi miirpuMoBoOi MPOKaTKM TPyo

TexHoJsOrisl MPOKATKM TPyO Ha MJIrPMMOBOMY CTaHi MOJISITA€ B HACTYITHOMY.
lnp3a 3 JOpHOM IIOJIAE€THCSI Ha MepedHI0 CTOPOHY CTaHa, MpPU ILIbOMY XBOCTOBMK
JIOpHA 3’€IHYETHCS 3 JOPHOBUM 3aMKOM, SIKMi1 3a IOITIOMOIOI0 Hiressl 3’€JHaHUN 3
ITYH:KepoM (doprosiiepa mojaBaabHOro anaparta. [TpokaTKy Tpyb B CTAJIOMY peskMMi
3OiICHIOIOTh 3 BMOpaHOI0 IIBMUAKICTIO 0OepTaHHSI BaJKiB i MaKCHMMAaJbHOIO

BeJIMUMHOIO TI0/1avi, 06MeKeHOI0 [/l TOHKOCTiHHUX Tpy6 (D/S =12,5—40) TouHICTIO
Tpy6, 10 MPOKATYIOTbCS, & [JIs1 TOBCTOCTIHHMX Tpyo (D/S=6-12,5) -
HaBaHTaKeHHSIM Ha KJIiThb cTaHa. PO3KaTKy riib3u B TpyOy 1 Ha AOpHi 2 BajkaMu

3IiICHIOIOTh 3 MepeaHiM MiJIIOpOM 3aJHbOTO TOPIL Tiib3U 31 CTOPOHU JOPHOBOIO
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Kinblg. Ha MpuKMHIL MPOKATKY HA 3aJJHbOMY KiHIIi TiJIb3M YTBOPIOETHCSI HEJIOKAT B
BUIJISIAI MiJIITpMMOBOI TOJIOBKM, IO IIOKa3zaHO Ha puc. 1. [liibrepronsoBka 3

CKJIaZIAE€THCS 3 IBOX OCHOBHMX YaCTVH: HeJOKATy AOBXMHOIO 1, i iameTpom piBHMM
HApY’>)KHOMY JiaMeTpy Tib3M i 3MiHHOI YaCTMHM JOBXMHOK |, mpodinb sKoi

BiJITIOBi/Ta€ po3ropTKy 6O0JiKa IMiJIiIrPMMOBOIO BajIKa 3 YpaxXyBaHHSIM BUITePEKEHHS.
[lepenHiii migmop Ha 3aAHiil TOpellb Tijib3M 31 CTOPOHU TOPHOBOIO Kinbilsd 4 i

IIOPHOBOTO 3aMKa 5, B IKOMY 3aKpiIIeHUit XBOCTOBUK 6 MOpHA 2, 3[i/iICHIOETbCS 3a

PaxyHOK CTUCHEHHS TTOBIiTpsI B TTOBITPSTHOMY LIMITiHAPI oprosuiepa, IIyHKep SIKOTO

yepes Hilesb 3’€JHaAHNI 3 TOPHOBMUM 3aMKOM 5 (puc. 1).

5 4 3 A |
\Er

T / [ :

)[f \// Z ///////{J
I el b
6

Pucynoxk 1 - [linirpyMoBa rojoBKa Ha 3aHbOMY KiHIIi I'JIb3Y ITiCJISI TPOKATKN:
1-Tpy6a; 2-mOpH; 3-MiJirpMMoBa rojioBKa; 4- JOPHOBE Kijblle; 5-I0PHOBUI 3aMOK,;
6-XBOCTOBMK JOPHA

HasBHiCTb ITi/IbreproyIoBKM CYyTTEBO 36i/birye BKM. IIpy iboMy BTpaTu MeTana
B 00pi3b 3 BUIAJIEHHSIM ITiJIbTEPTOJIOBKM B 3aJIESKHOCTI BiJi COPTaMeHTy Tpyo, IO
MpoKaTyoThcsl  ckiaamae 80-150 kr abo 6-8 % Bim Macu BUXIOHOI
3aroTOBKM [5, 6].

PosristHemMo 6ibll JOK/IATHO MTPOIIeC Mepexoay A0 PO3KATKY ITiIbreproaoBKU
Ha BiJIbHIiN OiNSHII JOpHA.

BuxigHe mo/io)keHHS MOUIIIPMMOBMX BajiKiB i MOJAaBaJIbHOrO amapaTa Iepef,
IMOYaTKOM pO3KaTKM TUIbIeprojoBKM IOKa3aHO Ha puc. 2, a. e craH
XapaKTepU3Yy€eTbCsS TUM, IO BEpxXHili BaJoK 1 MigHSITUII B BEPXHE ITOJOXKEHHS,
dopromiep 5 xogoMm KapeTKu (Ha puc. He MOKa3aHa) BigBemeHMit Bim KIIiTi Tak, IO

OMYIIeHMI1 mubep 2 BXOAUTDH B I1a3 JOPHOBOIO Kiiblis 3. IIpy 1iboMy HMINMHIENb 4
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doprosepa 5 3HaXOAUTHCSI B KpPaiiHbOMY IepeIHbOMY ITOJOXKEHHi, B SIKOMY BiH
ONMHMBCSI B MOMEHT 3aKiHUeHHSI ITPOKATKY TiJIb3U B TPYOy 6.

HacTynmHuM eTanoM mepexony A0 PO3KATKU MiJbTeProjOBKU 7 € BUTSITYBAHHS
IopHa 8 3 mMpoKaTaHOi Tpyou 6 3a IOMOMOIOI KapeTKM, siKa BKIIOUAETHCS Ha Xif
Ha3af, ToOTO Bim KiiTi (puc. 2, 6). BennmumHa 11bOro Xoma, Mo3HavyeHa Ha puc. 2, 6
yepe3 L, mpuiiMaeTbCcsl piBHOI MOBXMHI MUIbrepProJoBKM 7, TaK SK Mae€TbCS Ha
yBasi, Mo cymMapHa Mojadya KapeTKu MJisi PO3KATKM TOJOBKM B TPyOy Opi€HTOBHO
IOPiBHIOE MOBXMHI ITiibreproyiopku. Illmbep 2 yTpumye IpoKaTaHy Tpyoy 6 i
IIOPHOBE KiJibIle 3 Bijl 3MillleHHSI IIPY BUTSITYBaHHI TOpHA 3 TPyOu.

Ha 3akimo4yHOMYy eTami mepexony A0 PO3KAaTKU MiJIbTeprojoBKu (puc. 2, B)
orepaTop CTaHa OITyCKa€ BEePXHiil BAJIOK 1 B HMKHE ITOJIOKEHHS, SIKe BAJIOK 3aliMaB
IIpyM TIPOKATLi TpyoM, ImimiliMaeTbcsa mubep 2 KIITIi B BepXHE IOJOXKEHHSI,
3BiIJIbHIOIOUM [JIOPHOBe Kijblle 3. VYBIMKHEHHSIM IIOJaui KapeTKu BIiepe[,
TTOYMHAETHCSI TIPOILIeC PO3KATKU MiJibreprojioBku 7 B Tpyoy. PazoM 3 KapeTKow A0
KJIiTi pyXa€eThCsl JOPH 3 TPYOOI0, sIKa MPOKATYETHCS, Ta MA€ Ha KiHIIi MiJIbreprojgoBKy.
Banku, sKi 00epTaloThCsl 3iICHIOIOTH OOTMCKAHHS TOJIOBKM i BiKOUYBaHHS
pyXoMuX yacTuH ¢oproyiepa Hasap Bif KiIiTi. B mepiog xo0s0CcTOro Xomy BaJjKiB
MOBITPSAHMII IMTIHAP oprosiiepa Mocuaae po3kaTaHy Tpyoy 3 TOJIOBKOIO Briepe[ 10
BJIKiB 3 OJHOUYAaCHUMM oOepTaHHSIM ii HABKOJO OCi Ha KyT, MPOMOPIiHUIA XOmy
pyXomMux yacTuH. [gpolmiiHap nomadi KapeTKy B mepiof XOJOCTOTO XO/a BajKiB
nepemilirye KapeTtky 3 ¢hoprosuiepoM Ha BeJIuuMHy nogadi. Tak, 3a AeKiabka mopau
3MIi/iICHIOETHCSI PO3KATKA ITiIbTeProJIOBKY B TPYOYy.

[Ipy crtamomy mporeci IPOKaTKM TpPyou pyxomi dacTuHM Gdoprosiepa
CIIpUIAMAIOTh yaap MpU 3yCTPivi Tiib3u 3 BajJKaMM SIK OJHE Iiijie pa3oM 3 TiJib3010,
TaK SIK TiJib3a, MO-mepile, 3’¢JHAHA 3 JOPHOM 3a PaxXyHOK OOTMCKAaHHS B Kalriopi

Ba.TIKiB, da I10-Opyre, BOHa uepe3 JOPHOBE KiJiblle IMPUTUCHYTA 00 ,E[OpHOBOi I'OJIOBKMN.
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PucyHok 2 — Etanu (a, 6,B) IiITOTOBKY IO IIEPEXOY IJIs1 PO3KATKY MiJIirpMMOBOi rOJIOBKM
Ha BU/IbHIN OUISHIL JOpHA
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IIpoGsieMy Ta MEPCIEKTUBY PO3BUTKY PO3KATKU IMIbIe€ProIOBKMU

MeTo, pOo3KaTKM ITiJIbreprojiOBKM Ha BiJIbHINM AUISHII JOPHA BUKOPUCTOBYIOTH
pasoM 3 METOAOM IIPOKATKM TiJib3 Yy CTUK B TUX BUIIaAKax, KOJM BHACTIAOK
MIOPYIIIEHHSI CMHXPOHi3allii poObOTH MPOIMBHOTIO i IMiJIIrPMMOBOrO CTaHiB Ueprosa
riJib3a HaAXOAUTh 3 OiMbII HU3BKOIO TEMIIEpPATypoOIo, IO He AO03BOJSIE 3iICHUTHU
MpoLeC CTUKYBAHHS JIBOX Tiib3 i3-3a MOXJIMBOTO MepeBaHTa)KeHHS CTaHa. B mipomy
BUIMAIKy PO3KATKYy ITiJIbreprojiOBKM 3[iJiCHIOIOTh Ha IONepeaHbO 3BiIbHEHOMY Bif
po3kaTta J[AOpHi 3 TOHAJbIIMM OCTaTOUHMM BMBIJIBHEHHSIM [IOpHA 3 TpPYyOu.
Hemonikom MeTona € 3MeHIIEHHSI 34YelUIeHHs po3Kara 3 [JOPHOM Micjs
MornepegHbOTO BUBIJIbHEHHS OCTAaHHBOTO, IO IIPM PO3KaATIi MiJbreproloBKU
MPU3BOAUTH [0 3HAYHOTO 3MillleHHS 3aJHbOTO TOPIS Tiib3U NpU MEepIInX ygapax
BaJIKiB. ITic/is1 BXomy B 30HY medopmallii 3aJHbOTO TOPLS TiIb3U B BaJIKM [TOYMHAIOTh
HAIXOOUTU TIOTIepeuHi Mepepi3u MibreprojJoBKM 3i 3MiHHOI MpoIMHOK. [Ipu
IIbOMY IIpU MOCTiliHil BeJIMUMHI mogaui m 06’eM nogadi 6e3mepepBHO 3MEHIITYETHCS
B 3B’SI3KY 31 3MEHIIIeHHSIM IJIOIII BXiJHOTO B BaJIKu IepeTuHy MeTana. B pe3ynbrari
IIbOr0 Oe3rmepepBHO 3MEHIIYEThCS i BEJIMYMHM BimKaTa i3-3a 3MeHIIEHHS

Koe(dilieHTa BUTSDKKM |, 110 NPUBOAUTH AO MOPYIIEHHS CUMHXPOHM3aLii cucrteMu

«BaJIKM — TOJaBaJIbHUI ariapaT».

[Ip BUMKOPUCTOBYBAHHi Oe3IepepBHO- i IIEHTPOOIKHOJIUTUX 3arOTOBOK
po3KaTKa IIiJIbTeproJioBOK Ha TOHKOCTIHHMX Tpybax, Oe MOX/IMBa Haibisibiia
e(eKkTUBHICTb 1li€i TeXHOJOTii, 3HAUHO YCKIAMHSIETHCS MTPOOIEeMOI0 3HSTTSI TPyou 3
IOopHa MMOepHMM TIPUCTPOEM i3-3a 3MMHAHHS 3aJHbOrO KiHIg Tpyou. Tomy
TEXHOJIOTiSI [TOBHOI PO3KAaTKM IiJIbI€ProjIOBKM IIPU MPOKATIIi TOHKOCTIHHUX TPYyO He
3HaJIIIA MPAaKTUYHOTO 3aCTOCYBaHHS.

BenuuuHa 3MillleHHSI 3aHbOTO TOPILISI PO3KaTy II0 MOPHY 3@ OAMH IIUKI
MpokaTku (OAuH 00epT BajKiB) 3aJIeXKUTh B OCHOBHOMY Bill BeJIMUMHU 00’eMy
MeTaJsla SIKMi 3aJa€ThbCsl B BaIKM, KoedillieHTa BUTSDKKM, 3YCUJUISI TIPOTUTUCKY 3i
CTOPOHM MOBITPSIHOTO IWIIHApPA i YyMOB TepTsS MiX pO3KaTOM i AOPHOM, IO
MiTBEPAKYETHCS JTAG0OPATOPHUMM TOCTiIKEHHSIMU B PO6OTi [7].

B pesynbraTi IacTMYHOi Teuii MeTajsa MO JOPHY BigOyBa€ThbCS 3MillleHHS

3aHbOTO TOPISI PO3KaT B HAIpPSMKy OOepTaHHS BajKiB, M0 3MeHITye (aKTUUHY
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BeJIMUMHY TOJAa4i B 4YeproBoMy LMKIi IPOKAaTKU. B 3arajibHOMy BMMAOKy Iie
noTpebye KoperyBaHHS Moayi 3 BpaxyBaHHSIM BKa3aHOTO 3MillleHHS.

3arajibHe 3MillleHHs MeTaja BiTHOCHO fMopHa » C KOJMBAETHCS B MeXax
50-200 mm. CyTTeBuit BIUIMB Ha » C OKa3yloThb JOBKMHA TTiIbreprolioBKu i cymapHe

BUTSITYBaHHSI, TIPUUOMY OCTaHHIi (akTOp oKasye OuIbll CUIbHiIIMI BIUMB. Tak,
pO3KaTKa IMiJIbreprojioBOK TOBCTOCTIHHMX TPYyO CYMPOBOMKYETbCS HE3HAYHUM

3MillleHHSIM ZC. Tomy poskaTka ITiJIbIepProjoBOK MAJISI I[bOTO COPTaMEHTY TpyO

OTpMMaJia 6i/IbII MIMPOKe 3aCTOCYBAHHS HAa MPAKTHUII].

Cepen mpobmeM, $IKi MamTbCS IIPU PO3KATII IiJBrepProjOBKM MOSKHA
BUIUIMUTY HACTYTIHI:

—  po3KaTKa MiJbreproJOBKM Ha BilbHiM OiNsHII gopHa MmoTpebye iioro

rornepegHbOTO BMIYYEHHS i3 po3kaTa Ha 1,2-1,5 M; mpu 1[bOMY ITOPYIITYETHCS

34eIVIeHHSI po3KaTa 3 AOPHOM, [0 HEeCHPUSITIMBO MO3HAYAETHCS HA MEePLINX

LIMKJIaX PO3KATKMU MiJIbTeprojoBKM, L0 MPUBOAUTH OO 3MillleHHS po3KaTa B

HAIMpPSIMKY JOPHOBOTO 3aMKa ITiJ, Ji€0 BaJKiB MiJIirpMOBOTO cTaHa. Lle B cBOIO

yepry T10TpeOye OiJblll TOYHOTO BMU3HAUEHHS BeJUUYMHM IIONEepegHbOTO

BWIy4YeHHS JOpHA 3 po3kKaTa 3 BpaxXyBaHHSAM IIMPUHM Imnbepa i 3mileHHS

MeTasia B KO)KHOMY IIMKJIi pO3KaTa IMiJibTe€projioBKu;

- BimcyTHS cTabimi3allisi JOPHOBOrO KiJbIsl y JOPHOBOTO 3aMKa IIpuU

PO3KaTIli MiJIbre projioBKIN.

Po3kaTka MOiIbreproJiOBKM Ha BiJIbHIM OUISHIII JOpPHA AO3BOJISIE 3MEHIIUTU
Macy MibreprojoBku Ha 75 % Tta 6Ginbiiie. OHaAK MPU 1IbOMY CYTTEBO 30i1/TbIITYETHCS
yac IMPOKATKMU TPyom (Uac «IoOMBaHHSI» MigbreprosioBku ckiamae 20-30% Big
3araJibHOTO Yacy MPOKATKM TOBCTOCTiHHOI TpyOM), a TaKOX YCKJIaIHSETHCS poboTa
BaJIbI[IOBAJIbHMKA CTaHA 1 He BUK/IIOUEHAa MOXJIMBICTh aBapii mpy HEMPUITYCTUMOMY
TOPYILIEHHI CMHXPOHM3AIlil CUCTeMMU «BaJIKM — MOJABAJIbHUI ariapaT».

3i 36iabllIeHHSIM [JiaMeTpa Tpyb, IO IPOKATYIOTbCS, 30i/bIIyETbCS Maca
TiJIbTeProJIoBOK, 10 MPU3BOAUTD 10 OiMbII CyTTeEBOMY 3HMKeHHI0O BKM. ITokasHUK
Buxony romHoro (BI) xapakTepusye edeKTUBHICTb BMKOPUCTAHHSI MeTajlia B
TeXHOJIOTIYHOMY TIIpolleci. Po3paxyHKM MMoOKa3aiu, II0 OpU iCHYIOUili TeXHOJIOrii

MIPOKATKM 3 MiJIbreprosoBKoo BI' nopiBHIoE 73-88%, a mpu po3KaTIili MiJIbTeproJioBKU
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Ha BinbHIM #ingHi gopHa BI' gmopiBHOE 92-94%, mo Buime Ha 6-19%. Tomy
TEXHOJIOTiI0 IMPOKATKM 0e3 IiJbreprojoBOK CJIiJi BBAaXKaTy JOCTAaTHbO e(PeKTUBHOIO
IUIST GBI IMPOKOTO BUKOPUCTAHHS.

ITpu po3KaTLi IMiJIbreproJOBKM Ha BiJbHIil IiJSHII JOpHA OJHi€I0 3 IIPObJIeM €
3HSTTSI TOHKOCTiHHO1 TPYOU 3 JOPHY.

SIKIIO MpY TOBIIMHI CTiHKM TPYOM ITic/IsT pO3KaTKM S>18 MM 3HSITTSI TPyou 3
JOpHa MOKe OyTM 3[iliCHEHO 3a [IOIMOMOrOI MIMGEePHOro IMPUCTPOI0, TO IIPU
3MEHIIeHHi TOBIIMHM CTiHKM TpPyOM TOOTO MeHIIe S<18 MM, 19 omepariis
MIPUBOAUTD 10 YTBOPEHHS «TapMOIIKM» Ha 3aJHbOMY KiHIIi Tpyou Ta pocTy BKM.

Tomy HeoOXigHO AT CTIHOK 3 S<18 MM IepedO6auMTy MPU IMPOKATIi TAKUX
TpyO OTpMMaHHS MOTOBIIEHMX 3aAHIX KiHIIIB 3i cTiHKoio 18 mMM. Lle 3a6e3meuynTh
MOSK/IMBICTh 3HSTTS TPyOM 3 [OOpHA, HO B TOW Xe vac 30i/bIIUTb BTpaTU
MeTasa B 00pi3b.

TSt migBuUIeHHsT CTabiIbHOCTI PO3KAaTKM IIiJIbTePTroI0BKM Ha Bi/IbHil milsIHII
JIOpHa 3a PaxyHOK 3MeHIIeHHs OOBXMHM L momepegHbOro MOro BUBUIbHEHHS 3
pO3KaTy HeOoOXimHO 30eperty 34YeIIeHHS po3KaTa 3 JTOPHOM TIepel PO3KaTKOIO
IMiJIbTeprojJoBku. [Jisl 1IbOTO BiOMO OeKijJibKa TeXHIUHMuX pilieHb (puc. 3). OgHe 3
HUX (puc. 3, a) mepeabavae mepecTaHOBKY XBOCTOBMKA JOPHA 2 B IOPHOBIil TOJOBIT
3, TIpU IIbOMY XBOCTOBMK 5 pO3MillleHuii B LMIIHAPUYHIN pO3TOUlli 4 MOPHOBOI
TOJIOBKM 3, 110 3abecrieyye BMBIJIbHEHHSI AiSTHKM IOpHa IOBXMHOIO L pasom 3
poskatom 1. Ilpu 1mboMy orepaliisi IepecTaHOBKM [OpPHA pPa3oM 3 PO3KaTOM
3O1/ICHIOETHCS 3@ JOMIOMOTOIO CIlel[ia/IbHOTO KpaHa (MaHimyssitopa). Jlpyre pilieHHs
(puc. 3, 60) mepembauvae BUCYBAaHHSI XBOCTOBMKA JOpHA 2 3 JTOPHOBOi rOJIOBKM 3 3a
IIOTIOMOTOI0 TiIpONPUBOY, TTOPIIEHDb 4 SIKOTO € XBOCTOBMKOM AOpHA. B pe3ynbTaTi
BUCYBAHHS IOPIIHS 4 Ha BificTaHb L. BUBUIbHSIETHCS Mi/ITHKA JOPHA MiX TOPHOBOKO
rOJIOBKOIO 3 i po3KkaToM 1.

Po3rnsgHyTi pileHHsT 3 OJHOTO OOKY 30epiraloTh 3ueruieHHSI MiXX pO3KaTOM i
IOpPHOM IIiCJII YTBOPEHHSI MiJbreprojioBKM, a 3 iHIIOTO - XapaKTepu3yeTbCS
3HAaUHMM  YCKJIAJHEHHSIM  KOHCTPYKIii  obGjnagHaHHS Ta  306iJblIeHHSIM
Macy pyXxoMux 4aCTUH.

Tomy HeoOXimHMII MONANbLIMII TOUIYK TEXHIUHUX pillleHb [OJis1 YCYHeHHS

BKa3aHMX HeIOJiKiB.
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BkasaHe Buille 3HaUHe 3Mil[eHHS PO3KaTy IO OOPHY IpPU MepuInX IUKIaX
npokatku (mo 400 MM) 0OyMOBJIEHO IMHAMiYHMM BIUIMBOM Ha ITiJIbT€pProJIOBKY 3i
CTOPOHM BajikiB. O4eBUIHO, 10 3HMKEHHS BIUVIMBY MOXJIMBO 33 PaXyHOK 3HMKEHHS
KyTOBOi IIBMIKOCTi BasiKiB. KpiM TOro Moske OyTM 3ampOIIOHOBAHO CTBOPEHHS
3aJHbOTO HATSDKIHHSI Ha TpyOy, SIKa 3HAXOOUThCS B KOJ06i BMBIZHOTO CTONTY
MUIIrPMMOBOr0 CTaHa INUISIXOM TaJbMiBHOTO BIUIMBY KOJIOJOK, B IEPIIOMY LIMKJI

PO3KAaTKIH.

/
4 NN

Y
[\

PucyHok 3 — BapianTu BUBiJIbHEHHSI OPHA JOBXUHOIO L 111 pO3KaTKM MiIirpMMOBOi
TOJIOBKM: @) IIepeCcTaHOBKOI0 XBOCTOBYMKA JIOPHA B JOPHOBIi IOJOBIIi;
6) BMCYBaHHS JOPHA Ti[POTIPUBOIOM 3 IOPHOBOI T'OJIOBKU

Takum 4MHOM, pO3KaTKa IMiJIbreproJioBKM Ha MiJIiIrpMMOBOMY CTaHi 3yCcTpivuae
3HAYHi CKJIAJHOIIi, KOTPi IMOB’s13aHi 3 ii yZapHOIO B3aEMO/I€I0 3 BaJIKaMM CTaHa i, 1K
HACTIAOK IIbOTO — 3i 3HAUHMM IlepeMillleHHSIM TPyOM B HAIIPSIMKY MOJAaBaJbHOTO

aliapara.

BusHnauyeHHs 3MiIIIEHHfI PO3KaTa I10 JOPHY B II€PpIINX

OUKJIAX PO3KATKU l'Ii]II)I'epI'OIIOBKI/I

AHajiTUYHe BU3HAUEHHS BeJIMUYMHU HEpEMiH.[EHHH YCKIAOHAETBCA TUM, IIIO
MiL[HiCTb 34YeIlJIeHHI pr6I/I 3 JOpPHOM H€ BIM3HAUY€Ha aHi TEOpeTUYHO aHi

eKkcIepyuMeHTabHO. TOMy B [aHiii poOOTi MPUITHITO MPUIYIIEHHS IIPO ITOBHY
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BiJICYTHICTb 3YeIUIEHHSI TpyOM 3 [IOPHOM IIpU PO3KATIi ITi/JIbTeproJioBKM, a
BiAMOBIAHO, i 3 pyXOMMMM YaCTMHAMM ITOJaBaJIbHOTO ariapaTa, OKpiM CUJI TepTs.

ITpu po3KaTIi MiIbreprojioOBKM 3YeIUIEHHSI MiXX JOPHOM i TpyOOI0 ITOPYIIEHO
BUTSITYBAaHHSIM JIOpHa 3 Tpyou. SIka yacTKa 34ervieHHs 36epiryiach Mpu IbOMYy —
HeBimomo. Tomy OyaemMo po3TasmaT¥ [OBa BapiaHTa yOapHOi B3aeMomii
BaJIKiB 3 MiJIbT€pProIOBKOIO.

[Mepmmmit BapiaHT: CMIM 3UeTVIEHHSI JOPHA i TpyOu ITic/IsI BUTSITYBAaHHS JOPHA HA
BenmumuHy L 36epiramch, TOMy ymap CIpUiIMaiOThb PyXOMi YacTMHM 3 TPYOOI SIK
OoJlHe IIije.

Jpyruii BapiaHT: CWIM 34YerVieHHs JOpHa i TpyOM MOBHICTIO BifCyTHi, TOMY
yaap crpuitMae TiIbKu Tpyoa.

[TpyMmiTKa: mig MMTOMMMM CMUJIaMM 3UeIlJIeHHS TOpHa i Tpyou MaeThCs Ha yBasi
TPaHMYHI JOTUYHI HAIIPY>KeHHS 3BUTY HAa KOHTAKTHii IIOBepXHi JOpHA i Tpy6u, sIKi
3ajexkaTb Bifi, HOpPMaJbHMX HAIpy>KeHb BUKJIMKAHUX OOTMCKAaHHIM Ta
TeMIlepaTypHUMM JebopMallisiMu.

[Mepmmit ymap BajKiB i MiIbreprojoBKM BigOyBa€eThCs, SIK OyJI0 CKa3aHO BUIIE,
3a paxyHOK XOJla KapeTKy BIiepe, a He 32 paXyHOK PO3TOHY IMOBITPSHUM LMJIIHAPOM
doprosmnepa  pyxomux  yactTuH. IIBuAKICTD  XO0Ja  KapeTKuM  HeBeauKa

(6mu3bko 0,2 M/c), ToMy YMOBHO OyZeMO BBaXXaTH, IO IepIInii yrap BaJKiB O

IMJIbreproIOBKY BimOyBaeThCs npu HYJIbOBi MIBUAKOCTI PyXOMUX
YaCTUH i MiJIbT€ProIOBKU.

[Ipy posrasAaHHiI B3a€MOZil Tib3M i MUIITPMMOBUX BIKIiB SIK MEXaHIUHOTO
yoapy [OBOX TiJ BUKOPMCTOBYIOTHCSI Ba PiBHSHHS, SIKi BiJoOpaxkalOTb 3aKOH
30epe>keHHsT KiJIbKOCTI Pyxy i 3akoH 30epekeHHS KiHeTM4HOi eHeprii. CrisibHe
pillleHHSI I1MX PiBHSIHb MOO3BOJISIE OTpuMaTu QopMynu st  TicCASyJapHUX
IMIBUIKOCTEN Mac sIKi COyIapsitoThCs.

Il Takoro BMIIAAKy B pob6oTi [8] HaBemeHi (opmyamu mjisi po3paxyHKY
MicAaygapHUX IIBUIKOCTE TIpu abCOMIOTHO TIPYKHOMY yaAapi, Mpu SKOMY
KoedimienT BigHOBIeHHs 110 HpioToHY [9] k=1

2-M,

k=1 mp .
Vim =———V (1)
oM ?
m+M
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Ta 1Py abCOIIOTHO HEMPYKHOMY yaapi, mpu skomy kK=0:

M
k=0 __ 1p np
vV, =—————V_". (2)
tm m+M,, ™

Tyr M, — Maca ABOX BAJIKiB ki 06epTaloThCs NpUBEJeHa B TOUI A 3yCTpiui

MUIIrpUMOBOI TOJIOBKM 3 Bajdkamu (puc. 4); m — Maca PyXxOMMX YaCTUH, SIKi
MPUIIMaTh y4acTb B MpoIleci yaapy; V.° - NpOeKIlisi TaHTeHIiaJbHO1 IMIBUIKOCTI

oM

TOUKM A IIpMBeOeHHA MaCy BaJIKa Ha OCb ITPOKATKMN.

PucyHok 4 — [IlnHaMiyHa B3a€EMO/IisI BaJIKiB 3 MUJIITPUMOBOIO TOJIOBKOIO

BBakaemo, 110 AOPHOBE Kijblie, sSIKe KOHTAKTy€ 3 TOPILEM IIiJIbI€pProiOBKH,
OTPUMYE B pe3y/abTaTi yaapy TaKy K HIBUIKICTb, 110 i camMa HiJibTeprojioBKa.

CranpHa rinb3a npu Temmepatypi 1100-1150 °C, gk Bimomo 3 [10], mae He
TUIbKM TUIACTUUHICTh, HO i Ha 15-20% 36epirae TIpy>kHi BJIACTUBOCTI Bif
XO0JIOJTHOTO CTaHY.

OTxe, B IaHiil B3aeMOJii Mae Miclie Tak 3BaHMIA He IIJIKOM IIPYXKHil yaap,
KM XapakTepusyeTbcs KoedilieHTom BigHoBaeHHS B Mexkax O<k <1, B maHomy
BUIIAIKY Oiuskue A0 HyJs. TeopeTuuyHe BM3HAueHHS KoedillieHTa BiTHOBJIEHHS B
IaHOMY BUMAAKy HeMOXIMBO. Tomy Imicasi yaapHy HIBUAKICTh, $IKa BPaXOBYE

IMPY>KHIO CKJIaaA0BY, BUSHAUMMO I10 BUPA’KE€HHIO!:
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s

v, =vi’+0,15-v! (3)

1m 1im ?

k=1
1m

Ie v micasgygapHa IIBUAKICTD PYyXOMMX 4YacTUH Qoproyiepa Iipu

k=0
1m

abCoOJIIOTHO TIPY;KHOMY yaapi; v, - IicasygapHa IMIBUAKICTb TUX JKe YaCTUH IIpU

abCOJTIOTHO HeIPYKHOMY yaapi.
[lIBuaKkocTi, pospaxoBaHi mo dopmynam (1), (2), (3) mjas OBOX BapiaHTIB
yIOapHO1 B3a€MO/Iil MiJIbreprojIOBKY i HNiJIIrpMMOBUX BAJIKIiB AJISI ITSITU TUIIOPO3MipiB

TPYO, SIKi TPOKATYIOThCS Ha MIrpMMOBOMY CTaHi 5-+12", mpenacrasieHi B Ta6. 1.

Tabmuusg 1
Macu i HIBUAKOCTI IIpM yAapHii B3aeMOZii IMi/IbIreproJoBKU 3 IMiJIirpMMOBUMM BaJIKaMu
Tpy6a | M, |vIP | M kr Vil m/c Vil m/c Vi, M/C
KT , M/C’ I Bap. | II IBap. | II IBap. | I IBap. | I
Bap. Bap. Bap. Bap.
1 2 3 4 5 6 7 8 9 10 11

168x25 | 7638 | 1,65 |7645 |899 |1,649 (2,95 |0,83 | 1,47 |1,077 | 1,912

219x25 | 8398 | 1,67 |8978 | 1549 |1,614 [282 |0,81 | 1,40 | 1,052 | 1,823

273x30 | 9394 | 1,64 | 10077 | 2356 | 1,582 |2,62 |0,79 | 1,31 1,027 | 1,703

324x33 | 9902 | 1,46 | 11296 | 3373 | 1,364 | 2,18 | 0,68 |1,09 |0,885 | 1,417

377x20 | 10742 | 1,41 | 12698 | 4447 | 1,292 | 1,99 | 0,65 |0,99 |0,844 | 1,288

Crnig 3BepHyTM yBary Ha Ty OOCTaBMHY, 10 PO3PaxyHOK IIBUIKOCTEN 10
BKa3aHMM (opMysamM BMKOHAHMII MPU KyTOBiii MIBUAKOCTI Ba/IKiB SIK IIPU CTatii
IIPOKATIIi TPyOu.

Sk BumgHO 3 Tab6mn. 1 (rpadu 10, 11), micasgygapHi MBUIKOCTI pyXOMUX YaCTHUH,
BKJIIOUaOun Tpyoy, B 1,54 +1,78 pasu MmeHIe, HiXX MiCIsSygapHa MBUAKICTh TPyow,
HEeroB’SI3aHO]1 B OJiHE 1IiJie 3 JOPHOM CUIaMU 34YerlJIeHHS.

[IpencTaBsisie MpaKTUUYHMI iHTEpeC BeJIMuMHa IepeMillleHHS ITPOKaTaHoi Tpyou
NpyU TepuiomMy yAapi BaJIKiB IO IiJIbT€ProJioBli MpM YMOBI, L0 3YEIUVIEHHS MiX
TpyOoI0 i JopHOM TopyuieHo (BapiaHT II). ITicas ymapy Tpyba pyXaeTbcs 1Mo iHepiiii 3
TI0YaTKOBOIO WIBMAKICTIO v, (Tabun. 1, rpacda 11). Ha Tpy6y Aie cuia TepTs B k071061
i Ha pmopui Bim Barm Tpyomu. Hammmiemo piBHSIHHS pyxy TpyOoM ITim mi€o cui

iHep11ii i TepTs:

-m-X+P_=0, 4)
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Ie X — TMPUCKOPEHHS TaJbMyBaHHSI TpyoOu, P, - cuna Teprs, sKka

BU3HAYAETHCS 3 BUPAKEHHS
P =m-g-f .
TyT g — nmpucKopeHHs cuau TsokiHHS; f — KoedillieHT TepTsi.

[TpencTaBMMO MPUCKOPEHHS TaJIbMyBaHHS TPYyOU B BUTJISIZI BUPasKeHHST:

.. dv
X=v-—.
dx
Topi piBHSIHHS (4) TpeACTaBMMO TaK:
m-v-d—V:m~g-f, (5)

dx

Ile v — IOTOYHA MBUIKICTb TPyOu.
IaterpyBanHs ¢hopmyin (5) Ja€e piBHSIHHS:

2

V?+C1=g~f-x+cz, (6)

e € Ta C, _ TIIOCTiViHI iHTerpyBaHHS.

IIpn x=0 V= Vim , TOA1 piBHSHHS (6) IpUIAMAE BUL,:
. \2

(Vi)
2

IIpn v=0 X=X, , pPIBHIHHA (6) IpUiiMae BUA:

£ \2
. . (Vlm)
+C, =C,; 3Bipxking C,+C, = 5

(7)

C=gfx_ +C,;sBigkina C,¥C =g-f-x_, . )

3 piBHOCTi mpaBux yactTuH dopmya (7) ta (8) orpumaemo Gopmyny Ojs
pPO3paxyHKy BeIMUMHU TlepeMillleHHS TpyOu Iipu IieplioMy yaapi BajKiB M0

MiJIbTeProJioBIIi:

. \2
(Vin)

X = .
KOH ng

)

3asBuuait B po3paxyHKax, MOB’I3aHMUX 3 MepeMillleHHSIM rapsiuoro MpokaTy mno
niepiiaBiii MeTaseBiit MoBepxHi, KoedillieHT TepTsi KOB3aHs MPUIAMAETbCS PiBHUM

0,3. B HamomMy BUITaIKy MisK JOPHOM i IiJIiIrpMMOBOIO I'OJIOBKOIO iCHY€E OiIbII TiCHMIA
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KOHTAKT 3 MOSK/IMBICTIO (IMOBIpHICTIO) CXOIUIFOBAHHSI TapsSyoro MeTaly C JOPHOM.
Tomy koedinient teprs f npuitMaemo He Mmenme 0,4. BenuumHa nepemilieHHS
TPyOM MiC/IsT MEePIIOro yaapy BaJIKiB MO IiJIbreprojoBKM, po3paxoBaHa mo ¢GopMyti

(9) ipu f=0,4 i v,_ mo Il BapiauTy, npencrasiena B tabi. 2 (rpada 5).

Tabmuis 2
[lepemimeHHs Tpyou Bif yaapy MiJTirpMMOBMX BaJIKiB ITPY PO3KATIIi MiJIbI€ProI0BKI

Yacrora YacTora

Tpy6a 0.66.pTaHH$I X MM o.6e.pTaHH;{ X MM
IMTIrpMMOBUX MTIrpMMOBUX
BaJIKiB, 00/XB BaJIKiB, 00/XB

1 2 3 4 5

168x25 68 460 34 116

219x25 66 420 33 106

273x30 64 370 32 92

324x33 59 250 29,5 64

37720 56 210 28 53

OTpuMaHi TeOpeTMUYHMM IIJIIXOM 3HAueHHS IepeMilleHb TPyoM Bim ymapy
MUIIrPMMOBMUX BaJIKiB IIPM PO3KATIi ITJIbIeprojJOBKM IIIJIKOM Y3TOIKYIOTbCS 3
MIPAKTUYHUMMU CIIOCTEPEKEHHSIMU.

3MeHIlIeHHSI TlepeMillleHHSI TpyOu Moyke OYTM AOCSITHYTO 3MEHIIeHHSIM 4ucia
00epTiB MiirpMMOBMX BaJIKiB IIPpM PO3KATIIi IMiJIbI€ProJ0BKM MO BiJHOIIEHHIO 0
yiuca 06epTiB IIpy CTATIOMY ITPOIECi TPOKATKY TPyou. Po3paxyHKM IMOKa3yIOTh, IO
3MEHIIIeHHSI KyTOBO1 IIBUIKOCTI BaJIKiB IIpY PO3KAaTIIi MiJIbreproJioBKM B 2 pasu Mo
BiIHOIIEHHIO [0 KYyTOBOi IIBMAKOCTi TpM CTajoMy TMpolleci MPOKaTKu Tpyou
3MeHIye TlepeMillleHHsI TpyoM Big yaapy MiIirpUMOBMMM — BajikamMu B
3,96 +4,02 pasu (muB. Tabm. 2, rpadu 3, 5).

IlopHOBe KiJblle MiCcAsg MEepuoro yaapy IMUIIrpMMOBUX  BajKiB MO
MiJbTeproyioBIi 3i meuaKicTIo v, =1,912 mM/c (mmB. Tabn. 1, rpada 11) ymapsie B
IOPHOBY roJIOBKY. [Ipy 11bOMY €Heprisl yaapy CKjiajae Ijs BUITaAKa MTPOKATKU TPyou

niameTpom J168x25:
. 22
m, (Vi) 12019122
2 2
ne m =120 HCZ/ M — Maca JOPHOBOTO KiJIbIIs.

E—

~219 [k,
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Taka eHepris ymapy IOpiBHSIHA 3 eHeprielo yaapy ITHEBMO- abo TiZpOMOJIOTIB
Manoi moTyXHocTi (200 k) i MoXe BMKIMKATHM Aedopmaiiilo 3MMUHAHHS
KOHTAaKTHMX ITOBEPXOHb SIK JOPHOBOTO KUJIbIIS, TaK i JOPHOBOI rosioBKu. OKpimM TOro,
yoap Kulblisl II0 JOPHOBI TOJOBII MepemaEeThCs uepe3 UIIIIbOBEe 3’€QHAHHS
IIITVMHAEIS 1 APpWJIi Ha YIIOPHMIA MiAIIUITHUK OPWJI, 0 CIIPUSIE€ MPUCKOPEHOMY 3HOCY
SIK IIUTiILIbOBOTO 3’€AHAHHS TaK i YIIOPHOTO ITiAIIUITHUKA.

Ipyruit i HaCTYIIHI yoapu MiTirpMMOBMX BAJIKiB IO ITiIbTeProjIoBLli He 6YOyTh
CIIpUITMATUCSI JOPHOBUM KiJIbIIEM, TaK SIK B MOMEHT yaapy He Oyae KOHTaKTy MixK
IJIbreprojIOBKOIO i JOPHOBUM KiJIbLIEM.

3MeHIIIeHHsI IlepeMillleHHsI Tpyou B  pe3yiabTaTi ymapy BasIKiB IO
IiJIbTeproJioBIli MOKe OYTU NOCSATHYTO Ta/IbMiBHMMM KOJOAKAMU, IIPUTUCHYTUMMU [10
TpyOM B OBOX [diaMeTpaJbHO IIPOTWIEXKHUX CEKTOpaxX 3 BU3HAUYEHOI CUJIOIO.
[locTaBMMO YMOBY, IO TaJbMiBHI CUAM He TIOBMHHI BMKJIMKATU TIJIACTUYHI
nedopMallii CTiHKM TPyOM, iHIIIe KaXXyuu — He TMOBMHHI MIPUBOIUTY IO CILUIIONIEHHS
Tpyou. PO3IJISHYB cXeMy BUTMHY CTiHKM TPyOM TpM CIUIIONIYBaHHI OTPUMAa€eMo

npubaM3He BUpaskeHHS [Ji BU3HAUEHHS pafia/ibHOI CYJIM [JIS1 TIOYATKY CIUTIOIIeHHS

Tpyou:
2-c_-h?
= 1], 10
o« T (10)
Hap
oe o, - MeXa TeKydyoCTi MaTepiana TpyOM, B HAIIOMy BUIAAKY IIpU

CTaTMYHOMY HaBaHTa)KeHi; h — TOBIIMHA CTiHKM TpyOu; d,,, — 30BHiLIHiii fiameTp
Tpy6u; | — MOBKMHA KOHTAKTY raJibMiBHO1 KOJIOJIKM 3 TPYOOIO.
3 ypaxyBaHHSIM CWJIM TaJbMyBaHHS TPyOM TaJIbMiBHMMM KOJIOJKAMM PiBHSHHS
pPYXy Tpyou (muB. dopmyiy (4)) 3aMMCY€ETHCS TaK:
-m-X+P_+2-P -f=0.

PimeHHS 11bOTO PiBHSIHHS Jla€ HACTYITHUIA pe3yJibTaT:

X eon = (Vo) (11)

Zf(g_l_zpcnj
m
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3HaigeMo IepeMillleHHsI TPyOM X . IJIs HACTYITHUX BUXITHUX AAHUX: Tpybda

miametpoM J168x6; marepian Tpyom - cramp 45; T=1150 °C; f=0,4;
m=899 Hc’/m; v, =1912 m/c; g=9,81 m/c’; o,=3-10" H/™M*; 1=0,5Mm;
d,,=0,168 M; h=0,006 m.

CriouaTky Bu3Hauumo P 1o opmyii (10):

7 2
_2:3107-0,006" o oy
@~ 0,168+0,006

IToTim o dhopmyiti (11) BU3HAUMMO IiepeMillleHHST TPyou:

2
X = 1,912 =0,19 m.

2.0,4.(9,81+2'6207j

899

[TopiBHIOIOUM OTpMMaHe IepeMillleHHsI TPyOu Bifl yaapy HiJlirpMMOBUX BaJIKiB
10 MiJIbreproJioBIi 3 JaHUMM TabJ. 2, MPUXOAMMO OO BUCHOBKY, IO 3MeHIIeHHS
KYTOBOi IIBMIKOCTiI BaJKiB IPM PO3KATIi IIJIbTE€ProjiOBKM Oisbll edeKTUBHO
3MEHIIy€E TMepeMillleHHs Tpyou, UMM NPUKIAZAHHS OO0 TPyOM rajabMiBHOI [ii

KOJIOOOK.

BucHoBku

1. TIIporiec rapstuoi MilirpMMOBOi MPOKATKY TPYO XapaKTepu3y€eThCSI HASIBHICTIO
HeJJOKaTaHHOTO 3aJHbOTO KiHIIS TiJib3M, SIKMiII Ha3MBA€ETHCS ITiIbTE€ProjOBKOI0, SKa
BUIAJISIETHCS B 00Pi3b, 110 36ib1rye BKM.

2. AHani3 BigoMuX pillleHb IO 3HMKEHHIO BTpAT MeTaja B IiJIbI€pProjiOBKY
ITOKa3aB, 1[0 HaioibII eeKTUBHUM € MeTO, pO3KaTKM MiJIbIreprojoBKy Ha BibHil
IUISIHIL JOpHA, SIKMIA B TOJ Ke yac Ma€ Lianuii psia HedoJliKiB, 110 MepeliKoIKaloTh
Joro OiNbIN IMMPOKOMY 3aCTOCYyBaHHIO. OOHMM 3 TOJOBHMX HEMOJIKIiB € 3HauHe
3MillleHHS PO3KaTy II0 AOpPHY B TMepUuX LIMKIAX PO3KATKU ITiJIbIeprojioBKu
BHAC/TiIOK AMHAMIUHOI B3a€MO/Iii 3 Hel0 BaJIKiB MiJIirpMMOBOTO CTaHa.

3. Ha ocHOBi Teopii Npy>KHO-TIJIACTUUYHOTO yAAPY ITiJIbT€ProjIOBKM i BaJIKiB
MJIIrPMMOBOrO CTaHa PO3paxoBaHi Mic/IsTyIapHi NIBUAKOCTI i TepeMillieHHST TpyO 1181
peayibHMX YMOB IIPOKAaTKM Ha cTaHi 5+12".

4. PoO3TISIHYTO 1Ba CIIOCOOM 3MEHIIEHHS IlepeMillleHHs Tpyou mpu ymapi

MJIbreprojIOBKM 1 BajKiB: 1le 3HMKEHHS B 2 pa3yu KyTOBOI IIBUIKOCTI BaJKiB y
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TIOPiBHSIHHI 31 WBUIKICTIO CTAJIOr0 MPOLLECY IIPOKATKM TA 3aCTOCYBAHHS T/JIbMiBHUX
KOJIOZIOK, SIKi Ail0Th Ha TPYyOy 3 JiaMeTpaJbHO IMPOTUIEKHUX CTOPiH.

5. Po3paxoBaHi TeOpeTMUHMM LUISIXOM ITepeMillleHHsI TpyOu B HACJIiIOK yaapy
IJIbreproJIOBKY i BAJIKiB OLIIHIOIOTHCS SIK 3aBUIIEHHI, TaK SIK He BpaxOBaHO BILJIUB
BepPTUKAJbHMUX CKIQJOBMX CWIM yOapy Ha 3MillleHHS TpyouM B  paiioHi
MiJIbTEProjIOBKM i JOpHA. BpaxyBaHHS I1IbOTO BIUIMBY MOXe CTaTU IpegMeTOM
OKpPEeMOTr0 AOC/iAKeHHS.

6. IlopiBHSIHHS poO3paxOBaHMX MepeMillleHb Tpyou Big ymapy BajKiB i
IiJIbTeProjIOBKM IJIS IBOX CIIOCOOIB iX 3MEHIIeHHS IT0Kasye, 0 Oibil e(eKTUBHO
3MEHIITy€ IlepeMillleHHsI TpyOou 3HIMKEHHSI KYTOBOI IIBMUIKOCTI BaJIKiB, UMM
raJibMyBaHHSI TPpyOM 3a MOMOMOIOI0 KOJIOMOK. Ilepmmit crioci6 He IIOB'S3aHuii 3
nedopMalliero Tpyou (3MMHAHHSIM) i He moTpebye MaTepiaJibHMX 3aTpaT, TaK SIK
eJIeKTPUYHA cxema IIPUBO/IA BaJIKiB MiJIirPMMOBOTO CTaHa 3abe3revye peryaioBaHHS
IIBUKOCTI IMTPOKATKM B IOCTAaTHbO KOPOTKUIA MPOMIKOK Yacy i TaKOX BiJTHOBJIEHHS
MIBMUAKOCTI. Pa3oM 3 1[MM MoegHAaHHS ABOX 3allPONIOHOBAHMX CIOCOOIB MOske IaTu
TIOBHE TaJIbMyBaHHS TPyOu, 110 OAHAK, ITOTPedye TOIAaTKOBUX JOCTiIKEeHb.

7. SIkuto momyctuTu nedopmallilo BMMHAHHS TaJbMiBHMUX KOJOAOK B CTiHKY
TpyOM (HaATNpuKIIad, Ha KiHIEBii AiISHIN) TO IUISX raJbMyBaHHS TpyOu Bif ymapiB

BAJIKiB MPY PO3KATIIi MJIbT€ProJ0OBKY MOKHA 3BECTU 10 MiHIMyMY (0 KiJIbKOX MM).
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UDC 621.774.3
Volodymyr Dobriak, Yurii Uhriumov, Stanislav Stasevskyi,

Thor Mazur, Dmytro Uhriumov

IMPROVEMENT OF METAL-SAVING TECHNOLOGY OF PIPE ROLLING ON
A PILGRIMM MILL

Abstract. The features and prospects for the development of the process of rolling a
pilgrim head on the free section of the mandrel are considered. The main problem of this
process is the displacement of the section along the mandrel in the direction of rotation
of the pilgrim mill rolls. Based on the theory of elastic-plastic impact of the pilgrim head
and mill rolls, the post-impact velocities and pipe displacements for real conditions of
pilgrim rolling are calculated. Two methods of reducing the displacement of the pilgrim
head during its interaction with the rolls are considered: reducing the angular velocity of
the rolls during rolling of the pilgrim head and using brake pads that create back tension
on the pipe.

Keywords: pilgrim mill, pipe, sleeve, mandrel, pilgrim head, pilgrim mill roll, forgoller,
feeder, metal consumption coefficient, elastic-plastic impact.
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O. II. €Eropos, M. B. MuxaittoBcbkuii, M. O. PubasibueHKO

CUCTEMHUN AHAJII3 IHBAPIAHTHOCTI CEITAPATHUX KOHTVYPIB
KEPYBAHHSA NIBUJAKICHUM PEXXUMOM ITPOKATKMU 3 IIETJIEIO
HA HEITEPEPBHUX JPIBHOCOPTHHNX CTAHAX

AHoTarniss. Cman npokamy 8 MiXKAIMUHHUX NPOMIXKAX HenepepsHUx OpibHOCOPMHUX
CMAHie 8U3HAUAEMBCA Pi3HULEI0 WBUJIKOCMell npoKamy Ha 8uxodi 3 NonepeoHb0i Mma Ha
8x00i 8 HACMYNHY KJimb. 3MiHa WBUIKOCMI npoKamKu 8 0Y0b-AKili K1imi NPOMIXHKY, W0
BUHUKAE nid Ji€l0 MexXHOI02IuHUX 30ypeHb, Npu3800ums 00 8i0XUJIEHHs 8i0 NOUAMK08020
pexcumy npokamku 8 UboMy NPOMIHKY. YCYHEHHS makoz0 8i0xujeHHs 00Cs2aemucs
uinecnpsiMo8aHo KopeKuyieo uacmomu obepmaxHs 8akie odHiei 3 knimeti. O0Hak, npu
UbOMY NOpYWYEMbC  WBUOKICHULI pexum Yy CYyCiOHbOMY Nno X00y npokamku
MIHCKATMUHHOMY NPOMIMKY, W0 npusodums 6 0itlo KOHMYp pezyo8aHHs Hamsey abo
nemiui, a NOMim i HACMYNHUX NPOMIXKAX, WO MOoxce decmabinizysamu pobomy 8cb020
cmauy. /Ins supiweHHs yiei npoGiemu HeoOXi0HO npu 3MiHi uacmomu 06epmaHHs
8aJIKi8 00HIET 3 Kimeli HenepepsHOi epynu, 00HOUACHO Y32004(eHO 3MIHI8AMU UACMOMY
00epmaHHs 8aKie 8cix HacmynHux (no xody npokamxu) abo ecix nonepedHix (npomu
x00y npoxkamxu) kuaimeii. Komn'tomepHe Mo0eno8aHHs (PYHKYIOHYBAHHSI cucmemu
Kepy8aHHsl WBUOKICHUM PeXUMOM NpoKamku Yy epyni Kiaimeii niomeepouo
epexmusHicms 3anponoHO8aH020 Memody, 3ACHOB8AH020 HA CUCMEMHOMY AHAI3i
iHeapiaHmHocmi pobomu cenapamHux KOHMYypie cmabinizauii nonaoxceHHs nemii
npoxkamy.

KimiouoBi cimoBa: HenepepgHuli OpibHOCOpmMHULi cmaH, WUIKICHUT pexcum, NpoKkamka

3 nemer, cenapamui KOHMYPU KePY8aHHsL.
ITocraHOBKa mpooIeMu

[Ipy BUPOOHUIITBI MPOKATy MOPiOHOTO COPTY OCHOBHMMM CKIATOBUMM JAOTO
cobiBapTOCTi € BapTiCTh 3arOTOBKM Ta €HEpPreTUYHi BUTpaATM Ha ii HarpiBaHHS,
MIPOKATKY B FOJIOBHIVi JIiHii, pi3aHHs Ha MITAaHTY T4, OCTATOYHO, HA MipHi IpyTKu. Yci
orepallii 3 MPOKAaTKM B YOPHOBIl i UMCTOBIN rpymnax KiaiTei Ta 3 pi3aHHS MIPOKaTy Ha
JIETIOUMX HOXXUIISIX ITOB'SI3aHi 31 MIBUAKICHUM PeKMMOM NpOKaTKuU. ITif mBUAKICHUM
PEKMMOM MPOKATKM BBaXKAIOTh IMPOKATKY B YOPHOBI I'PYITi KIiTeit 3 HATIroM, a B

©€ropos O. I1., MuxaitnoBcekuit M. B., Pubanbuenko M. O.
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YMCTOBIN Tpymi — 3 MeTjae0 abo MpPOTMHOM ITpokaTy. IIpokaTka 3 meT/ier0 abo
MPOTMHOM (MaJiIMM KepPOBaHMM HATSITOM) IMPOKATy € HaMKpalMM TEeXHOJOTiYHUM
PEKMMOM, OCKiJIbKM 3abe31euye CTabiJIbHiCTh reOMEeTPUUHMX ITapaMeTpiB mpodiro
MPOKATy 3a yCi€l MOBXMHOW. [Ipy mpoKaTiii 3 HATSITOM Y YOPHOBUIA TPYITi KIiTei
BUHMKAE PI3SHOIIMPUHHICTD IMMPOKATy, IOB'SI3aHa 3 IPOKATKOK MepefHix i 3agHix
ioro AinsTHOK 6e3 HaTSTY, a CepeIViHMU — 3 HATSITOM.

[IpoBepeHi panime gociigxkeHHs [1, 2] mokasanu, M0 32 PaXyHOK IMPOKATKU 3
HATSITOM Y YOPHOBIN TpyIli KIiTel Pi3HOMIMPUHHICTD MPOKATy 3a JOBKMHOI MOKe
nocsiratu 10 %. Lle mpu3BoOguUTh, B IEpIIy Yepry, 40 KOJMBAHb NJOBXUHMU IIPOKATy Ha
BUXOJi 3 OCTaHHBOI KJIiTi cTaHy, a BiAIIOBiAHO, i 10 MOmATKOBOi 00pi3i mpu pisaHHI
jioro Ha MipHi npyTKU. TakoXX HecTabiIbHICTH reoMeTpii mpodisio 3a ITOBKMHOIO
BUK/IMKA€ HEOOXiTHICTh YacTOro Bimbopy ITPo6 roTOBOTO IIPOKATY [IJIsl 3aI00iraHHs
MPOKAaTKM 3a IoJieM AOITyCKy. IIpyu 11bOMY MOPYIIYETHCS IMIBUAKICHUIA PEXUM Y
CyCifHbOMY IIO0 XOAYy IPOKATKU MiKK/JIITUHHOMY IIPOMIiXKKY, IO IPUBOAUTH B [il0
KOHTYD pery/lBaHHS HATSATY B HbOMY, @ IOTIM i HAaCTYITHUX MPOMIKKaX, 110 MOKe
nmecTabiizyBaTy poOOTY BChOTO CTaHY.

CuctemMHMii aHami3 poOOTM cermapaTHMX KOHTYPiB KepyBaHHS IIBUIKiICHUM
pekMMOM IIPOKAaTKM 3 IIeT/Iel0 T0Ka3aB, IO [JisI BUpIlIeHHS Iliei Ipobiiemu
HeOoOXimHO IIpyM 3MiHi YacTOoTM obGepTaHHSI BajIKiB ONHi€l 3 KIiTell HelepepBHOI
TPYIIY, OOHOYACHO VY3TrOIKEHO 3MiHIOBAaTM YacTOTy OOepTaHHSI BaJIKiB BCiX
HaCTYTTHUX (o xomy TIPOKATKM) abo BCiX ronepeaHix
(IpOTH XO4Y IMPOKATKM) KITITEIA.

Marepianu i pe3yabTaTi JOCTIIKEHHS

HanamityBaHHSI Ta MATPMMKA 3aJaHOTO IIBUIAKICHOTO PEXUMY 3[ilICHIOETHCS
3a JOMOMOTOK CUCTEeMM KepyBaHHS IIBUAKICHMUM PEXMMOM IPOKATKM, OCHOBHI
3aBJaHHS SIKOi:

. Po3paxyHOK 4YacTOT 00epTaHHS BaJKiB KIiTei, BiAINOBiAZHO [0
KaltiOpyBaHHS, s HaJallITyBaHHS CTaHy Ha IIPOKATKy B UYOPHOBii Trpymi 3
MiHiMaJbHMM HATSTOM, a B YUCTOBIiN — 3 JOMYCTUMOIO TeT/Iel0 MPOKaTy.

. KoHTposib Ta MiATpMMAaHHSI MMTOMOIO HATTYy IPOKATy 3 MiHiMaJibHO
IOMyCTUMMUM 3HaueHHSIM 9-10 H/mm2.

. VTBOpeHHS Ta MiATPUMKA 3aJaHMUX 3HAUYEHb IeTelb (IPOTUHY) MPOKATy
B UMCTOBI TpyIIi.

. V3romkeHa 3MiHa YacCTOT OOepTaHHS IIPUBOMIIB BaJIKiB CYMiKHUX
KJIiTeil mpM PO3roHi Ta TaJibMyBaHHiI CTaHy ab0 KOpPEeKIlii pekxumy IPOKATKMU B
OKpeMili rpyTi KiiTe’i.

CemapaTHi KOHTYpM KepyBaHHS IIBUAKICHMM DPEKMMOM IIPOKATKMU B
MDKKTITMHHMX ITPOMiKKaX ITOB'SI3aHi MiXK cO00I0 SIK yepe3 IIBUAKICHI ITapaMeTpu
peskMMy OOTMCHEHHS B ocepeKy Aedopmarlii KIiTi, Tak i uepe3 4acTOTH 06epTaHHS
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CyMDKHMX KiiTeVi. OCHOBHI BMpasu, IO XapaKTepuU3YyIOTh 3B'SI30K HATATY Ta IETJIi
TPOKAaTy HaBeJleHi HIDKYe:

EQ; (t
Tiiv1 = Tugisn T Z;fo (Vo,ip1 — Vypdt 1)
t
AL, =f (Vli_VO,Hl)dt (@)
0
ne T;;y1 — HaTAr INpPOKaTy B TNPOMDKKY KiiTei [ Ta i+l TH(i,i+1) -

MOYATKOBUI HATAT MPOKATy B MIKK/IITMHHOMY HPOMIXKKY; E — MOIy/ab IPY>KHOCTI
IOHra; Q; — mola MomepevyHoOro mnepepisy npokary; €,; — BiCTaHb MiX BajaKamu

cymikaux kiirteit; Vj;, V;; — BiANOBiZHO HMBMUIKICTb IPOKATy Ha BXOAi B KIITh i
BuXoZi 3 Hel; Af; — 3MiHa BeIMUMHY METJIi TPOKATY.

V pasi HaTIry NpoKaTy 3MiHIOETHCSI PO3IIMPEHHS IIPOKATYy, OTXKe i MBUAKICTD
BXOJly IPOKAaTy B K/IiTh HACTYIMHOTO NPOMDXKY. KpiM 1bOTO, 3a paxyHOK 3MiHU
BUIEpEeIKeHHSI 3MIHIOETbCSI 1 HMIBUIAKICTh BUXOAY IIPOKATy 3 IMOIEepeaHbOl KIIiTi.
TakuM 4MHOM, 4Yepe3 OesikK1ii MPOMIKOK 4acy BCTAaHOBJIIOETHCS HOBUI HMIBUIKICHMUIT
pPEeXUM MMPOKATKM 3 HOBMM 3HAUEHHSIM HATSTY ITPOKATYy.

3agaHuii IBUAKICTHMIA peKMM TIpU  KepyBaHHi HaTary abo et
3a6e3MeuyeTbCsl KepyBaHHSIM YaCTOTOI0 OOepTaHHSI BaJIKiB KIiTeil mpoTtu abo 3a
HamnpsIMKOM MpokKaTku. CucTemMa KepyBaHHS WMIBUAKICHMM PEXMMOM MPOKATKU €
6araTo3B's13aHOI0, OCKiJIbKM KOXKeH celapaTHUII KOHTYp IOB'sI3aHMit 3 iHIIUM depe3
YacTOTM O0OepTaHHS BaJIKiB CYMDKHUX KIiTelt i IIBUAKOCTI pO3KaTy B IIUX
npoMixkkax. IIIBUAKICTh TTPOKATy Ha BMXO/i 3 BaJKiB IONepeaHbOl KJIiTi Ta BXOAi B
HaCTYIIHY 3aJeXUTh Bif, TakMX TEeXHOJOTiYHMX (aAKTOpiB SIK BUIlepeIKeHHS Ta
KoedinieHT jioro BUTSDKKM. 1li mapameTpu 3MiHIOIOTHCSI 3a HOBXKMHOKIO IIPOKATy
HEMOHOTOHHO.

lnsg  3abe3meueHHs iHBApiaHTHOCTI cemapaTHMX KOHTYPiB KepyBaHHS
(HaTIpMKJIaJ, TOJIOKEHHSIM IIeT/i) HeoOXigHO IepefaBaTy Kepylouuit BIUIMB Ha
KOpEKIIil0 4YaCTOTM 0b6epTaHHS TPyIM KiIiTel 3 ypaxyBaHHAM KoedillieHTa BUTSKKMU
MPOKaTy B KOXHIiM KiiTi. CTpyKTypHa CxeMa CUCTeMM KepyBaHHS MIBUAKICHUM
peXXMOM BiJIbHOT ITPOKAaTKM 300paskeHa Ha PUCYHKY 1.
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PucyHok 1 — CTpyKTypHa cxeMa CUCTeMM KepyBaHHS MBUIKICHUM
PEsKMMOM BiJIbHOI ITPOKATKU

CrnoyaTKy oOIlepaTop, BiAMNOBIZHO MO0 TabaMIi KaliOpyBaHHS, BCTAHOBJIIOE
TTIOYATKOBI (3axifgHi) 060POTU B CUCTEMY PETYIIOBAHHS IIBUIKOCTI BaJIKiB TPOKATHNUX
KiIiTeir qi. IIpy HeOOXigHOCTI I'PYIIOBOrO Y3roIKEHOr0 3MiHM YacTOT OOepTaHHS
BaJIKiB 3aBIAHHS Bijl i-TOr0 MPMUBOAY MepedaeThbCsl HA BCi HACTYIIHI 3@ OIIOMOTOI0
CUCTEMM TPYIIOBOTO KepyBaHHSI — IMdpoBoro 3aBmaHHs mBuakocTi (LI3IM).
KOHTpOJIb 3a TOJIOKEeHHSIM MeT/i MPOKaTy 3AiMCHIOETHCS 3a JOMOMOrOK JaTUYMKiB
netsi [li. TIpy BigxuaeHHi BeaMUYMHM MeT/]i IPOKATy BiJ, 3aJaHOTO ITOJOKEHHS
peryJisiTop BUAA€E CUTHAI Yepe3 MPUCTPOI TPYIIOBOTO KEPYBAHHS B «CBiil MPUBiI» i B
yci HacTymHi, npuuyoMy Koe@illieHT Tepemadi Ajs1 KOXHOTO IPUBOAY ITIOBMHEH
BiJITIOBiTaTM CITiBBiZHOIIEHHIO YAaCTOT OOepTaHHS BaJIKiB CYMiKHMX KIIiTeii. SKImo
Kepywumuii BIUIMB peryasiTopa MeTJi i-Tol KJiTi, 10 BUIAETHCSI B CUCTEMY
aBTOMAaTUYHOTO peryiioBaHHs MBUAKOCTI (CAPII) i-Toi KiiTi, € Kepyr4YuMm, TO IJIs
MOJAJIBIIOT0 MiKKIITMHHOTO IPOMIXKKY Ile 30ypeHHSs, IO IPU3BOAUTH IO 3MiHU
BeJIMYMHY NeTi. K0 ogHOYacHO noaaBaTy Kepytounii BIiB B CAPIII i-Toi kiiTi 7
B CAPII (i+1)-oi kmiTi, TO B cuUCTeMy IeT/eperyjaioBaHHs 30yprOBa/ibHI BIUIUBU
BHECEHi He OYIyTb.

KoedilieHT mnepemaui Kepyouoro BIIMBY Bin perynsaTopiB mnetni CAPIII
MIPUBOMIB Ba/IKiB 3aJeXXUTb BiJl pajiyciB Ba/KiB, BuUIllepeaskeHb, KoedillieHTiB
BUTSDKKM. 3HOITYBaHHSI KajiOpiB — TOBiIbHO [iroumii (akTop, BUIlepeIKeHHS B
KIITSIX TpUOJM3HO ONHAKOBI i He 3HAYHO 3MIiHIOIOTHCSI B IIPOIECi ITPOKATKM.
BUHSITOK CTaHOBUTD KOedillieHT BUTSIKKY, Ha 3HAUEHHS SIKOTO BIIMBAIOTh PEXUMU
MPOKATKM, KOJMBAHHS IIJIOIII ITOTIEPeUYHOro nepepisy 3aroToBKM Ta iH. 3i CKa3aHOTO
CJTijI, 1110 HeoOXiJHO MOBECTU MOCTiIKeHHS BIUIMBY HEYy3TOIKeHOCTi BCTAHOBJIEHOTO
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KoedilieHTa Tepenayvi BIUIMBY peryyisiTopa IeTii Ha HACTYMHUI MPUBiA BajKiB i
bakTUUHOTrO, 1110 BU3HAYAETHCS 32 BUPA30M

W41 _ Ri y1(0+Si 1441

AHani3 edeKTUMBHOCTI 3aIllpOIMOHOBAHOTO METOAY Y3TO/KEHOTO KepyBaHHS
Oy/JI0 TIpoBeIeHO Ha KOMIT'IOTepHili Momeli cucTeMu KepyBaHHS MBUIKICHUM
PEeXKMMOM BiJIbHOI mpokaTKu. s mopiBHSIHHA Ha rpadikax 2 i 3 3006pasxkeHi
repexiJHi mpolecu B MOCAiITOBHUX KOHTypax IeT/eperyatoBaHHS. [Ipy KepyBaHHi
TIOJIO’KEHHSIM TIeT/i B OJHOMY KOHTYpi 30ypeHHS Ilepefda€ThCsl HAa HACTYITHMIA
cemapaTHMii KOHTYp (puUC.2,a), a MpU Y3TOIKEHHOMY KepyBaHHI I[bOTO He
BimbyBaeThcs (puc. 2, 6).

I m I, m
0.16 I
0.14 1 0.1 A /ﬂ\____,?,:
u:j l 7 D .05 ' P/H‘—_ﬂ/ i1
) I
008 —l i+l el ”
P 0
|
0.04 005
.02 I
0 01
0 2 4 6 8 t.c 0 2 4 6 8 t,c
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PucyHoxk 2 - [lepexigHi mpoliecu nmeT/iepery/iatoBaHHs B KOHTypax i Ta i+1:
a) 3 Y3roJkKeHOI0 Tlepejauero Kepyuoro BIUIUBY PeTy/ISTOPiB MeT/i;
0) IIpy HEeY3TOIKEHHOMY KepyBaHHi

PosrissHeMo 06araTo3B’s3aHy CUCTEMY KepyBaHHSI IIBUIKICHUM pPeKMMOM
TPy MPOKaTHUX KITiTe.

[Ipy po3roHi Ta rajibMyBaHHi TPyIy MPUBOJIB MOK/IMBA HECMHXPOHHICTb 1X
pob0TH BHACIZOK pi3HOro 3aBaHTakeHHS. [IpM po3roHi ABUTYHA MPUBOAY BaJIKiB,
KpiM CTaTMYHOI CKJIaJOBOI CTPyMy SIKIpHOTO JIQHIIOTA, BMHMKAKTh i JMHAMIiUHI
cknanoBi. [Ipu 11boMy, B 3aJIeXKHOCTI Bifl BeJIMUMHU CTAaTUUHOTO MOMEHTY, B OOHUX
MpUBOJAX CTPYM B SIKIDHOMY JIAHII03i MOXe TMepeBUIIUTU CTPYMOOOMEXKEeHHS i
00MeXMUTHU TeMIT pO3roHy, a B iHImMX Hi. TakMM YMHOM, YacTUHA MPUBOIIB Oyme
pO3TaHATHUCS i3 CTpyMOOOMeXXeHHSIM, a iHIIi Hi. Lle mpu3Bene A0 pi3HOro 3HAYEHHS

TIPUCKOPEeHb MPUBOIIB Y I'PYITi Ta MOPYIIEHHS Y3TO/I)KEHOT'O PeskMMY ITPOKaTKu. JIJist
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YCYHEHHSI LbOr0 $BMUILA 3alIPOIIOHOBAHO CUCTEMY KepyBaHHA [3], cxeMy SKOI
300paskeHO Ha PUCYHKY 3.

1 1

@ (2
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4 4

, A
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2 3
I max ¢ I max

PucyHoxk 3 — Cxema 6araTo3B’si3aHOi CUCTeMY KepyBaHHS MIBUIKICHUM PEKMMOM TPy
MMPOKATHUX KITiTei

[IBuAKiCHMII peXMM IIPOKATKM BeJEeThbCS 3a PaxyHOK OOepTaHHS BaJIKiB
MpoKaTHUX KiiTeil 1 enexkTpoasuryHamu 2. KepyBaHHSI eeKTPOABUTYHAMMU
3pilicHIoeTbcsl BigmoBigHumyu CAPII 3. 3aBmaHHS Ha Y3TOM)KeHe KepyBaHHS
HagxoouTb A0 CAPII koxxkHOi KIiTi Bim cucTeMu rpymoBoro KepyBaHHs L3I 4.
CTpyM SIKipHMX JIQHIIIOTiB KOHTPOJIIOETHCS AaTYMKaMM CTpyMmy 5. V 610Kax 6 i 7
MOTOYHI 3HAUeHHS IIMX CTPYMiB IOPiBHIOIOTBCS, BiAMNOBiAHO, 3 MiHiIMaJbHUM Ta
MaKCUMMaJIbHUM JTOMYCTMMUMM 3HAUEeHHSIMU. [IpU 1IbOMY TOBMHHI JOTPUMYBATUCS

TaKi HepiBHOCTI:

A

1. 1,1
"min <17 <1"max
|2 12 <120 (4)

IA

min
3min <13 < 13max

e Il,l‘z,l3 — CUTHaJIIM Ha BUXOJAX NATUMKIB CTPyMy SIKOPiB BiATIOBiZHUX

. . 1 2 3 _ . . . . .
ABULYHIB; | 1 | YCTaBKM MIiHIMa/JIbHOIO CTPYyMY SIKOPIB BiJIIOBiZHMX
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I 2

ABUIYHIB; Ifpe 1hax |iax

Tex, — YCTaBKM MaKCUMa/JIbHOTO CTPyMYy SIKipiB BigMoOBigHMX
IBUTYHIB.

[Tpy BUKOHAHHI HepiBHOCTEeN (4) CUTHAJIM Ha BUXOJAX BCiX HYJIb-OpraHiB 8 i,
OTKe, Ha Buxonax joriuHux enemeHtiB ABO 9 i 10 BigcyTHi. Li soriyHi etemMeHTH
mig’emHaHi mo OJIoKy Komyranii 11, Buxim sgKoro uepes OJIOK KepyBaHHST 12
IiJIKII0YEeHNII OO0 BXOMy OJIOKY 3aBIaHHS 4acTOTM obepraHHs BajikiB 11311 4. ITpu
HaJallITyBaHHI IIPOKAaTHOrO CTaHy Ha IHIIY IIBUIKICTb, SKIIO HepiBHOCTI (4)
BUKOHYIOTBCSI, TO €JIEKTPOIPUBOAY 3MiHIOIOTh IIBUIKICTh OOepTaHHSI BajKiB
BiAMOBIAHO 0 3MiHM 3aBOaHHS. SIKIO BeJIMUMHA CTPYMY AOCSTHE CBOTO MiHIMyMYy,
TO MiJK/IIYUTHCSI MaKCUMMajJbHO MOSKIMBMII TeMIT 3MiHM CUTHaly 3aBAaHHs. lle
BiOyBa€ThCa OO0 TUX TIIip, TMOKM 3HAUEHHS CTPYMYy SIKOpSI €JIeKTPOOBUIYHA He
TIOBEPHEThCS Y 3a/1aHi MeXKi.

JIJ1s1 KepyBaHHS MIBUAKICHUM PEKMMOM ITPOKATKM po3pobsieHa cucTemMa, cxema

SIKO1 300paskeHa Ha PUCYHKY 4.
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PucyHok 4 — CucTema KepyBaHHSI IIBUIKiCHUM PEXMMOM TPOKATKU

Tyr, 3a pesyabTaTaMu BUMIipIOBaHHS pnaTtunmkamu [JC SKipHUX CTpyMiB
JIAHLIOTiB ABUTYHIB TPUBOAIB BajKiB KIiTeli B UYOPHOBIil TpyIi, 3a AONOMOIOI0
perynsTtopiB HaTiary PH i cuctem aBTOMaTuM4YHOro perymtoBaHHS mBuakocti CAPC
BAJIKiB KJIiTell 3MiliICHIOETHCSI HAJAIITYBAaHHS PEXMMY HATATYy IPOKaTy MPU 3axomi

JIOTO TiepenHbOoi MiISTHKM. Y YMCTOBiN TpyIi KiiTeli 3a JOIIOMOTOK Kepyrdoro
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BIUIMBY Up, IIO BUPOOJSETbCS peryasTopom PII, 3milicHIOETbCS 3MiHA BeJIMUYMHU
MeTJIi mpokarty Ly, SKa BUMipHOETbHCS AaTuMKom meTi [I1.

PosrisiHeMO KOHTYp KepyBaHHSI IIeTjiel0 IpokaTty (puc. 5). KoHTposb
TIOJIO’KeHHSI MeTi 3[iiCHIOETHCST 32 BeJIMYMHOK CTPiJIM MPOTMHY, KOHTPOJbOBAHOI
ab0 ONTUYHMMM, 200 EMHICHMMM maTuMKamu. [Ipy BigxXmieHHi MMeT/Ii Bif 3agaHOTO
TIOJIO’KEHHSI PEry/saTop IeT/Ii BUAA€ 3aBOAHHS ab0 TibKM B CUCTEMY KepyBaHHS
YaCcTOTOI0 OOepTaHHSI BaJIKiB KJIiTi HACTYIHOI 3a peryabOBaHMM IMPOMIXKOM, abo,
I0ATKOBO, B CUCTEMM KepyBaHHSI IPUBOJAMM BaJIKiB yCiX HACTYNMHUX KiiTeil. Take
KepyBaHHSI HAa3MBAETbCSI KepPyBaHHSIM BHepen. MoxinBa TakOX Mepepava

KEPYIOUOI'o BIUVIMBY B ITPUBOAM ITPOTU XOA4Y ITPOKATKN (KEPYBaHHH Hasan).
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PucyHok 5 — CTpyKTypHa cxeMa KOHTYPY Pery/l0BaHHS NeT/elo MPOoKaTy:
CAPIII - cucTeMa aBTOMaTUYHOTO PETyIIOBaHHS MIBUAKOCTI;
OIT — naTuuk netJi npokary; PIT — perynstop netii mpokaTty

Vci cucteMy MpaifioloTh HE3aJeKHO 3aBISKM CUCTeMi LIM(POBOro 3aBaaHHS
mBuakocTeit L3I, mpu mpomy 3MiHa 4acTOTM OOepTaHHS BaJIKiB BilOYBa€ThCS 3a
30epeskKeHHSI CITiBBiTHOIIIEHHST YaCTOT 00ePTaHHS BaJIKiB CYMiXKHUX KITiTE.

Henpsimy oOLiHKy 3MiHM KoedillieHTa BUTSDKKM MPOKATy OTPUMAEMO,
BUpPa3MBIIM MIBUAKICTh pO3KATy uepe3 YaCTOTy obOepTaHHSI TMPUBOIIB, pobOUi
paniycu Ta BUTIepe>)KeHHSI:

t o 4R  1A+S,;,
A, = [(oyRi @+ ) — 2R 18 Sty g (5)

0 i+1
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ne Ri, Ri.; — poboui pamiycu i-Toi Ta (i+1)-Toi Kieteit; S;, Si+; — BUEepeIsKeHHS B
i-Tiit Ta (i+1)-Tili KITSIX; @i, @i — YACTOTA 0OEpPTaHHSI IPUBOIIB i-TO1 Ta (i+1)-TOi
KIIiTeN; ﬂi 41 — KoeillieHT BUTSKKM PO3KATy B (i+1)-Tii KIIiTi, 10 BM3HAYAETHCA K

/11_ @ R 1A+ S )
+1 ~ '

dAl; (6)

|
a}IRi(1+ Si)—F

BucHoBKu

CucteMHMIt aHaji3 MpOILECY pEeryJaloBaHHS IIPOKATKM [O3BOJUB CYTTEBO
MiABUIINUTY e(PeKTUBHICTh pOOOTM KOXKHOTO KOHTYPY CTabilisallii TeXHOJIOTiYHOTO
peXuMy y PO3po0JieHilt cucTteMi KepyBaHHS. [Ij1s1 3a6e3rneuyeHHs] iHBapiaHTHOCTI
cermapaTHUX KOHTYpPiB KepyBaHHS (HaIlpMKIad, TOJOXKEHHSIM IIeT/Ii) HeoOXiZHO
repenaBaTy KepylouMii BIUIMB HA KOPEKIIiI0 YaCcTOT OOepTaHHS TPynu KiIiTei 3
ypaxyBaHHSIM KoedillieHTa BUTSDKKM pO3KaTy B KOXHIilM kiiTi. Komm'roTepHe
MOJeI0BaHHSI MIBUAKICHOTO pEeXMMY IMPOKATKM 3 TMeT/iel0 Ha HellepepBHOMY
IpiOHOCOPTHOMY CTaHi MiATBepAMIO e(PeKTUBHICTh 3aIIPOIIOHOBAHOTO METO/Y.

JIITEPATYPA

1. Eropos A. II. CoBepiiileHCTBOBaHMe CUCTEMbI aBTOMATUUYECKOTO YIIpaBieHs MHOTOCBSI3HBIMMU
€/IeKTPOTIPMBOIaMM I'PYIIIbI MMPOKATHBIX KJIeTel Mpy ITPoKaTKe C TeT/ieperyaMpoBaHueM: JINC.
... KaHg. TexH. Hayk: 05.09.03 / EropoB Anekcauap IletpoBud. — [IHemnporeTpoBck: IMetH,
1981. - 161 c.

2. MMigBuieHHS eHeproedeKTUBHOCTI €JIEKTPOMEXaHiYHOTO KOMILIEKCY BUPOGHUIITBA COPTOBOTO
npokaty: 3BiT 3 HIAP (3axmiou.) : / HamioHanpbHa MeTanyprifiHa akajgemiss YKpaiHu; Kep.
€ropos O. I1. - IHinpomneTpoBchbk:, 2014. — 151 ¢. — N2 TP 0113U003260c.

3. ABTOMaTMsalMs TEXHOJIOTMUYECKMX I[IPOLIECCOB Ha MEJKOCOPTHBIX MPOKATHBIX CTaHaXx:
moHorpadusa / A. C. Bemra, B.H. KyBaes, O.E. IToram, A.Il. EropoB. [IHemnporneTpoBCK:
Kypdong, 2014. — 283 c.

REFERENCES

1. Yegorov, A. P. Sovershenstvovanie systemy avtomatycheskoho upravlenyia mnohosviaznymi
elektropryvodami hruppy prokatnykh kletei pry prokatke s petlerehulyrovanyem: dis. ... kand.
tekhn. nauk: 05.09.03 / Yegorov Oleksandr Petrovych. — Dnepropetrovsk: DMetl, 1981. — 161 s.

2. Pidvyshchennia enerhoefektyvnosti elektromekhanichnoho kompleksu vyrobnytstva
sortovoho prokatu: zvit z NDR / ker. Yegorov O. P. N2 DR 0113U003260s. Dnipropetrovsk:
Natsionalna metalurhiina akademiia Ukrainy, 2014. 151 s.

3. Avtomatyzatsyia tekhnolohicheskikh protsessov na melkosortnykh prokatnykh stanakh:
monohrafyia / A.S. Beshta, V.N. Kuvaev, O.E. Potap, A.P. Yegorov. Dnepropetrovsk:
Zhurfond, 2014. 283 s.

Received 20.04.2025.
Accepted 16.05.2025.

160 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui npo6aemu meranyprii”, N2 28 — 2025

UDK 621.771.685.5
O. P. Yegorov, M. V. Mykhailovskyi, M. O. Rybalchenko

SYSTEMATIC ANALYSIS OF INVARIANCE OF SEPARATE CONTROL
CIRCUITS OF HIGH-SPEED ROLLING WITH A LOOP ON CONTINUOUS
SMALL SECTION MILL

Abstract. The condition of the rolled products in the interstand gaps of continuous
small-section mills is determined by the difference in rolling speeds at the exit from the
previous stand and at the entrance to the next stand. A change in the rolling speed in any
of the stands in the gap, arising under the action of process disturbances, leads to a
deviation from the initial rolling mode in this gap. Elimination of such a deviation is
achieved by targeted correction of the roll speed of one of the stands. However, this
disrupts the speed mode in the adjacent interstand gap along the rolling direction, which
activates the tension control circuit in it, and then in the subsequent gaps, which can
destabilize the operation of the entire mill. To solve this problem, when changing the roll
speed of one of the stands of the continuous group, it is necessary to simultaneously
change the roll speed of all subsequent (along the rolling direction) or all previous
(counter-rolling direction) stands. Computer modeling of the functioning of the high-
speed rolling mode control system in a group of stands confirmed the effectiveness of the
proposed method, based on a systematic analysis of the invariance of the operation of

separate circuits of the rolling loop position stabilization.

Keywords: continuous small-section mill, speed mode, rolling with a loop, separate
control circuits.
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T.B. Kimcrau, K.I. Y310B

CUHEPTETUYHUN TA CEJIEKTUBHUM BIIJIUB JIETYIOUNX EJIEMEHTIB
HA MEXAHIYHI BJIACTUBOCTI BPOH3U1U CUCTEMMU CU-AL-SI-SN-MN

AHoranisn. I[IpedcmaeneHo  pesynemamu  0OCNiOHEHb  CUHEpzeMUYHO020  Ma
CeleKMugH020 8NJUBy Jle2yluux eleMeHmi8 HA MeXAaHiuHi 81acmuéocmi JusapHoi
6pou3u cucmemu Cu-Al-Si-Sn-Mn, po3nnae skoi 0y8 3aaumuii ma 0x0J100xeHulli 8
niwady ma cmanegy Ju8apHi popmu.

Mema pobomu - écmaHo8UmMU 3aKOHOMIPHOCMI CUHEP2eMUYHO20 Ma CeleKMuU8H020
8NIUBY JIe2YIOUUX KOMNOHEHMI8 ma yMo8 (opMy8aHHs aumoi mepmiuHo He 06poOeHOT
6pou3u cucmemu Cu-Al-Si-Sn-Mn npu macoeomy emicmi amominio — 6,0...7,5%,
kpemHito — 1,0...2,5%, mapzanuro — 0,21...0,45%, onosea — 1,0...2,2% Ha ii mexaHiuHi
871aCMu80Cmi npu HOPMaasbHili memnepamypi, po3njas skoi 6ye 3aaumulti 8 niujaHy ma
cmaesy 1U8apHy opmy.

s eusHaueHHs KOMNJIEKCHO20 BNU8Y XIMiuH020 CK1ady 0ocnioicysamoi 6poH3u Ha ii
MexaHiuHi enacmusocmi eukopucmanu kpumepiti, Kg, sxuii € neeHum cniggioHOUIEHHAM
Jlezylouux enemeHmie 6poH3u ma ii Odomiwok. XimiuHuili cknad euniasneHux OpPoH3
gusHauanu Ha npeyusitinomy auvanizamopi EXPERT 41L. Inmepsan memnepamyp 3a S5KUm
po3paxosysaiu cepedHb038aMeHy WBUOKICMb 0X0J100HEeHHS. OPOH308UX 3PA3Ki8 8USHAUAIU
3a pezynsmamamu OupepeHyitiHoz0 mepmozpasimempuiHozo aHatisy, sKuli Nposooutu Ha
CUHXPOHHOMY mepmiuHomy aHanisamopi STA 449 C <«Jupiter» ¢ipmu NETZSCH
(HimeuuuHa). MexaHiuHi 81acmugocmi OpoH3 8U3HA4aIU 3a pe3yibmamamu pyliHy8aHHs
3paskie Ha mawuHi FP-100/1 ma masmHukosomy konpi PSW-30. Teepdicmb 3a BpiHenem
gusHauanu Ha npunadi TII-2.

BcmaoeneHo, wjo cuHepzemuuHuli ma ceneKmueHUll 8NaU8 JleyloUux eleMeHmie Ha
2paHuyi MiuHocmi ma nauHHocmi 6pousu cucmemu Cu-Al-Si-Sn-Mn eusHauaemscs
Oi1bUI010 MIPOI WBUOKICIO 0X0J1000(eHHS OPOH3U 8 UBAPHIlI (hopmi, nidsuleHHs aKoi
npuseodums 0o iH8epcii xapakmepy ceJleKMueHo20 8NJUBY Jle2ylUuxX KOMNOHEHMI8 Ha
MiyHicmo. Xapakmep CeNeKmMueHo20 6NaUBY XiMIUHUX eJlleMeHmMié Ha 2paHuyro

NAUHHOCMI ma meepodicmy Juuie 4acmko8o 3MIHIEMbCS NO BiOHOWEHHI0 00 071084 i

© Kimcrau T.B., V3noB K.I.
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308CiM He 8NJIUBAE HA XapaKmep 3MiH NOKA3HUKI8 naacmuuHocmi 6poH3u. Ipu yvomy, 3
nidsuujeHHAM WBUOKOCMI 0X0N004eHHsT OpoH3U 8 JueapHili Gopmi cmyniHb
CUHep2eMuYHO20 ma CeNeKmueHo20 6NIUBY Jle2ylouux eleMeHmié Ha MEeXAHIuHI
gnacmusocmi 0OpoH3u cucmemu Cu-Al-Si-Sn-Mn 3meHwyemoca. 3 uucna Jezyouux
enemenmis 8 OpoH3ax cucmemu Cu-Al-Si-Sn-Mn, 3a xapakmepom 8naugy Ha pieeHb
MexaHiuHux enacmusocmeti, meepdocmi ma doai XiMIiUHOI CNOJIYKU 8 CmpyKmypi

docnioxcysaHoi OpoH3U, ANOMIHIT € AHMUNOOOM 00 0J108d, KPEMHIIO ma MapzaHyio.

KnwuoBi cimoBa: 0OpoH3a, MiyHicms, naacmuuHicmes, meepdicms, 6aacmMugocmi,

AMOMIHIT, KOKifb, nilaHa popma, MazHimua NPOHUKHICMb
BcTyn

[IpomucaoBi amoMiHieBi OpOH3M — CydYacHi CIUIaBM BeJIMKOTOHHAKHOTO
BUMPOOHMIITBA HA OCHOBI MiZi 3 0OOB'SI3KOBMM BMICTOM aJIlOMiHil0 B KiJIbKOCTI
5...14% (3a Mmacor). 3a BMIiCTOM aJIOMiHil0 a/JIOMiHi€Bi OpOH3M MOMINSIOTH Ha
omHodasHi (IOABiVHI Ta IMOTPiiiHi 3a KiJIbKICTIO KOMIIOHEHTIB), SIKi MiCTSITb 5...9% Al
Ta OaratodasHi (6araTOKOMIIOHEHTHi) OpOH3M 3 BMICTOM aJlOMiHil0 6,5...14%,
3aiiza Ta/abo  Hikemo (Do 6%  KOXHOro), MapraHmio (4o 3,5%),
KpeMHilo (1o 2,5%) Ta iH.

AmiomiHieBi OpOH3M  XapaKTepM3YIOTbCSI BUCOKMM piBHEM  MeXaHiUYHUX
BJIACTMUBOCTEN, TBEPJOCTi, CTIiIKOCTi A0 KOpO3ii B MPUPOOHMX YMOBaxX Ta OaraThbox
cepedOBMILIAX TEXHOT€HHOrO IMOXOKeHHSI, HU3bKMM PiBHEM MAarHiTHOI ITPOHMKHOCTI,
ickpoBOIO 6€e3I1eK0I0, 6aKTePULIMIHICTIO, 0i0CTATUYHICTIO Ta iH. BoHM NpuaaTHi SIK 1S
BUTOTOBJIEHHSI BMPOOIB CrIoco6amMu JIMTTS Ta MeXaHiuYHOI 0OpOOKM, Tak i criocobamm
nedopmaiiiiiHoi 00poOKM y XOJIOOHOMY Ta rapsiuoMy cTaHi. Bce 1e m03BO/IMIO
BUKOPUCTOBYBATM a/JIIOMiHi€BI OpOH3M [Iji BMPOOHMIITBA BMUPOOIB CYAHOOYTyBaHHS,
CHUCTEM OIpPiCHEHHSI MOPChKOi BoOmM, HagTOrasoBoi, XiMiuHOi, HaTOXiMiUHOI,
ripHM4Y0706YBHOI, 060POHHOI, XapuoBOi, aePOKOCMIUHOI MMPOMUCIOBOCTI, TOIIIO. [1, 2].
[Tpy 11bOMY Maca CyJacHUX BUJIMBKIB 3 aJFOMiHi€BMX OpOH3 CTAHOBUTD BiJl JEKITbKOX
TpaMiB y I0BeJIipHMX Ta XYIOKHIX BUPOOiB 10 70 T y CyqHOOYIyBaHHi [3].

TumM He MeHIl, AJji1 PO3IIMPEHHSI TEXHIYHUX MOXJIMBOCTEN, MiABUIIEHHS
HaIi/fHOCTi Ta MOBTOBIiYHOCTI Cy4yaCHOI TeXHikyM MOTPiOHO He Juille BAOCKOHATIEHHS
icHyIouMx, a ¥ CTBOpeHHS HOBMX CILIaBiB, 30KpeMa OPOH3 3 pi3sHMMM Habopamu

KOMILJIEKCiB mpedepeHIliifHuxX BaacTuBocTeit. Ilpu CTBOpeHHi Takux OpOH3
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0COOMMBOTO 3HAueHHSI HAOyBalOTh 3HAHHS SIK IIPO CUHEPreTMYHMI, TaK i
CEeJIEKTMBHMI BIUIMB JIETYIOUMX KOMITOHEHTIB JIUTUX 6POH3, GOPMYBaHHS CTPYKTYpPU

i BIacTMBOCTE SIKMX MOXe BilOyBaTHCS 3a Pi3HMUX YMOB.

CtaH NUTaHHSA

CyuacHi miaxoau 10 po3poOKM XiMiUHOTO CKIany Oyab-sIKMUX OpOH3 6a3yloThCS Ha
peTeIbHOMY BpaxyBaHHI BIUIMBY KOXXHOIO IX XiMiYHOTO ejleMeHTa Ha iX BJIaCTMBOCTI.
Lle mo3BOJIsIE OOIPYHTYBATH ONTUMAJIbHMIT a00 pallioHaIbHMIA CKIIaM, OYab-sIKOi OpOH3H,
30KpeMa, JIMBapHOi  6araTOKOMITIOHEHTHOiI  BMCOKOMIITHOI  KOpO3ilfHOCTiitKOi
HeMmarHiTHOi. IIpu 1boMy, BUMOip KiJIbKICHMX IMapamMeTpiB ISl JIETyBaHHS OPOH3U
3QJIEKUTD Bif IMOE€OHAHHSI OOpaHMX XiMIUHMX €JIeMeHTiB, iX B3a€MO[ii Ta BILIMBY Ha
CTPYKTYpY cIiuiaBy. [Ipo 1ie, 30Kpema, cBigyaTh gaHi Tabsmili 1.

Buxomgsuu 3 1bOro, [AJjisi BCTAHOBJIEHHSI palliOHAJIbLHOTO CKJIaay OpOH3M 3
3aJaHUMU MPiOPUTETHUMMU BJIACTUBOCTSIMU MIPOBOJSTh OL[iHIOBAHHSI
iHIMBiMyaaAbHOTO BIUIMBY XiMiUHMX €JIeMEHTiB Ha BJIACTUBOCTI a/IlOMiHi€BO1 OPOH3H,
30KpeMa, BUKOPUCTOBYIOUM HACTYITHI 3arajabHO IMIPUIHSATI YSIBIEHHS [3-6]:

QNIOMIHIU — OCHOBHWUI JIeTYBJIbHMI HEMarHiTHUI KOMIIOHEHT alOMiHi€BUX
OpOH3, SKMII CYTTEBO IIABMUINYE IiX MeXaHiyHi Ta CHOXMBYI BiacTuBOCTi. ITpu
MacoBOMY BMicTi Buime 5% amioMiHili 3abesmeuye OPOH3i BMCOKY KOPO3iiiHY
CTiJiKiCTb B Pi3HMX CepeloBUIAX, 30KpeMa, B MOPCbKili Bofi. [lepeBuilleHHST BMiCTy
aJIOMiHi0 3a 7,4% TIPU3BOAUTD 10 MOSIBM B CTPYKTYpi 6poH3 cuctemu Cu-Al B-dasnu
(CusAl) sika migBuinye piBeHb MeXaHiUHMX BJIACTUBOCTEN OpPOH3M, ajie MPU BMICTi
Oinibiie 9% asOMiHIM TIOTipIye KOpO3iiiHy CTiliKiCTb OpOH3M B BOJOTOMY
MoBiTpi [5, 6]. BuxomsuM 3 1bOrO, CTaHOapTamy O6araTbox KpaiH CBITY B TaKuX
OpoH3ax 3aTBepIKEHO MacOBUIT BMIiCT aJlloMiHii0 5% Ta 7% (mapku BpAS5, BpA7), siki
MalOTh HEBMCOKY KOpO3iifHy CTiliKicTb B IleperpiTiii BongHil mapi, ane, oymyun
omHo(asHUMMU, y>Ke TIACTUYHI 3aBISIKM UOMY iX mepeBakHO BUKOPUCTOBYIOTD [JIsT
BUTOTOBJIEHHSI BUpPOO6iB MeTomamyu OMT abo nUIIXOM MeXaHiYHOI 006poOKM

nedhOpMOBaHMX 3aTOTOBOK.
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Tabmuug 1
TuIoBmii ckaag Ta 06/1aCcTh BUKOPUCTAHHS BUPOOiB 3 a/lloMiHi€eBUX GPOH3
3a crangapramu CrionyyeHux IlltaTiB AMepuku

BMicT OCHOBHMX XiMiUHMX €JIeMEeHTiB,
Bponsa % (Mac.) Ob6nacTb BUKOPUCTaHHS
(cTraHmapr) BUPOGIB
Cu Al Fe Ni Mn

(ASTM B505, | 91 8,595 |<0,1 |[<02 | <01 |"™ y oMy ’

B271) IO MPAIIOI0Th B YMOBAxX TEPTS
Ta MiABUIIEHNX HABAHTAKEHD

C95400 vy oy e

](3[;86?)\/[ B148, 85 10-11,5 | 3-4 <0,5 | <0,5 | meram [maa  aepoKOCMiYHOI
IIPOMMCJIOBOCTI Ta  BaXXKOTO
MaIIMHOOYAYBaHHS
MopchKi cyaHa Ta 06JIaiHAHHS,

C95500 1[0 MpaIfoe€ B MOPCHKiil BOAi Ta

- - - <

(ASTM B148) 80 10-11 3-5 45 <05 COJASIHOMY  TyMaHi,  rpe6Hi
TBUHTHU
Bupobu 3 HU3BKUM

C95800 KoedillieHTOM TepTsi, y TOMY

- - - - <

(ASTM B150) 79-81 1 9-11 45 45 <05 YUCT TSIIATHUKA  KOB3aHHS

Ta BTYJIKU

»  KpeMHill - HeMarHiTHUIA MaTepiaj, SIKUil TPy BMICTi 10 2% MigBUIIyeE
JIMBApHi BAACTUBOCTI, TBEPAICTb, CTiIMKICTh AO BMCOKOTEMIIEPATYPHOTO OKMCHEHHS
OpoH3, MoKpalilye 00po6/II0BaHiCTh JIE30BMM iHCTPYMEHTOM, ajie BOJHOUAC 3HUKYE
ix repmeTruuHicTh. JomaBaHHSI Si Y HEBEJMKiil KiJIbKOCTi 0 aJlOMiHi€BOi OpOH3M
IIO3BOJISIE OTpUMATU OOHOMA3HY CTPYKTYPY 3 MiIBUINEHHIO MilIHiCTIO, TBEPAiICTIO Ta
KOpO3iifHOIO CTilKiCTIO, a 06pOOKa TUCKOM CYTTEBO ITiIBMINYE PiBHI ii MexaHiuHMX
BiaacTuBocTelt. Takow 6poH3010, HANIpUKIAI, € 6poH3a BpA7K2 (6ponsa C95600 3a
crangaptom ASTM [7]). HagnuiikoBuit BMiCT KpeMHil0 B TaKiit OpOH3i MpU3BOAUTD
0 BUHMKHEHHS B i1 cTpyKTypi B-dasu cucremu Cu-Si, 110 Hagae OpOH3i KPUXKOCTI.

Buxonsium 3 BUKJIAAEHOTO, BMICT KPEMHII0 Ta aJIOMiHil0 B 6araTOKOMIIOHEHTHMUX
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HEMarHiTHMX KOPO3ifHOCTIiKMX JMBApHUX OpOH3aX MOOIIJIbHO OOMEXyBaTH,
Bignmosigno - 1,0...2,5% 1 5,0...7,5%.

» MapraHelpb - 0araToQyHKIiOHJIbHMII Yy OpOH3i eJeMeHT, SIKUii
MiABUIIYE >XKAPOMIlIHICTh, MIIIHiCTh, IUIACTUYHICTb, aHTUGPUKIIIHI BJIACTUBOCTI i
KOpO3iifHy CTiliKiCTh a/JIIOMiHi€EBMX OpPOH3 3a HOPMAaJIbHOI TeMIlepaTypy, BOZHOYAC
BUKOHYIOUM (GYHKIIO po3kucaioBaua OpoH3U. Ane Mn mpu 1[bOMy 3HUKYE ii
PIIKOIUVIMHHICTD Ta JiHIAHY ycaaky BwiuBKiB. Jlo 2% mMapraHenp IigBUINY€E
MiIIHiCTb, yIAPHY B’SI3KiCTh, KOPO3iiiHYy CTiliKicTh OpPOH3M. BMicT MapraHiio moHaj
~2% 3a MEeBHUX YMOB MOXXE CIPUSITUM YTBOPEHHIO (epoOMarHiTHOrO iHTepMeTasiay
Cu;MnAl, uo Hajzae anoMiHieBili 6poH3i MarHiTHUX BiactuBocreit [8]. Tomy, B
0araTOKOMIIOHEHTHili a/JIIoMiHi€Bi/i OpOH3i [MOOIIIBHO MAaKCUMAaJIbHUIA BMICT
Maprasio oomexxutu 0,45% 3 MeTOI0 YHUKHEHHSI BUHMKHEHHSI B CTPYKTYpPi OpOH3U
dbepoMarHiTHOro iHTepMeTatimay.

> O0JIOBO -BXe HeBeaumkuit BMicT Sn B cuctemi Cu-Al crpuse
dbopmyBaHHI0O B OpoH3i OaratodasHOi CTPYKTypM, ILIO HaAa€ il JMBApPHUX
BJIACTMBOCTEN. 3a JaHuMu [9], 0JI0OBO - aKTUBHMIA “PerynsaTop” piBHIB MeXaHIUHMX
BJIACTUBOCTe} OaratodasHoi aJoMiHieBOi OpOH3M BMICT SIKOrO, TMM He€ MEHIII,
pekoMeHJ0BaHO oOMexuTu 3...4%. B Toit ke yac, 3a maHumu [10], o0oBO — He
TUITOBUI JIETYIOUMii eJleMeHT aloMiHieBUX OpOH3, SIKMi, B TOPIBHSIHHI 3 3a/i30M,
HiKejileM Ta MapraHiieM, He3HaUHO IMOKPaIIyeE iX gesiKi BAaCTUBOCTI.

»  UIMHK — PO3KMCJIIOBAY JIJIT OYIb-SIKOi OPOH3M, SIKMIA ITiIBUILYE JTMBAPHIi
BJIACTUBOCTI KpeMHi€BUX OpOH3, 3HMKYE JiHiiHY yCcaJKy Ta 3MeHIIye iHTepBasl
KpuUcTasisaiii, rapsyegaMKicTb i ra3oHacCHMUYEHICTb OJIOB’STHUX OpOH3, IOJIIIIIYE
MeXaHiuHi BJIACTMBOCTI Ta SKiCTb IIOBEPXOHb BUJIMBKIB 3 OYyIb-SIKUX OPOH3,
MiJBMINYE iX KOpPO3iliHY CTiliKiCTh Ta MexXaHiuHy OOpOOJIIOBaHICTh JI€30BUM
iHCTpyMeHTOM. 3 TOUKM 30py ITPOIeCy IUIaBKM, IIMHK € HebakaHMM KOMIIOHEHTOM,
110 3yMOBJIEHO TOKCUMUHICTIO 1OT0 Mapu, SIka Y BeJMKii KiJIbKOCTi BUHMKAE ITif, yac
Ta Mic/s BBeAEeHHS IMHKY y posmias [11, 12].

>  3ay;i30, HiKeJab, KOOAJbT -  HebOakaHi XiMiuHi ejgemMeHTamMu [jIs
HeMarHiTHUMX OpOH3, OCKiJIbKM BOHM HaJal0Th OpOH3aM MAarHiTHUX BJIaCTUBOCTEA.
[l 3abe3revyeHHs] BeJIMUMHM MAarHiTHOI MPOHMKHOCTI p. € 1,05 T'H/M cymapHMit

BMicT Fe, Ni Ta Co B 6poH3i gouiabHo oomeskutu 0,17%.

166 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui npo6aemu meranyprii”, N2 28 — 2025

»  HeMMHy4Yi JoMimiku, Taki K ¢docdop, MUIISK Ta iHII, MOXKYTb
HeraTMBHO BIUIMBATY HA CTPYKTYPY i BAACTUBOCTI 6poH3N. IX 3araapHuii BMicT Mae
He nepesumyBatu 0,45%, 06 YHUKHYTH Aerpagarii maTepiany. ¥ iboMy KOHTEKCTi
0CO6/IMBO BasK/IMBO 1106 CYKyImHMiII MmacoBuii BMicT Fe, Ni Ta Co B cyMi HEMMHYYMX
IOMIIIOK He nepeBuinyBas 0,17%.

»  CUMHEepreTUYHMIi BIUIMB eJIeMEeHTIB uepe3 Pi3HOMAaHITTSI KOMOiHallii1 BMiCTy
JIETYBaJIbHMX €JIeMEeHTiB B OpOH3i [03BOJISIE OMTMMI3yBaTH ii XiMiuHMII CKIam 3a
daszoBUM CKIQIOM i, 3aBASKM IIbOMY, MEXaHiUHi, TEeXHOJIOTiUHi, eKCIUTyaTalliiiHi,
CITO>KMBUI, KOpO3iliHi, MarHiTHi Ta iHIIi Ppi3HOBUIU BJIACTUBOCTEI
Ta MOKAa3HMKIB. 30KpeMa:

1. Cu-Al - npu BmMmicti amomiHiio 7o 9,25% 3a macoi 1e ogHodasHi
HEeMAarHiTHi KOpO3ilfHOCTiiiKi OpOH3M, SIKi Opi€HTOBaHi HAa BUTOTOBJIEHHSI BUPOOiB
crioco6amyu OMT y 3B’SI3Ky 3 iX MaJiol0 MIIIHICTIO, BEJMKOIO JIiHiAHOIO yCaaKoIo i
TUIACTUYHICTIO B IMTOMY CTaHi.

2. Cu-Al-Si - me ogHoda3Hi HeMarHiTHi KOpO3ilfHOCTiViKi GpOH3M, SKi
OpieHTOBaHi Ha BUTOTOBJIEHHSI BUPOOiIB criocobamy OMT y 3B’SI3Ky 3 iX Masiolo
MIIIHiCTIO, BMCOKOIO JIiHi/fHOIO YCAZKOIO i IIJIACTUYHICTIO B IMTOMY CTaHi, ajie Oi/IbII
MillHi Hi>XXK 6poH3u cuctemu Cu-Al micist ix gedopmaliiiiHoi 06po6Ku.

3.  Cu-Al-Fe-Ni - 1e 6aratodasHi MarHiTHi JMBapHi 6POH3H, SIKi MalOTh
BMCOKiI MIIIHICTb, TBEpIiCTh, KOPO3iiiHy Ta KaBiTalliiiHy CTiliKiCTb, HEBEJUKY
TJIACTUYHICTD Ta JIiHINHY yCaAKy B IMTOMY CTaHi, CTabisli3oBaHy HiKeleM CTPYKTYpY.

4.  Cu-Al-Si-Sn-Mn - 1e 6araToda3sHi 6poH3M, ITepCHeKTUBHI K JIMBapHi
HeMarHiTHi KOpO3iifHO-CTiliKi TEpMiUHO 3Mil[HIOBaHi CIJIaBU.

3a BiACYTHICTIO JaHMUX IIOA0 CEJEKTUBHOTO BIUIMBY KOMIIOHEHTIB OpOH3M
IaHOI CUCTeMM Ha 1i CTPYKTypy 1 BJIaCTUBOCTI AOLJIBHO MPUIHSITU aJeKBaTHUIA
06e3po3MipHMii KpuTepiit (MacoBe CITIiBBiZHOIIEHHSI KOMIIOHEHTIB B OpOH3i)
BUKOPUCTAHHS SIKOTO JIO30JIMTh BUSIBUTY 3B'SI3KM MiXK CKJIaJIOM i CTPYKTYpPOIO GPOH3
Ta iX BJIaCTUBOCTSIMU. [IpM IIbOMY, BMIiCT JIETYIOUMX €JIEMEHTIB JOIi/IbHO OOMEXUTU
BeJIMUMHAMM, $IKi BUTIKAIOTh 3 pe3yJbTaTiB IPUBEJEHOrO BHIlEe aHami3y

CEJIEKTMBHOI'O BIIJIIBY 06paHI/IX JIETYIOUMX eJIeMeHTiB.
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MeTa pob6oTu

MeTa pob0OTM - BCTAaHOBUTM 3aKOHOMIPHOCTi CMHEpPreTMYHOTO Ta CeJeKTUBHOTO
BIIMBY JIETYIOUMX KOMIIOHEHTIB Ta YMOB (DOPMyBaHHS JIMTOI TePMiuHO He 00pObJIeHOi
oponsu cucremu Cu-Al-Si-Sn-Mn npu macoBomy Bmicti Al=6,0...7,5%, Si=1,0...2,5%,
Mn=0,21...0,45%, Sn=1,0...2,2% Ha {ii MexaHiuHi BJIACTMBOCTi IIpM HOPMAaJbHi1
TeMIIepaTypi, pO3IUIaB SIKOi OYB 3a/IMTHIA B MilllaHY Ta CTaJIEBY JMBApHY GopMy.

MeTonyuKa gOCIiaKeHb

JoC/mimKeHHSI MeXaHiYHMX BJIACTMBOCTEN OpPOH3M ITPOBOIMIM TIPU HACTYITHOMY
MacoBOMYy BMiCTi iX KOMITOHEHTiB, %: amomiHiii — 6,0...7,5, Kpemuiin - 1,0...2,5,
mapraHenp — 0,21...0,45, onoBo - 1,0...2,2 Ta iHmi pomimku (nn) — 1po 0,45,
MiZlb — 3aJIAIIIOK.

It TIaBKY OPOH3 BUMKOPMCTAIM: Migb KaTogHa mapku M2 (JICTY 3211-2009);
amoMiHiin  mapku  Al99,7 (ICTY ISO 209-1:2002); xkpemHuiin Mapku Kpl
(ACTY 2963-94); onoso mapku O1 (ICTY EN 610:2004); mapraHenb MeTaleBUi
MHu95 ('OCT 6008-90); cunikomapradenib MHC17 (ICTY I'OCT 16591.4:2009).

[11aBKy TpoOBOAM/IYM B iHAYKIIiViHil medi 3 rpadiToOBMM TUTIEM MeTaJIOEMHICTIO 3a
Migmio 15 Kr 3 BUMKOPUCTAaHHSIM AepeBHOro BYTiuis. ITicyist posmiaB/ieHHS HaBaXkKOK
HIMXTU TeMIlepaTypy po3IUIaBy B TUIJI migBuinyBaau 10 1250+10 °C, po3kucioBam
MaprasiieM abo culikoMapraHiieM i 3aaMBajy y MilaHy JuBapHy GopMy Ta CTaJeBuUit
KOKiJIb. BpOH30Bi BWIMBKM B MilllaHUX (JOpMax OXOJIOIKYyBaau BIPOIOBXK 24 TOAVH, B
KOKUISIX - BIIPOJOBX 6...7 XB. 3 OXOJIOMKEHUX BWIMBKIB BUpi3amu 3pas3ku [OJis
MpOBeJIeHHS XiMiYHOTO aHali3y, BMMipy MAarHiTHOI MPOHMKHOCTI Ta iX JiHIHUX
pO3MipiB, MeTajorpadiuyHMx JOC/TiIKeHb Ta JOC/TiIKeHb MeXaHiYHMX BIaCTUBOCTEIA.

XimMiuHMiA cKkaad ~BUIUIABJAe€HMX OpOH3 BU3HAUaIM Ha IIpelnusiitHoMy
a”Haimizatopi EXPERT 4L. IHTepBan TemmnepaTyp 3a SKMUM pPO3paxOBYyBau
cepeiHbO3BAKEHY MIBUIKICTb OXOJIOMKEHHSI OpOH30BMX 3paskiB BMU3HAuaaM 3a
pesyJbTaTaMy TIpOBeleHHSI IMUdepeHIifHOr0 TepMOrpaBiMeTPUUYHOrO aHasi3y
(ITTA) meBHMX 3pa3kiB OpoH3M. AHami3 OpoH30BUMX 3paskiB Macow 1,2...1,7 T
MIPOBOIWIM HAa CMHXPOHHOMY TepMmiuHOMY aHasizaTopi STA 449 C «Jupiter» ¢ipmu
NETZSCH (Himeuunna). YV xofi aHaji3y AOCTiIKyBaHi 3pa3ky GpOH3M HarpiBaiu 3
20 °C mo 1220 °C ta oxonomxkyBaju a0 TemmepaTypu ~250 °C B alyHIOBUX TUTJISX i3

mBuaKicTio 20 °C/XB y cepemoBullli aproHy. IHTepBan 3a SIKMM B MNOJA/IbIIOMY
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MIPOBOJWIM  PO3PaxyYHOK  IMIBUAKOCTI  OXOJOIKeHHS  OpOH3M  BiJTIOBiIaB
TeMIIEpaTypHOMY iHTepBajy, B SKOMY IIi. 4Yac OXOJIOJ;KEHHS BimOyBasocs
dhopMyBaHHS XiMiUHOI CITOTYKY B CTPYKTYPi OPOH3N.

[IIBMOKOCTi OXOJOMIKEHHSI 3pa3KiB OpOH3M MPOBOIWIM PO3PAXyHKOM 3
BUKOPUCTAHHSM TepMOTpaM iX 3aTBEPAiHHSI Ta OXOJIOJIKEHHS B JIMBapHiit ¢opmi 3
MiIaHO-PiIKOCKISIHOI cyMmimmi (minmaHa amBapHa ¢opma) Ta CTaJIeBOMY KOKiJIi 3
1oyaTKoBO TemIiepaTypor 120+10 °C. TepmorpadyBaHHSI TPOBOAM/IM Ha 3pa3Kax
16x16x110 MM 3a cxemMo10 Ha puc. 1.

TepmorpadyBaHHSI MTPOBOAMIM 3 BUKOPUCTAHHSIM XpOMeJb-aJloMeneBUx
Tepmornap, 10 Majiu AiaMeTp rapsiuoro criaro TepmoesekTponiB go 0,3 mm, Ta
eJIeKTPOHHOTO TOTEeHIl[ioMeTpa 3 aBTOMAaTMYHMM 3allMCOM Ta apXiBalli€lo

€JIEKTPOHHUX HpOTOKOJIiB.

. I'.'.\ 7.’-:—2 " \ 7——2
(a1 Ve L. on
.' :' '.._;73 4 N\ _—7
o ! 1
o I BE 11
= = 64 =
v \\ v \\
o A e 4
5 5

A S

PucyHnok 1 — Cxema po3MillieHHS Tapsiuoro CIiar0 TepMoIapu B IMBapHiii popmi:
1 — BIIMBOK (3pa30K); 2 — HAIJIMB; 3 — MuBapHa Gopma; 4 — rapsiumii criait TepmMoriapu;
5 — kepamiuHa “collOMKa”; 6 — eJIeKTPOHHMIA pericTpaTtop TemmepaTypu; 7 - KOKijib

BusHaueHHS MeXaHiUHMX BJIACTUBOCTelV OpoH3 mpoBommwim npu 20%1 °C Ha
yHiBepca/ibHili BUTNpPOOyBanbHilit MamuHi FP-100/1, BenmuumHy ymapHOi B’SI3KOCTi
pO3paxoByBajM 3a pe3yabTaTaMM BUIIPOOYBaHb 3pas3KiB Ha MAasITHMKOBOMY KOIIpi
PSW-30. TBepmicTb 3a BpiHesnem BU3HAYaIN BiATIOBiIHO pifo)
IOCTY EN ISO 6506-1:2019 Ha npuiagi TII-2 3 HaBaHTaskeHHSIM 2452 H 3 Ky/IbKOIO
inmeHTopa &5 MM. [I1s1 BM3HAueHHS TBEPIOCTI BUKOPUCTOBYBAIM 3pasku, SKi
BUpi3anyu 3 IeHTpaJbHOI YacTUMHM BWJIMBKIB, 1 3a CXeMOIO, IO CXeMaTUYHO

TpeZiCTaBIeHO Ha PUC. 2.
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a 6
PucyHok 2 — Cxema BMPi3Ky 3pa3Ky (a) Ta MiCI[b BUMiplOBaHHS TBepIOCTi (6):
1 — BUIMBOK; 2 — 3pa30K [IJIsl BUMipIOBaHHS TBEPIOCTi;
3 — Micug “HakosiB” iHgeHTOpa

I1s1 mocligkeHb CMHEPTETUYHOTO BIUIMBY JIETYIOUMX €/IEMEHTIB Ha MexXaHiuHi
BJACTMBOCTI 3a pe3yabTaTaMM CHUCTEMHOrO aHali3y BJACTMBOCTEll OpOH3 Ta
eKCIIepMMEeHTATIbHUX JAaHUX AOCTIIKYBaHOI OPOH3M OY/I0 NMPUIHSTO KpuUTepiin Kg,

SIKUJA SIBJIsIE COOO0I0 HACTYITHE MAacOBe CITiBBiAHOIIEHHS CKJIaA0BMUX OPOH3M:

K, =(- m)XAI- Si- Mn (1)
R 100 (1+Sn)?

noe nn, Al, Si, Sn, Mn — MmacoBui1 BMiCT JOMIIIIOK, a/IlOMiHil0, KpeMHil0, 0JIOBa Ta
Maprasiiio y OpoHsi, BignoBigHo, %; 100 — 6ayiaHcOBa KOHCTAHTA.

BusiB/ieHHSI CeJIeKTUMBHOTO BIUIMBY JIETYIOUMX €JIeMeHTIiB Ha MeXaHiuHi
BJIACTMBOCTi OGPOH3M ITPOBOAMIN 32 HACTYITHOI METOIMKOIO:

e 32 pe3yJabTaTaMM eKCIepUMEHTA/NbHMUX MOC/TiIKeHb OymyBaau rpadiuHi

3aJIeKHOCTi KOKHOTO 3 OOpaHMX IMOKAa3HMKIB MeXaHiUHMUX BJIACTUBOCTEN BiJ

BeIMuMHM Kputepito Kg;

e Tic/Is1 TTOOYAyBaHHS rpadiuyHMX 3a/IeXKHOCTel 3a JOTOMOTrOI0 KOMIT' IOTEpHOi

nporpamu Excel momaBanu go KOXHOI 3 MOOYZOBaHMX 3aJIeSKHOCTEN JIiHiI0 iX

TpeHIy Ta BM3HAuUaaM iX MmapameTrpyu (BUJ PiBHSIHb Ta UMCJIOBI BeIMUMHU iX

KoeillieHTiB, BeIMUMHM AOCTOBIPHOCTI altpoKCcUMaliii);

e BUKOPUCTOBYIOUM DPiBHSIHHS JIiHili TpeHIy, pO3paxOBYBa/iM BeJUUYMHU 3MiH

rapamMeTpiB MeXaHiUHUX BJIACTUBOCTEIA, I YOTO IoINepeaHbO PO3PaxX0OBYyBaIu

BeJimuMHM Kp IpM MOCHIZOBHINA 3MiHI KOXHOTO 3 JIETYIOUMX KOMIIOHEHTIB
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OOCITiIKYBaHOI OPOH3M B MPUIMHATUX MeXKax iX 3MiH IMPY He3MiHHUX CepemHix

BeJIMUMHAX BMiCTy B OpOH3i BCiX iHIINX JIETYIOUMX €JIEMEHTIB.

Pe3ynbTaTit JOCIiIKEeHb

BignoBigHO A0 MPUITHATOI METOAMKM, BCTAHOBJIEHHSI TeMIlepaTyp MO4YaTKy Ta
3aBepIleHHS TIepeTBOPeHb CTPYKTYPU B 6POH3aX 3 Pi3HOI BEJIMUMHOIO KpuTepiio Kg,
10 Oy 3a7UTi B minjany Gopmy, IpoBOIMIM HarpiBaHHS OpoH3u B nipwiafi JTTA.
Pesynbratu mpoBemeHHs1 [JTI'A mo HarpiBaHHIO 3pa3KiB OpPOH3 ITpeJCTaB/JIeHO Ha
puc. 3 ta puc. 4.

3a pesynabraTamy [OTI'A BCTAHOBJEHO, HIO [MJIS OOCTIIKYBaHUMX OpOH3 B
intepBasi 3miH Kz=0,35...2,07 TemmniepaTypa JiKBiIyc, sIK i TeMIlepaTypHMii iHTepBaI
KpMcTaii3aiii Maso 3aJieXXHi Bi 3MiH XiMiuHOro ckiaamgy 6pons. TooTo, B iHTepBasi
3miH Kz=0,35...2,07 TeMmepaTypa JiKBiIyC 3HaXOAUTbCS B Mekax ~997...1019 °C, a
TeMIlepaTypHMii iHTepBan KpucTamizailii B mMexax ~32...48 °C. B Toi1 ge uyac,
iHTepMmeTanigHa ¢asa B CTPYKTypi OOCTIIKyBaHMX OPOH3 BMHMKAE B iHTepBasi
temrepatyp 611,2...475 °C saxuit 3i 3MmeHIIeHHIM BeanunHn Kg 3poctae Big 1°C mpu
Kr=2,07 Ta Kx=0,84 mo 31°C npu Kr=0,461i mo 108,2 °C mpu Kz=0,35.

TG /% DTA/ (wimg) TG /% DTA/ (uV/mg)
1031 Peak: 971.3 °C 1exo 1034 Peak: 978.3 °C Texor0.06
0.04 . 0.04
Inflection: 541.7 °C Inflection: 519.5°C
102 Onset: 932.6°C 0.00 102 Onset: 943.5°C 0.00
-0.02
-0.02 2004
Area: 20.83 pVs/mg —— 0.06 Area: 22.8 iV's/mg . -0.08
. o End:1027.0°C

End:1018.7°C i ~~-0.10
00% 100 ‘ : , : : -0.12

500 600 700 800 900 1000 1100 500 600 700 800 900 1000 1100

Temperature /°C Temperature /°C
a 0

PucyHnok 3 — PesynbraTu mpoBenenHs ITT'A 6pons 3 KR=2,07 (a) i KR=0,84
(6) g yac ix oxomnomkeHHs 3i mBKUAKicTIO 20 °C/XB B cepelOBUILi apTOHY
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PucyHok 4 — PesynbraT mpoBeneHHs ITI'A 6pons 3 Kr=0,46 (a) i Kr=0,35 (6) miz yac ix
0XosoaKeHHs 31 BKAKICcTIO 20 °C/XB B cepeIOBUILi aproHy

Buxomstun 3 1[bOro, AJIs1 aHaJTi3y BIUIMBY IIBUIKOCTI OXOJIOMKEHHSI OpOH3 Ha iX

CTPYKTYpPY Ta BJ'IaCTI/IBOCTi, B SIKOCTi TMOKa3HMKA I_HB]/I,ELKOCTi OXOJIOOKEHHSI 3pa31<iB

MIpUIHSIIM  cepelHbO3BakeHy HIBUAKICTb 3HIWOKEHHSI TeMIepaTypu BWIUBKIB B

intepsati Big 650 mo 400 °C. Tepmorpamu 0xX0JIOKeHHSI BUIMBKIB B MilaHii Gopmi

Ta KOKiJIi, BiITTOBiIHO 10 CXeMM Ha puc. 1, mpeacTaBaeHo Ha puc. 5.
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PucyHok 5 — Tepmorpamu 0X0JIOIKEHHS 3pa3KiB OPOH3U
B mimaxiin popmi (1) Ta Koxii (2)

Ha ocHOBi TepmorpaM Ha puC. 5 IPOBeIM PO3PAXYHKU CepeaHbO3BaKEHUX
IIBUIKOCTEN OXOJOMKEHHSI OpOH30BMX BWIMBKIB B iHTepBaji TemrepaTyp Big 650
mo 400 °C, sika cknana ~0,25 °C/c Ojst BWJIMBKIB, SIKi OXOJIOMIKYBa/IMCS B TilllaHii
dopmi, i ~ 6,5 °C/c 1151 BUNUBKIB, SIKi OXOJOIKYBAJINCS B KOKIJTi.

MexaHiuyHi BiacTMBOCTi, BeauuuHu Kr Ta @ Oj1s1 OOCHiAKyBaHOiI GpOH3M, sSKa
Oysa oxosogskeHa B inTepBasti 650...400 °C 3i mBuakictio w=0,25 °C/c Ta w=6,5 °C/c
NpUBeNeHOo B Tabiauili 2, BeIMUYMHM TBEPAOCTI OC/iIKyBaHOI JMUTOI OpOH3U

TIpUBEIeHO B TaO/IMIIi 3.

Tabanig 2

MexaHiuHi BlIacTUBOCTI, BenuunHu Kg Ta ¢ 111 6poH3U
w=0,25 °C/c (mimaHa ¢popma) w=6,5 °C/c (KOKiJIb)
MexaHiuHi B1aCTMBOCTI MexaHiuHi B1aCTMBOCTI
OB, Go0,2, 65, KCU, Kz (0} OB, GCo,2, 55, KCU, Kr
MIla |MIla |% IT>x/cm? MIla | MIIa % IIx/cm?
1 2 3 4 5 6 7 8 9 10 11
206 205 0 5 0,32 513 397 3,7 12,9 0,33
310 295 3 6 0,35 | 59,1 | 530 355 4,0 15,2 0,35
362 350 4 10 0,35 | 59,1 | 550 310 5,0 19,0 0,4
320 306 7 4 0,41 | 56,8 | 507 284 5,6 18,5 0,48
1 2 3 4 5 6 7 8 9 10 11
421 284 13 18 0,42 | 56,1 | 512 313 5,6 19,6 0,50
456 390 5 12 0,44 | 54,7 | 482 262 5,9 21,1 0,52
465 332 10 19 0,46 | 53,1 | 423 279 5,5 20,7 0,56
482 350 9 20 0,55 | 43,8 | 440 275 6,1 22,0 0,61
475 350 11 22 0,61 | 36,5 | 401 254 6,1 21,0 0,63
492 285 17 23 0,67 | 29,1 | 321 248 6,9 21,4 0,73
504 275 19 28 0,77 | 18,4 | 281 235 7,8 22,0 0,76
479 250 28 34 0,84 | 13,3 | 265 178 8,4 22,4 0,83
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Tabnuiga 3
TBepicTh JOC/iIKYBaHOI JIMTOI OPOH3U

w=0,25 °C/c (3aiMBaHHS B Iilany Gopmy)

Kr 0,34 | 0,35 | 0,41 | 0,57 | 0,57 | 0,68 | 0,71 | 0,71 | 0,74 | 0,77 | 0,77 | 0,86
HB, MITa | 1100 | 1070 | 1210 | 1120 | 1150 | 900 | 918 | 832 | 870 | 850 | 810 | 770
w=6,5 °C/c (3aMBaHHS B KOKiJIb)
Kr 0,35 | 0,40 | 0,43 | 0,46 | 0,48 | 0,52 | 0,56 | 0,61 | 0,63 | 0,73 | 0,76 | 0,85
HB, MITa | 1190 | 1158 | 1200 | 1148 | 1078 | 1040 | 1015 | 1000 | 918 | 872 | 830 | 804

AHani3z maHuMx TabiMIli 2, 3 TOUKM 30PY CMHEPTETUYHOTO BIUIMBY JIETYIOUUX
eJIeMeHTiB OC/IiIKyBaHOI OPOH3M, OKAa3ye, 10 MBUAKICTh OXOJIOMKEHHS OPOH3M B
nuBapHii gopmi B iHTepBani Temmepatyp Big 650 mo 400 °C BruiMBa€e Ha piBeHb, ajie
He BIUTMBAE Ha XapaKTep 3MiHM Oi/IbIIOCTi MOKAa3HMKIB ii MeXaHiYHMX BIACTUBOCTEIA.

[Ipo 1e, 30Kpema, CBIIUMTH Xif, KpUBMUX Ha puUC. 6, nOe IIpeacTaBIeHO
3a71eXXHOCTi o3 (@), 602 (6), 65 (B) Ta KCU (1) Bixg kputepito Kr=0,32...0,74 st 6poH3u,

110 OyJia 3a/iMTa B Iilany JuBapHy dopmy (1) i cTameBuit KOKiJib (2)

os, MIla G602, MIla o5, % KCU, dx/cm?
600 400[® o 30 6135 |
&% L 3508 a0 25 130 Sl
500 fo o O Lol . 15 |95
opv” @ 6 ® - 20 ; 0 4.0
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PucyHOK 6 — 3a/1eXXKHOCTi 63 (a), 6oz (0), 85 (B) Ta KCU (1) Bim kputepito Kg o151 6poH3u, 1110
6ysa 3anuTa B Mmimany JuBapHy ¢dopmy (1) i cTaneBuit KOKisib (2)

B ToJi ke yac, XiJ 3a7eXHOCTel piBHS TpaHMI MIIIHOCTi (OMB. puc. 6,a) Ta
IJIMHHOCTI OpoH3M (AuB. puc. 6,0) Mae mesiKi BigMiHHOCTi. 30Kpema, ITigBUIIeHHS
IIBUJIKOCTI OXOJIOIKEHHSI OPOH3M (IIPU JIUTTi B KOKiJIb) MIPU3BOIUTD OO0 BUHUKHEHHS
eKCTpeMyMy 3aJIeKHOCTi op 3 00Ky MeHmmX BeanuuH Kr =0,4 mopiBHSHO 3
aQHAJIOTiYHUM eKCTpeMymMoM mjisi OpoH3, sIKi Oyamu 3anuTi B minjany ¢opmy i

OXOJIOMIKYBanMCS 3i 3HauHO MeHIIow mBuAKicTio (Kr =0,75). Illlogo mokasHMKa
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Go2, TO CIIIBOAAIHHS XapaKTepy XOOM JOTro 3ajexxXHocTei Bif BennmumHM  Kg
BimbyBaeThcs aume npu Kg > 0,5 (muB. puc. 6,6). IIpu 1iboMy, BeJIM4MHa OKa3HMUKA
Go,2 IJIs1 OpPOH3, IO 3aJIUTi B KOKiJIb HEYXMJIBHO 3HIDKYETbCS B YChOMY iHTEPBaJIi 3MiH
kputepiwo Kg — Big 0,35 mo 0,85.

Po36ixkHocTi B BenmumHax Kr Oj1s1 eKCTpeMyMiB ITOKasHMKA o Ta B3a€EMO
MIPOTWIEKHUIA XapaKTep 3MiHM BEJIUUYMHU Goz NpU BeamumHi kpurtepito Kr=0,5
CBiIuMTh TIpO Te, IO 3 IIABUIIEHHSIM IIBUAKOCTI OXOJIOIKEHHS OpOH3U
IOCHiMKYBaHOI CUCTEeMM KapAMHaJIbHO 3MIiHIOIOTbCS, $SIK CTPYKTypa, Tak i,
BiAMMOBiAHO, XapaKkTep IiHAMBIAYyaJlbHOTO BIUVIMBY  JIETYHOUMX e€JleMeHTIB Ha il
MILIHICTb Ta TEKYYiCThb.

B Toif Xe vac, IMiABUINEHHS IIBUIKOCTI OXOJOMKEHHS JIMTOI OPOH3M 3HIKYE
CMHEePreTUYHUI BIUVIMB 11 XiMIYHOTO CKJaAy Ha ITOKa3HMKM TUIACTUYHOCTI (IMB.
puc. 6,B,r), ajie He 3MiHIOE XapaKTep BIUIMBY. TOOTO, MOKa3HMUKMU IUIACTUYHOCTI
OpPOH3M 3pOCTAIOTh 3 MiJABUILEHHSIM BeJIMUIMHM KpUTepilo Kk.

11 BUSIBJIEHHSI CeJIeKTMBHOIO BIUIMBY JIETYIOUMX eJIeMEeHTiB Ha MexaHiuHi
BJIACTMBOCTI JOCJIi/IKyBaHOI 6pOH3M 3a JaHMMM Tabiauii 1, oTpMManu MaTeMaTUIHi

MOJIeJTi y BUTJISIZi TTOTiIHOMiaIbHMX PiBHSIHD SIKi ITpeCcTaBIeHO B Tabuiii 4.

Tabnuis 4
[MoniHomianbHi QYHKINIT 3a/IesKHOCTE MeXaHiYHMX BIaCTUBOCTeM
BiJ BemmuuHM KpuTepito K Ta BBETMUMHM AOCTOBipHOCTI arrpokcumariii (R?)

JluBapHa PiBHSIHHS R?
dbopma
op=-23117-(Kr)*+58607- (Kz)*>-55602-(Kr)?+23537-Kr-3286, MIla 0,88
GCo,2 = 4578. (KR)3-9296 (KR)2+5864'KR-827, MlIla 0,55
minaHa 8s=518,6-(Kr)*>-862- (Kr)*+494-Kr-86, % 0,91
KCU = 292-(Kg)*-531- (Kr)*+357-Kr-65, IIk/cm? 0,88
¢ =491,73-(Kr)*-913,53- (Kr)?+441,88-Kx-4,735, % 1,00
op= 5359 (Kr)3-10119: (Kr)?*+5480-Kr-380, MIla 0,98
cTaneBa o2 = -5474- (Kr)*+9679- (Kr)?-5774-Ke+1434, MITa 0,95
(KOKiJIb) 8s=86,18:(Kr)*>-146,86- (Kr)*+87,69-Kr-12,29, % 0,97
KCU = 189,4-(Kr)*-377,1- (Kr)*+252,1-Kg-35,25, IIK/cM? 0,93

BUKOPUCTOBYIOUM piBHSIHHS Tabnauii 4 moOymyBaau 3aJeXHOCTI 3MiHU

BEJIMUMHMU Gg, Goz, 0s Ta KCU 6pon3u BpA7K201,5M110,3 Big BMicTy B Hiit Jleryroumnx
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eJleMeHTiB TIpM JIUTTI B TillaHy JauBapHy ¢GOpMy Ta CTajleBUii KOKilb, SKi

MpencTaBeHo Ha puc. 7.

Acp, MIla Aoy MITa AGo2 MIla Ao, MIla

30 — 300 S 801 Sn Si| 150 Sn

ol A 240l =51 | 60 /—\{ 120 /
Mn 180 - 40 e 90 |/

30 T~ si,”
N Si| 120 e 20 < 60 S
) M
90 0 20 \ 0 Kﬂ

Sn\ .60 40 30p
-120 Al Al
-120 < -60 60
-150 L ]-180 Al ¢q 90
0 0,5 Am, % 0 0,5 Am, 0/0 0 0’5 Am’ % 0 0’5 Am’ %
a 6 B r
2 2
A8s, % ASs, % lAOKCU’ Mox/em ?KCU, Jix/em
12 3 AlL— AL
Al Al 5 1 -
l / 0 ) -1 —R/[nlﬁ--q

| ‘Mn |~ \ Si

0 =Mn — 3 Si 2
N SR AV BN
o | s T—o| 5 \ ST s 4 \

\ 5
-12 -3 \ -20 o 6 \
-16 S\ -4 Sn 225 Sn .7 Sn}
0 05 Am, % 0 05 Am% 0 05 Am, % 0 05 Am,%
i € XK 3
PucyHOK 7 — 3a/e>XHOCTi 3MiHM BeJIMUMH o5 (a, 6), co.2 (B, T), 85 (1, €)

ta KCU (K, 3) 6pOH3M BiJl BMICTY B Hiif JIETyIOUMX €JIEMEHTIB IPU JTIUTTi
B Mimany ¢opmy (a, B, 1, 5X) Ta KOKiib (0, T, €, 3)

[MoniHomiasnbHi (YHKIIiT 3a/M€KHOCTEe TBepAOCTi 3a BpiHennem Bif BeIUMYMHU
Kputepito Kr Ta BBeIMUMHM JOCTOBipHOCTI ampokcuMaliii (R?) mpuBemeHo B TabiuIi
5, a 3a/1eXXHOCTi TBepHOCTi 6pOH3M, sIka Oysa 3aauTa B milaHy Gopmy Ta KOKijib, Bif
BeJIMUMHU KpuTepito Kr Ta Bil 3MiHM MacOBOTO BMIiCTy JIETyIOUMX KOMIIOHEHTIB

OpOoH3M IpecTaB/iIeHi Ha puc. 8.
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Tabmuisa 5

[MoniHoMianbHi QYHKIIIT 3a71€KHOCTEN MeXaHiYHMX BJIACTMBOCTEN Bif BeIMUMHY KPUTEPit0
KR Ta BenmumHM 70CTOBIpHOCTI anpokcuMaiiii (R2)

w=0,25 °C/c (3aiMBaHHS B IilaHy Gopmy)
HB=-15274-(Kg)*+53652-(Kg)3-64723-(Kz)*+31210-Kg-3965 | R™=0,96
w=6,5 °C/c (3a1MBaHHS B KOKiJIb)
HB=4895-(Kx)3-8404-(Kz)*+3708-Kp+721 | R2=0,97
HB, MIIa AHB, MITa AHB, MITa
1300 [ 400 sy’
oG8 400 NSy 300
@9 | " 1 300 7 ~>(/ // N
. 1
1100 e 200 - 200 -
o " by . 100 | /M~ / //
. . 100 | /g~
900 @.q9 2100 —>o 0
oqve;-... -200 AN \
% | 00 ~__| -100 \\é_l_
700 -400 ALl 500
0,3 0,5 0,7 Kr 0 05 Am,% 0 05 Am, %
a 6 B

PucyHOK 8 — 3aneXXHiCTh TBepIOCTi TepMiuHO He 00p06JiIeHO1 OpOoH3M, siKa OyJia 3a7uTa B
nimany dopmy (1) Ta Kokinb (2), Bif BennunHu Kputepito Kg (a), Ta Big 3MiHM MacoBOro
BMIiCTY JIETYIOUMX KOMITOHEHTIB OpOH3M, sIKa Oysia 3aauTa B mimany dopmy (6) Ta KOKiJb (B)

AHani3 xomy 3anexXHOCTeit Ha puc. 7, a, 6 CBigUUTb, 1110 TIpU JIUTTiI OPOH3U B
milnaHy JuBapHy GopMy Ha BeJMUYMHY op HaOibIl BIJIMBA€E JIMIIE OJIOBO 3
MiABUIIEHHSIM BMICTY SIKOTO MeKa MIIJHOCTI MPU PO3TIAryBaHHI 3HMKYEThCS. [Ipu
11boMy Si Ta Mn Takoxk 3HMKYIOTh MeKy MilTHOCTi 6poH3, a Al ii migBuiye nuiie 0o
MacOBOTI'O BMiCTy 6,5%.

[Ipy IUTTi B KOKiJib HABIaKM — CYTTEBOMY 3HVKEHHIO BeJIMUMHU op CIIpUsie Al,
a 3 migBuIIeHHsIM BMicTy Sn 1o 1,75%, Si Ta Mn BenuumHa op 3HAUHO 3pocTae. [Ipu
MacoBOMY BMicTi 1,75% i Gisbllle Sn 3HMKY€E BEJIMUMHY TTOKA3HMUKA Gp.

Ha BimMiHy Bif, ITOKa3HMKa Gs, PiBeHb MOKA3HMUKA Goz 3POCTAE 3 MiIBUILEHHSIM B
O6ponHsi BMmicTy Si i Mn Ta 3i 3HmwKeHHAM BMmicTy Al 3a O6ymb-sIKOi IIBUIKOCTI
OXOJIOJIKeHHST 6poH3M y JmBapHiii dopmi. Illogo Sn, To MiABMUIIEHHS OO BMICTy B
OpoH3i, sika 3anuTa B Tiniany ¢opmy, auiire Ha 0,5%, cripusie 3pOCTaHHIO Goy, @ MIPU

noaaJibuioMy JOlaBaHHI 0JIOBa — O6YMOBJIIO€ 3MEHIIIeHHS LbOI'O ITOKA3HMKA. HpI/I
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JINTTi B CTaJIeBUIT KOKiJIb SN € €AMHNUM JIETYIOUMM eJIEMEeHTOM, SIKMT HaiOi/IbIl 3HAUHO i
3a Oygb SIKMM BMIiCTOM, B MeKaX MapKy AOCTiIKYBaHOI OpOH3M, ITiIBUIINYE PiBE€Hb
ITOKAa3HMKa Oop,2.

AHani3z xomy 3ajexXHoCTeil Ha puc. 7, A...3 CBIAUYMTH, 110, He3aJIeXXKHO Bif
IIBUIKOCTI OXOJIOMKEHHSI OPOH3M B JIMBapHiii GopMi, BIVIMB JIETYIOUMX €JIeMEHTIB
Ha MOKAa3sHMUKMU IIACTUYHOCTI (05, KCU) imeHTUMYHMI, X04ua i pi3HUI 3a CTylleHeM
BIUIMBY. IlinBuiieHHS BMicTy Al B GpOH3i IPMBOAUTD 10 3pOCTAHHS SIK ii MOKa3HMUKA
ds, Tak i moxkasHuMka KCU. B cBowo wu4epry, Sn, Si Ta Mn 3HUXKYIOTb
piBeHb IIMX MOKA3HUKIB.

Haii6inpiIoi0 Mipol0 3HMKEHHIO TMOKa3HMKIB IJIACTMYHOCTI cripusie Sn. Ilpu
IIbOMY, BKa3aHMil XapaKkTep BIUIMBY JIETYIOUMX €JIEMEHTIB Oi/lbIIOI0 Mipoio
NIpUTaMaHHii GpoH3i, sIKa Oy/ja 3ajaMTa B TMinjaHy ¢opmMy, HiX B KOKiib. To6TO, 3
i IBUIIEHHSIM HIBUIKOCTI OXOJIOMKEHHS JTUTOI OpOH3M B IMBapHil ¢hopmi xapakTep
BIUIMBY JIETYIOUMX KOMIIOHEHTIiB OpOH3M Ha 1ii IIOKa3HUMKM IIJIACTUMUYHOCTI
3aJIMIIAETHCSI HE3MIHHUM, a CTYITiHb iX BIUIMBY - 3MEHIIIYETHCSI.

3ayeXXHOCTi TBepaOCTi 3a bpiHemieM TepMidHO He 00pobeHoi OpoH3M, sIKa Oy/a
3a/iMTa B IilaHy ¢opmy Ta KOKiJb, Bif BesmunHM Kputepito Kr (mmB. puc. 8,a), Ta Bif
3MiHM MacCOBOTO BMICTy JIETYIOUMX KOMIIOHEHTIB OpOH3M, ska Oysa 3ajmuTa B MilllaHy
dopmy (mmB. puc. 8,0) Ta KOKi/Jb (IuB. puc. 8B) iMeHTUMYHi 3a XOOOM, aje, SIK i B
ToTiepeiHiX BUITa[IKaX, CTYIiHb iX BIUIMBY - 3MEHIIYETbCS 3i 30ibIIIEHHSIM BeJIUMUMHU
Kputepito Kr (mmB. puc. 8,a) i 3i 30iJbIIeHHSIM IIBUIKOCTI OXOJIOMKEHHS OpOH3M B
nuBapHii ¢Gopmi. ITpy 1boMy, HAMOIIBIN 3HAUYIIMI BIUIMB HA ITiABUINEHHS TBEPHOCTi
IeMOHCTPYIOTb Sn Ta Si. 3HWKEHHIO TBEpPAOCTi CHOpUSIE IIABUINEHHS BMICTY
B OpPOH3i aIIOMiHi0.

[lo cyti, oTpMmaHi JaHi MO CEJIEKTMBHOMY BIUIMBY JIETYIOUMX e€JIeMEHTIB Ha
BeJIMUMHM MEXaHIUHMX BJIACTMBOCTEN [OC/iIKyBaHOI OpOH3M € 3iCTaBHUMMM [0
Pe3yJIbTaTiB iX CMHEPreTMYHOro BIUIMBY. Lle cBimumTh IIpo Te, 10 JOCTiIKyBaHa OpOH3a
CUHEPTreTUYHOMY, TaK i CeJIEKTMBHOMY PiBHi, MPU3BOAUTD [I0 iHBEPCii XapaKTepy BIVIUBY
JIETYIOUMX e€JIeMEeHTIiB Ha ITOKa3HMKM MIITHOCTI OpOH3M. 3 I[bOTO BUTIKa€, IO Y

IOCTiI;KyBaHiii OpOH3i € /IBa CYTTEBi Baskesli YIIPaB/iHHS ii CTPYKTYpPOIO i, BiATIOBiIHO,
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piBHEM ITOKa3HMKIB MEeXaHIYHMX BJIACTUBOCTEN, a caMe - 11 XiMIUHMI1 CKJIaf, Ta MBUAKICTh
ii oxosnomKkeHHs1 B iMBapHii hopmi. ITpo 11e, 30KpeMa, CBiuaTh 3a/Ie5KHOCTI Ha puc. 9.
AHaji3 xomy 3a/JIeXXKHOCTi Ha puc. 9,a CBimumMTh, IO 3i 301/IbIIEHHSIM BeJIUYMHA
kputepito Kg Bixg 0,35 mo 0,85 BimHOCHMIT 06eM iHTepMmeTanimHMX (a3 B CTPYKTYpi
OpOH3Y 3MeHITYEThCS 3 59% mo 13%, 110 BiATIOBiAHMM UMHOM BIUIMBAE Ha BEIMUMHNA
TTOKA3HMUKIB ii MeXaHiYHMUX BJIAaCTMBOCTEN Ta TBEPAiCThb. B TOJ ke uac (auB. puc. 9,0)
BilHOCHMIT 00’°€M XiMiUHOI CIIOJIyKM B CTPYKTypi OpOH3M 3MEHIIYETHCS 3
MiIBUIIEHHSIM B Hiil (B MesKaX MapOYHOro ckjiaamy) BmicTy Al i 3i 3HMKEHHSIM BMiCTy

Si, Mn ta, oco611BO, Sn.

0, % AQ, %
70 50
—0....,%.0'0 0 /
50 i / Si
40 ‘8., 20
-.O'-. 10 Mn/
30 ..'U_ .
0
20 e, -10
o Al
10 -20 ~
0 -30
03 04 0,5 0.6 0,7 0,8 Kgx 0 05 Am, %
a 6

PucyHOK 9 — 3anexxHicTb 06€MHOI 10JIi iHTepMeTasTiIHOI CITIOYKY B CTPYKTYPi
IOCTiIKyBaHOI 6pOH3H, 110 Oy/1a 3a1uTa B Iminany gopmy, Big BenmnunHM Kputepiio KR (a)

BucHoBku

1. CuHepreTMuyHMi Ta CeJeKTUBHUI BIJIMB JIETYIOUMX €JI€MEHTIB Ha MIllHiCTb
Ta IUVIMHHICTD O6poH3u cuctemu Cu-Al-Si-Sn-Mn He OgHO3HAUHMIA i BM3HAUAETHCS
01/1bI1I0I0 MipOIO MIBUKICTIO OXOJIO/IKeHHSI OpOH3U B JIMBapHiii popMi.

2. TlimBuimeHHS IIBUIKOCTI OXOJIOMKEHHSI OpoH3M B JuBapHiin ¢opmi
MIpU3BOAUTH A0 iHBEPCii XapaKTepy CeJeKTUBHOTO BIUIMBY JIETYIOUMX KOMIIOHEHTIB
Ha MIIHiCTb, 1[0, BipOTiJiHO, ITOB’SI3aHO 3i 3MiHOIO TUITy CTPYKTypu O6poH3. To6TO,
TIJIACTUYHI BJIACTMBOCTI OPOH3M 3aJI€KHi Bif MBUIKOCTI ii oxosomskeHHs. [Ipy 1ibomy
IIBUJIKICTh OXOJIO/I)KEHHSI BJIMBAE JIMIlle HA CTYMiHb 3MiHM LIMX IMOKa3HMUKIB, aje He

BIUIMBA€E Ha 1X XapakTep.
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3. 3 MiABMUINEHHSIM IIBUAKOCTI OXOJIOMKeHHS OpOH3M B JMBapHiit Qopmi
CTYIiHb CUHEPTeTUYHOIO Ta CEeJIeKTMBHOIO BIUIMBY JIETyIOUMX €JIeMEHTIB Ha
MexaHiuHi BjacTuBocTi OpoH3u cuctemu Cu-Al-Si-Sn-Mn 3MeHIITYETHCS.

4. 3 4yuciaa JIeTylouMx ejieMeHTiB B OpoH3ax cuctemyu Cu-Al-Si-Sn-Mn 3a
XapaKkTepoM BIUIMBY Ha piB€Hb MeXaHIYHMX BJIACTUBOCTENM, TBEpPOOCTI Ta OOJi
XiMiYHOI CTIOJIyKM B CTPYKTYPi AOCTiIKyBaHOI OPOH3M alOMiHili € aHTUIIOAOM [0
0JI0Ba, KPEMHIIO Ta MapraHilo.

5. O6’eMHa [oJs iHTepMeTaligHOI ¢asy B CTPYKTYpi JOCTiIKyBaHOI OPOH3H,
mo Oyna 3ajuTa B mimany Qopmy, 3MeHIIyeTbCSl Bim 59 mo 13% 3a 06’emoM 3i
36isbiIeHHIM BeanumHyM Kputepiwo Kr Big 0,35 1o 0,85.

6. O6’eMHa O/ XiMiYHOI CITOJYKM B CTPYKTYpPi AOC/iIKYBaHOI OPOH3M, IO
Oysa 3anuTa B mina"Hy opmy, 3pocTae 3 MiJABMUIIEeHHSIM BMiCTy B O6pOH3i MapraHifio,
KpeMHilIo i, 0c06/1MBO, oyioBa. [TimBuIeHHS BMiCTY aJIlOMiHiI0 B OpOH3i 3HIMXYE 0JII0

iHTepmeTasnigHoi gasu B ii CTPYKTYpi.
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UDC 691.735:620.173.2

Tetiana Kimstach, Kostiantyn Uzlov

ALLOYING ELEMENTS SYNERGIC AND SELECTIVE EFFECT ON
MECHANICAL PROPERTIES OF CU-AL-SI-SN-MN SYSTEM BRONZE

Abstract. Alloying elements synergic and selective effects on mechanical properties of
Cu-Al-Si-Sn-Mn system cast bronze, which melt was poured and cooled into sand and
steel molds, studies results are presented.

Purpose - to establish regularities of Cu-Al-Si-Sn-Mn system alloying components
synergic and selective influence and conditions for forming cast, non-heat-treated
bronze with mass content of aluminum - 6.0...7.5%, silicon - 1.0...2.5%,
manganese - 0.21...0.45%, tin - 1.0...2.2% on its mechanical properties at normal
temperature, which melt has been poured into sand and steel casting mold.

To determine studied bronze chemical composition complex influence on its mechanical
properties, criterion Krx has been used. Cast bronzes chemical composition has been
determined on EXPERT 4L precision analyzer. Temperature interval for which bronze
samples average-weighted cooling rate was calculated has been determined based on
differential thermogravimetric analysis results, which has been performed on synchronous
thermal analyzer STA 449 C «Jupiter», NETZSCH Co. (Germany). Bronzes mechanical
properties have been determined based on samples destruction results on FP-100/1
machine and PSW-30 pendulum impactor. Brinell hardness has been determined on a
TIII-2 device.

It has been established that alloying elements synergistic and selective effect
on Cu-Al-Si-Sn-Mn system bronzes strength limit and yield strength are mainly
determined by bronze cooling rate in casting mold, which increasing leads to alloying
components selective effect character inversion on strength. Chemical elements selective
influence nature on yield strength and hardness only partially changes in relation to tin
and does not affect the changes nature in bronze plasticity indicators at all. At the same
time, with bronze cooling rate increasing in casting mold, degree of alloying elements
synergic and selective influence on mechanical properties of Cu-Al-Si-Sn-Mn system
bronze decreases. Among alloying elements in Cu-Al-Si-Sn-Mn system bronzes, in terms
of influence on mechanical properties level nature, hardness and chemical compounds in
studied bronze structure amount, aluminum is antipode to tin, silicon, and manganese.

Keywords: bronze, strength, plasticity, hardness, properties, aluminum, die mold, sand
mold, magnetic permeability
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KOMIT'IOTEPHE MOJEJJIIOBAHHS I EKCIIEPUMEHTAJIBHA ITPOKATKA -
3’€JHAHHS KIPITAMI-KOMIIO3UTIB

AHoTarniss. B po6omi 00cnioxieHo 3acmocy8aHHs MexHiKu Kipizami 6 iHxceHepii Ons
CMBOpeHHs bazamowlaposux KOMNO3UUIliHUX Mamepianie 3 NpozpamosaHuMu
MexaHiyHumu  eaacmugocmsamu. OCHOBHOIO Memow € po3pobka ma nepesipka
adekeamHocmi mamemamuyuHoi Modeni npouecy NnpoKamku-3’€0HAHHS ANHOMIHIEBOT
mampuui, apmosaHoi cmasneso NPoCciuHo-8UMANHOW cimkow. Modens nobydosaHa 6
cepedosuwii QForm UK 3 euxopucmaHHuam memody CKiHUeHUX enieMeHmie ma
8pAXYB8AHHSIM 8i0N0BIOHUX PEO0JIO2IUHUX XAPAKMEePUCMUK Mamepianie i 2paHuuHux ymos.
ExcnepumenmanwHi 00CN1i0OHEeHHS NpoKamxu-3’€0HAHHSA npo8ooduILCL Ha
JabopamopHux cmaHax muny dyo ma keapmo npu memnepamypax 0o 500 °C ma pi3Hux
cmyneHax  depopmauii  (20-50 %).  Pe3ynvmamu  uucenbH0z0 — MOOeNHBAHHS
Y3200H#CYIOMbCsl 3 eKCNEPUMEHMAIbHUMU OaHUMU wWodo 3MIiHU 2eomempii cimku ma
po3nodiny Oegopmauiti. Bcmanoenemo, w0 HABIMb Npu HE3HAYHOMY CMYNeHi
depopmauii (20 %) Moxcuse PopMysaHHs epekmueHo20 3’€OHAHHA 3 NPos8oM “Zip-
bonding” epekxmy, 00Hak make 3’€0HaHHA € HecmabinvHuM. Tomy 8 npoueci npokamku-
3’e€dHaHHA doyinbHO 3acmocosysamu 6eluduHy cmyneHsi depopmayii, wjo nepesuuiye
30 %. Pe3ynsmamu 0oCnioxceHHs MOXCYmb 6ymu 8UKOpUCMai 011 no0anvuioi po3pooKu
MexHOJ102ili 8U20MOB/IEHHS (PYHKUIOHAIbHUX KipizaMi-CmpyKmyp Ha OCHO8i Memanesux
KOMNo3uuiti.

KimiouoBi cioBa: npokamka-3’€OHAHHS, NPOCIUHO-PO3MSKHA Ccmajesa Cimka,

anMIiHIEBA Mampuys, MoOeaB8AHHS HA 0CHO8I Memody CKiHUEeHUX eJleMeHMis
BceTym.

Kipirami - 1e TpaguililiHuii STTOHCBKUIA BWJA, MUCTEITBA, SKUI MOJATAE Y
BUpi3aHHI Ta CKIaJaHHi Iarepy Ijs CTBOPEHHSI CKIAJHMX i KpacuMBUX BUPOOiB. B
iH)KeHepii Kipirami BMKOPUCTOBYETHCS AJisI CTBOPEHHS iHHOBAI[IMfHMX KOHCTPYKIIil
Ta MarepianiB 3 VHiKQJIbHUMU MeXaHiYHUMMU, MopdOooTiYHUMM

Ta pyHKUioHAMbHMMM BaacTMBOCTsIMM [1]. TexHika BK/IHOUAaE B cebe PO3Kpii

© ®poos 4.B., bobyx 0.C., Bosipkin B.B., KonoBogos /I.B., Kyspmina O.M.
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Ta 3STMHAHHSI MaTepialiB 3 KOHTPOJbOBAHOIO JedopMalli€io, sska MOXe IIPU3BeCTU
IO OTPUMMAaHHSI HeOOXiZHMX MeXaHiUYHMX BJIACTUMBOCTEN, a TakKOoX MO0 OakaHOi

B3a€MO/Iii 3 pi3HMMMU XBUISIMU Ta MOSIMMU.

AHaJti3 ocTaHHIX JOCTiIKeHb i ImyOJTiKalLii.

3acTocyBaHHS TaKMUX CTPYKTYP [JiSI IPOEKTYBAHHS MIapyBaTUX KOMITO3UIIIAHMX
MaTepiaiiB, SIKi MOXYTh OYTM BUTOTOBJIEHi 3a JOIOMOIOI IPOKATKM-3’€THAHHS,
MOXe YCYHYTM PpU3MK HaAMipHOi medopmallii Ta pyitHyBaHHS OJHOIO 3 ImiapiB. Y
IIbOMY BHMMaAKy dopma Kipirami, HaIpuKIag po3lIMpeHa CcTajeBa CiTKa, IO
BUKOPUCTOBYETbCS SIK  KOMIIOHEHT IIAapyBaTOTO KOMIIO3UTY, 3abesmneuye
KOHTPOJIbOBAaHi MPOMDKKM MiX 30HaMu pAedopmaiii [2] mig yac Mmomaabmioro
3’€HaHHS. 3a CXeMOI PO3KPOI0 TOHKMUI JIMCT MOKHA PO3AIIUTY HA ABi 30HU: 30HY 3
BeJIMKMM CTymeHeM nedopMmaliii Ta 30HY 3 MaauM CTymeHem AedopMairii.
KiHemaTuuHi BJAaCTMBOCTI OTPMMAaHOi CTPYKTYpPM MOXXYTb OyTM 3amporpaMoBaHi
B1OOpOM cxeMmy po3kpoio [1]. Takum umMHOM, TexXHiKa Kipirami BigKpuBae muISIX 10
IIporpaMoBaHoi 3MiHM OpMU ITiJl BIVIMBOM 3a/1aHOTO HaBaHTaKeHHS [3, 4], HAGYTTS
HOBUX MeXaHiUYHMX BJIACTUMBOCTEN, aX OO aykceTu4yHoi mnosefinku [5]. Hapasi
HaMMOMyJSIpHIIIMM e(peKTOM, IO IOCSITac€ThbCs 3a IOIMOMOTIOI0 TEXHiKM Kipirami, €
CYIIepIIpyKHiCTb. 1le 3MaTHICTh 0 TpuUBaioi MpykHOi Aedopmailiii 3 moBepHEHHIM
0 TIOYaTKOBOi (opMu Tic/sl 3HSITTS HaBaHTa)KeHHsI. 3a3Buuaii HaAeaacTUUHICTh
3a0e3I1euyioTh €JaCTOMipHi KOMITOHEHTHU. bBinbImicTh MeTaneBMX MaTepiasis,
30KpeMa KOMITO3UTHU, He MiAJaiThCsl 3HAUHOMY PO3TSATYBAHHIO, 110 MOXXe HaaaTyu
OYEeBMIHI IepeBaru roTOBUM IIPOAyKTam abo mpuctposim. Hampukiaz, TpaguiliiiHi
baTapei € >XOPCTKMMM, MPOTe MOOJAaBaHHS iM €JaCTMYHOCTI MOKe HaJgaTy HOBI
MOJIMBOCTI B pOOOTOTexHilli [6] Ta HOCMMUX e€JIeKTPOHHUX TMpUCTposix [7].
3acToCyBaHHSI TEXHIKM Kipirami 11t 36inbiuieHHs edekTy mam'sati popmu craBy Ni-
Ti 6yno ommcano B po6oTi [8]. ABTopu pob6oTu [9] MOBimOMMUIM PO HOBUIT Kiac
eleKTpOMeXaHiYHuMX  MeTamaTepiajiB, CTBOpeHHS SKuUX OyJ0  HagMXaHo
TpaHchopMOBaHMMM BizepyHKaMu Kipirami, 1o 6yam po3po06JieHi IJisi 3aCTOCyBaHHS
B €JeKTPOMAarHiTHMUX MNPUCTPOSIX. BMKOpUCTAHHSI Kipirami-CTpyKTypu — IPOCTWUIA
y peasti3zallii miaxig 10 HagaHHS €JIaCTUUYHOCTI, [0 BUXOAUTDH 3a MeXi MOXJIMBOCTI

MeTaJIeBUxX MaTepiaJIiB, 3 AKX BOHU CKIadarOTbCd, 3 MO>KJIMBICTIO MaCH_ITa6YBaHH$I.
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IcHye 6araTo ycIilIHMX peai3alliii TaKuX CTPYKTYpP Ha OCHOBI SKOPCTKUX CKJIAIOBUX
MaTepianiB, Takux K rpadeH [10], xkommo3suTHi ™iiBkM SiN [11], meraneBe
CKJ10 [12] To1mo.

st mOC/IiIKeHHSI MPOLeCiB MPOKATKM YaCTO BUKOPUCTOBYIOTb MaTeMaTUYHE
MOJEIOBAaHHSI 3 BUKOPUCTAHHSIM METONy CKiHYeHUX eyieMeHTiB. CydacHUIA
PO3BUTOK MPOrPaMHMX IPOIAYKTIB IJIs MaT€eMaTMUYHOTO MOJEe/II0BaHHS IJIACTUYHOI
nedopmariii, 3o0kpema QForm UK [13], mo3BoJis€e CTBOPIOBATM MOJENi CKIATHUX
MpolieciB acTudHoi medopmaiiii. BkazaHuit MPOAYKT Bimpi3HSETHCS IMIBUAKICTIO
pO3paxyHKiB, 3py4yHMM iHTepdeiicoM i IIMPOKO BUKOPUCTOBYETHCSI CaMe
JIJIST MOZE/IIOBAHHSI IIPOIIECiB MaacTUYHOI Aedopmaliii KoMno3uTiB. oC/imKeHHS,
MpoBeJleHHi aBTopamu poboTu [14], BKa3ylOTb Ha MOXKJIUBICTb MOJEITIOBAHHS
nedopMyBaHHSI KOMIIO3UTY Migb—CTaqb—Migb. IloOymoBaHa aBTOpamMu poOOTHU
MaTeMaTM4YHa MOJejb BUTSDKKM TOKasaja SKIiCHI pe3y/bTaTU ILIOA0 PO3MOALTY
TOBIIMHM CJOIB Ta pO3IOMiTy HalpykeHb BIiAMOBIAHO OO MOPOBeIEHUX
eKCIlepUMeHT/IbHUX ~ JOoCHimkeHb. B  mocmimkeHHi [15] Oyno 1poBedeHO
MO/IeJTIOBAHHS XOJIOJHOTO OCAKEHHS FiOpPUIHUX aTIOMiHi€BMX 3arOTOBOK 3 METOI0
aHajnizy Mex ¢GopmMoyTBOpeHHs. Mojenb [03BOJAMIA TOYHO OIL[IHUTY PO3IOILI
HaTpy>XeHb Ta MOTEeHIiliHi 30HM pO3lIapyBaHHS. Pe3ylbTaTu 4MCeJIbHOTO aHali3y
TaKOX SIKiCHO Y3TO/IKYyBaJIUCh 3 eKCIIepUMeHTa/IbHUMM CIIoCTepeskeHHIMM. B poboTi
[16] mpencTaB/ieHO MOe/IOBaHHS IIpoliecy 6araTocTyrneHeBOro nudepeHIiiiHOTO
3TMHAHHS KOMITO3UTHUX (DOTOTa/IbBAaHIYHMX MOAY/IiB. ABTOPM IpOaHai3yBau 30HU
nedbopmallii Ta pO3IMOiJ HANpyXeHb, IO AO3BOJWIO ONTUMIi3yBaTV MapaMeTpu
TIpoliecy 1iJist 36epeskeHHsI COHTYHMX eJIeMEeHTIB ITif] yac BUIyYeHHS CKIa.

ABTOpamu B momepeHix po60Tax BMKOPUCTAHO MaTeMaTUyHe MOe/I0BaHHS
Tpoliecy IMPOKAaTKM KOMIIO3UTHUX MaTepiajiB 3 MeTOw aHajidy gedbopMaliiitHux
MpOIleCciB i BIVIMBY MapamMeTpiB MNpPOKaTKM Ha 3’€OHAHHS aJllOMiHI€BMX IIapiB
31 3BMYAHOI0 CTaleBOoI0 CiTKOI [17], TaKOX CTBOpeHa MOZesb IMPOLeCy MPOKATKU
TPUIIAPOBOi IITAabM, SIKA JO3BOJIMIA NOCTIINTYA BIUIMB TEMIIEPATYpPU Ta CTYIIEHS

nedopmMmaiiii Ha GopmMo3MiHy Ta eHeprocuioBi mapamMeTpu Tpoiiecy [18].
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MeTa gociaigKeHHs.

MeToo po6GOTM € CTBOpPEHHSI MaTeMaTMUHOI MOJesi Ipoliecy IPOKATKU-
3’€JHAaHHS aJIIOMiHI€BOI MaTpwuili, apMOBAHOK CTaJE€BOK IPOCIYHO-BUTSIKHOIO
CITKOI0 Ha OCHOBi MeTOAy CKiHUEHMX eJIEeMEHTIB Ta mepeBipKa il afeKBaTHOCTI AJIs

MTOJAJIbIIIOT0 CTBOPEHHS TEXHOJIOTii OTpUMMAaHHS 6araToIapoBMX Kipirami-cTpyKTyp.

OCHOBHi MaTepianu JOCTiIKeHHS.

B nporpamuomy cepemoBuiii QForm UK 6yna cTBopeHa TpUBMMipHA MO/IEJb
TpOleCy TMO3J0BXKHbOI MPOKATKM-3’€HAHHS aMIOMiHIEBOI MaTpuili, apMOBaHOIO
CTaJIEBOI0 ITPOCIYHO-BUTSDKHOIO CiTKOIO MiX ajaoMiHieBMMM ImTabamu. ToBIIMHA
aJlOMiHieBOi mTabm - 3 MM, CTajieBa IIPOCIYHO-BUTSDKHA CiTYacTa BCTaBKa
3 po3MipoM Biuka rpatku 2x4 wmMMm. [liameTp MpOKaTHUX BajkiB  3i
crami 40X - 180 mm. Peonoriuni xapakrepuctuku cruiapy EN AW 6082 matpuii,
crasi C10 (1.0301 3a EN 10277-2) Ta maTepiany BaJjikiB 6panucs 3 6a3u QForm UK.

Bukopucranus mporpamHoro npoaykty QForm UK [13] Bin6yBa€eTbcs B paMKax
yroagu mpo Mik Micas Simulations Limited (M. Oxcdopn, Benuka Bputanis) Ta
Kadenpow 00pobku MeTamiB TucKom iMm. akam. O.II. YekmapboBa (JIHiImpoBChKMIA
MEeTAJIypriiHuii  iHCTUTYT, YKPalHCbKMUIA  [Oep>KaBHUI  YHIBEpCUTET HAyKU
i TexHosorii, M. [IHinpo) —Yroma N2 1005/23-1 Big 10.05.2023 p.

JlJ1s1 MozieTI0BaHHSI OY/I0 BUKOPUCTAHO HACTYIHI I'PaHUYHI YMOBMA:

e haKkTOp TEPTS HAa KOHTAKTHUX MOBEPXHSX «BaJIKM-KOMIIO3UT» BU3HAUAETHCS
Mmopeutio JleBaHoBa Ta gopiBHIoe 0,8;

 KoedillieHT Terionepeaadi Big metasny mo Baakis: 100000 Bt/m3-K

* MIBUAKICTh 0O0epTaHHS BaKiB: 30 06/XB.

e TemriepaTypa BaJkis: 20 °C;

e II0YAaTKOBA TeMIIepaTypa KOMIIO3UTY Itepes mpokaTkoi: 500 °C;

e TEMIIEpATypa HaBKOJMIIHbOTO cepenoBuia: 20 °C.

FeoMeTpuyHa MoOAeab MPOCIYHO-BUTSDKHOI CiTKM, KA OJISI CKOPOUYEHHS 4acy
pO3paxyHKiB CKJaaAasacs 3 IMOCAiIOBHOCTI eJleMeHTIiB CiTKM IIMPUHOK OIHe BiuKo,

HaBeJeHa Ha PUCYHKY 1.
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PucyHok 1 — Moge/nb NpoCiuHO-BUTSKHOI CiTkM (RD — HalpsIMOK IPOKATKN)

[Tim yac MoeroBaHHS 6yJIO 3aCTOCOBAHO I0IATKOBI iHCTPYMEHTM — BipTyasbHi
IITOBXayi, SIKi CMHXPOHHO 3ajiaBajiy BCi TpM IIapu 3aroTOBKM B 30HY AedopMaliii.
[Tig yac peasbHOTO IPOIECY ITPOKATKY BCi IIapy 3aTOTOBKM TAaKOX 3aXOSITh B BAJIKU
omHouacHo. Ile 3abe3meuyeThcsl IOMNEpegHIM CKPIiIJIEHHSIM IapiB 3aroTOBKM 3a
JIOTIOMOTOI0 3aKJIeNOK. 3arajgbHUil BUTJISIH, KOMIIO3UTY Tepe] MPOKAaTKOI HaBeJeHO

Ha PUCYHKY 2.

PucyHok 2 — Bi3zyasisallisi KOMIIO3UTY Iiepef, MOJe/I0BaHHSIM IMTPOKATKM-3’€JHAHHS
1 — anoMmiHieBa MaTpuLs; 2 — IPOCIYHO-BUTSDKHA CiTKA; 3 — MIPOKATHI BaIKU.

3aranbHUI BUTJISA TpaHcpopMaliii CiTKM B 30Hi AedopMaliii micist mpoBegeHHS
MO/JIeJIIOBaHHSI HaBeleHO Ha PUCYHKY 3. BupgHo, 1m0 Ha BXOi B 30HY Aedopmaiiii
BigOyBaeTbCsl 3aKpUTTS (CKOPOUEHHSI MOBXKMHM) BiUOK CIiTKM Yy HampsSMKy mOii
HOPMAQJIbHOI CMJIM TIPOKATKU (BiCh Z) 3 iX MOJAIBIINM BUTSTYBAHHSM Y HaNpPSMKY
ripokaTKku (Y). K10 MIPUITYCTUTH, 0 TIPU CTUCKAHHI MTPOCIYHO-BUTSDKHOL CITKM MiXK
IBoMa OoiikaMyu 3 MiHiMaJbHMM TePTSIM, BOHA Maiiske TMOBHICTIO 3aKpUETHCS,

TO MOXHa 3p06MTM BIMCHOBOK, IO CKOPOYE€HHS HOOBXMHU BiuKa € MapKepoM
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BepPTUKAIbHOI KOMIIOHEHTM CWJIM, W0 [i€ Ha CIiTKy BCepeauHi KOMIIO3UTY.

Lle TBepIKEHHS € CIIpaBeIIMBMM 33 YMOBM BiACYTHOCTi 3aJHBOTO ITiAIIOPY.

Qform 907

PucyHok 3 — Bisyai3aiis 3MiHM popMy HVOKHBOI MaTPUILi Ta MPOCIYHO-BUTSIKHOL CiTKM ITi[
yac rmpokatky mpu remrieparypi 500°C (BepxHi MaTpuIls Ta BaJIOK Ha PUCYHKY BifCyTHi)
1 — BaJIOK; 2 — aJilOMiHi€Ba MaTpulis; 3 — MPOCIYHO-BUTSIKHA CiTKA.

[TpoeKiiisi TMPOCIYHO-BUTSDKHOI CiTKM B 30HI medopmaliii Mmpyu IpoOKaTIi
Ha iomyHy XY (PUCYHOK 3) MOKa3ye, 110 JOBXMHA BiuKa Y IIili MPOeKIlil CIIOYaTKy

3MEHIIIYETHCS, @ TIOTiM 36iIbIITYETHCS.

QForm 9.0.7

PucyHok 4 — Bizyasisallist mpoe€KIlil TpOCiYHO-BUTSDKHOI CiTKM ITif, Yac MPOKATKYU MIPU
temmepatypi 500°C

Il mepeBipkM ameKBAaTHOCTI po3poOsieHOi mopesi Oyyia MpoBemeHa cepis
eKCIIepMMEeHTalIbHMUX  TPOKATOK.  EKCIlepMMeHTalbHi  MPOKATKU-3’€IHAHHS
apMOBaHMX KOMIIO3UTIB IPOBOAWINCHL HA [OBOX IIPOKATHUX CTaHax JjabopaTopii
Kadeapu o0pobKkM MmeTaniB TuMckoM iM. akan. O.II. YekmapboBa: cTaH Oyo 3
niamMeTpoM BajkiB 180 MM i cTaH KBapTO 3 JiaMeTpoM pob6ouux BajkiB 135 M.
[IIBuaKicTs 0OepTaHHS BaJIKiB ckiaamana 30 06/xB. Ilepen MPOKAaTKOI KOMIIO3UTHU
MmigirpiBaayM B KaMepHili eJIeKTpUYHii Iedi oropy 3 IMUOPOBUM peryaioBaHHIM

temmepatypu 1o Temrnepatypu 500 °C. I[MotyxHicTs meui — 15 kBT. 11 TOYHOrO
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BifcTexkeHHs HAarpiBaHHsI KoMIo3uTy 1o 500° C y meui 6yB po3MilneHuit «3pa3oK-
CBiJIOK» 3 TepMoIlapoi BcepenuHi. Iliu Buxommwia Ha pexkxuM B 500 °C, mpuban3HO
3a 3 rogyHM, KOMITO3UT B I1€Ui HarpiBaBcs A0 3agaHoi TemmepaTtypu 3a 20...25 XB.

ITim yac mpokaTKy 3a JOTIOMOTIOI0 HOYTOYKA 3aMMCyBa/IMCh TeMIlepaTypa i cuia
npokaTku. TemmnepaTtypa dikcyBanacst 3a IOMOMOTOI0 TepMOTapH, sika 3HaX0UIacs
B cepenuHi 3paska. Cmjia TPOKATKM 3aluCyBajacsi IO JaHUM MeCHO3MU,
PO3TaIIOBAHOI ITiJ, OTIOPHUM I'BMHTOM BEPXHbOTO BaJIKa.

[y 3amobiraHHsl BTpaTi TeMrepaTypy KOMIIO3UTY B MOMEHT 3a[jlaBaHHS B
BaJIKM BXiIHMI CTiJ cTaHy OyB TeILIOi30JbOBaHMI, a IJsSI TOro, II00 3pa3oK He
3MiIIaBCs Mif Yac IMPOoKaTK, 3aCTOCOBYBa/IM HAIIPaBJISIOUM PEiKNA.

JIJIsT TIPOKATKMU-3’€MHAHHS OY/IM IPUTOTOBJIEHI KOMITO3UTH, SIKi CKIamanmncs 3
TPbOX IIApiB: a/llOMiHi€Ba MaTpuUIsl: rapsiueripecoBaHa Imraba po3mipamu (hxbxl)
3x70x200 mm 3i cmmaBy EN AW 6082. B gKkocTi BK/IaJeHOro Marepiany
BUKOPUCTOBYBa/JaCh IIPOCIYHO-BUTSKHA ciTyacTa BCcTaBKa po3mipom (txbxl)
0,5x70%x200 mm 3i crami C10 (1.0301 3a EN 10277-2) 3 po3smipoM Biduka I'paTKu
2x4 mmMm. Ilepen MpOKaTKOK KOMITO3UTU CKPITUIIOBAIM aJIIOMiHiEBMMM 3aKjelmKaMu
(pucynok 4) Ha BiacradHi 10 mm Bim KyTiB. Ilepen MpOKaTKOX CITKY MiggaBain
pekpucTaiizauiiHoMmy Bignamy npu Temnepatypi 720 °C. Bynb-sikoi croerniajbHOI
TiITOTOBKM IMOBEPXOHb MaTpUIli i CiTKM He TpoBoauiocs. ['pyba okainHa 3 MOBepXHi

CITKM BUpansaacs MexaHiuHo.

v - 9
,’;‘

PucyHOK 5 — 3arajibHuii BUTJISL, KOMITO3UTY Iepe, TPOKaTKOI0
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[TpokaTKy MPOBOAMIM 3 HOMiHAJIbHMMM CTYIIeHSIMU BUCOTHOI medopmariii 20,
30 i 40 %. Ha cTaHi KBapTO TaKOX MPOKATyBaJXM apMOBaHi KOMIIO3UTH 3i CTylIeHEM
nedbopmaiiii 50 %. Cryneni medopmaliii po3paxoByBaaucsl BiIHOCHO a/IlOMiHi€eBOi
MaTpuili 6e3 BpaxXyBaHHSI TOBIIMHM apmyiouoi ¢as3u. To6TO moyaTKoBa TOBUIMHA
KOMIO3UTY /11 BCiX BUMAIKIB ckiaagasa 6 Mm. OKpiM apMOBaHMX KOMIIO3UTIB
MpOKaTyBa/IM TaKOX ¥ KOMIIO3UTM 0e3 apMyBaHHS 3 TakKMMM TOUHO
cryneHsMu gedopmariii.

300paskeHHsT MpoKaTaHoro 3i crymneHem pedopmarnii 40% 3paska HaBedeHO

Ha PUCYHKY 5, MapKepoM IT03HaYeHi MiCIlsg 3aMipiB TOBIIVHM Ta IIUPUHN.

PuCyHOK 6 — 3arajbHui1 BULJISLL KOMIIO3UTY ITiC/IST TPOKATKU

PesynbTaTy eKcllepUMMEHTaAbHUX [OOCTi[KeHb HaBeJeHO B Tabmuui 1.
HaBeneHO 3HaueHHSI HOMiHAJIbHOI TOBIIMHM, LIO BiAIIOBiZa€ BKa3aHOMY CTYIIEHIO
medbopmaitii  (hix), daktuyHoi ToOBIMHM KOMIIO3UTY (h;), dakTuUHOI IMMPUHMA
kommo3uty (bi) Ta AOBXMHM KOMMO3UTY micias npokaTku (l;). MapkyBaHHSI TUITY
KOMITO3UTY B Tabsuili, Hampukiaag 1 — K - 20 osHauae: 1 — Homep mpokaTtku; K —
ctaH kBapto (I, — craH ayo); 20 — HOMiHanbHUII cTymeHb medopmailii. KoxkHe 3i
3HaueHb, HaBefeHUX B Tabnuili 1 oTpuMaHe SIK cepefHe apudMeTUUHE HACTYIHOI

KiJTIbKOCTi 3aMipiB: TOBIIMHA — 6; IIMPUHA — 3; JOBXMHA - 3.
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Tabmuug 1
PesynbTaTy 3aMipiB po3MipiB KOMIO3UTIB, OTPMMaHUX MPOKATKOI0-3’€THAHHSIM
Tun hi, | b, I
KOMITO3UTY MM | MM MM MM
CraH KBapToO
1-K-20 48 |5,03 70,8 250
2-K - 20 48 |4,92 71,0 255
3 K -20 Ge3 ciTku 48 |484 |7081 Crb i
BUTiH
4-K-20 48 |4,89 71,2 S}‘:;EH““
5- K- 20 4,8 |4,955 |70,83 230
7-K-20 4,8 4,93 70,76 235
8- K- 30 42 | 4315 | 71,17 283
9-K - 30 42 | 4,34 71,074 | 285
10- K - 30 42 4325 | 71,16 275
11- K- 30 42 | 431 72,01 287
12- K - 40 36 | 3,68 71,63 330
13- K- 40 3,6 3,8 71,6 325
14- K- 50 3 3,36 72,01 367
15-K-50 3 3,295 72,43 360
CraH nyo
1- 11 - 20 48 | 4,77 71,88 240
2-I1-20 48 | 4,65 71,45 275
3—1I - 20 4,8 4,82 71,40 260
4- - 30 42 | 4,60 71,40 275
5-I1-30 42 | 4,44 71,52 280
6— I1 -30 6e3 ciTku 42 | 4,48 71,02 255
7-II - 40 36 | 4,11 72,71 300
8- II - 40 36 | 3,90 71,86 315
9- I - 40 6e3 ciTKu 3,6 3,82 72,45 300
10— 0 -20 4.8 4.46 71,55 276
11- I - 20 6e3 ciTku 4.8 4,40 71,60 260

* — cepe[THE 3HAUEHHS CYJIM TTPOKATKY 11O TOBXKMHI 3pa3Ka.

PosmapyBaHHS KOMIIO3UTIB Ofpa3y IIiC/As MPOKAaTKM He CIIOCTepiraaocs,

IO CBigUMTh PO MposBy *zipbonding” edexrty HaBiTh mpu 20 % medopmariii. OgHak
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et edeKkT y BUMAAKy apMyBaHHS ITPOCIYHO-BUTSIKHOIO CiTKOIO BUpaKeHUI MeHII
SIBHO, HiK MpPM apMyBaHHSI OPOTSHOW0 ciTkoto. Ciif 3a3HauMTH, W0 3’€IHAHHS
KOMITO3UTiB, TIpokaTauux npu 20 % medopmarii mokasano cebe sIk HecTabislbHe.
KoMmosutyu posmiapoByBa/MCSl IIiJ, 4Yac BuUpi3aHHS 3paskiB, abo HaBiTh
MiHiMaJIbHOTO THYTTS. [Ipy YoMy It 3a3HAUNTH, 10 OJMH IIap MaTPHUILi MaB Oi/IbII
CUJIbHE 3UeIVIEHHS 3 apMYIOUOI0 CiTKOI0, HiX iHmuit. Ha pucyHKy 5 HaBefeHO $HOTO
3paska,  SKum po3iIapyBaBCs mpg — yvac BUpi3aHHS 3paskiB  Ojis
MOAAIBIINX BUITPOOYBaHb.

HasiBHiCTh C/ifIiB OKa/JIMHM Ha TOBEpPXHi KOHTAKTy [OBOX IIapiB MaTpuili
CBiIUMTD MpPO Te, 10 OKAaJMHA, SIKa BiAipBajacs Bif CiTKM miJ 4yac il BUPiBHIOBAaHHS
B3JIOBXX Bici MPOKAaTKM Ha IOYATKy MPOIleCy MOCJab/Ii0€ B3aEMOiI0 JIBOX IIapiB
MaTpulli MiXX c06010, @ TAKOXK 3MEHIIy€ IPosBY *zip-bonding” edexry.

[lopiBHSIHHSI pe3yabTaTiB MOZENIOBAHHSI 1 €KCIepUMMEHTAJbHOI IPOKATKU-
3’€IHAaHHS apMOBaHMX KOMIIO3UTIB IIPOBOAMJIOCH [IJISI TepeBipKM adeKBaTHOCTI
Mopeti. [TopiBHSIHHS BigOyBasocs 3a mapaMeTpaMy 3MiHM reOMeTPUUYHMX PO3MipiB
eJleMeHTiB CiTKM ITicjsi mpokaTku. Ha pucyHKy 6, SIK mpukiaaa, HaBedeHO (OTO
pPO31IapOBAHOTO KOMITO3UTY ITiC/Is1 ITPOKATKM-3’€IHAHHS (301/IbIIEHHS 3 PUCYHKY 5),
Ha SIKe HakJaZeHo 300paxkeHHSI OBOX BIiUOK CiTKM, OTpUMMaHMX B pe3yJbTari

MOJIe/II0BaHHS (PUCYHOK 3).

PucyHoOK 6 — PosiapoBaHmii 3pa3oK ITic/is MPOKaTKY-3’€AHAHHS 3i cTyreHeM AedopMailii
20 % nipu Temmnepatypi 500 °C
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TakoX Ha LIbOMY PUCYHKY HaBe[eHO HyMepallilo reOMeTPUUYHMX IlapaMeTpiB
CiTKM, 3a SKMMM 3[iJiICHIOBAJOCS IIOPiBHSIHHSI pe3yJbTaTiB MOMJE/NIBAaHHS i

EKCHepI/IMEHTaJIbHOi HpOKaTKI/I-B’E,E[HaHHH.

£ S P SRS

PucyHoK 7 — Po3iapoBaHuit KOMIIO3UT 3 HaKJIaAeHUM 300paskeHHSIM CiTKM, OTPMMaHUM B
pes3y/ibTaTi MOJe/I0BaHHS. 1 — TOBIIMHA HATKU; 2 — BeJIMYMHA KyTa CiTKU;
3 — IOBXXMHA ITepexpecTs; 4 — MOBXMHA Biuka; 5 — MIMpMHA Biuka

KisibKicHi pe3y/ibTaTy MOPiBHSIHHS TeOMETPUUYHMX MTapaMeTpiB CiTKM A0 i mic/is
MMPOKATKM MiXX BOMa aJIIOMiHi€BMMM MaTPUIISIMU HaBeleHi y Tabauii 2.

OTpumaHi pesynbTaTy MOKA3yKOTh, U0 Y LIJIOMY CKiHUEHO-eJIeMeHTHa MOJIeJlb
Mpolecy MNpPOKATKU-3’€QHAHHS QJIOMiHI€EBOI MaTpulli, apMOBAaHOK CTaJeBOI0
MPOCIYHO-BUTSIKHOIO CITKOIO, afleKBaTHO BiATBOPIOE peasibHUII mpoliec. BinxuieHHs,
SIKi Bi3yaJbHO IIOMITHI Ha PUCYHKY, Ta MalOTh KiJIbKiCHI 3HaueHH$, HaBeleHi
y Tab/uIli, TOKa3yI0Th, IO [JisS IOAAIBIIOTO0 MOJEIIOBAHHS IMOTPiOHO TOTYBaTHU

BUXi[JHY TeOMETPil0 y BiITIOBITHOCTI A0 peasbHOI reoMeTpii CiTKM!.
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Tabmuis 2
Po3Mipu ciTKM Micisl eKcrmepyuMeHTaIbHOI IMTPOKATKM-3’€HAHHS Ta MO e/TI0BaHHS
BigHOCHA 3MiHa
Ilo mpoKaTKu [Ticasa mpokaTKu rnapamMeTpy IIig d4ac
MPOKATKU, %
Homep
napameTpy 5 E = E = E
(pncyHOK 6) 2 g z 3 z g
= = =
& = & S & =
1, Mm 0,75 1 0,8 1,2 6,67 20,00
2, Tpan 56 57 67 65 19,64 14,04
3, MM 1,4 2 1,45 2,1 3,57 5,00
4, MM 1,5 1,3 2 1,68 33,33 29,29
5, Mmm 4 4 4 4 0,00 0,00

[Ipouiec dopmMo3MiHM, SIKMIT BimOYBCSI y CiTIi, SIKICHO ITpOMOIe/IbOBAHO
BipHO, a came:

— ToBmyHA HUTKU. 3MiHM IUIOILI MOMEPEYHOro Iepepily HUTKMU 3a Takoi
crerneHi medbopmailii 3a3Buyail B3arajai He BigOyBaeThcs. 3MiHa, sika 3adikcoBaHa
SIK IIPM eKCIIepUMEeHTI, TakK i MpY MO e/II0BaHHI BOUEBU/Ib TTOB’I3aHa 3 OKPYTI€HHIM
dbopmu norepevyHoro rnepepizy HUTKN.

— Bemmumna kyTta citku. Kyt ciTKM Imig yac mpokaTKy 36ibIIYETHCS 32 JaHUMU
rornepenHix AOCAiMKeHb TakuM umMHOM: B iHTepBami 20...30 % nmedopmartiii KyT
3pocTa€ Ha OJMH TpaAyc 3a KOKHMI BigcoTok medopmariii, B inTepBasti 30...40 % -
KOKHMII BimcoTok pedopmarnii mae ~ 1,5 rpamyca, a B iHtepBani 40...50 %
~ 0,5 rpagyca 3miHu kyTta citTku. lllonpasa 1e 175 ayCTeHiTHOI HepykaBiloyoi CTalli.
YV upomy mocrimkenHi 20 % medbopmaliii mpu3Beso 10 30i/blIeHHST KyTa CiTKM Ha Y
cepenHboMy Ha 10 rpazmyciB. lle B 1Ba pa3u MeHIle 3a Bigomi maHi. [IpyunHa Takoi
3MiHM MOYKJIMBO Y TOMY, 1110 epuTHA CTab, OJIs1 IKO1 ITPOBOAMIINACS eKCIIepUMEeHTH
€ MEHII IIJIACTUYHOIO 38 YMOB €KCIIepUMEHTY.

— JloBkuMHa mepexpecTs. 3MiHa [OOBXKMHM IiepexpecTsi € He3HAYyHOIo
(3,57 Ta5 %). lle moka3zanu i ekcriepuMeHTU i MojentoBaHHS. lle MmoB’si3aHe 3
OKpYIJIEHHSIM (pOopMU TTepexpecTsi B yMOBaX BMCOKOTIO TiIpOCTaTUYHOIO TUCKY B 30Hi

Jedopmairii.
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— IlInpuHa BiuKa CiTKM, SIK 32 pe3yJbTaTaMy €KCIIepUMMEeHTaJIbHOI MPOKATKY,
TakK i pe3yjbTaTaMy MOJIeJIIOBAaHHS He 3MiHM/Iacs.

— 3miHa [OBXMHM Biuka CciTku nOopiBHioe 1,33 (1,3 mpu Mope/t0BaHHI).
Lle KopetoeThCS 31 3MiIHOI0 KyTa CiTKM. MeHINi1 KyT CiTKM A€ MEHIIY iarOHaib.
3 orngay Ha Maibke IOBHe CITIBIAAiHHSI pPe3yJbTaTiB Ta MOIEJIOBAHHS 3a LUM
IapamMeTpoM, MOXKHA 3POOMTM BMCHOBOK, IO 3MiHa JOBXWMHM BiuKa CiTKM ITif yac
MIPOKATKM 3aJIeKUTh He TiIbKM BiJ mapamerpiB medopmailii, a TakKoxX i Bif
BJIACTMBOCTEN MaTepiay IIpyu TeMIilepaTypi 00poOKM.

HaBeneHi Buille pe3y/bTaTU IMOPiBHSIHb Yy IIiJIOMY BiAIIOBiIAIOTh IJaHUM,

OTPMMAaHMM IIiJ] Yac romnepenHix goctigxkeHs [17].

BucHoOBKU

CTBOpeHO MaTeMaTMUHY MO[ejib Ipollecy MPOKaTKM-3’€OIHAHHS aJOMiHi€eBO1
MaTpulli, apMOBaHOIO CTaJIEBOI0 MPOCIYHO-BUTSIKHOIO CiTKOHO. SIKiCHY aleKBaTHICThb
MOJIeJIi MiATBEPIKEHO eKCIIEPMMEeHTaJbHMMM ITpOKaTKaMu. Mojenb MOXe OyTu
BUKOPMCTAaHa [Jis MOAANbIIMX AOCHiAXeHb TpaHcdopMallii Kipirami-cTpyKTypH,
pPO3p0oOKM MoOiesieit 6araTomapoBMX Kipirami-cTpyKTyp Ta PO3pOOKM TEXHOJIOTii
MIPOKATKM-3’€JHAHHS KOMIIO3UTiB.

@®iHaHcoBa migTpMMKa. [OCTigKeHHS BUKOHYIOTBCSI B paMKax IPOEKTY
«Po3pobka TexHO/Orii 3acTOCyBaHHSI Kipirami-cTpykTyp VY medopMalliiiHo-
TepMiuHiii 00poO6Ili ImTab 3 KOMIIO3UTHOTO Marepiamy», sSKuit QiHaHCYeEThCS
HanioHanpHuM (GoHIOM OCTimKeHb YKpaiHM 3a KOLITU JepsKaBHOTO OIOIKeTy

(peectpaiiituuii Homep 2023.04/0156).
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Yaroslav Frolov, Oleksandr Bobukh, Viacheslav Boiarkin,

Dmytro Konovodov, Olga Kuzmina

FEM SIMULATION AND EXPERIMENTAL PROCEDURE FOR ROLL
BONDING OF KIRIGAMI-TYPE COMPOSITES

Abstract. The study investigates the application of kirigami techniques in engineering to
produce multilayer composite materials with programmable mechanical properties. The
primary objective is to develop and validate a mathematical model for the roll-bonding
process of an aluminum matrix reinforced with a steel expanded metal mesh. The model
has been developed in the QForm UK environment using the finite element method,
taking into account the relevant rheological properties of the materials and boundary
conditions. Experimental roll-bonding studies were carried out on laboratory duo
and quarto rolling mills at temperatures up to 500 °C and various degrees
of deformation (20-50 %). The results of the numerical simulations are in agreement
with the experimental data regarding changes in mesh geometry and strain distribution.
It was found that even at a small degree of deformation (20 %), it is possible to form an
effective bond with a “zip-bonding” effect; but that such a bond is unstable. It is
therefore advisable to apply a degree of deformation greater than 30% in the roll-
bonding process. The results of the study can be used for the further development
of manufacturing  technologies  for  functional kirigami  structures  based
on metal composites.

Keywords: roll bonding, expanded steel mesh, aluminum matrix, FEM simulation.
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C.€. Camoxsainos, B.II. ITintTiok, C.B. I'pekoB

BIJIUB KIJIbKOCTI JIOBABKU HA TEIIJIOBUI CTAH METAJIEBOT
BAHHMU V KIBHII

AHoTamnis. YV nonepedHili cmammi npedcmasneHi pe3yasmamu MamemamuiHozo
M00e08aHH Mma O0O0CNIOHEHHSI 3 BUKOPUCMAHHAM pOo3po0sieHuUx modeneli enaugy
KiJIbKOCmi 88e0eHUX Wmamkosux 0o6asok 0o Koeuiosoi saHHu (emHicmio 60m i 250m)
npu 06pobui cmani Ha ycmanosyi kisuwi-niu (YKII) Ha ii 2idpodunamiuruii cman. Ha
npuKk1adi 8UKOPUCMAHHS KYCK08020 (hepomapzanyo mapku DPMH78 3 ypaxysaHHsIm
pi3Hoi numomoi kinvkocmi dobasku (0,2; 1; 2; 3 Ke/m) noka3aHo 3Ha4Huii enaue
docnioxcyeanozo (axkmopy Ha 2i0poduHamiKy memaneeozo po3niagy npomsizom
po32151Hymozo nepiody (00 4,5 ¢) 3Haxo0xeHHS (hepocniasy y 8aHHi.

IIa poboma micmumse pe3yabmamu O00CNIOHEHHS 8NJUBY KilbKocmi 000asKu Ha
mennosuli cmaH memaneeozo posnnasy 8 ymosax 00pooku Ha YKII. BuknadeHuli
mamepian € J02iYHUM NPOOOBHCEHHSAM NonepeodHix 00CiOHeHb, y AKOMY 30epexceHO
8UXiOHI yMO8U, 3a3HaueHi y nonepeoHiti cmammi. BukoHaHHs po6omu nepedbauano dea
emanu docnidxeHv. Ha nepwomy emani 8UKOHAHO PO3PAXyHKOB0-EKCNEPUMEHMAILHY
OUIHKY 8NJIUBY IHMEHCUBHOCMI NPOOYBAHHS Memanesoi 8aHHU 8 KOBWi Ha ii menjiosuli
cmaH. Busnauero ennus (8 mexcax 8id 0,08 °C do =~ 0,13 °C 3anexHo 8i0 iHmeHcugHocmi
npodys8aHHs) Ha Menyosuli cmaH 8aHHU 8 po3zasaHymuti nepiod uacy. Ha dpyzomy emani
po3pobsieH0 MamemMamuuHy Modeb mda Npo8edeHO UUCeNbHi O00CNIOHEeHHS Ha
Komn'tomepHitl npoepami ii peanizayii 3 ypaxy8aHHsM HasedeHux euuje KilbKocmell
dobasKu 8 ymosax HaAOIUMCEHUX 00 NPOMUCIOBUX.

3a pesynomamamu 0ocnioxceHb ma Ha npukaadi HasedeHoi 8 cmammi Kapmozpamu
NOKa3aHi 30HU JIOKAJIbHOI 3MIHU memnepamypu memainy 8 pi3Hi MOMeHmu uacy 6id
MomeHmy eeedeHHS 0dobasku 0o po3nnasy. Ha HaeedeHili 3anexcHocmi 3miHu
memnepamypu po3njiasy 8id numomoi macu 8gedeHoi 006asKuU 3 ypaxy8aHHIM pexcumie
npoodysaHHs 8aAHHU NidmeepoxeHo 8naus hakmopy, wo po3enadaemocs. 3 ypaxy8aHHsm
pe3ynbmamie  00CNiOHEHHSI NOKA3AHO NPONOpyiliHe 3HUMCEHHS memhepamypu
Memanesozo po3njagy 8 30Hi KoHmakmy 0ob6asku ycepeouHi aHHU nicns ii 8edeHHsl.
KmiouoBi cmoBa: «kinekicms mamepiany-dobasku, menaosuli cmav piokoi
Mmemasnesoi 6aHHU

© Camoxsasnos C.E., [TinTiok B.I1., I'pekos C.B.
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AHaJti3 ocTaHHIX JOCTiIKeHb i myoJTiKaiii

Panime 3 BMKOPUCTAHHSIM  pO3poOiieHux B JIHINpop3epsKMHCbKOMY
IepkaBHOMY TexHiuHOMy yHiBepcuteTi (JATY) nmo Buximuum manum [YM HAHY
TPUBUMIPHMX MaTeMaTUYHMX MOJe/iell TiIpoaAuMHaMiKM Ta TeIuio-MacooOMiHy
BiIOYyBa/IMCh  JOCJIJIKEHHSI TMpPOLleciB  mo3amivyHoi 06pobkmu  crami  [1-12].
JIlociIKeHHsI, B TOMY YMCJIi, IIPOBOIMIM CTOCOBHO KiBIIiB eMKicTi0 60 Ta 250T, sKi
BUKOPUCTOBYBAJINUCH BiZMOBioTHO Ha eJleKTpOMeTa/IypriiiHOMY 3aBO/Ii
«[IHinpocrencranb» (M. 3anopixkkst) i JTHITPOBCbKOMY MeTalypriiiHoMy KOMOiHaTi
(3apa3 «KAMET-CTAJIb», m. Kam’saHcbke) mpu 00OpoOIli CTasli CIeliaJibHOro Ta
MacOBOTO IIOTOYHOI'0 Mapo4yHOro copraMmeHTy Ha YKII pi3HOI ITOTY>KHOCT!I.

Pe3ynbTaTy po3paxyHKiB TEIJIOBOTO CTAHy [Jis KiBIIiB pi3HOI €MKOCTi Oy
BMKOHAaHi 32 YMOB 3 He3MiHHMMM (CepelHiMM) 3HAUEHHSIMM TeIIOBUX BTpPAT uepes
KOKyX He3aJIesKHO Bifl CIIOKMBaHHSI aprOHY IpM JOro Iofadi yepes ogHy abo IBi
dbypMu B IOHHOMY ITpPOmyBHOMY Osomi. IIpu 1IbOMYy BMKOHAHi IOCTiIKEHHSI He
BPaxOBYBaJ/IM BIIMB iIHTEHCUMBHOCTI MPOAYBKM BaHHM aprOHOM Ha ii TerioBuii CTaH.
Kpim Toro, He BpaxoByBaBCSI MOXK/IMBMIA BIUIMB KiJIbKOCTi T0OABKM Ha TeMIIepaTypy
MeTay. ToMy BUSIBUJIOCH IOILIJIBHMM ITPOBECTYU TOAATKOBI OLiHKM BIJIMBY CaMe ILIMX
dakTopiB. 3amiaHOBaHMIT 00CIT poOOTM MO po3pobIli Momeni i TecToBUMM ii
BUITPOOYBAHHSIM CTOCOBHO IIPOIIECiB TeIUIO-, MacoOOOMiHY y BaHHi KiBIla IIpu
06po611i MeTaneBoro posmiaBy Ha YKII BUKOHYBa/i B [1Ba €TaIlN.

Ha nmnepmiomy eTarmi 3 MeTOW IIepeBipKM BiAMOBIAHOCTI pe3yJibTaTiB
MOJEI0OBaHHSI Ta OL[iIHKM iX 3HAaueHb B IOPIBHSIHHI 3 TNPAKTUYHO OTPUMaHUMU
eKCIIepMMEeHTaJIbHUMM BUMipaMyu 3ZiMiCHIOBaAM IMPOMMCIOBUIA TeMIlepaTypHUIA
KOHTpPOJIb MeTasly i 06/iagHaHHS 3 (ikcallieo pe3ynbTaTiB. TepMonapoio 3aHypeHHS
BUKOHYBJIM 3aMipy TeMIlepaTypy MeTaJdy OO 1 Icasd TMPOAYBKM KOBIIOBOI
MeTaJieBOi BaHHM aproHoM. Ha mpoTsi3i 06po6KyM KOKHOI 3 IOC/TiIKyBaHUX TJIaBOK
TeMIepaTypy 3amipsiiv (TPpUBAJIICTh B MeXax 3-6 XB.) B IMEBHOMY MiCTi, M0
BiJITIOBi/la€ MiCIif0 3aMipiB TemMIiepaTypy B KiBIIli Ha TIOBePXHi BAHHM i Ha TPUOIM3HO
OJHAKOBIi I/IMOMHI B mpouecax 06pooku Ha YKII. 3amipy TeMmIiepaTypu MeTaJIeBOro
KOPIyCYy KiBllla Ta J¥Oro KPUIIKM TpoBOOWIM iHGpadyepBOHUM IIMMPOBUM
nmipomerpoMm. IIpu 1IbOMy He 3MiHIOBaJIM IHTEHCUBHICTb IIPOAYBAHHS, He

3[Ii/iCHIOBA/IM BBeJEHHSI MaTepialiB-g00aBOK i eJIeKTPOaYyroBMii MiirpiB po3IuiaBy.
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EkcriepyMeHTa/IbHI JOCTIIKeHHS BUKOHYBaJIM [ pisHUX (iKCOBaHMX 3HAUYEHb
iHTEHCUMBHOCTI MPOAYBaHHS B MeKaX Bifl QOmin A0 Omax, e Q — muTOMa BUTparta
aprony (Ji/xB.), IO BiAIOBiga€e MPaKTUYHO 3aCTOCOBYBAaHMM Ha MiAIIPUEMCTBAX
BUTpATaMm JJis KiBIlla KOKHOI €MKOCTI, BK/IIOUalOuUM peXXM Qmin = 0 JI/XB (ITOKa3aHO

Ha NPUKJIAIi KiBma eMmHicTio 250t - puc. 1).

=
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L ]
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LLIBMAKICTb OXONOAMKEHHSA
meTany, °c/xs

0 L] L] 1
0 400 800 1200

BuTtpaTtu aproHy Ha dypmy, n/XB

PucyHok 1 - 3miHa mBUAKOCTI oxonoaskeHHs meTany Ha YKII mifg yac nmpoayBaHHSI aprOHOM
yepes IBi JOHHI pypmu

PO3paxyHKOBMMM JOCJiIKEHHSIMM BCTAHOBJIEHO, IO 3aJI€KHICTb IIBUIAKOCTI
oxoJiomkeHHs MeTany (°C/XB) MO MOZYJIO Bifl BUTpAT aproHy Ha KiBII (JI/XB) Mae
xapakTep QyHKIIii HacuueHHs. [le 06yMOBI€HO TUM, 1110 e(eKTUBHICTb TEIIJI00O0MiHY
nipu 06po61ii Ha YKII 3anekuTh BiJ MIBUIKOCTI IepeMilllyBaHHSI pO3ILIaBy (B TOMY
YMCJTi MIBUAKOCTI MeTajieBMX MOTOKiB B3[IOBX CTiHOK (yTepiBKM Ta Teruionepeayi
yepe3 (yTepiBKy i KOXyxX KiBIlla), BeJIMYMHM BUIIPOMiIHIOBAHHSI Yepe3 OTroJieHe
JI3epKayio MeTajy i NIJIaKOBUIA 1Iap, MBUAKOCTI MPUMMYCOBOTO BUIaIeHHS BUCXIAHUX
MOTOKIB rasiB 3-mif Harpitoi kpuiiku YKII, BunpomiHiooBaHHsa kopmoycy YKII y

HaBKOJIMIIHE cepefoBUIIIe Ta iHIINX (GaKTOPIB).

MerTta pociaimKeHHs

Ha gpyromy etari 11ijiiio po60oTy 6yJI0 CTBOPEHHSI TPUMBUMIipPHOI MaTeMaTUYHOI
MozeJli Terio- i MacornepeHOCHUX TMPOoIIecCiB y KiBIIIi i yac BBeAeHHS MaTepiaiB -
n00aBOK, SIka BPaXxOBYE TiApOAMHAMIUHMIA CTAH MeTalaeBOi BAaHHM, Ta KOMIT'IOTepHa
peastisalliss HOBOi MOAeli MPY BUKOHAHHI PO3PaxXyHKIB 3 METOK OLIHKM BIUIUBY

KiJIbKOCTi MaTepiasiB, 1110 BBOJASTHCS, HA TEIJIOBUI CTaH pPO3IIJIaBy B KiBIIIi.
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OCHOBHi MaTepianu JOCTiIKeHHS

Ilim vac mo3amiyHoi 00poOKM cTajli B KiBIIi pi3HOMAaHITHI J00aBKMU
(Momugikyioui, eryioui Ta padinyiooui) BBOASITHCS B KiBII KOJEKTUBHO, HACUIIOM, i
KIJIbKICTh 1X MOXe JOCSITaTy COTEHb KiJIOTpaMiB Ha IMOpILil0. Take BBeIEHHS CYTTEBO
BIUIMBA€ Ha TiApPOAMHAMIKY pO3IUIaBy B KiBIIi, IO, B CBOK Yepry, MOBMHHO
BIUIMBATM Ha Tepebir Teruio-, MacolepeHOCHMX IIpoleciB. IIpoTe B Cy4acHUX
MaTeMaTUUYHUX MOMEJSX, IO ONMUCYIOTh TIPOLECH 3aCBOEHHS [T00ABOK IIpu
I103aIiyHiii 06po06IIi CTasli B KiBIIIi TaKMi1 BIVIUB, 30e0ibIIOr0, HE BPaXOBYEThHCS, IO
TIpU JOCUTH BEIUKUX KiJIBKOCTSIX BBeIeHMX T0OABOK MOKe IMPUBOIUTU A0 3HAUHUX
MTOXMOOK B PO3paxyHKax.

B po6otax [13-15] 6y/n0 po3pobiieHO MeTOoH, KOJeKTUMBHOTO OMMUCY OAMHAMIiKU
npioHogucnepcHux da3 B cepemoBMINi, SIKMI MM i 3aCcTOoCyBajM B IaHiil 3amadi.
3arporoHoBaHa MoJe/ib BpaxoBye eheKTUBHY CTUCIMBICTb cepeoBUIla, B3a€EMHMIK
pPYX, B3a€EMOZil0 i IepeTBOpeHHs KilbkoX (a3: pos3IiaBy; rasy, II0 3aXOIUIIOETHCS
Ipy mojadi mo6aBOK Ta CTpyMeHeM MeTaly, abo cIleriaJbHO BOYBA€ThCSI yepes
dbypmu; TBepmoi mpi6bHomucIiepcHOi ¢asu came [00aBOK; PiAMHHOI IMCIIEPCHOI
da3m MNpomyKTiB iX po3uMHeHHs abo TIaBjeHHs, Ta iHmMX ¢as, B SIKi BOHa
IepexoauTh (IIPM HeOOXiTHOCTI CTEXXeHHS 3a HUMM).

O6G’eMHi TyCTMHM pO3ILIaBy, rasoBoi, TBepaoi aucrepcHoi dasu, pimuMHHOI
nucriepcHoi das3y pesynbTaTiB IJIaBJAeHHS TBepAoi AucriepcHoi das3u Ta OfHi€lo 3
piAMHHUX OucriepcHUX ¢as, B AKi BOHA MePexXoauTh, TO3HAYATLCS K ¥, &, 5,1, ¥,
a BeJMUMHM, IO A0 HMUX BimHOCSAThCS, — iHpmexkcamu |, a, b, h Ta ¢ BigmosimHo.
OcTtanHi ABi a3y CroyaTky MO3HaYaTMMeEMO CIiIbHUMM iHgercamu |, Hanpukiag,
nm =nupul =htan =y npu |l =c. Mpote ns Beix has, 110 PO3ISTAIOTHCS, KPiM
rasoBoi, 6yfeMO BMKOPMUCTOBYBaTH 3[e6inbiioro macosi ryctuuau S Ta 7|, sIKi
TIPUITHSITO BUKOPUCTOBYBATU B MeTayprii.

B ocHOBYy MaTeMaTMYHOi MoOjeli, sIka po3po6isiiach, IMOKAAAeHi HACTYITHi
OCHOBHI MPUNYILEHHS:

1) B3[IOBX CTiHOK KiBIIIa i GpypmMu cepeoBuiile KOB3a€ThCS BiIbHO;

2) ¢a3oBUMM IIepeTBOPEHHSIMM T'a30B0i a3y ¢ HEXTYEMO;

204 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui npo6aemu meranyprii”, N2 28 — 2025

3) mpu BBeJIeHHi J00aBOK B KiBIII, SIK i P BXOAKEHHi CTPYMEHIO PO3IUIABY i
ITIOBEPXHIO PO3IUIaBY (I1iJl YaC HAIIOBHEHHS), BilOYBA€ThCS 3aXOIUIEHHS ITOBIiTPS;

4) KOJIEKTVBHOIO CKJIaZlOBOIO IIBUAKOCTI PiIKuX mucrepcHux ¢as 77, BiIHOCHO

PO3IIIaBY HEXTYEMO;
5) Teruiora, IO BUTpAvyaeThCs HA MPOTPIiB iHEpPTHOro rasy, He3HayHa i Helo
MO>XKHA 3HEXTYBaTH.
3 ypaxyBaHHSM LMX MOPUIIYLIeHb TiApoAMHaMiKa cepefoBuila B IJIOMY, a

TAKOXX MacoIlepeHoC Ta30BOi (a3u B HAIIOMY BUITAAKY BM3HAYAETHCS CUCTEMOIO

PiBHSIHB:
v = _ o = i -
E——F’p+ugdb+(gl?(ﬁ-a,)—cxg, (1)
F'E:‘#a_afﬁ‘nﬁga_ﬁ'{ama}, (2)
08 e G+ RE) =T - (Da T @)+ W —& pa- [ @ +7E)+ Do 7 al.
at (3)

PiBHAHHS TiepeHOCy (a3, IO PO3IJSAAITHCS, 3aMCYEThCS IJIS BiHOCHUX

MacCOBMX TYCTUH (a3:

Y Y
a—‘f+v-[ﬁ{?+WE}]=V'(D£:‘75)+%+”JM' 4

M = e =2 = . :
= +7-(m P)=7-(D; 7 )+, 5)

BimHocHe MacoBe mkepeno TBepmoi ¢asm po3dbuTe TYT HA [Bi CKIAIOBi:
@) =y, +@[,, nepua 3 SIKUX |/, BUKOPUCTOBYETHCS A/ISl 3aBIAHHS KPajiOBUX
YMOB y Miclii rmojmaui mo6aBoK B 00sacTi opmMyBaHHS 06apOOTa’KHOTO pPEXUMY, a
apyra @, 1oB’si3aHa 3 (pa30BUM [lepeTBOPeHHSIM MiX dasamu f'Tta 1'.

TemnnoBa CTOpOHA MPOLIECY, SIKUIT PO3IISIHAETHCS, ONUCYETHCS PiBHSIHHAM [15]:

cr%ﬁ-(zgﬁ)w’ (6)

e mkepeno € BM3HAYAETHCS TEIUIOBUMMMU e(eKTaMy [M0YaTKOBOIO IIPOrpiBy
J100aBOK Ta (a30BMMM ITePETBOPEHHIMM i KOHKPETU3YETHCS IIPU PO3IIISIAI OKPEMUX
. . « ! . .
npoueci. Ehextusni koediuientn C. Ta A, BpaxoByOTbh NPUCYTHICTb Y PO3IIABI

nucriepcHuX das i MOXKyTb 6yTH BM3HauUeHi 3a popmynamu, HaBeJeHMMM B [15].
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PesynbTaTi mociaigskeHHs. OGroBopeHHs

3 BUKOPUCTAHHSIM PO3pP00JIeHOI MaTeMaTMYHOI MOJIeTi IMIPOBOAMIN UMCeIbHi
po3paxyHKu. B sKocTi HaBemeHOro 00’€KTy IOCTIMKEeHHS Ppo3Iysiganach pigka
MeTasieBa BaHHA KiBila eMHicTio 250T uaiHagpuuHOoi popmu, sika onucaHa [16].

[TouaTKOBi yMOBM BBeIeHHSI A00aBOK, S$IKi BiAIOBiZalOTb MMPOMMUCIOBUM
yMOBaM, HaCTYyIIHi: TeMIlepaTypa MeTajaeBoro posmiaaBy — 1627 °C. TerioBi BTpaTu
yepe3 BIiIKPUTY IIOBEPXHI IIVIAKy 3 OrOJIEHMM MeTaJioM Ta CTiHKy i JHWUIIe
CTQJIEPO3JIMBHOIO TIPUBOMSTH JO 3HMKEHHSI TeMIlepaTypy IIaKO-MeTaeBOro
posmiaBy npubansHo Ha 1,6 °C/xB. OcTaHHi BTpaTy B MONAIBIINX JOCTiIKeHHSIX
OyayTh YTOYHIOBATM BiAIOBIZHO MO KOHKPETHMUX IPOMMCIOBMX YMOB (BUTpATHU
aproHy i OTroJIeHICTh MOBEPXHi piAKOoro metany Ta iH.) TeMmriepaTypa MaTepiasy, 1110
BBOAUTHCS, 27 °C.

[TonmepenHbO po3paxyBalM TiApPOAMHAMIUHMIA CTaH MeTajeBOi BaHHM Ha 1,5;
3,0; 4,5 ¢ micig BBemeHHS mopilii 7o6aBku [16]. Bubip Takoro gocuTh KOPOTKOTO
TepMiHY (CEKYHIM) BUMipIOBaHHS TEIJIOBOTO CTAaHy MeTajieBOi BAaHHM 00YMOBJIEHMIA
KOPOTKOCTPOKOBICTIO TIPOIECY OXOJIOIKEHHS PiJIKOro MeTanay y KOHTAaKTHii 30Hi
BBeJIEHHSI 00aBKM (MOK/IMBO OO YTBOPEHHSI TBepAOi IIJIAaKOBOi i MeTaseBOi
KOPOUYKM Ha MOBEPXHi OKPEMMX IIMATKiB MaTepiaiy, 10 BBOAUTHCS) 3 OJHOYACHUM
il HarpiBaHHSIM.

Ha puc.2 nokasaHa KapTorpama TeIUIOBOTO CTaHy pPiAKOi mMeTasieBOi BaHHU 3
BuTparamu aprony 80051/xB Ha pypMy B MOMeHT BBeseHHS no6aBku (0 ¢) i Ha 1,5 Ta
4,5 c. PospaxyHkaMy BCTaHOBJIeHA MiHiMa/ibHa TeMIlepaTypa TeIJIOBOTO CTaHy
MeTaJieBOi BaHHM MPU Pi3HMUX BUTpaTax aprony. BoHa ctaHoBuTtb ~1618 °C, ~1548 °C,
~1452 °C B MOMEHT BBeJeHHs mobaBku; ~1623 °C, ~1578 °C, ~1505 °C Ha 1,5c;
1624 °C, 1593 °C, ~1548 °C Ha 4,5 c mic/is BBeAeHHS OCTaHHbOI 3 MUTOMOI MacoI0
0,2; 1 i 2 kr/t BignosigHO. IlpM Takii TemmepaTypi KpUCTaNi3ye€TbCS CKOPUHKA
MeTa/ly Ha TOBepXHi OKpeMMX HIMaTKiB mo6aBku. IIpu I1bomy [ji1 He3HAUYHOIi
KiJIbKOCTi (MeHIIle 1Kr/T) maTtepiasny, 10 BBOAUTHCS, Oyae dopmMyBaTUCS CKOPUHKA,
10 0OYMOBUTD OiJIbIII CKJIAAHI YMOBMU ii IIJIaBJI€HHS i, MOK/IMBO, 3MiHUTb piBeHb ii
3acBoeHHS. Hwmkui BuTpatu aproHy Ha ¢dypmy (200, 400, 600 51/XxB) He3HAUHO

3MiHIOIOTh TeMIiepatypy MeTanay, IO OTOYyeE ,Z[O6aBKy, TOOTO (l)aKTI/I‘JHO He
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BIUIMBAIOTh Ha IPOILIEC TEIUIO-, MacOIepeHoCy y 00’eMi BaHHMU, IO TOCTiIKYETHCS Y

IIOYaTKOBUI1 MOMEHT (puUC. 3).

H
-
s
1626
z 1624
1622
z 1620
L 1618
= 1
£l
-}
[}
(]
[
L}
-
@ 1620
H 1600
1580
1560 2

BumcorTa

o o5 10 15 0 05 1,0 15 0 05 1,0 15

Papiyc mMmetTaneBoi BaHHMU M
a 6 B

PucyHok 2 - KapTorpama TerioBoro cTaHy MeTajeBOro po3IiaBy HaBKOJIO 106ABKU Y
pafiarbHOMY pO3pi3i MeTaseBOi BaHHM KiBllla. BurpaTtu aprony 800 ji/xB.
Maca mo6aBku 0,2 (1); 2 (2) kr/T. MomeHT BBeeHHs — O ¢ (a),
Tic/Is1 BBemeHHs 1ob6aBku uepes: 1,5 (6),4,5¢ (B).

1640 ) ’
o 1620 ° =—t—20071/%XB 0,2KI/T
s, 162 .____.—-.— ——-
[ —#— 2001/XB 1KI/T
g 1600

B —te— 20071/XB 2KI/T

= 1580 ’ !
% 1560 —a—4001/x8 0,2Kr/T
=
(] /- /e
é 1540 —m— 400/1/XB 1KI/T
< 1520 e 4001/XB 2KI/T
= 2
ﬁ 1500 —— 60071/XB 0,2Kr/T
<
= 1480 —a— 60071/XB 1KT/T
"HE 1460 —d— 600/1/XB 2KI/T
=

1440 —#— 800171/XB 0,2KT/T

0 1 2 3 4 5

. P —— 800/1/XB 1 KI/T
Yac nmpouecy Iic/iA BBeJeHHA J00aBKH, C
—a— 800/1/XB 2KI/T

PucyHok 3 - MiHiMasibHi TemMIiepaTypy B 30Hi KOHTaKTY «pO3TUIaB-q06aBKa» y KiBiri 250 T
iz yac BBemeHHs (0 ¢) Ta micis BBegeHHsT fo6aBku uepes 1,5; 3,0 Ta 4,5 ¢
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Ha puc. 3 npencrasiieHi eKCcTpeMasbHi (MiHiMaJibHiI) TeMIlepaTyp B MOMEHT
BBeJIeHHS J00aBKM Ta Ha MpoOTA3i 4,5 ¢ mepebyBaHHS J00aBKM B po3iniaBi. Tpeba
3a3HAYMUTH, IO TPY OAHAKOBMX ITUTOMMX BUTpaATax O0OABKM, IO BBOAUTHCS,
He3aJIeXKHO Bif, BUTpAT aproHy IMpolleCc HarpiBaHHS PiJKOTO i TBepAOro MeTasry
MIPOXOJNTh 3 OJHAKOBOKI iHTEHCMBHICTIO (KpMBi JiiHii Ha rpadikax 36iraroTbCs).
MakcuMasbHi TeMIlepaTypy MeTaly Ha PUC. 3 OJGHAKOBI (TemIiepaTypa MO4YaTKOBUX

yMoB 1627 °C) i 06yMOBJIeHi KOPOTKOCTPOKOBICTIO IIPOIIECY, 1110 PO3TJISIIAETHCS.
BucHOBKU

1. Po3po6eHO MaTeMaTUUYHY MOJIe/Ib i TPOrpaMHMII TIPOAYKT OIliHKY BIUIVBY
KiJIbKOCTi BBEJIEHO1 KYCKOBOi I06aBKM Y PiJIKy MeTajieBy BaHHY B KiBIIli IIpy 06po6ITi
Ha YKII Ha Maco-, TeluiolepeHOCHi Ipolecu. 3iiiCHEHO KOMIT'IOTEPHY peaJli3allilo
IAHOI MOJeJi.

Po3paxyHKOBMMM JOCTiIKEeHHSIMM BU3HAUeHO BIIMB Macu BBeJeHOI T00aBKU
Ha TeIJIOBMI CTaH y KOHTAKTHIil 30Hi IIJIaKO-MeTaJIeBOro po3miaBy. [loka3aHo, 110
MTOMAa Maca J00aBKM BIUIMBAE HA TPAIi€HT TeMIIepaTyp PiIkOro MeTajy y MOMEHT
BBeJIeHHSI OCTAaHHbOI Ta Ha MPOTsI3i yacy (4,5 ¢), 10 BUBYABCS.

3 BUKOpPUCTAHHSAM pO3pO0OJIeHNX MaTeMaTUUYHMX Mojesieii i MporpamMHOro
MIPOJIYKTY II0 TOCJIiIKEeHHIO BIUIMBY KiJIbKOCTi KYCKOBOi J00aBKM, 1[0 BBOAUTHCS Y
MeTajieBy BaHHy KiBmia Ha VYKII, Oyme OIlliHeHO TeIUIOBi YMOBM OO MOMEHTY
TUIaBJIEHHS TBEpAMX MaTepiayiB 1 CTymiHb ycepelHEHHS IPOBiHMUX €eJIeMEHTIB

depocmiaBiB B 06’eMi po3muiaBy.
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Sergey Samokhvalov, Vitaliy Piptyuk, Stanislav Grekov

INFLUENCE OF THE QUANTITY OF THE ADDITIVE ON THE THERMAL
CONDITION OF THE METAL BATH IN THE LADLE

Abstract. The previous article presents the results of mathematical modeling and
research using the developed models of the effect of the amount of lump additives
introduced into a ladle bath (with a capacity of 250 t) during steel processing in a ladle
furnace unit (LFU) on its hydrodynamic state. Using the example of using lump
ferromanganese grade FMn78, taking into account different specific amounts of the
additive (0,2; 1; 2; 3 kg/t), a significant effect of the studied factor on the hydrodynamics
of the metal melt during the considered period (up to 4.5 s) of the ferroalloy additive
being in the bath is shown.

This work contains the results of a study of the effect of the additive amount on the
thermal state of the metal melt under LFU processing conditions. The presented material
is a logical continuation of previous studies, in which the initial conditions specified in
the previous article are preserved. The work included two stages of research. At the first
stage, the influence of the intensity of blowing of the metal bath in the ladle on its
thermal state was estimated and experimentally assessed. An influence (from ~0.08 °C to
~(0.13 °C depending on the intensity of blowing) on the thermal state of the bath in the
considered period of time was determined. At the second stage, a mathematical model
was developed and numerical studies were carried out on a computer program for its
implementation, taking into account the above amounts of additives under conditions

close to industrial ones.

Based on the research results and the example of the cartogram given in the article, the

zones of local changes in metal temperature at different points in time from the moment
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of introducing the additive into the melt are shown. The influence of the factor under
consideration is confirmed on the given dependence of the change in melt temperature on
the specific gravity of the introduced additive, taking into account the bath blowing
modes. Taking into account the research results, a proportional decrease in the
temperature of the metal melt in the contact zone of the additive inside the bath after its

introduction is shown.

Keywords: amount of additive material, thermal kondition of a liquid metal bath
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AHAJII3 TIOKA3HUKIB SIKOCTI EJIEKTPOEHEPTII B MEPEJXKAX
IMMPOMMUMCJIOBUX ITIAITPUEMCTB

A6cTpakT. Memoio pobomu € 8cebiuHull aHani3 NOKA3HUKi8 KOCMi enekmpoeHepzii 8
Mepexax NPoMUc08ux nionpuemcms Yxkpaiuu, 3 ypaxy8aHHsIM cmamucmuyHux 0aHux
do 2022 poky ma 3MiH, CNpUYUHEHUX NOBHOMACWMAabHow eiliHow. Ocobnusy ysazy
npudineHo e1ekKmponocmauaHHi 8 2any3sx Memauypeii, XiMiuHOi Npomuci08ocmi ma
MawuHobydysauHs, de Gikcyromocs Hatibinvbuii 8ioxuneHHs napamempis PQ.

Memoduka. Poboma 6a3yemsCs Ha NOPiBHANIbHOMY AHAJI3I pe3yJbmamis 8UMIPI08aHb
aKocmi eylekmpoeHepeii Ha YKPAiHCbKUX NpoOMUCI08UX Nionpuemcmeax. 3anyueHo
cmamucmuxy 0o 2022 poky, 0aHi MOHimopuHzy 8 nepiod eilinu 2022-2023 pp., a
maxkox cmandapmu JICTY EN 50160:2014, IEEE 519 ma eumozu ENTSO-E. IIpogedeto
aHania OCHOBHUX npuuuH eidxunenHss PQ: zapmoHiku, nikep, Hecumempis,
peakmueHa NoOmMyHcHicme.

Pesynemamu. BuseneHo, wo 0o 8iliHu Hatibinewi nopywenHs PQ cnocmepizanuce y
38aprsanvHux i ausapHux uexax memanypeii (THD U do 12%, necumempis 0o 3,6%), Ha
XiMIUHUX nionpuemcmeax — nepesuleHHs 2apMOHIK 6-16 nopsoky, a 8
MauuHo6ydysaHHi — JI0KaibHi npobaeMu 3 peakmueHor nomyxcHicmro. ITio uac eitiHu
OCHOBHI npobsaemu 3micmuaucs 00 2AUbGOKUX hpoeanie Hanpyeu, HecmabinibHOCMI
yuacmomu npu 2eHepamopHoOMY HUBNEHHI ma 3HUMEHHS coSgp. YacmuHa npomMucno8ocmi
0yna 3ynuHeHa, wo mumuaco8o 3HU3UNO0 PiBeHb 2APMOHIK.

Haykosa HO8U3HA nosis2a€ y enepuie Npo8edeHOMY KOMNAEKCHOMY Y3a2albHEeHHI 6N1U8Y
giliHu Ha napamempu PQ 8 ykpaiHcokiii npomucnosocmi. B pobomi HasedeHo OaHi no
THD, ¢nikepy ma Hecumempii 8 yM08ax KpU308UX pexcumis.

Ipakmuune 3HaueHHs1 OOCNIOMEHHSI NOAslzae 8 OOTpyHmMysaHHi nompebu y
8NPOBAOHEHHI CYUaCHUX 3ac00i8 NOKpaujeHHs IKOCMi enekmpoeHepeii — akmueHux
ginempis, komneHcamopis, cucmem moHimopurzy PQ.

KimiouoBi cioBa: skicme enekmpoeHepezii, NpOMUCN08] Mepexci, 2apMOHiKu, ¢ikep,
Hecumempisl, peakmueHa NOMyMHicmb, 60EHHUL 8N1US, MEMATYP2isl
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BcTyn

Sk Bimomo [1-5], sgKicTb enexkrpoeHeprii (Power Quality, PQ) — 1e CyKymHicTb
rapaMeTpiB eJIeKTPUYHOI eHeprii, 1110 BM3HAYalOTh i1 IPUAATHICTh AJISI CIIOXKMBAYiB.
11 TpOMMCIOBUX IIAMPUEMCTB HaleXXHUI piBeHb PQ KPUTUYHO BaOKIMBUI, agyKe
Bil, HHOTO 3aJI€KUTh HAMIMHICTh POOOTM 00JIagHAHHS, €KOHOMIiUHi MOKA3HUKM Ta
0e3IeYHiCTh TEeXHOJIOTiUHMX IpoIeciB. 3rigHo 3 YKpaiHCbKMM CTaHIapTOM
OCTY EN 50160:2014, Hanpyra Mae BigxuiasiTucs He Oinbine *10% Bim HoMiHaiy,
yactota — B Mmexkax 50 T'm #1% (@11 cMHXpOHHOI poboTH 3 eHeprocucremoro) [1], a
IIOBTOTPUBAJINI TTOKa3HMK (urikepa (MepexTiHHS) Ma€ 6yTu <1,0 rpotsirom 95% uacy
cnoctepexkxeHHs [1]. ¥ €C ta CIIA pmilots nonibHi Bumoru (Hanpukiaz, IEEE 519
BuMarae <5% rapMOHIUHMX CIIOTBOpPeHb HallpyrM Ha cepeAHiit Hampysi) [2,6,7].
HeBigmoBimgHicTh IIMM HOpMaM MOXXe IIPU3BECTM OO0 BiZIMOB OOjagHaHHSI, Opaky
nponykiii Ta (¢iHaHcoBux BrTpaT. [nsg npukiaamy, 1 XBWJIMHA IIepepBU
eJIeKTPOIIOCTAYaHHS Y XiMiUHili TTPOMMCIOBOCTI KOIITYE MpubaM3HO 135 THC. OO,
a B XapyoBiit — 6;M3bKO 2,5 THC. 0. BTpaT [3].

Ha sKicTh enekTpoeHeprii BIVIMBAIOTh SIK ITOCTaYaJIbHUKM (TeHepallisi, Mepexi),
TaK i cami IpoMuCIOBi criokuBadi. OcHOBHI mapameTpyu PQ BK/IHOYAIOTh: HANPyTy
(piBeHb, MpOBa/M, IepeHANnpyru), 4YacToTy, TapMOHiIKM (CIIOTBOpeHHS ¢GopMu
curHamy), diikep (MepexTiHHS, BUKIMKaHe KOJMBAHHSIMM HAIpyru) Ta KoedillieHT
MOTY)XHOCTi/peakTUBHY TMMOTYKHICTb. [TpOMMCIOBI yCTaHOBKM YacCTO CTBOPIOIOTH
HEeJIiHiViHI Ta HeCMMeTpUYHI HaBaHTa)KeHHs, 1[0 TeHepyKTb TapMOHIUHI CTPyMU,
CIIOKMBAIOTh 3HAUHY PEAKTUBHY IOTYKHICTb i BUKIMKAIOTH KOJIMBAHHS HANpyTHU.
Hanpuknan, enektponmyroBi meui (EJIl) € ogHMM 3 HaWMNOTYXKHIIIMX [Kepes
TepenIko/i — BOHU CTBOPIOIOTb Pi3Ki KOJAMBAHHS CIIOKMBAHHS, SIKi MIPU3BOASTh [0
dikep-edekTy Ta BUlMX rapmoHik [8]. Tak camo, Be/lnKi nmepeTBOpOBavi 4aCTOTU
Ta BUIIPSIMJISAYL (TSITOBi NPUBOAM, 3BapiOBabHi BUIMPSIMJSYI TOIO) CIIOTBOPIOIOTh
CMHYCOiny Hampyru rapmoHikamu [9,10] , a mMacoBe 3aCTOCYBaHHSI €J€KTPOHHUX
cuctem (IT-obmamHaHHS, CBiT/I0Ai0HE OCBIT/JE€HHS) MPU3BOAUTD 10 HAKOMMYEHHS
TrapMOHIUHMX CTPYMiB y Mepexi [12]. Hanmpyra moxke mpoBaJoBaTUCS MPU MyCKax
BEJIMKUX IBUTYHIB a00 KOPOTKMUX 3aMMKAHHSIX, YACTOTA BiIXUJISATUCS TIPU OU3EJIb-
reHepaTOpPHOMY JKMBJIEHHI i307bOBaHMX BY3/iB, QJliKep TPOSIBISIETbCS  SIK

MepeXTiHHH OCBIiTJIEHHS yepe3 KOJIMBaHHA HAIIPpyI'u Bi,[[ HaBaAHTa>XE€Hb TUITY EI[H un
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3BapIOBAJIbHMUX arapariB, a HU3bKUII KoedillieHT MOTY)XKHOCTI (3HAUHa CIIOXKMBaHA
peaKkTMBHA IOTYKHICTb) CIIPUUMHSIE TIepeBaHTaKeHHSI MepexKi i JOIaTKOBI BTPATH.

Meta po60TH MOJIATae y BCeOiYHOMY aHaJIi3i CTATUCTUYHMX MTOKA3HUKIB SIKOCTi
enektpoeHeprii (Power Quality, PQ) y npoMMUCIOBMUX eIeKTPUUYHUX Mepexkax
VkpaiHu Ta 3apyOiKHMX KpaiH, 3 aKIeHTOM Ha Trajay3i MeTanyprii, XiMidHOi,
XapyoBOi IPOMMCIOBOCTI Ta MalIMHOOynyBaHHS. OCHOBHY YyBary TMpUIiJIeHO
YKpaiHCbKOMY KOHTEKCTY, i3 BpaxyBaHHSM creludikuM BIUIMBY BOEHHMX [ilt
2022-2023 poKiB Ha eHepreTU4YHy iHQPacTPyKTypy Ta SIKiCTh €JIEKTPOIIOCTaUYaHHSI.

1. KinbKicHa oIliHKa ITOKa3HMKIB SKOCTi eJleKTpOeHeprii B LeXOBUX Mepexkax
TIPOMMCJIOBUX IMiAMpueMCTB A0 2022 p. B ocTaHHI pOKM yKpaiHCbKa MIPOMMUCIOBICTh
TIOCTYIIOBO 3aMpoBajKyBasia e€Bporelicbki ctaHmaptv PQ. 3 2018 p. HOpmaTuUBHI
Bumoru JCTY EN 50160 oxoruioloTh Mepexi 3araJbHOro npusHaueHHs [1], a Hu3Ka
IocaimkeHb GikKcye CUTyallilo Ha MignpuemcTBax. IIpoTe icTopmuHo Ipobiema
PQ yacTo HegOOILiHIOBaIACh — «yKPaiHChKI ITiAIIPUEMCTBA OOPIOTHCS 3a BYOKMBAHHS
i 6paKye KOIITiB Ha MokpaiieHHs PQ; HanexxHux perysiiii PQ moHemaBHa He Oy1o»
[11]. BaraTo 3aBOAiB eKCIUIyaTyIOTh 3acTapijiie o61agHaHHs (eJeKTpoIieyi, ABUTYHH,
TpaHcdopmatopu), KoedillieHT TMOTYKHOCTi Hepigko <0,9, a KomIleHcaTopu
peaKkTUBY BCTaHOBJIEeHiI He BCIoAU. Lle MpM3BOAMIIO 10 BigxuieHb IapamMeTpiB SIKOCTi
B’Ke B HOpMaJbHMX YMOBax.

Mertanyprisi (eleKTpocTa/ielyiaBWIbHI Ta MPOKaTHI BUpPoOHMUIITBA). Hait6inbIni
BimxuineHHs PQ crocrepirasincsi B efnekTpoMepexkax MiANIPUEMCTB YOPHOI
MeTanyprii — 4Yepe3 MOTY)XHI [JOyroBi Ieyi, NPOKaTHIi CTaHM Ta 3BaplOBAJIbHE
obnagHanHs. Tak, oocreskeHHst [TAT «3aropi3pKuii 3aBoj, ¢GepocriaBiB» (YMOBHO,
OAO «3T3» — Benuke MeTanypriiiHe MiAIPUEMCTBO B 3amOpPixkoKi) BUSIBUIO 3HAUHE
TepeBUIleHHSI TADMOHIYHMX CIIOTBOPEHb HAIMPYTM y 3BApIOBaJbHOMY Ji TMBAPHOMY
uexax [12]. V 3BaproBasibHOMY lexy 3T3 BCTaHOBJIEHI BUIIPSIMIISIUI 3 MOCTOBOXO
CXeMOIO, 10 TeHepyloTb BMIINi TrapMOHikKM i  36iapIIYIOTH  KoeillieHT
HecuHycoiganbHOCTi Hampyru[12]. BumipsiHi koediuientn rapmonik (THD _U)
ctaHoBuIN 8—12% (3a HOpMU <5% nig 6—10 KB), MmakcMMasbHi TTpocaiky HATIPYTH
no —9% Binm HOMiHaY, a KoedilieHT HecuMeTpii (Ka) csiraB 3,6% [12]. Y niuBapHOMY
1exy 1poro x 3aBomy THD U 6yB Ha piBHi 7-11%, mpoBanu Hampyru mo —7%,

HecuMmeTpia ~2-3,5% [12]. IOns mnopiBHsAHHS, y MexaHiuHoMy 1exy 3T3, ne
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TepeBaskaloTh ACMHXPOHHI NBUTYHM, MOKa3HMKM Oyam kpamymu: THD U ~2-4%,
BiIXMjeHHs Hampyru B Mexax *5%, Hecumetpis ~1,7-1,9% (B mexkax Hopmu 2%)
[12]. Li pmaHi cBigyaTh, IO caMe HeMiHiViHI AyroBi Ta BUIIPSIMHI YCTaHOBKU
(3BapioBajibHi amapatu TOIIO) OyJM TOJOBHMMM BMHYBATISIMM IIOTipIIeHHS
PQ B mertanyprili.

[HmmMit pukaan — MeTkoMOiHaT «ApcenopMittan Kpusuit Pir», HanoinbImii
CIIOKMBau eJjiekTpoeHeprii B YKpaiHi. BiH BMKOpPUCTOBYE NepeBa>kHO [TOMEHHY
IUIaBKy CTaJli, ajie Ma€ MOTYKHi IPOKATHI CTaHM Ta eJIeKTPoIiedi IJisl JIeroBaHOIo
MeTay. Y MUPHMIA 4ac 1e MiaIpueMCTBO criokuBaao ~300-400 MBT, cnpuumHsIoun
TepioaAnYHi MpoCcagiky HANIPyTM B Mepexki periony. ITy6mikallii KOHKpeTHUX BUMipiB
PQ 1o HbOMYy 0OMeKeHi, ITPOTe BilOMO, IO i yac BiftHu 2022 p. KOMOiHAT CYTTEBO
3HU3UB BUPOOHMUIITBO — CIIOKMBAHHS eJIeKTpoeHeprii Mmetanyprieio Ykpainu y 2022
potili Briasio Ha ~52% [13]. lle, 3 ogHOrO 6OKY, 3MEHIIINIO HaBaHTaXeHHSI HA Mepexy
(i BimmoBimHO piBeHb TrapMoHIK Ta ¢Jikepy), aje 3 iHIIOr0 — TIPU3BENO [0
HEepiBHOMipHMX PeKMMIiB uepe3 BiIK/IIOUEHHS arperaTiB Ta ITOIIKOKEHHSI Mepex.
Ha miacTs, MOKa3HMK 4YacTOTM B 00’€QHAHiI eHeprocucTeMi BHAIOCS BTPUMATHU B
Mexkax 1% 3aBOsSKM CMHXPOHHII po6oTi 3 eBporieiicbkoio ENTSO-E 3 6epesnst 2022
p. [1], xoua B i30/IbOBaHMX OCTPiBHUX peXkumax (IK-OT Mpu poOOTi BiJ pe3epBHUX
reHepaTOPiB) CTaHAAPT O3BOJISE BigxuaeHHs ax 1o £15% (42,5-57,5 I'n) [1].

XimiyHa TIpoMMCIOBiCTh. IlimmpuemcTBa XiMiuHOI ramy3i (BMPOOHUIITBO
nobpuB, HadTomepepoOKka TOIIO) 3a3BMuail MalOTh MeEHINe  HeJiHiMHUX
eJleKTporieueii, ajie BUKOPUCTOBYIOTb MOTYKHI IBUTYHM, KOMITPECOPU i BUIIPSMIISIUI
nns enexktposnidy. Ha mpuknanmi Kpemenuyibkoro HII3 («YkpraTHadTa») MoOXKHA
MIPOCTEKUTH SIKICTh HAMPYTU B Pi3HMUX 1lexax mepepobku HadTu [12]. Liex KpekiHTy
BAXXKMX HaQTONPOAYKTIB KMBUTbCS Bif migcTaHuii 6 KB i Mae 3HauHY
KOHIIEHTpallil0 HeJiHiiiHMX HaBaHTaxkeHb. OciiyiorpadyBaHHS HaIpyTyu I10Kasaao
HasSIBHICTb CHEKTPY MapHMUX rapmoHik 6, 8, 10... 1o 16-i, AesKi 3 IKUX NepeBUILIN
IOIyCTMMI piBHi (Hamp., 6-Ta rapmoHika f0 0,91% npotu Hopmu 0,5%) [12]. BTim,
cymapuuit KoediuienT THD U He nepeBuniuB 3,6%, 110 BIUCYETbCS B HOpMY $5%
[12]. Harpyra Ha Buxofi TpuManacs B Mmexkax *1%, Hecumetpist ~0,5-1,2% (B Mmexkax
cra"aaprty) [12]. Jns BigmienHs pektudikaiiii (ouncTku dpaxiiiit) cuTyarlis cxoxa:

THD U ~2,3-4,3%, rapMOHiKM IIPakKTMUYHO BiACyTHi (OOMiHye 1-a rapmoHika),
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BimxwieHHs Hanpyru ~-1,2...+1%, Kw ~1-1,5% [12]. V nexy d¢inbrpauii B3arami
HaBaHTa)XeHHSI IepeBakHO JiHiitHi — THD U ~0,1-0,3%, rapmoniku <0,02%,
Haripyra *¥1%, HecumeTpisg 0,2-1,8% [12]. Takum uMHOM, XiMiyHi MiATIPUEMCTBA 3a
HOpPMaJIbHOI POOOTM MOXYTh 3a0e3IeuyBaTy OOCUTh SKICHY eJIeKTPOeHeprilo
(HeBeJIMKi ~ rapMOHiUHi  CIIOTBOpPeHHS, CTabiJibHA  Hampyra), SKIO He
BUKOPUCTOBYIOTh TOTYKHUX HeJIiHIMHUX YCTaHOBOK. OfHaK BiliHa pi3Ko 3MiHMIa
CUTYyallil0: 3HaUHa YacTMHA XiMiYHMX 3aBOJiB 3ymuHMIAcs abo OyJa MOUIKOIKeHa.
3okpema, Kpemenuyupkuit HII3 3a3HaB pakeTHMX ymapiB i 3 6epesns 2022 p. He
Tpallioe, 110 YCYHYJIO JIOKaabHi mpobaemu PQ, ane ctBopwio AediuuT maabHOTO Ta
3MiHM PEXMMIB y Mepexi.

ManmHoOyayBaHHS. 3aBOAM MAaIIMHOOYOYBaHHSI Ta MeETAI000pOOKM (BaxkKi
IIpeCcoBO-KyBa/IbHi 11€XM, BUPOOHUIITBO OOJaJHAHHS) TaKOX MOXKYTb CIIPUUMHSITU
npo6siemn PQ, xoua 3a3BMuait y MeHIIOMY MaciiTabi, Hixk metanyprist. [Tpukiag —
i ATIPUEMCTBO «3aBOJi, MOHTaXKHMUX BUPOOiB», M. [IHIIIpo, sike mocimKyBaayu daxiBiri
HMeTAY [12]. V iioro 1exy MeXaHiuyHOi OOGpPOOKM BUSBIEHO BUCOKMUII DpiBeHb
rapMoOHiK 4Yepe3 BUKOPUCTAHHS  BeJIMKOTO iHAYKIIIIAHOTO  HarpiBaJbHOIO
ob6nagHanHsa: THD U =~ 7,4-9,4%, mo nepesuirye Hopmy [12]. BogHouac Hampyra
TaM Oy/la JOCUTH CTabiJIbHOIO (KOAMBAHHSI BCcboro *0,5%) 3a paxyHOK >KOPCTKOIi
nmifcTaHlii, a Hecumetpias — ~1-1,5%. YV momoMiXXHMX Iexax IIbOTO X 3aBOOY
TMOKAa3HMKM Kpallli: Hamnp., peMmoHTHuUit 1iex — THD U ~0,9-2,9%, Hanpyra *1%, Kuy
~0,3-1,7%; incTpymeHTanbuuit nex — THD U ~1,8-3,8%, nanpyra £1,2%, Ky ~1-2%
[12]. Ile meMOHCTpYe, [0 TAPMOHIUHiI CIIOTBOpPEHHS B MalllMHOOYAyBaHHI CYyTTEBO
3ajieXkaTb BiJi HAsIBHOCTI YaCTOTHUX IIepeTBOPIOBAYiB, eJIEKTpoOIleyeil uu
iHAYKUiAHMX YCTaHOBOK. BiJIbIIICTD ke HaBaHTaXeHb (IBUTYHU, PE3UCTUBHI Iedi) €
JiHiiHMMM ab0 OJM3BKMMM [O TaKMUX, TOX 3arajabHuii piBenb THD wuyacTo
BKJIAOA€TbCsA ¥ 3-5%. YV HaBegeHOMY IpUK/IAi MiAMPUEMCTBO MaJlo po3banaHC
CIIOKMBAHHSI PpeakKTMBHOI TIOTY)KHOCTi: Ha [JesIKMX [iJTHKaX TeHepyBaBCs
HaJIMIIKOBUIT  peaKTuB  (BHACTIAOK KOMIIeHcallii abo  XOJOCTOro  XOmy
TpaHchopMaTopiB), Ha iHIIMX — CIOXMBABCSA. 3a OaHUMM AOCHiIIKeHHS [12], y
Mmepexkax 0,4-10 kB MammMHOOYHOIBHMX 3aBOJIB HEPiOKO CIIOCTepiraeThCs
yepryBaHHS OiJISHOK 3 TeHepYBaHHSIM Ta CIIOKMBAHHSIM PeaKTMBHOI MOTY>XHOCTI,

M0 VYCKJIQAHIOE TATPUMAHHSI €OMHOTO piBHA KoedillieHTa TMOTYXHOCTi IO
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MiATIPUEMCTBY.

3BeneHi

JaHi

BUMIipIOBaHb PQ

nignpuemcTBax 10 2022 poky HaBemeHi B Tabsuii 1.

Ha  OesdaKux YKpaIHCbKI/IX

Tabmuig 1

[ToKa3HMKM SIKOCTi eJIeKTPOeHePrii Ha BUOpaHMX TPOMUCIOBUX MiAIIPUEMCTBAX

Vkpainu (mo 2022 p.) [12]

Perion (YkpaiHa) Tanysb IMokasuuku PQ
(TiATTPUEMCTBO/11€EX) (BUMipsiHi 3HaYEHHSI)
1 2 3
LlenTpanpbHa VKkpaiHa, | MeTtanypris Hampyra -5...+5% (mmpocamku
3anopixcoKs (bepocrutaBHMii 3aBO, | 40 —9% IIpy HaBaHTAXKEHH);
3BapIOBAIbHUI 11€X) THD _U> 8-12% (Buiie HOpmMu
5%);
ditikep MMOMiTHMIA;
HeCUMeTpist 1,5-3,6%
(epeBuiLieHHS 2%)
[MpuunHa: BUTIPSIMJISIYI
IIyTOBUX 3BapIOBAJIbHUX
amnapariB
LeHnTpanbHa VkpaiHa, | MeTanypris Hampyra -7...+5%;
3anopixoks (dbepocrutaBumii 3aBon, | THD _U> 7-11% (ButIE
JIMBAPHMUIA 1I€X) HOPMN);
HecumeTpis 2,0-3,5%
I>kepena: iHAOYKIiMHI TIeyi,
rajbBaHiuHi BaHHU
(BUIIPSIMJISIYI) B LI€XY
LlenTpanbHa VkpaiHa, | Metanypris Hampyra -5...+4%;
3anopisKs (dbepocrtaBumii 3aBon, | THD U>2-4% (HOopMma
MeX. 11eX) BMKOHAaHa); HecumeTpis ~1,8%
(B HOpMi)
HaBaHTaskeHHSI:  MepeBa’kHO
ACUMHXPOHHI IBUTYHU.
LlenTpanbHa Vkpaina, | Hagromnepepobka Hampyra -1...+1%;
KpemeHuyk (HII3, ycraHoBka | THD U > ~3,6% (5% HOpMM);
KpeKiHry) Hecumertpist ~0,5-1,2%
Bumi napui rapmoniku 6-16
MIPUCYTHI.
LeHTpasbHa Vkpaina, | HapTonepepobka Harmpyra -1,2...+1%;
KpemeHuyk (HII3, Bigpinenns | THD U > 2,3-4,3% (Hopma
pekTudikarii) BUMKOHAHA); HecuMmeTpisa 1-
1,5%.
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ITpomoBskeHHS TabuIIi 1

1 2 3
LleHTpanbHa Vkpaina, | Hagronepepobka Hampyra -1...+1%;
KpemeHuyk (HIT3, uex ¢inprpanii) | THD U > 0,1-0,3% (myxe
HU3bKUIA); rapMOHIKM
He3HauHi (£0,02%);
HecumeTpis 0,2-1,8%.
LlenTpanbHa YKpaiHa, [JHimIpo MammHoOyTyBaHHS Hampyra -0,5...+0,5%;
(3aBop, mexaHiunuit | THD U > 7,4-9,4% (BUCOKMIA
1ex) piBeHb);
HecumeTpist ~1-1,5%
IIpuumnHa: iHAYKIiMHI
HarpiBajgbHi IPUCTPOI.
LlenTpanbHa YKpaiHa, JIHiIpo MaumHoOyTyBaHHS Hamnpyra -1...+1%;
(3aBog, pemonTHUM | THD U>0,9-2,9% (momipHMii);
1ex) HecumeTpis 0,3-1,7%.
LlenTpanbHa YKpaiHa, JIHiIpo MaumHoOyTyBaHHS Hamnpyra -1,2...+1%;
(3aBog, THD U > 1,8-3,8%;
IHCTpYMeHTalbHUI HecumeTpis 1-2%.
11ex)

2. BruiuB Biiiam (2022-2023 pp.) Ha PQ B Vkpaini. I[loBHOMacIITabHa BiiiHa
pi3KO TOripmmiaa CUTyallilo 3 eJeKTpoIocTavyaHHsIM. Pociiicbki oOCTpinu 3 oceHi
2022 p. npu3Benu OO0 MacCOBUX BiIK/IIOUEHb CIIOXMBAYIB i aBapiiiHMX peXumis. 3a
OILliHKaMM, 3arajibHe CIIOKMBAHHS eJieKTpoeHeprii B YKpaiHi Brasao njoHaiMeHIle Ha
50% [14]. 3HauHa yacTMHa reHepariiii Oysa 3ynuHeHa a6o 3HuineHa (TEC, TEII,
niacranuii) [14]. Oas8 mpoMMCIOBOCTI 1Ie O3HAavaJ0 4YacCTi Ta TpUBAIL IepepBu
eJIeKTpPOIIOCTauaHHs, poOOTYy Bif pe3epBHUX [M3edb-TeHepaToOpiB 1 CUJIbHI
KOJMBAHHS HAINpyrM TIpM  TepemigkiIioueHHsSX. Haiibinbile mocTpaskmann
eHeproeMHi ramaysi — MeTanypriiiHi 3aBoau [Jonbacy ¥ IIpumgHinpos’s (mesiki
OKyIlOBaHi abo 3pyiiHOBaHi), Xim3aBoau (A3oT, HadTO Iepepobka) Ta
MaIllMHOOY/IiBHi TiraHTy Ha MPUQPPOHTOBUX TEPUTOPISIX.

[Tig yac ekCTpeHUX BigkaoueHb B3UMKY 2022—-23 pp. Halpyra B Mepexkax 4acTo
3HIKyBajacsi HMKUe HOPMM  Uepe3  MepeBaHTaKeHHSI  YUUIIIMX  JIiHIA.
[ToBimoMyisyiocss MPO BUIIAAKKM PoOOOTM OO6JagHAHHS Ha IIOHVDKEHii Hampysi
(Hanpuknana, ~180-190 B 3amicthb 220 B y HM3bKOBOJBTHMUX Mepeskax ITif yac

medinnuty rereparii). Yacrora OEC Ykpainm, Ha IacTs, 3aJIMIIaaacs OJIM3bKOKI0 10
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50 T'u 3aBOSIKM aBapiitHOMy ekcropTy/iMmopTy 3 €C Ta aBTOMAaTHIIi BiIKIIOUEeHb —
BigxuineHHss He mepeBumryBaiim *0,2 I'm (0,4%) HaBiTh y KpM30Bi MOMEHTH, IO
BinmnoBimae BumoraMm ENTSO-E. dikep-edeKT B CMCTEMHOMY MacIITabi IMPOSIBIISBCS
SIK MUTOTiHHS CBiT/Ia B OYIiBJISIX IIpU ITepeMMKaHHI CXeM SKMBJIEHHS ; 10TO KiJIbKiCHi
OIIiHKM BifCyTHi, ajsie cy6’eKTMBHO KOM(OPT CIIOXKMBAYiB ITOTipIIyBaBCs.

Ha oxpemux MiAnNpMEMCTBAx, IO IIpaIioBajaM IIia ob6cTpimamu abo Ha
reHepaTopax, nokasHuku PQ mornu icTOTHO Bigxuiastucs. Hanmpukiaz, Koamu 3aBO/
KUBUTBCSL Bif, Ou3e/ib-TeHepaTopa, YacTOTa MOXe KOJMBATUCS B Mexax *2% i
OisbIle 3a/e3KHO BiJi HABaHTa)KeHHS (DOMyCTMMO A0 +15% 3rigHo cTaHmapTiB AJIsT
i3omboBaHMx cucteM [1]. PeakTuBHA MOTYXHICTb ITpM poOOTi HA reHepaTopi YacTo He
KOMIIEHCYEThCS MMOBHICTIO, [0 BeZle M0 HM3bKOTO KoedillieHTa rnorysxkHocti ~0,7-0,8
i momaTkoBoro mamiHHS Hampyru. PakTMYHMX IyoOsikaiiii 3 Bumipamu PQ Ha
MIPOMMUCJIOBMUX 00’€KTax IIij vac OOMOBMX Miii MPaKTMUHO Hemae (3 MipKyBaHb
Oe3reky Ta uepe3 3YIMHKY 6araTbox BMPOOHMIITB). OQHAK MOKHA OUiKyBaTH, IO
rapMOHIUHi CIIOTBOPEHHSI TIepeBaXXHO 3MeHIIMIMUCh (00 BigK/IIOUEeHi OCHOBHI
reHepaTopy rapMOHIK — AYTOBi Ieyi, BeJIMKi MPUBOAY), HATOMICTh IIPOBAJIM HAIPYTU
Ta (iikep movacTimaau yepe3 HecTabiabHi peskumu. HaitGimbImMm BUKIMKOM CTajIO0
3abesmneueHHsT KMBJIEHHSI  KPUTUMYHOI  iH@pacTpykTypu: ©Oarato 3aBO[iB
nepernpodi/itoBay eJIeKTPOCIIOKMBAHHS 200 TepeiiuiM Ha MeHIITy MOTY>XHICTb, 11100
MIpaloBaTy B yMOBax AedillUTy eHeprii.

B yMoBax mic/IIBOEHHOTO BiTHOB/IEHHST HAa YKpaiHy uekae macmitabHa pobora 3
BiIOy/IOBM eJIeKTpOMepeXX Ta BIIPOBAKEHHSI Cy4aCHMX 3aco0iB rokpamieHHs PQ
(nMHaMiyHi KommeHcaTopu, GiIbTpMU TOIIO). BKe 3apa3 MiKHapOJHi KOMIIaHii
(Hamipukiaan, Siemens) IepedaloTb O0O0JagHAHHS sl cTabimizaiii Hampyru Ta
yacToTu B YKpaiHi [14]. Ypsa ta HKPEKII nmpaiffotoTh HaJj OHOBAEHHSIM HOPMAaTHUBIB i
BUMOT JI0 SIKOCTi eJIeKTPOTOCTavYaHHs 3 BpaXyBaHHSIM JOCBiny BiiiHM. TakKuM YMHOM,
B YKPalHCBHKili MPOMMCIOBOCTI IIMTAHHS SIKOCTI €JIeKTpPOeHePrii Iepeniiio 3 po3psaay
CYTO TEeXHIiYHMX Yy pO3pSJ CTpaTeriyHuMx — ajKe CTaje eJIeKTPOIIOCTauaHHS €
OCHOBOIO €KOHOMIYHOTO BiZHOBJIeHHS [1].

3. [puumnan BigxmieHb PQ Ta ixHi mKepena. TUMOBI MpUYMHU TOTipIIEHHS

SIKOCTi eJIeKTpOeHepTii B MPOMMCIOBUX eJIeKTpOMepeskax MOXKHA 3TPYIyBaTy Tak:
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HesiHiliHi HaBaHTa)XXKeHHSI, 10 reHepyKTh rapMoHiku. Lle, mepenycim, CUIOBI
riepeTBOPIOBaYi: BUMIPSMIISIUi, iHBEpTOPHU, TUPUCTOPHI MepeTBOpOBavi yactoTu. Ha
MiANIPMEMCTBAX MeTalayprii — Ile eJIeKTpPOAYyroBi Ta iHAYKIIiMHI Iedi, BeuKi
BUTIPSIMJISIY  JISI  Ta/IbBaHiKM, 3BapiloBajibHe OOJIamgHAHHS. $IK 3a3HAYeHO Y
nocnimxkenHi, ENIIT cTBOpoe 3HauHI rapmMoHiIYHI cTpymu i Hecumerpii [8], a
BUITPSIMJISTYi 3BaplOBa/IbHMX allapaTiB Ha pepocruiaBHOMY 3aBozi 36inbim THD mo
12% [12]. HaBiTb y xapuoBiit i MamMHOOYAiBHil ramay3six BIPOBaIyKeHHS YaCTOTHUX
TIPUBO/IIB MPU3BOAUTh OO IOSIBM 5-1, 7-1 Ta iHIIMX TapMOHiIK CcTpyMmy. [Iskepeaom
MapHUX TapMOHIK MOXYTb OyTM HeJiHiiiHIi eJeMeHTM 3 HaCHUUYeHHSIM
(TpaHcopmaTopy, AYroBi meuyi — BOHM TeHepywTb 2-Ty, 4-Ty, 6-Ty Tomjo). Lle
TPU3BOJle OO0 HACAIAKIB: TapMOHiIKM BUKIMKAKOTh OOAATKOBI HAarpiBM ABUTYHIB i

TpaHcpopMaTOpiB, pe30HAHCH B KOHIEHCATOPaX, IIOMUIKHA €JIEKTPOHIKMA.

Hanpyra npn HENIHINHOMY HaBaHTa>KeHHI 3 rapMOHIKaMK
1.00f

0.75¢
0.50F

0.25¢

CymapHa Hanpyra (3 rapMoHikamu)
QOCHOEHa rapMonika (50 o)

0.00

-0.25¢

Hanpyra, BioH. oA,

=0.50

=0.751

-1.00

0 10 20 30 40 50
Yac, Mc

Pucynok 1 - I'padik Hanpyry mpy HeTiHiiTHOMY HaBaHTaXkKeHHi, 1[0 reHepy€e rapMOHiKM

3 puc.l BMAHO CIIOTBOPEHHSI CMHYCOIAM — pe3yJbTaT AOAAaBaHHS TapMOHIK
(3-1, 5-i, 7-1) mo ocHoBHOI yactoTu 50 I'1I.

Pi3ko 3MiHHI Ta iMmynabcHi HaBaHTaxkeHHs1 (diikep). KonmMBaHHS Hapyru
(MepexTiHHS) NOPOAXKYIOTbCSI HABaHTaKeHHSIMU, 1110 IIBUIKO 3MiHIOIOTh CIIOKMBAHY

MOTY)XXHiCTb. KnacuuHuii mpukaag — eJleKTpOoJAyroBa CTajeruiaBuUabHA miv: i1 gyra
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TOPUTH HECTAbi/IbHO, CIOKMBAHMII CTPYM XaOTUMUYHO KOJMBAETHCS, CIPUUMHSIOUN
HM3bKOUACTOTHI KOJIMBAHHSI HANpyru B mepexi (dbiikep) [8].. Diikep BUMipHOETHCS
nokasHukamu Pst, Plt. B mepexkax rmpomMucyioBux mignmpmueMcTB YKpainu Pst yacTto
IIepeBUINYyE OOUHUINIO 6e3 KOMITeHcallii, TOOTO CBiTI0 MEPEeXTUTh ITOMITHO IJIs1 OKa.
Inmi  mkepena d¢uiikepa - TOUYKOBe 3BapioBaHHS  (aBTO3aBOAM), BeJIMKI
eJIEKTPOABUTYHM IIPYU ITyCKAX (0COBIMBO SIKIIO MYCK AMPEKTHMIA”), HaBiTh JIidTH Ta
KpaHM Ha CJIa0KMX KMBUWIbHUX JIiHISIX MOXYTb BUKIMKATK MUTOTiHHSA [8]. Hacmigku
diikepa: TOripiIeHHsI CaMOIIOUYTTS JIIOMei, IIBUAKE CTAapiHHS JIaMII OCBITJIEHHSI,
360i aBTOoMaTuku. SIK Bimomo [8], duiikep — mpobiema mepeBaskHO MeTalyprii; B
iHIMX ranyssax Pst 3a3Buyail HU3bKUIA.

Pi3Ko 3MiHHI Ta IMNYy/IbCHI HaBaHTa)KeHHA — edekT dikepa

1.0f

o 0.5F
o
T
=
o 0.0}
o
>
aQ
=
©
T —-0.5¢}

-1.0f

Hanpyra 3 ¢nikepom (MepexTiHHAM)
0 100 200 300 400 500
Yac, mc

PucyHoxk 2 - I'padik Hanpyru 3 edekToM iikepa — MepexTiHHS CIIpUYMHEHe aMIUTiTyTHOIO
MOJIYJISIITi€r0 Ha HU3bKil yacToTi (6;m3bKo 9 I'x)

Hapmuimiok abo HecTaya peakTMBHOI TOTYKHOCTI (HM3bKMUIA COS¢). Benmka
KiJIbKICTh iHAYKTUBHUX HaBaHTaXXeHb (IBUTYHM, TpaHCHopMaTOpu) NPpU3BOAUTD [0
CIIOKMBAHHSI PEAKTUMBHOI TMOTYKHOCTI, SIKe SKIIO He KOMIIEHCYBaTM, BUKIMKAE
3HVDKEHHS HallpyTy Ha MIMHaX MiATIPUEMCTBA Ta ITlepeBaHTa)keHHST MepexX. B Ykpaini
Oy/iu BUMAOKU, KOAU OiTBHUIN TiATPUEMCTB TeHepyBaiu pPeaKTUBHY IOTYKHICTb
(uepe3 TMepeKOMIIeHCAllil0), B TOM YacC SK iHIII CHOXMBaAAM — Ile CTBOPIOBAJIO
HepiBHOMIpHMIT pexxuM i “roitmano” Hamnpyry [12]. Husbkuii cose ~0,75 o3Hayvae, 1110

cTpyM B 1,3 pasa GiblInit 3a aKTMBHUIT — OTKe, OiJIbIII BTpaTH i ITpocaaka HAIIPyTH
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Ha miHigx. Hanpukiana, Ha [JHIMpoBCbKOMY 3aBOi (MexaHiuHMII 1ex) mo dinbTparii
cos(~0,8, micasg — 0,95, i Hanpyra migHsu1ach 3 -4% 10 -1% [2]. kepena peakKTUBHOI
IIOTY’KHOCTi:  aCMHXPOHHiI  ABUTYHM  (OCOOJMBO  MpM  HeJOBAHTaXKEHHi),
e/leKTpO3BapOBaHHs, meui, myru. Hacmigku: mamiHHS HaIlpyru, HarpiB IIPOBO/IB,
mTpadu Bif rocravyagabHMUKA.

HecumeTpuyHi HaBaHTakeHHS. BukpuBieHHST cumeTpii Hampyr (koed.
HecumeTpii Kyy) BMHMKAe TIpM HepiBHOMipHOMY po3Momiai  omHO(asHUX
HaBaHTa)KeHb 110 ¢asax abo MMpy HecIpaBHOCTIX (00puB ¢asu i T.m.). B Tabmmii 1
MOMITHO, IO HA JesIKMX YKp. mignpuemctBax Ky moxoaus o 3-3,6% [12], mo
nepeBuinye Hopmy 2%. lLle Oyn0 crpuumMHeHO OAHOMA3ZHUMMM BUIIPSIMISUYAMU
(HaTIpMKJIaJ, €JIeKTPOJIi3Hi BaHHM Y (epoCIuiaBHOMY BUPOOHMIITBI SKMUBJISITHCS
nBodasHo, 10 CTBOpIOE HecumeTpito) [12]. Hacnigku HecumeTpii: HarpiB poTopiB
IBUTYHIB, ITyJbcallii MOMEHTY, CIIpalibOBYBaHHS 3aXUCTiB. B po3BMHYTMX KpaiHax
BeJIMKi ogHO(a3Hi HaBaHTaXXKeHHSI MPAKTUUYHO He JOIMYCKAIOThCSl 10 Mepex, y TOoi
yac sSK B YKpaiHi 1e 3ycTpidajamcs  3acTapii  cxeMM  SKMUBJIEHHS,

110 CTBOPIOIOTh HECUMETPIIO.

BukpusneHHA cumeTpil Hanpyr — HecUMeTpuyHe TpudasHe XUBNEHHA
1.00}

0.75F

0.50F

0.25f
®a3a A (HOMiHanbHa)

—— ®a3a B (3MmiweHHa da3um i amnnitynn)

—— ®a3za C (3HMxKeHa amnniTyna)

0.00

-0.25f

Hanpyra, BigH. og.

-0.50

—0.75F

-1.001

0 5 10 15 20 25 30 35 40
Yac, mc

PucyHok 3 - I'padik HecumeTpuuHOi TpudasHOi CCTeMM HATIPYTU

ABapiiiHi Ta 30BHillIHI BIUVIMBM. JI0 HMX BiZHOCSITbCSI KOPOTKiI 3aMMKaHHS,

rPO30Bi TMepeHANpyru, aBapiiiHi BiAK/IOUEeHHS JiHii. [l IIpOMMCIOBOCTI Iie

ISSN-print 1991-7848 223
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 28 - 2025

HEKOHTPOJIbOBaHi (akTopu, aje BOHM CUIbHO BIUIMBalOTh Ha PQ. Hampwuknam,
KOPOTKi 3aMMKaHHS Y Mepeki BUKIMKAIOTh IVIMOOKI ITpOoBajIy HAIIpyTHu (sags) Ha JouTi
CeKyHIM, SKi MOXYTb 3yIIMHUTM UyTAMBI BepctaTu. Y MHUPHIiK VYKpaiHi
cepeqHbOCTAaTUCTUYHE IIPOMMCIOBe MiANpueMcTBO BimuyBaso 10-20 mpoBaiiB
Hanpyru Ha pik [1], mig yac BiltHM 1151 nudpa 3pocia B pasu. 3aXUCTUTUCS Bif, I[bOTO
MOKHA Jiuiie ycraHoBKow UPS a6o DVR (myHaMiuHMI1 peryasiTop HaIIpyTu).

[HImMiT acmekT - KOJMBAHHS YacTOTM B 00’egHAHili eHeprocucremi IIpu
pariTOBOMY BiJK/IIOUEHHI BeJMKUX TeHepylouux HoTykHocTeit. Y €Bpomi ta CIIA
aBTOMAaTHMKa IIiATPUMYE 4acTOTy B mMexax 49,5-50,5 I'u um 59,5-60,5 T, Tomi K,
Hanpukiaz, B Inaii 2018 p. 6yau 3adikcoBaHi BigxmieHHst 48-52 I'1y ripu posiiieHHi
Mmepexi (blackout), mo mo3Haumsiocss Ha MPOMMCIOBUX CIIOKMBayax (3yMUHKU
KOHBEEPIB TOIIO). BiliChKOBIi Ail MOKHA PO3TASAATU SIK €KCTPeMaIbHMI 30BHIIIHI
dakTop, 110 MPU3BIB O MACOBMUX aBapiil — i TYT YKpaiHCbKMUIA AOCBid VHiKaJIbHUIA
ISl Cy4acHOTO CBiTy [1].

[TincymoByoun: B YKpaiHi 10 BiliHM OCHOBHMUMM [IKepeamu mpobiaem PQ oynmn
3acTapijii TexHosorii (OyroBi Iieuvi, HEKOMIIEHCOBaHiI JBUTYHU, HEPiBHOMIpHi
HaBaHTaxkeHHs ). BiliHa momana dbakTop 3HVOKEHHSI HAMiiHOCTi >KMBJIEHHS — Tellep
MepIIoYeproBo CTOITh MUTAHHS IIPOCTO MOAATU HAIIPYTy, a B)Ke MOTIM — 11 SIKiCTb. 3a

({3

KOPJIOHOM K€ OilblIicTh  pyTMHHMX” mnpuuMH PQ (rapMOHiKM, peakTUB)
JIOKaJIi30BaHi Ha MiANPMEMCTBAX CaMMMM MiANPUEMCTBAMMU, i HA MepeHiil IaaH
BUXONISITb MNUTAHHS (QJiikepa Ta IPOBaliB HAIpyry, sSKi BMUMaralTb CHiIbHOTO

BUPIillIeHHS 3 €HeproKOMITaHiSIMMA.

BucHoOBKU

1. PiBeHb SIKOCTi eJleKTpOeHeprii Ha MPOMMUCIOBUX MiAMPUEMCTBAX YKpAiHU [0
BiliHM BapitoBaBcs Bin npuiiHsaTHOTO (THD~2-5%, dnikep MiHiManibHMIA Y XiMiUHi i
XapyoBili ramyssix) OO BKpail HesamoBuibHOTO (THD>10%, Pst>>1 Ha oKpeMux
MeTaNypriiiHux 06’ekTax). laHi BuMipioBaHb (Tab:.1) Mokasaju IepeBUIeHHS
HOpPMAaTHUBIB 3a TADMOHIKaMM Y 3BaprOBaJIbHUX, €JIeKTPOTIaBUJIbHUX MiApo3/iiax Ta
BUITIQIKM HU3BKOTO COS(p 0e3 KomrieHcallii. BTim, GinblnicTh Takux IpobsieM masa
TeXHiuHi pilieHHs1 (BCTAHOBJeHHS iNbTPiB, KOMIIEHCATOpiB), SIKi YacTO He

peasti3oByBaIMCh yepes 6pak (iHaHCiB UM rpiopureTin
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2. Birina 2022-2023 pp. apaMmaTu4yHO BIUIMHYJAA Ha PQ B VKpaiHi, 3pymmBIIN
aKIeHT 3 TapMOHIK Ha IIATPMMAaHHS eJieMeHTapHOI HaIlpyrM Ta YacTOTMU.
MacmTabHi pyiiHyBaHHSI eHeproo6’eKTiB CHPUUMHUIM Oe3IpeleleHTHY KiJbKiCTh
IIPOBaJIiB HAIIPyI'u, IiepepB eJeKTPONoCcTayaHHs, aBapiitHMX pexkuMiB. CIIOXKMBaHHS
eJIeKTPOeHePrii MPOMMCIOBICTIO BIajao ~50%, 110 3MEeHIIN/IO reHepallilo TapMOHIK i
¢mikepy (6o 6arato “BakKMX” HABaHTa)KeHb IPOCTO BUMMKHEHO), ajie IOCHIIAIO
PU3MKU TIPOBajiB HAIPYTrX Yepe3 MepeHaBAHTA)KEHHS BY3bKMX MICIb Mepexi.
daKTUYHO, SIKiCTh eHeprii mepecTaja BiIIIoOBimaT cTaHgapTaM Y 30HaxX O0OBUX il
Ta BiIK/IIOUEHb — TOJIOBHMUM CTaji0 3a0e3MeUmnTU KUBJIEHHSI Oyab-sIKOoi sSKocTi. Lle
iAKpeCIIIoE, 11(0] PQ HEpPO3PUBHO OB’ A3aHa 3 HaZilHICTIO i
LIiTiICHICTIO eHepProCUCTEeMM.

3. [TpnumHM BigxuneHb PQ HOCSTH YHiBepCaJbHMIA XapaKTep y CBITi — HeJiHilHI
Ta [AMHAMiUYHi HaBaHTakeHHs1 (Meui, BUIIPSAMJISIYI, [OBUTYHM) 1 HeOZOCTATHS
KOMIIEHCAllisT — aje iX MaciiTabu BimpisHsSioTbest. [Ijasi YKpaiHM mOci akTyaabHi
BUITQAKM, KOJM IIijie IiAIPUEMCTBO ITPAIfO€ 3 HU3BKUM COS¢@ 4 Oe3 (inbTpiB
rapMOHIK, TOZi SIK Y PO3BMHEHMX KpaiHax Iie CKopillle BUMHSATOK. 3 iHIIIOTO OOKY,
BilfHa ITOCTaBWIa YKPaiHChKy IPOMMCIOBICTh B YMOBM, IMOMiOHI M0 GiekayTiB Ta
MIPUPOAHUX KaTaK/Ii3MiB, 3 SKMMM CTUKAIUCS i iHIII KpaiHN.

4. JIng moxkpaiieHHsT PQ Ha yKpaiHCbKMX MigNPUEMCTBAX Y MaitOyTHbOMY
MOTpibeH KOMIUIEKCHMII TIiAXiJ: MoJAepHi3alliss o6yiagHaHHS (BIIPOBAJsKeHHS
TeXHOJIOTi/i 3 MEHIIOK eMiCi€el0 TapMoOHiK — TmepeTBoprooBauiB 3 IIIM, miaBHUX
IyCKiB), BCTAHOBJIEHHS KOMIIEHCATOPiB pPEeaKTUBHOI IIOTYKHOCTI Ta aKTUBHUX
GinbTpiB, po3pobKa cucteM MOHiTOpuHry PQ (Ha piBHi SIK IMiAIIpMEMCTB, Tak i
orepaTopiB cucTeM). BaxkinBow € HOpMaTMBHA 6a3a — KOHTPOJIb i CTUMY/TIOBAaHHS
skocTi enektpoeHeprii. HKPEKII Bxxe mnpuBena mnpaBwia OO €BPOIENCbKUX
,HACTYITHMI KPOK — 3a06€e3MMeYnTH iX BUKOHAHHS HaBiTh Y CKJIaJHUX YMOBAaX.

Ha 3aBepilieHHSsI, 3a3HAYMMO, 110 SIKiCTh €JeKTPOMNOCTauYaHHS — Iie CIIiJibHa
BiZIMOBIJA/IbHICTh €HEepreTUKiB Ta MNPOMMCIOBIIB. BiliHA mMoKa3asa, HACKiJIbKU
KPUTUYHOK BOHA € [JISI CTifiKOCTi ekKOHOMiku. IIOCBim iHIIMX KpaiH Ta BJacHi
HarmpalloBaHHS JAl0Th 3MOTY TiC/Is1 BiIHOBJIEHHS BIIPOBAAUTHM CyUacHi pillleHHsI, abu
yKpaiHcbhbKa IMTPOMMCIOBICTh OTpUMasia eJleKTpoeHeprilo HaJleXXHOi SIKOCTi, HeoOXimHy

17151 e(eKTUBHOI Ta 6e31euHoi po6OTH.
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Viacheslav Pilipenko, Valeriia Prykhno

ANALYSIS OF POWER QUALITY INDICATORS IN INDUSTRIAL
POWER NETWORKS

Abstract. The aim of this study is to conduct a comprehensive analysis of power quality
(PQ) indicators in the electrical networks of industrial enterprises in Ukraine, taking into
account statistical data up to 2022 and changes caused by the full-scale war. Special
attention is given to power supply in the metallurgical, chemical, and machine-building
sectors, where the largest deviations in PQ parameters are recorded.

The methods. The study is based on a comparative analysis of power quality
measurement results at Ukrainian industrial enterprises. It incorporates statistical data
up to 2022, monitoring results from the wartime period of 2022-2023, as well as
relevant standards such as DSTU EN 50160:2014, IEEE 519, and ENTSO-E
requirements. The analysis focuses on key causes of PQ deviations: harmonics, flicker,
voltage unbalance, and reactive power issues.

Findings. Prior to the war, the most significant PQ violations were observed in welding
and foundry shops of metallurgical plants (THD U up to 12%, voltage unbalance up to
3.6%), harmonic distortion of the 6th—16th orders at chemical facilities, and localized
reactive power issues in machine-building enterprises. During the war, the primary
challenges shifted to deep voltage sags, frequency instability under generator supply, and
low power factor (cosp). Part of the industrial sector was shut down, temporarily
reducing the overall harmonic levels.

The originality lies in the first comprehensive generalization of wartime impact on PQ
parameters in Ukrainian industry. The paper presents unique data on THD, flicker, and
unbalance under crisis conditions.

Practical implementation of the research is in substantiating the need to implement
modern tools for improving power quality — including active filters, reactive power
compensators, and PQ monitoring systems.

Keywords: power quality, industrial networks, harmonics, flicker, unbalance, reactive
power, war impact, metallurgy.
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Volodymyr Vasetskyi, Volodymyr Bashko, Kopysov Vladyslav

GENERAL PRINCIPLES OF ENERGY CONSUMPTION IN THE
METALLURGICAL INDUSTRY

Abstract. The aim of the study is to explore the theoretical foundations for improving
energy consumption efficiency in the metallurgical industry under the conditions of
global climate policy challenges, production transformation, and the need to reduce
energy costs. The paper analyzes the main technological processes, the level of energy
intensity in the industry, as well as international experience in implementing energy-
efficient solutions.

The methods. The research is based on an interdisciplinary analysis of scientific sources,
industry reports, statistical data, and the techno-economic characteristics of steel
production. Methods of comparative analysis of energy consumption for various
technological routes and a systematic approach to assessing innovation
potential are applied.

Findings. It has been established that a significant portion of energy consumption is
concentrated in blast furnace—converter processes. The transition to electric arc furnace
(EAF) production, the implementation of hydrogen metallurgy, the use of secondary raw
materials, and digital technologies (Industry 4.0) open up opportunities for a substantial
increase in energy efficiency. Examples of successful modernization at enterprises in
various countries are provided

The originality. The study systematizes the factors that determine the energy intensity of
production processes, reveals the relationship between technological changes and energy
consumption structure, and substantiates the need for a comprehensive approach to the
transformation of the industry

Practical implementation. The results can be used for strategic planning of enterprise
modernization, development of energy-saving investment projects, and the formation of
national industrial decarbonization policies.

Keywords: energy consumption, metallurgy, energy efficiency, decarbonization,
hydrogen, electric arc furnace, Industry 4.0, CCUS.
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Introduction

The modern development of industry is accompanied by increasing challenges
in the areas of energy supply, environmental safety, and resource efficiency. In this
context, the metallurgical sector-historically one of the largest energy consumers in
the economy-receives particular attention due to its significant impact on the
energy balance, levels of industrial greenhouse gas emissions, and the overall
environmental situation. According to the International Energy Agency (IEA) [1],
metallurgical production accounts for approximately 8% of global final energy
consumption and about 20% of industrial energy use. The steelmaking sector alone
is responsible for up to 7% of global CO emissions, making it a priority target for
the implementation of energy-efficient and low-carbon technologies.

Reducing the energy intensity of steel and non-ferrous metal production is a
pressing issue for both developed and transition economies. The high energy
demand of metallurgical processes is driven not only by the complexity of the
technological cycle but also by the substantial specific requirements for thermal and
electrical energy at each stage-from raw material preparation to final product
rolling. Despite considerable progress in the adoption of energy-saving technologies
during the second half of the 20th century, the 2000s saw a marked slowdown in the
reduction of specific energy consumption, indicating that the sector is approaching
the limits of efficiency achievable through conventional methods.

Current global trends in metallurgy suggest a technological transformation
aimed at achieving decarbonization goals and ensuring sustainable development.
Innovative approaches are gaining prominence, including hydrogen-based direct
reduction of iron (Hz-DRI), electric arc furnace production using scrap metal, carbon
capture, utilization and storage (CCUS), and digital solutions within the framework
of Industry 4.0. The implementation of such technologies not only affects CO»
emission levels but also significantly alters the structure and dynamics of energy
consumption, introducing new requirements for energy systems and techno-
economic planning.

At the same time, the energy efficiency of metallurgical enterprises is directly
correlated with their competitiveness. Under conditions of high energy prices and

limited access to inexpensive resources, even minor reductions in energy costs can
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yield substantial economic benefits. For Ukraine, where the metallurgical industry
accounts for over 20% of industrial electricity consumption, the issue of energy
modernization is particularly urgent in light of energy security, economic stability,
and integration into the European energy space.

Therefore, analyzing energy consumption in metallurgy, evaluating existing
technological solutions, and identifying prospects for the development of energy-
efficient approaches constitute an important scientific and applied task that requires
a comprehensive approach.

1. Energy Intensity of Metallurgy: Global and National Context. Steel is a
fundamental building block of modern society. It is used in infrastructure,
construction, household appliances, transportation, packaging, and a wide range of
other products. Its unique combination of strength, durability, and recyclability
makes it difficult to replace with alternative materials. Moreover, steel is relatively
inexpensive and widely available. Over the past fifty years, global steel consumption
has steadily increased, and, without active and coordinated efforts to reduce
demand, steel consumption could rise by more than one-third by 2050 [1].

Due to its heavy reliance on energy and fossil resources, traditional steel
production is highly energy-intensive and contributes significantly to carbon
emissions. In 2019, the steel sector accounted for 8% of final global energy
consumption and 20% of industrial energy use [1]. In 2020, the sector was
responsible for 11% of global CO2 emissions and 7% of total energy use and process-
related greenhouse gas emissions [2, 3].

To meet the 1.5°C target set by the Paris Agreement and avoid the most
catastrophic consequences of climate change, CO2 emissions must be halved by the
end of this decade and reach net zero by 2050. This requires an immediate reduction
in greenhouse gas emissions across all sectors [4].

The steel industry, which operates one of the most energy- and carbon-
intensive production processes, faces major challenges on the path to
decarbonization. Research indicates that existing solutions to reduce energy
consumption and substitute fossil fuels will not be sufficient to achieve the required
emission reductions. Transformational change is needed, involving technologies at

various stages of development [5-9].
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The metallurgical industry remains among the most energy-intensive sectors of
the global economy. It accounts for approximately 8% of global final energy
consumption and around 20% of industrial energy use [1]. Specifically, the steel
sector consumes enormous amounts of energy: in 2019, steel production was
estimated to be responsible for ~7% of global CO, emissions, largely due to the
dominance of fossil fuel-based blast furnace processes [10]. Historically, the industry
has made substantial progress in improving energy efficiency - energy consumption
per ton of steel has declined by approximately 60% since 1960, driven by the
adoption of improved technologies and energy management practices [11].

100

L 1 1 1 1 1 1 | 1 1 1 1 1 1 1 |

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2017 2018 2019

Figure 1 - Indexed global energy consumption per tonne of crude steel production [11]

The chart presented in Fig. 1 illustrates indexed global energy consumption per
tonne of crude steel production from 1960 to 2019. From the 1960s to 2000, a
substantial decline in energy consumption per tonne of steel is observed. This trend
reflects improvements in energy efficiency, the adoption of advanced technologies,
and the transition to more efficient steelmaking processes (e.g., replacing blast
furnaces with electric arc furnaces). After 2000, the rate of energy reduction
significantly slowed, stabilizing at around 40% of the 1960 baseline. This suggests
that the industry has approached certain technological limits in reducing energy
consumption. In the final segment of the chart (2015-2019), a slight increase in
energy consumption is visible. This may be attributed to the increasing difficulty of
achieving further improvements beyond existing efficiency levels or temporary

factors such as changes in raw material inputs or production processes.
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The reduction in energy consumption per tonne of steel has been driven by
several factors, including: the implementation of energy-efficient technologies in
steel production; a shift toward scrap recycling in electric arc furnaces, which
require less energy; improved thermal processes and the utilization of waste heat;
global initiatives to reduce CO5 emissions and improve production efficiency.

Fig. 1 demonstrates a long-term trend toward increased energy efficiency in
steelmaking. However, in the near future, the potential for further reductions may be
limited without breakthrough technological innovations.

Ukraine is no exception: the metallurgical industry has traditionally imposed a
significant load on the national energy system. In 2020-2021, the share of
metallurgical enterprises in total national electricity consumption was 23%, second
only to household consumption [12]. This underscores the critical importance of
energy efficiency for the national economy. At the same time, high energy intensity
is also characteristic of the non-ferrous metallurgy sector - for example, producing
one tonne of primary aluminum requires, on average, 14,000-17,000 kWh of
electricity [13], highlighting the substantial energy demands of the industry.

Therefore, optimizing energy consumption in the metallurgical sector is a
pressing task, both in terms of ensuring competitiveness and addressing energy
security and environmental concerns.

17,500

15,010
s N 14,795 14,777 14,711
100 V93814561 14 267 14,239 14,305 14,161 14,221 14,255 14,243 14,114

5,000

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Figure 2 - Energy intensity in kilowatt-hours per metric tonne of aluminum production from
2008 to 2021 [13]

The diagram shown in Fig. 2 illustrates the trends in how, over more than a

decade, the global community has sought to make aluminum production more
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energy-efficient. In 2008, producing one tonne of primary aluminum required
15,010 kWh of energy - a substantial amount when considering the global scale of
aluminum production. However, year by year, the industry became increasingly
efficient. By 2014, energy intensity had declined to 14,239 kWh, reflecting
improvements in technology, optimization of production processes, and possibly the
adoption of more modern equipment.

After 2015, however, the changes became less pronounced. Energy use
fluctuated between 14,100 and 14,300 kWh, suggesting the approach of
technological limits within conventional aluminum production methods. In 2021,
the figure stood at 14,114 kWh - nearly identical to values in preceding years. This
indicates that, without breakthrough innovations, further reductions in energy
consumption in this sector are becoming increasingly difficult.

Thus, the chart reflects the industry's long journey toward energy efficiency -
from marked progress in the early years to a gradual stabilization, signaling the
limits of current technological capabilities.

2. Main Processes and Structure of Energy Consumption. Metallurgical
production is characterized by a complex technological cycle, with each stage
consuming a significant amount of energy. As an example, we consider the features
of the blast furnace—converter process. This integrated route includes raw material
preparation, pig iron production, steelmaking, and rolling operations [14]. As noted
in [14], steel production is a complex technological process that requires substantial
energy resources and precise control of chemical reactions. One of the most widely
used steelmaking methods in the world is the blast furnace-basic oxygen furnace
(BF-BOF) process, which enables the efficient conversion of iron ore into high-
quality steel. This process consists of two main stages: pig iron production in the
blast furnace, and its conversion into steel in the basic oxygen converter.

Blast Furnace Process. The blast furnace is a tall vertical shaft that operates
continuously. Raw materials are charged from the top, and the final products
(molten pig iron and slag) are discharged at the bottom. The temperature inside the
furnace reaches up to 2000°C, providing the necessary conditions for the reduction
of iron from the ore. To produce pig iron, the furnace is charged with three key

components:iron ore (hematite FeoOz or magnetite Fez04) — the primary source of

234 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui npo6aemu meranyprii”, N2 28 — 2025

iron; coke (C) - serves as the fuel and reducing agent; fluxes
(CaCOs3, dolomite) — help remove impurities and form slag. Impurities are absorbed
into the slag, while molten pig iron containing 4-5% carbon accumulates at the
bottom of the furnace. The hot metal is then tapped and transported to the oxygen
converter for further processing.

Basic Oxygen Furnace Process .The molten pig iron produced in the blast
furnace contains an excessive amount of carbon and other impurities, making it
brittle and unsuitable for industrial use. To obtain steel, the carbon content must be
reduced and other undesirable elements removed. This is achieved in the basic
oxygen converter. The converter is a large steel vessel that tilts for charging and
tapping. It is loaded with: molten pig iron (75-85%); iteel scrap (15-25%) — used to
cool the melt; 3ure oxygen (Oz) under a pressure of 10-12 bar — the primary
oxidizing agent, which burns out the impurities.

Key stages in steel production (ferrous metallurgy).

Raw material preparation: Includes agglomeration (sintering) of iron ore,
pelletizing, and coal coking. These processes require thermal energy for sintering
the ore concentrate and coke production. The theoretical minimum energy
consumption at these stages is estimated at ~2.5 GJ per tonne of coke and ~1.0 GJ per
tonne of sinter, respectively [14], thus contributing significantly to overall
energy intensity.

Pig iron production:The blast furnace (BF) process relies on coke as both fuel
and reducing agent. It delivers high productivity but is heavily dependent on energy
from coal combustion. For example, approximately 89% of energy in the BF—-BOF
route comes from coke and coal, while only ~7% comes from electricity [11].
Electricity consumption in the blast furnace is relatively low - about 3-4 kWh per
tonne of hot metal [15], as most of the thermal load is supplied by coke.

Steel production: The traditional BOF route utilizes the thermal energy of
molten pig iron and only a small amount of auxiliary fuel, whereas the alternative
electric arc furnace (EAF) route relies primarily on electricity. Electricity
consumption for steelmaking in EAFs is extremely high, typically in the range of
300-400 kWh per tonne of steel [15]. By comparison, open-hearth furnaces (an

obsolete technology, now rarely used) consumed ~4 kWh of electricity per tonne of
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steel [15], but required significant amounts of fuel, resulting in low efficiency and
their replacement by modern technologies.

Rolling and finishing: Hot and cold rolling, heat treatment, etc., also require
energy (mainly for billet heating, mill drives, compressors, etc.). Although their
share in the total energy balance is lower, optimizing these processes (e.g., through
the use of waste heat from hot metal, reduction of idle times) also vyields
measurable benefits.

Primary steel production from ore is significantly more energy-intensive than
secondary production from scrap.

Scrap remelting in electric furnaces requires approximately eight times less
energy than the full cycle from iron ore [16]. According to [1], steelmaking from
scrap may require only ~12-15% of the energy compared to the ore-based route [16].
This is because the scrap-based process omits the iron oxide reduction stage - the
most energy-intensive chemical step. On average, the integrated BF-BOF route
consumes ~19-35 G] per tonne of steel, while the EAF-scrap route
requires ~4-7 GJ/t [17, 11].

Exact figures depend on raw material quality, product range, and plant
equipment level. Factors such as ore and coke quality, steel yield from slag, and
processing depth all affect specific energy consumption. Even indirect costs - such as
raw material extraction and transportation - add ~6-9% to the total energy
consumption per tonne of metal [11].

Thus, understanding the structure of energy consumption within the
production chain allows the identification of "hot spots" - the most energy-intensive
stages - and helps direct efforts toward their optimization.

3. Technologies and Energy Efficiency: International Experience. Over the past
decades, the metallurgical industry has accumulated extensive international
experience in implementing energy-saving technologies. Many of these are reflected
in international best practice standards (Best Available Techniques, BAT) and
sector-specific reference documents. Studies indicate that the application of modern
energy-efficient technologies could reduce steelmaking energy consumption by
approximately 20% compared to the global average, if production worldwide were
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brought to the BAT level [17]. Half of this improvement potential lies in countries
with traditionally higher specific energy consumption - notably China [17].

Key directions for improving energy efficiency include:

Utilization of Secondary Energy Resources. Modern integrated steelworks
widely implement waste heat and process gas recovery systems. For instance, blast
furnace and converter gases are used for electricity generation or hot blast heating;
cogeneration units are installed; coke dry quenching (CDQ) systems are employed to
reclaim heat from hot coke; and top-pressure recovery turbines (TRT) are used in
blast furnaces. These measures help utilize fuel energy more efficiently and reduce
dependency on external energy sources. According to the World Steel Association,
up to 60-75% of the energy contained in blast furnace and coke oven gases can be
recycled back into the process or used to generate electricity instead
of being lost [11].

Equipment and Process Modernization. Transitioning to advanced units - such
as furnaces with regenerative burners, more efficient oxygen injection systems, or
the replacement of open-hearth furnaces with converters or electric arc furnaces -
results in substantial energy savings per tonne of product. For example, the global
phase-out of obsolete open-hearth furnaces has eliminated their characteristic low
efficiency. In contrast, modern electric arc furnaces (EAFs) equipped with advanced
control systems have achieved high productivity with reduced heat losses. Likewise,
the implementation of continuous casting instead of multi-stage ingot rolling has
significantly reduced the need for reheating, leading to fuel savings.

Energy Management and Digital Technologies (Industry 4.0).Many plants
operate automated energy management systems (EMS), which monitor and optimize
energy consumption in real time [11].The use of sensors, big data, and artificial
intelligence allows for improved control of furnaces, compressors, rolling mills, and
other equipment, minimizing idle periods and peak loads. In the EU, there are
documented cases where digitalization led to over 30% improvements in energy
efficiency in specific production areas [18]. While the full impact of Industry 4.0 is
still being researched, the trend is clear: "smart" factories are capable of using

energy more rationally, reducing both consumption and emissions.
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Other Measures. These include improvements in thermal insulation and the
use of modern materials (e.g., more durable refractories that reduce heat losses);
recovery of heat from cooling systems; implementation of high-efficiency electric
motors and variable frequency drives for mechanical systems, among others.
Together, these steps contribute to establishing a culture of energy conservation
within enterprises. Such measures often offer relatively short payback periods and
are supported by international energy efficiency programs.

International experience clearly demonstrates the effectiveness of these
approaches. In developed countries (e.g., Japan, South Korea, and the EU), the
energy intensity of steel production is now approaching theoretical limits, thanks to
widespread implementation of BAT. In contrast, developing countries show a
broader performance range but are undergoing active modernization - especially
China, which accounts for ~50% of global steel output. Notably, more than half of
the world’s energy-saving potential in steelmaking is concentrated in China [17],
which stimulates international technology transfer projects and investments in
upgrading steelmaking capacities.

The Ukrainian steel industry is also adopting energy-efficient solutions. In
recent years, several projects have been implemented, including process gas
recovery, modernization of rolling mills, and installation of more efficient boilers
and heaters at multiple plants. Thus, the global trend towards improved energy
efficiency also extends to the national level, as reflected in recent publications and
studies by Ukrainian researchers over the past five years.

4. Low-Carbon Technologies and Their Impact on Energy Consumption.
Contemporary climate policy challenges are driving a technological transformation
in the metallurgical industry aimed at decarbonization. These emerging
technologies affect not only CO2 emission levels but also the structure and volume
of energy consumption. International experience outlines several key pathways:
transitioning to hydrogen as a reducing agent, electrification of processes, the use of
biomass, and carbon capture and storage/utilization (CCS/CCUS).

Each of these pathways has distinct energy and economic characteristics:

Hydrogen-Based Direct Reduction (Hz-DRI). Direct reduction technologies

using hydrogen instead of natural gas or coke are gaining momentum (notable EU
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projects include HYBRIT, H2FUTURE, among others). Hydrogen enables near-
complete elimination of CO2 emissions at the iron ore reduction stage. However,
hydrogen production-especially green hydrogen via electrolysis-requires vast
amounts of electricity. Studies predict that switching from traditional sinter—blast
furnace technology to Ho-DRI and electric arc furnace (EAF) steelmaking would lead
to a dramatic increase in electricity consumption. Specifically, Ukrainian researchers
estimate that producing 10 million tonnes of steel per year would raise electricity
demand from approximately 2.74 to 35.13 billion kWh (a 12.8-fold increase) under a
full Ho-DRI + EAF scenario compared to the conventional BF-BOF route [19-21].
Correspondingly, required electrical capacity would surge from ~0.5 GW to
6.15 GW [19]. This presents a massive challenge for energy infrastructure, though it
is accompanied by a substantial reduction in greenhouse gas emissions -
approximately 2.6 times lower (from ~18 million tonnes to 7 million tonnes of CO»
per 10 million tonnes of steel) [19]. In the long term, coupling hydrogen-based
metallurgy with renewable electricity generation could enable near-zero emissions,
although it raises critical issues of generation stability (solar, wind) and energy
storage. International pilot projects in Sweden and Germany confirm the technical
feasibility of this route, although its economic viability remains under debate.

Scrap-Based Electric Arc Furnace (EAF) Production. Increasing the share of
scrap in the raw material mix is one of the simplest ways to reduce both energy
consumption and emissions. As previously noted, scrap melting requires
approximately one-eighth of the energy compared to ore-based steelmaking [16] and
involves minimal use of fossil carbon. As a result, many countries are expanding
their EAF capacity; globally, this route accounted for over 26% of total steel
production in 2020 and continues to grow. In countries like the USA, Italy, and
Turkey, the majority of steel is produced from scrap. In Ukraine, the BF-BOF route
has historically dominated, but recent years have seen the commissioning of new
EAFs (e.g., at Interpipe Steel in 2012), reflecting the global trend. Expanding EAF-
based steelmaking reduces overall primary energy demand but increases electricity
consumption - necessitating corresponding development of power grids and
generation capacity.
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Fossil Fuel Substitution. Partial replacement of coke and natural gas with
alternative energy sources is already being tested. One avenue involves using
biomass (biocoke, charcoal) in blast furnaces and sintering. Some European blast
furnaces now include a certain percentage of biocarbon in the burden, which reduces
the fossil carbon input. The impact on the energy balance is relatively modest (the
calorific value of biomass is similar to coal), but scale is limited by biomass
availability. Another approach involves integrating renewable electricity into
thermal processes - for example, using plasma heaters for hot blast generation or
electrolyzers for reagent production. While these auxiliary technologies do not
drastically lower energy consumption, they help reduce the carbon footprint.

Carbon Capture, Utilization, and Storage (CCUS).CCUS technologies can be
applied at metallurgical facilities to capture COs from blast furnace or converter
gases. While they do not reduce energy consumption per se - and in fact slightly
increase it due to energy requirements for CO, capture and compression - they offer
a pathway to drastically cut emissions in processes where eliminating coke use is not
yet feasible [23]. Implementing CCS at a steel plant may require an additional
~1-2 GJ of energy per tonne of steel, which must be accounted for in economic
assessments. Some projects explore the conversion of captured CO, (CCU), for
instance into synthetic fuels (e.g., methanol) or its use in the food industry [23].
These applications may generate byproducts and partially offset costs, although such
schemes are still at an early development stage.

Overall, low-carbon technologies in metallurgy often lead to increased
electricity intensity of processes. Steel is produced with less fossil fuel input, but
requires more electricity and capital investment. Therefore, it is critical to assess
these innovations comprehensively - considering the availability of affordable low-
carbon electricity, grid capacity, and economic incentives (e.g., emission allowances,
COy taxes). International experience currently shows that EU countries, Japan, and
South Korea are prioritizing hydrogen and EAF expansion, China is actively
experimenting with CCUS technologies and increasing scrap use, while the USA and
other developed economies already operate with high shares of electric steel and
continue improving the energy efficiency of this route.
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5. Economic Aspect of Energy Consumption. The cost of energy is a critical
factor in determining the competitiveness of the metallurgical industry. According
to the World Steel Association, energy carriers account for 20-40% of the total
production cost of steel [11]. Therefore, even a modest improvement in energy
efficiency directly reduces production expenses and increases profitability.
Enterprises implementing energy-saving projects can achieve substantial savings: in
many cases, such measures have a payback period of only 1-3 years due to reduced
fuel and electricity bills. Furthermore, energy efficiency is closely linked to
environmental charges - lower fuel consumption results in lower CO2 emissions and,
consequently, reduced expenditures on emission allowances or carbon taxes under
environmental regulations.

Global energy prices significantly influence the steel industry. The years 2021-
2022 were particularly challenging for the European sector: a sharp increase in
natural gas and electricity prices led to the shutdown of some steelmaking capacities
in the EU [24]. For instance, in autumn 2022, energy costs for certain plants
escalated to the point where their monthly energy bills equaled those of entire
previous years [24]. Companies were forced to reduce steel output to 50% of capacity
or temporarily halt electric arc furnaces [24]. This triggered a supply crisis in the
steel market and increased the EU’s dependence on imports [24]. Hence, extremely
high energy prices can pose an existential threat to the steel industry, even in
developed economies.

In Ukraine, the war and attacks on energy infrastructure in 2022 also caused an
electricity shortage, forcing steel plants to temporarily shut down or operate under
consumption quotas while implementing strict energy-saving regimes [12]. These
extreme situations highlight the importance of a stable energy supply and the need
for production flexibility in response to price shocks.

Investments in energy efficiency and new technologies require substantial
capital but pay off in the long run through cost savings and “green” incentives.
According to Chinese researchers, by 2030, technical measures aimed at improving
energy efficiency in China’s steel industry will cost, on average, ~27 yuan per tonne
in terms of emission reduction, whereas transitioning to new production structures

(e.g., mass deployment of electric or hydrogen-based steelmaking) could cost
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up to ~703 yuan per tonne in marginal abatement costs [25]. The high capital
intensity of new technologies is a major barrier to their implementation [25]. For this
reason, many companies and countries adopt a phased approach to decarbonization:
first implementing the most cost-effective energy efficiency measures, and only
then moving on to expensive transformational projects. Economic analysis suggests
that without additional incentives (such as low-interest loans, subsidies, or carbon
market revenues), businesses may postpone the adoption of radical new
technologies [25]. The inclusion of metallurgy in emissions trading systems and the
tightening of environmental requirements aim to rebalance this situation by making
energy-efficient and low-carbon technologies more economically viable.

At the same time, energy management is becoming an integral part of the
business strategy in metallurgical companies. Enterprises are adopting ISO 50001
standards, developing portfolios of energy-saving projects, and assessing their
profitability. Some Ukrainian researchers propose methods for managing such
projects and adaptive energy consumption planning at industrial plants [26, 27],
enabling scientifically grounded investment decisions in energy efficiency. Energy
saving is thus viewed not only as a means of reducing costs but also as a way to
mitigate price volatility risks and comply with environmental standards.

In conclusion, energy consumption in metallurgy is not only a technical
challenge but also an economic one: optimal energy management has a direct

impact on the financial performance and resilience of enterprises.

Conclusions

A review of the literature from the past five years indicates that energy
consumption in the metallurgical industry remains a central focus for researchers
and practitioners alike. As one of the most energy-intensive sectors, the industry
faces a dual challenge - improving energy efficiency to reduce costs while
simultaneously undergoing a transformation to lower its carbon footprint.

International experience demonstrates substantial progress in the deployment
of energy-efficient technologies - ranging from waste heat recovery and equipment
modernization to digital control systems. As a result, specific energy consumption

for conventional steel production has been significantly reduced. In parallel,
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research and pilot implementations of breakthrough technologies - such as
hydrogen metallurgy (Hz-based processes), ore-based electric smelting, and carbon
capture, utilization, and storage (CCUS) - are laying the groundwork for a future
shift in the industry’s energy balance toward electrification and renewable
energy sources.

These changes are already having a tangible impact: new demands are
emerging for power systems (e.g., the provision of large volumes of “green”
electricity), cost structures at enterprises are evolving, and a new economic model
for metallurgy is taking shape - one in which the kilowatt-hour becomes as critical a
resource as iron ore or coal.

Ukrainian and international publications consistently emphasize that
enhancing energy efficiency is key to strengthening the competitiveness of the
metallurgical industry in the global market [11], while reducing energy dependence
is essential to ensuring its resilience in the face of external shocks.

In conclusion, the sustainable development of the metallurgical sector is
unattainable without the optimization of energy consumption - both through the
adoption of advanced technologies and the implementation of sound economic

policy and international cooperation in this domain.
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Memoduka. locnidnceHHs 0a3yemuCsl HA MidOUCYUNAIHAPHOMY AHANI3I HAYKOBUX
Oxcepen, e2any3esux 38imis, CMamMucmMuyHux OaHuxX ma MexXHIKO-eKOHOMIUHUX
xapakmepucmuk 8upobHuuymea cmasni. BukopucmaHo memoou nopieHsIbH020 AHAI3Y
eHepzosumpam 0711 pi3HUX MEXHONI02IUHUX MAPUIPYMi8, a MAKoX CucmemHutl nioxio 0o
OUiHKU NomeHyiany iHHO8ayill.

Pesynemamu. BcmanoeneHo, wWo 3HAYHA 4ACMUHA eHep2oCNOMUBAHHS NPunadde Ha
doMeHHO-KOHB8epmepHi  npouecu. Ilepexid 00 enekmponiuHozo e8upodHUUMEd,
8nposaodiceHHss 800He80I Memanypeii, BUKOPUCMAHHS BMOPUHHOI CUPOBUHU mMA
uugposux mexwonoeiii (Industry 4.0) giokpusae uwisaxu 00 iCMOMHO20 Nid8UUIEHHS
eHepzoegpekmusHocmi. Hasederno npuxnadu ycniwHoi modepHizayii Ha nionpuemcmeax
PI3HUX KpQiH.

Haykosa HosusHa. Y pobGomi cucmemamu3o8ado Gakmopu, w0 e8u3Hauarnms
eHepP2OEMHICMb 8UPOOHUUUX NPOUECi8, PO3KPUMO 83AEMO38°I30K MIHC MEXHON02IUHUMU
3MiHAMU ma CMpYKMypow  eHepzoCNOMUBAHHS, O0OTPYHMOoB8amo HeoOXidHicmb

KOMNJIEKCHO20 nidxody do mpaHcopmayii 2anysi.

IIpakmuuHe 3HaueHHs. Pe3ynbmamu moxcyms 6ymu 8ukopucmadi 0711 cmpamez2iuHoz20
NNAaHy8amHs MoOepHizauii nionpuemcms, po3poOKU I[H8eCMUUIliHUX NpoeEKmMis 3
eHepzo3bepexceHHss ma (opmysamHss HAUIOHAILHOI  NoAiMuku  dekapOoHizayii

npoMucio8ocmi.

KinouoBi  ciioBa:  eHepzoCnOMUBAMHA,  Memainypeis,  eHepzoegekmusHicmes,

dekapOoHizauis, 8odeHsb, enekmponiu, Industry 4.0, CCUS.
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Abstract. The aim of the study is to provide an analytical synthesis of the theoretical
foundations and practical approaches to improving energy consumption efficiency in the
metallurgical industry, taking into account modern challenges of climate policy, rising
energy prices, the need for decarbonization, and the economic feasibility of production
process modernization.

The methods. The research is based on an interdisciplinary analysis of scientific
publications, international reports, statistical data, and techno-economic characteristics
of steel production. Structural-comparative methods of analyzing energy consumption
across different technological routes were applied, along with a systematic approach to
assessing innovation potential and international benchmarking practices.

Findings. The study identifies the main factors contributing to energy intensity in
metallurgy and substantiates the technological reserves for improving efficiency,
including the transition to electric arc furnace (EAF) steelmaking, the use of secondary
raw materials, waste heat recovery, implementation of cogeneration, digitalization, and
hydrogen-based metallurgy. Examples of successful modernization and national support
programs from leading countries are also presented.

The originality. The paper systematizes current energy efficiency indicators and
production routes in steelmaking, characterizes the impact of various technological
strategies on integrated energy intensity, and proposes criteria for assessing energy-
saving potential at both macro and micro levels.

Practical implementation. The results can be used to substantiate enterprise energy
strategies, shape industrial decarbonization policies, prepare investment projects, and
support the development of national and international programs to improve energy
efficiency in the metallurgical sector.
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Introduction

The metallurgical industry plays a key role in the development of
infrastructure, mechanical engineering, energy, and other strategically important
sectors of the economy. At the same time, metallurgy is one of the most energy-
intensive and resource-dependent industrial activities, placing high demands on
effective energy consumption management. As of the early 21st century, the
metallurgical sector accounts for approximately 8% of global final energy
consumption and more than one-fifth of industrial carbon dioxide emissions [1].
Over the past two decades, global steel production has doubled, leading to a
corresponding increase in energy consumption and environmental pressure.

The issue of energy efficiency in metallurgy arises not only as a matter of
resource conservation, but also as a factor determining the competitiveness of
enterprises in the global market. The specific energy consumption per tonne of steel
remains significant, particularly in countries where traditional blast furnace-
converter production dominates. In contrast, countries that have prioritized electric
arc furnace (EAF) production and scrap-based recycling demonstrate significantly
lower energy intensity indicators.

Current trends require not only local optimization of technologies but also a
systemic transformation of metallurgical production in line with the principles of
sustainable development and decarbonization. The implementation of energy-
efficient solutions - from cogeneration and waste heat recovery to digital control
technologies and the use of hydrogen as a reducing agent - is regarded as a necessary
condition for technological modernization of the sector. In recent years, special
attention has been paid to assessing steel production routes based on specific energy
consumption. According to estimates by international organizations, the potential
for energy savings at existing plants is up to 20% through the application of Best
Available Techniques (BAT). Moreover, the transition to EAF production using steel
scrap can reduce energy consumption by 60-70% compared to conventional ore-
based routes.

At the same time, the industry remains highly heterogeneous: leading
countries such as the EU members, Japan, the USA, and South Korea have achieved

high energy efficiency through intensive investment in modernization and strong
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government support. Meanwhile, metallurgical enterprises in developing countries
or those with outdated production bases continue to operate with higher fuel and
electricity consumption.

For Ukraine, as for many other countries with a high share of blast furnace
production, energy efficiency is a doubly relevant issue - it is directly linked to
production costs, access to international markets, and compliance with
environmental legislation. In the context of post-war recovery, Ukraine has a unique
opportunity to make a technological leap, moving from outdated energy-intensive
schemes to modern digitalized and “green” solutions.

In this regard, the analysis of current technological trends, systematization of
energy efficiency assessment approaches, and study of international experience in
metallurgical innovation become particularly relevant. The successful
implementation of such measures will not only reduce energy consumption but also
improve economic efficiency, lower greenhouse gas emissions, enhance energy
security, and align production with the principles of the circular economy.

The metallurgical industry is among the most energy-intensive sectors: it
accounts for around 8% of global final energy use [1] and approximately 21-24% of
industrial CO, emissions [2]. Steel production is especially energy-demanding -
energy and raw materials constitute up to 60-80% of production costs [3]. Over the
past 20 years, global steel output has doubled [4], resulting in equivalent increases in
energy use and emissions. Despite a certain decline in energy intensity, these
improvements lag behind the growing demand [5].

Studies show that since 1900, the specific energy consumption per tonne of
steel has decreased by approximately 67%, mainly due to process efficiency gains [6].
However, since the mid-1990s, the pace of global energy efficiency improvements
has plateaued - particularly due to the rapid expansion of production in countries
with less efficient technologies [6].

Therefore, energy efficiency in metallurgy is currently a priority from both
economic (cost reduction) and environmental (GHG mitigation) perspectives. This
paper provides an analytical overview of key energy efficiency indicators in
metallurgy, modern technologies for improving energy performance, and

international experience in implementing such solutions in the sector.
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1. Key Indicators of Energy Efficiency in Metallurgy. The primary integral
indicator of energy efficiency in the metallurgical sector is the specific energy
consumption per unit of output, typically expressed in gigajoules per tonne of crude
steel produced (GJ/t). Over the past decades, the global steel industry has made
significant progress: according to the World Steel Association, due to the
implementation of energy-saving technologies, the average energy consumption per
tonne of steel has decreased by approximately 60% compared to 1960 levels [10].

As of the mid-2010s, the global weighted average energy intensity of steel
production was estimated at approximately 17.6 GJ/t [7, 8]. This figure varies
significantly depending on the technological route and the country. For example,
countries with a high share of electric arc furnace (EAF) production demonstrate
lower average energy intensity: Italy and Spain recorded some of the lowest values
globally, while China had one of the highest [7].

The key reason for this difference lies in the proportion of scrap-based steel
production: in Italy and Spain, a large share of steel is produced in electric arc
furnaces, whereas in China, blast furnace—-converter production
still predominates [7, §].

Global steel production more than doubled between 2000 and 2018 (see Fig. 1).
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Figure 1 — Crude steel production in China and the rest of the world, 2000-2018
(Source: World Steel Association 2018 [8], 2019a [9])

The chart presented in Fig. 1 illustrates the dynamics of crude steel production
in China and the rest of the world over the period from 2000 to 2018. Its structure
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clearly demonstrates both the significant growth in global steel output and the
substantial change in China’s role within the industry. In 2000, total steel
production was just over 800 million tonnes, with China representing only a small
share of the global volume. However, from the early 2000s onward, China
experienced a rapid increase in steel production. Its share in total output grew
significantly as a result of intense industrialization and urbanization. Between 2000
and 2007, global steel production rose steadily, reflecting a general period of global
economic expansion. In 2008, however, a sharp decline occurred, coinciding with the
global financial crisis. This drop in steel production was mainly observed in the rest
of the world, while China continued to grow, albeit at a slower pace. After 2009,
global steel production recovered relatively quickly, with China contributing the
most to this rebound. By 2014, China’s steel production had increased to over 800
million tonnes, while output in the rest of the world remained approximately stable.
The noticeable decline in 2014 may be linked to an economic slowdown in
China and to government measures aimed at curbing overcapacity and shutting
down outdated or illegal production facilities. Nevertheless, China resumed gradual
growth, and by 2018, total global steel production exceeded 1.8 billion tonnes.
Several important conclusions can be drawn from the chart. First, China has become
the undisputed leader in steel production, with a decisive influence on the global
metallurgical industry. Second, global steel production is highly sensitive to
economic cycles, as clearly seen during the downturns of 2008 and 2014. Finally,
although the rest of the world shows moderate growth, its pace is significantly
slower than that of China, highlighting China’s dominant role in global steel output.
In 2018, China accounted for 51% of global steel production, compared to just 15%
in 2000. The 2008 decline in production was caused by the global economic
recession. The 2014 downturn was primarily due to the deceleration of China’s
economic growth and chronic overcapacity, which led to the closure of illegal
induction furnaces and outdated steel mills in the country. For instance, in the
United States, approximately 70% of steel is produced using electric arc furnaces,
resulting in an average energy intensity about one-third lower than that of China.
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Figure 2 — Crude steel production in the United States by production routes, 2000-2018:
(Source: World Steel Association 2018 [8], 2019a [9])

Throughout the period from 2000 to 2018, crude steel production in the United
States underwent significant changes, as illustrated in Fig. 2. Already at the
beginning of the 2000s, it was evident that the U.S. steel industry relied on two
primary production routes: the blast furnace-basic oxygen furnace (BF-BOF) route
and the electric arc furnace (EAF) route.

While both processes were actively used, the traditional BF-BOF method
initially accounted for a larger share of production, gradually giving way to the more
modern EAF process.

In the early years of the study period, steel production remained relatively
stable at around 100 million tonnes per year. However, in 2008, a major turning
point occurred that affected not only the U.S. steel sector but the global economy as
a whole - the global financial crisis. Demand for steel dropped sharply, leading to a
dramatic reduction in output.

The BF-BOF segment was particularly affected, as it requires substantial
capital investment and involves longer production cycles. During this time, U.S. steel
production fell to its lowest level in two decades.

Nevertheless, like many other industries, steelmaking began to recover
gradually. Starting in 2010, production increased again, although pre-crisis levels
were not fully restored. However, this period marked a turning point in the
structural transformation of the industry. An increasing number of facilities began
transitioning to electric arc furnaces (EAF), which are more flexible, economically

advantageous, and environmentally friendly. It was primarily through this method

ISSN-print 1991-7848 253
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 28 - 2025

that the U.S. steel industry managed to recover, albeit at a slightly lower production
level compared to the early 2000s.

In the final years of the analyzed period - from 2015 to 2018 - the industry
entered a relatively stable phase once again. The BF—-BOF route continued to lose
ground, while EAF technology steadily established itself as the dominant production
method. This shift mirrored global trends in the steel industry, as companies favored
technologies that allowed faster adaptation to market fluctuations.

Key indicators also include specific fuel consumption by production route and
energy efficiency (conversion efficiency). Primary steel production (from ore) is
carried out mainly via the blast furnace-basic oxygen converter route (BF-BOF) or
through direct reduced iron (DRI) followed by melting in an electric arc
furnace (DRI-EAF).

Secondary steel production involves remelting scrap in EAFs. These routes
differ significantly in terms of energy intensity. The BF-BOF route consumes on
average ~18-20 GJ per tonne of steel, most of which is derived from coking coal. In
contrast, the EAF scrap-based route requires several times less energy. According to
estimates, steelmaking from scrap uses only ~1/4 to 1/3 of the energy compared to

ore-based production [10].

Specific consumption - G20 average: 18.7 GJ / tonne crude steel

1

o

o]

]
N
=)

@

=]
w
=]

|88]s apnIo auuo) / f9

o) o]

20 OOOOOOOOOOOO Ojn

Share of crude steel production by process route

OOO

(o}

Srrrrrr 1Tt 1T 1 T 1 17T 1 1 1t r 1 1.1 160
TP EEEN P8R0 0
\,\‘“‘f‘ FESEE TIPS S S B S 0 8

Figure 3 — Final energy consumption and energy intensity under Best Available
Technologies (BAT), 2018
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The chart presented in Fig. 3 illustrates the final energy consumption and
energy intensity of crude steel production across various G20 countries in 2018. It
highlights the extent to which different steelmaking technologies are utilized and
how much energy is consumed per tonne of finished steel.

On the left vertical axis, the chart shows the share of steel production by
technological route, while the right vertical axis indicates energy consumption in
gigajoules (GJ]) per tonne of steel. Each bar consists of differently colored segments
representing various steelmaking processes. Yellow dots indicate the average energy
intensity for each country.

The main conclusion from the chart is that both the structure of steel
production and the level of energy intensity vary significantly between countries.
Some countries lead in the use of energy-efficient technologies, while others
continue to rely on more traditional but less efficient methods.

Steel production is one of the key industrial sectors, but it is also among the
most energy-intensive. This chart clearly demonstrates the wide disparity in energy
consumption across G20 countries in 2018, and how the applied technologies impact
production efficiency.

As noted in sources [10-13], different countries employ different production
routes. In some, electric arc furnace (EAF) steelmaking dominates - a process that
allows for significant energy savings. In others, the conventional basic oxygen
furnace route (BF-BOF) still prevails, which requires substantially more energy. This
explains the considerable variation in energy intensity, represented by the yellow
dots. In some countries, these indicators are below the G20 average of 18.7 GJ per
tonne of steel, while in others they exceed this threshold significantly.

One of the most notable observations is the clear distinction between countries
that have adopted advanced technologies and those that continue to rely on
outdated production methods. Nations that have invested in modernization are
already reaping the benefits of reduced energy consumption and, accordingly, lower
production costs. Meanwhile, countries that remain heavily dependent on
traditional blast furnace routes consume more energy resources, making their steel

industries less competitive in the modern market.

ISSN-print 1991-7848 255
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 28 - 2025

The chart also hints at emerging trends. It is becoming increasingly evident
that the steel industry is moving toward more energy-efficient solutions. While in
some countries the EAF route already dominates, over the coming decades this
method may largely replace traditional steelmaking approaches. In addition to
economic benefits, this shift also reduces the environmental impact of production.

Secondary steelmaking can save up to 60—-70% of energy per tonne [13] - and by
some estimates, even as much as 1/8 of the energy required for primary production
[14]. In practice, all new steel contains a certain percentage of scrap (in basic oxygen
converters, up to ~30% of the charge may be scrap metal) [13], but the key factor for
energy efficiency at the sector level is the share of EAF-based production.

Currently, approximately 25% of global steel is produced using electric arc
furnaces [10], while around 75% still relies on the more energy-intensive blast
furnace route. Thus, increasing the share of EAF production represents one of the
main energy efficiency reserves for the industry as a whole.

At the same time, energy performance also depends on the technology level at
each production stage. For instance, Best Available Technologies (BAT) offer energy
consumption levels of approximately 14.8 GJ/t for the BF-BOF route and about
2.6 GJ/t for scrap-based EAF (thin-slab route), according to estimates by Lawrence
Berkeley National Laboratory [15]. Comparing actual national indicators to BAT
benchmarks helps assess the potential for efficiency improvement. According to
international benchmarking, many G20 countries still have the economic potential
to reduce energy use in steel production by 10-20%, approaching BAT
performance levels [12].

Therefore, key metrics for monitoring energy efficiency in metallurgy include:
specific fuel and electricity consumption per tonne (by production route); share of
secondary (scrap-based) steelmaking; composite efficiency index relative to global
best practices.

2. Modern Energy-Efficient Technologies in Metallurgy. Reducing energy
consumption in the metallurgical industry is achieved through both equipment
modernization and the implementation of new processes and control systems. The
following are key technological directions for improving energy efficiency at steel
plants:
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Waste Heat Recovery and Cogeneration.A significant portion of heat in the
metallurgical cycle is released through process gases and hot materials. Modern
plants implement heat recovery systems to convert this thermal energy into useful
energy. For example, by-product gases from blast furnaces and coke plants are
redirected from flare stacks to steam and electricity production, covering over 60%
of internal energy needs at integrated works [10]. Many integrated steelworks
operate their own combined heat and power (CHP) plants fueled by blast furnace and
coke oven gas, simultaneously generating both electricity and process steam/hot
water. This cogeneration significantly improves overall fuel utilization efficiency:
modern CHP systems achieve 65-80% efficiency, compared to approximately 50%
for the combined efficiency of separate power and steam generation [16].

Among the most effective heat recovery technologies is coke dry quenching
(CDQ), where incandescent coke is quenched not with water but with inert gas,
allowing for heat extraction to generate steam. Another proven solution is top-
pressure recovery turbines (TRT) installed on blast furnaces, where the energy of
pressurized exhaust gas is converted into electricity. These technologies are
standard on nearly all modern Japanese blast furnaces and are widely used across the
EU and China [17].

Additionally, waste heat from sintering machines, steelmaking furnaces, and
rolling mills is increasingly recovered via heat exchangers for secondary applications
(e.g., air or water preheating, steam production, or electricity generation via organic
Rankine cycle). Collectively, heat recovery systems can reduce specific fuel
consumption by 10-20% and yield substantial cost savings. Many such solutions
offer short payback periods: according to U.S. DOE energy audit programs, most
energy-saving recommendations in steel plants pay back within 2 years, and nearly
40% within 9 months [18]. This explains why waste heat recovery and cogeneration
have become standard practices at modern steelworks - not only enhancing
efficiency but also providing rapid economic returns.

Energy-Efficient Steelmaking Processes. The stark contrast in energy
consumption between the traditional blast furnace route and scrap-based
steelmaking has driven significant technological shifts. Electric arc furnaces (EAFs)

are now considered a key energy-efficient technology, particularly when combined
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with scrap usage. The complete production cycle for one tonne of steel in EAFs
consumes on average 60-70% less energy than the BF-BOF route [11]. This is
confirmed by practice: countries with a high share of EAF-based steel production
(e.g., Turkey, USA) achieve substantially lower energy intensity at the
sectoral level [18].

However, the EAF method is constrained by the availability of scrap, which is
not unlimited (globally, ~85% of generated scrap is collected) [20]. Thus, primary
iron production remains essential to meet demand.

To improve the efficiency of primary ironmaking, technologies such as direct
reduced iron (DRI) using natural gas or hydrogen instead of coke are being
implemented. The DRI process followed by melting in EAFs offers a partial
replacement for blast furnace production. Its energy efficiency depends on the type
of fuel: with natural gas, the specific energy consumption can be slightly lower than
that of the BF-BOF route, although overall DRI-EAF typically still consumes
~16-18 GJ/t (only slightly less than BF-BOF) [15]. The main advantage of DRI is the
reduction in CO, emissions when using gas or hydrogen, which is why many Middle
Eastern countries with cheap gas have adopted this route (e.g., historically, ~100% of
Egypt’s steel has been produced via DRI-EAF) [15].

For the blast furnace process, key energy efficiency improvements include
modernization of furnaces and auxiliary equipment: pulverized coal injection (PCI)
to replace part of the coke, use of maximum-temperature hot blast, cleaning and
recycling of blast furnace gas, and more efficient stove heaters.

Modern blast furnaces in Japan and South Korea have reached such high levels
of thermal efficiency that further energy reductions are approaching theoretical
limits [20]. Thus, in the long term, breakthrough technologies - such as hydrogen-
based reduction, electric melting of iron ore pellets, or plasma/electrolytic methods -
are seen as pathways to radically improve energy efficiency and decarbonize
the industry [20].

These technologies are currently in the pilot or demonstration phase, with
commercial deployment expected closer to the 2030s [20]. Therefore, in terms of

currently available solutions, metallurgical companies are focusing on maximizing
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scrap usage, transitioning to EAFs where possible, and modernizing existing BF
facilities to meet the highest global energy efficiency standards.

Digitalization and Energy Management Systems.In recent years, significant
attention has been paid to the use of digital technologies to optimize energy use in
industry. Steel plants are implementing monitoring and control systems that track
real-time operating parameters of furnaces, rolling mills, motors, and other energy
consumers. Advanced software solutions - Advanced Process Control (APC), digital
twins, artificial intelligence - allow precise process control, minimizing non-
productive fuel and electricity losses [21].

For example, Al models can optimize the thermal regime of electric arc or blast
furnaces to reach the target temperature with minimal coke or electricity use. In
Europe, several initiatives support the digital transformation of metallurgy. Notably,
in 2024, the DIGREEs project was launched with EU support. This collaboration
among 12 partners (research institutions and steel manufacturers) aims to develop a
digital platform with networked sensors and Al to optimize the full production cycle
- from raw material preparation to rolling [21].

The introduction of digital twins and control models at European steel plants is
expected to deliver up to €800 million in annual energy cost savings and reduce COq
emissions by 6 million tonnes per year in the medium term [21].

Beyond targeted projects, many companies are already implementing Industry
4.0 elements: energy dispatch systems, predictive analytics for equipment
(to prevent failures and downtime), optimization of operating schedules to flatten
peak loads, etc.

A critical component of this transformation is the adoption of Energy
Management Systems (EnMS) in line with ISO 50001. As noted by the IEA,
formalized energy management ensures continuous application of best practices at
relatively low cost [11]. ISO 50001-certified companies regularly analyze their
energy consumption, monitor Energy Performance Indicators (EnPIs), and develop
energy efficiency plans - enabling identification of new saving opportunities.

In combination, digital solutions and energy management systems can deliver
an additional 5-10% reduction in specific energy consumption by fine-tuning

processes and eliminating losses. Therefore, digitalization is emerging as a crucial
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technological driver of energy efficiency, effectively complementing hardware
modernization efforts.

3. International Experience in the Implementation of Energy-Efficient
Technologies. Decades of experience from the world’s leading steel-producing
countries demonstrate that improving energy efficiency is a mutually beneficial
process - it reduces production costs while simultaneously supporting
environmental goals. Developed nations have already made significant progress in
reducing specific energy consumption, yet improvement potential remains across
nearly all regions [11]. According to the IEA, implementing currently available
energy-efficient technologies across global steel plants could save up to ~20% of
energy per tonne of steel on average [11].

Below is an overview of selected country experiences and global initiatives:

Japan has traditionally been a global leader in energy efficiency in the steel
industry. Since the oil crisis of the 1970s, Japanese steelmakers have systematically
implemented energy-saving innovations - from comprehensive gas and heat
recovery systems to advanced blast furnace technologies. As a result, Japan's steel
plants have achieved the highest energy efficiency worldwide [22]. As early as the
2010s, Japan announced its intention to improve steel production efficiency by 35%
by 2030 compared to baseline levels - underscoring its ambition to push efficiency
boundaries even further [23].

To share best practices, Japan launched a global energy efficiency
benchmarking program during its G20 presidency in 2019 [11]. In cooperation with
the IEA, an international methodology was developed to compare specific energy
consumption per tonne of steel, accounting for differences in production structures.
Findings revealed that many countries could significantly reduce their performance
gaps through process optimization and the implementation of Best Available
Techniques (BAT) [11]. Japanese companies are also active in technology transfer:
through joint implementation mechanisms and partnerships, they support the
installation of heat recovery systems, advanced tuyeres, and automation systems at
plants in China, India, and ASEAN nations.

The European Union emphasizes energy efficiency through regulatory and

financial mechanisms. The EU Energy Efficiency Directive (EED) obliges member
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states to promote industrial efficiency, including mandatory energy audits for large
enterprises and support for high-efficiency cogeneration [24]. Sector-specific BAT
Reference Documents (BREFs), such as the "Iron & Steel BREF," define technical
options for minimizing energy use, which are gradually implemented
at EU steelworks.

Many European plants have undergone modernization with support from
public funding programs (e.g., Horizon 2020, Innovation Fund), co-financing
installations of energy-efficient equipment. Technologies such as coke dry
quenching (CDQ), regenerative burners in reheat furnaces, and variable frequency
drives for rolling mill motors are widely used. Countries like Germany and France
also support digitalization projects (e.g., DiGreeS) aimed at reducing energy
consumption. As a result, the energy intensity of European steel is among the lowest
globally. For example, the average steel plant in Germany or Italy consumes far less
energy per tonne than a typical Chinese facility, largely due to a higher EAF share
and BAT adoption [25]. Furthermore, the EU continues to promote fuel switching
and electrification/hydrogen-based technologies under the Green Deal and
industrial decarbonization programs.

The United States has a different production structure, with a dominance of
mini-mills using scrap-based EAFs. As of recent years, about 70% of U.S. steel is
produced in EAFs, resulting in a lower sectoral average energy intensity (placing the
U.S. among the global top 5 performers) [17]. The U.S. government has historically
supported energy efficiency through the Department of Energy (DOE) programs. In
the 2000s, the Save Energy Now initiative conducted energy audits at numerous steel
plants, identifying tens of millions of dollars in potential energy savings [18].
Notably, many of the recommended measures had a payback period of under two
years, prompting widespread implementation [18].

The ENERGY STAR for Industry program offers industry-specific best practice
guides (including for steel) and recognizes top-performing plants. A strong emphasis
is placed on modernizing energy equipment - replacing outdated boilers,
compressors, and motors with high-efficiency models. According to a 2021
BlueGreen Alliance study, the overall energy intensity of the U.S. steel sector is
about 33% lower than in China, despite the relatively high average age of U.S. BF-
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BOF facilities (oxygen converters average over 30 years). This underscores the
effectiveness of combining a high EAF share with targeted energy-efficiency policies.
China, the world’s largest steel producer (accounting for over 50% of global
output), is also the largest energy consumer in the steel sector [25]. Between 2000
and the 2010s, China embarked on extensive modernization: thousands of small
inefficient furnaces were closed and replaced with modern large-scale BF and BOF
units. Over 80% of China’s BF-BOF capacity was built after 2000, many equipped
with advanced technologies (gas recovery, pulverized coal injection, automation)
[18]. As a result, specific energy consumption at major Chinese plants now
approaches levels in developed countries. International benchmarking shows that
China ranks second among 15 countries in energy efficiency for the BOF route [18].

However, China’s national average is lower due to a historically low EAF share
(<10%). The Chinese government is addressing this by setting targets to raise the
EAF share. The 2024-2025 Action Plan aims to increase the EAF share to 15% of
total production and raise scrap use to 300 million tonnes/year [26]. By 2025, at least
30% of Chinese steel capacity must reach benchmark energy efficiency levels;
underperforming plants are to be upgraded or phased out [26]. All new and
retrofitted projects must meet A-level efficiency and environmental standards.
China also provides financial incentives: green technology loans, subsidies for heat
recovery systems, and strict energy consumption caps. While progress continues,
China faces the challenge of rising domestic steel demand, which outpaces the
deployment of energy-efficient technologies [6].

India, the world’s second-largest producer, also struggles with high energy
intensity (among the highest globally, alongside China and Ukraine) [25], due to
reliance on BF and coal-based DRI. The PAT program (Perform, Achieve and Trade)
introduces specific energy reduction targets and allows certificate trading,
incentivizing modernization or purchase of energy savings from more efficient firms.

Ukraine, historically among the top 10 producers, had an outdated production
structure prior to the war (predominantly open-hearth and Bessemer converters
until the 2010s, then BF-BOF), resulting in very high energy intensity. International
assessments ranked Ukraine among the least energy-efficient producers globally,

along with China and India [25]. However, post-war reconstruction is seen as an
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opportunity to implement state-of-the-art technologies. National recovery plans
include building new EAF capacity, a green hydrogen metallurgy cluster, and other
advanced infrastructure - aiming to bring Ukrainian steel to global energy
performance levels [27].

At the global level, international organizations play a vital role. UNIDO has
implemented multiple energy efficiency projects in steel across developing countries
- from Egypt to Vietnam - offering expert support, benchmarking, and funding for
BAT deployment [28]. The OECD explores energy policy mechanisms
(e.g., 2019 reports on resource efficiency and steel decarbonization). The IEA’s 2020
Steel Roadmap emphasized energy efficiency as a foundation for achieving carbon
neutrality in the sector [29].

In summary, global experience confirms that countries investing early in
energy-efficient technologies (Japan, EU, South Korea, USA) now enjoy competitive
advantages and reduced energy price exposure, while those that delayed
modernization must now leap toward advanced solutions - often with support from
international initiatives.

4. Economic Aspects and Payback of Energy Efficiency Measures. Energy
efficiency in the steel industry is closely tied to production economics. Energy
carriers constitute a significant share of operating costs at metallurgical enterprises
- on average, 20-40% of steel production costs [11]. Therefore, any improvement in
efficiency directly reduces costs and enhances product competitiveness. According
to IEA estimates, the implementation of readily available energy-saving
technologies could save the industry hundreds of millions of dollars through reduced
specific fuel consumption [11].

However, the adoption of new technologies requires capital investment, and
decisions are often contingent upon the expected payback period. Most "low-
hanging fruit" in energy efficiency - such as process optimization, insulation, heat
recovery, and auxiliary equipment upgrades - offer relatively short payback periods.
As previously mentioned, nearly two-fifths of energy-saving projects in the U.S. steel
industry demonstrated a payback of less than one year, and the vast majority paid off
within two years [18]. This indicates that such investments typically generate rapid

economic returns.
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On the other hand, large-scale capital-intensive projects - such as building a
new EAF to replace a blast furnace, implementing a hydrogen facility, or
comprehensive modernization of a BOF shop - may require hundreds of millions of
dollars and have payback periods spanning decades. Companies are often reluctant
to undertake these investments without additional incentives, as market-driven
benefits alone may not justify the long investment cycles and associated risks
(e.g., volatility in steel and energy prices).

Thus, government support programs play a critical role. Many countries have
introduced mechanisms such as tax incentives for energy-efficient equipment,
preferential loans, decarbonization funds, or direct subsidies. In the EU, for example,
the Energy Efficiency Directive (EED) and related regulations explicitly recommend
prioritizing support for high-efficiency cogeneration in industrial facilities [24].

In the United States, recent legislation (notably the Inflation Reduction Act of
2022) provides credits for industrial emission reduction, which also cover energy
efficiency improvements. Payback times vary depending on the technology: for
instance, installing variable frequency drives on motors can recover investment in
1-1.5 years through electricity savings, while coke dry quenching systems are more
expensive and may take 5-7 years to pay back, depending on electricity and coal
prices. Government grants and tax breaks reduce the effective payback period,
making such projects more attractive.

Beyond direct economic benefits such as lower energy bills, improved energy
efficiency also yields indirect advantages. These include enhanced energy security
(reduced dependence on external fuel sources), lower environmental compliance
costs (as CO2 and pollutant emissions become increasingly taxed), and job creation
in the manufacturing and servicing of green technologies [38]. According to the IEA,
investments in industrial energy efficiency create approximately 18 jobs per
$1 million invested, thanks to the development of supporting technologies
and services [11].

Thus, the economic dimension of energy efficiency is multifaceted: on one
hand, it enables cost reduction and fast returns for many measures; on the other, it
requires significant capital for deep modernization. Therefore, comprehensive policy
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frameworks and financial incentives are essential to facilitate and accelerate this

transition in the steel industry.

Conclusions

The steel industry remains one of the most energy-intensive sectors globally,
yet it also holds some of the greatest potential for energy savings. In recent years, a
substantial body of international experience has been accumulated in improving
energy efficiency - ranging from equipment modernization to the implementation of
digital control systems. Key indicators, such as specific energy consumption per
tonne of steel, demonstrate positive trends, although the pace of improvement
varies across regions.

The most successful countries have managed to combine technological
innovations (such as heat recovery, electric arc furnaces, and automation) with well-
designed public policy frameworks. This has enabled them to reduce the energy
intensity of steel production to levels approaching theoretical minimums. On the
other hand, a large share of global steelmaking still operates far from Best Available
Techniques (BAT), leaving considerable untapped potential for energy savings.

A review of literature and industrial reports indicates that implementing
currently available technologies - such as cogeneration, heat recovery, and process
optimization - can reduce fuel consumption by 10-20% even at modern facilities
[11]. Furthermore, transitioning to advanced production processes (e.g., scrap-based
electric steelmaking, direct reduction) can deliver savings of 60-70% compared to
outdated routes [11].

Energy efficiency is strongly linked to competitiveness: lower energy use
results in reduced production costs and greater resilience to market volatility.
Equally important is the role of energy efficiency in decarbonizing the steel industry.
According to various estimates, energy-saving and material-efficiency measures
(such as increased scrap recycling and reduced process losses) alone could lower the
sector’s emissions by 15-20% by 2030 [11], contributing significantly to carbon
neutrality goals.
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International cooperation - including the exchange of best practices, joint
research initiatives, and global benchmarking - plays a crucial role in
accelerating progress.

In conclusion, the experience of different countries demonstrates that
investments in energy efficiency within the steel industry are justified not only in
terms of direct economic returns, but also through long-term environmental and
energy security benefits. For Ukraine and other countries with energy-intensive
steelmaking, the adoption of modern energy-efficient technologies is both an urgent
necessity and a unique opportunity for technological leapfrogging - laying the

groundwork for the sustainable development of the sector in the years to come.
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B.J1. KoBanenko, H.O. Miusitno, O.M. bapimenko, JI.I. [lleBuyk,

B.B. Baceupxkuii, B. baiiko, B. Konucos

IIOHATTS EHEPTOE®EKTUBHOCTI B METAJIVPTIVHIN
IMMPOMMCJIOBOCTI TA TIOKA3HUKU I OL[IHKU

A6cTpakT. Memow pobomu € aHanimuuHe y3dedalbHEHHS MeopemudHux 3acad i
npakmuyHux nioxodie 0o nideuuleHHs e(eKmueHoCcmi  eHepzOCNOMCUBAHHS 8
MemanypeitiHiti npoMuciogocmi 3 Ypaxy8aHHIM CYUACHUX BUKIUKIB KAIMAMUUHOL
noaimuku, 3pocmavHs UiH Ha eHepzopecypcu, hompebu 6 OdekapOoHi3auii ma

eKOHOMIuHOI doyinsHoCcmi ModepHizauii 8upoOHUUUX NPOUeECis.

Memooduxa. ocnioxiceHHss 0asyemscs HA MidOUCUUNIIHAPHOMY AHANI3I HAYKOBUX
nybaikayiti, MixHapooHux 36imie, cmamucmuuHux OaHux, da MAaKo#< mMeXHIKO-
eKOHOMIYHUX  Xapakmepucmuk 8upobHuymea cmasni. 3acmocosaHo Mmemodu
CMPYKMYPHO-NOPIBHSIbHOZ0 AHAJNI3Y eHepzosumpam 3a pi3HUMU MEeXHOJI02IUHUMU
mapwpymamu, cucmemHuti nioxio do oyiHKU nomeHuiany IHHOBAUIlIHUX pilieHb ma

MINHAPOOH020 GEHUMAPKIHZY.

Pesynomamu. BusHaueHO OCHOB8HI  (akmopu eHepezoEMHOCMI 8 Memanypeii,
006rpyHMOBAHO MeEXHOJI02iuHI pe3epsu nidsullieHHs epekmusHocmi — 30Kkpema, nepexio
Jdo enekmpocmaneniasuibHo20 8UpPOOHUYMEA, BUKOPUCMAHHI 8MOPUHHOI CUPOBUHLU,
ymunizayiro 8mpamHozo menad, 6hposadxieHHs KozeHepauii, uyugposizauii ma
800He80i memanypeii. Po3znssHymo npuxaadu ycniwiHoi modepHi3ayii ma npozpamu

CMUMYJII08AHHS 8 NPOBIOHUX KPATHAX.

Hayxkosa  HosuzHa. Y  pobomi  cucmemamu3o8aHo  Cy4dcHi — NOKA3HUKU
eHepzoehekmusHocmi ma mapuipymu 8upobHUymea cmai, 0Xapakmepu3zo8aHo 8nJue
Pi3HUX MEXHOJI02IUHUX Ccmpamezili Ha I[HMez2paivbHy €EHeP2OEMHICMb, A MAKOMC
3anponoHO8aHo Kpumepii OYiHKU nomeHuiany eHepzo3bepexceHHss HA MAKpo- i
MIKPOPIBHSIX.

IIpakmuuHe 3HaueHHs. Pe3ynsmamu mMoxcyms 6ymu 8UKOpucmai 01 00rpyHmMy8aHHs
eHepzemuyHUX cmpameziti nionpuemMcms, (opmysaHHs noaimux y cgepi npomuciosoi
dekapOoHizayii, nidzomoeKu iH8eCMUYIliHUX NPOEKMIB, A MAKOM PO3BUMKY 0ePHCABHUX
[ MiXCHapoOHUX Npozpam nidsuujeHHs eHepzoehekmusHoOCmi 8 memasnypeii.

KmiouoBi  c/ioBa:  eHepzocnomueaHHs,  eHepzoepekmueHicms,  Memanypeis,

eslekmponiu, 800eHv, KozeHepauis, 6pyxm, Industry 4.0, CCUS.
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IIMTAHHSA 3HVKEHHSA BUTPATU METAJIA ITP1 BUPOBHUIITBI
TAPSIYEKATAHUX TPVYB*

AHomauis. Po3znsHymi O0CHOBHI iCmMOpuuHi HANPAMKU €KOHOMII Mmemana npu
8upobHUYmMei 2apsuekamavux 0Oe3wlo8HUx mpy6 Ha pi3HUX MpYOONPOKAMHUX
azpezamax, wjo 00csie/iu NPAKMUUYHO20 BUKOPUCMAHHS. 3HUMCEHHS 8UMpamu memany €
00HUM 3 OCHOBHUX HANPSIMKI8 3HUMEHHS 8UMpam npu eupoOHUYymaei mpyo, max six 001
gapmocmi 3adaHozo memany 3a 6Uupaxy8aHHsam eioxodie cknadae 8i0 50 do 85%.
BukoHaHuill auanis memanoBUKOpPUCMAHHS Npu  BUPOOHUYMSEI 2apsueKamaHux
0e3wl08HUX mpyb Ha pi3HUX MpYbONPOKAMHUX dzpeeamax NnoKa3as, wo Haubinbwi
MexXHOJI02IUHI empamu Memaiy mMarnmo Micye Ha NilizpuMosUX azpezamax 3a paxyHok
00pi3i memany Ha ninizpumosomMy CmaHi 8 3ampasky ma niizpumosy 20/108KY.
PO32NIIHYMi OCHOBHI HANPSAMKU 3HUMCEHHS YUX empam, Npu ybomy 6iOMiuaAEMubCs o
Halibinvlu e(ekmusHUMU € NPOKAMKA 2i1b3U 8 CMUK mMd PO3KAmKa ninizpumosoi
20/108KU Ha BinbHili Odinauyi dopHa. Takoxw po32nssHymi NUMAHHS 3MEHUIEeHHS
OKAJIUHOYMBOPEHHS NpU 2apayili npokamyi mpyo uwisxom NPUCKOPEH020 0X0JI00HE€HHS
8upoby 800010 Ha 8uxodi 3 UUCMO20 KANi6py ma 30i/1bUIEHHIM WBUOKOCMI 0X0J100H(EHHS
Ha nogimpi.

Knrwouoei cnoea: zapsuekamaxHa mpyba, 3az0moeka, 2isv3a, Nilizpumosuti Cma,
NpowUBHULl KOCOBANKOBULL CMAH, 3ampasKkd, Nilb2ep2ol08Kd, OKAJIUHOYMBOPEHHS,

eKOHOMISt MemaJty, mexHoJl02iuHa ob6pi3b, BUMpamHuti KoegiyicHm memarny.
AHasti3 ocTaHHIX JOCTiIKeHb i myoJTiKai

[IpobieMu pecypco3bepeskeHHS TPy BUPOOHUIITBI rapssuekaTaHMUx 6e31MI0BHUX
TpyO HaOyBalOTh Bce Oi/IbIIY aKTya/IbHICTh SIK 3apa3 Tak i Ha JajeKy MepCreKTUBY.
OpHuMM i3 OCHOBHMX KpUTepiiB CydyacHOI TeXHOJOrii 1 yCTaTKOBAaHHS €

€HeproeMHICThb TMPOMYKIii Ta ekosjoriyHa Ge3sreka [1]. Tomy cborojHi

© M.B. I'youncbkuii, 10.11. Yrpromos, O.B. I'y6incekmit, I.A. Masyp, 1.10.YrpiomoB

* [IpUCBAUYETHCSI TAM’SITi BiJOMOTO Tearora, BUeHOrO i creliasicta B raaysi TeII0TeXHiKM JOKTOpa
TeXHIYHUX HayK, Mpodecopa, 3aBimyBaua kadeapy TeIIOTeXHiKM Ta €KOJOTii MeTalypriiiHuUxX medeit
HanionanpbHoi Meranypriiinoi akagemii Vkpainu T'yémucbkoro Bonomummpa Hocudosnua
(03.11.1930 — 15.01.2012).
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MepIIOYepProBMMHM TIUTAHHSIMM MeTaIyprii € pecypco3bepeskeHHS Ta €eKOJIOTisT Y
TEeXHOJIOTiUHMX ITPOoI[ecax BUPOOHNYOTO LIMNKITY.

baraTo TeXHOJOTiYHMX IMPOLIECiB BUPOOHMUIITBA rapsiyueKaTaHUX O6e3MIOBHUX
TpyO HOCATIM CBOiX MOXIMBOCTEI Ta MOTPEOYIOTh BIOCKOHAJIEHHS abo
KapAMHAJIbHOTO BiTHOBJIEHHS. BcTaHOBIIEHO, IO pecypco30epeskeHHS CIIPUSIE POCTY
e(eKkTMBHOCTI €KOHOMiKM, MigBUIIEHHIO il KOHKYpPEHTOCIPOMOXKHOCTI. BibImicTh
TPYOHMX TAMPUMEMCTB VYKpaiHM MalThb YCTATKOBAHHS [Ji1 BUPOOHUIITBA
rapsiuekaTaHux Tpyob sikomy 6j113bKO 50 pokiB. OJHMM i3 rOJIOBHMX HAIIPSIMKiB B
pecypco3bepeskeHHi € yIOCKOHAJEeHHSI Mil0UuMX TeXHOJOTiYHMX IPOLIeCiB, a TaKOX
pO3po6Ka Ta BIPOBAIsKeHHSI HOBUX Ha 6a3i CyyaCHOTO PO3BUTKY HAYKM i TEXHOJIOTII.
€ 3HauYHMIT JOPOOOK HOBMX TEXHOJIOTIYHMX IIPOLIECiB, KOTpi MO ChOTOJIHI He
3aTpeOyBaHi 3 00'€KTUBHUX i CYy0'€KTUBHMUX ITPUUVH.

[IuTaHHT  pecypco36epeskeHHsI i, mepum  3a  Bce TIOJTITTILIe HHSI
MeTa/IOBUKOPUCTAHHS, SIK Y BUPOOHMKA, TaK i y CIOXMBaya € OOHUM i3 OCHOBHUX,
[0 BIUIMBA€ HA TEXHiIKO-eKOHOMIiUHi ITOKa3HMKM POOOTU MiAIpMEMCTBA, TaK i Ha
110r0 KOHKYPEHTOCITPOMOKHICTb, 110 Ty>Ke BasKIMBO B O0POTHOi 32 pUHKM 30YTYy.

CTtaTTsl poO3MISImAE€ NUISXM 3HMKEHHS BUTpPAT MeTaly TNpU BUPOOHUIITBI
rapsiuekaTaHux Oe3IIOBHMX TPyO Ha pisHMX TpyborpoxkaTHux arperatax (TITIA).
Takosk B poOOTi pO3IJISIAAIOTHCS NUISIXM 3HMKEHHSI BUTPAT MeTaly SIK Y BUPOOHMKA
rapsiueKaTaHux TPyO, Tak i y CIIOKMBAUiB 32 paXyHOK iX JOJATKOBOiI 0OpPOOKM, IO B
KiHIIEBOMY PaxyHKY ITPU3BOIUTH 10 €EKOHOMii MeTasia B MacITabax pisHuX ramxyseii i
B IL[iJIOMY MO KpaiHi.

[Tpy BUPOOHMIITBI rapsiyeKaTaHMUX TPyO Pi3HUX BUIIB BapTiCTh MeTaIy CK/IaIa€e
50+85 % npuBeneHux BuTpar [1].

[Ipu BupilleHHi MUMTaHb €KOHOMii MeTasy HeoOXiJHO MmamM’siTaTy MpPo KiHIIEeBY
MeTy BMPOOHMIITBA TPyO — BUMKOPUCTAHHI iX B TOJIOBHOMY BMpPOOi i MOXKIMBIiA
eKOHOMii, Ika MO)kKe OyTU ofepskaHa IPY 3aCTOCYBaHHi TPy6 BUIIOI SIKOCTI, 3 Oi/IbII
TOYHMMM TE€OMETPUYHMMM pO3Mipamu, CIIeliaJibHO OOpOOJIeHNX, Y TOMY YMCITi
TepMiuHO 06pOOeHNX, 3 TTOKPUTTSIM 30BHIIIHbOI i BHYTPIllIHbOI MOBEPXOHb Ta iH.
BCce Ile ITOTpeOye 3HAUHMX BUMOT IO BUXiJHOTO MeTally, a TaKOX CII0CO0OiB

BUTOTOBJIEHHS i 06po0OKM TpyO [2].
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Cepen, OCHOBHMX HAIMPSIMKiB CKOPOUEHHSI BUTPAT MeTally HeOOXiTHO BimMiTUTH
HACTYIHi: BMKOPUCTAHHS 0e3MepepBHONMUTOI 3aroTOBKM KPYIJIOTO ITOIIEPEYHOrO
TiepeTuHY; 3HWKEeHHSI BTpaT MeTa/ly B OKaJIMHY IPU Harpisi i migirpisi; 3HMKeHHS
BTpaT MeTajy B TEXHOJIOIiYHy 00pi3b, B TOMY YMC/Ii Ha MiJirpMMOBOMY CTaHi B
3aTpPaBKy 1 MiJIbTeprojioBKy, Ta IIOTOBINEHI KiHI[I MpPM peAyKyBaHHiI 3 HATSITOM;
MiJBUIIEHHS TOYHOCTiI TPyO MO JiaMeTpy i TOBIIMHI CTiHKM 32 PaXyHOK 3HMKEHHS
Pi3HOCTiHHOCTi, a TAKOX IPOKATKM TPYO i3 cepeaHbOI0 TOBUIMHOIO CTiHKM OJIM3bKOIO
JI0 TIPOKATHOTO HOMiHa/Iy ab0 B IIOJIi MiHYCOBMX IOITYCKiB; YAOCKOHAJIEHHS O0JIiKYy
pyXy MeTajla II0 TepefijaM; 3acTOCyBaHHS IudepeHIiiHOI cucTeMu 3madi i
BiZIBaHTaKeHHS TpYyoO; 3aXUCT TpyO Bif KOpo3ii B rmporeci
BUPOOHMIITBA i eKCIUTyaTallii.

V KiHIIEBOTO CMOXMBayva CTAJIEBUX TPYO BeMKe 3HAYEHHST MA€ ITiIBUIIEHHS iX
eKCIUTyaTaliiiHux xapakTepucTuk [3]. BctaHoBieHo, mio OGinbiie 50% ekoHOMIi
MeTasia IIpu J0ro BUKOPMCTaHHI MOXKe OyTH 3a6e31eueHo B TPyOHOMY BUPOOHMIITBI
3[iliICHEHHSIM KOMILJIEKCY 3aXO/iB 3 IMiABUINEHHSI eKCIUTyaTalliliHuX XapaKTepUCTUK
CTajJeBMX TpyO, IO mepembayvae IIOJIIMIIEHHS SKOCTi i 30i/JbIIEHHS BUITYCKY
epekTMBHMX BUAIB TPyO. IIpM BUPOOHMIITBI TrapsiueKaTaHuX OE3IIOBHUX TPYyO
Haloinbl edeKTUBHMMM € HACTyIHI 3axoau [3]: MiABUILEHHS MIlIHOCTI Ta
MJIACTUYHOCTI MaTepiaqy Tpyd 3a paxyHOK 3aCTOCYBaHHS HM3bKOJIETOBAHUX i
JleTOBaHMX MapoK CTajieli; BIPOBAsKeHHS TePMiUHOi i TepMOMexaHiuYHOi 06pOOKM;
OCBOEHHSI HOBMX €KOJIOTiUHMX BUJIB IPOMYKIIii, Ika 3a6e3rmeyye eKOHOMil0 MeTasia
3a paxyHOK ITiABUILEHHSI KOHCTPYKIIiAHOI MIITHOCTI, eKCIUIyaTaliliHOi HaAiiHOCTI i
JIOBTOBiUHOCTi; IiJABMUINEHHS TOYHOCTi pO3MipiB i gKOCTi Tpyd IIISIXOM
BIIPOBA/I’)KEHHSI HOBUX TEXHOJIOTiUHMX IPOIIeCiB iX BUMPOOHMUIITBA, YAOCKOHAJIEHHS
MEeTO/iB KOHTPOJIIO.

B pob6ori [4] mnpoaHani3oBaHO BapiaHTM BUTOTOBJEHHS i MOKJIMBOCTI
BUKOPUCTAHHS CTaJbHUX TPYO 3 Pi3HMMMU BUIAMM IOKPUTTIB. TpyoM 3 MOKPUTTSIM
BOJIOMIIIOTh HA MOPSAOK OiIbII BMCOKMMM MOKA3HMKAMM €KCIUTyaTaIliifHO1 CTiliKOCTi
B TIOpiBHSHHI 3i 3BMYaliHMMM TpybaMu. 3HMKEHHS BUTPATU CTaJbHUX TpPYO,
€KOHOMisl JIeTOBaHUX CTajleli Ta KOJbOPOBMX MeTaliB B MPOMMCIOBOCTI i
KaliTaabHOMY OYAiBHUIITBI MOXYTb OYTU IOCSITHYTI HUISIXOM 3aCTOCYBaHHS TPYO i3

BYTJIEeLIEBUX CTajieil 3 MeTajJileBUM Ta HeMeTaJleBUM ITIOKPUTTAM (OI_U/IHKOBaHI/IX,
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IiTIpOBAaHMX, aJNIOMIiHIIOBAaHMX, XPOMOBAHMX, €MaJibOBAaHUX, CKISHOBAHUX, 3
MOKPUTTSIM i3 IIACTMYHMX MacC, eNoOKCUMAHMX CMOJ Ta IHIIMX BUIIB
MIPOTUKOPO3iiiHMX MaTepiasiB).

B po6orTi [5] po3riasiHyTHii criocié TepMidHOTro Audy3iitHOro UMHKYBAHHS, SIKUA
II03BOJISIE HAHOCUTM 3axXMCHi TMOKPUTTS Ha HACOCHO-KOMIIPECOPHi Tpyou i3
Hapi3HMMM KiHISIMM Ta Ha MyQTM mo HuX. IIpu 1IbOMY YTBOPIOETHCSI 3aXMUCHE
TIOKPUTTS 13 KOPO3iiiHO-epO3iliHOTO 3a/i30I[MHKOBOrO CIJIaBa Ha 30BHIIIHIN Ta
BHYTPIIlIHili TTOBEPXHSIX TPYO, a TAKOXK Ha iX pPi3pOOBMX HOinsgHKax. Taki Tpyou jierko
TPaHCIIOPTYBaTM 6e3 TMOIIKOMKeHHSI TMOKPUTTS. J[IOBTCTPOKOBi IMPOMMCJIOBI
BUIIPOOYBAHHSI HACOCHO-KOMITPECOPHMX TPyO B rasoMasyTHili HadTOBiii
CBepIJIOBMHI  MoOKasaiu, 10 Ou@ys3ifiHi IIMHKOBI IOKPUTTS  BOJIOLIIOTH
MIPOTUKOPO3iiHMMM BIACTUBOCTSIMMU i e)eKTOM caM03axuCTy. BUKopucTaHHS TpyoO 3
TaKMMU IIOKPUTTSIMMU 3a0e3I1euye 3HaUHy eKOHOMil0 3aC00iB.

JIJisT KOpOTKOYaCHOTO IPOTUKOPO3iifHOTO 3aXMUCTy MeTaJoNpoKaTy MpH ioro
TpaHCIIOPTYBaHHI Ta 36epiraHHi B poOOTi [6] 3aMporoHOBaHI HOBi aHTMKOPO3iliHi
MaTepianu, SKi po3pob/ieHi Ha OCHOBi pecypcosbepiraloumx i €eKOJOTiYHMUX
«3eJIeHUX» TeXHOJIOTii1, KOTPi BBOASITHCS B TakKodapOOBi MaTepianu.

ITocTaHOBKa 3amayi i MeTa JOCTiIKeHHS

BUpOoOGHUIITBO rapsiueKaTaHMX Oe3IMOBHUX TPyO IIMPOKOrO PO3MipHOro i
MapoOyHOTO COPTaMeHTy 3[iMiCHIOETbCS Ha pisHux TIIA 3 mizirpumMmoBuMu,
aBTOMATUYHMMM, Oe3lepepBHMMM Ta iHIIMMM PO3KATHMMM cTaHamu. IIpokaTka
TpyO Ha IUX arperarax 3AiliICHIOETHCS 3 Pi3HUM BUTPATHUM KoedillieHTOM MeTasy,
1110 06YMOBJIEHO CKJIaJIOM 06JIafHAHHS i 0COOIMBOCTSIMM TEXHOJIOTI].

3agauer0 JaHOi PoOOTM € PO3IJISH OCHOBHUMX HANpSMKiB 3HV)KEHHSI BUTpaT
MmeTtany Ha pisHux TIIA, i mepi 3a BCce, Ha MUIITPMMOBMX, Tak SIK 1le AO3BOJIUTH
SHU3UTM 3aTpaT HaA BUPOOHMUIITBO Ta IiIABUIIUTU KOHKYPEHTOCIIPOMOXKHICTb
MIPOJYKIIil HA BHYTPIIIHbOMY i 30BHIIIHBOMY PUHKAX.

Oco6mmBOCTi MpoIIeciB BUPOOHMUIITBA rapsiTueKaTaHUX Oe3IIOBHUX TPYO

OIHMM 3 OCHOBHMX HAIMPSIMKIB MiiBUIIEHHS e()eKTUBHOCTI rapsiyoi IMpoKaTKu
Tpyd0 Ha TIIA pi3HOro THUMy € po3poOka HOBUX ab0 BAOCKOHAJIEHHSI iCHYIOUMX

TEeXHOJIOTii1 3 MeTOI0 3HVDKeHHS BTpAaT MeTaJly B IIpolieci BUpOOHUIITBA TPYO.
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ButpaTta MeTasly Hapsiy 3 IMPOAYKTUBHICTIO MIPOILECY € OCHOBHOIO CKJIaZ0BOIO
TEeXHiKO-eKOHOMIUHMX NOKa3HMKiB po6oTyu TIIA. OCHOBHMII ITOKa3HUK BUTPATU
MeTaly — BUTPaTHUI KoeDillieHT A , SKUii IIpeiCTaBIIsIE BiIHOIIEHHS Macy 3aIaHOTO
B BUPOOHMUIITBO MeTaJy MO Macu TOTOBOi IIPOMAYKIIii, OTPMMaHOI IIiCJSI rapsdoi

npokatku. Ilpu npbomy

}\’ — L , (1)
1-Q
oe Q - BTpaTu MeTasly IIpM MPOKaTLi Bif 1 T 3aroTOBKU, KOTPi B OCHOBHOMYY
CKJIAaloOThCs i3 yrapy mpyM HarpiBi i mimirpiBi mertany, o6pi3i KiHIIEBUX HiISTHOK i
BiIXO[IiB MeTa/Ty IIpy BUPOOHMUIITBI CIlelliaIbHMX BUOIB TPYO (HApi3HMX Ta iH.).
BTpaTy MeTaly IIPM rapsidiii MpoKaTili TPyO CKIAZAIOTHCS i3 TEXHOJIOTiUHO
HeMMHyuux (yrap, o0pisb medheKTHMUX KiHI[iB) i BTpaT, BUKIMKAHMUX HMU3bKOIO SIKiCTIO
MeTasia, MOPYyIIeHHSIM TEeXHOJIOTii, He3aJ0BI/IbHMM CTAaHOM O0JIaJlHAHHSI Ta iH.
3arajibHi BTpaTy MeTajy B BiIXOAM Ha BCiX TEXHOJIOTIYHUX CTaAisIX (Orepariisx)

BiJl 3aTOTOBKM JI0 TOTOBOI TPyOM CKJIaIal0Th

Q=2 g, )

n
i=1

e (Q, — BTpaTM MeTajlly Ha J[aHii CcTaAil TexHojorii; N - 4ucJIo CTamii
(omepariiii).

BurtpatHuit KoedillieHT MeTasa A MOXe OyTM IIpeACTaBJIeHUII B BUTJISAI
IOOYTKY BUTpATHMX KoedillieHTiB Ha KOXHIii cTafii (omepailii) TeXHOJOTiYHOTO
npoueca A=A, <A, A -...oA .

OcTaHHil Bupa3 IMOKa3sye, 10 OAHUM i3 HAIMPSIMKiB 3HVMKEHHSI BTpPAT MeTaly
Ipy TIPOKATIi TPyO € 3MeHIIeHHSI KiJIbKOCTi CTajmiif, II0 3HAaXOAUTh CBOE
3aCTOCYBAHHS ITPY PO3POOITi HOBUX ITPOIECiB TPOKATKY TPYO.

B Tabs1. 1 HaBeqeHi 3HAUeHHS A 1 HalGinp momypenux TIIA.

AHani3 3HaueHb BUTpPATHUX KoedillieHTiB A, HaBeJeHMX B TabJ. 1. TTOKa3ye,

1110 HaMOi/bIIN BTpaTy MeTaay MaloTh Miclie Ha misirpuMmoBux TIIA, 110
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Tabmuug 1

CepenHi 3HaUeHHS BUTPATHUX KOeDillieHTiB A (T/T) mpu rapsiiii mpoKaTLi KaTaHUX
i HadTOTIPOBiTHMX TPYD

Bup tpy6 TIIA 3 aBTomar | TTIA 3 | TTIA 3 Tpbox- | TIIA 3

craHom 140 MiTIrpMMo-BUM | BaIKOBUM 6e31epepB-HUM

cranoM 5—12" | po3kaTHuM CTaHOM
CTaHOM 30-102

Byrnernesi 1,067-1,083 1,20 1,060 1,066—-1,077
JleroBaHi 1,087-1,103 1,24 1,080 1,087-1,091
Bucoxko- 1,107 1,32 1,100 -
JIeTOBaHi

00YMOBJIEHO HAsIBHICTIO 3aTPaBKM Ta MiJbreprojoBKM, KOTPi BUIAISIIOTHCS TP
MPOKATIi Ha ITiJibrepCTaHi, a TAKOXX 3aCTOCYBaHHS B SIKOCTi BUXiTHOI 3aroTOBKU
3JIMTKiB CTAl[iOHAPHOTO PO3JIMBAHHS, SIKi MAalOTh YCaJOUYHY PAaKOBUHY.

Tpybu 3HaXOISITh MIMPOKE 3aCTOCYBAHHS B Pi3HMX 00IACTSX TEXHIKM i ramyssx
MIpOMMCIOBOCTI. He3Baskaioum Ha Te, IO TPyOM BUPOOJSIOTH 3 Pi3HMX MaTepiasis,
HalOiIbIII PO3MOBCIOKEHHI Oe3II0BHI CTajeBi TPyOM. BIACTMBOCTI Pi3HMX MapoK
cTajeil i crjaBiB B IO€QHAHHI 3 Pi3HMMM BUIAMM TepMidyHOrO OOpOOJIEHHS Ta
3aXMCHUX TIOKPUTTIB 3a6e3MeuyloTb 3aCTOCYBaHHSI CTa/IeBUX TPYO MpPMU IIMPOKOMY
CTIeKTpi HABaHTAXXeHb i B Pi3HMUX cepefoBuIax ekcruryaranii [1, 2].

Haji6inbll IIMPOKO 3aCTOCOBYBAHMMM CITOCOOAMM BUTOTOBJIEHHSI CTaJbHUX
0e3II0OBHMUX TPYyO Pi3HOro IIpUM3HAUEHHSI € CIoco0M rapsyoro maedhopMyBaHHSI.
lapsiunm pedopmMyBaHHSIM BUTOTOBJSIIOTH TPYOM 3 BYIJIelleBUX, JIETOBAaHUX Ta
BJMCOKOJIETOBAaHMX CTajeil i CIjaBiB, a TakoX OaraToliapoBi Tpyb6u AiameTpom Bif,
328 mm 1o 1000 MM rapstyoro rmpokaTkoro Ta 10 1300 MM (y repcreKTuBi 10
(31400 MM ) rapssuuM IIpecyBaHHSIM.

B 3aieXxHOCTi BiJ BMUAY i BIACTUBOCTEN MaTepiaay 3aroTOBKM, PO3MipiB i BUMOT
IO SIKOCTi TpyO rapsiue medopMyBaHHS 3[AiMiICHIOIOTh Pi3HUMM CIIOCOOaMM, KOSKHOMY
3 IKMX MIPpUTAaMaHHi CBOI TeXHOJIOTiUHi BJIaCTUBOCTI i HEeJIO/TiKN.

OnmHak, He3aJeXHO BiJ 3acTOCOBAHOTO CIOCOOy cXema BUPOOHUIITBA
rapsiueiehOpMOBaHMX OE3IMIOBHMX TPYO MiCTUTh HACTYIHI OCHOBHiI TEXHOJIOTiUHi

oriepallii: HarpiBaHHSI 3aroTOBKM; OTPMMAaHHS Tib3U; IiAIrpiB Triab3u (3a
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HeOoOXiTHICTI0); OTPMMAaHHS YOPHOBOI TPyOM MPOMIXKHMX PO3MipiB pO3KaTKO abo
IIpecyBaHHSIM; ITiAirpiB Tpyou (3a HeOOXiJHICTI0); OTPMMAaHHS YMCTOBOI TpyoM
OCTATOYHMX PO3MIipiB IO AiaMeTpy i TOBIIMHI CTiHKN.

3 11 TIIA pyag BupoOHUIITBA rapsuyegedopmoBaHux Tpyo B YKpaiHi, B maHmit
yac, 3HaXOASATbCS B eKCIulyaTalil HacTyrHi: ogvH TIIA 3 miirpyMoBUMM CTaHOM
5-12", omuu TIHA 30-1023 6esmepepBuum cTaHoMm; omud TIIA 350 3
aBTOMaTUYHMUM cTtaHoMm, ABa TIIA 140 3i craHaMM IO300BKHbOI ITPOKATKM, OOVH
TIIA 80 3 6GesmepepBHuM ctaHoM, oauH TITA 200 3 TpbOXBAJIKOBUMM PO3KATHUM

CTaHOM, a TaKOXX TPyOoIipecoBi ycraHoBku 3ycwisim 31,5 MH, 44 MH ta 16 MH.

[TonmuT Ha BUCOKONPOAYKTUBHI TEeXHOJOril 3MIHIOETBCS Ha pecypco- i
eHeprosbepiraiui TexXHO/IOrii, Tak SK (akTop 3HAYHOrO 30i/JblIeHHS O0O0CSTriB
BUMPOOHMIITBA [ilOUOTO arperaTty mepectaB OyTu momiHyooumMm. Ha mepine Mmiciie
BUIMILIM Taki (akTopu $SIK: SKIiCThb MPOAYKIIii, KOHKYpeHTHA IliHa, PO3IIMpeHHSs
COpTaMeHTY TPyO, BUKOHAHHSI 3aMOBJIEHb TOUHO B CTPOK, pecypco30epeskeHHSs Ta
ekoJioris [1].

OTpuMaHHS BHUXigHOIi TpPyOHOi 3aroTtoBKM. [Ii1  BUPOOHMIITBA
rapsiuenecOpMOBAHMX CTAJbHUX TPYO BMKOPMCTOBYIOTh KaTaHy, KOBaHY, CUGbOHHI
3JIMTKM  Kpymioro abo 6GaraTorpaHHOTO  IepeTMHY, BiflleHTPOBOJUTY i
6e31mepepBHOIUTY 3arOTOBKY (bJI13), a TaKOX 3JIUTKU pi3HUX
BU/IiB IlepeIiaBiB.

OmHuMM 3 mepeBar IIJIIrPMMOBOrO CIIOCO0Y € MOX/IMBICTb BMKOPUCTAHHS
pi3HOTO BUIY BUXIJHOrO MaTepiaqy 3 ypaxXyBaHHSIM COpPTaMEHTY IO po3Mipam i
MapKam crati Tpy6 npu BiAOBiZHOMY CKJIaAi TEXHOJIOTiYHOTO
o6namuaHHga TIIA.

OCHOBHi BUMOTIM 10 TPYOHOI 3aTOTOBKYM MOSKHA MTO3HAYMUTY HACTYITHUM YMHOM:
3a0e3IeyeHHs] HEOOXiJTHOI MeTalyprifiHoi SKOCTi; MiHiMaJbHMII PO3KUA, IO
xiMiYyHOMY CKJaJy i MexaHiYHMM BJIACTUBOCTSIM; HeoOXifHAa  TOYHICTh
reOMeTPUYHMX PO3MipiB i SIKOCTi ITOBEPXHi; BUKOHAHHS CIIel[ia/IbHUX BUMOT, TaKUX
SIK XJ1aI0- Ta KOpPO3iliHa CTifiKiCTh.

Heponikamu 3/JMTKiB CTalliOHAPHOTO PO3JIMBAaHHS B BUJIMBHUIII €: MiABUILEHA
3a0pPYIHEHICTh AOHHOI YaCTUMHM €K30T€HHMMM HeMeTaJeBUMMM BKJIIOUEHHSIMM Ta

pPO3BMHEHA I[eHTPabHa MOPUCTICTh BEPXHbO1 YaCTUHM.
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KoBaHi TpyOHi 3aroTOBKM OTPMMYIOTb B OCHOBHOMY i3 3JIMBKiB JiaMeTpoM
6inpire J270 MM 3 BaxkkogeOpMOBAHMX CTajIei i criaBiB. SKicTh LIMX 3aTOTOBOK
BifIOBigae BUMoram, siKi mpen; siBJISIIOThCS 10 HUX.

[llupoke pO3IOBCIOAKEHHS OTPMMAJIO BUKOpUCTaHHSA bJI3 Oy rapsdoro
nedopmyBaHHSI Tpy6. Po3mipu kpyramx BJI3 3HaxomsaTbess B meskax 160+500 mm,
po3Mipu KBaApaTHMX OMOMiB ckiagaiTb 180x180+340x340 MM, MHPSIMOKYTHUX
omtomiB 200x280+400x560 mm. BJI3 3acTocoByioTh Ajist TITA mpakTUUHO BCiX TUIIIB,
IpyU IIbOMY BMXia rogHoro Ha 10-15% Buimii, aHi>kK IpM BUKOPUCTAHI KaTaHUX
3aroTOBOK.

3muTku  enexkrpouiakoporo  neperuviapy  (EIHIT)  3acTocoByroTbes  [Jid
BUPOOHMIITBA TpPyO cepedHiX Ta BeIMKMX diaMeTpiB 3 BakkogedopMOBaHMX,
CKJIaJHOJeropaHux i xpomuctux craneir (08X18P10T, 12X18HI12T, 15X1IMI1Q,
15X5M, 3M961, 2I1517, II1609 Ta iH.), SKi BOJOMAiIOTH KOPO3iifHOIO CTilKiCTIO,
MOPIiBHSIHO MaJiMM  Koe(il[iEeHTOM pO3IIMPEHHS, BMUCOKOK >KapOMIIIHICTIO.
3BMUaliHMMM MeTOoJaMM CTa/ellyIaBUIbHOTO BMPOOHMIITBA He 3aBXIU BIAETHCS
3a6e3MeuynTy BUCOKY SKicTb BUpOOy 3 Iux 3aroToBok. Ilosi 3aroroBku EIIII
yCYBalOTh HEOOXimHICTh iX CBepHjIiHHSI, SIKe TMPU3BOAUTb [0 30iJbIIeHHS
cob6iBapTocTi. [Tosi 3arotoBku EIIII micis BUAMBaHHS OOTOUYYIOTH i PO3TOUYIOTH 10
BUIaJIeHHST OKQJIMHU Ta MiKpOTPilllMH.

OTpumMmaHHS rinb3u. IIpoliec MomepeuyHO-TBUMHTOBOI TMPOKATKM € HaiOibIil
PO3IOBCIOIKEHUMM MeTOJOM IIpOILIMBaHHS, Xoua Ha psai TIIA o TenepuIIHLOTO
yacy 3aCTOCOBYIOTbCS i iHINI COCOOM TPOIIMBAHHSI: Ha Ipecax i IMpec-BaJKOBUX
cTaHaX. B 1mMx BuIagKax He HACKpi3He IIPOIIMBAHHSI Mepembavae IOAAJbITY
PO3KaTKYy B T'iJib3y Ha KOCOBAJIKOBOMY CTaHi €JIOHTaTOPi 3 MPOIIMBAHHSIM AOHIIS.

B ocraHHi/fi 4yac HaMOINbII AOLIJIBHMM BBaXXAEThCS TEXHOJIOTISI IIPSIMOTO
MpOIIMBAHHSI BuUXimHOiI BJI3 Kpyrjaoro momepevyHOro Iepepizy Ha [ABOX- abo
TPbOXBAJIKOBOMY CTaHi MOIePeYHO-TBMHTOBOI ITPOKATKN.

OTpMMaHHS 4YOpPHOBOi Tpyomu. Pos3kaTka Tifk3M B YOPHOBY TpyOy
3OIICHIOETBCSI ~ TepeBaXKHO Ha  CTaHax:  OesmepepBHMUX, AaBTOMATUYHUX,
MJTIrPMMOBMX, TPhOXBATKOBUX, PO3KAaTHUX, Accesisl, peiiKOBUX Ta iH. po3KaTKa Tpyo
Ha MTITpMMOBUX CTaHAX XapaKTepU3YEThCS IiIBMUINEHOI0 TeXHOJIOTiUHOW 06pi3io i

BUTpPATHUM KoedillieHTOM MeTaa.
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OTpuMaHHS YMCTOBOi Tpyom. lls omepairist 34i/iCHIOEThCSI B OCHOBHOMY Ha
0araTOKJIbTHOBMX CTaHaX MO3JOBXHbOI IpokaTku. IIpu mpokarHi Tpyo Ha
PenyKIiiiHMX CTaHaX, SIKi MpaIlol0Thb 3 HATSITOM Ma€ MicClle MifBuUIlleHa BUTpaTa
MeTaly B IOTOBIIeHi KiHIi. Iasgxy 3HMKeHHSI BTpaT MeTajly Ha ILMX CTaHax

pO3IJISIHYTI B po6oTi [7].

0co006/MBOCTiI IPOIECY MPOKATKM rapsiyeKaTaHux 6e3moBHuUX Tpyo Ha TIIA 3

NUIIrpMMOBMMMY CTAaHAMM

Ha puc. 1 wnaBemena cxema TIIA 3 mimirpumoBum crtaHom 5-12"
[IAT «IuTtepmaiin Hiko Tbio6». TIIA 5-12" nymenuit B ekciulyaraiiio B IpymHi
1968 poky mo mnpoekty VYKkprimpomesa i TexHoJioriuHOMY 3aBoaHHiO BHITI.
BigMmiHHOIO pMCOI0 arperaTta € OTPMMAHHS Tib3M 3a CXeMOIO, sSKa Ilepemdavae
MPOIIMBAHHS 3/IMTKA B CTaKaH Ha ITpeci 3 MOAAJIbIINM J0r0 MilirpiBoM i po3KaTKOI0

B TiJIb3y 3 IIPOIIMBAHHSIM JIOHIIS CTaKaHa Ha KOCOBAJIKOBOMY CTaHi eJIOHTaTOopi.

Pucynok 1 — Cxema TIIA 3 niJirpyMOBUM CTaHOM 5-12" ITAT «IuTepnaitn Hiko Thi06»:
1 — muna pipmu «LINSINGER»; 2 — posibranr 3ajaBaHHSI 3arOTOBOK;
3 — Baru; 4, 5, 8 — KisiblleBa HarpiBajibHa Iy N21, N22 ta N93;
6 — yCTaHOBKA Tigpo36MBaHHSI OKAJIVHN;
7 — NPOMIMBHUI FOPU3OHTAILHMIA Timpasaiunmit npec sycuuism 20 MH ;
9 — KocoBa/IKoBuii ctad ejonratop; 10, 11 — mimirpumoBsi ctanm N21 Ta N22;
12 - migirpiBasbHa miv 3 KPOKyUMMM 6ankamu; 13,
14 — gBaHAOUATU- Ta I’ ITUKJIITbOBI KaiOpyBaabHi cTaHM; 15 — XOJOAUIBHUK TPYO
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3a octa"Hi poku Ha TIIA 3 migirpumoBum ctaHom 5—12" 6yB BcTaHOB/IEHMIA
I ATUKITITOBMI KamibpyBambHMit ctad i mwia ¢gipmu «LINSINGER» (ABCTpist) mis
po3pizaHHs mTaHr BJI3 Ha MipHi HOBXUHM. B sgKkocTi BuxigHoi 3arotoBku 3 2011
poky Ha TITA 5-—12" BukopucroByeTbcst Kpyriaa BJI3 BupobHuiiTBa M3 «IHTepItaim
Cranb». Ha TITA 5-12" mocrauatorscs mrauru BJI3 mosxkuHo0 6310 M i miameTpom
J380+470 mMm. Tinb3u MOKHA OTpMMYyBaTM 3a [BOMa CXeMaMM: IMPSIMUM
nmpommMBaHHsIM BJI3 Ha KOCOBaJIKOBOMY CTaHi ejloHraTopi abo 3a CXemolo
MPOIIMBHMII Mpec — MifirpiBajabHa Iy — cTaH ejoHratop. OTpMMaHHSI YOPHOBOIL
TPYyOM 3MIiICHIOETHCSI HA OOJHOMY 3 IBOX IUIITPUMMOBMX CTaHaX 3 iHAMUBIAYaJIbHUM
MPpUBOAOM, a YMCTOBOI TPyOM — Ha OZHOMY 3 ABOX KaJiOpyBaJbHMX CTaHaAX
IBaHAAISTH- 200 I ITUKIiThOBOMY.

Ha TIIA 3 mimerepcranom 5-12" TIAT «Iurepnaiin Hiko Tbi06» y 3B’SI3Ky 3
IiIOUOI0 TeXHOJIOTIYHOI0 CXeMOI0 OTPMMAaHHS rapsiue KaTaHuX 6e3lIOBHUX TPyO 3
kpyrioi BJI3, sika HagxomuTbh 3 M3 «IHTepmnaiin Crajb» MalTh MicClie HACTYIIHI
BTpaTy MeTa/ly Ha AUISHII rapsiuoro IMpoKaTy: BTpaTU MeTaly B CTPY)KKY Ha MW
dbipmu «LINSINGER» nipu po3pizanHi mtanr bJI3 Ha mipHi 3arotoBku — 0,7%; BTpatn
MeTaly B yrap i OKaJMHy Ha KiJbLieBiil HarpiBaibHii mmeui — 1%; BTpaTu merany B
yrap i OKaJuHy Ha KiJiblieBilt migirpiBanabHiii nedi — 0,6%; BTpaTu MeTany B OKaJIUHY
Ha cTaHi-eqoHratopi — 0,25%; BTpaTu MeTanay B TOBITpSHY OKaJIMHY Ha BUXiTHil
CTOpPOHI mulirpuMoBux craHiB - 0,6%; BTpaTu MeTaqy B yrap i OKaJIMHY B
MiirpiBanabpHil meui 3 Kpokyroummyu 6ankamu — 0,2%; BTpaTu MeTay B IMOBITPSIHY
OKaJIMHY Ha XOJIOAWIbHUKI Tpyo — 0,2%.

OCHOBHiI BTpaTM MeTaJy Ha MOiASHIII TapsS4yoro IpOKaTy MarTh MiClle Ha
MiJibrepcTaHi IpM BuUAaJIeHHI B 00pi3b 3aTPOBOYHMX KiHI[iB TPyO Ta MiirpUMMOBUX
TOJIOBOK.

3arajibHi BTpaTu MeTajy B 3aTPaBKy i IJIbreprojoBKy CKaamawTb 6-10% Bif
Bar¥ BUXiTHOI 3aroTOBKM, IpPM IIbOMY Ha 3aTPaBKy IPUXOAUTHCS IPUOIU3HO
25+28%, a Ha IiJIbTeProJIOBKY - 72+75% BiJ 3araJbHUX BTPAT B TEXHOJIOTiUHY 06Pi3b.

MaroTbCsl BTpaTy MeTalay i Mpyu TepMiuHiit o6poOiii i mpu XonoaHii 06pobIIi
TpyO (HapiszaHHS pi3bOM Ha Tpybax HAPTOBOrO COPTAMEHTY Ta iH.), KOTpi B JaHiii

CTaTTi He PO3TJSIal0ThCS.
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MeToay BAOCKOHA/IEHHS 3aTPAaBOYHOIO PeXXYMY HiJIirpMMOBOi MIPOKATKM

Oco06JMBOCTI 3aTPAaBOYHOrO pexxumy. Y pob0ouyoMy MK MPOKATKM TPyd Ha
TiJIbrepcTaHax 0COOIMBY POJIb Biflirpa€e MoyaTKOBMIA Tepiof (Tak 3BaHa «3aTpaBKay),
SIKUIA TIpeficTaB/sie cO60I0 HecTanuii mpoliec 3alI0OBHEHHS ocepenKy nedopmaiiii [8].

3aTpaBOUYHMIT PeKMM Ma€ TaKi 0COOJMBOCTI: ITiJ Yac 3aTPaBKM ITi/IbTepCTaH He
BUIA€ rOTOBY MPOAYKIIil0, a 3ilicHIOE (DOpMYyBaHHS ITiIbIe€pPro/IOBKM Ha Tib3i; 3a
TPUBAJICTIO 3aTpaBKa CTAaHOBUTDH 5+15% MalllMHOro 4acy ITiIbrepyBaHHSI; BiIXomou
MeTaJly Ipu o00pi3i 3aTpaBOYHOro KiHLSI Tpyom mocsiralorh 30% 3araJbHOIO
TEeXHOJIOTIYHOTO 00pi3y Ha MiJlbrepcTaHi; yCKIagHEeHi YMOBM 3axOIUVIEHHS Tib3U
BaJIKAMM, OCKIJIbKM 3yCTpiu MeTa/ly 3 BaJIKaMM BiJIOyBA€ThCS Iepe JIiHi€l0 IeHTPiB;
yIapHy Iiio TpebHs Ha MeTaa 00yMOBJIIOIOTD MiIBUILEHI IMHAMIUHI HaBaHTaXXKeHHS B
pobouiit miHii cTaHa; BiACYTHS (0COOJMBO B IIOYAaTKOBMII Iepiond 3aTpaBKM)
CMHXPOHi3allisi pob6OTH II0aBaJbHOIO arapara 3 00epTaHHSIM pOOOYMX BaJKiB
BHAC/TIZOK 3MiHHOI [OBXMHM BigKaTy i HeJOKAHTyBaHHS TiJb3U; MMIBUIAKICHUM
pPEeKMM ITPOKATKM 0OMEKeHMI YMOBaMM 3UeIlJIEHHS Tiib3M 3 JOPHOM i iHepIiiiHUuMM
3YCMJUISIMM B MOMEHT rajJbMyBaHHS TiJib3¥ Ha JOPHi; BeJMUMHA TTOAaui oOMexkeHa
HepiBHiCTIO nOedopMallii IO mepuMeTpy Tib3M NpPU BiACYTHOCTI SKOPCTKOIO
IepeIHbOro KiHIsl TpyOu; MigBMIleHa Pi3HOCTIHHICTh HA 3aTPaBOYHOMY KiHIIi i maJti
Ha JesKilt YacTUHM TOTOBOI TPyOuM.

TakMmM uUMHOM, TIOJMIIEHHS YMOB 3aTPaBKM € BaKIMBUM pe3epBOM Y
3HMKEHHI BUTpAT MeTaly, MiABUIIEHHI MNPOAYKTUBHOCTI i IIOJIIIIEHHI TeXHiKO-
€KOHOMIUHMX ITOKa3HUKIB POOOTH ITITIrPMMOBUX YCTAaHOBOK.

lllnaxy BOOCKOHA/JIEHHS 3aTpaBo4yHOro pexumy [9-11]. Cepen sxux:
3aTpaBKa 3 IIiIJIOMOM BEpPXHbOTO BaJIKa, SIKMII BUKOPUCTOBYETHCS AJISI TIPOKATKU
TOHKOCTiHHUX i 0COOJIMBOTOHKOCTIHHMUX TPYO; BUKOPUCTAHHS CIeliaJbHUX Kilellb i3
BYTJIELIEBMX MapoOK CTajei Ipu IMPOKATIi TPyd 3 JeroBaHMX i creliaJIbHUX MapoK
CTa/li; TMpoKaTka TiAb3M B  CTUK [JJg  TMPOKATKM  TOBCTOCTiHHUX i
0COGIMBOTOBCTOCTIHHUX TPYO; MPMMYCOBe KaHTyBaHHS Tib3u Ha 90° 3a paxyHOK
3aCTOCYBAaHHS CHeIiaJiIbHOTO MeXaHi3My KaHTyBaHHS T[IOJABaJibHOrO arapara;
CMHXPOHM3AIlisl Tib3¥ 3 BaJIKaMM IIiIbrepcTaHa IIpM 3aTpaBlii, MO MOTpedye
aBTOMaTH3allii MMpolecy 3aTpaBKU; pallioHAJIbHMUI PEXXUM MOojayui Py 3aTpaBili AJ1s

3amnobiraHHs 30ibIIeHHS IOAaYi; ITonepeaHs ITiATOTOBKA IMepeaHiX KiHIIiB Tijb3, 110
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II03BOJISIE HE TiJIbKM CKOPOTUTM Yac 3aTpaBKM, a i1 3HM3UTU 0Opi3b 3aTPaBOUYHOTO
KiHIII TpyOM; YCYHEHHSI 3a30py MiX TiJb30I0 i JOpPHOM Ha IOYATKy IIpoieca
3aTpaBKM, 3HIKYE HEpPiBHOMIPHICTb IonepeuyHoi pedopmarllii i 3MeHIIye
KiHIIeBY 00pi3b.

HasiBHicTh 3a30pa A MiX TiJIb3010 1 JOPHOM Ilepe] HiJIirPMMOBOIO POKATKOIO
MOTipIIye YMOBM IIPOKATKM B 3aTPaBOYHOMY i CTajoMy peskumax, Io 306iblrye
BUTPATy MeTaJjla 3a PaXyHOK 3POCTaHHS IOIePevyHOi Pi3HOCTiIHHOCTI.

PaHinle mpoIOHYBaJOCsS MiArOTOBKA IepefHiX KiHIIB Tilib3 3a (OpMOI0
pPO3ropTKM OO¥Ka IIiJIbTepBajKa i 3 TOBIIMHOIO MiArOTOBJIEHOTO KiHIS Ti/Ib3M Ha
Topui mpubiusHo 0,570,6 TOBIWIMHM CTiHKM Tifb3u [9], MmO moTpebye 3HAYHUX

KamniTaabHUX BUTpAT (PUC. 2, a).
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PucyHnok 2 — BapianTu (a, 6, B, T') MMiATOTOBKM TijJIb3 Ha IOPHI Iepe MPOKaTKO Ha
MUJIIrPpMMOBOMY CTaHi:
1 — rinb3a; 2 — MOpH; 3 — IOPHOBE KijblIE;
4,5, 6 — popMu miAroTOBKM MEpeaHiX KiHIIiB I'ib3; 7 — KOHIYHMIT XBOCTOBUK;
8 — KOHIUHAa Oi/ITHKA JOpHAa
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HoBe pinenHs: nepeabavae peayKyBaHHS MepeqHbOTO KiHIlS Ti/Ib3M Ha JOpPHI
6e3 OOTMCKAaHHS 110 CTiHIIi, IO 3HM3UTh €HEePrOEMHICTh IIbOro mpoiiecy (puc. 2, 6).
[Ipy uboMy 3a6e3MeuyeTbCsl IIeHTPYBAHHS IMepeIHbOTO KiHISI TiIb3M Ha OPHI.
@®opmMM nepefHix KiHIIiB TiJib3 3a 1[i€I0 TEXHOJIOTI€ED MOKYTbh MaTV HAaCTYIIHUI BUJ,
(puc. 2,6 Ta puc. 2, B). s 1eHTPyBaHHS 3aJHbOTO KiHIISI Ti/Ib3M HA JOPHI MOKe
OyTM BUKOPUCTAHO pillleHHs 3i 30i/IbIIeHMM AiaMeTpOM XBOCTOBMKA (puUC. 2, B), 1110
OJIHOUACHO 3abe3Irieuye 3HVKeHHS Macu MiIbTeprojioBKY, a TakOX JOPH 3 KOHIYHOIO
IUISTHKOIO (ITOSICKOM) 3TilHO puc. 2, T. OAHOYACHe ILIeHTPYBaHHSI MepeaHboro i
3aJHbOTO KiHISI TiJIb3M Ha [OPHiI Mepej IMIIrPMMOBOK MPOKATKOW MiBUIIYE
TOYHICTb TPYO 3a PaXyHOK 3HVKEHHS MOoNepevyHoi Pi3HOCTIHHOCTI.

MeToau 3MeHIIIeHHS MIbreprojoBKU. BigoMi HanpsiMky 3MeHIlIeHHST BTpaT
MeTasy B IMiJIbTeprojoBKy HaBeleHi B poborax [11, 12] Ta iH. mpobiemMa CyTTEBOTO
3HMKeHHSI Macy ITiJIbTepPro/iIOBKM IOBHICTIO He BUpIIlIeHO A0 TeIepillHbOro yacy,

0CO6/MMBO /11 MPOKATKM TOHKOCTIHHMX TPy6 i3 BimHomenuam D/S=12,5+40.

Bimomuit psin, MeTOniB 3HVOKEHHS Macu IIiJIbreprojoBKM, KOTpi B [aHMUM dYac

BUKOPUCTOBYIOThCSI [IEPEBAXKHO MPU MPOKATIIi TOBCTOCTIHHMX Tpy6 3 D/S=6+12,5.

[IpobysieMa 3MeHILIEHHSI Macy ITiJIbT€ProjIOBKM IIPYM IIPOKATIi TOHKOCTIHHUX TPYO
o0yMoOBJieHa OCOOJIMBOCTSIMM iCHYIOUOI TeXHOJIOTii IMpOKaTKM i 3HSITTS pO3KaTy 3
IOpHa IMOepHMM TMpuUcTpoeM. Ha mpakTuili B AaHMii Yac 3aCTOCOBYIOTHCS
HACTYTHI MeTOoAu:

MeTon, MpOKaTKM Tib3 BCTUK (pUC. 3) 3aCTOCOBYETHCS TIpU IIPOKATII
TOBCTOCTiHHUX TPYO, 1110 TO03BOJISIE TIOBHICTIO PO3KaTaTy MiJIbIepProjoBKY i CYyTTEBO
3HU3UTYU 00Pi3b;

3MeHIlIeHHSI HeIOKaTy ITiJIbTeprojoBKu (puc. 4) BUKOPUCTOBYETHCS SIK MPU
MIPOKATIi TOHKOCTIHHMX, TaK M TOBCTOCTiHHMX Tpy0. Ha puc. 4, a HaBemeHa
minbreprosioBka 1 3 HeJoKaTOM, SIKMit 3a3Buyaii ckiaagae 50+70 MM, a Ha puc. 4, 6
— TiJIbreproJjioBKa 6e3 HeJloKaTa, 10 3HMKY€E Macy 00pisi;

CnenianbHe KajgiOpyBaHHS XBOCTOBMKA JOpHa (puC. 5) 3HMXKye Macy
TiJIbreprojIOBKM, sIKa BUIAISIETHCSI B 00Pi3b 3a paXyHOK 30i/IbIIIeHHS JiaMeTpy JOpHa

ITi[I ITiJIbIreprojioBKOIO;
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Croci6 po3KaTKM MiIbreprojOBKM Ha BilbHiN minsHIi mgopHa (puc. 6)
3aCTOCOBYETHCS MPM IPOKATIi TOBCTOCTIHHMX TPYyO i 3abe3meuye MOBHY PO3KATKY

MiJIbTeProJIOBKHU, 1110 CYTTEBO 3HMKYE BUTPATy MeTaa;

PucyHok 3 - Ilepionu (a, 6, B) pO3KaTKM CTUKA Ti/Ib3:
1 — momnepenHs rijib3a; 2 — HACTyIIHA TiJib3a; 3 — IOPH; 4 — BaJIOK

1 2

a 6

PucyHnok 5 — CrieniiasbHe KaiOpyBaHHSI XBOCTOBMKA JIOPHA:
1 — 3BMuaiiHuit JOpH; 2 — HOPH 3 KOHIYHUM XBOCTOBUKOM
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PucyHok 6 — Ctapii (a, 6) po3KaTKM IMiJIbreproBOBKM Ha BiJIbHIl OiNSHIII JOpHA:
1 — minbreprosyioBka; 2 — IOpPH; 3 — TOPHOBE Ki/blle; 4 — MMUOEp;
5 — po3karaHa IiJbreproJioBKa
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BcTaHOB/IeHHST ByIJlelleBUX Kijiellb, KOTPi MPUISATAlOTh OO0 3aQHbOTO TOPLIS
Ti/Ib3M IIpM MPOKATIi TPyO 3 JIeroBaHMX i CIEliaJIbHUX CTajieil, 1o 3abesmneuye
€KOHOMIIO JIeTOBaHOTO MeTaa.

B pob6ori [13] oTpuMasu CBiit MOJAIbIINII PO3BUTOK METOAY 3HVKEHHSI Macu
iJIbTePro/IOBKM IIJISIXOM ITPOKATKM Tijib3 BCTUK, HOBMX KOMOIiHOBAaHMX METOMIB i
PO3KaTKM IIiJIbreprojioBKM Ha BibHIM OinsHII mopHa. g oTpuMaHHSI TpyO 3
TOBIIMHOI CTiHKM MeHIIOK 20 MM 3ampONOHOBaHA HOBAa TEXHOJIOTiSI 4aCTKOBOIL
PO3KaTKM TiJIbIeprojioBKY, sika 3abe3rieuye 3HATTSI TPyOu 3 JOpHA 3a JOIOMOTOI0
TOJBilfHOrO MKbepa.

OmHMM 3 OCHOBHMX pe3epBiB 3HMKEHHS BUTpaTM MeTajla IpPU rapsidii
IIPOKATIi TPyO € iX BUTOTOBJIEHHSI 3 CepeIHbOI0 TOBIIMHOKI CTiHKM OJIM3BKOIO IO
IIPOKATHOTO HOMiHaJTy ab0 B ITOJIi MiHYCOBMX AOMYCKiB. [IJ1s1 peryaoBaHHS TOBUIMHNA
CTiHKM TPyO B MpOIeci MPOKaTKM HeOOXimTHO BCTAHOBJIEHHS MPUJIALIB IJISI 3aMipy
cepeqHbOI TOBIIVMHM CTiHKM i CTBOPEHHS CUCTEMM KepyBaHHS BaJIKaMM OCHOBHOTIO
IIPOKATHOTO CTaHa, SKuit GopMye TOBIIMHY CTiHKM [14].

3HIDKeHHSI BUTPaTy MeTaJla € OMHUM 3 OCHOBHMX HaNPSIMKiB 3HV)KE€HHS BUTpAT
IIpY BUPOOHMUIITBI rapsiyekaTaHMX TPyO. 3HIWDKEHHSI BUTpATH MeTaja MOxke OyTu
IOCSTHYTO SIK BUKOPUCTAHHSM TEXHIUYHUX i TEXHOJIOTIYHUX pillleHb, TaK i LIJISIXOM
oraHizaiiiiHO-TexHiYHMX 3axomiB. OmHMM 3  HampsSMKiB  yIOCKOHaJeHHS
MeTaIOBUKOPUCTAHHS € BU3HAaUeHHS (opmMuM MocTayaHHS TPyO CIIOXX1Bavy 3a Barow
(izmuHOIO 260 TEOPETUYHOIO).

[TocTayaHHsST TPyO 3a TEOPETUUYHOI MACOI0 CIIPSIMOBAHO HA €KOHOMII0 MeTasia y
BMPOOHMKA 3a PaXyHOK BUTOTOBJIEHHS TPYO B IOJIi MiHYCOBMX IOITYCKiB. B mexax, me
1le HEMOXXJIMBO OpraHi3yBaTu, HeoOXimHO 3acTocyBaTy (OpMY 31adi i ITocTavyaHHS
TpyO mo ¢isnuHiit (pakTuuHii) Maci, 10 AO3BOIUTh BUKIIOUUTK BiflBAHTasKeHHS
YaCTUHM HecIlayeHoi MpoAaykilii. Sk mokasanu pociimkeHHs [15] Ha TITA 3
nizibrepcranom 5—12" TAT «Iatepmnaiin Hiko Thi06» ITpoKaTKa Majixke BCiX BUAIB Ta
po3MipiB Tpy6 6imOyBaeThcsi B MOJi IUIIOCOBUMX MAOMYyCKiB (Bim 50% mo
95% 1ipokaTaHuX TPyoO).

Buxopucranus B uexi 3 TIIA 5-12" nmudepenuiiinoi cucremm 3paui i

BiJIBAaHTasKeHHs TPyO IMOKa3as, IO IJIsI TOHKOCTIHHMX Tpyo (mo 10,5 MM) HeobxigHO
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BUKOPUCTOBYBATU B 00Ky Gi3MuHy Macy, 10 [a€ 3HAUHUI eKOHOMiuHMUi1 edexr,

TaK SIK BUKJIIOUA€ BilBAHTA’KeHHSI HeMPOIIaueHOo1 MPOAYKIIii.

3MeHIIIeHHSI OKA/IMHOYTBOPEHHS IIPU Trapsviii MpoKaTIii TPyo

B po6oti [16] pO3risgHYTI NMUTAHHS 3MEHIIEeHHS OKaJIMHOYTBOPEHHSI Ipu
rapsuiii mpokartii. TexHOosoris 3MeHIIeHHSI OKAJIMHOYTBOPEHHS Ha rapsJii
IIPOKATIIi Iepeadavac ABa CII0COOM MPMUCKOPEHOrO OXOJIOMKEeHHS BUPOOiB: 1 croci6
— OXOJIOKEHHSI BOJIOI0 Ha BUXO/Ii 3 UMCTOBOIO Kalaiopa, 10 piBHOIL[IHHO 3HIKEHHIO
TeMIlepaTypy KiHISI MPOKATKU, IPU SIKiii MOYMHAETHCS MPOLeC OXOJIOMKeHHS i
OKMCHEHHSI BMPOOY Ha IOBiTpi; 2 croci6 — 36iablIeHHS IMBUIKOCTI OXOJIOIKEHHS
BUPOOY Ha MOBITPi.

[IprickopeHe 0XOJIOMKeHHSI IPOKaTy (TPyD) 3aCTOCOBYETHCSI TOJIOBHUM UMHOM B
JIiHISIX TepMiYHOTI'0 06p06IeHHS TPYO 3i crieliaJibHOrO ab0 IMPOKATHOTO HATpPiBy.

B okpemux BuMagkax 3aCTOCOBYETHCSI IMPUCKOPEHE OXOJOIKEeHHSI IPOKATy
BOJOIOBITPSHOIO CYMIIIIIIO, 1[0 TOAAETHCSI 3a IOIMOMOIOI0 OCbOBOTO CIIpeepa.
[HTEHCMBHO pO3POOJISIOTHCSI CIIOCOOM TEPMO3MIITHEHHSI [JIT 0araTbox TPYOHUX
CTaHiB, B TOMY 4McJi st Tpyd HadTOBOTO copTaMeHTy Ta iH. [IJIT OXOJOMKEeHHS
TPyO 3acCTOCOBYIOTh pPi3HiI OXOJIOIKYIOUi cepemoBMIla i crocobu ii romaui Ha
30BHIIITHIO Ta BHYTPIILIHIO [TOBEPXHi.

Oco6mmBOCTi OKMC/IEHHS TpyO IIOJsITa€ B TOMY, IO TOBINMHA, CTPYKTypa i
BJIACTMBOCTI OKaJMHMU, SIKa YTBOPIOETHCS HA BHYTPIIIHIN Ta 30BHIlIHi/ MTOBEPXHSX,
pi3Ha. BHYTpIilIHSI MOBepxHS TPyO, SK MPaBUIO, BKPUTA OiNBII IIIIBHUM i MEHII
MOPUCTUM, HIDK 3O0BHIIIHS TMOBEPXHS, OKMUCIEHMM IIapoM. BaXXKo BUAAIUTHU
OKMCJIEHMII 1ap 3 TOoBepxHi Tpyb 3 HU3bKO Ta CepelHbOJEerOBaHUX CTaseit, sKi
MIPOXOJSITh TPUBATY TepPMiuHy OOpOOKY TP BUCOKUX TeMIlepaTypax B Iliuax 6e3
3axucHoi atMocdepn. lllap mpu 1IbOMY MOXKe IOCATaTy TOBIIMHY OiibIie 1,0 MM.

OkanuHa, sika YTBOPIOETHCS B IMPOLieci BUPOOHUIITBA 6e3IOBHUX TPYO, OKpiM
BTpaT MeTaly YCKIaIHIOE MPoIlec MPOKaTKY, i TOMy HEOOXiTHO pO3pOOISITU 3aX0Au
1o i1 BupaseHHo. Hanpukiag, OJis1 OUMIEHHS Ti/Ib3 Bif, OKQJIMHU B TapsiuoOMy CTaHi
pPEeKOMEeHAY€EThCS 31/ ICHIOBATH 1X MPOAYBKY CyXMM BOASIHUM ITapoM. [1is1 BUIaIeHHS
OKa/JIMHYM 3 30BHIiIlIHbOI MOBEPXHi TiNb3M, SIKa 00epTaeThCs ITigUac IPOLIMBAHHS,

IMPOIIOHYETHCA IIOA4aBaTU 34 AOIMOMOI'OIO (l)OpCYHOK BOOYy Hi,[[ BUCOKMM TMCKOM.
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OpHOYaCHO B OIPAaBKy 3 OCbOBMMM OTBOPAaMM Kpi3b MOJMI CTPUMXKEHb KpIMJIeHHS
OMpaBKM TaKOX TONAIOTh BOAY TIif, TUCKOM, CTMCHEHe TOBIiTps abo map, 3a
IOTIOMOTOI0  SIKUX BUIAISIIOTh OKAJMHY 3 BHYTPIIIHbOI ITOBEPXHi Tpyowu,
sIKa TIPOKAaTY€EThCS.

[Ticmsgs mpolMBaHHS 3arOTOBKM Ha IPOIIMBHOMY CTaHi Ta MPU MMPOMiIKHOMY
MifgirpiBaHHI Ha 1i MOBEpPXHI YTBOPIOETHCS AP OKaIMHM, iHOAI TOBIIMHOK [0
1,0 mm. ITpu momabIniii MpOKATIli Ha OIMPaBIli BOHA 3aKAaTYEThCS B CTIHKY TPYOU. MIJIs
TOTO, 11006 1IST OKJIMHA JIETKO BUAAIsIacs, 6yjaa KpUXKOw, peKOMEHIYIOTh CTOCOBHO
aBTOMAaTUYHOrO Ta MiiJirpMMOBOro CTaHiB B Tiib3y, sKka Mae temiepatypy 850°C
BIYBAaTU KMCEHb, Migirpituit mo Temmepatypu 425+550°C. Ilotim rinb3u
3aBaHTAXYIOTh B IMimirpiBasibHy 1iu 3 Temmepatypoio 1150°C, me 3aBasku
OKMCJIFOBaJIbHIl i1 KMCHIO HA BHYTPIlIHi/ MTOBEPXHi TiJib3M YTBOPIOETHCS OKaIMHA,
sIKa CKJIaJA€ThCSI 3 MarHeTUTy abo reMaTUTy, KOTpa MOTIiM JIeTKO 371aMYy€eThCs TpU
MIPOKATIi. 3 METOI0 3MEeHIIeHHSI MiI[HOCTi 3UeryIeHHSI OKaJIMHY 3 TIOBEPXHEI0 TPyou i
il Kpamoro BMIOaJeHHS 3i CTiHOK TpyoM B TapsSuyoMy CTaHi IIPOIYyBalOTh
BOJOITOBITPSIHOIO CYMIIIIIIII0 6e3rocepeaHbo B rorori TITA.

Ha psgai mignpuemMcTB OKaJIMHY 3 BHYTPIIIHBOI IIOBEPXHi Tib3 MiC/IS
MIPONIMBAHHSI BUIAISIOTh 11032 CTAaHOM 3a JIOTIOMOIOI0 CTMCHEHOTO IOBiTps abo
a30Ty 3 BAYBAHHSM B CTPyMeHi ra3y MOpPOIIKOIMOAi6HOrO pO3KMCIIOBava, 3a3Buyaii
Ha OCHOBi 6opartiB (0ypa). lleit meTonm Ma€ psim HemOJiKiB, B TOMY UMCJIi TOM, IO
OKaJIMHA HAKOIMMYYETbCS B TOPOXHMHI Ti/Ib3M 3a 4Yac ii TpaHCIOPTYBaHHSI [0
po3KaTHOro cTaHa. HoBe pimteHHs1 TexHoJjorisg «Incoat» mossrae B CyMillleHHi
omepaliji IpomMBAaHHSA i OOpOOKM  BHYTPIlIHBOI  IOPOKHMHM  TiJIb3U
pO3KMCIIOBaueM, 1Mo (akKTUYHO BUKIIOYAE il okuciaeHHs. HoBa TexHosorisi [17]
ToJIsSITa€ B TOJAui ITOPOIIKOIMO/iGHOTO PO3KMC/IIOBAaUYa B TOTOII rasy (a3oTy abo
TIOBITPSI) MO CHeliaJibLHOMY KaHaay B CTPMIKHI [IJISI KPillJIeHHS OIpaBKM, KOTpPUIi
HaTHITA€ThCSI Kpi3b 6-8 pafialbHMX OTBOPiB, PO3TAIIOBAHMX Yy OMNpaBKU. Bibiil
pPiBHOMipHOMY PO3MO/iJIEHHIO PO3KMC/II0BaUa CIpHUse o6epTaHHS Tiib3U BiTHOCHO
CTpMsKHS ompaBku. I[IBuAKICT, momaui poskuciaoBaua 3abesrnedyye YTBOPEHHS

CYLIJIBHOTO IIapy PO3IIaBJI€HOr0 MOPOIIKY M0 Bili TOBKMHI TiJIb3U.
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PerysoBaHHS OKMCIIOBJIBHMX IPOIECIB B KiHIIEBOMY MiCYMKY CTabilisye
YMOBM TepTsl, MOJIMNIIyE SKiCTb MOBEPXHI IMPOAYKIIii, 3MEeHIIIye 3HOC MPOKAaTHOTO
iHCTpyMeHTa, a iHOAi CITpUsI€ NiABUIIEHHIO TPOAYKTUBHOCTI CTaHiB.

BesnepepBHe MiABUIIEHHS BUMMOT [0 SIKOCTi rapsiyekaTaHuUx TPyoO MOTpebye
MOJAJBIIOT0 PO3BUTKY TEXHOJIOTii BUMPOOHMIITBA, IO HEMOXKIMBO 0Oe3 pilleHHSs

HpO6]I€MI/I 3HVDKEHHS OKMCJIEHHS MeTaJla B HpOU,ECi BUTOTOBJIEHH TPY6

BucHoBKU

1. Pecypco- i eHeprozbepeskeHHSI Hapsiy 3 €KOJIOTIYHOI 6e3MeKow €
OCHOBHMM HampsIMKOM PO3BUTKY MeTayprii B CydaCHUX YMOBax.

2. Po3risIHYTI OCHOBHiI HampsSIMKM €KOHOMii MeTajsia IIpM BUPOOHUIITBI
rapsiuekaTaHux 06e31IOBHUX TPY6. 3HVKEHHSI BUTPATU MeTaay € OOHUM 3 OCHOBHUX
HaIlpSIMKIiB 3HVKEHHSI 3aTpaT IpM BUPOOHMIUTBI TpyO, Tak SIK MOJS BapTOCTI
3a[laHOr0 MeTaJly 3a BipaXyBaHHSIM BigxomiB cknamae Bimg 50% mo 85%.

3. AHaJi3 MeTaJIOBUKOPUCTAHHS IMPY BUPOOHMIITBI TapsiuekaTaHUX TPyO Ha
pisuux TITA mokasaB, IO HAaOIbIII BTpaTHM MeTajy MalThb Micime Ha TITA 3
MJIIrpMMOBMMM  CTaHAMM 3a PaAxyHOK TeXHOJIOTiuHOi 06pi3i 3aTpaBKu Ta
IiJIbreproIOBKN.

4. Po3r/SIHYTI OCHOBHI HAIpSIMKM 3HVMKEHHSI BTpaT MeTaja B 3aTpPaBKy i
TiJIbreprojioBKy, Mpy IbOMY HaiOinbIl e(peKTUBHMMM € IPOKATKa Tib3 B CTUK i
PpO3KaTKa MiJibTeproOBOBKM Ha BiJIbHIil IiJSHII JOpHA.

5. OgHMM 3 OCHOBHMX pe€3epBiB 3HIMKEHHS BUTpPATM MeTasia IIpU TOopsdii
MIPOKaTIi TPyO € iX BUTOTOBJIEHHS 3 CEepeIHbOI TOBIIMHOKI CTiHKM OJIM3BKOI 110
MIPOKAaTHOTO HOMiHa/Ty abo B MOJIi MiHYCOBMX AOMYCKiB. KpiM TOro ymockoHaieHHS
MeTaJIOBUKOPUCTAHHS MOXXHO HOCSITHYTM AudepeHIiifHMM IIOCTa4aHHSIM TpPYyo
CrioXkuBauy 1o Maci (¢pizsMuHOo abo TeopeTUMUHOI0), IO 3a0e3MeunTbh €KOHOMIlo
MeTajla y BUpOOHMKA Tpy6 ab0 BUKIIOUMUTH BiIBaHTAaKEHHS CIOXMBavYaM
HeoIlIaueHOoI IMPOAYKILii.

6. Il 1LeHTpyBaHHS Tiib3M Ha [OPHI Iepen MiJirpMMOBOI0 IPOKATKOIO
3alpONOHOBAaHI HOBi IIpollecu ITiATOTOBKM MepedHix i 3aAHiX KiHIB Tijb3, IO

3HICKYE TTOMEPeYHY Pi3HOCTIHHICTh TPYO i 3MeHIIye BTpaTy MeTasa.
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7. PO3I/ISIHYTI MUTAHHS 3MEHIIIEHHSI OKJIMHOYTBOPEHHS TIPU rapsiviii mpoKaTIii
TPy6 HUISIXOM IMPUCKOPEHOTO OXOJIOMKEHHST BMPOOiB BOMIOI0 HA BUXOZi 3 YMCTOBOTO
Katibpa i 30iIbIIeHHST IIBUAKOCTI OXOJIOMKEHHST Ha MOBITPi. [Ipu 1IbOMy IpMCKOPEHE
OXOJIOMKEHHSI TIpOKaTy (TPyO) 3acTOCOBYETHhCS TOJOBHMM UYMHOM B JIiHIiSIX
TepMiuHOTO 00po6IeHHS TPYO 3i CIeliaJibHOro abo MPOKATHOTO HAarpiBy, a TaKOX B
OKpeMMX BUIMAJKaX 3aCTOCOBYETbCSI IPUCKOPEHE  OXOJIOIKEHHSI  IIPOKaTy
BOJIOTIOBITPSIHOIO CYMIIIIIIIIO, IO MOAAETHCS 3a JOIIOMOTrOI0 OCbOBOTO CIIpe€epa.

8. 3arobiraHHs YTBOPEHHIO OKa/JIMHM Ha BHYTPIllIHi/ MOBEPXHi Tilb3u IIpu
MPOIIMBaHHI HA KOCOBAJIKOBOMY CTaHi i 1i TpaHCIIOpTYBaHHS 4O PO3KAaTHOTO CTaHa
3abe3rreuye MiABUINEHHS SIKOCTi TPYO i 3HMKeHHST BTpaT MeTtasa. [lepcrieKTMBHOIO €
HOBa TexHosorist «Incoat», KoTpa moJisira€ B CYMillleHHi IIPOIIMBKM i 0OPOOKM
BHYTPIllIHbOI MMOPOKHMHU Ti/Ib3U PO3KUC/IIOBAUEM, SIKUIA TIOJAETHCS Kpi3b IMOJINUIA
CTPVDKEHb OMPaBKU.
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Mykhailo Hubynskyi, Yurii Uhriumov, Oleksii Gubinskyy,

Ihor Mazur, Dmytro Uhriumov

THE ISSUE OF REDUCING METAL CONSUMPTION IN THE PRODUCTION
OF HOT-ROLLED PIPES

Abstract. Resource and energy conservation, along with environmental safety, are the

main historical areas of development for metallurgy in modern conditions.

This article discusses the main areas of metal saving in the production of hot-rolled
seamless pipes using various pipe rolling units, which have reached practical use.
Reducing metal consumption is one of the main ways to reduce costs in pipe production,
as the share of the cost of a given metal minus waste ranges from 50% to 85%. An
increase in metal consumption is one of the main factors in reducing the company's

competitiveness in the domestic and foreign markets.

An analysis of metal consumption in the production of hot-rolled seamless pipes at
various pipe rolling units has shown that the largest technological metal losses occur at
pilgrim mills due to metal cut-off at the pilgrim mill into the billet and pilgrim head. The
main directions of reducing these losses are considered, and it is noted that the most
effective are rolling the liner into the joint and rolling the pilgrim head on a free section

of the mandrel.
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One of the main reserves for reducing metal consumption during hot rolling is the
manufacture of pipes with an average wall thickness close to the rolling nominal or
within the field of negative tolerances. Reducing metal losses by improving pipe accuracy
can be achieved by centring the liner on the mandrel before pilgrim rolling. To solve this
problem, new processes for preparing the front and rear ends of the sleeves have

been proposed.

The article considers the issues of reducing scale formation during hot rolling of pipes by
accelerating the cooling of the product with water at the outlet of a clean gauge and

increasing the cooling rate in air.

One of the new ways to prevent scale formation on the inner surface of the liner when it
is pierced on a rolling mill is to supply deoxidiser through the hollow core of the mandrel
directly during the piercing process.

The known and new technical solutions considered in this paper can be used in the
development of metal-saving technology.

Keywords: hot-rolled pipe, billet, liner, pilgrim mill, piercing beam mill, pickling,
piercing  head, scale  formation, metal  saving, technological  cut,

metal consumption factor.
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Oleksandr Kuzenkov

ALGORITHMS AND METHODS IN DYNAMIC PROBLEMS OF OPTIMAL
PLACEMENT OF FIRE GROUPS

Abstract. The work is devoted to the urgent task of deploying fire groups of air defense
forces to cover the lines of air attacks. To solve the problem, modern methods of the
theory of optimal set partitioning, mathematical modeling using differential equations
and their systems, a specialized software package has been developed, which includes a
mobile and browser application, is used. When developing the software package, modern
programming languages and technologies were used, an overview and comparison with
existing solutions in different countries was made. A retrospective analysis was carried
out, criteria for the optimality of the solution being sought were developed, advantages

and disadvantages of the approach were determined.

The use of methods of the theory of optimal set partitioning allows you to analytically
determine the criteria for the quality of the solution, conduct an analytical study of
admissible solutions and determine the optimal one, and approbation of analytical
results in practice and examples with practical input data increases the accuracy and
relevance of the results obtained analytically.

Nowadays, the issue of dynamic deployment of fire groups is very relevant for Ukraine.
The decision to create and operate fire groups was made and implemented only from the
beginning of the full-scale invasion of the aggressor country and became widely used
during the massive use of attack drones by the aggressor country against civilian,
military and energy facilities of Ukraine. The effectiveness of the use of fire groups has
been proven in practice, but the method of their placement, as a rule, is heuristic, that is,
not optimal.

Keywords: optimal partitioning of sets, dynamic problem, fire group, air defense,
software complex.

Entry

Today, the issue of air defense for Ukraine is a matter of the existence of not

only the energy system, but also the safety of civilians and the military. Numerous

© Kuzenkov O. O.
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air raid sirens, which are heard daily in different cities of Ukraine, have
unfortunately become commonplace, and only the professional work of air defense
servicemen and the aviation command allows you to fight numerous air targets that
fly into Ukraine. It should be noted that for almost three years of war, the nature and
means of air attack in Ukraine have undergone significant and fundamental changes.
Thus, in 2022, attacks with X-101/555 cruise missiles were characteristic. At the end
of 2022 and throughout 2023, ballistic missiles, Shahed 136 attack drones and Orlan-
10 reconnaissance aircraft were added to the list of air targets. At the end of 2023
and throughout 2024, it was possible to observe a decrease in the number of missile
attacks, but a significant increase in the shelling of the territory of Ukraine by attack
drones and the use of reconnaissance drones for ballistic strikes by the enemy, on
strategically important military and civilian targets. This situation required a prompt
response and adaptation of means of detecting and destroying air targets. It should
be noted that along with the adaptation of detection means, the means of
destruction have also undergone significant changes. In particular, this is due to the
lower cost of Shahed-136 attack UAVs compared to surface-to-air missiles typical for
the Armed Forces of Ukraine. It is for these reasons that mobile fire groups were
used to destroy air targets from small arms of various calibers, as well as detection

means other than typical radars.

Subject statement of the problem

Due to the limitations in the use of standard means of detecting air targets and
the low altitude of their route, it was decided to develop mobile applications with
the help of which, including the civilian population, could promptly notify the air
defense forces about the flight of an enemy aircraft, missile, drone, etc. Taking into
account the fact that the efficiency of informing in this matter plays an important
role, the interface of the program for users is simplified as much as possible (Fig. 1-

b). Fig. 1. Here are some examples of software applications used for notifications.
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Figure 1 - Graphical interface of warning systems
(a — EPPO appendix, b — alternative notification system "Light").

Figure 1(a) shows the software developed by Odesa programmers, which is
widely used on the territory of Ukraine and is designed to inform air defense forces
about enemy air targets and their location. The peculiarity of this application is that
the user can specify the type of air target if he is informed, and in new versions of
the application, specify "UFO" if the type of air target could not be established.

Fig. 1(b) shows the alternative notification system 'Light", which was
developed and operated in the Dnipropetrovsk region from March 2022 to January
2023 (before the introduction of the EPPO annex throughout Ukraine) and is
partially used today. The simplicity and confidentiality of the interface of the
alternative warning system was explained by its use at the very beginning of the full-
scale invasion, because the owners of this application sometimes had to overcome
enemy checkpoints, and their phones could be searched.

As a result of the practical application of the alternative warning system
"Light", a significant amount of information was obtained, which was used as a
training sample for further improvement of the software package. It should be noted
that at the stage when quantitative missile attacks were replaced by numerous
attacks by attack drones, and the means of destroying air targets were replenished
with mobile fire groups, a number of problems objectively arose that required

thorough mathematical, as well as in some cases optimal solutions.
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Mathematical statement of the problem

For a rectangular area Q with perimeter P=2-a-b (where a - Width of a
rectangular area, b - its length) along which an indefinite and unlimited number of
enemy air targets can move by air, i.e. without reference to roads, it is necessary to
find the following N points

(Xi’yi)’i:l’—N’ (1)
for which

ST f(z,p,) > max, @

where

f(z. p) = g (Z“pi)eggk(xk’yk), (3)
0, else

g, (X, Y,) - circle centered at a point (x,,Yy,) and radius R,

T, = : ’ (4)

t. - date/time of the first crossing (entry) i-th enemy air target

1
in the region Q,

t.. - current date/time,

N - Total number of mobile fire groups,
R - range of mobile fire groups.
The need to reduce the problem to the optimization problem is due to the fact
N
that in most cases ng(xk, y,) do not cover the entire territory of the specified
k=1

region and even its perimeter.
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Overview of existing solutions

Nowadays, there are many programs designed to notify civilians and the
military about emergencies, but the features of each of them are focused on a
specific place of application, and in the case of military use, focused on the
peculiarities of war. Among the best examples of similar systems, the following
should be highlighted:

1. WireX Alert System is an integrated alert system designed to address the
diverse needs of users. The system supports various forms of notification, including
SMS, email, and instant messaging. It is characterized by flexibility in setting
priorities and configuring communication channels. The advantages include flexible
configuration of alert channels and integration with various sources of information.
Among the disadvantages is the limited set of built-in message templates.

2. AlertHub Pro is an operational alert system defined by its ability to combine
alerts from different sources into a single interface. It is an integrated solution that
allows users to receive and manage messages in real-time, as well as interact with
other users through comments and discussions.

3. SafeAlert Plus is a security and alert system specially designed for
organizations and enterprises. It provides extensive options for customizing user
groups, access levels and events to be notified. The system can integrate with third-
party security systems. The advantages include a high degree of customization and
flexibility in configuration, as well as the ability to integrate with various security
systems. Among the disadvantages, high implementation and support costs should
be highlighted.

4. EverSafe Notifications is an alert system that stands out for its ability to
provide reliable alerts through a variety of channels, including voice calls, instant
messaging, and social media. The system is specifically targeted to the needs of
groups with different needs, such as medical institutions and educational
institutions. The advantages include a wide range of possible notification channels
and adaptability for different types of users. Among the disadvantages is the rather
limited function of personalizing messages.

5. NotiSync Enterprise Alerting is an alert system that uses intelligent

algorithms to detect and notify about events in real time. The system provides

298 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui npo6aemu meranyprii”, N2 28 — 2025

automatic signal processing and a high level of adaptation to changing conditions.
This makes NotiSync an effective solution for large enterprises and dynamic
environments. Among its advantages are intelligent event detection algorithms and
automatic adaptation to changing conditions. Among the disadvantages is the high
cost of implementation and support.

6. NotifyMe360 is an alert system that focuses on the user experience. It allows
users to confirm receipt of messages, send feedback, and quickly respond to crisis
situations. The advantages include the presence of a mechanism for acknowledging
the receipt of messages and real-time interaction with the user. A separate
disadvantage is the limited ability to integrate with other systems.

7. Alertify Pro Suite is a comprehensive solution that combines not only an
alert system, but also analysis and reporting tools. The system allows you to create
dynamic alerts using various media formats and provides advanced tools for
analyzing the effectiveness of campaigns. Among the advantages, it is necessary to
highlight the wide possibilities for integration with analysis and reporting tools, as
well as flexibility in creating dynamic alerts, and among the disadvantages is the
high complexity of configuration for beginners.

8. SafeGuard Alert Management is an alert system that contains an advanced
set of tools for managing alerts in crisis situations. The system includes automated
processes to respond to different types of events and facilitates the rapid
deployment of campaigns in emergency situations. Among the advantages are the
implementation of automated processes for responding to various types of events
and ensuring effective crisis management. Among the disadvantages are limited
options for individual settings.

9. The RapidNotify Emergency Alert System is an emergency alert system
specifically designed to serve large groups of people. It is distinguished by a high
speed of sending messages and the ability to flexibly configure audience selection
criteria. Among the advantages are the high speed of sending messages and the
ability to flexibly customize the audience. Among the disadvantages is the
unreasonably high cost of maintenance for small organizations.

10. OnSolve MIR3 is an integrated solution for crisis management and real-

time alerting. The system includes a wide range of emergency response tools,
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including integration with security systems. Among the advantages are the
availability of integrated crisis management tools and the support of integration
with various security systems. Among the shortcomings, it is necessary to highlight
the high qualification of personnel for setting up and effective use of the system.

In the course of reviewing various public address systems, it can be determined
that there are a significant number of solutions aimed at ensuring effective
information of users in a wide variety of scenarios. Each of the defined systems has
its own characteristics and advantages, which are important to consider when
choosing a solution for a particular case.

The mathematical solution of the problem will be carried out with the
involvement of the mathematical apparatus of the theory of optimal set partitioning
[1]-[2], mathematical modeling using differential equations and their systems [3]-[4],

a number of numerical methods and retrospective analysis [5].

Choosing a platform for implementation

Nowadays, the implementation of warning systems can be implemented, as a
rule, on the basis of mobile devices (smartphones, tablets) or in web applications.

Development of a software package for mobile platforms

« designed for specific operating systems such as Android or iOS;

» designed specifically for mobile devices, their extensions and operating and
file system specifications;

 can work offline;

« high-speed in working out compared to web applications;

e require permits for posting on trading platforms;

« the cost of development is higher than that of web applications;

» are developed using programming languages such as React Native, Dart,
Swift, Kotlin.

The development of a software package in the form of a web application also
has its advantages and disadvantages, namely:

« designed for browser access, but can also be used by mobile devices

 do not have access to hardware specifications

e require constant access to the Internet
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« slower than mobile apps
« does not require permissions for distribution
« the cost of development is lower than that of mobile applications;

« are developed using programming languages such as: Python, JS, TS, PHP.

Implementation of the software application

The developed software package includes:
e Database

e server part

e client part (mobile application)

e client part (web application)

Web
Application

API Requests

.SQL Requests Se rver
API Requests
Mobile
App

Figure 2 - Structure of the software package

The database was created on top of PostgreSQL, which made it possible to
quickly and efficiently create tables and relationships between them. Fig. 2 shows
the general structure of the software package, and Fig. 3 shows the structure of the

database and the relationships between the tables:
i
session_id id 2 id ®
user_id username location
created_at role user_id
created_at status

Figure 3 - Database diagram of the software package
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This database schema has three main tables, one of which is users, having two
roles: operator and user. The signals table stores information about the locations
recorded by users and the time of receipt of the message. The session table allows
you to keep track of when and which user logged in.

The server part was implemented using Nest.js technology, which is an add-on
on top of the Node.js library. The main functional integrations of the backend are:

e authentication and authorization;

e interaction with the mobile application through obtaining locations, their
analysis and subsequent storage in the database;

e control of database queries;

e sending locations to the web application, where they can be observed
by the operator.

The client part of the mobile application was implemented using React Native
technology and the main task of this part of the software is to inform the server part

about the appearance of air targets in the visibility of the user of the mobile device.

Results of the program

The operator part of the web application is available only after user
authorization and is used by the operator of air defense systems. Two main
functional components are implemented in the operational part of the software
package. Data is a map that will later display the locations in which users have
recorded air targets. People — a map that displays all users of the software package
(to understand on which boundaries of the territory users are placed). Fig. 4 shows

the interface of the operator chat of the software package.

Figure 4 - Interfac‘é"bf the operator part of the software package
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Fig. 5 shows the operator's software interface for tracking the number of users
involved in the operation of the alternative warning system. We emphasize that the
information in Fig. 5 has been changed and does not reflect the real picture. The
authors do not have reliable information, so the image in Fig. 5 is a model and
reflects only the principles of operation of the corresponding program interface. The
number indicated in the black circle reflects the number of users, with a decrease in
the scale of the map and significant discrepancies in the location of users, the circles
are divided and at a minimum scale become separate with a value of 1

indicated on them.
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Figure 5 - Interface of the "People” tab of the operator part of the software package

Among the settings of the operator part of the software package, there are
filters by the time period of displaying labels about the transferred locations (you
can choose one of the options - the last thirty minutes, the last 3 hours, the last day)
and a filter by the maximum number of points on the map (10, 25, 50 and 100),
which allows you to work with different time periods and the number of observation
points. The "Turn off the light" function is also implemented, which allows you to
remove all points from the map. Such a functional component is used in massive
shelling, when wave after wave reports are received about air targets in the same
locations. Fig. 6 shows an example of three users informing the operator about the

flight of an air target at different times.
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Figure 6 - Illustration of inforrﬁing in the opue"r'ator part of the software package

By changing the color intensity of the display of the locations of fixing air
targets, the operator can understand the direction of flight of the missile, because
the newest points will have a higher color intensity.

Since the map can be scaled, it is possible to display different territories,
namely the entire country, region and even city (with lower-speed targets such as
UAVs). Fig.7. an example of displaying a moving target within the city of Kamianske

is given.

AHENROBCKUM
ros] PAVIOH
{ukonaesx
3ABOACKOM
PAVIOH KameHckoe
Ypaunka
AL o &= @
o
BATNEVICKUI
. PAWOH

Figure 7 - Visualization of the trajectory of a moving air target within the city of Kamianske.
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Solving the problem of optimal placement of fire groups

The paper calculates six examples of solving problems of optimal placement of
fire groups in the formulation of the problem described in this work earlier. As initial
conditions (training sample). Table 1 presents data calculated for nine different time
periods and a different number of mobile groups. We would like to emphasize that
the number of fire groups is chosen at random and cannot be considered as reliable
information, such information is secret and is not known to the authors.

It should be noted that numerical calculations were obtained on the example of
the Dnipropetrovsk region, because it was for it that the largest amount of
information about air targets and their routes was previously collected. The range of
mobile groups is R=5 km, the region is chosen in the form of a rectangle, which fully
accommodates the Dnipropetrovsk region, the sides of the rectangle touch its
northern, southern, western and eastern extreme points, including parts of adjacent
regions. Due to the large amount of information about air targets that were taken
into account in each task (more than 20), such information in the table will be
presented in the format X:YYY:ZZ. Where X — takes the value "N", 'S", "E", "W" if the
air target entered the specified area from the north, south, west and east,
respectively. YYY the displacement of the entry point (the distance is indicated in
kilometers) at the corresponding border (for the western and eastern directions of
entry, the coordinates increase upwards, for the northern and southern directions of
entry, the coordinates increase to the right), ZZZ is a degree measure of the angle of
the direction of movement of the air target at the moment of entering the area,
where 0° is up, 90° is up, 180° is left, 270° is down according to the principle of a

"single circle".
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Dnipropetrovsk region

Table 1

Results of the numerical solution of the problem (1)-(4) for the territory of the

(yy/m | Num.of Characteristics of aerial targets Junctions

m/dd | mobile

- fire gr-ps

hh:m

m)

22/10 | 6 S:53:112 N:63:209 E:32:-13 E:113:-85 S:24:141 | (170;115), (196;187),

/04- N:89:304 N:110:224  E:10:-18  S:115:163 | (120;67), (113;25),

12:04 W:84:219 E:190:44 E:163:-76 N:13:207 N:36:230 | (293;27), (90;46)
E:111:24

22/11 |5 N:146:353  N:135:193  E:144:36  S:141:75 | (122;158), (97;21),

/18- W:184:136 S:93:28 W:85:268 E:65:-63 W:79:150 | (195;162), (180;191),

08:01 N:110:213 W:0:101 W:0:185 N:45:352 S:108:41 (272;52)

22/12 | 8 W:9:122 W:11:217 W:56:127 N:124:305 N:95:335 | (196;27), (40;175),

/16- E:58:-79  E:10:-75  N:145:223  N:138:259 | (42;44), (108;77),

14:12 S:100:118 E:133:47 W:198:138 N:138:327 | (174;121), (174;106),
W:159:245 S:28:34 S:9:14 S:10:121 W:175:260 (217;173), (89;111),

23/05 | 6 W:102:233 S:53:131 W:167:96 E:174:10 S:30:36 | (103;2), (99;189),

/12- W:161:182 N:143:241 S:38:114 E:51:-8 E:196:85 | (242;29), (37;197),

03:12 N:3:254  W:18:26  W:153:111 S:119:134 | (43;130), (189;34)
N:133:352

23/06 | 6 W:92:129 W:6:168 S:115:10 N:128:184 N:71:223 | (185;47), (187;105),

/21- N:50:214 S:54:151 S:26:74 S:50:166 N:132:181 | (90;35), (277;90),

23:05 W:82:142 S:20:72 W:17:142 E:169:52 S:11:99 (62;165), (268;54)

23/08 | 4 S:58:34 E:3:32 W:179:257 S:47:128 S:80:110 | (149;152), (204;147),

/03- N:117:315 E:36:17 S:92:70 W:129:198 E:65:69 | (145;199), (163;113)

16:13 E:43:13 E:142:-82 N:17:331 S:72:100 N:107:256

24/01 | 6 S:110:81 E:94:-20 E:59:-67 E:139:77 S:43:153 | (9;153), (231;14),

/08- S:42:164 N:39:322 E:199:72 E:167:-14 E:147:29 | (82;168), (160;198),

18:00 W:160:229 N:50:356 S:48:142 E:47:51 N:13:221 (125;155), (171;54)

24/03 | 4 S:127:142 S:46:51 W:180:184 W:88:197 W:1:100 | (165;122), (222;160),

/14- N:18:183 W:171:176 W:46:132 S:77:40 E:138:82 | (146;114), (118;11)

16:42 N:78:238 S:124:33 S:29:172 W:14:195 N:86:244

24/08 | 6 E:111:24 S:11:99 S:109:36 E:101:-4 W:46:254 | (277;182), (217;64),

/20- E:58:71  N:138:352  E:121:-60  W:133:105 | (80;143), (62;133),

10:19 W:189:129 E:103:49 N:146:329 S:55:83 S:72:153 | (289;104), (154;40)
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Analysis of the results obtained

Table 1 shows the results of numerical calculations of the problem (1)-(4) with
different input data. As we can see, the calculated location of mobile fire groups with
their different numbers and different characteristics of air targets has a fairly
uniform structure, but differs from the uniform distribution precisely due to taking
into account the information about the direction and trajectory of air targets, which
are taken into account in the calculation. We would like to emphasize that the
number of air targets used in the calculations is not limited and can/should differ
significantly from the model ones upwards. Therefore, the results of numerical
experiments can be considered reliable, and the model can be taken as a basis for the

development of recommendations for the location of mobile fire groups.

Conclusions

The paper formulates and solves the problem of optimal placement of mobile
fire groups and develops a mathematical model of the alternative warning system
"Light", which was successfully used in the Dnipropetrovsk region from March 2022
to January 2023. A software package with a user and operator part was implemented,
a database and a management system were developed. The solved task takes into
account information about enemy air targets that were recorded by the alternative
warning system "Light" and forms recommendations regarding the location of a
given number of mobile fire groups.

Taking into account the substantive applied part of the development and the
clearly defined interpretation of the parameters of the model and the system, we see
further directions of research in this direction, in particular:

» solving a modified problem with restrictions on repeating configurations for
the placement of mobile fire groups;

» solving a modified problem using various metrics, in particular with reference
to the roads of the region under study;

development of a software package for visualizing solutions to the problem
with the possibility of using an algorithm in the presence of external control of the

operator.
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0.0. Ky3eHkoB

AJITOPUTMU TA METOAU B JMHAMIYHHNX 3AJAYAX
OIITUMAJIBHOI'O PO3MIIIEHHSA BOTHEBUX I'PVII

Anoramnisn. Po6oma npucesueHa po38s3aHHI0 AKMYaavHOi 3adaui po320pMaHHs
gozHesux yepynosaHsv cun IIIIO dns npukpumms pybexcie nosimpsHozo Hanady. /Ins
gupilleHHs: nocmaeyieHoi 3adaui B8UKOPUCMOBYHMbCS CyuydacHi memodu meopii
ONMUMANBLHO20  po30UMMs  MHOMCUH,  MAmMemMamuyHoz0  MOOeN08AHHS 3
BUKOPUCMAHHAM  OugpepeHuianvHux pieHaHe ma ix cucmem,  po3pobJieHO
cneyianizogavull npoepamuuil naxkem, w0 6KANUAE MOOUIbHULI ma OpaysepHuli
dodamoxk. Ilpu po3pobyi npozpamHoz0 KOMNJIEKCY 8UKOPUCMOBY8ANUCS CYUACHI MO8U
ma mexHoJ02il NpPozpamye8aHHs, NpPo8oouUBCst 021590 Ma NOPIBHSIHHA 3 ICHYHUUMU
piwieHHsmMu 8 pi3Hux KpaiHax. IIposedeHo pempocneKmueHull auanis, po3pobseHo
Kpumepii  onmumanbHOCMi  WYKAHO20  pIWEHHS, BU3HAYEHO hepesazu  ma
HedoiKu nioxody.

BukopucmanHs Memodie meopii onMuMaibHo20 po30UMMmMs  MHOMUH O00380/51€
AHANIMUYHO BU3HAUAMU Kpumepii SKocmi po38°3Ky, nposodumu avaiimuyHe
docnionceHHs: 0onycmumux po3e’sa3Kie ma OyiHUMu ONMUMAIbHICMYb pilleHHSs, a

anpobayiss aHaniMuuHux pe3yJbmamie HA Npakmuyi ma npukaadax 3 pearbHUMU
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8XiOHUMU  OJaHumu  nidsuwye —mMoOuHiCms ma penesammHicme  pe3yJibmamis,

ompumdaHux aHanimu4Ho.

Ha cb0200Hi numaxHs QUHAMIYH020 PO320pPMAHHSL B02HEBUX 2pyn € Jyxe aKmyaibHUM
ons YkpaiHu. PiweHHs npo cmeopeHHsi ma (QYHKYIOHY8AHHS 602HeBUX 2pyn OY/0
npuiiHamo ma peanizo8aHo Juwie 3 NoUamKy N08HOMACuMabHo20 8MOP2ZHEHHS! KpaiHu-
azpecopa ma Haby/10 WUPOKO20 3ACMOCYBAHHS Nid 4UAC MACO8AH020 3ACMOCY8AHHS
KpaiHow-azpecopom yoapHux 0e3niJIOMHUKI6 Npomu YUBilIbHUX, BiliCbKo8UX ma
eHepzemuuHux 00°ekmie Vkpainu. EgekmueHicms 6UKOPUCMAHHS B02HE8UX 2pyn
dosedeHa Npakmuko, ajue cnocib ix po3miujeHHs, K NPasuio, € eepUCMUUHUM, MOOMO

He onmumdaJibHUM.

KimouoBi cioBa: onmumanvHe po30umms MHOMUH, OUHAMIUHA 3adaud, 802Hesd
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CALCULATION OF THE OPTIMAL HYDROPOWER UTILIZATION
SYSTEM: A CASE STUDY OF A METALLURGICAL ENTERPRISE

Abstract. Objective. This research is dedicated to the development, modeling, and
optimization of a hydropower recovery system based on the reuse of secondary water
resources within an industrial enterprise. The specific focus is on the graphitization
workshop of PJSC "Ukrainian Graphite"—a metallurgical facility where substantial
volumes of warm process water are discharged as a byproduct of production. The central
objective of this study is to determine the optimal configuration of a water collection and
energy conversion system that will enable efficient electricity generation at the lowest
possible cost, while maintaining high energy performance. The task is conducted under
the influence of strict technical and spatial constraints inherent to existing

industrial infrastructure.

Methodology. The study applies a set of engineering, mathematical, and economic
methods. Hydraulic analysis is used to model water flow through both pressurized and
gravity-fed pipelines, ensuring accurate determination of head losses and flow rates. A
combinatorial optimization framework is employed to evaluate various topologies of
system configurations, where water sources are matched with potential collection centers
in the most effective way. A key feature of the methodology is the use of signature
functions—a mathematical tool designed to define “prohibited zones” where placement of
system elements is physically or operationally impossible due to safety, accessibility, or
layout restrictions. These functions are integrated into the optimization model,
enhancing the realism and applicability of the results. Additionally, a comprehensive
techno-economic assessment is performed for each configuration, including calculations
of capital expenditures, equipment cost, pipeline expenses, operational costs, and unit
electricity production cost (LCOE).

Results. The modeling process revealed that the most economically and technically viable

system involves a single collection center—Center No. 2—into which water flows from four

© Kovalenko Viktor, Rybka Kostiantyn, Nikitin Yevhen, Koliadenko Oleksandr, Bashko Volodymyr,
Kopysov Vladyslav, Pilipenko Viacheslav
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main technological sources: enekmpoxansyuHamopu (electric calciners), 6apabanu-
oxon00xcysaui (cooling drums), @opmysansHa mawiuxna (molding machine), and
nidwunHuku dumococie (smoke exhauster bearings). These flows are collected via a
pipeline network with a total length of approximately 200 meters. The selected micro-
hydropower plant (type 10Ilp) is of a modular design and includes a diazoHanvHa
myp6ina (diagonal turbine). According to the calculations, this system is capable of
generating over 135,000 kWh of electricity annually. The levelized cost of electricity
(LCOE) is just US$0.30 per kWh, which is substantially lower than the applicable
industrial electricity tariff in Ukraine. The total capital investment, including the cost of
the micro-HPP unit, pipelines, installation, and commissioning works, is approximately
US$168,800. Maintenance costs are estimated at 5% of capital expenditures annually.
Scientific novelty. The study introduces a new integrated methodology for assessing and
designing hydropower recovery systems (HERS) at the local (workshop or facility) level,
which takes into account technical parameters, hydraulic behavior, and spatial
limitations. For the first time, the concept of signature functions is applied in this context
to simulate constrained zones in system layout planning. This approach provides a
flexible yet accurate mechanism for system designers to preclude impractical
configurations early in the modeling phase, thereby saving resources and improving the
efficiency of decision-making.

Practical significance. The developed methodology and the results obtained offer a
practical solution for the sustainable use of internal water resources in energy-intensive
industries. By implementing optimized HERS configurations, industrial enterprises can
reduce dependence on external electricity supplies, enhance operational energy
efficiency, and decrease total electricity costs. The approach also contributes to improved
environmental performance by reducing heat discharge and enhancing water recycling.
Furthermore, the proposed system architecture is modular and adaptable, allowing for
scaling and replication in other industrial enterprises with similar infrastructure. This
makes it especially relevant in the context of global trends toward decarbonization,
resource efficiency, and green transformation of heavy industry.

Keywords: hydropower recovery, secondary water resources, metallurgical enterprise,
energy efficiency, micro-hydropower plant, hydraulic calculation, techno-economic

assessment, optimization, signature function, collection center, water-energy nexus.
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Introduction

In the context of global challenges related to energy security, resource
conservation, and the transition to a sustainable development model, there is an
increasing demand for the rational use of all available energy sources, particularly
secondary resources. One of the most promising areas in this field is hydropower
utilization - the process of converting the potential of industrial technical water into
useful electrical energy. This approach is especially relevant for energy-intensive
industries such as metallurgy, where the volumes of circulating technical water are
substantial, and its physical characteristics allow for the extraction of additional
energy without relying on external sources.

According to research findings [1], the volume of technical water at
metallurgical enterprises in the Zaporizhzhia region that can potentially be used as a
hydropower resource amounts to approximately 66% of total water consumption.
The cumulative flow power exceeds 1.0 MW, which is comparable to the capacity of
small hydroelectric power plants installed on minor rivers. Utilization of this
resource could generate up to 10 million kWh of electricity annually. Based on
industrial electricity tariffs, this translates into annual savings of around US$9.24
million. These figures highlight not only the energy potential but also the economic
feasibility of incorporating hydropower into the internal energy supply
of an enterprise.

Unfortunately, despite the significant potential, most industrial enterprises do
not exploit the possibility of converting secondary water flows into electricity due to
a lack of adapted technical solutions, efficiency assessment models, and established
engineering methodologies. The challenges include wuncertainty in system
configuration parameters (placement of collection centers, pipeline routing), lack of
consideration for specific operating conditions (restricted zones, technological
constraints), and underdeveloped methods for calculating the hydraulic and energy
characteristics of the system.

In the current era of technological advancement, where advanced digital
modeling tools, mathematical analysis, and engineering visualization are readily
available, there is a pressing need to integrate these instruments into the design

process of utilization systems. Particularly relevant is the use of combinatorial
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optimization, algorithms for evaluating pipeline topology, and spatial modeling
methods employing signature functions to define equipment placement constraints.
This approach enables not only technically feasible system design but also the
identification of the most economically viable options.

Moreover, the utilization of secondary hydropower resources offers a range of
additional benefits:

- reduction of the load on the general power supply system of the enterprise;

- decreased reliance on expensive external energy sources;

- increased energy autonomy of production processes;

- improved ecological balance through reduced thermal losses in wastewater;

- lower greenhouse gas emissions due to the shift toward renewable energy.

Therefore, the implementation of hydropower utilization systems at
metallurgical enterprises is not only an economically justified solution but also a
step toward sustainable development, aligned with both national and global "green"
transformation trends.

In this context, the aim of the present study is to calculate the optimal system
for utilizing secondary hydropower resources at a metallurgical enterprise, using the
graphitization shop of PJSC "Ukrainian Graphite" as a case study. The work involves
a comprehensive examination of configuration and hydraulic parameters, as well as
the economic justification of system variants, to determine the most efficient
techno-economic solution for practical implementation.

Problem Statement. The aim of this study is to calculate the optimal system
for the utilization of secondary hydropower resources at a metallurgical enterprise,
using the graphitization shop of PJSC "Ukrainian Graphite" as a case study.

Main Research Section. At the selected industrial facilities, significant
volumes of technical water are available. After being used in production processes,
these water flows are discharged by gravity to lower levels. The elevation differences
between these levels can reach several tens of meters, and even with relatively low
water flow rates, the calculated hydropower potential proves to be considerable [2].

For more precise and objective analysis, it is advisable not to treat the
enterprise as a monolithic unit but rather to disaggregate it into its structural

components—-namely, individual workshops or production sections. This modular
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approach allows for a more detailed and localized assessment of the technical and
hydraulic parameters relevant to each unit, taking into account their unique
configurations, equipment layouts, and specific water usage profiles.

By conducting detailed evaluations of each individual workshop within an
industrial facility, it becomes feasible to uncover and analyze localized sources of
secondary water flows—those generated as a byproduct of various technological
processes such as cooling, washing, and heat exchange. Each of these sources can be
characterized in terms of its flow rate, temporal variability, pressure head, and
thermal characteristics, allowing for a more precise understanding of their potential
for hydropower recovery. Unlike traditional enterprise-wide assessments, this
disaggregated approach facilitates a more nuanced, site-specific analysis that aligns
with the complex operational dynamics and physical layout of the facility.

The ability to isolate and assess each workshop separately enables the design
and implementation of customized hydropower recovery solutions tailored to the
specific hydraulic and spatial parameters of that zone. For example, a workshop with
high flow and moderate pressure may be well-suited for installing a micro-
hydropower plant (micro-HPP) with a radial or diagonal turbine, while another
section with low flow but high head may require a different turbine configuration or
energy conversion approach. This level of detail is critical in ensuring the technical
feasibility and cost-effectiveness of the system, as well as in avoiding the risk of
underutilization or overdesign of equipment.

Furthermore, the use of this methodology significantly enhances the precision
of engineering calculations. It reduces the potential for overgeneralization, which is
a common limitation in large-scale energy audits where heterogeneous water flows
are averaged across the facility. By focusing on discrete zones, engineers can more
accurately model energy losses, frictional resistance, and localized head drops.
Moreover, this approach facilitates the consideration of spatial constraints, such as
equipment accessibility, safety zones, prohibited installation areas (which may be
defined using signature functions), and technological interdependencies
between subsystems.

By accounting for such factors at the workshop level, the methodology enables

the development of technically sound and economically rational hydropower
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recovery solutions that can be seamlessly integrated into existing operations. The
aggregated outcome of individually optimized subsystems provides a robust
foundation for estimating the overall energy recovery capacity of the enterprise.
This, in turn, supports long-term strategic planning, allowing decision-makers to
prioritize  investments based on energy return, payback period,
and integration costs.

In addition, phased implementation strategies can be developed, beginning
with the workshops that offer the highest return on investment or that are easiest to
retrofit. As more workshops are integrated into the overall hydropower recovery
system, the enterprise gradually moves toward energy self-sufficiency, operational
resilience, and reduced environmental impact. Such a modular, scalable approach
also allows for adjustments over time in response to changes in production
processes, water usage patterns, or external energy market conditions.

Ultimately, the disaggregated analytical approach not only results in more
accurate, feasible, and site-specific engineering outcomes, but also creates a data-
driven framework for decision-making. It supports the adoption of sustainable
energy practices in heavy industry, promotes resource efficiency, and enables
enterprises to meet regulatory and environmental targets. In the context of global
efforts toward decarbonization and circular economy implementation, this
methodology represents a forward-looking tool for achieving both operational
excellence and long-term sustainability.

As an example of a hydropower utilization object, the graphitization shop of
PJSC "Ukrainian Graphite" was selected. The following equipment is located within
its territory: electric calciners, cooling drums, smoke exhauster bearings, a molding
machine, and cooling systems - all of which serve as sources of secondary water,
with flow rates ranging from 20 to 50 m3/h. The elevation at which water is
discharged varies from 4.8 to 17.1 meters.

From a technical standpoint, considering the presence of other technological
equipment and auxiliary infrastructure on the shop floor, the placement of water
collection centers is feasible only at three specific points. Moreover, the
aforementioned equipment is located in so-called "restricted zones," i.e., areas

where the installation of hydropower system elements (HPS) is not permitted. As
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defined in [3], the spatial constraints of such zones are modeled in the form of
parallelepipeds, and the simplest analytical representation of these zones is
achieved using a signature function.

The key characteristics of the site, which serve as the input data for the

optimization of the hydropower utilization system, are summarized in Table 1.

Table 1
Characteristics of Secondary Water Sources
Water Source | Coordinates of | Maximum Flow | Head, | Coordinates of
Secondary Water Sources | Rate m Collection Centers
(x;y;z), m Q<sub>max</sub>, (x;y), m
m3/h
Electric 23.5; 55; 19 | 50 17.1 105; 55
Calciners 36.5; 55; 19
49.5; 55; 19
62.5; 55; 19
75.5; 55; 19
88.5;55; 19
Cooling 21.75; 41.5; 6| 30 5.0 95; 32
Drums 34.75; 41.5; 6
47.75; 41.5; 6
60.75; 41.5; 6
73.75; 41.5; 6
86.75;41.5;6
Molding 65;28;11 20 10.0 25; 10
Machine
Smoke 108; 26; 6| 28.8 4.8 -
Exhauster 108; 23; 6
Bearings 108; 20.5; 6
108; 17.5; 6
108; 14; 6

Note: Overall dimensions of the facility (shop floor) — 115 x 60 x 22 m.

At the first stage of the computational procedure, the primary focus is placed
on determining the characteristics of an optimal hydropower utilization system
(HPUS) under the assumption of a conditionally constant maximum water flow rate.
This means that the dynamic fluctuations in flow rates—such as temporal variations
due to production cycles, equipment downtime, or cleaning procedures—are not
initially considered. Instead, the system is analyzed based on peak operating

conditions that reflect the highest expected water discharge levels from each source.
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This simplification enables the creation of a baseline model, providing a foundation
for understanding the system’s theoretical maximum capacity for energy recovery.

Under this assumption, the analysis involves systematically identifying all
feasible combinations of linking the available secondary water sources, denoted as
nnn, with the potential water collection centers, denoted as mmm, across the
facility. Each pairing represents a possible configuration in which the hydraulic
potential of one or more water sources can be routed to a designated collection point
for energy conversion. The combinatorial nature of this task is non-trivial,
particularly in facilities where numerous sources and collection points exist, as the
number of potential configurations grows exponentially with system complexity.

To ensure completeness, all technically admissible pairings are enumerated
using combinatorial algorithms, which take into account geometric feasibility (e.g.,
shortest pipeline path), pressure losses due to friction, elevation differences, and the
presence of spatial or structural constraints. The goal of this step is to construct a
comprehensive solution space that encompasses every possible linkage scenario
under steady-flow conditions. Each configuration is then evaluated in terms of its
hydraulic performance-specifically, the available head, flow capacity, and
anticipated energy output-using classical fluid dynamics equations such as the
Bernoulli and Darcy-Weisbach formulations.

Additionally, this stage of analysis allows for the preliminary sizing of micro-
hydropower units (micro-HPPs) based on the estimated energy recovery potential at
each collection center. By simulating each pairing independently, the research
identifies optimal routing paths and suitable turbine types, considering whether
radial, axial, or diagonal turbines would yield the highest efficiency for a given
flow/head combination. The simplification to constant flow conditions not only
streamlines the initial analysis but also establishes a robust framework that will later
accommodate dynamic flow modeling.

While this initial model does not yet reflect real-time variability in water
discharge patterns, it serves as a necessary starting point for optimization. It allows
the research team to narrow down the most promising system topologies before
introducing more complex variables in subsequent modeling phases, such as time-

dependent flow variations or stochastic input data. Ultimately, the findings from this
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stage inform both the technical layout and the economic feasibility of various HPUS
configurations, providing a valuable decision-making tool for early-stage project
planning and investment assessment.

In this case, the total number of possible combinations is equal to [4-6] (to be

specified with a formula or value), which serves as the initial solution set for further

optimization aimed at minimizing costs or head losses: I = m".

For the first combination, the distribution of sources among the collection
centers (CC) was carried out as follows:

CC No. 1 - electric calciners;

CC No. 2 - smoke exhauster bearings, cooling drums, molding machine;

CC No. 3 - no sources assigned.

The required diameter of the pipeline from electric calciners No. 1-6 to
Collection Center No. 1, ensuring the necessary flow capacity, was calculated using

the following formula [7]:

0,5
d, =2 (Q"ﬂ] , )

U,

where Qi,max — is the value of the maximum flow rate for the given source;
Vi — is the fluid velocity in the pipeline. For non-pressurized flow, the water velocity
is v, =0.1...0.3 m/s, and for pressurized flow, itis v, = 1.1...1.3 m/s [8].

Based on the calculated diameter d;,, the next larger standard pipeline diameter
is selected.

Next, the distance I between sources k and collection centers p is determined
using their given coordinates. According to the algorithm developed in [9], the shop
floor space is divided into cubes with a total number of nodes at their vertices

(points for laying pipeline routes):

2 2 2[05
le:[<xK—xp) —I-( K—yp) +(ZK—Zp) ] ’ @)
where Xx, Yk, Zx, Xp, Yp, Zp — coordinates of the sources and collection centers,

respectively; A — the coordinate increment step is assumed tobe A =1 m.
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The set of possible pipeline routing paths, passing through the nodes obtained
in this way, is generated at the next step. As a result of filtering out routes whose
points fall within the restricted zones of the j-th equipment of the IESU (Integrated
Energy Supply Unit), using a signature function, it was determined that the shortest
path has a length of 83.7 meters.

Then, the characteristics of the fluid flow in the pipeline are determined. Water

flow velocity:
D = (S_g R- iJ . ,
a j_/

05
where (Sng =(C - the Chezy coefficient (determined using Pavlovsky’s

3)

formula [8]: when 0,1 < R< 3 m, then C=R/n, y=2,5n% -0,13 - 0,75 R-(n®° - 0,1),
n — roughness coefficient, n = 0,013, R - hydraulic radius, R = o/y, ® — cross-
sectional area of the flow, y — wetted perimeter, i - hydraulic gradient.

The cross-sectional area of the flow is defined as:

& ( dKPJ M%Jz [ dprzJ“
®=0,785d2-2-10,5| h-—=2 2| 22| | h-=2| | ,
27 2 2 2
4)

where ¢ — the angle formed between the longitudinal axis of the pipeline and
the tangent point of the free surface of the water, h — flow depth in the pipe.
The total head loss in the pipeline Hiss consists of local losses > h, and H;

linear losses:

Hggs :th +H;. ©)
Head losses along the length of the pipeline are determined using the

following formulas:

] 2
Hz,Kp=7v'£'&, (6)
de 2g
2
v -l
_ Yk ‘kp
= T ?
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where A — the hydraulic friction coefficient, which accounts for all factors
influencing head loss along the length of the pipeline — primarily the fluid viscosity
and the condition of the pipe walls - according to the formula by A.D. Altshul [8]:
A=011(x,/d+68/ Re)2 , Ke — equivalent sand-grain absolute roughness.

During hydraulic calculations of both pressurized and gravity flow networks,
local head losses are considered and determined using the Weisbach formula [8]:

2
19

h,u = é,xg s ©))

where ( - the local resistance coefficient, which depends on the Reynolds
number
The hydraulic power of the secondary water source Ny, taking into account

energy losses in the elements of the collection system, it is determined as:

N =

4

N, ©)

= Qo,

After determining the parameters of the total secondary water flow entering
Central Node No. 1 from the electrocalcinators, equipment for hydropower recovery
is selected, namely a modular-type micro-hydropower plant (micro-HPP). For the
above-mentioned flow characteristics, a unit of type 20 PrD with a diagonal-type
turbine is selected. The nominal flow rates range from 0.08 to 0.17 m®/s, heads from
8.0 to 18.0 m, and power from 10.0 to 20.0 kW.

The energy generated by the micro-HPP generator is determined using
the formula [10]:

W,=N, TNy My, (10)

where T - the enterprise's working time fund (for a three-shift schedule) is
equal to 8,760 hours, m» and m,. — the efficiency of the turbine and generator,
respectively.

The capital investments for generating electricity from the given water flow
will consist of the costs for the micro-HPP energy module, connecting pipelines, and
the cost of installation and routine maintenance works. The cost of installation and

commissioning works in this case amounts to 7.5%, while the cost of routine repairs
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and maintenance of fixed assets is 5% of the capital expenditures. The cost of the 20
PrD-type micro-HPP produced by MNTO 'INSET" is US$183 thousand. The specific
cost of a 325 mm diameter pipeline, according to BMU 'Zaporizhstalbud-1',
is US$661,992/km.

For Central Node No. 2, the following technical and economic indicators are
obtained: the cost of the 10 Pr-type micro-HPP, which is used for the energy
recovery from the total water flow with the following parameters Qs = 96 m3/sec and
Hs = 5,2 m amounts to US$102.4 thousand, while the capital expenditures total
US$159.75 thousand and, accordingly, the operating costs are US$7.15 thousand.
The annual amount of electricity generated is 34,256 kWh.

The cost price of electricity (CEE) produced by the entire hydropower energy

recovery system is determined using the following formula:

Kn
Cpp = W (11)

q
where K, - operating costs, K,=>K, ; W - the amount of electricity
p=1

q
generated over time T, W =YW, .
p=l1

As a result of computational operations based on the above algorithm, the
characteristics of all possible topology variants of the hydropower energy recovery
system (HERS) for the considered facility were determined. These variants are
defined by combinations of secondary water sources connected to hydropower
collection centers, taking into account constraints on the location of system
elements. Some of the variants, for which the cost price of electricity generation
does not exceed the established grid tariff C < Cm for industrial enterprises as of
01.11.2011 - US$0.9237 /(kWh) [11]), the relevant data are presented in Table 2.

It is evident that when determining the optimal hydropower energy recovery
system (HERS), the most economically advantageous topology variant is selected
based on economic criteria. That is, the following condition must be met: the
amount of electricity generated through hydropower recovery must be as high as
possible, while its cost price must not exceed the current electricity tariff for the

given industrial enterprise.
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It was established that the most economically efficient system consists
technically of secondary water sources connected via pipelines to Collection Center
No. 2 (Figure 1). Collection Centers No. 1 and No. 3 remain unused.

Thus, the anticipated total capital investment in the optimal HERS for the
given hydropower recovery facility amounts to US$168,817.59, with the cost price of
electricity being US$0.30/(kWh), based on the equipment and installation and
maintenance costs valid as of 01.11.2021.

Table 2

Technical and Economic Indicators of Hydropower Recovery Projects
for the Graphitization Workshop of PJSC "Ukrainian Graphite"

Option No. | Electricity Generation, thousand (kWh/year) | Electricity Cost Price, US$/(kWh)
1 135.153 0.28

2 135.200 0.28

3 135.169 0.29

4 134.927 0.29

5 135.054 0.29

6 134.948 0.29

7 134.984 0.29

8 134.626 0.29

9 134.594 0.29

10 135.169 0.29

11 135.216 0.297

12 135.195 0.31

13 134.911 0.32

14 134.885 0.35

15 134.932 0.63

16 134.340 0.72

17 132.139 0.91
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Figure 1 — Equipment layout of the graphitization workshop showing the economically
optimal hydropower energy recovery system (HERS)

1 — Electrocalcinators; 2 — Cooling drums; 3 — Molding machine;

4 - Induced draft fan bearings.

The main parameters of the elements of the optimal water resource collection

system and the equipment for hydropower recovery are summarized in Table 3.

Table 3
Parameters of the equipment in the optimal HERS for the graphitization workshop of PJSC
"Ukrainian Graphite"
Collection Center — Source Pipeline Diameter d, Length I, m Micro-HPP
m Type
Ne 1 Not used
Electrocalcinators 0.325 76.12
o Cooling drums 0.273 73.83
N°2 Molding machine 0.076 31.06 10Pr
duced draft fan bearings | 0.219 22.29
Ne 3 Not used
Conclusion

Calculations conducted using the example of a metallurgical industrial
enterprise have clearly demonstrated that the technical and economic performance
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of secondary hydropower recovery systems can vary substantially depending on
several key factors. Among the most influential variables are the structural
configuration of the water collection network, the spatial topology of the placement
of electricity-generating equipment, and the associated capital costs for installation,
commissioning, and integration of system components into existing infrastructure.

A detailed analysis of multiple system topology variants has shown that even
minor changes in the pipeline layout or the selection of the water sources for
recovery can lead to noticeable differences in electricity output, system efficiency,
and cost-effectiveness. These differences are further magnified by fluctuations in
the prices of construction materials, labor, and energy equipment. Furthermore, the
cost of routine maintenance, as well as operational reliability and accessibility for
servicing, also significantly affect the overall viability of a given hydropower
recovery project.

The study confirms that a properly designed and optimized hydropower energy
recovery system, based on accurate hydraulic and economic calculations, can
become a valuable component of an industrial enterprise's energy strategy. By
utilizing secondary water flows—often considered waste in traditional industrial
processes—such systems offer an opportunity to produce renewable, localized
electricity with relatively low operational costs. This not only offsets the
consumption of grid electricity but also aligns with broader environmental and
sustainability goals by reducing dependency on fossil fuels and minimizing waste.

In addition to reducing energy bills, the implementation of such systems
contributes to greater energy security and operational autonomy. For industries with
high and stable water usage profiles, such as metallurgy, chemical processing, or
food production, integrating hydropower recovery into production workflows can
significantly improve long-term financial outcomes and reduce vulnerability to
fluctuations in electricity tariffs.

Therefore, the introduction of secondary hydropower energy recovery systems—
when approached with careful consideration of hydraulic dynamics, equipment
efficiency, and economic optimization-is not only technically achievable but also
economically justified. It offers a pathway to enhance the sustainability and
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competitiveness of industrial enterprises, facilitating their transition toward more
energy-resilient and environmentally responsible operations.
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B. JI. KoBanenxko, K. Pu6ka, €. Hikitin, O. KonsageHko,

B. bamiko, B. Komnucos

PO3PAXYHOK OIITUMAJIbBHOI CUCTEMMU I'IPOEHEPTETUYHOI
YTUJII3AILIIL: IPUKJIAZL METAJIVPTIMHOTO IMIAIIPUEMCTBA

AHotaniss. Mema. Memow 0aHoz0 00CNiOHeHHs € PO3PAXYHOK ONMUMAbHOI cucmemu
ymuaizayii 6MmopuHHUX 2i0poeHepzemMuyHUX pecypcie Ha npukaadi yexy epagimayii

MemanypeitiHozo nionpuemcmea BAT «Ykpaincokuii epaim». OCHOBHUM 3AB0AHHIM €
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BU3HAYEHHS! MAaKoi KoHpizypauii cucmemu 360py ma nepemaopeHHs 2idpopecypcis, aKka
00360J15€ MiHimi3ysamu cobisapmicms 8upobieHoi elekmpoeHepeii ma 3abe3neuumu
eHepzoepekmueHicmy  nionpuemMcmea 3 Ypaxy8aHHIM  HASIBHUX  MEXHIYHUX |

npocmoposux 0OMexiceHbp.

Memooduxka. Y 0docnioxeHHi 6UKOPUCMAHO Memoou 2i0paeiuH0z0 po3paxyHKy,
KOMOIHAMoOpHy onmumisayiio, cueHamypHi (yHKyii 0ns M00ent8aHHs 00MexceHb, a
MAKOX MexHIKO-eKOHOMIUHULL aHani3 011 OYiHKU e(peKmuUusHOCMi pi3HUX KOHizypauiti
cucmem 360py 2idpopecypcis.

Pesynemamu. Bu3HaueHO napamempu ONMUMAIbHOI cucmemu 2i0poeHepzemuyHoi
ymunizauii onsa KoHKpemHozo 00’eékma. BcmawoeneHo, wio HatliGinvi eKOHOMIUHO
JOUiNIbHUM € 8apiaHm i3 8UKOPUCMAHHAM Julie 00H020 uenmpy 36o0py (LI3 N2 2), npu
3azanvHili doexcuHi mpybonposodie 6au3vko 200 m. Piute 8upobnieHHs eieKmpoeHepaii
nepesuuwiye 135 muc. kBm-200, a cobisapmicmos cmarosums 0,30 US$ /kBm-200, wio
3HAUHO HUMcue uHHO20 mapugy. OpieHmosHi KanimaavHi sumpamu Ha 001A0OHAHHS
(mixpo-T'EC muny 10I1p) ma ingppacmpykmypy cmanosisme US$ 168,8 muc.

Haykosa Ho8u3Ha. 3anponoHO8aHO HO8Y MemoOuKy OYiHKU eekmusHocmi cucmemu
ymunizauii 2idpoeHepzemuurux pecypcie (CI'EY) Ha pigHi 0Kpem020 NPOMUCTI08020 UeXY
3 Ypaxy8aHHAM mMEXHIUHUX O00OMeXceHb [ Npocmoposux Xapakmepucmuk. Ynepuie
3aCMoCo8aHO CUZHAMYpHY (YHKYil0 07151 Onucy «3a00pOHEeHUX 30H» Y PO3MIUjeHHI
001a0HAHHS.

Ipakmuune 3HaueHHs. Po3pobneHa memooduka 00380J19€ MOUHO Ma e(eKmusHo
naaHysamu cucmemu ymunidauii eHepzemuuyHO20 NOMEHYIanry 8MOPUHHUX 800 Ha
npomucnosux nionpuemcmeax. Lle cnpus€ nidBUWeHHIO eHep2OHe3aNeHHOCMI,
3HUMEHHI0 8UMpPAm Ha eJleKmpoeHep2ilo, NOKPAUWeHHI0 €eKO0JIO2ZIYHUX NOKA3HUKIB |
payioHanbHOMy 6UKOpPUCMAHHIO pecypcie. Ompumaui pe3yiomamu Moxcyms Oymu
adanmosai 0o iHuUXx hidnpuemcms i3 NodibHOW iHppacmpykmypor.

KinwouoBi «1oBa: czidpoeHepzemuuHa ymunizauis, 6MOPUHHi B800HI pecypcu,
Memanypeitine nionpuemcmeo, eHepzoepekmusHicmo, Mikpo-I'EC, zidpaeniuHuii
PO3PAXyHOK, MEXHIKO-eKOHOMiuHe O0OTPpYHMYy8aHmHs, onmumizayis, CueHamypHa

GyHKYis, yeHmp 360py.

KoBaneHko BikTop JIeoHiZoBMY — TOKTOP TeXHIYHMUX HaAyK, Mpodecop, 3aBimyBau
Kadenpyu enekKTpUUHOi iHkeHepii Ta KibepdismuHux cucrem [HXeHEPHOTO

HABYaJbHO-HAYKOBOTO iHCTUTYTY 3alopi3bKOro HAIliOHAJTbHOTO YHiBEPCUTETY,
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MODELING OF ELECTROMAGNETIC PROCESSES IN A NONLINEAR
CIRCUIT OF AN ELECTROLYZER FOR PULSE DEPOSITION
OF METAL COATINGS

Abstract. The primary objective of this study is to construct a comprehensive analytical
model describing the electromagnetic processes in a nonlinear electrical circuit of an
electrolyzer operating under pulsed electrodeposition conditions. Special attention is
given to the influence of reversed rectangular voltage pulse parameters on the near-
cathode voltage drop, deposition current, and the general electrochemical behavior of the
system. The goal is to identify optimal operation modes of the pulse power supply that
ensure high-quality metal coatings while minimizing energy consumption and structural
defects.

Methodology. The research employs the method of variable transformation to develop a
set of differential equations describing the dynamic behavior of voltage and current in a
nonlinear electrolyzer circuit during pulsed operation. The model accounts for critical
circuit components: resistive, capacitive, and inductive elements of the electrolyte, as
well as nonlinear conductances reflecting electrochemical properties. Analytical
expressions for voltage drop and deposition current are derived for both the forward and
reverse pulse intervals. The model includes the influence of electrolyte inductance—an
often-neglected factor—which significantly alters the current front shape and ultimately
affects deposition kinetics and coating characteristics. Numerical simulations are

performed to validate the analytical solutions.

Results. Closed-form analytical expressions were obtained for the time-dependent near-
cathode voltage drop and deposition current under pulsed conditions. It was shown that
the electrolyte inductance leads to a rounding of the current front, influencing both the
amplitude and stability of the electrochemical reactions. A parametric analysis identified
that the optimal pulse duty cycle lies in the range of ©/T = 0.73 to 0.78. Within this

interval, the maximum near-cathode voltage drop does not exceed 0.6 V, while the peak

© Bondar Oleh, Siversky Serhii, Gurin Yevgen, Koliadenko Oleksandr, Bashko Volodymyr, Kopysov
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voltage and total current remain within safe technological limits (up to 13 V and 150 A,
respectively). The average partial discharge current at the cathode remains stable at
approximately 70 A, ensuring consistent deposition rates.

Scientific novelty. This work introduces a novel analytical approach to modeling pulsed
electrodeposition that, for the first time, includes the effect of electrolyte inductance.
Unlike existing models relying heavily on numerical simulations, the proposed model
allows for direct computation of key process parameters. It enables the derivation of
precise criteria for determining the optimal ranges of input pulse parameters—both in
amplitude and duration—necessary to avoid the formation of crystalline defects and to
achieve uniform, high-quality coatings. These innovations significantly advance the

theoretical understanding of pulsed electrochemical processes.

Practical significance. The developed model provides a valuable tool for industries that
utilize electrochemical metal deposition, including microelectronics, galvanics,
mechanical engineering, and power systems. It offers a foundation for designing
advanced pulse power supplies with optimized operation modes and supports the
development of automated control systems for deposition processes. Furthermore, the
model can aid in adapting laboratory results for industrial implementation, improving

coating quality, process efficiency, and operational reliability.

Keywords: metal electrodeposition, pulsed electrolysis, reversed rectangular voltage,
analytical modeling, near-cathode voltage drop, electrolyte inductance, deposition

current, process optimization.

Introduction

In the field of modern materials science and electrochemical technologies, the
process of metal electrodeposition occupies an important place—one of the key
methods for creating thin functional layers, coatings, and microstructures that find
broad application in microelectronics, mechanical engineering, energy, medicine,
and the aerospace industry. The development of this technology is driven by the
constant need to improve deposition efficiency, enhance the physicochemical
properties of the resulting coatings, and optimize the energy consumption of the
process. In particular, there is growing interest in advanced electrodeposition modes
that allow precise control over coating parameters—such as thickness, density,

uniformity, surface morphology, crystalline structure, and adhesion to the substrate.
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Traditional electrodeposition systems widely use direct current (DC) sources.
However, over time, it became evident that the constant energy supply mode has
limitations in terms of controllability of the coating microstructure. Therefore, there
arose a need to introduce alternative methods that would enable more effective
control over the kinetics of electrochemical reactions and coating formation. One of
these promising approaches is pulse electrochemistry—the use of periodically
varying voltage or current to control metal deposition.

A special place among pulse modes is occupied by the use of rectangular pulses,
which can be unipolar or reversed. Unipolar rectangular pulses have already found
wide application in various industries, as they significantly reduce deposit
graininess, increase its density and hardness, decrease porosity, and provide
coatings with improved adhesion to the substrate. However, further improvement of
the deposition process required even more precise control, especially when applying
coatings to complex surfaces or working with microelectronic components.

In this context, the need arises to consider modified pulse deposition methods,
particularly the use of reversed rectangular pulse voltage. This approach involves
alternating cathodic (negative) and anodic (positive) pulses of specific duration and
amplitude, allowing not only deposition but also partial modification of the already
formed coating layer. Such a mode enables the implementation of complex
electrochemical scenarios: surface cleaning, defect reduction, removal of loosely
adhered particles, elimination of excessive crystal growth, as well as suppression of
passivation processes or oxide film formation.

As noted in scientific sources [1, 2], the action of reverse pulses during the
electrodeposition process has a dual nature, depending on the chemical composition
of the electrolyte, the properties of the deposited metal, and the specific parameters
of the pulse signal. In some cases, anodic (reverse) pulses can lead to partial
dissolution of the deposit, especially if deposition occurred unevenly or with the
formation of excessively large crystal structures. This dissolution contributes to
surface "smoothing," removing peaks of micro-roughness, ultimately ensuring a
more uniform metal distribution in subsequent deposition phases. Thus, the use of
reverse voltage allows for optimization of coating morphology and ensures

greater uniformity.
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Another possible effect of anodic pulses is the passivation of the surface
through the formation of salt or oxide films. Under such conditions, active centers
on the deposit surface become blocked, and further metal deposition becomes
possible only with a sufficiently high cathodic overpotential. This leads to the
formation of new crystallization centers, which are distributed evenly across the
entire surface, again ensuring uniform coverage and fine-grained structure. This
approach is especially important when applying electroplated coatings for functional
or decorative purposes, where a homogeneous microstructure with a high-quality
surface is required.

The efficiency of pulsed reverse deposition also depends on the signal
parameters: amplitude of the cathodic and anodic pulses, their duration, repetition
frequency, and the ratio of active to passive phase durations. For example, an
excessively long anodic phase can lead to excessive dissolution or oxidation, while
short positive pulses have only a minor effect on the surface, providing gentle
control over the coating structure. Thus, the development of effective control
algorithms for pulsed modes requires a precise understanding of the electrochemical
behavior of a specific system.

The influence of reversed pulses on the current distribution in the electrolyte
should also be taken into account, as well as the related electromagnetic processes,
which can significantly alter the dynamics of mass transfer in the interelectrode
space. For example, studies [3, 4] numerically analyzed the features of electric field
distribution, current density, and ion concentration in the presence of reversed
rectangular pulses. It was shown that such modes can lead to the emergence of
complex convective flows and local zones of increased or decreased metal
concentration, which directly affects the quality of the deposition.

In this context, studying the mechanisms of action of reversed rectangular
pulse voltage is relevant from both theoretical and practical perspectives. The
combination of experimental approaches with numerical modeling opens new
possibilities for optimizing electrodeposition processes, reducing the cost of coating
production, and increasing the reliability of technologies used in high-tech
industries. Moreover, such modes can also be applied in systems for electrolytic
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polishing, electroforming, nanostructure formation, and the creation of functional
composite layers.

Problem Statement. The aim of this study is a detailed analysis of the impact
of reversed rectangular pulse voltage on the features of the metal
electrodeposition process.

Main Research Section. Pulse power sources with rectangular waveforms have
been used in pulse electrolysis for a long time [2, 5]. The gradual improvement of
these power supplies has expanded the range of possible electrodeposition modes by
enabling adjustments in pulse frequency and duty cycle. In recent years, several
studies have also focused on metal electrodeposition using periodic rectangular
pulses, including [6]. That work examined the electromagnetic processes during iron
deposition under various pulse shapes, including rectangular ones. However, due to
the use of numerical methods for calculations, general patterns linking the key
indicators of coating quality and growth rate with the electrical parameters of the
equivalent circuit remained undetermined. Therefore, we now present an analytical
solution to a similar problem using the method of variable transformation. The
equivalent circuit of the electrodeposition process is shown in Fig. 1. Unlike the
circuit considered in [6], this model includes the inductance of the electrolyte. The
necessity of accounting for inductance arises from its role in the phenomenon of
“current pulse front rounding,” which significantly affects both the rate and
properties of metal deposition in pulse mode [2].

The equivalent circuit of the electrolyzer is shown in Fig. 1. The waveform of

the input voltage is presented in Fig. 2.
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where U oy fiwd — Maximum value of the input voltage during the forward

pulse;

U hax rev — Mmaximum value of the input voltage during the reverse pulse.

Then, in the interval of the forward pulse, the process in the circuit is described

by the equation:

UK(t)+ N(uk(t))uk(t)+ M(Uk(t))=51, (2)
where N (u, (t))=ng +nou’(t), (3)
R 2
Np=—+—, 4
0= "¢, (4)
323
Np =——, (5)
CK
M (U (1)) = myu, (£)+ mui (1), (6)
1 RZl
=—+—, 7
™ LC, LC, (7)
R Z3
mg=——+, 8
3= Lc. (8)
U max 1t
&, = 21 9
TS 9)
According to the formula
U;cmax
JN(u)du,
Nepp =21y =—2 , (10)
U max
where U, .« - the maximum value of cathodic polarization during the

forward pulse interval; we proceed to the equation

U (t)+ 2,0, (t)+ M (u (1) =8, (12)

Let us write the solution of equation (2) in implicit form:
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e ™! [G;l COSAt + G;Z sinAt |+ g : (12)

g(u,)

Let us choose an alternative form of the so-called amplitude function in the

form:
1 2

00, 0)=u, ) my + ). 13)

Then the integration constants are equal to:

* 3
Gy = _6 ’ (14)
G.,=0. (15)
Let us write equation (12) in explicit form:
m ) 2 5 5,
ut)= |- 14 (—1] +—{e_n1t(——1005k1t)+—1} . (16)
mg mg My 0 0

Accordingly, the deposition current is:

> _
L)=2" ﬁJrJ[ﬂ] +£{e_m(_i‘3°3wj+ﬁ '
2 2
+23. _ﬂ+\/(ﬂ] +£{e_nlt(—ﬁcosklt)+ﬁ} . (17)
M3 m; M3 0 0

B piBHsHHSX (12), (17)
A =10" —n2 . (18)

In the interval of the reverse pulse, the electromagnetic process in the circuit is

N

described by the equation:

0 (£)+ N (0)u () + M (u, (t)) =8, (19)
where Oy = _U[”%. (20)

Let us simplify equation (19) using the expression:
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U .
:2.n2 — xkmin2 ’ (21)
U kmax 2 U xmin 2
where Uinax 2, Unin 2 — accordingly, the maximum and minimum values of the
near-cathode voltage drop during the reverse pulse interval.
As a result, we obtain:
U, (t)+2- 0y U, (£)+ M (u, (1)) =3, (22)
Proceeding similarly to the previous interval, we write the solution of equation
(20) in implicit form:

9(u, 1) =e ™ Grgcosi,(t— o)t G;4sink2(t—r))+6—62, (23)

where Aoy = \/92 - n22 : (24)

To determine the integration constants G.s; and Gns, we use the initial
conditions for the reverse pulse interval. As these initial conditions, we take the
value of the near-cathode voltage drop and its first derivative at the end of the
forward pulse interval, i.e., at t=t. For this purpose, we differentiate equation (12),

substituting into it G,; and G,.. We obtain:

9'(u.(t)-u. (t)=06-u.(t)= —nle_nlt(%Jcosxlt -~

—nlt _
¢ -(ﬁ)sin Mt= ﬁe_nlt n, COSA,t + isin Mt 1, (25)
A L6 0 A
. 61 -m 1 .
u.(t)=-"2e *'| ncoshyt+—siniyt |, (26)
0 »
Then
* 0
Gn = 9(u,(x)) - (27)
* 1 .
Gm4 = }\‘_(nZ ) UK(T)_'_ euK (T)) (28)
2

Thus, in the interval t...T, the solution for the near-cathode voltage drop in

explicit form can be written as:
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0, (0)= %J(ﬂ]ﬂi{e“*‘ﬂ (9600~ Joos o

ms3 ms

Loy u, e OuK(r))sinkz(t—r)}+%2} (29)

2
or, in a single-term form

2 2
u,(t)= —ﬂ+\/(ﬂJ +£[e_n(t_r)A2m*sin(k2(t—r)+§2*)+%2} . (30)

ms ms

AmZ*_\/(g(u [ o () 60 (c ))T a
(th6u,(t)
Kz(g( K(T))_Sezj (32)

iz arctg

Then, the deposition current is

g 2
i (t)=12;- ﬂ+\/(ﬂj +£[e_n2(t_T)Am2*Sin(7»2(t—T)+§2*)+%2} +

M M M
m m ’ 2 (t-1) 5, 3
tzg ] Jm 2 | 22 |+ e ™ g sinh,(t-1) e, +—2} (33
3 M, (mgj mi m2 (2( T) @2) 0 (33)

By using fitting techniques, analytical expressions for the near-cathode voltage
drop and deposition current during the second pulse can be obtained.
As an example, let us perform calculations using the following parameters of the
equivalent circuit for the nickel plating process: (T = 0.02 s, t = 0.75T, Unax,fwa = 12V,
Unax, v = 12 V, R = 0.08 Om, C = 0.8 F, z; = 8.0 S, z3 = 609.5 S/V?, L. = 5 -10°H.
The accuracy of such a calculation for cathodic polarization and deposition current

can be evaluated based on Fig. 3 and Fig. 4.
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Figure 3 - Time dependence of the near-cathode voltage drop: 1 — analytical calculation; 2 —
numerical calculation
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Figure 4 - Time dependence of the deposition current: 1 — analytical calculation;

2 — numerical calculation

Based on the obtained approximate analytical expressions (16), (17), (30), and
(33), let us investigate the influence of one of the parameters of the input
rectangular periodic pulse voltage (Fig. 2) on the key qualitative and quantitative
indicators of coating growth—namely, the duration of the forward and reverse pulses,
assuming equal maximum voltages in both pulses, Usdmax=Urevmax. The maximum
value of the input voltage will be varied in such a way that the average value remains
constant and equal to 6 V. Then, the maximum value of the voltage during the

forward pulse is:
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U

Utwdmax = - , (34)
max K =Ky (1—1<T)
where Ky =—,
h =7 (35)
U fwd max
KUn3 -
U revmax

In analyzing the results, we will apply the same criteria used in the previous
subsection to assess the influence of duty cycle on the considered indicators.
As can be seen from Figs. 5 and 7, at low ratios 1/T<0.55, the maximum values of the
source voltage and the total circuit current are excessively high compared to other
operating modes. More importantly, the peak values of the near-cathode voltage
drop are also sufficiently high to reliably cause defects in the crystal lattice of the
coating.

At the same time, for t/T>0.81, the minimum value of the near-cathode voltage
drop becomes positive (Uwmin>0), which indicates the disappearance of the
passivation effect of the deposited layer (Fig. 6).

Therefore, from the perspective of the analyzed factors, the most favorable
operating modes of the pulse voltage source for this electrolyzer lie in the range of
approximately 1/T=0.73...0.78. In this range, the maximum value of Ux does not
exceed 0.6 V, and the peak values of the input voltage and total circuit current are
relatively low (Figs. 5 and 7), reaching up to 13.0 V and 150 A, respectively.

It should also be noted that the modes within the proposed range provide the
same deposition rate, since the average partial discharge current of metal ions at the

cathode remains constant (Fig. 8) and is approximately 70 A.
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Figure 5 - Dependence of the maximum value of the reversed rectangular input voltage on
/T at Uag=const=6V
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Figure 6 - Dependence of the maximum (1) and minimum (2) values of the near-cathode
voltage drop per period on /T in the nickel plating electrolyzer at Ua,=const=6 V
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Figure 8 - Dependence of the average discharge current of metal ions per period in
the nickel plating electrolyzer on /T at Uas=const=6 V

0

The above recommendations were obtained purely through theoretical means
using analytical calculations. Experimental data regarding the advantages of various

deposition modes for iron and nickel, as presented in [2], do not contradict these
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findings. Further refinement of the obtained input voltage parameter intervals is
possible through investigations using a laboratory model of the electrolyzer and

final verification on industrial equipment.

Conclusions

A comprehensive analytical model was developed to describe electromagnetic
processes in a nonlinear equivalent circuit of a pulse-mode electrolyzer. In contrast
to previous models, this approach takes into account the inductance of the
electrolyte, which plays a critical role in shaping the current pulse front and,
consequently, in determining the quality and rate of metal deposition. This inclusion
improves the accuracy of modeling and allows for better control of the
electrochemical process.

General analytical solutions were obtained for the near-cathode voltage drop
and the deposition current during both the forward and reverse intervals of
rectangular pulse voltage. These solutions provide insight into the transient
behavior of the system, making it possible to predict the evolution of key
technological parameters, such as maximum and minimum polarization values, peak
current levels, and the rate of ion discharge.

A parametric study was conducted to analyze the influence of the pulse duty
T

cycle (expressed as T) on the efficiency and stability of the electrodeposition

— < 0.55
process. It was shown that for low values of T , the peak current and voltage

values become excessively high, increasing the risk of structural defects in the

coating due to thermal and electrical overloads.

.

At high values of the duty cycle (T > 081 ), passivation of the cathodic surface
is no longer observed, as indicated by the positive minimum polarization. This effect
can compromise the uniformity and adhesion of the deposited layer, particularly for
coatings requiring fine grain structures and high surface quality.

.
. . . . =% 0.73..0.78
An optimal range for pulse duration was identified as T , Where all

evaluated parameters remain within acceptable technological limits. Specifically, the
peak near-cathode voltage does not exceed 0.6 V, while the maximum source voltage
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and total current are limited to 13 V and 150 A, respectively. Furthermore, the
average partial discharge current of metal ions remains stable at approximately 70 A,
ensuring a consistent deposition rate across this range.

The validity of the analytical model is supported by comparison with numerical
calculations and is qualitatively consistent with experimental results reported in the
literature. This confirms the suitability of the model for practical applications and
process optimization in pulse electroplating of nickel and iron.

The presented theoretical framework may serve as a foundation for the design
of advanced pulse power supplies and control algorithms for electroplating systems.
Further enhancement of this work is possible through experimental validation using
laboratory-scale electrolyzers and eventual adaptation for industrial systems,
enabling improved reliability, cost-efficiency, and coating performance in high-tech

manufacturing environments.
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VIK 620.91
Oner Bonpap, Cepriit CiBepcbkuii, €BreH ['ypiH, Onekcanap KonsimeHko,

Bonogumup baiiko, Bnagucnas Konmcos, B'suecinas IlisinneHKoO

MOJIEJTIOBAHHS EJIEKTPOMATHITHUX MPOILECIB Y HEJITHIMHOMY
KOJII EJIEKTPOJII3EPA IMITVJIbBCHOTO OCAJIJKEHHS
METAJIEBUX ITOKPUTTIB

AHoTamniss. Memow daHoz0 OdocnidiweHHss € hnobydosa aHaximuuHoi Mmodeni
e71eKMpPOMaAzHIMHUX NPOUECIB Y HENIHITIHOMY eleKMPUUHOMY KOJli eJleKmpoisepa, AKuii
Npayloe 8 pexcumi IMNYabCHO20 0Cad#eHHs memasnesux nokpummis. Ocobausy ysazy
npudineHo eniusy napamempis pesepco8aHoi NPAMOKYMHOI Hanpy2u Ha NPUKAmMoOHull
cnad Hanpyau, Cmpym OCAOM¥EHHS ma 3az2aibHi enekmpogi3uuHi xapakmepucmuku
npouyecy. [locnioneHHs CnpsMOBAHO HA BUSBJIEHHS. ONMUMAIBHUX pexcumie podomu
Oxcepena xueseHHs, AKI 3abe3neuyoms Haieuuwly sKicmo o0cadieHozo wapy npu

MIHIMANbHUX E€Hepzemu4yHuUxX sampamax.

Zna onucy npouyecie y koai 0y70 8UKOPUCMAHO Memo0d NepemeopeHHsl 3MIHHUX ma
nobydosaHo cucmemy ougepeHuianbHUx piHsHb, W0 8i000paxcae OUHAMiKy Hanpyau ma
Cmpymy 8 ymMo8ax IMNYAbCHO20 HCUBJIEHHS. Y MoOesli 8paxo8aHo KaKU08i elemMeHmu
KOJIA: aKMueHuti onip, €MHiCmb, iHOYKMUBHICMb eJleKmpoimy, a maxox: HemiHiliHi
nposioHoCcmi, Wo xapakmepusywms e1eKkmpoximiuHy nogeodiHky cucmemu. /s aHanisy
saKocmi nokpummsi 30iliCHEHO MOOeN08aHHSl 8 THMePBaiax NPMoz0 ma 360POMHO20
iMnynecie i3 nooanvuM BU3HAYEHHSAM MAKCUMANIbHUX 1 MIHIMAIbHUX 3HAYEHb
npukamodHoz2o cnady Hanpyau ma nogHoz2o cmpymy. IIpogedeHo uucenbHe NOPIBHSHHS 3

aHanimuyHuUMU pe3yasmamamu 01 nepesipku mouHocmi Mooei.

YV pe3ynvmami 0ocnioiceHHs: OMpUMAHO 3AMKHEHI AHANiMu4Hi eupasu, sIKi ONUCyroms
uacoei 3anexHocmi Hanpyeu ma cmpymy ocadxceHHs. Ilokaszano, wjo iHOyKmMueHicmo
eJleKmpoJiimy Cymmeeo 6nauedae Ha (Gopmy imnyascy cmpymy ma, 6i0noeioHo, Ha
KiHemuky pocmy nokpumms. Bcmanoeneno, wjo onmumansHe Cnie8iOHOWEHHS
mpueanocmi npsmoz20 ma 360pomMHO20 imnynwcie aexcums y mexcax t/T=0.73...0.78. V
ybomy 0dianasoHi MakCUMAnbHi 3HAYEHHS! NPUKamodHozo cnady Hanpyeu He
nepesuwjyiome 0.6 B, a 3azanvHuil cmpym ma Hanpyea oOxcepena 3anutiaromoscs y
Oe3neuHux mexcax (0o 150 A ma 13 B 8i0nosioHo). BooHouac cepedHiii uacmkosuti
cmpym po3psady ioHie memasny Ha Kamodi cmaHosums npubnusHo 70 A, wjo cgiduumo

npo cmaobineHy WeuUdKicme 0CA0HEHHS.
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3anponoHosaHo HoO8Y aHanimuuHy modesb ejnekmpoJiizepd, sIKA enepule 8paxosye
[HOyKMueHicme enekmpoaimy 6 imnynscHomy pexcumi. Lle 0o380.un0 po3wiupumu
icHyroui nidxodu 0o M00eN8aHHSl eeKMPOXIMIUHUX Npouecie ma ompumamu mouHi
Gopmynu 0ns  KAwuo8ux napamempie 6e3 HeoOXiOHOCMI N08HOMACUIMAOHO20
UuceNbH020 Modent8amHts. Takox 8CMaHO8/IeHO KiJIbKiCHI Kpumepii, Wo 8u3Hauawmso

2paHuyHi 3HAYEHHS hnapamempie Hanpyau U Mpueanocmi imMnyavcie, 3a AKux
3abe3neuyemucs MiHiMi3ayis degpekmis KpucmaiiuHoi cmpykmypu noKpummsi.

Pesynomamu  docnidxiceHHss Mmarmmes npukaadHe 3HaueHHs O0ns  eany3eli, Oe
3aCmoco8yeEMbCsl  eNeKMpOoXiMiuHe O0CaAOWEeHHs1 — 30Kpema, Yy MiKpoenekmpoHiui,
2anb8aHOMexHIYi, MawuHo6ydyeauHi ma eHepzemuyi. 3anponoHOBAHY M0OOeb MOXCHA
BUKOPUCMOBY8AMU SIK OCHO8Y 0711 CMBOPEHHS CYUACHUX IMNYJIbCHUX OMHcepel HUBJIEHHS 3
onmumizosaHumu pexcumamu pobomu. Kpim mozo, 6oHa cmare 8 npuz2odi npu po3pooyi
cucmem aemomamu308aH020 KOHMPOJI0 npoyecie ocadiceHHs ma adanmauii

J1a60pamopHux piuieHs 00 yM0o8 NPoMUCI08020 8UPOOHULMEA.

KiouoBi cyioBa: esiekmpoocadieHHs Memasnis, iMnyabCHULl eIekmpoi3, peeepcosaHa
NPSAMOKYMHA Hanpyea, aHaximuuHe MoOeN08aHHs, NPUKamooHuli cnad Hanpyau,

IHOYKmMueHicme eJ1leKmpoJiimy, Cmpym 0CAOHEeHHS, ONMUMI3auist pexcumy.
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EHEPTO3BEPITAIOUYI TEXHOJIOTII [IPU BUPOBHUIITBI TPYB*

Anoranisn. OdHiero 3 akmyanbHux npobsem YKpaiHu 8 OaHuli uac € Hecmaua nepeuHHUX
eHepzoHOCiiB, 30KpemMa NpupodHoz0 2asy, W0 00OMeMYe eHepP20CNOMUBAHHS
nionpuemcme. IIpobnema noCUNOEMbC NnoemanHuM hideUwjeHHIM 8apmocmi
eHep2oHOCii8 (NpupodHO20 2a3y, enekmpoeHepzii), @ MAaKOX HWUMU NPUYUHAMU, WO
3HUMCYE KOHKYPEHMOCNPOMOMCHICMb Memanypeitivux nionpuemcme Ykpainu. Memoio
daHoi pobomu € aHania Bi0OMUX MEXHIUHUX pilleHb N0 eHepzo30eperceHHI0 8
NpoKamHomy 8upoOHUYMEI, nepesaxdcHo npu eupoOHUYMEI 2apsuekamaHux 6e3ul08HuUX
mpy0, 011 n00anbuI020 YOOCKOHANEHHS 8UupobHUYymea mpy6. Ha ocHo8i aHanisy wiisxie
eHepz030epexceHHs npu BUPOOHUYMBI 2apsuekamaHux mpyo 8i03Hauaemscsi 20J108HULE
HanpsiMoK  eHepzo30epexceHHss 6 NPOKAmHOMYy 6upoOHuymei — ye O0ydigHUYMB0
NPOKAmMHUX CMadie nobausy mawuHu Oe3nepepeHozo0 Jumms 3az20mosku. B dawili
pobomi po3ensHymi maxi HanpsAMKU 3HUXCEHHS eHepzosumpam, SIK: 2apsauuti nocad
3a20MO0B0K 8 HA2PIBA/bHI Neui MpybONpOKAMHUX dzpezamis; eKOHOMIsi npupodHo20 2a3y
npu Hazpisi mepmiuHiti 06po0OYi; npsime NPoUILUBaHHS 6e3nepepeHoO JUMOi 3a20MOo8KU HA
KOCOB8AIKOBOMY CMAHI NiNiZPUMO0B8020 azpezama; mepmomexaHiuna o6pooka mpyo 3
NpoKamHo20 Haezpiay.

KinwouoBi ciioBa: eHepzosbepizarua mexHoJI02isa, npupodHili 2a3, enekmpoeHepais,
eapsauekamaHa mpyba, mpybonpokamuuii azpezam, npsime NpPOWUBAHHS, 2apsuuUli

nocao, HazpisanvHa niu, mepmomexaHiuna o6pooKa.
AHasti3 ocTaHHIX JOCTiIKeHb i myoJTiKai

Metanyprifini mignpueMcTBa YKpaiHM 3 IOBHMM IMKJIOM MalTb 3aTpaTu
mamuBa Ha piBHi 1,4+1,6 T.y.T/T BupOGIEHOI NPOmYKIii, MpM HBOMY MmO

eHeproBUTpaT B COOIiBApPTOCTI MpOKaTy ckiagae npubamsuo 40%. B Toii ske yac Ha

© I'ybuncekuit M.B., Yrpiomos [0.]1., I'y6incekuit O.B., Masyp I.A., Yrpiomos /1.10.
* [IpUCBAUYETHCSI TAM’SITi BiJOMOTO Tearora, BUeHOrO i creliasicta B raaysi TeII0TeXHiKM JOKTOpa
TeXHIYHUX HayK, Mpodecopa, 3aBimyBaua kadeapy TeIIOTeXHiKM Ta €KOJOTii MeTalypriiiHuUxX medeit
HanionanpbHoi Meranyprifinoi akagemii Vkpainu T'y6uucbkoro Bomogummpa HMocudosuua
(03.11.1930 — 15.01.2012).
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nignpuemcrsax Sdnowii i CIIA ui Butpatn cknagaors 0,7 +1,0 T.y.T/T nponykiii.
OpnHielo 3 akTyaapHMX mpobieM YKpaiHM B JaHMiA Yac € HecTaya IepBUMHHUX
eHeproHOoCiiB, 30KpeMa IPUPOJHOTO rasy, 10 MPUBOAUTHL OO BBeJeHHS 0OMeXXeHb
Ha eHeproCIIOKMBAHHS He TeXHOIOTiYHUX MoTpe6. [ToeTamHe MmigBMUIIIEHHS] BAPTOCTI
€HeproHOCiiB (mpupomHOro rasy, eJIeKTpOeHeprii) 3HUKYE
KOHKYPEHTOCIIPOMOXKHICTb IPOAYKIUiI [1].

HesBaxkarouu Ha [OOCTaTHbO CKJIAAHY CUTYyallil0 B MeTaIypriiiHii ramysi
VKpaiHu mepi 3a Bce 3 HiIBUIIIEHOK BUTPATOI BCiX BUIB €HEepProHOCiiB, cydacHU
PO3BUTOK HAYKM i TEXHOJIOTiVi MO3BOJISIE ONTUMMICTUYHO AVMBUTUCS B MalOYyTHii
PO3BUTOK Trayysi.

Jsist eeKTUBHOTO BUPIllIeHHS IMPo0JieM eHepro3oepeskeHHsT HeOoOXigHO mepii
3a BCe ITPOaHaji3yBaTy i OL[iIHMTM BCi IO € pe3epBM B BUpIIlIEHHi Ili€i mpobieMu.
3HauyHi pe3epBM B IMUTAHHI E€KOHOMii eHepropecypciB € i mpM BUPOOHUIITBI

rapsifuekaTaHuX TPyo.

ITocTaHOBKa 3azavi i MeTa JOCIiIKeHHS

HeoOXigHO pO3TASHYTM BimoMi TeXHiuHi pillleHHSI OJIs1 eHepro3oepeskeHHsI B
IIPOKaTHOMY BMPOOHMIITBI i Ha iX OCHOBi 3aIlPOINIOHYBATM BUKOPMUCTAHHS SIK
BijOMMX, TaK 1 HOBMX DpillleHb [JIsI YIOCKOHAJIEHHS TEeXHOJIOTIYHMUX IIPOIeciB

BUPOOHUIITBA rapsiueKaTaHux Tpyo.

Hnsixu EHepI'036ep8)KeHHH nmpmn BI/IpOGHI/IHTBi rapsayekKaTaHoro mmpoxkarta

Inst migBuieHHST e(@eKTUMBHOCTI BMKOPMCTAHHS TEIJIOBOI Ta eJIeKTPUUHOI
eHeprii mpM BUPOOHMUIITBI IMPOKATy HEOOXiTHO CKOPOUYEHHS eTalliB BUPOOHMIITBA
IJISXOM BMKOPMCTAHHSI Oe3lepepBHOrO PO3JIMBAHHSI CTajli, TeIia IONepeaIHbOro
arperata 3a paxyHOK rapsyoro mocajay 3arOoTOBOK B HarpiBaJbHy Miy, a TaKOX
TpaH3UTHY IpOKaTKy. Haiibinbil edeKTMBHO 151 3a7aua BuUpillleHa Ha JiBapHO-
npokaTHux arperarax (JIITA) [1].

T'ooBHMIT HANIPSIMOK eHepro3bepeskeHHs B ITPOKATHOMY BMPOOHMIITBI — Iie
OymiBHMIITBO TMPOKATHMUX CTaHiB IMO6GIM3y 3 MAIIMHOK Oe3MepepBHOTO JIUTTS
3arotoBok (MBJI3), BUKOpUCTAaHHS e(EKTUBHMUX CHUCTEM ONaJeHHs, [NIMOoKa
YTWIi3alligs TeIUIOTM BiglpalmbOBaHMX ras3iB. 3araJibHMMM 3acobamu, KOTpi

3a0e311euyioTh 3MEHIIeHHS eHepreTMUHMX BUTpAT B MeTalypriiiHii ramysi, €
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TOJIIIIEHHS  TeIUVIOBUX  PEXMMIB  arperariB, pekyliepalisi eHepro€eMHOro
objagHaHHS, 30iMbIIEHHS CTYIEHsI peKyIlepallii BTOPMHHMUX €HEpProHociiB i
TIOBEpPHEHHS 1X B TEXHOJIOTIUHMI MpPOLLeC, BUKOPUCTAHHS Cy4aCHUX BOTHETPUBKUX
MaTepiaiB Ta 30aJJaHCOBAHMX CXeM eHepro3oepeskeHHs.

Brpatu Temsa MOXHA 3MEHIIMTHM 3aBASIKM BCTAHOBJEHHIO eHOIaHesel
(TerIOBUX €KpaHiB) i TepMOCTATIB B JIiHISIX CTaHIB, Ha NepefaBaJIbHMUX POJIbTaHTax
Ta iHIIOMY 00J1aIHAHHI.

BTpaTu eHeproHociiB MOKHa 3HM3UTM 3@ PaxXyYHOK CKOpPOUEHHS May3 B XOi
MIPOKaTKM, IMPOCTOIB CTaHa i Yacy poboTM oO6jagHAHHSI HA XOJOCTOMY XOZIi.
CKOpOYeHHSI May3 i MPOCTOIiB CIIpMsi€ 30iJbIIIEHHI0O Macyu 3aroTOBKM i IIBUIKOCTI
IIPOKATKM [2].

[Ipy BUPOOHMIITBI rapsiyekaTaHMX TPyO TapsSuMii I1ocaja 3aroTOBOK B
HarpiBa/IbHi I1e4i He 3aCTOCOBYETHCSI, 110 MOSKHA ITOSICHUTY TUM, II[0 TPYOOIIPOKATHI
arperatu (TIIA) He GymyBaucsl B OJHY TEXHOJIOTIUHY JiHilo 3 MBJI3. Pasom 3 Tum,
SIKIIIO MMPOKATHI CTaHM 3HAXOASAThCS He psimom 3 MBJI3, To HeoOXimHO 3a6e3meunTy
IIOCTaBKYy MeTaja i3 30epeskeHHSIM JOro TeIIOTU, BUKOPUCTOBYIOTh TEPMOBAroHM i
pailioHanbHMUI Tpadik TpaHCIIOPTYBAHHS MeTaa.

B nmaniii poboTi pos3risiHeMO TaKi HalpsSIMKM 3HUKEHHSI eHeproBUTpaT Ipu
BUMPOOHMIITBI TapsiueKaTaHUX Oe3IIOBHMX TPYO SIK: rapsiumii Iocaj, 3arOTOBOK B
HarpiBasbHi meui TITA; eKOHOMis TIPUPOJHOTO ras3y IMpU HArpiB i TepMooOpOOIIi;
TIpsiMe TIPOIIMBaHHS 6e3mepepBHO JMTOi 3arotoBku(BJI3) Ha KOCOBaJIKOBOMY CTaHi

nisirpumoBoro TIIA; TepMomexaHiuHa 00po6Ka TPyO 3 TPOKATHOTO HArpiBy.

Tapsiunit mocap 3aroToBok miciass MBJI3

Ha IIAT «Iurepmaiin-HT3» i TIIAT «IuTepmaiin Hiko Tpi06» KoMmIIaHii
«[HTEepMai» MOBHICTTIO MepeiiiM Ha BUPOOHUIITBO MpoKaTa ( TpyO i 3a/liuHUYHUX
Kojic) i3 BJI3 Kpymioro IiomepevyHoOro Iiepepisy, sIKa BUPOOJSETbCS Ha
M3 «Inrepmaiin Cranb», TMOOYZOBAaHOTO HA BUPOOHMUOMY  MaliaHUUKY
ITAT «IaTepmaitn-HT3». Taky 3aroToBky giamerpom no 500 MM OTpUMYIOTH TPy
TpybHux 1mexa 3 TITA 5-12", TITA 140 i TITA 200, Ta KOJECOIIPOKATHMI IiEX.
3HaxomKeHHS BMUPOOHMKA TIPOKATy i IIOCTayaJbHMKA 3aroTOBKM Ha OJHOMY

BUPOOHMUOMY MaiJaHUMKy CTBOPIOE TEpedyMOBM [JIsI aHaji3y MOKIMBOCTEl
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3Oi/iCHEHHSI  eHepros0epiraroumMx  TEXHOJIOTi/A  BUMPOOHMIITBA  IIpoKaTta 3
BUKOpUCTaHHAM Teruia bJI3 miciisg po3nuBKu MeTtana [3-5].

Hepomikom  icHyrouoi  TexHosmorii mpokaTku Tpyd Ha  KOMILUIEKCi
«MBJI3 — TIIA 5-12" 3 mimirpMmMoBMMM CTaHaMM» € BUKOPMCTAHHSI XOJIOTHMX
3arOTOBOK Ta IX IIOJajbllle HarpiBaHHSI B KUIbLIEBii Iedi IIif, IPOKATKYy, IO
MIPU3BOAUTH 10 HEOOXiAHOCTI 3HAUHOI BUTPATH IIPUPOTHOTO rasy.

Ha puc. 1 HaBemeHa TeXHOJIOTiYHA JIiHis AJI1 BUPOOHMIITBA rapsueKaTaHUX
6e3moBHUX TPYyO miamerpom J168+377 MM 3 Kpyriaoi BJI3, sika CKIagaeThes 3
TpbOX MonydiB. Ilepmmit Momynap (M1) e Bupobnmurom BJI3, nmpyruii
Momynb (M2) — 3abe3medye TpaHCIOPTYBaHHS rapsuoi BJI3 mo TIIA 5-12" 3
IUIIrPUMMOBMMM CTaHAMM, TPeTiit Mmoayiab (M3) — mpencrasisie cobor TIIA 5-12" 3
MJTIrPMMOBMMM CTaHAMM JIJIS BUPOOHUIITBA TapsiyeKaTaHuX TPyo.

3rigHO mepuIoro BapiaHTy Trapsdyi 3aroToBKM micjas M1 moTpamisioTh Ha
MalllMHY [JIs1 pO3[AiJIeHHs iX He MipHi JOBXMHM i Iaji B KiJiblieBy HarpiBajbHy ITid
TITA 5-12" 3 mizirpMMoBMM CTaHOM. 3TiZHO IPYroro BapiaHTy rapsiui 3aroTOBKU
micas MBJI3 moTpamisiioTh B OydepHy TepMOCTaTUUHY IMiY-HAKOMMUyBad. 3TiJHO
TPEeThOro BapiaHTy rapsidi bJI3 cknamyrThCsl 1O MOBHOTO (HEIIOBHOI'O) OCTUTAHHS 3

MOIAbIIMM PO3/IiJIeHHSIM Ha MipHi JOBXUHMA.

M1 M2 bJI3 4

LG =
O

M3

14(|13( (12| 11| (10]| 9 S'L
TH6 ™

PucyHnok 1 — TexHosoriyHa JIiHisI BUpOOHUIITBA TapsiyeKaTaHuX 6e31I0BHUX TPYO 3 KPyTiaoi
BJI3:
M1 - monynb BupobHuiiTea bJI3; M2 — TpaHcmopTHMIT Moayib; M3 — TIIA;
1 — enekTpomniy; 2 — Bakyymarop; 3 — MbJI3; 4 — TpaHcIIOpTHMI 3acib;

5 — muna pyig pisanHs wtadr BJI3 B XonogHOMY cTaHi; 6 — nuia A pisaHHs mtadr bJI3 B
rapsiuoMy CTaHi; 7 — Mmidy-HaKomMuyBay; 8 — HarpiBajabHa Iiu; 9 — MpoOIMBHMIA Tpec;
10, 13 — migirpiBanbHi 1meyi; 11 — KOCOBa/JIKOBUI1 CTaH eJIOHTaToOp; 12 - HiJirpMMoBMii CTaH;
12 - migirpiBasibHa miv 3 KpOKyUMMM 6ankamu; 14 —kamibpyBaabHNU CTaH

UI
|
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[Ipu mocimimkeHHI €eKOHOMIl MajiMBa B Ievax BUXiJHE TeMIlepaTypHe MoJe
3arotoBku micjasi MBJI3 Bu3Hauany LIISXOM MOPSIMUX BUMIPIB Ha XOJIOAMIbHUKY.
CepenHs TeMIlepaTypa IOBepxHi ckimagana 650°C, a TemmepaTypa IleHTpa
sarotoBku — 900°C. Ilpuiimatouu TmapaboJliuHy 3a/JIEXKHICTh PO3MOIiIIEHHS
TeMIIepaTypHOro IOJsl B 3aroTOBILii, cepeaHbOMACOBa TeMIlepaTypa MeTaja Iepep
TpaHCIOPTyBaHHSAM ckiagana 775°C [5].

TpaHcopTyBaHHS repenoavya€eThCs BaHTaXXHUM aBTOMOOGiIEM B
TepMOKOHTelHepi YOTUPbHOX IITAHT 3aTOTOBOK OAHOYACHO.

[Ipy po3paxyHKy IIpolieca OXOJIOM)KEHHSI IpuiiMasiv, L0 BTpaTU TeIUIOTU
CMMETPUYHI BiJHOCHO TIIO3[0BXHbOI OCi 31MTKa. Temrmeparypa TOBITpS i
BHYTPIIIHBOI ITOBEPXHi TEPMOKOHTeliHepa He3MiHHa i ckiagae 20°C. Takumit migxin
3a0e3reunTh BU3HAUEHMIT 3arac MpU pO3paxyHKaX: 3aKaaJaeTbCs 30iIbIIeHHS
BeJIMUMHM TEIIOBOTO TMOTOKY 3 IOBepxHi 3aMTKa. IIpu po3paxyHKy BpaxoBYBaJu
IIpOMEHEeBY 1 KOHBEKTMBHY CKJIaJOBY BTpaTu TeIUIOTU. B pesynprari mnpu
TPaHCIIOPTYBaHHI B MPOJOBXK 40 XBUIMH CepelHs TeMIlepaTypa 3JUTKiB 3HU3MIACh
Ha 55°C i ckmana 725°C. IIpu uboMy TeMIiepaTypHe I10Jie 3arOTOBKM BUPIBHSIOCH:
TeMIlepaTypa IieHTpa 3aroTOBKM 3HM3MIach A0 763°C, Temmeparypa MOBepxHi
3pocia 1o 676°C.

TakuMm uyMHOM, CcepeIHbOMAcOBa TeMIlepaTypa MOCafa 3aroTOBOK B Ki/lbleBY
miu cknagae 6mmspko 700°C.rapsumii mocajg Moske 3abe3leuyyBaT¥ €KOHOMilo
naJinBa B Ievi ab0 32 paxXyHOK MiBUIIeHHS TTPOAYKTUBHOCTI, a60 32 paXyHOK 3MiHU
TEeMIIEPATyPHOTO pEeXMMY TI0 30Hax TIevi. Tak gK MOPOAYKTUBHICTb IIedi
BM3HAUAETbCS POOOTOI0 CTaHa, Ta TIPM pO3paxyHKax OylI0 MPUIAHSATO, IO
MIPOIYKTUBHICTh He 3MiHIOBa/lach. EKOHOMIsI IpUPOOHOTO rasy MoXke IOCSIraTUCs 3a
paxyHOK 30i/ibllIeHHS MeTOAMYHOI (HeoMa/lloBa/ibHOI) 30HM Iedi IIIIXOM
BiK/IIOUEHHS pSay ropisiok. TakMm UMHOM, METOAMYHA 30HA Iedi MepeTBOPIETHCS
B «TepMOC-HAKOIIMUYyBauy» 3aroTOBOK, Jle TeMIlepaTypa 3aroTOBOK ITPAaKTUYHO He
3MiHIOETbCSI. Po3paxyHOK HarpiBaHHSI MeTaja TapsSyoro Iocaja I10Kasas, o
IOBXKMHA METOAMYHOI 30HM MOXKe OyTu 306ijblleHa i OJHOYACHO MOXXYTh OYTHU

BUKJIIOUEHI 7 TOpPiJNIOK, o mo3Bojsie 3ekoHomuT 500 MS/I‘O,I[ MIPUPOTHOIO Tasy

npy HarpiBauHi 3arotoBok o 1280°C i mpomykTuBHOCTI eui 45 1/rog, .
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PosginenHs rapsumx BJI3 Ha MipHi YacTMHM Moke OyTM 3miliCHEHO 3a
IOIIOMOIOI0  yYCTAHOBOK  abpasyBHOTO  pi3aHHS, SKi  OTPUMYIOTh  BCe
6isbIIIe 3aCTOCYBaHHS [6)].

HoBa TexHoOris TIOBMHHA 3a0e3MeuuTy 3HWKEHHSI eHeproBUTpaT Ipu
HarpiBaHHi JIMTUX 3arOTOBOK B Ki/IblieBiit meui mjis ix gepopmyBaHHS i 30i/IbIIeHHS
TOYHOCTI TpYO.

Lle 06yMOBJTIOETHCSI THM, 1110 BBemeHHsI MBJI3 B JTiHi0 B TOeAHAHHI 3 BKa3aHOI0
KOHCTPYKIIi€I0 TPAHCIIOPTHOTO 3aco0y, SKuit 3B’SI3y€ II0 MAaIIMHY 3 KiJIbIIEBOIO
Y40 [IJIs1 HarpiBaHHS 3arOTOBKM, TO3BOJISIE 30€perTu i BUKOPUCTOBYBATH BUCOKY
TeMIlepaTypy MeTajia 3a PaxXyHOK 10T0 BHYTPILIHbOTO TeIlIa, sike € MpU BWIMBAHHI
3aroTOBOK. SIK pe3yabTaT — Tapsuuii II0caf, 3arOTOBOK B KUIbLIEBY IIiY 3
temiiepatypor 6mm3bkoio 600-+700°C, mo3Bojsie BUMKHYTU psii 30H KiJlbIleBOi
reyvi i TMM caMUM 3HU3UTU eHeproBuTpaTu. Kpim Toro, rapssumii mocap, 3aroTOBOK
npu3sBene M0 iX OilbIl PiBHOMipHOMY HarpiBy i JacTh MOSK/IMBICTH pery/aioBaTu
TeMIlepaTypy 3aroToBOK B Iipolleci HarpiBanHs 3 TouHicTio +10-+20°C, mnpu
HarpiBaHHi XOJOMOHMX 3arOTOBOK ITiA medopmyBaHHS - Tiibku 6mm3bko +40°C.
OcTaHHE MOBMHHO MiJABUIIUTY TOYHICTb TPYO.

Po3ryisHeMO MOXJIMBOCTI BUKOPUCTAHHS eHeprosbepiraiouoi TeXHOJIOTii Ha
TIIA 200. Ha puc. 2 HaBemeHa cXeMa MOIY/IbHOI TEXHOJIOTii BMPOOHMIITBA TPyO 3
HenedopmoBaHoi kKpyrioi BJI3 Ha TITA 200 3 TpbOXBaJKOBUMM PO3KaTHUM CTAaHOM
ITAT «Iutepmaitn Hiko Tpwo6». IIpy mpbomy omeparuu 1 - 7 3a6e3IedyioTh
noriepegHe nedbopMyBaHHSI BUXigHOI 3aroToBku bBJI3 mepen IpokaTkoo Tpyod, a
omepaiiii 1, 8 — 11 - oTpumaHHSI Tpy6 Ha TOMY XK OCHOBHOMY TeXHOJIOTiYHOMY
obnmagHaHi. B ckmag TITA 200 BXOASITh TPY KOCOBAJKOBMX CTaHAa: IBOXBAJIKOBUIL 3
YaIIoINoAiOHMMM BajKaMM i HaNpSIMHMMM JTiHiiIKaMM Ta JIBa TPbOXBAJKOBi CTaHM,
PO3KaTHUIA i KamiopyBaIbHMIA.

BukopucTaHHS TaKoi TEXHOJIOTii [O03BOJISIE BUPIIIUTM HACTYIHI 3a7adi:
PO3UIMPUTY HOMEHKIATYpy BuXigHOi BJI3 1o miameTpy; MOMIMIINTU SIKiCTb BUXiTHO1
BJI3 3a paxyHOK 3HMKEHHSI 0CbOBOI MOPOXXHUCTOCTI Bif, 30Ce€pemKeHO0i, Y BUTJISAI
OKpeMMX yCaJlOuYHUX TOPOXKHUH, IO PpO3MOAibHOI MO  BCili  30HI

PiBHOBICHMX KPUCTAJIiB.
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PucyHoxk 2 — Cxema MOAY/IbHOI TEXHOJIOTii BUPOOGHUIITBA TPYO i3 HemedopMOBaHOI Kpyrioi
BJI3 Ha TIIA 200 3 TphoxBasKOBMUM po3kaTHUM cTaHOM ITAT «IHTepmaiin Hiko Thi00»:
1 — HarpiBaHHS 3aroToBKM; 2, 3 Ta 4 — 00TMCKaHHA BJI3 Ha IBOX- Ta TPhOXBAJIKOBMX CTAHAX;
5 — oxonmomkeHHs; 6 — CKIamyBaHHS; 7 — Mepeada 3ar0TOBKM B ITiY;
8 — mpommBka bJI3 B risib3y Ha BOXBAJIKOBOMY CTaHi;
9 — po3Karka riJib3u B YOpHOBY TpyOy Ha ompasii; 10 — kamibpyBauHs Tpyou; 11 —
OXOJIOJIKEHHS TPyou; 12 — TepMocCTaTyBaHHS 3aTOTOBKM ITiCJ/Is TTOTIepeJHbOTO
nebopMyBaHHS

Ha TITIA 200 3 TpboxBaikoBMM po3KaTHUM cTaHOM IIAT «IHTepmarin Hiko
Tpi00» peasizoBaHa TEeXHOJIOrisI TorepenHboi nmedopmaiii BuximHoi BJI3, mo
IO3BOJIMIO TIOJIMMIIMTYM SIKICTh MeTajia ISl IIOJa/bIIOi MpPOKaTKM Tpyd Ha
TOMY X arperari [7].

AHani3 11i€i TexHOJOrii Mmokasye, II0 BOHA Ma€ CYTTEBI pe3epBM €KOHOMil
eHepropecypciB 3a paxyHOK BUKOPUCTAHHS TeIlJia 3aTOTOBOK ITiC/Is iX MomnepegHbOro
nedbopmyBanHst Ha TIIA 200. [Ias Toro, o6 BUMKOPMCTOBYBATM TEIJIO 3arOTOBOK
IOILIITbHO B TEXHOJIOTiuHiii cxemi Hapuc. 1 mnepembaumTy omnepaiio 12
TepMOCTaTyBaHHS, [Jis 30epeskeHHs TeIula 3aroTOBKM 3 MOJAJbIIMM  ii
repefaBaHHSIM B HarpiBajabHy Iy 1 [y HArpiBy A0 TeMIlepaTypu Trapsiyoro
nedopMyBaHHSI Tepejn IPOKATKo Tpyd. IIpy 1IboMy HEOOXiTHO BUPIIIMTU PSIJI
JIOTICTUUHUX TIMTaHb 3 Ilepedadi 3arOTOBOK B TEPMOCTAT, a TAKOX IOAAJbIIOi il
repefavi B HarpiBaJIbHY Iiy.

Mae mepcrieKTVBM BUKOPUCTAHHS HOBOi TexHosorii Ha TIIA 140 3i craHamu
1mo3goBkHboi mpokaTku IIAT «Iurepmaiim Hiko Tbio6», sIKuii OlMKUe BCHOTO
3HaxoauThcst 1o M3 «Iutepnaiin Cranb». Haiibinbin BigmaneHo Big M3 «IHTepmaiin

Cranb» 3HaxoguTbCsl KojecorpokaTHui 1ex ITAT «InTepmaiin-HT3». Bci BkasaHi
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1exa 3’egHaHi 3 M3 «IHTepmnaiin Crajb» PO3BMHEHOK Mepeskel 3ali3HUYHUX Ta
aBTOMOOiITbHMX KOMYHiKalliii.

TyT BIepiiie pO3TJISAA€ThCS KOHILEMIisT yaockoHaneHHsT bJI3 3 M3 «IHTepmaiin
Cranp» Ij11 BUPOOHMIITBA IIPOKATY B TPYOHMX i KOJIECOITPOKATHOMY IleXaxX KaMIIaHii
«[HTepmanm».

List KoHIemIlisl mepeabavae OYOiBHUIITBO Iiexa MiarotoBku metany (LIIIM) Ha
MiHiMa/sbHO OyM3bKiii Bimctani Bigm M3 «IHTepmaiinm Cranb». B 1boMy Iliexy
repenbavyacThCcsl BUPOOJSATM HACTYIIHI omeparii 3i mranramu bBJI3 mOBKMHOIO
6+10 M, mo HagxonaTh 3 M3 «IHTepmnaiin Ctajib»: OIJISA i BimOpaKyBaHHSI MeTaJa,
B TOMY UMCJIi 3 BUKOPUCTAHHSIM Y/IbTPa3BYKOBOT'O KOHTPOJIIO; PO3Pi3aHHS rapsumx
BJI3 Ha MipHi JOBXKMHM; 3alleHTPYBaHHSI TPYOHMX 3aroTOBOK Mepe[ MPOIMBAHHIM
Ha KOCOBAJIKOBOMY CTaHi; 36epeskeHHsI TeIyla 3aroTOBOK; 30epiraHHsl XOJIOTHUX
3arOTOBOK.

LIIM Mae 4YoTupu JiiHII 3 MiATOTOBKM MeTasa [MOjs IPOKAaTHUX IeXiB
ITAT «Iutepmaimn-HT3» (puc. 3). KoskHa JiHisI Mae 3aci6 s po3IijJieHHsST IITaHT
BJI3 Ha MipHi 3aroToBKM, JIiHii IJIS MiArOTOBKM MeTaja IJjs TPYOHMX I[eXiB MalOTh
TIPUCTPilt IJ9 3alleHTPyBaHHSI 3arOoTOBOK IIiJi IpPOLIMBAHHSI HAa KOCOBAJKOBOMY
craHi. KokHa JiHiZ Mae Imiu-TepmMoc O MeTajaa i OiIASHKU  OJIs

XOJIOZHOTO MeTasia Ta iH.

3 4 S| |6

Pucynok 3 — CTpykTypHa cxema nepefadi Metana 3 M3 «IHtepnarin Ctanb» B 1jexa
ITAT «InTepmnanmn-HT3»:
1 — M3 «Iutepmnaiin CTanb»; 2 — 1eX IMiATOTOBKY MeTaly; 3 — TpyborpokaTHmit mex N23;
4 — Tpy6orpokaTHMit iex N24; 5 — TpybompokaTHmii iiex N25;
6 — KOJIECOIIPOKATHUI 1IeX
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CyuacHi crmocoou eHeprosoepekeHHsI B HarpiBaJbHMUX IeYax

MeTayprii i MammMHOOyAyBaHHS

B po6ori [8] B.A.I'y6MHCHKMM PO3IJISIHYTi OCHOBHI Cy4acHi CIIOCO6M eKOHOMii
MajiuBa B HarpiBaJbHUX Ileyax Oe3IepepBHOI i MepiogMuHOil [Oii: 3MeHIIeHHS
TeIUIOBOTO AedilluTy MeTaja 1o HarpiBa€ThCs; 3HVKEHHST TeMIlepaTypy MPOAYKTiB
TOpiHHA Ha BMXOHi 3 pPoOOYOro IPOCTOPY Iedi; 3MEHIIeHHSI BTpaT TeIUIOTH Ha
po3irpiB ¢yTepyBaHHS, i Kpi3b GyTepyBaHHS Ta BiKHA B HAaBKOJIMIIHE CEpeIOBUIIIE;
BUKOPUCTAHHS TEIJIOTU Ta3iB, sIKi BUXOASTh 3 Iedi, Ajs MiJirpiBy MOBITPs i ImaauBa
repeq Iojaver0 ix B IMaJbHUKM, a TAKOX [JISI OTPUMMAHHS MHapy i rapsiuoi Boau B
KOTJIaX-yTijli3aTopax; ONTMMaJbHe CITiBBiAHOIIIEHHS IajuBa i MOBITPS B MaJbHMUKAX
3 MeTOI0 MOBHOTO CITAJIOBAHHS MajJuBa MpPM MiHIMaJbHOMY HAIJMUIIKY MOBIiTpS;
peryJloBaHHSI TUCKY Ta3iB B IMeUi 3 MeTOI0 MiHiMaJbHOIO IIiICOCY aTMOCGhepHOro
TIOBIiTPS i BMOMBAHHS Tra3iB 3 Ievi.

B.J.I'youHCcbKMiT Bigmiuae, mo Ha npukMHIi XX CTOMITTS Hpoiimuia
peBOJIOIIiIiHA TIONiSI B PO3BUTKY KOHCTPYKIlil HarpiBaJibHMUX Iieueli, MOB’sS3aHe 3
BMHAXOA0M i TPOMMUCIIOBUM BUKOPUCTAHHSIM pereHepaTUBHUX MaJbHUKIB [§, 9].

Ha puc. 4 mokasaHa cxema TaKOro INajbHMKa. MOro BiZMiHHOIO pucow €
MajiorabapuTHUI pereHepaTop 3 Ky/JIbKOBOIO HACaJIKOI0, pO3TalllOBaHOI B KOPITYCi
nanbHuKa. IloBepxHsl HarpiBaHHs 1 M°® Ky/nbKoBOro Hacumy B 10+15 pasiB 6inbiie,
aHiX y merjasHoi Hacaaku Tuma Siemens. Tomy Ky/JabKOBMIA pereHepaTop Mae
HaMOiMbIINMIT 06°€M i BCTAHOBJTIOETHCS HATIPSIMY B MaJTbHUKY.

s Toro, 1mo6 IMOBEPHYTM B ITiU SIK MOXKHA Oijblle Teruia, sSike BMHOCUTbCS
IMMOBMMM Ta3aMM, MOTPiOHO He OaBaTM KyJabKaM IpOTrpiBaTMUCS MO BCilt BMUCOTI
Hacumy. [MaabHMKM TIpalloloTh TomnapHo. Koiu TemnepaTypa AMMY Ha BUXO[i 3
pereHepatopa  migBuiyetbcsi g0 100+200°C, pobndaTp  nepeKuaaHHS
KJamaHiB — [OMMOBMX, IOBITPSIHMX Ta ra3oBux. Ilepiog MiX IepeKugaHHIM
ckiagae 13 XBUAMHMU 1 3ajeke BiJi CHiBBiAHOIIEHHSI BUTpPATM OMMOBMX rasiB i
06’emy Hacagku. TemriepaTypa IIiJIirpiBy IIOBiTps B pereHepaTtopax BChOTO Ha
100°C Hmwxkue TemmepaTypu OMMy Ha BuxOAi 3 TMeui. ToMy pereHepaTopu
akymymooTh 85390% Teria rasi, sfIKi BUXOASITH 3 Iedi, i MoBepTalTh B TIiuU 3

MOBITPSIM Kpi3b MajJbHMKMU. BuTpaTa manmBa Ha OITaJIeHHS TedUi CKOPOUYYETHCS B
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1,5+2,0 pasu. HaibGinbmmuit edeKT BiZHOCUTBCS OO Iledeir, SKi He MaloTh
peKyInepaTopiB abo IeIISTHUX pereHepaTopis.
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\\ Koprmye pereneparopa

3aBaHTa)KyBaJIbHE BIKHO ITimacagounuit mpoctip

IIi/1Be/IeHHs MOBITPS Ta
BI/IBEJICHHS JIIMY

PucyHok 4 — Cxema pereHepaTMBHOTO MaJTbHUKA

HarpiBanbHi i TepmiuHi meui MeTanypriiHMX Ta MaIIMHOOYIiBHUX
MiATPUEMCTB YKpaiHM MalTh BeMKi pe3epBU eHeprosoepeskeHHs. PeKOHCTPYKILis
omajeHHs i ¢pyTepyBaHHS Ieueit, CydyacHi peskxumMu ix poboTH, riamboKa yTuirizallist
Teria TasiB, 0 BMBOASTBCS, 30KpeMa 3a AOIIOMOTrOI Ky/JIbKOBUX PereHepaTopis.,
IO3BOJITb CKOPOTUTYU BUTpATy nanusa B 1,5+2,0 pasu. MoskiuBa eKOHOMis majuBa

B MacmTabax YKpainu ouiHweTbest B 06¢asi 500000 T.y.T/pik.

3HauHy €KOHOMil0 €eHepreTMUYHMX BUTpPAT Ha HarpiBaHHS MeTajJly MOKHa
OTpMMATM HUISIXOM PEKOHCTPYKIlii IMYHOro rocrmojapcTBa 3 BUKOPUCTAHHSIM
CY4yaCHUX METOJiB Oma/ieHHs, e(eKTUBHUX IaJbHMKIB, TEIZIOOOMiHHUX MPUCTPOIiB

(pereHepaTopiB Ta pPEKyNepaTopiB), CY4aCHMX BOTHETPMBKMUX i TeEII0i30/IH0I0UMX
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MarTepiasiB, 3aMiHM €JIeKTPUUHUX I[leuveil ra30BUMMM, a TAKOX KaMepHMX Iedeil
rnepioauMyHoOi [ii, sSKi MaloTb MaJuii TepmiuHMi K.K.jgO. (12+16%), nedyamu
Oe3mepepBHOro HarpiBaHHs. Hampukiaz, peasizaliiss MeToma OIIOCEpPEIKOBAHOIO
paialiifHoro HarpiBaHHS 3 BUKOPUCTAHHSIM IUVIOCKOMOJIYM STHUX (OMCKO(aKeIbHUX,
TocKoakeqbHUX) MaJbHUKIB TO3BOJISIE CKOPOTUTM BUTpaTM TajuBa Ha
10+15%. BuxkopucTaHHsi pereHepaTUMBHMX IaJbHUKIB [O3BOJISIE 3HU3SUTU
TeMIIepaTypy AMMOBMX Ta3iB Ha Buxo#i 3 mevi 1o 100+150°C 3a paxyHOK GijbIi
e(eKkTMBHOIO BUKOPUCTAHHSI BTOPMHHUX eHepropecypcis, 110 J03BOJSIE MiABULIATA
edeKkTUBHICTh BUKOPHUCTaHHS rasy Ha 40+50%.

3acTocyBaHHSI TaJbHUKIB 3 IIMPOKUM [ialla30HOM pEry/JIlOBaHHS BUTpPATU
nmajiyBa 3abesrneuye IPOBeNEeHHS TEXHOJIOTIYHMX oImepaliii mnpuM  pi3HuX
TeMIlepaTypHUX peskuMax i J03BOJISIE CKOPDOTUTY BUTpaATy nanusa Ha 20+25%.

3acTocyBaHHS Cy4aCHMX BOJIOKOHHMX TeIUIOi30I0I0UMX MaTepianiB i
BOTHETPMBIB 103BOJISIE TIPY 3MEHIIIeHHI TOBIIMHM CTiH I1eueli CKOPOTUTU B 2+3 pasu
BTPATy TEIJIOTM B HABKOJIMIITHI IIPOCTip.

3aMiHa eJeKTpUYHUX Tedell Ha ra3oBi B psiAi BUMNAAKIB Ja€ MOKIMBICTh B
2+3 pa3u CKOPOTUTM BUTPATH Ha 3aKYITiBJ/IIO eHepreTUUHMUX PecypciB.

BripoBa/skeHHSI ONTUMAaJIbHUX PEXKMMIB POOOTU HArpiBaJibHMUX i TepMiuHUX
neyveii 3 BUKOPUCTAHHSIM Cy4aCHMX IIPUCTPOIB aBTOMATUYHOrO KepyBaHHS i
BYMipIOBaJIbHUX MIPUCTPOIB TaKOX MiABUIINYE e(PeKTUBHICTb BUKOPUCTAHHS MaauBa i
3MeHIIIeHHsT  BTpaT MeTaJly 3@ paxXyHOK OKUCJIeHHS i  HesKiCHOTO
HarpiBy MeTasa (mmeperpiB abo HeJorpiB).

[IuTaHHS BOOCKOHAJIEHHS PesKMMiB POOOTHM i KOHCTPYKIIili HarpiBaJbHUX Meyeii

IOKJIaHO PO3TJISIHYTO B CIlellia/IbHil JiTepaTypi.
EHepros6epiraioua TeXHOJIOrisA OTpMMaHHA riiib3 Ha 3 TIIA 5-12"

IIAT «Intepnaitn Hiko Tri00»

Ha TIIA 5-12" 3 mijirpumMoBUMMM CTaHaMM BUKOPUCTOBYETHCS IIPOEKTHA
TexHoJ0Tist KasibMeca, sika Irepeabavyae 3aCTOCYBaHHSI B SIKOCTi BUXiIHOI 3arOTOBKMU
3JIMTKA 3 IPpaHsIMM CTAlliOHAPHOTO PO3JIMBAHHS B BUJMBHMIII, HArPiBaHHSI BUXiJHOI
3arOTOBKM 10 Temiepatypu rapsuoro medopmyBanHs 1250--1280°C, rigpo36us

OKa/IMHU, MPOHMIMBAHHSA 3dalOTOBKM Y CTdKaH Hd TOPpM3O0HTAJIbHOMY I‘i,[[paBJ'[i‘-IHOMy
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npeci sycuuism 20 MH, migirpiB crakana B meui 1o Temmnepatypu 1250-+1280°C,
MPOKATKy CTaKaHa y TiJib3y Ha KOCOBAJKOBOMY CTaHi-eJIOHTaTOpi 3 MPOIIMBAHHSIM
IoHug [10].

3a octranHi poku (3 2012 poky) BimbyBcs mepexiy Ha BMKOPMUCTAHHS B SIKOCTi
BUXIZIHOI 3aroToBKM BJI3 Kpyriaoro rnomepevyHoro rnepeTuHy, Mo MNOIINIINUIO SIKiCTb
TiIb3 i TpyO IO 30BHIiIIHIV MOBepxHi. B TOV ke 4yac BMKOPMUCTAHHS oOIlleparii
MiAirpiBy CTakaHiB IepeJi CTAaHOM e€JIOHTaTOPOM IIPU3BOAUTh OO OOOATKOBOI
BUTPATU €HepropecypciB (IPUPOSHOrO rasy), o 3HMKYE KOHKYPEHTOCIIPOMOYKHICTb
i€l TexHOJIOTii B TMOpPIBHSIHHI 3 TeXHOJIOTi€l Ipsmoro mnpomuBaHHs bBJI3 Ha
KOCOBaJIKOBOMY CTaHi.

B 3B’S3Ky 3 BMKOPUCTAHHSM B SKOCTiI BMXiZHOI 3arotoBku BJI3 Kpyrioro
TIOTNIePeYHOro IepeTHY Ha IiioMy psfai 3akopaoHHux TIIA 3 mimirpumoBuMu
CTaHaMM IIepeilIM Ha TEeXHOJIOTiID MNpsSMoro mnpoumuBaHHSI. OKpiM eKOHOMii
MIPUPOIHBOIO rasy Iisl TEXHOJIOTiS JO3BOJISIE IMiABUIIUTYA TOUYHICTD Tijib3 Ta TPyO IO
TOBILIMHI CTIHKM 3@ PaXyHOK 3HVKEHHS ITOMNepPeyHOoi Pi3HOCTIHHOCTI MpU MPOIIMBIL
cynyibHO1 bJI3 y mOpiBHSHHI 3 pO3KAaTKOIO CTaKaHy Ha CTaHi-eJIOHTaTopPi.

Iisi  3OilicCHEHHSI TeXHOJIOril MpsMoro TpomuBaHHS BJI3 B rinb3y Ha
KOCOBaJKOBOMy cTaHi B ymoBax TIIA 5-12" IIAT «Iurepmaiin Hiko Tbro6»
HeOoOXiIHO 3AiCHUTM 3aMiHy iCHYIOUOTO CTaHa-eJoHTaTopa, SKUif MOpaJbHO Ta
disMuHO 3acTtapiB 3a mepion cBoei ekciuryaTailii (3 1968 poky) Ha cydacHMit
TIPOIIMBHMIT KOCOBAJIKOBUI CTaH 3 HEOOXiTHMMM €HEepProCcUJIOBMMM TapaMeTpaMu.
Pospaxyukyu, mnpoBeneHi IHctutyrom posButky IIAT «IHrepmaimn-HT3» vy
2008-2010 pokax 1oka3sas, 110 OpU 3[AiliICHeHi MPSIMOTo MPOLIMBAHHS 3 BUBOJOM i3
eKCIUTyaTallii MpOIIMBHOTO Iipeca i KilblleBOi HarpiBajabHOI Medi MoOkHa Oyne
3a6e3IeunTy eKOHOMil0 MPUPOAHOro razy Oinbiie uuM Ha 21 MJH. TpH. Ha ik, i
SHU3UTM BUTPATy MeTaja 3a PaxyHOK ITiIBMIIEHHS TOYHOCTI TpPyO IIO TOBIIMHI
cTinku Ha 15 KI‘/ T, IIO JAaCTh 3arajbHUII €KOHOMiIUHMI1 epekT 39 MJIH. TpH. Ha PiK.
Po3paxyHKOBUIf IIepioJi OKYMHOCTiI iHBeCTMIIiii OyB OIliHeHUuii TIpUOAU3HO B
2,75 poku mpu 3arajqbHOMY 00CsI3i iHBeCTUILii B 75 MJIH. TPH.

B ymoBax, SIKi CKJIajucs B TemepillHiii yac, BUKOPMCTAHHS iCHYIOUOTO CTaHa-
eJIOHTaTopa €IVMHUM IIPaBUJIbHIM pIillIEHHSIM € BUKOPUCTAHHSI THYUKOI TEXHOJIOTil

orpuMaHHA rinb3 Ha TIIA 5-12" TIAT «Iarepmaiin Hiko Tbi06», Komu Ijist
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OTpMMaHHS TpyoO niameTpoMm Oinbiie (J273 MM  3aCTOCOBYETBHCSI BUXimHA
TexHojoris  (puc. 5, cxema I), a mag Tpyd miamMeTpoM  MeEHIIMM
(J273 MM - TeXHOJIOTisI TIpsIMOTO TporBaHHs BJI3 Ha craHi-enoHraropi (puc. 5,
cxema II).

Ha puc. 5 HaBemeHuii BUPOOHMUMIT MOOY/Ib OIS OTpUMAaHHS Tifib3 Ha TIIA

" . . e u
5-12 ITAT «IuTepnaitn Hiko Thi006» 3a THYYKOIO TeXHOJIOri€lo. sl 3HiliCHeHHS

NpsSIMOTO mpoimBaHHs Ha TITA 5-12" HeOoOXiTHO, [IJIS MiABUILEHHSI TOUHOCTI Ti/ib3
110 TOBILMHI CTiHKM, BCTAHOBUTM Ha IIbHUIII CTaHA-eJOHraTOpa 3alleHTPyBaJbHUK
3arOTOBOK Ta 0OOjagHATU BUXiAHY CTOPOHY CTaHa HaNifHUM I€eHTPYBaJbHUKOM
CTPVDKHS OMPaBKY, i 3aMiHMUTY YIIOPHO-PETy/II0I0UNi MeXaHi3M OibIII ITOTYKHMM.
['Hyuyka TeXHOJOTisl, OKpiM pO3IJSHYTMX BUIIEe JOBOX OCHOBHUX CXe€M

OTpMMaHHA I‘i]'[b3, MOJKe TaKOJX BK/JIIOUATU HaCTYHHi cxemu: nmoJsa bBJI3 — HaI‘piB

PucyHOK 5 — Bupo6HMuMit MOZYy/Ib /151 OTPMMAaHHS Tinb3 Ha TIIA 5—12"
[TAT «Iutepmnaiin Hiko Thi06»:
1 — nuna; 2 — npuiiMaibHi peuiTku; 3 — pobraHr 4Jis MoAavi 3aroTOBOK;
4 — TOBOPOTHMIT pONIbTAHT; 5 i 6 — HarpiBasIbHi Meyi; 7 — yCTaHOBKA TipO301BY OKaIVHN;
9 — rigmpasiunmii npec sycuam 20 MH ;
10 —migirpiBasibHa miv; 11 — KOCOBaJIKOBUII CTaH-eIOHTAaTOpP;
12 - 3a1ieHTpyBadbHUK; 13 — POJIbTAHT Mepeaauu Tiib3y 0 MiJIiIrpMMOBOTO CTaHA
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— PpO3KaTKa Ha CTaHi-eJIOHTaTOpi; TPAaHOBAHMI 3JIMTOK CTal[iOHAPHOTO
pO3/MBAaHHS — HArpiB — HaCKpi3Ha IpOIIMBKA Ha IIpeci — MigirpiB — po3kaTka Ha
CTaHi-eJIOHTaTOpi; [10JIa 3arOTOBKA — HArpiB — po3KaTKa Ha JIOBTiii OIpaBlli HA CTaHi-
eJIOHTaTopi.

Lle po3mMpIOE TEXHOJOTIUHI MOSKIMBOCTI BUPOOHUYOTO MOAY/s (PUC. 5) mms

OTPMMAHHS Ti/lib3 i IOPOKHIX 3aroTOBOK 3i 30iJbIIEHHSIM D/S Ta IigBUIIEHHSIM

TOUYHOCTI 3@ paXyHOK 3HV>KeHHSI Pi3HOCTiHHOCTI.

Ilyis1 3Ai/iCHEHHSI MPSIMOTO IIPOIIMBAHHS IPY IlepeMillleHi HarpiToi 3aroTOBKU
BiJl TTedi 70 CTaH-eJ0HTaTOpa II0 POJIbraHTy JOBXMHO 0/13bKO 30 M BilOyBa€ThHCS
BTpara TeIlJla MeTala BHAC/IIAOK J10r0 OXOJIOJKeHHSI Ha MOBiTpi, 110 B OCHOBHOMY
3aJIeXXUTh Bif yacy mepeOyBaHHS Ha MOBITPi.

Tomy HeobOximHO a60 36iMbIINTH MIBUAKICTh POJbraHra, sIKIIO e MOKIMBO 0e3
BTpPaTy HamiHOCTI #0oro pob6OTH, a60 BCTAHOBUTM TEIUVIOBi €KpaHM, SKi HIIUPOKO

3aCTOCOBYIOThCSI, HAIIPUKIIAMI, Ha IIMPOKOIITA00BUX CTAHAX, B TOMY UYMCJIi i YKpaiHi.

TepmomexaHiyHa 00po6Ka Tpyo [11, 12]

HesBaskarouu Ha Te, 1m0 1me B 1963 poui B BHATI 6yno 3amporoHoBaHMiA
TIPOTpeCUBHUI eHepro3oepiraroumni Trpoiiec TePMidYHOTO 00po0bIeHHS
rapsiuekaTaHuX TPyoO B MpoIieci iX MpOKaTKM, B JaHMI1 yac B YKpaiHi 1eit mpoiec He
3aCTOCOBYETbCsI. Tomy Oyfle KOPMCHMUM JOCBiA, BUKOPUCTAHHS Iii€i TeXHOJOrii Ha
psifii 3aKOPAOHHUX MiAIIPUEMCTB.

B po6oti [12] HaBemeHMit TeXHOJIOTiUHMII TIpoOIleC TepMOMeXaHiuHOTO
o0pobsieHHsT i  TepMmiuHe  BigmiseHHS  HadTOrazoBux Tpyd B  JIiHii
TIIA 140 CwuHapchbKoro TpyOHOro 3aBoja, IO 3abe3reuye  ITiABUINEHHS
KOHCTPYKTMBHOI MIiITHOCTi TPy0, TAaKOK BUTPAT Ha iX BUPOOHUIITBO.

l'apsiuemedopmoBandi Tpyou 3 BJI3 Kpymioro ImornepeyHoOro mepeTMHY Ha
TIIA 140 BuUpPOOJSIOTHCS IIOCAILOBHO Ha: IIPOIIMBHOMY, aBTOMAaTUYHOMY,
o0KaTHOMY, KayTiopyBaJibHOMY abo penyKkiiiitHomy CTaHax. Ha
TITA 140 nmpokaTyoThcsl HadTOra3oBi Tpyou giamerpom Big 89 MM nmo 168 mMmm
3i crameitr 20 i 09T'2C. Ilicast mpokaTKu TPy6M B TepMIiUYHOMY BimfineHi migmaroThb

MOJIBiifHOMY 3arapTOBYBaHHIO.
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[Tpu BuOGOpi cxeMyu TepMOMEXaHiYHOrO 0OpoOJeHHSI HEeOOXiTHO BpaxOBYBaTU
TeMIlepaTypHO-aedopMaliiliiHi yMoBM, SIKi 3a6e3Meuyl0Th TOYHICTh reOMeTPUUHMX
PO3MipiB, CTaH 30BHIIIHOi BHYTPIllIHbOI ITOBEPXOHb TPYOM Iepeld OXOJIOIKEHHSIM,
CITOCiO OXOJIOMKEHHSI Ta PO3MillleHHSI 00j1aJHAHHS OXOJIOMKEHHS, TaKOX IMOBMHHI
BPaxOBYBaTUCS JIETKICTh IlepexoAy BiJi 3BMYAHOrO IIPOKaTy OO IIpOKaTy 3
TepMOMeXaHiUHMM OOpOOJIeHHSIM Ta HaBIlaku. [Ijis1 3abe3redyeHHsT PiBHOMipHOTO
OXOJIOJI;KEHHS 10 MIepMMEeTPY HeoOXiJIHO 06epTaHHS TPyOou abo CTpyit 0X0I0IKyBaya
IIpy TepeMillleHHI Tpy6 Kpi3b 30HY OXOJIOMKEHHS, IO 3MEHIINYE IT030BKHE
TOBEeJIeHHSI.

Bysna 3acTocoBaHa cxema, sIka Iependayae IMPUCKOPEeHe OXOJIOMKEHHS TPyo
micas 00KaTHOro cTaHa /IS (eppuUTO-NEPIUTHOTO po3MaAy 3 HACTYIHUM
IHAYKOIMHMM ~ OigirpiBoM 3 TepeKpUCTali3alli€eld  Iepel,  OCTaTOYHUM
nedhopMyBaHHSIM Ha Ka/liOpyBajabHOMY (pemyKiiifiHoMy) cTaHi. LI cxema gocTaTHbO
MpoCTa, TakK SIK BUMArajio TiJIbKM BCTAHOBJIEHHSI OXOJIOIKYKYOTO MHPUCTPOIO 3a
00KaTHMMM CTaHAMM.

[Tpu po3po0b1ii cucTeMy OXOJIOMKEHHS B IIPOIIeCi TepMOMeXaHiuHOI 06pOOKM B
nainii TIIA 140 OynuM BMKOPUCTAHi TEXHOJIOTiUHI IepeBaru 3aKkajlOBaHHS 3a
OOKaTHMM CTAaHOM: iHTEHCMBHe OOepTaHHS TPyOM BaJIkaMM CTaHa B IIporieci ii
MIPOXOJUKeHHs1 uepe3 ocepenok maedbopmanii (500+700 06/XB) i mosximBocTi
CYyMillleHHSI O00JIaflHAaHHS [JI1 3O0BHIillTHBOTO i BHYTPIillIHbOTO OXOJIOMKEHHS 3i
3HIMHMM 00JIaJHAaHHSIM CTaHa.

[T 30BHIIIHBOTO OXOJIO[IKEHHSI TpPyO 3a OOKAaTHMM CTaHOM CTBOPEHO
IBOXCeKIIiitHuit cripeiiep (puc. 6). 3 MeTOIO MOJIeriieHHs BUBiIbHEHHSI TPyou 3
00KaTHOTO CTaHa MpU aBapiliHMX 3yIMMHKAX CIIpeiiep BUKOHAHMI PO3HIMHUM: 3 IBOX
MOJIOBMH, SIKi PO3HIMHI IO TOPM3OHTAJbHIN MIOIIMHI. Boma Ha 0X0J0OKeHHS
TOJTAETHCSI B HIOKHIO TIOPOXXHMHY, 3 SIKOi II0 CUCTeMi MO€OHAHUX OTBOPIB
HaIlpaBJ/ISIETbCSI B  BepxHIO. B SIKOCTI coresl BUKOPUCTOBYETHCS CUCTeMa
UWIIHAPUYHUX OTBOPiB, SIKi BMKOHAHO BO BHYTPIillIHii CTiHII KOPIyCy
mig kytom 45° B 6ik ocepenka gedopmairiii.

Cripeiiep 30BHILIHBOTO OXOJIOIKEHHSI 3aKPIIUIFOETHCS HA MICIi LIEHTPYIOIIMX

TIPOBOMOK B MePIMX CTilikax 32 0OKaTHMMM CTaHAMM.
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[l 3amo6iraHHs MOTPAIUISTHHSI BOAM B TPYOY Kpi3b ii MmepeHiit KiHelb, SIKMit
BUXOOUTH 3 OOKAaTHOTO CTaHa, BOAY Ha OXOJOM)KEHHSI TMOAAI0Th 3 PeryabOBaHOIO
3aTPUMKOIO B Uaci.

JloJaTKOBe BHYTPILIHE OXOJIOMI;KEHHS TPYO 3 TOBIIMHOK CTiHKM Ginbire 10 MM
3Mi/iICHIOETBCSI CIIpeiiepoM, TMOENHAHMM 3i CTPMKHEM, YTPUMYIOUMM OIpaBKy. B
TepenHiili YacTuHi CTPVWKHS Ha Bigcrani 150 MM Bim Topus Ha OOBXKMHI 0,3 M
PIBHOMIpDHO MO MepuMeTPy BMKOHAHI OTBOpPM IIif, KyToM 45° B CTOpOHY
MPOTWIEXKHY pPyxy Tpyou. [Iisg 3abesredyeHHs CTabiIbHOCTI Ipolieca
TEepPMOMEXAHIiYHOTO O0O0pOOJIeHHSI BMKOPMCTAaHA CHUCTEMa aBTOMATUYHOTO

KepyBaHHA I10aa4Y€l0 BOAM Ha OXOJIOOKEeHHS I10 ,H,OB)KI/IHi TPYGI/I

PucyHOK 6 — Po3HIMHMI1 crIpeiiep 30BHIIITHbOTO OXOJIOIKEeHHSI TPYO B JTiHii
TepPMOMEXaHIYHOTO 0OPOOIeHHS
1, 2 — HYOKHS | BepXHS NTOJIOBUHM CIIpeliepa; 3 — KpilJIeHHS;
4 — cucTeMa IMOE€IHAHMUX OTBOPIB; 5 — YIIiIbHEHHS; 6 — 3aM00i’kHA BCTaBKa;
7 — BY30J1 KpiIlJIeHHS CIIpeiiepa B LeHTPYIOUiii MpoBOALi; 8,9 — OUMCHI Ta COIJIOBi OTBOPH;
10 —36ipHuit kosekTop; 11 — TpyboIpoBOaM TTOAAUI BOAY

B po6oti [12] HaBemeHMit TeXHOJIOTIiUHMII TIpolleC TepMOMeXaHiuHOTO
00po6sienHst Tpy6 B miHii TITA 80 CuHapchKoro TpyoHOro 3aBoja. TexHoOTiuyHMIk
TMpolleC BKIOYAE MPOmMBKYy bJI3 Kpyr/oro momnepeyHoro rnepepisy Ha NpoOLlIMBHOMY
CTaHi, pO3KaTKy Tilb3¥M B TpyOy Ha [OBriii ompaBili Ha Oe3repepBHOMY CTaHi,
iHIYKIiAHMIA Migirpis, MpoKaTKy Ha peayKIliifHOMY (KaaiOpyBaJIlbHOMY) CTaHi.

Iis TmigBuUIeHHS PiBHOMIPHOCTI OXOJIOJKEHHSI 3a paxXyHOK 3MeHIIEeHHS
3aJIMBaHHS BOOM B cepeAVHY TPyou Ipu TPaHCIIOPTYBaHHI ii Kpi3b JIiHilO cripeiiepiB

po3pobseHnit croci6 MpoKaTKM TPyou 3i 3MillleHHSIM TOPIEBUX TiITHOK YOPHOBOI
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TPyOM i OCTATOYHOrO iX 3aKpUTTS Ha peAyKililtHOMy craHi. Ilicjsi mpokaTku Ha
Oe3mepepBHOMY PO3KAaTHOMY CTaHi KiHIli YOPHOBUX TPYO 1edhOpMYIOTh, CTBOPIOIOUM
pebpa KOPCKOCTi (IlepBMHHE VIIiIbHEeHHs). IIpu TIpokaTii Takoi TpyoM B
pPeInyKIifiHOMY CTaHi BimOyBa€TbCs [OOJATKOBM 3MMHAHHSI TOPLIB i OCTaTOYHE

3aKpUTTS Tpy6u. Cxema nedopMyBaHHS TOPIEBOI OiSTHKY HaBeJeHa Ha puc. 7.
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Pucynok 7 — Cxema nedopMyBaHHS TOPIEBOi OiNTHKYM. B3aeMHe po3TalryBaHHS YOPHOBOI
Tpy6M i mecdopMyrOUOro iHCTpyMeHTY:
a - BuxigHe; 6 — npu nebopMyBaHHi; B — IO ii 3aKiHUEHHIO;
1 — yopHoBa Tpy6a; 2 — nedopmyioui pebpa; 3 — BUTHCKAY;
4 - xopnyc aeopmMyl04yoro iHCTpyMeHTa;
A-AiB-b - TopueBi ginsiHku ga Ta micast fedopMyBaHHS

JIJisT TIEpBUMHHOTO VIIiJIbHEHHS KiHIIEBUX OiJSTHOK TPybO B IOTOIL cTaHa Oe3
3HIDKEHHS 110T0 IMMPOAYKTUBHOCTI pO3p006IeHO MPUCTPiii (puc. 8), SIKMii MOHTYETHCS B
CTallioOHApHMX YIIOpax TPaHCIOPTYIOUMX pOJbraHriB. IHCTpyMeHT medbopMyBaHHS
BUKOHAHUI y BUTJISAI KisblieBOi MaTpulli 1 3 MOXMJIMMMU KAMHAMU 2, 3aKpiryieHuii
CITiBBICHO MaTpulli IITOBXauy 3 IOB'SI3aHMII 3 CUJIOBUMM LMIIHAPOM 5, SKOPCTKO
3aKkpirieHoMy A0 Kopmycy 4. [lepen6avyeHa TakoX yCTaHOBKA PO3HIMHOI ikcyrouoi

npoBoAKy. CTymIiHb MEePBMHHOIO VIIIIbHEHHS PEerylI0e€ThCsl MIBUIKICTIO 3aJaBaHHS

364 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui npo6aemu meranyprii”, N2 28 — 2025

TpyOou B memribyroumii puUCTpiii. s BUKIIOUEHHS MOTPAIUISIHHSI BOOM B TPyOy
IOJATKOBO BMKOPMCTAHO OXOJIOMKEHHSI TPyO BOYOOBaHMMM, IIif, KyTOM IO OCi
repeMillleHHs TpyOu, IIOTOKaMu 3i cripeiiepa.

71T OXOJOMKeHHS TpPyO 3a pegyKUiiiHMM CTaHOM 3MOHTOBaHA JIiHig
MIPUICKOPEHHOTO PEryJIbOBAHOTO OXOJIOPKEHHS, KOTpa CKJIAJA€TbCS 3 OEB’SITU
cIipeiiepiB 3 iHAMBIZYyaJIbHUM IIPUBOAOM, SIKi 06€pTalOThCSI, BCTAHOBJIEHUX I10
TP Ha OKpeMux Iuiomankax. Crpeipy po3TallOBaHI B IPOMiIKKaX MixX
TPAHCIIOPTYIOUMMM POJIMKAMM 1 MaKwTbhb MOXIMBICTb peryjlOBaHHS B

TOPU3OHTA/IbHIN i BepTUKAJIbHIN IUIOIIMHAX.

PucyHOK 8 — MpucTpiit [J1s MepBUMHHOTO YIIiIbHEHHS KiHIIEeBUX IJITHOK TPyO

TpaHcmopTyloTh TPyOM B JIiHiI OXO0JIOJK€HHS IO pOJbraHry 3 OiKOHIUHUX
pO3pi3HMX PONMKiIB (puC. 9), MO0 3MEHIIyE IMiACTUTAaHHS HUKHBOTO MepUMeTpa
TpyOu. 3a JiHi€el0 O0XO0JIOAKeHHSI BCTAHOBJIEHI CIIpeiiepu-Bifcikaui, SKi BUIAJISIOThH
IIOTiK BOJIM, IO CYIIPOBOJKYE TPYOY i3 JiHii oxonomkeHHs. KOHTpOIb TeMmepaTypu
TPyOM B JIiHii OXOJOMKEHHS 3Mi/iICHIOETHCS BOMA JaTYyMKaMu Temmepatypu. OauH
BCTAHOBJIEHMII TiC/As1 peAyKIiffHOTO CTaHy, OPYTMii — Ha BUXOAI Tpyb6u 3 JiHii

OXOJIOO KEeHH.
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PucyHOK 9 — Po3pi3Hnit 6iKOHIYHMIT TPAHCITOPTYIOUMIA POJIUK

B nmiHii TepmoMexaHiUHOrO O0OpPOOJEHHS  3[iICHIOETHCS  ITPEPMUBAHHS
OXOJIOIKEHHSI BOAOI0, KOJM IHTEHCHMBHE OXOJoaXeHHs1 B mpomoBxk 0,2+0,3 ¢
yepryeTbcda 3 nmaysamu 0,2+0,3 ¢, 10 T03BOJISIE peryaBaTu MpPoLec OXOJOAKEHHS

TpyO, 3MIiHIOIUM TPUBAJIICTh oOXonomkeHHs Bim 0,5 ¢ mo 1,0 ¢ i mBUAKICTH
OXOJIO[IKeHH4 Bif 15 °C/ c oo 50 °C/ C.

Ha pwuc. 10 mpexacrtaBieHa KOHCTPYKILSI 00epTOBOTO BOJOMOBITPSIHOTO
cripeiiepa JiiHii TepMoMeXaHiYHOTO OOpPOOJEHHSI HACOCHO-KOMIIPECOPHUX TPYO
MiABUIIEHUX TPyn MillHOCTi. IIBMUOKICTh OXOJIOIKEHHSI B CIIPEei€pi peryIr€eThCs
CITiBBiJHOIIEHHSIM BOIM Ta IOBITpS B BOAOIOBITPSIHIN CyMillli, IO MOAAETHCS Ha
OXOJIOJIKeHHS. 3arajabHy MBUIKICTh OXOJOMKEHHSI MOXKHA IMiABUILIUTHA 301/IbIIYIOUN
BUTpaATy Boau. [Ijis 3MeHIleHHS (TIONepeIKeHHsI) 3aJIMBaHHS BOJM Kpi3b TOPIEBi
OUISHKM TpyO 3ampoIIOHOBAHMIA CIOCIO OXOJOMKEHHS [BOMA 3YCTPIUHUMMU
MIOTOKAMM ITif, KYTOM OO0 OCi TpyOu, sIka MmepeminryeTbcss. B MOMEHT MpOXOmKeHHS
TOpLSI TpyOM T 3yCTPiUHMM IIOTOKOM BMUTpaTa OXOJIOIKyBauya B HbOMY
3MEHIITYEThCSI A0 HYJS 3 OJHOYACHMUM 30iJbIIIEHHSIM JOT0 B APYromy IIOTOI 10
MakcumyMy. Takuit criocib 0xoJIoisKeHHsT 3a0e3I1euye OTPMMaHHS PiBHOMIITHOCTHUX

BJIACTMBOCTE KiHIIiB Ta Tisa TpyoOu.
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PucyHok 10 — O6epToBuit BOJOTOBITPSIHMIA CITpeiiep:
1, 2 — BiANOBiJHO KOJIEKTOPMU ITiABEeJ€HHSI CTUCHEHOTO MOBITPS i BOIM;
3 — BOJIOTIOBITPSIHB (pOpMyHKa

lle mae MOXIMBICTD KepyBaTu IIPOLLECOM pO3MaJy ayCTeHiTa, OTPMUMAaB S$IK
XapaKTepHY IJ15 [lepepBaHOro 3aKaJl0BaHHSI HEONHOPIAHY IO NepeTUHY CTPYKTYPY 3
ITIOBEPXHEBUM IIIAPOM BiJIyIIEHOTO MAapTEHCUTY, TaK i OiNbII OTHOPIAHY IIO

TOBIIMHI CTIHKM TPyOu.
BucHOBKU

1. 3HMKEeHHSI €eHeproBUTPAT € BaXK/JIMBMM HAIPSIMKOM MiBUILEHHS
e(eKTUBHOCTI i KOHKYPEHTOCIIPOMOXKHOCTI IMPOLIeCiB BUPOOHMUIITBA rapsyeKaTaHUX
6e31I0BHMX TPYO Ha arperaTax pisHOTO TUITY.

2. [Ipu BUpOOGHUIITBI ITpoKaTa i Tpyd Ha KoMIuiekci «MBJI3 — rpokaTHMit cTaH»
OCHOBHMM HamNpsSIMKOM 3HMXE€HHSI €HEeproBUTpaT € Tapsiumii Iocaj, 3aroTOBOK
(bJI3) B HarpiBajbHi Meuyi MOPOKATHOTO CTaHa. PoO3IJSHYTI MOKJIMBOCTI
BUKOpucTaHHsa 1iei TexHosmorii Ha IIAT «Iutepmaiin Hiko Tbio6» B ILexax

3 pisuumu TIIA.
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3. Po3rnsisHyTi OCHOBHI HAIlpSIMKM €Hepros3bepeskeHHs B HarpiBaJibHUX i
MigirpiBaibHMX Mevax MPOKaTHMUX arperatiB. B po3BUTKY KOHCTPYKIIil HarpiBaJbHUX
reyeil peBOJIOLiJiHE 3HAYeHHSI MaB BMHAXi[ 1 MPOMMCIOBE BIIPOBAIKEHHS
pereHepaTUBHUX MAJIbHUKIB.

4. Bukopucranus Ha TITA 5—12" 3 minirpumoBumu cranamu ITAT «IHTepmasii-
HT3» mpsimoro mpoiunBaHHSI Kpyryiow BJI3 Ha KOCOBajkKOBOMY CTaHi OO03BOJISIE
OTPUMATV €KOHOMIiI0 TPUPOJHOrO ra3y 3a pPaxyHOK BUKJIIOYEHHSI 3 TeXHOJIOTii
MiAirpiBy 3aroTOBKM Iepeld CTaHOM-eJIOHTaTOPOM, a TaKOX MiABUIIUTU TOYHICTh
Tisib3 Ta TPYO IO TOBIIMHI CTiHKMU.

5. TepmomexaHiuHa o00poOka TpyO 3 MPOKATHOrO HAarpiBy 3abesmeuye
€KOHOMIiI0 IPUPOAHBOTO a3y, OAHAK [I0 TeIepilllTHbOTO Yacy He OTpuMasia IMMPOKOTo
3aCTOCYBaHHSI.
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ENERGY-SAVING TECHNOLOGIES IN PIPE PRODUCTION

Abstract. Ukrainian metallurgical enterprises with a full cycle have fuel costs at the
level of 1.4+1.6 tons of conventional fuel per ton of produced products, while the share of
energy costs in the cost of rolled products is approximately 40%. At the same time, at

enterprises in Japan and the USA, these costs are 0.7+1.0 tons of conventional fuel per

ISSN-print 1991-7848 369
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 28 - 2025

ton of product. One of the current problems of Ukraine is the shortage of primary energy
carriers, in particular natural gas, which limits the energy consumption of enterprises.
The problem is exacerbated by the gradual increase in the cost of energy carriers
(natural gas, electricity), as well as other reasons that reduce the competitiveness of
Ukrainian metallurgical enterprises.

The purpose of this work is to consider known technical solutions for energy saving in
rolling production, mainly in the production of hot-rolled seamless pipes, for further
improvement of pipe production.

Based on the analysis of energy saving methods in the production of hot-rolled pipes, the
main direction of energy saving in rolling production is noted - this is the construction of
rolling mills near the continuous casting machine of the billet.

This work considers such areas of energy consumption reduction as: hot rolling of billets
in the heating furnaces of pipe rolling units; saving natural gas during heating and heat
treatment; direct piercing of continuously cast billets on the slanting roll mill of the
pilgrim unit; thermomechanical processing of pipes with rolling heating.

The possibilities of hot-rolling of continuously cast billets entering the pipe rolling shop
with a 5-12” pilgrim mill of PJSC “Interpipe Niko Tube” were analyzed. A new
technology of using the heat of a pre-deformed billet for further rolling of pipes on the
same mill was proposed on the pipe rolling shop 200 of PJSC “Interpipe Niko Tube”. The
use of the technology of hot-rolling of continuously cast billets is also possible in other
shops of PJSC “Interpipe Niko Tube”. To improve the organization of work on the
development of the technology of hot-rolling of billets, it is possible to organize a metal
preparation shop with wide technological capabilities. The introduction of such
technologies as direct piercing of billets on the cross-rolling mill of the pipe rolling shop
with a 5-12” pilgrim mill, thermomechanical processing of pipes with rolling heating on
various pipe rolling shops will contribute to the reduction of energy consumption.
Keywords: energy-saving technology, natural gas, electricity, hot-rolled pipe, pipe

rolling unit, direct piercing, hot-rolling, heating furnace, thermomechanical processing.
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CTAH TA NNEPCIIEKTHUBU INEPEPOBKU IINJTY
EJIEKTPOCTAJIEIIZTABUJIbHOTO BUPOBHUILITBA 1 TEXHOTEHHUX
3AJII3OBMICHHNX MATEPIAJIIB

AHoranin. Memanypeilina mexHonozis nepepooku nuny [ICII ma 3ani308MicHUX
8idx00ie MemanypeitiHo2o 8upo6HUYMEA.

AHaniz (Qi3uxko-XiMiuHUX Npouecie, ekcnepuMeHmMasnvHi 00CNiOHeHHS ma po3podKa
[HHOBAUITIHUX MEeXHOJI02IUHUX piuleHb ma pekomeHdayiii wodo nuny JICIT ma
3a1i308MIiCHUX 8i0X00i8 MemanypeiiiHozo 8upoOHULUMEA.

TeopemuuHi docnidxceHHs: 6aA3yMbCsl HA OCHOBHUX NOJIOMCEHHSX (i3uuHoi Ximii i meopii
MemanypeitiHux npouecis. Po3paxynku mepmoouHamiuHoi pieHo8azu OKCUOHUX CUCMEM
ocHosaHi Ha meopii I'i66ca ma peanizosaHi 3a A0ONOM02010 KOMN’lomepHoi npozpamu
«FASTSage 6.0»; docnioxweHHs XimiuH020 CKnady (paszosux cKnadosux mapzaHyesux
(epocnnasie BUKOHANU 3 3ACMOCYBAHHAM pPACMP0B020 eNeKMPOHHO20 MIKPOCKONy
YSM-6300LA ¢ipmu JEOL, SInoHis.

EgpexmusHe sudanenns yunky 3 nuny JCIT moxuge éxce npu NOMipHUX memnepamypax
1000...1100°C, y momy uuciai npu 6uKOpUCMaHHi SIK 8yzneyesozo B8i0HOBHUKA
HeKOHOUYiliHUX 8yziieuesux mamepianis. Ins ompumaHs piokozo npodykmy ciio
nepedoauumu HaOMipHy KiJlbKicme 8ye/iey0 Ha Hagy2aeyto8aHHsl 3 mum, wob 3Hu3uUmu
memnepamypy 00epHcy8aHozo po3njiasy.

ITpu memnepamypax nopsadxky 1000...1100°C 3anizo8MicHuUll nun i wiam 3a3Harme
3MiH, Wo npu3800ums 00 3IMeHUIEHHS 8Micmy Zn 8 00pobieHoMy mamepiani, nepexody
BUXIOHUX NUJTY8AMUX Mamepianie 8 KOMNAKMHY, d0CUMb MiUHY MaAcy.

CninsHa nepepobka okanunu ma nuny JICIT wuxmyeaHHsaM y pi3HUX NPONoOpyisx He €
pauioHanvHow, OCKiIbBKU 8 YbOMY 8UNAdKy 8i00y8aemuvcsi 3MeHUIEHHS KOHUeHmpayii
UUHKY, w0 30upaemucsa 6 2azoouucmuyi nepepob6Hoz20 azpezamy. binvw epexmueHum
0yode opzaHizayis nouepzosoi nepepobku nuny JCIT ma okanuHu y pi3Hi uacosi nepiodu
(Hanpuknao, NOMicsiuHo).

KmiouoBi coBa: enekmpodyzosa niu, nui, UYuHK, 8Yyeneyb, MexHos02is,
mepmoouHamixa.
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Bcerym.

JlJis1 cTasmoro po3BUTKY BCixX rajy3eil MpOMMCIOBOCTI Ta iHTerpailii YKpaiHu 10
€BpOITENCbKOTO CITIBTOBApMUCTBA Bce Oinbllla yBara IPUAISIETHCS TiIBUIIEHHIO
eeKkTMBHOCTI BMPOOHMIITBA, €KOHOMHOMY BUTpauaHHIO pecypciB Ta eHeprii,
OXOPOHI HaBKOJIMIIHBOTO CepenoBuila. BUMOrn perioHaibHMUX CTaHAAPTIB MOCTITHO
MOCWIIOIOTBCS Y HANpsSIMKy 3MEHILEeHHSI IIKiJJIMBOTO BIUIMBY Ha MPUPOLY Ta
3[0,0POB 'S TIOAVHY Ta TAPMOHI3YIOThCS 3 BUMOTraMu EBPONECbKMX HOPM Ta CBITOBUX
craHgapTiB. IcHyloua 3akoHomaBua 6a3za €C [1] MicTUTh CTaHIAPTU Ta OUPEKTUBU
IIOJI0 SIKOCTi TIOBIiTps, BOOM, TIOBOKEHHS 3 BiAXomaMM Ta HebOe3NMeuHUMU
(LWIKigIMBUMM) MaTepiajamMu.

Y 2008 pori €C BMpIilIMB ITOBHICTIO MEPErSHYTM CBOIO 3aKOHOAABUY 0asy
OO0 Bigxo#diB, HeOe3NMeuHMX BigXOHiB, TPAHCIOPTYBAaHHS BIiIXOAiB Ta iHIIMX
MUTaHb YTWIi3allii BiIXOMiB SIK HEOOXiTHOTO KPOKY [IJIsl ITIOKpaIlleHHSsI, cepe/l iHIIIoTo,
3aXMCTy JIIOJACHKOTO OaraTcTBa Ta HABKOJMIIHBOTO cepemoBuiia. llst [IupekTuBa
BCTAHOBJIIOE 3aX0IM [IJIS1 3aXMCTY HAaBKOJIUIIIHbOTO CepeIoBMIIA Ta 3J0POB’S TIOAVHYA
IISXOM 3amobiraHHsg abo 3MeHIIeHHS HeCHPUSTIAMBOrO BIUIMBY, YIIPaBIiHHS
BiAX0JaMM Ta IIJISIXOM 3MEHIIEHHS 3arajbHOTO BIUIMBY BUMKOPUCTAHHSI peCypcCiB Ta
MigBUIIeHHS eeKTMBHOCTI TaKOTO BUKOPMCTAHHS. [HIIMMMU cioBamu, [upeKkTuBa
BCTAHOBJIIOE YOTUPM OCHOBHI IMPUHIMITHU, TaKi SIK: IIPUHIIMIT 3aI100iraHHs — IpMUpoaa
i pecypcu TOBMHHI OyTu 306epekeHi, a YTBOpeHHSI BifXOAiB TOBMHHO OyTHU
MiHiMi30BaHO; MPUMHIMII 00€PeKHOCTi — 3MEeHIIeHHS HaC/iIKiB BiJl BiIXOmiB I
3[I0POB'S JIOAMHM Ta HABKOJMIIHBOTO CepefoBMINA, OCOOJMBO [Jisl 3MeHIIeHHS
HebOe3MeYyHUX PeuoBMH Y Bigxomax; NPUMHIMIOM IUIATUTh 3a0pydHIOBauY Ta
BiITIOBiZa/IbHICTh BUPOOHMKA; ITPMHLMIT OJIM3bKICTh i CAMOJOCTATHICTh — aJjeKBaTHA
iHppacTpyKTypa IIJISIXOM CTBOPEHHSI iHTErpoBaHOI Ta aJeKBAaTHOI Mepexi 3aco6iB
yruiisanii [2].

HOupextuBa 75/442/€EC, gk PamkoBa nmupektvBa €C 1momo Bigxomis,
MiAKPeC/TIOE Kilbka OCHOBHMX IMPABOBUX MUTAaHb [JISI METATYPriliHOI TPOMMCIOBOCTI
IOJI0 3a0XOUeHHSI 3amobiraHHs abo 3MeHIeHHSI BMPOOHMIITBA BiAXOdiB Ta iX
IIKiJJIMBOCTi, 30KpeMa 3a PaxyHOK PO3BUTKY UUCTUX TEXHOJIOTi, OiJbII
€KOHOMHOTO BMKOPMCTAHHSI TIPUPOIHMX pPecypciB abo 3poOouTH HaliMeHIIuit

MOXJ/IVBUM BHECOK, 3a XapaKTepomM ix BI/IpO6HI/IL[TBa, BUKOPUCTAaHHA abo BUaaJIeHH,
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30i/IbIIIEHHST KiJIbKOCTi ab0 IIKigAMBOCTI BimxomiB i HebOesmeku 3a0pymHEHHS;
po3pobKa BiAIIOBigAHMX METOiB OCTATOYHOI yTwIi3allii He6e3IeuHux PeYyoBUH, IO
MIiCTSITbCS Y BiIXO[laX, MpU3HAUEHUX JIJIST yTUIIi3allii.

3akoH €C mpo HAaBKOJMIIHE CepeloBUINEe 3arajioMm i 0cob6JMBO IIOHO
IIOBO/IKEHHS 3 Bigxomamu 3abe3meuye aJeKBaTHMUI 3aXMCT HaBKOJUIIHLOTO
cepemoBuIa. YIIpaB/IiHHS MeTJIeBMMM BiIXOJaMM IIISIXOM BTOPMHHOI ITepepoOKu
€ OOHMM i3 HalKpalMxX CII0COOiB BUPIIIEHHSI TPOOJIeMM BEJIUKUX POIOBUIIL
MeTaJIeBUX BiIXOAiB y BCbOMY CBiTi, aje TakKOX MOXe OyTM KOPUCHUM IS
MeTaj000po6HOI MPOMMCIOBOCTI B KpaiHax, e Hemae II0TpebM B IIOHaJIbIIii
eKCIUTyaTallii IaxXTHUX 3aMaciB i eKCIuTyaTaliii 3 MeHIIMMM BUTPaTaMu.

HOupektuBa €C 84/360/€EC miomo CKOpOUYeHHSI 3a0pymHeHHS IOBiTpS,
BMK/IMKAHOTO MPOMMCIOBMMM 3aBomamu; JupektuBa €C 76/464/€EEC 1momo
3a0pymHeHHST He6e3MeUHMM PeUuOBMHAMM, 1[0 ITOTPAIUISIIOTh Y BOJIHE CEpeIOBUIIIE;
HOupexktuBa €C 75/442/EEC Ta 78/379/EEC 3i s3mimamm 91/156/EEC 1momo
NoBOKeHHsI 3 Bimxomamu; [IupextuBa €C 85/337/EEC momo OLiHKM BIUIMBY Ha
HaBKoJMiIHEe cepenosuule; upekrusa 2008/1/€C €spormericbkoro IlapimameHTy Ta
Pamu Bim 15 ciung 2008 poxky momo 3arobiraHHsI Ta KOHTPOJIO 3arajabHOTO
3abpynHennsi. Ha mimcraBi JupexktuBu 84/360/EEC Bim 28 uepBHS 1984 poky,
€Bporieiicbke CITiIBTOBapMCTBO BUITYCKA€ MTOKYMEHTM, IO MiCTSATh ommc Kpammx
Hoctynuux Texuonoriit (Best Available Techniques). Lli mokymeHTM 3a3BuYait
MIiCTSITh ONUC iICHYIOUMX HOBUX TEXHIUHUX pillleHb:

- TeXHiKO-eKOHOMiUHe IOC/iAKeHHS BiJHOBJIIOBaJbHMX 3aXO[iB, 3aCHOBaHUX
Ha Kpaliyx OOCTYIHUX TEXHOJIOTiSIX, BUTPATM BOAM Ta YTBOPEHHS BiIXOMiB mJisi
MpOoILIeCiB MTePBUHHOI Ta BTOPMHHOI MeTayprii, octaTouHmii 3BiT 1993 [3];

- TexHiuHi HoTaTkM 3a Kpamymu JlocTynmHuMM TeXHOorisIMu A1 3MeHILeHHS
BUKUJIIB B aTMocdepy eneKTpocTajeruiaBUIbHMMM 3aBOAAMM, OCTATOUHMIA 3BiT
KBiTeHb 1994 [4];

- Kpali JocTymHi TexHosorii, PedepaTuBHMIT AOKYMEHT 3 BMPOOHMUIITBA
yaByHYy Ta cTamti, rpyaeHb 2001, mrotuit 2008 [5, 6].

BisbiricTh 3aKOHOJABUMX AaKTiB Ta peKOMEeHAAIiiHMX [TOKYMEHTIB B
eJIeKTPOHHOMY BUIVISII OOCTYNHI Ha caiitax E€Bpomneiicbkoi crminbHOTH [7-12].

B ocraHHIX IlepepaxOBaHMX [TOKYMEHTax MiCTUTbCS iHGoOpMallis TpPO OCHOBHI
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Mpob6/ieMMy MeTaayprifHOr0 BUPOOHMIITBA Ta ICHYIOUI HA ChOTOAHI HUISIXM iX
BupimenHs1. [Ilogo craHy repepo6Ku Iy, IO YTBOPIOETbCS Ha 3aBomax €C [5]
BKasyeTbes, mo manumu pociaimkeHHs EC Study cranom Ha 1996 6aM3bKO IBOX
tpetuH ity EJIT Binmpasisuin y Bigsanu (tabim. 1).

Y TOit Xe yac, aBTopu [5], BKa3ywTh, 110 YacCTKa MepepobI0BaHOTO MUY B
oKpemux KpaiHax wieHax €C CyTTe€BO BiApi3HIeTHCS. lle 3HAUYHOW MipoIO
BU3HAYAETbCS PEriOHAJIbHMMM BMMOramy Ta HOPMamM, OOCTYITHICTIO BiJBasIiB,
MoJaTKaMM Ta iHIIMMM €KOHOMiUHMMM acriekTaMu. Tak, maHi Tabauili 2 MokasyoThb,
mo B ABcTpii, HimeuumHi Ta KpaiHax bBeHiTIOKC AOCSITHYTO BMCOKOIO piBHS
repepoOKM My, Y TO¥ 4yac K y IliBgeHHii €Bpori Ta Benukiii BpuraHii BiH HIsKUe.
Lle o3Hauae, o gaHi gocrimkeHHss €C 1996 poKy He ITOBHOIO MipoI0 BimoOpaskaioTh
CTaH, SIKMUI 10 TOTO X 32 OCTAHHI POKM CYTTEBO 3MiHMBCS Y OiK 30i/IbIIIEHHST YACTKU
Ty, 10 TiepepobiisieTbest [13, 14].

HarosouryeTbCcss Ha TOMYy, IO BigBaiu, B $Ki ckiaagyeTbcs muma  EJTIL,
00JIaHYIOTBCS PI3HUMM CUCTeMaMM i30JsiLii iX BiJ BIUIMBY HaBKOJMUIITHbOTO
cepenmoBuila («3arevyaTyBaHHS») 3 BUKOPUCTAHHSIM Pi3HMUX CIHOJTYYHUX MaTepialiB
abo meMOpaH. YacTka 3aCTOCOBYBAHMX i30/IIOI0UMX CUCTEM IIpM ITOXOBAHHI MUY
dinbTpiB rasooummienHs EJIl y BigBamax y €C - 3a pmauummu EC  Study,
1996 - umryerbcsa 3a [5] cknamae 38% rimHU, 31% HeBimomo, 13% membpaHu,

11% 6iTymHi ckimagu, 7% 1ieMeHT ab0 BiIMOCTKa.
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Tabmuug 1

Yacrtka muty JICIT (BMpoOHMUIITBA HU3bKOJETOBAHMX i BYTI/IEleBUX CTaJlei),
repepo06II0BaHNX Besibll Mpo1[ecoM JIJisi BUTyYeHHS LIMHKY [5]

3arajbHa ITnn, 1110
Kpaitu KUJIBKICTh | IepepobIIIoETHCS Yacra,% o KibKOCTI muy,
IATTY, Besnbli mporecom, 10 3aJIUIINIIACh
T/piK T/pPiK
ABCTDIA 1 359 25000 83 Bipaim
HIBennapis
Beninrokc 65000 55000 85 BinBanu
Jlanis 12000 - 100 -
®paHiIis 90000 30000 33 BigBanu
Himewunsa | 150000 105000 70 Biziarmu, 3amoBHeHHs
[IaXT
Itanis 180000 80000 44 Binpany !
ITOBEpHEHHS
BigBanu i
CkanguHasig | 30000 10000 33 3aXOPOHEHHS OIS
Mai6yTHBOTO
lemamis 17 190000 | 25000 20 Bigpamm
[Toptyranis
Bemixa 65000 0 0 Bigpamm
bpuranis
Ycbworo 730000 330000 45

HoxymeHT [5] 6YB JOMOBHEHMIT i BUAaHa HOBa Bepcis [6], sKka 6araTo B 4OoMy
TIOBTOPIOE IIOTIepeiHI0, MPOTe MICTUTh i JesIKi HOBiI BigOMOCTi, 110 CTaHOBJSTh
iHTepec. Tak, y 1IbOMy JOKYMEHTI NPUIIISIETbCS BeMKa yBara emicii TOKCUYHUX
opraHiuHuX peuoBMH. HaBemeHo maHi mpo cepenHiit dpakuirinmit ckiag nury EIIL.
BigcoTkoBe CHiBBiAHOILIEHHSI YaCTMHOK pIi3HOTO pAiamerpa (MKM) CTaHOBUTD,
>250 - (0...14); 250...90 - 1,2...1,5; 90...32 - 1,98...1,99; 32...20 - 3,02...10,22;
<20 - 85,3...93,78.

TakuM UYMHOM, TWJI €JIeKTPOAYrOBMX IIedeli BiTHOCUTHCSI A0 Hebe3NMeuHux
BigxoAdiB (K 3a Bepcierw €C, Tak i BiAmoBigHO A0 3akoHomaBcTBa CIIA Ta iHmIMX
KpaiH) HacamIiepejl, yepe3 BMCOKMUIA BMIiCT Yy HbOMY BaXXKMX MeTajiB (LMHKY Ta
CBUHIIIO). 3 OIISIAY Ha BUCOKY AMCIIEPCHICTh MWIY iCHYIOTh AOJATKOBI 0OMeXXeHHS
IOJI0 YMOB 70ro 36epiraHHs y BifBajiaX, a TaKOX IIOB'SI3aHi 3 UM Ipo6ieMu 3

BMJIYTOBYBAHHSIM BOJOI0 BaXXKKMX MeTaliB.
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Anani3 y6stikanin moao nepepooxku mwry JICII Ta 3a1i3oBMicHUX Bigxonais

MEeTa/TyPriiiHOro BUPOOHMUIITBA

[lepepobka MmwIy Ta iHIMMX BiIXOAiB MeTAJIypriifHOTO BUPOOHMIITBA CTa€E
HEeOOXiTHOIO 3 IBOX IPUUYMH: Uepe3 BUCOKMIA BMIiCT OKCU/IIB 3ajli3a HNUJI € L[iHHOIO
CMPOBUMHOIO [IJIT MeTalyprii, a MOCWJIEHHS eKOJIOTiYHOTO 3aKOHOMABCTBA POOUTH
IOPOKYMM 3aXOpOHEHHS BimxoniB Ha mosirodi [15, 16]. Opi6bui dpakmii mwry 3
pi3HMX eTalliB CTaJIeIJIaBMUIbHOTO IIPOLIeCy MiCTSITh, OKpiM 3asIi3a Ta BYTJIell0, BaXKKi
MeTasii, 0COOIMBO LIMHK i CBMHEIlb, a TAKOX BakKi BYIVIEBOIHI, SIKi He MPUITHSITHI
IS 3aXOpPOHEHHS Ha 3BajMIlax abo [JisS MMOBTOPHOI Iepepooku 6e3 OyIb-sIKOi
crieriaJibHOI 00po6KM. Ilpu BMUCOKOTeMIIEpaTypHiii 06pOOIi CTaJerIaBMIbHOTIO
My MOXKe BimOyBaTHUCh BUIaJEeHHS HebOe3NeyHUX KOMIIOHEHTIB i BMPOOHUIITBO
YMCTOI CMPOBMHM 3 BUCOKMM BMiCTOM 3aJIi3a [IJisl IepepoOKM.

[Tnun enekrponyrosux rneveii (JCII) € BaXXKIMBUM BTOPUHHUM PECypPCOM, SIKUNI
MiCTUTh 06araTo MeTaJieBUX €JIeMEHTIiB, TaKMX SIK IIMHK, CBMHEIlb, 3aJ1i30, XpOM i
KaaMmiit. ITlepepobka Mmmiy Cripusi€ He TiTbKY 30i/IbIIIEHHI0 EKOHOMIYHOTO IMOTEHITiaTy
IIJISIXOM BiTHOBJIEHHS LIMX IIIHHMX METaJTiB, ajie TAKOX CIIPUSIE BUPIIIIEHHIO ITPo0ieM
yTwIi3alii Ta 3a6pyaHeHHS HaBKOJMIIHBOIO CEPeIOBMUINA, BUKIMKAHUX BasKKMMMU
MeTasamMyu (HarpuKiaag, CBUHIEM, XPOMOM i KagMi€M), sIKi MiCTATbCS B vy [17].

Cepen icHyoOUMX TIPOIECiB i TMUX, IO 3HAXOMNSITbCS Ha CTafii pPO3pOOKM,
MipOMeTaTypTiiiHi Ipollecy BBaXKAIOThCSI OCHOBHMM BMOOpPOM [IJisT OOPOOKM MUY
JCIT yepe3 BMCOKMI1 TTOTEHIliaJl BiZHOBJIEHHSI MeTaJy, JerKy 0OpOOKy 3a/IMIIKIB i
BiJHOCHO KOPOTKY TEXHOJIOTIUHY CXEMY.

s nmepepobku nuay JCIT po3risaaloTbes pis3Hi mipoMeTanypriiiHi mpoliecu
[17], Britouatoun: mpoiiec y Besbli-1iedi, 06epToBUii ripoliiec B moaoBiit nmeui (RHF),
nipoitec PRIMUS, niporiec OXYCUP, mnipoiiec rpu HasiBHOCTI KOKCOBOTO IIapy, MPo1lec
Ausmelt, mpoliec y eneKkTporuiaBuU/bHIi BimHoBMOBanbHil medi (ESRF), mpoiiec
Plasamadust 3 BUKOpMCTaHHSIM T171a3MOBOi Iyru, mpoiiec Elkem 6araToiiiiboBoi meui
(EMPF), ripouiec 3aHypeHOi m1a3Mu, IMpoLec 3 OAep>KaHHIM OKCUAY UMHKY Ta YaBYHY
(PIZO), mpouec TIOAYyM’SIHOTO peaKTOpa, MpolieC TepMiYHOrOo TIIJIa3MOBOTO
BiITHOBJIEHHSI, MiKpOXBMJIbOBA 00poOKa, TIIpOlleC COHSYHOTO TEPMiUHOIO
BiTHOBJIEHHSI, MIPOLleC IUIaBJIeHHSI YaBYHY B BaHHI, Ipollec rajioreHyBaHHs. OmHaK

BYHMKAIOTh KOHKPETHI TeXHiUHi Mpo6sieMy Mpy MipoMeTaaypriiiHiii o6pobIli mmiry
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OCII, mo moTpebye i BiANOBiZHMX 3axXOMiB [HJiS MMOKpaIleHHS TepepoOKu MUy
IIJIIXOM  TiABUINEHHSI e(QeKTMBHOCTI O00pPOOGKM 3 YCYHEHHSIM BTOPUHHUX
HebOe3IeyHuX 3a0pyIHIOIUMX PEYOBMH.

OxkpiM TOro, HpyM PO3IJISIAI MOXKIMBMX TEXHOJIOTiii mepepobku mumny JICII
HeOoOXiTHO BpaxOByBaTM IIpU 3[Ai/iCHEHHi IpOIEeCiB BUIUIABKM SIKOi MapKu CTasli
yTBOpUBCS T [18]: mwi, oTpumaHuit Bif, BUPOOHMIITBA BYT/IeleBOI CTasi, 3
BUCOKMM, HU3bKUM i MMPOMIKHMM BMiCTOM KOJIbOPOBMX METAaJiB, i MWJI, OTPUMAHU
BiJl BUpPOOHMIITBA HepyKaBilouoi crami. ABTOpM Iy6JIikallii BKa3ywThb, IO IJIST [IUATY
BMPOOHMIITBA BYIJIEILIEBOI CTaIi 3 MIPOMIKHMM BMiCTOM KOJbOPOBMX MeTaJliB Opakye
BiZITIOBiTHOI T€XHOJIOT1i.

Vruriszalisi mwIy, IO YTBOPIOETbCS B METANYPriiHUX BUPOOHUIITBAX,
3arobirae yTuiisanii BigxomiB i 30iibIllye BUKOPMUCTAHHSI BTOPUMHHOI CMPOBMHMU. B
po6orTi [19] 6ysi0 3aTpOIIOHOBAaHO OAHOYACHY ITepepoOKyY CTaleryIaBUIbHOTO MUY Ta
JIOMEHHOTO IIJIaMy 3a IOTIOMOT0I0 MiKpOXBUJIbOBOTO HarpiBy. BMBUeHO MOX/IMBICTb
BUMKOPUCTAHHS JOMEHHOTO IUIaMy SIK BiJHOBHMKA [/ BUAAJEHHS LUMHKY 3 TUITY.
Byno gocnii>keHO Tpu 3pa3Ku CTajaellyIaBUIbHOTO Uy, OTPUMaHi 3i CTajleIMBapHUX
3aBofiB y @DiHAgHAII, 3 Pi3HMMM KOHLEHTpALiSIMM ILMHKY Ta LIMHKBMICHUMU
dazamu. Cymimi mwiay Ta TpadiTy 3 AOMeHHOro nulaMmy pisHux dpakxiiii
>250 mkMm Ta >125...250 MkM HarpiBaiu npotsarom 20 XBWJIMH IIpU MiKpPOXBUIbOBiit
noTyskHocTi 1100 BT. PesynbTaTy mokasanu, 1o eDeKTUBHICTb BUIATEHHS IIMHKY
3aJIeKUTh BiJl KiJTbKOCTi OKCMAY 3aji3a i OKCHMIy Kajbllilo B cyMmimax. Haiibinbiie
BUJAJIEHHSI LIMHKY CIIOCTepirasocs [Jisi Cymillleil 3 BMUCOKMM BMICTOM OKCUIY
KaJblIilo Ta HU3bKUM BMiCTOM OKCULY 3ami3a. BupaneHHs
1MHKY 92,79...96,06% 0yno OOCITHYTO [IJis Ccymilieii i3 ¢pakiii€elo JOMeHHOTO
nuiamy >125...250 mrm. Tomy aBTOpU peKOMeHYIOTh [IJisS JOCSITHEeHHS e()eKTUBHOTO
BUIQJIEHHS LIMHKY BUKOPUCTOBYBATHU 6i/blll Tpy6i ppakiiii (>125 MKM).

SIxk Bimmivaetbcst B pob6oti [20], 7o 80 MinbiiOHIB TOHH LMHKBMiCHOTO MUY
MIOPIYHO BUKUIAETHCS  METAJYPrifiHOK  IMPOMMUCJIOBICTIO, 1  TpaaAMUIiHUIA
MipoMeTalypTiiiHuit  Tpoliec  IepepoOkM HUX HebesmeuyHuX BigxomiB i3
BUKOPUCTAaHHSIM  TBepAOTO  ByIJelio, SK  BiJHOBHMKA, Ma€  BUCOKe
€HeprocroXMBaHHS, BeJMKi BUKUIOM BYyIJell0 Ta He3HAauHy [AOJaHy BapTiCThb

MPOAYKTiB. 3alpoIllOHOBAHO IHHOBAIli/iHE BUKOPUCTAHHS LMHKBMICHOTO IUJTY
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IIVIIXOM BiJTHOBJIEHHSI BOJHEM /IS BiJlTHOBJIEHHSI LIMHKY Ta CBMHII0, @ TaKOX
CMHepPreTUYHy ITiATOTOBKY 3aJ1i30BYyIJIelleBMX MiKpOeJIeKTPOJi3HUX MaTepialiB Ajs
OUMILleHHS CTIYHMX BOA. Byso mociigskeHO IMOBediHKY TPpaHy/ LMHKBMICHOTO MUY
OO0 BiJHOBJIEHHSI BoaHeM. Pe3ynbTaTy mokasaam, IO CTYMHiHb MeTaJisaliii,
CTYIiHb BHUIAJ€HHS IMHKY Ta CBUHIK 3 OKaTUIIIB LIMHKBMICHOTO MUY
craHoBmwin 98,5%, 96,8% Tta 71,1% BiAMOBiZHO IIpM ONTUMAIBHMUX YMOBax
BiTHOB/IEHHSI.

I'mob6anbHa HecTaya MMHKOBUX IIAXT POOUTH BUAOOYTOK IIMHKY 3 IIMHKBMiCHUX
BiIXOiB aKTyaJIbHOK TeMOW sl JociigxkeHb [21]. Ha ocHOBi BigomocTeil mpo
Ji>kepesia Ta XapaKTePUCTUKU TWIY Bif, pi3HUX MPOIECiB, aBTOPMU IpoaHaIi3yBain
MeXaHi3Mu diznuHMX, rigpomMeTanypriiHux, IMipoMeTaTypriiiHUX i
MipOMeTaTypTiifHO-TiIpOMeTaNypPTiifHNX KOMOIHOBAHMX IIPOLIECIB YTWIi3allii Muiy,
Ta MOPiBHSIN 1Ii METOAM 3 TOUKM 30pYy CIIOKMBAHHSI eHeprii, CKIaJHOCTI mpolecy Ta
IIPOMMICIOBOTO 3aCTOCYBaHHSI. Pekymnepaliis LIVTHKY 3 muty  JCII
rigpomMeTa/lypriiiHMM MpOLIeCOM Ma€ HMU3bKi €KOHOMIiUHi BUTOAM, a 3aJMIIOK ITiC/s
BUJTYTOBYBAHHSI Ba)KKO IMOBTOPHO BMKOPMCTOBYBATM Ha CTaJIeIJIaBUJIbHUX 3aBOJAX,
110 TIPU3BOOUTD OO PO3TPATU pecypciB 3amida. TakoX BaXKKO €KOHOMIUHO BiTHOBUTU
IIMHK 3 MUY 3 BUKOPUCTAHHSIM Mpoiiecy Waelz uepe3 HUM3bKMUII BMIiCT IIMHKY B TINAJTY.
Tomy HeoOXimHO peanidyBaTH CUMHXpPOHHe BWIyYeHHSI IIMHKY i 3ajiza. ABTopu
BBaKAalOTh, IO IIipOMETAJNyPrifiHMii mpolec Ta KOMOiHOBaHMII  IIpoliec
MipoMeTasayprii Ta rifpoMeTanyprii € OCHOBHMMM TEHIEHIISIMU B Taay3i pelUK/IiHTY
iy ICIL.

B iHmii po6oTi [22] aBTOpPM CTBEPIKYIOTh, 1[0 TpsMa Mepepobka MWy €
HeIOIIIJIbHOO, TOMI SIK, MpMHaiMHi B [TiBHiUHI AMepuIli, yTuai3aliis Ha 6e3meuyHmnx
3BA/IMIAX CTa€ HeNmoMipHO [poporoi. I[IpencTaBiaeHi pe3yabTaTu MMOETAITHOI
IIporpaMu po3poOKM IIpoliecy oOpoOKM 1boro mumiy. Ilepmmit eTar IMmoc/aimoBHOTO
npoiecy — atMmocdepHe BwiyroByBaHHs mwiy [CII po3unMHOM XJOpPHOro 3ajisa.
[ToriM cycrnieH3i10 06pO6JISIIOTh B aBTOK/IABI B YMOBaX, 1[0 IPU3BOISTh 10 YTBOPEHHS
BUJIbHO OCizarvoro (igbTpyBajJbHOTO 3a/JIMIIKY, IO CKIAJAEThCS B OCHOBHOMY 3
reMaTUTy Ta KpeMHe3eMy. Pe3ynbTaTy BUMPOOYBaHb I1OKa3yiOTh, IO 3aJIMIIOK
BiTIOBiZa€ KaHAACHKMM KPUTEPISIM [J1s1 yTUIi3allil Ha CaHiTapHMUX 3Banuilax. Takox

06FOBOpIOIOTbCH MOK/IMBOCTI AJIbTePpHATMBHOI'O BUKOPMUCTAaHHSA 3aJIMIIIKIB.
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Ockinbky rimn JICIT BHeCEHO 00 CIMCKY HeGe3MmeyHnX BiAX0IiB i BiH CTaHOBUTH
OJIHY 3 TOJIOBHUX MPOGJIEM eJIeKTPOCTaJIeIJIaBWIBHOTO 3aBO/y, ITPOIIOHYEThCS [23]
3ailicHIoBaTH Mepepobky mwty I CII nisxoM crikaHHSI KOMIIO3UTHOTO arjiomMepary,
SIKUIA OePXKYIOTh IPU BUKOPUCTAHHI rpanyi 3 muiy ICII, 4aCTMHOK KOKCY, OKaJIMHU
Ta ¢umoopuTy. B pesyabTaTi Ipoliecy OyJI0 OTpUMMAHO ABa MOOIYHMUX ITPOAYKTH,
arjomMepar 3 3araJibHMM BMiCTOM 3ajii3a rmoHaz 70%, Ta UMHKOBUIL MNJI, 110 MICTUTb
6inbire 50% IMHKY B pe3y/bTaTi BMIIAPOBYBAHHS I[bOTO MeETaJTy IIif, Yac Mporecy
CIIiKaHHSI i 30MpaHHST pykaBHMM (QinbTpomM. KpiMm TOro, BumIydyeHO O6JI1M3bKO
90% CBMHIIIO i KaiMil0, SIKi MiCTSITbCSI Y TIOYaTKOBOMY TTMITY.

[TlinkpecnoeTbcsi aBTOpamMu poboTu [24], 1m0 MaiibyTHit pPO3BUTOK ITpoIecy
TOBMHEH BMKOPUCTOBYBATU KaTaJiTMUHUI edeKT mMeTaseBOi BaHHMU, IO IIpuU3BeLe
JIO TTOKPaIlleHHS KiHeTUKM MPOoLeCy Ta ONTUMIi3allii EKOHOMIiKM IIPOLIeCy.

OCHOBHOI0O Tp0O6/IEMOI0, 3 SIKOK CTUKAIOTbCS 1Ii MpOIecH, € 3HIDKeHHS
cTabi/JIbHOCTI OJHOTrO 3 MPOAYKTIB peakilii BiJHOBJIEHHS, OKNUCY BYIJIEILIO IIpU
3HIDKEHHI TemIiiepaTypu. lle mpu3BoAUTh M0 30i/MbIIEHHS BiZCOTKa BYIVIEKMCJIOTO
ra3y B rasax, 10 YTBOPIOIOTbCS B pe3yJibTaTi peakilii, KOJM BOHU OXOJIOIXKYIOThCS i
YacTMHA IMHKY MepeoKUCTIETbesa. KpiM Toro, miap i cipka KOHILIEHTPYIOTbCSI B
O6araTMx Ha 3aJ1i30 3aJMIIKaX i 3a0PYAHIOIOTh 3a/1i30, BUTSITHYTE 3 I[MX MaTepiaib.
MoXXIMBUM MIPOIECOM, SIK POTIOHYIOTh aBTOpM [25], 6ye peakiiisi MUy i3 TBepAUM
a6o pigkum 3amizoM. Y 11bOMY BUIIAJIKy ITap B OCHOBHOMY Oy/ie CKIagaTuCs 3 IIMHKY.

PosrnsigaroTecs [26] MOXKIMBOCTI MiABUILEHHS BMICTY IMHKY Ta CBUHLIIO B ITUITY
TIpU BBeeHHi Jioro B Mmiv. KiHeTuKy JOCTiKyBaii B eKCIIepUMEHTAaX, y SIKUX MU
BBOAMIM B 70 Kr 4yaByHy ab0 CTasli B iHOYKIiHiMA medi. Byayu TakoxX AOCTiIKeHi
IOJATKOBi A00aBKM BYTJ/IEl0 Ta KUCHIO [ TIOA0JIaHHST TeIJIOBOIO HaBaHTasKeHHS
Ha cucteMy. BmicT umHKy 36imbmmBest 3 16% mo 60...80%. bansbko 50% LMHKY B
TIJTy PO3UMHSIETHCS B UaBYHi abo cTasi. ABTOpaMM BCTaHOBJIEHO, 10 ZnO y mumiay
BiJHOBJIFOETHCSI PO3UMHEHMM BYyTJIelleM i MapamMiy [MHKY, PO3UYMHEHUMMU B 3a/i3i.

OcTaHHIM YacoM MiKpOXBM/IbOBA €Hepris BUKIMKAE BCe OiNbIIMII iHTepec I
TIPUCKOPEHHS TeIUVIOBMX peakuiit. Y poomimkeHHi |[27] po3misiiaBcsl BIUIMB
MiKpOXBMJIbOBOTO HarpiBaHHSI Ha MBUIKICTb BiJHOBIEHHS LUMHKY 3 MWy
eJIeKTPOJYyroBOi IMeyi i XpoMy, IO YTBOPIOETbCSI TpU IUIABIi Yy KOHBepTepi.

PesynbTaTy IIOKasaau, M0 MiKPOXBMUJIbOBE HarpiBaHHS MOTpeOye HIDKYOi
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TeMIepaTypy IJjis BiTHOBIE€HHS LIMHKY 3 MUY MOPiBHSHO 3i 3BMYATHUM TeIIOBUM
HarpiBaHHsIM. [IJ1s1 MMy 3 KOHBepTepa piBeHb BiTHOBIE€HHS LIMHKY 37,84% Ta 97,43%
OyJIO OTpMMAaHO MpPM 3BMYAMTHOMY Ta MiKpPOXBM/JIbOBOMY HarpiBaHHi BiIITOBiZHO
npu 850°C. [Inst muny IICII piBeHb BigHOBIeHHSI LIMHKY 79,88% Ta 98,20% 6yio
OTPUMAHO MpPU 3BUYAHOMY Ta MIKPOXBUJIBOBOMY HAarpiBaHHi BiAMOBIOZHO Ipu
850°C. IlokpalieHe BiTHOBJIE€HHS IIMHKY B I[bOMY HOCTiIKeHHi O0ys0 3po0jeHO B
pe3yJbTaTi IMBUAKOCTI MIKPOXBMJIbOBOTO HarpiBaHHS Ta B3a€eEMOAIl MixX
eJIeKTPOMarHiTHMM MiKpOXBUJIbOBUM I10JIEM i MOJIEKYJIaMM HarpiTux MatepiasiB.

3 maBwiIbHOTO arperaty npu Burviasii crani B JCII BUOansitoTbCsl MPOAYKTU
B3a€EMO/il y BUIJISAAI AUCIIEPCHMX YACTMHOK Ta MapiB, SIKi KOHIOEHCYIOTbCS Ta
HaKOMUYYIOThCS Y BUTJISAAL Uy Y GiibTpax razoounieHHs [13-30]. CkiagyBaHHS Ta
TIOXOBAHHS [IMX BiAXOMiB He PalliOHAIbHO 3 TEXHIYHOI TOYKM 30pY, OCKUIBKM BOHU
MalTh BMCOKMII BMIiCT LIMHKY Ta CBMHIIIO Ta BMCOKMII BMICT 3ai3a, IO pOOUTH iX
IIIHHOI0 CHMPOBMHOIO. Haiibifibml CKIAAHMM 3 TIOMJISIAY PEeUMKIIHTY € TUI
ra3004MIIEeHHS eJIeKTPODIIbTPiB €JIeKTPOCTAIEIIaBUIbHUX LIEXiB.

Ck/IagHICTh BUIYUYEHHS LMHKY Ta 3ajli3a 3 MWy ra300uuIleHHs TOJsITaE B
TOMY, 1[0 OOMIIBA €JIeMEHTH BXOJSTh IO CKJIaAy KOMIUIEKCHOI CIIONYKM — (epuTy
IIMHKY, i3 3arajibHOI0 dopmysnoio ZnFe;0,, SIKy HEOOXiTHO PO3KIACTU TE€PMiUHUMMU
a6o ximiuHuMu wMerojgamu. Ilua enexkrpomyroBux teueit (ICII) € BakIUBUM
BTOPUHHMM PeCcypcoM, SIKMii MiCTUTb 6araTo MeTajeBuX eJieMeHTiB, TaKUX K IIMHK,
CBMHeELlb, 3a/1i30, XpoM 1 Kaamili [17 - 30].

[lle Ginplre 3aroCTPUTH MPOGIEMY YTUIi3allii CTaIeIIaBUIbHOTO MUY Iepexis
Ha BMPOOHMIITBO OLMHKOBAHOIO JIMCTA [JiI aBTOMOOi/seOymyBaHHSI  Ta
KOHCTPYKIIIMIHMX MaTepianiB i3 3axMCTOM Bif, KOpO3ii MOKPUTTSIMM LMHKY, IO
IIOBEPTAOThCS y TeperiaB y BUIISAI cKparmy. Ilomyk edeKTMBHUX TeXHOJIOTi
yrunizanii oty ICIT i3 BUaydeHHSIM LIiHHUX IIPOIAYKTIB € Oy>Ke aKTyaJlbHUMMU Ta
HACYIIHMMM, OCKiJIbKM 3a0€311eUyIOTh IIOBEPHEHHS Y BUPOOHMUIITBO I[iHHMX METaJIiB i
OTHOYACHO CHPHUSIOTh 3HIDKEHHIO 3a0pyJHEHHSI HaBKOJMIIHBOIO CEepeIoBUINa,
OCKIJIbKM TIpM 1IbOMY CKOPOYYIOTbCS BUKUOM Y BiBajaM Ta 3aIio0iraioTh IIKOIi

HABKOJIMITHbOMY CepeIOBUIIY Ta 3J0POB 10 JTIO/IE.
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IlInsixu yTBOpEeHHS MWJIY B TEXHOJIOTISIX Ofep>KaHHA METa/IiB Ta CIUIaBiB

LIMHK 3 Ty MOKHA BiJHOBUTU 3a JOMOMOIOI0 Pi3HMX TEXHOJIOTii, a 3aJIMIIIOK
MO>KHA BMKOPMCTOBYBATU SIK CMPOBMHY [IJIT BUPOOHMIITBA CIUIaBiB 3amiza. Y pobori
[21] 6ynu HaBedeHi Iykepejia Ta XapaKTePUCTUKU MUY Bifl pi3HMX MpolieciB Ta
IpefcTaB/ieHi MexaHi3Mu (i3uYHOTO, TiIpOMeTaNypTiifHOro, IMipOMeTaIypTiifHOTO
Ta KOMOiHOBaHi MipoMeTaTypriifHO-TiZpoMeTalypriiiHi mporecu yTuiisallii mury ta
1Ii METOAM MOPIBHIOKTHCS 3 TOUKM 30Dy CHOXMBAHHS €Heprii, CKIagHOCTI mpolecy
Ta IPOMMCIOBOTO 3aCTOCYBAHHSI.

YV nmporeci BMpOOHMIITBA YaBYHY Ta CTaji MOXKe YTBOPIOBATUCS BeJMKa
KUIBKICTb mmily. Y TOKYMEHTI [29] aHaIi3yeThCs XiMIUHMIA CKITIaZ, PO3IIOA LT YaCTMHOK
32 PO3MipOoM i MiKPOCKOMiUHi XapaKTepUCTUKU MMy BUPOOHMIITBA CTaJli.
CraneruiaBWiIbHMIT TWI Ma€ BUCOKMIAI BMICT 3ajida, 3HauHy KijgbKicTb CaO Ta
MiCTUTh ByIelb. lLleii mma Big BMPOOHMIITBA YaBYHY Ta CTaji MOKHA
BUKOPUCTOBYBATH K CMPOBUHY IJIT BUPOOHMUIITBA YaBYHY. YaCTMHKM MUYy MalOTh
MaJInii po3Mip, 110 MoTpebye 3HAYHMX 3YCUJIb IJISI OpraHi3allii MuIoy/JIOBIIOBaHHS.

BinburicTs BUAIB MeTanypriitHOro nmuiy He MOXXHa 6e3mocepeHbO TTOBepTaTH
IO MPOLIeCciB BMPOOHMIITBA YaBYyHY Ta CTajli yepe3 BMICT IIMHKY. Byso po3pobiaeHo
6araTo IIpoIleCiB [JisI BiIHOBJEHHS MeTa/JiB 3 Iy, 060 KOMIUIEKCHO
BMKOPUCTOBYBATH iX i BUPIIMUTHU 11i eKosnoriuHi mpo6semu [30]. Uuuk y SMD moskHa
BiTHOBUTM 3a JOMOMOTOIO IIX TE€XHOJIOTil, a 3aJIMIIIOK MOKHA BUKOPUCTOBYBATU SIK
CUPOBMHY [IJIS1 BUDOOHUIITBA YaBYHY.

VY mpolieci BUpPOOHMIITBA UaBYyHY B JoMeHHMX Teuax ([I) uuHK y mmiIy B
OCHOBHOMY MOXOJNTH i3 crieueHoi pyau [31]. LIMHK € MiKpoeJieMeHTOM Yy CUPOBUHI
N1, i 3a3BMuait BiH HagxoauTh y Il y Burasiai okeumiB i cynbdigiB. CIIONyKY LIMHKY
JIETKO BiJTHOBJIIOIOTBCS 3a BMCOKOI TemIiepaTypu Ta BimHOBHOiI aTMocdepu, a MoTiMm
BUIIAPOBYIOTbCS 3@ BUCOKOI TeMIlepaTypu uepe3 HU3bKY TeMIlepaTypy KUITiHHS,
MOTpaIvISIiouM B AMMOBMIA Ta3 i BiANOBiAHO TMigHiMalooumuch yropy. Hesemuka
KUIBKICTh IIMHKY OCiZla€ TiCas OKMUCJIEHHSI B HM3bKOTeMIEepaTypHiii 30HI BepXHbOI
YaCTMHM [TOMEHHO1 Medyi, MOTiM BiH MOTpamsie pa3oM i3 muxTor. Lig dacTuHa
IIMHKY COIPUYMHUTD LMK/IiYHEe HaKOoNMueHHs IMHKY B [I1, ToMy BMicT UMHKY B [II1
He 1oBMHeH mepeBuiryBatu 10% [5]. Besnka yacTMHa IMHKY MOTPAIVISIE B CUCTEMY

ra30BOro NMUJIOBiIBeJeHHS 3 IMMOBMMM ra3amMi i B KiHII€BOMY ITiCYMKY MOTpaIuisie
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B Imwi. BupaneHHs mnuiay GiIbTPyBaHHSIM € pPi3HOBMUIOM METOAY OUMIIEHHS
BiIXimHMX rasiB Bim ApiOHOro muiIy, IO € IOUIMPEHMM METOJOM 3aBISKM CBOIM
riepeBaram y BUCOKIil IMIBUAKOCTI BUOaIeHHS MWITY, HU3bKili BAPTOCTI Ta HU3bKOMY
piBHi 3a6pyIHEeHHSsI. 3araJbHMUII BMICT 3aJ1i3a B I[bOMY ITMJTy CTaHOBUTD 23,4...35,6%, i
3a7i30 B OCHOBHOMY icHye y d¢opmi MarHetuTy. BmicT ByIielio B HbOMY
ctaHoBuTh 18,5...33,0%, 110 MOKe 3MEHIIUTU KiJbKiCTh BYIJIEIlO, SIKUit
BUKOPUCTOBYETBCS I BiHOBJIEHHS. BMicT UMHKY cTaHOBUTH 1,2...3,4%, UMHK B
OCHOBHOMY icHye y Bumsigi ZnO Ta ZnFe;O4 IIny mOMEHHOTO BMPOOHMIITBA Mae
HEeBeJMKMIT PO3Mip YaCTMHOK i HEBEeJIMKYy MUTOMY Bary. SIK IpaBwio, CYKyITHa
MIBUIKICTH TPOINTyCKAHHS MMy CcTaHOBUTH 50...65% 1pM  BUKOpPUCTaHHI
cuta 200 mesh. Tomy BiH jierko po3citoeThcsi B aTMocdepi i cyIbHO 3a0pymHIOE
HaBKOJIMIIHE CepeIOBUIIIE.

VY mpoleci BUPOOHMIITBA CTaJli B €JIEKTPOAYTOBUX Ievyax UMHK y mury JICIT B
OCHOBHOMY MOXOOUTH i3 OLMHKOBAHOTO OpyxTy. [IMa cKIamaeTbcs 3 arjioMeparis
Iy>)Ke OpiOHMX HeperyasspHuX i 37erka chepuyHMX YaCTUMHOK i JesIKUX SIBHO
PO3IIIaBIeHNX OUMbIINX chepuyHuX YacTMHOK. dopma IMX YaCTUMHOK Bimobpakae
MexaHi3m yTBopeHHs ity [ICIT y niporieci BupobHuiTBa crajti [32]. JocaimkeHHs
TToKa3aJju, 1[0 OCHOBHOIO ITpuunHOoI0 yTBopeHHs mmty IICIT € po3pus 6ynbbaniok CO
Ha TMOBEPXHi pO3MiaBy, 110 PO3PMBAE IUIIBKY PO3IUIABY, SIKa CIOYATKy BKpMBAja
OynbOaIIKy Ha ApiGHI Kparli, a TMOTiM 1i ApiOHi Kparli TaKOX BUKUIAIOTHCS pa30M
i3 ByTJIEKMCJIMM Ta30M.

Kpim TOro, yepes mBuaKe HarpiBaHHS Ta OypxiuBe mnepeminryBaHHs B JICII
MeTaJl 3 HM3bKOI0 TeMIlepaTypolo IUIaBJIeHHS Oyne BMIapoByBaTucs abo
MOTpaIuIsiITU 6e3mocepelHbO B CUCTEMY BUAAJ€HHS MUIY 3 TTOTOKOM rapsiunx rasis
pa3oM 3 IesSKMMM OKCUAAMM B IIVIaKy. BuilleBKa3aHMi1 U 3 1Mevi OCTaTOUYHO OCifae
B CUCTeMi BUAANeHHS TIWIY 3 YTBOPEHHSIM CTaJIelJIaBUJIbHOTO MUy. BignoBigHo 10
JiTepaTypHux pAaHuxX, y Kwurai Bwmict 3amiza B 1umny [ICII  cTaHOBUTH
npubansHo 29,0...48,6%, a BMiCT LIMHKY — MpuoOgn3HoO 3,8...27,0%, K IOKa3aHO B

Tabaui 2.
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Tabmuis 2
XiMiuHMI1 CKIaz, TTWITY, IO YTBOPIOETHCS B Pi3HUX IpoLecax [33,34].
Twumn nipoiiecy XimiuHmii cknam, % Mac. Oxcun
Fe C Zn Mg JIy>kHUIA | LMHKY
MeTas
JToMeHHMIi TTUT 23,4-35,6 | 18,5-33,0 | 1,2-3,4 |0,5-1,1 | 0,4-1,9 | ZnO,
ZnFe;04
KonBepTepHMit i 50,0-80,0 | - 1,7-9,4 | 0,4-2,2 | - ZnO,
ZnFe,04
I ICII 29,0-48,6 | 0,4-3,0 3,8-27,0 | 0,4-2,2 | 1,2-2,7 ZnO,
ZnFe,04

I[Imn [OCIT Moxe BMKIMKATU JYKHICTb TIpPyHTY MNOpMU CKJIaAyBaHHI Ha
MIPOMMCJIOBMX MalilaHUMKAaX 3aBASKM CBOEMY JIY>KHOMY cKitany. Kpim Toro, mun IICIT
MiCTUTb €JIeMEeHTU BaXXKMX MeTaliB, Taki gk Pb, Ni ta Cr. 1li esemeHTU OynoyTh
MPOCOYYBATUCSI HA30BHI MiC/as 3MMBAHHS JOLIEM Mifl yac YKIaJaHHS, COPUUYMHSIIOUN
3a0pYyIHEHHS BOIM Ta IPYHTY BasKKMMM MeTalaMu.

[TipomeTanypriiidi npouecu € epekKTUBHUM CIIOCOO0M MepepoOKM eIEMEHTIB 3
eJleKTpoCTaeIlJIaBUIbHOrO Muy. B paHmii 4ac IpoileC BigHOBJIEHHS MWy B
OCHOBHOMY IIOMiJIIETbCS HaA ABi KaTeropii: mpsiMuii MeTOH, BiHOBJIEHHSI i MeTO/
BifHOBHOI T11aBku. TemrepaTypa B peakliliHiii 30HI 1MX [OBOX METO/IB
BiIpi3HSIETHC, 0 pOOUTH peakilii Mi>k KOMIIOHEHTaMM CMPOBMHM B MeUi pisHUMMU, B
pe3yJbTaTi YOro yTBOPIOIOTHCS Pi3Hi KiHIEBi MpoayKTu. LIMHK, cBMHeIb Ta iHIII
HU3bKOKUILJISIYI OKCUAM MeTaJliB y Iy BiJHOBIIOIOTHCS A0 MeTaly y BUTJISAL TTapu i
BiJOKpPEMJIIOIOTBCS Bif, 3anuilKy. Pi3HUIIS B TOMY, 1[0 TeMIlepaTypa B 30Hi peakilii
MeTOy IpSIMOTO BiJHOBJIEHHSI HMXX4Ya, 3aJUIIOK He IIJIaBUTbCS, a OKCHUJ, 3ajiza B
HbOMY BiTHOBJIIOETHCS [I0 3aJIi3a MPSIMOTO BifHOBJ/IeHHs1. TemIiepaTypa B peakiliiiHil
30Ha MeTOAY BiTHOBHOI MJIaBKM OyKe BMUCOKA, i Mali>ke BCi OKCUAM MeTasiB 3 MUy
BiTHOB/IIOIOTHCS 1 IIJIABJISITHCS.

3a3Buuali BUKOPUCTOBYBAaHi METOAM MPSIMOTO BiJHOBJEHHS BK/JIIOYAIOTh
Besnbii-mipotiec [33-41] i mporiec 3 ob6epToBMM moaoMm [35]. MeTomu BimHOBHOI
I1aBku BrIO4awTb OxyCup [36, 42-43], npouec DK [41] i mpouec i3 KOKCOBUM

mapom [38, 44 - 46]. XapakTepuCTHKa I[1X ITPOILIeCiB ITOKa3aHi B Tabyuili 3.
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Tabnuiga 3
[TopiBHSIHHS MipOMeTaTYPTiliHUX MPOLECiB 3HELMHKYBAHHS Ty[33-38]
ITIpouec |[IpomykT [lepeBaru Henmoniku
Zinc-rich 1. MeHmie KpokiB omepaiiii Ta|l. Bucoxi BUTPATU Ha
dust; Waelz|mpocTuit mpotiec 06C/TyTOBYBaHHS
Bessr oxide 2. HanaronmeHa TexXHOJIoTisE Ta|2. HI/I3bKa.1'IpO,EWKTI/IBHiCTb .
HaJiiHUI1 TIpo1ec 3. Bucoki BuMOrM A0 BMICTYy
LIMHKY B CMPOBMHI (BMICT IIMHKY
>16 %)
36arauenmit |1. Iobpe HajnaromkeHa|l. Bucoki mouyaTkoBi iHBeCcTHUIlii
LVHKOM TeXHOJIOTis Ta HaAiliiHWUIi ITpollec |Ta eKCITyaTalliliHi BUTpaTu
RHF m/m.; 2. MeHIPe orepaliifiHuMx KpoKiB i|2. Bucoki Bumorum mo po6ouoi
3aJ1i30 IIPOCTUI ITPOIIEC TeMIepaTypu
IIPSIMOTO 3. Bucoka mBUAKiCTh MeTasi3allii
BiIHOBJIEHHS | 3Q/IMIIIKY
36arauennit (1. Baratro BupgiB My, sSkuii|l. Poboumii UMKI 06JagHAHHS
LIMHKOM MO>KHA ITepepoouTu KOPOTKUI
OxyCup TIAJT, 2. Bucokuii KoediiieHT|2. Bucoka BapTicTh BUIJIaBKYU
pO3IlIaBeHe |BUITyYeHHS MeTaly
3ai30; 3. Bumcoka mgomaHa BapTiCTb
IIJIaK MMPOAYKIILii
UaByH; 1. BigmpaliboBaHa TexHOJOris1 Ta|l. Beayke cIioskMBaHHS eHeprii
NI HaIiliHMI1 TIpoliec 2.  CepitosHe  3a0pyaHEHHS
36araueHmit |2. Husbki iHBecTUIIii B|JOBKIiJIIS
DK LMHKOM o6/1afHaHHS 3. ITorana 6esmnexa
3. BupobneHuit 4YaByH MOXKHA|ZOBrOCTPOKOBOI eKCILTyaTallii
BUKOPUCTOBYBAaTM B  IMpoiieci
JINTTS
36araveunii |1. MosknuBe po3ninenHs|1. Benuke croskuBaHHS Temja i
IIMHKOM MeTaJjIeBOro 3aJi3a Ta IIIaKy BifmpalibOBaHe TeIJI0 Ba)KKO
CriikaHHS |TIWIT; 2. CupoBuMHa He TOTpebye|BiTHOBUTU
3 po3MiaBjieHe |arjaoMeparlii 2. Bucoki Bumoru o marepiasiB
BYyTJIeIeM |3a1i30; YCTaTKyBaHHS
IIJIaK 3. Bucoka iHBecTUIIiIHA
BapTiCTh

[TipomeTanypriiiHi Tpoilec MOKYTb ITIEBHOK MipOI BiJHOBUTU 3aIi30 i LIMHK

i3 muy, ane B IMX Mpoliecax € MOesKi Mmpob6iemu, siKi MoTpe6yloTh TepMiHOBOIO

BupileHHs [47 - 49]. 3okpema, Benbli-niporiec Ma€e BUCOKI BUMOIM OO CUPOBUHU,

HecTabiIbHMUIT TEXHOJIOTIUHMIA TTPOLIeC Ta BUCOKe cIIoXXuBaHHS eHeprii. [Ipoiiec RHF

Ma€ HU3bKY ePeKTMBHICTb BUPOOHMIITBA Ta BUCOKI iHBeCTUIiliHi BuTpaTtu. Ilpoiiec

ISSN-print 1991-7848
ISSN-online 2707-9457

385



“Modern problems of metallurgy” N2 28 - 2025

OxyCup Mae KOpOTKMIT poboumii IIMKA OOGJagHAHHSI Ta BMCOKY BapTiCTh depes
BUKOpUCTaHHS KOKcy. [Ipoitec DK criokmBa€e BenMKy KiJIbKiCTh €Heprii, a BUKUIY Bil
MpoIIeCy CITiKaHHS 3a6pyIHIOITbh HABKOJMINHE cepemoBuiie. IIpoiiec KOKCOBOTO
IIapy Ma€ BMCOKi €eHePTOBUTPATY Ta MaJIMii TEPMiH CJTy>KOM 06J1aTHAHHS.

[Ipouiecu mipoMeTanypriifHO-TiZPOMETANyPTiifHOI KOMOiHOBaHOI 0OpPOOKM
(PHCT). IloegHaHHSI IipOMETANypriiHMX 1 TiAPOMETANyPriiHMX MPOLeCiB OJs
00pOOKM CTaJIelIaBMIbHOTO IIWJIy MOsKe peasi3yBaTy KOMIUIEKCHE BiTHOBJIEHHSI
pi3HMX LIiIHHMX MeTasliB 3 mwiy. IlipomeTanypriiiHa yactuHa mnpoiecy PHCT moske
BukopuctoByBatu RHF gns1  6GesmocepeqHbOTO  BiAHOBJIEHHSI Ta  BUIATY
MeTaTypriiiHOro MUy, B SKOMY MeTa/IM 3 H/KUOK TeMIlepaTypolo KUITiHHS, TaKi SK
IIMHK, CBMHEIb Ta KaaMiit, 0yIyThb BiTHOBJIEHi B ra30oBi BUKUIN. [1ic/Isa 0X0MOmKeHHS
BUKUIIM TIPOXOMSITh OUMILEHHSI B pyKaBHOMY (inbTpi, a MOTiM JyKHMIA MeTan 3
YJIOBJIEHOTO MWIY BiTHOBJIIOETHCS TiApoMeTanypriiiHum metomom. Ilicist boro Zn,
Pb Ta Cd i3 1mmamy BWIYTOBYBaHHSI MOKHA  BWJIYUUTM  MeETOHOM
BUJTYTOBYBAHHS aMiakKOM.

Lleit meTon moxe pyiiHyBaTu ZnFe,O4 IIpU BUCOKINM TeMIlepaTypi Ta AOCATATU
BUCOKOe(eKTUBHOIO pO3/iJieHHs LIMHKY Ta 3aJi3a B muiay. LIMHK B OCHOBHOMY iCHY€
y popmi ZnO, KMt JIeTKO BUMMBAETHCS ITiC/AS OOPOOKM TMIy, TOMY HIBUAKICTH
BWIy4YeHHS Zn 3 nuiy 6yae mokpaiieHa. [Ipoiiec PHCT moxke mmoeqHyBaTu mepeBaru
MeTOZiB TMipomeTanyprii Ta rigpometanyprii. BiH pgosae HMU3bKY edeKTUBHICTb
BUJIYUYEHHSI LIMHKY MeTOJaMM TiipoMeTalyprii Ta HM3bKYy UMCTOTY IIMHKY
OTPMMAHOTO MeTojaaMM IMipomMeTtanyprii. OgHaK Ieil mpoiec Iepembadae Ginbliie
TeXHOJIOTIUHMX OTlepalliii i BUIli iHBeCTUIIi/iHI BUTPaTH.

BukopucTaHHs CTa/lelyIaBWIbHOTO MY K TeXHOT€HHOTO pecypcy Moxe OyTu
peasli3oBaHO 3a JIOMOMOrow (i3sMyHuX, TiApoMeTaTypriitHuX i MmipomeTanypriitHux
IpolleciB, i BoAHOYAC MOXXYTh OYTM BUpIllleHi eKOJIOTiuHi mpobjemu, BUKIMKAHI
HAKOMMUYEHHSIM MUy, 3MEHIIUTU TOMUT Ha MiHepajbHi pecypcu Ta IIPUHECTU
eKOHOMiuHi Buroau. IlepeBaru Ta HeJOJiKM LMX IIPOLIECiB 0OPOOKM MOPiBHIOIOTHCS
B Tabu1Ii 4.

®isuyHi MeToaM MOAUISIOTh MU/ HAa MW 3 BUCOKMM BMiCTOM LIMHKY Ta TWJI 3
HU3bKMM BMiCTOM LIMHKY BilIOBiAHO O Pi3HMUIII B PO3Mipi YaCTMHOK i IIiIbHOCTI.

[T 3 HU3BKMM BMiCTOM IIMHKY MO>XHa BMKOPMCTOBYBATU B npoueci CIiKaHHS Ta
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TIOBEPTATH B MPOIeC BUPOOHUIITBA YaBYHY Ta cTati. OgHaK BMIiCT IIMHKY B 6araTomy
Ha UMHK MMWIy HeJAOCTaTHI 151 6e3rocepeHbOT0 BUKOPUCTAHHSI Y BUPOOHUIITBI
METaJIeBOr0 LIMHKY, i MOTPiOye MoJaabIIoro 30arauyeHHs Ha UMHK. Tomy ¢i3muuHmii

MEeTOJi MOXKHAa BMKOPUCTOBYBATM JIMIIE SIK IIPOIeC IIOTNepeaHbOi OOpOOKM s

riApOMeTa/ypriiiHOTO Ta MipOMeTaaypriiHoro mpoiecis.

Tabanug 4
[TopiBHSHHS KiJTbKOX IMPOLIECiB 06POOKYM BITyUeHHS MeTaliB
i3 ctaneraBmuabHOrO Iy [50 - 54]
ITporec rmepepodbku  |IlepeBaru Henmosniku
@izuuHMit rpoiiec 1. IIpoiiec excryaTailii mpocTuii |1. [MpogyKTu He MOXXHA

2. Hu3pkKi iHBecTHIIii

repepoosIsITY 6e3mocepeTHbO
2. Husbka e eKTUBHICTb

ligpomeranypriiiamii | 1. Bucoka mBUAKICTh|1. [lmam, SIKMit yTBOPIOETHCS TIPU
mpoiiec BUWIYTOBYBAHHS I[iIHHMX METajliB |BMIYTOBYBaHHi,  He  IiJJsrae
2. Bucoka e eKTUBHICTb |TIepepoOiIri
BUJIYTOBYBaHHS 2. Benyka KiJIbKiCTb BWIyTOByBava
3. HeBigHoBieHi iHIII MeTanu
Ty 3a06pyAHIOITh BigHOBIEHUI
MeTal.
lppomeranyprivinmii |1. 3anizo, Byrienp Ta iHui 1iHHi|l. CTymiHb BWIyYeHHS MeTaliB Y
npotiec eleMeHTU NIy MOXYTb OyTHU|KiHIIeBUit MPOAYKT CUIBHO
MOBHICTIO BUKOPUCTaHI BiZpisHsIEThCS
2. [IponykTu, 10 MiCTITh 3aii30,|2. [Ipoiec peakiii CHOOXWUBA€E
MOXYTh OyTM Oe3IocepeaHbo|6araTo eHeprii
BUKOPUCTaHI $IK CUPOBMHA [OJisl
BUPOOHUIITBA YaBYHY
IToegHaHHSA 1. Tloemnye B cob6i mepeBaru|l. BaraTo omepaiiiii i ckIagHMit
MipoOMeTanypriiHOro |MipoMeTalTypriiiHUX i|mpouec
i rizpomMeTanypriiiHux npoueciB  |2. Bucoka iHBecTullilfiHa BapTiCThb
rigpomeTranypriiiHoro|2. Bmcoka TIOBHa IIBUAKICTb
rnpotecy BiZHOBJIEHHSI MeTaTy

lgpomeTanypriiiHMMM MMpolecaMy MOKHA OTPUMATH I[iHHI MeTasiu 3 BUCOKOIO

MacCOBOIO YaCTKOI0. X eHeproeMHicTh HM3bKa 3aBASKM TOMY, IIO BOHM ITPOBOASTHCS
Npu HU3bKi TemnepaTtypi. OOHaK Ii MeTOAM BMMAaramTb BUCOKOI KOPO3iiiHOI

cTifikocTi obnmamHaHHs. lllnaM BUIYrOByBaHHS He MOXe OYTM BUKOPUCTAHUIL SIK
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CUMPOBMHA OJISI JOMEHHOI Meui 4yepe3 CKIAAHMIA CKIa[ i He BiAIIOBigae BMMOTram
3aKOHOJIaBCTBA PO OXOPOHY HaBKOJIMIITHBOTO CEPeIOBMUIIA 100 36epiraHHs.

[TipomeTanypriiiHi Ipoiiecu Ha CbOTOHI € OCHOBHMMM MeTOAaMU BiTHOB/I€HHS
muty. EGeKTUBHICTh IIMX METOHAiB BiJHOCHO BMCOKA, i I[iHHI eJeMeHTU B Iy
MOXKYTbh IIMK/IiYHO 30arauyBaTucs. [IpomgyKkraMu € MeTaja abo MeTali30BaHi OKaTHIII,
SKi MOXXHa Oe3IocepeIHbO IIOBEPTATM B IMpoiec BUPOOHMUIITBA cTami. OmHaK
MipoMeTaTypTiiiHi IMpo1ec MoTpedyIoTh MOAABIIOT0 BIOCKOHAIEHHS Yepe3 BUCOKe
€HeproCIOKMBAHHS, HU3bKY YMCTOTY IPOIYKTIB i BesMKe 06IaJHAHHS.

3aJMIIOK Mic/s ITipoMeTanypriiiHoi 06podkyu B kombiHoBaHOMY mporieci PHCT
MO3Ke OYTU ITOBEPHYTHIA Y TIpOliec BUPOOHUIITBA YaBYyHY Ta CTaJjli 3aBASIKM BUCOKOMY
CTYIIeHI0 MeTasi3alii Ta HU3bKOMY BMICTy LMHKY. ITic/s 0bOro iHIIi LIiHHI MeTanu,
3baraueHi B IWIY, MOXYTb OYTM IIOCTYIIOBO BMJIyUYeHi 3a JAOIIOMOTOIO
rigpomMeTanypriiiHuX MpPoLeciB OJisI JOCSTHEHHS TOBHOTO BUJIYYeHHS 3 CKIAIy IUITY.
Lleit mpollec MaXOoauTh IJIST TTepepoOKy BeJMKOiI KiJTbKOCTiI IMHKBMIiCHOTO IMIY, 3
pi3HUMM BMiCTOM IMHKY. OlHaK TeXHOJIOTiYHMIA IIPOllec TaKOX Ma€ Hedo/liKu, SIKi He
MO’KHA iTHOpPYBaTH, TaKi SK OilbIla CKIAAHICTb, OibINa KiJIbKiCTh TEXHOJIOTiUHMUX
oriepailliii Ta BUIIi iHBeCTUIIiViHI BUTPATH.

Ha ocHOBi aHamidy JiTepaTypHMX AaHMUX, a TaKOX JOaHUX, OTPUMaHUX 3
MpakTUKM IMX MeTO[iB, MOXHa 3poOUTM BUCHOBOK, IO IlepepoOka
CTAJIETIJIaBWJIBHOTO MUYy 3 aKIIeHTOM Ha BiJHOBJIEHHS LIMHKY € NOCUTh CKJIALHOIO, i
icHye 3HaUHMII BIUIMB $IK XiMiYHOrO CKJIaAy MWy, Tak i iHmuMx QisuuHux i
MiHepaJIbHUX JI0r0 XapaKTepUCTUK [53 - 67].

[TlipoMmeTanypriiiHi Ipoiiecy MOKYTb JIeriie BIOPaTUCS 3 HIMPOKUM Jlialla30HOM
XiMIYHOTO Ta MiHEpaJIbHOTO CKJIaAy MUy, ajie MaloTh BUILLY BapTiCTh BIPOBAIKEHHS
(uepe3 HeOOXimHMIT MaciITab pobOTH Ta CKIALHICTb O0OJIaAHAHHS); BOHU TaKOX
IIeMOHCTPYIOTh OOMEXKEHHSI JJIs1 BiTHOBJIEHHS 3aJli3a, KOJM 1€ € YaCTMHOW IIimi
npoiiecy [54, 55].

3 inmoro 60Ky, TimpoMeTanypriiiHi Ipolecu € 6iIbll yHiBepcaabHuMM [52],
KOJIM MAeThCS MPO BigHOBJAEHHS iHIIMX MeTaliB, KpPiM LIMHKY, HalpUKIad, Miai;
OlHAK HA HMUX OiJbllle BIVIMBAE€ IIPUCYTHICTb IIMHKY B MiHepaJibHUX BUIAX

bpaHKIiHITY Ta TakKi AOMilikM, SIK xjopuau. Lli mpoilecu MOXYTb YTBOPIOBATHU
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BiIXOAY Ta CTOKM 3 BUCOKMMM BUTPATaMM Ha OUMINEHHS Ta YTUIi3alilo, 10 4acTo
TepekoIKae ix peasisaiiii.

[llo cToCcyeTbCs BKIIOUEHHS CTaJeIIaBMJAbHOTO MNWIy B iHIII MaTepiaau,
HAsSIBHICTb TaKMX €JIeMEHTIB, SIK CBUMHEILlb, KaJMiii, CIIOJIYyKM LIMHKY Ta XJIOPY, MOKe
BIUIMHYTHU SIK HAa 00pOOKY, Tak i Ha SIKiCTh MPOAYKILii. 3 1i€i mpuuMHM icHYy€e noTpeba
B MOCTiAHOMY Harjsfi SiK 3a IMPOLLeCOM, TaK i 3a MPOAYKTaMM, BUTOTOBJIEHUMU 3
IOOaBaHHSM CTaJIeIIaBUIbHOTO MUITY.

Ha migcraBi Bulle3a3HaueHMX TBepAKeHb MOXKHA 3pOOUTM BUCHOBOK, IO
repepobKa abo yTuiisallisi mwIy He MoxKe O0yTu KiacugikoBaHa SIK Jierke 3aBIaHHS,
sSKe BMMAarae BiJi pO3poOHMKA IPOEKTY o0b6epekHOTO OOMipKOBYBaHHSI 6araTbox
(daxkTopiB, SIKi MOXYTb BIUIMHYTM Ha Pe3yJbTaTH, a Bifj TEXHOJOTIB — PeTeJbHOIO

KOHTPOJIIO 3a BCIM OUKJIIOM IIpOoLEeCy.

XiMiuHMI Ta MiHEepaJOTiYHUI CKJIa, ATy

eJIeKTPOCTa/IeIIaBMIbHOTO BUPOOHUIITBA

ITpu Bumnasmi crami B JICIT 6im3bko 10...20 Kr/T muUXTH MeTany (IIpy MOTAHO
opraHizoBaHomy Ipoiieci 70 30 Kr/T) BUOANSIETHCS 3 arperaTty y BULJISIAL OUCIePCHUX
YaCTUMHOK Ta IapiB, $IKi KOHAEHCYIOTbCSI Ta HAKONMUUYKOThCS Y BUIISAI OWIY Y
dinbTpax rasooumineHHs. 3BajkalUM Ha Te, IO CKIaJ IMIMXTOBUX MaTepialiB
HEeTIOCTiMHUIT 1 Pi3HOMAHITHUIA, MWI, IO YTBOPIOETHCSI, MICTUTh Y CBOEMY CKJIafi
BEJIMKY KiJIbKICTh pi3HUX XiMiuHMX efemMeHTiB. Kpim Toro, dopmMyBaHHSI 4aCTMHOK
My  BigOyBaeTbcsl TIpM  KOHTAKTi TBepAMX AUCIIEPCHUX YACTUHOK Ta
BUCOKOTEMIIEPATYPHMUX BiArOHIB, IO 3YMOBJIIOE ii CKIQAHUI MiHepaJoTiuHMU
CKJIaf,.

[IpoBeieHO BeJMKY KiJIbKICTb OOC/TiIMKeHb XiMIiUHOrO ejJleMeHTHOTO Ta
KOMITOHEHTHOT'O CKJIaAy eJeKTPOCTalenaBUIbHOTO MUy 1eXiB, 0 IMPaIolTh Y
pisHuX KpaiHax. Y Tabmuii 7.6 HaBeIeHO MaHi IOA0 XiMiyHOro ckiaamy mmury EJTT
IIpy BUPOOHMIITBI ByT/elleBUX Ta HM3bKOJIEroBaHMX CTajieil Ta BUCOKOJIEroBaHUX Ta
HepsKaBilouMX cTajeii aBTOPiB JOCTimKeHb [5, 6, 18 - 26].

3a3Buyaii, OCHOBHMMM MiHepaJOTiUHMMM KOMIIOHEHTaMU TTWITY € PepUT LUHKY
(ZnO-Fe;05) (abo, inakiie, ZnFe;04), marHeTut (FesOy), IMHKIT (ZnO) i BamHo (Ca0),

Yy TOJ 4Yac SIK CBMHELlb BUSIBJISIETHCS Y BITHOCHO MaJ/IMX KiJIbKOCTSIX Y BUTJISIZIT OKCUIY
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(PbO). IlpuBemeHO XiMiKO-CTPYKTypHY Xapaktepuctuku mmay [OCII 3 pisHum
BMicTOM Zn [56, 57, 60]. InentudikoBaHo dasu: ZnFe,04, Fes04, MgFe;04, FeCr,04,

Cao,1sFez 504, MgO, Mns0s SiO; Ta ZnO. ®dasm, BusABIEHI MeccOayepiBChKOIO

CIIeKTpOocKoTi€ew, oynu: ZnFe;04, Fes04, i FeCr,0s. ®eput maruio (MgFe;0.), sxuii

criocTepiraBcsi Ha peHTreHorpamax XRD $IK IiKu, IO TepeKpuUBAIOTbCS, He OYB

imeHTHdiKOBaHMI Y CIIEKTPOCKOMiYHOMY aHasi3i Meccbayepa [54-60].

Tabmuisa 5

Cepenniit ximiuanii ckaam iy ENTT

KommoHeHT IMun BUpOGHMIITBA | [Ty BUPOOHUIITBA
BYIJIEI€BUX Ta | BUCOKOJIETOBAHMX Ta
HU3bKOJIETOBAHMUX CTaJieli, | Hep>KaBilouux craneit, %
% Mac. mac.

Fesar. 25...50 30...40

SiO, 1,5...5 7...10

CaO 4..15 5...17

Al,O3 0,3...0,7 1.4

MgO 1..5 2..5

P,05 0,2...0,6 0,01...0,1

MnO 2,5...5,5 3...6

Cr,03 0,2...1 10...20

Na;O 1,5...1,9 H/B

KO 1,2...1,5 H/B

Zn 10...35 2...10

Pb 0,8...6 0,5...2

Cd 0,02...0,1 0,01...0,08

Cu 0,15...0,4 0,01...0,3

Ni 0,02...0,04 2.4

\Y 0,02...0,05 0,1...0,3

Co 0,001...0,002 H/B

As 0,003...0,08 H/B

Hg 0,0001...0,001 H/B

Cl 1,5..4 H/B

F 0,02...0,9 0,01...0,05

S 0,5...1 0,1...0,3

C 0,5...2 0,5...1

OCHOBHICTb 2,0...6,5 H/B

Bonorictb 6...16 H/B
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BusnaueHo [61] ckian nuiy enekTpodinbTpiB razoouncHux cropys JCIT mif
yac TPMBAJIOro 30epiraHHs y BigBajax 3 METOI0 OTpUMMAaHHS iHgopMallii momo
BiITHECEHHS IMWIY 0 Hebe3IeuHux BigxomiB. Bu3sHaueHHsT BMiCTy BasKKMX METAJIiB Y
Bimxomax IIPOBOIVIIN MEeTOJI0M aTOMHO-a0CcopOIIiiHO1 ITOJTyM STHO1
criekTpodoTtomeTpii Ha criekTpodoTomeTpi AAC-1H. BmicT cymn 3arajabHOTO 3ajisa
Ta BU3HAUEHHSI Pi3HUX CTYIEHiB JOT0 OKMCHEHHS MPOBOAUIM METOJOM OKMUCHO-
BiTHOBHOTO TUTPYBaHHS 0iXpoMaTOM KaJlilo B KMCJIOMY C€peIOBUIIL|.

XimiuHmMii aHa/mi3 Mpo06 IMWIy ITOKas3aB, L0 CYTTEBUX BiIMiHHOCTEN y BMiCTi
3arajbHOrO 3aji3a B IIpeACTaBAeHMX MpPoOax MUy HeMae, Xoua CIIOCTepPiraeThCs
Iesike 3MeHIIeHHS 10 IMIMOVHI BimBasry. Bisbll cuyibHe 3HMKEHHS TIPU Mepexoi Bij
TIOBEPXHi BigBasy M0 rmMOMHM Big3HavaeTbcsl 3a BMicToM FesO,. Bci 3pasku e
MarHiTHMMH, 110 CBiIUUTh PO 3HAUHUI BMICT y MWIYy MarHiTHOTO 3aKUCY-OKCUIY
3aJ1i3a, MBU/IIIIe 3a BCe, y He3B’SI3aHOMY CTaHi.

HasiBHiCTb y MIaBWIbHIN MIMXTi JOMIIIIOK IIMHKY i CBUHIIIO, II[0 BUIAPOBYIOTHCS
Ipy poboUMX TemIepaTypax Iedi, IpU3BOAUTh 10 iX OKMCIEHHS IIOTOKOM ITOBITpSI,
BHAC/IiJOK YO0Tr0 BOHM MOXKYTbh IIepeOyBaTy B KiHIIEBOMY MUY SIK Y BUTJISAI BiTbHUX
OKCUIiB, TaK 1 y BUIJISAI KOMIIOSUI[IMHMX CTPYKTYp 3 OKCHUAAMM 3ajisa.
BcTaHoB/IeHO, 1110 pe3y/bTaTU XiMi4YHOTO aHaji3y Mpob muiay enekTpodilbTpiB, iX
SIKiCHUI CKJIaZ, Ta BMICT TOKCMUHUX BaXXKMX MeTaliB B IIJIOMY (3a cepegHim
3HaueHHsSM 10 BHM3HAueHb) BiAMNOBIAAIOTh 3aJaHMM TEeXHIYHMM yMOBaM
MiATIpUMEMCTBA JIs1 1IbOTO BUAY BiIXOJiB, OTPMMAHO IlepeBUIIEHHSI 3a BMiCTOM
IIMHKY B YCiX PpO3IJISHYTMX 3ajli30BMiCHMX Bimxomax. BimMiHHOIO 0c06GIMBiCTIO
BaKKMX MeTaJiB, 1[0 MICTSITbCS Y BiIXomax, € HaA3BUYAllHO HU3bKA PYXJIUBICTh Y
oydepHHUX cepemoBUILaX i MPAKTUIHA HEPO3UMHHICTh Y BOJII.

3a gaHuMMM JOCHiOHMKIB [62] uuHK y muiay EIIl npucyTHin y BUIISAi
dbpaukiminity ZnFe,Os abo dpaHKIiHITY 3 i30MOpdHO 3aMiHHMMM MeTalaMu
(Zny, Mey)-Fe,04, ne Me = Mn, Co, Ni, Cr, Ca, Ta iH., i uHKiTYy Zn0O. 3ai30 B nuiy, 3a
BUHSTKOM (paHKIiHITY, TMepeBa)XHO 3HAXOAUTHCSI Yy BUIJSAAI MarHeTUTY
Fes0,.  MiHepanoriuamuii  ckimag  muay  IOCII,  #ocaigskeHOro  MeTOAOM
PEHTTeHOCTPYKTYPHOTO  aHali3dy, TaKOX TOKa3aB HasIBHICTb  MarHeTUTy,

dbpaHKIiHITY, UMHKITY Ta KBapiy. B pobori aBTOpiB [62] 3po6ieHO moKIamHUik
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a”asi3 ckiagy nwiy JCII 3a pesyabraTaMmu pisHUX OOCAiAHMKIB. LlikaBuM € HaBeneHi

IlaHi MO0 CIiBBiIHOIIEHHS BMiCTY LIMHKY Ta 3asi3a (Tab.6).

Tabnuiis 6

CniBBiZHOIIEHHS BMICTY UMHKY i 3a1i3a B vty [ICII
3a JaHMMU Pi3HUX JOCTiAHNUKIB (UTYETHCS 110 [62])

BmicT enemeHnTiB, % Mac.

Zn Fe Zn Fe
18,54 45 21,1 31,25
19,4 24,6 20 30

23 30 15-25 31-40
13-22 11-45 13,6 29.8
2-46 10-45 21,8-32 19,3-25,5
34,6 42,5 18,5 29,1
20 30 15-25 30-45
22,3-24,35 30,37-35,3 21,3 21,3
39 22,1

15,9-26,7 32,3-37,7 22,14 30,8

Crnig 3a3HAuUMTHM, IO Aiarla30H KOJMBAHHSI BMIiCTy 000X ejleMeHTIB TOCUTb
BeJIMKMIA. MakcuMaibHa KOHLIEHTpAllisl, PO SIKY MOBiIOMJISIETbCSI, CTAHOBUTD IJIsI
LIMHKY 46% i nnsa 3amiza 45%. OmHaK, OCKUJIBKM CepelHiii BMICT 3aji3a BUILMIA,
MOXXHA BBa)kKaTM, IO TaKUil BUCOKMII BMICT LIMHKY OOYMOBJIEHO IepepoOKOI0
OILIMHKOBAHOTO MeTajieBOro o6pyxty. IlokaszaHo, 0 KpiM 3BMUYaiiHO BM3HAUEHUX
KOMIIOHEHTIB y TMWIY MICTSITbCS JY>KHI MeTanau Ta rajoreHigmu (tabs. 7), 1o €

IIKiAJIMBMMM JOMIIIKAMMU SIK Y ITPOLeci yTuiidalii nuity, Tak i Ipu ioro oxoBaHHI y

BiJBasax.
Tabnuis 7
Bmict enemenTiB y ity JICIT [63, 64]
Enemenrt | Pb Cd Ca Cu Al Mg Na Si Cl F
Bwmict, % 0,1- 0,01- 0,05-
Mac. 0,5-2 03 1-7 0.2 o,1-1 | 0,1-3 | 0,1-1 | 0,1-2 | 0,5-3 01

PeHTreHOCTPYKTYpHMIt aHani3 mwry JCII 6yB BUKOHaHMI i JocaigHuKkaMu [65],
SIKi BUSIBUJIM, 1[0 MW MAa€ OOCUTb CKIAOHUI CKIaf, ImpoTe mpakTuuHo 100% mikiB

oyno imentudikoBaHo. KoMmoHeHTM, 1m0 MiCTATh 3aji3o, OyaM IIpeacTaBieHi
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ZnFe;0s, Fe,03 i FeFs, muuk - Zn0, ZnF; i ZnCl,, cBuHenp — PbCl,, PbF; i mapraHeib
O0yB mpucyTHiii y Burasgai MnO,. KiJbKicTb XpOMBMICHMX CIIOJIYK BUSIBUJIACS
MEHIIIOI0, Hi’)K MOKHA BUSIBUTU PEHTTreHOCTPYKTYPHUM aHajai3oM. Y MUY MOXYTb
OyTM HeBeJIMKi KigbKocTi cyiabdariB, cynbdimiB i xJopupaiB, IpoTe 3a3BUYAA
90% 1iny mpencTaBIeHO OKCUIAMM.

Oxcuay 1MHKY i CBUHIIIO B TIMJTy MEHIN CTabi/IbHi, HiskK OKCHJ, 3aJTi3a, KPiM TOTO,
MeTaJleBUil IIMHK i CBMHEIb MalThb HMUKYY TeMIlepaTypy IJIaBjeHHS IOPiBHSIHO 3
MeTaJieBUM 3ajli30M Ta iHIIMMM OKCHUAAMM, IO MICTATbCI B Imiay. Tomy B
MipoMeTanypriiHux mpolecax 3arajJbHUM ITiZXOA0M € CeJIeKTUBHE BiJHOBJIEHHS Ta
BifileHHd UMX MeTaliB Big 3ani3a. OOHaK, OCKIIBKM Mapu LMHKY 3HOBY
OKMC/TIOIOTHCS, TEXHIUHO CKJIAJHO CKOHJEHCYBAaTM KOJIbOPOBiI MeTaiii B MeTaJIeBOMY
BUTJISIAL i TOMY MpPOAYKTOM 3a3Buuail € CUpuUit OKCHUA, IIMHKY, SIKUII ITOTPiOHO

padinysatu [10].

HOCBi,Z[ Bi,Z[HOB.TIEHHH CNICKTPOCTAICIIVIABMJIBHOI'O IINJIY Ta BUSHAYCHHSA

CIIOCO0Y MmepepooKM 3 BUITYYEHHSIM LIMHKY

[Tnn rasoounIneHHs eNeKTpodibTPiB MOke OyTM IIOTOUYHOIO YTBOPEHHS Ta 3
BimBasiB (Tabn. 9). B umciao 3ami30BMiCHMX BiIXOMiB BXOAUTH OKaJIMHA IIEXY.
CxyamyBaHHS Ta MOXOBAHHS IIMX BiZIXO/iB He palliOHA/IbHE 3 TEXHIYHOI TOUYKU 30PYy
(BMCOKMIT BMICT IIMHKY Ta CBUHIIIO B IIMJIY Ta BUMCOKMIA BMICT 3asIi3a y BCixX Biixomax
pooUTH iX IIiHHOIO CUPOBMHOK) i B MepPCHeKTUBi CYIPOBOIKYBATUMETbCS
3pOCTAlOUMMM €KOJIOTiUHMMM IJIaTeXaMMu.

Haii6inbll CKIAAHMM 3 TOIJISITY PEUMKIIHTYy € IIWI Ta300YMIeHHS
enekTpodinbTpiB ECIIL. Sk Bske 3ramyBasiocs, OibIIICTh AOCTITHUKIB CXOISITHCS B
TOMY, III0 OCHOBHMM KOMIIOHEHTOM NWIy € (QepuT IMHKY i CKJIAgHICTh ¥0ro
yTUIi3allii BU3HAYAETbCSI caMe TUM, IO 3aj1i30 Ta [MHK MOB'SI3aHi B CIIOJNYKY, SIKY
HeOoOXiTHO pO3K/IACTM XiMiYHMM ab0 TepMiuHMM MeTOAOM. Y 3B'SI3KY 3 LIUM Oy
pO3paxoBaHi BeJIMUMHM 3MiHM BilbHOI eHeprii ['i66ca peakiliii po3kiaagaHHs GepuTy
IIMHKY Ta JOr0 BigHOBJIEHHS HAaMOIMbII TOIIMPEHMMM BiTHOBHMKAMM (BYIJIEIb,

MOHOOKCH ], BYTJIEITI0O, BOOEHD, METaH).
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Tabnuiga 8

BMmicT KOMITOHEHTIB Y 3a/1i30BMiCHUX Bigx0[ax eJleKTPOMeTa/TyprifiHoro mignpueMcTBa

MacoBa yacTKa KOMIIOHEHTIB, %

3as1i30BMicHi
Mateplanm e | £e0 | Fe,0s | 810, | MnO | Ca0 MgO | ALOs | C | Znuar. | Pbaar
ITun rasoounctku | 31,0 | 3,4 | 40,0 | 10,0 | 3,1 8,0 | 1,9 1,0 1,5 | 15,0 | 3,5
enekTpodinbTpiB
[T ra300unCTKU
enekTpodinbTpiB 5,75136,6 |64 |19 57 19,5 Zn0 | PbO
. . 25,7 3,3
CBIXMUIT
ITnn razoouncTku
enekTpodinpTpiB 4,3 295 6,0 |1,68 |9,7 | 10,5 Zn0 | PbO
) - 29,0 | 5,0
(3 BigBaJIiB)
0,06
350 (0,4 |04 - ’
> > b b b _ _ _ _ _ _
Oxanmnua ECITL 70 45, 50,0 | -1.5 | 0.8
0,8
0,06
40,0 {04 |04 - ’
> > b b b _ _ _ _ _ _
Oxanmnua CIIIT 65 45 50,0 | -1.5 | 0.8
0,8
OKaJIMHOBMIiCHM o5 [(04-/0,2 |0,1-]0,1 -
> > > ’ ’ ’ ) ) _ _ _
1nIam 65 20 60 -0,9 | 0,8 -0,6 10,4 10,3

ExcriepMeHTa/IbHEe BU3HAUEHHS e(DEKTUMBHMUX YMOB BUJAJI€HHS IIMHKY Ta

cBUHILIO 3 vy EJIIT

BUKOHAHO eKcIlepMMeHTaJbHe BU3HAueHHS e(eKTMBHUX YMOB BUIAJ€HHS
LIMHKY Ta CBUMHIO 3 muiay ENIIT cTOCOBHO ymMOB oOpradisaliii BilOMMX MpOILieCiB 3
ypaxyBaHHSIM pEKOMEHJOBAaHOI TMiJATOTOBKM IIMXTM Ta YMOB BiJlTHOBJIE€HHSI.
HaituacTime pgjs opradisailii mpoiiecy yTwiIidailil AUCIIepCHUX 3ali30BMiCHUX
BiIXOomiB HeoOXigHe iX OKOMKYBaHHS. Bimomo, I[0 BM3HAuYa/JbHMII BIUIMB Ha
KOMKYBaHHSI OUCIIEPCHMUX MaTepiajiB HaJa€ pO3Mip UYaCTUMHOK, CHiBBiJHOLIEHHS
TOHKUX i 3epHUCTUX dpakiliii i rigpodinbHicTh MaTepiany. Po3ciBaHHSIM OKaJIMHU Ta
mwry EJIl  mokasaHo, 1m0 BwmicT aApi6bHMX vactmHOK (- 0,1 Mm)
ctaHoBuUThb 30...40% i 70%, BiAIIOBigHO.

JIJisT OIiHKM KOMKYEMOCTiI IIMXT, CKJIaJeHMX i3 3aCTOCYBaHHSIM HaiOibIil
CKJIAQJHOTO [JisI OKOMKYBAaHHS BUAY 3aJi30BMICHMX BiIXOIiB — OKaJMHU

IocmimKyBanyu ii rigpodinbHi BIACTMBOCTI Y YMCTOMY BUIVISAI Ta 3 H0O0aBKamMu
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BYTJIELIEBOTO BiTHOBHMKA (KOKCOBOTO Ipi6’si3Ky, rpadiTy). BusHavamm mMBUAKICTD
KaMiJIIpHOTO BCMOKTYBaHHSI Boau (Vi) Ta MaKCMMaJIbHY KamiJIIpHY BOJOTOEMHICTh
(MKB). MaTepianu momepeagHbO MPOCYIIYBAJIM IO BOJOTOCTI, IO 3a0e3Ieuye iXHIO
CUIIKiCTh, MOAPiOHIOBAIM i MpoCciroBayy. Pe3ynbTaTy OOCTiIKeHb IpeaCTaB/IeHi y
Tabuii 9.

Bci BumnpobyBaHi MaTepianu Ta IMUXTU 30aTHI BCMOKTYBaTHU Ta YTPUMYBATU
BOIY, 3a BMHSITKOM rpadiTy, 110 € MoBHicTIO rizpodobHMM. HeBucoka rigpodinbpHa
3ATHICTDb i Y KOKCOBOIO Ipi6’sa3Ky. [Tni eeKTpodiibTPiB i OKaJIMHA MalTh BUCOKI
3HaueHHS MKB (mnas mopiBHsHHS MKB remaTtuMToBOiI pyAyM i MarHeTUTOBOIO
KOHIIEHTpAaTy CTaHOBJSTh 7,9 i 14,3, BimmoBimHo). [IpMpoaHo, mo6aBKa BYTIEIEBOTO

Bi,Z[HOBHI/IKa 3MEHIIY€E BOJIOTOEMHICTD IIUXTU.

Tabnuig 9
[Moka3HMKM TimpodibHUX BIACTUBOCTEN MOCTiIKYyBaHUX MaTepiaiB
Ne Bucora mapy, cm
. |MKB, |1 |2 |3 J4 [5 [e |7 |8 |9 |10
3/ Marepian o
Ve, 10°3M/C
I
1,2 |0,64 |0,31 |0,16 | 0,07 |0,03 |0,02 |0,01
1 | Okammua | 25,5 p s s 6 4 4 3 . 0,01
2 |IlmanEOIT | 29,4 ;’5 ;’OO 1,25 | 0,5 0,47 |0,37 |0,25 |0,15 (5)’10 0,06
KokcoBuit 0,3 0,00 | 0,00
3 1pi6 30K 5,2 z 0,25 | 0,04 g 4 [Tpo1iec MpUTTMHUBCS
g [Oramma oo 108 gy Jo0z (200 o o o L s
+rpadit 1 5
s OkanuHa 20,8 1,1 0,73 0,40 021 | 0,05 0,00 ) ) ) )
+KOKC 2 5 8

[IpoBenieHO cepit0 AOCIAIB OO0 OOCTIKEHHS IMPOLeCy BiIHOBJIEHHS MUITY
ENIl. ExcrepMMeHTa/ibHi [OOCTII)KeHHS TMPOBENEHI Ha TepMOrpaBiMeTpUYHin
YCTAHOBIIi 3 KOHTPOJIeM BTpaTy Macu BUXiTHOI HaBaKKM JOC/IiAKyBaHOTO MaTepiany
y CTpyMmi aproHy. BUMKOpPUCTOBYBaIM 3aKpUTi aIyHAOBI TUIL. [JOCHigkKeHHS
KiHeTUKM BUIAJIE€HHST IIMHKY IIpU TepMiuHiit 00po06Ili ITpoBein Ha 000X BUAAX MUY
EOIT (cBixkmit — 1 Ta micaa 36epiraHHa - 2), XimiuHuit ckiag (% mac.) SIKUX

npencTaBiieHMi1 y Tabumii 10.
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Tabmuis 10
Ckiaj Iy B eKCIIepyMeHTax I10 BiTHOB/IEHHIO
3pa3ok SiO, CaO MgO MnO Fe,03 FeO Zn0 PbO
- oot oy 1 sg 9,5 1,9 266 |575 |257 |33
TInJI
2 - omaml g gy 10,5 1,62 |295 |43 29 5
36epiraHHs

Buximuuii MmaTepias 6yB MarHiTHMM, IO, MOX/IMBO, IIOB'SI3aHO 3 HASIBHICTIO Y
CKJaJi Mar”HiTHOro 3akucy-okucy 3anida (FesO,). Ilpu i3oTepMiuHiii BUTpUMIIL
3paskiB mmpyu 250°C mpoTSIroMm 3-X roAuH KiJbKiCTh BUAAJIEHOI BOJIOTU IJIS CBisKOT'O
mty i micast 36epiraHHsa craHoBmiaa 2,5% i 5,2%, BigmosigHo. I[MoBinbHMIT HaArpis
(20...30°C Ha xBuiaMHY) B iHTepBaii Temmeparyp 200°C...1100°C 6e3 ByrieleBOro
BiIHOBHMKA MpPMU3BIB OO0 OTpPMMaHHSI HEMAarHiTHOrO CIIeYEeHOTO MPOIYKTY.
MakcuManabHa BTpaTa Baru Big3HaueHa mjisi Temiiepatypu 700°C, 1m0, oueBUIHO,
TOB'sI3aHe 3 AMCOLialli€l0 MarHEeTUTY.

OcHOBHa cepist eKCIIepuMMEeHTIB 3 TeruioBoi 06pooku mumay IICII mpoBeneHa y
BiJHOB/IIOBAJbHMX YMOBAax TMpPU BUKOPUCTAHHI SIK BiJHOBHMK aHTPAILUTy
(80% Byrneuro). docmigu mpoBOoaAMAM B CTPyMi aprony (Burpara 7,5 n/rom.) y
3aKpUTOMY QJIyHIOBOMY TUTJi. TemmepaTypa i30TepMiUHMX BUTPUMOK CTaHOBUJIA
900°C, 1000°C, 1100°C. Yac BuTpuMKM — 2,5 roguuu. [IpogyKTy BiZHOBIEHHS TTiCIsT
i30TepMiYHMX BUTPUMOK TIpPU BUCOKUX TeMIlepaTypax BUSIBUJINUCS CUJIBHO
crieueHMMM, 0co6MBO 3a Temnepatypu 1100°C, i 3anumanucs MarHiTHUMMN.

XimiuHMII ~ aHa/i3  MOPOAYKTIiB  BigHOBJEHHS  IIOKa3aB, 110  IIiCjas
BJMCOKOTeMIIepaTypHOi BiTHOB/IIOBaIbHO-TeIIoBOi 06po6ky iy JCIT BMiCT LIMHKY

y MMPOYKTax BiJHOB/IEHHS 3HMKYEThCS (Tabm. 11).

Tabmuisa 11
BwmicT uMHKY B mpoAykTax BimHOBMeHHs nwty E/II1 3a pi3HMX TemnepaTyp Mpoliecy

BmicT Zn B mpogyKTax mpu 006po0iii mpu temmepaTypax, °C
Bup martepiany Bmxm}.mm 900 1000 1100
MaTepian
1 — cBixXkMit I 11,6 11,2 1,87 1,13
2 — micns 36epirands | 14,3 14,1 1,53 1,15
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Pe3ynbTaTu BiZHOBJIOBAJbHO-TEIJIOBOI OOpPOOKM TOKa3yloTh, IO IIPU
temriiepatypax nopsaky 1000...1100°C 3ani30BMicHMII MW i 1IJIaM 3a3HAalOTh 3MiH,
0 MPM3BOIUTh IO 3MEHIIEHHSI BMiCTy Zn B 0O6po06JieHOMY MaTepiaii, mmepexomy
BUXITHMUX MMUJIYBAaTUX MaTepiaJiB B KOMIIaKTHY, OOCUTh MillHy Macy. Bruius

TeMIlepaTypy Ha BTpaTy Macy BUXiAHMX MaTepiajiB ITOKa3aHO Ha PUCYHKY 1.

It Zne1,15%
.
o' | ——— | Znm153%
14
1000°C —|

12 /
;’ 1
z | Zn=144%
g o
£ / / wie_|——T" |

o

Zn=11.6% 20 40 60 80 100 120 140
T, XB.

PucyHok 1 - Bnaiue memnepamypu Ha empamy macu 8 cmpymi apzomy 3paskie nuny E/II1 3
dodasamuam 8 wiuxmy anmpayumy (15% 8id macu nuny)

[TokasaHo, 110 MPY BMKOPUCTAHHI SIK BYIJVIEIIbBMiCHOTO peareHTy aHTpPaLUTY i
rpadiTy KiHeTMKa BTpaTuM mMacu 3pa3Ka He 3MiHIOE€TbCS. Ha pucyHKy 2 HaBeIeHO
pe3y/abTaTy BigHOBJEHHS rpadiToM Ta aHTpalUMTOM IWIY TIiC/asT 30epiraHHs, a
KpalkaMy Bifl3HaueHO BTpaTy Macy CBDKOrO MWIYy B IIPUCYTHOCTi aHTPALUTY.
B/n3pKiCTh KPUBUX Ta TOUOK CBiAUYUTH IPO BiACYTHICTb 3HAYHOTO BIUIMBY BULY
BYIJIELIeBOTO BiJHOBHMKA Ha KiHETUKY BUIAJEHHS ILIMHKY. Y KiHIIEBOMY HPOIYKTi

BMIiCT IIMHKY OyB Ha piBHi 1,15...1,5%.

14 ——

Goii 1padiny — T T [ amrpanur
.

N

ot JICTT + arrrpaun (15%)

Brpata MacH, T

20 a0 60 an 100 120 140

T, XB.

PucyHok 2 - Kinemuka empamu macu Hasaxcku nuay 1 ma 2
y hpucymHocmi aumpayumy i epagimy

BucHOBOK. Takum YMHOM, IIpOBeOdeHMMM €eKCIIEpMMEHTaMM II0Ka3aHO, IO

edbexTuBHe BUIANeHHS LMHKY 3 mwiy [CII MoxiuBe Bke MpU IOMipHUX
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temrieparypax 1000...1100°C, y TOMy 4MCJIi NpPM BUKOPUCTAHHI SK BYIJIEL€BOTO
BiJHOBHMKA HEKOHIMIIIMHMX BYIJIelleBMX MarTepianiB. [ OTpMMaHHS pPigKoro
MIPONYKTY CJifl rependaymMTyt HaAMipHY KiJIbKiCTh BYIJIEI[I0 Ha HaBYIVIEIIOBAHHS 3

TUM, I[06 3HU3UTYU TEMIIEPATYPY OAEPKYBAHOTO PO3IIIABY.
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THE CURRENT STATE OF SAWDUST PROCESSING OF CHIPBOARD AND

IRON-CONTAINING METALLURGY WASTE

L.V. Kamkina, G.P. Stovpchenko, Ya.V. Mianovska, V.Yu. Seliverstov,
D.V. Avtonomov

Abstract. The object of the study is the metallurgical technology of chipboard dust

processing and iron-containing waste from metallurgical production.
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The purpose of the work is the analysis of physical and chemical processes, experimental
research and the development of innovative technological solutions and

recommendations for chipboard dust and iron-containing metallurgical waste.

Research methods - theoretical research is based on the basic principles of physical
chemistry and the theory of metallurgical processes. Calculations of the thermodynamic
equilibrium of oxide systems are based on the Gibbs theory and implemented using the
computer program "FASTSage 6.0"; the chemical composition of the phase components
of manganese ferroalloys was studied using a scanning electron microscope YSM-
6300LA from JEOL, Japan.

Scientific novelty. Effective removal of zinc from chipboard dust is already possible at
moderate temperatures of 1000...11000C, including when using substandard carbon
materials as a carbon reducer. To obtain a liquid product, it is necessary to provide an

excess amount of carburizing carbon to lower the temperature of the resulting melt.

At temperatures of the order of 1000...1100°C, iron-containing dust and sludge undergo
changes, which leads to a decrease in the content of Zn in the processed material, the
transition of the original dust-like materials into a compact mass.

Practical meaning. The joint processing of chipboard slag and dust by dosing in different
proportions is not rational, because in this case the concentration of zinc collected in the
gas cleaning processing unit is reduced. It will be more effective to organize alternate

processing of chipboard dust and slag at different time periods (for example, monthly).

Keywords: electric arc furnace, dust, zinc, carbon, technology, thermodynamics

Kamkina Jliopmunaa BonogummupiBHa [.T.H., pod.., JekaH (akyabTeTy MeTaaypriiiHux
MPOLIeCiB i XIMIYHMX TEXHOJIOTiN, YKpaIHCbKUIA lep>KaBHUI YHIBEPCUTET HAYKU 1 TEXHOJIOTA
CroBnmueHko T'anua IlerpiBHa, A.T.H., mpod., crapmmit HaykoBuMii criBpobiTHMK HIY
VKpalHCbKUIA fep>kaBHUI YHIBEPCUTET HAYKU 1 TEXHOJIOTA

MsaHoBcbka flHa BanepiiBHa n.T.H., mpod., npodecop Kadeapy TeOpPETUUHUX OCHOB
MeTalTypriiiHuX MpoiieciB, YKpaiHCbKMIA Jep>KaBHUI YHIBEPCUTET HAYKY i TeXHOJIOTii
CeniBbopcToB Bagum IOpiitoBuy, 1.7.H., mpod.., AekaH GhaKyIbTeTy eJIeKTPOMeXaHiKu Ta
eJleKTpoMeTanyprii, YKpaiHCbKUI AepkaBHUI YHiBepCUTET HAyKM i TEXHOJIOTi
ABTOHOMOB /IMUTpPO BikTOpOBMY, acmipaHT Kadeapy TeOPEeTUIHMX OCHOB METaTyPriitHNX

NpoLeciB, YKpaiHCbKMIi fepkKaBHUI YHiBepCUTET HAYKU 1 TEXHOJIOTIiA
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YK 669.295:669.046.516
laneHkoBa O.6., E€daHoB B.C., 3aBropogHin O.B., BbpoHeubka B.l., LUeBuyeHko B.I. KomnnekcHui Bnaus

moaudiKyBaHHA Ha BAACTMBOCTI Y-CM/aBy Ha OCHOBI anomiHigy Tutady. // CyuyacHi npobnemu metanyprii,
Ne 28 —2025. C.3-12

MeTon0M naaHyBaHHA NOBHOGAKTOPHOIO eKCNepUMEHTY A0CAIAKEHO BNMB moandikytounx enemeHTis Y, Re Ta
B Ha BNacTMBOCTI CMiaBy Ha OCHOBI antomiHigy TMTaHy cuctemu Ti-28Al-7Nb-2Mo. OTpumMaHo perpeciiHi piBHAHHA, WO
0Al0Tb MOK/IMBICTb PO3paxyBaTW XiMiYHWI CKNag cnnaBy y BigNoBigHOCTI 40 3a4aHOro piBHA BAACTUBOCTEN maTtepiany
aBiauiiHoro BMpoby.

bi6n.12, in.1, Tabn.3.

UDC 669.295:669.046.516
Halienkova 0., Yefanov V., Zavgorodny O., Bronetska V., Shevchenko V. Complex effect of modification on the
properties of y-alloy based on titanium aluminide // Modern problems of metallurgy, Ne 28 — 2025. P. 3—12.

The effect of modifying elements Y, Re and B on the properties of an alloy based on titanium aluminide of the
Ti-28Al-7Nb-2Mo system was investigated using the full-factorial experimental design method. Regression equations were
obtained that allow calculating the chemical composition of the alloy in accordance with the given level of material
properties of the aviation product.

Ref.12, fig. 1, table 3.

YK 621.763. 623.78.632.64

Apkamcokuii C.B., banaxaHoBa T.B., bapaHoscbka O. €., Mogonbcbkuin P.B., Bagiok C.l. [OocnipyeHHs
ocobnuBocteii popmyBaHHA aedekty Key Hole B 3anexHoOCTi Big TeXHONOriYHMX NMapameTpiB BUrotoBneHHs 3a LPBF-
TexHonorieto // CydacHi npobaemu metanyprii, Ne 28 — 2025. C.13-23

Y npeactaBneHomy AOCNIAMEHHI PO3FAAHYTO BMJMB NapameTpiB NnasepHoro npomeHs B npoueci LPBF Ha
mopdoorito BAHHW po3MiaBy Ta NOPUCTICTb Yy 3pa3Kax i3 HeprKasitoyoi ctani 316L. Ocobnusy yBary npugineHo gedpekram
™Mny «Key Hole», siKi € HacnigKom HagMipHOI WiNbHOCTI eHeprii, WO NepeBULLYE KPUTUYHE 3HaYeHHs (~0,8). BcTaHOBNEHO,
WO MpW LWBWMAKOCTI CKaHyBaHHA noHag 600 mm/c TaKi AedeKTM MpPaKTMYHO He BWMHMKAOTb. Kpim TOro, mokasaHo, Lo
KPUTUYHE 3HAYeHHA NapameTpa LWibHOCTI eHeprii He € CTaMM i 3aneXUTb Bif, KOMMJIEKCY iHWWX TEXHONOTYHUX YMOB,
30Kpema ZiamMeTpa NPOMEeHS, LWBUAKOCTI CKAHYBAHHA Ta BNACTUBOCTEN NMOPOLLKY.

bi6n. 13, in. 4.

UDC 621.763. 623.78.632.64

Adzhamsky S.V., Balakhanova T.V., Baranovskaya O. E., Podolsky R.V., Baduk S.I. Study of the features of Key Hole
defect formation depending on the technological parameters of manufacturing using LPBF technology // Modern
problems of metallurgy, Ne 28 — 2025. P. 3—23.

The present study examines the influence of laser beam parameters in the LPBF process on the morphology of the
melt pool and porosity in 316L stainless steel samples. Particular attention is paid to “Key Hole” type defects, which are a
consequence of excessive energy density exceeding a critical value (~0.8). It was found that at a scanning speed of more
than 600 mm/s, such defects practically do not occur. In addition, it is shown that the critical value of the energy density
parameter is not constant and depends on a set of other technological conditions, in particular, the beam diameter,
scanning speed and powder properties.

Ref. 12, fig. 4.
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YOK 629.58. 633.79.623.84

babauyeHko O.l.,, KoHoHeHKko T.A., Kimctau T.B., Mogonbcbkuii P.B., CadppoHoBa O.A. MoOpiBHANBHMA aHani3
MaTeMaTMUHUX MoZesieil BUSHAUEHHA TeMMNepaTyp KPUTUUHUX TOUOK EKOHOMHOJIeroBaHux craneit // CyuyacHi npobaemu
metanyprii, Ne 28 —2025. C.24-43

MpvBeaeHO pe3ynbTaT MOPIBHANBHOFO aHaNily MaTeMaTUYHWX MoAenel, WO 3acTOCOBYHTbCA  ANA
NPOrHO3yBaHHA TeMMepaTyp KPUTUYHMX TOYOK (Aa30BMX MNEPeTBOPEHb B E€KOHOMHO/IErOBaHUX KOHCTPYKLIMHWUX CTansx.
MpoaHanizoBaHO BMAMB JIerylOUMX €/IeMEHTIB Ha 3HAYeHHA KPUTUYHUX TemnepaTtyp, a TaKoX PO3rNAHYTO YMOBM
3aCTOCYBaHHA PI3HUX MATEMATUYHMX Mogenen. MOopiBHAHHA PO3PaxXyHKOBUX i eKCNEPUMEHTANIbHUX 3HAYeHb A03BOJIUIIO
BMABUTU MOZei, Wo 3abe3neyytoTb HaMMeHLWi NOXMBKM Ta MOXKYTb ByTM peKOMeEHA0BaHI A1 BUKOPUCTAHHA B iHXEHEpPHIl
NPaKTULi NpyY MNPOEKTYBaHHI PeXMMiB TepMiyHoi 0bpobKu. OTpuMmaHi pesynbTaTh NiATBEPAXKYIOTb NEpPCneKTUBHICTb
3aCTOCYBaHHA MATEMATUUHUX MoZenel ANA po3paxyHKy Temnepatyp ¢a3oBux NepeTBOpeHb CTaneil 3 BapiaTUBHUM
NeryBaHHAM.

bi6n.19, in. 4, Tabn.8

UDC629.58. 633.79.623.84

Babachenko O.l., Kononenko H.A., Kimstach T.V., Podolskyi R.V., Safronova O.A. Comparative analysis of
mathematical models for determining the temperatures of critical points of economically alloyed steels // Modern
problems of metallurgy, Ne 28 — 2025. P.24—-43.

The results of a comparative analysis of mathematical models used to predict the temperatures of critical points of
phase transformations in economically alloyed structural steels are presented. The influence of alloying elements on the
values of critical temperatures is analyzed, and the conditions for the application of various mathematical models are also
considered. Comparison of calculated and experimental values allowed us to identify models that provide the smallest
errors and can be recommended for use in engineering practice when designing heat treatment regimes. The results
obtained confirm the prospects of using mathematical models to calculate the temperatures of phase transformations of
steels with variable alloying.

Ref. 19, fig. 4, table 8

YOK 669.184.6:621.373.5

HikoneHko AHaTonil, HexypiH Bagum, KyBaes Biktop, BepboBKiH OnekcaHap, Bonogumup Bawko, Konucos
Bnagucnas, KonageHko OnekcaHgp. NigBuieHHA epeKTUBHOCTI npouecy BUNIABKU GpepocnnasiB B eN1eKTPOAYroBux
neyax LWANAXOM BAOCKOHA/NIEHHA KOHTPO/IIO Ta KepyBaHHA TEXHONOrYHMMM pexkumamm // CydacHi npobremwu
meTanyprii, Ne 28 —2025. C.44-70

Y cTaTTi po3rnaHyTo npobnemu nigsulLeHHA edeKTUBHOCTI BUNAABKU depocnnasiB B eNeKTPOoAyroBux nevax
LWAAXOM  YAOCKOHA/NIEHHA KOHTPOJIIO Ta YMPaBAiHHA TEXHO/NOMNYHUMM pexkumamu. CBiToBi TeHAeHUji, wWwo
CMOCTepiraloTbCA OCTaHHIMM POKamM, Taki AK 36inblueHHA BMPOOHMLITBA BMCOKOAKICHMX /NEroBaHWX CcTanen Ta
HaniBNpPoBiAHNKOBOI NPOAYKLi, BU3HAUYMAN CTPIMKE 3POCTaHHA MOMNUTY HA GepocniaBu Ta KPUCTANIYHUIN KpeMHii. Y
3B'A3KY 3 UMM 0Cc06/MBOI aKTyasbHOCTI HAabyBaloTb NUTAHHA iHTEHcUiKaLil TEXHONOTIYHKMX MpoLeciB Ta onTUmisaLil
eHepreTMyHmMx BUTpPAT Yy ¢epocnnaBHuUx enekTponeyax. [pouec Bunnasku depocnnasis  6asyeTbcd  Ha
KapboTepmiyHOMy cnocobi BiAHOBNEHHA MeTaniB i3 X OKCMAIB, WO MPOTIKAE MPU BUCOKMX TemnepaTypax i3
NOTNIMHAHHAM 3Ha4yHOI KinbKOCTi Tenna. Monpu Te, WO MexaHi3mM Ta KiHETMKA OCHOBHMX BiQHOBAOBA/NbHUX peaKLil
nobpe BMBYEHi, Y MNPOMMCNOBMX YMOBAX TEXHIKO-EKOHOMIYHI MOKA3HWKKM npouecy iCTOTHO MOCTynakTbeA
nabopatopHum. CTyniHb BWAYYEHHA LiNbOBUX E/EMEHTIB 3HUXKYETbCA A0 75-80%, a BWUTpaTa enekTpoeHeprii
nepeBuLLY€E TEOPETUYHO HeobxiaHy y 1,5-2 pasu.

bi6n. 29
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UDC 669.184.6:621.373.5

Nikolenko Anatolii, Nezhurin Vadym, Kuvaev Viktor, Verovkin Oleksandr, Bashko Volodymyr, Kopysov
Vladyslav, Koliadenko Oleksandr. Improving the efficiency of the ferroalloy smelting process in electric arc furnaces
by improving control and management of technological modes // Modern problems of metallurgy,
Ne 28 —2025. P.44—-70.

The article addresses the issues of improving the efficiency of ferroalloy smelting in electric arc furnaces by
enhancing the control and management of technological regimes. Recent global trends, such as the increase in the
production of high-quality alloy steels and semiconductor products, have led to a sharp rise in the demand for
ferroalloys and crystalline silicon. In this context, the intensification of technological processes and the optimization of
energy consumption in ferroalloy electric furnaces have become particularly relevant. The ferroalloy smelting process
is based on the carbothermic reduction of metals from their oxides, occurring at high temperatures with significant
heat absorption. Although the mechanisms and kinetics of the main reduction reactions have been well studied, in
industrial conditions, the techno-economic indicators of the process are significantly inferior to those achieved in
laboratory settings. The extraction rate of target elements decreases to 75-80%, and the energy consumption exceeds
the theoretically necessary amount by 1.5-2 times.

Ref. 29

YOK 681.3.06

TpunyTteHb Mukona, KysHeuos Bitaniit, BepboBkiH OnekcaHap, 1Bnes Bitaniii. AganTauia npegukatHoi mogeni
B 33afjayaX KepyBaHHA HecTauiOHapHUMM cTaTUYHUMU o6’ektamm // CyyacHi npobnemu  metanyprii,
Ne 28 —2025. C.71-91

Y paHii poboTi po3rnAHYTO aKTyaslbHY HAYKOBO-NPAKTUYHY 33Jayy NiABULWEHHA epeKTUBHOCTI ynpasAiHHA
CTaTUYHUMM Ta KBA3ICTaTUYHUMMU TEXHONOMNYHUMM O6’EKTaMM B yMOBaX iX HeCTaLiOHapHOI NOBEAIHKM Ta MiHAMBOCTI
30BHiWHIX BnAMBiB. OcobnnBa yBara NPUAINAETbCA 3aCTOCYBAaHHIO NpeaMKaTHUX MoAenen, fAKi  [03BONAKTb
dopmanizoBaHO OMNUCYBATU PI3SHOMAHITHI TEXHOMOTIYHI CUTyauji, CTaHM Ta B3AEMO3B'A3KM MapameTpiB 06’ekTa
YNpaBAiHHA 32 AOMNOMOrO JIOTIYHUX KOHCTPYKLiN. Taki Mogesni € rHy4KMM iHCTPYMEHTOM A/1A NpencTaB/eHHA 3HaHb
npo o6’eKT i 3abe3neuyoTb MOXKAMBICTbL afanTalii 4O 3MiHWM NapameTpiB y npoueci ekcnayaTauii. 3anponoHoBaHO
HOBMI nigxia A0 nobynoBM Ta afanTauii npeAuMKaTHOI MoZeni Ha OCHOBI anropuTmy MiHiMi3auii onucy obpasis
TEXHONOFMYHMX CUTyaLiii. Moro cyTHiCTb nonArae y BUABNEHHI Ta BuAaneHHi 3 mogeni iHbopmauii, Wo BTpaTUNa
aKTYasIbHICTb, @ TAKOX Yy CMPOLLEHHI IOTIYHOT CTPYKTYpU Mmoaeni 6e3 BTpath AKOCTI ii onucy. Baxknusoto ocobamsicTio
[aHOro  nigxody € BMKOPUCTAHHA  BNACTMBOCTI  iHBApiaHTHOCTI  KiNbKOCTI  napameTpiB, WO BW3Ha4aloTb
rinepnapanenenines y ¢pakTopHOMY NPOCTOPi HE3a/1EXKHO Bif Moro po3mipis. Lle f,03BONAE CYTTEBO 3MEHLUTU KibKICTb
npeauKaTiB y MoAeNi Ta 3HU3UTU CKAAHICTb 06YMCAOBaNbHMX NPOLLeAYp Y CMCTEMAX aBTOMATM30BaHOrO yNpaBiHHA.
MeToamka nobynosu mogeni nepenbayae pos3dbuTTas GaKTOPHOro MPOCTOPY Ha enemeHTapHi nigobnacti -
rinepnapanenenineam, AKi 403BONATb FTHY4KO GOpMyBaTH ONUC PiISHUX CUTyaLii. MpK LbOMY FrpaHuYHI nigobaacTi, Wwo
MaloTb HaliMeHLWi po3Mipu, BM3HAYalOTb TOYHICTb PO3A4inbHOT OYHKLUi. O6'egHaHHA Takux nigobnactelt y HanpamMKy
ocell 03HaK [A03BONAE OMTUMI3yBATU CTPYKTYPY MoZeni Ta CNpoCTUTM NpoLec NPUAHATTA pilleHb B cUcTemax
YNpaBAiHHA.

bi6n.18, in. 2

UDC 681.3.06

Tryputen Mykola, Kuznetsov Vitalii, Verovkin Oleksandr, Ivliev Vitalii. Adaptation of a predicate model in
control problems of nonstationary static objects // Modern problems of metallurgy, Ne 28 — 2025. P.71-91.

When controlling static objects at the optimization level, pattern recognition methods are used that allow

partitioning the factor space into elementary subdomains in the form of n-dimensional hyperparallelepipeds. One of
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the main elements of the control structure for this approach to control is the adaptation algorithm, that makes it
possible to refine the description of a static object under nonstationarity conditions. Repeated use of the adaptation
algorithm to refine the model leads to an unjustified complication of its logical structure and the accumulation of
information that has lost its relevance. The paper proposes a method for minimizing the description of images of
technological situations, that makes it possible to overcome the indicated disadvantages. The method is based on the
property of invariance of the number of parameters defining the hyperparallelepiped to the size of the described area
in the factor space. This made it possible to identify significant boundary sub-areas in the description of the image of
technological situations and, by their subsequent combination in the direction of the feature axes, to select a
description with a minimum number of sub-areas. When performing these operations, “outdated” information is
removed and the logical structure of a static control object is simplified as much as possible. The paper shows the
possibility of implementing an algorithm for minimizing the description of images on the basis of a-algebra, that makes
it possible to integrate its control structures using relational data models. The effectiveness of the proposed algorithm
is confirmed by computational experiments in the control of the process of lump crushing for the conditions of a
mining and processing plant.
Ref. 18, fig. 2

YOK 681.3.06

TpunyteHb Mwukona, KysHeuoB BiTtaniii, BepboBkiH OnekcaHap, KonsgeHko OnekcaHgp. MigBuLeHHA
HagiiiHOCTi MogentoBaHHA PO6OTU aCMHXPOHHOrO ABUryHa Ha OCHOBI aganTuBHoOro nigxoay // CyyacHi npo6aemu
metanyprii, Ne 28 —2025. C.92-113

JocnigeHHAa npuceaYeHe NiABULLEHHIO HALiIMHOCTI MOAENOBAHHA POHOTUM aCUHXPOHHUX ABUIYHIB Nig, 4ac
PO3B'A3aHHA TEXHIKO-EKOHOMIYHWUX 3aBAaHb, NOB'A3aHMX i3 BUOOPOM CUCTEM 3aXUCTY ENEKTPONPUBOAIB, LLLO NPALLIOIOTL
Yy MPOMUCNOBUX ENEKTPUUYHUX MepeXKax 3i 3HUMKEHOK AKICTIO eneKkTpoeHeprii. HasBHICTb Hanpyrosux acumeTpii,
rapMOHIYHMUX CMOTBOPEHb Ta iHWMKX NpobaemM AKOCTI eNneKkTpoeHeprii B LEXOBUX MeperKax iCTOTHO BM/MBAE Ha
edeKTMBHICTb POBOTH | TPMBANICTb CNYKOU aCUHXPOHHUX ABUTYHIB, 36iNbLUYIOYM BTPATU eHeprii Ta BUTPATK Ha TEXHIYHE
ob6cnyrosyBaHHA. Y CTaTTi 3aNponOHOBAHO eHepreTMKO-eKOHOMIYHY MOAe/b, AKA A03BOJIAE NPOBOAUTU 0OUMCNIOBANBHI
EeKCNepUMEHTU 3 METOK BM3HAYEHHA OMNTMMANbHUX TEXHIYHUX pilleHb ANA MOANIMWEHHA AKOCTI eHepronocTayvyaHHA.
KnloyoBum enemeHTOM Mofeni € cuctema reHepauii Ta KOHTPO/IIO NapameTpisB ANiHIMHWUX Hanpyr, sika 3abesneuye
BiANOBIAHICTb 3MOAE/IbOBAHUX CUTHAJIB iX CTAaTUCTUYHUM 3aKOHOMIPHOCTAM, LLLO CMOCTEPIraloTbCA Y peasibHUX YMOBax
pPo60TM NPOMMUCNOBUX MiANPUEMCTB.

bibn. 27, in. 4, Tabn. 2

UDC 681.3.06

Tryputen Mykola, Kuznetsov Vitalii, Verovkin Oleksandr, Koliadenko Oleksandr. Increasing the reliability of
simulation of asynchronous motor operation based on an adaptive approach // Modern problems of metallurgy,
Ne 28 —2025. P.92—-113.

This research focuses on improving the reliability of simulating the operation of induction motors when solving
technical and economic problems related to the selection of protection systems for electric drives operating in
industrial power networks with poor power quality. The presence of voltage asymmetry, harmonic distortions, and
other power quality issues in workshop networks significantly affects the performance and service life of induction
motors, increasing energy losses and maintenance costs. The article proposes a power and economic model that allows
conducting computational experiments to determine the optimal solution for improving power supply quality. A key
element of the model is the system for generating and controlling linear voltage parameters, which ensures
compliance of the simulated signals with their statistical regularities observed in real industrial conditions.

Ref. 27, fig. 4, table 2
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YOK 669.184.244.66:669.184.235.083.133

lfonyé T.C., MonuaHoB JI1.C., MiHalt O.M. KomnnekcHe AOCHig}KeHHA rasoauHamiyHUX ocobamusoctei
CTPYMEHIB, L0 BUTIKAIOTb 3 CcONes LUAIHAPUYHOI KOHCTPYKLIi, AN YMOB BUKOPUCTAHHA B KUCHEBUX KOHBepTepax //
CyuacHi npobnemu metanyprii, Ne 28 —2025. C.114-131

KncHeBO-KOHBEPTOPHWUI MPOLLEC € EAMHUM KOHKYPEHTOCNPOMOXKHUM ifepom 3 BUPOOHULTBA pigKoi cTani. Le,
Hacamnepea, 3yMOB/IEHO HAABHMMW PiSHUMM TUNAMKU NPOAYBHWUX MPUCTPOIB, AKI BUKOHYIOTb 32 XO4OM BWMJIABKK
Pi3HOMaHITHI PYHKLii Ta 4alOTb 3MOry onepaTMBHO MNiANAWITOBYBATUCA Mif 3MiHHI TEXHOMOrYHI ymoBU. OCHOBHUMU
TUMAaMKU conen AnA BepxHix NpoAyBHWX NPUCTPOIB € conna JlaBanA, AKi BUKOPUCTOBYIOTbCA A1A NoAadvyi OCHOBHOMO
KMCHEBOro MNOTOKY, Ta UWAIHAPUYHI conna, fAKi 4YacTile BUKOPWUCTOBYIOTb ANA AONANOBAHHA BigXigHUX rasis.
MpeactaBneHi pesynbTaT  Pi3HOMMIAHOBOrO  AOCAIAXEHHSA 0CO6/MBOCTEM BWTIKAHHA ra30BOrO  CTPYMEHA 3
LUMNiHQPUYHOIO conna, Aki 6ynnM npoBegeHi MeTogamu TiHbOBOI 3MOMKM MPW BUTIKAHHI ra3oBOro MOTOKY Y BifibHe
NoBiTPAHE CepeaoBULLE Ta Y MOAE/bHY PiaAMHY — BOAY, Ta METOAAMU MaTEMATUUYHOrO MOAENOBaHHA AN 3'ACyBaHHSA
paLioHaNbHUX MeX X BUKOPUCTAHHA Y KOHCTPYKLT BEpXHiX NpoayBHMX GYpM KUCHEBOTO KOHBEpTepa. 3a pe3ybTaTamu
[ocCAigXeHb BiAMNOBIAHO A0 MPOMWCIOBUX TEXHOJIOFIYHUX YMOB BUKOPUCTAHHA COMes, BCTaHOBJ/IEHO, WO NpW BUCOTI
po3TawyBaHHA LMAIHAPUYHMX conen Ha piBHi 40 Kanibpis Big, NOBEpPXHi CNOKIMHOI BaHHM BUCOKI MOKa3HWKK eHeprii
NpoAyBHOro rasy Ta BiANOBIAHO WBMAKOCTEN FAa30BOr0 NOTOKY MOXKYTb BYTU JOCATHYTI NpWU NoAadi NpoayBHOro rasy 3
HaANMLIKOBUM TUCKOM He meHwe 300 kMa. [pu LbOMy MOXKAMBICTb MPOHWKHEHHA Y peasibHUI LWNaKo-MeTaneBui
po3niaB 3a TakMXx YMOB (MpM eKcTpanonAuii po3paxyHKiB Ha 60 Kr nabopaTopHy MoAesib KUCHEBOro KOHBepTepa)
CKNagae Ha piBHi 56 — 65 % BMCOTM LWINAKOBOro po3nnasy. BigmiyeHo, Wwo Ana 36inblieHHA NPOHWKHOI 34aTHOCTI
rasoBoro CTPyMeHs, WO BMUTIKAE 3 UUAIHAPWUYHONO COMNa, HEeObXiAHO 3MEHLWMUTU BUCOTY PO3MILLEHHA NPOAYBHOrO
npUCTpoto Ha 25%sigH.

bi6n. 18, in. 8

YK 669.184.244.66:669.184.235.083.133

Golub T.S., Molchanov L.S., Minai O.M. Comprehensive study of gasdynamic features of jets outflow from
nozzles of cylindrical design for oxygen converters conditions // Modern problems of metallurgy,
Ne 28 —2025. P.114—-131.

The oxygen converter process is the only competitive leader in the production of liquid steel. This is primarily
due to the available different types of blowing devices that perform various functions during smelting and allow for
rapid adaptation to changing technological conditions. The main types of nozzles for top blowing devices are Laval
nozzles, which are used to supply the main oxygen flow, and cylindrical nozzles, which are more often used for
postcombustion of exhaust gases. The results of a multifaceted study of the features of the gas jet outflow from the
cylindrical nozzle are presented to clarify the rational limits of their use in the design of the top blown lances of an
oxygen converter. It was conducted by shadow shooting methods when the gas stream flows into the free air
environment and into a model liquid - water, and by mathematical modeling methods. In accordance with the
industrial technological conditions of using nozzles, it was established that when the height of the cylindrical nozzles
was 40 calibers from the surface of the calm bath, high indicators of the energy of the blowout gas and, accordingly,
the gas flow velocities were achieved when the blowing gas was supplied with an excess pressure of at least 300 kPa.
At the same time, the possibility of penetration into a real slag-metal melt under such conditions (when extrapolating
calculations to a 60 kg laboratory model of an oxygen converter) was at the level of 56 - 65% of the height of the slag
melt. It was noted that to increase the permeability of the gas jet flowing from the cylindrical nozzle, it is necessary to
reduce the lance height by 25%relative.

Ref. 18, fig. 8
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YOK 621.774.3

Oobpsak B.A., VYrptomos t0.4., Cracescbkuin C.J1, Masyp I.A, VYrpiomoe [O.10. YpocKoHaneHHsA
meTtano3bepiratouoi TexHonorii nNpokatku Tpy6 Ha ninirpumoBomy craHi // CyyacHi npobnemu meTanyprii,
Ne 28 —2025. C.132-151

Po3rnaHyTi 0cobnMBOCTI i NepcnekTUBM PO3BUTKY NPOLLECY PO3KATKMU MiNirpUMOBOI rO/IOBKM Ha BiNbHIN AinaHLi
AopHa. OcHOBHOW NPO6/MEeMOI0 LBbOrO NPOLEecy € 3MIWEHHA AiNAHKM N0 AOPHY B HanpsAMKy obepTaHHA Baikis
ninirpumoBoro ctaHa. Ha ocHOBI Teopii NPY»KHO-NAACTUYHOrO yAapy NiNirPMMOBOI FO/IOBKM i Ba/KiB CTaHa PO3pPaxoBaHi
nicna ygapHi WBKMAKOCTI | nepemiweHHs Tpyb Ans peanbHUMX YMOB MifirpMMOBOI NPOKaTKU. Po3rnaHyTi aABa cnocobu
3MEeHLEeHHA nepemilleHHA NiNirPUMOBOI FOIOBKM NpPU il B3AEMOAIT 3 BaKaMU: 3HUKEHHA KYTOBOI LUBMAKOCTI BasiKiB
NPV PO3KaTKW N NiNirpPMMOBOI FON0BKM Ta 3aCTOCYBaHHA raibMiBHUX KONOAOK, AIKIi CTBOPIOIOTL 3a4Hil HATAr Tpy6u.

bi6n. 10, in. 4, Tabn. 2

UDC 621.774.3

Dobriak V.D., Uhriumov Yu.D., Stasevskyi S.L., Mazur I.A., Uhriumov D.Yu. Improvement of metal-saving
technology of pipe rolling on a pilgrimm mill // Modern problems of metallurgy,Ne 28 — 2025. P.132 — 151.

The features and prospects for the development of the process of rolling a pilgrim head on the free section of
the mandrel are considered. The main problem of this process is the displacement of the section along the mandrel in
the direction of rotation of the pilgrim mill rolls. Based on the theory of elastic-plastic impact of the pilgrim head and
mill rolls, the post-impact velocities and pipe displacements for real conditions of pilgrim rolling are calculated. Two
methods of reducing the displacement of the pilgrim head during its interaction with the rolls are considered: reducing
the angular velocity of the rolls during rolling of the pilgrim head and using brake pads that create back tension on the
pipe.

Ref. 10, fig. 4, table 2

YOK 621.771.685.5

€ropos O. M., Muxannoscbkuii M. B., PubanbyeHko M. O. CucTeMHMIA aHani3 iHBapiaHTHOCTI cenmapaTHUX
KOHTYpiB KEPYBaHHA LWBUAKICHUM PeXXMMOM NPOKaTKU 3 NeT/el0 Ha HenepepBHUX ApiGHOCOPTHMX cTaHax // CydacHi
npobnemu metanyprii, Ne 28 —2025. C.152-161

Po3pobneHa 6arato3s’A3aHa cuUCTeMa KepyBaHHA LWBUAKICHUM PEXMMOM Trpynu MPOKATHWUX KAiTel, wo
niaBuLLYe ePeKTUBHICTb POOOTU KOXKHOIO KOHTYPY CcTabinisaLii TeXHONOTYHOIO pexmMmy npoKaTtku. [lna 3abesneveHHA
iHBapiaHTHOCTI cenapaTHUX KOHTYPiB KepyBaHHA 3anponoOHOBaHO MepesaBaTh Kepylouuid BNAMB HA KOPEKLLo 4acToT
obepTaHHA rpynu KAiTel 3 ypaxyBaHHAM KoedilieHTa BUTANKKM PO3KATY B KOXKHIM KAiTi. EQEKTUBHICTb TaKOro pieHHn
niaATBEPAKEHA KOMN'IOTEPHUM MOAENOBAHHAM LUBUAKICHOrO pPEeXUMY MNPOKATKM 3 MNeT/iel0 Ha HemnepepsBHOMY
ApPiBHOCOPTHOMY CTaHi.

bi6bn. 3,in. 5

UDK 621.771.685.5

Yegorov O. P., Mykhailovskyi M. V., Rybalchenko M. O. Systematic analysis of invariance of separate control
circuits of high-speed rolling with a loop on continuous small section mill // Modern problems of metallurgy,
Ne 28 —2025. P.152 - 161.

The multi-connected system for controlling the high-speed mode of the group of rolling stands has been
developed, which increases the efficiency of each circuit of stabilization of the technological mode of rolling. To ensure
the invariance of separate control circuits, it is proposed to transfer the control influence to the correction of the

rotation frequencies of the group of stands, taking into account the coefficient of rolling elongation in each stand. The
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effectiveness of such solution is confirmed by computer modeling of the high-speed mode of rolling with the loop on a
continuous small-size mill.
Bibl. 3,ill. 5

YOK 691.735:620.173.2

KimcTau T.B., Y3noB K.l. CUHepreTU4HMii Ta CENIeKTUBHUIA BN/IMB NIETYIOUMX €/IeMEHTIB HA MeXaHi4Hi BnacTBocTi
6poH3u cuctemu Cu-Al-Si-Sn-Mn. // CyyacHi npobaemu metanyprii, Ne 28 — 2025. C.162-183

BcTaHOBNEHO, WO CMHEPreTUYHUI Ta CENEKTUBHUIA BNMUB NIEMYIOYUX €IEMEHTIB HA FPaHMLi MiLHOCTI Ta NJIMHHOCTI
6poH3n cuctemm Cu-Al-Si-Sn-Mn BM3HaYaeTbCcA 6iNbLIOK MIPOHO LIBUAKICTIO OXONOAMKEHHA OPOH3U B /NIMBapHin dopmi,
niABULLEHHA AKOI NPU3BOAMUTL A0 iHBEPCIii XapaKTepy CeNeKTUBHOMo BN/INBY JIETYHOUYMX KOMMOHEHTIB Ha MiLHiCTb. XapakTep
CEeNEeKTUBHOrO BMNAMBY XiMIYHUX €1eMEHTIB Ha [PaHULIO MJMHHOCTI Ta TBEPAICTb /MWE YACTKOBO 3MIHIOETbCA NO
BifHOWEHHI [0 0/I0Ba i 30BCIM He BMJMBAE HA XapaKTep 3MiH MOKA3HMKIB NAacTUYHOCTI H6poH3u. lMpu upbomy, 3
NiABULWEHHAM LWIBUAKOCTI OXONOAKEHHA BPOH3M B /IMBAPHIN Gopmi CTyniHb CUHEPreTUYHOro Ta CEeNEeKTUBHOMO BR/AWUBY
NIETYIOUMX €NeMEHTIB Ha MeXaHiuyHi BnacTMBocTi 6poH3M cuctemu Cu-Al-Si-Sn-Mn 3meHWyeTbcA. 3 uMcna Neryrumx
enemeHTiB B 6poH3ax cuctemm Cu-Al-Si-Sn-Mn, 3a xapakTepom BN/MBY Ha pPiBEHb MeXaHIYHWX BAACTMBOCTEMN, TBEPAOCTI Ta
01 XiMiYHOT CNONYKKN B CTPYKTYPI JOCNIAXKYBAHOI BPOH3M, aNtOMiHi € aHTUNOAOM A0 0/10Ba, KPEMHIIO Ta MapraHLuo.

bi6bn. 12, in. 9, Tabn. 5

UDC 691.735:620.173.2
Kimstach T.V., Uzlov K.I. Alloying elements synergic and selective effect on mechanical properties of Cu-Al-Si-Sn-
Mn system bronze. // Modern problems of metallurgy, Ne 28 — 2025. P.162 — 183.

It has been established that alloying elements synergistic and selective effect on Cu-Al-Si-Sn-Mn system bronzes
strength limit and yield strength are mainly determined by bronze cooling rate in casting mold, which increasing leads to
alloying components selective effect character inversion on strength. Chemical elements selective influence nature on yield
strength and hardness only partially changes in relation to tin and does not affect the changes nature in bronze plasticity
indicators at all. At the same time, with bronze cooling rate increasing in casting mold, degree of alloying elements synergic
and selective influence on mechanical properties of Cu-Al-Si-Sn-Mn system bronze decreases. Among alloying elements in
Cu-Al-Si-Sn-Mn system bronzes, in terms of influence on mechanical properties level nature, hardness and chemical
compounds in studied bronze structure amount, aluminum is antipode to tin, silicon, and manganese.

Ref. 12, fig. 9, table 5

YOK 621.778

®ponos A.B., bobyx O.C., bospkiH B.B., KoHosomos [.B., KyabmiHa O.M. Komn’ioTepHe mopentoBaHHA i
eKcnepyMmeHTasibHa NpPoKaTKa-3’€aHaHHA Kipirami-komnosuTis // CyuacHi npo6aemu metanyprii, No 28 — 2025. C.184-200

B poboTi gocniaxeHo 3acTocyBaHHA TEXHIKM Kipirami B iHKeHepii 417 CTBOpeHHA 6araTowapoBnx KOMMO3ULLIMHUX
maTepianis 3 NPOrpamoBaHUMMU MeXaHiYHUMM BAACTUBOCTAMMU. OCHOBHOIO METOIO € PO3PO6Ka Ta NepeBipKa afeKBaTHOCTI
MaTeMATUYHOI MoZeni Mpouecy NPOKaTKM-3'€QHAHHA a/NlOMIHIEBOI MaTpWLi, apMOBAHOI CTa/IeBOK MPOCIYHO-BUTAXKHO
ciTkoto. Mogenb nobyaosaHa B cepenosuuli QForm UK 3 BUKOPUCTAHHAM MeTOAY CKiHYEHWUX eNeMeHTIB Ta BpaxyBaHHAM
BiANOBIAHNX PEONOTiYHUX XAPAKTEPUCTMK MaTepianiB i rpaHUYHUX YMOB. EKCnepumeHTanbHi AOCAIAMKEHHA MNPOKATKU-
3’eJHAaHHA NPOBOAUAMCL Ha IAaBOPATOPHUX CTaHAxX TMNY AyO Ta KBapTo Npu TemnepaTtypax 4o 500 °C Ta pisHMX CTyneHax
nedopmauii (20-50 %). Pe3ynbTaTh YMCENbHOTO MOLENOBAHHA Y3TrOAMKYIOTbCA 3 €KCNepUMEHTaNbHUMU JaHUMKU WOo[0
3MiHW reomeTpii CiTKM Ta po3noginy aedopmauiin. BctaHOBNEHO, WO HaBiTb NPU He3HaYHOMY cTyneHi gedpopmauii (20 %)
moxnnBe popmyBaHHA ePeKTUBHOTO 3’'€AHaHHA 3 NpoABOM “zip-bonding” edekTy, ogHaK Take 3’€egHAHHA € HECTAbINbHUM.

Tomy B mpoueci NPoKaTKM-3'€4HaHHA AOLINbHO 3aCTOCOBYBATU BEAMYMHY cTyneHa fdedopmalii, wo nepesuwye 30 %.
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Pe3ynbTaTi JOCNIAXKEHHA MOXKYTb 6YTU BUKOPUCTAHI A1A NOAANbLLOT PO3POOKM TEXHONOTi BUTOTOBAEHHA GYHKLOHANbHUX
Kipirami-CTpyKTyp Ha OCHOBi MeTa/ieBUX KOMMNO3MULi.
bibn. 18, in. 7, Tabn. 5

UDC 621.778

Frolov Y.V., Bobukh O.S., Boiarkin V.V., Konovodov D.V., Kuzmina O.M. Fem simulation and experimental
procedure for roll bonding of kirigami-type composites // Modern problems of metallurgy,
Ne 28 —2025. P.184 - 200.

The study investigates the application of kirigami techniques in engineering to produce multilayer composite
materials with programmable mechanical properties. The primary objective is to develop and validate a mathematical
model for the roll-bonding process of an aluminum matrix reinforced with a steel expanded metal mesh. The model has
been developed in the QForm UK environment using the finite element method, taking into account the relevant
rheological properties of the materials and boundary conditions. Experimental roll-bonding studies were carried out on
laboratory duo and quarto rolling mills at temperatures up to 500 °C and various degrees of deformation (20-50 %). The
results of the numerical simulations are in agreement with the experimental data regarding changes in mesh geometry and
strain distribution. It was found that even at a small degree of deformation (20 %), it is possible to form an effective bond
with a “zip-bonding” effect; but that such a bond is unstable. It is therefore advisable to apply a degree of deformation
greater than 30% in the roll-bonding process. The results of the study can be used for the further development of
manufacturing technologies for functional kirigami structures based on metal composites.

Ref. 18, fig. 7, table 2

YK 669.18.046.518.411:621.746.3

Camoxsanoe C.€., NinTioKk B.M., 'pekos C.B. Bnaue KinbKocTi 406aBKM HA TennoBUil CTaH MeTaneBoi BaHHU Y
KiBwi // CyyacHi npo6aemun metanyprii, Ne 28 — 2025. C.201-212

Y nonepeAHilt cTaTTi NpeacTaBieHi pe3ynbTaTi MaTeMaTUYHOTO MOAE/IOBAaHHSA Ta AOC/AIANKEHHA 3 BUKOPUCTAHHAM
po3pobneHnx moaenelt BNAMBY KiNbKOCTI BBEAEHMX LIMATKOBMX 406aBOK A0 KOBLIOBOI BaHHWM (emHicTio 60T i 250T) npwm
06pobui ctani Ha ycraHoBui KiBw-niy (YKM) Ha i rigpognHamiyHWiA cTaH. Ha npuKnagi BMKOPUCTAHHA KYCKOBOrO
depomapraHuo Mapkn ®MH78 3 ypaxyBaHHAM Pi3HOT NUTOMOI KinbKkocTi go6asku (0,2; 1; 2; 3 Kr/T) NoKasaHO 3HaYHMM
BN/AVWB A0CNIAXKYBAHOro $akTopy Ha riapoAMHaMiKy MeTaneBoro posnaaBy NPOTArOmM po3rnaHyToro nepiogy (4o 4,5 c)
3HAXOAXKeHHA depocnaasy y BaHHi. Lia poboTa MicTUTb pe3yabTaTh AOCAIAKEHHA BNAMBY KiNbKOCTI A06aBKN Ha TenaioBui
CTaH MeTaneBoro po3nnasy B ymosax 06pobku Ha YKI. BuknageHuit matepian € NOriYyHMM NpPoAOBMKEHHAM nonepeaHix
AOCniaXKeHb, Y AKOMy 36eperkeHo BMXiAHI YMOBM, 3a3HayeHi y nonepegHin cTatTi. BUKOHaHHA poboTu nepeabavano asa
eTtann pocnigkeHb. Ha nepwomy eTani BUMKOHAHO pPO3PAaxXyHKOBO-EKCMEPUMEHTasIbHY OLLHKY BMJIMBY iHTEHCUMBHOCTI
npoAyBaHHA MeTaneBoi BaHHM B KOBLWI Ha il Tenn0BuiA cTaH. BuaHadveHo Bname (B mexax Big 0,08 °C go = 0,13 °C 3anexHo
Big, IHTEHCMBHOCTI NPoAyBaHHA) Ha TENJOBWUI CTaH BaHHWM B PO3rAAHYTMI nepiog 4acy. Ha gpyromy etani po3pobneHo
MaTeMaTUYHy MOAe/Nb Ta MPOBEeAEHO YMCeNbHI AOCNIAKEHHA Ha KOMN'OTepHi nporpami 1i peanisauii 3 ypaxyBaHHAM
HaBeAEeHMUX BULLE KiNbKOCTEW f06aBKM B yMOBaX HAaBAMMKEHUX 4,0 NPOMUCIOBUX.

bibn. 16, in. 3

UDC 669.18.046.518.411:621.746.3

Samokhvalov S.E., Piptyuk V. P., Grekov S. V. Influence of the quantity of the additive on the thermal condition
of the metal bath in the ladle // Modern problems of metallurgy, Ne 28 — 2025. P.201 — 212.

The previous article presents the results of mathematical modeling and research using the developed models of
the effect of the amount of lump additives introduced into a ladle bath (with a capacity of 250 t) during steel processing in a

ladle furnace unit (LFU) on its hydrodynamic state. Using the example of using lump ferromanganese grade FMn78, taking
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into account different specific amounts of the additive (0,2; 1; 2; 3 kg/t), a significant effect of the studied factor on the
hydrodynamics of the metal melt during the considered period (up to 4.5 s) of the ferroalloy additive being in the bath is
shown. This work contains the results of a study of the effect of the additive amount on the thermal state of the metal melt
under LFU processing conditions. The presented material is a logical continuation of previous studies, in which the initial
conditions specified in the previous article are preserved. The work included two stages of research. At the first stage, the
influence of the intensity of blowing of the metal bath in the ladle on its thermal state was estimated and experimentally
assessed. An influence (from =0.08 2C to =0.13 2C depending on the intensity of blowing) on the thermal state of the bath in
the considered period of time was determined. At the second stage, a mathematical model was developed and numerical
studies were carried out on a computer program for its implementation, taking into account the above amounts of
additives under conditions close to industrial ones.
Ref. 16, fig. 3

YOK 621.316.925

KoBaneHko IHHa, PaaueHko Bitaniit, Ocayn OnekcaHap, Epodeesa AniHa, MinineHko B'auyecnas, MpuxHo Banepis.
AHani3 NOKa3HUKIB AKOCTI enekTpoeHeprii B mepekax npomucnosux nignpuemcts // CydacHi npobiemu metanyprii,
Ne 28 —2025. C.213 -228

MeToto poboTn € BcebiUHMI aHani3 NOKA3HWUKIB AKOCTI enekTpoeHeprii B mepexax NPOMMUCAOBUX NiANPUEMCTB
YKpaiHK, 3 ypaxyBaHHAM CTaTUCTUYHUX AaHMX A0 2022 poKy Ta 3MiH, CNPUYMHEHUX NOBHOMacLITabHoO BiltHOW. Ocobausy
yBary npuaifneHo enekTponocTayaHHIo B rany3ax MeTanyprii, Ximi4yHOT NPOMMUCAOBOCTI Ta MalWIMHOBYAYBaHHA, Ae diKcyoTbes
HanbinbLwi BiaxnaeHHs napametpis PQ. MeToauka. PoboTa 6asyeTbca Ha NOPiBHANBHOMY aHasi3i pe3y/nbTaTiB BUMipOBAHb
AKOCTi eneKkTpoeHeprii Ha YKPaiHCbKMX MNPOMUCAOBMX NIANPUEMCTBAX. 3anyyeHO CTaTUCTMKY f[o 2022 poky, AaHi
MOHITOPUHTY B nepiod BiiHM 2022-2023 pp., a Takox cTaHgapti OCTY EN 50160:2014, IEEE 519 Ta Bumorn ENTSO-E.
MpoBeneHo aHani3 OCHOBHUX NPUYUH BiaxmaeHHA PQ: rapMoHiku, daikep, HECUMETPIN, peakTUBHA NOTYXKHICTb. PesynbTatu.
BusaBneHo, Wo Ao BiliHM Halbinbwi NnopyweHHA PQ cnocTepirannch y 3BaptoBasibHUX | IMBAapHMX Lexax metanyprii (THD_U
0o 12%, HecumeTpia Ao 3,6%), Ha XiMiYHMX NiANPUEMCTBAX — NEePEBULLEHHA rAPMOHIK 6—-16 NopaaKy, a B MalMHObyayBaHHI
— JIOKa/IbHi Npobnemu 3 peakKTUBHO MOTYXKHIcTHo. Mg, Yyac BiiHM OCHOBHI NpobaemMU 3MICTUAUCA A0 FMBOKMX MpoBanis
Hanpyry, HecTabinbHOCTI YacTOTU MpPU FeHepaTOPHOMY KMBAEHHI Ta 3HWXeHHA cosd. YacTMHa npomucnoBocTi byna
3yNMHEHa, WO TMMYacoBO 3HU3M0 PiBEHb FAPMOHIK.

bi6bn. 15, in. 3, Tabn. 1

UDC 621.316.925

Kovalenko Inna, Radchenko Vitalij, Osaul Oleksandr, Yerofieieva Alina, Pilipenko Viacheslav, Prykhno Valeriia
Analysis of power quality indicators in industrial power networks // Modern problems of metallurgy,
Ne 28 —2025. P.213 — 228.

The aim of this study is to conduct a comprehensive analysis of power quality (PQ) indicators in the electrical
networks of industrial enterprises in Ukraine, taking into account statistical data up to 2022 and changes caused by the full-
scale war. Special attention is given to power supply in the metallurgical, chemical, and machine-building sectors, where the
largest deviations in PQ parameters are recorded. The methods. The study is based on a comparative analysis of power
quality measurement results at Ukrainian industrial enterprises. It incorporates statistical data up to 2022, monitoring
results from the wartime period of 2022-2023, as well as relevant standards such as DSTU EN 50160:2014, IEEE 519, and
ENTSO-E requirements. The analysis focuses on key causes of PQ deviations: harmonics, flicker, voltage unbalance, and
reactive power issues. Findings. Prior to the war, the most significant PQ violations were observed in welding and foundry
shops of metallurgical plants (THD_U up to 12%, voltage unbalance up to 3.6%), harmonic distortion of the 6th—16th orders
at chemical facilities, and localized reactive power issues in machine-building enterprises. During the war, the primary
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challenges shifted to deep voltage sags, frequency instability under generator supply, and low power factor (cos¢). Part of
the industrial sector was shut down, temporarily reducing the overall harmonic levels.
Ref. 15, fig. 3, table 1

YOK 620.91

Biktop KoBaneHKo, |HHa KoeaneHko, HaTania Minsiino, fleoHig Lesuyk, Bonoammup Baceubkuii, balko
Bonoaumup, Konucos Bnagucnas. 3aranbHi 3acagy eHeprocnoXXuBaHHA B MeTanypriiiHii npomucnosocti // CyyacHi
npobnemu metanyprii, Ne 28 —2025. C. 229 — 247

MeToto poboTM € [OCNIAKEHHA TEOPETUYHUX OCHOB MiABULLEHHA epEeKTUBHOCTI EHEepProcrnoXMBaHHA B
METaNypPrivHii NPOMMUCNOBOCTI B YMOBAX rN06aNbHUX BUKAMKIB KNIMATUYHOT NOAITUKK, TpaHcpopmauii BUpobHMLTBA Ta
HEOobXiAHOCTI 3HWKEHHA eHepreTMYyHUX BUTpPaT. MpPoaHaNi3oBaHO OCHOBHI TEXHOJOrIYHI NpouecH, piBeHb eHeproeMHOCTI
ranysi, a TakoX MiXXHapOAHWUIN [0CBIA yNpOBaAKeHHA eHeproedeKTUBHMX piweHb. MeToguka. [ocnigkeHHA 6a3yeTbea Ha
MiXXAMCUMNAIHAPHOMY aHani3i HayKoBMX p)Kepes, rany3eBux 3BiTiB, CTAaTUCTUYHUX [aAHUX Ta TEXHIKO-eKOHOMIYHMX
XapaKTePUCTUK BUPOBHMLTBA CTani. BUKOPUCTaHO MeTOAM NOPIBHANBHOIO aHaNi3y eHeproBUTPAT A/1A Pi3HMX TEXHOMOTIYHMX
MapLWpyTiB, a TAaKOX CUCTEMHUI NigxXig 40 OUiHKM NoTeHUiany iHHoBaUil. Pe3ynbTaTu. BCcTaHOBAEHO, WO 3HAYHa YacTUHaA
E€HEProCNOXMBAHHA NPUNaZaE Ha [AOMEHHO-KOHBEpPTepHi npouecu. [lepexia [0 eNekTponiyHoro BUMPOOHMLTBA,
BNPOBAaAXEHHA BOJAHEBOI METanyprii, BUKOPUCTAHHA BTOPUHHOI CUPOBMHU Ta umdposux TexHosorin (Industry 4.0)
BiAKPMBAE WAAXM OO0 iCTOTHOrO MigBULEHHA eHeproedeKTUBHOCTI. HaBegeHo npuKnagM ycniwHoi mogepHisauii Ha
nignpuMemcTBax pisHMX KpaiH.

bi6bn. 27, in. 2

UDC 620.91

Kovalenko Viktor, Kovalenko Inna, Miniailo Nataliia, Shevchuk Leonid , Vasetskyi Volodymyr , Bashko Volodymyr,
Kopysov Vladyslav. General principles of energy consumption in the metallurgical industry // Modern problems of
metallurgy,
Ne 28 —2025. P.229 — 247

The aim of the study is to explore the theoretical foundations for improving energy consumption efficiency in the

metallurgical industry under the conditions of global climate policy challenges, production transformation, and the need to
reduce energy costs. The paper analyzes the main technological processes, the level of energy intensity in the industry, as
well as international experience in implementing energy-efficient solutions. The methods. The research is based on an
interdisciplinary analysis of scientific sources, industry reports, statistical data, and the techno-economic characteristics of
steel production. Methods of comparative analysis of energy consumption for various technological routes and a systematic
approach to assessing innovation potential are applied. Findings. It has been established that a significant portion of energy
consumption is concentrated in blast furnace—converter processes. The transition to electric arc furnace (EAF) production,
the implementation of hydrogen metallurgy, the use of secondary raw materials, and digital technologies (Industry 4.0)
open up opportunities for a substantial increase in energy efficiency. Examples of successful modernization at enterprises in
various countries are provided

Ref. 27, fig. 2

YOK 620.91
KoBaneHko BikTop, MiHalino Hatania, BapiweHko OneHa, LWesyyk JleoHia, Baceubkuit Bonogumup,
bawko Bonoanmump, Konncos Bnagucnas. MoHATTA eHeproedpeKTUBHOCTI B MeTaNyprilHiii NPOMMUCNOBOCTI Ta NOKa3HUKM i

ouiHkK // CyyacHi npobnemu metanyprii, No 28 — 2025. C. 248 — 270
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MeTolo poboTU € aHanNiTUYHe y3arasibHEHHA TEOPEeTUYHMX 3acaf, i NPaAKTUYHMX NiAXOAiB A0 NiABULLEHHA
edeKTUBHOCTI eHEeprocnoKMBaHHA B MeTaNyprifHiin NPOMUCAOBOCTI 3 ypaxyBaHHAM CY4aCHWUX BWKAMKIB KAiIMaTUYHOI
NoNIITUKKM, 3POCTAaHHA UiH Ha eHepropecypcu, noTpebu B AeKapboHizauii Ta eKOHOMIYHOI AOUiNbHOCTI MoaepHisauii
BMPOBHMUMX npoueciB. MeTogmka. [ocnigKeHHsa 6a3yeTbcs Ha MiXAMCUMNAIHAPHOMY aHanisi HaykoBux nyb6nikauin,
MiKHapOAHMX 3BiTiB, CTAaTUCTUYHUX JAHUX, @ TAKOXK TEXHIKO-EKOHOMIYHMX XapaKTepUCTMK BUPOBHMLTBA CTasi. 3acTOCOBAHO
MeTOAN CTPYKTYPHO-MOPIBHAZIBHOTO aHani3y eHeproBMUTPaT 3a PiSHUMMU TEXHONOFIYHMMU MapLUPYTamMK, CUCTEMHUI Niaxia,
[0 OUiHKM NOoTeHUjiaNy iHHOBaLiMHWUX pilleHb Ta MiXKHapoAHOro 6eHYMapkKiHry. Pe3ynbTaTu. BU3HaueHO OCHOBHI daKkTopu
eHeproeMHoCTi B meTanyprii, 06rpyHTOBaHO TEXHO/OMYHI pe3epsBu MigBulLeHHA edeKTUBHOCTI — 30Kpema, nepexis 4o
€/1eKTPOCTaNeNnNaBUIbHOTO  BUPOBHUUTBA, BMKOPUCTAHHA BTOPWMHHOI CUMPOBWHW, YTWAI3aLito  BTpaTHOro Tenna,
BMPOBaAXEeHHA KoreHepauii, uuoposisauii Ta BogHeBoi meTanyprii. Po3rnaHyTo nNpuKaagy ycniwHoi mogepHisauii Ta
nporpamu CTUMYNIOBAHHA B MpPOBIAHMX KpaiHax. HaykoBa HoBM3Ha. Y pobOTi CMCTEMATM30BAHO CY4acHi MOKAa3HMKM
eHeproepeKTUBHOCTI Ta MapLpyTU BUPOOHMLTBA CTaji, OXapaKTepM3OBaHO BMJ/IMB Pi3HUX TEXHOMOFYHWUX cTpaTerin Ha
iHTerpasbHy EeHEeproeMHICTb, @ TaKOX 3anpONOHOBAHO KpUTepii OLiHKM noTeHuiany eHepro3bepelkeHHA Ha Makpo- i
MIKPOpPIBHAX.

bi6n. 29, in. 3

UDC 620.91

Kovalenko Viktor, Miniailo Nataliia, Barishenko Olena, Shevchuk Leonid, Vasetskyi Volodymyr, Bashko Volodymyr,
Kopysov Vladyslav. Energy efficiency in the metallurgical sector: concept and evaluation metrics // Modern problems of
metallurgy, Ne 28 — 2025. P.248 — 270.

The aim of the study is to provide an analytical synthesis of the theoretical foundations and practical approaches
to improving energy consumption efficiency in the metallurgical industry, taking into account modern challenges of climate
policy, rising energy prices, the need for decarbonization, and the economic feasibility of production process
modernization. The methods. The research is based on an interdisciplinary analysis of scientific publications, international
reports, statistical data, and techno-economic characteristics of steel production. Structural-comparative methods of
analyzing energy consumption across different technological routes were applied, along with a systematic approach to
assessing innovation potential and international benchmarking practices. Findings. The study identifies the main factors
contributing to energy intensity in metallurgy and substantiates the technological reserves for improving efficiency,
including the transition to electric arc furnace (EAF) steelmaking, the use of secondary raw materials, waste heat recovery,
implementation of cogeneration, digitalization, and hydrogen-based metallurgy. Examples of successful modernization and
national support programs from leading countries are also presented.

Ref. 29, fig. 3

YOK 621.771:621.774:621.73

l'ybuHcoknii M.B., Yrptomos H0.A., TybiHcbknin O.B., Masyp L.A., Yrpiomos [.l0. MUTaHHA 3HUXKEHHA BUTPaTU
meTana npu BUpobHULTBI rapauekataHux Tpy6 // CyyacHi npobaemun metanyprii, Ne 28 — 2025. C. 271 — 293

Po3rnsaHyTi OCHOBHI iCTOPUYHI HANPAMKM EKOHOMIT MeTana Npu BUPOOHULTBI rapayeKkaTaHmx 6e3WoBHUX Tpyd Ha
pi3HUX TPybOMPOKaTHWUX arperaTax, WO AOCAMIN NPAKTUYHOTO BUMKOPUCTAHHA. 3HWXKEHHA BUTPATU MeTany € O4HUM 3
OCHOBHWX HaMNpPAMKIB 3HUKEHHA BUTPAT Npu BUPOBHMLTBI TPy6, Tak AK JONA BAPTOCTi 334aHOT0 MeTasly 3a BUPaXyBaHHAM
BiAxoAiB cknagae Big 50 oo 85%. BUKOHAHWI aHanisa MeTanoBMKOPUCTAHHS NPU BUPOOHULTBI rapsayeKkaTaHUMX 6e3WoBHUX
Tpy6 Ha pi3HMX TpybONPOKaTHUX arperatax MNoKasas, LLO HaMbinblWi TEXHONOrYHI BTpaTM MeTany MaloTb Mmicue Ha
niNirpMMoBMX arperaTtax 3a paxyHok obpisi meTany Ha MNiNirPMMOBOMY CTaHi B 3aTpaBKy Ta MiNirPMMOBY FONOBKY. PO3rAHYTI
OCHOBHi HaNPAMKMU 3HUXKEHHSA LUUX BTPAT, NPU LLbOMY BiAMIYAETLCA WO HaNbiNbll epeKTUBHUMM € NPOKATKA FiNb3UN B CTUK Ta

pO3KaTKa NiNirpMOBOI rOIOBKM Ha BifIbHIM AinsAHLi AopHA. TaKOXK PO3rAHYTI MUTaHHA 3MEHLLIEHHS OKa/JIMHOYTBOPEHHS Npu
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rapa4iin NpokaTui TPYH WAAXOM NPUCKOPEHOTO OXONOAMKEHHA BUPOOY BOAOI HA BMXOAi 3 YNCTOrO Kanibpy Ta 36inblieHHAM
LBMAKOCTI OXONOAKEHHA Ha NOBITPI.
Gibn. 17, in. 6, Tabn. 1

UDC 621.771:621.774:621.73
Hubynskyi M.V., Uhriumov Yu.D., Gubinskyy O.V., Mazur I.A., Uhriumov D.Yu. The issue of reducing metal
consumption in the production of hot-rolled pipes // Modern problems of metallurgy, Ne 28 — 2025. P.271 — 293
Resource and energy conservation, along with environmental safety, are the main historical areas of development
for metallurgy in modern conditions. This article discusses the main areas of metal saving in the production of hot-rolled
seamless pipes using various pipe rolling units, which have reached practical use. Reducing metal consumption is one of the
main ways to reduce costs in pipe production, as the share of the cost of a given metal minus waste ranges from 50% to
85%. An increase in metal consumption is one of the main factors in reducing the company's competitiveness in the
domestic and foreign markets. An analysis of metal consumption in the production of hot-rolled seamless pipes at various
pipe rolling units has shown that the largest technological metal losses occur at pilgrim mills due to metal cut-off at the
pilgrim mill into the billet and pilgrim head. The main directions of reducing these losses are considered, and it is noted that
the most effective are rolling the liner into the joint and rolling the pilgrim head on a free section of the mandrel.
Ref. 17, fig. 6, table 1

YOK 519.8

KyseHnkos 0.0. AAroputmu Ta MeTogau B AMHAMIUHMX 3a4a4aX ONTMMANbHOrO PO3MilLEHHA BOrHeBux rpyn //
CyyacHi npobnemun metanyprii, Ne 28 — 2025. C. 294 — 309

PoboTa npucesayeHa po3BA3aHHIO aKTyabHOT 334a4i PO3ropTaHHA BOrHEBMX yrpynoBaHb cun MMNO ana npukputTa
pybexiB nosiTpAHOro Hanaagy. [Ana BWpiWeEHHA nocTaBneHOoi 3afayvi BWMKOPMCTOBYIOTbCA Cy4vacHi meToau Teopil
ONTUMANbHOTO PO36UTTA MHOXWH, MATEMATUYHOTO MOZE/OBAHHA 3 BUKOPUCTAHHAM gudepeHLuiasbHUX PiBHAHb Ta iX
cucTeM, po3pobsieHO CcnewianizoBaHW MPOrpPamMHUIn MaKkeT, WO BKAKOYAE MODINbHMIA Ta OGpaysepHui goaaTok. Mpu
po3pobLi NPOrpaMHOro KOMMAEKCY BUKOPUCTOBYBAZIMCA CyHaCHi MOBM Ta TEXHOOTIT NPOrpamyBaHHsA, NPOBOAMBCA OrNAL Ta
NOPIBHAHHA 3 iCHYIOYMMMK PilIEHHAMM B Pi3HMX KpaiHax. MpoBeAeHO PeTPOCNEeKTUBHWUI aHani3, po3pobneHo KpuTepii
ONTMMANbHOCTI LIYKAaHOro pilleHHA, BW3HA4YeHO MepeBarM Ta HeAonikM nigxody. BuKopucTaHHA meTogiB Teopil
ONTUMANbHOTO PO3OUTTA MHOXWH [03BOJIAE aHAMITUYHO BM3HAYATM KpUTEpii AKOCTI PO3B’A3KY, MPOBOAUTU aHaNiTUYHE
[OCNIAXKEHHA [ONYCTUMMX PO3B’A3KIB Ta OUHUTM ONTMMAJbHICTb pPilleHHA, a anpobaLlis aHaNiTUYHUX pe3ynbTaTiB Ha
NpaKkTULi Ta NpUKNagax 3 peasbHUMWU BXiAHUMU OAHUMM NiABULLYE TOYHICTb T PENIeBAHTHICTb pe3y/bTaTiB, OTPUMAHUX
aHaniTU4Ho.

Bi6n. 8, in. 7, 1abn. 1

UDC519.8

Kuzenkov O. O. Algorithms and methods in dynamic problems of optimal placement of fire groups // Modern
problems of metallurgy, Ne 28 — 2025. P.294 — 309

The work is devoted to the urgent task of deploying fire groups of air defense forces to cover the lines of air
attacks. To solve the problem, modern methods of the theory of optimal set partitioning, mathematical modeling using
differential equations and their systems, a specialized software package has been developed, which includes a mobile and
browser application, is used. When developing the software package, modern programming languages and technologies
were used, an overview and comparison with existing solutions in different countries was made. A retrospective analysis
was carried out, criteria for the optimality of the solution being sought were developed, advantages and disadvantages of
the approach were determined. The use of methods of the theory of optimal set partitioning allows you to analytically

determine the criteria for the quality of the solution, conduct an analytical study of admissible solutions and determine the
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optimal one, and approbation of analytical results in practice and examples with practical input data increases the accuracy
and relevance of the results obtained analytically.
Ref. 8, fig. 7, table 1

YOK 620.91

KoBaneHko B. Jl., Pubka KoctaHTuH, HikiTiH €BreH, KonapgeHko OnekcaHap, Bonogumwup Bawko, Konucos
Bnagucnas. Po3paxyHOK ONTMManbHOI CUCTEMMU rigpoeHepreTUUHOI yTuaisauii: Npuknag metanypriiHoro nignpmemcrsa
// CyuacHi npo6nemu metanyprii, Ne 28 — 2025. C. 310 - 328

MeTolo paHoro gocnigXeHHA € po3paxyHOK ONTUMAsIbHOI CUCTEMM YyTWAi3aLii BTOPUHHUX TifpOeHepreTM4HmX
pecypciB Ha NpuKNagi uexy rpaditauii metanypriiHoro nianpmemcrea BAT «YKpaiHCbkuii rpadit». OCHOBHUM 3aBAAHHAM €
BM3HaYyeHHA Takoi KoHoirypauii cuctemm 360py Ta NepeTBOPEHHA rigpopecypcis, AKa [03BOIAE MiHIMI3yBaTM cobiBapTicTb
BUpPODOIeHOi enekTpoeHeprii Ta 3abe3neunTn eHeproePeKTUBHICTb NIANPUEMCTBA 3 YPaxXyBaHHAM HAABHUX TEXHIYHUX i
NpoCcTopoBUX ObMmekeHb. MeToauKa. Y AO0CNiAKeHHI BUKOPWUCTAHO MeToaM FifpaBaiyHOro Po3paxyHKy, KOMOiHaTOpHY
onTUMI3aLito, cCUrHaTypHi OYHKUIT ANA MoAentoBaHHA OBMe)KeHb, a TaKOMK TEeXHiKO-eKOHOMIYHMI aHani3 Ansa OUiHKK
epeKTUBHOCTI pi3HMX KOHirypauin cuctem 360py rigpopecypcis. Pe3ynbTaTh. Bu3HaueHO napameTpu ONTUMANbHOI
CUCTEMM TiAPOEHEePreTUYHOI yTUAI3aL,ii ANnA KOHKpeTHoro o6’ekTa. BcTaHOBNEHO, WO HaMbiNbW €KOHOMIYHO AOUiIIbHUM €
BapiaHT i3 BUKOPUCTAHHAM MLLE OA4HOTO LeHTpy 360py (LI3 Ne 2), npu 3aranbHiit fosxuHI Tpybonposoais 6a113bko 200 m.
PiuHe BUpoBneHHA enekTpoeHeprii nepesuulye 135 Tuc. KBTeroa, a cobisapTicTb ctaHoBMTb 0,30 USS /KBTeroa, wwo 3HauHo
HUX4Ye 4YMHHOro Tapudy. OpieHTOBHI KaniTanbHi BUTpaTM Ha obnagHaHHA (mikpo-TEC Tuny 10Mp) Ta iHOpacTpyKTypy
cTraHoBATb USS 168,8 Tuc.

bi6n. 11, in. 1, Tabn. 3

UDC 620.91

Kovalenko Viktor, Rybka Kostiantyn, Nikitin Yevhen, Koliadenko Oleksandr, Bashko Volodymyr, Kopysov Vladyslav,
Pilipenko Viacheslav. Calculation of the optimal hydropower utilization system: a case study of a metallurgical enterprise
// Modern problems of metallurgy, Ne 28 — 2025. P.310 — 328

This research is dedicated to the development, modeling, and optimization of a hydropower recovery system
based on the reuse of secondary water resources within an industrial enterprise. The specific focus is on the graphitization
workshop of PJSC "Ukrainian Graphite"—a metallurgical facility where substantial volumes of warm process water are
discharged as a byproduct of production. The central objective of this study is to determine the optimal configuration of a
water collection and energy conversion system that will enable efficient electricity generation at the lowest possible cost,
while maintaining high energy performance. The task is conducted under the influence of strict technical and spatial
constraints inherent to existing industrial infrastructure. Methodology. The study applies a set of engineering,
mathematical, and economic methods. Hydraulic analysis is used to model water flow through both pressurized and
gravity-fed pipelines, ensuring accurate determination of head losses and flow rates. A combinatorial optimization
framework is employed to evaluate various topologies of system configurations, where water sources are matched with
potential collection centers in the most effective way. A key feature of the methodology is the use of signature functions—a
mathematical tool designed to define “prohibited zones” where placement of system elements is physically or operationally
impossible due to safety, accessibility, or layout restrictions. These functions are integrated into the optimization model,
enhancing the realism and applicability of the results. Additionally, a comprehensive techno-economic assessment is
performed for each configuration, including calculations of capital expenditures, equipment cost, pipeline expenses,
operational costs, and unit electricity production cost (LCOE).

Ref. 11, fig. 1, table 3
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YOK 620.91

BoHpgap Oner, Cisepcbkuii Cepril, NypiH €ereH, KonsaeHko OnekcaHap, bawko Bonoanmmp, Konucos Bnagucnas,
MinineHko B'ayecnas. MopenioBaHHA eNEKTPOMArHiTHUX NpoueciB y HeniHiIMHOMY Koni enektposisepa imnynabcHoOro
OCafKeHHA meTaneBux NnokpuTris // CyyacHi npobaemu metanyprii, Ne 28 — 2025. C. 329 — 347

MeTolo paHoro aocnigeHHa € nobygoBa aHaNiTUYHOI MOAENi eNeKTPOMArHiTHUX MPOLECIB Y HeniHiMHomy
eNeKTPUYHOMY KOJi eNeKTponi3epa, AKUIN NPaLIOE B PEXUMI iIMNYNIbCHOTO OCaAMKeHHA MeTanesBux NokputTie. Ocobausy
yBary npuAineHo BNAWBY MapameTpiB PeBepcOoBaHOI MPAMOKYTHOI Hampyrn Ha MPUKATOAHWW Chnag, Hanpyru, cTpym
0CaKEeHHSA Ta 3arasibHi eNeKkTpodi3nyHI XapaKTepUCcTUKM npouecy. JoCNiaKeHHs CNPAMOBaHO Ha BUABNIEHHA ONTUMAsIbHUX
pexumis poboTM [xepena MUBAEHHA, AKi 3abe3nedyyioTb HaMBULLY AKICTb OCAAMKEHOro Wapy Npuv MiHIManbHUX
eHepreTMyHMx 3aTpaTax. Metoguka. [na onucy npoueciB y Koni 6yno BUMKOPUCTAHO METOZ, NepeTBOPEHHA 3MiHHUX Ta
nobynosaHo cuctemy andepeHuianbHMX PiBHAHD, WO BifoOpaXKae AMHAMIKY HAMpyru Ta CTPYMy B YMOBAX iMMy/IbCHOrO
KUBAIEHHA. Y MoAeni BPaxoBaHO K/HOYOBI €/1eMEHTU KOJA: aKTUBHUIA ONip, EMHICTb, IHAYKTUBHICTb €NEKTPONITY, @ TaKOX
HeNiHiNHI NPOBIAHOCTI, WO XapaKTepPU3YyIOTb e/1eKTPOXiMiYHY NoBeAiHKY cucTtemu. [Ina aHanisy AKOCTI NOKPUTTA 34iMCHEHO
MOAEeN0BaHHA B iHTEPBasax NPAMOro Ta 3BOPOTHOTO iMMY/IbCIB i3 MOAANbLIMM BU3HAYEHHAM MaKCUMAAbHUX i MiHIManbHMX
3HayeHb MPUKATOAHOrO cnagy HanpyrM Ta MOBHOro cTpymy. [lpoBeAeHO uucesibHe MOPIBHAHHA 3 aHaANITUYHUMMU
pesynbTaTamu 4NA NepeBipKM TOYHOCTI MoZen.

Bi6n. 6, in. 8

UDC 620.91

Bondar Oleh, Siversky Serhii, Gurin Yevgen, Koliadenko Oleksandr, Bashko Volodymyr, Kopysov Vladyslav,
Pilipenko Viacheslav Modeling of electromagnetic processes in a nonlinear circuit of an electrolyzer for pulse deposition
of metal coatings // Modern problems of metallurgy, Ne 28 — 2025. P.329 — 347

The primary objective of this study is to construct a comprehensive analytical model describing the
electromagnetic processes in a nonlinear electrical circuit of an electrolyzer operating under pulsed electrodeposition
conditions. Special attention is given to the influence of reversed rectangular voltage pulse parameters on the near-cathode
voltage drop, deposition current, and the general electrochemical behavior of the system. The goal is to identify optimal
operation modes of the pulse power supply that ensure high-quality metal coatings while minimizing energy consumption
and structural defects. Methodology. The research employs the method of variable transformation to develop a set of
differential equations describing the dynamic behavior of voltage and current in a nonlinear electrolyzer circuit during
pulsed operation. The model accounts for critical circuit components: resistive, capacitive, and inductive elements of the
electrolyte, as well as nonlinear conductances reflecting electrochemical properties. Analytical expressions for voltage drop
and deposition current are derived for both the forward and reverse pulse intervals. The model includes the influence of
electrolyte inductance—an often-neglected factor—which significantly alters the current front shape and ultimately affects
deposition kinetics and coating characteristics. Numerical simulations are performed to validate the analytical solutions.

Ref. 6, fig. 8
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lybuHcokuii M.B., Yrptomos t0.4., l'y6iHcbkuid O.B., I.A. Masyp, Yrptomos [.t0. EHepro36epiratoui TexHonorii npu
Bupob6HMLTBI TPY6// CyyacHi npobnemun metanyprii, Ne 28 — 2025. C. 348 — 371

OpHieto 3 aKkTyanbHUX Npobsiem YKpaiHM B A@HWUI Yac € HecTaya NepBUHHMX EHEeProHOCIiB, 30Kpema NPUPOAHOTro
rasy, Wo oOBMeKye eHeprocrnoKMBaHHA nignpuemcts. Mpobiema MNOCUAIOETbCA MNOETAaNHWM MiABULLEHHAM BapTOCT
eHeproHociiB (NPUPOAHOro rasy, eNeKkTpoeHeprii), a TaKoXK HWWUMKW MPUYMHAMM, WO 3HUKYE KOHKYPEHTOCMPOMOXKHICTb
METaNypriiHnxX Nignpuemcts YKpaiHu. MeTor faHoi poboTh € aHani3 BiAOMUX TEXHIYHMX pilleHb MO eHeprosbepekeHHo B
NPOKaTHOMY BMPOOHMLTBI, nNepeBa)kHO Npu BUMPOBHWULTBI rapAayekaTaHux 6eswoBHMX Tpy6, ANA nofanblworo

yAOCKOHaNeHHa BMPobHULTBA Tpy6. Ha ocHOBI aHanisy WnsxiB eHepro3bepexeHHs Npu BUPOBHULTBI rapayekaTaHux Tpy6
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BiI3HAYAETLCA TONOBHUI HAaNPAMOK eHepro3beperkeHHA B MPOKAaTHOMY BUPOBGHULTBI — Lie OYAIBHMLTBO NPOKATHUX CTaHIB
no6a13y mawmrHu 6e3nepepBHOro NNTTA 3aroTOBKU. B AaHiit poboTi po3rnAHyTI Taki HANPAMKM 3HUKEHHA eHeproBUTPaT, AK:
rapayumii Nnocaz 3aroToBOK B HarpiBasibHi neyi TpybonpoKaTHUX arperaTiB; EKOHOMIsi NPUPOLHOTO ra3y NPW Harpisi TePMIYHIN
06pobui; npAme npowuBaHHA 6Ge3nepepBHO /AWUTOI 3aroTOBKM Ha KOCOBA/JIKOBOMY CTaHi MifirpMmoBOro arperata;
TepmomexaHiyHa 06pobka Tpyb 3 NpoKaTHOro Harpisy.

bi6n. 12, in. 10
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Hubynskyi M.V., Uhriumov Yu.D., Gubinskyy O.V., Mazur I.A., Uhriumov D.Yu. Energy-saving technologies in pipe
production // Modern problems of metallurgy, Ne 28 — 2025. P.348 — 371

Ukrainian metallurgical enterprises with a full cycle have fuel costs at the level of 1.4+1.6 tons of conventional fuel
per ton of produced products, while the share of energy costs in the cost of rolled products is approximately 40%. At the
same time, at enterprises in Japan and the USA, these costs are 0.7+1.0 tons of conventional fuel per ton of product. One of
the current problems of Ukraine is the shortage of primary energy carriers, in particular natural gas, which limits the energy
consumption of enterprises. The problem is exacerbated by the gradual increase in the cost of energy carriers (natural gas,
electricity), as well as other reasons that reduce the competitiveness of Ukrainian metallurgical enterprises.

The purpose of this work is to consider known technical solutions for energy saving in rolling production, mainly in
the production of hot-rolled seamless pipes, for further improvement of pipe production.

Based on the analysis of energy saving methods in the production of hot-rolled pipes, the main direction of energy
saving in rolling production is noted - this is the construction of rolling mills near the continuous casting machine of the
billet.

Ref. 12, fig. 10
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KamkiHa J1.B., CrosnueHko [.M., MsaHoscbka fA.B., CeniBbopctos B.HO., AstoHomos [.B. CtaH Ta nepcneKkTtusun
nepepobKn nuay enekTpocTanennasuabHOro BUPOBGHUUTBA | TeXHOreHHUX 3anisoBmicHMX martepianis// CyuacHi
npobnemu metanyprii, Ne 28 — 2025. C. 3472—- 404

AHaniz i3nKo-XiMiYHMX MpPOLECiB, eKCNepuMMEHTaNbHI AOCNIAXKEHHA Ta PO3pobKa iHHOBALMHMX TEXHONOTIYHUX
piweHb Ta pekomeHAawin wogo nuny ACIM Ta 3ani30BMiCHMX Bigxoais meTanyprinHoro BMpobHMUTBa.

TeopeTuyHi JocnigxeHHA 6a3yloTbCA Ha OCHOBHUX MONOMEHHAX i3nYHOT Ximii i Teopii meTanyprinHux npouecis.
Po3paxyHKM TepMOAMHAMIYHOT PiBHOBArM OKCWMAHWUX CUCTEM OCHOBaHi Ha Teopii lNb66ca Ta peanisoBaHi 3a AONOMOroto
Komn’toTepHoi nporpamun «FASTSage 6.0%»; gocnigxKeHHA XimiyHOro cknagy $asoBUX CKNafoBMX MapraHuesux dpepocnnasis
BMKOHA/IN 3 3aCTOCYBaHHAM PacTPOBOro e/IeKTPOHHOro mikpockony YSM-6300LA ¢ipmu JEOL, AnoHia.

EdekTnBHe BupaneHHs unHKy 3 nuny ACIM moxavee Bxe npu nomipHux Temnepatypax 1000...11000C, y Tomy yucni
NPV BUKOPUCTAHHI AK BYrneLeBoro BifHOBHUKA HEKOHAMLIHMX ByrneLeBmx matepianis. na oTpuMaHHA piAKOro NpoayKTy
cnip, nepenbaynTM HagMipHY KifbKiCTb BYrneLlo Ha HaByrneuloBaHHA 3 TUM, W06 3HM3UTK TemnepaTypy OAep*KYBaHOro
posnnasy.

Mpu Temnepatypax nopsaky 1000..11000C 3anizoBMiCHMIA NWA | WNam 3a3HalOTb 3MiH, WO MNPU3BOAUTL A0
3MeHLEeHHA BMIcTy Zn B 06pobaeHoMy maTepiani, nepexoay BUXiAHUX NUAYBATMX MaTepianiB B KOMNAKTHY, AOCUTb MiLHY
macy.
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Kamkina L.V., Stovpchenko G.P., Mianovska Ya.V., Seliverstov V.Yu., Avtonomov D.V. The current state of
sawdust processing of chipboard and iron-containing metallurgy waste // Modern problems of metallurgy,
Ne 28 —2025. P.372 — 404

ISSN-print 1991-7848 423
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 28 - 2025

Analysis of physicochemical processes, experimental research, and development of innovative technological
solutions and recommendations for chipboard dust and iron-containing waste from metallurgical production.

Theoretical research is based on the fundamental principles of physical chemistry and the theory of metallurgical
processes.

Calculations of the thermodynamic equilibrium of oxide systems are based on Gibbs' theory and implemented
using the FASTSage 6.0 computer program; studies of the chemical composition of the phase components of
manganese ferroalloys were performed using a YSM-6300LA scanning electron microscope from JEOL, Japan
Effective removal of zinc from chipboard dust is possible even at moderate temperatures of 1000—1100 °C, including
when using substandard carbon materials as a carbon reducing agent. To obtain a liquid product, an excess amount of
carbon for carbonization should be provided in order to lower the temperature of the resulting melt.

At temperatures of around 1000...1100°C, iron-containing dust and sludge undergo changes that lead to a
decrease in the Zn content in the processed material and the transition of the initial dusty materials into a compact,

fairly solid mass. Translated with Deepl.com

Ref. 67, fig. 2, table 11
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