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C. B. BeiinyH|, x. T. H., JOLEHT

Vxpaincokuii deporcasnuil ynisepcumem Hayku i mexHonozii
JOCJAIIKEHHSI TEPMIYHOI NIITOTOBKH KOBIIIB

AHoTauis. Metoto poboTu € po3poOKa KOMITIOTEPHOI MOJENi HarpiBaHHS KOBIIA
BIZIKpUTUM (DaKeJIOM HA YCTAHOBII CYIIIHHS Ta BHCOKOTEMIIEPATYPHOTO PO3IrpiBY IS
VIPaBIiHHA TPOIECOM TEPMIUHOI MiATOTOBKH. 3aBNaHHS YIIPaBIiHHA YCTaHOBKaMH
CYIIIHHS Ta BHCOKOTEMIIepaTypHOro posirpiBy kosmiB (YCBP) momsrae y peanizamii
PSKUMIB 1X poOOTH, IO 3a0€3MEUYIOTh OTPUMAHHS 3aJIAHOTO TEMIIEPATYPHOro Mpohiliro
mapiB (yTepyBaHHSA CTAICPO3IMBHUX TMPH MiHIMaNbHI BuTpari maimmuBa. OCKUIBKH
CydacHi TEXHiuHi 3aco0M KOHTPOJIO HE JO3BOJSIIOTE OTPHMYBAaTH PEICBAHTHY
iHdopMmario mpo TemrepaTypHe moje (GyTepyBaHHs CTIHOK i JAHHINA KOBIIA, HEOOXiTHO
OyJI0 CTBOPHTH IIPOrHO3YIOUY MOJIEb HOro po3irpiBy Biakputum dakesom Ha YCBP. Sk
00'ekT mocHimKeHH 00paHO 68-TOHHMH HaOWBHME cTanepo3nuBHUi kiBm KC-68. 3a
nmaanmu nocmimkeHas B KKI [IpAT «E€Bpa3 — JIHINPOBCHKUI METATypTriiiHHIA 3aBOI»
3iliCHeHa omiHKa (opMu Ta po3MipiB Bigkpuroro ¢akery. [{udposoro ¢portoxameporo
dikcyBascs axen Ha Buxoni mansHEka YCBP npu Butpari npuposasoro rasy 50 m¥/rog,
IO BIANOBIgAa€ INTATHOMY pEeXUMY CYyLIiHHA Ta posirpiBa kosma. Jlns winei
MOJIeTIOBaHHs oTpuMaHa (opma (akena anpoKCHMyBalach IBOMA YCIYEHUMH KOHYCaMHU.
BuzHaueHHS mapaMeTpiB KOHBEKTHBHO-IIPOMEHHCTOTO TEIUIOOOMiHY B cHCTeMi «daken —
KpPHIIKA — CTIHKa — JJHUILE KOBIIA» IPOBOAMIOCS 3 ypaxyBaHHAM TemIiepatypu (akea,
TEIIO(I3MYHUX BJIACTUBOCTEH MatepianmiB (yTepyBaHHS, a TaKoX KOeQIilieHTIB
OIPOMIHEHOCT] Ta CTYIEHs YOPHOTH IOBEPXOHb. PO3paxyHOK TEMIIEpaTypHOro MOJs y
(dyTepyBaHHI CTIHKM Ta JHHINA KOBIIA IIPOBOJMBCS METOJOM KIHIIEBUX EJIEMEHTIB,
peanmizoBannMm y makeri ANSYS. Ha mincraBi MopenmioBaHHS OTPHMaHO 3MiHY
TeMIIepaTypHOTo 10151 (pyTepyBaHHs KOBIIA B X0/l Horo HarpiBanHs Ha YCBP Bigkputum
(haxesoM TPOTATOM 6-TH TOAWH, IO BiAMOBIAa€ YNHHIN TEXHOJOTII. AHAII3 OTPUMAHOI B
pe3ysibTaTi MONENIOBaHHS JIUHAMIKH TEeMIIepaTypHOro monsi (yTepyBaHHS KOBIIIA
CBITYUTH TIPO Te, IO IIPU HOTo HAarpiBaHHI BIAKPUTHM (haKelIoM Ha YCTaHOBILI CYLIiHHS Ta
BHCOKOTEMIIEPATYPHOT'O pO3IrpiBy He BUHUKAIOTH TEPMIUHI HAIIPYTH, HEOE3MEUHi 3 TOUKH
30py YTBOpEHHS TpIlIMH y IIapax BOTHETPMBKHMX MatepianiB. MaKCHMAaNbHUN TpagieHT
Temriepatypu y criHmi cranoButh 10 °C/mm, a B mammii — 6 °C/mM. BceranoBineHo, mo
poGoua moBepxHs (yTepyBaHHS IPOTPIBAETHCS AOCTATHHO JUIS YHHKHEHHS TEpPMOYAApy
TIPY BHITYCKY CTali B KiBII. Pe3ynbraTé JOCTIIKEHHS MOXYTh OyTH KOPHCHUMH JUTS
ONTHMI3alii POLECY TePMIYHOI MiATOTOBKH CTaJEPO3TUBHUX KOBIIIB.

KurouoBi ciioBa: crajgepo3nuBHUIA KiBIL, PO3irpiB mapiB GpyTepyBaHHs, BIAKPUTHI
(haxesn, KOMII IOTEpHA MOJIETIb.

Hocuianns aas  uuryBaHHs: MuxaitnoBeskuit M. B., IlluGakincekuii B. 1.,
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Beryn. TepmivHa miArOTOBKAa CTAJCpPO3IMBHUX KOBIINIB 3IHCHIOETHCS HA
YCTaHOBKaX CYIIIHHA Ta BHCOKoTeMmnepaTypHoro posirpisy (YCBP).
TemrepatypHi Ta 4YacoBi XapaKTEPHCTHUKH PO3IrpiBy BCTAHOBIIOKOTHCS Ha
OCHOBI EKCIIEPUMEHTAJIbHNX AAHUX JUIS MEBHOTO THUITy (pyTEepyBaHHS 3aJeKHO
Bin #oro ¢i3WYHMX BIACTHBOCTEH. BuTpara mammBa, B SIKOCTI SIKOTO, SIK
MIPaBWIIO, BUKOPHUCTOBYETHCS TPHUPOAHUM Ta3, 3aJIeKUTh BiI KOHCTPYKIi
YCTaHOBKH Ta 30BHIMIHIX yMOB [1]. Po3irpiB pobodoro mapy cranepo3nuBHUX
KOBIIIB BEJCTHCA BIAKpUTHM (akenom [2].

3aBIaHHS YNpaBIiHHS MPOIECOM PO3IrpiBy KOBIIA MOJSATae y BHOOpI Ta
HIATPUMIII TaKOTO PEXUMY POOOTH YCTAHOBKH, SIKMH 3a0e3nedyye OTpUMaHHs
3aJ]aHOr0 TeMIIepaTypHOro npo¢ino mapiB ¢yTrepyBaHHS NpU MiHIMaJIbHIN
BUTpaTi nanusa. [yt 00rpyHTOBAaHOTO BUOOPY PEXUMIB TEPMIYHOI MiATOTOBKU
KOBIIIB IOTpiOHa perneBaHTHA iH(pOPMAIisl PO TEIJIOBUHA cTaH KoBma. OpHak
CyYacHi TeXHIUHiI 3aCO0M KOHTPOJIIO HE JO3BOISIOTH 3a0€3MEeYNTH MOHITOPHUHT
TEeMIIepaTypHUX MOJIB IapiB (yTepyBaHHS CTIHOK i JHWINA KOBIIIB ITiJ] Yac
ixaporo posirpisy Ha YCBP. Tomy € morpeba y CTBOpEHHI NPOTHO3YIOYOI
MOJIENi PO3IrpiBy CTANIEPO3TMBHOTO KOBIIA BITKPUTHUM (PaKEITOM.

IMocTranoBka 3aaayi. Po3pobuty KoMI'toTepHy MOAETHs HarpiBaHHA KOBIIA
BIIKPUTHM (paKeIOM Ha YCTaHOBII CYIIIHHS Ta BHCOKOTEMIEPaTypPHOTO
PO3IrpiBY /11 YIIPABIIHHS IIPOIIECOM TEPMIYHOT ITiATOTOBKH.

Buxinni nani nis MonmesawoBanHsi. B skocti 00'ekta JOCTIIKEHHS 00paHO
68-Tonnuii HabnBHMIA cranepo3nuBHUK KiBi KC-68. Jlns po3paxyHKiB mporecy
HECTal[iOHAPHOTO TEIUIOOOMIHY ITiJl Yac HarpiBaHHS KOBIIA BHKOPHCTaHO TaKi
BUXi/IHI JlaHi: TEOMETPUYHI pPO3MIpH KOBIIA: BEPXHIH BHYTPIMIHIA IiameTp
2,475 wm, Bucora 3,37 M, xonycHicts 0,166; TOBIIMHA mapiB Ta TEIUIOQI3MUHI
BJIaCTUBOCTI MarepiaiiB (yTepyBaHHS (3 ypaxyBaHHSAM IX 3aJIeKHOCTI BiX
TEeMIepaTypH); TeMIepaTypa BHYTPILIHBOI NMOBEpXHi (yTepyBaHHS, a TaKoX
TapaMeTpyu MPOMEHNCTOTO Ta KOHBEKTHBHOTO TETUIOOOMIHY.

CriHKM Ta JHWIIE HAOWMBHOTO KOBIIA CKJIAJAIOTHCS 3 ACKUTBKOX MIapiB
pizHEX MarepianiB. CTIHKM KOBIIA BHTOTOBJCHI 3 (POpMYyBalbHOI CyMIiIIi, IO
MICTHTh ITICOK 3 TJIMHUCTOK cKkiagoBoro 10..12 %, mamorHOl Iermm i
CTaJeBOro Koxyxa. JIHWIEe KOBIIA CKIAQJAEThCS 13 LIAMOTHOI LIETJIH,
KapOMIIIHOTO OETOHY Ta CTaJIeBOro Koxkyxa. ToBIIMHA BCiX IIapiB MaTepiaiis,
Kpim OeToHy, y mepepisi mocriiiHa. Uepe3 omyKiIicTh JTHHIIA KOBIIA TOBIIMHA
mapy OeToHy 1o Horo oci craHoBUThH 0,225 M, a 0 KpaiB CXOJIUTh HAHIBEIb.
Crpykrypa QyTepyBaHHS KOBINA, a TaKOX TEIIO(QI3WYHI BIACTUBOCTI ii
KOMITOHEHTIB Yy 3aJIS)KHOCTI Bifi Temneparypu [3] HaBeneHi B Tabimmi 1.

Y xomi posirpiBy Ha YCBP kiBIIl HaKpHUBA€ThCS TEIUIO130JIIITHOIO KPHIITKOO
30BHIIIHIM aiameTpoM 3,19 M i ToBumHOIO 0,18 M, sika Texx Oepe y4acTb y
TerooOMmiHi. Kpuiika cximamaetses 3 sxapoMirtHoro OetoHy 3aBToBmkd 0,05 M,
MyJITO-KOpYHAOBOI BaTh 3aBTOBIIKH 0,09 M i cTajgeBOro KOpITyCy 3aBTOBIIKH
0,03 m. [Iapu OeToHy Ta BaTh po3/ijieH] cTajeBUMH rparamu ToBupHOK0 0,01 M.
Temwtodisuuni BIACTUBOCTI MYJITO-KOPYHIOBOI BaTH: WIIbHICTH 130 Kr/Mm®,
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teroemHicTs 1036 Jx/(xr-K), Tenmonposinnicts 0,16 Br/(M-K).

Tabmums 1 — CrpykTypa ¢yTepyBaHHS CTaJepO3JIMBHOTO KOBIIA Ta TEINIO(I3HUHI
BJIaCTHBOCTI ii MaTepianis (t — Temmeparypa marepiainy).

Matepian ToBuwHa, M [inbHicTh | TemmoemHicTh, | TemIoNpoOBiAHICTS,
p CTIHKa | THUILE Kr/m® Jx /(kr-K) Bt/(m-K)

opmosotHa | 45 | _ 1650 | 840+0,053t | 0,35+19410%t

cyMim

[lamot 0,065 | 0,12 2000 880 + 0,23t 0,69 +3,14.10“t
HKapoimtit || 0995 | 1400 | 840+0,20t | 048+14010%t

0OCTOH

Craib 0,02 0,02 7800 462+ 0,17t 52,0-0,020 t

Ominka ¢opmu Ta po3MipiB BigkpuToro (akemy mpoBoamiacs 3a JTaHUMHU
MIPOMUCIIOBOTO ekciiepuMenTy Ha YCBP cramepo3nuBHUX KOBIIIB KHCHEBO-
koHBeprepHoro nexy ITAT «EBpa3 — /IHINPOBCHKUN METamyprifiHUIA 3aBOIY.
Hudposoro dhorokameporo ¢ikcyBaBcs daken Ha BUXOA1 HaJbHUKA IPH BUTPATI
npupogHoro rasy 50 wm%ron, IO BiANOBiZa€ 3aCTOCOBYBAHOMY PEKHMY
CYIIIHHS 1 po3irpiBy KoBIIa. 3 ypaxyBaHHSIM MacIITa0y 3HIMKa Ta KyTa 3HOMKH
oTpuMaHi Taki po3Mipu ¢akeny: miamerp 0,41 wm, nmoexkuna 1,46 mm. [lns
MozemoBaHHs (opMa (akena ampoKCHMOBaHA JBOMa KOHyCaMH 00’€MOM
V1 = 0,1 M® Ta 3aranbHO0 BUMPOMiHIOKOYOKO TOBEpXHE F1 = 1,30 M2,

daken i3 BUIIPOMIHIOIOUOI0 TOBepXxHEI0 Fi Oepe ywacTh y TerurooOMiHi
3 TppOMa BHYTPIIIHIMH TOBEPXHAMH: CTiHKH KoBma F,, fioro mamma F3 Ta
TEIUTO130JIF0I0901 KPUTIKH F4.

[IpomenwucTHit TEIIOBUI NOTIK BiJl i-IOBEPXHi A0 j-TIOBEPXHI BU3HAYAETHCS
dopmyoro [3]:

4 4 2
qr=€0i,j'5i,j'co(Ti —T; )’BT/M 1
Ie @ij — KOoeilieHT OMPOMIHEHOCTI; €i,j — HABENCHHWHA CTYIIHb YOPHOTH,
gi,j:(l/é‘i +1/¢; —1)_1; Co = 56710°° Br/(M* K €12 =

(1/g4 + 1/g, - 1) koedinient BunpomiHOBaHHS aGCOTIOTHO YOPHOTO Tifa,
Ti, Tj — abconroTHa TeMIiepatypa BiJIlOBiTHIX TTOBEPXOHb.
BiamnoBifiHO 70 BIACTHUBOCTI 3aMHKAHHS MPOMEHHCTHX TEIUIOBUX MOTOKIB
[3], xoedimieHTH OTIPOMIHEHOCTI BU3HAYAIOTHCS SIK:
Fi+F, Fi+F; Fi+F4

- 1778 14 )
F,tFatFy Y2 F,1F,1F, "2 F,1F,+F,

P12 =
3 ypaxyBaHHSM BEJIWYWHH IUIONI TIOBEPXOHb, IO NPHAMAIOTH yd4acTh Y
HOpoMeHUCTOMY Temnoodmini — F1 = 1,3 M% F2 = 21,09 M?, F3 = 3,07 Mm%
F4=4,78 Mm% i nasenenoro B [4] cryneHs udopHotu (akena 0,5 orpumani

yCcepeaHeHl MO BiAMOBIIHUX IOBEPXHAX MPOMEHHCTI TEIUIOBI MOTOKU MNpH
temrepatypi ¢akena T1 = 1400 °C (tabmiuigs 2).
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Tabmuns 2. XapakTeprCTHKH TPOMEHHICTOI TEIUTOBIIIadl Bill (pakena.

Koedirient . HpOMeHI/I.CTI/If/'I TeHJZ'IOBI/Iﬁ
HOBep).(Hﬂ P Cryninp noTik, KBT/M _
(matepiain) OBEDXHI YOPHOTU | HAa IOYaTKy y KiHIi
p HarpiBy HarpiBy
Crifa 0774 0,80 150 122
(bopmoBouHa cymirr)
()I};P;Iff) 0,151 0,75 28 23
Kpuica 0,210 0,90 43 34
(>kapoMinHUH OeTOH)

BrnactuBOCTI TPOAYKTIB 3TOpsSHHS TPH BU3HAYANBHIA TeMIeparypi
t 7c = 1200 °C [5]: 4 e = 0,1262 B1/(M°K); koedimieHT 06'€eMHOT0 PO3IIUPEHHS
Brnc = 067910% K% kimematuuna B'sskicts vpe = 2,210°10 “m?/c;
koe(illieHT TeMIepaTypOIpOBINHOCTI a pc = 3,924'10* M?/c. B pesynbrari
pPO3paxyHKy 3a METOAWKOI [6] OTpUMaHO BeIWYMHY KoedilieHTa
KOHBEKTHBHOI TEIUIOBiqAadl Bil NPOMYKTIB 3TOPSHHS [0 BHYTPIIIHBOL
noBepxHi QyTepyBaHHs KOBIIA o ;7¢ = 7,16 B1/(M?-K).

BracTHBOCTI HaBKOJMIIHBOTO cepelnoBUINa (MOBITPs) MPU BH3HAYAIBHIH
temnepatrypi tz = 30°C [5]: temnonposimHicts Az = 0,0267 B1/(M'K);
koeditieHT o6'emHoro posmmpenHs Bz = 3,30'10 % K% kinemarnuna
B'askicte vy = 0,160-10 % m?/c; xoedillieHT TeMnepaTypoNpoOBiaHOCTI
a 3 = 0,229:10 * m%/c. B pe3ynbTaTi po3paxyHKy 3a METOAUKOIO [6] OTpUMAHO
BEIMYMHY KoedillieHTa KOHBEKTHMBHOI TEIUIOBI/Iadi BiJi KOXKyXa KOBIIA B
HaBKOJIMIIHE cepeoBuiie o 5 = 1,17 Br/(m?K).

MocainoBHicTe MoaemoBaHHsA. 7151 MOAENIOBaHHS NPOLECYy pPO3IrpiBy
CTAJIEPO3JIMBHUX KOBILIIB OYyJI0 BUKOPHCTaHO METOJ| KIiHIEBHX EJIEMEHTIB, 10
JIO3BOJISIE YWCEIBHO BHPINIYBaTH IIHUPOKMH CHEKTp (I3UYHHX 3aBAAHb.
MatemMaTHdHa MOJENb MICTHTHh pIBHSHHA Yy YacTKOBHUX  ITOXiTHHX,
TeIIo(i3udHI BIACTHBOCTI MarepiaiiB, IOYAaTKOBI Ta TpPaHUYHI yMOBH.
Komn'torepHa monens peanizoBana y maketi ANSYS (puc. 1).

PesyabraTn MonenoBaHHs. B pe3ynbrari MOAENIOBaHHS OTPUMAHO
pO3MOJIN  TeMIepaTypu 3a TOBIIMHOK (yTepyBaHHsS KOBIIA IPH HOTO
HarpiBaHHi Ha YCBP Biakputum ¢akesoM mpoTsIroM 6-Td TOMUH, IO
BIJIMIOBIJIa€ 3aCTOCOBYBAHIN TEXHOJIOTI].

Po3noain temnepatypu 1o ToBuIMHI (yTepyBaHHs cTiHku (1) i aHMma (2)
KOBIIA MpejcTaBieHo Ha puc. 2. Posmomin Temmneparypu Ha BHYTpILIHIN
MMOBEpXHi ()yTEpyBaHHS IO BUCOTI CTIHKH KOBIIA IICIS 3aKiHYEHHS WHOTo
HarpiBaHHsI TpeJCTaBIEHO Ha puc. 3. Po3noxin Temmneparypu Ha BHYTpPILIHIN
MOBEepXHI (DyTepyBaHHSA MO paAiyCy IHHINA KOBIIA ICIS 3aKiHUYEHHS HOTO
HarpiBaHHS MIPEJCTABICHO HA pHUC. 4.
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Temnepartypa no TOEWMHI
DyTepoeKy, rpag.C

Temneparypa BHYTpIIHBOI ToBepxHI, "C

Pucynok 1 — TpusumipHa
MO/ieb HarpiBaHHs KOBIIIA
taxenom Ha YCBP.

[pocine Temmeparypu
¢yrepyBanHs: 1 — 10 oci
JIHUINA; 2 — 110 TOBIIMHI CTIHKH;
3 — 1o BHCOTI po6oUOro mapy
CTiHKH; 4 — 10 pajiycy
pobodoro mapy ITHHIIA;

5 — 10 TOBIIMHI KPUIIKA

( — [0YATOK;
— 3aKiHYCHHS).
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Temmneparypa BHYTPIIIHEOI [TOBEPXH1

-1,0 -0,5 0,0 0.5 1.0
Pajiyc AHmIA KOBIIA, M
Pucynok 4 — Posmoxin Temmeparypd Ha BHYTPIIIHIA MOBEpPXHi
¢yTepyBaHHS TO pajiycy DHHIA KOBINA IICIS 3aKiHYEHHsS HOTo
HarpiBaHHS.

PesynpTaTi  MOIENIOBaHHS ~ CBiA4YaTh, IO BHYTPIIIHS  TOBEPXHS
(yTepyBaHHS CTIHKH 3a BKa3aHHMH yac mporpiBaerbes 1o 1382 °C...1394 °C, a
guuma — g0 1373 °C...1382 °C, 1m0 LiIKOBUTO JOCTaTHLO IS 3amoOiraHHs
TepMOyJgapy TNpH BHIYyCKy crtami B KiBm. [lpm 1poMy MakcumasibHa
TeMIlepaTypa KOxyXa KoBIla csArae Bcsoro 65 °C.

BucHoBku

Ha migcraBi MopentoBaHHS OTPUMaHO 3MiHY TEMIIEPAaTypHOTO IIOJIS
(dyTepyBaHHSA KOBIIA ImiJ 4yac Woro HarpiBaHHs Ha YCBP. BcraHoBieHo, mo
poboua moBepxHs (yTepyBaHHS NPOTPiBa€TbCS NOCTATHHO ISl YHHUKHEHHS
TepMOyJapy IpH BUIYCKY CTaji B KiBII. Pe3ynapraT IOCHIKCHHS MOXYTh
OyTH KOPHUCHHMH [UIS ONTHMi3amii TpOmecy TEePMIYHOi IiITOTOBKH
CTaJICpO3IMBHUX KOBIIIB.
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STUDY OF THERMAL PREPARATION OF LADES

Summary. The purpose of the work is to develop a computer model of ladle heating
with an open torch on a drying and high-temperature heating installation to control the
thermal preparation process. The task of managing ladle drying and high-temperature
heating installations (USVR) is to implement their operating modes, which ensure
obtaining the specified temperature profile of the lining layers of steel castings with
minimal fuel consumption. The task of controlling by drying and high-temperature
heating unit (SHHS) is to implement their operating modes that provide a given
temperature profile of steel pouring ladle lining layers with minimal fuel consumption.
Since modern technical means of control do not allow obtaining relevant information
about the temperature field of the lining of the walls and bottom of the ladle, it is
necessary to create a predictive model of its heating by an open torch at the SHHS. A
68-ton rammed steel-pouring ladle KC-68 was chosen as the object of study. According
to the research data, the shape and dimensions of the open torch were evaluated at OCC
PrJSC “Evraz- Dnipro Metallurgical Plant”. A digital camera recorded the torch at the
burner outlet at a natural gas flow rate of 50 m3h, which corresponds to the standard
mode of drying and warming up the ladle. For modeling purposes, the resulting torch
shape was approximated by two truncated cones. Determination of the parameters of
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convective-radiant heat transfer in the “torch — cover — wall — ladle bottom” system was
carried out taking into account the temperature of the torch, the thermophysical
properties of the lining materials, as well as the irradiance coefficients and the
emissivity of the surfaces. The calculation of the temperature field in the lining of the
wall and bottom of the ladle was carried out by the finite element method implemented
in the ANSYS package. Based on the simulation, a change in the temperature field of
the ladle lining was obtained during its heating at the SHHS with an open torch for 6
hours, which corresponds to the current technology. An analysis of the dynamics of the
temperature field of the ladle lining obtained as a result of modeling indicates that when
it is heated by an open torch at a drying and high-temperature heating unit, thermal
stresses do not occur, which are dangerous from the point of view of cracking in the
layers of refractory materials. The maximum temperature gradient in the wall is
10 °C/mm, and at the bottom — 6 °C/mm. It has been established that the working
surface of the lining warms up sufficiently to avoid thermal shock when steel is poured
into the ladle. The results of the research can be useful for optimizing the process of
thermal preparing steel pouring ladles.

Key words: steel pouring ladle, heating of lining layers, open torch, computer
model.
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