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Annomayus. Ha ipoTspkeHHH 00iee YeM I0JIyBeKOBOTO OIbITA CIUTKH M3 aJIOMHHHEBBIX CIUIABOB
MOJIy4aroT METOAOM HEIPEPHIBHOTO JINThS. Pa3oBbIil Mepexo]; MeTaa U3 HUIKOTO COCTOSIHUS B TBEP-
JI0€ TIPE/ICTaBIsICT COOOMN CIIOKHBIN MpoLecC, ¥ JOBOJKY JINTEHHOW TEXHOJIOTHU MPUXOJUTCS IPOBOANTH
Ha peaJbHBIX OTJIMBKAX, YTO CBS3aHO C HEMaJBIMH MaTepHaIbHBIMU U BpeMEHHBIMH 3aTpaTamu. Cokpa-
TUTBH PacXoJbl Ha HTAIe ONBITHOTO JINThS IMO3BOJISIOT CUCTEMBl KOMIBIOTEPHOTO MOJETUPOBAHUS JINTCH-
HBIX IPOIIECCOB.

Jluteiinble mpoLECCHl IO CBOCH CYTH MYJIbTH(GHU3NUECKUE, U 3Ta OCOOCHHOCTh TpeOyeT UCKaTh pelle-
HUS CBSI3aHHBIX 337a4. B momyHempephIBHOM JIMThE K TaKUM 3a7adaM OTHOCHTCS OIpenesieHHe (poHTa
KPHUCTAJUTU3AIMH CIIIaBa IIPH OJHOBPEMEHHOM ABIDKCHHH (POPMHUPYIOIIEHCS 3aTOTOBKH B YCIOBHUSAX HEIpe-
PBIBHOTO TEIJIOOTBOAA M NOCTYIUIGHHH OUYEPEIHBIX MOPLHUH paciiaBa B KpuctamumzaTop. CoBMecTHOE
OCYIIECTBJICHUE TAKUX CIOXKHBIX BBIYHUCIUTEIBHBIX MOJEIEH THAPABINKN U TEIIIO(GHU3UKH TpeOyeT BHece-
HUSI CUCTEM OTpaHWYEHHH U JONyIIeHni 0e3 HcKaKeHusl PU3MKH mpouecca. Ha mpakTuke yke Xoporio ce-
05 3apeKOMEHJOBAIN TAaKHE CHCTEMbl MH)KeHepHoro ananusza, kak ProCAST, LVMFlow, PoligonSoft,
MAGMASOFT u gp.

B cBsi3u ¢ co3gaHMeM TEXHOJIOTHH JUIsl HOBBIX MaTtepuanoB nporpammsel «lIpuopurter 2030» u oTcyT-
CTBHEM MOJIYJISI HEIIPEPHIBHOTO JIUThS B YKA3aHHBIX CIICIIMANIN3UPOBAHHBIX CUCTEMax HEOOX0IMMa METOANKA
IIPOBEACHUS BBIUHUCIUTEIBHOTO SKCIEPUMEHTa ¢ MO3ULUI KBa3UCTallMoHapHOTo nmpubmmkenus. [Ipu atom
BBITATHBAHNE 3arOTOBKH paccMaTpUBaTh CTYNEHYATO B BUJE IOCIECAOBATEILHOCTH COOBITHI depe3 (hukcu-
pOBaHHBIE MPOMEXYTKH BpeMeHH. Ha KaJIoM Imare OCyIIeCTBISATH pEIIeHHE TOJBKO TEMJIOBOM 3agaud,
cYyMTas MTHOBEHHBIM CMEIICHHE MTOJ0HA MALIMHBI Ha 3aJJaHHOE PAcCTOSIHHE M MOMEHTAJIBHBIM 3arloJIHe-
HHUE KPUCTAJUIN3aTOpa pacljaBoM A0 (UKCHPOBAHHOTO YpOBHA. B nanpHeiieM moiydeHHBIE pe3ysIbTaThl
MIO3BOJIAIT a/IEKBaTHO 10100paTh 000PyIOBaHNE HENPEPHIBHOTO JIMThS U OOJIee TIIATEIbHO MOATOTOBUTHCS
K HATypHOMY 9KCIIEPHMEHTY.
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Abstract. For more than half a century of experience, ingots of aluminum alloys have been produced
by continuous casting. The phase transition of metal from a liquid to a solid state is a complex process and
the refinement of the casting technology has to be carried out on real castings, which is associated with con-
siderable material and time costs. Computer modeling systems for casting processes allow reducing costs at
the stage of experimental casting.

Casting processes are inherently multiphysical and this feature requires finding solutions to related
problems. In semi-continuous casting, such problems include determining the crystallization front of the al-
loy with the simultaneous movement of the forming blank under conditions of continuous heat removal and
the flow of successive portions of the melt into the crystallizer. The joint implementation of such complex
computational models of hydraulics and thermal physics requires the introduction of systems of constraints
and assumptions without distorting the physics of the process. In practice, such engineering analysis sys-
tems as ProCAST, LVMFlow, PoligonSoft, MAGMASOFT, etc. have already proven themselves well.

In connection with the creation of technology for new materials of the Priority 2030 program and
the absence of a continuous casting module in the specified specialized systems, a methodology for con-
ducting a computational experiment from the standpoint of a quasi-stationary approximation is required.
In this case, the billet drawing is considered stepwise as a sequence of events at fixed intervals of time.
At each step, only the thermal problem is solved, considering the instantaneous displacement of the ma-
chine pallet by a given distance and the instantaneous filling of the crystallizer with melt to a fixed level.
In the future, the obtained results will allow us to adequately select continuous casting equipment and more

thoroughly prepare for a full-scale experiment.
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Vike Gonee 70 €T CIUTKU U3 ATFOMUHHEBBIX
CIUTaBOB TOJYYar0T METOIOM HEMPEPBIBHOTO JIH-
Tbs. Paznuuaror BepTukaiabHOe IuThe [1-4], npn
KOTOPOM HAaIpaBJieHUE BBITATHBAHMS CIUTKA U
JICHCTBHE CHIIBI TSDKECTH COBIIAAIOT, U TOPU3OH-
TaJIBHOE JIUThE — CUJIA TSHKECTH MEePIICHIUKYJISIP-
Ha HANpPABJICHUIO BBITSATMBAHMA CIUTKA U3 KpH-
cTaym3aTopa. PasnuBKka Ipu TOPH3OHTAIBHOM
JUTHE MOKET MPOIOJDKATHCS HEMPEPBIBHO B Te-
YeHHE HECKOJBKUX COTEH YacOB C pa3pe3aHueM
JUTOTO W3AENTWS Ha MEpHBIE 3aroToBKU [5—8].
B mpouecce BepTHUKaNIbHOTO JIUTHS MAaIlUHY OC-
TaHABIUBAIOT 1O JOCTIKEHUU 3aJaHHOHN IJTMHBI
3aroTOBKH M W3BJeKaroT uzaenue. [Ipu stom amm-
Ha W3JENUA OIpeleisieTcs TIIyOHMHON MpHsIMKa
JUTEHHON MaIllMHbI, a TPOLECC JIUThsI OCYLIECTB-
JISIETCS B TOJIYHETIPEPBIBHOM pexkume [9].

@Da30BbIM NEPEXO] METALIA U3 KUAKOTO CO-
CTOSIHUSL B TBEPJIO€ TMpeAcTaBisieT co00il cloxk-
HBII mpo1iecc, U JOBOAKY JUTEHHON TEXHOJIOTUU
MIPUXOJIUTCS] POBOJUTH HA PEaJbHBIX OTJIMBKAX,
YTO CBS3aHO C HEMaJbIMH MaTepHAJbHBIMH U
BpeMeHHBIMU 3aTpaTamu. COKpaTHTh Pacxo/Isl HA
3Tafe OMBITHOTO JIUTHS IO3BOJISIFOT CHCTEMBI
KOMIIBIOTEPHOTO0 MOJIENUPOBAHMSA JTUTEHHBIX TPO-
IIECCOB.

Jlutelinble mporiecchl MO CBOEH CYTH MYJIb-
TU(U3NYECKUE, U 3Ta OCOOECHHOCTh TPeOyeT uc-
KaTb peIIeHrs CBI3aHHBIX 3a7ad. B momyHempe-
PBIBHOM JINTHE K TaKUM 3aj1adaM OTHOCHTCS OTI-
penenenue GpoHTa KPUCTATUTU3AIMHN CIIJIaBa pH
OJTHOBPEMEHHOM JIBIDKCHUH (popMupyromeics
3arOTOBKH B YCJIOBUSAX HEMPEPBIBHOTO TEILIOOT-
BOJIa W TOCTYIUICHHH OYEpEeIHBIX TOPIHHA pac-
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miaBa B Kpucraumzatop. CoBMECTHOE ocylIecT-
BJICHUE TaKUX CJIOKHBIX BBIYHCIUTENBHBIX MOJIE-
JIeH TUAPABIUKU U TETIOQU3HUKN TpeOyeT BHece-
HUS CUCTEM OTpPaHWUYCHUN W JOIMYIICHUH 0e3 uc-
KaxeHus: ¢usuku mpouecca. Ha mpaktuke yxe
XOopouIo ceds 3apeKOMEHIOBATIN CUCTEMBI MHKE-
HEPHOI'O aHaju3a, YPQPEKTUBHO PEATUIYIOIINE
KOHEYHO-Pa3HOCTHBIE MM KOHEYHO-3JIEMEHTHBIC
METOABI peleHus nudepeHInanbHbIX ypaBHe-
muii. K takum cuctemam otHocsarcss ProCAST,
LVMFlow, PoligonSoft, MAGMASOFT u np.
[10-14].

B cBs13u ¢ co3gaHueM TEXHOJOTHH U HO-
BBIX MaTepuasioB mporpammsl «lIpuopurer 2030»
[6] 1 OTCYyTCTBHEM MOl HENIPEPBIBHOTO JIUTHSA
B YKa3aHHBIX CIICHUAIM3UPOBAHHBIX CHCTEMax
HEOO0X0MMa METOMKA IPOBEACHUS BBIYMCIIU-
TEJNBHOTO 3KCIEPUMEHTa C TO3MLUH KBa3UCTa-
nuoHapHoro npubmwkeHus. [Ipu 3Tom BBITATH-
BaHHE 3aroTOBKHM paccMaTpUBaTh CTYNEHYATO B
BUJIC MOCTIEIOBATEIILHOCTH COOBITHI uepe3 (puk-
CHpOBaHHBIC MMPOMEXKYTKH BpeMeHH. Ha kaxmom
miare OCyHIeCTBIIATh PElIEHHE TOJIBKO TETJIOBOM
3aJlauM, CYUTasg MTHOBEHHBIM CMEIICHHE IOJI-
JIOHa MAllMHbl Ha 3aJaHHOE PACCTOSHUE U MO-
MEHTaJIbHBIM 3aII0JHEHHE KpPHCTaJUIM3aTopa pac-
TUIaBOM JI0 (PMKCHUPOBAHHOTO YpOBHS. B naib-
HEHIIeM TONydYeHHbIE pe3yJIbTaThl IO3BOJIST
aJIeKBaTHO IMOJ00paTh OOOpyHOBaHHE HeEMpe-
PBIBHOTO JIMThS W OoJiee TINATEIBHO IOATOTO-
BUTHCS K HATYPHOMY DKCIIEPUMEHTY.

KpucTammrsarop
T~

B xaudecTBe menu maHHOM padOTHl ObLTa 3a-
Jlaya cO3JaHMsl METOAUKHM MOZEIUPOBAHUS 30HBI
3aTBEpACBaHUs ATFOMHHUEBOTO CIUIaBa B CHCTEME
WH)XKEHEPHOTO aHaln3a MpH MOJYHENpPEepPHIBHOM
JIUTHE ¥ KBa3UCTALIMOHAPHOM MPUOIKEHHH.

B pamkax mnpeanosiaraeMbIx HCCIEIOBaHUN
BBIUMCIIUTEIbHBIN JKCIIEPUMEHT IIJIAaHUPYETCS B
cucreme LVMFlow. 3a G6a3oBble mapameTpsl
npolecca MOJIyHENPEPbIBHOTO JIUThS OyIyT B3s-
Thl AaHHbIEe paboThHl [15], Tak Kak HAWIy4IIUM
00pa3oM MOAXOAT MOJ BapHaHT MpoLecca Mpo-
W3BOJCTBA MOPIIHEH W3 ATIOMHUHUEBOTO CILIaBa
AKI121 OO0 «UT3-Ypantpak» s TEpCIeK-
TUBHOT'O TPaKTOPHOTO ABHraTelns cepuu T4.

CxeMaTH4YHO NPOLECC HEMPEPHIBHOTO JIUThS
(ITHJI) nmist mpow3BOACTBA ATFOMHUHHEBBIX CIIHT-
KOB MOXHO TPEACTAaBUThH CIEAYIOIINM 00pa3oM.
Ha navanpHOM 3Tame MeTaNIM4ecKWid MOIIOH
YaCTHYHO 3aBOAMTCSA B BOJOOXJIAXKIAEMBIH KpH-
CTaJUIN3aTOP, UMEIOIUI IPadUTOBYIO BCTABKY B
MeCTe KOHTaKTa C pacIuiaBoM. 3aTéM KOHCTPYK-
LUIO W3 MOAJOHA U KPUCTAUIM3aTOpa IMOCTENEH-
HO 3aroJHSIOT METAJNIMYeCKUM pacIljiaBoOM, O/I-
HOBPEMEHHO MOCTENEHHO OMyCKasl MOJAJOH B JIH-
TEeHHYI0 AMy ¢ BoaoH. IIpouecc nuTes mpomosn-
JKAIOT 70 TeX MOp, MOKa CIUTOK HE JOCTUTHET
JKemaemoit miHbI (puc. 1).

B npouecce noayHenpepsIBHOTO JINThS TET-
J000MEH OCYILECTBISIETCS B TPEX XapaKTEPHBIX
y4acTKax MAIIMHBI: y4aCTOK KOCBEHHOTO OXJIaX-
JIeHUs, B KOTOpPOM oOpasyeTcs mepBas KOpKa;

Ho,maqa KITKOT0 METallia

30Ha KpHCTAIUTIBAIN

] BO,EUH—IEMI IDICHKA

CmTox

L L

ITepeMemnieHIIe TIOIIOHA

Puc. 1. Cxema npouecca nonyHenpepbIBHOIO NUTbA
Fig. 1. Semi-continuous casting process diagram
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Y4acTOK IMPOMEKYTOUYHOTO OXJIAXKIEHHS, B KOTO-
POM TEIUIOTa HEe OTBOAMTCS Yepe3 KOPKY, U yda-
CTOK IPSIMOTO OXJIAXK/ICHMsI, B KOTOPOM OOJIbIIas
YacTh TEIUIOTHI OTBOJIUTCS IyTEM CHJIBHOTO OX-
JIaXKIEHUS BOJLOH.

Boiee 90 % Ttemma orBoaMTCcs B OOIacTh
BTOPHYHOTO oxJaxaeHus (puc.2). OgHako s
X0Jla JIMTEHHOTO TpoIlecca BaXHO 00pa3oBaHUe

KOPKH B O0JIACTH TIEPBUYHOTO OXJIAXKIIEHUS, TaK
KaKk OHa JIOJDKHA TMPHOOPECTH JOCTATOYHYIO
TOJILIUHY JIJISI BO3MOXKHOCTH OTICJICHUS OT CTCH-
KM KpUCTAJZIM3aTOpa BCIICACTBHE YCalKH, YTO
B)KHO IS KOHCTPYKITUH JTUTHEBON MAIIUHBI.
VYyutbiBas XapakTepHbIE 00JACTH OXJIaXKIe-
HUSI, BBIICJIMM KJtoueBble cTaauu mpoiecca [THJI
(puc. 3): I — cragus (HavanpHas) CBA3aHa C Ha-

Kokt metann  Kpucrammzatop

/

[]
MepeuyHoe o
oxnawaeHwe | -~ ]
Bo3IyIIHEIT 3a30p
B — Boxna
TOPUYHOE ./
oxnaxaeHwe
Crurok
- ITommon

2222

basoBoe oxnaxgeHue

Puc. 2. XapakTepHble o6n1acTu oxnaxneHus B npoLecce NosiyHenpepbIBHOro NUTbs
Fig. 2 characteristic cooling zones in the semi-continuous casting process

30Ha KpHCTaJIH3aIN

Kpucrammmsatop KK MeTamt

ettt
X KK
s

Bosaynmsiii 4 Bosgymmbii
3a3op g

3a30p
OcHOBHasi CTpyKTypa CruTtka —— ¢

|

HauanbHas cTpykTypa cnutka /

a) b) c)

Puc. 3. KniouyeBble cTagun HapacTaHua TBepAaou ¢asbl cnnaBa npu nonyHenpepbIBHOM nuTtbe: a — | ctagus
HayMHaeTcA Npu 6a30BOM M NEpPBUMYHOM OXNaxAeHUn cnnaea (popMmupyeTcs HauyanbHas CTPYKTypa CrnuTKa);
b — Il ctapua HaunHaeTca npu go6aBneHWU BO3OQYyLIHOro 3a3opa BOKpYr cnnaBsa (popMupyeTcs NpoMexyTouHas
cTpykTypa cnutka); ¢ — lll cragua HauuMHaeTcs Npu NosiBNIeHUU o6nacTu BTOPUYHOIrO OXNaXAeHus cnnasa
(dbopMupyeTCcsi OCHOBHas CTpyKTypa cnutka)
Fig. 3. Key stages of solid phase growth in alloy during semi-continuous casting: a — Stage 1 begins with the base and
primary cooling of the alloy (the initial structure of the ingot is formed); b — Stage Il begins with the addition of an air
gap around the alloy (the intermediate structure of the ingot is formed); c — Stage lll begins with the appearance
of a secondary cooling region of the alloy (the main structure of the ingot is formed)

Hommon MpomexyToYHaa CTpPYKTypa CnuTka
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JIMYUEM TOJBKO TMEPBUYHOU 30HBI OXJIAKIACHHUS
crutaa; Il — cragus (MpoMeXyTodHas) CBA3aHa C
TEM, YTO K IIEPBUYHON 30HE OXJIAXKIACHUS J100aB-
JIgeTcsl 30Ha ¢ BO3AYIIHBIM 3a3opowm; III — cra-
v (OCHOBHAs) BKJIIOUAET BCE 30HBI OXJIaXKIe-
HUS: IEPBUYHYIO, C BO3YIIHBIM 3a30pOM U BTO-
pUYHYIO.

PeanbHas u Monenupyemasi 3aBHUCHUMOCTU
CKOPOCTH JIUThsI OT BPEMEHU MOKa3aHbl Ha puc. 4.
Ha rpaduke BHIHO, YTO MOJEIHpPyeMas 3aBHCH-
MOCTb OTPa)KaeT CTYNEHYaTOE BO3PACTAHUE CKO-
POCTH JUThsl B TEUEHHE BOCBMU UTEpaLUi C Bpe-

MM 4
MIHH

an

MEHHBIM HHTEpBajioM 1o 60 c, 32 UCKIIIOYEHHUEM
NEepBOro miara, Korjaa rnepeMerieHie noJIoHa He
MIPOUCXOANUT U Ha mpoTspkeHuu 90 ¢ maer obpa-
30BaHME NIEPBUYHON KOPKHU CIIUTKA.

CrynenuaToe NpeicTaBiIeHUE Ipolecca He-
NPEPBIBHOTO JIMThSI 3aroTOBKH TpeOyeT mepe-
CMOTpa Ha KaXKJOM IlIare Ha4YaJbHBIX YCIOBHMA
MOJENH, T. €. Ha KaKIOH nrepanyuu HEOOXOAUMO
OyzeT 3aHOBO MepecTpanuBaTh cOOPKY M3 TBEPAO-
TEJNILHBIX OOBEKTOB M 3aHOBO OINPENENATh Ha-
YalubpHBIE TEMIIEPaTypbl OTAEIBHBIX YacTe ce-
TOYHOW MOJIEIH.

| | i -
L

0 100 200

300 400 500 t.c

Puc. 4. 3aBUCMMOCTb CKOPOCTU NUTbSl OT BPeMeHU: peanbHbIA Npouecc — NyHKTUPHaA
NINHUA; MoAenupyeMbIi Npouecc — CnnowHasa nuMHusa (uudpamm Ha rpachmke 0603HaYEHDbI
MTepauuu KOMMNbLITEPHOro MoaenMpoBaHUs)
Fig. 4. Dependence of casting speed on time: real process — dotted line; simulated process —
solid line (the numbers on the graph indicate iterations of computer simulation)
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Puc. 5. KoMnoHeHTbl TBepAoTenbHOW Mogenu: a — mogenupyemMmbin o6bem 500 x 500 x 750, KOHTYp cnuTKa
Ha 8-1 utepauum @300 x 416; b — cemb TBepAOTENbLHbIX 3/IEMEHTOB COOPKU
Fig. 5. Solid model components: a — simulated volume 500 x 500 x 750, ingot outline at iteration 8 @300 x 416;
b — seven solid elements of the assembly
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BozayxBHYTpH
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Puc. 6. MNepemelleHne noBepxXHOCTU NOAAOHA HA KaXXAOM Luare MoaenvpoBaHus
npouecca 3aTBepaeBaHUsA
Fig. 6. Movement of the pallet surface at each step of the solidification
process simulation

B cBs3u ¢ BBIIIECKAa3aHHBIM MOACIUPYEMBIN
00BEM OYyIeT COCTOATh U3 CEMH T€OMETPHUIECKHUX
TEI — BO3JyXa BHYTPU KPUCTAILIM3ATOPA, YaCTU
CIIUTKa C TEMIIEPATYPOU COJIUIYC, OXJIAXKIECHHON
YaCTH CIIUTKA, MOAJIOHA, KpUCTAIU3aTopa, BO3-
IOYLIHOTO 3a30pa U BoJsHOro oorema. COopka u3
TreOMETPUUECKHX TeJ OyJeT peicTaBiIeHa KyooM
¢ pasmepamu 500x500x750 MM, a KOHTYp
ciuTKa Ha 8-H uTepanmuu OyIeT ¢ UMEeTh mapa-
MeTpsl ¥300 x 416 MM (puc. 5). B xone Bbramc-
JUTEIBHOTO JKCIIEPUMEHTa KOPPEKTHPOBATH
MpUIETCS TUHEHHBIE pa3Mephl TOJIbKO y YacTeil
CIIUTKA C TEMIIEPATypOH COIUAYC U OXJaxKaae-
MOM cHayala IOAJ0HOM, a 3aTeM Bojoii. Ilon-
JIOH MPU 3TOM MPHUIETCS CMEIIaTh Ha Paccros-
HHUE B COOTBETCTBUU C MOACIUPYEMOMN 3aBUCH-
MOCTBIO CKOPOCTH JIUThsI OT BpeMeHH (puc. 6).
B wutore reomerpuueckme pasmepsl TBEpIO-
TeNbHOW COOPKHM Ha 8-M Iare MOJICIHPOBAaHHI
OyZnyT COOTBETCTBOBAaTh 3HAYEHHUSM Ha pHC. 7,
a TOJIMHA 3aTBEPJEBIIEro Clos paciuiaBa Ha
npeAblAylne urepanuu — A OyIeT ompene-
JATHCA TOCJE pELICHUs TEIUIOBOM 3aJaud B
LVMFlow.

HauanbHbie TeMnepaTypsl OTAEIbHBIX Yac-
T€l CEeTOYHOM MOJENHu ¢ KaKIOW uTepaunuen
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Puc. 7. Paamepbl TBepaoTensHoM Mogenu Ha 8-m ware
MopenvpoBaHus (A — ToNwMHa 3aTBepAeBLUEro cros

pacnnaBa Ha npepbiayLien ntepaumm)

Fig. 7. Dimensions of the solid model at the 8th step
of modeling (A is the thickness of the solidified melt

layer at the previous iteration)
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BunHuk [.A. 3ameepdesaHUs1 altOMUHUE8020 CrI/1aea pu MoJlyHernpepbIeHOM JIUMbe
OyayT BO3pacTaTh y BO3QyXa BHYTPU KpHCTa- TeMIiepaTypa 3anuBkM pacrmiaaBa AKI2J[ -
musatopa (T°), Bosayxa B 3asope (7°°), menno- T5 = 660...680 °C, TemnepaTrypa COIMAYC CIIIa-
ro moaI0Ha (T“ ) ¥ OXJIaXJACHHOHM YacTH CIIMTKA Ba AKI12J[ — Ty = 574...576 °C u temmeparypa
(T") (puc. 8). OcTanpHble YaCTH MOJAENU OYIyT BOJBI BTOpHUYHOro oxjaxaeHus — Tg = 50 °C.
UMETh NOCTOSIHHYIO TEMIIepaTyp: TeMIlepaTypa O6o3HaueHHbIE TeMIepaTypbl MOKa3aHbl Ha
rpaduToBoro kpucrammzaropa — Tx = 40 °C, puc. 9.
Boznyx BHyTpI
KpHCTaTIIzaTopa

Bozayx B 3a3ope

OxlaKIeHHAA 4acTh
CIIITKA

@ © ©, @

Puc. 8. UaMeHeHMe HauyanbHOW TeMnepaTypbl 3NIeMEHTOB CETOYHOW MoAdenu B Mpouecce MOAeNUpPOBaHUA:

TeMnepaTypa Bo3pacTaeT OT ceporo LBeTa k 6onee tTeMHomy; Ludpamu o603Ha4YeHbI UTepaLUn MoaennpoBaHUs

Fig. 8. Change in the initial temperature of the mesh model elements during the simulation: the temperature
increases from gray to darker; the numbers indicate the simulation iterations
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Puc. 9. O603Ha4yeHMe TeMnepaTyp 3NIeMEHTOB ceTouyHou Moaenu: Ty — TemnepaTtypa Kpuctannusaropa; 13 — Temne-
paTtypa 3anuBku pacnnasa; Ts — Temnepartypa conuayc cnnasa; 73 — TeMnepaTtypa BoAbl BTOPUYHOIO OXJTaXAeHUs;

¥ _ remnepaTtypa Bo3ayxa BHYTpU KpucTannusatopa; T°° — Temnepatypa Bo3ayxa B 3asope; T — Temneparypa
cnuTka B 06nacTi BTOpUUHOro oxnaxaeHus; T' — TemnepaTtypa noanoHa (B pamke 0603HauYeHbl TeMnepaTtyphl,

3HaYeHUs KOTOPbIX NOCTOSsIHHbI B HaYarne Kaxaon utepauuu MoaenupoBaHusl)
Fig. 9. Designation of temperatures of the elements of the grid model: 7y is the crystallizer temperature; 7; is
the melt pouring temperature; T is the alloy solidus temperature; Ty is the secondary cooling water temperature;
" is the air temperature inside the crystallizer; T is the air temperature in the gap; T is the ingot temperature
in the secondary cooling area; T"is the pallet temperature (the temperatures in the frame are those whose values
are constant at the beginning of each modeling iteration)
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MopucTtocTb Ha 8 ware
MopucTtocTb Ha 7 Wware
MopucTocTb Ha 6 ware
MopuctocTs Ha 5 ware
MopucTtocTs Ha 4 Wware
MopucTocTb Ha 3 Wware

MopucTocTb Ha 2 Wware
MopucTocTe Ha 1 ware

Puc. 10. ®opmupoBaHMe CTPYKTYpbl CNUTKa B XOA4e NOLIAroBOro moaenupoBaHUs
npouecca 3aTBepAeBaHWs crnyiaBa npuv nosiyHenpepbIBHOM NuUTbe: 1-# Wwar — HayanbHas
CTPYKTYpa; 2-1—6-A warn — npomMeXxyTouyHasa CTPYKTypa; 7-4 U nocrneaywolime warn —
OCHOBHas CTPYKTypa
Fig. 10. Formation of the ingot structure during step-by-step modeling of the alloy solidi-
fication process during semi-continuous casting: step 1 — initial structure; steps 2—6 —
intermediate structure; step 7 and subsequent steps — main structure

[Touck Hammyuiero (¢ MUHHUMAaIbHOW TIO-
PHCTOCTBIO CILIaBa) COOTHOUICHHUSI TEMIEPaTyphI
BOJIBI B KPUCTAJLTU3ATOPE M BTOPUYHOTO OXJIaX-
JEeHHS 1eJIecO00pa3HO OCYIIECTBIIATH MOCIE MO-
JEeUPOBaHUs 3 BAPHAHTOB C MapaMeTPaMHU:

= Tx=40°CuTg=50°C;

= Tx=60°CuTs=30°C;

= Tx=80°CuTlp=20°C.

Ha kaxom 1iare MojienmMpoBaHus! OIIEHUBATh-
cs OyZeT CKOpPOCTh KPHUCTAUIM3aLlMN CILIaBa, CKO-
POCTb OXJTXKICHHS XKUAKOM (Pa3pl CHIyMHHA, A U
MOPUCTOCTh CIIMTKA B 30HE 3aTBepeBaHysl. B urore
CTPYKTYypa CIIUTKa OYyAET CKNIAAbIBaThCA U3 CTPYK-

Typ 1 mara (HayanbHas), 2—6 mIaroB (IIPOMeEXy-
TOYHasl), 7 U TIOCIEAYIOIIUX IaroB (OCHOBHas),
nokazana Ha puc. 10. I moMHOTE KOMITBIOTEPHO-
ro aHajgm3a HeoOxoaumo Oyner emé a00aBUTH
CTPYKTYPY 3aKJIFOUUTENBHON UTepalyi (KOHEUHas).

B 3akiroueHne OTMETHM, UYTO MPERJIOKEH-
Hasg METOJMKa MOJEIMPOBaHUS 30HBI 3aTBepe-
BaHMS MaTepuaja B CUCTEME MH)KEHEPHOTO aHa-
m3a LVMFlow nipu momyHenpepbsIBHOM JIUThE U
KBa3HCTAIIMOHAPHOM TNPHUOIMKCHAU TIO3BOJISIET
WCCIIEIOBAaTh KAa4eCTBO JIUTOW 3arOTOBKH MyTEM
BapbUPOBaHMS TEIIOPHU3NIECKUMHU TMapaMeTpa-
MU CIUIaBa M PEKUMOM TEIUIOOTBOAA.
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