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Ammmauml. Teuenue kuAKOTO pacniiaBa B KpUCTAJIIIM3ATOPE ABJISICTCS MAJIOU3YYCHHBIM IIPOLIECCOM. AHanutuyeckue peuICHus TEUCHUSI paciliaBa

B 00IIEM CITy4ae OTHOCSATCA K CJI0XKHBIM MaTeMaTHYECKHM 3a7adaM, II09TOMY Ul MOJCIHPOBAHHUS JaHHOTO MPOIecca IPUMEHSIOT YUCICHHbBIC
Merozsl. Llenp HacTosmel paboThl — HCHOIB30BAHHE YHCICHHOTO METOZA, IPEUIOKEeHHOro podeccopoM B.M. ONHHOKOBEIM, OCHOBAHHBIM Ha
KOHEYHO-Pa3HOCTHOM MPEICTABICHUH MCXOMHON CUCTEMBbI YpaBHEHMI. DTOT METOJ] yCNEeNHO ObUT HCIOIb30BaH B MEXaHUKE CIUIOMIHBIX CpE,
B JINTCHHOM IIPOU3BOACTBE IPH MAaTEMaTH4CCKOM MOJIECIHPOBAHUU HANPSHKEHHOTO 1e()OPMUPOBAHHOIO COCTOSHUS 000JIOUKOBBIX (JOPM I10 BBI-
IUIABJIIEMBIM MOJICIISAM, @ TAKKe M B IPYTHX TEXHOJOIMYECKUX PabO0Tax, YTO TOBOPUT O €ro yHHBEPCAIbHOCTH. B HacTosmelt pabore 00beKTOM
UCCIIEIOBAHUM SABISIOTCS THAPOAMHAMUYECKHE IOTOKH XKUAKOTO METala P Pa3IMBKe CTalU B KPUCTAJUIN3ATOP NPSIMOYTOIBHOIO CEUEHUs
IpH €ro Moja4ye M3 MOTPY)KHOr0 CTaKaHa ¢ AKCLEHTPUYHBIMU OTBEPCTUSAMH, a PE3yJIBTaTOM — IIPOCTPAHCTBEHHAS MaTeMaTHYeCcKas MOJEIb,
OIMCBIBAIOIIAS TOTOKU XKUAKOIO MEeTaja B KpUcTaau3arope. s MOAENUpOBaHUs IPOLECCOB, NPOTEKAIOIIUX B KPHCTAIM3aTOPE, UCIIONb-
30BaH NPOrpaMMHbIN Kommieke «Oaucceii». B 0CHOBY TeopeTHuecKoro pacyera MoNOKEeHbl OCHOBOINONATAIONINE YPABHEHUS THAPOIUHAMUKY
U anpoOUpOBaHHBIA YKCIEeHHBIH MeTos. Pemenne chopmynupoBanHOl B pabore cucteMbl uddepeHIHaIbHbIX YPaBHEHHI OCYIIECTBIIOCH
4ucIeHHbIM crocoboM. Mccaenyemas obnacts pa3buBanach Ha 3JIEMEHThl KOHEUHBIX Pa3MEpPOB, JUl KaXKIOTO 2JIEMEHTa 3aliCchiBanach B pas-
HOCTHOM BHUJI€ TOJTyYEHHAsl CUCTEMa ypaBHEHuUil. Pe3ynbrar pemenus — moss ckopocTeil IoToka MeTania B o0beMe Kpucramsaropa. s pe-
LICHHSI TIOJTYYCHHOM CHCTEMBI are0pandyecKux ypaBHEHHI pa3paboTaHbl YUCICHHAS CXeMa 1 alropuT™ pacyera. [1o paspaboTaHHON YHCICHHOM
CXEeMe M aJIropuTMy COCTaBJIeHa IIporpamMmMa pacueTa Ha sizbike Fortran-4. Maremaruyeckass MOJE€Nb MO3BOJISET BApbUPOBATh F€OMETPHUYECKUE
pa3Mepbl KPUCTAITM3aTOPa U CEYEHMs] OTBEPCTHUI BBIXOZA METaJlIa U3 MOrPYKHOTO CTAKaHA, a TAK)KE MOJKET TOMOUYb MOHATH CXEMY JBHKCHUS
pa3aMBaEMOro METalIa, BIUSIONLYI0 HA TEMIOO0TBOJ CTEHKAMH KPUCTAILUIN3aTopa, U HAlTH ONTUMAIbHbIE TapaMETPhl BHIX0OJA KUJIKOTO MeTallia
U3 MOTPY’KHOTO CTaKaHa MPH Pa3IMYHbIX PeKUMax pa3nuBku. [IpuBeneH npuMep pacdeTa pa3iauBKU CTANU B KPUCTAIIN3aTOP IPIMOYTOIBHOIO
ceyeHus Bbicotoit 100 cM u ceyenus B riane 200040 (cm). PaznuBka ocylecTBiIsIach U3 MOIPYKHOTO CTAKaHA SKCLEHTPHUYHO B 00€ CTOPOHBI
B TOPU30HTAIBHON MIOCKOCTH. Pesynbrar permenus npeacrasieH B rpaduueckoit ¢popme. ITokasaHo IBHKEHHE TOTOKOB JKHAKOTO MeTallia,
OIpeIeNIeHbl UX BEJIMYUHbl 1 HHTEHCUBHOCTb.
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[Iponecc pa3nuBKY MeTaIa B yCTAHOBKE HETTPEPBIBHOM
paznuBku cranu (YHPC) usBecTeH AaBHO, MPOBOIMIOCH
MHOXECTBO Pa3IMUYHBIX SKCIEPUMEHTAIBHBIX HCCIIEI0Ba-
Hu#t [1 —14], HO Mano pabOT MOCBSILEHO MaTeMaTH4ec-
KOMY OIMHUCAHHIO TOTO CIOXKHOTO Ipoliecca. B ocHoBHOM
9TO paboThl B YNPOLIEHHOH MOCTAHOBKE, CBOASALIMECS
K HCCJICJIOBAHUIO TIpoIlecca KpHUCTATU3auu 1 aedopma-
MU KOPOYKHM MeTajlia 1oj JeiicTBueM ¢eppocTaruyecKo-
TO JIABJICHUS B YCIIOBHSIX IIJIOCKOTO Jie(hOpMHUPOBAHHOTO
coctosiHust [15]. DkcrieprMeHTalIbHBIE K€ WCCIIeIOBAHUS
CaMoro Tporiecca TEUSHHS JKUIKOTO MeTaia B OOJNaCTH
KPUCTAJIM3aTOpa OUYEHb CII0KHO OCYIIECTBUTD.

" O06pabOTKy YHMCICHHBIX PE3yJIbTaToB BBIMONHII K. T.H. A.W. TopHa-
KOB.
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B nocnennux padorax [16, 17] 3a5m0xkeHbl OCHOBBI MaTe-
MaTHUYECKOTO MOJCIHPOBAHMS PA3IUBKU CTAJIH B KPUCTAJ-
JU3aToOp, B KOTOPBIX MOCTPOEHA MareMaTudecKas MOJIEIh
1 TIPOBEJICHO TEOPETUYECKOE UCCIIe0BaHKE ITpoliecca pas-
JIUBKU CTAJIA B KPUCTAILTU3ATOP MPSIMOYTOJILHOTO CEUCHUS
U3 MOTPY)KHOTO CTakaHa JIByMsi CTpyamu (puc. 1, a) ¢ uc-
MOJIb30BAHMEM YUCIICHHOTO METOJIa, MPEUIOKEHHOTO MPO-
tdheccopom B.. OnrHOKOBBIM.

B macrosmeit pabote CTpOMTCS MaTreMaTHYecKas MoO-
JIeJTb IIpoliecca TeUeHHUs MeTajuia (CTaju) TakXkKe ¢ UCIIOJIb-
30BaHMEM YHCICHHOTO METOAa IPH IMOJBOJC pacriaBa
B KPUCTAJUIM3ATOp 1O paHee omucaHHoMy criocoOy [18].
[Tpu ucronb30BaHUHU ATOTO CrIOco0a TOABONA pacIliaBa B
Kpuctaumzarop (puc. 1, 6) pa3nMBOYHBIA CTakaH HMe-
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€T 3KCHCHTPUYHO PACIIOJIOXKCHHBIC BbLIXOAHBIEC OTBEPCTHUA
(puc. 2).

IIpounecc pa3nMBKU CTAIM OCYILECTBISIETCS CIETYIO-
muM 00pa3oM: M3 TPOMEKYTOUYHOTO KOBIIA [ SKAIKHA
Mmetamut (JKM) gepe3 morpyxHoi kepaMudeckuil cTaka 2
1 OTBEPCTHUS 3 MOCTYMAeT B BOAOOXJIAKAAEMBIH KpUCTa-
JIU3aTOp MPSAMOYTOJIBHOIO ceueHus 4. Ha cTenkax kpucrai-
JH3aToOpa BCIIEICTBHE OTBOJA TEIUIa 0Opasyercs TBephast
kopouka Metaia (TM) 5, koTopasi BBITATUBASTCS U3 KPHUC-
TaJUIM3aToOpa CO CKOPOCTBIO V  CTIEHHUATbHBIMU BBITSKHBI-
MM YCTPOMCTBAMH.

DKCIEHTPUIHOE PACIONIOKECHNE BBIXOAHBIX OTBEPCTHI
B IOI'PY’KHOM CTAaKaHC MMO3BOJISICT OPTraHU30BaTh, B OTIIMYUC
OT TPAJUITMOHHOTO croco0a, 0ojiee HHTEHCUBHOE TIepeMe-
IIMBaHKE )KUAKOTO METANIa B TOPH30HTAIBHOM MIIOCKOCTH
B 30HE IIEPBUYHOTO ¥ BTOPUIHOTO OXJTAXKICHHS.

B mensx ympomeHust pemeHus 3agadu (puc. 2) mo-
TPY>KHOH CTaKaH MPUMEM KBaIpaTHOTO IOTIEPEYHOTO Ce-
YeHUs U NpeHeOpexeM HapacTamomeil kopouxoil. Torma
(opmManm30oBaHHAS pacueTHas cXeMa IIpolrecca MOXKET
OBITH npeacraBjicHa B BUAC CXEMBI, HpHBeﬂeHHOﬁ Ha
puc. 3.

V3MeHsst reoMeTpHUUECKUE MapaMeTpbl OKOH, MOXXHO
HU3MEHATH 00bEM MEeTallia, BRITEKAIOIIEro yepe3 KaKaoe
OKHO, a CJIEJIOBATEIbHO, U KUHETHKY UCTCUCHUS METal-
na.

[ponecc cranmonapusiit. Cpeny (Kunkuid Metan) Oy-
JIeM CUMTaTh Hec:kumaeMoi. Mcxos u3 copMyarpoBaH-
HBIX JIOMYIIEHUH, 3aMuIlIeM cUcTeMy An(hepeHINaTBHBIX
YpPaBHEHUH B JE€KAPTOBOM CHUCTEME KOOPAUHAT.

Jns HecokuMaeMol >KUIKOCTH (p = const) M CTaIluo-
HApHOTO TeYeHHUs Ov,/0T = (0 MMeeM CIIEIYIONIYI0 CUHCTEMY
YPaBHEHHUM T'MAPOJMHAMHUKH.

3aKOH KOJIMUECTBA ABHKCHUS:
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Puc. 1. CriocoObl pa3iuBKH CTANU B KPUCTAIUTH3ATOP ABYMSI CTPYSIMU K3
TOPU30HTAJBHBIX BBIXOAHBIX OTBEPCTHIA MOrPYKHOTO CTaKaHa, Paciomo-
JKCHHBIX CHMMETPHUYHO (a) U SKCIEHTPUYHO (0)

Fig. 1. Methods for steel casting into a crystallizer with two jets from
horizontal outlets of a submerged nozzle arranged symmetrically («) and
eccentrically (6)

E-P W =1 F = F =0
ox;
dv. v, ov;
I =p—, —t=v, — i, k=123
TP Tk ox, (1)
, &%, v, oy,
V; = B + 3 5
ox; Ox;  Ox;
VYpaBHEHUSI HECKUMAEMOCTH:
v. . =0. 2)

YpaBHEHHE TEIUIONPOBOAHOCTHU (C YIETOM Maccomepe-
HOCA U CTallMOHAPHOCTH):
do 00

a9 _ av’e, v, —, i=1,2,3. 3)
dt dt Ox.

1

B ypaBuenwusix (1) — (3) p — naBieHue B JaHHOM TOUKE
(p =—0); 6 — THIPOCTATHYCCKOE HAMpPsIKEHUE; L — KO3~
(uuMeHT BSA3KOCTH, T-C/CM? V, — TPOEKIHMH CKOPOCTEil
NEPEMELICHUA 110 KOOPJMHATHBIM OCsaM X, i=1,2,3;
p — MJIOTHOCTb YKHUJIKOTO METaJla; Fi* — TIPOEKIUS yIeihb-
HOHM 0OBEMHOH CHJIbI Ha KOOP/IMHATHBIE OCH X, i = 1, 2, 3;
T— Bpemst; V2 — oneparop Jlaruiaca; 6 — temmeparypa;
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Puc. 2. PaznuBKa cTanm ¢ SKCHEHTPUYHO PACHIOIIOKEHHBIMUA OTBEPCTHSI-
MH B IIOTPY’KHOM CTaKaHe:
] — IPOMEXyTOYHBIN KOBII, 2 — MOTPYKHOW CTaKaH; 3 — BBIXO/IHBIC
OTBEPCTHSI IOTPYIKHOTO CTAKaHa; 4 — KPUCTAIUTH3aTOP; 5 — 3aKpHUCTA-
JIM30BABIIIMICS METaJLT

Fig. 2. Steel casting with eccentrically located holes
in a submerged nozzle:
I — intermediate ladle; 2 — immersion nozzle; 3 — outlet holes of the
immersion nozzle; 4 — crystallizer; 5 — crystallized metal
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Puc. 3. q)OpMaJ'H/ISOBaHHaSI pacdueTHas CXeMa Ipouecca pa3jinBKu

Fig. 3. Formalized design scheme of casting process

a= Z — K03(pDUIHEHT TeMIIepaTypONPOBOAHOCTH; A — KO-
S PHUIUCHT TEIUIONPOBOAHOCTHU; ¢ — YACNIbHAs TEIIOEM-
KOCTbh, Y — Y/CJbHBII BeC; BCe MapaMeTpbl MPUHUMAKOTCS
MTOCTOSIHHBIMH.

Bripaxenus (1), (2) — 370 TeueHHUE HBEOTOHOBCKOHN BSI3-
KOU HEC)KMMAEMOMW JKUIKOCTH, JUISI KOTOPOU CIPaBEIIUBBI
ypaBHEHHS

% * * av-
c,.+F =I1,1 =p|v,+v, —|; 4
ij.j i irdi =PV kaxk 4)
1 .
GU_GBij'Zzl’lE.:y" Féijzz(vi,j"'vj,i)a )
v. =0,i,i=1,2,3; (6)

ii

31€Ch G, — KOMIIOHEHTBI TEH30pA HATPSHKCHHIH; <§ij — KOM-
TIOHEHTHI TEH30pa CKOpOCTEH aedopmaiuii; 0, — cUMBOI
Kpouekepa.

. Ov
JIitst cranuoHapHoTo mporiecca umeeM v, = —- = 0.

ot
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I'paHrYHbIE YCIOBHUS 33a91 CIICIYIOIIHE:
611|r2 =p;; (o), :(513)|Fi =0; i=1+4
(0, = 023)|r. =0;,i=5=+8;
(o4, = 032)|F =0;i=9+11;
* .
V1|rl =Vus "1|r3 =0; V1|r4 =Vis V2|r[ =0;i=6+8 (7

* * .
V2|r5 =V,; V2|f5 ==V,; v3|r,. =0; i=9+12;

*

Ol =0y O, =03 6, =03 0 =0

s

O =05 0. =00 gl =43 nl, =4

3/1€Ch V, — CKOPOCTb BBITATMBAHHUS CIIUTKA V, — CKOpOCT
BBIXOJIa JKUJIKOTO METaJlIa U3 OKOH HOTPY)KHOTO CTaKaHa;
9:— 3aJjaHHBIC (YHKIMHA PACHPENCICHHUS TEMIIEPATyphI
MeTauia Ha moBepxHocTax I, i=1,2; 0] = 0;(xx,); ¢;,
i=1,2 — 3a1aHHbIe U3 SKCIIEPUMEHTAIBHBIX JaHHBIX TEI-
JIOBBIE TIOTOKHM Yepes3 nosepxuoctu I, T',.

Pemenne cucremsl ypaBHeHuit (4) — (6) u ypaBHe-
HUs (3) OCYHIECTBISIIOCH YUCIEHHBIM MeTogoM [15] B co-
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OTBETCTBUU C YUCJIIEHHON CXEMOU M aJrOPUTMOM, ONHUCAH-
HBIM B paborax [15—17,19 — 21].

Jnis cpaBHEHUS KUHETUKHM TEUEHHsI MeTajia B KpHU-
CTaJUIN3aToOpe 3aJaBajlCh MCXOIHBIC TTapaMEeTphl, YTO U B
paborax [16, 17]. 'eomeTrpuueckue pa3Mepsl KpUCTAUIN-
3aropa ciyayronme: H =100 cm, B = 12,5 cm, /=100 cwm,
h=20cm, b=17,5¢cMm, 6, = 850M6 =3cm; 9,= 1,5 em.
B ypaBuenusx (7) mnpuHHManu v1 =0, v = 1 M/MUH =
= 1,66 cm/c, Toraa A CTAllMOHAPHOTO MpoLecca CKOPOCTh
v2 OTIPECTISUTH U3 PAaBEHCTBA CEKYHIHBIX 0OBEMOB:

. . 2Bl
Ay Bl =2v,8,8, = vy = 1
6hSB

* *

TernoBble MOTOKH ¢, , ¢, IO CTEHKaM KpUCTAJIM3aTopa
OTIpEeNICIISIN ANMPOKCUMAIIUEH KCIIEPUMEHTAIBHBIX JIaH-
HBIX, IPUBEJICHHBIX B padoTax [16 — 18]:

*

q; =2,5v"% MBr/m?, (8)
rae i = 1, 2; v — CKOPOCTb OMBIBaHMS CTEHKH KPUCTAJIN3a-
TOpa, M/C.

IIpu ycnoBum, uro

MOJTydaeM

re 0 Temmeparypa deMenTa, IPUMBIKAIOMIEro K MOBEpX-
HOCTH (7); eﬁ — TeMIlepaTypa BHYTPEHHETO 3JIeMEHTa, Ha-
XOJISIIIETOCS TI0 HOPMAJIH Cpasy XKe 3a MOBEPXHOCTHEIM [3;
0 — paccTOsIHUE OT LIEHTPA TSDKECTH DIIEMEHTa [3 10 IIEeHTpa
TSDKECTH DJICMEHTA .

TeMnepaTypa MCTEKaHus KuaKoH cranu u3 okHa (I';)
TIPUHUMAIIAChH E)|r = 1600 °C. TemnepaTypsl Ha TOBEPXHOC-

Tx crakana (puc. 3) I',, i = 3, 8, 11, npuHMManuce 1o sKc-
MEPUMEHTAIBHBIM JaHHBIM 9|r =1550°C,i=3,8,11. Ha

nosepxHoctu I', (puc. 3) HAXOIUTCS JKHIKAs IITAKOBast
«pyOarikay, Temreparypa KoTopou 6|1_ = 1550 °C.

Hexotopsle pe3yibTaThl peIICHHs IMPEICTABICHB Ha
puc. 4, 5. Ha puc. 4 nokazaHo 1oje CKOpoCTei TedeHus mo-
TOKa JKAIKOTO MeTajla B TOPH30HTAIBHON ITUIOCKOCTH Ha
YPOBHE BBIITYCKHBIX OTBEPCTUH MOTPYKHOTO cTakaHa. Bu-
HO, YTO W/ICT HHTEHCHBHOE OMBIBAHUE KUIKHIM METAJIIOM
PaBoii CTOPOHbI CTEHKU [\ ¥ JIeBOii cTOpOHBI cTeHKH [
(puc. 3). Ha puc. 5 npeacraBieHo mojie CKOPOCTeH MeTall-
na Ha cThIKe 'y B BEPTHKAILHOM MII0CKOCTH. Buxph Haxo-
IUTCS TIPSIMO TI0 IEHTPY BEPTHKAIBHOM CTEHKH B BEpXHEH
ee JacTH.

Jns aHanu3a mons CKOpOCTEM B KPUCTAJIIU3ATOPE MC-
MOJIb30BAJIU CKAJSIPHYIO OLIEHOUHYIO (DYHKITHIO (1), Xapak-
TEPHU3YIONIYIO 3PPEKTUBHOCTh NIEPEMEINBAHUS paciliaBa
(u — mone cxopocteit pacmnasa). [lycts u'(x,y,z) — BeKTOp-
HOE TI0JIe MPOCKIIMIA CKOPOCTeH # Ha OJFKANIIy 0 K TOYKE
(x, ¥, z) cTeHKy, Torna

c(u) = ﬂju'(x, v, z)dxdydz,

rae V' — o0beM, B KOTOPOM HaOIIOIAeTCs POCT JICHPUTOB.

[Ipn 3TOM 1OIKHBEI 00eCcTIeUNBaTHCSI CKOPOCTH MeTall-
na menee 0,5 M/C B MPUCTCHOYHBIX CIOSIX MIMPOKUX CTe-
HOK KpHCTaJUIN3aTopa, B IIPOTHBHOM CiIydae KHHETHUe-
CKasg OHEPrusd IMOTOKa M3MCHUT YCIOBUA KPUCTAJUIM3ALIUU
B IByX(pa3HO# 30He. [Ipn 3HaUCHNHM CKOPOCTH MOTOKA 00-
aee 0,5 M/c CyIIECCTBEHHO HapyIIaeTCs PEKUM TCUCHUS,
a ylap TOTOKa B KOPOYKY MOXKET MPUBECTH K MECTHOMY
pa3orpeBy U MOBBILICHUIO PA3HOTOIIMHHOCTH €€ 110 IIepHU-
METpy 3aTOTOBKH.

3Ha4YeHUs OIEHOYHOU (DYHKIIUHU JIJIS CITOCco0a ¢ MCIIONb-
30BaHHEM CTaKaHa C AKCHEHTPUYHO PACTIONOKEHHBIMH BBI-
xonHbeIMU oTBepcTusamMu Ha 30 — 40 % BellIe, ueM pu Tpa-
JUIIOHHOM CHOCO0e pa3MuBKH. MOXKHO IPEATONIOKNT

Paznusounwviii cmaxan Kpucmannuzamop
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Puc. 4. Tlone ckopocTeil B TOpU30HTAILHOM IIOCKOCTH Ha YPOBHE BBIMTYCKHBIX OTBEPCTHH (@) ¥ 3aBUCHMOCTb JUTHHBI BEKTOpa
OT CKOPOCTH MOTOKa (0)

Fig. 4. Velocity field in the horizontal plane at outlet holes level (a) and dependence of vector length on velocity flow (6)
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Puc. 5. Tlone ckopocTeii B BEPTUKAIbHON IIIOCKOCTH Iy (@) M 3aBUCMMOCTSD JUIMHBI BEKTOPA OT CKOPOCTH MOTOKA (6)

Fig. 5. Velocity field in Ty vertical plane (@) and dependence of vector length on flow velocity (6)

O CHW)KCHUM JICHIPUTHOW JIMKBAIMU CJsi0a MPH HCIIONb-
30BaHUU CTaKaHA C AKCLEHTPUUHBIMU OTBEPCTUSMH. DTOT
BBIBOJ] XOPOIIIO COITIACYETCS CO CTAaTUCTUYCCKUMHU JaHHbI-
MU HCCIE0BaHNI TEMIUIETOB OIBITHBIX IUIABOK HA 3aBOJIC
OAO «Amypmetamn» (T. Komcomonbsck-Ha-AMype).

[Ipu uccnenoBaHUM MPAKTUYECKOH CXOMUMOCTH 3aja4yn
MIPOBE/ICH aHAJIN3 CKOPOCTEHl B HEKOTOPOI! JTOKaIbHOH 00Ia-
CTU peleHus (001aCTb UCTEUEHUsI CTPYH) Ha Pa3IUYHOMI CeT-
K€ TaKUM 00pa3oM, YTOOBI UcciIemayeMast 00IacTh perIeHIs
uMerna cieayromue pasouenus: 2, 4, 8 anemeHToB. Pemenue
HaxomuTcst ¢ TouHocThio € = (0,001. Pe3ynbrarsl cBeieHBI B
Talnuiy. BUIHO, 4TO MOATBEPKIACTCS IPAKTUYECKas CXO-
OUMOCTD 3a/1a49U € OKCHCHTPUYIHBIMH OTBEPCTHUAMM.

Buwieoowt. [loctpoeHa maremaTuueckas MOEIb IIPOLEC-
ca pasIMBKH METaJUIa B KPUCTAIUTU3ATOP MPSMOYTOIHHOTO
CEUEHHUs MPU €ro Mojaye U3 MOrPYKHOIO CTaKaHa C JKC-
HECHTPUYHBIMU BBIXOJAHBIMH OTBEPCTHUAMU, IMO3BOJIAIOIIASA
OIIPEIEINTD MOJISi CKOPOCTEH MeTalla B 30HE KpUCTaJIU-
3aTopa B 3aBUCHMOCTH OT 00BbEMa METajlIa, BEITEKAIOIIETO

M3 OKOH IIOTPYXXHOTO cTakaHa. [loaTBepskmaeTcs mpearo-
JOKeHHEe 0 Oojlee MHTCHCUBHOM IEepEMEIINBAHUN KUIKOM
(azbl cnsida Mpy MCIIONb30BAHNUN CTaKaHa C SKCIICHTPUYHO
PAcCIONI0KEHHBIMU BBIXOAHBIMU OTBepcTHsiMU. [lomyden-
HBIC PE3YIBTATHI MOTYT OBITH HCIOIB30BAHBI B X0 MPOCK-
TUPOBAHUSI YCTPOICTB MO/ABOJA CTAJIU B YCTAHOBKY HEMpe-
PBIBHOM pa3nuBku cTanu. [IpuBeneHHy0 MaTeEMaTUUECKYO
MOJZIeTIb MOYKHO UCIIONIB30BaTh JUIs aHAIN3a 337a4 TeUeHUs
paciuiaBa B KpUCTAJUTU3aTOpax pasindHoro Tuma. Paszpabdo-
TaHHBIH NPOrpaMMHBII KOJI MOYKHO IPUMEHATh B MHKEHEP-
HBIX WM HAY9IHBIX LEIISX.
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MATHEMATICAL MODELING OF METAL FLOW IN CRYSTALLIZER
AT ITS SUPPLY FROM SUBMERSIBLE NOZZLE WITH ECCENTRIC HOLES

V.I. Odinokov', E.A. Dmitriev', A.I. Evstigneev':?
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Khabarovsk Territory, Russia
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sia

Abstract. Flow of liquid melt in the crystallizer is a little-studied process.

Analytical solutions of melt flow in general case refer to complex
mathematical problems, therefore numerical methods are used to model
it. The purpose of this work is to use numerical method proposed by
Professor V.I. Odinokov, based on finite-difference representation of the
initial system of equations. This method has been successfully used in
mechanics of continuous media, in foundry industry in mathematical
modeling of strained deformed state of shell molds on investment mo-
dels, as well as in other technological works, which indicates its uni-
versality. In the present study, the object of research is hydrodynamic
flows of liquid metal during steel casting into a rectangular section mold
when fed from a submerged nozzle with eccentric holes, and the result
is a spatial mathematical model describing the flows of liquid metal in
the crystallizer. To simulate the processes occurring in the crystallizer,
the software complex “Odyssey” was used. The theoretical calculation
is based on fundamental equations of hydrodynamics and approved nu-
merical method. Solution of differential equations system formulated
in the work was carried out numerically. Investigated area was divided

into elements of finite dimensions, for each element the resulting sys-
tem of equations was written in the difference form. The result of the
solution is velocity field of metal flow in crystallizer volume. To solve
the system of algebraic equations obtained, a numerical scheme and a
calculation algorithm were developed. Based on developed numerical
scheme and algorithm, a computation program was compiled in For-
tran-4. Mathematical model makes it possible to vary geometric dimen-
sions of the crystallizer and cross-section of metal exit openings from
the immersion nozzle, and it can also help to understand the flow pat-
tern of the cast metal that affects heat dissipation of crystallizer walls
and to find the optimal parameters for liquid metal outlet from the gravy
glass at various casting modes. As an example it is given calculation of
steel casting into a rectangular mold with a height of 100 cm and a sec-
tion of 200040 (cm) in plan. Casting was carried out from immersion
nozzle eccentrically in both sides in a horizontal plane. The calculation
results are presented in graphical form. The movement of liquid metal
flows is shown, their magnitudes and intensity are determined.

Keywords: numerical simulation, hydrodynamics, liquid metal, casting,

immersion nozzle, eccentric outlets, crystallizer, velocity field.
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