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Almomauu}l. Maremaruueckoe MOACIUPOBAHUEC TEUCHUS XKUJIKOTO paciliaBa B KpUCTAIIN3aTOPE YCTAHOBKU HerepLIBHOﬁ Pas3iIuBKU CTAJIN J10 CUX I1Op 5B~

JISIETCS] MAJIOU3yYCHHBIM. AHATMTHYECKHIE PEIICHHS TeUCHNMS paciiaBa B 00IIEM CITydae sBISIFOTCS CIIOKHON MaTeMaTHYeCcKou 3aiaueii. Tem He MeHee
JUISL HEKOTOPBIX CIIy4aeB TOYHBIC PELICHUS HalIeHbl. Takye aHaIMTHYECKHE PELICHHUS CITy’KaT CPEICTBOM IIPOBEPKHU PE3YJIbTaTOB YHCICHHBIX METOJIOB
petuenust. Lenb HacTosiIen pabOThI — KCIOIB30BaHUE YUCIICHHOTO METO/IA, PEIoKeHHOT0 podeccopom B.M. OanHOKOBBIM, OCHOBAHHBIM Ha KOHEY-
HO-Pa3HOCTHOM HPE/ICTABICHUI UCXOJHON CHCTEMBI YpaBHEHHI. MeTo/| yCIICIIHO HCIIOIB30BaH B MEXaHUKE CIUIOIIHBIX CPEJl, B IMTCHHOM IIPOU3BOJI-
CTBE IIPU MaTEMaTHYECKOM MOJICTMPOBAHNH HAIIPSDKEHHOTO A OPMUPOBAHHOTO COCTOSIHHSI 000IOYKOBBIX (JOPM T10 BBITLIABIISIEMBIM MOZIEIISIM, @ TAKKE
U B JIPyIHX TEXHOJOTMYECKHX paboTax, YTO TOBOPHUT O €ro YHUBEPCAJIbHOCTH. B HacTosIelt pabote 00beKTaMu MCCIIEIOBAaHMI CTaIN THAPOANHAMU-
YECKHUE U TeIUIOBbIE TIOTOKH JKUIKOTO METAILIA IIPH PA3IMBKE CTAIN B KPUCTAILUIM3ATOP MPSIMOYTOJILHOTO CEYEHHUs] yCTAaHOBKU HEMIPEPBIBHOM Pa3IMBHOM
CTaJIx, a Pe3yJITaTOM — IPOCTPAHCTBEHHAS! MAaTEMaTHUeCKasi MOJIEIb, OITMChIBAIOLIAs TOTOKU KHJIKOTO MeTajlla B Kpuctaumsarope. [l Monenuposa-
HHMSI IPOLIECCOB, TIPOTEKAIOIINX IPU 3aM0JHEHUH, HCIIOJIB30BaH MPOrpaMMHBIH KomIuieke «Oucceii». B 0CHOBY TeopeTnuecKux pacueToB HOJI0KEHbI
OCHOBOIIOJIAraloIye YPaBHEHNS THAPOANHAMUKHY, YPAaBHECHUSI MaTeMaTHIECKON (DM3MKH (ypaBHEHHE TEIIONPOBOIHOCTH C YYETOM MacCOIEpeHoca) 1
anpoOMPOBAaHHbIN YnCIIeHHBII MeTo/1. Perenue copmympoBaHHOii B paboTe cucteMbl 1 depeHIMaIbHbIX yPaBHEHUH OCYIIECTBISUIN YUCICHHBIM
criocobom. Hccnenyemyro o0acTb pa3oruBai Ha 3I€MEHTbl KOHEUHBIX Pa3MEpPOB, UL KaXI0T0 JIEMEHTA 3aliChIBAIIM B PA3HOCTHOM BUJIE TIOJTy4eH-
HYIO CHCTeMa ypaBHEHHUM. Pe3ynbTar pelieHust — mosist CKOpoCcTel MOTOKa MeTasliia i TeMIepaTypHbIe Mo B 00beMe KpucTamn3aropa. s perienus
TIOJTy9CHHOM CHCTEMBI alIreOpandecKiX ypaBHCHUI pa3paOOTaHbl YUCIICHHBIE CXeMBI U alTOpUTMBI pacuera. [1o pa3paboTaHHBIM YHCIEHHBIM CXEMaM
U JITOPUTMaM COCTaBJIEHA Mporpamma pacyera Ha si3bike Fortran-4. Maremarudeckast MOjiesb I103BOJISET BAPLHPOBATH FEOMETPHUECKUE Pa3Mepbl
KpHUCTAJUIM3aTopa M CEYCHHUS OTBEPCTUH BBIXOJ[a METaJlIa U3 HOTPY/KHOTO CTaKaHa, a TAKKE MOXKET TIOMOYb IOHATH CXEMY JIBIDKCHHUS Pa3InBacMOro
MeTaJula, BIMSIOLLYIO HA TEIIO0TBO/] CTeHKAMH KPUCTAJUIN3aTOpa, U HAWTH ONTHMAJIbHBIC TTAPAMETPhI BBIX0/IA )KHIKOTO METaJlIa U3 IOrPYKHOTO CTa-
KaHa IPY Pa3INYHBIX peXKUMaxX pa3uBKu. [IpuBesieH nmprMep pacyera pasiMBKH CTall B KPHCTAILIU3ATOP IIPSIMOYTOJIBHOTO cedeHus BhIcoToit 100 cm.
Pa3nuBKy OCyLIECTBISUIM M3 NOTPYKHOTO CTaKaHA CUMMETPUYHO B 00€ CTOPOHBI B TOPU30HTAIBLHON MIIOCKOCTH. Pe3ynbTar perueHus npeacTaBieH B
rpaduyeckoii hopme. [TokazaHo ABHKEHHE TIOTOKOB XKUIKOTO METAJlIa B Pa3HbIX CEUCHHSX KPHUCTAILTH3aTOpa. BhISBICHBI 00J1aCTH KPYyTOBOTO TEYCHUS
MeTaJuIa, a Takke 00J1acTh B 00beMe KpHCTAIIN3aTopa, Iie HAOMI0aeTCs BUXPEBOE ABIKCHHE JKUJIKOTO METaILIA, ONPE/ISICHbI X BETMYMHBI U HHTCH-
cuBHOCTb. [IpesicTaBieHHoe moje TemMieparyp ykasblBaeT Ha HaJIlM4ue JIOKaIbHOM 00J1acTH ¢ BLICOKOI TeMIiepaTypoii Ha CTeHKe KpUCTaIN3aTopa, 4To
00BSICHACTCSI HATPABJICHHBIM TIOTOKOM TOPSYEro METallIa, BHIXOSIIET0 U3 OTBEPCTHUS MOTPY’KHOTO CTaKaHa.

Knrouesvle cnosa: uucneHHoe MOICIMPOBAHUE, THAPOAMHAMUKA, TEIIOMACCOIIEPEHOC, SKUIKAT METaJl, pa3juBKa, KPUCTAIA3aTOP, YCTAHOBKA HEIIPE-

PBIBHOM pa3MBKU CTANN.

DOI: 10.17073/0368-0797-2017-6-493-499

[Iponecc pa3nuBKU MeTaIlIa B yCTAHOBKE HENTPEPBIBHOU
paszimuBku cranu (YHPC) ocymecteusiercs cienyrommm
o0pasoM (puc. 1): U3 MPOMEKYTOYHOTO KOBIIIA KUIKUH Me-
tamut (JKM) uepes nmorpyxHoi KepaMU4eCKUil CTakaH U OT-
BEPCTHUS MIOCTyIAeT B BOAOOXJIAXKIAEMbIH KPUCTAIN3aTOP
MPSIMOYTOJIHOTO cedeHus. Ha creHkax kpucramimszaropa
BCJICAICTBHE OTBOJA TeIUla 0Opas3yercss KOpodka, KOTOpast
CHEIMATbHBIMU BBITSDKHBIMU YCTPONCTBAMU BBITSTHBACTCS
U3 KPUCTAJIM3aTOPa CO CKOPOCTBIO V) .

C uenplo ynpoueHus pelieHHs 3a/layd MPUHHMAEM,
YTO MOTPY>KHOM CTakaH KBaJpaTHOIO IOIEPEYHOIo ceye-

" O6pabOTKy YNCIEHHBIX PE3y/IBTaTOB BhIMoHII K.T.H. A.W. [opHa-
KOB.

HUSl, M TIpeHeOperaeM HapacTaroiiei kopoukoid. TommuHa
KOPOYKM B HW)KHEH 4YacTH KpPUCTAJIU3aTopa COCTABIIS-
er 10—20 MM, momepedHoe cedeHHe KPHUCTAIN3aTopa
2000x250 mm. Torma ¢ y4ueToM ABYXIIOCKOCTHOH cUM-
METpUH (OpMaIM30BaHHAs pacyeTHAas CXeMa MOXET OBbITh
MpeCTaBlIeHa B BUJE, IOKa3aHHOM Ha puc. 2: OyaeM pac-
CMaTpUBaTh YETBEPTYIO YACTh OONACTH TEUCHHS KHUIKOTO
meraia (S, Sy — MOBEPXHOCTH CUMMETPHH; Ha BUE «C»
MOKa3aHbl OKHA, Yepe3 KOTOPhIE KHUIKUH METalT MOCTyIIa-
€T B KPUCTAILTU3ATOP).

M3MeHsIst TeOMeTpHYeCKHe TapaMeTphl OKOH, MOYKHO Me-
HITh 00bEM METaJlIa, BHITEKAIONIETO Yepe3 KakKI0e OKHO, a,
CIIeIOBATENIFHO, M KHHEMATHKY HCTEUCHHS METaJIIA.
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Puc. 1. IIpouecc pa3nuBku MeTajula B yCTAaHOBKE HENPEPBIBHOM pa3JiiB-
KM CTaJIM:
1 — mpoMexyTOYHBIH KOBII; 2 — HOTPY>KHOM CTaKaH;
3 — BBIXOJHBIC OTBEPCTHUS IIOTPYKHOTO CTaKaHa; 4 — KPUCTAILIH3aTOP;
5 — 3aKpHCTAIIIM30BABIIMICS METAILI

Fig.1. Process of metal casting in the continuous casting plant:
1 — tundish; 2 — submerged nozzle; 3 — outlets of the submerged nozzle;
4 —mold; 5 — crystallized metal

[Iponecc cranmonapubiii. Cpeay (Kugkui metai) Oy-
JIeM CUUTaTh HeckumaeMou. Vcxoms u3 chopmynupoBan-
HBIX JIOMYIIEHWH, 3auIIeM cucTeMy TuddepeHTnaTbHBIX
YpaBHEHUI B IEKAPTOBOW CHCTEME KOOP/IHHAT.

s HecokuMaeMol JKUAKOCTH (p = const) W cTaiuo-
HApHOTO Te4EHUsA Ov,/0T = () UMeEM CIEYIONIY 0 CHCTEMY
YpaBHEHUH TUIPOAMHAMUKH:

— 3aKOH KOJINYECTBA JIBIKCHUS:

F —g—pwvzv,. — I F = F =0,

1

X
1,=p%,%=vk%, i k=1,2,3; 0
vy = 0%v, N o*v, 0%, :
Yoo o o
— ypaBHEHHE HEC)KUMACMOCTH:
v.. =0,1=1,2,3; ()

i1

— YpaBHEHHE TEIIONPOBOIHOCTH (C yUETOM Maccorepe-
HOCA U CTallHOHAPHOCTH)

£=Clv29, @= i@a i=15293: (3)
T dt OX;
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Puc. 2. ®opmanuzoBaHHas pacueTHas cxema 3a1aqu

Fig. 2. Formalized design scheme of the task

TJie p — IaBJICHUE B JJAHHOM TOUKE (p = —0); G — TUAPOCTATH-
YECKOE HANPSHKEHHUE; 1L — KOIPDHUIIMEHT BA3KOCTH, I'*¢/CM?);
Vv, — TIPOEKIMH CKOPOCTEH MEPEMENIEHNH IO KOOp/MHAT-
HeIM ocsaM x; (I =1, 2, 3); p — IIIOTHOCTb KMJKOTO MeTal-
na; Fi*— MIPOEKIINU YIIEIbHOM OOBEMHON CHIIBI Ha KOOp-
nuHatHble ocH X; (i = 1, 2, 3); T — Bpewms; V? — omeparop
Jlammmaca; 0 — Temmeparypa; a=A/(Cy) — KO3(pPHUIHEHT
TEMIEPaTyPONPOBOAHOCTH; A, C U Y — KOOPPHULIHUEHT Terl-
JIOTIPOBOJTHOCTH, VJIeNIbHAsl TEIUIOEMKOCTh M IUIOTHOCTh
MeTamia (Kod((PUIUEHTH MPUHUMAIOTCS ITOCTOSHHBIMI,
B (hopmyinax (1) — (3) ucronb3yercsi CyMMHPOBaHUE TI0 T10-
BTOPSIIOIIMMCS HHIEKCaM).

VYpaBuenus (1) u (2) ONMUCHIBAIOT TeUEHNUE HHIOTOHOBC-
KOM BSI3KOM HECI)KMMAeMOM JKHIKOCTH, JUIsl KOTOPOW CIpa-
BE/JTUBBI yPaBHCHHS

* * * 6\}.

G—‘,—F :[A’Ii: \.}I,J,-v_’; 4
y.J i i p k axk ( )
1
o =00; =21E;, §; :E(Vi,j ) )

v, =0, 1,i=1,2,3; (6)

3/1€Ch G} — KOMIIOHCHTBI TCH30Pa HANPSUKCHHH; &; — KOM-
MTOHEHTBI TEH30pa CKOPOCTEH nedopmanuii; 8". — CHMBOII
Kponexkepa.

JIyist crarroHapHoro mpomecca

.oy, .
v, =—-=0,i=1,2,3.
T
[Tokaxkem, uTto cucrema ypaBHeHUH (4) — (6) SKBHUBa-
nentHa cucteme (1), (2). Beipasum u3 ypaBuenwuii (5) 3Ha-
YEHHS Oy = 06ij + 2u§ij U [OJACTABUM MX B YpaBHEHUE [BU-
xeHwus (4)
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" dv, . .
(06U+2u§ij)j+Fi =p— /=123,

Jns Toro, YTOOBI TMONMYYECHHBIC 3aBHCHMOCTH COOT-
BETCTBOBaJIM ypaBHEHUIO (1), 10CTAaTOYHO MIOKA3aTh, YTO

(08, + 2u<i,—,—)j = uv2y, —%.

'xl

[pomuddepennmpyem IeByI0 4acTh TOKICCTBA C yUe-
TOM TOTO, 4TO & = 0,5(V, . + v, ):
j iy hi

(08, +2ug;) 'S (o3;) ;T (s + vf"')j ;

oc
0,) =—.
(o8;), ) ()
Hanee nomyunum
R AR A A ®)
ox;( Ox; 0Ox; Ox ;0x; ox,0x
o, 2
HO W———=uV~v, u, nupdepeHInpys ypaBHECHHE He-
Ox;0x;

CXKMMACMOCTH 110 KOOPAWHATC X, TIOJYIUM

2
6vj

bl 8vj
H—_
ox;0x

CrenoBarensHO, TIPH YCIOBUHM HEC)KUMAEMOCTH KHI-
kocTH (6) BeIpaskeHue (8) mpuMeT BUT

. Ov,
ui oL =uviy., )

ox;( Ox; Ox;

VYuuteiBas paBeHctBa (7) u (9), a Takke yCIOBHE, YTO
p =—0, noitydaeM ypaBHenue (1), 9Tto U TpeOOBAIOCH J10-
Ka3ark.

[epexon ot cucremsl (1), (2) xk cucreme (4) — (6) BbI-
TIOJTHEH, YTOOBI BOCIIONB30BATHCS alPOOMPOBAHHBIM YHC-
JIEHHBIM MeTofoM [1], pa3paboTaHHBIM I pEIIEHUs TO-
JIOOHBIX CHCTEM YpaBHEHUIA.

I'pannvHbBIE YCJIOBHUS 3a1a4H
GH|S2 =-p;; (0, 2613)|S’_ =0,i=1+4
(03 =G23)|S, =0,i=5+8
(o4 2632)|Sf =0,i=9=+11; v1|Sl =v,; (10)
* .
vl|S3 =0; vl|S4 =v; v2|si =0,i=6+8;

* .
V2|s5 =V,; V3|s, =0,i=9+11;

*

e'sl = 9?; e|52 = 9;; e's3 292; e|S5 295;

6|S3 :9;; 9|Sn :eTl; ql|Slo :qr; q2|S6 :O; (11)

D5, =03 s, =0,

IJIE V, — CKOPOCTh BBITATMBAHMS CIIMTKA (PUC. 2); v;(i =1,2)-
CKOPOCTb BBIXOIa JKUIKOTO METajla U3 OKOH S,, S, mor-
PYXKHOTO CTaKaHa, Oj(i =1,2)— 3agaHHasg O JKCIEPH-
MEHTAIBHBIM JaHHBIM (DYHKIUS pachpeIeieHus TeMIepa-
Typbl METajlIa Ha MOBEPXHOCTAX S, i=1,2; 6:.‘ = Gj(xz, X,);
q;(i=1,2) — 3aganHHpIe MO SKCIEPUMCHTAIBHBIM JIAHHBIM
TEMJIOBBIE [IOTOKU YEPE3 MOBEPXHOCTH S, S .

Pemenue 3Tol 3aayu COCTOMUT M3 JIBYX 3TamoB: 1 —
pelieHue CUCTeMbl ypaBHeHHH (4) — (6) mpu HaIUIUHU
rpannyHbIX yciouii (10); 2 — pemenne ypaBuenus (3)
IpU HAJIMYMU TPAHMYHBIX ycinoBuid (11) n 3HavyeHuit v,
i =1, 2,3, IOMy4YeHHBIX U3 PCIICHUH ypaBHEHHI EPBO-
ro JTamna.

Yucnennaa cxema peuwieHus ypasHeHuil meveHus
Memanna. J1ns pemieHus cucTeMsl Tu¢depeHIHaaIbHbIX
ypaBHeHHUi (4) — (6) UCTIONB30BATM YUCICHHBIH METOJ]
[1], xoTropsrif mpuMensnu B pabotax [2 —4] u ap., co-
IJIACHO KOTOPOMY pacdeTHas o0yiacTh pa3OuBaeTcCs Ha
OpPTOTOHAJBLHBIC 3JEMEHTHl KOHEYHBIX pa3MepoB. s
Ka)XIOTO JIEMEHTA 3alliChIBACTCS B PAa3HOCTHOM BHIE
cucrema (4) — (6), KoTopasi pemaercs Mo paspaboTaH-
HOMY aJITOPUTMY C Y4€TOM TI'paHUYHBIX ycioBuid (10).
B pesyinbrare pemeHus moayyaem nojist HalpsuKeHuit o;;
U CKOPOCTEH MEepEMEIIEHHUH V; 0 TPaHsAM KakI0ro dJIe-
MEHTA.

Yucnennas cxema peuwieHUs ypagHeHus meno-
npoeoonocmu. Jlns peuieHus ypasHeHus (3) ¢ ydgeTom
rpaHuuHbIX ycnoBuil (11) mcmonb30BanyM YUCICHHBINA
meton [1]. HMccnenyemast obmacte pazOuBaercst Ha 3Iie-
MEHTBl OPTOTOHAIBHOH (OPMBI, IS KaKIOTO JJICMEH-
Ta 3alMCBIBAETCS TEIUIOBOM OallaHC yepe3 BXOAALIUE U
BBIXOJSILKE U3 dJIeMEHTa NMOTOKH Teria. B pesyibrare
MOJIYYaeTCsl CUCTEMa YPAaBHEHHH 110 KaXKIOMY JIEMEHTY.

B pabore [1] noka3biBaeTcs, 4YTO MOJyYEHHBIE ypaB-
HEHMsI CIIpaBeJIUBbI JJIsl TI000# OpTOTOHANBHOU CHCTe-
MBI KOOPJAMHAT, paccCMaTPHUBAETCs MPOLECC YHUCICHHOU
peanusanuu peleHus Mpy 3aJaHHbIX PAaHUYHBIX YCIIO-
BHSIX, CTPOUTCS UTEpallMOHHas mpoueaypa (MporoHka),
JOKa3bIBaeTcs ee cxonuMocTs. Cienys Metoauke pabo-
THI [1], ypaBHEHHE TEIIONPOBOJHOCTH (3) TO DIIeMEH-
Ty (puc. 3) At CTAlMOHAPHOTO cliy4asi ¢ y4eTOM Mac-
comepeHoca 6e3 BHYTPCHHUX MCTOYHHMKOB TeIja OyaeT
UMETh BU]I

(12)
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Puc. 3. Bun snemenTa obnacti pa3oueHus

Fig. 3. View of the subdivision area element

_ 2F’4 . 2F\4
. Sy +83, o Sy +8y ’
2v{k 2v{k
tl = — ; al =
Sy +55 Sy +
2F7A 2F, A4
Iy =—+, by=——,;
S, + S, S, + S,
2v, 2v,
t2 = Vz — ; a2 = v2
S +5), Sy + (13)
2F A 2F! 4
I3 :—+5 Ly =———;
Sy + 855 Sy + 85
2v, 2v,
t3 = v3 — ; a3 = v3
Sy +85 Sy +
A= FI=SISI izkep:
vV’
S,,S.S
ik,p=1,2,3V, :—121163 2L

371€Ch A, ¢ U Y — KOIPPUIIUEHT TETLIOMPOBOHOCTH, TETLIO-
€MKOCTb M IUIOTHOCTh METAILIA; O — CpeHss Temneparypa
B k-oM artemente; 6, , 6] — cpeaHsis TemMIieparypa B JJIeMeH-
TE, CICIYIOUINM 32 JIEMEHTOM k COOTBETCTBEHHO B OTpH-
HATEJbHYIO U MOJIOKUTENBHYIO CTOPOHY 110 KOOP/IMHATE X,
S; = Slf SZ* S =8+ S2+ 3HAYEHHs AYT S 10 dre-
MeHTaM FpaHI/I'-IaI.L[I/IM c BHeMeHTOM kc COOTBeTCTByIOLueH
CTOPOHBI; V; — CPEIHHE IO IEMEHTY MPOEKIMH CKOPOCTH
nepeMeIeHni 10 KOOPAUHATHBIM ocam x, (i = 1, 2, 3).

VYpaBuenns (12) 3ammcaHbl TOJMBKO IS BHYTPEHHUX
9JIEMEHTOB, HE NMPUHAUIekKAIIMX K TpaHule oonacTtu. s
TPaHUYHBIX JJIEMEHTOB TEMIIEpaTypa OIpeselseTcs rpa-
HuuHbIMH ycnoBuaMu (11). Ha miockoctsax cummerpun
(moBepxHoctu S, Sy (puc. 2)) umeem:
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— IIOBEPXHOCTb S (qz\sf, = O) = (Gk - 6;) =0;
— MIOBEPXHOCTH Sy: (q3‘sg = 0) = (Gk - 9;) =0

W3 ypaBHenus (12) ciaenyet ypaBHEHHE ISl 3IEMEHTOB,
NPUMBIKAIOIIMX K TOBEPXHOCTH S -

Ztlz( - )_ > fil(ek _9;) =

i=1,3

0+ 2a (0 -0,).

i=1,3 i=1

(14)

Jist 51IEMEHTOB, MPUMBIKAKOMIUMX K MOBEPXHOCTH S,
CIpaBe/UINBO yPaBHEHHE!

0;)+> a6 -6,).

VYpasuenus (12), (14) u (15) nuneitnble, pemwas ux c
y4eToM ycnosuii (11), momyunm snavenus 0,, k=1, ..., m,
rJe M — KOJIMYECTBO AIIEMEHTOB.

(15)

AJITOPUTM pelIeHnst

— uccneayemas o0NacTh TeUeHUs1 pa30UBaeTCs Ha dJe-
MEHTBHI OPTOTOHATBHON (POPMBI; pacCUNTHIBACTCS MaTpPHUIIA
JUTMH YT 3JIEMEHTOB;

— 1o pa3paboTaHHOM MporpaMMe YHCICHHO PeIaeTcs
cuctema (4) — (6) ¢ yuerom rpaHuuHbIX ycioBuii (10);

— YUCJICHHO PEIIaeTCs CHCTeMa YPaBHEHUH TETUIONpO-
BogHOCTH (12), (14) u (15) ¢ y4eToM rpaHUYHBIX YCIOBHMA
(11) m HalAEHHBIX TO TPEABIAYIIEMY MYHKTY 3Ha4eHUH
v.,1=1,2,3.

Pe3yabrarsl peleHus 3a1a4u

3a/1aBaitu CyIIECTBYOIIHUE TEOMETPHIECKHE PA3MEpPhI KPUC-
tammsaropa: H=100cm, B=12,5¢cm, 1=100cMm, £=20cm,
b=75cm, 3, = 850M 8 = 1,5 cm, 8, = 1,5 cm. B ypasue-
Hu (12) npuHIMaIN v1 O v, 1 M/MI/IH = 1,66 cm/c; Tora
JUISL CTAIHOHAPHOTO TIPOLIECCa V, OMPEIC/ISETCs H3 PaBeH-
CTBa CEKYH/IHbIX 00HEMOB!

v, Bl
885

v,Bl=v,8,8, =V, =

* *
TemmoBeie MOTOKH ¢, , ¢, (11) IO cTeHKaM KpuCTaUIIH-
3aTOpa OMPEIEIIAIOTCS ANPOKCHMAIHEH SKCIICPHIMEHTAIIb-
HBIX JIaHHBIX, IPUBEJCHHBIX B padote [5]:

g, =2,50"", i=1,2,

A€ Vv — CKOPOCTb OMbIBaHHA CTCHKU KpUCTAJJIM3aTopa, Mm/c.
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.
Ipu ycnoBum, 4to q; = A , TIOJTy4aeM

i

() ~(0) -2a7 112
e 6 — Temmeparypa dneMeHTa, TIPHUMBIKAIOMIETO K ITO-
BEPXHOCTHU 71; 9’; — TeMIepaTypa BHYTPEHHEIO JJIEMEHTa,
HaXOJSMIETOCsI TT0 HOPMAJIK Cpas3y Ke 3a MOBEPXHOCTHBIM
AIIEMEHTOM [3; 8 — PACcCTOSHUE OT LIEHTPa TSHKECTH JIeMEH-
Ta B 10 IEHTpa TSHKECTH DIIEMEHTA k.

Temneparypy ucTe4eHust JKUIKOH CTasIU U3 OKHA S TIpU-
HUAMAaJH1 9|25 =1600 °C. TemnepaTypsl Ha MOBEPXHOCTSIX
crakana (puc. 2)S,,1 =3, 8, 11 npMHUMAaIH 110 SKCTIEPUMEH-
TaJIbHBIM JIAHHBIM 6|; =1550°C, i=3,8, 1. Ha noBepx-
Hoctu S, (puc. 2) HaXIOI[I/ITCSI KHJIKasH IUIaKOBast «pyOar-
Kay», TeMIepaTrypa KOTOPOH COCTaBISIET 6| 5 1550 °C.

Temmeparypy B 2IeMeEHTaX, IPAMBIKAIONINX K TTOBEPX-
HOCTH S, ¥ HE IPaHUYAlIUX C MOBEPXHOCTsIMU S, =6, 7, 9,
10, BBEIYUCISUTH 110 JTHHEHHOMY 3aKOHY B 3aBHCHMOCTH OT
3HAYEHUH TeMIIEpaTyp Ha MOBEPXHOCTIX S, U S .

B dopmymnax (13): A =29 Br/(m'K), ¢ =444,47 JIx/(xr-K),
v = 7,8 r/em’. Koopduumenr ssazkoctu p = 2,1-104 kr-c/m?
B ypaBHeHUsIX (15) mpuHMManu o padote [6].

/
’

s sy

.
'
'
'
\
\
N
A U N N T N

~
\
\
\
N
N

B N N N T
B R T

-~ X N

0 0,2 1,2 14 1,6 v,mlc

Puc. 4. Cxema JBUIKEHHS TIOTOKOB METAIIIA HA IPAHULE S, (@) U 3aBUCH-

MOCTB JUIMHBI BEKTOPa OT CKOPOCTH MOTOKA (0):
1 — morpy»xHOH cTakaH; 2 — KPUCTAIIM3ATOP MAILIMHBI HETIPEPHIBHOM
pasznuBku cramm (MHJI3)

Fig. 4. Flow pattern of metal flows at the boundary S, (a) and the
dependence of vector length on the flow velocity (6):
1 — submerged nozzle; 2 — mold of the continuous-casting machine

Ha puc. 4,5 mnpencraBieHbl HEKOTOPLIE pE3yJbTaThl
pacyera Te4EHHs IOTOKA METAIIA Ha TPAHMIIE Sy U JIBHKE-
HHsI TIOTOKA HA TPAHUIIE S .

BekTop cKOpOCTH 1MOTOKA B MIIOCKOCTH X, = CONSt Onpe-
JENSETCA 10 3HAYEHUSM V,, V, B dleMeHTe. Bennunna Bek-
Topa | v| =V +v3 . Hike KprcTaums3aTopa HabIioIaeTcs
KPyroBoe Te4eHHE METaJl1a, OHO IPOCMAaTPHUBACTCS BO BCEX
ceuennsx Sy, S, (puc. 4,5). Ha puc. 6 npuseneno mone
TeMmIeparyp B ceueHuu S,. Hanuuue Ha cTeHKe KpucTall-
JM3aTopa JIOKAJIbHOI 00MacTu ¢ BBICOKOH TeMIepaTrypoi
OOBSCHSIETCS HAIPABJICHHBIM TIOTOKOM TOPSIYETO MeTaia,
BBIXOJISILETO U3 OTBEPCTHUS MTOTPYKHOTO cTakaHa (puc. 4).

Temneparypa MeTajia B KpHCTAIM3aToOpe ONM3Ka K
1600 °C (puc. 6). KoaduuumeHT BI3KOCTH [ 11O JaHHBIM
pabotsl [6] uzmensiercs Ha 25 %. Pe3ynbTrarsl pacueToB Mo-
Ka3bIBAIOT, YTO JaXKE NPU UBMCHCHHUHU | B IBA pa3a, KUHEMa-
THKA TCUYCHUS METaIIa IPAKTHYCCKH HE MEHSCTCSI.

BBuy MajgocTH 3HAYCHUS [L TI0 KAXKIOMY DIIEMEHTY I10-
JIyYUJIU G, = G, = Gy, = G, KOTOPBIE PACMPEIEIIEHBI 110 00-
JIACTH B COOTBETCTBUH C TITyOHMHOM HAXOKICHHUS IEMCHTA.
Tonpko B 00JIaCTH BBIXO/IA CTPYH 3 MOTPYKHOTO CTaKaHa
HaOIroaeTCs HeOONBIION BCIUIECK JIaBICHHUS, TIPEBhIIIAIO-
il Ha 4-103 Tla maBneHue Ha 5TOM ypOBHE. DTOT BCILIECK
OBICTPO YMEHBIIAETCS BIOJIb KOOPIMHATHI X, .

1 2
L/
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Puc. 5. Cxema JBUIKEHHS TIOTOKOB METaIIA Ha rpanuue S, (a)
1 3aBUCUMOCTb JUTMHBI BEKTOPA OT CKOPOCTH IOTOKA (0):
1 — morpy>xHo# crakaH (0003Ha4YeH MyHKTUPOM); 2 — Kprctasum3arop MHJI3

Fig. 5. Flow pattern of metal flows at the boundary S|, («) and the
dependence of vector length on the flow velocity (0):
1 — submerged nozzle (dotted); 2 — mold of the continuous-casting
machine
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1561 - 1570 K
1552 - 1561 K
1543 - 1552 K
1534 - 1543 K
1525 -1534K
1516 - 1526 K
1507 - 1516 K
1498 — 1507 K
1489 — 1498 K
1480 — 1489 K
1471 - 1480 K
1462 - 1471 K
1453 - 1462 K
1444 — 1453 K
1435 - 1444 K
1426 - 1435 K
1417 - 1426 K
1408 — 1417 K
1399 — 1408 K
1390 - 1399 K

Puc. 6. Ilone Temneparyp ua rpanure S,

Fig. 6. Temperature field at the boundary S,

Buwieoowvt. Tloctpoena maremaruueckas MOAeiIb MpPoO-
[ecca pPa3IMBKH METalIa B KPHCTALIM3AaTOP YCTAHOBKH
HENpPepbIBHOW Pa3IMBKU CTaJIX NPSAMOYTOJIbHOIO CEUYeHUs,
MTO3BOJISIOMIAS OTIPEIETISTD MOJISI CKOPOCTEH M TeMIIepaTyp
MeTaJula B 30HE KPUCTAJUIN3aTOpa B 3aBUCHMOCTH OT 00be-
Ma METaJlIa, BEITEKAIOIIETr0 U3 OKOH IMOTPY>KHOTO CTaKaHa.
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Abstract. Mathematical modeling of the liquid melt flow in the mold of the

continuous casting plant is still poorly investigated. Analytic solutions
of melt flow in the general case are a complex mathematical problem.
Nevertheless, for some cases, exact solutions have been found. Such
analytical solutions serve as a means of verifying the results of nu-
merical methods of solution. The purpose of this work is the use of
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the numerical method proposed by Professor V.I. Odinokov, based on
the finite-difference representation of the original system of equations.
The method has been successfully used in the mechanics of continuous
media, in the lithium manufacturing for the mathematical modeling of
the strained deformed state of shell molds of cast models, as well as
in other technological works, which indicates its universality. In the
present work, hydrodynamic and thermal flows of liquid metal dur-
ing the steel casting into the rectangular section mold of a continuous
cast steel have become objects of research, and the result is a spatial
mathematical model describing the flows of liquid metal in the mold.
To simulate the processes that take place during filling, the software
complex “Odyssey” is used. The basis of theoretical calculations in-
cludes the fundamental equations of hydrodynamics, the equations of
mathematical physics (the equation of heat conductivity with regard
to mass-transfer) and the approved numerical method. The solution
of the system of differential equations formulated in this work was
carried out numerically. The investigated area was divided into ele-
ments of finite dimensions, for each element the resulting system of
equations was recorded in the difference form. The solution result is
the metal flow velocity fields and the temperature fields in the mold
volume. To solve the obtained system of algebraic equations, the nu-
merical schemes and calculation algorithms were developed. Based on
the developed numerical schemes and algorithms a computational pro-
gram was compiled in Fortran-4. The mathematical model allows to
vary the geometric dimensions of the crystal-mash and sectional metal
exit holes from the submerged nozzle, and may also help to understand
the scheme of the cast metal movement that affects the heat sink walls
of the mold, and to find the optimal parameters of the output of liquid
metal from the submerged nozzle at different modes of casting. An
example of calculating the casting of steel into a rectangular mold with
a height of 100 cm and cross-sectional dimensions of 2000x40 cm is
given. The casting was carried out from a submerged nozzle symmetri-
cally on both sides in a horizontal plane. The result of the solution is
presented in the graphical form. The motion of liquid metal flows in
different sections of the mold is shown. The areas of the circular flow
of metal are revealed, as well as the areas in the mold volume, where
the vortex motion of the liquid metal is observed, their magnitudes and
intensity are determined. The presented temperature field indicates the
presence of a local area with a high temperature at the wall of the mold,
which is explained by the directed flow of hot metal emerging from the
hole in the submerged nozzle.

Keywords: numerical simulation, hydrodynamics, heat and mass transfer,

liquid metal, casting, mold, CCP.
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