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1. BeedeHue

HemnpepriBHas pa3nuBKa CTadd MPOYHO YTBEPIAWIACH B MIPAKTH-
K€ METaJUTyprHIeCcKOro Mpou3BoaAcTBa. OmpenenecHue TeMIeparyp-
Horo rpaaueHTa B YHPC sBisercs BakHON WMH)KCHEPHOW 3amadeii.
3HaHNE TeMIIepaTyPHBIX MOJIEH CPE30B CIs10a MO3BOISET ONPECIIUTh
KOJIMYECTBO TEIIOTHI, KOTOPOE TEJIO TEPSET B MPOIIECCE OXJIAKICHUS
U CKOPOCTh 3aTBEPACBAHUS CTAW TOJ NEUCTBHEM OXJIAXKIAIOIINX
YCTAaHOBOK. Pacmperenenre TeMIepaTypHBIX IIOJIEH OIMHUCHIBACTCS
ypaBHEHUEM TEIUIONPOBOAHOCTH. PaccmMoTpuM ero moapobHee.

2. PeweHue ypaeHeHus mennonpoeodHocmu memodom
KOHEeYHbIX 3J/1IeMeHmoe

2.1. VPABHEHUE TEIVIOIIPOBOAHOCTH

YpaBHeHHE TEIIONPOBOIHOCTH TMpENCTaBIsieT coboit maudde-
pEeHIMaNbHOE ypaBHEHHE C 4YacTHBIMH mnpou3BogHbIMU (JJYUII)
napaboaudeckoro THma. YnciaeHHas XapaKTepUCTHKA TETUIONPOBO/I-
HOCTH MarepHalia paBHa KOJHYECTBY TEIUIOTHI, POXOAAIIEH depes
MaTepuan Iiomansio 1 Mm% 3a eIMHHMIY BpeMeHH (CeKyHIy) mpH
eIMHUYHOM TeMIIepaTypHOM rpajuente. JlaHHas drcIeHHAs Xapak-
TEPUCTUKA HWCIIONB3YETCSI TPU pacdeTe TEeIUIONPOBOIHOCTH IS
KaTMOpOBaHUS W OXJIAXKIEHUS TPOQHUIBHBIX H3NeNUd. YpaBHEHHE
TEIUTONPOBOTHOCTH UMEET BU/L:

oT L[ o*T o
(1) —=a’| —+— [ta(xV.1).

ot ox® oy

Tak kak ypaBHEHHE COJEPXHUT TOJHKO TMEPBYIO0 MPOU3BOIHYIO
10 BPEMEHH, TO HadallbHbIE YCIIOBHS 33Jaf0TCS TOJBKO IS HCKOMOM
GbyHKIIH
(2) T(X’ yvtO) = (D(X! y)

[Iponecc 3arBepmeBanus cramu B YHPC compoBoxmaercs He-
MIPEPHIBHBIM OpOIIeHHEM Ciisi0a BOMOW, a 3HAYWT, UMEET MeECTO
KOHBEKTHUBHBIH TEIUIOOOMeH. ['paHWYHBIE YCIOBHS TPETHEro poia
OTIHCHIBAIOT KOHBEKTHUBHBIN TEIUIOOOMEH Ha TPaHHUIIE

oT oT
(3) _kalx_kaly:a[-rcpe()bz_-r]'
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rze X, Yy — KOOpAWHATHI B IPOCTPAHCTBE, T — BEKTOP pacIpeleICHHs
temneparypbl, K — koaddurment Termonpooanoctu, (Br/me°C), Iy,
ly — nnuHa rpaHMyYamiero ydactka, (M), Tgpeo, — TEMIIEpATYpa OKpPY-
JKAIOIIEH cpetbl, o — Kod(uiueHT Temiooomena, (Br/m°C).

HaxosxneHue TOYHOTO aHAJMTUYECKOTO PEUICHUS BO3MOXKHO
JHIIb AJ1s1 BECbMa OTPAaHMYEHHOTO Kpyra OJHOMEpHBIX 3alad IpH
WCTIONB30BaHUN 11€JIOT0 psiAa AOMYLICHHH, HEraTHBHO OTpaKaro-
LIMXCS. HA aJeKBaTHOCTH IOJNYYEHHBIX pe3yJbTaToB. [loaTomy mpu
MaTeMaTHYeCKOM DEHICHUH MPaKTHYECKUX 3a/a4 BO3HUKAEeT HEoO-
XOIMMOCTb HHTErpupoBaHus HenuHedHelx JYUIl uncineHHbIMU
METOAaMH, NAIOIIUMH MPHOIMKEHHOE pelleHre B BUAE TaOIHIbI
yrcen. OIHAM U3 TaKUX MPUONMKEHHBIX METOJOB SIBIISIETCS METOX
KOHEYHBIX DJIEMEHTOB.

2.2. JUCKPETU3AILIUA OBJIACTH

B MKD ucxoanast 3amaya 3aMeHsSICTCSl TUCKPETHOM KOHEYHO-
MepHOU Mojenbio. [l MOCTPOCHUS UCTIOIB3YIOTCA TPEYTOIBHUKU U
YETBIPEXYTOJIbHUKH.

[Ipu rpamMoTHOW HyMepaluu y3JI0B B MaTpulle KO3 (OUITUCHTOB
BCE HEHYJICBbIC KOA(PDUIIMCHTHI HAXOAITCS MEKIY JBYMS JIMHUSIMH,
napajjieIbHBIMU TJIaBHOM nuaroHanu. PaccrosiHue mexnay Hel u
STUMU JMHUSIMHU HA3bIBACTCS IIMPUHON MOJOCH MATPULBI. YMEHbB-
LICHUE MIMPUHBI MOJIOCH MPUBOJUT K COKPAILCHUIO pa3MEpoB Tpe-
OyeMoif MallIMHHOM MaMSITH.

[Ipu MaTeMaTH4YeCKOM ONMCAHUH AJIEMEHTa BO3ZHUKAET HEOOXO0-
OUMOCTh B WHIAUBUAyalu3alud e€ro y3inoB. C 3TOH LeNnplo y3my
MPUCBAMBACTCS MHJEKC |, | wuu K.

2.3. JBYMEPHbIH CUMIIJIEKC-DJIEMEHT
B xadecTBe QhyHKIMU 3TIEeMEHTA IPUMEHSETCSI TOJTMHOM:

(4 T® =a +a,x+asy.

KoopnunatHble mapel Tpex y31moB obosHauatotcs uepes (X, Yi),
(X5, Y1), (X, Ye).

PemuB cucremy (4) momyvaem:
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1
8y = (XY = XYT, (XY, = XY T +

FOXY =X YT

© a, :i[(Yj =Y )T + (Y =Y)T; + (Y =Y Ty ]

as Zi[(xk = X T + (X = X )T + (X _Xi)Tk]’

rie A o0o3HaYaeT IUIOIIAAb TPEYTOJIBHOTO AJIEMEHTa, 3HAuYeHHE
KOTOPOH CBSI3aHO ¢ onpeenurenem [S]:

1 X,
1 X, Y,

2.4. BBIIIOJIHEHUE PACYETA
['moGanbHass MaTpuIia TEIUTONPOBOAHOCTH WUMEET CIICTyTOTITHI
BU/:

™ [K]=il[+<]<e>,

rIe

ﬂiz ﬁiﬂj Bi By K 5i2 5i5j ;0

kX
[K}(e)zﬂ BB B ﬁj,fk +ﬁ 5, O 51.? +K,,,
BB« BB« B 86 0;0, I
— OCHOBHBIC Cj1aracMabIcC,
2 10 000 2 01
hl; ik hl
K,,=—-1 2 0, -0 2 1/,—X|0 0 0|
000 01 2 10 2

— IOTIONTHUTENbHBIE cllaraeMele [4],

rz[eﬁi ZYJ‘*Yk,ﬂi =Yk*Yi,ﬁk=Yi*Yj, 5i =kaXj, 5] =Xika, 5k=
Xj - X

lij, lik, lxi — IUTHHBI COOTBETCTBYIOMINX CTOPOH JIEMEHTA;

K, Ky — K03()UIIMEHT TEIIONPOBOIHOCTH B HATIPABICHHUH X U Y;
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h — xosddurment konBexTHBHOrO Temnoobmena, (Br/m*+°C). [lo-
MOJTHUTENILHBIE ClaraeMble MCIONB3YIOTCA TOJIBKO AJISI CTOPOH 3Jie-
MEHTOB, TPAaHUYAIUX C BHEIIHEN CPENO.

Marpuua temnoeMkocTd. Bkiiag OTAEeIbHOIO TPaHUYHOTO dJie-
MEHTa B Ty MaTpHIly OmpeJesseTcs 00beMHBIM HHTETPalIoM, KOTO-
PBIi TOJDKEH OBITH BBIYMCIICH JJIS1 KQXKAOTO JIEMEHTA!

L, 2 11
®) [C]? =cp[| L, [[L, L, Lg]dsf=% 12 1],
L, 112

rae C — yaenbHas TemroeMKocTh, (Jk/kre°C), p — IMoBEpXHOCTHAS
IUIOTHOCTH Matepuana, (KI/M°), S — MOBEPXHOCTb BIEMEHTa; Si —
¢dbyHkmus Gopmbl, ompexpensiemMasi, COOTBETCTBEHHO, IS KaKIOTO
yama S; = (1/2A) (XY — XY + pix + o), Sj= (272A) (XY — XYy +
Bix + 5jy), Sy = (1/2A) ’(Xin - XjYi + fix + ay); L1, Ly, Ly — otHOCH-
TeJNbHbIE KOOPAWHATHI, OMpPEIeNieMble KaK OTHOIIEHHE PAaCCTOSHUS
OT BBIOpPAaHHOW TOYKH JI0 OJJHOH W3 CTOPOH K BBICOTE, ONMYIIEHHON U3
IIPOTUBOIIOIOKHOM BEPIIMHEI K 3TOW CTOPOHE.

Bexrop TennoBoil Harpy3ku. BeKTop TemaoBol Harpy3kH CKiia-
JIBIBAETCS U3 CIEAYIONINX CIaraeMbIX:

1 0 1
hT: 1 hT: 1. hT: 1,
9 (e) _ frij 1 ' frjk 1 ’ f ki 0 ,
) {Q} > ; ,
0 1 1

rae T — Temmneparypa BHEIIHEH CPEIb.
IToctpoenue pacuerHoi cxembl. Jjisi pemieHus NOCTaBIEHHOMN
3aJlauM UMeeM O0IIYI0 POPMYIIy:

(10) [AT, }=1{B},

rue
[A=[c]+ (K]
fB)=([e)- 5 K]+ il

[Tomyuaem CJIAY, xortopas pemaercss Meronom ['aycca. Mart-

puna A KBagpaTHas U UMeeT OOJbIIYI0 pa3MepHOCTh. [Ipu a3ToM oHa
SIBIISIETCSL Pa3peKEHHOM, MO3TOMY AJIsl TIOBBILICHUS! 3QPEKTUBHOCTH
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pELICHUsT CHUCTEMBI MOXKHO HCIIONIb30BaTh CHELUANBHBIE CIIOCOOBI
XpaHeHus 1 00pabOTKH pa3pekeHHBIX MaTpHll [2].

2.5. PA3PE>KEHHBIE MATPUIL]PI

OcHoBHas 3aja4a — ONTUMHU3UPOBATH MPOLECC PELIEHUsI C TOY-
KM 3pEeHHs 3aTpaT MaUIMHHOW MaMATh U BpeMeHH. Bo3moxkHOCTH
pelIeHus 3ToM 3ajaul  CBS3aHbl C UTHOPUPOBAHUEM HYyJIEH MaTpu-
LBl 32 CYET TOTO, YTO:

— apu(MeTHIECKUE OTNIEPALUU C HYJISIMU HE TPOU3BOIATCS,

— HyJIM He 0053aTeIbHO XPaHUTh B MAITMHHOMN ITaMSATH.

Bce cnocoObl xpaHeHUs pa3pe:KeHHBIX MATpPUIl 3aKII0YA0TCS B
TOM, 4TOOBI XPaHUTh TOJILKO HEHYJIEBHIC AJIIEMEHTHl MATPHIIBI HIIH,
MOJXKET OBITh, HEOOJIBIIIOE KOJIMYECTBO HYJIEH BMECTE C HUMH.

a) PaspexeHHbli CTpOUHBIA (GopMaT — 3TO HamboJee IUPOKO
ncrnonb3zyemas (popma XpaHeHHUsS pa3pekeHHBIX Marpuil. HeoOxomau-
MO 3aBECTU TPU OJHOMEPHBIX MACCUBA:

AN — MaccuB HEHYJIEBBIX 3JIEMEHTOB HCXOAHOW MaTPHIIbL,

JA — mMaccuB COOTBETCTBYIOIIMX CTOJOLIOBBIX MHAEKCOB HEHY-
JIEBBIX 3JIEMEHTOB HCXOAHON MAaTPHIIBI,

IA — Tak Ha3BIBAEMBIH «MacCUB yKa3aTeJsei» — 11eJI0UHCICHHbIH
MacCHB, i-as KOMIOHEHTa KOTOPOTO YKa3bIBaeT, ¢ KAaKOW MO3ULIUH
MaccuBoB AN u JA HayMHAETCS OMUCAHUE i-OW CTPOKU HCXOIHOM
MaTpPHIIBL

0) Pazpexennsiii cTONOIOBBIN (popMar. 31ech BCe 3TIEMEHTHI
XpaHsTCs HE MO CTPOYKaM, a 1Mo crojbuam. Eciau TpaHCTIOHHPOBAThH
UCXOJIHYIO MaTpUIy U HAlTH ee CTPOUHBIA QopMaT, TO pe3ybTaToM
OyJIeT pa3peKeHHBIN CTOJIOIOBEIN popmar.

B) Brlmenenne nuaroHanbHBIX 3JIEMEHTOB MaTPULBI JUIS
CUMMETPUYHON MaTpuibl. Mcnone3yrorcest Te xe maccuBbl AN, JA,
IA, Tonbko moGasinsieTcs emie oauH MaccuB AD, B KOTOpOM XpaHST-
Csl JMaroHajJbHBIE 3JE€MEHThl MaTpullel. B maccuBe AN XxpaHuTCA
TOJIBKO BEPXHSSA YacTh MaTpPHUIIBl, TAK KaK OHa SIBJISIETCA CUMMETpPUY-
HOM.

r) JluaronajpHasi cxeMa XpaHEHHs JICHTOUHBIX MAaTpHII.
KBanpaTtnas maTtpuia HaseiBaeTcs 2(M + 1) — AuaroHaabHOM WM
JIEHTO4HOH, eciu &;;=0 Mgt Beex |, J, Takux 4ro |i — j|>m. Yncao 2(m
+ 1) — 3TO MMpPUHA JICHTHI, M — MOJYLIXPUHA.
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ManI/I]_[LI MOKHO XpaHUTb B OJHOM M3 BBIIICOIIHMCAHHBIX
BUJOB M BBIYHCJICHUA NPOU3BOAWTL MMCHHO C TaKMMU MaTpUllaMH

[1].
3. Pe3ynbmambi MoOGesiupogaHusi

bouto pazpaboTaHo IporpaMMHOE CPEICTBO, MOJEIHPYIOLIee
mporiecc 3atBepaeBanus cramu B YHPC. B mporpamme ncnoss3oBa-
HBI CIEAYIOUINE 3HaueHUs KO3(PQHUIMEHTOB TEIJIOMPOBOAHOCTH H
teruioeMkocTH (Tadmuma 1).

Tabauya 1. @opmynvt 015 biyucIeHUss KOIDDuYUenmos 0isl pa3HbixX
Mapox cmanu

Mapka cranu | TemnonpoBoaHocTs | TenmnoeMKocTh

08I0 k=93,36 — 0,04T ¢ =436,33 +0,28T
0912 k=50-0,041T c=447,79+0,27T
17T'1C k=66,5-0,02T c=473,46 + 0,23T

Januble GOpMyJIBl TOMYyYEHBl PErPEeCCHOHHBIM aHAM30M Tao-
JUYHBIX TAHHBIX U3 [6].
[locne mMomenupoBaHMs MOMYYEHBI CIEIYIOLINE PE3YIbTATHI
(pucyHnok 1).

TemnepaTypoe non Ha seooas o T 5797 105 SN
T = 250
www.dotnetcharting.co
[ T DevE\opmen(VErslun‘Natforprougm)ﬂuse

2 931611 ‘ | | |
3 78602 I 201 | |

z
a 839,187 H
5 1062544 &

H
6 |839.187 5 1501
7 85202 ]
8 1107703 g
9 w206 oo
10 851575 g
11 1106717 ky
12 851575 50
13 851562
14 1106488 T h

‘ it 3 o) | | |

Pas6poc TemnepaTyp: 321,684 rpan Lienscun o 0 w:‘:ihan tmp’nﬁ‘;a p— (‘m‘) 1250 1500

Puc.1. Temnepamyproe none cisiba nocie 3ameepoesaniuus
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Ha pucynxke 1 cneBa BUIHBI YHMCIEHHBIE 3HAYEHUS TEMIEPATyp
cpesa cisi6a Ha Beixoae n3 YHPC. [lanHbie TemmepaTypsl COOTBET-
CTBYIOT peajibHbIM AaHHBIM. Ha pucyHke 1 crpaBa HarisgHO BUAEH
pacrpeneneHue TeMepaTyp Ha cpese cisioa.

Taxoke U1 KaKIOU TOYKH, JUIsl KOTOPOUM HaXOASTCS TEMIEPATY-
PBI, MOKHO TIPOCIEIUTh TUHAMHUKY ocThIBaHU. Ha pucynke 2 mpo-
HU3BOJUTCS CPABHEHUE CKOPOCTEH OCTBIBAHUS Uil BHYTPEHHEH WU
BHemIHel Touek. Touka 26 sBisieTcs BHelHed. O4eBUIHO, YTO B HEH
MIPOLIECC OCThIBAHUS HAYMHAETCS 3HAUYUTENIBHO PaHbIIIE, 3aTEM TOUKH
OCTBIBAIOT MPUOIU3UTEIHHO C PABHOI CKOPOCTBIO.

MameHeHne TeMnepaTypel B BLISPAHHON TOYKe
—— &9 25
1200 —

1200

1100 A

1000 +

Temnepartypa, (rpan. lenbcua)

200

w
=}
=]
|
T
o -
hDtrr--—— " "—————-— - -

mt-—-=—-—=-

10 15 20 2
Bpema, (MuH)

30 3 40

Puc.2. Usmenenue memnepamypol 8 b10panHol mouke

PaccmatpuBaemas B nannoit pabore YHPC umeer yuyactok mo-
BOpOTa, Ha KOTOPOM CTalbHOU Ci10 MeHseT cBoto ¢opmy. [Ipu sToM
CHayana cisa0 C)KMMaeTcs, a 3aTeM pacHIupsieTcs. DTO TPO3UT BO3-
HUKHOBEHMEM TpeluMH. IIpudeM BepOsSTHOCTH BO3HUKHOBEHMS
TpelMH OOJNbIIe CO CTOPOHBI BHYTPEHHErO paauyca, T.K. TaM Je-
(dopmanus ctanu 3HAYUTEIBHO OOJbLIE.

TpeumHsl Ha «OMAacCHOM» y4acTKe BO3HHMKarOT He Bcerna. Cy-
LIECTBYET MOHATHE «OXpyMunBaHue ctanny. OHO 03HAYaeT, 4To MpH
TEMIIEPaTYpPHOM BO3JCHCTBUU HA CTalb MEHAETCS €€ CTPYKTypa, IIpH
3TOM CHMIKAETCS IUIACTUYHOCTb U BA3KOCTh. TPEIIMHBI BO3HUKHYT B
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cllydae, KOrJa CTajb CTaHeT XPYMKONH HMEHHO Ha «OTMACHOMY yJacT-
ke. [IporpaMma OTCIIEKHUBACT [UIs KAKIOW MapKH CTajad, BOSHUKHYT
JIM TPEIIMHBI WJIW HET IO BLIGpaHHOI\/'I CHUCTEME OXJIaXJICHUA, U B
KakoM mecte (pucyHok 3) [3].

MNoREREHWE TPELWMWH Ha CNAGEe

|— 03 DTS2 A CTANM — 0T SO EHISE A TOSWNE
- T T T T T T T T
I I I I I I [ I
T T T T T T T I
I I I I I I [ I
5 I I I I I I [ I i
I I I I I I [ I
Il Il Il Il Il Il | |
I I I I I I | I
o I I I I I I I
07 N | | | | | | [
) | | | | | [ I
g I I I I I I [ I
z I I I I I I [ I
o el I I I I I I [ I
I I I I I I [ I
I I I I I I [ I
I I I I I I [ I
I I I I I I [ I
0T I I I I I I [ I 1
I I I I I I I
I I I I I I | I
I I I I I I [ I
35 ! ! ! ! ! ! | !
[} 200 400 (4] 80y 100D 1200 140D  16DD  12DD
Wupuha, (mm)
[Ha cnatie sosrukaroT TpewmHe!! |

Puc.3. Hanuuue mpewun npu 6u16paHHoU cucmeme oxaancoeHus

[Ipu peansHOM mpouecce padboret YHPC B cucreme oxmaxe-
HUSI MOTYT BO3HHMKaTh Hemojaaku. B dacTHocTH, 3TO 3abuThie (op-
CYHKHU. DTO MOKET IPOU30HTH B CIICAYIOIIUX CITydasX:

- BOJIA C IPUMECSMU;

- B HayaJe Mpolecca OXJaKACHUS IMOJI IeHCTBUEM BBICOKHX
TEMIIEpaTyp UCIapEHHUS.

3amanuM BepOATHOCTH MOSIBICHHUA 3a0MTHIX (opcyHOK 50% B
Hayase npouecca oxyuaxaeHus. [locTeneHHo 3Ta BEposATHOCTb OyaeT
YMEHBIIATHCA B CBSA3U C TEM, UTO BTOpasi MPUUUHA OyJeT 3HAUNTEIIb-
HO MEHBILE BJIMATH Ha TOSBICHUE HEMONAIO0K B CHCTEME OXJIaXKIe-
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Hus. Ha pucynke 4 oToOpakeH Mpolecc 3aTBEpICBaHHS LITUPOKOM
CTOPOHBI CJI1510a C YYETOM HaIUuus 3a0UTHIX (DOPCYHOK.

- Bpema 3aTeepaeBaHnn, (MUH)

1250 1500

500 750 1 000
Anwvenan cTopola cnaBa, (Mm)

Puc.4. Yuem 3abumuix ¢popcyrox

BusHo, 4To mpomecc 3aTBepAeBaHMs B Hayajge MPOUCXOAUT He-
paBHOMEPHO. DTO Kak pa3 CBSI3aHO HEIOJHBIM OPOLICHHUEM IMOBEPX-
HOCTH ciisiba Bomoi. B mociemnue 8§ MeTpoB Temrieparypa cisioa
MIOCTENICHHO BBIPABHUBACTCS, , OJIMKE K KOHILy Ipoliecca 3aTBepie-
BaHMs, TEMIIEPATyPhl MIMPOKOH CTOPOHBI CiIsi0a CTAHOBSITCS MPAKTH-
9eCKH CUMMETPHYHBIMU OTHOCHTEIILHO CEPEeIUHEI CIIs0a.

4, 3aknro4veHue

B nmanHOil paboTe paccMOTpeHBI OCOOCHHOCTH Tpoliecca 3a-
tBepaeBanusa cranu B YHPC. IlocTpoeHHas MOJeNnb OIMUCHIBACT
(dhopMupoBaHue cTambHOTO cis6a B kpuonuHelHbix YHPC ¢ BepTH-
KaJbHBIM y4yacTKOM. JlJIg MCCleAoBaHUs OHA MHTEPECHA TEM, YTO B
MIPOIIECCE 3aTBEP/ICBAHUS HA OJHOM M3 YYaCTKOB CIIsI0 MEHSET CBOIO
(hopMy, 4TO MOXKET MPUBECTU K (HOPMUPOBAHUIO TPEIIIHH.
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Abstract: This paper describes the modeling process cooling and
solidification of molten steel in the steel continuous casting plant. In
this paper modeled process of the cooling taking into account
features of design of steel continuous casting plant, influence clog-
ging nozzles secondary cooling system, determined the possibility
and location of transverse cracks with the effect of "hot brittleness™
after hardening steel slab. Changing the thermophysical properties
of steel (thermal conductivity and thermal capacity) for different
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grades depending on temperature is taken into account by using
extrapolation model..

Keywords: heat conduction equation, steel continuous casting
plant, finite-element method, sparse matrix.
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