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The mathematical model for calculations of nonme-
tallic impurities guidepath in system “steel ladle-pony la-
dle-crystallizer” is developed. Guidepathes of nonmetallic
particles of different density, moving from steel ladle into
crystallizer, are investigated on the sample of internal
cavity of pony ladle of MNLZ RUP “BMZ”.
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MATEMATWHECKOE MOAEJNMMPOBAHUE
TPAEKTOPUN ABV>XXEHWA HEMETAJUTNYHECKUX YACTUL
B NMPOMEXYTOYHOM KOBLLUE MHIJ13

W3BecTHO, YTO Ka4eCTBO CIUTKA 3aBUCHUT OT yPOB-
HS HEMETAJUTMYCCKUX BKIIOYCHHH, KOTOpPHIE MOTYT
TMOTa/1aTh U3 CTAIBKOBIIA M 00Pa30BBIBATHCS MTPH JIBU-
JKeHHHM METajula B TMPOMKOBIIE. MHOTOYHCICHHBIMU
pabotamu OBUTO MMOKA3aHO, YTO TEUCHUE CTAIU B TIPO-
MEXYTOYHOM KOBIIIE OKa3bIBaeT 3HAYMTEIHHOE BIIHSI-
HUE Ha KOHEYHYIO YHCTOTY ciuTKa. Kak m3BecTHO,
OJIHOH M3 (DYHKIUI TPOMEXKYTOYHOTO KOBIIIA MTPH He-
MIPEPBIBHOI pa3MUBKE CTalM SBISETCS YIaBIUBaHHE
HEMETAJUTMYECKHUX BKIIIOYEHHUN, KOTOpPbIE CYIIECTBEH-
HBIM 00pa30oM BIHUSIOT Ha CBOMCTBA KPUCTAILIU3YIO-
merocst ciautka. Jns 60psOBI ¢ HEMETaUTMYeCKUMU
BKJTFOUCHUSIMUA W3MCHSIIOT BHYTPECHHIOIO TEOMETPHIO
KOBIIIA, HCTONB3YS pa3n4yHble MEPErOpoAKH, YTO
MO3BOJISIET M3MEHATh XapakTep TIoJId CKOPOCTEM.
B ocHOBHOM paboOTBl MO 3TOMY BOIPOCY CBSI3aHBI
C MPOBEICHUEM HATYPHBIX WM MPOMBINIICHHBIX HC-
nbITaHuM. B TO e BpeMsi YUCTOE IKCIIEPUMEHTHPOBA-
HUE HE TO3BOJISET BHIOPATh ONTHMAJIBHBIC PEIICHUS
IO KOHCTPYKITHH IMTPOMEKYTOTHOTO KOBIIIA U SIBJISICTCS
TPYIOEMKHM TEeXHOJOrHueckuM mnpoueccoM. Cokpa-
IIEHHE CPOKOB Pa3pabOTKH TEXHOIOTUYECKUX pere-
HUW BO3MOXKHO TIPH HCTIOIB30BAHUN KOMITBIOTEPHBIX
TEXHOJIOTUH.

Lenb paboThl — pazpaboTka MaTeMaTHYECKIX MO-
Jiesielt porecca IBUKEHNUS HEMETaNIMYeCKUX BKJIIO-
YEHHUH B IPOMEKYTOUHOM KOBIIIE, MCTIOIB3YEMOM JIIS
pasnuBku ctaneir B MHJI3.

W3BecTHO, YTO pacCMOTpPEHHE TEUEHHUS KHUJIKO-
CTeH B CIOXKHBIX KaHaJaX MEePEeMEHHOTO CEUCHMs SB-
JIsIeTCsl CIIOKHEHINEN MareMaThudeckol 3aaadeit. 110a-
TOMY €€ TPHUMEHEHHE K MPOMBIIUIEHHBIM Tpolieccam
OCHOBAHO Ha 3HAYNTEJIbHOM KOJIMYECTBE AOMYIICHHH,
KOTOpBIE YacTO HE IMO3BOJISIOT YUHUTHIBATh peasibHbIC
O0COOEHHOCTH TIpollecca M CBOJAT Ha HET CYITHOCTb
permraemoii 3amauu. Hanpumep, MHOTHE pabOTHI 11O Te-

YEHUIO YKHMIKOCTH, MCIOJIB3YIOIINE MPUKIaIHYI0 Ha-

MPaBJIEHHOCTh, OCHOBBIBAIOTCS HA OHO- M JAByXMEp-

HBIX YpaBHEHUsX TedeHus1. Hibke pUBeIcHA OHA W3

TaKUX MOJEJICH, OMMUCHIBAIONINX JBIKEHUE paciiiaBa

B KaHajax [1, 2]:
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IIE Oy U OLgy — KOIDOHUUMEHTHI TEIIOOTAA9HM OT 10~
TOKa MeTayia B pOpMy MPH TEUEHHH; Ol3; U O3, — KO-
3¢ PUIIEHTHI TEIUIOOTIAauN OT IMOTOKA METaylia B 3a-
CTOWHYIO 30HY TPH TPOTOYHOM M TIOTIEPEUHOM Tede-
HUM; X, J, z — MPOCTPAHCTBEHHbIE KOOPIWHATHI; [ —
TeMIeparypa; P — IUIOTHOCTh MKHJKOTO MeTaslia;
¢ — yAenbHas TEIUIOEMKOCTh pacIiiiaBa; » — CKOPOCTh
TEYEHHs pacIuiaBa B oJocTh Gopmbl; A — Kodhduiu-
€HT TEIJIONPOBOIHOCTHU paciuiasa; Ay, Agp — K03ddu-
IIUEHTHI TETUIOMPOBOAHOCTH MOKPHITHSA B (HOPMBI; k —
KPUTEpHUH MPOAOIBHOTO MacCOOOMeHa; ¢ — MIIOTHOCTh
TEIJIOBOTO MOTOKA; K., — KpUTEpUI JTUTEHHON CBapKU
NoToKa; K — KpUTepuii KauecTBa OTIMBKH; K, — KpHU-
Tepuil 1uIakoodpasosauus; Ky, — KpuTepuii 00paso-
BaHUS Y)KHUMHH.

Kax BuaHO M3 mpencTaBiIeHHON MOIETH, IPoIiece
JIBMYKEHUS pacIliaBa pacCMaTpPUBAETCS B IByXMEPHOM
ciayuae. [lpuaem MHOTHE KOA(D(DHUIIMEHTHI, BXOISIITHE
B MOJIEJTb, TPYIHO OTIPEICTNMBI Ha IPAKTHUKE U MTOITO-
My MIPUMEHUMOCTH TAKOTO THIIA MOJIETIeH K PeabHBIM
MpoIeccaM JIBIDKEHHS paciulaBa BeCbMa 3aTpyIHH-
tenpHA. He ocTaHaBnmBasck MoaApoOHO HA 3TUX MOJIe-
JSIX, CIEAYeT OTMETUTH, UTO JI0 HETaBHETO BPEMEHH U
Ha MOMEHT HadJaJia BBITIOJHEHHUS JaHHOH paboThI, MO-
JIeNW B TPEXMEPHON IMOCTaHOBKE, peliaeMble YHCIICH-
HBIMH METOJIaMH, eIlle ObUIM HEJOCTAaTOYHO Pa3BUTHI.
Hawnbonpmiee pa3BUTHE OHU TOTYUYHIN C MTOSIBICHUEM
CHCTEM aBTOMAaTH3UPOBAHHOTO MOJCITUPOBAHHUS.

B ocHoBe meTona MosenupoBaHus, pa3padarbiBa-
emMoro B pabote, IEXNT HJIes PACIICIUICHNS CHCTEMBI
muddepeHInanbHBIX YPaBHEHNUN, COCTABIISTFOIIIIX MO-
JIeNTb TIOJTHOTO TIpoIiecca, 1o 3JIeMEeHTapHbIM (hr3mde-
ckuM mpoueccaM. [Ipm 3ToM Monenupyemas cpena,
SBIISIOIIASICS PACTIIIABOM, 3aMEHSIETCSI CHCTEMOM KU/~
KHX DJIEMEHTapHBIX YaCTHII, B OCHOBE KOTOPOH JICKHUT
sueiika 31nepoBoi ceTku. [Iporecc KOMIBIOTEPHBIX
BBIUMCIICHNH JBW)KEHUS paciijiaBa COCTOUT U3 MHOTO-
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KpaTHOTO MOBTOPEHMS LIaroB MO BPEMEHHU, KOTOPHIH

MOKeT OBITh pa30HT Ha TPU JTara.

I sTam (siinepoB) cocToUT B mpeHeOpekeHuu -
(exTaMu, CBA3aHHBIMH C IEPEMEIEHHEM pacljiaBa
(moToka Macchl 4epe3 IPaHUIlbl SUeeK HEeT); Ha 3TOM
sTarne Ha (PUKCUPOBaHHOM JHJIEPOBOM CeTKe ompese-
JISIOTCS IPOMEKYTOUHbIE 3HAYE€HUsI HICKOMBIX ITapame-
TPOB CKOPOCTHOTO ITOTOKA;

Il sran (narpaHeB): BBIYHUCISAETCS IJIOTHOCTD
MOTOKa Macchl MPU JBM)KEHUH KHUJIKOCTH 4yepe3 rpa-
HULbI DUJIEPOBBIX SYEEK;

IIT aTan (3akIOYUTENbHBIHN): ONPeeNsIOTCsS OKOH-
qaresbHble 3Ha4YeHNs [TapaMeTpOB CKOPOCTHOTO MOTO-
Ka Ha OCHOBE 3aKOHOB COXPaHEHHs Macchl, UMITYJIbCa
Y DHEPIrUH IS KQKIOH sTYeHKH paccMaTpruBaeMoii 00-
JIACTH TEYEHHUS.

OCHOBHBIE ATalbl B METO/IE, pa3BUBAEMOM B pabo-
T€, COOTBETCTBYIOT HJIee pacuieruieHus pemenuid. Cre-
JyeT OTMETHTb, YTO JJISl K&KAOTO U3 ATAroB pa3pado-
TaHbl CBOM BBIUMCIIUTENBHbBIE CXEMBl, OTIUYHbBIE OT
n3BeCTHBIX. [loaTOMY, Kak 3TO M NMPHUHATO B METO/E
YacTHUll, Ha MEePBOM JTalle paccMaTpHUBAeTCs U3MEHe-
HUE 32 BpeMsa Af UMITyJIbCa M 3HEPTUH JiarpaHKeBa
9IIEMEHTApHOTO 00beMa KHUIKOCTH (KpyMHOW 4YacTu-
1Ibl), 3aKJIIOYEHHOTO BHYTPH 3ilJIepoBOM sueiiku (mpu
9TOM TpaHuIa 00beMa CMEUIAeTCsl OTHOCUTENFHO Ha-
YaJIbHOTO pacroyiokeHust). Ha Bropom atane moxemnu-
pyeTcs ABM)KEHHUE YaCTHIl Yepe3 TPAHUIIbI SHIEPOBBIX
sYeeK U MPOMCXOUT MepepacipeielieHue MacChl, UM-
MyJbca U SHEPTUU N0 MpocTpaHcTBy. Ha Tperbem aTa-
Te MPOUCXOJUT TepepacIpeeleHue MacChl, HMITYIb-
Ca M dHEPTUM MO MPOCTPAHCTBY (37€Ch ONpenensercs
3a BpeMs Af U3MEHEHHE MapaMeTpoB IOTOKa B dJie-
MEHTapHOW JHJIEPOBOM SYElKe, ITOJIIy4eHHON BO3Bpa-
[ICHUEM JIarpaHkeBa 00beMa B HMCXOJHOE IMOJIOXKe-
Hue). Pacyer npoBoauTcs B JOKaJIbHO-JIArPaHKEBBIX
KOOpJMHATaxX € IMOCJIEAYIOUUM IepecuyeToM (MHTep-
TIOJISAIMEl) Ha SHJIepOBY paCUETHYIO CETKY.

TakuMm 00pazoM, MOJIEIMPOBAHNE IBOJIIOIMH BCEH
CUCTEMBI 2JIEMEHTOB 3a BpeMs Af COCTOUT U3 CIEIYI0-
IIMX 3TanoB: 1) MopenMpoBaHNe U3MEHEHNS BHYTPEH-
HEro COCTOSIHMS IIOZICHCTEM, HaXO/AIINXCA B slueikax,
B NIPEIIOTIOKEHUN MX HEMOABMKHOCTH (DIAIepoB dTar);
2) MOAeTMPOBAHHE CMEIICHHUS BCEX YaCTHUI[ IMPO-
MOPLUOHAIBHO UX CKOPOCTH M BpeMeHH Af 6e3 u3-
MEHEHHS BHYTPEHHErOo COCTOSIHUS MOJICHCTEMBI
(marpanxeB 9Tamn); 3) MOACIUPOBAHHE AUHAMHUKHI
YacTUI[ C MOCJEAYIOIIMM IepecyeToM pacuyeTHOU
CEeTKM B HadyaJlbHOE COCTOSHHE (3aKIIOUUTENbHBIN
JTal).

Jl1a MaTeMaTHYeCcKOro ONMMCaHMsI TEUEHUS JKHIKO-
cTi ObUTa MCHOJB30BaHa cucTeMa ypaBHeHMH HaBbe—
Crokca, mpecTaBisionas co0ol 3aKOH KOJTHUYECTBa
JIBUKEHUS (MMITyJIbCa):
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J71st TOJTHOTBI OTTUCAHHSI TIPOIECCa TEUEHUS TOTION-
HUTEILHO UCIIOJIH30BAIN YPABHEHNE HEPA3PHIBHOCTH:

@_Fp(a_V_’_a_U_'_al):O’ (7)
ot ox

rne V — npoexuust ckopoctu Ha och X; U — npoexkuus
CKOpPOCTH Ha ocb Y; W — mpoeKkius CKOPOCTH Ha OCh
Z; g — yCKOpeHHe CBOOOTHOTO MaIeHUs ; p U 1 — IJIOT-
HOCTh M JIMHAMUYECKas BA3KOCTh )KHJKOCTHU (pacriia-
Ba); { — BpeMs; P — naBiieHHe B paccMaTpuBaeMoi
TOYKE IIOTOKA.

s ydera mporiecca OXJaKICHHS TOTOKA OIIH-
CaHHbBIC BBIIIE CHCTEMBI JIOTIOJIHSIN YPABHEHUEM Te-
mwiooomena dypre—Kupxroda:
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TerooOMeH Ha TOBEPXHOCTH TBEPIOIO Tela C MKUI-
KOCTBIO OITMCBIBAJICA KaK:
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IJ€ P — TUIOTHOCTH KHUAKOCTH (paciuiaBa); ¢ — BpeMs;

T — Temneparypa B paccCMaTpruBaeMOM TOUYKE MOTOKa
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(x, ¥, 2); A ¥ ¢ — TEIIONPOBOJHOCTD M TEIJIOEMKOCTb
JKHUJIKOCTH; 0oL — KOI((OUIMEHT TeryIo0T/Aaun Ha rpa-
HUYHOM MTOBEPXHOCTH.

IIpu pacuere mnporecca M3MEHEHHUS HMITYJIbCA
U SHEPI'UU JIEMEHTAPHOI0 00beMa )KUAKOCTH, 3aKIII0-
YEHHOT'O BHYTPH 3MIIEPOBOM sIUEHKH, 32 Bpems Af Huc-
MOJIB3yeTCs POCTPAHCTBEHHAS cxeMa (puc. 1).

Peanuzaruro cucremsl ypaBHeHmnii HaBbe—CToKca
(6) IPOBOVITN TI0O KOHEYHO-PA3HOCTHBIM ATIPOKCHMA-
IUSIM TIEPBOTO TIOPSIIKA TOYHOCTH MO BPEMEHH U BTO-
poro mopsaKa TOYHOCTH IO TPOCTPAHCTBY. BaxHbIM
STaroM BBIYHMCIICHUHN SBISIETCS OMNpE/eieHHe Havyallb-
HBIX U TPAaHUYHBIX yCJIOBUIl. YTOOBI HE HapyIIaTh eu-
HOOOpa3us BBIYHUCICHUI 1 HE IPIMEHSATHh 0co0bIe (op-
MYJBI JJIs1 TPAHUYHBIX S4YeeK, BJOJIb BCEX TPAHHUI] BBO-
JITCSL CIIOM (DMKTUBHBIX STUECK, 3HAYCHHS TTapaMeTPOB
B KOTOPBIX ONPENENAIOTCS TUIIOM IpaHuIbl. Yncio Ta-
KHX CJIOEB OTIPEENAeTCs TUIIOM TPAHUIIbI U TTOPSAKOM
Pa3sHOCTHOTO ypaBHEHMs (AJIs1 TIEpBOTO TOpSAIKa, Ha-
npyuMep, OAWH CIIOH U T. 1.). BBenem cnemyromiye 060-
3Ha4YeHUs 00JIacTe PacCYMTHIBAEMBIX CETOYHBIX TPO-
CTPAHCTB, YYAaCTBYIOLIUX B IIPOLIECCE MOJEIUPOBAHUSL:
(), — crajbHON NOTOK; {); — IPOMEKYTOUHbIH KOBII;
3 — Bo3nyx; ()4 — ocb cuMMeTpun; {25 — UICTOYHUK Te-
yenns (p(€25) = const; 7(£25) = const); Qg — rpanuIa
niepBoro poxaa (7(€s) = const). B MeTozne ncnonp3oBa-
HbI CJIEAYIOLIE HauallbHble yCi10Bus Juis ¢ = 0:

Vx(Ql) = O: V)v)(Ql) = 05 VZ(QI) = 05 p(Ql) = pO(Ql)a P(Ql) = Oa T(Ql) = T3ans

V(@) = 0, V() = 0, V() = 0, p(y) = py(y), P() =0, T(Q) = T,

VX(Q_’)) = O: V)v)(QS) = 05 VZ(QS) = 05 P(Q3) = pO(Q?a)a P(Q?)) = Oa T(QS) = T3s

V(Q) = 0, V() = 0, V() = 0, p(€2y) = po(€)), P(Q) = 0, T(Q) = T(Q)),

VX(QS) = O: V)v)(QS) = 05 VZ(QS) = 05 P(QS) = pO(Ql)a P(QS) = Oa T(QS) = T3ans

VX(Q6) = O: V)v)(Q6) = 05 VZ(Q6) = 05 P(Qé) = pO(QZ)a P(Qé) = Oa T(Q6) = T6'
[Ipu ¢ # 0 ucronb3yrOTCA TPAHUYHBIE YCIOBHS:

Vx(Ql) = Vx(an), I/)')(Q]) = Vy(an)’ VZ(Ql) = VZ(an)’ p(Ql) = p(an),

P(Q)) = P(Qy,), T(Q)) = T(,), V(@) = 0, () = 0, VAQy) = 0.

P(€2y) = po(£2y), P(€2y) = P(€Y)), T(€2y) = T(€Yy,), Vi(€23) = Vi (€2y),

Vi) = V), VAQ) = VAQ), p(Q3) = p(Qs,), PQs) = 0, T() = T(Qs,),

Vi(€Qy) ==VAQ)), Vi(Qy) = Vi(€2)), VALY) = VAL), p(y) = p(€2),

P(Qy) = P(€)), T(Qy) = T(Q,), ecriu rpaHUIa IEPIICHAUKYISPHA OCH X,

V(Q) = Vi(Q), V() =—F (), VAQ) = VAQ), p(Q) = p()),

P(Qy,) = P(Q)), T(Qy) = T(Q,), ecru rpaHUIIa TIEPIICHAUKYISPHA OCH Y,

VilQy) = V(€)), V() = V(Qy), VA = -VAQ), p(Qy) = p(2)),

P(Qy,) = P(Q)), T(Qy) = T(Q,), ecnu rpaHUIA TIEPIICHIUKYIISIPHA OCH Z.

(10)
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Puc. 1. CtpykTypa siueexk npu KOHEUHO-PA3HOCTHOM armpOKCUMAIIIH

Vi(€s) = Vi(Qs,,), Vy(QS) = K/(QSn)s VAQs) = VAQs,), p(€25) = po(€2),
P(Qs) =0, T(€25) = Tiyy, Vi(€26) =0, Vy(Q6) =0, VAQ4) =0,

P(€6) = Po(£2), P() = 0, T(Q2) = T

Aneopumm moOenuposarus O8UNCYUWe20csi pac-
nasa 8 NPOMeXCynoyHOM KoguLe

[IpocTpaHcTBO MOIEIMPOBAHNUS TIPEACTABIISET CO-
0Ol TpexXMEepHBI MacCHB sY€eK C pa3MepaMu
AxxAyxAz n xoopaunaramiu (i, j, k), tne i =0, ..., [ —
HOMEp SYEHKHU BIOJb KOOPAMHATHOHN ocu X; j=0, ...,
J — HOMep siueliKku BIOJh KOOPAUHATHOW ocu Y; k =
0, ..., K — HOMEp siueiiKK BOJIb KOOPIUHATHOU OcH Z.
CocTosIHME KaXKI0M STUCHKH ONMMCHIBACTCS BEJIMYMHA-
Mmu V,, V;, V.,p, P, T.

Aneopumm uyucienHozo MoOeIuposanus npoyec-
CO8 meyenus:

llae (. 3apanue HauyaJbHBIX 3HAYCHU mapame-
TPOB COCTOSHUSI KaXJIOH SIYEHKH B COOTBETCTBUH C
KOoH(UTYpanuer OTIIMBKU 1 HA9aJIbHBIMU yCIIOBHSIMH.
Bpewms pacuera ¢ ycranasnuBaercs B 0, a mar pacyera
JUTSL TEUEHUS KUIKOCTH OTIPEIeTeTCsl, KaK KOHCTaHTa
JUISL TIEPBBIX JECSTH 1IArOB Pacuera Ty = Tyy,. Llar
pacueTa /I TeTiooOMeHa B k pa3 Ooublie mara pac-
yeTa JUIs TeUeHUs Tp = kr Ty

gz 1. Ecmu t < Tryp, TO Ty = Tpyp, MHAYE, LIAT
pacuera 110 BpeMEHH U1 TSUCHUS KUAKOCTH Ty OIpe-
JIENIeTC W3 KPUTEepUsl YCTOWYMBOCTH JUIS TEUCHHS
xuakoctd. lllar pacyera mist TermmooOMeHa B kr pas
Oosiblle 11ara pacueTa Ui TeUeHUs Tp = ky Ty.

Lllae 2. ]lnsa Bcero npoctpanctsa pacuera (0, ..., /,
0, ...,J, 0, ..., K) BEIIIOJHSAIOTCS CIIEAYIOIINE OTepa-
LIMH JIJIS BBIYUCICHUS IBYKEHUS KUIKOCTH:

* 110 popMyIIaM OTIPENIEIISIFOTCS 3HAYESHUST TIPOSKIIHIA
CKOPOCTH Ha 0CH KoopauHar Vx”* 1 Py L ygn+l,

* ©CJH CYNIECTBYET OCh CHMMETPHH, TO IPOHC-
XONIUT 3aMeHa TPOEKIUH CKOPOCTEH B COOTBETCTBHH
C TPAaHUYHBIMHU YCIOBUSMU;

* 1o QopMylaM BBIYUCIAIOTCS IEPEHOC Bellle-
CTBa W IepepacipesiesieHie MPOeKINii CKOPOCTel Ha

(11)

ocu koopauHar Vx "+ 1 1+l pzn+ 1y remneparyp
7"+ B gyeiikax;

* IPOCMAaTPUBAIOTCS BCE T'PAHMULBI JKUAKOCTb—
BO3IyX U IEPEOINPEEISIOTCS 3HAUCHUS STUEEK BO3IY-
Xa, €CIM MX 3HAYeHHE IUIOTHOCTU PAaBHO IUIOTHOCTH
JKUJIKOCTH, B 3TOM Clly4yae siueiika BO3ayXa CTaHOBHT-
Csl TUEHKOH JKUJIKOCTH;

* ]ISl HOBBIX 3HAUEHUH IJIOTHOCTEH B sueikax
paccUnTHIBAIOTCS 3HAYCHHUS IABICHUH B sSTUCHKaX;

* ECJIM CYLIECTBYET OChb CUMMETPHH, TO HPOHUC-
XOIUT 3aMEHa MPOEKLHUI CKOpOCTel B COOTBETCTBUHU
C 'PaHUYHBIMHU YCIIOBHUSMHU.

[llaz 3. Ecnu BBHINOIHEHO k¢ PacyeToB Il OTpe-
JeJICHUs ABMKCHUS JKUAKOCTH, TO AJSI BCEro Ipo-
crpanctsa pacuera (0, ..., 1, 0, ..., J, 0, ..., K) BpIIO-
HSIOTCS CIEOYIOLINE ONEPALUH Ul BHIYUCICHUS Te-
IooOMeHa:

« ecmu Tjjg < 7" I, T. e. He maer mporecc Kpu-
cTamusanuy, 3Hadenue 7" * ! Bpramcnsercs mo pe-
KyppeHTHOH (opmyie;

« ecmu T > 1" I'> T 1, T. €. ujleT mporecc Kpu-
cTamusanuy, 3Hadenne 7"* ! Bpramcasercs mo pe-
KyppeHTHOH (opMyIie ¢ y4eTOM TeIUIOThl KpUCTaUIN-
3aLuy;

* ECJIM CYLIECTBYET OChb CUMMETPHH, TO IPOHUC-
XOIUT 3aMEHa TeMIeparyp B COOTBETCTBUU C IPaHUY-
HBIM ycioBueM (11).

llae 4. 3HayeHne BpEeMEHU pacyeTa yBeIU4MBa-
eTC t =T+ Ty

llae 5. Ecnmu B mpOCTPaHCTBE MOJEIUPOBAHUSA
CYLIECTBYIOT O0JaCTH, HE3alOJIHEHHBIE XHIKOCTHIO
t <ty TO BhIONHSAETCS mepexon Ha Llar 1, nnaue,
KOHEII pacueTa U OKOHYaTeJIbHOe (hOPMUPOBAHHUE MaC-
CHBOB I10 TEMIIEPATYPaM, CKOPOCTSIM M APYTHM Xapak-
TEPUCTHKAM.
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AHanu3 TUTepaTypHbIX JaHHBIX 10 HEMeTaJuInye-
CKUM BKJIIOUEHHUSM, TIOMAJalolllUM B 3aroTOBKY
MHJI3, moxa3pIBaeT, YTO CYLIECTBYIOT TPH TPYMIIBI
YaCTHII, KOTOPbIE MOTYT OBbITh TPUYMHON NEPEKTOB.
[lepByto TpymIy COCTABISIOT YaCTHIIBI, 00pa3yoIIre-
sl B MpOIIECCe PACKUCIICHUS B KOBIIE U JBIKYIIHECS
M0 JIMHUSM CKOPOCTHOTO TOKa IIPH NMEpPEeMELIEHUH OT
mmbepa CTajbKOBIIA K BHYTPEHHEH IOBEPXHOCTH
MPOMEKYTOUHOTO KOBIIA. YTOOBI MOMAcTh B KpUCTAI-
JIM3aTOP, 3TH YaCTUIIBI TOJKHBI HIMETH OOJIBIINE CHITBI
CHEIUICHUS] C JKUJKON CTaJlbl0 MPHU IUIOTHOCTIX IO-
paaka 27004000 kr/m>. dakTHYeCKH Ha TH YaCTH-
bl IEHCTBYIOT TPU CHUJIBI: CHUJIBI, BHI3bIBAEMBIE TTOJIEM
CKOpPOCTEH paciuiaBa, CUIbl ApXUMeaa U CHUJIbl MeXa-
HUYECKOTO B3aUMOJAEWCTBUS Ha TpaHUIE «4acTUIa—
pacriaBy, KOTOpbIE CBS3aHbI C CUIION TpeHus. Bropas
rpylmna 4YacTul oOpasyercssi MpHU B3aUMOJICHCTBUHU
KUJIKOH cTamu ¢ (pyTepoBKOH KOBIIA W JBHXKEHHUE
3TUX YacCTHIl TIOABEPKEHO CKOPOCTHOMY Iojto. Tpe-
ThSI TPYIIIA YacTUI] 00pa3yeTcsi B pe3ylibTaTe XUMHUYe-
CKHX peaklui, MpOTEeKalolX B pacljaBe. JDTH Ya-
CTHUIIBI UMEIOT Majible pa3Mepbl U OHM TakkKe MOTYT
NPOHUKATh B 3aTOTOBKY, SIBJISISICH IPHYUHOM Opaka 1o
HEMETAJUTMYECKUM BKIIIOUEHHUSIM.

Ha puc. 2 noka3zan uepTex MpoMeKyTOUHOTO KOB-
ma, ucnonsdyemoro va MHJI3-1 PYII «bM3». Kax
BUJTHO U3 PUCYHKA, B TIPOMEKYTOYHOM KOBILIE UMEET-
Csl IIeCTh OTBEPCTHI, Yepe3 KOTOphIe MeTall Iomnaja-
eT B Kpucramnusarop. /luamerp 3TOro orBepcTHs

oTpeseNsieTcs 103aTOPOM U JUIsl TIPOMOJIETMPOBAHHO-
ro ciydasi cocraisieT 15 mm. KoHCTpyKIus BXOAHOTO
OTBEPCTHsI MpeNCTaBisieT co0ol a0y, BBICTYMAIO-
nryto Ha 50 MM Ha/l HUKHEW KpOMKOM MpoMexyTod-
HOTO KOBINIA C OTBEPCTHEM IOCEpPEANHE, Yepe3 KOTO-
poe MeTaJlI MOCTyIaeT B Kpuctanauzarop. KoncTpyk-
U5 KOBIIA BBIMOJHEHA TaKUM 00pa3oM, YTO MpH TO-
CTYIUICHMHM B KOBII METajul IONajaeT B KOJOJEIl
nuamerpoM 300 MM u BbicoToi 170 MM. DTOT KOIno-
JIel] YaCTUYHO TaCUT KMHETUYECKYI0 SHEPTHIO ITOTOKa,
CHIDKasi CKOPOCTh M 3aBUXPEHHsI TIOTOKA IIPH €ro pac-
MIPOCTPAHEHUH BHYTPH ITPOMEKYTOUHOTO KOBIIIA.

Ha puc. 3 nmokazansl 3Tarbsl MOAETUPOBAHUS TIPO-
1ecca 3aroIHEeHNs] TPOMEKYTOUYHOTO KOBIIA U €T0 Tie-
pexoasl B KpucTtayusaropsl. Ha mepsom arane ¢ mo-
Motieto cuctembl SolidWorks Obuta mocTpoeHa mpo-
CTPAaHCTBEHHAass KOHQUTypalus MPOMEKYTOUHOTO
xoBma MHJI3-1. Ha BropoMm »Tarne mpomeKyTOuHBIH
KOBII pa30uBaics Ha CETOUHYIO CTPYKTYPY AUCKPET-
HOCTBIO 15%15x15 mm. Ha TpeThem aTare 3amaBaanuch
HayaJbHbIE YCIOBUS MO CKOPOCTH paciulaBa, FpaHny-
HBIE YCJIOBHS MO CKOPOCTSIM OBLIH MPUHSTH pAaBHBIMH
0 Ha ctenkax koBma. /[y naBiIeHUH, y4acTBYIOLIUX
B pacueTe, ObIJIO paBEHCTBO JIaBJICHUS Ha MOJAIOIIECH
U oTpakarolei moBepxHocTsx. Ha ocHoBe 3THx nan-
HBIX, UCTIONB3Ys MOJENU NPUBEICHHBIC BBIIIE, ObLIH
MPOBEJEHBl pacuyeThl AUHAMUKHU TOJISI CKOpOCTEe
B KaXXJIOM M3 CETOYHBIX 3JeMeHTOB. Ha cienytomem
aTare, Mpeanonaras Moje CKopocTed (QuKCcUpoBaH-
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Puc. 2. Yeprexk npomexyrounoro kosma MHII3-1



ITocTpoeHue >1neKTpOHHOI MoaeIH
IPOMEXYTOYHOI'0 KOBIIIA

Okenopt 3-d moxemu B (aitn popmara STL

Hmnopr npoctpancTBeHHO# reomerpun B KC
“ITpoHPC-2”

3amaHue HadyalbHBIX U TPAHUYHBIX YCIOBHUM

MogenupoBaHHe JBIDKCHUS METaJlIa
B IIPOMEKYTOYHOM KOBIIIE

MOJISJII/IPOBaHI/IC JBUKCHHA 9aCTHUIl B IIOTOKE

AHanmns PE3YJIBTATOB MOACITUPOBAHUA

Puc. 3. Draner MmonenupoBaHus MpoLecca 3aroIHEHUS IPOMEKY-
TOYHOTO KOBIIIA U JIBUKEHHS B HEM YaCTHI]

HBIM, OBIIIM 3aIlylIeHbl BUPTYalbHBIE TPEKH MPEIo-
JlaraeMbIX YaCTHIl Pa3IMYHON IUIOTHOCTH, MO KOTO-
PBIM TIPOBOAMIIM AaHAJTU3 AMHAMHUKH CKOPOCTHBIX IMO-
TOKOB Y BOBMOKHBIX TypOyJIEHTHBIX 00JIacTei.

Mooenuposanue nona ckopocmeii npoMeHcymoy-
HO20 KOBWA

Taxum oGpazom, reomerpuueckas Gopma mnpome-
JKYTOYHOTO KOBIIIA ObllIa MTOJyYeHa B YepTexkax, KOTo-
pbie ObUTH TepeBeAeHbl B AIEKTpoHHYI0 (opmy. Ha
OCHOBe 3Toi (hopMbl ObUIA CO3/aHa MPOCTPAHCTBEH-
Hasi TpeXMEpHasi TBepIIoTeNIbHAsI MOZeTb (puc. 4).

[Ipu mpoBeneHNM pPacyeTOB HCIOJIB30BAIH IPO-
rpammy «IIpoHPC-2», pa3paboTanHyio 1o MOAENsM,
Npe/ACTaBIeHHBIM Bblle. KommbroTepHas cucrema
«IIpoHPC-2» no3Bonuia BUPTyaabHO 3aIlycKaTh Mpo-
U3BOJIbHOE KOJIMYECTBO YaCTHIl B TF0OOM MECTe MOJie-
JIUPYEMOro 00BbEKTa U BU3yaJbHO OTOOPAKaTh TPACK-
TOPHU WX BMXKEHHS 0 MOMEHTA BCIUIBITHS YaCTHUIIBI
W K€ €€ yXO0Ja B KpHucTauu3arop. Bes Tpaekropus
JBWKCHHS YaCTUIBI IPOCKTHPYETCSl HA CEUEHHE Mpo-
MEXKYTOYHOTO KOBIIA, JJI1 KOTOPOTO OTOOPaXeHOo I0-
JIe CKOpOCTeH, U pucyercst OeIbIM IIBETOM, TaKUM 00-
pa3om, MOSIBIISETCS] BO3MOKHOCTh BHIETH TPYIILY Tpa-
EKTOPUH JIBWKEHHS YacTHL, COOTHOCS MX CO 3Hade-
HUSIMH ~ CKOpOCTeH TOTOKa. OTKpPBIB  HECKOJIBKO
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o
Puc. 4. Ucxonnas STL-moznens npomkosia MHJI3-1

BEPTUKAJIBHBIX U TOPU30HTAIBHBIX CEUEHHUH, MOYKHO
HCCIIEZIOBAaTh XapakTep JBHXKEHHA YacTUI[ B IIpO-
CTPAHCTBE MPOMEKYTOYHOI'O KOBIIIA.

Ha »Ttame MonenupoBaHus ABM)KEHHUS MeTalia
ObUIM TIPOBEACHBI PACUETHl AUHAMHYECKOTO MO CKO-
pocreil. Ilo nomo ckopocTel onpenensyiu TNHAMHUKY
Ipolecca 3anoIHEeHNsT MPOMEKYTOUHOTO KOBILA Me-
TajuioM. Pe3ynbrarsl MOIEIMPOBAHKS TIpoLEcca 3arloHe-
HMS TIPOMEKYTOUHOTO KOBIIA MPHUBEJEHBI Ha pUC. 5—8.

e |
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22 %2 (CkopocTs) 11
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Puc. 5. TpaekTopuu JBMXeHHs TsxedbX wactuil (4000 kr/m?)

B MPOMKOBIIIE B MOMEHT BpeMeHu 180 ¢: a — B cedeHHH J103aTOpOB;

6 — B CCUCHMH Ha paccTosHuM 70 MM OT HIDKHEH MOBEPXHOCTH;
6 — B CEUCHUH Ha paccTossHUU 40 MM OT HM)KHEH TTOBEPXHOCTH
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Puc. 6. TpaekTopuu ABMKEHHs Tskembix yacTur (4000 kr/m3)

B IIPOMKOBIIIE B MOMEHT BpeMeHH 540 c: ¢ — B CeUeHHUH J03aTOpPOB;

6 — B ceyeHHM Ha paccTosHUU 70 MM OT HIDKHEH TMOBEPXHOCTH;
6 — B CEUEHHUU Ha paccTossHUU 40 MM OT HM)KHEH TTOBEPXHOCTH

IIpu oToOpakeHNH CKOPOCTHBIX TOJICH TPUMEHSIIACh
IIKaJia: KpacHBIA I[BET Ha IIKaje CKOPOCTEN COOTBET-
CTBYeT MaKCHMAaJbHON CKOPOCTH, (PUOJTETOBBIN —
MUHUMaNbHOW. OcTampHBIE IIBETa COOTBETCTBYIOT
MIPOMEXKYTOUHBIM CKOpocTaM. Kak BUAHO U3 puc. 35,
MoJie CKOPOCTEH MPOMEXYTOYHOTO KOBINIA HEOIHO-
poxHo. HanbombIme CKOPOCTH JOCTHUTAIOT TOPSAKA
1 M/c B o0acTi KOIo/Ia, KyJa MeTasl ToMaaaeT co
CKOPOCTSIMH CBBIIIE 3 M/C W3 CTalbKOBIIA. JTa 00-
JacTh TIOJBEpPraeTcss HaumOOIBIINM MEXaHWYECKUM
¥ TEPMHYECKAM BO3JICHCTBHSIM, KOTOPBIE MOTYT IIPH-
BOJIUTh K CHJIBHOMY W3HOCY MaTe€pHalIOB MPOMEXKY-
TOYHOTO KOBIIIA, PE3YJITATOM Yero CTaHOBHUTCS 0Opa-
30BaHUE HEMETAJUTMIECKUX BKITIOYCHUN JIBIKYIIAXCS
M0 JMHUASM MaKCHMaJbHBIX CKOPOCTEH K 00macTaM
JI03aTOPOB, TJIe OHU 3aCACBIBAIOTCS TOTOKOM M YXOMST
B KPHUCTAJLTA3ATOpP, TIPUBOIS K 00pa3oBaHUIO IedeK-
ToB cnuTKa. [lo Mepe ymaneHust OT obIacTH momasa-
HUS TIEPBBIX MOPITHUI MeTalla CKOPOCTH YMEHBIIAIOT-
cs 1o 0,5-0,7 mM/c, a B yIaNeHHBIX YacTsIX MPOMEXKY-
TOYHOTO KoBIMa He mpeBbimaroT 0,2 m/c. Ha puc. 6
MOKa3aHbI MOJIsT CKOPOCTEH B MOMEHT BpemeHu 540 c.
13 pucyHka BUAHO, YTO XapaKTep CKOPOCTHBIX MOJIEH
aHaJorM4eH MOMeHTY BpemeHu 180 ¢, ogHako cye-
CTBYIOT HEKOTOPBIE PA3IM4Hs KaK B YHCIIOBBIX 3HaYe-
HUSIX CKOPOCTEM, TaK U B XapaKTepe 3aBUXPEHUH, Ha-
pUMep, B paiioHe pyubeB 3 U 4, KOTOPbIE CYyLIECTBEH-
HO BIIMSIOT HAa JIBKEHNE HEMETATHIECKIX BKITFOUE-
HUM. AHamu3 BCEX IIECTH PY4YbEB IOKa3al, yTO B

0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.300

I I —

Puc. 7. Tpaextopum ABMWKEHHs Jerkux uactui (2700 kr/m’)

B IIPOMKOBIIIE B MOMEHT BpeMeHHU 180 c¢: @ — B ceueHHuHu 103aro-

POB; 6 — B CCUCHUH Ha PACCTOSHUHN 70 MM OT HM)KHEH MOBEPXHOCTH;
6 — B CCUCHUH Ha paccTossHUU 40 MM OT HIDKHEH ITOBEpXHOCTH

Ka)KJIOM M3 HUX HaOJIIOIaeTcs CBOM Xapakrep JIBHKe-
HUS CKOPOCTEN.

B panbHelimeM peub MORAET O ABYX TUIAX Ya-
CTHIL — HauboJiee TSHKENbIX U Hanbosee JIETKUX, KOTo-
pbI€ B 32aBUCUMOCTH OT IUIOTHOCTH MOTYT MEHSITh Tpa-
EKTOPUIO CBOEro [IBIDKCHMA. I XapaKTepUCTHKH
JIETKUX M TSDKEJIBIX YacTHUIl BEIOpaHbl KpalHUE TOUKH
IU1sl uHTepBaja miotHocteit 27004000 Kr/MS.

Ha puc. 5, 6 nokazan xapakTep OBUKECHUS TSDKE-
JBIX YaCTHLl B MOTOKE JUIA XapaKTepHBIX CEUCHHUH —
3TO BEPTHUKAIBbHOE CEUYEHHE B OOJIACTH J03aTOPOB
U JIBa TOPU30HTAJIBHBIX CEUeHMs B 00JIaCTH BXOJa Me-
Tama B po3arop. CpaBHMBasi TPAGKTOPUHU JABHKECHUS
YacTHUIl B Pa3IMYHbIE MOMEHTHI BPEMEHH, MOXKHO OT-
METHUTh BBICOKYIO BEPOSITHOCTH IOMAJAHUSI YaCTHILL
B KPHUCTAJIM3ATOP, TaK KaK MPAaKTHYECKU BCE 3aIly-
[IEHHBIC YaCTUIBI TIONAJIU B KPUCTAIUIN3ATOPHL. ToJb-
KO KPUCTAJLJIU3aTOpP pyubsi 3 B MOMEHT BpeMmenu 180 ¢
U KPUCTAILIU3ATOP pyubs 4 B MOMEHT BpeMeHu 540 ¢
OCTaJICh YUCTBIMHM, YTO B TO € BPEeMsI BPsi JI1 TOBO-
pUT 0 ux Oosee BBITOJHOM PACIOIOKEHHH C TOYKH
3peHMs MOMNAaJaHUsT HEMETaIMYECKUX BKIIOUCHHUH,
MIOCKOJIbKY B MOMEHT BpeMeHH 360 ¢ yacTuibl noma-
JaroT a0COJIIOTHO BO BCE KPUCTAIM3ATOPBl. AHAJIN3
TPAEeKTOPUI YacTUI] B Pa3INYHbIe MOMEHTBI BPEMEHHU
BBISIBIISIET MX CEPbE3HbBIE PA3IUYMUS H, BEPOSITHO, TOBO-
PUT O HECTALMOHAPHOCTU IIOTOKA C TOYKU 3PEHUS
JOBIDKCHHMS YaCTHL, XOTSI MO IOJSIM CKOPOCTEH 3TO
pasyinure BU3yaJlbHO HE ObUIO BBISBIICHO.
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Puc. 8. Tpaexropuu jBukenus nerkux dgactui (2700 kr/m?)

B IPOMKOBIIIE B MOMEHT BpeMeHH 540 C: @ — B CEUeHHHU J103aTOPOB,;

6 — B CEYCHMM HA PacCTOSIHUM 70 MM OT HIDKHEH ITOBEPXHOCTH;
6 — B CeUEHNH Ha paccTosTHUM 40 MM OT HIDKHEH IOBEPXHOCTH

0.600 0.700 0.800 0.900

Ha puc. 7, 8 mokazaH xapakrep ABUIKEHUS JIETKUX
YacTUIl B MOTOKE JJIA XapakTepHbIX cedeHuid. Cpas-
HUBas TPACKTOPWHU ABWKEHUS YaCTHUI[ B pa3IHMIHBIC
MOMEHTHI BPEMEHH, MOXKHO, KaK M B CIIydae C TsDKe-
JBIMHA YaCTHUIIAMH, OTMETHTH BBICOKYIO BEPOSTHOCTb
TIOTIaJTAaHMS] YaCTHIl B KPUCTAJUTU3ATOp, OOJbIIas 4acTbh
3aMyMIEHHBIX YaCTHI[ TOMaja B KPUCTAIIU3ATOPHI.
OpHaKo IS JIETKUX YaCTHI] KOJIMYECTBO BCILIBIBIITUX
YaCTHIl 3HAYUTEIHHO YBEIHYMIOCH (9 JIErKNX YacTHII
BCILIBUIO M3 36 3alyLUEHHBIX, IPOTUB 4 TSHKEIBIX Ya-
CTHI] M3 TOTO K€ KOJHMYECTBA 3alyIIeHHBIX). Takoii
XapakTep ITOBEIEHUS YacTUI] B TIOTOKE CBUIETEIb-
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CTBYET O MPEBAIHPYIOLIEM BIHUSIHUU CKOPOCTEN U JIH-
HUH TOKa HaJl 3HAYEHHUSMH MJIOTHOCTH YacTHIl B JUa-
nasone mwiotHocteit 2700-4000 kr/m>. PaccMorpenue
TPaeKTOpPUN JIBUKEHUS JIETKUX YacTHUIl B Pa3M4HbIE
MOMEHTBI BBISIBIISIET UX CXOXKECTh C IBUKEHUEM TsIXKe-
JBIX YAaCTHI], OIHAKO CIIEAyeT OTMETUThH OOJBIIYIO
CKJIOHHOCTb JIETKMX YaCTHUI] K JBWKEHHIO IO 3aBUX-
psromnMes norokam. Tak, u3 puc. 7 BUIHO, 4TO 4a-
CTHUIIBI B MOMEHT BpeMeHH 180 ¢ ABMXKXYTCS MO Mpsi-
MOM TPAaeKTOpUHU K J03aTopaM, OJHAKO CYIIECTBYIOT
YacTHUIbl B palioHe J03aTOPOB Py4YbeB 3 U 5, UCIIBITHI-
Balole CUIbHbIE 3aBUXpeHus. [lo pesynbraram Mo-
JeTUPOBaHus ObLIO YCTaHOBJICHO, YTO YaCTUIBI, IBU-
JKYIIIUECs B paifoHe 103aTOPOB pyubeB 2 U 4, Momna/jia-
0T B 3aBUXPSIONIMNCA TOTOK M Pa3BOPAYMBAIOTCA
Oosee uem Ha 180° mpeskie yeM MonacTb B KPUCTa-
mu3arop. 13 puc. 6, 7 BUIHO, YTO CYIIECTBYIOT YaCTH-
bl C eme OOJBIIUM Pa3BOPOTHBIM YIVIOM B paioHe
JI03aTOPOB PyYbeB 2, 3 U 4.

B pesynbrare aHanm3a cKOPOCTHBIX TMOJIEH U Tpa-
eKTOpUii JABMXKEHUS YacTHIl TWIOTHOCTHIO 2700—4000
Kr/M> B pasjiMuHble MOMEHTHI BPEMEHH YCTaHOBJIEHO,
YTO TO0JI€ CKOPOCTEH B MPOMEXKYTOYHOM KOBIIE He-
CTAI[MOHAPHO M 3aBHCHUT OT YPOBHS METajljla B KOBIIIE.
TpaekTopun 4acTull B HECTAIlMOHAPHOM CKOPOCTHOM
T0JI€ 3aBUCST OT paclpeeseHHs oIl CKOPOCTe cTa-
. BeIsIBIEHO mpeBanupylolee BIMSHUE CKOPOCTeH
W JTUHUM TOKA JKUJKOM CTaJM HaJ 3HAYEHHUSIMH ILJIOT-
HOCTH YacTHIl B JMama3zoHe mioTHocTel 2700-
4000 xr/m®. CymecTByeT BO3MOKHOCTH H3MEHEHHS
JIMHUM TOKA IIyT€M YCTAaHOBKM COIIPOTUBIIEHUN B OIpe-
JICJIEHHBIX pacueToOM MecTax.

Takum 00pazoM, pazpaboTaHHas MaTeMaTHYECKas
MojIeNb TIpoliecca JABMKEHHST HEMETATMYECKUX BKIIIO-
YeHUH B IPOMEKYTOUHOM KOBIIIE ITO3BOJISIET HCCIIE0-
BaTb TPACKTOPHM JIBUKEHHS HEMETANTMYEeCKUX dYa-
CTHI] Pa3lIUYHON IJIOTHOCTH NPU UX JABWKEHHH U3
MIPOMEKYTOUHOTO KOBIIIA B KPUCTAJIIU3ATOP.
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