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AHATH3 HCCIEA0BAHUH B 00IacTH METAJLTyprHyeCcKOM
TEILTOTEXHHKH H TelutohHu3uKH 3a nocnenuue 50 — 60 et
MOKA3bIBACT, YTO MHOTHE U3BeCTHhIe yueHble — [.I1. MBan-
o, JLC. leitbenson, 3.M.Toneadap6, A.U. Beiinuk,
10.A. Camoiinosuy, b.51. JIro60B, M.A. I'munkos, B.A. Edu-
MOB [l —9] - ymensnu 3HauMTeNbHOE BHHMaHHE 3a/auyam
HEJIMHEHHOH TEMNONPOBOIHOCTH, B KOTOPBIX OJHOBPEMEH-
HO HEOOXOIUMO ONpPEACIUTL U TEMIIEpaTypy Tejia, U 3aKOH
NPOIBIDKEHUS paszena a3 ¢ BhigeIeHHeM (IIONTOLIEHHEM )
TEIJIOTHI.

Ecnu BcecTopoHHEe paccMarpuBaTth UM TeM Gojee pe-
aTh HaCyHIHbIE NPOONEMBI M 3aadyd B MeTalIyprude-
CKMX TEXHOJIOTHSIX C LEABI0 UX BIMAHHSA HA X0 TEXHOJO-
THYECKOI0 NPOLIECCa, HE BBI3BIBAET COMHEHHUI TOT (axT,

! IIpu noAroToBKE KOHKPETHOH MyGMMKAUMH MPUHATO BO BHHMa-
HHe, 4TO B 2015 r. otMevaerca 90 /ieT BBIJAIOLMIEMYCS COBETCKOMY U
YKPAaHMHCKOMY Y4€HOMY B OONAcTH MeETallyprudeckoi TerUio(pH3uKH,
TEIUIOTEXHHUKH 1 TEPMOMEXAHHKH, 1.T.H., Ipodeccopy IOpuro Crenano-
suuy ITocronsHuxy (1925 — 2007 rr.), ©Ms KOTOPOTO YBEKOBEUEHO TEO-
peTH4EeCKMMH paboTaMu B 00IAaCTH HENUHEHHON TEMIONPOBOIHOCTH;
KpPOME TOrO, DPYKOBOACTBOBAJIMCh M MyOIMKAUMSAMH B H3BECTHBIX
COBETCKMX H POCCHHCKHMX XYPHaIax MeXXyHapOOHOrO YPOBHS H, lpe-
*ae BCero, B xypHane «HMisectus Beicux yueOHbIX 3aBeacHuil. Uep-
Has METaLTyprus».

550

YTO UCKITIOYUTENIEHO BAXCHBIC IIPHUKIIATHBIC 3a0a4H METa-
Jypru4eckoil TeIUIOTEXHHKH, 0003HAYEHHbBIE KaK «IIpPO-
6i1ema Credanay [10], ABIAOTCS OJHUMH M3 IJIaBHBIX B
METAUTYPriuf. OT0 O0OYCIOBIEHO TEM, YTO CaMH TEPMH-
HBI (IJIABICHUEY, «3aTBEPACBAHHEY», KKPUCTAIUTU3ALHI,
«HarpeBaHHE», KOXJIKACHHUE» SBJISIOTCS BOKHEHIIIMH B
METa/LTypruu, ubo 6e3 UX HUCIONB30BAaHUA HE IIPEACTaB-
JISIETCS BO3MOXHBIM PELINTh HU OZHY U3 MHOTHX CYHIECT-
BYIOIHX TEMIOTEXHHYECKHX U TEXHOIOIMYECKUX 3aay:
PEXHUM IUIABIEHHA JETHPYIOIIMX KOMIIOHEHTOB, OKAThI-
HIEH; 3aTBEpACBaHHE-0XJIAXKACHHE HETIPEPHIBHOIUTHIX 3a-
rOTOBOK; IIPOIIECC IIPOU3BOACTBA KPYIHBIX OIIOMUHIOBBIX
CIIUTKOB H T.A.

Bormpocel, npucymue credaHoBCKOW TeMaTUKe, HMe-
10T, 10 HAllIEMy MHEHHIO, 3HAYHTENHHOE IIPHUKIIAHOE 3HA-
YEHHE B METAIUTYPrHYeCKOH TEIIOTEXHUKE U Tennohu3u-
ke' [11, 12].

B nacrosieil paGore mpuBOIATCS pe3yabTaTHl KcCe-
JIOBaHHil [0 TEOPHH 3aTBEPIAEBaHUA KPYHHOTOHHAKHBIX
GIIOMHUHIOBEIX CIMTKOB, IIPY 3TOM pa3paboTaHHas Ha OC-

'HOBE TEOPETUYECKHUX DE3Y]IbTATOB TEXHOJIOTMS ONpPO6O-

BaHAa M BHEApPEHA Ha psAle KPYMHBIX METa/UTyprHYeCKHX
KOMOHMHATOB.
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B pabortax [13, 14] npuBeneHb!l aHAIMTHYECKHE CIIO-
coObI pacyeToB PEXKUMOB 3aTBEpACBAHUA CIHUTKOB (OTIH-
BOK), OCHOBaHHBIC Ha HHTETPAJILHBIX METOfaX H METOone
koH(pOpMHBIX otoOpaxkeHuil. CiexyeT OTMETHTh, YTO JOC-
TaTOYHO 3 (EKTHUBHO 3apeKOMEH/10Bal celst MEeTOd IKBU-
saneHTHBIX HcTouHMKOB FO.C. [TocToNnpHNKA, BBEICHHEIN B
AHAJIUTHYECKYI TEOPHIO TEIIOMPOBOJHOCTH elle B Hadase
60-x . XX CTONETUS U BEChMa BBICOKO3((EKTHBHO IpO-
ABHBILHHA ceOs MPH pelIeHHH psana HENHHEHHBIX 3a1ad, B
TOM HYHCJIE W 3a1a4d ¢ NOABHXXHBIMH IPaHHLIAMH, KOTOpPBIE
MOKHO OTHeCTH K pobneme Credana [15, 16].

[lenpto HACTOAMIETO HCCIIENOBAaHHSA SBIACTCA pa3pa-
0OTKa MeToAa pacyera peKHMa 3aTBEpIEBAaHUS KPYITHO-
TOHHAXHOrO OJIOMHMHIOBOTO CJIMTKA NPH HCIOIb30BAHHU
M3BECTHBIX TEOPETHYECKHUX IPEANIOCHUIOK, KOTOPBIi BO3-
MOXXHO Oy[eT pEeKOMEH/I0BaTh B KaueCcTBe Da30BOro HMHXe-
HEPHOTO CIoco0a B peabHbIX TEXHOIOTHYECKHUX YCIIOBUAX
OCTBHIBAHMS 3arOTOBKH U [TOCIEYIOIIETO Harpesa.

HcxomHasi MaTeMaTH4eCKast MOAEIb ONMCHIBACTCS Clie-
AyIOIIEeH CHCTEMOH ypaBHEHHMHM:
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T, T¢ u T — TeMieparypbl Hapy>KHOH Cpesibl, 3aTBEpAC-
BaHuA (comayca) u TUKBHAYca, K; » — koopauHara, orcuu-
THIBaeMas OT BHEINHEH MOBEPXHOCTH CIMTKa, M; R — mo-
JyTOJIILMHA TUIACTHUHBI, WIH pagdyC LWIMHApA, 1iapa, M;
L(?) — napacraromias TONIIMHA TBEPJAOA KOPKHU CIHMTKa, M;
! — BpeMs, 4; ¢, — CKPhITas TEILIOTA 3aTBEPACBAHNL, JLx/kr;
0., — ko3 punueHT TennooOMeHa B 3a30pe MEXILY U3JI0K-
HULICH H ciuTKOM, BT/(M?-K).

Cxema pacueTa IpuBecHa Ha puc. 1.

ITockonpKy IIpH TakoW MOCTAHOBKE 3aJaul KOHBEKTHB-
HBIM [I€peMelIBaHUeM paciliaBa peHedperaem, To GyHK-
o ¢(&) B BeIpakeHUH (3) HAXOIUM KaK pelIeHUE 3a1a4u
TETJIONPOBOAHOCTH C FpaHU4YHBIM ycnoBueM 11 pona:
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Puc. 1. Cxema pacuera 3aTBep/eBaHHA CIIUTKA

Fig. 1. Calculation algorithm of ingot solidification
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HBI) CO CTOPOHBI HApYKHOH MOBEPXHOCTH H3TOKHHIIBI,
Br/(M*K).

Peinenune ypasHenwuii (1) — (3) ¢ ucnonszosannem MDH
HUMeEET CIIENYIOMHNA BU.

Pacnpenenenue Temneparypsl B 3aTBEPAEBAIOILEM CIOE
CJIUTKA OIIMCHIBAETCS BBHIPAKEHHEM
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[Tonoxenne poHTa KpUCTaUIM3auMy /(T) B MOMEHT
BPEMEHH T OMpPEACAeTCS CACAYIONIeH 3aBUCHMOCTRIO!

0
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/{91102 +m){(1 — m)(2+Bi,) —2(1— m +Bi,) x

<[1=1(D)]*™ + L+ m)Bi, [1~ (1) }>

Pemenne onopHoii 3amauu (1) — (3) B COOTBETCTBHU C
0003Ha4YeHHOH BBIIIE HHXECHEPHOH HHTEpIIpeTannei mpo-
Lecca MepeHoca TeIUIOThl BBITOIHEHO A/ CXEMBI TEPMH-
yeckoro cnos (puc. 2). cxoas u3 stoit MozpenH, npoaoi-
HUTEJIBHOCTH TTOJIHOTO 3aTBEPACBAHMS CJIMTKA HAXOAHM M3
COOTHOIIEHHUA
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' 3KoBi(2 +Bi)) : !

vam]|1-2mf14 B} Bl
Bi, 2 )| 12

x[ 2+ m)Bif —2(3 +4m)Bi, - 12m]};

‘6
T,=1,
Oxonuanue uHepYUoOHHO20
amana eZ(&! To)
0,8 1)
CHamue memnepamypHozo
nepezpesa
92(5.1’ TB)
IIpoyecc
3ameepoesanus
______________________________ 0
P
el(éa 73)
Ionnoe
3ameepoesanust 0.()
w

=1 91(&,, TI(OH) [=0
g-1 £=0

- 0

g I(x)

Puc. 2. Cxema TenI0BOro NOrpaHUYHOro CHOs B [poLecce 3aTBepAeBa-
HMS META/l/Ia C HaualbHbIM [IEPErPEBOM:
H T, — BPEM3s HHEPUMOHHOTO NEPUO/IA, CHATHUS [EPErpesa
M KpUCTaIH3aLUH

Tl,‘Cz

Fig. 2. Diagram of thermal boundary layer during initially overheated
metal solidification:
1,, T,, and 1, - time of inertial period, overheat removal and
crystallization
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[TpoA0IDKUTENIBHOCTD Ty, OXJIXKAEHHS IEPETPETOrO pac-

IUIaBa /10 MOMEHTA Hayaja [poiecca KpUcTauIn3alyy pac-
CUHTHIBAETCA CICIYIONIMM 00pa3oM:
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3(1+m)Bi, 4 Bi,
Bi, .
xIn| 1+—2% 5 +(3+Bi,)In(1+K;) . (7
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Pewenue mis ompeneneHus M3MEHEHHS TeMIOeparyp
[IPHHUAMAET CIE/IYIOMET BUJL:
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e B f(D) 5 2_2+Bi1 _
el(gs’r)_el(i"c) 2(1+m) {i:(l {;) Bll }

, 2+Bi | .
—[(h&) - ; ‘}el(a,n};

1
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1 fz(T) _e\2 _f1_ 2
it (S () R CI
rae
2Bi,K,[1-1(7)]| 6 +3Bi /() - Bi,/*(v)
i < PO 6+3BUO B ]

3{2[1+Bij/(v)] - Bi,/’ (r)}2

£(®) =—§(1—<pu)l(r). (13)

TakuM 00pa3oM, MOy4YeHBl PEICHHs TEMIIEPaTypHOTo
PO IT0 CEUEHHIO CIIUTKA B Pa3jIHuHble MOMEHTHI Bpe-
MeHH. PenieHus BKIHOYAIOT B ¢e0S 3aBUCUMOCTH TOJIIKHBI
3aTBEPAEBILEH KOPKH OT BPEMEHH, a TAKXKE CKOPOCTb 3aTBep-
Aesanus. TemItepaTypHbIe O 3aBHCAT OT KPUTEPHAAIEHOTO
apiciia Bi, KOTOpBIi XapakTepu3yeT TEMIo00MeH Tena ¢ OKpy-
KAIOLIEH Cpemoi, T.6. METONHKA MTO3BOISICT PacCUYHTHIBATDH
IPOLIECCHI 3aTBEpIEBaHMs HETIPEPHIBHOIUTHIX 3ar0TOBOK.

JIMHaMKKa Mponecca KpUCTAUTM3AaLUK OINpeensieTCs
kajopumerpudeckuM ycrnosueM CredaHa, 10JCTaHOBKA B
kotopoe (yHkumit (10) — (13) npusoaut K guddepenim-
anbHOMY ypasHeHuto [17]:

1R+ F() + Fy()dl = dr, (14)
rae
F) = KaIi(o (l—m+Bi1)[1—1l£1:3’1 -Bi,[1-1(1)] . (15)
1
£y - 2KaKs (l—wu)[l—l(t)]ml—Bil[l—l(t)]z.(16)
2 3(1+ m)Bi, 1-m ’
R =2KlBUO] e - a7)

" 3(1+m)[2+BiJ(1)]

Wnrerpuposanue nonaor dopmynsl (14) mpueeno x
TPAHCUEHIECHTHOMY BhIpaXkeHHIO [11]:

K, Ko(2 +Bi,) 8

2(1+m)Bi,
|1 20-m+Bi)(Q ~D)"*™ — (1+m)Bi, (1-1)* .
(1-m)(2+By,))
LA K (1-0)B+Bi)
9(1+m)(2 +m)Bi,

5 1_3(1—m+Bi1)(1—l)2+”’—(2+m)Bil(1—l)3 N
(1~m)(3 +Bi,)

+—2K“—,3 [(l+m)Bi12 +2(1+2m)Bi, +4m]x
3(1+m)Bi’

. . 3

x l—i_ln(1+yj BT i -
Bi, 2 2

Bi}/® y

—(1+2m)Bi, ~2m |+

:344
x[m—(1+2m)Bi1]+mB:l }::. (18)

Jlist onpesenenus nomoxenus /(t) GpoHTa KpUCTAILIU-
3al{H B MPOU3BONGHBIH MOMEHT BPEMEHH T (tgfts )
Beipaxcenue (18) 6puto mpexncrasneHo {11] B caenyromem
BUJIE:

HD[1+g,() +p,(D] =7, (19)

e

_(+Bi)K,Ko

~ 2(1+m)Bi,

y 1_2(1—m+Bi1)(1—l)1+'”-(1+m)Bi1(1—l)2
(1—m)(2 +Bi,)

H(l)

:I; (20)

B,(1) = {412m + 1+ m)Bi,] | /{3KoBi} x

L 2=-m +Bi)(1-NH"" — (1+m)Bi, (1-1)* y
(1-m)(2+Bi,)

x{|l- —2_—1n[1 + m) +
Bi, 2
Bi,/*

+
12(2 + Bi;)[2m + (1+m)Bi,]
—(1+2m)Bi, - 2m] +4Bi, x

{6[(1 +m)BiZ —

x[m - (1+ 2m)Bi, |1 + 3mBiZ/* }> @1

By(1) =(8(1-m)(3+ Biy) ~3(1 —m+Biy) x
x (1= )*™ + (2 +m)Bi, (1 - 1)3]}/{9(2 +m)Tlo x
x[(1=m)(2+Bi,) - 2(1—m+Bi,)(1- )"+

+(1+m)Bi,1-17]}. (22)

YpaBHenue (19) pemieHO METOJOM YTOUHAIOMIUX MPHO-
JHKEeHHH (MeTon KacarenbHbIX HBIOTOHA) OTHOCHUTENIBHO
MONIOXKEHUA (POHTA KPUCTAUIM3ALMK, HPHYEM TOJIHIU-
Ha 3aTBEpCBILEH KOPKM paccMaTpHBaeTcsl Kak (pyHKuus
BpeMcHH. B kauecTBe NMpHOMMKEHHOTO 3HAYECHHsl KOPHSA
YPaBHEHMSA UCHIONB3yeTCs €ro 3Ha4eHHE Ha Npeblaylueit
BPEMEHHO# UTEpalHy, T.€. 3a/{aBasCh BPEMEHEM, HAXOTHM
[oJOKeHUEe PPOHTA KPUCTAIIIH3ALHH.

[TpeumyiuecTBoM pa3paboTaHHOIO MeETOJa pacdeTa
SBJIAETCA TO, YTO WHKECHEPHI-NPAKTUKH, 3a4aBasich Bpe-
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MEHEM U YCIIOBHSMH TeIUIOOOMEHa, MOI'YT OIpeNesTh
MONOXKEeHHE (POHTa KPUCTAJUIM3ALHH M TEMIEpaTypHble
oNst. DTO MO3BOJIAET HCCIEA0BATH 3aKOHOMEPHOCTHU 3a-
TBEPJIEBAHUS, HATIPUMED, HETIPEPHIBHOMUTON 3aTOTOBKH B
3aBHCHUMOCTH OT CKOPOCTH PAa3/IMBKH H YCIOBHMH OXJIax-
JCHHS.

U3 dopmynsl (19) crenyet, 4to (U3HYECKas TEIIIOTA,
Tepsemas TBepIeIoLIei 000J04YKOH, YUHTHIBAETCA COCTaB-
nsmommeit B, (/) u3 ypapuenus (21), a HanuyMe neperpesa —
BesnaHHOH B,(/) U3 BeIpaxeHus (22).

IIpu ompeneneHuu OUHAMMKH TIPOABHKCHHS (DpOHTA
KpHCTa/UIM3ALMH TI0TyYaeM YPaBHEHHE

i T
O == Do) (23)
rac

<[(1-m+Bipa-n" -Bia-n] (24)

)= 2(1-m)Bi,3+Bi)[1 + m(L-N)A-D)""1 25)

O S (1% m)Ko(2+ Bi 1) [(L-m) +Bi, -Bi(1-n""]’
1
A
)= 3(1+m)lo’ (26)

YpaBHeHHs (23) — (26) N03BONISIIOT pacCYUTHIBATH JIMHA-
MHKY [epeMelIMBaHuA QPOHTa KPUCTALTH3ALIUH 110 ceve-
HHIO 3arOTOBKH M [NIyOMHY HOKOH JIyHKH.

TectupoBanue aHanuTuyeckoro pemeHus no MOU c
pe3yabpTaTaMi SKCIIEPUMEHTA U YHUCIIEHHBIM MHTETPUPOBa-
HHEM HCXOIHO# 3aJa"y OMHUCAHO HIDKE.

IIpu paszpaboTke nub0 yCOBEPLUIEHCTBOBAHHU METOAOB
pacyera peXHMMOB MPHKIAAHBIX 3aJad MeTaJUTypruyec-
KOH TETUIOTEXHUKH H TeITOGHU3HKH 3a mocneaune 30 ner,
0€3yCIIOBHO, MPUMEHSICS CUCTEMHBIH MOAXOM, KOTaa AJIs
KOHKPETHOTO CJIy4ast IPUBJIEKAINCH Pe3YJILTAThl IIPOMBILLI-
JCHHBIX JKCICPUMEHTOB M YMCIEHHBIE METOIBI peHieHUst
HEIIMHEMHBIX 33/Ja4, a TaKKe Pe3yNbTaThl JPYTHX HCCie-
noBanu#t [10, 12, 14]. B kxoHKpeTHOM ciydae MOCTYITH-
M aHaJOTUYHO, HCIONB3ysl U3BECTHBIE pelieHHs (METOX
JI.C. Jletiben3ona), npoMBILLIEHHBIE 3KCIIEPUMEHTBI, YH-
CIIEHHOE PEILCHHE.

Ha nepBoM 3Tane npousBeeH pacueT BPEMEHH MOJTHOTO
3aTBep/IeBaHus OJIFOMHHIOBOTO C/THTKA Maccort 8 T [18] mpu
CIETYIOIIMX MCXOAHBIX JAHHBIX: MaTepHai CTanb 45; pas-
Mepbl ciintka 0,734%0,655 M; TONIHNHA CTEHKH H3JIOKHHULBI
0,37 M; HavanpHas Temneparypa pacrnasa T, = 1530 °C;
T,=1490°C; T, = T, = 1420 °C; temmeparypa mouo-
rpeBa u3noxHuuBl 7o = 150 °C; T . =30 °C. Pacuernoe
BpeMsi T [IOJHOTO 3aTBEPIAEBAHMs CIMTKA IO METOMY
J1.C. Jlefibensona [13, 14] ¢ yueTom nByx¢asHoi Momenu
coctasisger 2 4 40 MHH, 10 JAHHBIM OPOMBIIUICHHBIX JKC-
NEPHMEHTOB HMeeM T_ = 2 4 45 MHH.
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Ha cnenyromem 3ramne ¢ NOMOMIBIO YHCICHHOTO HHTET-
PHUpOBaHUs II0Ka3aHa MPUTOAHOCTh K IPUMEHEHHUIO OIOp-
HoH kpaeroit 3amauu (1) — (3) IpH UCHIONB30BAHUN MOJCIK
Ut CAMMETPHYHOTO OXJIaXK/ACHHS ITACTHHBI.

B pab6ote [19] paccMOTpeHBI YHCIEHHBIE CXeMbl NpH
pelleHHM HEJMHEHHBIX 3a7ad TEXHOJOTMU Harpesa.
B cOOTBETCTBHHM C MpEMTIOKEHHBIMH B 3TOi pabote peko-
MEHIAIUsIMH IMPUMEHEHa YHC/ECHHAs CXeMa, OCHOBaHHAs
Ha KOHEYHO-PAa3HOCTHOH alMpPOKCHUMALUH C LENbI0 YTOY-
HEHHsI HarpeBa CIMTKOB B COOTBETCTBHH C BBIPAXCHHAMHU
(1)—(3). dns nposepku agexBatHocTd mozneneid (1), (2)
JIOTIOJTHUTENBHO BBIIIOTHUIN COITOCTABIIEHUE C pe3yJIbTara-
MH HPOMBIIUIEHHOTO 3KCIIEPUMEHTA [6] [yl CIIUTKA KIS~
e crany pasmepamu 720%1560 MM NpH TOMILIMHE CTEHKH
yyryHHOM U3I0KHULK 0,29 M. Pe3ynsrarsl corocTasBieHus
MIOKa3bIBAIOT HEKOTOpOE pacxoxkaeHue — okojo 8,5 % (1o
JAaHHBIM MPOMBILIUICHHOTO 3KCIIEPHUMEHTa [IPOIOJIKHUTENb-
HOCTB IIOJTHOTO 3aTBEPAEBAHMS COCTABIIAET 3 4 25 MUH, 110
JaHHBIM pacuyeTa — 3 4 45 MuH). DTO CBSA3aHO € TEM, 4TO
[IOCJIE TIOJIHOTO 3aTBEPACBAaHUA CIUTKA He ObLIO 3adHKCH-
POBAHO TOYHOE MECTOTIONIOKEHHE TEPMOMApPhI B LICHTPAIb-
HOMH IUVIOCKOCTH CIIMTKA, T.€. 32 CUET NepeMelleHUs KUAKHX
CII0EB MeTallna, (heppoOCTaTUYECKOrO MABACHHA IKHIKOH
CTaJIi TEPMONIapa MOXKET MCHSTh CBOE HAYAJIbHOE MOJIOXKe-
HHE, U BPEMS [TOJIHOTO 3aTBEPAEBAHHUS B KOHKPETHOM CITy-
qae MOYKET HE3HAYHTENBHO KOneOaThbCs. ‘

B nanwHeiimeM no aHanoruu ¢ paboroii [15] BeinonHe-
HO CpPaBHEHHE PE3y/IETaTOB BEIYHCICHUI B COOTBETCTBHH C
NPUBEACHHBIMH BBIIIE TEMIOPHUIUIECKUMHE JAaHHBIMU IPH
OXJIAXACHHH U 3aTBEpACBaHUM 8-T OINFOMHHIOBOIO CJIIMTKA
no M3OH u MeTony YMCICHHOIO MHTETPHPOBAHHUS HUCXOA-
HOif KpaeBoi 3amauu (1), (2) Mo ABHOH KOHEYHO-PA3HOCT-
Hoii cxeme [ro-®opa u ®pankena. IpomomKuTeTsHOCTE
3aTBEpACBaHHS CIMTKA, HalJAECHHAs B PE3y/IbTaTe YUCICH-
HOTO MOJAEJIMPOBaHUs Ipouecca, cocraBnsfeT 2 441 MuH
U MpPaKTHYECKH COBMagaer ¢ pemeHueM 1o metony JI.C.
Jleiitbensona. PacueTHOEe BpeMsi HECKONIBKO MEHBIIEC Bpe-
MEHM 3aTBEPAEBAHKS B IMPOMBIIUIEHHOM 3KCIIEPUMEHTE
(2 4 45 muH) 1 0OYCIIOBIICHO T€M, YTO PACCMOTPEHHAsA MO-
JeNb HEe YYUTBIBAET pacyeT BpeMEHH (IIpUMEPHO 4 — 5 MHH)
CHSTHS TETIIIOTHI IEperpesa CTaH.

Jl1A OLIGHKHM aJeKBaTHOCTH OIHUCAHHA IPOIECCOB 3a-
TBEPACBAHUA HEIPEPBIBHOIMTBIX 3ar0TOBOK C IOMOIIbIO
IpeasoKeHHOH MeTomukH (8) — (26) ObUTIO OCYMIECTBIEHO
CPaBHEHME pPe3yJabTaToOB pacueTa MaTeMaTHdeckol Moje-
JIM 3aTBEPAEBAHHA U OXJIOKICHUS C IKCIIEPUMEHTANIbHBI-
MU JJaHHBIMH, [pUBEeJeHHBIMU B pabore [14]. Pesynerars
pacyeToB INOKa3ald, 4TO OTHOCUTENIbHAs IOIPEHIHOCTD
BBIYHCIICHUH M0 MPHBEAECHHOH METOOHKE AJIA MPOLECCOB
HETPEPBIBHON DA3NMBKU IIPU ONpE/E/ICHUA BPEMEHU 3a-
TBEpAEBaHUsA HE INpeBbIIaeT 6 %, NpU BHIMUCICHHH TEM-
nepatypsl - 3,5 %.

HecMmoTps Ha HekOTOpBIE YHPOIUEHHS B 4acTH IOCTa-
HOBKH 337a4d (OTCyTCTBHE AByX(a3HOI 30HBI, yueTa Bpe-
MEHH CHATHS IEperpeBa, HEBO3MOKHOCTE SBHOTO aHAJIN3a
BIIMSIHHS BEJIMYMHBI ra30Boro 3asopa [10, 12, 14], nanpu-
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Mep, TOJILHHB H MaTepHana H3JIOKHHIBI Ha JHHAMHKY
TEMIIEPATypPHbIX MONEH U Ap.), TipeanaracMble METOAMKH
IPEICTABIAETCS BO3MOXHBIM HCIIONB30BATE B TEIIOTEX-
HUYECKUX pPacueTax PeKUMOB 3aTBEPACBAHHUA U OXJIaXe-
HHS CJIMTKOB M OTJIMBOK IIPH Pa3IUBKE B H3JIOKHUIIBI U B
X0Jle HEeMpPEePHIBHOTO JIUTHS HApsSy ¢ U3BECTHHIMU M Gonee
ITHPOKO anpOOUPOBAHHBIMU METOIAMH MOJCIUPOBAHHS U
BBIYMCIEHHI [2, 5,9, 13 u ap.].

Bueoost. Pazpaboran MeTOn pacuera pexuMa 3aTBep-
OeBaHus CIIUTKA B M3JIOKHHIE. [Ipy 3TOM B OCHOBY Ma-
TEMAaTHUYECKOTO METO[a pacuera MOJOXKCH METOH JKBH-
BAJICHTHBIX HCTOYHHKOB MOW, BBEOCHHBIH B NpakTHKY
BBIYMCIICHHH HENHMHEHHBIX TEILIOTEXHHYECKUX 3a1ay H3-
BeCTHBIM yueHbIM-TeIopu3ukoM [O.C. IlocToasHUKOM.
Pentenne cdopmyanpoBaHHOH HETMHENHOI 33134 TEIUIO-
[IPOBOJHOCTH BBIIOJHEHO B COOTBETCTBHHU C KJIACCUYIECKOH
CXeMOH TEPMHYECKOTo CJIOA AL ABYX IOCIIEAOBATENILHBIX
3TAIlOB BHYTPCHHEIO TEIUIOOOMEHA: WHEPLIUOHHOIO H pe-
ryastpHOro. AnpoGarnsi METOMKH IIPOBEICHA B COOTBETCT-
BHH C pe3yJBTaTaMH KCIIEPHMEHTA A/ MPOMBIIUIEHHBIX
(cyis160BBIX 1 OTFOMHHTOBBIX) CIIMTKOB H pacyeTaMH 110 Me-
oy JI.C. JleitGen3oHna, a Taioke YUCICHHOTO HHTErpUpPO-
BaHMs MCXOIHOM KpaeBOH 3aJau IO ABHOH KOHEYHO-pa3-
HOCTHOM aIpOKCHMAIIUH.
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ANALYTICAL CALCULATIONS OF SOLIDIFICATION AND COOLING PROCESSES
IN LARGE- TONNAGE COMMERCIAL INGOTS. REPORT 1. MATHEMATICAL FORMULATION
OF THE PROBLEM AND DERIVATION OF CORRELATIONS FOR A THERMAL LAYER SCHEME
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Abstract. The technique to compute the overall time of bloom ingot
solidification was developed. To solve the stated problem a method
of equivalent sources (MES) by Yu.S. Postolnik was applied, which
has proven its effectiveness for solving problems in the field of heat
engineering. The solution has been achieved in terms of the thermal

layer format, for two successive stages of heat exchange, namely: —
inertial and regular. The comparison of calculated data concerning
a commercial bloom ingot, as derived by the MES method, with the
results of experiments and those obtained by the L.S. Leybenzon
method, has shown a reasonable correlation as to the time of complete
solidification. Thus, the obtained solution is of value in heat-engineering
computations of commercial ingot solidification conditions. The
proposed technique can be useful in heat-engineering calculations as
applied to solidification and cooling schedules for ingots and billets
when poured into molds and in the process of continuous casting, to
get an estimate of the time of complete freezing and of temperature
patterns.
Keywords: solidification and cooling of ingot, mathematical modeling, heat
conductivity non-linear problem, thermal layer pattern, equivalent
sources method.
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