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AHHomauuﬂ. HccnenoBanue mocpsieHo pa3pa60TI<e METOAa MOACIMPOBAHUS IIPOLECCOB HArpeBa OKUCJISIONINXCS 3arOTOBOK METaJlla, Y KOTOPbIX ME-

HSIOTCS1 BO BPEMEHH Pa3Mephl U TOJIIMHA CJI0s OKaINHBI. VICronp30BaHHBI MOAX0 00IerdaeT IPUMEHEHHE COBPEMEHHBIX IPOrPaMMHBIX [TAKETOB
JUIsL aHaJI3a OOBEKTOB C MEHSIOIICHCS TCOMETPHEH U 3a CUET 3TOr0 MOXKET PE3KO CHHU3HTh TPYAOEMKOCTh pa3pabOTKH MaTeMaTHYECKHX MOJe-
JIeii psia MPOLIECCOB METALTYPruu. J{yisi MOAECIMPOBAHHS MPOLECCa OKHCIACHUS MeTalia B paboTe MPHUMEHEH METO 9KBUBAJICHTHOH TEIUIONpO-
BOJIHOCTH. BpINonHeHa sKkcrepuMeHTalbHas MPOBEpKa METO/Ia M MOKa3aHa BO3MOXKHOCTh €r0 UCIOJIb30BaHUs 1JIs COBEPIICHCTBOBAHHUS CII0OCOO0B
KOHTPOJIS POLIECCOB MPOMBIIUICHHOTO Harpesa. JlaHHbI MeTOa 0TpabOTaH MPHU MPOBEACHUH YKCIICPHMEHTOB Ha TICYH C Iararommm mogom Ne 3
crana 150 Hixne-CepruHcKoro MEeTH3HO-METaTypru4eckoro 3aBoja. [IpoBeieHbl pacyeTsl 10 ONPEASICHHIO TOIIUHBI CJI0S OKAJIMHBI, MEHSIIO-
1ieifcsi ¢ TeYeHHEM BPEMEHH, MOCTPOCHBI COOTBETCTBYIOIIME 3aBUCHMMOCTH. 3ajaya pemieHa B nporpaMmmHoM makere ANSYS Multiphysics kak
3aj1a4a HECTALMOHAPHOM TEIUIONPOBOAHOCTH € TpaHUYHBIMU ycnoBusivu | poza. TIpu MozenupoBanun OblIa MOCTPOCHA KOHEUHO-DJIEMEHTapHAs
CeTKa, I0CTATOYHO MOAPOOHAs TSl MOMYYCHHMsI TOCTOBEPHBIX PE3YAbTATOB M, B TO XK€ BPEMsl, MO3BOJISIOIIAS PEIINTh 331a4y Ha KOMIIBIOTEpax Ma-
J10ii MoIIHOCTH. B X0z1€ perens ObuT IPUMEHEH s/l YIIPOIUCHHUH, B YaCTHOCTH, YIPOIICHHE PACIETHOTO aIrOPUTMA, IIPU KOTOPOM TOJIIMHA CIIOS
OKaJIMHBI OIHO3HAYHO OIPEAEIACTCS TEMIIEPATyPOil MOBEPXHOCTH 3aroToBKU. OMpeaeneHo pacipeeieHre TEMIIEPATy bl [0 TOJIIIHE 3ar0TOBKH.
Jl1st cpaBHEHHs 3HAYCHUH TEMIIEPaTyp B METAJUIC M CJI0€ OKAIMHBI IIOCTPOCHBI IPaduK 1 M30TepMbl. Takike NPOBEACHO CpaBHEHHE IEpenagoB
TEMIIEPaTyp B CJIOC OKAIMHBI, OMPEACICHHBIX PACUCTHBIM IyTEM IS YCIOBHI OMBITOB HA TICYM M OKCIIEPUMEHTAIBHO. B TAHHOM HCCIeI0BaHHH
3aj1a4a pacCCMOTPEHA KaK HeCTAllMOHAPHAsI, C M3MEHSIOIMMHUCS rpaHuiiaMu. OObEKT HCCIIEI0BaHMS — 3aTOTOBKA MeTalla (pealbHOe TEJO0) CO CI0eM
OKaJIMHBI, HAPACTAOLINM CO BpeMeHeM. [Ipy pereHnn 3a1aun Takoe PeajbHOe TeI0 ObLIO 3aMEHEHO YCIOBHBIM C IOCTOSHHBIMU YCPEIHCHHBIMU
pazmepamu. [1o ycinoBusM paBeHCTBa YUCEI OA00US TEIIO(H3UUSCKUX POIIECCOB OB OMPE/IEIICHbI CBOICTBA YCIOBHOTO Tela, KOTOPbIC MEHSI-

I0TCA OKBUBAJICHTHO pa3sMepaM pe€ajbHOI0 TEa.
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PacyerHbie W IKCIEPUMEHTANIBHBIC HCCICIOBAHUS Ha-
rpeBa B MPOMBIIUICHHBIX IE€YaX OCIOXKHSIOTCS BIMSHHUECM
mpoliecca OKUCICHUS MeTalula U 00pa3oBaHUEM Ha ero Io-
BEPXHOCTSX CJIOSl OKAMHMHBL [Ipn OKHMCIEHNH MEHSIOTCS BO
BPEMCHHU IOJIOKEHHUE TPAHUIBI 30H METAUIa U OKAJMHBI
U pa3Mepsl 30H. [losiBisieTcst JOMOTHHUTENBHBIN Tiepenas
TEMIIEPaTyphbl B CIIOC OKAJIUHBI, 3aTPYJHSIOMINA KOHTPOJIb
temneparypsl Metaia [1 —4]. MopenupoBanue mporec-
ca TEeIUI0OOMEHA B TeaxX ¢ MEPEMCHHBIMH pa3MepaMHu, Kak
MPaBHUJIO, TPEOYeT COCTABICHUS MHANBHIYAIBHBIX BBIUHC-
JUTENbHBIX Tporpamm [5 — 12]. BeruucnurenbHele mpod-
JIEMBI, BO3MOKHOCTH M METO/IBI QHAJIN3a ABIYKCHUS MHOTO™
(a3HbIX MOTOKOB B IporpaMMHOM koMmriuiekce ANSYS
paccmotpenbl B padore [13]. OTMeueHbl 0COOCHHOCTH TI0-
CTPOCHHSI CETOK B Pa3HBIX BHIYUCIUTEIIBHBIX MOJICTISX, KOTO-
pBIe MOTYT OBITh WM (PUKCUPOBAHHBIMH, WK IehOopMHUpYe-
MBIMH JIJISI COBIIA/ICHUS TPAHUI] CETKU U TPAHUIL )KUIKOCTEH.
[Ipn pemennu ympyroil 3amadu MEXaHWKH pa3pyHICHUS
BANSYS HanpspkeHHs MOTYT ONpENeNIsiThCA € HCIOIb30-
BaHMEM METO[a AaIllpPOKCHMAILH TepeMeIIeHu Oeperon

tpemmH U jap. [14]. B ANSYS Mechanical npumensiercs
METO/I PO’KACHHS U CMEPTH JIEMEHTOB JUIS PEIICHHS 3a1a4
C MEHSIOIMMHUCS IPaHULIAMH PacUeTHBIX obiacteid [15].

B nmanHO# paboTe npeniaraeTcst MeTO/l SKBUBAJICHTHON
TEIUIONPOBOAHOCTH I pacyeTa HarpeBa Tej C IepeMeH-
HBIMH pa3MepaMH, KOTOPBHIH IO3BONSET MOICIHPOBATH
TeI0(pU3NIECKIE MPOLECCHl B pEalbHBIX TEXHOJIOTHYEC-
KHX arperarax, UCIOJb3ysl CYIIECTBYIOIINE TIPOTPaMMHBIC
MakeThl WH)KEHEpHOro aHanm3a. Mertox Oasupyercs Ha
IPUMEHEHUH TEOPHH TOXOOMS K PEIICHHIO 331ad HecTa-
LMOHAPHOM TEIUIONPOBOAHOCTH. 3a/laud PeIaroTcs ¢ Uc-
MOJTb30BAHUEM TIPHHITAIA CYNEPIIO3UINHY, TTO3BOJIIONIETO
anreOpanyecky CKIIIbIBaTh Pe3yJabTaThl 1€HCTBHUS B3aUM-
HO HE3aBHCHMBIX HCTOYHHMKOB Teruia. B wactHOcTH, Mist
TPEXMEPHBIX TeJl pacyeTHbIE BBIPAXKEHUSA Oe3pa3sMepHOIl
TEMIIEPaTyphl TPEICTABISIOTCS IIPOM3BEACHUEM Oe3pas-
MEpHBIX TEeMIIEpaTyp OJZHOMEPHBIX Ted: 0 = exeyez. Torna
IUTSL TTapaJuIeNIeIAIe/Ia, PacCMaTPUBAEMOT0 KaK Iepecede-
HUE IJIACTUH, PELIeHUE 3a/1au [IPU TPAaHUYHBIX YCIOBUAX
TPETHETO POaa IPUMET BHI:
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0=v,| 5 Fo, Bi, |y, | =, Fo,, Bi, |x

x y

Xy, i, Fo_, Bi, |, @)

TJ€ X, y, Z — KOOPAMHATBI TOYKH; O , Sy, d_ — moyyTONIIHM-

HbI TCJIa B HaAIlpaBJICHUU oceit X, ¥y U Z COOTBETCTBCHHO;,
at

i

Fox, Foy, Foz —uucna Oypbe, onpeneneHHsie no Fo, = —7
i
TJI€ [ = X, y U Z COOTBETCTBEHHO; Bi , Biy, Bi_— uucna buo,

omnpeeieHnse mo Bi, = h, IJe [ =X,y Wz COOTBETCT-
i

BEHHO; 4, O, A, — KOO(Q(QUIMEHTHI TEMIIEPATypOIPOBOJI-

HOCTH, TCIUIOOTIAYHM U TEIUIONPOBOIHOCTH COOTBETCTBEH-

HO B MOMEHT BPEMCHH T.

W3 ypaBuenus (1) ciienyert, 4To eciu MpH pacueTe Ha-
rpeBa pasHBIX TeN 00ECIeYMBaThL PABEHCTBO KPHUTCPHUEB,
OTIPEICISIFONINX Pa3BUTHE MPOIECcCca B HAPABICHUU KaXK-
JIOH W3 KOOpAWHAT, TO OyIyT MONTyYeHBI OIUHAKOBEIC 3Ha-
YCHUSI TEMIIEPaTyphbl B TOYKAX C OMUHAKOBHIMH OTHOCH-
TENFHBIMHA KOOPAWHATAMH (TaKHE TOYKH YacTO HA3BIBAIOT
«CXOJICTBEHHBIMM»). JlaHHOE CBOMCTBO YJOOHO HCIIOJIB30-
BaThb IIPU PACUCTHOM aHAJIH3E IIPOIIECCOB B TEJIAX C pazMe-
paMu, MCHSIOUIMMUCS TP (ha30BBIX MHpeBpalneHusx. Ha-
IpuMep, B pacCMaTpUBAEMOH 3/1E€Ch 3a1aue peasbHBIC CIIOH
OKAaJIMHBI U HArPEBAEMOTO METaJlla 3aMEHSIOTCS YCIIOBHEI-
MH TelIaMH C TOCTOSHHBIMH YCPETHCHHBIMH pa3MepaMHu.
COOTBETCTBEHHO, OIPEICICHUE PACUCTHBIX IapaMeTpPOB
BBITTONHSIETCS. B 1Ba dTama. CHayana Mo OTACHBHBIM pac-
4yeraM, CIPABOYHBIM MM SKCIIEPUMEHTATBHBIM JTaHHBIM
OTIpefIeTsieTCs M3MEHECHNE (DAaKTHUSCKUX IapaMeTpoB BO
BpPEMEHH, KOTOPBIC JOJDKHBI HCIIONB30BAThCS B pacyerax
10 peajbHOW CXeMe C MEePEeMEHHOM TOJIIMHOMN CJI0s OKa-
JHMHBI (3TH MapaMeTpbl OTMEUCHBI HHACKCOM «p»). 3arem,
13 YCIIOBHH PaBEHCTBA KPUTEPUEB ONPEICIIOTCS SKBHBA-
JICHTHBIC TTapaMeTpsl. [Ipy UX UCTIONB30BAaHUU PE3YIIBTATEI,
TIOJIyYeHHBIE 10 TPOCTON PACUETHOM CXeMe C TIOCTOSTHHOU
TOJIIMHON CJIOST OKAJIMHBI, COOTBETCTBYIOT pacueTam ¢ (ak-
THYECKUMH TIapaMeTpaMy JUIs MPOoIecca ¢ MEHSIOMIUMUCS
pa3mMepaMu 30H (OTMEUYCHBI HHIIEKCOM «Y»)

a,sS, as at, an
Bi =Bi,re. = :ﬂ,HFoy=Fop,T.e.y—2y=p—2p.(2)
N0 s

Juis ynoOcTBa BRIYUCICHUN NIPU NEPEXOJIC K YCIOBHOU

cXeMe pacdeTa yJ00HO TPHHSATH T, =T, 0, =0, ¢ =Cp.
Torma
S P
_ Sy __Fp
=Ryl g | HPy =70 3)
p 2y
S

rae ky u Xp — k03¢ (PUINEHTHI TETUIONPOBOJHOCTH YCIOBHO-
IO 1 peabHOrO TeJl COOTBETCTBEHHO; p, | P, — IIOTHOCTH
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YCJIOBHOT'O U pEabHOTO TEJI COOTBETCTBEHHO; Sy u Sp —pas-
MepbI YCIIOBHOTO U PEAJIbHOTO TeJl COOTBETCTBEHHO.

PacueTsl o METOMY BBIMOJIHEHBI B BEIYUCIUTEILHOM
makere mporpamM ANSYS, KoTopBIi mpeaycMaTpuBaeT
BO3MOXKHOCTb 3aJlaHUsl 3aBUCHMOCTEH CBONCTB Mare-
puana oT TeMmIeparypbl. B ucxonHble JaHHBIE pacdeTa
BMECTO peaJIbHBIX BBOJSITCS HEKOTOPBIE CpEHUE pa3Me-
pBI MeTaia Sy_MeT W OKaJTUHBI Sy'm(. B 610k TabmuuHOTO
3a/IaHUSl CBOMCTB /I KaXJIOW TeMIIepaTypbl BBOJSATCS
3HaYeHUs CBONCTB ky M P, BBIYHCIICHHBIC IO BBIPaXKe-
HuAM (3).

OTtpaboTka OCOOCHHOCTEH MHPUMECHEHHS IPEIIOKCH-
HOTO METO/a MPOBOJIMJIACH KaK YacTh MCCIENOBAHUN MO
COBEPUICHCTBOBAHUIO METONUKH TEIO(GU3NIECKOTO HC-
CIIEZIOBAHUS IIPOIlecCa HAarpeBa OKUCISIOIIEroCsl MeTaIa.
HccrienoBanus BKIJIIOYAIU 3KCIIEPUMEHTH Ha I€4d C IIa-
ratorum nogom Ne 3 crana 150 Huxne-Ceprunckoro me-
TU3HO-METaJIyprudeckoro 3asoja. lleub orarmmBaercs
MIPUPOAHBIM Fa30M U UMEET MATh 30H PEryJIupOBaHUs TEM-
nepatypbl. Bo Bpems npoBefieHHsI ONBITOB B ME€YM Harpe-
BallUCh 3aroTOBKM C paszmepamu cedenus 0,125x0,125 m
U IUIHHOH OT 8 10 12 M.

Jst uccnenoBaHusi 0COOGHHOCTEH TEIIOBOM paboThI
IIe4YU MPOBENEH PsiA IKCIEPUMEHTOB. B Hauane kaxaoro
ONbITa MapKepoM OTMedYajlach OJHA W3 HarpeBarollUX-
Csl 3aroTOBOK, MEpeMENIeHHe KOTOPOH BAOJb IMEYH OT-
ciexuBanocs. Korma 3aroroBka Haxoqwiach HalpoOTHB
ouepeHOro OOKOBOIO OKHA MEYH, Yepe3 Hero NpoBOJU-
JUCh WU3MEPEHUsl TEeMIIepaTypbl KIAJAKH U MOBEPXHOCTH
MeTaila KOHTAaKTHOW TepMomnapoi u mupomerpamu. [lo
JAHHBIM HH()OPMAIIMOHHON CUCTEMBI IIPOBOAMICS OTCUCT
[IOKa3aHUU M3MEPUTEIbHOU ammaparypsl nedd. Meroqu-
Ka U3MEpEHUI TeMIlepaTrypbl onrcana B padorax [16, 17].
Pe3ynbTarhl 3aMepoB B OJHOM M3 ONBITOB MOKa3aHbl Ha
puc. 1. 3necy KpuBas W3MEHEHUs TEMIIEPATypbl B LIEHT-
pe 3aroToBOK /, MOCTPOCHA I10 JAHHBIM NPUOINKEHHOTO
pacuera HarpeBa OAHOMEPHOM 3aroTOBKU SKBUBAJIEHTHOMN
TONIIUHEI [ 18].

OrvcaHHBIN BBINIE METON KBUBAJICHTHOW TEIIONPO-
BOJHOCTH MCIIONIB3YETCs Ui pa3paboTKu MareMaTu4yecKo-
TO OMKCAHMS IPOLIECCca HArpeBa OKUCISIOIIETOCS MeTalIa.
[lepen ncnonp30BaHNEM METOAA HEOOXOIMMO OTIPEICITHTh
pacmpesie/ieHue 0 BPEMEHH TOJIIMHEI CII0S OKAIMHBI S,
BXOJsIIIeH B ypaBHeHue (2). [l aTOr0, HanpuMep, MOTyT
WCIIONIb30BaThCS pacyeTHbIE BhIpaxeHwus [1, 19]

S =2k, 4)

rae S — TONIIMHA OKUCIEHHOTO CIIOsl, CM; T — BpeMs, C;

33000

k.=0,071exp — ITOCTOSIHHAA OKHCIIEHHUS, CMZ%;

>

T — temneparypa, K. PacueTHble BbIpaskeHUsI MOTYT 3allH-
CBIBaThCsI HECKOJIBKO MHAYE:

Y =k, (5)
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e Y — yrap Merauia, r/cm; T, — BpeMs, MuUH; k=

7269
=5,03exp ) KOHCTaHTa OKUCJICHUS, IPUHATAs 110

JIAaHHBIM paboThl [2] i cramm 10.

Pacuersl o ypaBHeHUsIM (4) 1 (5) BBIIIOJHEHBI C HC-
TOJIb30BAHMEM KPMBBIX f ~ WM3MEHECHHS TEMIIEPATYPhI IMO-
BEPXHOCTHU 3aroTOBOK, M3MEpPEHHbIX B ombiTax (puc. 1).
Kpusbie HarpeBa pa3OuBajivch Ha MHTEPBabl C OTHOCH-
TEJIbHBIM IOCTOSHCTBOM TeMneparypsbl. s ypaBHeHus (3)
WCTIOJIh30BaHO BBIPAXKECHHUE JIJII CYMMAapHOH TOJIIIMHBI OKa-
JIMHBL, 00pa30BaBILICiiCS B TCYCHUE WHTEPBAIOB BPEMCHH

T,, Ty, ...y T, IPH NOCTOSHHBIX OKUCIEHUA K, K o, ..., K,

Sg =2k, T, + 2k, T, + 2k 3Ty + .+ 2k, T ;

S, =/S2.

CyMMapHbIif U1 BCEX MHTEPBAJIOB yrap MeTajljla ompe-
JIEIISUICS. AHAJIOTUYHO:

(6)

Y5 =\/k12'511 +kzz'c12 +k32'r13 +...+k5'cln.

@

)5
CoOOTBETCTBEHHO, TONIIIMHA OKAIUHEI /1 = m
b

[Tpn KOHTpPOIBEHOM TpoCYeTe 1O BRIpaxeHIsIM (3) u (4)
MOJTyYeHbI OJIM3KHUE 110 BEJIMYMHE 3HAUEHUS! TOJIIMHBI OKa-
nuHbel. Ha puc. 2, a moka3aHo u3MEHEHHUE TOJIIMHBI CIIOS
OKaJIMHBI 32 BPeMs HarpeBa, ONPENEJIeHHOE PacuyeToM 0
JlaHHBIM puc. 1.

3azaua pacueTa HarpeBa 3aroTOBKH C pacTyllei Bo Bpe-
MEHH TOJIIMHON CJIOSl OKAJIMHBI Ha MOBEPXHOCTSIX pellia-
ercs B mporpammaoM makere ANSYS Multiphysics. s
9TOr0 IMpoLecC NPEACTaBIeH 3aJadeil HecTaluOHapHOU
TEIUIONPOBOAHOCTH C FPaHUYHBIMU ycioBusiMHU | pona. Pe-
menus B ANSYS 3agay Takoro Tuia ¢ momIaroBbIMH HH-
CTPYKIUSAMHE MOTy4eHBI B padote [20].

3aroToBKa paccMaTpUBaeTCs KaK COCTABHOW OOBEKT,
00pa3oBaHHBIN IPYIION TeN (METaUIOM M OKaiuHOW). Ha
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Puc. 1. Pe3ynbrarhl ncciejoBaHNs TEIUIOBOTO PEKUMA TI€YH:

[0 — Temmeparypa, n3MepeHHass KOHTAKTHON TePMOMapoii; X — TeMIiepa-
Typa, I3MEPEHHasi ONTHYECKUM IpomMeTpom; O — TeMIieparypa B 30HaX
ey (¢, 1, ¥ [; COOTBETCTBEHHO); £, , f, — TEMIIepaTypbl BEpXHEH
TOBEPXHOCTHU H B LIEHTPE 3arOTOBOK COOTBETCTBEHHO; £ , £ — TEMIIEpa-
TYpbI IIEYHOI CpelIbl U KJIaJKN COOTBETCTBEHHO; I — rpadmk npoasmxe-
HUSI OTTBITHOM 3arOTOBKH 10 JUIMHE YN

Fig. 1. Research results of the furnace thermal regime:
[0 - temperature measured by contact thermocouple; X — temperature
measured by an optical pyrometer; O — temperature in the furnace

areas (¢, t, and ¢, respectively); ¢, , 7, — temperatures of the billet top

surface and in billet center, respectively; ¢ , t, — temperatures of furnace
environment and of the lining, respectively; I' — movement schedule of
the experimental billet along the length of the furnace

Hapy>KHOW TTOBEPXHOCTH 00BbEKTa TAOIHUIIeH 3a1aHbI 3HAUC-
HUS TEMIIEPATyPbl, MEHSIOIIHECS BO BpeMeHH. J{J1s Kakno-
rO Teja 3aJaHbl COOTBETCTBYIONINE TeMIIepaType Marepua-
J0B cBocTBa. KoHEUHO-a/IeMEHTHAS CETKA, HAJIOKCHHAS
Ha 00BEKT, TIOKa3aHa Ha puc. 2, 6. JlJisi CHIYKEHUS TIOTpell-
HOCTH BBIYMCIICHUH B OOJIACTH OKaJIMHBI CeTKa 00paszyercs
KOHEYHBIMHU 3JIEMEHTAMU MEHBIIIETO pa3Mepa, 4eM B o0Jiac-
T MeTaJjuIa.

TonmuHa €10s1 OKAJIMHBI HA MMOBEPXHOCTSIX 3ar0TOBOK
M3MEHSETCS BO BpeMEeHHU. B arperarax ¢ IBHKYIIMMCS Me-
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6 2

Puc. 2. IlocTpoeHne MoieNu U pacueTHBIN aHaJIM3 MPoLiecca HarpeBa OKUCIIIONIErocs MeTala:
a — U3MEHEHHE BO BPEMCHH TOJIIIMHBI CII0SI OKAJIMHBI, 6 — parMeHT KOHEUHO-3JIEMEHTHOTO pPa30UeHHsI ITACTUHBI (3aTOTOBKU) IIPH MOJICITUPOBAHUH
HarpeBa M OKHCIICHUS MeTaula (BBEPXY — CJIOH OKaJIMHbI, BHU3Y — METAJLI); 6 — paclpe/ielIeHle TeMIepaTypbl MO MOy TOJIIINHE 3ar0TOBKH B KOHIIE
Harpesa, IpeJICTaBICHHOE B BUJIC N30TEPM; 2 — PaCIpe/ie]ICHHE TeMIIepaTyphl IO MOy TOJIIMHE 3aTOTOBKH B KOHIIE Harpena

Fig. 2. Construction of the model and research analysis of heating process of the oxidizable metal:
a — change in time of scale layer thickness; 6 — a fragment of the finite element partition plate (billet) for modeling of heating and oxidation of the
metal (at the top — a layer of scale, in the bottom — metal); ¢ — temperature distribution along the half-thickness of the billet at the end of heating,
represented by isotherms; ¢ — temperature distribution along the half-thickness of the billet at the end of heating
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3ajanue napaMeTPOB OKAJIMHBI B 3aBUCUMOCTH OT TeMIepaTypbl

Setting scale parameters depending on temperature

e 0 200 | 400 | 600 | 800 | 1000 | 1200 | 1260
S, o0 MM 0 0 0 0003|0033 025 | 1,7 | 44
dooo BUMK) | 18 | 18 | 1.8 | 18 | 18 | 18 | 24 | 255
Pooc Kr/M> 4100

Sy.OK,MM 3,0

oo BUGCK) | 10,8 | 108 | 108 | 108 | 108 | 72 | 327 | 156
Py KT 683,3 | 6833 | 6833 | 6874 | 7284 | 1025,0 | 3006,7 | 6696,7

* 3amaBaach HavaabHAS TOJMIMHA OKAIMHEL, paBHas 0,5 MM.
** CBOICTBA «yCIOBHOW» OKaJIMHBI ONPENENSINUCH TP Sy o = 3 MM.

TaJJIOM Yepe3 CKOPOCTh MEPEMEIIECHUSI MOXKHO BBIPA3UTh 3a-

BHUCHMOCTb TOJIIIMHBI OKAJIMHBI OT KOOPAWHATHI 3aTOTOBKH.
3agaHue CBOUCTB Kak (pyHKIH BpeMeHU B ANSY'S ocrnox-
HEHO HEOOXOANMOCTBIO MIPOrPaMMHPOBAHHUSI COOTBETCTBY-
IOIIEro Makpoca. [l ynpoIieHus: pacueTHOro aaropuTMa
CYMTAIIOCK, YTO TONIIMHA OKATMHEI S OJIHO3HAYHO OIpe-
JICIISIETCS TEMIIEPATY PO IOBEPXHOCTH 3aroToBKu £ . Ipn
MOHOTOHHOM U3MEHEHHH ¢ BO BDEMEHH TAKOE JIOIYICHHE
peanusyeTcs NpocTo, NPU MEPUOANIECKUX UBMEHEHUSAX [
HEOOXOIMMBI IOTIOTHUTEIIBHBIE TOITYIICHHS.

Jis witrocTpauy METOAUMKY B TaONuIe MOKa3aH MpH-
Mep OTpEeAeNIeHNs] HCXOMHBIX JaHHBIX pacueTra co CBOMCT-
BaMH «YCJIOBHBIX TEJI C MOCTOSHHBIMM pa3zMepaMmy, odec-
MEYUBAIONIMMH 3KBHUBAJICHTHOCTh MOJICH TEMIepaTypebl.
Yucno cTonduoB B TaONUIIE AT HANISIAHOCTH YMEHBIICHO,
JIAHHBIE COOTBETCTBYIOT YCJIOBUSIM OJTHOTO M3 OIBITOB. Pac-
YETOM OINPEJCNICHO paclpeAeiICHUue TeMIIEPaTypsl O TOJ-
IIMHE 3arOTOBKM C OKAJIMHOW, MOKa3aHHOE Ha PHC. 2, 8, 2
B BUJIE U30TepM U rpaguka. 13 rpadpuka BUIHO, UTO B Me-
TaJule TeMIlepaTypa OTHOCHUTENBEHO PaBHOMEPHA, a B CIIOE
OKAaJIMHBI PE3KO U3MEHSCTCS 3-32 €€ HU3KOI TeIIONPOBO-
HOCTH.

AmnpoOanus MeTo/1a MOICIMPOBAHUS HArPEBa OKHUCIISIO-
mIerocss MeTajuia MpoBeACHa MPH COMOCTAaBICHUH PE3YIlb-
TaTOB PAacyeTOB, BBIMOIHEHHBIX AJSl YCIOBUN ONMHCAHHBIX
BBIIIE TPOMBIIIICHHBIX KCIIEPUMEHTOB, C PE3yNbTaTaMH
u3MepeHuit B omblTax. VccneqoBaHus BBIIONHSUIUCH B CO-
craBe pabOT IO COBEPIICHCTBOBAHHUIO METOOB KOHTPOJIS
MPOMBIIIUICHHOTO HarpeBa Meramiaa. COOTBETCTBEHHO,
CPaBHUBAINCH ITOTPEITHOCTH OSCKOHTAKTHOTO M3MEPEHHs
TEMIIEPaTypbl METallla MUPOMETPaMHU, ONpPEACISBIINECS
WJIM PacyeToM Ha OCHOBE pa3pabOTaHHOIO METOAa, HIIH
SKCIIEPUMEHTANIBHO IO Pa3HULE MOKA3AHUI pagHaIrlioH-
HOTO U ONTHYECKOTO IHPOMETPAa U KOHTAKTHOH TepMoria-
psi [18].

Ha puc. 3 mokaszaHbl pe3ynbTaTbl CpaBHEHHS Ieperna-
JIOB TEMIIEPATyphl MO TONIMHE OKAJIMHBI, ONPEACICHHBIX
pacueToM Julsl YCIIOBHE onbITOB 2 U 3 Ha neun (dr2, di3),
U 3KCHEPUMEHTAIBHBIX 3HAYCHUH MOMPABOK K MOKA3aHUSIM
MIIPOMETpa Ha Mepernas TEMIEepaTypsl B OKaINHE, OTyYeH-

76

HBIX B COOTBETCTBYIOIIMX 00O3HAUYEHHIO ombITax (dtlom,
dr2om). Pe3ynmbraThl pacueToB Ha PHCYHKE TIOKa3aHBI
CIIJIOIIHBIMU KPUBBIMHU, a SKCIEPUMCHTAJIbHBIC 3HAYCHUSA —
ToukaMu. CpaBHEHHE ITOKA3aJI0, YTO PACXOKICHUE TaHHBIX
PacuCTOB U SKCICPHUMCHTOB HC IMPCBLIIIACT MOTPEHIHOCTH
MPOMBILIJIEHHBIX H3MepeHui. HYacTb MU3MEpPEHUW B OIIbI-
Tax jana bosee 3HAUNTEIBHBIN pa3dpoc MOKa3aHUM, HO Ha
pHC. 3 9TH U3MEPCHNUS HE TIOKAa3aHbl, TAK KaK BBITIOJHSITUCH
npu Temmeparype nosepxHocTted Metaymuia 1o 800 °C, e
COOTBETCTBYIONIEH paboueMy [Hana3oHy TEeMIIEPaTyphl
MHUPOMETPOB.

Buot6oowt. Pa3paboTan MeTo] MOJCTMPOBAHHUS MPOIEC-
COB HarpeBa OKHCJIIOLIMXCS 3arOTOBOK MeTaia, y Ko-
TOPBIX MEHSIOTCS BO BPEMEHH pa3Mephl M TOJIIUHA CIIOSI
OKaJIMHBI. VICMONMb30BaHHBINA MPU pa3padOTKe MOAXO0A 00-
JIeTYaeT UCIIONB30BAaHUE COBPEMEHHBIX MPOTPAMMHBIX I1a-
KETOB JUIsl aHAJIN3a 0OBEKTOB C MEHSIOMICHCS TeOMEeTpHeH
M 32 CUCT ITOTO MOXKET PE3KO CHHU3UTH TPYIOCMKOCTh pa3-

50
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0 20 40 60 80 100

Ilepenao memnepamyper, °C

120
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Puc. 3. CpaBHeHue IepenagoB TEMIEPaTypsl MO TOIMINHE OKaIHHEL,
OIIpeJIeJIeHHBIX PacyeToM Julst ycioBuii onbiTos 2 u 3 (di2 (1), di3 (2)),
U SKCIICPHMEHTAIbHbIE 3HAYCHHS IOIPABOK K MIOKa3aHUSIM THPOMETPA,

HOJIy4YEHHBIC B COOTBETCTBYIOIIMX 0003HaueHHIo onbitax (dtlom (O),

dr2on (@)

Fig. 3. Comparison of temperature fluctuations in the thickness of
scale, for the calculation of certain experimental conditions 2 and 3
(dr2 (1), dt3 (2)), and the experimental values of the amendments to the
pyrometer results obtained from the relevant designation of experiments

(dtlon (O), d2ou (§))



MH®OPMAIIMOHHBIE TEXHOJOTUNU U ABTOMATHU3AIIMS B YEPHOU METAJIIYPTUM

pabOTKM MaTeMaTHYECKUX MOJENCH psaa MPOLECCOB Me-
TaJITypTUH.

BrimonHeHa JKcreprMeHTalnbHas MPOBEpKa MeETOa.

[ToxazaHa BO3MOXKHOCTH HCIIOJIB30BAHMSI METOAA MOJE-
JTUPOBAHUA ISl COBEPIICHCTBOBAHUS CIIOCOOOB KOHTPOJIS
MIPOLIECCOB MTPOMBIIIJIEHHOTO HarpeBa.
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METHOD OF THE RESEARCH OF OXIDIZABLE METAL HEATING BY SOFTWARE SUITES
OF ENGINEERING ANALYSIS

M.A. Denisov, V.N. Chernykh

Ural Federal University named after the first President of Russia
B.N. Yeltsin , Ekaterinburg, Russia

Abstract. The article is devoted to the development of a method for model-

ing the heating of oxidized metal billets, in which the dimensions and
thickness of the scale layer vary with time. The approach used in this
development facilitates the appliance of modern software packages
for the analysis of objects with varying geometry; and due to this the
complexity of developing mathematical models of several metallurgi-
cal processes can be dramatically reduced. To simulate the process of
metal oxidation, the method of equivalent thermal conductivity was
used. The experimental verification of the method is performed and
the possibility of its use for improving the methods of controlling the
processes of industrial heating is shown. This method was worked out
during experiments on the furnace Ne3 with walking beam of the mill
150 at Nizhne-Serginsk Hardware and Metallurgical Plant. Calcula-
tions were made to determine the thickness of the scale layer, which
varies with time; the corresponding dependencies were constructed.
The problem was solved by ANSYS Multiphysics software package as

a problem of non-stationary heat conduction with boundary conditions
of the first kind. During modeling, a finite-element grid was construct-
ed, sufficiently detailed to obtain reliable results and, at the same time,
allowing to solve the problem on low-power computers. In the course
of solution, a number of simplifications were applied, in particular,
simplification of the computational algorithm, in which the thickness
of the scale layer is uniquely determined by surface temperature of the
billet. Temperature distribution along the billet’s thickness was deter-
mined. Graphs and isotherms were constructed to compare values of
the temperatures in metal and in scale layer. Also, a comparison of the
temperature differences in the scale layer determined by the calcula-
tion method was made for the furnace and experimental conditions.
In this study, the problem is considered as nonstationary, with varying
boundaries. The research object is preparation of the metal (real solid)
with scale layer, increasing with time. When solving a problem, this
real solid was replaced by a conditional one with constant averaged
dimensions. According to the equality of thermophysical processes,
properties of the conditional solid were determined, whose change is
equivalent to the dimensions of the real solid.

Keywords: metal, furnace, oxidation, scale layer, billet, equivalent thermal

conductivity, software package.
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