MeTannypruyeckasa TensioTexHUKa u TensoaHepreTuka
Metallurgical heat and power engineering

HayuyHas ctaTba
Y[OK 669.046:621.783.001.57
DOI: 10.14529/met250409

K ANMPOKCUMALIMXA TEMIMEPATYPHOI'O MNMOJIA CNABOB NPU HAMPEBE
B METOOAUYECKUX NEYAX KBAOAPATUYHbLIM NOJIMHOMOM

B./. MNaHghepoe, panferovvi@susu.ru
C.B. NMaHghepos, panferovsv@susu.ru

tOxHO-Ypanbckuti 2ocydapcmeeHHbIl yHusepcumem, HYensbuHck, Poccus

Annomayusn. Beenenne. B ycioBusX MoBbIIICHHs TPEOOBAaHHUI K KAUYECTBY M SKOHOMHYHOCTH Harpesa
MeTajula Iepe]] MPOKAaTKOM 3afaya CO3JaHHUSA U COBEPIIEHCTBOBAHHS AJTOPUTMHUYECKOIO OOecHeyeHHs
aBTOMAaTH3MPOBAaHHBIX CHCTEM YIpaBJIeHHUs TexHosnormdeckumu mporeccamu (ACY TII) HarpeBaTenbHbBIX
Tiedei SBISIETCS BIIOJIHE akTyanbHOH. Llesb HeeaeqoBanmsi: pa3paboTka M KOHKPETHU3AIMS HOBBIX BapHaH-
TOB HACTPOWKHU MapaboJIMIecKOro Moaxoa K OMHCAHHIO TEMIIEPaTypHOTO MO 3ar0TOBOK IIPH HAarpese B
METOAMYECKHX Tedax. MaTepuaJjbl M MeToAbl. B pabdoTe nmpoBeneHs! Gpru3nko-MaTeMaTHIeCcKoe U YUCIICH-
HOE HCCIIeIOBaHMs BOIIPOCA O TOM, HACKOJIBKO OIpeAeneHne Ko3(GHUINEHTOB Tapadosibl 0 TaKk Ha3bIBae-
MBIM B)XHEWIINM TeMIeparypaM Teia oOeclieurBaeT yJOBJIETBOPUTEIbHOE MPEJCTaBICHHE TeMIIepaTyp-
HOTO TIO0JIs CJISIOOB MPH HAarpeBe B Ie4ax KBaJpaTU4HbIM TpexwieHoM. Pesyiabrarel. [IpuBeneHs! q8a Bapu-
aHTa HaCTPOWKM KBaJPATUIHOTO MOJIMHOMA, BEIYUCIUTEILHBIM UCCIIEAOBAaHUEM ITOKa3aHO, YTO JaHHBIC Ba-
pHAHTBl HACTPOWKM 00ECHeunBaIOT 3aMETHO 0ojiee TOUHOE BOCIPOM3BEACHHUE TEMIIEPaTypHOTO IOJS ClIs-
0OB IpH HarpeBe B Ieyax, 4eM pelleHHe, IPUBEeHHOe B paHee onyOnnkoBaHHoit cratke ([Tandepos B.1.,
[Mangepor C.B. O napabGonnueckoii anmpoKCUMaly TEMIIEPaTypHOTO TOJIs CIsI00B MPH HArPeBE B METO/IHU-
yeckux neyax // Bectauk OYpI'Y. Cepust «Metamtyprus». 2025. T. 25, Ne 1. C. 44-52.). C Touku 3peHust
BOCITPOM3BEIICHUS PEATbHOTO PACHpE/ENICHHsT TEMIIepaTyphl MO CEYEHWIO cisiba BapHaHTHl aJIrOpHTMa
MIPAaKTHYECKH PAaBHOLIEHHBI, TOTPEITHOCTD AMPOKCUMALIMN TEMIIEPATYpPHOTO TOJIS SBISETCS PEAIbHO Majo-
3Ha4nMOoil. OTMEYEHO Tak’Ke, YTO MPOIeypa BTOPOTO BapHaHTa HACTPOHKHM 3aMETHO IIPOIIE , YTO BEChMa
Ba)KHO, MOXKET OBITh pealn30BaHa TOJHKO IO JIAHHBIM TEKYIIMX M3MEPEHHMH Ha Ie4H, 4TO SBISETCS, Oue-
BUJIHO, TIPAKTUYECKH OoJiee TOUHBIM. 3aKa0ueHne. Pe3yabpTaTel HCcieI0BaHUS MOTYT OBITH UCIIOIb30BaHEI
pu pa3paboTKe U COBEPILICHCTBOBaHUH anroputmudeckoro obdecriedenuss ACY TII meronudeckux neueit.

Knroueegwvie cnoea: HarpeB MeTaiia, aBTOMaTH3NPOBAHHASA CHCTEMa YIpaBJIEHUs, METO]] Tapado, pac-
IIpeieIeHNe TeMIIepaTypsl 110 CEUEHHIO 3arOTOBKH, IMTOTPEIIHOCTh PacueTa, «BaKHEHIIINE TeMIIepaTyphl Telay
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IIPU HAarpeBe B METOAMYCCKUX IMedax KBaApaTHIHBIM noaunHoMoM // Bectauk FOYpI'Y. Cepus «Metamryp-
rusiy. 2025. T. 25, Ne 4. C. 99-109. DOI: 10.14529/met250409
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TO APPROXIMATION OF THE TEMPERATURE FIELD OF SLABS DURING
HEATING IN CONTINUOUS FURNACES BY A QUADRATIC POLYNOMIAL
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Abstract. Introduction. In the context of increasing requirements for the quality and efficiency of
metal heating before rolling, the task of creating and improving the algorithmic support of automated pro-
cess control systems (APCS) for heating furnaces is quite relevant. Purpose of the study. Development and
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specification of new options setup the parabolic approach to describing the temperature field of billets during
heating in continuous furnaces. Materials and methods. The paper contains a physical, mathematical and
numerical study of the extent to which the determination of the parabola coefficients from the so-called
“most important temperatures in the body” provides a satisfactory representation of the temperature field of
slabs during heating in furnaces by a quadratic trinomial. Results. Two options setup the quadratic polyno-
mial are presented. A computational study has shown that these options provide a significantly more accu-
rate reproduction of the temperature field of slabs during heating in furnaces than the solution given in
the previously published article (Panferov V.1., Panferov S.V. On parabolic approximation of the tempera-
ture field of slabs during heating in continuous furnaces. Bulletin of the South Ural State University.
Ser. Metallurgy. 2025;25(1):44-52.). In terms of reproducing the actual temperature distribution across
the slab cross-section, the algorithm variants are virtually equivalent, with the error in approximating
the temperature field being negligible. It was also noted that the second setup procedure is significantly
simpler and, crucially, can be implemented solely using current furnace measurements, which is clearly
more accurate in practice. Conclusion. The results of this study can be used in the development and im-
provement of algorithmic support for automated process control systems for continuous furnaces.

Keywords: metal heating, automated control system, parabolic method, temperature distribution across
the slab cross-section, calculation error, “most important temperatures in the body”
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Beenenue

B paGote [1] paccMOTpeH BOIIPOC O BO3-
MOKHOCTH HPOCTPAHCTBEHHON anIpOKCHUMALUH
HECTAI[MIOHAPHOI'0 TEMIIEPaTypHOIo IO ciIs100B
IIpU HArp€BC B MCTOANYCCKHUX II€YaX KBaJApaTU4-
HBIM TOJMHOMOM. [IpH 3TOM COOCTBEHHO cam
Ipolecc HarpeBa ONHUCHIBAJICA CIEAYIOIEeH cuc-
TEMON ypaBHEHUM:

ot(x,) _ 9 (4 9t(x1)
T ot ox (}\ dx )’ (1)
0<x<Lt>0;
t(x,0) = t°(x),0 < x < L; @)
at(0,1) _ )
5 = 01>0 3)
Aatéi,t) = aft, (1) — t(L, )], T > 0. )

35ech Cp, p B A — COOTBETCTBEHHO TEIJIOEMKOCTb
€AMHUIIBI MacChl, MJIOTHOCTb M KOI(GPHUIHEHT
TETUIONPOBOTHOCTH, 3aBUCSINUE B O0IIEM CiTydae
oT temmeparypsl t(x,T); X — NPOCTPAHCTBEHHAS
KOOpIMHAaTa; T — BpeMs; L — pacueTHoe ceueHue
sarotosky; t%(x) — 3amaHHas QyHKIMS, ONHCHI-
BaloOllas HayallbHOE TeMIlepaTypHOe Toje Me-
tajia; o — kodddunueHT TemiooTaaun; t,(t) —
Temreparypa paboyero mpocTpaHCTBa MEYH.

PaccmaTprBaeMblil k€ KBaJpaTUUYHBIA 110
NEPEMEHHON X MHOTOWICH MpelcTaBIsuics (op-
MYJIOH

tye2(x,7) = a(t) + b(Dx + c(T)x?. (5)

3necs a(t), b(t), c(t) — mapamerpsr (Ko3(durm-
€HTHI) TapaboIIbl, KOTOPhIC IOICKAT OIpeesie-
HHIO B TIPOIIECCE PEIICHHUS 331291 MOJICITUPOBAHUSL.

[IpuBenenusiii B padore [1] BapuaHT perre-
HUS 3a7aydl 3aKJII0YaeTcs B TOM, YTO Ul Ompe-
nenenust kodpunuentos a(t), b(t),c(t) coor-
HoleHHe (5) HEMOCPEACTBEHHO MOUHUHSIIN YpaB-
HeHmsiM Mozen (1)—(4). B pesynprate momy4unm
OOBIKHOBEHHOE JU(PEpEeHIINATEHOE ypaBHEHHUE
JUISL OTIpEJieNICHHsT MCKOMBIX TapaMeTpoB Iapa-
6onbl. Hammm obmee perieHne 3Toro ypaBHEHHUs
U ero KOHKPETH3aLUHUIO AJsS CiIydas MOCTOSHHOM
TEMIepaTypsl pabodero MpOCTPAHCTBA IIEYH.
[pemtoxkeH cmocod OTHICKaHHS HAYaIbHOTO YC-
JIOBHSL AJIs1 TOJydeHHOro pemeHus. [IpoBeneHsl
BBIYMCIIUTENBHBIC SKCIIEPUMEHTBI, TTO3BOJISIONIIE
OLIEHUThH MPUEMIIEMOCTh PACCMATPHBAEMOT0O MO/~
X04a AJIS pacyeTa TeMIIepaTypHBIX IOJIeH 3aro-
ToBOK. [loKa3zaHO, YTO HpU HCIOJIB30BAHUH Me-
To/a Mapaboi HauOOJNbIIas MOTPEIIHOCTh B OII-
peneneHu: TeMIepaTypsl HIMEET MECTO Ul LeH-
Tpa ¥ MOBEPXHOCTH Clis10a, MPH 3TOM HOrpell-
HOCTH pacyeTa CpPeHEeMacCOBON TeMIepaTyphl
MPAKTUYECKU HET.

PazymHOCTH Takoro moaxoja — mpejacTasliie-
HUE HECTA[HOHAPHOTO TEMIIEPATypHOTO OIS
HarpeBaeMoro Mertamia napabonoii — oOycias-
JMBAETCS TE€M, YTO Mapadoy MOKHO OJHO3HAUYHO
XapaKTepU30BaTh «...HEOOJBIINM YHCIOM Mapa-
METPOB...» [2, ¢. 352], 9T0 3HAYMMO YTPOIIAET
OINMCAaHME TEMIIEPATypHOTrO MOJsl M BECbMa Cy-
LIECTBEHHO YMEHBIIACT HEOOXOAMMBINA IJIsl €ro
XpaHEeHHUs1 00beM MaMSITH KOMITBIOTepa.

B nmamnHol pabore paccMaTpuBaeTCsl TOJ-
X0Jl, OCHOBaHHBIH Ha TAKOM TNOHATHH, KaK «BaK-
HelIme TeMmmneparypsl B Tene» [3]: Tpedyercs,
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YTOOBI YHCIIOBBIE 3HAYCHHS «BAKHEHIINX)» TEMIIEpaTyp 0TOOpakaluch (npedcmasisnucs) Obl ¢ goCTa-
TOYHON TOYHOCTBIO AIMPOKCUMHPYIONIMM KBaJpaTHYHBIM MMOJMHOMOM. Takoi# moaxo BIOJHE ONpaB-
JIaH MPAKTUIECKH, TaK KaK «BOXHEUIIIHE) TEMIIEPATYPhI JOCTATOYHO OJHO3HAYHO XapaKTEePHU3YIOT Kade-
CTBO HarpeBa MeTallia, 1a M €ro TeMIIePaTypHOe MOJIE B LIETIOM.

Yaie Bcero K 3TUM TEMIIEpaTypaM OTHOCST TEMIEPATypPy MOBEPXHOCTH 3arOTOBKH, MUHUMAJ b-
HYI0 TeMIepaTypy, KOTopasi, HalpuMep, P CAMMETPUYHOM HarpeBe HaOIIoJaeTcs B IIEHTpe cIisida,
M ero cpegHemMaccoByro Temnepatypy [3, 4]. IlorsTHo, 9TO IO TemmepaType MOBEPXHOCTH U MUHH-
MaJBHOHM TeMIlepaType MOXKHO OICHHTh U Iepernaj] TeMIIEpaTypbl B MeTajluie U, HAa00OpOT, 3Has ITH
BEJIMYHMHBI, HETPYHO BBIYUCIIMTh U €r0 MHHUMAJIbHYIO TeMmeparypy. [Ipu sToM nepemnaj temnepary-
PBI, KaK 3TO XOPOIIO M3BECTHO, JTUKTYETCS TEXHOJOTHEH MPOKATKH, BaXEH OH TaKXKe U C TOYKHU 3pe-
HUSI BEUYMHBI TSPMOHAIPSDKEHUH, BOZHUKAIONIMX B Hadaie Mpoliecca MPU HArpeBe 3arO0TOBOK X O-
JIOJTHOT'O TIOocaja.

IMocranoBka 3agaun

PaccMoTpuM [1Ba BapuaHTa pEIICHUS 3aJa4d O BO3MOYKHOCTH AlPOKCHMAIIMH TEMITEPATYPHOTO
MOJISI CIISI00B TIPY HATPEBE B METOMUYECKUX MeYax KBaJAPATHYHBIM TOJIMHOMOM, Tojiarasi Ipyu 3TOM, YTO
HEKOTOPBIE «Ba)KHEUIIIMEY TEMIIepaTyphl METAIUIA JOCTATOYHO TOYHO MPEACTABIISIOTCS 3TUM TOJHHO-
MoM. [Ipu 3TOM TpenBapUTEILHO OTMETHM, YTO MPH JAHHOM MAaTEMAaTHYECKOM OIMCAHWU Mpolecca
CUUTACTCS, YTO IICHTP 3arOTOBKH MMeeT KoopauHaTy X = 0, a ee moBepxHOCTh X = L. Kpome Toro,
Temrepatypa ToBepXHOCTH t(L,T) = tyop UM CPeIHEMAccoBasi TeMmrepatypa Tena t = te,y NpH Tpej-
CTaBJICHUU €0 TEMIICPATYPHOI'O IMOJIA KBaAPAaTUYHBIM MHOTI'OYJICHOM 6leyT BBIYUCIATBCA 11O CICAYIO-
M hopmyam:

t(L,T) = tyes = a(t) + b(DL + c(V)L? (6)

E = tepy =1 [y [a®) + b(Dx + c(Dx?]dx = a(x) + b(x) 5 + c(1) % @

IlepBblii BApUAHT pelIeHUs
[Momarasi, 9T0 KOI(PHUIMEHTHI TOJMHOMA JOJDKHBI OBITH ONPENENICHbl U3 YCIOBHI PaBEHCTBA BbI-
YUCIAEMBIX 10 (opmysie (5) Temmeparyp UeHTpa t,(T), MOBEPXHOCTH tyqop(T) M CPEHEMACCOBOM TEM-

TepaTypsl tepy (T) MX peaTbHBIM 3HAYESHUSM, TOTYIHM CJIETYIONIYI0 CHCTEMY ypaBHEHHII:
tu(T) = a(1);
tros(T) = a(t) + b(DL + c(T)L?; ®)
L L?
tepm(T) = a(t) + b(v) >t c(1) 5

Pemas cucremy (8), ycTaHOBUM, 4TO KO3(PQUIIMEHTHI TpeXwieHa CIeAYET ONpelensaTh mo Gop-
MyJaMm:
a(t) = ty(1);
b(T) = [6thM(T) - ZtHOB(T) - 4tu(T)]/L; (9)
c(m)={3 [tu(’t) + thos (D] — 6thM (T)}/LZ-

Kak st0 cienyer u3 (9) npu TakoMm BapHaHTe pPELICHUs AJsl ONpEAEICHUs apaMeTpoB MOJIMHOMA
HYKHO 3HaTh PEAJIbHbIE TEKYIIME 3HAUEHUS TPeX TeMIepatyp — t,(T), tnop(T), tepw(T). OOmME popmysibt
st £,(T), tuos(T), tepu(T) MOTYT OBITH MONMYUEHBI 3apaHee, HANPUME, MyTeM peruenns 3anaqu (1)—(4)
JUTSL XapaKTEPHBIX PEXUMOB pabOThI 30H MeTOM4ecKoi neuu. [IoHsITHO, 4TO 3aTeM AJisi KOHKPETH3aLUH
HYXKHO IOJICTABHTH B (DOPMYJIBI peabHbIC YHCIIOBBIE 3HAYCHUS MAapaMETPOB ITUX PEKUMOB PabOTHI
Takxke cieayeT OTMETUTb, YTO tpq,(T) BOOOIIE-TO MOXKET OBITH OIpEeIeHa U HEMOCPESICTBEHHO H3Me-
pennem Ha rieun [5]. [Ipu 3TOM HETpYaHO 3aMETHTh, YTO, MOACTABISS ypaBHEHHE (5) B TpaHUYHOE yC-
noBue (3), nomyunm, 9to kKoddduiment b(T) momkeH ObITh paBeH HyI0. Bmecte ¢ Tem u3 cuctemsr (9)
CIIEZyeT, YTO IPH HCIOIB30BAHUH JaHHOTO MOAXO0Ja 3TO coBceM He Tak. OOyciaBiMBaeTcs 3TO, oye-

BUJTHO, TEM, YTO KBaJPAaTUYHBIA ITOJIMHOM HE COBCEM TOYHO OIMHUCHIBACT PEATbHOE TEMIIEPATypPHOE IT0JIC
cis10a, uTO, COOCTBEHHO, M ITOKa3aHo B padore [1].
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Bropoii BapuaHT pemenust

Hopunnum t,2(x,T) = a(t) + b(t)x + c(t)x? rpanumunsiv yciousm (3) u (4), Torna Gynem
HUMETD, UTO

atxz(O,‘E)

09— b = 0; (10)
228D = o, (1) — £(L,D)] = A2Le(D) = oty (0) — a (D) — c(DL2]. (11)

Ecmm IIpH 3TOM OOIIOJHUTEIIBHO CYHUTATh, YTO HOJIXKHBI OBITH PpaBHBI 1 CPEAHEMACCOBBIC TEMIIECpA-
TYPBI, TO IOJIYYIHUM, YTO

A2Lc(T) = aft,(t) — a(t) — c(T)L?];

h (12)
thM(T) =a(v) +c(v) 3
mo3Tomy Oyzaer
L2 a[tn(T)_tc M(T)]
a(t) =ty (1) — — ———2—=;
cpm 3 2AL+2-al? (13)

(o) = a[tn(D—tepu(D)]
2AL+2/3-aL?

[TogyepkHeM, 4TO MpU TakoM mojaxoje mapamerp b(t) = 0, a aus onpeneneHus apyrux ko3ddu-
LIUEHTOB HEOOXOIMMO 3HATh pealibHbIC 3HAUCHUS CPEAHEMACCOBOM TEMIIEpATyphl U TeMIIepaTyphl pado-
Yero MpOoCTPAHCTBA MEYH.

[TokaxkeM, Kak MO pe3yibTaTaM TEKYIIUX U3MEPEHUI Ha MeUrd MOKHO ONPEACIUTh CPEIHEMACCO-
BYIO TEMIIepaTypy 3aroToBku. [y aToro nmpouHTerpupyem ypasHenue (1) mo koopauHate x B Ipeze-
nax ot 0 mo L m pazgenum obe ero 4actu Ha L, Toraa, monaras, 94To Cp, P U A SBISIOTCSA const, moury-

quMm [6, 7]
1 (L 3t(x,1) 1 L 3%t(x,1)

07 Jy o dx = A3 [ =5 dx, (14)
HIIH JKe

d 1L _ A oatxo|*

E(zfo t(x, T)dX) = ) —6x 0, (15)
HIIH Ke

dtepu(® _ A 9t(L,n)  9t(01)

dr chL[ dx dx ] (16)

- 1 L

HeTpysHo BUIETH, UTO 31€Ch t = tepy = - fo t(x,T)dx — cpenHee 3HaUYCHUE TEMIIEPATYPhI 3aro-
TOBKH (CpeHeMaccoBas TEMIIEpaTypa).

Ecnu noacrasum cootHomenust (3) u (4) B ypaBHenue (16), Toraa momydum, 4To

dthM(T) _ o _
—ar = oo tn(® — D] (17)

Otcioga crienyer, 94TO CpeTHEMAcCOBas TEMIIEpaTypa MOXET OBITh BBIYHCIICHA TI0 PE3yJIbTaTaM Te-
KYIIUX U3MEpPEHUH MmTaTHRIMA TexHudeckuMu cpeactBamu ACY TII medeit Temmepatyp pabodero mpo-
CTpaHCTBA M MTOBEPXHOCTH CIsi0a:

tepu(D) = J o [0 (0) = £(L, DT + e (0). (18)

TakuMm 00pa3oM, MpU JaHHOM BapHaHTE PEUICHHs 3a/laydl MPOLEAYypa OMpEACICHHs MapamMeTpOB
MOJIMHOMA 3aMETHO YIIPOIIAETCS B BBIYUCIUTEIBHOM OTHOIICHHWHU, MPUMEYATEBHO, YTO 37€Ch MOTYT
OBITH MCIIOJIF30BAHBI HE PACUETHEIC, a PeaNbHBIC JIAHHEIE O TeMIIepaTypax pabodero MmpoCTpaHCTBA U
IMOBEPXHOCTHU METaJljia. KOHe‘IHO, IIpyU 3TOM IPEABAPUTEIIBHO JOJIKHBIM o6pa30M HCO6XO)II/IMO PEIIUTD
3a/lavy MapaMeTpHIecKOr uIeHTU(DUKAIMN MaTeMaTnaeckoil Mmonenu (1)—(4), B mepByro odepeap ornpe-
JIEJIATH peabHOE YUCIOBOE 3HAYCHHE KOAPPHUIMECHTA TeIIO0TAaYH .

CTpyKTypa ajaroputMa BBIUUCIICHUS CPEIHEMACCOBOW TEMIIEPATyphl 1O TEKYIIUM HW3MEPCHHSIM
TeMIiepatyp pabodero mpoCcTpaHCTBA U MTOBEPXHOCTH CIIsI0a IpeIcTaBieHa Ha puc. 1.
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Hsmepurens nos tepm (0)
tHOB
- +
o +
» [ —» —
c:pL
CpM(T)
Usmepurens | o T+
ty

Puc. 1. CTpykTypa anroputma BbIYUCIIEHUSA CpeAHeMaccoBOMN TeMnepaTypbl
Fig. 1. Structure of the algorithm for calculating the mass average temperature

OneHkKa NOrpemHoCTH BOCIIPOM3BeleHUsI TEMIIEPATYPHOIO M0JIs €/1510a
KBA/IPATHYHBIM IOJHMHOMOM

2
PacueThl BBINOIHAINCH JUIS CJICI[YIOHH/IX ycnoBuii: t; = 1300 °C = const; a, = % = O,OZM: ;
L=0,1wm; A =40, 705 ~o o= 407,05 —=; 0 = %fOL t9(x)dx = 20 °C. IIpu 5TOM HCTIONB30BATIOCH

u3BecTHOE [4] peieHue 3a;[aq1/1 (1)—~(4) pu t; = const:
_ 0 _ . yo 2sinp; 2 arT

(00D = by + (80— ) B2y ot cos y = exp(—hE (19)
A
aL’

HeTpyaHO BBIYMCIIUT, YTO MPH TAKUX YCIOBHAX TEMIIEPATYphl HEHTPA t; (T), TOBEPXHOCTH tyop(T)
¥ CPEIHEMACCOBAst TEMIICPATYPA Lepy (T) OyayT U3MEHATHCS B COOTBETCTBUH C YPABHEHHSMH:

- 2siny;
£y (1) = £(0,T) = ty + (t° = t5) " B2y ———-exp (—uf 75 (20)

Wi+sinp;-cosy;

rze |; — KOpHH CIEIYIOIIero ypaBHeHus Ctgl; =

_ _ - 2siny; 2 ATy,
tl‘[OB - t(L' T) =ty + (to - tn) ' Z(l)(;l Ili+SinLli'C105Hi *COos |; ~ exXp (_ui F ’ (21)
_ 0.y 2sinm)® 2 &t
thM(T) - tl‘[ + (t tl‘[) Zl=1 ui(ui"'Sinui'COSui) eXp ( ul LZ " (22)

Ilepsviti sapuanm Hacmpotiku ko3gduyuenmos napadoast. Ha puc. 2—5 mpuBeeHbl KpUBBIE pac-
TIpeJIEeIIeHNs] TEMIIEPATypPhl B 3aTOTOBKE, BEIYMCIICHHBIE 10 METOTy T1apado (epBblidi BAPHAHT PEIICHUS
3a/1a4yr) ¥ IO KIIACCUYECKOMY (TO4HOMY) Merony (Dypbe COOTBETCTBEHHO JIi MOMEHTOB BPEMEHHU
1=0,2549,t=0,54, t=0,7549u t = 1,0 4. KpuBble 0TMEUaINCh COOTBETCTBEHHO 3€JICHHIM M Kpac-
HEBIM I[BETOM.

Kak BumHO M3 puc. 2-5, coBmajgeHWe KPUBBIX MPAKTUYECKU HICATBHOE, UYTO CBUACTEIHLCTBYET O
JIOCTaTOYHOU 00OCHOBAHHOCTH MapabOUIECKOro MOIX0/a K OMMCAHUIO TEMIICPAaTyPHBIX TOJICH CII100B
Npy HarpeBe B MeTojuueckux mnedax. OmHAKo 3/1eCh HEOOXOAUMO UMETh B BHIY, 4TO Mojenb (1)—(4)
MIPeJIBAPUTEIHHO JJOJDKHA OBITh HACTPOESHA HA PEANTbHBIN MPOILIECC, KPOME TOTO, TPHU BHIYHCICHUH KO3 (-
¢unuenToB napabomnsl B popmynsl (20)—(22) HyXKHO HOACTABIATH peajbHOE 3HAYCHUE TEMIIEPaTyphl
pabouvero mMpOCTPaHCTBA ME€YH, CTAOMIM3UPYEMOE C ITOMOIIbIO €€ aBTOMATU3MPYEMOM CHCTEMBI yIIpaB-
nenust TexHonorndeckum mporeccom (ACY TII), u peanbHOe 3HaUE€HME HAYAIBLHOW CPEeIHEMAaCcCOBOU

temnepatypsl t0 . TlocneqHss BEJIMYMHA MOXKET OTCIIEKHMBATHCS, HAIPUMED, C MOMOILBIO AITOPUTMOB
pabotsl [8]. bonee TOro, BMECTO BBIYMCIICHHSI TEMIIEPATYphl MOBEPXHOCTH 110 popmyne (21) ee 3Hade-
HUe MOXHO Opath M 3 ACY TII 3a cyeT MCIONB30BaHUS COOTBETCTBYIONIETO M3MEpUTENA. Takke u
CPETHEMACCOBYIO TEMIIEpaTypy MOXHO ONPEACISITh 110 CXeMe pHc. | ¢ UCTIONB30BaHUEM PEaIbHBIX H3-
MEpEHUH Ha Mevu.

Bmopou sapuanm nacmpouixu ko3gpuyuenmos napabonesi. Ha puc. 6-9 npuBeneHsl KpUBBIE pac-
TIPEJIeIICHNs] TEMITEPATypPhl B 3aTOTOBKE, BEIYHCICHHBIE TI0 opMysie (5) ¢ HacTpoikol ko3 (HUITMEHTOB
mapaboJIbl IO BTOPOMY BapHaHTy U IO KJIACCHYECKOMY (TOUYHOMY) MeToxy Dypbe COOTBETCTBEHHO IS
MoMmeHTOB BpemeHnu T = 0,254, T = 0,54, T = 0,759 u 1 = 1,0 4. Kak u npexze, KpuBble OTMEUAIHChH
COOTBETCTBEHHO 3€JIEHBIM U KPACHBIM LIBETOM.
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Puc. 2. PacnpepeneHus TeMnepaTtypbl Mo cevyeHuto 3arotoBku ansa T = 0, 25 u, BbluUCrEHHbIe
no MeTtoay napabon (nepBbii BapuaHT HACTPOMKMK ero ko3app1LMeHTOB) U NO TOYHOMY MeToAy Pypbe
Fig. 2. Temperature distributions across the cross-section of the workpiece for T = 0.25 h, calculated
using the parabola method (the first version of adjusting its coefficients) and the exact Fourier method
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Puc. 3. PacnpegeneHus TeMnepaTtypbl No cevyeHuto 3arotoBku ans T = 0, 5 4, BbluucneHHble
no metoay napa6on (NnepBbii BapuaHT HaCTPOMKN ero koadpuLMeHTOB) U NO TOYHOMY MeToay DPypbe
Fig. 3. Temperature distributions across the cross-section of the workpiece for T = 0.5 h, calculated
using the parabola method (the first version of adjusting its coefficients) and the exact Fourier method
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Puc. 4. PacnpeneneHus TemnepaTtypbl No ce4yeHuto 3arotoBku ans T = 0, 75 4, BblYUCHEHHbIe
no metoay napabon (nepBbi BapuaHT HacTPOWKK ero Ko3appULMeHTOB) U NO TOYHOMY MeToay Pypbe
Fig. 4. Temperature distributions across the cross-section of the workpiece for T = 0.75 h, calculated
using the parabola method (the first version of adjusting its coefficients) and the exact Fourier method
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Puc. 5. PacnpeaeneHus Temnepatypbl NO ce4eHuto 3arotoBku ana T = 1, 0 4, BbIYMCNEeHHble
no metoAy napa6on (NepBblii BapuaHT HaCTPOMKK ero KoadpprLuMeHTOB) U NO TOYHOMY MeToay Dypbe
Fig. 5. Temperature distributions across the cross-section of the workpiece for T = 1.0 h, calculated
using the parabola method (the first version of adjusting its coefficients) and the exact Fourier method
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Puc. 6. Mapa6onuyeckoe (3eneHas KpuBas) ¢ HaCTPONKon KO3(PPMLNEHTOB NO BTOPOMY BapuaHTy
M BbIYMCIIEHHOE MO TO4YHOMY MeToay dypbe pacnpegeneHusi TeMneparyp no ceyeHuto 3arotoBkm ana T = 0,254
Fig. 6. Parabolic (green curve) with the coefficients adjusted according to the second option and the temperature
distribution over the cross-section of the workpiece calculated using the exact Fourier method for Tt = 0.25 h
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Puc. 7. Napa6onuyeckoe (3enieHas KpuBas) ¢ HACTPOMKOWN KO3hp(PMLIMEHTOB NO BTOPOMY BapUaHTy
U BblYUCIIeHHOe NOo TOYHOMY MeToAay CDypbe pacnpeaneneHus Temnepartyp Nno ce4eHUro 3arotoBku Ana T = 0, 5y
Fig. 7. Parabolic (green curve) with the coefficients adjusted according to the second option and the temperature
distribution over the cross-section of the workpiece calculated using the exact Fourier method for t=0.5h
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Puc. 8. Napabonuyeckoe (3eneHasa KpMBas) ¢ HaCTPOMKOMN Ko3a¢p(pULMEHTOB NO BTOPOMY BapuaHTy
1 BbIYUCIIEHHOE MO TOYHOMY MeToay Dypbe pacnpeneneHus Temneparyp no ceyeHuro 3arotoBkm anat = 0,75 4
Fig. 8. Parabolic (green curve) with the coefficients adjusted according to the second option and the temperature
distribution over the cross-section of the workpiece calculated using the exact Fourier method for t = 0.75h
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Puc. 9. MNapa6onuyeckoe (3eneHasa KpMBasl) C HACTPOMKOMN KO03hppULMEHTOB NO BTOPOMY BapuaHTy
1 BbIYUCIIEHHOE NO TOYHOMY MeToay dypbe pacnpeneneHnUsi Temnepartyp no ceyeHuto 3arotoBkm anat = 1,04
Fig. 9. Parabolic (green curve) with the coefficients adjusted according to the second option and the temperature
distribution over the cross-section of the workpiece calculated using the exact Fourier method fort=1.0h
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Kak BumHo u3 puc. 6-9, oTauume KPHBBIX
OoJiee 3aMeTHOE, YeM JUIsl CIIy4aeB pHC. 2—5, ofl-
HAaKO 9TO pa3liuue CcJeAyeT NPH3HATh TaKKe
MPAKTHYCCKH MaJ03HAYMMBIM. [103TOMY MOYKHO
3aKJTIOYNTh, YTO 00a BapHaHTa HACTPOWKH KBa-
pPaTUYHOTO MHOTOWIEHA C TOYKH 3PEHHUS BOCIPO-
W3BENICHUS] PEANTbHOTO PACTIPEICIICHUS] TeMITepa-
TYpPBI TI0 CEUCHUIO CJI10a MPAKTHYECKU PABHOICH-
Hbl. OIHAKO cama Tpoleaypa BTOPOTO BapUaHTa
HACTPOUKH W TIPOIIIE, U MOXET OBITh pean30BaHa
C BBIYHCJICHHSMH CPETHEMACCOBOH TeMITepaTyphl
o cxeMme puc. 1, a He o dopmye (22), 94To SABIISA-
€TCsl, OYEBUIHO, TIPAKTUYECKH 0O0JIee TOUHBIM.
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