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Abstract

Borisov A.A. Mathematical model of thermal change structure roll as object with distributed
parameters and statement task of strip thickness control. Mathematical model of thermal change
structure roll is based on the theory termoelastic. The condition of a deformable body is defined by
fields of movings. The task about definition of pressure movings fields in a body under action of a
temperatures field is reduced to a task of the elasticity theory at presence of a volumetric forces
field and external normal superficial pressure. The structure roll can be approached to desirable by
radial termoelastic of moving a surface roll, which is defined by heat exchange with a cooling
liquid being function of the charge.

OO0mass mocTaHoBKa mNpo0dJeMbl. YIIydullleHME KaueCTBEHHBIX I[apaMeTpoB JHCTa Ha
COBPEMEHHBIX IMPOKATHBIX CTAHAX SBJISIETCS OJHOM M3 aKTyalbHEHIINX MPoOIeM METaTyprHyecKoi
npoMbIuieHHOCTH. OJTHUM U3 OCHOBHBIX NOKa3aTeJiel KauecTBa SIBJICTCS TeoMeTpuueckas ¢opma
(MIaHIIETHOCTh) TPOKATAHHOTO JHCTa. B mporecce XOJOAHONW TPOKATKH ITOJIOCHI BBIICISECTCS
TEIUIO0, KOTOPOE YBEIMYHMBAET TEMIIEpPATypy BaJKoB. BcnencTBue BbIIENEHHs TEIUia MPH MPOKATKe
MOJIOCKl BHYTPH Bajika O0Opa3yloTCsl TeMIepaTypHble TMepenaabl, KOTOpble MPHUBOIAT K
HEPAaBHOMEPHOMY TEIUIOBOMY DPACHIMPEHHIO BaJKOB BJOJIb MX Oouek. TeruioBas BBITYKIOCTb
MPONOPILHOHATBHA KOJUYECTBY TEIUIOBOW 3HEPTHH, IMOCTYIAIOUICH B BAJIKM U3 ouara JedopManuu
KJIETH, 1 OHAa MOJKET OBITh OJIM3KOM 1O BelnW4KMHE K U3ru0y ONMOpHBIX BaikoB. Kpome Toro, mo mepe
paboTHl BalKa €ro IepBOHAYAIbHAS IIOBEPXHOCTh M3HAIIMBACTCS M HAYMHACT CYILECTBEHHO
OTIMYATHCS OT IMJIMHAPHUYECKOH MOBEPXHOCTH. XOTA aOCONIOTHBIE 3HAUYEHHUS TEIUIOBOTO
paclIMpeHus: U U3HOCA BaJIKa HEBEJMKH, HO, MOCKOJIBKY 3T BEJIMUYMHBI «HHTETPUPYIOTCS» 1O JUTHHE
MPOKAThIBAEMON IOJIOCHl, OHM OKa3bIBAIOT CYIIECTBEHHOE BIHUsSHUE HA €€ (GopMy M MOTYT
NpUBECTH K Opaky JHMCTa, BHIPAXKAIOIMIEMYCsl B BOJIHHMCTOCTH KPaeB JIMCTA WM BBITyYUBAHUH
(«xopoboBarocTu»). JIns MPOTUBOACHCTBUS STHM SIBICHUSM Ha BAJIKH IMOJAIOT OXJIAXKIAIOIIYIO
KHUJKOCTh U UCIOJIB3YIOT MX NMPUHYAUTENBHBIN M3rn6. CucremMa OXJIaXKACHUSI BAJKOB COCTOMT M3
pszna 30H BAOJb OOYEK BAJIKOB, MPUYEM PACXOA OXJIAXKAAIOUICH KHUJIKOCTU Yepe3 KaKAyI0 30HY
peryiaupyeTcs MHIUBUAYalIbHO. biaromaps ToMy, 4To HOJa4yy OXJIXIAIOMIEH JKUIKOCTH MOXKHO
pacripeniesiaiTh BIOJIb OOYEK BaJlKOB B COOTBETCTBHUHM C JIIOOBIM 3aKOHOM pacIpesesieHHs,
aBTOMAaTHYECKOE YNPABJICHUE PACIpENeICHUEM IO0Jauu OXJIAXKJAIOUIeH KHUAKOCTH BIOJIb OOYEK
BAJIKOB MOXET OCYIIECTBIATHCA TUO0 B (PYHKIIMU U3MEPEHHBIX UCKKEHUH (DOPMBI TTOJIOCH, JTU00 B
COOTBETCTBUH C OCTATOYHON (PYHKIMEW MCKaKEHHs (OPMBI, €CIIM UCIIONB3YIOTCS APYrHe KOHTYPHI
aBTOMAaTUYECKOro  ympaBieHHss (HOpMOH IMOJIOCH, B YaCTHOCTH, KOHTYp  YIIpaBIICHUS
NPUHYAUTEIbHBIM M3rMOOM BainkoB. HO MOCKOJBKY cHcTeMa yIpaBlIeHUs NPHHYIUTEIbHBIM
U3ruOOM BaJIKOB BO3JCHCTBYeT Ha IIEHKHM paOOYMX BAJKOB, 3TO NPUBOJUT K 3HAUYUTEIBHOMY
COKpAIIEHUIO CPOKa CIyKObl MOJAIIMIHHUKOB paboyux BajkoB. lloaTomy mpexacraBiseTcs
LEJIECO00pa3HBIM TEPEHECTH KaK MOJKHO OOJBINYI0O YacTh KOPPEKTUPYIOUIMX BO3IACUCTBUHA U3
CHCTEMBbl YNpaBJICHUS MPHUHYIUTEIBHBIM M3rHOOM BaJKOB Ha KOHTYPHl aBTOMAaTHYECKOTO
YIpaBJIEHUS] CEKIMOHUPOBAHHBIM OXJIaXJEHUEM BaJKoB. OJHAKO yIpaBlIeHUE TEMJIOBBIM
npo¢uieM Balika MpPEACTaBIsieT 0ojiee CIOXKHYIO 3a/lauy, TaKk KaKk B JAHHOM CIly4ae MpPeICTOUT

18



Hayxogi npani JosHTY Bumyck 130

paccMaTpuBaTh JaHHBIN TPO(UIIE KaK OOBEKT C pacipeneEHHBIMU MapaMeTpaMu U UCIIOJIb30BATh
Teoputo Tepmoynpyroctu [1,4,5].

IMocranoBka 3agaun. Jlns pa3paboTKyU METOOB YIPaBJICHUS TEIUIOBBIM NpoduieM Bajika
HEO0X0AUMO PELIUTh CIIEAYIONINE OCHOBHBIC 3aIa4H

- BBIIIOJTHUTh MaTEMaTUYECKHI aHAJIN3 TEIUIOBOTO MPO(MIIs Baika Kak 00BbEKTa YIpaBICHHS
C pacnpeaenéHHBIME TapaMeTpaMH;

- OTPEETUTh BO3MYIIAIONIUE U YITPABIISAIONINE BO3ICHCTBUS,

- ONpEAEINTh 337ady KOMIICHCAI[MH TEIJIOBOTO PACIIUpEHHs M U3HOCA BajlKa M KPUTEPUHU
Ka4yecTBa KOMIIEHCALIUH;

- pa3paboTaTh OJIOK-CXeMy Ipoliecca yrIpaBieHus NpoduieM Baja g KOMIIEHCALIUH €ro
TEIUIOBOTO PACIIMPEHHs U U3HOCA.

Pemienue 3a1a4 M pe3yabTarhl Hccje0BaHMil. BBenéM npoCTpaHCTBEHHO-BPEMEHHYIO
[WIMHPUYECKYIO CUCTeMY KoopauHar ( X,r,¢,t) u pa3MecTuM B Hell Basiok (puc.l).

T

CucremMa OXJIaXKIEHUS BAJIKOB

AN AN AN AN AN AN
A R
V\{/\
\ ¢

IIpokaTHbIl JIHCT

Pucynok 1 — Banok npokaTHOro craHa B IIMJIMHAPUYECKOH crcTEME
KOOpAWHAT

v

371ech X — KOOpAMHATa BJIOJIb IUMPUHBI BaJIKa, I — KOOpJAUHATa BJOJIb pajuyca Bajlka, ¢ —
KOOpJMHAaTa yriia NoBopoTa Bajka, R — paanyc Banka, X — [10JIOBUHA IIMPHUHBI Bajlka,W — YIriioBas
CKOPOCTb BaJIKa.

Temneparypuoe mnone C(X,r,p,t) BHYTpH BajiKa JOJDKHO YIOBJIETBOPSTH YPaBHEHHIO

TCILJIOITPOBOAHOCTHU
oN 0°C 9°C 1éC 1 0°C
P e e AP
ot ox= or° ror r°op

, D

rae C —remmneparypa,
[ - TeMIepaTyporpoBOTHOCTh BAJIKA.

TennooOMeH MOBEpXHOCTH BaJlKa MPOKATHOTO CTaHA BKIIIOYAET:

- TEIMI000MEH C MOJI0CON METaJuIa Yepe3 oA (b CONPUKACAHNUS;

- TEII000MEH C OXJIXKIAIOMIEH KHIKOCTBIO,

- CBOOO/THBIH TETUI000MEH BCell MOBEPXHOCTH BaJIKa C OKPY KaroIeil cpeoi, BKIrodas
TOPLIBIL.

AHATUTUYECKH MOYKHO TIPEIIIONOKUTh, YTO BIHMSHHUE TEILIOOOMEHA C OKPYXKAIOIIeH Cpenoid
Ha TOpLAX BajJKa IPOKATHOTO CTaHAa Ha TEIIOBOH mpoduiab ero pabdoyeil MOBEpXHOCTU
OTHOCHUTEIILHO Majo M HaumOoJiee BBIPAKEHO BOJIM3M TOPIOB, a e€ro yd4€T Hamboliee CIOKEH.
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VY4uThIBas TakXke, YTO MIMPUHA MPOKATHIBAEMOH IMOJIOCHI, KaK MPaBUJIO, YK€ IIUPUHBI BajKa, T.C.
TOPLBI OTHOCUTENIBHO YNAJEHBI OT JIMCTONPOKAaTa, JAHHYIO COCTABISIOUIYIO TEIJIOOOMEHA BaJiKa
1esecoo0pa3Ho HE YUUTHIBATD.
Taxum 06pa3oM, TEII000MEH BaJika MOXKET OBbITh ONMCAH CUCTEMOW ypaBHEHUIA:
oC

Anr E|r:R =ZH[CH(X,t)—C(x,r,(p,t)], (2
l}]{z—f r:RZZ)I([C)I((X1t)_C(X1r1(P1t)]1 (3
ﬂc(z_f r—r = Zc[Ce (X ) —C(x1,0,1)], (4)

rae ypaBHeHue (2) ompenenseTr TeImIoOOMEH ¢ METALIMYecKO# mojocol, (3) - ¢ oxmakmaroniei
KHUIKOCTBIO, (4) — ¢ oKpyKatoliei cpeno (Bo3Iyxom).

VYnpaBienue u= y -, T.e. kKo3pduiuent termnooOMeHa MeEXIy MOBEPXHOCTHIO BajlKka M
OXJIaXKIAKOIIICH KHIKOCTBIO, ABJsieTCs (DYHKITMEH pacxoa )kuakoctu g, T. €. U= f(q) [2] . Pacxon q,
a CJIeJIOBATEIIbHO, W YIpaBJICHUE u SIBIAIOTCA (yHKIMsIMH BpeMmeHu { u koopauHatel X. Ha
¢bynknuio u (X, t) HaKJIaIbIBAIOTCS €CTECTBEHHBIC OTPAaHHUYUCHHMS:

Xmin SUS X¥max ©)
T€ Xmex Y Xmin - COOTBETCTBEHHO HauOOJIbIIIEE U HAUMEHbIIee 3HaYeHne Ko3dduienta y .

Pa3zpaboTka MareMaTH4ecKOW MOJENM TEIJIOBOrO H3MEHEHHsI Mpoduis Bajka J0JDKHA
0azupoBaThcs Ha TEOPHHM YIPYrOCTH, B YACTHOCTH Ha TEOPHH TEPMOYIPYrOCTH., B KOTOPOM
COCTOSIHHE JIe(POPMHPYEMOrO Tella ONPEICNSACTCS TOJISIMUA TIePEMELICHUH M OMUCHIBACTCS TPEeMs
GyHkumsaMu  mepememieHus: W, (X,r,@)- mepememeHue 1o KoopauHate X, W, (X r,)-

NEPEMEIIEHUE N0 KoOopauHate I, W, (X,I,¢)- TNEpPEMEIEHUE MO KOOpIAMHATE ¢ . DTH (QyHKIUH

SIBJISTIOTCSI KOOPJIMHATAMH BEKTOPA mepemMenieHuin W(X, I, o) .

PaccmoTpenHbie Bbllie (PYHKIMU MEPEMEIICHUI M HaNpsHKEHUH KBa3UCTAIMOHAPHBI, T.€. HE
3aBUCAT HETOCPEACTBEHHO OT BpeMeHHU t. 3aBUCHMMOCTh UX OT BpeMeHH { OyJeT JHIIb HOCTOJBKY,
IIOCKOJIbKY TEMIIEPATYPHOE I10JI€, BBI3BIBAIOLIEE ITH IIEPEMEILECHUS U HANIPSIKEHUs], 3aBUCUT OT 1.

B Tteopum TepMOympyroctu Ioka3bIBaeTCs, 4YTO 3ajaya o0 ONpeAeTIeHMH TOoJel
[IEpEMELICHUN HAIPSHKEHUN B TeJIe MOJ JEUCTBUEM IIOJIs TEMIIEPATyp CBOAUTCS K CIIOXKHOH, HO
0OBIYHO# (IOBONBHO OOIIEH) 3amaue TEOPHH YNPYrOCTH NMPHU HAJTMYHH TOJIS 00BEMHBIX CHJI U
BHEIIIHETO HOPMAJIbHOTO IIOBEPXHOCTHOI'O JAABJICHMUS.

MoskHO crenars yrnpolaroee MpearnoIokKeHHe 0 TOM, YTO TEMIIEPATypHOE I0JIE€ B BAJIKE
ocecuMMeTpHyHO, T. €. ¢pyHkuus C = C (X, r, t) HE 3aBUCHT OT KOOPMHATHI MOJSPHOTO yria ¢ .

DTO MPEANOJIOKEHUE MOKET 0a3UPOBATHCSA HA TOM, YTO MIPHU CKOPOCTH BPAIICHUS BAJIKOB, KOT/Ia
nepuoja oOpalleHus Bajika 3HAYUTEIbHO MCHbBINE TOCTOSIHHOW BpPEMEHH HarpeBa Bajka,
JCUCTBUTEILHOE  paclpe/ie/iCHue TEeMIepaTypbl B BaJKe OYEHb OJIM3KO K OCECHMMETPUYHOMY
pacrpeeNieHIIo 3a UCKITI0YEHUEM HeOOobIION 001acTi BOJIM3U TOBEPXHOCTH BAJIKA.

B »oatoM cnywae B Teopuum TeMIEpaTypHBIX HampspkeHud [3] mokaspiBaeTcs, YTO
TEPMOHAIPSHKEHHOE COCTOSIHUE onpeensiercs AByMs GyHkuusamu (moteHuuanamu): F(x,r) u d(xr).
B TepMuHax 3TuX QYHKIUI HATPSHKEHUS BBIYMCIISIOTCS 110 CICAYIOUMM hopmynam:

2 3

o =8 Iz_ZG(l+u)aT+uiAcD_ 82CD |
or 1-u OX or “oX

o =zﬁ_26<1+u>awgm_g[zag |
o oer 1-u OX ox\r or
2 3

. 0°F _ZG(1+u)aT+(2_y)ﬁAcD_8 ?
orox 1-u OX OX
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2 3
o o0°F —ZG(1+”)aT+(1—y)ﬁAcD— 0 CD2 |
Or ox 1-u or Orox

0, =0,=0,

rae G —Monynb ciBura,
0> 10 ©&°
A=—F+-—+—,
or ror ox
F- dynkius, ynosierBopsitoiias ypapHeHuto [lyaccona BHyTpH Bajika

AF =26 H T

1-u
@ - GpyHKIMS, YIOBIETBOPSIONIas OUrapMOHHUYECKOMY YPaBHEHHIO
N® =0.
Jlnst TeMIiepaTypHbIX epeMenieHuii popMyssl IMEIOT BU
1 0F 1 0°@

W, = ,
" 2G or  2G orox

_ 2
1 6F 1 79 1 0°D

w, = — ,
2G ox G 2G ox?
w, = 0.

Pemenne 3Tux ypaBHEHUM OJHO3HAYHO ONPEAECIAETCS 3aJAHUEM TPAHUYHBIX YCIOBUU
o, (RX)=0,(Rx)=0,
o,(r,X)=0,(r,X)=0.

Onenka npopwmis TOJOCH IMpH MNPOKAaTKE, HANpuUMep, C TOMOINBIO CTPECCOMETPA,
MO3BOJISIECT OIPENICIUTh B KK MOMEHT BpeMEHH t BeTMUMHY TETJIOBOTO U3MEHEHHUs MPOopMIIsd U
U3HOCa BaJka B BHJEe Hekotopoir ¢yHkumm f(X,t) mpu 3aJaHHBIX BHEIIHUX BO3MYLICHHSIX
TEIUIOBOTO XapakTepa Ha Balok. [Ipu 3ToM paHHBIA NpOQMIL MOXET ObITh HPUOIIKEH K
KeJTaeMoMy IyTéM paIuajbHOTO TepMOynpyroro nepemenieHus Wi(X, R, t) moBepxHocTu Bajka,
KOTOpOoe ompeaensercs ymnpasieHueM U(Xt). MnmeanbHas KoOMIIEHCAlMs H3MEHEHHS MPOQHISL
CTaBUT 3a0ayy Ynpagisaemocmu, KOTopas B JaHHOM CITy4ae CBOJUTCS K BHIIIOJIHEHHIO PaBEHCTBA

w, (%, Rt) = f(xt), (6)
YTO O3HAYaeT OIMpPEICICHHYIO YIPaBIsEMOCTh OObEKTa C paclpeieiEHHBIMU TapaMerpaMu. Ilpu
OTCYTCTBHM TaKOW YIPABIAEMOCTH MOET OBITh IIOCTABICHA 3a0dud O HAWIyduwen 6

OnpeoeeHHOM CMblclie KOMREHCayuu meniogo20 UsMeHeHus npo@uia u usHoca eanka. B kauectse
KPUTEPHsI KOMIICHCALIMU MOYKHO B35ITh, HAIIPUMED, CIACAYIOIUN (YHKIUOHAT:

" dxdt (7)

J = max 'T|Wr(x, Rt)— f(xt)

r7ie V —HEKOTOpPOE MOJOKHUTEIHHOE YUCIIO.

Takum oOpa3zom, 3a7a4a ONTUMAIBHOTO YIPABICHHUS COCTOMT B TOM, 4TOOBI HAaWTH TaKoe
ynpasienue U(X,t) ¢ coOcTBeHHBIMH orpaHndeHHsMHU (5) M BO3MOKHBIMH OTpaHMYCHUSIMH Ha
KOOPJAUHATHI 00beKTa, YTOOBI BBITIOJIHUTH PABEHCTBO (6) WM MUHMMHU3UPOBATh (PYHKIIMOHAN THIIA
(7). B KkayecTBE THIHMYHBIX OTPAaHUYCHHH HA KOOPJAMHATHI OOBEKTAa MOTYT BBICTYNATh
OTpaHUYCHHUS BEIMYMHBI TEPMOHANPSIKEHHUI B BaJIKE.

Ha puc. 2 mnpexacraBnena Onok-cxema Impolecca ynpaBleHHs MpoduiaeM Bajka, KOTopas
MO3BOJISIET TEpPeHTH K CHUHTE3y ONTHUMAJbHOW CHUCTEMbl ABTOMATHUYECKOTO  YIPABICHUS
IJIAaHIIETHOCTBIO IIPOKATBIBAEMOM I1OJIOCHI 33 CYET TEPMOIEPEMEILICHU .
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Pacnipenenenue Buemnss cpena
OXJIaXKIAFOIIEH KUIKOCTH (TeruIoBBIE BO3MYILICHHS)

--------------- -

TemnepaTtypHoe noie

A 4

ITone TepMoHanpsiKeHUn

A 4

ITone TepmonepemenicHUI

4
[Tone nmepemerienuii Ha
MOBEPXHOCTHU BaJIKA

A 4

IIpokarHas nonoca

v

Crpeccomerp

v

Cucrema aBTOMaTHYECKOTO
yIipaBlieHUs poduseM Baika

Mogens TemIoBoro paciupeHus
U U3HOCA BaJIKa

Pucynox 2 — bnok-cxema mnpoliecca yrpaBiieHUs TpoQuiieM Bajia
BriBOaBI

1. Pa3paboTka MaTeMaTU4eCKON MOJIEIH TEIUIOBOrO MPO(UIIs Bajika JOJHKHA Oa3upoBaThCs
Ha TEOPHUM TEPMOYIPYTOCTH, B KOTOPOH COCTOSHUE AS(HOPMUPYEMOTO Tea ONpeAeNsieTcs MOIsIMU
nepeMeIeHnid, a 3agada o0 ONpeNleleHHH TMOoJeH IepeMeIleHni HamnpsHKEeHUH B Telle IO
AeHCTBUEM IO TEeMIepaTyp CBOJAMUTCA K 3aJadye TEOPUH YNPYTOCTU MPH HATHYUHM OIS
00BEMHBIX CUJI M BHEIIHETO HOPMAaJIbHOTO MMOBEPXHOCTHOT'O JaBJICHUS.

2. Ilpodunp Bamka MOXeT OBITh MNPUOMIDKEH K JKEeJTaeMOMy MYTEM paauaibHOTO
TEPMOYIPYTrOoTO TEpEeMEIIECHHsI TOBEPXHOCTH BaJlka, KOTOPOE OMNpEACNsAeTCs TEIIOOOMEHOM C
OXJIQXKJAIOIIEeH KUIKOCTBIO, SBISIOIMMCS (pyHKIMEH e€ pacxoa.
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