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PO3PAXYHKOBO-EKCMEPUMEHTANbHI AOCNIAXEHHA MPOLUECY OXONOAXEHHA
3NMATKIB Y HEOMANOBAHUX TEPMOCTATAX

3anopizvka depoicasna indcenepHa akademis

BunkoHaHO po3paxyHKOBO-eKCNepMMEHTanbHi AOCNIMKEHHS NPOLLECY OXOJOKEHHS CTaneBuX 3MNUTKIB Y He-
onarntoBaHUX TepMocTaTtax nicnsa Buxony 3 kpuctanisatopis neven ELUM. 3anponoHoBaHO pauioHanbHi TeM-
nepaTypHO-4acoBi PEXMMY OXONOMXKEHHS 3MUTKIB, SKi JO3BONSATb MiABULLMTY NPOMYCKHY CMPOMOXHICTb Ta-

KX arperaTiB 3a HE3MIHHOI AKOCTi MeTany.

Knitoyosi crosa: ctanesi 3nutku, nedi ELLT, oxonomkeHHs, HeonantoBaHi TepMoCTaTu, TEPMOHANpPYXXeHun

CTaH meTany

Bemyn. Ha psaai MetanypriiHuX miAnpHEMCTB
kpain CHJ] mis yHUKHEHHS TMOSIBM y MeTaii Tpi-
LIMH, MOB’SI3aHUX 3 HOro TEPMOHAIPY>KEHUM CTa-
HOM, CTaJieBi 3JUTKH MiCIs BUIUIABKK B Iedax
EHIIT mignaroTh OXOJOKEHHIO B HEONAIOBAaHUX
TepMmocTatax. Ha macuBHuUil moa TepMocTaTa 3aBa-
HT@XYIOTh Ta YKJIAAaloTh HA BY3bKY TpaHb CiM-
BiCIM 3JIUTKIB.

Sk mokasye mpakTHKa eKcIUTyartalii TepMocTa-
TiB, 3aBEepIIAILHUIN TEPiof] OXOJOMKEHHS 3JIUTKIB
ELII (y inTepBani Temneparyp 550-200 °C) xapak-
TEPU3YEThCS HU3BKOK IHTCHCHBHICTIO BiJIBEICHHS
TEIUIOTH BiJ MOBEPXHEBHX IIapiB MeTary Ta  30i-
JMBIICHHSAM TPUBAIOCTI Horo mepebyBaHHS B pobo-
yoMy 00’€Mi arperartiB, a, OTXKe, 1 3HIKSHHIM IX
MPOIYCKHOI CIIPOMOKHOCTI.

Iocmanoexa 3a60anns. Y 3B 3Ky 3 IIUM BH-
HUKa€ HEOOXiJHICTh KOPUTYBaHHS TEMIIEpPAaTypHO-
YaCOBUX IapaMETPIB PEKUMIB OXOJIOHKCHHS 3JIUT-
kiB ELIIT y Tepmocrarax 3a omHodacHUM 30epe-
KEHHSIM TIPUITyCTUMOTO PiBHS TEPMOHANPYKEHOTO
CTaHy MeTaiy.

Tonoena yacmuna oocniddicens. KommekcHuit
eKCHEepUMEHTAIbHO-TEOPETUYHUI MiAXia 10 3a3Ha-
4eHoi mpoOJieMH BKJIIOYA€ BUKOHAHHS cepii ekcre-
PUMEHTIB II0I0 BUBYCHHS W aHAJI3y PO3MOALTY Te-
Mmreparypu 3a nepepizoM 3nuTkiB EILIT Ha pizHux
eranax iX OXOJIOJPKEHHs, MaTeMaTHYHEe MOZEIO-
BaHHs TAaKOTO MpOIECY Ta PO3PaXyHKOBY YaCTHHY
MI0/I0 BU3HAYEHHS HOTO palliOHAILHUX TeMIlepaTy-
PHO-YaCOBUX HapaMeTpiB.

ExcriepiMeHTH 11010 BUBYEHHS IOJIIB TEMIIe-
patypu B 3nutkax EIIII 3xpificHioBaaM mijg dac ix
TPaHCHOPTYBaHHS 3 KpucrtamizaropiB neuded EILII
70 HEOMATIOBAHOTO TEPMOCTaTa Ta MOJAIBIIOTO

© Karokos }0.M., Hazapenko L.A., Ky3smernko A.A.,
Yuxos C.€., 2019

OXOJIOJDKEHHS B oro po6odyomy 00’emi. BuBuanu
KIHETHKY OXOJIOIPKEHHS KOHTPOJBbHUX 3JIUTKIB, IO
PO3MINIYIOTH y pi3HHX 00JacTIX pododyoro o6’ emy
HEOMAIIOBAaHOTO TEPMOCTaTa IIUISIXOM TeMIIepaTy-
pU TIOBEpXHEBHUX 1 BHYTPINIHIX mapiB MmeTamy. [ a-
psdi criai TaTYMKiB THYYKOTO €KPaHOBAaHOTO TEPMO-
kabenss KTMC-XA po3MilyBaiu B YOTUPBOX TOY-
Kax (Ha oci Ta B IEHTPi MOBEpPXHi BEpXHKOI Ta Oid-
HUX TpaHed) y TpbOX MONepevYHrux (JIiBe TOpPIIEBE,
CepeAMHHE 1 IpaBe TOPIEBE) Mepepizax 3IUTKIB.

Ha nomnepenniii cranii eKCriepuMeHTy KOHTPO-
JBHI 3TUTKU 3aBaHTAXYBaIH B POOOUHil 00’eM pe-
MUPKYJAIIIHOT TOTyM STHOT T1edi, HarpiBaimm 10 Te-
mreparypu 900 °C i miggaBamy MOJaNbII BUTPH-
MIIi 3a 3a3HaY€HOi TeMIepaTypu N0 JOCSITHEHHS B
HEHTPAJIbHUX IIapax MeTally PiBHS TeMIepaTypH
850-860 °C, mio BiAMOBITa€E MOMEHTY BHUTSTaHHS
3IUTKIB 3 Kpuctaiizatopis neuerd ELIIL. lani 3mut-
KHA BUBAaHT&)XYBAJH 3 T€4i, TPAHCIIOPTYBaIM 0 He-
OMMaJFOBAHOTO TEPMOCTaTa Ta PO3MIILyBaJl B HOTO
pobouomy 00’ emi.

ExcnepumeHTaMy BCTaHOBJICHO, IO HAa CTaii
tparcnopryBanas (0,12-0,19 roja.) MakcumanbHe
3HW)KEHHS TEMIIEpaTypu B OKPEMHUX TOYKax IOBEp-
xHI 31ATKIB jgocsrac 80-95 °C. HagBHICTH Takoro
IHTEHCUBHOTO OXOJIO/DKEHHS TIOBEPXHEBUX IIapiB
MeTally MPHU3BOJUTH N0 301IbIIEHHS TPaJli€HTa Te-
MIIEPATypH 3a MEepPepi3oM 3IUTKIB 1 CIIpHsi€ BUHUK-
HEHHIO Ha X OCi 3HAYHHX CTUCKYBaJIbHUX TEPMOII-
PYXHHUX HampyskeHb. HailOinpm Hebe3meyHoro 30-
HOIO B OXOJIOJDKYBaHUX 3JIMTKAaX € LEHTpajibHa 00-
JacTh, JIe PO3BUBAETHCS CTHCKYBILHUN HArpyXke-
HUI CTaH, 110 TabMYE MPOIEC PO3BUTKY IIIACTHY-
HUX Aedopmaliid, Ta CIPUYNHIOE HEOOXIIHICTD BU-
3HAYEHHS JUIsl JIAHOTO TePiojly OXOJIOJKEHHS 3JIHT-
KiB YMOB, SIKi 0OMEKYIOTh MOXIIUBICTD MTOSIBH B Me-
TaJli 3HAYHUX TEPMONPY>KHUX HANPY>KEHb.
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Ilix gac BW3HAYCHHS MPHUITYCTUMOI Ha HaHIH
cramii OXOJOMKEHHS IHTEHCHBHOCTI BlABEIEHHS
TEIUIOTH 3 MIOBEPXHI 3JUTKIB MPUIMAIId YMOBY:

O (T) €05y 0,96, (0) . 1)

Po3paxyHKu CTHCKYBaJbHHUX TEPMOINPYKHUX
Hampy>XeHb G Ha OCi 3MHUTKIB y iHTEpBaJli TeMIIepa-
Typ 800-600 °C BHKOHYBaJM 3 BUKOPHUCTAHHSM Bi-
nomoi Gopmymn [1]:

B-E —
Gij = 1__\/ T-T y (2)
Je Oj — TePMOINpPYXKHE HANPYXKEHHS B i-ii Todmi

37THTKA Ha j-uit MoMenT gacy, H/m?%, B = (T) — koe-
¢iuienT nixiiiHOTO po3mmpenHs crtanu, 1/K; E =
E(T) — moxyns mpyxuocti, H/M®, v — koedimienT
Iyaccona (mns crani v = 0,3); T — cepenns Tem-
neparypa 3JMTKa Ha j-uif MOMeHT 4acy, K; 7T — Te-
MIIepaTypa MeTally Ha j-uif MOMEHT 4acy, K.

SIK BCTAHOBJIEHO pPO3paxyHKaMH, MaKCHMAallb-
HE CTHCKYBaJbHE TEPMOINpPYXKHE HANPY>KEHHS, IO
BUHUKae B iHTepBani Temnepatyp 800-650 °C Ha
OCi 3IUTKIB, SIKUX TPAaHCIOPTYIOTh, HE TEPEBHIIYE
MeXY MIITHOCTI Ha CTHCK 3a TPHBAJIOCTi AaHOI Ore-
parii He Oinbine Hix 0,18 rox. [Moxanem ekcrepu-
MEHTH 3a BUPOOHHMYUX YMOB IiJITBEPIWIIH, IO 3a
BKa3aHOI TPHBAJIOCTI TPAHCHOPTYBaHHS 3JIHUTKIB iX
CYUIBHICTD HE MOPYIITYETHCS.

AHali3 eKCrepruMeHTaIbHUX AaHUX MO0 3HU-
KEHHSI TEeMIepaTypu IMOBEPXHEBUX 1 BHYTPIIIHIX
mapiB KOHTPOJIBHUX 3MUTKIB (puc. 1) 3adikcyBaB
HasBHICTh TPhOX CTAIill X OXOJIODKEHHS: MEPioay
MaKCHMaJIbHOI IHTEHCHBHOCTI TOHIIKEHHS TEMIIe-
parypu mertany (t = 0-6 roz.); mepiogy MOMipHOTO
OXOJIOJKeHHS MeTay (T = 6-22 roj.), a TaKoXK Iie-
piony peryispHoro pexumy (T = 22-46 rox.).
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1, 2, 3 - TemniepaTypa Ha NMOBEPXHi 3IIUTKA; 4 - TeM-
meparypa Ha oci 37TUTKa

Pucynok 1 — 3miHIOBaHHS TeMIepaTypy IMOBEpXHE-
BHX 1 CepEeMHHNX IIapiB KOHTPOJIBHOTO 3IUTKA y MPOIe-
ci HOro OXOJIOKEHHS

IIpotsirom ychoro nepeOyBaHHS KOHTPOJIBHUX
3JIUTKIB y poOo4oMy 00’ €M1 HEONATIOBAaHUX TEPMO-

CTaTiB CITOCTEPIraiay TOCUTHh PIBHOMIpHE TOHIKEH-
HS TEMIIEPAaTypy MOBEPXHEBUX IIAPIB METalla, MPH
ILOMY PO3TAlllyBaHHS 3JIUTKIB HE BILUTUBAE Ha IIBU-
JIKICTh OXOJIOJPKCHHSI METATTY.

Ha npyromy erami BHBYaim xapakTep pO3MO/Ii-
JIy TEMIepaTypH 3a Iepepi3oM OXOJIOKYBaHUX
3MUTKIB 3 BHKOPHCTAHHSM DPO3PaxXyHKOBOI MOJIENI,
M0 € aHAJOTI9HOOIO J0 OMMCaHOi y podoTtax [2,3].

Posmonin  TemmepaTypu B OXOJIOJKYBaHUX
3IIUTKAX BU3HAYAIM MUIIXOM BHUPINICHHS HEJIHIN-
HOTO nudepeHITiaaTbHOTO PIBHIHHS TEIUIOMPOBIIHO-
cti gt obmacti M (0 <X <B,0<y<S§,0<z<H):

oT(X,y,2,7)
ot
3 KpallOBUMHM YMOBaMU

=aV’T(x.y.z.1) 3

Ax Y
T(x,y,z,r):T0+4ATl(Ej +

Ay Y (Az)z
HAAT,| =2 | +4AT.| — | ; 4
(2] vaar,[£ @
0
| =a, T,.,-T. ; (5)
on, - '

G e

ne  X.Y, Z— KOOpPAWHATH 3a JIOBXHHOIO, ITHPHUHOIO
Ta BUCOTOIO 3JIMTKIB BigmosigHo; 2B, 2S, H — nos-
JKWHa, UPUHA Ta BUCOTA 3JIUTKIB BIAMOBIAHO; T;,
Ty — TeMmepaTypa Ha TIOBEpXHi Ta Ha OCi 3JIMTKiB
BiZIMOBiTHO; T, — TeMIiepaTypa MOBIiTpsl y TEPMOCTa-
Ti; O, — KOeillieHT TeIIoBiAa4i KOHBEKIIEIO; d,
A — KOe]ili€HTH TEeMIepaTypOoIpOBiAHOCTI Ta Terl-
JIOTIPOBITHOCTI CTaJli BiJIIIOBiTHO.

PiBasiHHs TerutonpoBigHocTi (3) 3 yMoBamu
(4)-(6) mpencTaBIsTH Y KiHIIEBO-PI3HHIIEBOMY BH-
TISAAI Ta BUPINIYBAJIM YHUCEITHHUMH METOJaMH [4].
3HaueHHS KoedillieHTa TeIUIOBiqayui KOHBEKIII€I0
O0YHCIIOBAIN 33 BIJOMHMH 3aJIEKHOCTIMU [5,6] 3
ypaxyBaHHSM MaKCHUMAaJIbHOI iIHTEHCHBHOCTI BiJBe-
JIEHHS TETUTOTH HA MOYATKOBIHM CTaii 0XOIJIOIKEHHS
MeTany.

Pesynbrarn, omepxani va [IEBM, sikicHO y3-
TOJDKYIOTBCSL 3 €KCIEPUMEHTAILHUMH JaHUMHU Te-
MIepaTypyd ILEHTPAIbHUX 1 IOBEPXHEBUX IMIAPIB
3JIMTKIB, PO3TAlIOBAaHUX y PI3HUX 30HAX POOOYOTO
00’emy Ttepmocrata. llOpiBHSUIBHHN KiBKiCHHIMA
aHaJi3 BIAXWICHb MPOrHO30BaHOI TEMIEPATyPH Bill
(dakTHyHOTrO i 3HAUYEHHS HAa PI3HUX CTAIAX O0XOJO-
JOKSHHS 3IIUTKIB He miepeBuinye 4-5 % momo ii aod-
COJIIOTHHX 3Ha4yeHb i 3-4 % 1010 nepenagy Temrie-
paTypH, L0 CBIIYUTH HPO JOCTATHIO KOPEKTHICTH
PO3p00ICHOI METOUKH.

[lin yac BUKOHaHHS OOYHCIIOBAILHOTO EKCIIe-
pumenty Ha [IEBM BcTaHOBjICHO, 10 3aaHy iHTE-
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HCHBHICTh BIJIBEJICHHS TEIUIOTH Ha OIYHUX 1 BEpX-
HIX TpaHsAX 3JMTKIB JOCATAIOTh BiINOBIIHUM IIiJI-
OWpaHHSAM 3HAYCHb JIOKATBHOTO Koe(illieHTa Ter-
noBiamadi koHBekmiero. Hamani Oymo BusiBIeHO pa-
[IOHAJFHI YMOBHU OXOJIO/KEHHS METally B TEMIIepa-

TYpPHHX IHTEpBaJIax, BIAMOBITAIHHUX 32 (hOPMYBaH-
HS1 HOTO CTPYKTYPH, T4, SIK HACHIIJOK, 3allPOTIOHOBA-
HO yCepeOHEHI 3a TeMIepaTypHHUMH IHTepBaIaMH
MIBUAKOCTI HOTO CIIOBUIBHEHOTO OXOJIO/KYBAaHHA,
SKi HaBeeHo y Taou. 1.

Ta6suus 1 - HIBUAKICTE 0XONOKYBAHHS 3IUTKIB B HEOMANIOBAILHUX KONOAA3SX, TPA/TO/

I ['eomeTpuyHI po3MipH 3IUTKIB, M
repsat 1,2<B<14 1,0<B<12
Temneparypu, C
04<H<05 05<H<06 04<H<05 05<H<06
60 55 58 52
850 <7< 700 60 55 55 50
30 46 48 43
700 < T'<600 50 45 45 45
30 26 28 24
600 < 7'< 500 35 30 30 25
12 10 10 8
500 < 7'< 400 o5 o5 20 18
9 8 7 6
400 < T<300 20 20 15 15
6 6 ] 4
300 < 7'<200 10 10 10 10

HpI/IMiTKaI Y YUCCJIbHUKY Ta 3HAMCHHUKY IOJaHO 3HAYCHHS H_IBI/I}:[KOCTi OXOJIOJPKCHHS 3JINTKIB 32 iCHyIO'-II/IM i CKOpUI'OBaHUM pE€-
KUMaMu

SIk moKa3aJiv YMCeNbHI TOCIIHKCHHS TePMOHA-
MPYKEHOTO CTaHy 3JUTKIB 3alpOIIOHOBAHOMY ia-
Ma30HI 3MIHIOBAHHSA IIBHAKOCTEH OXOJIOMKEHHS
MeTally MaKCHUMallbHe 3HA4Y€HHsSI OChOBOTO CTHCKY-
BaJILHOTO TepMOHaIpyxeHHs Ha §-10 % Hmxkue 3a
MEXY MIIHOCTI JMociikeHnx craneil. Takum 4u-
HOM BCTAHOBJIEHA MOKJIMBICTH ITIIABHUIIEHHS LIBUI-
KOCTi OXOJIOJDKEHHSI METally B MEXax, 0 PEeKOMe-
HAYIOTb.

[IpakTHuHy peaizaiilo CKOPUTOBaHUX PEXKH-
MIB OXOJIOJDKEHHS 3JIMTKIB MOKHA 3a0e3leunTH
NUISXOM MEPEBEICHHS HEOMATIOBAHUX TEPMOCTATIB
Ha po0OTy 3 MPUMYCOBHUM OOMHUBAHHSIM IOBEPXHI
MeTajy TOBITPSHUMH MTOTOKAMH, SIKi HATHITAE BEH-
TWJIATOP BIJLIEHTPOBOTO , IO OOJIQJHAHO BUTPATH
TTOBITPAL.

Pesynpratu mociimHO-IPOMHUCIIOBHX BHITPOOY-
BaHb CKOPHI'OBaHUX TEMIEPATYPHO-YACOBUX PEKHU-
MIB OXOJIO/DKEHHS 3JIUTKIB Y TEPMOCTATi, 00JIaHa-
HOMy  BEHTHISTOPOM  MpOAyKTHBHicTIO  3-10°
MS/FOIL., MOKa3ajiy, 10 BHMOI'M TE€XHOJOrIYHOI 1H-
CTPYKIIi JOTPUMYIOTBCS, TOOTO 3a0e3MedyeThCs
OJIepKaHHS 33JOBUTEHOI TBEPAOCTI METally Ta yHe-
MOJJIMBIIFOETECSI TIOSIBA TPIIIUH 33 MiHIMAJIBHUM
pIBHEM 3aIMIIKOBUX HANPYKEHb.

Bucrnoexu. BukoHaHi JOCHIIKEHHS JTO3BOJIMIIN
3MIUCHATH KOPUTYBAaHHS TEMIIEPaTYPHO-YaCOBHX
napameTpiB MPOIECy OXOJIOJKEHHS CTaJICBUX 3JIHT-
KiB y HEONAIOBAHUX TEPMOCTATaxX y HampsaMi mif-
BUIICHHS iX MPOIYCKHOI CIIpOMOKHOCTI (Ha 3-4 %)
0e3 MoTipIIeHHs SIKOCTI MeTaly.
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PACYETHO-3KCNEPUMEHTAJNbHbIE UCCNEQAOBAHUA MNPOLUECCA OXNAXAEHUA CINTKOB
B HETAMNUBAEMbIX TEPMOCTATAX

BbINOSHEHBbI pac4yeTHO-3KCNepMMeHTaribHble UccnenoBaHnd npouecca oxnaxneHuma ctaribHblX CITUTKOB B HE
oTansimBaeMblX TeEpMOCTATax Nnocrie Bbixoga U3 Kpuctanim3aTopoB neven JLUMM. ﬂpep,no»(eHbl paunoHanb-
Hbl€ TeMnepaTypHO-BpEMEHHbIE PEXUMbI OXINaXOeHUA CITUTKOB, KOTOPbIE NMO3BOJIAKOT NMOBbLICUTL NMPOMYCKHYHO
CMOCOOHOCTb AaHHbIX arperatoB npun HEM3IMEHHOM Ka4yecTBe MmeTarna.
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CALCULATION AND EXPERIMENTAL RESEARCHES OF PROCESS COOLING OF BARS IN
UNHEATED THERMOSTATS

Calculation and experimental researches of cooling process for steel bars in the unheated thermostats after an exit from
crystallizators of furnaces of ESR are executed. The rational temperature and times modes of cooling of bars which
allow to promote the carrying capacity of these aggregates at unchanging quality of metal are offered. As practice of
exploitation of thermostats shows, finishing period of cooling of bars of ESR is characterized by subzero intensity of
taking of warmth from the superficial layers of metal which is accompanied by the substantial increase of duration of its
stay in the swept volume of asms, and, consequently, and by the decline of their carrying capacity. Complex
experimentally-theoretical approach to the mentioned problem is included implementation of series of experiments in
relation to a study and analysis of distribution of temperature on the cut of bars of ESR on the different stages of their
cooling, mathematical design of such process and calculation part in relation to determination of its rational temperature
parameters. Experiments in relation to a study pour temperatures in the bars of ESR carried out during their transporting
from crystallizers of furnaces of ESR to the unheated thermostat and further cooling in its swept volume. Studied
kinetics of cooling of control bars which place in the different areas of the swept volume of the unheated thermostat by
taking temperature of superficial and internal layers of metal. The hot ends of sensors of the flexible screened Tepmoxa-
6exst placed in four points (on an axis and in the center of surface of overhead and lateral verges) in three (left butt-end,
middle and right butt-end) crossrunners of bars. Distribution of temperature in the cooled bars was determined by the
decision of three-dimensional nonlinear differential equation of heat-conducting. Equation of heat-conducting with re-
gional terms presented in a finite-difference kind and decided numeral methods. Value of coefficient of heat emission it
was calculated a convection after the known dependences taking into account maximal intensity of taking of warmth on
the initial stage of cooling of metal. Results got on computer, high-quality comport with experimental data about tem-
perature of central and superficial layers of bars, located in the different areas of the swept volume of Key words:
steel bars, furnaces of ESR, unheated thermostats, cooling, , thermostressed state of metal
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