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Annomayus. JIns onpeneneHus MPUYMH CHIKEHHUS IKCIUTyaTallMOHHOTO pecypca KOJIOCHUKOB OOXHUIoBbIX Tenexek u3 cranu 40X24H12CJT Bbimod-

HEH CPaBHUTEIIbHBIN aHAJIM3 PE3yJIbTaTOB MAaKPOUCCIIEOBAHUH KOJIOCHUKOB IIOCJIE AKCILIyaTally C Pe3y/IbTaTaMU MOJIEINPOBAHUS YCIOBHH HX
9KCIUTyaTanuu. MonemMpoBaHie NPOBEICHO C MPUMEHEHHEM METOAA KOHEUHBIX JIEMEHTOB, YTO TO3BOJIMJIO JIOCTHYb BBICOKOH JOCTOBEPHOCTH
MOJTy4EHHBIX pe3ynbraroB. /st 3Toro ObUIO 3a/laHO MAaKCHMAaJIbHO BO3MOXKHOE JOCTOBEPHOE KOJIIMYECTBO IPAHUYHBIX YCIOBHH MOJEIHPOBAHUS,
MOJTy4eHHBIX KaK U3 MAaKPOHCCIIEI0BAHMI, IPOBEACHHBIX paHee, TaK U U3 Hay4YHOH JuTeparypbl. [IpiMeHeHre MeTo1a KOHEUHBIX 2IEMEHTOB [103BO-
JIMJIO ONPE/ICTTUTh, YTO MO CEYEHHMIO JACTaIH 00pa3yeTcs BEICOKUH rpaIeHT TeMIIEpaTyp C JIOKaJIbHBIMH 30HaMH neperpesa. [lokasano, uTo xapakrep
neperpesa NpeackasyeM U CBA3aH C YCIOBHSAMM MOA4M TEIUIOHOCHUTENS B PaOOUyIO0 30HY BO BpeMs HKCIUTyaTallMd IETald. YCTaHOBJIEHO, YTO B
JIeTaJI BO BPeMs SKCILTyaTalluH JIOKaJIbHO 00pa3yroTCsi 30HbI C OOJIBIIMMH 3HAYCHUSIMH BHYTPEHHHX HanpspKkeHui U nedopmarmii. [Tokasana 3ako-
HOMEPHOCTB TMOSIBJICHHUSI THX 30H, CUJILHO 3aBHCSIIAS OT HAIMYUS HEOAHOPOIHOCTEH B CTPYKTYPE AETANH, & TAKXKE MPEINONIOKHTEIbHO CBI3aHHAs
C TEOMETPHYECKOH CIOKHOCTHIO OTIIMBKH. YCTAaHOBJICHO, YTO IPH HAJTWYUH yCa/I0YHBIX PAKOBUH BCE 3HAYEHMS HANPSHKEHUH 1 1eOopMaruii pe3Ko
BO3PACTAIOT, 0000 BBICOKO PACTyT 3HAYEHHs B JOKAIBHBIX MaKCUMyMax. [Ipu 9ToM Xapakrep pacnpeeneHus JOKaIbHbIX 30H ¢ BLICOKUMH 3Ha4e-
HUSAMH HANPsHKEHUH U 1eopMalyii IpH HAJIMYUN yCa/l0YHBIX PAKOBHH OCTAeTCs MPAKTUYECKH HEM3MEHHBIM. AHAIIN3 XapaKTepa pacloIOKEeHHsS
30H C BBICOKUMH 3HAYEHUSIMH HANPsDKEHUH 1 ieopMarLiuii 1o3BOIHI MOy YHTh 00BSCHEHUE CYIIECTBYIONIEr0 MPHHIIUIA Pa3pyLIEHNs KOJTIOCHUKOB
TPEINHOO0PA30BaHUEM BO BpeMs AKCIUTyaTanud. Jloka3aHO, YTO OJHOW M3 OCHOBHBIX IPUYMH, BBIBIBAIOIINX KOPOOJICHUS, PACTPECKUBAHUS U
M3JIOMbBI KOJIOCHHKOB OOKHMTOBBIX Tenexek u3 cranu 40X24H12CJ1 sipaseTcss HamM4yKMe B CTPYKType METajuia ycaJouHbIX pakoBuH. B pesynbrare
MOJETUPOBAHMS YCIOBUI IKCILTyaTalliy OMIMCAH MEXaHU3M MPOTEKaHUs IepeKTo00pa30BaHMUsI KOJIOCHUKOB, IIOJTHOCTBIO COBMAIAIONIHI C pe3y/bTa-

TaMHU MaKpOHMCCIIEZ0BaHUI U HAOMIOACHUH, MOyYSHHBIMU BO BPEMsI IKCILTyaTaluH.
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Ha ceronHAmHuil 1eHb OJHOW W3 OCHOBHBIX NPUYHH,
CHIDKAIOIIMX 3KCIUTyaTallMOHHBIA pecypc KOJIOCHUKOB 00-
JKUTOBBIX TEJIEKEK OTEUYECTBEHHOTO MPOU3BOJCTBA U3 CTa-
m 40X24H12CJ1, siBnsieTcs KopoOiaeHne, 3a4acTyro COIpo-
BOJKJAOILEECs TPEIIMHOOOpa30BaHUEM C IOCIEIYIOLUM
n3inoMoM [1].

B pesynbrare nmosiBuiach HEOOXOAMMOCTE B IPOBEJIE-
HUH WCCIICOBAaHUHN B IAaHHOM HalpaBJICHUH, CYyTh KOTO-
PBIX 3aKiloyajach B CPaBHEHHUU BBIBOJOB, MOJYYEHHBIX
pU TIOMOIIH MAaTeMaTHYEeCKOTO MOJCITHUPOBAHMS YCIO-
BH dKCIUlyaTallud ¥ MakpoaHasin3a ObIBIIMX B JKCILTY-
aTalMy KOJIOCHHUKOB, BBIXOAMBIIMX B Opak B TCUCHHE
OJIHOTO MexpeMoHTHoro mnepuoaa (12 mecsues) [2].
MojenupoBaHue BBITIOJIHEHO C TPHUMEHEHHWEM MeToja
koHeuHbIX 251eMeHToB (MKD). Beibop MKD o0ycnosien
€ro CIOCOOHOCTHIO OTOOPA3UTH MONHYIO TOCTOBEPHYIO
KapTHUHY C BO3MOYKHOCTBIO OJJHOBPEMEHHO pelIaTh TeM-
nepaTypHyro U TPOYHOCTHYIO 3a/1auH, a TAKIKE C BO3MOXK-
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HOCTBIO pa3fielieHus! pe3yabTaToB Ha obnactu st Oonee
JETATHHOTO aHAIH3a.

C nenbIo BEISIBIICHNS e (PeKTOB KOJIOCHUKOB, 00pasyro-
IIUXCS B TPOIIECCE JIUThS (IyCTOTHI, HEOXHOPOIHOCTH),
KOTOPbIE€ MOTYT yBEJIMYHUTh BEJIMYHMHY BHYTPEHHUX Ha-
MpsDKEHUH, OBITH MPOBEICHBI MAaKPOHUCCIICTOBAHNUS BCEX
KOJIOCHMKOB, OTOpaKOBaHHBIX Ha MPOTsSKeHUU 12 mecs-
IIeB dKCIUTyaTanuu Ha oOoxkurosoit mamuue OK-306. Bee
uccieayeMble KOJOCHUKH dKCIITYyaTHPOBAIUCh NPU TEM-
neparypax 20 — 1270 °C npu DOCTOSHHBIX TEIJIOCMEHAX.
IIpu 3TOM CKOPOCTb OXJIAXJEHUS JETalH MOCIE 30HBI
o0xura moxert coctaBiath o 230 mo 330 °C/mun [3].
Takasg CKOpPOCTb OXJIaXXJE€HHUsl BbI3BbIBA€T OOJNBLION rpa-
TUCHT TEMIEPATyp MO CEYCHHUIO KOJOCHUKA, YTO IPUBO-
JUT K TIOABJIICHUIO B HEM BHYTPEHHUX HampsDKeHUU [4]
(cam mo cebe, KOJOCHHK HMEET OOJBIIYI0 T'C€OMETpPH-
YECKYIO0 CJIO0XKHOCTh, YTO TOJBKO YCYTyOISeT Mpouecc).
DTH BHYTPEHHHE HAIPSIKEHUS MOTYT IPUBECTH K KOPOO-
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JICHUIO JIeTalield, a B MOCIEJCTBUM K TPEIIMHAM H H3JI0-
Mawm [4 — 8].

B pesynbrare npoBeieHHOr0 MakpoaHaiu3a ObUIO ycTa-
HOBJIEHO, 9TO 17 % BCeX KOJOCHHUKOB, JI€MOHTHPOBAHHBIX
¢ 0anok, MoJBepkKEeHO KopobieHuto u 12 % — TpemunHoo-
Opa3oBaHUIO W U3JIOMaM, MPH 3TOM 3/4 KOJIOCHHUKOB, IMOJI-
BEPXKECHHBIX TPEHIMHOOOPA30BAHUIO, HMEIH TPEUIMHBI

U U3JIOMBI, NPOXOJSIIKE Yepe3 3aMKOBYIO 4acTb KOJIOCHH-
ka. Kopobnenue n TpemuHOOOpa3oBaHUE BCEX KOJIOCHU-
KOB TIPOTEKAeT M0 OZHOMY MexaHu3My. Bce xopoOneHsie
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KPYIHBIMHU YCaJJOYHBIMH PAKOBUHAMH COOTBETCTBCHHO
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Fig. 1. The mechanism of buckling deformation of the grate bar:

a —buckled grate bar in comparison with other grate bars, dismantled
from the pallet car, after 12 months of operation, 6 and ¢ — distribution
of deformation arising upon the operation, along cross section of the
grate bars without any cavities and with three large shrinkage cavities
respectively

KOJIOCHUKH J1e()OPMUPOBATINCE 110 OJHOI cXeme — cpef-
HIOIO 9acTh KOJIOCHHKA BHITHOAJIO BBEPX, TI0 HAIIPABICHHUIO
K ropeskam (puc. 1, a). TpemmHooOpazoBaHue B KOJIOCHH-
Kax IPOTEKaJo IO IBYM OCHOBHBIM IPHHIIMIIAM: TPEIIH-
HOOOpa3oBaHKe, MPUBOJAIIEE K W3JIOMY 3aMKOBOM 4acTH
(puc. 2, a) v IpoJ0IbHOE TPEIIMHOOOPA30BaHNE, HMEBIIICE
pacnpocTpaHeHHe TOJBKO B TOPU3OHTAIBHBIX MIOCKOCTAX
(puc. 3, 6).
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Puc. 2. MexaHu3M H3J10Ma 3aMKOBOI YaCTH KOJOCHUKA:

a — I@MOHTHPOBAHHBIE ¢ OaJIOK KOJIOCHHUKH 1ociie 12 MecsIeB dKCITya-
Tall1, UIMEIOIINE U3JIOMBI 3aMKOBBIX YacTei; 6, 6 — HHTCHCUBHOCTD
HANPSDKCHNH, BOSHUKAOIIUX [IPU SKCIUTyaTalllH, 10 CEYCHHUIO KOJIOCHHU-
KOB: HE MMCIOIIMX YCaI0YHBIX PAKOBUH U C TPEMsI KPYITHBIMH yCa0u-
HBIMHU PaKOBHHAMHU COOTBETCTBEHHO

Fig. 2. The mechanism of fracture of crest joint parts of the grate bars:
a — the grate bars dismounted from the beams after 12 months of
operation having fractures of the crest joint parts, 6 and & — the stress
intensity arising during operation, along the cross section of the
grate bars without cavities and with three large shrinkage cavities,
respectively
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Puc. 3. UccnenoBaHue KOJIOCHHUKA, TOABEPIKEHHOTO KOPOOICHHIO M TPEIIHHOOOPA30BaHMUIO 1OCie 12 MEeCsIIeB SKCILTyaTaI[|n:
a — KOJIOCHUK ¢ 0003HAYCHUSIMH HCCIIETyeMbIX YacTel, oommmii Bu; 6 (1) — cpemHsist 4acTh KOJIOCHUKA, OOMIIBHO HACBIIIEHHAS YCaI0YHBIMU [TOPAMHU;
6 (1) — cpemHsist yacTh KOJOCHHKA C YCAJ0YHOM PAKOBUHOM U MpoaobHbIME TpemnHami; 2 (I11) — 3aMKkoBast 4acTh KOIOCHUKA C OONBIION yCaT0qHOM
PaKOBHHOMU

Fig. 3. Examination of the grate bars susceptible to buckling deformation and cracking after 12 months of operation:
a — grate bar, with specification of the examined pieces, general view; 6 (I) — middle part of the grate bar, heavily charged with shrinkages pores;
6 (II) — middle part of the grate bar with shrinkage cavity and longitudinal cracks; 2 (III) — crest joint part of the grate bars with a large shrinkage
cavities

AHanu3 KOJOCHHUKOB, IPOBEACHHBII Ha PA3HBIX ydacT-
Kax JeTald, II0Ka3all, 4YTO BCE KOPOOJICHBIC KOJOCHHUKH
ObUIM TIOJBEPIKEHBI YCAJ0YHOM MOPUCTOCTH U HMMENU
OonmpIIme ycamouHBle PaKOBHHBEL Pasmep pakoBHH W HX
PACIONOXKEHNE BO BCEX CIIydasix OblIM MAEHTHYHBL. OHa
W3 HUCCIEeNyeMbIX JIeTajel mpencrapieHa Ha puc. 3, a. Ca-
MbI€ KPYIHBIE yCaJ04YHbIE PAKOBUHBI HAXOAWIUCH B Mac-
CHBHBIX y4YacTKaX JETalHd — 3aMKOBBIX, IO OJHOM C Kax-
JIOW CTOPOHBI, pa3Mep PakoBUH jgocTuranz 37x30x18 mm
(puc. 3, 2 (II)). Ilpu 3TOM, 3a4acTyro, B CpelHEH YacTH
JeTald HaXOAWNACh 3HAYMTENIbHAs 10 AJMHE ycajouHas
paxoBuHa (puc. 3, 6 (II)), pa3mepbl KOTOpOH IOCTHTAIN
98x8x20 mm. Ilomumo 3TOro, B LIEHTpE AETaau oOHapy-
JKEHBI 30HBI, OOMIFHO HACHIIICHHBIC YCATOUYHBIMU MOPaMH
(puc. 3, 6 (1)). Konocuukwu, He o1BEpKEHHBIE KOPOOJICHUIO,
MMEJH 3HAYUTEITFHO MEHBIIIHE YCaT0IHbIC PAKOBUHEL, a TaK-
K€ MEHBIIIYIO CTEIIEHb HACBIICHUS YCa0YHBIMU IOPAMU Ha
TEX K€ yJacTKax JeTaH, JIN0O He MMEITH UX BOBCE.

W3BecTHBI Be MPUYMHBI MOSBICHUS BHYTPCHHUX Ha-
npsokeHnit B KonocHukax w3 cranu 40X24H12CJT npu
9KCILTyaTaluy (BO BpeMsl TEPMOLUKINPOBAHNUS): TPAAUEHT
TEMIIEpaTyp MO CEUCHUIO NCTalIH W IIepepacipesieieHIe
00BEMOB B CTPYKType KOJIOCHHUKA 32 CUeT (ha30BbIX MPEB-
pamtenuii (kapOu000pazoBaHus W (Pa30BOTO Tepexoja
o <> v) [4 — 8]. YuutsiBas TOT (axrt, 4to (pa3oBble NpeBpa-
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LICHHUS BO BCEX KOJIOCHUKAX MPH AKCILTyaTalluy MPOTEKAIOT
C OJIMHAKOBOW MHTEHCHUBHOCTHIO, a Je(PEKTOOOPa30BAHHIO
nocine 12 mMecs1eB dKCIUTyaTaluy MoABEePKeHbI JTUIb 29 %
KOJIOCHHUKOB, a TaKXKe TO, UYTO IIPH HOPMAJBHBIX YCIOBUIX
9KCIUTyaTalliid KOJIOCHUKU MPHUOBIBAIOT B 30HAX BBICOKUX
TEMIIEpaTyp MaJIblii BpEMEHHOW MTPOMEXYTOK (5 — 7 MUH),
YTO MEHBIIIe BPEMEHH, HEOOXOIUMOTO JIJIsl IpoTeKaHus (a-
30BBIX MTPEBPAICHHUH, KOTOPHIE MOTJIH OBI TIPHBECTH K MOSB-
JICHUIO CHJIBHBIX BHYTPEHHUX HANpsDKEHUH [2, 3, 5], MOXKHO
TIPEIIONIOKUTD, 9TO (Pa30BBIC PEBPAIICHHS UTPAIOT HE3HA-
YUTENILHYIO POJIb B 00pa30BaHUU BHYTPEHHHUX HalPsHKEHUH
B KOJIOCHHUKAaX OOKUTOBBIX TEJIEKEK MTPU IKCILTYaTAITHH.

Hcxozst 13 BBIIEONTUCAHHBIX JJAHHBIX, Il OObSICHEHUS
MIPUYUH BO3HUKHOBEHUS KOPOOJICHHSI M TPEITHHOOOpa30oBa-
HUS KOJIOCHUKOB BO BPEMsl SKCIUTyaTalliy ObLIO MTPOBEICHO
HCCIIeOBAaHNE C TPUMCHEHHUEM METOa KOHEUHBIX dJIeMEH-
TOB, KOTOPOE 3aKJII0YaAJIOCh B MOCTpoeHnH 3D-Monenu ko-
JIOCHUKAa W MOJCIMPOBAHUH YCIOBHH €T0 JKCIUTyaTalnH,
T. €. 33JaHUU TPAaHUYHBIX JaHHBIX. BbUIM MPUHSATHI ciie-
IYIOIIHE YCIIOBHS MOJICIUPOBAHUS:

— TEOMETPUUYECKUE pa3Mepbl KOJIOCHUKA B3ATHI U3 TEX-
HOJIOTUIECKOH KapThl 3aBOJ[a N3TOTOBUTEIIS;

— IIPEyCMOTPEHO HAIMYHME TPEX YCaJ0UYHBIX PAKOBUH B
TeJe KOJIOCHUKA (JIBE TI0 KpasiM, B 3aMKOBOM YacTH, U OfIHA,
MPOTSDKEHHAA, B IICHTpe JeTalu (puc. 4));
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Puc. 4. IHTeHCHUBHOCTH HANPsHKEHUH, BOZHUKAIOIMINX MTPH KCIUTyaTa-
UM BHYTPHU METAaJUIa, PACIIOJIOKEHHOTO Y YCaIOYHBIX PAKOBUH:
a — BuJ COOKY (BKITFOUYAsi BEPXHIOIO YacTh); O — BUJI CHU3Y

Fig. 4. Stress intensity arising during operation inside the metal located
near shrinkage cavities:
a — side view (including the top part), 6 — bottom view

— HarpysKa, IPUXO/AIIAsCS Ha BEPXHIOIO TOBEPXHOCTh
konocHuka: 15,140 kr (ucxoms w3 pacyera Beca MaKCH-
MaJIbHOTO 00beMa OKAaTHIIICH, MaBAIIUX Ha JIETalb IpH
MaKCUMaJIbHOW BBICOTE CJIOSI OKAThIIIEH );

— TeMIIeparypa Ha MOBEPXHOCTH KOHTAaKTa KOJIOCHUKA C
okatsimamu 1250 °C [9 — 13];

— Temrneparypa okpyxkatomieit cpensr 600 °C [9 — 13];

— OTpaHMYCHUS CTemeHeil cBoOOIbI, 00YyCIOBICHHBIE
YCJIOBHSIMH YCTAaHOBKHY KOJIOCHHKA HA pemieTKy [1];

— BpeMs HaXOXJICHUS JIeTald B 30HE BBICOKUX TEMIIE-
partyp 5 MHH (COOTBETCTBYET CpeIHEMY BPEMEHH HaXO0XK/Ie-
HUSI KOJIOCHHKA B 30HE OOXKUTA TIPH €0 HKCILTyaTalun).

HccnenoBanue 3aKiI09aioch B ONMPEACICHUH BEITHIHH
TEMIEPaTYPHBIX T'PATUCHTOB, CYMMApHBIX HaNpsKEHUH
B Pa3IMYHBIX YYacTKaxX JETad U CTeIeHeH nedopMarin
B KOJIOCHUKE BO BpeMs HKCILTyaTallu.

W3 aHanm3a mocTpOeHHOH MOJEIHN TpalieHTa TeMIIepa-
Typ MO CEYCHUIO JICTAIH BO BpeMs JKCITyaranuu (puc. 5)
CIIEyeT, YTO HaWOOINBIIEMY IPOTPEBY (IO TEMIIEpaTyp
880 — 1200 °C) noxBepraercst BEpXHss 4acTh ACTANHU, IPU
9TOM 3aMKOBasl YacTh WMEET BBICOKHU TPATUCHT TEeMIIe-
patyp: ot 624 °C na HuxHux 70 1200 °C Ha BepXHUX IT0-
BEPXHOCTSAX NETAJH. YUUTHIBAs, YTO IPOLECC BBIICICHHS

Puc. 5. Pacnpe}leneHHe TeMIIEpaTyp 0 CEUCHUIO KOJIOCHUKA TT0CJIC
TIPOXOXKICHHU S 30HbI o0Oura

Fig. 5. Temperature distribution over the cross section after passing
through the firing zone

KapOMI0B HauMHaeTcs oT Temneparyp 550 °C u momydaet
HauOonpIIee pa3BuTHE MpHU Temmeparypax 750 — 950 °C
[1, 14 —20], MOo)XHO crienarh 3aKIOYCHHE, YTO B PE3YiIb-
TaTe SKCIUTyaTallid CO3JAIOTCS OJaronpHUATHBIC YCIOBUS
JUIS BbIIEJICHUS KapOUI0B B CTPYKTYpE CTajH, 4YTO IOJI-
TBEPKJIa€T BBIBOJBI O MPOTEKAHUU OOMIBHOTO KapOoua000-
pa3oBaHMs NPU HKCIUTyaTallud KOJIOCHHUKOB, IOJIy4YE€HHbIE
pannee [1].

AHanu3 nedopManuii 1 HHTEHCUBHOCTEH HAIIPSHKCHHM,
BO3HUKAEMBIX IIPU TEMIIEPATYPHOM PACITUPEHUH KOJIOCHH-
KOB, BBITIOJTHEH Ha JBYX MOIEIIIX: B KOJIOCHHKaX 0e3 yca-
JIOYHBIX PAKOBHH U C HUMHU.

B xomocHukax 6e3 ycaJZodHBIX pakoBHH (puc. 1, 6) Bemu-
yiHa Ae(opMaluy YBeITMUUBACTCS OT Mepudepunt K HEHTPY
JIeTaJld ¥ B IMKE COCTaBIIAET OT 2 j0 2,26 MM. B KoiocHU-
KaX, IMEIONINX ycaJ0uHble pakoBHHEI (puc. 1, 8), nedopma-
[OUH pacIpeme]CHbl TAaKUM K¢ 00pa3oM, HO UMEIOT OO0JIb-
mue 3HaueHus — ot 2,3 1o 3,45 MM B nuke. B xonocHukax
C YCaJOYHBIMH PaKOBHHAMH 30HBI IeopManuii ¢ BEITHIH-
Ham# Oosiee 2 MM UMEIOT 3HAYUTENBHO OOJIBIINI 00BeM 10
CPaBHEHUIO C KOJIOCHUKAaMHU 03 yCaJ09YHBIX paKoBHH. Mak-
cUMallbHBIC JIe(OpPMAalIUU B LIEHTPE, IIPU HAIWYHH yCaa04-
HBIX PaKOBMH, YBEIMYMWIUCH Ha 52 % U cocTtaBuiu ot 3,1
Jo0 3,45 mMm. TlomydeHHass Moaenb KOpOOJeHUs KOJOCHH-
KOB, UMEIOILUX yCaJOUHbIE PAKOBUHBI, IPU IKCIUTyaTalluu
(puc. 1, 8) UMeeT MOTHOE CXOACTBO C pealbHON KapTUHOM
kopoOiienust aeranu (puc. 1, a). Mcxons u3 sroro, ciemy-
€T, YTO MPUYUHON KOPOOJIEHHS KOJOCHUKOB MPU DKCILTYa-
TalUM SBJSIIOTCS. yCaJOUYHbIE PAKOBHHBI, KOTOPHIE yBEJHU-
YUBAIOT BHYTPEHHHUE HANpPSHKCHUS B JIETAIHU BO BpeMs ee
TEPMOLIMKIINPOBAHHUSL.

Pacrmipenenenie WHTEHCHBHOCTH HANpsHKEHUH MO ce-
YEHHIO KOJOCHWKA 0e3 YCaJ0YHBbIX pakoBUH (pHC. 2, 6)
MOKAa3aJio, YTO 30Hbl MAKCUMAaJbHBIX HAIPSDKEHUH pacto-
JIOKEHBI B 3aMKOBOI 4aCTH, YTO MOJKET OBITh CBSI3aHO C I'e0-
METPUYECKOHN CIOKHOCThIO OTJIMBKH. VIHTEHCUBHOCTH Ha-
TIPSDKSHUH B 9TUX 30HaX HAXOIUTCS B mpezieax ot 68,49 no
122,97 MIla, a B ocTaJIbHBIX y4acTKax JeTalu B IMpeaenax
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ot 0,38 o 95,73 Mlla. Takum oOpa3om, 30Ha MAaKCUMaJTb-
HOM MHTCHCUBHOCTH HAIPSKCHUH HAXOAWUTCS B 3aMKOBOU
YaCTH OTJIMBKH (B yrinax, 1o KpaHM) U UMECT MMUKOBBIC 3HA-
yeHus Oojiee yeM Ha 28 % BbIllie, YEM BO BCEX OCTaIbHBIX
ydacTkax geranu. Cxema pacrpeesieHius HHTEHCUBHOCTH
HanpsOKeHUH 1O CEYEHHUI0 KOJIOCHUKA C TpeMs ycalou-
HBIMH PaKOBHHaMH (PUC. 2, ) UMEET aHAJOTHYHBII BUJ.
OpHako B 30HaX MaKCUMaJIbHBIX HANPSDKEHUH HHTEHCHB-
HOCTb HaNPsHKEHUH BO3pocia U cocTaBiseT oT 58,64 no
175,28 MIla B 3aMKOBO# 4acTH, MPHU 3TOM B OCTAJIbHBIX
ydacTKax A€TajJld HHTEHCHUBHOCTDH HaprDKCHI/Iﬁ HaXxo-
nutes B penenax ot 0,31 1o 116,96 MIla. Takum oGpa-
30M, MMUKOBBIE HAMPSIKEHUS B 3aMKOBOM 4acTH BO3POCIH
6oxee yem Ha 42 % TpH TOM, UTO B OCTATBHBIX yIacTKax
JIeTalld BBIPOCIU B cpefHeM Ha 22 % Mo OTHOILIEHHUIO K
pe3yapTaraM MOJETHpPOBAaHUS KOJOCHHKa 0Oe3 ycamou-
HBIX paKOBUH.

BeolmeonvcanHas MoIeNb pacHpeieneHusl Harpsike-
HUM TO03BONMIA OOBSICHUTH TAaKOW pacHpOCTPAHEHHBIN
Ie(eKT KOJIOCHUKOB OO)KUTOBBIX TENEKEK, KaK TPEIIMHO-
oOpa3zoBaHue (MPUBOAALIEE K U3JIOMY) B 3aMKOBOW 4YacTH
(puc. 2, a). YcTaHOBIIEHO, YTO 30HA MAaKCUMAJIbHBIX M30bI-
TOYHBIX HANpsDKEHUH 00pa3yercst B 3aMKOBOM YacTH, 4TO
TaK)Ke COBITAJIAET C DKCIIEPUMEHTAJIbHBIMU JaHHBIMU [21].
N3-3a HasmMuus ycalouHbIX MyCTOT U, Kak IMOKa3aHo paHee,
KOPOOJIEHUS, B CIICICTBUU HAINYNS N30BITOUHBIX HaIPsIKe-
HUI B 3aMKOBOM 4aCTH KOJIOCHHKA, B ATOH 30He 00pazyeTcs
TpewuHa. JlanabHelas sKcIIyaTalus Takoro KOJIOCHUKA
MIPUBOJMUT K PacIpOCTPAaHEHUIO TPEUIUMHBLI U, B KOHEYHOM
WUTOT€, U3JI0OMY 3aMKOBOM 4acTH AeTalu. B KonocHUKax, He
UMEIOIIUX B CBOEH CTPYKTYpPE YCaZ0uHble IIyCTOTbI, HANps-
JKEHH B 9THX y4acTKax JeTajld UMEIOT 3HAYUTEIbHO MEHb-
mue 3HaueHus. MoxHO MpEaANnOJIOXUTh, YTO YEM 6OJ'H>HII/IG
pa3Mepbl U PacIpoCTpaHEHUe UMEIOT yCaJoyHble PaKOBU-
HbI B KOJIOCHUKAX, TEM BbIIIC BHYTPCHHUC HAIIPSIKCHUA
IIpU UX IKCIUTyaTalluy. BeleonucanHblil MexaHu3m Oosee
TOYHO OIMCHIBAET MPOIIECC MPOTEKAHUS U3JI0MA U JJOKA3bl-
BAET, YTO yCaJOYHbIE ITYCTOTHI YBEIMYUBAIOT CKIIOHHOCTb
KOJIOCHUKOB OOYKHTOBBIX TEJEXKEK K TPEeUIMHO0Opa3oBa-
Huto. CTOUT OTMETHUTh, YTO 3alLE€MJIEHHE KOJIOCHHKOBOIO
psiia MCKPUBJIGHHBIMU B TPOIIECCE DKCIUTyaTallld MOJKO-
JIOCHUKOBBIMM OajKaMM sIBJISI€TCSl HE €JUHCTBEHHON M He
OCHOBHOI NPUYHMHOI 00pa3oBaHus NTaHHOTO JedeKTa, KakK
9TO TpeAroiarainock B padbore [2].

AHanmu3 MHTEHCHBHOCTH HaIPSDKEHHUH, BO3HUKAIOIIMX
IIPY KCIUTyaTalldl KOJIOCHUKOB B OOJAacTH MeTajuia, IpH-
JIETaIoNIero K YCaJOYHbIM paKOBHHAM, TIOKa3all, 4YTO BHYT-
pu OONBINUX PAKOBUH OKPYIIIOW (DOPMBI, PACITOIOKEH-
HBIX B 3aMKOBBIX 4HaCTAX KOJOCHHKA, UMCIOTCA TPU 30HbL
C HHTEHCHBHOCTBIO HANpsDKEHUH pPe3Ko BbIIIE, YEM BO
BCCX OCTAJIbHBIX YyYacCTKax. Olea 30Ha HAXOOUTCs CBECPXY
ycaZouHOW pakoBHWHBI (puc. 4, a) W J1Be 30HBI BHU3Y pa-
KOBHHBI (pucC. 4, 6). IHTEHCUBHOCTh HANpsHKEHUH B 3THX
30Hax cocrasisieT ot 86,31 mo 151,97 Mlla npu Tom, uTO
B OCTAJIbHBIX Y4aCTKaxX OHa HaXOAUTCA B Ipenenax oT 4,24
1o 86,31 MIla. Ucxonst u3 aToro, ciemyer, 4To B ycaaod-
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HbIX PAaKOBHHAX CYHIECTBYIOT PAa3HOOPUCHTUPOBAHHLIC
30HBI C ”HTEHCUBHOCTBIO HANIPSDKEHHH BEIIIE Ha 76 %, yeM
B OCTAJBHBIX ydYacTKax MeTajula, NPHJIEraloliero K yca-
JOYHBIM pakoBHHaM. [lomydeHHas MOeNb pacipeIeneHusI
HUHTCHCHUBHOCTHU Hal'[pf[)KeHI/II\/‘I IIOKa3bIBACT, YTO HpH‘H/IHOﬁ
00pazoBaHUs MPOJONBHBIX TPEIIUH KOJIOCHUKOB OOKHTO-
BBIX TEJIEXKEK IMPU IKCIUTyaTanuu (puc. 3, ¢) sSBIsICTCS Ha-
JIYUE B MOCIETHAUX ITyCTOT YCaIOUYHOTO MPOUCXOKICHNS.
OT0 TaKke 0OBSICHACT MPOTEKAaHNUE TPEIMHOOOPa30BaHUS
M0 TIPUHIIMITY, OTIUYHOMY OT OMKMCAHHOTO B padote [22]:
TPCHIMHBI JOJDKHBI UMCETh HAIlPaBJICHUE, TEPICHAUKYIIAP-
HOE K TNTOCKOCTH AEHCTBHS OCHOBHBIX PACTATUBAIOIINX Ha-
IPsDKEHUH IIPU JKCILTyaTalluy. B cilydae ¢ KOJIOCHUKaMu,
HarpapJIeHUE TPEIINH COBITA/IACT C TNIOCKOCTHIO OCHOBHBIX
pacTAruBaromnux Hal'[pf[)KeHHﬁ, qTO O6’I)$[CH$[6TC$I HaJIn4u-
€M 30H C OOJBIIONH MHTEHCHBHOCTBIO HANPSHKEHUH BHYTPH
YCagO4YHbIX PAKOBUH KOJIOCHHUKA.

[Tocne moctpoenust 3D-Moneny KOJIOCHUKA BO BpeMs
9KCILTyaTalluy ObLUTH MOMYYEHBI rpaUuecKie U KOITHUECT-
BEHHBIC PE3YJIBTaThl, KOTOPBIE B TIOJIHOM 00BEME OTPa3MIIN
1 OOBSCHWIM CYHIECTBYIOIIYIO KapTHUHY Ae(eKToo0pa3o-
BaHMS, MOJTYYCHHYIO B pE3ylbTaTe aHalIW3a ITOJBEPIKEH-
HBIX KOPOOJIEHHMIO M TPEIMHOOOPa30BaHUIO KOJIOCHHUKOB,
JIEMOHTHPOBAHHBIX TIOCIIE JKCIUTyaTallil Ha OOKHUTOBOI
marmHe OK-306.

Buieoowsl. B mporiecce MpOBENEHHBIX HUCCIETOBAHHUNA
1 MOACINPOBAHNA C IPUMCHCHUEM METO/Ja KOHCYHBIX 3J1€-
MEHTOB OBIBIIMX B DKCILTyaTallly KOJIOCHUKOB OOKUTOBBIX
TEJeKEK MOJIyYEHbI CIICAYIOIINE PEe3yIbTaThl:

— TP IKCIUTyaTalui KOJIOCHUKOB O0XKHTOBBIX TEJEKEK
B HHUX 00pa3yeTcsl CHIBbHBIM I'paJUeHT TEMIeparyp, Bepx-
HSIS1 30Ha KOJIOCHUKA TIPU SKCIUTyaTaIliH IPOTPEBACTCS 10
TEMIIePaTyp, JOCTATOYHBIX JIJIsl TPOTEKAHHUS IIPoIecca Kap-
011000pa3oBaHMS;

— TpEIHOO0Opa30BaHUE M KOPOOIEHHE KOJOCHUKOB
MIPOTEKAET 110 OTHOMY MEXaHU3MY, UTO B OOJBIIICH CTETICHH
oIpesiesIsieTcsl pasMepaMy M PaCIONIOKEHHEM YCaJ04YHBIX
MyCTOT;

— ONHCAH MEXaHH3M IPOTeKaHHs KOpOOJEeHHs KoJoc-
HUKOB OOXKHTOBBIX TENEXeK: Je(eKT pa3BHBACTCS M3-3a
HaJIN4US M30BITOYHBIX J1e(OPMAIIMOHHBIX HANPSHKEHUN
B IICHTpE JICTaJIH, 2 HAIMYNE YCAJTOUHBIX ITyCTOT PE3KO YBe-
JIMYHMBAET CKJIOHHOCTh KOJIOCHMKOB K KOPOOJICHHIO;

— ONHMCAaH MEXaHW3M MPOTEKaHHS PAa3HOOPUEHTUPO-
BaHHOTO TPELIMHOOOPA30BaHUs ¥ H3JIOMOB KOJOCHHUKOB:
MIPOTEKaHUE Mpolecca 00yCI0BICHO W30BITOYHBIMK HAIPs-
JKCHUSAMU B PA3JIMYHBIX Y4aCTKax ACTaJIkd, KOTOPbHIC NOABU-
JIMCh M3-32 HAJMYUS YCaJOYHBIX PAKOBHH.

Takum 00pa3om, [Tl CHHKEHUSI 1 BO3MOXKHOTO UCKITIO-
YeHHUsl Tpolecca MOSBICHHUS TaKUX AEe(EeKToB, Kak KO-
poOnenue, TpemMUHOOOpa30BaHWE W H3JIOMBI 3aMKOBBIX
4acTel KOJIOCHUKOB OOJKUTOBBIX TEJIEKEK HEOOXOIUMO W3-
MCHUTH TCXHOJIOTHUIO UX U3TOTOBJICHHUA U PA3JIMBKU B CTO-
pOHY ycTpaHEeHUs! (MUHIMHU3AINN) BO3MOKHOCTH TOSBIIE-
HHS YCAJOYHBIX ITyCTOT B CTPYKTYPE JE€TAJIH, T. €. BHIBECTH
yCaJI09YHBIC ITyCTOTHI B IPHOBUIBHYIO YaCTh OTINBKU.
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MATHEMATICAL MODELING OF OPERATION OF THE PALLET CARS’
GRATE BARS MADE OF STEEL 40Kh24N12SL

D.I. Ivanov"?, A.A. Kozhukhov?, V.A. Sklyar*
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Abstract. To determine the reasons that decrease life of the grate bars of
pellet cars from steel 40Kh24N12SL during the operation, a compara-
tive analysis of the results of macro-investigations of the grate bars af-
ter operation with the results of modeling the operating conditions for
the grate was performed. The modeling of the operating conditions was
carried out using the finite element method, which allowed achieving
high reliability of the obtained results. For the reliability of the model-
ing results, the maximum possible number of boundary modeling con-
ditions was obtained, obtained from both macro-examples conducted
earlier and from the scientific literature. The application of the finite
element method made it possible to determine that a high temperature
gradient with local overheating zones is formed along the section of
the component. It is shown that the nature of overheating is predictable
and is related to the conditions of the coolant supply to the working
area during operation of the part. It is established that zones with large
values of internal stresses and deformations are locally formed during
operation. The regularity of appearance of these zones is shown, which
highly dependents on the presence of inhomogeneities in the structure

of the part, and is also supposedly related to geometric complexity
of the casting. It is also established that in the presence of shrinkage
shells, all values of stresses and deformations increase sharply, espe-
cially in local maximums. In this case, the distribution of local zones
with high stresses and deformations in the presence of shrinkage shells
remains practically unchanged. An analysis of the location of zones
with high stresses and strains made it possible to explain the existing
principle of the destruction of the grate by cracking during operation. It
is proved that one of the main causes of buckling, cracking and fracture
of the grates of the pellet cars made of steel 40Kh24N12SL is the pres-
ence of shrinkage shells in the metal structure. As a result of modeling
the operating conditions, mechanism of the occurrence of buckling,
cracking and fracture of the grates of steel 40Kh24N12SL during op-
eration is described, which completely coincides with the results of
macro-investigations and observations obtained during operation.

Keywords: buckling deformation, fracture, grate bars, steel, defects, crack-

ing, operating lifetime, temperature gradient, stress, deformation,
shrinkage cavities, cavities, modeling, operation, finite elements
method.
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