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paspbiBa 060JI0YEK TBIJIOB U3 OTEUCCTBEHHBIX U 3apyOeKHBIX CTUIABOB B 9KCIIEPUMEHTAX,
OXBaTbIBAIOLIMX PA3JIMYHbIE YCJIOBUS HarpyxeHus. B KauecTtse pacueTHOro cpeacraa uc-
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pun Ha ADC ¢ Bomo-BOISIHBIMU peakTopamu. [lokazaHa BaXHOCTb MPOBEICHUST COBpE-
MEHHBIX 9KCIIEPUMEHTOB MO KCCIEIOBAHUIO MPOLIECCOB PAa3AyTHs M pa3pbiBa 060JI0UEK
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BBEAEHUWE

B xone aBapuit Ha 3Hepro6aokax ADC ¢ BOIOOXJIaAXKIaeMbIMU PEaKTOPaMU, BbI3BAHHBIX
WHTEHCUBHOM MOTEpeil TETIJIOHOCUTEJISI 1 OTKA30M CUCTEMbl aBaApUITHOTO OXJIAXKIEHUS aK-
TUBHOM 30HBI M TTACCUBHBIX CUCTEM OTBOJIA TeTula (Ha COBPEMEHHBIX MTPOEKTaXx), MMPOUCXO-
AT pa30rpeB TBIJIOB 10 BLICOKUX TeMmItepatyp. [laBjieHre ra3oB MMoja 060J109KaMU TBJIOB K
KOHIIy TOIUIMBHOM KaMIIaHUK MOXKET IOCTUTaTh 3HadeHuit 6onee 10 MIla. ITockonbKy 1mo-
Teps TETUIOHOCUTENST TIPUBOAUT K CHIKEHUWIO HAaBJICHUS B MEPBOM KOHTYpE PEaKTOPHOM
YCTaHOBKH, TIepenal TaBJIeHUs Ha 000JI09KaX BO3pacTaeT, M MOCIeAYIOIINI POCT TeMIiepa-
TYPBI TIPU OCYILIEHNM aKTUBHOM 30HBI MPUBOIUT K MX pa3ayTHIO U pa3phiBy. [Tocie pa3pbiBa
000JI09€K TBRJIOB HAUMHAETCS BBIXOH PaarOaKTUBHEIX BeliecTB (PB) B mepBhIii KOHTYp, a B
MecCTe McTedyeHUsI TeruioHocuTesss PB mocrynaoT non 3amurHylo 060Ji0uky (30) peakTop-
HOI yCTaHOBKM. B 3aBUCUMOCTH OT paccMaTpUBaeMOro ClieHapusl aBapuu MOCTYIJIEHUE pa-
JNIMOAKTUBHBIX BEILIECTB B OKPYKAIOIIYIO Cpelly Ha 3TOi cTaauu 0OyCIOBIEHO JUOO MPOEKT-
HOIi HeTJIOTHOCTBIO 30, 1160 BHIOPOCOM Uepe3 CUCTEMY BEHTUJISILIMU (€CJIV ITPOU3O0IIIENT OT-
ka3 jokanuzauuu 30), 1m60 BeIOpocoM B 06xoa 30 (eciin HEeJTOKaTUu30BaHHOE MECTO TeUU
Haxomutcs 3a npeaesiamu 30).
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Takum o6Gpa3zoM, pa3pbiB 000JI0OUYEK TBRJIOB HEIOCPEACTBEHHO OIpeAesseT Havyaao Mo-
CTYIUIEHUSI PaAMOAKTUBHBIX BELIECTB B OKpyXalollylo cpeny. Pa3pbiB 00ojiouek TB3JIOB
UMeEET oMpeesioliee 3HaYeHUe 1S paluallMOHHbBIX MTOCIEACTBUI MTPOEKTHBIX U 3aMPOEKT-
HBIX aBapuii, MOCKOJIbKY B 3TUX aBapUsIX TeMIeparypa TorinBa He npesbiiiaet 1200°C, u
BBIXOJl PaliOAKTUBHBIX BEIIECTB B MepBbIil KOHTYp M 30 orpaHUYeH IJIaBHbIM 00pa3oM Ha-
KOTUIEHHOW aKTMBHOCTBHIO B Ta30BbIX 3a30pax TB3JIOB. OMHAKO 3TO SIBJIEHUE UIPaeT BaKHYIO
pOJib U B Pa3BUTUM TSDKEJIbIX 3alPOEKTHBIX aBapuii, COMPOBOXIAIOIIMXCS KPATKOBPEMEHHbBIM
pasorpeBoM TBaJIOB cBhile 1200°C, B 4aCTHOCTU, B CLIEHAPUSIX C TIOBTOPHBLIM 3aJIMBOM aKTHUB-
HOI1 30HBI Ha HaYaJIbHOM cTanmuu ee paspyiieHus. [103ToMy KOppeKTHOe MoIeMpOBaHue
TEPMOMEXaHUYECKOTo IMOBeAeHUsI 000JIoueK TB3JIOB B MHTErpajibHbIX Iporpammax mis
OBM (manmee — Komax), MCHOJb3YyeMBbIX IUISI pACUETHBIX OLEHOK pagudallMOHHBIX ITOCHIEI-
CTBUIA 3alIPOEKTHBIX aBapMii, BKJII0Uasl TSDKEJIbIe aBapyu, IIPEACTaBiIsieT COO0M BaXKHYIO 3a-
navy B 00JIaCTH YMCJIEHHOTO aHau3a 6e3onacHocTu ADC.

B Poccumn ocHOBHOI MHTerpajbHOI MpOrpaMMoOii, UCIOJIb3YEeMOM IJIsi MOAEIUPOBAHUS
Tsikeabix aBapuit Ha ADC ¢ BBOP, siBnsiercsa kon COKPAT (Bepcuu B1/B2 u B3). I1posep-
Ka KOPPEKTHOCTU MOJEIM TEPMOMEXaHUYECKOTro Harpy>eHusi 000JIOUeK TB3JIOB B COCTaBe
WHTErpajibHbIX IPOrpaMM IoApa3yMeBaeT HEOOXOAMMOCTD €€ BaJIMAallMi HAa JaHHBIX TIpel-
CTaBUTEJIBHBIX BKCIIepuMeHTOB. PaHee TepmomexaHunueckass moaenb COKPAT Oblia Bayu-
nupoBaHa Ha aKcrnepuMeHTalbHbIX JaHHBIX OKbB “T'MAPOITPECC” ¢ otpeskamMu 06010~
yeK TBAJIOB [12] m Ha maHHBIX MHTerpaibHoro akcnepuMenta HALDEN IFA650.11 [13] ¢
ONWHOYHBIM OTpe3KoM TB371a BBOP ¢ o6GaydyenHsiM TormBoM. B skcmepumentax OKDB
“T'MAPOITIPECC” HarpykeHHe 0O0OJIOYKM TB3JIa OCYIIECTBIISIIIOCH ITOCTOSHHBIM IIeperia-
JIOM JaBJIEHUS TIPU TTIOCTOSTHHOM TeMIiepaType. ISl MoJHOLIEHHOM BaTuaaliuy TepMoOMeEXa-
Huaeckoit mogenan B coctae COKPAT TpebOyeTcst Takske pacCMOTpPeHUE OPYTX BaprUaHTOB
HarpyxeHust 000JIOUKU: TIJIaBHBII POCT nepenana AaBjleHUs MPU MOCTOSTHHOW TemIiepaType
000JIOUKM TB3JIa, IJIABHBIM POCT Teperana AaBIeHUsI COBMECTHO C POCTOM TeMIepaTyphl
oboJiouku TB3Ja. Takoro poga HarpykeHue ObUI0 peain3oBaHo B akcnepuMeHTax PUKI u
REBEKA cooTBeTCTBEHHO.

Cepus skcnepumeHToB PUKI [1-3] 6b11a mpoBeneHa B 1995 r. LleHTpoMm sHepreTuye-
ckux uccnenoBanuii Benrepckoit Akanemuu Hayk (MTA EK). Llenbio 3KCIIepUMEHTOB $IB-
JISUIOCh U3ydeHue mpolecca aedopmauuy U pas3pbiBa 000J04YeK TBJIOB U3 cruiaBa D110
(crutaB Zr—1%Nb) u omnpenenieHre NaBJIeHUS] M BpeMEHU pa3phbiBa B IIUPOKOM JMaIia30He
TeMIepaTyp U CKOPOCTeil HarpyKeHusi 060J0UKU BHYTPEHHUM AaBieHUeM. Takke B 3a1auu
5KCMEPUMEHTOB BXOJIWJIa IIPOBEPKA BJIUSIHUS HA MapaMeTPhl pa3pbiBa 000JI0YEK 3aILUTHOTO
ciost ZrO,, o6pasyouierocst B pe3yjabTaTe NpeIBapUuTEIbHOIO OKUCIEHUSI 00pa3LoB B BOISI-
HOM Mape.

AkerepumenThl PUKI npoBoauinck Npy MOCTOSTHHOM TEMITEPAType U IMTOCTOSTHHOM CKOPOCTH
pocTa gaBjieHus1 1o 06004ukoii. Cepus TeCTOB OXBaThIBaIa AMara3oH temiiepatyp 650—1200°C
W IMAITa30H CKOPOCTeil HarpyskeHHsT BHyTpeHHUM aasierreM 0.01 x 10°—0.17 x 10° Ta/c. B ce-
puu PUKI uccnenoBaiuch Kak HEOKUCIEHHbIE, TaK Y ITPEABAPUTEILHO OKMCIEHHBIE 000JIOYKH C
TOJLIMHOM BHEIIHETo 3aIIMTHOTO citost ZrO, B Anana3one 6—57 MKM.

O060JI0YKH pa3ayBavCh BHYTPEHHUM JABJICHUEM TIPU MOCTOSIHHOM BHEIIIHEM JaBJICHUU
U TIOCTOSIHHOI TeMIlepaTrype. DTOT pexXMM He xapakTepeH mjis aBapuit Ha PY BBOP, no-
CKOJIbKY B aBapUsIX OJHOBPEMEHHOE IOCTOSIHCTBO TeMIIepaTyphl TB3JIOB M POCT mepenana
IaBJeHMUs Ha 000JI04Ke HeBO3MOXHBI. POCT nepenana gaBjieHUsI Ha 000JIOUKE MOXKET ObITh
BBI3BaH JIMOO YBEJIMYCHUEM AABJICHUSI B Ta30BOM 3a30p€ B pe3yJibTaTe HarpeBa TB3JIOB (HO B
5TOM CJIydae He BBIIOJHSIETCS YCIOBUE MOCTOSTHCTBA TEMIIEPATYpPhI), TMOO0 MaieHUueM 1aBJie-
HUS B TIEPBOM KOHTYpe (YTO BO3MOKHO JIUIIH ITPU ITOTEPE TEIUIOHOCUTES U3 TIEPBOTO KOH-
Typa, COIIPOBOXIAIONIEICS OCyllIEHMeM aKTUBHOM 30HBI M1 POCTOM TeMITepaTyphl TBRJIOB).
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Tem He MeHee AaHHbIE SKCIIEPUMEHTHI, SBJSISICH SKCIIEPUMEHTAMU MO WCCIEIOBAHUIO OT-
NeJIbHBIX SIBJIEHUI, BaXKHBI KaK C TOYKY 3pEHUSI TOHUMAHUS BIIMSTHUST OTACIBbHBIX (DAKTOPOB
Ha COCTOsSTHME 000JI04eK TB3JIOB, TaK W IS pa3pabOTKU IOJTHOLEHHON Moaenu nedopma-
LMY 1 paspylieHus odonouek. Pesynbrarel cepun PUKI BxoasT B 6a3y JaHHBIX 3KCIIEPU-
MeHTOB ASID OB CP NEA-1799 IFPE/AEKI-EDB-E110 [4], TO ecTh Mpu3HaIOTCS MEXAyHa-
POITHBIM HayYHBIM COOOIIIECTBOM B KaueCTBE HaeXKHBIX JaHHBIX, B TOM YMCIIe IJIsT Bajayaa-
oy nporpamm it DBM.

B akcniepumentax REBEKA [5] Texnonornueckoro uncruryra Kapicpys (KfK, I'epmanust)
HCCIIeI0BAJIOCHh BIMSIHUAE HarpeBa Ha JehopMUpOBaHNE U pa3pylleHUE TBIJIBHBIX 000JI04eK 13
criaBa Llypkanoii-4 mon Bo3aeicTBreM BHYTPEHHETO TaBICHUsT. DTU 9KCTIIEPYMEHTHI TTIPOBOIM -
JIUCh Ha OTHEIBLHBIX 000I09YKaX B ITapoBoii cpene. HezaBrcMBIMU TTapaMeTpamMu 9KCTIEpUMEH-
TOB SIBJISUIMCh M30BLITOUHOE JaBJEHUE MO 000JIOUKOM, BapbUpPOBaBIIeecs OT 6.5 X 10° 1o

98 x 103 ITa, 1 ckopocTb Harpesa (okoio 1 K/c). YkazaHHbIe 3HAYCHMST IIPOTOTUTIHBI YCIIO-
BUSIM pa3pylIeHUs 000JI0YEK TBIJIOB BO BpeMsl aBapuH ¢ NoTepeii TeroHocutelist Ha ADC ¢
peakropamu ¢ Bogoii rmon nasiieHuem (PWR, BBOP). B xone akcriepuMeHTOB onpeaelisiiiach
TeMmriepaTypa pa3pylleHUs], a TAKXKe MOMEHT BPEMEHU pa3pylleHUs], OKpyXHas nedopma-
LIMSI ¥ YTOHYEHUE OOOJIOUKH.

B 3aBucuMocTH OT KOHEeUHOI TeMIiepatypbl oopasiia B akcriepumMeHTax REBEKA Ha6m1o0-
najiach aedopmalivs v paspylieHrue o00JioueK B Auarna3oHe TeMIepaTyp, XapaKTepHbIX IS
CYIIECTBOBAHMUST O-(as3bl LIMPKOHUS, TEPEeXOmHOi obmactu o + B u B-dasbl HUPKOHUS.
O060J10YKHM TBRJIOB B Ha4YaJjie TECTOB ObLIM HEOKMCIEHHbIMU. HO, TOCKOJIbKY HarpeB Ipouc-
XOJIWJI JOBOJIBHO MEIJIEHHO, B XOI€ 3KCIEPMMEHTOB TPOUCXOIUIIO TTIOCTETIEHHOE HACHIIIe-
HUE KUCIIOPOIOM TTOBEPXHOCTH 0060J109KK. B yacTHoCcTH, Tipn HarpeBe 10 900°C cymMapHas
TOJIIIIHA CJIOSI OKCHIA LIUPKOHUS 1 ajbda-¢a3bl HMPKOHUS, CTAOMIN3NPOBAHHON KMCJIO-
POIOM, IOCTHTaJIa BEIMIMHBI 0Koo 107> M [5]. B TecTax Ha OTHOCHTEIBHO HI3KOM JIaBJIe-
HUM pa3pbIB 000JI0YKY HAaGIIOAaICS MO3aHee U MpH 6ostee BeIcOKUX (1o 1010°C) Temmepaty-
pax. Ilpu 3TOM OKa3bIBaJICAd CYILIECTBEHHBIM 3((EKT YIPOUHECHMSI 00OJ0YKM BCIIECACTBUE
OKMUCJIEHUS B IPUCYTCTBUU BOASIHOTO Mapa.

BDKcriepuMeHTanbHbIe JaHHBIe n3 cepuii akcrepuMeHToB PUKI [1-3] 1 REBEKA [5]
OBLIM BBIOpAHBI IS BaJmpganuy TepMoMmexanmdeckoit mogenn koga COKPAT-B1/B2. Ta-
KUM 00pa3oM, 00J1acTh BaIMAALIMU, pacCMaTprMBaeMasi B IaHHOI CTaThe, OrpaHUYeHa Mpo-
eccamMu aeopMaliyi U pa3pbiBa 000JIOUKM TBAJIa peakTopa Tuita BBOP unmm PWR Bcaen-
CTBHME pOCTa Ieperaja 1aBjaeHus Ha 000JI0UKe, a TaKXKe B pe3yJibTaTe HarpeBa 000J104YeK TB3-
JIOB MPU BO3JIEMCTBUU Ha 000JIOUKY MOCTOSTHHOTO BHYTPEHHETO JaBJI€HUs MPUMEHUTEIBHO
K HayaJIbHOI cTaguu Tskesoi aBapuu. Takke ucciaenyeTcs 3¢ @deKT yIpouHeHUsI 000J0YKU
MpU 0OOTaAIIEHUN TUPKOHUST KUCIOPOIOM.

1. KPATKOE OITMCAHUE MOAEJIU TEPMOMEXAHWYECKOI'O ITOBEAJEHWA
OBOJIOYKHU TBAJIA B KOAE COKPAT-B1/B2

MonenupoBaHue pa3ayTvsl U pa3pbiBa 000J04YEK TB3JIOB SIBJISIETCS BaxKHOM 3amaveil st
KOPPEKTHOTIO OIpeAe/IeHUs HadallbHbIX YCIOBUI TsIKeJI0i aBapuu. 3a CYET YBEIMUCHUS ra-
30BOT0 3a30pa B TBAJIaX U YMeHbIIIeHUs npoxoaHoro cedeHust B TBC yxymiraeTcst TeIiooT-
BOJI OT TOILJIMBA, a pa3repMeTu3alus 000J0ueK TB3JIOB ONpeaessieT BpeMsl Hauajla BbIXoaa B
TIEPBBI KOHTYP pPaanoOaKTUBHBIX MpoayKToB aeiaeHus (I1/1), cogepkalimxcss B Ta30BOM 3a-
30pe, U BeJIMYMHY YHOCUMOM UMY MOIITHOCTH.

TepmomexaHuka ob6oJiouek TB3J10B Moaenupyercs: B kone COKPAT-B1/B2 npu noMoiiu
mozean CROX [6, 7]. DTa Moneib YUUTHIBAET 3aBUCUMOCTD (DU3NUYECKUX CBOICTB MaTepHa-
JIOB, BXOISIIIMX B COCTAaB MaTepHaja 000JIOYKM, OT TEMIIEPATYPhl M KOHILIEHTpAalM HAKOI -
JICHHOTO B Hell Kuciaopoaa. Mopenb OCHOBaHa Ha CaMOCOTJIACOBAHHOM PEIIEHUU CUCTEMBI
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Puc. 1. Cxema skcriepuMeHTanbHoit ycranoBku PUKI.

ypaBHEHUI, ONMUCHIBAIOIIMX TJIACTUYECKHUE U YIIpyTrUe aehopMalivu I KaXI0ro MaTepu-
aJIbHOTO CJ1051 000J104KM TB3JIa. B yactHocTH, Moaens CROX MOXeT onmrchIBaTh ClIeayolIne
BasKHbBIE JIJIsI TSIKEJIBIX aBapyil SIBJICHUS:

— M3MEHEHUEe TeOMEeTpUM OOOJIOUKM TBIJIa, MCUYE3HOBEHUE/TIOSBICHHUE 3a30pa MEXIY
TOIUTMBHOM TabJIETKOI 1 000JIOUKOIA;

— 3¢ deKT yrpoyHeHUs] 000JIOUYKH MTPU 00OTaIllleHU U LIMPKOHUS KMCIOPOIOM;

— 3(deKT yMeHbIIEHUS TIPOYHOCTH 0OO0JIOUKH 3a CYET 0Opa30BaHMS TIPOIOJBHBIX Tpe-
IIWH B HAPY>KHOM CJIO€ TMOKCUIA IIMPKOHUS;

— YCKOpeHMe Tpoliecca OKUCIEHMSI 32 CUeT AOTMOJHUTEIBLHOIO OOCTYyMa KUCIopoaa B
000J104KY Uyepe3 00pa3oBaBIIecs] B IMOKCUIE LIMPKOHUS TPEIIVHBI;

— TajgeHue JaBJICHUS MMoJ 000JIOUKOI TB3J1a B pe3ysbTaTe pa3pbiBa BHYTPEHHUM OaBlie-
HUEM rasa;

— pa3pbIB IUIEHKU TUOKCHUAA IIMPKOHMS 110 MexaHu3My “flowering” 1 Hayajlo CTeKaHMSI
pacmiaBa U—Zr—O.

2. MOAEJIIMPOBAHUE SKCITEPUMEHTOB PUKI

2.1. Kpamkoe onucanue sxcnepumeHmanbHoll yCmaHoeKu

Ha puc. 1 npeacrasieHa cxemMa 3KCIIEpUMEHTaIbHOM YCTaHOBKU. B ajiekTpudeckoit meyu
NPOUCXOAUJ HArpeB KBaplieBOl TPyObl U MCCIEIYEeMOro OTpe3Ka OOOJIOUKM 0 3aJaHHOI
temrepaTypbl. C OMIHOTrO KOHIIa 0Opa3el ObLI 3aKPHIT 3aIMYILIKONM M3 CIUIaBa LMpKajioii-4, a
K Ipyromy KoHIly oOpasiia moaBoauiach Tpyoka J2.15 X 0.25 MM U3 TOrO 3Ke CIlIaBa, 4yepes
KOTOPYIO Toj 000JI04KY 0Opaslia moaaBajicsl aproH. Ora Tpyoka Oblja coeqrMHeHa ¢ UCTOY-
HUKOM aproHa 4epe3 KanwUISIpHYIO TpyOKy. PasznuuHasi CKopocTh yBeIWYEeHUs! MaBICHUS
JIocTuraiach 6jaronapsi UCOJIb30BaHUIO KaIIMJUISIPHBIX TPYOOK pa3Horo nuametpa. dasie-
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Puc. 2. CxeMa HarpyxeH#us1 060J109Ku B akcriepuMmeHTax PUKI.

HUe B KBapLeBoii Tpy6e coctapisiio 1 X 103 TTa ¥ moamepKuBaIoch MOCTOSIHHBIM B TEUSHHUE
BCETO 3KCIIEPUMEHTA C TTOMOIIbI0 Oy(depHOro oobeMa, MONKITIOUEHHOTO K KBapIIeBOM Tpyoe.

CxeMa HarpyxeHUs1 oOpaslia 000JOYKM BHYTPEHHMM IaBJI€HMEM IIOKa3aHa Ha puc. 2.
OnBITHBII 00pa3ell — OTPe30K HaTypHOI 000j10uku TB31a BBOP mimmnoit 50 MM, BHyTpeH-
HUM IMaMETPOM 7.8 MM U Hapy>kKHbIM 1ruaMeTpoM 9.1 MM — pa3mMelualics B KBaplieBoii Tpyoe,
3aI10JJHEHHOM aprOHOM.

151 uccnenoBaHus BAUSIHUSA 3alliMTHOTO cnos ZrO, Ha npouecc aecdopMaluu U pa3pbiBa
00pa3IoB BBHITIOJHSIOCH MPEIBapPUTEIbHOE OKMCIEHNE OTPE3KOB 000I0UEK TBJIOB B Mapo-
BoIi cpene ripu Temrnepatype 900°C u BpeMeHax Bbiiepxkku oT 50 mo 3600 c.

2.2. Cucmema usmepeHuil U UCMOYHUKU HeonpedeseHHOCmell

KitoueBbIMU TTapaMeTpaMu, KOTOPbIE MCTIOIb30BAIUCH JUISI BaTUIALIUU, SIBJISUTUCH BpEeMSsI
pa3pbiBa 000JIOUEK TBAJIOB U Tepera JaBjJeHUs TIpU pa3pbiBe. Kpome 3THX mapaMeTpos, B
skcrnepuMeHTax PUKI n3Mepsiiach TeMmiieparypa o60JI09KM, a TaKKe BHYTPEHHUIA 1 BHEIII-
HU1 nuaMmeTp oo6pas3ioB. HeonpeneneHHOCTs u3MepeHus B [ 1] He MpUBOAUTCS, HE YKa3bIBa-
IOTCSI U WHCTPYMEHTaJIbHbIE TIOTPEIIHOCTU M3MEpUTENbHOI ammapartypbl. [loatomy mist
OLICHKM HEOTIPeeIEHHOCTH U3MEPEHU N UCTIONB3YIOTCS JaHHBIE TI0 MMOJOOHBIM T€CTaM, BbI-
IMOJIHEHHBIM Ha aHAJIOTUYHBIX YCTAHOBKAX.

Tak, B paboTte [8] B aKCIIEpMMEHTAaX IO MCCIEI0OBAHUIO MIPOYHOCTHBIX XapaKTePUCTUK IIUP-
KOHHUEBBIX 000JI0UEeK MPUBOIUTCS IMOTPEIIHOCTh U3MEPEHUST TeMIlepaTyphbl obosouku 2 K.
YyuteiBas nonoodue s3kcnepumeHToB [8] u1 PUKI, 3ta BennuyuHa Oblj1a MpUHSITA B Ka4eCTBE
HeonpeneJeHHOCTU U3MEPEeHMs TeMIiepaTtypsl B akcnepuMmeHTax PUKI.

HeonpenenenHocTy n3MepeHust HApy>KHOTO JuaMeTpa oopaslia U TOJNIIMHBI CJI0sI TUOKCHUIA
LIMPKOHMSI B TIPEIOKUCIIEHHBIX 00pa3liax ObUIM TIPUHSTH paBHBIMU +5 1 £0.05 MKM COOTBET-
CTBEHHO, UCXO/Isl U3 TOYHOCTH TPENCTaBIeHHbBIX B [1] pe3yibTaTOB U3MEPEHUI.

HeomnpeneneHHOCTh CKOPOCTH POCTa BHYTPEHHETO AaBJIeHMS Oblla MpUHSTA paBHOM 1%
OT U3MEPEHHOTO 3HAYEHUS.

Bpems B akcnepuMeHTax 0OBIMHO (DUKCHUPYETCS TOBOJBHO TOYHO, IIO3TOMY B KayeCTBE
HEOINPEeAEeIeHHOCTU U3MEPEHHOIO BpEMEHU pa3pbiBa 000JI0UEK TBIJIOB IPUHUMAIACh TOU-
HOCTb MnpeacTaBiaeHus BpemeHu B [ 1], paBHasg +0.01 ¢c. BeanunHam HeompeaeieHHOCTeH 13-
MEpEHUS TEMIEPATYPbl, CKOPOCTH POCTa BHYTPEHHETO AaBJIEHUSI, a TAKXKe BPEMEHU pa3pbl-
Ba 000JI04€K MPUITUCHIBAJICSI pABHOMEPHBII 3aKOH pacripeaeeHusl, a yKa3aHHbIe 3HaYCHUsI
WHTEePIPETUPOBAIMCH KAK MUHUMAJIbHOE Y MaKCUMAaJIbHOE OTKJIOHEHUSI OT HOMUHAIbHBIX
3HAYCHUMN.



62 JOJITAHOB u np.

! H 1 = $O-‘$O:\l
: N : N NN
5 3 |
f f 3
: E : =
' Z ! 4
| Sa) ) ' 8a}
| z l =
! - | =
: 2 - : = 2 >
| ~ ! ~
! [:1 | [:t
i ) ' 53)
; e : s
: 1 :
| ! 1
| : hoy, MKM
E ' hoy, MKM
ERi" =3.9 MM ERin =39Mmm
Dy/2 mm ' Dy/2 MM

Puc. 3. HoganuzaunonHas cxema uist MmonenupoBanust akcriepumMeHToB PUKI ¢ HeokucieHHBIMY (ClieBa) U Ipeao-

KHUCJIEHHBIMU 000J104KaMU (CTipaBa).

HeonpeneneHHOCTh U3MEPEHUSI BHYTPEHHETO TMaMeTpa obpasiia onpeaesseTcsl moJjieM
JIOMYCKOB Ha IIPOU3BOACTBO 000/I0Y€EK TB3JI0B [9] 1 Obl1a IpuHsTa paBHoii +0.06 mMm. Benn-
YMHE NPUMUCHIBAJICS HOPMAJIbHBIM 3aKOH pacripele/ieHus], a yKa3aHHOe 3Ha4yeHNe MHTep-
MPETUPOBAIOCH KaK TPU CTAaHIAPTHBIX OTKIOHEHUS (30).

TemniepaTypa B neyu U BHyTpeHHee JaBjeHUe 1101 000JI0YKOi (PUKCUPOBAIMCH KOMIbIO-
TEpHOI cUcTeMOii cOopa MaHHBIX ¢ yactoToit 10 3amuceii B ceKyHay. DTa cucTeMa UCIOJIb30-
Bajach JUIs1 OTCIEXKUBAHUST IUHAMUKY U3MEHEHMSI JaBJICHUSI BO BpeMsI 9KCIIEpUMEHTA.

IMepen HavyaJloM WCMBITAHUN 3KCIIEPUMEHTATOPhl MPOU3BOIMIN U3MEPEHUST HapYXKHOTO
IMaMeTpa U IJIAHBI KaxXaoro odpasna. JlJaHHble m3MepeHMi IpeACTaBIeHb B [ 1] B TaGIIHOM
Buze. [Toce OKOHYaHMST SKCIIEPUMEHTA U3MEPSUTMCH OCTaTOYHBIE NedopMaruy o6pasios.

2.3. Pacuemnas modens ons sxcnepumenmos PUKI

B pacuerax MmonennpoBaiach TOJIbKO 000704Ka U Ta30BbIii 00beM BHYTpU Hee. Homanuza-
IIMOHHAsI cxeMa MpeAcTaBieHa Ha puc. 3. O6os0uKa MOAEIMPOBAIacCh TETJIOBBIM BJIEMEH-
oM HEAT ELEMENTI. TerioBoii a1eMeHT pa30ouBaJICs MO IIMHE Ha 3 OQMHAKOBBIE pac-
YyeTHbIE sTYeiKU. JUIMHA Ter10BOro 3JIeMeHTa L 3anaBajach paBHOIM 3HAYEHUIO, U3MEPEH-
HOMY Mepel HayaJloM KaxIoro Tecta B cepuu. BHyTpeHHuUil paguyc (R;,) TemaioBOro
3JIeMEeHTa 3alaBajicsl paBHbIM 3.9 MM, HapyXXHBbIit panuyc — paBHbIM Dy/2 MM, e Dy — u3-
MEpPEHHbII HapYXHBII [ruamMeTp oOpasiia Iisl KaKI0oro Tecta B cepuu. s MonenmpoBaHus
9KCIIEPUMEHTOB C TIPEIOKUCIEHUEM 000J04YEK B PACUETHYIO MOJEIb HA BHEIIHEN rpaHulle
noGaBisieTcs 2 ¢10s1 okeuaa U amokcuaa UMpkoHust (ZrO u ZrO,) TONMHON Ay, KOTOpast
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Puc. 4. CpaBHBHHB PaACYETHOTO U UBMCPEHHOIO BPEMCHU pa3repMeTU3alini HCOKMCICHHBIX obosouexk B U30TECP-

mudeckux akcriepumenTax PUKI mpu paznuyHbIX TeMmepaTypax.

3a1ac€TcCAa paBHOﬁ H3MepeHHOI71 B OKCIIEPUMCEHTAX TOJIIUHE OKCUAHON TJIEHKMU IS KaXK10TO
TECTA B CCPUMH.

HauvanpHast Temmeparypa TEIJIOBOrO 3jieMeHTa Obljla YCTaHOBJIEHA B pacyeTax paBHOM
20°C. D10 nmo3BoOJSIET yuyecTh 3(P(PeKT TEIUIOBOro pacilupeHUus MpU Harpese A0 paboueit
TeMIIEPATyPhl B 9KCIIEPUMEHTE.

HauvansHoe naBiaeHue moa 0601049Koi 3amaBanock paBHbM 0.1 MIla. JluHaMuka n3MeHe-
HUS JaBJIEHUs IO 000JIOYKOM MOJIEIUPOBAIACh C MOCTOSTHHOM CKOPOCTBIO B COOTBETCTBUU
C BKCIIepUMEHTAIBHBIM 3HAaYeHUEM TSI KaXKIOro KOHKPETHOTO TecTa B cepuu. Pacuer 3a-
Bepmajics cycTtsa 10 ¢ mociae MOMeHTa pa3pbiBa 0007109K. B MOMeHT pa3phiBa 000JIOUKH
(ukcupoBamoch BpeMs pa3pbiBa U COOTBETCTBYIOIIM Tiepera TaBieHusT Ha 060JI0UKe.

2.4. Ananu3 pe3yabmamos, NOAYHEHHbIX 6 pehepeHMHbIX pAcemax IKCHePUMEHMA

B pesynbpraTe MmomenupoBaHus Kaxnoro Tecta cepur PUKI ¢ 3amaHneM BXOgHBIX mapa-
METPOB 0€3 OTKJIIOHEHMI B Mpeaeax HeonpeaeJeHHOCTY (T.H. “pedepeHTHBIe” pacdeThl)
ObLIY OIpenesieHbl pacueTHbIe 3HAUEHUST BpEMEHU pa3pbiBa 000J0YEK TBIJIOB U Neperana
NlaBJIEHUs TPU pa3pbiBe — OCHOBHBIX BAIMANPYEMbBIX MapamMeTpoB. Bo Bcex pacueTax B Ka-
YecTBE KPUTEPUS pa3phbiBa UCIIOIb30BAIOCh YCIOBUE MPEBBIIIEHUS] OKPYKHOI necdopma-
e mpenerbHoro 3HadyeHUs 20%. DTo 3HaYeHUE TPeeIbHOM OKPYXXHOMI nedopMaiiuu
YCTAHOBJIEHO MO ymosyaHuio B moaysie CROX Ha ocHOBaHUM pe3yJbTaTOB MOAEIUPOBA-
HUSI DKCTIEPUMEHTOB CO cOOpKaMu TB3J10B. Ha puc. 4 u 5 mokazaHO COOTHOILIEHUE MEXTY
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Puc. 5. CpaBHeHMe pacueTHOTO M M3MEPEHHOTO BPEMEHHU pa3repMeTH3aluy MPeJOKUCIEHHBIX 000JI04YeK B U30Tep-
muueckux akcriepumeHTax PUKI ripu pa3nuyHbix TeMnepaTtypax (BbIKOJIOTHIMU MapKepaMu MoKa3aHbl U3MEpEeHUsI
1151 060J104eK ¢ MaKCUMAaJIbHOM TOJIIIMHOM OKCHIA).

pacYETHBIM U 9KCIIEPUMEHTATbLHBIM BpeMeHEM pa3pbiBa B CEPUU TECTOB C HEOKUCIIEHHBI-
MU ¥ OPEeOOKUCICHHBIMUA 000JI0uKaMU cOOTBeTCTBeHHO. Kak ciemyeT u3 puc. 4, oCHOB-
HOe oTiinyue pacdeTa oT skcnepuMeHTa (20—90%) HabmomaeTcs IIsT HEOKUCIEHHBIX
060J04eKk B MHTepBasie Temriepatyp 799—902°C ¢ saBHOI TeHACHIIUE K MepeoleHKe N3-
MEPEHHOTO BpeMeHHU pa3pbiBa. B oonactu temmnepatyp 10 799°C u cBbiie 902°C otnnyue
pPacYEeTHOTO BpEeMEHHM pa3phbiBa OT SKCIIEPUMEHTaIbLHOTO He TpeBbimaeT +20%. CortacHo
puc. 5, comacue Mexay pacueTHbIM U 9KCIEPUMEHTAIbHBIM BpeMeHaMU pa3pbiBa MpPeao-
KHMCJIEHHBIX 000JI0OUEK HECKOIBKO XYKe, YeM IUIST HEOKUCIEHHBIX 060049eK. Hanbonbiee
ommune (60—90%) HaGaogaeTcst It 000JI09eK ¢ MAKCHMaTbHBIMU TOJIIMHAMU OKCHUJI-
Horo ciost (28, 41 1 57 MKM, COOTBETCTBYIOIIIME TOYKHU ITOMEYEHBI Ha PUCYHKE BHIKOJIOTBI-
MU Mapkepamu). JJ1st ocTajabHBIX 000J109YeK SKCIIEPUMEHTAIbHOE BpeMs pa3pbiBa BOCIIPO-
HU3BOIAUTCS C TOUHOCThIO £50%.

BaxkHO OTMETUTD, YTO B pacyeTrax BOCIIPOU3BOMUTCS HabJogaeMasl B 9KCIIepUMEHTaxX TeH-
NIEHIIMST OBICTPOTO CHIDKEHMS TIepenana AaBjieHus] Ha 000JI0UKe, TIPY KOTOPOM TTPOUCXOINT ee
pa3phbIB, ¢ yBEJIMYEHUEM TeMItepatypbl oT 649 mo 951°C (puc. 6). Takke BOCIIPOM3BOAUTCS pa3-
pbIB 000JI0YEK MPU OUYEHb HEOOJBIIMX Mepernanax AaBJIeHUsI B Auara3oHe Temrieparyp 951—
1201°C. IIpu 3TOM Bpemsi pasrepMeTHU3ali 000JI04eK B 001aCTU 00Jiee BBICOKMX TEMIIEpaTyp
He nipesbiiaeT 1200 ¢, Torma Kak B 06J1acTi HU3KUX TeMieparyp (649—951°C) BpeMst pasrepme-
TU3alMU 000JI0OUEK TBAJIOB MOXKeT cocTaBlsITh OT 100 o 7500 ¢ (puc. 8), B 3aBUCUMOCTH OT
JIOCTUTAEMOTO TIepernaaa JaBJieH!s Ha 000Jiouke. TakKe pacyeThl OTpaXkaloT 3aBUCUMOCTh
MaKCUMAaJIBHOTO TMepernaza AaBJIeHUs 10 pa3pbiBa U BpEMEHU pa3repMeTH3aliuy OT TeMIlepa-
TYphl B cllyyae MpeaoKUCIEHHBIX obosiouek (puc. 7, 9). Ha aTux pucyHKax KBaapaTHbIMU
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Puc. 6. PacueTHast u usMepeHHasi 3aBUCUMOCTD Tieperaia JaBjIeHus Ha 000JI0UKe OT TeMIiepaTypbl 000J0YKHU B MO-
MEHT pa3pblBa HEOKMCIEHHBIX 000JI04eK B U30TepMUUecKux akcrepumentax PUKI.

MapKepaMu 0003HaYeHBl U3MEPEHUS TSI 000JI0UeK ¢ HAaMOOJbIIeH TONIIMHON OKCUIHOM
mieHku (28, 41 u 57 MKM).

2.5. Ananu3z noepewnocmeti u HeonpedeaeHHocmell

OlieHKa TOrpenrHocTy mporpamMm it DBM J,,, ¢ BHIIOIHSETCSI HA OCHOBE PE3YJIbTATOB
BaJIMAALIMU C VICITOJIb30BAaHUEM KaK DKCIIEPUMEHTOB MO OTACIbHBIM MpOLIECcCaM U SIBJICHU-
sIM, TaK ¥ MHTETPAIbHBIX BKCIIEPUMEHTOB, BBHITIOJTHEHHBIX B YCJIOBUSIX, MPUOIMKEHHBIX K
0XH1JIAaeMbIM YCJIOBUSIM Ha 00BEKTE MOJIEIMPOBaHUS (B JaHHOM Cllyyae — B aKTUBHOI 30HeE).
[TonyyeHHas olleHKa XapaKTepu3yeT MOrpelIHOCTh MOJAEIUPOBAHMSI, CBSI3aHHYIO C YIIPOIIIe-
HUSIMU Y alIpoKCUMAalMsSIMU B DU3UKO-MAaTEMATUIECKUX MOJENSAX, U YUUTHIBAET HEOIpe-
NIeJICHHOCTH 3KCIEPUMEHTAIBHBIX JAHHBIX U PE3yJIbTaTOB BaJIMIAILIMOHHBIX pacyeToB. AHa-
JIN3 HEONpPeIeJICHHOCTH BBIITOJHSUICS II0 METOIMKe, ormmcaHHoi B [11]. JaHHas MeTomuka
npencraBisieT coboii amantanuio Mmeroga ASME [10] mis Bepudukanyy 1 Baauaaly KOIOB
BBIYMCIIMTENBbHON TMAPOAMHAMMKHU U TETUIOTIEpEHOCa K MHTeTpalibHbIM KofaM. Llenbio aHa-
JM3a B TAHHOM paboTe SIBJISIETCST OLIEHKA MOTPEITHOCTH O, o4e PACYETA BPEMEHHM pa3phiBa
000J10UeK.

Meton ASME V&V 20 nonpa3ymeBaeT IpoBeIeHNE aHaIn3a HeONpeaeJIeHHOCTEeN ¢ 1ie-
JIBIO OIIEHKW TIOTPEITHOCTH MOJIENN Opoqel, CBA3AHHONW C MOIETBHBIMHU YITPOIICHUSIMU W
npennoyoxXeHussMu. KoHeUHBIM KOJIMYECTBEHHBIM PE3YJIbTATOM B JJAHHOM TTOAXOJE SIBJISI-
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Puc. 7. Pacuetnas u U3MCPECHHAaA 3aBUCUMOCTD I€peIiaaa 1aBJICHUA Ha 000JI0YKE OT TEMIICPpATYPbI 000JI0YKHU B MO-

MEHT pa3pbIBa MPEeIOKNCICHHBIX 000JI04eK B n30TepMmrIecKux akcrepumentax PUKI.

T tot tot
etcst nutepBan (E, — g g E, + g1 ), B KOTOPOM HAXOLUTCS MOTPELIHOCTD Snogers T

E'7 — CpCAHAA IMOTPCIIHOCTb CPABHCHMU A, XapaKTCpU3yroliad OTKIIOHCHUE pE3yJibTaTa pac-
0

tot
4ye€Ta OT USMECPCHUA (CI/ICTeMaTI/I‘-IeCKaH COCTaBJ’[H}OU_[aH), a uvgl,% — CyMMapHas CtTaHaapTHasd

HEeOoIpeAeICHHOCTh BaIUAAllMM, YYUTHIBAIOIIAsl HEOTIPEIeIEHHOCTb BXOMHBIX TaHHBIX U He-
OIpeneIeHHOCTb U3MepeHU (CTyJaitHast COCTaBIISIONIast ):

u\t/(;lt,% = \/uiznput + uium + Ll%, (H
rae uinpuU Up N U,y — CTaHAAPTHBIC HECONPEACICHHOCTH BXOAHBIX NJaHHBIX, I/ISMepeHl/If/'I n
YUCJIEHHON CXeMBbl COOTBETCTBEHHO. CTaH)lapTHaﬂ HEOMNpPEACICHHOCTb YUCIICH HOM CXeMBbI
Upum B JAHHOIT paGoTe He McCe0Banach.

B kauecTBe ICTOYHUKOB HCEOITPpEACIICHHOCTH BXOAHBIX JAHHBIX paCCMaTpUBaJINCh HEOIPEC-
JCJICHHOCTb BHYTPCHHECTO AUaMETpa 000JIOYKM B IoJie JOITyCKa, YKa3aHHOM ITPOU3BOJUNTEIIEM,
a TaK>KE HEOIIPECACJIICHHOCTU I/I3MepeHI/II7I BHCIIHETO JaMETpa 060H0‘{KM, CKOPOCTH Harpyxe-
HHUA U TEMIICPATYPhI 000JIOYKM TB3IJIA. ﬂf[ﬂ SKCIICPUMEHTOB C IPECAOKNUCJICHHBIMUA 000109KaMH
JOITOJTHUTECJIbHO YUYUTbhIBAJIaCh HEOITPEACIICHHOCTb UISMEPEHMU A TOJIIMHLI CJIOA JTMOKCHU A LINP-
KoHUs. B kauecTBe HEOIPEACJICHHOCTU U3MEPCHN A BPEMCHU pa3pbiBa U NPUHUMAJIOCH 3HA-
YCHUE, KOTOPOEC COOTBETCTBYET TOYHOCTU INPEAOCTABJICHUSA JaHHBIX B [1] YucneHHbIe 3Have-
HUsI HeOTpeeIeHHOCTE 06CyKIaIMCh BhILIe B pasneie 1.2.
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Puc. 8. PacueTHast u U3MCPEHHAaA 3aBUCUMOCTb BPEMCHU Pa3repMeTu3aliii HCOKMCIICHHBIX o0oJoueK oT TEMIICpa-

TypbI B U30TepMuuecknx akcnepumentax PUKI.

[TepedyeHb BXOOHBIX MapaMeTPOB, BapbUPYEMbBIX ITPU BBINOJIHEHUM aHAJM3a HeoIpene-
JICHHOCTHU, MapaMeTphbl pacnpeaeiaeHus CaydyailHOil BEIMYMHbBI U TIOSICHEHUSI K MX BBIOODY

IIPUBCIACHLI B Tabm. 1. ,HJIFI OLCHKU ITOTPCIIHOCTHU CpaBHCHUA E'7 1N HEONMPEACICHHOCTHU
0

BXOJHBIX JAHHBIX Ujp ¢ UCTIONB3YETCS METO[] TPAHC(HOPMUPOBAHUS PACTIPENETCHUI BEPOSIT-

Ta6muua 1. [TapameTpsbl, BapbUpyeMble B paMKax aHaJIM3a HEOTpeAeIEHHOCTE !, MX AMana3oHbl BApbU-
pPOBaHUS U 3aKOHBI pacIpenesieHUs

HomuHanbHOE 3HaUeHUEe

Jlnana3zoH

3akoH

IMapametp (TIosiCHEHUE K BBIOODPY
BapbUpPOBaHUs pacnpeneaeHust
nuarna3oHa BapbUpOBaHUSI)
BryTpeHHMii nmaMeTp 000JI0UKH, 7.8 (mosie HOTTyCKOB [0, 0.06] HopmanbHbrii
MM MPOU3BOIUTEIS)
Breuramit quameTp 0060JI09KI, MM WUsmepenne* +0.005 PaBHOMepHBIIA
Ckopoctb pocTta nasieHusi, MIla/c W3mepeHue +1%
Temneparypa obpasia, °C W3mepeHne +2°C
Tonmuna cinos ZrO,, MKM N3mepeHne +0.05

* [/ISMCPCHHOC 3HAYCHUEC B KOHKPETHOM TECTE Z-)KCHCpPIMCHTaJTbHOﬁ cepun.
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Puc. 9. Pacuetnas u U3MEPECHHAaA 3aBUCUMOCTb BDEMEHU PAa3repMeTU3aliui IMpEeaIOKNCICHHBIX 000JI0YeK OT TeMIIe-

patypsl B udorepmuueckux skcnepumentax PUKI.

HOCTeN BXOJOHBbIX BECJIMYMH B pacrpcaci€HNEC BEPOIATHOCTHU BbIXOLlHO];’I BeIUYUHBI. B HacTos-
el pabote TpaHCGHOPMUPOBAHUE pacIIpeie]ICHUI BEPOSITHOCTEN OCYIIECTBIISIETCS 10 Me-
tony MonTte-Kapiio. O6beM BBIOOPKU IJTSI KaXIOM DKCIEPUMEHTATBHOM TOYKM COCTABUII
100 pacueToB.

PCSyJ’[LTaTI)I OLCHKMU IMOrp€ITHOCTU ITPOTHO3HOI0O BpEMECHM pa3pbiBa, IMOJYYCHHbLIC Ha OC-
HOB€ aHa/Iu3a HeOHpe)ICI[eHHOCTefI, IIPUBCICHLI B Ta6a. 2. ComacHo IIOJIYYCHHBIM PE3YJIb-
TaTaM 1JId HCOKMUCICHHBIX O6OJ'IO‘ICK, IIOrp€IHOCTb 6model pacy€Tra BpEMCHHU pa3phbiBa 000-

JIOUKU JIeXXUT B uHtepBasie (—15.2%; 43%), rae cpenHsisi OTHOCUTENbHAs olnoKa F o CO-
0

tot
CTaBJIACT 139%, a CTaHgapTHasd HCEOIIPCACICHHOCTb legl% Bajinaaliv, y4dYMUThbIBarouiasa

HEOTMpeNeIeHHOCTh BXONHBIX MapaMeTpOB MOJAEJM W TOTPEIIHOCTb M3MEpPEeHUIi, paBHA
29.1%. nst mpemoKUCIEHHBIX 000J04YEK MOTPEHIHOCTh Opqqel PACUETA BPEMEHU pa3pbiBa

Tabomuua 2. l'lorpeLm—rocn: pacy€rta BPEMECHU pa3pbiBa 000JIoueK Ha OCHOBE MOJCJIUPOBaAHUS
SKCMEPUMEHTOB C HEOKMCICHHBIMU U IPEOOKNCIICHHBIMU obonmoukamMu

T tot
DKCIepUMEHT E, Uyal % Simodel, % €

HeoxucneHHble 0607109KU 13.9 29.1 [—15.2%; 43.0%]

[IpenokucieHHbIE 000JTOYKHU 13 32 [—19.0%; 45.0%]
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Tenmit

O6osouka u3 crutaBa Llupkanoii-4
Bnyck mapa —»>

KonblieodpasHbie TabeTKu
13 OKUCHU aJTIOMUHUS
HarpeBatenbHblii cTepxkeHb (325 Mm)

HarpeBaembrit

KOXYX
A A
[1 gTepMonapH pa3mepom 0.1 MM
Beinyck mapa <«— :IE
A-A: A3UMYyTaJIbHOE PACIOIOXKEHUE

TepMornap
LlupkanoeBast 0607109Ka

Puc. 10. CxeMa skcniepuMeHTanbHoi ycraHoBKM REBEKA.

0007104KY JIEXUT B uHTepBasue (—19%; 45%), rie cpeaHsisi OTHOCUTEIbHAS olInoOKa F o CO-
0

tot
ctasisieT 13%, a cTaHgapTHast HEONPeAeJeHHOCTh uvgl,% BaJuaaLuM paBHa 32%.

3. MOAEJIMPOBAHUE CEPUN SKCITEPUMEHTOB REBEKA

3. 1. Kpamkoe onucanue sxcnepumeHmanbHoli yCmaHoeKu

Cxewma skcnepuMmeHTanbHoOl ycraHoBKM REBEKA nipencrasiena Ha puc. 10 [5]. 3aMKHY-
Tast 06010uKa U3 cruiaBa Llupkanoii-4 Oblja IoMellleHa B HarpeBaeMblil IUJIMHIPUYECKUI
Koxyx. [Tap momaBajicst BHyTpb KOXKyXa CBEPXY Y BBIXOJIMJI U3 HUXKHEM YacTu Koxyxa. BHyT-
pU 000JIOUYKM HAXOOWJIMCh TabJIETKU U3 OKMCU aJTIOMUHUS C HArpeBaeMbIM CTEPXKHEM, YJIO-
JKEHHBIM B OCEBbIE OTBEepCTHsI TabJieTOK. BHyTpb 3aMKHYTOI 000104k 13 criiaBa Llupka-
JIOM-4 WISt CO3MaHUsT U30BITOYHOTO NaBICHUS 3aKaUMBaJICS TeJIUIA.

HoMuHanbHbBIT BHEIIHUI auamMeTp OOOJOYKM B MCCIEoyeMbIX 0O0pa3slax COCTaBJIsUI
11.9 MM, a TonmmHa o6ojouku — 0.55 MMm. Bce oOpasiibl MMeN IOJHYIO UIMHY, PaBHYIO
500 MM, a ;yIMHA 060TpeBaeMOro yJyacTKa COCTaBIIsLJIa OKOJIO 325 MM.

TeMnepaTypa MoBepXHOCTH 00OJIOYKHU U3MEPSIACh HA PA3JIMYHBIX YPOBHSIX U B TPEX a3U-
MYTaJIbHBIX MOJOXEHMSIX C TTOMOIIbIO GECUEXJIOBBIX MUIATUHO-TIAJIJIaAEeBbIX TEpMOIIap pas-
MepoM 0.1 MM. B HEKOTOpBIX TecTax MCHOJIb30BAIACh PEHTreHoTrpaduyecKkass BHICOKOCKO-
POCTHasI ChbeMKa JIJISl 3aITMCU UBMEHEHUSI TuaMeTpa TpyOKM BO BpeMEHU.



70 JOJITAHOB u np.

Taomuna 3. Pesynbratel TectoB REBEKA 1 HeonpeaeeHHOCTb M3MEPEHHOI TeMIepaTyphbl pa3pbiBa

Homep M36bITOUHOE Temneparypa |KonudecTtBoTecToB
cepum nasneHue, [1a paspeiBa, K B CEpUM up, K
1 4.0E+06 1092.2 6 29.0
2 5.4E+06 1049.4 5 15.2
3 6.7E+06 1025.0 6 22.0
4 6.4E+06 1013.0 1 29.0
5 8.0E+06 998.3 6 4.2
6 9.4E+06 982.7 6 6.0
7 2.7E+06 1159.3 6 9.6
8 9.8E+06 976.0 1 29.0
9 4.7E+06 1067.0 1 29.0
10 2.3E+06 1174.0 1 29.0
11 1.3E+06 1232.0 2 29.0
12 6.5E+05 1283.0 2 29.0

3.2. Cucmema uzmepenuil U UCMOYHUKU HeonpedeneHHocmell

KiroueBbIMU mapaMeTpamMM, KOTOPbIE UCIOJIb30BAUCH TSI BalUAALIAM, SIBJSUIUCHh TEM-
neparypa, Ipu KOTOpOii MPOUCXOAUT pa3pbiB 000JI0OUKHU, 1 BpeMs 10 pa3pbiBa. B [5] He yka-
3bIBA€TCS HEOIPEAETCHHOCTh U3MEPEHUS ITUX MTapaMETPOB, IIO3TOMY BEJIMUMHA HEOMpEIe-
JICHHOCTU ObLIa OlieHeHa Ha OCHOBE OOIIeAOCTYMHON MHMOpPMAMM U aHau3a dKCIepU-
MEHTAJIbHBIX TaHHBIX.

HeornpeneneHHOCTh TeMIiepaTypbl 00ycliaBiMBaeTcsl 1ByMs (pakropamu. Bo-1iepBbIX, B
HEeOoMNpeaeJIeHHOCTh TeMIIepaTyphbl pa3pbiBa BHOCUT BKJIAJl BEJIMYMHA MWHCTPYMEHTAIbHOM
MMOTPEITHOCTH TepMoTiap. Bo-BTOPHIX, BCIeACTBHE HEOOJBIIOTO HEM30EKHOTO 3KCIIEH-
TPUCHUTETA B PACITOJIOKEHUHU TabJIETOK OKMCH aTIOMUHMS TOJIIIMHA Ta30BOTO 3a30pa UMeeT
HEKOTOPYIO HEPAaBHOMEPHOCTD MO a3UMYTY, UYTO IIPUBOIUT K a3UMYTaJIbHO HEpaBHOMEP-
HOCTHU TeMITepaTyphl ITOBEPXHOCTH BETMYMHOM HECKOIBKO TpaaycoB. TakuM o6pa3oMm, He-
OIpeNeJIeHHOCTD (IBa CTaHAAPTHBIX OTKJIIOHEHMSI) TEMIIEPATYPhl TIOBEPXHOCTU OMpPEaesi-
JIach KakK

up =G} + 0, )

r1e 0, — CTaHOApPTHOE OTKJIOHEHUE, OOYCIOBIEHHOE HEOIPEAEIEHHOCThIO TOKa3aHUM Tep-
MOMaphbl; 0, — CTAaHIAPTHOE OTKJIOHEHUE, OOYCIIOBJIEHHOE CIIyYailHbIM OTKJIOHEHUEM TOJI-
LIMHBI Ta30BOTO 3a3opa. BennunHa HeomnpeneleHHOCTH TepMonapsl (20;) Oblia MpUHSTA
paBHoii 1.0°C. HeonpeaeaeHHOCTb U3MEPEHHOM TeMIlepaTypbl 0O0JIOUKM BCIEICTBUE HE-
PaBHOMEPHOCTH ra30BOT0 3a30pa MO a3MMYTY MOXHO OLIEHUTb HA OCHOBE 3KCITEPUMEHTAJIb-
HBIX JAHHBIX, ITOCKOJILKY SKCIIEPUMEHTHI BBIIOIHSUIMCH CEPUSIMU, OTIMYAIOIIMICS BEJIN-
YMHOM M30BITOYHOIO JABJIEHUsI, U OOJBIIMHCTBO CEPUil BKIIIOYAIO 6 TIOBTOPEHMIA. DTO gaeT
BO3MOXHOCTb BBIITOJIHUTb CTATUCTUYECKYIO OOPAaOOTKY M OLIEHUTb BEJIMYMHY Oy U Up IS
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3agaHHOe BOUNDARY?2
JaBJIeHue

napa
& 11.9 Mm A
0.55 mm
3ananHoe 0O6omo0uKa
aBJIEHUE —]
o 000JI0YKOI §
(o]
| | [«
w
E Tero-
8 - TUAPaBINYECKUIA
KaHaJ
3agaHHasg
TeMmIieparypa
000JIOUKU

3agaHHBIE pacxon
¥ TeMIepaTypa
napa BOUNDARY1

Puc. 11. HoganusaunoHHast cxeMa yCTaHOBKU.

Kaxnoit cepuu. B Tabi. 3 npeacrapiieHbl 3HAUEHUST CPEAHEN TeMIlepaTyphl pa3pbiBa B Kax-
JIO¥ U3 cepuit U BeJUUYUHBI HeornpeaeaeHHocTU. Kak BUaHO U3 Tabi. 3, Kaxaas cepusl xa-
paKTepU3yeTcsl CBOEH BEJIMUMHON CTAaHAAPTHOIO OTKJIOHEHUS O,. 17151 CEpuii, COCTOSIILIUX U3
1 1 2 TecToB, B KAYECTBE O, MIPUHUMAIOCh MaKCUMaJIbHOE 3HaueHue 14.5 K.

Bpewmsi 1o pa3pbiBa — 3TO TIPOMEXKYTOK BpEMEHU, KOTOPBI TTPOXOJUT C MOMEHTA Havasa
sKCcrepuMeHTa (Hayajao HarpeBa 000JI0UYKH) 10 pa3pbiBa. [I0CKOBKY BpeMsT B 3KCITIEpUMEH-
Tax OOBIYHO (PUKCUPYETCST JOBOJIBHO TOYHO, B KAYECTBE HEOMPENEICHHOCTU U3MEPEHHOTO
BpeMeHM IIpUHUMAaIACh TOUHOCTD IIPEICTaBACHNS BpeMeHHU B 5], paBHast 1 ¢. DTa Beandyn-
Ha MHTEPIIPETUPOBAJIACh KaK IBa CTAaHAAPTHBIX OTKJIOHEHUSI.

3.3. Pacuemnas modens oast axcnepumenmoé REBEKA

HopanuszanmonHas cxema 3KCIIepUMeHTaJIbHOMI YCTaHOBKY ITpuBeneHa Ha puc. 11. O6pa-
3ell C 3aMKHYTBIM Ta30BbIM OOBEMOM MOJEIUPYETCS C MOMOIIBIO TEIJIOBOrO 3JIEeMEHTa
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“HEAT ELEMENT1”, KkoTOpbIil1 MO3BOJISIET UCIIOJIL30BaTh MO AeOopMalliu U pa3py-
LIeHUs1 000JIOYKHU TBAJIOB, a TAKXKE OKUCJIEHUS LIMPKOHMS MApOM, He 3a/1aBasl siAepHOE TOII-
JIUBO BHYTPU CTEPKHSI.

TerioBoI1 3JIEMEHT COTMPSXKEH ¢ ruapasandeckum kaHajioMm “CORE”, cocTosiimm us si-
TH KOHTPOJIbLHBIX 00beMOB. Ha BXxon B KaHas1 momaeTcst BOASIHOM IMap ¢ 3aJaHHbIM PacXoI0M,
a Ha BbIXoJle 3amaHo nocrossHHoe maBieHue 0.1 MIIa. TemnepaTypa nmapa u TemriepaTtypa
BHYTPEHHE1 TTOBEPXHOCTU 000JIOUKU B PACUETHOI MOJIEJIN 3a/laHbl OAMHAKOBBIMU U YBEJIU-
YUBAIOTCS C TIOCTOSIHHOM CKOPOCTBHIO, U3BECTHOM M3 9KCIIEPUMEHTA.

B pacueTHOli Momenu ObLIM MPUHSTHI cienytoliue aonyiieHus. [TockonbKy BHEUIHU
HarpeBaeMblil KOXYX B 9KCIIEPUMEHTE UCITOJb30BAJICS JJISI BBIPABHUBAHUS a3UMYTAIILHOTO
pacripenesieHus TeMIiepaTypbl BHEIIIHEW MOBEPXHOCTU 0Opaslia, B OCECUMMETPUYHOI pac-
YETHOW MOJEU 3TOT KOXYX M30BITOUECH U TI03TOMY He Moneaupyercs. TabaeTku U3 OKUCHU
AJTIOMUHUS TaKXe HE MOAETMPOBAIUCH, BMECTO 3TOTO 000JI0UKA MPUHMUMAJIACh MyCTOTEIOMN.
HarpeB o0Opa3iia co cTOpoHBI BHEUIHEH MOBEPXHOCTU OCYIIECTBIISUICS IyTeM WU3MEHEHUS
TeMIiepaTyphl Mapa, MoJIaBaBIIerocs B COOTBETCTBYIOIIMI TUIpaBInYecKnil KaHau. Pacxon
napa 3aaBajicsl JOCTaTOYHO OOJIBIIIMM, YTOObI UCKJIIOYNUTh HEAOCTATOK Mapa IJisi OKUCIEeHUS
000J104KH (T.H. ITapOBOE roJI0AaHUE).

HauanbHasg Temmnepartypa obpasiia 1 mapa BHyTpU KaHaja Oblia 3amaHa paBHoit 300°C B
COOTBETCTBUU C YCIOBUSIMU IKCIIEpUMEHTA. [laBjaeHue BHYTPU 3aMKHYTOM MOJIOCTU B pac-
YeTHOU MOICIN OBLIO IOCTOSIHHBIM U 3a1aBaJloCb TakKuM, YTOObI U30BITOYHOE JaBJICHUEC
PaBHSIJIOCh BKCIIEPUMEHTAIbHOI BeJnurHe. B onucanuu skcriepuMeHTa [5] HoMuHanbHas
CKOPOCTb HarpeBa JiJisl BCeX TeCTOB yKa3biBaeTcsl paBHoit 1 K/c. dakruyeckasi CKOpOCTh Ha-
rpeBa, 3a/laHHasi B pacueTHOM MoJieJiv, ObLi1a oTlpee/ieHa KaK OTHOIIIEHE BEJIMYMHBI Harpe-
Ba KO BPEMEHM J10 pa3pylIeHUs COITIaCHO TaHHBIM [5] u mpuHsiTa paBHoii 1.2 K/c.

3.4. Peaynbmameol peghepenmHbIX pacuemos SKCnepuUMenmos

PesynbraThl peepeHTHBIX pacueTOB B CPABHEHUM C pe3yJibTaTaMU U3MEPEHUI1 TIpUBE-
neHbl Ha puc. 12 u 13. U3 puc. 12 BugHO, 4To npu GUKCUPOBAHHON CKOPOCTU Harpesa ¢
MOBBILLIEHUEM BHYTPEHHETO aBJICHUS TeMIlepaTypa pa3pylleHUsI yMEHbIIIAeTCsl, YTO SIB-
JISIETCST OXKUIAeMBIM pPe3yabTaToM. JJOTOTHUTEIbHO, B KAUeCTBE UCCIICIOBAHUS BIIMSTHUS
OKHUCJIEHUs Ha nedopMainio 060JI0UeK, ObUIM BBITTOTHEHBI pacyeThl 6e3 yuyeTa OKucIe-
HUSI, pe3yJIbTaThl KOTOPBIX ITOKa3aHbl Ha puc. 12 1 13 CMHUMM KBaIpaTHBIMHU MapKepaMH.
Pe3ynabTaThl pacyeToB MOKA3bIBAIOT, YTO MPU CKOPOCTSIX HarpeBa okojio 1 K/c u maBne-
Huu 10 6.5 x 10° Tla aydiree coBmafeHUe C SKCIEPUMEHTOM HAGIIONAETCS IPU ydeTe
OKHCJIEHUS B ITApOBOIi cpene. DTOT pe3ysibTaT 00yCIOBJIEH TEM, YTO B XOJIE 3TOTO dKCITe-
pUMeHTa 000JIOUKHM yCIIeJIM 000TaTUThCS KUcaopoaoM. [Tpu oKMCIeHU CKOPOCTD MOJI3Y-
YeCcTH MaTepualla CHUXKAETCS TI0 CPaBHEHMIO C HEOKUCIEHHBIMU 000JI0OUKaMU, 3TO MpPHU-
BOJUT K MEHBIIIUM CKOPOCTSIM nedopMalmnii U, TOCKOJIbKY dKCIIEPUMEHTHI HEU30TePMU-
yecKkue, K 0oJiee BHICOKUM HabJIIoJaeMbIM TeMIepaTypaM pa3pbiBa o0oouek. PacueTHas
BeJIMUYMHA TeMIIepaTyphbl pa3pbiBa 000J0YKU HAXOAUTCS B TMIpenejax MHTepBaja Heompe-
NIeJICHHOCTH U3MEPEHHOM BeJIMYMHbBI KaK IMPY HU3KOM Mepernae AaBjieHusl, Tae mposBIIs -
ercad 3ddeKT yrnpoyHeHUs1 000JI0YKM BCIIENCTBHE OKUCIEHMs B Iape (Oosibliiece BpeMms
OKMCJICHUS U BBILLIE TEMIIEpaTypa pa3pbiBa), TaK U B 00J1acTU 60Jee BBICOKMX MepenaaoB
naBJieHU, Tae 3hdeKT ynpouyHeHUsl He BbIpakeH. MakCUMalbHOE OTHOCUTEIbHOE OT-
KJIOHEHWEe pacyeTa OT 3KCIIepUMeHTa cocTaBuiIo 2.8%, cpenHee OTHOCUTEIbHOE OTKJIO-
HeHue cocTaBuiio 0.9%.

TeHneHIIS K yMEHBIIIEHUIO BpEMEHU 0 pa3pbiBa MPU YBEIMYCHUN N30BITOYHOTO TaBJIe-
HUS TakKKe Bocnpou3Boautcs B pacuete (puc. 13). Kak u mia remmnepaTyphl pa3pbiBa 000-

JIOYKH, TIPY M30BITOYHOM IaBJIeHnH 10 6.5 x 103 [Ta Ha pacyeTHOE BpeMsl pa3pblBa BIMSECT
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Puc. 12. CpaBHeHUe pacueTHON U U3MEPEHHOI TeMIepaTyp pa3pbiBa 00O0JOYKH B 3aBUCHMOCTU OT U30BITOYHOTO

nasneHust B cepuu REBEKA.

700 -
REBEKA
CkopocTtb HarpeBa ~ 1.2 K/c
o X DKCIepuMeHT
600 X O Pacuer
| Il Pacuer 6e3 OKUCIIEHUS
o £
o
2 500 | & o
Q% g HeomnpenenenHoctb
x Q u3MepeHust up =tlc
x K
400 - X og
% X
¥
300 Il Il Il Il I
0 2E+6 4E+6 6E+6 8E+6 1E+7

JlaBnenue, I1a

Puc. 13. CpaBHeHMEe pacueTHOTO U U3BMEPEHHOTO BPEMEHH 10 pa3pbiBa O00JIOUKU B 3aBUCHMOCTH OT U30BITOYHOTO

nasyieHust B cepun REBEKA.

OKUCJIEHUE LIMPKOHU B IIAPOBOiA Cpelie: MPU BKIIIOYEHHOM MOJIEN OKUCIIEHUS Pa3phbiB 000-
JIOYKH TIPOUCXOIMNT ITO3XKE, YEM B pacUETaX C BHIKIIIOYEHHOM MOIEbIo okucieHus. Cormac-
HO pe3ybTaTaM pedEPEHTHBIX PACYETOB, MAKCMMaIbHOE OTHOCUTEIBHOE OTKJIOHEHUE pac-
YETHOTO BPEMEHU JI0 pa3phiBa 000JIOYKU COCTABUIIO 7.2%, a CpemHss BETNYMHA OTKIIOHEHUS
paBHa 2.8%.
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Taomuua 4. BapbupyeMble mapaMeTphbl B pacueTax aKcrepuMeHTanbHoi cepun REBEKA

Mapamern Homunans- | CtanmaptHoe | JlmamasoH TTosicHeHus K 3akoH
p p HOE 3HAaYeHKE | OTKJIIOHEHE |BapbUPOBAHMS BBEIOODY pacnpeneaeHust

OTKJIOHEHHE 1aBJie- 0 0.1 X 10°TIa | 0.2 x 10° ITa | TounocTs npen- HopManbHbrit

HUSI o1 000I0YKOIA CTaBJICHUS JaH-
HBIX B [5]

CKopoCTb HarpeBa 1.2 0.058 (1.0; 1.2) Heomnpenenen- PaBHOMepHBI
HOCTb TPaHUYHBIX
YCJIOBUIA

Ta6muua 5. I[TorpenrHOCTh pacyeTa BpeMEHU pa3pbiBa U TeMIepaTypbl 000JOYKHU B IKCIIEPUMEHTAb-
Hoii cepun REBEKA

IMapamerp % u\‘/‘;{’% dmodel, %
Temmneparypa paspbiBa 060m09ku, K 0.7 1.7 [—1.0%; 2.4%]
BpeMs paspbiBa 060JI09KH, C 11.3 6.6 [4.8%; 17.9%]|

3.5. Anaau3z noepewnocmell u HeonpedenaeHHocmeill

AHanu3 HeonpeaeJeHHOCTHU pe3ybTaToB MoaeanpoBaHusi TectoB REBEKA BrinosiHsiics
10 TOI1 3ke& MeTOAUKe, KOTopasi Obljla UCIOJIb30BaHa MpU pacueTe akcrepuMeHToB PUKI.

B xavecTBe MCTOUHMKOB HEOIIPEACICHHOCTH BXOMHBIX JaHHBIX PacCMaTPUBAJINCh BEJIM-
YrHa N30BITOYHOTO JAaBJICHMS M CKOPOCTh HarpeBa. IlepedeHb BXOTHEIX ITapaMeTPOB, BapbU-
PYEMBIX IIPH BBHIIIOJIHEHUN aHAJIM3a HEOIIPEeACICHHOCTH, ITapaMeTPhl pacIIpeaeieHus CIIy-
YaifHOU BEJIMYMHBI M MOSICHeHMsI K X BEIOOPY MpUBeAcHEI B Ta0a. 4. B [5] He mpuBomuTcs
TAHHBIX I10 HEOIIPEIeAEHHOCTU U3MEPEHHOTO N30BITOYHOTO AaBJIeHUS Hoa 00010uKoii. Mc-
XOJIs1 U3 TOYHOCTH IIPEACTaBJICHHBIX B [5] JaHHBIX, IIOTPEIIHOCTD NaBJIeHUs OblUla IPUHSTA
paBHoii +0.2 x 10° ITa. CKOpocTbh HarpeBa BapbHUpOBAIACh B MHTEPBaJE OT HOMUHAIBHOTO
3”HaueHus 1 K/c, ykazaHHOro B [5] OQMHAKOBBLIM JJIsI BCEX TECTOB, 10 (haKTUUECKOro 3Haue-
HUSI, BBIYMCJIEHHOTO KaK OTHOIIIEHWE BEJIMYMHBI HarpeBa KO BPEMEHMU /10 pa3pyllIeHUsl CO-
IJIaCHO JaHHBIM [5].

PesynbraThl OlIeHKM TOTPENIHOCTEN Pe3yJbTUPYIOIIMX MMapaMeTpoOB C y4eTOM aHaau3a
HeoIpeneJIeHHOCTU MpuBeAeHBI B Ta0. 5. CorsacHo TMoJiydeHHBIM pe3yJibTraraM, Morpel-
HOCTb O,,04c PACYETA TEMIIEPATYPHI Pa3pbiBa 000IOYKY JiexkuT B uHTepBaie (—1.0%; 2.4%),

I7e CpeaHsisl OTHOCUTENbHAs omuoKa £ 4, COCTaBIISICT 0.7%, a ctaHgapTHast HEONpeneacH-
0

tot
HOCTh uvgl)% Baymmanuu paBHa 1.7%. IlorpenmHOCTh pacdyeTa BpeMeHHU pa3pbiBa 000JOUYKHU

HaxoauTcs B uHTepBaie (4.8—17.9%), tae E% paBHa 11.3%, a u\t,g})% paBHa 6.6%.

OBCYXIEHMUE PE3VJIbTATOB

Banunmauus kona COKPAT-B1/B2 Ha skcniepumeHTanbHoit cepun PUKI npoaemMoH-
CTpHpoOBaJia, YTO MOJEJb TEpPMOMEXaHUKHN 00010ueK TB3J10B CROX 103B0JIIET KOPPEKTHO
OINUCBhIBATb MOMCHT pa3pbiBa KaK HCOKHUCJIICHHBIX, TaK U MTPECAOKUCICHHbBIX O6OI[O‘{CK TBO-
0B BBOP u3 crnasa D110 B nuanasone remieparyp 650—1200°C. B nuamna3oHe TeMmIiiepa-
TYyp 799—902°C Moaeab IEMOHCTPUPYET TEHASHIINIO K TIEpeOoeHKe N3MEPEHHOTO BpeMe-
HU pa3pbiBa HEOKMCJEHHBIX 000Jiouek, KoTtopast mocturaetr 20—90%. CTOUT OTMETHTD,
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yTO B pe3yabTaTe Baaugauuu moaean CROX mas ycinoBuii aBapuu ¢ 00JbIION T€UYbIO TEII-
JIOHOCUTEJISI TIPU TaKOW e KOMOMHALIMM Nepenana NaBJIeHUs U TeMmepaTypbl (MHTe-
rpajabHbIit skciepumMeHT IFA650.11 [13]) morpemrHocTh pacyeTa BpeMeHHU pa3pbiBa 000J10-
yek D110 ¢ yyeToM aHaJIM3a HEOTIPEAEIEHHOCTH cocTaBua oT 6 1o 14%, mpu 3TOM cucTte-
MaTU4YecKoe OTKJIOHeHUue Tmepernana nasjieHus (~50 atM) UM TeMmmepaTypbl O00OJOYKU
(~840°C) B MOMEHT pa3pbiBa 000JI0YKHU B COINIACOBAHHOM pacueTe cocTaBumiIo MeHee 1%.
ITosToMy TpeOyeTcsi AOMONHUTENIbHOE MCCIeNOBaHUE IMOrPEIIHOCTU pacueTa BpeMEHU
pa3pbiBa o6oiouek D110 B nuamnaszone temnepatyp 800—900°C ¢ ucrnojb30BaHUEM ajlb-
TEePHATUBHBIX MPEUM3UOHHBIX SKCTIEPUMEHTAIBHBIX JaHHBIX, BOCTIPOU3BOASIINX ITPOTO-
TUTIHBIE YCJIOBUS HATPYXEHUSI.

B ocranbHOlf yactu TemrieparypHoro auamna3zoHa cepun PUKI morpemnHocts Monenu ykia-
npiBaetcst B uHTepBast £20%. TomHasT TIOTPENIHOCTD MOAEIH O oqe, YIUTHIBAIOIIAS TOTPEILI-
HOCTb M3MEPEHUI U HEONpPENEIEHHOCTh BXOAHBIX IAPAMETPOB, JIEXKUT B MHTEepBasie [—15%:;
43%], TO eCTh, B LIEJIOM MOJENb JEMOHCTPUPYET TEHACHIIMIO K TTEPEOLIeHKEe BpeMEHU pa3phl-
Ba HEOKUCJIEHHBIX 000JI0UeK TB3J10B U3 crutaBa D110.

IIpuMeHUTENT HO K IPETOKUCIEHHBIM 000104YKaM TB3JI0B 13 ciutaBa D110 morpenrHocTb Mo-
JIeJ I OYeHb OJTM3Ka K MOTPEITHOCTH IS HEOKUCIIEHHBIX 00071049eK 1 cocTaBisier [—19%; 45%].
ITorpeirHocTh, BBIXOASIIAsT 3a 3TU rpaHulibl (10 90%), Gblia mojydeHa B TpeX TecTax ISt
HanboJiee CUIIbHO OKUCIIEHHBIX 000JI04€EK C TOJIIMHOK OKCUAHOTrO cjiost 28—57 MkM. Ctout
OTMETUTh, UTO B UMEIOIIMXCS NaHHBIX 1Mo 3KcrepuMeHTam PUKI He npemocraBieHbl 1aH-
HbIE 10 MOTPEITHOCTSIM OCHOBHBIX U3MEPEHUI, B TOM YMCJIe U3MEPEHUM TOJIIMHbBI UOKCH -
Jla [IUPKOHMSI, a YUCJIO TECTOB C CWJILHO OKMCJIEHHBIMU 000JIOYKAMU HEAOCTATOYHO JJIST Ol -
HO3HAYHBIX BHIBOIOB O MOTPEITHOCTU Mojeu. st 6ojiee HaneXKHOM OLIEHKY TTOTPelIHOCTH
MOJIEJIU B 3TUX YCJIOBUSIX (IJIS1 CUJIBHO OKMCJIEHHBIX 000J104eK) TaKXXe He0OXOIMMO TTpOBe-
JIeHUe JTOTIOJIHUTEBbHBIX BAIMIAIIMOHHBIX PACYETOB Ha ajlbTePHATMBHBIX MPELM3UOHHBIX
SKCMEPUMEHTAIbHBIX TaHHBIX.

B pacuerax skcnepumeHToB REBEKA 110 pasnytuio u paspbiBy 000J04€K TB3JIOB U3
cIulaBa LIMPKayioii-4 MPOJEeMOHCTPUPOBAHO, YTO MPU COBMECTHOI pabOTE C MOIEJIbIO
okucyienuss PROF monens CROX kauecTBEHHO BEpHO MOAEIUPYET 3aBUCUMOCTb TeMIIe-
paTypbl 1 BpeMEHU pa3pbiBa OT U30BITOYHOTO NaBJIeHUS B AMaIia3oHe TeMIlepaTyp pa3phl-
Ba 700—1000°C 1 U36BITOYHBIX TaBIeHMI 6.5 X 10°—98 x 103 [1a B yCITOBUSIX OKUCICHUS B
mape. [TorpenrHocts pacuera TeMIepaTyphbl pa3pbiBa 000JIOYKH, YIUTHIBAIOIIasl ITOTPEI-
HOCTb U3MEPEHWI M HEOINpeAeIeHHOCTh BXOMHBIX IapaMeTpoB, JEXUT B WHTEpBaje
(—1.0%; 2.4%), T.e. Ipy TMTOCTOSTHHOM JAaBJICHUU U TIOCTOSTHHOI CKOPOCTH HarpeBa MoJeib
NIEMOHCTPUPYET BBICOKYIO TOYHOCTh pacueTa TeMIeparyphl pa3pbiBa o6oouku. [Torper-
HOCTb pacyeTa BpeMeHM pa3pbiBa 000JI0YKU HaXoauTcst B uHTepBaie (4.8%; 17.8%), uto
MOATBEPKAAET TEHIESHIINIO K TTepeolieHKe BpeMeHHU pa3phiBa, MOJIYYEeHHYIO B pacueTax ce-
puu PUKI.

CrouT TakXe OTMETUTH, YTO B NpOoTOTUNHEIX aKcnepuMeHTax REBEKA MakcumanbHas
pacueTHasl TOJIIMHA O00pa30BaBIIETOCS B pe3ybTaTe PeakKMKM OKUCISHUS TMOKCUIA IUP-
KOHMS 1O MOMEHTa pa3pbiBa 0007109KM He mpeBbimaeT 10 Mxm. Takske u mpu MoaeImpoBa-
Huu uHTerpajabHoro skcnepuMeHTa CORA-15 mpu momomu COKPAT pa3peiB 0b6oJiouexk
MMUTATOPOB TB3JIOB MTpoucxoausi mpu remrmeparype 985 K erie 1o hopMupoBaHus 3allIUTHOTO
cllos nuokcuaa nupKoHwus [14]. BaxkHo Takke OTMETUTBh, 4To M 3kcnepuMeHThl REBEKA u
CORA-15 BBINOJHSUIMCH C TIPUMEHEHUEM B KauyecTBe MaTepuajia 000JioueK 3apyOexkHOro
cIUIaBa LIMPKaJIoii-4, KOTOPBI MO CBOMM CBOICTBaAM He MMeEET NMPUHIMIHAAIBHBIX OTJIMYUIl OT
oTedyecTBeHHOTrO crutaBa D-110. ITostomy Tpu Tecta B cepyyt PUKI ¢ 6obImMy ToMImHaMy Ha
MPETOKMUCIIEHHBIX 00pa3iiax MOXHO paccMaTpUBaTh KaK HEIOCTATOYHO MPeACTaBUTEIbHbBIE OT-
HOCHUTEJIBHO YCJIOBUIA, OXKMIAEMbIX B aBaAPUSIX C TEUbIO TETUIOHOCUTEJIS.
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B skcniepumenTax OKbB “I'MAPOITPECC” o pa3ayTuio U pa3pbiBy 000JIOYEK TBIJIOB U3
oTeyecTBeHHOTO criaBa D110, paHee mcrnonb3oBaBuxcs mist Bamuaauuu COKPAT [12],
OTMEYaJIMCh 3HAYMTEJIbHbIE TTOTPEIIHOCTU U3MEPEHUS TIeperiaia JaBJIeHUs U TeMIepaTyphl.
[Mpu ucnosb30BaHUM METOIUKHU BaJIMAALIMY, YUUTHIBAIOIIECH MTOTPEIIHOCTh U3MEPEHUS pe-
MEPHBIX IKCIIEPUMEHTAIBHBIX JAHHBIX, 3TO OOYCIOBWIO OOJBIIYIO PAaCUETHYIO TOTrpell-
HocTb Monesiu. [ToaTomy Gonbliasi MOTpeIHOCTh U3MEPEHUI CUJILHO OTPAaHUUMBAET UX UC-
MMOJIb30BaHUE B 3a/1a4aX BAIMIALIMY MOJIEJIeit 1 MUHTETpaIbHBIX Mporpamm st DBM. Pacemor-
peHHble B IaHHOM cTaThe ycsioBus akcriepuMmeHToB PUKI ¢ o6onoukamMu M3 oTe4ecTBEHHOTO
crwiaBa D110 gBisIIOTCS CrieUIHBIMU )11 aBapUiAHBIX yenoBuii Ha PY BBOP B wactu Harpy-
JKEeHUsI 000JI0UEK TBAJIOB, T.€. MOTYT PaCCMaTPUBATLCS B KAU€CTBE JOTIOJTHUTEILHOIO, HO HE OC-
HOBHOT'O UCTOYHUMKA PENEPHBIX NTaHHBIX 11 OLIEHKH MOrPELIHOCTU MoJeau. B skcnepumMeHTax
BALL [1] HarpyxeHue o6oio4ex 13 D110 6bU10 IPOTOTUITHO, OMHAKO MCCIIEAYEMbIi TUara3oH
NIaBJIEHUI HAarpy>KeHusi ObUT OYEHb Y30K, U MAKCUMAaJIbHOE JaBJIEHME B JMara30He OrpaHUYUBa-
sock BenmunHoit 40 X 103 TTa. Eie onHa sKcIeprMeHTaIbHas cepust ¢ 000104KaMul u3 D110 —
COHYRA [1] — tak ke kak u PUKI, npencrasisieT co00i1 HENIPOTOTUITHBIE U30TEpMUYE-
ckue TecTbl. OTMETUM, YTO B JAHHBIX MO MCCJIENOBAHUIO MPOLIECCOB PA3AyTUsl U pa3pbiBa
000J104eK TBAJIOB, IPUBOAUMBIX B [1], aBTOpamMu He yKa3bIBalOTCSI HEOIpPEASIeHHOCTU U3-
MEPEHU OnpeaessIonInX MapaMmeTpoB.

JI1s1 Bampoauy TepMOMEXaHMIEeCKMX MoIesieil 0001049eK 13 criaBa D110 MOryT UCIIONb-
30BaThCSl TaHHBIE OTEUECTBEHHBIX 3KCIIEPMMEHTOB MO KUCCICAOBAHUIO Ne(DOPMALIMIOHHOIO
noBeneHust obosiouek u3 D110, BeinonHsBiuxcs B 1980—2000-x rr. B HUL KW (ycraHoBka
“Mapt”) [15], BUAM, HUHAP [16], HITO “JIyua” (ycranoska “Ilapametp”) [17], BHU-
WHM [18], ®OU [19]. OnHako cBeaeHUsI 00 3TUX SKCIEPUMEHTaX B OCHOBHOM OrpaHuye-
Hbl BHYTPEHHUMM OTYETAMU, a 00BEM JTaHHBIX, TIPUBOISIIUXCS B OTKPBITHIX ITyOJIMKALIMSIX,
He YIOBJIETBOPSIET COBPEMEHHBLIM TPeOOBaHUIM K BaJuIallMy IIporpamMm st DBM, mmosrto-
MY MCHOJb30BaHME 3TUX HAHHBIX IJIs BaJUJAllMM B HACTOsSIIEe BpeMs He IIPeICTaBIIsSICTCS
BO3MOXKHBIM.

TakuM 06pa3oM, MOXHO yTBEpXXIAaTh, YTO MPUMEHUTEIHFHO K 000JI0OYKAM M3 CIlaBa
D110 coxpaHsieTcsl Te(ULIUT MPEIN3NOHHBIX U MPENCTaBUTEIbHBIX 3KCIIEPUMEHTOB 10
HMCCIeI0BAHMUIO TEPMOMEXaHNUECKOTO ITOBEIeHUS B yCaoBuUIX aBapuii Ha PY BBOP, npu-
YeM He TOJIbKO SKCIIEPUMEHTOB MO MCCAEI0BAaHUIO OTAEIBLHOTO SIBJIeHUs nedopManuu 1
pa3pbiBa 000JI0YKHM, HO U B OCOOEHHOCTU MHTErpaJibHBIX SKCIIePUMEHTOB. B 3T0Ii cBSI31U
BaXKHOM 3a/maueil sIBIsIeTCS MHBEHTApU3allUsl BCEX UMEIOIIMXCSI OKCTIEpPUMEHTAIbHBIX JTaH-
HBIX 111 criaBa D110, nx kBanudpukauus 1 opopMIIeHHE B Bule 00lleoTpaciaeBoil 6a3bl
SKCIIEPUMEHTAJIbHBIX JaHHBIX, KOTOPbIe MOTJIM Obl UCITOJb30BaThCA 11 BaJluAallUU Tep-
MOMEXaHUUYEeCKMX MOJeJieil 1 MHTerpajbHbIX Mporpamm uist DBM, a Takxke, B ciiyyae He-
00XOAMMOCTH, JIJIsl OTIpeieIeHUsI ClieHapueB MOTOJHUTEIbHBIX 9KCIIEpUMEHTOB. B Kaue-
CTBE TMOJIOKUTEIbHOTO MPUMepPa MOXHO TPUBECTU 3KCIIEpUMEHTaIbHbIC JaHHbIE IS 3a-
pyOexHoro cmiaaBa umpKanoii-4. s »Toro cruiaBa HaKOIJIEH OOJBIION 00beM
SKCTIEPUMEHTAIBHBIX TAHHBIX C BHICOKMM KauyeCTBOM M3MEPUTEIbHOM 06a3bl, MOIETUPYIO-
IIMX TPOTOTUITHBIE YCIOBUS HaTPYKEHUS 000JI09E€K TBIJIOB B 3aIPOCKTHBIX aBApUSIX C TTO-
Tepeil TemmoHocuTedsd Ha peakropax Tuila PWR (REBEKA, CORA-15, QUENCH-
LOCA-L1). IlorpeurHocTs omnpeneneHusI BpeMEeHHM pa3pbiBa 00OJOYKM TB3J1a u3 Zry-4 B
pacuetax 3Tux sKkcrnepuMeHToB mpu nomoinu COKPAT oka3piBaeTcsi CyIIeCTBEHHO MEHb-
1lIe, YeM B 3KCIIepMMEeHTaX ¢ 00oyiouKaMu 13 ciuiaBa D110, HecMoTpsI, Kak ObLIO OTMEYEHO
paHee, Ha OTCYTCTBME MPUHUMITUATIBHBIX OTJIMYUI MEXITY STUMU ABYMsI MaTepuaiaMu. Tak,
HarpuMep, MpU MOIEJMPOBAaHUM MHTeTrpasibHOro 3KkcrepuMeHTa CORA-15 nmpu nmomoiuu
COKPAT makcumasibHasi TOrpeIHOCTh BpEMEHU pa3pbiBa 000J10YEK UMUTATOPOB TB3JIOB
He npeBbiaet 2% [14].
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AHAJIOTMYHO, IPYroii Ba>XKHOM 3a1auyeit sIBJsIeTCs MMPOBEeAeHE HA COBPEMEHHOM BKCIIepH-

MEHTaJbHOM YPOBHE MPELIM3UOHHBIX UCTIBITAHUI 000JI04YeK TB3JIOB U3 HOBBIX OTEUECTBEH-
HBIX CIUIABOB, MMEIOIIMX 0o0Jiee BBICOKYI0 KOPPO3HMOHHYIO CTOMKOCTh M YCTOMYMBOCTBH K
OKWCJICHUIO B aBapUMHBIX CUTyalMsIX, U (pOpMUPOBaHNE OTpacjieBOro 6aHka KBaauulim-
poBaHHBIX naHHBbIX. K TakuM crutaBam MoxHO oTHecTu cruiaB D110M ¢ yBeJIMYEeHHBIM CO-
nepxkaHueM Xxene3a, criaB 91100 Ha ocHoBe ryouaToro uMpKoHus, crias D110 ¢ 3ammur-
HBIM CJIOEM XpoMa, a Takxke ciuiaB 42XHM, npuMeHsieMblIii B peaKTOPHBIX YCTAaHOBKAaX Ma-
noii momHoct (PUTM-200).
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Numerical Investigation of Cladding Ballooning and Burst in YVER and PWR Fuel Rods
in Experiments with Various Loading Conditions

K. S. Dolganov’, A. E. Tarasov® *, A. V. Kapustin®, and D. Yu. Tomashchik?
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The paper presents the results of numerical modeling for ballooning and burst of fuel rods
claddings made of domestic and foreign alloys. The integral code SOCRAT-V1/V2 is used
as a means of modeling. The uncertainty analysis of the calculation results to input uncer-
tainties of the temperature and pressure measurements was performed. The modeling re-
sults demonstrate a good qualitative and quantitative compliance with measured times of
cladding failure under partial core uncovery conditions. The results of SOCRAT-V1/V2
validation evidence on the importance of performing new experiments for domestic fuel
rod cladding ballooning and burst.

Keywords: fuel rod, cladding burst, thermal mechanics, SOCRAT, validation, uncertainty
analysis
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