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[Ipencrasnen aHamM3 HANPSKEHHO-IE(POPMUPOBAHHOTO COCTOSIHUS KOHTEHHEpa Ul TPaHCIIOPTUPOBKH H Xpa-
HEeHHUs1 0TPabOTABIIEro SACPHOTO TOIUIMBA IPH JWHAMUYECKHX BO3JEHCTBHAX BBICOKOW MHTEHCHBHOCTH IO pa3pado-
TAHHOW METOOJIOTHH, JJISl peai3aliy KOTOPOi ObUTH pellleHbl 33/1auH, CBSI3aHHbIE C CO3JJaHueM OOOCHOBAaHHBIX MOJI-
HOMAaCIITaOHBIX PACUYETHBIX KOHEYHO-3JIEMEHTHBIX MOJIENIeH ¢ OTpabOTKON BCEX T€OMETPHYECKUX OCOOEHHOCTEH Ipo-
eKkTupyeMoro obopynoBanus. Jlanee ObUIH HCCIIEAOBaHbI JUHAMUYECKHUE XapaKTEPUCTUKH KOHCTPYKIIMOHHBIX MaTepH-
aJIOB KOHTEHHepa, Ha UX OCHOBE BepH(UIMPOBAHbI MaTEMaTHYECKHE MOEIN MOBEICHHS STHX MAaTEPUANIOB C YUETOM
Pa3IMYHBIX TEMIIEPaTyp M CKOpocTel nedopMupoBanus. Pa3paboTaHsl clieHapUu TPaHUYHBIX YCIIOBHH C peann3aiueit
B HUX KOMIUIEKCHBIX MEXaHUYECKHX BO3JCHCTBHI TEXHOTCHHOTO XapaKTepa, OTBEYAIONINX BCEM TPeOOBaHMSIM HOpMa-
TUBHBIX JAOKYMEHTOB. OCOOCHHOCTh TaKMX I'DAaHWYHBIX YCIIOBHH 3aKJIIOYACTCA B TOM, YTO Ie(OPMHUpPOBAHHAS KOH-
CTPYKLIUS B Pe3yIbTaTe OJHOTO M3 PEATN30BAHHBIX THIOTETUYECKUX COOBITHI MepeaaeTcs Kak HCXOIHAS B MOCIEIYIO-
11ee CoOBITHE JUIS aHAJIM3a IEJIOT0 PSAa BO3ACHCTBHM, KOTOPBIE MOTYT MPOUCXOIUTH B TEUCHNE BCETO AKCILITYaTaI[HOH-
HOTO NepUoJa JAHHOTO MU3IEIHS.
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Abstract. The article presents the stress-strain state analysis of a container for a spent nuclear fuel storage and
transportation under high-intensity dynamic impacts using the developed methodology. Justified full-scale finite ele-
ment models considering all geometric features of the designed equipment are developed for the implementation of this
methodology. The dynamic characteristics of the structural materials used in the container design are investigated and
the mathematical models of these materials behavior were verified based on these results taking into account different
temperatures and strain rates. Scenarios of boundary conditions are developed with introducing complex man-caused
mechanical impacts that meet all the regulatory documents” requirements. The distinguished feature of such boundary
conditions is that the deformed structure caused by one of the realized hypothetical events is transferred to the subse-
quent event as an initial one to further analyze a number of impacts that may occur during the entire operational period
of this product.
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Beenenune

Baxxnoe MecTto Ha 00BEKTax HCMOIb30BaHMs aroMHOU dHeprun (OMAD) 3aHMMalOT CUCTe-
MBI XpaHEHHs U TPAaHCIOPTUPOBaHUs oTpadoraBuiero aaepHoro romisa (OST) u paanoakTUBHBIX
otx0710B (PAO), KoTOpBIEe peann3yroT 3aBEPIICHHbIN cOaTaHCUPOBAHHBINA TOIUITMBHBIA LUK B cumy
CEPbE3HBIX PAIUALMOHHBIX IIOCIEACTBHN W3-3a aBAPUMHBIX CUTYyalU#, CBSA3aHHBIX C IaJCHUEM
000pyIOBaHUs MPHU MPOBEICHUU TPAHCTIOPTHO-TeXHOMOTHYeckuid onepanuid (TTO), nanHbIe COOBI-
TUS JOJDKHBI OBITH PACCMOTPEHBI KaK MPOEKTHBIE M YUYTEHbI IIPU pa3pabOTKe KOHCTPYKLUH, OTBe-
Yaommx 3a 6ecrepeOoiHbIN (PYHKIIMOHAT JAaHHBIX 00HEKTOB.

B Hacrosimee Bpems B Poccun, B cuiy 0coO€HHOCTEH JIOTUCTUKM TOM MM MHOM aTOMHOMN
anekTpoctaniuu (ADC), MOXXHO TOBOPUTH JINOO O HEIOCTATOYHOCTH, JTHOO O IMOJTHOM OTCYTCTBHUU
CepTU(PHUIHUPOBAHHBIX KOHTEHHEPOB OTEUECTBEHHOM Pa3pabOTKH, KOTOPbIE BXOAMIM Obl B COCTaB
TPaHCIOPTHBIX yrnakoBo4YHbIX KoMIUIEKTOB (TYK), obecnieunBanu saaepHyro U paaualvoHHyO 0e3-
OIaCHOCTh, ObUIM OBl MpeJHa3HaueHb! JUId TpaHCOpTUPOBKU U xpaHeHus OSAT u no3sossum Obl
0e30macHO 3aBEePIIUTH TOIUIMBHBINA IUKJ. BeneacTBue 3Toro HaunHaet Bo3HUKATh npourmt OT,
KOTOpOE B HEAAJIeKOM OyaylleM HeoOXOIUMO BBIBO3UTH B MECTa €ro 3axopoHeHus. Kpaiine akty-
aJIbHOM CTaHOBUTCS 3ajjaua Mo pa3pabOTKe U CO3JaHUI0 TAKUX KOHTEHHEPOB.

B xoneunoM Buzie TYK K MOMEHTY €ro 3KCIULyaTallMy SIBISIETCS JOPOTOCTOSALIUM U3AEINEM
CO CJIO’)KHBIM KOHCTPYKTUBHBIM UcHOJHEHHEM. OH JOKEH COOTBETCTBOBATH MOBBIILIEHHBIM TPeOO-
BaHUSAM IO CIEAYIOIIUM IapamMeTpaM: JWHAMUYECKOW MPOYHOCTH IPHU BO3ACHCTBUM yIapHBIX
Harpy3oK BBICOKOW HHTEHCHBHOCTH; TI'€OMETPUUYECKON COBMECTMMOCTH CO BCEMH OOBEKTaMH,
BCTPEYAIOLIUMHUCS Ha TPAHCIIOPTHO-TEXHOJIOTUUYECKOM TPAKTE 33 BECh )KM3HEHHBINA UK, AeMIpH-
PYIOIIUM CIOCOOHOCTSM, 3P(PEKTUBHO CHUKAIOIIUM BHEIIHME JWHAMUYECKHE MEperpy3Ku IMpu-
POJIHOTO ¥ TEXHOT'€HHOT'O XapaKTepa.

B nponecce tpancnoptupoBku u mnposeneHur TTO momKHa HMCKIIOYATBCS KaK BO3MOXK-
HOCTb BBIMAJICHUs SIEPHOTO TOIUIMBA M3 KOHTEHHepa, TaK U JI000e OTHOCUTEIHHOE CMEIlEHUE B
HeM OST [1-3]. BeinmonHeHnne nogo0HBIX TpeOOBaHUM MOAPa3yMEBAET COOTBETCTBUE KOHCTPYKIIMU
TYK ycnoBusiM TuHaAMUYECKON MPOYHOCTH, COXPAHEHUS LEIOCTHOCTH (TEPMETHMYHOCTH) U OTCYT-
CTBUSI HEJOMYCTUMOTO (opMOM3MEHEeHUs. YTIOMsAHYyTbIe Bbilie TpeOoBanus k TYK npexycmarpu-
BAaIOT MOJTBEPXKIEHUE €ro MoKa3zaTesell 6e30MacHOCTH IyTeM MPOBEACHUS NCIIBITAHUN Ha yJapHbIe
BO3JICHCTBUS 1O pErjJaMeHTHPYEMbIM HOPMATHBHBIM TPEOOBAaHUSIM, B YaCTHOCTH, IpPU NaJCHUU
TYK Ha KeCTKYI0 IIIUTYy C YCTAHOBJIEHHON BBICOTHI B PA3JINYHBIX MOJIOKEHUAX, HA METAININYECKUI
WTHIPb U T. 1. [1-4]. HaTypHbIe ncnbITaHNs U3AENUS U €r0 OT/IEIbHBIX 3JIEMEHTOB B MPOIIECCE MPO-
eKTHUPOBAHUA 3aTPYIHEHBI, IPEXK/IE BCETO, B CHIIY UX 3HAYUTEIBHON CTOMMOCTH M 11€J1ecO00pa3Hbl
Ha 3aBeplIlarolleil cTaauu, NMpHU MOoTy4eHuu cepTudukara Ha uzgenue. B cBsA3u ¢ 3TUM, aKTyaJbHO
YHCJICHHOE HCCIIeIOBaHNe B Ipolecce pa3paboTku KOHCTpyKuuu TYK c 1enbio BBISBIEGHUS U
yCTpaHEHUS! KOHCTPYKTUBHBIX 3JIEMEHTOB, HE YJOBJIETBOPSAIOIINX YCIOBHUSIM MPOYHOCTU MPH IKC-
IUTyaTallMOHHBIX Harpy3kax. [I[puMeHeHne uMeronmxcs MeToA0I0THIi ObIBaeT HEOCTATOUYHBIM IS
BOCCO3/IaHUsI BCEX MCXOAHBIX COOBITHH, CBSI3aHHBIX C MEXaHMYECKUMH BO3JEHCTBHSIMU Ha MPOEK-
THPYEMYIO KOHCTPYKIUIO TPU 0OOCHOBAHUHM €€ IPOYHOCTH [5].

JlanHble TpoOJIeMBbI MOTYT OBITh peIleHbl MyTeM NMPUMEHEHHUS HOBBIX MOJIXO0J0B K MaTeMa-
TUYECKUM HCCIICIOBAaHMUAM Ha 0a3e co3laHMs MOAPOOHBIX LHU(POBBIX JBOWHUKOB KOHCTPYKIHH,
MO3BOJISAIONIMX B MOJIHOW Mepe Y4YeCTh KaK €€ KOHCTPYKTHBHbBIE OCOOCHHOCTH, TaK U BCE BO3MOX-
HBIE BUJIbI BO3JCHCTBUMN, Y€pPE3 aITOPUTMBI, 3AJI0)KCHHBIC B TPAHUYHBIX YCIOBHUSAX PAaCUYETHBIX MO-
neneit. OnpenensitonuMu Harpy3kamu i TYK, gBnsitoTcss ynapHble BO3ACHCTBUS BBICOKOM HMH-
TEHCUBHOCTH BCJICICTBUE €0 MAaJCHUM C PA3JIMYHBIX BBICOT M B PA3IMYHBIX IOJIOKCHUAX. AKTY-
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QJIbHOM CTAHOBUTCS pa3paboTKa U BHEAPEHHE METOOJIOTHH, ITO3BOJIAIONICH HA CTaIMU MPOCKTHPO-
BaHUS IIPOBOJUTH OoJiee MOJHBINA aHAJIN3 BO3MOXKHBIX (DOPMOM3MEHEHUN KOHCTPYKLHUH C y4ETOM
(aKTUYECKUX CBOIMCTB MaTEpUANIOB, HCIIOJIb3YEMbIX B KOHCTPYKIMH, MO Pe3yjbTaTaM BCETO 3aJlo-
KEHHOr0 B LU(POBYIO MOJEIb KOMIUIEKCA MEXaHUYECKUX Bo3aeicTBui. Takue moaxonsl AaxyT
BO3MOKHOCTh HE TOJIbKO C()OPMHPOBATH KOHEUHBIA OOJHMK W3IENHsi, HO M MOATOTOBUTH B MAaKCH-
MaQJIBHOM CTENEHU JOCTOBEPHBbIE MCXOJAHBIE JaHHbIE Ul JajlbHEHIIEro 0OOCHOBAaHUS SIEPHOM U
panuanroHHON 06e30IacHOCTH KOHCTPYKIMHU peaibHOro KoHTeWHepa. [Iporenypa TpaHcriopTHpOB-
KM M XpaHEHHS KaxJa0W oTpaboTtaBiiei teroBsiaesstomei coopku (OTBC) sBasercs noporocto-
A11ei, a cozganue 0ojiee BMECTUTENBHBIX cepTuduimpoBaHHbIX ynmakoBokK st OTBC morno 6w
CHM3HTb C€0ECTOMMOCTD YTHIIN3ALUH.

B nacrosimee Bpemst B AO «OKBM A¢pukanToB» BeieTcsi pa3padoTka KOHCTPYKIIUH YHH-
BEpCaJIbHOIO KOHTEHHepa XpaHeHus nosbiieHHON BMectuMoctu (YKX IIB, oTHOCsMmErocs k Ho-
BoMmy nokosneHuto TYK), orBedaromiero BceM TpeOOBaHUSM HOPMAaTUBHOM JoKymeHTauuu [1-4],
npeaHazHayeHHoro kak s TpancnoptupoBku OTBC u PAO ¢ ADC tuna BBOP 1200, tak u ans
UX JUIUTEIBHOTO XPAHEHHUSI.

B ocnoBy npoektupoBanuss YKX IIB ner monHomacmitaOHbIH MaTeMaTUYECKUN aHAU3
HanpspkeHHO-JepopmupoBanHoro cocrosiHus (HZC) koHCTpykumMy npyu HOpMaNbHBIX U aBapUHHBIX
YCIIOBUSIX TPAHCIIOPTUPOBKHU C YYETOM BCETO CIIEKTPA BO3AEHCTBUI B €IMHOM CLICHAPHUHU.

[Tpu pa3paboTKe METOOIOTHH OBLIH PELICHBI CIICIYIOIINE 3a/1a4H.

1. PazpaGotanbl 000CHOBaHHbIE MMOJIHOMACHITAOHbIE LU(POBBIE T€OMETPUYECKHE MOJIENIN C
MCTIOJIb30BaHNUEM BEPHU(PHUIIMPOBAHHBIX U aTTECTOBAHHBIX MTPOTPAMMHBIX CPEJ/ICTB.

2. DKCIIEpUMEHTAJIBHO HUCCIIEI0OBaHbl CTATUYECKUE U JUHAMUYECKHE XapaKTEPUCTUKHU KOH-
CTPYKLIMOHHBIX MaTEPHAIIOB, UCIIOJIb3YEMBIX IIpH npoekTupoBannn YKX I1B.

3. UnentuduuupoBanbl U aJanTHPOBaHbl MaTeMaTHYECKHE MOJENTU MOBEJIEHHs HCCIeNo-
BaHHBIX KOHCTPYKIIMOHHBIX MaTepUaoB HA OCHOBE BepU(UKAIIMHN PE3yIbTATOB PACUETOB U JKCIIE-
PUMEHTAJIbHBIX TaHHBIX IS /IEKBATHOTO ONMMCAHHS MEXaHUKU Ae(OpMUPYEMBIX TBEPBIX TEN.

4. Pa3paboTaHbl clieHapUy TPaHUYHBIX YCIOBHUH C peanu3anuell B HUX KOMIUIEKCHBIX MeXa-
HUYECKUX BO3/EHCTBHI MPUPOIHOTO U TEXHOTEHHOI'O XapaKTepa, OTBEYAIOIUX BCEM TPeOOBAHUAM
HOPMAaTUBHBIX JOKYMEHTOB.

5. IIpoBeieHO MHOTOMTEPALIMOHHOE YUCIIEHHOE HCCIIEOBAaHUE MPOYHOCTU M LEIOCTHOCTH
YKX 1B u OTBC na mHoronporneccopabix 9BM ¢ ncnonb30BaHneM COBPEMEHHBIX MPOrPaMMHBIX
komruiekcos (I1K);

6. [lo pesynpTaTam 4YMCICHHBIX HCCIEIOBAHHUM OINpeneseHbl 3JEMEHThl KOHCTPYKLHHU, HE
YIOBJIETBOPSIOIINE JINOO IPOUYHOCTHBIM, JINOO AEMI(UPYIOIUM CIIOCOOHOCTSIM pa3padaTbIBaeMOTo
W3JIeusl, U pa3paboTaHbl MEPONIPUATHUS IO UX JTOpabOTKe.

7. PazpaboTanbl MCXO/AHBIE JaHHBIE Ui OOOCHOBaHMS pa3padaThbIBAEMOIo H3AETHS 110
SAIEPHON M paJMaIlMOHHON 0€30MMacHOCTH Ha OCHOBE MPOBEIEHHOTO uncieHHoro ananm3a YKX I1B
U €70 BHYTPEHHETO COAECPKUMOTO.

MeTomosorus uccjie10BaHuA

Pa3zpaboTanHas METOJONOTHS 3aKIIOYAE€TCA B CO3/IaHUU MU(PPOBBIX TBOHHUKOB MPOCKTHPY-
€MOT0 00OpYJOBaHUs, KOTOPHIE HE TOJHKO TMOBTOPSIOT BCE T€OMETPUUECKHE OCOOCHHOCTH, HO H
UMUTHUPYIOT BCE MPEANOIaraeMble HCXOIHbIE COOBITHS, KOTOPhIE MOTYT MPOU30UTH C TaHHBIM 000-
PYZIIOBaHHEM B TIPOIIECCE IKCIUTyaTalliu, C U3MEHSIONIMMUCS XapaKTEPUCTHKAMU KOHCTPYKITHOH-
HBIX MAaTE€pPUAIOB B IPOIIECCE pean3alliyl MOCTABICHHOW 3a7add. 3a CUeT CO3JaHus MOIPOOHBIX
MaTeMaTHYeCKUX JABOWHUKOB, CIOCOOHBIX BOCCO3/aTh B HU(POBOM MPOCTPAHCTBE LEMOYKY COOBI-
TUW, TPYIHOPEAIU3YEMBbIX B HATYPHBIX UCIBITAHUSAX, HO TUMOTETUYECKH BO3MOXHBIX B IpoOIECcCe
JKCIUTyaTalluy U3/JENHsI, METOAOM IOCIIEIOBATEIbHBIX UTEPALNH, ITepeaaBas U3MEHEHHYIO [€OMET-
pUIO IBOWHUKA W3 OIHOM 3a/a4l B IPYTYIO, OMpPENEseTCs] KOHEYHOE COCTOSTHUE 00BEKTa U BBISB-
JSI0TCS TpeOyromre 10paboTKHU KOHCTPYKTUBHBIE AJIEMEHTHI.
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KoMIuIeKkCHOE YHCIIEHHOE MOJECIMPOBAHUE MEXAHMYECKUX BO3JEHCTBMIM, COIVIACHO HOpMa-
THUBHBIM JIOKYMEHTaM, COCTOUT U3 TPEX Pa3IUYHbIX BUJIOB COPAChIBaHUS B KAKIOM U3 KPUTHUUYECKUX
MOJIOKEHUH OPUEHTALMU KOHCTPYKIUH TPU COYIAPEHUH, OOOCHOBAHHBIX C TOYKH 3PEHUS MaKCH-
MaJIbHOTO HarpyXeHUsl.

1. Ilpu nepBom Buze cOpacsiBaHusi 00pasell T0KEH yIacTh Ha IUIOCKYI0 MUIICHb TaK, YTO-
Obl OH MOJYYMJI MAaKCHMaJbHOE MOBPEXACHUE, a BHICOTA Ma/IeHUs, U3MepsieMast OT caMOil HIKHE
TOYKW 00pasIia 10 BepXHEW MOBEPXHOCTH MUIICHHU, AODKHA cocTaBnaTh 0,3 M. Peanuzanus nanHo-
T'0 COOBITHSI MOXET POU30UTH IpH TIpoBeeHnH TTO B yCIOBHUSX HOPMaIbHOM MEPEBO3KH.

2. Ilpu BTOpOM BHJE cOpackiBaHUs 00pa3ell TOHKEH yIacTh Ha IJIOCKYI0 MHUILIEHb, HA TO Ke
camoe IMSITHO KOHTaKTa, a BbICOTa MaJeHUsl JODKHA cocTaBiaTh 9,0 M. Peanuszamus naHHOro coObI-
TUSL MOXKET npou3oiitu npu nposeneHuu TTO B yciioBusix aBapuiiHOM NEPEBO3KHU.

3. Ilpu Tperbem Buae cOpachiBaHHs 0Opasell JOHKEH yNacTh Ha IITHIPb, KECTKO 3aKperi-
JICHHBI B BEPTHKAJIHHOM ITOJIO)KEHUHM HA MHIICHH TaK, YTOOBI 00paser MoJy4yrsl MaKCUMalIbHbIC
MOBPEXKICHUSI B ISITHE KOHTAKTa, 1e(OPMUPOBAHHOM IO pe3yJIbTaTaM ABYX MPEAbIAYIIUX cOpachi-
BaHUH, MO0 B CAMOM YSI3BUMOM MECT€ KOHCTPYKIIMM Ha JaHHBIA BapUaHT OPUEHTALMU KOHCTPYK-
LMY [IpU coyAapeHuu. Bricota nageHus coctaBisaTh 1,0 M.

Jl1st 060cHOBaHMSI IPOYHOCTU U LEJNOCTHOCTU pa3zpadarsiBaeMoro YKX 1B, npu ynapHbix
Harpys3kax BBICOKON MHTEHCHBHOCTH, MCIIOJIb30BaHA CXxeMa MeTojaa koHeuHoro snementa (KD) [6,
7], peain30BaHHAs B paMKaxX BIYHCIUTENBHOTO KoMiuiekca ANSYS/LS-DYNA [8, 9] (ymuen3ust
Ne D334623 ot 02.06.2005).

Jnsa ouenku nuHamudeckor npounocty YKX 1B u tpancnoprupyemoii OTBC, B kauecTBe
KpUTEPUSI COCTOSIHUS MPUHSATA OTHOCUTENbHAas AedopMarus. YCIOBUE MPOYHOCTU KOHCTPYKIUU
MMeEET BUJL:

< & ped>

I7le & — MHTEHCUBHOCTb IJIaCTUYeCKO aedopmaruu, &, . — Aeopmarus pa3pyueHus, onpeaess-

npeo
€Mas B UCHBITAHUAX Ha PACTSKCHUC MUITUHAPHUICCKOTO 06pa3ua II0 OTHOCUTCIIbBHOMY CY’KCHHIO ZT
€Tro MONCPEYHOro CCYCHUA B MECTC pa3phbiBa.
I[e(bopMaL[I/I;I paspymiCHus OopeacIdaCTC 1Mo (I)OpMyJIe [10]
T
€,y =N [1/(1-0,01-Z7)].

HOCKOHLKy o6pa30BaHHe IIEHKH B HUIIMHAPHUYICCKOM 06133.31_[6 XapaKTCPU3YCTCA 00BbEMHBIM

HJIC st onpenenenus &,,,,, IPUMEHSETCS 9KCIIEPUMEHTAIBHO-PACYETHBIH MOX0JI, OCHOBAHHBI

Ha KOMIUIEKCHOM HCIIOJIb30BAHUH HATYPHBIX DKCIIEPUMEHTOB U KOMIIBIOTEPHOT'O MOJIETIUPOBAHMS.
JIOCTOBEPHOCTH MOJIy4YeHHBIX Pe3yabTaTOB

HOCTOBepHOCTI) MOJIYYCHHBIX PE3YJIbTATOB U BEIBOJOB MMOATBEPKAACTCA: TCOPETUICCKUMU U
AKCMIEPUMEHTATBHBIMU JAHHBIMU TI0 YIPYTOIIACTHIECKOMY e(hOPMUPOBAHHIO MHOTOKOMITOHEHT-
HBIX KOHCTPYKHI/Iﬁ B YCJIOBUAX YAAPHBIX HArpy30K; SKCIICPUMCHTAJIbHBIM N CCICIOBAHUECM JUHAMMU-
YECKUX CBOMCTB HMCIOIB3yEMbIX MAaTEPHUAIOB C YUETOM Pa3UYHBIX CKOPOCTeH aedopmaiuii u Tem-
nepaTyp C MOCIeAYIONIeH afantanuei 1 Bepudukanueidn mXx MaTeMaTHIeCKIuX MOJCIICH; UCIIOIh30-
BaHUEM BepHU(PHUIIMPOBAHHBIX M aTTECTOBAHHBIX COBPEMEHHBIX BBHICOKOMPOU3BOAUTENbHBIX [1K.

Pa3pa0oTka pacueTHBIX reOMeTpHYeCKHX Mojaeel

s ob6ocHoBanus noapoOHoii pacuetHoit KO mogenun YKX IIB u OTBC ¢ yuerom Bcex
KOHCTPYKTUBHBIX OCOOEHHOCTEH OBII pemieH psAJ IUHAMHYECKMX 3a/1ad Kak IS TPOCTHIX
00pa31oB, Tak U IS CJIOKHBIX MHOTOKOMIIOHEHTHBIX KOHCTPYKLUH C LENbI0 BepHUPHUKAIIUN PE3YIIb-
TaTOB PacyeTOB C PE3yNbTaTaMH AHATUTUYECKUX PEIICHUH M 3KCIICPUMEHTAIBHBIX HCCIICTOBAHUM.



Hoepnasn ynepzemuka u amomnoe mawuLocmpoenue 63

Pemrenne paccMOTpEHHBIX 3aJa4 MPOBOAWIOCH B YIPYIOM M YNPYrollaCTU4€CKOM MOCTaHOBKAX C
HCIIOJIb30BAaHUEM PA3JINYHBIX KOHCTPYKIMOHHBIX MaTEPUAJIOB.

B xagectBe 0JIHOTO W3 MPUMEPOB BepUPHUKAIIUU HA KOHCTPYKIIUU CO CIIONKHOU TeOMETPHUEH,
C YY4ETOM BCEX F'€OMETPUYECKUX OCOOEHHOCTEH M OOJBIIOr0 KOJIMYECTBA KOHTAKTHBIX IMap, ObLIO
MIPOBE/ICHO YMCIIEHHOE U HKCIEPUMEHTAIbHOE HCCIEJOBAHNE yIApHOTo 1e(hOPMUPOBAHUS MaKeTa
cOOpOK cTanbHOM 3ammThl (puc. 1) aktuBHOM 30HBI peakTopa bH-800 (manmee — makersr CC3).

Maxem CC3
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Puc. 1. Maket u pacuyernas moaejab CC3 927M.04.000 peaxtopa BH-800

Fig. 1. The BN-800 reactor’s 927M.04.000 Steel Shield Subassemblies (SSSA)
test sample and computational model

HatypHble sKcriepMMeHTHI BBIIIOJHEHbI Ha 0asze SKcIepuMEeHTadbHOM saboparopun AO
«OKBM AdpukantoBy. McnbiTanus Ha BO3/A€HCTBHE MPOAOJIBHBIX YIAPHBIX HArpy30K MPOBOAMIINCH
Ha koripe cBoboHoro nmanenus CT-675 (komep K-4000). Usmepenus aedopmariuii, BOSHUKAIONINX B
makerax CC3 mnpu BO3AEUCTBUM NPOAOIBHBIX YAAPHBIX HArpy30K, HIPOBOAMIN METOAO0M
TEH30METPUM C HCIIOJIb30BAHUEM TeH30pe3ucTopoB Ttuna FLA-5-11 u craronnHaMHU4ecKoro
nH(popManoHHO-u3MepuTenpHoro komriekca MGCplus. 11 onieHKH yCKOpeHHUH UCTOIb30BaIach
U3MEpUTENIbHAs CUCTEMA: aKceslepoMeTpbl Thna 4339, n3MepuTEIbHO-BBIUUCIUTEIbHBIA KOMIUIEKC
MIC-200 ¢ ycunurenem 3apsiga ME-908. Beicota maagenus BapeupoBaiack B uHTepBaie ot 100 go
1500 mm. B mporecce ucnbiTaHui (UKCHPOBAIUCH JAedOpMAlMM M YCKOPEHHS, MPOU3BOIMICS
BH3YAJIbHBI OCMOTpP MakeToB. B Tabim. 1, 2 cOmocCTaBistOTCS pe3yabTaThl PAaCYCTOB M MCIBITAHUNA
g MakeTa CC3.
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Tabauua 1.

Hanpsixenus B makere CC3, ycpeHeHHBIe 10 ceYeHUI0 A-A

Table 1.

Stresses in the SSSA test sample averaged over section A-A
BricoTa magenusi, MM 100 200 300 400 500 1000 1500
IKCIePpUMEHT =72 -95 -129 -164 -225 -237 -410
Pacuer -79 -100 -140 -176 -230 -259 -383

Tabauua 2.

Yckopenns a (g) makera CC3, yecpenneHHble no cedeHuio b-b

Table 2.

Accelerations a (g) of the SSSA test sample averaged over section B-B
BricoTa magenusi, MM 100 200 300 400 500 1000 1500
IKCIEePpUMEHT 1134 1686 1980 2448 2696 3558 1648
Pacuer 1132 1537 2012 2457 2723 3472 1562

B nponecce cepun npeaBapuTeNbHBIX TECTOBBIX pacueTOB ObLIAa MCIIOJIb30BaHa MOCIEI0BA-
TeabHOCTh KD ceTok ¢ pa3inyHOW I'yCTOTOM M yMEHBIIAIOUIMMUCS LIaraMu IO pa3Mepy sYEeHKH.
IIpu 3TOM C yMeHbIIEHHEM 11ara ObUI0 00eCeueHO YBEJINYEHNE YacTOThl y3JI0B CETKH B 1101001~
CTSIX C HAaMOOJBIIMMU TpagueHTaMu Aedopmaruii. AHAINU3 pe3yabTaToOB, OTYYCHHBIX IPU Pa3Ind-
HBIX BapuaHTax pa3Mmepa 3JEMEHTOB CETKH, [T0Ka3all, YTO IPU YMEHBIIEHUU BBIOPAHHOIO pazMepa
rapaMeTpbl KOHTPOJI CXOAMMOCTH OCTAIOTCSI B MpeJesiax MHTepBasla 33JaHHON JTOMYCTUMOW MO-
I'PELIHOCTH.

W3 comocTaBneHust BUAHO, YTO OCEBbIE HANPSDKEHUS M YCKOPEHMsI, ONpesesieHHbIE KCIIe-
PUMEHTAJIBHO U YHMCIEHHO, KQU€CTBEHHO M KOJMYECTBEHHO Y/IOBJIETBOPUTENIBHO COBMAJAIOT (UX
pacxoxaenue He npesbimaet 10 %). [To pe3ynbpraram BepuduKaum pe3yabTaToB CI0KHON MOIETH
maketa CC3 927M.04.000 Obu1o chopMupoBaHO HpeAcCTaBiIeHUE 0 pa3mepax U yactore KO cerkw,
0TpabOTaHO MOJEJIMPOBAHUE PE3bOOBBIX M CBAPHBIX COEAMHEHUH, Pa3IMUYHBIX KOHIIEHTPATOPOB,
B3aMMOJEICTBUE KOHTAKTHBIX AP C Pa3HBIMU XapaKTEPUCTUKAMHU MaTepUaJIOB.

HatypHblii sKcriepuMeHT, TOATBEPKAAOIINI padoTOCIOCOOHOCTh U 3((HEKTUBHOCTD JAEMII-
(bupyroIero ycTpoicTBa co CKOPOCTIMH COYAAPEHHUM, MPUCYTCTBYIOIIMUX B 3KCILTyaTUPYEMOM H3-
JIeJINM CO 3HAUYUTEIbHBIMU TUIACTHYECKUMH JepopMalusiMu, OblI MPOBEIEH HAa AKCIEPUMEHTaNb-
Hoii 6a3ze AO «OKBEM Adpukantos». OH Obl1 ortu¢poBal B Bujae 3-D Monenu u rpaHUYHBIX YCIIO-
BU, UMUTUPYIOLUX pealbHOE HarpyxeHue odOpasua. Bepudukanus, npoBeieHHas MO 3aMepam
OCTaTOYHOM (POpMBI MocIie yIapHOTO BO3ACUCTBUS (pHC. 2), MOKa3aja YAOBIETBOPUTEIBHYIO CXO-
TUMOCTH (Tab1. 3) ¢ pa3HUIEH pe3yIbTaToB, HE MPEBBIMIArONIeH 2 %.

Puc. 2. CpaBHeHnne octaTouHoii popmsl nemidepa,
NOJIy4eHHOM MO0 pe3yJbTaTaM KCIIepHMeHTa M pacyeTa

Fig. 2. Comparison of the damper residual shape obtained by experiment and calculation
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Tabauua 3.

CpaBHeHHe pPe3yJIbTATOB pacuera ¢ pe3yJbTaTaMHu IKCIePUMEHTA

Table 3.

Comparison of calculation and experimental results

IMapameTp IKcnepuMeHT Pacuer Pacxoxnenue

[Inpuna 3y06a — Ax, MM 25,56 25,11 1,8 %
Bricora 3y6a — Ah, MM 11,50 11,43 0,6 %
Bricora ngemndepa — Al, Mmm 18,11 17,81 1,7 %

CriexTp BbIOpaHHBIX BepU(UKALMOHHBIX IPUMEPOB IMO3BOJIMI CO3/1aTh MOAPOOHBIE MOAEIH
YKX [IB u OTBC, yuuThiBasi CI0)KHO€ KOHCTPYKTUBHOE MCIOJIHEHHE U KOHTAKTHYIO HEIMHEU-
HOCTb MX COCTaBHBIX 4dacTeil. [locTpoeHne pacdueTHbIX MoOJEeH, NpEeJHa3HAYECHHBIX AJIA aHAIU3a
nageHnid YKX [IB B pa3inyHbIX MOJIOKEHUAX, OCYLIECTBICHO B COOTBETCTBUHU C IPUHLUIIAMU CO-
BpemeHHoi CAD/CAE texnonoruu. I'eomerpuueckue 3D-monenun YKX IIB u OTBC ¢ pa3nuunbl-
MU 00OCHOBAaHHBIMHU AonymnieHussMu pazpadotansl B cpene ANSYS/WORKBENCH (puc. 3). Pac-
yetHass moaenb YKX IIB cocrour nmpumepno uz 3,7 mun K3, pacuernas mozpens OTBC — u3
4,1 mma KDO. Kaknas U3 coCTaBaAIONIMX JAHHBIX MOZCIEH 3aJaHa OTIEILHBIMA KOMIIOHEHTAMH C
UH/MBUYAIIbHBIMUA XapaKTEPUCTUKAMU KOHCTPYKLIMOHHBIX MaTepUaAJIOB, OTOOPAKAIOIUMH pPeajlb-
Hble cBolicTBa. KOHTaKTHBIN aJirOpUTM 110100paH TakKUM 00pa3oM, YTOOBI YUUTHIBATh B3aUMOCBSI3U
HE TOJIBKO CONPSKEHHBIX 4acTe KOHCTPYKIMH, HO U (OPMOU3MEHEHNE YUCICHHOM MOEIH, Koria
OTJIeNIbHbIE 00JIACTH OJHOTO Teja HAaYMHAIOT B3aMMOJEMCTBOBATh MEXIY CO00i, UTO KpallHE aKTy-
aJIbHO MPU 3HAYUTENBHBIX J1e(hopMaIHsIX.

Pa3mep mara copoca mannbix no HJIC pacueTHbIX Mojeneil B mpolecce coynapeHus Ais
¢dopmupoBaHus (ailyioB B MOCTIpOLIECCOPE MOJ00paH ¢ TaKOi 4yacTOTOM, YTOOBI MPOUCXOJIUIIO HE
MeHee 1-2 cOpoCcOB MpH MPOXOKIEHUH YAapHOW BOJIHBI 10 KOHCTPYKIIMHU B Ka)KJIOM W3 HallpaBiie-
HUH, pacIpOCTPAHIEMON CO CKOPOCTSIMU C YYE€TOM HUCIIOJIb3yEMBIX MAaTEPHUAJIOB.

Pa3paldorka MaTeMaTH4YeCKHX MOJeJIeil MOBeIeHHs KOHCTPYKIIMOHHBIX MATEPHAJIOB

OpnHuM 13 Hanbojee BaKHBIX ITAOB YMCICHHOTO MOJETUPOBAHMS MOBEACHUS KOHCTPYK-
IUH TPAHCHOPTHBIX KOHTEHHEPOB MPH JUHAMHYECKUX BO3JEHCTBUSAX C BBICOKHUMHU IEpErpy3Kamu
SBJIAETCS IPUMEHEHHE MaTEMAaTUYECKUX MOJEJIEN MaTEpUAJIOB, aIcKBaTHO OMMCBIBAIOIINX IIPOLEC-
Chl YIPYTOIUIACTUYECKOTO Je(OPMUPOBAHUS PA3TUYHBIX KOHCTPYKTUBHBIX JIEMEHTOB C HCIOJIb30-
BaHUEM (PaKTUUYECKUX MEXaHWYECKUX XapaKTEPUCTHK B 3aBUCUMOCTH OT CKOPOCTHU jAedopMaiuu u
TEMIIEPATypHI.

OcHOBHOI KOpITyc ¢ HauOOJbIIEH METAaNIOEMKOCTBIO U3 BCEH KOHCTPYKIMH, OTBEYAIOIIUI
32 T€pPMETUYHOCTh BHYTPEHHETO COJIEP’KMMOTO, BBIIOJIHEH M3 BBICOKOIPOYHOIO YyryHa C IIapo-
BuaHbIM rpadutom (BULID). Kpeiiku, kianansl, qemndepsl ¥ KOPIyC HEHTPOHHOM 3alUThI, OT-
BEYAIOIIME 32 TEPMETHYHOCTbh U JeMI(UPYIONIHe CIOCOOHOCTH W3JENHsI, U3TOTOBJICHBI U3 CTaIH
08X18HI10T. Kpenexnrie anementsl YKX I1B, oTBedaronue 3a repMETHYHOCTh BCEX Pa3bEMHBIX
coequnennii B YKX I1B, B nepByto odepelib, 32 OCHOBHOM pa3beM, U3TOTOBIICHBI U3 cTanu 20X13.

AKTyaJqbHBIMH CTQHOBATCS 33/1a4M IO MOJYYEHHIO (PAKTHMUYECKUX AMarpamm JaegpopMHpoBa-
HUS KCHEPUMEHTATbHBIM METOAO0M, HIEHTU(UKALIUYA MOJIeel OBeACHNU MaTepUajoB MyTeM Be-
pUQHKAIMKA PACUETHBIX U SKCIIEPUMEHTAIBHBIX JaHHBIX MPU PA3JIMYHBIX MEXaHU3MaX J1e(hOpMUpO-
BaHUS W aJalTally 3TUX MOJENeH Ul YCIOBHH, B KOTOPBIX OyAET 3KCILTyaTUPOBAaThCsA MPOCKTH-
pyeMoe u3zenue.
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YKXIIB OTBC

Puc. 3. Pacuernnie moaeaun YKX IIB u OTBC

Fig. 3. Extended-Capacity Packing Storage Set (ECPSS)
and Spent Fuel Assembly (SFA) computational models

Jlna onpeneneHns MEXaHMYECKUX XApaKTEPUCTUK MEPEYHCIEHHBIX MaTEpUAOB MIPH BBICO-
KHX CKOPOCTSIX HArpy>KeHHs MCIIOJIb30BAJIMCh CTEP>KHU ['ONKMHCOHA C pa3IMYHbIMHU pa3pe3aMu 110
cxeme Hukomaca u merony Konbckoro [11-14], peann3oBaHHOMY Ha 3KCIEPUMEHTaIbHOW ycCTa-
HOBKE, JIJIs1 UCIIBITAHUH NP pacTsSHKEeHUH-CKATHH (puc. 4).
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Puc. 4. Cxema 3KkcriepuMeHTAJBHON YCTAHOBKH 1JIsl HCTIBITAHUI MAaTepHAaJIOB

Fig. 4. Schematic diagram of experimental facility for materials testing
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B pesynbraTte momydeHsl auarpamMmbl JeOPMHUPOBAHUS MPH PA3IHMUHBIX PEXKHMAX HaArpy-
xenus. [To HUM ompenesieHb! peebl IPOYHOCTH U MX 3aBHCUMOCTB OT CKOpOCTel aedopmanuii u
Temneparypsl (puc. 5). JlaHHbIE Hccae10BaHus IOIPOOHO pacCMOTPEHBI B Tpynax [15, 16].
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Puc. 5. Ilmarpammel gepopmMupoBanms,
NMoJIy4YeHHbIe IKCNIePUMEHTANbHO 1 maTepuanos BULIT, 08X18H10T u 20X13

Fig. 5. Deformation diagrams obtained experimentally for high-strength cast iron
with spheroidal graphite, 08Cr18Nil10Ti and 20Cr13

Jlnis aHanM3a U3MEHEHUs IPOYHOCTH B IIIMPOKOM JHara3oHe cKopocTell aedopmMariiu comno-
CTaBJIEHbI PE3yJbTaThl CTATUYECKUX U TUHAMHYECKHX SKCIIEPUMEHTOB. MeXxaHH4eCKHe XapaKTepH-
CTUKHM KOHCTPYKI[MOHHBIX MaTepHajioB (AuarpamMmbl Ae(GopMUpOBaHUs, Mpeieibl TeKy4ecTH, Ipe-
JIeJIbl TPOYHOCTH, MOZYJIb YIIPOUHEHMSI, IPEEIbHbIE XapaKTePUCTUKH TUIACTUYHOCTH U T.J.) OIpe-
JIeTICHBI 110 pe3yJIbTaTaM CTaTMYECKUX M JMHAMUYECKHUX MCIBITAHUNA 00pa3lloB MPH CHKATHH U pac-
TSOKEHUH, TAK)KE MOIY4YEeHbl apaMeTpbl Mojenu TuiacTuyHocTH J[xoncona-Kyka [17]. Otmeueno,
YTO HCCIIEJOBaHHBIE CTAJId UMEIOT Pa3JIMUHYI0 YyBCTBUTEJIBHOCTh MEXAHWYECKOTO MOBEACHUS K
cKopocTH Aedopmanuu U Temieparype. Tak, TuHaAMU4ecKasl AuarpaMMa 1eOpMHUPOBAHUS, COOT-
BETCTBYIOIIAs cKopocTH aedopmaruit ~10° ¢!, nna BUILT Beime craTudeckoil kpupoit Ha 60 %,
st ctamu 20X 13 — Ha 33 %, a qs cranu 08X 18H10T — Ha 8 %. B ycnoBusx mOBBIIIEHHBIX TEM-
neparyp (10 350 °C) npenens! TekydecTd yMeHbImmuch: 1t BULLT — na 33 %; ans cramu 20X13
—Ha 23 %; nius ctann 08X18H10T — wa 20 %.

Junamuueckue xapakrepuctuku BUIIT 6pu11 nccneoBaHbl BIiepBBIE.

HauOosnpiias akTyaabHOCTh TAKMX MOJENIEH MMEET MECTO AJS IEMEHTOB KOHCTPYKIIUH,
UCOBITHIBAIONINX Aedopmanmu, OIU3KUe K MpeIeIbHbIM 3HAYCHUIM (JIeMIihepsl, KOpIyc HEUTPOH-
HOH 3ammMThl U Kpenex) u usrotopieHnble n3 ctamu 08X 18H10T u 20X 13. Koncepatusm ¢ uc-
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MOJIb30BAHUEM MHHUMAJIBHBIX MEXAHUYECKUX XapPaKTEPUCTUK MaTepuayia sl ASMITIPUPYIOIIHX
3JIEMEHTOB HE YMECTEH, BBUJY MOJYYCHHS CIUIIKOM «MATKoro» aemmdepa. C 1enpio aganTaiuu
Mozenu miaactTuuHocTu JxoHcoHa-Kyka (puc. 6) moa yaapHble MEXaHUUECKHE BO3JECHCTBUS BBICO-
Ko crenieHr nHTeHCHBHOCTH 1 ctanet 08 X 18H10T u 20X 13 Obuti HCTIOIB30BaHbl SKCIIEPHUMEH-
ThI HA BBICOKOCKOPOCTHOE BHEJPEHHUE HMHJICHTOPOB CO chepruiecKkoil 1 KOHUYECKON rOJIOBHBIMU Ya-
CTSIMH, a TAaKXKe Ha TUHAMHYECKOE C)KaTue IIMIMHAPUYECKOro 00pasiia B BUJIe TaOJIETKH.

PesynbpTarel Bepudukanuu Moaenu AcGOpPMHUPOBAHUS IMOKA3aIM XOPOIIEe COOTBETCTBUE
JTAHHBIX HATYPHBIX MCHBITAHUN W YMCICHHOTO MOJETUPOBAHUS KaK MO OCTaTOYHBbIM (popmam 00-
pas3loB, TaK U MO BPEMEHHBIM XapaKTEPUCTUKAM JTUHAMUKH MPOIIeCcca MIACTHIECKOTO e(hOpMUPO-
BaHUA — UX pacxoxaeHue He npesbiciiio 10 %. lanHbie moapoOHO KU3N0XKeHb! B [16].

ouHaKBdUEH

Puc. 6. IxcnepuMeHTAIBHO ONpe/ieJIeHHAS TOBEPXHOCTH 3aBUCMMOCTH HANPSZKeHUs
TeyeHusl 0T IVIACTHYeCKOil fepopManium U cKOpocTH aedopMannu

Fig. 6. Surface of flow stress determined experimentally as a function of plastic strain and strain rate

JlnHaMuueckre XapakTEPUCTUKHA MATEPHAIOB, M3 KOTOPBIX M3IOTOBJIEHBI JJIEMEHTHI pac-
cMmarpuBaeMoii B n1anHoi pabore OTBC, He Obutu uccnenoBansl. Beuny toro, uto OTBC Haxomst-
csl BHYTPH KOHTEMHepa, BBICOKUX ckopocTel aedopmupoBanus anemMenToB OTBC He oxunaercs. B
CBSI3M C 9TUM IS IOCTPOECHUSI pACYETHOM MOJENH NIPUMEHSUINCH CTATUYECKHE XapaKTEPUCTUKN Ma-
TE€pPHAJIOB C UCIOJIb30BaHUEM OMIMHEWHON MOJAENU YHpPYroIuIacTUYecKoro neOpMUPOBAHUS C JIU-
HEHHBIM M30TPOIHBIM ynpouHeHueM. CBolicTBa Matepuainos, npuMeHseMbix B OTBC, onpenens-
JIUCh C Y4E€TOM BJIMSHHUS 103 PaJUallMOHHOTO BO3JEUCTBHUSA IS KaXXIOTO KOHKPETHOTO 3JIEMEHTa
[18]. CoBOKYMHOCTH MOJTYYEHHBIX Ha 00pa3ax 3KCIEePUMEHTAIbHBIX JaHHBIX, UICHTH(PHUIINPOBAH-
HbIX U BepU(UIHMPOBAHHBIX MaTEMaTHUECKUX MoJeled (B BUAE OMNPENENAIONIUX COOTHOIICHUN
TEOPUH TEUYEHUI), CBUJETEIBCTBYET O LEIeCO00pa3HOCTH NMPUMEHEHHS JTaHHBIX MoJeneil 1 pac-

yetHOro a"anusa H/IC TpaHCIOPTHBIX KOHTEMHEPOB M UX BHYTPEHHEIO COJEPKUMOTO B YCIOBHAX
JUHAMUYECKUX BO3JIEUCTBUM BBICOKOM HHTEHCUBHOCTH.

Pa3pa0orka rpaHHYHBIX yCJI0BHii 118 HU(PPOBHIX IBOHHUKOB

Hns ananuza HJIC VKX TIB u OTBC npu KOMIIJIEKCHOM BO3/I€MCTBUU UCIIONb30Bagack KO
MOJICJIM C HAJIO)KEHUEM Ha HUX PA3IMYHBIX MapaMeTpOB MCXOJIHBIX COOBITHH B BHAC T'PAHHYHBIX

ycioBuid. Bee BapraHThl KOMIUIEKCHBIX BO3JAEHCTBUI € MPUIIOKEHHBIMA TPAHUYHBIMU YCIIOBHSMHU K
pacyeTHBIM MOJIEJIAM, TOKa3aHbl HA puc. 7.1 u 7.2.
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a) BepTUKAJbLHO HA THO

lg=9’81 M/c? 1\/:2,4 Mm/c ¢=9,81 M/C2 1\1:13,3 Mm/c 1

1v=4,4 M/c

najenue ¢ 0,3 M najeHue ¢ 9,0 m nagenue ¢ 1,0 M Ha WTHIPH

0) Ha gHO Mo yriioM (20°)

2 _
lg=9,81 M/c 1\/2,4 Mm/c 1g=9,81 M/C2 1‘,13,3 M/c lg=9,81 M/c2 lv4,4 M/c

-

magenue ¢ 0,3 M nagenue ¢ 9,0 m nagenue ¢ 1,0 M Ha WTHIPH

B) FTOPU30HTAIBLHO B pa3bem KH3

=981 m/c” [v=2,4 w/ 2 2
g=Y,6l M/C  |v=2.4 m/C =9,81 m/c v=13,3 m/c 2=9,81 m/c 1v=4,4 M/c

nazgenue ¢ 0,3 M mazgenue ¢ 9,0 M nagerue ¢ 1,0 M Ha IITHIPb

Puc. 7.1. PacuerHbie BapuanThl KoMILIeKcHbIX nagennii YKX IIB (aucr 1)
Fig. 7.1. Calculated options of ECPSS complex falls (sheet 1)
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r) TOPHU30HTAIBHO Ha nandy

lg:9,81 M/c? lv:2,4 M/c lg:9,81 M/c? lv:13,3 M/c lg:9,81m’cz lv=4,4 M/c

nagenue ¢ 0,3 M nageHue ¢ 9,0 m nagenue ¢ 1,0 M Ha WTHIPH

1) ropu3onTajibHo Ha KH3

lg:9,81 m/c? lv=2,4 M/c lg=9,81 m/c? lv=13,3 M/c lg=9,81 m/c? lv=4,4 M/c

magenue ¢ 0,3 M magenue ¢ 9,0 m nagerue ¢ 1,0 M Ha MITHIPB

€) Ha KPBINIKY moj yriom (20° )

lg:9,81 m/c’ lv:2,4mzc lg:9,81 M/c’ lv:13,3 M/c lg:9,81mz’cz lv:4,4MZc

==\

magenue ¢ 0,3 M magenue ¢ 9,0 m najgeHue ¢ 1,0 M Ha TP

’K) BEPTHKAJTBbHO HA KPBIIKY

g=9.81 m/c” |v=24m/c |2g=9.81 m/c" |v=133m/c |g=9,81 m/c”
T — il T

lv=4,4 M/c

nazenue ¢ 0,3 m nagenue ¢ 9,0 M nanenue ¢ 1,0 M Ha WITBIPL

Puc. 7.2. PacuerHbie BapuaHThl KoMILIeKcHbIX nagennii YKX IIB (aucr 2)
Fig. 7.2. Calculated options of ECPSS complex falls (sheet 2)
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Bapuantsl nmagennit pacuetHo mMoaenn YKX [IB ¢ mOMEIIEHHONM B HEro IMOJHOLICHHOW
pacuetHoi mozenbio OTBC BMecTO 0JHOTO U3 MAaKETOB MOKa3aHbl HAa puc. 8.

a) BEpTUKAJIBHO HA THO ¢ noapooOHoii moaeanio OTBC

g=9,81 m/c’ v=13,3 m/c

najaenue ¢ 9,0 m

0) ropusontaabHo Ha KH3 ¢ moapooHnoii moaeasio OTBC

g=9,81 M/ c? v=133m/c

naaenue ¢ 9,0 m

Puc. 8. Pacuernsie Bapuantel nagenust YKX II1B ¢ moapo6noii mogensio OTBC
Fig. 8. Calculated options of ECPSS fall with a detailed SFA model

B cooTBeTCTBMM ¢ HOPMATUBHBIMH JOKYMEHTAMHU U pa3pabOTaHHON METOHOJOTUEH HCIIBI-
TaHMs HA aBapUIHbBIC YCIIOBUSI, IEPEBO3KU JOJIKHBI BBIOIHATHCS MOCJE UCTIBITAHUNA HA HOPMaJlb-
HBIE YCIIOBUS M B YMCJIEHHOM HCCJIEAOBAHUU BBITIOJHATHCS KOMIUIEKCHO B eIuHOM 3amade. Coot-
BeTcTBeHHO, najaenne YKX [1B pomxHO mpoBoauThes B nocneaosarenbHoctu: 0,3 M — 9,0 M —
1,0 M Ha mwTeiph. [Ipyu paccMOTpEHHH KOMILUIEKCHBIX BO3JACHCTBUN ISl KaXKIIOTO IMOCIEIYIOIIETO
JTama B KayecTBe HadanbHOTO coctostHus YKX 1B mpunumaercst nedopMHUpOBaHHOE COCTOSIHUE,
MOJIyYEHHOE OT IPEABIAYIIEro Tara.

B kauyectBe mapaMeTpoB HUCXOAHBIX COOBITHH pPacCMATPUBAIOCh CIEAYIOIIME BAapUAHTHI
KoMIuteKCHBIX BoznericTBuii YKX 1B B cOOTBETCTBHM C HOPMAaTUBHBIMU TPEOOBAHHUSIMMU:
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BEPTUKAIBHOE MajJieHue Ha AHO ¢ BBICOTHI 0,3 M — 9,0 M — 1,0 M Ha WITHIPB;

najieHue Mo yriioM Ha AHo ¢ BbIcOThl 0,3 M — 9,0 M — 1,0 M Ha WITHIPS;

najienue ropuzonTaibHo Ha pazbeM KH3 ¢ 0,3 M — 9,0 M — 1,0 M Ha WITHIpPD;

najzienre ropuzoHTanbHo Ha pazbeM KH3 ¢ BeicoTs! 0,3 M — 9,0 M — 1,0 M namndoii Ha WTHIPE;

e najaenue ropuzoHTaibHO HA KH3 ¢ BeicoThI 0,3 M — 9,0 M — 1,0 M Ha IITHIPS;

®  [aJICHUE MO YIJIOM Ha KpbIIKY ¢ BbICOTHI 0,3 M — 9,0 M — 1,0 M Ha WITHIPB;

e BEpPTUKAJIBHOE TMaJeHUEe Ha KpPHIIKY (B MECTO pacHoJIOKEHUs KJamaHa) C BBICOTHI
0,3mM — 9,0 M — 1,0 M Ha IITBIPB.

Kaxxapiii BapuaHT nafieHuss 000CHOBAH ¢ TOYKHU 3PEHUS HAUXY/IIUX MMOCICACTBUH THO0 1Is
camoro YKX TIB, 0o a1 ero BHyTPEHHET0 COACPKUMOTO.

Taxxe 0b110 paccMoTpeHo nagenue YKX IIB ¢ nomemennoi noapodHoit moaensio OTBC
BMECTO OJTHOTO M3 MAaKETOB C BBICOTHI 9,0 M Ha KECTKOE€ OCHOBAHHE, C YIETOM OOJIyUEHHBIX XapaK-
TEPUCTUK MaTepuanoB cOOPKH, B MOJIOKEHUAX, CO3/IAl0IIUX MaKcuManbHble eperpy3ku Ha OTBC.
Ha momenT monenupoBanus 6pocka ¢ 9,0 M YKX I1B Haxoauncs B nmpegHanps»KEHHOM COCTOSIHUU
nociae nagerus ¢ 0,3 M.

[TocnenoBarenbHocTh magaeHut 0,3 M — 9,0 M — 1,0 M Ha WITHIPH NPU KOMIUIEKCHBIX BO3-
JCHCTBUSAX BBIOpaHa TakKuM 00pa3oM, YTOOBI HAHECTH MaKCHMAJIbHBIC TTOBPEKICHUS KOHCTPYKIIUU
YKX IIB, Tak Kak JOKaJlbHOE BO3JEWUCTBUE IUTHIPS MPU COYAAPEHUU C AePOPMUPOBAHHOI KOH-
CTPYKIIMEH OKa3bIBaCT Ha Hee OOJIbIIee BIUSHUE, YEM BO3CHCTBHUS, COBEpPIIECHHBIE B TMOCIEI0BA-
tenbHOCTH 0,3 M — 1,0 M Ha wThIps — 9,0 M.

AHau3 HAnpsiKeHHO-1epopmMupoBaHHoro cocrossuusa YKX IIB u OTBC

[To pa3pabotanHOll MeTomonoruu mpoBereHo uucieHHoe ucciaempoBanune HJIC VKX T1B
(puc. 9), u obocHoBana nenoctHoctb OTBC (puc. 10) B cooTBeTcTBUM TpeOOBAHUIMU HOPMATUB-
HBIX JOKYMEHTOB. B paccMOTpeHHBIX BapuaHTax majaeHus ¢ BbICOThI 0,3 M IpU HOPMAJIBHBIX YCIIO-
BHsX nepeBo3kn YKX [IB ynoBierBopsieT yClnOBUSAM JTMHAMMYECKOW IMPOYHOCTH, COXPAHSSA CBOIO
LEJIOCTHOCTb M UCKJIIOYast BBIXOJ PaAMOAKTUBHOIO COLAEPKUMOro Hapyxy. HesHauurenbHble U3Me-
HEHUs TeoMeTpuu AeMindepoB (Il CayyaeB ¢ BEPTUKAIBbHBIMU MAJCHUSIMHU U NMAJACHUSIMU O] yT-
JIOM) ¥ JIoKalibHbIe ToMsiTocTH pedep KH3 (a1 cimydast ¢ ropu30HTaIbHBIM Ha/leHUEeM) TopazyMe-
BalOT JajbHemyro skcrryaranuio Y KX I1B.

Jlna BapuanToB najgeHuit ¢ BoIcoThl 9,0 M 1 1,0 M Ha IITBIPs IPU aBApUIHBIX YCIOBUSAX IIE-
peBo3kn YKX IIB ynoBieTBopsieT yciloBUAM IMHAMHYECKOW IPOYHOCTH, COXPaHsA CBOIO LIEJIOCT-
HOCTb M MCKJIIOYasi BBIXOJl PAAMOAKTHUBHOIO co/ep)KuMoro Hapyxy. [lnactuyeckue nedpopmaruu B
KOHCTPYKTUBHBIX 3JIEMEHTAaX, CO3JAOIINX N€PMETUYHBIN KOHTYp, HE JOCTUTalOT MPUICIIBHBIX 3Ha-
YEHUH; CKBO3HOT'O Pa3pyILIEHUs] HE IPOUCXOIMUT.

[Tpu ananuze HJIC noapobuoit mogenu OTBC co cMoAennpoBaHHBIM TOIIMBOM B MaKCH-
MaJIbHO HAarpy»>KEHHBIX TBJIAX MOKa3aHO, 4To Bce 3neMeHThl OTBC yn0oBIETBOPSAIOT YCIOBUSAM JIU-
HaMHWYECKOW ITPOYHOCTH, COXPAHSS CBOK IIEJIOCTHOCTh M HMCKJIKOYas BBIXOJ PaJUOAKTUBHOIO CO-
JEPKUMOT0 HapyKy. Pa3spylieHus TBIJI0B HE OKUIACTC.

B pe3ynbpTaTe pacCMOTPEHHBIX CEPHl MOCIEA0BATENbHBIX MMAICHUM, BBIITOJIHEHHBIX 10 pa3-
paboTaHHONW METOJI0JIOTHH, MOJYYEHHBIE M3MEHEHHMsS T€OMETPUHU Ka)XJIOro M3 KOHCTPYKTHUBHBIX
3JIEMEHTOB MO3BOJWIM CHOPMUPOBATH UCXOIHBIE JAaHHBIE /IS AaJIbHEHIIEr0 0OOCHOBAHMUS sIIEPHON
U paguanuonHoit 6ezonacHoctu YKX I1B.
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Puc. 9. Hanpsi:kenno-nedopmupoBannoe cocrosnune YKX I1B
¢ nomemeHHoi Moaens0 OTBC, npu BepTHKAJIBHOM NMAJeHUU HA THO

Fig. 9. Stress-strain state of the ECPSS with the SFA model inside at vertical fall to the bottom
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Puc. 10. Hanpsizkenno-negopmupoBannoe coctossiue OTBC npu ropu3oHTAJIBLHOM MaJAeHUH

Fig. 10. Stress-strain state of the SFA at horizontal fall
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TYK-146/] TYK ACMM TYK ans TPO ACMM

TYK nna KBX ACMM TYKIIDb TYK s BTY

Puc. 11. O6umii Bug TYK, npoextupyembix B AO «OKBM Adpukanrton»
Fig. 11. General view of the transportation packaging sets designed at OKBM Afrikantov

3akaoueHue

[IpoBeneno noapodHoe uucnernHoe uccienoanue HJIC YKX I1B, kotopoe serio B OCHOBY
(dbopMupoBaHHsT KOHEYHOTO oOimKa KOHCTpykiuu. O6ocHoBaHa nenoctHocth OTBC B coctaBe
VKX IIB npu nageHusix B pa3IMYHbIX MOJOKEHUAX. [[aHHbIE MCCIeI0BaHUs CTalld BO3MOKHBIMU
Onmarogaps pa3pa0OTaHHOW METOJOJIOTUH, YUUTHIBAIOIICH T€OMETPUYECKUE OCOOCHHOCTH KOHCT-
pyKIMii, akTUYeCKue XapaKTePUCTHKU HCIOJIb3YEMbIX MAaTE€pHAIOB U 3aJ0XKEHHbIE PAaHUYHBIE
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yCIIOBUSI, BKJIIOYAIOIIME B ce0sl LENbIN Psii UCXOIHBIX COOBITHM B €1MHOM clieHapuu. Co3gaHHbIE
uudpoBble ABOMHUKH MO3BOJWIN IMOJYYUTh JOCTOBEPHBIE PE3yJbTaThl C yYETOM BCETO CIIEKTpa
BO3MOXKHBIX MEXaHMUYECKUX BO3/IEHCTBUIN BBICOKOM CTENIEHNM MHTEHCUBHOCTH, KOTOPHIE BOSHUKAIOT
IIPY NAJEHUAX B TEUEHHE SKCIUTYaTallHOHHOIO IEPHOIa.

B pesynbrate mpuMeHEHHBIX MOAX0A0B B paspadareiBaeMbiii YKX 1B Obut BHECEH 11embIi
PSI KOHCTPYKTUBHBIX M3MEHEHUH, MO3BOJIUBIIMX COAIaHCUPOBATh KOHCTPYKIMIO 10 METaIOeM-
KOCTH U JIeMI(HUPYIOUIUM CIIOCOOHOCTAM 03 ymiepOa 1jsi MPOYHOCTHBIX XapaKTepUCTUK. B dacT-
HOCTH, TIO pe3yjbTaTaM MaJeHUN B BEPTUKAIBHBIX MOJOKEHUSAX U MOJ YIJIOM ObLIM pa3paboTaHbl:
naeMrupyomee ycTrpoicTBo, 3(h(PeKTUBHO MOIIIOmAroIIee KMHETHYECKYI0 YHEpruio0 (MaTeHT Ha
n3obperenne RU2774084C2 «TopueBoit aemmdep KOHTEHHEpa»), a TaKKe KPBIIMIKA W AJICMEHTBI
KpEIJICHHI BCEX Pa3beMOB; MO Pe3yJbTaTaM TOPU30HTAIBHBIX MaJeHUN — ObLTH T0opaboTaHbl Hamn-
¢b1, pedpa, pazbem u kperienne KH3, uexon ans OTBC.

[Tonxo/bl, IpUMEHsiEMbIE B pa3padOTaHHOW METOJ0JIOTUH, HAIIUIM pealn3aliio Mpu MPOeK-
TUPOBAHUU LIEJIOTO Psifa TPAHCIIOPTHBIX KOHTEWHEPOB ISl TPAHCIIOPTUPOBKU U xpaHeHuss OAT u
PAO. B nacrosimuit MomeHT AO «OKBM AdpukanToB» pa3pabareiBaeT HEIbId psA U3AEIU, OT-
Hocsimuxcs Kk TYK paznuunoro Haznauenus (puc. 11), mist ADC ¢ pa3nu4HbIME BUJAMU TEIUIOHO-
cuteneit (TYK-146/1, TYK mis ACMM, TYK mns TPO ACMM, TYK mis KBX ACMM, TYK s
196 «Axkanemuk JlomonocoB», TYK BTYVY). M300peTeHHoe 3amareHTOBaHHOE AeMIIpHUpYOIIee
YCTPOMCTBO C BHICOKMMHU IMOTJIOMIAIOLIIMMHU CIIOCOOHOCTSMHU U KOHTPOJUPYEMBIMU IPOLIECCAMHU Je-
dbopMupOBaHUs Ha JAaHHBIH MOMEHT IMPHUMEHSETCS MPU MPOCKTHPOBAHUH IEJIOT0 psla aHAJIOTHUY-
HBIX u3aenuil. JlanHoe o0opynoBaHue MOMISKUT 00s3aTENbHON cepTH(HUKALNU, KOTOpas MOApa3y-
MeBaeT MPOBEJICHUE HATYPHBIX MCHBITAHUHN, B PE3yNIbTaTe KOTOPBIX JOJDKHA OBITH MOATBEPXkKACHA
MIPOYHOCTh U HAJIEKHOCTh UCIIBITYEMOro u3zenus. B pe3yiabTare HE1OCTaTOUHOM MPOPabOTKU KOH-
CTPYKIIMHU MO YCTAPEBIIMM METOAMKAM HE MCKIIIOUYEH OTPUILIATENIbHBIA Pe3yJNbTaT TaKUX HCIbITA-
HUM, 4TO MPUBEAET K CYIIECTBEHHBIM (DPMHAHCOBBIM MOTEPSIM. 3a CUET pa3pabOTaHHOW U peaTn3o-
BAHHOW METOJI0JIOTMHU HAa OCHOBE MOJIHOLEHHBIX MAaTEMaTHUYECKUX UCCIIEI0BAHUM HA CTAAUHU MTPOEK-
TUPOBaHUS C(HOPMUPOBAH KOHEUHBIN OOJIMK KOHCTPYKIUH, KOTOPBIM 1MO3BOUT 000MTHCH 6€3 mpo-
MEXYTOUHBIX HATYPHBIX UCIBITAHUN, YTO CUILHO COKOHOMHT BPEMEHHOM U ()MHAHCOBBIA PECypCHl,
U BBIMTH Ha Mpolecc cepTU(UKALUA C MUHUMU3HPOBAHHBIMU 3KOHOMHUYECKHMHM 3aTpaTamMH, YTO
MO3BOJIUT CHU3UTh CE0ECTOMMOCTh pa3pabaThiBA€MOr0 M3/EJHs, OBBICUB €r0 KOHKYPEHTOCIIOCO0-
HOCTb.
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