ISSN 2518-7384 Bicuuk JlninponerpoBcskoro yHiBepeurery. Cepist «MexaHika HEOXHOPITHHUX CTPYKTYp», 2017. Bum. 2(21)

YK 539.3
A.II. Kononmmmﬁ], KaHJI. TeXH. HayK, M. A. MenHuKoBa’

1 . .
Jnenponemposckuil nayuonanoHulil ynugepcumem umenu Onecsi I'onuapa,

2

Tocyoapcmeennoe npeonpusmue Koncmpykmopckoe owopo «FOoicnoey um. M. K. Aneens

HAINPSIKEHUSA B TOHKOW IWJIMHJIPUYECKOMN OBOJIOYKE
C KPYI'OBbIM OTBEPCTHUEM IIPU KPYUYEHUU

IIpeacraBjieHsl  pe3yabTAThl JIMHEHHON0 KOHEYHO-3JIEMEHTHOI0 AHAJIM3a HaNpsKeHWH B
HEUIMHHBIX TOHKHX 000/109KaxX ¢ He0OILIIMM OTBEPCTHEM HAa 0OKOBOW IOBEPXHOCTH NPH AeHCTBHH
KpyTsamero momenra. ITokazano, 4ro K03()(pUIMEHTH KOHIEHTPANUH HANPSIKEHNIH ObICTPO yOBIBAIOT
¢ YMEeHBbIICHHEM JJIMHBI 000J109KH, PAYEM 3TOT BAKHBIN ISl MPOEKTHPOBaHUSA 3Q(eKT HAYMHAeT
NPOSIBJIATLCSI, HAYMHAS € JJIMH, B JCCATKH pa3 NpeBbINAIINX pagnyc orBepcrus. MccnenoBansi
TOJISI HANIPSIZKEHN I B 30HAX MeX/1y OTBEPCTHEM M TOpPIaMH 000109KH H X B3aMMOBJIMSIHHE.

KiroueBbie c/j10Ba: NMIMHAPHYECKasi 000104Ka, KPYTrOBOe OTBEPCTHE, KPYUeHHe, HANPSIZKEHHOEe
COCTOSIHHE, METO/] KOHEYHBIX 3JIEMEHTOB.

BBenenne. Teopernyeckoe penieHne 3a/1a4 0 MPOYHOCTH 000JI0UEK C OTBEPCTHIMHU
COMPSDKEHO CO 3HAYUTEIbHBIMU TPYIHOCTSAMH, MOCKOJIBKY COOTBETCTBYIOIINE KpaeBbIe
3a]a9i CTaHOBSTCS MHOT'OCBSI3HBIMH, MOJISI HANPSDKEHWH M eopMaluil 1ioxo mojaa-
I0TCSl aHANMUTHYecKoMy onucanuio. [lepBas maremaTHueckas MoJeNnb, CO3AaHHAs HA OC-
HOBE KOMILIEKCHOTO TIPE/ICTABJICHHS pa3pelIalonInX ypaBHEHUH TEOPHH TIOJIOTHX 000J10-
4ek, Obia npemiokena Jlypre [3], KOTOpbIi mpuMeHM e€ Tl IUIHHIPUIECKIX 000110~
YeK ¢ MaJlbIM OTBEPCTHUEM JUISl CIy4aeB HATPYXKEHUS! pACTATHBAIONIEH CHIIBI U OOKOBOTO
paBHOMepHOro naBieHus. OCHOBHBIE OTpaHHYMTENbHBIE MPEANOIOKEHN, JISKaIIe B
OCHOBE MOJICIH, KacaroTcsl JIMHEWHOCTH paccMaTpUBAEMbIX 3a1ad M JUIMHBI 00OJIOUKH,
npUHUMaoIeHcs: OeckoHeuHOoW. J[ms uaeanbHBIX CIUIOMIHBIX IMJIMHAPHYECKUX 000JI0-
YeK, MPU JEHCTBUU CTaHJAPTHBIX HATPY30K THIIA OCEBOTO PACTSKEHHS — COKATHSL, U3rHoa,
Kpy4eHHs] 1 OOKOBOT'O JaBJICHUS, JIMHEHHOCTh e OPMUPOBAHHUS COOJOaeTCs Ha OO0JIb-
IIIOM JAMarna3oHe Harpy3oK, BIUIOTh /IO MOTEPH YCTOWYMBOCTU WM JTOCTH)KEHHUS TIIaCTH-
4eCcKUX JIeopMaIii, ModToMY JJIsl MaIIbIX OTBEPCTHI MOXHO OXKHJIATh, YTO JJISl HAYallb-
HOT'O dTara HarpyXeHHs NpeInojoXeHne o JUHEHHOCTH aedopMaluii He JacT 3HAYH-
TENbHBIX MOTPEIIHOCTEN, TO €CTh BO3MYILIEHIE, BHOCHMOE MaJIbIM OTBEPCTHEM, HECyIlle-
CTBEHHO. Bropoe npezmonoxkenne o0 66CKOHEUHOCTH JITMHBI 000JI0UKH SBIISIETCS] BAXKHBIM
JUIA MOJIENH, TaK KakK JTaeT BO3MOXKHOCTh pa3fefuTh KpaeBble YCIOBHS M HANpPSHKEHHOE
COCTOSTHHE Ha HEBO3MYIIEHHOE (OCHOBHOE), COOTBETCTBYIOIIEE CIUIONIHON 000N0YKe, U
BO3MYILIEHHOE, 3aTyXalollee MpHu yJaleHuu oT oTBepcTus. [Ipenmnonoxenne o 3aTyxaHuu
HanpsDKEHUH KajkeTcsl OUeBHUIHBIM, TIOCKONBKY BIIOJHE coriacyeTcd ¢ mpuHuunoM CeH-
Benana, Tem Gonee, 4TO TTIaBHBIN BEKTOpP CHJI HA KOHTYpE OTBEPCTHS, CBOOOIHOM OT Ha-
TPy30K, paBeH Hymto. [anee Oyner moka3aHo, YTO 3TO MPEATIONOXKEHNE He nMeeT abco-
JIOTHOTO XapakTepa, U MPOTSHKEHHOCTh 00JIaCTH 3aTyXaHWsl MOXKET OBITh BEChbMa 3HA4H-
TEIBHON Aake i1 HeOoibIIuX oTBepcTuil. Ha mpoTsbkenuun mociemuux 70 yer 3amadu
oIpe/IeNIeHNs] HaNpsDKEHUH B 000JI0YKaX C OTBEPCTHSIMU MTOCTOSIHHO MPUBIIEKAN BHIMA-
HUE HccieioBaTesneil 1 K HaCTOSAIIEMY BPEMEHH N3BECTHO HECKOJIBKO COTEH MyOIMKaIIUi.
JAist MUITMHIPUYIECKUX 000JI0YeK, HArpy)KaeMbIX KPYTSAIIUM MOMEHTOM, KOTOPBIM H TO-
CBSIIIEHA JaHHAS CTAThsl, UCCIIEIOBAHNN HANPSHKEHHOTO COCTOSHUSA U3BECTHO HECKOIBKO
necsatkoB. [lepBas pabora mo kpydenuto, onyonukoBanHas [lleBnskoBeiM u 3urenem [6],
clieZioBajia HETOCPEACTBEHHO METOAuKe, M3NoKeHHOH B [3]. PaccmaTpuBanuch TOIBKO
Mauble 1o knaccudukanuu Jlypbe orBepetus. Janee mosiBUiCs psix pabOT, OCHOBaHHBIX
Ha Toii xe monenu [4; 8 —13; 15 — 17], HO ¢ pa3HBIMH BapHallUSIMHU B aJITOPUTMAX pelie-
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HUS U PaCUIMPEHUSIMH JHana3oHa BeTHMYUH oTBepcTHi. OnpeaeneHHbIi UTOT 3TOTO K-
na pabor naH B GyHIaMEHTaIbHOM HcclienoBanni CaBHHA 110 KOHIICHTPAIIUK HarpsiKe-
Huit [5]. CucremaTrueckoe U3I0KEHHE 3a/1a4 O BIMSHUM OTBEPCTHI pa3HOro OdepTaHUs
Ha HaMpPsHKEHHO-1e() OpPMUPOBAHHOE COCTOSIHHE TSI 000TI04YEeK MPOU3BOIBHON KPUBU3HBI
W, KaKk Hamboliee pachpOCTPaHEHHBIX, H30TPOMHBIX W KOMIIO3UTHBIX IMINHIPHYECKUX,
KOHHYECKUX, cheprueckux obonouek, naHo B [1]. Mozaens Jlypbe cTana B onpeaeicHHOM
CMBICIIE KJIACCHYECKOH, ee MIeiHasi OCHOBA MCIIONB3YeTCs MOCIEIHIE NECATUIICTHS s
000J104eK 00JIee CIOXKHON CTPYKTYpPBI, C OOJIBIIMMU OTBEPCTUSMHU, C YUCTOM ILJIaCTHYE-
CKOro J1eOpPMHUPOBAHUS, IMON3YyYECTH, HHBIX, OCIOKHSIOUIMX pPacyder, O00CTOSTEIbCTB.
[TombITKK MOCTPOUTH PEIICHHE C YIETOM KOHEYHOCTH JUITMHBI 000JIOYKU U YAOBJIETBOPE-
HUEM BCEM TPaHUYHBIM YCIIOBHSM, KaK Ha KPOMKE OTBEPCTHS, TaK U HA TOPIax 000I04-
KH{, TIyTeM 1o00pa KOOpJAMHATHBIX (DYHKIWH, MPU3HATH YAaYHBIMHU TPYAHO W3-3a BECHMa
CIIOKHOM CTPYKTYpHI mojiell Hampskenuil. [IpumepoM Moxer ciayxuTh [7], rae mpume-
HEH YIPOIICHHBIH BapHallMOHHBIA MeTox U MeTon byOHoBa — [anepkuHa, a KOOpAHHAT-
Hble (DYHKIIMH, TIPEICTABICHHBIC B PsifiaX, MOJOWPAINCH KaK TOYHO YJIOBIIETBOPSIOIIHE
T'PAaHUYHBIM YCIIOBHSM Ha KPOMKE OTBEPCTHUS U Ha TOPLAX 00OTOYKH ¢ OECKOHEYHBIM pa-
auycoM. B mocnmenHue Toapl MOSBUIIUCE UccienoBanus [2; 14], ucmonb3yromue 1 pe-
HICHUsST 00CYKAaeMOH 3a1a4ll METOJl KOHEYHBIX DJIEMEHTOB, KOTOPBIA HEe TpeOyeT yKecT-
KHX TIPEINOI0KEHUI 0 pa3IeNiMOCTH HANPSHKEHHOTO COCTOSIHHUSI HA OCHOBHOE U BO3MY-
IIIEHHOE U 0 OECKOHEUHOCTH JUIMHBI 00010uky. B [2] moka3aHo, 4To Ja)ke B paMKax reo-
METPHYECKH JTMHEHHON 3a7auul sl 0OO0NOYKH C OTHOCHTEILHO MaJbIM OTBEPCTHEM Ha-
rpy’kaeMble TOPIIBI MOTYT OKa3bIBaTh 3aMETHOE TOJIep KUBAIOIIEEe BIMSHUE, BEayIee K
CHIDKCHHUIO KOHIIEHTpaluy HanpspkeHuid. [lannas pabora mocssiiieHa Oolee JeTaibHOMY
aHaAJIM3Y OLEHKH BIMSHHUA OTBEPCTHA Ha HANPSIKEHHOE COCTOSHHE B TOHKOW IWJIMHIPHU-
YeCKoi 000JI0YKEe U BIIMSAHUSI KOHEYHOCTH JIJIMHBI Ha TOJIsl HANIPSDKEHUH B 30HaX KOHIICH-
Tpalyy HampsHKeHUH B OKPECTHOCTH OTBEPCTHS U y4acTKaX, MPHIIETAIOIINX K TOpIaM,
npu Kpydenuu. Mccnenyercst oOHapy»KeHHBI MeXaHU3M HEJIOKaIbHOTO B3aMMOJICHCTBUS
OTBEPCTHS U KPAEBBIX 3aKperuIeHU 1715l 0007I09eK pa3HOM JUTHHBI.

Ceuenne 1 = — -
Ceuenue 2 - -

-
Ceuenue 3

Puc. 1. — Huaunapuueckas o6osiouka L/R =2 ¢ orBepctem /R = 0,08

ITocranoBka 3agaumn. PaccMaTpuBaroTCs TOHKME W30TPOIHBIE LUIMHAPUYECKUE
000JI0YKH C OTHOCHTEIBHOM TodmuHON R/A = 1200, mmunamu L/R = 0,5; 2; 3,9 u napa-
MeTpoM otBepctus 7o/R = 0,08, rue L, R, h — AyinHa, paauyc U TOJIIIKMHA 000J0UYKH COOT-
BETCTBEHHO, 79— paaunyc orBepcTus. Koaddumuent [lyaccona v = 0,3.
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XOTsl OTBEpCTHE IO OTHOUICHUIO K PaJycy HCCIETyEeMBIX 000JI0YEK Majio, B CO-
OTBETCTBUH C KIaccu(pUKAIHEH, MPEATIOKEHHON B [3], IO KOTOPO#H OTBEpCTHSI JENSATCS Ha
TPH KaTeropuu (Maible, CpeiHue U OONBIINE) IO BETMYWHE €CTECTBEHHOI'O TeOMETpHYe-
CKOT0 Iapamerpa f, onpezensieMoro mo gpopmysne

B =—V3(1_V)[R—hj (1)

2

OTBEPCTHS MOXHO cuuTaTh cpequumu (> 1). B paccmatpuBaemom citydae ff = 1,78.

BBenens! n1Be HMIMHAPUYECKNE CUCTEMBl KOOPIWHAT, Hadala KOTOPBIX PacIioio-
JKEHBI B IIEHTpax (PUKCUPOBAHHOTO TOpIa 000IOYKH M OTBepCTHs (pHC. 1).

Hst onpenenennss HJIC mpumeHsics TUHEHHBIH CTaTHYCCKUHA aHAIW3 IaKeTa
MSC.NASTRAN. /Insg mocTpoeHHs] KOHEYHO-3JIeMEHTHOM MOJENN HCIONb3YyIOTCA ABY-
MEpHBIC IIaCTUHYATHIC 3-X U 4-X y3JI0BbIe JIeMeHTHI. CeTka BBIMOHEHA HEOTHOPOIHOM,
CO CT'YLIEHHEM OKOJIO OTBEepCTHs. |’ paHnYHBIE yCIOBHS 3aJaHbl B BHJIE 'KECTKOTO 3aIleM-
JISHUSI JUT HIDKHETO TOpIia — MepeMEeIleHusl U yIilbl IIOBOPOTa IO TPEM OCSM PaBHBI HY-
mo. Ha BepxHeM Topiie cMOJIeTMpoBaH aOCOMIOTHO KECTKUAN AJIEMEHT (B IIEHTPE KOTOPO-

T'O MPHUKIIAJBIBACTCS KPYTAMUA MOMEHT M), TP 3TOM caM Topell cBoOO/IeH BO BCeX Ha-
MPaBICHUSX MO TIEPEMENICHUSM | ITOBOpoTaM. KpoMka oTBepcTHs CBOOOIHA OT HATPY30K
U OT OTPaHUYEHUH B INepeMeleHusX. g aHamm3a U3MEHEHHsI YPOBHS HAIIPSDKEHUM 110
BCeil JunHEe 000I04Ke, OBUTH BBIOpAaHbI TPH CEUCHHSI B BEPXHEH ee IMOJIOBHHE, TIEPTICH/IH-
KYJISIPHBIX OCH z, BBHIOPaHHBIX TaKMM 00pa3oM, YTOOBI OXapaKTepH30BaTh M3MEHEHsIe-
MOCTb HAIPSKEHHOTO COCTOSIHHS: ceueHue 1 y BepXHero Kpas 000JI0UKH; CeueHus 2 U 3
¢ koopauHaTtamu z = 1/8L u 1/4L cootBercTBeHHO (pHC. 1).

Ynciennple pe3yabTaThl U UX aHaiu3. OCOOECHHOCTHIO JIMHEHHOTO MOAXO0Ja K
PELIEHNIO 3aJa4M IIOCTPOCHHUS NTOJIEW HAIIPSDKEHUS] KOHCTPYKLUH, IIPU U3MEHEHUU YPOB-
HSl Harpy3KH, SBISIETCSI KOHTPYIHTHOCTh HAIPSKEHHO-1e() OpPMUPOBAHHOTO COCTOSIHHS U
KaK CIIEJICTBHE — TTOCTOSHCTBO KO3 PHUIIMEHTa KOHIICHTPAIIMN HATPSHKEHH, Onpeiense-

MOT'0 3/1eCh KaK OTHOIICHWE K; = Oypax/To, TJE Opay — BHIUMCIAEMOE MAKCHMAIBHOE U3

HaNpsHDKEHUI B 30HE PE3KOro MX BO3pacTaHus, To — peepeHCHOE KacaTelnbHOe HaIpshKe-
HUE B IMOMEPEYHBIX CCUCHHUSIX CILIONIHON 000JI0UKM O€3 OTBEPCTHH MPU YUCTOM Kpyde-

HUH, ONpEIeNseMOoe U3 COOTHOIICHUS To = M,/2mR’h. Jlpyras BaHAash OCOGEHHOCTb JIH-
HEWHBIX 3a/1a4 3aKJIF0YacTCsl B BOSMOKHOCTH TIPUMEHEHUS TIPUHIINIIA CYTIEPIIO3UIIUHU pe-
HICHUH, UCXOS U3 KOTOPOro B Mozenu Jlypbe HanpspkeHHOE COCTOSHHE pasfensercs Ha
JIBa: OCHOBHOE WJIM HEBO3MYIIIEHHOE, COOTBETCTBYIOIIEE OJHOPOJHOMY IIOJIO HaIpsiKe-
HUHI B CIUIOIIHOW 000J70YKe 0€3 OTBEpPCTHs, ¥ BO3MYIICHHOE BO3HHUKAIOIIEE B TOW JKe
000JIOYKEe TIPU HaJIMYMH OTBEpPCTUs. Ecin mepBoe COCTOSHUE ONpPEACseTcsl U3 PElIeHUs
KJIACCHYECKOW KpaeBoH 3a/1a4d, TO JUIsi BTOPOrO — HE0OXOIMMO yIOBIIETBOPUTH KPaEBbIM
YCTIOBUSIM M Ha KPOMKE OTBEPCTHSI, U Ha Toplax o0onouku. Eciiu Ha KpoMKe OTBEpCTHS
KpaeBble YCIOBHS (OPMYJIUPYIOTCS CTaHAAPTHO, TO JJISl TOPIIOB ATO CeTaTh HEBO3MOXK-
HO 0€3 JIOTONTHUTENBHBIX TpennoiokeHuii. B [3] Takue ynpomaromye npearnoaoxKeHus
cnenanbl. OIHO U3 HUX OCHOBBIBAETCS HA TPENIONOKEHUN O OBICTPOM 3aTyXaHWHU BO3-
MYIICHHOW COCTAaBIISIOIICH HAIPSDKEHHOTO COCTOSHUS 110 MEpe yJIAICHHSI OT OTBEPCTHS
(manmpumep, Ha paccTostHUM 3+3,5¢) OT ero KpoMkH [1]), 4TO MPUBOJUT K BO3MOXHOCTH
OOHYJIEHUS STHX HAIpPSHKEHWUH Ha JIOCTATOYHO OOJNIBIIOM PAacCTOSHUM OT oTBepcTHs. OT-
CIOZIa CIIEyeT BTOPOE yIpoliaoliee TpeOoBaHue 0 0ECKOHEUHOM JyinHe 000104ek. Me-
TOJ] KOHEUHBIX 2JIEMEHTOB CBOOOJICH OT yKa3aHHBIX orpaHudeHuii. [lepBoit cpenu 3anay,
KOTOpbIC OYyAyT MpEICTaBJICHBI, SBISCTCA OnpeleneHne Kod)OUIMeHTOB KOHIIEHTPaIuK

HanpsDKEHUH k; Ha IIMPOKOM JMAaIa3oHe JUIMH 000104EK.
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Ko duunentsl koHuenTpanum HanpstkeHuil. Ha puc. 2 mpencraieHsl pe-
3yJbTAaThl YUCIICHHBIX PacdyeToB KO3 QHIlMeHTa KOHIIEHTPAIUY NIPY 3HAUYCHHSX ITapaMeT-
pa L/R ot 0,5 1o 20,7.
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Puc. 2. — 3aBHCHMOCTb K03 HIMEHTa KOHIIEHTPAINN HANIpsikeHnii K; or L/R npn f=1,78

Jyis HanOobIeH JAIUHBI, I KOTOPOM IpoBeeHBI pacueTsl, (L/R = 20,7) 3Hade-

Hus k; = 24,04 cpaBHUBAIKCH C pe3yJibTaTaMu, ony4eHHbIME Withum B [17]: k= 23,93,
orimnuune coctaBuio 0,45%. KpuBast Ha puc. 2 cocToUT M3 IBYX 4YacTeil, JeBas U3 KOTO-

PBIX WIUTFOCTPUPYET yOBIBaHME k; TIPU YMEHbIIEHUH L/R, a mpaBasi MOKa3bIBaeT MPaKTH-
YEeCKYI0 HE3aBHCHMOCTh KO3()(HUIIMEHTa KOHIICHTPAI[UK OT JUIMHBI 00O0J0YKH, YTO F'OBO-
PHUT O BaJIMAHOCTH MoJeNHU [3] Mg BechbMa JUIMHHBIX 000704YeK. Ha KpuBoii 3BE310UKOM
OTMeUeHO 3HaveHue napamerpa L*/R = 6,18, xotopoe pasaenser KpUBylO 3aBUCHMOCTH

k¢ (L/R) na nBa yka3aHHBIX y4acTka. KpurepreM BbIOOpa STOrO 3HAYEHHS MPUHSTO YCIIO-
BHE yMeHbIeHUS k; Ha 1% 1o cpaBHeHu1o ¢ k; (L/R = 20,7). 3nauenue L* npencrapiser

co0O0i YCIIOBHBII Tpenen MPUMEHUMOCTH Mojenu [3], KoTopast 3aBbIIact k; st Gonee
KOpOTKHX o0Oosouek. Eciin Bocmonb3oBathes mapaMerpoM L */ry, To aias o0oodek, pac-
YeThl IS KOTOPBIX HpPEACTaBlICHBI 31eCh, JuinHA L* cocraBut 40,7r9. DTOT pe3yibraT
yKa3bpIBaeT Ha HEOOXOJMMOCTh OCTOPOYKHOT'O OTHOIICHHUSI K MCIOIB30BAHHIO MPEIIONIO-
JKEHHS 0 OBICTPOM 3aTyXaHWU BO3MYIIAIOIICH YacTH OOIIEro MOJs HAIPSIKSHHM, BbI3bI-
BaeMOil MosIBIICHHEM Ha 000JI0YKE Ja)Ke MAJIOr0 OTBEPCTHSI.

Hanpsi:keHHoe cocTosiHMe HA KPOMKe O0TBepPCTHsI. AHAIIN3 MO HANIPSHKEHUH,
BO3HHKAIOIINX B 000JI0YKE, TIOKa3al, YTO BO BCEX PACCMaTPHUBAEMBIX CITydasx 00JacTh
KOHIICHTPAIMH HAIIPSDKEHUH ONpe/eNnsieTcs KONbIeBLIMUA HAPSXKEHUSIMH B OKPECTHOCTH
KPOMKH OTBEpPCTHSI HAa BHYTpPEHHEW NOBEPXHOCTH oOoyiouku. Ha pwuc. 3,a mokazaHo
pacrpenencHie HHTEHCHBHOCTH HANPsDKEHUH 10 Mu3ecy OTHOCHTENBHO pedepeHCHON
VHTEHCHBHOCTH HAIPSUKEHMH 0,0 = V3T, Ha BHyTpEHHE MOBEPXHOCTH 060m04KH. M3-
MEHEHUE JUIMHBI 000JOUKH CYIIECTBEHHO HE BIHUSET Ha KOJIMYECTBO 30H KOHIICHTPAIHH
WHTCHCHUBHOCTH HampspkeHUH. UeTsIpe 30HBI KOHI[EHTPAIINH, JIOKATN30BaHBI 1TO]1 YTIIaMU
+60° 1 £120°, aMIUIMTYAHBIC 3HAYCHUS 0,9 PE3KO MAJAIOT [0 MEPE YKOPOUCHHUS 000J10U-
ku. o L/R = 3,9 makcuMalibHOE 3HAau€HHWE OTHOCHTEILHOW WHTEHCHBHOCTH PaBHO
0,0/0,0 = 12,8. [lpu yMeHbIlICHUH AJIUHBI 10 L/R = 2 ypoBeHb MHTEHCHBOCTH IajacT Ha
6,7%, a npu L/R = 0,5 mMakcuMallbHOE€ 3HAYCHHUE CHHXKACTCS B 3HAYMTEIBLHOW Mepe
otHocuTenbHO L/R = 2 B 2,85 pa3. Ha puc. 3,0 mokazaHbl pacrpencieHusi KONbIEBbIX
HaNpsHDKEHUH 0y 0 KOHTYPY OTBEPCTHSI, OTHECEHHBIX K pedepeHCHBIM KacaTellbHBIM
HaNpsDKEHUSIM. Y MEHBIIEHHE JUIMHBI OOONIOYKM OKa3blBaeT BIMSIHHE Ha XapaKTep
pacnpeneiacHus HanpspbkeHuid. J[ist odonodek ¢ L/R = 2 u 3,9 KOHEUHBIC 3JIEMEHTHI C
MaKCHUMAaJIbHBIMU HANPSHKCHUSIME Gy PACTIONIONKEHBI 1o yraamu 6 = £58° u £124°, a s
L/R = 0,5 nox yrmamu 6 = +£60° u +£120°. [Ipu ymensinenun napamerpa ¢ L/R = 3,9 no
L/R = 2, xodpHIMEHT KOHIIEHTpAIMM HANpPSKEHWH cHiKaercss Ha 15%, u mpu
yMmenbiuu ¢ L/R =2 no L/R = 0,5 cumxkaercs ele B 2,7 pasa.

58



ISSN 2518-7384 Bicuuk JlninponerpoBcskoro yHiBepeurery. Cepist «MexaHika HEOXHOPITHHUX CTPYKTYp», 2017. Bum. 2(21)

0-/19/0-,\10
1 - 3,9
8 - 2
4 -/M
L/R=0,5
0 T T r r r  @°
-180 -120 -60 0 60 120 180

a) UHTeHCHBHOCTD HaNpsizkeHU 1o Musecy 6,9

-25 T T T T T )
-180 -120 -60 0 60 120 180

0) HopmaJsibHBIE OKpPYKHBIE HANPSIZKEHUSI G

Puc. 3. — OTHOCHTE/IbHBIE HANIPS’KEHUSI HA KPOMKE OTBEPCTHS Ha BHYTPEHHEI NMOBEPXHOCTH 000JI09KH

Jlanee npuBeleHbl CPABHUTEIbHBIE NAHHBIE O HANPSDKEHUAX T, 0,7, a6,

6.”" 01 1 0, B ceuenmsix 1 — 3 MEJKILy OTBEPCTHEM H TOPLIOM JUIA obomouek ¢ L/R =0,5; 2;
3,86, rae 6,” u 6,”", 6,7 1 6,”"" — OKpYXKHBIC H OCEBbIC HOPMAJBHBIC HAPSDKCHHS HA
HApY)KHOH W BHYTPEHHEH TIOBEPXHOCTH OOOJIOYKA COOTBETCTBEHHO, 07 U 0 —
MeMOpaHHbIC HATIPSHKSHMS Ha TJIaBHBIX IJIOIAIKax. Bce HanmpshKeHUS OTHECEHBI K T,

KacareabHble Hanpsizkenusi B cedenusx 1 — 3. Ha puc. 4 npuBeneHsl cIBUTOBbIE
HanpspKeHus B ceueHnsax 1 — 3. HezaBHCHMO OT JUTMHBI 000IOYKH CYIIECTBYET JIOKaIbHAS
00NacTh MmajieHusl ypOBHS KacaTeNbHBIX HANPsDKEHHUH, BKIIFOUAIONIAsi B ce0sl OKPECTHOCTh
OTBEPCTHSI M PACHPOCTpaHAoIasca 10 KpaeB obonouku (puc. 4,a). C yMeHbIICHUEM
IJIMHBI 00OJIOYKM pa3Mep 3TOH 00JacTH MO OKPYXKHOW KOOPIMHATE YMEHBINACTCS, a
oTInYHe OT pedepeHCHBIX HanpsbkeHui pacter. [lpu L/R = 0,5 sTa 0bnacTs 3aHUMaeT
Y4acTOK Ha KPMBOM IO OKPYXKHOCTH (—15°; +15°), a ammuuryna usMeHeHus B Hel 7, Ui
ceuenust 1 cocrasmusier 0,67. st L/R = 2 u 3,9 KapTUHBI pacrpeeNieHus CIBUTOBBIX
HaNpsHKEHUH MONOOHBI, HO CEKTOp BO3MYILECHHS pacimmpsiercs. Mexay aMIUIMTYAHBIMA
3HAYEHUSAMH T, CeKTop yBenuuusaercsa 10 120° —130°. Ilepenan HampssKeHWi yMeHb-
maeTcss U C YBEIWYEHUEM JUTMHBI 000JOYKH CTpEeMHTCS K Hymo. [lo Mepe yaaneHus: ot
OTBEPCTHS U3MEHSAEMOCTb 7, YMEHBINAETCS, OJHAKO K Tp KACATEIbHBIE HANPSIKEHUS HE
CTpeMsITCS, TO €CTh MPEANOoJI0KEHHE O 3aTyXaHHH HaNpsHKEHHOTO COCTOSIHUSA [3], BBI3BaH-
HOT'O MOSIBIICHHEM OTBEPCTHS, JUTst 000JI04eK ¢ JuTMHaMK L < L * CTAaHOBHTCSI HEBEPHBIM.

HopmanbHble OKpy:KHble HANpsiKeHUsl. XOTS KOJNbIIEBBIE U OCEBbIE HOPMallb-
HbIC HANPSDKEHUS TIPU KPYUYECHUH CILTONIHOW OOOIOYKH paBHBI HYIIO, a IPH HAJIMYUH OT-
BEPCTHSI OTHOCUTEIHHO MaJlbl, HHTEPEC MPEACTABIIAET NX U3MEHAEMOCTh KaK B OKPYKHOM
HaIlpaBJICHUH, TAK U 110 MEpE yAAIEHUS OT oTBepeTus K Topuy. Ha puc. 5 — 7 npuBeneHbl
3aBHCHMOCTH OKPYXKHBIX HANpsKeHHH 0, U 0,/” Ha BHEUIHEH M BHYTpEHHEH mo-
BEPXHOCTSX B ceHeHMsIX | — 3 ¥ BUJI moneit HarnpsbKeHu# Jist Beeit obonouku ipu L/R = 0,5 u

Mexy ceueHusmu 1 u 3 st L/R =2 u 3,86.
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Puc. 5. — OTHOCHTE/IbHBIE HOPMAJILHBIE OKPY/KHBbIC Hanpsizkennst L/R = 0,5
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o
60 30 0 30 60 P

0) BHyTpenHsist noBepxXHOCTH

Puc. 6. — OTHOCHTEIbHBIE HOPMAJILHBIE OKPY:KHbIe HAaNpskennst L/R =2

0) BHyTpenHsist noBepxXHOCTH

Puc. 7. — OTHOCHTEbHBIE HOPMAJIbHBIE OKPY:KHbIe Hanmpskennst L/R = 3,86

C yMeHbIIIeHHuEeM JUTHHBI 000JIOUKH YMEHbIIAaeTcsi 00JIacTh BO3MYIIICHHH B OKPY>KHOM
Hanpasienun. Jns L/R = 3,9 BO3MyIICHUS pacpOCTPAHSIOTCS MO0 OKPYKHOH KOOPAUHATE
B uHTepBaje (—60°; +60°), nus L/R = 2 — (—45°; +45°), mns L/R = 0,5 — (—15°; +15°).
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[Ipu cpaBHEHMH HaNpPSOKEHHE B CeUeHUsAX | —3 yMEHBIICHHE aMIUIUTYIHBIX
3HAUCHWM HANPSHKEHUH OTMEYAeTCs MPH IePexXoae MEXAY CEUCHHUSAMHU 3 M 2, OIHAKO
MEKIy CeUeHUsAMH 2 U 1 dKcTpeMasibHbIe 3HaUEHHS HECKOJBKO MOBBIIIAIOTCS, OCTABAsACh
MPAKTUYECKH OJMHAKOBBIMA Ha BHEIIHEH M BHYTPCHHEH ITOBEPXHOCTSX, MPHYEM Ha
BHEIIIHEH MOBEPXHOCTH it 000ouku ¢ L/R = 0,5 (puc. 5,a) 3TH 3HAYCHUS B 30HE Kpas
(ceuenme 1) Bo3pacTaloT 3HAYUTENBHO, TNPHUOMIKAICh K AaMIUIUTYJHOMY YPOBHIO
HamnpspDKeHU B cedeHun 3. HakoHern, 3aBHCHMOCTH, IpeACTaBIEHHbIE HAa puc. 5 —7,
MOKa3bIBAIOT YMEHBIIIEHUE HEPaBHOMEPHOCTU PACIPEICICHHS KOJBIIEBBIX HAMPSIKEHUN
MpH YBEIMYEHUHU JUIMHBI o0omouku. s L/R = 0,5 Ha Kpaio BHEIIHEH MMOBEPXHOCTH
000JI0YKH BO3HUKAIOT 30HBI MMOBBIIICHUS HANPSKCHUH, T aMIUTMTYIHbBIH YPOBEHb PaBeH
0,87. ITpu L/R =2 u 3,9 3111 ypoBHH cocTaBisiioT 0,247 u 0,097) COOTBETCTBEHHO.

HopmanbHbie oceBble Hampsikenusa. Ha puc. 8 — 10 maHbl 3aBUCHMOCTH HOp-
MAJIGHBIX OCEBBIX HANPKCHHH 0,7 U 0,”" Ha BHEIIHEH M BHYTPEHHEH IOBEPXHOCTAX
000JIOYKH TI0 OKPYKHON KOOPJMHATE ¢ ¥ TIOKa3aHBI TOJISI OTHX HANPSHKCHUH U 000104-
ku ¢ L/R = 0,5, a ans Gonee JUIMHHBIX — Ha BEPXHEH MOJOBUHE, OTPAHUYCHON TOPIIOM U
CeueHHEM 3. AHAIIOTMYHO PACHpPEeTeHUI0 HOPMAIBbHBIX OKPYKHBIX HANpsODKEHHWH, ¢
yMeHbIIIEHHEM Tapamerpa L/R yMeHbIIaeTcs 00j1acTh BO3MYIICHHH B HampaBiICHUU
OKPYXXHOCTH OO0OJOYKHA M JUIs paccMaTpuBaeMbix oboiouek npu L/R = 3,86; 2; 0,5
coctasisier 30°; 45°; 67° coorBercTBeHHO. C yMEHBIIICHUEM JUTMHBI 000JOYKH YPOBEHB
MaKCHUMAaJIbHBIX HAMpsSXKEHWH y Kpas 3HAYMTelbHO TOBBINIaeTca. [Ipu mepexope OT
L/R =3,86 10 L/R = 2 mMakcuMyMsI 0,/ 1 ,”” BO3pOCIH IPHOIH3HTEIBLHO B 3 pasa, C
ymenburesreM L/R = 2 no L/R = 0,5 BenmmunHa o,” — B 5 pas, BenmmunHa o,
yBenuuminack Tonbko Ha 10%. MakcuManbHBI ypOBEHb OCEBBIX HaIpsDKEHUM Ha
BHYTpPEHHEH MOBepXHOCTH oboyiouku st L/R = 3,86; 2; 0,5 pasen 0,167y; 0,570; u 2,47
cooTBeTcTBeHHO. CpaBHUBAs OCEBBIE HANPSXKEHUSI C OKPY)KHBIMU, MOXXKHO YBUJIETh, UTO
AMILTHTYAHBIC 3HA4CHNS 0, 1 0, BO Beex cnyuasx Beime o,'” i 6,””' B 3+5 pas.

to
c,"P/1,
2,5 7

1,5 A

30 45

2,5 . . . . .
45 30 -15 0 15 30 457 5

BuyTpenHsisi HOBepXHOCTH

Puc. 8. — OTHOCHTE/IbHBIE HOPMAJIBLHBIE OCeBbIe HanpsizkeHns L/R = 0,5
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Puc. 10. — OTHOCHTEIbHBIE HOPMAJIBHBIE OceBbIe Hanpsikenust L/R = 3,86
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I'naBHble MeMOpanHble HanpsikeHusi. Ha puc. 11 — 13 mpencrasiens! Hanps-
JKEHHS G, JICHCTBYIOIIME Ha TJIABHBIX IUIONMIAAKaX B ceueHHsIX 1 — 3 obomouek. 3aBuCH-
MOCTH JUIsI BTOPOTO TJTABHOT'O HAIPSKEHUS G2 KOCOCHMMETPHUUHBI TI0 OTHOIICHHUIO K G| U
3/Iech He MPUBOAATCS. Kak W 11 pacCMOTPEHHBIX BBIIIE HATPSDKEHHH CEKTOP OOOIOUKH,
rJie HanOollee OTYETIMBO CKa3bIBaeTCsl BO3MYIIIAIOIICE BIMSHUE OTBEPCTHUS, PACIIHPSETCS
c yBennueHueM L/R. AMIUTUTYHbIC 3HAYEHHUS BO3MYIIAIOIINX HANpPsDKEHUH W UX Tepe-
naj ¢ yBelnuueHueM L/R 3HAYUTENbHO yMeHbIatoTcs. J{iist BceX UTHH 000J04KH OTMeYa-
ercsl yBeJMUCHUE TJaBHBIX MEMOpaHHBIX HANPSODKEHUH Ha aMIUTUTYIHBIX Y4acTKax IO
Mepe PUOIKeHNs ceueHni K Topiry. Heo0xommumo Taxke MoAuepKHYTh, YTO 3aTyXaHHe
BO3MYIIAIONIEH YacTH TJIaBHBIX HANpsHKEHWH HE MPUBOAWT, KaK M A APYTUX BUIOB
HanpspKEHUH, K UX TOJIHOMY HCYE3HOBEHHIO.

2‘;)1/_1'0

1,5 1

1,0 A

0,5 1 |

0,0 A

-0,5 T T T T T ] (PO
-45 -30 -15 0 15 30 45

Puc. 11. — OTHOCHTE/IbHBIE IIaBHBIE MeMOpaHHbIe HanpskeHus L/R = 0,5
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0,6 ; ; ; ; ; ' @°
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0,85 T T T T T ' °
-180 -120 -60 0 60 120 180

Puc. 13. — OTHOCHTe/IbHBIE IIaBHBI¢ MeMOpaHHbIe HanpskeHus L/R = 3,86

BuiBoabl. Pa3paborana BBICOKOTOYHAsE KOHEUHO-DJIEMEHTHAsT MOJIENb PeEIlCHHS
3a7a49 OIpeeiIeHns] ObICTPONIEPEMEHHBIX HAIPSDKEHHO-1e(hOPMUPOBAHBIX COCTOSIHHU B
MWIMHAPHUYECKUX 000J0YKaX C OTBEPCTHEM, OCHOBAHHAs Ha MPUMCHEHHUU allalITUBHBIX
CETOK B COBOKYITHOCTH CO CIEIHAILHO CHOPMYIUPOBAHBIMH METOAAMU KOHTPOJS TOU-
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HOCTH. Peliensl 3ajlaud 0 KOHLEHTPALIMU HAMPSHKEHUH OKOJI0 OTBEPCTUM I IIUIIUHIPU-
YecKMX 000J109eK KOHEUHOM JuinHbI. [Toka3aHo, 4yTo BenuunHa Kod(duieHTa KOHIICHT-
palyy HaNpsDKEHUH MOXKET CYIIECTBEHHO CHUIKATHCS, €CIIHM JTMHA OOOJIOYKH MEHBIIE
HEKOTOpO#, ONpeNeIeHHON pacyeraMu BenU4MHbI. [IpoaHanu3npoBaHbl NPUUUHBI 3TOTO
CHIIKEHHMS ISl pa3HbIX MOJIEN KacaTeNbHbIX U HOPMAJIbHBIX HAPSIKEHUH.
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YK 539.3

HAIIPYKEHHSA B TOHKIV IIUJITHIAPUYHINA OBOJIOHIII
3 KPYI'OBUM OTBOPOM I1PU KPYUYEHHI

A.II. Ko.nozmmnnifl], KaHJI. TeXH. HAayK, M. A. MennikoBa’

I . . . P . .
Hninponemposcokuii nayionanvruti ynieepcumem imeni Onecs I onuapa,
2 . . .
Heporcasne nionpuemecmso koncmpykmopcwvke 01opo «lliedenne» im. M. K. Aneena
Ininpo, Yxpaina
IIpuseneni pe3yibTaTH JiHIHHOIO CKIHYEHHO-€JIEMEHTHOTO AHAJNI3Y HaNpYyKeHb B HEI0BIHX

TOHKHX 000JIOHKAaX 3 HEBEJUKHM OTBOPOM Ha OivuHili moBepxHi mpm aii kpyrHoro momenty. Ilokasano,
10 Koe(ilicHTH KOHIEHTPAalii HANpPYy:KeHb IBHIKO YOyBaIOTh 3i 3MEHIICHHAM J0BKHHH 000JIOHKH, 10
TOr0 * IeH BaXJIMBHA /IS NPOCKTYBAaHHA e(eKT MoYMHAE NMPOSIBJATHCS, MOYMHAIOYH 3 JAOB/KHHH,
KOTpa B IeCATKHU pa3iB nepeBuuLye paaiyc orsopy. JociakeHi noisi Hanpys:eHb B 30HAX Mi’K 0TBOPOM
i TOpusAMH 00010HKH Ta iX B32€MOBILIMB.

Kirouosi cioBa: muirinapuyHa 000/10HKa, KPYroBHMii OTBip, KpPY4eHHsl, HANPYKCHHH CTaH,
MeTO/ CKiHYeHHHX eJIEMEeHTIB.

UDC 539.3

STRESSES OF THIN CYLINDRICAL SHELL
WITH CIRCULAR CUTOUT UNDER TORSION

A. P. Kolodiazhnyi', PhD (Tech.), M. A. Mednikova’

'Oles Honchar Dnipropetrovsk National University,
? Yuzhnoe State Design Office named after M.K. Yangel,
Dnipro, Ukraine
The results of linear Finite-Elements analysis of stresses in non-long shells with non-large
cutout on side surface under torsion are presented. It was shown that stress concentration coefficients
rapidly decrease with simultaneous decreasing length of shell, besides this effect, which is important for
design engineering, starts to appear from lengths that are ten times exceeding the radius of cutout.
Stress fields are analyzed in areas between the cutout and shell ends and their interaction.

Key words: cylindrical shell, circular cutout, torsion, stress state, Finite-Element Method.

Introduction. A theoretical solution of strength problem of shells with cutout will
entail great difficulties, due to the fact that according edge problems shall become multi-
ple connected. The first mathematical model was offered by Lurie [3], he has applied it
for the cylindrical shells with small cutout for the action cases of tension and pressure.
Basic limiting assumptions, lying in the basis of model, concern the linearity of consider-
ing problems and shells length, which were taken as infinite. The second assumption on
infinity of shell length, gives opportunity to divide stress state and edge conditions on
basic state, corresponding to solid shell, and disturbance one that is extinguishing at mov-
ing away from cutout. It will be shown further, that this assumption does not have the
absolute character, and extent of attenuation region may be highly significant even for
non-large cutouts. The first research on torsion performed by Shevlyakov and Zigel [6]
followed directly to the methodology that has been given in [3].Then appeared list of re-
searches, based on the same model [4; 8 — 13; 15 — 17], but with the different variations
of the solution algorithms and range expansion of cutout dimension. Fundamental re-
search of stresses concentration performed by Savin [5] presents the concrete result of
this cycle of works. Systematic presentation of problems about influence of cutouts with
different shapes on stress-strain state of shell with arbitrary curvature is given in [1].
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Simplified variation method and Bubnova — Galerkina method are applied in the [7]. Dur-
ing recent years the researches [2; 14], which are using Finite-Element Method for solu-
tion, have been appeared. In [2] is shown that even within the geometrically linear prob-
lem for the shell with relatively small cutout, the loaded ends may have the significant
supporting influence that leads to the decreasing of concentration coefficient. The paper
presents estimation of cutout influence on shell stress-stain state and length finiteness in-
fluence on stress fields in the zones of stresses concentration in cutout areas and in seg-
ments, which are adjacent to the ends, for the thin cylindrical shell under the torsion. The
discovered mechanism of nonlocal interaction between cutout and edge conditions for the
shells with different lengths is researched.

Problem formulation. Thin isotropic cylindrical shells with relative thickness
R/h = 1200, length L/R = 0.5; 2; 3.9 and parameter of radius ro/R = 0.08, where L, R, h —
length, radius and thickness of shell accordingly, ro— radius of cutout are considered. Co-
efficient of Poisson’s is v =0.3.

Linear static analysis of MSC.NASTRAN was used for determining stress-strain
state. Boundary conditions are given in fixed form for the low edge — displacements and
angles of rotations for three axes are equal to zero.

Rigid-element on the upper edge was simulated, in its center the torsion M, was
applied, at the same time the edge is free from displacements and rotates in all directions.

For the analyzing of stresses level changing along all shell length, three sections in
its upper half that are perpendicular to z axis were chosen. These sections were chosen in
such way that describes the changing of stresses state: section 1 is the upper edge of shell,
section 2 and 3 are with coordinates z = 1/8L and 1/4L accordingly.

Numerical results and their analyses. Stress concentration coefficients k¢ were
defind in wide range of shell lengths (L/R is from 0.5 up to 20.7). The value of L*/R,
which is the conditional validity range of the model [3], which overrates k, for shorter
shells, was found. This result indicates the necessity prudent approach for using the as-
sumption on rapidly extinguishing of disturbance part of total field of stress, which is
caused by the appearance of a cutout in shell.

The comparative data on stresses 1,, 3,7, ,”", 6/, 6,”, 71 and 7, in sections 1 — 3
between cutout and end for the shells with L/R = 0.5; 2; 3.86, where ¢,/” and 4,””, 6,/”
and ¢,”" are the circular and axial normal stresses on the external and internal surfaces of
the shell accordingly, o, and o, are membrane stresses on the principal planes are given.
All stresess are related to 7.

Conclusion. The high-precision Finite-Elements model for the problem solution of
definition of rapidly changing stress-strain states in cylindrical shells with cutout was de-
veloped. This model is based on the application of the adaptive mesh together with the
special formulated methods of the accuracy control. The problems of stress concentra-
tions in the area of cutout for cylindrical shells of finite length are solved. It was shown
that the value of the stress concentration coefficients may significantly decrease, if the
shell length is less then the one defined by analysed. The reasons of this deacreasing were
analyzed for the different fields of shear and normal stresses.
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