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SUMMARY

This thesis presents a comprehensive numerical and experimental investigation of
the stress-strain state of ultra-high vacuum CF flange joints during tightening, with explicit
consideration of plastic deformation of the flange knife edge. For the first time, the tightening
process is analyzed in a fully elastoplastic formulation for both flange and gasket materials,
enabling a consistent assessment of sealing behavior, structural stability, and reusability.

Simulations were performed for the two most widely used knife-edge geometries
Wheeler's and CERN’s models - combined with two gasket material conditions (annealed and
Vi hard copper). Wheeler’'s model exhibits substantial plastic bending of the knife edge in all
cases under full tightening. In contrast, the CERN model shows significantly improved
mechanical stability.

The behavior of CF flange joints under repeated use was studied for up to four
tightening cycles through combined numerical simulations and controlled experimental
measurements. Excellent qualitative and quantitative agreement was achieved, validating the
numerical approach for practical engineering applications. Empirical functions describing the
evolution of knife-edge height as a function of tightening cycles were derived.

Under elevated thermal loads, XJ hard gaskets provide superior stability and reduced
knife-edge deformation in the case of its repeated use. In contrast, annealed gaskets are not
recommended for applications exceeding approximately four tightening cycles, unless strict
leak monitoring is employed.

Based on the obtained numerical and experimental evidence, two new CANDLE-
design flange concepts have been developed for ultra-high vacuum systems: a modified CF-
type design (a = 100°; /? = 70°) and the CHE design. These geometries demonstrate
substantially reduced plastic strain and enhanced geometric stability compared to the standard
CF solution. Consequently, CANDLE-design flanges offer improved reliability and extended
service life for ultra-high vacuum applications, particularly in accelerator technology, where
repeated assembly, high thermal loads, and long-term vacuum tightness are critical.



JaBTsH AnbbepT ApyTHOHOBUNY

Pa3paboTKa TeEXHOMOrMKN riaHLIEBbIX CoeuHeHMIA TMna ConbbT B cucTemMax
CBEPXBbLICOKOr0 BaKyyMa

PESIOME

B awuccepTaummn npeacTaBlieHO KOMIMIEKCHOE YUC/IEHHOE U 3KCMEPUMEHTaIbHOE
nccnefoBaHne Hanps>KeHHO-Ae(hOPMMPOBAHHOIO COCTOSHUS CBEPXBbLICOKOBaKyYMHbIX CE
(hnaHUeBbIX COeAMHEHMWI NPWU 3aTsKKe C ABHbIM YYeTOM MIacTUYEecKon paeopmaumn
Jedopmupytolein Kpomku (hnaHua. Bnepsble Mpouecc 3aTsHKKM pacCMOTPeH B MOSHOW
YNpyronaacTMyecko NOCTaHOBKE KaK ANS Matepuana (raHua, Tak U Ana NpokKnagku, 4to
Nno3BO/INNO  KOPPEKTHO OLEHUTb FepMETUYHOCTb, CTPYKTYPHYK  YCTOM4YMBOCTL W
BO3MOXXHOCTb MHOIOKPATHOr 0 UCMO/Ib30BaHWSA COEAMHEHNS.

UncneHHoe mMopenvnpoBaHWe BbINOMHEHO ANA ABYX Hanbonee pacnpocTpaHeHHbIX
reoMeTpuin pexxyllen Kpomku - mogeneid Ywnepa u CEMbla - B coyeTaHuM € AByms
COCTOSIHUAMMN MeAHbIX YNAOTHUTENbHbIX Kosel, (OTOXOKEHHas W ynpouHeHHas). Mogenb
Yunepa AeMOHCTPUPYeT 3HAYMTeNbHbIA MNaCTUYECKUIA M3rM6 KPOMKW BO BCEX CAyYasx
NoMHOM 3aTskkn. Mogens CEM”-a xapakTepurayeTcs CyLUeCTBEHHO 60sbLueli MexaHUUYeCKo
CTabUbHOCTLIO.

MoBeaeHWe CoeIMHEHWI NPV NOBTOPHOM MCMONb30BaHWUM UCCEA0BAHO [0 YeTbIpex
LUWKNOB  3aTSHKKM  C  MPUMEHEHMEM  YUC/IEHHOr0 aHanuM3a W KOHTPOMpPYEeMbIX
3KCNEepPUMEHTANbHbIX M3MepeHUI. onyyYeHO XOpoLlee KavyecTBEHHOE W KOMIMYECTBEHHOE
cornacuve pesynbTatoB, NOATBEPXAatoLLee AOCTOBEPHOCTb MOAENN. BbiBeieHbl aMANpUYecKme
3aBMICMMOCTU U3MEHEHWSA BbICOTbI AehOPMUPYIOLLEN KPOMKM OT YMC/a LIMKIIOB 3aTSHKKM.

Mpy NOBbIWEHHBIX TEMIOBbIX Harpyskax ynpoYHeHHble YNA0THUTENbHbIE KOMbLia
obecneymBatoT Ny4llyld CTabuNbHOCTb WM MeHbLYK Jedopmauuio  KPOMKWM Npu  ee
MHOTOKpPaTHOM MCMO0/Mb30BaHUN. OTOXOKEHHbIE YNNOTHUTENbHbIE KOMbLA HE PEKOMEHAYIOTCA
4N npuvMeHeHWs 6o/ee YeM B YeTbIpeX UMK/Iax 3aTsKKW 6e3 CTpPororo KOHTPOAs
repMeTUYHOCTH.

Ha ocHoBaHWW MONYyYeHHbIX pe3ynbTaToB pa3paboTaHbl Ae HoBble CAWVBbE-
Moenn (naHueB 15 CBEPXBbICOKOBAKYYMHbIX CUCTEM: MOAU(ULMpoBaHHas CB-reometpus
(a = 100°/? = 70°) n CHE-mogenb. 3T pelleHns XapaKTepu3ylTCH CHVDKEHHOWN
nnacTuyeckor pgegopmaumeidi M MNOBbILWEHHONW TFeOMETPUYECKON CTabWIbHOCTLIO MO
CpaBHeHMO €O cTaHZapTHbiM CB naHuem, o6ecneynBas MOBLILWEHHYK HaAeXHOCTb U
YBENNYEHHbIN CPOK CNY>XObl B YCKOPUTENIbBHOW TEXHUKE U APYTUX CBEPXBbICOKOBAKYYMHbIX
NPUMEHEHNAX.



