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CBEPXMHOIOLUMUKITOBOE YCTAJIOCTHOE PA3PYLUEHUE
TUTAHOBbLIX OUCKOB KOMIPECCOPA

OnwncaHa npoueaypa pacdeTa Hanps»KeHHOro COCTOSIHUS AMCKa KoMmrpeccopa ra3oTypOuHHOro
ABuratens B NoneTHOM LMKINE HarpyxeHus (pexumm manouuknoson yctanoctu — MLUY) n npu Huskoam-
NAUTYOHbIX BMOpauusax nonatok (pexum cBepxMHorouuknoBow yctanoctu — CBMY). Mccneaytotea
KpUTEPUU U MOLENM MHOFOOCHOTO Pas3pyLUeHWs B YCIOBUSIX ManoUMKIIOBOW YCTanocTM U B YCIOBUSAX
CBEPXMHOroLMKnoBon ycranoctn. OnpegeneHsl napaMmeTpbl MOAENEN Ha OCHOBE dKCMEPUMEHTarbHbIX
OaHHbIX OOHOOCHbIX YCTaNoOCTHbIX MUCMbITAHWA NPU pasnnyHbIX KO3MULMEHTAX acCUMMETPUN LMKNa.
C vcnonb3oBaHMEM PaCCYMTAHHOIO HarnpsXKEHHOro COCTOSIHMSA C MOMOLLBI0 MOAene MHOroOOCHOro
YCTanoCTHOro paspyLUeHus NoryyYeHbl OLLEHKM OONITOBEYHOCTM AMCKa KOMMpeccopa Ans anbTepHaTuB-
HbIX MexaHu3amoB ycTtanoctu MUY n CBMY. C uenblo NoATBEPKOEHUSA MOMYYEHHbIX Pe3ynbTaToB pe-
LeHbl ABe 3aJa4u Teopun yrnpyrocTu Ans KOnbLEBOro Aucka, Moaenupylolme LeHTpobexXHble Harpys-
Kn OT nonaTok (aHanor pexuma MUY) n Harpy3skm oT KpyyeHus rnonatok (aHanor pexvma CBMY).
OueHKn JonroBeYHOCTU Takke yKasblBaloT, YTO YCTarloCcTHOe paspylweHue B pexumax MUY n CBMY
MOXeT NponCcxoaunTb 3a OANHaKOBbLIN NepPUOL pearnbHOro BpeMeHMU.

KnioueBble cnoBa: CBEPXMHOrOLMKIOBas YCTanocCTb, ManouuKnoBas ycTanocCTb, KpUTepuu
MHOrOOCHOr0 YCTanoCTHOro paspyLleHus, YUCIeHHoe MOAEeNnpoBaHue, ONrOBEeYHOCTb, KOHLEHTpaums
HanpsXXeHU, AUCK KoMnpeccopa, konebdaHnst NoNaToK, MOMETHbIN LMK Harpy>XeHus.
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VERY-HIGH-CYCLE FATIGUE FACTURE
OF TITANIUM COMPRESSOR DISKS

In the present paper there is outlined the procedure of stress state calculation for compressor
disk of gas-turbine engine during flight-loading cycle (low-cycle fatigue regime — LCF) and under low-
amplitude blade vibrations (very high-cycle fatigue — VHCF). The criteria and models of multiaxial frac-
ture are studied in the case of low-cycle fatigue and in the case of very high-cycle fatigue. The model
parameters are determined by using the experimental data of uniaxial fatigue tests for various
asymmetry coefficients of the cycle. On the basis of the calculated stress state using multiaxial
fatigue fracture criteria, the durability estimations for compressor disks are obtained for alternative
mechanisms of LCF and VHCF. Two elasticity problems for circular disk are solved for confirmation of
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the numerical results obtained. In the first problem the centrifugal loading from the blades (analogue of LCF
regime) was modeled. In the second problem loading from blade torsion (analogue of VHCF regime) was
modeled. The durability estimation also shows that the fatigue fracture in LCF and VHCF regimes can take
place for the same period of real time.

Keywords: very-high-cycle fatigue, low-cycle fatigue, multiaxial fatigue fracture criteria, numerical
simulation, durability, stress concentration, compressor disk, vibrations of blades, flight loading cycle.

BBenenue

B nanno# pabote pemaercs 3a7ada yCTaJOCTHOTO pa3pylICHUs TUCKa
KoMIpeccopa ra3oTypounHoro asuratens (Ha mpumepe I'TI cepum [130)
B IIOJIETHBIX LMKJIAX HArpy>XeHUsi M MpU BUOPALMOHHBIX BO3JECUCTBUSX.
B HacTosiee BpeMsi CylIECTBYET HECKOJIBKO OCHOBHBIX THIIOB KPUTEPHUEB
Y MOZEJIE1 MHOTOOCHOTO YCTAJIOCTHOTO pa3pyLUEHHs, TO3BOJISIOIIMX OLIEHUTh
YKCJIO LIMKJIOB Harpy>KeHus oOpaslia MaTepualia WM 3JIEMEHTa KOHCTPYKIUU
710 pa3pylLICHUs 110 HAPSHKEHHOMY COCTOSIHUIO, Ae(OPMUPOBAHHOMY COCTOSI-
HUIO WJIM HAKOIUIEHHOM MoBpexaaeMocTd. OnpeneneHrne napameTpoB pac-
CMaTPUBAEMBbIX MOJEIIEH SBJISETCS HEMPOCTOW SKCIEPUMEHTAIBLHOW 3a1a-
Yell M OCYUIECTBIIAETCS, KaK MPaBUIIO, IO PE3yJIbTaTaM OJJHOOCHBIX yCTalo-
CTHBIX WCIIBITAHUN HA PACTSHKEHHME, KPYUEHHUE WM M3THO C Pa3Iu4yHbIMU
kod(ppuimenTaMu acumMmeTpun Lukina. IIpuBeneHo ommcaHue BBIYUCITH-
TEIbHOW NpOLEIypbl OMNpEAeNICHUs HanpsHKeHHO-Ie(OPMUPOBAHHOIO CO-
crosausa (HJIC) KoHTakTHOM cCHCTEMBbl JWCKa U JIONATOK KOMIIpEccopa.
Ha ocnoBe paccunrannoro HJIC 1 BEIOpaHHBIX KpUTEPUEB MOTYUYEHBI OLEHKH
JIOJITOBEYHOCTH JMCKa KOMIIpECCOpa B YCIOBUSX, MOJEIUPYIOIIUX 3KC-
IJTyaTallMOHHBIE, Ui JBYX albTEPHATHUBHBIX PEKHUMOB MAaJOLMKIOBOTO
Y CBEPXMHOTOLIMKIIOBOTO YCTAJIOCTHOTO Pa3pyILUEHUSI.

C uenpio MOATBEPKICHUS TOJYYEHHBIX PE3YyJbTAaTOB PEIICHBI JIBE
MOJICJIbHBIE 3a/lauyd TEOPUU YIPYTOCTH O HArpy>XEHUU KOJBLEBOIO TUCKa
MIOCTOSTHHOM TOJIIMHBI. B mepBoi 3aaue K AUCKY MPHIOKEHA HEHTPOOESK-
Has Harpy3Ka, a Ha BHEIIHEM KOHTYpE€ MEPEMEHHOE MO YNy paaualibHOE
HaIpsKEHUE, MOJIETUpPYIoNee [EHTPOOEKHYI0 Harpy3Ky OT JIONATOK (aHa-
nor pexuma MIY). Bo BTopoil 3amaue pemiaercs ypaBHEHUE NI U3ruda
IUCKa TMOJA JEeWCTBHEM MEPEMEHHBIX MO YTy KPYTAIIMX MOMEHTOB Ha
BHEILIHEM KOHTYpe. OTH MOMEHTBI MOJIECTUPYIOT BIUAHUE KOJeOaHUH Jiomna-
ToK (ananor pexuma CBMY). B o0oux cinyudasx HanmpspKeHHs] pe3KO BO3-
pacTaioT B OKPECTHOCTH BHEIIIHETO0 KOHTYpa U MPUBOMAST K IMOSBICHUIO 30H
BO3MO>XHOTO YCTaJOCTHOrO pa3pylieHus. OLEHKH TOJITOBEYHOCTH TaKkKe
YKa3bIBalOT, YTO yCTAJIOCTHOE pa3pylieHue B pexxumax MY u CBMY mo-
KET MPOUCXOJUTH 3a MEPUOJ PEaJTbHOTO BPEMEHU OJTHOI'O MacIlTada.
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1. Moaes MHOTOOCHOI0 YCTAJTOCTHOI'O Pa3pyLIeHHs
B pexxume MILY

OCHOBOI [JIs1 ONpeIeNICHHs MAPaMETPOB MOJIEIEl MHOTOOCHOTO yCTa-
JIOCTHOTO pa3pyUICHHUS SBIISIOTCS YKCHEPUMEHTAJIbHBIE KPUBBIE OJJHOOCHBIX
IUKJIMYECKUX UCIBITAHUN NIPU PA3JIUYHBIX 3HAYCHUSIX MapaMeTpa aCUMMET-

puu mukna R=o_. /o, Tne o .

X

U G, — MakCUMaJIbHOEC U MMUHHMAaJb-

max 2
HOC 3HAYCHUA HAIIPSAKCHHUA B ITUKIIC. HpI/I OIMMCAaHUUN PE3YJILTATOB OJHOOC-
HBIX WCHBITAHUM HAa YCTAJIOCTHYK NPOYHOCTb MPUHUMAIOTCS CIEAYIOLINE

obo3HaueHust: 6,=(c, ., —O,. )/2 — aMIUINTyJa HAIOpsHKEHUS B IHKIE,

max

Ac=0c,_, —O, . — pasMax HalpsyKEHUU B LIUKJIE OJHOOCHOI'O HArpy>XCHHS.

OKCNepUMEHTaIbHbIC JaHHBIE OJJTHOOCHBIX UCIBITAHUNA OMUCHIBAIOTCA KpPH-
BbIMU Beiiepa, KOTOpble aHAIUTUYECKH MOTYT OBITh MPEICTaBICHBI COOT-
HouenueM backuna [1, 2]

— p
c=06,+0 . N", (1)
rae G, — IOpeaen yCTaloCTH; G, — KO3()(UIHUEHT yCTalIOCTHON IPOYHOCTH;

B — II0Ka3aTcCJIb YCTaHOCTHOﬁ IMPOYHOCTH, N — 4uCHO IUKIIOB A0 pas3py-

menns. OO BUJT yCTAIOCTHOM KPHUBOM TPECTAaBICH Ha puc. 1, B JaH-
7
HOM pEXKHMME MPEICTABIISIET HHTEPEC JeBast BeTBb npu N < 10°.

A
Os

| | | | |
10° 10 10 100 10"

Puc. 1. bumonanpHas ycranocTHas KpuBas
st pexxumoB MY u CBMY

3amavya UCCIeIOBaHUSl YCTATOCTHOTO Pa3pyILICHUs] COCTOUT B OIpeie-
JICHUW TIPOCTPAHCTBEHHOTO pacIpeAcicHUs (PYHKIUH YHCIA ITUKIOB JI0
paspymienuss N u3 ypaBHeHui Tuma (1), 0000mEeHHBIX Ha CIydail MHOTO-
OCHOT'O0 HAaNpPsDKCHHOTO COCTOSIHHS W COJCPIKAIUX PacCUMTAHHBIC HAmps-
KCHUS B pacCMaTPUBAEMON KOHCTPYKITUH.
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PaccmoTpuM OoCHOBHBIE BapuaHThl 0000IICHHS PE3yIbTATOB OJHOOCHBIX
WCTIBITAHUI Ha OOIINI CITy4aii MHOTOOCHOTO HANPSHKEHHOTO COCTOSTHUS [2].

O0600111eH1e OAHOOCHOM YyCTaIOCTHOM KpuBoH (1) Ha cityyait MHOTO-
OCHOTI'0 HaIPSKEHHOT0 COCTOsIHUSA cornacHo CalHCy [4] umeer BUj

At/2+ac, =S, +AN?, o =(c,+0G,+G,), ., 2)

At=/(Ac, —Ac,) + (Ao, —Ac,)’ + (Ao, —Ac,)? /3,

rie o — CyMMa TJIaBHBIX HaNpsKeHUH, OCPETHEHHAs 3a LIUKJ Harpyxe-

mean

HUSA; AT — U3MEHEHHME OKTa’JpHUUYECKOr0 KacaTelbHOIO HANpsKEHUS 3a
K, At/2 —ero ammuryaa; o, S,, 4, B —HapaMerpsl, olpeaesieMble

10 JAHHBIM JKCIIEPUMEHTA.
[TapameTpsl MoOzenu, ompeiesieHHbIe MO OJHOOCHBIM YCTaJOCTHBIM
KpuBbIM Ipu R =—1 u R =0, onpenesyeHsl B [2]:

S,=20,/3,4=10"2(c, -5,)/3,

3)
OLS = \/E(Zk—l - 1) / 3’ k—l = Gu / (26110)’

rie 6, U G,, — Npenenasl yCTAIOCTH IO KpuBbIM G, (N) mpu R=-1
U R=0 cOOTBETCTBEHHO; G, — IPEeI IPOYHOCTH.
O060011eHIEe OJHOOCHOM YCTaJIOCTHOM KPUBOM Ha Ciiydyaid MHOTOOCHO-

ro HaIMpsXKEHHOTO COCTOsIHMS cortacHo Kpoccnanay [S] umeert Bu

At/2+a,G,, —At/2)=S,+AN*?, G, =(c,+0,+6,),.., (4

max

rie G, . — CyMMa IJIaBHBIX HAIPSDKECHUN, MAKCUMAJIbHAS 32 LIUKJI HArpy-

HKEHUS.
B sToM cityyae nmapaMeTpbl MOJICNIH COOTBETCTBEHHO [2 ]

S, =0,[N2/3+(1-+2/3), |,
A=103ﬁ|:\/§/3+(1—\/§/3)(xc:|(613 —Gu),
o, :(k1\/5/3—\/5/6)/[(1—\/5/6)4(1(1—\/5/3)].

O0600611eHre OAHOOCHON YCTAJIOCTHOM KpUBOM Ha ciydyail MHOTOOCHO-
r0 HAMPSXKEHHOTO COCTOSIHUSA 110 KpuTeprto OUHIIN uMeeT BU [6]

&)
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(At,/2+a,06,),.. =S, +AN", (6)

max

rae 1i,, 6, — MOAYJIb KaCcaTCJIbHOI'O HAIIPKCHUS U HOPMAJIbHOC HAIIPSIKC-

n
HHME Ha IUIOINAJKE C HOPMAJIBIO 7, ; MHAEKC Max 03Ha4aeT BBIOOP ILIOLIAJI-
KH, Ha KOTOpOW KoMmOMHamms At /2+0,C, HDPUHMMAcT MaKCHMAaJlbHOE

3HaueHue. [1o oqHOOCHBIM ycTanoCTHBIM KpuBbIM Ipu R=—-1 u R=0 on-
pEACIIEHBl TapaMETPhl MOJIEIIN:

S, =0, («/1+0ch +ocF)/2,A:10‘3B(«/1+ocF2 +a,)o,-6,)/2,
o, = [1/515_12 "2k /2—k_1(1—k_1)J /[k_l(Z—k_l)].

NmMess B BUIy KOHKPETHBIM PacyETHBIM IIPUMEP, PACCMOTPEHHBIN
nanee, MpUBEIEM MPUOIMKEHHbIE 3HAUYECHUS MapaMeTpOB JIsI TUTAHOBOIO

(7)

ciuaBa Ti-6Al-4V [7]: npenen npounoctu o, =1100 MPa; npenens! ycraio-
ctu 1o kpuBbIM G ,(N) npu R=—-1 u R=0 coorBercrBeHHo: G, =450 MPa
u o, =350MPa; nokasarenp ycranoctHo npouHoctd f3=-0,45; Moayis

Onra E =116 GPa; monyns cnsura G =44 GPa; koad¢unuent [lyaccona
v=0,32.

2. Ilpumep pacyeTa MHOTOOCHOT0 HANIPAKEHHOT0 COCTOSTHUSA
U OI[EHKU J0JITOBEYHOCTH B MOJIETHOM LHUKJIE HATPYKEHUSI
(pesxxum MILY)

Panee [2] paccMaTpuBanach 3ajjaya yCTaJOCTHOTO pa3pyILICHUS TUCKa
KOMIIpEccopa Tra30TypOMHHOrO JBHUraTeisl B IMOJIETHBIX LIMKJIAX Harpyxe-
Hus. [Ipenmonaraercs, 4To QUKIOM MHOIOOCHOTO HATPyKEHUS KOHTAKTHOM
CUCTEMBI JIMCKa M JIONATOK SIBJIAETCS MOJETHBIM 1uka Harpykenus (ITLIH),
COCTOSIILIMM B JOCTHKEHUH MAKCUMAJIbHBIX HAarpy30K Ha KPEHMCEPCKOU CKO-
POCTH I0JI€Ta BO3AYIIHOIO CyJHA U COOTBETCTBYIOLIUX YIVIOBBIX CKOPOCTAX
BpalleHUs IHCKa KOMIpeccopa. 3ajadya COCTOUT B ONPEAECICHUH JOJITOBEY-
Hoctu gucka N (uucio IIIIH no paspyuieHus) u3z cootHomeHnuit (2), (4),
(6). Hns sroro Heobxoaumo mpousBectu pacuer HJIC cucrtembl aucka u
JIOTIATOK MPH J€HCTBUM KOMOMHAIIMU BHEITHUX HArpy30K, Mpe/ICTaBICHHbIX
LEHTPOOCKHBIMU CUJIAMH, PACIIPEACICHHBIMUA a3pOJIMHAMUUECKUMU JaBJie-
HUSMU Ha JIONATKU U CUJIAMU HEJIIMHEHMHOIO KOHTAaKTHOT'O B3aUMOJEHCTBUSA
JMCKa U JIOMATOK. AHAJIU3 TPEXMEPHOro HampsKeHHO-Ae(hOPMUPOBAHHOTO
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COCTOSIHMSI KOHTAaKTHOM CUCTEMBI JIUCKA U JIOMATOK KoMmIipeccopa (puc. 2, a)
BBITIOJIHEH YHCIEHHO. PacdeTsl MpOBOAWINCH C TIOMOIIBID KOHEYHO-
AJIEMEHTHOTO TMaKeTa MpOTrpaMM, a paclpeeieHHbIE a’dpPOIUHAMUYECKHE
Harpy3Kd OIPEACIICHbl MPUOIMKCHHO AHAIMTUYECKH C HCIIOJIh30BaHHEM
KJIACCUYECKHUX pelIeHUd 00 OOTEKaHUM PEIIeTKH IUIACTUHOK MOJ IMpOU3-
BOJILHBIM YTJIOM aTaK¥ Ha OCHOBE THITOTE3bI M30JUPOBAHHOTO Mpodurst [§]
C y4eToM J1e(pOpMHPOBAHHOTO COCTOSHHUSI JIOMATOK (adpoynpyruid 3P dekT).

[TapameTpsl pacdeTra NMPUHUMATIUCH TAaKUMH: YIJIOBask CKOPOCTh Bpa-
menus o = 314 pan/c (3000 06/muH), ckopocth moTtoka 200 M/c mpu I0T-
HocTH 1,3 kr/m°. CBoiicTBa MAaTEpUAIOB IIPUHUMAJIUCH CICAYIOLIUMU: TUCK
(TuranoBeIi criaB): E = 116 GPa, v =0,32, p = 4370 Kr/M3; JIOTIaTKH (aJro-
MuHHEBBIH ciiaB): E = 69 GPa, v =0,33, p = 2700 kr/m’; bukcupyomme
urrudrel (crans): E = 207 GPa, v =0,27, p = 7860 kr/m’. Ha puc. 2, 6 moxa-
3aHa 30Ha KOHIICHTPAIMM MaKCHUMAaJbHBIX PACTATUBAIOIINX HANPSKCHHH
B JICBOM YTJIy I1a3a B JAMCKE, B KOTOPHIH BCTABIIICTCS JIOMATKA.

a o

Puc. 2. 'eomeTpudeckas MoJIeTTb CEKTOpA JTUCKA C JIOMATKOH (a)
¥ 30HA KOHIIGHTPALUH HApsDKEeHUit (0)

BuaHo, 4TO KOHIIEHTpaIus HanpsHKEHUNH HapacTaeT oT (GpOHTaIbHOMN
K TBUIBHOM YacTH Ma3a, YTO COBMAJAeT C JaHHBIMU O PACIIOJIOKECHUHU 30H
3apO’KICHHUS YCTaJIOCTHBIX TPEIIUH B ThUIbHOM YacTu aucka [1, 8].

Ha puc. 3, a nj1st OKpeCTHOCTH JICBOTO YTjla KOHTAKTHOTO COSTUHCHUS
JIMCKA U JIOMATKU THUMA «JIACTOYKHH XBOCT» (B 30HaX MaKCHUMaJbHOM KOH-
LIEHTpAllMM HAIpSKEHUI) MOKa3aHbl PACCUMTAHHBIE BEJIMYMHBI YKCIA T0-
JIETHBIX ITUKJIOB /10 paspyuieHust N i BBIOpAHHBIX KPUTEPUEB MHOTOOC-
HOTO YyCTaJOCTHOrO paspyuienus. Ha puc. 3, 6 paccmaTpuBaemasi OKpecT-
HOCTb JIEBOTO yTJjla KOHTAKTHOTO I1a3a JUCKa BhIACICHA CIIOIIHOW JIMHHUECH.
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Caiinc Kpoccnann Dunamm
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Puc. 3. OueHKH 10ITOBEYHOCTH TUTAHOBOT'O JUCKA B 30HE KOHIIEHTPAINH ()
Y BbIJICTICHHAs 30Ha KOHIICHTpaIuu (0)

Kputepuu CaitHca u @uHIIM Jalyd OLIEHKY JIOJTOBEYHOCTH JTUCKOB
I'TI va yposue 20 000-50 000 uukisoB. Kputepuit Kpoccnanaa npeackazan
BO3MOKHOCTh YCTaJOCTHOro pazpyuieHus meHee yem B 20 000 moneTHbIx
LUKJIOB. B 11eJIoM BCe KpUTEPUU Jalu CXOJIHOE PACIOJIOKEHUE 30H yCTaJo-
CTHOT'O pa3pyLICHHUS.

3. IlpuMep pacyeTa MHOTOOCHOTO HANIPAKEHHOT0 COCTOSIHUA U OI[EHKHU
JA0JITOBEYHOCTH 3JIEMEHTOB KOHCTPYKIMH NMPY HU3KOAMILIATYAHBIX
0CeBbIX Bo3/eiicTBUsIX B pexknme CBMY

B nanHo# paboTe JOMOJHUTEIBHO UCCIEAYETCSl AIbTePHATUBHBIA Me-
XaHHU3M YCTAJIOCTHOTO HATPY)KEHHs, CBSA3aHHbINA ¢ HAOII01a€MBIMU BBICOKO-
YACTOTHBEIMU OCEBLIMU KOJIEOAHUSAMH OaHIQKHBIX OJIOK. AMIUIUTY bl STUX
K07€0aHuii M BBI3BIBACMBIE MMM BO3MYIIECHHUS HAIPSKEHHOTO COCTOSHHMS
B OKPECTHOCTY KOHLIEHTPATOpa HANPSKEHUH OTHOCHUTEIHEHO HEBEJIMKH, OJI-
HAKO YMCJIO LUKIIOB IIPU BEICOKOH YacTOTe KOJNEOaHui 3a BpeMs SKCILTyaTa-
1y MoxkeT goctuub BenuuuH 10° —10'°, uTo mpuBOAMT K HEOOXOAMMOCTH

MCCJIEOBAHMS PEKMMA CBEPXMHOTOUMKIOBOM yctanoctu (CBMY) u Bo3-
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MOYXHOCTH YCTJIOCTHOT'O Pa3pylICHHUs MIPU YPOBHE HAIPSKEHUIN, MEHbIIEM
KJIACCUYECKOI0 MpeJIeNa ycTaaocTu Marepuana [1].

B nHacTosiee BpeMsi OTCYTCTBYIOT 3KCIIEPUMEHTAIbHO OOOCHOBAHHBIE
MOJIEJIM MHOTOOCHOM yctanioctd B pexxume CBMY. [lostomy 1j1si OleHOK
JOJITOBEYHOCTH MPUMEHSIIUCh W3BECTHBIE KPUTEPUH MHOT'OOCHOTO yCTajo-
ctHoro paspymerus MILY (2), (4) u (6) ¢ yueTom 00IMIMX TPEANOI0KEHUN
0 XapakTepe MOBEJCHUS YCTATOCTHBIX KPUBBIX B PACCMATPUBAEMOM PEKH-
Me. XapakTepHbI BUJl YCTAJIOCTHON KPUBOWM MOKa3aH Ha puc. 1, B JaHHOM

peKUMe TpeCTaBIsAET HHTEPEC NpaBas BETBbL npu N > 10°,
3.1. O000meHHbIEe KPUTEPHUH CBEPXMHOTOIUKJIOBOM YCTAJIOCTH

Jlnst onpeneneHus mapaMmerpoB Mozenu B pexxume CBMY no ogHooc-
HBIM YCTaJOCTHBIM KPUBBIM UCIIOJIb3yEM COOOPAKEHUS, KOTOPbIE IPUMEHS-
JUCh TpU UX onpeaeneHuu st pexuma MILY. [Ipu s3ToM yureno nonobue
JEBOM M IpaBOM BETBEH YCTAJIOCTHOM KPHUBOM C 3aME€HaMH G, —>C,,

¢, »6,, 6,,—~>0,,, e G, U G,, — KHOBBIE» IIPEJIEJbl YCTAIOCTH HA Ipa-

u?
BOI BETBU yCTAJIOCTHON KpUBOM 151 KO3 PUImeHToB acummeTpun R =—1
u R=0. 3naueHuss mapameTrpoB mis o0o0meHHor moxaenu CaitHca (2)
B pexxume CBMY nmerot Bua

S, =N265, /3, 4=10"\2(c, ~6,) /3,00, =N2(2k , ~1)/3,k , =, / &, / 2.

AHasiornyHO TnapameTpel 0000meHHoi wmonenu Kpoccmanma (4)
B pexkume CBMY umerot 3HaueHust

S,=6,[N2/3+(1-v2/3)a,], 4=10%(c, —5,)[V2/3+(1-2/3)a.].

Takxke ompeneneHbl mapameTpbl 00001eHHo Moaenu DPuumm (6)
B pexxume CMBY:

Sozéu(1/1+ocf, +0cF)/2, Ale‘gB(Gu—Esu)(«/1+ocf¢ +aF)/2.

Jis pacueToB BBIOpaHBI CICIYIOIIME 3HAYCHHS YCTAJIOCTHBIX Iapa-
METPOB TUTAHOBOTO cIuiaBa B pexxume CBMY: o, =450 MIla, 6, = 250 MlIa,

&,,= 200 MIIa, p =—0,3.
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3.2. PacueTHast MoJeJIb HU3KOAMILIUTYIHBIX
0CeBbIX KOJIeOaAHNH 0AHIAKHBIX MOJIOK

OceBble cMmelleHusl 0aHIaXHBIX TMOJIOK CBS3aHbl C BOJIHOBBIMHU BO3-
MYLIEHUSMH, KOTOpBIE PACIpPOCTPAHAIOTCSA IO YIJI0BOM KoopauHare. Ha
MOJIHBIM HAa0Oop JIONAaTOK OOBIYHO yKiaabiBaeTcs 12—16 nmomyBosiH. DTO naer
BO3MO>XHOCTh BBECTH B KaU€CTBE KPAaHHUX COCTOSHUM JIEMEHTapPHOI'O LIMK-
Jla TaHHOT'O THUIIA HArpy>KEHMsI J1BA MTOJIOKEHUS CEKTOpa JUCKa C OJHOM JIO-
natkoil. B 3THX MONOXKEHUSX MPHU HYJIEBOM OCEBOM CMEIICHHH MPABOTO
KOHIIa 0aHJaXKHOW MOJKHU OCEBbIE CMEILEHHUS JIEBOIO KOHIIA HalpaBJICHbI B
MIPOTUBOIOJIOKHBIX HANPABJIEHUSX U B PEKUMaX dKCIUTyaTalliy JOCTUTAOT
BeJIMYUHBI nopsaka 1 MMm. PaccmaTprBaemple HU3KOAMIUIUTYAHBIE BO3ACH-
CTBHsI HAKJIQJ(bIBAIOTCS HA OCHOBHOE HAIIPSHKEHHOE COCTOSHHUE B ITOJIETHOM
LUKJIE HATPYKEHHUSL.

Ha puc. 4, a noka3ana cxemMa NpUIIOKEHNU HU3KOAMIUIUTYAHBIX OCE-
BbIX cMmenieHuil. TakuM oOpa3om, paccMaTpuBarOTCsl Clydad, Korja Ha Jje-
BYIO TPaHHUIly MPUXOJUTCA MAKCUMYM WJIM MUHUMYM aMIUIMTY[bI KojeoOa-
HuUM, paBHoi +1 MM npu yactore 3000 06/MuUH.

Caitnc Kpoccnann Dunm

1 L 1 1

=5 & ©

0 T 0 T 0 T
0s 0s 1 as i

1
w [ swoex O] =iw> 0N -w> B
a 7]

Puc. 4. Cxema npusioKeHusi HU3KOAMIUTUTYIHBIX OCEBBIX CMeIleHUil (a)
Y OIICHKH JIOJITOBEYHOCTH TUTAHOBOTO JIMCKA B 30HE KOHIIEHTpAIHH (6)
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3.3. OueHka J10JIroBe4HOCTH 3JIeMEHTa KOHCTPYKIHMH
no kpurepusam CBMY

Ha puc. 4, 6 1514 OKpeCTHOCTH JIEBOTO yIrila KOHTAKTHOI'O COEIMHEHHUS
JMCKa W JIONMaTKU (B 30HaX MAaKCHUMaJbHON KOHUEHTpPALMK HAIPSIKEHUMN)
MOKa3aHbl PACCUMTAHHBIC BEJIMUYMHBI YUCIIA LIUKJIOB JI0 paspyiueHuss N s
TpeX BBIOPAHHBIX KPUTEPUEB [0 HampssKeHHOMY cocrosiHuio (CaiiHca,
Kpoccnanna u @unpnu) B pexxume CBMY. HecmoTpst Ha OTHOCHUTENBHO
HEBBICOKMI YPOBEHb aMIUIUTYJ] HANPSKEHWM B LMKJIIE, paCYETaMH IOKa3a-
HO, YTO ¥ B 3TOM CJIy4a€ BO3HHMKAIOT 30HbI BO3MOYKHOI'0 YCTaJIOCTHOTO pa3-
pYLIEHHUS, PACIIOJI0KEHHBIE B THUIbHOM 30HE JIEBOI'O YIJla Ia3a AWCKA, MPHU-
MEPHO TaM e, IIe U B CiydYae IOJETHBIX LIMKIOB Harpyxenus. Bennunna

N, 1pH KOTOpOii OHU HOABJIAIOTCS, uMeeT mopsaok 10° —10', uro B mepe-

cyeTe Ha peajbHOe BpeMs mpoliecca ¢ nepuogaoMm iukia 0,02 ¢ (nmpu Bbl-
OpanHoil yactore koneOanuii) naet BenuunHy 30 000 4, BIOJHE TOCTUKHU-
MYIO B MPOLECCE IKCILTyaTallui. XOTs 3TH OLEHKH BEChbMa MPUOIU3UTEb-
Hbl, OHM YKa3blBAIOT HAa NPUHUUANHAIBHYIO BO3MOXKHOCTh pPa3BUTHUSA
YCTaJIOCTHOT'O pa3pyLICHHs B YKAa3aHHBIX 30HaX AUCKA KOMIIPECCOpa KaK I10
Mexanusmy MIY (moseTHbI LMK HAarpy>KeHWs), TaKk U IO MEXaHU3MY
CBMY (BBICOKOYACTOTHBIC, HHU3KOAMIUIUTYAHbIE BHUOpaIlUU SJIEMEHTOB
KOHCTpYKUUHK). TeM OO0NbIIyI0 OMAaCHOCTh MOKET UMETh Pe3yJIbTaT B3auMO-
BIIMSIHUS ATUX MEXaHU3MOB, TOCKOJIbKY OHU MPOSIBISIOT ce0sl B OnM3Kopac-
MIOJIOKEHHBIX 30HaX M Ha OJM3KUX MaciiTadax peaJbHOrO BPEMEHHU.

4. MoaesibHbIE 3a1a4M /Il KOJIbIEBOI0 IMCKA
4.1. HanpsizxkeHHoe cocTosiHue B pe:xxkume MY

C uenplo0 MOATBEPKACHUSI IOJYUEHHBIX PE3yJIbTaTOB PEILIEHBI JIBE
MOJZIeTIbHBIE 3a/la4ll TE€OPUHU YIPYTOCTH O HArpy>KeHUU KOJBIEBOTO TUCKA
C BHYTPEHHHM paJuyCcOM a W BHEWIHUM paauycoMm b. B mepBoil 3amaue
K IUCKY NPUIIOKEHA LEHTpOOEeKHasi Harpy3ka, a Ha BHELIHEM KOHTYypE —
MEPEMEHHOE M0 YTy pajauaibHOE HaNpsHKEHHE, MOJIETUPYIOIIEe LEHTPO-
OEXKHYI0 Harpy3Ky OT JIONATOK U COIVIACOBAHHOE C HEH M0 aMILTUTYie (aHa-
Jor pexxuma MIY).

Jlyig onpeneneHust HANPSHKEHU B IUCKE pelaeTcss OurapMOHHUYECKOoe
ypaBHEHHE Il PYHKIMU DPpU C TPAHUYHBIMH YCIOBUIMH [9]

A2F =0,

6,=0, 6,=0mnpu r=a,
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G, =6,595(0), 6,=0 npu r=>»,
G, =F,/r+F,,/r*, c,=F,/r'—F,,/r, 6 =F,,..
3nech 6, =pw’ (b} —b*)/2; b, — BHEIHUH PAgUYC JIONATKH; O — €€ LU~

pHHa.
[epronnyeckas GpyHKIUS pactpeaesieHus paauaibHOTO HAMPSHKEHUS Ha

BHEIIHEM KOHType (oauH nepuoxn —n/ N, <0<mn/N;), N, —4ucio JOnarTox.
S5(0)=1 mpu 0 €[-8/2,8/2], S;(6)=0 npu 6&[-5/2,5/2].
OO6miee pemeHue Ayt PyHKIMM DpU MOJYyYaeTCs METOJOM paszjee-
HUS TIEPEMEHHBIX:
F= (Anr” +Br"+C "+ Dnr’"”)cosne.
K BbIYMCIIEHHBIM Ha €ro OCHOBE HAIPsLDKEHUSM J100aBIISIOTCS HAIps-

KEHUSI OT LIEHTPOOEKHOW cuibl B aucke [10]. 3aBucuMOCTH paanaibHBIX
G, W TaHTCHUUAIbHBIX G, HAIpPsXKEHUH OT paauyca qucka mpu 0=0 (mox

nonatkoi) st 3HaueHui a = 0,05, b = 0,4 npuBeaensl Ha puc. 5, a (MI1a).

O > Opp G > Ogg> Or Orr > 990> Ort
l ' . T T T T T

800 800 {800 1
600 600 60 "i
400 400 40
200 = ?

0 I L I ¥y ooc——p——r——y_ r 0 L ! . 4

034 036 038 04 037 038 039 04 037 038 039 04
a 6 6

Puc. 5. Pacnipenenenue nanpspkenuii npu MILY-narpyxenuu (a); pactpeaeneHue
HanpspkeHuit uis CBMY -HarpysxeHust Ipy Kpy4eHUH JIONMATOK 1O (6) U MPOTUB
94acOBOM CTPEIIKHU (8)

4.2. HanpsizkeHHoe cocTosiHue B pexxume CBMY

Bo BTOpOIt 331a4e pemaeTcs ypaBHEHUE IS H3rH0a JFcKa oI JCHCTBH-
€M TIepEeMEHHBIX 110 YIITy KPYTAIIMX MOMEHTOB Ha BHEIITHEM KOHTYpe. ITH MO-
MEHTBI MOACTMPYIOT BIUSHIE KoJieOaHuit jjonaTok (anaior pexkuma CBMY).
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YpaBuenue 11t u3ruda MiIacTUHKKA U rpaHudHble ycinoBus [10]:
A*w=0,

V=0, M, =0 npu r=a

V.=2M,,/r, M, =0 tpu r=>b,rtne M, =M,Q,(0),

V.=(My+2M4,,—(rM,),.)/ r, M, =-D, (w FVW, 00 /77 + VW, /r),

Srr

M, = —Do(vw W00 /17 + w,r/r), M, :Do(l—v)(w,re Ir—w,, /rz).

Srr

Ilepuoanueckas GyHKIMA pacnpejenenus KPYTSILIEro
MOMEHTAa Ha BHEIIHEM KOHType (oauH mepuon —2n/N,<0<2n/N,)

OTIMYHA OT Hyns Ha wuHTepBamax O, =[n/N,—-8/2,n/N,+38/2]

u @2=[—n/NO—6/2,—7c/NO+8/2].

Q,(©)=1npu 0€0,, Q;(6)=-1 npu 0€0,,
Q;(0)=0npu 6¢20,,0¢0,.

OO1wee pemieHue sl U3THOHBIX CMEIIEHNUN JUCKA UMEET BU]L
w= (Anr” +Br"+Cr"? + D" )cos n0.
KoMmoHeHThI HanpsKeHU cBsi3aHbl ¢ MOMeHTamMu ¢hopmyiamu [11]
c,=12M z/ K, 6, =12Mz/ W, 6,=12M ,z/ h’.

BennunHa aMIiuTy sl KpyTsmero Momenta M, = Gy8*h/3 u ompe-

ACIACTCA M3 PCHICHHUA 3ada4v O KPYUCHHUH IINTACTHUHBI 3JUIAUTICONIAJIBHOTO
MMOIICPCYHOIr0 CCYCHU:A C IMOJTYyOCIMU O M /h ¥ C NOTOHHBIM YIIJIOM KPpYYCHUA

y B mpeanonoxennn < h [11]. XKecrkocts aucka D, = ER’ /12/(1-V?),

Moxaynb FOHra E, monyns casura G. HampsbkeHHsT OT IIEHTPOOSKHOM CHITBI
B JIONATKaX U JAUCKE, OMPEICIICHHbIE PaHee, CYMMUPYIOTCS C MOTyYEHHBIMU
HaNpsKEHUSIMU OT KPYTAIIMX MOMEHTOB, COOTBETCTBYIOIIUX MaKCHUMasb-
HBIM yTJIaM MOBOPOTA JIOMATOK IO- ¥ MIPOTUB YaCOBOM CTPEJIKHU.

3aBUCHUMOCTH paJvaibHBIX (CIUIONIHASA JIMHMS), TaHTCHIIMAIbHbBIX
(IITPUXITYHKTUPHAS) U KAacaTeJbHBIX (IyHKTUPHAS) HANPSHKEHUN OT pajiny-
ca JMCKa JJI KpalHMX COCTOSHUM IMKiIa (IOJ JIOMATKOW) MpUBEICHBI Ha
puc. 5, 6, 6. B o6oux pexxumax MILY (cwm. puc. 5, a) u CBMY (cm. puc. 5, 6, 6)
HanpsKEHUST PE3KO BO3PACTAIOT B OKPECTHOCTH BHEIIHETO KOHTypa W MpH-
BOJISIT K MOSIBJICHUIO 30H YCTAJIOCTHOTO Pa3pyIICHUS.

63



H.I'. bypaco, A.b. Kypasnes, U.C. Huxumun

4.3. Ouenku gojrosednoctu B pe:xkume MY u CBMY

Ha ocHOBe KpHUTEpHsi MHOTOOCHOTO yCTAJIOCTHOTO pa3pymieHus CaiiH-
ca (pexum MILY) u ero o6obmenus (pexxum CBMY) Oblmu mpoBeacHBI
OIICHKH JOJITOBEYHOCTH NN JIJIsl pacCMaTpUBAEMBbIX HAIPYKEHUH JUCKA.

Ig N lg N
: 16 T T

|

r g L L ! r

0,38 0,39 0,4 037 038 039 04
a o

Puc. 6. Pactipenenenue norapudma 10IroBeYHOCTH
npu MILY- (a) u CBMY-pexume (6)

Ot oneHku s IgN npuBenensl Ha puc. 6, a (~4,3 nus MILY)
u puc. 6, 6 (~9,6 nyis CBMY). C ydetom 3HaueHU MepUOOB IuKiIa 7~2 4
u 7~0,02 ¢ 71erko BBIYKMCINTH, YTO YCTAJOCTHOE Pa3pyllIeHHE B PEeKUMax
MIY u CBMY npoucxoIuT 3a MPUMEPHO OJIMHAKOBBINA MEPUOJ PEATBHOTO
Bpemeru ~20 00040 000 4. Tem caMbIM TTOATBEPKACH BBIBOJ 00 albTep-
HAaTUBHOCTH JIAHHBIX PEXUMOB yCTAJOCTHOTO Pa3pyIICHUS ISl TUTAHOBBIX
JIMCKOB.
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