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NmuTtannonHas Moeb 00pabOTKH CJIOS B BaJIKax.
Kopa6ensuukoB A.P., ITycroBoit A.B., Anamsan A.A.

(KocTpoMckoit rocy1apCcTBEHHBIN TEXHOIOTUUECKUN YHUBEPCUTET)

AHHOTaNM: ISl U3YYEHUs HEMOCPEICTBEHHOTO MOBEICHHS KOMILJIEKCa
TEXHUUYECKOTO JIbHIHOIO BOJIOKHA BO BPEMsi €ro 00pabOTKH IpeaiaraeTcs
MPUMEHUTHh KOMITBIOTEPHOE MOJICIUPOBAHKE TI0O METOIY KOHEUHBIX 3JIEMEHTOB.
Pa3pabateiBatorcs Mozenu, n3o0paxaroniue B3auMoJIeCTBUE BAJIKOBOW Maphl
CO CII0EM BOJIOKHA.

KitoueBbie cioBa: JieH, 00paboTKa JibHa, METO/I KOHEUHBIX 3JIEMEHTOB.

JIbHSIHOE€ TEXHHMYECKOE BOJIOKHO TMPEJCTaBISIET COOOW €CTECTBEHHBIN
BOJIOKHUCTBIA KOMITIO3UT, COCTOSIILIMN W3 AJIEMEHTapHBIX BOJIOKOH, CKJICECHHBIX
MaTpPULIEH.

Bo Bpemss 00paGoTku KoMmILIeKca pabOYMMHM OpraHaMH, BOJIOKHA,
CKJICCHHBIC TIEKTHHOM, IIOJIBEPTralOTCsS BO3JCHCTBHIO pPabOYMX OpPraHoB, B
pe3yJibTaTe Yero MNPOUCXOJUT Ppa3pylUICeHHUE MaTpUIlbl, CKJICHBAIOIICH
3JIEMEHTapHbIE BOJOKHA, 4 TAKXKE CAMHUX BOJOKOH. DTH MPOIECCHl pa3pylICHUS
COMYTCTBYIOT MPAKTUYECKHU BCEM dTaIlaM MepepadOTKU JIHHIHOTO BOJIOKHA.

B nacrosee BpeMs CymiecTByeT 00JIbIIIOEe KOJIUYECTBO TEOPETHICCKUX U
AKCIEPUMEHTAIIBHBIX MCCIICAOBAHUM, MOCBAIICHHBIX HCCIECIOBAHUAM IIpolecca
pa3pylieHus: BOJIOKHUCTBIX KOMILIEKCOB, ITPOLIECCA OYMCTKH JIBHAHOTO BOJIOKHA
OT COpHBIX IIPUMECEH, MpoIecca OTIACIEHUS JPEBECUHBI OT TEXHUYECKHUX
BosiokoH [1,2]. Kak mpaBuiio, TEOpETHUECKUE HCCIIEIOBAHHS MO3BOJISIOT JaTh
OoJjiee WM MEHee MPHOJIIKEHHYI0 KauyeCTBEHHYIO OIICHKY JTHX IPOIIECCOB, a
SKCIIEPUMEHTAJIBHBIE  WCCJICJOBAHWS  HAIPABJICHBI, TMPEXIE BCEro, Ha

ONpEJICJICHNE KAaYeCTBCHHBIX IOKa3aTeJed BOJOKHA IIOCIE€ TOW WM HHOU



oOpabotku. TexHuyeckue pemeHuss Opu pa3paboTke 00O0pynOBaHUSA AJiA
nepepaboTKu JILHSHOTO BOJIOKHA BO MHOTHX CIIy4asiX HOCSIT 3BPUCTHYECKHUM
xapakTtep. Takoe MoJIOKEHHE Je, CBSI3aHO CO CJIOKHOCTBIO CTPOCHUS JILHSHOTO
BOJIOKHHUCTOT'O KOMILJIEKCA U HEOJHOPOAHOCTHIO €T0 TEOMETPUUECKUX U (DU3UKO-
MEXaHWYECKUX CBOMCTB, UTO 3aTPYJHSIET UCCIEIOBaHUS TIpoIlecca nepepadoTKu
JILHSHOTO BOJIOKHA.

Jlns MoaenupoBaHMsT B3aMMOJCHCTBUS pabOYUMX OpPraHOB MalIWH C
JBHSHBIM BOJIOKHOM HEOOXOJMMO TPUMEHEHHUE COBPEMEHHBIX YHCICHHBIX
METOJI0B MojieiupoBanus. [3]

Hameii 3agadeii ObLIO CO3MaHHE MOIEIU B3aWUMOJIEHWCTBUS BaJIKOBOM
napel co cioeM BojiokHa (puc. 1). Takoe B3amMmojelcTBue HaOJIOJAETCA Ha
MHOTHX 3Tarnax o0pabOTKH JbHSHOTO BOJOKHA (MSAThE, KOTOHM3AIUs, OUYMCTKA,

4yecaHue, U T.1.).

Puc. 1. Cxema B3auMoAeiCTBUS BaIKOBOU mapbl 1 co
CJIOEM BOJIOKHA 2



JUist m3ydeHus: mpoliecca B3aUMOJCHCTBHUS CIIOS BOJOKHA C BaJKOBOM
napoi ObUT MPUMEHEH METOJ] KOHEYHBIX JIEMEHTOB, peasm3oBaHHblid B ANSYS.
beuta paspabotaHa ynpouieHHassh reoMeTpuyYeckas MOJENb, KoTopas Oblia
npeoOpa3oBaHa B KOHEYHO-3JIEMEHTHYI0 MoJielb (puc. 2). Pa3nenenue Ha ceTKy
KOHEYHBIX 3JEMEHTOB NPOBOAMIOCH MO PEryasipHOMY mpuHIHIY. [Ipu
pa3paboTKe MOJIETU Ha ATOM dTane ObUIM MPHUHATHI CIAEAYIOIIME JONMYIIEHUS:
CJIOM BOJIOKHA MPEACTABIISIET COOOW CIUIOIIHOE Teno ¢ MoayieMm FOHra paBHbIM
2*10° ITa, cumTaeM 9TOT CIIOi YIPYTHM, HE 00MIa[afONIHM BSI3KHMH CBOHCTBAMIL
PaccMOTPEHO HANPSHKEHHO-Ae(POPMUPOBAHHOE COCTOSTHUE B OJHOM KOHKPETHOM
MOTNEPEYHOM CEUYEHHUU BAJIKOBOW Maphbl, 3TO MO3BOJIIET YIPOCTUTh MOJENb,
YMEHBIIUTh BPEMs pacueTa, TEM CaMbIM MTOBBICUTH CTA0UIBHOCTh PE3YJIbTATOB.

Banku Bpamatorcst ¢ yactoroit 200 06/MuH, ycuiine npukaTHsl BEPXHETO

Basika F=200 H.

Puc. 2. Cxema KOHEUHO-2JIEMEHTHON MOJIEIIN



IIpn co3maHMM KOHEYHO-DJIIEMEHTHOM MOJENU NPUMEHSJIICA KOHEYHBIN
anemeHT Triangle 6-node, mpeacTaBisitOLMA COOONH TPEYroJbHUK, TaK Kak
naHHblii BuA KD onrtumaneH M IJIOCKOM MOAENM, B KOTOPOM Maio
MIPSAMOYTOJIbHBIX 3JIEMEHTOB.

Pacuer mnpoBomuTCcs mNporpaMmMoil MO METOAY MOCIEI0BATEIBHBIX
UTEpAlMi, a TOpH pEIIeHUH JTUHAMUYECKUX Mojeieil pabouuil MHTEepBaJ
paszaerieH Ha moxmard (Substeps). BenuunHy 1rara MOKHO 3a/1aTh BPYUYHYIO,
ONpEJENUB JOMYCTUMBbIE OTKJIOHEHHMSI, JIMOO TMOJHOCTHIO JIOBEPUTH BBIOOD
nporpamMmMe. B 1aHHOM citydae ucnosib3oBaiack omnus «Arc-lengthy — B Hauane
peuieHns BEIMYMHA I1ara MUHUMAajbHA, 3aTE€M YBEIMYMBACTCS 10 3aJaHHOTO
N0JIb30BATEJIEM 3HAYEHUSI.

B npouecce MonenupoBaHus BajkaM 3aJaBajioCh BpAIEHHUE, MO3TOMY
U3MEHEHHE  HANPSKEHHO-AE(POPMUPOBAHHOTO  COCTOSIHMSI MBI MOXKEM
PErUCTPUPOBATH BO BpeMEHU. Pe3ynbTaThl pacyeToB B BUAE CXEM HAIPSKEHHO-
1e(pOpMUPOBAHHOTO COCTOSIHUS MTpUBENEHbI HAa puc 1-8.

ANSYS

DEC 26 2010
23:16:46

NODAL SOLUTION

TIME=.100E-02
EPTOINT (AVG)
DMX =.861E-05
SMN =.263E-10
SMX =.002104

.263E-10 .468E-03 = .035E-03  .001403 00187
234E-03 .701E-03 .001169 .001637 .002104

Puc. 3. KaptrHa Hanmps»KeHHOTO COCTOSTHUS MOJICITH
yepe3 0.001 cek mocne Hayana npouecca



Ha puc. 3. nzo6paxena mozaenb B MoMeHT BpemeHu 0.001 cek. ot Hayana
pemieHusi. MOXXHO yBUIETh, KaK BaJIKM HAUMHAIOT Ae(OopMHUpPOBaTH ciioi. Ouaru
HaIpPsDKEHUH paciionoXeHbl Ha MaTepuaie O0JIM3KO K TOYKaM KOHTaKTa. YYacTKH
HaIpPsHKEHHOTO COCTOSIHUA CIIPaBa U CJEBa OT ATUX TOYEK, CBS3AHbI C HAIUYUEM

30H pa3psuKeHUs U HAKOIUICHMs MaTepuasa IpH MPOKaTKe ero B BaJIKOBOH mape.

NODAL SOLUTION ANSYS

DEC 26 2010

TIME=.002 23:18:02

EPTOINT (AVG)
DMX =.844E-04
SMN =.693E-10
SMX =.014598

T — R —— NE— ...
.693E-10 .003244 .006488 .009732 .012976
.001622 .004866 .00811 .011354 .014598

Puc. 4. KapTrHa Hanps>KeHHOTO COCTOSIHUSI MOJIETT!
yepes 0.002 cek mocie Havyaja npoiecca

[Iponomxenne pemenns 3amaun: Bpems 0.002 cek. HaOmomaercs

YBCIMYCHUC HAIIPSAKCHUA.



NODAL SOLUTION ANSYS

DEC 26 2010
TIME=.003 23:18:51
EPTOINT (AVG)
DMX =.222E-03
SMN =.407E-09
SMX =.028175

MX

-407E-09 .006261 .012522 .018783 .025044
.003131 .009392 .015653 .021914 .028175

Puc. 5. KapTrHa Hanps>KeHHOTO COCTOSIHUSI MOJIETT!
yepe3 0.003 cek nociie Hayana mpoiecca

Ha pHuc. 6-10 mokazaHo MEPEMCUICHUC CJIOA B JKAJIC BAJIOB U

BO3HHUKAOIHUEC IIPH 3TOM HAIIPAKCHUA

NODAL SOLUTION ANSYS

DEC 26 2010
TIME=.008 23%23:03
EPTOINT (AVG)

DMX =.003789
SMN =.455E-09
SMX =.03231

L I
-455E-09 .00718 .0143¢6 .02154
& .03231

Puc. 6. KapTraa Hanps>KkeHHOTO COCTOSIHUSI MOJIETTH
yepe3 0.008 cek nmocne Hayana npouecca



NODAL SOLUTION ANSYS

- DEC 26 2010
Lot 23:23:30
EPTOINT (AVG)
DMX =.005387
SMN =.101E-08
SMX =.032099
)
_101E-08 007133 .014266 .021399 028532
.003567 .0107 .017833 .024966 .032099

Puc. 7. KapTrHa Hanps>keHHOTO COCTOSIHUSI MOJIETT!
yepes 0.009 cek nmoce Hayana npoiecca

NODAL SOLUTION ANSYS

DEC 26 2010
23%23:54

TIME=.01
EPTOINT (AVG)
DMX =.007374
SMN =.173E-08
SMX =.043332

ME

)
-173E-08 .009629 .019259 .0z8888 .038517
.004815 .014444 .024073 .033702 .043332

Puc. 8. KaprrHa Hanmps»KeHHOTO COCTOSTHUS MOJICIIH
yepe3 0.010 cek nocine Hayana mpoiecca



NODAL SOLUTION ANSYS

DEC 26 2010
TIME=.011

23:24:37
EPTOINT (AVG)
DMX =.009777
SMN =.906E-09
SMX =.042241
MN
.906E-09 .009387 .018774 .0z8161 .037548
.004693 .01408 .023467 .032854 .042241

Puc. 9. KapTrHa Hanps>keHHOTO COCTOSIHUSI MOJIETT!
yepes 0.011 cek mocne Hayana nporecca

NODAL SOLUTION ANSYS

DEC 26 2010

TIME=.012 23:25:18

EPTOINT (AVG)
DMX =.012619
SMN =.681E-09
8MX =.037337

-681E-08 .008297 .016594 .024892 .033189
.004149 .01244¢6 .020743 .02904 .037337

Puc. 10. KapTtrHa HanpsokeHHOTO COCTOSIHUS MOJICITH
yepe3 0.012 cek nocine Hauana mpoiecca

Ha puc 11 mpeacraBnena KapTWHA HAMPSKEHHO—IEPOPMUPOBAHHOTO
COCTOSIHUS TIPU CIICIYIONINX YCIOBUAX: yacToTa Bpamenus 200 06/MuH, ycuime

npuxatus 400 H.



Puc. 11. Kaptuna HanpspkeHHO-1€(pOPMUPOBAHHOTO
cocTosiHMs Mojien ycuinem Ha Banax 400 H, Bpems

0,006 cex

AHanu3upys TIOJy4YEHHBIE JaHHBIE MOKHO CJelaTh BBIBOJABI O
HaIPSHKEHUU B CJIOE€ B JIFDOOM MOMEHT BPEMEHH B3aMMOJICHUCTBUSA, UCCIICIOBATH
pacripe/ielieHne HanpsoKeHUH Ha nepudepuiHbIX ydyacTKax CKaThs MaTepuaa,
U3YYUTh BIUSHHUE CKOPOCTH, YCUJIUS TIPUKUMA U APYTUX (HAKTOPOB HA KapTUHY
HaIpsHDKEHHO J1e(OPMHUPOBAHHOTO COCTOSIHUS B JKaJie BaJIOB.

Takum oOpa3oM, TOJdydYeHa MOJCNb, OIMCHIBAIOIIAs KOHTAKTHBIC
B3aMMOJICMCTBUSL TpPEX TEJ: CJIOs Marepuaia B aje BPAIIAIOIIUXCS BaJIKOB,
KOTOpas IMO3BOJISICT aHAJIM3UPOBATh HAMPSIKEHHO-1E()OPMUPOBAHHOE COCTOSHHE
CJIOSI P PA3JIMYHBIX JIABJICHUSAX U PA3JIMYHOM CKOPOCTH BPAILECHUS BaJIOB.

JlaHHasT MOJACIb MOXKET OBITh HMCIIOJIB30BAaHA B KA4eCTBE OCHOBBI IS
CO3JaHMSI MOJEIHA B3aUMOJICUCTBHUS BaJKOB C JUCKPETU3UPOBAHHBIM CJIIOEM
BOJIOKHA, JIJISI 3TOT'0 HaMHU pa3padaThIBaCTCS MOJIEIb CJIOS BOJIOKHA, COCTOSIIIETO
W3 OTJEJIbHBIX BOJIOKOH M CKJIEHBAIOIIECH X MaTpHUIlbl. B manbHeimeM cBocTBa
nepepadaTbiBA€MOr0 MaTepuajia JOJDKHBI HMETh BS3KYHO COCTaBIISAIOUIYIO,

UMETh BEPOSTHOCTHBIE XapaKTepUCTUKH. B Oyaymux Momensx cleayer



YUUTBIBATH PpPa3HULY B CKOPOCTAX BpallCHUA BCPXHETO WM HWIKHETO BaJlOB,

MEePEKOC BAJIOB U HEMOCTOSIHCTBO KOA(D(PUIIMEHTOB TPEHUS MaTepuaja O Babl.

OO0111e BBIBOIBI

1. Pazpaborana Mopenb, MO3BOJISIIONIME IPOAHAIU3UPOBATH IPOLECCHI,
IPOUCXOASIINE B CIIOE BOJIOKHA ITPU MPOKATKE €r0 B BAJIKOBOM Mape

2. Pa3zpaboTansl MeToanku nogadopa uucia urepanuit (Equilibrium iteration)
U MPOMEXYTOUHBIX IIaroB (Substep) sl pa3NuYHBIX BUJIOB HEJIMHEHHBIX 33124
0e3 MpUMEHEHUsT MEXaHHW3MOB, NPEIYCMOTPEHHbIX mpenpoueccopom MK
ANSYS, B cBsi3U ¢ T€M, YTO MOCIECTHUNA UMEET OUECHb OTPAHUYEHHBIN TUAINa30H
BEJIMYMHBI IlIara W 4YacTO MPOBOLMPYET HECXOJUMOCTH PEIICHUS Ha MEPBbIX
arax.

3. Onpenenenbl NEPCIEKTUBBI JalbHEHIIEro pa3BUTHS pa3paOOTaHHBIX

MOHGHGﬁ C I CJIBIO ITOBBIICHUSA UX TOYHOCTHU M aACKBATHOCTH.
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