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AHAJIU3 KOHTAKTHOI'O B3AUMOJIEVCTBHUS B 3YBYATHIX U IIEMTHBIX MEPEJAYAX
C 3BOJIIOTHBIM TPO®UJIEM METOJA0OM KOHEYHBIX 9JIEMEHTOB

OBOMIOTHOE 3alleIIeHHe — 3TO CeMeHCTBO Mpo¢HIIeil ¢ BBITYKIO-BOTHYTHIM KOHTAKTOM JUIS 3yOUaThIX M IEMHBIX Iepenad. B cratbe paccMoTpeHa Me-
Toxuka aHaimm3a HJIC ¢ y4eToM KOHTaKTHOTO B3aMMOJCHCTBUS B 9BOJIIOTHOM 3alCIUICHHN METOJOM KOHEYHBIX 31eMeHTOB. OHa 3aKJII0YaeTcsi B CO3-
JlaHuM TnapameTpuyeckoi 3D-monenu 3y0uaTod WM LENHOW mepenayd, IMOCTPOSHHM YIPOLIEHHOW pPacueTHOW MOJENM M CO3JaHMM KOHEYHO-
JJIEMEHTHOHU CETKH. BEHIMONHEHBI TeCTOBBIC pacdeTsl, IOIyYEeHBI paclpe/ieleHHs] KOHTAKTHRIX HanpshkeHui u nposeneH anamu3 HJIC ms 3yOuaToit

[apsl U Iapsl 3y0—BTyJIKa.
KuroudeBble cioBa: 3ybuaras mnepepada, LeENHas Iepejaya,
ne(hopMUPOBAHHOE COCTOSIHIE, KOHTAKTHOE HAPSHKCHHE.

BBenenne. AKTyajdbHOCTH 3agaun. OCHOBHBIMU
MPUYMHAMH BBIXOJIA U3 CTPOA 3y04aThIX Iepeaad sSBIAIOT-
Csl YCTaJIOCTHOE BBIKPAIINBAHWE M W3HOC AKTUBHBIX IIO-
BepXHOCTEH 3yObeB. IHTEHCHBHBIN M3HOC 3yObEB 3BE310-
YCK XapaKTEPEH IJId HETHBIX Mepcaaqy ¢ BTYJIOYHbIMU LC-
nsiMu 03 POJIMKOB B Iepefayax CelbCKOXO3SHCTBEHHBIX
1 I'OpHBIX MallllH, a TaAKXKE NJIs1 IT'YCCHUYHOI'0 ABUXUTEIIA.
Kak m3BecTHO, BEIKpAIIMBaHUE U U3HOC 3yObEB 3aBUCAT OT
WHTEHCUBHOCTH KOHTaKTHBIX HANpsDKEHHWH B 3alleIUICHUH,
KOTOPYI0O MOXXHO CHHM3WTh YBEIHUUCHHEM ITPHUBEIECHHOTO
pannyca KpUBH3HBI Ipoduiieit py. OCHOBHOMI criocol yBe-
JTUYeHUs py 0€3 pocTa TadapuToOB Mepenadn 3aKIiodacTcs
B NPHMEHEHHH 3alEIUICHUS C BBITYKJIO-BOTHYTHIM KOH-
TakToM 3yObeB. CiiemoBaTensHO, pa3padoTKa U UCCIEI0-
BaHHE 3aLCIUICHUH A 3yOuaThIX M LENMHBIX Iepenady,
00€eCeunBaOLINX BbITYKIO-BOTHYThII KOHTAKT, ABISCTCA
aKTyaJbHOH 3a/1auell COBPEMEHHOT'0 MAallTHHOCTPOCHHS.

[MocTtanoBka 3amaum. OgHUM W3 TEPCHEKTHBHBIX
IMyTeH pemieHus 3TOM 3afadul sSBISCTCS NMPUMEHEHHE Tak
HA3bIBAEMOTO JBOJIOTHOTO 3alleIUICHHs. JTO CEMEHCTBO
npodwreit s 3y09aThIX U HEHBIX Iepenad ¢ BBITYKIIO-
BOTHYTBIM KOHTaKTOM, pa3pa0OTaHHOE YKPAaMHCKHM yde-
HbIM A.W. IlaBnoBsIM [1] U OCHOBaHHOE Ha MOCTPOSHUH
Bo6wibe [2]. JlaHHOE MIOCTPOEHHUE 3aKTIOYAETCS B 3aMEHE
3y04aToro 3aleryieHuss YeThIPEX3BEHHBIM IIAPHUPHO-
phIYQKHBIM MEXaHU3MOM. Perynupys reomeTpuuecKkue
pa3MEpbl MEXaHNU3Ma, MOXKHO CUHTC3UPOBATH 3allCTIICHUA
C Pa3IMYHBIMH TEOMETPO-KHHEMATHYCCKHMHU IOKa3aTe-
JISIMH, HEMOCPEJCTBCHHO BIMSIONIMMUA Ha KOHTAKTHYIO
MPOYHOCTH ¥ N3HOCOCTOMKOCTB.

KoHnTakTHBIC HalpsDKEHHS B 3aIleIUICHUN EIec000-
pa3sHO HWCCIIEeNOBaTh METOJOM KOHEYHBIX JJIEMEHTOB
(MKD3), KOTOpPBIII MO3BOJIAET aHATHU3UPOBATH HATIPSIKCH-
Ho-nedopmupoBannoe cocrosiane (HAC) Bcero 3y0a, a
WMEHHO, IIOJNIYYUTh TOJHYI0 M JIOCTOBEPHYIO KapTHHY
pacnpenenenus aeGopManuii ¥ HAMPSHKEHUH 110 MTOBEPX-
HOCTH KOHTAaKTa M B IiiyOuHe 3y0a. PaccMoTpuM OCHOB-
HbIC 3Tallbl, KOTOPbIC H606XOILI/IMO BBITNIOJIHUTE B ITpOLEC-
ce ananmza HJIC 3y6a npu momou MKD.

1. CunTe3 reomerpuu 3yObeB. BHIIIONHUB T10-
ctpoeane boOunpe, mMpl momydaem auddepeHInaaIsHoe
ypaBHEHHE BTOPOTO MOPAIKA, KOTOPOE ONHCHIBAET ABHU-
KCHHE TOYKM KOHTAaKTa MEXAY 3yObsaMu (Wi 3yOoM u
BTYJIKOM IlenH Iy [enHoi nepemayn). g 3yOuaroit me-

OBOJIIOTHOC 3alCINICHUEC,

METOJ KOHEYHBIX OJIEMEHTOB, HAIIPSXKEHHO-

penayn ypaBHeHHE IPUHIMAET clexyrommuii Buy [1]:
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TZIe Xo, Yo — KOOPAWHATHI TOUEK MpoQuist 3yda B cucreme
KOOpJIMHAT, HA4aJI0 KOTOPOH COBIIaAAeT C MOJIIOCOM 3alle-
maeHus P, a ochb X, ABISETCS KacaTeIbHOU K AETUTENbHON
OKPY)KHOCTH pamgmycoM ry; f — KOd(D(UIMEHT TpeHus
CKOJIb)KEHHUS B 3allCIUICHUH, k=/Sinoy — TaK Ha3bIBACMBIH
K03 (GULKEHT Pa3HOBUIHOCTU 3BOJIOTHOTO 3alleTUICHHS
[1], ssBstromuiicss OAHUM U3 €ro BaKHEHIIINX MapaMeTPOB:
OH IO3BOJISIET YIPABIATh ICOMETPUUECKUMH XapaKTEpH-
CTHKaMH CHUHTE3UpyeMoil nepenaun (f — paccTosHUE Me-
KTy TTOJIFOCOM 3alleTUICHUs] ¥ IIGHTPOM BpallleHHs IaTyHa
3aMEHAIONIET0 MEXaHU3Ma; 0y — YToJ 3aleluieHHus B TO-
JOCE).

Pemas ypasaenue (1), MbI osrygaeM npo¢uis 3yda
pEeHiKH, OT KOTOPOTO M3BECTHBIMH METOJAaMH Ipeodpaso-
BaHUS [2] MOXKHO TIEpeHTH K oTrdaromemMy npodiio 3yda
koneca. [Ipu pemennu ypaBHeHHs (2) MBI cpa3y Moiyda-
eM poQuiIb 3y0a 3Be30UYKH.

Ha puc. 1 mokazansl 00pasipl CHHTE3UPOBAHHBIX
npoduneit 3yobeB i 3yO4aToOl M LenHOH nepenad. Pe-
nieHue ypaBHeHu (1) u (2) ObUTO MOJYYCHO YUCIICHHBIM
MetoaoM Pynre-Kyrra B cucteme MathCAD mipu momo-
M BCTpoeHHOU (yHKImu Rkadapt [3, 4]. Tlpodwmmm no-
CTPOCHBI B CHCTEME KOOpIHMHAT X,y, HadaJo KOTOPOU
COBIIQJIAET C IIEHTPOM BpaleHus Koseca. [ nenHoi me-
penadn och y COBHAAET C OChI0 CUMMETPUH 3y0a, a Uit
3y04aTol mepenadn och ' COBMANAET C OCBI0 CHMMETPUH
BITA/IUHBI.

2. IlocTpoenne mnapaMeTpU4YecKOil TBepAOTeIb-
HOIT Moaenn. /[yl MoCTpoeHHs MmapaMeTpuYecKux MoJie-
el 3y04aTol maphl M Mapbl 3B€3/[04Ka-BTYJIKA B KaUeCTBE
6azoBoii CAD-cuctems! Obina npunsita Pro/ENGINEER, a
B kadecTBe 0a3oBoii CAE-cucremsr — ANSYS Workbench.
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Pabouwnit mpoduis 1 nepexoHas KpuBasi 3BOJIIOTHO-
ro 3y0a ObutH TocTpoeHsl 1o 200 ToYKaM B INIOCKOCTH Xy
C TOYHOCTBIO KOOPAMHAT 7 3HAKOB IOCIe 3ansToi. Touku
npoduins ObUIM pa3MelieHbl B pabodeil IIOCKOCTH TIPH
noMmomu uHcTpyMmeHnrta Datum Point. 3ateM npu nomoiu
nHcTpymeHTa Curve TIO 3TUM TOYKaM OblIa BBITIOJIHEHA
CIUTAaH-UHTEPIOISAIHS PO IS,
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Puc. 1 — [Ipodunu cuHTE3MPOBaHHBIX 3yOBEB:
a — CopsDKEHHas T1apa 3yObeB 3y0UarToil repenadn
¢ mapaMeTpamu — m=4mm, o=15°, z;=20, z,=40, k=5;
6 — 3y0 3BE30YKH LIETTHOH Nepenaqn
C mapaMeTpamu — Imar 1enu =25,4mm, z=20, k=5

UncnerHoe pemieHne TuQQepeHInaIbHOTO ypaBHe-
HUs BTOporo mopsaka (1) wmm (2) comepkuT morper-
HOCTb, MPUBOJSILIYI0 K OTKIOHEHHUIO CHHTE3MPOBAHHOTO
npoduis 3yba OT TEOPETHYECKOro. 3aJlaHWeM BBICOKOM
TOYHOCTH PEUICHHS M YBEINYCHHEM KOJIMYECTBA TOUECK MH-
TErPUPOBAHMUSI MOXKHO TOJIYYUTh MPAKTHYECKU TOJHOE COB-
nanenue 3tux npoduieii. Cucrema Pro/ENGINEER mo3Bo-
JISIET OICHUTHh KPUBU3HY IOCTPOCHHON KpuBOW (puC. 2)
npu romouty uHCTpyMeHta Curvature. VI3 aHanmza rpa-
(mKa BHAHO, YTO KPUBU3HA UMEET CIJIa)KCHHBIC IIaBHBIC
nepexonsl. CrnemoBaTenbHO, TPH  CO3MAHWM  KOHEYHO-
AIIEMEHTHOW MOZETHN Ha 0a3e paccMaTpHUBAeMOI T'eOMET-
pun OyZET MOCTHUTHYTa BBICOKAsl CTETIEHb TOYHOCTU KpH-
BU3HBI MPOGUIIS, YTO OCOOCHHO BAXKHO B 30HE KOHTAKTA.

3. ITocTpoeHHe KOHEYHO-dJIeMeHTHOH Mojaenau. B
Ka4yecTBE PacUyeTHOW MOJENH 3yO4aToW mapbl MPUHSTHI
CEKTOpHI IIECTEPHHU M Kojieca. [lyisi ciydast 1enHoil nepe-
Jlaul HCIIOJIb30BAaH CEKTOP 3BE3I0YKHM W OHA BTYJIKA Iie-
. B 0o0onx ciaydasx CEeKTOp COCTOMT U3 TpeX 3yObeB W
obona TonmmHON 3 Moxysns [5]. Illupuna cexropa paBHa
MOJIOBMHE INMPHUHBI 3y0a IIECTEpHH WM 3BE310Yku. B

CAE-cucreme 3amaercss CUMMETPHsI OTHOCHTEIIBHO Cpe-
JUHHOM IIOCKOCTH KOJIECa, a TAKXKE yIAISIOTCsA (hacKu U
CKpyriieHus. B 30He KoHTakTa 3yObeB 3yO4aToi nepeaayn
¥ KOHTaKTa BTYJIKH ¢ 3y0OOM 3BE3JI0YKH CO3JAacTCs 00JIaCcTh
B BHUJIC TONYIMIIMH/PA TUaMeTpoM 1,5MM. 310 HE0OXO0Iu-
MO UTS 33JaHus pa3Mepa KOHEUHbIX 3neMeHToB (KD), co-
ITOCTABUMBIX C pa3MepoM IISITHA KOHTAaKTa. Takue yrporme-
HUS TIO3BOJIIT COKOHOMHTB BPEeMS pacueTa U Pecypchl KOM-
meI0Tepa 6e3 YXyAIIeHUs] TOYHOCTH Pe3yIIbTaTa.
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Puc. 2 — KpuBuzna pabouero mpoguist 3BoII0THOro 3y0a

4. Brino/iHeHNe TECTOBBIX PACYeTOB M aHAJIN3
HJC. Ilocne mmmopra momenu B mporpammy ANSYS
Workbench amnst pacuera Hy»HO BHECTH WM CO3JaTh Clie-
JyIole JaHHeie [6]:

— cO31aHHE NTOBEPXHOCTEH KOHTAKTa B MOJIOCE C KO-
a¢¢punrentom tpenus 0,1;

— TIPUMEHEHHE CBOKWCTB Marepuana (CTaib): Kodpduim-
ent Ilyaccona v=0,3; Momyts yrpyroctu E;=E,=2,1-10°MITa;
IIOTHOCTE P=7850Kr/M’;

— THN DJIEMEHTOB: U BCTaBKH —
JIUISL OCTalIbHOM yacTu — "tetrahedrons";

— pa3Mep 3JeMeHTa: Uil 00NacTH B 30HE KOHTaKTa
0,1mm 1 0,05MM; 171 OCTaIbHOM YacTh 3MM;

— CO37aHHe KPYTALIEr0 MOMEHTa Ha MIECTEpHE BO-
Kpyr ocH z BennurnHoit 281,3H;

— BHECEHHE I'paHUYHBIX YCJIOBHH: Iy 3y04aroro
KoJieca — MOJHOE (PMKCHPOBAHUE; JUIsl IIECTEPHU — Orpa-
HUYEHHE BCEX CTENEHEH CBOOOABI KpOME BpalleHUs! BO-
KPYT OCH Z.

B pesynbrare cozganust KO moznenu 661010 nomydeHo
247 Thic. y310B 1 84 ThIC. 2memenToB. Ha puc. 3,4,6 noka-
3aH obumwmii Bugy KO monenei, a Ha puc. 3,6 — o0nacts B
30HE KOHTaKTa 3yObeB ¢ 0oJiee MEIKOH CeTKOM.

ITo pesynpraTaM pacuera OBIIO MOJYYEHBI pacrmpe-
JIETICHNs] KOHTaKTHBIX HaNpsDKCHWH Ha KOMITBIOTEPHBIX
MOJIETISIX, TOKa3aHHbIE Ha puc. 4 u 5.

Pacuer o ¢opmyne ['epuia naer onuHakoBbIe 3HaYE-
HUS HANpSDKEHWM 10 BCEH NJIMHE KOHTAaKTHOM IuHUM. B
CBOIO ouepenp, pacueT npu nomout MKD yuuteiBaer
KpaeBble 3()(EKTHI, TOATOMY B Cllyyae PaBHOW IIMPHHBI
3y04aThIX BEHIIOB ILIECTEPHH M KOJieca KOHTaKTHBICHAII-
PSDKEHHS Y TOPLIOB 3yObEeB YMEHBIIAIOTCS.

Kak BunHO u3 puc. 4,0, pasmep KO B obnactn koH-
TaKTa YAOBICTBOPSET YCIOBUIO — 4 3JIEMEHTa Ha IIUPUHY
MITHA KOHTAaKTa, YTO SABJSIETCS JOCTATOYHBIM IIPU pEIIe-
HHUW KOHTaKTHOM 3a/1a4 [6].

"hex dominant";
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Puc. 3 — Koneuno-3nemMeHTHBIE MOAENH:
a — 3y0uartoii mapsl; 6 — mapsl 3BE30YKa-BTYJIKA IIEMTHOHN Mepeaadn; 6 — 00JIacTh B 30HE KOHTaKTa

Puc. 4 — KonraktHble HanpspkeHUs B 3y0uaroii nepenaye:
@ — TIATHO KOHTAKTA I10 TI0JIOBUHE LIUPHUHBI 3y0a;
6 — KpaeBoit 3P PeKT

Bo11 poBeieH MOBTOPHBIN pacyer ¢ pazmepoM KO B
30He KoHTakTa 0,05MM Ui ompeneneHus] MOTPELIHOCTH
pacdera. Cratuctuka KD Moneneit u pe3ynbratsl pacde-
toB 10 MKD 1 dopmye I'. I'epua npuseneHs! B Tadiuiie.

Tabnuua — AHanu3 pe3yibTaToB pacuera
¢ pazimuuabiMu KO cetkamu

Pasmep | V3708, |Onementos,| Kontaxtaele | KonrakTHBIE
JNIEMEHTa, | THIC. TBIC. HAIpPSDKESHUST | HATPSDKEHUS TI0
MM no MKD, MIla| I'epuy, MIla
0,1 247 84 680 302
0,05 490 168 720

AHanu3 MOJy4eHHBIX Pe3yIbTaTOB IOKA3bIBAET, YTO
¢ yMmeHsbIIeHueM pa3zmepa KD moBwIIaeTcss TOYHOCTD pe-
3yJIbTaTa, OAHAKO CEPbE3HO BO3PACTalOT BPEMEHHBIE U
BBIYHCIIUTEIIHHBIE 3aTPATHL.

: Static Structural
Pressure

Type: Pressure

Uit Pa

Time: 1

Max: 2,331769

Min: 0

2,331729
1,2431e9
1,14589
1,040
9,368508
8,327608
7, 286608
6,2457¢8
5,204768
416388
312288
2,08198
1,04098
0

0 0,0002 0,0004 ()

0,001 0,0003

Puc. 5 — KonTakTHble HanpsKeHUs B LIEMHOM repenaye:
a — TSITHO KOHTAKTA I10 MOJIOBHHE IUPHHBI 3y0a;
6 — kpaeBoit apdexT

B 3aKimoueHre MPUBEIEM DKBHBAICHTHBIC HaIpsDKe-
Hus1 0 Musecy — Ha OBEPXHOCTH KOHTakTa o, = 0,40,

9KB

v rnyOunHble O 6 = 0,560, . Pacder mo riyOMHHBIM

HaNpsDKEHUSIM HMMeeT OOoJIbIIoe 3HaueHWe is 3yObeB,
MOJIBEPTHYTHIX MMOBEPXHOCTHOH TEPMHUYECKOW W XUMHKO-
TEPMHUUECKOI 00padoTKe.

Pacripesienienne  OKBHBAJICHTHBIX —HANpsDKEHHH 11O
Musecy mokaszaHo Ha puc. 6,a u 7,a. [l OonbIei Hars-
HOCTH W OIICHKH KOHIIEHTPAIMW TITyOMHHBIX HarpsLKEHHUH
TpuBEAEHB! puc. 6,0 n 7,0. OHN 0TOOPaXAIOT M3MEHEHNE
HarnpshKeHH# Mo Musecy B ceueHun 3y0a (B TAaHHOM CITydae
— MOCepeiHe BEHIIA); Takas BO3MOXKHOCTB SIBJISETCS TIpe-
HMMYIIIECTBOM B pacyerax ¢ nmomouipo MKO.
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AHamuz puc. 6,0 U 7,0 TOKa3bIBaCT XapPaKTEPHBIC
KOHIIEHTPATOPhI HAIpSUKEHWH B Tejie 3yba OKOJIO ISTHA
KOHTAKTa.

BoiBoas:

1. OBOMIOTHOE 3aLEIUVICHWE C BBITYKIO-BOTHYTHIM
KOHTaKTOM II03BOJISIET MOBBICHUTH HArpy304HYIO CIIOCO0-
HOCTb 3yOuaThIX W LEMHBIX Nepenad 10 KpUTEepusM KOH-
TaKTHO} BBIHOCIMBOCTH U U3HOCOCTOHKOCTH.

2. BeInosnHeH cuHTe3 Npoduiieil IBOJIIOTHOTO 3y0Ua-
TOTO W IIETTHOTO 3aleIUICHHH Ha OCHOBE MOCTpoeHusi bo-
Oowibe. [loaydyeHO uHMCIEHHOE peUIeHHE pa3pelIaoInuX
muddepeHnmanpHbIX ypaBHeHUI MeTotoM PyHre-KyTra.

3.Ha ocHOBe cHHTE3MpOBaHHBIX HpodwIeil mo-
CTPOCHBI TBEPAOTEIbHBIC ITAPaMETPHUECKIE MOJIEIN 3BO-
JIIOTHBIX 3y04aTol mapsl U Mapsl 3BE310YKa-BTYNIKA. AHa-
JIU3 KPUBH3HBI pabouero npoduiis 3yda mokasal Mpuro-
HOCTb MOJIETIH K PACUeTy KOHTAKTHOTO B3aUMO/IEHCTBUSL.

4. YCOBEpIICHCTBOBaHA ~METOAMKA  MOIU(HKALUH
KoMIbioTepHONT Mozemu mist ummopta B CAE-cucremy.
OCHOBHOM HEOOXOIMMOCTBIO I 3TOr0 ObLIa DKOHOMUS
peCcypcoB KOMIBbIOTEpa M BPEMEHHU JUIS pacdeTa METOJIOM
KOHEYHBIX JJIEMEHTOB.

5. IIpoBenen ananmu3 H/IC 3yba nmimHIpuieckond u
nenHo# nepenad. OnpeseneHbl KOHTAKTHBIE HAPSIKEHHS
1 5KBHBAJICHTHBIC HANPSDKEHUS 110 Musecy.

6. AHanu3 JaHHBIX, MOJYYEHHBIX IpH momon MKO
U Ha OCHOBE PEILLEHUS KOHTAaKTHOM 3ajmaun ['epua, noka-
3aJ CXOXHE PE3yJIbTaThl — P pacdeTe ¢ pasmepom KO B

o 30HEe KOHTakTa, paBHBIM (,1MM, MOTPEIIHOCTH COCTaBHIIA
i . 15%, a pu pazmepe K3 0,05mm — 10%, uro sBasieTcs g0-
Puc. 6 — DKBUBAJIICHTHBIE HANPSHKEHUS B 3y0UaTOM Mepeaye: 0, a IIpA p p > o, n
a — 1o Musecy; 6 — mo Musecy B TiyOuHe 3y0a IyCTUMBIM JJIsI HHKCHEPHBIX PacyeToOB.
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6 Hocmynuna (received) 25.06.2015

Maxi 1,452169
Min 868,45

1452109
1,391608
1,284608
1,177508
1,070508
9634467
8563%7
7493467
642307

Puc. 7 — DxBUBaJICHTHBIC HANPSsOKEHUS B IIEMTHOMH Iepeaade:
a — o Musecy; 6 — mo Musecy B riyOuHe 3y0a
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