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YK 539.3: 621.9: 004.94
OA. HIIIEHKO, HH. TKAYYK, A.B. TPAFOBCKHH, HA. TKAYYK, HA. JEMHHA, A.A. 3APYEHHA

IMAPAMETPUYECKHUE MOJAEJIA U1 KOMIIBIOTEPHOI'O MOJAEJIMPOBAHUA
KOHTAKTHOI'O B3AUMOJIEMCTBUSA JIEMEHTOB IITAMIIOBOM OCHACTKH

B cratbe npe/uIoKeH HOBBIH ITO/IXO1 K aHAIM3Y HAIPSHKCHHO-1e(hOPMHUPOBAHHOTO COCTOSIHHUSI SJIEMEHTOB 1ITaMoBoii ocHacTku (DLLIO) ¢ y4eTroM KOHTAKTHO-
ro BaumozeiicTBus. C 3Toi Lenbi0 OOBEAMHEHBI JIBa METO/IA: 00OOIICHHOTO MapaMETPHUECKOr0 MOACIMPOBAHUS M BAPUALIMOHHBIX HEpaBeHCTB. [lepBbIit
o0ecrieynBaeT BapUATHBHOCTD CO3[AaBAEMbIX MAaTEMATHYECKUX M TEOMETPHYECKHX MOJENel HanpspkeHHo-1edopmupoBanHoro coctosust (HIC) u Gpopmbr
3JIEMEHTOB IITAMIIOBOM OCHACTKU. BTOpO# 1aeT BO3MOXKHOCTb YUUThIBaTh MHOKECTBEHHBIE KOHTAKTHbIE B3aumoseiicTus Mexy DILO. B pesynbrare obec-
TIEYMBACTCS PELICHUE IBYX B3aMMOCBS3aHHBIX 3a/1a4: OOOCHOBAHHE PAIIMOHATBHBIX IPOSKTHO-TEXHOJIOTMYECKUX MapaMeTpoB TamiioB U onpezaeneHus HJAC
HX JIEMEHTOB. BaxkHO, YTO y4eT KOHTAKTHOTO B3aMMOJCHCTBHUS PE3KO MOBBILIACT TOYHOCTb M aJeKBaTHOCTH MonenupoBanusi HJIC aneMeHTOB MITaMIIoB.
COOTBETCTBEHHO, Ha OCHOBE 00JIee TOUHOTO PELICHHUS 3a/1a4 aHaIk3a IIOIyJaeTcsl U OoJiee JOCTOBEPHBIE PEKOMEH/IALINH [0 0OOCHOBAHHIO [TAPAMETPOB LITAM-
TIOB 110 KPUTEPHSIM NPOYHOCTH U KECTKOCTH.

Kniouosi cnosa: nanpspkeHHO-Ie(OPMHUPOBAHHOE COCTOSIHHE, Pa3NieUTENbHBII ITamIl, 0a30Bast IUTMTA, KOHTAKTHOE B3aHMOICHCTBHE, METO KOHEY-
HBIX 3JIEMCHTOB

The new approach in the stress-strain state oftd@g elements (DTE) analysis under the conditbthe contact interaction is introduced in the
article. Two methods have beeombined for this purpose: generalized parametddeting and variational inequalities. The first hwet makes it
possible to change developed mathematical and geoalenodels of the stress-strain state (SSS)edlsas the dies tooling elements form. The
second method allows to consider multiple contativeen DTE. The result shows the solution of tviertonnected problems. They are reasonable
design and production parameters of the shearggyatid determination of the SSS of their elem&uasideration of the contact interaction is
important, because significantly improves the aacyiand adequacy of the stress-strain state otaliiag elements modeling. It was necessary to
substantiate settings for the dies on the crigrigtrength and stiffness while production. Moreatge recommendations for this have been obtained
after the more accurate solving problems of analysi

Keywords stress-strain state, shearing die, base plategatonteraction, finite-element method

V crarTi 3anmponoHOBaHO HOBHMIT MifXiJ KO aHaM3y HapyXeHO-Ae(OpPMOBAHOrO CTaHy eleMeHTIB mrtammnoBoro ocHameHHs (EILIO) 3 ypaxyBaHHIM
KOHTAKTHOI B3a€MOJil. 3 1i€0 METOI0 00'eIHAHI 1Ba METOAM: y3araJbHEHOIo MapaMeTPHYHOrO MOJICTIOBAHHS 1 BapialiiiHuX Hepa-BeHcTBa. [leprumii
3abe3redye BapiaTUBHICTh CTBOPIOBAaHMX MAaTEMATHYHHX I TEOMETPHYHMX MOAeieil HampyxeHo-aepopmosaroro crany (HJC) i dopmu enemenrtis
IITAMIIOBOTO OCHAIIEHHS. JIpyTHii 1a€ MOXJIMBICTh BpaXOBYBAaTH MHOKMHHI KOHTaKTHI B3aemoxii Mixk Emo. B pe3ynbTaTi 3a0e3medyeThest BUpilIeHHS
JIBOX B3a€MOIIOB'SI3aHUX 3aBJaHb. OOIDYHTYBaHHs palliOHAJIbHUX MPOCKTHO-TEXHOJIOTIYHMX MapaMeTpiB mramniB i BusHaueHHs H/IC ix enemeHTiB.
BaxmBo, 1110 00J1iK KOHTAaKTHOI B3a€MOJIIT Pi3KO MiJBHIINY€E TOUHICTH 1 afekBaTHICTh MozentoBanHs H/IC enemeHTiB mramiiB. BigmoBinqHo, Ha OCHOBI
OLIBII TOYHOTO PIlIEHHS 3a7ad aHali3y BUXOIUTH OLIBII JOCTOBIPHI peKOMEHIAMil 10 OOrPYHTOBAHHIO TapaMeTPiB MITAMIIIB 32 KPUTEPiIMU MIITHOCTI
1 JKOPCTKOCTI.
Knrwouosi cnosa: vanpyxeHo-n1edopMOBaHUi CTaH, PO3ALUIOBHIA mTamIl, 6a30Ba IUINTa, KOHTAKTHA B3a€EMOis, METOX KiHIIEBUX CIEMCHTIB

Bgenenne ToBku npousBozctea (TIIIT) HOBBIX U3AEMHIA, YTO OCOOCH-
HO BaXXHO B YCJIOBUSX MPEBATHPYIOLIMX TEHACHLUM CHU-
JKEHUS CEPUITHOCTH MAIIMHOCTPOUTENIBHOTO IIPOU3BOACTBA.
[pu 3TOM MNOBBIICHHBIE TPEOOBAHKS K TOYHOCTH U CTOM-
KOCTH TIepEHANIAXKUBAEMBIX ILITaMIIOB TpeOyeT pa3paboTKH
A[ICKBaTHBIX, TOYHBIX M DKOHOMHYHBIX (C TOYKH 3pCHHUS
HOTPEOIIEMBIX BBIYHCIIHTEIBHBIX PECYPCOB) MaTeMaTHYC-
CKHX Y YUCIJICHHBIX MOJIENIEH 1 METOZIOB pacyeTa IPOSKTHO-
TEXHOJIOTHYECKUX MapaMeTPOB MPOECKTUPYEMBIX MITAMIIOB
0 KPUTEPHSIM IPOYHOCTH H KECTKOCTH.

B 10 Xe Bpems CyIIecTBYIOIINE AHATUTUYECCKHE U
YHCIICHHBIC METOIUKH PacyeTa [ITaMIOBOH OCHACTKH [1-
14] naneko He B MOJHOI CTEIICHU COOTBETCTBYIOT BBIABH-
raeMbIM TpeOoBaHusIM. B uacTHOCTH, Hanbonee ouryTH-

Pa3BuTHE COBpEMEHHOTO MAIIMHOCTPOSHUS! HEMBIC-
IMMO 0e3 aKTHBHOTO MPOJBIDKEHHS HPOTPECCHBHBIX
TEXHOJIOTHH, 000PYI0BaHMS, OCHACTKY ¥ MHCTpYMeHTa. B
YaCTHOCTH, OJTHOW U3 TOMUHUPYIOIIMX TCHACHIUI SIBJIS-
eTcs TPUMEHEHWE TEXHOJIOTHH 00pabOTKH MaTephasioB
naBieHueM. JIefiCTBUTENBHO, 3TH TEXHOJOTHH SIBJISIOTCS
[0 CBOEH TPHUPOJIC UYPE3BBIMAMHO SPPEKTUBHBIMH, T.K.
TIO3BOJISIIOT CYILIECTBEHHO CHMKATh TPYIOEMKOCTh H3rO-
TOBJICHUS JICTAJICH, MOBBINIATH KOI(PPUIMEHT HCIIOIB30-
Banust Marepuana (KMIM), a Takxe BO MHOTHX CIydasix
o0xonuThest Oe3 Mocieaylomed MexaHnueckoil 00paboT-
KH, T.€. TIOJIy4aTh TOTOBKIC JICTATU. B TO e BpeMs OJJHUM
U3 Y3KUX MECT TIPH BHEAPCHHM JIAHHBIX TEXHOJIOTHYE-

CKHX TIPOIIECCOB  SIBJISICTCSI 3HAYMTENIbHAs CTOMMOCTH
TEXHOJIOTMIECKOW OCHACTKH U MHCTPYMEHTA.

B wactHOCTH, I JTMCTOIITAMITIOBOYHOTO TPOU3BOI-
CTBa 3TO COMPSDKEHO, HATIPUMEP, C M3TOTOBJICHHEM IITaM-
MOB W PEeXYIIUX dieMeHTOB. OHM JOJDKHBI 00J1a1aTh BbI-
COKOM TOYHOCTBIO M CTOHMKOCTBIO. C DTOM MEIBI0 BCE
GoJIbIlIce MPUMEHEHHE TIONyYaeT 00paTUMasi TiepeHaIaXu-
BaeMast ocHacTka. OHa COCTOMT M3 OCHOBHOIO OJIOKa W
CMCHHOIO TECPCHAIAXKMBACMOIO IIAKETa, ITYyTEM 3aMEHBI
KOTOPOT'0 MOYKHO IEPECTPaMBaThCsl Ha W3TOTOBJICHUC TOM
WM MHOHM JeTaid. DTUM CaMbIM TOBBIIIACTCS OICPATHB-
HOCTb U CHIDKAETCSI CTOMMOCTH TEXHOJIOTUYECKOM IIOAr0-

MBIM UX HEOCTATKOM SIBIISIETCS HE BIIOJIHE KOPPEKTHBIM
YUYET KpPaeBbIX YCIOBHIA B O0OJIACTSX COMPSHKCHUS OTICIb-
HBIX 3JIEMEHTOB HCCIIEIyEMbIX IITAMIIOB, YTO PUBOJIUT K
CYIIIECTBCHHBIM IIOTPCIIHOCTSIM B ONPEICICHHM WX Ha-
npsoKeHHO-IedopmupoBanHoro  cocrosuus  (HIC). B
CBOIO OYepelb, 3TO MPUBOAUT JUOO K HEIOCTATOYHOM
MPOYHOCTH M JKECTKOCTH, CTOWKOCTH W TOYHOCTH IITAMIIA,
00 K 3aBBIIICHHOM METAUIOEMKOCTH. CIIOKHBILIEECS
MPOTHBOPEYHE MEKIY BO3MOKHOCTSIMU HAyKH M IMOTPEO-
HOCTSIMU TIPAaKTUKH (POPMHUPYET AKTYAIbHYIO U BaKHYIO

© Hmenko O.A., Tkauyk H.H., I'paboBckuii A.B.,
Trauyk H.A., lemmnna H.A., 3apy6una A.A., 2016
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HAYYIHO-TIPAaKTHYIECKYIO 3a/1a9y pa3paboTKU HOBBIX, Oojee
ANIeKBATHBIX, TOYHBIX U OTCPATHUBHBIX MOJENEH W METo-
JIOB pacdera MPOCKTHO-TEXHOJOTHYESCKAX MapaMeTpoB
9JIeEMEHTOB mtamioBoii ocHacTku (DIIO) o kpurepusm
ofecrneuenys IPOYHOCTH M KECTKOCTH. Pelenre qanHoi
3a[a4d Ha TPUMEPE IUTAMIOB IS BEIPYOKH-POOHBKH
JINCTOBOTO Martepyalia COCTABISIET HATIPABJICHHUE, OIMCAH-
HOE B JJaHHO# padoTe.

Mertopa penieHus 321241

Jliist ompenenenust XapaktepucTtuk croikoct DO
U TOYHOCTH BBINOJHCHYS TEXHOJOTMYECKUX OIepaIiii
BBIOMBKHU-TIPOOMBKN HeoOxomumo uccnenoBat HJIIC
3NIeMEHTOB mTaMnoB. [Ipu aToM Hanbonee MpooIeMHBIMH
SBISIIOTCA J1Ba (pakTopa. Bo-mepBhIX, B TpaJHIIMOHHBIX
MaTeMaTHYeCKUX MOJENSX, a TaKKe B XOJE YHCIEHHOTO
MOZIeIUpOBaHus, Hampumep, ¢ mnpusiaedeHnem CAE-
cucreM tuna ANSYS, oTCyTCTBYIOT MEXaHH3MBI TIPSIMOM
MHTETrpaliy BCETO MHOXECTBA BapbHPYEMBIX M KOHTPO-
JIMPYEMBIX HapaMeTpoB. Bo-BTOPBIX, BaYKHO MPOMOIEIH-
poBath, IPHUYEM II0 BOSMOXKHOCTH KaK MOXKHO Ooee
AJICKBATHO M TOYHO, MHO)KECTBCHHBIC KOHTAKTHBIC B3aH-
MOJICHCTBHS JIEMEHTOB IITAMIIOB MeXmy coboit. U, Ha-
KOHell, CO371aBacMyl0 MaTeMaTH4YeCKyl0 MOJEIb He0OXo-
MO pean30BaTh B BUJE CHELMAIN3UPOBAHHOIO IIPO-
IPaMMHO-MO/JIEIEHOTO KOMILIEKCA.

ITapamerpuyeckne MmaTeMaTH4ecKHe MOACTH
HANPSIKEeHHO-1e()OPMUPOBAHHOI0 COCTOSTHHUSA
371eMEHTOB IITAMIIOBOH OCHACTKH

Ilpm omucannyM maTeMaTHYECKOM MOJENM Hampsi-
KEHHO-Ie(OPMHUPOBAHHOTO ~ COCTOSIHHSI ~ JJIEMEHTOB
IITaMITOBOH OCHACTKHM MOKHO MCXOIWTH M3 OOIIETo orie-
PaTOPHOTO TPECTABIICHIIS:

L(u,0,f,t)=0. 1)

3neck L — oneparop HauaibHO-KpaeBoil 3ajgauu, U,0 —
BEKTOp MepeMelIeHUi 1 TeH3op Hampspkenuid DO, f —
MacCUB BHEIIHUX Harpy3ok, a t —Bpemst.

OTBneKkasich Ha JAHHOM 3Tare OT Bhja orepaTopa L,
Ha TIEPBOM 3Tare MOXKHO CKOHIIEHTPHPOBATHCS HA Opra-
HHU3AIMH MHOTOBAPHAHTHBIX MCCIIECIOBAHIN HAIPSKECHHO-
neopmupoBanHoro coctostaust DO, D10 BaxkHO, TMO-
CKOJIbKY TIPH TIPOCKTHPOBAHMH INTAMIIOBOM OCHACTKH
TpebyeTcss yCTaHABIMBATh 3aBHCHMOCTH XapaKTEPHUCTHK
h, HAC or BapbupyeMbIX MPOEKTHO-TEXHOJIOTHYECKUX

apameTpoB Py

h=Hp,u,o). )

3neck h —maccus hg, p —maccus py, a U, 0 —peurennst (1)

TIPY TOM WJIK HTHOM Habope napameTpoB. XapaKTepHCTUKH

hs — OTO, HAINpUMEpP, 3HAYCHUA MAKCHUMAJIbHBIX 3KBHUBA-

JICHTHBIX HANpPsDKCHUH B 3JIEMCHTAX IITAMIIOBON OCHACT-
KA — MOTYT OBITh WJIM OrPaHHYMBACMBIMH, WA ONTUMU-
3UpyeMbIMHU BeTHmuuHamu. [lapamMeTpsl Py —3T0, B YaCTHO-
CTH, Ta0apUTHBIC Pa3MEpPhl U TOJIIUHBI HJICMEHTOB IIITAM-
MOBOW OCHACTKHU WJIM TEXHOJIOTMUCCKUC MApaMETPhI — T.C.
BapbHPYEMBbIC BEIMYMHBI, (OPMBI WIH PACIPEICICHHUS.
VIMeHHO MexaHW3M OIEpUPOBaHMSI C MapameTpamu [y
SIBIISIETCS] HarOoJ1ee MPOOIEMHBIM.

JleficTBUTENbHO, HE COCTABIISIET MPUHIUITHAILHON
CIIOXKHOCTH MEXaHI3M BapbUPOBAHMS TPATULIHOHHBIX
YHCIICHHBIX IapaMEeTPOB. TEOMETPHUYECKHE pPa3MepHl,
(hM3UKO-MEXaHWIECKHE WIM MEXaHWYCCKHE XapaKTepu-
CTUKU MAaTepHasoB, U3 KOTOpbIX m3rorosieHsl OIIO. B
TO K€ BpEMs TOpa3fio CIOXKHEEe OOCTOUT JICNIO B CIIydac
CO3/IaHMsI MEXaHW3Ma BapbUPOBAHMUS, HAIPHMED, TCOMET-
puyecko GOPMBI UCCIIETYEMbIX OOBEKTOB.

Jlns onmepupoBaHMs TAKAMH IApaMETpamMH, Ha3bl-
BacMBIMH O00OOIIICHHBIMY, B HAHOOJIBILICH CTCTICHU aJIall-
THPOBAH METOJl 00OOIIEHHOTO MapaMeTPUIECKOTO MOJIe-
nuposanus [15]. B cOOTBETCTBHE ¢ 3THM METOJIOM Baph-
HUPYyeMOCTh TOTO WJIM WHOTO OOOOIIEHHOTO MapaMeTpa
obecrieunBaeTcs MyTeM CIEIHATBHOTO alrOpUTMa, KOTO-
PBIf CTAaBHT B COOTBETCTBHE KOHKPETHOMY 3HAYCHHUIO
mapaMeTpa TEOMETPUUCSCKYI0O M TEXHOJIOTHYECKYIO HITH
CHJIOBYIO XapaKTEPUCTHKY JJIEMEHTOB IITAMIIOBOW OCHA-
CTKHA. DTOT JITOPUTM B HAMOOJCEe CIOXKHBIX CITydasx
SBJISIETCS MO0 TPYAHO(POPMAITH3YEMbIM, JIN00 Hedopma-
JM3yEeMbIM, M TOTJa HEOOXOIAMMO TPHBICKATh OMBIT U
OLICHKU DKCIIEPTOB — KOHCTPYKTOPOB, TEXHOJOTOB WM
uccnenosareneid. OMHAKO, KaK TOJIBKO TAKOH alrOpUTM
CO3/1aeTcsl, Bce TPAJUIMOHHBIE ONEPaIii ¢ YHCICHHBIMH
TapaMeTpaMH MOTYT OBITh PacIpOCTpaHEHBI W Ha OTepa-
UK ¢ 000OIIIEHHBIMH MapaMeTPaMHu.

EcrecTBeHHO, 4UTO YHHBEPCATBHBIX CIIOCOOOB CO3/1a-
HUS YIIOMSHYTBIX BBIIIIE aJITOPUTMOB, CITYKaINX "TpaHC-
JATOpOM"  JUISL BOIUIOIICHUS TIPOCKIMH OTPEACIICHHOTO
000O0IIIEHHOTO TIapaMeTpa B TOM WJIM WHOW MOJICIH, HE
cymecteyer. Ho B AeHCTBHTENBHOCTH, O€3yCIIOBHO,
BIIFSTHAC MHOXKECTBA [ Ha h, 0OBEKTHBHO CyIECTBYeT.

Takum o6pasom, (opmaibHO cootHomieHus (1) MOXHO
MeperucaTh, MHTEIPUPOBAB B HUX U TPAIULUOHHBIC, W
00001IIEeHHBIE TApAMETPBI:

L(u,0,p, f,t)=0. ©)]

CoorronreHus (3) ycTaHABIMBAIOT ¥ (DYHKIIHOHAIIb-
HyI0, M IIaPAMETPHYECKYIO 3aBUCHMOCTb IIEPEMEHHBIX
COCTOSIHHSL OT MPOCTPAHCTBEHHO-BPEMEHHBIX KOOPIAMHAT
Y MHOYKECTBA [1APaMETPOB

o=0o(rtp), (4)

rae I — paguyc-BEKTOP TOUEK MPOCTPAHCTBA, 3aHAMAEMOi
JIIEMEHTAMH IITAMIIOBON OCHACTKH.

[MapameTpuUecKue 3aBUCUMOCTH, MPEJICTABICHHBIE
(dopManbHO cooTHOLIEHUAMH (4), KaK TPaBUIIO, UIECHTH-
GUIMpYIOTCS B XOJIe aHAM3a Pe3yJbTATOB MHOTOBapH-
AHTHBIX pemreHnii 3amaun (3) Ipy BapbUPOBaHHMH Iapa-
METpOB p.

HecmoTpst Ha 3HauWTENbHBIM WHTEPEC, KOTOPBIM
HPEICTABISIOT 3aBUCUMMOCTH (4), B TIPaKTHKE MPOEKTHBIX
paboT erie OOIBIINIA HHTEPEC — K PEIICHHIO 3a/1a91 CUH-
TE3a, T.. ONPEIEIICHHS TAKMX ONTUMAJIBLHBIX [TapaMeTPOB
P, KOTOpBIE YAOBJIETBOPSIOT HEKOTOPHIM TPEOOBAHMUSIM:

Nu p*)<[n]. I(u,0 p* h) - min. )

ITepBoe u3 cooTHOmIeHu# (5) GuKcHpyeT orpaHuye-
HUS Ha KOHTponmpyemble xapaktepuctuku OO (Ha-
npUMep, MaKCHUMaJIbHbIE JKBUBAJICHTHBIC HAIPSDKEHHUS,
Oporu0bl U T.0.), @ BTOpoe HOPMUPYETCS] TEMH HIIH WHBI-

u=u(rt,p);
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MH TpeGOBaHMSIMH K KOHKPETHOMY IITAMITY WJIH TPYIIIE
(ramme) trrammoB (Macca, raGapuThl, TOJILMHBI, CTOH-
MOCTh ¥ T.IL.). IIpH 3TOM TiapameTpsl p* Mo-TpeKHeMy
BCTpOeHbI B ypaBHeHus (3), KOTOPBIM YIOBJIETBOPSIOT
nepeMeHHBIe COCTOsHUs U, O . EcrectBeHHo, uTO peirie-
nve 3anaunt (5) TpeGyeT MHOKECTBEHHOTO PELIEHHUS 3a1a9
anammza (3). Takum 00pa3oM, 6a30BOM MaTeMaTHYECKOM
MOJIENBIO TaK JKe ¥ TIPH PEIIICHAHN 33189 CHHTE3a SIBISICTCSI
(3), a B HElt OCHOBHBIM KOMIIOHEHTOM — CIIOCOO MHTErpa-
uu 00OOIIEHHBIX TapaMETPOB B Ty MOJETh WIHA B €
YUCIICHHYIO PEATU3ALIHIO.

B urore npeuiosken oOLIMiA TIOAXO0 K PELICHHIO 3a-
JIad aHauM3a HaNpsHKEHHO-Ie(POPMHUPOBAHHOTO COCTOSI-
HHS W CHHTE3a MPOEKTHO-TEXHOJOTHYECKUX DELICHHH,
YOBJIETBOPSIONINX 33JIaHHOMY MHOKECTBY OIPaHHUYEHHI
1 KPUTEPUEB, OTIUYAIOIIMXCS OT U3BECTHBIX AITOPHTMOM
MHTETPAIMHA B HEe Pa3JIMIHBIX MApaMeTpoB, B TOM UHCIIE
— 0000II[EHHBIX.

MaremaTu4ecKoe MO/JeJIHPOBAHNE HATIPSI;KEHHO-
1eopMHPOBAHHOT0 COCTOSIHUSI € Y4ETOM
MHO’KECTBEHOT0 KOHTAKTHOTO B3aHMO/IECTBHS
3JIEMEHTOB HITAMIIOBOW OCHACTKH

CooTHOIllleHUsT ~ JUIsl  aHalu3a  HAlpPsDKEHHO-
Jie(hOpMUPOBAHHOTO COCTOSIHUS 3JICMEHTOB IITAMITOBOM
OCHACTKH, TPEJICTABJICHHBIC BBIIIE, 3AlUCAHLI B OOIIEM
Buje. B TO ke BpeMmsi il pelieHus 3a1ad Uil KOHKpPET-
HBIX OOBEKTOB HEOOXOJMMO WX PaCIHCATh, YUTS OCHOB-
HYIO OCOOCHHOCTh — HAJTMYHE MHOYKECTBEHHOTO KOHTAKTa
10 TIOBEpXHOCTSM conpshxenust 1O mpyr ¢ apyrom.

Coortrortiennst (1) B pa3BEpHYTOM BHJIE TIPEICTABIISIOT
€000l TeOMETPHUECKHE HETMHENHBIE COOTHOMIEH!S [16)]

& :1/2(uiyj U Uy m"k,i)' (6)

YpaBHCHHUS PaBHOBECHS

0;; tR =0 ()
u 3akoH ['yka

0 =Cj€y - (8)
3nece *,,=0%/0X, — mpousBojHas MO KOOpAMHATE

- 7).
X (r ={X1,X2,X3} ) U, €, Oj —KOMIIOHEHTbI BEKTOpa
TIePEMETIICHII TOYEK HCCICAYEMBIX OOBEKTOB, TEH30POB

nedopmaimii ¥ HanpsokeHui cootBeTcTBeHHO; Gy

TEH30p MOAYJEH YNPYrocTH MaTepHaioB, M3 KOTOPBIX

COCTOAAT HCCIICAYEMBIC 3JICMCHTHI, Fi — KOMIIOHCHTHI

o06beMHOM Harpysku. [Ipu sToM uHzmeKcsI 1, j,K,I = 1,23.
[lp MX HOBTOPEHHH B BBIPAXKCHHU ACHCTBYET MPABHUIIO
CYyMMHUpOBaHUsT MO 3THM wuHAeKcam [17]. O6o3navuB
00JacTh, 3aHHUMACMYI0 HCCICAYeMbIM OOBCKTOM, Kak
o0beHEeHHEe MONOONACTel, 3aHUMAeMBIX OTIENBHBIMH
JeTALIMH:

Q=Ua,, ©)

a UX rpaHrlbl — COOTBETCTBEHHO

s=Us,. (10)

MOXKHO Cc(hOPMHpPOBATH KPAeBYIO 3aJady JUIi aHajn3a
HJC onementoB mrammnoB. B obmactax Qg neficrByer
cucremMa anredpo-auddepeHimanbabix ypasHenuin (6)—
(8). Ha rpanmmax kaxmoit obmactn S, HECTBYIOT Kpae-
BBIE YCJIOBHS TPEX THIIOB!

— reOMETPUYCCKHE

ui(s) =u’; (12)

SU

— CHJIOBLIE

ofn| =o; (12)
— KOHTaKTHBIE

(u + o)) <3,. (13)
31ech npu 0003HaYEeHUU yacTen TpaHuI]

S = SES) O Sés) 0 Sés) OIyILICHB! HHACKCHI IPUHAICHKHO-

0

CTH K I'PaHMLIC TOI'0 MJIM MHOI'O T€Ia €. HpI/I 9TOM UiD , O i

— 3a/[aHHBIC TIEPEMEILICHHSI W TOBEPXHOCTHAs HArpys3Ka,
nr(d) — KOMIIOHEHTbI BEKTOpa HOPMaJIH K IIOBEPXHOCTH S .

Vpasuenus (11), (12)npencrasisor coboi Kiaccu-
YyecKUe TpaHUYHbIe ycaoBus Tuna Jupuxie wim Helimana
[16]. B To e Bpemst cooTHomieHue (13) npuHIHMNHAIBHO
OT HUX OTJIMYAIOTCS: OHHU MPECTABIIAIOT CO00H HepaBeH-
CTBa, & HE PABCHCTBA, M ONPEACISIOT YCIOBHUS HEIPOHHK-
HOBEHWS Teja S B TeJo g, NpUYeM HadasbHBIN 3a30p 110
HOpMaJAM Mesily 5TuMu Tenamu — Oy . Kpome Toro,

BaYKHBIM OOCTOSTCIILCTBOM  SIBIISICTCS TO, 4YTO OOBIYHO
YacTU MOBEPXHOCTU SJ u S0 SABJIIIOTCA W3BCCTHBIMH H

3aaHHBIMY, a, B OTIMYME OT HHMX, S, — HEW3BECTHA M

SIBJISIETCS UICKOMOM. VICKOMBIM TIpH 3TOM SABJIICTCA U KOH-
TAaKTHOC OaBJICHUC

g=q(r)g 20, (14)

onpeesoniee HopManbHoe W (PH HAIMYMH TPEHHS)
KacarellbHOE HATPSDKCHNE Ha IOBEPXHOCTH S, .

CootHourennst Ha rpanuue (11)—(14) dopmupyrot
KpaeBbI€ YCIIOBUsI, KOTOPBIE JOMONHSIOT ypaBHeHust (6)—
(8) u hopmupyroT BMecTe ¢ HUMH KpaeByro 3amady. OHa
HEJIMHEHHa HE TOJBKO B Cuily HenuuehHoctu (6), HO, B
TIEPBYIO OYepelb, — BBUIY HAIMYMS HEIWHEHHBIX COOT-
Homienui (13).

Kak otmeuanoch panee, ajisi pemieHUs] KOHTAKTHOM
3a7a4d MPUMEHUMBI Pa3IMIHBIE METOABI M Mozeni. B To
K€ BpeMs IUIA 3a/1ad, BOSHUKAIOUIUX MPU aHAIM3E KOH-
TakTHOTO B3ammozeiicteus D10, umeroTes psig ocobeH-
HocTell. ['7aBHas W3 HMX — MHOMKECTBEHHBIH KOHTAKT
JieTajiell MTamMIioB, MPUYEM B OCHOBHOM — IO ITOBEPXHO-
CTsIM coryiacoBaHHOU (opmel. boree Toro, BBUIY Bapua-
tuBHOCTH Q , S, Ha JTame NpPOEKTHBIX pPa3pabOTOK

HU3MCHAIOTCA U YYAaCTKU JIOKAJIM3allnn Sc' a BZl06aBOK,

BapHaTHBHBIMA MOTYT OBITH W TEXHOJOTHYECKHE (PaKTo-
pbI (M TIpY M3TOTOBJICHHH INTAMIIOB, U TIPU OCYIIIECTBIIE-
HUW TEXHOJOTMYECKHX OIEparii MTAaMIIOBKA C WX MO-
MOIIIBIO): CBOWCTBA MATEPUAIOB KPEIUICHHSI KOJIOHOK H
BTYJIOK B IITaMIax, TEXHOJOTMYECKUE 3a30pbl MEXAY

68
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PEXYIMMHI KPOMKAMHU MaTPHLI, TyaHCOH-MATPHI] U IyaH-
COHOB, C OJJHOW CTOPOHBI, ¥ IITAMITyeMOTI'0 MaTepHaia, —C
JIPYrOH, TOJIIIMHA ¥ MEXaHWYEeCKHE CBOMCTBA IITAMITyE-
MOr0 MaTepuaja M T. I1.). Bece 91u 060011IeHHbIe TapaMeT-
PBl BKIIFOYAIOTCS. B CJIOKHYE) MaTEMaTHYESCKYI) MOJCIHb
HAIPsHKEHHO-ICPOPMHUPOBAHHOTO COCTOSHUSL C Y4ETOM
KOHTAKTHOTO B3amMmojeicTust, a ycnosust (13), peanu-
3yeMbIC Ha IOBEPXHOCTSIX KOHTAKTHPYIOIIMX T1ap, BHOCSAT
JIOTIOJTHATEIIBHYIO CIIOXKHOCTh B CO3[aBAEMYI0 KOMILIEKC-
HYIO MATEMATHYECKYIO MOJICTIb.

OOpazyemasi cucTeMa pa3periaronifux COOTHOIIE-
HUH, Kak OJHUM n3 Hauboiee 3()(HEKTHBHBIX METOJMOB,
MOXET OBITh YIOBJETBOPEHA C TIPUMECHEHHEM TEOPUH
BapHAIIOHHBIX HEPaBEHCTB. B COOTBETCTBHHM € ATHUM
METOJIOM BBOJWTCA B PAacCMOTPEHHE ITOJMHOXECTBO
IpoOHBIX GyHKIWH K:

KO {v(s) ; (vi(s)ni(s) +v£g)n£g))55 < 659} , (15)
a Takke QPyHKIMOHAN OJHOW BHYTPEHHEH SHEPruu:
V=13 [0l E{do -
2% @,)

- JGF qus—z .[osj v, uds
s (g )

)) s (s

(16)

IepBoe craraemoe B (16) onpesensier KBaapatHaHyio Gop-
My a(v, V) , IOPOXKIaeMyt0 OMITMHEHHBIME (hopMyIIaMu

au,v)= % Ioi(js) (u)si(js) (vV)da, 17)
(@.)

a IIoCJICAHEC —HHHeﬁHy}O

bs(v) = J.oi(js)v(s)uv(s)ds. (18)
(&)

Torma, ciemys [18], BCto HavaIbHO-KPAeBYIO 3a1a9y
MOKHO CBECTH K MUHUMM3aLUU (YHKIMOHAJIA I(u) Ha
muoxectse K (cum. (15)):

u: I(u) - min,udK . (19)

U3 cootHoutenuii (6), (7)o HallneHHBIM pacrpene-
JICHUSIM u(r) HAXOJATCS MOJISI s(u), 0'(8), a, COOTBETCT-

BEHHO, CTAHOBHTCSI BO3MOXKHBIM MPOBECTH MOJHYIO OLICH-
Ky npouHoctu u sxectkoctu DIIO. TIpu 3tom B xome
pElLeHHs ToTy4aeM 1 00J1acTh KOHTAKTHOTO B3aHMO/IeH-
cTBHA S, U pacHpezielieHUEe KOHTAKTHOIO IAaBleHUs (.

OTHUM caMbIM pemaercst chopMyarpoBaHHAs CBS3aHHAS
3ama4a aHamm3a H/IC ¢ yg4eToM KOHTaKTHOTO B3aHMOJIEH-
crBus DIIO.

OCo0EHHOCTBIO TIPEIJIOKEHHOTO TIOAX0/1a SBIACTCS
nHAAGGEPEHTHOCTD TI0 OTHOIIEHHIO K HATMYUIO MHOMKE-
CTBEHHBIX 00JacTeil KOHTAKTHOTO B3aMMOJCHCTBHS.
Kpome Toro, He TepseTcs MpeIUIoKESHHAsT U OIMCaHHAS B
paboTe BBIIIE METOIOJIOTHS MapaMETPU3ALUH, YTO MPE-
CTaBJISICT CaMble MIMPOKHE BO3MOXKHOCTU TIPH PEILICHUU
3a/1a4 CHHTE3a MPOCKTHO-TEXHOJIIOIMYCCKHUX PEIICHUH TIPH
paspabotke DIIO.

B kagecTBe 3amMe4aHHMs MOXXHO OTMETHTBH, YTO IPH

norcke MuHEMyMa (yHkiuoHana (19) Ha BBIIyKIOM
MHOXkecTBe (15) BO3MOKHO MPUMEHEHHE METOIOB ILITPa-
(a, MHOXHTENEH Jlarpanka, COPSHKEHHBIX TPAJUEHTOB U
1.0 [19]. B coueraHun ¢ METOAOM JUCKPETH3ALMH 3TH
HOCTAHOBKH OY/yT 3aTPOHYTHI HUKE.

Eure ogHUM 3aMeyaHHeM CITY>KHT TTOCBUT O MPHCYT-
CTBHH BPEMCHHOI KOOPANHATHI B Pa3pEILAOIIHX ypaBHE-
Husix (1). EcTecTBeHHO, 4TO B IMOJHON AWHAMHYECKOMH
MOCTAHOBKE (T.e. IIPU y4YeTe CHJI MHEPLHH B pa3periaro-
X ypaBHeHusx (4)) sagada onpenenenust HJAC ¢ yde-
TOM KOHTAKTHOTO B3aWMOJICHCTBUSI MPHBOJUT B 0OILIEM
cliydae K HadallbHO-KpaeBoi 3amaue. OnHaKo, Kak IoKa-
3BIBAIOT DKCIEPUMEHTAJILHBIE [2] ¥ YHCIICHHBIE MCCIIEN0-
BaHMs, COOCTBEHHBIE YacToThl kKonebanuit DO, Hampu-
Mep, 6a30BbIX IUIUT, FOPA3/I0 BBHILIE YACTOTHI MPUIIOKEHHUS
YCHJIHS IITAMITOBKH.

B cBsi3u ¢ 3THM AuHAMHYeCKHMH 3(bdeKTamu, BO3-
HHUKAOUIUMU TPU  [UKITHYECKOM NPHIOKEHUU YCHIIUH
WTaMOoBKH (puc. 1), KOTOpbIe ACHCTBYIOT C YacTOTOl
V =1T u kpaTHbIMHU €if, MOKHO PEHEOPEYb IS CEpHii-
HBIX KPUBOIIMITHBIX IITAMIIOB. DTO OOBSICHACTCS TEM, YTO
OCHOBHAsl 4acToTa BO3OYXIeHHA V <<V, (mroKHSIT yac-
TOTa COOCTBEHHBIX KOJNCOAHMII DIEMEHTOB IITAMIIOBOM
OCHACTKH), a IS KPAaTHBIX, 00Jiee BHICOKMX TapMOHUK B
PpazIoKEHUN Pm(t) B pazne Dypee:

P.=Q,+ z QY Sin(ZTlV kt) +

k
+> Q® cod2nvkt), (20)
k

C POCTOM KpaTHOCTH K pe3ko YBENTHYMBAIOTCS YCHIIHS
IeM(pupoBaHNs, yYMCHBIIAIONE aMIUIUTYABI BO30YX-
JIACMBIX KOJIeOaTeIIbHBIX TIPOIIECCOB.

\ T t

Puc. 1 —uxnuueckoe nonosicenue ycunuu
wmamnosku k IO

Taxum 00Opazom, 6e3 yueta TMHAMAIECKUX dPdek-
TOB HAIpsDKEHHO-e(pOPMHUPOBAaHHE COCTOSHHE HCCIIe-
JIyeMBIX 3JIEMCHTOB IITAMIIOBOA OCHACTKH MOXHO pac-
CMaTpHBaTh KaK KBa3HUCTAaTUYCCKOC. 3aBUCUMOCTh IKE
kommoHeHT HJIC oT BpemeHH t MOXHO TpaHC(HOPMHUPO-
BaTh B 3aBUCHUMOCTH OT mapamerpa P, , KOTOpbIid u3Me-

wr. !

HseTCs B mpezenax (cM. puc. 1):
0<P, <P™. (21)

EcrecTBeHHO, 4TO €y BBeCTH Oe3pasMepHBIN ma-
pamerp T=P / P™* 10 mis nuHENHO ynpyrux 3amau

3aBUCUMOCTb KoMITIOHEHT HJIC oT T sBIsieTCS JIMHCHHOM
(or mymsa mpu T=0 o makcumyma npu T =1). OnHako
no-cytu 3aaava anammza HJIC ¢ y4eToM KOHTAaKTHOTO
B3aUMOJICHCTBUS SIBIISICTCS, KAK OTMEYAJIOCh BbIIIE, HEIH-
HeiiHoW. Takum o00pazomM, IienecooOpa3HO HCCIeI0BATh
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3aBHCUMOCTh HAIPSHKEHHO-AC(OPMHUPOBAHHOTO COCTOS-
mus OIIO ot mapamerpa T, UMes BBHIY, YTO MaKCH-
MajgbHOe  3HaueHue  ycwius  mrammnoBkd  [20]

Pm“jax =k LG, , e Ky =11+13 — kooddumment
3aTyIUICHHs PEXYIIUX KPOMOK IyaHCOHOB, MATpHUl M
nyaHcoH-Martpul, L, h — mepumerp u TommmHa BEIPY-
Gaemoii JieTan, O, — HANPsHKEHHME CPe3a — MeXaHHde-

CKasl XapaKTEepUCTHKA IMMTaMITyeMOT0 MaTepraa.
J1 mepeHaNIa)kKMBaeMbIX IIITAMITOB, TIpeTHA3HAYCH-
HBIX JJIS U3TOTOBJICHUSI HE OJIHOM KOHKPETHOM JeTajd, a
HX TaMMBbl, OITMCAHHBIN BBIIIE TOX0] MOTUPHUIIUPYETCSL.
JlelicTBUTENIbHO, B 3TOM CIlydae IUara3oH H3MEHEHUs
YCHIHS ITaMIIOBKH OTPAaHUYIHMBACTCSI CBEPXY BEITHMIHHON
premt = P:ax(Lmax, Nax: O], Tlie MakcuMyMm ormpezie-
JISICTCSL TI0 HAWOOJIBIICH TOJIIUHE, TICPUMETPY U Harpsi-
JKEHUIO cpe3a JJIsi BRIOPAHHOTO THUIIOpa3Mepa IepeHama-
xuBaeMoro mrammna. COOTBETCTBEHHO, CMBICIT ITapameTpa
T W3MEHSETCs: OH ONpeleNsieT NPOTeKaHue Mpolecca
Harpy>xeHuss He TOJNbko mnpu Harpyxenuu OIIO npu
IITAMIIOBKE KOHKPETHOM JeTaid, a ILEJOH HX TaMMBbI
(puc. 2). Takum 00pa3oM, MOJTy4aeM MHOKECTBO peEILie-
Hui npu BapsupoBannn 0<T<1.
p A
ma;
urr.
ma;

max|

TIT.

t
Puc. 2 —Ycunue wumamnosku 0isi 2ammul Oemanetl

IonpIToxkMBasi, MOXXHO 3aKIIIOYUTH, Y4TO B padoTe
copMyIMpOBaHa YCOBEpIIICHCTBOBAHHAS MaTeMaTHYe-
CKasi MOJICJIb HAMPSHKEHHO-IE(POPMHUPOBAHHOTO COCTOSI-
HUS SJICMEHTOB IIITAMIOBOM OCHACTKH C Y4€TOM KOHTAKT-
HOT'O B3aUMOJICHCTBUS, KOTOPAsl yYUTHIBACT MHOKECTBCH-
Hbld KOHTAakT B compsbkeHun OO u BapbUpyeMocTb
YCWJIMH IITAMIIOBKH, JEMCTBYIOIIUX HA IEpeHaTaKuBae-
MbIC IITAMITBI TIPH BBIPYOKE-TIPOOMBKE ACTaNleH pa3iimd-
HOH TOJIIIMHEI, pa3MEpPOB U M3 PA3INIHBIX MaTCPHAIIOB.

YuncsieHHas peajiu3anus pa3padoTaHHOI
MATEeMaTHYECKOH MOJeIN

B Hacrosiiiee Bpemsi pereHue 3ajad 00 omnpererne-
nun HJIC ten cnosxHo# (hopMbl B OOJIBIIMHCTBE CITy4acB
OCYILIECTBIIACTCS YUCICHHO, KaK IPaBUJIO, METOJOM KO-
HEYHBIX 3neMeHToB [21, 22]. DtoT Meron dakThuecku
CTaJl CTaHIapTHBIM MHCTPYMEHTOM HcclieZioBaHnii. B
CBSI3U C 9TUM €IMHUYHBIA PacyeT OTHEJIbHO B3STON KOH-
KPETHOW KOHCTPYKIMH HE TIPEACTABISCT NPHHIUITHATG-
HBIX TpyaHocTel. OMHAKO CHTYyaIsi MOXKET OBITh CyIIe-
CTBEHHO OCJIO’KHEHA, KaK, B YaCTHOCTH, NPH HCCIIEA0Ba-
HUM HanpsbkeHHO-nedopmupoBanHoro cocrosaust DIIIO.
OCHOBHBIMH (DaKTOPaMH, OCJIOXKHSIOIIMMH TPOBEACHUE
9TUX UCCIICOBAHUH, SIBIISIETCS, BO-IIEPBBIX, CIOKHOCTD H
BapHaTUBHOCTh KOHCTPYKIIMM IITAMIIOB, a BO-BTOPBIX,
HaJIMYME MHOXKECTBEHHBIX KOHTAKTOB. [lepBblii 13 (akTo-
pOB  OOYyCIIOBJIEH M3HAYaIbHOW HEOINPE/IeIICHHOCTHIO

KOHCTPYKTHUBHBIX U TEXHOJIOTHUECKHX TapaMeTpoB, Gopm
1 pa3MepoB 3JIEMEHTOB MITAMIIOBOH OCHACTKH, YTO MOXKET
TIPUBOJNUTE B ClTydae TIPUMEHEHHUS TPUBUAIBHBIX CPEICTB
rapamMeTpu3aluyd K KOJUTM3HSAM, T.e. HApYIISHHIO COTJa-
COBAHHOCTH, IICJIOCTHOCTH WIH (PYHKIHOHAILHOCTH
HITaMIa Mpyu M3MEHECHHU BapbUPYEMBIX IapamMeTpOB BO
BCEM JIMAlla30HEe MX M3MEHEHUs. Bropoii dakTop cozmaer
NPOOJIEMHYIO CUTYALIMIO IIPU YPE3MEPHOM YCIOXKHCHUH
KOHCTPYKIIUH C TOYKH 3PCHUS BBEICHHS MHOXECTBEHHBIX
KOHTAKTHBIX Tap.

Jnsa pemrenuss KOHMIMKTHBIX CHUTYaIHH, TTOPOXK-
JIAEMBIX TIEpPBbIM (DaKTOPOM, HEOOXOAUMO CO3TaHUE CIie-
MUaNbHBIX mponenyp. OHM TpemHa3Ha4YeHBl JIMOO IS
obecrieueHrs COTJIACOBAHHOTO HM3MEHEHHsI TeOMETpHYe-
CKOM MOJIEIIN DJIEMEHTOB IIITAMIIOBOM OCHACTKH, JINOO IS
aHaM3a Ha HAIMYYE KOJUIM3UI TIPU TOM WJIM WHOM COYe-
TaHWUH BapBUPYEMBIX MapamerpoB. [IpoOiieMbl, BhI3bIBaC-
MBIC BTOPBIM U3 (PAKTOPOB, Pa3peIIAIOTCS CHEIHATBLHON
TPOLE]] YPOii, KOTOpasi ITyTeM BapbUPOBAHKS YCIOBHI Ha
MOBEPXHOCTSIX KOHTAKTa TO3BOJIICT YMCHBINUTH Ype3-
MEPHYIO TPOMO3JIKOCTh KOHCYHO-3JICMECHTHON MOJICITH.

Ha puc. 3 mpencranieHa o0masi CTpyKkTypa clierya-
JIM3UPOBAHHOTO  MPOTPaMMHO-MOJICTIHHOTO  KOMITIEKCa
(CIIMK) myist uccnenoBanust HJIC 21€MEHTOB LITAMIIOB €
YY€TOM KOHTaKTHOTO B3aUMOJICHCTBHSL.

Hcxoonwiii nabop napamempog p
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o
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Puc. 3 —Cmpyxmypa CIIMK 0ns uccnedoganus Hanpsaicento-
Odegpopmuposannozo cocmosmus IO
C yuemom KOHMAKMHOZ0 83aUMO0elicmsus

JlaHHBIM  cHenUanu3UpPOBaHHBIM  MPOrpaMMHO-
MOJIEIBHBIA KOMIUICKC COSANHSET YIITyOJICHHBIC BO3MOXK-
HoctH yHHBepcanbHbIx cucteM (CAD — Creo, SolidWork,
Catiau 1.11., CAEcucrem — ANSYS, Femap, Abaqusi.)
Y CHEeIHAITbHBIX MIPOTpaMMHBIX cpeacTB. Ha sramax |, 111,
V mopmenupytorcs crierupuaeckue ocodbeHnoctu D110,
TIPOBOJUTCS TEHEPAIH 1 eJICHANIPABICHHOE BaPhUPOBa-
HIE HX TapamMeTpoB, a dtarkl |, [V oTBevaror 3a co3manue
mogeneit SI1IO u pacuer ux HIC.

[pemnoxkeHHass OIOYHO-MOIYJbHAS —CTPYKTYypa
YHCIICHHBIX WCCJICIOBAHUU SBISCTCS TMOKON U '"'mepeHa-
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JIKUBaeMOW'" Ha TOT WM WHOM TuN mTamma. [Ipu sTom
Ba)XKHO, YTO TIPOIIECC PACUETHBIX MCCIETOBAHWI HadWHa-
eTcs He ''C YMCTOro JIMCTa", a ¢ 3ampoca B CO37[aBagMyIo
6asy mannbix (BI) VIl Ha mpeamer Hanuuus B HEW pe-
3yJIBTATOB PacyeTa, COOTBETCTBYIOIIUX TEKYIIEMY BapH-
aHTy. 3aBepIIacTCs JKe KaXIbIil [IUKII pacYeTOB TOTIOJHE-
uueM BJI. Takum oOpa3oM, B XOA€ 3THX HUCCIICIOBaHUI
pelIarTes TOJBKO 3a/1aud, paHee HE pelICHHbIC, a 0aza
JTAHHBIX TIOCTOSIHHO IOTIOJTHSETCS U 00SCIICUMBacT orepa-
TUBHBIN JJOCTYI K HH(POPMALIUH, yKE K JaHHOMY MOMCH-
Ty B HEW HAKOIUICHHBIM, B peXWMe "3ampoc — OTBET"
(mmastora ¢ 9KCIIEPTOM WM IPOEKTAHTOM).

Eme omnoit ocodennocteio manaoro CIIMK sBist-
€TCsl er0 OTKPBITOCTh W TIOTEHIHAJIbHAsS BO3MOXKHOCTh
BCTPaWBAHUS B CICIUAIM3HPOBAHHbIC Oa3bl 3HAHWUA M
9KCIICPTHBIE CHCTEMBI.

Takum 00pa3oM, MOXHO 3aKITHOYHTh, YTO MPEIJIO-
JKCHHAs] KOMIUICKCHAs MaTeMaTH4YeCKas MOJCTb Haluia
CBOIO PCANTM3AIMI0 B BHUJC CICHUAIM3UPOBAHHOTO MPO-
IPaMMHO-MO/ICITBHOTO KOMIDICKCa, KOTOPBIi HE TOJBKO HE
CyXaeT €€ BO3MOXXHOCTH, HO M CO3/IaCT CIIC JOIOJIHH-
tenpHble. C mpuMenerneM pazpadorannoro CIIMK nanee
peIIeH psiI MPUKIAAHBIX 33139 uccaenosanus J111O0.

Pe3y.]'leaTLI YUCJTCHHOTI'0 MO/ICJTMPOBAHUSA

C y4eToM CO3JaHHOTO CHELMAIM3UPOBAHHOIO IIPO-
IPaMMHO-MOJIETIFHOTO KOMILJIEKCa MPOBEACHO peLIeHHe
psiaa MPUKJIaAHbBIX 3a/a4 00 ONpeAeseHHH HanpsDKEHHO-
J1e()OPMHUPOBAHHOTO COCTOSIHHSI JJIEMEHTOB IITAMITOBOM
OCHACTKM C YYeTOM KOHTAaKTHOTO B3aWMOJCHCTBUS, a
TaKXKE OIPECICHHUs 3aBUCHUMOCTEH XapaKkTepHCTUK HX
HJIC oT mnpoeKTHO-TEXHOJOTHYECKUX MapaMeTpoB Ha
MpUMEpPE Pa3AeUTEIbHbIX [ITAMIIOB.

Dopmuposanue KOMNIEKCHbIX ~PACYEMHbIX —CXeM
INEMEHMO8  PA30eTUMENbHbIX  WMAamMnog. PaccMoTpeH
HOBBI MOJXO0/1 K ()OPMUPOBAHHIO KOMIUICKCHBIX pacyer-
HBIX CXEM JJIEMEHTOB Pa3/IeNIUTEIbHBIX IITaMIIOB, Oa3u-
pYIOUIMIiCS. HAa CHUCTEMHOM aHAIN3E TEXHOJOTMYECKHX
CHCTEM "TIpecc — ITaMIT — PEXKYILHE YacTH — 3aroTOBKa'.
Crenys paboram [1, 3], paccMOTpHM pa3HOYPOBHEBBIC
TIO/ICHCTEMBI JIAHHOM TEXHOJIOTMYECKOH cucteMbl. OnHa-
KO, B OTJIMYHE OT MOJCHCTEMbI CAMOTO HH)KHETO YPOBHSI
(puc. 4 [1]), npemyiaraercst pacCMOTPETh CHCTEMY CpEIHE-
ro ypoBHs. B 31Ol mojcucreMe NpUCYTCTBYIOT BCE OC-
HOBHBIC JJIEMEHTHI, 00eCTIeunBaroNIie pabouuii mporiecce
LITAMITOBKY, Oa3MpOBaHHE M B3aMMHOE OTHOCHTEIBHOC
JIBI)KEHUE YaCTeH IITaMIIOB.

s hopMUpOBaHMS KOMIUIEKCHBIX PACUETHBIX CXEM
uccielyeM OCHOBHBIE 2JIEMEHTHI Pa3/IeiUTENILHOIO 1ITaMIIa,
BCTYMAIOLIKE B CHIIOBOE B3auMoeiicTare (puc. 5).

OcCHOBHBIE D3JIEMEHTHl LITaMmIa O0a3UpyIOTCS Ha
HIDKHEW 1 BepxHel 6a30BbIX mmrax. OCHOBHOE padouee
JIBI)KCHUE OCYILECTBIISIETCSl ITyTEM IIEpeMEIIEeHHs] BepX-
Hel 0a30BOM TUTUTHI TI0 HAIIPABJISIONIMM KoJIoHKaM. [pu
9TOM B CHITy Ne(OpPMUPOBAHUS HIDKHEHW 0a30BOW ITITHTHI
LITaMIa KOJIOHKH, B HHX 3allPECCOBAHHbBIC WM COC.H-
HEHHBIE MMPH TTIOMOIIN CKJICHBaHMs (HAPUMEP, 3aTHBKOM
3a30pa MEXIy KOJOHKOW (BTYJIKOM) M ILIMTOM 3IOKCHII-
HBIM KOMIIAYHIOM WA HWHBIM TBEPICIONIMM COCTABOM),
neOopMHpYIOTCS, BCTyIas B BEPXHEH 4acTH B 30HE Ha-
NPaBJSIIOIIMX OTBEPCTUH B KOHTAKTHOE COINPSDKEHHE C
BepXHEW 6a30BOI IUTHTOM.

1-i1 yposens 2-11 yposens 3-it yposenn
. P 5 Py .
2 /"
T J 3
2 1 = |
[ 4
[ 3
o} /i
1] 2
a 74777774——5777%
B

0
Puc. 4 —Iloocucmempl mexHono2u4eckol cucmemol
"npecc —wmamn —pexcywue uacmu —3a20moexa’.
a —npecc Lu wmamn 2;
6 —epxHsist u HudicHss naumol wimamna 1u 2, kononxu 3,
naxem 4 u noowmamnoséas nauma 5,
6 —nyancor 1, mampuya 2 u wmamnyemwlii mamepuan 3

\
N
= b

//'\“\%"/(‘//’\\\t

\
z.//zf"I"

g
A

Puc. 5 —B3zaumooeticmeue 31emenmos pazoenumensHoix
wmamnos na npumepe koncmpykyuu YCIILLI
COBMEUJeHHO20 OeliCMBUSL.

1 —eepxnssn 6azosas nauma;2 — HUICHsS1 6A306451 NAUMA,
3 —npuxeamot; 4 —xeocmosux; 5 —naxem; 6 —nyarcon,
7 — mampuya

Bo Bpemst Takoro B3auMoIeMCTBUSI BOZHUKAIOT HOP-
MaJIbHbIE M KacaTelbHble (OT TPEHHs) YCHIMs, BKIIKOYae-
MEIE€ B CHJIOBEIE ITIOTOKU B TEXHOJOIMUECKOM IIOJCHCTEME
"cTon mpecca — OJIOK IITamIa — makeT — 3arotoska”. On-
HOBPEMCHHO OTBETHBIC YCHJIMS OKAa3bIBAIOT OOPaTHOE
BO3JICHICTBHE Ha HWXKHIOK 0a30BYyIO TuUTy. Takmm oOpa-
30M, TOYHBIA PacyeT ITUX YCHIMH BO3MOXKEH TOJBKO Ha
OCHOBE aHAIM3a KOHTAKTHOIO B3aMMOIEHUCTBHUS, B KOTO-
pOC OIOCPEIOBAHHO BOBJICUYCHBI HE TOJBKO COCECIHHE,
HEMOCPEACTBCHHO MEXAaHWYECKH COMpSAracMble, HO M
yIOaJeHHBIC APYT OT APyra 3JIEMEHThI ImTaMmoB. Kpome
PacCMOTPEHHBIX 3JIEMEHTOB, HEOOXOAUMO TAKXKE YUECTh
KOHTaKTHOE B3aMMOJICHCTBHE B COMPSDKCHUW 'TIAKET —
HIDKHsI 0a30Bast INMTA" U B CONPSDKEHUN "HIDKHsI 0a30-
Basl TUTHTA — ITOIIIITAMIIOBAs IUTUTA mpecca’.

Ha puc. 6 npencraBieHbl 3JEMEHTBI UCCIICTyeMOM
TEXHOJIOTUYCCKOW CUCTEMBI M COOTBETCTBYIOIUE XapaK-
TEpHBIC 30HBI KOHTAKTHOTO B3aUMOJeHCTBUS. 3nech K; —

KOHTAaKT "KOJIOHKH — BepxHsisi Gasopast mwmra”; K, — KoH-
TaKT "KOJIOHKH — (PMKCHUPYIOIIHMH CIOW — HIKHsIs1 Oa30Bast
wmra"; Ky — IJIOCKOCTH ONMMpAHUs MAKeTa Ha HIDKHIOKO
0a30By10 WMTy; K, — IUIOCKOCTh ONMPAHWS HIDKHEH

0a30BOi IUTUTHI HA TIOIITAMIOBYIO [UIUTY IITAMIIA.
Takum 00pa3oM, KOMIUIEKCHAs pacyeTHas Cxema
Pa3IeNMTENEHOTO MITaMIla MpEeANoaraeT HaJlMdie MHO-
JKECTBEHHOTO KOHTaKTa B COMPSDKEHMSX 3JIEMEHTOB
mrramma. [lpr 3ToM ycnmms, BOSHHKAIOMIE MEXIY KOH-
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TaKTUPYIOIIAMH 3JIEMEHTaMH, ONPENCIAIOTCI B  XOIe
perieHns caMol KOHTAaKTHOW 3amaud, Oymydw B Heil J10-
TIOJTHUTENIFHBIMI HEW3BECTHBIMU. B 3TOM cocTouT NpHH-
LUIMAIBHOE OTIMYME CO3JaBacMOM KOMIUIEKCHOM pac-
YETHOI CXEMBI OT paHee UCTONB30BaHHbIX [1, 2].

Puc. 6 —Onemenmer K
ucciedyemoul
MEXHONO2UYECKOUL CUCTEMbL ks
||
u coomeemcmayioujue K
XapakmepHule 30Hbl 2
KOHMAKMHO20 ' )
63AUMOOCICMBUSL ky %\

Tecmosas 3a0aya 1. B xadecTBe WIITIOCTPAIMN pac-
CMOTPHM KOHTAaKTHOE B3aUMOJICHCTBUE TECTOBOM KOHCT-
PYKIMH, cXeMa KOTOPOH — Ha pHUC. /. CMEHHBIH IMaKeT
BO3/IEHCTBYeT Ha HIDKHIO 0a30BYIO IUIUTY, OIMpAro-
IIYIOCs Ha TOJIITAMIIOBYIO ILTUTY Ipecca. BappupyroTes:
JUAMETP MPOBAIBHOTO OTBEPCTUS B MOAIITAMIIOBOM
TUIHTE TIpecca — napamerp pp (B auamazore 160-360mm);
TOJIILIMHA HIDKHEH 0a30BO#l IUTATHI LITAMIa— MApaMeTp Py
(B muanazone 1590 mm). Vceunme mramnoBku Py, (cm.
puc. 6) — 50xH, raGaputsl mramna — 240%24QumM, raba-
puthl nakera 100x100mmM. Marepurai OCHOBHBIX JieTajieit
— crams 40X (moayms ympyroctu E = 2,1-16 MITa, ko-
aduiment Iyaccona v = 0,3).B cuity cummerpu 371ech
u panee (3amada 2) paccmorpena 1/4 koncrpykimu. Ha
puc. 8-11 npuBeneHbl XapakTepHble KapTHUHBI paciipe/e-
nieanst komnoneHT HJIC aneMeHToB 1ramia.

a 6

Puc. T —Huoicrsist bazosas nauma 60 63aumooeicmsult co CMeH-
HbIM NAKEMOM U ROOWMAMNOGOU NIUMOLL NPecca:
a —2eomempuuecKkas MoOeib, 6 — KOHEUHO-NEMEHMHAsL MOOeb

0,37951 Max
033734
029817
0253
021088
0,16867
01265
0084335
0042167
0Min

037951 Max
0373
038
021084
o857
s
opses

Puc. 8 —Pesynomamoi uccreoosanus H/[C snemenmos wmamna
(3a0aua 1): pacnpedenenue nonnvix nepemewjenii

Ha puc. 12-13 npuBesieHbl MHTETpaIbHbIC 3aBUCH-
Moctu xapaktepuctuk HJIC oT BapbupyeMbIX mapamer-
poB. Iomy4yeHHbIe 3aBUCIMOCTH M3MEHEHHS! KapTHH pac-
npenenennii komrmoneHT HJ[C smeMeHTOB TexHOIOTHYe-
CKOMl TIONCHCTEMBI "MAKET — HIDKHSAA 0Oa3oBas IUIMTA
ImTaMIla — TOAIITAMIIOBAS TUIMTA Tpecca’ TaeT BO3MOXK-
HOCTb CZIENaTh CICAYFOIHC BEIBOIBI.

272,61 Mo
e
21z
e
15145
i2tie
w0t
st s
oomse w0z
by 6 000030905 Min
a iz

Puc. 9 —Pesynomamoi uccneoosanus HAC snemenmos wmamna
(3a0aua 1): a —eepmuxanvivie nepemewenus; 6 — IKUBANEHM-
Hyvle Hanpsicenust no Muzecy

037892 Max
031099
o2

oL
o8
opares

269,93 Max
269,93 Max

2099 29,94
179,97 10,06
179,97

0,065164 Min

a 6
Puc. 10 —Pacnpedenenue sxk8u8aneHmuubix HAnpsidiCeHuti no
Musecy 6 HuicHell 6a30601i naume 6 RIOCKOCHIU CONPSINCEHUS,
(3a0aua 1): a —co cmennvim nakemom,
6 — ¢ ROOWMAaMnoOBotl NIUMOU npecca

46,545 Mar
41,373

a
Puc. 11 —Pe3synvmamul uccned08aHus HANPSIHCeHHO-
0eqhopMuUpOBaAHHO20 COCMOSAHUA ITeMEHMO8 WIMAMNA —pacnpe-
Oenenue konmakmuwix oasnenuil (3adaua 1):

a — 6 conpsvIceHUU CMEHHO20 NaKema u 6as06ou nauml;

6 — 6 conpadiceHUY NOOWIMAamMnogoll niumsl npecca u 6a3o8oul

naumsl tumamna

S 6
o w o

sepuKatbibie
nepemeujexust, Mm

°
©

Juamemp 200
0o nposansiozo 300 < .
omeepcmust, MM = = ~
monuund Ga3060t—
paumbl, MM

. e LU
=
=t
2= 20444
2 = 226 67
P2 =248.89
P2 = 27111 e
P2 = (20333 miem
P2 = 31556
P2 =[337.78 —tm
P2=360 ———

B8epmMuKalbHble
nepemeujeHus, Mm

-0,9 monwuna 6azo80t NaAUNbL, MM

‘ 20 40 60 80
Puc. 12 —3asucumocmu xapaxmepucmux HJC om eapvupye-
MbIx napamempos (3adaua 1): usmenenue
MUHUMATLHBIX (MAKCUMATBHBIX RO 6ENUUUNE) BEPMUKATLHBIX
nepemewjeHuil 80 cetl noocucmeme
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1. HampsbkeHust B 3JieMEHTaX JTAHHOW ITOJICHCTEMBI
KOHIICHTPHUPYIOTCS B 30HAX X MEXaHIMIECKOTO KOHTAKTA.
2. HanpspkeHusl 1 KOHTaKTHBIC JaBJICHUS pacrpe-

JACIAIOTCA IO TUIOHIAAAM KOHTAKTHOT'O CONPSDKEHUS CYy-
IIECTBCHHO HECPABHOMEPHO.

3.I/IHT€I‘pEU'ILHLI€ 3aBUCUMOCTU  XapPaKTCPUCTUK

H/IC ot BapbupyembIX HapameTpoB (B JaHHOM Cliyyae —
TOJIIMHA 0a30BOI INMTHI U JUAMETP TPOBAILHOTO OTBEP-
CTHS) COOTBETCTBYIOT "THIIEPOOIMISCKOMY" MOBEACHHIO:
pe3koe Bo3pacTaHue NpU yObIBaHWM 00BbEMa MaTepHaa
JeTald HIKEe HEKOTOPOro IpezeNna, NPAaKTUIECKH Hews-
MEHEHHas BeJMYMHA — IPU BO3PacTaHUU ITOro obbema
BBIIIE HEKOTOPOrO IPYroro mpejena U IUIABHOS W3MEHe-

HUE B IIEPEXOTHOM JTHAITA30HE.

A Marxcumansioie
IKGUGATEHIHIEC
nanpasxcenus, Mlla

. 250
300

Y (= w
Juamemp 200 W B g0V 100
npoeanbHo20
omeepcmust, MM

mol\m‘ et
L
900
Maxkcumanvnpie o180 —
. P2-= 18222 —
IKEUBATICHMHbLE, 2 42040
\\ Hanpsdicenus, MIla P2 = 226.67
\ P2 =[248.89
600" \

P2 = 27111 et

300{

100

moawuna baszosoil naumasl, Mm

Puc. 13 —3asucumocmu xapaxmepucmux H/JC om eéapwvupye-
Mbix napamempog (3adaua 1) usmenenue MaKcuManbHbIx
IKEUBANICHIHBIX HANPANCEHUTL 8 6A3080U NAUMe WMamna

Takum 00pa3oM, TOJyYCHHBIC KapTHUHBI pacrpeie-
JICHUI XapaKTePUCTUK HAIPSDKCHHO-IE()OPMUPOBAHHOTO
cocrosiaust DO onpenensitor Haubolsiee HarpyKEHHBIE
UX 30HBI, a8 MOCTPOCHHBIC MOBEPXHOCTHA OTKJIHKA HAIOT
BO3MOXKHOCTh peliaTh 3a1ady OOOCHOBAaHHS IPOEKTHO-
TEXHOJIOTHYECKHUX [APAMETPOB IITAMIIOB IO KPHTCPHSIM
CTOMKOCTH, TOYHOCTH, IIPOYHOCTH U KECTKOCTH.

Tecmosas 3a0aua 2. Jns ucciaeaoBaHus B3aUMOICH-
CTBHS DJIEMEHTOB ITOICHCTEMBI "HIDKHAA Oa3oBas IUIATA
IITamMIla — HANpaBJISIONIHE KOJIOHKH PAacCMOTPUM KOH-
TaKTHOE B3aUMOJICHCTBUE TECTOBOM KOHCTPYKIIMH, CXEMa

KOTOpod Ha puc. 14. Ycunue ITaMIIOBKH, Marepual U
pa3MephbI AIEMEHTOB IITaMIIa —Te XKe, 9TO U B 3a1a4e 1.

a

0
Puc. 14 —Bzaumooeiicmeue nanpagisiioweli KONOHKU
¢ HUdICHell 6a30801 NAUMOL WMAMAA.
a —eeomempuyeckas Mo0eNs, 6 — KOHeUHO-91eMeHMHAsL MOOeNb

NOJIHbIX nepezweu;eﬁuzi 8 KOJIOH~

3aoaua 2.1.Vccnenyercs BIMSHHUEC YCHIIHSA, IEHUCT-
BYIOIIIETO CO CTOPOHBI BepXHEH 0a30BOH INIMTHI IITAMIIA
(mapametp p; = 0+10 kH) uepes3 BTynKy Ha ypoBHE ee
BepxHero cpesa (Ha Bbicote 120 MM) MO YIIIOM B IUIOC-

KOCTH THTHI (Tlapametp p,= 0+ T1/4). Brynka arametpom
20MM mocaykeHa B HIDKHEH IUIMTE TOMIIUHON 45 MM ¢
HatsroM (mapametp ps = 0.001, 0.005, 0.1, 0xwm). Kap-
THHBI ~ pPAaclpeleNeHduss  KOMIIOHEHT  HalpshKEHHO-
Jie(OpMUPOBAHHOTO COCTOSIHUS MPHUBENEHBI Ha puc. 15—

18, a na puc. 19-20 aBucumoctu xapakrepuctuk HJIC
OT BapbUPOBAHHBIX NTAPAMETPOB.

0,0057302 Mas
0,0050%5
0,0044568
0,0038202

58,435 Ma;
51,942
0,0031835 F 45,449
000251468
0,0019101 36,957
00012734 32,464
000063669 25,971
brm 19,478
12,986
56,4928
0Min

Puc. 16 —Pacnpeoenenue
KOHMAKMHbIX HANpsiice-
Puc. 15 —Pacnpedenenue nonnvix Hull 8 COnpsicenuL KO-
nepemewyenutl 6 HUdXCHell 6a3060U  youcy ¢ nmumoil wmamna
naume wmamna (3adaua 2.1)

(3a0aua 2.1)

0,8822 Max

aee 152,66 M;
0,65626 s
0,58629 16
0,49031 101,77
0,39234 8451
0,20437

0,1964
0,098431 16962
0,00045983 Min 0,00014948 Min

Puc. 17 —Pacnpedenenue  Puc. 18 —Pacnpedenenue sxeusanenm-

noix (no Musecy) nanpsiicenui 6

ke wmamna (3a0aua 2.1) Konowke wimamna (3adaua 2.1)

MakcumanbHbie
0,045

I1OJIHBIE
MePEMCILIQHUS, .04

0,75,
. W\
J}élf)@l{%”fll 0 5 Mﬂeb
5 0 i3 o
x1n4 0/
10'6’ Ve U\b\*ZP
v PE =01 m—
0,05 V' Maxcumanvioie PE= 11113 —
\ nonmvie e
i ) PB=33337
\
[
\ nepemeujeHus, P = 55562 et
\ b8 = 56674
1\ Mmm oo v
\ ¥8 = 88808
0,03| V8 = 10001 =
A\
0,021 \\}
\!
0,01

0 10 25 40 50

Veon deticmeus cunvt, 2pad

Puc. 19 =Basucumocms noanwix nepemewenuti 6epxre2o cpe3a

KONIOHKU Om napamempos py, p» (3adaua 2.1)
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A Maxcumanvhoie
15 X SK8UBAIEHMHblEe

14 HanpsidiceHust

2 x10% , MiTg

(< 109)

Marxcumanonvie it
DKEUBANECHIHbIE v8 = 33337

Pa = aume

HanpANcenus P8 = 55562 me

x108, MiTa

0 10 25 40 50

Veon oeilicmesus cunvi, 2pad

Puc. 20 =3asucumocmeo MaKCUMAbHbIX IKEUBATIEHITHBIX
HANPAXCEHULE Om napamempos py, po(3adaua 2.1)

Kak BUIIHO M3 TIPE/ICTaBIICHHBIX rpadMKOB M pacrpe-
JIEJICHNIA, HAOJIFOJATOTCSI CIIEIYFOIINE 3aKOHOMEPHOCTH.

1. HauGonee Harpy>xeHHBIMH OT TOPH30HTAJIBHBIX
YCWIMI 30HAMH SIBIISIIOTCSL 00JIACTH, NPHUMBIKAIOLINE K
COEJIMHEHHIO KOJIOHOK C IUTUTaMH.

2. KoHTakTHbIE JaBIICHUS B CONPSDKEHUH "KOJIOHKA
—mMTa" pachpenessFoTCs HepaBHOMEPHO, M YeM MEHBIIE
HATAT, TeM OOJIbILIE 9Ta HEPABHOMEPHOCTb.

VlHTerpasbHble  XapaKTePUCTUKH  HAIPSHKEHHO-
e OPMHUPOBAHHOTO COCTOSIHUSL JIEMOHCTPHPYIOT IIpH-
MEpHO TaKyIO K€ 3aBHUCUMOCTb OT KOHCTPYKTHBHBIX IIa-
paMeTpoB, Kak M OmnMcaHHas Bbiue (cM. 3amady 1) "ru-
niepOosyeckas” 3aBUCHMMOCTb, M 00Jiee PaBHOMEPHYIO H
[UTABHYIO — OT [IAPAMETPOB HATPYKECHUS.

3a0aua 2.2.Vccnenyercs: BIUsSHAE YCUIHS, NEHCT-
BYIOIIETO CO CTOPOHBI BepXHEH 0a30BOIl IIMTHI mITaMIla
(mapametp p; = 0+10 kH) uepes BTynky Ha ypoBHE ee
BepxHero cpesa (Ha Beicote 12QvM) 1011 YIIIOM B TIOCKO-
cti wmthl (mapametp p,= 0+ T/4). Brynka muramerpom
20 MM mocaXkeHa B HIDKHEH IUIATE TONIIMHOM 45 MM mipu
MOMOIIH KJIEeBOTO COCTaBa (TOJIIMHA CIIOS — MapaMeTp p3
= 2.0, 3.5, 5.0um). B kauectBe huKCHpyIOIIEro cocrasa
NPUMEHEH COCTaB Ha OCHOBE OSIOKCHIHOH CMOJIBI
(E=3,2- 18MTIla, v = 0,45).Ha puc. 21-25npuseseHsi
PpE3YyNbTaThl UCCIEIOBAHUM.

Ha puc. 21, 22, 24 4acTHOCTH, NPEICTABICHBI
pacripeieNieHusI IepeMEILCHU# 1 HANPSDKCHUH B TECTOBOM
KOHCTPYKIMH. BHUAHO, 4TO pacmperencHus] KOHTAKTHOrO
JABICHUS ¥ HANPSDKCHHH B COMPSDKCHHUSX DJICMEHTOB
IITAMIIOB JAJICKH OT PaBHOMEPHBIX. JTOT (haktop cyiie-
CTBEHHBIM 00pa3oM ckasbiBaercs Ha HJIC Bcex anemeH-
TOB LUTAMIIOB, HAXOJSAIIMXCS BO B3aHUMOJICICTBHH, H €ro
HY)KHO YYHTHIBAaThH IpW (popMupoBaHMM Ooiiee ajeKBart-
HBIX, YeM TpPAJHIMOHHbIE, PACUCTHBIX CXEM JJIEMEHTOB
Ppa3eTUTEIBHBIX IITAMIIOB.

0,0034588 Ma
0,0030745
0,0026901
0,0023058
0,0013215
0,0015372
0,0011528
0,00076861
0,00038431
0Min

0,71567 Max
063616
0,55666
047716
039765
031815
020864
015914
0,093
0,00013025 Mi

Puc. 21 —Pacnpeodenenue nonmvix
nepemewenuii (3adava 2.2):
a — 6 HuUXCHell 6a30601 naume, 6 — 6 KONOHKe Wmamna

22,363 Max 148,45 Max
19,88 131,95

s 115,46
98,365
14318

2,47
12,43 5975

9,949 sy

74673 258

49848 16,494

25022 3,1068e-5 Min
0,019667 Min

[4
a

Puc. 22 —Pacnpedenenue sK8U8a1IEHMHbIX
(no Musecy) nanpsicenuii (3a0aua 2.2):
a — 6 HudICHell naume, 6 — 8 KOJIOHKe WMAMNa

Marxcumanvnvie no&

nepemeuyenus, Mm
0,06 oo

i e T 0055
0,04 AH!
T 'r" . i) “ . 0,045

0,015

0.01
0,005

Maxkcumanvhusie noiuvie
nepemeweHus, Mm

0,06

0,04

— L p3=as

P13 = Lger—
L paeTo12
L 713 - 33983

002 —

0 10 20 SU 40
Veon oeticmeus cunvi, epao

Puc. 23 —Pacnpedenenue noinvix nepemeujeHuti 8 Huic-
et bazosotl niume wmamna (3adaua 2.2)

29,467 Max
0,01733 Max
0015407
0013484
0011581

13446
00096385

0212

00077158
70374

0,0057%3
00038702
00019474
2,4599e-5Min

g2
062891 Min

Puc. 24 —Pacnpedenenue nonnwix nepemenenuti u
axgueanenmuuix (no Musecy) nanpsircenui
6 urcupyrowgem cioe (3adaua 2.2)
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Maxcumanvnoig
DKeUGANEHMH,

200 HanpsiceHn e - 220

100-

“ W
¢
200 = ”13 = 03—
P13 211961
713 - 22972

P12 =33083
P13 = w1994
P13 = 56006 ——
P1z = 67017
P13 = 78028
P13 -89039 —
P13 = 10005 ——

(=]

0 10 20 30 40
Yeon oeticmeus cunvt, 2pao

MarcumanvHvie 3K6UBATEHMHbIE
nanpscenus, Mlla
=
o
S

Puc. 25 — Pacnpeoenenue sxsusanenmmuuix (no Musecy)
HanpsiceHutl 8 Konowke wimamna (3adava 2.2)

Kak cnenyer u3 aHanu3a noyry4yeHHBIX pe3ysbTaToB,
HJIC naHHO# MoaCHCTEMbI UIMEET CBOM OCOOEHHOCTH.

1. HanpsbkeHus B TAaHHOM CiIydae ropaslo HIDKE,
YeM B CIIydyae MOCaJIKi KOJIOHOK C HATSITOM.

2.  TlepememeHnsi KOJOHOK OT JCWUCTBHS TOpH-
30HTAJBHBIX YCHIIMA BBIIIE, YeM B CITydae MOCAIKH KOJIO-
HOK C HaTSATOM.

3. Pacmpenernenue HaNpspKEHUH B CII0€ KIISSIIIETO
KOMITAYHIa TIOCJIE TOJMMEPH3Allii W TIPWIOKCHUS Ha-
TPY3KH B CIIy4ae TOCAJK{ KOJOHOK C HATATOM — HEpaB-
HOMEPHOE T10 BHICOTE.

4. Hecmotps Ha Ooyiee HU3KWI YPOBCHb HAIpS-
JKCHUM, CIIeyeT YIUTHIBATh TAKXKE U 0OJice HU3KHUH ypo-
BEHb MEXaHMYECKHX XapaKTEPUCTHK MaTepuana CKIIEH-
BAIOIIETO CJIOSI IO CPABHEHMIO CO CBOWMCTBaMH MeTalia,
13 KOTOPOTO M3TOTOBIICHBI KOJIOHKA M TUTHTA.

5. HHrerpanbHble 3aBUCHUMOCTH XapaKTEPHUCTHK
HanpsDKEHHO-Ie()OPMHUPOBAHHOTO ~ COCTOSIHUSI  TAHHOH
TIOZICHCTEMBI OT BCEX BapbUPYEMBIX IIAPaMETPOB HOCST
MIPUMEPHO JIMHEWHBIIN XapakTep.

3aoaua 3. Ananus nanpsicenno-0epopmuposanHo2o
COCMOSIHUSL DNIEMEHINO8 cucmembl " nOOuWmamnosads niu-
ma npecca — HUICHsA 6a306as NIUMA — NAKem — HANpae-
JIOWUe KOJIOHKU — 8epXHsis bazosas nauma'. OnucaH-
HBIC BBIIIEC 3aJ1aY¥ SIBJLSIFOTCS [ICHHBIMH C TOYKH 3PCHUS
YCTAHOBJICHUS 3aKOHOMEPHOCTCH W3MEHCHUS XapaKTepH-
ctuk HJIC »11eMeHTOB MITaMITOBOW OCHACTKH TPH BapbH-
POBaHHU OT/ENBHBIX MPOSKTHO-TEXHOJIOTHYECKHX Mapa-
METPOB WM UX MHOXKECTBa. B TO ke Bpemsi B CO3ZIaHHbIC
pacdeTHble MOJICTT ObUTM 0OBEMHEHBI HE BCE OCHOBHBIC
9JIEMEHTHI [ITaMIa. B ¢Bsi3u ¢ 3TuM TpeOyeTcst mpoBecTH
HCCIIeIOBAaHNE HAIPSHKEHHO-1e(OPMUPOBAHHOTO COCTOS-
HUSI C UCIIOJIL30BAaHUEM MOJICITIH 00JIee BEICOKOTO YPOBHSL.

B wactHOCTH, ¢ 3TOil 1eBI0 OBUIA MOCTPOCHA MO-
JIeTb Pa3JIeUTEILHOTO IITaMIIa B BUIC CHUCTEMBI 'TOA-
LITAMIIOBasl IUIMTA MPEcca — HWKHsIA 0a30Bas IUIMTA —
MAKeT — HAINpABIIONINE KOJOHKH — BEPXHssi 0Oa3zoBas
mwmmTa” (puc. 26, B ciily cuMMeTpHH paccMoTpena 1/4
KOHCTpyKImH, ycune mramnoBku — 10kH). Ha puc. 27
MPUBEJICHbI KapTHHBI PACIPEEICHNs] KOHTAKTHOTO [1aB-

Jenust B 30HaX K,, Ky (cM. prc. 6),na prc 28 — Kk, K, .

Puc. 26 —Pa3zoenumenvhplil imamn.
a— 2eoMempuiecKas Mooesb,0 — KOHEYHO-3/IeMEeHMHAsL MOOeb

93844 Max 6.3892 Max
5.593
4.7969
4.0007
3.2046
2.4084
16123
0.81614
0.0z

0 Min

264

a o0

Puc. 27 — Kapmunwi pacnpeodenenisi KOHMakmuoz2o 0aeieHusl 8
sonax: a—Kg, 6— K,

93.844Man

7383
Over Constrain
i ]

froes [
o [ e
o150

[ sicing

55081
.62t [ sticking

a

38.5Max
13,305
11.409
9.5121
7.6157
5.7193
3.8229
1.9264

0Min

[

Puc. 28 —Kapmumnwl pacnpedenenisi KOHMaKmHo2o 0aeeHusl 6
30HAX. A —k2 , 6—k1

W3 mpeacTaBieHHBIX pachpeseNieHuii BUIHO, YTO
OTMEYEHHBIE Ha YaCTHBIX Moiensx (cM. 3amaun 1, 2)3a-
KOHOMEPHOCTH, & MMEHHO OTHOCHTENLHO CYIIECTBEHHO
HEPABHOMEPHOTO Pacpe/ieIeHAss KOHTAKTHOTO JaBJICHHUSI
B comnpspxeHusx DO, enrKoM U TIOTHOCTBIO TTOJITBEP-
KIaroTcs. TO JKe MOXHO CKasaThb M O PaclpelesieHuH
TOJIHBIX TIEPEMEIIEHHH, SKBUBAIEHTHBIX HAIPSDKEHUH 110
Muszecy (puc. 29). U3 Bceii cHCTeMBI, KaKk OTMEYAIOCh
BBIIIE, MOXHO BBIWICHATH KapTuubl HJIC OTHENbHBIX
snemerToB (prc. 30-32).OHM Takke NAOT OCHOBAHHE
MOATBEPIUTL MPOTHO3UPOBaHHbIE ocobenHocty HJIC,
000CHOBaHHBIE Ha 0OJIee YAaCTHBIX MOJEIAX. O KOHIIEH-
TpalMK HATIPSKEHHH B 30HAX KOHTAKTHOTO B3aMMOIEHCT-
BUSL OTAEC/IBHBIX JIEMEHTOB LITAMIIOB M O 3HAYMUTEIILHBIX
YPOBHSX YIPYTHX MEPEMENICHHUIA.

TakuM 00pa3soM, MOKHO 3aK/IIOYMTh, YTO Ka4ecT-
BCHHYIO KapTHHY pacrpeesetus komronenT HJIC MoxHO
MPOAHAIM3HAPOBATE 0 PE3yIbTaTaM HCCICIOBaHMs Oolee
TIOJTHOM MOJIEJIH IIITAMIIa, B TO BPEMS KaK KOJIMYECTBEHHBIE
3aucumocTr xapakrepuctik HJIC oT BapbHpyembIx ma-
PaMETPOB MOKHO OTIPEIICISTE TI0 Pe3y/bTaTaM pacdeTa C
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NPUMEHEHHEM YacTHBIX MOZENeH, MeHee IPOMO3JIKHX, a,
3HAYWT, M TPEOYIOIMX MEHbIIEC BBIYUCIUTENBHBIX 3aTpaT
Ha KOMITBIOTEpPHOE MOJieMpoBaHue. B pesynbrare obecre-
4pBaeTCsl COAJAHCUPOBAHUE IIONYYaeMbIX PE3yJIBTATOB M
CIIOXKHOCTH CO3/IaBaeMbIX MOJEINCil Ha PasMYHBIX dTamnax
MPOCKTHBIX HCCICIOBAHHIA.

0.016003 Max
0.015823
0.015243
0.014862
0.014482
0.014102
0.013722
0.013341
0.012961
0.012581 Min

81.502 Max
72,445 3ona A
63,393
54,339
45,284
36.23
27.175
18.121
9.0665
0.012075 Min

0.020567 Man

o B
o.018281
- 0.01599%

l 0013711

2 0.011426

0.0091407
0.0068555
0.0045704
0.0022852
0O Min

a 3ona A 6
Puc. 32 —Kapmunv! pacnpedenenus komnonenm H/[C
6 HANPABIAOWEll KONOHKE:

a —noJHvle nepemeyerus,
0 —oKeusaneHmHble Hanpscenust no Musecy

a

168.43 Max

3akiIoueHne

B pa60Te OIllMCaHa KOMIUJICKCHAad MOJCJIb HaIlpsi-
)KeHHO-I[e(l)OpMI/IpOBaHHOFO COCTOSAHUA 3JICMCHTOB
IITaMIIOBOM OCHACTKH. HOJIy‘{eHLI pe3yibTaThbl, IMO3BO-

1 JsronIre 000CHOBATh CIICIYIOIIIE BHIBOIBL.
Puc. 29 —Kapmunwt pacnpedenenus komnonenm HJIC: 1. s obecriedeHUs] BOSMOXKHOCTH BapHATHBHOCTU
@ —NOJHbLY nepemMejenuiu, TEOMETPUIECKHUX M dnciIeHHbIX Mozeneii DO mnTerpu-

0 —oKeusaenmHvle Hanpsicenus no Musecy pOBaH W aJanTHPOBAH TOAXOJ C NPUMEHEHHEM METO/a

0000IIEHHOTO TTapPaMETPIIECKOTO MOJICTIMPOBAHIA. DTHM

caMbIM 0OecreunBaeTcsl, B OTIMYUE OT TPaJMULMOHHBIX

MOAX0/I0B, OecKOH(IIMKTHOE TocTpoeHue Mozeneit D110

B IIMPOKOM JHara3oHe BapbUPOBAHHMS HMX IPOEKTHO-
Bt TEXHOJIOTHYECKHX MTapaMETPOB.

0011244

nawsesn 2. Pa3paboraH ajaroput™ HOBBILICHUS TOYHOCTH U

0.0080642

0.0064743 ONePaTUBHOCTU YHCJIICHHBIX I/ICCJ'ICI[OBaHI/Iﬁ Harps>KCHHO-

00043543

snzss: nedopmupoBarHoro coctossaus DO ocHacTkm 3a cder
oot obocHoBaHMSA U((EepEeHINPOBAHHOTO HA3HAYCHHUS YCIIO-

BUM KOHTAKTHOTO COMNPSKEHUS] NMPH HAIMYUH MHOXECT-

BEHHBIX KOHTAKTOB J€Taleil ITaMIoB. DTUM CaMbIM

obecrieynBaeTcs, B OTIMYHME OT TPAJAULIHOHHBIX ITOIXO-

B JIOB, BO3MOXXHOCTh TNIPOBELECHMS MHOTOBAapMAHTHBIX YHC-
3 neHHbIX uccieposanuii OO Ha aTanax NPOEKTUPOBAHUS

i napaJuieJIbHO € OCTaJIbHBIMU pa6OTaMI/I.

1,5003

o I 3. Cospannbiii CIIMK orianuyaercss OT M3BECTHBIX
rHOKOH MOJIYJIBHOW CTPYKTYpOH, COYETaroIIeH, C OJHOM

6.7479 Max
5.9383

- - 1 o CTOPOHBI, pa3BUTBIC CPCACTBA ITCOMETPUICCKOIO U KOHEY-
Puc. 30 —Kapmunwr pacnpedenenus xomnonenm HIIC HO-3JICMEHTHOTO  MOJEJIMPOBAHUS  YHHUBEPCAIBHBIX
6 6epxHetl 6a30601l niume: CAD/CAM/CAE—cucTeM, ¢ OTHON CTOPOHBI, U HAIlCIICH-

a —NoJlHble nepemeuieHusl,

HOCTh Ha OOBEKT — 3JICMCHT IUTAMIIOBOM OCHACTKH — 3a
6 — 9KEUBANEHNHbIE Hanpsidicenus no Musecy

CUET CHELMATM3UPOBAHHBIX POTPAMMHBIX MOMYJIEH, — C
Jpyroil. bnaronapsi Takoll CTpyKType yAaeTrcs MOJIyYUThb
HOBOE KaueCTBO HCCIIEAOBAaHHUN — OSCKOH(IMKTHOE Ome-
pupoBanue ¢ GonblmMu oObeMamu uH(opManuu. Kpome

TOTO, NEpPEHALIENIMBAaHNE HA HOBBII OOBEKT MCCIIEI0BAHNH,
s B ODIMYME OT YHUBEPCAIBHBIX WIH  CIEHMUATBLHBIX

0.016008

CAD/CAM/CAE—cucrem, TpeOyer I0OpabOTKHA TOJIBKO

0.01145
e OTHENBHBIX MOIyJiel. Takke HOBOH OTJIMYMTEIEHOH OCO-
OEHHOCTBIO  CO3/IAHHOTO  CIEIUATM3HPOBAHHOIO  IIPO-

5.475e-5Min

. TPaMMHO-MOJIEIIBHOTO KOMIUIEKCA SBILIETCS HAJIM4Ue I10-
Londaviax TIONTHAEMOM 0a3bl JAHHBIX, KOTOPast aKKyMYJHUPYET Pe3yb-

oo TaTBI TIPEIIICCTBYIOIINX HCCICIOBaHMi, B erre OobIeit

25013

20018 CTCIICHU IOBBIIIACT OIIEPATUBHOCTH PACUETOB W CHIDKACT

15,022

nX 00beM, a TaKKe CO3/IaeT MPEIIIOCHUIKHU ISl IOCTPOCHHUS

50813

p vossTastan SKCTIEPTHBIX CHCTeM M 0a3 3HaHWI TT0 0OOCHOBAHHIO IIPO-

Puc. 31 —Kapmuni pacnpedenenus kovnonenm HIC eKTHBIX PELICHUH 3JIEMEHTOB IITAMIIOBOM OCHACTKU IO

6 HUDICHEl 630601 NUME. 4 — NOTHbIC nepemewjerusi, KpUTEPHUSAM CTOUKOCTH, IPOUYHOCTH, JKECTKOCTH U TOYHOCTU
6 —9KeusaneHmHvle Hanpsiicenus no Musecy BBINOJTHEHHUS TEXHOJIOTUUECKUX OMepalyil.
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4. B paboTe mpeAcTaBieH MOIX0 K CO3/IaHHII0 KOM-
IUIEKCHBIX pacdeTHbIX cxeM OIIIO. OHu oTaMyaroTcs oT
TPaJAWIMOHHBIX PACUETHBIX CXEM BKIIOYCHHIH B CIWHYIO
HMHTETPUPOBAHHYIO PACUETHYIO CXEMy BCEX OCHOBHBIX
JJIEMEHTOB PA3JIEIUTENbHBIX ILITAMIIOB, IPUYEM C YIETOM
MX KOHTAKTHOTO B3aMMOJICHCTBHS: 3HAYCHHST KOHTAKTHBIX
JIABJICHUHA OMNPENESIIOTCS B XOJIE PELICHUs], KOHTAKTHOM
3a7a4y, a He 3aJIa10TCsl 3apaHee N3BECTHBIMU.

5. Ha npumepe psipa gactaeix mozeneit 1O ompe-
nenensl ocobennoct nx HJIC ¢ ydetoM KOHTaKTHOTO
B3aUMOJICUCTBUSA. B 4acTHOCTH, YCTaHOBJIEHO CYIIECTBEH-
HO HEpaBHOMEPHOE pacrpelieficHHe KOHTAKTHBIX IaBlie-
HU, TIEpEeMENICHU U HaNpsDKEHHUH, MpUYeM KOHIIEHTpa-
IIUsI KOHTAKTHBIX JTABJICHUH W HATPsDKEHUH HAOIOIaeTCs B
30HE KOHTAKTHPOBAHUS OTACIIBHBIX AJIEMEHTOB IITAMIIOB.

6. [TomydeHpl 3aBUCHMOCTH MHTETPaJbHBIX XapaKTe-
puctik HJIC 37eMeHTOB IITAMIIOBOW OCHACTKH  (MaKCH-
MaJIbHBIC TIEPEMCIICHUS, KOHTAKTHBIC NABJICHHUS W HAIps-
JKEHHs) OT BAapbUPYEMbIX IPOEKTHO-TEXHOJOTHYECKHX
[apaMeTpoB, KaK IMPaBUIIO, 3aBUCUMOCTb OT KOHCTPYKTHB-
HBIX IIapaMETPOB HOCHT "TMIIEpOONMYECKH’ XapakTep, a
OT TEXHOJIOTHYECKHIX — OJM3KUIT K JIMHEHHOH 3aBUCHMOCTHL.

7. TIpemnoxena u peamobana B Buae CIIMK TexHo-
JIOTHSl WCCIICTIOBAHNH, JAOIMas BO3MOKHOCTH TIPOBEICHUS
MHOTOBapHaHTHBIX uccnenoBannii HIIC ainemeHTOB miTam-
TIOBOM OCHACTKH C YYE€TOM KOHTAKTHOT'O B3aMMOJICHCTBHSI.

8. B cozmanneiii CIIMK uHTETpHpOBaHa CrieAaIIH-
3MpOBaHHAs 0a3a JAHHBIX, B KOTOPOH XpaHATCS pe3yJibTa-
TBl  WCCJCAOBAaHHWN  HANPSDKCHHO-IE()OPMUPOBAHHOTO
coctosiHus DIO.

9. B xone moxpenmupoBanus HJIC amementoB PIII
[pY MOMOIIM METoJla KOHEYHBIX JJIEMEHTOB Ha MOJENIU
0oJiee BBICOKOTO YPOBHSI TIOJTBEPIKICHBI BCE OCHOBHBIC
OCOOCHHOCTH ~ pacripeliefieHHs] KOHTAKTHBIX — JABJICHHH,
MOJTHBIX TIEPEMEIICHUH W HaNpsLKEHUH, OIpeeICHHbIC
TIPH TIOMOIIIM MEHEe TPOMO3IKHX MOJEINEH, COCTOSIINX U3
2-3 >IeMEHTOB HETIOCPEICTBEHHO B3aMMOCHCTBYIOIINX
IITAMIIOB. DTO CBHIETENBCTBYET O BOSMOYKHOCTH HCIIOJB-
30BaHMs 3aBHCHMocTel xapakrepuctuk HJIC oT Bapbm-
PYEMBIX [TApaMETPOB, MOIYICHHBIX Ha 3THUX 00JIee MPOCTHIX
MOJIETISX, MPU TPOBEICHUM TPOCKTHBIX HCCIIEIOBAHMUI.
IIpu sToM Ha 3aBepLIatOlIEd UX CTAJAWH, HECOMHEHHO,
TpeOyeTcsi MPOBEICHUE MPOBEPOYHBIX PACUCTOB C MPUME-
HCHHEM PacueTHOW MOJIEIH 00JIee BHICOKOTO YPOBHSI.

B xone panpHENIIMX WCCIENOBAHUM IUIAHUPYETCS
npoectr aHam3 HJIC »1eMeHTOB pa3neniTenbHbIX [ITaM-
MOB C Y4ETOM KOHTAaKTHOTO B3aMMOJCHCTBUSI Ha OCHOBE
OITMCAHHOK B pab0OTEe KOMIUIEKCHOM PacueTHON CXEMBI.
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