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BBEJIEHUE

AKTyaJIbHOCTh PpadoThl. 3yOuaTble I[JIaHETapHbIE IME€pelaud Halul BechMa
IIMPOKOE PACHpPOCTPAHEHHE B TEXHUKE OJjarojaps LEJIoOMy psAdy 3aMedyaTelbHbIX
KauecTB: BBICOKOM HAarpy304HOM CHOCOOHOCTH, IIMPOKOMY CIIEKTPY NepeaaTOYHBIX
OTHOILICHH, XOpOLIUM MaccorabapuTHBIM XapaKTEepUCTUKAM, BBICOKOMY
KOA(PUIIUEHTY TMOJIE3HOTO JCHCTBHUS, COOCHOCTH. 3a BpeMs, MPOLIEAINIEe C JAaThl
M300peTeHHs] TEpBOM IIaHeTapHOW mepenauu (mepenauu J{aBuaa), 3TH MeXaHU3MBbI
NpeTepnean CyUeCTBEHHbIE WM3MEHEHUS, MO3BOJUBIINE YIYUYIIUTh HUX TEXHUKO-
PKOHOMHYECKHE ToKazareau. llosBUIMCh HOBBIE NEpeNauu C pas3lAelICHUEM IOTOKa
MOIITHOCTH:  MHOTOMOTOYHbIE  (MHOTOCATEJUTUTHBIC)  IUTAHETapHBIC  Iepeiayd,
0€3BOAMIIbHbIE MEXaHU3MBbI, 3y0UaTO-POIMKOBBIE MTEPEIAUH.

Cpenu MHOXKECTBAa PAa3IMYHBIX KOHCTPYKIIMWA 3yOuaThIX IUTAHETAPHBIX Tepenay
HauOOJIbIIIEE PACTIPOCTPAHEHUE TMOJYUYUIIM MHOTOCaTe/UIMTHhIE Tiepemaaun [[xeitmca
(mepemaun THma 2K-h ¢ BHEMHMM ©W BHYTPEHHHM 3alCIICHUSMH KOJIEC IIO
kinaccudukanuu npodeccopa Kynpssuesa B.H.), conepkaliye colHeUHYIO IECTEPHIO,
CaTEeJUTUThI, LEHTPAIbHOE KOJECO C BHYTPEHHUMH 3YObSMH UM BOAWIIO. Y Ka3aHHbIE
MEXaHU3Mbl O00JaJal0T BBICOKUM KOA(MOUIIMEHTOM TMOJIE3HOTO JIEUCTBHS, XOPOIIUMU
BUOPOAKYCTUUECKUMHU XapaKTEPUCTUKAMHU, MalbiIMU TabaputamMu. MHOTOCTyIEeHYAaTOE
UX MCIOJHEHUE TO3BOJISIET peaIn30BaTh OOJIbIIOE EPEATOYHOE OTHOUIEHHE.

Baxueimumu  3amayamMu, CTOSIIMMHU  Tepell pa3padOTYMKaMH  TIJIaHETapHBIX
nepenay, SBISAIOTCS  TOBBIILIEHWE HAarpy304YHOM CHOCOOHOCTH M YJIy4ylIEeHUE
MaccorabapuTHBIX MOKa3aTeaeil 3TUX MEXaHU3MOB. BBINIOJIHEHNE UX C «IIaBAIOIIUMU
¥ CaMOYCTaHaBIIMBAIOIIMMHUCS 3BEHBSIMU HE BCET/Ia MO3BOJISIET TMOJHOCTHIO N30aBUTHCS
OT U30BITOYHBIX CBs3€H (B OCOOEHHOCTH 3TO OTHOCUTCA K MHOTOMOTOYHBIM IEpeaadyam
U 1epegadyaM ¢ OrpaHMYCHHBIM paJdalibHBIM pa3MepoM), UYTO OTPHIATEIBHO
CKa3bIBACTCS Ha paCIpe/elieHny Harpy3Ku Kak 1O JUIHHE 3yObeB, TaK M MO MOTOKaM
MOIIIHOCTH, a CJIEIOBAaTEIbHO, U Ha HArpy304HOW CmocoOHOCTH mMpuBoAa. B To ke
BpeMs 1edOpPMATUBHOCTh JIETANCH Mepeaadyd OKas3bIBACT IMOJIOKUTEIHHOE BIUSHUC Ha
yKa3aHHbIE IOKa3aTelu ee paldoThl, TaK Kak IO3BOJSET YACTUYHO KOMIIEHCHPOBATh

HEN30EKHBIE IMOrpCIMHOCTH U3IOTOBJICHUSA MCXaHHU3MaA.
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B CBS3M ¢ OSTUM aKTyaqbHOW  SBISETCS  3ajJada KCCICAOBAHUS BIUSHUS
MOTPEITHOCTed  W3TOTOBJICHHS W IIapaMeTPOB  IIAHETApHOTO MEXaHW3Ma Ha
HANPSHKCHHO-IC(OPMUPOBAHHOE COCTOSHHE €ro JJIEMEHTOB W Ha paclpe/ieiicHHe
Harpy3K{ W HaIPsHDKCHHUH B 3alICTUICHHUSIX KOJIEC, a TAK)KE BRIPAOOTKH PEKOMEHIAINM 110
palMoHAILHOMY IPOSKTUPOBAHHIO MPUBO/IA.

CoBpeMeHHOE  COCTOSIHME  MCCJIeOBaHMii.  BbIONHEHHBIE  PAIOM
OTEUYCCTBCHHBIX M 3apyOeKHBIX aBTOpoB (AiipameroBa D.J1. [1;2;3;4], Apnaynosa K.b.
[6], Babuues 1.T.[7],bocTana U.A. [10;11], Bynrakosa 3.b. [18;19;20;21;22], Buiuca
P. [139], Bomkosa I'.}O. [12;13;14;15], Boakxosa M.I1. [16;17], [epxarma FO.A.
[34,35;36], 3admonckoro K.W. [39;40;41;42], Kaxpamana A.[125;127;136],KpaiineBa
A.D. [47;48], Kynpseuesa B.H. [50;51;52;53;54], Jlomatuna B.A. [57;58], ITapkepa I'.
[130;131], ITnexanoa ®.U. [74;75;85;86;90;91], Pemerosa JI.H.[ 97;98], Pynenko
B.H. [99], Pyaeaxo H.®. [100], Cunrxa A.[127;128], CkBopiosoit H.A. [102;103],
Cynaru T.[108;109], Ce3panuesa B.H. [ 110;111;112;113], Tumodeena I'.A.
[114], SctpeboBa B.M. [ 121;122;123] m MHOTMX APYruxX) HCCIICAOBAHHS
TUTAHETAPHBIX Mepe/iad pa3HOro THIIA, HANIPABJICHHBIC HA TIOBBIIICHHE WX HArpy309YHOMN
CIIOCOOHOCTH ¥ YJIYYIIICHHE MAacCOTa0ApUTHBIX MOKa3aTeleH, SIBISIOTCS OCHOBOW IS
JaTbHEHIIero MpOABUKEHUSI HAYKH O MPUBOJHON TexHuke. Ha 6aze ykazaHHBIX paboT
CO3MaHbl M HCCJICIOBaHbI HOBBIC KOHCTPYKIHH [65;66;67;68;69;70], B Tom uucie
oe3BonmibHbele Tepenaun (Boakor I'.1HO. [12;13;14;15]) u nepenaun ¢ POTMKOBBIM
MEXaHM3MOM CHsTHS aBrkeHHs ¢ cateiuToB (IlmexanoB ®.M. [76;79;80;81;84]).
TeopeTrueckne W AKCIEPUMEHTAIbHBIC METOJbI ONMPEICICHHS KECTKOCTH DJIEMEHTOB
IUTAHETAPHBIX IMepead, UX BIUSHUS Ha PacCHpeleICHHE HArpy3Kd M HANPSOIKCHWHA B
3alleTJICHHUSIX KOJIeC, a TAKXKe Ha JUHAMHUKY MEXaHHU3MOB, OCBEIICHBI B Pa00TaxX yUYEHBIX
Haxaraksna @.I'.[ 63;64], Jluna W.[129], Cunrxa A.[128],Aremu @. [132;133] u
npyrux.  OJHAKO TPH OINpPENCICHUHM TaKUX BaKHBIX IMOKAa3aTeIed MPOYHOCTH, Kak
KOA(PQUITUSHTHl HEPAaBHOMEPHOCTH PACHpPEICIICHUS HArpy3kKd ¥ HaNpsOKSHUH B
3alleIUICHUSIX KOJIEC,  HE JOCTaTOYHO TIOJHO W TOYHO YYTCHBI COCTABJISIONIUC
nedopMaIuii 3BeHbEB INIAHETAPHBIX MEXAHU3MOB U X KOHCTPYKTHBHBIC OCOOCHHOCTH.

He wuccrnenoBaHo pacnpeneneHue Harpy3KM M HalpsDKEHHH B 3allCTICHUSX KOJIEC
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MHOTOCATEJUINTHBIX TJIAHETAPHBIX Mepefad C MOAATIUBBIM U COOPHBIM BOAMIAMH, a
TaKke MO0 psJiaM MHOTOPSITHBIX Mepe/iad ¢ OTPAaHUYCHHBIM PaIuaIbHBIM Pa3MEpPOM.

Heabo auccepTanMoHHON PabdoTBLI  SBJISICTCS TOBBIIICHHWE  HArpy304HOM
CIIOCOOHOCTH MHOTOCATEIUTUTHOW (MHOTOIIOTOYHOM) TUIAHETAPHOU MepeIavm.

3agauun uccJae10BaHUSA.

- CO3/IJaHH€ MaTeMaTHYECKUX MOJIeel 3y0UaThIX 3alleTUICHUH I aHAIUTUIECKOTO
OTIpEJICIICHHS 3aKOHOB pacCHpeeNIeHUsT HAarPy3Ku ¥ HANPsDKEHWH M3rubda 1mo moTokam
MOIITHOCTH U O JIJIMHE 3yOhEB KOJIEC MPU HATMYUU MOTPEUTHOCTEH UX U3TOTOBJICHUS U
C yueToM nepopMaliiy BCeX OCHOBHBIX 3JIEMEHTOB TIEpeIavu;

- HUCCJIEJOBAaHUE BIUSHHUS MOJATIMBOCTH COOPHOTO BOJAMIJIA HAa pacHpeicsiCHUE
Harpy3Kd M HapsDKEHUH U3rubda 1o JjIuHe 3yObeB KOJIEC;

- omnpeneneHue kKod(PUIMEHTa HEPABHOMEPHOCTH pacIpeeieHUusT Harpy3ku IO
caTe/uTiTaM MHOTOTIOTOYHOHN IIJIaHEeTapHOW Iepefayd ¢ ydeToM J1ehOpMaTUBHOCTH
OCHOBHBIX €€ DJIEMEHTOB,

- HCCIIEIOBAaHUE pACTPENICNICHUs] HArpy3Kd MO BEHIIAM ABYXPSIHOTO caTelIuTa
C KOHCOJIbHBIMH OCSIMH

- HCCJIEIOBaHUE pacHpeAcsieHUus] Harpy3kd MO MOTOKaM MOIIHOCTH W BEHIAM
caTeJlJITa epeayu ¢ MOJIaTIIMBBIM BOJIUIIOM;

- YCTaHOBJICHHE BJIMSIHMSI TapaMeTpPOB BOJMWJIA MHOTOPSIHOW TMepeaayud Ha
pacripe/ieJieHue Harpy3KH Mo psjiaM caTeJUIUTOB;

- BBIBOJ 3aBUCHUMOCTH IJIsL  OIpeeNICHUs HaInpsH>KEHUM n3ruda
HEABOJILBEHTHOTO 3y0a KoJieca IMIaHeTapHOU Mepelayuu;

- KOMIILIOTEPHOE  MOJICIMPOBAHUE U DKCIEPUMEHTAIBHOE HCCIICIOBAHUE
CONPSDKEHUS OCH caTeJIMTa CO IIeKaMH BOJINNIA;

- DKCHEPUMEHTAJILHOE HCCJEOBAHUE PACIPEACIICHUS HArpy3Ku B 3alleIJICHUSAX
KOJIEC TUIaHEeTapHOU Mepeaavu.

HayuHnasi HoBU3HA paOOThI 3aKITIOYAETCS B CIICAYIONIEM:

- MPEIJIOKECHBI YTOUHEHHBIE  MaTeMaTUYECKHue MOJIEIM  HAarpy>KeHHO-
ne(hOPMUPOBAHHOTO COCTOSTHUSI 3yOYaThIX 3alleTUICHUH, MO3BOJISIONIME TOTYYUTh

3aBUCUMOCTHU OJIsI aHAJIUTUYCCKOI'O OIIPCACIICHUA 3aKOHOB PACIPCACICHHA HAIPY3KHU
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U HampspKeHUH u3ruba mo JAMuHE 3yObeB U MO MOTOKAM MOLIHOCTH  IUTaHETapHOMN
nepeaayy;

- CO34aHbl METOJABI  OIPENEIICHUs KOA((UIUEHTOB HEPAaBHOMEPHOCTH
pacnpeneNeHusT Harpy3Kd IO caTeJUIMTaM M OTIEIbHBIM €ro BEHLAM IMepefadyd C
IIOJATIIMBBIM BOAWIOM;

- TOJy4EHBl 3aBUCUMOCTH JUIsl YCTAHOBJICHHS PpAalMOHAJIBHBIX I1ApAMETPOB
BOJWJIA MHOTOPSAHOW IUIAHETAPHOM Mepefayd, MUHUMHU3UPYIOIMX HEPABHOMEPHOCTh
pacrpenesieHrs Harpy3Ku 0 psiiaM KOJIEC;

- pa3paboTaH METOJ aHAJUTHUYECKOTO pacyeTa Ha MPOYHOCTh HEIBOJIBBEHTHOIO
KOJIECa MHOTOPSIIHOM TUTAHETApHOM Nepeiayu.

Teopernyeckass W NPAKTHYECKAs 3HAYUMOCTb IOJYYEHHBIX Pe3yJbTATOB.
[Tomy4yeHHble ypaBHEHHUsI CBSA3M HArpy3Ku, ACHCTBYIOUIEH Ha 3y0, W HANPSKEHUU €ro
U3ruda mpueMseMsbl JJis UCCIEAOBAHUS HAIpPsHKEHHO-1e()OPMUPOBAHHOIO COCTOSIHUS
TOJICTBIX IJJACTUH C YOPYTMM OCHOBAaHHMEM, B BHUJIE€ KOTOPBIX BBIIIOJIHEHBI JIEMEHTHI
HEKOTOpPbIX W3Aenui (Hampumep, Kynadyku MyQT). IlpakTuyeckas 3HAYUMOCTH
NOJIYYEHHBIX  PE3YyJbTaTOB COCTOMT B pa3pabOTKe METOJUKU OIpeIeICHUS
K03((PUIIMEHTOB HEPABHOMEPHOCTH PACIIPEACIICHUS HATPY3KHW M HANpsDKEHUH M3ruda
3yObEB KOJIEC B 3aBUCUMOCTH OT KOHCTPYKLIUU U MIapaMeTpOB IUIaHETapHOM Mepeaay,
KOTOpBIE OKa3bIBAIOT OOJIBILIOE BIMSIHUE HA HArPY304YHYIO CIIOCOOHOCTh MEXaHU3Ma, a
TaK)K€ B MPEJIOKEHHBIX PAIlMOHAJIbHBIX KOHCTPYKIUAX nepeaad. Pe3ynbraTel paboThl
peann3oBaHbl Ha MkeBCcKOM mpeanpustun «Pegykropy.

Metonosioruss W MeTOAbl HCCJIeI0BAHMA. [€OpEeTHUECKHE HCCIEIOBAHUS
0a3upyloTCs Ha TEOPUM MAIMH M MEXAHU3MOB, B YAaCTHOCTH, TEOPUH 3yO0UaThIX
3alleIUICHUH, HOJIOKEHUSIX CTPOUTEIBHOU MEXaHUKN " TEOpUHU
yapyroae(opMUpOBaHHOTO COCTOSIHUA Tell. MCrnonb3yroTcs aHaIuTUYECKUE METOMbI
pemieHuss anreOpandecKux, HWHTETPAIBbHBIX W Ju(depeHITHaTbHBIX YpPaBHEHUH,
YUCJIEHHBIA  METOJ,  KOHEYHO-3JIEMEHTHOTO  aHajau3a.  OJKCIIEPUMEHTaJbHbIC
UCCJIEIOBAHMS OCYIIECTBISUINCh HAa CHEIHAJIbHOM CTEHJE IS HMCHBITAHUS COOCHBIX
3yOuaThIX Mepesad C HCIOIb30BAaHHUEM COBPEMEHHOTO0 O0O0pYyIOoBaHUS (TEH30JaTUUKH

BpaIllalOIIero MOMEHTA, aHAJIM3ATOP CHEKTPa, BUOPOAATUHK, KOMITBIOTED).
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IonoxkeHnus, BbIHOCUMBbIE HAa 3ammMTy. Ha 3amury  BBIHOCATCS CIEQYIOLIUE
MOJIO’KEHUS AUCCEPTALIMOHHOM PaboTHI:

- YTOUHEHHbIEC YPaBHEHHUS CBSI3M HANPsDKEHUH u3rnda 3yObeB, MOTOHHOW HATPY3KU U
nedopMaruii >IEMEHTOB IIJIAHETAPHOU TIepeauH;

- pe3ynbTaThl UCCIENOBAHMUS HEPABHOMEPHOCTH pacHpelie]ieHUus] Harpy3kd u
HaIpsHKeHUH U3ruoa 1o JAJiMHe 3yObeB KOJIeC TIepeiauu C IeJIbHBIM BOIUIIOM;

- BBIPOKCHUS IS ompeaesieHus KodpduiimeHTa HEpaBHOMEPHOCTH PACIIPEACIICHUS
Harpy3kKd W HampsbkeHud u3ruba 1o JJMHe 3yObeB mepenadu co cOopHbiM 1 -
0Opa3HBIM BOIMIIOM;

- YpaBHEHHS [0 OMNpPEACICHUIO MOAATIMBOCTH JIBYXOMOPHOW OCH MHOTOIOTOYHOM
IJIAHETapHOM TNEepeAauyr W pe3yJbTaThl UCCIEIOBAHUS €€ BIUSHUS HA PACHpPEICIICHHE
Harpy3KH Mo caTeJIuTaMm;

- 3aBUCHMOCTH  JUIA  omnpenelieHus  KodQPUIMEHTOB  HEPAaBHOMEPHOCTH
pacrpeneneHuss Harpy3Kd IO caTejuIMTaM U OTAEIbHBIM €ro BEHLAM IMEpPEeAadd C
MOAATIMBLIMU IIIEKaMU BOJUJIA;

- ypaBHEHHUs JJis onpeiesieHus: KoddduieHTa HEpaBHOMEPHOCTH  paclpeieICHUs
Harpy3KH 1o psijilaM CaTeJJIMTOB MHOTOPSITHOM IJIAaHETApHOU Mepeiayuu;

- pe3yibTaThl HCCIEIOBAHUSl PACHPEACIICHUS HArpy3Kd IO psAgaM CaTeJIMTOB
JIBYXPSIAHOM MUIAHETAPHOM Mepe/iaur ¢ KOHCOJIbHBIMH OCSIMU CaTEJUINTOB;

- pe3yibTaThl KOMIBIOTEPHOTO MOJCIUPOBAHUS DJIEMEHTOB TMepeauyd U HUX
COIIPSDKECHUM;

- pe3yibTaThbl AKCIHEPUMEHTAJIBHOTO  OMNpEACICHUS MOJATIUBOCTH HJIEMEHTOB
nepegaun M kodhduiMeHTa HEPABHOMEPHOCTH pacCIpeleieHus Harpy3ku 1o €€
caTeJUINTaM.

CreneHb 10CTOBEPHOCTH M amnpodamus pe3yjbTaroB padorbl. J[OCTOBEPHOCTH
UCCJICIOBAHUM  TOATBEPIKAACTCS ~ KOPPEKTHBIM  HCIOJB30BAaHHEM  0a30BBIX
TEOPETUYECKUX TOJIOKEHUM, TPOBEPKONM OCHOBHBIX PE3YJbTATOB SKCIEPUMEHTAMH,
KOMITBIOTEPHBIM MOJICIMPOBAHUEM U YACTHBIMH PEIICHUSMU TOCTaBJIEHHBIX 3a/ad
METOJOM KOHEYHO — O3JIEMEHTHOro aHaiau3a. OCHOBHBIE TMOJIOKEHHS JUCCEpPTALUU

O00CYXXJIalluCh HA CIEAYIOUIMX HAyYHO-TEXHUYECKHX KOH(PEPEHIMSIX M CEeMHUHapax:
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Hay4yHas koHpepeHuuss «HayyHo-TexHHYeCKHE U COLMAIbHO-?KOHOMHUYECKHE
npoOJieMbl PEerHOHAJIBHOTO pa3BUTUA», [ 7na3oB, 2015, 2016; nayunas koHpepeHIUsI
«HayuHo-TeXHUYECKHE U COLMAIBbHO-3KOHOMHYECKHE TPOOJEMBbl PETHOHAIBHOIO
pasButus», 1. Capamyn, 2015; Bropas exerogHas MeEXIyHApOIHAs HAYIHO-
npakThuueckas KoHgpepeHuus «®PoTuHCkHe uTeHus», I. Mxesck, 2015; HayuHas
koHpepeHuusa «Henenst ropHsika», cekuus «l opHble MalmIMHBI U 00OPYAOBAHUE», T.
MockBa, 2016; oOwveaunennoe 3acemanue kadeap  «lIpombinuieHHOE |
IPaX/IaHCKOE CTPOUTEIBCTBO», «KOHCTPYKTOPCKO-TEXHOIOTUYECKOE OOecreueHue
MalIMHOCTPOUTENBHBIX MPOU3BOACTBY M «TexHuueckas mexanuka» PI'BOY BO

«MxI'TY umenu M.T. KanamuukoBay, MoxeBck, 2016.
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1.3YBUYUATBIE IIVIAHETAPHBIE IEPEJAYN, UX XAPAKTEPUCTHUKHU U
METO/bl PACHETA HA INTPOYHOCTD U ’KECTKOCTDb

1.1.Hau6oJ1ee pacnipocTpaHeHHbIEe KOHCTPYKIMH IUVIAHETAPHBIX NMepeaay, ux
KMHEMATHYeCKHE M JHEPreTH4ecKue BO3MOKHOCTH

[Inanerapusle mnepenayn o00JAJAIOT BBICOKOW HArpy304HOM CIIOCOOHOCTBIO U
XOpOIIMMH  MAacCOrabapuTHBIMH  TOKa3aTeISIMH, 10 CPAaBHCHHIO C OOBIYHBIMU
(psimHBIMM) ~ TIepeayaMHU,uTO  OOYCJIOBHJIO  IIMPOKOE  HMX  PaclpOCTpaHEHUE
[5;43;44,49;55;59;60]. [lepBas mianerapHas nepeaada (mepemaya JlaBuaa) cocTosia U3
JIBYX TIEHTPAIBHBIX KOJEC ¢ BHENIHUMHU 3yObsIMH, CaTeUIUTa M BEAYIIETO
AKCIIEHTPUKOBOTrO Boauia. OOnagas OOJBIIUM IepeAaTOYHBIM OTHOIIEHUEM B OJIHOM
CTYIIEHH, OHA HMeJla HHU3KYI0 Harpy304HyK CIIOCOOHOCTh W OOJIbIIIME MOTEPH
MOIITHOCTH Ha TPEHUE, MMOATOMY HE HalllJIa IMAPOKOTO MPAKTHIECKOro nmpuMeHeHus. Ee
koa(duieHT none3noro nercTBus He npesbimaeT 50%, a mepenaTouHoe OTHOLICHUE
moxeT pocturath 200. PasHoBumHOCTH 3ToM mepenmaum (mepemava 2K-h ¢ mBywms
BHYTPCHHUMH 3allCTUICHUAMHU Kojiec) (pucyHOK 1.1) Ooyiee KOMIAKTHA MPU TOM XKe
NepeaTOYHOM OTHOIIEHUH W UMEET MEHBIIUE MOTEePU MOIIHOCTH Ha TpeHue (ee
K03 GuIMeHT moJie3Horo nericteus paseH 70%-80%) [50;53]. ITo morepsiMm MOIIHOCTH
Ha TPEHUE U TMEePeaTOYHOMY OTHOIIEHUIO 3TH NepeIaun OJU3KM K BOJHOBOW Tepenaye
[95].

[lepenaTouHoe OTHOIICHHE DKCIECHTPUKOBBIX Tepenad Tuna 2K-h C BHyTpeHHUMU

3alleIUICHUSIME KoJiec B o01ieM cirydae [50]
z,2

o=, (1.1)

2,2y — 2,24,

e

rie 2z, —4ucio 3yObeB THXOXOJHOTO KOJIeca, z, — YHCIO 3yObeB HEMOJBUKHOTO
KOJIECa; Z,,, Z,,— YMCIA 3yObEB BEHIIOB CATEIUIUTA, h— SKCHEHTPUKOBOE BOIMIIO.

HpI/I BBIIIOJIHCHHUHU CaTCJZIMTa OAHOBCHIOBBIM JIA OIPCACICHUA IMCPEAATOUYHOIO

OTHOLIEHMS MCTIOIb3YeTCs Ta ke popmyna (1.1), B KOTOPOM IPUHUMAETCA 2y, =Z,.

Ha pucynke 1.2 npencraBieHa KOHCTPYKLIMSL ~ TakOM  Iepeaayd ¢

CaMOYCTaHABJIMBAOIIUMHUCA  CAaTCILJIMTAMU, 4 Ha PpHUCYHKC 1.3 nepecgadya C
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CUMMETPUYHON CXEMON HarpyxeHus Koyiec (MOMEHT, pa3BOpAYMBAIOLIUNA CATEIUIUT,
IIPH TaKOM HCTIOJTHCHHH OTCYTCTBYeT) [87,126].
bonee sddextuBubiMEu sBISIOTCS Teperaun [Ikeiimca (mepemaun tmma 2K-h ¢
BHCIITHAM W BHYTPCHHHM 3aIlCIICHUSIMH KOJIEC), COCTOSIINAE U3 COJTHCUYHOMW IMICCTCPHH,
HETIOJIBIDKHOTO IIEHTPAJILHOTO KoJieCa C BHYTPCHHUMH 3YObSIMH, CaTEJUIMTOB H
tuxoxoaHoro Boawiaa (puc. 1.4) [78;92;93;94]. Yka3aHHbIe KOHCTPYKIIMH 00Jadar0T
HEOOJIBIITUM TIePETaTOYHBIM OTHOMICHHEM i (10 11 B omHO# CTymeHu), HO OOJBIION
HArpy30YHOM CIIOCOOHOCTBIO M BBICOKHM KOA((HUIIMEHTOM ToJe3HOTO aeicTBus (95%-
98%). Yamie Bcero Ha MPAKTHKE HCIOIB3YIOTCS BBICOKOTEXHOJIOTUYHBIC IMEpeIavn C
OJTHOBEHIIOBBIMH CaTeJUTUTaMU (pUCYHOK 1.5).
[lepenaTounoe oTHolIeHHE mepenadyn JxeiMca ¢ JBYXBEHIIOBBIMHU CaTeILTUTAMU

(cM. pucyHok 1.4) onpenensercs no cienyrouieit 3apucumoctu [50]:

. Z, 7
2, =1+——, (1.2)
ZaZg2
rac <z, —4ucio 3y6I>GB COJIHEYHOU MeCTCPHU, Z, — HYHUCJIO 3y6BeB HCHTPAJIBbHOI'O

KOJIECa; Z,,, Z,,— YMCIIA 3yObEB BEHIOB CATEIUIUTA, h— THXOXOIHOE BBIXOJHOE 3BEHO

92
(BoIUIIO).

[Ipn orpaHM4eHHOM paaMaILHOM pa3Mepe MPUBOJA €r0 HECYIIYI0 CIHOCOOHOCTH
JUMUTHPYET Harpy3ouyHas CIIOCOOHOCTh TMOJIIMITHUKA CaTeUIuTa, IOATOMY OH
BBITIOJTHSETCS  JIBYXONMOPHBIM (pUCYHOK 1.6) wiM B BHUAE OTIEIBHBIX KOJIEC,
YCTAaHOBJICHHBIX Ha cdepuyeckue moamUnHUKA kaduenus [98;118;119;120]. s
peanu3aiuu O0OJIBIIOTO MEPEIATOUYHOIO OTHOIICHHS UCTIOJIb3YIOTCS MHOTOCTYTIEHYAThIC
KOHCTpYKIMK Thma 2K-h, KOMOMHHUPOBaHHBIC TJIAHETAPHO-BOJHOBBIC MEpEAaydl  HJIH
KOMOMHUPOBAHHBIE MEpelaud, COCTOSIIUE U3 UWIMHIPUYECKUX PSAIHBIX U
IUTaHETAPHBIX CcTyMeHed [6;51;77;114].

KoMmOunanus w3 mmaHeTapHblx cTyneHedl Tuma Jhkeiimca wu  JlaBuna
npeacTaBisier coboil mepenady 3K, OCHOBHBIMHM 3BEHBSIMH KOTOPOW SIBJISIFOTCS TPH

OCHTPAJIBHBIX KOJICCAa (COHHG‘—IHaﬂ MCSCTCPpHA, HCIIOABMIKHOC M THXOXOJHOC
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Pucynok 1.1. Kunemarndeckas cxema IuiaHeTapHoU nepenadn tumna 2K-h ¢ qpyms

BHYTPCHHUMHU 3alCIICHUAMUA KOJICC
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Pucynok 1.2. KoHctpykius miaHeTapHoi nepenaun 2k-h ¢ AByMs: BHyTpEeHHUMHU

3al0CINICHUAMHU KOJICC N CaMOYCTAaHABJIMBAIOIIUMHUCA CaTCIIJIMTaMU
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Pucynok 1.3. [Inaneraphnas nepenaya 2k-h ¢ 1ByMst BHyTpeHHHMU 3alICTUICHUSIMU KOJIEC

Y CUMMETPUYHON CXEMOU UX HArPYKECHUS
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IEeHTpaJdbHBIE KoJieca C BHYTpeHHHUMH 3yObsmu) (pucynke 1.7, 1.8) [121;122].
[Tepenada umeet OombIiioe mepeaaTounoe otHomerue (ot 50 go 500):

b % fafa Tl (1.3)

Z, 2,24 —12,2,

a

3nech z, —4UCIO 3yOb€B COJIHEUHOM IIECTEPHM; z, — YUCIO 3yObEB HEMOJBUKHOTO

HCHTPAJIBHOTO KOJIECa; Z, — YUCII0 SY6LCB TUXOXOOHOI'O KoOJIeca, Z Ly, Ly, —HHCIA

g
3yObEB BEHIIOB CaTeJUIUTA.

Koaddumuent moneznoro aeictBust 3troro mexanmsma paBeH 70%-80% (MeHbIee
snauenue s i =500) [123].

B mocnemnee BpeMst Bce Oosiblliee PACIpPOCTPAHCHHE IMONYYalOT IUIaHETapHBIE
nepenaun TtHma K-h-v, copepxkaiipe Beayliee SKCICHTPHUKOBOE BOJWIIO, OJWH-IBA
caTeJUTNTa, HEMOABIXKHOE LIEHTPAIbHOE KOJIECO C BHYTPEHHUMH 3YObsIMU U MEXaHU3M
CHATHUS ABWXKEHUS ¢ careumToB (pucynkum 1.9 - 1.11) [44;50;89;90;91]. Ouu nmeroT
Oosbioe nepeaaTounoe oTHomeHue (10 200) 1 BBICOKYHO HAIrPY30YHYIO CIIOCOOHOCTD.

KOB(b(l)HI_II/IGHT IIOJIC3HOTI'O IIGfICTBPISI SY6‘{aTI>IX nepcaad 95TOro0 THUIIA IIPH CHATHH

JBUKCHHSI C CATSITUTOB MOCPEIACTBOM IIEBOK cocTaBisieT 85%-90% [50].

=

2z
et
da

é ﬁmr\\"&

Pucynok 1.4. Kunemarndeckasi cxema IuiaHeTapHou nepenadn 2K-h ¢ olHUM BHEITHUM

U OJHHUM BHYTPCHHHM 3alCTINICHUAMHA KOJICC
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Pucynox 1.5. Ilpocreiitias KOHCTPYKIHS TUTaHeTapHOM niepeaauu 2K-h ¢ BHEITHUM 1

BHYTPEHHHUM 3aLICTNIEHUSIMH KOJIEC

T

7 ISP ISP,

Pucynok 1.6. Ilepenaua 2k-h ¢ BHEITHUM ¥ BHYTPEHHHUM 3alCTICHUSMH KOJIEC U

OIpaHUYCHHBIM paavalIbHbIM pasMEpOM
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Pucynok 1.7. Kunematndeckas cxema IuiaHeTapHOU nepenayn tumna 3K ¢

TPEXBCHIIOBLIMU CATCIUIMTAMU
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Pucynok 1.8. Ilinanerapnas nepenada tumna 3K ¢ 0JJHOBCHIIOBBIMH CaTE/UIUTAMU U

CaMOyCTaHaBJIWBAOMUMHUCA OCHOBHBIMU 3BCHBSIMU
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Pa3pabotaHnHble B TOCIeIHUE TOBI IUIAHETAPHBIE Tiepeaayun Thma K-h-V ¢ poarKoBBEIME
MEXaHU3MAMHM CHSTHS JBIWKEHUS C CaTeUIMTOB MMEIOT 0oJiee HU3KHE TMOTEpU
MOIIHOCTH Ha TpeHue. Mx koadduument mnonesHoro aeiictBusi paBeH 90%-95%.
Ponuku B 3THX MexaHM3Max HMMEIOT JUAMETpP, MEHBIINKA JUaMETPOB OTBEPCTUH B
caTeJIuTaXx M 1IeKax BOAWIA HA BEJIMYMHY MEXOCEBOIO PACCTOSIHUS, U
IIEPEKaTHIBAIOTCS 110 MIOBEPXHOCTSM CONPSTraMbIX ¢ HUMH JeTaiei [67;68;69].

[lepenarounoe oTHomeHwue repenaydu tuma K-h-v [50]

z z
H) g : g
Ih—v = (Ir\:—b = )1 (14)
z,-1, z, -1,
rac Zg —4YHUCII0 SY6BGB carciinTa, Z, — HYHCIIO SY6BGB HCHTPAJIBHOI'O KOJICCa C
BHYTPCHHUMU 3y6B$IMI/I, v — MCXaHuU3M IICpCaaun JABHUKCHHA OT CaTciuiuTa K

BBIXOIHOMY Bally, h— OBICTPOXOIHOE 3BEHO (IKCIIEHTPHUKOBOE BOJIMIIO).

CymecTBYIOT M Apyrue KOHCTPYKIHMM Tiepeaad miaHeTapHoro tumna. K HuM MoKHO
OTHECTH IIapuKOBBIe Tepenaaun [59], Oe3BommibHBIC Tepenadd ¢ TPUOIMKCHHBIM
saneruieHueM kosiec [30]. OnHako OHM HE HANUIM IIMPOKOIO MPaKTHYECKOTO
MIPUMEHEHUS.

Bonpocam reoMmeTpuueckoro CHHTE3a 3allCIUICHU IUIaHETApHBIX —Mepeaad
MOCBSIICHBI Pa0OThI psjia aBTOPOB, MCCICAOBABIINX KaK BHEIIHUE 3allellJICHUS
[20;23;24;56;138], Takx u BHYTPEHHHE C OOJBIION [7;19;32;121] u mManoi
[55;60;72;73;101;116;140;141] pa3uurieii unces 3yObeB KOJIEC.

ITorepr MOIIHOCTH Ha TPEHHE B IUIAHETAPHBIX MeEXaHW3Max MCCISA0BAIUCH
teopetnuecku [49;50] u skcnepumenTanbHbiM TiyTeM  [43;49;61;123], yto mo3BoiseT
OIICHUTh MX DHEPreTUYECKHEe XapaKTePUCTHKU M BHIOpATh HanOosiee MOAXOIAITAN IS
3a/IaHHBIX YCJIOBUHN pabOThl BAPUAHT MEXAHUYECKOTO MPUBO/IA.

N3 Bcex mepedyuCIeHHBIX BBIINIE MEXaHWMYECKUX Tepefad  HauOoJbliee
pacnpcTpaHeHre TMONYYIJIM MHOTOMOTOYHBIE (MHOTOCATEIUINTHBIC) Mepeaud THUIa
2k-h. OcoGenno 3(deKkTHBHBI KOHCTPYKIMH, TpeIokeHHbIe mpodeccopom JI.H.
PemeroBeim [98]. OHM cojepkaT caMOyCTaHABIMBAIOIINECS 3BEHbS, YACTUYHO WJIU

MOJIHOCTBIO JIMIIEHBI M30BITOYHBIX CBSI3€H U O6J'I3)18_IOT BBICOKOM  CTEIEHBIO
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PAaBHOMEPHOCTH pacnpeenaeHuss Harpy3ku. OJJHaKo He BCerjaa yJnaercs JOCTUYb 3TOro
apdekra. [lpu uymcne caremnuToB, OONBIIEM TpPEX, a TaKXKe MPU MHOTOPSTHOM
UCIIOJJHEHUM MEXaHHW3Ma He YyJaeTcsi oO0ecledyuTb PaBHOMEPHOE paCIpeaesieHUE
HArpy30K Jaxe NPy HAIUYUHU CaMOYCTaHABIUBAIOIIUXCS 3BEHBEB. ITO CHUXKAET d(PPexT
MHOT'OIIOTOYHOCTH IUIAHETAPHOI'O MEXaHM3Ma U TpeOyeT TIIATEIBHOIO HCCIEIOBAHUS
BJIMSIHUS TOTPEUIHOCTEN M3TOTOBJICHUS Nepenaud U AepopMmalvi €€ 3JIEMEHTOB Ha
BEJIMYMHBI KOA((UIMEHTOB HEPAaBHOMEPHOCTHM U HAa HECYIIyI0 CIOCOOHOCTH
MEXaHUYECKOTO MPUBOJIA.

He wuccnemoBano Takke BIMSHHE KOHCTPYKTHUBHBIX OCOOEHHOCTEW yKa3aHHBIX
nepesad Ha paclpeelIeHue Harpy30K B 3aLICIJIEHUSIX. DTO OTHOCHUTCA K IepefadaM co
coopubIM 11 — 0Opa3sHBIM BOAMIIOM U NEpeJayaM ¢ BOJUJIOM, IIEKH KOTOPOTO MUMEIOT
MOBBIIICHHYIO TOJATINBOCTh, CIHOCOOCTBYIOIIYIO CHMXCHHIO HEPaBHOMEPHOCTH
pacnpeneneHnss Harpy3oK B 3alleIJICHUSIX KOJIEC, a TakkKe MHOI0CaTeNIMTHBIM

MHOT'OPAIHBIM IICPCaAadaM.

Y
N

Pucynok 1.9. Kunemarnueckas cxema IuiaHeTapHO# nepenadn tumna K-h-v ¢

BHYTPEHHHUM 3aLIECTIJIEHUEM KOJIEC
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N
A

Pucynok 1.10. /IByxcare/muinTHass KOHCTPYKIIHS IJIaHETApHOM nepeaaun Tuma K-h-v

Pucynok 1.11. Be33a3zopHas miuaHerapHas nepefada tumna K-h-v
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1.2. Pacyer njiaHeTAPHBIX MEXAaHU3MOB Ha MPOYHOCTh

HccnenoBannio MPOYHOCTH 3aleTUICHWNA TOCBSIIEHBI paboTel AifipameroBa 3.JI.
[2,3,4], babuueBa JI.T. [7], bparuna B.B. [8], [depxaBua FO.A. [36], KpaiineBa A.D.
[47], Kynpssuesa B.H. [51;53;54], IlitexanoBa ®.W. [83;84;88], Pemerona JI.H. [96],
dununenkosa A.JI. [115], Slcrpedosa B.M. [122] u MHOTUX ApyrHX.

OCOOCHHOCTBIO pacyeTa 3y0YaThiX, B TOM YHCIIC M IUIAHCTAPHBIX, Mepenad Ha
NPOYHOCTh SBJSICTCA Yy4YeT BIUSHHUS JIehOPMATHBHOCTH 3BEHBEB MEXaHH3Ma Ha
pacrpeie/icHHe Harpy3kKd W HalpsDKEHHH B 3alleIUICHHSIX, a TakkKe ydeT pekuMa
paboThI M pa3aeiIeHUs TOTOKA MOITHOCTH Ha HECKOJILKO ITOTOKOB 110 YHC/IY CaTEe/UINTOB
n, [28,31,38,45].

Harpysounas cmocoOHOCTh IUTaHeTapHOW mepemaun THma 2K-h wame Bcero
JMMUTUPYETCS KOHTAKTHOMN MPOYHOCTHIO BHEIITHETO 3allCIUICHHS (3alleTUICHHUS CATeIUTUT

g - COJIHCUHAsA HICCTCpPHIA a ) KonTakTHbIe HaIIpsZKCHUS OIIPCACIIAIOTCA 110 U3BECTHOM

dbopmyie I'epma [71]:

E K
&, =0,418 /Q"T" <o, (1.5)

— Harpy3ka Ha CIWHUILY JUTMHBI TUTOIIanku kontakta (D, — pabogas

rae qn=nt”)

w=w

mMpUHa 3yOyaToro BeHLA, F,- cymMMmapHash HOpMallbHas Harpy3ka BO BHEIIHEM

2E,E

9

E.+E

a 9

3alleIuIeHu ); E = — MPUBEJECHHBIN MOYJIb yIpYyrocTH ( E, — MOAYJb yIIpyrocTu

IIEPBOrO pojia MaTrepuasa WeCTePHU, E;, — MOIyNb ympyrocTu MaTepuala COJHEYHON

HIECTEPHHU); p — IPUBEACHHBIA pauyc KpUBU3HBI Npoduieii 3yObeB, OnpenenseMbli Mo
1 1 1.
bopmyne —=—+—; K, — koappuimeHT Harpy3ku (JJ1s1 MpeJBapUTENbHBIX PACUETOB
a g9
HNPUHUMAETCS paBHBIM 1,5+2), o, — J0MyCcKaeMOe KOHTAKTHOE HAIPSIKCHUE.
B cootBerctBum ¢ 'OCT Bxonsmme B paBeHCTBO (1.5) koappuruent Harpy3ku u

AO0ITYCKA€MOC€ KOHTAKTHOC HAIIPSKCHUC OMMPCACIAIOTCA CICAYIOITUM 06pa30M:
K = KywKggKpuaKivKg;

Khw — k03 dunuenT HepaBHOMEPHOCTH paclpeieeHns HArpy3KH MO MOTOKaM
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MOIIHOCTH MHOTOCATCIIUTHON Tiepenadyn (B palliOHATBHBIX KOHCTPYKIUAX Tepeaad ¢
caMoycTaHaBIMBarommMucs 3seabsmMu Kyw=~1,1);

Kpp — xoddduiment HepaBHOMEPHOCTH pPacIpeneNeHHs HArpy3Kd IO JUIMHE
JIMHWHA KOHTAaKTa;

K4 — xosdduupent BueIIHe Harpys3Ky;

Ky — k0ohdunmenT BHyTpeHHEN THHAMHYECKOM HaIPY3KU;

Ky, — x0abdunment pacnpeneneHus Harpy3Ku MEXIY 3yObsMHU;

O Hlim
Owp =ZyLr Zy SH—I! (1.6)

H
ZN — K02hPUIMEHT JOATOBEYHOCTH, ZR — KO3()OHULUEHT, YIUTHIBAIOIIMN
IIEPOXOBATOCTh CONPSKEHHBIX MoBepxHOCcTel (Zg = 1 mpuR, <1,25 MkM; Zg = 0,95 npu
R, =125+2,5 MKM);

Zy — x0>p(HULMENT, YUUTHIBAIOIIUN BIMSHUE CKOPOCTU Ha KOY(P(UIIMEHT TPEHUS,
(Zy = 0,85V mpu Hpyg<350: Zy = 0,925V*% npu Hyyp>350);

SH — ko> dunuent 3anaca npounoctu (S, =1,2+14).

ABTOMAaTH3aIMs TPOCKTUPOBAHUS TIEpeiad U PEAYKTOPOB MO3BOJISET ONPEIACIUTD
KOHTaKTHBIC HANpPSDKCHHWs C HMCIOJb30BAaHUEM KOMIIBIOTEPHOW TEXHUKA METOJIO0M
KOHEYHBIX 3jeMeHTOB [29;113;134;135], HO OOBIYHO HCHOJB3YETCS TMPUBEICHHAS
3aBUCUMOCTH, TIO3BOJIAIONIAS BBIMOJHUTH pPacdyeT Ha MPOYHOCTh C JIOCTATOUYHOMN
CTETICHbIO TOYHOCTH.

BricokoHarpyeHHbIe Tepeadyd MOBTOPHO-KPATKOBPEMEHHOTO JCHCTBUSA — Halle
BCEr0 BBIXOJAST W3 CTPOS H3-3a MOJOMKH 3yObeB. B 3TOM cilydae MpoOeKTHPOBOUYHBIN

pacdeT MCXaHNYCCKOI'0 IMpruBOJa BEACTCA IO HAIIPSKCHUSAM I/I3FI/I6a, OonpcacIAICMbIM B

cootBercTBUM ¢ ['OCT n3 ypaBHEHHA

FYKLY,Y,
L .7
rne F — OKpyXHas cwia B 3alemieHud; Y, — KOIPQOUIHUCHT, YYUTHIBAIOUTUN

nepekpeiTue 3yoneB; Yg — kKodduiment Qopmbl 3y0a, 3aBUCAIIANA OT T€OMETPUHU

IEPEXOJHON KPHUBOH €ro OCHOBaHMS; Y; — KO3(D(UIHMEHT yria HakiIoHa 3yObeB; Kp —
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KOA(PGUIUMEHT HArpy3Kd, YYMTHIBAIOIIUN JUHAMHKY TI€peJadyd, HEPaBHOMEPHOCTH
pacnpeneseHuss Harpy3kKd MO caTeuluTaM W 1O I[IMPUHE BEHLa; M — MOIyJib
3alleTUICHUS; O — JOMyCKaeMOEe U3TMOHOE HaIPsKEHUE.

Koaddumment ¢popmel 3yda Y oKka3pIiBaeT OOJIBIIOE BIUSHUE HA €70  M3THOHYIO
IPOYHOCTh M MOKET OBITh ONPEEIEH OJHUM U3 CIAEAYIOMINX METO/I0B.

[Tpubnu>xeHHbI METOJ,, OCHOBAHHBIA Ha (pOpMyJaxX COMPOTHUBIICHHUS MaTEpPHAJIOB,
UCITOJIB3YIOIINX TUIIOTE3Y IUTOCKUX ceYeHH (runote3a bepuym).
3y0 Komeca paccMaTpuBaeTcs Kak Oalika, KECTKO 3a/eflaHHasi B OCHOBAHHE.
[TorpemHocts pacueta 50%-60%.

bonee TouHBI1 MeTON, OA3MPYIOIIMIACS HA TUIIOTE3€ JOMAHBIX CEYEHHM (rumoresa
BepxoBckoro A.B.), mpu KOTOpOM OINpeAenstoTcs HOPMallbHbIE HANpSOKEHUS Ha
raitrenu 3y0a moja JeMCTBHEM H3ruOaroniero MomeHta. Ilpum 3ToM reomerpuueckoe
MECTO IIEHTPOB U3rK0a 3y0a JISXKHUT Ha TIePECCUCHUH JIOMAHbIX ceueHMi (pucyHok 1.12).
[TorpemnocTts pacuera npuMmepHo 20%.

AHanoruyHo pemaercs 3ajada MpU HUCHOJIb30BAHUU THUIIOTE3BI JIBOSKOJIOMAHOTO
ceuenus [87]. B aToMm ciydae paccMaTpuBaeTCsi paBHOBECHE IMOJIOBUHBI 3y0a IOJ
JEHCTBUEM HOPMAJILHBIX U KacaTeIbHBIX HAMPSHKEHUN (PE3ybTUPYIOIIAs KacaTeIbHBIX

HanpsHDKeHUH Q).

0 0

Pucynox 1.12. K onpenenennto HanpspKeHU n3rubda 3yda ¢ UCroib30BaHuEM

TUII0TE3 JJOMAHbIX CCUCHUM
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Haubonee TOYHBIMU SIBISIFOTCS METOJIbI, OCHOBaHHBbIE HAa TEOPHH YNPYTOCTH.
OnnuMm U3 HUX sABIsieTcs MeTof YcTuHeHko B.JIL. - Meton koHpOpMHOTO 0TOOpaskeHus
obiacTy, 3aHATOW 3yOOM, Ha MONYINIOCKOCTH [23;24]. Ilpu stom mpoduib 3yda
2UMUTHUPYIOLIETO 3y0, HAXOAUTCS B TOUKE MEPECCUCHUs JIMHUU JACUCTBHUS HOPMaJIbHOU
CWIbl U OCH CUMMETpUHU 3y0a. [laHHBIN MeToJ MpueMiieM TOJIBKO TPH MPHIOKECHUU
Harpy3ku K BepinuHe 3y0a. B mpoTHBHOM cilydae UMeeT MeCTO 0OJiblasi MOrPeIHOCTh
pacuera.

[Tpu npunokeHnu Harpy3Kku B MPOU3BOJIBLHOM O BBICOTE TOUKE 3y0a MOXKET ObITh
UCIIOJIb30BaH MeTOJ, paspadoranublii bparmaeim B.B., PemeroBeim [I.H. [99], mpu
KOTOPOM pEUICHHE YpaBHEHUI TEOPUH YNPYTrOCTH OCYIIECTBISETCS YHCIEHHO B
KPUBOJINHEHHOW HEOPTOrOHAIbHOM CHUCTEME KOOpAMHAT. MeToJl BBICOKOTOYEH, HO
CIIOKEH U TPYAO0EMOK.

B nmnocnennee BpeMsi Bce IIMpPE HCIOJIB3YIOTCS METOJbI KOMIBIOTEPHOIO
MOJIEJIMPOBAHUS, IO3BOJISIONINE MPOAHATU3UPOBATh HANPSKEHHO-AE(HOPMUPOBAHHOE
COCTOsIHUE 3y0a M C BBICOKOM CTENEHBIO TOYHOCTH OMNPEAEIUTh KO3PPUIUEHT €ro

dbopMBI U HaNpsDKEHUS U3THOA.

1.3. MeTtoabl onpeae/ieHns KeCTKOCTH 3BeHbEB 3y04aToil nepeaauu u
MoKa3areseH ee MPOYHOCTH

Bxongsmue B ypaBHenus (1.6), (1.7) xoadduimeHTsl HEpPaBHOMEPHOCTHU
pacripefieyieHusi Harpy3Kd W HampspKeHUM B 3yOuaThiX 3alelJICHUSIX OKa3bIBAIOT
OOJBIIOE BIMSHUE HA HATPY30YHYIO CIOCOOHOCTH MpuBojia. [IoaToMy 0O4eHb BaKHO Kak
MOXHO TOYHEE ONpEeNeNuTh 3THU MOKa3zaTeau MNPOYHOCTH. Bompocam wuccnenoBaHus
pacrpeieieHusl Harpy3Kd M HanpsOKCHWH TOCBAIICHBI paboThl Adpanerosa D.J1. [1],
Iameniepa P.P. [25] |, Tapkasu JI.M. [26], depxaBua FO.A. [34;35], 3a0nouckoro K..
[42], Kyapseuesa B.H. [50;94], [TnexanoBa ®.U. [75;81;93], PemeroBa JI.H. [98] u
MHOTHUX JAPYTHX.

OCHOBHBIMM  TNPUYMHAMH  HEPABHOMEPHOCTH  paclpeie/ieHUuss Harpy3kd U
HaINpsOKEHU  SBJISIIOTCST  TOTPEIIHOCTM  M3TOTOBJIICHUST W MOHTaXa IMepefayud u

nedopmarii  OTACIBHBIX €€ JJIEMEHTOB (COJHEYHOW IIeCTepHU, BOJAWIA, OCEH
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careuiutoB). CreayeT OTMETHTh, 4YTO IOJATIMBOCTH 3BEHBEB MM OOpaTHas MM
BEJIMYMHA KECTKOCTh MOMKET OKa3bIBaTh HA YKa3aHHbBIC IMOKA3aTeNIM MPOYHOCTH Kak
HOJIOXKHUTEIbHOE, TaK M OTPHIATEIbHOC BIHMsSHHE. Hampumep, NpH KOHCOJIBHOM
UCIIOJIHCHUU OCEH CcaTeJUTMTOB uX nedopMarius u3ruba crocoOCTBYET BhIPABHUBAHUIO
HArpy3Kd [0 TIOTOKaM MOIIHOCTH (caTe/uluTaM), HO BEIeT K YXYJIIICHUIO
pacmpenie/icHUss Harpy3Kd W HalpsDKeHUH 1o JuiMHe 3yObeB. JledopmaTuBHOCTH
3JICMEHTOB MEXaHU3Ma OKa3bIBACT CYIICCTBEHHOC BIIMSHHC M HA JUHAMHUKY Mepeadu
[27;136;137].

BaxHeHImuMy 3JIeMEHTaMU 3aleIUISIONINXCS  KOJIeC SIBIIIOTCS MX 3YObd,
NOJATIMBOCTh  KOTOPHIX  OKa3blBACT  TOJBKO  IOJIOKHTEIBHOE  BIHMSHHE  Ha
pacrnpeiescHIe Harpy3ku U HanpspkeHuH. JKeCTKOCTh OT/IEBbHBIX 3yObEB M 3allCIUICHUS
B LEJIOM  OIPEICISUIUCH TCOPETHUUYECKH, OSKCIEPUMECHTAILHO H  METOJaMHU
KOMITBIOTEPHOTO MojenupoBanus AwipaneroBeiM D.JI. [1;2;3], Bparunsim B.B.[8],
3aononckum K.M.[39], Haxartaksnom ®.I.[63] u apyrumu. C usmeHeHueM (Ha3bl
3aICIJICHUS y/IelIbHAs JKECTKOCTh Mapbl KOHTAKTUPYIOIMKX 3y0beB C M3MEHSAETCS MaJIo
u paBaa npumepHo 0,075E [50], rae E — Moaysp ynpyrocTu mepBoro pojaa Marepuania
KoJec. OJTa BEIMYMHA HUCIOJB3YeTCS NpPH  OMNpeAeNieHHH  KO3()PUIIMEHTOB

HEPABHOMEPHOCTHU PACIIPENECIICHUS Harpy3Ku K, , ¥ HampsbKeHud usrubakK,, no aauHe

3yObeB.
[Ipu HeOONBIIOM OTHOIICHUH paboyel MIMPUHBI COJIHEYHOM IIECTEpHH b K

IUaMeTpy ee HadaiabHoW okpyxkHoctd d (b/d <0,8) mus ompeaeineHUs yKa3aHHBIX

KO3 UITUESHTOB UCIONIb3YyeTCs MpuoOmkeHHas popmyna [lerpycesnua A.M. [71]:

K, =1+ 056Cy (1.8)
q
rac Yy — YI'OJ HaAYaJIbHOI'O HCIIPHUIICTaHU:A 3Y6BeB 3alCIIIAOINXCA KOJIEC, g-—

CpeHsIs MOTOHHAS HAarpy3Ka.
YunThiBast MOBBIIIEHHYIO ITOJATIMBOCTh 3yObEB Yy TOPIIOB M3-3a KpaeBoro ¢ ¢ekra,
B dopmyie (1.8) Bmecto 0,5 npunumaercs kodddurnuent 0,4 [50].

IIpu G0dBINION OTHOCHTENIPHOM IMMPHUHE COJIHEUHOM mecTepHH (0,8<b/d <12) ee

KPY4YCHHEC OKA3bIBACT CYIICCTBECHHOC BJIMAHHC HA PACIIPCACICHUEC HAI'PY3KH IIO JJIMHE
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JWHAW KOHTAKTa, 4YTO PEKOMEHIYeTCs YyJYUThIBaTh BBeAcHHEM B (opmyny (1.8)
JOTIOTHUTEIFHOTO cliaraeMoro. B aTom ciydae hopmyna npuarmaer Buj [53]
2
K, :1+Wio,1(9j | (1.9)
q d

3HaK «-» MPUHUMAETCA, KOT/Ia HalpaBieHIEe HaYaIbHOTO HepuiieraHusi 3yObeB B
3alleTJICHUH CaTeJUTUTa C COJIHEYHOM IIeCTEPHEH COBMAAAET C HAMpaBICHUEM IepeKoca
3yObEB IIECTEPHU B pE3yJIbTaTe €€ KPYUCHUSI.

C yderom mnpupabaTbiBaeMOCTH 3yObeB KOIPPUIIMEHTH HEPAaBHOMEPHOCTH
OIIPEICIISIOTCS IO CIICAYIONIMM 3aBrucuMocTsM [50]:

Ky =1+ a4 (K, 1), (1.10)

Key =1+ p¢ (K, —1), (1.11)
rne 4, 1 pp —Kod()PUIMEHTHI, YyYUTHIBAIOIIME IUIACTUYECKYIO AepOopMaIuio U
BBIKpallliBaHWE 3yObeB B Iporecce paboTbl nepenaud  (ONpelessitoTess 1o
NPUOJIMKCHHBIM TPaUIECKUM 3aBUCUMOCTSIM).

OnHako  BBIMOJHEHHBIE  YHCJICHHBIM  METOJIOM  pacyeThl  MOKa3alld, 4YTO
KO3 PUIIMEHTH HEPAaBHOMEPHOCTH pacIpeliefieHus Harpy3ku U HamnpsoKeHUd u3ruba
3yObEB HMCIOT pa3HbIC 3HAYCHUS JaKe J0 UX MPUpadoTkH [8].

[Ipu  ompenenenuun  HavanbHOro  (mo  mpupaboTku)  KodPduimeHTa
HEPaBHOMEPHOCTH  paclpeleNieHds Harpy3kd 10 JUIMHE JIMHUM ~ KOHTaKTa
HWIMHAPUYECKOU PAAHOU MEPENAYN CYIIECTBYET aHAIUTUYECKUN METOJI, IPU KOTOPOM
YUUTBIBAIOTCS AeopMalniuu KpydeHus, usaruba u capura imectepuu [26]. s storo

pelaeTcsi ypaBHEHHUE

q(x)/C =8+ AX) = yyu (X) = ¥ (X) - 0,56, (x)d, cos e, . (1.12)
3mech S=const ;  A(X)- HayaJdbHOE HENpPUIIETaHhe 3yObeB MPH  OTCYTCTBHU
Harpy3Ku; Yy (X)— mporu6 mectepHu, 00yCIOBICHHBIN M3THOAIOIIUM MOMEHTOM;
y;(X)— mporu® OT MOMEpPEeHYHOW CHJIbI;, 6,(X)— YroJ Kpy4yeHus ILIECTEpPHHU; d, -

JAAMETP AETUTEIbHON OKPYKHOCTH LIECTEPHU; @, — YI'OJI IaBJICHHUS.

JlanHHOE BBIpaKEHHE MPUEMIIEMO JIsl pacueTa Kak MpSMO3YyObIX, TaK U KOCO3YOBIX

PAOHBIX TIIE€pcaady. OI[HaKO JIIsL MHOTOIIOTOYHBIX IINIAHCTAPHBIX IIE€pcaad THIIA
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2k —hTakoW METOJX HEINpUEMJIEM, TaK KaK HE YYMTBIBAET HAJIMYMS HECKOJBKUX
PaBHOMEPHO PACTIONIOKEHHBIX B KOPITyCE MEXaHM3Ma CaTEJUIUTOB U JIe(POPMATUBHOCTH
HX Y3JI0B.

YyecTh BIMSHHE KPYYEHHUS COJHEYHOM LIECTEPHU HA PACHPENEIICHHE HArpy3KH B
3alleIJICHUN CaTeJUIUT — IIEeCTepHS MOXHO 1o MeToay mnpodeccopa Kynpssuera B.H.
[50]:

K, =vbeth(b), (1.13)

Cn o o
rne v=0/5d,, /%, d,, — JAMaMETp OCHOBHON OKPY>KHOCTH COJIHEYHOH IIECTEpHH,
a

|, — €€ MOJIAPHBIA MOMEHT MHEPLIMM, N, — YUCJIO CATEJUIMTOB, G — MOIYJb YIPYTOCTH

BTOPOTO poJa.

OTa 3aBUCHUMOCTb YUYWUTHIBAET TOJBKO JedopMaiuio KpydeHUs NIECTEpHU, HE
MpUHUMas B pacyeT jaedopmaiuu APYTUX 3JIEMEHTOB IUIAHETAPHOTO MEXaHW3Ma, HeE
VUYUTBHIBAET OHA W PA3HUILY 3aKOHOB paclpeesieHUs Harpy3Kd W HampsiKeHUW u3ruda
3yObeB KOJIEC.

Pacuersl KO3(pGUIIMEHTOB HEPABHOMEPHOCTH  pPACHOpPEACIICHUS HArpy3okK B
3alCIUICHUSAX KOJIEC TPUBEACHHBIMM METOJAMHM IOKA3aJIh, YTO IIPU OTHOCHUTEIBHOMU
IIMPUHE COJTHEYHOM IIecTepHU b/d >2 3yObsi y e€e Topiia Harpy3Ky MpaKTHYECKH HE
HecyT. [loaTOMy wMcCnmosb30BaHME IUTAHETAPHBIX MEpPEAad ¢ TaKUM 3HAa4YeHWueM b/d
HEIeJIeCO00pa3HO, €CITU HE TPUHUMATH MEPhI 110 BEIPABHUBAHUIO HATPY3KU. Y Ka3aHHbIE
3HAYEHHS] OTHOCUTEJBHOM MIUPUHBI MIECTEPHU UMEIOT MECTO B Iepenadax tumna 2k —h ¢
OTPAaHUYCHHBIM pPaJIMaIbHBIM Pa3MEpPOM WM OOJIBIIUM TEPEAATOUYHBIM OTHOIIICHUEM B
OJIHOM CTYIICHH.

B pa6orax 3abmonckoro K.M. [39;42] nna onpenenenus koddduimenrta
HEPABHOMEPHOCTHU pacTpe/Ie]ICHUs] Harpy3KH M0 JUTHHE 3y0a UCTIOIb3YyeTCsl AUCKPETHAs
MOJICJIb €r0 HarpyxeHus (Harpyska pa3OMBacTCsS Ha HECKOJBKO COCTABIISIONIMX) M

YUCJICHHO PEIIAEeTCs CUCTEMa YPAaBHEHUN COBMECTHOCTH MEPEMEIIECHUN:



_____________ , (1.14)

> X,05d,, -T =0.

j=1

B stoii cucreme ypaBHeHHﬁ U — CMEILEHUE KOHTAaKTHOM JWHHUU B CCYEHHHU KOJIEC C

MOMEHTOM KpydeHus T =0; X ;- CHlIa Ha j—M DJIEMEHTAPHOM y4YacTke 3y0a; V,, —

NepeMeIleHre Ha K —M y4acTKe IO IEMUCTBUEM MPUIIOKEHHOTO K IIECTEPHE MOMEHTA
Kpydenus T; V, —IepeMEIICHUe Ha K—M y4acTKe, 0OYyCIIOBJIEHHOE BCEMH BHIAMU
nedopmanuii, moj AeHCTBUEM €IUHUYHON CUJIBI HA  j— M y4YacTKe.

Pemienne cucrembl ypaBHeHuil (1.14) mo3BOJISIET ONpENENUTbh COCTaBJISIIOLINE
Harpy3kd X, B 3aLEIJIEHMU M IMOCTPOMTH DIIOPY PACHPEICIEHHs HArPY3KU 110 JIMHE
JIMHUU KOHTAKTa.

DTOT METOJ Tak)Ke HEMpPHUEMJIEM JIJIi MHOTOMOTOYHBIX TJIAHETAPHBIX MEXaHU3MOB,
TaK KaK HE YUYUTHIBACT MOJATIMBOCTh UX JICTAJICH.

TeopeTudeckoe perieHre 3a1a4u 0 pacpeIeICHIN HarPy3KA M HaIIPSHKEHUH U3ruoa

10 AJIMHEC 3}’6BGB KOJICC, MMPHUEMJICMOC JIs INNIaHCTAPHBIX IIC€pcaad, IMPCIJIOKCHO B

pabore [87]:

0,5X[ys — X(7, + 7y )cosa,, ]+ 0,59(X)r, —

1 H,
~a | WO WO = 1 [IM(E) - H WX - ek, (1.15)
L IM© -M(01= P [[H,W (@) - M @(x-)de,

Gy, 1,G
rie  y,- CyMMapHbIM yroj HayajbHOTO HEINpujeraHus 3yOheB KOJieC B IUIOCKOCTH
3alleTNICHUs; y,- YroJ mepekoca 3yObeB, BbI3BAHHBIN JedopMalieil ocu caTeiiuTra u

€ro orop; y, - Yroij nepekoca 3yObeB, BbI3BaHHBIN Jedopmalireil Boguna (CMeIeHus
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OJTHOM IEKH BOAMIIA OTHOCUTEIBHO APYToi); ¢(X)- AehopManus KpydeHHUsS COTHECUHON
HIECTEPHU; I,- PAANYC OCHOBHOM OKPYKHOCTH COJIHEUHOW LIECTEPHU; G, - yJelbHad

KCECTKOCTb OJHOI'O 3y6a 3alCIJISIIOIIMXCSL  KOJIeC II0J JICMCTBHUEM HpOI[OHbHOﬁ )41

MOTEPEYHON COCTaBIAIONIMX HArpy3ku; W (x)- MOrOHHAas Harpyska, AEHCTByoIIas Ha

3y0 mecTepHu; M (X)- HOTOHHBIA M3rUOAIOIIMKA MOMEHT; | - IIOJAPHBIH MOMEHT

MHEPIIMH MOTIEPEYHOr0 ceueHus 3y0a; G - MOAYJIb YIPYrOCTH BTOPOTO poJia MaTepuaia

KoJiec; G,, - yAenbHas KECTKOCTh OJTHOTO 3y0a 3alleIIsIOUXCs KoJec, 00yCIOBICHHAs
ero aedopmarnmei moa AeHCTBUEM H3THOAIOIIET0 MOMEHTA; H - IMJedo JEeWCTBYIOMICH
Ha 3y0 CHJIBI OTHOCUTENBHO LIEHTPA €ro U3ruoa; «, - yroJi 3aleryieHus Kojec.

Bxopsmye B 3TH ypaBHEHHS COCTaBIIIOIIME KECTKOCTU 3aLICTUICHUS ONPENEIsIOTCS
YUCJIEHHO, 4YTO HE IMO03BOJISIET PEIIUTh 3a]ady aHajauTuuecku. Kpome toro, npu
pelIeHUH 3a7a4d  pPacCMaTpPHUBAETCS MOJATIMBOCTh TOJBKO OJHOTO U3 JBYX
KOHTaKTHPYIOIIUMX 3yObeB W MPUXOIAIIASACA HAa HEro IOJIOBUHA YIVIA HAYaJbHOTO
HEeNpUJIeTaHus, a cieloBajio Obl paccMaTpUBaTh 3alCIUIEHUE B ILIEJIOM, TaK Kak Ipu
WU3MEHEHUH €ro (pa3bl COOTHOIIECHHWE MEX]Y MOAATIMBOCTAMH 3YyObEB MEHSETCS MpHU
MPaKTUYECKH HEU3MEHHOM MOJATIMBOCTH OJHOMAPHOTO 3alICTUICHUS.

HepaBHOMEpHOCTD pacnpenenaceHuss Harpy3kd II0 IMOTOKaM MOIIHOCTH  TaKXKe
OKa3bIBaeT OOJBIIOE BIMSHUE HA HArpy304HYI COCOOHOCTH mepenauyu. llpu udmcne
CaTeJJINTOB, IIPEBBIIIAIOIIEM TpH, Jaxe BBIIIOJIHEHHE 3BEHBEB
CaMOYCTAHABJIMBAIOIIMMUCS HE OOECHeunBaeT IOJHOIO BbIPABHUBAHUS HAarpy3KH.
HNMmeer MecTo HEPaBHOMEPHOCTh paclpe/lesICeHUs Harpy3Kd U 1O OTAEJIbHBIM BEHIAM
PacCUJICHEHHOI'O CaTEJUINTA.

JUist  ompeneneHuss Harpy3kd B 3alCIUICHUAX  OTHENbHBIX CAaTEJUIMTOB U
ko3 puiieHTa HEPAaBHOMEPHOCTU €€ pacrpeesieHuss K HCHOJIb3YIOTCS ypaBHEHUS

COBMECTHOCTH IMEpEeMEIIeHNH, 13 KOTophIX cieayet [41,50]

P _n bC, > A,

< P g DO DA (L.16)
ani ani

3nece  C, —cyMMapHas yjellbHas XKECTKOCTh JJIEMEHTOB IepeNadyd, BIAMSAIONIUX Ha

Harpy>KeHHOE COCTOSIHUE CATEITUTOB (OMpPENesaeTCss MPUOIMKEHHO TEOPETUUECKU UITH
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HKCIIEPUMEHTAIBHO AJisi HauOoJsiee pacHpOCTPAHEHHBIX TPAAMIMOHHBIX KOHCTPYKLIMN

IUTAHETApHBIX MepeIay); A, — 3a30p B 3allCTICHUH KoJjieca C i — M caTeJUIuToM; P, —
HOpMasbHasi Harpy3ka B 3alleIUICHUH Kojeca ¢ i— M caremtutom; P, .. —

MaKCUMaJlbHasi HOpMallbHas Harpy3ka B 3allEIUIEHUH KOJIeca C CaTeJUIMTOM (Harpyska,
BOCIIPUHUMAaEMasi CaTeIUTOM, 3yObsi KOTOPOTO KOHTAKTUPYIOT C 3yObsIMHU KoOJieca MpHU
NPWIOKEHUU K HEMY HE3HAYUTEIBHOTO MOMEHTA, JOCTATOYHOTO JJIs1 BEIOOpa JII0(Ta.

JIns1 CHUKEHUSI HEpAaBHOMEPHOCTH PACHPEICIICHHUS] HArPY3KHU MO MOTOKAaM MOIIIHOCTH
4acTO MCIOJIb3YIOTCS CIIEHHAIbHBIE MEXAHU3MBI, IMO3BOJISIIOIINE OJJHOMY M3 OCHOBHBIX
3BE€HbEB  (BOAMJIY,  LEHTPAJIBHOMY  KOJIECYy WM  COJHEYHOW  IIECTEpHE)
CaMOYCTaHaBJIMBaThCs. Yame BCEro B KAadyeCTBE TAaKOT'O MEXaHM3Ma HCIHOJIb3YETCs
3yOuaTtas mypTa. MHOrOUHCIICHHBIC UCIBITAHUS TIEpeaad C COJIHEUHOU IIeCTEpHE Ha
3yOuatoidl moABecKe (MPEANOYTUTEIbHBIM BapHaHT MEXAaHW3Ma BbIPABHUBAHUS
Harpy3ku) noka3aiu 3(QEeKTUBHOCTb 3TOrO0 METOAA CHIKEHHUS KO3PPUIMEHTA
HEpPaBHOMEPHOCTU K : MpHU TPEXCATEIUIMTHOM HCIOJTHEHUU IUIAHETAPHOM Nepenayu
Harpyska B 3alleIUICHUSIX ee Kojiec Oym3Ka K paBHOMepHO# [51;53].

B cymectByronmx Meronax ompeneneHus Kodd@uineHTta HEepaBHOMEPHOCTH
pacnpeneneHuss Harpy3Ku MO CaTeUIMTaM COCTaBIIOMIME JIe(opMaluu 3JIEMEHTOB
nepenaun (0COOCHHO TaKue BaXXHBIE KakK MPOTUO oceit, nedopmarius meK Boauia) Judo
HE YUYUTBIBAIOTCS, TMOO OmnpenenstoTcs npubamxeHHo. He yuuTsiBaeTcs mpu pacuerax
nedopManusi OCH caTesliuTa U IIEKH BoJWja B 30HE UX conpsbkeHusi. He yunTeiBatoTcs
KOHCTPYKTHBHBbIE OCOOCHHOCTH MeXaHH3Ma (HampHuMep, TaKhe KaK COCTaBHOE BOIMIIO
WIN BOJIWIO C TIEPEMEHHOM IMIMPUHON TiepeMbliek). He perrensl 3aqaun onpeaeieHus
3aKOHA pacHpeAesieHUs] Harpy3Kd IO psgaM JBYX- WJIM MHOTOPSAHOM IUIaHETapHOM
nepeiavyrd Mpu MNOAATIMBOM BOJUIIE.

1.4. Ileab 1 321244 KCCJIET0OBAHUS

OCHOBHOH 1eJIbIO MCCIICOBAHUS SBIISETCS MOBBILICHHE HArPy304HON CIOCOOHOCTH
MHOTOIIOTOYHOM  IUIaHeTapHOW mepemaun Ttuma 2K-h 32 cder  CHKEHWMS
HEPaBHOMEPHOCTH paclpeiesieHusi Harpy3Kd M HampsbkeHud wus3ruba 3yO0beB U
pPallMOHAIIBHOTO MPOEKTHUPOBAHUS MEXaHU3MA.

JI1st HOCTHKEHUS ATOU LIETU PEIIaloTCsl CIEAYIOIHNE 3aJaun:
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- QHAIUTUYECKOE ompeaeneHrne Ko3(h(OUIMEHTOB HEPABHOMEPHOCTU PaCHpeeICHUs
Harpy3Kd M HanpspKeHWd wu3ruda Mo JJuHEe 3yOb€B HA OCHOBE COCTaBJIEHHOMN
MaTEMaTUYECKON MOJIENH HAIpPSHKEHHO-1€(OPMUPOBAHHOTO COCTOSIHUSA 3YOBEB KOJEC
IIPU HAIMYUY yTIJ1a X HAaYaJIbHOI'O HETIPUJIETaHHUs];

- omnpezaeneHue KO3(PQPUIMEHTOB HEPAaBHOMEPHOCTHU pACHpPEIEICHUs HArpy3kKu u
HanpspKeHUM u3ruba mo JUIMHE 3yObeB KoJiec Iepenaud, conepikaumieil coopnoe II-
oOpa3HOe BOHIIO;

- YCTaHOBJICHUE BIIMSHUSA A€(POPMATUBHOCTH OCHOBHBIX JIEMEHTOB MHOTOIIOTOYHOU
nepesayd Ha BENUYMHY Kod(dduimeHTa HEPaBHOMEPHOCTH pPACIpEAeNeHUs] Harpy3Ku
10 caTeJuIuTaMm;

- MCCIICIOBAHUE PACIIPENCIICHNs HAarpy3KH IO BEHLAM CaTEJUIMTA C KOHCOJIBHBIMU
OCSIMH TIPU JIBYXPSAJTHOM €0 UCIIOJIHEHHH;

- ompezaeneHue  Ko3(p(dULMEHTa HEPABHOMEPHOCTU paclpeiesieHus Harpy3Ku IO
IIOTOKaM MOIIHOCTH W BEHLAM JBYXPSJJIHOIO CaTEJUINTA IUIAHETApHOU Iepefadu C
MOJATIMBBIMU IIEKaMU BOJMUIIA;

- YCTaHOBJICHHE BIIMSIHUS I1apaMETPOB PALMOHAIBHOW KOHCTPYKIMH BOIWIIA
MHOTOPSAHOW Mepeaadyn Ha pacipeiesIeHue Harpy3KH Mo psaaM caTeJTuTOB;

- BBIBOJ| 3aBUCHUMOCTHU JUIsl OIpENEICHUs] HaNpsKeHU u3rnba B OCHOBaHUU 3y0a-
NIEPEMBIYKM  HETOJBHKHOIO LEHTPAJIBHOIO KOJIECA MHOTOPSAJHOM IUIaHETApHOMN
nepeaayu;

- KOMIIBIOTEPHOE  MOJCIMPOBAHWE M DKCIIEPUMEHTAJIBHOE  HCCIEAOBAHUE
HaIpsHKEHHO-Ie()OPMUPOBAHHOIO COCTOSIHHMSI CONPSDKEHUS] OCh CcaTeuIuTa — IIeKa
BOJWIIA [JIAHETAPHOU MEPEAAUM € KECTKUM U MOIATIUBBIM BOJAUIIOM;

- 3KCIEPUMEHTAIBHOE OIIPEJCIICHUE KO3 puIeHTa HEPaBEHOMEPHOCTH
pacnpeneneHusi Harpy3Kd MO CaTeUIuTaM I[JIaHETapHOW Nepeladyd € KECTKUM U

ImoagaTJIMBbIM BOJMUJIOM.
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2. BIUSITHUE JE®OPMATUBHOCTHU DJIEMEHTOB
MHOT'OCATEJJINTHOM IVTAHETAPHOM TTEPEJAYU HA
PACHPEJIEJIEHUE HAT'PY3KHU U HAIIPSIKEHUH 11O JIVIMHE 3YBBEB
KOJIEC
2.1. MaTeMaTqucxaﬂ MOJACJIb HaleSI)KeHHO-Ile(l)OpMl/lpOBaHHOFO COCTOAAHUA
3yﬁbeB KO0JIEC HpI/I HaJIN4YuUn erIa UX HAYAJIBHOI'O HerI/IJIeFaHl/IH

[Tpr Hamu4MK B MJIAHETAPHOM MEXaHU3ME M30BITOYHBIX CBSI3EH, MPEMATCTBYIOIINX
CaMOYCTAaHABIIMBAEMOCTH €ro 3BEHBEB, IOTPEITHOCTH W3TOTOBICHUS Iepelayd u
nedopmarsi ee 3JIEMEHTOB MPUBOIAT K HEPABHOMEPHOMY PACIIPEACIICHUIO HarPy3KH,
KOHTAKTHBIX HANpPSHKCHWA W HANpsHKCHW W3rnba B OCHOBaHWHM 3y0Oa. [lpudem
KO hULIHEHTBI HayaiapHOM  (0e3  yuera  mpupadaThIBAEMOCTH  3yObEB)

HEPaBHOMEPHOCTH PACHpENENIEHNs] HAarPy3KU M HampsbkeHud K, m K¢, oTamyaroTcs

JIpyr OT Jpyra, 4YTO CIEIyeT YYUThIBATh IMPU MPOCKTUPOBAHUM TUIAHETAPHOTO
MEXaHU3Ma.

JIJisi aHATMTUYECKOTO OIpeeCHUs] 3aKOHOB W3MEHEHHS IMOTOHHBIX HArpy3KH
W(X) ¥ 1U3rudarIero MoMeHTa t(x), 00ycloBICHHOTO JEHCTBUEM YKa3aHHOW HArpy3Ku
¥ CO3/IAIOIIET0 HOPMaJIbHbIC HAMPSHKEHUS B OCHOBAHHWHM 3y0a, HMCIIOJBb3yeM YpaBHEHUS
CBSI3M HA4aJbHOTO HENpHIIEraHusi (yroj HENpUieraHus [5) compsraeMbix 3yObeB B
MPOU3BOJIBHOM CEUEHUU C TEPEMEIICHUSIMH, BBI3BAHHBIMH TIOJ HArpy3Kol UX
nedopmaiuei, Bkitouas 1eopmManuio KpydeHus: 3y0a OTHOCUTENIBHO MPOJA0JIBLHON OCH

(yron kpyuenus @(x)) (pucynok 2.1,2.2) [87, 105]:
Bx =6, W) —w(0)] = hp(x) = - [ 6@ — hw@] (= s, (2.1)

3aeck I — mule4o moroHHOW CHaBl  W(X) OTHOCHTEIBHO IieHTpa H3ruba 3y0a,
OIPEAENIEMOT0O B COOTBETCTBHM C TIMIIOTE€30M JIOMaHbIX ceueHuid; G — wmomynb
YIIPYrOCTH BTOPOTO pojaa; I — MOMEHT HMHEPUMH IONEPEYHOTO CeUeHHs 3yba INpH
KPYYCHHH OTHOCUTEIBHO TMPOJOIBHOM ocu  (Ompenensercs 1o MPUOIMKEHHON
3aBucumoctd |, =¢HS*[33], roe H - BeicoTa 3yda, H =2,25m, S~05m, ¢ ~019, m-
MOJyYJIb 3aleIicHns); 6,, — cyMMa yIelbHBIX IOAaTIMBOCTEN, BEI3BAHHBIX KOHTAKTHOM

nedopmarmei conpsraembix 3yobeB (Oy), nedopmaunsimMu ux casura (6) n cxatus
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(0y), a Takxke ocamkoir ocHoBaHuii (&), cocraBisomiein 20%+30% aedopmariyn
3yoneB (5, =0,25+0,35) [3;115], u medopmarueii u3rubda 3yda BTOporo koiueca (8y);
t(&) — Texymee 3HaUCHHE MOTOHHOTO MOMEHTA, CO31aBAEMOT0 HAIPSKECHUAMHU U3rHOa
a(v, ).

YpaBHenwue (2.1) COOTBETCTBYET Mepeiade ¢ KECTKUMHU 3BEHbSIMH.

B oTimyme OT CymIECTBYIOIIEr0 YMCIEHHOTO METO/a ONMPEACICHUs COCTABISIONINX
noJaTIMBOCTH 3yOa [87] pemuMm 3amady aHamuTudecku.  [lepemerneHus ToYek
KOHTaKTa 3yObEeB B HAIIPABJICHUU JUHHUH JCHCTBHS HArpy3Kd U COOTBETCTBYIOIIME MM
yaeNbHbIE TOAATIMBOCTH CABHIa, CXaThs M H3ruba ompeneiauMm 1o (GopMmysam

COIMPOTHUBJICHUA MATCPHUAJIOB C HUCIIOJIb30BAHHCM HHTCT'PAJIOB Mopa:

_ rliz2dy(cosa)® _ rldy (sin a)® _ rhi2z7d=

=

rae s(y)=s+2ytana , 5(z) =

T 2ztana, E — Moayne ympyroctd mepBoro

pona, «- yroia mpodmias 3yda (o =20°aas CTaHZapTHOIO SBOJIBBEHTHOI'O Kojieca C
HYJCBBIM KO(D(PHUIIMEHTOM CMEIICHHS HMCXOJHOrO KOHTypa), |- BbICOTa 3y0a OT
KpaiiHe# TOYKH €ro JJOMaHOTO CCUCHUS JI0 MECTa MPUIIOKCHHS CHJIBI.
B ypaBHeHusx (2.2) monepevHble CeUCHHS 3yObeB IIPEICTABICHbI B BUIC TPAIICIIH.
Tornma
Sy =04 +3+38, — Oy (2.3)
3mece 6 = 0yy + 6y + Oyg + Oyy + Oppy + Opp(MHmEKCHT 1,2 OTHOCATCS K

COOTBETCTBYIOIIUM 3yObsIM 3alleIUICHHs); 3aBUCHMOCTb KOHTAKTHON MOJIATIMBOCTH OT
Harpy3Kd OJM3Ka K JIMHEHHON M, KaK MOKa3ajid TEOPETHUYCCKHE M IKCIIEPUMEHTAIbHBIC
MCCIIe0BAHMS PAa aBTOPOB, BennunHa Oy = 4/E [2;63].

Pa3HOCTh CMEIIEHU# TOYEK MPUIIOKEHHUS HArpy3KH K paccMaTpuBaeMoMy 3yOy B
IPOM3BOJILHOM CE€YEHHH M Havaje KOOPAUHAT B PE3yIbTAaTE €r0 KPyUEHHs MOKET ObITh
BBID@KCHA Yepe3 BHYTPEHHHM IIOrOHHBIH MOMEHT M H3THOHYIO IOAATIMBOCTH

Op1 = Oy

Bx — 6, [w(x) — w(0)] = 6,5 (2.4)

HNuTerpupoBanue 3TOr0 ypaBHEHHUS C yUYETOM YPaBHEHUS CTATUKHU
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b

f: wi(x)dx = %f t(x)dx =wh

0

(W — cpenHss TOroHHas Harpyska, b- qumHa 3y6a) mossonseT Boipasuth £(0) uepes
w(0).

[ToxcranoBka Beipaxenwus (2.4) B paBeHcTBo (2.1) maet [80]

w(x) =22 [, w(®)(x — §di + F(x), (2.5)
e A2 = :;—5% (2.6)
F(x) =w(0)+£ *+0,500% 5 £ _(2-2)-w] 2.7)

Pemenue ypaBHeHUS (2.5), MIPEICTABIISIFOIICTO COO0M HEOTHOPOIHOE HHTETPATHHOE
ypaBHeHHe BosbTeppa THIA CBEPTKH, METOJOM OIEPAIMOHHOTO WCUYUCICHUS U
MIOJICTAHOBKA €Tr0 B PaBEHCTBO (2.4) MO3BOJISICT HAWUTH 3aKOHBI M3MEHEHUS TIOTOHHOM

CHJTBI ¥ TIOTOHHOTO MOMEHTA, BBI3BAaHHOTO JICHCTBHEM HalpshKeHUH u3rnda 3yoa [87]:

L‘l[W(P)] =
—w(x) =w+ ;‘t”f 21+ 22 (sinh Ax + =222 cosh Ax ), (2.8)
ﬂ _ 0.5bf x4 2 1-cosh Ab
=w+ 5.5, L5 1-— (smhix +— - cosh lx)] : (2.9)

B cooTBeTcTBUM C 3TMM MaKCHUMajbHbI€ 3HAYCHHUS CHJIOBBIX (1)aKTOp0B "

K02 PUIIHEHTH HEPABHOMEPHOCTH, COOTBETCTBYIOIIHE X = D :

__ w(b) _ 0.5bf ( 28 cnsh}‘lb—l)
K., = w 1+ w(Br+8y) 1 +ﬂb£~‘w sinhib /' (2.10)
K=" =14 22 (3 ZeomBd) (2.12)
hw w(Sr+8y) Ab sinh Ab

B oTnmune ot momoOHBIX ypaBHEHHH, NMPUBEIEHHBIX B pabore [87], BXxondiue B
BbIpakeHus (2.10), (2.11) cocraBnsronye NoJaTIMBOCTH 3yObEB KOJIEC OMPEAEIISIOTCS
AHAIMTHYECKH, YTO MPEANOYTUTEIBHEE YHCIEHHOTO PEIIEHUS W, KaK MOKa3bIBarOT

pacyeTsl U SKCIIEPUMEHTHI, 1aeT 00Jiee TOUHBIN pe3ybTarT.
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HaiiieHHblii MOroHHsI MoMeHT t(X) BhIpaxkaeTcs yepe3 HOPMallbHbIE HANPSKEHHS

n3ruba B OCHOBaHUHM 3y0a (CM. PUCYHOK 2.2), TpUYeM 3aBUCHMOCTh OJIM3Ka K
JIMHEUHOM:

t(x) =2 f; o(v,x)vdv = f[a(a,x)] = Ra,,(x), (2.12)
rae 0,,(x) = o(a,x) — MakcUMalnbHOE 3HAYEHHE HANPSOKEHUS M3MM0a B IPOM3BOILHOM
HOoMepeyHoM cedenun 3yb6a, R — xosdduiment npomopumonamsHocTH. IloaTOMY
koopdunment K,  mpenacraBmser  co0oii  KOO(QQHUIMEHT  HEPAaBHOMEPHOCTH

pacrpeiesieHUs HalpsKEeHUH u3ruoa:

Ty (B o
K. = m (b) (Jm — CpC€OHEC 3HAUYCHUC HaIPsSXKCHUA n3rndoa B KpanHHUX TOYKax
Fm

JIOMAHOTO CEUCHHUS).

Ha pucynkax 2.3 — 2.6 mpencraBiieHbl rpauku U3MEHEHHUS! CHIIOBBIX (DaKTOpPOB
W(X)=w(x)/w, T(X)=t(x)/hw U  COOTBETCTBYIOIIMX UM  KO3h(DUIUEHTOB
HEPaBHOMEPHOCTH K, = K,ﬂﬁ u K, = KEﬁ B 3aBHCHUMOCTH OT O€3pa3MEpHBIX BEIUYHH

X

BbE
y="", X = + - 13 HUX creqyeT, 9To BEIMYMHBI K03 PUIIMEHTOB HEPABHOMEPHOCTH

pacnpeneneHus Harpy3Ku U HanpsDKeHU u3ruda 3y0a CyIIECTBEHHO 3aBHCST OT €ro
r€OMETPUYECKHUX NTaPAMETPOB.

Anaim3s BeipaxkeHuid (2.7) — (2.9) ¥ OCTPOCHHBIX 1O HUM TPadUKOB TOKA3BIBACT,
YTO XapaKTep U3MEHEHUs Harpy3KH U HApsDKEHUH u3ruba (WM COOTBETCTBYIOIIETO UM
U3ruOaroero MoMeHTa) OJIM30K K XapaKTepy M3MEHEHMsI HayalbHOTO HEMpUJICTaHUs
(IMHEWHOM 3aBUCHMMOCTH HEINPUWJIETaHUs COOTBETCTBYIOT OJIM3KME K JIMHEHHOU
3aBHCHMOCTH Harpy3ku U MOMeHTa). bosee paBHOMepHOE pacnpeeneHue HanpsHKeHU
u3ruba Mo CpaBHEHUIO C HArpy3KoM OOYCJIOBJIEHO Kpy4Y€HUEM 3y0a M MOSBICHHEM B
pe3ynbTaTe »3TOr0 KAacaTelbHbIX HANpSKEHUH B CEUEHUAX, MEPIEeHIUKYISIPHBIX
IPOJIOJIBHON OcH X. YKa3aHHbIe HANPSLKEHUs CO3JAI0T MOAepKUBatouil 3@ ekt u, ¢
OJIHOM CTOPOHBI, MPENATCTBYIOT BBIPABHUBAHWUIO JIMHUM KOHTAaKTa, C JPYrou, -
nepesaroT U3rudarmnii MOMEHT OT OJIHOTO CEUEHUS K APYyTroMy.

B yacTHOM cnyyae, Korja yrojl HadyajJbHOTO HENpPUJIETaHUSI UMEET HACTOJIBKO

OosbIlIOe 3HAUYEHHE, YTO JAEWCTBYIOUIas Ha 3y0 Harpy3ka NpeacTaBiisieT coOoil cuiy,



35

OJIM3KYI0 K COCpPEJOTOYCHHOW, YpPaBHEHHE COBMECTHOCTH MEPEMENICHUN MNPUMET

CHEAYIOIINI BU:

h x t(x)—t(0)&
@) (r = g = T, (213)
k
B onepatophoit popme
_ 2 HE) )
t(P)—w o2 p (2.14)
2 h?
rae w- = 5iG
[Iepexonst K OpUTMHAILY U UCTIOJIb3Ysl YPABHEHUE CTATUKHU, I1I0JIYYUM
t(x) whcoshwx
t  sinhwb (215)

3neck T — cpeaHee 3HAUEHUE IOTOHHOTO MOMEHTA.

Ha pucynke 2.7 npuBeneH rpaduk 3aBUCUMOCTH OTHOCHUTEIHLHOTO MOMEHTa U
COOTBETCTBYIOIIETO €My OTHOCHUTEIHLHOTO HANPSDKCHHSI M3ruba oT X MpH pa3TudHBIX
napameTpax.

Beipaxenus (2.7), (2.15) mo3BoJIstOT ONPEACTUTD MEPEMEIICHUS TOYCK PUITOKESHHUS

CWJI K 3yOy MpH JHOOBIX 3HAUEHUAX KOOPJUHATHI X

Vo (x) = &5 {w +

0.3bf 2x 1-coshAb
rrl 1 —I—ﬂbgw (smhlx—k—sm = nshlx)]}, (2.16)

wbtdy coshwx

h sinh wh ! (217)

ye(x) =
r7ie CyMMapHasi yJenbHas MOJAaTINBOCTh 3y0a
8y = 8y + 6y + 8 + 6; +0,56,.

N3 pacueroB 1o TpHUBEACHHBIM 3aBUCUMOCTSM CIIEAYeT, 4YTO MpU JJIMHE 3yOa
b=7mu TPWIOKEHUU HATPY3KM K €ro BEpIIMHE HANpsHKCHUS W3ruda y
HEHArpy»KEHHOTO TOPIIa COCTABIISIIOT OKOJIO 25% OT cpeaHero n3ruOHOro HampsHKEHUS.
[Ipy  b=18m HanpsokeHus wu3ruba 3yda pacmpoCTpaHSIOTCS Ha JUIMHY 10moOT
Harpy>XCHHOTO TOPIIa, HA OCTAJIbHON YacTH 3y0a M3TMOHBIC HAIPSKCHUS MPAKTHICCKU
paBHBI HYJIIO.

Kpome 3y0uaTelx 3alelUieHUHd  IMOJy4YEHHBIC  3aBHCUMOCTH  MOTYT  OBITh
WCITOJIB30BAHBI MIPH PaCcyeTe HAa MMPOYHOCTh U KECTKOCTh 3BCHBEB JPYTUX MEXAHH3MOB,

CoaCpiKamux JCTAJIM C BBICTYIIaMHU B BHIC BY6HOB NniIn XCCTKO 3aJCJIaHHBbIX B
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OCHOBaHHUE IJIACTUH (HAampuMmep, 3yOdaTble WM KyJIauKOBbIE MY(ThI), a TaKXke Mpu

HCCICA0OBaHNN BI/I6p021KYCTI/IquKI/IX XapaKTCPUCTUK MCXAaHU3MOB.

Pucynok 2.1 - Comnpsikerne 3yObeB KoJieC IPU HATMYUU YTJIa HAa4aJlbHOTO

HCIIPHUJICTaHUA

Pucynok 2.2 - Cxema pacripeiefieHUs] HaIlpsDKEHHUN n3ruda U Harpysok,

JNEUCTBYIOIIUX Ha 3y0 KoJjieca
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Pucynok 2.3 - PacnpeneneHne OTHOCUTENBHBIX HArPy3KH U HANIPSDKEHUH U3ruba mo

nnuue 3ybanpu b/H =3; H/S=15H/h=2;y = 20

1.8

1.64 //
148 /
1.32 /

1.16
W(X)

T(X)

0.84

0.68 —s

0.52 -

0.367/

0.2
0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
X

Pucynok 2.4 - PacnpeneneHue OTHOCUTEIBHBIX HArPy3KH U HAMIPSHKEHUN U3TrH0a 1Mo

nnuue 3ybanpu b/H =8;H/S=15H/h=2;y = 20



1.8
1.7
1.6

15
Kw(y)

Kt(y) 14

13

1.2

11

38

14

16

18 20

Pucynok 2.5 - 3aBucumocts K03(HPUIIMEHTOB HEPABHOMEPHOCTH PaCIIPEICIICHUS

Harpy3Ku 1 HanpsoKeHU nu3ruda 3yda OT OTHOCUTEIBHOTO YIila HA4allbHOTO
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Kw(y)

1.4
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[ N B ] .1.32

1.24
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nenpuneranus npu b/H =3;H/S =15H/h =2
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Pucynok 2.6 - 3aBucumMocTth KO3()PUIIMEHTOB HEPABHOMEPHOCTH pacIpeesICHUs

Harpy3Ky U HanpspkeHUi u3ruba 3y0a oT OTHOCUTENIBHOTO YIJla Ha4aJlbHOTO

Henpuneranus npu b/H =8;H/S=15H/h =2
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PucyHok 2.7 - PacrnpenencHue OTHOCUTEIBHBIX HaNpsHKEHUH n3ruba mo JiuHe 3y0a
KoJIeca I JIEHCTBUY COCPENOTOUYEHHOM cubl y Topua, H/s =1,5; H/h = 2:
T1(X)— b/H=3;T2(X)— b/H=28

2.2.PacnpeesieHue HATPY3KU M HANIPSIKeHUI M3ruda no JiuHe 3y0beB KoJiec ¢
y4eToOM MX HAYAJIbHOT0 Henpujieranus u 1e)OpMaTUBHOCTH OCHOBHBIX 3BEHbLEB

nepenravyu

JedopMaTuBHOCT, 3BEHBLEB IJIAaHETApHOM mepeaaun (BOJWIA, OCEH CATEJIUTOB,
000/I0B KOJIEC, MOJIIMITHUKOB, COJTHEYHOW IIECTEPHH ) OKa3bIBA€T CYIIECTBEHHOE
BIIUSIHUE HA PACTpE/EICHHEe HArpy3Kd W HANpsHpKeHUW u3ruba 3yObeB MO MX JIJTUHE.
YpaBHEHUSI COBMECTHOCTU TIE€pEMEIIEHU B O3TOM Cilydyae TIpU OTCYTCTBUHU

CaMOYyCTaHABJIMBAEMOCTH CaTCIUTUTOB (puc.2.8) UMEIOT CIIeIYIONIUI BH/I:

XpB — X[7o (do’b) + 7n(b17) +7u (dH ,b)]COSOtW + OIS(Pa(X)dba -
— 5, W) - w(0)]- he [, (%) - 6,(0) + 6, (x) - 6, (0)] +

+ L [Tw(E) ~t@(x-£)de =0 (2.18)

B 110) ~100] = - [Thw(E) ~H(E(x-)dé,
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re S - yrojd HadajJbHOTO HEMpUJIEraHus 3yObeB, OOYCIOBJICHHBIA MOTPEITHOCTIMU
W3TOTOBJIEHUSI U MOHTa)Xa MEpPEeNadu;  y,- yroll EepeKoca CaTeJUINTa, BbI3BAaHHBIN
nedopmariieit ero ocH ; y,,- yroij mepekoca CaTeJUInTa, CBSI3aHHBIN C TI0aTIUBOCTHIO
MOJAIIUITHAKOB; y, - YTOJd TIepeKoca  caTeliuTa, OOYCJIOBIICHHBIN nedopmarueit
BoaMia, d,- AHMAMETp OCH caTeJuIuTa; b, - IHUPHUHA IOAUIMIIHUKA; b - IIHpUHA BEHIIA
carejuiura; d,- IMaMeTp IEePEMBIYKH BOJMWIA; «, - YroJ 3aleluieHus; d,, —JIHaMeTp
OCHOBHOW OKPYKHOCTH COJIHEUHOM IIECTEPHU; 0,(x),0,(x),0,(0),0, (0) —yrioBsie
nepeMeINIeHns] 000/I0B COJIHCYHOW MIECTEPHH W CaTeJUIUTAa B 30HE 3aIlCTUICHUS; h,

€40 JIEUCTBYIOLIEH Ha 3y0 CHIJIBI OTHOCHTEIBHO IIeHTpa u3ruba oboja koiseca; W -

Cpeanssad TIOTOHHAsA Harpy3ka B 3alCIUICHUU, @, (X) -yrojl KpYy4dCHHA COJIHEYHOM

IIECTEPHHU B MPOU3BOJIBHOM CEUYCHHH OTHOCHUTENIBHO TOpIia (PUCYHOK 2.9).

[Tocnenuuii onpeaensieTcs Mo u3BeCTHOM (PopMysie CONMPOTUBIICHUS MAaTEPUATIOB:

0, (x) = e 2 G j w(E)(x-£)de, (2.19)

rae  J,, - TONAPHBIH MOMEHT MHEPUUM CEYEHHS COJHEYHOHW IIECTEPHH
(3,0 =7d,*[1-(d,, /d,)*1/32), d, - AEAMETp AEIUTEIBHON OKPYKHOCTH IECTEPHH, d,, -

BHYTPEHHUH €€ TuaMeTp, N, - YACIO CATEIIUTOB MepeiayHn.

| 2
_________ ———
ZIN

Pucynok 2.8 - IlnanerapHas nepegaya ¢ ABYXOIMOPHBIMU CaTEIUIUTAMHU U

CaMOYyCTaHaBJIMBAIOILIENCS COJIHEUHOU IIECTEPHEN
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Hcnons3ys mMeroauky [87], peminM ypaBHeHus (2.18) mo yacTsMm, paccMOTpEB
BHauaje pacnpeieiieHue Harpy3ku W HamnpsbKeHUd usruba 0e3 ydera MOoJaTIMBOCTH
OCHOBHBIX 3BEHBEB IEpPEAayd, yYUTHIBas TOJHKO HayaJbHOE HENMpuiieraHue 3yObeB
(yron Hempuieranus ) M UX MNOAATIMBOCTh. B 3TOM ciydae cripaBemsiiBbl paBEeHCTBA
(2.8) - (2.11).

[TommydyeHHbIe ypaBHEHHsS] U MOCTPOCHHBIE MO HUM TpaUKd MOKa3bIBAIOT, YTO
XapakTep W3MEHEHUs Harpy3Ku, H3rMOarolIero MOMEHTa M BbI3BAHHBIX YKa3aHHOU
Harpy3Kou HamnpsKeHUR u3ruba mo JuuHe 3y0a aHaJOTMYHBI  XapakTepy
HayaJgpbHOTrO Hemnpuiieranus. B cBs3u ¢ atum ypaBHeHus (2.10), (2.11) moryT ObITH
npeacraBieHbl u3BecTHoW — dopmynoir AU, TlerpyceBuua, B KOTOpO#l yienbHas
KECTKOCTh  3alleIJIEHUusT NpH ONpeleleHUuU Ko3(P(PULUKEHTa HEPABHOMEPHOCTU

pacrpeeneHns Harpy3Ku

Pucynok 2.9 - DneMeHT COJIHEUHOM MECTepHU U IEHCTBYIOIINE

Ha HETO CUJIOBBIE (DAaKTOPHI
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26, coshAb-1

. (b)=C(
#O) = s sinh b

), (2.20)

a Mpu ompeneiaeHnd Kod(p(uIUeHTa HEPaBHOMEPHOCTHU DPACIPEAEICHUS] MOMEHTa H,
CJIEI0BATEIbHO, HAIIPSKEHUN U3rnda

2 coshAb -1
C.(b)=C(1l-——"—""0),
=(0) =C( Ab  sinh Ab ) (2.21)

Ha pucynke 2.10 mnpeacraBieHbl KpuBble 3aBucuMocTeit (2.20), (2.21),
COOTBETCTBYIOIIME JKECTKOCTH 3anermnenus C=1/(5, +35,), a=20" 1 KOHTaKTy 3yObeB
KoJiec BOJIM3M moJroca 3aneruienus (1 =1,05; h=11).

CnenoBarenbHo, BblpaxeHus (2.8)-(2.11) mnpencraBisitoT co0o0il  pellieHue

ypaBHeHu# (2.18) mpu KECTKUX OCHOBHBIX 3BEHbSIX MEpeaauu, TO €CTh Ipu ¢, (X) =0,

1.5
1.2
CH(E )U.S" .- -
‘i
F®) |,
=== 0.6 7
'
'
'
'
0.3
L)
L]
L
)
0
0 10 20 30 40 50 60 70

b

Pucynok 2.10 - 3aBUCMMOCTH OTHOCUTENBHBIX )KECTKOCTEM
nim) - Cu® g GO
C C

OT OTHOCHTEIIbHOM ATuHEI 3y6a b =b/ m
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7o(dg,0) + 7y (dy,b)+7,(b;) =0, 6,(x)-6,(0)+6,(x)-6,(0) =0.
C yuerom paBeHnctB (2.20), (2.21) ypaBHenus (2.8), (2.9) B aToM ciaydae Moryt
ObITh 3amucanbl B Buje [87]
w(x) = w(0) + D(x)C,, (b),
(2.22)

1) _t0)
o D(X)Ce (b),

rjae GyHKIMS Herpuieranus 3yobeB d(x) = fX.

Jlns  onpenenenust Ww(X), t(X)M COOTBETCTBYIOIIUX UM KOA(DPHUIMEHTOB
HEPAaBHOMEPHOCTH MPU HAIMYUU HAYAJIBHOTO HEMpUieranus 3yobeB, Aedopmaliuii onop
caTe/uiuTa, €ro OcCH, Bojuia, aedopMalvu KpPy4YeHHUS COJHCUYHOM IIEeCTEpHU H
I0IaTJIMBOCTH 000I0B KOJIEC MOKHO HCIIOJIB30BaTh ypaBHeHHs (2.22), B KOTOPBIX

D(x) :@(_X[Vo(do’b)+7n(bn)+7H (dy, ,b)]COSaW +%EW(§)(X_‘§)C1§_

pa
~hl6, () -6,(0) +6,() -6, )] (2.23)
Omnpenenum BiausHUE AeGOPMAIMU KPYyUCHHS COTHEYHON IMICCTEPHH Ha 3aKOHBI
pacrpee/iCHHs] Harpy3Kd U HAIPSDKEHUH M3ru0da 3yObeB MPU HAIMYMN HAYaIbHOTO HX
HETPUJICTaHUs, JUIS Yero BOCIOJIb3yEeMCs BBIIICIIPUBEICHHBIMH 3aBUCUMOCTSIMH. Toraa
MOTOHHAS Harpy3ka B 3allcIUICHUH MPH HEOJAronpHUsTHOM HAlpaBIeHHH HAYaIbHOTO
Henpuieranus [87]

oa N,Cyy (D)

W) = w(0) +x6C,, () + 2 O [y - gyde (2.24)

Pemmenwue storo ypaBaenus mpu w'(0) = AC, (b) uMeeT BU

_ w(x) _cosh(ex) . bBC (b) B bsC, (b) .
W (x) = w _sinh(gb){gb b [cosh(eb) 1]}+—W5b sinh(ex), (2.25)

- _
rie  be=b Ay 1,Cy (B) _ 4bCOSer | 1y, (A4 4 )CH(bZ ,  u—xodpdurment IlyaccoHa,
43 ,,G z, \7E[L-(dy,/d,)*]

z, —4HCII0 3yObeB coHewHOM mectepan, b =b/ m.

[Tocne uckmroueHus: ®(x) U3 ypaBHeHuUi (2.22) U BBITIOJIHEHHS] TPEe0Opa30BaHMIA

C YYETOM YpaBHEHUS CTATUKHU
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w-w(0) = 2o ®p,1O), (2.26)
Ce (b) h
nMEEM
Cy (b)
W) —w(0) = 2 T - OIS (2.27)
u
t(0) _ Ce(b)
_CF(b) w _bAC,, (b) L :
=G, ) i) [T wpe LOSNER) AW

[ToncranoBka paBeHcTBa (2.28) B Boipaxenue (2.26) gaer

L Ce0)
Cy(®)

w(x)

[
w

T(0 =% =) (2.29)

MakcumanbHble 3HAUYCHHS] HAWJACHHBIX TaKUM O0pa3oM CHJIOBBIX (DaKTOPOB
W(b)u T(b) mpeacTaBisioT coOoi korhPUIMEHTHl HEpaBHOMEPHOCTH 0€3  yuera
npupabotku 3yOneB [87]:

o cosh(,sb)+ﬂbCH(b) cosh(eb) —1
" " sinh(éb)  web  sinh(eb)

0 _1,Ce®) o
Ky =1+ 5= gy (K =D

(2.30)

Ha pucynkax 2.11, 2.12 npusenensl 3aBucumoctd Kj,, KZ, ot b=b/m npu
z,=18, d,;,=0, n,=3 ¥ pa3IuuHBIX 3HAYECHUAX O€3pa3MEPHON BEIUUYMHBI
7" = poC/w, TIOCTPOCHHBIC TIO0 MPUBEICHHOW METOJIUKE MPH AHATMTHYCCKOM METOJIC
OTIPEJICIICHHS COCTABIISIONINX ehopMaIiuu 3y0a, OTIIMIHOM OT TIPUBEICHHOTO B paboTe
[87].

Ucnions3ys Beipakenus (2.22), (2.23), ycTaHOBUM 3aKOHBI U3MEHEHUS CHIJIOBBIX
(GaKTOpOB 3aIleIUICHUS ¢ YYETOM HAa4daJlbHOTO HEMPUJICTaHMs, IOJATIUBOCTH 3yObEB,
nedopmarii  KpydeHUs COJTHEYHOW IIECTepHU, CMEIICHHWs OJHOW IIEKH BOJWIIA

OTHOCUTEJIBHO APYTOM, MOAATIMBOCTU OCU U OMOp cateinra. PaccmMorpuM nepenauy ¢

«TUJTABAKOLIEW» COJIHEYHOW IIECTEPHEW M HECKOJBKUMM CaATCIUIMTAMH, KaXIbId W3
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KOTOPbIX YCTAHOBJICH Ha OCHU IMOCPCACTBOM ABYX HOJAIIHUIIHUKOB Ka4CHUWA (CM. PUCYHOK

2.8). Ucnonkzyem u3BectHOE [87] ypaBHEHHE CBS3H NIEPEMEIICHUI U HATPY3KH

dba2 WCH b h
w(x)=w(0)+yzxcH(b)+£]TG” -3, (2.31)
peuIeHuEe KOTOPOr0 HMMEET BU/I
_ w(x) _cosh(ex) ., bysCy (b) . b7sCu(b)
W (x) = W _sinh(gb){gb s [cosh(eb) —1]}+ e sinh(ex), (2.32)

rae 75 = f~[ro(do,0) +74(dy,b) + 7, (b, ,b)|cos .
OHpeI[eJ'H/IM BXOJAIIME B 3TO BBIPAKCHHUC I[e(l)OpMaI_II/II/I 9JICMCHTOB IICpCadu,
YUUTBIBasA OIM30CTh K JIMHEHHON 3aBHCHUMOCTH IOTOHHOM Harpy3ku B 3alCIINICHUH OT

KOOpOIHWHATHBI X.

3
2.5 ="
KH1(b) | _ he-
KH2(b) , B et
KH3(b) e
- //
]. _.—'—'-'-FF_F’
0 5 10 15 20 25 30

b

Pucynok 2.11 - Kpussie 3aBucumoctu KH = Ky, or b=b/m u y* npu yuere

HaYaJIbHOI'O HEIIPUIICTAaHUA 3}76BCB, HUX IIoJaTIIMBOCTH U ﬂe(l)OpMaL[I/II/I KpyuCHU

HIECTEPHHU:
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2.5
-
o+
'!"
""
L.
22 —
-t
J‘-#
— ’t’ ot
KF1(b) .-
].9 ’I"_ ‘r"
— - -
KF2 (b) .7
''''' ’I "

1.3 t . " #’f

0 5 10 15 20 25 30

b

Pucynok 2.12 - Kpussle 3aBucumoctu KF =K, ot b=b/m u y* npu yuere

HaYyaJIbHOI'O HETIpUJIeranus 3yObeB, UX MOJATIMBOCTH U JiepopManuu KpydyeHHUs

HIECTEPHU :

------- (1) -7 =0; e ()= y' =1 -=---(3)-y' =

[Iporu6 ocu ¥ BBI3BAHHBIN WM YTOJI MEpPEKOoca caTteiuinuTa y, HailjeMm, UCTOJIb3YS

bopMysIbl COMPOTUBJICHUS MaTEpUATIOB M yUYWUTHIBasS MPHUHIMI HE3aBUCUMOCTHU
nevctBus cwi. Torma HEoOXOIUMYIO Ui OIpPEACNICHUs] yriia TepeKoca pa3HHUILY
MPOTHOOB OCH CaTeITUTA B MECTaX YCTAHOBKH TMOMANIMITHUKOB HAWIEM B COOTBETCTBUU
co cxemoi (pucyHok 2.13), rme P, P,- cuibl, ACHCTBYIOIIUE HA MOIIIUIHUKA H
OOyCJIOBJIEHHbIE  pPa3HUIIEd  TOTOHHBIX  HArpy30K B  KpaWHUX  CEYCHHSX
Aw = [w(b) —w(0)]cos e, = 2[w(b) —W]cos e, :
P, =0,08bAw; P, = 0,42bAw.
COOTBETCTBYIOIIUE UM peakluu onop (mek Boauna) (puc.2.14)

_21P(b+b,) 017bAw(b+by)
' b+0,66b, b +0,66b,,

,R, =P, +P,—R, =0,5bAW-R,. (2.33)
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AW

b/2

Pucynox 2.13 - Cxema ocu careiinTa 1moj| ICMCTBUEM YaCcTH Harpy3KH, OKa3bIBAIOIICH

BJIMSTHUC HA €€ IICPEKOC

Torna, ucnonb3ysi YHUBEpPCAIbHOE YpaBHEHNUE U30THYTON OCH, MOJIyYUM

_|Aye| _ [w(b) ~w]t.8+ 2.4b, J0.75+052b,, | cos a,

— _ (2.34)
" 08b #Ebd (1-+0,66b,, )

3mech do — OTHOCHTENBHBIN quamerp ocu (do =d, /b),b, =b, /b. [Ipeamnonaranock, 4To

Harpy3ka BO BHYTPEHHEM 3allCTUICHUHM PACHPEACISIETCS PAaBHOMEPHO (HEMOJBHXHOE
[EHTPAIBHOE KOJECO OOBIYHO BBITIOJHAECTCS C TOHKAM O00OJOM [IJISi CHDKCHHS

HEPAaBHOMEPHOCTH PaCIIpE/ICTICHUS HATPY3KH).

b/2

; b s

b+28,/3

Pucynok 2.14 - Cxema ocu caTeiiuTa MoJi ACHCTBUEM CHJI CO CTOPOHBI MOIIUITHUKOB
U 1IeK BOAMIIA, 00YCIOBIIEHHBIX HEPABHOMEPHBIM pacIpeeieHuEM

Harpy3Ku B 3allCTINICHUU
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JUiss  ompezaeneHus  yrila  [EepeKoca  CaTeUINTa, BBI3BAHHOIO  OCAJKOU

IMOAIIUITHUKOB Ka4CHUA, y,;, UCIIOJIb3YCM CICAYIOIYIO 3aBUCHUMOCTD!:

Ay, P,-P _136[W(b)—w]c05awl

_ 1 Icc (2.36)
b 05bb,C, bC,,b,,

717:2

3necs b, =b,/b;C, - yaenbHas >XECTKOCTb POJIMKOBOW OIMOPBI, KOTOPYIO MOMKHO

OIPENCITUTh B COOTBETCTBUH ¢ paboroit [117] mo cruenyromeld NpHOITMKEHHON

3
Cﬂ =E/3 6KZ—Ebn,
\  R,P

rac Rz- JIMHEWHAs BCIIMYKWHA, 3aBUCAINAA OT paIuyCOB KPHBH3HBI HOBerHOCTef/’I B

3aBUCHUMOCTHU:

CONPSKEHUAX POJIMKOB C KOJbIIAMHU MOJIIUIHUKA; K, - KO3()PUIIUEHT, 3aBUCAIIUNA OT
YUCcla POJMKOB, PAa3HUIIBl KPUBHU3H COMNPSTa€MbIX MOBEPXHOCTEH, yrjia HAaKJIOHA OCH
poMKa K OCH TOIIMIIHUKA; P - paJiuajibHas Harpy3ka Ha IOIIHITHUK
(1711 pONMKOBBIX TMOJUIMITHUKOB CPEIHEH cepur UM HaubOoJiee 4YacTO HCHOJIb3yeMBbIX
TUIopasMepoB C,, =01+ 0,15E).

VYron mepekoca ocu caTeJUiMTa B pe3yibTaTe Jnedopmaiuu nepeMblyek BOJuiIa
7, MOXeT OBbITh HaWJICH B  COOTBETCTBHH CcO cxeMoi (pwuc.2.15), rme

CHjia 1 MOMCHT, I[Cf/'ICTByIOHlHG Ha IMEpEMBIYKY BOJAMJIA,

Qzaw Ay N
R, = = — 0,83+0,33b 0,17w(b , 2.37
9y . - (1+O,67bH)[W( + b ) +0,17w( )})COSO{W (2.37)

M, =05R,b. (2.38)

Torma

y. b (R, M,) 533R,
- = (2.39)

M TELU3 2 ) epal

[Tocnennee BhIpaKEHHE CHPABEMJIUBO JJISI KOHCTPYKIIMH, COCTOSIIEH U3 JBYX
COCIUHECHHBIX KPYIJIBIMU IEPEMBIUKAMU JKECTKUX IIEK. 31eCh a,- MEKOCEBOE
paccTrosiHhe, a,- pPaJAuyC OKPYKHOCTH, NIPOXOISIIEH uepe3 UEHTPbl  CEUYCHUI

nepeMbIueK, d,, - OTHOCUTENbHBIN quaMeTp nepeMberdku (d,, =d,, /b).
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e ,

R

Pucynok 2.15 - Cxema nedhopmMupoBaHHON MEPEMBIYKH BOIUIA

[Moncransas ~ ypaBHenus (2.34)-(2.39) B paBenctBo (2.32), ompenenum

KO3 (PUIIMEHT HEPaBHOMEPHOCTH paclpelie]iCHUus Harpy3ku wa =W(b) =w(b)/w, a

3areM u3 ypaBHeHus (2.30) xodpuIHEHT HEPaBHOMEPHOCTH PpacCIpeeTICHHS

u3rubaromniero 3y6 Mmomenrta K¢,

2
 cosh(eb) _ cosh(eb) ~1| b cos aw[ 15 _ 472a, 136E J]CH o)

0 sinh(eh) ~ absinh(eb) | W E | zdt sa,dh  Cubu
KHﬁ: ’
_ 2
14 cosh_(gb) 1 1,_54+0,75i:1Zlv . L36E CH(b)COS ay, (2.40)
ebsinh(e) | zd;  ma,dn  Cubn E
Ce ()
Ke, =1+—=F KP, -1
b=

ITpusenennsie ypasHenus (2.40) cooTBeTCcTBYIOT b, =h,, /b=0,3.

Ha pucynkax 2.16, 2.17 npusenensl rpaduxu 3aBucumoctedt Kj,m K7, ot

b=b/m npu z,=18, d, =0, n,=3, C,=02E, a,=a,, d,=d,/b=05

d,=d,/b=07, b, =b,/b=03,a, =20°, b, =b,/b=04 ¥ pazsIUYHBIX 3HAYEHHAX

OTHOCHTEJILHOTO HAYaJIbHOTO HEMPHIIETaHus 3y0beBy = FoC/w,



50

2

1.8 .
KHI1(b)L.6 ___.--"'-' »
Km(b), [Tmmmmrrnt ]

f?fﬁahz.“.._.u-rﬂ'“""-“. JF’HJJ

0.8
0 5 10 15 20 25 30

b

Pucynok 2.16 - 3aBucumocts KH =K/, oT b=b/m u 7" npu y4ere Ha4aIbHOIO

HEIPWJIETaHus U MOAATIMBOCTU 3yObeB, AeOpMAaLIKi KPYUEHUS IECTEPHH,

IIoJaTJIIMBOCTH BOJAMJIAa, OCH M ITOAIIHUIIHUKOB CaTCIIJINTA.

[Ipu cHwKeHWHW TONIMMUHBI 0007a caTe/UIuTa, HAayWHAsS C BEJIMYMHBI 3m,
MOJATIMBOCTh  3alEIUVIEHUS BO3PACTacT, YTO IOJOXKHUTEJIBHO CKa3bIBAaCTCs Ha
pacnpeneNeHuy Harpy3Ky 1o JUIMHE 3y0a (CoJIHeUHasl MIeCTePHS OOBIYHO BBITIOIHSAETCS
¢ TtoncteiM obOomom) [50,53]. Ha pucynkax 2.18, 2.19 mnokasansl rpaduku
sapucumocTeil Kj, u K}, or b=b/m mpu Tex xe mapamerpax Iepeladi, 4To W
rpaduku pucynkoB 2.16, 2.17, HO mpu NOAATIMBOM 000J€ CaTEIMTA, TOJIIMHA
KOTOPOTO COOTBETCTBYET CMEIICHHIO HArpy>KEHHOTO 3y0a caTe/uiuTa Ha BEIUYUHY
O hy =13w(x)/ E. OpnHako clneayeT OTMETHTh, YTO YPE3MEPHOE CHUKEHUE TOJIIUHBI
000/a MOXET MpUBECTH K ero mosiomke. [[o3ToOMy HCHOIB30BaHHE TOHKOCTEHHOTO
o0oja careiMTa MOXET OBITh OIpaBJaHHBIM B TiepeAavyax, pPaCCUYUTAHHBIX Ha

CPaBHUTEIHHO HEOOJIBIITON CPOK CITY>KOBI.
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1.8
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1.6 e
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0.8
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b

Pucynok 2.17 - 3aBucumocts KF =K7; oT b=b/m u " npu ydere HAUATHLHOTO

HCIIPUJICTaHUA U IIOAATIIMBOCTH SY6I>€B, IIG(bOpMa]_II/II/I Kpy4CHHA MICCTCPHU,
IIoAaTJIMBOCTH BOAMJIA, OCH U ITOAIIMITHMKOB CaTCJIJINTA.

------- D)-7=0;cc..@-y'=1; -----(3)-y'=
1.8
",‘
1.6 .7
_ :"#'*
KH1 (b) e
—  l4fz==o2 cFe==="T"
KH2 (b)
KH3 (b)1.2[ [ o.-+7 /
1
_—ﬁfﬁ.ﬁ-ﬁf
0.8
0 5 10 15 20 25 30
b

PucyHnok 2.18 - 3aBucumocts KH =K;, oT b=b/m u y* npu ydeTe HAUATHLHOTO

HEeNpUJIETaHUs U NOJIATIUBOCTH 3yObeB, 1e(OpMallui KPYUEeHHS IIECTEPHHU,
NOJIaTIIMBOCTH BOJIWJIA, OCH U MOJIIUITHUKOB CaTENIUTa C THOKUM 000/I0M:

------- Q)-y=0;.cc.... )-y"=1; -----(3)-y"'=
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1.6 -
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4-"

1'4 --r""iJ #'.*
KF1(b) doe-
— ’J' "'.f
KF2(b), , . . P

. m * o
. # '.'_.- /
# .t
.K.E.B(bj ,’ Lt /
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Pucynok 2.19 - 3aBucumocts KF =K2, oT b=b/m 1 y* npu ydere Ha4aiIbHOTO
HEeNpuJIeralus U NOJaTIMBOCTH 3yObeB, AeQopMalii Kpy4eHUs HIECTEPHH,

IIoAaTJIIMBOCTH BOAMNJIA, OCH U ITOAIIHMITHHUKOB CaTCJIJIMTA C THOKUM 06OIIOM3

------- (1) -7 =0 e (2)- y" =1, -----(3)- " =

AHanu3 TNpPUBEIEHHBIX 3aBUCUMOCTEH UM TIOCTPOEHHBIX 1O HUM TIpaduKoB
MOKAa3bIBAET, YTO Opyd 3alaHHOM yIJI€ HA4ajJbHOTO HENpUJIETaHus 3yObeB
NOJIATIMBOCTh OCH CaTeJJIUTA, €ro MOJUIMITHUKOB KauyeHUs], BOAWIA U 000]a caTeJiuTa
OKa3bIBAIOT CYIIECTBEHHOE BIUSHUE HA pPACHPEICICHUE Harpy3Kd M HaNpsLDKEHUM
u3ruba 3yObeB 1O MX [JIMHE, CHIKAs KO3(PQPUUUEHTHl HEPaBHOMEPHOCTH
pacnpefieleHHss 3THX CHIOBHIX (akrtopoB. Tak, mpu b=b/m=25, »*=1 wu
palMOHANIBHBIX MapaMeTpax nepeaadyu MoAaTIMBOCTh OCH CaTEeIIUTa, €ro onop, obonaa
U BOJMJIa 00ECIIeUMBAIOT CHIKEHUE KOA(pPUIIMeHTa HEpaBHOMEPHOCTH paclpeeIeHUs

Harpys3Ku 1o JuihHe 3y6a K, npumepro Ha 45%. IIpuMepHO Ha CTONBKO K€ CHHKACTCS

1 K0d(pOHIMEHT HEPAaBHOMEPHOCTH PACTIPEICNICHNs] HaNpsKeHN n3rnba 3y6a K7y .
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2.3. PacnipeesieHue HATPY3KHM U HANIPSIKEHUH M3ruda 1o JAJauHe 3y0ObeB KoJiec

I[ByxcaTeJIJIHTHOﬁ nmepeaaum  Co CﬁOprIM H-06p33HLIM BOAWJIOM

Hlupoko pacmpocTpaHeHHbIE TIUIaHETapHble mepemaun JDkeiimca, oOmamgas
XOpPOUIMMHM  TEXHMKO-3KOHOMHMUYECKHMHU TIOKa3aTeNsIMHM, MMEIT  CYIIECTBEHHBIN
HEJOCTaTOK: COAEpXaT  CI0KHOE B M3rOTOBJIEHMM, HETEXHOJIOTMYHOE BOIMIIO,
BBITIOJIHSIEMOE OOBIYHO B BUJE Bajia, KECTKO COEAMHEHHOTO C OJHUM-ABYMS JAHCKaMHU,
B KOTOPBIX PAacCIIoiararoTcsi ocu care/utuToB [16;19;51].

[Ipu cpaBHUTETHHO HEOOIBIIONW HATPY304HON CIIOCOOHOCTH Tepeiaya MOKET ObITh
BBITIOJTHEHA JIBYXCATECIUIUTHOW €O COOPHBIM BOAMJIOM, MpeACTaBistomMUM cobdoi  11-
oOpa3HbIi 3J€MEHT (M30THYTHI NPYTOK), BCTABJICHHBIM B Ma3 WJIM OTBEPCTHE Ha
BbIXOMHOM Bany (pucyHok 2.20). KoHIpl 3TOro 5srmeMeHTa BOAMJIA BBIIOIHSIOT
GYHKIUIO ocel caTeJUIMTOB. Takyro KOHCTPYKLHIO L€l1ecooOpa3HO HCIOJIb30BATh B
KayecTBE OBICTPOXOJHOW CTYNEHH JABYX- WJIM MHOIOCTYNEHYaTOW IUIaHETapHOM
nepeavmn.

Jlepopmarus npyTka B TPUBEIECHHOM KOHCTPYKLUHU BEJAET, C OJAHON CTOPOHBI, K
HEPaBHOMEPHOMY pAacCTpeAeNieHUI0 Harpy3Kd MO IIMPUHE BEHIA caTeuiiTa (eciu
NOCJIEIHUN HE SABIISIETCS CaMOYCTaHaBIMBAIOIIUMCS), C APYTOM CTOPOHBI, CIIOCOOCTBYET
HauOoJiee MOJIHOMY BBIPABHUBAHUIO HATPY3KH IO CATEJUIUTAM.

YcranoBuMm BiusHUE TmoaaTiuBoctd II- oOpa3Horo »nemMeHTa BoaWiIa — Ha
pacnpesieieHue Harpy3kd IO HIMPUHE BEHIA CaTeJUIUTa MpPU OTCYTCTBUU  €ro
camoycraHaBimBaemoctd [104]. BenuunmHbl KO3(QPHUIMEHTOB HEPABHOMEPHOCTH

Ky, Kgs3aBHCAT OT NEPEKOCA OCH, BBI3BAHHOIO KPYYEHHUEM M HPOrHOOM 3JIEMEHTa

BOJMJIA.
VYTr0a KpyueHus: ONpeesIUM 10 U3BECTHOM (POpMysie CONPOTHUBIIEHUS MAaTepHAIOB
C yuderoM OJM30CTM K JMHEMHOMY 3aKOHa paclpeleseHusi Harpy3ku Ha OCh

careuuTa(cM. pucyHok 2.20):

32a,0b _
Dy :W(L'FXC), (241)
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3[€Ch a,- MEXKOCEBOE pacCTOsHUE mepemadu; G- MOAyidb ympyroctd 2 pona; d -

JUaMeTp NpyTKa, U3 KOTOPOrO BBINOJHEH 3JEMEHT BoJwia (MPUMEPHO pPABEH
JUaMeTpy OCH caTeJuInTa); L - pacCcTOsHUE OT OCH IPYTKA B MECTE €ro CONPSKEHUs C

BaJIOM JI0 TOplA MOMAINIMIIHUKA; b- MIMpUHA TOMAIIUIIHUKA CaTeJUINTa; (- CPeIHss
b,,
MOTOHHAsl Harpy3ka Ha OCh (q:ZWFcosaW, W-Cpe/IHsIsl MOrOHHAsi  Harpy3ka B

3alleTUICeHUH, «,- Yroll 3aleIvieHus, b,- pabodas mmMpHHA BEHIIA CATEJUINTA); X,-

KOoopauHaTa HCHTpPa TAKCCTHU SIIIOPbI HAIrpy3KH; C YUYCTOM OIM30CTH 3aBUCHMOCTH K

JIMHENHOHN
b b
x. =[[ a(xax1/ fa(x)ax,
0 0
2X
q(x) = [F(Kgﬂ ~1)-KS, + Z}q. (2.42)
OTO  BBIpAXKECHHUE MOJIY4eHO € y4eToM Onu30cTH  KO3((PHUIIMEHTOB

HCPAaBHOMCPHOCTH PACIPCACICHHUA HAI'PY30K B 3alCINICHHU WM B 30HC KOHTAKTa OCH C

KOJIbIIOM IIOAIIHUITHHKA.

B \@ o&l

Pucynox 2.20 - IlnanerapHnas nepeaada co cOopHsiM I1 - 0Opa3HbIM BOAMIOM U CXeMa

Harpy>x€Husa 0C HECCaAMOYCTAaHABJIMBAOOICTOCA CATCIIIIMTA



55

VYT0BOE MepeMeNIeHne OCH CaTeIINTa B IDIOCKOCTH CUMMETpHUH (TIpH X = 0,50 )

OJ1 IEUCTBUEM M3THOAFOIIETO0 MOMEHTA

64 | b/2
On =i M‘ P(I +x, —2z)dz + E[M (x)dx} (2.43)

rae M(x) = P(x, —X) +.X[q(.§)(x—§)d§ , =L-05d, P=qgb, E-mMoxyas [Onra.

VYroa nporuda ocu moja JeMCTBUEM IMONEPEYHON CHIIBI

8,8 b/2 X
Po =i j [P —! q(&)d&]dx. (2.44)

OTcrona onpenensieTcss CyMMapHBIA yToJI epeKoca OCH
Vs =Pk TPy +Pq - (245)
[ToncraBuB BhIpaxkeHue (2.45) B paBenctBo (2.10) m pemas mnoiydeHHOE

0
YpaBHCHHUC MpHU [ =y, OTHOCUTEIBbHO K, 6 =K

HE > HaﬁﬂeM 3aBUCHUMOCTb YKa3aHHOI'O

K02 dHIMEHTa OT HapaMeTPOB Nepesiadu, a 3aTeM U3 Beipakenus (2.30) K7, .

Ha pucynkax 2.21, 2.22 npencraBienbl Tpadukd 3aBUCUMOCTH KOAPPHUITUECHTOB
HEPaBHOMEPHOCTH pacCHpe/esIeHUs] Harpy3kd M MOMEHTa (MM HampsDKeHUH) u3ruda
3y0a OT HmapaMeTpoB IEpejadd, IOCTPOEHHbIE npu b=b,; 1=1/b=06; b=10m u
pasiInYHBIX 3HaYeHUAX D=d/b, U3 KOTOPOTO CIEAYET, YTO HaX€ IPU OTCYTCTBUU
HAaYyaJIbHOIO HempueraHusi 3yObeB KOJEC U MUHUMAJIbHOM YTIJIe KpYUEHHUS! COJTHEUHON
HIECTEPHU HEPABHOMEPHOCTh PAaCHpEeICHNUs Harpy3kHd W HanpspKeHU u3ruda 3yObeB
[0 LIAPUHE BEHIA HECAMOYCTaHABJIMBAIOLIETOCS CAaTEIINTA HEAOIYCTUMO BEJIMKU
BciencTBue JeopMaTUBHOCTH cOOpHOro Bojmia. B cBsizu ¢ 3TuM uenecooOpasHo
caTeJUIMThl yCTaHOBUTh Ha chepuyeckue MNOMUIMIHUKN JUOO0 IIPEyCMOTPETh
JIpYTru€ METOAbl BBIDABHUBAHMS HATPY3KM WM HANPSHKEHUM. OTO K€ OTHOCUTCS, KaK
IIOKA3bIBAIOT pacuyeTbl, M K IIepefayaM C KOHCOJIBHBIM pACIOJIOKEHUEM OCEU

CaTCIJIMNTOB B IIICKE BOAMIIA.
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3.5

KH1(D) 3[

KH2(D), g *,"

KH3(D) IERE \
- . om 2 v o . . \

Qy’. .I ..... .l\
1.5 e

-2
L A RN

1
1 115 13 145 16 175 19 205 22
D

Pucynok 2.21 - 3aBucumMocTh K03 (UIIMEHTa HEPABHOMEPHOCTH pacipeieNieHus
Harpy3KH 10 IIUPHHE BEHIIa HECAaMOYCTaHABIIMBAOIIETOCS caTeIIUTa KH = K 5 OT

OTHOCHUTEIBHOI0 JraMeTpa ocu Boawia D=d/b: ------- (1)-A=a,/b=2; ....... (2) -
A=1, ----- (3)- A=07

3.5

3
KF1(D) \
— 250
KF2(D) |-, \

KF3(D) 2—4— \\

15 '..';._ ‘.\

1 115 13 145 16 175 19 205 22

Pucynox 2.22 - 3aBucumMocTh K03 (HUIIHMEHTa HEPABHOMEPHOCTH pacpeieTIeHuUs
MOMEHTa u3rubda 3yda 1o MmupuHe BEHIIa HeCaMOYCTaHABIMBAIOIIETOCS
careuuta KF = K, OT OTHOCUTENBHOTO JUaMeTpa ock Boauna D=d/b:------- (1) -

A=a, /b=2;....... (2)- A=1; ----- (3)- A=07
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2.4. HepaBHOMEPHOCTH pacripeaejieHisl HATPY3KH U HANIPSIZKeHU i

u3ruda mno AJIHHE 3y61>eB CaMoOoyCTaHaB/JINBAIOIIUXCH CATENJIUTOB

Hau6onee »¢dekTuBHBIM METOJOM BBIPAaBHUBAHHS HArpy3KH W HampsHKEHHUM
u3ruba Mo JUIiMHE 3yObeB KOJec M 1O MOTOKaM MOUIHOCTH SBJISIETCS yCTaHOBKA
caTeJNIUTOB Ha cepuyeckre MOAIIUIMHUKA ¥ BBHIIIOJHEHUE COJHEYHOW IIECTepHU
«maBaromiei» (pucyHoxk 2.23). B Takoii KOHCTpYKIHMHM TIepeIadd HavdalbHOE
Hempuieranne 3yObeB, JAedopManuy OCH CaTeJUINTa, MOAUIMITHUKOB, BOJWIA

NPAaKTHYECKH HE OKa3hIBAIOT BIMAHMS Ha KOd(QUIMEHTH HepaBHOMEpHOCTH K, K7, .

[Tpu pacnonoxeHuu caTeJIUTa Ha JBYX MOAIIMIHUKAX KaueHUs AJisi 0OECIeueHus ero
CaMOYCTaHaBJIMBAEMOCTH MOJUIMIHUKHA YCTaHABIMBAIOTCA B CTakaHe cO chepuyeckon
BHEIIIHEH IMOBEPXHOCTHIO. OJJTHAKO HEJIMHENHBIN XapaKTeP pACIPEAECICHUS Harpy3Ku 110
JUIMHE 3yObeB, OOYCJIOBIICHHBIM KPYYEHHEM  COJHEYHOW  IIECTEPHU, SBISIETCS
IIPUYMHON HEPABHOMEPHOCTH PACHIPENCICHUS] HArpy3KM WM HANOPSDKEHUW NaKe TPH

CaMOYyCTaHaBJINBAIOIIUXCs 3BCHBAX.

Pucynok 2.23 - [lnanerapHas nepegaya ¢ CaMOyCTaHABIMBAIOILIUMHUCS
OZHOBEHIIOBBIMM CATEJUIMTAMH U «IIJIABAKOLIECH» COJTHEYHOU IECTEPHEU
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B  ykazaHHO#  KOHCTpYKIMH Tepeiayd C  CaMOYCTaHaBIHBAIOIIUMUCS
caTeJUIMTAMH YroJI HAa4aabHOrO Henpuieranus B=0 W ypaBHCHHE COBMECTHOCTH
nepemMenieHuit (2.24) npuHAMAET BHJ

n,Cy (b)dZ ¥
R I W(E)(x— &)de . (2.46)

w(x) =w(0) +
b

Pemenune ero ¢ yuerom ypaBHEHHI CTaTUKA Iw(x)dx =wb, w(0) =w(b)
0

w(x)  &b0,5
W sinh(sb)

[1+ cosh(eb)]ch(ex) — 0,5&b sinh(ex), (2.47)
a Ko PuUIMEeHTH HEPABHOMEPHOCTH paclpe/ie/ieHus] Harpy3Ku U HaIPsHKEHUN n3ruda

&b
K. =05——[1 h(&b)],
= 0% Gy 1 Eosh(en)]

C. () (2.48)

C, (b)

Kes =1+ (Kgs ).

Ha pucynke 2.24 npuseneH rpaduk 3aBucuMocTd (2.47) i TpexcaTeJUIUTHOM
KOHCTPYKIIMM Iiepenauu npu z, =18. M3 Hero cueayer, 4ro NpHU OTHOCHUTEIBHOU
IIMPUHE BEHIIA COJIHEYHOM MIECTepHU b" =b/d, <1TEOpeTHYECKH HEPABHOMEPHOCTH
pacnpeneneHus Harpy3Ku CBOJUTCS K MUHUMYMY 3a CUET JIMKBUAAIMU U30BITOYHBIX
CBA3€M M  CaMOYCTaHAaBJIMBAaEMOCTH  caTeyuIMToB.  Hekoropoe — yBenuyeHue

koddduuuenta K, IO CpPaBHEHHIO C TEOPETHYECKMM BO3MOXKHO B pe3ylbTaTe

JNEWCTBUSL CUJ TPEHUs, NPEMATCTBYIONIMX  IOJHOW caMOycTaHoBKe. OpHako mnpu
OOJBIIMX 3HAYEHHUAX b paBHOMEPHOCTH paclpe/iesieHrs Harpy3Ku He 00ecreunBaeTCs
Y JIMKBUAAaLMEN N30BITOUHBIX CBA3CH.

Ha pucynke 2.25 npuBenenbl rpaduxu 3aBucumoctet (2.48) mpu n, =3,

MOKAa3bIBAIOUIME, YTO B PAIMOHAIBHOM KOHCTPYKUMHU IUIAHETApHOM Tmepenayu
OTHOIlIEHWE paboyell IIUPUHBI BEHLA COJHEYHOW IIECTepHHM K JAHAMETpy ee
OKPYHOCTH b* MpH caMOyCTAHABJIMBAIOIIMXCS CATEJUIMTAX HE TOJDKHO NPEBBIIATH 1,5,
B IMPOTUBHOM cCllyyae BeJMYMHA KO3 (UIMEHTa HEPAaBHOMEPHOCTU pacHpeeiIeHUs

Harpyskn K, >1,.23.
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14 ol
“ "
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WI(X)1 25— —
— '- . " ‘0
W2(X) " Ry
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X

IIECTEPHU TPU CaMOYyCTaHABIMBAIOMIMXCS caTeluuTax (X = x/b): ------- (1) - b"=1;
........ (2)-b" =15;-----(3)- b"=2

18

16 -
KH(b)

- 14 /

KF(b) "

12

I—J/
0 10 20 30 40 50
b

Pucynok 2.25 - 3aucumoctn KH =K, u KF =KZ or b=b/m npu z, =18, n, =3,

d,, =0 U caMOyCTaHaBJIMBAIOLIMXCS CATEIIUTAX
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3. PACIIPEJEJEHUE HATPY3KH 110 ITOTOKAM MOILIHOCTH
MHOTI'OCATEJJIMTHOM IIVIAHETAPHOU NEPEJAYM

3.1. Biuusinue Ile(l)OpMaTHBHOCTI/I JIEMECHTOB Ha pacnpeacjiecHUue HArpy3Ku 1o
MOTOKaM MOIIHOCTH nepeaavin ¢ IBYXOIMMOPHbIMM OCSIMHU CAaTC/IJIUTOB "
CaMOyCTAaHAB/IHNBAIOIIINMHUCH 3BCHbAMU

JUiss  nukBUAALMM  HM30BITOYHBIX CBSI3€M M BBIPABHUBAHMS HArpy3Kd B
3alEIUICHNAX KOJIEC IIJAHETApHOM Iepelayd  CaTeJUIMThl  PacloJlararoTcs Ha
cepuyecKux TMOJIIMIIHUKAX, a COJIHEYHas IIeCTepHAd — Ha 3y0uaroil moJBecke
(pucynok 3.1). OmHako Takas KOHCTPYKIIHSI TTO3BOJIICT TOJHOCTHIO H30aBHTHCS OT
M30BITOUYHBIX CBSI3€M TOJBKO MPHU TPEXCATENIMTHOM €€ HUcrosHeHuu. Ha mpaktuke xe
YacTO MCHOJIb3YIOTCS MJIAHETAPHBIE MEXAHU3MBI C OOJIBIIUM YHUCIIOM CATEJUIUTOB (TISITh
u Oonee). Henz0exHble MOTPENTHOCTH UX U3TOTOBJIEHUS MPUBOJAT K HEPABHOMEPHOMY
pacIpenesIeHA0 Harpy3KHy 110 MOTOKaM MOIIHOCTH J1ayKe ITPU HAIMYNU «IUIABAOIIUX» U
CaMOYCTaHaBJIMBAIOUIMXCSI 3BE€HbEB. [10ATIMBOCTD 3JIEMEHTOB NEpelayu TaKUX, KaK
HNOJAIIMITHAKY U OCH CaTEJUINTOB, YaCTHYHO KOMIIEHCUPYET 3TH NOTPEMIHOCTH, IO3TOMY
BaXXHO HCCJIENOBaTh BIMSHUE YKa3aHHBIX (AKTOPOB Ha BEIMUYMHY KO3(PQUIMEHTa
HEPaBHOMEPHOCTHU paclpeielIeHUs] Harpy3KH MO MOTOKaM MOIIHOCTH.

Hedopmarss ocu 00ycloOBiIeHa €€ MOJATIMBOCTbIO B MECTaxX COIpPSDKEHUS C
NOJAIIMITHAKOM CaTeJUINTa M IIeKaMu BOJAMIIA, & TAKXKe MPOTrMOOM Ha MPOMEKYTOUYHBIX
y4JacTKax (pUcyHok 3.2).

[IpencraBuB OCh B MECTE CONPSHKEHHUS CO IMIEKOW BoAMIIa OAIKON Ha yHmpyrom
OCHOBaHWM, 3alUIIeM W3BECTHOE W3 CTPOUTENbHON Mexanuku [33] ypaBHEHHE

Harpy>XeHHO-/1e()OPMUPOBAHHOTO COCTOSIHHS B CJIEIYIOIIEM BU/IE:

ey 900 _M(x) - a(x)
y' (X) = c T e 11 G (3.1)

rae M(x):M(O)—Fx+jq(v)(x—v)dv, M (0)- MOMEHT B cedueHud ocu npu x=0, F -
0

MOJIOBUHA OKPYXKHOM CWJIbI, AEHWCTBYIOIIEM HAa OCh careiumra, C - KOHTaKTHas

KECTKOCTh CONpPsDKEHMs (HalZICHHOE SKCIIEPUMEHTAIbHBIM ITyTeM 3HaueHue C = E/12),
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| —OCEBOM MOMEHT HHEPLUWH CEUCHUS, S - IUIOLIAAb NONEPEYHOIO CEUEHUs OCU, E U

G- Moaynu ynpyroctd 1 m 2 poja, COOTBETCTBEHHO, ((X) - MOTOHHAs Harpys3ka

(g(x) =[21—y(x)]C, A =const).

Huddepennupys Boelpakenue (3.1) Mo X JBaXIbI, MOJYYUM  OJHOPOIHOE
nuddepeHImanTbHOe YpaBHEHUE YETBEPTOTro mopsiaka [75]
v _£ I E _ 2
9" () ~55 9" () + 2 ax) =0. (3.2)

Pemienue 3Toro ypaBHeHUs METOJIOM Diliepa UMEET CICAYIOIIUN BU/I;

q(x) = C, sinh(yx)sin(Sx) + C, cosh(yx) sin(£x) + C, sinh(yx) cos(x) + C, cosh(yx) cos(/X),

rae y= 41/3 cos 0,5arccos(l,1£) , B=4 C sin O,5arCCOS(1,1—IEC) :
IE 2GS VIE 2GS

Amnanor HNYHO, Ha YYACTKC COIIPSIKCHUA OCH CAaTCIIMTAa C KOJIBLIOM ITOAINHUITHHKA

(3.3)

TIOTOHHAsI Harpy3Ka, HalICHHAs C y4ETOM PaBeHCTB ' (0) = »” (0) =0,

o(z) = C, sinh(yz)sin(z) + C,, cosh(yz) cos(z) . (3.4)

[TocrostHHbIe HMHTErpHpoBanus C,+C,, BXxojsmue B Beipakenus (3.3), (3.4),

OIIpCACINM U3 CICAYIOIINX ypaBHeHI/Iﬁ CTaTHUKH U I'PAHUYHBIX YCHOBHﬁI

S\
>

Pucynok 3.1 - MHoronorouHas MiaHeTapHas nepejaada ¢
CaMOYCTaHAaBJIMBAIOIIMMUCS 3BEHbSIMU
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w(z)
M( ﬂ N —

L X

Pucynok 3.2 - CxeMma Harpy>keHHO-1e()OPMHUPOBAHHOTO COCTOSIHUS OCH
caTeJUINTa IJIaHETapHOU Nepeiaun

1) iq(x)dx =F:

2) .I[a)(z)dz =F;

3)

4)

5)

6)

npu X=b M(x)=0 H B COOTBETCTBHU C ypaBHCHHEM U30THYyTOM ocu (3.1)

iy 14 CA(D) .
q (b)_l’l—SG ;

mpu x=0 M(x)=M(0) = EQ(X)xdx = IE{l,l%— qﬁéo)}

MOMEHTHI M3ruda Ha yyacTkax npu x=0 1 z=I cBsi3aHbI PABEHCTBOM

@) e :
M(I)—IE{ - 1,186}F(L )+M();

B3aMMOCB3b MCK/Y YITIOBBIMU I[e(bopMaL[I/IHMI/I Y4aCTKOB OCHU UMCCT BHUI

Lo _dO@ MO g F  FL
C C IE "sG 2IE
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Ha pucynke 3.3 npuBeaecHsl rpadukud U3MEHEHUS OTHOCUTEIHHOW IMOTOHHOM
Harpy3ku W(z)=w(z)/o 1 Q(x)=q(X)/q B 30HAX COIPSDKCHHUSA OCHU caTeiUIuTa C
MOJIIIMITHUKOM U IIEKOW BOJAMJIIA, IIOCTPOCHHBIE Ha 0a3€ BHITIOJHEHHBIX TAKHM

oOpa3oM pacueTtoB (w M ( - CpelHHE 3HAYEHHUs TMOTOHHBIX HArpy3ok, X =x/b,

Z=1zI1).
2 4
175 3.25
25 \\
15 / 175
W (2) 1.25 ,/ Q(X) 1 S
— /| — 0.5 N
prd -0.5
0.75 -
: —"1 -1.25
05 -2
0 01 02 03 04 05 06 07 08 09 1 0 010203040506 070809 1
Z X

Pucynok 3.3 - Pacnpenenenue Harpy3ku B 30HaX CONPSDKEHUS OCH CaTEUIUTa C
IIOJIIMITHUKOM M IIEKOM Boauaa npu b=b/d=0,6, 1/d=05, L/d=1

OKpy)XHOE CMEIIEHHUE CaTeJUTUTa, OOYCIIOBICHHOE nedopMaleld ero ocu |

COIIpATacMBIX C HEH IMICK BOJMJIa U KOJIbIIA ITOAINMITHHKA,

. (© I OB A O L T +%(L—I)3. (3.5)

C C C 2IE

COnv>keHre BHEIIHET0 M BHYTPEHHEro KOJICH JBYXPSAIHOTO CHEepHUIecKOro
POJIMKOBOTO TMOJIIMITHUKA MOJl JIEUCTBUEM pPaJUaAIbHON HArpy3ku 2F 3aBUCUT OT
pa3MEpoB €ro AJIEMEHTOB [5,6] U MOXET OBITh OINPEICICHO CIASAYIOIUM 00pa3zom

[117]:

2
Yo =05(n,3/Tpy +ng3Tp R/BH w) (3.6)

ZEcosp

rae Z - 9uciio pOJIMKOB B sy, [3- yroil HaKJIOHA OCH POJIMKA K OCH TOAILIMITHUKA, X0y
U Xpg - IPUBEICHHBIE KPUBU3HBI [IOBEPXHOCTEU B CONPSIKEHUAX POJIMKA C HAPY)KHBIM

U BHYTPEHHMM KOJbIAMM NOJIIUIHMKA, - Kodpduuuent Ilyaccona, n, u ng-
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7%

N ZEK N
N/

Fy a

Pucynok 3.4 - Mojenb miaHeTapHOM repeaadyn Kak CTaTUYECKH HEeOTpeIeTuMOM
MEXaHUYECKON CUCTEMBI
KOA(DPUITMEHTBI PAa3HOCTH KPWUBH3H B CONPSDKCHHUSIX POJUMKA C HAPYKHBIM M
BHYTPEHHHUM KOJIbIIAMH IO IITHITHUKA.

Jns  ompedeneHuss Harpy3kd B 3allCIUICHUSX Kojec U koddduimeHTta
HEPaBHOMEPHOCTU €€ pacipelesieHus M0 caTeJUIMTaM NpEeICTaBUM Iepeaady B BHJIC
CTaTUYECKH  HEOMpPENeNTMMON  MeXaHW4eckol  cuctembl (pucyHok 3.4) wu
BOCIIOJIb3YEMCSI H3BECTHBIM M3 CTPOUTEIBHONM MeXaHUKH MeTojoM cui [33], 3ammcas
CHCTEMYy KaHOHMYECKUX ypaBHCHHH B ciieayromieM Buie [106]:

511F01 - AFl =0,
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3necy S, =..=8; =..=0,, =5, —CyMMapHas MOMATIIMBOCTE 1-TO COHPSKCHUS
MEXaHHYECKON CUCTeMBI (CM. PUCYHOK 3.4), paBHas NMEPEMEIICHUIO OT CIUHHYHOM
OKPYKHOU CHJIBI B 3aIICTUICHUHA W YYHUTHIBAIOIIAS Je(OPMATHBHOCTH 3YObEB U IPYTUX
AJIEMEHTOB TIepeaadu, BIUAIONIMX Ha paclpeiesieHne Harpy3ku (BelIudnHa oOpaTHast

xectkoctn  C, =¢,b,c,, cosa, /(c,b, cOsSe, +C,,)); «,- Yrol 3ameiuieHus; c,, -

w

yJeabHas )KeCTKOCTh 3areruieHns (¢, = 0,075E); ¢, - CyMMapHast )KeCTKOCTh OCH, OTIOp
U JIPYTUX BBINOJHEHHBIX MOJATIMBBIMU JJIEMEHTOB; F, —CHlIa B i-M CONPSDKEHUU
MexaHu3Ma (OKpyKHasi Cwia B 3alEIUIEHUH); A —IEPEMEIICHUE i-TO 3JIEMEHTa
MEXaHMYECKOM CUCTEMBI IO IEMCTBUEM CYMMapHOM BHEIIHEW HArpy3Ku F, ;
Ag =0-A,
rie A, —3a30p B i-OM COIpPSDKEHUU (IIOTPEIIHOCTh OKPY’KHOTO PACIIONIOKEHUS OCU
i-ro caTeyuuTa); S —TIepeMelleHre paM a W b mon agedictBueM F, (JuHeHHas

nedopmarus HanboJIee HarpyKEHHOTO CONPSDKEHU);
n
5:(505 +ZAij/n.
i=1
VYka3zaHHas cUCTeMa ypaBHEHUH MOKET OBbITh MPEACTABICHA B CIEAYIOIIEM BUJIE
[75]:

Fu =Wuby, =b,cy[A-Yo(F)-A, - ypl(Fl)]COS Ay

_________________________ (3.7)
an = Wnnb\N = waW [ﬂ“ ~ Yon (Fn) _An - ypn(Fn)]Cos Ay

n

Z l:ni = anb\N '

i=1

rie A- OKpyXHas JuHeWHas nedopmaiusi HauOoyiee HArpy>KEHHOTO COMPSIKEHUS

3yO04aThIX KOJEC, W,,- HOpMaJbHas MOTOHHAs Harpy3ka B 3alCIJICHUH CATEJUTUTA C
KOJIECOM WJIM COJIHEYHOM IIECTEPHEMN; W, - CPEIHss IOTOHHAS HArpy3ka; N - 4KcIio
CaTeJUINTOB; F,,- HOpMaJibHasi Harpy3ka B 3alCIUICHUM CaTeJUIMTa C KOJIECOM WIIH
coiHeuHo 1mectepHeit (F, =F,/cose, =F /cosa,); b,- paboyas IMpuHA BeHIA

n

caTcJlInTa, F - CpCAHCC 3HAYCHHC HOpM&J’IBHOﬁ Harpy3kym B  3alCIVICHUU
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(F,=F/cosq,); mepeMelleHus y, My ONpeaenstoTcs u3 ypasHenuii (3.5), (3.6) npu
F=F =F,cosq,.

[logcranoBka B cucteMy (3.7) mnepemelieHH, BBIPAXKEHHBIX uepe3
COOTBETCTBYIOIIME caTeuiuTaM cuibl  F  ypaBHenusimu (3.5), (3.6), mo3Bojser
OTIPENEINTh COCTABIISIIONINE HArpy3Kd W KOI(PQPUIIMEHT HEPAaBHOMEPHOCTH €€
pacupenenenuss K=F, . /F,.

Ha pucynkax 3.5, 3.6, 3.7 npuBeneHsl rpaduKkd 3aBUCUMOCTHU

Eb,A
F

n

Kod(huIMeHTa HEPAaBHOMEPHOCTH K OT OTHOCHTEIBHOW MOTPEIIHOCTH O =

JIA  IIITh-, MIICCTHU- U CEMMCATCIJIUTHOM KOHCTpYK]_II/Iﬁ nepcaadu IIpu  yriax

3alleTUIeHUN KoJeC ¢, =20° | pa3HbIX 3HAYEHUSX MMapaMeTpoB MexaHusMma. I'paduku

COOTBETCTBYIOT MOJAIIUITHUKAM CPEIHEN CepUu U HEOJIaronpusaTHOMY Ul IEPEAAUN C
«IUIABAIOILE» COJIHEYHOM IIECTEPHEW COOTHOLIECHUIO MEXKIY OTKIOHEHUAMH OCEH
CAaTCJUINTOB OT TEOPETHYCCKH TOYHOI'O TMOJOXKEHUA: IIPU N=5 A =A,=A,
A=A, =A;=0;, 1mpu n=6 A =A,=A,=A,=A, A,=A,=0; 1pu n=17
A=A, =N =A,=A, A, =A,=A,=0.

JUIst OLIEHKM TOYHOCTH AaHAJIUTUYECKOrO0 METOoJa pacyeTra AeOpMATUBHOCTU
HJIEMEHTOB Tepejaul OCYLIECTBICHO HCCIIEJOBaHUE HANPSKEHHO-AE(POPMUPOBAHHOTO
COCTOSIHUSI OCH M COIPATaeMbIX C HEU JETANEW C MOMOLIBIO KOHEYHO-AJIEMEHTHOIO
aHammza B cpeae Solid Works, pesynabTaThl KOTOPOro OJU3KM K IOJYYECHHBIM I10
BBILIECTIPUBEICHHBIM 3aBUCUMOCTAM 3HAYEHUAM IMOJATIIMBOCTH.

OLEeHUTh Harpy304HYH CIOCOOHOCTh MHOTOCATEUIMTHOM IJIaHETapHOW Mepeaadu
MOJKHO, BOCTIOJIb30BaBIIUCH 3aBUCUMOCTBIO T =T,n/K (T, ~MOMEHT, IPUXOSAIINANACS Ha
OJIMH caTeyuIuT). VI3 BBHITIOJIHEHHBIX TakKUM OO0pa3oM pacyeToB CIEAyeT, YTO MpH
«IJIABAIONICH» COJIHEYHOM IIecTepHEe W HEOJIaronmpusTHOM COOTHOUICHUH MEXIY
OTKJIOHEHUSIMHM OCEH CAaTEJUIMTOB OT TEOPETUUYECKU TOYHOI'O NOJIOKEHHUS] HArpy3o4Has
CIIOCOOHOCTh TSTUCATEIUIMTHONW KOHCTPYKIIMM TPAKTUYECKH HE OTIWYAETCS OT
YKa3aHHOTO IIOKasaTels I[epelayu C IIECThI0 CaTeJUIMTaMH, TaK KakK IIOBBIIIECHUE

Hany30qHOfI CITOCOOHOCTH 3a CYeT YBCIIMYCHUS YHUCIIa IIOTOKOB MOIIHOCTHU
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KOMITCHCHPYETCSl TOBBIICHHEM KOd(h(UIIMEHTa HEPaBHOMEPHOCTH pPacTpeneleHus
Harpy3kd B 3alleTUIeHUsAX Kojec. Harpy3ouHas cmocoOHOCTh CEMHCATEIUIMTHOM
nepesavyd MpyU HAJIUYUHM TIOTPENTHOCTEH €€ M3TOTOBJICHHS TMPEBBINIACT yKa3aHHBIN
TEXHUKO-DKOHOMHYECKUH TIOKa3aTeh TSTH- W IIECTUCATEIUIMTHOW KOHCTPYKIIUN
npumepHo Ha 20%-30% (mpu otcyrcTtBumM mnorpemHoctedt — Ha 40% u 17%,
COOTBETCTBEHHO), YTO CJIEIyeT YYHTHIBATh KaK MPH pacdyeTe Ha MPOYHOCTb, TaK U

OIIpCACIICHNN BI/I6pO-aKy0TI/I‘-I€CKI/IX XapaKTCPUCTUK INNIAHCTAPHBIX IICPCIa.
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Pucynok 3. 5 - 3aBucumocTs koddhpunreHTa HEPaBHOMEPHOCTH PACIIPEACIICHUS
HArpy3KH 10 IMOTOKaM MOIIIHOCTH OT OTHOCHTEIILHON MOTPEITHOCTH IPH N =5,

05<b/d<07,1/d=05, b,/L=18:------- Q) -L/d=1;........ (2)-L/d=07;-----

(3) — xecTkHe OCH M BOOWIO;  -.-.-.-(4) - ’KeCTKHE OCH, BOAMIIO U MOJIIUITHUKA
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Pucynox 3.6 - 3aBucuMOCTh KOI(PGUIIMEHTa HEPABHOMEPHOCTH
pacnpeneneHuss Harpy3KH 10 MMOTOKaM MOIITHOCTH OT OTHOCUTEIIBHOW TTOTPEITHOCTH
mpu n=6, 05<b/d<0,7,1/d=05, b,/L=18: ------- (1)-L/d=1;........ ?2) -
L/d=07;----- (3) - ’xecTKHE OCH M BOOUIIO; - .- . - .- (4) - )KECTKHUE OCH,

BOJWJIO U TIOAIIUITHUK
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Pucynok 3.7- 3aBucuMocTh K03 puimenTa HepaBHOMEPHOCTH PacpeIeICHuUs

Harpys3Ku 110 II0TOKaM MOITHOCTHU OT OTHOCUTEIBLHOM IOrp€IIHOCTH  IIPH N = 7 y
05<b/d<07,1/d=05, b, /L=18:------- (1) -L/d=1;........ (2) -L/d=0,7;-----

(3) - '’xkecTKHE OCH M BOAMIIO; - .- . - .- (4) - )KeCTKHE OCH, BOAMUIO U MOIIIMITHHK

3.2. PacnipeniesieHre HATPY3KH MO CATEJJIMTAM HA KOHCOJbHBIX 0CSX

Brimoninenne OCHOBHOT'O 3BEHA nepeaayn CaMOYyCTaHaBJIMBAIOIIMMCS
(«mmaBaromuM») TpeOyeT MOMOJHUTEIBHBIX 3aTpaT Ha W3TOTOBJICHHE MEXaHHU3Ma
CaMOYCTAHOBKH (HaIlle BCEro B KA4eCTBE TAKOBOTO HCIOJIb3yeTcs 3yOuaTtas MydTa,
pexxe mydTa Onbareiima) U BeIET K YBEIIMUEHUIO pa3MepoB mepenadn. B To sxe Bpems
MOJATIIMBOCTh 3BCHBECB TUIAHETApHOW Tmepegaun (OCOOEHHO TMPU  KOHCOJIBHOM
UCTIOJTHEHUH  OCeW  CaTe/UTUTOB)  CIOCOOCTBYET  CHIDKCHHMIO  KO3(duireHTa
HEPAaBHOMEPHOCTH  pACTpPEACICHUs] Harpy3Kd 10 TOTOKaM MOIIMHOCTH W TIPH

palMOHANIBHO MOJ00paHHBIX MTapaMeTpax MOXKET 00eCTIEUUTh OJIM3KOE K PABHOMEPHOMY
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pacnpeneneHue Harpy3Kd Jaxe MpPU CPAaBHUTEIHHO HEBBICOKOW CTETMEHH TOYHOCTH
W3TOTOBJICHHUSI TIPUBOJAa M OTCYTCTBUM MEXaHU3Ma CaMOYCTAaHOBKH  COJIHCUHOM
IIECTEPHH MJIU IPYroro 0OCHOBHOIO 3BeHa (pucyHok 3.8) [62].

B stoM cnydqae  koahdUIMEHT HEPaBHOMEPHOCTH pacHpeeieHUs] Harpy3Kd IO
MOTOKaM MOIIHOCTH, YYUTBHIBAOIIMNA JePOpPMAIUI0 KOHCOJBHBIX OCEH  CaTeJUINTOB,
IICKH BOJAWJIA, TOJATIMBOCTH TMOANTUITHUKOB KaueHUS W 3yObEB KOJEC, MOXET OBITh
HaJIeH 1o BbIpaxeHusim (3.7).

Ha pucynke 3.9 nmpencraBieH  Tpaduk  3aBUCUMOCTH  KoddduimeHta

Eb,A AE y
HEpaBHOMEPHOCTH K OT O= E W JUId  TpeXCaTeJUIMTHOM IIepeauu IMpH
n n
OTCYTCTBUM «IUIABAIOLINX)» 3BEHBEB, «, =20°; I=1/d=1; bw = by, /=1, A,=A;=A,

A, =0 (Haubosnee  HEONArOmMpUSTHBIMN B OTHOIICHUHM pACIpEACNICHUS HArpy3Ku

Cilyyail) U pa3IMYHbIX 3HAYCHUSIX b=b/d (b—muprHa meku Boawia, d-— JUaMETp

OCH caTeJUTuTa, | — JJIMHA KOHCOJBHOW YacTH OCH, b, — paboyas mupruHa KoJjeca).

Ha pucynke 3.10 mnpuBeaeH rpaduk 3aBUCUMOCTH K  OT O s
YEeTHIPEXCATCIUIUTHON KOHCTPYKIIMUA C «IUIABAIOMIEH» COJHEYHOW IIECTEpPHEH Mpu
a, =207 1=1; bw =1; A,=A,=A, A, =A, =0 (IIp¥ HEONATONPHUATHOM paclpe/ieIeHUN
MOTPEIIHOCTEH PACIONIOKEHUSI OCe CaTeJUIMTOB CaMOYCTaHABIMBAEMOCTh OCHOBHBIX
3BEHBEB MMPUBOANT K BRIPABHUBAHUIO HATPY3KH TOBKO IO IBYM CATEJUIATAM).

Pucynku 3.9, 3.10 cOOTBETCTBYIOT TOAATIMBOCTH MOAIIMITHUKOB CPEIHEN CEPUM.

N3 rpadukoB ciaegyer, uTo JaedopMamus KOHCOJBHBIX OCeld BelIeT K

CYILIECTBEHHOMY CHIJKCHUIO HEPABHOMEPHOCTM PACHPENEIEHUS HATPYy3KH 110

caTeyuiuTaM T1epeladyd ¢ U30BITOYHBIMU  CBsi3siMu.  [lpu b=b/d=06
HEPAaBHOMEPHOCTb PACIHPEICIICHUS] HArpy3kd TII0 caTejulMTaM Maja Jaxe MpHu
3HAUUTEJBHON TOTPEIIHOCTA H3rOTOBJICHUS Tmepenayn. OAHako B 3TOM Clydae
CYILIECTBYET OMACHOCTh BBIXOJIa IUIAHETAPHOTO MEXaHHU3Ma M3 CTPOs HM3-3a OOJIBIINX
HaNpsHKEHUU B 30HE COMPSIKEHUS OCH CO IIEKOW BOJMIIA, IO3TOMY TAKYI0 KOHCTPYKIIHIO
C MaJIOW OTHOCUTEJIbHOW TOJIIIMHOM IEKU BOJAMIIA 11eJ1ecO00pa3HO UCIOIb30BaTh MPHU
CPaBHUTEJILHO HEOOJIBIIIOM MOMEHTE Ha BBIXOJIHOM Bally M OCYIIECTBIATH aHAIHU3

HaIPsHKEHHO-1e()OPMUPOBAHHOTO COCTOSIHUS COTIPSKEHUS.



////////

._..A_A_._;_ A

Ll
___________ a

SN EERN

NSNS

Pucynok 3.8 - Ilnanerapnas nepenaya 2K-H ¢ KOHCOJIbHBIMU OCSIMU CATEILTUTOB U

OTCYTCTBHUH CaMOYCTAaHABJIMBAIONINXCA OCHOBHBIX 3BCHBCB

0 10 20 30 40 50
G

Puc.3.9. I'paduxk 3aBucumoctr kodpduiimeHTa HEPAaBHOMEPHOCTH PACTIPEICICHUS

HArpy3Kd [0 TPEM CATEUIUTaM OT BEJIMYMHBI OTHOCUTEIHHOTO HAYaIbHOIO
HETIPUICTaHuUs 3y0beB: ——— (1) - b =2;c0eee(2)-b=15; ————— 3) -
b=1; ——— 4)-b=06
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Pucynok 3.10 - I'padux 3aBucumoctu kod(ppuimeHTa HEpaBHOMEPHOCTH

pacrpeneieHnss Harpy3Kd I10 YETHIPEM CaTeUIUTaM OT BEIHMYHUHBI OTHOCHTEILHOTO
HAYaJIbHOTO HEMIPUJIETAHUS 3YObEB: mmmmeee (1) - B =2 ;¢ v e o« - (2)-b =1,5;

————— 3)-b=1; ——-—(4)-b=06

3.3. PacnipenesieHne HArpy3KH Mo caTeUIMTAM IUIAHETAPHOM Mepeavyu co

coopubiM II- 00pasHbIM BOAMIIOM

Konctpykiusa cooproro I1 — o6pazHoro Bojuia mo3BossieT CHU3UTh OTPHUIIATEIIEHOE
BIIUSHAC TIOTPEITHOCTEH HW3TOTOBJICHMS Tepeladd Ha pachpelneiieHue Harpy3K I10
caTeuTuTaM 3a CYeT UX caMOycTaHOBKH (cM. pucyHok 2.20). OnHako cuiibl TpeHus 11 —
oOpa3HOTro »JJeMEHTa B 30HE €ro CONPSDKEHHS CO CTYNHUIEH BBIXOJHOTO Baja
MPENATCTBYIOT TOJHOMY BBIPAaBHMBAHHWIO HArpy3kw. PaccMOTpuM paBHOBECHE

yKa3aHHOTO 3JIEMEHTA MO/ ICHCTBUEM MPUIIOKEHHBIX K HeMy cuit (pucyHok 3.11).
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Nl/ % /N2

N>

P,

Pucynok 3.11 - Cxema HarpyXeH#usl dJIeMeHTa COOPHOTO BOMIIA

[Ipu P, > P, COOTHOLIEHHE MEXIY OKPYKHBIMHU CHJIAMH, ACHUCTBYIOIIMMU HAa OCH
caTeJuIiTa, U MOMEHTOM CHJI TPEHUS BOAWIA O CTYIIHUILY BBIXOAHOI'O Bajla T
(P -P,)L-T =0, (3.8)
rone L=1+05b, T=05Fd, F - cuma TpeHus, onpeneiasdeMas ¢ y4eTom OJIM30CTH K

JMHEMHOMY 3aKOHA pAacCIpelesICHUs] Harpy3ku MO JUIMHE IUIOMIAAKU KoHTakrta Il —

00pa3HOTO BOAMJIA M CTYIHUIIBI BEIXOTHOTO Baya (cM. pucynku 2.20,3.11):

%h(Nl+N2)=aW(P1+P2), (3.9)
F = f(N1+N2)=w. (3.10)

3nech f - koapdumment Tperus (f =01),  h- paauyc CTYNHUIBI BEIXOHOTO BaJa.
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YuurteiBas, uto P, =2P-P, (P- cpemHss OKpyXHas CHJIa, JIECHCTBYOIIAas Ha OCh

caTeJInuTa), MOJy4YuM

K= g 380 (3.11)
P 4hL

Ha pucynke 3.12 npuBeneH rpaduk 3aBUCUMOCTH Kod(pduiineHTa HepaBHOMEPHOCTH
pacmpesieieHus] Harpy3Kd MeXAy JABYMs caTeUIMTaMH IUIaHETapHOM Mepeaadd co
c6opubiM 11 — obpasHeiM  BomuiaoMm (cMm. pucyHok 2.20) nmpu  b=bhb,; 1=1/b=06;
b =10m M pa3INYHBIX 3HaYeHusIX D=d/b, H =h/a,.

W3 rpaduka ciaemyer, 4To ¢ pOCTOM AUaMeTpa MpyTKa, U3 KOTOporo BhimoiaHeH I1 —
oOpa3HbIil 3JIEMEHT BOAWIAa,  KOA(DPUIMEHT HEPABHOMEPHOCTH paCHpeAeIICHUs

HArpy3Ku IO JIBYM CaMOYCTaHaBIIMBAIOMIUMCS (Ha cepruecKUX Oropax) caTeJuiuTaM

BO3pacCTacT, a C YBCJIMUCHUCM paJnyCa CTYIIMIbI BBIXOAHOI'O BaJia MmajaacT.

05 08 11 14 17 2
D
Pucynok 3.12 - 3aBucumMocTh K03 (HULIMEHTa HEPABHOMEPHOCTH pacipeiesieHus
Harpy3KH no careuidram nepegauu ¢ [1 — oOpa3ubiM Boauiaom ot napamerpa D=d/b:

------- (1)-H=h/a,=09; ........(2) - H=08;-----(3)-H=07
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3.4. PacnipesiesieHre HATPY3KH MO CATEJIMTAM NepeJadu ¢ NOAATIUBBIM BOHIOM
U CAMOYCTAHABJIMBAKIIUMHUCH 3BEHbAMM

KoHCTpyKTHUBHBIE OCOOEHHOCTH IUIAHETAPHOMU MEpeaauu 0Ka3blBalOT CYIIECTBEHHOE
BIUSIHAE Ha J1€(OPMATUBHOCTh €€ 3JEMEHTOB, YTO MOXKET OBITh HCIIOIB30BAHO IS
KOMITEHCALIMH TOTPEIIHOCTEN U3TOTOBJICHUS MEXaHW3Ma U BbIPAaBHUBAHUS HArpy3KH B
3alleIUICHUAX KOJIEC.

Ha pucynke 3.13 mpexacraBieHa KOHCTPYKIMSI MHOTOCATEIUTUTHOM IUTaHETapHOMN
neperadyd ¢ fasamMd B IIEKaX BOAWIA, CHIKAIOIIMMM KX JKECTKOCTb U
00eCreunBaOIIMMHU [IPU PALlMOHAIILHOM BBIOOpE MapaMeTpOB MEXaHU3Ma IOBBIIICHUE
€ro HeCyIlle CIoOCOOHOCTH. Y CTaHOBUM BIIMSIHUE MOJATIMBOCTH OCHOBHBIX AJIEMEHTOB
TOM mepedaun (Oceill caTeJJIUTOB, NOJIIMIIHUKOB KayeHWs, WK BOJWIA) Ha
pacrpeelieHue Harpy3KH 1o motokaM MomHocta [69,75, 105].

[loroHHas Harpy3ka B MECTaxX CONPSIKEHHSI OCH CO IIEKaMU BOAMIIA U MO JIIUITHUKOM
caTeJuIuTa M COOTBETCTBYIOLIas ei JedopManus ONPENENSIOTCS U3  PElICHUs
i pepeHInanbHbIX YPaBHEHUI HATPYKEHHO — Ne(OPMHUPOBAHHOTO COCTOSIHUS OaKu

Ha ynpyrom ocHoBanuu (3.1), (3.2) (cm. pucyHok 3.2):

q(x) = C;sh(yx) sin(x) + C,ch(yx) sin(x) + C;sh(yx) cos() + C,ch(yx) cos(4X) , (3.12)
a(z) = C sh(yz) sin(r7z) + C,ch(yz) cos(mz) (3.13)
C JIEC C JIEC
rie  y =4—*cos| 05arccos(L1Y—")|, g =4/—Lsin| 05arccos(11Y—) |,
IE 2GS IE 2GS
A IEC A IEC
W =4 /& cos| 0,5arccos(11——=) |, n=4 /& sin| 0,5arccos(1,1———*) |,
IE 2GS IE 2GS
C, - YylelbHasg KOHTAaKTHAas  KECTKOCTh COMNPSDKEHUS OCh CaTeJUIMTa — KOJIBLO
noamunanka (C, =E/12), |-0CeBOH MOMEHT WHEpPIUU CEYCHHs, S - IJIOMAIb

MONEPEYHOr0 CeueHusi ocu, E u G- wmomynum  ymnpyroctu | w2 poga,

COOTBETCTBEHHO, C, - Y/IE/IbHas JKECTKOCTh CONPSIKEHUS OCh CATENINTA — IEKa BOAUIIA.
[TocTosiHHbIE WMHTErpUpoBaHus C,+C,, BXomiamme B BbipaxkeHus (3.12), (3.13),

ONPEAEIAIOTCA U3 CICAYIOIIUX YPABHEHUN CTATUKU U IPAHUYHBIX YCIOBUN:
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1) jbfq(x)dx =F

2) 'I[a)(z)dz =F

3) npu x=b MOMEHT M(x)=0 U B COOTBETCTBUU C YPAaBHEHHUEM U30THYTOWH OCH

C,a() .
sG '’

q" (b) =11

SG C

q

4) npu x=0 M(X)=M(O):Tq(x)xdx:|E[1,1@_q”(0)}

5) MOMEHThI H3rMOa OCHM Ha ydacTKaX CONpspkeHHs Npu Xx=0 u z=| CBs3aHBI

I
paBeHCTBOM M(l) = |E{w ) -1 1a)(l)
c SG

@

} F(L-1)+M(0);

6) B3aMMOCBSI3b MEX/Y YIIIOBBIMU Je(hOpMAITUSIMH YIACTKOB OCH UMEET BH/T

@M _9O@ MO g P FLI)
C C IE " SG 2IE

® q

B cooTBeTCTBUM C ATUM OKPYKHOC CMCIICHHC CAaTCILINTA

a0 o) &M, . MO, v, F o
You (F) = c te t c (L I)+—2IE (L-1) +3IE(L )3, (3.14)

q ©

Jlns onpezenenus sxecTkocTd C, BHIJAEIMM dJIEMEHT LIEKH Boauna (pucyHok 3.14)

¥ YCTAaHOBHM BIIMSTHUE ICUCTBYIOIIEH Ha HETO CO CTOPOHBI OCH caTeIlIUTa CHIIBI F .
Cwmemienne ceueHus Opyca OOJBIION KPUBU3HBI B HaIpaBICHUU cunel  F,
OOyCIIOBJICHHOE JCWCTBHEM Ha HETO M3rHOAaoIero MOMEHTa W TOMEPEYHON CHIIBI,

OTIPEJICIISIETCS IO CIEAYIOMIEH 00IIen3BECTHON 3aBUCUMOCTH

I M (qu)Se @) 4 ¢+12”J42Q (/))Q(co)R dol, (3.15)

0

rac CTaTUUYECKUH MOMEHT IMOIICPCYHOI'O CCUCHUA 6pyca OTHOCHUTCIIbHO HeﬁTpaHBHOFO

3 2
CIIOs Se = bh 1+ h > |» b ¥ h—TIMpHUHA U BBICOTA MPSMOYTOJIBHOTO MOMEPEYHOIO
12R, 15R;

ceyeHus: Opyca, R, — paguyc OKPYKHOCTH LIEHTPOB TSXKECTU CEUYECHHM, M (p) —
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v

\a7

Pucynok 3.13 - MHoronoToyHasi IIaHeTapHas nepeaaya C

CaMOYCTaHABJIMBAOMIMMHUCA 3BCHBAMUA U ITOAATIMBLIM BOAUJIIOM
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hilp)

Pucynox 3.14 - DneMeHT KU MOAAaTINBOTO BOIUIA

M3rHOarONMii MOMEHT OT BHEIIHEH Harpys3KH, M (@) — U3rubaroIuii MOMEHT OT
€IMHUYHON CUIbl, Q(¢)—IIONEpEeYHasi CUjla OT BHEIIHEN HArpy3KH, (_g(go) —IonepeyHas
CWJIa OT €AMHUYHOU HArPy3KH.

OnHako B HAIIEM CJIy4dae JTAHHBIE BBIPAKEHUS HE MPUEMIIEMBI, TaK KaK J3JIEMEHT
IIEKH OTIWYaeTcs OT KpuBoro Opyca. I[losToMy Tmipu omnpenesieHuH CMeEIIeHus,
00YCJIOBJICHHOTO JEWCTBHEM HM3THOAIOIIEro MOMEHTA, IeJecoo0pa3HO paccMaTpHBaTh
HE IUIOCKHE, a TOMAHBIE CEYECHMS.

MoOMEHT B HMXXHEW 4YacTU BBIACJICHHOIO JJIEMEHTA IIEeKHW M, Haugem,

UCIIONB3Ysd HHTerpan Mopa (yriioBoe IepeMelicHue B JaHHOM CEUYCHHH pPaBHO

Hymo). Toraa

FI*2 (1Y R+a . 21 Y
. ‘?[I (p(h(co)j 1+cosws'”¢d¢]/ | (T@J o (519

0

F(R+a)

M () = _([q(g)[R +h(p)]sin(p — £)Rde — M, = s COS¢)¢sin p-M,. (3.17)

3nech R- paauyc ocu cateiuTa (R =0,5d), h((o)—HOJIOBI/IHa oO111ei JJIMHBI JIOMAHOTO

a—RCOS(D) a(c)

0S¢
1+cosg '

ceuenus (h(p) = — pactnipenieneHHas Harpy3ka (g(s) =g, cos ¢ = 2F

[Iepemenienne ocu B HaNpaBIEHUH CUIIbL  F
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_RASEM@)[R+h@)sing . 127 Qlp)
Yu = b[E ) h®(p) do+ G -([ a—Rc03¢d¢]' (3.18)
rie Q) = R_Tq(g)COSadg _F (p+05sin20).
0 T

Pemass yka3aHHbIE ypaBHEHMs, ONPEIEIUM YAECIbHYIO >KECTKOCTh IIEKH BOJMIA
(medopmarueit, 00yCIOBICHHOW AEHCTBUEM TPOJOJBHON CHIIBI, IPpEeHEOperaeM BBUIY
€€ MaJIoCTH). 3aBHCHUMOCTb YKa3aHHOM >KECTKOCTH OT OTHOCHUTENIBHOIO Iapamerpa
a=a/2R=a/d mpu 055<a<0,7 MOKET OBITh NPEACTABIEHA AMMPOKCUMAITHEN:

C, = F /by, =E/}-7733(a) +15480(af —10360a +23255| (3.19)
COnmxeHue BHEIIHET0 M BHYTPEHHETO KOJIEl| JABYXPAIHOTO CHEpUUYECKOro
POJIMKOBOTO MOJIIUITHUKA onpeaessieTcs o ¢popmyiie (3.6).

Harpy3ska B 3auemieHusix kojec U KOI()(PUIHMEHT HEPaBHOMEPHOCTH €€
pacmpenesieHuss IO caTeJyIuTaM MOTYT ObITh HaWJeHbl 1Mo ypaBHeHUsM (3.7),
3alMCaHHbIM B CJIEIYIOIIEM BUJIE:

Fu=wyby =b,cy[d/cosay, —A; -y, (F) -y, (F)lcosa,,,

----------------------------------- , (3.20)
an = Wnnb\N = bWCW [5/C03aw _An ~You (Fn)_ yp(Fn)]COS(ZW,

A, COs .
5= Fn[ L + 65, cosavzvj+M
Cy By

n
3lech - NuHeHas nedopmaius Hanbosee HarpyKEHHOTO COMPSDKEHHS 3y0daThIx

KOJIEC B HANPABJICHUMU JIMHUU JEHUCTBUS HOPMAJbHOW CHWIIBI; «,, - YTrOJI 3alCIICHUS
CaTeJUIMTa C KOJIECOM U COJIHEUHOW IIECTEPHEHN; W, - HOpMaJIbHAs MIOTOHHAs Harpy3Ka
B 3alCIUICHUAX KOJEC;, W,- CpeOHssd HOpMajabHas MOTrOHHAs HAarpyska;,; N - 4YHCIO
CaTEJUINTOB; F ;- HOpMaJIbHAasi Harpyska B 3alleIJICHUU |-TO CaTeIIUTa ¢ KOJIESCOM U
coJHeuHOM miectepHei (F,, =F, /cosa, ); b, - pabovasi MIMpHHA BEHIIA CATEIUTUTA; C,, -
yAeNIbHAs KECTKOCTh 3aleIuieHus; F - cpelHee 3HAaYCHUE HOPMAJIbHOW HArpy3Ku B
sanerieHnn (F, =F/cosa, ); A,- TOrPEHIHOCTh OKPY)KHOI'O PaCIOJOKEHUS OCei

caresitoB; VY., (F) =Ly, (F)+vy,(F)], Vy,(F)— mnepemMeuieHus, omnpeneasemMble Hu3
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ypaBuenuii (3.19), (3.14), (3.6) mnpu F=F =F,cosa,; 6, — KOIDPUIHEHT
CYMMAapHOM IOJATIUBOCTHU JIEMEHTOB niepenaun (S, =[y,, (F,)+y,(F,)l/ F).
B cootBerctBHE ¢ 3THUM KOA(D(PUIMEHT HEPAaBHOMEPHOCTU paCIpEICICHUS
Harpy3k 10 IOTOKaM MOIIHOCTH NEPEAAYM C «IUIABAOIIEH» COJIHEYHOM LIECTEPHEU

ITpY HCUYCTHOM YHCJIC CATCIININTOB

K =Fn_max_1+ (n-3)Acy, b, cose,, . (3.21)
F nF, [L+ ¢y by, &5 cos |

Ha pucynkax 3.15, 3.16 npuBeaeHbsl rpaduku 3aBUCUMOCTH  KOd(hPHIIMEHTA

. Eb,A AE
HEPABHOMEPHOCTU K OT OTHOCHUTEIBHOW MOTPEHIHOCTH O = FW = — ISl TATH- U
w

n n

CEMHUCATEJUINTHOW KOHCTPYKUUM MEpeadd MpU yriax 3alellieHuil Kojec «, =20° U

Pa3HBIX 3HAUCHUAX MMapaMeTpoB MexaHu3Ma. ['padMKku COOTBETCTBYIOT MOAIIMITHUKAM
CpelaHel cepud W HEONAronpUATHOMY ISl TEpellauyd C «IUIaBaloIle» COJTHEYHOM
IECTEPHEN COOTHOUIEHHUIO MEXKAY OTKJIOHEHUSMHU OCEU CATEJUIUTOB OT TEOPETUUECKHU
TOYHOTO TIIOJIOKEHHSA: IIpU N=5 A =A,=A, A,=A,=A,=0; T1pu n=7
A=A, =A=A, =A, As =As=A,=0(Ip HEYETHOM YHUCJE CATEIUIUTOB 3a30pPbI B
TpPEeX U3 HUX BBIOMPAIOTCA B PE3yJibTaTe CaMOYCTAHOBKU COJTHEUHOM IIECTEPHU JIaXKe
MpU HEOOJIBIIION HArpy3Ke).

W3 BBINOJHEHHOIO HCCIEAOBAHUS MOXKHO 3aKJIFOYUTh, YTO MCIIOJIb30BAHUE
KOHCTPYKLINU MHOT'OCaTEJUINTHON IJIAHETAPHOMU rnepenayu c
CaMOYCTAHABJIMBAOIIMMUCA 3BEHBSIMHU M MOBBINICHHON MOJATIMBOCTHIO HIEK BOAMIA
II03BOJIAET CYLIECTBEHHO CHHU3UTH HEPABHOMEPHOCTH pACIIPENEIICHUST HArpy3Ku B
3alleIJICHUSAX KOJIEC W TIPU pallMOHAILHOM BBIOOpE MapaMeTpOB MEXaHU3Ma MOBBICUTH
€ro HECYIIyI0 CIHOCOOHOCTHh (32 CYET YMEHBIICHHUS KECTKOCTH IeK BOJMIIA
KOd(DPUIIMEHT HEPABHOMEPHOCTH DPACTpPECICHUsT HAarpy3Kd IO TOTOKAM MOIIHOCTH

ISITH- ¥ CEMUCATEIUIMTHON KOHCTPYKIUH nepenayn cHrkaetcs Ha 10% -15%).
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13

125 /

K2(0 ) 12

.K?:((a.)
=== 115
Kd(e)

Kl(e)

K5(e) 11

105 A el

®

Pucynok 3.15 - 3aBucumMocTh K03 (UllMeHTa HEPABHOMEPHOCTH pacIpeiesieHus
Harpy3KH M0 caTeJUIMTaM OT OTHOCUTEIBHOM MOTPEIHOCTH Npu n=5; b/d =0,5;

I/d=03; L/d=0,7; b, /L=18: -------- (K1) - a=a/d=055;...... (K2) - a=06;
----- (K3) - a=065; -.-.-.(K4)-a=07; —— (K5) - »ecTKoe BOIMIO
15
14 A
Kl(o) /
.K2.(®.)1.3 / %0’

K3(®) /‘." :.¢:...00
- = ome ‘¢‘:4‘..0..

K4 (o) A __—
= m-n 12 '.: ....

K5(0) i T

11

®

Pucynox 3.16 - 3aBucumMocTh K03 (dHUlMeHTa HEPABHOMEPHOCTH PacIpeieTICHuUs

Harpy3Ku I10 CaTeJUIMTaM OT OTHOCUTEIBHOU MOTPEIIHOCTH IIpu n=7; b/d =0,5;

I/d=03; L/d=0,7; b, /L=18: -------- (K1) - a=a/d=055;...... (K2) - a=06;
----- (K3) - a=065; -.-.-.(K4)-a=07; —— (K5) - »ecTKoe BOJAMIIO
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4. PACIIPEJAEJIEHUE HAT'PY3KHU 11O PAAAM CATEJIVIMTOB

4.1. Bausinue n1eopMaTUBHOCTH 3JIeMEHTOB NepeaayM ¢ NOAATIUBBIMY IEeKAMHU

BOJANWJIAa HA paclipeacjiecHUE HAT'PY3KHA IO BEHIaAM JABYXPS/THOI'0O caTejljinTa

JIukBumanusi M3OBITOYHBIX CBSI3€M B PACCMOTPEHHBIX BBIIIE KOHCTPYKIUSAX
IUTAHETApHON Tepeladdl C OJHOBEHIIOBBIMH CaTEJUIMTaMU (BBIIOJHEHHE OCHOBHBIX
3BEHBEB CAMOYCTAHABJIMBAIOIIMMUCS) TO3BOJSET CYIIECTBEHHO YIYUYIIUTh €€
KAueCTBEHHbIE U OKCIUTyaTallMOHHbIE Tokazarenud. OpHako MOpu OrpaHUYEHHOM
panuasbHOM pa3Mepe TMepeJayd yCTaHOBKAa caTeJiuTa Ha OJUH cQepudyecKuit
NOJUIMIHUK He o0ecneuynBaeT TpeOyeMoill ee Harpy304HOl CIOCOOHOCTH, a
yCTaHOBKA Ha JiBa TMOJIIMITHUKA BEJIET, KaKk ObLIO MOKa3aHO BHIIIE, K HEPABHOMEPHOMY
pacnpeneneHuto Harpy3ku. OOecrneyuTh K€  YIVIOBYIO  MOJBMXKHOCTH TaKOI'O
caTeJiuTa 3aTpyAHUTENbHO. CHHU3UTh HEPABHOMEPHOCTh paclpeiejieHUs] Harpy3Ku U
HaANpPsOKEHUH 10 JIMHE 3yObeB KoJIeC Tepeadr ¢ ABYXOMOPHBIMH CATeIUIMTAMU MOKHO
BBITIOJIHUB CATEJTUT B BHJE JBYX OJMHAKOBBIX KOJIEC, YCTAHOBJICHHBIX  Ha
chepuueckue MOMAIIUITHUKH.

B »ToM ciydae Harpyska mo mMpHHE KaKI0TO BEHIIA CaTeJUINTa PacIlpeneseTcs
IPAKTUYECKU PaBHOMEPHO, HO MMEET MECTO HEPaBHOMEPHOCTh PACHpE]eNICHUsl €€ IO
OTIENBbHBIM BEHIIaM, TO €CTh Harpy3ka Mo [JIMHE 3yObeB IICHTPAIbHBIX KOJIEC
pacnpenensercs CTYMeHYaTo. JTO HECKOJbKO YIydlllaeT ToKa3aTeld MpOYHOCTH
IUTAHETAPHOI'0 MEXaHU3Ma, CIIOCOOCTBYET MOBBIIIEHUIO €0 Harpy304HOil ClIOCOOHOCTH,
HO HE B JOCTATOYHOU CTETICHHU.

JedbopMaTUBHOCTH JIEMEHTOB TIEpe/iadu CIIOCOOCTBYET, KaK ObUIO MOKAa3aHO BHIIIIE,
BBIPAaBHUBAHHUIO HArpy3oK B 3amemieHusx. [loaToMy B KkauecTBE OAHON W3 Mep,
HaIpaBJICHHBIX HA BHIPABHUBAHKME HATPY3KW 1O OTAEIBHBIM BEHIIAM CATEIJTUTA, MOKET
OBITH TIPEIIOKEHO HCIOJIb30BAaHUE BOJAMIIA C MOAATIMBHIMU BKJIAQABIIIIAMHU  (PUCYHOK
4.1) wiv NOJATIUBBIMY IIEKaMU (PUCYHOK 4.2).

VY neapHas NOAATIMBOCTh HEXKECTKOrO BOJMIIA € ITa3aMHU B IIIEKaxX 5q OMpCACIISACTCA

no Beipakenuo (3.18), (3.19) (cm. pucynoxk 3.14). Ha pucynke 4.3 mnpuBeacHa
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3aBMCHMOCTb OTHOCUTENLHOM yJIENbHOM MOAATIMBOCTH INEKM Boamna &5, =E/C, or

napamerpa a.

Hcronp3yst ypaBHEHUS CBS3M MEXKIY HAYAIBHBIM YIJIOM MEPEKOCa, KECTKOCTHIO
3alleTyiCHUs] W Harpy3Ko#, OIpeaeauM CHJIBI B3aMMOJICHCTBHS OCH CaTeJUIUTa CO
IMEKaMHA BOJIWJIA W BEJIIMYMHY YMEHBIIICHHSI yTjla TIEPEKOCa OCH 3a CYET MOJATIUBOCTH
comnpsukenns Ay [83,105]. IIpu HeOaaronmpusTHOM HAMpaBACHHM yIja IEpeKoca OCH
caTeJuInTa

Aw, =c, cosa,, (¥ —Ay )l
Ay, =0,(F, —F)/bL, (4.1)
(F, —=F, )L =2Aw,h, I cos e,

rae F, u F, — Harpyska, JEHCTBYIOLIAS HA JIEBYIO W IPaBylO LIEKH Boauna, (F, >F),
Aw, — pa3HHIla MOIOHHBIX HArpy30K B 3alCIUICHUAX JIEBOTO U NPABOTO BEHIIOB
careyuiira, | — paccrogHUEe MEXAYy LEeHTpamu BeHIOB careumroB (I=11h,), L-—
pacCTOSTHHE MEXK]ly LIECHTPaMHU OTIOPHBIX MMOBEPXHOCTEN IeK Boamiua (L = 2,2h, +0,8b), y
— Ha4YaJIbHBIM yTOJI MEPEKOCA OCH, b, — IUPUHA OJHOTO BEHIA CATEJUIATA, b— TONImMHA

[IEKU BOJIMJIA.

Ly
A |
Pucynok 4.1 - Ilnanerapnas nepenada tuma 2k-h ¢ pacuieHeHHBIMH

CaMOYCTaHABJIMBAIOMIUMHUCA CATCIUIMTAMH U YIIPYTHUMHU

BKJIaAbIIIIaMH B IIICKaX BOJMJIIA



84

Pucynox 4.2 - TlnanerapHas mepenaya ¢ MOJaTINBBIMU IIIEKaMU BOMIIA
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PI/ICYHOK 4.3 - 3aBUCHUMOCTH OTHOCHUTEIIBHOM YHGHBHOﬁ [MIoAaT/IMBOCTH IICKHW BOJAMUJIA OT

napamerpa a=a/d
W3 ypaBHenutii (4.1) cienyer

A%:]/ {1+{25chbﬁ(l—l_003aw]} } (4.2)

Koaddurment HepaBHOMEPHOCTH pacnpeIeieHHs] Harpy3KH 110 BEHIIaM

caTeJUIuTa C yUeTOM Ay,

Aw, .l cos e, Ay,
K =1 L=14+22% 1- : 4.3
W(V) + oW + oW ( ’ ) ( )

n n
r7Ie W, — CpeHss MOTOHHAs HAarpy3Ka B 3alleTUICHUU.
Ha pucynke 4.4 npencraBieHbl TpaduKkd 3aBUCUMOCTH  Kod(duimenTa

HEPABHOMEPHOCTHU pacHpeleieHuss Harpy3ku OT yp* =jEb,, /w,, HTOCTPOCHHbIE IIPU

a, =20", b/b, =b=0,4 u pa3nuuHLIX 3HAYeHUIX a=a/d .
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Pucynok 4.4 - 3aBucumMocTb KO3(hPUIIMEHTa HEPABHOMEPHOCTH PACTIPEACIICHHUS
Harpy3KH 110 BEHIIaM CaTeJJINTa OT OTHOCHUTEIIBHOTO yTia IEpPEeKoca OCU CaTEINTA ¢
Y4ETOM MOAATIMBOCTH IIEK BOAWIA IPH b = 0,4

---------- (1)-a/d=055; .........(2)- a/d=06; ------(3)-a/d =0,65;

-.-.-.-(4) - xxecTKOE BOJIUIIO

YMeHbIlIeHHE yria MepeKoca OCH caTellyIuTa 3a cueT ee mporuda (C ydeTom

BJIUSIHUS TTONIEPEYHON CUJIBI)

Ay, 16Aw,b,, cose, L

| 3aE(I+L)d* A (44)

Ay, =

re A=—{@L—1/L) —4@-1/L)+050—1/L)1+1/L) +2(d/LPh—( /LY.
Yron mnepekoca, BbI3BAHHBIM CIBATOM OJHOW WIEKM BOJWJIA OTHOCHUTEIIBHO
JIPyroM, MpU YUCIIE€ TMEPEMBIUCK PABHOM YHUCIY CATEUIMTOB U JJIMHE TMEPEMBIYKU

paBHOM 2,2Db,

Ay, = awA;’zvé:W ;’?S % (2242 +5207 ) , (4.5)
HYH

rae d,, —aAuamMerp IMEepeMbIYKH BOAWIA, &, —PaJAuyC OKPYKHOCTH IIEHTPOB CEUYEHUU

MEpEMBIYEK.
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Hedopmarusi, 00yciioBieHHAs MOAATIMBOCTHIO MTOAIIUITHUKOB caTeuuToB (b, -

IMIMPUHA TOIIAITHUKA, C, —€ro yAeIbHasl )KECTKOCTB),

_ 2Aw, by, cos

4.6
Y c,lb, ( )
Torna
AW, = My — Ay — Ay, — Ay, + Ay, )eos ay,
i
A, = .l cosay, . (4.7)
L, Duculcos’ a, [2ES,  53AL°  2E _a,(22d2 +5207)
E bl?  z(L+1)d* C,lb, a, d,

C yderoM 3TOro B ciyyae HEOJIArolnpHUsATHOIO HAIMpPaBJICHUs YIJla HauyajabHOIO
IEpPEKOca OCH caTeJuTa KOd((ULINUEHT HEPABHOMEPHOCTH PACIpEAeSICHUsI Harpy3KH
[0 BEHIAM CaTeJUINTa, YYUTHIBAIOIIMM AepopMaliio OCH caTeJiuTa, MOJUIMITHUKOB
KAueHHUs, MNOJATIMBOCTh WHIEK BOAWJIA WU CMEIICHUE OJHOW IIEKHM OTHOCHUTEIHHO

JpYToH,

K, ()=1+ AW, (057¢c,lcosay, )/ w,
2w, " byc,lcosiay, [2|E5q 53AL°  2E  a,(22d? +520 )}

+ + -
E bl>  #(L+1)d* C,lb, a, d}

. (4.8)

Ha pucynke 4.5 npuBeneHbl 3aBUCMMOCTH KO3(PUIMEHTa HEPAaBHOMEPHOCTH

pacripefieyieHusi Harpy3Kd IO BEHILAaM caTejiuTa OT y* MpU YACIbHOM KECTKOCTH
NOMIIMIHUKA caTeluta C,=02E, a,=a,, dn=d,/b, =14, d=d/b, =1,
bz =b, /b, =08, b=b/h, =0,4 u pasTMYHBIX 3HAUEHUAX apaMeTpa a; Ha pHC. 4.6 — TO

e Tpu b=0,6, a Ha pucyHke 4.7 —To e pu b=0,6 U du =2.
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Pucynok 4.5 - 3aBHcHMMOCTb KO3((QUIMEHTAa HEPABHOMEPHOCTH pacipe/ieIeHus
HATPy3KH 110 BEHIIAM CcaTeJUIMTa OT OTHOCUTEIBLHOTO yIJIa IEPEK0Ca OCH CaTesIuTa ¢
y4ETOM IIOJATIMBOCTH OCHOBHBIX 3BEHBEB Iepeaaun npu du =14; b=0,4 :

---------- (1)-a/d=055; ........(2)-a/d=06; ------(3)-a/d=0,65;

-.-.-.-(4) - xecTKOE BOJIUIIO
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Pucynox 4.6 - 3aBucumocTtb k03 puimeHTa HEPAaBHOMEPHOCTH PACTIPEICICHUS
HArpy3KH 10 BEHIIAM CaTeJTUTa OT OTHOCUTEIHLHOTO yIJla MepeKoca OCU CaTeJTuTa C
Y4€TOM ITOAATINBOCTH OCHOBHBIX 3BCHBEB II€pEIavu IIPU du =14, b= 0,6 .

—————————— (1)- a/d=055; ......... (2) - a/d =06; ------(3)-a/d =0,65;

-.-.-.-(4) - xecTKOE BOIUIIO
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Pucynox 4.7 - 3aBucumocTtb Kod(ppuimeHTa HEpaBHOMEPHOCTHU PACTIPEICICHUS
Harpy3KHM I10 BEHIIaM CaTeJuInTa OT OTHOCUTEIILHOTO YyIJIa IIEPEKOCca OCH CaTEIINTa C
Y4€TOM NOAATINBOCTH OCHOBHBIX 3BCHLEB IICpEaadu IIpU di =2, b=06:

---------- (1)-a/d=055; .........(2)- a/d=06; ------(3)-a/d =0,65;

-.-.-.-(4) - xecTKOE BOJIUIIO

HaﬁneHHme B COOTBCTCTBHH C BBIHICIIPUBCACHHBIMHW YPABHCHUSAMU IIapaMCTPHBI
BOJWJIA, PAlMOHAJIBHBIC C TOUYKH 3PCHUA PACIIPCACICHUA HAI'PY3KH B 3alCIINICHUAX,
AOJIKHBI YIOBJICTBOPATH TpC6OBaHI/IHM IMPOYHOCTH.

VYuuteiBas, uro F =2b,W, coSc,,, ONpEACTINM HOPMaJIbHbIC HANPSDKCHHsS M3rubda u

w?
KacaTeJIbHbIE HAIPSDKEHUsI CABUTA B OMACHBIX CEUYCHMSAX, MCIIOJb3Ys U3BECTHBIC
(bopMyJIbl COMPOTURIICHUS MaTEPHUAIIOB.

Tak,

o= 6w, Kw M_o coszaw <[o] o (4.9)
Rb(2a 1) n,

TO CCTb JOITyCKacMasd OTHOCHUTCIIbHAA IIOT'OHHAA Harpy3kKka B 3alCIIJICHUH

—(— 2
o, = W, KW < ﬂb(za—l)_ ’ (410)
Ro, 6n,cose, M,

rie B COOTBETCTBHH C ypaBHeHueM (3.16) M, =2bzM,/FR.
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KacarennHrble HAIIps’KCHUA B IIPOU3BOJIBHOM CCYCHUU 3JICMCHTA IICKKU BOJAMWJIA

_Q((P) _ W, Kw [%(0 + S_in(Zgo)]COS Oy . (4.11)
R(2a - cos @) 7bR(2a — cos )

7(p) =

]_IJ'ISI OIIPCACIICHUA OIIACHOI'O B OTHOHICHHMH CABHTIA IIOIICPCHHOI'O CCUCHMUA

pemuM ypaBHeHue dz(¢)/de =0, Win
[L+cos(2¢,,))(2a - cos @y, ) — [y, +0,5sin(20,, )]sin¢,, =0. (4.12)

Torna (¢, )<[r]=05c] u

o = w, Ky, < 7zb(2a_— COS @y, ) . (4.13)
Ro, — 2n.[2¢,, +sin(2¢,, )]cos a,

Ha pucynke 4.8 mnpencraBnensl rpaduku 3aBucumoctedt  (4.10), (4.13),
IIOCTPOEHHEIE ITPU ¢, = 20", b=0,4, n, =2.

Takum 00pa3oM, MpHUBEICHHBIE 3aBHCUMOCTH TTO3BOJIIOT OCYIIECTBUTH pacdeT Ha
NPOYHOCTh M JKECTKOCTh COCIMHEHHSI OCH CATeJUIMTA C BOJAWIOM IIepeaadyd, OICHUTH
BIMSHUAE €ro TNOJAaTIMBOCTH Ha HEPAaBHOMEPHOCTb paclpe/ieeHuss Harpy3kd B

3alCIINICHUAX KOJICC, HaWTU pallMOHAJIBHBIC 3HAYCHUS IIapaMCTPOB IIJIAHCTAPHOI'O

MECXaHHu3Ma.

0.074 098

0.067 —

0013 —

21531077

1 105 11 115 12 125 13
1025 7 13

PucyHok 4.8 - 3aBucuMocT! o, (------) U o, (- - - ) oT mapameTpa a=a/R =2a/d
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4.2. PacnpeneseHHe HATPY3KHU N0 BEHIAM ABYXPSIIHOI0 CATE/IUTA €

KOHCOJIBHBIMH 0CHAMH

B TexHuke mIMPOKO pacmpoCTpaHEHbI MPOCThIE MO KOHCTPYKIIMH, TEXHOJIOTUYHBIC
MHOTOIOTOYHBIE IaHeTapHbie nepenaaun 2K-H ¢ KOHCONBbHO pacnosioKeHHBIMU B
Boawie ocsamu  careuToB. [locneanue  ycraHaBiauBaloTcs Ha — chepUUecKue
noAmUNHUKY. OAHAKO TpPU OTPaHUYEHHOM pPaJAUaIbHOM pa3Mepe MEXaHUYECKOIo
NpUBO/IA HeECyIas CIOCOOHOCTh nepenayn JUMUTUPYETCA, KaK W3BECTHO,
paboTOCTIOCOOHOCTHIO TOMAMIUITHUKOB CATEIUTUTOB. B CBSI3W ¢ 3TUM TPU KOHCOJILHOM
pPacHoJIOKEHUH OCel CaTeJUIMT TaKXE€ MOKET ObITh BBIMIOJIHEH B BHJE  JIBYX
OJIMHAKOBBIX CAMOYCTaHABJIMBAIOMIMXCA BEHIOB (pucyHOK 4.9). DT0 mM03BOJISET
MOBBICUTH pabOTOCMIOCOOHOCTh MOAIIUITHUKOBOTO Yy3ia, HO AedopMaiusi KOHCOJIbHOU
OCH TPUBOJUT K HEPABHOMEPHOMY PACHpPEACIICHUIO HArPy3KU IO BEHIIAM CaTEIUINTA,
YTO CHUXaeT 3P(HEeKT MHOTOTIOTOYHOCTHU TIJIAHETAPHOTO MEXaHU3Ma.

VYcraHoBUM BiMAHHME JeopManuMu OCH  caTelIuTa Ha 3aKOH paclpeneseHus
HArpy3Kd MO BEHIIaM TaKOTO (pacwiIeHEHHOT0) CaTeJUIUTa. YUUThIBas WCKPUBIICHUE
OCHM W TOBBIINICHHYIO MOJATIMBOCTh KOJbIA MOAIMIMIHUKA Y €ro TOPIOB, MPUMEM
CUHYCOUJANbHBIM 3aKOH MU3MEHEHHUSI Harpy3kKH B MECTE€ CONPSIKEHUS OCH U KOJIbla

noammnauKa (pucyHok 4.10):

q,(x) = Fﬁ%sin[%); q,(x) =P, %sin[%), (4.14)

riue P = 2Wn1bw COS & P, = 2wn2bw COS a, P+P,=R=2P=4wb, cose,,, W,-

CpelHssl HOpMajbHas MOIOHHAs Harpyska B 3allC€IUIEHUU BEHIa caTeuinra, P -

cpeanAasa Cuiia, I[CﬁCTBYIOHIaH Ha OCb CO CTOPOHBI BCHLA CATCIUINTA, «,, - YTI'OJ

3alCIIJICHUA, b- I prHA 30HBI KOHTAKTa OCH 1 OIIOPLI CATCIIINTA, bW - IIMprHAa BCHIIA

(b, =h).

HNcnone3ys uHTErpasi Mopa W yduThIBas XapakTep paclpenesieHuss MOTOHHOMN
Harpy3Kd B 30HE CONPSDKEHUSA OCH carejulMTa M IIEKUM BOJWIA, OIPEAEIUM
NepeMENICHUs] OCM B MECTax pacHoJIOKEHUs: omnop (B LEHTPAJbHBIX HMX YaCTAX).

[lepemernenusi, 00yCIOBIECHHBIEC IEHCTBUEM H3THOAIOIIETO MOMEHTA,
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Pucynok 4.9 - MHoronoroudHas riaHeTapHas mepeada ¢ pacuieHEHHbIMU

caTCJNIMTaMH U KOHCOJIbHBIMH UX OCAMH

P, p
J g r ‘
N | 7 (x)

12X % / d

= %// 1 r ey

LS
"

% 7 52_
b, X7 X2

Pucynox 4.10 - Cxema Harpy>keHust KOHCOJIBHOW OCH PACUJICHEHHOTO CaTeJUTUTA
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Vo, zli j X —0,5b)M  (x)dx, (4.15)
Yo = —[I(x 1,50)M, (x)dx+bj.2(x 0,5b)M, (x)dx], (4.16)
rme M, (x)=R(x+05b,)-M —Iql(g)(x—g)dg, M, (x) = R(x+0,5b,, +b)— M —

—P,(x+0,5b) —qu(é)(x ~&)dé, M =b[PB+bu)—P,], |—0ceBoii MOMEHT HHEPIIUH,
0

E —Moaynb FOnra.

Vron IEpEKOCa OCH, BBI3SBAHHOI'O KOHTaKTHOM IIOoJaTJIMBOCTBIO INICKM BOJWIIA,
OoIIpCACINM C YYCTOM TOI'O, YTO IIOI'OHHAA HAarpy3Kada B 30HC KOHTAKTa H ,Z[G(l)OpMaIII/IH

pacnpenensoTces 1o 3aKOHy, OJM3KOMY K JINHEHHOMY:

- P
=2y, /b, =254 EbHH , (4.17)

6M -
3/1eCh IOTOHHAs Harpy3ka P, = o Sw — yAeJbHas OTHOCUTEIbHASI KOHTAKTHAs
H

MOJMATIIMBOCTE COINPSKEHUS OCh-1IIEKa BOJANIA (6n = 5, 1E=12).

TOFI[a MNEPCMCIICHUA YH4aCTKOB OCHU
Yu1 =057, (b+by), (4.18)
Y, =057,(3Bb+Db,). (4.19)

[Tepemenienus, 00yCnOBIECHHbBIC JEHCTBUEM MTONIEPEYHON CUIIBI,

b/2

j Q, (x)alx, (4.20)

b/2

=l j Q, ()dx+ j Q, ()], (4.21)

rae Q(x)=R _J.ql(g)dé:l Q,(x)=R-P, —qu(é)dé, G- moaynb caBura, F-—

ImiIomanab MornepeYHoOro CCUCHUA OCH.
CYMMI/Ip}UI NEpEMCUICHUA Ha OTACIbHBIX YYaCTKaX OCH, IOJIYyYUM 3HA4YCHMUA

MEePEMENICHUI 1 COOTHOIIIEHUE MEXIY HUMHU U KO PHUITMEHTOM HEPAaBHOMEPHOCTH
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Y1 = Ywr+ Y1 T Yoo (422)
Ys2 = Ym2 t Yuo T Yoo (4-23)
P 64-4 651

AY =Yso ~Yu = o0 (1L93-0,68K,,) +—5-(6+2bn — 2K, ) +

H

+3530° (118 -0,82K,, )], (4.24)

3nech K, — KO3(QUIMEHT HEPaBHOMEPHOCTH paclpe/iesieHUs Harpy3kd IO BEHIaM
carerummta (K, =P /P), b=b, =b/d, ba =b, /b.

C npyroid CTOpPOHBI, B cooTBercTBUU ¢ ¢dopmynort A.M. IlerpyceBuua

KO3((PUIIMEHT HEPAaBHOMEPHOCTH paclpe/le]ICHUsI Harpy3Ku

bc,, cos o,
2w

n

Ky =1+ (7 +|A7]) , (4.25)

e y— yroj HadajJbHOTO Mepekoca ocu (NMPUHATO HEOJIAronpusITHOE B OTHOILICHUM
K,  HampaBjJeHHWE JTOTO yria), Ay =Ay/b— yrom mnepekoca, 00YCIOBICHHbBIN
nedopmanueit ocu.

[loacranoBka ypaBHenus (4.25) B (4.24) mo3BOJII€T BBIPA3UTH Ky yepes
napameTpbl IepeIayn.

Ha pucynke 4.11 npencraBieHbl 3aBUCHUMOCTM HaJIGHHOTO TakuM 00OpazoM
kod(duIeHTa HEPaBHOMEPHOCTH OT TApaMeTpoB Ipu y =0, a, =20°.

CHM3UTh HEPABHOMEPHOCTh PACHpEEICHUs HArpy3Kd MOXKHO, BBIIIOJHHUB 0001
MEepBOTO BEHIIA caTeuiuTa Oojiee TOHKUM M TMOAATJIMBBIM, YeM BTOporo. B stom
Cllydyae MMEET MECTO CHIDKCHUE Ppa3HUIIbl TEepeMElIeHU 3yObeB B 3allCTUICHUSX

BEHIOB CATEUINTA HA BEIMUHHY
P — _
Ayo =E—b[0,5KW 501—502(1—0,5KW)], (426)
T7ie So1, 500 — OTHOCUTEIBHBIE YeTbHbIE OJATANBOCTH 000I0B CATEIIIUTA.
Torma Ay=(Ay-Ay,)/b u

_30+11y" +790" +72,65u /ow +85b +24,25 [b + 2502
30+27.90" +24.251 /b +580° +So1+ S0z

Kw , (4.27)

(7" =»E/w).
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Jlnst obecrieueHusi paBHOMEPHOTO pacrpeielieHnss Harpy3ku 1o BeHnam (K, =1)

npu y =0 cIeayeT BBIIOJIHUTh YCIOBUE
50 =501~ 602 =511b" +48,45w /i +2,70° +24,25w Ibn. (4.28)
Ha pucynke 4.12 npuBeneH rpaduk 3aBucumoctu (4.28).

Takum o00pa3oM, HCIONB30BAaHME B IUIAHETApHOM  mepefade  pacuICHEHHBIX
CaMOYCTaHAaBIIUBAIOUINXCSI ~ CAaTEJUIMTOB, YCTAHOBIEHHBIX 4epe3  cdepuueckue
MOAIIMITHUKM HAa KOHCOJIBHBIE OCH, MO3BOJISIET MPU COOTBETCTBYIOIIMX pa3Mepax
000/10B careiiuTa 00ecreyuTh OJIM3KOe K pAaBHOMEPHOMY paclpe/eieHle Harpy3ku B
3aleNJICHUSAX, YTO JAeT BO3MOXKHOCTh YJIYUIIUTh MAacco-TabapuUTHBIE [OKa3aTeln
NPUBOJAa TMPU BHICOKOW €ro HECYyIeH CIOCOOHOCTH U CPaBHUTEIBHO MPOCTOU
KOHCTpYKIIMM. HO 3TO BO3MOXXHO NpHU CPaBHUTEIHHO OOJBIIOM JHAMETPE OCHU
caTeyuiuTa U HEOOJBIIOM OTHOIICHUH JJIMHBI €€ KOHCOJBbHOM YacTH K TOJIIMHE IIEKU
BOJMJIA, B MPOTMBHOM CIIy4a€ KOHTAaKTHOE HAMNPSHKEHUE B 30HE COMNPSIKEHUS OCU H

ICKHU MOJXKCT IIPCBLICUTDL JOITYCKACMOC 3HAYCHHC [82]

2.5
_ 2125 m—rmemlmimime T
K1(b)
K2(b) et
K3(b) 175

- Fl

K4(b) /
1.375 /

::jl—"
b

0.4 0.6 0.8 1 1.

b

Pucynok 4.11 - 3aBucumMocTh K03 (ULIMeHTa HEPABHOMEPHOCTH pacipeieICHUs

b-J

HArpy3KH 110 BEHLIAM caTeJuuTa K, OT mapameTpoB b, b :
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Pucynok 4.12 - 3HayeHus pa3HUIIBI OTHOCUTEIBHBIX YACIbHBIX OJATIMBOCTEN 000108
caTeJUInTa, 00eCIeYNBAIOIINE PABHOMEPHOE PACIIPEACICHUE HATPY3KHU:

-------- (1)- by =5 ....... @) -bu=2 -----(3)-bn =15 -.-.-.(4)-bu=12

4.3. PacnipeesieHHe HATPY3KH 10 PsiIaM CaTeUIMTOB MHOTOPSITHOM mepeaayu

[Ipy orpaHM4eHHOM paaUaIBLHOM pa3Mepe IMepeAayd HMEeT MeCTO OOoJbIIoe
OTHOIIEHUE JJIMHBI COJIHEYHOW IIECTePHU K €€ auaMeTpy u Ooiblioi KodhduimeHT
HEPaBHOMEPHOCTH paCHpeeNIeHNs Harpy3Kud MO JJuMHE 3yObeB Hu3-3a AedopMaiuu
Kpy4eHHs IecTepHU. Takue mnepegayd OOBIYHO BBIMOJHSIOTCS C MHOTOPSIHBIM
pacrojoXEeHUEM CaTeJUIMTOB W HCHOJb3YIOTCS B MPUBOAAX OYpOBBIX YCTaHOBOK,
BCTPOCHHBIX TIPUBOJIaX JeOeaok u npyrux mexanm3max [70,74, 107].

B oxHOW W3 KOHCTPYKLHIW MHOTOPSAJHOM IepeAadyd HEMOABUKHOE LEHTPAIbHOE
KOJIECO COCTOMT M3 psAla y3KHX KOJIEC, CONPSTraeMblX KOHUYECKUMHU IMOBEPXHOCTIMHU C
aHAJIOTUYHBIMU MMOBEPXHOCTAMH (PPUKIIMOHHBIX KOJIEI], MO3BOJISIOMIMUX Y3KUM KOJecam
POBOPAYMBATLCS TPU OONBIION Harpy3ke B psgax cateummtoB [14]. Ho Takas

KOHCTPYKIUS CJIOKHA U HCTCXHOJIOTUYHA.
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JIJIss CHUOKCHHST HEPAaBHOMEPHOCTH PACHPEISIICHNST HAarpy3KH TI0 PsijiaM CaTeJUTHTOB,
BBI3BAaHHOU Je(hopMaIriell COTHEUHOU IIECTepHH, LENeco00pa3Ho moao0paTh pa3Mepsl
HEPEMBIYCK BOJIMIIA B OTIENBHBIX psAax Tak, 4ToObl UX jJedopMalius cOOTBETCTBOBAIA
nedopmaruu mectepuu (pucynku 4.13, 4.14).
PaccmorpuM nedopmaniii  MHOTOCEKIIMOHHOTO BOAMJIA M OCEH  CaTCIUIMTOB
yKa3aHHOM TepeiayH.

MoMeHT cui1, ICHCTBYIONTUX HA j— 10 MIEKy Boawia (pucyHok 4.15),
T; =05Fa,n, (2j-1), (4.29)
rae F, —cuia, ACHCTBYIONIAsT Ha OCh CATEIIUTa CO CTOPOHBI €ro MOJIIUITHUKA,

T

F=——,
Ny ay N

t

(4.30)

n, — YUCJIO CATEJUIMTOB B OJTHOM DSy, N— YHCIO PSAJIOB CATEJUIMTOB, T — MOMEHT Ha
BBIXOJJHOM Bajly Mepeaayu, a, — MEXKOCEBOE PACCTOSHHUE.

[Tox meiicTBHEM yKa3aHHOIO MOMEHTA OJIHA KA BOAWIIA CMENIAETCSI OTHOCUTEIIBHO
JIPYyTOM Ha yTOJI

_ Yo _Yw (4.31)

j )

8y @,
LI Yo; U Y, — OKPYXXHBIE CMELICHUS OAHOM IIEKH OTHOCHTEIBHO APYrol B MECTax
PacIoJIoXKEHHUS OCH U repeMbruku (puc. 4.16).
B coOTBETCTBMM ¢ OTMM pEAaKTMBHBIE CHJIbI, ICHCTBYyHOmME Ha OChb (P,)

ePEMBIYKY ( P, ) MPOIOPUMOHAIBHBI IIEPEMELIEHUAM U CO3JAK0T MOMEHT

T = Ryjawny +Fya,ny. (4.32)

nj“n
Jlnst onpeneieHust IEPEMELIEHUI Y,; U Y, HAWIEM NOAATIMBOCTU OCH M IEPEMBIYKH,
MPEACTABIIAIONTME COO0M UX AehOopMaIlUU IO JACHCTBUEM CAMHUYHON CHIIBl Q=1 #

COOTBETCTBYIOILIETO €1 MOMEHTa U3rubda B KeCTKOM 3ajenke M =051  (CM. pUCYHKH

4.14, 4.15, 4.16):

1P 2201+ )
50_E[12|0+ 5 1 (4.33)
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Pucynok 4.13 - MuoropsiiHas TuiaHeTapHas nepenada
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Pucynok 4.14 - Boauio MHOTOpSAHOM MJITaHETApHOU Mepeaadn

2
5, =+ L 240x )| (4.34)
E|121, S,
3meck S, - IUIOIAAb IIONEPEYHOro cedeHuss ocu (S, =0,257d°), S, — ImIomags

TIONIEPEYHOro ceyeHust j— i mepemsruku (S, =hH;), |,— oceBoif MOMEHT MHEPINH

ocu caremuuta (I, =7d*/64), | ;- OceBOil MOMEHT MHEPLUU IEPEMBIYKHM BOJAHUIA

(1, =h,H?/12).

Torma vy, =P8, Y,=P;6,; B B COOTBETCTBUM C PaBEHCTBOM (4.31)
Pnj = POj %ol : (4.35)
Oy

[ToxcraBuB 3TO ypaBHeHWEe B BbIpakeHue (4.31), ¢ yderom paBeHctBa (4.32)

HOJTYYUM
_ S8,
T, =05Fa,n, (2j-1) =Py, (a,ny +n, 52 )
nj
WU
p,, = 1=05), (4.36)
0,8,
1+

2
é‘nj a‘W
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Pucynox 4.15 - Cxema Harpy>K€HUs MHOTOCEKITMOHHOTO BOJMIIA
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Pucynox 4.16 - Cxema neopmupoBaHusi OCH CaTeJUIUTA



Pucynoxk 4.17 - Jledopmariyisi COTHEUHON MIECTEPHHU U OCHU CaTEIJINTa
MHOTOPSAHOMU ITepeaay

BrI3BaHHOE 3TOM CUJION CMEIIEHUE OJJHOTO CEYEHUS] OTHOCUTEIIBHO BTOPOTO HA
juHe |
_ 5F(i-05)

2
5.”- a"\/\/

Jlst BBIpaBHUBAHUSI HArPy3KU MEXAY pAaMHU CATEUIUTOB HEOOXOAUMO YTOOBI

Yo, : (4.37)

pasHUIA MEPEMEMICHUI OCH B CPEIHHUX YaCTAX COCEIHUX IIPOJETOB Ay, PaBHSIIACH
MOJIOBUHE pa3HUIIBI TEpeMENIeHUl 3yObeB COJIHEYHOW IIeCTepHU Ay, B

COOTBETCTBYIOIIMX €€ cedeHusX (pucyHok 4.17): Ay,; = 05Ay,,, uiu

0,5[ij + yo(j+1)] = O’5rba[¢(j+l) _¢j] = 2|rbaG [Ta(h/v + b)_ Ny W, rbabvv J(QN + b)] . (438)

p

31ech paaMyc OCHOBHOW OKpPY)KHOCTH COJHEYHOW IIecTepHH 1, =0,5mz,c ox;

PaBHOMCPHO PpPaCHpCACICHHAA II0 BCHIOAM CAaTC/UIMTAa M II0 HX INHPHUHS IIOIOHHAd

T N T
Harpyska B 3alCIUVICHUNA W, = —abw; MOMEHT Ha Bajly COJIHEYHOU LIECTEPHU T, = —
Ny, Ny, 17

(i— mepemaToyHOE OTHOIICHHWE IUIAHETAPHOTO MEXaHHW3Ma, 77— €ro KOd(PQHUIMEHT

MOJIE3HOTO ICUCTBUS); TOJIAPHBII MOMEHT MHEPLUU MONEPEUHOI0 CEYEHUSI COTHEUHON
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LIECTEPHU I = ™ (1 B Xd fa +05m) (- OTHOIIEHWE BHYTPEHHErO JUaMETpa

COJIHEYHOM IIECTEepHU K JHAMETPy €€ OKPYKHOCTU BHAIMH, d,— Juamerp

OKPY>KHOCTH BIAJIMH COJTHEYHOM IIECTEPHU, M— MOJYJIb 3alICTUICHHUS).

Torna ypaBuenue (4.38) MOKeT OBITh IPEAICTABICHO B CIEAYIOIIEM BHJIE:

S| 08 05 )2 r ). (439)
1+5°_(a”j 1+ % (a”] "
LAY Sn(jy \ 8w ) |

Boipaxenue (4.39) mosiydeHO B COOTBETCTBHUH CO CJCAYIOIIMMHU YpPaBHEHHUSIMU

—-

neopMan  KpydeHUsI COJIHEYHOM IIECTEpHU B TMIOMEPEUYHBIX €€ CEUCHMUSX,

MpoxoaAInX 4€pe3 MIOCKOCTH CUMMCTPHUH BCHIIOB CaTCJIIIMTA!
1 0,5b,
O = ml}ra 0’5bW — Ny, Iwn rba(O’Sb\N - X )dxl:|’

%:—G{ _(1,5b, +b)—n,, jw r,.(L5h, +b—x,) IW r,.(0,50, — X, )dx, (4.40)

PacueTsl MO MPUBEIEHHBIM 3aBUCMMOCTSIM TMOKa3bIBAIOT, YTO JIsi OOecreyeHus
paBeHCcTBa (4.39), COOTBETCTBYIOIIECTO ONM3KOMY K PaBHOMEPHOMY pacIpeeiICHUIO
Harpy3KM Mo psjam caTeJIUTOB, IIMPUHA MEPEMBIYKM BOAMIIA B MIEPBOM pAny H, (cM.
pucyHok 4.14) nomkHa NPUHUMAThCS PABHOM HYIIO, TaK KaK HAaMOOJIBIIUN IMEPEKOC
3y0a COJHEUYHOM IIeCTEPHU B Pe3yJIbTaTe €€ CKPYUMBAHUS O]l HArpy3KOH UMEET MECTO
y TOpLA, K KOTOPOMY MPUII0KEH MOMEHT.

B Tabmuue 4.1 npencrtaBieHO pacnpefeneHre IIMPHUHBI MEPEMBIYKM BOJWJIA IO
psiiaM CaTeNINTOB IIPU b, =b, /d, =4, b=0,25b,; d=05h,; a,=r,—02m-0,5h;
h,=d; I=b,; n=4; n, =3; H_,, =066m, —-mz, —-m; 2z, =18] X, =X, =%, =0; 7=0,95;
B =05. B rabmuuax 4.2 u 4.3 —To ke mpu b, =3, n=3 u b, =3, Nn=2 K OIMHAKOBHIX

POYUX MapaMeTpax.
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Tabmuma 4.1

Pacnipenienienre OTHOCUTENLHOM IIMPHHBI IEPEMBIYKM Boauna H,; /H, 10 paaam

YETBIPEXPSAIHOTO CaTeUINTA TIPH b, = b, /d, =4

No psina 1 2 3 4

[
4 0 0,25 | 0,98 1
6 0 0,12 | 0,43 | 0,43
10 0 0,06 | 0,19 | 0,19

Tadmnura 4.2

Pacripeziesienre OTHOCHTENBHOM IMPUHBI IEPEMBIYKH Boauaa H; /H 1o psgam

TPeXpsAIHOro caTesInuTa npu b, =b, /d, =3

Ne psima 1 2 3

[
4 0 0,47 1
6 0 0,22 | 0,46
10 0 0,10 | 0,21

Tadonuma 4.3

Pacripeziesienre OTHOCHTENBHOM IIMPUHBI IEPEMBIYKH Boauaa H; /H 1o psaaam

JBYXPAMHOTO caTesuTa npu b, =b, /d, =3

Ne psina 1 2
i
4 0 0,68
6 0 0,29
10 0 0,13
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W3 nmaHHBIX TaOIMI] CIEAyeT, YTO I oOecredeHus: OJM3KOTO K PaBHOMEPHOMY
pacnpeneneHuss Harpy3KH 10 psiaM CaTEJUIUTOB MPHU OOJIBIION OTHOCUTEIILHOMN IIIMPUHE
conneunoii mectepuu (b, =b, /d, >3) mepByr0 IIeKy Boguia Helenecooopa3Ho
BBITIOJIHATH 32 OJJHO 1I€JI0€ C OCHOBHOM €ro 4acThiOo (CBA3b MEPBOM IIEKH CO BTOPOM
CIIElyeT OCYLIECTBIATh TOJBKO IIOCPEICTBOM OCEW caTeyiuToB). B mepemaue c
YETBIPEXPAAHBIMU CATEJUIMTAMH, KPOME TOI'0, pasMepbl NMOCIEAHEU U MPEANOCIEIHEN
MEePEMBIYEK JIOIKHBI ObITh MTPAKTUUYECKU OJUHAKOBBIMHU.

[Ipu OosbIIOM TEpEeIAaTOYHOM OTHOIICHWHW IUIaHETapHOTO MexaHu3Ma (i>10)
JUaMEeTp OCH caTeJUIUTa MOXET OBbITh NO0J00paH TakuM, 4YTOObI ONM3KOEe K
PaBHOMEPHOMY paclpe/ieJIEHue Harpy3Ku IO psiaM CaTeUIMTOB 00eCreyrBajIoch Npu
OTCYTCTBUM II€peMbIUEK Boauia. Tak, npu @=3, n=3, i=10, d=0,68b, u panee

IIPUHATHIX IIPOYHUX IIapaMCTPax HAJINYHC IICPCMBIUYCK HC Tpe6yeTc;1.

4.4. Tloka3zaTe/ib IPOYHOCTH MHOTOPSI/IHOTO HEIBOJIbBEHTHOI0 BHYTPEHHEr0
3alleJIeHUs KoJleC MJIAHETAPHOI nepeaayu

BrInosHeHnEe HENOBMKHOTO IEHTPAILHOTO Kolieca mepenaun tuma 2K-h B Bume
OapabaHa C HEIBOJIBBEHTHBIMU 3YObSMHU-TIEPEMBIYKAMU [1O3BOJISIET YMEHBIIUTh
panuaabHBIA pa3Mep Iepeadn Ha TOIIKUHY 00o1a kojeca (pucyHnok 4.18) [87]. Kpome
TOTO, TOBBIIIEHHAS! TTOIATIMBOCTh 3yObEB-TIEPEMBIUEK TOJOKUTEIBHO CKA3bIBAETCS Ha
pacnpeniefieHuy Harpy3Kd B 3alleTUICHUSX W Ha JUHAMHUKE TUIAHETAPHOTO MEXaHHU3MA.
OnHako OHM WMEIOT 0ojiee HM3KYI0 HM3THOHYI0 TPOYHOCTh, HEXKEIH CTaHIapTHBIC
HBOJIbBEHTHBIE 3yObsi. bokoBbIe poduu 3yOheB-TIepEMBbIUEK MOTYT OBITH OUEPUCHBI 110
YIJIMHEHHOM 3BOJIbBEHTE (HApEe3aHUE OCYIIECTBIISIETCS YEPBIYHON (Ppe30ii ¢ OJIM3KUM K
HYJIIO YIJIOM Npo(uUis UCXOJHOTO KOHTYpa) WK IO MpsMOMl (Hape3aHue AMCKOBBIMU
bpezamn).

OnpenennM HampspKeHUsT w3ruba 3y0a-TIepeMBIUKH B MECTE €ro 3a/elKd B 0007
Kojeca, Kak TMpaBWIO, JIUMUTHPYIOIINE HArpy304YHYI0 CIOCOOHOCTh YKa3aHHOU
nepenadn, B KOTOPOil 3yObsi BceX KOJIeC, KpOME HEMOABUKHOIO, UMEIOT 3BOJILBEHTHBIN

npoQuIIb.
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Pucynok 4.18 - TlnanerapHas nepenayda tuma 2K-h ¢ He9BOJIEBEHTHBIM 3alleTICHHEM

HCIIOABHMXKHOI'O KOJIECA C CaTCIINIMTOM

CyliecTByIOIIME YHUCIEHHbIE METOAbl pacueTa 3yObeB KOJEC MO3BOJSIOT C
JIOCTATOYHO BBICOKOM CTENEHBIO TOYHOCTHU ONPENEITUTh HANpsDKEHUS M aeopManuu,
BO3HMKAIOIIME B HUX B mpouecce padoThl MexaHudeckol mnepepaun. OpHako npu
IPOEKTUPOBAHUHU 3y0UaThIX Iepeay, BbIOOpE pallOHAIbHBIX apaMeTPOB 3alleIUICHUN
0oJsiee TPOCTBIM U YAOOHBIM JJiI KOHCTPYKTOPOB SIBJISIETCS AHAJTUTUYECKUN METOZ.
Oco0eHHO 3TO KacaeTcs pacueTa MEXaHMUYECKHUX Iepelady ¢ HeTpaaUIMOHHBIMU
3yOuaThIMM 3allCIUICHUSMHU, HalpuUMep, TaKUX KaK IUIaHeTapHble TMepefadnd c
CUMMETPUYHON CXEMOU HArpyKE€HHs 3JEMEHTOB, KOTOPBIE COJIEPKAT HEIBOJIBBEHTHOE
KOJIECO C 3yObSAMH-TIEPEMbIYKAMU, UMEIOUIUMH OJIM3KUN K HYJIO paJnyc MEpexoIHOM

kpuBor [86;87].
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Paccmotrpum ¢parmMeHT 3y04yaToro Kojeca, BKJIIOYAOMUMNA B ceds 3y0 u
IPWIETAOIIYI0 K HEMY 4acTh 0001a. VMcnob3ys NpuHUUIT CYyNEPIIO3ULIMH, OTPEIETUM
HampsoKeHUuss B 00oJe  Kojieca Yy OCHOBaHUS 3y0a, BbI3BaHHbIE JEHCTBUEM
COCTABJISIONINX MPUIOKECHHOW K HEMY CHJIBI M U3rHOAIonero MoMeHTa (pucyHok 4.19).

VYpaBHeHUs CBsI3M CWIOBBIX (hakTOpoB U Aedopmaruii uzruba u casura y(X)

MOI'yT OBITH 3aITMCaHbI B BHUIC

M(x) ., o(x) .
e + 2k G =Y (x), (4.41)
M (x) =M, +Px—2b[ o(£)x - )dg, (4.42)

0
rae o(x) — HOpManbHOE HaNpsLKEHHUE, JEHCTBYIONIEE HaA >JIEMEHT 000xa; b - mupuHa
obona ; P=F,cosa,; E— moxyns ynpyroctu epsoro poaa, k = 1,2, G=05E/(1+ u), 1l
- ko9 durment Ilyaccona marepuana kosneca (s craau u=0,25-0,3), 1 =bS*/12, S—
ToNMHA 3y0a y oOcHOBaHusA, M, =Flcosa,, «,—yroil MEXIy JIMHUSIMHU JCHCTBUSA
OKPYXHOU 1 HOPpMaJIbHOU CUJI, F, — HOpMalibHas CUJia B 3alICTUICHUU,
| =h+(05S +htge, tgc, . (4.43)

Brinenennsiii aeMeHT 000/1a Kojieca MpeACTaBisgeT coO0oil 0anky Ha ynpyrom
OCHOBaHMM U €€ JedopManuu Hu3ruda M CABUTA MOTYT OBITh BBIPAKECHBI Yepe3
TIOTOHHYIO Harpy3Ky (x) u )KeCTKOCTh YIpyroro ocHoBanus c: y(x)=q(x)/c = 2ba(x)/c.

C yuyeToM BbIlIeCcKa3aHHOTrO, ypaBHeHus (4.1), (4.2) npeacTaBuM B CICAYIOIIEM
BUJIC:

a" (x)-va" (x)+ 10 (x)=0, (4.44)

Yo ke P 12¢
MY =She " " Eps®

Pelienrie  XapakTEPUCTUYECKOTO YPAaBHEHUS, COOTBETCTBYIOIIETO

BbIpaxeHuo (4.44), umeeT BUJ
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Pucynok 4.19 - HanpspkeHusi B OCHOBaHUHM HEIBOJIBBEHTHOTO 3y0a ¢ OJIM3KUM K HYITIO

pPagnyCcoOM NEPEXOAHON KPUBOM

0, , =05y £/0,2507 — 1 .
(4.45)

y‘H/ITBIBaH, qTO JJICMCHT 060)13 KoOJIeca MCHBIThIBACT CTCCHECHHBIN I/I3FI/I6, 3aKOH

WU3MEHEHHS HANpsHKCHUH HOCHT XapakTep arnepHoOIHMYECKUX 3aTyXarolluX KoJIeOaHHIA.
DTO UMeeT MeCTO Ipu A = v’ /4, nin

1 12
= == /— 4.4
0] |a)174| 3 k(1+,u) (4.46)

Torpa HanpsbkeHus, 00yCIIOBJICHHbIE IEHCTBUEM MOMEHTa u3rubda M,

oy (X)=(A+Bx)e™.

(4.47)
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IlocrosiHHBIE MHTETpUpPOBaHuA A, B onpenenum U3 ypaBHEHHUM CTaTUKH:

Zb_H[GM (x)dx =0,
; (4.48)

H
M, +2bIGM (x)xdx =0;
0

(4.49)
31ech H — ToimmHa 000/1a KoJjeca.
Otcronma
0,5M e v (L+ oH —e™)
A= . . ,
b{(e‘”“ —oH 1) + (e —1)[(a)H +1)° +1-2e" J} (4.50)
B= Aw .
oH e —1)-1 (4.51)
Hanpsixenust, 00ycCIIOBIICHHBIC ICHCTBUEM TIOIIEPEYHOM CHJIBI P, HalAEM 110
dbopmye
op(x)= De™™,
(4.52)
[Tocrostauas D onpenenseTcst u3 paBeHCTBA
H
P=F cosa, = ZbIGP (x)dx .
0 (4.53)
Tornpa
P a)e—a)xewH
o) =5 e 1
e - (4.54)

MakcumanbHOE 3HAaUCHHUE HOPMAJIbHOT'O HAIIPSIKCHUA HMCECT MCCTO IIPU X = 0:

c(0) =0,(0) +0o,,(0). (4.55)
MakcuManbHOE I1aBHOE HOPMaJIbHOE HAIPSYKEHUE, HAMIEHHOE C YIYETOM
HaMPsHKCHUS pacTsHKEHUs, (CM. pUCYHOK 4.1)
o, (0)=o(0)/sin B + Ptger, sin(a, + B)/(0S). (4.56)
B cooTBeTcTBUM ¢ 3TUM HaINpsHKEHUE B OCHOBAHUM 3y0a, MMEIOLIETO0 Maslbli

paanyc KpUBU3HBI IEPEXOTHON KPUBOM,
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(0)= Pawe™ 1+ ol(e™ - oH ~1) N
" 2bsin Ale* —1) |7 |(e™ —aH —1) /e —1)|+ (wH +1) —2e™ +1
. Ptge, sin(e, +ﬁ’)_ (4.57)

Sh
Ha pucynke 4.20 mnpencraBieH rpa@uK 3aBUCUMOCTH  OTHOCHUTEIHHOTO

o, (0)Sh

HAIlIpSDKEHUSL O = H=H/S u h=h/S, NOCTpOCHHBIH HA OCHOBAHUHU

pacyeTa, BHIIIOJIHEHHOTO 10 BbIpakeHuto (4.57) npu «, =20°, f=35".

[lonydeHHbIE 3aBHCUMOCTH CIPAaBEMJIMBBI [UJII KOJIEC C HECTAaHIAPTHBIMU
(HE?BOJIbBEHTHBIMHU ) 3yObsAMH. M3 pe3ynbTaToB pacuyeToB M IMOCTPOCHHBIX I10 HUM
rpaduKoB CIEIYET, YTO MPU MAJIOM PaTUuyce CKPYTICHUS TaITEIN 3y0a HANpsHKEHUs B
€ro OCHOBAaHUU CYIIECTBEHHO OOJIbIIE HANPSKEHUI B OCHOBAHUU aHAJIOTMYHOTO 3y0a ¢
OonpIMM panuycoMm ckpyrieHus. C yBelWYeHHWEM TOJNIIMHBI 00oAa Kojeca Mpu

H >25S HanpspkeHUs B OCHOBaHHUU 3y6a U3MCHAIOTCSI Majo, 4YTO CICAYET

YUUTHIBATH MPU pacueTe 3yOheB HAa U3TUOHYIO MPOYHOCTD.

34633 > \

3138 \\
2875

13.13

11634 g
1 1.5 2 25 3 35 4 45 3

1 H
Pucynox 4.20 - 3aBUCHMOCTH OTHOCUTEIHLHOTO HAMPSKEHUSI B OCHOBAaHUHU 3y0a

o OT OTHOCHTEIILHOU TOJIIMHBI 00012 Koeca H :
———————— (1) - h=2:;......... (2)- h=15------(3) - h=1
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5. KOMIIBIOTEPHOE MOJAEJIMPOBAHUE U OKCIIEPUMEHTAJIBHOE
UCCJIEJOBAHUE IIJIAHETAPHOM INEPEJIAUM UM EE DJIEMEHTOB

5.1. KOMHBIOTepHOC MOAECIUPOBAHUE HaHpH)KeHHO-[le(l)Ole/lpOBaHHOFO COCTOAHMA
CONMPAREHUA OChb CaTE/IJINTA — IEKa BOJANJIA

UuclieHHBIH aHaliM3a TEXHUYECKMX KOHCTPYKIHMH OOBIYHO OCYIIECTBIISACTCS
METOJIOM KOHEUYHBIX AyieMeHTOB B cpene SolidWorks Gmaromapst ero yHHBEpCcalTbHOCTH
U TIPUTOTHOCTH Il pPabOThI Ha KOMIIbIoTepe. IIpu cTaTHUecKuX MCCICIOBAHUSAX ITHM
METOJIOM BBIYMCIISIOTCS TEPEMEIICHUS, HANPSOKCHUS, peakinuu, KodGPuImeHT 3amaca
MIPOYHOCTH.

JIJ1st IpOBEPKH IIPABUIILHOCTH OCHOBHBIX TCOPETUUYCCKUX IOJIOKCHUIN TUCCEPTAIIHH,
CBSI3aHHBIX C OMPEICICHUEM IOAATIIMBOCTA JJIECMEHTOB TIEPEaddl U COMPSATAEMBIX C
HUMH TeJl, TPOBEJICH aHAIN3 HANPsHKECHHO-e(DOPMUPOBAHHOTO COCTOSHUS COTPSHKCHUS
OCh care/umMTa — Iieka Bojauna [62, 82, 83]. BerunciaeHus IpoBOAMINCH IS JeTajci
CIICIYIOIINX pa3MepoB (PUCYHOK 5.1): muameTp ocu cateimmra d=15 MM; moloBHHA

pacCTOSTHUS

21

—— —

2L

Pucynok 5.1 - Cxema Harpy»KeHus OCH caTellJIuTa, yCTaHOBJIECHHOU 0e3
3a30pa B ILIEKHU BOAMIIA
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MEX]Ty IeKaMu Bofwia L= 15 MM; IoJloBUHA INMUPHHBI KOJIbIIa Toamumauka 1= 7,5
MM; TOJIIIIMHA TIeKH Boamiaa b=9 mm. Cwita, eiicTByIOmas Ha KOJIBIO IMOAIINITHUKA CO
cTopoHbl cateyuuTa, F=2P= 1000H.

Ha pucynkax 5.2, 5.3 mpencraBieHbl KOMIBIOTEPHBIE MOJCITH COMPSDKCHHUS OCH
caTeJUINTa CO IIEKaMU >KECTKOrO BOJMIA, ITO3BOJISAIOIIME OLIEHHUTH IIOJATIIMBOCTH WU
HaIpPsHKEHHOCTh ATUX JeTaiei. CpaBHEHHUE MTOTYYEHHBIX TaKUM 00pa3oM pPe3yiIbTaToB C
pe3yabTaraMy, TEOPETHUUYECKUX  BBIYMCICHUW  MOJATIMBOCTA  OCH  IOKa3ajo

YIOBJIETBOPUTENIBHOE UX COBMNa/ieHHE (OTKIOHEHHE He TpeBbIaet 15%).

von Mises (N/m*2)
18996172
17413492

-15830811

214248131
. 12665450
11082770
_ 9500039
7917409
.6334728
.4752048
3169367
1586687
4006

Pucynox 5. 2 - Hamnpsixenno-nepopmMupoBaHHOE COCTOSIHHE OCH CaTEIUTUTA U TIEK
KECTKOT0 BojuiIa (KOMIIbIOTEpHAas MoJienb): d =0,015m, b/d =06, 1/d =05, L/d=1,
F =1000H
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Pucynox 5.3 - OmnpeneneHue moJaTIMBOCTH OCH CaTEUIMTA U IIEK KECTKOTO BOMIIA
METOJIOM KOMIBIOTEPHOT0 MoAenupoBanusi: d =0,015m, b/d =06, I/d =05, L/d=1
F =1000H

AHaJIOrMYHBIM 00pa30M OCYLIECTBIISIICS aHAINU3 HANPSXKEHHO —1e(pOPMUPOBAHHOTO
COCTOSIHMSI COMPSKEHUSI OCh CaTeJUIMTa — IeKa BOAWJIA MPU HAIMYUU B TOCIEIHEM
1a30B, MOBBILIAIOLUIMX €ro MOJATIMBOCTh, KOTOPBIM TakKe MOATBEPAM OJIU30CTh
NOJYYEHHBIX PE3yJNbTaTOB K TeopeTHueckuMm (pucyHok 5.4). Beicota ma3oB
NpUHUMANach PaBHOM AUAMETPY OCH CaTEINTA, PACCTOSIHUE a OT LIEHTpa OCH JO Mas3a

- paBHBIM 0,65d (cM. pucyHok 3.14).
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Max: 0.00001054

Pucynok 5.4 - KoMmmnbroTepHas MOJIeb 3JIEMEHTA MOJJaTIAUBOr0 BOJAWIIA U OCU
caTelmTa mpu a=a/d =0,65, d =0,01m, b/d =06, 1/d =05, L/d=07, F=1100H

5.2. JkcnepuMeHTAJIbLHOE HCCJIe0BAaHNE MOJATIMBOCTH OCH CATEJUIATA W INEeKH
BOIMJIA

W3 BBITIOJIHEHHBIX TEOPETHUSCKUX pPACUYCTOB CJICAYET, UYTO Ha pachpeiesieHue
Harpy3kKd B 3allCIUICHUSIX KOJIeC W Ha pabOTOCIOCOOHOCTh 3yOdUaThIX Tiepenad
00JIBIIIOC BIUSHUE OKA3bIBAET JKECTKOCTh MX AJICMEHTOB HMJIM OOpaTHas i BEIMIMHA —
NoJaTIMBOCTh  (medopmaTuBHOCTH). B mulaHeTapHbIX — mepemadax,  IIIHPOKO
UCTIONIB3YIOMIMXCS BO MHOTHX OTpPacisiX HapOJHOTO XO3SHCTBa B  Ka4yeCTBE
MEXaHWYECKUX TIPUBOAOB, IehOPMATUBHOCTh, C OJHOH CTOPOHBI, CIIOCOOCTBYET
BBIPAaBHUBAHUIO HArpy3KHd 1O TIOTOKaM MOIIHOCTH, C JIPYTOi, BEAET K YBEIHMYCHHUIO
yrnpyroro Jodra, 9To HEAOMYCTHMO B MPEIM3MOHHBIX MEXaHMW3Max. B CBs3u ¢ 3THM
Ba)XHO YCTaHOBUTH MOJATIMBOCTh 3JIEMEHTOB TJIAaHETAPHBIX Mepeay.

[TopatnuBocTh 3y0OuaToro 3arleryieHus, 00o0/aa koJieca, aedopMaius KpydeHUs
COJIHEYHOH IIECTepHH, ITOJATIMBOCTD TIOIIIMITHUKOB KAYCHHS ONPEICISIIOTCS C

JOCTAaTOYHO BBICOKOM CTENEHBIO TOUYHOCTH IO M3BECTHBIM U MNPUBCACHHLIM B I'JIaBaXx 2,
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3, 4 3aBucumocTsaM. OgHAKO MPU PACCMOTPEHUU OCH CaTEJUTUTA KaK OajKy Ha yIPyroM
OCHOBAHHMM TpeOyeTcs 3HAHHME MKECTKOCTH YIPYroro OCHOBAaHHUA WM OOpaTHOW ei
BEJIMYMHBI - KOHTAKTHOM ITOJATIMBOCTH, OT KOTOPOX B 3HAYUTENBHOU CTEIICHU 3aBUCUT
pOrud OCH B MPOJIETE MEXKIY IEKAMHU BOAWIIA, pAacCIpeAesICHHe HAarpy3KH IO MOTOKaM
MOIIHOCTH U TI0 HIMPUHE 3y0UaTOro BEHLIA, a TAK)KE YIPYTUH JIIOPT Nepeaayu.

Ha pucynke 5.5 mpencraBieHa yCTaHOBKa JUIsl MCCIENOBAaHUS KOHTaKTHOU
MOJATIMBOCTH CONPATraeMbIX 3J€MEHTOB. OHa COCTOMT U3  CTAJIbHOW IUJIACTHHBI,
UMUTHPYIOIIEH LIEKYy BOJWJIA, C YCTAaHOBIEHHOW B €€ OTBEPCTUE OCHK) M HAKUMHOTO
YCTPOMCTBA, COAEPKAILETrO JABYIIEKYIO HAIpyKaeMYIO J€Talb U Harpy304YHbI AJIEMEHT.
Marepunan neranei — cranb 45 ynydmenHas. ConpsraemMple TOBEPXHOCTH HArpyKaeMou
JeTald U Harpy304HOTO 3JEMEHTa BBINOJIHEHb C(EPUUECKUMH JUIsl HCKIIOYECHUS
BIIUSIHUASI TOTPEIIHOCTEN  HM3TOTOBJICHUS Ha pe3yabTarbl u3MepeHui. I[Ipuuem
CyMMapHasl [IMPUHA 1K YKa3aHHOM JEeTAIM PaBHA TOJIIUMHE IUIACTUHBI.

Ucnbrtanus npopogwinck Ha wMamuHe INSTRON, mosBossitonieit u3mepsiTh
nedopmalio B 3aBUCUMOCTH OT IPHKJIAJbIBAEMON HArpy3Kd C BBIBOJIOM pe3yJibTaTa
HKCIIEPUMEHTA Ha KOMIbIoTep (puc. 5.6).

Ha pucynke 5.7 mpuBeneH rpaduk 3aBUCUMOCTH JedopManuu (CONMKEHUS
KOHTaKTUPYIOUIMX TeJ) OT Harpy3kd, COOTBETCTBYIOLIUM CIEAYIOLUIMM pa3Mepam
COCTAaBHBIX YAaCTeHd YCTaHOBKH: nuamerp ocu careimra d = 10 mm, TommuHa
TUTACTUHBI D = 6 MM, TOJIIIMHA KaXKI0W IIEKH HArpy)aeMoi netanu t=3mm).

AHanu3 pe3ynbTaToB MPOBEJEHHOTO TaKMM 00pa3oM HKCIEPUMEHTa IMOKa3al,
YTO 3aBHCHUMOCTb NEPEMEILECHUS OT JACHCTBYIOIIEH HAa OCh CHUJIbI B Ipelesax ynpyrou
nedopmauuy  OaM3Ka K JUHEHHOM. OTO  MO3BOJSET ONPENETUTh YNETbHYIO
KOHTaKTHYIO MOJATJIMBOCTh O COMNPSIKEHHs] OCh caTeJiuTa — IIeKa BOAWJIA B BHJE

CHEYIOIIEN 3aBUCUMOCTH

PEEACIES (5.1)
2AP E
rne AY — KOHTakTHas jaedopmamms B 30He ympyroctd; K — koddduiueHt

NOJIATIMBOCTH; E — MOJIYJIb YIPYTrOCTH mepBoro poaa (E =2,1-10" Ila ans cranm); AP -

CHUJIa, COOTBETCTBYIOIIAsl KOHTAKTHOM Je(pOopMaluu.
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Pucynok 5.5 - YcraHoBka ajis onpeiesieHusl KOHTaKTHOM Ae(opMaliu
COIIPSDKEHMSI OCh CaTEJUINTA — IIEKa BOJMIIA

Takum  00pa3oM YCTAaHOBJIEHO,UTO MPHU 0€33a30pHOM CONPSIKEHUU CATEITUT -
nieka BoamiIa Ko3QpOUIIMEHT KOHTAKTHOM MOAATIMBOCTU K =1,2.

AHaNOTUYHBIM  00pa30M OMpeAensiach TMOJATIMBOCTh OCH CaTeuIuTa |
CompsAraeMbIX C HeW aeraned (IIEK BOJWJIA W BTYJIKH, UMUTHUPYIOIIEH BHYTpEHHEE
KOJIbIIO MOoAuIHUKa). OOILIKA BUJT YCTAHOBKH TTOKa3aH Ha PHUCYHKE 5.8. 3aBUCUMOCTH
nedopmalii OT Harpy3kd TMpUBEIEeHA Ha  PHUCYHKE 5.9, rpaduk COOTBETCTBYET
CJICIYIOIIMM 3HAYCHUSM TapaMeTPOB YCTAaHOBKH: quameTp ocu catemuta d = 10 mwm,
TOJIIIMHA INEKA Boamwima D = 6 MM, mmMpuHA mMasa s pa3MEIICHHs caTe/UInTa

L, =20MM, MIMPHUHA BTYJKH, UMUTHUPYIOLIEH KOJIBLIO NOAIIMITHMKA carerumTa, |, =15

MM.

KpOMe OIIpCACIICHNA KOHTAKTHOM MoAATIMBOCTH MW IOAATIMBOCTH  Yy3Jiad
carcjuiura ¢C I[BYXOHOPHOfl OCBKO OIIPCACIAIIOCH IICPCMCIICHUC KOHCOJIbHON OCH
caTClyinTa B MECTC IMOCAaAKM Ha HEC ITOAIIHUIIHHWKA, AJII Y€ro HCIIOJB30BaAJIOCHh TO XKC

060py,)10BaHI/IC, YTO U B BBIIIICYKA3aHHOM 3KCIICPHUMCHTC.
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P C3yJIbTAThl 3KCIICPUMCHTAJIbHBIX I/ICCHCILOBaHI/Iﬁ MNOATBCPANIIN IIPABUIIBHOCTDH

TCOPECTUUCCKOIoO MCTOZIa OIMPCACICHHA I[G(l)OpMaTI/IBHOCTI/I 9JICMCHTOB IICpcaaydn.

INSTRON

.
.
.
-
)
4
.
0

&

PucyHok 5.6 - DkcnepuMeHTallbHOE onpeiesieHue AedhopMaliuu dJIEMEHTOB
MIJIAaHETapHOU Tepeiaun
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PucyHok 5.7 - 3aBUCMMOCTb KOHTAKTHOM JiepopMaIliiu OT Harpy3Ku

- o™
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Pucynok 5.8 - YcranoBka aiis onpesieneHus aedopMaivii OCH caTeJuIuTa U
CONPATAEMBbIX C HEH 3JIEMEHTOB
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PI/ICYHOK 5.9 - 3aBUCHUMOCTH I[C(i)OpMaHI/II/I OCH CaTCJZINTa U KOHTAKTHPYIOIIUX C
HEH AJIEMEHTOB OT Harpy3kKu

5.3. JkcnepuMeHTaAIbHOE UCCJIeI0BaAHMeE Paclipee/ieHUs HArPY3KHU B 3aLleNJIeHUsiX
KOJIeC MHOTONOTOYHOI IUIAaHeTAPHOI nepeaayu

Kak crnenyer w3 mnpeaplayliuX pa3iesioB, TEOPETHUECKHE 3aBUCUMOCTH JUIS
onpeneneHuss aepopMaluyd 3JIEMEHTOB IUIAHETAPHOM Mepenayd, OKa3bIBAIOLIUX
HauOoJIbIIIee BIMSHUE Ha pacIpeesieHUe Harpy3Kd B 3allCTUICHUSX KOJec 3y04yaToro
MEXaHU3Ma, TIOJATBEPKIAOTCS JAaHHBIMH  KOMITBIOTEPHOTO  MOJICTUPOBAHHS U
pe3ysibTaTaMi dSKCIEPUMEHTOB U BIIOJHE MPUTOIHBI JUIsl pacdyeTa KoddduimeHra
HEPaBHOMEPHOCTH pPaCHpeeeHUsT Harpy3Kd IO IOTOKaM MOIIHOCTA. B maHHOM
paszene JAUCCEPTAMOHHON pabOThl  OMBITHBIM IyTEM HWCCIASAYETCS  BIIMSHUE
MO/ATIMBOCTH OCHOBHBIX 3BEHBEB M TOTPEIIHOCTEH W3TOTOBJICHUS TMepeaynl Ha
pacrpesenenre Harpy3ku 1o catesmutam [105].

JIist  OKCIEpUMEHTOB  B3SITHl  TE€peladd, M3roTaBiIMBacMble Ha VDKeBCKOM
npeanpustin «Pexykrop» (tabmuia 5.1). PaccMOTpeHbl KOHCTPYKIIUH C «IIJIABAIOIICH»

COJIHEYHOM ILIECTEPHEU U C COJIHEYHOM ILIECTEPHEH, PACIIOJIOKEHHOM Ha JBYX OIIOpax.
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HccnenoBanuio MoBEpraich Mepeaadn ¢ )KECTKUM M TIOJIATIAUBBIM BOJIUIIOM (BOIMIIO
C Ta3aMH Ha MIeKax). /laTunky HaKJIeWBAIMCh HA HETOJBIKHOE IEHTPAIBHOE KOJIECO,
JUTSl 4UeTo Ha HeM Oblla BBITIOJIHEHA TIJI0IIAIKA.

OKCnepruMEHTAIBHOE OIIpENEICHUE Koa(puimeHTa HEPaBHOMEPHOCTHU
pacrpeiefieHdss Harpy3Ky MO caTeJUIUTaM OCYIIECTBISJIOCh HA CIEINMATbHOM CTEHJE,
COCTOSIIIIEM U3 CIIEAYIOIINX 3J1eMeHTOB (prcyHok 5.10):

- JJEeKTpoJBHUrareib  acuHXpoHHbIi  ANUPM90L4YVY3 C  YacTOTHBIM

npeodpazosareneM Prostar PR-6000;

- pama ¢ (raHIeM 7S KPeTUIeHUs SJIEKTPOIBUTATENS |

- TeH30MeTpUuUecKuit natunk kpytsamero momenta DACELL TRD-20K ;

- pama ¢ ¢aHIEeM Ui KPETUIeHUs UCTIBITYEMOTo peyKTopa ;

- ONBITHBIN 00pazel nepeaauu,

- TeH30MeTpuueckuit natuuk kpytsmero momenta DACELL TRD-50K ;

- DJIIEKTPOMAarHuTHBIN moponikoBeiii Topmo3 MEROBEL FRAT-3500 ¢ mudpoBsiM

KoHTposiepom anst yrpasienus um MEROBEL DGT-200;

- pama ¢ ¢aHIEeM U KpPerieHUs MOPOIIKOBOIO TOPMO3a |

- OCHOBAHHE ;

- TeH3oMeTpuueckas cranmus ZET A17-T8;

- aHaNIM3aTop CHEeKTpa HU3KoyacToTHOTrO nuanazona ZET 017-U8 ;

- KOMIIBIOTEP .

DNEeKTpOJBUraTellb MOIMHOCTBIO 2,2 KBT mo3Boisier pa3BuBaTh YacTOTy
BpaiieHusa Baia 10 1500 mua" Tpebyemas yacToTa BpalleHUsI 3aJa€TCsl 4aCTOTHBIM
npeobpazoBarenem PR-6000.

Tenzomerpuueckuit  gatunk  kpyrsmero wmomenta DACELL TRD-20K
MO3BOJISICT OMPENCIUTh KPYTAIIWNA MOMEHT Ha Bajy »JJCKTPOJBHUTATeNIs W Ha
OBICTPOXOIHOM  Baly  HcCcienyemMoil — mepemaud.  JlomyckaeMblii  JaTYMKOM
MakCUMaJibHbIi MOMEHT paBeH 200 Hwm. JlaTumk NOAKIIOYEH K TEH30METPHUUYECKOM
cranruu. [Ipyu paboTe yCTaHOBKM CUTHAII C JaTYMKa MOCTYINAeT Ha OJAWH W3 KaHAJIOB
TEH30METPUYECKON CTaHIMHU, TpeodpasyeTcss u o0padaThIBaeTCsl C HMCIOJIH30BAHUEM

IPOrpPaMMHOr0 00€eCIIeueHus], yCTAHOBIEHHOTO HAa KOMIIBIOTEPE.
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AHanoru4Ho, TeH30oMeTpuueckuii natuuk kpytsmero momenta DACELL TRD-
50K, coeanHEeHHBIH C 3JIEKTPOMarHUTHBIM opoikoBbIiM Topmo3zoM MEROBEL FRAT-
3500, mo3BoJIAET ONPEACIUTh KPYTSAIIUA MOMEHT Ha THUXOXOJHOM Bajy Mepelayu.
MakcuManbHbBIE MOMEHT, JOMYCKaeMbld 3THUM AaT4ukoM, paBeH 500 Hwm. Jlatumknm
TRD-20K u TRD-50K umeroT BCTpoeHHBIE TEH30YCHUIUTEH.

DnekTpoMarHuTHbIA mopomkoBsid TopMmo3 MEROBEL FRAT-3500  coznmaer
TOPMO3HOW MOMEHT Ha BBIXOJIHOM BaJly OINBITHOIO 0Opasiia mepeaadd BEIMUYUHON 10
350 Hm. KpyTsmumii MOMEHT, nepeaBaeMblil MOPOIIKOBBIM TOPMO30M, MOJKET IUIaBHO
U3MEHATHCA OT HYJS JI0 MAaKCHMaJbHOW BEIMYHUHBI. YTIPABICHUE UM OCYIIECTBIIACTCA
g poseM KoHTpouiepom MEROBEL DGT-200.

TenzomeTpuyeckas CTaHIUsA ZET Al7-T8 MO3BOJISICT BBITIOJIHATH
TEH30M3MEPEHHsSI ¥ MMEET BO3MOXXHOCTh MPUHMMATH CHUTHAJIBI 10 BOCHBMHU KaHaiam
enuHoBpeMeHHO. OHa MOAKIIOYAETCSs K KOMIBIOTEPY, HMEIOIEMY CIENHaIbHOE
nporpammuoe obecrnieueHue ZETLab mis Busyanmusaiuun U 0oOpaOOTKM — CHTHAJIOB,
NOCTYMAlOMIMX HA  KaHajbl TEH30METPUYECKOM  CTaHIMK, WX 3a0UCH H|
BOCIIPOU3BEICHUSI.

OKCTepUMEHTAIbHOE HCCIEOBAHUE PpACHpPEelCHUs Harpy3kd IO caTeJuTuTam
OCYILECTBIISUIOCh KaK B CTaTHKE (IIPU 4YacTOTE BpALICHMsI Baja AJIEKTPOABHUIaTEls,
ONMU3KOW K HYJI0), TaK W IpU 4YHciIe OOOPOTOB B MHMHYTY BOAMJIA HCIBITYEMOIO
peaykropa 200.

[lepen ucnpITaHUSAMU Ka)KIOTO ONBITHOTO OOpaslia mepefaun OCYIIECTBIISIACh €ro
npupabOTKa Ha XOJIOCTOM XOAy 0€e3 CMa3KH, 3aTeM — OOKaTKa ¢ IPUMEHEHUEM CMa3Ku
IpHU Harpy3Ke, CTYNEHYaTO M3MEHSIOUIEHCS OT HyNA 0 MaKCUMAIbHO IOITyCKaeMOM
UCIOJIb3YEMBIM JJIS1 3TOTO MOPOIIKOBBIM TOPMO30M. B KauecTBe cMa3ku s 3y0UaThIX
KOJIEC HCIOJB30BAIIOCH Maciio TpaHcMmuccuonHoe TM-2-18  T'OCT 17479.2-85
(KkuHEMaTHUYeCKas BI3KOCTh Tipu Temriepatype 100°C 14-24,99 rn? / cex , TMHAMIYECKAS
- He 6osee 150 I1a), 115 MOAMIMIHUKOBBIX Y3JI0B U APYTUX TPYIIUXCS MOBEPXHOCTEH —
JIuton-24. Tlocine oOKaTKM MPOM3BOAMIACH pa30OpKa PEIyKTOpa W €ro MPOMBIBKA.

3areM 1moclie 3aJUBKA Macia OCYHICCTBIIAJIMCHL HCIIBITAHUA.
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Ha pucynke 5.11 npuBeneHna ociuuiorpaMma HampsiKeHUH B 000/1€ HETIOIBUYKHOTO
LHEHTPAIBHOIO KOJIECA, COOTBETCTBYIOIIAsA NIEPEAAU€e C NOAATIUBBIM BOJIUIOM (PUCYHOK
5.12).

st ompeneneHus kodd@uIMeHTa HEPABHOMEPHOCTH pacHpeneieHUus Harpy3Kd
HEOOXOJMMO 3HaTh OTHOUICHHWE MAaKCHUMaJIbHOrO €€ 3HadeHusi (Ha Haumbolee
Harpy>KeHHOM  CaTeNIUTE€) K CpeJHEMYy, TI03TOMY YKa3aHHBIM  Kod(DPUIIMEHT
ONPEAEIAICA KaK OTHOUIEHHE MAaKCUMAJIBHOTO 3HAYEHUs CHUTHAJIA C TEH30JaTyuKa K

CpeIHeMY ISl 33IaHHOTO YKcIia catesuuToB [9]:
My
Ki =Ny D0 (5.2)
=

rae h, — 3HaYeHue CUrHaja ¢ JaT4vKa, COOTBETCTBYIOILETO j-My CATEIMTY, Ny, -

YHUCJIO CATEJUINTOB IIEPEIayn.
beina mpoBeneHa cepus U3 n=20 OIBITOB.
[Ipu onpenenennu ko3 uIieHTa HEPABHOMEPHOCTH PacpeeiIeHUs] Harpy3KH 10
caTeJUIMTaM Mepelavu ¢ MOJATIMBBIM BOJWIOM CpeHEe apu(PMETUUECKOE Pe3yIbTaTOB

nu3Mepenwuii [9]

R:%iKi =145, (5.3)

i=1

CpenHeKBaapaTHIYHOE OTKIIOHCHUE (CTaHIapTHASI HEOTPEACICHHOCTH) [9]

n

—\2
> (K, -K)
o=1+1———=0031. (5.4)
n-1
[Tpu noBepuTENbHOM BepoATHOCTH « =0,95(95%) oTHOIIeHue [9]
e=AK/oc=2. (5.5)
Tornma nmomymupuHa TOBEPUTENBHOTO UHTEpBATIa AK = 0,062.
OTHOCHUTEIbHAS MOTPEIIHOCTh U3MEPEHUN
K = AK /K =0,043. (5.6)
Takum 06pa3om, TOBEPUTEIBHBIA HHTEPBAT U3MepsieMoi Bennanabl 1,39-1,51.
AHanmoruyHbIM  00pa3oM  NPOBOAWINCH  HU3MEPEHHUS  HANpsHKeHUH U

COOTBCTCTBYIOHIGI;'I WM HArpy3kKu B 3alCINICHUAX KOJICC MEpcaadn € KCCTKUM BOAWIIOM

U OCYIIECTRIISIACh 00pabOTKa IKCIIEPUMEHTATBHBIX TAHHBIX.
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Ha pucynke 5.13 mpuBeneHa ocuusuiorpaMma  paclpefesieHUs HaNpsKeHUH U
COOTBETCTBYIOIIEHM WM HArpy3Kd B 3alCIUICHUSX CATEJUIMTOB C LEHTPAIbHBIMU
KOJIECAMU TPEXCATCJUINTHOM IIepelaud C JKECTKMM BOAWIOM U JBYXOIIOPHOM
COJIHEYHOM IIEeCTEpHEH, M3 KOTOPOH clieAyeT, uyTo KO3(p(UIMEHT HEPaBHOMEPHOCTHU
pacnopeacicHusd Harpy3kd II0 IOTOKaM €€ MOIIHOCTH K=16+0,06. IlapameTpsl
UCCJIeNyeMbIX Mepefad COOTBETCTBYIOT JAaHHBIM Tabnmuibl S5.1; Harpy3ka Onu3ka K

HOMMHAaJIbHOM pvaCTHOﬁ, CTCIICHb TOYHOCTU U3IOTOBJICHUA IINIAHCTAPHOI'O MCXaHHU3Ma

COOTBETCTBYET TOYHOCTH Tiepenay oOmiero HazHadeHus (8-B).

Pucynok 5.10 - CteHp 1y1st UCTIBITAaHUS COOCHBIX MEXAaHWMYECKUX Tepenad

Pucynok 5.11 - Pacnpenenenue Harpy3ku no NOTOKaM MOITHOCTH TPEXCATEIUIMTHOM
IUIaHETapHOM Nepeiayu ¢ MOJATINMBBIM BOJIUJIOM U JBYXOIMOPHBIMU OCSIMU CaTEJUTUTOB
IIPU OTCYTCTBUU «IJIABAIOIINX) 3BEHHEB
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Tabmuma 5.1. TlapameTpsl onbITHOTO 00pa3iia MIaHeTApPHON TIepenadn

3nauenue
Iapamemp Obo3Hnauenue
napamempa
[lepenarodnoe OTHOIICHUE i 6,05
Monynb 3anerieHus, MM m 15
Yucio 3yObeB caTeunTa Z, 40
Yucno 3yObeB Z, 101
HETIOJIBMKHOTO KoJleca
UYwuco 3yObeB COMTHEUHOM 7 20
HIECTePHU :
VYron npodusis UCXOTHOTO o 20
KOHTYpA, Tpajl
[[IupuHa BeHIIa caTeunuTa,
Bug 15
MM
[IIupuHa niexy BoAuIa, MM b 9
OTHOMIEHNE PACCTOSHUS OT
IIEHTpa OCH JI0 T1a3a B MICKE a - 057
a ,
K auametpy ocu d (tipu
MOJATIIMBOM BOJIHIIC)

JluaMeTp ocu caTeuinTa, MM d 20
Yuclo caTesiuToB Ny 3
Marepuain coJIHEYHOM Cranb

IECTEPHU - 12XH3A
(tBepmocth HRC) (57...63)
Cranb
Marepuai caTeuIuTOB ) 25XTM
tBeprocth HRC
(tBep ) (57...63)
Marepuan HEMOABUKHOTO Crans 40X
IEHTPAIBHOTO - 270.. 290
KoJieca (TBepaocts HB) (270...290)
CreneHp TOYHOCTH ) 3-B
W3TOTOBJICHUS TIepeaadn
60204 T'OCT

IHoammmnHuKM caTelyInTOB

7242-81
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Pucynok 5.12 - OnsITHBIN 00pa3el] mIaHeTapHOU Mepeiadn ¢ MOAATIMBBIM BOJIUIIOM

Pucynok 5.13 - Pacnpenenenue Harpy3ku 1o roTokaMm MOIIHOCTH TPEXCATEITMTHON

HHaHeTapHOﬁ nepeaadun € )XKCCTKUM BOAUIIOM U ABYXOIIOPHBIMHU OCAMU CATCIUIATOB IIPpH
OTCYTCTBHH «IlJIaBaAONINX» 3BCHbHCB



125
3akiiroueHue

MHoronorouHsle IIaHeTapHble nepeaaun /xenmca mMupoKo pacIpoOCTPAHEHBI B
TeXHHUKE Ojaroaapsi OONbIION HAarpy304HON CIOCOOHOCTH, BHICOKOMY KO3(h(UIIMEHTY
IOJIE3HOTO  JeCTBUS, XOpPOLIMM  MaccorabapuTHbIM U BHOPOAKyCTHYECKHM
xapakTtepucTukaM. OpHaKo BO3MOXHOCTH JOTUX MEXaHM3MOB HE HCUEpIaHBI.
PanmonanpHelil BEIOOP KOHCTPYKLIMHM M IApaMeTpPOB IEpPEAayd IMO3BOJSET CHU3HUTH
HEPaBHOMEPHOCTh PaCIpe/ieieHHs] Harpy3KH B 3alleIUICHUSX MPHUBOJIA, MOBBICUTH €r0
HECYIIYI0 crnocoOHOCTh. Ilo pe3ynbraTam BBINOTHEHHOTO HCCIEAOBAHUS MOYKHO
CZIeNIaTh CJIEAYIOLIUE BbIBOBI.

1.Ilpy HeOONBIIOM OTHOIIEHWH IMIMPUHBI 3yO4YaTOro BEHLA K BBICOTE 3y0Oa
catesuta (b/H <8) ko3d(PUIMEHT HEPaBHOMEPHOCTU pacHpelesieHUs] Harpy3Ku IO
JUIMHE 3yObeB, OOYCIIOBJIEHHBI IOTPEIIHOCTbIO MX  HAIpaBlICHUs, OOJbIIE
K03 puIieHTa HEPaBHOMEPHOCTHU PACIIPEACIICHHS HANIPSOKEHUN U3ruda He MEHee YeM
Ha 10%.

2.IlnaneTtapHyto nepenayy co COOpPHBIM BOJMJIOM II€JIECOOOPA3HO HCIOIb30BATh
TOJIBKO MPU CaMOYCTAHABJIMBAIOIIMXCS caTeJUIMTaX. B IMpOTHBHOM cilydae Jaxe Mpu
OOJBILIOM pajnyce CTYMHIIbI BBIXOJHOTO Baja (OJIM3KOM K MEXKOCEBOMY PACCTOSHUIO
nepenaun) u Oonpmiom guamerpe Il — oOpasHoro »snemeHTa KO3 QGUUIMEHT
HEPaBHOMEPHOCTH pacHpeesIeHUs] Harpy3KHy MO JUIMHE 3yObeB MPEBbIIIACT 2.

3.1Ipu OTHOILIEHUM LIMPUHBI COJHEYHOM IMIECTEPHU K €€ AuaMeTpy He meHee 1,8
KO3 (PUIIMEHT HEPaBHOMEPHOCTU pACHIPENECICHUs] Harpy3kKd IO JJIMHE 3yObeB,
OOyCJIOBJIEHHBIN €€ KpydeHueMm, OJM30K K KOd(h(UIMEHTY HEepaBHOMEPHOCTH
pacnpeneneHuss HanpsbKeHU u3ruba 3yObeB U JaKe NPH CaMOYCTAHABJIMBAIOLIUXCS
caTeJUIMTax COCTaBjsgeT He MeHee 1,4.

4. Hannune «IU1aBarolIMX» OCHOBHBIX 3BEHBEB B IJIAHETAPHOW IEpenayve Mpu YnCie
CaTeJUIMTOB OOJbIIe TpeX He O00ecrneyrBaeT BBICOKOM CTENEHH PaBHOMEPHOCTU
pacnpesiesieHusl Harpy3Kd IO TOTOKaM MOIIHOCTH (KO3((PHUIIMEHT HEPaBHOMEPHOCTH
MOXET JocThrath 2 u 6ojnee). OmHAKO KOHTAaKTHAas M M3rMOHas IMOJATIMBOCTH OCEH
CaTEeJUTUTOB, a TAKXKE MOAATIMBOCTh UX MOAIIMITHUKOB KAaYEHUs CHUXKACT YKAa3aHHBIM

kod(durreHT He menee yeM Ha 45%.
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5. Harpy3ouHasi cnocOOHOCTh MSATUCATEIUIUTHOW KOHCTPYKIHMHM MPAKTUYECKH HE
OTJINYAETCSI OT YKa3aHHOTO IOKA3aTesisl IMepeayd C MIECThI0 CaTeJUIMTaMU, TaK KAk
MOBBIIIIEHNE HArpy304HOM CHOCOOHOCTH 32 CYET YBEJIMYCHHS 4YHCIa TTOTOKOB
MOITHOCTH KOMIIEHCHUPYETCsl TOBBIIIEHHEM KO3 UIIMEeHTa HEPaBHOMEPHOCTH
pacmpejielieHdss Harpy3kd B 3anerieHusix  kosec.Harpy3ouHnas  crmocoOHOCTB
CEMHUCATCIUIUTHOM TMepellayd TMpPU HAIUYUKM TOTPEUIHOCTEH €€ U3rOTOBJICHUS
MPEBBIIAET  YKA3aHHBIM  TEXHUKO-)KOHOMHUYECKMW  MOKa3zaTrenb  IATH- |
IIECTUCATEIIUTHON  KOHCTpyKui npumepHo Ha 20%-30% (mpu OTCYyTCTBUH
norpemHocteid — Ha 40% u 17%, COOTBETCTBEHHO).

6.BeinmonHenne Boawia MOJATIMBBIM (C TMa3aMM B IIEKax) MO3BOJSET CHU3UTH
KO3(PGUIIMEHT HEPABHOMEPHOCTH PACHpPEACIICHUS HArpy3Kd IO caTeJUIuTaM IsTH —
CEMUCATEIUINTHON KOHCTPYKLIHUM NIEpelaun € «IUIABAKOLIEH) COJTHEYHOU LIECTEPHEW Ha
10% - 14%.

7. Harpy3ouHas crnocoOHOCTh IepeAadyd ¢ OIPaHUYEHHBIM pPaaUajIbHBIM pa3MEPOM
4acTO JIMMUTUPYETCS TPy30MOJAbEMHOCTBHIO MOJIIWITHUKOB KadeHus. B cBs3u ¢ 3TUM
1e71eco00pa3HO KK/ CAaTEeIIUT BBIMOJHUTH COCTOSIIUM U3 JBYX WM Oojiee KoJiec,
YCTaHOBJICHHBIX Ha C(epUyYecKUe MOIIIUIMHUKA, a JJIsi CHIKEHUS HEPaBHOMEPHOCTH
pacrpeneneHuss Harpy3kd IO HHM HCHOJIb30BaTh pPallMOHAJIbHBIE KOHCTPYKUIHIO H
napaMeTphl MexaHu3ma (HarmpuMmep, nepeaady ¢ NoAaTIMBbIMU IIEKaMU BOAUIIA).

8. Koappurment HepaBHOMEPHOCTH  paclpesiesieHus Harpy3kd 10  BeHIaM
JBYXPSAHOTO caTeJIuTa nepeaadyu ¢ MOAATIMBLIM BOAWIOM (BBITTOJIHEHHBIM C Ma3aMu
B Ill€Kax) MpU palMOHAIbHBIX MapaMeTpax MexaHu3sMa Hmwke Ha 8% - 11% mno
CPAaBHEHHUIO C AaHAJIOTUYHOU MEPENAYEN C )KECTKUM BOJIHUIIOM.

9.B mepemade ¢ KOHCOJIBHBIMM OCSMM CAaTEJUIMTOB JBYXPSAHOE HMX HCIOJHEHUE
BO3MOYKHO JIMIITH MPU BBITIOJIHEHUH 000JI0B KOJIEC, PACIIOIOKEHHBIX CO CTOPOHBI IEKU
BOJIMJIa, TOHKOCTEHHBIMH (C TOJIIMHOM, HE MPEBBIMIAIONIEH 2,5 MOTyJIEH ).

10.1Tpy MHOTOpPAIHOM HCHOJHEHWHM TUIAHETAPHOW Tepeladyr BOJWIO CIIEIyeT
BBITIOJTHUTH C Pa3HBIMH pa3MepaMU IEePEMbIYEK, IUPHUHA KOTOPBIX YBEIIMUUBAETCA MPU

Nnepexo€ OT psaga CO CTOPOHLBI TOJABOAA MOMCHTA K pAAY CO CTOPOHBI €0 CHATHA, YTO
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MO3BOJIAET TMpPH PALMUOHAIBHOM BBIOOpE MapaMEeTpOB MPAKTUYECKH MOJHOCTHIO
n30aBUTHCS OT HEPABHOMEPHOCTH PACIpeAeNieHUs] Harpy3KH IO JJIMHE 3yObeB KOJec,
0OYCJIOBJIEHHOM KPYYEHUEM COJIHEUHOMU 1IeCTepHHU.

11.BpIloTHEHUWE  HEMOJABMKHOIO  LIEHTPAJIbHOrO  KOjieca  Mepeladuu ¢
HEIBOJIbBEHTHBIMHU 3yObSMHU-TIEPEMbIYKaMU TO3BOJISIET CHU3UTH PaJAHAIbHBIA pa3zMep
MEXaHU3Ma Ha BEJIIMYMHY, paBHYIO ToJuHE obOoxa (Ha 3 — 4 Monyins), TUMUTHPYET
HArpy304YHYIO CIOCOOHOCTh TaKOH Mepeaaun U3ruoHas MPOYHOCTh 3yObeB-TIepEMbIUEK.

12.KoHeuHO-37IEMEHTHBIN aHaIU3 HaNpsHKEHHO-1e(OPMUPOBAHHOTO COCTOSIHUSL OCU
caTeJUIMTa U LKW BOJAWJIA IUIAHETApHOW Nepenayu Mokasaj, YTO NOJATIMBOCTh 3TUX
AJIIEMEHTOB OJIM3Ka K MOJIaTIUBOCTH, MMOJYYEHHON aHATUTHYECKUM ITYTEM.

13.YCcTaHOBNEHHBI  HKCHEPUMEHTANbHO  KOA(P(GUIMEHT  HEPaBHOMEPHOCTH
pacnpeneneHuss Harpy3Kd IO IOTOKaM MOIIHOCTH TpPEXCAaTEUIMTHOM Nepeladud ¢
MOAATIIMBBIM BOAWIOM  TPU OTCYTCTBUU «IUIABAIOIIMX» OCHOBHBIX 3BEHHEB HE
npeBbliaeT BenuuuHbl 1,45, uyto Hwmwke unpumepHo Ha 10% aHamorudHOro
kos(pduienTa nepenadyn ¢ KECTKUM BogwioM. CreaoBarenbHO, Harpy3o4Has
CHOCOOHOCTB MEPBOM KOHCTPYKIIMH HA CTOJIBKO K€ BBIIIE BTOPOIA.

14.Pe3ynbpTaThl Hay4HO-MCCIIEAOBATEIBCKOM pabOThl MCIOJIb30BaHbl Ha MkeBCcKOM
npeanpusaTud «PenykTop» mpu NpoeKTUPOBAHUM MPHUBOJA THAPO3ANOPHON apMaTyphl

(pucyHok 5.14).
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