
YJJ:K533.2+534.14, 67.05

06 MCCne,I(OBaHMMKone6aTenhHoro ,I(BIDKeHIDI ra30Boro IIO,I(BeCa

pOTopa TYP6oXOnO,I(MnhHhIX M ,I(eTaH,I(epHhIX MaIIIMH.
qacTh I. IIocTaHoBKa 3a,II;aQM

RH. YCKOB
EFTY «BOEHME%» UM. MaputaJla $. CP.YcmuHo6a

190005, CaHKm-IIemep6YP2, Y/l. 1-fl KpacHoapMeUCKafl, 1
II. B. EYJlAT

000 «IIpo6/leMHafl /la60pamopUfl «Typ6oMautUHbl"»
198035, CaHKm-IIemep6YP2, Y/l. CmenaHa PQ3UHa, 7/78

The task of creating designs gas bearings with gasfed, substantially greater than the existing gas-dynamic flap
and foil bearings, both on duty and on the resource, the frequency of rotation of the shaft, and other perfor-
mance characteristics. The results of investigation of the vibrational modes of motion of the rotor, the causes,
mechanisms, and the amplitude-frequency characteristics of pressure fluctuations in the supply system of the
working fluid and the lubricating layer of the gas bearing.
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BBe,lJ,eHHe

O)J,HHM W3 HarrpaBJIeIDIH rroBbIllIemur Ha,!J,e)K-

HOCTWW YBeJU1qemur pecypca pa60TbI Bpaw:aIOI1.IJ1XC5I

MaUJl1H meTC5I rrpHMeHeHMe 6eCKOHTaKTHbIX orrop

Pa3.lIMYHOH KOHCTpYKUJ1l1, KOTopble o6eCrreqWBaIOT

Bpaw:eHMe W cTa6wJUnallJ1IO rrpOCTpaHcTBeHHoro rro-

JIO)KeHl15I pOTOpOB 6e3 Herrocpe)J,CTBeHHoro KOHTaKTa

MeTaJIJIMYeCKI1XQaCTeH. OTcyrcTBMe KOHTaKTa Ha pa6o-

l{J1Xpe)Kl1Max, a CJIe)J,oBaTeJIbHO,KOHTaKTHOrO Tpemur,

oTcyrcTBMe Heo6xo,lU1MOCTM B cMa3Ke, B03MO)KHOCTh

o6ecrreQemur BbICOKl1XQaCTOTBpaw:emur, OTHOCWTeJIb-

Ha5I rrpocToTa WMaJIbrn Bec KOHCTp)'Kll:l1l1 )J,eJIaIOTTaKI1e

OrrOpbJ BeCbMa rrpMBJIeKaTeJIbHbIMW )J.JI5ITex OTpaCJIeH

TeXHI1KI1, me Tpe6yeTC5I rrp0)J,OJI)KMTeJIbHa5IWHa,!J,e)KHa5I

pa60Ta 6e3 o6c.II}')Kl1Bamur, JIerKOCTb WKOMIIaKTHOCTb.

C03)J,aHwe TaKI1X rro)J,IllwrrHwKoB rr03BOJIWT pa-

)J,I1KaJIbHO ynpOCTWTb TpaHcMMccMM PMa yCTpOHCTB

(ryp6oXOJIO)J,MJIbHbIX arperaToB M MaIllwH, )J,eTaH,!J,e-

pOB, ra30Typ6MHHbIX)J.BMfaTeJIeH, KOMrrpeccopoB, Ha-

COCOB, BeHTl1JI5ITOpOB), WCKJIIOQWBCwcTeMY CMa3KI1,

rrpw o)J.HoBpeMeHHoM YBeJIMYeHWW pecypca TpaHc-

MWCCMH3TMX yCTpOHCTB.

OCHoBHble rrpeWMYIllecTBa ra30BbIX rro)J.IllwrrHw-

KOB rro cpaBHeHwIO C orropaMM KayeHl15I, 3JIeKTpO-

MarHWTHbIMW M rW)J,pocTaTMYeCKI1MWrro)J,IllwrrHwKaMw

3aKJIIOQaIOTC5IB CJIeJJ.YIOw:eM:

- crrOC06HbJ pa60TaTh rrpl1 BbICOKl1X W HI13K11X

TeMrreparypax 11BJI(l)K}fOCTW;

- o6eCrreQMBaIOT Ha,!J,e)K}f)'lOM )J.OJIfOBeQHYIOpa-

60Ty Y3JIOBTpeHl15I;
- 06JIa,!J,aIOTCTOHKOCTbIOrrpOTI1B pa,!J,Mal.(I10HHO-

ro 06JIYYeHl15I;

- He 3arp5l3H5IIOT OKp~aIOW:YIO CpelJ.Y;

- CYIlleCTBeHHO ynpow:aIOT KOHCTp)'Kll:I1IO Y3JIa

TpeHl15I;

- 06eCrreQWBaIOT HW3KI1H ypoBeHb Bw6pal.(WM

M JllYMa.

fJIaBHOH TeXHI1yeCKOH 3a,!J,ayeH, KOTOPYIO rrpM-

XO)J,I1TC5IpeIllaTb rrpI1 rrpWMeHeHMW ra30BbIX rrO)J.IllI1rr-

HMKOB, 5IBJI5IeTC5l06eCrreQeHMe BbICOKOH 3KcrrJIyaTa-

l.(WOHHOH Ha,!J,e)KHOCTMpa60TbJ B yCJIOBI15IXBI16pal.(WH

11 rreperpY30K, CYIlleCTBeHHoe rrOBbIIlleHwe rpY30rro-
)J.1>eMHOCTWrrO)J.IllI1rrHI1KOB.

)l,oCTJ1)KeHl15I B 3TOH 06JIaCTI1 orrpe)J.eJII1JU1KOM-

MepQeCKI1H ycrrex 3HepreTMYeCKI1X KJIaCTepOB ra30-

BbIX MI1KPOryp6wH qmpMbI CAPSTONE, KOTOpa51

peaJIW30BaJIa Ha pbIHKe 60JIee 2500 yCTaHoBOK C ra30-

)J,WHaMMYeCKI1MMrrO)J.IllI1rrHI1KaMI1. OCHOBHbJe J1CCJIe-

)J,OBaHl15I)J.JI5ICAPSTONE 6billW BbIITOJIHeHbI B NASA

Lewis Research Center [1].
K YI1CJIy OTeQeCTBeHHbIX )J.oCTJ1)KeHWHMO)KHO OT-

HeCTW rrpI1MeHeHWe ra30BbIX JIerreCTKOBbIX rrO)J.IllI1rr-

HI1KOB B pa3pa6oTaHHoH qmpMoH «HayKa» CMCTeMe
KOH,!J,Ml.(I10HI1pOBaHl15I )J.JI5I CaMOJIeTOB Ty-134j234,
a TaK)Ke )J.JI5I)KeJIe3Ho)J.0p0)KHoro TpaHcrropTa.

B HaCTOilll.(ee BpeM5I orrpe)J.eJIMJIOCbHeCKOJIbKO06-

JIaCTeH TeXHMKI1, B KOTOpbIX rrpI1MeHeHWe rrO)J.IllwrrHW-

KOB Ha ra30BOH CMa3Ke CYWTaeTC5Il.(eJIeC006pa3HbIM:

- )J.JI5ITOITJIWBHO-3HepreTMYeCKOrO KOMITJIeKCa

cTpaHbI, B yaCTHOCTl1 )J.JI5I3aMeHbI MaCJI5IHOH CMCTe-

MbI orrop ra30rrepeKaYWBaIOW:I1X arperaTOB M Hacoc-

HbIX CTaHl.(I1H HeqnerrpoBo)J.oB, a TaK)Ke aBTOHOMHbIX

3Hepr06JIOKOB;

- BTOPbIM rro B(l)K}fOCTM 5IBJI5IeTC5lPbIHOK KpMO-

reHHOH TeXHI1KI1 M ryp60XOJIO)J.MJIbHbIX arperaToB;

- TpeTbWM rro eMKOCTW5lBJI5IeTC5IPbIHOK aBl1al.(W-

OHHbIX ra30Typ611HHbIX yCTaHOBOK.

IIepcrreKTwBHbIM 5IBJI5IeTC5I rrpwMeHeHwe 6ec-

KOHTaKTHbIX rrO)J.IllI1rrHI1KOB Ha ra30BOH CMa3Ke

B ryp6oXOJIO)J.MJIbHbIX arperaTaX (TXA) M ra30pa3)J,e-



JUITeJIbHbIX yCTaHoBKaX (,ll,eTaH,ll,epaX). B 3THX cnyqa-

IDe BroKHbIM 5IBJl5IeTC5I OTCYTCTBl1e 3arp5I3HeHl15I ra30B

H IlpO,IJ,yKTOB OXJIIDK,ll,eHl15IMaCJl5IHOM CMa3KOM.

3JIeKTpOMarHMTHble OIlOPbI H)I)K,IJ,alOTC5IB BbICO-

KOCKOpOCTHbIX 3JIeKTpOHHbIX Cl1CTeMax yrrpaBJIeHl15I,

qyBCTBHTeJIhHbI K Ka':lecTBy 3JIeKTp0Ill1TaHl15I 11 3JIeK-

TpOMarHMTHbIM 1l0MeXaM, MMeIOT HeCTa6l1JIhHble

CBOMCTBa IlpH 113MeHeIDrn TeMllepaTYPbI OKp)')KalO-

IIIeM Cpe,ll,bI, Tpe6YlOT TO':IHOrO H3roTOBJIeHl15I CJIO)I(HhIX

KOHCTpYKUHM. l1x )I(eCTKOCTb B HeCKOJIhKO pa3 HIDKe,

':IeM y 1l0,ll,lllliIlHMKOB Ha ra30BOM CMa3Ke, T. e. ,ll,JI5ICO-

3,ll,aHl15I O,ll,MHaKOBOM1l0,ll"ll,ep)l(J1BaIOIIIeM CMJIbI 3JIeKT-

pOMarHMTHble 1l0,ll,IIIl1IlHMKl1 Tpe6YlOT B HeCKOJIbKO Pa3

60JIbIllHX 3aTpaT 3Heprl1H. PaCCMOTpl1M 6eCKOHTaK-

THble 1l0,ll,IIIl1IlHl1KH Ha ra30BOM CMa3Ke, a TaK)l(e B03-

HMKHOBeHl1e HeCTal(110HapHbIX pe)l(J1MOB HX pa60TbI.

060CTpeHl1e 3KOJIOrWfeCKOM 06CTaHOBKM, CBH-

3aHHoe C pa3pYIIIeHl1eM 030HOBoro CJI05I 3eMJIl1, pa3-

Bl1BaIOIIII1MC5I rJI06aJIbHbIM. 1l0TellJIeHl1eM, lloTpe6o-

BaJIO C03,ll,aHl15I XOJIO,ll,MJIbHbIX MaIIII1H HOBoro 1l0KO-

JIeHl15I, pa60TaIOIIIHX Ha 030Ho6e30llaCHbIX Ilpl1pO,ll,-

HbIX XJIa,ll,areHTax, B ':Il1CJIO KOTOpbIX BXO,ll,l1T BO,ll,a,

B03,IJ,yX, ,ll,110KCM,ll,yrJIepO,ll,a, aMMl1aK, yrJIeBO,ll,OpO,ll,bI.

Hal160JIee YHI1BepCaJIbHbIM 113 HHX HBJl5IeTC5I aTMOC-

¢epHbIM B03,ll,yx. K ,ll,OCTOl1HCTBaM B03,IJ,yXa KaK XJIa-

,ll,areHTa OTHOCHTC5I ero ,ll,OCTyrrHOCTb, HeTOKCl1'1-

HOCTb, 1l0)l(apOB3pbIBo6e301laCHOCTb, B03MO)I(HOCTb

IlpHMeHeHl15I ,ll,JI5I HeIlOCpe,ll,CTBeHHoro OXJIIDK,ll,eHl15I

IlP0,ll,YKTOB. YCTaHOBKH C B03,IJ,yIIIHbIM XOJIO,ll,MJIbHbIM

l(I1KJIOM cnoco6HbI pa60TaTb B ,ll,l1alla30He TeMllepa-

Typ OT KOMHaTHbIX ,ll,O TeMllepaTypbI )I(J1,ll,KOrO B03-

,IJ,yXa. B03,ll,YX I1MeeT HYJIeBble 1l0TeHl(l1aJIbI pa3py-

IlleHl15I 030HOBoro CJIOH 11 rJI06aJIbHOrO nOTellJIeHl15I

11 1l0JIHOCTbIO OTBe':laeT BceM Tpe6oBaHl15IM MOHpe-

aJIbCKOrO 11 KMoTcKoro IlpOTOKOJIOB 110 3KOJIOrl1'1ec-

KOM 6e30naCHOCTI1. Typ60XOJIO,ll,l1JIbHble arperaTbI

npe,ll,CTaBJl5IIOT C060M BbICOKOo6opOTHble Typ611HbI

Ha ra30BbIX 1l0,ll,IIIl1IlHI1Kax. Ha CMa3KY 1l0,ll,Illl1IlHl1-

KOB 1l0,ll,aeTC5I TOT )I(e B03,ll,YX, KOTOpbIM M,ll,eTHa pac-

Illl1peHl1e B Typ611HY. O,ll,HOBpeMeHHO C XOJIO,ll,OMYC-

TaHOBKM np0I13BO,ll,HT BbICOKOIlOTeHl(l1aJIbHOe TeIlJIO,

KOTopoe MO)I(HO I1CIlOJIb30BaTb B np0I13BO,ll,CTBeHHbIX

l(eJIHX.

TXA npe,ll,Ha3Ha':leHbI ,ll,JI5Ipa60TbI:

- B cHcTeMax IllOKOBOM 3aMop03KH pbI6bI, MO-

penpO,IJ,YKTOB, M5ICHbIX llony¢a6pl1KaTOB, OBOIIIeM

11¢PYKTOB, 3aKaJIKH MOpO)l(eHOrO;

- B TeXHOJIOrl1':leCKHX JIMHl1HX H113KOTeMllepa-

TYPHOM llepepa60TKH pe311HbI, IIIl1H, llJIaCTMaCC, Ml1-

HepaJIbHOrO CblPbH 11T.Il.;

- B COCTaBe yCTaHoBOK llepepa60TKH 1l0IIYTHbIX

11 ¢aKeJIbHbIX ra30B 11 yCTaHoBOK H113KOTeMneparyp-

HOM O'lI1CTKH onaCHbIX ra30BbIX BbI6poCOB.

TaK)l(e TXA MOrYT I1CnOJIb30BaTbCH ,ll,JI5I:

- KOMllJIeKTal(l1lf H113KOTeMIlepaTYpHbIX l1CllbI-

TaTeJIbHbIX KaMep;
- OXJIIDK,ll,eHl15IH113KOTeMIlepaTYpHbIX XJIa,IJ,OHO-

CI1TeJIeM.

Typ6o,ll,eTaH,ll,epHbIe arperaTbI

Ha ra30CTaTIflIecKHX onopax

3TOT Tl1Il TYP60arperaTOB I1CIlOJIb3yeTcH B yCTa-

HOBKax pa3,ll,eJIeHl15I B03,IJ,yXa. Oco6eHHOCTbIO TYP60-

arperaTa HBJIHeTCH TO, '1TO BMeCTO MaCJIHHOM CI1CTeMbI

CMa3KH 1l0,ll,llllinHMKOB I1CIlOJIb3yeTcH pa6o':lMJ1: ra3. Ta-

KaH KOHCTpYKUl15I MMeeT PM Ilpel1MYIIIecTB: rapaHTI1-

pyeTcH ':Il1CTOTa nOTOKa ra3a, yrrpoIIIaeTC5I 3KcllJIYaTa-

l(J15I 11 1l0BbIIIIaeTCH Ha,IJ,e)I(HOCTb arperaTa. II3BecTHoe

orpaHJ1lfeHl1e pa3MepHOCTI1 06bI':lHbIX ra30BbIX 1l0,ll,-

IIIl1IlHMKOB He 1l03BOJI5IeT YBeJIJ1lfl1BaTb Ilp0113BO,ll,11-

TeJIhHOCTb. ITo pacxo,IJ,y pa6o'lero ra3a arperaTbI Ha ra-

30BbIX onopax yCTyrraIOT KJIaCCl1':IeCKMM ryp60,ll,eTaH-

,ll,epaM Ha 1l0PMOK. ITpl1MeHeHl1e ra30CTaTl1':IeCKOrO

yrrpaBJl5IeMoro 1l0,ll,IIIl1llHl1Ka (feIT) C Ilpl1HY,ll,l1TeJIb-

HOM nO,ll,a':leM pa6o'lero TeJIa B 3a30p Me)l(,ll,)' CTaTopOM

11pOTOpOM 1l03BOJI5IeT CHHTb orpaHl1':IeHl1e Ha rpY301l0-

,ll,beMHOCTb 11IlP0113BO,ll,l1TeJIbHOCTb TYP60MaIIIl1HbI.

B03MO)I(HOCTb l1CIl0JIb30BaHl15I B03,IJ,yXa B Ka':leC-

TBe CMa30':IHOro BeIIIeCTBa 6billa IlpOBepeHa XMPHOM,

KHHc6epl1, fappl1COHOM, a 60JIee 1l0JIHoe I1CCJIe,ll,O-

BaHMe l(l1JIl1H,ll,pl1':leCKHX onop CKOJIh)l(eHl15I C raJO-

BOM CMa3KOM 6billO IlpOBe,ll,eHO C. A. IIlTei1:H6eproM

B 1953 r. [2], a TaK)l(e Ha Ka¢e,ll,pe MeXaHl1Kl1l1 MaTeMa-

TMKH JIITH no,ll, PYKOBO,ll,CTBOMJI. f. JIoMuHHCKOro -

OCHOBOIlOJIO)l(HJ1Ka IIIKOJIhI ra30BOM ,ll,MHaMMKH[3]. Ka-

¢e,ll,pa JIITH 3aHMMaJIaCb pa3pa60TKoM TeOpl1l1 mpoc-

KonOB Ha raJOBOM 1l0,ll,Bece, a TaK)l(e ra30CTaTl1':IeCKHX

Y3JIOB,ll,JI5ITO':IHOMBbIBepKH Ilp1160pOB.

ITo Ilpl1Hl(l1rry C03,ll,aHl15I nO,ll,beMHOM CMJIbI, Bce

1l0,ll,IIIl1IlHl1KH ,ll,eJI5ITCH Ha Za30CmamUlfeCKue (1l0,ll,b-

eMHaH CMJIa C03,ll,aeTCH 1l0,ll,aBaeMbIM BHeIIIHl1M YC-

TpOMCTBOM no,ll, 1136bITO'lHbIM ,ll,aBJIeHl1eM B03,IJ,yXa),

Za300UlIaMUlfeCKUe (1l0,ll,beMHaH CMJIa C03,ll,aeTCH 3a C':IeT

B3al1MO,ll,eMCTBl15I ,ll,B~l1XCH '1aCTeM BaJIa 11 no,ll,-

IIIl1llHl1Ka C BH3KMM TOHKMM CJIOeM), a TaK)l(e zu6puo-
IIble (l1MeIOT MeCTO 06a 3¢¢eKTa).

KOHCTpYKUMM ra30BbIX nO,ll,llllillHl1KOB, KaK IlpaBI1-

JIO, He nO,ll,JIe)l(aT MacllITa611pOBaHl1IO, T. K. Cl1JIhI,ll,aBJIe-

Hl15I, onpe,ll,eJIHIOIIIMe rpY301l0,ll,beMHOCTb npl1 113MeHe-

IDrn JIMHeMHbIX pa3MepOB, IlPOIlOPl(l10HaJIhHbI HX KBa,IJ,-

paTY, a MaCCOBbIe Cl1JIhI - KYfiy.l1MeHHo n03TOMY, lllli-

pOKO paCllp0CTpaHeHbI He60JIhllllie BbICOK0060pOTHble

feIT C ,ll,l1aMeTpOM BaJIa B HeCKOJIhKO Ml1JIJIl1MeTpOB, YC-

neIIIHO pa6OTaIOIIIMe, Ha '1aCToTax BpaIIIeHl15I,ll,O 300000
06 /MMH, a TaK)l(e f,ll.IT C,ll,l1aMeTpOMBaJIa,ll,O HeCKOJIhKHX

,ll,eCHTKOBMl1JIJIl1MeTpOB. YBeJIJ1lfeHMe ,ll,l1aMeTpa npMBO-

,ll,l1TK He06xo,ll,MMocrn 3a,IJ,aBaTb 3Ha':ll1TeJIhHO 60JIhillee

,ll,aBJIeHMe B 3a30pe 11, KaK CJIe,ll,CTBl1e, 60JIhIIIMM paCXO,ll,

pa60':lero raJa. 3TO CKa3bIBaeTC5I Ha 3KOHOMl1':lHOcrn.

,ll.eMcTByeT 113BeCTHbrn llapa,IJ,OKC «KBa,IJ,paTa-KYfia».

HaKOllJIeHHbIM OllbIT I1CnOJIb30BaHl15I 6ecKoH-

TaKTHbIX BbICOKOCKOPOCTHbIX nO,ll,Illl1IlHl1KOB 1l0Ka-

3bIBaeT, ':ITOB He60JIbIlll1X yCTpoMcTBax, MaJIOMOIIIHbIX

TXA 11,ll,eTaH,ll,epaX Ilpel1MYIIIeCTBeHHoe IIp"MeHeHl1e

HaIIIJII1 JIelleCTKOBble ra30,ll,l1HaMl1':IeCKMe nO,ll,IIIl1ll-

Hl1KM, HBJl5IIOIIIl1eCH pa3HOBM,ll,HOCTbIO ra30,ll,I1HaMI1-



(

"-PUC. 1. TG30aUHaMUiteCKUU nOaUJUnHUK

1Jec)GIX orrop. Hecym;wM ra30BbIM CJIOM B TaKJlX rro,n;-

llIWrrHWKaX 06pa30BaH ,n;e<pOpMwpyeMbIMw pa601JWMW

rrOBepXHOCT5IMW - JIerreCTKaMW (pwc. 1).
r030iJuUaMUlfeCKUe onopbl xapaKTepW3yroTC5I Hanw-

1JWeMrrOMep)I(HBaIOlIIero CJI051pa3JIW1JHblX KOHCTpyK-

U;WM,B BH.n;e COTOBblX BCTaBOK J{JIW CBepHYTblX JIeHT,

JIerreCTKOB, KOTopbIe 06eClIe1JWBaIOT pa6oToclIoco6-

HOCTb pOTOpOB Ha 3arrycKe WOCTaHOBe.

3KCIIJIyaTau;W5I KaK JIelIeCTKOBblX, TaK W <pOJIb-

roBblX IIO,n;llIWIIHWKOB Ha BbICOKoo6opOTHbIX Mexa-

HW3Max CB5I3aHa C 60JIbllIWM pWCKOM W3Hoca TBep-

,n;blX CMa3bIBaIOIIIWX IIOKPbITWM B YCJIOBW5IXBblCOKJlX

TeMllepaTYP, 1JTOMO)J(eT IIpWBeCTW K lIo)J(apy. O,n;HaKo

rnaBHbIM WXHe,n;OCTaTOK - He6oJIbllIa51 rpY30IIo,n;beM-

HOCTb, orpaHW1JeHHa5I rro,n;beMHoM CJ{JIOM, c03,n;aBae-

MOM 3a C1JeT 3<p<peKTa oepHYJIJIw.

r030cmamulfecKue noiJUlunuuKu CBo6o,n;HbI OT yKa-

3aHHbIX He,n;OcTaTKOB, T. K. <pw3W1JeCKWMKOHTaKTTBep-

,n;bIX IIOBepXHOCTeH Me)l()l;y C060M Boo6lIIe OTCyTCTBy-

eT, a rpY30lIo,n;beMHocTb 3aBWCWT TOJIbKO OT ,n;aBJIeHW5I

lIo,n;aBaeMoro B03.n;yxa. TaKWM 06pa30M, IIOBbIllIeH-

HbIM pacxo,n; B03.n;yxa B fCrr y,n;a1JHO KOMlIeHcwpyeTc5I

a6COJIIOTHOM lIo)J(apo6e30IIaCHOCTbIO, a TaK)J(e pecyp-

COM, He3aBWC5IIIIWM OT 1JWCJIacTapToB WTopMo)J(eHwM.

rrOCJIe,n;Hee 06b5lCH5IeTC5I TeM, 1JTO lIo,n;beMHa51

cJ{JIa, c03,n;aBaeMa5I IIO,ll.Il;yBOM ra3a rro,n; ,n;aBJIeHWeM,

cJIa60 3aBMCWT OT 1JaCTOTbI BpalIIeHW5I Bana. Ban MO-

)J(eT BbIBellIWBaTbC5I Ha B03.n;yIIIHOM lIo.p:Bece, a y)J(e 3a-

TeM pacKpyqMBaTbC5I.

rrpeMMym;eCTBa W He,n;OCTaTKW pa3JIW1JHbIX BH.n;OB

ra30BbIX IIO,n;llIWIIHMKOB IIpWBe,n;eHbI B Ta6JI. 1.
CMcTeMa lIo,n;aQW pa601Jero TeJIa fCrr MO)J(eT co-

CT05lTb W3 pa3JIW1JHOrO C01JeTaHW5IlIo,n;BOMIIIWX KaHa-

JIOB, U;J{JIMH)l;pW1JeCKJlX oTBepcTwM, lIIeJIeBbIX COlleJI,

KapMaHoB (lIo,n;HYTpemfM) WIIOJIOCTeM (pwc. 2, 3).

HeCTaUHOHapHble pe:xrnMbI pa60Tbi

ra30BbIX nO,lJ.mHnHHKOB

HeCTaU;MOHapHbIe IIpOu;eCCbI MO)J(HO pa3,n;eJIMTb

Ha ,n;Be 60JIbllIMe rpyrrlIbI: KO./le6ame.nbuble U nepexoiJuble.
rrepeMelIIeHMe Bana OTHOCWTeJIbHO reOMeTpW1JeCKOM

OCM MO)J(eT HOCMTb xapaKTep IIJIOCKO-llapmeJIbHO-

ro CMelIIeHW5I, U;J{JIMH)l;pW1JeCKOrO BpalIIeHW5I u;eHTpa

Macc pOTopa, a TaK)J(e KOHW1JeCKOH rrpeu;eCCJ1lf.

CMHXpoHHbIe KOJIe6aHW5I Bana MOryT B03HMKaTb

BCJIe,n;CTBMe ,n;Mc6anaHca Macc pOTopa. Cym;ecTByeT

IIp06JIeMa rrpOXO)f(,[(eHW5I 1Jepe3 KpMTM1JeCKWe 1JaCTOTbI

M 06JIaCTM rrapaMeTpW1JeCKOrO pe30HaHca, Kor,n;a 1Jac-

TOTa BpalIIeHW5I pOTopa COBrra.n;aeT C co6cTBeHHbIMM

1JaCTOTaMM KOJIe6aHMH pOTopa, a TaK)J(e rrpe,n;OTBpa-

lIIeHW5I 51BJIeHW5I «3ax6ama Ifacmomw> (3<p<peKT 30M-

Mep<peJIb,n;a) [4].
113BecTHo TaK)J(e 51BJIeHMe, rrOJIyqMBllIee Ha3Ba-

HMe «no./lycKopocmuoii 6UXpb», B03HMKal0lIIee M3-3a no-

TepM YCTOMqMBOCTM CMa301JHOro CJI05l, 3aKJIIOlJeHHO-

ro Me)l()l;y ,n;BYM5I,n;BJ1)J(ynJ;MMMC5IU;J{JIWH)l;pW1JeCKWMM

rrOBepXHOCT5IMM, B pe3YJIbTaTe ,n;eMcTBW5I CJ{JI B5I3KO-

ro TpeHW5I. ,LJ:aHHoe 51BJIeHWe xapaKTepHO )l;JI5I nOJI-

HOOXBaTHblX ra30,n;MHaMW1JeCKJlX rro,n;llIMIIHMKOB,

HO rrpw 60JIbllIWX 1JaCToTax BpalIIeHW5I B03HWKaeT

M B fCrr. OHO COllpOBO)f(,[(aeTC5I rrpeu;eccweM pOTopa

C 1JaCTOTOMpaBHoM rrOJIOBMHe 1JaCTOTbI BpalIIeHW5I po-

Topa BOKpyr CBoeM OCM.

Cym;ecTByeT TaK)J(e elIIe O,n;MH TMII KOJIe6aHMM,

IIOJIyqMBllIMM Ha3BaHMe «nue6MOMO./lOmOK». rrHeBMO-

MOJIOTOK B03HMKaeT B fCrr W3-3a MrHOBeHHOM pa3-

HOCTM pacxo,n;a ra3a, BTeKaIOlIIero B CMa301JHbIM 3a30p

W3 IIMTaIOIIIWX OTBepCTWH M pacxo,n;a ra3a, MCTeKaIO-

lIIero M3 fCrr B OKpy)J(aIOIIIYIO cpe.n;y. ,LJ:aHHbIM pe)I(HM

Ta6J1uZ/a 1

raJO,llHHaMWIeCKHH raJOCTaTHqeCKHH HeyrrpaBJUleMbIH raJOCTaTHqeCKHH yrrpaBJUleMbIH
\

Ilpl1MeIDIeTCli B 6bICTpO Bpa~alOIWiXCli IlpHMeIDIeTcli B fHpOCKOl1aX, IloKa He Hai1:,lleHo I1pl1MeHeHl1e

,lleTaJUlX MaJIbIX paJMepOB. KOOp,llHHaTHhIX CTOJIaX, 113Mepl1TeJIbHbIX H3-3a HepeweHHOCTI1 I1p06JIeMbI

I1pl16opax. 6bICTp0,lleHCTBIDI CI1CTeMbI yrrpaBJIeHIDI.

HeoocmamOK: TeXHOJIOfHqeCKali llpeUMyU/ecm60: HeC)'I.naH Cl10C06HOCTb IlOTeHlll1aJIbHO H,lleaJIbHble JIefKHe

CJIO>KHOCTb113fOTOBJIeHHlI, 3aBHCHT TOJIhKO OT ,llaBJIeHHlI l10MYBa 0l10PhI ,llJUI6bICTpO Bpa~alO~I1XCli

110>Kap00l1aCHOCTb, MaJIaH HeCY~aH 11I1JIo~a,ll11 B3aI1MO,lleHCTBHlI. BaJIOB B YCJIOBHlIXBhICOKHXTeMl1epaTYP,

CI10C06HOCTb. HeoocmamOK: I1JIOXali pa60Ta HeCTallHOHapHhIX BHeWHI1X Harpy30K

I1pl1 HeCTallHOHapHhIX BHeWHHX 11110BbIWeHHhIX B116pallHH. CI1CTeMa

B03,lleHCTBI1lIX, ~apax 11T. II. yrrpaBJIeHHlI ,llOJI>KHaOTpa6aTbIBaTh

«MePTBYIO» 30HY 3aBI1CI1MOCTI1

l1epeMe~eHHlI BaJIa OT ,llaBJIeHHlI B 3aJope

11He ,llorrycKaTh KOHTaKTa HeI10,llBI1>KHhIX

11Bpa~alO~HXCli qaCTeH.



PUC. 2. Fa30cmamulfecKuu nOaUJunHuK C noaalfeu 603ayxa lfepe3
Cucme.My L«eJle6bLX cone/l

OTHOCMTC5IK TMrry peJIaKcaU:MOHHbIX aBTOKOJIe6aHMH,

OH HaM60JIee xapaKTepeH M5I CMCTeM nOAaqM ra3a

C KapMaHaMM. lIMeHHo M3yqeHMlO peJIaKcaU:MOHHbIX

KOJIe6aHMH fCll nOCB5IllJ,eHa HaCT05IllJ,a5I pa60Ta.

CMCTeMa ynpaBJIeHM5I fCll AOJDKHa napMpOBaTb

OCHOBHbIe TMnbI KOJIe6aTeJIbHbIX ABIDKeHMH, 06ec-

neqMBaTb peryJIMpOBaHMe pacxOAa qepe3 APOCCeJIM,

a TaIOKe He06xOAMMYIO c.reneHb AeMm):mpOBaHM5I

npM npOXO)J()l,eHMM KpMTJiqeCKM qaCTOT.

PeJlaKCalJ,HOHHbIe KOJle6aHIDI )l,aBJleHHH

H paCXO)l,a B rCll

llPM pa60Te CMCTeMbI nOAaqM ra3a B CBepXKpMTM-

qeCKOM pe)l(J{Me M3 OTBepCTMH B cOllJla M CMa30~brn

CJIOH MCTeKalOT cBepX3BYKOBbIe cTpYM, B3aMMOAeHC-

TBYJOllJ,MeC nOBepXHocTblO U:MJIJ1lI,rJ:papOTopa (pMC. 4).
C KOHu:a 50-x roAOB npOllIJIoro BeKa aBTOKOJIe6a-

TeJlbHbIH pe)l(J{M B MMllaKTHhIX CBepX3BYKOBbIX CTpy5IX

aKTMBHO M3yqaeTC5I B KOJUIeKTMBax, npMHa,nrre)l(allJ,MX

K Pa3JlJ{qHhIM raJOAMHaMJiqeCKMM IllKOJIaM POCCMM

(1J,Af1I, EITY «BOEHMEX», lITllM CO PAHMAP.).

Ha OCHOBe MHoroqJiCJIeHHhIX TeOpeTJiqeCKMX, 3Kcne-

pMMeHTaJIbHbIX M qJiCJIeHHhIX MCCJIeAOBaHM:H BbIABM-

HYTbI pa3Jl~bIe rMnOTe3bI npJ{qJ{H B03HMKHOBeHM5I

M MexaHM3MbI nOMep)l(aHM5I 3TOro pe)l(J{Ma [5, 6]. OA-

HaKO MHOrMe aCneKTbI 5IBJIeHM5IAO KOHu:a He BbI5ICHeHhI

MTpe6YJOT AOnOJIHMTeJIbHbIX MCCJIeAOBaHMH.

Puc. 4. YaapHO-60/lH06ble KapmUHbl nepea npe2paaOU

npu HameKaHUU Ha Hee c6epX36YKo60U cmpyu:

a - cmau,uoHapHblu pe:JICUM o6meKaHUfl; 6 - melfeHue c u,eHm-

PGllbHOU U,UpKyJlJlU,UOHHOU30HOU; 1-6UCJllfUU CKalfOK YnllomHeHUfl;

2 - u,eHmpGIlbHblU CKalfOK YnllomHeHUfl; 3 - Ompa:JICeHHblUCKaIfOK;

4 - 2paHuu,a cmpyu; 5 - 30Ha CMeUJeHUfl; 5' - 36YK06QJl/lUHUfl;

6- /lUHUfl mOKa; C - mOIfKa mOpMO:JICeHUflnomOKa; s - 36yK06QJl

mOIfKa; T - mpOUHQJl KOHrjJu2Jlpau,Ufl yaapHbLX 60/lH

PUC. 3. FG30CmamUlfecKuu nOaUJunHuK C noaalfeu 603ayxa lfepe3
cucmeMy U,UIlUHapulfecKux om6epcmuu

ABTOKOJIe6aTeJlbHhrn pe)I(MM B3aMMOAeHCTBM5I

cBepx3BYKOBOH CTpYM C nperpMOH 06yCJIOBJIeH HepaB-

HOMepHhIM pacnpeAeJIeHMeM napaMeTpOB B cTpye, 3aBM-

CMTOT reOMeTpJiqeCKMX MraJ0AMHaMJiqeCKMX napaMeT-

pOB COllJla, paJMepOB nperpa)l,bI Mee YAaJIeHM5IOTcOllJla.

CyIIJ,ecTBeHHoe BJIM5IHMeHa npJ{qJiHbI ero B03HMKHOBe-

HM5I M MeXaHM3M nOMep)l(aHM5I OKaJbmalOT napaMeT-

pbI B TpOHHhIX KOHqmrypaI.J:M5IX CKa~OB yITJIOTHeHM5I,

a TaIOKe u:ellM BHYTpeHHeH MBHeIIIHeH 06paTHOH CB5I3M.

ConOCTaBMTeJIbHbIH aHaJIM3 pe3YJIbTaTOB qMC-

JIeHHOrO MOAeJIMpOBaHM5I [7, 8] M npM6JIIDKeHHOro

paCqeTa [9] YKa3bIBaeT Ha TO, qTO npJiqMHa n05IBJIeHM5I

aBTOKOJIe6aTeJIbHOrO pe)l(J{Ma MMexaHM3M ero nOMe-

p)l(aHM5I OnpeAeJI5IlOTC5I npou:eccaMM, npOMCXOA5IllJ,M-

MM B YAapHOM CJIoe nepeA nperpMoH. PacnpOCTpa-

HeHMe B03M)'I.ll,eHMH OT nperpMbI K u:eHTpaJIbHOMY

CKaqKY YITJIOTHeHM5I qepe3 u:eHTpaJIbHbIH nOTOK (Ka-

HaJI 06paTHOH CB5I3M) M OT CKaqKOB K nperpMe (KaHaJI

np5IMOH CB5I3M) 5IBJI5IlOTC5ITeMM KaHaJIaMM, qepe3 KO-

TopbIe ocymecTBJI5IeTC5I nOMep)I(Ka aBTOKOJIe6aHMH.

OnMcaHHbIH BbIllie MexaHM3M 06JIMaeT 3Ha-

qMTeJIbHOH 06llJ,HOCTblO C np06JIeMOH KOJIe6aHMH

AaBJIeHM5I B U:MPKYJI5IU:MOHHbIX 30Hax, B03HMKalO-

llJ,MX B CBepX3BYKOBbIX OTpbIBHbIX TeqeHM5IX [10, 11].
CBepX3BYKOBOe COllJlO, yCTaHOBJIeHHOe B U:MJlMHAPM-

qeCKOM KaHaJIe 60JIbllIerO AMaMeTpa, MO)l(eT CJI~Tb

xopOllieH MOAeJIblO 60JIee CJIO)I(HbIX cnyqaeB.

Ha AOKpMTJiqeCKMX pe)l(J{MaX pa60TbI fCll,

BCJIeACTBMe CMJlbHOro B5I3KO- HeB5I3KOrO B3aMMOAeHC-

TBM5I nOTOKOB, MCTeKalOllJ,MX B CMa30qHbIH: CJIOH, MO-

)I(eT MrHOBeHHO 06pa30BaTbC5I HepaBeHCTBO paCXOAOB

ra3a, nocrynalOllJ,erO B CMa30qHbIH CJIOH M MCTeKalO-

llJ,ero qepe3 TOPU:bI fCll. B 3TOM cnyqae npOMCXOAMT

3anMpaHMe TeqeHM5I B nOABOMllJ,MX KaHaJIaX M pac-

npOCTpaHeHMe BOCXOMllJ,MX BOJIH C)I(aTM5I HaBCTpeqy

nOTOKY, qTO npMBOAMT K KOJIe6aHM5IM. XOT5I TeqeHMe

npM 3TOM qMCTO A03BYKOBoe, caMM 3aKOHOMepHOCTM

KOJIe6aTeJIbHbIX npou:eCCOB noxo)l(J{ Ha cnyqaH CBepx-

KpMTJiqeCKOrO pe)l(J{Ma pa60TbI.

YMeHMe ynpaBJI5ITb pe)l(J{MaMM KOJIe6aHMH n03-

BOJI5IeT YBeJIJiqMTb rpY30nOAbeMHOCTb fCll 3a CqeT

MCnOJIb30BaHM5I nOJIO)l(J{TeJIbHOH 3HeprMM KOJIe6a-

TeJIbHbIX npou:eCCOB, JIM60 M36e)l(aTb BpeAHoro 5IBJIe-

HM5I «nHeBMOMOJIOTOK».

Bo BTOpOH qaCTM CTaTbM 6yAYT npMBeAeHbI pe-

3YJIbTaTbI TeOpeTJiqeCKOrO M 3KcnepMMeHTaJIbHOrO

MCCJIeAOBaHM5I peJIaKcaU:MOHHbIX KOJIe6aHMH fCll.
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