3%(. Mepennet 80 w.

C. N TUMOLWEHKO

TEOPUA KONEBAHWN
B WHXEHEPHOM
NENE

rceygapctTuteE w 1< 71



VVC

Mpop. C. 1. TUMOLWIEHKO

TEOPUA KONEBAHWNWN
B WHXEHEPHOM

NENE

NEPEBOJ C AHTNWNCKOTO
nuxenepa H. A LHOWNHA

BTopoe nsgaHve
(ancpenTUnHoe)

FNOCYALAPCTBEHHOE
HAYYHO-TEXHWYECKOE UWU3AATENBLCTBO

MOCKBA * 1932- * NEHWHITPAL



S. TIMOSHENKO

VIBRATION PROBLEMS
IN ENGINEERING

( Hrnferiio~IH A

n," - . >.rro
i ov; & ** Afedf aMTbLLUA,

e O-* AN  «amOHHLWIM/MUTTUM UX» » 7 @

.rs* ;3*Ibl FbIIBIMU KITAMXA**
O . -a XIIANTAP KOPbI

H-0 peakux KHUT

o H- .
LU»YUYY\« UNC. «’TcKA VM. C. BEVICEMB&EBA

TOOAPCTITING T/HRAIT Hvic<omampo»

»]



OIrNABJIEHUE.

Crp.
TTP AU CITIO B U E ettt bbbttt ee e et st e et e 5
FnaBa nepBasd. [apMoHWYeckue KonebaHMs CUCTEM C OOHON CTEMEHbIO
cB06OAbI.
1. CBo6oaHble rapMoHuyeckne kKonebaHua 7
2. TIPUMEPBI et . 10
3. BbIHYXKAEHHDBIE KOMEOAHMSA. ....evviveriieiiiiieeieiee e ieie ettt senens 13
4. TexHnyeckne npumeHeHWs (MPOCTOe rapMOHWMYECcKoe KonebaHue;............ 18
5. [pyroii mMeToZ ONpeAeneHns BbIHYXAEHHbIX KOMebaHWW............... . 24
6. 3aTyxaHue nponopLuoHaibHOE CKOPOCTU . . 27
7. TIOCTOAHHOE 3ATYXAHWUE ooieiiiiieieveenierieeiie e . 3"
8. BbIHYX/EHHble KOMEBAHMA NPU 3ATYXAHUM ..ottt 3
9. TexHuYeckve MpUMeHeHWs (BbIHYX/eHHble KonebaHus npu 3aTyXaHuu)- . 38
10. YpaBHOBELUMBAHNE BPALLAIOLLUXCA MALUMH \ooiiieciiiicieieneeeecc e 43
11. MawmHbl A1 BANAHCUPOBKM ..cevvieiiciiiecieries it 45
12. O6WMA cnyyail BOSMYLLAKOLUEN CUITBL .overieeeerieeereeeeeseeeesiiesseesennens . 52
13. MpWHUMN COXpaHeHUS 3HEPrMM MpW WM3y4YeHUWM 3afady KonebaHwuii............ 57
14, METOL P UM MBS ettt e se st ns 60
15. KpuTunyeckas CKOPOCTb BPALLAKOLLETOCH BaAJTA .ccovereeririereenireeseenesieseenerieneas 65
FnaBa BTOpas. HerapMmoHuyeckne Kone6aHWs CUCTEM C OAHON CTeNeHbIO
cB0o6OAbI.
16. OCHOBHbIE MOMOMKEHUA .cvevirerereiirinreieiereseeteesess e PRSP 72
17. Mpumepbl NCEBLOTAPMOHNYECKH" KOMEOAHUM-. ...oovvvveeriririirierie s 73
18. CB0GOAHbIE MCEBAOrAPMOHHYECKME KOMEOAHUA ..o 77
19. TPAPUUECKOE PELUEHME c.oviiiieiiieieiesisies ettt bbbttt 79
20. YwncneHHoe pelleHwue " 84
21. BblHY>fieHHble MCEeBAOrapMOHHYECKNE KONEOAHMSA ...ooveeiiiiriieiiiias 86
22. KBa3NrapMOHUYECKNE KOMEOAHMS . ....cucueueieereririereeseeisieesieaesesssstesesessesesessssenes 91
23. KonebaHns B cnapHuKax Befylleii CUCTEMbl 31E€KTPOBO30B.....cowcerenne. 96
FnaBa TpeTbsA. CuCTeMbl, UMEIOLLME HECKO/IbKO CTereHein cBo6ofbl.
24. MpuHumn g'Anamb6epa U Havyano BO3MOXHbIX MEPEMELLEHUN ..cvevevveveeeee. 111
25. O606LeHHbIE KOOpAMHATbI M 0606LLEHHbIE CU bl 114
26. YPaBHEHUA JT1ATPaHKA..ecoireeceeirenieieiieieie e .o 1ur
27. CHEPUYHECKNA MAATHUK ..ottt ettt 121
28. CB06OAHbIE KOMEOAHNSA. OOBLUEE PELUEHME .cvieereeeierieriete e ereseseesereseseesenenes 122
29. BbIHY)XA€EHHbIE KOMEBAHUSA......vcvevreriererrenens " 128
30. KOnebaHMs IKMMAaMKEM .coovvieiieieienineeeeeeeee e . 129
31. KonebaHus KpyyeHWs BanoB M CUCTEM nNepejaun ... w139
32. BokoBble K0Ne6aHWA BanoB Ha HECKOMBKUX OMOPAX....ccoieririernreriarens 160
33. XKupockonnyeckoe BAMAHWME HA KPUTWYECKME CKOPOCTM BpaLliatoLuxcs
=112 o= ST S P STTPRS 172
34. BnusHue Beca Bana W AMCKOB Ha KPUTUYECKYIO CKOPOCTb.. 183
35. BAnsHMe rMbKOCTM BanoB Ha YpaBHOBELUMBAHWE MaLlWH.... 187

36. Teopust AMHAMWUYECKOTO MOFMIOTUTENA KOMEOAHUMA  ..ooovvececeeirieicieiceieeieieieas 1w



OrNABNEHUE

FnaBa veTBepTas. KonebaHus ynpyrux Ten

37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47.
48.
49.
50.
51
52.
53.
54.
55.
5i.
57.

MpogonbHble KonebaHUs NPU3MATUYECKUX CTepPIXKHeN
KonebaHue CTepXHS C Fpy30OM Ha KOHLie
Kone6aHne KPYUEHUS KPYTIBIX BAMOB ..o iruriirereerisereenesssesessesssessesssssesessennas
BokoBoe KoneGaHWe MPUIMATUUYECKNX CTEPHKHEM ...crereriiieeriercererereeieireneeas
BnusHWe nepepesbiBatoLLeil CUMbl U MHEPLMU BpaLLeHUs
CBo60AHOE KOnMebaHue CTEPXHS C LUAPHUPHBIMKU KOHLaMu
WHble BMAbl 3aKpenieHns KOHL0B
BbIHyX/eHHOe KonebaHue Ganku C OnepTbIMU KOHLAMMU...
KOMEOBAHMA MOCTOB ....cvueueieiereceteireneeeeiee s ieieeseseee e seesnesenas
BnusHne oceBbix cun Ha COKOBble KOMeGaHMs ...
Kone6aHne 6anok, nexalwux Ha yrnpyromMm OCHOBaHMWU.
CMOCOB PUTLA . evveeieieeeeisietesesie e e ese et st sse e e ssssens
Kone6aHue cTepXXHell MepeMEHHOro MonepeyHoro CeYeHwms...
KonebaHne nonaTok TypO6uWHbI
KonebaHus kopnyca cyaHa
BokoBoli yaap cTepXHeW
MpofonbHbIA yaap NpU3MaTUUecKUx CTepXHel
Kone6aHnsi KpyroHoro KonbLa
Kone6aHvne MeMOpaH.........c.ccee...
Kone6aHne nNnacTUHOK............

KonebaHve B guckax Typ6OuH

MpunoxeHwne. Tlpnbopbl AN nM3MepeHUs KonebaHWid.

Lo U A WN R

MpeagMeTHbIN yKasa TeNb..

. O6bwue 3amevyaHus
. Mpubopbl ANs U3MepeHUst 4acToThl...
. N3mepeHune amnantyg
. Celicmnyeckne Bnbporpadubl
. Topcuorpad
. Vi3ameputens kpyueHus

Mpnbopbl Ans 3anucK HanpsKeHWUi
YKaszaTeNbUMeH

Crp.

198
208
216
221
227
228
232
237
243
252
253
2n8
263
269
275
278

283
291

296
306
318

325
325
326
328
332



MPEANCNOBUE.

C yBennuyeHMeM pasMepoB COBPEMEHHbLIX MaLIMH U UX CKOPOCTei
paspelleHne 3agady kKonebaHuii nonydvaeT Bce 6onee n 6onee cyuie-
CTBEHHOE 3HAYeHWe NpU MPOEKTUPOBAHUN B WHXXEHepHOM gene. Xo-
POLLO M3BECTHO, YTO TakKue 3ajayuM OrpoMHOro MpakTUYeCcKoro 3Ha-
YeHUsi,— Kak, Hanpumep, ypaBHOBelIMBaHME MalUuH, KonebaHus Kpy-
YeHWs BasoB M 3ybuyaTbiX nepefad, KonebaHMs nNonatok W [AUCKOB
TYPOUHBI, CKpYyYMBaHME BpaLLAOLLMXCA BanoB, KonebaHWs pPenbCcoBOro
nyTM W MOCTOB MOA AeACTBMEM MOABUXKHBLIX HArpysoK, KonebaHus
(hYHOAMEHTOB, — MOTYT ObITb BMOMHE pa3pelleHbl TO/bLKO Ha OCHOBa-
HUN Teopun KonebaHWil. TONbKO MPU MOMOLLM 3TOA TEopuM MOXKHO
HaliTu Haubonee 6naronpuAaTHbIE NPONOPLUM B MNPOEKTe, KOTOpble
OTOABUHYT YCNOBMA PaboTbl MallWHbl CKOMb BO3MOXHO AaNeKko oT
KPUTWYECKUX YCNOBWIA, MpPW KOTOPbIX MOryT BO3HWKHYTb OMacHble
Kose6aHms.

B 3TOli KHWUre W3M0XeHbl OCHOBbI TEOPWUM KONEbaHWiA, NpUYem
UX NPUMEHEHWE K pPeLleHMt0 TEXHUYECKMX 3afady MosICHeHO pasnny-
HbIMW MpPUMepamu, B3STbIMW BO MHOMMX Cly4vasx W3 AeWCTBMTENbHbIX
HabN4eHNA Hafg KonebaHMsSMM MallMH U KOHCTPYKUWiA B pabore.
Mpn cocTaBneHUM KHUIWM aBTOP WCMO/b30Ban NEKUUN MO KOMebaHusM,
ynTaHHble MM B 1925 T. MHXeHepam-mexaHuKam hupmbl BecTuHrays,
(Westinghouse Electric and Manufacturing Company), a Takxe He-
KOTOpble T[NaBbl CBOEM paHee OMNy6/MKOBAaHHOW KHUTM MO Teopuwn
ynpyrocTtun *.

CopaepXXaHne KHWUMM B OOLLEM CNeaytoLlee:;

MepBas rnaBa MOCBfLLEHA PAcCCMOTPEHUIO TapMOHMYECKUX Kose-
6aHuii cucTeM C OAHONM CTeneHbd cBOGOAbI. B Heil u3noxkeHa o6uias
Teopus CBOGOAHOrO U BbIHYX/AEHHOrO KonebaHUs U NoKasaHo Mpu-
MEHEHME 3TON TEOpMM K YpPaBHOBELUMBAHWIO MalUMH W K npubopam,
3anucbiBaloLMM KonebaHusa. [lanee B Heli pacCMOTPeH MNPUOAMKEH-
Hblli cnocob Pelines ans uccnegoBaHWA KonebaHuidi 60Mee CNOXHbIX
CUCTEM W €ro MPUMEHEHWE K OMNPEeAeNeHN0 KPHLIYECKMX CKOpOCTEW
BpaLLalOLLMXCA BasloB MEPEMEHHOIO CEYEHUS.

*) Teopusa ynpyroctu, Tom 11, 1916, MeTporpag.



6 MPEANCNOBUE

BTopas rnaBa cOfepXWT TEOPUIO HerapMoHUYeCcKoro KonebaHus
CUCTEM C OAHOWN CTeneHbtd €BOGOALI. B Heil paccmoTpeHbl npubnu-
YKEHHble CNOCOo6bl UccnefoBaHNsA CBOOGOAHBIX U BbIHYX/AEHHbIX Koneba-
HWA. [eTanbHO W3M0XEH YacTHbIA Cnydyaid, Korga rmbKoCTb CUCTEMBI
nMepeMeHHa MO BpeMeHW. Pe3ynbTaTbl 3TOW TEOPUU MNPUMEHEHBI K
onpefeneHnto KonebaHWiA 371eKTPOBO30B C OGOKOBLIMW CMApHUKaMMU.

B TpeTbeli rnaBe paccMOTPEHbl CUCTEMbl HECKObKWUX CTeneHel
cBobofbl. M3noxeHa obLas Teopus KonebaHWii TakUX CUCTEM, a TakxKe
ee MPUIOXKEHNE K PELUEHMI0 TaKUX WHXEHEepPHbIX 3ajay, Kak: Koje-
6aHne skuMnaxel, KonebaHme KPy4YeHWs BasioB, KPUTUYECKME CKOPOCTU
Ba/IOB Ha HECKO/IbKMX onopax W NorfoTutenu KonebaHuin — amMopTu-
3aTopbl.

UeTBepTasd rnaBa COAEPXUT TeOpuHO KonebaHWit ynpyrux Ten.
PaccmoTpeHbl 3afayuun: NpoAO/IbHOrO CKpyuuBaloLliero m 6GOKOBOro
KonebaHuii MPU3MaTUYECKUX CTEPXKHEN, KonebaHusi CTepXXKHeil nepe-
MEHHOr0 MOMEPEeYHOro cevyeHus, KonebaHUin MOCTOB, 0MATOK TypOUHBI
M Kopryca cyfHa, Teopun KonebaHUs KPyroBbiX Kofew, MembpaHbl,
NAacTUHOK W AWUCKOB TYPOWHBI.

KpaTkoe onucaHue Hambonee CyLeCTBEHHbIX NPUGOPOB AN 3anmcu
KonebaHWil, KOTOPble NPUMEHSOTCA NPU OMNbITHOM UCCNEeL0BaHUN Kose-
6aHuii, faHO B MPUIOXKEHUN.

ABTOp BblpaxaeT rny6okyl0 6narofapHoOCTb YNOMSHYTOW Bbllle
(bmpme BecTuHrays, faBlieii emMy BO3MOXHOCTb 3aHATbCA 3TUM Tpy-
OOM M UCMOMb30BaTb B KAYeCTBE MPMMEPOB pas/iMyHble AelCTBUTENb-
Hble ciyyanm KonebaHWs MallnH, KOTopble OblIM MCCnefoBaHbl WHXe-
Hepamy upmbl. OH MONb3yeTCA CAyyaeM BbiCKasaTb 6/1arofapHoOCTb
TaKXKe MHOFOYUCIEHHBIM MLAaM, KOTOpble MOMOraaM emy pasfiuyHbIM
06pa3om B MOArOTOBAEHUW PYKOMMUCK, B 4yacTHocTU: K. Jleccenscy,
k. OpmaHgpoiigy v Ox. LeH-XapTory, KOTOpble MPOYSM BCHO pYy-
KOMUCb W CAENann MHOFO LEeHHbIX YKa3aHWiA.

C. TumoLLeHKoO.

AHn Ap6op, MunuunraH
22 masa 1928 r.



FMABA TMEPBAA.

FAPMOHWYECKWE KONEBAHWSA CUCTEM C OLHOW CTEMEHbLIO
CBOBO/pbI.

1. CBo60AHbIE rapmMoHM4YecKMe KonebaHus.— Ecnm ynpyras cu-

CTeMa, KakK-TO Harpy)eHHasa 6anka, CKpyYeHHbIA Ban wam gedopmu-
poBaHHas peccopa, OyaeT BbiBefeHa W3 MOMOXeHWUS paBHOBecus ypaa-
POM WM BHE3aMHbIM MPUAOXKEHWEM J06aBOYHON CUAbI, CUbI YNPYTroCTy
CUCTEMbI B HOBOM MOMIOXKEHUMU He GyAyT YXKe ypaBHOBELUMBATbCHA Ha-
rpy3Koi W BO3HUKHYT KonebaHus. Boobule ynpyras cucTtema MOXET
faBaTb KonebaHUs pasHbIX TUMOB, Hanpumep, CTpyHa
nnn 6anka BO BpeMsa KonebaHWs MOXeT MPUHUMATb
pasnnyHble (OPMbI, 3aBUCALLME OT 4yMC/Ia TOYeK Me-
pernba, nofpasfensiowmnx AAWHY 3nemeHTa. B npo-
CTeWmnX cnyyasax opma KonebaHusi CUCTEMbI MOXET
ObITb OnpefeneHa OA4HON TONbKO BENUYMHONR. Takue
CUCTEMbl Ha3bIBAKOTCA CUMCTEMaMMW C O4HOW CTeneHbio
€B060/bI.

PaccMOTpMM MPOCTEALLWIA CnyYyail, N300paXKEHHbI
Ha ¢ur. 1. Ecnm ycTpoiCTBO, TAKOBO, YTO BO3MOXHbI
TONbKO BepPTMKanbHble nepemMelleHns rpysa W, wu our. 1.
ecnMm  macca npYyXuHbl 6yaeT Mana CpPaBHUTENLHO
C Be/IMYMHOIO Tpy3a W, TO cucTemMa MOXET O6biTb paccmaTpuBaema,
KaK UMeloLWas OfHy cTeneHb cBO6OAbl. [ethopmauus MOXeT ObiTb
onpegesieHa BrOSIHe BEPTMKa/bHbIM TMEepeMELLEHNEM Tpy3a.

Mpu ypape WM BHE3anHOM MPUIOXKEHUU W YAaneHUW BHELUHEN
CWbl BO3HUKHYT KonebaHus. Takue KonebaHusi, KOTOPbIE BbI3bIBAOTCH
TONbKO YMPYroi CWAOA MpPYXWHbI, Ha3blBaKOTCA CBOOOAHBIMW WU KB-
3aBUCHMbIMW  KOMebaHUAMU. AHaNUTNYECKOE BbIPAXEHME 3TUX KOJe-
6aHNii MOXXET 6bITb HaligeHo M3 AuddepeHUNanbHOro ypaBHEHNS ABU-
XEeHWs, KOTOpPOe BCerga MOXET ObITb HafmucaHo, ecnn U3BECTHbI CUbI,
[eiCTBYIOLME Ha ABUXKYLLEecs Teno.

MycTtb k o0603HauvaeT rpys, HeOOXOAUMbIA AN TOro, 4To6bl BbI-
3BaTb €AUHULY pacTXXeHWs MNPYXWHbI, TOrga cratuyeckas fgedopma-
UM MNPY>XWHbl nog feictBuem rpysa W Oyger



8 FTAPMOHWYECKUWE KOJIEBAHUA

O603Havas BepTMKa/bHOE MePeMELLEHNE Tpy3a OT ero MoioXKeHus
paBHOBECWS Yepe3 X W cuuTas 3TO MepeMeleHne MONOXKUTEbHbIM
MPU HanpaBMeHUW BHM3, MOMYYUM BbIPXKEHME [ANS PacTArMBatoLLel
CUNbl B MPYXXWHE, OTBevatollee NHOGOMY MOMOXEHWIO Tpy3a:

F= W+kx. 0]

[Ons Toro utobbl cocTaBuTb AuddepeHyanbHOe ypaBHEHE aBUXKE-
HUA, NpUMeHUM npuHUMn g’Anambepa. Ha oCHOBaHUM 3TOr0 MpUHLMNA
ypaBHEHUE [BWKEHUS MOXET ObliTb MOJSYYEHO TEM XKe Croco60M, Kak
M ypaBHeHWe cTaTukKn. Heo6XoAMMO TONbKO, KPOMEe BHELUHWUX W Yrpy-
rMx Cun, NPUHATbL BO BHMMaHWE CWUJbl MHepuuu. B HacTosweMm cnydae
cuna mHepummn onpefgensercs BbipaxkeHnem—W x”/g, B KOTopoM X' —
BTOpas NpoM3BOAHAaA MepemelleHns X Mo BpemeHW t—npeacrtasnser
yCKOpeHue aswxylierocd rpysa W, a g —YCKOPeHUWe CUlbl TSXKECTU.

MpubaBnsag cuny wuHepumm K rpysy W u npupaBHMBas CyMMy cune
F B npyxuHe, nmeem:

w - X = wrkx, [1
oTKyAa ’
X"+p*x =0, 2
rae
r3l

p -\r~ b«

YpaBHeHne [2] 6ygeT yAOBNETBOPEHO, €CAIM Mbl MOMIOXUM X =
— Acospt, nmm x — Bsxnpt, rge A u B— npoun3Bo/ibHble NOCTOAHHbIE.
CnoXuB 3TWM KOpHW, nofyymm obuiee peweHue ypaBHeHus [2]:

x = Acospt-\-Bsmpt. [4]

N3 3Toro BUAHO, YTO BepTMKanbHOe ABWXKeHMe rpy3a W umeeT
KonebaTenbHbIA xapakTep. lMepuog 3Toro KonebaHus

x N
x“ 7
N yacToTa

J T 21c

MofcTaBNss BMECTO P €ro BblpaxeHue [3], umeem

|
T. €. nepuof KonebaHwuii rpysa IF, NoABELIEHHOIO Ha MPY>XMHE, TaKOM Xe,
KaK MaTeMaTU4Yeckoro MasiTHMKa, [/MHa KOTOporo paeHa Ist. Amnau-
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Tyaa KonebaHuin [4], T. e. HamboNbllee NepemelleHNe rpysa OT MOJo-
YXEHUA PaBHOBECUS OCTAeTCs MOCTOSHHBLIM, TakK Kak A a B NOCTOSIHHbI.
KonebatenbHoe pABWMXXEHWE, MpeAcTaBNeHHOe YypaBHeHMem [4], Hasbl-
BaeTcs APMOHUYECKUM [ABUIDKEHUEM.

[na onpegeneHns nNPoM3BO/SbHLIX MOCTOSHHLIX A W B JOMKHbI
OblTb paccMOTpeHa HavalbHble ycnosus. [M0N0XKUM, Hanpumep, 4To
B HayanbHbli MOMeHT (E= 0) rpys W uMeeT nepemMelleHne Xi OT
MONIOXKEHNSI pPaBHOBECUSA WM UTO €ro HadvajbHas ckopocTb x<j. [lMog-
ctaBnas £=0 B ypaBHeHue [4], nony4yaem

x0=A. [9]

B3sB Tenepb NpPOM3BOAHYH Yp-us [4] no BpemMeHM U NOACTaBNAS
B 3Ty Npou3BOAHYK t= 0, umeem

f =B L]

MopfcTaBnas 3HayeHUs NPOW3BOMbHbLIX MOCTOAHHLIX [A] n [b], no-
NyYuM criefylolee BblpaXeHue KonebaTesbHOro ABvkKeHus rpysa W:

x 1
X — X0COSpt-\--y sinpt. [6]

N3 atoro BuAHo, 4To B 06WeM cnydyae KonebaHue COCTOUT W3
[BYX uvacTeil: konebaHwe, mponopuMoHanbHoe cospt u 3aBucALlee OT
Ha4yanbHOro nepemeLLeHnUs CUCTeMbl, U ApPYyroe, MPOMOPLMOHaNbLHOE
smpt u 3aBucsllee OT HayanbHOM CKOpocTu Xif. Takoe [ABUXEHME,
Kak Bblpakaemoe yp-uem [6], MOXer ObiTb Bcerfja npeacTaBNeHO Kak
NpocToe CUHycoudanbHoe ABWXKeHue. [ycTb

x0= Msina, \c]
N = Mcosa, [d]
rae M 1 a NocTOsiHHbIE, nogfnexallne onpeaeneHuto.
MpucTaBnsas B yp-ue [6], umeem
X = Ms'm{pt-\- a). [7]

AmnanTyga M a3Ttoro konebaHms u yron a, pasa konebaHus,
MOryT ObITb NIErKO HailfeHbl u3 yp-uii [c] n [d]. Bo3seas B KBagpar
M CNoXue 0b6a yp-us, MOAy4YMM
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Pasgenuns [c] Ha [d\ nonyuyum
It> Xo * [9]

AmMnantyga M 1 yron a moryT 6biTb NOAYyYeHbl TakXKe rpauyecku,
Kak nokasaHo Ha ¢ur. 2. B3ss OA= x0/p n OB—x0> umeem u3
npAaMoyrofisHoro tpeyronbHuka OAC:

ocC = M;
= /m 0t P
tga: AC xm
'AO Xn

Boo6pasum Tenepb, yto paguyc OC aBu-
XKETCA C MOCTOSHHOW Yr/0BOi CKOPOCTHIO P
MO 4acoBOW CTpesike; Torja B MNPOMEXYTOK
BpeMeHn t Touyka C nepeitgetr B Cu U BepTu-

our. 2. KanbHaa npoekuuns OBt pagunyca OCu pas-
Hasa Ms\n(pt-\- a), npeAcTaBuUT BepTUKa/bHOE
nepemerieHve n. (cMm. yp-ue [7]) rpysa W npu KonebaHuu.

M3 3TOro BMAHO, YTO COBCTBEHHOe KonebaHme cuCTeMbl, M306pa-
XKEHHOI Ha ¢ur. 1, MoxeT ObITb BCerga npeAcTaBleHO Kak NpocToe
rapmMoHu4yeckoe konebaHwve, nepuof Kotoporo (cm. yp-ue [5]) 3aBucut
OT 8" T.e OT XXeCTKOCTM MNPYXWHbl K Beca rpysa. AMOAATyja M
(hasa 3aBMCAT OT HayanbHOro MepeMelLleHUs M HayanbHON CKOpOCTU
rpysa.

2. Mpumepbl. — Cnegylowme npuMMepbl  CAyXaT AN OCBeLLeHWs
pasNnYHbIX NYHKTOB MpeAblgylieil TeOPMM 1 NOKa3blBaKOT, KaK MOXeT
OblTb MCUYNCMEH B Pa3HbIX CMy4asx MNepuoj COOCTBEHHbIX, KOnebaHWii
CUCTEMBI.

a. Konebanue rpysa W Ha 6anke (¢wur. 3).—IlNpeHebperas Becom
6ankn 1 NpPUMEHAs MPOCTYH Teoputo u3rnba, MoAyYUM CTaTUYECKUi
nporné 6anku HEenocpefCTBEHHO MOf rpy3oM pas-

HbIM 4™ - *
WcKI— cY oo0r J

8' = 3IEI a
[ ] odur. 3.

JTOT Npormb MpsMO MPOMOPLUUOHANEH Tpy3y, U
6ankKa MO3TOMYy MOXET OblTb paccMaTpuBaema, KakK MpyXWHa, >KecT-
KOCTb KOTOPOI OMpefensertcs BeMYUHON

3ICI

KE 1= cf-

npeAcTaBnsloLLeid rpy3, Heo6XoAMMbIA, 4YTOObI BbI3BaTb NPOrn6 Ganku,



MPUMEPHI 1

paBHbIA eauHuue. lMoacTaBnas 0", Mony4yeHHoe Bbile (cM. yp-ue [a]),
B yp-me [5], Nerko MOXem BbIYUC/INUTb MNepunoj COOBCTBEHHOrO Koe-
6aHMa rpysa Ha Oanke. BennuuHa nepumopga, MNOAYYEHHOrO TaKUM
cnoco6om, 6yfeT HEMHOrO MeHblUe, YemM [AeACTBUTENbHbIA nepuof, B
cuny TOro, YTO BeCcOM Camoil 6Ganku Mbl npeHebpernu. bonee fetanb-
HOe pacCMOTpeHWe 3TOro cnydvas kKonebaHus 6yaeT gaHo B n° 14
b. KonebaHna KpyyeHus. — Ecnm AWCK CONPSXKEH CO CTEPXKHEM,
KaKk MokasaHo Ha ¢wur. 4, U K HEMY B €ro njioCKOCTM MpPUIoXKeHa
N BHE3arnHo yjaneHa napa cwui, TO BO3HWUKHET cB06GOJHOe KonebaHwue
KPy4YeHNs CTepXXHA BMecTe C AUCKOM. TlyCTb ? —Yyron CcKpyduBa-
HUA CTepXXHA B Nt060 MOMEHT KonebaHus, k — ckpyumBaroWmnin Mo-
MEHT, HeoOXOoAUMbIA, 4YTOObl BbI3BaTb Yro/fl CKPYUYMBAHUS CTEPXKHS,
paBHbIA OHOMY paguaHy.
B cnyuyae NOCTOAHHOrO KPYroBoro nonepeyHoro
CeYeHUs CTepXxHa auameTtpa d umeem
_ G -d1 |
| 32 * b

CKpyuMBalOLWMiA MOMEHT B CTEpPXHE B /060e
MrHOBeHWe KonebaHus 6ypeT Kks. [MpeHebperas
Maccoii CTEPXXHS M MpUpaBHMBAs CKPYUUBAIOLLNIA
MOMEHT B CTEPXXHE MOMEHTY CW WHepuun AWCKa, our. 4.
MoayuuM cnefytowiee ypaBHeHWe ABWKEHUS [UCKa:

/<p"+ &p= 0, [10]

B KOTOPOM: /—MOMEHT WHepuMn [UCKa OTHOCUTENbHO ocun AB
CTEPXXHS, NEeprneHAVKYSAPHOK MAOCKOCTU [UCKa.
B cnyyae KpyroBoro gucka MOCTOSHHOW TOMLWMHbI

r.D'M _ WD2
329 - 8 °

rge h—TonwuHa, D — gnameTp Agncka, y—Bec eguHuUbl obvema, W —
BeC AMcka.

Ecnu BMECTO CM/IOWHOr0 KPYroBOro AMCKa B3siTb KOMIECO M ecnu
NPeAnonoXuTb ero Maccy COCpefoTOYeHHOW Ha o6oge, To’

WD-
4g 7
B obuwem cnyyae guMcKa MNepemMeHHOW TOAWMHbI h

ilid
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[ens ypasHeHue [10] Ha / n nonaras

r=r-, f

nonyynum yp-ue TOW e opMbl, YTO K yp-ue [2], obuiee peLLeHMe
KoTOoporo 6ypet
y= Acospt-\-Bs\i\pt. [11]

M3 3TOro BUAHO, YTO Mepuof KonebaHus KpydeHus

= 24 [12]
P /| T -

B cnyuyae CTepXXHS MOCTOSIHHOTO KPYroBOTO CeYeHust

0O Nnr~uwl Gd[
Y Gtd> f X 2y 8211

3T0 MONyYyeHO AN TOro C/y4yas, Korfja CTepXeHb UMeeT NOCTOSH-
Hbii avameTp d. EcCnn CTepXeHb NEepeMeHHOro AuameTpa B pasHbiX
yacTsX, TO €ro /Ierko MPUBECTU K CTEPXHIO MOCTOSHHOrO AuameTpa.
Heob6x0AnMO TOMBKO MOMHWTb, YTO YrOA CKPYYMBAHUS CTEPXKHA
NponopLuoHaneH 4eTBepTOi cTeneHn guametpa. [osTtomy 6e3 u3me-
HEHUA yrna CKpy4MBaHWA 4acTb CTEPXKHA, AAMHON a, u gnametpom du
MOXET ObITb 3aMeHeHa COOTBETCTBEHHOIA
YyacTbl0 [AAMHON ar u guametpom dv npu

CO6M0AEHNIN YCNOBUS

a. dI\K
dl [14]

[13]

dur. 5. MonyyeHHble pe3ynbTaTbl MNPUMEHWUMbI

TakkKe K Bany C [BYMS Bpawjarlumncs

maccamn (dur. 5). Mogob6Hoe YCTPOCTBO WMeeT 60MbLIOE MpaK-
TUYECKOe 3HaYeHWe B WHXEHEPHOM Jefe W BCTpeyaeTcs, Hanpumep,
B Cnyyae rpebHoro Bana *. Ecnn maccoil Bana MOXHO NpeHebpeyb
Mo CpaBHEHWKO C MacCOi, MNPWMIOXKEHHOW Ha KOHUax, TO CUcTema,
n306paXkeHHas Ha ¢ur. 5, MOXeT 6bITb paccMaTpMBaeMa Kak MMeto-
Wwaa pABe cTeneHyn cBob6ogpl: (1) ogHa, o6ycnoBnvMBaemass TeMm, 4TO
Ba/l C AUCKaMM MOXeT BpawaTbCAd Ha MOALWMMHMKAX KaK TBepAoe
Teno, un (2) BTopas, obycnoBAMBaemMasi TeM, 4TO Bal MOXET AaTb
KonebaHne Kpy4yeHus, MpuM KOTOPOM [MCKM BpallalTca B Harpa-

‘) 3Ta 3agava usyyeHa Bnepsble H. Frahm’oM; cm. ero Neue Untersuchungen Uber
dynamischen Vorgange in den Wellenleitungen v. Schiffsmachinen, V. D. L.*, 1902.
OH nokasan OMbITHbIM MyTeM, YTO, MPU OMpPEeLeNeHHOl CKOPOCTU KONneGaHUs Bbi3biBalOT
0YeHb GOMbLUME BENMYMHBLI HANpsHXKeHW B rpeGHbIX Banax.
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B/IEHWSX, MPOTUBOMOMIOXKHbLIX ApPYr Apyry. [1peanonoxum, Hanpm-
Mep, YTO B HayasbHblAi MOMeHT (~=0) Ha KOHLUbl Bana [eiCTBYHT
[Be paBHble NPOTMBOMOMOXHbLIE CKPy4MBalOWMe Mapbl U 3aTeM BHe-
3anHo yganaTca. TakMM TOMbKO 06pa3omM MOryT O6biTb MOMYYeHbI
KonebaHUs Kpy4yeHus, U gUCKM 6yayT BpallaTbCs B NMPOTUBOMNOJOXHbIX
OAWH MO OTHOLEHUI K APYroMy HanpaBfeHWax, TaK 4To 06wiuii
MOMEHT CUCTEMbl OTHOCWTENIbHO OCW Bana Bcerja 6yfeT paBeH Hyrio,
KaK B HayanbHblii MOMeHT (£=0). Bo Bpems Takumx KonebGaHWii HEKO-
TOpOe MNPOMEXYTOYHOe CeyeHWe TN Bana OyaeT OCTaBaTbCsA Herno-
OBWXHbLIM. JTO CeYeHWe Ha3blBAETCH Y3/M0BbIM CEUYEHWEM, W €K MO0J0-
XKEHUe MOXeT 6bITb HalileHO W3 YC/I0BMA, UYTO YacTW Bana cnpasa U
cnesa (ur. 5) umetoT TOT Xe nepuog KonebaHusa. MpumveHas yp-ue
[13] K Kaxmoil M3 ABYX 4acTeil Bana, MOMy4vaem:

VharVTy
nm
a A =l
x px
Mo ¢wur. 5 nmeem:
a-\-b=1 [b]

Torga, u3 [4] v [b],

Tenepb 13 yp-us [13] nonyuysm nepuog M 4acToTy KonebaHuit
YUYEHNS CUCTEMBbI:

321y : Il /;,wwun+nr
5W 7r+73- 3af . 1151

BnuaHue maccbl Bana Ha nepuoj KonebaHus OyfeT pacCMOTPEHO
fanee (cm. n° 14).

3. BbIHY)XeHHble KonebaHus. — pn paccMOTpPeHUn KonebaHwii
CUCTEMbI, MOKa3aHHOW Ha ¢ur. 1, 6bIAM McCnefoBaHbl TONLKO CBOGOA-
Hble KonebaHus. Temnepb pacCMOTPWMM Apyroin Bug KonebaHwii. Ecnu
NPUHATb, YTO KPOME MOCTOSHHOM cunbl W Ha rpy3 geiicTByeT nepuo-
OMYECKN NepemeHHas BepTMKanbHasa BO3Myljatouwias cuna Q, TO BO3-
HWKHYT BbIHY>K/[EHHblEe KONebaHnsa CUCTEMBI.

CooTtBeTcTBYylOLLEE AndhepeHUnanLHOe Yp-re ABMKEHUS NOAYUYUTCS

fobGaBneHVeM B NeByl 4YacTb yp-ua [1] cunbl Q. Takum obpasom
MMeeM:

Mo \-kx-0 [16]
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unu, Aenst Ha M NPUMEHMB KaK npexpje 0603HauyeHue
8

pr= K
p W

MoMyynm Cneaytoliee ypaBHEHME:

X p'-x= O* . [17]

PaccMOTpMM Tenepb YacTHbIV Cyyaid, Korga Bo3mylatolias cuna Q

nponopuuoHanbHa cosmt. Mepuog 3Toii cunbl W= ~ U yacToTa

Mpn o0603HaYeHUN = Qcosmt yp-ue [17] ans atoro cny-

yasa nonyvaetcs
x" -\-plx = gqzosmt. [18]

Ecnv M3MeHeHWUs BO3MyLLAlOWEl CUbl OYeHb MeANEHHbI, T. e T
Masio MO CPaBHEHWIO C P, TO MOXHO MpeHe6peyb UNEeHOM, COoAepXKa-
WMM YCKOpeHMe B yp-uu [18], ¥ Mbl MOMYYMM cTaTM4eckylo gedop-
MaLyHo:

[»)

[na Toro 4tobbl MOMYYMTb AMHAMWYECKOE MepeMelLeHne, cnegyeT
BOCMONb30BaTbCA 06LWMM pelleHnem yp-us [18]. 3T0 pelleHne noayymm,
ecnun peweHune [4] ogHopogHOro yp-uma [2] CnoXum ¢ YacTHbIM peLle-
Huem yp-ua [18]. MpuHss Ccosmt 3a Takoe 4YaCTHOE peLleHne u nofa-
CTaBMB €ro B yp-uve [18], nmeem

a notomy obllee peweHne yp-us [18] 6ypert:

x — Acospt-\-Bs\npt-\— j-~-~-cos mt. [19]

B 3TOM ypaBHeHMM NepBble 4Ba YeHa NPaBOil YacTW NpPeAcTaBNsAOT
CBOOOHbIE KOMe6aHUS CUCTEMbI, KOTOPbIE ObIIM PAacCMOTPEHbI paHee,
TOrfa Kak MOCNefHWIA ufieH MpefcTaBAseT BbIHY>KAEHHbIE KO.rebaHus.
3TN nocnegHve MMET TOT Xe Mepuof, YTO M BO3MyLLaloLias cuna,
a ux amnantyga C 3aBUCUT OT 4acTOTbl 3TOW cunbl. OTHOLIEHWE
3TOW aMnaMTyAbl K CTaTMYecKoi pgedopmauuun, onpegensiemMoii yp-uem
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[a], Ha3biBaeTCcA KO3(h(hMUMEHTOM HapacTaHus konebaHus (magnifi-
cation factor) u paBHseTcA

—UuUx wwH P=-—UT - [20]
1— 1--U-
- . 1
roge x= --—--—- nepuos He3aBUCMMOro KonebaHus u 'i— “— nepuog

BO3MYLLLAKOLLLEA CUNBbI.

W3 aToro BMAHO, UYTO 418 ManblX 3Ha4YeHWin T!p, T. e. KOrja vacroTa
BO3MYLLAOLLEN CW/bl Mafla CPaBHUTENbHO C YacTOTON HE3aBUCUMBIX KO-
neGaHnin cucteMbl, Ko3hpuumeHT @OyaeT 6MM30K K efuMHULIE U aMMan-
TyAa BbIHYXAEHHbIX KofebaHuii 6yfeT nub HEMHOIO OTAMYaTbCA OT
cTaTMyeckoin pgedopmaunn no yp-uo [d]. C yBenuuyeHMem OTHOLLEHUS
T/p aMnNanTyfa BbIHYXAEHHbIX KONebaHWii yBenM4MBaeTca U CTaHO-
BUTCA GECKOHeYHO 6Gonblwoin npu T/p= 1,

T. €. KOFfa 4acTtoTa BO3MYyLLatoLleid Cunbl

CTaHOBWTCA paBHOM 4acToTe He3aBUCUMbIX

KonebaHuin cuctemsbl !). Korga 3to npo- £

NCXOAUT, Mbl MMEEeM COCTOsIHUE Pe30HaHca,

M COOTBETCTBYHOLLAs 4acToTa BO3MYLLANO-

el cunbl HasblBaeTCA KPUTUYECKOW uac- our. 6.
TOTOIA.

B MHXeHepHOM fene BO3MYyLLalOLLas Cula MOMyYaeTcs O4YeHb YacTo
B pe3y/bTaTe HeypaBHOBELLEHHOCTMW. lMycTb, Hanpumep, MallnHa, NoA-
fnepxuBaemas 6ankoin AB (cm. dur. 6) U MMeloWwas HeypaBHOBeLLEH-
Hyl0 Maccy M, Bpawaetcs C MOCTOSHHOM YrnoBOW CKOPOCTbIO T.
Myctb Q 0603Ha4yaeT LEHTPOBGEXHYK CWUly OT HeypaBHOBELLEHHOWA
maccbl M, Torga Qcosmt npegcTaBnseT BepTUKanbHYKO BO3MYLLANO-
Lyl cuiy, KoTopas Bbl30BeT KosnebaHue 6ankn. AuddepeHymnansHoe
yp-ne aTux KonebaHwii GyaeT Takoe Xe, Kak yp-ne [16] 2, n 13 atoro
HenoCpeACTBEHHO MOXHO 3aKNKUWUTb, YTO COCTOSIHME pe3oHaHca by-
[0eT VMeTb MecTo, KOrja 4ucio 060poTOB B MWUHYTY MallWHbI NOAYy-
UMTCA paBHbIM BE/IMUMHE HE3aBUCUMMBIX KOMeb6aHMi Ganku, Harpy>eH-
Holi Becom W MalWHbI, T. €. KOrga

CKOpOCTb, COOTBETCTBYHOLLAaA COCTOSAHMIO Pe30HaHca, HasblBaeTCs
KPWTUYECKOW CKOPOCTbIO. ECnM MallMHa BpalwaeTcs € TakKol CKo-
*) lMogpobHOe paccMOTpeHMe 3TOro obcToATenbcTBa CM. n° 29.

) Mpy 3ToM npeHeGperaem Mmaccoli Ganku W [elCTBMEM TOPU3OHTA/IbHOW cocTa-
B/IAIOLLENA LEHTPOGEXHOW Cunbl.
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POCTbIO, MOrYT BO3HWKHYTb 60/blUMEe KOnebaHua 6Ganku, amnauTtyga
KOTOPbIX 3aBUCUT OT Be/IMYMHbI 3aTyXaHWUS, BbI3bIBAEMOI0 Pas/IMYHOI0
BUZA COMPOTMBNEHUAMU, KaK-TO: COMPOTWUB/IEHWE BO3AYyXa, TPeHue
onop 6anku, BHYTPEHHee TpeHue B maTepuane 6anku. BAMH ie aToro
3aTyxaHua OypeT paccmoTpe-
«-1 —n-l-——————— HO panee. B BblilWwenpuBeneH-
HbIX pacCyX[eHusax 3aTyxa-
HVe He 6blf1I0 NPUHATO BO BHU-

\ MaHue, 1 KaK pesynbtar aToro
nosiyyanocb 6eCKOHEYHOe yBe-
G JMHYEHME amnanTyfibl  BbIHYX-
[eHHbIX KonebaHWin npu npu-

08 6nmxKeHUN T/p K eguHuULe.
10 BosBpawjadacb K Bblpaxe-

Huio [20], BMAUM, 4TO C BO3-

pacTaHWeM 4acToTbl T [AMHa-

dur. 7. MWUYECKOIM CU/bl BbIlLe, 3HaYe-

HWSA, OTBeYaloLlero Hesasu-

CUMbIM  KOSIe6aHWUAM CUCTEMbI, aMNANTYda BbIHYXAEHHbIX KOfebaHui

YMeHilaeTca W, ecim T CTAHOBUTCA OYeHb OONbLIMM  CpPaBHU-

TeIbHO C p, aMNANTYfAa BbIHY)XAEHHbIX KonebaHWii [enaeTcs O4eHb

MaJsioil CpaBHUTENBHO CO CTaTM4YecKoi aedopmauueit, n rpys W (dur 1)

MOXeT ObITb paccmaTpuMBaemM B 3TOM Cflydyae KaK HemnojBUXKHbIN.

Ha dwr. 7 n3ameHeHue BefIMUMHbLI OTHOLEHUA BaMNAUTYbl BbIHYXAEH-

HbIX KOnebaHWiA K CTaTU4Yeckoin pfeopmaunn npefcTaBneHo rpadu-
Yeckn B (hyHKUuKM T/p = X/xt.

PaccmatpvBas 3HaK BblpaXeHus [20], Buaum, UTO ANs  clydas
T<Cp BblpaXeHuWe MONOXKUTENbHO, & ANA T/>p OHO Mo/y4YaeTcs
oTpuuaTesibHbIM.  JTO YKa3blBaeT, 4TO
KOrga 4JactoTa BO3MYLLAKOLWEA CUbI
MeHbllle, YeM TakoBas He3aBUCKUMbIX KO-
nebaHWin CUCTEMbI, BbIHYXAEHHbIE KOse-

GaHnA W BO3MyLLaloLWlaa cuné scerga B

OfHON n TOW >Xe (hase, T. e. Konebnto-

Wwminca rpys (cdur* 1) gocturaet CBOEro

HU3LLEro MOJMIOXEHUS B TOT >X€ MOMEHT,

KOorga BO3MyLLalOLLAA Ccuia  nony4vaer

HavBbICLLEE 3Ha4YeHWe B Harpas/ieHUU our. 8.

BHM3. Korga T/>p, pasHuua B (haszax

MEXAY BbIHYXAEHHbIMW KOMebaHuAMM 1 BO3MYLLAIOLWEA CWOWA CTa-
HOBMTCA paBHON T 3ITO 3HAYUT, 4TO B TOT MOMEHT, Korga cuna
nosyyaeT MakCUManbHOe 3HauyeHWe B HamnpaBfieHWU BHU3, KONeb/to-
Wwuiics rpys AOCTUraeT CBOEr0 BEPXHEro MOJIOXKEHMs. JTO ABfIEHUE
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IOXKCT ObITb MOSACHEHO ClleAyoWMM MNPOCTbIM ONbITOM. B cnyuae
ipoctoro MmasiTHuUka AB  (ur. 8) BblHYXJeHHble KonebaHus MOryT
5bITb  BbI3BaHbl MNpuAaHWeM Touke A KoNebaTeflbHOro  ABUXEHUS
B FOPU30HTaNbLHOM HanpasneHun. Ecnv 3ro KavaHue MMeeT 4acToTy
MeHbllUE 4YeM YacToTa MasTHUKA, KpailHee MOM0XeHUe MasTHWKAa BO
BpeMs 3TUX KonebaHwin GyaeT, Kak MokasaHO Ha ur. 8a; ABMKEHUS
Touek A a B OyayT B TOW e hase. Ecnn kKonebaTenbHOE [ABUMXKEHME
TOUKM A MMeeT YacTOTy, BbICLUYIO YeM MaATHWK, KpaliHWe MOJI0XKEeHUs
MasTHMKa BO Bpemsi KonebaHwii OygyT, KaK MOKasaHO Ha ¢ur. 8b'
PasHoCTb (ha3 ABMXKEHWIA TouyeK A M B B 3TOM C/ny4yae paBHa f.

B HawmMx paccy>XAeHusx paccmaTpuBanca TONMbKO TPeTWid ufeH
o6uero BblpaxeHus [19], nsobpaxatoWuii BbIHY>XKAEHHbIE KONebaHus.
Mpn NpUIOXeHWN BO3MYLLAIOLWEA CUAbl, OAHAKO, BO3HWKAKOT HE TO/bKO
BbIHYX/E€HHble KO/MebaHUs, HO N He3aBUCUMble KonebaHusa. C TeyeHueMm
BpPEMeHW 3TW nocnefHue KonebaHusa OyAyT 3aTyxaTb BC/efCTBME pas-
NMYHOTO pofa COMPOTWBAEHWIA, HO B Hayane ABWKEHUS OHWU MOTyT
MUMETb MPaKTUYeckoe 3HaydeHue. AMNAUTYLA HEe3aBUCUMbIX KonebaHuii
MOXEeT ObITb Nerko HaligeHa u3 ob6uiero pewexus [19] nyTem pac-
CMOTPEHMS HayaNbHbIX YCMoBUIA. T0OM0XKMM, HampuMep, YTO B Hayvasb-
Hbli MOMeHT (= 0) nepemeLleHVNEe W CKOPOCTb PaBHbl HYMK; NPOMU3-
BOJIbHble MOCTOSAAHHbIE pewweHns [19] 4omkHbI Torga 6bITh onpefeneHbl
Tak, 4Tobbl nNpn £= 0

x=0 n x'=0.

3Tn ycnosus OyayT YAOBAETBOPEHbI, €CAN MONOXUTL A - =
5= 0. Noactasne B [19], nMmeem

x==J-rzr”i (coswtf— c°spt). [197]

B Hauane pfeiicTBMA BO3MYLLAKOLLENA CWMbl COSMt BO3HMKAKOT
BbIHY)X[EHHbIE U CBO6OAHbIE KOMebaHWA OJUHAKOBON amnauTygbl.
Ecnm vacToTa BO3MyLLatoWel cunbl NpUBAMXKAeTCa K 4acToTe Hesa-
BUCMMbIX KONeb6aHWA, MMeeT MecTo GueHwe.

Myctb V2 (p— T)= L, Toraa u3 yp-ua [197] nmeem

» = - Jd,, @ + & sin(? m-PJL=
p- —mn 2 2
PAVESTA
p*_ m* 2 .

Pe3ynbTaT MOXET ObITb MpefcTaBfieH rpauyeckun, Kak n3obpakeHo
Ba dur" 9- "rsUiramn, v A ][;‘7 o! N 9 Ll—ﬁ

Teopna konebduit BaraxeHepHoM 'aenk “ a
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JT0 fAaeT KoneGaHWs, UMeloLe Nepuog

T==2% "L £= L
T+p

M NEpPeMEeHHY amniuTyay, paBHYH

2<7sinA
T3

2
Mepvog 6GueHns 6yget  ; OH 6GyAeT yBenmumBaTbCs C NpubanKe-

HAEM M K p U CTaHeT OECKOHeYHbIM B C/ly4yae pe3oHaHca (p — T)e
Yp-ue [21] B aTOM c/iydyae MOXET OblTb MpeACcTaBfeHO Tak:

+
przijt; T E P zqi sinmt, [211
T. €. aMmnauTyja BO3pacTaeT 6e3rpaHMYHO C TEYeHWEM BPEMEHMU.
Takoe 3akN0YeHMe NONYYEHO HaMK K3-3a MPEHEOPeXeHns 3aTyxaroLwmnm
JelicTBMEM pas3HOro pofa COMPOTUBMEHWUIA.

4, TexHn4Yeckne npumeHeHUs (NPOCTOe FapMOHM4Yeckoe Koseba-
Hue).— NS NOSCHEHUS BbILIEN3NOXEHHOW Teopun pacCMOTPUM  He-
CKO/MbKO MNPOCTbIX NpuMMepoB. Takoe ABWMXeHWe OyfeT UMeTb MeCTO
rnaBHbIM 06pa3oM B Mpubopax AN M3MEPeHUs KonebaHWid.

a. Mpunbopbl, ans 3anncbiBaHns konebaHuii (Bubporpadsl).— Teopus
Bubporpata MOXeT OblTb NErko MojsyyeHa U3 PacCMOTPEHUSA CUCTEMBb,
n306paXkeHHOW Ha tur. 1. BbiHy)XAeHHble KonebaHua rpysa W moryt
ObITb BbI3BaHbl KOMeOaTeNbHbIM [BUMXEHNEM B BepTUKalbHOM Hanpa-
BMEHUM TOYKM nofBeca MpyXxuHbl A. TlycTb Xt— nepemelleHne
MO HamnpaBfEHUD BHU3 TOYKM A B Kakoi-nMbo MOMEHT U X — mepe-
MelleHne rpy3a W B TOT >Xe MOMeHT. PacTsXeHue npyXuHbl 6yget
X —XX W pacTarvsaroliee ycunme B nNpyXxuHe o6ygaet paBHO K (X —X X).
MopgctaBnB 310 ycunme BMecTo kx B yp-ue [1], monyumm cnegytoLlee
yp-ne ABUXEHUSA:

\évx" 4-K(x- *)= 0, [22]



TEXHUUYECKWE MPUMEHEHWUS 19

\' TMycTb Touka A coBepluaeT MNPOCTOE TrapMOHMYECKOE KadvaHue,
OTBevaroLee yp-uto:

X, = bcosmt.

Torga, MosfoXus

nonyymm
X" -j-p-x — q cos mt.

JT0 ypaBHeHMe noJo6HO yp-uto [18] M K HeMy MPUMEHUMbI BCe
3aKnoYeHns n°3. EcnyM 4yacToTa Kayvalolerocs ABVDKEHWSA TOUKW MOA-
Beca A OuYeHb Mana CPaBHUTE/IbHO C YacTOTOM HEe3aBUCKMMBIX KOJe-
GaHuin rpysa W, nOABELEHHOro Ha MPYXWHE, YCN0BUSA [BUXKEHUA
OyoyT NUWb HEMHOr0 OT/MYaTbCA OT TaKOBOIO B YC/OBUAX CTaTWKM,
T. e. Tpy3 W 6yfeT coBepwaTb NpubAN3UTENbHO TO Xe Kadatolleecs
[BWXeHMe, Kak Touyka nofseca A. Korga uactota kayaHuil Touku A
nNpnbaM3NTCA K TaKOBO HE3aBUCUMbIX KONeBaHUIA CUCTEMbl, BO3HUK-
HYT CWNbHble BbIHYXAEHHble KonebaHusa. B cnyyae, ecnim T O4eHb
BE/IMKO MO CPaBHEHWO C p, T. € KOrfja 4actota KayaHuidi Touku A
OYeHb BefiKa MO CPaBHEHWKD C TaKOBOW He3aBUCUMBIX KonebaHui,
aMnAnTyga BbIHYXAEHHbIX KOfebaHWiA nonyvaeTcsd OYeHb Heb6O0/b-
woi, n rpys W MmoXeT ObiTb pacCMaTpMBaeM KakK HeMnOABVKHbLIA B
npocTpaHcTBe. AMMNAUTYAA BbIHYXAEHHbIX KonebaHuii m3 yp-usa [19]:

c— —1 -
pr—T1
ncnonbL3oBae yp-ue [a], umeem:
h
C—
i "
p2

B3aB, Hanpumep, T = 10p, noayuyum amnanuTyay BbIHY>KAEHHbIX
Kone6aHuin paBHOW ~ b. 3ro 3HauWT, 4YTO B TAKOM C/lyyae KonebaHus

TOYKM mojBeca eABa v nepegagyTtcs rpysy W. Ha 3ToM npuHumne
OCHOBbIBaeTCs ynoTpebieHne nogoGHOro poga MOABECOK ANs Mpepno-
XpaHEeHUsi YyBCTBUTENbHbLIX W3MEPUTENbHbIX NMPUGOPOB OT KonebaHWii
BbICOKOI 4acTOTbl, MepefatoLNXCs COOPYXXEHUSM Yepe3 OCHOBAHWUE;
3TOT Xe MPUHUMM TaKXe NPUMEHSETCA B celicMorpagax — npuéopax
[Ons 3anucbiBaHUs Kone6aHWiA 3emMnauM BO Bpemsi 3emnetpsceHus. Mo
3TOMY MPUHUMNY TakXe CAenaHbl pasnuyHble npubopbl  (BMGPO-
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rpagbl) ANs 3anucbiBaHWSA KONnebaHWin MalluWH, COOPYXEHWR, ¢yHAa-
MEHTOB, MOCTOB W KOPMYyCcOB Kopabnei.

Ha dwur. 10 wn3obpaxeHa npocTas Cxema, KoTopas MOXeT ObITb
NpvMeHeHa [ANna 3anucbiBaHWsA KonebaHwid Kkopnyca cygHa. pys W
nofBelleH B Touke A K 6anke npu MOMOLLM pPe3nHOBON cTpyHbl AC.
Mpu BepTMKanbHbIX KOebaHUAX Kopryca aToT rpys
0CTaeTCcs MPaKTUYEeCKW HEMoABMKHbLIM, ecnu ne-
pvo4  He3aBUCKMMbIX KONMebaHuil ero [oCTaTouvyHo
Be/IMK; KapaHfall, MNPUKPEnseHHbIn K Hemy, Oynet
OoTMeyaTb Koniebarmsg Koprnyca Ha BpaliaroLiemcs
6apabaHe B. [ns nonydyeHua amnautyfabl Koneba-
HWA C JOCTAaTOYHON TOYHOCTHIO HEOOXOAMMO, YTO-
Obl Mepnof He3aBUCUMbIX KonebaHmil rpy3a 6bin Obl
[lOCTaTOYHO BENUK CPaBHUTENIbHO C TakKOBbIM KOp-
nycacygHa. A8 BbINOJSIHEHUS 3TOrO YC0BUSA A/IMHA
CTpyHbl AC 1 ee yA/MHEHWE [O/MKHbI ObITb Cpas-
HUTENbHO BenuKW. Hanpumep, 4T0BbLI NOAYYMTbL NEPUOS He3aBUCU-
MbIX KOne6aHWin B fBe CeKyHAbl, YA/IMHEHNE CTPyHbl Mo LeiAcTBMEM
rpysa W AO0MKHO ObiTb NpUBAN3UTENILHO pPaBHbIM OLHOMY MeTpy
(cMm. yp-ue [5]). 3HauMTenbHOCTb TPebyeMOoro YAAMHEHWs SABNSAETCS
HeaocTaTKOM B 3TOr0 poja YCTpOWCTBax.

Tenepb paccMOTPMM 3anuCbiBAlOLINIA  KonebaHWa Kopabnsa npu-
6op, ANA KOTOPOro Heo6X0AUMO 3HAaYMTENIbHO MEHblUee YAJIMHEHUE
npyXuHbl. Ero cxema npusegeHa Ha ¢ur. 11 *). [peHebperas Be-
com pblyara BD no cpas-

HeHMO c rpysom W, no-
NyynMMm  YONUHeHWe  npy-

dur. 10.

XUHbl AC paBHbIM Wi n

CTaTUYeCKOe MepeMeLleHme c*
rpysa W
ka2
JT0 nepemelleHne Lon- our. 11,

XHO 6blTb MOACTaBMEHO B
yp-ue [5] Ana nony4yeHms nepuofa HesaBUCUMbIX KonebaHwii BUGpO-
rpada. Mbl BMAMM, 4YTO HeoOBXOoAMMOe [ANS KOMebaHMiA Takoro e

D) Takasa cxema npumeHeHa B nannorpade O. Schlick'a, cm. ,Trans. Inst. Nav.
Arch.*, 1893, Vol. 34, p. 167. OHa >e npuMeHeHa B Bubporpage KembpumpKckoro
obuiectBa Ana msrotosneHms npuoopoB (Cambridge Instrument Co); cm. ,Jr. Optical
Sec. *f America”, 1925, Vol. 10, p. 455.



TEXHUYECKWME MNPUMEHEHUA 21

Meprofa yonMHEHWE MNPYXUHbI B 3TOM C/ly4ae YMeHbLUAeTcs B OTHO-
WeHnn a :| No cpaBHEHUIO C TaKOBbIM YCTPONCTBA, W306paXKEHHOro
Ha dur. 10 ).

b. BubpaLuoHHblii TaxomeTp Frahm’a -). — TaxomeTp Frahm’a us-
BeCTEH Kak npubop, WKUPOKO NPUMEHSIeMbIA AN1S U3MEpPEHUs 4acTOThbl
koneb6aHuii. OH COCTOMT M3 psija CTa/ibHbIX MOM0C, 3aKpPeneHHbIX
HXHUMW KOHLLaMK, KakK MoKa3aHo Ha qur. 12 6; K BepXUum KOHLaMm
nofoc npukpenneHbl HeboMbLUIME MAcCbl, KOTOPbIM MNpuiaHa Takas
Be/MYMHA, 4TO CUCTEMAa [MONIOC MpeAcTaBfseT OnNpefesieHHble cepun
4yacToT. Pa3HOCTb MexfAy 4acToTamu ABYX MOC/nefoBaTe/lbHbIX M0M0C
06bIYHO paBHa MOMOBMHE KONie6aHUS B CEKYHAY.

[na onpegeneHns 4acTtoTbl MOMOCHI MOXHO paccMaTpuBaTtb Mo-
CMEfHIOK KaK 3aKpenjeHHyl OfHWM KOHUOM 6anky (dur. 12c).
UTtobbl  y4yecTb  BUSHUE
Maccbl Monocbl Ha Koneba-

HWe, HeobX04MMO 4YeTBepTb
Beca nonocbl *f06aBnTbhY
K rpysy W, KoTopblii co-
CpefoToYeH Ha KoHLe. Torga

. (W + W 14)P
°st~ 3EI

JTa cTaTuMyeckas gedopmaumns fO/MKHa ObITb MOACTaBAEHA B yp-ue [5]
C TEM, YTOObl MONYYUTb MEPUOJ He3aBMCUMbIX KONnebaHUi nonochbl.

Mpn ynoTtpebneHnn npubop NPUKPENNAETCa K MallnHe, 4acToTy
Kone6aHNin KOTOPO HYXHO M3MepuTb. lonoca, y KOTOPOW nepuog
He3aBMCUMMOro KonebaHus 6yaeT Hanmbonee GAU3KMM K Nepuogy 04HOro
060poTa MalUMHbI, OKaXeTCs B YCNOBUAX, OAM3KMX K pPe30HaHcy, W
B Hell BOBHUKHYT CU/ibHble KonebaHus. Mo 3apaHee M3BECTHOW 4acToTe
3TO MONOCbI MOXHO YCTaHOBMTb 4MCNO 06OPOTOB MallMHbl. BMmecTo
psfa nonoc pasfiMuHoON ANUHBI UAM NPUKPENIEHUS pasfMyHbIX Macc
Ha WX KOHLAaxX MOXHO WCNo/fb30BaTbh OAHY MNOMOCY C rpy3oMm, mnepe-
MeLaeMbiM M0 ee AnvHe. YacToTa KonebaHWiA MalWHbl MOXET ObiTb
TOrAa HaifieHa W3MeHeHMEM AJIMHbI MOMOCbl 3TOro npubopa Ao nony-
YeHUs SIBNeHUs pe3oHaHca. Ha 3ToM nocnegHemM MNpUHUMNE MOCTPOEH
LLUMPOKO W3BECTHbI BUOpPOMETP DynnspToHa.

C. VIHAMKaTOp napoBbiX MalWH. — VIHAMKATOP NapoBbIX MalUUH
ynotpebnseTca ANA U3MepeHUs AaBfieHUs napa B LMANHAPAaX MaluuHbI.

*) bonee AeTanbHOe PacCMOTpeHWe 3Toro BuGporpadga cm. n°9.
") 3toT npubop onucaH F. Lux’ou ,E T. Z* 1905, S. 264, 387.

’) bonee peTanbHOE PacCMOTPeHWe BAUSHUA MacCbl 6anku Ha repu<_, KonebaHus
[JaHo B n° 14.
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ToyHOCTb 3anuceii NOAOOHLIX MHAMKATOPOB 3aBUCUT OT CMOCOGHOCTM
yacTell WMHAMKATOPa, COCTOAILLEr0 M3 MOPLUHA, MPY>XWHbI W KapaH-
Jawa, cnefoBaTb TOYHO 3a M3MEHEHUSAMMW faBneHus napa. W3 obuwieit
TeopuMn N°3 W3BECTHO, 4TO 3TW YCNOBUA OYAYyT BbINONHEHbI, €C/Kn
4yacToTa He3aBUCUMbIX KOJIe6aHWIn CUCTEMbI WMHAMKaTOPa O4YeHb Bbl-
COKa CpaBHUTENbHO C TaKOBOW W3MEHeHWs [aBneHWs napa B LUU-
NUHApe.

MycTb nnowagb MOPWHA MHAMKaTopa A = 1,2 cM2; BeC MOPLUHA,
LUTOKa MOPLIHA W MPUBEAEHHbI BEC MPOYMX YaCTel, CBS3AHHLIX C
nopwHem, W = 0,06 Kr; nepemelleHne KapaHfalla, Bbl3blBaemMoe Aa-
BfeHWeM napa B ofHYy aTmocdepy (1 kr/cM2d), s-=2,4 MM; OTHOLUEHWE
nepemMelLleHMsa KapaHfalla K TakoBOMY MOpLIHA = 4.

M3 ycnosmsa, 4TO [aBfieHWE Ha MOpLleHb paBHO 1ml 2= 1,2 Kr,
M 4YTO COOTBETCTBYIOLLEE COKpalleHMe MPYXWUHbl paBHO [/j 2,4 =
= 0,06 cM, Mbl Haxogum LN MPY>XUHbI:

k= 1,2:0,06= 20 Kkr/cm.

YacToTa CBO6OAHbLIX KonebaHwii mHaukaTopa (cm. yp-ue [5]):

f-1-1i/71-1i/lX - / 98b26
T ny 2]/ W ~2r.]/ 0,06

3Ty 4acTOTy MOXHO CUMTaTb JOCTATOYHO BbICOKOW CPABHUTENBbHO
C O6bIYHOM 4acTOTOM NapoBbIX MAlMWH W 3anuMCb WHAMKATOPOM Aa-
BNeHWa napa 6yfeT AOCTaTOYHO TO4YHa. B cnyuvae
MalnH 60MbLIMX CKOPOCTEl, OfHaKO, TakKoWh npu-
60p MOXeT AaTb MPW WM3BECTHLIX YC/IOBUAX COBep-
LUEHHO Hey[AOoBMETBOPUTE/bHbIE 3anucn *).
d. Lpyrue npuno>kenus. — X
4yTO CWMa MHepUMU MPOTMBOBECOB KOMEC MapoBO3a
BbI3blBaeT [00aBOYHOE [JaB/eHWe Ha MyTb. 370
JeiicTBME NPOTMBOBECOB MOXEM Nerko onpege-
NUTb, MPUMEHAN TEOPUKD BbIHYXAEHHbLIX Koneba-
Huit. MycTb W — BeC Koneca M BCEX YacCTei, XecT-
KO COeAUHEHHbIX C Konecom, Q— Bec, MepeaaroLINiica peccopoii,
P —ueHTpo6exHas cwuna, Bbi3bIBaEMas MPOTMBOBECOM, L— Yri0Bast
CKOpOCTb Koneca. Torfa, paccMatpuBas 3afadvy KakK CTaTM4eckylto,
BEPTMKa/bHOE fAaBneHue Koneca (CcMm. ur. 13) nonyymm paBHbIM

Q+ irtPcoso”. [a]

)] OnwucaHve MHAMKaTopa fANs MalMH BbICOKOM 4acToThl (MUKpouHAaukaTop Kon-
NnHca) nomelweHo B ,,Engineering”, 1922, Vol. 113, p. 716. YkasaTenb CTaTe Mo WH-
avkatopam cm. ,Proc. Meetings of the Inst. Mech. Eng.\ London 1923, Jan.
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Mpy HeBOMbLINX CKOPOCTAX 3TO BbipaXeHue faeT [aBineHWe Koseca
¢ [OCTaTOYHbIM MNpPUGAMKEHMEM. UT0ObI NOAYYMTb 3TO AaBNeHMe C
60MbLUeli TOYHOCTbIO, [O/MKHO ObiTb YYTEHO AaBNeHWe Ha penbc OoT
BbIHYXX/EHHbIX KOMebaHUin Koneca, BbI3BaHHbLIX MNEePeEMEHHOW BepTu-
KanbHOW cunoii Pcos <t MycTb k 03Ha4yaeT BepTUKa/NbHbIA Tpy3 Ha
pensce, HeOOXOAUMbIN, YTOObI Bbl3BaTb HEMOCPEACTBEHHO MOA rPy30M
nporué penbca, paBHbIA eanHULe, 1 3" NPOrvo, Bbi3BaHHLIA Becom W,
Torga

Mepnog cBOGOAHBLIX KOnebaHWA Koneca Ha pefibCe MOXET ObITb
noflydeH M3 BbipaxeHus ’) (cMm. yp-ue [5]):

[l

Mepuog ogHoro obopoTa kKoneca, T. €. Nepuoj BO3MYyLLatOLLEn
(amHamunyeckoii) cunbl Pcos at,

25

Tenepb, npuMeHss yp-ue [20], MOXeM 3aKNOUWNTb, YTO AUHAMU-
YecKuil nporu6 penbca, BbI3BaHHbLIA cuio P, 6yaeT 60Mblue Tako-
BOro, OTBEYAlOLWEro CTaTUyeckoi AeopMaunn B OTHOLLEHWUM:

1
[

[aBneHne Ha penbc, BbI3bIBAEMOE LEHTPOOEXHON cunoki P, ysenu-
ynTCca B TOW >XXe Mpomopuuu, M HambOnbllee [aBfieHWe Koneca no-
NYYMTCS pPaBHbIM

% Tpy 3TUX BbIYUCNEHUAX Mbl MPEHEBPErN MAccoil penbca, M Cxumarowas cuna Q
B MPYXWHE NPUHATA MOCTOAHHOW. 3TO nocneAHee AOMYLiEHWe OMpaBAblBaeTCs TeM 06-
CTOATENLCTBOM, YTO Mepuof KonebaHuii KysoBa MapoBO3a Ha ero peccopax O06bIYHO
OYeHb BENMK B CPaBHEHWM C MEpUoJoM KonebaHuii Koneca Ha penbce, MO3TOMY Kofe-
BaHNA Koneca He MOFYT 6biTb MepedaHbl Ky30BY, W W3MEHEHWs JaBfeHUs NPYXUHbl Oy-
Yt oueH[> mansl,
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Mpu penbce Becom 49,7 Kr/m, npu moAyne YMApPyroctu OCHOBAHMS,
paBHoM 105 Kr/cm2 n W = 2,718 Kr Mbl 6ygem uMeTb ')

T= 0,068 cek.

JonycTus, 4TO KOneco pfenaer nATb 060pPOTOB B CEKYHAY, Mbl MO-
Ny4mm
T,= 0,2 cek.

MoacTaHOBKOW 3HayYeHW € M T, B BblpaXeHue [c] ycTaHaBnuBaem
4TO AMHaMM4YecKoe felicTBME NpoTuBoBeca bOyaeT mpumepHo Ha 11%
60/bLIe BbIYUCIEHHOTO CTaTUYECKOrO.

YacToTa He3aBUCUMbIX KOnebGaHUil CcUCTeMbl MOXET ObITb JIErKo
MoflyyeHa ONbITHBIM MYTEM MPUIOXKEHWNEM K 3TO CMCTEME TaKoli BO3MY-
WAMOLLEN CWMbl, YaCTOTY KOTOPOW MOXHO MOCTENeHHO MebATb. Ha
tur. 14 nokasaHo onpefeneHne 4acToTbl 6GOKOBbIX KONebaHWiA po-

Topa AB. llepeMeHHad BO3MYyLLalo-
Was cuia Bbl3bIBAETCA MasleHbKUM

M nBUraTenem C nepeMeHHbIM YMC/IOM

C .,p0-1  060pPOTOB M C 3KCLEHTPMYHO Mpu-
A ® /y  NoXeHHbIM rpy3oMm. BepTukanbHas
@ a COCTaBNsilOLWan LEeHTPO6GEeXHON cu-

our. 14, nbl P aToro rpysa npegctaBnsieT

NepuoaMYecKyo BO3MYLLAIOLLYIO CU-
Ny, BbI3bIBAKOLLYO 60OKOBble KonebaHus poTopa. 3TU KonebaHus MoOryT
ObITb Nerko onpefeneHbl Nomoulblo N60ro poga Bubporpada. Mpu
MOCTEMEHHOM W3MEHEHUW CKOPOCTW ABUraTens MOXeT ObiTb YCTaHO-
B/IEHO 4MC/I0 060POTOB B MUHYTY, NPU KOTOPOM amninTyja BbIHYX/EH-
HbIX KonebaHuii poTopa AOCTUraeT MakCuMyma. 3TO 4MC/IO NpeAcTa-
BAISIET 4acCTOTY He3aBUCUMbIX KonebaHuili poTopa. BcTpevatoTca cny-
yaun, rge, 4tobbl BbI3BaTb BbIHYX/EHHble KOMebaHUsi, BMECTO BO3MY-
WAKLWeER CUMbl HYXHO MPWAOXKUTL BO3MYLLAKOLWYy napy cun. B Ta-
KOM C/lyyae MOXHO MPUMEHWUTbL ABUratenb C [ABYMS 3KCLEHTPUYHO
NPUNOXEHHbLIMW TPy3aMu, KaK MnokasaHo Ha ¢wur. 14 b,

5. [Lpyroii meTof onpefeneHUs BbIHYXAEHHbIX KONebaHuin. —
obwero peweHus [19] n°3 BWAHO, YTO B MOMEHT MPUIOXEHUS BO3-
MyLLaloLed Cuibl BO3HWMKAKOT HE TOMbKO BbIHYX/EHHbIe KonebaHus
CUCTEMbI, HO Takxe K cB0GOAHble KonebaHws. 3TU nocnegHue 6yayT
3aTyxaTb M3-3a pasfIMyHOro pofa Cu/ COMPOTUBMIEHMS, HO ecnu pac-
cmaTpuBaTb ABWXeHWe B Hayane BO3HUKHOBEHWA KonebaHWA, TO CBO-
604Hble KonebaHUs MOTryT UMeTb CYLIeCTBEHHOe 3HauyeHue. [na TOro
4yTO6bl NONYYUTHL MOSMIHOE MNEepeMeLleHne CUCTEMbI B Havane [Buxe-

* Cwm. S. Timoshenko and J. M. Lessells, Applied Elasticity, 1925, p. 334.

K]
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HUSA, MPUMEHWM Tenepb AN CBOOOAHbLIX KO/ebaHWA MeTon, OCHOBAH-
Hbll Ha yp-un [6] n°l. N3 3TOro yp-ua BUAHO, YTO MepeMeLLeHne U3
MOMOXeHUs paBHOBecUs MNpu M0G0 HavyanbHOW CcKopocTu X% B nto-
60iAi MOMEHT t paBHO:

X — — sinpt. [a]
p

JonycTMm Tenepb, YTO Ha CUCTeMy, MOKa3aHHYH Ha ¢wur. 1, aeii-
CTBYET MepemMeHHas cwfia, U NycTb ¢ MPeAcTaBfiseT 3Ty BO3MYyLLal0-
LYK CUY, OTHECEHHYI K efuHuue Maccbl (cMm. yp-ue [17] n°3).
N3meHeHWe 3TOM cunbl B HEKOTOPbIA MPOMEXYTOK BpemeHW oT £=0
po t—tl MOXeT OblTb MpeAcTaBneHO rpaduueckn kpmeoik MN, Kak
nokasaHo Ha ur. 15. YTtobbl NOAY4YMTb MNepemMeLleHne CUCTEMbl B
no60i MOMEHT tu npeAcTaBMM HeMpepbiBHOE [AeiCTBME CUMbl Pas-
JeneHHbIM Ha 3MeMeHTapHble NpomexyTku dt. og feiAcTBUEM CUnbI (
B TEYEHME 3TOro NpPoMexyTka ckopocTb rpysa W (dwmr. 1) Bo3pa-
CTaeT Ha OECKOHEYHO Manyt BeNUYMHY, KO-

TOpas MOXeT ObiTb HalijeHa M3 paBeHCTBa

dx'
dt = 7
a MMeHHo
dx' — qdt. []

dur. 15
Tenepb 13 yp-us [a] MOXHO 3aKMOYNTb, YTO

TO 3NeMeHTapHOe MnpupalleHne CKOPOCTU ANA MNPOMEXYTKA BPEMEHU

tv Kakoe npefcraBneHO BblpaxeHueM [b], npounssedeT K MOMEHTY tt

(cdmr. 15) nepemelyeHne, paBHOe

dx— €£-sinp {tl —1). [

3T0 BbIpaXeHWe MNpeAcTaBAeT MepemMeLleHne nog AeiCcTBUEM CUSbl
B TeyeHWe OGECKOHEYHO Manoro npomexyTtka dt. YTobbl nonyunThb
nepemeLleHne, BO3HUKAKOLEe MPU  HEeMpepbiBHOM AEWCTBUM  CUSb,
HY)XHO NPOU3BECTM CYMMWUPOBaHME 3TUX 3/1EMEHTapHbIX Mepemelle-
HWiA [c]. Torga monyymMm nepemelleHne B MOMEHT

h
n= - j'qsinpfa —t)dt. [24]
0
3T0 BblpaXXeHWNe NpeACTaBseT NOAHOEe NepeMeLleHne, BO3HUKatoLLee
°T cunbl (, AeWCTBYIOLLE BO Bpemsi MpomexyTka oT =0 go t—tv
“ HeM 3aK/lou4aloTCs W BbIHYX/JeHHble W CBOGOAHble KonebaHus, u
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OHO MOXEeT OblTb MOME3HbIM A5 U3YYEHUA [BWKEHUA CUCTEMbl B
HayanbHbIAi MOMEHT. 3TVMM BblpaXEHUEM MOXHO BOCMO/b30BaTLCH U B
cyyasx, Korfa aHanMTUYecKOoe BbIpaXKEHMEe BO3MYLLAIOLLEN CUibl He-
M3BECTHO, W efVMHMYHas cuna g fJaHa rpauueckym WM  YUCNEHHO.
Heob6xoaumo nuwb OnNpefennTb BeNWYMHY WHTerpana [24], npuMeHuB
O4MH M3 NPUBINXKEHHbIX CNOCOB0B WMHTErpupoBaHus *).

Kak npumep npuvMeHeHWs 3TOro MeTtofa, paccMoTpum KosebaHus
noa AeicTBMEM BO3MyLlaloWlen cunbl q— acosmt (cm. yp-ue [18]
n°3). MopgctaBnas 3TO 3HayeHMe q B yp-ue [24], nonyuymm

h

X~ pJ CIB'I'Iisinp ~'0<#= pi tni (cos mtx—cosptt).

JTOT pesynbTaT BMOJHE COBNajaeT C pe-
WweHvem [19], nonydyeHHbIM paHee (cMm. n°3).

Yp ne [24] moxeT 6bITb MNPUMEHEHO B
Cnyyasx, Korga HeobXo4AMMO HaiTu nepeme-
weHne rpysa W (cm. dwmr. 1), npomcxops-
lee OT OTAeNbHbIX TONYKOB. JonycTum,
Hanpumep, 4TO BCNEACTBUE TOMYKOB, MO-
NlyyeHHbIX rpysom W B MOMeHThI t') t",
t'",..., BO3HWKHYT G6GECKOHEYHO Masble
npupaweHnsa ckopocteir \x', OX', O3a:',....
Torga w3 yp-uii [b] n [24] nepemelleHune

our. 16 B MOMEHT tx 6ygeT:

X — -y jji*x'sin/? (tt—t") + Oax'sinp (" —t") + O3v'sinp (tt—t"") J—-J.

3T0 NepemeLleHNe MOXHO MOMYYUTb OYEHb NIErko rpauyecku, U3o-
opaxaa A7', O21;'... KaK BEKTOPbl, HaK/MOHEHHbIE K FOPU30HTa/bHO
ocn nog yrnamm pit, —f), p(tx—t"),... (dwur. 16). BepTukanoHas
npoekuyms OC1 reomeTpuyeckoin cymmbl OC 3TUX BEKTOPOB, [AeNeH-
Hasa Ha p, 6yfeT Torfa npeacTaBNATb MEpPEMELLEHMe X, Bblpaxaemoe
npuBeAeHHbIM Bbille Yyp-uem. B ciydyasx, korga B MOMeHT t— 0 K
rpysy W npunoxeHa MNocTosiHHas cuna (dur. 1), nepemelieHne rpysa
B N060 MOMEHT ti nonyuum u3 yp-usa [24]:

=-jj sinp (ft—t)dt=" (L —cospt,), [d]
0

roe q/p5— cratmyeckoe mnepemMelteHne ot cunbl g (cm. yp-ue [17]).
M3 yp-ua [d] BmaHO, 4TO Hambofbluee MNepeMelleHVe BO BPeMs KO-

* Cm. v. Sanden, Practical Analysis, London, 1924-
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nebaHWin, BO3HMKaKLllee OT BHEe3amHO MPUNOXEHHOW CUMbl, PaBHO
[BOMHOMY CTaTMYeCKOMY MepeMeLLeHnto, OTBeyaloLlemMy TOW XXe cune.

6. 3aTyxaHue nponopumnoHanbHOe CKOPOCTU. — B npefblgywmnx
paccygeHuax (cMm. n°1) mbl MpeHebpernn BCEMMW Cuiamn COMpPOTU-
BIEHNS TPeHWs W B pe3y/abTaTe MOAyumnnm CcBOOGOAHbIe KoniebaHus ¢
MOCTOSIHHOM aMNAUTYAon. B aeicTBMTENbHbIX YCN0BUAX, OAHAKO, CUMbI
COMPOTUB/IEHMS, XOTb B HEKOTOPbLIX CAy4YasX M MOrywime ObiTb HEGOMb-
UMMM, BbI3bIBAKOT NOCTEMEHHOE 3aTyXaHWe NepBoHavYanbHbIX KoiebaHuii
3TN cunbl 3aTyXaHUA MOTYT BbI3bIBATLCA pPa3IMUHbIMKU NPUUMHaMU,
KakK-TO: TPEHMEM BO3fyXa WM >XWUAKOCTW, BHYTPEHHUM TPEHWEM B
mMaTepuane Kone6nwuierocs Tena WAM TPeHWEM MeXy MOBEpPXHO-
CTAMU CKOJIbXEHUS.

Mpy wCUYACNEHNN TPEHUS MeXAY MOBEPXHOCTAMM CKOMbXEHWS
006bIYHO NpUMeHsieTcA 3akoH KynoHa-MopaHa *). TpuHUMAlOT, 4TO B
C/yyae CyxXuxX MOBEPXHOCTEN cuia TPeHWs MpOMopLMOHanbHa HOp-
Ma/lbHOW COCTaBMSIOLWEA [aBMeHWs, AeACTBYIOWErO MexXay MNOoBepX-
HOCTAIMW, U He 3aBMCUT OT CKOPOCTW CKOMbXeHusi. B cnyyae nmosepx-
HOCTei, MaeanbHO CMasaHHbIX, KOrfa MeXAy CKOMb3AWMMM MNoBepx-
HOCTAMU CYLLeCTBYeT MJ/IeHKAa CMa3ku, CWna TPeHWUs He 3aBUCUT OT
[AaBNEHWSA W MPOMOpPLMOHanbHa CKOPOCTW CKOJMibXXeHus. B gelicTBu-
TeNlbHbIX CMy4YasaxX O0ObIYHO CYLLEeCTBYeT HEeKOTOpOe MPOMEXYTOUHOe
MONMOXEHNE MEXAY [BYMS BbILEYNOMAHYTbIMA KpaliHUMK MOM0Xe-
HUAMM.

Korga Teno konebnetcs B BO34yXe WM B XKWUAKOCTW, [O/MKHO
ObITb MPUHATO BO BHMMaHWE COMPOTMB/IEHME cpedbl. B cnyyae oYeHb
HebOMbLINX CKOPOCTEN, KaK 3TO MOXeT ObiTb B BO3AYLUHbIX 6yde-
pax, cuna COnpOTMB/EHNS MPONOPLUMOHabHA CKOPOCTU 2, B TO Bpems
KaK Ans 60/blIMX CKOPOCTEA MOXHO MPUHATbL C AOCTATOYHON TOu-
HOCTbHO COMPOTUBAEHUE NPOMNOPLMOHANbHBIM BTOPO CTEMEeHN CKOPOCTH

Korga ynpyroe Teno konebnercs B nycToTe, KonebaHus 6yayT
MOCTEMNEHHO 3aTyXaTb BC/IEACTBME BHYTPEHHEro TPeHWUs B mMaTtepuane
Tena 3. BnusHWe 3TOro pofa TPeHUA Ha KonebaHwe MOXET ObITb

) C. A. Coulomb, Theorie des machines simples, Paris, 1821; A. Morin, ,Mém
prés. p. div. sav.”, toma 4 (Paris, 1833) n 6 (1835). O630p AnuUTepaTypbl N0 TPEHWIO
cm. R. y. Mises, Encykloplidie d. Math. Wissenschaften, Bd 4, S. 153. YTto kacaetcs
HOBOW NMTepaTypbl No 3Tdiy npeameTy, cm. GmSachs, ,Z- f. angew. Math* ufld
Mech., Bd' 4 (1924), S. 1 n H. Fromm, ,Z f. angew. Math, und Mech.\ Bd 7
0927), S. 27.

* CM. onutu A. Stodola. .Schweiz. Bauzeitung', 1893, Bd 22, S- 113.

3) [aHHble 0 BeNUYMHE 3TOr0 BHYTPEHHEro TPEHWs [ANA pasnnMyHbIX MaTepuanos
MOXHO Haliw B kHure E. Lehr, Die Abkurzungsverfahren zur Ermittlung der Schwing-
ungsfestigkeit von Materialen, Dissertation, Stuttgart, 1925. Cm. Takke A. L. Kime
ball, ,,Mechanical Engineering"”, May 1927, p. 440, n pa6otsl Ormondroyd'a n Den
Hartogz, ,Trans. A. S. M. E*, Appl. Mech. Div. 1928.
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YYTEHO [AOMNYLEeHWEM, UYTO Cuia COMPOTUBAEHUS MPONOPLMOHabHA
CKOPOCTU MpW KO3 (hMLMEHTE NPONOPLMUOHANLHOCTKY, OnpesesieHHOM
13 onbIToB. Cuna COMPOTMBAEHUS NPOMOPLUOHANbHA CKOPOCTU TakxXe
B C/y4vae 3/1EKTPUYECKMUX COMPOTUBAEHUNIA *).

PaccmMOTpUM Tenepb MPOCTEALIMIA cnydyald, Korga 3aTyxaHue npo-
NopLMOHaILHO CKOpPOCTU 2. Bo3bMeM Ty Xe CXeMy, Kak paHee (CM.
tur. 1), n gobaBUM CUy TpPeHUs — ax K cunam, [AelCTBYIOWUM BO
BpeMsi KonebaHus Ha rpy3 W; 34ecb a— MOCTOAHHasA, 3aBucAWas oT
YCNOBUIA, N 3HaK MWUHYC YyKa3blBaeT, YTO cufia TPEHUs MMeeT Hanpa-
B/ieHWe, o6paTHoe ckopocTu. [onyunm cregylollee ypaBHeHWe [BU-
XeHus (cm. yp-ue [1] n° 1)

W—W—x"—ax'=W—\—kx, [9]
S
13 KOTOpOro
X" -\-2nx" -\-pAx = 0, [25]
rae
W wn 2n= %&- 1261
Mpn 0603Ha4YeHUN
p’=p*-nf [27]

obuiee peweHune yp-ua [25] MoxeT ObiTb NpPeAcTaBNEHO B CAefYHOLLEN
thopmed:
x —e"nt{Ab\np”-\- Bcospj). #

3 aTtoro BWMAHO, YTO MNOMy4YeHHOe KonebaTenbHOE [BUXEHWE WMeeT
nepuog
- 2%
Pi  Yp-—1-
Ecnv BefMuMHa N Mana Mo CpPaBHEHWIO C P, PasHOCTb Mexay p, M
p — Be/IMYMHA BTOPOro nopsaka manoctu (cMm. yp-ue [27]), 1 noatomy
MOXHO MPUHATL C AOCTATOYHOW TOYHOCTHIO, 4YTO Hebonblias cuna

3aTyXaHus, MPonopuuoHanbHas CKOPOCTU, He BAWUSET Ha Mepuoj Ko-
ne6aHus.

1) HekoTopble AaHHble OTHOCWUTE/NIbHO 3TOr0 poja 3aTyXauyumil, a TakKKe O HeKoTo-
pbiX APYrMx BuAax 3aTyxXaHWii MOXHO HainTm B KHure H. Holzcr, Die Berechnung
der Drelischwingungen, Berlin, 1921, S. 92.

2) 3aiyxaHue, nNponopLmMoHasbHOe KBagpaTy CKopocTw, paccMmotpeno W. Hort'ou,
cm. Teclmische Schwingungslehre, 2 Aufl. 1¥22, S. 44.

*) 34eCb NPUHATO, 4TO BEAMYMHA N, 3aBUCALLAA OT TPEHWS, MeHblle YeM p, Tak

YyTO KOpeHb Vp* —Aa AeVICTBMTeﬂbeIM; B MPOTMBHOM Cny4Yae MMeeT MeCcTo anepuno-
an4yeckoe [ABMXKEHUE.

[28
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AMNnMTyaa KonebaHwii, Bblpakaemas yp™Mem [b], 13-3a MHOXWU-
Tensa e~ NOCTENeHHO YObIBaeT C TeYeHWEM BPEMEHWU, U NEPBUYHO
BO3HUKLINE KoNnebaHns OyAyT NOCTENeHHO 3aTyxaTb. YToObl nonyuntb
3Ty amnauTygy, LOMKHbI ObiTb OMNpeAeneHbl U3 HayanbHbIX YCOBWIA
Npon3BOfibHbIE MNOCTOsSHHbIE A K B yp-us [b]. Myctb x0 n x0 o60-
3HayaloT, COOTBETCTBEHHO, [MepeMeLleHne CUCTEMbl W3 MONOXKEHUA
paBHOBECUS W CKOPOCTb B HauyanbHblli MOMeHT £=0, TOrga us yp-us
[E] vimeem:

x0= B.

OunthdepeHumpya 3To e ypaBHeHWe N0 BPEMEHW W BCTaBWUB Benn-

YMHY HavanbHoOW ckopocTu x 0, nonyyaem

A =~ (x0-\-nx0,
P1
n yp-ue [E] 6yger
X = e-m ~ s\np,t-\-x,{cosptt-\- sin/V)J- [29]

Yp-ne [29] moxeT 6biTb NpeacTaBneHo rpaduyeckn. Hanpumep, B
YaCTHOM cnydae, Korpa

xI nx»_
Pi  Pi
T. e. Korga
X = X i~ cos p,t, [c]

NMeeM KPUBYHD, WU300paxKeHHy Ha dwur. 17. 3Ta KpuBas Kaca-
TeNnbHa K KpvBOn X — x(e~M* B TOUKax TW Tb T3.. npnu t—0, t= T,
t—2T... U K KpWBOI

X = —Xx"e~nt B TOYKax /un,’,

T2... Npu t— v2x t=

— gsxeee OTU TOUKM He

coBnagatT € To4Kamu

KpaliHUX  nepeMeLleHuni

CUCTEMbl M3 MONOXEHUA

paBHOBECUS, U NIerKO BU-

[eTb, UTO W3-3a 3aTyXaHus

NPOMeXKyTOK BpeMeHU, He-

0b6xoauMbliA Ans nepeme-

LEeHNA CUCTEMbI U3 cpef-

Hero noJIoXKeHns K ene- onr. 17

Jylolemy  KpaiHemy no-

NOXEHUWIO, MeHbLUe MNPOMeXYTKa, Heob6XOAMMOro AN BO3BpalLeHus
13 Kpa$pcre nonoxeHust B cnefytollee cpefHee MoJoXeHMe.
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CTeneHb 3aTyXaHWsi 3aBUCUT OT BEAUYMHbLI MOCTOSIHHOW N (CMm.

yp-ue [25]). U3 obuwero yp-usa [29] BUAHO, YTO aMNAUTYAa KonebaHWii
YMEHbLLUAETCA MOCNe KaXAOro UMKna B OTHOLUEHWW:

o-nt . (4]
T. €. YMEHblUaeTcs, Cnefys 3aKOHYy TeoMEeTPUYECKO Mporpeccuu.
Yp-ve [d] MOXeT 6blTb WCMOMb30BAHO /15 OMbITHOrO OnpeaeneHuns
KoathhuumeHTa 3aTyxaHus n. Heo6XoAMMO TO/MbKO OMNpefennTb U3
onbiTa, B KakOM NponopuuMyM YMeHbLlUaeTCsd amnanTyga KonebaHus
nocne [aHHOro 4mcna LUWKOB.
7. [MocToAHHOE 3aTyxaHue. — Kak npumep MOCTOAHHOIO 3aTyXaHus
paccMOTpUM CXeMy, MOKa3aHHyt Ha ¢wur. 18. [ionycTum, 4yto rpys W
MOMELLLEH B ero KpaiiHee npaBoe Mo-
noxeHne x —x0 ©n 0CBOBOXAEH;
TOrja HauMHaeTcs ABUXEHWE B Ha-
MpaB/IEHUN HaNeBo.
Bo Bpemsa 3TOro [ABVXKEHWUA Ha
rpy3 [LeicTBYOT Cnegyrlolime Cubl:
1) cuna HaTsHKEHWSA MPYXWHbI, pas-
Has kxI)\ 2) cuna uHepummn- W /g X 1 3) NOCTOSHHAA cuna Tpe-
HAA R Mexgay rpy3soM W MOBepXHOCTbo CTEPXHA B HanpaBneHue
06paTHOM ABWXXEHMUIO.
Yp-ue aBwxeHus 6yaet

—kx ——x"-[-/?2= 0 [a]
g *
nnn
x" -\-p (x—a)= 0; [30]

3fecb, Kak Bblwe (yp-ue [3]),

a— [31]

dTa nocnegHas BenMUMHA WMEET MPOCTOe (PU3NYECKOe 3HAYEeHWe.
JTO ecTb HaTsHKeHWe MNPYXWHbI, Bbl3BaHHOEe cwiol TpeHwus /?. Mpu
0603HayYeHUn X, —x —a yp-ue [30] nonydyaet Bug

X + pXy= 0.

D) X M3MepseTCs OT He3aKpPernaeHHOro KOHLA MNpPYXWUHbI.
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370 YpaBHEHWE HAxXOAMTCA B MOSIHOM COOTBETCTBMM C BhIlE pac-
CMOTpeHHbIM YypaBHeHuem [2] (n°1), n n3 Hero MoryT 6biTb CAenaHbl
cnefyouime 3aKIHYEHUS:

1) MocTosHHOE TpeHWe He MeHsieT nepuofa KonebaHuia.

2) CpepHee MOMOXEHMWE, OKOM0 KOTOPOr0o COBEPLUAETCA MPOCTOoe
rapMoHM4yeckoe KosebaHue, MepemellaeTcs B HanpasieHWu cunbl R
TpeHns Ha paccTtosiHue g (yp-ue [31]). BcneactBue 3Toro KpaiiHee
NeBOe MOMOXEeHWe rpysa OyfeT OTCTOATb OT MOMOXEeHWs, O0TBeya-
IOLLEro HesakpenieHHOMY KOHLY MpPYXWHbl TOAbKO Ha X0—2a. 370
O3HayaeT, 4YTO YMeHblleHWe amnauTyAbl M3-3a MOCTOSAHHOrO 3aTyXa-
HUS Ha MPOTSHKEHMM MNOJMOBMHBLI LMK/Ia paBHO 2a.

PaccmaTtpuBasi Tenepb ABUXEHWe U3 KpalHero NeBOro MoJioXeHus
B NpaBoe W NPUMEHAS TE XXE PacCY>XAEHMUS,, MOXHO BWAETb, YTO U B
TeUYeHNe BTOPOI MOMOBMHbLI LMKMNA MPON30AAET AanbHenlliee YyMeHb-
WeHne amMnanTyAbl Ha BennuuMHy 2a. W3 3TOro SiCHO, YTo B paccMoT-
PEHHOM C/lyyae YMeHblUeHWe aMnauTyfAbl CRefyeT 3akoHy apudme-
TU4ecko nporpeccun. py3 W OCTaHOBUTCA B OLHOM W3 €ro Kpam-
HUX MONOXEHWWA, ecM TOMbKO aMnauTyda MonyyunTcs mMeHblue a. Oue-
BMAHO, YTO B 3TOM C/lyyae TpeHue LOCTATOYHO, YTOObI YpaBHOBECUTb
pacTAruBatoLLee ycunme npyXuHol.

8. BbIHYyX/AeHHble KonebaHWs npu 3aTyxaHuun. — B3ae onst},
CXeMy, MOKa3aHHyl Ha qur. 1, JOMycTMM, 4TO B JOMOJSIHEHME K paHee
paccMOTpeHHbIM cunaml) (cm. yp-ue [a], n° 1) geitcTByeT Ha rpy3 W
B BEpPTUKaNbHOM HanpaeneHuu cuna Qs'mmt. Torga npu 0603Ha4YeHUK

ypaBHeHME ABMXeHUA 6yaeT?d
X" -\-2nx' -\-p*x = gsmmt. [32]

OO6Llee pelleHMEe 3TOFO0 YPaBHEHUS MOMAYYUM, €CNW K PELLEHUIO,
COOTBETCTBYIOLLIEMY OAHOPOAHOMY YpaBHeHUtO (cM. yp-ue [25] n°6),
f[o6aBuUM 4yacTHoe pelleHue yp-us [32]. MocnefHee 6yneT MMeTb BUA

X = M sinmt-f Afcos mt.

MoacTaBnss aTto B yp-ve [32], nonyunMm crnegyoline ypaBHeHUs ANs
onpegeneHns M n N

—Nm?-\-2Mmn-\- Np2= 0, *
— Mml1l—2Nmn+ Mp-= q, *

1) Cnyuali BbIHY>X/fEHHOr0 Kone6aHus npu MOCTOAHHOM TPEHUWM PacCMOTPeH B
cratbe W. Eckolt’a B ,,Zeitschrift f. Tech. Phys.”, 1926, Bd 7, S. 226.
#§ 3gecb ynotpebnatoTcs 0603HayeHus n°6.
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0TKyAa

v 29™ M__ a(p*—T1%)
{pr— I2)2-f 4T-n-"’ ~ ([12—/Ia22+ Aman**

Torga obuiee peweHune yp-us [32] 6yaet

cospi*)- u
A% Ginj [33]
1(p2— /ra2)2 ¥ dlradad

MepBblli YneH NPaBOi YacTU, WMEHLWMIA MHOXUTENb e~T, npeacTaBnseT
3aTyxarouiee KonebaHue, M3y4eHHOe B npeablgyuiem n°. [Ba Apyrux
*ifeHa, NpoNopLUMOHaNbHble @, MPEACTaBNSOT BbIHY)XAEHHble Koneba-

HUs. DTW NocnefHWEe Bbi3bIBAKOTCA MEPMOANYECKOW BHELLIHEA CUION W
2r

He 6yayT 3aTyxaTb CO BpemeHeM. WX nepuopg Tl= — TOT Xe Cambli,
YTO BO3MYLLAKOLWEA CUAbl, @ UX aMnAuMTyga NponopuuoHanbHa Benwu-
YyMHe 3TOW Ccuabl. 3Ta aMnAMTyAa 3aBUCUT TakKXe OT OTHOLLEHWS
MeXAy NepuoaoM X HEe3aBUMCUMMbIX KOnebaHWin cuctembl 1 nepuogom -t!
BO3MYLLAKOLLEA CUNbI.

BblpakeHne ANS BbIHY)XAEHHbIX KOne6aHWin MOXeT OblTb ynpo-
LLIEHO™ MOMOLLbIO CNeAyoLWMnX 00603HAUEHNIA:

(p2— /M2 + 4TY~= ~~Csm M
Ad — T*) —Ceosa fcl
(p«—ot9*+ 4ot n>_" 1]

BoblpakeHne ANna BbIHYXAEHHbIX KonebaHwii 6yaet
C(cosasin mt—sinacos mt) = Csin (mt—a). [34]

AmvnanTtyga C BbIHYXAEHHbIX KonebaHuid n3 [b] u [c]:

. [35]
\\p - —/92)2~j- 4 22
Yron a B yp-uv [34] npefctaBnsfeT pasHuULy da3 Mexay BblHY-
XAEHHbIMW KONMebaHUAMU U AUHAMWUYECKOW CUONA.
Oens [b] Ha [c], nwveem:
- 2fm@a_ "
tga= p-— fra3’ Lf§éJ

Ecnm /27>[ra, KakK Cny4aeTcs, Korfja Mepuoj He3aBUCUMbIX Kone-
GaHU CUCTEMbl MeHblLe TaKOBOrO BO3MYyLLAtOWLER cunbl, yron a 6y-
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[EeT MONOXWUTENeH W MeHblue Yem ‘[ "e M3 yp-usa [34] MOXHO 3aKnto-
4nTe, UYTO BbIHYXAEHHble KOMebaHMs OTCTalOT OT BO3MYLLAMOLLEA CUMbl
Asin mt.
Korga p<im, T0
V, 1< a< it

T. €. OTCTaBaHWe BbIHYX/JEHHOr0 KonebaHua 6onblue uem '/s*.

Korga p = T, T. e. B Cllyyae pe3oHaHca, tga B yp-um [36] 6ypeT
paBeH 6eCKOHEYHOCTM W pas3HoCTb (a3 OyaeT paBHa 3T0 03Ha-
yaeT, YTO BO BpPeMS TaKOro KosnebaTtenbHOro [ABWXKEHWS cucTema 3a-
HMMaeT CBOe cpefHee MOJIOXeHWe B MOMEHT, KOrja BO3MYyLLatoLLas
cuna AOCTUraeT CBOEro MaKCUManbHOro 3HayeHus.

Tenepb paccMoTpuM amnanTygy C 3TUX BbIHY>XAEHHbIX KOnebaHWiA.
MomHS, 4TO

a=9Q

3aK/iyaem, 4to

roe bst o603HavyaeT nepemelleHne, KOTOPOe BO3HWMKNO 6bl Npu Hawu-
60/blEM 3HAYEHMM BO3MYyLLAKOLLEA CWMbl, ecin 6bl OHa Oblna Npuno-
XeHa CTaTU4ecKU.

Monb3ysacb yp-vem [d], Nonyy4um BblpaXeHWe amnanTydbl BbIHY-
XAEHHbIX KonebaHuin (yp ue [35]):

C—— bt - - m— e (Y E— ; [37]

Il .9 4 / o\ 0 o»

B KOTOpOM T= — —nNepnoa He3aBUCUMbIX Kone6aHuin CcucTembl,

T,= o — Nepuog AVHaMMYecKol cunbl QsinmA, 1= v BENMNYMHa,

3aBuCALLas OT BEIMYUHBI CUM 3aTyXaHus.

Jlerko BWAeTb, 4UTO, €CAM BO3Mynawlas cuna WMEeT O4YeHb
6onbwoii nepuog tj, C npubnmxaetca K 3HayeHuto 8. 310 03Ha-
YaeT, 4YTO B TaKWX C/lyyasX MNepemeLleHne CUCTEMbl MOXET ObITb
MCUMCNEHO MpU AONYyLIeHWM, 4YTo, BO3MyLLalouwlas cuna Qsinm” pgeid
CTBYET CTaTuyecku. [pyroi KpaiHWiA cnyyaid nonyuymm npu gonyiie-

Teopus KonebaHuii B MBXeWepHOM fene. 3
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HUK, 4TO OYeHb HeboNbllas BENYMHA, KaK 3TO OblBaeT, Korga
BO3MYLLAlOLAa Cuna WMMEEeT O4YeHb BbICOKYH 4acToTy. B atom cny-
yae 3HameHaTeNb ypaBHeHWs [37] 6yfeT O4YeHb BeNUK, U amnanTyga
BbIHY>JEHHbIX KOjebaHWil nNpubnamkaeTcs K Hysto.

Ecnm T, npubnmkaeTcs K T M CUMbl 3aTyXaHWUs Masibl, 3HameHa-
TeNb BblpaXeHus [37] OydeT o4yeHb Mas. ITO 3HAUYUT, YTO B Ciyvae
pesoHaHca CpaBHUTENbHO HebOoNbLIAs BO3MYyLLAKOWAA CUla MOXeT
BbI3BaTb OYeHb OONbLUNE BbIHYX/EHHbIE KOMebaHWUs U O4YeHb Cepbes-
Hble HanpsXKeHWs B KOMe6MIOLWEMCSH COOPYXEHUN.

UTo6bl MOAYYUTb SICHYH KapTWHY W3MeHeHuin amnauTygbl C C u3-
MEHEHMEM OTHOLUEHUS X/Xj W BEAWYMHBbI Yy, Ha (ur. 19 HauepuyeH
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PAf KPWBbIX, NPeACTaBASOWMX KOIPPULNEHT HapacTaHWUsa KonebaHui
(magnification factor)

P: [38]
v (4

8 (DYHKUMM OTHOWIEHUA T/T, ANS Pa3INYHbIX 3HAYEHWIA BeNUYMHBI Y 1).
M3 3TMX KpMBBLIX BUAHO, YTO TOYKA MaKCMMyMa aMMnTyfbl HE COBCEM
COBMajaeT C COCTOSHNEM pe30HaHCa, HO YTO BENMYMHA OTHOLIEHUA T/T,,
OTBEYaLas MaKCUMyMy amManTyfbl, HEMHOr0 MeHblUe eAVHULbI W
npubnMXaeTca K efuHWLE B Mpefese C YMEHbLUEHMEM 3aTyXaHus.
MoaTomMy B cnyyae ManblX 3aTyXxaHWidi pasHuLa MeXAy MakCUMYMOM
amnanTydbl BbIHYXAEHHbIX KonebaHWii 1 amnauTyfoi 3aTux Koneba-
HUIA MPU pe30HaHCe OYeHb Mana W 3Ta MOCMeAHsAs amnauMTyja 06bl4HO
MPUHMMAETCA B OCHOBY BbIYMCAEHUI MaKCUManbHOr0 HanpshKeHWs mnpu
BbIHY)XX[EHHbIX KOnebaHusX.

N3 ¢ur. 19 nerko BugeTb, UYTO 3aTyXxaHue MMeeT 60MbLIOE BANSA-
HWe Ha BbIHYX/[EHHble KO/iebaHWa TOMbKO B 06nacTu 6AU3KOI cocTos-
HAKO pe30HaHca, a WMMeHHO oT T/T,= 0,75 pgo x/T,= 125, B 3Tux
npefenax 3aTyxaHue 3Ha4YMTE/IbHO 0CMabnsfeT amnauTydy BblIHYX[EH-
HbIX KOnebaHWii M AenaeT ee KOHEYHOl npu pesoHaHce. C yBennye-
HUEM 3aTyXaHuWs [eACTBME pe30oHaHCa CTaHOBMTCA MeHee M MeHee 3a-
METHbIM.

BHe 3TOro npomexyTka HebOonbliMe WU3MEHEHUs 3aTyXaHWsi Bbl3bl-
BalOT TO/IbKO BTOPOCTENEHHOE BMIMSIHWE HA amMnAuTYAy KonebaHui, u
BbILLIE CAieNaHHble 3aKnoueHns (CM. N°3) Ans KpaHUX BbICOKUX U HU3KKX
4acTOT BO3MYLLAKOLLEA CUJbl OCTAKITCA HEM3MEHHBIMU U MPY 3aTyXaHWK

PaHee ObINO MOKa3aHO, 4TO BbIHYXAEHHble KonebaHus Bcerga
OTCTalOT 0T BO3MYyLLAKOLLEA CUSbI, ©
pasHuUa a3 0 MoOXeT ObiTb onpefe-
neHa u3 yp-ua [36]. OTa pasHuua a3
MMEeT HEeKOTOpPbIA MNPaKTUYECKWIA WH-

Tepec, M ee W3MEHeHWs MNpu 3aTyxa-
HUN N C U3MEHEHMEM OTHOLUEeHWs T/T,
nokasaHbl Ha qur. 20. 3 gnarpammsi
31fHO, 4YTO B 06/1acTu, 6/1M3KOI peso-
HaHCy, MMEKT MecTO O4YeHb pe3Kue
M3MeHeHNs (hasbl BbIHYXAEHHbIX KOfe-
GaHuii, ecnn 3aTyxaHue Mano. Ans tur. 20.

* MNpn 1= 0 yp-ve [38] coBnagaeT MOAHOCTbIO C yp-vem [20] n°3, NONYYEHHbIM
MS KonebaHuin 6e3 3afaHus,
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X% < 1 pasHuua a3 a Mana, OHa CTAaHOBUTCA paBHOW -K2 ans
cnydasa x= X, W npubnuwkaetrcs K f, korga x/x, 1. Mpu nocteneH-
HOM YMEeHbLUEHUN Y MOMOXKeHWe 6yfeT npubnnxkaTbCi K pacCMOTPEH-
HoMy B n°3 (cM. cTp. 16), Korga pasHuua a3 npu X= X, cpasy Me-
HAeTcAa ¢ O Ha n.

N3 yp-na [34] BMAHO, 4TO Hambosnbllas CKOPOCTb BbIHYXAEHHbIX
Koneb6aHuii paBHa Cm, MO3TOMY MaKCMMyM KWHETUYECKOW 3Heprum
cUCTeEMbl NPONopLUOHaneH

nut — I/Ist ™ o %i?—Ea rpl
(, w\21 402 /p T\2, .ra2
V~y)+ -7 y)+ *p

Tak KakK 370 BbIp@XEHWE WMeeT HambOonblUY BEUYMHY Mpu T —p,
TO cTano ObiTb KUHETMYECKas 3Heprus Konebniouleics cucTembl [o-
CTWraeT MakcMMyMa Mpu COCTOSHMU pe30HaHca.

PaccMOTpUM Tenepb Takoe COOTHOLUEHWE, Npu KOTOpoMm paboTa
BO3MYLLAIOLLEA CU/bl UAET Ha MOALEpXXaHue KonebaHus U nub Npeo-
JonesaeT conpoTmBneHus. [ycTb [eAcCTByHOLLAs Cuaa, OTHECEHHas
K efMHULUe Mmaccbl, B NGO MOMEHT t paBHa g sin mt (cm. yp-ue [32]).
CKOpPOCTb TOYKM NPUNOXKEHUS CUMbl B TOT XXe MOMEHT 6yfgeT paBHa
n3 yp-us [34]

x'— Cmcos (mt— a).

BennunHa paboTbl, NPOM3BOAMMOI [AEACTBYIOLLEA CWUMORA, TOrga nosny-
yaetca

<&in mt ¢ Ctn<zos(mt—a) = |sin( 2 —a)-f-sinaj. [/]

Mpn BbIYMCNEHUN CPeAHEro 3HayeHus Benn4uuMHbl [/] B NPOLO/MKEHUE
OAHOrO LMKna, MepBblii YneH B CKOOKax 'B MpaBoli CTOPOHe ypaBHe
Hua [/] paetT Ham O, U Mbl NOAYYMM ANSA 3TOrO CPefHEro 3HauvyeHuw
W CrneayloLlnii pesynbTar:

gmCsma

nnn no yp-uno \b)

“ Tpe' (Y rTVy/TLW *°
in p) 1\p)
Monb3ysicb 0603HAYEHUSAMU:
2n
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noy4mm
w-4a [39J

BenvumHa w pgocTuraeT CBOeEro HaubOnbLUEro 3Ha4YeHUs Mnpu peso-
HaHce. MoacTtaenas 2= 0 B yp-ue [39], umeeMm

r r

. 40
2p-;  4n [401
OueBMAHO, 4YTO WNMBX YBENUYMBAETCA C YMeHbLUEHUEM M, T. €. C YMeHb-
WeHneM 3aTyxaHual. M3yyaqa uameHeHns w (cMm. yp-ue [39]) B6/M3M
TOUKM pe30HaHCa, MOXeM paccmaTpuBaTb Z KakK OECKOHEYHO Manyto

BennynHy. Torjga
1 1\2
M fz—-—f—JN 442

n n3 yp-usa [39] mmeem
w = [391]

N3MeHeHNE MHOXUTenNs

361131 TOUKM pe3oHaHca MokasaHo Ha ¢ur. 21. fcHo, 4TO U3MeHe-
HWS W nonyyatoTcA Bce 60nee M 60nee 3aMETHbIMWU C YMEHbLUEHWEM

3aTyxaHumsa. Ha dwmr. 22 pabota w wu3obpaxeHa B 3aBUCMMOCTU OT
oTHoweHua t/7, gna y= 0,1 n 7= 0,5. N3 3Toro BMAHO, YTO TONbLKO

BOMN3M  TOUKMU pe3oHaHCa nornoweHne J3Heprnn yseandmBaeTca C
—»— -
* Mpn 5= 0 aMnauTyaa Kone6aHwii GECKOHEUYHO YBENNUMBAETCS, U MpUBEAEHHOe
BbB/IE PACCYX[EHWE HenpuMeHNUMO.
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YMeHbLUEHMEM 3aTyxaHua. B gpyrux Toukax 60/blieMy MOrOLLEHWNIO
3Heprumn coOTBETCTBYET 6O0/blLUee 3aTyxaHue.

370 o6Lee 3aK/OYEHME MOXET WMETb HEKOTOPbLIA WHTEepec npw
paccMOTpeHNUM KOMMYECTBA 3HEPruu, noraowaemoii GyHiameHTamu Ma-
LWWH Npu KonebaHuAX.

9. TexHuYyeckne npuUMeHeHUs (BbIHY)XAEHHble KonebaHus npu
3aTyxaHun). — Hamun 6yfyT paccCMOTpPeHbl HEKOTOpbIe C/y4vaun, rge Mo-
XET OblTb MPUMEHEHa BbIle PAaCCMOTPEHHAA TeOpPUS BbIHYXAEHHbIX
KonebaHui.

a. MornoTuTenn KonebaHnin (amopTmn3aTOopbl). — 15 TOro YTO6LI
YMEHbLUNTL [eACTBME BO3MYLLAKOLWEA CUbl Ha (DYHOAMEHT MaluuHbI
M 4TOObl MpefoTBpPaTUTbL Nepefadvy KonebaHUn COOPYXEHWIO, MOXeT
6bITb NOME3HLIM BBEAEHME 0COObLIX FMOKUX 3NEMEHTOB (aMOPTMN3aTOPOB)
MeX/y MalluMHOW M ocHoBaHMeM. MycTb W —Bec maluHbl, Q sin tnt—m
BO3MyLLalolas nepuoguyeckas cuna. EcaM MmalumMHa XecTKo npu-

KpenjieHa K OCHOBaHWIO, BCS BO3MYyLLalOWas cunia

nepefaeTcs OCHOBaHWIO. BBefeHuem ruMGKMX peccop

amopTu3aTopa MeXAy MaluWHON U OCHOBaHueMm (¢ur.

23) MOXHO MOAYYUTb CYLLECTBEHHOE YMEeHbLUEHUNe

cunbl, nepejaroLleiicd NOAAEPXKMBAKOLUM  HaCTAM,

ec/in TONbKO BbINONHEHbI W3BECTHbIE ycoBusa. Onpe-

feneHve feicTBUA aMopTU3aTopa MOXeT OblTb NEerko

our. 23, BbIMO/IHEHO Ha OCHOBaHWW Bbille PacCMOTPEHHO

TEOPUMN BbIHYXAEHHbIX KonebaHuii (cMm. n°8). Buibupas

NPY>XWHbI amopTM3aTopa Takum 06pa3oM, YTobbl MNepuof T He3aBUCU-

MbIX KONebaHWil MallMHbl Ha NPYXWUHax Obll 3HAYUTENLHO 60MbLie ne-

prmoga T,= 2b/tn BO3MYLLAIOWEA CW/bl, Mbl YMEHBLUMM AUHAMUYECKUE

nepemeLLeHns MalluHbl NpU KonebaHusax B OTHOLWEHUM B (CMm. yp-ue

[38]) cpaBHWTENbHO C NEpemelleHUs MW, KOTOPble BO3HUKAM Obl OT

BO3MYyLLaloLLein cunbl Qs'mmt B cTaTUYeCKMX YycnoBusix. Cunbl, KOTO-

pble MepefatoTcsa OCHOBaHMIO, MPOMNOPLMOHaNbHbLI AedopMalmmn peccop

M noToMy OYyAyT YMeHbLUIeHbl TakXe B OTHOlWeHuUn p. MNpeHebperas

3aTyxaHuem W B3fB Hanpumep T/T,= 4, T. e. [OMNyCTUB, 4TO [eii-

CTBYIOLAA CKOPOCTb B 4YeTbipe pasa 60/blle CKOPOCTU, OTBeYaroLLeld

pe3oHaHcy, nonyuum us yp-ua [38] 8= 715 T. e., 6narogapsa AeicTeuto

nornoTuTens KonebaHwid, cuna, nepefaroLLascs OCHOBAHWMIO, YMeHb-

wutcs 4o Vis BO3MyLlaloLWed cunbl. B geicTBUTENbHOCTA NPUMEHEHMWe

amopTum3aTtopa 4acto npefcTaBnseT 6GONblUMe 3aTPYLHEHUSA [N1aBHbIM

06pa3oM M3-3a OrpaHWYeHHOCTW MecCTa. TPYAHO UMeTb AOCTATOYHOE

NPOCTPaHCTBO A1 pa3MeLLeHUs peccop, KOTopble BOyAyT AOCTATOYHO

CUMIbHbI ANS nepefayn rpysa OCHOBAHUIO U B TO Xe BPeMs [40CTaTOYHO

rMOKW, 4TOObl MOAY4YMTb CKOPOCTb pEe30HAHCa CUCTEMbl Manoi Mo
CPaBHEHMWIO C [EACTBYIOLLEA CKOPOCTbIO.
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Ha ¢wur. 24 nokasaH cxemMaTW4Yeckuil BUA MOrnoTuTens KonebaHwuli
ans 60nbWOro ogHogasHOro reHepatopa * UTo6bl YMEHbWMUTL AEN-
cTeue MYNbCUPYIOLLETO CKPyYMBalOLLEr0 MOMEHTA, BBeAeHbl TunbKue
NpyXuHb MEXAY CTaTOPOM MalluHbl U (PyHAamMeHTOM. C MOMOLLbH
creunanbHbIX HampaBasLWMX 4vacTeli npefoTBpalieHa BO3MOXHOCTb
OGOKOBOr0 CMeLleHWss CTaTopa W 0CTaeTCs BO3MOXHbIM TONbKO Bpa-
LeHve ero Bokpyr ocu O.

MycTb Kk — CKpyuMBaKOLWNIA MOMEHT, HEOOXOAUMBIA, 4YTOGbLI Mpo-
M3BEeCTM MNOBOPOT CTaTtopa Ha OAWH pafvaH BOKPYr OCW, MPOXOAsi-
wein yepes O M NeprneHAUKYNAPHOW NAOCKOCTU (QUrypbl; / — MOMEHT
MHepUMM cTaTopa BOKPYr TOW >Xe ocu, p—Yyron.BpalleHns cTaTopa
npu KonebaHuu.

OunhdepeHumansHoe ypaBHeHWe KonebaHus ctatopa OygeT Torga
coBnagatb c yp-uem [11] (cm. n°2), u nepuof X KonebaHWin Haingem
n3 yp-ua [12]. MpeHebperas 3aTyxaHuem, [elCTBME amMopTuU3aTopa
MOXXEM MpeacTaBnTb KO3(hMUNEHTOM HapacTa-

HMs KonebaHwidi (cm. yp-ue [20])

rge X,— Nepuoj nynbCUPYIOLLEro CKpy4yuBa- LLILLIL |
fOLLEero AeliCTBYIOLLEr0 Ha CTaTop MOMEHTa. dur. 24.

Ecnn x BennKo no cpaBHeHMO ¢ XU TONbKO

He6oMbllas YacTb CKPy4MBalOLero MomeHTa OyaeT mnepejaHa uepes
MPY>XWHbl Ha (DYHOAMEHT.

Mbl paccmaTpuBann Bblllie ambpTU3aTOP, COCTOALWMIA M3 CTaNbHbIX
MPY>XWH. Bo MHOrUX cnyvasx Ans npefoTBpalleHus nepefayu Kose-
6aHMs COOPYXXEHMIO YyNoTpebnAoTCH amopTM3aTopbl, COCTOAWME W3
MOoAYyLWEK, CAeNaHHbIX W3 pPas3HOro poja OpPraHU4YeckMx maTepuasnos,
KakK-TO: pe3uHa, npobka u T. 4. CrneayeT 3aMeTUTb, YTO Takne amop-
TN3aTOPbl 06bIYHO CAULLKOM XECTKM, YTOObl CYLLECTBEHHO YMEHbLUNTD
[eicTBMEe TNaBHbIX 1apMOHUYECKUX KONMebaHWiA BO3MYLLAIOLLENA CUSbI,
HO MOryT GbiTb MOME3Hbl A5 MOroWeHns KonebaHwin, Npoucxops-
WKUX OT BbICWIMX KONMebaHUn BO3MyLLatoLLeil cubl. CBEpX TOro, CBOIA-
CTBO 3TWX OPraHW4YeckUX maTepuasoB 0ObIYHO MeHSIETCA C TeYeHMeM
BpeMeHu. Mo 3TOM MpuyMHe BO BCeX 60/1ee BaXKHbIX CAyYasX HY>XXHO
MPUMEHATL amMopTM3aTOpbl W3 CTaNbHbIX MPYXWH, TaK Kak OHW 6Gofee
HaJeXHbl.

b. Bubporpad. — CnegytowiyM npumepom BO3bMeM BubGporpad,

‘) Cm. C. R. SOderberg, .Electric Journal”, 1924, Vol. XXI, p. 160.
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n300paxkeHHbIM Ha qur. 11, pama KOTOpPOro noABepraeTcs NpPoCcTomy
rapmMoHuyeckoMy konebaHuto. TycTb X 0603Ha4aeT BepTUKanbHOe
nepemMelleHne rpysa Ii"ot nonoxeHums paBHOBecus M X, = bsinmt—
NpocTOe rapMOHMYECKOe [ABMXKEHWE B BEPTUKa/IbHOM HarpaBfieHUM
pambl Bubporpada. Torga cuna uHepumm rpysa W 6yget— Wx"/g,
cuna npyxuHbol 6yget—k(x—x,)(@/) wn cuna 3atyxaHus, Aen-
cTByrowas Ha rpy3s W, 6yget —cx'. [lpeHebperas Maccoli pblyara
BD 1 6epsi MOMEHT BCEX CWMA BOKPYr KoHUa ocTpua B, mmeem

Wl oox— Bx— x Nor= o
g |
nnm

X 2nx' -f-prx = &sin mt. A

3aecob:
[b]

O6uwee peweHne yp-us [a] yxe Hamm nony4veHo (cm. yp-ue [33]
or<5. 32). COoOTBeTCTBYIOLLME BbIHYX/AEHHbIe KonebaHusa (cM. yp-ue
[34] u [37] cTp. 32 n 33):

——  sin(mt—3a 00 sin (M t— a), [

rae p o6o3HavyaeT Ko3(hMUMEHT HapacTaHWs KonebaHWil. 3anucbiBa-
WA Npnubop 06bIYHO [aeT nepemelleHne X —X, rpysa W OTHO-
cUTeNbHO pambl BuGporpaga. MpumeHss yp-ue [c], nmeem

X —=Xi= b{$sin(mt—a) —sinmt) =
= b{(pcosa — 1) sinmt— psina cos/u"}.

3T0 npeAcTaBnseT MPOCTOe FapMOHMYECKOe [ABVDKEHWE ¢ aMnanTy[oi
(cm. yp-ue [8])

A= b |/[p2—2pcosa-{-I. [dl
M3 3Toro BMAHO, 4YTO MacwTab 3anuceil 3aBUCUT He TOMbKO OT KO3(h-
(hMuMeHTa HapacTaHWs KofebaHUi p, HO TakXe W OT BEINYMHBI OT-

cTaBaHuA a. Ecnu 3aTyxaHuem MOXHO npeHebpeyb, TO a= 0 wm a= ®
(cm. cTp. 16), n yp-ue [d] nonyvaet Bug:

N= &(pl£l). [d]

3HaK MWHYC OTBe4yaeT Cay4at, Korga p"> T, T. e. KOrga vacrorta
AVHAMWYECKOM CUNbl MeHblle 4YeM TakKoBas He3aBUCUMbIX KoneGaHwuit
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BuGporpada. 3HaK MIOC COOTBETCTBYeT cliyyalo p<"T. BenuumHa
amnauTygbl MOXET OblTb MoaydeHa Ana oboux cnyvaes no dur. 7,
npy MNepeHeceHMn TrOPU30OHTA/ILHOW OCU, KaK MOKas3aHO MYHKTUPHOI
NHWEA.
Moactaenas 8 yp-ue [d'\ 3HaueHue u3 yp-us [c] U nperHe6bperas
3aTyxaHuem, VIMEEM:
A= -N-— [d]
E—
oT13
roe 3Hak feiicTBUTeNeH NS BCEX 3HAYEHWA OT. Tenepb, €C/IM YacToTa
P He3aBUCMMbIX KonebGaHwWii npubopa Mana CpaBHUTENbHO C OT, HaxXo-
VM, 4YTO MPUGAN3NTENLHO f
A= —b

CnefoBaTenbHO amnauTyfga 3anvucu paBHa amniuTyde BO3MYLLA0-
Wwero ABvKeHUA. TOTOMY, ecnn Mbl XOTUM MNPUMEHUTbL NPUGOP, Kak
Bubporpady (gns 3anuceii ABMXKEHWM), HeoBXoAuMMO, 4TOObI p 6bIIO
3HAYMTENbHO MEHbLUEe OT.

Ecnn, ogHako, MMeeT MecTo 06paTHOe nonoXxeHuwe (p 3Haum-
TeNbHO 6osiblle OT), TO ypaBHeHue [d'] npuBOAUTCA K BUAY:

W, TaKk Kak B AaHHOM npubope p MOCTOSHHO, amMnauTyfa 3anucu npo-
nopunoHanbHa iioT2 Bo3myulatollee ABvXKeHMe — bsin mt-, ero yckope-
HMe— bmA~sinmt, KOTOpoe TakXe MPONOPUMOHANLHO bT?. oaTomy,
ecnu npubop chenaH TakK, YTO p 3HAYUTENbHO 6OMblie OT, TO €ro
MOXHO YNOTPebnsiTh Kak W3MepuTeNb YCKOPEHUA— aKcenepomeTp.

B6n113n cocTosAHMA pe3oHaHca (p = T) MMEeT MeCcTO pe3Koe n3me-
HeHVe BENWYMHBLI OTCTaBaHWA a, U KO3((ULMEHT [33aBUCUT B 60/bLUONA
CTENEeHW OT BeNUYMHBbI 3aTyxaHus. I3TO MOKa3blBaeT, YTO HAXOX[eHue
amnantygbl A u3 yp-ua [d] cTaHOBMTCSA OKOMO 3TOM TOYKWM Heonpe-
JeneHHbIM, W 3anucb Bubporpada B 3TOK 06M1acTM He MOXeT AaTtb
Ham NONOXUTENbHbIX Pe3y/bTaToB.

C. OonnT 3ommepdenbaal).— STOT OMbIT NOKa3blBAET OYEHb SICHO,
KaK MHOFO 3HEPrvyM MOXET paccesiTbCHd W MOrNOTUTLCA OCHOBaHUEM,
Korja mMalimHa paboTaeT B COCTOSIHAM pe3oHaHca. B cBoux onbiTax
3ommepdhenss NPUKpPennsn HeboMbLIOA MOTOP MOCTOSHHOTO TOKa
K Bepxy cTona. MoTop UMen 3KCLEHTPUUYHO OTHOCUTE/IbHO ero ocu
NPUKPenneHHbIA rpys3, Tak YTO BO BpemMs BpalleHWs BO3HMKaNa BO3-
MyLjalollas cuna, Kotopas feicTBoBana Ha cton. [Mpu nocTeneHHOM

) A. Sommerfeld, ,Zeitschrift d. V. d. Ing*. 1904.
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YBE/IMYEHUN CKOPOCTU MOTOpa Nerko 6bl10 YCTAHOBMEHO, UTO MNpu
310 obopoTax B MMHYTY WMMeno mecto 60/blUOe ropu3oHTanbLHOe ABU-
XeHne Bepxa ctona. OuYeBWMAHO, 3TO YKasblBaso Ha YCNOBUS pe3o-
HaHca 415 CUCTEMbl, COCTOALWEN W3 JOCKU CTOMa U HOXeK. Mpu aTux
KonebaHMAX [JOCKa cTona Bena cebs Kak TBepfoe Teno, M ropu3oH-
Ta/bHOE [ABWXXEHWEe MPOUCXOAMN0 TOJNIbKO BCEACTBME U3rMba HOXek.
Mimes Takoe COCTOSHWME pe30HaHca W MOCTEMeHHO YBeNnuyuBas BOJIb-
TaX MOTOpa, MOXEM C MOSHOW ACHOCTbIO MOKasaTb, YTO MOTOp Oypnert
MMETb TEHAEHLMIO COXPaHATb MOCTOSAHHYIO CKOPOCTb, OTBEYAlOLLYHO
pesoHaHcy (s = 310 B 3TOM cnyvae), M 4To [06aBOYHAA 3HEPrus Bbl-
30BET TONbKO fafibHeilee yBefMYeHUe BbIHYXAEHHOro KonebaHus
(cm. dmr. 25), KoTopoe nornowaetca PyHAameHToOM. TONbKO nocne
TOF0 Kak BOMbTaX
mMoTopa 6bln  3Ha4K-
;T TeNbHO yBeNuYeH, Mo-
TOp OKasanca B CO-
CTOSHUU  YBENNYUTD
» CBOHO CKOPOCTb BblLLIE
KPUTUYECKOro npege-
007 /1a, MOCne 4ero Bbl-
HYX[eHHble  Koneba-
T HUS  BbICTPO  COLLW

#»  Ha HeT.

BTopaa Kputnue-
ckasg CKOpOCTb [Ans
cnyyaa onblita 30M-

mMeptenbaa 6bina nonyyeHa npu 750 o6opoTax B MUHYTy. [pw 3Told
cKopocTW wu3rmbaroline KonebaHWs [OCKM CTONA WMENW PE30HaHC,
N nony4vanuce 6Gonbluve nsrnbatowme KonebaHmsa sepxa crona. OnaTb
YCNOBUSA CTAaHOBWAUCL TakKWMMMW, 4TO (YHAAMEHT HauuHan Nornowarhb
3HAUMTENbHYIO [O/II0 3HEPruu, KoTopas pacxofoBanacb Ha nopanep-
YKaHWe BbIHY)XEHHbIX K0nebaHnin cuctemsl *).

WHTepecHO YNOMSHYTb 3[eCb, YTO, KOrAa BbILLEOMNUCAHHAs cUCTeMa
HaxoauTca B COCTOSAAHUM PE30HAHCa, M 3HaYMTe/IbHOE KOJIMYeCTBO 3Hep-
rMM nepefaeTcs OCHOBaHWIO, MOXET MOMYyYUTLCA BHe3arnHoe yBenuye-
HMe CKOopocTM MoTopa 6e3 WM3MEeHeHWs BOMbTaXa NpW npefoTBpalle-
HUM MOMOLLbLIO Kakoro-nMbo poja MpOTMBOLEACTBUA 6OMbLUNX Bbl-
HY>KJEHHbIX KOfebaHMin ocHOBaHUA. ABTOp fO0Be 40 KOHUA 3TOT OMbIT,
NoMb3yscb MaseHbKUM MOTOPOM, YKPEMeHHbIM Ha TMOKOW CTanbHOM
6anke Ha AByx onopax. Korga cuctema Haxofwnacb B pe30HaHce,
UMEeNM MecTO CWbHble wu3rnbarowme KonebaHus Oanku. Hapgaenusa-

* Cwm. npegplaylime paccyxgeHus, ctp. 36 u 37,
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HMeM pyKu Ha 6Ganky aTu KonebaHus npefoTBpaLlannch, U Nerko fge-
MOHCTPMPOBA/IOCL BHE3aNHOe YBeNUYeHMEe CKOpPOCTM MOTOpa.

Hy>XHO 3fecb 3ameTWTb, UYTO 3ajadva BbIHYXAEHHbLIX KOMebaHWiA
(hyHOAMEHTOB WMeeT OrpPOMHOe MPaKTUYEeCKOoe 3HaYeHue 1 CTaHOBUTCH
Bce 60nee u 60/ee CyLIECTBEHHOW C YBENMYEHWEM MOLLHOCTM YCTa-
HOBOK 60nblUnX TypboreHepatopoB. B o6liem 3Ta 3agaya 3HauyMTeslb-
HO C/IOXHEee, 4Yem OMWCaHO BbIlle, W HEKOTOpOe fJajbHeiillee pas-
BUTME ee Oy[eT pacCMOTPeHO fAafiee Mpu M3YYeHWU CUCTEM, UMEIOLLUX
HECKO/bKO CTerneHeii CBOGOABI.

10. YpaBHOBelWBaHWe Bpaljalowmxcd mMawmnH. — OLHO M3 caMblX
BaXXHbIX MPUMEHEHNA TeopuM KonebaHWn — pelleHne 3agad ypaBHO-
BelMBaHUA. 3BeCTHO, YTO Bpaljalolieecs Tef0 He OKasblBaeT HMWKa-
KOr0 BO3MYLLAKOLEro BO3AENCTBMS Ka NOACTaBKW, KOrfja OCb Bpalle-
HWS coBnafjaeT C OAHOM W3 [NaBHbIX 0OCe wuHepuuu Tena. TpyaHO
TOYHO Y[ O0BNETBOPUTL 3TOMY YC/IOBUIO B MPOLECCE W3rOTOBMIEHUS Ya-
CTe MaluHbIl, TaK KaK BCerja CyLlecTBYHOT HEKOTOpble HenpaBusb-
HOCTU B pacnpefeneHMnM Macc BCAeACTBME HETOYHOCTM reomeTpuue-
CKMX pa3MepoB W HEOLHOPOAHOCTU MaTtepuana. B pesynbTaTe 3TOro
MMEIT MeCTO pas3finyHble BO3MYLLaloLWMe CWUbl, KOTOPble BbI3blBAIOT
KonebaHMa MaluHbl. YT06bl YCTpaHUTL 3TW KonebaHWa B MallMHaX
M YCTaHOBWUTb CMOKOWMHbIE YCNOBUSA [ABWKEHUS, HeobXoauMo npo-
M3BECTW YpaBHOBELUMBAHWE. BaxHOCTb YpaBHOBELIMBaHWUA CTaHOBUTCH
0COOEHHO BenMKa AN MaluH 60/bNX CKOpOCTel. B Takmx caydasx
camas flerkas HeypaBHOBELUEHHOCTb MOXET BbI3BaTb OYEHb O0/bLUYIO
BosMyLjatowyto cuny. Hanpumep, npu 1800 060pOoTOB B MUHYTY
HeypaBHOBeLlEeHHOCTb, paBHasa 0,45 kr npu paguyce B 0,76 M, Bbl-
3bIBaET BO3MYLLAIOLLYIO Cuy, paBHyto 1250 .

UT06bl MOACHUTL pas/IUYHble COCTOSHUSA HeypaBHOBELLIEHHOCTH,
paccMOTpUM Bpallatoleecs Teno, nokasaHHoe Ha ur. 26 a 1).

MpeacTaBum Bpaljatolleeca Teno pas3feNeHHbIM Ha fBe 4acTu He-
KOTOPbIM MOMNepeyHbIM CceveHWeM Tn. MoryT 6bITb TpU Cregyrowmnx
TUMNOBbLIX C/ly4yas HeypaBHOBELLUEHHOCTU:

L LleHTpbl TsHKecTu o06emx uvacTel MOryt ObiTb B OAHOW WU TOIA
)Ke 0CeBO MJIOCKOCTW W MO OAHY W Ty XK€ CTOPOHY OT OCY BpalleHus,
Kak nokasaHo Ha ¢ur. 26 b. LleHTp Tsxkectm C Bcero Tena 6yget
CnefoBaTe/lbHO B TOW XXe MAOCKOCTM Ha OnpeAeneHHOM pacCTOSHUM
OT OCU BpaleHMsi. ITO Ha3blBAETCA CTAaTMWYECKON HeypaBHOBELLUEH-
HOCTbIO, TaK KaK OHa MOXET OblTb O0OHapy>XeHa CTaTU4YeCKON npo-
BEPKON. [pyu MpoBepKe CTATUMYECKON YpPaBHOBELIEHHOCTW Bpallato-
eecs Teno ABYMS KOHLUAMW €ro Bana YKNafblBaldT Ha abCOMOTHO

% Bpalyatolieecs Teno paccMaTpuBaeM Kak aGCOMIOTHO YKEeCTKOe Teno M KoneGaHu
*MU BCNeACTBME YMpYrux fAeiopMauuii ero npeHeGperaem.
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rOpU3oHTaNbHbIE NapanfiesibHble 6pYCcKU. ECAM LeHTP TSXKECTW BCero
Tena HaxoguMtca Ha ocu (dmr. 26 ¢), Bpawawouweecs Teno 6yget
HaxoauWTbCs B paBH Becuu B OGOM MNOMOXEHWU. Ecnm UeHTp cnerka
OTX0AUT OT Bana, Kak Ha ¢ur. 26 b, oOHO ByaeT KaTuTbCA Mo BpycKam,
MoKa LEHTP TSXEeCTU He 3aiiMeT ero HU3LIEero nonoXeHus.

2. LleHTpbl TsXecTn o06enmx u4acTeid MOryT ObiTb B OAHON W TOW
YK€ 0CeBOl MNJOCKOCTW, HO Ha MPOTUBOMOMOXKHBLIX CTOPOHAaxX OT Ocu
BpalleHmns, Kak MokKasaHo Ha (ur. 26 ¢, 1 Ha TakOM pajuanbHOM pa -
CTOSIHUU, YTO LEeHTp TsxxecTu C Bcero Tena Gyget TOYHO Ha ocu Bpa"
weHns. B aTom cnyyae Teno GyneT ypaBHOBELLEHO B YCMOBUSX CTa-
TUKW, HO MpW BpaLleHWM BO3MyLLalOWas napa LEeHTPOOexHbIX cun P
OyneT [feiicTBOBaTh Ha Bpallatollieecs Teno. JTa Mapa Bpallaertcs
BMECTe C Te/lOM M Bbi3blBaeT KOfiebaHMs B yHAameHTe. Takoi ciyvali
Ha3blBaeTCA AMHAMWUYECKOW HeypaBHOBELLEHHOCTbIO.

dur. 2S.

3. B camom o6uwem cnyvae ueHTpbl Tskectn C, n C2 moryTt ne-
XaTb B Pa3/IMUHbIX OCEBbIX CEYEHUAX, U BO BPEMS BpaLLeHWs Ha Teno
OyaeT AeiicTBOBaTb CUCTeMa ABYX CWU, 06pa3oBaHHbIX LIEHTPOOEX-
HbiMM cunamMm P n Q (cm. ¢wur. 26 d). 3Ta cucTema cun Bcerga Mmo-
XeT ObITb NpuBefeHa K nape, [AeACTBYIOLLEA B HEKOTOPOM OCEBOM
CeYEeHMM, W paananbHO cuae, T. €. 3TO C/Ayyail COBMECTHOWN cTaTu-
YeCcKOWh W [MHAMWYECKON HeypaBHOBELLIEHHOCTH.

MO>XHO nokasaTb, YTO BO BCeX C/y4yasx MOSIHOe YpaBHOBELUMBAHMWE
MOXeT ObITb MOJIYYEHO TMPUKPENJEHMEM K Bpaljalolemycs Teny
B M/IOCKOCTAX ABYX MPOW3BOSIbHO BblOPaHHbLIX MOMEPEYHbIX CEYEHW,
B Kax[oi, no rpysy. PaccMoTpum, HanpumMep, cnydaid, U300paKeHHbI
Ha cur. 27. BcneAcTBMe HeYpaBHOBELLEHHOCTU, Ha BpalatoLleecs Teno
[eNCTBYHOT BO BpeMsl [BVKEHWUs [ABe LeHTpobexHble cunbl P n Q.
[Jonyctum Tenepb, 4YTO rpysbl, HEOOXOA4UMbIE ANA YPaBHOBELIMBAHWA,
LOOMKHbI  BbITb  PacnonoXeHbl B MIOCKOCTAX MOMEPEYHbIX CeYeHMI
I nll. LeHTpobexHad cuna P MOXeT OblTb ypaBHOBELUEHA ABYMS
cunamy P, n P2 fexalwumMym B TOM >Ke OCEeBOM CeYeHuW, 4To u P.
BennumHa 3TuUX cun MOXET ObiTb ONpefenieHa U3 cnefyrolmx ypas-
HEHWIA CTaTuKK:

Pi+ Pt= P,
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Tem e cnocobom cuna Q MOXeT OblTb YypaBHOBELLEHa Cuiamu
Q, n Q2 PaBHopgelicTBytoulas cun P, n Q, B nmnockoctv | 1 paBHoO-
feicteytowan Pi u
Qi B nnockoctn Il
6ygyT ToOrga onpe-

[ensTb BeUUYUHbLI ©

MOMOXEHNA YPaBHO-

BeLUMBAKOLWUX  Tpy-

30B, HeobXoAMMBbIX

ONA  NOMHOro ypa.-

HOBellVBaHWUA Bpa-

Wwatowerocq Tena. U3

3TUX  pacCyX[AeHui

BUHO, YTO YpaBHO- dur. 27.

BelMBaHNE  MOXeT

6bITb cAenaHo 6e3 Kakux-nnbo 3aTpyfHEHWA, eCAn W3BECTHbl MOMo-
XKEHWe 1 BeNMYMHA HeypaBHOBELLEHHOCTW. [ns ycTaHOBAEHUS 3TOM
HeypaBHOBELLEHHOCTM YNOTPebasa0TCa pasMyYHOro TMna mMaliuHbl Ans
6anaHCMpPOBKU; PacCMOTPUM TNaBHEALIME U3 3TUX MaLUVH.

11. MalmrHbl gna 6anaHcMpoBKU. — MawnHbl Ans 6anaHCUpPOBKK
npeacTaBnsoT 00bIKHOBEHHO YCTPOWCTBO, NMpWU KOTOPOM 3(h(eKT Jio-
60l/i HeypaBHOBELLUEHHOCTW BO BpaljaloLlleMcs Tene, KOTOpoe nofBep-
raeTcs WCNbITAHUIO, MOXET ObITb YBE/MYEH pe3oHaHCOM. CyliecTBYOT
4Ba [NaBHbIX TWNa MalWuH AN 6anaHCUPOBKMW: 1) MaluHbI, rae pacno-
NOXEHWe W BeNNYMHa HeypaBHOBELLUEHHOCTW OMNpeAenstoTcs 3anucamu
KonebaHuit, Kak B MawwuHe JlaBayek-XeilmaHa, W 2) MallWHbI, B KO-

TOPbIX 3TV BEAUYMHbI OMpPeenstoTCs MOMOLLbI0 KOMMEHCUPYHOLMX
rpy3oB, Kak B MalliHe AKMMOBa.

MawuHa JlaBayeka-XeliMaHa COCTOMT MO CYLLECTBY W3 ABYX He3a
BUCUMbIX OMOPHbIX YacTeid. [lBa NMOALWMNHMKA, NOLAEPXKUBAIOLNE Bpa
waroweecs Tesio (poTop), pacnonararTca Mexay npy>XuHamu, KoTo-
pble JOMYCKalT KonebaHMsA KOHLOB BpallaloLlerocsd Tena B ropusoH-
Ta/fbHOW 0ceBO naockocTh. OfAUH M3 MOALIMMHUKOB 3aKpennseTcs
npy ypaBHOBELUMBAHUWN, NPON3BOAMMOM Ha APYroMm KoHue (cMm. qur. 28).
Jliobas HeypaBHOBELUEHHOCTb BbI30BET KOJfiebaHWe BpallatolLerocs
Tena BOKPYr 3aKPernfieHHOro noALlMWNnHMKa, Kak Ooropbl.

UTobbl yBENMUUTL 3TW KonebaHus, BCe HabNOAeHUs [enatoTcs
npyv COCTOSHWUM pe3oHaHca. CreuuansHbIM ABUraTtenem BpallatoLleecs
TeNo NPUBOAWNTCA K CKOPOCTU BbIle KPUTUYECKOW W Torgja ABU-
XyLlas cuna ycTpaHseTcs. BcnefcTBMe TpeHWUS CKOpPOCTb BpalatoLle-
rocs Tefna MOCTENEHHO YMEHbLUAETCH, W, KaK TO/IbKO OHa [OCTUIHET
CBOE KPWTMWYECKOA BENMUYMHBI, BOHUKHYT Mpu /060l HeypaBHOBe-
LUEHHOCTU YKa3aHHble BbIHYX/JEeHHble KOofebaHua He3aKpenaeHHOro
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noAwunHuka. llpouecc ypaBHOBELIMBAHUS COCTOMT B YCTPaHEHUM
3TUX KoNMebGaHWii MpUKPenneHneM COOTBETCTBYHOLUX BbIMPaBASIOLLMX
rpy3oB.

Han6onee noAXOASWMMU MAOCKOCTAMU AN MOMELLEHUS  3TUX
rpy3oB SBASKOTCA MAOCKOCTM Ha KOHUAX Bpaljatouierocs Tena, rae
06bIKHOBEHHO YCTpamBaloTCs ANs YKPEnaeHWs Takux Trpys3oB Creuu-
aNnbHble OTBepCcTUS no o6ogy. Mpu NOAOGHOM PacroNOXeHWM Mony-
yatoTCs HauMboNbLUME PACCTOSAHMA MeXAy BbIMPaBASIOWMMU  Fpy3amu;
Mo3TOMY BENMYMHA 3TUX T[PYy30B AOBOAWTCA A0 MuHMMyMa. Korga
MNOCKOCTb ANS TakKOro BbIMPABAAIOLWEro rpy3a BblGpaHa, OCTatOTCA

[Ba BOMpOCa, KOTOPble HYXHO pewmnTb: 1) NoNoXeHwWe BbIMpaB/sio-
Lero rpysa, 2) ero BefnyunHa.

O6a 3T BOMpoca MOryT ObiTb paspelleHbl yTem npob6. YTo6LI
onpeAennTb MOMIOXEHME, B MJOCKOCTU YpPaBHOBELUMBAHUA [O/IKEH
OblTb MOMELLEH HEKOTOPbIA MPOM3BO/bHbLIA BbINPaBNAOLWMA TPY3, U
[BOMKHbI  ObITb CAefaHbl HECKONMbKO MNpo6 C rpy3oM B PasivyHbIX
MONOXEHNAX MO OKPYXHOCTW Bpalyatolieroca tena. Takum o6pasom
MOXEeT ObITb NOMyYeHa KpuBas, NpefACTaBAAOLWAS W3MEHEHUS aMniun-
TyAbl KonebaHWii B 3aBUMCUMOCTM OT W3MEHEHUSI yrfa MOMOXKEHMS
rpysa. Torga HauMmeHbllas aMnanTyfda YKaxeT MpaBU/IbHOE MOOXe-
HVe BbIMPaBAAKOLWEro rpysa. TakMm e 06pa3oM MOCTEMEHHbIM W3Me-
HEHVMEM BEeNNYMHbI Tpy3a MOXeT ObITb YCTAHOBMEHa MpaBU/ibHAA Beu-
UMHa BbIMPaBAAOLWEro rpysa.

YUT06bl YNpPOCTUTL NPOLIECC OMPEeAeNeHUs MOMOXKEHUS BbIMPaBsio-
Wero rpysa, O4Y4eHb MOMIE3HO METUTb Baa WAM 3anNuUCbIBaTb KonebaHWs
KOHUa Bana.

[na MeTkn Bana ynoTpebnsetcs B MawuvHe JlaBauyeka cneluanb-
Hblli yKasaTenb, MNpeACTaBfEHHbIA Ha ¢ur. 29. Bo Bpemsi Koneba-
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HUA Ba/l HaXMMaeT Ha KapaHfaw ab, COOTBETCTBEHHO YKPEMAEHHbIN,
M CMELLaeT ero B MONOXEeHWe, OTBevawllee HavbosnbLieMy nepemMe-
WEeHN0 KOHLA Bana Tak, YTo KOHeL, NpoYepyeHHON Ha NOBEPXHOCTU
Bana NMHUM onpefensieT Yron MNOJIOXKeHWs Bana B MOMEHT Hamb60/b-
Wero nepemelleHuns. Ecnm  gonyctuTsb,

YTO MNpY pe3oHaHCe OTCTaBaHWE BbIHYX-

JleHHbIX KoneGaHWiA paBHO T./2, TO no-

NOXEHWe BO3MyLLaloOLWel cuibl  bygeT

oTCTOATL Ha 90° B HampaBfeHWW Bpale-

HUA Bafa OT TOYKM, TFfAe KOHYaeTcH

MeTKa. Tenepb MOXET ObITb /IEFKO MOAY-

UeHO MpaBWAbLHOE MNONOXEeHWe BbINpa-

BAlOWEro rpysa. Bcnegcteue  Toro

06CTOATENLCTBA, YTO BOMN3N COCTOAHUS

pe3oHaHCa OTCTaBaHWE MEHSIETCS OUYEeHb

PE3KO CO CKOPOCTbIO, a TakXe 3aBUCUT

oT 3aTyxaHus (cm. comr. 20, cTp. 35),

06bIYHO HEeo6Xo4MMbI ABe Mpobbl A1 TOYHOro OnpejeseHUs Mono-
YKEHMA HeypaBHOBelleHHOCTW. [pyu BpalleHUU Bana MOMepeMeHHO B
MPOTMBOMOJIOXKHbLIX HaMpaBfeHNAX U NpU MeTKe Basa, Kak 00bSCHEHO
Bbllle, OMCCEKTpMCAa MeXAy ABYMS MeTKamy OnpefensieT OCEBYHO
MAOCKOCTb, B KOTOPOM HY>XHO MOMECTUTb BbIMPAaBAAOLWME TPY3bl.

Ona onpegeneHns MOMIOXKEHUA HeypaBHOBELUIEHHOCTW MOMOLLbO
3anuc KonebaHWin KOHLa Bana poTopa, B MawwuHe JlaBayeka yno-
TpebnseTcs cneymanbHbli nuwywnii npubop. Bymara ans 3anucbiBa-
HUS MpUKpenaseTca K Topuy Bana W Bpawaetca ¢ Tenom. KapaH-
faw npubopa COBepLUIaeT MepeMeLLeHns, KOTOpble SBAAOTCA YyBe-
NNYEHHbIMW OOKOBbIMM MEpPEMELLEHUAMW KOHLa Bana OTHOCUTESIbHO
HEeNOABWXHON MNOACTaBKM MalluWHbl. Takum 06pa3oM nonyyaeTcs B
HEKOTOPOM pofe MnofnspHas guarpaMma GOKOBbIX KofiebaHWii Bana Ha
BpaLjatollerica b6ymare, YKpensjeHHOW Ha KOHUe Bana. pw BpalleHun
Bafa B [BYX NPOTWBOMONOXHbLIX HaMpaBfeHUAX MNOAyYuM ABe fua-
rpaMMbl Ha Bpawawoweiics bymare. OCb CUMMETpPUM A5 3TUX LBYX
Avarpamm onpefenset NA0CKOCTb, B KOTOPOM A0/MKeH ObiTb NMOMeLLeH
BbIMpaBNaoLWuMiA rpys *).

Tenepb onuweM NPOU3BOACTBO YpaBHOBELUMBaHWSA BpallatoLlerocs
Tena (potopa) AB (cm. ¢ur. 28). LonycTum cnepsa, 4TO MOAWWMNHNUK B

*) bonee AeTaNbHOE OMUCAaHME METOAOB YPaBHOBELLUMBAHWS MPU YNOTPEBNEHUN Ma-
WKHbI JlaBayeka-XeiiMaHa MOXHO Hailth B naTbe Ernst Lehr, Der heutige Stand der
Auswuchttechnik, ,,Maschinenbau*, 1922 — 1923, Bd. 16 S. 62. CMm. TakXe cTaTblo
£e v. Brauchisch, Zur Theorie und experiraentellen Priifung des Auswuchfens,
«Zeitschr. f. angew. Math, und Mech.”, 1923, Bd. 3, S. 61.
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3aKpenneH, a KoHeu, A Tena MOXeT cBO60OAHO KonebaTbCA B FOPM30H-
TaNbHOM 0CeBOW MNOCKOCTW. Mbl paHblue Bugenn (cm. n° 10, cTp. 44),
4yTo B Hambonee obuiem cfiyyae HeypaBHOBELIEHHOCTb MOXET OblTb
npeAcTaBleHa [BYMS LEHTPOOEXHbIMU CcunaMu, [eiCTBYHOWMMA B
NPOMN3BO/IbHO BbIGPAHHbLIX M/IOCKOCTAX, MNEPNeHANKYNAPHBIX K OCU
Bana. Myctb cuna P B nnockoctn / (cm. dmr. 28a) u cuna Q B
nnockoctu I, npoxoaswas yepes LEHTP 3aKPENeHHOro NoALunnHUKa
B, NpefcTaBNSAOT HeypaBHOBELIEHHOCTL poTopa. B paccmaTprBaeMom
cnyyae TO/MbKO cuna P OGyfeT Bbi3biBaTb KosiebaHuWA. [locTynas Kak
Bbille OMWCaHO, MOXeM onpefennts cuny P, a konebaHwsa Moryt
OblTb  YHUYTOXEHblI COOTBETCTBEHHbLIM BbIOOPOM  BbINPABASAIOLLNX
rpy3os. UTo6bl ypaBHOBeCUTb CWUAy Q, HYXHO 3aKpenuTb MoALumn-
HUK A, a nogwunHuky B paTb cBob6ogy konebatbcs (CM. cur. 28 b).
B3as nnockoctb Il gna nomelleHua BbiNpaBnfAwoLLero rpysa u no-
CTynas KakK paHblue, MOXEeM ONnptaennTb BENUYMHY W MOJSIOXKEHUE
atoro rpysa. MNycts G o3Hauaet
LLeHTPOGEXHYIO Ccuny, OTBevaro-
Wyt 3TOMy rpysy, Torga u3
YpaBHEHUS CTaTUKK

A Gec— Q-l

nm N UMEEM
| C

dur. 30. [a]

Jlerko BMAeTb, 4YTO MOMELLEHWEM BbINPABAAKOLLEro rpysa B MJ0CKOCTM
Il Mbl yHUUYTOXaem KonebaHus, Bbi3biBaeMble Q, TONILKO NP YCNOBUN,
yToO MoAawmMnHUMK A 3akpenneH. WHaye 3gecb 6ygyT KonebaHua Bcnea-
CTBMe TOro, 4to cuna Q m cuna G [AeACTBYIOT B ABYX Pa3/MYHbIX

nnockoctax Il wu Ill. YTo6bl MNONy4nTb MNOMHOE YypaBHOBeLUMBaHWeE,
HY)XHO MOMECTUTb MO OAHOMY BbINPABAAIOLLEMY TPY3y B KaXAON U3
ABYX nnockocteid / wu 11l Tak, 4TOObl COOTBETCTBYIOLLME LIEHTPO-

6exHble cunbl O,, <2 UMenu CBOel paBHOAENCTBYOLEH cuny— Q,

paBHYO U MPOTUBONONOXHYIO cune Q (cur. 30). Torga w3 CTaTUKK
MeeM

Gx_02= Qv
Gi -b= Q-a,

13 nocnegHero, nonb3yscb yp-uem [a], nonyymm
_ Qa Gac
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W3 aToro BugHO, 4TO NpM ypaBHOBELUMBAHMM KOHUa B v onpepgene-
HAM 3TUM CNOCO60M BenUYUHbl G MOXHO HaWTWM NpaBWUbHbLIA Bbl-
npaBnsloOWMA rpy3 ana naockoctu Il n go6aBoYHbIN BbINpPaBNSIOLMIA
rpy3 ans nnockoctu / u3 yp-uii [6] n [C] n nonyuynTb MNOMHOe YpPaBHO-
BELUMBaHME BpaLLalOLLErocs Tena.

MawwuHa pgna 6anaHcMpoBkM AKMMOBA J) COCTOMT M3 XKECTKOro
CTONMa, Ha KOTOPOM YCTaHOB/IEHbl Bpalatolieecsa Teno (poTop) wu
KOMMeHcupytolee npucnocobneHne. CTon MpUKpenaeH K NoAcTaBKam
TakuM 06pa3oM, UTO OH MOXeT CBOGOLHO KOMebaTbCA WM OKOJ0
ocW, napannenbHON ocu BpallatoLleroca Tena, WAM OKOMO Ocu, nep-
NeHAVKYNSPHO/ K OCM TakoBOro. B mepBoM cfiyvae TO/MbKO CTaTu-
yeckass HeypaBHOBELUEHHOCTb BbI3blBaeT KonebaHWa; BO BTOPOM Xe
06e, 1 CcTaTM4yeckas M [AUHAMWYeCKasl, HeypaBHOBELUEHHOCTM OyayT
NPUYMHON KonebaHmil. HayaB C YHUYTOXKEHMS CTAaTUUYECKOWN HeypaBHO-
BELUEHHOCTMW, Mbl JO/MKHbI MOAMEPEeTb CTOA TakMM MyTeM, YTOObl MO-
NyyaTb Kone6aHWs OKOM0 OCW, NapaniefisHOM OCU BpalleHUs poTopa.
Cnocob fgns onpegeneHuss Mecta U BENNYMHBI HEYPABHOBELLEHHOCTU
COCTOWUT B CO3JaHWW WCKYCCTBEHHON HEYpaBHOBELUEHHOCTW B HEKOTO-
POl fABWTaloLLeincs 4acTu MaluuHbl, Y4TOObl HEMTpannM3oBaTh MNOANEXa-
Wyl0 OMpefesieHUI0 HeypaBHOBeLIeHHOCTL Tena. Korga 3ta uckyc-
CTBEHHas HeypaBHOBELUEHHOCTb OyfeT B TOUYHOCTM HENTpann30BaThb
HeypaBHOBELLEHHOCTb WCMLITYEMOr0 Tefa, BCe B L/OM nNepecTaeT
KonebaTbCcA, a BeMYMHA W Yroa MJ0CKOCTM HEYpPaBHOBELLUEHHOCTU
yKa3sblBalOTCA MaLUUHOMN.

Mocne YHWUYTOXEHWUSA CTaTUYECKOl HeypaBHOBELUEHHOCTU A4Na uc-
MbITaHWS BpaLlatoLerocs Tena B OTHOLIEHUU AMHAMUYECKOW Heypas-
HOBELLEHHOCTW CnefyeT nepeycTpouTb MNOACTaBKM CTOMa TakuMMm 06pa-
30M, 4TO6blI OCb KOMebaHWn Gblna nNepneHAUKYNSPHA K OCU BpaLleHus.
BenmunHa 1 yron naocKoCTU AMHaMUYecKux KonebaHwidi OyayT Torga
Nerko HaifeHbl TaKMM Xe CrMocoB0M, KaK W3/M0XEHO Bbllle, BBELEHNEM
WCKYCCTBEHHOW Mapbl HeypaBHOBELUEHHbIX CUM B ABWXYLLYIOCA YaCTb
MallnHbl. BaXHO OTMeTWUTb, 4TO CTaTMyeckas HeypaBHOBELUEHHOCTb
[O/MKHa ObITb yCTpaHeHa MOMHOCTbIO, MPEeXAe 4YeM KOHTPOAUpoBaTthb
ANHaMMWYECKY0 HeypaBHOBELUEHHOCTb -).

YpaBHOBeLIMBaHNE Ha MecTe paboT. — OnbIT C arrperatamu
0YeHb BbICOKMX CKOPOCTE MOKa3blBaeT, YTo, KOrja ypaBHOBeLUMBaHUE
[OBefeHO [0 KOHLA MaluMHON ana 6anaHcMpoBKM B nabopaTtopuw,

) ,Trans. A. S. M. E.\ 1916, Vol. 38.

r) MawuHa fns GanaHcUpOBKM, MNOMOLLLIO KOTOpOl onpeaenstoTcs 06a poja He-
YPaBHOBELLEHHOCTU OAHOBPeMEHHO, 6blna m3obpeteHa C. R. SOderberg'ou n W. E.
Trumpler'ou. Cw. goknag C. R. Soderbergh Ha BeceHHem o6liem cobpaHin A. S. M.
E 1923 roga.

Teopusa kone6aHWii B WHXEHEpPHOM ~ene. 4
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MOXHO MONYYNTb XOpOLUWe pe3ynbTaTbl, HECMOTPSA Ha TO, YTO 3TO
NCMbiTaHWe O06bIYHO MPOM3BOAMTCA MpW CPaBHUTENbHO He6OMbLION
CKOpOCTW; HO B paboTe, Korfa [eiCTBYIOLLME CKOPOCTW BbICOKMW, He-
YPaBHOBELLEHHOCTb MOMXET BCE e MOABUTLCA BCMEACTBUE HUYTOX-
HbIX WM3MEHEeHWI B pacnpegeneHny macc. [103ToMy Heo6X04MMO TakxKe
KOHTPONUPOBaTh YCNOBUA YPaBHOBELIMBAHUA ANS HOPMasbHON pabo-
yeil CKOpOCTU. ITO MUCMbITaHME BbLIMOMHAETCA WAM B nabopartopuu,
rae poTop noMmew,aeTcs ANf 3TOW LeAM Ha XKEeCTKMX MOAWUMHK-
Kax, WM Ha MecTe paboT nocfe YCTaHOBKM B MalluHy. [lpowus-
BOACTBO YpaBHOBELIMBAHUA B TaKWX YCNOBUAX MOXeT OblTb Npu-
MepHO TakuMM, KaK OMnucaHo Bbllle NpW PacCMOTPEHUN MaLUMHbI
NaBaueka gns ypaBHoBewUBaHWUA. OHO COCTOMT B NOCNeA0BaTe/IbHOM
ypaBHOBeLLBaHUN 060MX KOHLO0B poTopa. lMpu BbiNnpaBfeHWM Heypas-
HOBELLEHHOCTM OfHOr0 M3 KOHLOB [OMYCKaloT, 4TO KonebaHws cooT-
BETCTBYIOLUE/ OMOPbI BbI3bIBAKTCA TONbKO HEypPaBHOBELLUEHHOCTbHIO
3TOro KoHua J). BennunHa 1 NofoXeHwe BbINPaBAsloLLEro rpysa Mo-
ryT 6bITb TOr4a HafeHbl W3 U3MEPEeHWU A aMnanTyn KonebaHuii onopsl,
KOTOpble 3anMuCbiBAOTCA COOTBETCTBYHOLMUM npubopom. HeobxoauMbl
yeTbipe M3MepPeHUs ANA YeTbipex pasHbiX MOMOXEHWIA poOTOpa, YTOOLI
MMEeTb [OCTATOYHbIE [aHHble NS MNOMHOro pelleHus 3agadn. [lepsoe
M3MepeHne [O/MKHO OblTb CAenaHo ANs poTopa B ero  HadaaibHOM
COCTOSIHMK, & TPU OCTafibHbIX AN POTOpa C HEKOTOPbIMW MNpPOuU3-
BONbHbLIMW Fpy3amMu, MoOMellaeMbIMU NOCNeA0BaTe/IbHO B Tpex pas-
NNYHBIX OTBEPCTUAX B 6GanaHCMPHOM KOfbLEe Ha KOHUe poTopa,
0N KOTOPOro npou3BOAUTCA ypaBHOBelWuBaHuWe. [py6oe npubnmxe-
HWe MOJIOXKEHMS BbINPABASAIOLLIEr0 TFpy3a MOXEeT ObiTb HaliileHO pas-
MeTKOl Bana poTopa B €ro HayajbHOM MONOXEeHUW, KakK Oblio U3no-
)KEHO Bblwe (cTp. 46). Tpwu nocnegoBaTeNbHbIX MPOOHLIX OTBEPCTUS
LOOMKHbI ObITb B3ATbl BO/M3M HalAEHHOr0 MOMOXKEHUS.

Ha OoCHOBaHUM 3TUX 4YeTblpexX W3MEepeHWn MOXEeT 6biTb Mpou3Be-
[eHO onpefeneHne HeypaBHOBELLIEHHOCTU MpPU AONYLLeHWW, YTO aMnau-
Tyfbl KonebaHuil onopbl MPONOPLUOHANbHbI  HeypaBHOBELLEHHOCTH.
MycTtb 00 (dur. 31 a) ecTb BEKTOP, MPeACTaBAAOWMIA HEN3BECTHYIO
Haya/IbHY0 HeypaBHOBeLeHHOCTb M nycTb 01, 02, 03 BeKTOpbl, OTBE-
yalome NpobHbIM BbiNpasafowmm rpysam I, 11 v 111, nomeweHHbIM Ha
6anaHCMpHOM KO/blLie KOHLA poTopa BO BPeMS BTOPOW, TPeTbei
M yeTBepToin npob nocnegoBatencHo. Torga BekTopbl Al, A2, A3
(cur. 31 b) npeacTaBnAOT pe3ynbTaTMBHble HeypaBHOBELUEHHOCTU As
3TUX Tpex npob. 3TU BEKTOpPbl, COrNacHO CAenaHHoOMY [AOMYyLLEHWIO,
MPOMOPLMOHaIbHbl aMNANTYAaM KofebaHWil onopbl, W3MEpEHHbIM BO
BpeMsl nocnefoBaTeflbHbIX Mpo6. Korga poTtop ypaBHOBELUEH, Be-

‘) 3T0 AONYyLiEHMEe [0CTAaTOYHO TOYHO B CMyYasX POTOPOB 3HAUMTENLHOM [/IMHbI.



MALWWHbI ANA BANAHCUPOBKW

Monoca
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py3bl K& QHO 0.80 0.50 asr 0,28
1Kr-87mm Homepa oT6. 5 4 . 2 1

dur. 31.
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NMunHbl 1 HanpasneHns 01, 02, 03 (dmr. 31 b) M3BECTHbI, U MOXET
OblTb MOCTPOEHA CeTKa, MOKa3aHHasA MYHKTUPHLIMW JIMHUAMU Ha (ur.
3lc. B3as Tenepb Tpu oTpe3ka AT, A'2' n A'3', nponopunoHanbHble
amnauTygam, HabMlfeHHbIM BO BPEMS OMbITHLIX NPo6, M MOMb3YyACh
CeTKOW, MOXeM MoCTpouUTb Auarpammy (cdwur. 31c), reomerpu-
yeckn nogo6Hyto TakoBoW ¢wur. 31 b. HanpaeneHme O0A' pgaeT Torga
MonoXeHWe MNPaBUNLHOTO BbINPaBAAKOLWEro rpysa, a gnuHa OA' npeg-
CTaBUT BEMMYMHY BbINPABAAIOLLErO rpy3a B TOM e MacwTtabe, B Ka-
kom 01', 02', 03' wusobpaxaloT npobHble rpysbl /, 11 n Il cooTBeT-
CTBeHHOo. CrefyeT 0TMeTUTb, 4To AnnvHa OA', ecnn OHa M3MepeHa B
TOM >Xe MaclwTabe, kKak amnauTygbl A'l, A'2', A'3', pgomkHa aatb
amnanMTygy HayanbHOro KosnebaHus Onopbl; 3TO ABMASETCS MPOBEPKONA
nosy4yeHHoro pewleHus. Ha dwr. 31 d nokasaH npocToil npubop Ans
peLleHns 3TOM 3afayu, COCTOAWMI M3 YeTblpex MO0M0C, COeAMHEHHbIX
BMecTe LwWapHupom A' *). Ecnn B3iTb OfMH U TOT e BbINPaBAOLLAL
rpy3 npu Tpex npo6HbIX WCNbITAHMAX, ceTKa qur. 31 ¢ npespaTtuTcs
B PS4 KOHLEHTPUYECKMX OKPYXXHOCTeW, Kak mokasaHo Ha ¢ur. 31d.
B3fB Tenmepb Tpu oTpeska a,, 421 a3Ha nonocax, MpPonopuUUOHaNLHO
amnauTygam, HabnlAeHHbIM BO Bpemsi NPOGHbLIX BpalleHWi, K nepe-
MeLLas KOHLbl 3TMX MO0JSIOC BAO/Ib BEKTOPOB BbINPaBAAOLWMX [PY30B,
Ham He TpyAHO OydeT HaiiT MOMOXEeHWe CUCTeMbl, NPU KOTOPOM BCe
3TW TPU KOHUa OyAyT pacrofioKeHbl Ha TOM XKe CamOil OKPYXXHOCTW.
CooTtBeTcTBYytOWMIA BekTOop OA' 6ygeT TOrga onpegensatb Mo nosno-
XEHUIO M NO BE/IMYMHE WCKOMbIA BbINPaBASIOWUIA Tpys3.

12. O6wwmin cnyyali Bo3myLatoLwei cunbl. — B NpefLIecTBYOLLUX
PacCcy>XAeHNAX O BbIHYXAEHHbIX KonebaHusx (cm. n° 8) 6bl1 paccmo-
TPeH uYacTHbI/A cAy4yali BO3MYLLAKOLWLEA CWIbl, MPOMOPLMOHANLHON
sin mt. B o6wem nepuogmnyeckas BO3MyLialoWwas cuna B QyHKUUW OT
BpemeHn f(t) MOXeT ObITb MOAYYeHA KaK CyMMa Y/IEHOB, COCTOALLMX
M3 NPOCTbIX CUHYCOB W KOCWMHYCOB, KOTOpas MOXeT ObITb MpeacTas-
NeHa B (hopMe TPUTOHOMETPUYECKOro psfda, MNogo6HOro Huxecne-

AytoLemy:

f(f) — a0-f U"cosmzf-j- a*cos2mt-\-.. .Asin/rc™-f- bAsm2mt-\-..., [a]

2it
B KOTOPOM M yacroTa BO3MYLLAWOLWEA CUMbI, T,= — — Mepuof

BO3MYLLAIOLLIEN CUMbI.

UToObl BbLIMUCAUTL /060K U3 KO3DPULUEHTOB yp-us [d], ecnm
Tonbko fit) M3BECTHa, HY)XHO NOCTYNUTb chnegytowum obpasom. [o-
MYyCTUM, YTO OTbICKMBAETCA HEKOTOPbIA KO3h(PUUUEHT ab Torga 06e

‘) 3T10T Mpubop 6bin mM306peTeH G. B. Karelisz’ou © okasancs 04eHb MOME3HLIM
[N ypaBHOBeLUMBaHUA Ha MecTe paboT. Cwm. ,,Power"”, 1928, Febr. 7 n 14.
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uacTu YpaBHEHUS [JO/MKHbI ObITb MOMHOXEHbl Ha cosimtdt u MpowH-
TerpupoBaHbl oT £= 0 go t—tj. MOXHO noKasaTb, uTO:

Yy
J*aOcos imtdt— 0O; j*a, cos kmt cosimtdt=0;
0 [e]

T1 |
Jb ksin kmt cos imtdt—O; j*a,-cos2imtdt= ~ zv
0 0

raoe i n k obosHavatoT uenble uucna 1, 2, 3,... lNpumMeHsas atu dop-
MY/bl, MOMTyYaeM:

T1

at= j f(t) cosimt dt. [b]

Takum e cnocobom, ymMHOXas yp-ue [a] Ha sinimt dt, nonyyaem:

T1
bi= ~J*f(t)sinimt dt. Ic]

HakoHel, ymHOXas yp-ue [a] Ha dt wm wuHTerpupya oT t= 0 Ao
t—\u umeem:

a0= " j f(t)dt. [d]

OuyeBugHO, 4To, nonb3ysick Gopmynamm [b\, [c] n [d\, moxem
BbIYMCANUTL  KOathuumneHTbl yp-usa [a], ecnn f(t) wn3BecTHa aHanuTu-
yeckn. Ecnm f(t) paHa rpaduueckn, TOrga Kak aHaamMTUyeckoe
BblpaXXeHMe ee He MOXeT OblTb AaHo, A8 BbluMCNeHUs nHTerpanos [bl,
[c] v [d] cnepgyeT BOCMONb30BaTbCA KaKUM-HWUOYAb NPMOAMMKEHHbLIM
CMoco60M, WAM OHM MOTYT ObiTb MOMYYEHbl MEXaHWYEeCKW OAHWUM U3
M3BECTHLIX NPUOOPOB A8 UCCMEA0BAHUA KPUBbLIX, BbIPAXEHHbIX TPU-
rOHOMETPUYECKAMU psigamMm J).

JonycTum, 4To BO3MyLLaloOLlas Cuia BblpaXaeTcs B BUAE TPUTOHO-
METPUYECKOroro psga; ypaBHeHME BblIHY)XAEHHbIX KonebaHuil Torga
oypet (cm. yp-ue [32], cTp. 31):

x"-f-2nx" f-p-x — a0-f-a,cosm t cos2mt+ ... -j- btsinmt -f-
btsinam t . [e]

) PaccCMOTpeHMe pasfiyHbIX METOAO0B [N WCCEe0BaHWUS KPUBbIX, BbIPAXKEHHbIX
TPUTOHOMETPUYECKUMU psjamu, W OnucaHue NPUMOOPOB FapMOHUYECKOrO aHanm3a MOXHO
HaiiTn B kHure H. v. Sanden, Practical Analysis, London, 1024.
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Obulee pelleHWe 3TOro yp-usi 6yaeT COCTOATb M3 ABYX YacTeld-
ofijHa Ana cBO6OAHbLIX KonebaHwid (cm. yp-ue [25], cTp. 28) M ofHa
Ana BbIHYXAeHHbIX. CBOOOAHbLIE KOnebaHWa OyayT nocnefoBaTeNbHO
3aTyxaTb BcfeAcTBue TpeHus. Mpu pacCMOTPeHUU BbIHYXEHHbLIX KO-
nebaHunii cnefyeT OTMETUTb, YTO B CAyyae JIMHENHOrO YpaBHeHWUS,
KakK yp-ue [€], BbIHYX[€EHHble KonebaHua OyayT nonyvaTbCs Hanoxe-
HWEM [pYr Ha fApyra BblHYX[JEHHbIX KOnebaHuin, nonyvawowmxcs ot
KaXAoro uneHa paga [a]. 3TM nocnegHue KonebaHUs MOryT ObiThb
HalJeHbl TEM >Ke CMOCO60M, KaK M3/10)KeHO B N° 8, M Ha OCHOBaHWUW
peweHnsa [33] (cm. cTp. 31) MOXHO 3aKNHUUTb, UTO GOMbLUNE BbIHYX-
[eHHble KonebaHus MOryT NpOM30TWU, KOrja Mmepuoj OJHOro W3 une-
HOB psAfda [a] coBmajaeT C NEpuMoAoM T He3aBUCUMbIX KonebaHuin cu-
CTEMbI, T. €. €C/IM Nepnog T, BO3MYLLAIOWEA CW/bl paBeH WM KpaTeH
nepuogy T.

[Ona npumepa paccMoTpum KonebaHusi, Bbi3BaHHble B pame ABCD
cufaMnm  MHepuMu Topu3oHTanbHOro Aaguratens (gpur. 32), BpaLlako-
LEerocs C NOCTOSHHOW YrnoBoli CKOPOCTbKO < [onycTuM, 4TO ropwu-
30HTanbHaa 6anka BC ouyeHb
XecTKa M 4YTO MOXHO pac-
cMaTpuBaTb  BO3HUKHOBEHMe
rOPU30HTaNlbHbIX  KONebaHwui
TO/IbKO 13-3a M3rnba KOMOHH.
Mepuof 3TUX HE3aBUCUMBbIX
KONebaHUn MOXeT ObITb JIErKo
nonyyeH. Heo6xo04MMO TOLKO
BbIUNCANTbL CTaTUYecKoe nepe-
MeLLeHne 8" purens pambl Nog
AeACTBUEM  TOPU3OHTANbHOW
cunbl Q, paBHOI Becy ABura-
Tens BMeCTe C BECOM FOpPM30H-
TanbHOW nnatdopmel BC (mac-
CO BEPTMKa/IbHbIX CTOEK Npwu
3TUX BblUMUCNEHNAX MpeHebperaem). LonycTtue, 4yTo 6anka BC ab6co-
NIOTHO >KecTKa W CBOGOLHO onepTa Ha [BYX CTOWKax, MMeem

dur. 32.

MoacTaBMB 3TO B ypaBHeHue

HalileM nepuof He3aBUCMMbIX KonebaHWiA.
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B paccmaTtpuBaemMOM cnyyae BblHYXAEHHble KonebaHus 6yayT
BbI3bIBATLCA CUMAMW  MHEPLMM BpaLLAOLLKUXCA U ABUTAOLLUXCA B3af
n Bnepes macc fsuratens. pu paccMOTPeHUM 3TUX CUN Macca LWa-
TyHa C AOCTaTOYHOW TOYHOCTbKD MOXeET ObiTb 3aMeHeHa [BYMS Mac-
camy: ofHa B Lange KpuBOWWNa, a BTopas Ha Kpeiukonde. B Te xe
[lBé TOUYKM NIErKO MOryT OblTb MepeHeceHbl BCE MPoYMe HeypaBHOBe-
LUEeHHble NPW ABMXKEHUM MacChl TakK, YTO OKOHYaTeSIbHO LO/KHbI Noj-
NneXkaTb PacCMOTPEHMIO TOMbKO fABe Maccbl M, n M (¢ur. 32b).
opu30oHTanbHas coCTaBAAwLWas CUbl MHEPLMU Macchl

— Mx aPr cos nmt, [

rge «0—yrnoBsas CKOpOCTb ABuratens, r— paguyc kKpusowwuna, ut—
Yyron, cocTaBfsieMblii KPUBOLIMMOM C OCbHO X.

[eiictBne macc M, ABMXyWMXCA B3afg U Breped, 60nee CNoXHO.
MycTb X 0603HayaeT nepemMelieHne M OT MepPTBOro MOMOXKEHUSA U
p—yron mexay waTtyHom K ocblo X. o 4yepTexy MMeem:

X — I(1 — COSfi)+ /(1 — COSIUf) [8°]
n

W3 [h]

rsin<ttE= /sinp. [h]

. r .
sinp  -J-sina)£

[nvHa | 06bIMHO B HECKONbKO pa3 6onblue, YeM T, U C AOCTaTOYHON
TOUHOCTbH) MOXHO MPUHSTb, 4TO

MoacTaBnss B yp-ue [g]l, vmeem
X — r(1— cost)£) {- gg sin2mt. &
N3 3TOro ypaBHEHMS CKOpPOCTb ABWXKYLLMXCA B3aj W Brepes Macc
X' — rw sin mt -f- r\?— sin 2mt,
a COOTBETCTBYIOLWAaA Cuna MHepLmn
—Mx"=—M (oV(cos —+— cos2a). N
CoeaunHss 310 ¢ [/], nonyyMm nonHyt Bo3mywarowyr cuay. OT-

METUM, YTO 3TO BbIPaXEHME COCTOMT W3 ABYX YNEHOB: OAHOrO, KMe-
fOLLEro 4acToTy, paBHYH u4uciy 060POTOB MalUMHbI, W APYroro, UMe-
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towero BABoe 60/MblWY0 4YacToTy. M3 3TOr0 MOXHO 3aKAUUTL UTO
B paccMaTpuMBaeMOM C/yyae WMeKTCA [Be KPUTUYECKMe CKOPOCTU ANA
[BuraTens: nepsas, Korga 4yvc/io o60p0TOB MalUMHbI B CEKYHAY PaBHO
yactoTe 1/X He3aBUCUMbIX KonebaHWii CUCTEMbI, U BTOpasi, KOrga 4mcno
060pOTOB MalLMHbI PaBHO MOJIOBUHE MpefblayLueli BennymHbl. CooTBeT-
CTBYIOWMM BbIGOPOM >XecTKOCTU cToeKk AB n CD Bcerga BO3MOXHO
€034aTb YC/I0BMA, LOCTATOYHO Aa/ieKMe OT TaKMX KPUTUYECKUX CKO-
pOCTEl, U TaKMM 06pa3oM YCTPaHWUTb BO3MOXHOCTb 60/bLUIMX KOoneba-
HuiA. CnegyeT OTMETUTb, YTO BblpaXeHue [/] Ana cun WMHepuun LBU-
ralowumxca B3ag W Bhepes Macc OblIO MOMYYEHO MpU  AONYLLEHUA
HEeKOTOPbIX NPUONMKEHUA. bBonee TOYHOe pelleHWe 6yaeT copep-
XaTtb TrapMOHWYEeCKMe padbl W BbiCLIero nopsgka. 370 CBUAETEeSb-
CTBYET, UTO OYAyT TakXe KpUTMYeCKUe CKOpPOCTU MOpsifKa HU3LLETO,
YEM pacCMOTPEHHble Bbllle, HO OObIYHO OHU HE UMEIOT MPaKTUYECKOro
3HaYeHnsa BCNeACTBME TOr0, YTO COOTBETCTBYIOLLME CW/bl CAULLKOM
Masibl, YTOObl BbI3BaTb CYLLECTBEHHbIe KOMe6aHUs CUCTEMbI.

N3 npepdblayLlero paccMOTPEHMS 6bl10 UCK/IHOYEHO MEPEXOLHOE
COCTOSiHMe. bBbI0 gonylleHo, 4TO CBOGOAHbIE KOMebaHWs CUCTEMBI,
06bIYHO BO3HUKAOLIME MpPU Hayane [ABWXEHUS, ObliM YHUUTOXEHbI
3aTyxaHvWeM, U pPaccMaTpuBanuCb TOJIbKO BblHYX/EHHbIE KONebaHus.
Korga nepemelleHvie CUCTEMbl B Havane [ABWXEHUSA WCCNefoBaHO, TO
MOXHO BOCMO/b30BaTLCA CMOCO60M, onucaHHbIM B N° 5. Mbl BUAenu
(cm. yp-ue [29], cTp. 29), uTo, Korfga 3aTyxaHue MPOMOPLUOHASLHO
CKOpPOCTW, NepemelleHne B /i060A MOMEHT t, Bbl3blBaEMOE Hauab-
HOW ckopocTbio X0, paBHO

— e~nts\npt t.
Pi P

Ecnun f{t) o603Ha4yaeT BO3MYLLAIOLLYIO CU/Y, OTHECEHHYI K eau-
HMLE MacCbl CUCTEMbI, 3/eMeHTapHOoe mepemelleHne dX B MOMEHT t,
BCNeACcTBMEe feicTBUA cunbl fit) B TeueHme npomexyTka OT ty Ao
tx-\-dt, 6ygeT npefcTaBNATbLCSA CAeAYHOLWUM BblpaXKeHWeM (CM. yp-ue
[c], cTp. 25):

dx="n-g~nr~tl) sinPi(i —tl)dtl.

lMonHoe nepeMelleHNe CUCTeMbl BCAeACTBME AeicTBust cunbl f{tX 3a

Bpemsi t oT t,= 0 g0 t, —t GyAeT Torga BbipaXaTbCs CledyHOLLUM
VHTErpasom:

[41]
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3T0 BblpaXeHMe MOMIHOF0 MepemMeLleHNs CUCTeMbl 0COG6EHHO npume-
HUMO AN Tex cny4yaeB, rge /(E,) He MOXeT 6blTb NpefcTaBneHa C
[OCTATOYHON TOYHOCTbIO TOMIbKO He60AbLINMM YUCAOM UYNEHOB Tpu-
roHomeTpuyeckoro psga [a], kak Hanpumep, B cnydae ypapa wau
pe3Kux KonebaHwuii BbIHY>XAaloWelh Cunbl.

13. MprHUUN COXpPaHEHUS 3HEepPrMuM MNpU M3y4vYeHWU 3ajayv Kose-
6aHunii.— 3afaya KonebaHWli cuCTeMbl, MOKasaHHasa Ha ¢ur. 1 (cm.
CTP. 7), MOXeT ObITb JIEFKO paspelleHa pacCMOTPEHMEM 3Heprum cuc-
TeMbl. TIpUHUMN COXpPaHeHWS 3HePruM TakXKe OYeHb Mose3eH ANd
NPUGAVKEHHOTO BbIYUC/IEHUSI 4acTOTbl 60/1ee CMNOXHbIX cucteM. Pac-
cMaTpuBasi cxemy Gur. 1 1 npeHebperasa cnepBa Maccoi MPY>XWUHbI,
MOy4YMM KWMHETUYECKYI0O 3HEpPrui CUCTEMbl BO BpeMs KosiebaHuli
paBHOM

W
g: (02 [«]

MoTeHUManbHas 3HEPrusi CUCTeMbl COCTOUT M3 ABYX 4acTeil: nepeas —
noTeHUnanbHass 3Heprus pgeopmMaumy NPYXUHbl U BTOpasi — MOTEH-
UmManbHasi 3Heprusi rpysa, 3aBucsilas OT €ero nosoxeHus. U3 pac-
CMOTpeHUss 3Hepruu pgedopmaynmn pacTsarumBaroLlas cuna B NPYXUHe,
COOTBETCTBYHOLLASA NH060OMY nepemelleHnto X, bypet (8" -j-X) K, a co-
OTBETCTBYIOLLAA 3HEPTUS MNPYXMUHbI:

2

JHeprus MNpyXuWHbl B MOMOXeHWW paBHoBecus (= 0):

NO3TOMY 3HEPrus, HakonjeHHas B MPYXWHe BO BpeMs MnepemMeLleHus
X, Oypget:

K = &8"X+ ij-=Wx+ ~ . [b]

UTo Kacaetcsa 3Hepruu, OGyCI’IaBI’IVIBaeMOVI MOJZIOXKEHNEM TpYy3a, Mbl
BNAMM, 4TO OHa yMeHblLUaeTCcA NpPU nNepemMeleHNn X Ha BEINYUHY

WX. [c]

Ha ocHoBaHuu [b] un [c] nonHOe W3MeHeHWe MOTeHLMaNbHO 3Heprum
npu nepemelleHnMn i 6yfeT paBHO

KX*
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BcneactBue TOro, uto rpys W Bcerga ypaBHOBeLUIMBAeTCA HaudasbHOWA
pacTArvMBatoLLein CuUMoil MNPYXWHbI, BO3HMKAKLLEA MNpyM CTaTUYECKOM
pacTsikeHun bst, okoHuaTenbHoe BblpaxeHue [d] ANS MoOTeHUMANbHOM
3HEpPrMn CUCTEMbl TO XXe camoe, 4YTo Ans cnydasd, korga W —0 u
YANVHEHVE MPYXWUHbl PaBHO X. Tenepb Ha OCHOBAaHUM MpUHUUNA CO-
XPaHeHUS 3HEPrum npu npeHebpexXeHUM 3aTyxaHWem CyMMa KUHeTu-
YECKOM W NOTeHUWANbHOW 3HEPruM CUCTEMbl OCTaeTCs MOCTOSIHHOW.
Mostomy u3 yp-uii [a] n [d] nmeem
W . | . KXI L
2 (x) H 2~~ c°nst- [e]
BennunHa nocTosiHHOW B npaBol u4actn yp-ua [e] 3aBucuT OT
HayasbHbIX YycnoBuii. Bo3bmeM, Hampumep, 4To npu t—O0 nepeme-
weHme paBHo x0 u HavanbHas ckopocTb O0; Torga yp-ue [e] mony-
YyaeT BUA:
W (1, kx2_ kx@ rn
2g 2 2 171

3TO 3HAYMT, 4YTO MpM KoNebaHWM CyMMa KUHETUYECKOW W MOTeH-
LLManbHOW 3HEpPrumM OcTaeTCs PaBHOM HayanbHOW 3Heprum gedopmauuu.
Korga npwm kone6aHum X cTaHOBUTCA paBHbiM X0, CKOPOCTb rpysa
W nonyyaeTcA paBHOW HY/H0 W 3HEPTUS CUCTEMbl COCTOMT M3 MOTEH-
unanbHoli aHeprum. Korga X CTaHOBUTCSA paBHbIM HY/IO, 4TO MpoumC-
X04WT, KOrga rpy3 npu KonebaHMM MNpPOXoAUT 4Yepe3 CBOe cpejHee
MOMI0XKeHWE, CKOPOCTb [JOCTUTaeT CBOEro Haub0sblUero 3HavyeHUs u
COOTBETCTBYlOWLAA 3Heprusa us yp-ua [/] nonydaeTcsa paBHONA

2 2 . gJ
3710 3HA4YNUT, 4YTO B 3TOT MOMEHT BCA 3HEPINA CUCTEMbl — KUHETUYE-
CKad W paBHa TOWN I'IOT€HLI'VIaI'IbHOl7I JHEprmun, KotTopas 6blna HakonsaeHa

B CMCTeMe Npu MepBOHAYasIbHOM MepemMelieHnun X,, U3 MOSIOXKEHUS
paBHOBeCHUS.

Yp-ue [g] MoxeT 6biTb WCMOMb30BAHO [/ BbIYMC/IEHWNS YacTOThbl
Kone6aHusi cucTeMbl. Bbille 6bIfI0 NMOKas3aHO, YTO B paccMaTpyvBaeMoMm
cflyyae Mbl MMeeM MpPOCTOe FapMOHMYecKoe ABWXKEHMWE, T. e. Mbl MO-
XeM TMOSIOXKUTb

X = Xqgcospt M (xXrTw — x 7.

MoactaBuB 3To B yp-ue [g], noayyum:

P~W

OT0 coBnagaeT c yp-uem [3], paHee nonyyeHHbIM (cMm. cTp. 8).
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OnuncaHHbIA cnocob, OCHOBAaHHbLIN Ha MPUHLUIME COXpPaHEHUS 3Hep-
MM, MOXeT ObiTb TaKXe MpPUMeHeH Ans 60see CNOXHbIX Cly4vaeB-
paccMoTpuMM, KakK npumep, KonebaHus WU3IMepUTENda amMnanTygbl’
NMoKasaHHOro cxematuyecku Ha ¢ur. 33. Tpys W Ha-npyxwuHe A&
UMeeT HU3KYHD He3aBUCUMYHO 4acToTy. Ecnm msmepuTens aMmnauTyfgbl
npukpenseH K Teny, Konebniouiemycs npu BbICOKOW 4acToTe B Bep-
TUKanbHOM HanpaBneHuun, rpy3 W ocTaeTcs NpaKTUYECKU HEMOABUXK-
HbIM B NMPOCTPaHCTBE, U yKasaTenb A, cKpensieHHbIn ¢ W, ykasbiBaeT
Ha LUKa/e yBEIMUEHHbIN pasmax KosebaHus. UTo6bl MONyYUThb 4aCTOTy
cB0OOAHbIX KofebaHuii npubopa ¢ 60NbLUEA TOYHOCTbIO, CnegyeTt
NnoABEPrHYTb pPacCMOTPeHU0 He TonbkKo rpy3 W m NpyXuHY KW HO
Takxe pblyar AOB 1 npyXuHy MycTtb
X 0603HavaeT HeboNbLIOE BepTUKa/bHOE
nepemeteHmne rpysa W 13 nonoxeHus
paBHoBecus. Torga noTeHUManbHas 3Hep-
rms ABYX MPY>XWUH Npu 0603HaYEHUU XKECT-

KOCTU NPYXWH K, N K%6yaeT

k,x2 (c [h]

KunHeTnyeckass sHeprus rpysa W 6ygerT,
Kak npexje,

K * [K] dur. 33.
29
Yrnoeasd ckopocTb pbldara AOB, Bpawarouwierocad okoso Touku O
Xl
paBHa -y W KUHeTUYecKas 3Heprus TOro e pblyara 6yger
1
2 ~¥'

Tenepb ypaBHEHWEe [ABWXKEHWUS, OTBevaloliee BbllleyKa3aHHOMY ypaB-
HeHuto [e], u3 [h], [K] n [t\ 6yger:

k3cs, .,
2 #/)

Mbl BUAMM, YTO 3TO YypaBHeHWe WMeeT TaKykl >Xe (opMy, 4To U
YpaBHeHue [e], Tonbko BMecTo maccel Wjg Mbl Terepb WMeem Mpu-
BeJleHHYI0 Maccy

w .|
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a BMECTO >KEeCTKOCTM MNpYXWHbl K MMeeM NpPUBEAEHHYID >XeCTKOCTb
MPY>KUHbI . *

14. MeTog Peiinesa. —Bo BCex BbILIEPACCMOTPEHHbIX Clydasx
KUX, KakK MoKasaHHble Ha ¢ur. 1, 3 n 4, 3agaya 6blna npuBegeHa K
npocTelilemMy cnyyaw KonebaHus cuUCTeMbl C OAHOI CTeneHbl CBO-
604bl NPYMEHEHVWEM W3BECTHbIX YMPOLWEHUI; Hanpumep, B CXeMe,
yKa3aHHON Ha cur. 1, 6b110 npeHebpexXxeHO Maccoli NPYXMHbl CPaBHU-
TeNnbHO ¢ Maccoi rpysa W, Torja Kak B CXeMe, YKa3aHHOW Ha ¢ur. 3,
6bIN10 NpeHebpeXXeHO Maccoii 6anku, a B C/Aydae, M300pakeHHOM Ha
tur. 4, 6b1/10 NpeHe6pPeXXeHO MOMEHTOM WHEPLUMM Bana Mo CPaBHEHUHD
C MOMEHTOM WHepLMWU AMcKa. XOoTs 3TW YNpoLeHNs [OCTAaTOYHO TOYHbI
4NS1 MHOTMX C/lyvyaeB MPaKTUKW, HO €eCTb HEKOTOpble TexXHU4YecKue
3afjayn, B KOTOPbIX CTAHOBUTCHA He06XoaMmbIiM 60er nogpobHoe
paccMOTpeHMe TOYHOCTU 3TUX MPUBAVKEHUNA.

UTo6bl onpeaennTb BAUSAHWE 3TUX YMPOLLEHWIA Ha 4acToTy Koje-
6aHnii, nopaom Pelineem *) 6bl1 NpPeasioXXeH MPUOANXKEHHbIA CMocoo,
KOTOpbI/i Mbl Tenepb paccMoTpuMm. [pu NpUMEHEHMU 3TOro crnocoba
HY)XHO cfefnaTb HeKOTOpble AOMYLLEHUS OTHOCUTENbHO KOHUrypauum
cucTeMbl BO Bpemsi KonebaHwii. Yactota KonebaHwi 6ypget Torga
HajeHa M3 paccMOTpeHUs 3Heprum cuctembl. Kak npocTenwnii npu-
Mep npuMeHeHUs MeToda Pelines BO3bMeM C/fyyail, MOKasaHHbIA Ha
tur. 1 n paccMOTpeHHbIR B n° 13.

Mpu ponyuieHUM, 4YTO Macca MPYXUHbl Masia M0 CPaBHEHUWD C
maccoii rpysa W, Tun KonebaHUs He MOXET CYLLeCTBEHHO 3aBUCETb
OT Maccbl MPYXWHbI, X C AOCTATOYHOW TOYHOCTbI MOXHO [OMNYCTUTH,
YTO nepeMelleHMe NOHBOro MOMEPEeYHOro CeYeHUs MPYXUHbI Ha pac-
CTOSAHUU C OT 3aKpensieHHOro KoHLa TO )Xe camoe, 4YTO B cnydae He-
BECOMOM MPYXWHbI, T. €. pPaBHO

XC u

T : ")

roe |— anvHa npy>XuHbl.

Ecnu nepeMelleHne, KaK [JOMNYLLEHO Bbllle, He 3aBUCUT OT Macchl
NPY>XWHbI, BblpaXeHWe ANs MOTeHUUaNbLHOW HEpPrum cucTembl 6yaeT
TO XXe, YTO B c/lyyae HeBecOMOW MpyXuHbl (cM. yp-ue [d] cTp. 57), u
TONMbKO KUHETUYECKYI 3HEPTrUI0 CUCTEMbl HYXXHO 6ygeT paccMOTpeTb
3aHoBO. [ycTb  o0603HayaeT BeC MPYXWHbl Ha efuHULY ANUHBI.

* Cm. kHury Lord Rayleigh. Theory of Sound, 2d Ed., Vol. I, pp. Ill un 287.

T
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Torga Mmacca 3fnemMeHTa MPYXWHbl AnuHoli de 6yaeT qdc/g, a cooT-
BETCTBEHHAA KWHETMYecKas 3Heprus u3 yp-ua [a]

1-

MonHasi KUHeTUYecKas 3HEpPrust NpYXWHbl OygeT

t
q if g'cy* 'i_q
| *=5
JT0 cnefyeT NpubaBUTb K KMHETUYECKOW 3Heprum rpysa W; u Torga
ypaBHEHVE COXPaHEHUS 3HEPruM MNosyyaeTcs:
x2 (W I I ~AX~_ "™X°~ m
CpaBHMB 3TO ypaBHeHuWe ¢ yp-uem [/] npegbigyuiero n°, Moxem 3a-
KNHOUYUTb, 4YTO [N OUEHKW BAUAHMA MacCbl MPYXWHbI Ha MNepuoj
COBCTBEHHbIX KOMeb6aHWn HY>XHO TONbKO NpnbaBUTb OA4HY TPeTb Beca
nNpyXuHbl K rpysy W.
3To 3aK/4veHMe, MOMyYeHHOe MpPWU AONYLLEHUU, YTO BEC MPYXUHbI
OYeHb Man MO CPaBHEHWUID C FPy30M, MOXHO MCNONb30BaTb C fAocTa-
TOYHOM TOUHOCTbIO faXke B CAy4vasx, rge Bec MPYXWHbl SIBAseTCS Be-
NINYMHOM TOro e nopsaagka, 4to W. Hanpumep, agna 9/=0,5 W
owunbKa MpubamKeHHOro peweHnss okono V*/o- Ona ql— W owwnbka
okono 3I4%» Ana ql= 2W owwubkKa 0K0oMo 3% *e
Kak BTOpoli npumep paccMOTpUM cnydaid KonebaHuss 6anku mno-
CTOSIHHOrO TMOMEePEeYHOro CeYEeHWsl, Hecylleil rpy3 Mo cepejuHe (CM,

¢ur. 34). Ecnu Bec gl 6ankm man cpaBHU- *
TenbHo ¢ rpysom W, MOXHO AonycTuTb C 1 ;i
[OCTATOYHOM TOYHOCTbK, YTO KpuBasi Npo- X 4 K
rmbos 6ankm npu KonebaHMM UMeeT TaKyto w
Xe (opMy, Kak KpmBas cTaTUYecKMX npo- dur. 34.

rméos. Torpga, 0603Ha4YuB uepe3 [ nepe-
meweHue rpysa W npu konebaHwu, noaydymm nepemelleHue nw6oro
anemeHTa (dc 6anKm Ha paccTOSHUM C OT OMopbl

3(:1r— 4¢3

KnHeTnueckas aHeprus camoil 6anku OypeT:

7/2‘<7 / :_3_9_?_ 4__(3_2))yd )\a l-¢-. [42]

2 1

‘) Bonee pfeTanbHOe paccMOTpeHWe 3TON 3afaunm faHo B n° 48.
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3Ta KuHeTMYecKas 3Heprusa Konebnwuwelica 6anku AokHa 6biTb
npubaBneHa K 3Heprun WXx'*/2g rpysa, cocpeaoTo4YeHHOro no cépe-
OVHe nponeTa, 4To6bl OUEHWUTb BAMSAHWE Beca 6anKu Ha Mepuog
KonebaHus; T. e. nMepuoj KonebaHus 6yfeT TaKOW Xe, Kak Mpu HeBe-
comoii 6anke, Harpy>XeHHOW MO cepeAuHe Tpy30M

W +\7/35ql.

HyXHO 3aMeTuTb, 4TO Yyp-ue [42], nonyyeHHOe NpuU AONYLLEHUU,
yTo BeC 6GankKM Man cpaBHUTENbHO C rpy3oM W, MOXHO NPUMEHATb
BO BCeX CnydvasdAx npakTuku. [axe B KpaliHem cnydae, rge W =0 u
roe cgenaHo pgonyuieHue, 4to 17/35gl cocpepoTodeHo B cepefuHe
6anKu, TOYHOCTb MNPUOGAMKEHHOro MeToAa YAOBeTBOpUTenbHa. Mpo-
rnoé 6anku nog fercTenem rpysa 17/35<?/, NpuioXeHHOro nocepegnHe:

17/35

Mo noacTaHOBKe 3TOro 3HadeHus B yp-ue [5] (cm. cTp. 8) nmepuog
cobCcTBEHHbIX KonebaHWn 6yneT paBeH

'=2./5=0,632 j/g

To4HOe pewleHWe ANSA 3TOro cnayyasa *) gaeT nepuog

M3 3Toro BUAHO, YTO OWMOKA MPUBANXKEHHOTO peLleHnsa ansa aToro
4YacTHOro cfiyyas MeHblle 196*

ToT e cnocob MOXHO MNPUMEHUTb TakXe B C/y4yae, MoKa3aHHOM
Ha ¢wur. 35. JonycTuB, 4YTO Npu KonebaHun Gopma YNpyron AMHUN
6ankn Ta Xe, 4TO BbI3blBaemas CcTaTuye-
CKMM Tpy30M, TMPUSIOXKEHHbIM Ha KOHUE, U
-LL,, 0003HauYMB 4epe3 X BepTUKalbHOE MepemMe-

""4—1 weHune rpysa W, nonyyumm, 4Tto KUHETU4e*
Ll » ckas aHeprus KOHCONbHOW 6askM MOCTOSH-

¢pur. 35. HOro nonepe4yHoOro ce4YeHmMA paBHa:
Cq ( ,3c*1—c\2. 33 x"1 MUYL
JyIl* —2/H*=T407?2I 143°

Mepuoa KonebaHun 6yaeT TOT Xe, UTO ANST HECOBECOMOW KOHCO/IbHOM
6anku, Hecyuieih Ha KoHue rpys: W -f-33/140 gl. 3ToT pesynbTat 6bin

*) CMm. n° 42, ypaBHeHU"[137'].
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nofydeH npu pgonyuieHun, 4uto Bec ¢l 6ankm Man CpPaBHUTENbLHO C
W, HO 3To TakXe [0CTAaTOYHO TOYHO, Ans cnydaeB, korga ql He
mMano. lpuMeHss 3TOT pe3ynbTaT K KpaiiHemy cnydato, rge W = O
Mbl MOMYYUM

140 3£7*

COOTBETCTBEHHbIN Nepuoj KonebaHwuii 6ypeT:

TouHOe pelleHMe AN TOro Xe ciyyas *)

2 M qn
X 3515y Elg’ n

M3 3Toro BWAHO, YTO OWMGKA MPUBIMKEHHOrO PeLleHUs 0KO/o

17*7..

Ans cnydyas W = 0 MOXHO MonyynTb Aydllee NPUGAMXKeHMEe. HYXHO
TONLKO AONYCTUTb, YTO TNpU KoneGaHUU BUf YNpyroii 6asku Takoi
Xe, KaK MpouCXoasiuii OT paBHOMEPHO pacnpefesieHHOl Harpysku.
Mporn6 yO0 N0GOro nNOMepPeYyHOro CeYeHUss Ha pPaccTosiHUM C OT 3a-
KPEen/IeHHOro KoHUa 6yaeT BblpaXaTbCs CAeAylowum yp-uem:

Yo—*0j—Vs+ '/]-y — M |, 7

B KoTOpoMm J10== qiK npeAcTaBnsAeT NPormé KOHLA KOHCO/N.

MoTeHuManbHas 3Heprusi usrnéa 6yaet:

i
8 FE/x,;-

0

KuHeTnyeckaa aHeprusa konebniwouienca 6anku
i
T=4,fty>dc.

Bosbmem (cm. cTp. 58)

Y —Y,cospt U (Ywa* — YoP.

* CMm. n° 43.
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YpaBHeHUe ana onpegeneHns p 6ypet (cm. yp-ue [g] cTp. 58):

o

nO,lJ.CTaBVIB [e] BMECTO y a U BbINO/IHNB WHTerpmposaHune, nosiy4ymm
p= 3530

CooTBeTCTBYlOW WA Nepuos KoneGaHuii

2w
sL
T~3)X 0 / Ela’ [

CpaBHMBaa 3TOT pe3ynbTaT C TOYHbIM pelwieHneM [d], Moxem 3a-
K/UYNTb, 4YTO B 3TOM c/ydae oOwMOKa MAPUOGINKEHHOI0 peLleHns
TONbKO 0KO0/0 7 »%-

CneflyeT OTMeTUTb, 4YTO yrnpyras 6anka npeAacTaBNseT CUCTEMY C
6eCKOHEYHO 60MbWINM 4YKCOM CTeneHen cBobogbl. Bbi6op onpege-
NIEHHOT0 BMAa ynpyroi /AWHWMKM Npu ynoTpebneHun crnocoba Peines
paBHOCWU/IEH BBEAEHWIO HEKOTOPbIX [AOMOMAHWUTENbHbIX OFPaHUYEHU,
KOTOpble MNPUBOAAT K CUCTeMe, UMelLWed OofHY CTeneHb CB06OAbI.
Takue AONONMHUTENbHbIE OrpaHUYeHUS MOTYT TO/IbKO YBE/IMUUTb XKECT-
KOCTb CWUCTEMbI, T. €. YBeMYUTb 4acTOTy KonebaHwuii. Bo Bcex cny-
yasX, p. C :MOTPEHHbIX BbllIEe, MPUOBIMKEHHbIE 3HAUYeHUSI 4acToT, Mosy-
YeHHbIX MO0 cnocoby Pelinesi, HECKO/IbKO Bbllle, YEM COOTBETCTBEHHbIE
Y-OYHble 3HAYEeHUS.

B cnyyae kone6aHwmit KpyyeHuss (cMm. ur. 4) MOXHO MPUMEHUTb
3TOT XKe NPUBAMKEHHbIA CNOCc06, YTOObl BbIYUCINTL BAUSHWE NHEPLUN
Basla Ha 4acToTy KosiebaHMi Kpy4deHus. MycTb i 0603HAYaeT MOMEHT
WHepuMM Bana Ha eguHuuy AnvHbl. Torga, AONyCcTWMB, 4TO TUM KOne-
6aHWIi TaKoli Xe, KaK B C/lyyae HeBeCOMOro Bana, yron noBopoTa
MOMEepPeYHOro CeYeHMs Ha pacCToOsAsHUM C OT 3aKpenseHHOro KoHua
Basna paBeH N KMHETUYecKass 3Heprus 3nemMeHTa Bana 6ypgeT

idc "c<?'j2
KunHeTnyeckasi sHeprusi Bcero Bana 6yaeT

T/Ne-£-f Al

OTa KuHeTmMyeckas IHEPIrnAa AoJHKHa 6bITb ,qo6aBneHa K KNHETUYECKOM
JHEPrnnm pAuncka, YTO6bI oueHNTb bnnaHne maccbl Basia Ha 4acToTy
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KonebaHwuii, T. e. nepuopj KonebaHuin 6yaeT TOT XKe, 4YTO AN HeBe-
COMOro Basa, MMEWLWLEro Ha KOHLEe AMCK, MOMEHT WHepuun KOTO-

poro paBeH
I+ *7/3.

MpumeHeHne cnocoba Peinea Ana BbIYUCNEHUS KPUTUYECKOWA CKO-
pocTn BpawawLleroca Bana 6yfeT MOKasaHo B Crefylouwem n°.

15. KpuTnyeckas CKoOpoCTb Bpalwatouieroca Bana.— X0poLlo
BECTHO, 4YTO Bpallaloumecss Banbl MNPU U3BECTHbIX CKOPOCTAX CTaHO-
BATCH AWHAMWYECKM HeyCTOMUYMBBLIMM, U BO3MOXHO BO3HWKHOBEHUE
60nblWINX KoNMebaHWn. 3TO ABJIEHME NPOUCXOAUT BCAEACTBUE pe3o-
HaHca, M Ha NPOCTOM MpMMepe MOXHO MOKasaTb, 4YTO KpPUTUYECKas
CKOPOCTb ANA Bana eCTb Takas CKOpPOCTb, MPW KOTOPOA uwmcno o60-
poTOB Bana B CEKYHAY paBHO 4acToTe ero
COBCTBEHHbIX O60KOBbIX KofebaHuin ).

Ban c ogHMM [AWCKOM.— YT06bl MCK/ItO-
UYATb U3 HaLLero paccMOTPeHUS BMSAHWE Beca
Basa W MOCTaBUTb 3afjayy BO3MOXHO Mpo-
e, BO3bMEM BepTUKa/lbHbIA Baa € OLHUM
KpyroBbiM auckom (cpur. 36 a). Myctb C—
LEeHTP TSHKECTM AUCKa M e — HeboNbLION 3KC-
LUeHTpUcUTeT, T. e. paccTtosAHne oT C fo ocu
Bana. [pu BpaleHUN Wn3-3a IKCLEHTPUCKU-
TeTa € Ha Ban 0OyfgeT [AeACTBOBATb LEHTPO-
6exxHas cuna W BbI30BET nporub. BenumumHa dur 36.
nporvba X nerko MoxeT ObITb MONy4veHa u3
YCNOBUA paBHOBECMA LEHTPO6GEXHOW Ccunbl U NPOTUBOAENCTBYIOLLEN
cunbl P n3orHyToro Bana. dTa MNoOCNefHAs cuia MponopunoHanbHa
npornby X 1M MOXeT 6blTb MpeAcTaBfeHa B crefylouwem Buie:

P — kx.

TWwT

BennuuHa KoaguumeHTa K MOXeT 6blTb MCUMC/IEHA, KOrga W3BecTHbI
pasMepbl Bana W YCcNOBUS 3aKpensieHus. [onyckas, Hanpumep, 4To
Ba/l UMeeT MOCTOSIHHOE CeuyeHMe U [JUCK NMOMeLLeH B CEpeauHe Mexay

ornopamu, nUMeem
48EI

Tenepb M3 yCNOBUS paBHOBECUS MOAYYMM CrefyloLlee ypaBHeHMe
Ana onpegeneHna X:

-kx, [a]

") Boree AeTanbHOE paccMOTpeHWe GOKOBbIX KoreGaHWiA mama fiaHo B " 32
T*Bpui« YOIKOBMHK» B ELLH)®p<e>M f

n3-
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w
rge--——- mMacca LKMBa, <— Yr/oBass CKOpPOCTb Bana.
N3 yp-ua [o] nmeem:

B\

MomHa (cm. yp-ue [3], cTp. 8), uTo

MOXeM 3aknwunTb u3 [b], uTo Mpormb X cTpemuTcs O6bICTPO BO3pa-
cTaTb, Korga w npmbnmxaetca K p, T. €. Korga 4ucio o60poToB B
CeKyHAy Bana npubnmxaetca K 4yacToTe 60KOBbIX KonebaHuin Bana wm
ancka. KpuTuyeckoe 3Ha4yeHue CKOpOCTW OypaeT:

Mpu 3Toli ckopocTM 3HameHaTenb B [b] nonyvaeTtca paBHbIM 0, 1 B
Basie BO3HWKAKT 60/blUMe 6OKOBble KosiebaHUsl. IHTepecHO OTMETUTB,
4TO NpU CKOPOCTAX 66/MbIHMX, YeM KpuTuyeckas, cHOBa Bo3o6n1apgaeT
COCTOSIHME CMOKOWHOro BpaweHWs. OnbITbl MOKa3blBAKT, YTO B 3TOM
cny4vae LUEHTP TskecTn O6yAeT pacrosioXXeH MexXAy NuHueid, coegu-
HSIOWEeA OMopbl M WCKPUBJIEHHOW OCbH Bana, KakK [MOKasaHo Ha
ur. 36 b. Yp-ue gna onpegeneHns nporunba 6ypet:

— (x—e)uk= Kkx,

M3 KOTOpOro

OTcioga BWUAHO, UTO C YyBE/IMYEHUEM U NPOrné X yMeHbLUAeTCcs U
npubnmkaeTcs B npefene K e, T. €. MNP O0YEHb 6OMbLINX CKOPOCTAX
LeHTP TSXKecTU AuCKa AOCTUraeT JNMHUKM, COEAWHSAIOLLEA Onopbl, U
M30rHYTbIM Ban BpaljaeTca BOKPYr LeHTpa TaxecTm C Aucka.

Ban, Harpy>keHHbIi HECKOMbKMMW JUCKaMu. — Bbiwe 6b1710 NoKa-
3aHO Ha npocTelillemM cny4yae, 4TO KPUTWYECKOe 4uMcio 060pOTOB B
CeKYHAY Bajla paBHO 4acToTe COOGCTBEHHbIX GOKOBbIX KOfe6aHWUiA 3TOro
Basa. OnpegenuB 3Ty 4acTOTy, MOXHO JIerKO YCTaHOBUTb KpUTuUuYe-
CKYI0 CKOpOCTb ANSl Bafa C MHOrMMu amckamu (¢wur. 37), Nonb3ysick
meTogom Pelinea. Myctb Wit Wt, Wt o6o3HauvaloT rpysbl, a X*
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X/1— COOTBETCTBEHHbIe MporuMbbl. Torga NoOTeHUMasbHass 3SHeprus
pehopmaumn, Hakonssiemas B 6anke BO Bpems u3srmba, 6yget:

WEtxt  Wtx, W3¢
2 2 v 2 M

Mpu onpegeneHnn nepuofa KonebaHWiA camoro HU3Wero Tuna
cTaTvyeckas ynpyrasi fiMHUSl, MoKasaHHas Ha ¢ur. 37, MoXeT ObITb
B3ATa C MPUEMSIEMbIM MPUBAMKEHMEM 3a YNPYryw AWHUIO 6anKku BO
BpemMa KonebaHua. BepTukanbHble nepemelieHuss rpysos Wu Wt u
W3 Bo BpeMsi Kone6aHUsi MOXHO HanucaTb Tak:

Xicospt,  x2cospt,  x3cospt. [e]

Torga Haub6onbluMe OTK/OHEHWS Bana OT MOIOXKEHUS pPaBHOBECUSA
O6ynyT Te Xe, 4YTO YyKasaHbl Ha ur. 37; N0o3TOMY yBe/fIMYeHWe MOTEH-
LManbHON 3HeprumM Kosnebnouierocs

Ba/la 3a BpeMsl ero OTKJ/IOHEeHUs OT

NosIOXKEHUS paBHOBecuMsA A0 Kpali- W~ K- \pi

HEro nosoXeHus 6yfaeT Bblpa-

Xatbcsa yp-uem L. C gpyroii cTo-

POHbI KMHeTM4YecKass 3Heprus cu- tur- 37-

CTeMbl JOCTUTaeT MakKCcMMyma B MO-

MeHT, Korga 6anka npu KonebaHMM NPOXOAMT 4Yepe3 CBOe cpefHee
nonoxeHue. OTMeTuMM, 4YTO0 no opmynam [€] ckKopocTu rpys3os,
O0TBeYawLline 3TOMY MOMOXEHWI, paBHbl PXX PXt, pXr, U KuUHeTuye-
CKas aHeprus cuctembl 6yaeT

P 3 Iﬂ

MpupaBHuBas [d\ u [/], nonyuum cnepytouiee BbipaxeHue ansa pe

P~ W{X*+ Wixt*-f irFx3 e 1401

Mepuof KonebaHus:

2« W, T «W + + fIW

x - -2 1 a T o o0 r * o+ 7T 1 * 5 - 11

Boobuie, Korga N rpysoB AeACTBYHOT Ha Ban, nepuoj KonebaHus
OyqeT;

[47]
ngLWto
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M3 3TOro BMAHO, 4TO A/19 BbIYUC/NEHUS T HEO6XOAMMbI TONIbBKO CTa-
TUYyeckue npornbbl Bana XW Xr,... OTW BEIMYUHbI MOXHO Nerko no-
Nyy4nTb 06bI4HbIMKM cnocobamu. Ecnu Ban MMeeT nepeMeHHOe mMone-
peyHoe cedeHue, cnegyet MNPUMEHUTb rpaduyeckuini mMeToh ANSA nony-
YeHUs Nporno6oB. [lelcTBMEe Beca CaMoOro Bana TOXe MOXHO NPUHATb
BO BHUMaHue.. Heobxogumo Ans 3TOM Uuenu pasfennTb Bal Ha He-
CKO/MIbKO 4acTeli, Beca KOTOpPbIX, MPUIOXEHHbIE B MX COOTBETCTBEH-
HbIX LleHTpax TSXecTW, cnejyeT paccMaTpuBaTb, KaK COCPefOTOYEH-
Hble TpYy3bl.

Bo3bmeM, Hanpumep, Bas, U306pakeHHbI Ha ¢ur. 38 a, fMameTpbl
KOTCPOro 1 rpysbl, AeliCTBYHOLLME Ha HEro, ykKasaHbl Ha 3TON durype.
MocTpoMB MHOrOYronbHUK cun (pur. 38 b) U cooTBETCTBEHHbIW Bepe-
BOYHbIA MHOroyronbHuk (gur. 38 ¢), nonyunm auarpammy wusrubaro-
LWMX MOMEHTOB. UT06bI ONpeaennuTb YUC/EHHOe 3HaYeHne N3rnbarLero
MOMeHTa B /1l060M noOMepevyHOM CceyvyeHUM TN Basia, Heob6XoLUMO
TO/IbKO M3MEpPUTb COOTBETCTBYHOLLYIO OpAMHATY € gnarpaMmmbl MOMEH-
TOB B TOM )e MacwTabe, KOTOPbIA 6bl1 NPUMEHeEH ANA ANAWH Bana,
N YMHOXWTb ee Ha MNOMKCHOe paccTosHue h, uM3MepeHHOe B Mac-
wTabe cun MHOroyrofibHUMKa cun (B Hawem cnydae h= 36 240 Kr).
UT0o6bl NOAYYUTb YNPYryl AWHUIO, HEOOXOAMMO MOCTPOEHUEe BTOPOro
BEpPEeBOYHOr0 MHOrOYrofsibHMKa, B KOTOPOM MOCTPOeHHas JAuarpamma
n3rnbaroLux MOMEHTOB, NOSYyUYeHHass paHee, 4O/HKHA paccMaTpuBaTheA
Kak fuarpamma Boo6paxaeMbiX Trpy30B. UT06bl yyecTb MW3MEHEHUS
MOMEpPevyHOro CcevyeHUsl Basa, WHTEHCMBHOCTb 3TOW BOOGpakaeMoi
Harpyskm [Ans KaXAoro cedyeHus cnegyet ymMHoxuTb /Q/, rge /,,—
MOMEHT WMHEpUMM HambONbLUEro MOMepeyHOro ce4vyeHus Bana u [ —
MOMEHT MHepuMM paccMaTpuBaemMoro yvacTka Bana. Takmm o6pasom
Nnosly4YnTcs OKOH4YaTesbHas Boob6pa)kaemas Harpyska, npejcraBneHHas
3alTpuxoBaHHOM nnouwiagbto (dur. 38 c). Pasgenns 3Ty nnowafb Ha
HECKO/IbKO 4YacTeil, M3MepuB nowagn 3TUX 4YacTeil B KB. CM U MOMHO-
XXMB MX Ha MNOMOCHOE paccTosiHMe kK un3MepeHHOe B KI, MNOAyYUM
BoO6paXKaemble rpysbl B MU3MepPeHWU Kr eCM2 [na 3TUX rpys3oB no-
CTPOMM BTOPOW MHOroyronbHukK cun (cpwur. 38 d). Mpu nontocHom pac-
cTosiHUM hu pasHom EIJn, rpe ELi Hanbonbluas XecTKOCTb Ha M3rnb
Bana M N— nb6oe uenoe uyucno (B Hawem cnydae n= 200). Cnegyet
OTMEeTUTb, 4YTO BOOGpaXKkaeMble rpy3bl M MOMKCHbIE paccTosHua E1/n
UMelT OAMHAKOBOE W3MepeHWe, T. €. KI *CM*, U [O0/KHbl ObITb
n3obpaxeHbl B MHOFOYroflbHMKe cua B TOM Xe MacwTabe. [Mpu no-
MOLLX BTOPOro MHOFOYFro/ibHUKa CWU/ Mbl JIEFKO MOXeM MOCTPOUTb
BTOPOA BEPEBOYHbIA MHOTOYrofibHUK (har. 38e€) 1 ynpyryw AnHUK
Basa, KacaTe/lbHYH0 K 3TOMY MHOrOYrofibHUKY. UYT06bl MOAYyYUTb
YMC/I0BbIe 3HAYEHNSA MPOrM60B €, HYXXHO TONbKO M3MEPUTb MUX B TOM Xe
macwtabe, 1 KOTOPOM Ha4dyepyeHa gnuHa BaNla, u pasgennTb ux Ha
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yncno M, MPUMEHEHHOEe Bbille MPXM MOCTPOEHMU BTOPOr0 MHOFOYro/ib-
HuKa. Bce uucnoBble pe3ynbTaTbl, MOJYyYeHHble M3 4YepTexa M Heob-
X04MMble ANS NpUMeHeHUs yp-us [47], [aHbl B HMXecnefytoLlen
Tabnuue 1.

Ta6nuua 1—ANS BbIUMCAEHWS KPUTUUECKOWN CKOPOCTH.

w xt x 10 xf X 10* Wxf
Kr M av Kr-cm Kzaue
2038 4,45 19,7 91 4,01
4213 5,26 27,6 222 11,65
4213 5,56 30,9 235 13,09
4213 571 32,6 241 13,80
4213 5,71 32,6 241 13,80
4213 5.71 32,6 241 13,80
4213 5,56 31,5 235 13,09
4213 5,26 27,6 222 11,65
2038 3,96 15,7 81 3,19

OTctoga £LL?x;= 1809 kr-cm\ 2 Wx? = 98,08 Kr-cma.

KpuTnyeckoe umcno 060pOTOB B MUHYTY MOAY4YUTCS Tenepb cre-
AYIOLNM:
N = 60= 30 gzwix 981-1809

Hp T T VIF AP 98,08
|

1284 060p, B MVH.

CnegyeT OTMETUTb, 4YTO CTYMMUbl PaboyMx LUKUBOB WM MAaxoBMKa,
HafleTble Ha Bal B TOpsYeM COCTOSHMM, YBEMUMBAKOT >KECTKOCTb
Basla M MOTYT 3HAUUTENbHO MOBbLICUTb €ro KPUTUYECKYIO CKOPOCTb.
Mpn paccMOTPEHUM 3TOr0 SABMIEHUS MOXHO [JOMYCTUTb, 4YTO Hanps-
XEeHUs, BO3HMKaloLMe W3-3a KonebaHWii, Manbl, a [aBfeHUs Wu3-3a
CY)XEHUS1 HafeToli B ropsiyemM COCTOSIHUM CTYMUUbI MeXay CTYnuuein u
Ba/IOM [A0CTATOYHbI, 4T0Gbl MPeAOTBPATUTbL KaKoe-TM60o OTHOCUTESb-
Hoe [ABWXXeHWe 3TUX [ABYX YacTeld, TaKk 4YTO CTYMWLY MOXHO paccmart-
pvBaTb KaK 4yacTb Basa YyBe/IMYEHHOro AuameTpa. [loaToMy BO3geii-
CTBME CTYNuUbl Ha KPUTUYECKYID CKOPOCTb]) MOMYyUMTCS BBEAEHUEM

*) Mpo. A. CTogona B cBoeit kHure Dampi- und Gasturbinen, 6. Aufl., 1924,
S. 383, gaer npumep, rae NPUHATOE BO BHMMaHWe BAUAHWE CYXXEHWI Ha >KeCTKOCTb
yacTell 4ano Y[0BNETBOPUTENbHbLIA pe3ynbTaT, W BblYWCNEHHAA KPUTMYECKas CKOPOCTb
XOpolo cornacosanacb ¢ onbiTom. CM. Takxe ctaTbto B. Eck, Versteifender Einfluss
der Turblnenscheiben, ,V. D. 1.%, 1928, Bd 72, S. 51.
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3TOr0 YBE/IMYEHHOrO AMameTpa B rpaduyeckoe MOCTPOeHUe, WU3N0-
>KEHHOe BblLLE.

B cnyyae poTtopa, CHabXeHHOro enobamu (cdur. 39), ecnn pac-
CTOSIHME MeXay >kenobamu TOro e nopsigka, 4To rAybuHa xeno-
60B, MaTepuan Mexay [ABYMS Xefobamu He NpUHMMaeT KaKux-nn6o
HanpsxeHuin OT mM3rmba, M rM6KOCTb TaKoro poTopa 67M3Ka K TaKo-
BOW poTopa AuameTpa d, M3MEPEHHOro Mo XHYy Xeno6os ‘).

CnepyeT OTMeTUTb TaKXe,

4yTo Ha ur. 37 6bIM NPUHATBI Y -....... -~ N e |
XXecTkue onopbl. B HekoTopbix d 0
cny4dasx >ecTKocTb onop 6bl- t a — s—=*J
BAET HACTO/IbKO Masa, 4YTo OKa-

3bIBaeT CYL,eCTBEHHOE BANAHWE dur 39.

Ha BeIMUYMHY KPUTUYECKOM CKO-

poctn. Ecnu gononHuTenbHas TrMO6KOCTb, Bbl3BaHHas ocajKoi onop,
0AMHAKOBa B BepPTMKAaNbHOM W TOPU3OHTANIbHOM HaMNpaB/ieHUsX, TO
BNSHWE 3TOW FMOGKOCTU MOXET ObITb JIerko YyuTeHo. Heobxogumo
TONbKO [06aBUTL K npormbam XIr Xr n X3 npeablgywinx BbIKAaL0K
BepTMKa/nbHOe MepemelleHne BCAeAcTBUe Jeopmaumm onop nog
penicteuem rpysos Wu W3 Takune AONOAHWUTENbHbIE MPOrn6bI
6yayT MOHMXaTb KPUTUYECKYH CKOpPOCTb Bana.



FNTABA BTOPAA.

HEFAPMOHWYECKWE KOJIEBAHUA CWUCTEM C OAHOW
CTEMNEHbLKO CBOBO/AbI.

16. OCcHOBHble NonoXeHus. — Bce 3agaun KonebaHwii, 3aknwoyato-
Wuecss B MpeAllecTByloweli rnaee, ObIM TakKoro pofa, 4To paccMmo-
TpeHne ux TpeboBano peweHUs auddepeHLManbLHOr0 ypaBHEHUS:

X"+ 2nx' -{-p*x = f(t), [a]

KO3(phMLUMEeHTbI KOTOPOr0 paccMaTpuBasiMCb, KaK MOCTOSIHHble. Bbino
[OMNYLEeHO, YTO 3aTyxaHue W MOCTOSIHHas MPY>XWHHOCTU CUCTEMbl He
3aBUCAT OT MepeMelLeHns i uanm oT BpemeHM t. BO MHOrux TexHU-
YeCKMX 3ajavax MnofobHble AOMYLLEHMS MOTyT genatbcsa 6e3 60nbLIoN
OWMBKN, TaK UYTO peLleHMe ypaBHeHUs [f] 4NA Takux ciydyaeB npeg-
CTaBNseT C LOCTATOYHON TOYHOCTbK [eACTBUTE/IbHOE ABUXEHUE CU-
CTeMbl. Ha OCHOBaHMWW 3TOr0 pelweHUs MOryT ObiTb YCTaHOBMEHbI
crnefyrouimMe 3aKOYeHUs:

1. YacTtoTa cBOOGOAHbIX KONebaHU TaKMX CUCTEM He 3aBUCUT OT
amnanTygbl, T. €. KonebaHUs SABMASKTCA WM30XPOHHbLIMU.

2. B cnyvyae nepuoanyeckoi BoO3myllaloleli cunbl  KonebaHWsa
CUCTEMbI MOryT ObITb pasfgefieHbl Ha fABe ”~acTu: cBO6OAHblIe Koneba-
HUA N BbIHYXJEHHble KofebaHus.

3. OTcTaBaHWe BbIHYXAEHHbIX FapMOHUYECKUX KoNebaHWUn AaHHOM
YacTOTbl He 3aBUCUT OT Hayda/bHbIX O06CTOATENbCTB [BVMXKEHUS W
0CTaeTCs MOCTOSAHHbLIM MpY KonebaHuu.

4. Ecnu BbIHYXJEHHble Ko0/e6aHUsa BbI3bIBAOTCA HECKONbKUMU CU-
namu, To pe3ynbTaTUBHOe ABUXEHUE MOAy4vaeTcss HanoXeHWeM Apyr
Ha Apyra KonebaHWiA, BbI3BaHHbIX OTAE/IbHbIMW CUMNAMMU.

5. Ecnu yacTtoTa BO3MyLLalolleli cuibl COBMajaeT C TakoBol co6-
CTBEHHbIX KOMe6aHWn CUCTeMbl, HacTynaeT COCTOSIHME pe30HaHca, U
crnefyeT 0XuAaTb 60MbLIOFO YBENYEHUS aMMIUTYAbl BbIHYXAEHHbIX
Kos1ie6aHuiA.

3TN NATb NYHKTOB XapaKTepu3ylT MpoCTOe rapMOHUYecKoe Kosle-
6aHue.

4y OpHako MOryT BCTPeTMTbCHA c/yyaum, Korga yp-ue [c] ¢ MOCTOSIH-
HbIMU KO3(h(hMUMeHTaMN MPUMEHUMO MpU LONYLLEHUW, 4TO NepemeLle-
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HMA X BecbMa Masbl. ECTb Takue cny4dau, Mpu KOTOPbIX YC/0BUSA 3a-
favn MoryT ObiTb BblpaXeHbl TO/IbKO AnddepeHLNanbHbIM YypaBHEHUEM
C NepeMeHHbIMU KO3(hhULuneHTamm.

B panbHeiwem O6ynyT pacCMOTpPeHbl ABe OCHOBHbIE Fpynnbl KoJle-
6aHnin: 1) KonebaHusa, B KOTOPbIX FTMOKOCTb CUCTEMbI 3aBUCUT OT nepe-
MelLleHUss 1 KoTopble 6YAYT HasbiBaTbCs B [afibHeiweM NCeBLOrapmo-
HUYECKUMM KONebaHMaMU, n 2) KonebaHWsl, B KOTOPbIX MOCTOSIHHAS
NPY>XWHHOCTW 3aBUCUT OT BpemMeHU t M KoTopble 6YAYT HasbiBaTbCA
KBa3nrapmMoHUYeCcKUMu KonebaHusamu.

TouHble pelleHNA 06enx 3TUX 3aZay M3BECTHbI TOMbKO A8 HEKOTO-
pbIX NPOCTbIX CAy4yaeB, WU ANA MONYYEHUA PeLleHus npu paccMoTpe-
HUN [elCTBUTENbHbIX TEXHUYECKMX 3a4ay 06bIYHO NPUMEHSAIT Npubnu-
KeHHble rpafuyeckne M YUCNOBbIE METOAbI.

17. Mprmepbl NceBAOrapMOHUYECKUX KosebaHUii. — ECTb cny4yau,
rge nocTosiHHas MNPY>XWHHOCTU KOMeb6noLWwenca cucTeMbl M3MEHSIETCS
C nepemMellleHVem, T. €. BOCCTaHaB/MBalLWas cuaa y>e He nponop-
LUuoHanbHa nepemMelleHnto. Takue ycrnoBUs MOMyyalTCs, ecnm mate-
puan NpyXuHbl He crepyeT 3akoHy [yka. WHorga, Hanpumep, yno-
TpebnseTca B COEAMHEHUAX W amopTu3aTopax TaKoW opraHu4vecKuii
mMaTepuan, Kak pe3mHa unm kKoxa. [lmarpaMma UCNbITaHUS Ha pacTske-
HUe gNa 3TUX MaTepuanoB MMeeT BMW[, MNOKa3aHHbIN
Ha cur. 40; Mogynb yNpyrocTn yBenm4nBaeTcs ¢ y4aun-

HeHueM. Mpu HE6ONbLWIMX aMNINTYAaxX KonebaHUn aTum
N3MEHEHNEM MOJYNA MOXHO MNpeHebpeyb, HO C yBeNu-
YeHUeM aMnAnTYyAbl yBefM4veHWe MOAYNSA MOXET Bbl-
3BaTb CyLL,eCTBEHHOE YBe/IMYEHNE YacTOTbl KonebaHWiA.
[Opyroin npvmep nepemMeHHON TrMO6KOCTU BCTpe-
YaeTCcsa B Cny4vae COOPYXeHWM, cAenaHHbIX U3 TaKux
mMaTepuanoB, Kak 4YyryH unu 6eToH. B o06oumx cnyyasx guarpamma
pacTshXXeHUs MMeeT BWA, MOKasaHHbIM Ha ur. 41, T. e. MOAYNb ynpy-
n rocTm ymeHbllaeTca c fgeqopmaumeii. osatomy cne-
LyeT 0XWAaTb HEKOTOPOro YMeHbLUEHUS YacToTbl C
yr yBEe/INYEHNEM aMNANTYAbl KofebaHWiA.

/ MHorga npuMEHSOTCA CTalbHble MPYXWUHbI 0COObIX
/ TUMNOB, TakKWX, 4YTO WX CBOWCTBa YNPYrocTu W3MEeHS-

, * 1oTcA ¢ nepemewieHneMm. Cob6CTBEHHas 4actoTa Cu-

vr. 41, CTeM, MMeLWNX Takue MNpyXuHbl, 3aBUCUT OT Beu-
UMHbI amnAuTygbl. Tpu ynoTpebneHnn NPyXXUH Takux

yhnos HEBMAronpuATHLIN 3 (eKT pe3oHaHca MOXeT 6biTb YMEHbLUEH.
Ecnu, BCneAcTBME pe3oHaHca, amnauTyja KonebaHwuii HaunHaeT yBenn-
4YmBaTbCHA, TO YacToTa Kosie6baHWn MeHsleTcsl, T. €. YC/IOBUS pe30HaHca
ncyesatoT. pocToli npumep NOJO6GHON NPY>XUHbI NOKasaH Ha ¢ur. 42
Mnockaa npyxuHa, noggepxwusBatouwaa rpys W, ykpenseHa B KOHLe



74 HEFAPMOHWYECKME KOMEBAHUS

4. Tlpn KonebaHUM nNpyXMHa YacTUYHO CcOoMpuKacaeTcs C OAHOW U3
ABYX UMAuHApu4yeckmx nosepxHocTeli AB unu AC. BcneactBue 3Toro
cB0OOAHASA ANMHA KOHCOMW W3MeHsleTCA C aMMAMTY[O0M, Tak 4YTo XECT-
KOCTb MPYXMWHbl YBEIMUNBAETCA C YBEIMYEHUEM OTKJIOHEHUSA. YCNoBus
TaKOBbl Xe, KaK B C/y4dae, npeacTaB/ieHHOM Ha ¢wur. 40, T. e. ya-
cToTa KonebaHUs yBeNYMBAETCA C YBe/IMYEHUEM 4
amnanTybl.
Ecnn n3mepeHnsa NpPYy>XuHbl 1 BUL KpuBbiXx AB
n AC wn3BecTHbl, KpuBas, nMNpeAcTaBasoLWas BOC-
CTaHaB/NBaKLWYO CUy B PYHK
UMM OTKMNOHEHUS KOHUa npy
XXWHbI, MOXeT ObITb JIerko no-
nyyeHa.
B kaudecTBe gpyroro npumepa
HerapmMoHMYecKoro OBVKEHUS
paccMoTpuM Tenepb KonebaHusA
BAO/Ib OCU M:-0B Maccbl T, Npwu-
KpPenaeHHOW K HaTAHyTOW npo-
Bosioke AB (dwur. 43). TMycTb our. 43.
S — HavyanbHasd pacTarusatoLias
cuna B MNPOBOJIOKE, X — He60/NbLLOE MepeMeLlleHne maccbl T B ropu-
30HTa/IbHOM HanpasfieHnn, A — naowiasb MONePeyvyHOro cevyeHUs nNpo-
BOJIOKN, E— Mogynb ynpyroctu npoBofioKW. Torga OTHOCUTe/bHOE
YOANVHEHWEe MPOBOJIOKWN, BCNEeACTBME MNepeMeleHns X, 6yaeTt

Vir+ X2—/ _ n2
| ~~2P"

COOTBeTCTByI-OLIJ.aﬂ pacTarnearuiad cusa NMpPoBOJZIOKK,
S+ AE— |

M BoccTaHaB/NMBawLWasa cuna, gecTeyras Ha maccy T (cm. cur. 43b),
oypeT

ci IF ~ 1. 2X ..- 25X AE-
n_rAE£,2PIYP + x~ I
NuddepeHLnanbHoe ypaBHeHNe ABUXKEHUS Maccbl T TakuM 06pasoM
nonyvaeTcs:
. V3
T 25|"' -AE-jrr-: 0. [a]
3 3TOr0 BWAHO, YTO MPU OYeHb HEGOMbLINX MEePeMELLEHNSX W

Korga Ha4danbHad pacTtdarmsatrowiasa cuna 5 pJgocratoyHo Benuka, MO-
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CNegHUM YNeHOM NeBON 4acTu yp-ua [a] MOXHO NpeHebpeyb, M Nony-
yYMTCA MPOCTOEe FapMOHMYecKoe KofebaHWe maccbl T. B FOPU3OHTaslb-
HOM HanpaBneHMW. B npoTMBHOM cnyyae crefyeT MPUHATb BO BHU-
MaHWe BCe Tpu uneHa yp-ua [a]. Torga BoccTaHaBnMBaloWwas cuna
6yfeT yBenuumBatTbCcA B 60MblUeil Mponopuum, 4Yem nepemMeLLeHUe,
M 4yacToTa KonebaHWin 6yaeT yBenMUMBATLCA C aMNIAUTY[ONA.

B cnyyae npocToro MaTeMaTW4YecKoro MasiTHUKa
(ur. 44), npumeHsas npuHuMn g'Anambepa U MpPoeKTuU-
pys rpys W wu cuay vHepumu Ha HanpaBfieHMe Kaca-
Te/IbHOW T, NOAyYUM Clefylollee yp-ue ABVDKEHUS:

y/0"+IFsin9 = O

(0]
nnn
0" +”7sin6 = 0, 01 dur. 44.
roe |— anvHa masfATHUMKa, ©— yron Mexay MasTHUKOM U BepTUKasblO.
O4yeBUAHO, 4YTO TONbLKO B C/y4yae HeboNbWWUX aMnauTyph, Korga
sin KonebaHUs TaKoOro MasiTHUKa MOryT pacCMaTpunBaTbCA KakK

npocTbie rapMoHUYeckue. Ecnn amnanTy bl He Masbl, UMeeT MecTo 60/ee
CNOXHOE ABWXEHWE, W nepuoj KonebaHust 6yaeT 3aBUCETb OT Beu-
UMHbI aMNAUTYAbl. FCHO, YTO BOCCTaHaB/MBalOLWAs CUMa He Mpornop-
LUMOoHanbHa MepemelLeHNt0, a yBe/IMUMBAETCA B MeHblUeM pasmepe, Tak
yTo yactoTa GyfAeT YMeHbLIATbCA C YyBefIMYEHMEM aMMAUTYAbl Kone-
6aHusi. Pa3BepHyB sSin©B psaf MO CTeneHSM U B3fB TOMbLKO MNepBble
4Ba uneHa psga, nosaydymm BmecTo yp-usi [b] cnegyiouiee yp-ue:

CpaBHMBasi 3To yp-ue ¢ yp-uem [a], nerko BuAeTb, YTO, COELUHUB
MasiTHUK C HaTAHYTOW CTPYHOWN (chur. 45), MPUKPENJIEHHOW K CTEPXHI0
MasATHMKa B Touyke B, 1 nepneHAnKYnsApHOM K NIOCKOCTM Koneba-
HUS, MOXEM MONYyYUTb Aydllee NPUGAMXKEHUE

MW K W30XPOHHbLIM KOebaHWsAM.
VA Ha (f)vlr. 13 par ,z:rpyrof/\i/I npumep CUCTEMBI,
B KOTOpOI nepuop KonebaHuii 3aBUCUT OT
amMnauTygbl. Macca T Konebnetcs mMexagy ABY-
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Msi MPY>XWUHaMK, CKoNMb3si 6e3 TpeHWUs BAONb cTepxHs AB. W3mepss
nepemMeLLeHUss OT CpPefHero MofioXKeHWs maccbl T, MOXeM MNpeAcTaBuThb
rpauyeckun, Kak MnokasaHo Ha ¢ur. 47, nme-
HeHWe BOCCTaHaBnMBalLWel Cuabl B 3aBUCK-
MOCTM OT nepemelieHns. YacToTa KonebaHuii
6yneT 3aBUCeTb He TONbKO OT XXECTKOCTM
NPY>XWHbI, HO TaKXe W OT BE/IMYMHbI MNpPO-
CBeTa a W OT Haya/lbHbIX 06CTOATENbCTB.
JonycTum, Hanp., 4TO B Hayda/bHblA MOMEHT
(t—0) macca T HaxoguTca B CBOEM CpPeAHEM TMOJIOXEHUN U UMeeT
HayaNbHYl0 CKOPOCTb V B HanpasfieHuum X. Torga Bpemsi, Heob6xoau-
MOe Ans TOro, 4Ytobbl MPOWTKM NpocBeT a, 6yaeT:

[c]

Mocne Toro Kak MpoijeH npocBeT, Macca T BOWAET B KOHTAKT C
NPY>XXWHOW, W AanbHelillee ABUXeHWe B HanpasneHum X 6yfgeT npo-
CTbIM rapMoOHWYeckMM. Bpems, B TeueHMe KOTOPOro CKOPOCTb Macchl
MeHsieTcsa oT V. go O (4eTBepTb nepuofa NPOCTOr0 rapMOHMYECKOro
ABwxkeHuns), 6yget (cm. yp-ue [5], ctp. 8):

-i/l g

rae K— >XecTKOCTb MPYXWHbI. TMonHbIA nepunof KonebaHwuii maccbl T
oypeTt

T= 4 &+ b)= L, + f. [f]

Ons pgaHHOW BeNMMYMHBLI MPOCBETA, fAaHHOW Maccbl T W AaHHOW >e-
CTOKOCTM MNpYXWHbI K nepuop KonebaHWs 3aBUCMT TOMbKO OT Ha-
YanbHOW cKopocTu V. lepuojd MosyyaeTcss O4YeHb 6ONbWIUM ANA Ma-
NbIX 3HAYEHWA V U yMeHbLUAeTCA C yBe/IMYEHMEM V, Npubamxkasach K
npegeny (cm. dwur. 48)

Korga v — 00. Takue yc/ioBua Bcerga
nosyyarTcs, eCclM B CUCTEME MeXay
KONebnoLwencs Maccoli M NPY>XUHOWN
MMETCA MPOCBETHI.
Ecnn npocBeTbl 0O4YeHb Masbl, Ne-
pvog t ocTaeTcs MOYTM MOCTOSHHbIM
Ans  6CiNblUeil YacTW 3HA4YeHWA CKOpOCTM V, KaK MNoKasblBaeT Ha
tur. 48 kpuBas |. C yBenuMueHueM npocBeTa AN 3HAUYUTeNlbHOU uYa-
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CTWU 3HauyeHMWi CKOPOCTM V MMeeT MeCTO 3aMeTHOe W3MeHeHWe nepuopa
KonebaHmnsa (cMm. kpuByt // Ha ¢wr. 48). Mepuog kKonebaHus nogpo6-
HOll CUCTEMbI MOXET MMeTb N060e 3HauYeHUe Mexay T= 00U T= TC
Ecnn peiicTByeT mMepuofmyeckass BO3MyLLawllas cuia, MMmewwas rmne-
pvuog 6onbwunii, 4vem TO, TO Bcerga BO3MOXHO AaTb Macce T TaKol
TOMYOK, YTO COOTBETCTBYHLWMWIA nepuoj KonebaHWin nonyuuTcs pas-
HbIM T, W TakKuM 00pa3oM YCTaHOBATCHA YC/NOBUS pe3oHaHca. 3TUM
00CTOATENIbCTBOM O00BACHATCA HEKOTOPbIE ONacHble KonebaHMa 3nek-
TPOBO30B *).
18. CBobogHble nceBAorapMoHM4veckne kKonebaHus.— Ecnu npe-

Hebpeub 3aTyxaHuem, TO ob6uUiee yp-ue LBWXEHUS LS 3TOro cnydyas
nmeeT BUA:

Jx" + k*f(x)= 0 [a]
nnm

*M4+[>7(*)= 0, [48]
B KoTopom pr f(x) npeactaBnsieT BOCCTAHaB/MBAIOLWLYIO CUY, OTHe-
CEHHYIO K eflMHULEe MacChbl, B (OYHKLUMM OT nepemelleHns X. YToGbl

MonyunTb MepBblii MHTerpan yp-us [48], YMHOXUM ero Haqe(, Torga

OHO MOXeT GbITb MPeACTaBNEHO B C/efyloLleit dopme:

At d [~ ) +pTAx)dx = 0

nnn
Y d(w) +p'1*Ne=0,

N3 KOTOPOro WMHTErpmnpoBaHmMemMm nosy4vyaem:

F(»)*+ [6

Ecnn usBecTHa ¢yHkumsa f(x) wn Havanb-
Hble ycnoBusi, u3 yp-us [b] MoxeT 6bITb
BbIUMC/IEHA CKOPOCTb [BUXEHUS AN Nto-
60ro nofoXKeHusr cuctembl. JonycTuM, Ha-
npumMep, 4YTO W3MeHeHWe BOCTaHaB/IMBaAlO-
LWel cunbl B 3aBUCUMOCTU OT MepeMeLLeHnst
BblpaxkaeTca kpusoli OT (cm. dmr. 49) n
UYTO B Hauda/lbHbIi MOMeHT t— O cucTema
UMeeT nepemellleHne, paBHoe X0, N Havya/b- dur. 49.

‘) Cm. A. Wiechert, Schittelerscheinungen bel elektrischen Lokomotiven, .For-
‘chungsarbc-iten”, Heft 266, 1924.
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HYI0 CKOPOCTb, paBHyl Hymw. Torga u3 yp-ua [b] ans nwo6oro
MOMIOXKEHUSI CUCTEMbI WUMeEeM:

Ms)PHREX

M3 KOTOPOr0 SACHO, 4TO, MpWY K60OM MOMOXKEHUN CUCTEMbI, KUHETU-
yeckasi aHeprus paBHa pasHOCTU MeXAY MNOTeHUMaNnbHOW 3Heprueii,
KoTopas 6blna HakonjeHa B MNPYXWHe B HayasibHbli MOMEHT, BCej-
CTBME MepeMeLLeHUss **,, 1 MNOTeHUManbHOW 3Heprueil B paccMaTpuBae-
MbIi MOMeHT. Ha d¢wur. 49 370 yMeHblUeHWe MOTeHUManbLHOM 3Heprum
M306paXeHOo 3allTPUXOBAHHOW MoOLWAaAbH0.

M3 yp-ua [r] nmeem ’):

= — — dx [d]
~Y 2p~f(x)dx
X

VIHTerpmpoBaHuemM 3TOro yp-us MOAyuYuM Bpemsi t B (yHKUUW nMe-

pemMeLleHus:

dx
. = . [e]
Jtexdx

- 17

BosbmeMm, Hanpumep, cnyyail nNpocToro rapmMoHWYeckoro Koneba-
HuA. Torpga
f(x) = x.

N3 yp-na [d] nonyunm: ;o\
d X.1
o> X]

Jo==*3=7

1 X
t= —arccos —,
P X,

N

nnn

0TKyja
X = X, cospt.

aToT pe3ynbTtat coBnagaeTt C TeMm, KOTOprIZ Mbl nonydnnn paHee pnsa
MPOCTOro rapMoHMYecKoro ABWXEHUA.

*) 3HaK MWHYC B3AT MOTOMY, 4YTO B HalleM Cny4yae YBe/IMYEHUe BPeMEeHU CBA3aHO
C yMeHblleHnem X.
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Ons BTOPOro npumepa MOSIOXKNM

Mepuog KonebaHwun 6ypeT:

[49]

3HaueHMe MHTerpasa 3TOro ypaBHEHUS 3aBUCUT OT BE/IMUYMHbI « U U3
yp-nsi [49] MOXHO 3aKMHUUTb, YTO TOAbKO Mpu re— 1, T. e. AnAa npo-
CTOF0 rapMOHWYECKOr0 [ABWXEHUS, Mepuoj He 3aBUCUT OT HayanbHOro
nepemewieHns x0. Ana n— 2 vmeem:

MoactaBnsas B [49], nonyyaem:

T. €. nepuog KosnebaHuii obpaTHO nponopuuoHaneH amnautyge. lo-
J06Hble KonebaHUs Mbl MMEeM, Hanpumep, B c/ydae, NpecTaBeHHOM
Ha ur. 43 (cMm. cTp. 74), ecnn Ha4dalbHOE pacTsHKeHWe S MPOBOMOKMU
pPaBHO HYyJO.

B 6onee obuwem cnyyae, Korga

f(x) = ax-\- bx1-f-cx3

peweHue yp-us [48] MOXeT 6biTb MOJYYEHO MNPU MOMOLLM 3AAMATU-
YECKMX (YHKUMIA *). HO 3TKM pelleHns 04YeHb C/I0XHblI U HeyAoO6HbI
4N MPUMeHeHUs B TexHWKe. M03TOMy B fanbHeliliem 6yayT paccmo-
TPEHbl HEKOTOpPble rpauyeckne W YUCMEHHbIe MeTOAbl pPeLleHns
yp-usa [48].

19. Mpatmyeckoe peweHne.— Ana peweHusa obuwero yp-usa [48]
nceBAOrapMOHMYECKOT0 KO0MebaHWs [O/MKHbI  ObiTb BbIMOHEHbI ABa

*) HekoTopble npumepbl Nojo6HOro poga paccmoTpeHsl B kHure G. Dilffing’a
frzwungene Schwingungen bei veranderlicher Eigenfrequenz, Braunschweig, 1018
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WHTErpMpoBaHusl, ykasaHHble B yp-uax [b] u [e] npeabigywero n3.

TonbKO B MPOCTEMLINX CAy4yasiX BO3MOXHO TOYHOe MWHTErpupoBaHue

3TUX Yp-UIA, HO NPUBINXKEHHOE rpanyecKoe pelleHne MOXKeT ObITb MO-

JNIy4eHO BCerga, M Ha OCHOBaHMM ero MOXeT ObiTb BbIYWUC/IEH MepPuofa

CBOOOAHbIX KonebaHWin gna nw6oii amnauTyabl C AOCTATOYHOW TOY-
HOCThHO.

NMycTb KpuBaa op

(jur. 50) npegcTa-

BNSleT B M3BECTHOM

MacwTabe BoOccTaHa-

BAMBAKOLWYID CUIy B

(DYHKUMN nepeMelLe-

HMS X CUCTEMbI OT ee

CpPeAHEero MonoXeHus.

dur. 50. N3 yp-us [b] (cTp. 77)

BUAHO, 4TO, MOCTPOUB

WUHTerpasibHyl0 KpuBYIDO ANS KPWBOM Op, MOAy4YUM BenuumHy (X'Y

B (yHKUMM nepemelleHUss X. ITO0 rpaduyeckoe WHTErpMpoBaHue

MOXeT ObITb BbINO/MIHEHO CcrefylWwuM o6pa3oM. HenpepbiBHass Kpu-

Bass Op 3amMeHseTcs cTyneH4yaToil nuHueli abdfhlno Takum o6pasom,

yto6bl Aabc= [\cde, /sefg= &ghk n &kIm= blnno, Tak uto nno-

Wwaab, 3aknwyeHHaa mexay nuHuein abdfhlti n ocbto X, nonydaetca

paBHOl nNnowaan Mexay KpuBoh Op u ocbl X.

Tenepb BbiGepemM MOMKOCHOe paccTosHMe Pax Takum, 4To6bl OHO
NpeAcTaBfsaANo egUHULY B TOM >Xe MacwTabe, B Kakom K306paxeHsbl
opAnHaTbl KpuBOW 0p, n npoyepTum nyum Pa, Pr, Ps. MNposeas Tenepb
a[ DPa, B\IxWPr, fd, I Ps n Dot || Pan nonyyum MHOFoyrosnbHuK

HaK/OHblI CTOPOH KOTOPOro paBHbl COOTBETCTBYHLLMM 3Haue-
HUAM DYHKUWUKW, NpefacTaBneHHol nuHuenn abdfhlti. 9To o3HauaeT, uTo
nuHns anbifJioi aBnsieTca nHTerpansbHoi Kpueol ans nuHun abdfhlti.
BcnencTtBue paBeHCTBA 3alITPUXOBAHHbIX TPeyrofbHUKOB (CcM. ¢mr. 50),
YNOMSIHYTbIX Bblle, CTOPOHbI MHOFOyrofibHMKa awJxX,0X [OmMKHbI
6bITb KacaTe/lbHbIMU K WHTerpasbHON KpuBOW Ana 0p\ TOYKM KacaHus
npu sTom 6yayT am en K, n o,. Mostomy KpuBasa a”kjO,, KacaTenb-
Has K MHoroyronbHuky axb,fX>o, B Toukax alt eu n o, npeacra-
BNSIET WHTErpasibHyl0 KPUBYK [/ KPWUBOW OpP M AaeT B W3BECTHOM
mMacwiTabe M3MEHEeHWe KWHETUYECKOW 3Heprun CUCTEMbl 3a Bpemsi ABU-
XXeHUS 0T KpalHero nonoxeHnss (x= g0 [O cpefHEro MoJoXeHUs
(x= 0). Ecnn opanHaTbl KPUBON Op paBHbl B M3BECTHOM MacluTabe
2pX(x) (cm. yp-me [b]. cTp. 78), a nontocHoe paccTtosHue Pa, pasHo
eAVHMLE TOro XKe MaclwTaba, Torga opguHaTbl kpusoit alikol, ecnu
Ux un3MepuTb B MacwiTabe nepemelwieHMs X0, galoT BeAUUUHBbE (X )*.
Mo 3TUM [aHHbIM NErKOo BbIUUC/IUTL CKOPOCTb X' U 06paTHYw Benu-
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™mTe (CM. dur. 51) Kpwu-
Byl pMn, MpeACTaBnsio-

Ly >7( «B pyHKUMM X

BpemMsi, KOTOpPOEe HYXHO,

4yTo6b CUCTEMA focTuraa p

OT CBOEro KpaliHero no- p
noxeHnsa (x = x0 cBoero

cpefHero nosoXxeHus (X — our. 51

= 0), 6ygeT npeacTas-

NATbCA CNeAylLWwmMM MHTerpasom (cm. yp-ue [e] cTp. 78):

3TO 3HAUYMT, 4YTO Bpems t MOXeT O6bITb MOMYYEHO MOCTPOEHUEM
WHTerpasibHON KPWBOW ANs KpuBOM pn (cM. ¢ur. 51), TOYHO TakK Xe,
KakK M3/10XeHOo Bblwe. KpailiHAsi opauHaTa o/, u3MepeHHass B TOM Xe
macwitabe, uto x0, gacT Bpems t. B cnyyae cucTembl, CUMMETPUYHOWA
OTHOCMTENIbHO CpeAHEro MOoMOXeHWs, Bpems t 6yaeT npeacTaBnAaTb
yeTBepTb Mepmofa CBOGOAHbLIX KonebaHuii npu amnnutyge x0 Cne-

JyeT OoTMeTuTb, 4To gna X = x0 x'= 0, 7. e.™ nonyyaetca 6ecko-

HeYyHO 60NbLIMM B 3TOW Touke. L5 ycTpaHeHWs 3TOro 3aTpygHeHUs
MOCTPOEHWE WHTErpasbHOA KPUBO/A MOXHO HauaTb OT HEKOTOpOii
TOUYKN b, Manble KoopguMHaTbl [Ox m M KoTopoii MOryT ObITb onpe-
[eneHbl Mpy AONYLLEHWWN, YTO B Havane, Ha HeboNbLIOM paccTosAHMK [X,
cucTeMa [BMXKETCA C MOCTOSAHHBbIM YCKOpPeHWeM, paBHbIM pr/{x) (cm.
yp-ue [48], cTp. 77). Torga

Jlopgom KenbBUHOM *) nNpeAnoXeH [Apyroi rpaguyeckuii meTop,
KOTOpPbI TakXe MOXeT 6bITb MPUMEHEH NpU pelleHUn guddepeHLnanb-
HOro ypaBHeHMs CBOGOAHOrO MCEBAOrapMOHMYECKOr0 KosebaHus.

) Cm. Lord Kelvin, On Graphic Solution of Dynamical Problenu, ,,Phil. Mag.*, Vol.
34. 1892. OnucaHue 3TOr0 U HEKOTOPbIX APYrux rpauyecknux cnocoboB WHTerpupo-
BaHUA AuddepeHynanbHbIX Yp-uil MoXHO HaliTu B kHure W. Hortn Die Differential-
g'eichungen des Ingénieurs, 2 Aufl., Berlin, 1925, koTopas cogepXxu» MPUMEHEHUE 3TWUX
MeTOA0B K peLleHnt0 TexHuyeckux 3agad. Cm. Takxe H. von Sanden. Practical Ma-
thematical Analysis, New York, 1926.
Teopua koneGaHwuii B uMMXKeHepLoMm pfege, g
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B obuiem cnyvae guddepeHynanbHoe yp-ue ABUXEHUS MOXET 6biTb
npeAcTaB/ieHO B ClefylolieM Buje:

x"=1f (x t x). > [50]
PelleHre 3TOro yp-us npeacTtaBnsieT fnepemelieHue X B PyHKUUU Bpe-
MeHUM t. Ty (QYHKUMIO MOXHO WM306pasuTb rpatnuyeckm MNOMOLLbIO
KPUBOW Bpemsi-nepemMelleHne (cm. cur. 52).

UT06bl NOMYUUTb OMpeAesieHHOe pelleHne, A0/MKHbI 6biTb U3BECTHbI
Haya/ibHble 06CTOATENbCTBA, T. €. HaYa/bHOE MepeMelleHne U Havaslb-
Hasi CKOpPOCTb CUCTEMBbI.

Mycte npu f—0

x=x0 wun x —xl/.

Torga ™Mbl 6yfeM 3HaTb Hayda/bHYH OPAUHATY W Haya/lbHbIA Ha-
K/IOH KPUBOI Bpems-nepemelleHne 6yayT M3BeCTHbI. lMoAcTaBnsis Ha-
Ya/ibHble 3HauUeHNs XU X' B yp-ue [50], MOXHO BbIUMCANTb HayasibHOE
3Ha4veHue Xx".

Tenepb M3 M3BECTHOrO yp-uUs

Yy (1-f [a]

Halijem paguyc KpuBu3Hbl p0 B Hauyane KpPUBOI Bpems-nepemeLleHue.
Mpy nomowwn 3TOro pagumyca MOXHO HaHecTuW HebONbLUOA 3/1eMeHT
alh, KpuBoli Bpems-nepeMellleHNe KaK [yry

X 4 _ . T Kpyra (¢wur. 52), 1 3Ha4yeHMs opamMHaTbl X — X,
AT \ n HaknoHbl X'—X{ B HOBOW TOuUKe ax moryt

g ObITb B3ATblI W3 4YepTeXxa, a COOTBETCTBYHLLEE

X\ il 3HayeHue X" BbluncneHo un3 yp-ua [50]. Tenepb

n3 yp-ua [a] nonyuymm BenuuuHy paguyca Kpu-

0 W ., ;1 BUM3HBI p= Pj, MPM MOMOLM KOTOPOFO MOXHO

\ HaHECTU CMeXHblii 3nemMeHT a,a” Kpueoli. Mpo-
11
NIZ/ [Jo/mkasi 3TO MNOCTPOeHMe, KakK onucaHo, Mo-

®*  nyyum  rpaduyeckm KpUBYID — BpeMms-nepeme-
LeHMe.
\ HeobxoaMMble BbIUUCAEHUS MOTYT 6biTb

dur. 52.
HECKOJ/IbKO YynpoLwieHbl, ec/in BOCMNOJ/1Ib30BaTbCA

YI/IOM HaK/0HA KacaTe/lbHOM K KPWBOIW BpeMs-nepemMelieHune. [ycTs
9 o603HauaeT 3TOT yrona, Torja

x'= tg6

x"—f(x, t, tgd).

MoacTtaBnsas B yp-ue [a], nonyyum

v'o+W 8 1
'Ox, t, tgO) cosBf(x, t, H
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Jlpn 3TOM BbIYUCAEHUN KBaApaTHbI KOpPeHb B3AT C MOMOXUTENb-
HbIM 3HAKOM, TaK 4YTO 3HAKp TOT Xe camblii, 4TO K 3HaK X'. Ecnm x"
oTpuLaTenbHO, LEHTP KPUBU3HbI JOMXKEH 6bITb B3AT TakuMm 06pasom,
4YTOObl MNOSIYYUTb KPUBYIO BbINYKIOCTbO BBepX (cMm. dur. 52).

B cnyvyae cBo60ogHOro KonebaHus, eciv nNpeHebpeyub 3aTyxaHUEM,

yp-une [50] nonyuyaeT BuAa yp-usa [48], n BbiweonuncaHHoe rpau e:kKoe
WHTErpMpoBaHue Mosy4yaeTcsl 0YeHb MPOCTbIM, TakK Kak ¢yHKuus / 3a-
BUCUT B 3TOM C/lyyae TO/MIbKO OT BEe/IMUUHbI NepeMeleHus Ji. BssB
ona  HavanbHbiX ycnosuii npn t—0 x—x0 n
x = 0, 6ygem WUMeTb KpUBYH BpeMs-nepemMeLLe-
Hue B o06wel opme, MoKasaHHOI Ha ¢ur. 53.
B cnyyae cucTeMbl, CUMMETPUYHON OTHOCUTENb-
HO CpefHero MoJIOKeHWs, mnepeceyeHne 3TON
KpMBOA C oCbld X onpegennut nepuog T CBO-
6ogHOro kKonebaHus cuctembl. BenuuuHa T BCer-
Ja MOXeT 6bITb onpegeneHa nogobHbIM o6pa-
30M C TOYHOCTblO, [OCTATOYHOW ANA nNpakTu-
YeCKMX MPUMEHEHWIA.

Ha ¢wur. 53, Hanpumep, B3AT cfy4ali NpPOCTOro rapMOHWYECKOro
KonebaHuA, 4N KOTOPOro audgepeHumanbHoe ypaBHeHUe WMeeT che-

AyROLWnn Bna;
x"-fpx=0
N TOYHOE peLleHue aaeT

29

r~T°

Yp-ue [B\ gna aToro cnydas nonydaertcs
1
c0s36prx I I I
"

HauyanbHoe nepemelieHne XnHa cur. 53 B3sATOo paBHbiM 20 egnHW*
uaM gnuHbl, a p0 paBHbiM 100 eauHuMuam AnuHbl. Torga u3 yp-us [b\
ana 6= 0 nonyuum:

~ — j/20 «100= 44,7 egnHunubl. [c]

BennuuHa NMMeeT uU3MepeHne BpPEMEHWN, a A/NnHa, nony4dawuwadaca ns3

YpaBHeHust [c], fo/mKHA 6bITb MCMoOMb30BaHa nNpW onpegeseHUn o
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dur. 53 nepuoga. lyTemM UW3MepeHMs MofiyyaeM W3 3TOM Urypbl

Wnu, nonb3yscb [c], MMeem
1 4X69,5 6,22
X—p"™ 447 ~ p

OTciofa BMAHO, 4TO, B3IB MpW rpaduyecKoM peLieHUun To/bKO 7 Mpo-
MEXYTKOB, MOMy4YMM pe3ynbTaT C TOUHOCTbH OKoso 1Vo-

20. UuncneHHoe peweHne. — MNceBgorapmoHnyeckme KonebaHu
npeacTaBneHHble yp-uamun [48] n [50], MoryT 6bITb TaKXXe MOMYYEHbI
YMCNEHHbIM MyTeMm. PaccMoTpuM, Hanpumep, cBob6oAHble KonebaHus
6e3 3aTyxaHumss. CooTBeTCTBYylOLLee AnddepeHLnanbHoe YypaBHEHUE
oygeT:

x"+Prf(x)= 0. , [a\
MycTb HaydanbHble ycroBusa npu £=0
X =X0; x'—Q. [b]

MoactaBnaa x0 BMecTo X B yp-ue [a], MOXHO BbIYUCAUTL BeU-
ymHy x0". Mpu nomown 3HayeHmsa X0, yckopeHus npu t = 0, MOXHO
BbIYUC/IUTL BENIMYUHBLI X, W XU T. e. CKOPOCTb W MepeMeLleHne B
nboil MOMeHT tv BbI6paHHbIA 04eHb 6/M3KO K BpemeHun £ = 0.
MycTb At o603Ha4yaeT Heb6ONbLIOW MPOMEXYTOK BPEMEHU MEXAY MO-
MeHTOM /= 0 1 MOMeHTOM t= tv MpubanxeHHble 3HavyeHuax!" n x,,
6ynyT TOrga nonyyaTbCsl U3 CAefylWMX Yp-Wii:

x."= x0-fx0'At; xt= x0+ X° ~~XI| At [c]

MopacTaBnssi 3HaueHWe X, BMecTO X B yp-ue [a], mony4ymm 3HauyeHwue X,".
Monb3ysicb 3TUM MOCMEeAHMM 3HAUYEHWEM, MOXHO BbIUMCNUTL 6osee
TOYHble MPUBAMKEHHbIE 3HA4YeHUs ANA X/ W X, W3 cnegyrwmnx ypas-
HEHWIA:

xt=x0'f L “Htom X, = x0+ IS T At [d]

Tenepb, NOACTAaBMB BTOpPOEe MpubnmxeHue X, (yp-ne [i?]) s yp-une [a],
Mbl nonyunm gna Xi'' ewie 60nee TouHoe nNpubnmxeHue. 3aTem, cpae-
naeMm cneaywowmnii war 1, noab3ysAcb XU X," U X,", BbIYUCIUM Beu-
UMHbl X2 X2, Xt" ana momeHTa t=ti= 2 At TOYHO TaK e, Kak
M3N0XEHO Bbile. B3siB npomexyTkn At [OCTAaTOYHO ManbIMU K Npo-
fLenaB BbIYUCNEHUS AN KaXAOro 3HayvyeHWs t ABaxAbl, KaK yKasaHo
Bbille, YTOObl MOMYYUTb BTOPYK CTeneHb MNPUOGAVDKEHWUS, Mbl MOXEM
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3TUM  CMOCO6OM  YMCMEHHOr0 WHTErpupoBaHWs MOAyuYUTb  Bcerpga
TOYHOCTb, AOCTATOUYHYIO AN NPAKTUYECKUX MPUMEHEHUR *).

YTo6bl NOACHWUTHL MOPSIJOK BbIYMC/EHWIA W faTb MOHSATUE O TOY-
HOCTM 3TOr0 MeToAa, Mbl PacCMOTPWUM caiyyali MNpPOCTOro rapMoHuye-
CKOFo KonebaHusl, 4nsi KOTOPOro ypaBHeHWEe ABWMKEHWUS TaKoBO:

= 0.
To4YHOe pelleHWe 3TOr0 yp-us Npu HadvanbHbIX ycnoBusix [b] 6yapet:
x = x0cos pt) x'= —xO0p sin pt. [e]

Pe3ynbTaTbl YUCNEHHOTO MHTEFPUPOBAHUS AaHbl B HUXeC/efytoL el

Tabnuue 2.

Ta6nuua 22— YuncneHHoe WHTErpupoBaHMue.

t X X' X" cos pt sin pt
0 *0 0 — P'x0 1 0
" <{( 0,9687 %9 — 0,2500 px0 — 0,9687p-x0 0.9689 0.2474
1 0,9692 o —0,2461 . — 0,9692 ' '
20/ 1 08774 q — 0,4884 . -0,8774 . 0.8776 0.411
1 0,8788 » — 0,4769 . — 0,8788
8Ag 0,7321 , — 0,6966 |, — 0,7321 ,, 0.7317 0,6816
f 0,7344 , —0,6783 . —0,7344
Al ‘ 05419 o — 0,8619 , — 0,5419 , 05403 08415
05449 » — 08378 . — 0,5449 ' !
BAF ) 0,3184 — 0,9740 . —08 &% 03153 0.9490
1 03220 » —09457 . —0,3220 ' '
811( (I 0,0755 » — 11,0262 . —0,0755 . 0,070/ 0.9975
0,0794 » — 09954 . —0,0794 , ' !
i E — 0,1719 — 10153 . —0,1719 . o170 0.9840
— 01680 * —09838 ,  ° FP ' '

BennunHa NpomMexyTKOB BpemMeHU 6Obina B3sAiTa paBHon M==1ip
MoMHsA, 4TO nmepuof KonebaHWit B 3ToM cnyyae T= 2w/?, BUAUM
yTo At, BbIOpaHHbIli MNPOMEXYTOK, paBeH MNpPuU6AU3UTENbHO ‘/B 4eT-
BepTu nepuoga T. B nepBoi cTpoke Tabnuubl NpuBeAeHbl HavaslbHble
YcnoBusi. YTobbl MONy4ynTb MepBoe MPUGAVKEHME ANA X, U XU npwu

‘) 9T0T cnoco6 MOXeT 6bITb TakXe NPUMeHeH M B cnyyae 6onee obuiero Buaa
YpaBHeHUs, Hanp., Kak yp-ue [50] (cm. cTp. 82). 3TOT crnocob MpUMEHANCA aBTOpPOM
NPy pelleHnn 3agadyy pacnpefeneHMs HamnpsbkeHUA BO BpaLLalOLMXCS  LWKMBaX (CM.
*/3BecTna TexHonormuveckoro WMHctutyta*, C. MeTtepbypr, 1912) n okasanca yposne-
TBOPUTENbHBIM.
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BpeMeHU t— M = X/p, 6bIIM uMCNONb30BaHbl yp-us [c]. MonyyeHHbIe
pesynbTaTbl faHbl BO BTOPON CTpOKe Tabnwuubl. ANs noay4veHus, cre-
gywouwero npubnamxeHus ans ;' n X\, 6blan npumeHeHbl yp-usa [d],
M pe3ynbTaTbl MOMeLLeHbl B TpeTbeil CTpoke Tabnuubl. Takum obpa-
30M Oblfla BbluMcneHa Bcs Tabnuua. B gByx nocnegHux ctonbéuax
JAaHbl COOTBETCTBYHOLLME 3HA4YeHMs cospt u sin pt, nponopunoHanbHble
TOYHbIM pelleHnsM [e], Tak 4To M3 3TOW Tabnauubl HeNOCPEeACTBEHHO
BUAHA TOYHOCTb YWUCNEHHOr0 MHTerpupoBaHus. OTMETUM, 4YTO BblYU-
CNEeHHblE CKOPOCTU OTNMYaKTCA Bcerfja 60nbLLOn ToUHOCTbO. Hanbonb-
Wwasa e owunbkKa B BbIYUCIEHUM MNepeMeLleHUs ycMaTpuBaeTcs B MO-
cnefHeli cTpoke Tabnuubl K coCTaBnsieT 0Ko/o 1% HayanbHOro nme-
pemewieHnsa X0,

3Tn pe3ynbTaTbl Mbl MOAYYMAUW, B3SIB B YeTBEPTU Nepuofa TONbKO
6 npomMexyTKoB BpeMeHW. [lpy yBeNUYEHUM 4uUcna NPOMEXYTKOB,
MOXHO MOBbICUTb TOYHOCTb, HO B TO XX€ BPeMs 4UCI0 Heo6X0AUMbIX
BbIUMCMEHUI MosyyaeTcs 6onblue.

Monb3ysicb Tabnuuein, MOXHO BbIYUCIUTL TakXe Mnepuoj Koneba-
HWA. W3 nepBoro mM BTOPOro cTon6uoB BWMAHO, 4TO, nNpu t=6M,
KpuBas BpeMsA-nepeMeLLeHMe UMeeT MONOXMUTE/IbHYIO OpAWHATY, paBs-
Hyto 0,0794xQ Mpun t— 7At, opgnHaTa TOW Xe KPMBOI oTpuuaTesbHa
n paBHa 0,1680 x0 Touyka nepecevyeHUss KPMBOW BpeMs-MepeMeLleHne
C ocblo t pgaeT BpemMs, paBHOe 4eTBepTM nepuoga KonebaHusa. To-
MOLLbI JIMHEWHON WMHTEPNONALMM 3TO BPeMS MOXHO HaliTh u3 pa-
BEHCTBA:

1 . K. 0,0794 6,32 1,58
T ,= W + ™ 00794+ 0,1680 = 6'324< =

TouHOoe 3HauyeHMWe 4eTBepTM nepuofga KonebaHus K/2p = \b7/p.
M3 3TOro BMAHO, YTO MyTeM YKa3aHHOro BbIYWC/AEHUS MNepuos Kone-
6aHuA nonyvyaeTrcs C owWM6KoM meHee 1%. M3 3Toro npumepa Jerko
BUAETb, UYTO OMWCaHHbIA YWUC/EHHbIA MeTOL MOXeT ObiTb BecbMa Mo-
ne3eH ANa BblYMCMIEHUS Mepuofa KosebaHUii cucTeMbl, UMetoLLeld rn6-
KOCTb, M3MEHSIOLLYIOCA C NepemMeLLeHmneM.

21.BblHYX[eHHble nNceBAorapMoHmnYveckne KonebaHnsa.— Lonyctum
Tenepb, YTO CUCTEMA, B KOTOPOIi XECTKOCTb MPY>XWUHblI MeHSieTcs ¢ ne-
pemelleHMeM, MOABEPXEHA [eliCTBUIO MEpUOAMYECKON BO3MyLLaloLL el
CUnbl, nponopuuoHanbHoi sin mt. Torga, BMmecTo yp-us [48], Bbl-
HYX/eHHble KosebaHWs BbIpPasATCA ClefyloLWwmnM yp-uem:

X"+ prAx) = asinmt. [51]

B panbHelweM pacCMOTPUM YacTHbIA ciy4vali cucTembl, ANnst KOTO-
poi yp-ue [51] nony4aetcs

x" -f-p~X — 7\8— a sinmt. [52]
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JTa cuctema CUMMETPUYHA OTHOCUTENIbHO CBOEro CpefHero MoJsioxe-
HVS; 3TO BUAHO W3 TOro, 4YTO, MPM 3aMeHe X 4Yepe3— X, Be/IMYNHA BOC-
cTaHaBNuMBawLWel cuabl He MeHseTca. CB060AHble KofnebaHWA 3TOM
CMUCTEMbI MOTYT 6bITb M3Y4YeHbl OHWUM K3 CMNOCO60B, OMUCAHHbIX BblLUe,
M MOXHO’MoKasaTtb, 4To, ecnm y> 0, nepuog konebaHuii cMCTeMbl BO3-
pacTaeT C yBenMyeHMeM aMnanTygbl. CnegyeT oTMETUTb, UTO yp-ue [52]
He ABNSAETCA NIMHEMHbIM, NO3TOMY ero obuiee pelleHWe He MOXET ObITb
MO/IyYEHO C/IOXXEHWEM BbIHYXAEHHOI0 KosebaHus, npeacTaBfeHHOro
YacTHbIM pewleHnem yp-ua [52], co cBobogHbIMKM KonebaHnAMKU. Ha
TOM >Xe OCHOBaHWW, ec/in BMEeCTO CUHYcomfanbHOW cuabl asinmt Ha
cucTemy felicTByeT 60/1ee CNOXHAs cuna, npeacTaBfieHHas pPsAoM
dypbe, TO Nony4varolleecs ABUXEHWE He MOXeT ObITb MOAYYEeHO Mpo-
CTbIM C/IOXXEHUEM [BVKEHWN, BbI3BaHHbIX OTAeNbHbIMUA CUHYycOUAa/b-
HbIMW uYfieHamMn psAja.

Obuiee peweHue yp-ua [52] He HafeHO, TakK YTO NpPU U3YyYeHUN
BbIHYX/EHHbIX KonebaHuii NpuxoanTCcA NPUMEHSITb KaKOW-HMOYAb npu-
61MXKeHHbI cnoco6. Mcnonb3oBaHHble Bblle A8 UCCNefoBaHUSA CBO-
604HbIX KonebaHuin rpauyecKnii U UYUCNEHHbIA MeToAbl MOTYT ObITb
TakKXXe MPUMEHEHblI W 34eCb, HO MOCTeNeHHOe MHTerpupoBaHuWe Tpe-
OyeT CAIMWIKOM MHOro Tpyfia U HefoCTaTOYHO TOYHO, ecnn Ans ycTa-
HOBMIEHUSI M3MEHEHU aMMANTYAbl BbIHY)XAEHHbIX Kose6aHWn no Bpe-
MeHM TpebyeTca MUCCNefoBaTb HECKOMbKO UWKNOB. bonee y[0BNeTBO-
puTeNbHbIA pe3ynbTaT MoAyyYuM, MPUMEHAS MeTOjh nocnefoBaTelbHbIX
NpUGAMXKEHNIA, KOTOPbIA Mbl ceiivac OMULLEM.

PaccmoTpum chepBa c/yyaid MpoCcTOro rapMOHMYECKOro ABUXEHUS
T. . Npu y B yp-um [52] paBHOI Hynt. Torga ypaBHEHWe LBVKEHUS
oypet:

X" -f-pix = asmmt
nnm

X" ——prx -f a sinmt. [a]

Mbl He 6yaem paccmaTpuBaTb 34eCb HadaslbHble YCM0BUSA U BO3b-
MeM 3a NepBoe MPUOAMKEHUE pelleHUs yp-usa [a] BblpaxeHue
xt= Asinmt. [6]

MoACcTaBUB 3ro B MPaByld CTOPOHY Yyp-us [4], nonyunm cregytouiee
Yp-ue gnsi BblYUC/IEHUS BTOPOro MNPUGANXKEHUS:

= (a—prA) sinmt,

M3 KOToporo

Xt — ApZT A sinmr,

T 2
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Tenepb NPOU3BO/ILHYH MOCTOSHHYIO BblbepeM Tak, UT0OblI MPUPABHITH
amnanTyabl KonebaHuii Xt m xb Torga

A— Ap*—a
T*

N Mbl NOTy4YUm

a
p2— pa2’

370 coBnajaeT C TOYHbIM peLleHWeM AN CAydas BbIHYX/JEHHbIX rap-
MOHUYECKMX KonedaHuii (cm. yp-ue [19], (cTp. 9).

MocTynasd Takum e ob6pa3om B obuiem cnydae yp-usa [52] (y=£0),
ponyctum, uto X{= A sinmt npejcTaBnsieT nepBoe NPUGANXEHUE ANA
pelwleHMs 3TOro ypaBHeHWs. Torja AnAs BbIYWC/IEHMS BTOPOro npubnau-
XEHUA nonyynTcsa crepylouiee yp-ue (cMm. yp-ue [52]):

Lnx

= —p-Xj-|- 7Xj3-f asinmt= (a — Ap2) sin/nE-j- A3 sindnt. [e]
MpuHMMas BO BHMMaHue, 4YTO
sin3n t= */t (3 sinmi— sin3mif),

Mbl MOSly4MM MOCMe MHTerpupoBaHus yp-us [e]:

T l‘lll %/Ap-—a—-i-fl stinmt { 36m sin3mt.

f
Tenepb Mbl ONpeAenvM MPOU3BO/bLHYIO MOCTOSIHHYIO A Tak, 4TOObI
aMnnTyabl OCHOBHbIX KofiebaHWii B nNepBoM © BO BTOPOM MpuU6IM-

XXEHUAX Obln PaBHbIl, TOrga

N Mbl MOAYYNM
a-f-Nn (pa2—p2d= —~-A3 [53]
BTopoe npubnmxeHune torga 6ypet MmeTb BUA
Xi= Asinmt-\-~~1 sin3mt, [54]

B KOTOPOM A — KOpeHb Kyb6uyeckoro yp-us [53].

Monb3yscb 3TMM pe3ynbTaToOM, MOXeM MNoAyuYnuTb u3 yp-usa [52)
TpeTbe NpUGAMXKEHUE, N TaK ganee. OTOT MeTOj MNOCMef0BaATe/NIbHOr0
NPUGAMKEHMS OCHOBaH Ha [LOMNYWeEHWU, 4YTO BennumHa (y/gad/12 mana
M cpaBHEHUIO C eANHULEA; HO 6onee feTasbHOe PAcCMOTPEHME ¢XO-
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OVUMOCTU 3TUX BbIYMC/EHWI MOKa3blBaeT *) UTo MNpUBAMKEHHOE peLle-

Hue [54] Bcerga JOCTATOYHO TOYHO ANA TEXHUYECKUX MNPUMEHEHWUIA.
Ona HaxoxgeHWn KopHel Ky6uueckoro yp-us [53] o4eHb nosneseH

rpacduyeckuii cnoco6. lMpeacTaBuB 3TO ypaBHEHUEe B BuUie

Mbl MOYYUM KOPHWU, KaK a6CLI,I/ICCbI TOYEK MnepeceyvyeHUA I'IpﬂMOI7I JNTINHNN

tfl

C Kybuueckoit napab6onou

37

p

3TUM crnocoboM BbIMO/IHEHO MOCTPOeHUe Ha Gur. 54.
Mpoeogum Tpu npambie AnHum OB, OC u OD, cooTBeTCTBYIO-

WMe TPeM pa3NYHbIM COOTHOLLUEHUSAM MexXay m wu p B yp-um [/],

npy TOM XK€ 3HayYeHuun

al/pr. Ecnn umeroT me-

CTO KosiebaHns cCoUeHb

He60/bLLIOK amMnianTy-

[OW, nepemelleHne X

O0YeHb Masno, Wu une-

HOM, cogepXawmm X3

B yp-uun [52], MOXHO

npeHebpeyb. Takum

obpasom noayymm

NpocToe rapmMoHuye-

CKOe [BWXEHUe c mne-

puogom T = 2 it/p. Mps-

maa nuHua OB Ha

tur. 54 npeactaBnseTt

ycnoBue, Korga uac-

ToTa BO3MyLLaloLLEl

CW/bl BblLUe, YeM Yac-

ToTa 3TOro rapmo-

HUYECKOro [ABWXEHUS our. 54.

#) 3agaya CBOGOAHBLIX W BbIHYX[EHHbIX MCEBAOrapMOHMYECKMX KonebaHWin pac-
cMmoTpeHa B kHure Georg Duffing, Erzwungene Schwingungen bei veranderlicher Eigen-
Irequenz, Braunschweig, 1918. Cm. Takxe cTatbto RiUdenberg’a, Einige unharmonische
Schwingungsformen mit grosser Amplitude, .Zeitschr. f. Angew. Math, und Mech.*,

1923, Bd 3 S. 454.
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(T~>p). W3 3Toit urypbl BMAHO, YTO B 3TOM C/ly4yae Mbl WMEEM
TONbBKO OfHY TOYKY TNepeceyeHusi, KOTopass BMOSHe onpefensieT
amMnInTygy BbIHY)X/JEHHbIX KOnebaHuii. 3Ta aMNAMTyja YMeHblUaeTcs
C YBE/MYEHMEM YacTOTbl BO3MYLLAKOLWEA CWIbl, T. €. C YyBelIMYEHNEM-
OoTHOWeHUua T/p.

Korga tn=p, TakxXe BO3MOXHO TO/MbKO OAHO AelcTBUTENbHOE pe-
weHue. CooTBeTCTBYyHOWaa amMnnauTyaa KonebaHuss cHoBa 6ygeT no-
qlyyeHa Kak ab6cumcca Touku nepeceveHusa nmHum OC ¢ Kybmueckoi
napa6osoin.

PaccmoTpuMm Tenepb cnydali, korga T<Cpe Mycte OD npeacTa-
BNSIeT ANS1 3TOr0 Ccfyyas npsMyl JUHUIO, oTBevawowyto yp-uto [
Touka mnepeceyeHUs 3TOWM NMHUM C OCblo A HalgeTca U3 yp-uUs:

0TKyaa

OT0 — aMnAnTyja NpPoCcTOro rapMOHMYECKOro ABMXeHUs (cMm. yp-ue [d])
W, B cfnyyae HeboONbWMWX amnaumTyl, TONbKO HEMHOro OT/IM4YaeTcsa OT
BeMYMHbI KOpHA At Kybmyeckoro yp-us [53]. 3T0 3HAYWUT, 4TO ecnm
felicTByeT o04YeHb HeboMbllas BO3MyLialllas cuaa, TO MOMy4vakTcs
KonebaHus, KOTOpble /Wb He3HaYUTeNlbHO OT/AIMYaKTCA OT NPOCTOro
rapmMoHMYecKoro ABwXeHus. lpefcTaBUM Tenepb, YTO Mbl NOCTEMNEHHO
yBeIMUYMBAEM BefIMUYMHY BO3MyLLalOLel CWMbl, T. €. BEIUYUHY A&, He
MeHAA ee 4yacToTbl. JInHMa OD Torga nepemewaeTcsa B Hanpas/ieHUU
BHW3, NapasnsenbHO caMoii cebe, MycTb, HanNnpuMep, B NonoXeHne 1—1 Ha
dur. 54. AMNNMTYaa BbIHYXXAEHHbIX KO/e6aHUi TaKXXe YyBe/IMYNBaETCA.
N3 aToil ¢urypbl BUAHO, 4YTO, MPW MOCTEMEHHOM YBe/MYEHUU CUbl,
Mbl OXOAWM B KOHLE KOHLUOB [0 OrpaHW4YMBaloOLLEero ycnosus, npeg-
CTaB/IEHHOr0 NIMHUWeN 2 — 2, KacaTe/lbHOW K MNOMOXWUTeNbHOW BeTBU
Kybuueckoii nmapab6onbl. 3a npefenamy 3TOrF0 OrpaHUYMBAIOLLLEr0 YC/O0-
BN KOPHW J1, n A2 cTaHOBATCA MHUMbIMW, WU aMNAUTYAa BbIHYXAEH-
HbIX Koneb6aHuWin 6yfgeT ToOorfa onpeaensiTbCa TPeTbUM KOpHem A3,
OoTrevyawLuM MnepecevyeHN0 NPAMOA NMHUU C OTPULATENbHON BETBbIO
Kybuueckoin napabonbl. Npon3BefeHHbIe OMbITbl ‘) MOKasblBalOT, 4To,
npu MocTeneHHOM YBe/IMYEHUM BO3IMYLLAIOLWENA CU/bl, BO3HUKAKT KO-

‘) OYeHb cONUAHbIE ONbITHbIE NCCNELOBAHUA MCEBAOrapMOHUYECKUX KonebaHui 6binu
caenanbl O. Martienssen’ou (,,Phys. Zeitschr.*, 1910, S. 48). OH nepBblii NMoKa3an oMbIT-
HbIM MyTeM, 4TO, B Ciy4vae MCeBAOrapMOHMYECKMUX KonebaHWi, OfHA W Ta >Xe BO3MYyLla-
olas cuna MOXET BbI3BaTb BbIHYX/JEHHble KONe6aHUs ABYX OTAENbHbIX W PasfnyHbIX
amnauTyd. HekoTopbie OMbITbl NPV MOMOLLM MasATHUKA MO MCeBAOrapMOHMYECKUM BbIMy-
XK eHHbl.1 KonebaHuUsAM onucaHbl HA CTP. 76 BbiweynomsaHyTol kHuru G. Duffing'a
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nebaHus, OoTBevalowme KopHtoo J1, (dwur. 54). 3a npegenamu orpaHu-
UNTENbHOFO YCNOBMSA, NPeACTaB/IEHHOrO /NMHMEN 2 — 2, KonebaHus,
oTBevawLme- KOpHIO J1,, COBEpPLUEHHO MCYe3alT, a BO3HMKAKT Kofe-
6aHMsi HOBOFO TMMNa C (has3oi, oTcTatoueli Ha 1 (180°), 1 ¢ amNAnTYAoN,
npeacTaBnsieMoit .KopHem J13

CnefyeT OTMeTUTb, 4TO OMMCaHHbIA Bbllwe ["pagnyecknini cnocob
MOXEeT OblTb MPUMEHEH TaK)Xe MPW pPacCMOTPEHUM CBOOOAHbIX MCeB/O0-
rapmMoHMUYecKux KonebaHuin. Hy)KHO TONbKO B HalleM Mpeabigyliem
nccnegoBaHumM nonoxkute a= 0. Torga Touyka O Ha dur. 54 co-
BMafgeT C HavanoM KoopauHaTt. [na nAtb6oi 4yacToTbl KonebaHuin
(0O< T O ), BO3MOXHOWN Ana paccMaTpMBaEMOl CUCTEMbI, MOXET ObITb
nocTpoeHa npsAmas NHUSA

AbcumMcca TOYKM MepeceyveHUs 3TOW NUHMKM C KybuuecKon napabosioi
(yp-ve [g]) onpegennuT B 3TOM Cny4ae COOTBETCTBYHLLYIO amnauTyay
CcB060AHbIX KOMebaHUn CUCTEMbI.

M3 3Toro paccyXpjeHus BWLHO, 4TO, MPUMEHss MeTO4 MNOC/efAo-
BaTeNlbHbIX MPUOGAVKEHUA, MOXEM MOMYUYUTb pPeLIeHUe YP-US BbIHYX-
[EeHHbIX MCeBLOrapMOHWYECKUX KONebaHWUM, KOTOpble MMEKT TOT XXe
nepmof, Kak BO3MmyLliawoulas cuia. AMOAUMTYa 3TUX KonebaHuii Bcerga
0CTaeTcs KOHEYHOW, W COCTOsIHWE, Ha3blBaemoe ,,pe30HaHCOM* B chy-
Yae rapMOHMYECKUX KofnebaHWI, He BCTpeyvaeTcsa B CUMCTemMax C mnepe-
MeHHOl TMbKocTblo. Ecnn Ans Takux CUCTEM MPUMEHUTb TEPMUH ,,pe-
30HaAHC K cny4yaw, Korga tn=p, TO MOXHO YCTaHOBUTb, 4YTO ANSA
3TOro cny4vass Torja, Korga 4actoTa BO3MyLliawlield cunbl 6onblie
yeM TaKoBas ,,pe30HaHca’, amnauTyga KonebaHWn MMeeT KOHE4YHOe
3HayeHue. ns cnyyasd T<p MOXeT KMeTb MEeCTO, MPU M3BECTHbIX
yCNoBUSAX, OTBevalLWux BHesanHoOMy nepexogy oT P k Q Ha qur. 54,
6onbllOe WM3MEHEHME B aMnauMTyfe U B O0TCTaBaHWU BbIHY>KAEHHOrO
KonebaHus. UTo6bl MNOMYy4YUTb YCTONUYMBOE MOMOXEHUE W YCTPAHUTb
BO3MOXHOCTb 00/IbLUNX W3MEHEHWI A B aMMAMTyde BbIHY>X[EHHOro KO-
nebaHua cnegyet m B3ATb WM 6GOAbLUUM, YeM P, WU B HECKOMbKO
pa3 MeHblUe, YeMm p. U3 ¢mr. 54 MOXXHO BUAETh, UTO, KOrga T CUJSIBHO
OT/INYaeTCA OT P, TOUKM TMepeceyeHUs, oOnpeaensoLLMe amnanuTygy
BbIHY)XXI€HHbIX KofebaHuii, 6yAyT pacnonoXeHbl B MNJOCKOMA 4yacTu
Kybuueckoli napabonbl, U TUM [BWXKEHUA /Wb C/lerka OT/n4YaeTcs
OT NPOCTOr0 rapMOHMYEeCKOro KosnebaHus.

22. KE-asurapmoHuyeckune KonebaHus. — EcTb HEKOTOpPbIe TEXHMYe-
CKMe 3afiayn, B KOTOpbIX KOnebnwuliasacsa cuctemMa WUMeeT xapaKTe-
PUCTUKY MNPY>XWHHOCTU, 3aBUCALLYI0O OT BpeMeHU. [BUXEHUEe TaKux
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CMCTEM Ha3biBaeTCsA KBa3sWrapMOHWYECKMM M MOXeT 6bITb npejcTaB-
NIEHO yp-ueMm:
X"+ 2nx'-\-prx —f{t),
roe xapakTepucTvka MPY>XWUHHOCTU PT AN KO3 PULMEHT 3aTyXaHusa 21
ABNSATCS MePUOLNYECKUMU  (YHKUUSMU OT BpemMeHW. Pasbepem He-
CKO/IbKO MpPUMEepPOB TaKWX KonebaHwii, a 3agady KonebaHwuii 371eKTPO-
BO30B OMpeAesIeHHOro TuMa paccMOTPUM MOAPOG6HO.
HauyHem ¢ npocTeiiwero npumepa — € KofnebaHWi MasiTHUKaA nepe-
MeHHO anuHbl | (dur. 55). HaTtarmeaHuem cTpyHbl OA cunoin T mo-
XEM BbI3BaTb M3MEHEHWEe ANuHbI / MasATHUKa. YT06bI
nonyuntb gudhepeHUManbHOe YpaBHEHWE [BUXKEHUS,
NPUMEHUM 3aKOH M3MEHEHUS MOMEHTa KO/M4yecTBa 4BU-
XeHus. KonnuecTBo ABUXEHUA ABMXKYLLelics maccbl W/Q
MOXHO Ppas3/ioXWUTb Ha ABe COCcTaBAswLWMe: OfHY B Ha-
/ npaBneHuun ctpyHol OA, agpyryto BHanpaBieHUM, neprneH-
ankynsapHom Kk OA. lpwu onpegeneHnMn MoMeHTa KO/M-
yecTBa [ABMXEHMS BOKPYr Toukum O gonkHa O6bIiTb npwu-
HSITa BO BHMMaHMe TO/IbKO BTOpasicocTaB/soLLasA, paBHas
(Wig)IV. MponsBogHaa 3TOro MomMeHTa KO/M4ecTBa ABU-
XEHVS1 M0 BPeMeHM Jo/HKHA OblTb paBHa MOMEHTY [AeACTBYHOLUX CUN
okono Touknm O. OTcroga yp-ue

£ ('« '")= -B7,Te,

r +Teae 1"+ fsine=°- [55]
B cnyuae konebaHuii ¢ manoin amnnuTygoir B yp-ue [55] BMecTo
sin § MOXXHO NOACTaBUTb 6, U Mbl MOSYYUM

r+ T | 6+ 76= a [55]
CpaBHuMBas 3To yp-ue c yp-uem [25] (cm. cTp. 28), AndA 3aTyxawowmx
Ko/fiebaHW, Mbl BUAUM, 4YTO 4feH, cogepawinii npomssogHyto dlidt,
3aHMMaeT MeCcTO 4fleHa, MpeACTaBASAKLWEro 3aTyxaHue B yp-um [25].
COOTBETCTBEHHbIM UW3MeHeHWeM [AauHbl | cO BpeMeHeM MOXHO Bbl-
3BaTb TaKoli e 3apdeKT Kak 6bl ,0TpUUATENbHOrO 3aTyxaHus*. B
3TOM c/lydyae B CMCTeMe MPOUCXOAUT MOCTENeHHOEe HaKOomMeHue 3Hep-
rmu, BMeCTO €e paccesiHusi, U aMnauTyga KosebaHuii MasiTHMKa BO3-
pactaeT ¢ BpemMeHeM. JIerko BUAeTb, YTO TakKoe HaKOMAEHWEe 3Hepruu
SABNSIETCA pe3yNbTaTtoM paboTbl, MNPOU3BOAUMOINA CUMION HaTsHKeHMs T
npu n3MeHeHUU AAuHbl | MaATHUKA. MOXHO NpeacTaBUTb pPasNYHble
crnocobbl uM3MeHeHUA AAuHbI |, KoTopble 6yAyT fJaBaTb HaKomMseHue
3Heprum B Kanebnwouwelica cucteme,
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Kak npumep paccmMoTpuMm crydaid, npeAcTaBfeHHbI Ha dur. 56,

B KOTOpOM Yyrnosasi ckopocTb diU/dt MasTHMKa u ckopocTb dl/dt nsme-

HeHVSI ANIMHbI MasiTHUKA W306paxeHbl B (YHKUUAX OT BpeMeHu. le-

pvojL WM3MEHeHUs ANWHbI MasTHMKa B3AT paBHbIM MOM0BWHE Mepuofa

KonebaHMsA MassiTHUKA, W NIMHUA

du/dt pacnonoxeHa Mo OTHO-

weHnto K nuHum dl/dt Takum

o6pas3oMm, 4TO  HambonbLnii

oTpuuaTeNbHbIA  3aTyxalLnii

a(hhekT coBnagaet ¢ Hanbonb-

el CKOpocTbio. OTO MOKasbl-

BaeT, YTO yMeHbLUeHMNe AnHbI |

HY>XHO MPOU3BOAUTbL MOKa CKO-

poctb db/dt Benuka, a yBenu-

YeHue ANNHbI /, KOrja CKOpPOCTb

CpaBHUTEeNbHO Mana. BcnomHMB, 4TOo pacTarvBawwas cuna T pgeid-

CTBYeT B HanpaB/ieHWUW, MPOTMBOMOIOXXHOM pajuanbHOl cocTaBnsoL el

rpysa W, BmecTe C LeHTPO6eXHOW cunoii, nerko BUAeTb, UYTO B Cy-

Yyae, MpeAcTaB/eHHOM Ha ¢ur. 56, pa6oTa, BbIMoAHAeMas cuaon T,

npu nw60M yMeHblWeHUM ananMHbl | 6ygeT 60nblie, 4Yem paboTa,

nonyyawuiasics nNpu 06paTHOM YBE/IMYEHUU [LMWHbI /. 3TOT WM36bLITOK

paboTbl BbI3bIBAET YyBe/IMUEHWE 3HEPTUU KonebaHWSA MasTHUKA.

OnpegeneHve YyBeNUYEHUSA 3HEPrnuM B KONeHAWEMCA MasTHUKe

0C06EHHO MpPOCTO B c/y4yae, NoKasaHHOM Ha ¢ur. 57. B aTom cnydae

JOMYLLEHO, 4YTO A/IMHA MasiTHUKA BHe3amnHO YMEHbLUAeTCS Ha BENUUUHY
[Ol, korga mMasTHMK B CBOEM CpefHEM
MOMIOXXEHUU, U BHE3AMHO YBE/IMUNBAET-
CA Ha Ty Xe caMyl Be/IMYMHY, Korja
MasiTHUK B CBOUX KpalHWUX MO0Xe-
Husix. TpaekTopusa Mmaccbl W/g noka-
3aHa Ha Qurype CnNAOWHONK NUHKUEN.
Macca MCMbITbIBaeT fBa MOJHbIX LUK-
na KonebaHWa 3a BpemMs OLHOr0 KO-
nebaHmsa MasiTHMKa. Pab6oTa, BbInon-
HfemMas BO BpeMs YKOPOYEHUS ANUHbI
| maATHMKa, 6ypet *):

\Vt_f\ m
g i)

3A6Cb v 0603HauaeT CKOPOCTb MaccChl W/g MaATHUKa, Korga OH Ha-

W+ fa]

*) B aTux Bblknagkax npeHebperaeM M3MeHeHWEM LEHTPOOGEXHON Ccunbl Npu  YKO-
P°Yeanu, madTHMKa.
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X0ANTCA B CBOEM CpeaHEM MOJT0OXKEHUN. Pa6oTa, nony4dyarwouwiadaca npu
KpaVIHl/IX MONTOXXKEHUNAX MaATHUKa,

WAI cos a. . [6]

MpPUpPOCT 3HEPrMM 3a BPeMS OAHOr0 MOJIHOTO KonebaHua MasiTHUKA
oyneTt

LE=2.|("W+ y vy |j O/— WAlcos a

unu, nonaras
v¥—2gl (1 —cos a),
nmeemM
OE=61r A/ (1 — cos a). [c]

MN3-3a 3TOro yBe/MYEHWS 3Hepruu, B CcAy4vae, WU300paKeHHOM Ha
tur. 57, MMeeT MECTO MOCTENEHHOe yBe/M4YeHWe aMMANTyAbl Koseba-
HWIA MasTHUKa.
B kauyecTBe BTOpPOro mnpumepa paccMOTpuUM elle rubkue Koseba-
HUS BpallaloLerocsi CTEPXXHS, Hecyllero Ha cBoeM KoHue rpys W
(cdhur. 58). 3ToT cnyvali npeacTa-
B/SIET 00bIYHYIO CXeMY npubopa
4N WUCMbITAHMA Ha yCcTanocTb
KOHCO/IbHOW 6ankn. Ecnu xecT
KOCTb CTEepXXHS Ha u3rub ogu
HakoBa BO BCEX OCEBbIX CeYe
HMAX, Nporné KoHua B ocTaet-
CS MOCTOSIHHbIM MNpW  BpaLye
HUM, K KonebaHWA He WMelT
mecTta. [lonycTuM Tenepb, 4TO [NaBHble MOMEHTbl WHepuun Xn ly
MoMnepeyHoOro Ce4YeHUs CTEPXHSA pasnuuyHbl (pur. 58 b. Torga cratu-
YeCKUA BepTUKa/bHbIA Nporné KoHua B cTepXHs 6yfeT 3aBUCETb OT
yrna « Mexgy HanpaBfieHMeMm [AeACTBUS rpy3a M 0Cblo X U MOXET
6bITb NpeAcTaBfeH B CrefylOLLEM Buge:

BcneacTBme Takoro M3MeHeHWs BepTUMKalbHOr0 mporuba, yactoTra CBO-
604HbIX BePTUKaNbHbIX KonebaHnii rpysa W, yKpenneHHOro Ha KoHue B
cTepXHa AB, 6ygeT 3aBuCeTb OT BeNMYMHbI Yyrna a.

Jonyctum panee, 4to cTepxXeHb AB Bpawiaetcs ¢ NOCTOSHHOW
CKOpOCTbIO i» Torga MOXeM nonoxute B yp-um [d] a—ut, n xa-
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paKTeEPUCTUKA MNPY>XWUHHOCTW ANS cny4vas BepTUKaNbHOro KosebaHus
rpysa W nonyuaetca (13 [d])

T. €. XapaKTepucTuka MPY>XUHHOCTU — nepuoguyeckas QyHKUMA 4a-
CTOTbl BABOe 60/blUeli, YeM 4YacToTa BpalleHMs CTepXHS.

Mo 3atoli cxeme nmpu ¥ = 0,841x, 6bII0 NPOM3BEAEHO HECKObLKO

ucnbiTaHWiA, N 6bIN0 HalfeHo, YTO MOTYT ObiTb YCTaHOBMEHbI ABE KpU-
TUYECKME  CKOPOCTH
BpaLleHns, Npu KoTo
pbix umewdT MecTo |
6onblUne BepTUKaIb §
Hble KosiebaHuA rpysa
W. PesynbTat 0gHOro |
N3 TaKuUX OMbITOB MNO- |
KasaH Ha ¢wur. 59. Ha t
aToin urype amnam- fAj* e
Tyga KonebaHua Ha |
HeceHa B (DYHKUWUW OT
rpysa U7, npuyem
CTepXeHb Bpalasncs
C TMOCTOHHHOM CKO- py3 &kr
poctbto B 1300 o060- thur. 59.
poTOB B MUHYTY. Bbl-
10 MOMyYeHO ABa KPWUTUYECKUX MosioXeHus. KpuTudeckue kKonebaHus
npyM 6oNblUeM rpy3e OTBeYaT COGCTBEHHONM 4YacToTe BepTUKabHbIX
KonebaHUn rpysa, YKPenjeHHOro Ha CTepXHe (Mpu 3TOM MOMEHT MHep-
UMM CTepXXHS B3AT paBHbIM CpegHeMY W3 [ABYX KpaHUX 3Ha4YeHWui
ero). B 3Tom cnydae MMelTCA ABa MNOMHbIX LUMKAA W3MEHEHWA Tun6-
KOCTM 3a OfAVMH LUK KonebaHusa. [pyrasa kputudeckas ob6nactb (npu
WKy paBHOM 1/4 npeabigyuiero rpysa) oTBe4yaeT COGCTBEHHOW Yac-
ToTe rpys3a npum 2600 obopoTax B MWHYTY. B 3Tom cnydae oauH
UMK M3MEHeHUl rMbKOCTM OTBeYaeT OAHOMY LUWMKAY KonebaHWii.

Mopgo6bHoro popa KonebaHWsA MOryT BO3HWKHYTb B pOTOpe, MMelo-

LeM HeoAMHAKOBYK >KEeCTKOCTb Ha W3rnb6, Hanp., B ABYXMOMOCHOM
poTtope TypboreHe

patopa (cur. 60)

Mporn6 Takoro po-

Topa nop , Aeii-

CTBMEM ero cob6-

dur. 0. CTBEHHOr0 Beca Me-
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HAeTCA NpW BpalleHWW, W, NPWU W3BECTHOM CKOPOCTW, MMEKT MeCTO
BCNeACTBME 3TOW NepeMeHHOl TMBKOCTU CUMbHblE KonebaHus.

23. Kone6aHunsa B cnapHMKax Befylieid cMcTeMbl 3/1EKTPOBO30B;—
Obwme ykazaHmsa.— OAWH M3 Haubosee BaXHbIX B TEXHUKe NPUMEPOB
KBasUrapMOHUYECKMX KonebaHWii BCTpeyaeTcs B 3/IeKTPOBO3ax C nepe-
javeli cnapHukamu. [TMOKOCTb CMCTEMbl MeXAy BajioM MoTopa W Be-
OYLWMMMN  OCAMW 3aBUCUT OT MOJIOXKEHUS KPUBOLIMMOB, W NpWU ycTa-
HOBUBLUEMCSI [ABUXEHWM 3/1EKTPOBO3a 3TO 06bIYHO CNOXHAsA (hYHKLMS,
nepuofg KOTOPOW COOTBETCTBYET O4HOMY 060pPOTY BeAyLiMx oceli. Mbl
BUAENM B npegbligyuieM naparpade, 4To MNofo6GHble CUCTEMbI Mepe-
MEHHOI TMOKOCTM B W3BECTHbIX YCMOBUSAX MOFYT 6biTb MOLBEPXKEHbI
CUMIbHBbIM  KoNebaHMAM. BcneacTBMe TOro, YTo Takue KonebaHusi co-
NPOBOXAATCA M3MEHEHWEM YI/1I0BOM CKOPOCTU 60MblINX Bpalliato-
LWMXca Macc MoOTopa, B Befylleil cucTeme 3/IeKTPOBO3a BO3HMKAOT
6onblwmne p[ob6aBOUHbIE gUMHAMUYECKWe cubl. MHOrMe MOSIOMKMK, 0CO-
6EHHO B paHHWI Nepuof 3N1eKTPOBO30OCTPOEHMA, cinedyeT NpuUnncaTtb
WMEHHO 3TOW AMHAMMWYECKOW nNpuunHe *).

MNepemeHHaa >XeCTKOCTb Nepefaynm crnapHukamum. — YTobbl Moka-
3aTb, KakK W3MeHsieTc TMOKOCTb Mepejayn CcnapHMKamu BO Bpems
Bpal,eHMa MoTopa, PacCMOTPUM MNpPOCTEALINIA NpuMep, MNOKaszaHHbIl
Ha ur. 61. MoMeHT KpydeHuss Mr, geicTBYlOWMIA Ha poTop, nepe-

paetca Begywiein ocm 0,0, uyepes Ban motopa 00, kpusowwunbl 01
n 02 n cnapHukn 11 n 22. PaccmoTpuMm yrojs noBopoTa poTopa no
OTHOWeEHMO K Beayuwler ocn 0,0, B 3aBUCMMOCTU OT CKpyduMBaHus
Bana 00 u pgedhopmaumm cnapHukoB. MycTb MT u Mr" MOMeHTbI

*) BaxHeWlLwnMU cTaTbAMM, TPaKTYHOLWMMU O KONebaHWAX 3neKTPOBO3OB, ABNANTCA:

1. Prof. E. Meissner, Ucber Schtittelerscheinungen in Systeraen mit periodisch
verandlicher Elastizitdt, .Schweizerische Bauzeitung", Bd 72, 1918, S. 95;

2. K. E. Muller, Ueber Schittelschwingungen des Kuppelstangantriebes, .Schwei-
zerische Bauzeitung', Bd 74, 1919, S. 141,

3. L. Dreyfus. Eigenschwingungen von Systemen mit periodisch veranderiicher
Elastizitdt, ,A. Foppl zum siebzigsten Geburtstag*, 1924, S. 89;

4. A. Wiechert, Schittelerscheinungen, ,,Forschungsarbeiten", Heft 266, 1924;

5. E. E. Seefehlner, Elektrische Zugfirderung, 1924,
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Kpy4YeHuns, nepejarolimMecs Befylen ocu 4epe3 crnapHukm 11 un 22
COOTBETCTBEHHO, TOrja
Mx= MT -j-Mj",
n ecnn Kj— xapakTepucTuka npy>XmHHoctn koHua OA Bana, To yron
noBopoTa MOTOpa BC/eACTBME CKpyuMBaHUS Bana 6Oyfer BbipaXaTbCs
Ai?
i?7—
Kr o

PaccmoTpuMm Tenepb yron nosopota [2Ppun3-3a YKOPOUEHUS BCNeACTBUE
okatmsa cnapHuka W. TycTb S, — okumawowas cuna B 3TOM cnap-

* -
HUKeE, S~ v — COOTBETCTBYHOLULEE YKOPOYUEHNE CNMAapPHUKA, A — nno-

Waab ceyeHus cnapHuka, E— mogynb ynpyroctu ero martepuana
r — paaguyc Kpvsowwuna. Torga MMeem

MT =5jrsin 9, [c]

N N3 reomMeTpuyecko
ro COOTHOWeHUA (CM
tur. 62).

3= rdZsin<a [d]

BcnomMHuB, 4TO

SI= 8-A|E

nmeem un3 yp-uin [c] n [d]

Mt |

~ AEYJInL,
WUIKn, MOMOXUB

n _ K

|
nmeem

. MT

A: /<2Sin29p 7

MonHbIA yron noBopoTa MOTOpa MO OTHOLWIEHWIO K ABMXKYLLEA ocu
oypeT ¥

p— A7 prP—MT 1 sth2q! VI

TOT >Xe yron JO/KeH MOoAyYUMTbCS U3 PaCcCMOTPEHUS CKPYyUYMBaHUS
KoHua OB Bana M yKopouyeHus cnapHuka 22. LonycTuB, 4TO YCTPOIi-

‘) B 3TOM aHanu3e NpUHATa BO BHUMaHWe TONLKO AedopmaLns cnapHukos nsana 00 m
Teopus kKoneb6aHuii B UHXEHEPHOM [fene. 7



98 HEFAPMOHWYECKWE KONEBAHUS

CTBO CUMMMETPUYHO OTHOCUTENIbHO I'IpO,CI,OI'IbHOI\/II OoCn 93J1IEKTPOBO3a, "
NMOBTOPUB TO Xe€ paccCy>XieHue, 410 M BbllWle, Mbl MONYyYUM:

1

K, Krcos29) " ‘"
N3 yp-nin [qa], [/] v [g] ™Mbl nmeem:
2 . 1
N )Ki sin2pcos2@-f-—
[ 70 B F
-N+T7f,-7c;C0s4’
:A®- ) (k1
8 ., 8 il 1,
+ /™ cos4c?
O603Hayas
0 — ut, K+ K IT—a, = b
8 , 8 , 1 .
KBTI~ © =,
nmeem

Af -A» fl-~c°s4n
c—dcosd»*- [56]

OueBNAHO, 4TO rmbKocTb cucTe-

Mbl SiBNseTcA (PYHKUMeRn C nepuo-
LOM B 4eTblpe pasza MeHbLUUM,

Ha ¢wur. 63 npeactasneHo rpadgu-

YECKU MW3MEeHeHMe TUOKOCTU npu

n3meHeHun yrna. T[lpu HangeHHOM
3HAYEeHUM MOMEHTa KPYYEHUSA Yros CKpyyMBaHUA [LOCTUraeT MaKcu-
MyMa W paBeH

Mr{kl1l+ TA)
korga Vv— (0t= 0, -jj-, Teee.
OH pocTUraeT MUHUMYMa WU paBeH ¥
M
Korga ot= .], .
4 4
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Nlerko BUAeTb, YTO U3MEHSEMOCTb FTMOKOCTM CUCTEMbI YMeHbLUIaeTCcs,
Korja >ecTKOCTb Bana, T. e. BenuumHa K{, ysenunuusaetcs. Mpwu a6co-
NIOTHO >XKeCTKOM Base TMOKOCTb CUCTEMbl OCTAeTCH MOCTOSHHON BO
BpeMs BpaLleHus.

B Hawewm npegbigyuieMm paccmo-

TpeHun yp-usa [a], [f] v [g] 6blan
pelleHbl aHanMTuyeckn. Te ke
yp-1s, 04HaKO, MOFyT ObITb N1erKo
peweHbl rpaguyeckn ’). Mycte AB
npeactaBnseT B W3BECTHOM Mac-
WwTabe BeUYMHY KpPYTALLEro MO-
MeHTa M T (cm. ¢ur. 64); Toraa,
ecnn opamMHaTbl Ha KoHuax ero AF
n BD paBHbI

1, 1
K*COB*u)MT

BepTMKanb OC, npoBegeHHass 4epe3 TOYKY MepeceyeHus nunHuiAi BF
n AD, 6ypeT onpegenaTtb otpeskamu AC n CB BenMyMHbl MOMEHTOB
MT n MT". 3 3TOi (urypbl MmeeM TaKxe, 4TO

OC= MT ¢ sin2
T. e. OC paBHO yrnay noBopoTa moTopa BCnefcTBUe fedopmaynn Bana
N CnapHMKa, BbI3BAHHOW KPYTAWWUM MOMeHTOM MT.
3T0T rpauyecknini mMeToj 0CO6EHHO MOJe3eH, Korja Kpome ynpy-
rmx geopMauunii MPUHUMAKOTCA BO BHUMaHUe MPOCBeTbl. PaccmoTpum,
HanpuMep, BAWSIHWE MPOCBETA MeXAy CnapHMKOM u uandoli KpuBo-
wwuna. MNycTb a o603HavaeT Be/IMUMHY 3TOro MpocBeTa*), Torga nepe-

MewieHe 8 (cm. ur. 62) 6yfeT paBHO YKOPOYEHWUIKD ChapHMKa Mnc
npoceeT a:

b= AE+al

W, nonb3ysice yp-uamu [c] n [d], Mbl uMeem

in®= M . 45 4.
2Ysmr rsin? AI‘;i a

A«? — M T i a
Kuysin2? rsin?'

¢) 3T0T MeTo4 Obln npumeHeH A. Wiechert'ou, cm. ero ynomsHyTyk Bbille Ha
cTp. 96 crTartbo.

*) a— 0603Ha4aeT pasHULY MeXAy pajuycoM OTBEpPCTUS M paguycom Landbl.
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MonHbIA yron BpalweHus 6yneT

N MT i MT
== atmp-f~ A3p:
m P A3 Kji 1 sin29 ' rsin ® [*]
Takum >e crnoco6oMm, paccMaTpuBasl ApPYro KPUBOLLWUM, MOAyUYnM
CMT, MT a
M= " j<gCos2p T cos 2" /]

N3 yp-uin [&], [/ n [a] moryT 6bITb onpegeneHbl MOMeHTbl M T
n MT" un yron [O?. [paduyeckoe peLleHMe 3TUX YpaBHEHUI MOKa3aHo
Ha dwur. 65. AB npeacTa-
BNSET, Kak W paHblue, NoJ-
HbIli KPYTALWNIA MOMEHT Afr.
Mpawvbie anHnn DF n LK
npeAcTaBnsAOT MpaBble 4Ya-
ctm yp-uii [K] n [[] B nu-
HelHbIX (PyHKUMAX oT MT
n MT" CcOOTBETCTBEHHO.
Touka nepeceveHns O aTux
OBYX- TMHUIA faeT Ham pe-
weHve 3agadn. Jlerko Bu-
feTb, 4TO0 opguHata OC
our. 65. paBHa yrny [ wn 4Tto pac-
ctosaHua AC n CB paBHbl
Kpyisawmm MoMeHTaM MT 1 MT" COOTBETCTBEHHO.
N3 dur. 65 BMAHO, UYTO 4715 TOr0 MOMOXEHUS KPMBOLUMMNOB, KOrja

a 1, 1
rcosp rsm o \ /<, Kusin2® M, n

MT"" cTaHOBWUTCS paBHbIM Hy/0. [0 MeHbLIUX 3HayeHuin ®%*), yem
nony4vatouweeca u3 yp-ua [/«], cnapHuk 11 npuHumaeT Ka cebs
BeCb KPyTAWMA MOMeHT, U MT'—MT'. Tem e cnoco6om Ansa yrnos
60MbWKMX, YeM Yros, nonyyawwuiica n3 yp-us:

N
rsinee reosy KL /C;jC(l)52® MT, [
MT=0, ” NONHbIA KPYTAWMNA MOMEHT MPUHMMAETCA CMapHUKOM 22.
Monb3ysacb rpaguyeckum peweHnem (cdur. 65) B npegenax rpaHuy,
onpegensieMmbix yp-ussmu [T] u [a], u npumeHsa yp-ua [k\ n [/] 3a
3TUMMK MpefenaMu, MOXeM MOo/yYUTb MOMHYK KapTUHY W3MeHeHWi
yrna Op ana K/ Tl o4 0 6 H bl M CNoco60M MOXHO paccMOTpeTb
W NpouYve TMOJMIOXKEHNS KpMBOLWIMMAA W MNOCTPOUTb KPUBYH, MpeacTa-

* 3gech npuHaTo BO SIMHMaHWe MOMOXKEHHe, MOKAa3aHHOe Ha dur. 62, NpU KOTOPOM
KPUMOLWIHMLT PacnofoXeHbl U nepiibll 1 BTOPOii 4YeTBepTAX.
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B/ISIOLLYIO MEPEMEHHYI0 XapaKTePUCTUKY MPYXUHHOCTU WAIL? B hyHK-
UMM oit, Takyl >e, KaK MokKasaHo Ha ur. 63.

KonebaHns B BegyLleli cucTeme CNapHUMKOB. — PaccmaTpuBas ABW-
XEHUe CUCTeMbl, K306paxeHHOW Ha dur. 61, npumem cregytouime
0603HaveHuss: [/, — MOMeHT MHepumMm mMacchbl, BpallatolLleiics BOKPYr
ocu 00, /5— MOMEHT WHepuUUM MaccChbl, BpaljaroLLeiics BOKPYr 0OCK
0,0, < —yrnbl BpaweHuss Bokpyr 00 n 0,0, cooTBETCTBEHHO,
Jo= 0,— p3— yrnoBoe nepemMelLeHNe MOTOpPa MO OTHOLIEHUID K Be-
ayuwieli ocu, BcnefcTBUe AethopMauuy BasoB M cnapHUMKoB, <Si— nepe-
MeHHasl TMOKOCTb Mepefayn crnapHUKamu, paBHas KPYyTALLEMY MO-
MEHTY, HE0O6X0AMMOMY, 4TOObl BbI3BaTb Yr/0BOe cMeleHue [p paB-
HOe OAHOMY pagMaHy. B 4yacTHOM cfny4vae, pacCMOTPEHHOM Bbllle
(yp-ne [56], cTp. 98), umeem

MT a— bcos4oit rr,
N mp c—dcos 4uE’ J ~

MycTb Mr, Mr— MOMEHTbI BHELIHUX CWUM, AeliCTBYKOLWMX Ha Macchbl |,
n /2 cooTBeTCTBEHHO. [MpuK [ABVKEHUM 3M1EKTPOBO3a MOCTOSAHHbIA KpY-
TAWNA MOMEHT MT feCTBYeT Ha Maccy, UMerLLy0 MOMEHT MHepuuu I,
(dur. 61),vn obpaTHO emMy HayuHaeT AeACTBOBaTb MOMEHT — 99,
KOTOpbIA NpeAcTaBnsieT NPOTUBOAENCTBUE CUM YNPYrocTu CKpy4uBae-
moro Bana 00. AuddpepeHumanbHoe ypaBHeHWe ABVMXEHUSA 6yaeT

-n + MT-X1- 9%= 0. [a]

Tem >e cnoco6oM MonyyMm AuddepeHLnanbHoe ypaBHeHNe [ABUXe-
HWA ANA BTOPOI Macchl

-128 - K + « ?l-<pH = 0. ' [b]
B feiicTBUTeNbHbIX cayyasx |, U 1r NpeAcTaBNAOT 06bIYHO 3KBMBA-
NNEHTHbIE MOMEHTblI WHeEPUUN, BeNNYUHA KOTOPbIX MOXET 6bITb Bbl

ynucreHa M3 PaccMOTPEHUS KOHCTPYKLUUW CUCTEMBI.
N3 yp-nii [a] n [b] nmeem:

O603HaunB

noflyuymMm cneaylolee yp-ue:
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B KOTOpPOM ©ecTb HeKoTopas mnepuogmyeckass (PyHKUWUS MO0 BPEMEHM.
B cny4ae, nokasaHHOM Ha ¢ur. 61, mbl umeem un3 yp-us [56] (ctp. 98)

9 n A+ A_ N+ a— 6 cos4at
1j1.3 /,lg c¢—dcOsAut’ 1 J

Ecnm ecTKOCTb Basia 0YeHb BefiMKa M0 CPaBHEHUIO C XXECTKOCTbIO
cnapHukKoB, BennumMHamm b K d B yp-um [57°] MOXHO MpeHe6peUb
(cm. cTp. 98), U Mbl nonyyum

2 Nl
Mbl OpUWAM K KMEWeld MNOCTOAHHYH TUOKOCTb CUCTEMe, Mepuoj
cB0OOOAHbIX KO/e6aHMA KOTOPOM MOXHO NerkKo HamTu M3 CrefyoLLero
BblpaxeHus (cMm. cTp. 13)

i=2r.y"
*(»+ 1)
Mop peicTBMEM MEPEMEHHOr0 KPYTALLEro MOMeHTa MOTFyT BO3HUKHYTb
CU/IbHble KonebaHua B cucTeme, ecnm nepuog M TpaBeH unm KpateH !)
nepuogy CBO6OAHbIX KOMe6aHMn CUCTEMbI. ITUM CMocoboM ycTaHa-
BNMBaeTCA PS4 CKOPOCTEM KPUTUYECKMX [NA CUCTEMBI.

B cny4yae nepemeHHOM FMHGKOCTKM 3agada nosy4yaercs 60aee CNOXHON.
BMecTo onpeaeneHHbIX KPUTUYECKMX CKOPOCTEN CyllecTBYlOT onpe-
AeneHHble 06n1acTW CKOpocTel, B npeaenax KOTOPbIX MOryT Npowu-
30TU CUNbHbIe KonebaHWs. UTo6bl onmpefennTb FpaHuLUbl 3TUX Kpu-
TUYeckuMx obnacTeli, CTaHOBUTCA HEOOXOAMMbIM PacCMOTPEHUE yp-US

x"+0x= 0, [59]

npegcTaBnaoLWero ceBobogHble KonebaHus cuctembl. KoahduumeHT ©
B 3TOM ypaBHeHUU — Mepuogmnyeckas QPyHKUUS 0T BPEMEHMU, 3aBUCALLASA
OT MNepemMeHHON rMO6KOCTU CUCTEMbI, U onpegensetca yp-uem [57].
Mycte T o603HavaeT nepuof 3Tol GyHkumn, a X(t) — peweHue
yp-ua [59]. Toraa, Kak nokasaHo MeicHepoM *), 3HayeHusmm T, OT-
BeYaloWMMN FpaHULamMm KPpUTUYECKMX obnacTeli, ABNSIOTCA TakKue 3Ha-
YeHUs, NPU KOTOPbIX BbIMNOIHEHO OAHO W3 ABYX CAefylOL UX YCNOBUIA:

X(t— T)—x(f), [iN
X(t— T)= —x(t). [e]

Mpu fanbHelilleM pacCcMOTPeHUU Mbl 6yaeM HasbiBaTb ciydali \d)
yp-ua [59] nepuvogMyeckMm peLleHUEM MepBOro pofja, a cnydain [e]
NepuoaNYECKNM peLIeHNeM BTOPOro poja. 3TO 3HAYWT, UTO 3Ha4yeHus T,

") MpuHATo, 4To M TnpescTaBnseTCs TPUTOHOMETPUYECKUM PAAOM (CM. n° 12); Torga
pe3oHaHC BO3HWKHET, eciiv Nnepuoj OAHOr0 M3 YNeHOB 3TOr0 psga CTaHeT PaBHbIM T.
*) CM. yNOMSAHYTYI0 Bblle Ha cTp. 96 ero crartbio.
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onpedensiowMe rpaHULbl KPUTUUYECKMX 06nacTei, sBASIOTCA TaKUMU
3HAYeHUAMU, MPU KOTOPbIX yp-ue [59] nMeeT MepuofuUecKne peLleHuns
WKW NepBoOro, WauM BTOPOro poja.

Mpexae 4yem MnepeiiTM K MPUMEHEHUIO 3TOr0 O06LLEr0 3aK/lUYeHUs
K BbIYMC/IEHUIO KPUTUYECKUX 06nacTeit, gagum 6onee geTanbHOe pac-

cMoTpeHue angdepeHynanbHoro yp-ua [59].

PaccmoTpeHue guddepeHymansHoro ypasHeHus 159] ).— O6uee pelieHne nuHeii-
Horo guddepeHymanbHoro yp-usa [59], KoTopoe fBAsAeTCA ypaBHeHWEM BTOPOro nopsgka,
MOXeT 6blTb BCerja MpeAcTaBleHO B CAeAyloLieM Bufe:

* = qyui(0 + «ii)«(0. [60]
B KOTOPOM av W a, fBe NPOM3BO/bHbIE MOCTOsHHbIE, i],(0 1 &0 [ABa YaCTHLIX pelle-
HUA yp-us [59], BbIGpPaHHble TaK, YTOGbl Y/AOBAETBOPUTb CAEAYIOLLUM  HaYaibHbIM
YyCNnoBuUAM:
yi0)= 1, V()= 0, u4,(0)= 0, V(0= 1 [a]
B cnydae MOCTOAHHOM FMGKOCTW, KOrja ©=/>2 Mbl MUMeeM, Hampumep:

sinpt
11,0= cospt; (0= ——

[OonycTus, 4to ycnoeus [a] BbIMONHEHbI, MOAYYAM, AAS MPOWU3BO/LHLIX MOCTOSHHBIX
B o6uiemM pewweHnn [60], o4eHb MPOCTbIE 3HAYEHMUS, WMEHHO:

ei= (*V-0=*0. «f= (*V-o=3*

3TO 3HAYUT, YTO MOJIHOE MepeMeLieHne CUCTeMbl Npu  KonebaHuu, Bbipaxatolijeecs 06
wum peweHuem [60], cocToMT U3 fBYX YacTeld, OfjHa — 3aBuCALLaA OT Ha4YaabHOro nepe
molleHns X0 cucTeMbl, W Apyras — 3aBucAllas OT HayaNbHON CKOPOCTM X,,'.

Ecnn HayanbHoe nepemMelleHMe W HayanbHas CKOPOCTb [aHbl, MPUOAUXKEHHOE pe-
weHne yp-us [59] moxeT Bcerga 6biTb MOMYyYeHO, MOJMb3YACH rpaPUUEcKUM MW YUCIEH-
HOM cnocobom, onucaHHbIM Bbiwe B N° 19 un 20.

YT06bl NONYYMTb KapTUHY MOCTEMEHHOr0 BO3HWKHOBEHWA KonebaHWid, MHTerpupo-
BaHWe [O/DKHO ObITb PacnpoCTpaHeHO Ha Nepuoj BpemMeHW BO MHOFO pa3 60/1blwnid, Yem
nepvog T dyHKuMnM @ OT0 TpebyeT 3HAUWTENbHOro TPyfa, W BMecTe C TeM TOYHOCTb
3TUX BbIYWUCMEHWI yMeHbllaeTca C yBenuuyeHuem t. Temepb MOKaxem, 4To o6l Ke 3a-
KMHOYEeHUss OTHOCUTENbHO XapakTepa peweHus [FO] MOXHO cpgenaTb, AONYCTMB, 4TO
yHkumnn 4,(0 n 4s(0 n3BecTHbl B npefenax 0~ t T. [na NonyyeHnUs aTUX PYHKLUIA
B YKa3aHHOM Bbille NMPOMEXYTKe HeoOXOAMMO TONbKO HalTu peweHus yp-us [60] gns
[BYX YaCTHbIX HayanbHbIX YCMOBUNA, BblpaXaloLUXca Tak:

*o0=1, *0= 0

*o= 0; *0'= 1-
370 nerko cpenatb KakUM-nn6o npubNudKeHHbIM CNocoboM, WM Takum 06pa3oM Mbl MO-
nyuum dyHkumm i)j(f) n i],(0 B npomexytke 0~ t~ T.
Bcneacteme TOro, 4to ¢yHkums BB yp-um [59] umeeT nepuog T, 3TO yp-ue He
n3MeHuTCA, ecnu BMmecTo t noactasum t+ T. Moatomy i),(/-f ) n i],(f-f- T) Takxe
ABNAIOTCA peleHnaMn yp-us [59] n 4omkHbI UMeTb TakoW Xe BuUA, Kak peweHue [60], T. e.

Ucc+ T)= ai),(0 + *y*(0;
m<l.(/+N)= ci),(0+ <m),0. 11

") HUXenpueoauMbIii aHanu3 WMeeT TOSbKO TEOPETUYECKUA MHTEPEC U MOXET 6biTh
onyuleH 6e3 Bpefa A1 MOHUMAHUS ClefyrOLWNX OTAEN0B.
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MoacTaBuB A= 0 B 3TU yp-us U B WX MPOWU3BOAHLIE MO BPEMEHU, MOAYUYUM CrefyroLine,
3HauYeHWs AN MOCTOSHHLIX @, b, ¢ 1 d:

«=% (D, c= ms(1y,
b—unT), d=ns{T).

Tenepb BUAHO, uTo, 3Has m() u ris(t) B npomexytke 07~ " T, MOXHO BblUu-
CNNUTb 3HAYeHUA 3TUX (YHKUMIA ana npomexyTka T <t< 2 T, nonb3yscb yp-usamu [i)
n [i]. MoBTopsAs TO e camoe paccyXgeHue, NoAyyum fanbHeliliee pacliMpeHue npo-
MeXyTKa, B KOTOPOM 3HauyeHMs GyHKUnii m(<Q 1 m).() 13BECTHbI.

Mocne 3TUX npeABapuUTeNbHbIX 3aMeyaHWii Mbl CHOBa BepHeMCH K yp-uto [59 u
noctapaemca nonyyntb peweHue N(t) 3TOro yp-us, TaK, 4tobbl No UCTEYEHUWN BPeEMEHMU,
paBHoro nepuogy T, Kone6aHue BHOBb MOBTOPS/NOCH, HO C YBENMYEHHBIMU aMNIUTyamu,
JT0 npeAcTaBngeTcs Tak:

N(t+ T)= kN(t). [d]
Kak n kaxgoe pelweH..e yp-us [59], peweHune h't) nveet Bug
V()= e)i*)+ ap.(0. ' /[e]
oTKyfa
Nt T)= + N+ -)-T),
nan, nonb3yacb yp-uem [b],
N{t+ T)= a, {ari™i)-f brift) } + a, {rq,(f) + dr™t) } \j\

Tenepb noactasus [ n [f] B yp-ue [d\, umeem

a, {«Ti(t)+ H (0}+ ai{ }= k {Bm),(0 + asris(t) Jm
3T0 yp-ue MOXeT ObiTb YAOB/METBOPEHO MPU KaXAOM 3Ha4yeHMu t, ecnu
aat -f- ca3= Aa,;
bcii -f- duz= k.72
N3 3TuX ypaBHEHWI/ Mbl UMeeM

B, c d—Kk
as a—K b’ 7

T. €. KO3(h(MLUNEHT K [JO/DKEH YAOBNETBOPATb CheAylolemMy yp-uto:

(a— k) (d —Kk) = bc,
nnm

k-—(a+ d)k \~ad —be= 0. [h]

3T0 yp-ne MOXHO YNpoCTUTb, €CAU NpMMEM BO BHUMaHue, uTo TJi(<) n T)Rr) asnstoTcs
peweHusMmu yp-na [59], Tak uTo

n"0+ suM= 0;

Y"0+ N «=o.
VCKNIOUMB 13 3TUX YypaBHEHWIA 6, Mbl MMeeMm

i,"W % (i)-V'Ne W =0,
M3 KOTOPOro nocfie MHTErpupoBaHnsA MONYUYUM:
= const.

MoactaBnsas B 3T0 yp-ne (= 0 un N nonb3yacb yp-urm \a\ un yp-uem [r],
nonyynm

—\=bc —ad.
N yp-ne [i]] nonyyaet Bug
h%— (ar\-d)k + 1= 0, , A
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13 KOTOPOro
a-\-d , ma

1/ H r)-1* n
Ona Kaxgoro U3 3TMUX ABYX KOPHEH MOXHO BbIUMCAUTL M3 yp-us [g] COOTBETCTBYHOLLMUE

3HaYeHNUS OTHOLIEHUS a , W TakMM CrMocoboM Mbl nonyyum papa 00bIKHOBEHHbIX WHTE-

a«
rpana (cMm. yp-ue [e]) Nt(t) m N2t), Tak uto
Wi+ T)= ktNAt), N,(t+ T)= ksN,(t).

OyeBUAHO, 4YTO M3MeHeHMe uHTerpanos N~ t) n N,(0 no BpemeHu 6yaeT 3aBuCeTb OT
3HAYeHMs KOpHel K, n K2 yp-us \K].

Ecnn
a+ d\l
2 '>b \P]

To 06a KOpHA [felicTBUTEeNbHbI W, BCneacTeme Toro, yuto klk«= \, abconTHa Benu-
YMHa OJHOrO W3 3TUX KOpHeil 6yaeT 6Gofblue efuHWLbI. DTO yKas3blBaeT, YTO COOTBET-
CTBEHHbI/i MHTerpan yBennuymBaeTcs 6ECKOHEYHO C BpemeHeM. Bosbmem, Hanp., |A|> 1,
TOrga, nocne NpoMexyTKa BpeMeHW paBHOro nNT, umeem
NAt + n-o=KfNAI).

FACHO, YTO CTeMeHb YBE/ANYEHUS aMNAWUTYAbl KonebaHUs 3aBUCUT OT BEAUYUHbLI [A,|.

Ycnosue [p] npeacTaBnsieT KpuTMUeckume 06/1acTW, B KOTOPbIX MOXHO 0XWUAaTb
CU/bHbIE KonebaHus.

Ecnn

I U

To 06a KOpHA yp-ua [T] nonyyawTCs MHUMbIMW, U COOTBETCTBYHOLWNE KOonebaHns BCerga
COXPaHAT KOHEeYHY amnautygy ’).
[paHWLUbl KPUTWYECKWX obnacTeil HaigyTca W3 ycnosus

a+d
2

B atom cnyuvae, £,=:£3= + 1, wwm &= £,=— 1 un yp-ue [59] vmeeT nam nepuoau-
4ecKoe pelleHne NepBOro poja, v Neprofmyeckoe peleHne BTOporo poga (cm. ctp. 102).
Ecm /r,= 1W3= 1, umeem N(t T)= S(t) nepuoguyeckoe pelLleHue Mnepsoro poga\
ecin xe kl= k~=— 1, mbl umeem N(t+ T)= — N(t) nepnoamueckoe pelieHne BTO-
poro poga (cm. ctp. 102).

2T
B nepBoM cnyyae Nepuoj MOXHO MNPeACTaBUTb (HOpMynoii — , B KoTOpoit n= 2,

4, 6 ... Bo BTOPOM C/ly4yae nepuoj MOXHO MpPeACTaBUTbL Takoi ke (opmMynoii, HO npw
f= 1 3,5... N3 3TOro BUAHO, 4YTO AN ONpefefeHUs rPaHuL, KPUTUYECKWUX obnacTeit
NS CUCTEMbl C MEPeMeHHOW TMBKOCTbIO HYXHO TONbKO ONpefeNuTh Takue 3HaueHus
nepuoga I QyHKuun © B yp-umn [59], NpyM KOTOPbIX 3TO yp-Ue WMeeT WAW Nepuogu-
ueckoe pelleHue MepBOro poja, WAM NepUoAMYecKoe peLleHue BTOPOro poja. dru
3HaueHus T MpeACTaBAT rpaHWLbl KPUTUYECKUX 06nacTei.

OnpegeneHne ob6nacTeil KpUTUUECKUX CKOPOCTeii a).— B ciyyae anekTpoBo3a Us-
MEHSEMOCTb TMGKOCTM CUCTEMbI OGbIYHO Mana W 06/1acTM KPUTUYECKUX CKOPOCTEN MOXHO

*) CM. Bbllle Ha cTp. 96 ynoMsHyTyk cTaTbio MeiicHepa.
s) Cm. Karl E. Muller, Ueber die Schittelschwingungen des Kuppelstangen-
antriebes, Dissertation der Eidgen. Techn. Hochsehule in Zirich.
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BbIYNCINTL MOCNe0BaTeNbHbIM NpubAKeHWEM. TMOPAAOK 3TUX BbIYNCNEHWA MOKaXeM
Tenepb Ha YaCTHOM cnydae, Korga (yHkuus 6 B 06LieM yp-uu
x"-j-0gr= 0 [597
UMeeT cnegylownii Bug
g_a+ bcos2ot+ ccosd<® /,+ /2
p + gqcos2ast-f-rcosdwt /,/s ’ fon

B cnyvyae CMMMETPUYHOCTW CXeMbl, PacCMOTPEHHON Bblwe, b ~q = 0, n mMbl npu-
Lem K BuAy, ykaszaHHomy B yp-uu [57'], cTp. 102.

[onyctue, uto PyHKuma O npu ABUXKeHWUU 3NneKTposo3a npefepneBaeT nuwb HEGOMb-
LWMe W3MEHEHMUs, MOMYYUM BEeNUUHBLI b, ¢, g U I B yp-un [61] HeboNbWWUMU CpPaBHU-
TeNlbHO Ca u p W, NPOWU3BEAA [e/fleHne, MOXeM MpeAcTaBUTb 3TO yp-We B CleAyloLem
Buae:

©= f— H—S-cos 2u>t 4- — cos 4&ut )!' \(I — {P_ cos 2w( -f — cos 4wt \r4-

\p p p p
+ cos2nt + £ cosU t l-j ~ ) [a]
Myctb
= _y =gls -y *— JL—agsr, —=rf4,
P Vs P Vs P PP
rfe gi. gs 1 &4 BeNM4YMHbI TOFO XK€ MnopafKka, 4To ga a e 0603HayaeT HebOoMbLIYIO
Be/IMYMHY. Torga, Nonb3yacb TOXAECTBOM
2cos2mtcos 2nt=cos 2(m -f- n)t -f cos 2(« — n)t, [b]

yp-ue [a] moxeMm npeacTaBuTb B CneAylolem Buge:
9 = ga*¢a0f e(s, cos2ut+ arcos4al) -f-eXa, cos 2w/ -f-n4cos 4n/ -j- a5c0s 6U>/ -f- 51, cos 8<U) -j-

+ e3a, cos 2w/ f------ IR 1, [l

B KOTOPOM MOCTOAHHble a0, a,, a2 e MOXHO BbIpa3uTb B BbllIeYKa3aHHbIX BeU-
YnHax go0, £e,, 00

WTa:;, 04eBMAHO, YTO (YHKLMA @ 3aBuUcAWLas OT MEepeMeHHOW TFMOKOCTU CUCTEeMbI,
UMeeT nepuop

r=1, w

T. €. ABa MOJHbIX Nepuofa © cOOTBETCTBYHOT OAHOMY 060pOTY KpuUBOLWIMNA.

B nocnegyloulem paccMOTpeHuu AuddepeHuuansHoro ypasHeHus [597 BBegem
Yyron <4 Kak HOBYH He3aBUCUMYI MepeMeHHyl, BMECTO BpeMeHM t. 3Ta nepemeHHas
onpegenseTcs yp-uem:

P=uit [e]
1 byfeT npefcTaBNATb Yron BpalleHWs KpuBoOWWMa:
dx dx d°x 8d*x
dt-— d<f* dt* a<f2'
MopcTtasnas B yp-ue [591 n nonb3yace yp-uem [d], umeem
CPX+ ;’2 _ [62]

B KOTOpPOM M3 yp-ua [c]
0= its | a0-f- £(a, cos 2tp -f- A» cos 4<) -f- C0S 2P -j- adcos4? -f abcosb6e+ aecosSg) +
-f e’(a7cos2¢ +eee) + -} > [
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T. €. nepuof yHkumu O Tenepb paBeH it

Ha ocHOBaHMM npefbIfyLero pacCMOTPeHWUA TpaHuLbl KpUTUYeCKUX obnacTeit
[BUXXEHNA CUCTEMbI COOTBETCTBYIOT TaKUM 3HaueHWsaM nepuoga T, Npu KOoTopbiX yp-ue [62]
umeeT MEPUOAMNYECKOE pelleHWe MepBOro WanW BTOPOro poja, T. e.

*(?+*)=*(?) [g]
*(2 + * )= —*(%),

LN BbIYMCNEHUS 3TUX YaCTHbIX 3HauyeHwWin T, gonyctum, uto T u je(-f) pasBepHyThI
B criegyrlolne pagpl:

nnn

F=al+al+ a2+ a3e3-|--—--- , Al
)= F0@)+ 4 W) b
B KOTOPbIX e 0603HayaeT Ty Xe camyl HebOoMblY BENUYUHY, KaK U B yp-umn [/] Bbiwe
MopctaBus pagbl [/] wu [ft] B yp-ue [62], umeem

+tmem(..+., . +tm.F+ )mX
X {a0-f-s(a, cos 21+ a2cos 4tp) + e5as3cos2? +ee¢)} X
X { *o(<p) + eltTi(tp) + e8/Ta(cp) H------- }= 0.

MepenucaB NeByl uYacTb 3TOr0 yp-Us N0 BOCXOASALMM CTeMeHsM e W NpPUpaBHAB
KO3((MLUMEHTbI KXAOA CTeuenu e Hyno, Nofyuynum CAedyiolyo cucTemy yp-uii:

+ “Ba»*0(?) = 0, A
+ allin1(?) + *0(?) j 2a0a(oJ-f ccha, cos2<f -f ascos4?)j = 0. 1

Yp-ue [k] npeacTaBnseT MpoCTOe FapMOHWYECKOE ABUXEHWE, pelleHWe KOToporo

MOXHO HanucaTb B CleAylolem Bufe:
X 0==A cos (a-f-f 50, [m]
B KOTOpOM
n=j/a0a/, [n]
a A 1 80 Npon3BO/ibHbIE MOCTOSIHHbIE.

YT06bl yAoBNeTBOPUTL YycnoBusiMm [g], Heo6X0AMMO B3ATb A==2, 4, 6, s ans
nepuojuyecknx peleHnii nepeoro poga M n= 1, 3, 5 e an9 Nepmogumyeckux pe-
WweHuii BTOpOro poga. [loacTaBnas 3To B yp-ue [d4] M MpuUHUMas BO BHMMaHUue, 4To
u3 yp-ua [h] a0 ectb nepsoe npubnmxenue ana nepuoga T,a Tra0= & npefcrasnger
HeKOTOpoe cpefHee 3HavyeHue 6, MMeeMm

a3 r —
| \H [
B KOTOPOM N = ], 2, 3 mee.

'‘CpaBHUBas 3TOT pe3ynbtat c i = 2ir/"0o— nepuofoM COGCTBEHHbIX KonebaHui
CUCTEMbI, MMeloLeli NOCTOAHHYK rnokocTb 0= € MOXEeM 3aK1lo4yuTb, YTO B MEPBOM
npuéAmKeHNn BMeCTO 06nacTeld KpUTUYECKUX CKOPOCT e nonyyaloTcs onpefeneHHble
KpuTUYeckme ckopocTu. Mpw 3Toli KpMTu4yeckoi ckopocTu nepuod 2T ogHoro obopoTa
KpuMBOWWMMA paBeH WAM KpaTeH nepuody I COGCTBEHHbIX KonebaHWA cUCTeMbl C NO-
CTOSHHOM >KECTKOCTbl0, OTBevallieid HeKOTopoMy cpefHeMy 3HayeHuto 00 dyHkumm 0.

BTopoe npubnmxeHue ans peweHus yp-ua [597 Mbl nonyuum Tenmepb, NOACTaBAAs
nepsoe npubnmxeHue \T] B yp-ue [/]. 310 paet

-* ¥ + a0a,*x,(4) = — 2a0a”o, A cos (A® — 5,) —

I L[ —a0'/1 cos (gap —S,) (ai cos 2¢ + aflcos 4cp),
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UK, Nonb3yacb TOXAeCcTBOM [b],
~N -+ <g'@*i(<f)= — 2e0am,Acos(n? —\) m
N Ajcos[(a+ 2)?—80+ cos[(a—2)¢—38]|
m~ Afcos[(n+ 4Hop—o0+ cos[(m—4)? —o |. o]

Ob6uiee pelleHWe 3TOr0 yp-us COCTOMT W3 ABYX YacTeil: nepeas — CBOGOAHblE Kone-
6aHns, npeacTaBnsemble (YHKLUeENR

Beos (s<f —Q),

rae B n Si aBnsl0OTCA ABYMS MPOW3BONMbHBIMW MOCTOAHHbIMM, a N — YaaaJ, apyras

Xe 4acTb — BbIHYX/AeHHble Kone6aHus. Mpy  BbIYMCNEHUU 3ITUX MOCNeAHWX KonebaHwii

BOCMONb3yemcs 06WMM BblpaxeHuem [24] (ctp. 25). O603Havasa uyepe3 R('-f) npasyto

CTOPOHY Yyp-usa [0], MOXeM npefcTaBUTb BbIHYXAEHHble KOoNebaHWs B Crefylolem Buge:
?

—j R@E)sinn@®—")<1 [p\
0
UneHbl npaBoli yacTu yp-us [0] MMelT chefytouwyto ob6ulyto qopmy:

N cos [(n +: m)'f —8].

MopcTtasnas ato B [p], MMeem:
(%)

N Fcos[(re i m)5—8]sinn(«p — E)fo= — N, ) j{ cus[(n = /n)® — o] —
0
—cos (n® - 0)j + {cosKni m)'f— S| — cos (a<p + S)J . [9]

CyuiecTByeT fABa MWCKNHOYUTENbHbIX cnydas T = 0, 1 2n tHT —0. B nepsom
UCKNYNTeNbHOM cniyyae (ar= 0), nepBblii 4neH npaBoi 4acTu yp-ua [?] nonyuvaetcs

paBHbLIM
N2 st (e + §

Bo BTOpOM ucknountensHom cnyydae [(2n £ T) — 0] BTOpOI YneH npasoit yactu yp-us [q]
nony4yaeTcs paBHbIM
N osin (<? + 0).
Mocne aTux NpeABapuTeNbHbIX 3aMeyaHuii obliee pelleHne yp-us [0] MOXHO npea-
CTaBWUTb B Cnefytolem Buje:

xt— B cos (a® — 8,) — 200000, A 2"- ®sin (n® — 8,) —

— a5~ &~ A8+ 5] —
[cos(n + 2),- 60](— 21 ¢~ + | +
@“n ID)+
eco3(ncp_80 (" .1 I 1 '+
/1 1
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COS[(N1 + 4)? - 4 1ons 4t

cvM - 4TaB[(" 4?2 Md (T + 25=10) + "]
z2-2n s (na +
4 41T
+ co5(n=+ ) f’\qlr4 2n'_4

OTcloga BMAHO, YTO BCE UYNeHbl MOMYYEHHOTrO peleHUs, 3a WCKIHYEHWEM ufieHa
— 2a0ala, N Ppsin (n¢ — 8),

ABNAIOTCA NEPUOANYECKUMU WAN MONYNEPUOJMYECKUMU; NO3TOMy Yycnosua [E 6yayT
YA0BNETBOPATLCA MOACTAHOBKON <= 0.

Takum cnocoboM nosiyyum BTOpoe npubnuxenue Ana T, NONb3yACb NEPBbIM U3
BblpaXeHuidi [hf, npubnuxeHHoe 3HauyeHWe KOTOPOro COBMagaeT C MepBbIM NpuUbANXKeE-
Huem. WcknouuTenbHble cnyyan BCTpeyaloTcs TOMbKO, ecnim n— 1w n=2.

Mpn N — 1, yneHbl

aaA 1 1 1

J— -? — - ' -
2 CS[ATAT S0 g, TOOSMZE 005 oy )

B 0o6leM peweHun [r] NPUHWMAIOT BUA 00 — CO U AO/KHbI GblTb 3aMeHeHbl UJeHOM

1 , i
— -UYr~ «0 «?2SIn(y+ S»-

Ons Toro utobbl peweHue [r] cAenatb MepuogUYECKUM WAWU MOSYNepUoLUYECKUM
Heo6X0oAUMO MPUHATL B 3TOM C/ydae

-QaOa(hlﬂl-’é- 2 sin /(tp—&f---:g@ﬂ %/ >sin @+ o) = Q
unu

sin e COS 00 «0 “oax-----v\ ﬂ'\! 4 Q05 0 sin 30 {aOa(hl ------ 0 —al\ = 5' N

VimetoTca gBe BO3MOXHOCTU YAO0BNETBOPWUTL 3TOMY Yp-UI0:

)] 8= 0 —alm VEi= 0 a— ai
unm
2) 0—y , waai O L 4a0

MopcTaBnsAsn MoNyyYeHHble 3HAYEHWA ax B NepBoe M3 yp-uil [J1] u npuHUMas BO BHU-
. 1
miaHve, 4To M3 yp-ua [a], npy n — 1,30= - , Mbl MMeeM KaK BTOpOe MpUOSINXKeHUe

Ons Tb COOTBETCTBYIOLLEe FpaHULaM KpUTUYECKOW 06/1acTu:

1 1 a.

T'Orné - ~
( Vau  Vaa 400 [64]

-L+S-L.~

J0e KY, 4ao

FACHO, YTO BMECTO KPUTUYECKON CKOPOCTW, MOMy4yeHHol npu s=1 u3 yp-us [63],
Mbl MOMly4YUM KPUTUYECKY0 obnacTb Mexay npegenamu (Fi)tin n (Ti)max. Pacwu-
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peHue 3TO 06/MacTM 3aBUCUT OT BENWYUHbI HE6GOMbLUOrO KONAWYeCcTBa € W OHa YMEHb-
LIAeTCA C YMEHbLUEHUEM WM3MEHSEMOCTU FMOKOCTW CUCTEMbI. IHTEpeCHO OTMETUTL TaKxe,
4To pasHuua B hase 60 mexay (yHKuueid ©un cBO6OAHBIM KonebaHMeM CUCTEMbI MMeeT
fna onpeAeneHHbIX 3HauyeHWs AN ABYX NpeAenbHbX nonoxenunid 5,= 0 n 50= T/2.
CneflyeT OTMeTUTb elle, YTO KpuTuyeckas o6nacTb nNpu m= 1, pacCMOTPeHHas Bbllle,
0TBeYaeT HauBbICLIE/ CKOPOCTM BpalieHWs W ABNAETCA MO CyLecTBY Hambonee onacHow
obnacTbto. <

Ona cnyvas n= 2, T. e. gna 6Gnvxkaiwelid HU3Wel KPUTUYECKON o6GnacTu, mosb-
3yfiCb TEM XXe CcaMbiM CNoco60M, Kak Bbille, Mbl MOAYHYUM

165]

Utobbl MoNyuuTb KpUTMYeckue obnactu, oTBevatowme n—3 u n— 4, cnepyet
paccMoTpeTb TpeTbe NPUOAVXKEHWE U yp-ue ANA Xxa ITO yp-ue MOXeT 6bliTb MOMAY4YeHO
13 obwero yp-ua [o] Tem xe cnocobom, Kak yp-us [A] u [/] 6binn ncnonb3oBaHbl Bbille
[ONS BbIYMCNEHWS MEPBOTO M BTOPOro MPUOGAVKEHWIA.

Monb3yacb OMNWCaHHbIM METOAOM, MOXeM YCTaHOBUTb KpuUTUYeckue obnactum gns
yp-usi [59], npefcTaBnsoWero cBobofHble KonebaHUs 3M1eKTpoBO3a. ITU 06/1acTN Kak
pa3 Te, B KOTOPbIX MOFYT BO3HWKaTb CW/bHble KONe6aHWA NOA AeliCTBMEM BHELIHUX CUA
cM. yp-ue [c] ctp. 10!)°). PaccmoTpeHue [LelCTBUTE/bHbLIX CAy4aeB MOKa3blBaeT*), uTo
pa3Mepbl KpUTWYeCKUX obnacTeii mManbl, U 4TO NepBoe NpPMBAVXKEHWEe, B KOTOPOM mepe-
MeHHas >XeCTKOCTb 3aMeHeHa HEeKOTOPOi cpefHeli NOCTOAHHON XEeCTKOCTbIO U B KOTOPOM
KPUTMYECKNEe CKOpOCTM onpefenstoTcs yp-uem [63], gaeT xopolwee npubamxeHve K
[eiCTBUTENbHOMY pacnpejeneHnto KpUTUYECKUX CKOPOCTEi.

B Hawem wuccnegosaHun 6blM pacCMOTPEHbI NWLWb MepeMeLLeHuns, 3aBucsLLme ot
ynpyrux gedopmaunii cuctemsl. B aeiicTBUTENbHbIX YCNOBUAX 3afjada KonebaHuii anekTpo-
BO3a ropasfo C/OXHee K3-3a Pa3IMYHOro poja MPOCBETOB, KOTOpble BCergja WMeT
MecTO B [eiCTBUTENbHOW KOHCTPYKLMU, U BAUAHWE KOTOPbIX Ha FMOKOCTb CUCTEMBI
6bIN0 YXe pacCMOTpeHO Bbile. Korga CKOpOCTb ABUXYLLEroCs 371eKTpPOBO3a [OCTUraeT
KPUTNYECKO 061acTh, MOTyT BO3HWKHYTb CU/bHble KONMebaHWs CUCTEMbl, NPWU KOTOPbIX
OBUXKYLLME MacChbl [BaXAbl 3@ KaXAbl LUKA 6yayT CMblkaTb nMpocBeTbid). Ycnosus
6ynyT TOrga aHanoruyHbl ykasaHHbIM Ha ¢ur. 44 (cTp. 75). Takoro poja [ABuXeHue
COMpPOBOXJaeTcs TONYKaMW W BecbMa BpeAHO mpu pa6oTe. MHOrMe HenpusTHble Chy-
yaiiHOCTU, 0COGEHHO Ha NepBbIX MOpax 3/1eKTPOBO30CTPOEHWS, CrefyeT OTHECTM 3a cueT
3TUX KonebaHwi. [NA WCKNKOYEHMA 3TOro Tuna KonebaHWin rMOGKOCTb CUCTEMbI LO/MKHA
6biTb BblGpaHa Tak, 4To6bl AelCTBYIOLLAA CKOPOCTb 371€KTPOBO3a 6Gblfa BOSMOXHO Aanblue
0T KpuTuyeckux obnacTeil. OnbIT MOKa3blBaeT, YTO BpefHOEe AeiicTBME 3TUX KonebaHuii
MOXeT OblTb f[0BEfEeHO A0 MUHUMYyMa BBEAeHWEeM B CUCTEMY TMOKWX YNEHOB, KaK Hanp.,
rmbknx nepegay. 3TUM CNOCO6OM M3MEHAEMOCTb TMOKOCTM cucTeMbl 6GyfeT yMeHblueHa
N pasmep o6nacTeii KpPUTMYECKWX CKOPOCTel cokpaTutcs. BeefeHue a cuctemy fo-
6aBOYHOro 3aTyxaHWa TakXe MOXeT ObiTb MOMe3HbIM, TaK Kak OHO 6yAeT yCTpaHATb
BO3MOXHOCTb MOCTEMNEHHOr0 HapacTaHWs amnAuTyAbl KonebaHuii *).

‘) CM. cTaTblo npog. MeiicHepa, ynoMsaHYTYyi Bbiwe Ha cTp. 96.

8 Cwm. ctatblo Mionnepa, yKasaHHyw Bbiwe Ha ctp. 105.

a) BO3MOXHOCTb MOSBAEHUA 3TOr0 TUNa KonebaHuii MOXET 6blTb B 3HAYMTENbHON
Mepe ycTpaHeHa BBefeHWEM TU6KON CUCTeMbl Mepepayu.

4) Pa3nuuHble cnocobbl BBefeHNA 3aTyxaHWs pacCMOTpeHbl B KHWre BuxepTa,
YNOMsHYTON Bblle Ha CTp. 96.
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CUCTEMBbI, UMEKLWWE HECKO/IbKO CTEMEHEW CBOBO/AbI.

24. MpuHuun g’Anaméepa M Hayano BO3MOXHbIX NMepemMel,eHUnn.—
B npegbigyluiem paccMOTpeHUM KonebaHWit CUCTEM, WMEKOWMX OAHY
cTeneHb CBO6GOAbLI, HaMy YacTo MNpUMeHsANCA npuHUun A’Anambepa
(cm. n° 1, cTp. 8). TOT Xe MNPUHLWN MOXHO TakKXe MNPUMeHATb K CU-
CTeMaM C HEeCKO/IbKUMW CTerneHAMW CBO6OAbI.

Kak nepBbI/i npumep paccCMOTPUM ABUXEHWE 4YacTulbl CBOGOAHON
B MpocTpaHcTBe. [na onpefeneHWss MOMNOXEHUSA STOW YacTulbl He-
06xoaMMbl TpU KoOpAuHaTbl. beps [ekapToBbl KOOpAUHATbLI U 060-
3Havas uyepes X, Vu Z cocTaBnsiolinme paBHOAENCTBYOLLEH BCEX CuW,
JeiCTBYIOLWMNX Ha TOYKY, MNOAYYUM YpaBHEHUS pPaBHOBECUS TOYKU:

X = 0, Y= 0, Z= 0. [66]

Ecnn Touyka HaxoauTca B ABWXEHWUU, AnddepeHunanbHblie yp-usa ABU-
YXEHMS MOXHO HamnucaTb TaKMM e MNOPSAKOM, KaK W ypaBHEHUs cTa-
TUKW, Ha OCHOBaHMW npuHUMna pg’Anambepa. HeobxoagMmMo TONbKO
[06aBNTb K JaHHbIM BHELWHWUM cunam cuny uHepumn. CocTaBnswouwune
3TON CUNbl Ha HanpaBneHusiX X, 3; N 2 paBHbl COOTBETCTBEHHO — TX'",
—TYy", —mz", n ypaBHeHUA [BWXeHUA OyayT

X—T1x"=0, y—Ty"=0, Z —mz"—o. [67]

Ecnn paccmaTpuBaeTcsi cucTeMa HeCKOMbKMX 4acTul, CBOOGOAHbIX B
NpocTpaHCcTBe, TO Yyp-ua [67] AOMKHbI OblTb HanucaHbl A4S KaXXAoW
TOYKM CUCTEMBI.

PaccMOTpuUM Tenepb CUCTEMbI, B KOTOPbIX MNEpPeMELLEHUS 4YacTuu,
COCTaBNAKLIMX CUCTEMY, He BIOMIHE HE3aBUCUMbI, a MOAYMHEHbI He-
KOTOPbIM OrpaHM4YeHUsIM, KOTOpble MOryT OblTb BbIpaXeHbl ypaBHe-
HUAMW MeXay KoopauHaTamu sTux Todyek  Ha dur. 66 npefctaB/ieHbl
HEKOTOpPble MPOCTeilIMe MpPUMepbl TakKuMx CcuUcTeM. B cnydae cepu-
YeCcKoro MasaTHuKa (ur. 66a) paccToaHMe YacTuubl T OT Hadvana
koopanHaTt O [JO/HKHO ocTaBaTbCA MOCTOSHHbIM BO Bpemsi ABUXEHUS

*) Cnyyan, Korfa yp-us OrpaHUYeHWs 3aKNio4aloT He TOMbKO KOOPAWHATbI, HO TaKxe
M CKOPOCTM 4acTUL, U BpeMs, 3fecb He GyAyT paccMaTpuBaTbCs. Mbl, Hanpumep, He
paccmaTpuBaeM Kone6aHUi MasTHUKA, AMHA KOTOPOro 0COo6bIM NpUGOPOM U3MEHseTcs
BO BpeMs [BWXEHWs, T. e. clyuaid, Korga / — HekoTopas (yHKLMUs OT t.
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M paBHbIM AnvHe | MasTHMKA. [103TOMY KopauWHaTbl X,y W Z 3ToW
TOUKM YXe He He3aBUCHMbl — OHW [O/KHbI YA0BNETBOPATb yp-Uio:
XY -y*+ z¥= P, [a]

B cnyyae fgBOWHOro masitTHMKa (hur. 66 b) orpaHM4YnTenbHbIE YC0-
B/USI MpeACcTaBATCA CAefyHLWUMU YP-UAMU:

t Nn-Yi2— A2 [b]
(Xr—"i)54'1Yi —Y\Y~1-r- [f]
B cnydyae cuctembl M3 wWaTyHa M KpuBowwuna (gur. 66cC) Touka A

LBWXETCA No Kpyry paguyca I, a Touka B gBmxetca Bponb ocm X
MonoXxeHue  cUCTeMbI

n ~
(—--i------ onpefenseTcs  OJHOW
\VARS TONbKO  KOOPAWHATOW,
" *C“\\% T. €. cuctema wumeet
® NMMWb  OAHY  CTerneHb

B i X T kaj . cB0604bI.
o =N ; Mpn paccmoTpeHUm
r > N ycnosuii  paBHOBecus

Ly

oy — migm ! Takux CuCcTem npume-
A HAM Ha4yano BO3MOXK-
no7oo, * HbIX MEpPeMeLLEeHNA. ITo
Hayano coCTOUT B TOM,
our. 66. 4YTo ecnum cuctema B

paBHOBecuKn, To paboTa
BCEX CW/T Ha KaXAOM BUPTYa/lbHOM MepeMelleHUn cUcTeMbl (Manble
BO3MOXHble MepeMelLleHns, T. e. MepeMelLeHnNs, KOTopble MOryT npo-
M30ATN 6e3 HapyLueHWUS OrpaHNUYnTeNbHbIX YCNOBUA CUCTEMbI) A0/KHA
6bITb paBHa Hynw. Hanpumep, B ciydae cgepuyeckKoro MasTHUKA,
0603HauMB 4yepes X, Y u Z cocTaBNswLW,Me paBHOAENCTBYHLLEN BCeX
cun, AeACTBYKOLWMX Ha mMaccy T, MOAYyYMM Yyp-ue BO3MOXHbIX Mepe-
MeLLeHWA B BuUAe:
X&x -f Yby-f- Zbz = 0, [d]

roe Sx, 8y, hz— coctaBnsatouwMe BUPTyaNbHOr0 MepeMeleHnss TOUKM T,
T. e. HebOMblUME M3MEHEHUS KOOpAWMHAT X, Y W Z TOYKM T, YjOBIe-
TBOpsilOLWLME orpaHuunTenbHoMy ycnoeuto [a]. Torpga

(x W)2W- Cy-b By)a-j- (z -f- Sz)2= t2
unu, npeHebperas BeMUYMHAMW BbICLLIEro MOPsSAKa ManocTu,
xbx -f-yby -f- zbz= 0.

JT0 yp-ve nNoKasbliBaeT, YTO BO3MOXHOE rMepeMelieHne MeprneHAnKY-
NAPHO cTepxHio | MaATHWKa, M 4To n60e Manoe MNepeMeLLeHue
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yacTuubl T MO MOBEPXHOCTU Lapa MOXHO paccmaTpuBaTb Kak BO3-
MOXHOe nepemMewieHne. Yp-ue [d] 6yaeT yaoBNeTBOPSATbLCS, €CNM paB-
HofelcTBYIOWAsA BCeX Cun, [elACTBYOLWNMX Ha T, HOpmanbHa K cde-
pUYECKOA MOBEPXHOCTU, TaK KaK TO/IbKO B 3TOM c/iy4yae paboTa 3Tux
CU Ha KaX[JOM BO3MOXHOM MepeMelleHUU 6yAeT paBHa HYnHO.

Tenepb, COeAMHAA Ha4dano BO3MOXHbIX MepPeMELLEHUA W NPUHLUN
4'Anambepa, MOXEM Nerko noayyuTb AnddepeHunanbHble yp-usa 4Bu-
XEHVS cUCTeMbl, MMelOLLLeli orpaHuveHnsa. Hanpumep, B cnydyae cde-
pUYeCKOro MasiTHUKa, npubaBuWB CUY WHEPLUM K BHELIHUM CU/IaM,
feficTBylOWMM Ha yYacTuuy T, MNonyymm crnegyrouiee obuiee yp-ue
OBVKEHUSA:

(X—T1Xx") 8-)-(K— T1Y") — mz") bz= 0, [68]
B KoTopom 8x, §, & — cocTaBnswLlMe BO3MOXHOIMO MepeMeLLeHNS,
T. €. Manoro nepemMmeleHnsl, yA0BNeTBOPSIOLLErO YC/IOBUKD OFpaHuye-
Hua [a]. Tem >Xe cnoco6om A/ CUCTEMbI, COCTOSILLEN W3 M YacTuy,
TUTbTa ... MNOABEPXEHHON aeiicTBUto cnn XN Kbz 15 XY Z4). .,
nonyymm obuiee yp-ue ABUXKEHURA:

Y ((X{—Tex") BX(+ (K —iwy-") §t+ (Z,— T(( bztl= 0, [69]
=i’ >

B KoTopoM 5Xj, &b &,, ... SAABNAOTCSA COCTABAAKLLMMU BO3MOXHOIO
nepemMeLleHns, T. €. MasbiIMM MepeMeLLeHNsaMU, YL0BeTBOPSAOLWNMN
OrpaHMunNTeNbHbIM YCNOBUSAM CUCTEMbI. Hanpumep, B cnyyae 4BOW-
HOro MasiTHUKa (ur. 66 b), BO3MOXHble MNepeMeLLeHUs AO/DKHbI YA0-
BNeTBOPSATL ycnosusim (cm. yp-usa [b], [c]):

xi+ ~i)2+ (Y\4 ®Yi2= A2»

(x34 612—X, —8x)24 M4 v—N—tyi)l= /N1
CnepyeT oTMeTuTb, uTo Xir K 1 Z40603HavaoT cocTaBnsoLine pas-
HofelicTBYlOLLEl BCeX cun, [elCTBYOLWMUX Ha 4vacTuuy Tb HO cylle-
CTBYIOT HEKOTOPOro poja Cufbl, KOTOpble He JalT paboTbl Ha BO3-
MOXHbIX MepeMeLleHnsAX, Hanpumep, peakuuu LaTyHa C KPMBOLUMMOM
HeU3MeHsIeMOW [/IMHbI, peakuuMW 3aKpenseHHbIX Uand, peakuuu rnag-
KUX MOBEPXHOCTEN WM KPUBbIX, C KOTOPbIMWU ABUXYLLMECS 4YacTulbl
BbIHYX/eHbl 0OCTaBaTbCA B CONPWKOCHOBEHWW. B panbHeliwem pgony-
weHo, uto Xh K n Z, 3aknw4yaT TONbKO CWUMbl, KOTOpPble NMPOU3BO-
0AT paboTy Ha BO3MOXHbIX MNepemMeLLeHUsX.

Ecnn HeT orpaHM4YeHWiA M 4acTuubl CUCTEMbl COBEPLUEHHO CBO-
6oaHbI, Manble BenuuuHbl 8T, §/i; &{ B yp-un [69] BNONHe He3aBU-
CUMBbI, 1 yp-ue [69] 6yaeT ynoBNeTBOPATbLCA A7 KaXAOro 3HadeHus
BUPTYa/lbHbIX MEepPeMELLEeHNA TONbKO B TOM C/ly4yae, €C/IM BbIMOJIHEHBbI
[Ona Kaxgol 4acTuubl CUCTeMbl yp-us

Xi—T1Tx" —0, —TYy"—0, Z,—mz™M—Q

Teopus kKonebaHWin B WHXEHEPHOM fene- 3
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A 370 ecTb yp-us [67], paHee MONy4YeHHble ANA ABMXKEHUA CBOOOAHOM
YyacTumubl.

Yp-ne [69] — oblee ypaBHEHME [ABMKEHWA CUCTEMbI YacTuy, ©3
KOTOPOro MOXHO NONyUYnTb HEO6XOAMMOE UMUCNO YPaBHEHWI ABUXKe-
HWA, paBHOe u4ucny cTeneHeii cBo6oAbl cucTembl. [lonyyeHue 3Tux,
ypaBHeHMii 6yaeT mokasaHo B n° 26.

25. O606WeHHbIE KOOpAMHATLI U 0606UWeHHbIe cunbl.— B npe-
gblgywiem n°, rge 6biiM NPUMEHeHbl [eKapTOBbl KOOPAWHATHI, 6bl0
MOKa3aHo, 4YTO 3TW KOOpPAMHAaTbl, MPUMEHEHHble ANS BblpaXeHUs Mo-
NOXEHUS CUCTEMbI, He ABNATCH 06bIYHO He3aBMCUMbIMU. Kpome roro
OHW [JOJ/KHbI Y[0BNETBOPATH HEKOTOPbIM OrpaHWYMTENbHBIM YpP-UAM,
Hanpumep, yp-usm [a], [b] u [c], 3aBUCSLWMUM OT YCTPONCTBA CUCTEMBI.
O6bIYHO 60fiee YyA06HO BbIPa3nUTh MOMIOXKEHWE CUCTEMbI MOMOLLbLIO Be-
NINYUH, COBEPLUEHHO He3aBUCUMbIX ApYr OT fApyra. He asndeTca He-
06X04UMBIM, 4TOOblI 3TV BENUYUHbLI UMENU WU3MEPeHUe AAUHbI. OHU
MOTYT UMETb ApYyrue W3MepeHus; Hanpumep, B HEKOTOPLIX Cyyaax
Mofie3H0 NPUHMMaTb 3a KOOPAMHATbI Yrfibl MeXJy HeKOTOPbIMU Ha-
npaBneHNAMM WAW BeMUYMHBI HEKOTOPbIX 06bEMOB. Takue He3aBUCK-
Mble BEe/IMYMHbI, BblOpaHHble A4S BbIPAXEHUA MOJIOXKEHUSA CUCTEMBI,
06bIKHOBEHHO Ha3blBaKTCSH 060OLLEHHBLIMWU KOOpAUHATAMU *).

Bo3bmeM, Hanpumep, paHee pacCMOTPEHHbIN Cayyail CPepuyeckoro
MasTHUKa (ur. 66a). MNonoxeHne MasaTHMKA 6yfeT BMOMHe onpege-
NeHo AByMs yrnamm ® M § nokasaHHbIMW Ha urype. OTW ABa Hesa-
BUCUMBbIX KONMMYEeCTBa MOryT ObiTb B3ATbl B 3TOM Ciyvae 3a 0606-
WeHHble KOOPAWHATLI. [ekapToBbl KOOpPAMHATbl TOUYKW tn MOTYyT Nerko
ObITb BbIpaXeHbl Yepe3 HOBble KOOpPAMHaTbLl Pu Q MNPoeKTUpya 4JANHY
mMasaTHMKa OT Ha OocM KOOpPAWMHAT, MMeeM

X = | sin6cos<?,
y = /sin 0sin ® a]
z= lcos@

B cnyuyae ABoiiHOro masTHuka (¢pur. 66 b) MoryT 6bITb MCMONb30-
BaHbl KakK 0606LlleHHble KOOpAMHATbl Yrabl <P U @ MNoKasaHHble Ha
(hurype, ¥ LeKapToBbl KOOpAWHATbI OYAYT BblpaXaTbCAd B 3TUX HO
BbIX KOOpAuHatax crefylowum o6pasom:

xl= 11sin ¢ Y, = li COSq
x2— 1, sin p-f-15kin § y3= /, cos $-j-4 cos @
Ecnn TBeppoe Teno OAHOPOALHOrO M M30TPOMHOrO Matepuana nog-

BepraeTca OfHO0GPasHOMY BHELUHEMY AaBNeHU P, TO BCe ero usme-
peHus GyAyT YMeHbLaTbCs B TOW >Xe MPOMopLuu, U HOBAs KOHGUTY-

*) TepMuHbI ,,0606LEHHbIE KOOPAWHATLI®, .0606LWeHHbIe CKOPOCTM", .0606LEHHbIE
runbl“ 6binn BBedeHbl Thomson'om u Tait'om, Natural Philosophy, | éd., Oxford, 1867.
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pauus 6yfeT NONHOCTbIO ONPefeNnaTbCA U3MeHeHNeM V o6bema V Tena.
BenuunHa vV MOXeT ObITb B3fiTa Kak 0006lleHHas KoopauHaTa Ans
3TOro cnyuas.

PaccmoTpum Tenepb M3rnmbé 6anku, onepTol Ha KoHuax (dur. 67).
UTo6bl M306pa3nTb COCTOSIHME 3TOM
yNpyrom cuctembl, Heobxoaumo
6eCKOHeYHOe 4YMCN0  KOOpAMHAT,
ynpyras fMHUA MOXeT 6biTb onpe-
[eneHa ykasaHuem nporuba B Kax-
[0V TOouke 6anku, UM Mbl MOXEM J
felicTBOBaTb MHavye W NpeacTaBuThb
ynpyryi nAvHuio B hopMe TpUro- our. 67.
HOMETPUYECKOro psaga:

y —a, sin ;X-T a2sin -13113)-(-f- a3sin 3—Vx—f [c]

Ynpyrasa nMHus 6yaeT BNosHe onpefeneHa, ecnn faHbl Koaddu-
UMEeHTbl a,, ar, ab ... 3TU KOAMYeCTBA MOXHO B3ATb 3a 0606LLeH-
Hble KOOpPAWHATbI B cfiy4yae u3rmba 6anku, onepToi KoHLaMU.

Ecnn 0606LWeHHbIe KOOPAUHATBI MPUMEHWUTb NS N306parKeHus co-
CTOSIHWA CWUCTEMbI, TO MOXHO MOAYYUTb BCE HE3aBUCUMble TUMbl BO3-
MOXHbIX MepeMeLLeHNn CUCTeMbI, NpUAaBas KaXAoW U3 3TUX KOOpau-
HaT nocnegoBaTenbHO HebonbliMe npupaweHus. [laB, Hanpumep, B
cnyyae chepmyeckoro masTHMKa (pur. 66 a) He60NbLLIOe NpupalyeHue 8?
yrny ® nonyymm Hebonbwoe nepemelieHne mm, = /sin05® no okpyx-
HocTM napannenu. MNpubaBneHne KoopguHaTe © HebONbLWOro Konwu-
yectBa 9 oTBevaeT Manomy npupaweHnto TTr—Ilbb B mMepuguo-
HanbHOM HanpaBneHuu. Jlio60e Apyroe manoe MepeEMELLEHNE TOUKM
T MOXHO BCerfa pasfoXuTb Ha [Ba COCTaBAfAlLWMe, Takme Kak TTX
n TTT.

B cnyuvae u3rmba 6Ganku, onepTtoin Ha KoHuax (cdwur. 67), manoe
npupauieHne ban no6oit 0606UeHHON KoopAuHaTbl an(cMm. yp-ue [c])
npegnonaraeT BO3MOXHbIA nporn6 bansin (MTx/1), npeacTaBneHHbINA
Ha urype NYHKTUPHOW NWHMENH W UMewLWMid N NonyBosH. Bcskoe
OTK/IOHEHME 6anKkum OT NOMOXEHWUA PaBHOBECUA MOXHO MNOMAYYUTb Ha-
NOXEHWeM APYT Ha Apyra nojoOHbIX CUHYCOWULANbHbIX MepeMeLLeHui.

Monb3yscb 0600LLEHHBIMW KOOPAMHATaMW, Mbl B HALIMX paccyxpje-
HUSX MPUXOAMM K TMOHATMIO 0606LLEHHOM cunbl. CyulecTByeT W3Be-
CTHas 3aBMCUMOCTb Mexgy 0606LeHHON KOOpAWHATON M COOTBET-
CTBEHHO 0600WEHHOW CUMO, KOTOPYH Mbl MOSICHUM CMepBa Ha
npocTewnx npumepax. Bo3Bpaliafcb CHOBa K Cny4yakw cepuyeckoro
MasTHUKa, nonoxmm, 4yto P, Q u R (dur. 66 a) npefcraBnstoT co-
CTaBnAlWMe CUNbl, LeACTBYIOLME HA YacTULy B HanpaBfieHUAX, Kaca-
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TeNlbHbIX K MepuaunaHy W K Kpyry napanienu, u B pajguManbHOM Hanpa-
B/IEHUM, COOTBETCTBEHHO. Ecnm manoe npupaweHne 8® faTb KOOpAM-
HaTe ® TO Toyka T MNOAYyYNT Manoe nepemeuieHne mmi= |sinQSg,
M cuna, AeicTeBylollas Ha 3Ty TOuKy, 6yneT pfaBaTb paboTy, paBHYIO

Q mmm, — QI sind Sp

MHoxutens QI sin § Ha KoTopbliA cneayeT MOMHOXWTb Npupalye-
HWe Bp 0606LLEHHON KOOPAUHATHI ep, YTOObI MONY4YNTL paboTy, NMPOU3BO-
AUMYIO Ha MepeMelleHnmn 8¢ HasbiBaeTcs 0060OLLEHHON CWMONA, COOTBET-
CTBYlOLLEN KOOpAMHaTe « TakuM 06pa3omM Mbl MOAy4YaeM MOJHYIO
aHasorm ¢ BblpaxeHneM XbX — paboTbl cuibl X Ha nepemelleHun 3n
B HanpaBneHuWu cunbl. B paccmaTtpuBaeMoM cny4vae 3Ta cuna umeeT
npoctoe ¢usnyeckoe 3HavyeHue. OHa npeAcTaBAsgeT MOMEHT Cun, AeW
CTBYIOLMX Ha TOYKY T, OKONO BepTMKanbHOro guamerpa n—n. Ta-
KUM >Xe MOpPSiAKOM MOXHO MoKasaTb, 4YTO 0606wWeHHas cuna, COOT-
BETCTBYyHOLWasa KoophuHate 6 CPepumyeckoro MasTHuKa, OypeT npeg-
CTaBNATb MOMEHT CWA, AEeACTBYHOLIMX Ha TOYKY T OKONO AmameTpa,
nepneHaMKynspHoro nnockoctn TOM.

B cnyuae Tena, MOJBepXXeHHOro €O BCeX CTOPOH [eiCcTBUIO Truj-
pOCTaTMYeCKOr0 AaB/IEHUA P, €CAN MPUHATL YMEHbLleHWe obbema V
3a 0606l eEeHHYI0 KOOpAMHaTY, TO COOTBETCTBYlOWas 0606LeHHas cuna
b6ypeT paBneHue p, TaKk KakK BeW4yuMHa pv npefcrtaenset paboTy, npo-
N3BEelEHHYI0O BHEWHWMMW CUTaMW Ha ,,MEepPeMeLeHnn V.

Tenepb paccMoTpum 60fee  CAOXHbIA  CAy4vaid, WMEHHO, 6anky
nog Agelictenem wusrnbarwowmx cun PIt Pit ... (cm. dur. 67). Ecnm
NPUHATL AN YNpyroim nuHum 0606WEHHOe BbipaxeHune [c] u pac-
cMaTpuBaTb av a2, a3 ... Kak 0600WeHHbIe KOOpAMHaTbl, TO 0606-
eHHaa cuna, COOTBETCTBYlOWAaA OAHOM M3 3TUX KOOpAMHAT, Hanpwu-
mMep an, 6ypeT HaigeHa W3 pacCMOTpPeHUs paboTbl, NMPOV3BEAEHHON
BCEMW CuUnamy Ha nepemeleHun 3a,. Iro nepemelleHne nokKasaHo Ha
hurype nyHKTUPOM.

Mpu wncumncneHmn paboTbl, MPOU3BELEHHON Ha 3TOM MepeMeLLeHun,
LOMKHbI ObITb MPUHATHI BO BHMMaine He TONbKO BHeLHWe rpy3sl Pu Pr
n P9 HO Takxe BHYTPEHHMWE CWAbl ynpyroctn 6anku. BepTukanbHble
nepemelleHns Touyek npunoxeHusa rpysos Pum A, P3 cooTBeTCTBYlO-
Wwue npupaweHuto 8an koopAuHaTel  a,, OyayT 8a, sin (utc,//).
8a,, sin (NnCo/l) n 8a,, sin (N~c3/l) cooTBeTCTBEHHO. Pa6oTa, Npou3BeaeH-
Has cunamu Pi, Pr n P3 Ha aTom nepemeleHunn, byaet

3anIPisin "0 Igl,,s'mmﬁ—f I}ssinECS\ [d]

UT0o6bl HaiiTM paboTy, NPOM3BEAEHHYH CUMaMK YNpyroctu, 6Gyaem
Monb30BaTbCA BbIPAXEHWEM [1s MOTeHUWanbHOW 3Hepruu usrmba. B
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cnyyae u3rmba 6ankyM MOCTOSHHOTO MOMEPEYHOr0 CEeYEHUs 3Ta IHeprus

¢ W

roe El o6o3HauyaeT >XECTKOCTb Ha M3rnb 6anku.
MopctaBnas B 3To yp-ue pag [c] BMECTO Y U NpUHUMas BO BHU-
MaHue, 4TO

' i
/sr'n :'glﬂ-xsih rr_}'b{xax =0 Jr'lsﬁg—] d—>x—yri

roe m an o603HavyaloT pasfiMuHble Lenble Ynucna, Nonyymm

al2 4~ \_Elry~n
2(W " 2B 1 4b ~ _ n ° A
(/ n=1
YBenunyeHne NOTEHLManbHON 3Heprum wm3ruba, BbI3BaHHOE npupa-
WeHWeM ban koopauHaTtbl an, nofaydum wus yp-usa [/]:

dv Eh*
A a n=|r«y y . 7

3T0 npupaweHne MOTeHLMANbHON 3Heprumn ABNSeTca CAeACTBMEM
paboTbl cun ynpyroctu. Pa6oTa, npou3BeAeHHas 3TUMKU CcuUnamu,
paBHa [g], HO ¢ o6paTHbIM 3Hakom. Tenepb u3 yp-uid [d] u [g] 0606-
LleHHas cuna, COOTBETCTBYOLW,Af KOOpAMHATe all CMcTeMbl, MOKa3aH-
HO Ha ¢ur. 67, Gyget

~ *
8, sin r-c, -f-P2sin I'bOp+ P3sin ¢t f 1I'I'an [h]

MocTynas Takum >Xe 006pa3oM, MOXHO HaiTu 0606l eHHbIE CUMbI
Takke u B N060M MHOM cnyvae. O603HauMB B 06WEM Cnyyae uepes
''m fAb 93>--- 0606LIEHHbIE KOOPAWHATbI CUCTEMbI, Hailgem COOTBET-
cTBytowme 0606w eHHble cunbl Qu Q2 Qz, e+ u3 ycnosuin, 4to Q~\q,
npepcraensetr paboTy, NPOU3BefeHHYI0 BCEMW CUMaMW  Ha Nepemelye-
HuM Sgjj Takmm xe o6pasom Qcfig, npegcTtaBuT paboTy, NPoOM3BefEH-
Hyl0 Ha nepemeweHun S*2 un 1. 4.

26. YpaBHeHua JlarpaHxa.— pu BbIBOAE Ha OCHOBaHUM MpuHUKMNA
L’Anambepa o6uiero ypasHeHua [69] 6b1/10 OTMEYEHO, YTO COCTaBANAKO-
wue cXj, 8 IYbzj BO3MOXHbIX MepeMelleHnli He ABNSKOTCA He3aBUCU-
MbIMU ApYr OT Apyra M 4TO OHM [AO/MKHbI YAOBAETBOPATbL onpefe-
NEeHHbIM OFpaHWYMUTENbHbIM YCNOBUAM, 3aBUCALLMM OT OCOBGEHHOCTeN
cuctembl. Bonbloe ynpouieHe Npu BbIBOAE YPABHEHWUIA LBUXEHUS CU-
CTEMbl MOXHO MONYy4YUTb NPUM MOMOLM HE3aBUCMMbIX 0606LLEHHbIX
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KoopAauHaT U 0606 eHHbIX cun. MycTb (,, Qit gs, ... qno6o6LEeHHbIe
KOOpAMHaTbl CUCTeMbl C M CTeneHAMKU cBO6OAbI, U NyCTb Takue ypa-
BHEHUS:

Xi==21 (< <>+« mQi> Yi== @i (> 2i oo« AN\ == (2» 2*leee 2n) []
NpeAcTaBNAT 3aBUCUMOCTU MEXAY AEKapTOBbIMM U 0606LLEHHBIMY
KoopauHaTamu. [onyckaem, 4TO 3TWM YypaBHEHUs He COAEpXaT SBHO
Bpemsa t u ckopoctu q,", q2',.. qn.

Utobbl npeobpasoBaTb o6Lliee yp-ue [69] B 3TUX HOBbIX KOOpPAU-
HaTax, Hamuwem ero B CleAyloLleM Buge:

*2 WOi" ixi+Yi'"tyi+ z7oz)= b (Xibxi4- fyi+ Z4dozt) [b]
! r-i

N pacCMOTPUMM BO3MOXHOE MepeMelleHe, COOTBeTCTBYHOLee npupa-
weHnto S%, TONbKO KaKoW-HUGYyAb OAHOW 0606WEHHO KoOpAMHaThbl (,
Torga HemocpefCTBEHHO W3 oOnpefeneHns 0600WLEHHOW KOOPAUHATHI
1 0606uieHHON cunbl (cMm. n° 25) cnepyeT, yYTo npaBas YacTb yp-usa [b
npeactasnseT paboTy, NPoOu3BeAEHHYK Ha BO3MOXHOM MepemMeLleHunn,
N paBHa
Qi Usb [c]
roe Qi npeacTtaBnseT 0606LIEHHYO CUY, COOTBETCTBYIOLLYIO KOOPAM-
Hate qt
Utobbl npeobpasoBaTb NEBYK 4acTb yp-ua [£] B HOBbIX KOOpPAM-
HaTax, cnefyeT OTMeTWUTb, 4YTO B paccMaTpuBaeMoM cfaydvae, Korpga
M3MEHSETCA OAHA TO/NbKO KoopAauHaTa (it M3MeHeHUs KoopauHat

Yi, oyayT
rx,:%)F'BI/I ' Ay > 7 dz,,

raoe cumson djdgt o6o3HavaeT 4yacTHyt npousBoaHyto no qif a X,y itz{
onpegensawTca yp-uem [a].
Torpa
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JT0 yp-Ue MOXHO YNPOCTUTb, MOMb3YsACh BbIPAXEHUEM

T="/t‘z nmi +«,'s)
<

NS KWHETUYECKOW 3HEpruu CUCTEMBI.
BepHyBWMKCh K yp-usam [a], U3 KoTopbix ckopocTn X-,y{, zmmoryT

6bITb NpefcTaBneHbl B (DYHKLUAX 0606LEHHbIX KOOPAMHAT Xy 0606-

LEeHHbIX CKOpocTeli T, Mbl MONY4YMM CeAyHLLMe BbIPAXEHUS A/ ya-
CTHbIX npousBogHbix dT/dq" n dT/dg{

aT vyl [ axi Ayit ., dZiN

BXP= > miixi X/A+-Yl H” + Zi xrH- [e]
i=i 4 '

aT v" _'/ Jdx, Ly L L dzit r

I—= o7 mMi\X & *Y dft i 21 dqt - t]
i= v '

1
anIHFIB BO BHMWMaHWe, 4TO

dx ax , ., 4ax ., , dx:
X dt &, d<2 ’ bl
nmeem

dx' dx dx’ dx dx' dx
ag”h~Wi' aqi~tqi' dgj~dg~n’
Tenepb yp-ue [e] MOXHO HanucaTb Tak:
aT % I >aXi . ,pyi{ , dzA r,.
i
Paccmatpuasi yp-ue [d], Mbl 3ameuyaem, u4TO
d dx,_ dxf dax, i d% 4,
, A dhooodgldgi 10 d/jd# 2 ¢ 't *dgrdg, ™
nunn, nonb3yack yp-uem [g],
d gxi__ d a?Xi_dXj'
dt dgt o<, dt o,
Takyum e 06pasom Mbl UMEEM
d ayi__ dyj d dzt _ dz-
dtdgt dqg, ’ dtdg{ -~dgl*
MopctaBnas ato B yp-ue [/], nonyumm:
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Tenepb, nonb3ysck yp-usmu [h] u [K], moxem HanucaTb Bblpaxe-
Hue [d\, npeacTaBnsatoLiee NeByt YacTb yp-us \b\, B cnegyrouiem Buae:

d(aT\ 4T
dt\dqgi) dqt’

Monb3yscb ANS NPaBOW YacTW 3TOMO XXe YpaBHEHUS BbipaxeHuem [r],
Mbl OKOHYaTe/IbHO MONYYUM:

3T0T BUA AnddepeHunanbHbiX yp-uii ABMKEHUA AaH JlarpaHxem ).
Takoe ypaBHEHME MOXHO HanucaTb Ans Kax[oin 0606w eHHOW KO-
OpAUHaTbl CUCTEMbl, TaK 4YTO B KOHLE KOHLOB 4YWCNO ypaBHEHWii Oy-
LeT paBHO uuciy 0606LEHHbIX KOOpAWHAT, T. €. YNCAy CTENeHeild CBO-
604bl CUCTEMBI.

[0 cux nop 0606uWieHHbIE CUbl Q,, Q,,... He OblAN MOABEPXKEHDI
HUKAKOMY OrpaHuyeHuto. OHW MOrn ObiTb MOCTOAHHBIMU CUAaMu 60
(DYHKLUMAMU BPEMEHM, MOMOXKEHUS WKW CKOPOCTU. PaccMoTpum Tenepb
YacTHbIA Ccnydvail cun, UMEKLWKUX noTeHuuan, u nyctb V o0603HadvaeT
MOTEHLMaNbHYI0 3HEPrMi0 CuUcTembl. Torga M3 TOro 06CTOATENbCTBA,
4yTo paboTa Ha BO3MOXHOM TMepeMeLLeHMN pas3Ha YMeHbLUeHU0 no-
TEHLWNaNnbHON 3HEeprum, Mmeem

QMi+ QM14*Q.ty, -f- -ee==— dqj N 1— df2 — ~y57r3—*"" "

WKW, MPUHAB BO BHUMAaHWe, 4YTO Majble nNepemelieHus 8qit 8, ...
He3aBUCUMbI, MONYYUM

0O —

0 — dqt’ Ri= doa’ Io\IqS’

W ypaBHeHue JlarpaHxa [70] nonyuyaet BUA

dt\dgi ) dgi dgi * [71]

Ecam Ha cuctemy peiicTByeT fABa. poga cui: 1) cunbl, umetowme
noTeHuuMan, u 2) Npoyne cunbl, AN KOTOPbIX Mbl COXPaHUM MpexXHue
o6bosHaueHna Q,, Q2 Q3 ... , ypaBHeHWsa JlarpaHxa noay4vatoTcs Ta-
KUMW:

feldah\ der+ % -~ on L7t

D) Lagrange, Mécanique Analytique, Paris 1788-
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B Haluem npeabiayuiem paccMOTpeHUyM 6bi10  JOMYLLEHO, 4TO
yp-nsi [a], npeacTaBAstoLMe TeOMETPUYECKME COOTHOLIEHUS MeXAay
LeKapTOBbIMU M 0606LLEHHBIMU KCO'pAUHATAMM, HE COAepXaT Bpems I
B fBHOM Buge. [lonb3ysicb Tem e Crnoco6om, Kak Bbille, MOXHO,
0[lHAKO, MOKa3aTb, 4YTO YypaBHeHMs JlarpaH)xa COXPaHSOT CBON BuUf
TakXXe B cnyuvae, Korga yp-us [a] HemnpepbiBHO W3MEHSOTCS C Bpe-
MeHeM, 6yayunm TakKoro BuAa:

X-= 2i(t,gx Y, ... gry, yt= «&(t, gug*... <) zt= 0 (t, gxqgit.. ,gn)

Cnyyvaii Takoil cucTembl MOAYYUM, €CAn, Hanpumep, LONYCTUM, 4TO
LnuHa cdepuyeckoro MaaTHuMKa |, nokasaHHoro Ha ¢ue. 66a, He
0CTaeTca MOCTOAHHOM, & NpuM MOMOLWM KakKoro-nm6o pcoboro ycTpoii-
CTBa HEMPEPbIBHO MEHAETCA C BPEMEHEM.

217. Cepunuecknin maaTHuUK. — Kak npocTeiwnii npumep npume-
HeHUA yp-uil JlarpaHxa K PpeleHWt0 3afady ABVKEHUS, paccMOTpUM
Tenepb cnyyaih cdepuyeckoro masTHuka (dwr. 66 a). MNMonb3ysack yr-

namn P 1 Q Kak 0606LEHHBIMM KOOPAWHATAMW YacTulbl T, MOAYYUM
CKOPOCTb TOYKM T paBHOM

v — |/(/ 0)2-)-(/sin O

N KMHETMYeCcKad aHeprua CUCTEMbI 6y,qu
T=  jU6)R2{(sin»7]. [4]

[JonycTus, 4To BeC Mg ecTb eAMHCTBEHHAs Cu/a, AeiicTBylOLaA Ha
maccy, M moctynas, Kak MOsicHeHO B n° 25, Mbl Haigem, 4yto 0606-
LeHHas cuna, COOTBETCTBYHOLLAS KOOpAMHATe 0, paBHa HYMO, U cCUna,
COOTBETCTBYIOLWas KOOpAMHaTe § paBHSAeTCA:

©= —mglsin@ [b]

Monb3yacb BblpaxeHuamu [a] u [6], nonyuum w3 obwero yp-us
[70] cnepyrowme aBa yp-ua LBUXKEHUSA:

6" — cos0sin0®2= — , [c]

sin20?' = const= /z o))

PacCcMOTpUM Temepb HEKOTOPbIE YacCTHbIE CAlydan [BUXKEHUS.

Ecnu HavanbHas CKOPOCTb YacTulbl M UMEET HanpaefeHWe Kaca-
TeNbHOW K MepupuaHy, nyTb TOYKM COBMagaeT C 3TUM MepPULUAHOM,
T-e. <= 0, u yp-ue [c] NpMBOANT K W3BECTHOMY Yp-UI TMPOCTOrO
MasTHUKa:

0" JFysine= 0.
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Cnyvali KOHWYECKOTr0 MasTHUKa MNOMyYum npu  AONYLLEHUU, 4TO
yron 6 ocTaeTcsi NOCTOSHHbIM BO BPeMsi ABWXEHUS, Torga ® [ONXKHO
ObITb TakKXe MOCTOSIHHbIM B COOTBeTCTBMM C yp-uem [d\. MycTb

= a, 9 =w.
Torga u3 yp-uii [c] n [d\

g _ K
/cos@ sin*a’ [€]

M3 KOTOPOr0 MOXHO OMNpeAennTb YrNOBYH CKOPOCTb LI WM MOCTOSH-
Hyt0 Ry COOTBETCTBYIOL YO AAHHOMY Yray @ KOHWYECKOro MasiTHUMKa.
PaccmoTpum Tenepb 00/iee COXHbLIA cnyvald, rge paBHOMEpHOE
OBMXXKEHME MacCbl T KOHWMYECKOro MasTHWKA M0 TOpPU3OHTaNbHON
OKPY>XXHOCTM Cnerka HapyluaeTcs Takum o6pa3om, 4TO MMEKT MeCTO
HebonblINe KOMebaHWs 3TOW MacCbl OTHOCUTENbHO TOPU3OHTANbHOI

OKpy>XHocTu. MycTb
6= a-j-£ [f]

rae \ o603HavaeT BecbMa Masioe M3MeHeHMe yrnia 6 npu 3Tom [BuXe-
HUN. Y[epXuBas BO BCeX [aNbHEMINX BbIKNaAKax TO/bKO MEPBYHO
CTeneHb BecbMa Manoi BenuuuHbl |, nonyuum

sin 6= sina-{-£cosa; cos&= cos a—sin &
MoacTaBuB B yp-ue |c] u nonb3yscb yp-uem [c/], umeem

I
sin” a

cosa— ULS E-a---t- Sin a'\ﬂ| = —9 (sin “ # 2cos a)\.

[onycTueB, 4To NOCTOSHHas a BbibpaHa TaK, 4YTO PaBEHCTBO [g]
BbIMO/IHEHO, MOMYYUM
5"»K1+3c08*«>H=*0,
M3 KOTOPOTr0 MOXHO 3aK/MluUTb, 4YTO U3MeHeHue £ BennyuHbol O
NMeeT nepuog
2*
e |/i-f~3c0S"a

Korga a mano, aToT nepuof npubauxaetcs K BeW4MHe oo, T. e.
Ha KaX[blli 0060pOT KOHMYECKOro MasTHMKA MNpMXOAMTCA NO4YTW fBa
KonebaHms.

28. CBo6ogHble KonebaHumsa. O6uiee peweHune. —Ecnanm cucrema
BblBefeHa W3 CBOEr0 MOJIOXKEHUS YCTOMWYMBOrO pPaBHOBECUS YyAapoOM
WA NPUNOXKEHWEM W BHE3aMHbIM yAaneHWeM [OMOAHUTENbHOW CUAbI,
TO B BO3MYLIEHHOM MOJIOXEHUN CUMbl He BYyAYyT YyXe B paBHOBecUMU,
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N BO3HWUKHYT KoOnebaHua. Mbl pacCMOTpPUM crnepBa CAyy.’ii, B KOTOPOM
NepeMeHHble BH'ELIHME CUAbl OTCYTCTBYHKT, U MMeT MecTo CB06Oj-
Hble KonebaHus. [onycTuB, 4TO BO BpeMs KonebGaHUs cucTema Npoms-
BOAWUT TONIbKO HEBGO/NbLIME MepeMeLLeHns, NONOXUM, 4To < F2 B... <,
6yayT 06006LleHHbIe KOOpPAWHATbl, BblOpaHHble TakKuMM 06pa3om, 4TO
OHWM CTAHOBATCA PaBHbIMW HY/KO, KOrFga CucTemMa HaxoguTca B COCTOS-
HUM paBHOBecusi. Tenepb NpWM LOMNYLEHUMW, YTO CWbl, AEACTBYHOLWME
Ha 4aCTW CWUCTEMbI, MMEIT XapaKTep CUI YNPYrocTu, WX BeMYUHBI
6yLyT OQHOPOAHLIMU JINHEAHBIMU (YHKUMAMM BecbMa MajblX nepeme-
LLEHWNIA CUCTEMBI, T. €. NUHEAHBIMU DYHKLUMAMW KOOpAMHAT qu git ... gn
MoTeHUManbHasa 3HEpPrus cucTeMbl OyaeT TOorga OAHOPOAHOW (YHK-
Lumeli BTOPON CTenmeHM OT TeX Xe KOOpAMHaT:

Wnu, MOACTaBNAsN CHOAA BMECTO [eKapTOBbiX KOOPAUHAT MX BbIpa
XeHUs yepe3 0606w eHHble KoopauHaTtel (cm. yp-ue [a] n° 25),

2T—auql2-\-aiiqi'i -\- e -j- 2aiiqlqi’ -}---- [74]
B obwem cnydae KoappumumeHTbl aw, an,... 6ygyT QyHKumMsMu
koopguHat glt g ..., HO B cnyyae BecbMa Ma/blX MepeMeLLeHNli OHW

MOryT ObITb paccMaTpyMBaeMbl KaK MOCTOSIHHble W paBHble WX 3Ha-
YEHUAM MpU MONOXKEHNUN paBHOBecus. loAcTaBnAsf Tenepb BblpaXeHWs
[73] v [74] B yp-us JlarpaHxa, nony4ymm o6LiMe yPaBHEHUS LBUXKEHUSA:

PaccmMoTpMM cnepBa Cliydail CUCTEMbl C ABYMS TOMbKO CTEMeHAMMU
cBoboabl. Torga

2V =cugx-f cnA*+ 2Cus\A\,
2T = ailgl'i  a&8%s'J4~2angxg™.

MopcTtaenas B yp-ue [a],

angdi" 4" airdi" 4" cuA\ 4" diigh — 0,
Onto™ 4 - altqt™4- cng*4- ci2i= 0. w
PeweHnsa 3TUX ABYX NWMHEAHBIX YpP-UiA C MOCTOSHHbLIMWU KO3(du-
LUMEHTaMU MOXHO B3ATb B Crefytolein dopme:

A— QB(pt-f-a); gt— cos (pt -f- a), le]

roe 12 p na 0603HaYalOT MOCTOSHHbIE, KOTOPble HYXHO BblGpaTb
Tak. 4To6bl yaoBneTBOpsAnuch yp-us \d).
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Mogctasnas [e] B yp-us \d], nonyuyum
X,(<7up-  Gjj) -f- X2(a W7"  C12) — O,

11
K{aHp- — ¢c,,) -f X(a2/>3— cM) — 0.
Wcknoyaa Tenepb X 1 X2, nonyvyaem
(ailP~ 1) (azP’ 2)  (aiyP~-— Qr)*—o. [q]

370 yp-ue ABNAeTCH KBAAPATHbIM OTHOCUTENLHO P-, U MOXHO MO-
Kas3aTb, YTO OHO MMeeT ABa AeNCTBUTENbHbIX MONOXUTENbHbLIX KOPHS.

N3 ycnoBus, uto BbipaxeHus [b] u [c] 4ns noTeHUManbHOW W KWHe-
TUYECKON 3Hepruu Mo CyLiecTBY MONOXUTENbHbI, BbITEKAET, UTO MeXAy
KO3 hnumneHTaMm, 3aKNH0HALWMMACA B 3TUX BblP@XKEHUAX, CYLLECTBYIOT
cnefylouime COOTHOLUEHMWSA:

ai~>0, 2210, g-2 Al
au>0, a3i> 0, alB3—ana2x<0. [*]
MopcTtasnaa Tenepb B yp-ue [g] pr—O0 wam S2—-|-00 U nNoJib-

3yacb cooTHoweHusmu [h] u [K], MOXHO 3aKnHUUTbL, YTO N1eBas 4YacTb
3TOr0 yp-usi WMeeT MOMOXWTeNbHoe 3HayeHuWe. C Apyroil CTOPOHbI,
npu ph={fulaun) nam pr=(Cm/an) ne.as 4yactb yp-usa [g] nonyvaetcs
oTpuuaTeNbHOW. ITO 3HAYMT, 4YTO Mexay/>—0 n p-—-\-00 KpwuBas,
npeacTaBnstollas neeyl 4acTb yp-us \g], nepecekaeT ocb abcuumcc
B ABYX TOYKax, MPeACTaBAALIMX ABa MOMOXUTENbHbIX KOPHA Ans p-.
MycTb pi2 OAMH K3 3TUX ABYX KOpHel. MofcTaBnas ero s neps’oe
n3 yp-uii [/], nmeem

Cn—«nAl1l 771

M3 3TOro BUAHO, YTO AN 3TOF0 YacTHOrO KOPHS PY cyliecTByeT
onpeaeneHHOe COOTHOLUEHWE MeXAy aMmnauTygamu X u X2 KoTopoe
onpeaensieT BUA KonebaHus, M peweHue [e] nonyuyaetca Takum:

(/, = V-NeuP? —c!2 cos (p,t-j- @); qt= u,(cu —anp™) cos «Q

B aTOoM peweHuun cnefyeTt Ans p, B3ATb TONbKO MOMOXUTENbHOE
3HayeHue, TaK KaK pelleHne He MeHSeTCs, Korga pi U1 MEeHS0T 3HaKu.
BTopoii kKopeHb pr2 yp-ua [g] paeT nopobHOe Xe pelweHue c no-

CTOSIHHbIMM K2 1 a2 CoefuHAA 3TU ABa peleHud, noayydum obuiee
peweHue yp-uin [d]:
<7i=VH(«1P12—Cu)cos (p™ + at) -f ¥,(a, 2>s2—c,,) cos (pX-f a,),
Ar=Pi{Cy—«ii/»i*)cos(Pj*+et) + I»«(eii—«n/Vjcosfof-f-a,), IJ
cogepxkalliee YeTbipe MPOU3BOJIbHLIX MOCTOAHHbIX 2 «j n a2 Ko-

TOpble MOTyT GbiTb OMNpefeneHbl, KOrga faHbl HauyafbHble 3HAYeHMS
KOOpAWHAT Q, U [, W COOTBETCTBYHOLWMX CKOpoCTel (i u <2.
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M3 3TOro BMAHO, 4YTO B CAy4vae CUCTEMbl C ABYMS CTEMEeHSMW CBO-
60abl BO3MOXHbl [Ba Buga KonebaHuid, cOOTBETCTBYOLNE [ABYM pas-
JYHBIM  KOPHSIM  yp-nsi  [g], Ha3biBaemMoro ypaBHEHWEM YacTOTbhl.
B KaxgoM U3 3TUX BUAOB KonebaHuii 0606l EHHbIE KOOpPAWMHATbLI (X
N g» ABNAKOTCSA MPOCTbLIMWU FAPMOHWMYECKUMMN (YHKLMSMWU OAUHAKOBOIO
nepmofja M OAWHaKOBOW (hasbl. Kaxpgblil M3 3TUX BWULOB Ha3blBaeTCs
HOpManbHbIM WAW TNaBHbIM BUAOM KonebaHus. Wx nepuopg onpege-
NAeTcs COCTaBOM CUCTEMbI, a TakKXe WX TUMOM, TaK KaK COOTHOLIe-
HVMe MeXAay amnauTygamm n L, aBnseTca onpeaeneHHbIM, U TONbKO
abconoTHaa BenMuyMHa aMMauTyAbl Mpou3BosbHa. Korga cucrtema Ko-
ne6bneTcs OA4HUM W3 HOPManbHbIX BWAOB KOnebaHWil, Kaxpas Touka
COBepLUaeT MPOCTOe rapMOHMYECKOe [ABUXeHMEe OAMHAKOBOro mepuofa
N 0AMHAKOBOM (hasbl; BCE 4acTW CUCTEMbl MPOXOAAT OAHOBPEMEHHO
yepe3 CBOW COOTBETCTBEHHbIE MOJIOXKEHWUS paBHOBECUS.

O606LWeHHble KoOpAUHaTbl (, U <2>onpegenslwmne MOM0XKEHNE
CUCTEMbI, MOXHO BblI6paTb pasIMyHbIMKM cnocobamu; OAUH U3 3TUX
cnoco6oB 0C06eHHO MPOCT A1 aHaNMTMYeCcKOro paccmoTpeHus. [Jo-
NycTUM, YTO KOOPAMHaTbl BbiGpaHbl TakMM 06pa3oMm, 4YTO Y/EeHbl, CO-
AepXawne Npou3BefeHNs KOOPAUHAT U COOTBETCTBYHLWMX CKOPOCTEN
B BbipaxeHusax LU n [c] ucuesatoT, Torga

2V —cnq, - -f- ci3g”,
2T = auqi* + a2y2a

CooTBeTCTBYIOWME Yp-USA ABUXKEHUS OyayT
-f- AIKix— 0; 4" —0

Mbl Mony4vyaem [Ba HE3aBUCUMMbIX AUdepeHUUanbHbIX Yp-Us, Tak 4TO
B KaXJOM HOPManbHOM BuAe KonebaHWii nepemMeHHOW ABASETCS NULLIb
0ofHa KoopawuHata. Takue KOOPAMHATbl Ha3blBATCA HOPMa/IbHLIMU
AN TNaBHbIMU KOOPAWHATAMU CUCTEMBI.

B obuem cnyyae cucTembl C M CTeneHAMU CBOGOAbI, NMpW Noj-
CTaHOBKe BblpaxeHuin [73] u [74] pns NOTeHUManbHOW U KMHETUYECKO
3Hepruii B yp-ua JflarpaHxa [a], mbl nonyuyum guddepeHunancHble
Yp-va ABMXKEHWA TaKoro Bupa:

anQi-\-aii.gd" + at9g," + ees + cufi 4 'cik0* A\~cnYi 4--—--
e —— PO N
™M\ oAl ~TamHA + * —-\~JId + CI"24“ GB3234- eee —0./

9TU coBMeCTHble gudepeHUnanbHble yp-usi— IMHeliHbIe BTOPOTO
nopsgka, ¢ NMOCTOSIHHLIMU KO3 (pUUMeHTaMn. YacTHble peleHns 3Tux
Yp-Uii MONEHO NOMYUYUTb, MPUHSB:

qt— A cos {pt4- a), e*, gn— Incos (pt -f a).
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MogctaBnAa B yp-ua [ar], umeem:

\(anP" cn) —cn) + «— F xma\nP~— cT)— 0.
e e 0o 0 0 0 0 0 0 [ﬂ]

~i(amP’ an\) + Ki{a,i‘P '-—crn) + Qi) — 0.

MocTynas kak W B Cny4yae CUCTEMbl C ABYMS CTemneHAMU CBO6GOAbI
n ucknwyaa XN,..-Xn wu3 yp-uin [9], Mbl NPUXOAUM K YPaBHEHUIO
4YacTOTHhI

*(P*) = 0, [75]
roe A(p-) cnepylowmii onpeaennTens:

(alp~ c12), eee, (@lp3—ctn)

(an p- CM)’

(AniP2 Anl)> i|7|'|-|ip' cnr)» » (arlrlP" Cnn)

Yp-ue [75] sBnseTcs yp-uem $-0i CTeneHW OTHOCUTE/NIBHO PT K
MOXHO nNoKa3aTbl), YUTO BCe A KOPHeN 3TOro yp-us AencTBUTENbHbI
M NOMOXWUTENbHbI, €CAn Mbl WMeeM KojiebaHWe OKO/I0 MONOXKEeHUA
YCTONUYMBOrO paBHOBECMA cucTembl. [MycTb PS2 ABAAETCA OLHUM U3
3TUX KopHel. [MoactaBnsis ero B yp-ua [f], nonyyum (a— 1) oT-
HOLLIEHWNA

Xj i X2: X, eee : Xn

M BCE aMMAWTyAbl CMOXEM BbIpa3uTb, KakK (PYHKLUUM OLHOW npows-

BONLHOW  MOCTOSHHOW, MONOXUM COOTBETCTBEHHOE pelleHue
yp-uii [/] GyayT
— K cos {pst-\- as), oo, 4,= X,cosO/+o0g. [o]

OHO CcOofepXMUT [Be MPOM3BO/bHbLIX MOCTOSHHbLIX W <6 U NpefcTa-
BASeT OAWH W3 TNaBHbIX BWAOB KonebaHusa. YacToTa 3TOro Kone-
6aHus, 3aBucAWas OT BEWYMHBLI PS, U TUM KOfebaHnA, 3aBUCALLWIA
OT OTHOWeHUn X~X(g;..., BNOMHe ONpeAensiTCs COCTaBOM CUCTEMbI.
Bo Bpems 3toro konebaHus BCe YaCTULbI CUCTEMbl COBEPLUIAKOT MpoO-
CTble rapMOHWYECKMe ABUXEHUSA OAUHAKOBOro nepuopga 2it/ps m ogu-
HaKoBOW (ha3bl as, MPOX0AA OfHOBPEMEHHO 4Yepe3 CBOM COOTBET-
CTBEHHbIE MO/IOXKEHWUA PaBHOBECHUS.

Obuwee peweHne yp-us [/4] nofyyum HanoXeHWem A rnaBHbIX BU-
LO0B KonebaHuit, TakMx Kak [0], oTBevalWMX A Pas/IMYHbIM KOPHAM
yp-ns 4yactotbl [75]2).

[nsa nosicHeHWn 3To 06LWeil Teopun pacCMOTPUM Temepb MPOCTON
npuMep KonebaHUs BEepPTUKANbHO HATAHYTOM CTpyHbl AB c Tpems

* CMm., Hanp., H. Lamb, Higher Mechanics, p. 222.
*) OTHOCUTENbHO YacTHOFO CcAy4as paBHbIX KOPHEN Yp-HA 4acTOTbl CM., Hanmp-,
H. Lamb. Higher Mechanics, p. 222.

LLI
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paBHbIMW W PaBHOOTCTOAWMMM YacTuuamu T (cdwur. 68 a). JonycTus,
YTo OOKOBble OTK/IOHEHUS Y CTPYHbl BO BpPeEMA KoJsiebaHWA OYeHb
Manbl, U nNpeHebperas COOTBETCTBYHOLL K-
MW HEeGONbLIVMU- U3MEHEHUAMMN B pacTa-
rmeatoweir cune P, nonyuyum noTeHUu-
aNbHYI0 3HEPrUI0 PacTAXEeHUs YMHOXe-
HYeM P Ha yANnuMHeHWe CTPYHbI

>o —
_|
V

o

[2 as 2 a2 i
LCp—Y)* i 1Y*\ — E
£ 2 a4 r 2al] >
: ® © @
= — w2 BV VT S
dur. 68.
KnHeTnyeckaa aHeprus CUCTEMbI
TAbl"+Yr'+Yr*)
MoactaBnag B yp-ua JlarpaHxa [71], nonyyum
P , 1
TY. q @ —yH-(0
TY* U"~(2Ya—Y\ ¥Yr)— n

Ty~ (YR —

Monoxwus
y1= Xcos{pt—a); yb= Xcos{pi —a);
M nogctasme B yp-ua [r], nonyyum:
*([>e—2p)+ X~* 0O, 1
AP+ A(P*-2P) + XP=M,
XP4-X3(p2— 2p)= o, ]

y3= Kcos{pt—a)

S

rA® P= Ta

Haligs onpefenuTens yp-uii [s], Mbl NpuAeM K cnefyroleMy yp-uto
4acToThl:

("-2i3)("-4p2p+ 2pIH<). * L,
MopactaBuB KopeHb p2= 23 3toro yp-us B yp-us [s], umeem:
X= 0 " Xl== — X3;

COOTBETCTBYHOLWMIA TN KosfebaHuin npeactaBneH Ha ¢ur. 68 b [Ba
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APYTUX KOpHAa p2= (2% Y 2)3 Toro xe yp-ua (t), NoAcTaBieHHble
B yp-us [s], galoT Ham

X= X¥= * -W -4
Y 2-

CooTBeTCTBYlOUIME TUMbI KOneGaHWn nokasaHbl Ha dur. 68 ¢ u d.
MonoxeHue (C), rae Bce YacTuubl ABMXYTCA OAHOBPEMEHHO B TOM X/
HanpaB/feHWN, NpPefCcTaBNseT HU3LWWIA UAM OCHOBHOW TUN KonebaHwus,
TaKk Kak ero nepuof Ham6onbwwuit. Tun (d) — HamBbiCWMWIA TUN Kone-
6aHMs, KOTOPOMY COOTBETCTBYeT HaMBbICLIAA 4acToTa.

29. BbIHYX/eHHble KonebaHUsA. — B Tex cnyyasx, Korga Ha cuctemy
LEACTBYIOT Mepuofuyeckne BO3MyLLalOWmMe Cuibl, 6ygyT UMeTb MecTo
BbIHY)XXEHHble KonebaHusa. [Mpu nomowm yp-uin JlarpaHxa B uUx OT-
wem Buge [72] u npu noactaHoBke Bmecto T u V ux obwux Bbipa-
XeHunid [74] w [73] nonyyaem yp-usa ABUXEHWS:
andi "4" a\dal' b cugx-f- -fengt-J-— = Q,\

m[a
«qq + +e»id»U-—- horgi+Cntf*+ on-& + = qn J

Tenepb pasbepem Hambonee BaXHbIA Chy4vail, rge 0606 EHHbIE
CUMbl SIBASIOTCA CWMAaMU  FapMOHMYECKOTo Tuna, MMEKLWMUMN TOT Xe
nepuvog u Ty e a3y, Tak 4YTO Kaxpgas W3 3TUX CUI  MOXET 6bITb
npegctasneHa B Buge Qs— bscos (mt-\-$), npy m un p NOCTOAHHBIX
Ana noboli oTAeNnbHOW CUbl.

YacTHoe peweHue yp-uii [a] MOXHO B3fTb B TakKOM BUJE:

cos -j-P); o= Xcos(mi-f~fG ‘! <F,=  cos (/nE-(-£).
MoacTtaBnasg B yp-ua [8]
Cn—«il w2 *1+ (cia— «12wW2 K W-------- b (cbl—ainm2 K = hi }

(@Gn—anm3? h + (¢ e—amm?) X -|-------- )-(cm—amm3? X,= bnj

M3 3TUX yp-uii MOXHO MOAYYMTb amnaunTygbl X X2)-->, X1 Kone-
6aHui.

CnefyeT OTMeTUTb, 4TO Korga onpegenutens yp-uii [b] npwu-
6nvxaeTcs K Hyno, T. €. KOrga nepuoj BO3MYLLAKOLWen cuibl npu-
6n1mnxaeTca K OOHOMY W3 COOCTBEHHbIX MepuofoB KofiebaHMA cuc-
TEMbl, aMNIMTyAbl KonebaHWs CTAHOBATCA OYeHb 6OAbWUMM. 3TO K
ecTb fBfIEHMEe pe30HaHca, KoTopoe O6bl/I0 pacCMOTPeHO Bbllle Afd
cnyyas CUCTEM C OfHOI CTeneHbio CBOGOABI.

Ecnn o6o6uieHHble KOOpAMHATBI qU (2-'-gn ABNAKOTCA HOpPMasb-
HbIMW UMW TNIaBHbIMW KOOPAMHATAMWU CUCTEMbI, BbIPKEHWUA ANA KW-
HeTUYeCKOW M NOTEeHLMAaNbHOW 3HEpPruii Mony4varwTcsa TakuMmu:

2T = auqt - -f- «22702-j- = -f- (iNgn'2
2V=cnq®2 -f Gtg 2 j--—----- Ycng 2
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MoacTtaBnsAsa B yp-ua JlarpaHxa [72], nonyyaem:

aii?i ~cnW\ — Qi >
.................................... ) [76]
NAn AT Qne

CHoBa npuHAB

Qs= bscos (mt -f- ,8),
£i = XCOS +
?,= X,cos(m/+ p),
nveem u3 yp-in [76]
bs = bs 1
K ves—m-ass m2’

?

3pech bs/css npefcTaBnseT Bbi3biBaeMblii cunoit Qs cTaTMyeckunini nporno
B TOUKe ee NMPUNOXEHUS, a T*/pb— KBajpaT OTHOLIEHUS MeXJy 4acTo-
TOW CWAbl U 4YacTOTON cBOGOAHOro KonebaHus. TMoJOOGHbIA pe3ynb-
TaT Obll1 paHee MONAy4YeH AN CUCTEM C OfHOW CTemeHbl CBOGOAbI
(cm. yp-ne [20]).

B Hawux npegbigywmnx paccy>KgeHusx mbl npeHebperany TPeHUEM.
[onyctne, 4TOo ecTb He6O/bLIOE TPEHME U YTO CU/bl TPEHMA NMponop-
LUMOHaNbHbl 0606LEHHBIM CKOPOCTAM, MOXHO MOKa3aTbl), 4To OTHO-
weHns A 1 X2:X3:. . . X1 1 4acToTbl P CBOGOAHbIX KONebaHMii TONbKO
HamMHOro 6yAyT OT/AMYaTbCA OT 3HAYeHWIi, KOTOPblE OHW WMENU 6bl,
ecnm 6bl He ObIIO TPEHUHA, M 4YTO rlaBHOE [AeliCTBME BeCbMa Manoro
TpeHUs OoTpaxkaeTcqd Ha amnanTygax KonebaHus, npuyem 3To Aeid-
CTBME TOFO XXe CaMOro poja, Kak Bblle MOKa3aHHOe ANsi CUCTEM C
OLHOI cTeneHblo cBOGOAbLI. M3noXKeHHad obwas Teopusa OyneT Tenepb
NPYMeHEeHa K PeLUeHM0 HECKOMbKUX 4YacTHbIX 3ajad.

30. KonebaHus akunax eii Obwye ypaBHeHUA.— 3afgava Koneba-
HMS YeTbIPEXKOMECHOTO 3Kunaxa (aBTOMO6OMAA, BaroHa), Kak CUCTEMbI
C MHOTUMW CTeNeHAMU CBO6GOAbLI, BECbMa CMOXHA.

Ha cnepylowumx cTpaHuMuax 3Ta 3afjaya ynpo-
WEeHa, U pPacCMOTPEHO TOMbKO MPOAO/bHOE Ka-
YyaHue B 0fHON nnockoctn 2 (dur. 69). B Takom
cCnyyae CUCTeEMa WMeEEeT TONbKO [Be CTEerNeHu
cB06OAbl, W €ee MONOXeHWe npu  KonebaHuu
MOXHO OMpefennTb ABYMS KOOpAMHaTaMu: Bep-
TUKaNbHbIM MepemMeleHneM Z LeHTpa Tsxectn C > gg.

) Cm. Lord Rayleigh, Theorie of Sound, Vol. 1.
*) BOKOBble KayaHWUs 3KMMaXa MWCKAYaTCA W3 NOCNeAyIoLero paccCMOTPEHUS.
Teopus KonebaHuii m BBXEHepLOM fene. 9



130 CUCTEMbI, UMEIOUWMWE HECKONIbKO CTEMEHEN CBOBO/bI

W yrnom noBopoTa @ Kak yKaszaHO Ha ¢ur. 69 b O6e 3t koopAau-
HaTbl OyAemM W3MepsATb OT MOMOXEHWA paBHOBecus.’

Mycte W —HapgpeccopHblit Bec akunaxa; |— (W/gQ)i-— momeHT
MHepLMMN HaLpPecCOPHOM MacCbl OKOMO OCW, NPOXOAALLel yepe3 LEHTP
Tskectn C; i— paanyc wuHepuun; kIt kt —>kecTkocTb peccop oceit
A 1 B COOTBETCTBEHHO; I»— paccTosHMA LeHTpa TAXECTU IKunaxa
[0 Tex >e oceii !).

Torga KUHeTMYeCKas 3aHeprus ABMXKeHWA Oypet

1w 1w

MycTb 8a, 8t mpu onpegeneHUM MNOTEHLUANbHOW 3HepruM o0603Ha-
yaloT HavanbHble Mporubel peccop oceil A n B cooTBETCTBEHHO, TOrja

i, Wit .
° I’ b=lk~* A

MpupaweHne noTeHUManbHOW 3HEPrUu oT fedopmauun peccop npu
OBUXeHUn byget

Y y [(Z- le)+ KY + U [{Z+ /D)+ 8»- ~ ,
nUnKn, nonb3ysack o603HauveHusiMu [b], umeem
Vt= 2 (z- JOR+ ~ (r+ V)*+ Wb

YMeHblUeHNEe MOTEHLMNANLHON 3HEPTUM CUCTEMbI M3-3a MOHWKEHUS LieH-
Tpa TaxecTn bypet

Vt= Wz.

|-|03TOMy MO/IHOE BblpaXeHUe Ans r|0TeHL|,|/|aan017| JHEPTUN CUCTEMBbI
npn ABVXXEHUU MONYy4YUTCA:

V=Vt— =7 (z- 1,02+ U, (z-f/O* [d

MopctaBnsaa [d] wn [c] B yp-usa flarpaHxa [71], nonyuum cnepy-
owme yp-nsa cBo60AHbIX KonebaHuii akmnaxa:

Nzt = —k, (z—1,0)—£Es(z+ /),

—i®=  (—I0— (r-f/D).

*) OTW paccTosaHusA paccmatpusaroTcs B ,u,aaneﬁu_leM N3N0XXEHNN KaK NOCTOAHHbIE.



KOMIEBAHNA 3KUMAXEW 131

MpuHan 0603HAYEHUS:

nveem
r"+ «r+ M= 0,

dTM [Ba COBMECTHble AndepeHUManbHble yp-usi MOKasblBalT
yTo BOOGUlEe KoOpAWHaThl I U OHe ABNAOTCA HE3aBUCUMbIMW ApyT
OT Apyra, W, ecnu, Hanpumep, AN TOro 4To6bl BbI3BATb KOMeGaHMs,
pama 3kunaxa Gbifia NepemellieHa napanjenbHo camoil cebe B Hampa-
BIEHUM Z-OB U 3aTEM BHe3amHO OTMyLUleHa, TO BO BPEMS MOC/AEAYyHO-
wero KosnebaHus GYyAYyT MMETb MECTO He TO/MbKO BEPTWKaNbHOE mepe-
MelleHWe Z, HO Takxke u BpauweHue 0. KoopauHatbl W [ CTaHOBSATCA
HE3aBUCMMbIMU TONILKO B C/lyuyae, Korga B yp-usx [e] b—0. 370 npo-
NCX0AMUT, KOorpa

(]

T. €. KOrjga >ecTKocTh peccop 06paTHO MPOMOPUMOHAaNbHLI paccTos-
HUSIM peccop OT LeHTpa TsXecTu. B Takux cnydasax rpys, NpunoxeH-
Hblli K LEeHTPY TSXKECTW, BbI30BET TO/IbKO BEPTMKA/bHOE MepemelleHmne
pambl 6e3 BpaweHus. Takue YyCNOBMA WM KT MECTO B Cllydae XXenes-
HOLOPOXHbIX BaroHoB, rae 06bIYHO /X= /2 n A = A2.

BosBpawasacb Tenepb K 06UlEMY Cfy4al, Mbl BO3bMEM peLUEHUE
yp-uii [€] B cnegytolem Buae:

Z—A cos a); 6= Bcos (pt-j- a).

MoacTaBnss B yp-ua [e], nonyumnm:
A (a—p>)+ bB= 0, U

Wcknouvaas A n B n3 yp-uin [g], nonyuymm cnegyrouiee yp-ne 4actoThl:

w

O6a kopHa yp-ua [A], paccmaTpuBaeMoro kKak yp-ue gnt p', 6yayT:

1le. V. 1/c" W ac, a2
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MpuHAB BO BHMMaHWe B COOTBETCTBMM C 0603HayeHuMamM [d], 4TO

ac—B'— 9

MOXeM 3aKnuuTb, 4To o6a koplLla yp-us [h] geiicTBUTeNbHbI U no-
NV ITENIHBI.
"naBHble BMAbl KonebaHnsa,— Mogctanss [kK] B nepsoe us yp-uii [g],

MoNyuymum criefylouine 3HaveHus ans oTHoweHus A/B mexay amnau-
TYAaMu:

“Y* 1/t (p— a)'+?
3Hak (-f-), kKak BUAHO U3 BbipaxeHus [K], oTBeuaeT BuUAY KonebaHus,

MMeKLLeMy BbICLIYIO 4acTOTy, Torga Kak 3Hak (—) OTBeyaeT Kone-
6aHMAM HU3LWel 4acToThbl.

B ganbHelilemM W3N0OXEHUW MPUMEM, YTO

br>0 wnnm il,.

3TO 3HAuUT, 4TO NpuU [LelcTBUN COOCTBEH-
HOro Beca aKunaxa nepemMelleHue ero 6y-
[JeT TakuMm, Kak MokasaHo Ha dur. 70; ne-
peMelLeHNe B HanpaB/ieHUW BHU3 CBA3AHO
P C BpallleHMeM B Hanpas/eHWW OoTpuLaTesb-
Horo yrna 0. lMpu 3ToM fONYLWEHUU amniu-
Tyael A 1 B 6yayT umeTb NPOTMBOMOMOXHbIE 3HAKW, €CAN B 3Ha-
MeHaTene BbipaxeHus [/] nepes KOpHeM O6bl1 B3AT OTpMLATENbHbIN
3HaK, U OHW OyayT WMeTb 0Au-
HAKOBble 3HAaKW, ecnn 6bln B3AT
MONMOXUTeNbHbIA 3HaK. [lBa co-
OTBETCTBEHHbLIX TuUnNa KoJjieba-
HWA nokasaHbl Ha ¢wur. 71. Twun
(a) umeeT 60o/lee HU3KYH 4acTo-
TY W MOXeT 6biTb paccMmaTpu-
Baem, KakK BpalieHue BOKpYr
onpefeneHHoi Toukn Q Bnpaso
oT ueHTpa Tsxectn C. Tun (b),
MMeloLWmnin 6onee BbICOKYH 4Yac-
TOTY, COCTOWUT U3 BpalleHus
OKOMO onpefeneHHon Toukm P
Bneso ot C. PacctofHus T un To4YeK Q m P oT ueHTpa TsaxecTu
onpegenstoTca abCcoONOTHON BeNMYMHON npaBoi 4vacTn yp-ua L wn
Mbl MOMYYMM OYEHb NPOCTOE COOTHOLUEeHWe
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Tn = . T-n , mlX
l/c \ .-T \lc \* | I

2 (e~ a)Hlx 4\11 a) + i

) - s 7 o E =7, [ml
B uacTHom cnydae, korga b—O, 1. e. korga klll= Kili, paccTto-

AHMWE A MNOJIyYaeTCA PaBHbIM HY/IO, a Te CTAaHOBUTCHA GECKOHEYHO 60/b-
WuM. 3TO 3HAYUT, YTO B 3TOM Cllyyae OAWH W3 TNaBHbIX BUAOB KO-
ne6aHns COCTOMT M3 BpalleHUs BOKPYr LeHTpa TAXecTW, a ApYyroi
COCTOMT B MOCTYNaTe/lbHOM [ABMXEeHUM 6e3 BpalleHus. BepTukanbHbili
rpy3, NPUNOXEHHbI K LEHTPY TAXecTu, B 3TOM cliyyae 6GyfaeT Bbi3bl-
BaTb TO/IbKO BepTUKanbHOe nepemelleHne, a o06e peccopbl 6yayT
MCNbITbIBaTb OAMHaKOBOE CXaTue.

Ecnn, kpome b, [(c/id —a] cTaHeT paBHbIM HyNH, TO 06€ 4acTOThI,
Kak MokasbiBaeT yp-ue [K], monyuyatcsi paBHbIMW, U 06a Tunma Kone-
6aHus 6ynyT MMeTb OAMHAKOBbIV Mepuog.

UucneHHblii NpyumMep. — PaccMOTpUM  Temepb  YUCNEHHbIA npumMep
MPUMEHEHUS BbILIEU3NOXEHHOW Teopuu ’). Bo3bMeM 3Kunax co crne-
aywowmMmy  gaHHbiMn:  17=437 kr; 2= 121 x2; /,= 1,22 x, I—
= 1,52, k, = 2293 krix; K%— 3568 Kr/hK. 9T XEecTKOCTW OTBevarT
cTaTuyeckum nporubam (cm. yp-ue [6]) Ba= 10,2 cm; 8i= 5,5 cm.
N3 yp-nii [d] a= 133,3, 0= 56,9, c= 265.

MoactaBnB B BbipaxeHue [K], nonyuum cnepyouime fBa KOpHSA
p,2= 109, p.? = 244. CooTBeTCTBYlOWMe YacToTbl 6yayT: p, — 10,5 pa-
LvaHa B cekyHay u /?2=15,6 paguaHa B CEKYHAY, WM COOTBET-
ctBeHHO Nt= 100 u A2= 150 MoHbIX KonebaHWii B MUHYTY.

N3 yp-ua [\ vmeem

A — 2,35 M nnu -'2‘):0,525 X.

3T0 3HauuT, 4YTO Mpu KonebaHWM HU3LWIEro BMAa HaLpPECCOPHbIA Bec
Kone6nerca Ha 2,35)> Ha pafnaH MNPOAONBLHOrO KayaHus, WM Ha
41 MM Ha rpagyc.

Mpwn BbiCWeM BuAe KoJiebaHU HaApeccopHbIl BeC Konebnertcs Ha
0,525 X Ha KaxAbli pagnaH NPOAOJILHOTO KayaHusi, WM Ha 9 MM
Ha rpagyc.

Fpy6o rosops, npu Hu3WeM Buae KonebaHWs 3IKUMaXK MOLCKAKK-

* Cwm. ctatbto H. S. Rowell’a ,Proc. Inst. Automobile Engineers", London, 1¥23,
Vol. XVII, Part II, p. 455.
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BaeT, NpuyeM nporubbl 06enMx peccop MMEKT OAMHAKOBLIA 3HAK U
'aX0AATCA B OTHOLUEHUM

V _ 235— 152
12735+'1,22 A 0,23,

Mpwn BbICWEM BMAe KonebaHUA 3KMNaX NPEUMYLLECTBEHHO MPOAO/ALHO
Kavaetcs.

NHTepecHO OTMeTWUTb, YTO YAOBNETBOPUTENbHOE NPUBANXKEHME ANA
4acToT rflaBHbIX BUAOB KO/Me6aHWs MOXeT ObiTb MOSYYEHO NPU NOJb-
30BaHUN Teopuei cucTeMbl C OAHOI CTeneHbld cBO6OAbLI. JonycTum
cnepsa, 4Yto peccopa B B (cm. cur. 69) ycTpaHeHa, TaKk 4TO 3KMMax
MOXer Mpbiratb Ha peccope A, Bpawiascb BOKpYr ocv B Kak Ha wap-
Hupe. Torga yp-ve LOBUXeHUA OypeT:

(/+.\S/ A 8+ V =0,

TaK 4TO ,BblHYXJeHHaa" 4acToTa

nnn, noactaBndaa 4YUCNEHHble 3HaYeHUA nNpeabigywero npumepa,

N'= 2'74- | 437 = 20-" —ceeee = 10'7-
w-0.21 +1,52*

3710 cornacyetca ¢ vactoToi 10,5, NOAyyeHHON Bbile ANA HU3-
Wwero BuAa KonebaHus akmnaxa. Takum Xe cnocobom, paccmartpu-
Bas npbiraHne 3kuMnaxa Ha peccope B c BpaweHnem okono ocn A
KaKk Ha wapHupe, nonyumm [22=15,0 cpaBHUTeNbHO ¢ pr— 15,6,
MONYYEeHHbIM Bbille AN 60/ee OGbLICTPOro BuAa KosnebaHus.

Ha ocHOBaHMM 3TOro npakTUyeckuii cnocob ANnsA NonyyeHUs uac-
TOT rNaBHbIX BWUAOB KONe6aHWsA MPU UCMbITAHUAX COCTOMUT B TOM, YTO
3aKpennalT nepefHue peccopbl W 3acTaBNAT NOAMNPbITMBaTh 3KUNAX,
3aTeM 3aKpenngaiT 3afHWe pPeccopbl U CHOBA 3aCTaBNAKT MOANPbITK-
BaTb 3KMNax. T[lony4yeHHble MpU 3TUX UCMBLITAHUAX 4YacTOTbl OyayT
npeAcTaBnATb Y4OBNETBOPUTEbHOE MPUOAVKEHME.

fABneHne 6ueHUs. — Bo3epalyasach Tenepb K O06OWEMY pelleHuto
yp-nit [€] n o6o3Havas 4yepes p, u pt oba KopHA, nonyyaemble u3 [K],
nMeeM

z= A, cos (p™-f «t)-f N2cos (Pit+ a,,), ri
0= Bycos(ptt+ a,) -f BtCOS(p2t -f a4),
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B KOTOpbIX (CM. yp-ue [/])

. b . b ri

g;-**=m £’ Br Is]

Obuiee pewleHue [r] 3aknyaeT uYeTblpe MNPOU3BOJbHbLIX MOCTOSH-

Hbix A,, At, < un ctf, kKoTopble cnefyeT onpefennTb ANS KaXAoro

YacTHOro cny4as Tak, 4YTo6bl GblAM YAOBNETBOPEHbI HaualbHbIE YC/O-

BMA. [onycTum, Hanpumep, UTO B HauyalbHblii MOMEHT cyliecTByeT

nepemelleHne X B HanpaBfieHUM BHM3 6e3 BpPaLLEHMS, W 4YTO 3IKMMaX

3aTeM BHes3anHo OTnyuweH. B Takom cfnyyae Hava/bHble YCNOBUS
TaKoBbI:

(*),_,,*= X, (r)/-o= 0; (0),-o= O; (©")—0==0.
31K ycnosus 6y,u,yT YOOBNEeTBOPATLCA MPUHATUEM B Yp-aX [r]

ai — aa-= 0,

n=). A— P*~a .
1 Pi —Pi * 2 P?—PY
Blfp IV A . 5 —_Ao(Pv*. a)

Mbl BAAMM, 4TO MPU MNPUHATLIX ycnoBuax 6yayT BO3HWKaTb 06a BuAa
KonebaHua, KoTopble BHayane OyayT OAUHaKOBOW (hasbl, HO C Teuye-
HWeM BPEeMeHW, BCNeACTBMe pasHuUbl B yacToTax, oM ByayT cme-
WaTbCA O4HO MO OTHOLIEHUID K Apyromy, u 6ygeT UMETb MECTO CI0X-
HOe COBMECTHOE [BWXXeHue. Ecan pasHuua 4acToT oYeHb Mana, byget
MMETb MECTO XapaKTepHoe ,ABMeHNne 6MEeHUNAT. e. KonebaHus C ne-
PUOAMYECKN U3MEHALWMMUCA aMnanTyaamu. MNpu paccMOTPeHMM 3TOro
ocoboro cny4yasa gonyctum B yp-um [A], 4To
}‘;‘(—&1:5 n D= o

*

rge 8— secbMa Manad BenuuymHa. Torpa
Pir= a —1; 172s5= rt-j-8
n n3 [f] nonyuunm:

N Ai=y; A*— —\ /3, = — B3= --.
PeweHne \M\ nonyvaet BuA

z= (cospit -}cospj) = Xcos~T-iti* tcos-~ ~ 11t

[«]
0= ~ (—cos/7™-f cos/T2)= y sin £sin P1N £
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Bcnencrteme TOro, 4to pX—pt manas BennuuHa, (YHKLUU
cos {(/>1+/>)/2}* 7 sin {{pl +p<I)/2\t

6yayT 6bLICTPO M3MEHAKLWUMUCA (PYHKLMAMU, TaK 4YTO OHU O6YAYyT BbI-
MOJIHATL HECKONbKO LMWK/OB, Mpexie YeM MeA/IeHHO M3MeHAlLnecs
DyHKLNN

sin [(/7t—prLL, t nnu cos |(/?j—a)l2} t

MOryT MNOABEPTHYTbCA 3HAUYMTENbHOMY W3MeHeHWto. B pesynbTaTe no-
nyyatcsd KofebaHus C NepuoUYECKM WU3MEHAWMMUCA aMNanTyLamMu
(cm. dour. 9).

BbIHYy>KieHHble KOnebaHUsA. — Bo3myLialoline Cunbl, Bbi3biBaloLLine
BbIHYX/[EHHblEe KONebaHMs aKkunaxa, nepefawTca peccopamu. B obuiem
paccyXAeHuu Bbilwe O6bIN0 NOKa3aHO, 4YTO ABa rNaBHbIX BUAA Kone-
6aHuA ecTb KonebaHMs BOKPYr [ABYX onpegeneHHblXx Toyek P n Q
(dur. 71). CooTBeTCTBEHHble 0606LEHHbIE CWAbI B TaKOM C/y4vae
€CTb MOMEHTbl CWM peccop BOKPYr Touek P u Q. M3 3aTOro MOXHO
3aKN04YNTb, YTO N1060E M3MEHEHWE B CWU/E Peccopbl, Bbi3biBAEMOE J110-
6oro poga HepOBHOCTbK Aoporu, OyaeT Bbl3biBaTb OLHOBPEMEHHO
06a Tunma KonebaHWii, ecnuM TOMbKO 3Ta CuNa Peccopbl He MPOXOAUT
yepe3 ofHy u3 Toyek P wnm Q. OonycTum, Hanp., 4to nepejHue Ko-
neca npu [BWKEHWW 3IKMNaxa BCTPEYAOT MNpPenaTCTBME Ha AOPOre;
COOTBETCTBYIOLLLEE CXaTWe MepefHUX pPeccop Bbl30BeT KoJiebaHUA 3KK-
naxa. Tenepb, KOrga 3afHue Koneca LOCTUIHYT TOr0 e NPensTCTBMA,
Konebnwouiemycs akmnaxy 6OyfneT faH AONOMHUTENbHbIA Ton4yok. Ko-
ne6aHns, BbI3BaAHHble 3TMM HOBbIM TO/YKOM, HafioXaTCAa Ha npefbl-
Jylwine konebwma u pesynbTaTUBHOE [ABWXKeHMe OyneT 3aBUCETb OT
BE/IMYMHBI t NPOMEXYTKa BPEMEHN MeXAy LBYMSA To/n4YKamu, unum, 060-
3Hauyas 4epe3 V CKOPOCTb 3KMNaxa, OT BefMuuHbl I/v. Jlerko BugeTs,
4yTO MpU OMpejeneHHOM 3HAYeHWW V AeiAcTBMA 060MX TOMYKOB OyayT
CKNnajbiBaTbCA, MU Mbl MOAYYUM OYEHb HeblaronpuATHbIE YCNOBUA ANA
3TUX KPUTUYECKMX CKOPOCTEW. TycTb t, U Ta 0603HaYalT Mepuoibl
ABYX TflaBHbIX BUAOB KonebaHus, U aonyctum, uto nHtepsan t= (l/v)
KpaTeH 3TWM nepuojam, T. €.

t= mixl= m4l8,
roe tnj v Tr uensle ynucna. Torga ToNuku 6yayT NMOBTOPATHLCA Moche
Lenoro yucna KonebaHwid, n 6ygyT MMeTb MecTO YCNOBUA pe3oHaHca*s
Mpn TakMx ycnoBMAX MOTYT BO3HWKHYTb 60nblive KonebaHusa, ecnu
B peccopax HeT J0CTaTOYHOro TPeHwus.

*) Cm. P. Lemaire, ,La Technique Moderne", sHBapb 1921 r. CM. Takxe cTaTb#
H. S. Rowell’a, ynomsHyTyl Bblille.
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N3 3aToro paccyXxjeHus ACHO, YTO CXema YCTpOWcTBa, rae TOMYOK,
BbI3BaHHbI Of4HOM Peccopoii, He OTpaxaeTcs Ha APYroin peccope,
MOXET MMeTb MPaKTUYECKUA MHTepec. DTO ycnosue 6yAeT BbINOAHEHO,
KOorga Kopnyc .3Kkunaxa MOXHO 3aMeHWTb LMHaMW4YEeCKO MOofJenbi C
aBymsa maccamu Wt n W* (cur. 72), cocpefioTOUeHHbIMKW Yy peccop A
n B. B aTom cnyyae umeem:

r4. y _ .
AT B R
wx* -f wy. 2= wt\

dur. 72.
0TKyja

=N [77]

CpaBHuBasi ¢ yp-uem [/n], MOXHO 3aKN4YUTb, 4YTO0 Toukm P un Q
(cm. ¢ur. 71) coBnagatoT B 3TOM Cayyae ¢ Toukamm A 1 B, Tak 4To U3Me-
HEHUA B CWUNax, BO3HMKAKLWMX B peccopax, 6yayT He3aBUCMMbl Apyr OT
Apyra, v ycnosus pesoHaHca 6ygyT uckiouveHbl. CnegyeT OTMETUTb, UTO
korga 4 =4» ycnosue [77] coBnagaeTt c NpaBuIOM, AaHHbIM Mpod. P«.iic-
HepoM, 4TO pafuyC WHEpLMW HapecCOpPHON MacChbl 3KMNaxka LOKEeH
ObITb paBeH MOMOBUHE 6a3bl 3KMMaxa. B 60MbLWIMHCTBE COBPEMEHHbIX
aBToMob6uneli 6asa 60nblie, 4Yem Ta, KOTOPYH paet yp-ue [77]. 3710
pa XO0XfJeHue cnefyeT Npunucatb YC0BUAM ynpasieHUs aBTomobunem
M 6GOKOBOrO CKOJ/IbXXEHUSA, KOTOpble TPebyloT yBennyeHWs 37Ol 6Oasbl.
JasneHve Ha fgopory. — BcneacTBue LMHAMWUYECKUX MNPUYUH, AaB-
NeHWe Kojeca Ha NyTb BO BPeMA ABVMKEHUA 6yAeT 06bIYHO OT/AMUYHBLIM
OT TakoBOro, Kotopoe 6bi0 Obl B CTaTU4YeCKuX ycnosuax .B3sas npo-
CTOA cnyyail, M3006paXKeHHbIA Ha (QWUr. 72, MOXEM HailTu faBneHue
Kofieca W3 paccMOTPeHUs [BUMXKEHUA

cUCTeMbl, MOKa3aHHOW Ha ¢wur. 73, B

KoTopoii Wt — Bec, HenocpeACTBEHHO

nepegarowuniica Ha nyTbl), — Bec,

nepejatolmiica peccopamu, VvV —no-

CTOAHHasA CKOPOCTb ABMXKEHUA Kosneca

BAONb FOPU3OHTANbHON OCK, XU  —

nepemMeLLeHns no Hanpas/IeHWO BBep:;

rpy3oB Wx un W2 0T uxX NOMOXeHUi

paBHOBecus, MOKa3aHHbIX Ha ¢ur. 73-

Ecnn HeT HepoBHOCTEN nyTu, TO BO

BpeMSA ABVMXeHMA KonebaHwin He OypeT, v faBneHue Ha nyTb Oyger
paBHO cTaTu4yeckomy. JonycTum Tenepb, YTO MOBEPXHOCTb LOPOrHu

*) MpY>XWHHbIM [eACTBMEM LUIWHbI KOfeca NpW 3TOM PacCMOTPEHUM Mbl MpeHe-
bperaem,
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TBepAas, N NpoAONbHbLIA Npodunb ee MOXeT 6bITb NpeacTaBfieH
yp-uem:

Yy=2 11- '05—

raoe E nsmepsieTca Mo ropusoHTanbHOW ocKu, a X ABNSETCA AJIMHON
BOJIHbI.

Torga, npy [ABVXKEHUM C MOCTOSHHOW CKOPOCTbIO V BAO/b 3TUX
BOJIH, BEPTUKaNIbHbIe MepPEMELLEHNs KO/eca, pacCMaTpUBAaeMOro »XecT-
KUM, 6yAyT NpPeacTaBnATbCA Yp-UeM:

h ( 2Tivt\ ..
*1==2 \1—cos— J. [a]

CoOTBETCTBYIOLLIEE YCKOPEHWE B BEePTMKaNbHOM HanpaBneHUu 6yaert:

, h 4Pvl  2mvt
X" ~Y~1J~C0S~T~"'

MpucoegmHas cuny WHepuuy K Becy, NOAYYUM [aBfeHMe Ha nyTb
OAHON TOMbKO MacChbl, He MOKOALWENCA Ha peccopax:

» . Wxh 4*V 2w t
V‘+ 7 I T - COSX ' "

HauGonbluee pAaBfeHWe MNOAYYMTCA, KOrga KO/Meco 3alMeT Husllee
MonoXeHue Ha npoduie NyTU, U OHO PaBHO

Wi hw
1+'MT _XF--

OuyeBMAHO, 4YTO AMHAMWYECKOe [eliCTBME, BbI3BAHHOE CUlaMU UHEPLUH,
yBENNYMBAETCA NPONOPLUOHANbHO KBAaApaTy CKOPOCTW.

UTo6bl MONYy4YUTb NOJMIHOE [faBNeHWe Ha MyTb, AO/MKHO ObITb MpuU-
6aBneHo K paBfieHWt0 [6], BblYMC/IEHHOMY Bbllle, AaBfeHUe, Bbl3bl-
BaeMoOe CWNOoW peccopbl. JTa CWMNa BbIpasnTCs Tak:

W t-kixs-x,), []

rge BTOPOW 4neH npeacTaBnseT M3MEHEHWE B Cuie AeliCTBMA Peccopsl
BCNEACTBME OTHOCUTENLHOTO MNepemMeleHns Xr—x, macc Wxu
JTO nepemMelleHne MOXHO NONyuYnTb U3 AudpepeHunansHOro yp-us

+ £ (*,—jc,)==0, i)

npeicTaBAsAOLWEro ypaBHeHNe 4BWKEHUS Beca™.HECOMBI O peccopamu.
MopcTtaBnas [a] BMECTO XTI, UMeEEM

KN () s 2KV8)

!v&x r” -f- ke -x \el



KOMEBAHWA KPYYEHWSA BAJIOB W CUCTEM MEPEJAUU 139

JT0 ypaBHeHWe MNpefCTaBAseT KoebGaHUs H3LPECCOPHOro Beca, Bbl-
3 3HHblE BOMIHUCTLIM NpoguaeM nyTu. [onycTuB, 4yTO B Havane ABM-
xeHus x{=a x*=»0 in:;,'= 0, nonyunm peuweHue yp-ua [€] B
crnefytouieMm Buge:

X"—’br cos 2t 2CO0s 2+t [N
]

rne i,= 2b\/{W-Jkg) — nepuofg COBCTBEHHbIX KONebaHWii Hagpeccop-
Horo Beca, 12= (X/r/)— Bpems, Heob6xoAMMOe A MPOX0Aa BOMHbLI 4NN~
Hoin X Cwna, BO3HMKalLas B peccope, n3 yp-uin [a] un [c] nonyyaeTcs
paBHO

kh 1> ( 2r; 21ct\ r

r ' - T v = v ( c0syv _ ¢c 0sT j - [r!

Tenepb u3 [b] n [g] paBneHne Ha NyTb, B AOMOJHEHME K CTaTuye-
CKOMY [aBfIEHUIO, PaBHO

Wxh 4a2 2vt kh t, 2itt 2irfi
S -cos

7 9 W) CoSs co

2v -V ul

3HayeHWe MNepBOro u4jeHa YBE/WYMBAETCA CO CKOPOCTbIO, TOrAa
KaK BTOPOI YneH CTaHOBMTCS 3HAUYUTE/IbHBIM B YC/OBUAX pPe30HaHca.
Ha 3TOM OCHOBaHUM MOXHO 3aK/HUYUTb, UYTO MPW XOpOLLeid noBepx-
HOCTU Joporn n 6ONbLIOKA CKOPOCTM Macca, He MOKOsLLascs Ha pec-
copax, fiBfdeTCcA pellaloleil ANA BeNMYMHbI [aBNEHWA Ha NyTb, a B
Cnyyae HEpPOBHOro NyTW npuobpeTaeT 3HayYeHWE HaApeccopHas Macca
aKmnaxa.

31. Kone6aHua kKpyyeHus BafoB U cuctem nepegayun. — O6Luee
pelwleHne. — Mpu npegbigyliemM paccMOTPEHUM KonebaHuii  KpyyeHus
(cM. n° 2) 6bl1 paccMOTpeH npocToit

cnydali Bana ¢ ABYMs BpaljaloLmumucs S > R
Maccammn Ha KoHuax. Tenepb paccMOTpUM a \ b r d
6onee o6WMiA cnyyail konebaHusa Bana ¢

HeCKONbKUMW BpallalowWwmmMmca maccamm 4 i 4 4
(cm. dur. 74). K nopgo6HOn cucteme mo- our. 74.

yT 6bITb npueeneHbl MHOrune 3aga4vin
KPpyTALWNX KonebaHuin B INNEKTPOMALLINHOCTPOEHNN, OABUTATENAX An-

3ena u rpebHbix Banaxl. Myctb /, /2 — MOMEHTbl UHepLuuun
BpalLalLWwmnxcad mMacc OTHOCUTE/NIbHO OCK Bana, <2, 03...—yrnul Bpa-
weHus 3Tux macc npu konebaHum, kv kb Kks>...— xapaktepuctuka

*) Bubnuorpadmio No 3TOMy BOMPOCY MOXHO HaWiTM B OYeHb NOAPOGHOM Hccnen™-
InHKM i KoneGaHWin Kpyyeums B AuraTensx [usens, BbinonHeHHom F. M. Lewis'obl\ cwm.
»T jns. Soc. of Naval Architects and Marine Engineers”, Vol. 33, New Jork 1925.
n. 109.
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MPY>XVUHHOCTK B ina, 4N Y4acTKOB AnAnHON ab, bc n cd cooTBETCTBEHHO.
Torga &(<1— <), &<B—qd, ... NpeacTaBNAOT KPyTAULME MOMEHTHI
4N5 TexX e yyacTkoB. MNpeHebperas MOMEHTOM UHepLMKU BpaLlatoLLerocs
Bana NO CpPaBHEHUIO C MOMeHTamu uHepuuu /,, /8,... BpawaroLwmxcs
Macc, NONyYMM KWUHETUYECKYH 3HEPruto Konebnwelics cuctemsl

MoTeHuWanbHas 3HeEpPrUs CUCTEMbI, COCTOSWAs B 3TOM C/lyyae U3
3HEPrUU KpydeHus, 6yget

V=Y AIOPI—QZ)a'i' Yy ~ N +Y blb— + eeoe LI

Mogctansaa [a] u [b] B yp-us MarpaHxa [71], nonyunMm cnegytowme
anddepeHymnanbHble yp-ua cBo60gHOro KonebaHusa Bana:

n2i"+ *idA— 1% = o,
IfTW + *i(?a— ?3) — Ai(?i — 22 = 0,
1.2%" + *3(23 — <P — —73)= O»
[c].
"f_EJ'I-i(?]'I-l M) kn-i(¥n-i 20-)—
W —ai(?9l—B)= 0
CknajbiBas 3TW ypaBHEHUA BMeCTe, MOMYyUYUM
ne’r+ =0.

3TO 3HAYWUT, YTO MOMEHT KO/MYECTBA ABUXEHWS CUCTEMbI’BOKPYT OCK
Basia OCTaeTCA MOCTOSIHHbIM Mpu cBO6OAHOM KonebaHuu. B panbHeid-
WeM 3TOT MOMEHT KOMM4YecTBa [ABUXEHUS OyfeM MPUHMMATb paBHbIM
Hynto. Takum 06pa3om BbiNagaeT M3 pacCMOTPeHMs N06oe BpalleHue
Bafa Kak TBepAOro Tena, W paccMaTpuBaeTcs TONbKO KonebaTenbHoe
LBVXXeHMNe, BbI3bIBAEMOE CKpy4uBaHWeM Baja.
MpumeHas Tenepb ob6bwuii meton (cm. cTp. 125) v noacrtaBnss B
yp-us [c]
Q =x, QOB(/?£-{-a), 92=X4cos(pt-{-a)...cccrurne. [c]

nony4ymm
[A p2—E£,(Xi—Xx,)=0,
18Xjp2-f AKX, — X — k25— X3 = 0,

ANIP**r U I« “ 7a)==0,

Wcknovaa u3 atux yp-uii X, X6, ..., NOoAyYMM YpaBHeHMEe 4acTOThbl
4N onpefeneHuns p2
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Cnyyaii Tpex AUCKOB. — PaccMOTpMM CcrepBa MpocTeilunii cnyuyai
Tpex Bpawatoumxca macc. Cuctema yp-uit [d] npu 3Tom nonyyaetcs:
e iiKp'-kAK-h)=o0,
liNP2-(- AIG X = o, [€]
/3hp- 7~2("2—h) —0.

CnoXuB 3Tn yp-us, UMeeM

1jX -}-120-} | 3= 1
3 nepBoro u TpeTbero yp-uii [e]
&Xa - AgX
K~ 1j'-K " HPl— & Iff]

MogcTaBnss B yp-ve- [/], monyumm cnepyioliee yp-ue 4acToTbl:

o .1 (h\+hh « B4 1J*

- . W (A L )= 00 177

3TO BbIpaXeHWe fABMAETCA KBaApaTHbIM Yp-Uem 418 Pbh U ABa KOPHA,
ero p, W pr2 cooTBeTCTBYHOLME ABYM T[NaBHbIM BUAaM KonebaHus
MOryT ObiTb nerko onpegeneHbl. [log-
cTaBnas />2 n ps2 B yp-u g [*], nonyumm
3HaYeHMs OTHOWEHUN X/X2 n XIX3 gnsa
[BYX T[NaBHbIX BWAOB KonebaHusl, wu
TakMM MNyTeM MOryT 6biTb YCTaHOB/EHbI
COOTBETCTBEHHbIE COCTOAHWUA  CUCTEMDI
BO BpemsA KonebaHud. Ob6a Buga Ko-
nebaHua npefcTasneHbl Ha AuarpaMmmax
twur. 75. Hu3wwuin Bng konebaHusa, nmew- "-i..... n
WMA oAWMH y3en, MoKasaH Ha ¢wur. 75 a, "
a BbICWWI BUA KonebaHua ¢ ABYMS Y3- dur- 75
namy — Ha ¢wur. 75h

Cny4yail HeCKONbKMX AWCKOB. — B 06Liem cfyyae yp-ue 4acToTbl
nonyynm, NpupaBHUBas Hyn onpegenutens yp-uid [d] (cm. yp-ne [75]
cTp. 126). B3sB, Hanpumep, Cay4ail YeTbipex BpalakLuxcs macc, UMeem

iy —kl k, 0 0
K lip™* — k, — kt 0 -0
0 kt - k3 k$ - ’
0 0 hpr-

*) ¥Yp-ue yactoTbl A4Nns cnydvas 4yeTbipex Auckos, cm. Hitte, 25 Aufl. 1925, Bd I, S. 409.
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Pasfenue pagbl atoro onpegenutensa Ha /,, /2, /3 wn /4 cooTBeT-
CTBEHHO U MPUHAB 0603HAYEHUS:

* * ka
/’S/Z:--Y R 1 +r & __ Yos f24 T8 R3)' / *4
M 2 4
h K :
U I* n e
Nnony4Ynm yp-ue 4actoThbl
X—Xj -0 0
nn X—x2 ad 0 -0
@ n23 X —X, nss
0 O x4 X— X4
Pa3BepHyB 3TOT onpegenntent 06bIYHLIM CMOCO60M, MOAYYUM:
X — x2 a2 0 nir n2 0
(X — Xi) nn X— x3 «33 — X, 0 X —x3 ny =0
0 X4 X — X4 0 X 4 X— x4
nnu
X —X3 na3
X=X )(X=X) "y xxa
nis n3 X—x3 w8 |
TXEX)@2 g TXR — X ] O
oTKyfza

(X—X,)(X —%X(X —xJ(Xx — x4 — (X —X,) (X — X IxMB—
— (X—X,)(X—xPa2aB— (x — x (X — xPxj« 2+ x ,x4ras= 0. |N]

anIHFIB BO BHMMaHWe, 4TO

X2= -f- Wi, X3= A23-f-«33,

NosyyYnM TMNOCTOSHHbIA uneH B yp-um [h] paBHbIM Hyno, a noTo .y
O4MH 13 KOpPHel nosy4vaeTcs paBHbIM HYMK. JTroT pe3y/nbTaTt fB/SeTCs
cnefcTBMeEM CBO6GOAbI BpalleHUs Bana Kak TBEPLOro Tena BOKPYT ero
ocu. Tpu ocTawowmecs KOpHS yp-us [/, oTnuuHble OT Hyns, fJawT
Ham 4acTOTbl TPeX rNaBHbIX BUAOB KoneGaHWs paccMaTpuBaeMoil cu-
CTEMBbI.

Uucnosoit npumep. — Tenepb BO3bMEM /18 MpUMepa CregyloLlme
YNCNOBbIE faHHble ) /, =347 Kr «CM *Ccek2; /.,,= 100600 Kr ¢CM - CeK'";
/3= 1380 Kr eCMm » CeK*; /4= 0,429 Kr *CM *CeK-; k, = 363 » 106 KI-CM Ha

*) OTW uucnosble faHHble NPeACTaBNAOT AeNCTBUTENbHbINA CAyYaik pacyeTa CUHXPOH-
HOFO 371eKTPMYECKOro KoHAeHcaTopa, npoussefeHHoro |. Ormondroyd’ou, nHXeHepom
nabopatopun Westinghouse Elec. and Manfg. Co., East Pittsburgh, Pa.
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pagunaH; A2= 131,7 «10° Kr *cM Ha paguaH; A3— 1,25 « 10e Kr *CM Ha
pagmaH.

MopacTtaBnasg 3T faHHble B yp-ue [A] M nonb3ysdcb fanee HOBbIM
0603HayeHnem X — 0,0001 />2, nonyyum

M3— 407 x2+ 34492 x — 296230 = 0. A

[ns BblUMCNEHNS KOpPHEW yp-Ui BbICWUIMX CTENeHeil, Takmx Kak
BbILIENPNBEAEHHOE, O4YeHb yAobeH cnocob XopHepa *). 3TOT cnocob
npeacTaBnAeT NPOCTEAWNA NyTb ANA BbIYUCAEHWS YMCIOBOrO 3Haye-
HWS Lenoi paumoHanbHOM (YHKUMWM Takoro BuAa:

f(x) = amxn-t- uAx"'1-f ... -f-d\X -f a,, n
4ns no6oro faHHOro 3HavyeHus A aprymeHta X. BmecTto TOro, 4tobsbl
BblUMCNATL 3HaveHus A’, A-l,..., YMHOXaTb WX Ha an, anu... u 3a-

TeM cKnajbimatb MX BMeECTe, MPUMMEHMM cregyrouwmnin npvem. [MoMHO-
XM an Ha A u cnoxmum anA ¢ anv Myctb a,, t' 0603Ha4aeT cymmy
a,,k-\-an x Tenepb, NOMHOXMB an, Ha A U CNOXWUB C a,_2 NOAYYUM
cymMmy anr'—a,, ,'A-)-a,_2 [locTynas ganee Takum e obpasom, no-
ayuum a,_3= a, 2A-]-An-3 n, HakoHey, al'= a~k-\-ai n a®*—a,K-\-
-)-a0 Bce 3T BblUMCNEHUA MOTryT ObiTb MpeAcTaBfeHbl B BUAe crie-
ayouieit Tabnuubl:

an &t 712 % A2 a0
a,A an ,A.. a3A A alA [m]
<2 @ Q©

Jlerko nokasatb, 4YTOo 3HavyeHue a0, BblUMCNEHHOE 3TUM CMOCOGOM,
npeactaBnsetr 3HavyeHue/(A) dyHkuumn [/] npu X — Kk

dTa XKe Cxema BbIYUC/IEHNS MOXET ObiTb MPUMMEHEeHa TakXe Ans
pasgepTbiBaHus f(X) B pag Talinopa cnegylowero suga:

f{x) — a0 - A, (X — A) -j- 1x — A)2 A, (Xx— A,
rpe

n=I(A); a,= _ a4 &
Hanpumep, BO3bMEM:
f(X)= a44-f ax8-f-ax*-f- "\ X+ a».
UTtob6bl npeactaBuTb 3Ty (yHKUMIO B (hopMe paja
[(*)* a,'+ A,(x- A+ N,(*—A-+ AIx- A3+ AKX - A [«]
Mbl Ha4YHEM BbIYMC/IEHWE TOUYHO TaKMM XK€ CNoco6OM, KaK W3N0XKEeH*

*) OTHOCWTENBHO MPUBAMXKEHHBIX METOLOB [/18 BbIUMUC/IEHUS KepHeil anrebpanye-
CKUX yp-uii BbICWIMX cTeneHeid cM. v. Sanden, Practical Analysis,
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Bbiwe B Tabnuue [T], u npugem Kk 3HauveHuto f(k) = a0, gaHHOmy B

HWXecnegyowen tabnuue [o] 1
akK (13 @ a; a0
« kakK ka3 ~ka3 kat'
a4 a3 CLE a; 1 ((O'
kar ka3" kdv
a3 < \« r=n, [0]
ITRE M S I
«4 - b
kak

V-
ai—Agla3 =AT

C uucnamun a4 a3, a4, ...a0 TpeTbeil CTpoku 3TOK Tabnuubl Mbl MO-
CTynaem TOYHO TakuMm >XXe Cnocobom, Kak c yucnamu n4, a3 az ...
nepBoOi CTPOKWM, TONbKO nocnegHee yucno a0 He cnefyeT MNpPUHMMATbL
BO BHMMaHue. Takum cnocobom nonyyum uyucna nopg ueptoin II—W
MocnepHee U3 3TUX YMCen, a UMeHHO a/', npeAcTaBngaeT KO3hOULNEHT
paga [a]. MocTynasa Takum >Ke crnocobom, Mbl NPUAEM K 3HAYEHWAM
a{'~Ab a3"= A3u a4= N4 Takum o06pa3om Bce KO3DOULNEHTHI
paga [M] BblYUCNEHbI.

Cxema [0] MOXeT 6bITb Tenepb MNPMMEHEHA ANA BbIYUCAEHUA Lei-
CTBUTENbHbIX KOPHEN anrebpanyeckoro ypaBHEHWS C AeliCTBUTEbHbIMM
Koa(p(huumeHTaMM Takoro Bupa:

[(*) = am*n+ «g-1*""1+ eee+ LXK+ «w0= 0. [p]
Mycts Kk sBnfetcA rpy6bbiM MPUBAMXKEHMEM BbIYUCASEMOrO KOpPHS.
Torga, nocTynas, Kak u3noxeHo B Tabnuue [o], u nonaras g— k= u,
nosiyuymm cnegaytoiiee yp-ue

f(x) = Ammn-f Anurtl-]-¢. + Aun-f-a0—0> 7]

B KOTOPOM W €CTb pasHOCTb MeXAY AeACTBUTENbHbIM 3HAYEHUEM
KOpPHS 1 €ero nepsbiM npuGamxkeHnem k. [onycTuB Tenepb, 4TO 3Ta
pasHOCTb Mana, W MmpeHebperas 4neHaMu BbICLUUX CTENeHel W B yp-un
[d], Mbl nonyuum npubANXKEHHO

alJ

W BTOpPOe NpubAMXeHwe Ans KopHa yp-us [p] 6yget
X—Kk-\- uv

UT0o6bl NONYyuYNTb CreaytoLiee NpubavKeHMe,Mbl NOCTyMnaem ¢ yp-uem [q]
TOYHO TaKXe, Kak Mbl noctynunu c yp-uem [/?7]. Monarag K — ux—v
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M CHOBa cleays CXeme BblYMCNEHWIA, yKasbliBaeMoil Tabnuueli [o], no-
nyynuMm cnepaylouiee yp-ue ans v
Brvn-f Bn.iv'-* -f ... -f Btv -f a,'"= 0.
[LanbHelwas nonpaeka:

vt= —

n TpeTbe anI6J1|/|)KeHI/|e ana X paBHO
x= k-f« vt

MocTynas Takum 06pa3oM, MOXHO BbIYMC/IUTL KOpeHb yp-ua \p] c
060N Xenaemoli TOYHOCTHIO.

MprMeHsAs 3TOT cnoco6 K peweHU uyucneHHoro yp-usa [K] v B3sB
3a MepBoe MNpuUBAMXKEHME X = 9, MOAYYMM cChnefylollyo Tabnuuy:

1 — 407 34492 — 296230
9 — 3582 278190

1 . —398 30910 |— 18040
9 — 3501

1 — 389 [ 27409
9

1 1— 380

Yp-ne NS nepBoi nonpaBkm U—X —9 6yger
n3—380u?+ 27409 mn—18040= 0. [
B3dB 3a npubavKeHHOe 3HavyeHMe 3TOM MONpaBKU

18040

27409' -0.6

M noctynas ¢ yp-uem [r], Kak paHblue, NOAYYUM Chefylolyl Ta-
6nuuy: *

1* — 380 27409 — 18040
0,6 — 2276 16309
1 —379,4 27181 I— 1731
0,6 227
1 — 378,8 I 26954
0,6

1 1—378,2

Yp-ne pns BTOpOi monpaBku Oypet
v3—378,8 + 26954v — 1731 = O,

Teopusi KonebaHWn p WHXEHepHOM aege, 10
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“3 KOTOpPOro

V>~ k695470,064°

OTctofa KopeHb yp-usi [K] MOXHO NPUHATH PaBHbIM
Xi~ 9.+ «j-fDj= 9,664.
[lBa OCTa/ibHbie KOPHS 3TOr0 Xe yp-us OygyT
A m2= 105; x3= 292.

CoO0TBeTCTBYIOLLME YACTOTbl B CEKYHAY OYAyT:

N N - . — . -
1 I]J'Kl = 49,5; 2 163; P 272.
VIHTEepecHO OTMeTUTb, 4YTO B YWUCNOBOM TMpUMeEpPe, MNPUBELEHHOM

Bbllle, MOMeHTbl uHepuuu /, n /3 manbl MO CpPaBHEHWUO C /*; Kpome
TOoro, /4 mano no cpasHeHwto ¢ /3 B Takom cnydyae xopowee npu-
6nvKeHne ANa 4YacToT MONY4YUM, MNOMb3YACh MPOCTbIM yp-uem [12]
(cMm. cTp. 12), BbiBEAEHHOM AnsA Cnyyas OAHOro Aucka. Paccmatpu-
Bad /a 6ecKOHe4yHOo" 6onbWwuM U npeHebperas /4, Mbl Hailgem gns
KpyTAwero konebaHua aucka /3 yactoTy

i /4 moo J1 3i,7_ 493

ony /3— 2n Y 1380 B CeK.,

KoTopass O4yeHb 6/1M3Ka K 4actoTe 49,5, HalifeHHOI Bbile 418 OCHOB-
HOro BuAa KoneGaHWn CUCTEMbl C YeTbIPbMS AWCKaMMU.

PaccmaTpuBasi Tem Xe cnocobom KonebaHue paucka /,, Korga /2
NPUHATO 6eCKOHEYHO 60nbWwuM, W KonebaHue /4, Korga /3 MPUHATO
6eCKOHEYHO O60/bWIMM, Mbl HalifeM ClefytouiMe 3Ha4YeHnusa ANs 4acToT:

1 fkx_ 1000 r 363

|l 1~ 2k V 347 B CeK.

272 B CeK.,

KOTOpPble COBMajaltT C paHee BbIYMCAEHHLIMU 3HAYEHUAMU.

3ayacTyo Mogo6Hoe ynpouieHue 3agad KonebaHWii SABMSAETCA BO3-
MOXHbIM NpY NPUBANXKEHHOM BbIYMCAEHMM YacToT. MofobHoe ynpo-
LeHNe OCOBGEHHO BBLITOLHO B CAY4YasxX CAOXKHbLIX CUCTEM C 6ONbLIMM
4ynuciioM BpallarLWmMXcs Macc, Kak 3TO BCTpeyaeTcs, Hanpumep, B ABU-
ratenax [Awusens.

PaccmoTpum, Hanpumep, CUCTEMY, W300paXeHHY Ha qur. 76, Ha
KOTOPOI YyKa3aHbl MOMEHTbl WHEPUWW TeHepaTtopa, MaxoBWKa, LWEeCTU
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UMMHAPOB M ABYX BO3AYLIHbIX HAcOCOB, a TAKXe pPacCTosHUE Mexay
3TUMM Maccamu *).

Ban 3aMeHeH 3KBMBANEHTHbLIA BajiOM MOCTOSAHHOrO CcevyeHus (cMm.
CTp. 157 HMXe), C XKeCTKOCTbio KpyuyeHuss C = 1010kr cmV Bcneg-
CTBME TOr0 4YTO MaccCbl reHepaTopa W MaxoBUKa MHOro 60/blle, Yem
OCTa/bHble MaccCbl, Xopolwee MpuUBAMXKEHNE AN 4YaCTOTbl HU3LLEro
TMNa KosnebaHWs MOXHO MOMY4YUTb MYyTEM 3aMeHbl BCEX MasblX Macc
oaHo Maccoi, umetowwein MoMmeHT uHepuun /3= 93 X 6 -f-7 -} 6,59» 572
M pacnonoXeHHon Ha pacctosaHum 57,5-f 2,5 X 48,5 py 179 cM oT ma-

000

dur. 76.

X0BUKa. MpuBeas, Takum 06pa3om, LaHHYK CUCTEMY K TPEM maccam,
MOXEM JNEerko BbIYUCANUTL YacToTbl U3 yp-us [77] v nonedyum

N 2249000 n p2= 123000.
ToyHOe pelleHne Ans TOM e 3ajauu faet
p* = 49840 n p~ = 141000.

N3 aToro BMAHO, 4TO ANns KonebaHMs OCHOBHOrO BMAa Mofyvaetcs
xopowee npubamxeHne. Ytobbl NoNyynTh elle nyduiee npubanxeHue,
MOXHO ynoTpebuTb MeTof Peiines (cm. n° 14).

MeTog Peiines. — MycTb a K b 0603Ha4yaloT pacCcTOSHMS MaxoBMKa OT KOHLOB
Bana, WU LOMYCTUM, 4TO (hopMbl [BYX TFNaBHbIX BMAOB KonebaHwuii 6yAyT Takue, Kak no-
KasaHo Ha ¢ur. 766 n C 1 4To yacTb b ynpyroii nuHUKM MOXeT 6iTb 3aMeHeHa na-
pabonoii, Takoi, YTOObI yron Kpy4yeHus @ ANs N06Oro ceye usd, OTCTOAWLEr0 OT Maxo-
BMKA Ha paccTosHUM X, YAOBNETBOPSN yp-uio:

* 3T0T npumep pa3obpaH B YNOMAHYTOM Bbille Ha CTP. 28 KHure Xo.rbuepa. 3a
€ANHNLPI B3ATHI KuiorpamMm W caHTUMETP. X
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JNlerko BuAeTb, uto AN N:= 0 M X = b yron <9 BblleNpPUBEAEHHOTO Yp-Us UMeeT 3Ha-
ueHNs 4 M ®I0 cooTBeTCTBEHHO. W3 yp-us [r] v nepsoro u3 yp-uii [d] umeem:

= ?
* a t«l
Yrnbl noBopoTa BCEX OCTallbHbIX MacC MOryT ObITb npeacTaBneHbl (*)yHKU.VlﬂMVl oT n
®I0 » 3TV ABa NOCNeAHWE Yrna MOXHO paccMaTpuBaTb, Kak 0606LiEHHbIE KOOPAWHATbI

[aHHOli cucTeMmbl.
Torga noTeHuManbHas 3Heprus cucTembl GygeT:

J—fai— b)C 1.c d cf<PiyY . 4 —2(1-T)T
A ~ "2 ) [dxj ~2\~IT + J ======-m- b v

rae

KnHeTuueckas aHeprus cuctembl GygeT

1V
TI::_Z zZi 2
k=1
nUnu, nonb3yacb yp-uamu [r] n [s] n o603Hayas 4epe3d X* pacCcTofHWe OT MaxoBMKa
[0 nto6oii Bpaulatouieiics maccol k n ak = , Moflyynm
A=10
r=y/n"*+T7 ]'ZI_Z/a"]O +*(~N1~aKr H

MopcTtaBnss Bblpaxeuua [r/] n [f] B yp-us JlarpaHxa [71] n NpuUHAB Kak paHblue
?1= "W COSQ»/+ P), <Go= Xo«» (?/+ ?),

nofyuyuMm fBa Crefyrowmx yp-us:

*=10
«.T-ffO-I‘t+H|/\2« T
TEDD Y
+ ADl -+ -J-~ P —ak) ;= 0,
K- 2 j
C 4=10 Y
A y

“TY +x 2 w }=0
t ~
MpupaBHMBas ONpefenuTens 3TUX Yp-Ui HyMO, MOMYYyuM yp-Me 4YacToTbl, ABa KOPHS
KOTOpOro fafyT Ham 4acToTbl [BYyX TUMOB Kone6aHWs, Mokas3aHHbIX Ha ¢ur. 66 b n c.
Bce HeobxoAuMble BbIUMCAEHWS AaHbl B Tabnuue 3.
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Tabnuya 3. — K onpepgeneHunto

4yacToT

149

no meTtopy Peiines.

~\ H B 2 je t
w Z
if K 0 . «© 1 . Nz}
e P 4> e%' « ! E‘B 0
«
12201 —— — — =" - - — —
23000 0 O 2 0 i 0 0 i 3000 O 0
3 93 57,5 0,1091 1,8909 0,2062 0,7938 0,0425 0,6301 0,1637
4 93 106 0,2011 1,7989 0,3618 0,6382 0,1309 0,4073 0,2309
5 93 1545 0,2932 1,7068 0,5004 0,4996 0,2504 186.2 0,2496 0,2500 1212
6 93203 0,3852 1,6148 0,6220 0,3780 0,3869 " 0,1429 133,8 0,2351 '
7 932515 0,4772 1,5228 0,7268 0,2732 0,5282 0,0746 0,1986
8 93300 0,5693 1,4307 0,8145 0,1855 0,6634 0,0344 0,1511)
9 7377 0,7154 1,2846 0,9190 0,0810 0,8446 5,91 0,0065 0,0744 0,52
10 6,5527 11,0000 1,0000 1,0000 O 1,0000 6,50 0 0 0 0
£ 10 - 10 - 10
2w 198,6; ~«ft)s= 31338, \ Ai3ft(l --»*) = 1217.
La
= 2 = 2 = 2
HaumeHblINi A KOpeHb yp-uUsa 4acToTbl Gygaet
= 1,563,
n n3 [n] noayumm:
p- = 50000.

OwwmnbKa 3TOro NPUBANKEHHOr0 peLleHuns
peweHnem TonbKo ‘/eQo-

BTOpoii KOpeHb yp-Ws 4acTOTbl JaeT 4acTOTy BTOPOro BuAa Koneb6aHUs ¢ TOYHOCTbIO
4,5%- CnepyeT OTMETWUTb, YTO, NOMb3YACb 3TUM MPUBGAMNKEHHBIM METOLOM, MOXHO Nerko
BbIYMCANTL BO3AeWCTBME MacChl Bafa Ha 4acToTy ’).

Nno CpaBHEHWUK C BblWeNnpMUBEAEHHbIM TOYHbIM

«
B npegbigyuiem 6biiM paccMOTPeHbl cBO6OfHbIE KonebGaHus Kpy-

YeHWs BanoB W OblNM onpegeneHbl 4acTOTbl COOCTBEHHbLIX KONEOAHUIA.
Ecnn Ha Ban AeNCTBYHOT MepeMeHHble KpyTAliMe MOMEHTbl, B 4ONO0N-
HeHMe K BbILIEPacCMOTPeHHbIM CBOGOAHLIM KONMebaHWAM BO3HUKHYT
BbIHYXJEHHble KonebaHuda. [epuof 3TUX BbIHYXAEHHbIX KonebaHwui
6yaeT paBeH Mepuody NEpPemMeHHOro KpyuyeHus. AMNAMTY[AA BbIHYXXEH-
HbiIX KonebaHwuii 6yneT 3iBUCETb He TOMbKO OT BEIMUMHbLI MEPEMEH-
HOro Kpy4eHWs, HO TakKXe OT ero 4actoTel. Ecnm 3ta uactoTa npu-
6nuxaetTcd K OfHOW M3 COBCTBEHHbIX YacTOT Bafa, BbIYUCIEHHBIX
BblllE, MMEET MECTO COCTOSIHME pe30HaHca, M aMMAMTyfa BbIHYXJAEH-

*) CMm. cTaTblo aBTOpa B .M3BecTuax C.-MeTepbyprckoro MonntexHuyeckoro WHcTu-
TyTa", 1905 r. *
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HbIX KONebGaHWin CTaHOBUTCA O4YeHb 6O/MbLIOA, €CnM TOMbKO HeT Ao-
CTaTOYHOro 3aTyxaHus. B mocnegyrouiem paccMOTPUM MPUGINKEHHbI
€nocob BbLIYMCAEHWS 4YaCTOT COOGCTBEHHbLIX BUAOB Kone6aHWii U amnau-
TYAbl BbIHYXAEHHbIX KOnebaHuii.

OnpegeneHne 4acToT, CNOCO60OM MOCTEMNEHHbIX NMPUGAM>KEHWIA, —
YacToTbl pas/iMyHbIX BUAOB KOME6AHUA KPy4YeHWS MOXHO BbIYUCANUTb
n3 yp-nin [d] TakxKe nyTeM MOCTENEHHbIX MPUGAMKEHWA. [Ana 3Tol
Lenu 3TM yp-us cnefyet HanucaTb B TaKOM BuUje:

N
"8 —"2— ¥
Iz ok L (1 %1+ Posct [NT), "

B3sB Tenepb rpy6oe npubavKeHUe 3HAYeHWS PA U MNPUHAB MpPO-
n3BonbHOe 3HauyeHue ans X5 Haigem u3 yp-usa [w] yrnoBoe nepeme-
LeHVe MepBOro Aucka, OTBevatollee 3HayYeHUO X2 Torga us yp-ua [y]
HaingeTca X3; u3 yp-usa [z] X4 v 1. 4. Ecnn BenmymHa p% 6bina Bbl-
6paHa npaBuWabHO, Yp-ue

P1 1J'iP2 ... INKP2— o,

npegctaesnawouiee cymmy yp-uin [d\, 6yget ygpoenetBopeHo. B npo-
TUBHOM cAayyae, yrnabl X, X3... npuwnocb 6bl BbIYUCNATbL CHOBa C
HOBbIM MPUOAMKEHHbIM 3HaYeHMEM Ans p21). Pe3ynbTaTbl 3TUX BblYKC-
NeHWi yaobHO pacnonaratb B BuAe Tabauu.

[Ona npumepa B HMXenpuBedeHHbIX Tabnuuax 4 u 5 gaHbl nog-
cyeTbl 4N8 YCTaHOBKMW C ABuratenem [unsensd, nokasaHHOW Ha dwur. 77 2.

MepBblil cTONGey, Tabnuy AaeT MOMEHTbl MHEPUMM Macc, MpUYeM
3a efuMHWUbI B3STbl Kr, CM, CeK. TpeTuii cTonbey HaynmHaetcs
NMPOW3BOJIbHLIM 3HA4YeHWEM Yyrna Bpalw,eHWs MepBOiA  Macchbl. ITOT
Yron B3AT paBHbIM efuHuue. YeTBepTblii cTON6GeL [aeT MOMEHTbI
CMN WUHEepUUU nocnefoBaTeNbHbIX Macc, a MATbIA CTON6eL CyMMapHbIi
KPYTALWMA MOMEHT CW/1 MHEpLMM BCEX Macc Cneea OT paccmartpuBae-
MOrO MOMEepPeYHOro cevyeHus. Pas3fenuB KpyTAWMIA MOMEHT Ha XapaKTe-
PUCTUKMN MPYXXMHHOCTW, AaHHbIE B LUECTOM CTONOLE, Mbl NOAYUYUM YI/bl

*) HeCcKoNbKO NpWMEpPOB TaKWX BbIYMCAEHMIA MOXHO HaliTm B kHure//. Holzer'z, Die
Berechnung der Drehschwingungen, 1921, Berlin, usa. J. Springer’a. Cm. Takxe CTaTblo
ynomsaHytoro Bbiwe F. M. Lewisa u Max’a Toile, Regelung der Kraftmaschinen,
3 Aufl. 1921 4

*) 3TU noacuyeTbl B3ATbl M3 <1?2TAM F- M. Lewis’a, ynomsHyToi Bbile Ha cTp. 139.
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BKPYUMBAHWUS MOCNEA0BaTENbHbLIX Y4YacTKOB Bana. OHU fAaHbl B CE€[b-
MOM cTon6ue. lMocnegHee uucno cton6ua 5 npeAcTaBnseT CymMMmy
MOMEHTOB CW/M MHEpLUMUM BCEX Macc. JAra CyMMma AO/KHa O6biTb paBHa

dur. 77.

Hynio B cnyvae cBob6ogHoro konebaHus. MpuHaB gna tabnuubl 4 /2=
= 96,2, NOCNEAHIO BENMYMHY CTON6UA 5 MOAyYunu MNOMOXUTENLHON.
Ons /7=96,8 (tabnuua 5) cooTBeTCTBYKLWAs BeANMYMHA — OTpULa-
TeNbHa. JTO MOKa3blBAET, YTO TOYHOE 3HAYEHUEe ONA P NIEXUT Mexay
BbllLleyKa3aHHbIMN [BYMSA 3HAUYeHUAMM U MNpaBu/ibHble 3HAYEHUSA B
cTonbuax 3 5 6ygyT nonyyeHbl MHTepnonsymeir. Monb3ysacb BEAMYU-
Hamu cTonbua 3, MOXHO MOCTPOUTHL YMPYTryl JUHUIO, MNPeAcTaB/Al0-
Wyt BuA KonebaHWs, Kak nokasaHo Ha ¢ur. 77. Ctonbel 5 faeT co-

Tabnuua 3. —BbluncneHuns Ana [W3eNbHOW ycTa-
HOBKMW (dur. 77) npu [7= 96,2; p1— 9250.

i 2 3 4 5 6 7
3 :
§ / \ fp*X riP*\ k Ii/pU
i 814 7,42 X 10e 1 7,42 X 10e 7,42 X 10e 2380 X 10' 0,0031

4510 41,7 X 10« 0,9969 41,6 X 10e 49,0 X 10e 840 X 10e 0,0585
4510 41,7 X 10e 0,9383 39,1 X 10e 88,1 X 10° 840 x K>» 0,1050
4510 41,7 X 10e 0,8333 34,7 X 10e 122,8 X 10e 840 X 10e 0,1462
4510 41,7 X 10e 0,6871 28,7 X 10e 1515 X 10' 840 X 10e 0,1803
4510 41,7 X 10e 0,5068 21,1 X 10e 172,6 X 10e 840 X 10°  0,2060
4510 41,7 X 10° 0,3008 12,5 X 10e 1851 X 10° 462 x 10° 0,4010
160700 1487 X 10e — 0,1002 —149,5X 10e 356 X 10e 1534 x 10e 0,0233
30400 281 X 10e — 0,1235 — 34,7 X 10e 0,9 X 10e — —

© 0O N oo o A W DN
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Ta6bnuua 4.—BblyncneHuna Ans LU3eNbHOW ycTa-
HoBKW (dwur. 77) npwu /75 96,8; /2= 9380.

| 2 — I 3 = 4 5 6 7
3
g Ip* X ip- X lp*\ K 11/psx
i 814 765X 10e 1 765X 10e 7,65 X 10e 2380 X 10e  0,0032
2 4510 423 X 10 09968 422 X 10+ 499 X 10e 840 X 10¢  0,0594
3 4510 423 X 10¢ 09374 397 X 10c 896 X 10e 840 X 10¢ 0,069
4 4510 423X 10c 08305 352 X 10" 1248 X 10¢ 810 X 10e  0,1487
5 4510 423 X 10e 06818 28,8 X 10e 1536 X 10e 840 X 10*  0,1830
6 4510 423 X 10e 01988 211 X 10 1747 X 10° 840 X 10e  0,2080
7 4510 423 X 10 02908 123 X 10e 1870 X 10e 462 X 10¢ 04040
8 169700 GO8 X 10e — 01132 —1708X 10° 162 X 10e 1531 X 10e  0,0106
9 30400 285 X 10e — 01238 — 353 X 105 — 191 X 10° s-

OTBETCTBYIOLIME KPYTAWME MOMEHTbl [NA KaXOW 4yacTu Bana,
Korga amnauTyfa nepsBoi maccbl paBHa 1 pagvaHy. Ecnu ata amnau-
Tyfa UMeeT Kakoe-nnbo fpyroe 3HayeHue X, TO aMNanTyfbl U Kpy-
TALWME MOMEHTbl OCTalbHbIX MacC MOryT ObiTb MOYyYeHbl YMHOXe-
HMEM BEeNWYMH CTON6GUOB 3 1 5 Ha X.

OnpepeneHne BbIHY>KAEHHbIX KOMebaHWiA *).— Ecnn HeT TpeHus u
MPWIOXEH MPOCTOA FapMOHWYECKMIA KPyTAWMA MOMEHT M sinmt K og-
HOW M3 BpaLLatLLLMXCA MacC, TO BOSHUKHYT BbIHY)X/eHHble KonebaHms ne-
puoga T= (2n/T), u KonebaHue Kaxpjoli wmaccbl 6yneT WMMeTb BUA
Xsinmt. AMAAUTYAbl BbIHYXAEHHbIX Koneb6aHuit mMoryT 6biTb onpege-
NEeHbl COCTaBneHMeM Tabnuubl, NOLO6GHON MPUMEHEHHON Bbile B CNy-
Yyae CBOOOAHbIX KonebaHwi. Mpu gonyueHWW, 4YTO amnauTyga nep-
BOW MacCbl paBHa X, MOXEeT ObiTb BbIYMCAEH KPYTALWMIA MOMEHT B
KaXAO0M y4yacTKe TeM e cnocobom, Kak paHbwe. HyXHO TONbKO
npnbaBuTb MakcuMyMm M BHELWIHEro CKpyuyuBalLWero MOMEHTa B
TOUKE ero MPUIOXKEHUA K MOMEHTY CU/ WHEPUMWM BpaLialoLLMXCs
macc. MocneaHunii uneH cton6bua 5 6yaeTr wumeTb BuA ax-\-b, u nu-
HeliHOe ypaBHeHWe ANna OonpefefieHUs X NOAY4YUMM, MpuUpaBHMBAs 3TOT
YneH HyM0, TaK Kak OH MnpeAcTaBisieT MOMEHT MO Ty CTOPOHY
nocneaHelri Macchbl.

@1 MpnbnnxeHHbIA cnocob onpefeneHns BbIHYXAEHHbIX KonebaHUi npu 3aTyxaHuu
6bin paspabotaH Buanepom B kHure Drehschwingungen in Ko'benmahchinenanla-
gen, Berlin, 1922. Cm. TakXe CTaTbl0 YNOMSAHYTOro Bblle Ha cTp. 139 F. M. Lewis'n
n John’a F. Foxca. Some Experiences with Torsional Vibration Problems in Diese
Engine Installations, .Journal Amgcr. Soc. of Naval Engineers*, 1926,
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Korga nepuoj BHEWHEro rapMOHWYECKOT0 KPYTALWEro MOMeHTa
coBMafjaeT C MepMofOM OJHOro W3 BUAOB COBGCTBEHHOro KonebaHus
CUCTEMbI, UMeeT MecTO COCTOSHMEe pe3oHaHca. JOTOT BMA KonebaHus
MoAy4yaeTcs OYeHb 3HAYUtENbHLIM, W SABNAETCS HEOBXOAMMbIM MpU-
HATb BO BHWMaHWEe CWAbl 3aTyxaHUs, 4YTO6bl MOAY4YUTb [AEelCTBUTE/b-
HOe 3HayeHue amnAuTyabl KonebaHuda. JonycTuB, 4TO cuna 3aTyxaHus
nponopunoHanbHa CKOpPOCTW, W npeHebperas BO34eACTBMEM 3TOM
cunbl Ha BWUA KonebaHmsa, T. e. AONYCTUB, UYTO COOTHOLIEHUA MEXAY
amnanMTygaMmn YCTOWUYMBOIO BbIHYXAEHHOro KonebaHus BpalLatoLyuxcs
Macc Te XXe, 4YTO A/ COOTBETCTBEHHOro Tuna cBOo60OAHOro KonebaHus,
MOXEM BbIYNCAUTL MNPUBAMXKEHHbIE 3HAYEHUS aMNAUTY[L BbIHY)XAEH-
HOro kKonebaHua cnefylolwmMm ob6pasom. MycTb em= >msinpt—yron
BpaleHna npu KonebaHMM MacCbl, Ha KOTOpYK [felcTByeT 3aTyxa-
Hue. Torga MOMEHT COMPOTMBNEHUS CUN 3aTyxaHus 6yaet

rae a ecTb NOCTOAAHHAA, 3aBuUcAWas OT YCAOBUIA 3aTyxaHusa. PasHuua
has Mexgy KpyTAWMM MOMEHTOM, KOTOPbIVi BbI3blBAET BbIHYXAEH-
Hoe KonebaHue, W MepeMewWeHnem A[OMKHA ObiTb MPU pe3oHaHce
paBHa 90°. lpuHUMaa 3TOT MOMeHT B Buae Mzospt v nonaras yron
BpalleHWs MacCbl, Ha KOTOPYK OH [elCTBYeT, paBHbIM — \nsin pt,
HalijeM amMnauTyay BbIHYXAEHHOro KonebaHus M3 yCNOBUA, 4TO MNpu
YCTOMYMBOM COCTOSIHUM BbIHYX/[AEHHOro Kone6aHus paboTa, MPOM3BO-
AuMas  rapMOHUYECKMM  KpyTAWMKWM MOMEHTOM 3a BpeMs OfHOro
KonebaHusa, AO/MHKHa OblTb paBHa 3HEpPruu, NOrNOLWEHHONW B TOUKe,
rae nNpuNoXeHo 3atyxaHue. Takum o6pasom nonyvmm

0 0
WM, NoACTaBAss
m= "mSinpt\ ?,= X,Sinpt,

nonyunm

X n
W aMnauTyga Koneb6aHus mepBoil macchl 6ygeT

*

1 @K K" [*1

3Has MOCTOAHHYIO 3aTyXaHWs « U Geps OTHOLLIEHNS n n3

HOPManbHOW ynpyroi nuHumM (cM. ur. 77), MOXEM BbIUMCUTL ammiu-
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TYfbl BbIHY)X/[EHHOTO Kone6aHWa [ANs cnyyas NpoCcTOro rapMoHuye-
CKOTO KpyTAWEro MOMeHTa NpW 3aTyxXaHUW, MNPUIOXKEHHOM K onpe-
AEeNEHHOMY CEeYeHUH Bana.

Ecnm Ha Ban [AeiCTBYHOT HECKONbKO MPOCTbIX FapMOHUYECKMX
CKPYYMBaKLWMX MOMEHTOB, TO pe3y/bTaTMBHas aMnauTyga X MnepBoi
Maccbl MOXET OblTb MosyyeHa M3 yp-us [b\ npumeHeHWem npuHUMna
HanoxeHnsi. OHa 6yaeT paBHa

(c]

raoe 3Hak CcyMMbl 0603HavaeT reoOMeTPMYECKyt CyMMy, MpUYeM Ka-
XAbIA KPYTALWMIA MOMEHT B3AT B COOTBeTCiBYlOL e (ase.

B [eicTBUTENbHBIX CAy4Yyasax BHEWHWA KPyTAWWUA MOMEHT 0ObIYHO
6biBaeT 60nee CMOXHOro XapakTepa. Ana psuratenein [LOusens, Ha-
npumep, BpallaloLlee YCUANE, MPOU3BOAUMOE OTAENbHbIM LUAMHAPOM,
3aBMCMT OT MONOXEHWA KOMEHYaTOro Bana, OT faBfeHMsa rasa u oT
cun  uHepummn. [marpammy BpaLLAKOLLEro YCUINA KaXTOro LuAnHApa
MOXHO MOCTPOUTbL MO COOTBETCTBYHLLEN AuMarpamme [aBfeHWUS rasa,
MPUHAB BO BHMMAaHWe CU/bl WHEPLMM [BVXKYLLMXCA B3aj U Brepes
macc. Mpu wnccnefoBaHUM BbIHYXAEHHbIX KonebaHuid, 3Ty KpUBYHO
cnegyet NpeacTtaBUTb TPUTOHOMETPUYECKUM PALOM )

[o) —al+ oicos «+ «2c0s2? -f- eee -f-1j s5in<?-f-025in 2® -f- e, \d"\

roe 9= 2u npefacTaBnseT MNepuoj KpPMBOiM. ITOT nNepuoa paseH
O4HOMY 060pPOTY KOJEH4YaToro Bana Mpu ABYXTAKTHOM [JBuUratene wu
LBYM 060poTamM npu 4eTbipeXTaKTHOM ABWratefnie. Y CnoBMS pe3oHaHca
HacTynawT, U KpUTU4YecKas CKOPOCTb OYAeT mony4vaTbCA KaXgblil pas,
Korga 4actoTa OfHOro u3 uneHos psaga [d'\ coBmagaeT C 4acToTOik
OAHOr0 ”3 BWAOB COOGCTBEHHOro KosebaHus Bana. [na OTAENbHOTO
UUAUHAPA LBYXTAKTHOrO ABuraTens noayydyum 3TUM CHOCO6OM KpuTu-
yeckume ckopocTu nopsagka 1,2,3,..., rae yudpa nopsigka obosHavaer
4yncno UMKNOB KonebaHMa 3a oguMH 060pOT KOneH4yatoro Bana. B cny-
Yyae YeTbIpeXTaKTHOr0 [ABWraTeNs Mbl MOXEM MONYYUTb KPUTUYECKME
ckopocTu nopsafka ‘/a. 1. 1%a---, T. e. nopsAfKa KaXoro Lenoro u
MONOBMHHOIO 4ucna. MonyyunTca uenblii paf TakKUX KPUTUYECKUX CKO-
pocTeii And Kaxgoro Buga CO6CTBEHHOro kKonebaHua. AMMnuTyga
BbIHYXX/AEHHOIr0 KOneb6aHWA [aHHOr0 TWNa, BbI3BAHHOTO OTAE/bHbIM
UMANHAPOM, MOXET OblTb BblYMCAEHA, KaK O6bl0 MOKasaHO Bbille.
UTo6bl MOAY4YUTb CyMMapHOe AeilCTBME BCEX LUWAMHAPOB, HEOOXOAUMO
NPUMEHNTb MPUHLUN HaNoXeHus, 6eps Bpalialollee YCUAME KAXAOro

1) Mpumepbl Takoro MccnefoBaHWs MOXHO HaiiTm B cTatbsax H. Wydler'a, ykasaH-
Hoii Ha cTp. 152, u F. M. Lewis’a, ynomsHyToii Ha cTp. 139.
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UMAMHAPA B COOTBeTCTBYHOUWLe (haze. B uvacTHbIX cnydasx, Korga
yncno KonebaHWin 3a oaMH 06GOPOT pPaBHO WAM KPaTHO YUCAY BCMbI-
ek (HauMBbiCllas KpuTUYeckas CKOPOCTb), pasHuua (a3 paBHa
HYN0, W Kone6aHWs, Bbi3biBaeMble OTAENbHbIMW UWAMHApPaMu, 6yayT
MpoCTO CKNafbiBaTbCH BMecTe. HeCKONbKO MNPUMEPOB BbIYUCEHUS
aMnAnTys BbIHYXAEHHOTO KONe6aHUsi MOXHO HaiTM B YMOMSHYTbIX
Bblle cTaTbax Bupnepa n Jlbtonca. B aTux ctatbax npusefeHbl TakxKe
[aHHble O Be/IMYMHE 3aTyXaHUs B TaKUX 4acTsX, Kak rpe6HOW BUWHT,
reHeparop, LUAWHAPbLI, PaBHO KakK W AaHHble O MOTepsiX, Bbl3biBae-
MbIX BHYTPEHHWM TpeHueMm *). MpuMeHeHNe B 4YacTHbIX CAy4asx onu-
CaHHOro npubanxeHHoro cnocoba faeT YAOBNETBOPUTENbHYIO TOu-
HOCTb NPW BbIYWUCAEHWM aMNANTYAbl BbIHYXAEHHOTO0 KojebaHus u
COOTBETCTBYHLMNX HAMOOMbLINX HAMPSXKEHWUA.

CucTeMbl 3y64aThiX nepefay. — M3N0XEHHbIA Bbllle MeTOf Bbl-
YWCNEHUIA 4YacTOT KoJIebaHUA KPy4YeHWs BasiOB MOXHO MPUMEHUTb
TaKXe K Cayyard cuctem 3ybuaTbiX mnepefay TakMX, KaK MOKasaHbl Ha

dur. 78. dur. 78-a.

tur. 78a. Myctb /,, /3— MOMEHTbl MHepuUUM BpaljaroLWUXca Macc,
®, — COOTBETCTBEHHbIE YI/bl WX MOBOPOTA, iU 13— MOMEHTHI
MHepLMn 3ybuaTbiX Kofiec, NM— nNepejatoyHoe 4ucno, n(— ) —
yrAbl BpalwieHus 3y6uyatbix Konec, ku kt—XxapakTepucTmka MpyxuH-
HOCTW Ba/< B.

Torga KMHETMYecKass 3HEpPrua cucTemsbl OyAeT:

T—AQI)* | *(?<)* 4- 4- »
2 2 -2 2 [*]

lMoTeHynanbHas JHEPrmna CUCTEMbI:

T=y *(?,- ?22+ y 6%(?3+ n?ry- [f]

‘) Bubnnorpauio No aTOMy BOMPOCY M HEKOTOPble HOBblEe AaHHbIE O BHYTPEHHEM
PeHun MoxHo HainTm B kHure E. Lehra Die Abkiirzungsverfahren zur Ermittelung
<ier Schwmgungsfestigkeit, Stuttgart, Dissertation, 1925.
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MycTb
n%= It; nli=1/,; ?23= —«»,; nrkr= k3 [0

Yp-ua [a v [b] nonyuaroTcs

r- M i M i
2 2UJ'2*

y*i(2i — 222+ y 1322 — )2

ITU BbIPAXEHUA UMEKT Ty Xe (opMmy, 4To BblipaxeHus [g] v [b],
nonyyeHHble paHee (cTp. 140) ans konebaHus KpyyeHus Bana. W3
3TOr0 MOXHO 3aK/0UYUTb, 4YTO AuddepeHumnanbHble yp-ua KonebaHus
3ybuaToil nepegauym, nokasaHHble Ha dur. 78a, 6yayT Te e, 4YTO U
yp-us Bana ¢ Auckamu, ecnvM nofib3oBaTbCa 00603HaveHuamu [g']. 370
3aK/I0UYEHME MOXHO pacnpocTpaHUTb Tak;Xxe Ha Ccayvain 3yb6uartoit
nepegayn c 6osee yem ABYMA Banamu *).

Lpyras cxema 3yb6uyaToil nepejaynm nokasaHa Ha dur. 78 b, rge
Iy 1 13, 13 1 [4— MOMEHTbI UHepuuu Bpawaroumxca macc, a kit kv
k3 ki—>kecTkocTb BanoB Ha KpyyeHue. [lycTb M— nepegaTo4HOe
yucno, <, <A ?2..yrnbl BpaweHusa wkusos /0, /,, /2... Ecnn /0
3HaunTeNnbHO 60MblUe MO CPAaBHEHUID C APYTMMW MOMEHTaMMU WHep-
LUun, Mbl MOXEM MPUHATL @)= 0, Torga KMHeTU4Yeckas M NoTeHUnanb-
HUA 3HEpPrua CUCTeEMbl OyayT:

(A2,2+ 1~ + [32372+ [*7%%),
V=z\ {H1r+ — Y+ KW+ A4 (20 + A

N audgepeHLmanbHble yp-us ABUXEHWs JlarpaHxa nonayvarTcs:

W '+ £EPi—EX(?72— = 0

+ Algps— <)+ nkt({j + K?9 + «™M(?i + «?a)=
n2."+ 73(?23+ a®2 ==
W  + &M+ A?0)—0,

M3 KOTOPbIX MOXHO MOMYYUTb Yp-We 4acTOThl TEM >Ke CrocoGoM, Kak
paHbwe. YacToTbl 6yayT TOrAa MpeAcTaBfeHbl KOPHSAMMW 3TOrO Mo-
CNefiHero yp-us.

KonebaHusi KpyyeHus KoneH4YaTbiX BaslOB. — B c/iyyae KOneH4aTbixX
Ba/OB AO/KHAa ObiTb paccMOTpeHa CHauyana 3afaya >XXeCTKOCTU-Ha

1) Takme cucTembl paccmMoTpeHbl B ctaTbe T. H. Smith.'a Nodal Arrangements
of Geared Drives, .Engineering”, 1922, p. 438 wn 467.
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KpyyeHue ofHOro koneHa (¢ur. 79). 3Ta XeCcTKOCTb 3aBUCUT OT YycC/O-
BU/ OrpaHUYeHWn B NOAWMMHMKAX. [lonyckas, 4To 3a30pbl B MNO4-
WWNHUKaX TakoBbl, 4TO

BO3MOXHbI CBO6GOJHbIE Ne-

peMeLLeHns  nonepeyHbIX

CeYeHUn T—n u T—n

BO BPEMSA KPYUYEHUSA, MOXKEM

Nerko nmoay4nTb Yron ckpy-

YnMBaHWA, Bbl3blBaeMblli KpY-

TAWNUM MOMEHTOM Mt 3T0T

Yyron COCTOMT U3 Tpex Ya- ®ur. 79.

CTeii: a) OT CKpy4YMBaHuWA

KOpPeHHbIX LweeK, D) 0T ckpyuuBaHus LwWelikm KpuBowMUNa U Cc) OT
n3rnba LWek Bana.

Tidd G

Myctb Cj= gy — 'KECTKOCTb Ha KpyueHne KOPeHHOW weliku,

r.
C2— 92 ------ XECTKOCTb Ha KpyuyeHune werku KpusoLwmna, é’—— ------

XKECTKOCTb Ha M3rnb LeKu.

YTo0bl yuyecTb MeCTHble fedopMauuy LWeEeK B 4acTaX, 3aWTpuxo-
BaHHbIX Ha (urype, u3-3a CKPy4YMBaHUA, 4NHbI KOPEHHbIX U KPUBO-
WWMHOMW wWeeK B3ATbl paBHbIMM 20, = 26+ 09A wn aj= a0,9/r,
COOTBETCTBEHHO *). Yron CKpyuMBaHUs © KPWUBOLIMMA, BbI3BaHHbIN
KpyTawmMm MomeHToM MT, 6ypeT Torpa

2btMT , axviT . 2rMT
Q ~cfr h—s~

Mpu BbluMCNEHUN KONeGaHWI KPy4eHWs KONEHYaTOro Baja KaXAabli
KPVBOLLIWM MOXET GblTb 3aMeHeH 3KBMBAIEHTHbLIM Ba/IOM MOCTOSHHOTO
MonepeyvyHOro CeyvyeHUs C XKECTKOCTbio KpydyeHus C. [ONMHY 3KBUBa-
NEHTHOTO Bana Halgem U3 yp-us

MTL ¢

raoe O yron CKpyuuBaHWS, MCUUCNEHHbIV BbllLe.
TakuMm 06pe3oM [/MHA 3KBMBANEHTHOro Bana

Chs Q4 [78]

*) Takoe fJonyuieHWe BMOMHe COrnacyeTcs ¢ NPOM3BEAEHHbIMU OMbITAMU; CM. CTaTby
Seelmanna ,V. D. L* Bd 69, 1925, S. 601 n F. Sass’a ,Maschinenbau”, Bd 4,
>025, $, )223, a Takke F. JIl. Lewis'a, ynoMsaHyTyi0 Bbiwe Ha cTp. 139,
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Opyroit KpaitHWiA cnydyaii noayyMm nNpyW AONYLWEHWKM, 4TO 3aKpe-
nneHWe B MNOAWMMHMWKAX MOMHOE, OTBevalollee OTCYTCTBMIO 3a30pOB.
B aTtom cnyyae AAvMHY / 3KBMBANEHTHOrO Bana Haigem u3 yp-ua ]):

Ll t+ s M+ I M [79]
roe
fa-\-hy —ar, as | ™ |3
4C3 ' 2C4™ 235~ 3B G 2Fj~Fj -
ar . r1
2C, 26

[80]

ch3G

3necb CI= 3 6(c2-f h2) ~xecTKOCTb Ha KPYdeHMe WeKkn Kak cTepKHs

npaAMoOyronbHoro nonepevyHoOro ceyeHunA co CTOpPOHaMun nwuc
itdX E
64
WanM MNOMEPEeYHbIX CeYeHW/ LWelKM KpuBowMna W LeKW, COOTBET-
CTBEHHO.
Mpu a, = 2b, n C,= C5 nonHoe 3akpenjeHne, Kak 3TO BUAHO U3
Yp-uii [?8] n [79], yMeHbluaeT ANUHY 3KBMBANIEHTHOrO Bana B OTHO-
weHun 1 : [1— (r/2k)]. B pelicTBMTENbHbIX yCno-
BMAX [/INHA 3KBMBANEHTHOrO0 Bana Oyfer WUMeTb
MPOMEXYTOYHOE 3HA4YeHUEe Mexnay 3STUMK [ABYMS
PacCMOTPEHHbLIMU KPanHUMM CayYasmu.
[pyroin Bonpoc, KOTOpbIA cnefyet paspewunTb
npu pacCMOTPeHUM KonebaHWs Kpy4veHUs KOseH4Ya-
TbiIX BajiOB, 3TO — OMPELENIEHNE WHEPLUUN [BUXKY-
Wwmxcs macc. JonyctMm, 4to mMacca T LWaTyHa 3a-
MeHeHa O06blYHbIM 06pa3om? [AByMA Maccamu:
T,= (/1/12 B yange kpusowwuna, n Tr= T— (I/P)
B Kpeiukondge, rge / 0603Ha4yaeT MOMEHT WHep
UMM WwaTyHa BOKPYr LUeHTpa Kpeliukonda. Bce
OCTanbHble [ABMKYKOLLMECS MacCbl MOTYyT Takxe
6bITb 3aMeLleHbl MaccaMu, COCPeAOTOYEHHbIMU B
3TUX Xe [BYX MNYHKTax, TaKk 4YTO OKOHYaTe/lbHO
[OMKHbI 6bITb MPUHATLI BO BHUMaHue (¢ur. 80)
TONbKO ABe maccbl M n Mt.
MycTb 0— NOCTOAHHAA Yrnoeas CKOPOCTb, <af—
yroa noBopoTa KpuBOWMWMA, W3MEpsSeMblii OT €ro

-)KEeCTKOCTb Ha u3rub weikn kpusowwuna, F, Ft— nno-

* [leTanbHoe paccMOTpPeHWe CKPYy4MBaHWSA KOMeHYaTbiX BanoB /laHO aBTOPOM B
.Trans. Am. Soc. Mech. Eng.\ Vol. 44, 1922, p. 653; cm. Takxe Applied Elasticity.
*) Cm. Hanpumep Max Tolls. Regelung der Kraftmaschinen, 3 Aufl1.1921, S. 116.



KONEBAHNA KPYYEHWA BAIOB N CWUCTEM TMEPEAOAYN 159

MepTBOro MOMOXEHUsA, Kak nokasaHo Ha ¢ur. 80. Torga CKOpoCTb
maccbl Mj paBHa LW, a cKopocTb Maccel M, kak ykasaHo B n° 12
(cTp. 55), paBHa

KnHeTnyeckas Heprua ABMXyuWwunxca mMacC OA4HOro Kpueownna 6y,ﬂ'8T

T= VaMyor r 2-j- I/tM cuV2fsin wt -{-  sin 2t J.

CpegHee 3HayeHume T 3a ogumH 060poT OypeT:

Monb3yscb 3TUM CPEAHWM 3HAYEHWEM, MOXHO 3aMEHWUTb WHepLuto
ABVXKYLLMXCSA YacTeid, COEMHEHHbIX C OAHWM KPWBOLWIMMOM, MHEpLMeEN
3KBMBA/IEHTHOMO [AMCKa, UMEKUWEro MOMEHT WHePUWU, PaBHbIA

3aMeHAs BCe KPUBOLWMMbI BanaMu 3KBUBANIEHTHOW [AMHbI, U BCe
ABMXYLLMECA MacChl 3KBUBANIEHTHLIMU AWCKAMM, Mbl MOXEM CBECTM
3afayy KonebaHuWs KOMeHYaTblX BanoB K 3ajadye KonebaHus Kpyde-
HUS BanoOB, W KPUTUUYECKME CKOPOCTU MOXHO BbIUMC/UTbL TakK, Kak 3To
6bin0 MokasaHO paHee. CnefyeT OTMETWTb, UYTO Takoi MeTod Mcchne-
LOBaHWs KoneGaHMs cnefyeT paccMaTpuWBaTb TONMbKO Kak rpy6oe
npuénmxeHue. [eiAcTBMTeNbHas 3afaya ropasgo C/lOXHee, M B
npocTeiiliem cnyyae TONMbKO OfHOTO KPWUBOLIWMA C MaxOBWKOM OHa
CBOAMTCA K 3ajaye KonebaHwuii KpydyeHus Bana C ABYMS [MCKamu,
OANH U3 KOTOPbIX WMeeT MNepeMeHHbli MOMeHT WHepuuu. Bonee fe-
TaNbHblE WUCCNEA0BaHMA MOKa3biBalTL), 4TO B TaKoW CUCTEME ,,BbIHY-
XIEHHbIe KonebaHUa" BO3HUKAKOT He TONbKO OT [aBfeHus pacluu-
PAIOWMXCH ras3oB Ha nopleHb. OHWM BO3HWKAKT TakXe BCNeACTBME
HEMoNHOTO YPaBHOBELWIMBAHWS [BMXYLIUXCA B3ah W Bhepes 4acTeil.
MpaKTUYeCcKN BCe NBMEHWUSA, CBA3aHHble C OMACHLIMU KPUTUUYECKUMU
cKopocTAMU, GYAYT NOSBNATLCSA, €CNM Mojada roproyero npekpaTuTcs,
W pBuratens 6yaet paGoTaTb B XOMOCTYH C COOTBETCTBEHHOW CKO-
pOCTHIO.

MOoNoXeHWs, MpU KOTOPbIX TMOABAAIOTCA KPUTUYECKNE CKOPOCTU
B NOAO6HLIX CcUCTeMax, MPUBAU3MTENLHO Te e, 4TO HaiifeHHble

‘) Cm. ctatbto G. R. Goldsbrough, Torsional Vibration in Reciprocating Engine
bhafts. ,.Proc. of the Royal Society”. Vol. 109, 1925, p. 99.
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00bIYHbIM CMOCO60M, T. €. MyTem 3aMeHbl ABMKYLLIMXCA Macc 3KBUBA-
JIEHTHbIMW AMNCKaMMU.

32. BokoBble KoNle6aHWs BasioB Ha HECKONbKUX onopax. — OfLme
3aMeyaHua. — B Hawux npeablfywux paccyxgeHusax (n° 15) 6bin pac-
CMOTpeH MpocCTeiWwunii cnyyail Bana Ha fBYX onopax, W Torga 6biio
MOKa3aHo, 4YTO KpuTUyeckas CKOPOCTb BpalLeHWA Bana Ta Xe, 4To
CKOpPOCTb, NAM KOTOPOA 4YMCNO 06GOPOTOB B CEKYHAY PaBHO 4acTtoTe
ero cB0o60AHbIX OOKOBbIX KOfebaHWin. Ha npakTuke, OfHaKo, BCTpe-
YalTCA Cnyvyaum BanoB Ha HECKOJIbKMX Onopax, W Tenepb Mbl LauM
pasnuuyHble Ccnocobbl, KOTOPble MOryT O6biTb MNPUMeEHeHbl ANS onpe-
feneHns 4acToT CO6CTBEHHbIX BWUAOB 60KOBOro KonebaHua Takmx
BasioB *).

AHanMTUYECKNIA CNOcob. — STOT cnoco6 MOXKHO MPUMEHUTL 6e3 3a-
TPyLHEHWI B cnydvae Bana MOCTOSHHOMO MOMEPEYHOro CeyYeHus, Hecy-

LLero HecKo/bKO [WCKOB.
CHavana paccmoTpumMm mnpoc-
TelWWiA cnyvail Bana Ha Tpex
onopax, Hecylero jABa [AWCKa
(dpur. 81), BeC KOTOPbIX W XU HA.
Crtatnyeckne nporubsl Bana nog
3TUMW  Tpy3aMM  MOXHO npefg-
CTaBWUTb BblpaXEHNAMM:

yl= ailwl-\-auwt, [B]
yt~=anw -f anwt, [\
ur. 8L B KOTOPbIX MOCTOAHHLIE au, aly

a2l n aZl moryt 6bITb onpege-
NeHbl creayowmm cnocobom. Y aganum npomexyTouHyto onopy C u pac-
CMOTPMM NpOrubbl, Bbi3BaHHble OAHUM TOMbKO rpy3om wt (dur. 81h,
TOrga yp-ve ynpyroin nmHuuM gna neBoin 4vactu Bana oOygeT

Y= x3+ PX—c”™X), 7

n nporn6 B Touke C

Tenepb onpegenum peakuynto R% npomexyTouHoli onopbl C Takum
obpasom, u4TOOblI cgenatb 3TOT MNpPOrmM6 paBHbIM Hynw (dur. 81c).
Monb3ysicb yp-nem [c] gna onpegeneHns npormba noj peicremn’

‘) 3T0 06CTOATENHCTBO paccMoTpeHo pgetanbHo A. Stodnla, Dampf- und Gasti
binen, 6 Aufl., Berlin, 1924.
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eM Cufibl /?2 1 MpupaBHUBas 3TOT NPOruM6 nporuGy yc, Moay4yeHHOMY
BbILLE, WMEEM:

gg (-V + Pi,- c%0)=" (- A3+ - 4%),

0TKYyAa
o _ W a(/P—/,a—V )
<a- " 2742

Tem >Xe cnocob6oM MOXHO OMpefenuTb peakuuto /?,, BbI3BAHHYIO TPy
30M fa, M NOAy4um MNonHyt peakuymio R = Rx-\- £2, cpegHeli onopbl
Tenepb, Nonb3ysicb yp-nem [c], nporu6 _y, BbI3BaHHbIA rpy3amMmun [a,
M fa* N peakuueid /?, MOXeM nNpeAcTaBWUTb BbipaXeHuem [a], rae

a,1=W ~ 14/12(/-Cl),Cli~ CI(* c,i,+/2CI""VCI)(/2-/23~ c,i)}
j H
a‘*= YLI_I,LI,EI{2A4<V,(/*—C,4—c,»)—c,,c,(/»— e,*)(N—/,4~C<,2)}.

CpenaB B3aMMHYK 3ameHy /2 1 /, U C, U C, B BblLUENPUBELEHHbIE
yp-usx, NOAYYUM MOCTOAAHHble a*, n A2 yp-us [ii], 1 M3 3TOr0 MOXHO
3aKN4YNTb, 4TO0 4,2= 21, T. e. Tpy3, NomeweHHold B D (¢ur. 81c),
BbI30BeT B F Takoi >xe nmporub, Kak rpy3 TOW >Xe Beln4YMHbl, Mome-
weHHbln B F, Bbi3oBeT B D. Takoil pesynbTaT U cnefoBano oXxugatb
Ha OCHOBaHWW Teopembl B3aUMHOCTMW.

PaccmoTpum Tenmepb KonebaHus Trpy3oB fAa, W Aa3 B MAOCKOCTM
(Mrypbl OKONO WX MONOXEHUS PaBHOBECUA, HaJeHHOro paHee. MNycTb
YX n y3 Tenepb 00603HaYalOT NepemMeHHble MepeMelleHUs fa, M a2 oT
UX MNOMOXEHUS paBHOBecUs npu kKonebaHmwu. Torpa, npeHebperas
mMaccoli Bana, MOMYYUM KUHETUYECKYH 3HEPrui CUCTEMbI:

+ g9 O [e]

[na onpepeneHns BO3pacTaHWA MNOTEHUMANbHOW SHEPTUM CUCTEMbI
BCMEeLCTBUE NepemelleHns U3 MONOXKEHWUA pPaBHOBECUSA MNPUMEHUM
BbipaxxeHua [a] u [6] gna cratuyeckux nporu6os. [Monoxus pans
npocTtoThl am —a, alt= ai(~b, a,—c*), nonyynm u3 BbIWENPK-
BefleHHbIX yp-nit [a] un [b] cnepyowme cunbl, Heo6Xo04MMbIE ANA TOFO
YyTO6bl BbI3BATH MPOrMbHLI Y, U Y2

p °yy — by*. p _ OYXx— bYi
X~ ac—br’ * ac—®W’

") MocTosiHHbIE &, b K C MOXHO onpeaenuTb B NOGOM YaCTHOM Cly4ae, MONb3YACh
BblpaxkeHuamu [d].
Teopus KonebaHuii B BLUKENepaoMm fefe. A )
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M MOTEeHUManbHasa 3Heprus cuctembol 6yAeT paBHa *):
. C Div
» P g !I_Plzy - 2(ac—1b*)1‘) (oV — blyiYi+ ay3). \f\
MogcTtasnas [e] u [/] B yp-usa NarpaHxa [71], Mbl nofyyum cne-

ayouive anddepeHumnansHble yp-ua ana csobofHoro 60KoBOro Kose-
6aHna Bana:

W,

¥ ac— > ac—u1= O
W9 b a n
o3 Yl ac — n2

JonycTtus, 4yTOo Ban coBepwaeT O4WH U3 BWUAOB COGCTBEHHbIX KOfe-
6aHuin, n noactaensaa B yp-ua [g]

y, — X cos (pt— a); Y u=\ cos (pt— oo,
nonyy4mm
b
ac- le ac —b*
e ow m
ac— b N2lac- b2 g '

xX= 0,

MpupaBHAB OMpefennTeNb 3TUX YP-WUid HYMO, MONYUYUM Clieaytollee
yp-“e 4acTOTbl

a W«
ac— k2 ac—b- g (ac—BAr' = [fd
0TKyaa
| Jc i a (c i ala 4ac~ &a\)l 81
P2 2(ac=\Wj ®2 |/ X ' W] wiwt 151]

Takum o06pa3oM nofiyyalTca [fBa MOJMIOKUTENbHbIX KOPHA [Nd p2
OTBEYalLWMX [BYM Tr/iaBHbIM Bujam KonebaHua Bana. loacTaBnas
3TW [Ba KOpPHA B OAHO W3 Yyp-uid

[A], nonyunm aBa pasNnUHbIX 3Ha-

YyeHus1 oTHoweHua VA* [ns 60nb-

lWero 3HayeHns p2 oTHoweHue X/Xa

Mofly4yaeTcs MOMOXUTENbHbIM, T. €.

o6a wWkKMBa BO BpemsA KonebaHus

our. 82, OBWXYTCA OLHOBPEMEHHO B OfMHa-

KOBbIX HamnpasneHWaX, U BUA Kofe-

6aHna TakoB, Kak u306paxeH Ha Gur. 82a. Ecan MeHbwMnin Ko-
1) Bcneacteue TOro, yto rpyssl Wt u w3 Bcerfa ypaBHOBELIMBAKTCA HayalbHbIMU
Hanpa>XxeHnamm n3rnba, BbI3BaHHbIMWU CTaTUYECKUM I'IpOFI/I60M Bana, BblpaXeHWe ana

noT HUMaNbHOW 3Heprum 6yneT CofepXaTb TOMbKO YfeHbl, 3aBUCALLME OT U3MEHEeHUs
n3rnba Bana (cMm. cTp. 57 — 58).
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peHb P2 nofcTaBuTb B yp-ue [h], oTHOWeHMEe X/Xs nonyyaeTcs OoTpu-
uaTenbHbIM, W COOTBETCTBYKOLWMNA BUA KonebaHus 6GyaeT Takum, Kak
nokasaHo Ha ¢ur. 82b Bo3bmeM, Hanpumep, 4YacTHbIA cAydaid, Korga
(cm. ur. 81) wl= wi= w; N—1I= 12 nc,=cr= 1/4 MopcraBus
B BblpaxeHns [d] M monb3yscb YCNOBUAMWU CUMMETPUM, MOAYUUM:

23 /3 o 9 P
a~ C~48-256 EI 7 48-256 ElI
MopacTtasnsas B yp-ue [81l], umeem:
. X ~ OASEI _ g768El
(a— bW @@)* P Ty

3TN [Be 4acToTbl "MOXHO TakXe Nerko BbIBECTW, MNOACTaBNAA B
yp-ne [5] (cm. cTp. 8) cTtaTmyeckue nporunodsl:

B 4gE]
7wm3
Ut 768E]|

4na cnydvaes, U306paXKEHHbIX Ha
tur. 83.

[pyroin cnoco6 peweHns 3agayn OGOKOBbIX KOnebaHwii Bana co-
CTOUT B MpWMeHeHUU npuHuuna p’Anambepa. MNpu NprMeHeHWM 3TOrO
npuHumMna yp-ua konebaHua OyayT TOro e BuUAa, Kak yp-us cra-
TUKM. Heob6xogMMo TOMbKO K cunam, [AeiACTBYKOLWMUM Ha Baa, npu-
COefVMHNTL cunibl UHepuun. O603Havas, Kak Bblle, 4Yepes yX u y2
npormbbl Bana OT ero MOMOXEeHWSA paBHOBECUA Nof rpysamu wt n w4
COOTBETCTBEHHO, MOAyuYuM cubl MHepumm: — {wlg)yl" n — (wjg)y1".
3TN CUAbl UHEepLMU [OMKHbl HAaxX04MTbCA B pPaBHOBECUMM C CUNaMu
YyNpyroctu, BO3HUKWMUMMU M3-32 [06aBOYHOr0 nporunba, M MOXHO Ha-
nucatb fABa Yp-us, 3KBMBaNeHTHble yp-uam [a] un [b], HuXecnegyto-
Ww1m obpasom:

vi= —afyr—pfyx~

V]
'W 7 ") =7

Yr= —b”y,”-¢ i

[MTonoXuB, Kak Bbille,

yt= X cos (pt— a); yt= Xcos (pt— a),
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n nogctasue B yp-ua [/], nonyuum:

X fl — p*\ i b-*/>*= 0,
| S Nj g1 [/n]
« Vv g

MpupaBHsSB ONpegennuTens 3TUX ABYX YP-WA HYO, NOMYYUM Yyp-ue
yactoTbl [K], KOTOpoe Mbl Hawu paHbLUe.
PaccMOTpeHHble BbIlWe CMOCO6bI

\r r*/*.. onpefeneHnsa 4actoTbl OOKOBbIX KO-
nebaHnii MOXHO TMNPUMEHUTb TaKXe

+% ,  WB cay4yaax, rge 4Yucno AUCKOB uUAn
yncno nponetos 6onblle 4Yem [Ba.

our. 84. BosbmeM, Hanpumep, cnydai, noka-

3aHHbIA Ha ¢ur. 84. lMonb3ysacb cno-
cobom, MOAOOGHbIM NPMMEHEHHOMY B MpefblAyLieM NpuMepe, MOXEM
npefacTaBuib cTaTuyecku” npormbbl Bana noj AUCKaAMW B CNegyto-
wem Buge:
Y\= «n®. + aitwt+ daw?*,

y 2= aitwt + aZna3-f- ariw3 [q]
Y3= + aszilll + a3z,
roe am,aln ... NOCTOSIHHbIe, 3aBUCALLME OT PacCTOAHUI MexXay Oomno-

pamMu, OT pacCTOAHMIA AUCKOB OT ONOP W OT XXECTKOCTWM Ha M3rub
Bana. /3 Teopembl B3aMMHOCTW MOXHO 3aK1H0UNTb HEMOCPEACTBEHHO,
yto an—arMm an= an u ai3= aal. NpumeHss Tenepb NPUHLAN
A’Anambepa M 0603Ha4yad 4epe3 YU yr u y3 nepemeweHns [UCKOB
BO BpeMs KonebaHWA OT MOMOXKEHUS pPaBHOBECUS, BbIBEAEM W3 yp-ui
ctatukn [ral cnegyrowme yp-us KonebaHus:

W 1Al Lhl W* y
yl= —anyVvi —an\Myt —al3~y3,

W' 7 Wl 7 WS 7
Yi— A2i~ Yi — am— Y* — a*»— Y¥Y» <

o] b o
Y3= — aily yi — «3*yJl — «33— Yqa ,

OTKyfa yp-ve 4acToTbl, TpeTbeil CTeneHn Ans p3, MOXET ObITb Mony-

YEHO O0O6bIYHBIM NOPAAKOM. TpU KOPHA 3TOr0 yp-ua AafyT 4acToThbl

TPex rnaBHbIX BMAOB KONe6GaHWS paccMaTpuBaemoi CUCTeMbI *).
CnefyeT OTMETWUTb, YTO yp-WUe 4vacToTbl AN i 6OKOBbIX KonebaHwii

") Cpaduueckunii cnocob peweHus yp-uin yactotol gaH C. R- Sdderberg'ow ,Phil.
Mag.-, Vol. 5, 1928, p. 47.
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BanoB MOXET OblTb MCMONb30BAHO TaKXe ANA ONpefdefieHNs KPUTWU-
yeckux CKOPOCTEl BpauwieHus. KpuTnyeckas CKOPOCTb BpalLeHUs ecTb
CKOpPOCTb, MPU KOTOPO LEHTPOGEXHbIe CUMbl BpalalWmMXca macc
L4OCTATOUYHO BeNIMKW, 4TOObl yAepXuBaTb Ban B U30THYTOM COCTOAHUW
Cem. n° 15). Bo3sbmem cHoOBa cny4ail gByx guckoB (¢ur. 8la) u go-
nycTum, 4To Y, W Y2nNpormbbl, Bbi3BaHHbIE LEHTPOGEXHbIMKU cnunamml)
(ar,Ye)'"*¥i n (wt/g")ayt BpawjaroLiMXcs AUCKOB. Takume NpPorumébl Mo-
ryT CyL,ecTBOBaTb, €CAM TOMbKO LEHTPOoOeXHoe Ccuibl yAOBNETBO-
PAOT CAegylowWwmMmM yCcnoBmam paBHoBecusi (cm. yp-us [a] w [i]):

. . 0 | ®2 o
Yi= anj “N + «12- ®'n.
[o]

0o

n «*, ~ t>'9‘y1+I 17|22(2

3TM yp-na MOryT pgaTb AN Yyt W yr peleHus, OTAUYHbIE OT Hy”s,
TONbKO B CAy4yae, Korga wWx onpeaenuTens paeeH Hynwo. OTMETMB,
uyTo yp-us [0] 0AHOPOAHBLI C yp-UsMK [OT], NPUBEAEHHBIMU BbILIE, W
npMpaBHMBas WX ONPEeAeNnTeNnb HyMo, MONy4YuM ANA OonpeaeneHus
KPUTUYECKMX CKOPOCTEN BpauieHuUs yp-ue, nofgobHoe yp-uto [K\.

Mpacnyecknin cnocob. — B cnyyae BanoB MNepeMEHHOr0 NOMNEPeYHOro
CeYeHWs W BanoB, UMeKLWMUX HECKONbKO [WCKOB, OMUCAHHbIA Bbille
aHaNMTUYeCKMii cnocob onpegeneHns KPUTUYECKMX CKOpPOCTeR nony-
YaeTcsa O4YeHb CAOXHbIM, W cnefyeT NpuberHyTb K rpauyeckum cno-
cobam. P .ccmMoTpyM B KauyecTBe MPOCTEALEro npumepa Basi, ONepThblid
Ha KOH,,ax (dwur. 37). [onycTuM HEKOTOPbI/i MepBOHAYaNbHbIA NpPO-
rmbé Bpaljarolierocs Bana, YAOBMETBOPAKLMA ycnoBuAM onop, rae
yuyit... npornbel nog Auckamum wu wit... Ecnm w yrnoeas cKo-
pocTb, TO COOTBETCTBYlOLME LEHTPOBEXHbIE cunbl 6yayT (wjg) ~ ,,
(U¥/8)<°*Yi, ..» PaccmaTpuBasi 3TU CU/bl CTATUUYECKN MPUNOXKEHHBIMU K
Baly, MOXEM MNOMyYUTb rpauueckn, Kak 6bi10 M3noxeHo B n° 15,
COOTBETCTBYHOLLYIO ynpyrytw aumHuioo. Ecnv Hawe fonyuweHue oTHOCHK-
TeNlbHO (hOPMbl HayasbHOW YNpyroii AMHUKM 6bIN0 NpaBUbHLIM, MPO-
rméol y/, y% ..., nonyyeHHble rpaguyeckn, AOMXKHbI ObITb Mponop-
LUMOHaNbHbI Mpornéam yT,.., HayaJlbHO MPUHATbLIM, U KpUTUYEcKas
CKopocTb 6yfeT HalifjeHa U3 yp-us

[82]

3T0 MOXHO MNOACHWUTL Crefylownm obpasom.
B3sB <$Kp, Kak OHa pfaeTca yp-uem [82], BMecTo « B Bbllle pac-
CMOTPEHHOM ONpefesieHUn LeHTPOBEeXHbIX Cu/, MoJyYum BCE 3TK

) BAUMHM" ppga WNa Ha KPUTMYECKME CKOPOCTM 6YAeT pacCMOTPeHo Janee,
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CUMbl  BO3POCIUMMK B OTHOLWIEHWM Yjy”, rpaduyecks MoNyYeHHble
npornbsl Tenmepb Takxe BO3PacTyT B TOM >Xe MPoOnopuvu, v ynpyras
NVMHWA, MofyveHHas rpaduyeckn, coBnajeT Temepb C HavalabHO Mpu-
HATOW yNpyron nuHWe. ITO 3HAYWUT, YTO NpU CKOPOCTM, onpeje-
nfemoin yp-uem [82], ueHTpobeXxHble CU/bl 4OCTATOUYHbI, YTOOLI yaep-
XWBaTb BpallalowWwmiica Ban B U30THYTOM COCTOSHMU. Takas CKOpOCTb
Ha3blBaeTCA KPUTMUYECKOW CKOpPOCThbi (cm. n° 29).

B npeabigylieM HanoXeHuu 6bIN10 AONYLEHO, YTO ynpyrasa fMHUS,
nonyyeHHas rpaduyeckn, umena nporubbl, NPOMOPLUOHaNbHbIE Ta-
KOBbIM MepBOHaYaNbHO B3ATON ynpyroi AuHun. Ecnum B topme 3Tux
OBYX KPWUBBIX MOMYUYUTCA 3HAUMTENbHAA pasHuua v XenatenbHo 6onee
6n1uskoe npubnamkeHne pna ®kp, onucaHHOe BbilWE MOCTPOEHWE che-
4yeT NOBTOPWUTb, MPUHAB YNPYTYH JIMHUIO, MONYYEHHYHO rpaduyecku,
3a Hauva/bHyto ).

PaccmoTpum Tenepb cliyyaih Bana Ha TPex OMopax, MMeKLero no
OAHOMY JAWCKY B Kaxgom nponete (¢ur. 81). MNpu peleHnn 3Toi
3afiaun Mbl MOXeM MOCTYNUTb TOYHO TaK e, Kak Bbllle NpU aHa-
NNTUYECKOM peLlleHnn, N1 cnepBa YCTAHOBUTb 3aBUCUMOCTM

yl= all'wi ~\-aiiwi, [«]
Yi= aZwt-f adw3 ]

Mexay [LelCTBYHWMMW CuAamMu U noayvaruwumucs npornbamu.
UTo6bl MONYYUTb BEAMYUHBLI MOCTOAHHBLIX an, al2 ... rpauyeckw,
Mbl crnepBa AONYCTWM, 4YTO [JelcTBYeT TOAbKO rpy3 Wt u uTo cpeg-
Heli onopbl HeT (dwur. 85a); Torga
A'Ir* a--u %y nporubbl y/, y2 M yC MOXHO NEerko
¢y TNONMy4YnTb, MONb3YACb rpapuUuecKum
cnoco6omM, onucaHHbIM Bbiwe (CMm.
CTp. 64). Tenepb, NOJMb3YACb TemM Xe
cnocoboM, HYXXHO MOCTPOUTL YNPYryto
NIMHUIO, MoflyyalLwycsd 0T BeEpPTU-
KanbHOW cunbl R', npunoxexHoli B C
M LelicTBYIOLWEl B HanpaBfeHUN CHU3Y
BBEPX, U W3MepuUTb Npormébl y™,y ” ny2' (qur. 85£). MNpuHas BO
BHMMaHue, 4To nporun6 onopbl C fo/MXKeH ObiTb paBeH HYNO, Haii-

Jem peakuuio R aToli onopbl 13 yp-us 2

1A ®

dur. 85.

AT > \P)

*) Mpu paccmoTpeHun wmeToga Peiines 6bin10 oTMeveHo (cM. n° 13), uTO 3HAuM-
TeNbHasa owwnbka B (QOpMe MPUHATON YyNpPyroi NUHUM OKasbiBaeT TOMbKO He6onbuwoe
BNNAHWE Ha BENWUYMHY &KP, €CIM TONbKO YCNOBMS Ha KOHLAX Y[0BNETBOPEHbI.

B 3TOM BblpaxeHun 6epyTca abCcoONOTHbIE 3HAYEHUS MPOrnbos.

BOKOBbIE KOJMEBAHWA BAJIOB HA HECKOJ/IbKMNX OTOPA* 167

pelficTeuTenbHbie MPOrM6ol Touek D m E, Bbi3BaHHble rpy3om Wwlt

oyayT:
Y
YH—Yi —vyi ¢
W bl
o nyc
Yn=Yi—Yi yer !

CpaBHuMBas atn yp-usa c yp-usmu [a] u [b\, nonyuum:

Yc
Yc

an w, =Y i —yi-

O V¢
< W =Y9—Yi Jp>

OTKyZla MOXHO oOonpefenutb MNOCTOAHHbIe amnm un a2l Tem fiee cno-
cobom, paccmaTpuBas Wi, MOXEM HailTU nocTosiHHble al2 n a2 Bce
NOCTOSIHHbIE yp-uit [a'] wu [b] Takum o6pa3oMm onpegdeneHbl; MOMb-
3ysicb opmynoli [81l], moxem Tenepb onpefeNnnTb ABe KPUTUYECKUe
cKopocTu Bana npu a—anm\ b= alr= ar c= a2

B npeAblgywmx Bblknajkax peakumsa R cpefHeli onopbl MPUHK-
Manacb 3a CTaTUYECKW Heonpejenumyr BeanumHy. B cnyvae He-
CKOMbKMX OMNOp Mpolie MpMHMMATb 3a CTaTUYECKM HEeonmpenLenvM bi3
n3rnbaroLline MOMEHTbI MPOMEXYTOYHbIX OMOp. [ NOACHEHUs 3TOro

cnocoba pacyeta, pacCMOTPMM CWUIOBYH YCTaHOBKY, COCTOSLLYHO
M3 MOTOpa MepemMEeHHOro TOKa W reHepaTopa MOCTOSHHOIO TOKa,
MOAAEPXKMBAEMbIX TpeMs MOALIMMNHUKaMK *). Pa3mepbl Bana nepe-

MEHHOrO MOMepeyHOro CeYeHWUa AaHbl Ha ¢ur. 86 a. JonycTtum, 4TO
Maccbl AAKOpPSA MOTOpa MEepemMeHHOro TOKa, AKOpPA MOCTOAHHOIOo TOKa,
a TakKXXe KOMMYyTaTopa MOCTOSHHOrO TOKAa COCpPefoTOYeHbl B UX LEH-
Tpax TsxecTu (pur. 86 b). UToO6bI yyecTb Maccy Bana, OAHY MOMO-
BUMHY MaccCbl NeBOro npofieta Bana npubaBum K macce MoTopa nepe-
MEHHOro TOKa, a MOMIOBMHY MacCbl MpaBoro npoJjieta Bafa MpPUMEM
paBHOMEPHO pacnpefeneHHON Mexay AKOpeM reHepaTopa MOCTOSH-
HOro TOKa W KOMMYTAaTOpoOM MOCTOSHHOrO TOoKa. Takum o6pa3om, 3a-
flaya CBOAWUTCHA K 3ajaye Tpex cTemneHeil cBo6ogbl, U NpOrnodbl YV Yb
Y3 macc Wv n W3 B0 Bpemsa KonfebaHms MOryT 6bITb B3ATbl 3a
koopauHatbl. CTaTuyeckme nporubbl nog pfericteumem rpysos  Wv
Wt, W3 MoXHO npeacTtaBuTb yp-usmu [n] n nocTosHHble an,an,...
3TUX yp-uil onpegenum Tenepb, B3AB M3rnbawwmii MOMEHT npome-
XKYTOUYHOI OMOpbl 3a CTATUYECKU HEOMpefenuMMylo BenunHy. UToObI

*) 3TW 4nNCNOBble AaHHbIe MPeACTaBNAOT AENCTBUTENbHbIM Cny4vail pacuyeTa, BbINon-
HenHoro J. p. Den Hartog’ou, uHxeHepom-uccnegoeatenem Westinghouse Electre
and Manufacturing Company, East Pittsburgh Pennsylvania,
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nNony4ynTb aw, JoNycTUM, 4YTO Ban paspes3aH Ha [Be 4acTu Haj npo.
MEXYTOYHON ONOpoi U 4YTO B NpPaBOM MPONETe B TOM MOMepeyHo™
ceueHuun, rae npunoxeH rpys Wt (qur. 86 c), npunoxeH rpys B 1KrJ
Monb3ysick rpauyeckum Cnoco6oM, WM3N0XKEHHbBIM B n° 15, monyyum
nporn6 nog rpysom £,,'= 13,7 X KO6CM ¥ yron HaknoHa Kacaresb-
HOli Haf NneBoi onmopoil B pagmaHax ?,= 13,1 X HO~8 paguaHa. [pn.
NOXWB Tenepb M3rnbarowmii MOMEHT, paBHbIl 1 KI *CM, K MPOMEexXy-
TOYHOW OMOpe M MNOMb3ysACb TEM >Xe rpaduyeckum crnocobom, nony-

YuM B pagmaHax yriabl HaknoHoB 7,= 3,67XH -9 (dwur. 86 d n e) un
y3= 3,01 X KO '9 (dur. 861). N3 TeopeMbl B3aUMHOCTWU CneayeT, 4To
nporn6 B Touke W, Ans 3TOro cny4vas YUC/IEHHO paBeH Yray Ha-
KNoHa y, B c/ny4ae, MokasaHHOM Ha ¢wur. 86 c. CpaBHMBas 3Tu pe-
3ynbTaTbl, MOXHO Tenepb 3aK/AUYUTb, YTO M3rMbaloWMiA MOMEHT Haj
NMPOMEXYTOYHOW OMOPOW, BbI3BAHHbIA TPy30M, paBHbIM 1 Kr, npuno-
XeHHbIM B Touyke W1, paseH

M= —iT— Kr mcm,
Tad4-b

M 4YTO Mporm6 nog 3Tum rpysom 6yget
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MocTynas TakKUM >Xe 06pasom C OCTaNbHbIMU MOCTOAHHLIMK Yp-nid [1],
nonyynM crnegyrouime 4YMCNoBble 3HAYEHUA B QV-

air= 109XH0-7, aPB= 42 XK ’7, ai2= a2= 101 X KO‘7,
aiz==asi==—20X 10 7] aiz==«3r== 26 X 10 7.

Tenepb, noacTaBuB B yp-usa [a] ueHTpobexHble cunbl WAYjg-,
uydg n Wz«Pyjg BmecTto rpysos WIt Wt, W3 Haiigem cnegyto-

Wnii yp-ns:

1 g, MU \y ap V@ o a2y
T r a'~g~"a » ¢
or
m,, N+A"N1 —«22-y -JN — «23-~ —73= 0,
W>* n»>» s W >*\ .
—asi ~ Vi ns2 ~ [faH- 11 a3z a Iys— 0.

Ecnn onpegenuTens 3TOW CUCTEMbl YpP-Uil MPUPABHATL HYMHO, & Bbllle-
HallfjeHHble BENUYMHBLI B3ATb 32 MOCTOSHHblE aun, all..., To Nofy4Ynm
crefytoliee yp-ue 4actoTbl AN ONpPefeneHns KpUTUYECKUX CKOPOCTENA:

(L FO-7)3— 3,76 (®* 10-7)2-f 1,93 (0910-7) — 0,175 = 0,

OTKyfa TPpW KPUTUYECKUX CKOPOCTW, BblpaXeHHble B 4ncie 060pOTOB
B MUHYTY, 6yayT:

M= w"60_1070; u=" = 2240; 3= N = 5620.
2T Yk 4 Va4

Kpome BbilleonuMcaHHOrO crnocoba, K HaCTOAWEMY CAyyaw [ABYX
NPOMeTOB MOXHO TakXXe MPUMEHUTb MpPAMOIA cnocob rpadmnyeckoro
pelleHns, paHee W3M0XEHHbI ANnd OLHOMPOMETHOro Bana. B 3aTom
cnyyae cnefyeT B3ATb HauyanbHYK YMPYryw AUHWIO, Y40BAETBOPAIO-
Wyl yCcnoBMSAM Ha onopax (ur. 82 a n b), n NpUHATL HEKOTOPYH Yyrnao-
BYKO CKOpPOCTb 01 LIeHTpoGeXHble cunbl, AelcTBylOWMe Ha Ban, 6yayT
TOrAa paBHbI:

L}

» w»
— s Yi " — (@23/2.
g
Monb3ysacb rpaduyeckuMm cnoco6oM, MOXHO MOCTPOUTbL YNpPYryw u-
HUIO, BbI3BAHHYI0 3TUMMW [BYMS CWUMaMW, U eCAM HadvanbHas ynpyras
NUHWA 6bina BblbpaHa nNpaBMAbHO, TO MNOCTPOEHHas ynpyrasa fvMHUS
Oynetr reomeTpuMyeckn nofo6Ha HavyanbHOW NUHUW, U KPUTUYECKas
CKOpOCTb 6yfeT monyyaTbCA U3 yp-us, nofobHoro yp-uio [82]. Ecnm
MONMy4YNTCS 3HAYMTeNbHas pasHMua B (hOpMe 3TMX ABYX KpUBBIX, ene-
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OyeT MOBTOPWUTb MOCTPOEHME, B3AB MOMYYEHHYIO YNpyryw avHuio 3a |
HayanbHYy0 *). " |
3TOT cnoco6 MOXHO MNPUMEHUTb TaKXe K CAyyat HeCcKonbkux |
AUCKOB M K CliyyasM, B KOTOPbIX Macca Bana fo/kHa 6biTb npuHATa |
BO BHMMaHue. Mbl ONSTb HayHeEM C TOr0, YTO BO3bMEM HEKOTOPYHO
HavanbHyl ynpyryto nunHuio (“dwur. 87a) u 3agaguMcs HeKOTOPOid
YrnoBOW CKOPOCTbIO Tor-

Ja UeHTpob6exHble cunbl Pu

Pa . . pgeicTBylolwMe Ha Auc-

KW W Ha 4acTu Bana, MOXHO

Nerko  onpegenut u  no-

CTPOUTL  COOTBETCTBYHOLLYIO

YNPYyry JIMHUIO CRegyowmm

o6pasom. PaccmoTpum cnepsa

CUNbl, [feAcTBylOWME Ha fe-

Bbli MponeT Bana, W, ycTpa-

HUB cpegHtoo onopy C, no-

CTPOMM YMPYTyl AUHWIO, NO-

ur. 87. KasaHHyl Ha ¢ur. 87 b Ta-

KUM >Xe 06pasoM MOXHO Mo

NYyYnTb YNPYTryH NIMHUIO, BbI3BAHHYIO BepTuKanbHOW cunoin R', npuno-
XXeHHOW B C 1 felcTBYIOLWLE NO HanpaBneHUO CHU3Y BBepx (dur. 87 C),
a peakumto R cpeaHeil onopbl, BO3HWKAMOLLYO MpU 3arpy>XXeHum ne-
BOr0 NpoJsieTa Basia, MOXHO OMpejennuTbL Npu nomowm yp-usa [/?]. Torga
CMOXEM HalTu nporu6 B Nt06ON TOUKE MpW 3arpy>kKeHUM NEBOA 4acTu

Bana, MOMb3yACb YpP-UAMU, NOAOGHLIMMK yp-uam [q\.

B3sB, Hanpumep, noMepeyHble CeYeHWs, B KOTOPbIX HavaibHas
ynpyras fiMHUA WUMeeT Haubonblwune OpAuHaThl Y, n yr (dur. 87 a),
noayyMmMm Nporubsl B 3TUX NOMEPEeYHbIX CEYEHUAX NpPWU Harpyske, Aei-
CTBYIOLLE/ Ha NEeBYK 4YacTb Bana:

Yia:)’i'-Yi"§Cﬂ,

Yia= Y i—Yi g;cﬂ.

Takum e 06pa3oM MOXHO nonyyutb nporu6el yib u yib B aTux
MonepeyHbIX CEYEHUAX MpPU 3arpy>KeHWW npaBoii 4yacTu Bana U onpe-
AENUTb MNOMHble nporuébl Yy la-\-Yib n Yra-"Yro*)- Ecnm HavanbHas

’) MOXHO nokasaTb, YTO 3TOT MOPSAOK BbIYNCNEHUS — CXOAsALMIACS, ecnn onpege-
NSeTC HaMMeHbluas KPUTUYEcKas CKOPOCTb, U MpU MOBTOPEHUM MNOCTPOEHUS, OMUCAH-
HOrO Bbllle, Mbl NpUGAMXKaeMcs K LeliCTBUTeNbHON KPUTUYECKO CKopocTM. CM. Bblilue-
ynomsHyTyto kHury CTogona.

*) MpornGbl B HanpaBfeHWU BHU3 CUUTAKOTCA MOMOXUTENBHLIMU.
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ynpyras /IMHWA 6blfa BbiGpaHa MNpPaBUIbHO, TO AO/KHO Y/O0B/IETBO-
pATbCA CleAyHOllee PaBEHCTBO:

mYio~bYib _ Yi
Yia"-Y-bh VYi’

M KpUTUYECKas CKOpPOCTb ByAeT OnpefensitbCs yp-uem:
[83]

Ecnu OTKNOHEeHWe OT ycnoBus [r] OKaXeTcs 3HAYMTeNbHbIM, TO CTa-
HOBUTCA HEo6X0AUMbIM  MOMyYeHWe BTOPOro MNpUOAMKeHUs, LNS
Yyero MOXHO MPUMEHWUTb CcAegyroWwmin cnocob °). Jlerko BWAETb, YTO
BbllWEHalaeHHble Mpormbebl y lanyia fO/MKHbI 6biTb NPONOPLUOHA/bHbI
a2 v HayanbHOMY Mporuby ymM TakK 4TO MOXHO HanucaTb yp-us:

Yia= alYioe ,
Yla-=- GiYi

OTKyfla MOXHO OnpeAenuTb MNOCTOAHHbIE ax u ar. Takum e o6pasom
n3 yp-uii

Yib —

Ybb— KYi®*

MOXXHO HalTW MOCTOAHHble bt n #2
Tenepb, €CNW HavyanbHas ynpyras NMHUS Gblna BblGpaHa MpPaBUIbHO
N ecnn @®@==cglp, TO JOMKHbI GbiTb YAOB/NETBOPEHbI ChedyloLiNe yp-Us:

Yi=Yia-\-Yib= aiyYl . bxy3
Yi=Yia+ Yn= «2°  4- biYi
KOTOpble MOXHO MepenucaTb CeaylluM 06pas3om:
(1 —at<®yt—/ upy3= 0,
—a2b*yl+ 1— wlyr= 0. [s]
Yp-ve Ans ONpefeneHUs KPUTUYECKOW CKOPOCTM MOAy4uM Temneps,
NpUPaBHAB HYMIO ONpeAenuTen 3TUX Yp-Wid:

(a, —a2bjwi—(a, + bB)o2+ 1= 0.

KopeHb 3TOro yp-us, KOTopblii OTHOLWEHNE Y jyt KopHeli yp-nid [s] aenaeT
0oTpuLUATENbHbIM, COOTBETCTBYET MPUHATOMY BUAY KpuBoWh (dur. 87 a)
N AaeT HauMeHbLUYH KPWUTUYECKYH CKOPOCTb. AN mnonyyeHus 6Gonee
TOYHOTO NPUGAMXKEHUS OTHOWEHWEe Y I/y> nonyyeHHoe W3 yp-uii [s],
JOomKHO 6bITb MCMOMbL30BAaHO ANS MOCTPOEHWS HOBOFO BMAA Hayaib-

') 91oT cnocob 6bin gaH Borowicz’tm B ero gucceptauum Beitrage zur Berechnung
krlt. Qeschwindigkeiten zwei und mehrhaft gelagerten Wellen, Miinchen 1915.
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HON KpWBOW, W rpafuyeckoe pelleHWe [LOMKHO 6biTb MNOBTOPEHO
C 3TON HOBOW KPuUBOW. B [eNCTBUTENbHbIX CAy4asx 3TO fasbHeiwee
npubanxeHne 06bIYHO He MNpeAcTaBAseTCs HeOO6XOAMMBIM.

33. XXupockonnyeckoe BAWSHUE Ha KPUTUYECKMe CKOPOCTU Bpa-
wakwmxca Banos. — OO6LWMe 3ameyaHUs. — B HalumMx npejLwecTByto-
WMX paccyXAeHnAX 0 KPUTMYECKUX CKOPOCTAX BpalLaloLLMXCA BasoB
MPUHMMANUCb BO BHUMAaHWE TOMbKO LEHTPOBGEeXHble CuMbl BpaLat-
wmxcs macc. NMpu HEKOTOPbIX YCNOBUAX CYLLECTBEHHbIMU SABMAKTCS
He TONIbKO 3T CW/bl, HO TakXe MOMEHTbl CWU/J WHEPLWU, BO3HMKAIO-
WMX BCMeACTBME YINOBbIX MepeMelleHWii OCeil BpallalLWwmxca Macc,
M WX cnefyeT NPWHATb BO BHUMAHWE NpU ONpefeneHun KPpUTUYECKUX
cKopocTeil. B panbHeiillemM pacCMOTpeH npocTelwwnid cnydvaih ogu-
HOYHOrO KpyroBoro Aucka Ha Bany
(chur. 88).

Ecan pgonyctutb, 4Tto nporubel y
M Z Bana BO BpeMsA KOnebaHWi OYeHb
Manbl M 4TO UeHTp TsxecTun O gncka
coBMafjaeT C OCbl0 Bana, TO MOJMOXe-
Hue Aaucka OyaeT BNOMHe onpeje-
NATbBCA KOOpPAMHATaMM y W Z ero
ueHTpa ¥ yrnamu' @ »n Yy, KoTOpble
obpasytoTca ocblo O— O, nepneHau-
KYNApHOW K NAOCKOCTW [UCKA U Ka-
caTeNnbHOW K yYMpyron navHWM Bana,
C HenogsuwXHbIMKM nnaockoctamm XZ wu XY, nepneHAnKYNspHbIMM
OPYT K APYTY M NPOXOAAWMMU Yepe3 oCb X, COEAMHANLWYI0 LEHTpbI
nogWwunnHUKoB. MpuHAB Bec Aucka paBHbiIM W M yyTa TONbKO ynpy-
rme npoTMBOAENCTBMA Bana *), noayynMm crnegywouyue
yp-Ua OBWKEHUS LeHTpa TAXeCTU fucka:

odur. 88.

yyY’'=mr» Y z"=2Z n

roe Y u Z coctaBnallme peakuuu Bana B Hanpa-
BNeHMAX Y 1 Z. OHW SBAAKOTCA NUHERHbIMU (DYHKLUA-
MW KOOPAMWHAT Y, Z nyrnos 4y, KOTopble Nerko onpe
0ennuTb U3 paccMoTpeHus u3rnba Bana.

Bosbmem, Hanpumep, u3ru6 Bana c Npocto onep-
TbIMW KOHUamu, B nfaockoctn XY (¢ur. 89), nof
pevicteuem cunbl P u nmapel M. PaccmatpuBas 00bly-

* MpuHATbIe 34ecb AONYLLEHMA OTBEYaloT CAy4vald BepTMKanbHOro Bana, Korja B3C
OMCKa He BAWAET Ha mpormbbl Bana. [leiicTBue 3Toro Beca OyfAeT pacCMOTPEHO fanee
(cm. cTp. 186).
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WbIM MyTEM YNPYryw /fWHUIO Bana, MNoayydum nporu6 Toukm Q)

Paw Mab(a-b)
y 3/El 1 X1

n yrona Hak/oHa KacaTe/lbHOlW B TOW >XXe TOuKe

o Pabth—a) M(a2—ab+ b)) .
s 1E1 bIEI ’ ics

N3 yp-uii [b] u [c] nonyuum:

n o —ab~hb* . a—b0)
P:bIEl{—W/r'y+ sw ? 1’ M
M=bIEA y -+ i) . "

Monb3ysicb BbipaxkeHuem [d\, nonydaem yp-us [a] ABUXeHUS LEHTpa
TAXECTU LWKUBA TaKUMU:

BAY' + igy+ Ap= 0; ~z7-\-Tr-\-u = 0, [84]

rae

T 9fpfir—ab+ b*; n— gitrya-—b, [

Mpyn paccMOTPEHUM OTHOCUTENBHOTO [BUXEHWS AWCKA OKOMO ero
LEeHTpa TSKECTU, LOMNYCTUM, YTO MOMEHT BHEWHUX Cun, AelCTBYHO-
WMX Ha AMCK no oTHoweHuto K ocn O— O, Bcerga paBeH Hy”o;
TOrja CKOPOCTb K OTHOCUTENbHO 3TWUX OCeli OCTaeTCA MOCTOSHHOIM.
MowmeHTol My wu MT, B3aTble BOKpyr oceid K, u Z, napannenbHbiX
ocAaM Y u Z (cm. cur. 88), u npeacTaBnawol e feiAcTBUE CUN ynpy-
rocTu Baja Ha [AWUCK, MOXHO HanucaTb B C/lefytoleM BuAe:

My=~T'T+n'
Mz= T'y—n'S,

rae T! v N' NOCTOSHHbIe, KOTOPbIE MOXHO MOAYUYUTb U3. YMNpYroi
NMHUM Bana 2. T[M0oN0XWUTeNbHble HanpasneHua AN8 yrnos p u i
n ana momeHtoB My n MT ykasaHbl Ha urype cTpenkamu.

B cnyuae, paccMOTpeHHOM Bbilwe (cM. yp-ue [e\), nMmeem:

_L3IEl

i — 8'&1 baﬁ[@- i A B ﬁft]

1) Cm. kuury asTopa Applied Elasticity, p. 86.
*) MpuHATO, YTO TMBKOCTb Bana, BKAOYas TMGKOCTL OMOp, OAMHakoBa B 060U
HanpaBneHusx.
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Yp-usi OTHOCUTENbHOTO ABVMXEHUS AUCKA MO OTHOLLIEHUIO K €ro Le*
TPY TAXKECTU MONYyYMM Tenepb, NoMb3ysacb 3aKOHOM W3MEHEHUA MOMEH-
TaKonMyecTBa [BU>KEHUA, KOTOPbIA COCTOMT B TOM, YTO CTENEHb BO3-
pacTaHua— nNpou3BoLHasA — NOMIHOIO0 MOMEHTA KONUYECTBA [BVKEHMUSA
no6oii ABUXKYLLEACA cMCTeMbl BOKPYT Nto6oi HEMOABM>KHOIM ock paBHa
NO/IHOMY MOMEHTY BHELHUX CUN BOKPYT 3TOW ocu. Mpu onpegeneHun
CTEneHn N3MEHeHMs — NPOU3BOAHON —MOMEHTa KOMUYECTBA ABMXKEHUS
BOKPYI HeMnoABMXHOW ocu, MPOBEAEHHOl uepe3 MrHOBEHHOe MO0/0-
XeHue ueHTpa TskecTu O, HaM HYXHO y4ecTb TO/IbKO OTHOCUTE/bHOE
LBUXeHUe *).

Mpu onpegeneHnn cOCTaBNAOLIMX MOMEHTA KO/MYECTBA [BVKEHMUSA
BO3bMEM rfiaBHble ocu uHepuum aucka. Ocb BpaweHus 00 —opHa u3
Takux oceil. [1Be gpyrux ocm OyayT ABa B3aMMHO MepneHAUKYNApHble
AnameTpa gucka. OanH u3 atux gmnametpoB Oa Mbl BO3bMEM B MAOCKO-
ctm 00Z, (cm. tmr. 88). OH o6pasyeT He6ONbLIOW Yron Yy € OCbiO
OZj. Opyroii gnametp Ob o6pasyeT yron p ¢ ocbto OVYt.

MycTb ©6— NONAPHLIA MOMEHT UHepLUK aucka oTHocuTenbHo ocu 00,
g= ©/2— MOMEeHT MHepLMK ANCKA BOKPYT AnameTpa. Torga cocrasnsio-
asg MOMEHTA KOJINYECTBA [BUXEHUSA BOKPYT OCW o o OyAeT 6K cocTa-
Bnawowme Bokpyr anameTrpos Oa u Ob 6yayT Olp' u— 6y cooTBeT-
CTBEHHO @). [M0NoXUTeNbHbIE HANPaB/NEHWA 3TUX COCTAaBNAKOLWIMX MO-
MeHTa KOJINYecTBa ABMWXXEHWA NokKasaHbl Ha ¢ur. 88 cTpenkamu. lpo-
eKTUpYys 3TU cocTaBnswuiMe Ha HenogBwxHble ocn OYt n OZt, npo-
BEJEHHbIE Yepe3 MrHOBEHHOe MOJIOXeHWe LeHTpa Tsxkectn O, nony-
yum  OPp— n flajf-j-6jfi' cooTBeTcTBEHHO. Torga, Ha OCHOBAHWU
3aKOHa W3MEeHeHWs MOMEHTA KOAMYEeCcTBa [ABWXXEHUS, VMEEM:

= n ~(sB«T + Blp')= JI/2, N
UNKn, Nonb3yacb yp-amu [g,

Gy — Oii"= —/n'z-f n'y, r85|

ey -|-gp’= m'y—n'p. 11

UeTbipe yp-usa [84] u [85], onpepensiouwme ABUXeHMe [ucKa, OyayT
YyA0BNETBOPATLCA NOLCTAHOBKOW
y = Asinpt-, z= Bcospt; $= Csmpt; y= Dcospt [m]

Takum nyTeM Mbl MOAYYUM YeTblpe NMHERHbIX OAHOPOLHBIX YP-US AN
A, B, C, D. MpwupaBHAB onpefennTeNnb 3TUX YP-UA HyM, MNOAYy4YUM

*) Cm., Hanpumep, H. Lamb, Higher Mechanics, 1920, p. 94.
1) OonyuweHo, Kak u paHee, yto p u if manbl. Torga n—f'" 6ynyT ABnATbCA
NAUGAUXKEHHBIMU 3HAYEHUAMU YFNOBbIX cKopocTeit Bokpyr auametpos Oa u Ob.
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yp-ue ans onpegeneHns 4actoT P cOBCTBEHHbIX KonebaHuin *). Teneob
Mbl PacCMOTPUM HECKO/IbKO YaCTHbIX Cly4aeB.

Kak nepBblii mpumep, paccMoTpuM cnydvaid, korga rnaBHas ock 00,
neprneHAMKynspHas NAOCKOCTM AMCKa, OCTaeTca Bcerga B MIOCKOCTH,
3akntovatowed ocb X M BpalwjaroLielica ¢ MOCTOSHHOW YrnoBOW CKO-
POCTbIO O3 C KOTOPOW Bpawaetcs guck. O603HaumB 4yepe3 I nporub
Bana, a yepes P yron wmexay ocamu X v oo (cMm. cur. 88), nony-
UMM ANA 3TOr0 YacTHOro chydas:

y Z=r cos nt-, Z= rsin <t r
P= <pCOS<of (= sin =t

Cumtas I U @ NOCTOAHHBLIMW W paccMma-

TpuBas TO MrHOBEHHOE [MOJI0OXeHue, ¢ Ur. po.

Korga nfiocKoCTb YNPYroi AMHUM Bana

coBnagaet ¢ nnockocteto XY (dur. 90), Mbl monyunm u3 yp-uin [n]

P=<p; . 0: P'= — @®cu2;
_ . P O n

1= o, T = 2 T=0

Y= y — 0: le— -T2,

7= o; Z = m, "= o.

Mopctasnasg B yp-ua [84] wn [85], nonyuum

Y+ Ty+ ip=o;
9
©—8)pue= m'y—np.

Ou4eBMAHO, 4TO Ban M3rmbaeTcs He TONIbKO LEHTPOOEXHON™* CWUIOW, HO
TakXke MOMEHTOM W= (B— ©,)pw2, KoTOopbIli MpeAcTaBAAeT >XUPOCKO-

nuyeckoe AeliCTBME BpaljaloLWerocs Aucka B 3TOM Cliyyae W genaet
Basn xectye. lNoacrasnas

H

y = rcos U, P==<cos ot

B yp-ua [o], nonyunm

of IF+*. o
\F]

—m'r-f-{n'+ ©—0j) u}f = 0.

Mporm6 Bana, NPUHATbIA Bblle, CTAHOBUTCH BO3MOXHbIM, €C/N yp-Us
[p] moryT patb Ans I W 9 KOPHW, OT/IMYHbIE OT HyAs, T. €. Korga
yrnoBas CKOpPOCTb LU TaKoBa, YTO OMNpefennTenb 3TUX Yyp-uid craHo-

J) Cwm. ctatbm A. Stodola B ,ZeitschriJt f. d. gesamte Turbinenwesen”, 1918
S. 252, n 1920, S, |,

/
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BUTCS PaBHbIM Hynto. Takum Crnoco6oM Haiigem cnegytouiee yp-ue
ANAMNpeseNeHns KPUTUUYECKUX CKOPOCTeiA:

T—--~ {{’J-0—6)u nT =0, [r]

nnn, ob6o3Hayas

w 0— 4
n otmetus, uto us [ un [K],

nT'= —crTal
rae
(s — by
fs2—ab+ P’

nony4nm

(p2— w2) €@®-]-<o*)—cplgi= o
nnu

ud— (p*— #2 w—piqi (\—c)= 0. [5]

Nerko Bupaetb, yto (nNpm c<1l) yp-ue [S] WMMeeT TONbKO OfUH
MONOXWUTENbHbIA KOpPeHb ANA U2, VMEHHO:

o2= UrGo2_ g2+ y/'UW-q")"+ (1-W . M

Korfa >XXupocKonMyeckMM [eiACTBMEM MOXHO npeHebpeuyb, cnegyeT
noactaButb B [f] G—QF= 0, ¥ Mbl Nony4yum:

<W Tn" 7 31El

(r n' tfb 2’
13 KOTOPOro
_nArT T
B~y abiW

nnn
rae

aww

3IEI

npeacTaBnseT cTaTuueckuid nporm6 Bana nog pgeiicteumem rpysa W.
3TOT pesynbTaT BMO/HE COBMajaeT C HalfeHHbIM biwe (cm. n° 15),
ecnnM paccmaTpuBaTb AWUCK Ha Bany KakK CUCTEMY C Of Ol CTeneHbio
cB060bI.
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B npegbigywem paccMOTpeHUM 6bIIO AONyLWeHo, -TO Yriosad
CKOpPOCTb M/IOCKOCTU WM3OTHYTOrO Bana TaKasd e, KaK Bpaljatolerocs
ancka. B03MOXHO TakXe, 4YTO 3TV [BE CKOPOCTU pasnuyHbl. [ony-
CKad, Hanpumep, UYTO yrnoBad CKOPOCTb MJIOCKOCTM M30rMHYTOro Bana
X W noactaenas

y = rzosU\ Z=rsmnht, p= ®cos X? Y= cpsinNe

B yp-ua [/] n [/], nonyuum BmMecTO yp-uii [0] yp-us:

—y"+ TY+ «P= 0;
@uxX—0g)dp—m'y— @

MonoXxne X= ta, MOAYYNM MpefbIgyWwnin pesynstar. Ecim X= — o
nonyynm u3 BToporo yp-usa [o07]:

— ©—6,)a®2p= m'y—rip.

970 nokasblBaeT, 4TO, KOrja MNMOCKOCTb WM30OTHYTOro Bana BpaliaeTcs
CO CKOpOCTLH BB Hanpas/fieHUU NMPOTUBOMO/IOXHOM BpaLLEHUIO [LUCKa,
XUPOCKOMMUYECKUA 3heKT OyaeT NpefCTaBAATLCS MOMEHTOM

M= —(@©+ 0,)w2p.

3HaK MMWHYC yKasblBaeT, YTO MPW 3TUX YCAOBUAX >KUPOCKOMMUECKUI
MOMEHT AeiCTBYeT B HamnpasfeHUM YyBeNW4veHWs wusrmba Bana M no-
3TOMY MOHMXAaeT KPUTMYECKYID CKOpPOCTb Bana. Ecnm Ban ¢ JUCKOM
M3 COCTOAAHUA MOKOS [OBECTU L0 CKOPOCTU <G TO 0ObIYHO MMEeT MEeCTO
ycnosue X= c. Ho, ecnu so3myuiarnoLwune
CUMbl TOW e 4acToTbl, 4TO W KpuUTuye-
CKafa CKOpPOCTb Mpu YCNOBUM X= — UI TO
TOr4a MOXeT MWMeTb MeCcTO BpalleHune
M30rHYTOr0 Bana B HanpasieHuu, npo-
TWBOMOJIOXXHOM BpaLLEeHNI0 AUCKa *).
Ecnn nmeeTca HECKOMbKO [MCKOB Ha
Bany W HYXXHO MNPUHATbL BO BHWMaHue
XXNPOCKOMUYECKUA 3(PGeKT, TO MOXHO
TakXe ynotpebuTb rpagunyeckuini cnocoo,
onucaHHbIA B N° 32. Heo6XxoANUMO TONbKO
yyecTb, B JOMNOJIHEHMNE K LLeHTPO6GEXHbIM
cunam, MOMEHTbI, Bbl3blBaeMble XUPOCKO-
nuyeckum pgeincteuem. Ha dwmr. 91 npeg-
CTaBfeH cnyvaih OLMHOYHOTO LWKWBA, MNpU ycnoBum X= M. YT06bI No-
NyuynTb guarpammy usrmbalowmx MOMEHTOB B 3TOM Cllyyae, cnegyet
n3rnbarlyme MOMEHTbI, Bbi3BaHHble LEHTPO6GeXHOW cunoii (dhur. 91 b)

) Cwm. A. Stodola, Damp!- und Gasturbinen, 1924, S. 367.
Teopus KonebaHUn B WHXEHEPHOM nene.
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HaNoXWTb Ha M3rnbaroLme MOMEHTbI, Bbi3BaHHble mapoit M (dur. 91 cf
JvarpamMma cyMMapHbIX M3rn6atolimx MOMEHTOB nokasaHa Ha dur. 91d.
C 37Ol gmarpaMMoil Mbl AO/MKHbI MOCTyMaTb Aafnblie TOYHO TaK Xe,
Kak 6blN0 M3M10XeHO Bbiwe (cM. cTp. 69).
XXupockonuwecknit adhheKT npu KonebaHMM MaxoBWMKOB. — BTo-
pbiM NPMMEPOM PacCMOTPUM KPUTMUYECKME CKOPOCTU MaxoBWKa, CMULb
KOTOpPOro rubKM B HanNpaBfieHUM OCK
Bana (cm. cur. 92), npuyem Ban abco-
NIOTHO XecToK. Hwukakoe KkonebaHme
MaxoBWKa, MapanfielbHoe ocu Bana, He
nofBepraeTcs BO34EACTBUIO YrA0BOrO
OBUXXEHUS MaxoBUKa, U COOTBETCTBYHO-
WMA Nepuoj MOXHO OnpefennTb U3
yp-us [5], B KoTOpom 8 060O3HauvaeT Te-
nepb npornb6 oboga MaxoBWKa nofg aeit-
bur. 92. CTBMEM €ro Beca, eCAu Ban HaxofWTCH
B BEPTMKANbHOM MOMOXEHUN.
Bocnonb3yeMcsi W3N0XEHHON Teopueid npu pacCMOTPEHUM Kone-
6aHuWi, CBA3aHHbIX CYIN0BbIMUA ABUXEHUSMM MA0CKOCTM 06042 Maxo-
BMKa. Mpn >XecTkom Bane npormbel Yy u zZ B yp-uax [85] cnegyet
B3ATb PaBHbIMW HY/O, W Mbl NOMYYUM

aP — ey = «Yy,
aw ep'= —/r3 M

mnn
[86]

rA4e MOCTOSIHHAs MPY>XWHHOCTW i 3aBUCUT OT rubkocTu cnuy. ITa
MOCTOSHHAA Fi MOXeT 6biTb onpegeneHa w3 ycnosus, uto N'$ npea-
CTaBNsfieT TaKylw napy Cun BOKpYyr ocu Z, KoTopas Heobxopuma
4yTOObI BbI3BaTb MOBOPOT MJIOCKOCTM 060fa MaxoBWMKa BOKPYr 3TOW
oCW Ha yron p.

NMeeTcs MHTepecHas aHanorma Mmexagy yp-usmu [86] u yp-usmu
ABWXKEeHUS yacTuubl B nnockoctu. MycTb O 0603Ha4aeT HemnongBUMX-
HYI0 TOYKY — LeHTp TskecTu o6oga (dwur. 93a), a 00 mMrHoBeHHOe
MOJIOXKEHWE TNaBHOW OCKU, MEpPNeHAWKYNsSPHOA K nnaockocTu ob6oja.
MpeacTaBUM LWIap, UMeKLWNA LEeHTP B HenoABuxHoi Touke O, n pa-
auyc, paBHblil egnHuue. Myctb C—Touka, B KOTOPO OCb MaxoBuKa
B Haya/lbHOM TMOJOXEHWW NepecekaeTcs C eAMHUYHOW LapoBOW Mno-
BepxHocTbto, a C' — Touka, B KoTOpoii mrHoBeHHas ocb 00 nepecekaeT
TY )€ NOBepPXHOCTb. PaccmaTpuBas TONMbKO cly4vau, KOrga yrfibl puy
Masbl, MOXHO JONycTWUTb, 4To Touka C' — ,montoc” xupockona — fBu-
Xetca B nnockoctn K,Z, kacaTeNbHOW K eAMHWYHONM LWapoBoi no-
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eepxHocTM B Touke C. BHewHwue cunbl, npeactaBaswowme LeldcTBUe
ynpyrux cui cnuy Ha o6op, AaHbl napamu — P m—n'y (dwur. 93 a).
MpesctaBum Tenepb, yto nomtoc C' ecTb yacTuua, nMetowas maccy 6,
M 4YTO Ha 3Ty 4acTuuy B [LOMOJIHEHWe K cunam — a’P u—4q'y, ynoms-
HYTbIM Bbllle, [eACTBYeT BooGpakaeMas ,,0TK/MOHAWWaAs cuna“ &V

nponopumroHanbHas CKOPOCTU V Montoca B HanpaBleHUW BCerja BeBO
OT MyTW, €CM CMOTPETb M3BHE LUAPOBOI MOBEPXHOCTW (CM. tur. 93 b).
Torga yp-usi ABWXeHMS nontoca 6yayT TOYHO TaKMMU XKe, Kak paHee
npvBefeHHble yp-us [v]. 3To coBnageHne o4veHb MOME3HO NpU peLue-
HUM 3afay ABWKEHUS XXUPOCKOMOB.

PaccmaTpuBas Kone6aHWs MaxoBuKa, MOXEM B3ATb PeLUEHUs yp-uii
[V] B Takom Buge:

==A cospt; y= Bsmpt.
MogcTasnsas B yp-us [v], nonyuum:

A(ri—8p2-f Bew?= O
New>+ 5(a' —@al?2)= o,

OTKyZa Mnojy4aeTcs yp-ue 4acToThbl:
("' —Ql?722— O0yp*= O *

PelleHne 3Toro yp-us 6Gygaet:

Mbl mony4yaem fBe pasHbIX 4acToThbl
konebaHuin, n TpaekTopmus nontoca C,
npegctasnaoLias KonebaHms MaxoBKKa,
COCTOMT W3 ABYX HaNOXEHHbIX APYr Ha
apyra Kpyrosbix KonebaHuwid. [Mpumep
KpPUBOW, OMWCbIBAEMOW MNOMAKOCOM, NpuBe-
LeH Ha qur. 94.
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B uyacTHOM Cny4yae, Korga w= 0, nonyvynm:

P=
Bo3bmem Tenepb, Hanpumep ‘),
6V
20—
Torpa, n3 yp-ua [87]
/\3 )
V3 1B
N Mbl MONYYUM:
A=2,414j/"n, p2= 0,4141/™.

TpoekTopus nontoca C 6yfeT npeactaBnaTb fABa HaNOXEHHbIe
APYr Ha fpyra rapmoHuyeckue KoneGaHus nepuofgoB 2u/pj w ‘L.Jpr.
Ecnn Ha MaxoBUK [AelCTBYIOT BHELWHWEe MNepuognmyeckne CuUbl, TO
BO3HWKAKT BbIHYX/[EHHbIE KONebaHus. [onycTum, Hanpumep, 4to Aeli-
CTBYeT MpocTas rapMOHMYecKas cuia TOro e nepuofja, Kak Bpalye-
HWE MallVHbI; TOrAa BMecTO yp-uil [86] nonyuyatca cnegywolune yp-us:

6iP'= —eauw —nP+ PcOS(uA,
9 = Qug — riy -(“P sin
BbIHYX/eHHOe Kone6aHue MaxoBMKa MNPEACTABUTCA YaCTHbIM
HVWEM 3TUX yp-uit. Monoxwus
P= A cos <\ y= Bsin ut,
u noacTtasue B yp-us [w], nonyumm:

N(a'—Ba>)+ Be<m*:=/>
ow2-1-£(s' — by-) = p,

0TKyfaa
* 7 4 8+ O)}
("—OA"ry —OW -
CocTOosiHMe pe3oHaHca HacTynuT, Korga
(' —o0w)3—GVvV=0,
0TKya

r 1

peue-

‘) 3To OTHOWEHMe COOTBETCTBYET AelCTBUTENLHOMY CAy4ald MaxOBUKa C FMGKAMU

cnnuamun.
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E,qI/IHCTBEHHbIM ,D'EVICTBMTEHbeIM KOPHEM, AaloWNM KPUTUYECKYH CKO-
POCTb B 3TOM CNy4dae, ABNAETCA:

uth . [88]

KonebaHne >KecTKOro poropa Ha ynpyrux noglunHuKax. —
Yp-ua [84] v [85] MOXHO TakxXe MPUMEHUTb AN U3Y4YeHUA KonebaHus
XEeCTKOro potopa, MMetoLLLero nogWnnHUKN Haynpyrux onopax (dur. 95)
MNyctb Y XX U YZi 6eCKOHEYHO Manble MNepeMelleHns MNOAWNMNHUKOB
no Bpemsa konebaHus. B3AB 3T nepemelleHNs 3a KOOPAWHATbI KOfe,
6noweroca potopa, NoAyyYnum nepemelleHus
LeHTpa TAXECTU U YIN0Bble MepeMeLLeHuns ocu
potopa (cMm. dur. 95):

.U
Yo=Yi-[--rYi-[ >

/, /,
YV
|
2 z,

MycTb cW cr, dx u % nocTosiHHbIE, 3aBUCALLME OT YMNPYrocT Ornop
B FOPW30HTA/IbHOM 1 BEPTUKANbHOM HarnpasfeHusx, Tak 4To —cty It
—Qj4 ropusoHTanbHble, a— dX2,,— d2z2 BepTUKabHbIE peakLnUn MNOA-
WUMHWUKOB, BbI3BaHHble GECKOHEYHO Ma/lbIMU MNepeMeLLeHnaMn Y U YT,
r, W r, B HanpaBfeHun oceii Y u Z. Torga yp-us ABWXKEHUS LeHTpa
TsXKecTu [84] nonyvaroTcs:

(hYi + hyi') + cYiH-dYi—0
[a}

-£1(4 2\" ~\-Jizi ) dizi+ "2zi- O0-

Yp-ua [85], npeacTaBnsitoliMe BpalleHWe poTopa BOKpYr ocein Yiu Z,
6yayT B 3TOM Clyuae:

Z1 —2,
S [ ~
Zyl y* _\/y
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UeTbipe yp-ua [a] n [b\ BnonHe onpegensoT cBo6oAHble Kone-
6aHns >XecTKOro potopa Ha ynpyrux onopax. [loactaBnssa B 3TW yp-Lu:

yx=As\npt\ ¥Yi= B%Tpi-, zx= Ccospt: zi= Dcospt,
Nony4mMm 4YeTbipe OAHOPOAHbLIX NUHelHbIX yp-us ans A, B, C un D.
MpupaBHUBas onpegennTeNb 3TUX YP-UA HYO, NOAYYUM Yp-Me .4a-
CTOTbl, U3 KOTOPOr0 MOXHO ONpPeAenuTb 4acToTbl YeTbipex BWAOB
CO6CTBEHHbIX KOnebaHUin poTopa.

PaccMOoTpUM Tenepb BbIHYX/AEHHOe KonebaHue poTopa, Bbi3BaH
HOe HEKOTOPO 3KCLEHTPUYHO MPUIOXEHHO Maccoi. [elicTBue no-

[OGHOV HeypaBHOBELIEHHOCTU 3KBWBANIEHTHO AECTBMIO BO3MYLLAD
Wel cunbl C COCTaBASHOLLUMM

K~ANcosw” ] Z = Bsinwt,
MPUNOXEHHBIMW K LEHTPY TSXKECTW, W napbl CUA C COCTaBASOLWUMU

My= Csin tot " MZ= D cos W.

Bwmecto yp-uin [a]] n [b\ mbl nonyuum:

W . .

-=iikyy'+ hYi") + AYr+ GiYb= A cosal,

W lazx -j- NZ{) -f dIz|f- d22= B sin Mtf

= Z.,dj* — -zAlt -f ¢ Sin <
auzZn' ~ Z1-+ = -y,c/ir+ ylCllt+ Dcoset
UacTHOe pelleHne 3TUX Yyp-WUid, NpPeAcTaBASIOWMUX BbIHYXAEHHOE

KonebaHue poTtopa, Oyaer umeTb BUA:

yx= A*cosW; Yi= Bcosot, zx= Csinwt; z,= Dsinwt.

MopactaBnsas B yp-ua [c'], Halgem aMnAUTYAY BbIHY>XAEHHOr0 Kone-
6aHua. Mpun atom konebaHWM OCb POTOpPa OMUCHLIBAET MOBEPXHOCTD,
BblpaXkaloLWyrcsa yp-usmu: .

y — (a -f- bx) cos wt,
Z = (c-j- dx) sin wt,

roe a, b, ¢ u d —nocTosHHbIE. Mbl BUAWM, 4YTO KaXKAas TO4YKa OCU
OMWCbIBAET 3MIUMC, YpP-Ue KOTOpOro
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Lns OBYyX TOYeK OCW, UMEHHO AN
a, c
X\=  fi n xt= N

annuncel obpawarTcs B NpAMble MHMKM, U obuwas ¢dopma noBepx-
HOCTW, OMMUCbIBAEMOW OCbK poTopa, OyaeT Takol, Kak MOKa3aHO Ha
tur. 96. OueBufAHO,
uTo nepemeLLeHuns
TOYKM OCM poTopa
3aBUCAT He TOMbKO OT
BE/IMYMHbI BO3MYLLAI-
e cnnbl (BENMUYUHDI
HeypaBHOBELW EHHO-
CTW), HO Takxe OT
MONOXEHUSA TOYKM NO
O/MHEe OCU U OT Ha-
npaBneHus, B KOTO-
pom un3mepseTca ne-
pemMeLLeHme.

B obuwewm cnyyvae our. S.
HeypaBHOBELLEHHOCTb
MOXHO MpPefCcTaBUTb ABYMSA 3KCLEHTPUUYHO MPUIOXKEHHBIMU Maccamu
(cm. n° 10), ¥ BblHYXAeHHble KonebaHMA poTopa MOXHO MNOAYYUTb
HaNOXXeHWEM [PYT Ha Apyra [ABYX KonebaHwuii Takoro popa, Kak pac-
CMOTPEHHbIe Bbllle, ¥ MMEKLNX HEKOTOPYK pasHocTb (a3 ’). N3 nu-
HeliHOCTU yp-uit [CT MOXHO TakXe 3aKnl4uTb, YTO MPU MNOMELLEHUN
BbINPaBAAOWMX FPYy30B B ABYX MNAOCKOCTAX MOXHO BCerga ycTpa-
HATb HEeypaBHOBELIEHHOCTb, HEOOXOAMMO TO/NbKO BblGpaTb BbiMNpa-
BAAOWMe rpy3bl Takum 006pa3om, 4ToObl COOTBETCTBYHOLME LLEHTPO-
6eXXHble CU/bl HAaXOAUNWCb B PABHOBECUM C BO3MYLLAKOWMMK CUNAMU
BO3HMKAKOLWMMN WN3-32 HEYpPaBHOBELIEHHOCTMU 2).

34. BnusiHne Beca Bana U AWCKOB Ha KPUTUUECKYH CKOPOCTb.—
B Hawwux npegabigywinx paccyXAeHusxX [OonylieHuem, 4Tto OCb Baja
BepTUKanbHa, OblN0 YCTPAHEHO BAUSAHME Beca CamMuxX BpalalLmxcs
OWUCKOB. B cnyyae TrOpM3OHTaNbHbIX BAnOB Beca [AWCKOB  HYXHO
paccmatpuBaTb KakK BO3MyLLalolMe CWUMbl, KOTOpble MNpW W3BECT-
HbIX CKOPOCTAX BbI3bIBAIOT 3HA4YUTENbHble KonebaHus Bana. 3Ta
CKOpPOCTb O06bIYHO Ha3blBaeTCA ,,KPUTMYECKON CKOPOCTbIO BTOPOrO

*) 9TOT BOMPOC fAeTanbHO paccMoTpeH B cTathe V. Blitss’a, Ueber den Massen-
ausgleich raschuralaufender Korper, ,Z. f. angewnndte Mathematik und Mechanik*,
Bd 6, 1926, S. 429.

*) BnusHue rubkocTu Bana OyaeT paccMoTpeHo panee (cm. n° 35).
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nopsagkal®). Ans onpeAeneHus 3TOM CKOPOCTM Heob6xoaumo 6onee
JeTanbHOE U3YyYeHUe [ABUWKEHUS AMCKOB.

PaccMoTpuM MpoCTeiWwmnii cnyvyaid OAUHOYHOTO [uUcKa W MPUMEM,
4YTO AMCK YKPENAeH Ha Bajly B TOM MOMEpPEYHOM CeYeHWMn, rhe Kaca-
TeNbHafA K YNpyroi AWHMM Bana OCTaeTCA napanfieNbHON 0CeBON nu-
HAW NOAWMWMHUKOB. TakMM 06pa3oM ,)KMPOCKONMYECcKnii ahdekT",
paccMOTpeHHbIi B mpeablayliem naparpadge, 6yaet yCTpaHEH, U HYXHO
MOABEPrHYTbH PAcCMOTPEHUIO TOMbLKO ABUXEHWE AUCKA B €ro COBCTBEH-
HOW N0CKOCTHU.

Mycte XY npefcTaBnseT rOPM30HTANbHYK MNAOCKOCTb AuUCKa, a
O— ueHTp BEpTMKANBLHOTO Bana B €ro HEW3OTHYTOM COCTOSIHUK (CM.

tur. 97). MycTb npu KonebaHum 5 — MIHOBEH-

HOe nofioXXeHne UeHTpa Bana, a C— MrHoBeH-

HOe MONOXEeHMe LEeHTpa TSHKEeCTU [UCKa, Tak

yto CS=e aBnseTcA 3KCLEHTPUCMTETOM, C KO-

TOpPBIM JUCK HacaXeH Ha Ban. [poume 0603-

HauyeHUs TakKoBbl: T — Macca jucka, TP —wmo-

MEHT MHepuun LUCKa BOKPYr OCU, NpOXOoAsLlei

yepes Touky C M nmepneHAMKYNAPHON K [UCKY;

a— NOCTOAHHAA MPYXWHHOCTW Bana, paBHas Ta-

our. yl. Ko peicTBytouleir B naockoctn XY cune, 4to-

6bl NOMyuYnTb eguMHMUy nporuba B 3TOW nnoc-

KocTu; <= |/(a/T)— KpnTuyeckas CKOpPOCTb TMepBOro rnopsigka

(cm. n° 15); X,y — KoopAmHaTtbl LeHTpa Tsxectn C gucka BO Bpems

LOBVXKEHUN; — Yron MnoBOpOTa AWCKa, PaBHbIA Yray Mexay paguy-

com SC n ocblo X; ©—yron noBopoTa BepTUKANLHON MNMOCKOCTK

OC; €«—yron noeopoTa gucka oTHocuTenbHo nnockoctu OC. Torpa

$= b+ @ KoopauHatbel X MYy ueHTpa TaxecTun C u yron nosopoTta

€ NpuMeM 3a KOOpAMHaTbl, ONpefenslolMe MOMOXEHWE JUCKA B
nnockoctn XY.

OnddepeHynanbHble yp-ua ABMKEHUS LeHTpa TsxecTh C MOXHO
Nerko HanucaTb 0OblY4HbIM NYTEM, €CAM Mbl MPUMEM BO BHUMaHUe,
YTO TONILKO OAHAa cwna, YNpyroe mMpoTMBOAENCTBME Bana, LelcTByeT
Ha guck B nnockoctv XY. 3Ta cuna nponopunoHanbHa nporuby OS
Bana, a ee CcoOCTaBiswWwMe Mo HanpaeneHmam X a Y, nponopuuo-
Ha/lbHble KOOPAMHATAM TOUYKM S, 6y YT COOTBETCTBEHHO — a (X — €¢0s <)
n— « (y —esin<p). Torga guthdepeHunancHblie yp-us ABUKEHUA LEHTpa
C 6yayr:

TX"= —a(X—ecos®) TY'= —a(y—esin9g

‘) A. CTogona nepsblii paccMoTpen 3Ty 3ajadvy. JluTepatypy no 3Tomy npeg-
MEeTYy MOXHO HalTM B ero KHure, 6 usg., ctp. 929. Cm. Takke cTaTeto T. POschL'a B
»Zeitschr. f. angew. Mathem. u. Mech.", Bd 3. 1923, S. 297.
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nnn
TX X- aecos?,

Ty '+ay-. :aesitl® 7]

TpeTbe yp-ue Noyunm, nosb3yscb 3aKOHOM M3MEHEHUSI MOMEHTA KONTMYe-
CTBa ABWXKEHWA. MOMEHT KONMYecTBa ABUXeHUS aucka Bokpyr ocu O co-
CTOWUT, BO-NEPBbIX, U3 MOMEHTA Konn4ecTsa ABuxeHns TPy aucka, Bpa-
LLatOLLerocs ¢ yrinoBoi CKOPOCTbi0 < BOKPYT CBOEr0 LEHTpa THXKECTHU, U,
BO-BTOPbIX, — 13 MOMEHTA KO/MMYECTBa ABWKEHUS T (X§ —yX') Macchl T
AMCKa, COCPeAOTOYEHHON B ero LieHTpe TsXecTu. Torga 3akoH M3meHe-
HUS MOMEHTa ABWXXEHUS KOoNu4ecTea JaeT yp-ue:

wt {ri\'-f T(Xy —yx)I= M

nnu
mixy" + T (xy" —yx") = M,

rae M —kpyTawmii  MOMEHT, nepefakrouwmninca ot
ouckKa Bany.
Yp-us [d] v [b] BnonHe onpeaenstOT ABUXeE-
Hue paucka. Korga M = O y4acTHoe pelleHue
yp-uit [a] n [b] nonyyaeTca npu gonyuieHUu, 4to
ueHtp Taxectn C pgucka ocTaeTcs B MAOCKOCTU
OS ynpyroii nMHUKM Bana WM ONWUCbIBAeT MpU Bpa-
WEeHUN C MOCTOSHHON YrN0BOW CKOpPOCTbIO <P= ® Kpyr paguyca T.
Torga, nogctasnsas B yp-ua [a] X = rcos<at; _y= rsinu”™ u nonaras
tf—mt gna cnyvas, npeAcTaBNeHHOro Ha ¢ur. 98 8, n Q= -j- T and
cnydvas, npefcTaBneHHOro Ha ¢ur. 98 b, nonyunm

ae e<aKp3
_T(I)Z “p'.p _4)* Ana « 0).Kp’

2

ae eFxp
a— /aw?2 P ans o 1

3TN pesynbTaTbl COBMafatdT C MOMYYEHHbIMU paHee MyTeM 3/1eMeH-
TapHbIX BblKNafok (cm. n° 15).

PaccMoTpuMm Tenepb cnyyai *), KOrga KpyTawmnii MOMeHT /M oTnndeH
OT HyNiA U TakoB, 4TO

M= T(xy" —yx"). [c]
Torga u3 yp-us [b] mbl 3aknovaem, 4To
(@ = a>= const,
*) 9ToT cnydait nogpo6HO paccmoTpeH H auccepTauum P. SchrOder’a, Die kritl-

schen Zustande zweiter Art raschumlaufender Wellen, Stuttgart, 1924. 3Ta cTaTba
COAEPXMWT O4YeHb MOMHOE MepeyvyncneHWe HOBOW NMTepaTypbl MO 3TOMY BOMpOCY.
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W VUHTErpupysa, Monyyum:
7= «*F4+2*, [d]

rae ®— nNpou3Bo/ibHAs MOCTOSIHHAS, OMNpejensollas HadaibHyl Be-
YNy yrna ®
MoactaBnss [d] B yp-us [a] n nonb3yscb 0603HaueHnem WKp-= a/T,
Mnony4nm:
X" -f WKp- X = ecos (Wt+ <o),
y"+ NKpY = “«qresin (Wi+ qD). "

Jlerko nokasatb I'IO,IJ,CTaHOBKOI‘/‘I, YTO BblpaXeHnAd

= —— oos(wpt+ TI-f q0)4-—r S — cos (Wt4- 2,),

[l
XKIsin (WU - T14- T») + K%T P sin (s*+ T

NPeLcTaBNAT pelleHne yp-uii [e].
MopctaBnsaa [/] B yp-ue [c], nonyyum:

XK = Af,sin {(w— UK A4" Ti}e ' [d

N3 3TOro MOXHO 3aKniuuTb, YTO NOJ AeiAcTBMEM MY/NbCUPYHOLLETO MO-
MeHTa [g] AuCK BpawaeTcsd C MOCTOSHHOM YI/0BON CKOPOCTbIO, M
B TO Xe CamMOe BpEeMS €ero LEHTP TAXKECTU WCMbITbIBAET CNOXHOE KO
nebatenbHoe ABWXKEHWE, npegctasnsgemoe yp-uamu [/].

Takum >Ke 06pa3oM MOXHO MOKa3aTb, 4TO MOA4 AEACTBMEM Nyfb-
CMPYIOLLEro MOMEHTa

M = Mrsin {(Wp-fa») 14- Ky}

AWNCK TaKXe BpalaeTcsi C MOCTOSIHHOW CKOPOCTbIO <Q @ ero LeHTp
MCMbITbIBAET KoNebGaTeNbHble ABUXKEHWUS, OTBeYalolue yp-usm

:"eacosKP14- —«,,)4-w%<*_k;av cos (wt-f <), N

M2

Y= — smf(p J‘Fi T*—?i3+i ~ ~ __ uBsin /(«44t-<05.

CoeguHas pewenHns [\ n [h], nonyumm nonHoe pewexune yp-uii [€],
cofepxallee YeTblpe MPOM3BOJbHBIX MOCTOSHHBIX MU Mb Ti u vy,
STOT pe3ynbTaT MOXHO Temepb WCNOMb30BaTb ANS ONpefeneHus Ko-
nebaHuii, Bbl3blBaeMblX BECOM CaMOro [AuUCKa.

[onycTM, 4TO Ban HAXOAWTCA B TOPU3OHTANbHOM MONOXEHUM,
a ocb Y HanmpaBneHa B3epX, TOrAa, NPUCOEAUHUB BEC LIKWBA, Mbl
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nonyymm cur. 99 Bmecto dur. 97. Yp-us [d] un [ft] B 3aTtom cnyuae
3aMeHATCA CMefytoLlLeil CUCTEMON Yyp-Wid:
TX" -f- aX= aecos <,
TY" -f ay — a@esin @ — mg, [/e]
Tiy" -f T (xy" —yx") —M — mgx.
Mepemectm Hauvano koopguHat m3 O B O,,
Kak nokasaHo Ha ¢wur. 99; Torga, nNonoXus

Yi=yl\n:l§, dur. 99.

MOXeM npeacTaBuTh yp-us [K] B cregytouem Buge:

TX" -J- ax — aecos o,
Ty "-(-ayt= aesino, 1
TPO" - T (Xy{" —_yX") = M —mge cos @

dTa cuctema yp-uii coemagaet ¢ cuctemoli yp-uii [a] u [b], u BAnsHKE
Beca AMUCKa npejcraBndaeTca MynbCUPYOWMM MOMEHTOM — MQe cos?.
MpegctaBum Tenepb, 4To M — 0 1 4TO Ban BpalwiaeTcs C NOCTOSHHOM
YrN0BOW CKOpOCTbiO W= 1/illKp. Torga BAMsAHWE Beca AWCKA MOXET
ObITb MpefcTaB/eHO B CNeAyloleM BUe:

— mge cos ®— — mge cos ()= mge sin W?— a/2) =
= mgesin {K, —UWt—r/,} fm\

3TOT BO3MYLLAKOLWMNA MOMEHT MMeeT TOYHO TaKOW e BUA, KAK Mynb-
CUPYIOLWMA MOMEHT, BbipaXkalowmniica yp-uem [g], U M3 3TOr0 MOXHO
3aK/M0YUTL, YTO, MPU CKOPOCTU <U— Y2%p nNynbCUPYHOLWMNIA MOMEHT
0T Beca pAucka O6ypeT BbI3blBaTb KonebaHus Bana, nNpeAcTaBiNeHHble
yp-uamu [/]. 3To necTb Tak HasbiBaemas KPUTUYECKas CKOPOCTb BTO-
poro nopsaaka, kotopas Habnwganacb BO MHOTMX ciy4va-X B feilCTBM-
TenbHOCTM *). CnegyeT 3aMeTuTb, OAHAKO, 4YTO KofebaHMA TOM ke
4acToTbl MOFyT ObiTb Bbl3BaHbl TaKXe MEPEMEHHON TrMBKOCTbIO Bana
(cm. cTp. 95), M BNO/MHE BO3MOXHO, YTO B HEKOTOPbIX Cayvasax, rae
Habnwfanacb KpuTM4yeckass CKOpPOCTb BTOPOro nopsagka, KonebaHus
ObINN BbI3BaHbl 3TO MNOCNEAHEN MPUYMHOIN.
35. BnuaHve rn6KocTW BafoOB Ha ypaBHOBELW MBaHWE MaWWH.—

B Hawux npegbigywinx paccy>XaeHuax 06 ypaBHOBELIMBAHMM MaLLVH
(cm. nm° 10) 6bIO AONYLEHO, 4TO pOTOP — abCoNTHO TBeEpAOe Teno.
B Takom cnyyae MOJIHOE ypaBHOBELMBAHWE MOXET ObiTb BbIMOMHEHO
NMPWIOXKEHNEM BbINMPaBAAKOLWMUX TPY30B B ABYX NPOU3BOJLHO BblbpaH-
HbIX naockocTax. JonyleHne, npeHebperalowee rM6KOCTLIO Bana,
[0CTaTOYHO TOYHO MPW HU3KUX CKOPOCTAX, HO ANA MaWWH BbICOKOWA

J) Cm. O. Foeppl, ,V. D. I.%, Bd 63, 1919, S. 867.
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CKOpPOCTW, a OCOBEHHO B c/ly4Yasx MalluH, paboTallux Bbille Kpu-
TUYECKO CKOPOCTU, M3rn6G Bana MOXeT WMETb 3Ha4yMTeNbHOE BAUA-
HMe, U B pe3ynbTaTe 3TOF0 POTOP MOXHO YPaBHOBECWUTb TOMbLKO AN14
OfiHOV OnpefeneHHON CKOPOCTW, a MPU W3BECTHbIK YCNOBUSAX W CO-
BCEM Henb3s 6yAeT ypaBHOBECUTb, U Bcerja 6yayT 3aTpyAHEHUS u3-3a
KonebaHui.

BnusHue rmbkocT Bana MOSICHMM Ha MPOCTOM MpuMMepe Bana,
ONepToro Ha KOHUAX W Hecyulero gea gucka (cm. cur. 100). Mporu6
Bana yX noa rpysom WX 6ygeT 3aBWCeTb HE TO/NbKO OT BEIMYUHBI
3TOro rpysa, Ho Takke K OT BennuuHbl rpysa Wt. To xe camoe

3aK/0YEHNEe UMEeeT CUAY M B OTHOLUEHWW MpoO-
rméa ¥o nog rpysom Wt. Monb3ysacs yp-usamu
Lr ynpyroil nuHuUM Bana Ha fABYX onopax, /Ierko
; MOXeM MOony4uTb CRefylolie BblpaXeHus
—_ J  ans nporm6oB.:

®i.r. loo. Yi—an Wt+ a»w,, ri
yE= au Wt+ an Wt,

rae an, an, a2l v ari ocTalTCs MOCTOSHHbLIMKU A/ AaHHOTO Bana
W [ MHOTO TMOJIOXEHWS TPYy30B. JTUMU YP-USMU MOXHO BOCMO/b30-
BaTbCA AN OMpefefeHns MpPoru6oB, Bbi3BaHHbLIX B Bafe LEeHTPOGEex-
HbIMW CWMaMU K3-3a 3KCLEHTPUYHOCTU [UCKOB.

Mycte /n,, T%—maccbl guckos | u Il, ©—yrnoBsas CKOpOCTb,
Yu ¥r— npornbel nog guckamu | m Il cooTBeTCTBEHHO,”, — pac-
CTOsIHWUS OT neBoli onopbl A0 aucka | n I, Yit Yr— ueHTpo6exHble

cunbl, feicTeylowmMe Ha Ban. [onycTWs, 4TO TONbKO AWUCK | umeeT
HEKOTOPbIA 3KCLEHTPUCUTET €X, 1 Gepss mporu6 B MAOCKOCTU 3TOrO
3KCLEHTPUCUTETA, MONYYUM LLEHTPOGEXHbIE CUJIbl, AeCTBYOLLME HA Ba:

Y— (@L+ YX) Wu-; Yr= YaTYy,
Unn, Nonb3yacb Yp-uamu, Nojo6HbIMKU yp-mam [a]:
M=exTy TY (any,-faitK),
Y2---m2 Y, f21
0TKyfa
exmy (1—airrrug
* Q—anTY)l—a2TyY)—TXT:a0iXul’

exalt TXTruwr

v (1 —axTXud) (1 —ai2 Trad — TxT% RaixaA'

N3 3TOoro BMAHO, YTO, BMECTO LEHTPOGEXHOW CUMbI EXAr, UL, KOTOPYHO
Mbl MMESM B Cly4vae XeCTKOro Basa, Ha TMbKuiA Ban AeiicTBYOT ABe
cunbl ¥X 1 Yt. HeypaBHOBELIEHHOCTL GyAeT Takas e, Kak WU B CAy-
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yae XXECTKOro Bana, Ha KOTOpbI pgeiictByeT cuna Rx= K, -f- Yi npu
paccTosiHUM OT /IEBOW OMOPbl PaBHOM:

» _Nici 4~ Yler r-i
b= yi+ il

Nlerko BupAeTb, nonb3ysacb yp-uamu [ft], uto I, He 3aBMCKT OT Be-
NINYMHBI 3KCLEeHTpUcuTeTa e€Ba 3aBUCUT TONbKO OT YNPYrnx 0COGeH-
HOCTeid Bana, OT MOJIOXKEHWUA W BeNWYUHbI fra, U /92 1 OT CKOPOCTU LI
MaLlWHbI.

Takum >xe 06pa3om, KakK Bbile, MOXHO pacCMOTPEeTb BAUAHKE
aKcueHTpucuTeTa' gmcka Il, n pesynbTaT BO3[AENCTBUS 3KCLEHTPUCU-
TeTOB 060MX [AMCKOB MOXHO MOAYyYUTb NO MNPUHLUNY HAN0XEHUS.
/I3 3TOro MOXHO 3aK1K4YWUTb, YTO MPU AaHHOW CKOPOCTM HeypaBHO-
BELEHHOCTb [ABYX AWCKOB Ha TMOKOM Bany AWHAMWYECKM 3KBUBa-
NIEHTHAa HeypaBHOBELIEHHOCTAAM B [JBYX ONpefeneHHbIX M0CKOCTAX
XKECTKOro Bana. [1on0XeHWe 3TUX MJIOCKOCTEA MOXHO YCTaHOBUTb
C nomouwblo yp-us [c] gna OA4HON M3 MIOCKOCTEW M C MOMOLLK MO-
LOGHOTO XKe yp-usi 4ns BTOPOM NIOCKOCTM.

MofoGHbIE Ke 3aKMHYEHUA MOXHO MONYy4YMTb AN rMOKOro Bana C
MO6bLIM YMCIOM M AUCKOB *) M MOXHO MOKas3aTb, YTO HEYpPaBHOBELUEH-
HOCTb 3TUX LWWKWBOB 3KBMBa/EHTHA HEYypaBHOBELIEHHOCTW B A onpe-
[lefIeHHbIX MJIOCKOCTAX >XECTKOro Bajfa. Tak Kak 3Tu MJ0CKOCTU OcCTa-
IOTCS HEM3MEHHbLIMU NPV JaHHON CKOPOCTW Bana, TO YpaBHOBELIUBa-
HWE MOXHO BbINMOMHUTL MPUNOXKEHUEM BbINPaBAAKLWNUX IPYy30B B 4BYX
NMPOM3BOJIbHO BbIGOPAHHbLIX MAOCKOCTAX. [1py BCSAKOW MHOW CKOPOCTM
MM0CKOCTM HeypaBHOBELIEHHOCTM 3KBUBANEHTHOrO >ecTKoro Bana
MEHSAOT CBOE MOJIOXEHWE W BbIBOAAT POTOP M3 COCTOAHUA ypaBHOBe-
WEHHOCTN. JTO fJaeT HaM 06BbACHEHME, NMO4YemMy PpOTOpP, COBEPLUEHHO
YpaBHOBELUEHHbI Ha 6anaHCUPHOW MalluHe NpW CPaBHUTENbHO HW3-
KO/ CKOpPOCTM, MOXET 0Ka3aTbCA HeypaBHOBELIEHHbIM npu pabo-
yeil ckopocTu. Takmm 06pa3oM CTAaHOBWUTCS HEOBGXOLMMbIM ypaBHOBE-
WMBaHMEe B LENCTBUTENbHbLIX YCNOBUAX paboTbl.

MepemeweHNs MNIOCKOCTEA HEypPaBHOBELWEHHOCTU C M3MEHEHMWEM
CKOpPOCTK MNOKasaHbl HWXe AN yX 4acTHbIX cny4yaeB. Ha ¢wur. 101
npeAcTaB/ieH Bas, HECYW WA TpK ANCKa. VI3MeHeHUs CO CKOPOCTbK pac-
CTOSAHUIA /,, 4, 4 NNOCKOCTEA HeypaBHOBELIEHHOCTW 3KBMBANEHTHOIO
KECTKOro Bana u306paxeHbl Ha ¢urype KpuebiMu W /, n /3 W3
3TOr0 BMAHO, 4YTO C YBE/INYEHMEM CKOPOCTM 3TWU KPUBbIe cnepsa npu-
6nvxalTCa Apyr K Apyry, 3aTeM NPOX0o4AT Yyepes 06W Y0 TOYKY nepece-

) Obuwee wuccnefoBaHMe BANAHWA TWOKOCTM Bana Ha ypaBHOBELUWBaHWE MOXHO
HaiiTn B cTaTbe BIlilss'a, ynomsHyToii Bbilie Ha cTp. 183. W3 3Toi CTaTbM Mbl 3aUM-
croBanu ¢ur. 101 u 102.
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YeHWs NpW KPUTUYECKON CKOPOCTWU, a Bbille ee CHOBa pacxogatcs. 3a
NCKMOYeHNeM 061acTh OKOJI0 KPUTMYECKON CKOPOCTM, POTOP MOXHO
ypaBHOBECUTb NpU NHO60M MHOM CKOPOCTK A06ABNEHMEM BbIMPABASAIOLLLUX
rpy3oB Ha N06bIX ABYX UK Tpex AUCKaX. bonee Tsxenble ycnosusa Mo-
KasaHbl Ha ¢ur. 102. 3 Hee BMAHO,4TO NPV CKOPOCTU, paBHON npumep-
HO 2150 060pOTOB B MUHYTY, KpuBble /, 1 b npoxoasaT uvepes ofHy u
Ty Xe Touky A. [1Be MNNOCKOCTM 3KBMBaNEHTHOrO XEcTKOro Bana
COBMajatdT N CTaHOBUTCA HEBO3MOXHbIM YPaBHOBECUTb MallWHy [0-
6aBfeHMemM BbIMPaBAALWNUX FPY30B K NEPBOMY W TPeTbeEMY [UCKaM.
B cyuwHoCTH, Ha 3HAYMTENbHOM Yy4acTKe CKOpPOCTel O0KOM0 Touku A

dur. 101 dur. 102.

ycnoeus G6yAyT TakoBbl, YTO GyfeT TPygHO MNOMy4uTb YAOBNETBOPU-
TeNbHOe YpPaBHOBELUMBAHWE, W CeAyeT OXMAATb HEMPUATHOCTEN W3-3a
CUNbHBIX KofeGaHWiA.

36. Teopua AMHaAMWUYECKOro nornoTuTens konebaHuit.— lorno-

TUTeNb KonebaHwuii, KOTOPbIA Mbl PacCMOTPUM HWXE, COCTOUT W3 He-
60M1blIOK KONEBMOWenca cnucTembl, UMeKLLEA 4acToTy, paBHYyl pabo-
yeil yacToTe 6GONbLIEN MalWWHbLI, U YKPENJEHHON Ha nocnefHei B CO-,
OTBETCTBEHHOM MecTe ‘). Takmm Ccnoco6oM MOXeT ObiTb NPUSIOXKEHA
K MallWHe nepuojuyeckas cuna, paBHas Mo yacToTe U Be/IMYMHE BO3-
MyLlaloLled cune, HO AeACTBYlOLWAA B HanpaBneHWW, 06paTHOM 3TOM
cune, YeM MOXET 6blTb YCTPaHeHO COOTBeTCTBEHHOe KonebaHue. [eii-
CTBME NOrNOTUTENA KonebaHUs MNOACHWM Tenepb Ha OYeHb MNPOCTbIX
YNpyrux cucremax, m3obpaxeHHbix Ha ¢ur. 103.

¥ Cwm. cTtatbio J. Ormondroyd'a u J. P. Den Hartog'a ,,Trans. Amer. Soc. Mech,
Eng.”, 1928. LLI
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MornoTuTens 6e3 3aTyxaHus. —Ecnu rpys W, npukpennex
KNpY>XWUHe, XXECTKOCTb KOoTopoli paBHa KX (dwur. 103a), To nepuopg Ko-

ne6aHua TakoW cuctemsl b6ygeT T= 2aj/(UV&,g-).
MycTb BO3MYyLWalwwWwan cuna Q, cosmt, wmmerowas
nepuog T,= (2q/lra), peictByeT Ha maccy |IF,.
Torga YCTOWYMBOE BbIHYXAEHHOe KonebaHue, Bbl-
3BaHHOe 3TON cuioi, 6yaeTt (cm.cTp. 14)

x=P _Lrasw fad
15

310 KonebaHMe MOXET UMeTb 3HAUYMTE/IbHYIO amn-

NUTYyRy, ecnu TONbKO OTHOWeHWe T/T, npubnu-

Xaetcs K efumHuue. YTo6bl ynyywunTb MONMOXeHUe, NPUKpenum K
Gonbwomy rpysy Wi manbiii rpys MPYXUHOW C XeCTKocTbio Kt
(ur. 103 ft). Takum o6pa3om nony4vaetrcs Konebaolasacs cucrema
C ABYMS cTeneHamu cBo60Abl, U BbIHYXAEHHOE KonebaHue [dA] MOX-
HO YyCTpaHuTb NpugaHuem n W. onpegeneHHbix 3HauyeHuii. Mpu-
HMMas BepTuMKanbHble nepemeleHus s, u X%rpysos U/, n Wt 3a
KOOpAMHATbl, MOMYYMM KUHETUYECKYH W MOTEHLMANbHYIO 3HEepruw
CUCTEMbI:

kxX
T -"X : [b]
T~ 20 ' f2¥v ’ 1
N ypaBHeHua JlarpaHvxa [72] 6yayt
W X" -f &* — m(X2 —x,) = Qocos nmt-,
S [
w

"
e

X2 -j- kt(x3 x,)

cy

YCTOUMBOE COCTOSIHWME BbIHY>XAEHHOTO KoneGaHus Moayynm, B3siB pe-
weHus yp-uin [c] B Buge X" Acosmt, xr= Bcosmt. MopcTaBus
nocnegHue B yp-us [C\, nonyuum
Wo
kK* — m*—
— o g cos mt,
[d\
Xt == Qo cos mt.



192 CUCTEMBI, MMEIOWMNE HECKONbKO CTEMEHEN CBOBOAbI

N3 atoro BupgHo, u4To KonmeCamme maccbl W, MOXKHO yCTpaHUTb,
MpUHSB

I
b-T X = 0 7
0TKygAa

7= .fhs
VvV uv

T. €. 4acToTa NPUKPENIEHHON Manoli Kone6oLwencs cucTeMbl JO/MKHa
6bITb paBHa yacToTe BO3MyLljatouwei cunsl. Torga u3 yp-uii [d]

1= 0; 2= — —~cosmt. \d]

CnepfoBaTefnbHO, [ABWXeHue m* rpysa Wa TakoBO, 4TO cuna npy-
XWHbI, peicTBytowas Ha WX paBHa Ax2= — Qocosmt, T. e. B
TOYHOCTM paBHa W MPOTUBOMO/OXHA BbIHYXjaloleld cune. Takum
o06pa3om, MoaBelInBaHUe [AOMNOMHUTENIbLHOTO Fpy3a K nepBoHavab-
HOIA cucTeme BNOJIHE ycTpaHsaeT konebaHue rpysa W,, ecnu TonbKo ycno-
Bue [r] BbinonHeHo. CrnefyeT OTMETUTb, YTO B MPAKTUYECKUX MPUMEHE-
HUAX MMEET 3HaueHWe He TONbKO COOTHoweHue Mmexay k%wmu W2 Ho
TakKXKe KX abCONMOTHble BeNMYKUHbI. M3 BTOporo yp-us [g] BUgHO, uToO
Korga B3ATO C/AWULIKOM ManblM, Xs CTAHOBWUTCA 60MbLWIMM, U Ha-
NPSHXKEHUS B MPYXXUHE MOTYT CTaTb UYPE3MepPHbIMU, T. €. MOXET OblThb
nepeiieHa rpaHMUa OCYLIECTBMMOro nepemelleHus Xr. O6a ypaBHeHUs
[€] v [g¢] npu npoekTMpOBaHMM Ha MNpPaKTWKe MOFNOTUTENs cneayeT
NMPMHUMATb BO BHUMaHWe, 1 BEANYMHON QO GyayT onpeaenstbCs Hau-
MEHbLINE M3 BO3MOXHbIX 3HAYEHWUIi BENWNYMH n W2

OnucaHHbI cnocob ycTpaHeHWUs Kone-

A* GaHUs MOXHO MPUMEHUTb TakKXe K Clydato
CKPYUYMBAEMbIX CWUCTEM, TMOKa3aHHbIX Ha

b tdur. 104. Cuctema, cocrtosuwas wu3 [ByX

Macc C MOMeHTaMmu uHepuum 1X /2 n Bana

o == A C XKECTKOCTbI Ha KpyueHue Kk, umeert ne-

M6uraTen ®) TerepaTop prnof COGCTBEHHbLIX KO/MebaHWil, paBHbIii
(cm. yp-ne 15)

© =2* [iiir . "

our. 104, Ecnv nynbcupyowmii Bpawalowmii MOMeHT
Mtcosmt peiictByeT Ha maccy /,, TO Bbl-

HYXAEHHble KOonebaHuss Kpy4yeHus 060UX ANCKOB [/, /2, Bbi3BaHHbIe
3TUM BpauialWMM MOMEHTOM, MOFyT ObiTb YCTpaHeHbl go6aBreHUeM
K 1X HebOoNblIOW KONe6nolLeincs CUCTEMbI, COCTOSILLEA M3 AMCKA C
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MOMeHTOM MWHEPLUMM | 1 Bana C XEeCTKOCTblo Ha KpydeHue KX (¢ur.
104 ft). Heo6xoAMMO TOMbKO B3ATb AN K, M | Takue 3HAYeHUs, 4To-
6bl MOMyYUTb YacTOTy MPUCOEAMHAEMO CUCTEMbI, PaBHOR YacToTe
NynbCUPYIOLLEr0 Bpaliakwollero MomeHTa. Korga 3ToT Bpawatrowui
MOMEHT HaxOAUTCA B pe30HaHCe C [NaBHOW CUCTEMON, TO [A0/KHO
6bITb Y40B/ETBOPEHO YC/I0BUE

i - i, '
Torga yrnbl noBopoTa Mpu Kone6aHum auckoe /,, /2 u i 6yayT
?2,= 2 —0; 8= —M.tcos mt,

((J

M NPY>XWHHbIA MOMEHT B MPUCOEAMHAEMOM Manom Bany OyaeT B TOY-
HOCTU paBeH W NPOTUBOMNOMIOXEH BHELIHEMY BpallalwWweMy MOMEHTY
Mtcos mt.

[o cux nop paccmatpuBanoch fAeicTBME NOTNOTUTENS TOMbKO ANS
0fHOV 4acToTbl. OO6WMIA cnyyail koneb6aHMA CUCTEMbI MNpefcTaBfieH
yp-usmu [C], 1 u3 3TUX yp-uii MOXHO 3aKJOUYUTb, UYTO CUCTEMA UMEET
[Ba BMAa COOGCTBEHHbIX KOonebaHuii. YacToTbl 3TUX KonebaHwuin 6yayT-
onpegenaTbcsa ABYMS KOpHAMU T7? u ME yi - 4, KBagpaTHOro OTHO-
CUTENIbHO /M2, KOTOPOE MNOAy4YMM, MPUPABHAB 3HAMeHaTeNb Bblpaxke-
HWiA [d] Hynto. OTHOWeHWE XX X2 ANs 3TUX ABYX 4acToT (M3 yp-uii [d]):

£i\ E X X
\x*\ eh
CooTBeTcTBYHOWME BMAbI KOnebaHW AN 4acTHOrO Cryvas Cxematu
yeckn mMokKasaHbl Ha ¢ur. 105. Korga uacToTa BO3MYyLLalOLein Cubl
TakoBa, Kak MpepacrtaBneHo yp-uvem [/], no
rnoTUTeNb ycTpaHaeT Kosiebanue. Ho npu
Nto6OIA ApYroi YacToTe BO3MYLLAOLLEN CUSbI
Kone6aHnus He O6yAyT ycTpaHeHbl, W, Korpga
T=TXWwmT= Tb Oyger uUMeTb MeCTO
COCTOSIHME pe3oHaHca. W3 3Toro BUAHO
4YTO MPUMEHMMOCTbL MOrnoTuTensa 6e3 3arty-
XaHWa orpaHnymMBaeTcs MallMHamu Cc no- our. 105.
CTOSIHHOW CKOPOCTbIO Kak, Hanpumep, 3fnek-
TPUUYECKNE CUHXPOHHbIE UAN WHAYKTUBHbIE MallUHBI.

OfHO M3 MPUMEHEHWI TaKOro MOrnoTUTEeNs mokasaHo Ha gur. 106,
KOTOpass NpefCcTaB/seT HapyXHblii OMOPHbIA MOAWWUNHUK TypboreHe-
patopa B 30000 kunoyaTT. 3Ta onopa Konebanacb 3HaUYMTENbHO MpW
ckopocTn 1800 060poTOB B MWHYTY B HampaBfeHWW OCU reHepaTtopa.

MpubanumBaHMemM K OMoOpe ABYX MOrNoTUTeneid KonebaHwusi, COCTOA-
Teopua konebiwn/l B UTKEMepHOM Aene. 13



194 CUCTEMbI, VMEIKUWWME HECKOJ/IbKO CTEMEHEN CBOBO/AbI

WMX KaXAbIA M3 CTepXHA AaumHok 50,8 CM, C MONEPeYHbIM CEYEHUEM
22 MM Ha 66 MM, Harpy>eHHoro Ha KoHue rpysom B 11,32 kr, amnnu-
Tyga Obina goBefeHa NPUBGAN3UTENbHO
[0 TpeTu ee NepBOHAayanbHOW BEVUYUHBI.
3aTyxalluii nNornoTuTeNb Kone-
O0aHuii. — YTto6bl caenaTb MOrNOTUTENb
LeliCTBUTENbHBIM NS WMWPOKOro psja
4yacToT, HEO6XOANMMO B BUOPATOp BBECTU
3aTyxaHue. N3 dur. 105 BMAHO, uTO
macca BubpaTopa Konebnercd ropasgo
CUNbHee, YeM rnaBHas wmacca, BCfef-
CTBME Yero 3atyxaHue, NpomnopLmo-
HanbHOe CKOpPOCTH, ByaeT MHOTO 3aMeTHee
TOrga, Korga OHO MOMELLEeHO B CUCTEME
Bubpatopa, 4em Korgja OHO —B T[NaB-
HOli cucTeme. lonycTum, Hanpumep, 4to
3aTyxaHue TMOMELLEHO MeXAy maccamu
Wxwn Wz (pur. 103 ft), n yto oHo npo-
MOPLMOHaNbHO WX OTHOCUTENbHOW CKO-
poctu (x/ —x2). Torpa, nNpuUHAB BO
BHMMaHWe cuny TPeHud, nofyyum aud-
(bepeHUManbHble Yp-Ua  [LBMXKEHUS U3
yp-uii [C] B crnegytouwem Buge:

—x " -f —k<be —*,) = Qocosmt-f a(%2 — Xi),

9 ‘\‘N *qn *of* — *k! [k]

I «—XJ= axt —=**).
roe MHOXWUTENb S 3aBUCUT OT YCNOBWIA 3aTyxaHus. MpuHMMas 3ToT
MHOXWTENb O4YeHb MasnbiM, Mbl MPUGAMXKAEMCA K MOMOXEHWUIO NOTro-
TUTens kKonebaHus 6e3 3aTyxaHus. [eincTBue ero B 3TOM cny4vae 6bifio
006bsACHEHO BbllWe. B cnyyae 06eckoHeYHO 6o0nblWIOro a, He oOygeT
OTHOCUTENLHOTO ABMXXKEHWUA MeXAy ABYMS maccamMu, NOrfaoTUTeNb KO-
nebaHwuii He 6yaeT paboTaTb, W rnaBHas macca MOXeT MOAYy4YUTb CUMb-
Hoe KonebGaHMe B YCNOBUSIX pe3oHaHca. [Ns KaXAoro 4acTHOro cny-
yas CyLlecTBYeT OrMpefie/leHHOe 3Ha4YeHWe a, NPU KOTOPOM amMnauTyga
BbIHY)X/[EHHbIX KONebaHWii JgocTuraeT MuUHUMYMa. ITO Haumnydllee
3aTyXaHMe MOXHO onpeAenuTs W3 peweHus yp-uii [K], koTopoe B
yacTHoMm cnydae, korga Kig/Wi= kig/Wi, paet cnegytouiee Bbipa-

XEHWE ANA aMNINTYAbl BbIHY)XXAEHHOTo KonebaHmal):

*) C.u. Bbllle uuTupoBaHHyt cTaTteto J. Ormondroyd'a u J. P. Den-Hartog™.
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Xst P ]
p*
3pecb W jg — macca rnasHoii cuctembl; XSt= (Q jkX) — cTatnueckuii

nporn6 rnaBHOM MacChl, BbI3BaHHbI cunoii QO; T, —-

P =

W3 3TOro BbIpaXeHWs MOXHO MOMYYUTb 3HAYEHWE OTHOLWEHUs X,/Xst
A8 OnpefeneHHON CUCTEMbl W OMPEeLEeNeHHOro 3HayeHus a 3aTyxaHus
MpW pas/IMYHbIX 3Ha-
YyeHuax p, T. e. Npu
pa3fIMyHbIX yvactoTax
BO3MYLLAKOLLEN CUSb
Qocosmt. Ha dur. 107
AaHbl pe3ynbTaTbl 3TUX
BblUNCNEHWNIA NS cny-
yad /7= 20, To= 120
n W, =453 kr. Mpu
a= 0,32 Kpusas,
npegcraenfawwWwas oT-
- 0.0 wl no va 7n 7/ rr .-
HoleHne XjXst B %
tyHKummn T/TQ umeet ®ur. 107.
[Ba pPas3NYHbIX Mak-
CUMyMa, OTBevYarwWmx ABYM [alLWWUM pe30HaHC vacToTaM KonebaHwuli
Ana cnyyad a= 1 BepwnHa BTOPOro pesoHaHca nponagaert. Makcu-
ManbHas amnnautyga (cm. dwur. 107) Bcerga coBrnajaeT C NepBoi
BEPLUMHONA.
M3ob6paxas 3Ty Hau-
6onbwyto  amnauTygy B
(YHKUMKM 3aTyxaHusa a, no-
EUC T W ' NnyyaeM KpuBYyl, un306pa-
XXEHHYK Ha ¢ur. 108, oT-
Kyfia MOXHO OMnpejenunTb
Haunydllee 3aTyXxaHue B
paccmaTpuBaeMoil cucTeMe.
PaL KpuBbIX, MOA06HbIX
KpuBoii ur. 108, 6b1 BblI-
YNCNEH [NSA pasNNYHbIX Be-
®nr. 108. AMYMH P 1 6bIM  onpege-
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NIeHbl COOTBETCTBEHHbIE HaWAy4LINe 3aTyXaHusa. PesynbtaTbl 3TUX
BblUMCNEHNI npeacTasneHbl Ha ur. 109 KpuBbIMK, M306paXKaoLLMMm
Haunyyllee 3aTyxaHue a M HanboONbLWY aMNAUTYLYy 3TOro 3aTyxaHus,
M TO, U APYroe B OyHKUUM P.
CnefyeT OTMeTWUTb, UTO BbIYUCNEHUA OblU cAenaHbl and wuh,=
= 453 kr n /n0= 120, HO MONy4YeHHble pe3ynbTaTbl MOXHO WCMO/b-
30BaTb TaKXe And
LPYTUX YNCNIOBbIX3Ha-
YEHWI 3TUX BENUYUH.
Hy>XXHO TONbKO npu-
HATb BO BHUMaHMe,
yto YypaBHeHue [/]
4 0CTaeTCA HEU3MEHHbIM
CNepemMeHO 3HaYeHN
Wu mOKa, ecnu Tonb-
Ko BenunuuHa a/mOwW
yhepxusaeTcs no
CTOSIHHOM. YTO6bI NpK
MEHATb KPUBYHO ((hur
109) k nwo6omy Aapy
romy 3HaveHuto W,
nam  TO, HeoOXOAMMO NUWb NPUHATL AN OPAUHAT  3HaueHwue
[5436/wOIF ,]Jad* BmecTOo <t
MornoTutens konebaHwii B BMAE MOrNOTUTENA KPYYEHMA MpuUMe-
HAETCA Ha HEKOTOPbIX aBTOMOOWUAbHbLIX ABMratensx. Ero MoxHo npu-
MEHUTb TakKXXe AN MOHWXKEeHUA KonebaHWii KpPy4vyeHWs B KOJeH4YaTbIX
Banax Asurateneit Ousenda. ToT Xe MPMHLUMN MNOMOXEH B OCHOBY MU
13BECTHOro 6aka MPOTMB 6GOKOBOW Kauku, npefnoxeHHoro Ppamom
B 1911 ropayl pns ycrtoiumeocTu cygnoB. OH cCOCTOUT M3 ABYX pe-
3epByapoB, 4aCTUYHO HAMOJIHEH-
HbIX BOLOW W COEAUHEHHbLIX [LBYMS
Tpy6amu (dpur. 110). BepxHaa Tpyb6a —1 1
cHabXeHa BO3AYLWHbLIM KnanaHoMm.
CyfHo, Kavallleecd B Bofe, CO-
OTBETCTBYeT T[/laBHON CUCTEME Ha
¢ur. 103; TONYKM BOMH MpeAacTa-
BNAOT CO60I0 BO3MYLLAKOLLYO CU- our. 110.
ny, a Boja, nNepenuBarkouiasca wu3
OfHOTO pe3epByapa B ApYyroii — nornoTuTens KonebaHwid. 3atyxa
H/Me B CWCTEMe perynupyetcs NOMOLbIO BO3AYLIHOrO KnamaHa. 3TO
R — 0

#* H. Frahrn, Neuartige Schlingertanks zur Abdampfutig von Schiffsrollbewe-
gungen, ,Jahrbuch d. Schiffbautechnik Qes.“ HA1, Bd 12, S, 283.
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YCTPOMNCTBO OYEHb YCMELWHO MPUMEHANOCh Ha OO0MbLWINX MaccaxXup-
CKMX Mapoxofax. [pyrom Tun nornotutenss KonebaHwuii NpuUMeHSCS
(hpaMOM ans ycTpaHeHus KonebaHwit Kopnyca cydHa. Bubpatop cu-
cTembl, Nofo6HoON nannorpady (cm. dur. 11), yKpennsnacs Ha Kopme
CyAHa, W CWAbHble KonebaHWA MacCbl 3TOro BubGpaTopa, Bbi3blBae-
Mble KonebaHMAMU Kopnyca CyAHa, MOrnowanncb CreunanbHbIM Tug-
paB/MYecKMM YCTPOWCTBOM [ANA 3aTyxaHus. Takum o6pa3om okasa-
NOCb BO3MOXHbIM BeCbMa 3HA4YMTENbHO MOHM3UTL KonebaHWa Kop-

nyca CyAHa, BO3HWKaBLWWE WN3-3a HEYPaBHOBELIEHHOCTU yacTeli Ma-
LUWHBI.



FMABA YETBEPTAA.
KOJIEBAHNA YTMPYTWUX TEJI.

Mpu paccmoTpeHUM KonebaHus ynpyrux Ten OyLeM MNpUHUMAaThb,
4yTO MaTepuan Tena OAHOPOLEH, W30TPOMEH W 4YTO OH CNnefyeT 3aKOHY
Nyka. OudhepeHumnanscHble yp-ua LBUXEHWA, YCTaHOB/EHHble B Mpe-
OblAYWERA rnaBe ANS CUCTEMbl 4YacTul, GyAem MNPUMEHATb TakKXe MU
3[€eCh.

OpfHako, B cnydyae ynpyrux Ten, B ieCTO HECKO/IbKMX COCPefoTo-
YEHHbIX MacC, Mbl WMEEM CUCTeMY, COCTOALYK W3 HeonpefeneHHo
60/1bLLIOF0 YMCAa 4acTuy, MeXAy KOTOpbIMU AEeWCTBYHT CWbl YMpy-
roctn. 9Ta cuctema TpebyeT 6GeCKOHEYHO 6O0MBLWIOI0 Yucna Koopgu-
HaT 4S8 OnpefeneHns ee MOMOXEHWS, W MO3ITOMY MMeeT OGECKOHEeYHO
60nbLIOe 4YMCNO CcTeneHeil cBOGOAbI, TaK Kak nto6oe mManoe nepemelye-
HVe yL,0BNEeTBOPSET YC/IOBUID HEMPEPLIBHOCTHU, T. €. MEPEMeELLeHNe, KOTO-
poe He BbI3blBaeT Pa3pbiBOB Tena, MOXeT ObiTb MPUHATO 3a BO3MOX-
HOE WnM BMPTyanbHOe nepemMelleHMe. Ha 3TOM OCHOBaHWW BUAUM,
yTto ntoboe ynpyroe TeN0 MOXeT UMeTb OeCKOHe4yHO 60/blwOoe 4Mcio
COOCTBEHHbIX BUAOB KONe6GaHWiA.

[nsa cnyyas TOHKMX CTEpPXHeA M nNnacTMHOK 3afjadva KonebaHums
MOXET ObiTb 3HAYMTENbHO YMpoweHa. JTW 3ad4ayu, Kak MUMerLmne
60/blWOe 3HAYEHWE MPU MHOTUX MPUMEHEHUSX B WHXXEHEPHOM Aene
6yLyT paccCMOTpeHbl, B 3TO rnaBe 6o0nee NoAPOGHO *).

37. MpogonbHble KONe6aHWs NMPU3MATUYECKUX CTepXHel. — Aud-
(hepeHumanbHOe yp-ne NPOAONbHbIX KonebaHwil. — Mocnefytoliee pac-
CMOTpPEHME OCHOBAHO Ha AONYLUW,eHMW, 4YTO MpU MNPOAOALHOM Koneba-
HAM NPU3MATMYECKOT0 CTEPXXHA MOMepeyYHble CeYeHWs CTepPXHA ocTa-
I0TCA MAOCKMMM U YacTuubl B 3TUX MOMEPEYHbIX CEYEHWAX WUCNbIThI-
BAlOT TO/IbKO [ABVMKEHWE B HampaBieHUW ocn CTepXxHA. [MpofosbHble
pacTaXeHUA W CXKaTus, KOTOpble UMEHT MeCTo npu nofo6HOM Kone-
6aHUN CTepXHHA, OyayT KOHEYHO COMPOBOXAATbCA HEKOTOpbIMM 60-
KOBbIMU fedopmaymsiMu, HO B fanbHeliwem Oyfem paccMmaTpuBath

‘) Haubonee nonHoe paccMOTpeHMe 3afay KonebaHuii ynpyrux CcUCTEM MOXHO
HaiiTu B wu3BecTHoii kHure Lord Rayleigh, Theory of Sound. Cm. Takxe H. Lamb.
The Dynamical Theory of Sound; A. E. H. Love, Mathematical Theory of Elasticity.
4 ed. 1927 n Handbuch der Physik, Bd VI, 1928.
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TONbLKO T€ C/yYau, rae AJvHa NPoAo/bHbIX BOMH BeMKA CPaBHUTE/bHO
C pasmepamMu MOMepeYHbIX CEYEHUIA cTepXHs. B 3aTux cnyyasx 60Ko-
BbIMW MEpPeMELLEHUAMN NPWU NPOAO/NLHOM KONMebGaHWM MOXHO TMpeHe-
6peub 6e3 CyLLeCTBEHHbIX OWUOOK J).

Mpu 3Tux ycnoeuax pAuddepeHUNanbHOe Yyp-ue [ABVMKEHUSA 3fe-
MEHTA CTEPXKHSA MEXAY ABYMS CMEXHbIMW MOMEPEYHBLIMU CEYEHUAMM T
7 (cm. dhur. 111), MOXHO Hanucatb
Takum e 06pas3oM, Kak Afs 4acTuubl.

MycTb W — NPoOAONLHOE Mepemelle-

HME KaKoro-nn6o MnonepeyHoro CeuyeHus

TN CTepXHS nNpu KonebaHuM, €— oT-

HocUTeNbHOEe Yya/nWHeHWe, E — mogynb

ynpyroctu, A —nnouwagb MomnepeyHoro

ceueHuns, S = AEe — npogonbHas pac-

TArMBawoWas cuna, y—BeC efuHULbI

obbemMa maTepuana CTepXHs, /— AnuHa ®ur. 111
CTEPXHS.

Torga OTHOCUTENbHOE YANWHEHWE U pacTAruparulias cuna B nNo-
MepeyHOM CEeYEeHUU CTEPXHA ByayT

9= M s=Ag ™
,U'X’ ox
[Na CMEXHOro MOMepevyHoro CcedyeHUss pacTarusatolas cuna 6yaert

Spd§ _ AW . AYy Y.

|-|pI/IHFIB BO BHWUMaHWe, 4TO CUNa UHEPUWUWN 3nemMeHTa TIMTXNIXCTepXHA
paBHa

A-(dxd*u

~g~df*’

M Nonb3ysck Hauyanom fA’Anambepa, Nonyuyum cregytouiee aguggepeH-
UManbHOe yp-ue ABMXEHUSA dneMeHTa TNTiM:

gi_ae— _O
g dt3 axr=n'
7l
am a-n
o ' 89
~0t-~1V gx- [89]
o MonHoe pelweHWe 3afaynm MPoOAO/bHbIX KOonebaHWi LUAUHAPUYECKOTO CTEPXHS

KPYrOBOTO MOMEPEYHOro Ce4YeHWUs, Mpu KOTOPOM YUTeHbl Takxe GOKOBble nepemere-
"ns, paHo L. Pochhammerom, .Jonrn. t. Mathcm.* Bd 81, 1876, S. 324.
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roe )

i [90]

PelueHne NOMOLLULID TPUrOHOMETPUYECKOro psaga. — Mepemedle-
HWe W, 3aBuCALLee OT KOOPAWHATbl X M OT BpeMeHU t, AOSKHO 6bITb
Takoi (yHKumein X u t, 4TOo6blI YAOBMETBOPSTH YAaCTHOMY AnddepeH-
unanbHomy yp-uto [89]. YacTHble pelleHNs 3TOr0 yp-uUs MOXHO NEerko
HaliTu, NPWHAB BO BHMUMaHWe, BO-MepPBbIX, 4YTO B 0OLieM c/iyvae Jio-
60e KonebaHMe CUCTEMbl MOXHO pPa3NoXWTb Ha COBCTBEHHbIE BUAbI
Koneb6aHwii, W, BO-BTOPbIX, YTO, KOrfja CUCTEMA MCMNbITbIBAET OAWUH W3
COBCTBEHHbIX BWAOB KoneGaHWiA, BCe TOYKM CUCTEMbI BbIMOMHAOT
NMpoCTOe rapMoHMYeckoe KonebaHue W LBUralOTCA OAHUM U TEM Xe
TEMMNOM TaK, 4TO BCE OHW MPOXOASAT OJHOBPEMEHHO 4Yepe3 CBOE NO-
NOXEeHWe paBHOBecuA. [LonycTuM Tenepb, UTO CTEPXEHb UCMbITbIBAET
CO6CTBEHHbIV BufA KonebaHus, yactoTa KoToporo p/2it. Torga pelue-
Hue yp-us [89] cnegyeT B3ATb B TakKOM BUAE:

n= X(A cospt -} Bsinpt), |a]

rae A n B npousBonbHble MOCTOSIHHbIe, a X HeKoTopas (yHKUUA
OfHOr0 TOMbLKO X, onpefensawwas (GopMy HOpManbHOro BuAa pac-
CMaTpuBaeMoro KosnebaHus U HasbiBalollascs HOPManbHOM (yHKUMEN-
3Ta yHKUMA AOMKHA ObiTb OMpejeneHa B KaXAOM YacTHOM Ciy4ae
TaK, 4YTO6bl YAOBNETBOPANMCb YCMOBWA Ha KOHLAX CTepxHs. [Ans
npumepa pacCMOTPMM NPOAO/bHbIE KOnebaHMA CTepXHA €O cBo6Of-
HbIMU KOHUaMu. B 3ToM cnydae pacTaruBarLias Cuia Ha KOHLUax npu
KonebaHuM AOMKHa ObiTb paBHa HY/O, W Mbl MOMy4YaeM cregyioLiune
yC/ioBMA Ha KoHuax (cm. dur. ill):

[b]

MopctaBus [a] B yp-ue [89], monyumm:

oTKyga
il

1) Janee 6yfeT mokasaHo (cTp. 286), YTO @ eCTb CKOPOCTb PacnpoCTpaHeHUs MosH
BAO/Mb CTEPXKHS.
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UTo6bl YA0BNETBOPUTL MepBOMY u3 ycnoeuil [b], Heo6xogumo nosno-
xute D= 0. Btopoe u3 ycnosuii [b] 6yset yaoBneTBOPEHO, Korga

sin® = 0. [91]

JTo—YypanHeHNUC 4acTOoThbl AN17 pacCcMaTPpUMBAEMOro Cay4as, OTKY-
Ja MOXHO OmNpefenuTb YacTOTbl COBCTBEHHbLIX BWAOB TMPO; 0N HbIX
Kone6aHWin CTepXHS CO CBOGOAHLIMU KOHUAMWU. Yp-ue 370 6ygeT
YAO0BNETBOPSATLCA MpU

£ = Yy "

roe I ecTtb uenoe uucno. bBepa i==I, 2, -3..., MOAYYMM YacCTOTbl
pasfMuYHbIX BUAOB KonebaHusa. YacToTa OCHOBHOrO Tuna KonebaHus
Haligetca npu i= 1; Torga

00TBETCTBEHHbI nepuof KonebaHuii 6yaet:

dopma 3TOro Buga KonebaHus npegctaBneHa Ha dumr. |11 b kpusoii
kK, opauHaTbl KOTOpOW paBHbI:

X, = C, cos = C,cos”
a |

Ha dwur. Il C npegcTtaBneH BTOpPOi BWf KonebaHus, rge
PA_M. W ¥ = cocost®,

I
O6wmii BMpA 4acTHOro peweHus [A] yp-ua [89] bygert:

us= cos-ti/lz(!{l'llcosItt — —j- fn/S Iitat \J [e]l

HanoxeHnem nogo6GHbIX YacTHbIX PpeleHuii N6oe NpPoAoNbLHOE
KonebaHne CTepPXHA ') MOXeT OblTb MpeAcTaBleHO B ChefytoLlem
BUJeE:

inXx / .. inat . lizat\ . y
\6 cos—1}—IAJcos—j— [-5,sin —Zj— [5'4]
= 1,@,34. ' '
*) MepemelyeHne CTepPXHS, KakK TBEPAOro Tena, 34ecb He MPUHATO BO BHUMaHMe.

Mpumep, Korfja 37O NepeMelleHne cregyet NPUHATL BO BHWMaHue, 6yfeT paccMOTpeH
«a cTp. 207,



202 KONEBAHNA YMNPYTMNX TEN

MpousBonbHble MNOCTOAHHbIE Jl-, 5- BCcerga MOXHO Bbl6paTb Tak,
4yTo6bl YAOBNETBOPUTL /IO6LIM HayanbHbIM YCMOBUAM.

Bo3bmem, Hanpumep, 4TO B HavalbHblii MOMeHT t= 0 nepemelye-
Husa 1 patotcs yp-uem (U)t o=f(X), a HauyanbHble CKOPOCTM Yyp-UEM

(bl);«=0— MopctaBnas £= 0 B yp-ue [94], nonyuumm
f(x)= V N-cos . \f\
=1
MoacTaBnas t=0 B Npou3BOAHYI NO BpeMeHW yp-us [94], nonyymm:
e
r/\ V ibvan bl x r,
ACY= 2j — Bicos~T -« n
1=1

Koadhduuymentol At n Bt B yp-uax [f] v [g] moxHo Tenepb onpe-
0ennTb, KakK W3M10XeHO Bbiwe (cM. n° 12), npu nomowm gopmyn:

i
n,= fff(x)cosk ~dx, [h]

|
I7I':V|,O//I/I“7*' W

PaccmoTpum Temepb, Hanpumep, cayvai, Korga npuamaTuyeckuii
CTEPXXEHb, CXWMaeMblii CuMAamMu, MPUNOXKEHHbIMU K €ro KOHLaM, BHe-
3anHO 0cBO6GOXJaeTcs OT 3TOr0 CXaTus B HayanbHblii MOMeHT £ = 0.
Monaras

W/-=)=y —ex\  fi(x—0

roe e 0o603HavyaeT OTHOCWTENbHOE YKOPOYeHWe B MOMEHT t = 0, Mbl
nonyunm wn3 yp-uin [h] n [K\.

Ai—iﬁiﬂAﬂnﬂ I HeueTHoOro; N.= 8 agna i yetHoro; Bt= 0,
n obuwee peweHne [94] nony4vaetcs TakuM:
i= 00 iTtX ir.at
N = del 2 @S~ r COS” T
1=1, 3,5,...
TONbKO HeuyeTHble Uenble uucna r= 1, 3, 5,... BXoAAT B 3TO pelle-

HMe, 1 KonebaHWe — CUMMETPUYHO OTHOCMTE/NbHO CpefHEero nomnepey-
HOTFO CEYEHUS CTEPXKHSA.
Ha obuwee peweHne [94], npeacTaBnsiowee KonebaHue CTEPXKHS,
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MOXeT OblTb Ha/lOXeHOo N60e NPOoLOAbHOE MNEepeMeLLeHne CTEepPXKHS,
KakK TBepaoro Ttena.

PelueHne npu nomoLum 0600LIEHHbIX KOOpPAMHAT. — B3sB 3a 0606-
LleHHbIE KOOPAMHATbI B 3TOM C/lyyae BblpaXeHus B CKo6Kax yp-us [€]
M NBAb3yslib 0603HauYeHMeM Qi ANs 3TUX KOOPAWHAT, Mbl MOAYYUM:

/1=*Q0
n= ¥ <cos /8 P4
1=1
MoTeHLManbHas 3HEPrusi CUCTEMbI, COCTOSILLAs B 3TOM Cly4ae W3
3HEPIUM PaCTHKEHWUS W CXKATUR, Gyfer:

AE T (pays, AEr: plVvi. . irxVv,
2\] [ax WX—w~J \ Sm~T ’

a4l ..
=i

|_|pl/l BblUMCNEHNN ONpPeAeneHHOro MHTerpana

N2/T)'e

TONMbKO YneHbl, COfepxaline KoopauHatbl ;- B KBagpaTe, [JalOT MHTe-
rpanbl, OTAMYHble OT Hyns (cm. n° 12).
KuHeTnyeckas 3aHeprus B TO Xe Bpems 6yget

P M

Mogctasnas T n V B yp-na Narpanxa [71], noayunm Ans Kax-
LoV KoopauHaTbl (i cnegylowee audgepeHunansHoe yp-ue:

+ - o]

oTKyfAa _ _ _
g;= Aicos Eq-t--* gisin ! yaJE . {pé

3TOT pesynbTaT BMOJSIHE COBMafjaeT C MOMYyYeHHbIM paHee (CM-
Yp-ue [£]). Mbl BUAMM, 4YTO yp-ua [0] cofepXkaT Kaxpfoe TONbKO
04HYy koopguHaTty (L BbibpaHHble KOOpAMHATbI He3aBUCWMMbI ApPYr OT
[Opyra, n cooTBeTcTBYIOLWME KONebaHWA ABNAKOTCA ,,0CHOBHbIMU* BU-
famun KonebaHusa cTepxHsa (cMm. cTp. 125).
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MpumeHeHne 0606WEHHbIX KOOpAMHAT O0OCOGEHHO MOMAE3HO npw
paccMOTPEHUM BbIHYXAEHHbIX KonebaHwii. [na npuMepa paccMOTpuM
34ecb Cnydvali CTEPXHA C OfHMM 3afeNaHHbIM, a APYTUM CBOGOAHbIM
KOHLUOM. PelweHne Ans 3Toro cfiyyas MOXHO MOAY4YUTb cpasy Wu3
yp-ua [94]. HeobxoanMO TONLKO MNOMOXWUTL B MpefdblgylieM cnydae,
4YTO CTepXeHb CO CBOOOAHbLIMW KOHLAMMW WCMbITbIBAET KonebaHus,
CUMMETPUYHbIE OTHOCUTENIbHO CepeAuHbl CTepXHs. ITO ycnosue Oy-
[eT BbIMO/HEeHO, ecnn B peweHun [94] npunate | —\, 3, 5,... Torga
CpefHee CeYeHMe MOXHO paccmMaTpuBaTb 3aKpPEMEeHHbIM, M Kaxjas
MOMOBMHA CTEPXHS OyAeT B TOYHO TaKMX XKE YCNOBMSAX, KaK CTep-
XeHb C OAHWM 3aKpenmfieHHbIM KOHLOM, a JApYyrum CBOGOAHbLIM.
O603HauMB 4epe3 / ANMHY TaKOro CTEPXXHSA W B35IB Hayano KOOpAu-
HaT B 3aKpPenneHHOM KOHLe, MOAy4YMM AAs 3TOro Cayyvas pelleHwue
noficTaHOBKoOI B yp-ue [94] 2/ BmecTo | u iniTex/21 BmecTto cosiicx//.
TakuMm 06pasom uMeeM

/=0
\% e iITXI» .. iHat\ rrir,
n= sin-W \AiCo S~21 +BiSin~.T =
/=»1,3,5... ! .

Tenepb, €civ Mbl NPUMEM BblIpaXXEHUA B CKOOKax 3TOr0 pelleHus
3a 0606l eHHbIe KOOPAMHATBI M BOCnonb3yemcs 0603HayeHuem (t ana
HUX, NONY4YUM:

/=* 00
Vv d I'bX rT
«= 4‘sm~2t1’ A
i=1,3,S.-

MopacTaBnss 3TO B BblPaXeHWs A4S MOTEHLUMANbHOW KUHETUYECKON
SHEeprumn, Nonyunm

C1=¥/(& )n =11r T bl 1961
(&

«—1,3,5,...

(0] i—13,5 ..

Yp-ue JlarpaHxa Ans cBo60AHOro Kone6aHMs, COOTBETCTBYIOLLENO
noboii koopguHate b 6ypet Takoso:'

9i"+ W r 4i=b

oTKyja:
.. iicat . . incit
A— Aicos + g,sin .

370 coBnafjaet C NOJlydeHHbIM Hamu Bbiwe (CM. yp-ue [95]).
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BbIHy>KjeHHble Koneb6aHus. — Ecnu Ha CTepXXeHb [AeliCTBYHOT BO3-
MyLwialouwme cunbl, To yp-ua JlarpaHxa [72] 6ygyT:
nyl ,, , TWAE
li-17 8l
nnm
42 4~ Afl q

roe Q; ob6o3HavaeT 0606LWEHHYO CWY, COOTBETCTBYHOLLYH 0606 eH-
HOW KooppgwmHate Qt. Ans onpefeneHws 3TOW CuAbl ynoTpebum obuyuii
€noco6, M3N0XEeHHbIW Bbiwe (cM. cTp. 115). Mpupgagum npupaweHue
bgt koopguHate Qt. CoOTBETCTBYHOLLEE MNepeMELLEHNE CTEPXHS, Kak
aTo cnepyeT w3 yp-us [q], 6yaet

bu= Bgistn'yE

Tenepb HYXHO onpefenntb paboTy, NPOM3BOAUMYIO BO3MYLLa™
WUMU cuiaMm Ha 3TOM nepemeulieHun. Ata paboTa, pasfeneHHas Ha
bat, npeactaBnsetT o0606uieHHY0 cuny Q,. MoacTaBnss 3To B yp-ue
[r], MOXeM nerko nonyyuTb 06LLee pelleHune 3TOro yp-us, npucoesu-
HAf K CBOOGOAHbIM KONeb6aHMAM, MOAyYeHHbIM Bbille, KOonebaHUs, Bbl-
3blBaeMble BO3Mylatouein cunoii Qt. 3To nocneaHee konebaHue
06bIYHO MpUMHUMaeTCs B BUAE ONpefeneHHoOro wuHrterpanal). Torga

r, bl a,,

A s gisin B3y % 5 qisi
a

MepBble ABa 4neHa 3TOr0 peLleHUs MpeAcTaBnAlT cBOGOAHOE Kofe
6aHne, BbI3BAHHOE HavanbHbIM MEPeMEeLLEHMEM W HayalbHbIM UMMY/b-
coMm. TpeTuii npeacTaBnseT KonebaHue, Bbi3BaHHOE BO3MYLLAHOLLEN-
cunoii. MopacTaensas peweHne [s] B yp-ue [q], nonyuum obliee Bbi-
paxeHue Ana KonebaHWii CTEPXHS.

[na npumepa paccMoTpum Tenepb KonebaHue, Bbl3-
BaHHoe cunoii S = f(f), pelicTBytoweil Ha cBOGOAHbIN
KOHel, cTepxHs (cM. dur. 112). Mpugas npupalyeHue bq
KoopauHate (i} nonyyuM COOTBETCTBYHOLLEE NepemMeLye-
Hve (cm. yp-ue [?]):

gt— Al cos I M

Vv

8M—S’\Sin1:)‘(. tvr ~ n2>

PaboTa, npou3BefeHHas BO3MYLLaloLleidi CUNOA Ha 3TOM nepemele-
Huw, 6ypet

Sbqi sin "
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N Mbl MoNy4ymm

MoacTtaBnas B [S] W MPUHAB BO BHMMAaHWe TONMbKO Ty 4acTb KO-
nebaHns, KOTopas BbI3bIBAETCA BO3MYLLAlOLE CUIOW, MONyUYNM

0

MoacTaBnss B[] M paccmaTpuBasi [BUKEHWE HUKHEro KoHua
cTepXHs (X = 1), umeeM:

1=00 t
“~ = XAT Y, TJI’ssin~Ir('-'e)*me 1!
/=1,3,5,.. 0

B no60oM 4acTHOM c/iyyae HeO6XOAMMO TONbKO mofcTaBuTh S = f(tt)
B [M] ¥ BbINONHWUTbL YKa3aHHOE WHTerpmpoBaHue.

Bo3bmeM, Hanpumep, YacTHblA cnyyali KonebaHWi, BbI3BaHHbIX B
CTepXHe MOCTOAHHOM CWMOW, BHE3anmHO MNPUIOXEHHON B MNepBOHa-
yanbHbl MomeHT (t= 0). Torga u3 [U] Mbl nonyuMMm:

1= CO

Ea* 1 1981

/= 1,35,.. 4

N3 3TOro BWMAHO, 4TO Takum 06pa3om MOryT OblTb MpPeACTaBeHbl
BCe BMWAbl KoneGaHwii, Nepuvoabl W 4YacTOTbl KOTOPbIX PaBHbl

41 y 1 ai
X ai’ Xt~ 41"
Han6onbwee yaavHeHuwe npousoinget npu (ivat/2)= — 1. Torga

“ie AE zi P

/=>1,3,5,...

nnn, NpuHAB BO BHWUMaHWE, 4TO

a-==> m > MR gmes . g
/=1,3,5,...
nonyunm
2 IS
& AE"
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Mbl npuwnn Takum 06pa3oM K OOLLEM3BECTHOMY 3aK/HOUEHUIO,
4YTO BHE3aNHO MNPUIOXEHHas cuia Bbi3blBaeT BABOe Oonbliee yAnu-
HeHue, 4Yem cuna, NOCTeMeHHO feicTeyrowiand).

B KkauecTBe Apyroro npumepa paccMOTpUM MpOAONbHOEe Koneba-
HVWEe CTEPXXHA CO CBOOOAHbLIMM KOHUamu (¢ur. 111), BbI3BaHHOE MpoO-
JONMbHO CWNoil S, BHE3amHO NPUNOXeHHOW K KoHuy X = 1 Hanoxwus
Ka KonebaHue CTepXHA, npejcTaBneHHoe yp-uem [l], nepemewyeHme Qo
CTEPXHA KaK TBepAoro Tena, MOXeM NpeAcTaBUTb MnepemMelleHue U
B ClefyiloleM Buge:

- tzx BX . 3ra
u= fo+ ficos-j-+ Q cos —  -f Q3COS-}C- V]

BblpaxeHus Ana MNOTEHUMANbHOW U KWHETMYECKO aHeprum u3 [T]
n [ra] 6ypyT:

7
AErP v ~ Al Ayl N
“4T 7d ? 2
-1
N yp-ua LBUXEHUS NONy4varoTCa:
K —o
[w]
A'tl ,, . AEsrP
~"Q H 27 —

Monb3ysacb Tem >e crnocobom, Kak Bbiwe (cMm. cTp. 205), MOXHO no-
KasaTb, YTO B 3TOM C/y4ae

Q=S un Qt=(-iys.

Toraa, AONYCTWB, YTO HayasbHble CKOPOCTW W HauyasbHble MepemMelle-
HUs PaBHbl HY/O, MOMYYUM U3 yp-uin [WA:

&idAf -

a-r v n I'-,\rlbIaEi t\dt —tZIEMA{\—rnLl— '
Ci~( >A*athO [ i) X~ NN-*taM I

MoacTtaBnss B yp-ue [V], nonyunm cnepyrolee BbipaXeHue s nepe-
MELLEHWIA, BbI3BAHHbLIX BHE3aMHO MPUNIOXEHHOW cunoii S:

est* , 2qIS % ( 1)y '*>™ [, cnd * at
U~2ATI + Z ~7?r cost 1 cos t
i=i '
') Bonee noApo6HOE pacCMOTPEHUE 3TOF0 O6GCTOATENbCTBA CM. Credylowmii n°
(cTp. 214).
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MepBblii uNeH nNpaBoil uyacTM MpeAcTaBNAeT nNepemelleHne, onpege-'
NEeHHOE KakK Ans TBepAoro Tena. K 3ToMmy nepemelieHuto npuba-
BNAOTCA KoNeGaHWUs CTEepPXHS CO CBOGOAHLIMWU KOHUAMW. Monb3ysch
o603HaueHuamn 5= (SI/AE) pans yanuHeHUs CTEpXXHS, MNOCTOSIHHO
pacTaruBaemMoro cunoin S, n 1= (2l/a) gns nepvofa OCHOBHOrO Kone-
6aHus, NoMyuynum nepemelieHne KOHUA X ~ / CTEpXHS:

.. C25'yl 1.

WMWg_,= ~ +m "2 2 (1

i—1

Haunb6onblwee nepemelleHne, Bbi3BaHHOe KonebaHWeM, MOAYYUTCS Mpu
t— (1/2). Torpa

f\ 8 .48/1 1 t1 ' 8 .48 m
+ + Tr 25+ " j=T+13T = 5

MopobHas 3afava BCTpeyaeTca Mpu ucciefoBaHuy KonebaHuin, npowuc-
X04AWMX BO BPEMS MNOAbEMA AIMHHOMO CTepXHA 6ypa, NPUMEHAEMOrO
ANnA rAy60KUX HeTAHBIX CKBaXXWUH.

38. KonebaHue CTepXHs C rpysom Ha Kouke. — COOGCTBEHHble KonebaHusa. —

3afaya KonebaHUa CTepXHA C rpysoM Ha KoHue (cur. 113) MOXET MMeTb NpUMeHeHue

Ha MpakTUKe He TONbKO B Cnyvae MPU3MaTUYeCKUX CTEPXKHel, Ho Tak-

LULLILLRLINL] ke Korga rpys MOAAEPXXWMBAETCS CNUPanbHOW MNPYXWHOW, Kak B CAy-
Yyae MPYXWHbl UHAMKaTOopa (CM. crp. 22).

Ecnum macca CTEpPXHA WAW MPYXWHbI Mana CpaBHUTENbHO C Maccoi

1. rpysa Ha KOHLE, TO el0 MOXHO rfpeHebpeyb, W 3aflaya CBefeTCa K CU-

CTemMe C OfHOI cTeneHbto cBo6oabl (cM, dur. 1). B panbHeliwem pac-

CMOTPUM MOAPOGHO BAWAHME MacCbl CTepXHA. O603Ha4YMB NPOAO/bHbIE

err nepemMeLLeHnss 0T MOMOXEHUA PaBHOBECUSA 4Yepe3 U WU MOb3yacb AuUp-
| thepeHUManbHbIM - yp-veM [89] nNpofonbHbIX KonebaHWid, pacCMOTPEHHbLIM

» 1 npegplaywiemM n°, Noay4mMm:
dur. 113. *391
dt*  a gxe’ *

roe ana npusmMaTtnu4yeckoro CTepXXHA
a-

a Ans CnupanbHOM MpPYXMHbI

q

B 3TOM nocnefHem cnydae K — XecTKoCTb MpyXWHbI, KOTopas NpeAcTaBiseT rpys, ne-
*6X0ANMbIA, YTO6bI BbI3BaTh 06LiEe YANUHEHWE MPYXUHbI, paBHOE efuHuUe, /—[anuHa
NPYXWHbl, @ (—Bec NPYXMUHbl HA eAUHNLY AJMHBI.

KoHueBble ycnoBus GyayT TakoBbl. Ha 3akpenjeHHOM KOHLe NepemeLyeHune JO/KHO
GblTb PaBHbIM HY/MHO NpU Kone6aHWuM, U Mbl MOMYUYUM:

(ngr=<= 0.
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Ha HumxHeM KOHLe, K KOTOpPOMY TNpUKPenneH rpys, pacrarunawolias cuna CTepxHs
[JO/MKHA 6birb paBHa cufe WHepuun Kone6ntolerocs rpysa W, u Mbl nmeem’):

Pl
<| ——-I(SI ) P
.D'Ol'lyCTVIB, 4YToO cuUCTeMa WUCNbITbIBAaET OAWH M3 OCHOBHbLIX BUAO0B KOﬂeﬁaHl/lﬂ, nonyynm:

n= X (N1 cospt-f Bsinpt), [c]

roe X HopmanbHas (YHKUMA oAHOro TOMbKO X, onpejenstouias (opMy OCHOBHOFO
Buaa KonebaHus.

MopacTasnaa [c] B yp-ue [89J, nonyuyum:
(PX , v

oTKya
X =Ccos — + Dsin—, Xd]
a a

rae C m D npomsBosbHble MOCTOSHHbLIE MHTErpUPOBaHMS.
UTto6bl yaoBneTBopuUTh ycnosuto [a], nonoxum C =0 B peweHun [d]. W3 ycno-
Bus [b] nonyuum:

o MW pi
AEE cos — = ap-smg M
Myctb ax dl- ~ oTHOwWeHWe Beca CTepXHs K Becy rpy3a W un p>m=~ . Torga yp-ve [&]

nonyuaet BUA:
a= ptgp. [99]

3To —YypaBHEHWe YacTOThbl ANs paccMaTpUBaeMOro Ccfyvas, KOPHM KOTOpOro
MOXHO JIerKO MOAY4YUTb rpagiMueckn, ecnu TOMbKO OTHOLIEHME a W3BECTHO. OCHOBHOIA
BN Kone6aHUs 06bIKHOBEHHO B MPaKTUUECKUX NPUMEHEHUAX ABNAETCS HanGonee BaXHbIM,
U 3HayeHWUs P) HauMeHblUero KopHA yp-us [99] npu pasnnuHbIX BeAMUYMHAX a faHbl
B HUXecNeaytouein Tabnuue:

A =o0o 0,10 0,30 050 0,70 0,90 1,00 1,50 2,00 8oc. 4,00 5,00 10,0 20,0 100,0 oo
p!=0.10 0,32 0,52 0,65 0,75 0,82 0,86 0,98 1,08 1,20 1,27 1,32 1,42 152 1,568 TC2

Ecnu Bec cTepXHs Man cpaBHMTeNbHO ¢ rpysom W, BennuuHa & M KOpeHb
6yayT mManbl, n yp-uve [99] MOXeT ObiTb YNPOLLEHO, MOMOXUB tgp = p; tOrga
p-:_:4 '

N Mbl NONy4vynm:

P a Vv W "

[—f-l/ w _V il -
p~ i iy = [3; /i
roe b§~ WI/AE npeactaBnsetr craTuuyeckoe YANMHEHWE CTEPXHS MoOf AeiicTBUEM
rpysa W.

*) MocTosHHbIA rpy3 W, npu cOCTOAHUM PaBHOBECUS YPABHOBELUIEHHbI MOCTOSH-
HbIM PaCTSXEHWEM CTEpXHs, He OyAeT BNMATb Ha YCNOBME Ha KOHLE.
Teopus KoneGaHwidi » LMW;Heuepuom fene, 14
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STOT pesy/nbTaT coBMajaeT C MOMYYEHHbIM paHee [ CUCTEMbl C OAHON CTeneHbto
csobogbl (cM. yp-ue [3], cTp. 8). Jlyudwee nNpubaMdKeHUEe MOAy4yMTCA MpU NOACIaHOBKeE
B yp-ue [90] tg fi= ?+ p83. Torga

pp-H/3)=a

nnm

L

MogcTannss nepeoe npubnuwxeHuwe [r] BMeCTO p B NpaByl uacTb 3TOr0 yp-us,
nonyynm:

" A

N3 cpaBHeHns [H] ¢ [/] MOXHO 3aKNUMTb, 4YTO /ydwee NPUBAMXNKEHUE MONy-
yaeTcs npubaBneHMeM OfHOW TpeTu Beca cTepxHs K Becy W rpysa. 310 — o6uieuns-
BECTHOE NPMONMKEHHOE peLleHMe, MONy4YeHHOe paHee MeTodom Peiines (cm. cTp. 65).

N3 cpaBHeHus npubnuxeHHoro peweHus [N] ¢ gaHHbIMK BblluenpuBedeHHON Ta6-
LBl MOXHO 3aKM4MTb, 4TO Mpu a=1 owwunbka, npoucxoadawas BCNefCTBUE NpUMe-
HEHUsS NPUONMXKEHHOW (opmMynbl, MeHee 1°/0. U BO BCeX Clyyasix, Korgja BeC CTEpPXHs
MeHee Beca rpy3sa, NpMOAMKEHHOE pelleHWe ABNAETCA YAO0BNETBOPUTENbHbIM ANA Mpak-
TUYECKNX NPUMEHEHWUIA.

Jonyctus, 4To [nA f[aHHOrO a nocnefosatenbHble KOpHW p,, fi, pa ... yp-us uva-
cToThl [99] onpepeneHbl, n nofcTasnsas 8,«// BMecto P B pewleHue [c], nonyumm:

3TO pelleHWe MpeACTaBAsseT OCHOBHOW BUA KonebaHWs nopsgka i Halleill cucTeMmbl.
HanoxeHuem JApyr Ha fpyra nofo6HbIX KoneGaHuii MOXHO NoAyuYnTb No6oe Kone-
GaHWe CTepXHs C rpy3oM Ha KOHUe B Bufe paga:

Ne

NPOU3BOMbHbIE MOCTOSIHHbIE 4- W B- KOTOPOro cnefyet ONPEAENUTb U3  HavanbHbIX
YCNOBUIA.

[onycTum, Hanpumep, 4TO CTepXeHb HaxoAWTCA B MOKOe nog felicTBUEM pacTs-
rusawolieil cunbl S, NPUNOXKEHHONW K HWKHEMY KOHLY, W 4TO B HayaNbHbli MOMEHT
i= 03Ta cuna BHe3anHo ycTpaHeHa. [lns aToro cnyyas Bce koaopuuueHtsl B[ B1
yp-un [K] cnefyeT nNpupaBHATL HyMto, TaK KakK HayanbHble CKOPOCTU PaBHbI HyJIO.
KoatuumnenTol A, cnegyeT onpefenutb TakuM cnoco6oM, 4TOGbl OHU NpesCcTaBAANU
HayanbHOe MOMOXEHWEe CUCTEMbl. /13 MOCTOSHCTBA PACTSXEHUSI CTEPXHS B HayanbHbIA

MOMEHT MNONYyYUM:
(13
( )/'0 ae'

Yp-ue [K] npn t= 0 paet:
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KoahhuymeHT J- cnegyeT onpefennTb Tak, 4YTo6bl YAOWNETBOPUTL Yp-Ut0:

/=>Q

\% . PIC _Sx

2 1 'sn | =Afc- U
r-1

Mpn onpegeneHnn 3TUX KO3M(HULWEHTOB Mbl MOCTYNaeM COBEPLIEHHO TaK e, Kak
6bIN10 M3N0XeHO B N° 12. YT1obbl monyunTb NGO KoadpuumeHT Jl,-, 06e yacTu npe-
AblAYLWEero yp-ua chnegyet yMHOXuUTb Ha sin ($xjl)dx u npouwerpuposats ot * = 0
fo X = 1 Momolybio NPOCTbIX BbIKNAJOK MOMYyYaeM:

0

— Jstin?ide— SP (1 cos3i | sintA
J1£—0 1/ " AE\ + p?J

a TaKxe, MPWHAB BO BHWMMaHue yp-ue [99], Ans Kaxgoro uenoro uucna T @.i:
i

J*sin  sin bsIL dX — — — sin 3, Sin sin P/Sin iV
0
Torga, un3 yp-ua [/] ,
| 1=00 i
J§in P|(9_€§/At sin ~ dx = ase Jvarn @I’-*dx

nnn
| L sin2BA . a . ,
2U UES Bsnn ! ~meAf
m—1,2 3.777—1, i+ 1,...
( cos3 sinp;
r T +1F,
BcnomHue, uto u3 yp-usa [/
\é N1 sin = («)*=; —J1/sin 3,= s/ — JIrsin
I= 1, 2,3 (=), (/+)-—- '=0
noayyYnMm:
(- - T R(X - Mm"8 (-Tr + LW,

0TKyfia, NMPUHAB BO BH/l/IMaHI/Ie, yto (M3 yp-ua [99])

Lot = dggs~

noay4mm
4S/sin [
_ AEgpr(2?2/+sm2?/):
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HauyanbHOe nepemelleHue BygerT:

S* 4s /v sin”™sinT
= neE pz (22 ,+ sini23i) 1100)
/—1
N KonebaHus CTepxHA OyayT NpefcTaBNATbCA B 3TOM CAyyae ChefylWUM psaoMm:

*5 9 qf i n
4%/ \?( sinforint cos”2/

11 10)
P(2R + sin2M

u
1=-\
BbIHY>K/IeHHble KOnebaHusi. — B fanbHeiilleM pacCMOTPUM BbIHYX/AEHHbIE Kone-

6aHuA cuUCTeMbl, MNPUHAB BblpaXeHUs B CKobkax yp-us [ft] 3a 0606l eHHble KOOpAM-
HaTtbl. Torjga

/—Q@
n
—
MoTeHUManbHas 3Heprus cuctembl 6yget
i I \1—co
.. AET (an\r . AEC Vv
8,0,cos
y:’\rg bl 2P-]
0o \,—
MOXHO MNoKasaTb MPOCTbIMW BbIKNafKaM1, YTO Ma OCHOBaHMKM yp-us [99],
|
J*cos cos dx = 0, korga T ~nJ,
J*cos* ax _ "
0
MoacTaBnsAs 3TO B BbllIENPUBEAEHHOE BbipaXeHue ans W, nonyyum:
Y- X w

-

KnHeTnyeckass 3Heprus CUCTeMbI 6y,qu COCTOATb U3 ABYX yacTeli: KMHeTU4eckas

JHepruna KO]'IeﬁI'HOLLleI'OCH CTePXXHA W KUHETUYeCKada 3Heprna rpysa Ha KOHUE CTEpPXKHA,
N Mbl NONYy4YUM: I

_'I[ At
zgo

MoACTaBMUB BbipaXeHue [Mj BMecCTO MepemeleHns W 1 BbINOJHUB UHTErPUPOBAHUS:
i

*) To Xe MOX4Y0 BbIBECTU W W3 TOrO, YTO KOOpPAMHAThI q,, qs=.. asnaTCca rnas-
HbIMW KOoOpAunataMH; OTCHOga nNoTeHuWabHaad W KUHETU4YecCKaa 3Heprun [OoJ/IKHbI CO-
AepXaTb TONIbKO KBajpaTbl 3TUX KOOpAMHAaT.
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1Gin 77X M qfdx - _ W \ sin 1 Korga qu m,

0
nonyynMm :

Vil V / sin?3f, 97V
/2.9,T - 2’\j+2r/2_.92 Pn
— =i

Tenepb u3 yp-ua [99] umeem:

«="=Mg?i
nmn

P/tg G
MofCTaBWB 3TO B BbIWENPUBELEHHOE BbIPAXEHUE [N KWHETUYECKON 3Hepruw,
nosly4Ymm

T=ATIY «J , *ta2[j\ b,,
4’\1_1 rh 23§’

N3 3toro BmaHo, 4To BbipaxeHus [n] u [0] AnA NoOTeHUManbHOW U KUHETUYECKON
3HEPrUM CcoAepXaT TonbKo KBagpaTbl (i u ). [MpousBeseHUs 3TUX BeAMUYMH Npona-
[aloT, Tak Kak uneHbl psgos [ft] u [/] aBnstoTCA rnaBHbIMU WAN COGCTBEHHLIMU BMAAMMW
Kone6aHWii paccMaTpUBaemMoli CUCTEMbI, W KOOpPAWMHATHI (i ABAAIOTCA TNaBHbIMW KOOp-
AuHaTtamu (cm. cTp. 125). Mopctasus [M] m [0] B yp-ue Jlarpanxa [72], nonyuum
cnegytouiee yp-ue ana no6oii koopauHatbl (.

roe Qi o6o3HauaeT 0606LLeHHY0 CUY, COOTBETCTBYHOLLYIO 0606 eHHOl KoopauHaTe (.

PaccmatpuBass Tonbko KonebaHWsi, Bbi3HaHHble BO3MYyLLatoLieli CUONA, U npeHebpe-
ras cBo6OAHbIMM KONe6aHMAMM OT HayaNbHbIX MepeMeleHnin 1 uadanbHbIX WMMNYNb-
COB, nosmyuum pewenune yp-us [p]):

N eil SPTFiWj sin“l (- ™
rge, Kak u Bbiwe, a— Si.
MopcTtasnas ato B yp-ue [//r], nonyuum cnegytolee obliee pellieHMe 3afauyu:
§iR - t
iTi o}
B nw6oM uyacTmom cnyvae cnegyeT NOACTaBUTb B 3TO pelleHMe COOTBETCTBYlOLLee

3HaueHne Qt. MopctaBnss X — L umonyuum nepemewieHme rpysa W Bo Bpems Ko-
nebanus.
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Cuna, BHe3amnHo NPWIO>KEHHas.—PaccMoTpuUM, Hanpumep, KonebaHue, BbiI3HAHHOE
MOCTOSIHHOM CcuMoii S, BHE3aMHO MPUIOXKEHHON K HUXKHEMY KOHLY CTepxkHs. O606.
weiHas cuna Q/, cooTBeTcTBylOWas NGO KoopauHaTe ¢,, W 3TOM C/yyae (cMm.
cTp. 115) 6ypgert:

Qi —Ssinp-~
Moictanns* wu yp-ve [102], nonyuum ans nepemewieHnii rpysa W cnegytouiee Bbl-
paxeHue:

V= A /Z:iLIJi+<h>2p,)(’~ cos \ B o

PaccMoTpuM Tenepb uacTHbI cnyuaid, korga rpy3 W, npunoxeHHblil B KoHUe
CTEPXHS, YMeHbLIAeTCs A0 HyAs, W YCNOBUS MPUBAMKAIOTCA K YCNOBUAM, PaccMo-
TPEeHHbIM B Npegblgywiem n°. B nogoGHom cnyuyae a B yp-uu [99] cTaHoBMTCA Gecko-
HEYHO GONbLUUM, W KOPHWM 3TOTO TPAHCLEHAEHTHOro yp-us GyayT:

Bi—(Z/_ 1A )

Mopactasnas B yp-ve [103], nonyynm TOT e pe3ynbTar, YTo U B npegbigyuiem n°
(cm. yp-ue [98], cTp. 206).

BTopoil kpaiiHuii cnyuaii 6yget, korga rpy3 W oueHb BeNUK CPaBHUTENBHO C He-
COM CTepXHs, K a B yp-um [99] npubnmxaetcs K Hymo. KopHu 3toro yp-us Torga
nNpuMeAMXKATCA K 3HAYEHUsAM

&= (<_1) ’t-
BCe uneHbl pafga [103], 3a WCKNOYEHMEM MepBOro, CTPEMATCA K HYNO W cucTeMa npu-
6AvxKaeTcs K Caydvato OAHOW cTeneHW cBO6GOAbI. MepemelleHre HUKHEro KOHLa CTepXHS
6yneT B 3TOM Cnyyae MpeAcTaBNsTbCA NepBbIM uneHoM psaga [103] m 6ygeT:

4gSlI sin2s, / ay\
WMa«T pl(2pl+ Sin2pl)(1 <CoS | j’

unu, nonaras sinp, =p, W sln2p,=2p,, nony4nm:

w—~ | ft(1--cos"

o710 BblpaXXeHne AOoCTUraet Makcumyma, Korga
COS-y- —— 1,
Toraa
vvmax A B« A E -

3T0 nokasblBaeT, YTO Hanbonbliee NepemelieHue, BbI3BAHHOE BHE3anmHO MPUNOXKEHHOM
cunoii, BABOe 60/ble CTAaTUYECKOro YANMHEHUS, BbI3BAHHOTO TOW >Xe CUNOMA.

JT0 3aK/l0YeHWe TakXe BepHO M ans cnaydas, korga W paBHseTcs Hynwo (cm.
cTp. 206), HO OHO He BepHO AnsA obwero cnyvasa yp-us [103]. YTo6bl AoKas3aTb 3TO,
Heo6X04MMO 3aMeTWUTb, YTO B [BYX YacTHbIX Bbllle PACCMOTPEHHbIX C/lyvasx cuUCTeMa
B KOHLE MonynepuMoga OCHOBHOFO BuAa KonebaHus 6yfeT HaxO4WUTbCA B ycnoswuax
MTHOBEHHOTO MOKOSi. B 3TOT MOMEHT KMHETMYecKas 3Heprus CTaHOBMTCS PaBHOW Hy/o,
1 paboTa BHe3amHO MPUIOXKEHHON MOCTOSHHON CW/bl LENMKOM MpeBpalaeTcs B NOTEH-
LUManbHy 3HEPruI0 feopmaunn, M U3 CTaTUYECKOTO PACCMOTPEHUS MOXHO sakniouuts,
YTO nepeMelleHre TOUKWM MPUIOXKEHUS CUMbI JO/DKHO 6biT», BABOE 6GOMblUE, YemM B MO-
NOXEHUN paBHOBECUS.
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B obuwem cnyvae, npeacraBneHHom-yp-uem [103], kopHU yp-na [99] HecomsmMepuMbl,
W cucTemMa HMKOrda He MPOXOAMT 4Yepe3 Takoe COCTOSHWE, MPU KOTOPOM 3HEeprus
ABASETCA 4YMCTO MNOTeHUManbHOW. YacTb 3Hepruy BCerja OCTaeTCs B BWAE KUHeTUue-
CKOM 3HEpruu, u nepemelleHne TOUYKW MPUNOXKEHWUS CUMbl ByfeT MeHblue Yem fBOViHOe
nepemelleHne B MOMOXEHUN PaBHOBECKS.

ConocTaBneHne €O CTaTUYECKUM NPOrM6oM.— Cnocob 06061 eHHbIX KOOPAMHAT,
NPUMEHEHHbI Bbllle, 0COGEHHO MNOMe3eH AN CPaBHEHWS MNepeMelleHnii CUCTEMbl Mpu
KOne6aHnM Wn CTaTUYeCKUX MepemMelLeHunid, KOTOpble BO3HUKanW 6bl B cuCTeMe, ecnu
6bl 303MyLLaloLWMNe CUbl U3MEHANNCH OYEHb MeASIeHHO. Takue CpaBHEHWS Heo6XOoAWMBI,
Hanpumep, NpW MW3YYeHUW WHAMKATOPHbIX AWarpaMm MapoBbiX W rasoBbiX [fBuraTeneit
W pasnnyHbX NpuM6opoB, ynoTpebnseMbiX AN 3anucbiBaHWA AaBNeHWIA rasa npu B3pbl-
Bax. B cnyvyae mHAukatopa cucTema NpeAcTaBMTCA CXEMOR, M306paKeHHOW Ha dur. 113.
JonycTum, u4To nynbcupytowas cuna Ssinpt npunoxeHa k rpysy W, npegcrasnsio-
eMy nNpuBeLeHHYH Maccy MopliHsA (CM. cTp. 22). UTo6bl HaliTu 0606LleHHY0 cuny B
3TOM CcNyyae, NMpUMEHWM AN NepeMelieHuit BoipaxeHnue [T]. Mpugas koopasaate Qi
npupatieHve or, NONyYuM COOTBETCTBYIOLLEe NepemelleHne CTepXHA

vqi stng)—(

n pabota nynbcupytouero rpysa Ssinpt npu 3tom nepemeuieHun 6ygeT

S sinpt sin }pqi.
OTctofa 0606LeHHas cuna
C= Ssin  sin 3t

MopactaBnas 3To BblpaxeHWe B pelleHue [102] M BbINOAHAS WHTErpupoBaHue, Mbl
noay4nm
/=00 . .. pio.ag[t

i (+ZIW4\“ r i

N3 3Toro BupgHo, 4TO0 KonebaHMe COCTOMUT W3 ABYX 4YacTeil: BO-MEPBbIX, BbIHYXAEH-
Hble KonebaHua, nponopuuoHanbHble sinPt, uMmetowMe TOT Xe Nepuof, 4TO M BO3MY-
lwatouwas cuna, U BO-BTOPbIX, CBO6GOAHbIE KonebaHWa, NponopuvoHanbHble sin ap,-<//.
Korfa w4acToTa BO3MYyLLalOLWeENn CUAbl MPUONMXKAETCA K OAHOW W3 COOCTBEHHbLIX YacToT
KkonebaHua, p npubnuxaetTcs K 3HauyeHuto Ap;// ans 3Toro Bufa KonebaHua, U UMeeT
MEeCTO COCTOsHMe pe3oHaHca. AMNAUTYyAa Koneb6aHwus COOTBETCTBYlOLero yYneHa psga [d]
6yaeT TOorda yeBenuumeatbCs A0 GECKOHEYHOCTM, KaK 3TO WM3M10XeHo Bbiwe (cm. cTp. 15
1 128). UT06bl NPMOGAM3UTBCA K YCNOBWUAM CTaTWKW, BeNWYMHA P AO/MKHA 6biTb pac-
cMaTpuBaeMa, Kak Manas cpaBHWUTenbHO ¢ ap,-// B psagy [q]. MpeHe6peras Torga une-
Hamu, uMmelowuMn MHoxuTens pl/a™t, nonyuum npu oueHb MeANeHHOM W3MEHeHWK
nynbCUPYHOLLEro rpysa,

/=00
—4/Ss PtY  sin‘fo M
() xbi - ~ Pi(2f*+ sinz7)’ (1

i=i
KOTOpOe npeAcTaBnfeT cTaTuyeckoe YA/nuWHeHWe CTepXxHsa (cMm. yp-ue [100]). CpasHe-
Huem psgos [l v [q] MoxHO ycTaHOBMTb pasHULY Mexay CTaTUYEeCKUMU W AWHaMM-
yeckumn npornbamm ’). 3 3TOro BHAHE YTO Y[0BNETBOPUTENbHYIO 3anMWCb AaBleHUs
napa WM rasa MOXHO MONYy4YMTb TOMbKO, Merfa 4acToTa OCHOBHOFO BuAa KonebaHus

WHAMKATOpa Bbille YacTOTbl NyNbCUPYIOLWEN CUMbl.

%) Mpy 3TOM PacCMOTPEHWUM Mbl MpeHeBpernyM BAUSHUEM 3aTyXaHusi.
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39. Kone6aHve KpyueHus Kpyrabix BanoB. — CBOOOAHOE KO/ebe
HWe.— B Hawux npepbigyuinx paccyxgeHusax (cMm. ctp. 11 un 130) mbl
uan npeHebperann maccoii Bana, WM CUMTaNM ee Manoil cpaBHU-
TeNbHO C BpalalWUMK Maccamu, NPUKPenneHHbIMW K Bany. B no-
cnegywolwem faetca 6onee nonHas Teopus KonebaHWid Kpy4YeHMs Kpy-
rnoro Bana C ABYMS AMCKaMM Ha KOHLax’), Ha OCHOBaHUM KOTOPOIi
OLleHMBAETC TOYHOCTb Hallero npeabigyliero peweHus. B panbHeii-
leM paccy>XfeHun [ONyLWeHo, YTO KPYrosble MOMepeyHble ceyeHas
Bana Mpu KonebaHUM KPYyYeHUA OCTAKTCA MAOCKUMU, U paguycbl 3TUX
MOMEePEYHbIX CEYEHMIA OCTAKTCSH MNPAMOJSIMHEWHBIMU 2).

Myctb Glp= C—)>ecTKoCTb Bana Ha Kpy4yeHWe; y— BEC efUHULbI
obbema Bana; ©—yron CKpyumsaHus B NO6OM MPOM3BOJILHOM MoMe-
pe4yHoMm cedeHun TN (cMm. ur. 111) npu KonebaHUU Kpy4veHuUs;
1X /2— MOMEHTbI WHepuUM [UCKOB, MOMELLEHHbIX Ha KOHLax Bana,
OTHOCUTENbHO OCW Bana.

PaccmatpuBas 3fieMeHT Bafla MeXAy [BYMS CMeXHbIMW Monepey-
HbIMW ceuyeHusMu TN u TXI{, noayuyum cKpyuuparouime MOMEHTbI B
3TUX MOMEPEYHbIX CeYEeHUAX PaBHbIMU:

OnddepeHynanbHoe yp-ne BpalwiaTeNbHOr0 [BVXKEHWA 3/eMeHTa Bana
TNTXIX (cM. dur. 111) npn KonebaHUM KpydeHus 6ypeT

TIpW -G I )
g dt2~ paxi

nnn, nonb3ysacb 0603Ha4YeHNEM

[104]

nony4ymm

o)

dt: ~ a~ax. - [105]
370 yp-ve WAEHTUYHO C yp-vem [89], NMonyyeHHbIM Bbille AN

MPOAONLHOrO KOoNe6aHus, U pesynbTaTbl MNPeAbIAYLINX BbIKNaA0K

MOX>XXHO I'Ipl/IMeHI/ITb B pa3f||/|‘-|Hb|X YaCTHbIX CﬂyanIX. Hanpmmep, B Cﬂy-

') Cm. cTatblo asTopa n .M3ecTuax C.-MeTepbyprckoro MonutexHuyeckoro WH-
ctutyta* 1905 r., a Takxke ctatbto Ueber die erzwungenen Schwingungen von pris-
matischen Staben, ,Z. f. Math. u. Phys.” Bd 59, 1911.

*) Bonee MOJIHYD TEOPUID MOXHO HaiiTm B ctaTbe L. PochhnTTeYa, ynomaHyToii
Bbllle Ha cTp. 199.
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Yyae Bana Co CBOGOAHbLIMW KOHLAMW Yyp-ue 4acToTbl OyAeT MAEHTUYHO
c yp-nem [91], n obuiee peweHne byget (cm. yp-ue [94]):
I—co

Cosi'KX ~co %IQI + ’(’sini"‘%t . [106]

B Cflydae Bana 4. AMCKaMW Ha KOHUaX 3afjada CTaHOBUTCA 6onee
CNOXHOI 1 HY>XHO paCCMOTPETb YC/I0OBMA Ha KOHLax. n3 ycnosu4,
4YTO CKpy4duMBaHME Basla Ha KOHUaX BbI3blBAETCA CUNaMW WHEPLUUNN

AVUCKOB, MOMYUYNUM: t ,
U 2,=0~ Gp[ax Lo’ [ - -- e A
cld (@b \ f,, '~
r Ap)x? p(d*) dur. 114,

,ﬂ,OI'IyCTI/IM, YTO Ba/l BbIMONMHAET OAUMH M3 HOPMa/ibHbIX BUAOB KO-
nebaHus; Torga MOXXHO Hanucartb:

b= X (A'cosp t-\- Bsmpt), [c]

rae X — ()yHKUMA TONMbKO OA4HOF0 X, onpegensiowas GopMmy paccma-
TPpMBaeMoro BuAa KosnebaHua.

MopctaBnsas [c] B yp-ue [105], monyyum

0TKyfaa

X=Ccos E-f-Dsing. Ed\

MpousBonbHble nocTossHHble C 1 D gonxHbl 6bITh ONpeAeneHbl Ta-
KM 06pa3om, 4ToGbl YAOBNETBOPS/ANCH YCNOBMS Ha KoHuax. lMog-
ctrasnss [d] 8 yp wa [a] u [O] nonyunm:
- Cp4,= -~ Glp,
M
— i = 2. L i - AN
f)H(Ceos 7" DsmPa—?P 2a GIB Csmpa— iDcosa).

Wcknouas npousBosibHble NocTosiHHble C u D, moayuum cnegytoliee
ypaBHeHUE 4acTOThbl:

'K -AMY—Y W
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O603HaumB

pL —o. K — 6« r,,i
a yWp~ 70— * 70 n

rae lo— {'iHp/g) — MOMeHT uHepuuu Bana BOKPYr ero 0CU, NOMYYUM
n3 yp-ns [/] yp-ve 4actoTbl B cCneaytolleM Buge:

pn(l —/mptg p)= — (tgp + mp)

um
toO (ta + A)P rin7i
[1071
Myctb p,, p2 P3,...—nocnegoBaTeNlbHble KOPHW 3TOr0 TPaHCLEHAEHT-

HOro yp-usi, TOrga COOTBETCTBYIOLLME HOPMaNbHbIE (YYHKLUN U3 yp-Wid
[d\ un [e\ 6ygyT:

Xi= Ci[cos — tn$isin

M Mbl MOMYYMM B 3TOM Cliyyae Ans OOLEro pelleHus:

©= V [cos —Tp-sin~-jjAicos j-5,- sin . [108]

*

Ecav mMOMeHTbl uHepuuu /, u /2 WKUBOB Malbl CPaBHUTENbHO C MO
MEHTOM WHepuuu /0 Bana, BeAuMYMHbl T U N B yp-um [107] cTaHo-
BATCA BeCbMa Ma/blMW, a MocnefoBaTesibHble KOPHW 3TOro yp-us 6y-
OYT NpnbnmxaTbCs K BeIMUYMHAM K, 2~,... W obuwee peweHune [108]
npubnunxaetca K peweHuto [106], gaHHOMY paHee Ans Bana coO CBO-
604HbIMU KOHLLAMU.

PaccmoTpuMm Tenmepb APYroW KpaHuii cnydaii, 605ee WUHTEPECHbIN
C TOYKM 3peHWa npakTuku, korga /, n/26yayT BENUKU CPABHUTENIbHO
c /0 BennumHbl T WM N 6yayT TOrga 6onbWwuMK uymcnamu. B atom
cnyvyae B 3HameHaTefne npaBoi 4vacTu yp-ua [107] eguMHMUER MOXHO
npeHebpeyb MO CpaBHEHWO C TN8®M BMecTo yp-ua [107] nonyuum:

ptgp = (I/m-f 1/n). » [109]

3T0 yp-ue TOro e Buaa, uto yp-ume [99] (cm. cTp. 209) gna npo-
JONbHLIX KoneGaHWi. MpaBas 4acTb 3TOro yp-usi — HeboNbllas Be-
ANYMHA, U NPUGAMKEHHOE pelleHne A8 MepBOr0 KOPHS MoayyuTcs
nofcTaHOBKOW tgp, = pt. Torga

Pi= |/IM -f Un. [N

Mepuog COOTBETCTBYHOLWEro BuAa KonebaHWa cornacHo yp-uto [107]
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unu, nonb3yack yp-uamu [104], [g] v [A], nonyunm

| ANY oK T TOT (151

JT0T pe3ynbTaT coBnagaet c yp-vem [15] (cm. cTp. 13), MoMyYeHHbIM
HamuM Npy pacCMOTPEHWUM CUCTEMbI, MMeKOLeli OAHY CTeneHb CBO6OAbI,
KOrga Mmbl npeHebpernnm maccoli Bana.
MpnbAMKeHHbIE 3HAUYEHWA MOC/efoBaTeNbHbIX KOpHel yp-usa [109]
byayT
Pa= a + 1M lUra+ 1/q); p3= 2it+ I/2it(l/m-j- Un);...

M3 3TOro BMAHO, YTO BCE 3TW KOPHU — BEIUKW CPaBHUTENbHO C M
M YacTOTbl COOTBETCTBYHOLWMUX BUAOB KonebaHWs BYAYT OYEHb BbICOKK
CpPaBHUTENBHO C 4acTOTON OCHOBHOFO TuWnMa KonebaHwus.

UTo6bl NoNyunMTb 60NMee TOUHOe NPUGAMXKEHWe AN NepBOro0 KOPHS
yp-na [107], mbl nogcTtaBum tgp, — pt-J- 1/3 3”, Torpa

n_11l r3_ Pi(«+ ")
3 Tn$,4—1
nm

0s T+ N

Pi*A 3
MoacTaBnss B MpaByl 4acTb 3TOr0 yp-usi BennuuHy @ w3 yp-us [h]

n npeHe6peraﬂ 6ECKOHEYHO ManbiMW BEAMYMHAMM BbICLLINX nopsaakos,
nonyvymnm:

B=I1/FCIT3CY X IXIIiT
[/ T n 3\n. T2 TN

M COOTBETCTBYHOLWaA 4aCToTa OCHOBHOIO KonebaHuma 6y,quZ

No= — i -4-1-T X /1L)--1 L\ mm
— 2« Kly m n 3 n2 w2—mwmnr L

ToT e pe3ynbTaT MNOAYYMM, €CU B MEPBOE MPUBAVKEHWE YaCTOTh

f-1 n/9M it M
J|"2*y ~11 Jo

nonyyeHHoe u3 yp-ua [15'], nogctaBum BmecTo /, u /2

l;: i+ ¥ /B/l7T WU mn [1+¥ 777Tv

3TO 3HA4UT, YTO BTOpPOe MpubnuxeHwe [110] coBnajaet Cc pe3ynbTa-
TOM, KOTOpbIi nosayumncs 6bl mo cnocoby Peines (cm. I° 14, cTp. 60).
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CornacHo 3atomy cnocoby, cnefyet npuoaBuTb K MOMEHTY WHepLumu
KaX[oro pfucka OAHY TpeTb MOMEHTa WHepuuM 4acTu Bana Mexgy
OUCKOM 1 Y3/10BbIM MOMEPEYHbIM cevyeHnem. OTO npubamxeHune Bcerga
[OCTAaTOYHO MPU NPAKTUYECKUX MPUMEHEHUAX 415 UCYUCNEHMWS YacTOThl
OCHOBHOTO Bufa KonebaHusa ‘).

BbIHy>KleHHOe KOonebaHue. — Mpu n3yuyeHUM BbIHYXAEHHbIX KoOse-
6aHNA Kpy4YeHWs CHOBA O4YeHb MO/e3Hbl- 0600LWEHHbIE KOOPAUHATLI.
PaccmaTpuBas cKob6ku, cofepxawme t, B obwem peweHun [108] kak

TakKne KoopauHatbl, MONYy4YUMm:
=m

e= 2 QilcosNj-—mfosinAj, [1087

rge ~ — nocnefosaTenbHble KOpHU yp-usa [107].
MoTeHumanbHasa sHeprusa cucrtembl OypeT

i=i
roe A
N-= 2PA1 + — sin 2P/ + sin 25,-J- 2&T(1 — cos 23). [K]

UneHbl, cofepxalie nNPOU3BELEHUA KOOPAWHAT, B BblpaeHun [111]
nponagakwT NpyW WHTErpUpoOBaHMU Ha OCHOBaHMMK yp-ua [107]. Takoin
pesynbTaT W CNejoBan0 O0XWAAaTb, €CNM Mbl BCMOMHWM, 4YTO Hallu
00606l eHHbIE KOOPAWHATbI ABNAKOTCA T[NaBHbIMW WM HOPMasibHbIMM
KOOpAnHaTamMu CUCTEMBI.

KuHeTunyeckas 3Heprus CcucTembl COCTOUT W3 3Heprum Konebnio-

erocs Bana W W3 3HEPruil ABYX KONe6AOWMUXCA AUCKOB:
i

== [ ()" + yNA(B)« + Y
0

nunu, nofctasnAa BbipaxeHue [1087 BMecTo § Mbl NOMYYUM:

ism CO

“ A‘b q))- 11121

1=1
roe A, npefctaBnsieTcs BblpakeHuem [&)].

*) padmyecknii cnocob onpeaeneHUs COBCTBEHHbLIX 4acTOT KonebaHus KpyyeHu"
BaNOB C Auckamm Gbin npegnoxed F. M. Lewis’om, cm. ctaTbu: Torsional vibration
of Irregular Shafts, , Journal Am. Soc. of Naval Engs\ Nov. 1919, p. 857, u Critics'
Speeds of Torsional Vibration, ,Journal Soc. Automotive Engs", Nov, 1920, p. 413
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Ecnn Bocnonb3oBaThes yp-usmu [111] u [112], To yp-us SlarpaHxa
nonyyaroT BuUA

i E A i A

+ M

rae Qi— npeactaBnseT 0606LUIEHHYIO CUMY, COOTBETCTBYIOLLYIO 0606-
LeHHO KoopAauHaTte Qt.

PaccmaTpuBas TOMbKO KonebaHwe, Bbl3BaHHOE BO3MYLLalOLWel cu-
non, nonyuum u3 yp-us [/]

f
q= 4 men (t—tjdty

MoacTtaBnsasa B yp-ue [108], Hailgem obuiee BbipakeHWe Ana Koneba-
HWA, BbI3BAHHbLIX BO3MYLLAKLWUMU CUIAMU:

i ~ 27 i . ol
12_1|(,cosT mMn.lle)/Q,smT (< yn 1

B kax4OM 4acTHOM c/aydyae OCTaeTcs TO/IbKO MNOACTaBUTb BMECTO §
COOTBETCTBYIOLLEE BbIP&XXEHWE W BbINOMHUTbL YKa3aHHOE WHTErpupo-
BaHWe, 4TO6bl MONYUYNTb BbIHYXAEHHbIE KONebaHus. 3TN BbIHYX[EH-
Hble Koneb6aHus MMerT TeHAeHUMK 6ecKOHeYHO BoO3pacTaTbl), korpga
nepuof BO3MyLLalOWeR cunbl cosnagaeT C NMepuojoM OHOr0 U3 cob-
CTBEHHbIX KonebaHwii.

40. BokoBoe KonebaHWe MpuU3MaTUUeCKUX cTepxHei. — Audde-
peHumanbHoeypaBHeHe GOKOBOro KonebaHusi. — [lonycTus, 4To Kosle-
6aHMe MpoOMCXOAMT B OLHOW W3 rNaBHbIX MIOCKOCTEN n3rnba cTepxHA
M 4TO M3MEPEeHUs MOMEepPeyHOro CeYeHUs Manbl CPaBHUTENbHO C AM-
HON CTepXXHA, Mbl MOXEM BOCMO/Ib30BaThCsH O0O6LLEN3BECTHbIM AU-
(hepeHUManbHbIM yp-veM YNpyron AuHuu

£ljg — [ [114]

roe El—>ectkocTs Ha n3rn6, a M — usrubawownii MOMEHT B 1t060M
MonepeyHoM ceyeHun. HanpaBneHue OCEA U NOMOXMWTENbHblE Hampa-
BNEHMA M3rnbarwolmnx MOMEHTOB U MepepesbiBalOWMUX CUN  TaKOBHI,
Kak nokaszaHo Ha ¢wur. 115

*) B HaWMUX MbIK.:adKax My NpeHe6pernu 3aTyxaHuem.
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Ondepenunpys gsaxabl yp-ue [114], nonyuum:

dx dx- dx ~

(p dQ
dx'-\Adxs = ~dx=q-

3T0 nocnefHee yp-ue, nNpefcTaBnsloliee AndepeHunansHoe yp-ue
CTEPXHA, MNOLBEPXEHHOr0 AeACTBMIO pPaBHOMEPHO pacnpefeneHHo
Harpy3kum WHTEHCMBHOCTbIO (, MOXHO WCMONb30BaTh TakXe ANA no-
NnyyeHns yp-us  H60KOBOro KonebaHus.
Heo6xo4MMO TOMbKO MPUMEHWUTb Ha4yano
A’Anambepa 1 MpeanonoXuTb, 4TO KO-
nebnrowmiica CTepXXeHb Harpy>eH cuna-
MW WHEpPLWW, WHTEHCUMBHOCTb KOTOPbIX
M3MEHAETCA MO A/IMHe CTepXHSA W npeg-
CTaBNAeTCA BblpaXeHNeM:
A -
dur. 115, ~~yg gt)f’ [bl
rie y— Bec eAuMHuMUbl 06bemMa MaTepuana CTepxHs, A — nnouwagb
MOMNepeyYHOro CceyeHwus.
MoactaBnaa [ft] Bmecto B yp-ue [a], nonyyum obuiee yp-ue
60KOBOro Ko0nebaHuUA CTEpPXHA:

YA ny
X\ ox- g a2 [115]

B yacTHOM cnyyae npuM3MaTUYeCKOro CTEPXHA D>KECTKOCTb Ha
n3rn6 El octaeTcs mocTosiHHOW NO ASIMHE CTEPXHS, W Mbl MOAYYUM
n3 yp-ua [115]

Ry _ TARY
E'w =. ¢ at
nnn
atY ¥ B,%;(/lB 0, [116]
rge
.- EJg
a-= Ay [117]

HauHem c m3y4yeHus HOpPMasbHbIX BUAOB konebaHusa. Korpga ctep-
XeHb WCMbITbIBaeT HOPManbHbIA BWA KonebaHusa, nporub6 B nto6oM
MecTe W3MEHAeTCA FapMOHWYECKU C BPEMEHEM U MOXET ObiTb npeg-
CTaBfieH Tak:

y — X (A cospt {-B sinpt), Id



BEOKOBOE KOJIEBAHWE MPU3SMATUYECKWUX CTEPXHEW 223

roe X — yHkuma abcuuccel X, onpegenatowas gopmy paccmarpusae-

MOro HOpMasbHOro BuAa KonebaHua. Takue QYHKLUMM Ha3biBalOTCA

»HOpManbHbIMU yHKUMAMKU". Togctasnasa [c] B yp-ue [116], nonyyum
di _yy Co
dr~a*X’ t118]

OTKYJa MOXHO MONY4YUTb HOPMasibHble (QYHKUMM [N nboro yact-

HOro cnyuas.

Monb3ysacb 0603HaYeHuem

| B=w=*-

MOXHO /IerKo MNpoBepuTb, 4To sin kX, cos kX, sinh kx u cosh kx 6y-

OYT 4YacTHbIMW pelleHus yp-usa [118], a oblee peweHne 3TOro yp-us
NnonyynTca B BUAE:

X = C, sin kx -f- C%cos kx -f- Cs sinh kx -f- C4 cosh kX, [120]

rae Cj, ..., C4—npon3BofbHble NOCTOSHHbIE, KOTOPbLIE CleAyeT onpe-
0eNnTb B KaXAOM YacTHOM Cfyyae M3 YC/NOBUIA Ha KOHLAX CTepXHS.
Ha TOM KOHLUgE, KOTOpbIAi NpocTo onepTt, T. €. rA4e Nporné u usru-
6aloWunii MOMEHT paBHbl HY/O, UMEEM

|& (0 Exe "

B 3aKkpenneHHOM KOHUe, T. €. rge nporn6 v yron Hak/joHa KacaTefb-
HOW K YMpYroil NUHUKM paBHbI HYMO, VUMEEM

I e U

Ha cBO6OAHOM KOHUE u3rmbalwmii MOMEHT U nepepesbiBakolLas cuna
paBHbl HY/MK, W Mbl MOAYYUM:

L , 0o-«; P "

Ans [ByX KOHLOB KONMEOGMOLWEerocs CTepXHS Mbl Bcerga bygem UMeTb
YyeTbipe KOHLEBbIX YCMOBWSA, U3 KOTOPbIX MOXHO HaliTM OTHOLIEHUS
MeXJy Mpou3BOMbHbBIMWU MNOCTOSHHbLIMU 06Wero peweHnsa [120], a
cnefoBaTeslbHO W MOAY4YMTb YPaBHeEHWe YacTOThbl. Takum o6pasom
BUAbl COBCTBEHHOrO KofebaHWs M KX 4acToTbl OyAyT YCTaHOB/EHbI.
HanoxeHnem Apyr Ha Apyra BceX BO3MOXHbIX HOpPMajbHbIX Kofeba-
Huii [c] nonyunTca obuwee BbipaXeHWe CBOOGOAHbIX OOKOBbIX KoJje-
6aHunin

I1=00

Y— 2 (Ai cosp(t-\-Bi sinpftf)... [121]



224 KONMEBAHWA YMNPYINX TEN

MpumeHeHWe 3TOW 0OLLEA TEOPUM K YaCTHbIM CAy4yasm pPacCMOTPUM
fanee.

BbIHy>KjeHHOe KonebaHune. — Mpu  pacCMOTPEHUN  BbIHYXXAEHHbIX
GOKOBbIX KONMeGaHMil CTepXKHell oueHb MONe3HO NpuMeHeHue 0606LLEH-
HbIX KOOPAMHAT, M B AanbHeilwem BblpaXeHUs B CKO6Kax yp-usa [121]
npMMeM 3a TakuWe KoopguHaTbl. O603HauMB ux vepe3 gh nonyuum

/+=00

y= y q.xt. [122]
—1

UT06bl BbIBECTW Yp-ua JlarpaHxa, He0O6XO0AUMO HaWTK BblpaXKeHNS
NS MOTEHUMANbHON W KMHETUYECKOWA 3HEprui.

MoTeHUManbHas 3HEPrUs CUCTEMbl €CTb 3HEPrus U3rmba u MOXeT
6bITb BblpaXeHa TakK:

V=89 (@)*=T 1f (W 14

KunHeTuuyeckass aHeprus Koneb6/OLEerocs CTepXHs 6Gypaert:

T=2 h " dx="¢% r-jx?dx. [124)
6 0 &1—1 o
UneHbl, cogepxauive npousBefeHUs KOOPAMHAT, MCYe3alT U3 Bbl-
paxeHnin [123] w [124] B CcWIy OCHOBHOrO CBOWCTBA HOPManbHbIX
(yHKUMiA (cm. cTp. 128). OT0 MOXeT 6biTb TakXKe [OKa3aHO MpPsSMbIM
WHTErpupoBaHueM.
Mycte X T u XMN— Be HOpPMaNbHble (PYHKLWUW, COOTBETCTBYHOLLME
HOpPMaNibHbIM BMAam KonebaHus nopsagka T W M, UMEIOLWMUM YacTOTbl
pT2b n Pnl". MogctaBnss B yp-ve [118] monyuum:

dXm_pmy
dx' a- T
<M»-PIlY

dxK~ ar n

YMHOXasi NepBOe M3 3TUX Yp-Wii Ha X n, a BTOPOE HAa X T, BbluWTas
OfHO U3 APYroro W WHTErpmpys, MMeem:

0 0

OTKyAda, WUHTErpmpoBaHmem no 4acTtdam, nonquM'cne,qyrou.l,ee:

f X"xr

2.
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1y *Xn y *X4d dXna&xm dXm d-X 1

"\ mdxa ndxs  dx dx.  dx dx2 [125]

N3 ycnoBuii Ha KoHuax [d\, [e] u [/] MOXHO 3aKnO4YUTb, 4YTO BO
BCEX C/lyyasfx MpaBas 4acTb BbIWEHAMMCAHHOTO Yp-WA paBHaA HYH;

oTcofa npu T ¢ n
|

j Xn Xndx= 0

W YneHbl, CcofiepxxaliMe TMPOU3BEAEHNA KOOpAWUHAT, ucyesalwT W3

yp-usi [124]. Monb3yAcb NOAO6GHBLIM CNOCOGOM, MOXHO MOKa3aTb

TakXXe, 4YTO NPOU3BELEHWUA KOOPAMHAT ucyesalwT u u3 yp-ua [123].
Yp-ue [125] MOXHO MCNONb30BaTb TaKXe ANA BbIYUCNEHUSA UHTErpanoB TakuX, Kak:

0 0]

BXOAAWMNX B BblpaxkeHus [123] u [124] noTeHuwManbHOW W KWUHETUYECKON 3HEpPrum Ko-
Nebnowwerocs CTepXHS.

Jlerko BuAeTb, YTO NPAMOA MNOACTAHOBKOW T — T B 3TO yp-We Henb3a MOAy4nTb
HeobX0AMMbIX pe3ynbTaToB, TaK Kak 06€ CTOPOHbl Yp-Us CTAHOBATCA PaBHbIMU HY/IO.
MoaToMy Ans BblYMCNEHUA WHTerpanos [g] Heob6XxoAMMO NPUMEHUTL CchefyloLine Bbl-
knagku. MMogctasum BmecTo X,, B yp-ue [125] BecbMa 61u3Kyt0 K (yHKumu XT
(YHKUMIO, KOTOPYIO NoAyuum u3 yp-uii [118] u [119] npugaHuem sennunue K 6ecko-
HEYHO Manoro npupatjeHns Tak yto XN npubnuxaercs k XT, korga Ik npn6nu-
XaeTca K Hynw. Torga

Pn . x|t
a2 : {k + bk) k' + 4ksbk,

Pn—Pms __a~3bk
a2

X . -X .+ *£m».

MopctaBnss B yp-uve [125] n npeHebperas 6eCKOHEYHO ManbiMW BbICWIUX MOPALKOB,
nony4ymm:
i
d'’Xm dXmaexm ddXm<?2xm dXmd gx«|\l
\X 2dx — «
. Amdt der dk dxa dk dx der dx dk 0

B panbHeiilnem o0603Haumm uyepe3 X, X",... nocnefoBaTenbHble MNPOU3BOAHbLIE
X no kx, Torga

_tyt dXm_ vy,
dx — RA"” dk m'
Mpy 3Tux o0603HavyeHMsAx yp-ue [118] nonyvaeT Bup:

X=X,

Teopusi konebaHuy B BalleHEepBOb Kere. 15
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n yp-ue [ 6yAeT umeTb crnedylownit Bug o
1

dex) Xn*dx= j3XnV XT" + K*x XT* kX XT'X,,[ +
0] "o
+ VXT" (*T + kx Xn")- kXm' (2kXm" + kK*XXT1™) I

0
nnn

| |
4k r Xmrdx = 13XmXm" + kx XmfF- 2kx Xmi X" ~ X X' + kx (Xny 1. [k}
0] e Vv 0

W3 ycnoeuii Ha koHuax [rfl, [€] » [/] nerko BugeTb, uto uneHsl B yp-un [K],
cogepxauwine npoussefeHus XT XT™ u XT'XT", paBHbl Hyn0 npu n60M crocobe
3aKpenieHns KOHLOB; 0TClAa

* i
3 Xdx = + \X{XT*-2XT'XT"+ (XT"y}\ =
O o
= 4 {xms- 2XT'Xn"+ (XT'Y [126]

M3 aToro yp-us nerko HaiiTu mepBblii M3 MHTerpanos [g] Ans nio6oro poja 3a-
KpPenneHusi KOHUOB CTepXxHs. Ecnu npasblii kKoHey (X = L) cTepxHs cBo6ogeH, To

(Xn'% =i- o; 1= o,
U Mbl nony4yum w3 yp-ua [126]:
i
fx medx = -M(xm¥x_I. [127]
0]
Ecnn TOT e KOHel, 3aKpensieH, MONyyYuMm:
i
AX TbIX = MXT"YX-1. [128]
@)
[ng WwapHUPHOro KoHUA MONy4YnM:
i
§XThlx = --i(X T'XT")X_,. [129]
@)

Mpu BblUMCNEHUM BTOPOro W3 MHTerpanos [g] cnedyeT BOCMO/Mb30BATLCA Yp-UEM
[118]. MoMHOXas 3TO yp-ue Ha X W WHTErpupys no A/IMHE CTepXHS, NOAy4yuMm:

£JI_TM<_ |

WHTerpupys npaByl 4acTb 3TOr0 Yp-us MO 4acTam, NONyuYuM:
i i
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370T pesynbTaT BMecTe C yp-uem [126] gaeT Ham BTOpoil wHTerpan [g], n Tenepb
MOXHO MOMyunTh BblpaxkeHus [123] u [124] ans V K T. Yp-us [126] un [130] oueHb
nonesHbl AN WCCNef0BaHUA BbIHYXAEHHbIX KONe6aHWA CTEpXHEeA C WHbIMU  KOHLe-
BbIMU YCNOBUAMMW, YEM LUAPHUPHDbIE.

41. BnuaHue nepepesbiBalol el cuibl N MHEPLMMN BpalleHns. — B npefbigyliem
paccCMOTPEHUN W3MEpPEHUs MNOMEePeYHOro CeYeHUs CTEPXHSA CUUTaNUCh OYEHb MasbiMU
CPaBHUTENbHO C ANUHOW ero, W 6bin0 NpMMeHeHO npocToe yp-we [114] Ans ynpyroi
AHUKU. Tenepb Mbl JaguM NOMNpaBKW, NPWHAB BO BHWUMaHWe BAMSHWE W3MepeHwid no-
NepeyHoro CevyeHMs Ha 4acToTy. OTW NOMPaBKM MOTyT MMeTb 06O0/blIOe 3Ha4YeHWe npu
M3yyeHWW BUAOB KonebaHUA BbICLIMX 4acTOT, KOrja Kone6nowmnincs CTepXKeHb noj-
pasfeneH y3/0BbIMN MONEPEYHbIMU CEYEHUAMMU Ha CpaBHUTENbHO HebOMbLIME YacTu.

VHepuus BpalweHna').— Jlerko BuAeTb, YTO NpU KoNe6aHWU 31eMeHTbl CTEPXHs
Takue, kak mnmji® (cMm. dur. 115), BLINOAHAIOT He TOMLKO MOCTYNaTeNbHOEe ABUXEHUE,
HO Takxe BpawatoTca. [lepeMeHHbIi yron BpalieHWs, KOTOpPbI/i paBeH Yray HakioHa

KacaTefbHON ynpyroii nnHwWu, 6yfeT BbipaxaTbcs M COOTBETCTBylOllas YrioBas
CKOpOCTb U YI/70BOE YCKOpeHue 6ygyT

ay dy
dxdt un axdt2

Mo3TOMy MOMEHT CUA MHepuuu 3nemeHTa TMT X OKOMO OCK, MPOXOAsLLel Yepes
ero LEHTP TSKECTU U nepneHAuMKynspHoi K nnockoctu XY, 6ypet 2
*LNY— dX
g dxdt2

JTOT MOMEHT cneayeT MPUHATL BO BHUMAaHWE MPU PACCMOTPEHUU W3MEHEHUS
M3rnbarLLero MoMeHTa BAOMb OCM CTEPXHsA. Torga BMeCcTO MepBoro w3 yp-uit (cTp. 2>2)

Mbl OyfeM uMeTb
av -, H my
dx g dxdt2’ "

dm .
MoacTaBnas 3TO 3HayeHue B yp-Ue YyNpyroi nMHWUU, MONYUNUM:

dy _ d-M
El dx4 dx"

U, Nofb3yscb BbipaxeHuem [b] (cTp. 222), nmeem:

dy _ iA Oay If dvy
dx4 — g dt* ~ g dxxdt* 11

310 ecTb AuddepeHunanbHoe yp-ue A8 60KOBOro KosebaHWsa npusMaTuyecknx
CTEPXXHE, B KOTOPOM BTOPO YneH MpaBoOi YacTW NpeAcTaBAseT BAWUSHWE WHEpLUU
BpaLleHus.

BnnsHue nepepesblBatoLLeii cubl r).—Ewie 60/ee ToUHOE AU (HepeHLnansHoe yp-ue
nofyynTcs, ecAn MPUHATbL BO BHMMaHWe He TOMbKO WHEPLMI0 BpaleHWUs, HO TakXe
nporn6, Bbi3BaHHbI NepepesbiBaloLieid CUNOWA. Yron HaknoHa KacaTenbHOW K ynpyroi
NINHUN 3aBUCUT He TONbKO OT NOBOPOTa MOMepe4yHOro cCeyYeHUA CTEPXXHA, HO TakXe

* Cm. Lord Rayleigh ,Theorie of Sound*, naparpag 186.

S) MOMEHT cuMTaeTCcs MONOXKMTENbHBIM MO HaNpPaB/EeHNIO ABMXXEHMUS YaCOBOW CTPenku

a) Cm. ctatbto aBTopa B .Philosophical Magazine* (Ser. 6) Vol. 41, p. 744 n
Vol. 43, p. 125,



228 KONEBAHUA YNPYIMX TEN

0T nepepesbiBaHUs. MycTb << 0603HauaeT yron HakAOHA KacaTenbHOW K ynpyroi NuHwuu
KOTfa cuoil nepepesbiBaHNUs NPeHEBPEXEHO, U (3—YroN Nepepe3biBaHWs MO HelTpanbHOi
OCY B TOM >Xe MOMepeyHoM CedyeHWU, TOrda Mbl HaifeMm MOMHbIA Yron HaknoHa paBHbLIM

§-*+*m

N3 anemeHTapHoii Teopuu u3ruba Mbl MMeeM AN W3rMGaloLLero MOMeHTa M nepe-
pesblBalOWEei Cuibl Crefytoline yp-us:

M= -£/S- Q=WO=i"fé-*)A0. w

roe k' — uncnoBoit Koath(ULMEHT, 3aBUCALUIA OT (HOPMbl MOMEPEYHOro ceuveHus; A —
nnowadb nonepeyHoro ceyeHuns, G— mogynb ynpyroctu npu cpasure. [uddepeH-
umManbHoe yp-ue nosopoTa anemeHta TNTINL (dur. 115) 6ygert:

----- ,L],al\)fl dx + de: H dx.

g dt2

Bocnonb3oBaBwuchk yp-usmu [b], nonyunm:

OnddepeHymansHoe yp-ue NOCTYyNnaTeNbHOIo [BUXEHWS TOFO e 3feMeHTa B BepTu-
KasbHOM HamnpaBneHuu 6ygaeT:

ox g dt2
nnn

7=
g dt8 * \gx* dx))K' 0.

Wckntovas y n3 yp-uid [c] u [rf], nonyunm cnegywouiee 6onee nonHoe AutdepeH-
unanbHoe yp-ue AN GOKOBbIX KoNebaHWii NPMU3MaTUYeCKUX CTepXXHEN:

d*y 7A p°y  Ht Elt\ pg*y yl t p*y_
dx4 g d* \g gk'lj dx‘at- g gk'G dt4

MpuMeHeHWe 3TOr0 yp-us ANs OonpeAeneHUs 4acToT GyAeT MOKa3aHO B ClAedyioliem ne.

42. CBoboagHOe Ko/iebaHMe CTEPXHS C WAPHUPHBLIMU KOHLAMW.—
O6Lee pelleHne. — Mpy pacCMOTPEHMM YaCTHbIX ClyyaeB KonebaHus
Mofie3HO NpeacTaBuTb 0bwee peweHne [120] B crnegytowem Buge:

X — C, (cos kx -f- cosh kx) -f- C, (cos kx — cosh kx) -j-
-f- Ct (sin kx  sinh kx) -f- Ct (sin kx — sinh £1;). . . . [133]

B cnyyae WapHUPHbIX KOHLOB YC/MOBMS Ha KOHUax 6yayT
(1 (4 ...-C 2 (") = 0;

(3)pa«,=o; «)("1.,=0- !

M3 nepBbiX ABYX YCNOBUIA [a] MOXHO 3aKAHOUUTb, 4TO MOCTOSH
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Hole C, n C2 B peweHun [133] cnegyet B3ATb paBHbIMU Hyno. U3
ycnosuii (3) n (4) mbl nonyunm Gi= Cl un

siné/=0, [134]

KOoTOopoe fiBAseTcs YPaBHEHWEM 4acTOTbl 415 pacCMaTpUBaeMOoro ciy-
yas. MocnegoBaTenbHblE KOPHWM 3TOrO yp-us GyayT:

kI=Tt, 2, 3r,... . [135]

YacToTbl nocnefoBaTeNbHbIX BWUAOB KOMebaHUs nonydvarca w3
yp-ua [119]:

A= a,&)Lb:-sz; p.r= @étZ_; ps—%*g\--', ﬂ%i

M yacTtoTa /,, N060ro Bmga KonebaHWs HakgeTcs nU3 yp-us

0. SA201T7 _aB« Mo7]|
r—2mt 2/2~ 2/2] ) * 1

COOTBETCTBEHHbI/i Nepuopn KonebaHus Gymaet:

" fn y Efg

N3 atoro BMAHO, 4TO nepuof KosebaHus nponopunoHaneH KsBaj-
paTy [AAWHbI M 06paTHO MpoMopuMOHaneH paguycy WHepuuu none-
peyHoro ceyeHus. [ns reomMeTpuyeckm Nofo6HbIX CTEPXHEN nepuodbl
KonebaHnii BO3pacTaldT B TOW >Xe MPONOpLMW, YTO W JIMHENHble U3-
MepeHus.

B cnyvae BpawawlWmMXca KPyrfiblX BanoB MNOCTOAHOIO nonepey-
HOro CeyeHWA 4acTOTbl, ONpefefneHHble no yp-uwo [137], npeacTa-
BNAKOT KpUTUYeckue uymcna o6opoToB B cekyHay. Korga ckopocTb
BpalieHMs Bana npubnmxaeTcs K ofHOM u3 yacTtoT [137], cnepyet
0OXWUAaTb 3HaYMTeNbHbIX GOKOBbIX KonebaHuii Bana.

dopma ynpyroi AMHUM NS pasnMyHbIX BULOB KonebaHus onpe-
fenseTca HopManbHOM (yHKumein [133]. Bbino nokasaHo, 4TO B pac
cmaTpuBaemomM cnyvae Cl= C2= 0 u Cs= Clt oTkyga

X — D sin kx.

MoacTtaBnsas BMecTo K ero 3HaueHus u3 yp-us [135], nomyunm:
Xr= Disin % d2= Djsin 21 Xs— Ds sin 53 ;eee .

M3 3aToro BUAHO, 4TO ynpyras /AuHWA MpW KonebaHuu fBnAseTcs
CUHYCOMAON, MpMYeM 4YUCNO MNOMYBOSIH B NOCNeAO0BAaTENbHbIX BMAAX
KonebaHua pasHo 1, 2, 3,. . . HanoxeHuem TakuMX CUMHYCOMUAANbHbIX
Koneb6aHWh MOXHO npeacTaBuTb 060K BUL CBOGOAHLIX KonebaHuiA,
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BbI3BaHHbIX NOObLIMU HavanbHbIMK ycnoBuamun. Mogctasme [ff] B obwee
peweHue [121], monyymm:

—©
y = Y siny* (- cospit -f- Bi sin Pit). [138]
i=i
MpousBonbHbIE MOCTOsHHbIE [, Bt aToro peweHus cneayeT onpe-
JeNnATb B KaXKAOM YacTHOM C/lyyae Tak, 4ToGbl YAOBMETBOPANNCH
Haya/bHble YCNoBMS. [0ONycTWM, HanpuMmep, YTO Hauya/ibHble NPOru6bI
W HayasbHble CKOPOCTU BAONb CTEPXHS AaHbl YP-UAMK:
Cy)<=0—/ (X) n (y)t=0—fi00-

MopctasmB t— 0 B BbipaxeHue [138] M B NPOM3BOAHYHD 3TOrO
BblpaXKeHMa no t, nonyyum:

Lo

00,:.:/(*)2/:21n<8i|'|’\|_’ M
i—oo

(vy.=0=71i (X)= Y~piBisin- . [d]
>

Tenepb MOCTOAHHbIE [ W B,-MOXHO onpeAennTb 00bIYULIM MYyTEM,
ymHoxas [c] u [\ Ha s\n(i*x/C)dX n uHTerpmpys o06e CTOPOHbI 3TUX
yp-uii oT X— O o X — 1 Takum 06pa3om Mbl MONYYNUM:

i

Ai=jj f(x)sin~ dx, [€]
0
I
B‘= W‘dff'w sin +T dx’ [

JonycTum, Hanpumep, YTO B HauvasbHblii MOMEHT OCb CTEPXHS —
MPsIMOMIMHEliHA, W 4TO BbI3BAHHAs YAAapOM HauyanbHas CKOPOCTb V
npugaHa BecbMa Masioli yacTu § CTepXHs, Haxopaswelics B paccTos-
HUM C oT neBoil onopbl. Torga f(X) wu/j (X) paBHbI HynlO BO BCEX
Toukax 3a WCKIOYEHWEM TOYKM X = C, ans kotopoii fx(c)—v. Mog-
6aBUB 3TU 3HA4YeHWs B BbipaxeHus \e) u [/], nonyuum

Ai= 0; B i~vVv Ssin”.
IPi I

Moactasus B [138], umeem



CBOBOAHOE KOJNIEBAHWE CTEPXHA C WAPHUPHbIMW KOHLAMU 231

Ecnm c¢= (1/2), 1. e. ygap npou3BeAeH B CepefuHe MpPONeTa,
2vbh / .ag . . 1 . 3apg . , . 1 . bapg . , \
V= sin®f s Pit— —sm =y? sinpx + —sin3fsmpst—...' =
t P3 )le P Ps _{ P '
2vU (\ af 1 e 3ag . .1 . s5ap , \YJ
=~ 1T SinT Sm» -9 Sm” r Sin® + 25Sin- r Sinp”®

N3 3Toro BMAHO, 4TO B 3TOM Cnyyae OyAyT BO3HMKATb TOJ/bKO
BUAbl KOonebaHW, CUMMeTpPUYHble OTHOCMTENbHO CepefuHbl nponeTa,
W amMnauTyAbl NocnefoBaTesbHbIX BUAOB KonebaHwii, BXOAAWWX B

yp-ue [g], ymeHblwalOTCa B OTHOWeEHUM 1/r2
BanaHue nHepuun Bpaly, HUS 1 nepepesbiBatoLweit cubl. — YTo6bl HAATWN BENNYUHBI
yacToT 6nnee TO4YHO, cnegyeT BMecTo yp-us [116] B3aTb yp-ue [132]. Pasgenus

Ai
yp-ue [132] Ha ! N Nnonb3ysacb 0603HaYEHUEM

rl= /

y Loy i | E)-my -
ﬂ'xy4+ ﬂt% { + k’G} d)'g‘éts+ gk’G dt4 11

3T0 yp-ue, a TaKxe YCMOBMS Ha KOHUAx GyAyT yAoBIeTBOPATLCA Npu

nonyynm

y= €sm IJ_X— cospnt. K

Mogctaeus B [132], nonyuyum crepytoliee yp-ue ANs ONpefeneHns 4acToT:

T'~1 " , T.--T- .mVrs E

. .Y , ” M
az p P Pmm B Pm - @ "bgG [140]
PaccmatpuBas TO/MbKO MepBble ABa 4Y/leHa 3TOr0 yp-us, UMeeM:
T--2 ans .
Pr—a p -JTe 1y
rae X= — AJIMHA NOMYBOJIH, Ha KOTOPble Npu KofebaHny noppasfensiercs CTepXeHb.

3T0 coBNajaeT C MojsyyeHHbIM paHee pe3ynbtatoMm [136]. B3sB nepBble TpW ufeHa

Tr2/%2

yp-ua [140] n paccmatpusas KaK BeCcbMa Malylo BeNUYUHY, MONYYUM
aiig/.
PT — m*2 )m
|
TakuM cnocoboM Y4UTbIBAETCA BAUAHWE WHEPUUW BpaLLEeHWS, U Mbl BUAWM, 4TO 3Ta
nonpaBka CTaHOBUTCA BCe 60/ee CyL,EeCTBEHHOW C yMeHblleHuem X T. e. C yBenuye-
HMeM 4acToTbl KonebaHus. UToObl yuecTb BAUSAHWE MepepesbiBatoLleli cunbl cnefyeT
NPWHATbL BO BHMMaHWe Bce 4neHbl yp-usa [140]. MoacTaBnas nepsoe npubamxeHue [/]
BMECTO PT B MOCNEAHWIA YNeH 3TOro yp-us, MOXHO MoKasaTb, YTO 3TOT YNeH — Beu-

o lfir
YMHa BTOpOro nopAaKa M™ManoCTn CpaBHUTENIbHO C BeCbMa Masion BE/IMUNHON — 8- .

MpeHebperas aTUM YeHOM, MOAYUUM:

PT
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MpuHse £ = y 0 1 B3AB CTEPXXEHb MPAMOYrO/LHOr0 MOMEPEeYHOro CeueHus, Ans

KOTOoporo O, nveem:

AG
MonpaBka Ana ydveTa cABura B YeTbipé pasa 60nblie, YeM MOMpaBKa Ha UHepuuto Bpa-
LWeHns.
[onycTue, 4To A/MHaA BOMHbI X B AecATb pa3 60nblle, YeM BbiCOTa 6anku, NOAy4YUM:
1 1’ 1
T'~X*~=T ‘12 '160= 0004
1 nonpaBKa Ha WHepUMIO BpalleHWs W cABUT BMecTe OyAeT OKONO 2°/o-

43. ViHble BWAbl 3aKpensieHUst KoHUoB. — CTep>KeHb €O CBOGOJ-
HbIMW KOHLaMW.— B 3TOM cnydvae Mbl MMeeM Cliefylol e KOHLeBble
yCnoBus:

(cPX\ n ,nu (d?2X\
(2H d F L .=0; .n
_n, [al
MNMdx*}x== 0] {Nd x*)x=Il~°"'

UTtobbl yaoBneTBOopuUThL YCnoBusam (1) u (2), Mbl JOMKHBI NONOXUTb
B obwem peweHunn [133]

C2= C4= O
Tak 4To
X = C t(cos&K-f- cosh kx) -f C3(sin kx -j- sinhfoc). [b]
N3 ycnosuin (3) u (4) nonyunm:
C,(—cos&/+ coshfeO-bC3(— sin&J-f- sinhwW) = 0,
Ct (sin/r/-|- sinh£/) -f- C3(— cosA&/-f- cosh&/) = 0.

PeweHns gna noctosiHHbIX Ct M C3 OTAMYHbIE OT HYASA, MOXHO
MonyynTb TOMLKO B CAyyae, KOrga onpefenutens yp:uid [c] paBeH
Hynto. TakuMm 06pa3oM nonyvaeTcs cnegyrollee yp-ue 4acToThbl:

(— coskl-\- coshk tf— (sinh2/&Z— sin2&/)= 0
WKW, BCMOMHUB, 4TO
coshakl — sinh5kl = 1,

CoS2A&/-f- sin2/W = 1,
nMeeM
cos&/cosh/E/= 1. [142]

MepBble LWeECTb MOCNe[0BaTE/IbHbIX KOPHEN 3TOro yp-us [faHbl B
HUXecneaytoLeid Tabnuue:

ktl kyl K Kl K Kl
0 4,730 7,853 10,996 14,137 17,279
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Teneob MOXeM BbIYUCNUTbL YaCTOTbl, MOMb3YAChb yp-uem [119]:

: .5 _p:_ kMt . 53 kZa
71~ 7 J*~2n~ 2c”’ 2ir 2ic’

MoacTtaBnaa nocnefoBaTenbHble KOpPHWM yp-usa [142] B yp-ue [c],
MOXeM onpeaennTb oTHoweHus CjCz ana cooTBeTCTBYKOLW WX BULOB
KonebaHus ¥ nonyuyum Torga w3 yp-ua [b] dopmy ynpyroi nuHur
npu konebanun. Ha dur. 116 nokasaHbl
nepBble TPU BUAa COOGCTBEHHLIX Koneba-

HWiA. Ha 3Tm KonebaHWs MOXHO Hano-

XUTb MNepemMeLLeHne CTepXHA Kak TBep-

Joro Tena. JTO MepemMelleHne oTBeyaeT

yactote ktl= 0. Torga npaBas uacTb

yp-na [118] nonyuyaetcsa paBHON Hy”IO,

W, NpUHMUMAs BO BHMMaHue ycnosusa [a]

Ha KOHHbIX, nonyuynm X = a4- bx. CooT- (our- uo.
BETCTBYIOLLEE [ABWXEHUE MOXHO unCChe-

JoBaTb Takum Xe 06pa3om, Kak OblI0 NMOKa3aHO B Ccliyyae Npofo/b-
HbIX KonebaHuin (cm. ctp. 206).

CTep>KeHb C 3aKpenfeHHbIMU KOHUuaMu. — KoHLeBble YCNoBMSA B
aToM cnyyae 6ypyT:

(ypPo, ,, = 0; Q2)(x 1 _0=°;
(3)W i_= 0 (4>(§):_|:°'

MepBble fBa YC/MIOBUA YLOB/IETBOPAKOTCA, €CiM B 06LWEM pelleHun
[133] npumem

M3 aBYX ApYyryMX YCNOBWIA MOMy4valdTcs Chegyloline yp-us:

C2 (cos kl—cosh kI)-\-CI (sin kl— sinh&/) = 0,
(sin kI-\- sinh kt)-\-Ck (— cos kI -j- cosh kl) = 0,

OTKyfa MOXHO BbIBECTM TO )K€ Cam0e Yp-WUe 4acToTbl, KakK Bblle
(cM. yp-ue [142]). DTO 03Ha4aeT, 4YTO NocfiefoBaTe/lbHble 4acTOTbl KO-
nebaHna CTEPXHSA C 3aKpenjeHHbIMU KOHLaMu OyfAyT Te >e, 4YTo Ans
TOr0 e CTepXHA CO CBOGOAHBIMM KOHLUAMK *).

*) N3 yp-ua [118] MOXHO' 3aKNOUYUTb, UYTO B 3TOM CAyys» HET [BWKEHWUS, OTHe-
yerowero £,/= 0,
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CTep>KeHb C OAHWUM 3aKpenjeHHbIM, a ApYrum CBOBOAHBIM KOH-
LoM.— [lonycTmB, 4TO feBblli KOHey (* = 0) 3akpenneH, NOMY4YUM
cnefytouine KOHLeBble YC/OBUA:

(D)= = 0; 2) (9).,.,=0;

« T R

M3 nepBbIX ABYX YC/IOBWA Mbl 3aK/jlO4yaem, 4YTO B OOLWEM pPeLIeHUM
[133] C1= C3= 0. Ocratouimecs fBa YyCnoBWUS [alOT HaM clefdyioliee
yp-ue 4acToThl:

coskl coshkl= — 1.

MocnepoBaTenibHble KOPHW 3TOr0 Yp-UsA NPUBEAEHbI B CRefyoLLei
Tabnuue:

Kl Kl Kl Kl Kl Kl
1,875 4,694 7,855 10,996 14,137 17,279

N3 3TOro BUAHO, YTO, C YBE/MYEHMEM 4YacTOThl, 3TU KOPHU nNpubu-
XAKTCA K KOPHSAM, MOMAYYEHHbIM Bbllle [A/51 CTEPXHS CO CBOGOAHBIMM
KoHUuamu. YactoTa KoneGaHus nwo6oro Buaa GypaeT:

j"_ Pt _ ak?
' 2r
B3sB, Hanpumep, OCHOBHOI BUA KonebaHWs, MONYYUM:
a /1,875\2
hoox 1)

CooTBeTCTBYIOWMNIA Nepuos KonebaHusa 6ypet:

1_2 P _ 2 [[T?
Xl—/, * a 18752 3515|/ Elg"

OH oTnn4aetca MeHee 4yem Ha 1,5°/0 OT NPUOGANXEHHOTO peLleHuns,
MONYyYeHHOro Mpu nomMowm crnocoba Peinea (cm. cTp. 63).

CTep>KeHb C OfHUM 3aKpenjeHHbIM, a [APYrMM ONepTbiM KOH-
LOM.— B 3ToM cnydae yp-ue 4actoTbl 6yfeT:

tg kl= tgh kl.
MocnenoBaTenbHble KOPHU 3TOFO Yp-US TaKOBbI:
Kl Kl Kl Kl Kl
3,927 7,069 10,210 13,352 16,493

banka Ha HeckonbKux onopaxl).— PaccmoTpum cnyuaii Hepades-
Hoil 6ankKm ¢ N nponetamMmy, MPOCTO OMepPTOl Ha KoHuax u B (1—1)

1) Cm. E. R. Darnley, ,Phil. Mag.*, Vol. 41, 1921, p. 81. Cm. Takxe D. M
Smith, .Engineering*, Vol. 120, 1925, p. 808.
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NPOMEXYTOUYHbIX onopax. MycTb [2,% %/, ONVHBI NOCMEefOBaTENb-
HbIX MPOMETOB, MNPUYEM XXECTKOCTb Ha M3rnb 6ankum opumHakosa Ans
BCEX MponeToB. B3dB 3a Hayano KOOPAWHAT fEBbIA KOHEL KaX4oro
nposneta, wucnonblyem peweHue [120] (cTp. 223) AnA ycTaHOBMeHUA
BMAA YNPYyron AMHWM KaXAoro npojerta npu KonebaHuwm.

MpuHSAB BO BHMMaHWe, 4YTO MNpornb6 nesoro KoHua (= 0) paBeH
HY/0, NOAYYUM HOpPManbHYH (QYHKUMIO Ana nponeta r

X,= a, (cos kx —cosh kx) -f- ¢,sinkx  d, sinh&x, [e]
rae a,, ¢, u dr npousBonbHLIE MOCTOSHHbIE. TMocneaoBaTeNbHbIE MPO-
n3sogHble ot [e] byayT:

Xr = —ark (sin kx -f- sinh kx) -f- cji cos kx -f- dfi cosh kx,  [f]
X" = —arNe(cos kx -f- cosh kx) — crk? sin kx -f- drNesinh kx.  tel
Moactasnas X = 0 B yp-ua [/] v [¢], nonyunm:
(X;)  o- k{cr+ dn; (Xryx=0= ~ 2War
M3 aToro BuAHO, 4To cr-\-dr nponopuuMoHanbHO Yry HakKNoHa Ka-
caTeNlbHO K ynpyroi NuMHMKM, a a, MPOMNOPLMOHaNbHO UW3rubawLiemMy
MOMEHTY Ha onope I. M3 ycnoBuiAi MpocTO OMEPTbiX KOHLOB MOXHO

fanee 3aknw4UTb, 4to al= a,+i= 0.
PaccmatpmBas yCnoBMa MpaBOr0 KOHUa nponeta I, MMeem:

(*),-/,= 0; (Xr)x_Ir= (Xr+I1")x_0- (Xr)x. Ir= (Xr+1")x.,,

unu, nonw3ysice yp-uamu [e], [/1 n [,

a, (cos klr— cosh kl,) -f- ¢, sin klr -f drsinh klr= 0, [h]
—a, (sin KIr-f- sinh KIp) -j- ¢, cos klr-)-drcosh klr= ¢, +, -f-dr+,, [£]
a, (cos KlIr-\- cosh klr) -(- crsin kKlr— i r sinh kI, = 2arJrX. N

CknagbiBas u BblumTas [\ u [/], nonyuum:
a, cos klr-f- ¢, sin klr=a, cosh klr—drsinh klr— a, +,,
OTKyjAa, ecnn Tonbko sin Klr He paBeH Hynto,

r_ar+i arQoSKIr' , __ or+l~barcoshKklr .,
r sinkl, 4~ n Sinh&Z,. 1"

cr-\-dr= a, (ctgh klr— ctg klr) —a, +, (cosech klr— cosec kIr).  [n\
Monb3ysacb 0603HAYEHUAMMU:

7 ctgh klr— ctg klr=<fr, ‘
cosech kl, — cosec kI, = ty, , 0]
NoNyUnM:

c-v d,= oL, o, +inr-
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Takum xe o6pasom, ana nponeta r-f- 1:
cr+1“f'dr+1= ar+1 +1 ar+2dr+le \p\
Moactasnas [fra] u \p\ B yp-ue [K], nonyuum:
A vr i (OTU~tv ey b A s 2avei 0 1]

HanucaB nopo6Hoe yp-ue Ans KaXAOW NMPOMEXYTOYHOW OMopbl,
'e0flyumm cnegytowyo cuctemy (ra— 1) yp-uii:

a2(?i"f'?r) asda= 0>
ay"2 — in3(@2-f-on)-\~a"3 =: O
(1]
- 1®c-1 — «n (?20-1+ 23) = 0.

MocTynas 06bIYHbIM 06pa3oM M NMPUPaBHMBAA HYJO ONpefenunTens
3TUX YpaBHEHWIA, MOAYyYMM Yyp-ue 4acToTbl AN KonebaHMs Hepaspes-
HOW 6anku.

Bo3bmem Hanpumep, 6anky Ha .Tpex onopax; Torgja ocCTaHeTcs
TONbKO OAHO yp-ue u3 cuctembl [r], U ypasHeHWe 4yacTOThl bynet

Pi+ Ta= 0
nm

P= — R [s1

YacToTbl nocfefoBatefibHbIX BUAOB

Kone6aHus 6ygyT nosyvatbCs U3
ycnosus

®PEL) = — PE).

Ona peweHna 3TOro TpaHCLEH-
LEHTHOT0 yp-ua PYHKUUN PU—P
y8o6HO M306pasnTb rpaduyecku.
Ha dwur. 117 pn — <L gaHbl B PYHK-
umn aprymeHTa kl, BblpaxeHHOro
B rpagycax. 3afjaya Torga cBo-
OUTCA K HaXOXAeHWo nyTem npo6-
HbIX NOMbITOK AWHWMW, napannefb-
HOM ocum X, KOTOpas nepecekaet
KpuBbIe M —E@ B TOuykax, abce-
LMCCbl KOTOPbIX HAXOAATCA B OTHO-
WeHUN LNUH MPOJIeTos.
Rsitb, Hanpumep, /, :/2= 6:4,5, nonyymm [na HavMeHbLUero
KOpHS

kl, = 3.416.
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0TKyfda 4acToTa OCHOBHOrO BWfa KoneGaHus

, _&,*a__ 3,4162
"1~ 2" 2bi?

Ons cnepyrowei BbiclWwel 4acToTbl MOAYYUM
Kly = 4,787.

TpeTbs uacTtoTa nonyuutcs npubnausmtensHo npu klt= 6,690, Tak
4yTO nocfiefoBaTefibHble YaCTOThbl HAXOAATCA B OTHOLWeEHUN 1:1,96 :3,82.
Ecnn OnuHBI NPONETOB CTPEMATCA CTaTb PaBHbIMWU, TO, KakK BUAHO W3
¢ur. 117, HaMMeHbLINA KOpeHb cTpemuTcs K Kix= = n. B cnyuvae
OCHOBHOTO TUNa KonebaHWa Kaxgblii nposieT 6yaeT HaxXoAUTLCA B YyCN0-
BMAX CTEPXHSA C WapHMPHbIMKM KOoHUuamu. [Opyroii Tun konebaHuii no-
AyuMTCA NpU LONYLWEHWW, 4YTO KacaTesbHas B MPOMEXYTOUHOW onope
ropusoHTanbHa, TOrga KaxAblli nponet 6yaeT HaxoAWTbCA B YC/O-
BMAX CTEPXXHA C OLHMM 3aKpenjeHHbIM, a ¢ gpyrum cBobofHO onep-
TbIM KOHL,OM.
B cnydae Tpex nponetoB noayuum u3 [r]:

* —ar(p + ?r)+ asz3d2= 0,
NM% a3(?9 73 ~ 0,
N yp-ue 4actoTbl 6ypaert:

Vmes Tabnuubl yHKUMA Pu  -1), MOXKHO HaATM 4acTOTy OCHOB-
HOoro BmMaa m3 yp-ua [/] nytem npo6GHbLIX MNOMbITOK.

44. BblHYyXeHHOe KofiebaHne 6ankym C ONepTbiMM KOHLAMU.—
Obuwwe 3amevyaHusi. — B cnyuyae 6ankm c onepTbiMU KOHLAMKU 06uiee
BblpaXkeHne Ans konebaHua wusrnba paetca yp-vem [138]. Monb3ydach
0603HayeHnem qt gns 0606LWEHHbIX KOOPAWHAT, MOMYYUM W3 Bbille-
YKa3aHHOro yp-us:

[a]

BblpaxeHns pand noTeHUWanbHOM W KWHETUYECKOW 3HEprum Haii-
ayTcs Tenepb U3 yp-uii [123] v [124] nogctaHoBkoii sin(i-x/l) Bmecto X{:

*) Takue Tabnuubl dadbl B cTathe E. R. Darnley’n, ynomsHyToili Bbilwe Ha cip. 234.
Apyroii cnoco6 pelieHns — Npu nomouiM Homorpamm — faH B cTatbe D. M. Smith'd,
YNOMAHYTON Bbllle Tam >Xe, B KOTOPO MoOKa3aHO MpMMeHeHWe 3TON 3ajayn K Koneba-
HUAM TPY6 XONOAWNbHUKA.
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= |

Ecnu BO3MyujatoliMe cuibl  [eAcTBYOT Ha 6anky, To yp-ue Jla

rpaHxa [72] aona noboi KoopauHaTbl oypert:
Nyl ,,  £yw&d _

U @ Al M Q- Q
w o, MN%2 27 .
U H ~F~4i--"Qi, - M

rae ("-0603Ha4aeT0606LLEHHYIO CUY, COOTBETCTBYIOLLYIO KOOpAWHaTE 4,
M a2 faetcs BbipaeHnem [117]. O6uiee peweHune yp-usa [b] 6yaet

Q—cos p -F5’,’-sm|"rp'at h r'aﬁ,glﬂaj Qsiniv'a%_l')"’i- W

MepBble ABa 4YfleHa 3TOr0 pelleHWs NpeacTaBAsAlOT CBOO6OAHOe Kone-
6aHve, onpegenseMoe HauvaabHbIMKW YCAOBUSMMW, TOrg4a Kak TpeTui
ufeH npeacTaBnseT KonebaHue, BbiI3BAHHOE BO3MYLLAKLIUMU CUAMM
Mynbcupyrowasa cuna. — Ana npumepa pacMOTpMM Tenepb clyyai
nynscupytoweidi cunbl P = P 0sinntl, npunoXxeHHoli Ha pacCTOSHUMK C
oT nesoi onopbl (cm. ¢ur. 118). UTo6bl nonyuntb 0606 EHHYIO
cuny Qh ponycTtuM, 4YTO NpPUAAHO He-
—c. 6onblwoe npupaweHne bgt koopguHate
..... - CooTBeTCTBYWOLWMA Npornb 6Ganku u3
yp-ua [a] 6ygerT:

our. 118. Xy, - bA.cin?
M paboTa BHELWHen cuabl P Ha 3TOM MepeMeLLeHMn paBHa
P 8Ifsm2y.
Torpa
. Lk L MC o
6,.=I95|n-y= r-b,/,sm -J-smni!,. fa’].l

MoacTasnss B yp-uve [c] u paccmaTpvBas TONMbLKO Ty 4yacTb Kone-
6aHuii, KOoTopas Bbi3BaHa MNy/bCUPYHOLWEN CUMOKA, NONYUNM:

2gnm . i-c( 13 C
T,: AJ edn T W -AY smn--
nr . iVat\

mSm—s - . [€]
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MoacTtaBnsis B yp-ue [a], umeem:
TCc . NMX

--COsm -7 S in

vV_ w V % 1 Jnnt-
y —~Avy _Z1 i'rdJa? — n4yK
1=

I= °° Sin ITCSf‘ﬂ i~X— »
VgnkJ5'yY T awiat ,
Afa Z n2/4) p [ 1

OTctoga BUAHO, 4YTO MepBbIi psAL 3TOr0 peleHUs NponopuuoHa-
neH sintit. OH WMeeT TOT Xe nepuojd, 4YTO BO3MyLLalLlas CWNa, 1
npegcTaBnseT BbIHY>K[AeHHble KonebaHua 6Ganku. BTopoi pag npea-
cTaBnseT CBOOGOAHblE KonebaHus 6anku, BO3HUKaOLMe MPU NPUIOXKe-
HUA Cuabl. 3TU nocnegHue KonebaHus U3-3a pas/IMYHOro pofa co-
NPOTUBNEHWI 6YAYT MOCTENEHHO 3aTyxaTb, W TONbKO BbIHYXAEHHHP
KonebaHus, npeacTaB/ieHHbIE Yp-UEM:

blc . blx

2£P0/3‘v ° sinT sin _r . s rj1\
y=-ar?2. .v,--,»-" 11 ia

i=1

MMET MpPaKTUYecKoe 3HauveHMue.
Ecnn nynbcupylowas cuna P M3MeHSETCA OYeHb MeANIEHHO, TO
M—O04YeHb Manas BefWYMHa, U BenuuuHoli n-l11 B 3HameHaTene psaga

[/] moxHO npeHebpeub; Torga

20PP v 1 . i~c m ITX
N=4 ﬂp%_li‘SLLIT 8l" —

Unu, Nonb3ysacb BblpaxeHnem [117], nonyuum

1=00

2PP VI 1 . iTC . blx ,,
),= B ?(gl? T OIT - n

3TO BbIpaXeHue npefcTaBnseT cTaTM4yecknini npormb 6anku, Bbl-
3BaHHbI rpysom P'). B uacTHOM cnydae, korga cuna P npunoxeHa

|
no cepefuHe, 7. e. ¢~ 2 > Mbl O/YWM

2PP f . uex 1 .¢3bX . 1 . 5irx \
y=Ei7\smT -y sm-r + d-'sm-|- - )= 14

PFI,CI,—6bICTpO CXO,qFILLI,I/IVICFI, M MOXEeM NonyynTb yAOBNETBOPUTE/TbHOE

) Cm. .Applied Elasticity*, p. 131,
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npubnvxeHne Ans Nporu6os, B3SB TOMbKO MepBbli YneH. IOTWM cno-
co6oM Mbl Hailifem ana npormba Mo cepeguHe
_ 2PP _ PP
~ENe ~ 48,7ET
Owwnbka atoro npubnmxeHma okono IVjVo
O603Hayass 4epe3 a OTHOLWEHWE 4acTOTbl BO3MYLlAKOWeER Ccunbl <
yacToTe OCHOBHOFO Tuna CBOOOAHOro0 KonebaHus, MOAY4YMM

nl2

n pag [/], npepctaBnAwwWmMiA BbIHY)XAEHHbIE KOnebaHusa, 6ypet:
—00 ITC . ibX
2P0OsmntI3yX Sm | Sm |
Ehra & i*—a2

Ecnv nynbcupylowas cuna npuioXeHa No cepefuHe, TO

" OKX , 3nXx , 5Tex
2P, sinntP{ SmT T T I
Eht4 VI—a2 34— a2

Mpu Manbix 3HaYeHUAX a MepBbli YneH 3TOro psafga faet nporué c
Xopolein TouHocTbio, U, cpaBHuBas [K] ¢ [h], moxem 3akntounTh, UTO
OTHOLWIEHNE AMHAMMUYECKOro nporuéa K cTaTM4yeckoMmy nporuéy npu-
6113NTENbHO PaBHO

v, = 1= M

Ecnun, Hanpumep, 4acToTa BO3MyLlaloWwei cunbl B 4YeTblpe pasa
MEeHblle YacTOTbl OCHOBHOrO BUAa KonebaHWsd, TO [UHAMUYECKUIA
nporn6 6yger 60/blle CTAaTUYECKOro NPUMEPHO Ha 6%.

Bcnepcteue TOro, 4to 3afayn konebanus 6anokK npefcTaBNAOTCS
NIMHERHBIMU UG HEPEHLUANBHBIMU YP-UAMU, K HAM MPUMEHUM MPUHLMN
HaOXKEHNSA-, N €CM MMEEeTCA HEeCKONbKO MyNbCUPYHOLWNX' cua, gei-
CTBYHOLWMX Ha 6anky, TO pe3ynbTaTUBHOE KojeGaHWe MOXHO Mony-
UNTb HaNOXEHWeM [ApYyr Ha Apyra KonebaHuil, BbI3BaHHbIX OTAENb-
HbIMU cunamu. Crydail HEMpPepbIBHO pacrnpefeneHHONn MNyNnbCUpytoLel
Harpyskum TakXe MOXeT ObiTb paspelleH 3TUM e Cnocobom, TONbKO
CYMMWpOBaHWE CnefyeT 3aMeHUTb WHTErpuMpoBaHWEM MO A/NHe Ganku.
JonycTtum, Hanpumep, yto 6anka 3arpyXeHa paBHOMEpPHO pacnpege-
NEHHOWN Harpys3kKoil WHTEHCUBHOCTYU

g= qOsinnt.

Takue ycnoBus Harpysku CyLLeCTBYIOT Hanpumep B CrMapHMKax napo-
BO3a MOA [eiicTBMEM GOKOBbIX CWU  MHepuun. YTo6bl OMNpeaennThb
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Kone6aHusa, cneayeT Bmecto P, B yp-ue [/] noactaBuTb ,,dc u 3a-
TeM 3TO Yyp-Me MPOUHTErpuMpoBatb NO C B rpaHuuax c= 0 m c~1.
Takum 06pasom Moay4uM:

. T
Wl-«> sm—'f-(
?2=-% - . w

1=1

Ecnm uacToTa Harpysku BecbMa Mana CPaBHUTENbHO C YacTOTOW
OCHOBHOFO BMAa KONMeGaHWsA CTEPXHS, 4YfeHOM [r24 B 3HaMeHaTensx
psga [T] MoxHO npeHe6peyb, M Mbl MONYUUM:

7 . bX e Y=} - 5 anm,
=sS=rmn—— simn—y—
AW SimT .
3 1
35 1 M

e b\ [=] 1 55 1

3TOT O0YeHb ObLICTPO CXOAAWMIACA psAJ NpPeAcTaBasieT CTaTUYECKMWiA-
nporn6 6anku, BbI3BaHHbLIA PABHOMEPHO pacnpejeneHHOli Harpyskoi (.
*

I
B3sB * = 2’ Mbl nonyuyuMm nporué no cepefuHe

' o)o n

Ecnn B3ATb TONbLKO MepBblii 4YneH 3TOro psga, To owwnbka B npo-
rmée no cepefuHe 6yaer okono VAYO- Ecnn uyacToTa nynbCUpyloLL el
Harpyskum HefoCTaTO4HO Mana, 4YTobbl cAenatb BO3MOXHbLIM MPUMEHE-
HWEe CTaTUYeCKOro yp-us, MOXHO MNPUMEHUTb TOT Xe€ Ccnocob, KOTo-
pblii 6bIN1 MOKasaH B Cay4vae OAMHOYHOW CWAbl, U Mbl MPUAEM K TOMY
Xe 3aK/I0YeHUI0, KOTOpoe MpeAcTaBNeHO BbipaxeHuem [/].

[suxkyuiaaca nocToAHHaa cuna.— Ecnum noctofHHas BEPTUKasb-
Haf cuna P gBuxetca no AnavHe 6anku, TO OHa Bbi3biBaeT Koneba-
HWUA, KOTOpPble MOXHO onpefenuTb 6e3 BCAKUX 3aTpyAHeHuWi npu no-
Moy obuwero yp-ua [c]. MycTb v 0603Ha4YaeT NOCTOSAHHYIO CKOPOCTb
OBVKYLLEACA CWAbl U NYCTb CWMa HaxoguTcA Hajh NeBOil omopoli B
HayanbHbIA’® MOMEHT " = 0; Torga B 60K Apyroii MoOMeHT t= tt
paccTofHMe 3TOW cunbl OT 3TOM neBoi onopbl 6ygeT Vvit. YTo6bl
onpegenuTe 0606LeHHYIO cuny Q, ANA aToro cnyyas, JOMYCTUM, 4TO
KoopAuHaTa (t B obuiem BbipaXeHun [a] ynpyroi nuHUM nony4vmna
6eckoHeYHO Manoe npupaweHue bqgt. Pa6oTta cunbl P Ha aTtom nepe-
MeLleHUn 6yaet

/3(8y)*-. vti= PSAjSin
OTctofa 0606w EHHaA cuna
. i~v5x
Qt= Psin —y

Teopus kKonebaHuit B WHXEHEPHOM fene. 16
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MoactaBnss 3ToO B TpeTuid uneH yp-ua [c], Haillgem cnepyouiee
BblpakeHne Ans KonebaHWii, BbI3BaHHbIX ABUXYLLMMCA TPy3oMm '):

. blx
_ Bgpp 00 Sin~ . nvt

Y~ A-(k- |2—j1? —VH2 Sin~1
. blx
2gPPv'y Sin | . pn'cit M ,pi
Ny*3a Z? (iVa’-sV )sm P 11461

MepBblil pAag 3TOr0 pelweHMs MNpeacTaBiseT BbIHY)XAEHHble Koseba-
HVA, a BTopoW psag— CBo6oAHbIE KONlebaHMUA 6Gankuw.
Ecnnm cKOpoCTb V [ABUXYLLEACS CWUMbl OYeHb Mana, Mbl MOXEM
NpUHATL B Npefblayuwiem peweHun v= 0 n vt= c\ Torga
= ] ]
2gPP v'1 ¢ i~Cc ®mi~X
2 ?2s,nT smT-'
=1
370 — cTaTMYeCKUin nporu6 6anku, Bbi3BaHHbIM rpy3oM P, npuaoxex-
HbIM Ha paccTosHUM C OT fneBol onopbl (cMm. yp-ue [/]).
Monb3ysicb 0603HaYeHMEM

VH?2
° M

MOXEM MNpeacTaBuUTb BbIHYX/AEHHble KonebaHWa 06LWero pelleHus
[146] B cnegytolwem Buge

»= 00Sin IDl)—(si'n nvt
I VA | |

Y-~ ElT> Zi, — a2 -
l_

WNHTepecHO OTMeTWUTb, YTO 3TOT MPOrvM6 BMOJHe COBMajaeT CO CTaTu-
YeCKMM MNporno6om 6ankm?), Ha KOTOPYH KpOMe MOmepeyHon cunbl P,

*) 3Ta 3ajaya MMeeT NPaKTUYeCKUiA WHTepec B CBA3M C WU3yyeHMeM KonebaHus
mocToB. [lepBoe pelweHne 3Toii 3agaun gaHo A. H. KpbinoBbiM, uneHom Akagemun
Hayk, cM. MaTtematnyeckuit c6opHuk, Tom 61, 1905 r., C.-MeTepbypr. CM. Takxe
cratbto aBtopa B ,M3Bectmax Kwuesckoro TllonutexHuyeckoro WHctutyTa", 1908 .
(HemeLknii nepesog B ,Zeitschr. f. Math. u. Phys.\ Bd 59, 1911). Mpo¢. C. E. Inglis
B ,Proc. of the Inst, of Civil Engineers”, Vol. 218, London, 1924, npuwen K Tem >Xe
pesynbTaTam.

r) Cm. Applied Elasticity, cTp. 163. 0fb3yACb W3BECTHbIM BbIpaXeHWeM [1s CTa-
TUYECKOW YyNpyrow NWHUW, MOXHO MONYUYUTb KOHEeYHyio (opMy (YHKLUWM, OT KOTOpOii
pag [r] 6epeT cBoe Havano.
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MPWIOXEHHON Ha pacCcToOfAHMM C= Vit OT neBOW omopbl, [AeilcTByeT
MpofONbHaA CXMMaruwas cuna S, Takas, 4To

5 _ sl* _ 2 ri
SKp Eher *=* 3]
3pecb SKp 0603HavaeT M3BECTHYH KPUTUYECKYID COKMMAIOLWY cuny,
NMpu KOTOPOW npsAMoNuHeiiHaa (opma 6Gpyca co cBO6GOAHO MOBOpayu-
BaloWuMMucs KOHLAaMu nepectaet 6biTb YCTONYMBOIA.
N3 BbipaxeHuin [s] u [q] nonyumm:
SI* V*P
EM ~ a2?2

°T g H

BnvnaHue 3TOR cunbl Ha cTaTMyeckuid npornb 6anku, 3arpyXXeHHoi
rpysom P, paBHOCWMAbHO AWHAMWYECKOMY [AeACTBUIO [BUXYLLEACS
cunbl PHa nporu6, npeactaBnsiemMblii BbipaXeHWeM [ BbIHYXAEHHbIX
KonebaHuii.

YBennyeHnemM CKOPOCTM V MOXHO [OCTUTHYTb MOMOXEHUA, Mpw
KOTOpPOM OfWH W3 3HameHaTenein psaga [146] CTaHOBMTCA paBHbIM
HYMo, U UMEeT MeCTO pe3oHaHcC. [onycTum, Hanpumep, 4TO

ah@2—viii. [v]

dov /.
nnn

B aTtom cnyyae nepuof OCHOBHOro KonebaHus 6anku, paBHblii 2P/ak,

CTaHOBMTCA paBHbIM 2l/v, npuyem OH BABOE 60/blUe, YEM Bpems,

HeobxoAuMoe AN Toro, 4tobel cuna P npowna no 6anke. 3HaMeHa-

TeNn NepBbiX YNeHOB 060uX pAgoB yp-us [146] cTaHOBATCS NpW BbINOJ-

HeHun ycnoBus [M] paBHbIMM HYMO, a CymMMa 3TUX [BYX Y/EHOB
icvt 'lv , -tat

zgﬁfssm Tx M T 53 "R
Avr2 | u2a2— z/212
OyaeT MMeTb BWfA HeonpegeneHHocTu 0/0 M MOXeT 6bITb N"eoopaso

BaHa OObIYHbIM nyTemMm Tak:

Pp wt . bx , Pgl . scvt . ux
- A~ " ¢cosT smT + TAfc*sl,, T s,,'T - M
JT0 BblpaXeHWe MMeeT MakKCMMyM, Korga t= ~, W paBHO Torga
Pgl (. 4t icvt TOW . Tx  PUT  TX r,

inni(” ~r— recos-rj,,snT =W snTe w
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MpuHAB BO BHUMaHWe, 4YTO BblpaxeHue [V] gaeT yaoBneTBOpuU-
TenbHOe NpUGAMKEHWE ANA AUHAMWYECKOTro Mporumba, BbIPaXeHHOro
yp-vem [146], MOXeM 3aKNKUYUTb, YTO MaKCMMabHbI AUHAMUYECKMI
nporn6é npu CcocToSHUM pe3oHaHca [U] npubnusanTensHo Ha 50°/0
6onble, 4Yem HanmbONbLWINIA cTaTUvecknini nporub, KOTOPbI paseH

PP
48ET

NHTepecHO OTMETUTb, YTO AMHAMUYECKUI Npornb JocTuraet Makcu-
Myma, Korga cuna P cxoauT ¢ 6anku. B 3TOT MOMeHT nporu6 nog
cunoii P paBeH Hynwo; oTcloga paboTa 3Tol cuibl BO Bpems MNpo-

X0XAeHnsa 6anky Takxe paBHa Hynw. YTobbl

HaliTu UCTOYHWMK 3HEPruu, Hakonnswliencs B

Konebnwouieiica 6anke Npu MNPOXOXKAEHUU MO

Hell cunbl P, Mbl AO/MKHbI  [ONYCTUTb, 4TO

TpeHua HeT, M 6Ganka paet peakuuw R B Ha-

®our. 119. npasneHnun Hopmanu (dur. 119). B atom cny-

Yyae U3 YCNOBMA paBHOBECUA CcliefyeT, 4To

[0/KHa CyLLecTBOBaTb rOpu3oHTanbHas cuna paBHas P (dy/dx). Pa
60Ta 3TOl cunbl 3a Bpemsa npoxoga rpysa P no 6anke 6yget

t Iv

— P (=t

MopcTaBnsas BMECTO Y BblpaxeHue [w], noay4um:

v
M P-g C( . *vt Kuvt w t\ Kvt ,, P*gl  It*
r j \'sm— — 1 cosT ) cos— vdt= Tsfc «-4

N, NPUHAB BO BHWMAaHWe ycnosue [U] v BbipaxeHune [117],
P'P
W 4 EM

3TO KOMMYecTBO paboTbl OYEHb 6AM3KO *) K KOMMYECTBY MOTEH-
UMancHoW 3aHepruyu mnsrnba 6Gankum B MOMeHT t=1/v.

B cnyyae mocToB, BpemMs MoTpe6HOe [Ans TOro, 4YTobbl MpoOATU
MOCT, O6bIYHO BENWKO CpPaBHWUTENIbHO C MEPMOLOM OCHOBHOFO Tuna

‘) MoTeHuManbHas 3Heprus 6anku, usruGaemoit cunoit P, npunoxeHHoii MO cpe-
7
e, V= -QQ ~, #u 2,43. JTO OTHOLWIEeHWe O04YeHb O6NMM3KO K KBagpaty OTHO-
WeHNs HaubOoNbLINX NPOrMboB ANA AUHAMWYECKOrO W CTaTWYeCKOro COCTOSHWIA, KOT.3-
/48 \8
poe paBHO (-*» | =2,38. PacxoxgeHue cnefyeT MpUNMCcaTb BbICLUIMM FapMOHWUYECKUM

BO/IHaM yMpyroil nMHUK.
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Kone6aHusi, U BeAUYMHA a2 faHHaa BbipaxeHuem [q], mana. Torpga
e3fB TO/IbKO MNEPBbIA YNeH B KaxAom psgy yp-ua [146] w gonycTus,
yTo B Hambonee He6MaroNnpuUATHOM Ciyyae aMMAUTYAbl BbIHYXAEHHbIX
1 cBOBGOAHbLIX KOMebaHWii cknagbiBalwTCA APYr C APYrOM, Mbl Mosy-
4yuM Hamb60onbLWIKNI NPOrn6

PP f 1, vl 1\
Xrc2 \Aza2— VAP pnaar—rad — - °
_2PP 1+ %_ 2PP 1

) [147]
~~£/irYy— a2~ ENe 1— a°“

3T0 — HECKOMbKO MNpeyBe/IMYeHHOe 3HayeHuMe Hanmbo/bluero AuHamu-
yeckoro npormba, Tak KakK B BbllIeNpWBeLEHHOM pAaCCYXAEHUN Mbl
COBEPLUEHHO MpeHebpernn 3aTyxaHueM.

Monb3yacb MPUHLUMOM HaNOXeHUs, MOXeM Takxe 6e3 Tpyga no-
Ayyun*. peweHue 3ajaynm [ANA  CAy4vas CUCTEMbl COCPeAOTOYEHHbIX
OBVKYLMXCA CUN U ANA Cayyas ABUXKYLWMXCA pacnpefefieHHbiX cun J).

[dsuxkyuiasaca nynbcupyroliana cuna 2. — PaccMoTpuM Ternepb Chy-
yail, Korga nynabcupylolwas cuna ABUXeTCS BAONAb 6ankyM € NOCTOSAH-
HON CKOPOCTbIO V. Takoe MOnoXeHue
MOXeT O6bITb, Hanpumep, korga no f

MOCTY MPOXOAWT He BMOJIHE YypaBHO- } M L

BelleHHbIn napoBo3 (¢ur. 120). Beptu- Vj ;
KanbHas cocTaBfsolwas UeHTpobex- 1 e
Ho/i cunbl P, BbI3BaHHas HeypaBHO- U= 120.

BELeHHOCTbI0, 6yaeT 3 Pcos U, rge

LL— yrnoBas CKOPOCTb Beaylwero koneca. [lonb3ysicb Tem e npue-
MOM pacCyXfeHus, Kak paHblue, MNOAYYMM Clefylollee BblpaxeHue
4ns 0606LWeHHON cunbl, oTBevaroLweli 0606WeHHON KoopauHate Qt:

Qi= Pcos <fsin

MoscTaBMB 3TO B TPeTUil uneH o6lero peweHus [c], nonyyum :

I'sinlmv + v 'smIP—\j—
u

— Cprehe— P+ ) pracr P—u
Sm~p~ sm~p~~ [148]
a2+ (i2—p)2~ —Paz2+ (P-fp)2 T1

J) CM. BbIeyNnOMSAHYTY CTaTblo aBTopa.

1) Cm. ctatbto aBTOpa B ,Phil. Mag., Vol. 43, 1922, p. 1018.

*) [onylweHo, 4TO B HayanbHbli MOMeHT = 0 UeHTpobGexHas cuna AeincTByeT
H HanpasfeHUN BHUS3.
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roe a= vl/lcnz— oTHoweHne nepuoga X= 2P/-ka ocCHOBHOro Tuna Ko-
nebaHna 6anku K ABOWHOMY NPOMEXYTKY BpemeHu T, = l/v, notpe6-
HOMY Ana Toro, 4Ytobel cuna P npowna 6anky; @= T/T2— OTHOLWe-
HWe nepuoja OCHOBHOrO Tuna KonebaHusa 6anku K nepuopy xa= 2mip
NynbCUpytoLWweid Cusbl.

Korga nepuog T2 nynbCcupytlowleil cunbl paBeH Mepuogy T OCHOB-
Horo Tuna konebaHus 6anku, T0 P =1, 1 Mbl MONy4YMM COCTOSHME
pe3oHaHca. AMMNAMTYAa KonebaHua npu ABMXXKEHUM NYNbCUPYIOLLE
cunbl ByfeT MNOCTENeHHO HapacTaTb W JOCTUTHeT CBOero Makcumyma
B MOMeHT t=1/v, korga nepsblii uneH (npu i= 1) B pafy B Npasoii
yactu yp-us [148], aABnsaowmninca Hanbonee CyLleCTBEHHON 4acTbio Be-
NNYMHBL Y, MOXeT 6biTb MpuUBeAeH K BMAY

EIEE sin 1llra(sin <,

mll—\

M Hanbonbwuii npornb Bbipaxaetcs (Gopmynoi

x __ 12P/3_21, 2PP ...
a Ebl K X ' E[*»* N 1

Bcnegctene TOro, 4To B [AeWCTBUTENbHbLIX CAy4vasxX NPOMEXYTOK
BpemeHu T, = |/v Bennk no cpaBHeHWO C MepuojoM T COBCTBEHHOTO
Kone6aHua, HaMOONbLWINIA AUHAMWYECKMWIA NPOrnM6G, Bbi3bIBAEMbIA My/ib-
cupylouieit cunoin P, 6ygeT B HECKOMbKO pa3 6o/blie, 4eM nporuné
2PP/Eh1, koTOpblii BO3HUK Obl OT TOW >Xe€ CWUAbI, NMPUIOXEHHONR CTa-
TUYECKN K cepefuHe 6anku. HekoTopble npumeHeHus yp-ua [149] k
OnpefeneHnto yaapHOro AeicTBMA Ha MNpPOneTHble CTPOEHUS MOCTOB
O6ynyT faHbl B cnefytouiem ne.

45, KonebaHnsi mocToB. — MN3BECTHO, YTO ABVMXYLLUIACA Tpy3 E
3bIBA€T B MOCTY WM B MPOJIETHOM CTpPOeHun 6onblwiunii nporué m 60nb-
WMe HanpsXKeHWs, 4Yem Ta XKe Harpyska, AeicTBylOWas CTaTuyecku.
Takoe ,yflapHoe AeiCTBUE" MOABWKHOW HAarpyskuM Ha MOCTbl UMeeT
60nblWIOE MNPaKTUYECKOe 3HauyeHWe, W MHOTMEe WHXEeHepbl paboTanu
Hag paspelleHMeM 3ToW 3agaunm *). M3 pasanyHbIX MPUYMH, Bbl3bl-
BalOWMX YyAapHOe [eiCTBME HA MOCTbl, PACCMOTPUM ClefytoLLme:
1) guHammnyeckoe [eicTBMe nepemMelyarolleiics 6e3 TONYKOB Harpysku,
2) yhapHoe [felicTBMe MPOTMBOBECOB 'BEAYLLMX KOMeC Naposo3a u
3) yhapHoe felicTBMe M3-3a HEPOBHOCTEM MyTW UM U3HOCa GaHfaxei.

*) McTopus 3TOro npeAmeTa 06CTOATENbHO M3M0XeHa B W3BeCTHoiW kHure Knebuun
Theorie der Elastizitat fester Korper, B nepesoge Ha dpaHuy3sckuit CeH-BeHaH
(Mapwx, 1883), cM. npumevaHme K naprnady 61, ctp. 597.
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[JeiicTeue kKaTsauweincs 6e3 TONYKOB MOABMMKHON Harpysku. —
Mpyn paccmoTpeHuM 3TOM 3afaym Mbl pa3bepem fABa KpaHWX ciydvasn:
1) Korga macca [BVWXKYLLeroca rpysa BejnMKa CpaBHUTENbHO C MacCol
NPOMeTHOr0 CTPOEHWMA MOCTa; 2) KOrga Macca ABWXKYLLerocs rpysa
Mana CpaBHUTENbHO C Maccoli MocTa. r n

B nepsom cnyvae maccoin 6anku
MOXHO npeHebpeyb. Torga nporué
6anku nog rpysoMm npu n60M no-

NOXeHun 3Toro rpysa Oygetr npo-

nopuuoHaneH pAasneHuto R, kotopoe our. 121,
KaTawwuincs rpys P okasbiBaeT Ha

6anky (cwur. 121), 1 ero MOXHO OMpejeNnTb U3 WN3BECTHOr0 Yp-us
CTaTMYeCcKoro nporuba

_R¢-(1—x)
3IEI N
Uto6bi nonyuntb faBneHue R, cnefyeT K kKaTawemycs rpysy P po-

6aBuTb cunbl uHepuun — (P/g) (d-y/dtd. [onycTtue, 4TO rpy3 [fBu-
XeTc BAOMb 6Ganku C MOCTOSHHOW CKOPOCTbIO V, Mbl MOAYYUM:

dy ,d?y
dt Vdx * dt-: dx2’
N faBneHne Ha 6anky 6ypeT:
_ r/2d\y
R=p (1- g dx2 w
T\ .
|_|0I,£l,CTaBI'IFIFI B yp-ue [a], nonyunm:
j _vnAdry x?(I— x)- [1501

y=P g - 3IEI

3710 yp-ue onpegenseT TPaeKTOPUIO TOUKM KacaHWA KaTsleroca rpysa
c 6ankoii]). MpubnmxeHHoe peweHune yp-na[l50]nonyyum, AonycTums,
YTO TPaeKTOpPWUA Ta Xe, YTO MNpW CKOpocTu paBHOW Hynw (v = 0), u
noacTaBus
Px2(/—xy
bIEI

BMECTO Y B MpPaByK 4acTb 3TOro yp-usi. Torga npocTbiMW BbIKNaf-
KaMU MOXHO TMOKas3aTb, YTO._y CTAHOBUTCA HaubONbLUMM, KOrfja rpys
Ha cepeAuHe rnponeTta, a HauGonbluee AaBleHUe

-2 P1\
g BEi) » M

) 310 yp-ue 6bino ycraHoneHo Willis’'oM Appendix to the Report of the Com-
nissioners,,. to inquire into Application of Iron to Railway Structures. London, 1849-
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Han6onbwuii nporu6 no cepeguHe 6Ganku Bo3pacTaeT B TOM e OT-
HOLLIEHWM, KaK [aBfeHUe Ha Hee, TaK 4TO:

' t*51J)

3T0 NpUBANXEHHOE pelleHne, CPaBHUTENbHO C TOYHLIM peELUEHUEM
yp-ua [150] *), paeT py3ynbTaTbl A0CTaTOYHO TOYHblE AN MNpaKTu-
YeCKUX MNpuMeHeHun. [106aBOYHbIi 4YneH B CKOOKax O06bIYHO OYeHb
Man, M M3 3TOr0 MOXHO 3aK/HUUTb, 4TO AMHAMMUYECKOe [AeicTBue
nepemMeLLeHns MOABMXHOW Harpyskum B cliyyae manbix 6anok He umeet
NPakTUYecKoro 3HayeHus.

Bo BTOpOM cniyyae, Korfa macca rpysa mana CpaBHUTENLHO C Mac-
COl NpONeTHOro CTPOEHMA MOCTa, [ABVMXKYLIMIACA py3 MOXHO 3aMe-
HATb C [JOCTAaTOYHON TOYHOCTHIO [BUXYLLENCcAa cuioii u Torga npu-
MEHUTb pe3ynbTaTbl BbIKNALOK N° 44.

MycTb, Hanpumep, A4NA >XXenesHbIX MNPONETHbIX CTPOEHWIA Tpex OAHO-
MYTHbIX >KeNe3HOLOPOXHbIX MOCTOB C nponetamu B 8,3 M, 36,6 M,
n 109,7 M co6CTBEHHble 4acTOTbl KonebaHuii /paBH bl 5):

/=18,3 m 36,6 X 109,7 n
: T, ~2 :
(A)n= 366 mBcex== /0 1o /la

MpuHAB CKOpPOCTb V paBHOW 36,6 M/CEK, MNonyunM YyKasaHHble
B TpeTbell CTpOKe Tabnvubl BeNMUMHbI @, NpeAcTaBAAlOWMe OTHOLWe-
HWe Mmepuoja OCHOBHOFO Tuna KonebaHuMs K [BOWHOMY MPOMEXYTKY
BpeMeHn I/v, HeobXxoauMOMY ANnd MNPOXOXAEHUS Tpy3oM MocTa. Te-
nepb Ha OCHOBaHMM peweHusa [147] MOXHO 3aK1KUUTbLI), UTO ANd
nponeta B 18,3 M ¥ Mpu 04YeHb OONbLWIOK CKOPOCTU YBENMYEHME MPO-
rmba wn3-3a [JeiicTBMA MOABWMXXHOrO rpysa 6yget okono 12°/0, n 3Tto
YyBE/IMYEHNE CTAaHOBMTCHA €Lle MeHblle C YMeHbLIEHUWEM CKOpPOCTU U

*) TouHoe peuweHue yp-us [150] nonyuyeHo CTOKCOM, cm. .Math, and Phys.
Papers', Vol. 2, p. 179. Ta e 3ajaya paccMOTpeHa Takxe HUMMepmMaHHOM, cm.
Die Schwingungen eines Traegers mit bewegter Last, Berlin, 1896. CnepayeT 3ame-
TWUTb, YTO WHTerpupoBaHue yp-usa [150] MOXeT ObiTb BbINOAHEHO TaKXe W B YACIEHHOM
BMAe, MONb3yACb CNOCO60M, M3NOXEHHbIM paHee (CM. cTp. 84). Takum o6pasom 6binu
nonyyeHsl npod. NMeTPOBLIM pelleHns AN 6anKW Ha YNpyrux onopax u Ans paspesHbix
6anok, cm. .3anuckum Wmnepatopckoro Pycckoro TexHuyeckoro O6uiectBa*, 1903 r.

s) HekoTopble OMbITHble JaHHble MO KonebaHWSM MOCTOB MOXHO HalTu B cnefyto-
wux craTteax: A. Bilhler, Stosswirkungen bei eisernen Eisenbahnbriicken, Druck-
schrift zum Intern. Kongress fur Briickenbau, Zirich, 1926, n W. Hort, Stossbean-
spruchungen und Schwingungen... .Die Bautechnik*, 1928.

MponeTHoe CTpOeHMe MOCTa paccMmaTpuBaeTcs 34ecb Kak npoctas 6anka nocTosH-
HOro mornepeyHoro cedyenus. KoneGaHue tepm paccmoTpeHo H. Reissner’om ,Zeitschr.
f. Baut.*, Bd 53, 1903, S. 135, u E. Pohlhausen’oM .Zeitschr, f. Angew. jviath, u
Mech,” Bd 1, 1921, S. 28.



KONMEBAHNA MOCTOB 249

C yBe/n4yeHmem nponeta. EcAm HeCKONbKO MNOABWXKHbLIX TFPY30B [Aeii-
CTBYIOT Ha MOCT, KonebaHus, Bbi3BaHHbIE UMW, JO/MKHbI 6blTb Hano-
XEHbl ApYr Ha Apyra. TOAbKO B WCKAKOYMTENbHOM C/y4ae CUHXPOH-
HOCTU 3TUX KONebaHUn o6WmiA 3DPeKT BAUSHUSA NOABUXKHOIN HarpysKu
Ha cuctemy OyaeT paBeH cymMme 3(DPeKTOB OTAENbHbIX [PY30B, U
yBenmyeHne npormba n3-3a 3TOro apdekra 6yAeT NPOUCXOAUTL B TOWM
e nponopunun, Kak gns OANHOYHOro rpysa. M3 aTux npvMepoB MOXHO
3aKM0YNTb, 4YTO [AelCTBMe MNOABMXKHOW HArpysku MNNaBHO ABUXKYLLe-
rocs rpysa He fBASieTCA CyLleCTBeHHbIM (hakTOPOM U 4YTO B Hambonee
HebnaronpuATHLIX CAy4asx OHa BpAg nv npes3oingeTr 10%. [opasgo
6onee cepbe3Hoe AeiiCcTBME MPOM3BOAAT, KAK Mbl fafiee yBUAUM, NYNbCU-
pytoLLmMe CUbl, BO3HMKaIOLWME NPpY BPaLLeHWM NPOTUBOBECOB NapOBO30B.

YpapHoe [eiACTBME HeypaBHOBELLEHHbIX [py30B. — Haubonee He-
6naronpuaTHbIE YCNOBUA HACTynalT Npu COCTOAHWMW pe30oHaHca, Korga
yucno o60poTOB B CeKYHAY BeAyL X Kojec paBHO 4acToTe COOCTBEH-
HbIX KofiebaHuin mocTa. [ns MOCTOB MasblX MPOAETOB 4acToTa CO06-
CTBEHHbIX K0Ne6aHnilt 06bIYHO CTOJIb BbICOKA,Y4TO CUHXPOHHOCTb MYy/bCU-
pylowero rpysa 1M co6CTBEHHOro KonebaHWa He MOXET MONYYUTbCA HM
npu Kakol CKOPOCTW, BO3MOXHOW Ha npakTuke. lMpuHAB, Hanpumep,
WecTb 060POTOB BeAyLIMX KOMIeC B CEKYHAY 3a CaMblii BbICOKMIA npe-
[en n B3fB 4acTOTbl COBCTBEHHOro KonebaHWs W3 BbllenpuBeAeHHON
Tabnuubl, MOXHO 3aKNH4YUTb, UYTO COCTOAHME pe3oHaHca Bpsal v BO3-
MOXHO [N NponeTtoB, MeHbwux vem 30 M. And 600bWINX NPONETOB
ABNEHWe pe3oHaHca cnefgyeT MNPUHATL BO BHUMaHWe, W YyAapHoe
feicTBue HyXHO 6ygeT onpegenutb w3 yp-ua [149]. Myctb Pt—
Hambonbllee CyMMapHOe [aBAeHWE Ha pefnbc, Bbi3BaHHOe MPOTUBO-
Becamy Mpu BpalleHUM BefylMX KOMec OAWH pa3 B CeKyHAy; N—
obuiee ynMcno o6OpoOTOB BeAYyLIMX KOMec Mpu npoxofe mocta. Torga
n3 yp-ua [149] nonyumm cneaywowunii fo6aBouHbIi  nporn6 u3-3a
.yAapHoro feicrsusa:

2n2P|/3
Sup*— — £/, 1¢ [152]

M3 3TOro AcHO, 4YTO nNpu onpefeneHUn ypapHoOro 3dgekra, Bbl3BaH-
HOF0 HEYpPaBHOBELUEHHOCTbIO, Mbl AOMXHbI MNPUHATbL BO BHUMaHME:
1) ctaTnyecknii nNporm6, BbI3BaHHbLIA cuaok P, 2) nepuof T COOCTBEH-
HOro Kone6aHmsa mocta U 3) yncno 060poToB N. BCe 3TU BENMYUHDI
00bIYHO HE MNPUMHMMAIOTCA BO BHMMaHue (HOPMynamu yaapHOro Aeii-
CTBUA, NPUMEHSEMbIMU NpU pacyeTe MOCTOB.

UTo6bl MOAYYUTb HEKOTOPOE MOHATME O BENWYMHE 3TOr0 YAapHOro
LencTBus, npumeHum yp-me [152] Kk uyucnosomy npumepy * 100 TOH-

) HuxenpusoguMble BbIKNagkKuM B3ATbl W3 cTaTbu VIHIAMCA, ynomsHyToii BbllLe

Ha CTp. 242.
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HOro napoBO3a, NMPOXOAALEro no MOCTy nposieToMm 36,6 . [lonycTus,
4yTO BeC MapoB03a paBHOBE/IMK PaBHOMEPHO pacrnpefefieHHON Harpyske
21,75 OT Ha MOrOHHbIA M, pacnpefeneHHOl Ha AAMHYy 4,6 M, U 4TO
BeC BaroHOB, CNeAylowWMX W NpejLecTBYOLWMX MapoBO3y 3KBUBANEH-
TEH pPaBHOMEPHO pacrnpeAeneHHOW Harpyske 8,18 T Ha MOrOHHbIA M,
NOAYYMM, 4YTO HauMbONbLINIA CTAaTUYECKUIA NpOrué cepeauHbl  Kaxgpown
thepMbl NpubAn3MTENbHO paBeH (2P/E1b*) «(124,6). ToT Xe nporuo,
Korga napoB03 NOAXOAWUT K OMOpe U noe3f LeIMKOM MOKpbiBaeT MOCT,
paBeH npubnusmtensHo (2P/Eh1) m(93,3). B3sB uucno o060poToB
n= 8 (guameTp Koneca paBeH 1,45 M) n Hambonbllee NynbCUpytoLLee
[aBfeHne Ha KaxAyt (epMy npu COCTOSHUMM pPe30HaHCa pPaBHbIM
P,/x2= 8,5 /ra, nony4yum p[06aBOYHbI NPOrnM6, BbIYMCAEHHbLIA Mo ¢op-
myne [152], paBHbiMm (2P/Ebl]) «(136). Mpun6aBuB ero K cTtaTUYeCcKoMy
npornmoéy, BblYUCNEHHOMY Bbille 418 NapoB0O3a, MOAXOAAWEro K KOHLUY
MOCTa, MOJy4yMM MNOAHbIA nporn6 no cepeguHe: (2P/EbIY «(229,3).
CpaBHMBasf 37O C HaubonbWMM CTaTUYECKMM npornbom no cepe-
avHe: (2P/EbIY) «(124,6), yKa3aHHbIM paHee, MOXHO 3aKMHUYUTb, 4TO
yBenuyeHve nporuba BCNeACTBUE yAapa PpaBHO B 3TOM Cay4yae npu-
MepHO 84%. [MpuHAB uucno 060poTOB M paBHbIM 6 (AMaMeTp Be-
Jywmnx Konec paBeH 1,98 M) M B39B CHOBa COCTOSIHME pe30HAaHCa,
Mbl MOMYy4YMM ANS TOrO Xe 4YUCNOBOr0 MpuMepa yBenuveHwe nporuba
paBHbIM 56%.

B cnyyae MOCTOB MeHbLIWX MPOSiIeTOB, Korfja 4actota COOCTBeH-
HOro KonebaHuws 3HauyuTenbHO 6onble yucia 060POTOB B CEKYHAY
BeAyLWUX KOMEC, MOXHO MONYy4YUTb YAOBNETBOPUTENbHOE NPUBANXKe-
HWe, ecnu B3ATb TOMbKO MepBblA 4neH psga [148] u Hambonee He-
6naronpusTHOe MNOMNOXEHWEe, a WMeHHo, Korga sin [(M/) + & n
sin [(kv/1) —ai\t cTaHoBATCA paBHbIMKM eauHuue u sinif-at/P  pas-
HbIM— 1 B MOMeHT t=1/2Vv, T. e., KOrga nynbcupyrouias cuna AOXo4uT
L0 cepefuHbl nponeTta. Torga fo6aBoyHbIli nporn6 no yp-uto [148]
b6ynet paBeH

1 1 a a
8. 1—(p | aR-T1—P— T ({TTp)2Z~ 2 -r
_2PP 1—g
- EM @ _ [l + «?]) @+ p[L- alp])e 1

PaccmoTpuMm, Hanpumep, MOCT nponetoM 18,3 X M BO3bMeM TaKoii
e pOof Harpysku, Kak B npegbigyuiem npumepe. Torga HaubonbLnii
cTaTUyeckuin nporn6 6yaer npuonusmtensHo (2P/Ehi)-(78,4). Ecnu
BefylMe Koneca UMeKT [JWHY OKPYXHOCTU 6,1 M U fenaioT 6 060-
POTOB B CeKyHAy, TO Haumbonblias cuna, AelicTBYIOLWAn BHU3 Ha 6anky,
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6yner 8,5 (6/3)'= 12,2 T. JonycTuB, 4TO COOGCTBEHHAs yacToTa MOCTa
pagHa 9, monyyum u3 yp-usa [153]:

«= "(12,2X2,57)=|£, (314).

OTcropa
AnHamuny. nporn6_ 78,4 -(-31,4_

cTatuy. nporué 78,4

YpapHoe felicTBMe NpPOTUBOBECOB B 3TOM cnydvae pgocturaet 40%

BoobLuie M3 BbIWEN3NOXEHHOTO MOXHO 3aK/MH0UUTb, YTO Hambosee
CUNbHOe YAapHOe AeicTBME MNOAYYUM MPW HaMMEHbLIMX M3 NPONETOB,
KOTOpble MOFYT 0Ka3aTbCA B COCTOAHWWM pe3oHaHca (MponeTbl OKOMO
30 1 npu caenaHHOM Bbllle AOMYLEHUU), TaK Kak NpuW HauMEeHbLUNX
NpofieTax Pe30HaHC HacTynaeT, KOrga mnynbCMpyoLas BO3MYyLLaLLas
cvna focTuraeT cBOeil Hambonblweldr BennuuHbl. C yBeMYEHUEM MPO-
neTta KpuUTUYecKas CKOPOCTb, PABHO KakK W BefMYMHa NYNbCUPYIOLLEro
rpysa, YMeHbLIATCA, COOTBETCTBEHHO YeMy YMEHbLUAeTCs U yjapHoe
feicteme. na oyeHb 60MbWIKMX NPOMETOB, KOrjga 4actota OCHOBHOFO
TMna kKonebaHWa Mana, TEOPETMYECKU CTAHOBMTCA BO3MOXHON CUH-
XPOHHOCTb MYNbCUPYIOLLEA CWAbl CO BTOPbIM  BMAOM KonebaHus,
MMEKLWMM Y3en No cepefnHe nponeta, BCNeACTBUE Yero MOXeT Mpo-
M30MTW yBeNMYEeHWe yJAapHOro [AeiCcTBUA MpU CKOpPOCTW Npubausmn-
TeNbHO B 4eTbipe pasa 6onblield, 4Yem MepBas KpUTMYeECKas CKO-
poCTb.

CnepyeT 3aMeTWTb, 4YTO BCe HallM BbIKAaAKW OCHOBbIBANMCb Ha
[OMyLEeHNN, YTO ABWXKETCA BAOMb MOCTa Mynbcupyloulas cuna. B peii-
CTBUTENbHbIX YC/NOBMAX Mbl MMEEM KaTsAljMecs MacChbl, KOTOpble Bbl-
30BYT M3MEHeHWe COOCTBEHHOI 4acTOTbl MOCTa B COOTBETCTBUM C W3-
MEHeHVWeM MO/MI0XKEHUSA Tpy30B. 3Ta MEPEMEHHOCTb COOCTBEHHOW ua-
CTOTbl, KOTOpas OCOBEHHO 3aMeTHa nMpu MafblX MposeTax, OYeHb
6naronpuaTHa, TaK Kak NynbCUpyloWwWii rpy3 He 6ydeT yxe fasaTb
pes3oHaHca BO BCe Bpems MPOXOXAEHWSs Mo MOCTY, W ero HapacTalo-
ee AeicTBMe He OyAeT CTOMb 3aMeTHbIM, KakK 3TO clefyeT W3 Bbille-
npuBegeHHol Teopuun. W3 0nNbiTOB, BbLINOAHEHHbIX KOMWUCCUEH MO
XEene3sHofopoXHbIM MocTaM WHAMM *), cnefyeT, 4yTOo B CpefHEM Hawu-
6onbwmnin npornb noasBnseTcA, Korga napoBO3 YXe MpoLwen 0KOMo
OBYX TpeTeli nponeta, U 4YTO Hambofbluee yaapHOe [eliCTBME paBHO
NMPMMEPHO TONbKO OfHOM TPETU BbIYUCAEHHOTO Mo ¢opmyne [152]
CnefyeT OTMeTUTb TakXe, UYTO yjapHoe fAelicTBMe MPOMOPUMOHANbLHO-
cune S, 1 3aBMCMT MO3TOMY OT TMna MapoBo3a WM OT cnocoba ypas-

1) Cm. otyeT MocTOBO nogkomuccum 1925 r., Government of India Central
Publication Branch, Technical Paper Ns 247, Calcutta 1926.
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HOBewMBaHMWsA. B To BpemMs Kak B MAOXO YpaBHOBELIEHHOM [BYX-
UMMHAPOBOM MNapoBo3e cuna Pt MOXeT AOCTUIHYTb BEMYMHbI 60Mb-
wein 450 Kr’), B 3M1eKTPOBO3ax MOXHO MONYy4MTb TOYHOE ypaBHOBE-
WMBaHUe, ecny He MPUHUMATb BO BHMMAaHWE MEPEMEHHOCTW [aBfieHus
Ha pefbCc. 3TO OTCYTCTBME YAAPHOrO AEeNCTBMA MOXET KOMMEHCUPO-
BaTb YBE/IMYEHWE HArpy3KuM Ha OCb B COBPEMEHHbLIX THXE/bIX 3/IEKTPO-
BO3aX.

B cnyuyae HebonbWMX rNaBHbIX 6anok u Ans MpPoOAOMbHbIX 6anok
npoesxeii 4acTu, WMEKLWUX OYeHb BbICOKME COBCTBEHHbIE YACTOThI,
felicTBe MPOTMBOBECOB HAa NpOrmMb M HanmpsHXXeHWs MOXHO onpege-
NNTb C [OCTAaTOYHOW TOYHOCTbIO, MpeHebperas KonebaHMAMKU 1 NOMb-
3ydacb (DOPMY/OA CTaTM4yeckoro nporuba, B KOTOPOA cregyeT nub
npnb6aBuTb K CTAaTUYECKOMY [AaBNEHWIO HA PeNnbC LLEeHTPOOEXHbIe CUMbl
NMPOTMBOBECOB. BAnAHME 3TUX LEHTPOOBEXHbIX CU MOXeT oKasaTbcs
0COGEHHO 3aMeTHbIM B C/lydae MaJblX MNpPOMeToB, KOrga Ha 6anke
MOXeT O4HOBPEMEHHO HaxoAuTbCA TONbKO He60MblIOe 4MCAO KOJec.

YpapHoe [eiicTBME M3-3a HEPOBHOCTEN NyTW U M3HOoca baHaa-
>Keli.— Takne HEPOBHOCTU NyTU, KaK HeOGONblUME BbIGOMHbI Ha Pefb-
cax, Kak pefnbcoBble CTbIKW, a TakXe WM3HOC GaHAaxeil u T. n. MOryT
ABUTbLCA MPUYMHON 3HAYUTENLHOIO YAApHOro AEeACTBUS, KOTOpPOEe MO
XeT cTaTb 0CO6EHHO 3aMeTHbIM B C/ly4ae Manbix nposaeToB. Ecam
thopma BbIGOMH B NyTW WAM M3HOoca GaHAaxel npeAcTaBAsOTCA npa-
BU/IbHON KPWBOW, TO ANS BblYMC/EHUS [OOABOYHOrO faBneHnUs Koneca
Ha pefnbC MOXHO MNPUMEHATb TakXe W 34ecb CNocob, paHee wuc-
Ll0N1b30BaHHbI A1 pacCMOTPeHUsA AeACTBMA HEPOBHOCTER JOPOrM Ha
KonebaHna akunaxeih (cm. cTp. 137). 9710 Aob6aBOYHOe AaBfneHue by~
6yfeT nponopuMoHanbHO Macce, MepefjaroLieiics Kosiecam Hemnocpeg-
CTBEHHO (He u4epe3 peccopbl), U KBagpaTy ckopocTu noesga. OHO
MOXET LOCTUIHYTb 3HAYMTENbHON BENMUYMHBI U MMEeTb MpPaKTUYecKoe
3Ha4yeHMe B C/lyd4ae MOCTOB MaNblX MPOMETOB W AN MNPOAObHBIX
6anok. 3T0T 06aBOYHbIA AMHAMUYECKNA 3P DeEKT, BbI3BaHHbIA Henpa-
BU/JbHOCTAMW MYTM W M3HOCOM 6GaHAaxei, onpaBAbiBaeT BbICOKWUI
YyAapHbIA KOIPHULUEHT, 0O6bIYHO MPUHMMAEMbIA Npu pacuyeTax Npo-
NETHbIX CTPOEHWIA MOCTOB Ma/blX MPOMETOB. YCTPaHWB pPenbCOBbIE
CTbIKM Ha MOCTax M MPMMEHAS MPOE3XKYHK 4YacTb C 6anacTHbIM KOPbI-
TOM WM C CONMMAHbLIM LEPEBAHHbIM HACcTW/OM, AEelCTBME 3TUX HEpOB-
HOCTE MOXEM YMEHbLWUTb W 3HAYUTENIbHO YAYYWWUTbL YCNOBUS pa-
60Tbl MPONETHbLIX CTPOEHMIA.

46. BnunsHue oceBblX cua Ha 6G0KoBble KonebaHua. CTep>KeHt
C LWApPHUPHbIMU KOHUAaMW. —B kayecTBe mepBOro npumepa 3Toro tuna

*) HekoTopble faHHble 0 BennumHax Pt ans pasnuuHoro Tuna napoBo3oB AaBb'
B YNOMAHYTOM Bbille OTYETe MOCTOBOW MOAKOMUCCUM.
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Koneb6aHMii Mbl pacCMOTPMM C/AyYail CTEPXHS, CXKaToro ABYMS CW.
namu S (cur. 122). O6wee BbipaxeHue NS 60KOBOro KonebaHus
6ynet TO Xe, 4TO paHblwe (cMm. yp-ue [138]):

. qtsin-j~. [a]
= A

PasHuua 6yaeT TOMbKO B BbIP@XEHUU ANS NOTEHUWaNbHOW 3Hepruun cu-
CTeMbl. HyXHO MNOAYEpPKHYTb, 4TO Npu 60KOBOM npornbe B 3TOM CAy-
Yyae cfieflyeT pacCMOTPETb He TONbKO A

3Hepruto m3rnba, HO TakXKe u3Me- S S
HeHWe 3Heprum cxatus. Bcneg-

cTBMe 60KOBOro nporuba oce.as —
NIMHUA CTEPXHA, KOTopasa BHayane DU, 122.

nonyuunna cxatue, HECKONbKO yAIu-

HUTCA ‘), U MOTEHLMANbHAA 3HEPTUSA CKATUA YMEHbLIUTCA. YBennyeHme
OVHBbI 0CeBOW nuHuM 6yget (cm. dur. 122)

(& -<&) =T ./(1;)**.
0 0

CoOTBeTCTBYHOLLEE YMEHbLIEHWE 3HEPrUn cxatua 2

T/ (e)n “ 4 [ (2 ?2'Tc05=r)"N1 =X 2 I»)

171

Ecnn KOHUbI CTEPXHA MOryT CBOGOAHO CKOMb3UTbL B OCEBOM Harpas
neHun, 1o yp-ue [b\ 6yget npepctaBnATb pa6oTy cun S. Ana 3Hep-
rmm un3rnba NpUMeHWM paHee MofiydyeHHoe BbipaxkeHue [143]. OTcloga
nofiHas MOTeHUManbHas aHeprua

i='co I= 00
i=1 i=X

KnHeTnueckas 3aHeprua ctepXHs no dopmyne [144]

1) JonyweHo, 4TO NpU KoMeGaHUW LWAPHUPbI HEMOABUXKHbI.
*) 34eCb paccMaTpMBAlOTCA TO/JbKO TakuWe NpOrubbl, KOTOpble HACTONLKO MaJbl, YTO
MOXHO NpeHe6peyb W3MEeHeHUEM MPOAOMbHON CUNMbI.
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Yp-ne lerpaHxa gna nw6oii koopguHatel qt 6ygeT:

VAL a,, , El«*(y SP
29 g 2P V Ebl*Ir —_

HOHbSyHCb 0603HaYeHNSAMMK

A Elg sp -
v Eblr’ [
nonyvynm:
aVv
0TKyjaa
=Ccos(A[/1_ A +D sIA-|/[1-£)(. [i57

MogctaBnsas 3to B yp-ue [a], NOAyYMM MNOSHOE BblpaXeHue ANA
CBOOOAHbLIX KOnebaHWiA.

CpaBHuBas pewweHue [157] c BbipaxkeHnem [136], MOXHO 3aKNHOUYUTb,
4YTO BCNEACTBME CXMUMAKLLEA Cuabl S, 4acTOTbl COGCTBEHHOrO Koneba-
HWS YMEHbLIWANCL B Mponopuuu

/

Ecnn a2 npnbnmxaetcs K 1, TO 4yacToTa OCHOBHOro Tuna koneba-
HUS NPUOAMXKAeTCA K HYM, TaK Kak MpuM TakoOM 3HauYeHMMn' a2 CXKu-
mMatowas cuna 5 [OCTMraeT CBOEl KpUTMYeckoil BennumHbl EIrM/P,
Korga npsiMonvMHeiiHas opma paBHOBECUS CTaHOBUTCSH HEYCTONUMBONA
N CTepXXeHb BbirmbaetTcsa BOOK.

Ecnn BMECTO CXuMalLWein [eilCTBYeT Ha CTEpXeHb pacTarmea-
lowaa cuna S, To yactota KonebaHma ysenmumBaeTcs. UTo6bl nony-
ynTb CBOGOAHbIE KONMebaHWs B 3TOM C/lyyae, Heob6X0AUMO TOMbKO
nepemMeHuTL 3Hak a2 B yp-um [157]. Torga

N=Ccosp ?j/l'+™)t+ Dsin{€ ]/ ry+")t- 1577

Ecnn a2 oyeHb 60/blIOe 4YMCO (Takoe MONOXKEeHWe MonyvaeTcs [Ans
TOHKMX MNPOBONOK WAW CTPYH), €AMHULEA MOXHO npeHebpeub Mo
CpaBHeHWMIO C¢ aZ2/2, u Mbl nonyymm u3 yp-us [1577:

*% c*“s7 j/if (+ Dsin
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MogcTtasnas B [a], nonyyum
1= 00

y= 2 sin® fCcosy *+ Dsin™ |/ M . [158]

470 — ob6Liee BblpaxeHMe Ana 60KOBbIX KofiebaHWii HATAHYTOW CTpy-
Hbl, XECTKOCTbIO KOTOPO/ MOXHO MpeHe-
6peuyb.
KoHconbHasa 6anka.— B 3Ttom cnyuae
JafMM  TONMbKO NPUGAMKEHHOE pelleHue,
nonb3yacb MmeTtogom Peiines. B ocHosy
3TUX BbIKNAAO0K BO3bMEM ANA ynNpyroh nwu-
HAM KoHconu (dwur. 123) nop [AeicTBUEM
COBCTBEHHOrO Beca ( Ha eAWHWUULY ANUHbI
yp-ve: dur. 123.
q 1 1 1

2E| X 3 far+ Tar n

MoTeHUManbHas 3Heprus u3rnba B 3TOM C/yyae

Vv A - '

5 JGadsl X0 L]

Ecnn nporn6 npu konebaHuMm Bblpaxkaetcs y cospt, To Hambonb-
Wwas KWHeTMyeckas aHeprus KonebaHus oyper

1-8T N T "

Monoxwne [d\ paBHbIM [€], nonyyum cnegytowme BbipaXeHUs Ans
YyacTtoTbl M nepuoga KonebaHws KoHconu (dur. 123 a):

ol* [159]

[ gPp 2t f ql»

00X9 y Elg  3530¥ Elgr 10

Owunbka 3TOro NPUMBAMXKEHHOTO pelleHUs MeHblle 7«'/» (CM. CTp. 234).

YTto6bl ONpeaennTb 4acTOTy, KOFAa Ha KOHeL, KOHCONMW felcTByeT
pactarusaiowas cuna S (pur. 1230), cnegyeT K MNoTeHLMUanbHOM
3Heprum wusrunba, mcumcneHHoim Bobiwe (yp-ue [d]), npubaBuTb BeMn-
UMHY

S ffdy\* SqP_
2 J \dx) 8-14CT ° V1
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KOTOpas paBHa W NPOTMBOMONOXHAa NO 3HaKy paboTe pacTarusatoLLei
cunbl 5 npu unsrube. Torpga

Iff]
BcnegctBme 3TOr0  yBEMYEHUA MOTEHUMANbHOW 3HEpPrMM  4acToTa
KonebaHus HalifeTcsd YMHOXeHuem BennyuHbl [159] Ha

[161]

VIHTepecHO OTMETUTb, 4To uneH 5/14 SI2El oTnnuaetcs TONbKO
npuMepHo Ha 10% oOT BenuuumHbl <«*= 4SP/EIK2 npegctaBnsawouei
OTHOLIEHUE MNPOAONBHON CUAbl S K KPUTUYECKON CXUMarwein cune
KOHCO/N.

Ecnn pactarvBalowme cuiabl S pPaBHOMEPHO pacnpejeneHbl Mo
gnvHe KoHconu (dwmr. 123 C), TO 4feH, KOTOPbIA HY)XXHO npubaBuTb
K 3Heprum unsrunba, bypet

0

CpaBHMB3a ¢ ¢opmynoit [f], MOXHO 3akn4WUTb, YTO AeliCTBUE Ha
4acTOTy paBHOMEPHO pacnpefeneHHOl pacTArusaloLwen cuibl TO Xe,
Kak ecnu 6bl 7«0 CyMMbl 3TUX CUA ObINIO NPUIOXEHO K KOHLY KOHCO/M.

3TOT pe3ynbTaT MOXeT MMeTb HEeKOTOPbIli MpakTUYecKuii nHTepec
Npu paccMOTPeHUU [eACTBMA LEeHTPO6GEXHON CuAbl Ha 4acToTy Kone-
6aHna nonatok TypbuHbl (cMm. cTp. 271).

47. KonebaHne 6anok, nexawmx Ha Yynpyrom OCHOBaHWU.
Jonyctum, uTo 6anka C LWapHUPHbBIMKM KOHLAMU MNOAf4epXuBaeTcs
No BCeli CBOei ANMHE HenpepbiBHbIM YNPYTMM OCHOBAHWEM, XXEeCTKOCTb
KOTOPOro MpeAcTaBAsSeTCH BeIMUYUHON K — MOAyns ynpyrocTun OCHOBa-
HUA. K cCTb Harpyska Ha efuWHULY ANWHbI 6anku, Heo6xoAMMas, YTobbl
Bbl3BaTb 0CaAKY OCHOBaHUS Ha eaAuHULY. Ecav maccoil 0CHOBaHMA MOXHO
npeHe6peyb, TO KonebaHMA Takol 6ankm MOXHO JIEFTKO W3YUMTb,
NONb3yACb TEMW XKe MNpuemMamu, Kak Bbille. Heo6xogumo TONIbKO Mpw
onpefeneHUN NOTEHLWUaNbHOW 3HEPruym cucTembl NPUOBABUTL K 3HEPrun
n3rnba 6ankm 3Hepruio gecopmayuu ynpyroro ocHoBaHus. B3siB, Kak
Bbille MPWU LIAPHUPHBIX KOHLAX,

1= co

[l
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MepBbIi pAg 3TOr0 BbIpXEHWA MNpeAcTaBAseT 3IHEPruw wusrunba
6anku (cM. yp-me [143]), a BTOpPOA PpSAA— 3Heprnw Aedopmauum
OCHOBaHUA.

KunHeTnyeckasa aHeprua konebaHmsa u3 yp*una [144] 6yper:
/=* co

T-30L Y ,-
OvnddepeHumnanbHoe yp-ue ABUXeHUA AN No6oi KoopanMHaTel t\

VR welern 4 ) di~ 7A1
nnm
20+ " (i* + P)?,=|fjQ,,- n

rae Qi 0603HaYaeT BHELIHIOW BO3MYLLAOLLYIO CUY, COOTBETCTBYIOLLYIO
KoopauHaTe qit
Elg. R_ bl riri

iA Ehl’ féen
Monoxus P= 0, nonyuymm yp-ue ANA LWAPHUPHOIO CTEPXHHA, HENOA-
LEPXXMNBAEMOr0 HUKAaKMM YMNpyruMm OcCHoBaHmem (cm. cTp. 238). O60-
3HauuB:

+h [c]

nonyuymm obuiee peweHne yp-us [b]
gi= Alclspit+ B ismpit+ ~~1 --j: f Q,sin/7, [d]

MepBble fBa YNneHa 3TOr0 pelleHWs MNpeAcTaBAsAlT CBOOOAHbIE Kofe-
6aHns 6anku, 3aBUcCALLME OT HavyanbHbIX YCNOBMWIA. TpeTuil uneH npeg-
CTaBnseT KonebaHusA, Bbi3BaHHble BO3MYyLLaKOLWelh cunoii Q..

YacToTbl COBCTBEHHbIX KofebaHWii 3aBMCAT, KaK BUMAHO W3 Bbipa-
XeHus [c], He TONMbKO OT XXECTKOCTWU 6afiku, HO TakXe OT XecTKOCTU
OCHOBaHWA.

B KayecTBe npumepa paccMOTPUM Cllyyaid, KOrga NyAbCMpYHOLLas
cuna P =PO0sinnt geiictByeT Ha 6anky Ha paccTOSHUMM C OT NeBOM
onopbl (cur. 118). O6ob6uieHHas cuia, COOTBETCTBYHOLLaA KOOPAM-
HaTe Qt, 6ygeT B 3TOM cnydae

Qi= POsin lj‘z-(fsin ntt. [€]

Moactaenas B yp-ue [\ u paccmatpuBas TONbKO KosebaHus,
BbI3BaHHbIE BO3MYLLAKOLWLEA CW/IONA, NOAy4YuUM:

2 . blcbrl 13 i ) .
ﬂ—TﬁPssm I .ﬂ.*(i‘-fp):l'u'a sinnt sin/ , 4

Teopus Kone6aHUit B MHXEHEPHOM [efne. 17
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MopcTtaBnsas B [a], nmeem:

_i‘glﬂl"nly \(siﬁ ble sm—bjlxsmnt’ nsin I:’lk-:smb-lxsinp{tl

i YA La I_rj'a'Z(T|_+_VD—I'I‘-1 PptW—r—%') ¢ n

MepBbIii UYfeH 3TOr0 BbIPXKEHUS MPeACTaB/seT BbIHYXAEHHOE KO-

nebaHue, a BTOpoOii — cBO60OAHOE KonebaHue 6Ganku. Monoxme N= O
n P = POsintit, nonyuum nporm6 6anky OT MNOCTOAHHOW cunbl P

ZIQF;1 \VA smE,lC—sm bilx

onx 4 f, 65l
Monoxwus c= //2, nonyunm nporné no cepefuHe oT cunbl P’
*KX . 3un , 5bX
2P13( sin ~T sin~T , sin~T
Y~EIT/T I+ p 34+ p + 5*(-p see/o f166"

ConoctaBnag aro c yp-uem [/ (cTp. 240), MOXeM 3aK/IHOUYUTb, 4TO
[06aBOYHbIA uYneH B B 3HamMeHaTenax npeacTasnseT feidcTBue ynpy-
roro ocHoBaHMA Ha nporué 6anku.

CpaBHMBas BbIHYX/eHHble KOnebaHuA

n ] s blc s blx vk smE%C sin bix
_fglllgbsmn/ % M __2P13 Vi | T
Yy~ 1A Z.oithn o+ P— LT e

CO CTaTuyeckum nporn6om [165], MOXeM 3ak/IUYUTb, YTO AUHAMU-
Yyeckue npormébl MOXHO MOMYYUTb MOMOLbLIO (DOPMY/bl  CTaTUKMW.
Heobxo4MMO TOMbKO 3aMeHUTb p uvepe3 p— (A247442).

Monb3ysacb o6o3HauyeHuem [164], Mbl nonyyvmm

o ftZ1__ kIK riu~A_ Il ( -jti-A]
Ka2 Eh* E'Elg Eh* v g

3TO 3HAYUT, 4YTO AWHAMWUYECKWI MPOrnbd MOXHO MNOoAyuMTb K3 (op-
My/bl CTaTUYecKoro nmnporuba, 3aMeHsAs B Hell AeACTBUTENbHbIA MO-
OYNb OCHOBaHWUA yMeHblUeHHOW BennuuHoli k — (*rf-A/g) Toro e mo-
ayna. OTO 3aKN4YeHMe OCTaeTCs BepHbIM TakKXe U B cnyyae 6ecko-
HEYHO A/IMHHOTO CTEPXHS Ha Ynpyrom OCHOBaHWW. [10/b3yACb 3TUM
3aKMOYEHMEM, MOXeM onpefennTb Npornb penbca, Bbi3BaHHbIN Mynb-
CUpYIOLWUM Tpy30M *).

48. Cnocob6 Putuad.— bBblno yxe NoKasaHO Ha HECKONbKWUX Chy-
Yyaax npegblgywinx rnas (cMm. n° 14), yto npu onpejeneHuy 4actoThl
OFHOBHOTO TuNa KofebaHWs CAOXHOW CUCTEMbI MOXHO MPUMEHUTb

n Cm. cTaTblo aBTopa — CTaTWyeckne W AWHAMWYECKME HaMpsXeHWs B penbcax,
Intern. Congress for Applied Mechanics, Proceedings, Zirich, 1926, p. 407.
s) Cm. Walter Ritz, Gesammelte Werke, 1911, S. 265.
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npubnuxeHHbIi cnocob Pelineda. Mpu nNonb3oBaHUM 3TUM CMOCO6GOM,
Heo6xo4MMO CAenaTb HEeKOTOpble AOMYLLEHUA OTHOCUTENbHO (DOPMbI
ynpyroi NMHUK Koneb6nwoueiica 6ankum wam Koneb6nwllerocs Bana.
CooTBeTCTBEHHaa 4YacToTa OypeT TOrga HalgeHa W3 pacCMOTpeHus
3Heprmm cuctembl. Bbibop onpegeneHHon GopMbl YNPYyroin AvHWM
npyu 3TOM cnocobe paBHOCWMNEH BBEAEHUIO HEKOTOPbIX L06aBOUYHbLIX
OrpaHWYeHnin, KOTOPble MPUBOAAT CNOXHYI CUCTEMY K CUCTEME, UMet-
Weid TONbKO OfAHY cTeneHb cB06oAbl. Takue po6aBOUHbIE OrpaHu-
YEHWS MOTrYT TO/IbKO YBEAWYUTb >KECTKOCTb CUCTEMbl M AAlOT MOAy-
yaemyr Mo cnocoby Peiines 4yacToTy KonebaHuWs BCerga HECKOJbKO
Bbllle ee TOYHON BENUYMHBI.

Nyywve npubanxeHs nNpu onpefeneHMM OCHOBHOW 4acToTbl, a

TaKXKe 4acToT BbICWIMX BUAOB KO/Me6GaHUs MOXHO MOAy4YUuTb CMo
coboM PuTua, KOTOpbIA fABAsSieTCS JanbHelwmnm pasButuem cnocoCa
Peiines. Mpu nonb3oBaHUy 3TUM CNO-
cobom ynpyras JuWHWA, nNpeacTa-
BNAOWAA BuUfL KofiebaHUdA, [OMKHA
6bITb B3ATa C HECKONbKMMW Mapa-
MeTpaMu, BE/IMYMHbI KOTOPbIX Che-
OyeT BblOUpaTb Tak, 4YTOObl CBeCTU
4O MWHUMyMa 4acTOTy OCHOBHOTO
TMNa KonebaHwua.

Cnoco6 Bbibopa (opmMbl yNpyroi
AVHUX W NOPALOK OnpegeneHuns mno-
cnefoBaTeNlbHbIX 4YacTOT MOKaXeMm our 124
Ha mnpocTeiiwem cnyyae KonebaHuUs
CTPYHbl NOCTOAHHOIO ceveHus (cur. 124). Myctb 5 — pacTArnsatoLLas
cuna B CTPYHeE,  — BEC CTPYHbl Ha efMHULY ANUHbI, 21— ANWHA CTPYHbI.

Ecnn cTpyHa wcnbiTbiBa€T OAWMH W3 HOPMaNbHbIX BMAOB Koneba-
HWUSA, TO ynpyras AnHWA MOXeT 6biTb NpeAcTaBneHa Tak:

y = Xcospt, [

rae X — yHKUmMs X, onpegenswoouwias ¢opmy KonebnwoLieiica cTpyHbl,
np onpegenser 4acTtoty KonebaHuda. [JonycTuB, 4TO OTKIOHEHUS
OYeHb Mafnbl, MOXeM TMpeHebpeyb WU3MEHEHWEM B pacTArnBaroLLei
cune 5 npu konebaHuu, U yBenumyeHue MNOTEHUWANbHOW 3Hepruu fge-
(hopmaLmu, BbI3BaHHOE OTK/IOHEHWEM, MOMYYMTCA YMHOXEHMEeM 5 Ha
yBeNMYyeHue ANWHbI CTPYHbl. Takum 006pa3oM HaxoAuMm Cchnegylollee
BblpaXKeHWe An8 NoTeHUManbHOW 3Hepruu, npuyeM 3Heprus B MOno-
XXEHUWN paBHOBECUS MNPUHATA PaBHON HY/O:

1 v=sf{E "d*
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Haunbonbwas noTeHUWanbHas 3Heprua noayumTcs, Korga Konebnio-
wasacs CTpyHa 3aiiMeT CBOe KpaiHee nonoxeHue. B 3TOM MNOAOXeHUU
cospt= 1wu

K:5(/)()K)I'I- n

KuHeTnyeckasa aHeprus kKoneb6nwouieiics CTPyHbI:
i
T=7~S W dx
g o
Ee makcMmym HacTynaeT, Korga konebntouwiascs CTpyHa HaxoauTcs
B CBOEM CpeAHeM MO/0XeHWW, T. €. Korga cospt= O, Torga

P4 ¢ % rax. [d

JonycTue, 4TO He MPOUCXOAUT NOTEPU 3HEPrun, Mbl MOXEM Npwu-
paBHATL [6] 1 [c], OTKyAa nonyymm:

2
T (ax dx
CET Ty .
0

3Has (opMy pasfNMuYHbIX BWAOB KonebaHws U mnogctaenss B [d\
COOTBETCTBYHOLME BbIpOKEHNUA Ans X, MOXEM ONpefennTb 4acToTbl
3TUX BUAOB KofeGaHus. B ciyyae CTPYHbl MOCTOSHHOTO MOMEPEYHOro
CEYEHUs ynpyrue IMHUM MpKU KONeGaHUN — CUHYCOUAA/bHbIE KPUBLIE,
W AN NepBbIX Tpex BMAOB KoNeGaHWs, TMOKasaHHbIX Ha dur. 124,
MMeeM

N[ — (j cos 70(; X2= arsm—° X3= a3cos 3bX

Moactasnas B [d\, nonyumm (cMm. yp-ue [158]):

Pi~ 4P q" Pi~P q'P3~ 4P q° 1
N COOTBETCTBYHOLWNE YaCTOThbI 6y,ﬂ,yT
f—L K D= A K - m
T—4/| Ak p—4 1] g U~ 41\ 9

MpvMeHuM Temepb cnoco6 PuTua K onpegeneHuto u3 yp-ua [/l
yacToTbl /, OCHOBHOro Tuna koneGaHws. lNepBoe felicTBME NpU npu-
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MeHeHUn 3TOro Ccrnoco6a — BbIGOP COOTBETCTBYIOLErO BbipaXeHUs Ans

ynpyroii auHun.  MNyctb o (X), q2(X),... — pag ®dyHKuniA, yposne-
TBOPAOLWMX KOHLEBbIM YCMOBMAM W MOFyWWX NpeAcTaBUTL Ben-

ynHy X. Torpga, nonaras
X —a® (X)+ aZ2(x) + a03(m)-f..., [o]
Vbl MOXeM NOAyuuMTb NOAXOAALLYIO YNPYIyH JWHWIO Konebnwouieics

CTPYHBbI.
Mbl 3HaeM, 4YTO, B35IB KOHEUYHOE YWUC/I0 YNEHOB B BblpaxeHun [g],

Mbl HaknaAblBaeM HEKOTOpPble OrpaHW4YeHWs Ha BO3MOXHble (OPMbI
ynpyroi NWHWW CTPYHbI, W BCAEACTBUE 3TOr0 4YacToTa, BblYMC/IEHHAA
n3 yp-us [d], 6ymeTr 06bI4HO BbIle, YeM TOYHOE 3HA4YeHWe ITOl
4yacToTbl. YT06bl MOAYyuYMTb BO3MOXHO 6G0fbliee npubavxeHne, Puty
npeanoXxun Bbibupatb KoahpuumeHTbl ax ar, a3 ... B BblpaXeHuun [g]
Tak, 4TO6bl BbipakeHue [d] cTaHOBMAOCH HauMmeHbWWM. Takum o6pa-
30M MONYyYUM CUCTEMY Yp-Wid

A = 0. i
na,
f xux

BbINosHAs ykasaHHOe AnDdepeHLUpoBaHne, VMEEM:

O X 4 xe Jd - kro\(s)‘dxA"d X 'dx = o w

unu, 3amevas u3 yp-ua [d], uTo

S(u) de75f XK

nonyuum wu3 yp-us [K]:

no M

TakuM nyTem MOAYy4YUTCA CUCTEMA OLHOPOAHbLIX U NUHEHBIX OTHO-
CUTeNbHO au a2z aA.. yp-uii, 4ncno KOTOpbiXx OyAeT paBHO uucny
KoagpuumentoB aly ar, a3,... BblpaxeHus [g] Takasa cuctema yp-uin
MOXeT faTb And au ar, a3 ... peweHus, OTAMYHee OT HYyNA, TONbKO
ecnu onpegenuTenb 3TUX YpP-UIA paBeH HyM0. 3TO yCNOBUE MPUBOAUT
HaC K YpPaBHEHWID YacTOThbl, W3 KOTOPOroO MOXHO ONpejenuTb Ya-
CTOTbl Pas3NMyHbIX BUAOB KonebaHui.
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PaccmoTpuM BuAbl KonebaHWii Tyro HaTAHYTON CTPYHbI, CUMMETPNY-
Hble OTHOCUTE/IbHO CPEeAHE naockocTW. JIerko BUAETb, UYTO YHKLUNUS,
nofo6Has P—x2 npeacTaBnstowias CUMMETPUYHYIO Mapabonnyeckyto
KPUBYIO U YAOBMETBOPAOWLAS KOHUEBbIM ycnoBuam |[(y)*==+,= 01,
ecTb  (BYHKUMS, NOAXO0AfLWAs [  HAWero chyyas. YMHOXEHUEM
3TOM  (YHKUMKM Ha X2 XKk ... MOAyuyum Ppsfg KpUBLIX CUMMETPUUHBIX
M YyLOBNETBOPSIOLWMX KOHLEBLIM YCOBUAM. TakuM 06pasomM Mbl MPULLN
K CNeayHLLeMY BbIPAXEHUIO YNpy OW NUHWUU KONeBoLeiics CTpyHbI:

X=allP—n2-}ax2(P—n2 -f-aX1(P—x2 + ... [T]

UTo6bl MoKasaTb, Kak O6bICTPO YBENMYMBAETCA TOUYHOCTb HaLIMX

BbIYMC/IEHUI C YyBE/IMYEHWEM YMCNA Y/IEHOB 'BbIpaxeHus [/a], Mbl Ha-
YUHEM C OAHOIO TO/bKO YjIEHA W MOMOXUM:

X E=al(P—x2)
Torga

0 0
Mopctaenas B yp-ue [d\, nonyuum

CpaBHMBasg 3TO C TOYHbIM pelleHuem [€], BUAUM, 4TO BMecTO K24
nonydaercd I2» n owwmnbka B 4acToTe paBHa ToNibko 0,66°/0-

Cnepyet 3aMeTWTb, YTO [AOCTATOYHO B3ATb TONIbKO OfWH Y/eH B
BblpaXXeHnu [T], 4To6bl BMOAHE onpegenuTb (OpMy KpuUBOW, U cu-
cTemMa CBOAWTCA K CUCTeMe C OAHOI TO/MbKO CTeneHbl CBO6OAbI, Kak
370 nonyuaetcs B NpubavxKeHHOM cnocobe Peiines.

UTo6bl MONy4YMTb fanbHeillee NpruiwkeHne, BO3bMeEM ABa ufeHa
B BblpaxeHuun [T], Torga mel 6yaem uMeTb fABa MapameTpa: n fij
W, U3MEHAA COOTHOLUEHWE 3TUX [BYX BE/NYMH, Mbl MOXEM W3MEHUTb
TakXe [0 HeKOTOpOl cTeneHn opmy KpuBoil. Hamnyuwee npubnvxe-
HWEe MOoMy4yMM, KOrga 3TO OTHOLWEHWE TaKoBO, 4TO BbipaxeHue [d\
CTAHOBUTCS HaMMEHbLIMM, 4YTO MPOMCXOAMUT, Korga ycnosusa [0 ypo-
BN1E€TBOPEHDI.

Monaras
X2= an(P—n2 -f- aXx 2(P — n2),
nony4nm:
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MoacTtaBnsas B yp-ue [/] v B3sB NpOM3BOAHbLIE MO &, U ar, no

NyYnMm:
a, l—*. A+  (Vs- 7BKI)= O

a, (1- V,EI2)+ a*/2(>V7- */« A2 = O,

]

roe

Onpegenntens yp-uii [«] paBeH Hyn, Korga
&Ys— 28 kr-3-63= 0.
[lBa KOpHA 3TOro yp-usa 6yayT:
kt*P= 2,46744, = 25,6.

%

BCMOMHMB, 4TO Mbl paccmaTpuWBaeM TONMbKO BUAbl KoneGaHWid,
CUMMETPUYHbIE OTHOCUTENbHO CepPeAuHbI, U MNOMb3YyACk.yp-nem [/],
Mbl MOMyYMM Ans ijepBoro M TpeTbero BUAOB KoneGaHWIA:

.2 246744 gS »,_25,60S
Pi - p— 4, Pr . py

ConocTaBnsis 3TO C TOYHbIMM pewleHuaMn [e]:

2 K*QgS_ 246740195, . 9%°-gS_22,2079S
Pt ~41* q — 12 ? Pt—4/2q ~ L 2

MOXHO 3aKMH4UTb, 4YTO TOYHOCTb, C KOTOPOI/ MOAyYEHA OCHOBHas
yacToTa, OYeHb Bbicoka (owmnbka MeHblwe 0,00170)- OwwnbkKa B Ya-
CTOTe TpeTbero BuAa KonebaHus okono 6,570 beps Tpu uneHa B
BbipaXXeHnn [T\, moayumm 4acTtoTy TpeTbero Buga KonebaHmsa c
OWMNOKON MEHbLUER 7 *7 »*).

M3 3Toro BMAHO, 4YTO NOMOLLbI crnocoba PuTua MOXHO NoAyyuTb
He TO/MIbKO OCHOBHYH 4acTOTy, HO TakXe 4acTOTbl BbICLIMX BWAOB
KonebaHMs C [OCTATOYHOMW TOYHOCTbK, €CAU B3ATb [LOCTATOYHOE
YMNCO YNEHOB B BbIP@XEHWUM ynpyron nuHuu. B cnegytowem n° no-
KaXeM MpuvMeHeHne 3Toro cnocoba K u3y4yeHUo KonebaHwuii 6anok
MEepeMEeHHOro0 MOMepPeYHOro CeyeHus.

49, KonebaHune CTepXXHeil NepemMeHHOro NONepevyHoOro Ce4YeHUs.—

O6uwue 3ameyaHus. — B Hawem npefbigyLieM pacCy>XeHun 6binu
paccMOTpPeHbl pasfnMyHblie 3agavyn KonebaHMA NPU3MaTUYECKUX CTepX-
Heil. CyluecTBYyeT, O4HAKO, HECKOMbKO BaXKHbIX WHXEHepHbIX 3ajad,
Kak, Hampumep, KonebaHue fonaTok Typ6uHbl, Kopnyca cyfgHa, 6anok
MepemMeHHOl BbICOTbI W T. A., NPW KOTOPbIX MpPUXoAMTcA npuberatb
K Teopun KonebaHuii CTepXKHell nepeMeHHOro ceveHus. AuddepeHyn-

* CM. ynomsHyTyl0 Bblle Ha cTp. 258 kHury W. Ritza,
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anbHoe yp-ve Koneb6aHWa nNOJO6GHBLIX CTepXHeid 6bIN0 PacCMOTPEHO
paHee (CM. CTp. 222) U MMeNo cnegylowmii BUA:

roe / n A HekoTopble (YHKUMM X. TONbKO B HEKOTOPbIX 0CO6bLIX
Cnyyasx, KOTOpble paccmMaTpuBaloTCs fafiee, BO3MOXHO YCTAHOBUTH
TOYHbI/A BWA HOPManbHbIX (YHKUWA, Bb"a3UB WX W3BECTHbIMU (YHK-
uMaMK, a 06bIYHO MpU pelleHMM NOAOOGHbLIX 3ajay Monb3yTca ANA
onpefenieHNs COBGCTBEHHbLIX YacTOT KofiebaHUs NPUBAMKEHHBIMU CMO-
cobamn, noadHeIMKU crnocoby Pelines-Putua. B3AB ANnd OTKAOHEHUS
CTEPXHA npu KonebaHuu popmyny:

y = X cos pt, [a]

roe X onpegenset Bug KonebaHns, Mbl MOAYYUM Clefytouine Bblpaxe-
HUS 4Ns MaKCUMymMa TNOTeHUWanbHOW UM MaKCUMyMa KWHETWYeCKOi
3HEPruu:

y:\%E'(LIJ nx’ n
/
T=Ygf MXUx, c
0TKyfAa
“d
. , dx
Egb (£)
i
AXYX

TouHOe pelleHMe ANA 4YacTOTbl OCHOBHOro BuAa KonebaHusa oygeT
TO, NpW KOTOpOM neBas 4yactb yp-ua [d\ gocTurHeT MUHUMyMa. YTO6bI
nonyuYnTb NpuUBGAMXKEHHOE pelleHne, MOCTYMUM TaK e, KakK B Npefbl-
Aywem n°, u Bo3bMeM (OpMy YNpyroi AMHUM B BUAE pAja:

X = al?, (x)+ aXp(jc) + a3qs(m)+ ..., [€]
rae Kaxpgas u3 (QYHKUUA < y[OBMEeTBOPSET YCMOBUSAM HA KOHLE
cTepxHs. Mogctaenas [e] B yp-ue [d], nonyuum ycnosue AN MWUHW-

Faslial

oan °
j AXUYx

0 ifl
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Kj' O

M3 [g] v [d] nonyunm:

D) (d'Xy p*Ai
0a, I J \dx4 £g

nnn

dx = 0. [167;

3aflaya CBOAMTCA K OTbICKaHWIO TaKWX 3Ha4YeHWA ANA MOCTOSAHHBIX
anm ar, a3 ... B yp-un [€], npu KOTOpbIX WMHTerpan

dx ]

CTAHOBUTCA MUHUMYMOM.
Yp-na [167] oAHOPOAHbI W NINHEAHbLI OTHOCMTENbLHO au ab a3...,
M UX YUCNO PaBHO YUCAY YNeHOB BbipakeHus [e\. MpupaBHUBas Hy 0
onpefennTenb 3TUX yp-uid, NOpy4yMm ypaBHe-
HYe 4YacTOThbl, NOMOWbK KOTOPOro MOXHO
ONpejennTb YacToTbl Pas/IMUHbIX BUAOB.
KonebaHue knmHoob6pasHOil KoHconn. — B
Cnyyae KAMHOOOGPAa3sHOro CTepPXHSA MOCTOSAH- our. 125,
HO TOMLWMWHbLI, paBHOW eAuHWULE, C OLHUM
KOHUOM CBOOOAHbLIM, a ApyruMm — 3afenaHHbiM (dur. 125), nmeem

2bx
A= _ o
i—J] (2bxY
2VIT
rae | — gnuHa KoHconu, 2b—BbicoTa KOHCONM B 3afeNaHHOM KOHLLE.
KOHLEeBbIE YCNOBUA TaKOBbI:
d*Xx\
<>(£/S L , = 0’ (2) {EFX )i -T O-
fd X\ _
(3) (X)x. 0, (4) dx1 =0

MepBble fBa ycnoBus GyAyT Bcerga YAOBNETBOPATHCSA, Tak Kak/ = 0
npm x = 0. YTo6bl YAOBNETBOPUTL YCMOBUSIM 3aKPeMIeHHOro KOHLa,

BO3bMEM YMPYTyl NIMHUIO B BUAe paja:
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Jlerko BWAEeTb, 4TO Ka)K,EI'bIIZ 4ieH, paBHO KaK W ero npomssogHaAd

Nno X, CTaHOBATCHA paBHbIMW HYMO npu X = 1 CnefoBaTefibHO KOHLUe-
Bble ycnosusa '3) n (4) 6yAyT BbINOJIHEHDI.
B3fB 3a nepsoe npubnuxeHwue:

*o= o«,(1-7

* nogcTtasus B [d], monyuum:

«

YTo6bl MOAyunTb Ny4yliee nNpubAnxeHne, BO3bMEM ABa YjeHa psaga
[&], Torga

Mogctasus B [h\, nmeem:

2 hr 94 1
NQ== 37» 2a*)2+~5a'.(at— 2as) f 6a* j—

2h'[1lpr/a,2 . 2a,ar
\30 1 105 "* 780/

Tenepb W3 ycnoswuii

A= _ =0
day oar
nonyunM:
i 0
y 3/° 30/ \5 7 3/4 100/ '
N - - N =
5 734 -1052 45734 80 O
MpupaBHNWBas HYMIO ONpefenuTenb 3TUX Yp-Wii, NOYuuMm:
A 1) (léesL-PL]-(1% *--Z-Y=o0 w
GG By @l Db 1 6% 54 4gs 11

M3 3Toro yp-usi MOXHO onpegenuTtb //1 HauMeHbWwUin M3 gByx KoOp-
Heli paet
p 5319 b
* 2T 2z |

MNHTepecHo 3aMeTWTb, YTO ANf pPaccCMaTpMBAaeMOro cayvas cylie-
CTBYET TOYHOE pelleHWe, B KOTOPOM BUAbl HOPMaNbHbIX (YHKUWI
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yCTaHaBNMMBAOTCA ufeHaMu (yHKUMiA Beccensal). M3 3Toro To4HOrO
peweHna Mbl NUMEEM

[168]

ConocTtaBnsasg ato ¢ [/] n [n], MOXeM 3aKNO4YUTb, YTO TOUHOCTb
nepBoro NpPuMGANXEHMA OKONo 3%> Torfja Kak owubKa BTOPOro npwu-
6nvmxeHns MeHbwe 0,1%- W ganbHeiillee yBe/MYEHWE 4YUCA YJIEHOB
B BblpaXXeHUM [e] HeOOGXOAMMO TONMbKO, €C/IM HYXXHO Takxe onpepge-
NNTb 4acTOoTbl BbICWIMX BUAOB KOnebaHus.

[ns cpaBHeHWa cnefyeT OTMETWUTb, 4YTO B C/lydae npuamarmye-
CKOF0 KOHCO/IbHOTO CTEPXXHS, WMELWero TO Xe CeYeHue, 4YTO K/WH
B €ro LMPOKOM KOHLUE, Obll nonyyeH creaylowmin pesynbtat (cwm.
CTp. 234):

OnucaHHbIl Bblle CNOCO6 MOXHO MPUMEHUTb TakXe B Cay4yasx,
kKorga J1 u/ 4e MoryTt 6biTb nNpefcTaB/eHbl HemnpepbiBHbLIMU 'QYHK-
umamm X. 9T QPYHKLMM MOTYT MMeTb HECKO/IbKO TO4YeK pa3pbiBa
WA MOTYT 6bITb NPEeACTAaB/IEHbl Pa3IMYHLIMKU MaTeMaTUYeCKUMU Bblpa-
XEHUAMWU Ha pasIMYHbIX MNPOMEXYTKax BAOMb ANWHbLI /. B Takux
cnyyasx uHTerpansl [h] cnegyeT noppasfenuTb Ha NPOMEXYTKM Tak,
4yToObl B KaXKAOM W3 3TUX MNPOMEXYTKOB / u J1 morny 6bl 6bITb
npeAcTaBNeHbl HenpepbiBHbIMU  QYHKUMAMU. Ecnn  yHkumm J1 wn /
BblP@XEHbl rpaduyecky wAn uUngposbiMM Tabnuuamu, 3TOT CNOCO6
TakXe MOXHO MNPUMEHUTb, HEO6XOAMMO TOMIbKO NpW 3TOM BOCMO/b30-
BaTbCA OAHWM W3 NPUOMMKEHHBLIX CMOCOB0B BbIYWC/NEHUA WHTErpanos
[Al. 910 genaeT cnoco6 Putua OCOBEHHO MNPUTOAHLIM MPU  U3YYEHUU
Koneb6aHUs noMatok TypOMHbI M TaKUX COOPYXEHWIA, Kak MnpofeTHble
CTPOEHUS MOCTOB K Kopnyca CYAOB.

Kone6aHne KOHMYECKOro CTep>KHS. — 3afaya KonebaHWiA KoHMue-
CKOro CTepXXHS, BepliMHa KOTOporo cso6ojHa, a OCHOBaHWe 3akpe-
NneHo, Bnepeble paccMoTpeHo Kwupxropomd). [na OCHOBHOroO BuAaa
OH MOAy4YWn B 3TOM Clyyae:

[169]

roe r— paguyc OCHoBaHus, |— AnuHa CTepXHS.

> Cm. G. Kirchhoff, Berlin, Monatsberichte, S. 815, 1879, uan Ges. Abhandlun
Sen, S. 339. Cwm. Takxe Todhunter and Pearson. A History of the Theory of Elasti-
city, Vol. 2, * ? n. 92
CM. Tpya ynomsHyThblii Bbile.
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ﬂ,flf-l CpaBHeEHNA cnepyet BCMOMHWUTL 3A4€Cb, 4TO LLMﬂMH,quLIECKMﬁ
CTEPXEHb TOM € ANMMHBbI M TOM >Ke naowagM OCHOBaHMA MWMeeT uya-
cToTy (CcM. cTp. 234)
f—P—a 1875s_ 1758 r fEg
' 2. 2, Y — 2t Py T *

Takum 06pa3oM YacToTbl OCHOBHbIX BWAOB A1 KOHWYECKOro U UK-
NIVMHAPUYECKOTO CTEePXHen Haxogatcas B OTHoweHun 4,359:1,758.
YacToTbl BbICWKX BUAOB KOMebaHWA KOHWYECKOTO CTEPXHA MOXHO
onpefennTb U3 BblpaXeHUs

Y L] -T bl il?Q)
rae a UMeeT HWXKecneayoume BeAUUYUHbI J):

«l «2 «3 a4l “5 ©
4,359 10,573 19,225 30,339 43,921 59,956

Opyrve cnyyaum kone6aHWsi KOHCONM MNEPEMEHHOr0 MOMepeyHoro
ceyeHus. — B o6liem cnydyae uyactoTa GOKOBbIX KoneGaHWit KOHconei
npeacTaBnAeTCs yp-uem:

[-£-K T jIl?. Mn7z.1

Ae i— paguyc MHepuuu 3aKpenneHHoro ceuyeHus, / — AnMHa KOHCOMN,
a— NoCTOsHHAA, 3aBUCALLAA OT (POPMbl CTEPXKHS W BuAa KoneGaHus.
B panbHeiileM 3HaYeHUs 3TOW MOCTOSHHOM a AaHbl ANf HEKOTO-
PbIX YaCTHbIX C/y4YaeB, UMEHOLMX MPAKTUYECKOe 3HaueHue.
1. ECN  M3MEHeHMst MOWaAN MOMEepevyHOro CeYeHWs ¥ MOMEHTa
MHepuMM BAOMb OCU X MOXHO BbIpasuTb B BUAE:

A= axT- |= bxm [172]
npuyeM X n3MepseTcd OT CBOGOAHOro KOHUa, TO i OcTaeTcs MOCTOSH-
HbIM MO A/INHE KOHCOMW, a MOCTOAHHAas a B yp-um [171] moxeT 6bITb
npeficTtaBneHa [fNs OCHOBHOrO BMAa C [OCTaTOMHOW TOYHOCTbLHO
yp-uem 2:

a= 347 (1+ 1,05 T).

2. Ecnn u3meHeHus nowiagm MOMEPEYHOro CeyeHWs U MOMeHTa
MHepLMn BLONMb OCM X MOXHO BblpasuTb B BUie

A=a[\—c-y-j; I=b(l-c”p), [173]

* Cm. Dorothy Wrinch, »Proc. Roy. Soc. London", Vol. 101, 1922, p. 493.
s) Cm. Akimasa Ono, .Journal of the Society of Mechanical Engineers', Tokyo,
Vol. 27, 1924, p. 467.
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npuuemM X MW3MepsieTC OT 3aKpensjeHHOro KoHua, TO Torga r octaetcs
MOCTOSIHHLIM MO A/IMHE CTEPXXHS W BenMYMHa a B yp-um [171] moxeTt
6bITb JaHa HWKecneaylolwen Tabnuuein r:

c= 0 04 0,6 08 1 10
a= 3515 4,098 4585 5393 1 7,16

CTep>KeHb MEPEMEHHOr0 MOMEPEYHOr0 CEeYEHMS CO CBOOGOAHbLIMMU
KOHUaMW. — PaccmMoTpuMM Tenepb Cny4yaih CTepXHs ¢ obommu cBobog-
HbIMW KOHLAMW, WCMbITbIBAKOWEFO OOKOBbIE
Koneb6aHna, COCTOALLEr0 M3 ABYX PaBHbIX MO-

NOBWH, COEAMHEHHbIX BMeECTe CBOMMWU TOJ-
CTbIMU  KOHUamu (tur. 126), npuyem ne-
Bas MO/I0BMHA MOAy4YaeTCcs BpaweHUem Kpu-
BOVA our. 126.

y = ax" [o]

BOKPYr ocu X. To4yHOe pelleHne B opme yHKUMin beccena nony-
YeHO B 3TOM Cfy4yae AN HEKOTOPbIX 3Ha4yeHWli 92 u yacToTa OCHOB-
HOro BuAa MOXET ObiTb MpeAcTaB/ieHa BblpaXeHWNEM:

2. i 74"

roe r— pagumyc HaubonbLIero mMonepeyHoro ceuyeHus, 2/— aanHa
CTepXHS, a— NOCTOsIHHasA, 3aBucswias oT GopMbl KpuBOW [0], 3Haue-
HWS KOTOPOW [aHbl B HWXecnegyrowen Tabnuue:

n= 0 va Ve 9, 1
a= 5593 6957 8203 9300 10,173

MpuMeHeHWe WHTerpanbHbIX YpPaBHEHWI LNA WCCNefoBaHWUA OGOKOBbIX
KONnebaHUh CTepXHeli MepeMEeHHOro ceyeHUs 6GbINO  PacCMOTPEHO
E. Schwerin’om 3.

50. Kone6aHne nonatok Typ6uHbl.— O6WMe 3ameyaHus. — M3-
BECTHO, YTO NPV HEKOTOPbIX YCMOBMAX B fonaTkax TypO6UHbl MOryT
BO3HWKHYTb OMacHble KonebaHWsd, M 3TOMY O06CTOATENbCTBY MOXET
ObITb MpUNMCAHO 6GOMBLWIMWHCTBO MOMIOMOK TakKuWX nonaTtok. Bosmyuato-
Wwas cuna, Bbi3blBalOLLasn KonebaHWsA B 3TOM C/lydyae, — AaB/eHWe napa.

‘) Akimasa Ono, .Journal of the Society of Mechanical Engineers”, Vol. 28,
>025, p. 429.

* Cm. J. W. Nicholson, ,Proc. Roy. Soc. of London*, Vol. 93, 1917, p. 506.

) E. Schwerin, Ober Transversalschwingungen von Stiiben veranderlichen Quer-
schitts, ,Zeitschr. f. techn. Physik, Vol. 8, 1927, p. 264.
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3T0 gaBneHue BCerga MoXeT 6biTb Pa3NoXKeHO Ha jBe COCTaBNAOLLME:
TaHreHuwanoHas coctasnsawwas P un ocesad Q (dwur. 127), koTtopble
BbI3bIBAIOT UK3rM6 0MaTOK B TaHreHUMasbHOM W OCEBOM Hampasfe-
HWAX COOTBETCTBEHHO. DTW COCTABAAKOLLME HE OCTAKOTCA MOCTOAHHBIMYU,
a W3MEHSTCA CO BPEMEHEM, TaK KaK OHW 3aBUCAT OT OTHOCUTENb-

HOro MOJIOXKEHUA ABMXYLWMXCA N0NaTtoK Mo
OTHOLIEHUIO K 3aKpenneHHbIM HanpasAsaoLWUm
— nonartkam.
Takve NynbCUpylOLLME CUbI, €CAW OHW Haxo-
OATCA B Pe30HAHCe C O4HUM U3 COOCTBEHHbIX
our. 127. BMAOB KonebaHMsA nonaTok, MOTyT Bbi3BaTb CUJb-
Hble BblHYX/eHHble KonebaHus, a cnegoBaTeNlbHO
M BbICOKME HanpsXKeHua. JlonaTKm MOryT B KOHEYHOM pesynbTaTe
faTb BCNeACTBME HapacTalolleil ycTanocTu MeTanna TpewuHbl B Me-
CTax pe3KMX W3MEHEHWIA MOMepeyHOro CcevyeHws, rae MMeeT MecTo
KOHLEHTpaLmnsa BbICOKUX HaNpsXeHWUi.

N3 3TOro MOXHO BWAeTb, 4YTO W3y4yeHWe KoniebaHMs nonaTok Typ-
6VHbI 1 onpejeneHne pasfiMyHbIX 4acToT, COOTBETCTBYIOLWNX COBCTBEH-
HbIM BMAaMm KonebaHMA, MOryT MOMOYb KOHCTPYKTOPY npu Bbi6ope
TakuX Nponopuuii ans nonaTok, 4To6bl BO3MOXHOCTb pe3oHaHca bbina
ncknoueHa. Mpu 3Tux wuccnepoBaHusx, metof Peiinesa paeT 06blYHO
YA0BNETBOPUTENbHOE NpubAnxeHue. MoaToMy He npeacTaBnseTca Heob-
XOAUMBIM WUTTW fJafblle B YTOYHEHUM BblYUCIEHWI, OCOBEHHO ecnu
Mbl MpPUMEM BO BHUMaHWE, 4YTO B [AENCTBUTE/bHbIX CAY4Yadx W3MeHe-
HUS B YCNOBUAX 3aKPENeHUs KOPHS /IoNaTkm MOryT 3HauuTesbHO
NOBMMATL HAa 4acTOTbl COBGCTBEHHbIX BUAOB KonebaHus *).

Bcnegcteue TOro, 4YTo fABa rNaBHbIX MOMeHTa WHepuuu nornepey-
HOro CeyYeHUs nonaTKW pPas3fiMyHbl, cnegyeT U3y4vyaTb OTAeNbHO CO6-
CTBEHHble BMAbl KOoneb6aHUs B [ABYX
rNaBHbIX MJOCKOCTAX.

MpumeHeHne cnocoba Peiines. —

Mycte XY 0Oypetr ofHa M3 3TUX [OBYX

rnaBHbIX  nnockoctei  (dwur. 128);

| —anvHa nonaTku; a—paguyc po-

TOpa Yy 3aKpPEenaeHHOro KoHLa NonaTku;

C— NOCTOAAHHAA, onpefensemas yp-uem

[173]; A —nnowaab MOMEPEYHOro CevyeHMs NONaTKW, MeHSoLWaacs
BAONMb ocn X\ W—yrnoBas CKOPOCTb poTopa Typ6uWHbI; Y— Bec egu-
HUUbl 06beMa MaTepuana; X — QYHKUMUA X, NpejcTaBndlowas ynpy-
ryto IMHWIO nonaTtkyu uop [LeiAcTBMEM COOGCTBEHHOrO Beca.

B3AB KpuBylO, npeacTaBnsemMyr (yHKuueid X, 3a OCHOBY pAnA

% Cm. W. Hort, ,V. D. I.*, Bd, 70, 192G, S. 1420.
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| /
onpegeneHnsi OCHOBHOTO BuAa KonebaHua, NOMYYMM YNPYTyK JSIMHUIO
fionaTtkn npu KofnebaHuu
y = X cos pt. [a]

MakcuMyM TMOTeHUWanbHOW 3HepruyM MOAyYMTCA, KOrga fionatka Ha-
XOAWTCA B CBOEM KpalHeM MOMIOXEHWUMW, W ynpyras AUHWUS NpejcTas-
nsieTca yp-uem

y=*X. [b]
JTa aHeprusi cocToMT W3 ABYX 4acTei: 1) aHeprua Vit Bcrnegcteue
60koBOro wu3rnba u 2) aHeprus BCNeACTBME AEWCTBUS LEHTPO-

6eXxHbIX cun. QHeprma V1 paBHa paboTe, NMpoM3BOAUMOIF GOKOBOWA
Harpyskoii npu onpegensemom yp-uem [b] npornbe n npeacraBnsetcs
BblIpaXXeHNEeM «

Vi=4-f AXdx, [c]

rge X — QYHKUMIO X, MPeAcCTaBAOWYO YNPYTy JIMHUIO  NoNaTKu
nog pfelctBuem ee COOCTBEHHOro Beca, MOXHO BCerga nofyuuTb
aHaNMTUYECKUM WM rpaduyeckum cnocoboMm. B nocnegHem cnyuvae
nHTerpan [C] MOXHO BbIYUCAWUTbL OAHWUM M3 NPUBANXKEHHbIX CNOCO6OB.

Mpu Bbluucnenun V, cnefyet 3amMeTUTb, UYTO LEHTpPOOGEXHasa cuna,
JelicTBytolan Ha 3nemeHT AAuHbl dX nonatku (cm. dur. 128), paBHa

A wHa+x), [d]
g \
PagnanbHoe MepemMelleHne 3TOT0 3/IEMEHTa MO HamnpaB/EHUD K LEeHTpY
n3-3a uU3rnba nonaTku:

1% 8 \dx ) 7
N pa6oTa uUeHTpobexHoi cunbl [d\ 6yaet

-*Ldx«Ha+x)/ (€Ydx. [N
° 0

MoTeHumMansHaa aHeprusa Vit nonyumtca Tenepb CyMMUpPOBaAHUEM 3fe-
MeHTOB paboTbl [/] BAOAb ANMHBLI ONATKW C NEPEMEHON 3HaKa CyMMbI.
NTak

A(a+-x)dxf (~) dx [dl
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MaKCMMYM KWHETUYECKO 3HEPTUM MONyUYmnTCs, Korga Kone6ntowascs

nonaTka HaxoAWTCA B CBOEM CPefHEM MOJIOXKEHUU, N CKOPOCTU, Orpe-
fendemble u3 yp-ua [a], umeloT 3HayeHua y' =pX. Torga

ro= 1t /1 7T Ty ** = A X 4 o x 7 1|

Tenepb M3 paBeHCTBa

T=vi+ vi
I'IOﬂyLIVIM:
t | X
gj AXdx-{-A(a\-x)dxJ () dx
p8= _o 0- . [175]
J Axux
0

3T0 —yp-ue ANs onpefeneHus 4acTtoT, COOTBETCTBYIOLMUX COOCTBEH-
HbIM BMAaMm KofiebaHMa nonatku.

BTopoii uyneH B uucAuTene MNpaBOil YacTW yp-us npeacTaBnset
AecTBUE LEHTPOOEeXHOW cunbl. O603HAUYMB

* AXdx NA(a+ x)dxj dx
fto— s o t o4 m o u o
h' ur T > 7 — (1) 1 © 1
AXUx J AXUx
0 0

Hailgem u3 yp-ua [175], 4To 4vacTtoTa KonebaHWA NOMaTKM MOXeT
ObITb NpefcTaBneHa B cleAyloleM BuUfE:

=»//.2+ N2, [177]

roe /, o603HayaeT 4acToTy KonebaHMs NoNaTku, Korga poTop Henog-
BMXEH, a /2 npeAcTaBngeT 4yacToTy KonebaHua nonatku, ecnu npe-
Hebpeyb cunamu ynpyroctm v NPUHATb BO BHUMAHWE TONbKO LEHTPO-
6eXXHYI0 CWUNy, BO3HUKAKLWY MNpu BpalieHuu.

Kone6aHne B oceBOM HanpasieHWW. —Tpu onpegeneHnn 4acToTbl
Koneb6aHWa B OCEBOM HanpasieHWW Xopolwee MPUBANXKEHNE MOXHO
nofyynTb nNpu AONYLWEHUW, YTO W3MEHEHWS NNOLWafu nonepeyHore
CeYeHUs M MOMEHTa WHepuun BAOMb OCU JIONAaTKM OTBEYalT YpP-UAM
[173]. B atom cny4ae uvacTtoTy ft nonyumm, nonb3yscb COOTBETCTBYIO-
wen tabnuuei (cm. cTp. 269).
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YactoTy ft 4na TOro >e chAyvyas MOXHO Nerko OnpefenuTb W3
yp-us [176] n npefacTaBuTb B ClefylolWwem BUAe:

[ woi

rae P uucno, 3aBucsalwee 0T pa3MepoB fonatku. HekoTopble 3Haue-
HMS ? gaHbl B cregywoulein Tabnuue 7).

a 'SSN” 0 0,2 0,4 0,6 0,8 10
«
0 1,00 1,00 1,00 1,00 1,00 1,00
i 1,57 1,58 1,59 1,61 1,64 171
2 1,98 2,00 2,01 2,04 2,09 2,19
4 2,62 2,04 2,66 2,70 2,77 2,92
6 3,13 3,15 3,18 3,23 3,31 3,50
8 3,55 3,59 3,62 3,68 3,78 4,00
10 3,95 3,98 4,02 4,08 4,19 4,44

Tenepb, 3Haa ft u/a Hailgem vacTtoty f nmo copmyne [177].

KonebaHwe B TaHreHymansHOM
HanpasfeHnn. — B TaHreHunanbHOM
HanpaBneHUN NONaTKW MMelT 06blYHO
nepemMeHHbIn  paguyc uHepuun. Cne-
foBaTtenbHo, yp-us [173] He mMoryTt
OblITb HENoCpPeACTBEHHO TMPUMEHEHbI.
B Takom cnyuvae npubanKeHHoe pe-
LeHNe MOXHO NONyunTb Npu gonyule-
HUWU, 4YTO u3MeHeHMa [/ u A BAOJb
ocn X (cpur. 129) MOXHO NpefcTaBUTb

yp-naMm *): dur. 129.
/=1 1 X — T'sin
1 _ I-g()\ [179]
7 —nsin
ne
J« A0 ’
Lo L+ 1 /A* A
70 b M~A,

*) Tabnuua B3saTa M3 ctatbu J1/«m<aza OHO, ynomsHyTOi Bbilie Ha cTp. 268.

*) W. Hort, Proceedings of the First International Congress for Applied Mecha-
nics, Delft, 1925, p. 282. YucnoBble pe3ynbTaTbl, AaHHble HUXe, MOAYYeHbl Npu Aony-
LWEHUN, YTO BUA KONebaHWA CTEPXHA MEPEMEHHOro CeYeHUA TOT XKe, YTO M MpusmaTu-
YeCKOro CTepXHs.

Teopus koneb6aHWil B WHXEHEPHOM fene il
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YacToTbl 6yayT TOrga onpegenatbca u3 obwero yp-us [171], B
KOTOPOM MOCTOAHHAasA a ANA OCHOBHOTO W HAaWBbICWIEro W3 BUAOB
Kone6aHuii paeTcs yp-uem *):

I 1— T$— T%'
a,= . in [1801
X 1—tit—ri'il
3pecb «0— 3HayeHMe MOCTOAHHOM a ANA KOHCO/M MOCTOSHHOrO ce-
yeHus (cm. Tabn. Ha cTp. 234)2. locTosiHHbIE [p/, y- vy, 4ns
pasNNYHbIX BUAOB KonebaHWsa faHbl B chnefyroleil Tabnuue:

< Pi b P/ i

1 0,193 0,807 0,493 0,493
2 0,405 0,594 0,703 0,703
3 0,468 0,532 0,661 0,661
4 0,483 0,517 0,649 0,6-19
5 0,490 0510 0,645 0,645
6 0,493 0,507 0,642 0,642

Ecnm oguvH KOHel /fiomaTKM 3aKpenieH, B TO Bpems KakK Apyroi
NpocTo ONepT, NpW OMNpeneneHnun @ MOXHO BOCMONb30BaTbCA TEM
Xe yp-uem [180]. B 3aTom cnydae <or cnefyeT B3siTb W3 BTOPON Tab-
angbl  cTp. 234, MocTosHHble P/, p/, yt v y/ pgaHbl B cnegyrouien
Tabnuue:

: P/ b P/ v

1 0431 0569 0626 0857
2 0480 0520 0612 0724
3 0490 0510 0623 0680
4 0494 0506 0628 0662
5 0496 0504 0631 0654
6 0497 0503 0633 0649

) Ecnu BeAnumHbl T, T', MUN' He 6onble uyem OJ dopmyna [1b0], cornacHo
XOpTY, BepHa C TOYHOCTbIO [0 2%. YT06bI MOAY4MTb MpeAcTaBneHne 06 OLIMGKe
B cnyyae T v M, paBHbIX eAnHULE, 6bINM CPaBHEHbI TOYHbIE pPelleHns Ans CO6CTBEHHbIX
4acTOT NONAaTKM KOHWYECKOro BuAa W NOMaTku KAMHOOBPasHOW C BenuyYMHamu, mony-
YeHHbIMW BbILWEN3N0XEHHbIM CMOCO60M. BbiNO HaligeHo, 4TO B 3TWX KpalHWX cnyyasx
owmnbka 6bina 17% un 18,5°/0 COOTBETCTBEHHO [/ KOHYCO006pa3HON M KNMHO06pa3HoM
nonartok.

s) k? P aToii Tabnuubl paBHO aoi yp-us [180].
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Takum 06pasoM MOXHO BblYUCAUTL [, B Bblpaxenun [177]. Ona
onpefeneHns / 2 0OCHOBHOIO BMAa MOXHO MOJib30BaThCA yp-uem [178] u
BbILLUEMNPUBEAEHHON Tabnuueir, a vactota f 6yaeT Torga mnonyvatbes
13 BblpaxeHua [177], kak paHee.

Crefyet 3aMeTUTb, YTO /loNaTtku OObLIYHO COELMHAKOTCA B rPynnbl
MOMOLLbIO MPOBOJIOK B BWAe BaHT. 3TW MPOBOMOKW He BCerga cylue-
CTBEHHO B/IMAKOT HA 4acTOTbl OCEBbIX KOnebaHwi, HO OHW MOTYT 3Ha-
YNTENIbHO W3MEHWUTb YacTOTbl TaHTeHUManbHbIX KonebaHuin *).

51. KonebaHus kopnyca cyfgHa.— B kauyecTBe Apyroro npumepa
NPUMeHeHUa Teopun KonebaHWn cTepXHe nepemMeHHOro ceyeHus pac-
CMOTpPUM Tenepb 3ajayy KonebaHua Kopnyca cygHa. Bosmyuwatolas
cuna B 3TOM cflyyae OObIYHO BO3HMKAeT M3-3a HeypaBHOBELIEHHOCTU
LBUraTens, U ecnM 4actoTa 3TON CuAbl COBMajaeT C YacTOTOM OAHOrO
13 BMAOB COOGCTBEHHbIX KonebaHWiA Kopnyca, MOryT BOSHUKHYTb 60/b-
e BbIHYXAEHHble KonebaHua. Ecnv Kopnyc cyfHa nNpUHATbL 3a
CTEPXEHb MEePEMEHHOr0 CeYeHUs €O CBOOOAHbIMW KOHLAMW W MpuMe-
HUTL cnoco6 Putua (cm. n° 48), TO 4acTOTbl Pas3NMyHbIX BUAOB
MOXHO O0ObIYHO BbIYNCAUTL C [OCTATOYMHON TOYHOCTbIO MOMOLLbIO
yp-ua [167].

Ong ynpouweHus 3agayv LONYCTUM, 4YTO CTEPXEHb CUMMETPUYEH
OTHOCUTE/NIbHO CpeAHEero MOMEpPeyHoro CeyeHWs W 4TO, B3AB Havasno
KOOPAWHAT B 3TOM CEYEeHWM, MOXEM MpeAcTaBUTb NoWafb rnonepey-
HOro CeYeHWA W MOMEHT WHepuumn Ana N6b0oro rnomnepeyHoro CeyeHus
COOTBETCTBEHHO YP-UAMMU:

N=n0(1l-c*2; =10 (\-bx*), [a]

roe /10un /00603Ha4YalOT COOTBETCTBEHHO MJOWaAb U MOMEHT UHeEpPLMM
CpegHero nomnepevyHoro ceyeHus. Mpu 3TOM MPUHATO, 4YTO X MOXET
n3MeHsTbes OT X = — 1| go x=-\-1, npuyem 21— gnnHa cypgHa.
[onyctum panee, 4yto nporn6 npu KonebaHUM MOXHO npepfcTa-
BUTb Yp-MEM
y = X cosjot,

roe X B3ATO B BuAe psAga:
X=«l 2A(*)+ Q%)+ «*?%(*)+oom B

Mbl gomkHbl BblbpaTh gns f 4@, ... mogxogswme QyHKLMW, yaoBne-
TBOPAOLWME KOHUEBbIM Yyc/ioBUAM. COOTHOLIEHUA Mexay Koadpduuu-
eHTaMM au a2 a3, ... W YacTOTaMu MOAY4YMM Tenepb W3 yp-uii [167].

* CMm. BblWeynomsHyTyl kHuury CTogona, ctp. 949. Cm. Takxe W. Hort
V. D. IL*, Bd 70, 1926, S. 1422 u E. Schwerin, Ubc¢r die Eigenfrequenzen der
Schaufelgruppen von Dampfturbinen, .Zeitschr. f. teclin. Physik“, Bd 8, 1927, S. 312.
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Y [0BNeTBOPUTENIbHOE MPUBAMXKEHWE [N 4acTOTbl OCHOBHOIMO BUAa
Kone6aHWn MOXHO MONYYWUTb *), NPUHAB 3a (PYHKUUU P(X) HOpPManb-
Hble (YHKUWUM MPU3MATMYECKOro CTEPXHA CO CBOBOAHBLIMU  KOHLAMMU.
O6uwee peweHune [133] gnd cUMMETPUYHbLIX BUAOB KonebaHusa cnegyet
B3ATb B BUAeE:

X =Cj (cos An-f-cosh kx) -f- C2 (cos Ax — cosh Am). [c]
Tenepb, U3 YCMOBUIA y CBOGOAHLIX KOHLOB WMMEEM:

(X")*-xi=(X"")x-xi= 0. [d]
Mogctanssa [c] B [d], nonyuum:

C, (— cos kI -f- cosh kl) — C2(cos kI -f- cosh kl) = 0,

C, (sin kI =~sinh kI) — C2(— sin kI - sinh kI) = 0. M

MpupaBHAB ONpeAeNnnTeNb 3TUX YP-WA  HYA, MNOAyYUM yp-ue
YacToThl
tgA/-ftghA /=0, I\

nocnenoBaTe/ibHblE KOPHU KOTOPOTO:
Aj/=0; k%= 2,3650;

MopctaBnas un3 [e] oTHoweHne CXCt B yp-ue [c], nonyuum Hop-
MaNibHble (YHKLMK, COOTBETCTBYHOLLME OCHOBHOMY I BbICLUEMY BUAaM
KonebaHus :

Xt= Ct (cos ktx cosh A,/-f- cosh kix cos kj). .
Mpon3BONLHYI0 MOCTOAHHYI, A18 YNPOLLEHUS, BO3bMEM B BUAE

1
~ Vv"cos2A,/+ cosh2Ail

HopmanbHas pyHKLUUS, COOTBETCTBYHLLASA NePBOMY KOpH0 A,/= 0,
6yLeT NOCTOSIHHON, U COOTBETCTBYIOLLEE ABMXeHMe ByaeT mepemerle-
HWEM CTEPXHS KakK TBEPAOro Tefla B HanpaBfieHUW Y. DTy MNOCTOSH-

Hyl0 BO3bMeM paBHON 1/ ¥ 2.
B3sB HOpManbHble (YHKUWW, NOAYyYeHHble TakMM 06pas3om, 3a co-
oTBeTCTBYlOWME yHKUMM ? (1) B page [b], nonyunm

1 cos Accost! Arl-f- cosh An; cos Ar/
X—aij + - |/ cos2 A2l-f-cosh* A tooe [if]

‘) CMm. KHUry aBTOpa— Teopua ynpyrocTtu, Tom 2, lMeTporpag, 1916 r. CMm. Takxe
H. AKumoB, .Trans, of the Soc. of Naval Arch.“, New-York, Vol. 26, 1918.
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MogcTaBnsAs BblLEHANWCAHHOE BbIpXEeHUe B yp-ue [167], nonyuum:

+‘
I/, J (1 —bx» 2 2 asal <" N —
| /=1,2,3,.../=1,2,3,...

- PE ~ 1 {1~cx>) Y, Y agfiOjdg —o [
& -r [—1,23.../-=123,... j
N o603Havas
-N -
L @—=" 220" = 9> | L—cxMW jdxMhij, 19|

nonyyum wmn3 [

/:1122’3’.“a,K—>—Pf|)= 0, 1

rae
1= " . "

1 1

[na onpegeneHns OCHOBHOMO BMAa KonebaHus B CYLWHOCTM fOCTa-
TOYHO [ABYX ufeHoB psAfa [¢]. Yp-usa [/] B aTOM cnyyae nonyyarTcs-

(a1 ~PI @ "= &
a, (al2— Xpi2) -f a, (a22 — Xp22) = 0, M
B Hawem cnyuvae
— cos kx cosh & - f cosh krx cos
fi O r K* Vcos*kJ-j-cosh”kJ

MogcTaBnsas 370 B BbipaXeHns [K] v BbIMOMHAS WHTerpupoBaHue,

NoAyUYNM:
an~ 0; «2= 0; «ai= 0;

+/
01 Mo
/(1 - bx2 (?a")2dx = (1- 0,087 bP), \p)
P,= /(1 - 0,333c/2; = P, ==0,297c/»; p2= /(1-0,481c/2. [7]

MogctaBnaa B yp-usa [1] v npupaBHUBas onpefenuTent 3TUX yp-uii
HYM0, MONIyYaeM Yyp-ue YacToTbl:
PI* \  1la22
X,m - W - Xii=°- "
MepBbli KopeHb 3TOro yp-ns (A-;0) oTBevYaeT MepeMeLLeHnN,
CTepXHS, Kak TBepAoro Tena. BTopoil KopeHb

I=e?%e— W - "
P2 1 12

Pu Pr»
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onpegenseT 4acToTy OCHOBHOro Bufa KonebaHus. 3Ta vactoTa
f- p_ YT Nn/ruw m
2T 2ty Ny e

HucIKir.QfLnpumep,—MycTtb 2/= KOO.M; /G20.1n°*; .407=7-9,81 T/™-,
6= c= 0,%003 Ha KB. M. Torga Bec cyjgHa
i
Q= 2/1¢Y (1—cx*-)clx= 5150 TOHH,
0

N3 yp-nii [p] n [<] nonyuum:
«aa= 23,40-+10"5 B,= 3750; p,= 11,14; p, = 31,95

Torga u3 yp-ua [s] umeem
X= 0,817 m10"5

MpuHas E = 2- 101T/M*, nonyuum

P=y -J--2- 107-0,817 «10-*=21,6.

Uucno konebaHWii B MUHYTY

N =71 = 206.

dyHKUMM P(X), B3ATbIE BbIlE, MOXHO MCNO/Mb30BaTb TakXe, Korga
3aKOHbl WM3MeHeHuUs / 1 J1 OTAMYHBI OT NpefcTaBAseMbiX yp-uamu [a],
M Takxe kKorga / v A paHbl rpaguuyecku. B Kaxaom cnydvae Heo6xo-
OUMO TONIbKO BbIYMCAWUTb WHTerpanbl [£], 4TO BCerga MOXHO cAenaTb
NMOMOLLbIO Kakoro-nuéo npubav>KeHHOro crnocoba.

52. BokoBoli ypmap cTepXHei. — MpuBNNIKEHHOE pELUEHNE.
3ajaya onpefeneHns Hanps>KeHWi n Npornbos, BO3HUKAKOLWMUX B Hanke
OT najalouiero Tena, umeeT 60/bLIOE NPaKTUYECKOe 3HayeHue. TOYHOe
pelleHne 3Toli 3agaynm TpebyeT M3yyeHUss 6OKOBOro KonebaHus 6anku.
B cnyuasx, korga maccoii 6anky MOXHO npeHebpeyb CpaBHUTENbHO
C Maccoii nafalwLwero Tena, MOXHO NErko MofyyYntb MPUBANKEHHOE
peweHune, AOMYCTMB, YTO ynpyras AuHWA 6Ganku npu ypape umeeT
Ty Xe (opMmy, Kak COOTBETCTBEHHAas cTaTu4veckas ynpyras uUHUA.
Torga Hambonbwnini npormb6 n Hambonbllee HaNpsXXeHWe HakgyTcs
M3 paccMOTPEHUS 3HEPTUUN CUCTEMBI.

Bo3bmem Hanpumep 6anky, onepTyl NO KOHLAM, Ha KOTOPY Mo
cpeanHe Mexay onopamu napgaeT rpy3 W. Ecnu So603HavaeT nporuné
cepeguHbl 6anku, TO Mexay npornbom W [eicTBylLWein Ha 6anky
cunok P 6ygeT cylecTBOBaTb Cliefyioliee COOTHOLUEHME

PP
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N noTeHuManbHas 3Heprua gedopmauun Oyper:
A3 2AER-
7

Ecnn rpys W napaeT ¢ BbicOoThbl h, To paboTa, npoussognmas 3TuM
rpysoMm npu nageHuun, 6ypet:

W{h + bd), [
U OUHamMmnyecknin nporn6 8d HamgeTca M3 yp-us:
+ = [c]
oTKyfa
h=\t+ VbJ+Wfc, [d]
rae
A LU
48E|

npeAcTaBnsieT CTaTUYECKUA nmporu6 6Gankm nog Ageictemem /pysa W.

B BbIWEN3N0XEHHOM PacCy>XAeHUW Mbl NpeHebpernm maccoin 6anku
M LONYCTUNW, YTO KUHETUYecKasa aHeprusa nagawowero rpysa W 6bina
MOMHOCTbIO MpeBpalieHa B MOTEHLMANbHYIO 3HEPruio  AeopMauumu
6anku. B [eiCcTBMTENbHBIX YCMOBMAX 4YacTb KWUHETUYECKOWN 3Heprumu
npy ygape OyaeT noTepsHa. [103TOMy MpuBefeHHble Bbllle BblYM-
CNeHWs paAyT Ham BbICWIWI Mpefen AUHaMU4eckoro npormba u guHa-
MUYECKMX HanpshkeHuii. UTobbl nonyynTh 60/1ee TOUHOE pelleHue, cne-
OyeT NpUHATbL BO BHMMaHue Mmaccy 6Oanku, noasepratoleincs ygapy.

Ecnn pBuxyuieecs Teno, umetowee Mmaccy Wig u ckopoctb V0,
yaapseT UEHTpanbHO B HemMoABWXHOe Tefo Maccbl W/g, n ecnm fe-
(hopmauus B TOYKe COMPUKOCHOBEHUS BMOMHE Heynpyra, TO KOHeuyHas
CKOpoCTb V nocfne ypapa (paBHas Ans o60ux Ten) MOXET OblTb
onpegeneHa u3 yp-us

w W+ w
£ — ,
g g
oTKyAa
W r1

W

CnegyeT OTMeTWUTb, YTO Ana 6Ganku, MUCNbITbIBaKOLWed ygap, CKo-
pocTb vV 6yger oguHakosa ana Tena W un 6ankum TONbKO B TOYKe
COMPMKOCHOBEHMA. T[lpounMe TOUKM 6Gankm MOryT WMeTb CKOpOCTH,
OTAUYHbIE OT V. Hanpumep, y onop 6ankum 3Tu ckopocTu 6ygyT
paBHbl Hynw. [o3Tomy B yp-ue [e] 4nd onpefeneHUs CKOpoCTU V
AOMKHa ObITb MNOACTaBneHa He AeicTBMTeNbHas Macca 6anku, a He-
CKONbKO YMEHbLUEHHas. BennmumHa 3Toi YMEHbLUEHHOW Macchbl 3aBUCUT
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0T BUAa YNPYroin AVMHUM W MOXET ObiTb MPUOBAMXKEHHO YCTaHOBNEHA
TakMM >Xe o6pa3om, Kak npu cnocobe Peiines (cm. yp-ue [42), cTp. 61),
T. €. NpV¥ AOMYLWEHUN, 4TO yMpyras AMHMA Ta >XXe, 4YTO Moay4vaemas
cTatmyeckn. Torga

roe 17/35® ecTb YMeHbLUEHHbIN Bec 6Ganku. KuHeTuueckas 3Heprus
cucTembl Oyger:

W vf 1
29 77 1Tw*
35 W

ATy BennMuuMHy cnefyet nogctaeute Bmecto (Wvf/ig) = Wh B npe-
ablgywee yp-ne [C], 4To6bl y4yecTb BAMSIHWE Maccbl 6anku. [uHamu-
yeckuii nNporné Torga NOAYYUTCA PaBHbIM:

3TOT e cnocob MOXHO MPUMEHWUTb BO BCEX MPOYMX CAyyasx ygapa,
r4e nepemeLLeHne COOPY>KEHMS B TOUKe yapa NPonopLMOHanLHo cune ).

Ypap n kone6aHusi. — OnucaHHbIA cnoco6 gaeT AOCTaTOYHO TOu-
Hble pe3y/nbTaTbl B Cy4Yasix TOHKUX CTepXHeid u 6anok, ecnm macca
nafjaloLero Tena BefiMka CPaBHUTENbHO C Maccoil 6anku. B npoTvBHOM
CNyyae CTaHOBWUTCS HeoOXOAMMbIM PacCMOTPeHMe KonebaHuin 6anku
M MECTHbIX Aetopmauunii B TOuke ygapa.

BokoBble KonebaHus 6anku, Haxopasleics MNof ynapom Tena, 4BU-
XYLLEroca ¢ AaHHOW CKOpPOCTbIO, Bbiin paccMoTpeHbl CeH-BeHaHoM 2).
JonycTtus, uTo, nocne ypapa, nafgawliee Teno He OTAensetca oOT
6anku, MOXem wuccnefoBatb Koneb6aHWsA, BblpasMB Mpormbbl  Kak
CYMMY pAAOB HOpPManbHbIX (YHKUMA. [1oCTOAHHbIE KO3(MUUUEHTHI
3TUX pALOB ClefyeT yCTaHOBUTb TakMM 06pa3oM, 4T06bl yA0BMeTBO-
PANUCb AaHHble HadvanbHble ycnosus. Takum cnocob6om CeH-BeHaHy
yAanocb nokasaTb, 4YTO NPUOBAMXEHHOE pelleHWe, faHHOe Bbllle, LO-
CTaTOYHO TOYHO A1 NPAKTUUYECKUX MPUMEHEHUIA.

JonyweHne, 4To nocne ypapa najawollee Teno He OTAensercs
OT 6anku, BMNOAHe MPOU3BOMLHO, U, YTOBbI MMeTb Conee TOYHYHO Kap-

)] 37107 cnoco6 npeanoxed H. Coxr'om, .Cambridge Phil. Soc. Trans.*, Vol.

1850, p. 3. Cwm. Takxe Todhunter and Pearson, History..., Vol. 1, p. 895.
S) ' M. KHUTY, YNOMSHYTYI0O B BbIHOCKE Ha CTp. 246, nocnefHee npuMevaHue K na-

parpagy 61, ctp. 490.
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TUHY ABNEHWA YyjJapa, chefyeT paccMOTpeTb MeCTHble Aedopmauun
6anky » najaloullero Tefa B TOYKE CONPUKOCHOBeHWS. HekoTopble
pesynbTaTbl NOA06GHOrO MccnegoBaHWs ANA Cnydvas, Korga wap najgaet
Ha MJO0CKYl MOBEPXHOCTb MPAMOYrOfibHOW 6anku, 6yayT NpuUBELEHBI
Huxe ‘). MecTHaa gedopmauns B 3TOM C/yvae NpeacTaBUTCA W3Be-
CTHbIM yp-uem [epua 2.

MycTb a 0603HayaeT nepemelleHne yAapAloLWero wapa no OTHoN
LEHND K ocu 6anku, Bbl3BaHHOe 3Toi aehopmauunein, a P cooTBeT-
CTBylOLLee fdaBneHue Lwapa Ha 6anky. Torga

#a= *PyY [/]

roe k —noctosiHHas, 3aBmcAwas OT ynpyrux CBOWCTB Ten W OT Benu-
uMHbl paguyca lwapa. [aeneHne P npu ypape O6yAeT MeHATbCA
C TEYEHMEM BpPEMEHM U BbI30BET Mporm6 6anku, KOTOPbIA MOXHO
BbipasuTb o060wwum peweHnem [c] n° 44. Ecnn 6anka nofeepraetcs
yAapy no cepefjMHe, TO BbipaxeHue Ans 0606LWeHHbIX cun 6yaeTt

Q;=Psin”",

n I'IpOFI/I6 no cepenuHe, BbI3BaHHbI LaBIEeHNEM P, noNy4ynTCA pPaBHbIM

1 td

/=1,3,5,... O
MonHoe nepemelleHne wWapa OT Havana ygapa (t=0) 6yger paBHO
d=a-\-y. [h]
To Xe nepeMelleHMe MOXHO HalTU Tenepb W3 PacCMOTPEHUA [BU-

)XeHusa wapa. Ecnm v,, ckopocTb wWwapa B Havane ypgapa (*= 0), 1o
CKOPOCTb V B NMt060A MOMeHT t=1tt 6yger paBHa 3:

h
v=v*Jr/ pdti> W
0

raoe T — macca wWwapa, a P— peakyms 6ankum Ha liap, MeHstouascs
C TeyeHMeMm BpeMeHW. [lepemelleHue Liapa B HanpasBleHUU ypapa
6ypnerT: A

[ir [ [O*- M
0 0

‘) CM. cTatblo aBTOpa B ,Zeitsclir. i. Math. u. Phys.*, Bd 62, 1913, S. 198.

-) H. Herz, ,J. f. Math. (Crelle)“, Bd 92, 1881; A. E. H. Love, Math. Theory of
Elasticity, 1927, p. 198.

*) [lonyuleHo, 4TO Ha Wap He AeicTBYIOT HUKakue apyrue cunbl kpome P.
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MpupaBHuBasa [iA] n [/], nonyuum cnegytowee yp-ue:

\h n -/ =
0
|— co r

A A
:*:«1,3,5,...r" Tc-a \J1/ Jr Psini W 12 - [m]

3T0 yp-ue MOXHO YUCNEHHO peLWunTb, MoApasfenvMs MNPOMEXYTOK
BPeMeHW OT Hynd [0 2 Ha HebGonblIMeN3NeMEHTbl W BblYUCAAA, Liar
3a larom, nepemelleHns wapa. B panbHeliwem faHbl pe3ynbTaTbl
TaKUX BbIYMCAEHWI ANA 4BYX YUCNOBbIX NPUMEPOB.

Mpumepbl. — B nepBoM npumepe B3AT CTaNbHOW CTePXeHb KBaf-
paTHOro nonepeyHoro ceveHums 1X1 cm u gnuHoli 15,35 cm. Cranb-

0 O\ ro 30 40 50 60St

dur. 130.

HOW wWap paguyca r= 1CM yjapseT CTepXeHb CO CKOPOCTbO V= 10M
B ceK. lNpuHaB E paBHbiM 2,2XHKO6KrF Ha KB.CM ©n y= 7,96 T B
Ky6. CM, MonyyMm nepuoj OCHOBHOFO BMAa Kone6aHWs T paBHbIM
0,001 cek. B 4MCcnoBOM pelleHUM yp-ua 3TOT nepuof 6bin noppas-
feneH Ha 180 paBHbIX u4acTeit, Tak yto 3r= (YLW)T. [OaBneHue P,
BbIYMCMEHHOE A5 KaXAO0N 4vacTu, faHo Ha dur. 130 B BUAE KpuWBOIi /.
(Ons cpaBHeHWs Ha TOM >Xe GuUrype MNYHKTUPHOW NMHUER MNOKasaHo
N3MEHEHWe [aBNEeHWA CO BPeMEHeM [ANA cnyyad, Korfa wap ygapser
Ha 6eCKOHeyHOo 60nblIOEe Teno, MMelLLee MIOCKYI OrpaHu4YMBaloLWyo
NMOBePXHOCTb.) W3 3Toro BWMAHO, YTO LWAp OCTaeTcas B COMPUKOCHO-
BEHWM CO CTEPXXHEM TONMbKO B TeYeHWe NMPOMeXyTKa BPEMeHW, PaBHOro
28 (0X), T. e. oKono 76T. MepemelleHns wapa npeacTaBneHbl Kpusoi I,
a npornb cTepxHa no cepeguHe — kpusoi Il

Bonee cnoxHbIi cnydyail npegctaBneH Ha gur. 131. B 3Tom ciydae
ONNHA CTepXHA W paguyc wapa B3ATbl BABOe 60/blue, Y4emM B nped-
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WwecTBytoWwem npumepe. Mepunog T OCHOBHOTO BuAa KonebaHnsa CTEPXHSA
B YeTblpe pasa 6onblie, yem B npegbigylwem cnyyae. [Mpum 3Tom
nsmeHeHue pasneHus P npeacTtaBnsetca 6oniee CAOXHOW KpuBOWA /.
M3 Hee BUAHO, YTO Lap OCTaeTCHd B COMPUKOCHOBEHUM CO CTEPXHEM
oT t= 0 go £=19,5 (81). 3aTeM OH CHOBa yjapfeT CTepXeHb B MO-
MeHT t= 60(/K) n ocTaeTcs B COMPUKOCHOBEHWW C MNOCNEAHUM [0
-/=80 (81). YBennueHne nporuba cTepxHs gaHo Kpueoi Il

dur. 131.

N3 3TUX MpUMEpPOB MOXHO 3aK/M4YWUTb, 4YTO SBEHWE YMPYroro
yfapa ropasfjo C/I0OXHee, YeM Heynpyroro ypapa, PacCMOTPEHHOro
CeH-BeHaHom.

53. MpofonbHbIA  ygap nNpu3MaTUYecKux cTepxHein. — Obiune
3aMeyaHus. — ns NpubAMKEHHOr0 BbIYUCIEHWUA HaNpsXXeHWid W npo-
rméoB, BO3HWKAKLWIMX B MPM3MATUYECKOM CTEPXHE MpU MPOAOSLHOM
yaape ABMXYLUMCA TEI0M, MOXHO NPUMEHUTbL NPUOGMKEHHbIR cnocoo,
W3MOXEHHBIA B nNpefbifylweM N°, HO AN 6Gonee TOYHOrO pelleHus
3afjauynm Heob6XOAMMO PacCMOTPeHWe MPOLOMbHbLIX KONeBaHUA CTEPXHS.

FOHr nepBbiM *) yka3an Ha Heob6xoAMMOCTb 60/ee AeTanbHOrO
pPacCMOTPEHUS BAMSIHUA MacCbl CTEPXHA MNpu MNPOAOJALHOM yaape.
OH TakXe nokasan, 4To BCAKOE HEeOOMbLIOE COBEPLUIEHHO TBephoe
TeNo BbI30BET OCTAaTOYHYH fedopMauuio CTEePXHA Npu ygape, ecnu
COOTHOLLUEHMNE CKOPOCTW I» [BWXEHWUA YAApPSIOLLErO Tena K CKOPOCTM
V pacnpocTpaHeHWs 3BYKOBbIX BOJIH B CTepXHe 60/blle, YeM Ta
OTHOCUTeNbHas fAedopmalus, KOTopas COOTBETCTBYeT mpegeny ynpy-
rocTu matepuana Ha cxatme. UTo6bl [okasaTb MNPaBUMbLHOCTb 3TOrO
YTBEPXAEHUA, OH AOMNYCTUN, 4TO B MOMEHT ygapa (dur. 132) Ha no-
BEPXHOCTU COMPUKOCHOBEHMUS [BVKYLLErocs Tena U CTEPXHSA Npom3oii-

*) Cm. ero Lectures on Natural Pilosophy, Vol. I, p. 1244. WcTopua 3agayu npo-
[0MLHOTO yfapa noapo6Ho u3noxeHa B kHure Knebwa, nepesegeHHoii CeH-BeHaHoM,
YNOMSIHYTOW Bbille Ha CTP. 246, cM. nmocnefHee npumedvaHue K naparpady 60, cTp. 480, a.
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LeT MeCTHOe C)XaTtue *), KOTOpoe pacnpocTpaHseTcs BAONb CcTepxXKi
CO CKOPOCTbI 3BYKa. BO3bMeM OueHb He6ONbLIOK MPOMEXYTOK Bpe-
MEeHW paBHbIA t, Takoi, YTO B 3TOT NPOMEXYTOK CKOPOCTb yAaps-
ero Tefna MOXHO paccMaTpuBaTb Heu3MeHMBLUelcA. Torja nepeme-
weHne Tena Oyget Vyt m gAvMHa CXaTOM 4acTu CTepXHA 6OygeT Vi
CnefoBaTeNlbHO, OTHOCWUTENbHOE CXaTWe MOoAy4yaeTcsd paBHbIM VjV
(oTclofa— nNONOXeEHUe, BbICKA3aHHOE BbILLE).

MpogonbHble KonebaHWs MNPU3MATUYECKOrO CTEPXHA Npu ygape
6bl1n paccmoTpeHbl HaBbe 2. OH OCHOBbIBAN CBOe MCCNneAoBaHWe Ha
JonylleHUnW, 4TO nocne ypgapa ABMXYLLeecs Teno He oTAensercs

OT CTepXHA MO KpaiHein Mepe B TeuyeHue nonynepuoga

:,No  ocHoBHOro Bupga konebaHus. Takum o06pa3om, 3agaya

yfapa nofny4yaeTcs 3KBMBa/eHTHOM 3ajadve KonebaHuit

Jt  rpysa, YKpenjeHHOro Ha MpuU3MaTUYECKOM CTEpPXHe Wu

—  VMeloWero B HayanbHbIi MOMEHT [aHHYK CKOPOCTb

T (cm. n® 38). PeweHue 3Toil 3agaum, B opme 6ecko-

! HeuHbIX pAfOB, AaHHOe paHee, He NPUMEHUMO ANA Onpe

AN peneHMs HambONbLIMX HaNpsHXKeHWW Npu ygape, v B falb-

®ur. 132, Hellwem Oynetr paccMOTpeHO 6o0nee o6liee peLleHue,
faHHoe CeH-BeHaHom 3) n byccuHeckom 7).

CTep>KeHb, 3aKpPEeneHHblii OfHUM KOHLOM U ygapsieMblil B Apy-
roii s). — PaccmoTpuM cnepBa, NOMb3YsiCb U3BECTHLIM YXe Yp-Mem npo-
[LONbHbIX KonebaHuin (cM. cTp. 199), cTepXXeHb, 3aKPENNeHHbIA OgHUM
KOHLOM, JApyroii KOHel, KOTOpPOro WCMNbiTbiBaeT MPOAONbHbIA yhap
(pur. 132). 310 yp-ue TakoBO:

am . ri
i S M

roe un o603HavaeTr npogonbHoe nepemelieHne OT MNOMOXKEHUA paBHO-
BECUA BO BpPEMA KonebaHus, u

=& . i»]
YcnoBne Ha 3aKpenneHHoOM KOHLUe:

(«),-»:0- M

‘) fQonyuwieHo, YTO NOBEPXHOCTW COMPUKOCHOBEHWS — ABe MapanienbHble rnagkue
NA0CKOCTU.

2 Cm. Rapport et mémoire sur les ponts suspendus, Ed. 1823.

*) CM. BbIHOCKY Bbllle Ha CTp. 246.

*) Cm. Applications des Potentiels, p. 508.

(, Cwm.. Love, Theory of Elasticity, 4-th ed. 1927, p. 431.
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Ycnosue Ha CBOGOAHOM KOHLE, Tfe CUNMa B CTepXHe AO/MKHA ObiTb
paBHa CUNe MHEepUWM yhapstolero tena, Gymer:

O603HauMB uYepe3 T OTHoWweHMe Beca W ypapsiowero Tena K Becy
Ay/ cTepxHs, nonyuum u3 [d\.

6>
Ycnosua HadvanbHOro MmomeHTa t~ O, Korga Tefno yjgapsieT crep
XEHb, TaKOBbI:
au
u=dt="
4na BCeX 3HaveHmMit X Mexgy X — 0 m X —1 Torga Kak Ha KOHUE
X = 1 BcneacTsue TOro, YtTo B MOMEHT yfapa CKOPOCTb YyAapseMoro

KOHLUa CTepXHA CTaHOBUTCA paBHOﬁ CKOpOCTWM Yypapdawuwero Tena,
nveem:

| M
3ajava cOCTOMT Tenepb B OTbICKAHWW TakKoro peweHusa yp-ua [a],

KOTOpOe YAO0BNeTBOPANO 6bl KOHeYHbIM ycnoBuaM [c] u [€] v Havanb
HbiM ycnosuam [/] v [g].

O6uiee pelweHUe 3TOr0 yp-usi MOXKHO B3ATb B TakOM BUAE:
n—f(at—x)+/, {at+ n), % L

roe /' wm/j—npou3BofibHble PYHKLUN.
OnddepeHunpya no aprymeHtam {at—x) uam {ai-\-x), Mbl Mo-
KEM Hanucathb:

*Jb

0TKyfa BWAHO, u4To BbipaxeHue [h] yposnetsopsieT yp-uto [o].
UTo6bl YJOBMETBOPUTH KOHLEBOMY YCM0BUIO [C], Mbl AOMXKHbI
VMETb.
f{at)-\-ft{at)= O
unm
fi {at) = —f(at)

npu n6om 3HavyeHWu aprymeHTa at. OTcCloga MOXEM Hanucatb pe-
weHue [h] Tak:

u= f{at—x) —f{at-\-x). &
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3TO pelleHWe MMEET O4YeHb MPOCTON (U3MYECKUIA CMbICT, KOTOPbIN

MOXXHO NerKo MOSICHWUTbL CNeAylolWnMM 06pa3oM: BO3bMeEM MEPBbIA YneH

f(at—x) npaBoit vactu yp-us [& v paccMOTPMM HEKOTOPbIA MOMEHT

t. ®yHKUMIO / MOXHO npeAcTaBUTb [NS 3TOr0 MOMEHTAa HEKOTOPOid

KpuBoWi tisr (cdur. 133), BUA KOTOPOWN 3aBUCUT OT (yHKuUuKM /. Jlerko

BMAETb, YTO MO MCTEYEHUU 3NeMeHTa BpeMeHn M aprymeHT at—x

(YHKUMM |/ OCTaHeTCs HEeU3MEHHbIM, €c/un

TONbKO B 3TOT CaMblli NPOMEXYTOK Bpe-

MEHN abCuMCChl YBEANUYUINCHL Ha 3NEMEHT

[Ox, paBHbln aM. [eomeTpuyecku 310 060

tur 133, 3HayaeT, 4YTO 3a MPOMEXYTOK BpemeHn H

KpuBas NSr gBuxetcs 6e3 NCKaXEHUS B HO-

BOe MO/IOXKEHME, MOKa3aHHOE Ha urype NyHKTUpOM. M3 3TOro MOXHO

3aKM0YNTb, YTO MEePBbI uYneH npaBoit 4yactu yp-usa [K\ npegctaenseT

BO/MHY, MepeMelarollyocs BAOMb OCUM X C MOCTOSHHOW CKOPOCTbHO
paBHO

a=y T [182]

KOTOpas fABNAAeTCA TaKXe CKOpPOCTbiO pPacrnpoCTpaHEHUA 3BYKOBbIX
BO/IH BAO/NIb CTEPXHA. Takum e 06pasoM MOXHO M0KasaTb, 4TO
BTOPOI u4neH npaBoil uyactu yp-us [K] npeacTaBnseT BOMHY, Nepeme-
WAOLLYCA CO CKOpPOCTbKO & B OTpULATE/NIbHOM Hanpas/feHuu BAOSb
ocn X. O6uwee peweHune [K] monyyaeTcs HanoXeHuWem ApPYr Ha Apyra
ABYX Takux BOJIH OLWHAKOBOro BWfAa, MepemellaloWwmxcd C 04MHAKO-
BbIMW CKOpPOCTAMW B ABYX MPOTMBOMONOXHbLIX HanpasfeHUsax. Ypaa-
paloLLee Teno Bbl3biBAET NPW yAape HENpepbiBHbIA pag  MNOA06HBIX
BOJIH, KOTOPble TMepemMeLWlaloTcqd B HanpaBNeHUM K 3aKpensieHHOMY
KOHUY M TaM oTpaxalTcd. Bug atux nocneposatesibHbIX BO/IH MOXHO
Tenepb YCTaHOBUTb NPW MOMOLWM HAYafibHbIX YCNOBWUA W KOHLEBOIO
yCN0BMUA Ha KoHue X = 1
Mpu HayanbHOM MomeHTe {t— 0) umeem u3 yp-us [/r]:

(«)_O= | (—u)—TF (+ X),

Tenepb, Ha OCHOBAHWW HauyanbHbIX ycnoBuid [/], nonyuum

—f (—x) —f X)—0 ans 0< x </
['(-*)-1'"(.+ *)=0 . 0<.E</.
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Monaras / QyHKUWeA aprymeHTa 2z, KOTOPbIA MOXHO MPUHATH
paBHbIM-)-* WM —X, MOXHO 3aKnwuuts u3 [/], uTto, Korga
— / C 2) paBHa Hyn0, TaK KakK TOAbKO Npu 3TOM YC/I0BUK
o6a yp-ua [/] moryT 6bITb Yy[4OBNETBOPEHbl OLHOBPEMEHHO, U OTCHOAA
f(z)— nocTosHHas, KOTOPYH MOXHO MPUHATL PaBHON Hynw. Vmeem:

f(z) = 0, korga — m

Tenepb MOXHO ONpefenuTb 3HavyeHus ¢yHkumm f(z) pna 3Hade-
HUi z BHe npomexyTka —I<”z<”| npum nomowM KOHLEBOro YyCno-
Bus [e].

Mopctasue [K] B yp-ne [/], nonyumm:

tnl{/" (at—N—f" (at+ N}= + /' (at— 1) -ff (at-{/)

unn, nonarasa at-\~l—z,
f'"{z2)+ =If(z)=1"(z-21)-%xif(z-2]). [n]

Mpn nomouin 3Toro ypaBHeHMa ¢yHKUuo f(zZ) MOXHO cocTaBuTb
war 3a warom cregyiouwum obpasom:

M3 [T] ™Mbl 3Haem, 4TO B MPOMeXyTke /<”2<[3/ npaBas u4acTb
yp-usa [d] paBHa Hynw. VIHTerpupoBaHWeM 3TOr0 yp-ua MOAyYUM
dyHkumio f(z) B npomexytke I<”z<”"3l. MMpaBas 4acTb yp-us [u]
CTAHOBUTCA Tenepb MW3BECTHOW B npomexyTtke 3/<r<5/. Cneposa-
TeNbHO, UHTErpupoBaHue 3Toro yp-ua gact dyHkumo f(z) gns npo-
MexyTka 3/</~r<5/. TlocTynasd Takum e 06pa3om, MOXem ornpe-
aenntb yHkumio f(z) ans Bcex 3HavyeHwid 2 6o0nbwmnx yem — .

PaccmatpuBasa yp-ue [ra Kak yp-ue, onpegenstwee/”), nonyymm
o6lLee pelleHWe 3TOr0 AMHEAHOrO yp-ua NepBOro nopsapka:

f (z)=Ce~zml+ e~jtl]eﬂml|/"(z- 2)- ~ 1'(z- 21) dz, [p]

rge C— nocTosiHHAs MHTErpuMpoBaHus.
Ansa npomexyTka I<”z<”"3| npaBas 4acTb yp-usa [ra] ucuesaeT,
W Mbl MOAYYUM

f (2)= Ce-2/ml.

Tenepb u3 ycnosus [g], vmeem
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M Mbl MOAyYuMm Ans npomexyTka l<”z<”3l|

Korga 3/<[z<5/, Mmbl umeem, u3 yp-ua [<]

/t(r—2N= ~T {r~311

Tenepb peweHune [p] MOXHO NpeacTaBuTb B CAeAytolieM BUAE:
f(z)==Ce-*/m- ~ ( Z- 3[)e-{z- 3)in. [

MocTosiHHas wHTerpuposaHus C onpegensercs ycnoBuem MNocTo-
SHCTBA CKOpOCTM Ha KoHue X = 1 B mMomeHT t= (2l/a). 3710 ycno-
BME TaKOBO:

‘an\ _(am\
oH t’_‘=12/a—0 \dt)t=AEZ//o 4-0

nnn u3 yp-ua [Al:
f (1-0)-T (3&- 0o)=/"(I+ 0) (3L+ 0).
Tenepb npu nomowwm yp-uit [rn\, [q] v [r] nonyumwm:
—ve~2T= - —Ce~3/T,
a a
0TKyfa:

C="(elT+ e 3,
M Mbl UMeeM Ans npomexyTka 31</r</bl

[(2)=V *-«""+ 2 (I-A (2_ 31))e'<‘_ "

3nasa f (2), korga r< 5/, v nonb3ysicb yp-vem [M], Moxem
nonyunth BbipaxeHue ans dyHkumm f' (z), korga 51<*z<CJl, nT. 4,
®yHkuuto f(z) MoXHO onpesennTb UHTErpupoBaHWeM, ecin (YHK-
ums f (z) nsBecTHa, Npuuem MOCTOSHHAs WHTErpUPOBaHWUSA MOAYUUTCA
13 ycnoBus, u4TO nepemeuieHne U npu X = 1 He MCNbITbIBAeT pes-
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KOro usmeHeHus. Takum o6pasoMm nonydvatcs, korga I<”z<”3l,
cnegylowime pesynbTaThl:

/(ry = mlv/a {1 H J10

Korga 3/< 2< 5/

3Hag /(r), MOXeM BbIYACAUTb [MepeMelleHns U  HanpsXeHus B
NOGOM MOMEPeYHOM CeYeHWU CTepXKHs, MoAcTaBnss B yp-ue [A cooT-
BeTCTBYlOWMe 3HaueHus ¢yHkumin f(at—n) un f(at-\-x). Korga
O <£<(/l«), unen f(at—x) B yp-um [£] paBeH Hy/MO Ha OCHOBa-
HuM yp-us [T]. MoaTomMy Mbl MMeeM Tonbko BonHy /(a”-f X), nepe-
MeLLaloLLyOCS B OTPMULATENbHOM HanpasfieHun ocn X. Bug aToli BOMHBI
nonyumm u3 [£], noactaeue at-\-x Bmecto z. Mpm t= (l/a) aTa
BO/IHA 6YfeT OTpaXaTbCs OT 3aKPenNeHHOro KOHUa, Y B MPOMEXYTOK
(//fIX K W wmbi 6ygem umeTb ABe BojHbl: BonHy f(at—Xx),
ABWTAOLWLYIOCA B MOMOXMUTEbHOM HanpaBneHun BAOMAb ocu X, U
BonHy f(at-\-x), p@surawowytocs B OTpULATENbHOM HanpaBneHUW.
O6e BO/IHbI MOXHO MOAy4YnTb U3 [E] MOLCTAaHOBKON BMecTO Z apry-
meHToB (at—x) n (at-\-x) cooTBeTcTBEHHO. MMpojoMKas WUTTU 3TUM
nyTemM, MOXeM MONYyUYNTb TMONHYI KapTUHY $BAEHWUS MPOAOSbLHOIO
yaapa.

BbllwenpuBefeHHOe pelleHWe NpeacTaBiseT AeliCTBUTE/IbHbIE YC/I0-
BUS TONbKO [0 Tex Mop, Moka Cyu,ecTBYeT MONOXWUTeNbHOe [AaBrie-
HYe MeXAy YAapsloluUM TeNoM W CTepXHEM, T. e. 40 TexX Nop, rnoka
OTHOCWUTENbHOE YAJIMHEHWE

I (8),, “ T (at+ H

ocTaeTcsi oTpuuaTenbHbiM. Korga 0< at<2/, kpailHWiA NpaBblil YneH
yp-ns [w] npegctaButcs dyHkumeir [\ ¢ oTpMLATENbHBIM 3HAKOM W
ocTaHeTCcs oTpuuaTenbHbiM. Korga 2/<af£<4/, npaBag 4acTb yp-us
[w] cTaHOBMTCS paBHOW

OHa CTaHOBWUTCA PaBHO HyMo, Korga

S 1+ 2e> « (,_ "~ =0

nnn

2at/ml= Mm -f 2+ e~ 2w M
Teopust HOMEOBBA A AKKIMITPMM J1efe, 19
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3T0 yp-ue MOXeT WMeTb KOpeHb B npomexyTke 2l<[at< 4/
TONbKO B TOM Cay4ae, ecnu

2+e 2/lu<d4 T,

yto 6ypeTt npu T.LL 1,73

OTcofa, ec/iM OTHOLUEHME Beca YAapsloLLEero Tena K BECY CTEPXHS
MeHblle, yeM 1,73, yhap npekpawaetcs B OAWH U3 MOMEHTOB Mpo-
MexyTka 2l</at<”4l, 1 3ToT MOMEHT MOXHO OnpeaennTb n3 yp-us [*].
Ans 60nblIMX 3HAYEHWU OTHOWeHUS /M HYXHO wWccnefoBaTh, npe-
KpauiaeTcs N ygap B Kakoii-nn6o MoMeHT npomexyTka 4l<”at<”6l,
WKW HeT, W TaK fJanee.

Han6onbluve cXUMatoUiMe Hanps>KeHus npu ypape OyAyT B 3a-
KPENJIeHHOM KOHUe, M npu  60onbWMX 3HaveHusx T (T">24) oHu
MOTYT 6bITb BbIUMCMEHbI C AOCTAaTOYHOW TOYHOCTLID MO CheayloLei
npubnvmKeHHoOW hopmyne:

N,,=£-£(1/«+1). [183]

[ns cpaBHeHUS WMHTEPECHO OTMETUTb, YTO, NOMb3YACh NPUBANXKEH-
HbIM crnoco6omM npeabigyuwiero n° u npeHebperas Gt N0 cpaBHeHWIO
¢ /1B yp-un [d] (cm. cTp. 279), Mbl NPULEM K Yp-Uio:

PT**=E~ Vm. [184]
Korga 5< /a<24, HyXHO BMecTo yp-ua (183) nonb3oBaThbCcA yp-uem

[, mx= £'A-(»/wi+l.1)- [185]

Ons T<"5 CeH-BeHaH BbIBEN CNeAyOLWYO NPUONVKEHHYIO (GopMyny:

, _ n.,=2£~r(1+e-JT). [186]

MoMOLLbIO BbILIEN3NOXEHHOTO CMocoba MOXHO pacCcMOTpPeTb Cay-
yail cTepXHs, cBOGOLHOrO0 B O4HOM W WCMbITbIBAKLWEr0 MNPOAO/bHbIN
yAap Ha SpyroM KOHLe, W Cnyyaid MPOAONLHOrO yjapa fABYX npusma-
TUYECKUX CTEPXKHEN *).

CnefyeT OTMEeTUTb, 4TO MCCNefOBaHME MNPOAONALHOrO ypapa, AaH-
HOe Bbllle, OCHOBbLIBAETCA Ha [AOMYLLEHWW, 4YTO MNOBEPXHOCTU COMpU-
KacaHus Mexfay yAapsoolWwuM TenoM U CTEPXHEM ABAAKTCS [BYMS
naeanbHO rNagKMMmM napannefnbHbIMU NAOCKOCTAMU. B ycnoBusax pfeii-
CTBUTENLHOCTM O6YyAYT O0ObIYHO HEKOTOPblIE HeMpaBWUbHOCTM Ha Mno-
BEPXHOCTM, U NOTpebyeTCcs M3BECTHbI MPOMEXYTOK BPEMEHM, 4TOGLI

‘Y Cm, A. E. H. Love, yKaszaHHbI1 Bbllle Ha cTp. 281 Tpya, cTp. 435.
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Crnajuamch LepoxoBatocTu. EcAn 3TOT NPOMEXYTOK TOro e no-
pAfKka, 4TO Bpems, Tpebyluieecs AN TOro, 4Tobbl 3BYKOBas BOSHA
npowna BAOMAb CTEPXHSA, HeNb3d 0XUAaTb YAOBMETBOPUTENBLHOIO CO-
rnacoBaHusi Mexpay Teopueit u onbiTomD).

MHoro ny4ywimne pesynbTaTbl NOMy4YaTCcs, €CAN YCTPOUTbL TaK, 4TOOLI
MPoOMeXyToK BpemeHu l/a 6bl1 cpaBHUTeNbHO Benuk. Hanpumep,
3aMEHMB >KECTKUIA CTepXeHb cnupanbHoit npyxuHoit, C. Ramsauer
Moayymn?) oyeHb XOpoOLIee COOTBETCTBME MEXAY TEOpMeill U OnbITOM.
Ha ocHOBaHMM 3TOr0 Mbl MOXEM TakKXe O0XWAaTb YLOBNETBOPUTE/b-
HbIX pe3ynbTaToOB OT MPUMEHEHUS 3TOW Teopuu MpU WCCNeS0BaHUU
pacnpocTpaHeHUs BOSIH yjapa B [/AUHHbIX OfHO06pPa3HO HarpyXeH-
HbIX JKe/Ne3HOJOPOXHbIX noe3gax. [Mofo6GHas 3afavya MOXeT WMeTb
MPaKkTUyYeckoe 3HaYeHWe NPV U3YYeHUW CuA, AeACTBYHOLMUX Ha CLEnKu
MeXJy BaroHamu.

[Lpyroi cnocob nonyyeHWs nydwero CoOTBETCTBUA MeEXAY Teo-
pueii 1 ONbITOM COCTOMT B TOM, YTO YCNOBMUS COMpuKacaHus GepyTcs
fonee onpegeneHHbiMW. B3sB, Hanpumep, CTEPXeHb C 3aKPYTNEHHbIM
OHLOM W KOMOMHMpYS Teoputo [epua ANA MeCTHON feopmauumn B
TOuke compukacaHus c Teopueid CeH-BeHnaHa 0 BonHax, mepemedia-
lownxcs BAoMb cTepxkHs, J. E. Searsd nonyuun oueHb Xxopoluee
COBMafeHne MeXAy TeopeTUYecKMMMW W OMbITHbIMW pe3ynbTaTamu.

54. KonebaHnsa Kpyrosoro konbua.— 3agava
BOr0 KONibLia BCTpeyaeTcs MNpuM WCCAefOBaHUM 4acTOTbl KojebaHus
pasnMYyHOro pofa KPyroBbiX pam Ans Bpaliako-

WMXCA 3NEKTPUUYECKMX MallWH, 4YTO, Hanpumep,

He06X0AUMO MNpPU  WU3YYEHUM MPUYMH  LUYMa,

MPOU3BOAMMOr0 TakKMMU MallnHamu. B panbHeii-

LeM paccMaTpuBaeTcs HeCKONbKO MPOCTbIX 3a-

Ja4y Ha KonebaHWe KPYroBoro Kofblia MOCTOSH-

HOrO MOMEepPeYHOro CeYeHWs, NpU  [OMYLLEHUN,

4TO pasmepbl MONEPEYHOro CeYeHUs KOMbLa Masbl tur " 4.
CPaBHWUTENLHO C pPagMycoM WX OCEBOW NMHUMU,

M 4TO OAHA W3 [NaBHbIX OCE MOMEepPevYHOro CEe4YeHUs pPacnofioXeHa B
MAOCKOCTW KOJblia.

UnucToe pagnanbHoe KonebaHme. — B aTom clydyae oceBas SMHWS,
Konbua 06pasyeT Kpyr C Nepuoguyeckn MW3MEHSOLWMMCA pagnycom
M BCE MOMEpeyYHble CEYEHUS ABUXYTCA pajuanbHO 6e3 BpalieHus.

MycTb [— paguMyc OCeBOW AUHWMM KOfbla, UW— paguanbHoe nepe-

*) Takue OMbITbI CO CTEPXHAMU TBEPAOWA cTanu 6blAn  [BbINOAHEHbI D OWrTOM
W. Voigt ,Wied. Ann.*, Bd 19, 1883, cTtp. 43.

8 .Ann. d. Phys.\ Bd 30, 1909.

*) .Trans. Cambridge Phil. Soc.“,Vol. 21,1908,p. 49. JanbHeliline onbiTbl 6bIIM ONK-
caHbl J. E.P, Wagstaffm, .London Royal Soc. Proc.* (ser. A), 1924, Vol. 105, p. 544,
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MeLLeHNe, OfMHAKOBOE [15i BCEX MOMEPEYHbIX CeveHuid, A — nnowanb
MOMEPeYHOro CeyYeHus Konbla.

OTHOCWTENbHOE YA/IMHEHWE KO/blUa B HAanNpaBleHWW OKPYXHOCTU
6ypet Torga — WIr. MoTeHumManbHas aHeprus gedopmaynm, cocTosLas
B 3TOM C/lydyae W3 3HEPrMM TPOCTOr0 PAaCTSHKEHUS, MpeAcTaBUTCS
PaBEHCTBOM:

[a]
Torga KaK KWHETUYeCKad 3Heprusa KonebaHma 6y,qu:

T=";5I'*2*r. [b]

M3 [a] v [ft] nonyuum

u" 4 Bgyu =0,
oTKyfa
n= C,cospt -j- C*sin pt,
rae

v« P -

YacToTa 4mUCTbIX pagnanbHbIX KonebaHwii noaTomy TaKOBal)Z

l=wn=r.lP - i,8?i

KpyroBoe Konblo o061afaeT Takxke BUAaMU KonebaHus, aHanorMyHbIMU
MPoAo/bHLIM KOonebaHWAM NpPU3MaTUUECKUX CTepHeli. Ecnu vepes i
0603HAUNTb YWC/IO BOSH B OKPY)XXHOCTM, TO 4YacCTOThbl BbICLIMX BWAOB
pacTarMBatLero Koneb6aHus Konbua GYAYT ONPeAensithCsi yp-uem *):

Y f ~T+7?° 1188

KonebaHua KpyyeHus. — Tenepb 3aiiMeMCsi PacCMOTPeHUEM Mpo-
cTeiillero Buaa KonebaHWs KpyyeHus, T. e. TaKOro, Npu KOTOPOM OCEBas
NMHUSA KoMbLa He AeopMUpyeTcs, U BCe NMOMEPeYHble CEYEHUs Kofblia

*) Ecnu nmeeTcs Kakoir-nmb6o [06aBOYHbLIA Fpy3, KOTOPbIA MOXHO paccMaTpuBarth,
KaK paBHOMEpHO pacnpefeneHHblii BAOAb OCEBOW AWHUKM  KOMbLA, HEOBXOAWMO TO/bKO
B Npefblaywmx Bbiknagkax (yp-ue {£]) sameHutbs AX uyepe3 Ai-f g, rge g o6o3Hauaet
[06GaBOYHbLI BEC Ha €NMHWLY ANWHbI OCEBOW NMHUU KOMbLia.

¥ Cwm A. 5, H. Levé, sbie Ha cTp. 281 ynomsHyTbIA Tpya, CTp. 454,
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nosopayvBatoTcs Npu KonebaHUM Ha OAMH u TOT Xe yron (dur. 135).
Bcneacteue 3TOr0 MoBopoTa, Touka M, oTcTosdwas Ha 'y OT cpefHeii
naockocTu Kofbla, 6yAeT UMeTb pajuanb- y

Hoe TMepeMelleHUe, paBHOE i a COOTBET-

CTBEHHOE YA/IMHEHWE N0 OKPYXHOCTU MOXHO

MpUHATL NpUGAN3UTENLHO paBHbIM YY/T.

MoTeHuManbHas aHeprua geopmanmm Kofib-

ua MoXeT Tenepb OblTb BblpaXeHa che- dur. 135,
ayrouum obpasom

A

raoe IX— MOMEHT MHepuMM NOMNEPEYHOro cevyeHWs BOKpYr ocu X.
KnHeTnueckas aHeprus konebaHus oyper

\d\
roe IP— nonspHbIi MOMEHT MHEpLUWM MOMEPEeYHOro CeYeHus.
N3 [c] n [\ nonyumm:
0TKyza
9= Ctcospt-f Cjsinpt,
raoe
YacToTa Kone6aHMs Kpy4yeHUs BbIpasuTCs Torga Tak:
[189]

CpaBHMBasa 3TOT pe3ynbtar ¢ hopmynoin [187], MOXHO 3aKIO4YUTD,
YTO 4acTOTbl YMCTOrO pagmanbHOro KonebaHus U KonebaHus Kpyue-

HUSl HAXOAATCA B OTHowWeHUM 1: Y IX/1p. YacToThbl BbICLIWMX BUAOB KO-
ne6aHWs KpYyYeHMs BbIpaxkaloTcs ‘) B C/iyyae KpPyroBOro MOMEPEYHOro
CEeYEHNs KoMbLa yp-uem:

[190]

BcnomMHuB, 4TO

* Cwm. Bbie Ha cTp. 28! ykasaHHbIn Tpyg A. E H. Love, ctp. 453.
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rae a— CKOpOCTb pacrnpoCcTpaHeHWs 3BYyKa BAOMb CTEPXHA, MOXEM
3aKN0YNTb, UYTO pacTarusarlee konebaHne u KonebaHue KpyuyeHus,
pacCMOTPeHHble Bbllle, WMEKT OObIKHOBEHHO BbICOKME 4acToTbl
lopa3fo 60/nee HU3KME YACTOTbl MOAYyYaTca NpM pacCcMOTPeHuM Koneba-
HUA n3rnba Konbua.

KonebaHua n3rnéa Kpyrosoro Konbua.— Kone6aHus narnba Kpyro-
BOr0 KOfibLia pacnajaltTcs Ha [Be KaTeropuu, a WMEeHHO: KonebaHus
n3rnba B MAOCKOCTM KoNbLa M KonebaHua wusrnba, COnyTCTBYEMble
OBYMS MepeMeLleHUaMU: Noj MNpsMbIM YIAOM K MIOCKOCTM KOJfibLa U
CKpyumBaHue ’). Mpu pacCMOTpeHUM KonebaHus m3rmba B MIOCKOCTU
konbua (cur. 134) 0603Ha4MM: 6— yron, ONpefensrWwnin NonoxeHne
TOYKM Ha OCeBOW /MHUW, W — paguanbHOe MepeMelleHne, MONOXM-
Te/bHOE MO HamnpaBfeHUID K LeHTPY, W — TaHreHunanbHoe nepemelwe-
HWE, MOJNIOXUTENbHOEe B HamnpasfeHUW yBeNN4YeHus yrna  / — MOMeHT
WHEPLUMM MOMNEpPevyHOro CeYeHUs OTHOCMTENbHO [1aBHOM OCKM Nog
NPAMbIM YIIOM K MIOCKOCTU KOMbLa.

OTHOCWUTENbHOE YA/IMHEHWE OCEBOW NUHUM B NO6GOIA TO4YKe, BbI-
3BaHHOe nepeMelleHMAMW W a W, Oyper:

n . dw
rrb v
[ n3meHeHMe KPUBM3HbI MOXHO MpeAcTaBUTL yp-uemd):
1 1 0%m jn
r-j- Aar r r2262 ' r2" [/1

B Hanbonee obuwem cnyyae KonebaHuii Kpy4deHWs paguanbHoe nepe-
MeLleHNne MOXHO NpeacTaBuTb B BUAE TPUTOHOMETPUYECKOro psaja a):

n= a,cos ©® a2cos26.. .-f- 6jSin ©~f b2sin 2b f- ..., [h]

B KOTOPOM KoapduumeHThl alt a2 ... bu bb..., nsmeHswowmecs c Te-
UEHMEM BPEMEHU, MPEACTaBAAIT 0606LUIeHHbIE KOOPANHATHI.
Paccmatpusasi KonebaHusa n3rm6a 6e3 pacTsdkKeHus, noayuum us [e]

dw -
" ‘gl
oTKyfa ¥

w = aysin 6-f- V2a2sin 2-f-... — cosl 7ib%os26.. [K

‘) BbiweynomsHyTbii Tpya A. E. H. Love, cTtp. 451

2 370 yp-ue 6blNO ycTaHoBneHo J. Boussinesq’oM ,,Comptes Rendus”, tome 97,
1833, p. 843.

3) MOCTOSAHHBIA YneH psifa, COOTBETCTBYIOLLMIA UMCTOMY pafmasibHoOMy KoneGaHuto,
OnyLLEH.

4) MocTosiHHas WHTErpupoB:i iNs, NpeAcTaBnAOLAsa MOBOPOT KOMbL@, paccmaTpu-
BAeMOro Kak TBepfOe Tefo, B €ro M/ockocTW, OMnyLleHa B BblpaxeHun [/1].
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N3rubarowmii  MOMEHT B /O60M MNOMEPEYHOM CEYEHMM KOJblLa
bygner:

M -Elf(m2m i N
r2 Vdo*+ “/ -
a OTCHda nosyynm ana I'IOTGHLI,VI&I'IbHOVI JHeprun n3rnba BblpaXXe€HUNeE:

v__ W C(dHi
2rd) (572 + ")

unn, noactasnss pag [h] emecto M u nonb3ysack opmynamu:

2rc 2

J cosmbcostibdo—0, fsinmbsintibdo=0, npu ma n,

m 2c 2c
j cosmbsin mbdb= 0, J*cos2mbdb= J*sin2mbdb = «,
K' 0 0 0
nonyynm
1 1 1 (f +»<m)e A

KuHeTnueckas aHeprua konebntoweroca Konbua 6ypet:
2r

T=2-f@U*+ w*)rdb.
gy

Mogctasus [h] v [A BmMecTo ¥ 1 W, nosy4vaem:

K =T 2 2 (14T )(*-+"»>)e v

N3 3Toro BWAHO, 4TO BbipakeHus [/] u [T\ cogepxaT TonbKo
KBagpaTbl 0006LLEHHbIX KOOpAMHAT M COOTBETCTBYHLULMX CKOPOCTEN ;
OTClOA4a 3TU KOOPAMHATbl SABAAKTCA [/1IaBHBIMW WM HOPManbHbIMM
KOOpAMHATaMW, U COOTBETCTBYHOLME KOMebaHUs SBAAOTCA [N1aBHbIMU
BUgaMy KonebaHma usrmba Konbua. AuddepeHumansHoe yp-ue ans
no6oro Buga konebaHusa w3 yp-uii [/] v [T] 6yger

a-+EL+ (=Y -0
a‘+ y nrl /~°"

r
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OTciofa uvactoTa nwboro Buga KonebaHus onpenendeTcda Bblpaxe-
HUeM:

[191]

Mpur'=1 nonyuum/~O. B atom cnydae U= al cos6; ffijh=atsin6,
M KONMbLO ABVMXETCA KaK TBepAoe Teno, npuyem al— nepemelieHue
B OTpuUUaTe/lbHOM HanpaeneHum ocu X. Korga i= 2, KONMbLO uUCnbI-
TbiBaeT OCHOBHOW BufA Kone6aHusa n3rnba. KpainHue nonoxeHus KonbLa
npu 3TtoMm KosiebaHMM MnokasaHbl Ha Qur. 134 NyHKTUPOM.

B cnyuvae konebaHuii m3rmba Konblia KpPyroBoro nonepeyHoro ce-
YeHUd, COMYTCTBYEMbIX KaK mMepeMelieHuemM noj nNpsaMbIM YrioMm K
MIOCKOCTW KONbUa, TaK W MNepemMelleHneM CKpy4YuBaHUA, 4acToThl
rNaBHbIX BUAOB KONe6aHWA MOXHO ONpefeinTb U3 yp-uUs:

[192]

roe o o6osHavaet [1yacCOHOBO 4mCHO.

CpaBHuBaa [192] un [191], MOXeM 3aKMOUYUTb, YTO faxKe Npu HU3-
wem Buae (/= 2) uvactoTbl 06emx Kateropuin konebaHwii um3rmba oT-
NNYAKTCA TONbKO OYeHb cnabo.

HenonHoe KonbuLo.— Korga Konbuo uMMmeeT (OpMYy HEMOMHOW Kpy-
roBOM Ayru, 3afavya OnNpejeneHWs COOGCTBEHHbIX YacTOT KonebaHuA
CTAHOBUTCH O4YeHb CAOXHOW *). MonyyeHHble [0 CUX MOP pe3ynbTaThl
MOXHO MNPUMEHUTb TONbKO K Cllyyalw, Korga AnvHa Agyru mana no
CpaBHEHWIO C pajgMycoM KpUBU3HBI. B Takux cnydvasax aTu pesynbTaTthl
NMoKasblBalT, YTO COOCTBEHHble 4acTOTbl OYAYT HECKONbKO HUXE Ya-
CTOT NPAMOMMHEAHOr0 CTEPXHS W3 TakKoro e MmaTtepuana, Takoi
e ONUHBbI U NOMepeyHoOro cevyeHmsa. Tak Kak B 06lem cnyvae TouY-
HOe pelleHMe 3afayy 4pe3BbluaiHO CNOXHO, O HACTOALLEr0 BPEMEHU
nosyyeHbl TO/IbKO HEKOTOPble MPUOGANXKEHHbIE 3HAYEHWA ANA HU3LeN
COOCTBEHHOW 4acToTbl, MpUYeM AN WX BbIYUCIEHUA NPUMEHANCS
cnocob Pennea-Putua 2.

55. Kone6aHue mem6paH. — OOlMe 3aMeyaHus. — Mpn panbHel
lWeM paccMOTPeHUM MNPUHATO, 4YTO MeMbBpaHa— COBEPLUEHHO rMbKas u
6ecKOHeYHO TOHKasf niacTMHKa M3 O4HOPOAHOrO..MaTtepuana U OfHO-
obpasHoii ToNWMHbLI. Kpome TOro, MNPUHATO, 4YTO OHa OAMHAKOBO
HaTAHyTa BO BCEX HaMpasfeHUAX HACTONbKO 6O0MbLIMM HaTSXeHUueMm,

*) J7a 3agadva Obina paccmoTpeHa H. Lamb’ou, cm. .London Math. Soc. Proc.*,
Vol. 19, 1888, p. 365.

*) Cm. J. P. Den Hartog, The Lowest Natural Frequency of Circular Arcs,
-Ph. Mag.*, Vol. 5, 1928, p. 400; Ttakxe Vibration of Frames of Electrical Machines,
,Trans. A. S. M. E* Applied Mech. Dlv, 1928.
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YTO W3MEHEHWSAMW B 3TOM HATSXKEHWUW, BbI3BAHHbLIMU HEGOMbLLIUMMN
OTK/MOHEHMAMW MpU  KonebaHWM, MOXHO npeHebpeyb. CumTad nnoc-
KOCTb MeM6paHbl coBhagatoleid ¢ naockocTbto XY, 0603HaUNM: W —
nepemMelleHne 60K TOYKM MemMbpaHbl NOA MPSAMbIM YIFIOM K M0cC-
koctu XY npu kKonebaHuu; S— paBHOMEPHOE HaTSXKEHME Ha eAuHULY
ONIMHBI KOHTYpa; (|—Bec MeMm6paHbl Ha eAWHWLY NoLagu.
YBennyeHne nNOTeHUMUanbHON 3Heprum Mem6bpaHbl NpuM  nNpormée
HalgeTcs O6bIYHbIM MYTEM — YMHOXEHMEM PaBHOMEPHOr0 pacTsXe-
HWA S Ha yBe/MYeHWe Nowagu MNOBEPXHOCTM MembpaHbl. [nowagb
NOBEPXHOCTM MeMOpaHbl B Ae(OPMUPOBAHHOM COCTOSIHUM OyaeT

A [>+(&)+No**e

nnn, 3amedyas, 4To I'IpOFl/I6bI npu KonebaHMM 04YeHb Masbl, VMEEM

W dw\ 2
A—gl Mlgn( 4b?(,qy) }dxdy.

Torga yBeNnMueHUe MOTEHLUMANbHOW 3Heprum 6yger

s Tri1 (dw\2. (dw
T3 axs s udy L,

KunHeTunuyeckas JHEpPrua nnacTUHKM npu KonebaHumn 6y,qu
T=129% S w"™dxdy. [b]

Mpu nomowwm [a] n [6] MOXHO OMpefennTb YacTOTbl HOPMabHbIX
BMAOB KofebaHus, Kak Termepb 6yAeT nokasaHo AnA
HEKOTOPbIX YaCTHbIX C/ly4aes. r-
KonebaHue npsMOyronbHoin mem6paHbl. — MycTb
a n b o6osHaualoT ANMHBI CTOPOH Mem6paHbl n B
nycTb OCM B3ATbl, KakK MnokasaHo Ha ¢ur. 136. Ka-
KoBa 6bl HU 6blna PYHKLUA KOOPAMHAT W, ee Bcerga
MOXHO MNpPeACcTaBUTbL B Npejenax npsamMoyrofisHuKa

MOMOLLbI [BOMHOrO psAfa our. 136.
71= 00 MN= 00
R N ), G
w-- 2 2ﬂ-|,8in ———————— Sin—JL u
m=1

KO3(hpumymeHTbl QM KoToporo 6GepyTcA 3a 0606 EHHbIE KOOpAMHATSI
Ans 3aToro cnyvas. Jlerko BWAeTb, 4YTO KaxAablii uneH psga [c] ygo-
BNeTBOPAET YCMOBMAM HA KOHType, WMeHHO: W—O0 npu x=0 u
X—aunw-O0 npmy=0ny—»b
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MopcTtaBnsas [c] B BbipaxeHue [a] AN NOTeHUManbHOW 3HEPruw,
nonyunm

NE g Vi 2 A sitw ot

1 fAV n . ITKX Fivy*),
+ V11~ T sm™T cos-~-) \dxdy-

WNHTerpupya 3aTo BbipaKeHue B npegenax nnowagn memoépaHbl npu
nomowm c¢opmyn n° 12 (cMm. ctp. 52), Haxogum
T=2C0 ﬂ:_CO
s abk2 V Vi (7Tr . nr\
T=1 n=1
Takum e nyTeM noacTtaHoBKoiW [c] B yp-ue [b] nonyuum Bbipa-
XeHue AN KUHETUYECKON 3JHepruu:

T= iai2l'>-"- w
Boipaxenus [d] u [c] He cogep>xaT npousBeAeHWI KOOPAWHAT U CO-
OTBETCTBYHLMX CKOPOCTEH, NO3TOMY U3GpaHHble KOOPAWHATHI SB-
NAKTCA FNaBHbBIMKW KOOpAMHATaMMW, a COOTBETCTBYHOLME KoneGaHus —
HOPManbHbIMKU BUAAMMW KONEGAaHUS MAACTUHKMU.
OuddepeHunansHoe yp-ue HopmanbHoro konebawusa u3 [d] un [€]
bynet
gab , . ardl(mr . nr\ n
i 5 \~aF~"b-) *mn
0TKyga
i
/I _ -4y~ Wl +C,)- n33]

Huswuin Bug kKonebaHWa noaydyuTcsd, ecnm npumem m—n= 1
Torga

IEI,E(j)OpMI/IpOBaHHaﬂ MOBEPXHOCTb MeMﬁpaHbI B 3TOM Cnyd4ae 6y,qu
A 1 ;o
W= &sm —E—Sin—r . bl

Takum e 06pa3oM MOXHO MONY4YUTb BbICWIME BUAbl KOMebaHUs.
Bo3bMmeM, Hanpumep, Cnay4ail KBagpaTHOW Mem6paHbl, Korga a— b,
YacToTa HM3Wero ToHa 6ypert:

1 ./ls
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YacToTa NpAMO MPOMOpLMOHAaNbHA KBAafpaTHOMY KOPHIO W3 HaTsXe-
HMA S M 06paTHO MNpPoONOpUMOHANbHA [A/IMHE CTOPOH MemMObpaHbl ©
KBafpaTHOMY KOPHK W3 HAarpys3ku Ha efuHuLy nnaowagu.
Bnauxaiwune aBa BbiCWMX BMAa'konebaHus nonydyatcs, B3fB OAHO
M3 yncen M, M paBHbIM 2, a Apyroe paBHbiM 1. 3Tu ABa BUAa UMEIOT
OAVMHAKOBYI 4acTOTy, HO pas/nyHbIii BUA Ae(OPMUPOBAHHON NoBepX-
HocT. Ha dur. 137a u b nokasaHbl Y3710Bble JUHUU 3TUX [ABYX
BUAOB KonebaHusa. Bcnepcteme TOro, 4YTO 4acTOTbl OMHaKOBbI, BO3-
MOXHO HaNoXWTb APYr Ha Apyra 3T [Be MOBEPXHOCTW Npu NMo6om
COOTHOLEHUN WX HambonblmMx nNpormb6os. Takoe MONOXKEHWe Bblpa-
Xaetca cnegyrwmm o6pasom:
Esin?-P-)Ssiﬁ —Ky-jiZ)'sm KXSlnﬂ\
a /
rae C n D —npon3Bo/bHble BeNUYMHBIL. 'UeTbipe YacTHbIX Chyvas
nofo6HOro KOMOGMHMPOBAHHOTO KonebaHWs MokasaHbl Ha dur. 137.
MpuHumaa D= 0, mbl no- c-0
nyyum KonebaHue, paccmo- — — —*
TPeHHOe Bbllle W MOKa3aH-
Hoe Ha ¢ur. 137a Mewm-
6paHa npu kKonebaHun nog- ® (@
pasfenseTca Ha ABe paBHble
4yacT¥ BepTUKaNbHOW y310-
Boii nuHuein. Korga C= 0, membpaHa nogpa3gensietcs ropu3oHTanbHOM
Y3N10BOW NMHMENR, Kak nokasaHo Ha ¢ur. 137 b. Korga C— D, yonyuum

Wa

c-0 C--D

dur. 137.

~ (. m2bX X .. 2Tcy\
f Ty4 sin — sin a-yI:

= Qesmp(sin—y Icos——— 4rcos [_y
a a \

3TO BbIpaXeHWe CTAHOBWUTCSH PaBHbIM Hy/O, Korga
sin—= 0 wwm sin—= 0,
a a
nanM Xe Korpga

cos--i----f cos- = B
a

MepBble fABa Yp-uUs AT HaM CTOPOHbI KOHTypa; W3 TPETbero

yp-ns Moay4um:
Tex

a a
nnn
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3710 npeacTaBnfeTr Of4HY M3 AuaroHaneil KeajpaTa, NOKasaHHOro Ha
¢ur. 137 d. dur. 137 ¢ npeacTaBnseT cnydvait, korga C= — D. Kax-
Oyl0 NOMOBUHY MeMOpaHbl B MNOCMeAHEM W3 ABYX Cly4vyaeB MOXHO
paccmatpuBaTb KaK paBHOGepEeHHbIVi NPAMOYTFOMbHbIA TPeyrofbHUK.
OcHOBHas 4acTtoTa 3Toi MembpaHbl Mo yp-uto [193] 6yget

Takum >ke 06pa3oM MOXHO PaccMOTpeTb BbICLIME BUAbl Koneba-
HWA KBafpaTHOM WMAM NPAMOYTO/ibHON MemMbpaHbl *).

B cnyuae BbIHYX[JEHHOro KonebaHus MembpaHbl AuddepeHynanb-
Hoe yp-ue [/] ABUXEHMA nonydyaeTcs:

q ab . abwbl

o 4 uTn s g~

rae Qmn— 0606LeHHas Bo3MyLLaloLWas Ccuia, COOTBETCTBYHOWAS KO-
opAuHaTe QmMn. PaccMOTpuM, HanpuMep, Cayyaidl rapMOHWYECKOW CUMbl
P=4, cosW, geiicTBytowein B LeHTpe MembpaHbl. [Mpugasas npupa-
weHne bgm koopauHaTe QMM B BbipaXkeHuu [c], Haiigem pa6oTy
cunbl P:

P! cos wtbgmsin -g- sin '2-,

OTKYZAa Mbl BUAUM, YTO Korga T UM o6a HeueTHble, QM= rkP Ocos U4,
B NpoTuBHOM cnyvyae Qm—O0. Mopctasnas B yp-ue [ii] 1 nonb3ysce
yp-vem [24] (ctp. 25), monyyum:

I

roe

MoactaBnss [K\ B BbipaxeHue [C], monyuyum Koneb6aHMs, Bbi3BaHHbIE
BO3MyLlatowein cmnoin POcos &t
Korga Ha Mem06paHy [elicTByeT paBHOMEPHO pacnpefeneHHas
cuna Z, o6obuieHHas cuna B yp-um [h] cTaHOBUTCA paBHOIA:
b a

om,=f f Zsin 22X G

0 o

nr-v dxdy.

) Bonee feTanbHOe pacCMOTPEHME 3TOM 3afayuM MOXHO HaliTW B KHure Peines,
UMTMPOBaHHOW Bbiwe, cTp. 306. Cm. Takke Lamé, Lecons sur |*%lasticité, Paris, 1852*
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Jonyctum, Hanpumep, 4YTO pPaBHOMEPHO pacnpefeneHHoe AasneHue Z
BHE3aMmHO MNpPUMOXEHO K MembpaHe B HayanbHbii MOMeHT (£=r0),
Torga u3 [/]

Qmn = z (1 —cosmt) (1- cosnr).

Kor,qa T NN oba HEeYeTHbl, NMEeM:
~ 4ab
Z-, [m

B MPOTMBHOM cfiyyae Qmm obGpauiaetcs B Hyfb.
Mogctasnsas [T] B yp-ve [h] u nonb3ysicb HayanbHbIM YCNOBUEM
gm= 0 npu. £= 0, nonyyum:

_ 1se Z(1 — cospmnf)
Ut~ gmn** p T ' 11
OTCPO,CI,a KOJ'IGG&HVIH, Bbl3BaHHbIE BHe3anHO TMNPWUAOXXEHHbIM fOaBNe-
Huem Z, 6yayT:

1-_cos J A
’;Eq Ctmin ™ Finpi m% P= sh I'r")gs H_rﬁ 1O|J

rae T UN o6a HeyeTHbI.

Cnocob Peiines-PuTua. — Mpn onpefeneHnn 4actoT COBCTBEHHbIX
BMAOB Kofie6baHUs MembpaHbl O4eHb Mofe3eH cnocob6 Peiines-Putua.
Mpn npuMeHeHWM 3TOro crnocoba AOMNYCTMM, 4TO Nporubbl Mmemb6paHsbl
npn KonebaHUW MpeacTaBNATCA yp-UeMm:

w — w0 cos pt, \p]

roe WO— cooTBeTCTBEHHAsA (YHKLMA KOOpPAMHAT X MY, KoTOopas onpe-
nenseTt gopmy gehopMupoBaHHOW MembpaHbl, T. e. BUA KonebaHwus.
MoacTtaBnas [p] B BbipaxeHue [a] ANS NOTEHUMANbHOW 3HEpPruw,
Haingem

{(£)"+(8) "~ M
MaKCUMyM KWHETUYECKOR aHeprum nonyumm u3 [f]
Trax—2gP~ | J* wo*dxdy. I
MpupasHas [q] v [r], umeem:

A{E+(?)

j j wfdxdy
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MpumeHsis cnocob Peiines-Putua, Mbl BO3bMEM BblpaXKeHue
ANnd feopMMpPOBaHHON MOBEPXHOCTM MeMOpaHbl B BUAe psfa:
= a. A(XY)+ atqm(xty) + a3« (Xty) + ... -[f]

KaXAblii 4YNeH KOTOPOro yAOBNETBOPAET YCNOBUAM Ha KOHType (mpo-
rmbbl MO KOHTYpPY MeMm6paHbl LOMKHbI ObITb paBHbl HyM). Koagdu-
UMEeHTbl a,, ar,... B 3TOM psAjy chnefyeT Bbi6paTb Tak, 4TOObl Bbipa-
XeHue [s] 6blN0 MWHUMYM, T. €. TaK, 4TO6bl yAO0BNETBOPAAMCH BCe
yp-ua cnegyroLero Buaa:

A 11{ ©¢I’+(£)-}** d)
pa.

w”dxdy

nnn

A%« NES ((E)+(8) )7
- {0+ fy

Monb3yack BblpaXKeHMeM [S], 3TO nocnefHee yp-ue noayvyaem paBHbIM :
wJS{{M)"+{ rY -e w°'}dxd)’= o- "

Takum ' 06pa3oM, Mbl MOAYYMM CTONbKO Yp-WiA Tunma [uU], CKOMbKO
umeetcs KoadguumneHtos B pagy L Bce atu yp-us 6ygyT NUHEAHbI

OTHOCUTENbLHO au ab a3... u, npupaBHMBas onpe-
a JenuTenb 3TUX Yp-wii HyA, MOAYYMM Yp-Ue 4YacToTbl
| X mem6paHsl.
_? Mpn paccmoTpeHumn, Hanpumep, BUAOB Koneba-
HUA KBagpaTHOW mem6paHbl (¢ur. 138), cummeTpuy-
Y HOiW OoTHocuTenbHo oceit X wu V, pag [f] MOXHO
®ur. 138. B3ATb B C/eAyloLleM BUfE:

wO0= (a-—X* (a-—Yy2 (a, + a2X*+ adyz-f~ X*yr-f...).

Jlerko BWAETb, UYTO KaXKAbIA UNMeH 3TOro0 psja CTAHOBUTCS PaBHbIM
Hynto, Korga X=Yy —+a. BcneacTBMe 3TOr0 YCNOBUS Ha KOHType
Y[,0BETBOPAKOTCS.

B cnyuyae BbIMYK/JOr0O MHOTOYrofibHUKa YCNOBMS KOHTypa 6yayi
YLOBNETBOPATLCSA, €CAU B3sATb

T,= (@lx+'b,y + Eel (a,x+ bty-\-ct)...
ees(«« X + bny -fcn) S S amxTyl,

roe a, Xx-\- bly-\- cx= 0,... —yp-us CTOPOH MHOrOyrofbHMKa. B3sB
TONMbKO NepBblil uneH (T — 0, N— 0) 3T0ro psga, 06bIKHOBEHHO MOXHO
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noNyyunTb YAOBNETBOPUTENbHOE MNPUBAUXKEHME [/ OCHOBHOMO BUAa
Kone6aHusa. Ecnm >ke OTbICKMBAKOTCA 4YacTOThbl BbICLIMX BUAOB KOfe-
m 6aHuMs, TO Heo6XoAMMO B3SiTb 6OMbLUE YNEHOB.

Kpyroesas memb6paHa. —PaccmoTpum npocTeiiwmnidi cnyyaid koneba-
HWs,- KOTfa AeOpMUpOBaHHAs MOBEPXHOCTb MeM6paHbl CUMMETPUYHA
OTHOCWTENbHO LUeHTpa kpyra. B atom cnydae nporu6el 3aBuUcAT
TO/IbKO OT pafManbHOro pacCTOSHUA T U YCNOBUA Ha KOHType OYyAyT
YAOBNETBOPEHbI, €CNN B3ATb

™ . 3kr
0= a,c 0 S + a, coS [m]

roe a obosHavaeT pagMyc KOHTypa.
Tak Kak Mbl BOCMOJSIb3yEMCS MNOASIPHBIMU KOpAMHaTaMu, TO yp-ue
[d] cnepyeT 3ameHUTb B 3TOM C/ay4ae CRefywLWUM yp-UeM:

F"«=|/0(T r)y’'2tm"™ ?
BmecTo BbipaxeHus [r] nonyumm
Ve A o
7UBX = /Z\g_ 8 Wi*rdr [}

n yp-ue [U] npumet Bug:

B3AB TONbKO nepBblli uneH psga [M] v noactaBuB W,,= atcosrr/2a
B yp-ve [n'], nonyumm:

fa&gf sin2"2&d r = %gsfjcos'“z-égr,

oTKyaa
1 + A)
4a3\ 2 i3/ gs \2 W
nnm
2S1 n/T X
a 'y q
To4YHOe pelleHMe *) gaeT ANsS 3TOro cnydas: «

Owwunbka nepBoro nNpubAMXeHUs MeHble 7«%-

‘) 3ajauya KonebaHUs KpyroBoi Mem6paHbl NogpoGHO paccmoTpeHa Peiineem{ cm:
YNOMAHYTYIO Bbille KHuUry, ctp. 318,
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Uto6bl nonyuntb nydwee npubanXKeHWe nNA OCHOBHOrO BWAQ,
a TakXXe W [NnA 4acToT BbICWMX BUAOB KonebaHud, cnegyeTr B3ATb
6oNbllee 4yucno uneHoB B pagy [ 3T BbicwKe BuAbl KonebaHua
6yayT vMeTb OAWH, fBa, TPW... Y3M0BbIX Kpyra, Ha KOTOPbIX Mpu
KonebaHUM nepemeLleHns
O6yLyT pasBHbl HY/IO.
Kpome BupgoB Koneba
HUA, CUMMETPUYHbIX OTHO-
CUTENbHO LEHTpa KpPyrosoW
MeM6paHbl,MOryT CYLLecTBO-
BaTb TakXe BWUAbl, MpU KO-
TOPbIX OfWH, pfBa, TPMU...
LnameTpa Kpyra 4snstTcs
Y3M0BbIMU NINHWUAMU, BAOSb
KOTOPbIX Nporuésl npu Ko-
nebaHny paBHbl Hynw. He-
KOTOpble BWAbl KonebaHus
KpyroBoil Memb6paHbl nokaszaHbl Ha qwur. 139, rge y3noBble Kpyru
M y3n0Bble AMaMeTpbl 0603HAYeHbl MYHKTUPHLIMU IUHUAMMU.
Bo Bcex cnyvasx BefMUMHbI P, ONpejensolme 4acToTbl, MOXHO
NnpeacTaBUTb yp-UeMm: A

m=-1Vr . i197'

NoCTOsHHblE S KOTOPOro faHbl B HMKecneaytouwelii tabnuue ).

S n=0 =1 n—2 A=3 a=4 n=5

1 2,404 3,832 5,135 6,379 7,586 8,780
2 5,520 7,016 8,417 9,760 11,064 12,339
3 8,654 10,173 11,620 13,017 14,373 15,700
4 11,792 13,323 14,796 16,224 17,616 18,982
5 14,931 16,470 17,960 19,410 20,827 22,220
6 18,071 19,616 21,117 22,583 24,018 25,431
7 21,212 22,760 24,270 25,749 27,200 28,628
8 24,353 25,903 27,421 28,909 30,371 31,813

B 3Toii “tabnuue M 0603Ha4YaeT YMCNO Y3NOBbIX AMaMeTpPOB, asS —
YNCNO Y3/0BbIX KPYroB (Kpyr KOHTypa BXOAWUT B 3TO 4YWCMO).

B npeablgywmnx pacCcy>XAeHusx AONYLWEeHO, 4YTOo MembpaHa uMeeT
MOMHYI Naowafb Kpyra M 4To OHa 3aKperjeHa TOMbKO MO KPyroBomy
KOHTYpPY, HO J/IeTKO BWAETb, YTO MOMYyYeHHble pe3ynbTaTbl BKALOYAOT

*) Tabnuua BblunMcneHa byp>ke, ,Ann. de I’6cole normale’, Vol. 3, 1866,
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TaKXe pelweHne Apyrux 3agay Ans MembpaH, OrpaHUYeHHbIX ABYMS
KOHLUEHTPUYECKMMW KpyramMu v ABYMA pagumycamu, uam gns membpaH,
MeoWwmx opmMy cekTopa.

Bo3bmem, Hanpumep, membpaHy B BuAe nonykpyra. Bce Bo3mMOX-
Hble BUAbl KonebaHua Takoli MembpaHbl 6yAyT 3aknuvaTbCA B uucne
BMAOB, KOTOPble MOXeT UCNbITbIBaTb Kpyrosas membpaHa. Heob6xognmo
TONbKO OAMH W3 Y3/M0BbIX [AWAaMETPOB KPYroBoil MeM6paHbl cyMTaThb
3a 3aKPEN/IeHHbI KOHTYP.

Korga KOHTYp mMembpaHbl NpubAM3UTENbHO KPYrOBOW, HM3WWIA TOH
Takoii MembpaHbl 6/1M30K K TaKOBOMY KPYroBOW MeMOpaHbl, MMEKLLei
Ty e njowagb W Ty Xe BefnuuHy sg/q. B3siB yp-ue, onpegenstouiee
4acTOTy OCHOBHOrO BuAa Kone6aHus MemOpaHbl B HUWXECNeAytoLei
thopwme:

[« - [Tt i'98)
rae A —nnowagb MembpaHbl, NMOCTOSAHHYH & 3TOr0 yp-uUs MNOAYUYUM
Mo HWXe NPUBOAUMBIM [aHHbIM. 3Ta MOCTOAHHAA MOKa3blBaeT BAUA-
HWe 6OMbLIEro WAN MeHbLUIEro OTK/OHEHWS OT KpYyrosoil ¢opmbl *).

B cnyyadx, Korfa KOHTYp OT/iM4aeTCs OT PacCMOTPEHHOro Bbille,
nccnegoBaHme KonebaHWin npeacTaBnseT MaTeMaTuyeckue TPYLHOCTH,
M TONbKO B CAyyae 3/IMNTUYECKOTO KOHTypa 6bino gaHo Mathieu
nofHoe peweHne *). lMonHOe paccMOTpeHue Teopunm KonebaHus Mem-
GpaH C mMaTemaTM4eckoll TOukn 3peHus gaHo B kHure Pockelp'ad).

3HauYeHnsa NOCTOAHHON «:

a= 2404 y T = 4261

KBagparT........ a= y2’T = 4,443
5,135 .

YyeTBEPTb Kpyra e - 2 yx = 4551
KPYroBOW CEKTOpP C LeHTpanbHbIM yriom 60° » = 6,379/ 1 = 4,616
NPAMOYTOJIbHUK C OTHOLIEHMEM CTOPOH 3 :2 m - /nr* 4,624
PaBHOCTOPOHHUI TPEYrofbHUK = 2r jltg 30° s=4,774
MOMYKPY T e m=3,832/ ! = 4,803
NPAMOYTO/IbHUK C OTHOLIEHMEM CTOPOH 2:1 | | /1 N 4,967
NPAMOYrosbHUK C OTHOLIeHWem cTopoH 3:1 It i=5,736.

*) 9TV AaHHble B3ATbl M3 KHWUrU Peiines, ynoMmaHyToii Bbiwe, CTp. 345.
*) .Journal de math.* (Liouville), Vol. 13, 1868.
*) Pockets, Uber die partielle Differentialgleichung Au+ k’u— 0, Leipzig, 1891

Teopus KonebaHuii B UHXEHEPHOM pene* 20
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56. Kone6aHne nnactuHok. — OOWMe 3ameyaHusi. — Mpu  Aanb-
HelilleM pacCMOTPeHWM AOMNYLWEHO, YTO MAACTUHKA COCTOMT U3 COBEp-
LWEHHO YMpyroro, O4HOPOAHOr0, W30TPOMHOro Martepuana, W 4TO OHa
nMeeT 0fHO06pa3Hy TONWWUHY h paccmaTprMBaemMyl Kak Manas cpas-

& HUTENbHO C APYruMu ee u3sMepeHnamu. Bosb

MeM 3a nnockocTb XY CpefHIol0 MAOCKOCTb mia-

CTUHKM W JONYCTUM, YTO MpWU ManbiX npormbax *)

OOKOBble CTOPOHbI 3/IeMEHTa, BbIpPe3aHHOro Wu3

NJaCTUHKN MJIOCKOCTAMM, MapanienbHbIMU  MJ0-

ckoctaim ZX wu ZY (cm. cwmr. 140), ocTtaroTcs

MJOCKAMW 1 MOBOPaYMBalOTCA TaK, YTO OCTAKOTCA

HOpPManbHbIMW K W30THYTON CcpefHel nosepx

HOCTWM NNacTUHKKW. Torga HanpsXXeHHOCTb TOH-

KOro cfiofg 3TOro 3nemeHTa, 0603HA4YeHHOro 3a

LWITPUXOBAHHBIMU TPaHAMM U OTCTOALWEro Ha pac-

CTOAHWUW Z OT CpefHeli MMIOCKOCTU, MOXHO MNONy-

YATb U3 MNPOCTOr0 TEOMETPUYECKOro pPaccMOTPeHus, W OHa npeg-
CTAaBUTCA CNeayrwwumm yp-namm 2:,

Z Jilmp
& " L 7y
z d*w
1= - z-df (@
= —22 daw '
Axay

raee**, eW— oTHOCUTE/IbHbIe YANUHEHWA N0 HanpasneHnsaM oceid /1”u Y
exy— petopmalus nepepesbiBaHus B naockoctu XY, W — nporu6 nna-
CTUHKKM, . -—-—-- KpuMBMU3HA B MaockocTax XZ u YZ, h— TonuuHa

r\

MAACTUHKMN.
CoOTBETCTBYIOLME HAMNPSKEHUA NOAYYMM TOrAa W3 M3BECTHbIX
yp-uii:

E . Ez (dw . pgmw'
Px gugd\exx ‘eyy)— 1 __02-~ o
_ Ez ldaw od*w”
ry 1 _o2Vyy 1 —XX 1 \ ay- axy’ 18]
_r_ Ez daw
Pt~ Wxj- - G+ o -

roe o o6o3HavaeT KoappuuueHT TlyaccoHa.

*) Mporubsl NPUHUMAIOTCS MaNbiMU CPABHUTENbHO C TOMLUMHOW NAACTUHKM.
*) LonyleHo, YTO CPeAHsis MIOCKOCTb HE WUCMbITbIBAET HanpshKeHus,
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MoTeHUManbHas 3HEPrus, HAKOM/EHHass B 3allTPMXOBAHHOM Coe
aneMeHTa npu fgegpopmauun, GyaeT

dv=( j dxdydz,

unm, nonb3ysce yp-usmu [a] u [b\, nonyuum

Ez2 1(dPw\*(Pwy
dv==2(I + +
, _ diw dav u(dv \*1 r,

O0TKyJa MOMOLbI MHTETPUPOBAHMNS MOAYYUM MOTEHLMANBHYIO SHEPTUK
n3rnba nNacTUHKW:

- W - = 4 89 0O C+ (AT o+

roe B= - ~— >KECTKOCTb Ha M3rnbd nnacTuHKW.
A 1210

KunHeTnueckas aHeprusa Konebnwuwenca nnacTuHKM 6ypeT:
*7 A=A ] waxdy, [ [200]

rae -h/g— macca Ha eauMHMUY nAowWaau MNAACTUHKW.

M3 atux BbipaxeHnidi gna V n T MOXHO nonyuuTb guddepeH-
UManbHoe yp-ue KonebaHWs NNACTUHKW.

KonebaHne npsiMOYronbHOW MAacTWHKU. — B cnyvae nNpsMoyrofib-
HOW nnacTuHkKM (pur. 136) C¢ NPOCTO OMepPTbIMU KpassMU Mbl MOXEM
MOCTYNUTbL TaK )€, KakK B C/y4yae NpsMOYrofibHo/i MeMGpaHbl, U B3sTb
nporn6 nnacTUHKM npu KonebaHWw B BUAe [LBOWHOro psga:

J=Cn= 09
%/j e mrx m Uy [3]
m-1 N= 1

Jlerko BUAETb, UYTO KaXAblii YneH 3Toro pspga yAOBJETBOPSET YcC/o-
BUAM MO Kpasm, KoTopble TpebywT, uTo6bl W, d-w/dx- w d*w/dy*
GbIIN paBHbl HY/IIO Ha KOHTYpE.

Mopactasnsas [d] B yp-ue [199], nonyuum cnepyloliee BblpaXKeHue
ANS MOTEHUMaNbHON 3Heprum:
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KnHeTnyeckas aHeprus 6ypet:

r-51 . t202'

CnefyeT OTMETUTb, UTO BbipaxkeHue [201] u [202] copep>xaT TONbKO
KBagpatbl KOAMYeCcTB (M U COOTBETCTBYIOLWMX CKOPOCTEN, M3 4ero
MOXHO 3aK/IOUYNTb, YTO 3TU KOMM4YEeCcTBa SBAAKTCA HOPManbHbIMU
KoopAuHaTamu [NS paccmaTtpuBaemoro cnydas. OudgepeHumanbHoe
yp-ue HopManbHOro konebaHus 6yget

fh ” ™, E\* n
g Qmn b prmn K blb.] —
0TKyja

gm= C, cospt+ CsSlilpt,
rae

te 7 L (E+E)e 203

OTctoga MOryT ObiThb /IErKO OMpefAesieHbl 4YacTOTbl HU3LIEro BuAa W
BbICLUIMX BMAOB KoneGaHusA. B3sB, Hanpumep, KBafpaTayl NAacTUHKY,
nonyynm s HU3LWEro Bupa KonebaHus

ir- 2041

Mpn paccMOTpeHWM BLICWIKWX BUAOB KONebaHUs W WX Y3N0BbIX
NMHWIA  cnepyeT BOCMOMAbL30BaTbCA BbIBOAAMU, MPUBEAEHHbLIMW paHee
4na kKonebaHWa NPSAMOYronbHONW Mem6paHbl. TakXe MOXHO PpewwunTb
6e3 Kakoro-nn6o 3aTpyAHEHUSA CAyd i BbIHYXAEHHbIX KonebaHui
NMPAMOYrOAbHON MNAaCTUHKU C NPOCTO OnepTbiMKU Kpasamu. Cnegyet
3aMeTuUTb, YTO cayyail Koneb6aHWA NPAMOYrOAbHON MAACTUHKKU, Y KO-
TOpOii ABa NPOTMBOMOMOXHbIE KOHLUA OMepThl, TOrfa Kak fgpyrue
fBa Kpas CBOOGOAHbI WA 3allemieHbl, MOXer OblITb TakXe paspeLleH
6e3 60nbWNX MarmMaTUYecKUX 3aTpygHeHun ).

3afaun KonebaHWi NPSMOYroNbHOW NNACTUHKWA, Y KOTOPOW Bce
Kpas CcBOGOAHbI WM 3alleMfieHbl, ABASKTCA, O4HaKO, 3HAUMTENbHO
60 ee CNOXHbIMW. [nd peweHUs 3TWX 3afay BeCcbMa MOME3HbIM OKa-
3anca crnoco6 Putua 2. Monb3yacb 3TUM cnoco60M, Mbl MPUMEM

w = w,,Cospt, [e]
1) Cm. Voigt, ,Géttinger Nachrichten', 1893, S. 225.

* Cm. W. Ritz, .Annalen der Physik", Bd 28, 1909, S. 737. Cm. Takxe Gesam-
melte Wer. e, 1911, S. 265.
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roe WO— dyHKUMs OT X MY, KoTopas onpeaensieT Bufg KonebaHus.
Mopactaensas [€] B yp-ua [199] u [200], r.onyurm cregywoline Bblpa-
XKEHUS ANS MakCMMyma MOTeHUWaNbHON U KUHETUYECKOW 3HEepruu:

D rri/d-wAa2 , (d-w,
max 2 j j\\ dx4 '\ pgya
dwo0azwo . 0 y(dwo
+ 20 oX* # °+ 2(1~ 0-B p 7 jdxdy’

Twux="P'fjrdxdy,
oTKyfa

2= - - KmBxX----—- . 205
P Th f f w* dxdy [205]

Tenepb BO3bMeM (YHKUMIO WC B BUAe paja:
wO0= ald(x,y)-i-ai"B(x,y)+... [

roe ¢ @2..— nogxoAsauime QyHKUMM XHY, yLOB/eTBOpAOLWMeE YCNo-
BMAM Ha KOHTYpe MNacTMHKU. Torpga OCTaetca TO/MbKO ONpefenunTb
KoapuumneHTbl ab a2).. TakuMm 06pa3oM, YTO6bl MpaBblii YneH yp-us
[205] 6bI7 MUHMMYMOM. Takum nyTeM Mbl NPUAEM K CUCTEME Yp-Wi
BMAa:

A f cl(d*w,Vv , (davoy , 0 d*wt d*w9 .

+2<- > (li),- | < }n«'=0 i206i

KoTOpble OyayT JfMHedHbl OTHOCUTENbHO MOCTOAHHbLIX au a2.., wu
nNpupaBHMBasA HYMO OnpeAennTeNb 3TUX Yp-WiA, MOXeM NPUBAVKEHHO
BbIYNCANTL 4acTOTbl Pa3fIMYHbIX BMOB KonebaHus.

PWTL MpuMMeHMn 3TOT cnocob K M3y4yeHWto KonebaHus KBanpaTHOM
NNacTUHKM cO CcBOGOAHbIMU Kpasmu *). Pag [/] 6bin B3ST Ana atoro
cnyyas B BufAe

ga, = 22 amnum(x)vn(y), [/

roe MT(X) w vn(y) sBnaoTcs HOPManbHbIMWU (QYHKLMAMW Kone6aHus
MPMU3MaTMYECKOTO CTEPXHS CO CBOGOAHbIMW KOHUaMu (cM. cTp. 232).
YacToTbl HM3WMX W BbICWIMX BUAOB KonebaHUs GyAyT onpepensiTbes
yp-uem

+ naouw .
ag' (I VA" [207]

) CMm. ynomsaHyTble Ha cTp. 308 ero Tpygbl.
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roe a—noCToAHHad, 3aBucAllad OT BUAa KonebaHus. ,ﬂ,aﬂ TpeEX
HNU3WNX BUAOB 3Ha4YeHUA 3TOli MOCTOSIHHON TaKOBbI:

«,= 14,10, a,= 20,56, a,= 23,91.

CooTBeTcTBYHOLWME BMAbl KonebaHWs npeAcTaBAeHbl WX Y310BbIMU
AMHNAMK  Ha ur. 141, [JeTanbHOe W3y4yeHMe Y3M0BbIX NWHWA A4
3TOr0 cfiyyas W CcpaBHeHwMe
C ONbITHbIMW AaHHbIMW [AaHO
B BblWEYNOMAHYTON cTaTbe
Putua.

N3 yp-ua [207] MOXHO
BbIBECTW HeKkoTopble obwue
3aKN4YeHns,KOTopble cnpase-
O/MBbI TAKXe W ANA ApYrux c/iyyaeB KonebaHusa naacTMHOK, & UMEHHO:

a) mepuog KonebaHma nOOro COBCTBEHHOrO BMAa W3MeEHsSeTCs
NPoNoOpuUMOHaNbHO KBaApaTy JIMHEAHbIX W3MepeHuid, ecin TOJbKO
TO/WMHA OCTaeTcsa TOW Xe;

0) ecnu Bce W3MePeHUs MNACTUHKMW, BKAKOYAsS TOMWMWUHY, YBENUUUTD
B O4HOW K TOM Xe Mponopuuu, TO Nepuoj yBeauyuBaeTcqs Nponop-
LMOHaNbHO YBE/UYEHUIO N eHbIX W3MEpeHuii;

B) Nn_‘puvoj n3MeHsieTcs 06paTHO KBaApaTHOMY KOPHK U3 MOAy/s
ynpyroctu v npsMO NPONOPLUOHANbHO KBAAPATHOMY KOPHI U3
MAOTHOCTU MaTtepuana.

KonebaHns Kpyroeoi nnacTWHKW. — 3afauya KoneGaHuUs Kpyrosoii
NNacTuUHKM 6bina peweHa Kupxroom *), KOTOpbIA BbIY .CAUA TakXe
4acTOTbl HEKOTOPbIX BUMAOB KonebaHWA ATA NNACTUHKU CO CBOOOA bIM
KOHTYypoM TO4YHOEe pelleHue 3TOW 3agaunm TpebyeT Mpume eHus
thyHKkunn beccensd. B panbHeliwem pgaetcs
NPUGIMXXeHHOe pelleHne Npu romMolLLmn cno-
coba Peineda-Putua, KoTOpblii  06bLIYHO
faeT AN HWU3WEro Bufa TOYHOCTb, [0-

CTaTOYHYI 418 NPaKTUYeCKUX MpUMeHe-

Huit. Mpu nNpvMeHeHMM 3Toro cnocoba mno-

ne3Ho b6ypet npeo6bpas3oBaTb BblIpaXeHUA

[199] n [200] gnst NOTEHUMANbHOW N KWHETUYECKON S3HEPTUU B MOMSPHbLIX
KoopAmnHaTax. B3sB KoopAuHATbI, KakK MoKaszaHo Ha ur. 142, mbl
BUAMM W3 31EMEHTApHOro TpeyrojbHMKa MNS, 4TO, Npuaas Koop-
AuHaTe X He6onblioe npupawieHue dX, Noayyum:

dr— dx cosf: o= ---I%SNO

dur. 141,

1 Cwm. G. Kirchhoff. .Journal f. Math.* (Crelle), Bd 40, 1850, nnm Gesammelte
Abhandlungen von Q. Kirchhoff, Leipzig, 1882, S. 237, nan Vorlesungen iiber math.
Pliysik; Mechanik, Vorlesung 30
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Torga, paccmaTtpuBas nNporné W, Kak QyHKUMKO OT T 1 § noayymm

dw_dw dr . dw db __ dw . dw sind
dx dr dx do dx dr Cos d r

Taunm xe o06pazom Ha|7|,qe|v|'

dW % dW cosO
8r Sill B-F v .
MoBTOpSAA ,qmquepeHu,mpOBaHme nony4ynm:
dw _ fd a sinb\ (dw dw sinO
dx2 ~ \'drr'cosQ"""db"""r"'J\ [ 0s6 — -db r
d-w = d -w sin bcosb , dw sin26
dr2 P =2 gogr dr
Odee>sin0cos6  dAv sin26
+ ~b + p- t&J
<y 2, 0d-wsindocosd dw cos26
~df~ ~d~AESm~ " dbdr r I~dr r
, dw sin 6cosQ , d-w co0s20 ri,
- 2X r- + X -T w
ﬂ;}:@ . B dsw cos2b  dw cos 2o
dxdy fresinbeosb-i- gy 6 r2
dw sinOcosb _ d*w sin 6cos 0
dr r w 72—"
O0TKyfa Hahgew:
d2® . dxe> 1 - 1 _ d*w 1 dw 1 daw
dx2 dyl A, T2— dr2 r dr ' ri di2°’

dw d-w idw\2 dw /1dw , 1 daw\ rd /1 \"2
dx2 cy2  wdxdy) dr2 \r dr rr= d2J \dr r dv)j’

MopgcTtaBnas B yp-ue [199) u B3AB Hayano KOOPAMHAT B LEHTpe
NAaCTUHKW, MONYYUM:
ar a

raoe a o6o3HavyaeT paguyc NAaCTUHKW.
Korga nporu6 nnacTMHKW CUMMETPUYEH OTHOCUTENLHO LEHTpa, W
6yneT (yHKuuein Tonbko T, n yp-ue [208] cTaHeT Takum:

ir N C{(d4u . \ dw\2 n/n 0w 1 dw\ .
=i 1(*r+7 dr) -4 '— )" 7-4Fro- r00)



312 KOJMIEBAHNA YMNPYTUX TEN

B cnydyae MnacTWHbI, 3alieM/IEHHOW MO Kpak, MHTerpan

[ 13T+ "I"\-dawj-fi]f-' 1T-»7i \ oLt

nponagaeT, U Mbl MOAy4Yku u3 yp-ua [208]:

0O O
Ecnu I'IpOFI/I6 nnactTuHbl CUMMETPUYEH OTHOCWUTE/IbHO LEHTpPa, MMEeeM:

™I e+ v E ) Py

BblpaxeHne AN8 KWHETUYECKOW 3HEepPruyM B MOMAPHbIX KOOpAMHaTax
byper:
2 a
ﬂ_‘]*/ W,2rdbdr, [212]
0o

a B CNyyae CUMMETPMYHOCTM Mpormba

J (213]
* 0

Monb3ysacb 3TUMU BbIPAXXEHUAMMW AN NOTEHLWANbHOW W KUHETU-
YeCKOW 3Hepruu, MOXeMm OonpeaennuTb 4YacToTbl COBCTBEHHbIX BUOB

Koneb6aHMs KPyroBoW MNAaCTUHKMW AN Pas/IMYHbIX YaCTHbIX Cy4aes.
Kpyrosas nnacTwuHKa, 3allemMieHHas no KOHTYpy. — 3afjaya Kpy-
roBO NNacTWMHKK, 3aKpenneHHol No Kpasm, npeacTaBnseT npakTuye-
CKMIA WUHTepec B CBA3W C MPUMEHEHWEM B TeNeOHHbIX NPUEMHMKAX
n gpyrux npubopax. [lonb3ysacb cnocobom Peiinesa-Putua, npumen

W= WOcospt, [tfi

roe WO— dyHkuUmMs oT r 1 @

B cnyyae Huswero Bupa KonebaHusa, gopma Konebntoweiica nna-
CTUHKM CUMMETPUYHA OTHOCWUTENbHO LEHTpa nnacTuHbl, n WO 6yaet
(hyHKUMen omHoro Tonbko I. Beps WO B Buae cnepytollero pspaa:

o ri\s / r2\ »
Wt=ai (I1—J +a*(l—-J [m]

Mbl YL4OB/IETBOPUM YCNOBMUIO CUMMETPUMN. Y CNOBUA NO KOHTYPY TaKXxe
6yayT YAOBNETBOPEHbI, TakK KaK KaXAbliAi uneH psaga [/ra], BmecTe C
ero nepBoil MPouM3BOAHON, ob6palwaeTcd B Hynb, Korga F—a.
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OndhpepeHynansHoe yp-ue [206] B paccmaTpuBaeMoMm cnydae nony
yaeT BUA:

a
,ﬂ,a..(j fd o= e 12,41

B3aB TONbKO OAMH uyneH paga [T] v noactaBuB ero B yp-ue*[214],
noayynm:

96 pruhar__

9a* gD 10 ’
0TKyAa

w '215i

UTtob6bl nonyyuTs 60nee TOYHOe NPUOBAMXKEHUE, BO3bMEM [Ba MepPBbIX
uneHa psga [/q], Torpa

r(d/w, i }dw,\9 , 96/ 8,3 -
J Wri+ rdr) 9a/1 1+ 2 12 MO 2/’

j wfrdr=((ali+ "aiai+ "ai

Yp-usa [214] nony4yaloT BuUA:

/192 *\ . /144 *\
a‘\ 9 5/+a2\9 6/ ’ [ﬂ]
/144 x) , /96 X) n

ai\~9 6/ ah r '~ 0
roe

MpupaBHMBas HY/MO ONpefenuTens yp-uii [d], nonyuum:

X3 2058 7e8Qpne = o

0TKyza
Xx1= 104,3; 8= 1854

MoactaBue B [0], monyyum:
t T

p, onpefenseT BTOpPOe NPUOAMXKEHWME 4acTOTbl HU3LIEro BUfa Koneba-
HMS NNacTuHbl, a P2 gaeT rpyboe?4npubanxeHne 4acToTbl BTOPOrO
BMAa KonebaHusA, Npy KOTOpPOI Konebntowasncsd nnacTMHKa UmeeTt O4HY
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Y3/10BYI0 OKPYXXHOCTb. [10/1b3ysiCb TeM >e CMNocoGOM, MOXHO TaKXe
nccnefoBaTb BUAbl KoneGaHWsA, WMEHOLWEro Y3/0Bble AWAMETPbI.
Bo Bcex cnyyasx yacToTa Kone6aHus 6yaeT onpefensTbes yp-nem:

f - 1217

MOCTOSIHHAs a KOTOPOro Ans [aHHOTr0 4ucna S Y3/0BbIX OKPYXHO-
CTeN W And JaHHOro 4mcna M y3/noBbiX AMaMeTPOB [AaeTcsi B HUXe-
cnegytoulein Tabnumue.

s n=0 n—1 =2

1 10,21 21,22 34,84
39,78 — —

3 88,90 — —

B cnyyae TOHKMX MAaCTUHOK Macca BO34yXa WM XWAKOCTW, B KOTO-
pbIX Kone6neTca nnacThHa, MOXET 3HAUMTENIbHO MOB/UATL HAa 4acToTy.
UT0o6bl Yy4YecTb 3TO 06CTOATENbCTBO ANiA CAydas-HWU3LIEro Buaa Kone-
6aHus, Bbille MOMYyYEHHOe yp-ue [217] HYXHO 3aMEHUTb CHeayloL M

yp-nemd:
> = — f/ —_— ., [218]

v N
roe p:0,66897-f{ n (y,/y) — OTHOWEHME MNNOTHOCTU >KULKOCTU K

MAOTHOCTM MaTepuasa MnAacTUHKMU,
B3as, Hanpumep, CTanbHyl nMNaCTUHKY fAuameTpom 168 MM w
TONWMHON 3 MM, KOMebnowyrcs B BOAE, NONYUYUM:

p= 0,6689— -28= 2,40; _-L
7,8 v+

YacTtoTa Hu3wero Bupa kKonebaHua ymeHbwmnTcas po 0,542 cBoeit
nepBoOHa4YanbHON BeINUMHBI.

Apyrve Bugbl YCNOBUA Ha KOHTYype. — Bo Bcex chyvasx ua-
CTOTbl KONebnoLwedca KPyroBoii NAaCTUHKM MOXHO OMpefennTb W3
yp-ua [217]. Unucnosble 3HAYEHUS MHOXWUTENA a faHbl B HUXEec/edyto-
wein Tabnuue.

'y 9ta 3apgaya paccmoTpeHa H. Lamb'om ,Proc. Roy. Soc. London*, Vol. 98,
1921, p. 205,
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[ns cBOGOAHOW KPYroBOW NAacTUHKU C M Y3/10BbIMKA AMAaMeTpamMu
W S Y3M0BbIMWU OKPY>XHOCTAMMW @ UMeeT chefytoline 3HauYeHWs ’):

S n=0 n—1 y=2 n=3
0 — — 5,251 12,23
1 9,076 20,52 35,24 52,91
2 38,52 59,86 — —

[na KpyroBoi MAacTUHKW, 3aKPENEHHON B LEHTPE U MMelLWweh s
Y3/710BbIX OKPYXHOCTE, a uMeeT cregywolime 3HavyeHuMs'd:

5= 0 1 2 3
«= 3,75 20,91 60,68 119,7

YacToTbl KonebGaHWsi, MMEIOLLEro Y3/0Bble AUAMETpbl, OyayT Te
e, 4To B C/lyyae CBOBOAHOW MIACTUHKW.
BAnsHMe HaTAXKeHUs No cpefHeid NOBEPXHOCTMW NNACTUHKUA. —
B npegbigyuieii Teopun 6bi710 JOMYLLEHO, YTO NPOrMG NAACTUHKW Man
Mo CpaBHEHUIO C ee TONWMHOI. Ecnn Konebnwowwascs naacTMHKa Haxo-
QUTCS MOJ 3HAYMTENbHBIM CTATUYECKUM [aBfEHWEM, TaK 4TO Nporueé-
BbI3BAHHbI 3TUM [JaBfEHUEM, He SIBASETCS MajbiM CPaBHUTENbHO C
TONWMHOW MNacTUHKW, CrlefyeT, NMpU ONpeAeneHWM 4acToTbl Koneba-
HWS, MPUHSATL BO BHUMAHWE HaTsXXEHWEe CPeAHEl MNOBEPXHOCTWU Mna-
CTWHKM. BcnefcTBMe COMPOTWMBAEHUS MMACTUHKU TakOMY HAaTSXKEHUIO
XECTKOCTb NJIACTUHKKU U YacToTa KofebaHWs YBEMUYMBAKOTCA C yBeNnye-
HWEM [aBfeHWs, [elCTBYHOLLEro Ha NaacTUHKY3. UTo6bl nokasath,
KaK HaTsXKeHUe CpefHeil MOBEPXHOCTU MOXET MOBAWATbL Ha 4acToTy,
pacCcMOTPMM CHOBa C/y4yail KpyroBol MMAaCTUHKM, 3alleMIeHHON Mo
KOHTYpY, W JOMNYCTWM, 4YTO NMPOru6é NNacTUHKW NPU paBHOMEPHO pac-
npefeneHHOM [aBfEHUU NpPeAcTaBnseTcs yp-uemd):
/ JN2 .
L = — [T]

Kpome nepemelieHuidi 20 nog npsmMbIM YrioM K NAacTUHKE, TOUKM
CpeAHEel NAOCKOCTM NAACTUHKM GYyAyT UCMbITbIBATL pajuanbHble nepe-

*) TyacCOHOBO OTHOLUEHWE B3ATO PaBHbIM OAHOW TPETH.
2 Cwm. ctatbto R. V. Southwell’u, ,Proc. Roy. Soc.”, A, Vol. 101, 1922, p. 133,

npu BbIYNCNEHUAX C B3ATO paBHbIM 0,3.
8) Takoe yBenu4yeHue YacToThbl 6b110 YCTAHOB/IEHO OMbITHbIM NyTem. CM. cTaTbio

J. H. Powell’a n J. H. T. Roberts'a, ,Proc. Phys. Soc. London", Vol. 35, 1923, p. 170.

9 970 yp-ne npeacTaBAseT MPOrubbl, Korfa HaTsXeHUEeM CpefHell NOBEPXHOCTM
npeHe6peramT. Ero Takxe MOXHO NPUMEHUTb AnAa I'IpI/I6]'II/I)KEHHOFO BblYNCNEHNA BAUA-
HUA  HaTSHKeHUs.
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MeLeHNs W, KOTOpPble paBHbl HY/IO B LEHTPe M Ha 3aleMIeHHOM
KOHTYpe NNacTuHKW. OTHOCUTENbHOE YANNHEHNE CpefHeli MOBEPXHOCTM
B paAuManbHOM HanpaefieHMU, Bbi3BaHHOE nepemeweHuamun w0 un u,
bypnet:

1fdwA* .du
e'=2bl ) +Trm W
YANMHeHWe N0 HanpasBNeHWIO K OKPYXHOCTU OyheT:
et= |2 It

Ons npubavXEHHOro pelleHns 3ajays NpUMeM, 4To paauanbHble
nepemMeLleHns NpeaCcTaBAAOTCA ChnefylolnUM pPagom:

a=r(a—r) + + ..0), [s]

KaX/bl/i 4YNeH KOTOPOro YA O0B/METBOPSET YC/MOBWUSAM Ha KOHTYpE.
B3sB TONbKO nepBble ABa uneHa psaga [s] v noacTtasus [s] v [T\
B yp-us \p\ un [r], nonyunm HanpsbkeHue B cpefHeli MOBEPXHOCTMW,
M 3HEpPrus, COOTBETCTBYIOLLAS HATSXXEHWIO CpefHell MOBEPXHOCTH,
MOXET 6biTb TEMepb MpeACcTaBfeHa B TaKOM BUAE:
a

vi= yrJ{e*+eni°e&) rdr=
0

: ‘(0,250 + 0,1167 + 0,300 ciCia*— 0,00846 c.,a—i—
l1—a a

+ 0,00682 A -1 0,00477 —"l} . [t\
a a

OnpefennB NOCTOAAHHbIE CX U CA TaK, 4T06bl V1 66110 MUHUMYMOM, Mbl
NoAy4YMM W3 yp-Wii:

N = 0 N = 0

acl ’ ger oo’
= ~ = — N
cl= 1,185 23 - 1’75a"

Mopctasnas B yp-ue [£], umeeMm

V,= 2,59itD i

MpnbaBnas 3HEPrUD HaTsHKEHWS K 3Heprum usrnba (yp-we [211]),
nonyunm
32 n al 32 na,t/. . nn,.a,3\ .
3-,£)r +259"05d =707 (1+ 0'244x ) -« M

BTopoii uneH B ckobGKax npeAcTaBnseT MOMNPaBKy, BbI3BAHHYH Ha-
TSOKEHUEM CpefHell MOBEPXHOCTW NAaCTWHKMW. JIerko BUAETb, 4YTO 3Ta
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nonpaeka mMana, W € MOXHO npeHeGpeyb, TONMLKO Korga nporuo

B LEHTPe NJaCTUHKN Maj CPaBHUTENbHO C ToAWWHON h Cratuueckuii
nporn6 nAacTWHKM Mof [AeliCTBMEM PaBHOMEPHO pacnpefefieHHoro
JAaBMEHUS (] MOXKHO Temepb HaWTU U3 yp-Us BO3MOXHbIX MepeMeLleHnii:

\VA c! r2\2 .
i, 8«j = 2r.qbath 1_aitlﬁ rdr—8ai 5 .

0TKyAa
a’= (5 1+ BA4gn

MocnefHWin MHOXWUTeNb MpaBOM YacTu MpPeAcTaBAsSeT BAWSHWE Ha-
TSXKEHUs cpefHeill moBepxHOCTW. W3-3a 3TOoro BAusHus nporm6 alyxe
He SBNSETCA NPONOPUMOHANLHBLIM (, ¥ XXECTKOCTb MAACTUHKW YBENWYU-
BaeTcs ¢ npornéom. Bssae, Hanpumep, al = I/Th, nonyuum us yp-us [219]

ai= 0,891

Mpurn6 Ha 11% MeHblle, 4YeM MONYy4YaeMblil, KOFAa Mbl MpeHebperaem
HaTsAXXeHWEM CpefHeli MOBEPXHOCTHU.

N3 BblpaxeHus [u] nNoTeHUWaNnbHOW 3HEPruM, KOTOPOe COLEPXMUT
He TONMbKO KBaAparT, HO TakKXe 4YeTBEpPTYH CTeneHb nporuwba au
MOXHO 3aKnlo4uTe cpasy, 4To KonebaHue NiacTUHKW OKOJIO ero njo-
CKOro MOMOXEHUA He OyneT W30XPOHHbIM, W 4acToTbl 6yAyT BO3-
pactaTb C amnnuTygoii konebaHusa. PaccmoTpum Tenepb Hebonbline
KonebaHWsA NNaCTUHKM OKOJI0 BOFHYTOrO NOJSIOXEHUS, NpescTaB/isemMoro
yp-vem [T']. MpegnonaraeTcs, YTO U3rnb BbI3BAH HEKOTOPbLIM MOCTOAH-
HbIM PaBHOMEPHO pacrnpefeneHHbiM CTaTUYECKUM AaBfieHUeM g. Ecnu
[ o603HauaeT amnnutya} atoro konebaHusi, TO YyBEe/MYEHUE MOTEH-
UManbHON 3Heprum pgedopmauuu BCneacTBMe Aob6aBOYHOro nporuba
NAacTUHKW nonyyutca u3 yp-ud [u] n paBHo *):

8k==T § (2iA+ @+ T (447|i3A+6a.T)

Pa6oTa, Npon3BOAMMAsA NOCTOAHHbIM AaBfeHUeM ( Npu 3TOM yBennye-
HUM npornba, 6ypner:

rrfqu _lel-_éﬁ 64al,D\(I+P,488‘V?12

o =

1) Ynenamu ¢ [8 u [4 B 3TOM BbipaXeHUU npeHebperaem,
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MoNHOe W3MEHEHWe MNOTEHUMANbHON 3HEPIUU CUCTEMBbI GymeT:

MpupaBHMBaAs 3TO MaKCUMyMYy KWHETUYECKOW 3HEprum

MoayYnM

[220]

CpaBHMBaA 3TOT pe3ynbTaT € yp-uem [215], MOXeM 3aKNo4UnTb,
4YTO MOCMELHWIA MHOXWUTENb NpaBoi 4yactu yp-ua [220] npegcTaBnseT
MOMpaBKY, BbI3BAHHYID HaTFXXEHWEM CpefHeil MOBEPXHOCTU NAACTUHKM.

CnepflyeT 3amMeTUTb, YTO B BbILIEU3NOXEHHOW Teopumn BbiI0 UCMO/b-
30BaHO Ans nporu6a nnacTuHkM yp-ue [T'\, U BAWSHUEM HaTAXKeHWS
CpefHel NOBEPXHOCTU NAACTMHKM Ha (OPMY M30rHYTOW MOBEPXHOCTU
Mbl npeHebpernn. BoT moyemy yp-ue [220] 6ypeT AOCTAaTOYHO TOYHO
TONbKO B TOM C/y4yae, ecnu nporubol He 6yayT BENUKWU, T. €. eCu h
B npoTuBHOM cnyyae cneayeT y4YecTb BAUSHUE HATSXKEHWUA CpeaHei
MOBEPXHOCTM Ha (YOPMY M30rHYTON MOBEPXHOCTU

57. Kone6aHue B Auckax Typ6uH.— OOWMe 3ameyaHus. — Te-
nepb C MOMIHOW ACHOCTbIO YCTaHOB/IEHO, YTO MNOJIOMKMW, KOTOPbIE MpO-
NCXOAAT B AUCKAaX TYp6UH U KOTOpble HE MOryT ObiTb O6DBACHEHbI
feekTamMu maTtepuana UM UYpe3MepHbIMU HanpsHXXEHUAMW, Bbl3BaH-
HbIMWU LeHTPOBEXHbIMU CUNaMu, MOTYT ObiTb OTHECEHbl Ha CYeT Kose-
6aHuMii n3rnmba 3TMX AWCKOB. B 3TOM OTHOWEHUM MOXHO OTMETUT,
4YTO ONbITbl HEMOCPEACTBEHHO MoOKa3anu *), 4to Takue KonebaHwua npu
OnpefeNneHHbIX CKOPOCTAX TYp6WHbI CTAHOBATCH OYeHb 3aMETHbIMU W
BbI3blBAKOT 3HAUUTE/IbHbIE AOMOMHUTENbHbIE HaNPAXEHNA u3rnba, KoTo-
pble MOryT cKa3aTbCA Ha YCTanocTM MeTanna W Ha MNOCTeneHHOM
06pa3oBaHMK TPewWWH, KOTOpble 06bIYHO HAYMHAKTCA NO OKPY>KHOCTM
OTBEPCTUIA ANA nojaynm napa v y APYrux MeCT HapyLleHus ChnaoL -
HOCTM Tena Aucka TypOWHbl, rae CyLlecTBYeT KOHLUeHTpaums Hanps-
XKEHWA.

Pa3finyHble MNPUYUHBI MOTYT 3bi3BaTb 3TW KonebaHus wusrnba B
Anckax Typ6WH, HO Haubonee CYLIECTBEHHON $ABASETCA MNPUUYUNHA,
BbiTEKalOLWas OT HernocTOAHCTBA [AaBfeHusa napa. MecTHOe [aBneHue
felicTBytolee Ha 0604 BpalLaloLLErOCs AUCKa, JOCTATOMHO Npu onpe-

1) Cm. crateto  Wilfred Campbell's, .Trans. Am. Soc. Mech. Eng.% Vol. 46,
1924, p. 31, a Takxe cTatbio /. von Frendenreich’a, .Engineering*, Vol. 119, 1925, 2 p.
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LeNeHHbIX CKOpOCTAX, 4TOObl BbI3BaTb 6OOKOBble KoONebaHWA [UCKa,
M ONbITbl MOKa3blBalOT, 4YTO MPUIOXKEHUE MECTHON Cuibl TONbKO B
HECKONbKO KI, Takoe, Hanmpumep, KaK Bbl3biBaeMO€ HEeO60/bLIMM Mar-
HeTO MNOCTOAHHOr0 TOKa CcO6OKy BpaljaloLllerocs Aucka TypOuHb,
3acTaBnfeT MoCAefHWIA CUNLHO pearupoBaTb MPU LENOM paje KpUTum-
YecKMX CKOPOCTeiA.

Jonyctum Tenepb, UTO CyLecTBYeT W3BECTHAA HENPaBMAbHOCTb
B Hacafikax, KoTopas [aeT HEMoCTOAHCTBO AaBfieHUs Mapa, W Mnpefg-
MOMOXWUM, YTO [AUCK TypOWHbI BpawaeTca C MOCTOAHHOWN Yra0BOM
CKOpPOCTbIO ¥ B NONe Takoro pfasneHus. Torga NS onpejeneHHOl
TOYkM 060fa AuUCKa [AaBneHWe OyAeT W3MEHATbCA BMeCTe C YI/OM
BpalleHUs AMCKAa U 3TO MOXeT OblTb MpeAcTaBleHO MepUuoanYecKoli
(YHKLWeA, nepuoj KOTOPOW paBeH MNPOMEXYTKY BPeEMEHW OAHOrO
obopoTa aucka. B 6onee obuem cnydvae Takas DYHKUUSA MOXET ObITb
npeacTaBneHa TPUTOHOMETPUYECKUM PSALAOM

gq= a0-J-a, sin WE-(- a2sin 2WE-)-... -f-  cos eE-f- b2cos 2atf-f-...

B3sB TONbKO OAWH YNEH psAfga, Hanpumep a,Sincug, MoayYyMMm Mepuo-
OMYeCcKYl0 BO3MYLLAIOLWY CuUay, KOTopas MOXeT Bbl3BaTb CUAbHOE
60KoBOE KoneGaHWe Aucka, ecnu yvactoTa <d2T cuibl coBnajaeT ¢
O4HOW U3 yacToT P/2ft ancka. W3 3TOr0 MOXHO YCTaHOBUTb, 4TO
onpegeneHne COGCTBEHHbIX 4acTOT [MCKAa MOXET WMeTb 60/bluoe
NMPakTUYecKoe 3HauyeHue.

Bpawatwwuniics guck, NOoA06HO KPYroBOi NAacCTUHKE, MOXeT
MMeTb pasfinyHble BUAbI KOnebaHWii, KOTOPble MOXHO MOAPa3feNnnThb
Ha ABa Knacca:

a) KonebaHWs CUMMETPUYHbLIE OTHOCUTENIbBHO LEHTPa, WMeloLme
Y3/10Bble NIMHUN B BUAE KOHLEHTPUYECKUX KPYrOB;

6) HeCMMMETPUYHbIE, UMEIOLME Y3MOBLIMW JIMHUSMW LUAMETPbI.

OnbITbl NOKa3blBaKOT, 4YTO CUMMETPUYHbLIA BWUA KonebaHus cny-
YyaeTcs OYEeHb peAKOo W MOBPEXAeHWe AMCKA HeNnb3sf Mpunucatb 3TOMY
poay KonebaHuiA.

Mpn paccCMOTPEHUN HECMMMETPUUHLIX KONe6aHMit MOXHO Aony-
CTUTb, YTO Nporn6 AWcKa WMeeT cneaywoWwmii Bug

w = wO0sin s©cos pt, la]

B KOTOPOM, KaK paHblie, W0— hyHKLUMS TONbKO pajguanbHOro pacTos-
HUS T, BonpefenseT YyrioBOe MOMOXEHWE PacCMaTPUBAEMON TOUKM 1 N
npeAcTaBNAseT YMCIO Y3/10BbIX AMAMETPOB.

Mporn6 MOXHO B3ATb TaKXe B BUAE

W = W cos hb sin pt. [a]
CoeguHaga [a] n [a’], nonyuum yp-ue:
w = wl(sin s©cosptx cos nbsinpt) = wasin (26 rt pt),
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KOTOpOe npeAcTaBnsfeT MepemMellalollinecs BOMHbI. YT0Basg CKOPOCTb
3TUX BOJIH, MepeMeLlarnWmnxca BOKPYr no AUCKY, MOXET ObITb Hali-
hneHa N3 ycnosusa:

nftztpt — const,
oTKyfna

+ —t-j-
o= = . t hconst.

Mbl nonyyaem fgBe ckopocTu—p/n u -\-p/n, koTopble SBAATCA CKO-
poCTAMW MNepeMelleHnss COOTBETCTBEHHO Ha3aj M Bnepeg BoAH. OnNbiThl
Campbell™ ') gokasanu cylecTBOBaHWE 3TUX [BYX HanpaB/eHWi BO/H
BO BpaljalolleMcsi LMCKe W MOKasanu Takxe, 4YTO aMNAWTYfbl BOJH,
OBMXKYLIMXCA Hasaf, 06blYHO 60/blie, YeM amMnaAUTyAbl BOMH, ABU-
Xylimxcs Bneped. BonHbl 06paTHOro ABMXXKEHUSA CTAaHOBATCA OCOBEHHO
3aMeTHbIMW B YCNOBMAX pe30HaHca, Korga o6paTHas CKOpPOCTb 3TUX
BO/IH B [MCKe COBMajaeT COBEPLUEHHO C Yr/0BOW CKOpPOCTbIO BpaLlie-
HUS Brepej AWCKA, TaK YTO BOJIHbI CTaHOBATCS YCTOWYMBLIMU B MpO-
CTpaHCTBe. OnbIThl NOKa3biBalOT, 4YTO 3TOT BUA KonebaHus ABnseTcs
B 60/MbLWIMHCTBE C/y4YaeB MPUUMHOWK NONOMOK AuMCKa.

OnpefeneHve 4acToT KonebaHuwii gucka. — Mpu onpegeneHnmn ya-
CTOT pas/IMYHbIX BUAOB KOnebaHUA AUCKOB TypOWMHbI O4YeHb MO/e3eH
cnoco6 Peiines-Putua 2. Mpu npuMeHeHMM 3TOro crnocoba JONyCcTuM,
4TO Nporm6 Ancka MMeeT BUf

w — wO0sin 50 cos pt. [a"]

B uyacTHOM cnyuyae konebaHus, CUMMETPUUYHOTO OTHOCUTENIbHO LEHTPa,
nporn6 6yaer
W= W, cospt. [b]

PaccmaTpuBas B AafbHeilemM 3TOT YaCTHbIA cayyaid, mosyynm mMakcu-
MyM MOTEHLMaNLHOW 3Heprun pgeopmauuun us yp-us [209]:

a
) dWo . 1dw\* n/. \ d?w 1 dw
TiD E-"+ TTri -2(>— juprraf 4 M
3 ) Eh3
rae a, 6 —Hapy>XXHbll 1 BHYTPeHHWIi paguychl ancka; D — o

)KECTKOCTb Ha u3rmb Aucka, KoTopas B 3TOM cnyuyae 6ydeT nepe-
MEHHOI BCNeACcTBUE MNepemMeHHOCTU TonwwuHbl h aucka.

*) CM. YNOMSIHYTYl0 Bbllwe Ha cTp. 320 cTaTtblo.
2) KonebaHne fgucka Typ6MHbI MOMOLLbIO 3TOro mMeToga 6bino uccnegosaHo A. Yo-
aola, .Schweiz. Bauz,", Bd 63, 1914, S. 112.
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Mpu paccmoTpeHuMn KonebaHMsA BpaLLalOLLerocs ANCKa HYXHO Mpu-
HATb BO BHWMaHWe He TOMbKO 3HEPruio gedopmauun, HO TakKxe 3Hep-
rmi, COOTBETCTBYHOLWYIO paboTe, NPpoN3BOAUMON Mpu nporube LeHTPO-
6eXHbiMU cunamu. Jlerko BUAETb, YTO LEHTPOOEXHble CUJibl COMPO-
TUBAAKOTCA No6oMy nporndy Amcka,

M 3TO cKasbiBaeTca Ha ysenuueHun _J1-_

4acToTbl ero cob6CTBEHHOro Koseba-

Hus. Mpu ncuncnennm paboTobl, NPoOuU3-

BOAMMOI  LEHTPO6EeXHbIMU  cuamMu,

BO3bMEM 3/IEMEHT, BbIpe3aHHbIN U3

gucKa OBYMS UWIWHAPUYECKMMU MO-

BEPXHOCTAMM pagumyca I u r-\-dr dur. 143.

(tur. 143). PapguanbHoe nepemelle-

HWe 3TOr0 3/7eMeHTa MO HanpaBleHWIO K LeHTpy, Bbl3BaHHOe Mpo-
rméom, 6ypet

‘I dw,,
V.J | dr dr.
Macca anemeHTa:
2vrh'j dr

1 pa6oTa, Npou3BOAMMas TNpuW NpPOruGe LEHTPOBEXHBLIMU CuUaamu,
OeCTBYIOWMMMN HA 3TOT 3/7EMeHT, GygeT:

- dwo
—g dr-7, | dr dr. [c\

OHeprus, cooTBeTCTBYHOLWAs paboTe LEHTPOBEXHBLIX CUA, MNOAYYMTCS
CYMMUpOBaHMEM TakuMX 3/eMeHTOB ee Kak [d\ B cnegyouem Buge:

fdwA=*

.o dr.
h o hodrj d

MaKCUMyM KWHETUYECKOW 3HEPTUU OMNpefenseTcs yp-uem :

” r2-ryA
= ~27 w'dr-
b S

MopctaBnasg BbipaxeHue [b] BMECTO W, NOMYYUM :
a

TTx= "P J hwrdr. If]

Teopus KoneGaHWili B UHXEHEPHOM Aene. 21
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Tenepb u3 yp-una

wax »
BbIBOAMM

b

UTo6bl NOMY4YMTb 4acTOTy, YNPYryw AvHWUIO W cnefyeT Bbi6paTh
Tak, 4TO6bl BblpaxeHue [g] CTaHOBMAOCH MUHUMYMOM. OTO MOXEM
HaiiTn rpaduuecku, 3agaswncst and W0 nogxoasieid KpMBOiA, No KOTo-
poii Bo3bMeM 3HauyeHus W,, dwjdr n cPwJdr2 agns pspga paBHOOT-
CTOAWMX TOYeK, M TOrga CMOXEM BbIUMCAUTL BbipaxeHus [c], [€]
n [/]. TlocTeneHHbIM W3MEHEHWEM (OPMbl KpuBOA [a0 MOXHO nony-
yntb ’) u3 yp-ua [] yLoBNeTBOpPUTENbHOE MNPUBAMKEHHOE 3HaYyeHue
0N HW3LWWeNA 4acToThl.

UTo6bl yyecTb BAMAHME NONATOK Ha 4acTOTy COBCTBEHHOro Kone-
6aHus, WHTErpupoBaHue B BbipaxeHusx [€] u [/] gna paboTbl, npo-
N3BOAMMOI LEHTPOBEXHbIMW CUNaMU, U ANA KUHETUYECKOW 3Hepruu
cnefyet pacnpocTpaHuTe oT b go a-f- A rge | o603HavaeT AnUHY
nonaTtku. [pyu 3TOM BbIYMCAEHUW MOXHO [ONYCTUTb, YTO NOMNATKK
npu KonebaHWM AMCKa OCTalOTCA MJOCKMMM, TaK 4YTO He noTpebyeTcs
HUKAKOro AOMNOMHEHWA K BblpaXeHWto [C] A48 NOTEHLManbHOR 3HEPruu.

Mpy aHanMTMYeCcKOM ONpefeneHUM Hu3Wel 4acToTbl Konebntwlwe-
rocs gucka Bo3bMem WO B BMAe Takoro psija:

w0= al (r—0)2+ a2 (r—£)3+ a3 +

KOTOpbI/i YAOBNETBOPSAET YCAOBUAM Ha 3aKPEMIeHHON BHYTPEHHe
rpaHuue gucka, rge WO v dw,,/dr cTaHOBATCS paBHbIMU Hymo. Koag-
(muneHTbl aun ab al... cneayet Tenepb BblI6paTh TaK, 4YTOObLI BblpaXxe-
Hve [g] cTano MuHumymom. TlocTynas, KakK W3/I0XEHO B MpeAbiay-
wem n° (cMm. cTp. 312), MOXEM NOAYyUYUTb CUCTEMY YpP-WIA, aHanorunu-
HbIX yp-usiMm [214] u AnHelHbIX OTHOCMTEeNbHO aun a2 a3 ... lMpupas-
HWBas Hy/MKl onpefenuTeNb 3TUX YP-UiA, MOAYYMM Yyp-We YaCTOThbI.
[na Toro Buaa Koneb6aHUsA, KOTOPbIA WMMEET Y3N0BbIMU IUHUAMMU
OnameTpbl, cnefyeT BOCMO/b30BaThCA ANA nporuba BbipaxeHuem [a"]
BMecTo [6]. MMoTeHumanbHasa 3Heprusa Hakgetca w3 yp-ua,[208]: He-
06X04AMMO TO/IbKO MPUHATH BO BHWMaHWe, 4YTO B CAy4yae AUCKOB Typ-
OVHbI TOMLWMHA U XECTKOCTb Ha u3rm6 D wnsmeHsaoTcs BMecTe C pa-
OVanbHbBIM paccTosiHMeM T, Tak 4To D cnegyeT BBecTM MOA 3HaK WH-
Terpana. bes BCAKOro 3aTpyfHEHMUS MOXHO B 3TOM C/y4ae YCTaHO-

‘) MopoGHLIA rpatmyeckuii cnocob Gbin npegnoxeH CTOAZONOW, CM. er0 KHUTY,
YNoMAHYTYl0 Ha cTp. 70. Ero e npumenun Takxe E. Oehier, ,V. D. I.“, Bd 69
1925, S. 335, n monyymn xopollee cOrnacoBaHWe C OMbITHbIMW [AaHHbIMU.
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BUTb TaKXe BblpaxeHus ana V, u T u, HakoHel, ONpefennTb 4a-
CTOTY U3 yp-ua [g] TOYHO TakKMm Xe 06pa3oM, KaK Obl/I0 M3N0XKEHO
Bblle ANA cnyvas CMMMETPUYHOrO BuAa KonebaHus J).

Korga guck yctoitums, V, uc4yesaeT, M Mbl NoAyunm u3 yp-us [g¢]
BblpaXKeHue

Pi [9]
— | hw@rdr
gJ
KOTOpoe yCTaHaB!'IVIBaeT tJaCTOTy KOJ'IE6&HI/IH, BbI3BAHHOIo TOJIbKO CW-

naMu ynpyrocTu.

[Lpyroii kpaiiHuii cnydail nony4aeTtcs, Korga AWCK O4YeHb TUOOK u
BOCCTaHaB/MMBaKLLME CUAbI MpW KonebaHMU BbI3bIBalOTCA BCELENO LieH-
TPoGEXHbIMKU cunamu. Takue YCNOBMA BCTPeYalTCsi, Hanpumep, Korga
OMbITbl MPOW3BOAATCA C TMOKMMU [LUCKAMW, CLENAHHbIMWU W3 Pe3nHbI.
YacToTa 6yAeT B 3TOM CNyyae ONpefensiTbCs yp-vem:

Imax

psS = Iff']
hw,,°-rdr
7
Teuepb u3 yp-ua [g] vmeem
p'=p'+tp’- W
Ecnn yactoTel /?, n Pr kKakum-nmb6o o6pa3om onpedesneHbl, CymMmap-
Haa u4acToTa KonebaHus Aucka Haiigetca w3 yp-ua [h\. Ansa cnyuas
OUCKOB MOCTOSHHOW TOMWMHBI 1 3aKPErJIEHHbIX B LEHTPE TOYHOE
pelweHne ans pPXu pr 6ei1o nonyuveHo /2. V. Southwell’om 2).
OH paeT ANs P K cnegytollee yp-ue:

»oacy [
3HauYeHUst MOCTOSHHOW a Ans AaHHOro u4ucna M Y3n0BbIX [AWaMeTPOB

W ANs OAHHOTO 4KUCMa S Y3M0BbIX OKPYXXHOCTEW NpuBEAeHbl B HUXKe-
cnepywouwein Tabnuue 3:

n—o n=1 /11=2 n—3
s=0 14,1 0 29,0 156
i= 1 438 422 1210 2840

*) ®opmynbl Ans 3TOro onpedeneHus AeTanbHo paspa6oTaHbl CToA0NoMN, idem.

2 CM. BbIHOCKY Ha cTp. 315.

3 Bce npouve 0603HayYeHUs Te Xe camble, YTO AN KPYroBbiX MIACTUHOK (CM.
cTp. 310). Mpu 3TuUX BblYUCNEHMAX [1yacCOHOBO OTHOLWEHWe B3ATO paBHbiM 0,3.
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Yp-ve gna onpegeneHusa p{-—

rae W yrnoeas cKopocTb, a X MOCTOsHHas, 3Ha4YeHWs KOTOPON npu-
BefleHbl B HuKecnegytoueli Tabnuue:

n=0 —1 n=2 n=3
5=0 0 1 2,35 4,05
S= 1 3,3 .5,95 8,95 12,3

Mo onpegenedun p,3 n P2 u3 yp-uii [K] v [/] Hailpem uvacToTy
Kone6aHus Bpauiarollerocs gucka u3 yp-us [h\ 9.

B npeablgylieM M3M10XEHUU BoMpoca O KonebaHUM JUCKOB He
6bIN0 NPUHATO BO BHMMaHue WANAHWE HEPABHOMEPHOCTW HarpeBaHus
aucka. Mpu pabote Typ6buH o6of fucka 6GypeT Tenjee, YeMm Teno.
BcneacTtBne 3TOr0 BO3HUKHYT CXMMalLMe HanpshkeHus B 060fe u
pacTArmBalol e HanpsXXeHUs B Tene, KOTOPble MOFYT 3HAYUTENbHO Mo-
BNNATbL Ha 4acTOTbl COOCTBEHHbIX KOMebaHuii. ONbITbl W BbIYMCAEHUS *)
nokasblBalT, 4TO Ana KonebaHnuii np'v 0 mam 1 y3noBom fuameTtpe
yacToTa YyBeNMYMBAETCA, Torga Kak npu 60nbluemM 4ucne y3M0BbIX
AnaMeTpoB 4acToTa MpU TakKOM HepaBHOMEPHOM HarpeBaHWy MOHU-
Xaetcs.

*) PaccmoTpeHne AuddepeHuManbHoro yp-us KonebaHus B cnyvae fucka nepe-
MEHHOW TONWMWHbI faHo B cTaTbe Fr. Dubois, .Schweiz. Bauz.“, Bd 89, 1927, S. 149.
s) Freudenreich, ctaTbs, ynomsHyTas Bbie Ha cTp. 318.
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NMPNNTOXEHWE.

MPUBOPbLI A1 U3MEPEHUSA KOJIEBAHUA.

1. O6wume 3amMeyaHna.— [o camMoro nocrnefHero BPEMeHW paspeLueHune
npaKTMYeckKnx 3agay KonebaHWin M Ha 3aBojax M Ha paboTax nNpefocTaBNANOCH
NnoneyeHUo Ntofeli, KoTopble He o06nagany [JOCTATOUYHLIMWU 3HAHUSIMU Teopuu
Kone6aHWi © 6asMpoBann CBOM 3aK/OYEHWS Ha faHHbIX, MOMYYEHHbIX W3
onbiTa W OCHOBAHHbIX TO/MIbKO Ha TaKMX 6eCnoMOLLHbIX YyBCTBax Kak 0Csi3aHue,
3peHne n cnyx. C yBenMYeHUeM pa3mMepoB W CKOPOCTel COBPeMeHHbIX Bpa-
iLalowmMxea  YacTel MawuH 3ajava YCTpaHeHMs KonebaHuli CTaHOBUTCHA BCe
6onee n 6osee BaXHOW, W AN BMOMHE YAAYHOro peLeHUs 3TOW 3agayu
CTaHOBUTCA HEOOXOAMMBbIM MONYYeHUEe KONWYECTBEHHbIX [AaHHbIX O Koneba-
HUAX Takux MawuH U nx yHgameHToB. [Mofo6Hble KONMYECTBEHHbIEe AaHHbIE,
0fjHaKO, MOryT 6bITb MO/lyYeHbl TOABLKO MpPU MOMOLLUM M3MEPUTENbHbIX NpU
6opoB. OCHOBHbIe [aHHble, NOAMEXALLME U3MEPEHUIO NPU UCCNefoBaHWW 3TOM
3alayn, TakoBbl: @) 4yacToTa KonebaHus, b) ero amnauTyga, ) TUN BOMHbI, MNPO-
CTON rapMOHUYECKNI WUAN CNOXHBIA, 1 d) HANPSXXEHWS, Bbi3blBaeMble KonebaHMEM.

CoBpemMeHHOe NPOM3BOACTBO Aasi0 MHOF0 NpPM6OPOB ANA M3MEPEHUS BbiLle-
YNOMSHYTbIX Be/IMYUH, U B Aa/bHelieM 6yayT onucaHbl HEKOTOpble K3 6oee
CYLLLECTBEHHbIX, KOTOPble MMEKT LUMPOKOE MPUMEHEHME *).

2. Mpunbopbl Ons U3MepeHUs 4acTOTbl. — 3HaHWe 4acToTbl KosebaHusA
O4YeHb CYLLEeCTBEHHO W 4acTO AaeT LUeHHble JaHHble AN1S WU3YYEHUS ero nepso-
npuvynHbl. ONUcaHWe O0YeHb MPOCTOr0 W3MEPUTENs 4acToTbl, TaxomeTpa
dpama, KOTOpbIi AaBHO Y>XXe MpuMeHseTcs Ana TypboreHepaTopoB, 6bi10
faHo Bbliwe (cM. cTp. 21). BubpomeTp P anpToHa MOCTPOEH MO TOMY Xe
npuHumny. OH nokasaH Ha d¢ur. 144. 3ToT npubop cocTouT u3: 3ixBaTa A,
KOTOPbI/i MOXET 6bITb 3akpenseH MOMOLLbI MNPUXMMHOIO BUHTE; ABYX NOfA-
BWKHbLIX My(T B, pacnonoxeHHbIXx nNof MpPsMbIM YI0M OfHA K APYroii;
OCHOBHOII pambl C YKpenfeHHbIMW Ha Heil: cTepxeHbkoMm C, wwkanoii
ovmHel D cboky, wkanoih amnauTygbl E HaBepxy © AAWHHbIM BUHTOM .
KapeTka 3axBaTa nepemellaeTcs Mo OCHOBHOW pame, Mpuyem e€e MO0JI0XKeHue
perynupyeTtca BMHTOM. CTep)KeHeK 3aKpensieH Hariyxo BHWU3Y pambl, a ero
cBobofHaA [ANnMHA MEHSeTCA MepeMeLeHVeM MOABUXKHOI0 3aXuUMa KapeTKu.
Il‘lpvlﬁop npuKpennseTca 6ontamu K Koneb6nwoulerica MawwuHe 2), n cBobofgHas

) Cm. ctatbio J. Ormondroyd'a, ,Journal A. I. E. E.", Vol. 45, 1926, p. 330.
[Cm. Takxe cTtateto P. A. Borden’a, ,A. 1 E. E. Trans.*, 1925, p. 238 u cTaTbio
H. Steuding’a, .V. D. I.“, Bd 71, 1927, S. 605, npeAcTaBAslOWYI0 W3BNEYEHUE W3
OYeHb MOMHOIO MCCMeAoBaHWA 3anucbiBalOWMX KonebaHns npubopoB, cAenaHHOro Ans
crneyuanbHO Komuceun no KonebaHuaMm, opraHmsoBaHHoW V. D. 1 (O6uiectBoM rep-
MaHCKUX WHXEHEpOB).

2 Bec MalMHbl [OMKeH 6bITb 3HAuUMTeNbHO GO/blle, YeM Bec Npu6Gopa, uYTOGbI

NCKNH4YUTb BO3MOXHOCTb B/INAHUA npmﬁopa Ha ABWXEHW MallWHbI.
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ONMHa CTepXXeHbKa perynupyeTcss Jo Tex Nop, Moka He 6yAeT MofiyvyeHa Hau-
Gonbluas amnAMTyfa [BVKEHUS KOHLA CTepXeHbKa. dTa SAMMNANTyAa u4nUTaeTcs
Ha nonepeyHoi wkane. Mpu-
6op TOrga HaxoguTca B pe-
30HaHCe C onpegensemMon ua-
CcTOoTOli. 3Ta uyacToTa MO-
XeT 6ObITb Mony4vyeHa u3Mepe-
HMeM CBOOOAHOM ANMHbI CTep-
YKeHbKa.

3ToT npubop HACTONbKO
BbICOKO YyBCTBUTENIEH (CWMbI
3aTyXaHusa 4Ypes3BblyaiiHo Mabl),
YTO MM MOXHO MO0/b30BaTbCA
TONbKO ANst KosiebaHWni ¢ noYTn
abCcoNTHO MOCTOSAHHOW YacTo-
Toil. Camble Masible U3MEHeHUs
YacToTbl BOGIM3M TPUKM pe3o-
HaHca 6ynyT faBaTb OYeHb
6oNnblUMe OTKJ/IOHEHUS aMmnan-
TyfAbl. 3TO orpaHuM4MBaeT npu-
our. 144. MeHeHMe 3Toro npubopa Typ-
GoreHepaTtopamMy U ApYyrumu

MallMHaMK, CKOPOCTb BpalleHUs KOTOpPbIX Masio MeHSeTCs.

3. M3mepeHne amMnanTyf. — Bo MHOrmx cnyyasx BaHO M3MepPUTb TOJ/IbKO
amnanTygy KonebaHusi. OTO MMeeT MEeCTO B 6GO/bLUMHCTBE C/lyyaeB W3y4veHUs
BbIHY)XX/JEHHbIX MePUOANYECKNX KONebaHW onpefeneHHOM 4acToTbl, TaKuX,
KOTOpble BCTPEYalTC B KOHCTPYKUMSIX WAM  MeXxaHuW3Max nof [AeiAcTBUEM
Bpawjallmxca 4vacteid MawwmH. Yaule Bcero, ObiTb MOXET, He06X0AMMOCTb
N3MepeHns amMnauTyd ouyulaeTcss B CWIOBbIX YCTaHOBKax, rfAe Koneb6aHus
COOpYXXEHUs, OCHOBaHWA, hyHAamMeHTa WM pambl BbI3bIBAOTCA M3BECTHLIMW HaMm
UMNyNbCaMu, BO3HUMKAWLIMMKW  M3-32 HEYPaBHOBELUEHHOCTU  BpallaroLinxcs
yacTei.

Teopus, Ha KOTOPOW OCHOBaHbl CelicMuyeckne NpuGOPbI, W3M0XeHa Bbllle
(cm. cTp. 19). MoOCTPOEHHbIA N0 3TOMY MPUHLUNY W3MEPUTENb aMnAnTyabl
Vibration Speciality Company B ®unagenspumn nokasaH Ha ¢ur. 145. doTo-
rpagmsa unsobpakaeT npubop cO CHATOM OOKOBOW KpbIWKOW. 3To npubop
Tuna ceiicmorpada. CtanbHoii rpy3 (1) nogBeweH Ha npyxuHax (3) K Tske-
noit pame (2); Ao6aBOYHbIE MPUMKUMHbIE MPYXWHbI (4) LEHTPUPYIOT Monoxe-
HWe rpy3a B FOPM3OHTa/IbHOM HanpaBieHUU. YacToTbl CO6CTBEHHbIX KonebaHui
rpysa, Kak B BepTUKa/lbHOM, TaK W B FOPU30HTa/IbHOM HanpaBieHUsX, 0KO0/0
200 B MUHYTY. Ha pame HaxogsTcs fBa Kpyrnbix uHamkaTopa (5), cTepxHu
KOTOpPbIX KacatoTcs rpysa. [Mpubop HY>XHO NpubonTUTb K WUCCNeAYyeMOoi KOH-
CTpyKuuK. YacToTa KonebaHWUil, BbI3bIBaEMbIX MeXaHW3MaMM, BpallaloLUMnUcs ¢
60NbLIOA CKOPOCTbK, 06bIYHO B HECKOMbKO pa3 Bbille, YeM COGCTBEHHas
yacToTa BMGpOMETpa; MW rpy3 npubopa MOXHO paccMaTpuBaTb, KaK Hemnop-
BMXHbIA B MpocTpaHcTBe. VHAMKATOPblI OTMeYarT BepTUKa/bHbIE U FOPU30H-
Ta/lbHble COCTaBMAOLWLME OTHOCUMTENBHOTO [ABVWDKEHUSA Tpy3a W pambl; CTPenku
WHAMKATOPOB, ABWXYLLMECS B3aj WM Bnepej no uudepbnaty, [alT [BoiHble
aMnAnTyabl 3TUX COCTaBASIHOLLUX.
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3T0T npubop oKasascs O04YeHb MOME3HbIM ANA  CUIOBbIX YCTAHOBOK TMpwu
n3yyeHUn KoneGaHuii Typb6oreHepaTopoB. XOpOLIO U3BECTHO, YTO MO BpemMeHaM
arrperat, BepOsATHO BCNeACTBME HEepaBHOMEPHOro pacnpefeneHus TemnepaTypbl
B pOTOpe, HauyMHaeT YCU/IEHHO KO/e6aTbCs; MPOUCXOAUT 3TO Npu pa6oTe Ha
nosiHo!) ckopocTu, npuyem KoneGaHWa MPOAO/KAOTCA AONT0e Bpems. ITO MO-
NIOXKeHMe MOXeT 6bITb WCMPaB/eHO 3aMef/leHMeM W 3aTeM MOBbIWEHNEM BHOBb
CKOpPOCTM MaliMHbl. MHorga Kone6aHUs MOryT BO3HUKHYTb TakxXe Mpu u3Mme-
HEHWW Harpysku wWv BCMeACTBME NafieHWs BaKyyMa, KOTOPOEe COMpOBOXAAeTcs

dur. 145,

M3MEHeHMeM TeMmmepaTypbl 4acTeil TypbuHbl. OAMH WM fABa BUOPOMETPa,
YKpEeneHHble Ha OMOPHbIX MNOAWWNHUKAX TypOuHbI, JafyT MNOJHYI0, KapTUHY
Nofo6HbIX KonebaHui.

Mpnbop TakXe 0O4YeHb NOME3eH [N YpaBHOBELLIMBaHWUA POTOPOB MpU Bbl-
COKOW cKopocTu, 0CO6eHHO, Korja Heo6X0AMMO OYeHb TOYHOE YpaBHOBELUU-
BaHMe. B 3Toil omepaumu 0YeHb BaXHO OFPaHUUNTb CYOBEKTUBHbINA 3M1EMEHT.
Korga ycTraHoBKa HaxoauTcsa yXe B paboTe, ypaBHOBeluMBaHWe TpebyeT MHOro
BPEMEHU; MPOXOAUT UHOr4a HEeCKONbKO AHeR MexXAy ABYMS MocnefoBaTe/lbHbIMU
HabNLeHNAMN, W ynucnoBas 3anncb aMnanTyAbl faeT TOYHbIA cnocob cpasHe-
HMWA COCTOSHMS MalUMHbl A1 Pas/IYHbIX  MOMIOXKEHUA ypaBHOBELLMBAOLLUX
rpy3oB. Cnoco6 ypaBHOBELUMBAHWSA NPU MOMOLWLM W3MEPEHUSA TONbKO aMNANTYA
Koneb6aHuii 6bl1 onucaH Bblwe (cMm. cTp. 50).

[pyroe nHTEpecHoe MNPUMEHEHWEe 3Toro npubopa nokasaHo Ha qur. 146.
Mpu OTKpPbLITO MNepefHeil CTeHKe npuGopa MOXHO U3y4yaTb [eliCTBUTE/NbHbIN
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nyTb Kakoh-nu6o ToukM Konebnwuweiica onopbl TypboreHepatopa ’). Kycok
blaXAa4yHoi 6Gymarn cpefHeli KPYMNHOCTU MNPWUKNEeH K CTanbHOMY TFpy3y npu-
6opa. CgeT, najalWwmini Ha HaxpauyHyt 6Gymary, faeT OYeHb OTYETNUBbLINA
6Nk Ha Kpuctane kKap6opyHaa. Mwukpockon
XEeCTKO YKpenneH Ha wuccnegyemoli onope wu
(hOKYyC ero yCTaHOB/IeH Ha HaXpjauyHyio 6y-
mary. pu HenoABWXHOM TMONOXEHUN Tpy3a
B MPOCTPaHCTPe MOXHO ACHO Habnwaatb
OTHOCUTENbHOE [ABMXEHWe MUKpockona K
6yMaxKu, CBeTOBble OGNWKW OMUCHIBAKOT ApKUe
KOHTYpbl TOro >e poja, Kak o6uliens3BecT-
Hble Qurypsl Jlnca>ky. TunuyHble GuUrypsi,
nofnyyvyeHHble [NA onopbl TypbwuHsl npu 1800
o6opoTax B MWHYTY, MoOKasaHbl Ha ur. 147.
4. CeiicMmunueckmue Bubporpadbl.
Celicmunyeckne BubGporpagbl ynotpebnstTcs
TaMm, rge TpebyeTcs MOMHbLIA aHanu3 koneba-
HuA. [naBHOe MpuUMeHeHWe 3TUX npubopos
cOCTOMT *B  UM3MepeHun KonebaHuii OCHOBa-
HUIA COOpYXeHWU, KonebaHWih GyHLAMEHTOB
MalnH W Kone6aHWin MOCTOB. AHanusupys
Jam a, 3anucb BubGporpaom MPOCTbIX rapMoHuUYe-
] CKMX KonebaHWii, WHOrga MOXHO  HalTh
Mutecrion UCTOYHMK BbIHYXJalOLWMNX CUM, Bbl3blBaLLNX
3TU CNOXHble KonebaHUA.
Bub6porpad koHcTpykuuu Cambridge Ins-

U trument Company2 noka3aH Ha ¢ur. 148 nu
149. 23710T npubop npefHasHauyeH ANA 3anucu
our. 146. BEpTUKaNbHbIX KonebaHuit. Ecnu Tpebyetcs

HabnwfaTb CUNbHbIe KoebaHus, npu6op cHab-
XKAeTCA CTaNbHbIM pblyarom AnvHow 914 MM (Tpu (yTa), NOKa3aHHbLIM Ha
NOMepeyHoOM CEeYEHUU MNYHKTUPHbIMWU AuHUAMUK (dur. 149). Mpubop coctouT

KorneGarie:
YMepeHHoe \ n N n
o 0 18 0~ LU LL, L,
~W -m T 20 bo 1T T 2T T
O6OpoT, 6 MIH, MacwTa6: 5 Wi 4D e
dur. 147.

U3 Hecylleid rpy3 CTaHWHbl, CHa6XeHHOW YCTAaHOBOUYHLIMMU BWHTAMM C OCTPLIMM
KOHLaMMW, MpU MNOMOWM KOTOPbIX Npu6Gop, 6yAyyYsn NoMeuleH Ha KOHCTPYKLUK
AU QGyHhaMeHTe, MPUHUMAeT ydyacTue B uX KonebaHuax. He6Gonbliue fBuxe-

') 31oT cnocob Gbin npegnoxeH G. B. Karelitz'ou, nHxeHepom ans nccnefoBaHmia
Westinghouse Electric and Manufacturing Company.

'® Benee nofgpo6Hoe onucaHwe 3toro npubopa cm. .Engineering”, Vol. 119,
1925, p. 271.
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HUS  CTaHWHbl BbI3blBaEMble KonebaHWAMK, 3anuCbiBAOTCA Ha  [ABUXKYLLecs
LennynonaHoli NeHTe OCTPMEM, YKPEMJeHHbIM Ha KOHLe nfieyva, CoOejMHEHHOro
c pblyarom. Teno 3HauuMTeNbHOW Maccbl M NpUKpensieHo MeTaIMyecKoi mno-
Nocoli K CTanbHOMY pblyary, KOTOpbI/i YKpensjeH Ha CTaHWHe NpuW NocpejcTBe
ocTpbix npusmatuyeckmx onop K. CTanbHOW pbluar o6pas3yeT KOPOTKOe Mseyo,
[elicTBUTENbHAs [/IMHA KOTOPOr0 paBHa FOPU30HTa/IbHOMY PacCTOSHUIO MeXAY
nosocoin n octpmsimm onop. Fpys M
YypaBHOBeLLUVBaeTCsA CNMpabHol Npy-
XUHoli Q, noaBeLleHHOW K BepxHei
YacTU CTaHWHbIL.  HWKHWIA  KoHey,
3TOM  NPYXWHbl 3aKpennseTca B
OfHOM U3 UYeTblpex OTBEpPCTUA &
njeye KoseHyaToro pbiHara L, u

dur. 148. dur. 149.

BbIGOPOM  OflHOTO U3 3TUX OTBEPCTUI  MOXHO  UM3MEHWTb  COBCTBEHHYIO
yacToTy ABWXYyLLelics cucTembl. Tnedyo, HampaBneHHoe BBepX OT OMop
CTa/IbHOTO  pblyara, YMNOMSHYTOE Bbllle, CHa6XeHO Ha BEpPXHEM KOHLe
NAocKol NpyXuHoW S, Hecylleii 3anucbiBaloliee oCTpue. ITO OCTPUE ABU-
XETCA MO MOBEPXHOCTU LENYNONAHOA NeHTbl (COGCTBEHHO MO CBET/ION YacTu
ABUXYLLEACA NeHTbl [ANa 3anucbiBaHWsA), HaBepHYTO Ha pas3fBOeHHbI 6apa-
6aH D, koTopblii nNpuBogUTCS BO BpalleHMe 4YacoBbiM MexaHmamom C. [Mo-
MOLWbIO YCTAHOB/IEHHOFO PEerynaTopa CKOPOCTb MOMOCbI MOXET MW3MeHATbCS
NPUMEPHO MeXAy YeTbipbMA W [BajuaTbio MM B CeKyHAy. B y3Koi wienm
Mexay [ABYMS uyacTaMM pasfBoeHHoro 6apabaHa D HaxoguTca BTopoe ocTpwue,
KOTOPOE MOXEeT nepeMeliatbcsl B 60K MOMOLLbIO 3/1eKTPOMAarHuTa, [eicTByto-
Wero mnocpeacTBOM HeBOMbLIONO PbIYaXKHONO MexaHu3Ma BHYTpW GapabaHa.
3TOT 3MeKTPOMArHWT COeAMHEH C OTAe/NbHbIM 4YacoBbIM MeXaHW3MOM, Aato-
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LWMM  KOHTAKT KaXAyl [eCcATYH 4YacTb CeKyHAbl WM 4epe3 KaKOW-HUGYAb
OpYroli NpoMeXxyTOoK BpeMeHW. Takum 06pa3om Ha 060POTHOW CTOPOHE NeHThI
3anncbIBaeTCsl HyfneBasl /IMHUS C OTMETKaMu MPOMEXYTKOB BpPEMeHW OAHOBpe-
MEHHO C HacTosLel ,,BU6po-
rpaMmoii’ Ha NMLEeBON CTOPOHE.
Mony4yeHHble 3anUcyM  MOXHO
ynTaTb MpU  MOMOLLU MUKPO-
cKoMa € TOYHOCTbK 0,01 MM,

n,
-A\-X T ®  yBeNUYEHME  3amNUCbIBAIOLLErO
f jEVvivki Ll 1 npmMcnoco6aeHnss— 10, TOMOX-
Jbh*.! W EXWEENTEEFKWEN ' HO 4eTKO0 W3MEPSTb BEPTUK&/Ib-
\y Vv vgj.8 '] noe mnepemelleHNe OCHOBaHUSA

C TOYHOCThO Ao 10-* cml).

Ha ¢wur. 150 n 151 wu3so-

6paxkeH Bubporpac Melirepa?2).

Becb npu6op B Lenom, pasme

pom okono 200 X 150 X

150 MM, yKpennseTcs Ha’ Ko

neéniowerica MalnHe UM KOH-

®ur. 150. CTPYKUMK. TSHKeNbliA rpys, nog-

[ep>XX1BaeMblii BHyTpY npubopa

Ha cnabblXx MpyXwuHax, b6yaeTt

0ocTaBaTbCA  HEMOABMXHBLIM B

npocTpaHcTBe. [JBMXeHNe3aToro

rpysa OTHOCUTENIbHO  pambl

npn6opa nepegaeTca Heb6Osb-

LWoMy nepy, KOTOPOe HaHOCUT

3anMcb 3TOr0 [ABMXKEHMA Ha

OYyMaXHyH0 NIeHTY LUMPUHOI

60 MM. YacoBoit MexaHWU3M,

KOTOPOMY MOXHO npugasatb

pasnMyHble CKOpPOCTW, ABUraeT

6yMaXKHY0 NeHTY W HaBopa-

L. XrJ uMBaeT ee Ha Katywky. [Ansa

A OTMETKN TMPOMEXYTKOB Bpe-

MEHW CAYXWUT NPUKPEneHHas

K pamMe KOHCOMbHas Mpy>XuHa

dur. 151. CO CTallbHbIM TFPY3MKOM W Me-

poM Ha ee KOHUe. 3Ta KOH-

COMlb  UMeeT COGCTBEHHYKD 4YacTOTy 25 nepuofoB B CeKyHAY. 3rum npwu-
CNoCo6/IeHNEM MOXHO YMpaBnATb WM PYKOW WM 31eKTPUYecTBOM Mpu  no-
MOLWM ABYX CYXMX 3/IEMEHTOB. 3Ty MPYXWHY CnefyeT OTK/IOHATb KaXAyto
CEKYHAY WM OKO/I0 TOr0 M HaHOCUTb 3aTyxawwyl 25-UMKA0BYH BOMHY Ha

‘) 970T cnoco6 3anucbiBaHMs 6bin BnepBble NpumeHeH KonnmHcom, B Kemb6puax
CKOM MWKPOWHAMKATOpe AN MalluH BbICOKOW ckopocTu, cM. .Engineering”, Vol. 113,
1922, p. 716. Cm. Takxe ,Trans, of the Optical Society*, Vol. 27, 1925— 1926, p. 215.

*) Uto KacaeTcsi 6onee [JeTanbHOro oOnucaHus 3Ttoro npuéopa, cm, ,V. D. 1%
Bd 60, 1916, S. 811.
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3anucb. CO6CTBEHHbIW Mepuoj ceiicmMorpamyeckoin maccbl cam no cebe npu-
6113nMTeNbHO paBeH I'/g CeKyHAbl. YBenMYeHWe, KOTOPOe AaeT pblyaxHas Cu-

cTeMa, COeaMHSALLLan 3Ty Maccy
C PblYaXHbIM MEpPOM, MOXHO
nogo6paTtb. YA0BNETBOPUTENb-
Hble 3aMMCU MOXHO MNOAY4YNUTb
npy yBennyeHUn B 12 pas ons
yacToT cBbile 130 B cekyHay.
Mpubop 6ypeT yaoBneTBOPU-
TenbHO paboTaTb Jaxe npu
200 KonebaHWsAX B CEKYHAY,
€c/iM TONbKO YBE/IMYEHWE Bbl-
6paHO He MeHee ueM B Tpwu
pasa. CnepyeT 3amMeTWUTb, 4TO
nomMoLblo  Hagnexauleli ycTa-
HOBKM ' celicmorpadunyecKkom
Maccbl MOXHO MOY4YUTb 3anucb
KonebaHUs, NPOUCXOAsLLEr0 B
no6boM HanpasneHue

B Tex cnyuyasax, rge kKone-
6nouweecss Teno Tak Mano, 4To
ero KonebaHma 6yayT Haxo-
OUTbCA MOA BAUSHWEM CpaBHWU-
TenbHa 60MbLIOA Maccbl Npu-
6opa ero MOXHo ynoTpebnsaTtb
npocTo Kak npubop, paromii
3anucb KonebaHusa (,,yHuUBep-
ca/ibHbI 3anucbiBaTeb Koneba-
HUA“, KaK OH Ha3BaH M306pe-
Tatenem). Ceiicmorpaduyeckas
mMacca Npu 3TOM BbIHUMAETCS
13 npubopa, M ero Hy>Ho noj-
LepXX1BaTb  HEMOABWKHbIM B
npocTpaHCcTBE KaKMM-1M6o cro-
cobom, Hanpumep, NoABeLLMBas

HP'T T K ok
<L I w

1T 153.

ero K KpaHy. PbluaxHasa cucTemMa 3anucbiBaloLWEero nepa HenocpeicTBeHHO MNpu-
BOAMNTCA B AEVICTBMG O4eHb Ma/leHbKUM CTep>XEeHbKOM, KOTOprI7I KacaeTcsA

3aTyxawolee weHo*
Hve npu 25 06op

dur. 154

Bnbpupytowero tena (pur. 152 m 153). lNMomouwibio 3TOro MNpucnocobneHms
MOXHO NoAy4uTb yBenudeHne B 100 pa3 npu 60 nepumogax m B 15 pa3s npu
150 nepuogax B cekyHay. 3anucb 3TOro npu6opa npusefeHa Ha qur. 154,
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5. Topcuorpa.— Ona 3anucbiBaHUs KonebaHWii KpyyeHus B Banax npeg-
NOXeHo MHoro npu6opos. lMpubop 3Toro pojga, HalleAwwunii LWWPOKOe Mpume-
HeHne, M306paxeH Ha qur. 155. 3ToT npubop, u3obpeTeHHbI [elirepom,
MMeeT TO >Xe camoOe 3anucblBalllee W OTMedvarollee BpeMs npucnocobneHue,
KaKk W OMUCaHHbIA Bblle ero >e Bubporpad, HO OTAMYAeTCH OT Hero B
CBOei celicmorpaguyeckoid vactn. OH WMeeT JErkyl KaTywKy, AuaMeTpoMm
okolio 150 MM, Ha OCb KOTOPO/ HacaXXeH KOHLEHTPUYECKUI TsHKeNblii Maxo-
BMYOK CO CBOGOAHbIM XOAOM OTHOCMTENbHO 3TON ocu. CoefuHeHUEe Mexay Ka-
TYWKOA N Maccoli MaxoBM4YKa BbINOHAETCA O4YeHb FMOKOW CNuMpanbHOM npy-
XXUHoI. Cob6CTBEHHas 4acToTa Ko/iebaHW KpyyeHMs 3TOM Maccbl, Korga Ka-
TywKa 3aKpenneHa, — 0Kono 1*/a B cekyHay. [lpu paboTe KaTywka npuBo-
OUTCA B [BUXEHMEe TMOMOLLbD KOPOTKOr0 pPemMHsA LWuUpUHOW B 25 MM  OT
Basia, KonebaHUA KpydeHWss KOTOPOro msmepstTca. KaTylwka BpalliaeTcss BMecTe

dur. 155,

C Ba/OM, a Tskenas Macca BHYTpuM OyfeT BpawaTbCa C NPaKTUYECKU OfHO-
06pa3HOl yrnoBOi CKOPOCTbI, €cM TONMbKO 4acToTa KonebaHWA Kpy4yeHus
NnpeBbIllaeT OMNpefefieHHY BeMYMHY, CKaXeM, B YeTblpe pasa 60nblue, YeMm
co6CcTBEHHas 4vactoTa npubopa. OTHOCUTENbHOE ABUXEHME KaTyLWKU U oCcTpus
Ha OKPYXHOCTW MaxoBU4YKa MepefaeTcs MOMOLLbIO PblYaXHOM CUCTEMbI 3anu-
cbiBaloWemy nepy. JOToT npubop npumeHuM npu  KonebaHusax pgo 200
nepuojoB B CeKYHAY Npu Heb6ONbLUUX YBENMYEHUSX, BOOOLLE Xe YyBelunyeHue
KONebaTeNbHOro [BMXEHUS MOBEPXHOCTU Basla MOXHO MOAYYUTb CTO/Mb BbICO-
Koe, Kak 24 K 1 npu KonebaHMsIX HU3KOIM 4acToTbl. Hebonbuwune KonebaHus
cnefyeT 3anucbiBaTb A/1 4YacTeil Bana BO3MOXHO 60Mbluero agnamerpa. bonb-
Wwue KonebaHMa cnefyeT W3MepATb Ha Bajsax Manoro Agmamerpa, 4Tobbl Mo-
NyunTb 3anucb B Mpegenax npub6opa. Pasmepbl Bpaliaemoli KaTyllKW pgatoTcs
pas3nnyHble B 3aBUCUMMOCTM OT umcna 060pOTOB Basa U ONpefensioTcs BO3-
[eNcTBMEM LIEHTPOBEXHbIX CUA Ha CAMPanbHYK MPY>XWUHY, KOTOpas yKpenjeHa
MeXJy MaxoBUYKOM W KaTywkoi. [Mpu ckopocTu okono 1500 o6opoToB B
MUHYTY LEeHTPO6eXHble Cubl AethOPMUPYIOT MPYXUHY HACTO/NbKO, 4TO MNepo
YXOAWUT C NeHTbl ANs 3anucu. ITOT Npubop YCMewHO MNPUMEHANCS NpU U3y-
YeHUM KonebaHUIi KpyyeHWs B TaKUX YyCTaHOBKax fABurateneit [usens, Kak
B TEnJoBO3ax WM Ha MOABOAHbIX JfoAKax. HefaBHO MosBUACA KOMOUHMU-
poBaHHbIi Topcuorpadg-snéporpad — yHMBeEpPCanbHbIM  3anucbiBaTelb  KoJe-
6aHuni.
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6. M3MepuTenb kpyuewus. — ECTb Cryyaun, KoOrja WHTEPecHO 3HaTb He
TO/MIbKO KoNeGaHWsi yrnoBOW CKOPOCTWU, UW3MepsieMble Topcuorpadgom [eiirepa,

HO TakKXe BpallalwLWunii MOMeHT Bana, nepefawouiero cuny. [Ana aToli uenu
6blI0 NPef/IoKEHO MHOro nNpubopoB, 0COGEHHO ANS M3MEpPeHWst cubl, nepe-
Jatolecs rpebHbIMW Baslamy Cyf0B *).

Yalle BCero mnpuMeHsieTcss C€Mnoco6, coCcToALMI B M3MEPEHUU OTHOCUTENb-
HOro [ABVXXEHWUSI MeXAY [BYMSI 4yacTsMu npubopa, 3aKpernsieHHbIMU B ABYX Ce-
YeHMsX Basla Ha OMNpeAesieHHOM APYr OT Apyra paccTossHUW. Yron noBopoTa
3TUX YacTeii OTHOCUTENbHO APYr Apyra HabnojaeTcsi WM 3anucbiBaeTcs Mo-

dur. 156.

MOLLbIO ocuuniorpaga. 3Had CKOpPOCTb BpalleHWs Basla W XKECTKOCTb ero Ha
Kpy4YeHWe, MOXHO OMnpefennTb MepefjaBaeMyl0 BajioM MOLWHOCTb B Jowajm-
HbIX cunax. ®urypa 156 npefcTaBnseT M3MepUTeNb KPYYeHWUs, N306peTeHHbI
E. B. Moulln’om (MHxeHepHasi na6opatopus Kam6pugxka B AHraum -)). ,,OT-
HOCUTEeNbHOE ABWMXEHWe [BYX YacTeil npubopa U3MepseTcs MOMOLLbIO 3/1eKTPU-
YeCTBA M HENPEPbIBHO B MPOJO/IKEHWe BpalleHUs, TakK 4YTo NpuM6op MOXHO
3aKpenuTb B KoONofue rpebHoOro Bana, a HabnwieHUA f[enaTb Ha PaccTOSHUW.
M3mepuTenb KpydeHus MynaHa ynoTpebnseTca A8 M3MepeHWs Bpaljaloluero
MOMeHTa, nepejarwolierocs rpebHbiMi Banamy fo 250 MM guameTpom npwu
MowHocTn go 1500 n. c. lMpubop cOCTOMT U3 3NEKTPOMArHUTa ¢ BO3AYLUHbIM
npomexyTkom. OfHa MofI0BUHA 3M1eKTpPOMarHMTa MnoAAep>XXUBaeTcs KO/bLOM,
3aKpenssieMbiM B OMpefile/leHHON TO4YKe Bana, a Apyras Mof0BMHA HaxoauTcs

‘) CyuiecTBytolime pasiMyHble CNOCOo6bl M3MEpeHMS W 3anUCbiBaHUS Yyrnaa CKpyuu-
BaHMA Bana MOXHO NoApasfennTb Ha 4 rpynnbl: a) MexaHuyeckue, b) onTuueckue,
c) cTpobockonuyeckue u d) anekTpuyeckme crnocobbl. OnucaHns nNpubopoB, NOCTPOEH-
HbIX Ha OCHOBE 3TUX Pas3NMUHbIX MPUHLMMOB, faHbl B YNOMAHYTOR Bbiwe (cM. cTp. 325)
ctatbe LTedgnHra. Cm. Takxke ctatblo Busera B xypHane ,,Der Betrieb”, 1921, S. 318.

2 Cwm. ctatbto Robert S. Whipple, .Journal of he Optical Soc. ol America”,
Vol. 10, 1925,- p. 455.
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pAAOM C NepBOW, HO npucoefuHAeTca K MydTe, 3akpenneHHOR Ha Ban} Ha
paccTofiHumM okono 125 cMm (4-x ¢yToB). Ha ¢ur. 156 nmokazaHO YCTPOWCTBO
06enMx MONOBUH 3NeKTpOMArHuTa, M3 KOTOPbIX OAHA a 3aKpernjeHa Ha Konble,
a pgpyras b npukpenneHa Kk mytTe. He60Nbl O reHepaTop NEPeMEHHOr0 Toka
faeT 06MOTKe C TOK yacToToi 60 NepuoAoB B CeKYHAY W HanpsaXeHWeM’ OKONO

100 BonbT. KaK TONbKO Ban

......... nHN N nP°»exYrka' TakuTo3a-
nnucbliBaemMble N3MEPEHUA Vie

N PR VA - Y HSAWTCSH MOpaMo nponopuuno-
HalbHO BpalaluemMy Mo-
thur 3I57_ MeHTy. [lpumeHalTCcA ABa

3NeKTpOMarHuTa, Nno O4HOMYy
Ha KaX/[OoM KOHLe f[uameTpa, TaK 4YTO OHW MeEXaHUYECKU YpPaBHOBELWEHbLI MU,
COeAMHEHHbIE 3NIEKTPUYECKU MOCnef0BaTeNbHO, He pearupywT npu nepeme-
LW eHnax m3rmba. TOK 3amMblKaeTCAa W pa3MblKaeTcAd B 3/1eKTPOMarHuTax nomolybio
ABYX CKONb3Awwmx koney d ne.“ Mpu nomowm o6bI4HOTO ocumnnorpadpa MOXHO
NONYYUTb HENpepbIBHYIO 3aMucb B TaKOM BuUAe, Kak M306paxeHo Ha ¢wur. 157.

Ha ¢ur. 158 nokasaH TopcuomeTp AMC/epa, KOTOpbIA LWUPOKO mnpume-
HAeTCs ANA W3MepeHWA MOUWLHOCTKM fBurateneit 6onbWKX cKopocTeidr. Coepm-

dur. 15«

HUTenbHble (naHubl D u L TopcnomeTpa 06bIYHO HaCaXWBAKTCA Ha KOHLUbI
1 » 2 npuBOAHOrO W BeAyulero BanoB. YNpPyruin cTepxeHb, NepefaroLni
Bpawawlyw cuny, o6o3HayeH 6yksoli O. OH nNpuKpenneH KoHUaMW K na-
TpoHam F n H. MatpoH F Harnyxo ckpenneH ¢ MydToii A, Ha KOTOPOM Ha-
caxeH naHey B. ®naHey B cb6onyeH ¢ dnaHuem D. a c¢naHey J ¢ dnaH-
uem L\ KoHUbl cTepHs G Takum 06pa3oM XeCcTKO cKpenneHbl ¢ gnaHyamu D
m L. Utobbl u3MepuTb yron 3akpyuumBaHusa, nonb3ytTcs pguckamu M, N un O.
Ovck M npukpenneH K naTpoHy (naHua L, B TO BpemMs Kak fBa APYrux
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aucka N u O 3akpenneHbl Ha MydTe A. Korga usmepuTenbHblii cTepxeHb O
CKpyuuBaeTcs noj fJeiicTBMeMm Bpawatouweil cunbl, guck M noBopaumBaeTtcs
OTHOCWUTENbHO [ABYX Apyrux auckoB N u O Ha onpejeneHHblii yron 3akpy-
ymBaHua. Kpaii U gucka M cHa6XeH npo3payHbiM KONMbLOM W3 Lennynouga, Ha
KOTOPOM HaHeceHbl fieNeHus wWkanbl. MpoTUB 3ToK wWKankl B gucke N wumeetcs
ManeHbKoe oTBepcTue T U y3KWii pagnanbHblil Npope3, KOTOPbIA CAYXWUT yKa-
3aTenemM Ans oTcuyeToB no wkane. Auck O He umeeT oTBepcTus npotus T, a
CHabXeH TONbKO pajuWanbHbIM NpPOpe3oM TakuM Xe, Kak B gucke N, n uepes
Hero Ha6nwgaTenb BWAUT NpU OTCYeTe MONOXeHMe ykasaTens T Ha wkane U
npu nomouwu 3epkana S, MomelweHHOro noj yrnom B 45 TrpajycoB K fyuy

dur. 159,

spuTens. Lkana, HaHeceHHas Ha Lennynoufie, ApKo OCBelieHa C3aAW MOMOLLbIO
namnbl /2. EcAu npu6op NOAyuuT 6GOMbIIYI0O CKOPOCTb, CKAKEM, He MeHblle
200 060pOTOB B MUHYTY, TO UMCNO CBeTOBbIX BMeuaTneHuii 6yaeT AocTaTou-
HbIM, UTO6bI MOMYYMTh BreuaTAeHWe YCTOMUMBOIO WM306PAXEHNS, W uTeHue
yrna cKpyuyMBaHWs MOXHO MPOM3BECTU C 6ONbLWON TOUHOCTLIO, €CAM TOMbKO-
3TOT Yron O0CTAeTCA MOCTOAHHLIM MpM BpalleHUn. 3HAs Yron 3aKpyuyuBaHMA U
KECTKOCTb KpPy4eHUsa CTepkHs O, MOXHO Nerko BbIYMCAMTL Bpawawuuii Mo-
MeHT M mepejalllylocsa cuny.

V. Vieweg ynyuwun onucaHHbiii Bbile npubop ykpenneHuem 3epkana S
Ha [UCKe, KaK NoKasaHo Ha ¢ur. 159, 1 ycTaHOBNEHWEM paccTOAHWA 3TOrO
3epkana OT WKanbl TN paBHbIM pPaccTOAHMIO 3epkana OT ocu Bana. TaknuMm
nyTeM AOCTUIHYTO MOMyueHMe MOCTOAHHOTO W306PaXKeHMA LWKanbl, KOTOPYI
MOXHO HabnofaTh MOMOWbI0 Teneckona *).

7. Mpnbopbl AN 3aMMCK  HaMPSOKEHWIA. — [ina u3ydeHus HanpskeHnii,
BO3HMKAKIWUX B WHXEHEPHbIX KOHCTPYKLMAX WAM B YACTAX MalMH Mpu Kone-

*) OnucaHue 3Toro npubopa cm. XypHan ,Maschinenbau", 1923—1924, p. 1028.
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6aHusX, He06XOANMO MOMb30BATbCA CreUuanbHbIMU NPUbopaMu, 3anvcbiBalOLLMMU
gedhopmaumy  0YeHb KOPOTKOM npofgo/mkutenbHocTu. Ha dwur. 160 unsobpa-
XeH npubop nopgobHoro poga ,Stress Recorder™, usrotosneHHbln Cambridge
Instrument Company *). Mpn6op 0Co6eHHO Mone3eH AN M3MepeHUst BbICTPO
M3MEHSIIOLLMXCA HamnpPsHKEHWA B MOCTOBbIX (depMax W  ApYrMX KOHCTPYKLMAX
nos ABWMXYLUMMWUCA WM JaOWMMK TONYKM rpy3amu. [ns HaxoXAeHUs wusMe-
HEHUI HanpsbkeHWl B hepmax MNpu6Op 3aKPenssieTcs Ha MCMbITbIBaeMoi thepme.
3aXMM HacaxuBaeTca Ha BuauMMyr 4acTb C ronoBKM MpYXWHbI, KoTopas, pe-
rynupys cuny Haxuma, yAepXuBaeT npubop c Hanepej YCTaHOB/IEHHbIM fAaBrie-
HMeM Ha 3neMeHTe, fedopmaLMs KOTOPOro wusMepsieTca. Ha 0AHOM KOHLUe
npu6opa WMeTCA ABa 3aKpenjieHHble ocTpus A, Torfa Kak Ha ApYyroM KOHLe

dur. 160.

umeeTca ogHo ocTpue B, Hecyuiee uwacte D, koTopas MoxeT cBO60AHO mnepe-
MeLaTbCA B HanpaB/ieHWUW, NapanieflbHOM [/MHe npubopa. 3TO LBUXEHWE MO-
XeT WMeTb MeCTO, TaK KaK cTepxeHbkun E u ET, coeguHstowme yvactb D co
CTaHWHOM, WUMEKT BbITOYKA B OTMEYEHHbIX 3TMMM OyKBaMy MecTax. YMeHblue-
HMe nonepeyHbIX pasMepoB CTEPXKEHbKOB MO03BONSET WM Crubéatbcs B 3TUX
MecTax, o6pasys Takum o06pa3om LwapHupbl. Yacte D coeamHeHa ¢ morywum
Bpawatbcs pblyarom M, HecywMm 3anucbiBarollee oCTpUe S Ha CBOEM BepX-
HeM KOHUe. J1i060e nepemelleHne To4kM B mn3-3a nepemeH HanpsbkeHus B
MCMbITbIBAEMOM  KOHCTPYKLUWUW  BOCNPOU3BOAUTCA B YBE/IMYEHHOM MacliTabe
OCTPMEM W 3anuCbIBAETCA Ha JIeHTe Mpo3payvyHoro uennysnonfa, Kotopas [LBW-
XXeTcs Mof OCTPMEM Mpu MOMOLLM 4acoBoro MexaHusma P co ckopocTbio
npumepHo oT 3 go 20 MM B cekyHay. 3anucb npubopa faeT YBeNUYeHUWe B
fecATb pa3. 3anucum MOXHO paccMaTpuBaTb MpPU NOMOLLM COOTBETCTBYHOLLEFO
PYYHOro MMUKpOCKOMa, nofo6HOro ynoMssHYyTOMY Ha cTp. 328, uauM nony4vntb
HenocpeACTBEHHOE YyBe/IMYeHWE 3acHATbIX Auarpamm ¢oTorpagmyeckum cno-
coboM. TakvMm Croco6oM 3anucu Ha NIeHTe MOXHO npoynTarb C TOYHOCTbIO
go 0,01 MM. bBeps paccTosHue Mexay Toukamm A un B paBHbiM 381 MM

‘) OnwucaHme atoro npubopa cm. .Engineering*, 1924, Vol. 118, p. 287.



MPUBOPLI ANA W3MEPEHWUS KONEBAHWIA 337

(15 proiimam), Haiigem, 4YTO OTHOCUTENIbHOE YA/IMHEHUE MOXHO W3MEepUTb C
TOUHOCTbIO:

TON38T = 266X 10" B*

ONna cTaim 3To COOTBETCTBYeT HanpsbkeHuto 5,62 Kr/cM~. 3anucbiBarowas
YacTb npubopa OYeHb >KECTKa W C/efoBaTe/lbHO NpUMeHMMa AN KonebaHwui
OYeHb BbICOKOIW 4acToTbl. Hénpumep, KonebaHua 6ankm uyactoTo 1400 B
CEeKYHAy ObInM SICHO 3anucaHbl, HO U 3TO He SABAAETCA MpeAenoM Ans npu-
6opa. Ero mMOXHO NpMKpPenuTb NOYTM K NH060A 4YacTM KOHCTPYKUMWU. YacoBoii
MeXaHU3M, MPUBOAALLUIA B ABUXEHME LEeNNYNOMAHYI JIeHTY, MycKaeTcs U ocTa-
HaBnMBaeTcsl NM60 py4yKkoli Ha camom npuGope, NMGO 3NEKTPUYECKUM Mpu-
60poM, Ae/iCTBYIOLLMM aBTOMATMYECKU WM BPYYHYHO Ha paccTosiHuu. Mexa-
HM3MbI, OTMeyalole BPeMsi W 3anucbliBatoLMe KoneGaHusi, Takxe ynpaBnstoTcs
3M1eKTPMYECTBOM Ha paccToAHUU. CUHXPOHHOCTb OTCYETOB MOXHO MOYUYUTb
no uucny 3anuceid, Tak KaKk UX MOXHO BbIMO/MHUTL B OfHO TO >X€ BpPeMsi U B
onpegeneHHbIX MOMOXEHUSIX.

HenpaBrpHve Toka Bo3ayLLHble Npocnoiiku

- QHEPATO BbICOKOI YaCcT oL

dur. 161

durypa 16i npeactaBnsieT CXeMy COeVMHEHWA MarHUTHOrO W3MepuUTens
HanpsbkeHWid, paspaboTaHHY WHXeHepamMu GuUpMbl BecTuHraysa *).

Ilpubop ykKpennaseTca Ha anemeHTe, epme wunn 6banke, gedopmaums Ko-
TOPbIX W3MEpPSieTCs, MOMOLLbI0 3aXMMOB TakuMm 06pa3om, 4TO fABa Kycka Mpo-
KaTHOK KOPbLITHOro >enesa, sBasolinecs cepgedHukamn A n B un o6pasyto-
LNe XeCTKOe Lienoe, 3aKPensioTCAa Ha 31eMeHTe B MOMEpeYHOM ceveHun T, a
XOMYT M3 npokaTHoro >enesa C nomowbio cTepxHss D 3akpennsietcs B no-
nepeyHOM cevyeHUM Pg npu gauHe 6asvca pasHoli |. JT1lo60e M3MeHEHUWe ANWHBI

SKCTeHCOMeTp PuTTepa.

Teopus konebaHuii B WHXEHEPHOM adene, ‘1,22
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|, npoucxogsiiee M3-3a W3MEHEHUS HamMpsHKEHWUS 3MeMeHTa, BbI3bIBaeT MepemMe-
weHne xomyta C oTHOocMTeNbHO cepfedyHnkoB A M B 1 COOTBETCTBEHHO U3-
MEHEHME BEMIMUYMHBI BO3AYLUHbIX MPOMEXYTKOB. O6MOTKa HamaTblBaeTcs Ha
oba cepfeyHMKa KOPbLITHOrO >enesa. Mo 3TMM 06MOTKaM, BK/IKYEHHbIM MO-
cnefoBaTenlbHO, MOCbINAETCA MepeMeHHbI TOK 4acToTbl 60MblUell, YeM yacToTa
M3MepseMbIX W3MEHeHW HanpshkeHus. [oafepxmnBas MOCTOAHHbIA BONbTAX B
ABYX nocnefoBaTeNlbHO COEAMHEHHbLIX 06MOT
Kax, Moflydnm TOK MOCTOAHHOIO HanpshKeHus,
He 3aBMUCALLEro OT M3MEHEHMWI BO3AYLIHbLIX MNPO-
MEXYTKOB. HepaBeHCTBO BO3AYyLWIHbIX MNpoOMe-
XXYTKOB Wb pasjensieT 06U BONbTaX Ha
[BE HepaBHble 4acTuM B [BYX 06MOTKax. 3anucb
BO/MbTaXka KaXK Ao 06MOTKM npom3BoanTcs Hop\
MafnbHOro Tuna ocumnnorpadom. OpanHaThbl
dur. 162. 06epThiBalOLLEil KPUBOM Takux Auarpamm, Kak
nokasaHo Ha ¢wmr. 157, nponopyMoHabHbI
HanpsHkeHUWAM B 3neMeHTe. OTOT MarHUTHbIA W3MEPUTENb HAaMPsSXKeHWUN Obln
MCNOMb30BaH *) ANA W3MepeHUs HanpsHkeHWin B penbcax, BbI3blBaeMbIX MNpuU
OBVKEHUN NapoBO30M, N OKasancad O04YeHb MOMe3HbIM.
Ona  wunsmeputena pgavHoo 1= 203 MM (8 [OAMOB) MOXHO MONYYUTb
TOYHOCTb OTCYETOB, COOTBETCTBYIOLYIO HanpshkeHuto 70 Kr/cm™*.
JNeKTpUYeCKnini. TenemeTp 8. — SToT Npubop OCHOBaH Ha Tom 0blLue-
N3BECTHOM (haKTe, UYTO €ecAM CTONBUK M3 YrofibHbIX KPY)XKOB HaxoAuTCs MOA
AaBneHuem, TO nepeMeHa paBneHus 6ygeT
COMPOBOXAaTbCA  MepPemMeHON  aneKTpuye-
CKOro COMPOTUBNEHUA W TakKXe W3MeHeHVeM
ONWHBbI cToN6uKa. [pocTedwmnini Bug npu-
6opa, MPUKPENSIEHHOr0 K 3neMeHTy E, Ha-
NPs>XXeHne B KOTOPOM HYXXHO W3MepPUTb,
nokasaH Ha dwur. 162. J1io6oe un3MeHe-
HWe paccTosiHAA MeXay Toukamu onop A
n B BbI3biBaeT nepemeHy HaudasllbHOro exa.
s ctonbrka C M3 YrofibHbIX KPYXKOB-
Mpoucxopasiiee BCAeACTBME 3TOr0 M3MeHe
HVMEe 3NeKTPUYECKOr0 COMPOTUBMIEHUSA MO-
XeT ObITb 3anucaHo MOMOLLbIO OCLM/N0-
rpaga. Ha ¢ur. 163 nokasaHa B OCHOBe
anekTpuyeckas cxema npubopa. Mpu6op 1 momeweH B OAHOW BETBU MOCTUKA
YWTCTOHA, OCTa/lbHble TPU BETBMU'KOTOPOro 2, 3 1 4. V3MepuTenbHbIA Npu-
6op MocTUKa 5, KOTOPbI MOXET 6biTb MWIINAMETPOM WX  OCLMIOrpadom,
yKa3blBaeT Maselillylo HeypaBHOBELUEHHOCTb TOKa B MOCTWKe. ConpoTuBJie-
HMA 2 M 3 NOCTOSIHHbI, a 4 npucnocobnseTca Tak, 4YTO6bl YpaBHOBECUTb
MOCTMK, KOrfja YronbHbli CTON6MK npubopa HaxoauTcsa MNOL CBOMM Hayaib-

‘) Cm. foknag aBTopa, MpefcTaBieHHbIi MexayHapofHOMY KoHrpeccy npuknagHoii
MateMaTtukn M mMexaHuku B Litopuxe, 1926 rog.

@ MonHoe onucaHue aToro npubopa, caenaHHoe O. S. Petersou u B. Mac Col-
InT'om, MoxHo HaiiT B Technologic paper of the Bureau of Standards, No 247,
Vol. 17, 1924, p. 737; cm. Takxke poknag [leTc-pca, CAeNaHHbIA MM Ha €XerogHom
cobpaHum AMepuMKaHCKOro obuiecTBa MCNbITaHUA MaTepuanos 1927 r.
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HbIM OXaTueMm. J1060e W3MEHeHMe CXKaTua BCNeACTBME YANMHEHUS WUCNbITbIBA-
€MOro 3/ieMeHTa BbI30BET HeypaBHOBELUEHHOCTb MOCTMKA, BeMYMHA KOTOPOU
byneT oTmeuyeHa npubopom 5. locnefHWA MOXHO KanubpupoBaTb Tak, YT0ObI
HEMOCPeACTBEHHO YUWUTaTb HAMpsKeHWE B WCMbITbIBAEMOM 3/1EMEHTE.

Mpun6op Takoro MpPOCTOro BWAa, KaK OMWCaHHbI/ Bbille, NMeeT HeA0CTaToK,
NPOUCXOAALLMNIA M3-3a TOro, 4YTO COMPOTUB/IEHWE YrONILHOTO CTONGMKA He
ABNSETCA NINHENHOW DyHKLUMeNR
nepemelleHns. UTobbl ycTpa-

HATb 3TOT HeAoCTaTOK B CYy-

LecTBYOLWMUX Npubopax, nonb-

3yl0TC  [ABYMSI  Yro/fbHbIMU

cron6ukamun (cur. 164). Mpn

TakoMm  ycTpolictBe nwoboe

W3MEHEHNE PaCCTOSHUS MEXAY

Toukamn A U B wmsz-3a ne-

peMeHbl  HaNpPsHKeHUs  UCMb- dur. 164.

TblBaeMOro 3nemeHta 6ygeT

nepesaBaTbcs nomowibio ctepxHa C nneyy D. B pesynbTate 3Toro BO3-

HUKHYT: YyBeNMYeHWe OKaTUs B OfHOM W3 [ABYX Yro/bHbIX cTon6mkos E u

E' M ymeHbweHne B pgpyrom. [Momewass 3TW f[Ba YrofbHbIX CTON6MKA B

MOCTMK YUTCTOHA, KaK MoKasaHo Ha ¢ur. 165, nonyyum, 4To 3hgeKTbl

M3MEHEHMSA CONPOTUB/AEHUA 060UX CTONBMKOB CNOXATCA, W CyMMapHbIli pe-

3yNbTaT, KOTOPbI/i Tenepb MNOMAYyYUTCA MOYTM MPOMOPLMOHANIbHBIM HAaMpPsSHXEHUH,
6ypeT  3anucbiBaTbCa  Npubopom
MOCTUKA.

MOXHO nonyunTb 60MbLIYIO CTe-

NeHb YyBCTBUTENIbHOCTU, MEHSISt CUNY
obuiero Toka MocTuKa. BsaB cuny
aToro Toka B 0,6 amnep, KoTopbll

dur. 166.

NpUrogeH ANs AAnTeNbHbIX HabNOAEHWA, Mbl MOAYYUM MOSTHOE OTK/IOHEHME yKa-
3aTensa npubopa MocTMKa npu nepemeweHmn B 0,05 MM. OTcioga, NpuHAB
anvHy 6asbl AB (cur. 164) paBHoii 200 MM, NOSIHOe OTKJ/IOHEHMWE yKasaTensi
npu6opa AN 3NeMeHTa W3 AWTON cTanm 6yAeT MpeAcTaBNsATb HanpsiKeHue
0Ko0no 530 Kr/c>k!. Mpur6op AoKasan CBOK MPUMEHUMOCTb ANs 3anucu 6bICTPO
M3MEHSIOLLLErocs HanpsbkeHUs B 3/eMeHTe, MCMbITbiBaloLWemM KonebaHusa. Kone-
6a us, 6onbwmne uvem 800 nepuofoB B ceKyHAy, MOryT O6bITb BOCMNPOU3Be-
[eHbl B OTBevawollem [eACTBUTENbHOCTM MacluTabe.

3TOT Npubop TaK >Xe YCMeLWHO MPUMEHSeTCA AN W3MEPeHUs YCKOPEHWUNA
Kak akcenepomeTp. Heob6xofMMO Nub flerkoe BUAOU3MEHEHWNE €ro, COCTOsALLee
B NPUCOEAMHEHMM HeGonbloro rpysa T K nnedy A (dpur. 166). CTon6ukun
[LeACTBYIOT KaK MPYXWHbl, TaK 4TO CO6CI BeHHbIA nepuog KonebaHus maccbl T
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OYeHb BbICOK (nopsgka 250 B CEKYHAY MPU HUXKEOMUCAHHbIX OMNbiTax). JTOT
npu6op 6bIN ycTaHOBAEH Ha KonebnloLWweMcs CTOMe, CKOMb3AWEM MO HanpasBndalo-
WUM U NPUBOAMMOM B [BUXEHWe Kpueowwunom. KonebGaHue Takoro cTona,
BCNEACTBME KOHEYHOW ANMHbI WaTyHa, He fBASETCH CUHYCOWAANbHbLIM, HO COZep-

dur. 167. dur. 168.

XUT TakXe BbiClIME TapMOHMYeCKUe KonebaHUs, U3 KOTOPbIX Haubonee Cyl ecT-
BEHHbIM ABAseTCA Kone6aHue BTOpOro nopsgka. ®ur. 167 nokasbiBaeT Aua-
rpaMMy YCKOpPeHWUs 3TOro CTONMKA, MONYyYeHHYI Ha OCHOBAHWW BbIYUCIEHUA,
a ¢wur. 168 paeT 3anucb ocuuanorpaga, NOAYYEHHYH OT YrofbHOro cTON-
6MKa M3MepUTeNs YCKOPEHWii, YyCTaHOBAEHHOro Ha cTonuke. Cna6o BuUAUMbIE
3y6Ubl Ha 3TOW Anarpamme MMeKT Mepuog co6CTBEHHOro KoneGaHus maccbl Nu
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