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3TOI OCH MOKET BpallaThCA YKpeEIIeHHAA Ha Heil mapa KOHMYECKUX NMeCTePeH w.

CBoumu 3yGbAMM 3Ta Iapa CLeIUIAeTCA ¢ APYroil napoil KOHWYeCKUX IIecTepeH,
110 KOTOPOii OHAa KaTUTCA IpU BpameHuu ocu A

\\|
7 =

///Ill

N\
N
:
— —JH
z
%

»

Puc. 58. TuddepennuanpHasn nepefaya aBToMo6uidA; ona e (no Boabumany) mo-
KeT CIyUTh MOJeblo HHAYKIIMOHHOT0 B3aUMO/IeficTBUA ABY X Lieneif Toka. Cipa-
Ba: BUJ BJOJb OCH 3aHUX Kojlec aBTomMoOuiadA. CieBa: BUJ Ha 3Ty OCh

Ochb 3aiHUX KoJec aBTOMOGUIIA pa3pe3aHa nocepeaune. Ha neBbiit KoHel| mpa-
BOI1 IIOJIOBUHBI 3TOI OCH MocaxeHa KOHNUYecKaf IecTepHA wi, Ha IpaBblil KOHell
JeBoii IIOJOBUHBI OCH — KOHHMYecKasf llecTepHA wz. Takum obpas3oM, o6e M0I0BU-
Hbl OCH 3aJIHUX KoJeC MOT'yT BpallaThCA € pa3lIUYHbIMU YTIOBBIMU CKOPOCTAMU,
npryeM, 0JHAKO, OHU CBfA3aHbl Mex Ay coboil nuddepeHnanbHOl epenayeii.

BriBecTH KMHEMaTHUUYeCKHE COOTHOIEHNA MeK/IY YTIOBBIMU CKOPOCTAMH (2,
w, w1, U we. [lanee, ¢ noMombi0 NPpUHIUIIA BUPTYalbHOil paboThl BBIBECTH YCJIO-
BUA PaBHOBECUA MEMAY MOMeHTOM M [elicTBYIOmMM Ha Koleco () (OBMAYIUit
MOMEHT), ¥ MoMeHTaMu M1, M, IpUIO#EeHHBIMU K 3y0UaTKaM wi, wa.

KakoBo ypaBHeHue ABU#eHNA cucTeMbl? MoMeHThI HHepIuH Kolec (w1), (w2)
[ONOMUM paBHbIMU O, ©2, MOMEHT MHEPIUU Mapbl KOIEC w OTHOCUTENbHO OG-
CTBeHHOI ocu — ©, a OTHOCUTENbHO ocH Bexymero Koieca () — ©'. MomenTom
unepnuu ©' Koneca () mpene6peraeM. Eciu BpalleHMe oJHOI0 M3 3aJHUX Kolec
yCcKopsfieTcH, HallpuMep, BcleAcTBUe YMeHbIIEHUA TPeHHf, TO BpalleHUe IpyTro-
ro 3ajlHero Kojieca 3aMe[sAeTcA (Tak 7€ U B TOM Clydae, KOr[a IBMKYIIUN ero
MOMEHT U MOMEHT TPEHHUA OCTAIOTCA PaBHBIMM APYT OPYTY).

YrazaHUA K pelnieHriio daaad

Iloutu Bce 4uciaeHHbIE pac4deTbl, BCTpevdawlueca B 3agayax MoOryT OBITh
C [OCTAaTOYHOH CTeleHbI0 TOYHOCTHU BBINOJHEHBI ¢ IIOMOIILIO CYETHOH HHHeﬁHH,
HOTOpOﬁ Mbl U pPEKOMEHAYyeM I0Jb30BaThbCA IIPU HpPIﬁJ'II/I?KeHHbIX noacyerax.
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I.1. [lokasaTeabcTBO TOro, UTO AOMHO GBITH V1 = U2 = ¥, MOMHO NIPOBEC-
TH anre6panyecKkUM WM reoMeTPUUECKUM IIyTeM. B mociegHem ciyuae cienyer
BOCIOJb30BaThCA BeINYNHAMU v1 U V2, KaK IPAMOYTOIbHBIMU KOOpAMHATaMH Ha
IVIOCKO# JuarpamMme.

1.2. Cropocth oraeraromux Mace m u M paBHa:

2M M —m

—222 9o M, COOTBETCTBEHHO, -——— V.
M+m ’ > M+m

1.3. 3mecw coxpansaior cunry dopmyiasl sagaun 1.2., HO CKOpOCTh MEpPBOK
Macchbl HanpaBleHa B IPOTHBOINOIOMHYIO CTOPOHY.

1.4. Hymuo y6equTbcA B TOM, UTO KBaJpaTHOE ypaBHeHHe A V NpUBOIUT
K TOMY e MHUHHMaJlbHOMY 3Ha4eHUIO Vo, KaKk U ypaBHeHUe JJIA V.

1.5. [uddepenunanvupie ypaBHeHHA, KOTOpble HAJ0 INPOUHTErPUPOBATH,

HUMEIT BUO:

dm _ _
dt s

%(mv) — pa = —mg.
U3 nepBoro ypaBHeHUA HaXOAUM:
m = mo — pt.

IMoncTaBnAA 3To 3HaYeHHe BO BTOpOe ypaBHeHHe U MHTErpUPYA, NOIYUHUM:

2
pat — mogt + HG;
v= mo — pt ’
I
— 5@)
U_M_(a_é’m)_ﬁ
- mo — pt 2 M 2°
[loce BTOPUYHOI0 UHTErPUPOBaHUA (2 — BbICOTA HAJ MOBEPXHOCTHIO 3€MIIH):
— 0 _ _ LY QR
2= (1 mot)lg(l mot)+m0t} Let’. (1)
Iasa manbix ¢, npeHeGperad BbICUIMMU CTENEHAMH ¢, MOIYyYaeM:
_ (Ha t
= (m )% @
Boruucnenue ¢ nomomsio gopmyast (1) maet:
t =10; 30; 50 cek.
z=0,54; 5,65; 18,4 kwm.
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1.6. Tockonbky mMIOTHOCTH paBHa eJUHMIE, Macca BOJAHON Kamau 6y-

neT m = 4?777'3; cregoBatenbho, dm = 4nr? dr. C mpyroit CTOPOHBI, NPU KOH-
neHcanyy (o — Ko3¢GULKMEHT MPONOpUUOHATbHOCTH) dm = 4nr’a dt; crenosa-

TelbHO, dr = a dt. [lepexos K nmepeMeHHO! r, NOAYYHUM cilefyommee AuddepeH-
[uajlbHOe ypaBHeHHe:

d 3\ _ .3
adr(rv)—rg.

Pemenue sToro auddepeHnuaibHOro ypaBHeH1A, YI0BIETBOPAONiee HaYalIbHOMY
YCIOBHIO v = vo NIPU T = ¢, UMeeT BUI:

3
c 8c
+ 5 (v -85)-

Qo
N
S

IIpu ¢ = 0 nonyyaem:

SIS
IR

a npu vo = 0,

4
v=25" (1 - 0_4).
i\t
1.7. O6o03Hauum 4yepe3 x JJIMHY CBellWBaloulelica 4acTHU Lenu. ITonaras mac-
cy, IPpUXOAANYIOCA Ha eIUHUIY JJIUHBI Ilelld, PaBHOH eJUHUIle, [I0JYUYUM cleny-

oljee ypaBHeHHe OBUMEHUA:

i(mx) =zi+a’= gx.

dt

BBuay TOro, 4To MHTErpUPOBAHKE HTOTO yPaBHEHUA JOBOJIbHO CIO#HO (Iocie noj-
CTAHOBKU T = 4/t OHO NPUBOAUT K DIIMITHYECKOMY HUHTErpaiy), MOMHO Orpa-
HUYUTHCH BbIpazKeHUeM BeluYnH T, v, Q (moTepA sHepruu 3a eAMHULY BpEMEHU
no teopuu KapHo) uepes x, , £ U IOKa3aTh, YTO, B CUIY YPABHEHUA IBHMEHUA,
“MeeT MecTo:

T+V+Q=0, tre T+V#0.

1.8. VYpaBuenue nBuenus umeer Bun li = gz. ITo nuHeitHoe nuddepeH-
nuajlbHOe ypaBHEeHUe ¢ NOCTOAHHBIMHU K03 PHUIMeHTaMHU MOHO IPOUHTEr PUpPO-
BaTh cornacHo (3.246). B Tom, 4To 3aKOH cOXpaHEHNA 3HEPrUM yIOBIETBOPAETCH,
MO3HO y6equThbcA 1160 B ero auddepeHnnaibHoil GopMe — IMyTeM paccMOTpe-
HUA ypaBHeHUA [BU#eHHA, 1ub0 B ero MHTerpailbHoil ¢opMe — paccMaTpuBas
pellleHHe 3TOro ypaBHEHUS:

z=a(e* +e
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1.9. Yucnosble naHHble 3a1a4i NO3BOIAIOT ONPEAEIUTD EHTPOCTPEMUTENb-
Hoe yckopenue JIyHbl B 4t/cex’. Jlmuny pamuyca 3eMIM MOHHO IPU 3TOM IOJO-

JKUTH, B COOTBETCTBHH C OIlpeJelleHHeM MeTpa, paBHOH r = % -107 m; ¢ gpyroit
CTOPOHBI, U3 3aKOHA BCEMHUPHOT'0 TATOTEHNA, UCKIIOUaA IPaBUTAMOHHYIO MOCTO-
AuHyI0 G ¢ moMombio g (cM. cTp. 34), moaydaeMm A [EHTPOCTPEMHTEILHOIO
ycKopeHus BeanuuHy g/60°. O6a momydeHHble TaKMM 06pPa3oM UHC/IOBBIE 3HaUe-

HUA COBNAJAIOT C NOCTATOYHOIl CTeNeHbIO TOYHOCTH.

1.10. Ipumenum dpopmyinsl npeobpa3oBaHUA KOOPAMHAT, Kak B (2.5), moxa-
ras, ofHako, ag = o = 7o = 0. KommonenTs! npeo6pasoBanHoro Momenta M’
MOJYy4YalOTCHA B BUJE BbIPasieHUl, TMHEHHbIX OTHOCUTEJIbHO KOMIOHeHT M, ¢ Ko-
s dunreHTaMM, paBHBIMU MUHOpPaM MaTpHuIlbl npeobpasoBanus. [locienHue ynos-
JeTBOPAIOT CIeIyIOMUM COOTHOLIEHUAM, CIIpaBelJNBOCTh KOTOPBIX BbITEKaeT U3
YCI0BUil OPTOrOHaJIbHOCTH:

az as as o
B2 PBs Bs B
3HBCB p = :l:l, B 3@aBUCHUMOCTH OT TOro, MOMHO JIHU HyTeM Bpal.ueHI/IH COBMECTUTH
npeo6pa3oBaHHYIO CUCTEMY C MCXOIHOM uiu HeT (IpaBasd W JeBasA CUCTEMBI).

P11 = y PY2 =

PR

I.11. Us ¢popmyax (6.8) (cTp. 65) HemocpencTBEHHO ClefyeT:

_ B
= ——.
GM
c
Cre 1) €M - B 6 1
noBaTelbHO, AaA smaunca (¢ < 1) C > B, paa rumep6onsl (¢ > 1)
GTM < B. Ho R = GC],M ecTb pajuyc OKpYy:HOCTHU rojgorpada, a B — pac-

CTOfHUE LleHTpa oT moiioca. OTcioja HemocpeJACTBEHHO BbITeKaeT yTBep#ieHUe
3afayyd. XapaKTePHUCTUKU IpeJelbHbIX clIydaeB OKPYKHOCTH M Hapaboibl JaeT
cilegylomas tabauna, B KOTOpoil

_GM

Vo C — B
03Ha4yaeT CKOPOCTh IIAHETHI B EPUTeIHH.
Op6uTa niaHeTsl € B T'oporpad Vo

OKpY#KHOCTB =0 =0 IIenTp B moatoce =GM/C
diune <1 <R ITontoc nexsut GM/C < vo
BHYTpHU rojporpada <2GM/C

[Tapa6oaa =1 =R l'oporpad npoxogut
Yyepes MoII0C =2GM/C

l'unep6oaa >1 >R Momoc nemur

BHe rojorpada >2GM/C
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1.12. B nguddepennuanbusix ypaBHenusax (6.4) HymHo 3amenuts GM

[ .
Ha £ %, IpUYeM BepXHHUI 3HAK (IpUTAMEHNE) COOTBETCTBYET CIYyUalo MONOMH-

TeIBbHOTO MOHA, a8 HUAHUUN 3HAaK (OTTalKkMBaHWe) — CIydYalo OTPUATENbHOIO KO-
Ha. Toraa ypaBuenus (6.5) (mpu ToMm ke 3HaAYeHUM ¢, YTO U Ha puc. 6) gamyT

-7
npu o =5
E
A=x%2C, B=-uw,
TaKk Kak
T = 0, y = —%o.

Ipu sToM ypaBHeHud (6.6) npuHUMAIOT BUL

1 el . Vo

s =x———=(1—sinp) — — cosp. 1

e o p) = G eosy 1)

Tak kak C MEHAETCA OT TPAEKTOPHH K TPAeKTOPUHU B 3aBUCUMOCTH OT PACCTOAHUA
HayajlbHOI NIPAMOJMHENHOH TpaeKTOpPUU OT OCHU Y, TO 3TO ypaBHeHHe oNpejelseT
cemeiicTBO KpuBBIX. 1A TOoro uto6hl MOJYYUTH orubaiomylo 3TOro cemeiicTsa,
Hy##Ho npoaud ¢pepennuposath ypaBHenue (1) no C. Hermouus C us npogudde-
PEHIHPOBAHHOI0 U UCXOJHOr0 ypaBHeHud (1), MOIyuHnM A KCKOMOU orubaromeit
o =p* —2pg, p=+E ()
movg
HysHo nmpuHATH BO BHHMaHUe, YTO TPAaeKTOPHUA 3JIEKTPOHA BCAKHUII pa3 Impej-
craBaAeT co6oil ofiHy BeTBL TrumepGoibl, Torga Kak ypaBHeHnue (1) ompenenser
o6e BeTBHU, U yGeauThed (Ipolne Bcero, M306pasuB paccMaTpPHBAeMOe CEMeHCTBO
KPUBBIX rpaduyeckil) B TOM, YTO TOAbKO B CIydYae OTTAIKHBaHNA ypaBHeHHe (2)
onpejeiseT orubaioUy0 HCTUHHBIX TPaeKTOPUIl 3IeKTPOHOB.

1.13. IIpome Bcero Bocmonb30BaThCA METOJOM FapMOHMYECKHMX KoleOGaHuit
(cm. §3, pasnen 4). lloyuurensHo, ofHAKO, YOEJUTLCA M TOM, YTO METOIbI, IIPH-
BelleHHbIE B § 6, Take BeIyT K Lelu.

1.14. PaccmaTpuBaemblii 31ech AJEpHBIA Tpoliecc He ABIAETCA HU YIPY-
FUM, HU HEYNPYTHUM, a «CBepPXyNpPYTHUM)» coOyJdapeHueM, MOCKOJIbKY K INePBUYHOI
sHeprun E npubaBiagerca sAgepHad sHeprud W. KuHeTHYecKyIO 3HEpPruio aib-
(ha-yacTHI] MOMHO BbIpa3uTh B KilaccuyecKkoi ¢opmMe:

1 2
Eq = smyvg.

2
Uckmouan Vo HU3 ypaBHeHI/II‘/JI7 BbIpaxKaloluX 3aKOHblI COXPaHEHUA IHepPrunu

U UMIylbca, noxyvaeM (B coraacuu ¢ KupxHepom) mifA CHMMETPUYHOIO CIydas:

myp Eyp
Zma w + Ep ’

cosp =
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1 31eKTPOH-BOIBLT €CTh YHEPrUA, KOTOPYIO NprobpeTaeT 3neKTpoH (e =1,6 - 10~20
SMeKTPOMAarHUTHBIX €JUHUI 3apfAfa) MOA AeHCTBHEM pasHOCTH [OTEHIHAIOB
B oguH BouabT (1 V = 108 3IEKTPOMAarHUTHBIX eJUHUI NOTeHIMana); cleaoBa-
tenbHo, 1 eV =1,6- 1072 spr.

Macca npotona m = 1,65 - 1072* 2; cnegoBaTenbHo, Macca albda-4acTHILbI
m = 6, 6-10~24 2. [locnenuaa BernunHa Heo6XoAUMa IJIA TOTO, UTOGBI epeiiTu oT
3HaueHUA sHepruu E,, nepBoHayalbHO BhIPAKE€HHOI'0 B 3JIE€KTPOH-BOJIbTAX, a 3a-
TeM B 3prax, K CKOpPOCTU V.. HaiineHHas TakuM o06pa3oM BelHMUHUHa ¥, IOKa-
3pIBaeT, YTO NPUMeHeHHe KiIacCU4YecKOoro BbipaskeHud nia E, ompaBmaHo U 4To
pelATHBUCTCKAA Nonpaska [popmyna (4.11)] HeomyTuMO Mana.

1.15. U3 Bropoii dopmyast (3.27) npu Vo = 0 u, Hanpumep, vo = 1 Hemo-
M .
CPeICTBEHHO BBIUUCIAETCA KUHETHYECKAaA SHeprus TVZ «yIapsaeMoii» 4acTHUIbI

M
nocie coyfapeHus Kak QYHKUMA & = .-, B YaCTHOCTH, ee MaKCUMyM Jid z = 1

U ee Manas opauHaTa a1 ¢ = 206. [locnequaA BernynHa cocTaBifgeT BCero TOAbKO
10 opomuaine (T.e. 1% ot mepBoit).

Hcxona us storo paccysgenus, @epmu paspaboran B 1935 r. cBoil MeTon
MOy YeHUA (TeIlIOBBIX» HEITPOHOB, T.e. MeJIeHHbIX HEHTPOHOB OJJUHAKOBOI CKO-
pocTH, KoTopble, 61arogapA MHOTOKPaTHBIM cOoyJapeHUAM, IPUXOAAT B pPaBHOBe-
cHe ¢ IPOTOHAaMH, COAep:KallMUCA B napaduHe.

1.16. Koopaunatel Touku E cyTb

x=ML=acosu=SL—-SM =rcosyp —ea, (1a)
y=FEL =rsiny = bsinu. (16)

YpaBHeHHe 3/IMIICa, BbIPasKeHHOE Y4epe3 T U ¢, NpeobpasyeTcA K BUAY:
r=cercosp+p, p=a(l—c’). (1)
Otciofa, NoACTaBIAA BeAU4uHy r cos ¢ u3 (la), nomrydaem:
r=e(acosu+¢ea) +a(l —e’) = a(l + ecosu). (2)
lluddepennuposanue ypapHenus (2) naer:
dr = —easinu du. (3)

Nuddepennupysn ypasaenue (1), noayuaem:

esinpdy = —pd—g.
r
Orciona
P - r’¢ = C (nocToaHHas miomanei). (4)

esinp
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C nomombio cootHomenwuii (16) u (3) 310 ypaBHeHue npeobpasyeTcA K BUALY:

p?aru =C.

3amenss eme r 1o Gopmyie (2), OKOHUATEILHO HOIYUYUM OuddepeHnraIbHOe
YypaBHeHUe

(1+ecosu)du =ndt, (5)
n=2t (6)
pa

UurerpupoBanue ypaBuenus (5) maet:
u — esinu = nt.

IlocToAHHAA UHTErPUPOBAHUA 06paIaeTCA B HyIb, Tak Kak npu ¢ = 0 u JOIKHO
6bITh paBHO HyIO. BenrnunHa nt HasbiBaeTcA «cpelHeil aHoManueil» (B acTpoHO-
MUM OHA TaK#e OTCUUTHIBAETCA OT NEpUTelNrf). ITO Ha3BaHUe 00bACHAETCA TeM,
YTO mpaBafd 4acTh Gopmyiusl (6) ¢ momMombio popmyust (6.9) MoueT GbITH NpUBe-
nena k Buny 2w /T.

I1.1. Tpeo6pasys BoipaseHue

_of of of of
6f_8:n5 7y 6—!—8 dop+ w&w,
coraacHo ycaosuio (1) naHHOH 3ajayu, NOLYyYNM
of of of of
(awacos¢+ yasm¢+ %) +a¢5w—0
Otciofa, N0CKOIbKY d¢ M d1) MOIyT GBbITh B OTA€ILHOCTH PUPaBHEHbI HYIIO,
of _
% - 05 (2)
of of of
agme cos¢+aays1n1/)+a(p 0. 3)

IlocnenHee paBeHCTBO CIpaBelJIMBO A JI060r0 1) M MO3TOMY MOeT GbITb Ipo-
nuddepennpoato mo . llpuauman Bo BHUMaHue (2), noxyyaem:

of of

—a%sm@/)—l—aa—ycomp:(] (4)
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U 1ociie BTOPUYHOro JuddepeHIrpoBaHud 10 1):

a%cosz/)—f-ag—;sinzbzﬂ. (5)
Us (4) u (5) crenyer:
o _ Z—Zj 0. (6)
Coraacio (3), umeen Tarke:
g—:; —0. @)

U3 paBenctB (2), (6) u (7) crexyer, yTo HuKakoro yciosusa ceasu f = 0, co-
IepKaimero ., ¥, @, ¥, He CyIIeCTBYeT U I03TOMY Hallla CUCTeMa ABIAETCH He-
ronoHomHoi. ([lokasateabctBo I. Tamena — «Elementare Mechaniky, 2. Aufl.
Leipzig, 1922.)

I1.2. Haueprum guarpammy paGoThl MallWHbI, T.€. KPUBYIO MoMeHTa M
U (ropusoHTaIbHYI0) NPAMYIO MoMeHTa W; o ocu aGcuuce OTKIafblBaeM YToil
noBopoTa Kpupomuna ot () 1o 7; cieqyer o6paTUTh BHUMaHUe Ha TO, YTO IJIOMAIH,
3aKJIIOUYEHHbIE MEM/IY OChI0O U COOTBETCTBeHHO nuHueir M u npamoi W, mommk-
HbI GBITH paBHBI Apyr Apyry. TakuMm oGpa3oM, IOIyYaeTCHA COOTHOLIEHHE Mer-
oy Mo u W. Yriasl g2 U 1, COOTBETCTBYIOIINE Wmax U Wmin, HOIYYalOTCA Ha JUa-

rpaMMe Kak abcuuccsl Touek NepecedeHus auHuit M u W: sing; =sings = 7,
P2 =m— @1, p1 = 39°33' = 0,69 B nyrosoit Mepe. OnpejenAeM pasHOCThL KHUHe-
THYECKHUX SHepruil MaxoBHKa IIPH YTJIaX @2 U @1 U BbIpaskaeM ee uepe3 O, wy,
u §. 113 3aKoHa coxpaHeHUHA SHePruH, IPUMEHEHHOr0 K TOMY e HHTepBaly YTJOB,

Ioay4vaeM BbIpasieHue MJif UICKOMOI'O MOMEHTa MHepIuu C:! BHUE:

W _ 0,66
0= 3 72n(7rcos<pl -7+ 2p1) = Sk, w.
BBensa
_ Ww _ 60 006.
N = 7 e M N= oW gaae

noxydyaeM (B TEXHUYECKOI CHCTeMe eIMHUII):
N 2
O~ 434005—3 Ke- M- cer’.
n

I1.3. OrHocuTenbHO BeIWYMHBI 3eMHOr0 paguyca cM. 3agady 1. 9. [nd BbI-
YHCIeHUA MPOJOIKUTEILHOCTH CYTOK MOKHO NPUHATL V87 = 5.
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I1.4. a) Ecau npeacraButh ceGe KOPOMBICIO BECOB 3aKPEILIEHHBIM, TO HY -
HO paccMaTpUBaTh TOJbKO paBHOBecHe CUJbl TAKECTH U CUJI UHEPIHH, JeHCTBY-
IOIMX Ha POIMK HPU €ro BUPTyalbHOM BpalleHuH d¢ (ypaBHEHHWE MOMEHTOB).
Otciofa noiydaeTcs yCKOpeHUe IPy30B & Kak Majafd 4acTb BEIUYUHBI g

6) IIpuGaBafeM BHUpPTyailbHOe BpallleHHe KOpPOMbIcIa BecoB. IIpu sToM Hy:k-
HO NPUHATbH BO BHUMaHHe MOMEHTBI CHJ MHEPIHMH OTHOCUTEJIbHO OCH BpalleHUs
KopoMbIciia BecoB. PaBHOBecue HapymaeTcH: KOPOMBICIO OTKIOHAETCA B CTOPOHY
yallKk{ BecoB [0 TeX Mop, Noka nafaeT rpy3 p. llpu ompeaeneHun u36pITOUHOTO
rpysa MOHO NpeHe6peyb JUaMeTPOM POJIUKa [0 CPAaBHEHHIO C IIEY0M KOPOMBIC-
1a BecoB. B aToM mpeHeOpeskeHHU MOHO TaK;ke NpUpaBHATH lpyr Apyry Ha-
rpy3Ky YallK{ BECOB ¥ HAarpy3Ky IPYTOro KOHIIa KOpOMbIC/IA, BbI3BAHHYIO BECOM
U cHJIaMU WHEepUIHH.

I1.5. Iyctsh ypaBHeHHMe HAKIOHHOMH IIOCKOCTH UMeET BUL:
F(z,z,t) =z —azx — ¢(t) = 0. (1)

3dech a = tg o onpejefsAeT NOCTOAHHBIN yroa o, o6pa3yeMblil HAKJIOHHOI IIOC-
KOCTBIO C TOPHU30HTOM; ¢(t) — M3MEHHAIOMMICA cO BpeMeHeM OTPe30K, OTCeKae-
MbIif HAKJIOHHOI [IOCKOCTBIO Ha ocH z. YpaBHeHud Jlarpanska nepsoro poaa (12.9)
[aloT:

i=-Xa, Z=A—g (2)

JlnA Toro 4TO6bI ONMpeNelUuTh A, Hy#HO ABaMs bl Npoand gepeHpoBaTh o ¢t ypas-
HeHue (1); npu 3TOM noxy4vaem:

3 —a@ = @(t). (3)

MopcraBanas Beipamenue (2) B ypaBHeHue (3), MOIydYUM A, HOCIE YEro UHTErPU-
poBaHue ypaBHeHMi (2) merko BeimoansercAa. HavanbHble yciaoBusa ¢ = Z = 0,
T = xo, 2 = 2o npu t = (0 gaoT:

o= 20— = (olt) - (0) — 90} + 85 ).

I — o(0) — G(0)f — ga2t
2=t (so(t) ¢(0) = ¢(0)t — ga” 3 ) ;
OTcrona nisa ¢ = +g NOIy4uM:

42
2

2
T =xo— sin2ag%, z = zo + cos 2ag

UMIA ¢ =—g:
2

T = X0, Z=Zo—g§,
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Kak U npu cBo6ogHOM mnageHuu. TOIbKO HpU 3TOM AONMYLIEHHH A PaBHO HYIIO,
B OCTAlbHBIX CIydYafAX A\ XapaKTepU3yeT AaBleHHe Ha CKOIb3Allee M0 HaKIOHHON
IUIOCKOCTHU T€JI0 U 0GyCIOBIMBAET OTIUYHYIO OT HYIA paboTy CBA3M.

3ajaqyy MOHO pelluTh, He BBOAA A, ¢ noMoulbio npuHnuna Jlaraméepa. Beu-
Iy TOro, 4YTO BpeMf He HOJHO BapbupoBaTheA (CTp. 92), BUPTyalbHble IepeMe-
meHus, coraacHo (1), cBA3aHbI cooTHomeHNeM 0z = adz. Toraa, coraacHo MpuH-
nuny Janrambepa, UMeeT MeCTO yYpaBHEHUeE:

i+ (g+2a=0.

dTo ypaBHeHHEe BMeCTe ¢ ypaBHeHHeM (3) MO3BONAET HEMOCPEJCTBEHHO BbIYMC-
auth & U 7. Ha sTom nmpumepe BugHo, yto mMeton [JamamGepa mpAmee U MpoIle
NPUBOJUT K IeJd, YeM ypaBHeHUA JlarpaHsxa, IpeHMyIIecTBO KOTOPBIX, B CBOIO
ouepellb, 3aKIIOYAETCA B BO3MOKHOCTH KOIMYECTBEHHOTO ONpe/leieHNA BO3HUKA-
IOMUX JaBJIeHUH.

I1.6. B §11, paspmen 1, mbl npumensanu npunuun HaramGepa is BbIBoaa
YPaBHEHMA YCKODEHUA CHCTEMbI, Bpalaloleica MoA AeHCTBHEM MOMEHTa BHeII-
Hux cuia. Ilpy sToM MbI paccMaTpUBalId BUPTYalbHbIH MOBOPOT 0y BOKPYT OCH
BpallleHUA, KOTopas B JajlbHeiileM MoeT GbITh BbIGpaHa 3a och x. B paccMmorpe-
HYle BXOQWMIM JIWMIIb KacaTelbHble CHIbl MHEPIHHU, IOCKOIbKY HOPMAalbHbIe CHIBI
uHepnuu (HeHTPOGesHbIE CUIbI) TIPU BpalleHUU dp He MPOU3BOIAT PaGOThI.

Tenepb peub UeT 0 Harpy3Ke Ha MOAWUNOHUKN A, B npu paBHOMEepHOM Bpa-
WEeHUN, a, 3HaYUT, 1 06 ux peakuuax A u B. [Ipu 3ToM Hy#<HO NPUHATH BO BHU-
MaHHe UMEHHO LeHTPOOeHHble CUIbl, B TO BpeMA KaK KacaTelbHble CHUIbI MHEp-
[[MY [IPY PABHOMEPHOM BpallleHUH OTCYTCTBYIOT. Eciu coo6muTh cucTeMe BUPTY-
anbHble MapalileibHble HepeMelenud 0y (dz), To COOTBETCTBYIOIUE BUPTyalbHble
paboTsl GyoyT paBHbI NPOU3BENEHUIO BeIUUYUHBI dy (M COOTBETCTBEHHO 0z) Ha
CYMMY clIaraiolyx 1o ocu y (COOTBETCTBEHHO 10 OCH z) IEHTPOGEHHBIX CHI BCeX
3IIEMEHTOB MacChl:

dmyw?®, dmzw’.

OTciofia myTeM MUHTEeT PUPOBaHUA NOXyYaeM cilarapomue Y u Z 00bIYHOI'0 HEHTPO-
6exHOro JBMMEeHUA 0o6Ieil Macchl m, KOTOPYIO MBI IIpeJcTaBiadeM cefe cocpeno-
TOYEHHOI1 B [IeHTP€e TAMKECTH CHCTEMBI.

Ecau, ¢ Apyroii cTOpoHbI, COOGMUTh CUCTeMe BUPTyalbHble IIOBOPOTHI dpy
U d¢, BOKPYT OCell y U z, TO NOJAy4aeM BUPTyalbHble pabOThI

2 2
—6<py/dm:1;zw u Jpz/dmmyw .
OHU COOTBETCTBYIOT MOMEHTaM

My =—-0,.0" u M, = 0,0
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Jlnda onpeneleHrd peaknuil DOAMUIHUKOB A U B MoMeCcTUM Havalo CUCTEMbI KO-
OpAMHAT I, Yy, 2z, HAIPUMep, B HOAMUNHINKe A U 0603HaYUM pacCcTOAHHE MEHIy
060MMH NMOJMUNHUKAMU 4Yepe3 [, a KOOpAMHATHI LIEHTPa TAMECTU B HallpaBleHU-
X y U z — depe3d 1) u (. Torga A1 onpefeneHnud YeThIpeX HEM3BeCTHhIX Ay, A,
u By, B, Mbl UMeeM 1Ba ypaBHEHUA [JJIA KOMIOHEHT CHI:

Ay + By = —mnw’,
A, +B, = —m(w2 (1)
U /IBa ypaBHeHHA [l MOMEHTOB:
IB, = 0,.w°,
1By = Ogyw’. 2)

IloHATHO, 4TO 3THU MEePUOJMYECKM U3MEHAIOIMeCA peaKluH MOJIIUIHUKOB
KpaiiHe He;selaTelbHbl B TeXHWKe; JJIA WX YCTPaHEHMA HeN0CTaTOYHO, YTOGBI
IIeHTP THMKECTHU HaXOQWICA Ha ocu Bpamenusa, n = ( = 0 [ypaBHenusa (1)],
HO TaKske Heo6XoaMMo, 4ToGbl OCh BpalleHuA Oblia TIaBHOW OCbIO WHEPLUH,
T.e. Oy, = Ogy = 0 [ypaBrenusa (2)]; cp. B §22 paccymmeHus, oTHocAmuUecH
K ypaBHeHHIO (22.15a). BrinonHeHue 3TOro BTOPOro TpeGOBaHUA CTOMb e Bai-
HO, KaK U BbINOJHEHHE IePBOTo TpeGoBaHuA. BeimonHenne sTux OByX TpeGoBaHMii
Ha3bIBAIOT (GaNaHCUPOBKOI Tela BpalleHUus».

I1.7. O6o3nauum uepes S HaTAmeHHEe HUTH, a Yepe3 z — MIUHY €€ pasMo-
TaHHOI1 YyacTu B JlaHHbII MoMeHT BpeMeHu. Torpa umeer mMecto: B cayyae a), T.e.
IpU OIyCKAaHUU:

Ow=_Sr, S=m(g-32).

BeauuuHbl Z ¥ Z MONOMUTEIbHBI; BBULY TOTO, UTO Z = Tw, UMEEeM

2
z—rw:%, )
__mg
S = - (2)
I+ e

B cayuae 6), T.e. Ipu NOAbEME:

Bpamenne w coxpaHseT cBoe HalpaBileHUe. Bpamaromuii MOMeHT cUiIbI Ha-
TAKEHUA HUTU IPOTUBOJIEHCTBYeET BpallleHUIO w. BelnynHe! Z U Z oTpULaTeNbHbI,
U MbI UMeeM:

2
Z=—rw, 2=—7‘d)=+%. 3)
§= "8 (4)
140

©



342 Tnasa VIII

HaraxeHne HUTH B 060UX clIy4yadx a) ¥ 6) OAMHAKOBO; OHO MeHbIIe Beca Bpala-
IolerocA Tela.

B npomesyTre BpeMeHH Memay a) u 6) pyka, Jepsiamiad HUTh, OUIyIIaeT
3aMeTHBII PbIBOK, COOTBETCTBYIONINII IEPEXO0IY OT MOJOKUTEILHOI'0 YCKOPEHNA Z
K OTpHIIaTeIbHOMY; B 3TOM IIpOMeKyTKe Z Ha MIHOBeHHe o6paliaeTcd B HYIb,
U HaTAMeHUe S CTAHOBUTCA B [JeHCTBUTEIBLHOCTHU Goiblie, yeM [0 dopmyue (2).

I1.8. Ycaosuem orpsiBa, coraacto (18.7), aBaserca
A=0 wm R, =0;
cliefioBaTelbHo, coraacHo (18.6),
mg% = —%(a:w+yy+zz) (1)
JlnsA ka0l TpaeKkTOpuU Ha cdepe MMeeT MeCTO COOTHOIIEHHUe:
zk+yy+2:=0, T.e xi+yij+zi=—(&"+9y°+2)=—v".

llosTomy ypaBHeHue (1) mpuHHUMaeT BUA:

[

mgz _ mv
[ )

IIpaBas yacTb 3TOM (HOPMYIIbI He paBHA LEHTPOOENHOM cuile Ha TpaeKTopuu (Imo-
CKOJIBKY B HallleM clydae 3Ta TPaeKTOPHA He ABIAETCA reofe3N4ecKoi TUHUEN),
oaHaKo, coraacHo Teopeme MeHbe (cM. §35), OHa COOTBETCTBYeT NMPOEKLUH 3TOM
eHTPOOeKHOI CUIIbl Ha HOPMalb K MOBEPXHOCTH IIapa.

CoriacHO 3aKOHY COXpaHEHHUA SHEpruu,

2 _ 2
v° =y —2g(z — 20)- (3)
B cooTBeTcTBUY ¢ 3TUM, ypaBHeHHe (2) Mo#eT GbITh Npeo6pa3oBaHo K HAYATLHBIM
3HAYEHHUAM Vo, 20 CleIYIOIKIM 06paszom:

2

32 =220 + %0 = 2(zo0 + ho), (4)

rie ho = v3/2g — CKOPOCTHO# HaNoOp, COOTBETCTBYIOMMUIT CKOPOCTH V.

ITI.1. B cayuae noutu BepTHKAIbHO CBUCAIOWIEr0 MAaATHMKA KOOPAUHATI &
U y ABIAIOTCA BeIMYMHaMHU I1ePBOro NMOPAAKA MalOCTH; 2 = —l ¢ TOYHOCTBIO [0
MaiblX BTOporo nopsangka. llosTomy Tperbe ypaBHenue (18.2) maeT (¢ TOUHOCTBIO
[I0 MalbIX BTOPOro HOpAJKA):

r=-2E, (1)
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a mepBble JBa ypaBHeHuA (18.2) onpepensior, kak u B 3agade 1.13, rapmoHnyeckoe
IBHKEHUE 10 JUIUICY € IMUKINYECKON 4acToToi

2% = \/% (2)

I[J'IH NOCTOAHHOH ILIomanei IIpyU OBUMEHUHU I10 IUINCY HUMeeM:

_ 2mab _ |8
¢ = 2mab —\/;ab—ﬂl (3)

U [/ IOCTOAHHO# sHeprum (HavaabHoe coctofaHue ¥o = €, Yo = 0):

2
W:T+V:mgl(—1+%). (4)

BBoasa u = 1 — 7, nonyvyaem us ypasuenud (18.11):
4 2 c? 4
Z—Tg(n—%) —l—4=7g(77—771)(n—nz),

2 4 2
— & e _ 0
e =" 416 gl

CuepoBarenbHo, u3 ¢popmyis! (18.15) mpu k = 0 moxyuaem:

ap= C_ [ dn : 5
v Ql\/E"/U (m —m)(n —n2) ®

Nuterpan, Bxoaamuii B popmyny (5), MO#HO mpeoGpa3oBaTh € MOMOUIBIO
II0JCTAaHOBKM aHaloru4Hoii (45.11), B usBeCcTHbIN HHTErpai:

™
dv _ T

A+ Bcosv Az _ B2
0

rae
A=€ p= [|&_C
4’ 16 4g1%

B coorBeTcTBUU ¢ 5TUM, U3 (5) MonyuyaeM Ap = 7, 4TO U TpeGOBAIOCH NOKA3ATh.

I11.2. Tepsoe (u coOTBETCTBEHHO BTOpOE) yTBepHiJeHHE NaHHOH 3anaqu
I0Ka3bIBaeTCA HENOCPEACTBEHHO Iy TeM Aud depeHnpoBanud Boipaxenus (19.10)
aad |C| (1, cooTBeTcTBeHHO, BhlpaskeHud |Clw) mo w.
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IT1.3. Ecau ®o3d@uUUMEHTH NPONOPIMOHAILHOCTH MOMEHTa 3aTyXaHWA
U yIpyroro MoMeHTa 0603Ha4YUTh dyepe3 2pO U COOTBETCTBEHHO uepe3 wi®, To
B KaueCcTBe YpaBHEHUA [BUKEHUA ralbBaHOMETpa IOJydYaeM HeENOCPEeACTBEHHO
ypaszenue (19.9), Ho ¢ mocToAHHOI mpaBoit yacThio C' U ¢ MepeMeHHOH & BMec-
TO . 3HaUeHUA KOHCTAHT @ U b, BXoaAamux B oblee pelleHUe

a=C +e "(acos/w} — p*t + bsin/w? — p2t),

HY#{HO BBIOUpATh TaK, YTOObI OHU Y/I0IeTBOPAIH yciaoBuAM a« = & = 0 mpu ¢ = 0.

B cayuae a) nepexoj B KOHEYHOE IIONOKEHHE CONPOBOMIAETCH 3aTyXaIOIH-
MU KONeGaHUAMHU, B clydae B) 3TOT MEPeXo] IMPOUCXOAUT MoHOToHHO. Ciyydaii 6)
HaJ[0 pacCMaTPUBATh Kak IPefelbHbII 110 OTHONIEHUIO K a) WIH B), IPUYEM 3[€eCh
MOABJIAETCA BEKOBOI UleH C MHOKHUTeNeM t.

II1.4. a) Coraacuo npunuuny [Janambepa (x, y — KOOpAUHATHI KadaroLei-
Cfl MaTepUalbHON TOUKH, OCh Y HalpaBleHa BePTUKAILHO BBEPX), HMeeM:

Zox + (¥ + g)dy = 0. (1)
YcnoBue cBA3U UMeeT BUM:
(-8 +y* =1" 2)
BapbupoBanue 3TOro ycioBus oaer:
(z — &)z +ydy =0 ()
(t, a moaTomy Tamke u &, He Bapbupyerca). Romounupys (1) u (3), noxyunm:
yi — (z - &)+ =0. (4)

Ecnu ycnosue (2) mBaabl npoaud depeHunpoBaTh 1o ¢, To MOIy4YUM BTOPOE CO-
OTHOILIEHWE AIA I U §j, KoTopoe BMecTe ¢ (4) U gaerT TouHoe nuddepeHUraIbHOE
ypaBHeHHe paccMaTpUBaeMoii 3aJayu.

[lepexona K ManbIM KoleGaHUAM, HYHHO YU€CThb, YTO & — & ABIAETCH BElU-
YMHOM IEPBOro MOPAAKA MalOCTH U YTO, COriacHo (2), ¢ TOYHOCTHIO O MaibIX

BeJIUYUH BTOpOro nopaaka y = —I. CregoBaTenbHo, § U §j ABIAIOTCA BeIMYMHAMU
BTOPOro MOPAJKa MaloCTHU. B coOTBeTCTBMM ¢ 3THM ypaBHeHUe (4) mepexouT B
i+ (xz— &g =0. (5)

BBoaa ¢ — £ = u, Nory4uM HeOJHOPOJHOE YpaBHEHUE MaATHUKA

i+ §u = ¢, (6)
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B KOTOpPOM —mé" WUrpaeT poib BbIHYKJalomeid cuabl. IHTerpupoBaHue BbINOIHA-
eTcA, KaKk YKas3aHo Ha cTp. 137. Yka3aHHOe B 3afjaue COOTHOIIeHUe (a3 ABUKEHUH
TOYKM TOABeca U MaTepUalbHON TOUYKHU COOTBeTcTByeT puc. 31. Pekomenmyem
npojelaTh ONbIT CO MIHYPOM, Ha HU#HEM KOHIle KOTOPOTo MOBelIeH I'Py3, a BepX-
HUI KOHeI| IPUBOJUTCA PYKOHl B KolebaTelbHOe [BHKEHHE B I'OPH30HTAIbHOM
HanpasiaeHuu. [Ipu 6bicTpOM [JBUKEHUH (Bbllle Pe30HAHCA) MPOTUBOIOIONHOE IO
¢ase nBUKeHME 06eUX TOUEK 0COGEHHO 3aMeTHO.

Ecnu Bocmoan3oBaTheA MeT0q0M ypaBHeHHit JlarpaHska nepBoro poja, To U3
g

yYpaBHeHUA A Yy MnojdydaeM, ¢ TOYUHOCTBIO OO0 MallbIX BTOpPOI'o nopaakra, A= —T,

U3 ypaBHEHUA IUIA x NolydyaeM ypaBHeHue (5).
6) Ycnosue (1) coxpaHAeTCA U B 9TOM cIy4dae. YcioBue cBA3U (2) npuHUMaeT
cllefyOMuil BUA:

o+ (y—n)’="0. (7
BapbupoBanue 3T0ro ycioBus gaet BmecTo (4):

(y—mE—=z(f+g =0 (8)

Eciu z paccmaTpuBaTh Kak Malyl0 BeJWYUHY IIepBOro HOPAJKa, TO U3 YCIO-
BusA (7), C TOYHOCTBIO [JO MaabIX BTOPOro HOPAJKA, OLYYaeM;

y—n=-l, j=i. 9)

IlosTomy ypaBHeHue (8) mpuHHUMaeT BHUL

i+"jgw:u (10)

To me camoe moixyvaeTcd M U3 ypaBHeHHUi JlarpaH;ka nepBoro poja, Tak Kak
ypaBHeHMe NiA y B npubauxenun (9) gaeT BeIMUUHY

A= -1FE (11)
l

BCJIe/JCTBHE 4Yero ypaBHeHHEe A T CTAaHOBUTCHA TOJAECTBEHHbIM C ypaBHEHU-

em (10).

IIpu paBHOMEpHO YCKOPEHHOM [ABUEHUU TOYKHU IOJiBeca BBEPX C yCKoOpe-
HHUEeM +g OelicTBHe CUIIbl TAMECTU Kak Obl yJBauBaeTCA, a IPU ABUKEHUU BHU3
¢ YCKOpeHUeM —g ee JeficTBHe Kak Obl yHUUTOMaeTcA. JTO 03Ha4YaeT SKBUBAJIEHT-
HOCTb THKECTHU U YCKOPEHUsA, KoTopas, HapfAy C paBeHCTBOM THAMeN0i1 U UHepT-
Hoit Macc (cTp. 32), ABMIACh OCHOBON TEOPUM TATOTEHHA JHHIITENHA.
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II1.5. U3 paBHOBecusa HaTA#EHHA B ToYKaX ¢ U D BbITeKalOT TpeGoBaHUA:
Tr1 — T3 T3 Tr3 — T4
Sl —g T =P + 5=

I

T2 — T4 T4 T4 — XT3
S T2 T4 gTa | gT4 = T5
lo

3)

TaxkuM oGpasoM, BBUIy ypaBHeHuii (1) (cp. TekeT 3agaum), BBOAA

_ Mg a _ M28 q

TS L TS Iy

noay4vaem:
o1x1 = (2+ 01)x3 — x4, )
o2y = (2 + 0'2).’174 — 3.
B CUTy Ipearnojpo:_eHus o craboit CBfI3U, 01 U 02 ABIAIOTCA MalbIMH BeIUYNHaAMU,
TaK YTO B [IPaBbIX YacTAX ypaBHeHuil (4) uMu MoxHO npeHe6peub. Paspemasn stu
ypaBHEHHA OTHOCUTENbHO T3, T4, NOLy4daeM:

_ 2 1
r3 = gdlm + §0'2$‘2,
2 1 ()
T4 = S02T2 + 50121,

3 3

, [oclie MOACTAaHOBKU B ypaBHeHUH (2):

|oa

i1+ F(1l—o1)z1 = o2(z2 — x1),

g
Iy

~
-

(6)

|oa

0'1(.’171 - .'1,’2).

Lol

T2 + E(1 —02)T2 =
ls

~
-

ITy cucteMy nudepeHINAIbHbIX ypaBHEHUIl HYMHO CPaBHUTb C YpaBHEHUA-
Mmu (20.10); mpu 3TOM IOIyYalOTCA 3HAUEHUA BBEJEHHBIX TaM BEIUYMH wi, w2,
k1, k2 nnAa paccMaTpUBaeMOro Telepb PacIOOKeHHA.

II1.6. BoapeiicTBue m Ha M BblpamaeTcA BelUYHUHOM k(X — x), a Bo3zeii-
ctBue M Ha m — BeanuuHoit k(x — X ). B momyueHHOHl TakMM IyTeM cHCTeMe
IByx nuddepeHnnanbHbIX ypaBHeHUil 0iaa X U x HysHo noaoxutb X = (0. Ora-
3bIBaETCH, YTO MCKOMOe yciaoBHe (KoneGaHHe OJHOM TOIBKO Macchl m) COBIAja-
€T ¢ yCJIOBHEeM pe30HaHca; KpyroBaf 4acToTa cOGCTBEHHBIX KoleGaHUil CHCTEMBbI
(m, k) moaxHa coBmagaTh C YACTOTOHM w BHEUIHEH CHUIBI.

[logo6Hoe ycTpoiicTBO NmpUMeHsAeTCA B TeXHUKe B KauecTBe «(yCIOKOUTeNA
KojJe6aHMily, 4YTOObI, HalpUMep, B clIy4ae KOJeHYaTOro Bajla ¢ MaXxOBHKOM, Bpa-
Malolerocs ¢ NOCTOAHHOM yTI0BOil CKOPOCTHIO w, NepejjaBaTh Kojle6aHUA C Bala
Ha CBA3AaHHBIA C HUM YCIIOKOMTENb KoleGaHWil (ABIAIOMMIACA B NaHHOM Clydvae
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TaKsKe BpalalomMMCA MeXaHH3MOM, CIOCOGHBIM COBepIIaTh KPYTHUIbHbIE Kole-
6anus). [Ipy 5TOM BMeCTO KOOPAMHATHI X Hallel 3aJayl B PacCCMOTPEHUE BOHIeT
YToJ MoBOpOTa.

ITI1.7. a) Ymap mv coofumaer 6GaliucTHYECKOMY MaATHHKY Ha4albHbIH
MOMEHT HMITylbca, U3 KOTOPOT0 HY#HO OIpeJeluTh ero yrIoBYI0 CKOPOCTb
npu t = 0. U3 ypaBHeHUA JBUAEHUA GUI3NIECKOT0 MAaATHUKA, 3HAA YTIOBYIO CKO-
poCThb, HaiifleM oTKJIOHeHMe ¢. O6paTuB 3Ty GopMyILy, IOLYYUM:

vVMgs® @

v = W2sm§

WM TaK#Ke
s 3y
_Ms —MS / in&
V= a8 T = ma gl2sm27
rfie T — MEPHO] Maloro KoneGaHHUA.
6) Ilocae ynapa yrioBas CKOPOCTb BpallleHUA MaATHUKA w OMNPeAeNAeTCA U3
3aKOHAa COXPaHeHHA MOMeHTa HMILyJbca:

Ow = mwa,

rge © — MOMEHT WHepHUM Bceil cucTeMbl (MafATHUK + CHAapfl) OTHOCHTEIBHO
ocH BpallleHUuA MaATHUKA. (B nanbHeiinmeM mox MaATHUKOM NMOHHUMaeTCA CUCTEMa,
cocTofmas U3 co6CTBEHHO GaIMCTUYECKOI0 MadTHUKA U CHapfAla, 3acTPABLIET0
B HeM.) C Apyroil CTOPOHBI, €CIM NPH yJape CHapA4a 0Cb MagTHUKA He UCIBIThI-
BaeT JOMOMHUTENbHON HAarpy3KH, TO 3aKOH JABUMEHHUA [EHTPa TAMECTU HaeT:

Mu = mov,

rae u — CKOPOCTHh ABHUMEHUA LEHTpa TAMECTU CUCTEeMBI. Tak kak

u = ws,
TO
_© .
OTKYy[a, BBOJA NPUBEAEHHYIO NIMHY MaATHUKA [ = 5 HaxoAmM:
s
a=1.

OnpeneleHHasas TakuM o6pa3oM TOuKa MoABeca MafATHHKa (0Ch MallMHKA) Ha3bl-
BaeTCA «IeHTpoM yjapa». Ky3Hen TOYHO 3HaeT, B KAKOM MeCTe HYHO Jep:KaTb
PYKOATKY CBOEro THMENOro MonoTa (MMEHHO — B LieHTpe yhapa), 4ToObl IpH
YyZAape He ollyllaTh B pPyKe HENPUATHYIO OTJavy.
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IV.1. MomeHTbHI MHEPLUH IIOCKO PACIpENeNeHHbIX Macc UrPaoT BaKHYIO
pPOJb B TEOPHH YNPYTroCTH IPH PacCMOTPEHUM Kpy4eHUA U u3ruba 6amrok. Beugy

rP =z 4 y2 nMeeM:

@,,:/rzdmz/xzdm—i—/yzdm:@z—l—@y.

B nmpuMeHeHuMU K TeopuM YNpPYTOCTHU Macca NpejnojaraeTci paBHOMEPHO pac-
npefieleHHO! C ILIOTHOCTBIO 1 IO MONEpeYHOMY CcedeHHIO O6alKkd, Tak 4YTO
dm = df =»snemeHTy niomanu. B cooTBeTcTBUM ¢ 3TUM [AIA KPYTroBOTO AMCKA
paauyca a, T.e. wiomanu F = wa®, nonyyaem:

@p:/r2df:27r/r3dr= %Faz,

OTKyJa

0, =0, = {Fa’.

IV.2. OcraBasas [0 KOHIOA OTHKPBITBIM BOINPOC O COOTHOIIEHUAX BEIUYUH
TpeX INIaBHBIX MOMEHTOB WHepPUHWU, MBI OXBaTbiBaeM OJHHUM U TeM i€ pacuyeToM
BCe TpH Clydas: Korja A aBnsercA HaI/IﬁOIIbIJ.II/IM, HanMeHbIIUM HWJIH CpeJHHUM H3
rJIaBHbIX MOMEHTOB HWHEPIHUU.

IV.3. VYnap S onHoBpemeHHO coobmaeT mapy paauyca @ UMILYJIbC MOCTY-
naTeabHOr0 JBUKEHUA U UMITYJIbC BpallaTelbHOTO JABUMEHUA:

Mv=S (1)
u

Ouw = Sh, (2)
rae h — BbicoTa (OTHOCHTENBHO LEHTpa WIapa) TOYKHM yAapa, HPOU3BELEHHOI0

KUeM B TOPM30HTaJbHOM HalpaBleHUH.
Och BpalleHUA w NepHeHJUKYJIApPHa K LEeHTpalbHOI miIockocTH. OKpy:kHasA

CKOPOCTb % B HaWHM3LIEH TOYKe J€KUT B IEHTPAIbHOI IJOCKOCTH U paBHA aw.

dTo cnpaBeIUBO He TOIbKO A1A ¢ = 0 (MoMeHT ynapa), Ho Taksme mas ¢t > 0.

2Ma27 To, B cury (2) u (1),

Takr Kak, coriacHo ¢opmyne (11.12a), © = 5

npu t = 0 umeem:

%Mau = Sh = Muh; (3)

U = u O3HaydYaeT 4YucToe KayeHue; yCloBHEM IOClIeJHero, corjacHo (3), ABJIAET-

2
cah= ga. HpH 9TOM HYMHO yUeCTb, UTO IIOJIOKHUTEJIbHbIEe HallpaB/JIeHUA OoTCUYeTa

cropocTeit u U V nporuBomonoxHel. Ilpu BeicokMX ynapax (h > %a) CKOPOCTb
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CKOIbKEHUA © — v TOYKU KacaHUA mapa ¢ cyKHOM GyaeT Goabiie () 1 HampaBieHa
MNPOTUBOIOIO#HO v; TAKUM 06pa3oM, CHila TPEHUA HalpaBleHa B Ty #e CTOPOHY,
YTO U v, U paBHa 1o BeanuuHe fM g. MoMeHT cuibl TpeHUA OTHOCUTENBLHO LIEHTPA
mapa paBeH fM ga v NpOTUBOAENHCTBYeT BpallleHUIO w.
[Ipu HUBKMX yAapax cuila TPeHUA HalpaBileHa B IPOTHBOIOI0MHY IO CTOPOHY.
B o6mem cayuae npu t > 0 umeem:

v =:|:fg, (4)
= igfg (5)

(BepxHHI1 3HAK COOTBETCTBYET BBICOKOMY yAapy, HUMHUIA 3HAK — HU3KOMY yZaa-
py)-

I'paguiecroe paccmompenue. Bynem oTkaagpiBaTh CKOPOCTH ¥ U U 10 OCH Op-
JIUHAT, a 1o ocH abcuuce — BpemA t; o6a rpadguka npeacTaBiaOT coboii IpAMbIe,
nepecekampliecsa Jpyr ¢ JpyroM Kak IIPU BBICOKHMX, TaK U NPU HU3KUX yJapax.
Toura nmepecedyeHHA u = ¥ COOTBETCTByeT Hayaly 4YHCTOro KauyeHUsA. B cBoeil
JalbHelllell 4acTU rpa@uKy © U v MpeAcTaBlIAT co60il coBnajamllle ropu30H-
TalbHble NIpAMble. Afcliicca TOUKY NepeceyeHUA paBHa

_ 5h—2a‘ S
T= ii’?a —ng. (6)

(Ilpu HU3KOM y[ape YHCIUTENb HEPBOM APOGH MMeeT OTPHLUATENbHBINH 3HAK, Tak

2
Kak h JeKUT B 3TOM cily4dae Memxmay —a U ga; IIo9TOMY IIpaBafd 4acTb OTpuUlla-

TeJlbHA JUIIb KaymuMca o6pasoM.) Ipupoct uiu yoblib CKOPOCTHU IIPU BBICOKUX
U COOTBETCTBEHHO HM3KHUX ynapax 6ynetT Av = +fgr. KoHeunasa ckopocThb uuc-
TOro KauyeHUA paBHA
h+a§ .

a ]\4’7
TaKuM 06pasoM, OHa IpornopuuoHalJbHa BbICOTE h =+ a TOYKH yaapa Hajg CyKRHOM.

Teopusa ydapoe «c naramomy. lllap, KoTopoMy cooblieH BbICOKUI yaap, yna-

pAeT UeHTPalbHO APYroii map B MOMEHT BpeMmeHu ¢ < 7 (Korga u > v). IlycThb
CKOPOCTH ¥ M v NIPU COyAapeHUuU paBHbI U U V9. CKOPOCTH vo IepeaaeTca BTOPO-
My mapy. [|BuseHMe mepBoro mapa, coriacHo (4), yckopsaerca, HauuHas ot v = 0.
CornacHo (5), ero oKpy#<Haf CKOPOCThb ¥ YMEHbIIAeTCA, HaYMHaA OT ug. HOBBIMH
Fpaq)I/IH IIOKa3biBaeT, 4TO UMeeTCA TOYKa IlepecedyeHnA, COOTBETCTBYIOIIasa Havya-
Iy 4MCTOro KayeHUsA. AGclycca TOUKH NepecevYeH A U CKOPOCTh YHUCTOr0 KayeHHd
COOTBETCTBEHHO paBHbI

v+ Av =

3|t

_ 22U - _2
T1 = 7 fg, v = ngl = 7U(). (7)



350 TI'nasa VIIT

Teopus ydapoe «c ommaxckoily. lllap, koTopoMy coobleH yaap, yaapAaeT Apy-
roii map Take B MOMEHT BpeMeHU ¢ < T; IIPU 3TOM, oJHaKo, v < v. [Ipu oco6eHHO
HHU3KHUX y,uapax, KOTOpre MBI U 6y,l]eM HpeHHOHaFaTb HMeIImnuMHnu MECTO, CHKO-
pocTh u GyneT nase orpunareibHa (T.e. GyIeT coBIagaTh MO HAIPABIEHUIO C ).
IIycTh CKOPOCTU u U v MPU COYAAapEHUU PaBHbI ug U vo. CKOPOCTh v MO-TIpens-
HeMy IepeNaeTcA BTOpoMy mapy. [IBiskeHMe mepBoro mapa GynaeT, coraacHo (4),
YCKODPATbCA, HaUMHAA OT vo = (), B OTpULATENLHOM HalpaBlieHHUH; [ap KaTUTCA
Hazajg. OKpy#sHafA CKOpOCThb u, coraacHo (5), yBeIMUUBAaeTCA OT OTPUIATENLHO-
'O Ha4YajJbHOI'O 3Ha4Y€HUA Uuo B IOJOMHUTEJIbHOM HalpaB/JI€HUU, T.€. YMEHbIIAeTCA
no abconoTHON BennuuHe. O6e MpAMble, NPEACTABIAIONINE v U U, IepeceKaloTCH
(HoBBIA Tpadur). AGcuucca TOUKHM TepeceYeHUA U KOHEYHAfd CKOPOCTh YHCTOrO
Ka4yeHUuA paBHbI
2 |uol
=35

IV.4. Tycrtb Kkuit HanpaBieH He FOPU3OHTANbHO, Kak B 3amade IV.3, a mon
HeKOTOpLIM yFJ'IOM R FOpPI30HTaJIhH0ﬁ IINIOCKOCTH. ECJ'II/I BbIﬁpaTb OChb I IIO Ha-
IpaBIeHHIO TOPU3OHTAIBHOM caramomel yaapa, a ocb z — [0 BepTUKanu (Havaio
KoopaAuHaT CHUCTEeMBI T, Yy, Z roMemniaeM B LIEHTpe mapa), TO KOMIIOHEHTBLI CUJIbI
yaapa S paBHbl S;, 0, Sy, 8 KOMIOHEHTbI MOMeHTa cuibl ygapa N 0THOCHTEIbHO
[eHTpa lllapa pPaBHBIL:

Ny =yS., Ny=25 —xS., N,=-yS:.

T2

o] = ZJuol. (8)

3nech T, y, z — KOOPAMHATHI TOUKHU yAapa Kud no mapy. CraraiomiuM MOMeHTa
cunabl yaapa N;, Ny COOTBETCTBYIOT YTIOBble CKOPOCTH

5 N. 5 IV,
R PR s

2 Ma?’
CooTBeTCTBYIOINE OKPY#Hble CKOPOCTHU B HaWHU3MIell Touke P mapa cyThb

Uy = —QWy, Uy = +aWs,. (1)

Benuunnsl Nz U w, HaC He HHTepeCYIoT, TAK KaK OHH He BbI3bIBAIOT CKOJIbEHHUA
TOYKHU P; OHH BBI3bIBAIOT JIUIIb HEKOTOpoOe (HpeHeﬁpe?ﬂHMO MaJIOB) «CBepJiAlee»
TpeHue. HyCTb clararomuye CROpOCTU CKHOJbHEHHUA TOUYRHU P 1o CYKHY paBHBbI

Vg — Uy = —PCOSQ, Uy — Uy = —psina. (2)

JTO CcKOIbKeHUe BbI3bIBaeT culy TpeHHA R, KoTopaa ofpa3yeT C 0OCbIO &
yroa w4+ « u uMeer BeanuuHy fgM. Ee BiufAHue Ha HocTymaTelbHOe U Bpa-
maTelbHOe BUKEHUA onpenenseTca npu ¢ > () ypaBHeHUAMH

Mv, = Ry, My = Ry,
Ouw, = aRy, Owy, = —akR,.
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Otcrona
Uy = —fgcosa, Uy =—fgsina (3)

U, npuHrMas Bo BuuManue (1) u (2),

Uy = —gfgsina, Uy = —gfgcos a. (4)

Vg — Uy = —%(pcosa) = —%fgcosa,

(5)

Dy — Uy = —i(psina) = —%fgsina.

dt

Paspemasn nocrennue n8a ypaBHeHUA (5) OTHOCUTENBHO & U P, MOIyYaeM:

1) & = 0. Cuna TpeHUA NOCTOAHHA IO HANPaBIEHHUIO; BBHUAY TOr0, YTO OHA
NOCTOfIHHA U 110 BelUYMHe, TPAeKTOPUA TOYKU P B rOpM30HTAIbHOMN IIOCKOCTH
oKa3sbIBaeTcA napabonoii. Oce napaboiabl napajlielbHa HayalbHOMY HalpaBIeHUIO
CKOJIbKEHUA v, KOTopoe onpefendeTca BekTopamu S u N.

r=-1 —po-1 - o2
B.HeCL pPo — HaydajlbHasg BeJIMYUWHaA CKOPOCTHU CHROJIbMEHUA, KOTOpad TaKxe MOo-

#eT GbITh onpefeneHa u3d S u N. IIpu ¢ > 7 croabikeHNe U TpeHHe CTAHOBATCH
paBHbIMU Hyiio. [[lap KaTUTCA NPAMOMMHENRHO 10 KacaTelbHOIl K napa6oie.

V.1. Ilycth ¢ — MrHOBEHHBIH YTol MOBOPOTa BpamlalOEHCA MIOCKOCTH
OTHOCHUTEeIbHO HenoABUHOMU. [Tomoxkum

x+ iy = (£ +in)e’”. (1)
Nuddepenuupys gBamabl no ¢ U nojiaras ¢ = w, MNOTYIUM:
&+ i = {€ + i) + 2iw(€ + in) +io (€ +in) — W (€ +in) }e'?. (2)

3pmech { + 7 ecTb BeKTOp I, paccMaTpHBaeMblii OTHOCHTENbHO Bpamalomeincs
mrockocTH; € + i — COOTBETCTBYIOMAA €My CKOPOCTh (TaKe OTHOCHTEIbHO
Bpamaomeca IOCKOCTH) U T. 1.5 (€ +i7) = (€ +in)e’™/? — nepnenauky1ApHbIHA
K HeMY BEKTOp, TAK UTO MOMHO HaNKUCaTh:

2iw(€ + in) = 2Jwi], iw = (¢ +in) = [wr]. (3)

IIpu sToM 3a HampaBieHHe BEKTOpPa w HYMHHO B3ATb HOpPMalb K KOMILIEKCHOMN
mrockocTu. O603HaYMM CKOPOCTD & -+ %%, paccMaTpUBaeMylO0 OTHOCUTENbHO Helo-
IBUAKHOM IIIOCKOCTH, Kak Ha cTp. 220, yuepe3 w. [aA Npou3BOJHBIX [0 BpeMeHU
OT BEIUYUH, pacCMaTPUBaeMbIX OTHOCUTEIbHO BpallaloOeiCcA MI0CKOCTH, MbI CO-
XpaHuM 0603HaUYeHKe ¢ IOMOLIbIO ToUeK (Hal COOTBETCTBYIOIUMH BeINYUHAMH ),
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ucroab3oBaHHOe B ypaBHeHuH (3). Toraa (2) mepexonur B cilefyloliee ypaBHeHMe,
aHaJlornyHoe ypaBHeHHIO (29.4):

w = {F + 2[wF] + [wr] — w’r}e’”. 4)

Eciu F = F,+iF, — cuna, paccMaTpuBaeMas 0THOCUTeIbHO HelloJBUAKHOI IIoc-
Koctu, a & = F¢ +¢F, — cuna, paccMaTpuBaeMad OTHOCUTeIbHO Bpallaiolieiica
IIOCKOCTH, TO, coraacHo (1), umeer mecto F = ®e'?, crenoBaTennHo,

& =Fe %, (5)
Toraa, coraacHo (4) u (5), us mw = F caenyert:
m{F + 2[wF] + [wr] — w’r} = &. (6)

Tem caMbIM HCKOMbBIE JIOMOJHUTENLHbIE CHIBI ONpeaeneHbl. B yacTHOCTH, BTOpOIT
YjleH cjeBa NpeJCTaBIAeT co6oil yi#e 3HAKOMYIO HaM KOPUOIHCOBY CHIY.

Mb1 HamMepeHHO paccMaTpHUBald 3Ty 3ajadyy B KOMILIEKCHOU ¢dopMe, YTOGBI
HOJUEPKHYThb, YTO By XMepHbIE€ BEKTOPHI JIyYIlle BCET0 NPEJCTABIATD C IOMOLILIO
KOMILIEKCHBIX IepeMeHHBIX.

V.2. IlnockocTs, B KOTOpOii BpalaeTcs NpAMas, BbIGepeM B KauecTBe ILI0C-
KOCTH Z, y, ocb X HalpaBUM TOPM30HTAlIbHO, @ OCh § — BepPTHUKAIbHO BBEDX.
IIycts och BpamleHHMA NPOXOAUT Yepe3 HAUal0 KOOPAMHAT; ¢ = wi €CTb yrol,
006pa3oBaHHBIA HPAMON C OCbIO x. DTY 3afadyy MOMHO CBECTH K MpeblayIIeif,
eciay (MBICIEHHO) HEIOIBMKHO CBA3ATh C BpPAallalOEelCA NPAMON BepTUKAILHYIO
IIIOCKOCTB &, 7), BpallalomyocA, TAKUM 06pa3oM, ¢ IIOCTOAHHOM YTI0BO# CKOpOC-
ThIO W OTHOCHUTENBHO IUNIOCKOCTU %, Y. IIpu 5ToM yHoGHO HampaBUThL OCb ¢ MO
Bpamaromeiica npAMoii. OJHAKO B 3TOM ciyuae [IJA TOro, YTOGbl MaTepualbHasf
TOYKAa HEM3MEeHHO OcTaBalach Ha ocH ¢, HeoOXoAUMa HEeKOTOpasd BbIHYMAAOas
cuia (peakuusA CBA3M), AeHCTBYIOIAA Ha Hee B HalPaBIEHUU OCH 7).

TakuM o6pa3oM, BHeWHAA cuiaa ® 31eCh COCTOUT U3 peakUUy CBA3M, KOTO-
pyio Mbl 0603HauuM uepe3 mb, U cuibl TAmecTH mg. Ecau Tenepb cnpoekTHpo-
BaTh ypaBHeHUe (6) npeaplIymeii 3aja4y Ha HENOABUAKHbIE OCH T U ¥, TO IOLY YMM
(mpu w = 0):

7 cos ¢ — 27 sin g — rw’ cos p = —bsin g,

(1)

YMHOaf IepBoe ypaBHeHHe Ha COS p, BTOpOe — Ha Sing M CKIaAblBag UX IO-
4leHHO, HaiifeM (¢ = wt):

7 sing + 27 cos p — rw’ sing = beos p — g.
7 —rw® = —gsinwt. (2)
Pemenue sToro guddepeHnnaibsHOro ypaBHeHUA UMeeT BUJ

r = Achwt + Bshwt + %sinwt. (3)
w
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He 3Han 3TOro peleHus, MO#HO NpUBeEHHOE B 3aJaue COOTHOLIEHNE
b=gcosp+2rw
Me/Iy peaKuuei CBA3M, CUIONH TAMECTU M KOPUONUCOBOH CHIOH BBIBECTH HEINO-

CpeICTBEHHO C MOMOIIBIO COOTBETCTBYIOMEH KoMOUHanuy ypaBHeHuit (1).

V.3. a) llycrs zo + iyo onpegenseT monoxenne Touku O B ILIOCKOCTH T, .
Torpa )

Zo + igo = (u + iv)e'?, )
Zo + 1o = {t + 40 +iw(u + z'v)}ew.
IlycTs, nanee, T + iy onpenensieT MOJO#EHUe TOYKH S B IUIIOCKOCTH Z, y. UMeem:
T + iy = mo + iyo + ac'?, 1
&+ iy = (u+ v + iwa)e™.
&+ i = [0+ i + iwa + iw(u + iv) — w’ale. (2)

Buemneii cune R cooTBeTCTBYeT B MIOCKOCTH T, Y KOMIUIEKCHAA BelU4UHA
F = Rie™. 2"

3aKoH NBUMEHUA NeHTpa TAxecTu ¥ + iy = F/M naer, coraacuo (2) u (2'),

i+ i+ iwa + iw(u + iv) — wla = %
UIH, OTJeNAA BelleCTBEHHYIO U MHUMYIO YacTH,
ﬁ—wv—wza:O, (3)
1'7+cba+wu=£. (4)

M

Jlanee, cornacHo 3akoHy miaomazeii (ypaBHEHUIO MOMEHTa MMIy/IbCca) UMeeM:
Ow = —Ra. (5)

6) B cuny ycmosuit v = 0, v = 0, ypaBHenus (3) u (4) ynpomaroTca U npu-
HUMAaIOT BUM:

@ —w’a=0, (3"
. _ R ,
wa +wu = 5 (4")

Uckmouana R uz (4') u (5), nomyuum:

(C)
Ma?

wa (1+ ) +wu = 0. (6)
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HMonomum © = Mb* (b — paauyc uHepuuu) u

2
k2:1+%>1, (7)

BClleICTBHUe uero ypasHeHue (6) mepeiiger B
kK oa + wu = 0. (6")
llocne unTerpuposanud cuctemsl ypasHenuii (3') u (6') R onpenenserca ¢ momo-

weio Gopmyunst (4') nan (5).
B) Uckmouas u us (3) u (6), umeem:

O _ 2 (8)

-2
w
Ilocne YMHOMEHHA Ha o 9TO ypaBHEeHUE MOMeT ObITh NPpOUHTErpupoBaHoO 1 JaeT:

N2
k? (g) =k -’ 9)
kw = wvk?c? — w2, 9"

rjae ¢ — IOCTOAHHaA MHTerpupoBaHUA.
Ot KBaJpaTHOro KOpHA PISﬁaBHF[eMCFI7 nmojaras

w = kccos . (10)
Toria Ipy COOTBETCTBYIOLIEM BbIGOpe 3HAKa KBaJpaTHoro KopHA B (9') moxydaem:
P = ccosyp (10"

uin

ct =< —.
cosp’ 27°1 —siny

TeM caMbIM onpefeneHa BeInunHa 1) Kak ¢yHEuuA t. Uepes 1 BblpamaloTcs

ocTalbHble BEIMYMHbI, @ UMEHHO: w — coraacHo ¢popmyre (10), a u u R — co-

raacHo popmynam (6') u (4'):

cdt = _ 1y, 1+sin¢ (11)

u = ak’csin, (12)

R= %ak(kz — 1)’ sin 24, (12')

ITUM U 3aKaHUYMBaETCA HUHTerpupoBaHue.
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Cpasuenue (10) ¢ (10') maer, BBULY w = ¢, cooTHomeHue ) = ¢/k. Takum

o6pa3oM, Hall BCIIOMOraTelIbHbIi YToJ 1 MpONOpIMoHaleH YTy I0BOPOTa

_ ¥

II0CKOJIBKY IIPU COOTBETCTBYIOIEM BbIGOpE MOKa YTO IPOU3BOIBHOI OCH T MOCTO-
AHHafA HHTErPUPOBaHUA MOKET ObITh oOpalieHa B HYIb.
r) Us (1') nomyyaem npu v = 0:

|$+Zy|2 — .’i?2 +y2 — u2 +w2a2’

T=4@ 47+ Gt =

= %(u2 + w?a’®) + %(lﬂ2 —1)a’w® = %(u2 + kK’ a’w?). o
Ho, B cuny ¢opmya (10) u (12), noxyuaem:
T= %azk“cz(sin2 1 cos” ) = const. (15)
1) Coraacuo (1) u (12), umeem:
&0 = ak’csin cos ®, Yo = ak’csiny cos ©;
caenoBarenbHo, Beugy (10') u (13),
ili—foo = aktg ) cos p, Ucll‘?:; = ak tg 1 sin p. (16)

U3 (11) BbITEKAeT:
npu P =0 t=0,
npu 1/;=:|:% t = %o0.
BeA TpaekTOpUA NPOXOIUT B CleLyIOMUX MHTEpBalaX yrioB 1) U ¢

™ s ™ ™
—§<’l/)<+57 —k‘§<§0<+k§.

Ilpu ¢ = 0 TpaekTopua MMeeT octpue; uMeHHo — u3 (16), BBUAY ¥ = 0, = 0,
oIy yaeM:

2 2 3
diUO_dyO_dyO_ d“xo " dyo
o 3 — - )
de dp dp® dp? dg®
OcTpue ABIAETCA TOUKON BO3BpaTa KPUBOIi; KacaTelbHad K TPAaeKTOPUH B 3TOM
TO4YKe NapajlelbHa OCH .

#0.
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IIpu t = £00 TpaeKTopUA CTPEMUTCA K aCUMITOTaM; YTOJl (¢ CTaHOBUTCH
[IOCTOAHHBIM, TaK KaK, BooOlle roBOpH,

dzo _ dyo
= =4
d<p d<p o
[na ocHoBanuu dpopmya (16)].
Mockonbky u3 (14) caemyer
dyo m
— =1t =dtgks
o, = 89 =T tgky,

TO aCUMIITOThI pacnojJox#ieHbl CHUMMETPHUYHO OTHOCUTEJIBHO OCHU I IOo4 YyrJiaa-

MU :I:k%, KaK MoKaspiBaeT puc. 57 (cTp. 328) mia k=1 3 2, 3.

9 27
VI.1. Ecau HanpaBuTb OCb z 110 HalpaBIEHUIO NaeHUA, T. €. BEPTUKAIbHO
BHU3, To V = —mgz. HauanbHoe mnonosxenue z = (0 npu ¢t = 0 JeRUT BbllIe

KOHEYHOI0 MOJOoMeHNd z = z1 nput =t

a) IIpu z = %gt2 HOIy4aeM:

/Ldt /% +mg§t]dt—3mgt1

6) B cayuae z = ct mocrofAHHaA c¢ OomdMHA ObITh BbIOpaHa TaK, YTOObLI
npu ¢ = t; ¥Melo MeCTO COOTHOLIeHNHe

1
F=2 =895
TakuM obpasoM, ¢ = %
OTcroa HaX0OUM:
/Ldt % % +mggt—t] dt = —mg 243,

C npyroii CTOpPOHBI, B cliy4ae z = at3, a = g/2t1 nmeem:

m 98\ 4 8 .3 _ 7 2.3
/Ldt / 5 t +mg2t1t]dt— 208 ty.
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B To Bpemsa Kak NpH NOIb30BaHUU NPUHIUIOM ['aMUIbTOHA MBI CpaBHUBAEM
JULIb TPAEKTOPHHU, GECKOHEUHO Malo OTIMYAIOMUecH APYT OT APYyTa, TPaeKTOPUU
B ($a30BOM IPOCTPAHCTBE «KOOPAUHATY ¢, ¢ (3hech 2z, %) B 0GOMX CIyd4aAX OT-
AMYAIOTCA OT UCTUHHOTO IBUKEHUA Ha KOHeuyHble BeauuuHbl. HecMoTpsa Ha 3To,
BeIMYMHA MHTerpaia I'aMUIbTOHa U Tellepb OKa3blBaeTCA MEHbLIIEH B clydae a),
4yeM B ciryuae 6):

1.3 . 1_71

3 °8 3 720
U OPUTOM IJA TOGBIX IJIMH TPaeKTOpHii, 4To, BooGume rosopd (cp. crp. 276), He
06A3aTeIbHO JJOIHO UMETh MecTo.

VI.2. Mycrs &, g (HaI{'B 3agave V.1) — KoOpauHATHI, U3MepEHHbIE BO Bpa-
waromeiica maockocty; u = (£, 1)) — CKOPOCTh, U3MEPEHHAas TaK#e OTHOCUTEIbHO
3T0i1 m1ockocTH. Torja ckopocTh OTHOCUTEIbHO HENoJBU#HOI IIOCKOCTH paBHa

w=u+v, Vv=]wr]

(cp., HanpuMep, nepByIO CTPOKY Tabaumsl Ha cTp. 185). [losTomy npu pasnoskeHun
Ha claraolye IoxyyuM:

Wy :é—wn, wy = N + wé,
[w|* = €+ + 2w(&i — né) + (€ +1°).

mlwlz),

OTcroga ciepyer (BBO,HPIM T = 5

%g—?=m%(é—wn)=m(é—wﬁ—wn),
%g—?:m%(ﬁ+w§)=m(ﬁ+W€+d’§)a
or . 2 oT _ ; 2
3_5 = m(wn + w§), 3_77 =m(—wl+wn).

Ecau o6osnaunth uepes F¢, F; cnaraiomue BHelIHeil cuibl F' 1o ABMaYymUMCH
ocaM &, 7, TO MOIYYHM cleLyiolle ypaBHeHud Jarpan:xa:

£ — 2w — om — w?¢ = F,
i+ 2w + wE — W’y = Fy.

dTO B TOUHOCTH COBHajaeT ¢ ypaBHeHueM (6) 3amauu V.1, ecau nocienHee Hamu-
caTh B KOMIIOHEHTAX.
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B cnyuae nBuseHHA MaTepualbHOH TOYKH II0 BpallaromeiicA NpAMOIi, pac-
CMOTpPEHHOM B 3ajgade V.2, uMeeMm:

ot = dr?® + ridp?®

e (#* 4+ r’w?) — mgrsin wt,

.2 2 2
=r"+r‘w’, L=

2|3

4oL _ . oL
aor " or

2 .
= mrw” — mgsinwt.

BoiTeKkaromee oTciofa ypaBHeHUe JlarpaHia Tom/IeCTBEHHO ¢ ypaBHeHueMm (2),
NpUBeJeHHBIM B OACHEHUH K 3afade V.2.; 0HO HelOCpeCTBEHHO NPUBOJUT K yKa-
3aHHOMY TaM #ke peuteruio (3). [[pu 3ToM BooGIe He IPUXOAUTCA paccMaTPpUBaTh
KOPHOJIUCOBY CUIY U T.II.; IpaBja, IPX 3TOM Mbl HUYero He y3HaeM OTHOCUTEIbHO
JaBlIeHUA Ha HalpaBJIAONYIO.

VI1.3. UYaensi, onyumenssie B ypasHeHuu (4) naHHOi 3ajauyu ¥ 0603HAYEH-
Hble TOYKaMH, UIM€eIOT BU]

<1+£)7'] u -2 <1+£> Mé’
R R R ) sind
ITHU UleHbl OCIe YMHOMEHNUA Ha CTOAIMHA nepe GUTypPHbIMHU CKOGKaMU MHOKU-
Telb U MOcaeAyomero qud@epeHnrpoBaHuA M0 ¢ Aaau Obl YWieHbl BTOPOro WIU
BBICIIEr0 MOPAJKA MalIOCTH OTHOCUTENbHO &, 7, ( UIU UX MPOU3BOAHBIX. OTHOCH-
TenbHo ypaBHeHu# (5) u (6) HysKHO 3aMeTHTh, YTO Hocle AUddepeHIupoBaHUA
YlleHbl BTOPOTO MOPAIKA, Kak gé', CE U T. ., B HUX, KOHEUHO, Oy LIeHbl. 3aCIy K u-
BaeT BHUMaHUA, YTO IIPX HTOM OJHOBPEMEHHO U3 Pe3yibTaToB BbliafaeT pagnyc
3eman R. B ypaBHenuu (6) K BbINHCAHHOMY WiIeHY NpHOaBHICH Obl WieH ¢ w?,
a UMeHHO

Rsin ¥ cos dw?.

JTo0, 0O4EeBU/IHO, clIaraiomas o6bIYHOI IeHTPpoOesHO CHUIbI 0 0CH {; COOTBETCTBY-
Iolas cjlaraiomas 1o ocu ¢ Bollia bl B g—f OnHaKo 3TH WiIeHbl HY#HO OIIyCTUTD,
TaKk Kak OHM ye yuTeHbl B 3 (HEeKTHBHOM YCKOpeHUHU cBOGOJHOro NajeHud g
[ypaBuenue (30.1)].

B cryuyae maaTHuKa Pyko ciremyeT, o4eBHAHO, NPUMEHATh He ypaBHEHUA
Jarpansa B ux o6b14Hoil popme (34.6), a cMemannblii Tun ypasHenwmii (34.11),
NpUHUMasA BO BHHUMaHue yciosue cBasu (31.11).

Brpouem, Hy’KHO 3aMeTUTb, YTO B CHIY ONpeJeleHHit 1) U Yo [popmyast (1)
u (2)] Hama 3ajjauya OTHOCUTCA K 0OXapaKTepH30BaHHOMY Ha cTp. 288 Kiaccy 3anad,
YCJIOBUA KOTOPBIX 3aBHCAT OT BPEMEHHU.

VI1.4. IeHTp TAMECTH ONUCHIBAET CILIIOMEHHYIO» HUKIOUIY B IULIOCKOCTH,
NepneHANKYIAPHOM K OcH HUIMHApa. MbI MOXydYuM ee IapaMeTpHUecKoe Ipef-
cTaBleHHe Yepe3 Yroil MoBopoTa ¢ u3 ypaBHeHuda (17.1) maA «0GbIKHOBEHHOMN»
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OUKJIOUAbI, €CJIU @ B 3TOM yYPaBHEHHH YaCTUYHO 3aME€HHUM 4Yepes s:

£ =ap—ssing, £=(a—scosp)p;
n=a—scosp, 1 =ssinpp.

a) BeiGpaB LeHTp TAMeCTH 3a TOUKY oTcueTa O, MOIYUYUM:

m 2 | -2 m, 2 | 2 .2
Troer. = 5 (67 +117) = F(a” + 5" — 2ascos )",
Topam. = 2¢°, T, =0, V=mgy= -
wpam. = 5 ¢, Tw =0, = mgn = mg(a — scos p).
[Ipu 5TOM HaJ0 MPUHATH BO BHUMaHHe, YTO BEIMUYMHY w = ¢ MOKHO paccMaTpu-
BaTh KaK yTIOBYIO CKOPOCTh BpalleHUA HUINHAPA He TOILKO BOKPYT €ro reomMeT-
puyeckoi ocu (Kak MbI CYNTaeM [ePBOHAYAIbHO), HO C T€M ke IPaBOM U BOKDYT
oCH, IPOXOAAIIeii yepes ero LeHTp TAmecTH [coraacHo (23.8)]. Ecau, kpome Toro,
nonoxuts © = mb® (b — pamuyc unepnun), ¢ = a® + s* + b, To moryuHM:

L = Tnocr. + Topam. — V = %(c2 — 2ascos p)@p° —mg(a — scos @),

%%g_é = (¢® — 2as cos @)@ + 2as sin pp?, (1)
%g—i = assinpp’ — gssin .

Takum 06pa3oM, ypaBHeHUe NBHKEHUA UMeeT BH/[
2 . . .« 2 .
(c® —2ascos )P + assinpp” + gssinp = 0. (2)
6) Ecau B kayecTBe Touku orcuera O BBIGpATh LEHTP IONEPEUHOro CeUeH
NIPOBEJIEHHOTO 4epe3 IeHTP TA#ECTH, TO 3TAa TOYKa Oy/eT IBUTaTbCA TOPUZOH-

TalbHO CO CKOPOCTBIO a; monarag ©' = © + ms® [cp. (16.8)], umeem:

’
Thocr. = %a2¢27 Tspam. = %({"2, V — Kak npeje,

onHako tenepb Ty, He paBHa Hymo. JeficTBUTenbHO, HAa ocHOBaHuu (22.11),
.2
Tw = —may” cos ¢.
OTcrona

L = Thoer. + Topam. + Ty — V = %(8 — 2ascos )p° = mg(a — scosp), (3)
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yTo coBnagaer ¢ (1). TeM caMbIM M B 3TOM ciydae Mbl IPUXOJIUM K yPaBHEHHUIO
nBuzkenus (2). LA mMansix KoxebaHuit npu ¢ = 0 oHO naet:

2 _ 2 b2
B+ %‘P =0, I,< 2as _ (a—8)" + ... (ycToitunBocTb);

s s
HaIpOTHB, JJIA MajlblX KoleGaHUil IPHU ¢ = m, oaaras ¢ = w + @, NoIydaeM:

- 2 2 b2
b — %1/11 =0, IS _’:92‘18 = (a+ Sg + ... (HeycToitunBoCTS).

VI.5. 1. Coomnowenusn mesidy yza06bimu cropocmami. TU COOTHONIECHUA
IpoIe BCEro BHIBECTH, €CIH YUYeCTh, YTO B MeCTaX CLEIIeHUA KOHUYECKUX LIec-
TepeH (w) ¢ KOHUYECKOH mecTepHell (wi), ¢ OQHONH CTOPOHBI, M C KOHUYECKOI
mecTepHell (w2) — ¢ OPYroii, OKPysHble CKOPOCTH B M0G0 MOMEHT HOIHBI
6b1Th opuHakoBbl. IllecTepHu (w) BpamamoTcA BOKpYT ocu A ¢ yrioBoil ckopoc-
ThIO w; KPOMe TOro, camMa och A BpamaeTcA BMecTe ¢ IecTepHAMHU (w) BOKPYT
o6Imeit reomerpudeckoit ocu korec (2), (w1), (w2) ¢ yraosoit ckopoctsio 2. Ec-
JU T, 71 U T2 — CPeJHHe paauychl KOHMUYeCKHX mecTepeH (w), (w1), (w2), To paa
MecTa cuemieHus Kounec (w), (wi) ocymecTBIAeTCA PaBEHCTBO

rw~+rQ =riwi,
a Ui MecTa cuemeHud Koiec (w), (wz) — paBeHCTBO
—rw + 12 = raws.
OTciofa mpu r1 = T2 MOIYYalOTCA COOTHOLIEHUA

2Q = w1 + wa,
r (1)

2w = %(wl — w2).

9T GopMyIbl MOTYT OBITh, KOHEUHO, IOy YeHbI U IIy TeM BBeJeHUA BUPTYalbHbIX
BpalleHuil.

2. CoomuoweHus medxdy momenmamu. BupryanbHaa pabGora momeHTa M
Bcerja JoiaxHa GbITh paBHAa CyMMe BHPTYalbHbBIX paGoT mMoMmeHTOB M; u Mo,
T.€.

MQ 6t = Miwy 6t + Maws 0t.

3amensns ) yepes wi U wp coraacuo (1), noayuum:

(=)o (=)o 0
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HpI/I NPOU3BOJBHBIX W1 U W2 9TO BO3MOMHO TOJBKO B TOM Cily4ae, eCilin

Y ==, (2)
Taxum 06pa30M, pa3BHBaeMbIﬁ ABUraTeeM MOMEHT paclipefenasaeTCcAa Ha oba 3ana-
HHX KoJleca IIOPOBHY IIPU IPOMU3BOJBHBIX 3HAUYEHUAX YTJI0BBIX CHOpOCTeﬁ w1 U wa.

3. ,VpaBHeHue 38u.7fceHuﬂ cucmemal. B 9TOM Cciy4ae Impoiie BCero nojab30BaTbCA
ypaBHeHnuAMH Jlarpanska BToporo poaa. Umeem:

T = %(@w}f + 0203 + 0w’ + 0'Q7).

Ecnu MbI moficTaBuM ciofja BMeCTO w U ) MX BbIpameHHUA yepe3 wi U wz U BBeJeM
o0603HayeHUA

r o Or?
L11_61+T+?7
L= 0,4+ 9 + 911
2=024+ 7+ 5

[y, = @ _ O
Lis =Ly = 1 2’

T0, 1o JlarpaHy, moxy4um:

%(Lllwl + Lisws) = % - Wa,

3
dp Losws) =2 _ . ®
E( 21w1 + Lasws) = o5 — Wa.

3necse W1 u Wy — npuinoskeHHble K 060MM 3alHUM KollecaM IIPOTHUBOAEICTBYIO-
mye MOMEHTbHI, BbI3BaHHbIE TPEHUEM CIEIUIEHUA C I0YBOU, IPHUYEM B 3TU MOMEH-
Thl MOKHO BKIIOYHMTH TaK#e U MpPOUYHe CONPOTHUBICHHUA (CONPOTUBIEHHE BO3AYyXa
U T 1)

Ecau M, W, W, 3aganbl kKak GyHKIUYU BpeMeHH, TO BbIpakeHUA B CKOOKaX
B JIeBbIX YacTAX ypaBHeHUH (3) BBIUMCIAIOTCA KaK WHTErpaibl [0 BPeMEHH OT
[paBbIX 4YacTeil 3TUX YpaBHEHUI, OTKY/a ONpeJeNfloTCA TaKMe w1 U wa.

CpenHue 110 BpeMeHH 3HaYeHUA IPaBbIX YacTell ypaBHeHM (3) paBHbI HYIIIO,
a, cleloBaTelbHO, w1 U wp MOCTOAHHBI; €CIU CONPOTUBIEHHE HAa OAHOM Kolece
YMEHBIIUTCA [HalpuMep, ecild KOJeco MOJCKOYUT Ha HEPOBHOI Jopore u Gyner
HeKoTopoe BpeMsA Bpamatbed B Boszayxe (W = 0)], To BpaijeHue 3Toro Koieca
YCKOPHUTCA, TOT/la KaK BpalleHue APYroro Kojleca 3aMeIIUTCAH.

4. Jaexmpodunamuiecras anarozus. YpaBHeHUA (3) MMEIOT BU, HAOMH-
HaIOMUIl ypaBHeHHe B3aUMOJEeHCTBUA [BYX MHIYKTHUBHO CBA3aHHBIX Ileleil TOKa
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(cp. ckaszaHHOe Ha cTp. 299 o paGore Boabimana). A MMeHHO, €CIM OTOMIECT-
BUTh BeIUYUHBI L, c K03 PunreHTaMy HHIYKIUY 3TUX IleNeil ToKa, a w1 U wy —
C TOKaMH, TEKYIMMH B [EHAX, TO JeBble YacTu (3) GyAYT BbIpaskaTh 3IEKTPOAU-

. M
HaMHn4yeCKue NHAYKIIUOHHbIE BO3J€CTBUA. 7 COOTBETCTBYET «CTOPOHHUM) 3J€K-

TPOABUAYIIMM CHIaM, NeHCTBYIONHUM B IleNAX TOKa;
T= %Luw2 + Liswiws + %Lzzwg

ecThb NOJTHAafA MarHuTHaA sHeprua. CoriacHo ompefdeleHHIO Ha cTp. 262, cucTe-
Mbl, ¢yHKIuA JlarpaHka KOTOPBIX COJEPKHUT TOJIbKO IPOU3BOAHbIE KOODAMHAT
0 BpeMeHH (B OaHHOM CIydYae wi = @1, w2 = ¢2), HA3bIBAIOTCA LMUKINYECKIMHU
cuctemamu. TakuMm 06pa3oM, OHU ABIAIOTCA MeXaHUYECKUMH aHaJloraMy cTalyo-
HapHbBIX 3JIeKTPUYeCKUX TOKOB. luddepeHnnanvHan nepejaya, Kak U CHMMeTDPH-
YeCKUil BOTYOK, ABIAETCH «GHIMKIOMY.





