I'maBa IV
TBEPIOE TEJIO

§22. KHHEMATHRKA TBEPIOT'O TEJA

Kak ™Mbl Bugenu B Hauale § 7, TBepJoe Telo MMeeT wecms cmeneHell
€60600bl: mpu cmeneHu c600600bl NOCMYNAMeAbH020 OBUNCEHUA U MPU cime-
neHu 60600l 8paAWAMELbHO20 08UNCCHUA.

PaccmoTpuM Teno B IByX pa3inyHBIX MOJNOKEHUAX — B «HaYalbHOM)
U B «<KOHEYHOM». BriGepeM npou3BoiabHYIO TOUKy Tena ) B KauecTBe «Haya-
Ja oTcyeTay M BOKDPYT 3TOH TOYKM onuieMm chepy (Hampumep, eJUHUYHOTO
paguyca). Ha noBepxHocti cdepbl oTMeTuM aBe Toukd A u B. Ecau nepe-
BecTu Tpu Touku O, A u B u3 ¥X Ha4YalbHOTrO MOJOMEHUA B KOHEUHOe, TO
U BCce TOUYKM TBEPJOro Tela MepeiJyT U3 HAYalbHOrO MONOMEHUA B KOHEU-
Hoe.

CHavana Mbl mepeHeceM Hayvano oTcueta () U3 HAyalbHOTO IOJOKE-
Hus O; B KoHeuHoe nonoxenne Oy. OcylllecTBUM 3TO MyTeM NapajielbHOro
nepeHoca, Ipy KOTOPOM Kask[Jafd TOYKa Teja HCIBIThIBaeT IPAMOIUHENRHOe
nepemeieHue Ha oTpe3ok ;0. ATUM MBI U ONpPeAeIId TPU CTENEHU CBO-
60/1bI NOCTYNATENbLHOTO JBUMEHUA.

Urakr, mbr coBMecTunu chepy K;, onucanuyio BOKpyr Touku (Oi, co
cdepoit Ko, onucanHoit Bokpyr Touku (Oy; HO 3T0, BoOOlile TOBOPA, OTHIOAb
He 03HayaeT COBMAJeHUA HAyalbHbIX U KOHEYHBIX MoNoxeHuit Touek A u B
(A; u By ua noBepxHocTu cdepbl K; U, cooTBeTcTBEHHO, Ay U By Ha mo-
BepxHocTU K5). MbI OKameM, 4TO 3TH TOYKH MOTYT ObITh NMEPEBeeHbI U3
nonoxenna Ap, By B nonoxenue Ay, Bs ¢ MOMOIIBIO BIONHE ONpeIeleHHOr0
noBopoTa BokpyT Touku O; = O,. [lonomeHne cooTBeTCTBYIOMIEH OCU Bpa-
IIeHUA ¥ YToJ I0BOPOTa ONpeeNAI0T TPU CTelleHH cBoOObI BpallaTelbHOI0
OBUMEHUA.

Urto6bl IOCTPOUTH OCh BpallleHus, T. €. HATU TOYKY () NepeceyeHUA ee
C MOBEPXHOCThIO chephl, COEAMHUM AYTraMu GONbIINX KPYTOB TOUKU A1 1 Ay
U COOTBETCTBEHHO TOYKHU B; u Bsj; TOuKa nepecedyeHUs AYT, IPOBeJEHHBIX
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yepes cepeluHbl n1yr A1 As u By Bs nepneHIuKyJIApPHO K HUM, U GygeT uc-
Komoit Toukoit (). Torga yron moBopoTa, KOTOpbIit Mbl 0003HaYUM uepes §,
Oynet:

Q = QAlﬂAz == QBlﬂBz. (221)

PaBeHCTBO 3TUX yTII0B BhITEKAET M3 PABEHCTBA (II0 TPEM COOTBETCTBEHHBIM
CTOPOHAaM) JIByX 3alITPUXOBAHHBIX Ha puc. 39 chepryecKUX TPEYroNbHU-
KoB A1QB; u A2QBs. [losTomy paBHBI Mexay co0oil Takme W gBa yria,
o6o3HaveHHble Ha puc. 39 yepes . Boruntaa us moanoro yria A;QBs no-
OYepeHO 3TU YIIbI 7y, HOLYUYUM IpaByIo U JeByIO yacTu paBeHcTBa (22.1).
JTO PaBEHCTBO NOKa3bIBAeT, YTO C MOMOIIbIO OJHOI'0 U TOrO Ke MOBOPO-
Ta () He TONbKO TOUKa A; MPUBOJUTCA B HonomeHue As, HO U Touka By —
B HoJoMeHue Bs.

Beuny mnpousBoanHOro BhIGODA
Havyana orcuera (J, BelUYMHA U Ha-
npaBileHle NOCTYNaTelbHOro Iepeme-
IIeHUA MOTYT U3MEHAThLCA B INUPOKUX
npegfenax'. HanpoTus, BenuuuHa yT-
Ja TIOBOPOTa U HalpaBleHUe O0CU Bpa-
IIeHUA He 3aBHCAT OT BhpIOOpa Hava-
1a oTcueta. B camoMm pene: eciu Mbl
BbIOEpeM B KayecTBe Hayajla oTcUeTa
He Touky O, a Karywo-1u6o Apyryio
Toury O', To pasHOCTb MEMIY MOCTY-
naTelbHbIMU INepeMelleHUAMHU, COOT-
BercTByOmKuMHu Toukam O u O', 6y-
IeT ONATb-TAKU NOCTYNAaTelbHbIM Ie-
pememenueMm. Ilocnennee, ogHako, co-
BEPIIEHHO He HU3MeHAET IOJNOMEeHUA
Touek A u B Ha cpepax Ki u K,. Ta-
KUM 06pa3oM, IOCTPOeHUe, IPEACTaB-
JeHHOe Ha puc. 39, ocTaeTcAd HeU3MEHEHHbIM; Yroa noBopota ) coxpaHsaeT
IpeKHIOID BelWYHHY, a HOBafd OChb BpalleHHA, NIPOXoAAllasd Telmepb uyepes
HOBOe Hauano orcueTa ()', mapanienbHa mpe;xHedl ocu BpalleHuA.

Puc. 39. IlocTpoenue ocu BpameHus
U yria moBopoTa () NpHU CIOMEHUU
IBYX KOHEUYHBIX BpalleHUit

1B pobaBieHun K § 23 Mbl YBUANM, B YaCTHOCTH, YTO HalpaBleHHEe MOCTYNaTelbHO-
ro JBUEHHA MOMHO BbIOpaThb, HNapalielbHbIM OCH BpameHUA. B sToM ciyuyae roBopaAT
0 «BUHTE).
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Bonee BamHbIMU, UeM pacCMOTpeHHbIE [0 CHUX IIOP KOHeYHble TBUMHE-
HUA TBEpJOro Tejia, ABIAIOTCA CleAyolue APYT 3a ApyroMm (dpaxTuvecku
HEIPEPLIBHO) GeCKOHEYHO Maable NBUMEHUA TBepporo teina. Tarum oGpa-
30M, MBI NPENONOMKIM TeNeph, UTO MocTynaTenbHoe nepeMenienre 0102
U yroa moBopoTa ) Kak YrogHO Malbl, U pa3JeldM UX Ha COOTBETCTBYIO-
muil Manblii npoMexkyTok Bpemenu At. Torna B npenene npu At — 0 Mbl
MOJIy4YUM JMHEHHYIO CKOPOCThH NOCTYNaTelbHOr0 ABUMEHUA U U YTIOBYIO
CKOpPOCTBH BpallleHUf w:

u= 010; w = ﬁ (22.2)
At At

w TaK:Ke He 3aBUCUT OT BbIGOpa Havala oTcyera (), TOria Kak U CyIlIeCTBEH-
HO OT Hero 3aBMCUT. MbI paccMaTpuBaeM YIIOBYIO CKOPOCTb Kak 6eKmop,
T.€. YYUThIBaEM He TONbKO €e BelIMYHHY, HO TaKke M HalpaBleHHe OCH
BpallleH!, COOTBETCTBYIOLIell 3TON yriIoBoi CKOPOCTH.

IokasmeM, 4TO yrioBafd CKOPOCTh w [AefCTBUTENLHO UMEET 6eKMOPHbLI
zapakmep. PaccmaTpuBad BUPTYanbHbIl MOBOPOT, MbI [cM. puc. 15 u ypas-
Henue (13.4)] BbIBenu cliefyloliiee cOOTHOIIEHHE:

_>
ds = [0¢p - r]. (22.3)
s "
Ilepexoas OT BHPTyalbHOrO MOBOpPOTa d¢@ K YIIOBOH CKOPOCTH Bpallje-
_)
d
HUA w = d—f M OT BbI3BAHHOTO STHM IOBOPOTOM BUPTYAIbHOTO MepeMe-

HeHNA IS K CKOPOCTU W = %, nojiyyaeM U3 COOTHolueHuA (22.3):
w = [Wr]. (22.4)

3nechb, Kak U Ha puc. 15, r — pagnyc-BeKTOp, IPOBeJEeHHbBII U3 PaclooKeH-

¥ 110510 i% EHU'F_Y_—D £EENNE T Ladf 2101 15
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B mocnenHem u3 3TUX ypaBHEHMUIl clieBa CTOUT Pe3yIbTUDPYIOIIas JuHeliHaA
CKOPOCTh W, = W; + Wy. I3 cpaBHeHus ¢ ypaBHenuem (22.4) BHIHO, UTO

Wy = W1 + wo (22.5)

TaK#e ABNAETCA Pe3yNbTUPYIOlIell YTI0BOi CKOPOCTbIO TAKOrO BpalleHu ,
IelicTBUE KOTOPOTO Ha TBEP/IOe TENO SKBUBANEHTHO JIeHCTBUIO 000X Bpalle-
HUI wi U ws. Takum o6pa3oM, ye.io6bvle cKOpocmMuU 8pAULeHUA CKAATBLBAIOMCA
KaK 6EKMOpbl U NPU CAOHCEHUU UT MONCHO MEHAMb MECTaAMU, T. €.

W1 + w2 = ws + wiq. (226)

O6a nmocinefHUX yTBep:kJeHUA He UMeEIOT MecTa IJf pacCMOTPEHHBIX
paHee KOHEUYHBIX MOBOPOTOB, CJIO#€HHE KOTOPHIX POUCXOAUT He IO IpocC-
TBIM NpaBUJaM BEKTOPHOTO HCUUCIEHHA, a M0 NpaBuiaM BBeJeHHoro ['a-
MHJIBTOHOM UCHUCAEHUA KeamepHUoHos. Pe3ynbTaT cllokeHUA IBYX KOHEeU-
HBIX IOBOPOTOB 3aBUCUT OT UX MOCIEA0BATENbHOCTH, T. €. UX Heab3sA MEHAMD
Mecmamu.

3necb GyIeT YMECTHO pacCMOTPETh PAa3HULY MEMIY NOAAPHLLMU U AK-
CUAAbHbLMU BEKTOPAMU.

IloaapHbimu BeKTOpaMu ABJIAIOTCA, HAPUMep, CKOPOCTh, YCKOpeHHe,
cuia, paanyc-BeKTop U T.A. OHU HaraAAHO M300parkaroTCcA HalpaBieHHbI-
MM OTpPe3KaMH CO CTpPelKoil Ha KoHlle. X mpAMoyronbHble ciaraoliue npe-
0o6pa3yloTcA NP 6pauwjeHuUU cucmemsl KOOpouHam Kak caMH KOODJUHATHI,
T. €. II0 CXeMe OpTOroHalbHOro npeobpaszoBanusa (onpenennrtens = +1). [Ipu
uneepcuu Koopdunamuoll cucmemvt (3aMeHa x, y, z Ha —&, —Y, — 2z, ONPeie-
autens = —1) craramonmue U3MeHAIOT CBOU 3HAKM HA MPOTUBOIOJIOHbIE.

AKcuaavHbolMU BEKTOpPaMU ABIAIOTCA, HAIPUMepP, yIrioBasg CKOPOCTh,
YTI0BO€ yCKOPeHNe, MOMEHT CHIIbl, MOMEeHT uMmnyJibca. OHU n3obpaaTcA
IpY MOMOIIM COOTBETCTBYIOIIEH OCH C YKa3aHUeM HalpaBieHUA U Beluuu-
HbI BpalieHuA. Ecnu #e Mbl XOTUM U300pasuTh UX C MOMOIIbIO OTIOHEHHOM
Ha BTOIl OCH CTPENKU COOTBETCTBYIOIIEH AMUHBI, TO MbI JONKHbI BIOJIHE
IPOU3BOJIBLHO YCIOBUTHCA OTHOCUTENbHO HalpaBlIeHUA CTPEIKU, HAPUMeD,
yCTaHOBUTH NpaBUJIO IpaBoro BUHTa. [IpAMoyroabHbie ciaraoluye akcuanb-
HOI'0 BeKTOpa Npeo0pa3yloTcA NMPU YUCTOM 8PAeHUL CUCTeMbl KOOPOUHAM
TaK e, KaKk U claraioliye cOOTBeTCTBYIOIIell CTPeNKkH, T. e. OPTOrOHANLHO ;
OJJHAKO NpU UHBEPCUU CUCTEMBI KOOPIUHAT OHU He U3MEHAIOT CBOMX 3HAKOB.

1C onpenenurenem npeo6pasosanua = +1. ([pun. ped.)



162 Tnasa IV

B 3ToM ciiydae IpaBHiIO IIPaBOro BUHTA JOJNAHO OLITH 3aMEHEHO NpPaBUJIOM
JeBOro BUHTA, ¥ HA060POT, — B COOTBETCTBHMM € TE€M, UTO IpaBasg cUCTeMa
KOOPAUHAT MepexXoJuT NpU WHBEPCUM B JIEBYIO CUCTEMY KOOpAUHAT.

BexTopHoe mpousBejeHde ABYX NOJAPHLIX BEKTOPOB OyleT akcHalb-
HbIM BEKTOPOM (I pM M e p: MOMEHT CHibl). BeKTOpHOe TpousBeleHNe ak-
CHANLHOTO U MOJIAPHOr0 BEKTOPOB OyeT MONAPHBIM BEKTOPOM [IpHUMep:
CKOpocTh W B ypaBHeHuu (22.4)]. B aToM MomHO nerko yGeguTbes, pac-
CMOTpeB NoBeJleHNe 3TUX BEKTOPHLIX MPOM3BEIEHUN NpU MHBEPCUU CUCTe-
MBI KOOpAHHAT!.

Iocne 3TOro OTCTYN/IEHUA BepHEMCA K KUMHeMaTUKe TBeporo Teda.
lIBueHMe KamIo0i U3 ero TOYeK ciaraeTcA U3 MOCTYNaTelbHOro JBUAEHIA
CO CKOPOCTHIO U [ypaBHeHue (22.2)] ¥ BpallaTeNbHOro ABUMEHUA, KOTOPOMY
COOTBETCTBYeT JuHelHaA ckopocTh W [ypaBHeHue (22.4)]. Takum o6pasom,
CKOPOCTh V IIPOM3BOJBLHON TOUKM TBEPJOro Tela paBHa

vV =u+ [wr]. (22.7)

IIpu sTom BbIGOp Havaina oTcuera () COBEPIIEHHO MPOU3BOJEH: IJA ITON
TOYKHU MMEeT MeCTO

v=u (22.7a)

YacTo, ogHaKo, GbiBaeT ymo6HO, 4YTOObI Hayano orcyera () COBHAAAlo
C HeHTpPOM TAmecTH S Tena. BbIACHMM 3To Ha MpPU Mepe BBIYKMCIEHUA KU-

1Bce aTu cBoiicTBa BeKTODHOTO NMpPOM3BEeJEHHUA HENMOCPENCTBEHHO BLITEKAIOT M3 ero
onpenenennd. Ilo onpeneneHMio, KOMIOHEHTbl BeKTopHoro mnpoussegeHna C = [AB]
BJOJb KOODJMHATHBLIX OCEHl NMPAMOYTOJILHONW CHCTEMbI KOOPAWHAT JAIOTCA CIEAYIOMUMU
BbIpasKeHUAMMU:

Cw = AyB. — A.By; Cy = A;By — Ay B;; (Iv.1)
C. = Az By — Ay By, (1v.2)

He3a6ucuMo Om mozo, NPUMEHAEM AU Mbl NPABYID UAU aesylo cucmemy kKoopdunam. Ilpu
BpallleHUH CHCTEeMbI KOOPAMHAT, KaK Jerko y6eauThcA, 5TU BbIpaseHUA NpeobpasyroTca
KaK KOMIIOHeHTbI BeKkTopa. Eciau BekTopsl A v B monsapHble, To NpU UHBEPCUH CHUCTEMBI
KOOPAMHAT UX KOMIIOHEHTbI MEHAIOT 3HaKH, a cilefoBaTelbHo, BenuuuHbl Cy, Cy, C,
ocraioTcA 6e3 nuameHeHuA. [losTomy, eciu n3o6pasaTb BEeKTOPHOE NPOU3BEJEHUE CTPe-
KOI1, TO NPU MHBEPCUM KOOPAMHATHOM cUCTeMbl HEOGX0AMMO U3MEHATh HalpaBJeHne 3Toi
cTpelku Ha npoTuBonosnoxHoe. Eciu BekTop A monsApHbIil, a BekTop B akcuanbHbIi, TO
MHBEPCHUA CHCTeMbl KOOPAMHAT BeJeT K M3MeHeHHIOo 3HakoB Cy,Cy,C,; B a3TOM ciyuae
BekTop C noaapuslit. HanpoTtus, eciu o6a BekTopa A u B akcuanbHble, TO HX BEKTOPHOE
npousBeleHHe — TaksKe akcuanbHbIN BekTop. (IIpum. ped.)
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HeTHUYeCKOH JHepruu Teljia

T:/dva2. (22.8)
BosBezem Boipasenue (22.7) B kBagpaT
v? = u? + [wr]’ + (ufwr]) (22.8a)
1 pa3obbeM KMHETHYECKYIO dHepruio 1 Ha TPU 4acTH, COOTBETCTBYIOLIUE
TpeM wieHam ¢Gopmyisl (22.8a):

T = Tnoc‘r. + TBpam. + Twa (229)

rage Tw — «CMelllaHHaAd 3Heprufa», olnpenaendaeMad OOJHOBPEMEHHO IIOCTYIIa-
TeJbHBIM W BpaujaTeJIbHbIM OBUMKEHUAMMU.

HOCKOJIbHy CROPOCTDB IIoCTynaTeJIbHOI'o ABUEHUA OJUHaKoBa LJifl BCEX
JJIEMEHTOB MaccChbl dm, TO, OYEBHUIHO,

2
Troer. = “7 / dm = %uz. (22.10)

YT06bI BEIYUCIUTD YacTh T, mpeoGpa3yeM ee BhIpaseHue clIefyOIUM 006-
pasoM:

Ty = / [ufwr]] dm = (u[w/rdm]) = m(u[wRY]). (22.11)

3necb R — paaguyc-BeKkTOp, NMpoBeleHHbI U3 Havana oTcueta O
B IIeHTp TAxecTu Tena S. OH paBeH

Jrdm

R="1m,

(22.11a)

Kak U B onpefenexuu (13.36). Ecau ke coBMecTuth Toukn O u S, To R =0
", cornacHo popmyne (22.11),

T, = 0. (22.116)

B sToMm ciyuae — mnosiHas KuHeTHdYecKas sHeprud I’ 6ymeT HpocTol cyMm-
MO Thocr. ¥ Typam. 3aMETUM, UTO ecIH TeJ0 BpaliaeTcA BOKPYT HENoJBUH-
HOU TOYKM M MbI IIpUMeEM ee 3a Hayaio oTcuera (), TO B HyJlb 00paTUTCA
He TOIbKO T, HO ¥ Tpocr. (MOCKOABKY U = 0); TakUM 006pasoM,

T = Tspam. 22.11B
pam



164 T'nasa IV

3afiMeMcA Telepb 3TOH 6pAULAMEAbHOT LACMbI0 KUHeMmUYeckoll sHep-
2uu. Bo3Bens B KBajipat ciarailiyie BEKTOpa [w - r], HOIyYuM U3 CpPeIHero
ueHa NpaBoil yacTu ypaBHenus (22.8a):

2T spam. = W2 / (y* + 2%)dm + w? / (22 + 2%)dm +
+ w? / (z® + y?) dm — 2w,w, /yz dm — (22.12)
— 2W,Wy / zx dm — wawy/xy dm.
Ecau BBecTu o603HaueHuA

@zm:/(yz—l—zz)dm...,

(22.12a)
Oy = /a:ydm... ,
TO BhIpaskeHue (22.12) npumeT BUA
— 2 2 2
2Tspam. = Ogewy + Oyywy + 0w, — 20, wyw, — (22.126)

— 20w Wy — 20 pyWawy.

CornacHo onpegnenenuio (11.3), BenrnunHa (g, ABIAETCH MOMEHITOM UHED-
Yuu meaa OMHOCUMEALHO OCU T; COOTBETCTBEHHO, Oy, U ©,, ABIAIOTCA
MOMEHTaMU MHEepPIHUU TOro #e Tela OTHOCHUTeIbHO oceil y M z. Beanuu-
Hbl O gy, Oy,, O, HAZBIBAIOTCA UEHMPOOENHCHBLMU MOMEHTIAMU UHEPUUL; UX
0603HaYaIOT TaK:;Ke TePMHUHAMHU (NpoussedeHus UHepUUU»r U (0e6UAULOHHbLE
momenmoty. BMecTo Oy, ... MOMHO COKpaIleHHO nucaTb O ...

ITo ananoruu c BeipamenueM (11.5), mon0#uM J€BYIO 4acTh ypaBHeHHA
(22.12) paBHoii Ow? u BBeeM 0603HaYEHUA

=, _—= 187 - =7. (2213)

Torpa nonyuyum:

(22.13a)
— 20,70 — 20,4a0.
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Benuuunst a, 3, v ABIAIOTCA, 0YEBUIHO, HAIPABIAIOIUMU KOCHHYCAMU OCU
BpallleHUA w, NPOU3BOJbHO BbIOpaHHOH B TBepAoM Tene. TakuMm obpasom,
coriacHo ¢opmyie (22.13a), MOMEHT HMHEPLUMHM OTHOCHTEIbHO MI0GON ocu
MONHOCTBIO ONpe/ieliAeTCA 3alaHUeM IIECTH BeIUYUH O;f.

COBOKYIHOCTH MIECTU BEIUYUH, aHATOTUYHBIX O;f, HA3bIBAETCA MeEH30-
poM WU, TOUHEEe, CUMMEMPULHbIM MeH30poM. TepMUH 3TOT B3AT U3 TEOPUHU
YIPYTrOCTU, B KOTOPOIl meH30pbl Hanpaxcenull u dedopmayuil UrpaioT LeH-
TpaibHylO0 poib. [lnA 3anucu TeH3opa YH0OHO TOJNbL30BaTbCcA clegyloleit
KBaJIpaTHO! CXeMOi:

G)zz ®my ®zz
Oir= 0,0 O, ©O,.]|. (22.136)
G)za: ®zy ®zz

npuyeM B HameM ciyuae Oy = Oy ...

TeH30pHOE UCYMCIEHUE B OTHOLIEHUU HATIAJHOCTH YCTYNAeT BEKTOP-
HoMy. B To BpemA Kak BEKTOp n306pamaeTcAd OTPEe3KOM, 1A TeoMeTpuUec-
KOTO NpeJCTaBlIeHUA TE€H30pa HY#HO MOJNb30BaThCA NOBEPIHOCIbIO 6MOPO-
20 nopadka. B HameM ciiyyae K MOHATHUIO TAKOU «TE€H30PHOI IOBEPXHOCTUY
MOKHO MPUUTH CIeIYIOMUM 06pa3oM: MOJOHUM

= %7 /6 = g7 Y= %7 (2214)

rae &, n, ( — MeKapTOBbl KOOPAWHATHI; BenuunHa p = /&2 + n? + (2 6y-
IeT, 0UEBUIHO, PaINyCOM-BEKTOPOM, IpoBeJeHHbIM U3 Touku O. BosbmeM p
paBHBIM O~ /2, T. e. GyeM OTKIaJbIBATh 10 Ka#I0H 0CH, IPOXO/AIIeH Yepes
Toury O, He IPOCTO COOTBETCTBYIOIYIO BeluunuHy O, a Beauuuuy, obpar-
Hyio v/O (MHaye MBI He MOMYYMIH GbI OBEPXHOCTH «BTOPOTO» MOPAMIKA).
Torna popmyia (22.13a) npuHuMaeT BUA

1= 0.8 +Oyyn? + 0., —20,,0C — 20,,C¢ — 20,,€n.  (22.15)

10 ypaBHeHHe (OTBIEKAACh OT CILyYaeB BbIPOHiICHUA) ABIAETCH yPaBHEHN-
€M MOBEPXHOCTHU d.4.4uncouda, Tak Kak MpU paclpejeleHdd Macc Ha KOHed-
HBIX PacCTOAHMAX MOMEHT MHepuuu ©, BooOle roBOpA, OTAUYEH OT HYJA.
IloBepxHOCTD, N300pasaemMyo ypaBHeHueM (22.15), Mbl Ha3bIBaeM AAAUN-
coudom VHEPIUU.

Ecau npeoGpasoBarh ypaBHenue (22.15) K riaBHbBIM 0CAM 3JLIMICOUAA
HUHEPLHUU, TO OHO NIPUMET BU]

1= 0167 + 0267 + 03¢2. (22.15a)

(6]
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Benuuunst 01, ©2, O3 Ha3bIBalOTCA 21a6HbLMU MoMeHmamu uHepyuu. [lenT-
pobOeHbIe MOMEHTbI OTHOCUTEIbHO INIaBHLIX oceil o6paijaioTca B Hylb, 4YTO
MOKHO paccMaTpuBaTh Kak oONpejielleHHe TIaBHbIX oceil mHepuuu. Hama
TeH30pHaA cxeMma (22.136) cTaHOBUTCA «[UATOHAIBHOMNY, T. €. TOIAbKO €€ Jua-
roHajlbHbIE BIeMeHThl O, Oy, O3 GyayT OoTIUUHBEI OT HyIA. Ecau e Mbl
6yleM paccMaTpuBaTh TE€H30p He B cUcTeMe INIaBHBIX ocell, a B Kakoil-mu6o
Ipyroil cucTeMe KOOPJUHAT, TO MbI JOJ#HbI 6yeM 106aBUTh TpU NapaMeT-
pa, ompejenAolNie HalmpaBleHUe INIaBHLIX Oceil, U TaKUM 00pa3oM ONATHb
MONYYHUM IIECTh BEIUYUH, XapaKTEPU3YIOMUX CUMMETPUYHBINA TEH30p.

Y
%
7
" 4 —
N

a 9] 8

Puc. 40. a — sanuncoun WHepPUUH BOITYKA, 0 — BIUIMIICOU] MHEPIUU T'MPOCKOIA,
B — IIpHUMep IapoBOro BOAYKa

RaspaAa miIocKocTb CUMMETPUM OTHOCHTENILHO paclpefielieHUA Macc
ABIAETCA, KOHEYHO, ¥ MIOCKOCTbIO CUMMETPUU JUIMIICOUA UHEPIIUH; HOP-
Mallb K 3TO# MJIOCKOCTH OompefelndeT OJHY U3 I'IaBHBIX OCeil 3TOT0 BIIUIM-
couga. Pacnpesnenenuio macc ¢ cumMMeTpHeil BpalleHUA COOTBETCTBYeT 3il-
JIUIICOUJ WHEPUUH, ABIAIUNACA sa4uncoudom epaujeHus, cileqoBaTelbHO,
3TO paclpejeleHUe Macc HapAAy ¢ IJaBHOH ocblo, coBHIajamolleil ¢ 0Cbio
CUMMETPUHU Tella, UMeeT elle HeCUNCIeHHOe MHOKECTBO «9KBAaTOPUATLHBIX)
riaBHbIX oceil uHepuuu. [IppuMepamMu MoryT ciiyuThb OGBIKHOBEHHBIN UTPY-
IIEeYHBI BOJNUYOK M BOJYOK B opMe MaXxoBHYKa, KOTOPbIM OGLIYHO IOJb-
3yIOTCA AiA OeMoHcTpauuit (puc. 40a u 6). ¥ mepBoro BoiAYKa MOMEHT
UHEPIUM OTHOCUTEILHO OCU CUMMETPUM MHHUMAlEH; MO3TOMY COOTBET-
CTByIOIIAaA IiIaBHaA ocb (B CHIY COOTHOIIEHUA p = @‘1/2) JauHHee DKBa-
TOpHaNbHBIX TJIaBHBIX Ocelf; /UIMICOU] MHepuuu GyneT npodonzosamoim.
Y BTOpOro BOJNYKA, HAlPOTHUB, MOMEHT WHEPLUH OTHOCUTEILHO OCH CHUM-
METPUU MaKCHMaleH; Mo3TOMY (B CHIY TOrO e COOTHOIIEHHfl) COOTBET-
CTBYIOIad I'IaBHafA 0Ch KOpOYe SKBAaTOPUAILHBIX INIABHBIX OCEMH; SIIUNCOU
uHepuuu 6ynetT cnacHymoim. B 06oux ciaydyasax Mbl UMeeM Jel0 ¢ CuMMen -
PUYHBLMU 80AYKAMU.
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Bnpouewm, sanuncous uHepuuu, obiaafarmoiiuii ciMMeTpHUell BpalleHuA,
BCTpeuaeTcA He TOJNbKO NPU pachpefielleHnH Macc, obi1afaioleM CUMMeTpH-
eil BpallleHNA, a BO BCEX TeX CIyYasAX, Korjaa uepes3 OfIHY 0Ch MPOXOAAT 60.1b-
we, Yem 0se MIOCKOCTU CUMMETPHUU; 3TO UMeeT MecTo, HallpUMeD, U clIydae
KBaJlpaTHON WM NPaBUIbHOI LIeCTUTPAaHHOI MPU3MBI.

B cooTBeTcTBHM € 3THUM, BIIUICOU] UHEPLUU NPUHUMaeT gopmy wa-
pa He TOIbKO IpH cdepryecKU-CUMMETPUYHOM paclpefeleHHHM Macc, HO
TaKiKe, HallpUMep, NIpU KyOMYeCcKOM paclpefeleHHH Macc, Tak Kak 3/ech
uMeeTcs Goibllle INIOCKOCTe}l cuMMeTpuH, 4eM 3To OblIO Gbl B cilyuae 3J-
JUICOUaNbHO GOpPMBI TEH30PHOI NMOBEepXHOCTU. B 3TOM cilyuyae roBopAT
0 wWaposom 6oavke, y TAaKoro BOTYKa Jiobasd lLieHTpalbHafd och ABIAETCA
riaaBHoi ocbio MHepuuu (puc. 40B).

§23. CTATHRA TBEPI0TO TEJIA

CraTuka TBepIoro Tejla ABIAETCA TeOpeTHYECKOil OCHOBOil pacuera
BCEX CTPOUTEIbHBIX KOHCTPYKUUH (MOCTOB, hepM, KYIOIOB U T. I.) U IO3TO-
My BecbMa I0APOGHO u3iaraeTcA (aHATUTHYECKU U rpadiuecKku) B yueOHN-
Kax MPUKIaJHON MeXaHUKHU. 37eCh Mbl MOKEM OI'PAaHUUUTBHCA UII0KEHUEM
JUIIb OCHOBHBIX UEPT HTOI YacTU MeXaHUKU.

1. YcnoBua paBHOBecuA

OCcHOBHBIM NPUHIUIIOM, HA KOTOPOM OCHOBaHO paccMOTpeHHe yCIOBHUit
paBHOBeCUA TBEPJOro Tejla TaK e, Kak U BceX APYTHX BOIPOCOB TEOPUU
paBHOBecUA, ABIAETCA NPUHIUN BUPTyalbHOU paboTel. OH ABIAETCA YacT-
HBIM ciaydaeM npuHnuna Jlanambepa, U3 KOTOPOro €ro MOMHO NMOIYYHUTh,
orGpaceiBasg cuibl UHepuuu. B cBA3M ¢ 3TUM paccymaeHNsA, NPUBOANMbIE
B HacTofAlleM naparpade, ABIAIOTCA HEMOCPEACTBEHHBIM CIeJCTBUEM 3aKO-
Ha JBUKEHUA [eHTpa TAMECTU M 3aKOHA Iuoliajeil, pazo6paHHbIX B § 13.
CrnenyeT Take OTMETUTB, UYTO PACCMOTPEHHbIE TaM BUPTYyalbHbIe epeMe-
uieHnA (mapalielbHbIl MEpeHoc U HOBOPOT), OYEBUIHO, He MPOTHUBOpeYaT
Hen3MeHAeMocTH ¢GOpMbl TBEPJOro Tejla U COOTBETCTBYIOT pacCMOTPEHHBIM
B NpeJbIAyIeM maparpade MocTynaTelbHOMY IBUMEHUIO U BpalleHUI0 —
IBYM COCTaBHBIM YacTAM IIPOM3BOJbLHOIO JBHMEHUA TBEPIOro Tela.
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Takum 06pasom, oTGpackiBafd CHIIbI MHEPUMHU, MbI monydaeMm u3 (13.3)
u (13.9) o6mue ycnoBuA paBHOBECUA TBEPIOro Tena:

Y Fe=0, Y Mi=0. (23.1)

3necb Fj, — BHelllHUe cUlbl, IpUJIOMEHHble K KAKUM-1u60 Toukam Py, TBep-
moro Tena. [lnA uHTepmpeTanuu nepBoro ypaBHenua (23.1) mocTpoum cu-
JIOBOII MHOT'OYTOJILHUK M3 BEKTOPOB CHJ, He YUUTHIBAA UX TOYEK MpPHIIOHKe-
HuA Pj v pacnonarad 3Tu BeKTOPBI B 06011 nocieqoBaTelbHOCTH. (0240CHO
nepgomy ypasrenuwo (23.1), smom mHozoyzoavHUK 8 cayiae pagrosecus 0oa-
JHeeH Oblmbd 3AMKEHYMbLM.

Bennuunsl My — momeHThl cual F oTHOCHTENbHO OJHOU U TOH e
IJIl BCeX CHJ, HO B OCTAlbHOM COBEDLIEHHO IPOU3BOJIbHOI (TOUKU OTCYe-
tay O. B cooTBeTcTBUU cO BTOPhIM ypaBHeHueM (23.1), 3aMeHfieM 3TH MoO-
MeHTHI cuil My, UX BeKTOpHbIME H300paxeHuaMu (cp. cTp. 56) U crpoum
U3 HUX MHO20y20abHUK Momenmos. CozaacHo emopomy ypasueHuio (23.1),
MHO20Y20AbHUK MOMEHMOB 8 cAyide pasHosecus doasceH OblMb Makdie 3d-
MEHYMbLM.

Mo ananoruu ¢ ypaBHeHuamu (13.12) u (13.13) MbI MoeM mepeiTu oT
IBYX BEKTOPHbBIX YpaBHEHUH K CIeyIONUM IIECTHU CKAIAPHLIM ypaBHEHUAM
A cnarawomux BektopoB Fp u My.

Zxk :ZYk :sz =0,
> W2k — 2 Ye) = Y (21 X5 — T Z8) = (23.2)
= Z(‘BkYk —ypXy) =0.

ITH ypaBHEHUA TONy4yalOTCA NMPU NPOEKTUPOBAHUU BEKTOPHBLIX YypaBHe-
uuii (23.1) Ha ocKM KOOPJUHAT; Tg, Yk, 2k — KOOPAUHATHI TOUEK NPUIOKEHUA
CHJI, IPUYEM 3a Havajlo KOOPAMHAT B3fiTa «To4yka orcueray O.

2. 9KBUBAJEHTHOCTh CUJ M MOMEHTOB.
HpPIBeJIeHI/Ie CHCTeMBbI CHUJI

Ecan cunbl (MOMEHTBI) He HAXOIATCA B paBHOBECHH, TO MOMHO 3a1aTh
BOMNPOC: CYIIECTBYET JIK OfHA cuna (0UH MOMEHT), 061ajalolas TeM CBoii-
CTBOM, YTO OHa BbI3bIBA€T TOUHO TAKOe #ie [BHMEeHHe TBEpAOro Teja, Kak
U BcA 3aJaHHad cucrema cuil (MOMeHTOB)?
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Takaf MOCTAaHOBKA BOIPOCA, Me#1y MPOYUM, MOJe3Ha (XOTA U Helo-
CTATOYHA) MpPU ONpPEeIeNeHU: CUIl Peakluil, KOTOPbIe UCILITHIBAET TBEPIOE
TeJN0 CO CTOPOHBLI CBOMX TOYEK OINOpHI, eclid K HeMy IpUJIOKeHa cucTema
CUJI, He HaXOAALIMXCA B PaBHOBECUHU ADPYT € APYTOM.

OTBeT Ha B3TOT BONPOC MbI NOXYUUM,
eclid NpoBeleM OTPE30K, 3aMbIKaloMmUil Jo-
MaHyl JuHHIO (10 HPEeANOJOMKEHUI0, He3a-
MKHYTYIO), COCTaBIEHHYIO M3 BEKTODOB CHII
Fy, Fy,..., F,, BXoAAmNKX B Hally CHUCTe-
My. JTOT 3aMbIKalOMIUil OTPE30K MbI MpO-
BelleM [Ba[Jbl: Kak B HampaBieHUUu 00X0-
Ia cuioBoro MHoroyronsHuka (cuina F,, 1 Ha
puc. 41), Tak U B NPOMUBONOAOKHHOM HANPAS- Puc. 41. IocTpoeHne paBHO-
aenuu (paBHoJelicTByoman cuia F,), mpu- feiicTByomeii ciIbl B crydae
yeM, OUeBUHO, TpUGaBiIeHe 3TUX ABYX paB- HE3aMKHYTOr0 MHOTOYTO/b-
HBIX U [POTHBOIIOJOM#HO HANpaBJEHHbIX cuj HHUKa CHI
HUKaK He U3MEHUT JeficTBUA 3aJaHHOM CUCTe-

MbI cul. MbI MONy4YuM 3aMKHYThI# cuiloBoif MHOTOyroabHUK Fqp,..., Fj 44
U oquHOUYHYIO cuiy F,, KoTopble BMecTe B3AThbIe YKBUBAaNEHTHBI NIepBOHA-
yanbHOMY MHoroyroabHukry Fi, ..., F,. Ho tak kak cunet Fq, ..., F 44

06pa3yIoT cucTeMY ypaBHOBEUINBAOIUX APYT ApPYyra CHI U MOTOMY MOT'YT
ObITb OTOPOIIEHBI, TO y#e ojHa cula F,. BronHe SKBUBajeHTHA Bcell 3ajaH-

Hoit cucteme cun Fq, ..., F,,. Takum obpasom,
n
F, = Z | (23.3)
k=1

ToyHO TaKkoe e paccysJeHHE MOMHO NPUBECTH U B OTHOLIEHUU He-
3aMKHYTOT0 MHOIOyrojJlbHUKa MOMEHTOB. Torga mojly4yuM paBHOJEHCT-
Bytomuii MoMeHT M,, 3KBUBaJeHTHBbIN Bceil 3agaHHOI cHCTeMe MOMEH-
ToB My, My, ..., M,:

M, = Z M. (23.4)
k=1

3aMeTuM, 4TO HUUTO He MPENnATCTBYeT HaAM NPUIOMKHUTb PaBHOAEHCTBYIO-
mywo cuny F,, Kak 3To nokasaHo Ha puc. 41, kK Touke O, OTHOCUTEIbHO
KOTOPO}1 6epyTca MoMeHTHI M,.!.

13Ty Touky O yacTo Ha3bIBAlOT LIEHTPOM NMPHUBEJEHHA CHCTeMbl cuil. QueBUIHO, ee
MOKHO BbIGpaTh BIOJHE NpousBoibHo. ([Ipum. ped.)
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3. HU3meHeHNe TOYKH oTcueTa

VYpaBHenue (23.3) HemocpeJCTBEHHO MOKA3bIBAET, YTO PABHOJEHCTBYIO-
mwan cuna F, He 3aBucUT oT BbiGopa Touku oTcuera O. Ecau F!. o3Hauaer
pPaBHOJENCTBYIONIYIO CUITY, COOTBETCTBYIOLIYIO BbIOOPY APYTroil TOUKM OT-
cuera O', 10

F, =F,. (23.5)

T

C opyroit cTOpPOHBI, 0 aHaioruu ¢ ypasHenueMm (23.4), umeem (M) — pas-
HOIENCTBYIOMUA MOMEHT OTHOCUTENbHO ToukU O'):

M, = Mj, rze Mj = [r,Fy. (23.6)

3pechb rj, — pajuyc-BeKTOp, NPoBeleHHbINH U3 Toukd O’ B TOYKY NpHUIIO-
menua Py, cunbl Fy. Eciu 0603HauuTh Yepe3 a BEKTOp, MPOBEJEHHbBIH OT
touku O’ & Toure O, To

I';c =a-+rg, M;c = [aFk] + [I‘ka] = [aFk] + M;y,. (23.68)

CrnenoBaTelibHO,

M, =) [aFi]+ Y M =[a) Fi]+M,. (23.66)

CoruacHo ypaBHenuio (23.3), umeem:

[a) Fy] =[aF,].
Tarum 06pa30M, HCKOMO€ COOTHOIlIeHe UMeeT BU
M. = M, + [aF,]. (23.7)

4. CpaBHeHne KHHeMaTHUKU CO cTaTUKOI

Kak yme oTMeuanoch B CBA3U ¢ ypaBHeHueM (22.2), B KHHeMaTHUKe
yTrioBasA CKOPOCTh BpallleHUA w He 3aBUCUT, @ CKOPOCTb MOCTYNAaTENbHOI0
IOBUKEHHUA U 3aBHCHUT OT BblGopa Hauamta oTcyeTa. Hmeem:

w=w (23.8)
u, coraacHo gpopmyine (22.7), monaraa v=u' ur = a,

u = u+ [wal. (23.9)
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Jdra ¢opmyna MMeeT TaKoil e BUJ, KaK W NpelIIeCTBYIOlIee ypaBHe-
Hue (23.7) (c TOYHOCTHIO [0 MOPAAKA COMHOMKHUTENEH B COOTBETCTBYIOMIMX
BEKTOPHBIX MpousBeeHusnx). TakuM o6pazoM, IpMHUMAaA BO BHUMaHNE Tak-
#e cooTHoweHuA (23.5) u (23.8), IpUXOAUM K yAUBUTENbHONH 06paTUMOCTH
ypPaBHEHHH CTaTHKM U KHHEMaTHKH; ee MOMKHO

BLIPA3UTh NPUBOJAUMON Hue cxemoii. Jta «me-  F, M,
peKpecTHaA» 06PaTUMOCThL COXPAHAET CUILY TaK-

#e U JJIAl IOHATHH (Iapa CHI» M «rapa yTIoBbIX

CKOpOCTE».
Hllpll cua ABJAETCA OCHOBHBIM IIOHATHEM
ajleMeHTapHoO# cTaTuku. Rak M3BecTHO, Mo ma- u @
pOﬁ CUJI IOHUMaAIOT ABe€ MapalljieJIbHble IPOTUBO- / \
IIOJIO}KHO HAallpaBJ/IEHHbIE€ CHUJIbI :l:F, JUHUU [eif- 3asucur He 3aBucur

CTBUA KOTOPBIX HAXOJATCA HA KOHEUHOM PaccTo-
AHuu | apyr ot apyra. IlpuBeneHue Takoil mapbl
CUJ, HAallOJHEHHOE N0 NPaBUIy pasjeia 2 HacTo-
Ailero naparpada, gaet:

Or HayaJja oTcyeTa

F,=0, M,=M, |M|=|F|l, (23.10)

npuyeM BeKTOp MoMeHTa MM HampaBieH MO NePHeHAUKYAAPY K IIOCKOCTHU
napsl cui. Ho B To BpeMA Kar NpeHUN paBHOAelcTBY0OmUl MoMeHT M,
Obln «IpuUBA3aH» K Touke orcuera (), Tenepb MoMeHT M He 3aBUCUT OT
NI0JIOEHNUA TOUYKM OTcYeTa U MOKeT COBEpIIEeHHO ¢cBOOOJHO NepeMellaTbea
B NIPOCTPaHCTBe mapaiielbHo camoMmy cebe. TaruM obpasom, Jio6ble 1Be
napsl CUJ CKJIaAbIBAIOTCA [IyTEM BEKTOPHOI'O CJIOEHUA UX MOMEHTOB U [Ja-
I0T NIPU 3TOM TpeThIO Napy CWUJ; JBe Iapbl CUJI ¢ PaBHbIMH, HO IPOTUBO-
MOJIOAHBIMH 110 HANlpaBJeHUIO MOMEHTaMH, JelcTBYIolNe B napalielbHbIX
NJ0CKOCTAX, B3aUMHO ypaBHOBENINBAaIOTCA U T. 1.

Crnenyd «mepeKpecTHOl» 06paTUMOCTHU, BbIpasiaeMoil Hallleil cXeMoii,
MBI IOHUMaeM MOJ Nnapol Yy2A06blx cKopocmell I1Be paBHble, HO IPOTHUBOIO-
JOKHO HalpaBleHHble YTIIIOBble CKOPOCTHU BpallleHuA tw, IpuYeM COOTBeT-
CTBYIOIIIME OCH BpallleHUA paclojoKeHbl NapalielbHo Ha pacCTOAHUHU | IpyT
oT gpyra. [IpuBeneHue Takoit Hapbl yTiI0OBbIX CKOPOCTEl 110 IPaBUIY CIOHE-
HudA (22.5) gaet pesylbTUPYIOMYIO YTIOBYIO CKOPOCThL BpameHud w, = 0.
Takum oGpasom, Hamla napa YTJIOBBIX CKOpPOCTeil cooOliaeT Tely yucmoe
nocmynameavHoe 0suiceHue N0 TePNEHIUKYINAPY K IJIOCKOCTH, IPOXOJA-
meil yepe3 o6e ocu BpameHuA. CKOPOCTh 3TOTr0 MOCTYNATENbLHOIO JIBHHKE-
HUA MOKHO JIET'KO ONPEeNeNuThb, a uMeHHO: |u| = wl. Takum o6pa3om, 31ech
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¥MeeTcA NoiHaA aHanorusa ¢ opmyinamu (23.10) B cMmbicie coGiioneHuA
Hallell «mepekpecTHO» cxeMbl obpaiieHua. Ho B To BpeMA Kak NpemHAA
CKOpPOCTb U 3aBucela OT BbiGopa Hayana oTcueta (), CKOPOCTb U, DKBU-
BalleHTHasA Iape YIJOBbIX CKOpOCTell, COBEepIIEHHO He 3aBUCUT OT BbIGopa
Touku O U MOET NMPOU3BOJLHO IEPEMEIATLCA B IPOCTPAHCTBE Mapallielb-
Ho camoii ce6e. I3 aToro ganee cienyeT: [Be NPOU3BOILHO PACIOIOMHKEHHBIE
napbl YIJIOBbIX CKOPOCTel CKJaAbIBalOTCA BEKTOPHO, KAK U CKOPOCTHU U CO-
OTBETCTBYIOI[UX UM MNOCTyNATeNbHBIX ABUKEHUIl; JBE Mapbl yTIOBBIX CKO-
pocTeil ¢ paBHBIMU, HO TPOTHBOIOJIO#HO HalpaBIeHHbLIMU MOMeHTaMu +wl,
pacrolio;keHHbIe B MapaljlelbHbIX MIIOCKOCTAX, B3aUMHO YPaBHOBEIINBAIOT-
cA U T.[.

JOBABJEHHE: O JHHAMAX H BUHTAX

Tak wak, coraacHo ¢opmyne (23.7), M, 3aBUCHUT OT BbIGOpa TOUKH
oTcyeTa, OTHOCUTENbHO KOTOPOH 3TOT MOMEHT paccMaTpuBaeTcs, TO Liele-
coo6pasHo BeIGpath 3Ty Touky (O') Tar, urobnl BekTopelt M, u F, Gbuin
napajielbHbl APYT Apyry. B aToMm ciydae roBopAT, UTO cucTeMa CUJ MpU-
BeJleHa K JuHame, T.e. K COBOKYITHOCTH PaBHOJEHCTBYIOIIEll CUIbI U JelcT-
BYIOIIETO «BOKPYT» 3TON CUJIbI MOMEHTA (3TOT MOMEHT SKBHBANEHTEH Mape
CHII, IJIOCKOCTh KOTOPOil NMepleHJMKYyIApHA K PaBHOAEACTBYIOIIEN cuie).
Hexona us npousBoibHOM ToukY oTcyeTa (), HaXoAuM mnoioxenue Touku O,
HeoOXxoQuMoe 1A [pUBeJEeHUA CHUCTeMbl K JuHaMme, clelyomuM obpa3om:
B ypaBHeHuu (23.7) pasnomuM MoMeHT M, Ha IBe ciaraiomue: M, na-
pannenasnyio F,, u M,,, nepnenauryiapuyio F,; nanee, onpenenseM a u3s
ycioBusd

M, = —[aF,]. (23.11)

Torga ana Touku orcuera (', coraacHo cooTHomweHuAMm (23.5) u (23.7),
MOy YU M:

F.=F,, M.=M,|F,,

s

KaKk W JOMHHO ObITh B ciyyae guHambl. U3 ycioBusa (23.11) caepyer, uto
1A HONyYeHUA JUHAMbI HY#{HO NEPeJBUHYTh TOUKYy oTcuera () nepreHu-
KynsapHo K BekTopam F, u M, Ha oTpe3ok

M
F,
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CoBepllleHHO aHaJOTMYHOe paccy:#ieHue, B MOJHOM cOrJacuu C Halleit
cxemoii obpaleHuaA, IPUBOJUT HAcC K MOHATHIO suHma. Mcxona us ypaBHe-
HuA (23.9), pasnoKUM CKOPOCTb U Ha [Be claramliue: U,, napalielbHyio
BEKTOPY W, U Uy, NePNEeHINKYIAPHYIO K w. OnpeaengeM Heo6XoguMoe cMe-
neHre a Havyana otcyera O U3 ycloBud

u, = —[wal (23.12)

U, coraacHo gopmyiam (23.8) u (23.9), noimyyaeMm JiiA HOBOrO Havala OT-
cuera O:
w=w, u=u|w, (23.13)

4TO AefCTBUTENbHO COOTBETCTBYeT BUHTY. U3 ypaBHenusa (23.12) cmeny-
eT, UTO [Jd NpUBeleHUA NBUKEHUA K BUHTY HYKHO NepeJBUHYThL Haydalo
oTcueta () MepNeHIUKYIAPHO K W U U, HA ONpeJeleHHbI OTPE30K a.

Kar HU npuBileraTelbHO NpejcTaBleHNe CUCTEMbI CUI U  JBUMEHUI
¢ [OMOLILIO JUHAaMbl U BUHTAa, BCe e OHO He HMMeeT OOJbLIOro NMpPaKTH-
YeCKOro 3HauyeHUdA IPU M3yUYEHUU clelUalbHbIX BOIIPOCOB BpallaTelbHOI0
IOBUEHUA; I03TOMY Mbl U yNOMHHaeM 00 3TUX NOHATUAX EIUIIb B BUJE
mobaBieHUA.

§24. UMIIYJIBC 1 MOMEHT UMIIYJIBCA
TBEPJIOTO TEJA. UX CBA3b
CO CROPOCTBIO ITIOCTYIIATEJBHOTI'O
U BPAIIIATEJIBHOTO IBUMEHUN

IIpencraBum cebe, 4TO TBepAOMY Tely CcOOOLIEHbI UMIYJbC MOCTYyIa-
TENBHOr0 JBUMEHUA (OAUHOUHBIA MMIYIbC, BO30YHIEHHE TOMYKOM) U MM-
IyJbC BpalaTelbHOro IBHMEeHUA (MOMEHT UMILYJbCa, BpallaTelbHbIi HM-
nyiabc). IlocrynaTensbuslit umnyiabe o6o3HauuM vepe3 G, BpaulaTeabHbIH
uMmnyiabe — 4yepe3 N. Umnynbc G BbIUMCIUM Kak CyMMY BceX 3jleMeHTap-
HBIX UMIYJIbCOB dg = Vv dm; clieioBaTenbHo,

G= /dg: /vdm. (24.1)

Hone3ysacs ypaBHenuem (22.7), nomrydyaem:

G:u/dm+[w/rdm]
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uiu, BBOAA paaunyc-Bektop R, mpoBeneHHbIit u3 Touku O B HEHTP TAMKECTH
[cp. (22.11a)],
G = mu + m[wR)]. (24.2)

B yacTHOCTH, €cii cOBMeCTUTDb Hauajo oTcuera O ¢ HEHTPOM TAMECTH S,
To R=0wu
G = mu. (24.3)

C Opyroit cTopoHbl, MOMEHT UMIyldbca N TBepAOro Tela paBeH cCyMMe
MOMEHTOB BCeX 3JIEMEHTapHbIX HMILYJIbCOB OTHOCHUTEIbHO 06Iero Havajia
otcueta (0. Takum o6pasom,

N = /[rdg] = /dm[rv]. (24.4)

OTciona, npyHUMasA Bo BHUMaHHe cooTHomeHudA (22.7) u (22.11a), umeem:

N = / dm[ru]+/ dm|r{wr]] :m[Ru]+/[r[wr]] dm. (24.5)

IlepBoe cnaraemoe obGpainaeTcAd B Hylb Kak npu coBnagenuu touek O u S,
Tak ¥ npu u = (, Tak YTO [JIA ATUX JBYX CIydyaeB MOMEHT UMIyJbca paBeH

N:/dm[r[wr]]. (24.6)

)IIIH HarJAaAgHOro nmpeacTaBjJeHUA 9TOro MHTerpaga BOCIOJAb3yeMCA U3-
B€CTHBIM COOTHOIIEHHEM BeKTOpHOfI anreﬁpbl

[A[BC]] = B(AC) — C(AB), (24.7)

KOTOpOe CIpaBe/IuBo 114 1060it Tpoiiku BekTopoB A, B, C. B Hamewm ciy-
yae
[r[wr]] = wr? — r(wr)

U, clefoBaTelbHO, HAIPUMeED,

N, = /[r[wr]]w olm:w;c/(.z'2 +y? +2%) dm —

—ww/wzdm—wy/xydm—wz/xzdm.

(24.8)
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BBoasa MOMeHTHI HHEPINH U POU3BENEHUA UHEPINH, B COOTBETCTBUHU C UX
onpepenenuamMu (22.12a), MoxeM HamucaThb:

N = Ogpwy — Gmywy - Og,w;,
Ny = —0Oywy + Oyywy — Oy w,, (24.9)
N, = —0,,w, — ®zywy + 0w,

TakuMm o6pa3oM, MbI IPHUILIH K JHHEIHON 3aBUCUMOCTYU MekAy duHamuiec-
kum eexkmopom N U KuHemamuieckum 6eKmopom w, IpuYeM 3Ta ITUHeHHAA
3aBUCHMOCTb XapakTepusyercs mensoposn O [cp. ompenenenue (22.136)];
no3TomMy roBopAT: N ecTh «inHellHaA BeKTopHad GyHKIUA» OT w. Takue
JuHeliHble BEKTOpPHbIe (QYHKIMU UTI'PAIOT BaKHYIO PONb BO BceX pasjenax
TEH30PHOI'0 UCYUCIEHUA, 0COOEHHO B TEOPUU YHPYTOCTH.

YpaBuenuam (24.9) MoKHO IpUIaTh 3aMedaTelbHYIO HOPMY, ecin uc-
N0J1b30BaTh BbIpameHne (22.126) nnA KMHETHYECKOW SHEPrUMM BpalleHHUA.
HNwmenHno,

8Tspar.u.

N’i = 8(411 9

i=, Y, 2. (24.10)
Mb! 3ameudaeM gailee, YTO TO BbIpaskeHUe CIIpaBeAIMBO He TOJNLKO IIPH COB-
najeHNy LeHTpa TAmecTH S U Havama orcuera O wimm mpu u = 0, T.e.
B clydafiX, JJA KOTOPbIX BbIBeJeHbl ypaBHeHUA (24.9), HO TaKie M IpH
n060M nonoxeHun Touku O. B 3ToM cilyuyae Hy#HO TOIbKO TONOIHUTD BbI-
paenue (22.126) 018 Typam. BbIpaenuem (22.11) gaa T, Gnarogapsa yemy
B IpaBoii yacTu cooTHomeHunA (24.10) npubaBuTcA uneH Buaa

oT, .
Tor m[Ru;.

Ho 3T0 TOT e caMbIii 10OaBOUHBI YieH, KOTOPBIN BXOAKUT B NPaBylO 4acThb
Boipasenud (24.5) naa N, ecnu Touku O u S He coBnagamoT. Tak Kak moi-
HafA KUHeTHuecKad dHeprua T' oranvaercd oT Tgppay. + Ty TONbKO criarae-
MbIM Tocr., HE 3aBHCAIMMM OT w [cp. dopmyisl (22.9) u (22.10)], To cooTHO-
wenus (24.10) Mo HO 0606IUTE, TPUYEM HOBbIE 060GIEHHbIE COOTHOIIEHUA
OyaoyT clnpaBemJuBbI AIA 4106020 noaoxcerus Touku O:

N, = 9T

Do’ i=x,y, 2. (24.10a)
7
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To e caMoe cnpaBeJIMBO U IJIf UMIYJIbCa NOCTYNATEILHOTO IBUHE-
uua G, Kak U [1iA BpamareiabHoro ummyiabca N. Yrobbl cpasy me pac-
cMOTpeTh OOmIMH ciydail, korga Toukd O u S He coBnajaioT, o6pasyem
¢ momotisio dpopmyn (22.9), (22.10) u (22.11) npousBoAHYIO

oT
8ui

= mu; + m[wR];,

4TO coBmajaeT ¢ ypaBHeHueMm (24.2) nasa umnynbca G. Takum oGpasom,
nojfy4yaeM COOTHOIIEHHE, BIONHE aHANOTH4YHOe cooTHoimeHuo (24.10a):

or .
= = ) 24.11
G’L 8u1/’ ? "B? y5 z ( )

Hamu ypaBHenusa (24.10a) u (24.11) aABnA0TCA 4acTHBIMHU CIy4as-
MU ropasjo Golee OOIIMX COOTHOIIEHUH, CBA3BIBAIONIMX 0GOOIIEHHbIE M-
yJbchbl ¢ 0600MEHHBIME CKOpocTAMU. Ho 3T0 MbI MO#eM IOKa3aThb JHIIb
B ri. VI, §36. Teneph HaM BamHO BBIACHUTH T'€OMETPUUYECKOE TOJIKOBa-
Hue ypaBuenuii (24.10). Peub uger 3gech o 3uamenutom nocmpoenuu Ily-
anco: no 3a0anHOll OCU 6PAULEHUA W HAMU HANpPAGAEHUE GeKmopa MO-
menma umnyavca N. CoGCTBEHHO IOBOPA, 3TO MOCTPOEHHE He OrpaHMuu-
BaeTCA cilydyaeM TBepJOro Tela; ero Bcerhga MO#HO NPUMEHATh B TOM
ciyyae, Korja MMeIOT [el0 ¢ CHMMMETPUUYHBIM TEH30pPOM; HM300pamkaroT
STOT TEH30P TEH30PHOIl MOBEPXHOCTbIO BTOPOrO MOPANKA M HAXOMAT JHU-
HEHHYI0O BEKTOPHYIO (YHKIHIO, ¢ KOTOPOH COIMOCTaBIAETCA 3TOT TEH-
30p.

[pasuio Ilyanco raacuT: us neaTpa O 3IUIAINICOUTA HHEPIIUU HYHHO OT-
JOMUTH BEKTOP YIIIOBOI CKOPOCTH w U B TOUKE €ro NepeceyeHus ¢ JIUICOo-
UJIOM IIPOBECTH KacaTelbHYIO INIOCKOCTh K IocaendeMy. Ilepnenaukyasp,
ONyIeHHbI U3 IeHTpa JJUIMICOMAA Ha 3Ty IUIOCKOCTh, M JAcT Hampabie-
HMe BeKTopa MoMeHTa uMmnyiabca N. A mokaszaTenbcTBa NPaBUILHOCTH
HTOr0 MOCTPOEHUA CliedyeT TOJAbKO BCIOMHUTD, YTO JIA OGO OBEPXHOC-
ta f(&,1m,() = const HampaBIAOIME KOCHHYChl HOPMald K KacaTelbHOM
NPOIOPLIUOHANbHBI TIPOM3BOJHLIM

of of Of

% o (24.12)
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B namewm cayuae f(&,71,() = const ectb ypaBHenue (22.15) smnuncouna
WHEPIWH, U NPOU3BoAHbIe GyHKIUU f mo &, 1, ( OefiCTBUTENbHO NPOMOp-
MOHANbHLI ciaramuM Bektopa N, onpenenseMbiM ypaBHenuamu (24.9).

MoskHo Tak:#e ckasaThb: noctpoeHue IlyaHco ABnAeTcA HemocpeaCcTBEH-
HBIM [eOMeTPUYEeCKUM MpecTaBleHreM Hamux ypaBHenuii (24.10), Tak kax
NOBEPXHOCTD 3JIKIICOMa WHEPIUH IO CYIEeCTBY TOMIECTBEHHA C MOBEPX-
HOCTbIO

Tspam. = const.

Puc. 42a, 6 cOOTBETCTBYIOT CIyYalo CUMMEMPULHO20 JILIUIICOUA UHED-
WU, AJA KOTOPOTO0 BEKTOpPhl w U IN HaXOOUTCA B OJHON M TOUH e IJIOC-
KOCTH, IIPOXOAALIEil Yepe3 ero och CUMMETpPUH («0Ch GUrYPBI»); KacaTelb-
Haf MJI0CKOCTb MOMeT ObITh M03TOMY IIpejcTaBleHa NPAMOi, KacaTelbHOi

K J9JUIMIICY OCeBOI'o CedYeHHUAH. B CIIy-

yae yIJIMHEHHOTO /UIMICOKMAA Bpalle- F

N
HuA (puc. 426) Bektop N u och dury-
pel F' nemaT Mo pasHble CTOPOHBI OT o
BEKTOpa w, a B Cilydyae CILIIOCHYTOrO >
sanuncouna Bpamenud (puc. 42a) Bex- ’

Top N nemut memay ocbio F' u Bek-
TopoM w. ['paduueckroe nzobpasseHnue
IJA clydad TPEXOCHOr'o 3IUIUINCOUJA a
HUHepuUH 6ojiee CIOMHO.

Puc. 42. IlocTpoenue Ilyanco niaa Ha-
B sakmioyenye moguepkHeM, YTo XOKJEHUA OTHOCUTEILHOr0 IO0J0HKe-
COOTHOLIEHUS, PACCMOTPEHHbIE B 9TOM gy MrHOBEHHOH OCH BpalleHHA w
naparpage, Mo CYyI[eCTBY, ABIAKOT- y MoMeHdTa uMmyibca N B clIydae
cA He 4YeM WHbIM, KaK HbIOMOHO6- CILIIOCHYTOr0 W YIJIWHEHHOIO 3IIUIM-
CKUM oOllpeJelleHueM, IpPUMEHEeHHbIM COHJa UHEPIHUHU
K TBepaoMy Teiay (cp. cTp. 12): «xo-
JMYeCTBO IBUMEHUA €CTb Mepa TaKoro, ycTaHaBluBaeMasf IPOIOPLUO-
HallbHO CKOPOCTH M KOJMYECTBY MaTepuuy». Hamu TenepemHue ypaBHe-
HUAl OKas3aluCb 3HAUUTEIbHO CJO{HEe COOTHOLUIEHHUA MEAYy HMIYJIbCOM
U CKOPOCTBbIO MAJA OJHOW U TOH ke MaTepualbHOl TOYKHM TOJNLKO IIO-
TOMY, UTO B MeXaHUKe TOUYKU «KOJIMYEeCTBO MaTepuu», T.e. Macca, ecThb
cKaaap, a B cilyvyae TBepJoro Tejla MOMEHTbl MHeEpPUUU 006pasyloT meH-
30p.
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§25. ITHHAMHKA TBEPJIOT'0 TEJIA. OBIIIUI
OB30P PA3JIMYHBIX BUI0B I1BUAEHUA
TBEPIOI'O TEJTA

CnepBa paccMOTpPUM Telo, CBOGOJHO ABUKYIEeCH B IIPOCTPAHCTBE.
IlomecTuMm Hauano oTcueTa B HEHTP TAMECTH Tela U NPUBEAEM K HEMY
IPUJIOMKEHHbIE K Tely CUJIbI COrIacHO yKasaHuIo, cienaHHoMy B § 23. Toraa
BCA CHUCTeMa CUll, JeHCTBYIONIUX Ha Telo, CBeJeTCcA K paBHOJeHCTBYIOMIeH
cute F u ® pesyabrupyiomemy (raaBHomy) momenty M. CoraacHo §13,
YPaBHEHUA [BHMEHUA TBEPAOro Tejla NPUMYT (GOPMY «3aKOHA JBUMKEHHA
IIeHTpa TAMECTU» U «3aKOHa ILIoaaeiiy:

G =TF, (25.1)
N =M. (25.2)

Tak Kak TBepjoe Tel0 MMeeT TOIbKO HMIECTb CTeleHedl CBOGOMbI, TO ITHX
IBYX BEKTOPHBIX YPABHEHUI JOCTATOUHO [JIA MOJHOTO ONUCAHUA COCTOAHUA
ero JBUMEHMA.

Ecan cuna F He 3aBHCHT OT YIIOBOH CKOPOCTH, @ MOMEHT M — oT
CKOPOCTH MOCTYNATENLHOr0 ABUKEHHUA, TO ypaBHeHus (25.1) u (25.2) mom-
HO paccMaTpuBaTh He3aBMCUMO ApYT OT Apyra. B GamnucTuke, HampuMmep,
3TO He UMeeT MecTa. B ciyuyae e, Koraa Takoe pasjelbHoe pacCMOTpeHNe
3TUX JBYX YpaBHEHUH [NOMycTHMO, ypaBHeHHue (25.1) cooTBeTCTBYeT Ipoc-
TO 3ajlaye U3 MEXaHUKU TOUYKH, a ypaBHeHue (25.2) — 3agaue o BpalleHUN
TBEPOro Tejla BOKPYT HENOJBUAHON TOUKM WU, Kopode, sadaye o deudice-
HUL 60AYKA.

MuI 3afiMeMcA paccMOTpeHUeM, TIaBHBIM 06pa3oM, MocjaeqHel U3 3TUX
3agad. [Ipu ynoMAaHyTOM BbIGOpe Havaja oTcueTa Mbl MO#EM He IPUHUMATh
BO BHUMAaHUE CUIY TAMECTH, TAK KaKk OHA He 1aeT MOMEHTAa OTHOCHUTEIbHO
neHTpa TAMecTd. Eciu Mbl npeHe6peseM Tak:e CONPOTUBIEHNEM BO3LyXa,
TPEHHeM U T. [I., To OGyJeM MMeTh [ejo ¢ 3ajadeil 0 JBUAEHUM CBOGOIHOIO
BOMYKa. ATy 3alauy MbI pacCMOTPUM B paszjeiax 1-3. Boiuok B kapaaHoBom
noJBece Tak#e OyleT CBOOGOAHLIM BOJYKOM, €Cid Mbl BIpaBe IpeHeGpeub
Maccoii MOoJBECHBIX KOJell 0 CPaBHEeHHIO ¢ Maccoil MaxoBuuka. B mpoTus-
HOM cllyuyae Mbl UMenu Obl JIell0 ¢ 3amaueii O IBUKEHUHU Teja ¢ NATHIO CTe-
NeHAMHU cBOOObI, TOra KaKk B 3alayax O IBMKEHUHU BONYKA, KOTOPbIE MbI
¥MeeM B BUJY, YHCIO CTeneHel ¢cBoOOAbI PABHO TPEM.
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Msb1 paccMOTpUM, OJHAKO, U BpallleHue BOKPYT HEMOJBU#HON TOYKH,
He CoBMNajalolleil ¢ IeHTPOM THAxkecTU. B 3ToM ciydae cieqyer, Kak oTMe-
YyeHOo Ha cTp. 162, BRIGpaTh 3Ty HENOJABUHHYIO TOURY 3a Hauaio orcyeta O
U BBECTH MOMEHT cuibl TAxkecTu M oTHOCUTenbHO 3Toit Touku. Torga Mbl
TrOBOPUM O TAMEIOM BOAYKe. ITOT BUJ BOJNUKA paccMaTpuBaeTcA B pasfe-
nax 4 u 5.

Onnako nojiHOe aHaTMTUYeCKOe pacCMOTpeHue IBUMEeHUA cBOOOJHOI0
BOJIYKA MBI OTJIOMUM [0 Cledylollero naparpada, rie BocHolb3yeMcad HO-
BbIM BCIIOMOT'aTelbHBIM CpPeACTBOM — ypasHeruamu Jiaepa. IlonHoe e
paccMOTpeHNe 3aKOHOB [IBHKEHUA TAMEIOro BOMUYKa, IOCKOJIbKY OHO BOOG-
(e BO3MO#HO, MbI JJOJ#HbBI OTIOMUTH dame 10 § 35, 4To6bI UMETh BO3MO-
HOCTb BOCIIOJIb30BaThCA TAKUM MOIIHBIM CPEICTBOM, KaK 00lIie YypaBHEHUA
Jlarpan:xa.

B cayuae ce0600no20 60auka u3 ypaBHeHus (25.2) cienyet

N=0.
JdTo ypaBHeHHe HeMe[JIeHHO UHTEerPUPYETCA U J1aet:
N = const. (25.3)

,H.TIH cB0OOJHOI0 BOJTUKA MOMEHT HMIIyJbCa M0 BeJW4YWHEe N HallpaBJIeHUIO
B IIPOCTpaHCTBe IIOCTOAHEH. JTa TeopeMa BIIOJIHE COOTBETCTBYET 3aKOHY
HHepOuun PaJII/IJIeH, OJHaKO OHa He NIpUBOAUT K TaKUM IIPOCTBIM 3aRJIIOYCHU-
AM OTHOCHUTEJBbHO CKOPOCTH U NOJIOKEHUA B [IPOCTPAHCTBE, KAK 3TOT 3aKOH.

1. CBo6oaHbIii IapoBOii BOJYOK

Tonbko B 4yacTHOM ciydae, KOrja 3JUIMICOU] WHEPUHUH IIpeBpallaeTcA
B map, u3 ypaBuenuad N = Qw cienyet, uto npu N = const u w = const.
Ocb BpallleHHA HeolpefieJleHHO JOJIT0 COBIAafaeT ¢ HEeNMOJBUMHONU OChbIO MO-
MeHTa umnynbca. Ramgana Touka Tena, Kakyio Gbl BHEIIHIOIO GOPMY OHO HU
umeio (cp., Hanpumep, puc. 40B), ONUCHIBAET OKPYHHOCTb BOKPYT 3TOM 0CH
(c oavHaKOBOW AJA BCEro Tela yrioBoi CKOPOCTHIO).

2. CBo6oaHbIii cMMMeTPUYHBbIN BOJUYOK

B CllyJdae ¢BOOOIHOTO CUMMETPUYHOI'0 BOJIYKa YUCTOe BpallleHue nMeeT
MeCTO TOJBbKO Torga, Korga HallpaBJeHrue MOMEHTa UMITyJbCa N coBIiagaeT
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C OJHOI M3 riIaBHbIX Ocell, T.e. 1160 ¢ 0chbio GUTYPhI, A1U6O ¢ OAHOI U3 DKBa-
TopuanbHbIX oceit. O6ueit e GopMoil IBUMEHUA CUMMETPUUYHOTO BOIUYKA
fABlIfeTCA TaKk Ha3blBaemas pe2ynsipHas npeueccus.

_————a ]

Puc. 43. PerynsapHas npeneccud cBo60JHOI0 CHMMETPHUYHOI0 BOITYKA

IToAacHuM peryndpHyio npeneccuto npu nomomu puc. 43. Hemonsusx-
HyI0 B IPOCTPaHCTBe OCb MOMeHTa ummnyiabca N HanpaBUM BepTHKAIbHO
BBEpX; TOUKY MepecedyeHUA 3TOH OCU C MOBEPXHOCTHIO cepbl eAMHUYHO-
ro pajauyca, ONUCAaHHON BOKDPYT IIEHTPa 3/UIMICOUJA WHEPILUU, 0003HAUUM
yepe3 N. Touku nepeceueHUs MIHOBEHHOI ocU BpalleHUA U OCU PUTYpPBI
¢ 3Toil cdepoil o6o3HauuM vepe3d R u F. Tak Kar, coriacHo NOCTPOEHUIO
Ilyanco, 3Ty Tpu ocu JOMHBI JeaTh B MepUJUOHAILHOM MIOCKOCTH, IPO-
XopsAmeii yepe3 Touky F', To Hamu Tpu Touku IV, R u F' nexaT Ha OTHOM Me-
pHuANaHe, MPOXOAALIEM Yepe3 HeMOJBHMHYIO TOUKy IN; IJA ciydad CIUIIoC-
HYTOr0 3JUIMIICOUAa HHEPLIH, KOTOPBIA 3ech nmoapasymeBaetcA (puc. 42a),
Touka N HaxoauTcA Mexay Toukamu F' u R. MrHoBeHHOe [BuUskeHUe ABIA-
ercA BpaneHueM BokpyT ocu OR. Ilpu aTom Touka F' 1BUMEeTCA HOpMalbHO
K Ha3BaHHOMY MepHANaHy, IPpUYeM yTI0BOe PacCTOAHUE Mek ]y Toukamu F’
u N He usmMmensetrca. Takum o6pa3oM, MbI MOzkeM H300pa3uTb MT'HOBEHHOE
nepeMellleHne ToYkM F' B Bu/le KOPOTKON Jyru napaiieiy, ollcaHHOIl Bo-
kpyr ocu ON (cMm. cTpenry cieBa Ha puc. 43). CregoBaTelbHo, U Touka R
JON#HAa U3MEHUTDb CBOE MOJIOMEeHNe, 8 UMEHHO, TIePEMEeCTUTbCA TaK, YTOObI
Bce Tpu Toukd F';, N u R ocraBanucb Ha OJHOM MepuJuaHe, onpejesse-
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MOM Telepb HOBHIM mNojoxeHueM Touku F'. Ilpu aToMm yrioBoe pacctoAHue
Mexay ToukaMu N u R coxpaHfeTcH, HOCKOJIbKY OHO 3aaHO MOCTPOEHUEM
IIyanco. Takum o6pas3om, Touka R Takse ABHMETCA IO Oyre mnapasuieni,
onucanHoii BokpyT ocu ON (cM. cTpenry cnpaBa Ha puc. 43). OTHOCUTElb-
Hoe moiosieHne Touek F';, N u R Tenepb Takoe e, Kak U BHavane, Tak
YTO MbI MO#eM IOBTOPUThL Hamu paccyssjieHud. Wtar, e npocmpancmee
ocv guzypsl U 0Cb BPAULEHUA ONUCHIBAIOM KAHCOAs, U NPUMOM € NOCMOAHHOL
Y2080l CKOPOCMbIO, KPY2080L KOHYC 80KPY2 HENOJBUNCHOT OCU MOMEHMA UM-
nyasvca (3Ta yrioBasg CKOPOCTb MOCTOAHHa, IOTOMY YTO OHA ONpelesf-
eTcA BelIUYUHOU MoMeHTa ummyibca N U ero mosnoxeHueM OTHOCUTEIbHO
SIUTUIICONA MHEPLUUH BOIYKA). ITUM U YCTAHOBIEH XapakTep PerylfapHoii
Hpeleccuu.

To ke camoe cnpaBe[INBO, KOHEYHO, U B cllyyae MPOJOJITrOBaTOrO 3J-
JIUICON/a UHEePLUH, 1A KOTOPOro, OlHaKo, Touka R Haxoauiach ObI MeRIY
toukamu F' u N (puc. 426).

3. CBo6oagHbIii HECUMMETPUUHDbIH BOJYOK

PaccMoTpeHHY0 TONBKO 4TO GOPMY ABUMEHUA CUMMETPUYHOI0 BOTY-
Ka MOHO ObLIO ObI ONUCAThL KOpoYe (XOTH, OBITh MOMET, MeHee HaTJALHO).
lInsa sToro yepes KoHel BekTopa N MOMeHTa UMIyJlbca NPOBOIUM MepNEH-
AUKYIAPHO K HEMY «HEU3MEHAeMYIO mIockocThby & (cp. cTp. 99) u cTpoum
«JIANCOU] KUHETHYECKOI SHEpPrum» ¢ eHTPoM B Hauale BekTopa N, mo-
IOOOHBIN BIIUIICOUAY HHEPIUH U Kacawomuiica miockocTu E. Toura kacanus
ABIAETCA KOHIIOM BeKTOpa YTJOBOIl CKOPOCTH BpalleHUA w. MrHoBeHHOe
IOBUMEHNEe BONYKa COCTOUT BO BpAllleHUHU 3TOT0 BJIUINCOMAA BOKPYT w. [lpu
3TOM 3IUIMIICOM/ KATUTCA 6e3 CKOMbieHuA 1Mo miockoctd &.'Ecau snaun-
coun obiafaeT cuMMeTpueil BpallleHUA, TO KpUBad KaueHUA OyIeT OKpY:#-
HOCTbIO, ONUCAaHHON BOKPYT BekTopa IN; MO3TOMY KOHYC, OMKMCAHHBINA BEK-
TOPOM W, PABHO Kak U KOHYC, ONMCAHHBIH OCbI0 GUTyphl, OYIeT KpY208bLM
koHycom. Tarum 06pa3oM, MbI CHOBA IPHUILIH K PeryIApHOIi Npeleccun CUM-
MeTPUYHOI'0 BOJMYKA.

JTO e MNOCTpPOeHUEe NPUBOJUT HAC HENOCPEACTBEHHO K BBEIEHHO-
My IlyaHco mpeacTaBieHHIO CBOOOTHOTO JABUMKEHUA IMPOU3BOJIBLHOIO BONY-
Ka B clIyyae mpexocHo20 aaauncouda urepyuu. Iloqo6Ho 3ToOMy 3IIUICOUAY,

!Kauenune 6e3 CKONbHEHUA MOMHO ONpeJeIUTb KAk TaKoe KaueHHe, MPH KOTOPOM
M3MeHeHNe BeKTopa yri0BOH CKOPOCTH W MMeeT OJMHAKOBOe 3HAaYeHHe B HEMO/BHKHON
cucTeMe OTcUeTa M B CHCTeMe, CBA3aHHON ¢ TenoM. dTo yTBepsfeHHe OyfeT AoKasaHOo
HaMHU HeCKOIbKO mosze [cM. ypaBHeHue (26.8a)].



182 Tnasa IV

«3JIIUNICOU]] KUHETUUECKON DHEPrum» Mbl TaKiKe 3acTaBlifieM KaTUThCA MO
HenusaMeHfieMoil miockocTu & (cp. mpuMevaHue Ha 3Toi cTpanuue). OgHaKO
Telnepb KpUBafd KaueHUA ABIAETCA y#e He OKPYHHOCTBIO, 8 TPAHCIEHIeHT-
HOH KpUBOii, BooGIle roBopsA, He3aMKHYToil. PaBHbIM 06pa3oM U KOHYCBHI,
onuchkiBaeMble B IPOCTPAHCTBE OCbIO BpalleHUA U O0Chbl0 QUTYDHI, ABIAIOT-
cA TpaHCUEHJEHTHLIMM KOHycaMu. AHAIUTHUYECKOe PacCMOTpPeHUe JIBUKe-
HUA HECUMMETPUYHOTO BOIYKA, Jla#e B Clydyae OTCYTCTBUA BHEIIHUX CHUI,
NPUBOAUT K dtAunmuieckum unmeepaaam (cp. pasgen 3, §26), Torga rak
IpY pacCMOTPEHUU IBUAEHHUA CBOGOJAHOTO CHUMMETPUYHOTO BOJIYKA MOKHO
06OoHTHCh BNeMeHTapHbIMU (QyHKUUAMU. KoHeuHo, BpallleHUe BOKPYT Ka-
KOi-1160 M3 TpeX TJIaBHBIX OcCeil U B clydyae HECUMMETPUYHOI'0 BOJIYKA
XapaKkTepu3yeTcA MOCTOAHCTBOM HalpaBleHHA OCH BpallleHHA U YIJ0BOi
CKOPOCTH, a IOTOMY MOKeT ObITh MPEJCTaBIEHO B 31eMeHTapHbIX (QyHRIU-
AX.

4. TAmenblii cCUMMeTPHUUYHBII BOJIYOK

31ecb MbI He Oy/leM OCTaHaBJIMBATLCA OT/AEILHO Ha MIApOBOM BOJUKE,
TaK KaK pacCMOTPEHMeE ero JBUKEeHNA JIUIIb HEMHOT'UM IIpolile, YeM B CIIyYae
CUMMETPUYHOTO BOJYKA.

Y THMENOro cHMMETPUYHOrO BOJNYKa HemojBuiiHag Touka O (Touka
OIOpPBI 0 MOJACTABKY) He COBHAjaeT ¢ HEeHTPOM TaxecTd S (lemamuM Ha
ocu ¢urypsi); orpesok OS o6o3nauum uepes s. Beanunna mMomeHTa cUIbI
TAMECTU paBHa

|IM| = mgssind, (25.4)

rie depes ¢ 0003HAYEH YroJ Me1y BePTHKAIbIO U 0CbIO QUIYPHI BOIUKA.
Cam BekTOp MOoMeHTa M HampaBieH 10 HOPMalW K INIOCKOCTH, IPOXOAA-
el 4yepe3 BepTUKAIbHYIO JIUHHUIO U OCh (GUrYpbI BOIYKA, WIH, APYTUMU
CII0BaMH, 10 JUHUHU IepeceyeHUs TOPU30HTANLHON IOCKOCTH C 3KBATOPHU-
allbHOM IUIOCKOCTBIO BIIUINCOUAA UHEPUUH. JTY JINHUIO NepecedeHus 06o-
3HAYAIOT aCTPOHOMUYECKMM TEPMHUHOM «AuHUf y3aoer. (Ilo moBooy 3HAKOB
cM. cTp. 187-188.)

Tenepb y#e Helb3fl CTOIb NPOCTO MPOUHTErPUPOBAThL Obllee ypaBHe-
Hue (25.2), Kak 3To ObUIO B CIyYae OTCYTCTBUA BHEIIHUX CHUI [Cp. ypaBHe-
Hue (25.3)]; HanpoTHB, MOMeHT MMIyiabca N HelpepbIBHO H3MEHAETCH 10
3aKOHY

dN = M dt. (25.5)
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TakuM 06pa3oM, K MTHOBEHHOMY BEKTOPY MOMeHTa UMILyibca N BEKTOPHO
npubaBindeTcAd 6eckoHeYHO Maibiii BekTop M dt. [lpu 3TOM KOHell BeKTo-
pa N ngBumeTcA B HampaBleHUU MTHOBEHHOH IHUHUU Y3JOB, T.€. HepIeH-
OUKYJIAPHO K BepTURAIN U K ocu ¢urypsl. OTciofia cienyeT, UTo npoexyuu
sexmopa N Ha eepmukats u Ha ocb guzypvl ocmaomea nocmoanHstmu. 060-
3HauuM 06e 3TU MOCTOAHHbIE Yepe3

N = Ngepr. U N = Ngur. (25.6)

dTu aBe BeaMYUHLI 7 U N, KOTOpble MOT'YT GbITH 3aJaHbl MPOU3BOJILHO,
ABIAIOTCA IBYMA UHMEZPAUUOHHBLMU TLOCTOAHHBLMU YpAGHEHUL deuceHUA.

TpeTbeil MHTErpalvoOHHOW MOCTOAHHOM ABndgercA sHeprus W. Ilo-
CKONIbKY MOTeHIUalbHad SHepPruA BolYKa B I10J1€ TAMKECTH, B COOTBETCTBUU
¢ ypaBHenueMm (18.18), paBHa

V = mgscos, (25.6a)

nMeeM:

T + mgscosd = W. (25.7)

OaHako AJA TOro, 4ToObI C MOMOIbIO MOCTEJHUX COOTHOLIEHUH MOTy-
YUTh aHaAIUTHYECKOe BbIpaseHUe 3aKOHOB [IBUHEHUA TAMENOr0 CUMMET-
PUYHOI0 BOJTYKA, HE0OX0JUMO BbIPa3UTh KUHETHUYECKYIO dHepruto 1" u mpo-
€KUM MOMeHTa UMIyabca Nyepr. U Ngyur. Uepes noixoisiiue napaMeTpsl,
XapaKkTepusyIolie NoJ0}eHne BOMYKa (3M1epOoBbI YTibl), yTo Oy AeT caena-
Ho quib B §35. [Ipu aToM aHanuTHYecKoe NMpejcTaBleHNe BUMKEHUA CBe-
OeTcA K 2AAUNMUYeCKUM UHIMEeZPaALaM.

B yacTHOM ciyuyae 3TO aHaMTUTHYECKOe IpeJicTaBlIeHNe OMUChIBAET pe-
r'yJfApHYIO IpelleccUio BoI4YKa, KoTopad Tellepb, OJHAKO, He ABAeTcA obuieit
¢dbopMoii ABUMEHHUA, KaKk ObLIO B cliydyae cBOOOIHOI0 BOJAYKA, a MOJNy4vaeTcA
TONBKO A clleqUalbHO nojoOpaHHbIX 3HaveHuit n, N u W. Yame Bcero
HabirogaeMas mpu OObBIYHOM «BO30YMIEHHUM» THAMENIOr0 BOJYKA Ipeleccus
ABIAETCA TOJNbKO [0 BUAUMOCTH PEryJfApHOIl; ee Ha3bIBAIOT ncesdopezyanp-
Hot npeueccueil. Yucmoe epaujeHue 60Kpyz 6epmMuKd.AbHO PACIOIOKEHHON
ocu GUTyphl Takme ABIAETCA, U NPUTOM HpH M0G0 YrioBoil CKOPOCTH,
BO3MO#HO# (YyCTONYMBOIA MM HEYCTONYUBON) HOPMOIl JBUMEHUA.

Jlo cux mop MbI paccMaTpHUBald TONbKO ypaBHeHNEe MOMeHTa UMIYJb-
ca (25.2). HaMm Hy#HO, OHAKO, KOCHYThCA TaKe M ypPaBHEHUA MMIYJb-
ca (25.1). B npaBoit yacTu 3TOro ypaBHEHUA CTOMT IPUJIOKEHHAA K HENo-
nBumHON Touke O cuna F, ABnfAomanca peaknueil noacTaBKku; Ha30BEM ee
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onopHoii cunoit Fy,. NaMeHenue uMIylbca, cToANlee B J€BOH 4acTU ypaB-
nenud (25.1), cornacuo ypaBHenuio (24.2) u ¢ yuerom u = 0, paBHO

. d .
G = m%[wR] =mV,
rae V — CKOpOCTh JBUMEHHUA LieHTpa TAmecTH. Takum ob6pa3omM, ypaBHe-
Hue (25.1) npuHUMaeT BUL

Fou = mV.

JT1o Oo3HayaeT, 4To OJA co0/I0/IeHUA 3aKOHa OBUMEHUA HEeHTpa THAMEeCTHU
BOJYOR JOJI}HEH UCHBIThIBATb CO CTOPOHBI NOACTaBKH nericTBUe 0H0pHOI71 CHU-
JIbI, paBHOﬁ Ipou3BeJeHUuI0 MacChbl Ha YCKOPpeHHe ero neHTpa TAMeCTH.

5. TAxeablii BOJUYOK C TPE€XO0CHBIM JJJHUIICONI0M HHEepL NN

HecMoTpAa Ha ycunufa MHOTUX BeIHMKUX MaTeMaTHKOB, NMPOUHTErpU-
poBaTh B o6meM Buae nuddepeHnNanbHble ypaBHEHUA BTOI 3alauu He
ynaitocb. M3 OByX WHTerpaioB HMIIylbca, BbIpa#aeMbIX COOTHOIIEHMA-
mu (25.6), mepBbIit ocTaeTcA B CHlle, TaK KAk MOMEHT CHJIbI TAMKECTH
U B 3TOM cliyuae JefiCTByeT OTHOCUTEIbHO rOPU30HTANbHON 0CH, BCIEICTBUE
yero KoHell BekTopa N ocTaeTcAd B rOpU30OHTANbHON MIOCKOCTHU, HEMIOBU #i-
Hoit B mpocTpaHcTBe. OqHaKo BTopoe u3 cooTHoumeHui (25.6) Tepsaer cuuy,
IOCKOJbKY OHO ObLIO CBA3AHO C CUMMeTpHeil anaunconaa nuepuun. Murer-
pan suepruu (25.7), padyMeeTcs, COXpaHfieT CUIy W A OOLIEro Ciydas
BITUIICONIA UHEPIIVH.

B paspemuMbIx yacTHBIX cIyuyasx Ipejrnojaraerca au6o crenuaibHoe
pacnpedeaenue Macc, 1160 cnenuanbHasa gopma 08uUHCEHUA.

Hau6onee usBecTHbiM fABnfercA ciyuaii C. KoBaneBckoil. dununcounn
UHEPLUU NpenoiaraeTcd 34ech CUMMEMPULHbLM, HO IEHTP TAMECTHU JIEHKUT
He Ha ocd GUTypbl, a B 9KBAaTOPUATLHON MIOCKOCTU; KPOME TOTO, MOMEHT
UHEPIUU OTHOCUTENBHO OCH (QUTypPBhI HOMKEeH PaBHAThCA MOJOBHHE DKBATO-
puanbHOro MOMeHTa MHeplud. B 3ToM ciyuyae He TpeOyeTcA crnelUalnu3u-
poOBaTh COCTOAHUE NIBUMKEHUA.

Cnyuaii lllTayne kacaeTcd Bompoca: Kakue ocu, 6yIy4u pacHolo#eHbl
BEPTHKAILHO, MOT'YT ABIATLCA NEpMAHeHMHbLMU ocamnu epaueHus? Oraspl-
BaeTcfd, YTO 3THU OCHU JekaT B Tele Ha KOHyce BTOPOro MOpAJKa, colep:a-
1IeM, KpOMe TpPeX [NIaBHBIX OCell, TaK#e U LeHTPalbHYIO 0Ch (IPOXOAANIYIO
yepe3 HeHTp TAMecTH). Kam ot ocu cooTBeTCTBYET onpefelneHHan (¢ To4-
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HOCTBIO JI0 3HaKa) yrioBas ckopocTh BpameHus. [Ipu sTom He TpeGyerca
cIelMalu3upoBaTh paclpejeleHde Macc U I0J0oMeHNe [eHTpa TAMECTH.
Haronen, B ciyyae ['ecca peub ujgeT o IBUMEHUU, aHATOTUYHOM IpOC-
TOMy deudcenuto maamuura (chepuyecKoro UM, B YACTHOM CIIydae, OObIK-
HOBEHHOr0 MaATHUKA). [Ipu 3TOM LEHTD THAMECTHU MONHEH JeKaTh HaA Olpe-
IeleHHOIt OCH B 3JUIMIICOMJEe WHEpIUH, a HavalbHoe BO30y#eHHNe BOTUYKa
JOM#HO GbIThH oNpefeneHHbIM 06pa3oM cleluall3upoBaHo, NOA0GHO TOMY,
Kak 3TO JelaeTcA B clydyae CUMMETPUYHOTO BOJYKA: EHTP TAMECTU MO-
ClleJHEr0 TOJNBKO TOr[a COBEpPIIAaeT MagTHUKO0Opa3Hoe JBHHKEHUE B UUCTOM
BHJle, KOTla HAayalbHbII MOMEHT UMIyJlbca He MMeeT claramwlieil mo ocu

¢urypsl.

§26. YPABHEHHUSA dUJEPA. KOIMYECTBEHHASA
TEOPHSI CBOBOAHOI'O BOJIYKA

1. ditnepoBsl auddepeHIMadbHble YPaBHEHUA NBUKEHUA

Bynem pasnuuaThk cucteMy oTrcuera I, y, 2, HEOABUMHYIO B IPOCTPaH-
CTBe, U cucteMy otcueTa X,Y, 7, HEMOJBUKHO CBA3aHHYIO ¢ TeaoMm. Ilpu
cBOGOJHOM [IBUEHUU Tela MONOKEeHHe BEeKTOpa MOMEHTa UMIYJIbca OTHO-
CHUTEJbHO CUCTEMBI T, Y,z OocTaeTcA HeudMeHHbIM: N = const [ypaBHeHHe
(25.3)]; MO OTHOLIEHUIO e K Tely ero MoNoMeHHe HEMPEePhIBHO U3MEHAETCA.
HaitmeM 3aKoH, 10 KOTOPOMY MPOUCXOJUT 3TO U3MEHEHHeE.

Jlnsa 3TOrO0 paccMOTPUM HENOJBUMHYIO OTHOCUTEILHO Tela TOUYKy P
U HENOJBUKHYIO B IPOCTpPAHCTBE TOYKY (), KOTOpble B [JaHHbI MOMEHT
coBnajamT ApyT ¢ ApyroM. O603HauuM ckopocTb TOYKM P B pocTpaHCTBe
yepe3 Vv, a CKOPOCTh TOYKM () OTHOCUTENhHO Tela — uyepe3 V. CoriacHo
KMHeMaTn4yeckoMy ypaBHenuio (22.4), v = [wr]|. CropocTb Touku () 10
OTHOIIIEHUIO K Telly paBHA [0 BelMYMHE CKOPOCTU TOUKku P B mpocTpaHcTBe,
HO MPOTHBOMNOJIONHA el 0 HampaBIeHUIO:

V = —[wr] = [rw].

CBeld 3TH CKOPOCTH B TabIuLy, MOMYUUM:

Ilo oTHOmWEHUIO K IIo oTHOmEHUIO K Tely
NpOCTPaHCTBY

P v = [wr] V=0
Q v=0 V = [rw]
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B rauecTBe Touku () BbIGEpEM HEMOJBUMHBII B MPOCTPAHCTBE KOHEI]
BekTopa N U MO3TOMY MO#eM HamnucaTh:

r=N, V= dN
dt -
CrefoBaTenbHO, HOJ % MbI IOHMMaeM (CKOPOCThL M3MEHEHUA BEKTO-

pa N 1o oTHOIIEHHIO K Teldy» (CKOpocTh u3MeHeHuA BekTopa N B mpocTpan-
CTBe, PaBHYIO B JAHHOM Cllydae HYIIO, Mbl 0603Havaiu depe3d N).

Hcnonb3ya BTOPYIO CTPORY Hallell TaGIUIbI, TTOJYUUM:

Cgf [Nw]. (26.1)

Tem caMbIM MBI MOXYYUIN BEKTOPHYIO hopmy duddeperyuarbHolx ypasHe-
nutl Jiiaepal dasn cayuas omeymemeusn enewnus cua (CBOGOJHOTO IBUHEHHA
TBEpJOro Tela).

IlepenuiieMm 3To BeKTOpHOE ypaBHEHHeE B NMpoeknuax Ha ocu X, Y, Z.
Bynem o6o3HauaTh, no Jiinepy, KOMIOHEHThI BeKTopa w uepe3 p, ¢, T,
a KommoHeHThl BekTopa N — uepes L, M, N. Torjga u3 ypasuenus (25.1)
HaigeM:

dL
dt

dM
dt

dN

= Mr — Ngq, o

= Np — Lr, = Lq — Mp. (26.2)

IIpu aTom BbIGOP oceit X, Y, Z noka 4yTo coBeplieHHO npousBoieH. Ho ec-
au MbI BeiGepeM B KadecTBe oceil X, Y, Z riaBHble ocH MHEPLUUU Tela [CM.
ypaBHeHue (22.15a)] u oGos3HauuM (Takse M0 Jiilepy) COOTBETCTBYIOIIHE
riaBHbIe MOMEHTHI uHepuuu yepes A, B, C, To, coriacHo o61ieMy COOTHO-
wenuio (24.9) Memay KommoHeHTaMu BeKTopoB N U w, NOLYYUM:

L=Ap, M = Bq, N=Cr. (26.3)

1Jleonapn itnep (1707-1783) — onuu us kpynHefimux matematuxos X VIII . IlIseii-
Hapell Mo MpOUCXOKEHNIO, 3HAUNTEILHYO 4acThb CBoeii u3Hu nposea B Poccuu. Hayu-
Haf [eATeJIbHOCTb Jiljepa MpoTeKana riIaBHbIM o6pa3oM B cTeHax Poccuiickoit Akagemuu
Hayk, uneHom kotopoit oH cocrosan. ([Ipum. ped.)
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Torpa ypaBHenus (26.2) npuMyT cleayIomuii NpocToil BUL:

dp

AE = (B - C)QT,
dq _ 26.4
5 = (C = Arp, (26.4)

dr _ 4 _
Cdt_(A B)pgq.

9TU HeOGBIKHOBEHHO H3ALIHbIe M CHMMETPUYHble (HOPMYIbI HaA3bIBAIOT-
cA 06bIYHO «3ii1epoBbIMU AU dEepeHIanbHBIMI yPaBHEHUAMUY BpallleHUuA
TBEpJOro Tela.

IIpexsiie Bcero Mel 0606IMM UX AJIA cily4dad, KOrJla Ha Telo fefCTBYeT
MOMEHT BHeLIHeil CHIbI, KOTOPbI Mbl 0603HauuM udepe3 M. Torna koHen
BekTopa N He GyZleT Golee HEOIBUHHBIM, a COIMIaCHO ypaBHeHHIO (25.2),
OyZAeT OBUraTbCA B IPOCTPAHCTBE CO CKOpPOCThiO v = M.

BrimeynomAnyTas Toyka () IBUHETCA MO OTHOIIEHHIO K TeLy CO CKO-
pocThbio, KOTOpasA cKiaagbiBaeTcA U3 ckopocteit v.= M n V[rw]. B cBasu
¢ 3TUM ypaBHeHue (26.1) BuIou3MeHAETCA ClIEAYIOMUM 06pa3om:

(Z—T = [Nw] + M, (26.5)
M B [paBbIX YacTAX ypaBHeHuil (26.3) u (26.4) moABnAIOTCA HOBbIE cllarae-
Mble poekuu BekTopa M Ha ocu X, Y, u Z.

Pas6epeM 310 Gonee nogpoGHO TONBKO IJIA Clydyas THMKEIOr0 CHMMeT-
PUYHOTr'0 BOMYKa, KOraa MoMeHT M HampaBiieH IO JIMHUH Y3JI0B U, COTVIACHO
ypaBHeHHUIO (25.4), abconOTHasA BelUUMHA €T0 paBHa

M| = mgssind.

Bo u3benanne Bo3MOKHOI JBOHCTBEHHOCTU B IOHATHAX: BEPTUKAIbY, «OCh
¢GuUrypsly, «IMHUA Y3J0B», YCTAHOBUM cCle[ylollee NMPAaBWIO 3HAKOB: IMOJO-
JKUTEIbHOE HalpaBieHUe HEMOABUMHON B NMPOCTPAHCTBE OCH UIET BBEPX
¥ omnpejelfieT «norynpamyio (yd) BepTukainuy. IlonosuTennHoe Hampas-
JeHUe OcU Z TPOXOAUT 4epe3 LEHTP THAMKECTHU Tela U ONpelendeT «Iody-
npaMyio (n1yd) ocu ¢urypsi». C BepTHKAIbIO NOJOMITENbHOE HallpaBleHe
ocu Z obpasyer yrona ¢. JIlunua y3noB npejactaBifseT co60i0 NepHeHJUKY-
JIAPHYIO K 0CAM z U Z NMOIyNpAMYI0, 00pa3yIolylo ¢ HanpaBleHneM Bo3pac-
TaHWA yria ¢ IpaBOBUHTOBYIO cucteMy. BennuuHa s nmonoxurtenbHa. Jaiee,
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0603Ha4YUM yroi, 06pa3yeMblil IUHUEN Y3II0B C MOJ0MUTEILHBIM HaNpaBie-
HueM ocu X, uepes ¢. Torjga npoeknuun Mmomenta M Ha ocu X, Y, Z 6ynyT
paBHbI COOTBETCTBEHHO

mgssindcosp, —mgssindsingp, 0, (26.5a)

u upu B = A ypaBHenus diunepa (26.4) npumyT ciefyOmuit BUI:

A% = (A — C)qr + mgssind cos p,

A% = (C — A)rp — mgssind cos p, (26.6)
dr _

Cdt =0.

[Tocnennee ypaBHeHNe NMOKA3bIBAET, YTO JA ClIydasd TAMeN0ro (u teM 6o-
Jee cBOGOJHOr0) CHMMETPHUYHOI'0 BOMYKA CIIPABENIMBO yiKe 3HAKOMOe HaM
paBeHCTBO

Cr = N = const. (26.7)

Ho B To #te BpemsA MbI BUOMM, YTO ypaBHeHHA Jiijepa He HPUTOJHBI IJA
JalbHeiNIIero HHTErPUPOBAHUA B clydae THMEIOr0 BONUYKa, TaK KaKk HaM
HeusBecTHa (WU IOKA ellle HEM3BECTHA) CBA3b MEMKAY claraiolluMu p, ¢
u yraamu 9, .

UYrto KacaeTcA craralouiiX YrioBoil CKOpPOCTH p, ¢, r, TO He0oOXoau-
Mo ellle pa3 MOJYepKHYTb, YTO OHU He ABIAIOTCA CKOPOCTAMHU B OOBIYHOM
CMBICIE, T.€. IPOU3BOJHBIMU II0 BpEMEHH OT KaKUX-THGO NMPOCTPAHCTBEH-
HBIX KoopauHaT. MbI MOKeM IO aHAJOTUU C BbIpaMeHUeM, YHOTPeOIeHHbIM
Ha c¢Tp. 71, HAa3BaTh MX «HETOJOHOMHBIMH CIAralOUIMMU CKOPOCTHY.

[epenumem ypaBuenue (26.5) B HecKonbKO UHOM (opme, 3ameHnB M,
B cOOTBeTCTBUM ¢ ypaBHeHueM (25.2), na N. IlonyuenHoe Takum o6pazom
pPaBEHCTBO

N =N | (uN] (26.8)
dt

CrpaBelJIMBO [l BCAKOrO (aKCHalbHOIO WM MOJNAPHOro) BekTopa. B mpu-
MEHEHUM K BEKTOpY YTJOBOW CKOPOCTH w HTO PaBEHCTBO 1aeT:

W dw,
@ = (26.8a)



§26. Ypasnenus Jiiaepa. Koauvecmeennas meopus ceo60dnozo soaura 189

0as eekmopa Y2n080l CKOPOCMU w, U MOALKO 04 He20, CKOPOCMb U3MEHe-
HUA e20 8 NPOCMPAHCMEe PABHA CKOPOCMU U3MEHEHUA 8 cucmeme omciema,
cesazanuoll ¢ meaom. Ha 3Ty TeopeMy Mbl yike yKasbliBalu B NPUMeUYaHUU
Ha cTp. 181.

2. Peryasapnasa npeneccua ¢cBo60JHOro cMMMETPUYHOI0 BOJMUYKa
U 3iijiepoBa TeopHA KoJjebGaHUil mojaroca

Ha cnydae waposozo eonura Mbl ocTaHaBiuBaTbeA He Gynem. Ero aBu-
JKeHUe NpefcTaBiaAeT co6oil B 06lleM cllydae YUCTOe BpallleHue BOKPYT OCH,
HeIO/IBUKHO CBA3AHHOI ¢ TeJIOM, UTO HellocpeJCTBEHHO BbITEKaeT U3 ypab-
HeHuit (26.4), ecin u HUX nonoxutb A = B = C. JTa HenoJBUMKHAA B Tele
ocbh, Kak MbI 3HaeM (cp. § 25, pas3nen 1), HeMmoABU#HA TaK#e U B IPOCTPaH-
CTBe U COBIajaeT ¢ HallpaBjleHHeM BeKTOpa MOMeHTa MMIyJbca.

IlepeiiteM K paccCMOTPEHUIO CUMMEMPULHO20 80AYKA, y KOTOoporo B =
= A # C. U3 tpetbero ypaBHenud (26.4) Haiinem

r = const,

4TO BUAHO Takmxe u3 ypaBueuus (26.7). Ilepsoie nBa ypaBHenus (26.4) 3a-
NUIIYTCA TaK:

AL — (4~ O,
dq
dt
Y106HO 06bEeAMHUTD UX B OJHO ypaBHEHKe B KOMIUIEKCHON Gopme. YMHOMAA
BTOpOE ypaBHeHNe Ha i U CKJIA[bIBaA €ro ¢ MepBbIM, MOLYYUM:

(26.9)
A

(C — A)pr.

A% =i(C —A)rs, rme s=p+iq. (26.10)

III[H COKpallleHUuA 3aluCu BBegeM ob6o3HaUYeHue

a= C—;Ar (26.11)
U, UHTerpupys ypasnenue (26.10), Haiigem:
s = st (26.12)

rage spo — MNOoCTOAHHaA MHTErpupoOBaHUA.
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3llech § — MpPOeKINA YTI0BOI CKOPOCTH w Ha SKBATOpUAlbHYIO ILIOC-
KOCTb BOJIYKA, €CJIM €0 M0Jb30BaThCA B KAUECTBE 2aycco60ll MIOCKOCTH AA
usobpamenun s'. U3 ypaBHenus (26.12) BUAHO, YTO 3Ta NPOEKLMA ONUCHI-
BaeT KPYT pajuyca Sg IOCTOAHHOI YTrioBoil ckopocThio c. BMmecTe ¢ aTuUM
BEKTOp YIJOBOIl CKOPOCTH w ONUCHIBAeT KPYTOBOIl KOHYC BOKPYT OocH Gu-
rypbI; YTOIl pacTBOpa 3TOT0 KoHyca [ onpejenfaeTcA ypaBHeHUEM

2+ 2
VI @ Jsol (26.12a)

tg,@:* pop

B Taxom Buzie NpeacTaBIAETCA pe2yiapHaf npeyeccus Habaoddamenio, CBA-
3aHHOMY C BOJTYKOM (HOHe‘-IHO, C TOYRU 3pPpE€HHUA HEIIOABUMHOI'O B IPOCTpPAaH-
CTBe Haﬁﬂ}OHaTeﬂﬂ OChb q)I/IprbI BOJ/JIYKAa B Ha?ﬂ,ﬂblf/i I[aHHbIﬁ MOMEHT Bpalia-
€TCA BORDYT MI'HOBEHHOH OocH BpaleHud, KoTopafd, Kak MbI 3HaeM, B CBOIO
oyepeab OMNMUCHBIBaeT prFOBOﬁ KOHYC BOKDPYT HEIOABHMHOI'O BEKTOpa MO-
MenTa uMmmnyibca N). B npuMeHenun K BpaueHUI0 3eMii, KOTOPOe MbI 6y-
AgeM paccMaTpuBarthb, HauboJlee y):[06Ha KaKk pa3 TOYKa 3peHHuA CBA3aHHOI'O
C «BOJIYKOM» HaﬁHIOI[aTeHH — oburtaTteaa 3eMJu.

3eMJiA IpeficTaBlAeT co60il CIIIOCHY ThIi Boadok. HazoBem 2eomempu-
YecKum ceeepHbvlm noawcom TOURY INepeceyeHUA OCHU CI)I/IprbI 3eMiu ¢ ee
INOBEPXHOCTbIO; OH, BOOﬁU.Ie roBopsf, He coBIIagaeT C KuHemamuiecKkum ce-
B6EPHBIM NOAIOCOM — TOYKOU nepeceyeHud BERToOpa yFHOBOI‘;I CROPOCTH Bpa-
eHud 3eMJIU ¢ ee oBepXHocThIo. ITo Teopun Jitnepa, U3NoMEeHHOH B HACTO-
AmeM naparpade, KHHeMaTU4eCKUil ceBepHbIN II0JMIOC ONUChIBAET OKDPYHi-
HOCTb BOKDPYI reoMeTpu4yeCKOro CeBepHOro IoJjroca — TaK Ha3bIBaeMbI
kpye Jiaepa. llockonbKy moclleqHUI ABIAETCA TPaeKkTOpHUel Iomoca Bpa-
IeHA, OH Ha3bIBaeTCA TaK#e noaoduetl.

Y,Z[06HOI7I Mep017l CINTIOCHY TOCTH 3eMiu ABJAETCA Tak Ha3bIBaemas 3J-
JIUIITUYHOCThb:

c-4 1 (26.13)

A "~ 300
YFJIOBHH CROPOCTb Bpalll€eHHUA 3eMI[I/I onpenendaeTca u3 NpogoUTEJIbHOCTHU
CYTOK, a UMEHHO:

r~w= cszﬁ (26.14)

Mlox rayccoBoil MI0CKOCTbIO aBTOP MOHMMAET 3fech MIOCKOCTh KOMIUIEKCHOM Mepe-
MeHHolt s. ([Ipun. ped.).
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OTtcrona, cornacHo o6o3navenuio (26.11), cienyer:

_C-4,_ 2—7r(cyTP{I/I)_1. (26.15)

@ A T 300

Takum o6paszoM, JiillepoB MepUO] MPENEeCCUU COCTABIAET

%r = 300 cytor = 10 MecsALeB. (26.16)
MbI IPUBBIKIU CUUTATh OCh BpallleHHA 3eMiIM HEMOJBUAHO PACIONO#EHHOM
B Tejle Hallleil MIaHeThl M MPOXOAAIIell yepe3 ee reoMeTpUUECKUE MOJIO-
cel. Ho, cTporo roBops, 3To He COOTBETCTBYeT AelcTBUTeNbHOCTHU. BeAkoe
nepeMellleHde Macc Ha 3emile B HalpaBleHUU MepUUaHA [JOJHHO BBI3bI-
BaTh CMellleHHe ee OCH BpallleHHA!, paBHO Kak BCAKoe IepeMelleHle Macce
B HampaBleHUU Napajljenu [NOJHHO U3MEHATh YIJIOBYIO CKOPOCTH Bpalle-
HUA 3eMiH, a cle[JoBaTelbHO, NIPOJIONMKITEILHOCTh CYTOK; 006a 3TU ABIe-
HUA Npe/cTaBlAIOT coboil cleICTBUA 3aK0HA COXPaHEHUA MOMeHTa UMILYIb-
ca. Korza nogoGHoe nepemMenieHre NpekpaTUTCA U KMHEMaTUYECKUIl TIOIIOC
3eMIu OKasKeTCA OTKJIOHEHHBIM, OH CHOBAa HaUYHET COBepIIaThb CBOE JBUKE-
HUe 10 Kpyry Jilllepa BOKPYT T'eOMeTPUUYECKOro MoJoca.

CpaBHUM Tenepb C 3THUMHU BbIBOAAMHU U3 Teopuu Jiliepa pe3yIbTaThl
HabaroaeHnil KoneGaHuUil Mooca YUeHBIMH pa3iuyuHbIX cTpaH. [lnda nepuosa
1895-1900 rr. monyyaeTcH mojloaud, NpeicTaBleHHasa Ha puc. 44.

CornacHo 3TUM HabIIOJeHUAM, cpeflHee YII0BOe OTKIOHEHHe KUHeMa-
THYeCKOro mouaoca (T. e. cpeJHUI YTI0BO# paguyc Kpyra ditliepa) cocTaBiA-
110 B HA3BaHHBIE TO/IbI IPUOAN3UTENLHO /5", UTO COOTBETCTBYeT NUHEHOMY
OTKJIOHEHHIO 10 3eMHOIl MOBEPXHOCTU, paBHOMY npubausutennto 4 u. Ho
BMecCTO IepHofa oiHoro obopora B 10 MecsAleB Mbl MeeM, Kak oKasa-
HO Ha puc. 44, 3a 4 roga (1893-1900 r) 3Y, oBopora, uTo cooTBETCTBYET
ogqHOMY o6opoTy B 14 mecAnes.

Ilepuon B 14 MecAleB Ha3bIBA€TCA B UECTb OTKPBLIBIIETO €r0 yUEHOI0
nepuodom Yarndaepa. Benuuuny aToro mepuona o6bACHAIOT YIPYTUMU Jie-
¢dopmanuAMu 3eMIH BCleJCTBUE BbI3BAHHOI'O CMelleHHeM IIOJMIOCOB H3Me-
HeHUA IeHTpo6eskHbIX Bo3aeiicTBuil. Mogyns ynpyroctu 3eminu npubiausu-
TelIbHO paBeH MOAYIIO YIPYTOCTH CTAJM.

lHau6onbmue nepeMemeHua Macc Ha 3eMile CBA3AHBI C €HETOAHBLIMM CMeIEeHHAMU
MaKcMMyMa BO3JYIIHOI'O AaBleHUA, MPOUCXOAAMMMHU MeMAY asuaTCKUM KOHTHHEHTOM
u TuxuM oKeaHOM.
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N

S

Puc. 44. I3ameHeHud nonos;eHus noaioca 3a BpeMd ¢ 1895 mo 1900 r., unmoctpu-
pyiomue nepuon Yanngiepa

Ha6nomaemyto nomoguio, nmpeacTaBleHHYO Ha puc. 44, MOKHO NOHU-
MaTb Kak HailoeHue: 1) KoneGaHMil, npoucxoAmux ¢ nepuogom Yaumyie-
pa, 2) rogUYHBIX KolleGaHuil, 0UEeBH/IHO METEOPOIOr MUECKOT0 MIPOUCXOHLIE-
HUA, 1 3) HEPeryNAPHbIX OTKIOHEHU YKa3bIBalOUIUX, MO-BUJUMOMY, Ha Ka-
KHe-TO eJUHOBpeMeHHbIe nepeMenienna Macc. Ilo moBoagy aecATHUMeCAYHOTO
nepuoda Jiiaepa, KOTOPHI GbLI MONyUeH KaK pe3yabTaT Healu3upOBaHHOTO
npejAcTaBleHuA 0 3emJle, Kak 0 TBEPAOM Telle, Y HaC HUKAKUX JOMNOJHUTENb-
HBIX 3aMeyvaHUil HeT.

B cooTBeTcTBUM C NPUHATON B TeOpUU BONYKA TEPMHUHOJOTHEH, MBI
Ha3Balll [IBUMEHUE 3eMHOI OcH, HccleJoBaHHOe BIepBbie JiIepoM, «CBO-
6onHoi#t mpeneccueity. OgHAKO 3TO NPOTUBOPEYUT TEPMUHOJIOTUHU, YCTaAHO-
BUBIIelicA B acTpoHoMuHM. Kak M3BECTHO, TEPMHUHOM «acTPOHOMHUUYECKaA
npeneccusa» 0003HavalOT MeJIeHHOe BpallleHue 3eMHOI 0CH BOKpPYT HOpMa-
JH K IJIOCKOCTU DKIUNTHUKY, ClIeJCTBUEM KOTOPOro ABIAETCA HelpepbIBHOE
cMellleHHe TOYEK PaBHOJEHCTBUA B HaNpaBle€HUU, MPOTUBOIOIOHHOM JBU-
eHMio 3eMiM 1o opOuTe, cocTaBiAlee HemHoro 6onee 50" B rog. droi
BeJIMUMHE «OIlepeseHuA» COOTBETCTBYET MepUo] IOJHOro oOpalleHusa 3eM-

o
HOIl ocy BOKPYT HOpPMalu K INIOCKOCTH JKJIUITUKH, PaBHBIN ?;)%9, =26 000
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aet. BmecTo npenBapenuns (onepeskeHns) TOUEK PaBHOJEHCTBUA MOHLHO Io-
BOPUTH TaKe O «IPeABAPEHUY JUHUU y3710B» (IUHMU NEpecedeHUA MIoC-
KOCTH SKIMITUHKY C 9KBATOPUANbHOM IIOCKOCTHIO 3eMIH); KaK MbI OTMe-
Yyally Bblllle, TEPMUH IMHUA y3JI0B» 3aMMCTBOBaH U3 aCTPOHOMUU.
AcTpoHoMuYecKana Tpeleccuf He ABIAETCA CB0600HbLM [BUNEHUEM
3eMIIM-BOJIUKa; 3TO ABUMEHUE BblHYKHcOeHHOe, BO3HUKAIONee KaK pPe3yJb-
TaT ofiHOBpeMeHHOoTro npuTA;keHua 3emau ConHuem u JlyHoii. YacHUM cebe
IeficTBHe DTOr0 NPUTHAMKEHUA C MOMOUILIO pHC. 45, IpruYeM HaM IpHUAeTCHA
Ka4yeCTBEHHO MPEIBOCXUTUTh TEOPUIO TAMEIOr0 CHMMETPUYHOI0 BOMYKA.

Hopwmanb

A

Puc. 45. AcTpoHOoMHUeckas npeleccud 3eMHOH ocH

Ha Q)I/Irype npeacraBjeHa MJIOCKOCTb JKIHUIITUKHU U B 3TON MJIOCKOC-

TH — KPYT, 0 Bcell MIoOmAaAN KOTOPOro clelyeT MBICIEHHO PaBHOMEPHO
pacnpegenuth Macchl Connna O u JIyHbl ) (coGCTBEHHO roBoOpsH, IBa Kpy-
ra — «upyr Connua» u «kpyr JIyHbI»!, KOTopble MBI 3[ech CIHIM B OJHO

1eioe). ITO paBHOMEpPHOe paclpefieieHre Mace PaBHOCHILHO YCpeJHEeHUIo
10 BpeMeHH MT'HOBeHHbIX nosoxeHuit ConHua u JIyHbI 3a mepuoa UX OTHO-
CHUTEJbHOro obpauieHua BOKPYT 3eMid (B CMbICIe METOa TEOPUU BO3MY-
wenuit aycca). ITo ycpeHeHMe 10 BpeMeHU MOKET ObITh ONPABJAHO TEM,
YTO BpeMeHa oTHocuTelbHoro obpamenua ConHuna u JIyHbl Bokpyr 3emiu
OuYeHb Mallbl 110 CPABHEHUIO C BHILNIEYTIOMAHY THIM NIEPUOJOM NPELECCUH, TaK
YTO IpellecCUA HU B KOEM cllyyae He MOKeT 3aBUceThb OT nojozkeHus ComH-

1Bospgeitcteue JlyHbl, BBUAY ee MeHbIIell ylaleHHOCTH OT 3eMiu, Aaxe NPeBOCXOAUT
neiicrBue ConHua npubau3uTeNdbHO U ABa pasa.
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ma v JIyHbI B Kas/blii JaHHLIH MOMeHT BpeMmeHu. B nenTpe kpyra O+ ) MbI
BUJUM B pa3pese 3eMJIO C ee ABYMA B3OyThAMH Yy 3KBaTopa. TolbKo 3TU
B3IyTHUA U UTPAIOT POJb AJNA paccCMaTpuBaeMOro BO3AeicTBHUA, a8 UMEHHO:
nputHMenne Koibia O+ ) cTPeMUTCA YCTAHOBUTD MX B INIOCKOCTH HKIUII-
TUKHU, YTO HelocpeAcTBeHHO oueBUAHO. TakuM obpa3oM, Mbl UMeeM JAel0
¢ BpalaoIIM MOMEHTOM OTHOCHUTEILHO JIUHHUM Y3JI0B; HalpaBleHUE DTO-
ro MOMEHTa yKa3aHO CTPeNKoi. dTo — Bpamamomil MOMEHT TOTO #e Po-
Ja, YTO ¥ Bpallalluii MOMEHT CHIIbI TAKECTHU, NeiCTBYIOMNIl Ha BOIYOK,
IEeHTP TAMECTH KOTOPOro HaXOOUTCA HUMe Touku omophl. [loaTomy u pe-
3yNbTaT TAaKOB ke, KaK IJA BOJYKAa: BMECTO TOro, 4T0ObI MOAAATbCA (He-
NOCPEeACTBEHHOMY» BO3[EHCTBHUIO Bpalllaloliero MOMeHTa, 0ch GUTryphl 3eM-
I1-BOJYKA OTKJIOHAETCA B CTOPOHY U ONKCHIBAaET KOHYC IIpellecCUHd BORPYT
BepTUKanu (HOpMalu K SKIUNTHKE).

IIpaBna, pezyaspraa npeneccud npejcTaBideT coboil Wb YacTHBIH
ciiydail IBUKEHUA TAmeNIoro Boiuka (cp. crp. 183); HauGoiee e o6muM
BU/IOM BUKEHHUA, KOTOPOI'O CIelyeT OKUJATh B JaHHOM cllyuae, ABIAETCH
YIOMAHYTaA TaM ke nceedopezyaapHas Mpeleccuf, KOTOpasa MpeAcTaBlIAgeT
co00if pe3ynbTaT HaNOMEHUA PErylApHOi IMpeleccud U MalbIX «HyTaluiy.
JTH HyTalluu ABIAIOTCA, OJHAKO, He YeM HHBIM, KaKk CBOGOJHBIMH (KOHU-
YeCKUMM» KauaHUAMM OcUd QUTYpbI, T.€e. B HallleM ciydae KoleGaHUAMU MO-
Joca ¢ eproloM, PaBHBIM mepuony diinepa (TouHee, eciu yuecThb gedop-
manuio 3emin, nepuony Yaupiepa). Takum o6pasom, oxugaemMasn nceBIope-
ryjifapHad Ipelleccuf NefiCTBUTENbHO I0NyUYaeTCcA B pe3ynbTaTe HaloMeHuA
BTHUX CBOOOJHBIX HYTalMil HA aCTPOHOMHYECKYIO MpPelecCUro.

31ech HaM CHOBA IPUXOJUTCA CTONKHYThCA ¢ ABOAKUM 3HAUEHUEM Tep-
MuHa. B acmponomuu nony Hymayueil noHMMarOT He CBOOOAHOE, 8 BBIHYH-
IeHHoe dsuicenuem Jynvt KoneGanue 3eMHoi ocu. Op6urta JIyHbI He NeHUT
B IJIOCKOCTH JKIUNTHKHU, KaKk 9TO JOMycKaloch Ha puc. 45, a HaKkIOHEHa
K Heil nox yriaoMm B 5°. Ilox meiicTBuem coBmecTHoro nputaxenusa ComnHua
U 3eMJIM HOpPMalb K JIyHHOU OpOHTe OMMCHIBAET KOHYC MpelecCHH BOKPYT
HOpMalH K SKINNTHKe. JTa Ipelleccua o3Ha4YaeT o6pamuoe deudxceHue AyH-
HbZ Y3008 (TOUEeK mepecedyeHud opOUTHI JIYHbBI ¢ MI0CKOCTHIO SKIMITURM),
KOTOpOe€, 0JHAKO, IPOUCXOAUT ropasgo CKopee, UeM NMPAMOe JIBHHKEHNE 3eM-
HBIX Y3I0B, @ UMeHHO B Teuenue 18%, ner. [IoHATHO, UTO U 3eMHaA OCh, €O
cBoell CTOPOHBI, UCNLIThIBAET BIMAHUE 3TUX BO3MYIlIeHUi: obpaTHOe ABU-
JKeHUe JNYHHBIX Y3I/I0B BbI3bIBasA ACMPOHOMUYECKYID HYMayuwo 3emHol ocu,
IPOUCXOJAAMIYIO C TeM e MEPHOLOM.
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3. lIBumeHUe TpeXoCHOrI'o BOJYRKa. HccaenoBaHue yCTOﬁ‘{HBOCTH
HEV3MEeHHBbIX Bpamennﬁ €ro BOKpPYT rJjaaBHbIX oceii HHepnnuun

MepeiiieMm K MHTerpupoBaHUIO ypaBHeHuil Jinepa (26.4) naa cuy-
yag A # B # C. YMHoman UX COOTBETCTBEHHO HA P, ¢, ' U CKIabIBaf,
HoNyYaeM:

dp dg dr
A B dr _
P + @ +Cr 7 0
HurterpupoBanue naeT:
LAp? + Bg? + Cr?) = const = W (26.17)
2 p q r = = . .
3)1er W — IIOCTOAHHAaA 3Hepruu, a JjeBad 4YaCTb YypaBHEHHA BbIpasiaeT

KMHETHYECKYIO SHEPIruio [B COOTBETCTBUU ¢ ypaBHeHueM (22.126), npeo6-
pa3oBaHHBIM K INIaBHBIM OCAM HHepUHH|. YpaBHeHuA (26.4) MoxkHO naiee
YMHOMUTb cOOTBeTCTBeHHO HAa Ap, Bq, C'r; npu nociefyioieM Ux closie-
HUU B NIpaBoil yacTu ONATH Nojdy4vaeTcAd Hyldb. UHTerpupys, nomyuum:

(Ap)? + (Bq)? + (Cr)? = const = |N|2. (26.18)

CreBa CTOMT cyMMa KBaJpaToB KOMIOHEHT MOMeHTa UMIyibca. OHa, Kak
M3BECTHO, OCTaeTcA MOCTOAHHON B cilydae cBOGOMHOrO JBHUEHUA BONYKA,
B TO BpeMA Kak caMy 3T KOMIIOHEHTHI IIpY JBHKEHHM M3MEHAIOTCAH.

YpaBHenud (26.17) u (26.18) — nuHeliHble 0HOPOJHbIE YPaBHEHHA OT-
HocuTenbHo p2, ¢> ¥ 7%, U3 HUX MbI MO#eM BbIPa3uTh, HANpPUMep, ¢> U 72
gepes p’:

- , . 2WC-|N2 AC-A)
=B — Bap”, Pri= m, B2 = ( B)’
(26.19)
2 _ 9 _ 2W B — |N|2 A(B A)
=7 "D ’71—70(5,_0) 12 = C(B - C)

MoacraBnAa 3TH 3HAYEHUA ¢ ¥ T B IepBoe U3 ypaBHeHuit (26.4), noaydum

dp _B-C,
V(B1 — B2p?) (11 — Y2p?) A

(26.20)
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Taxum 06paszoMm, ¢ ABIAECTCA NN THISCKIM HHTETPAIOM I1€PBOTO Poja OT p
(cp. cTp. 133); orciona cineayer, uto (Kak NOKa3bIBAaeTCH B TEOPUH (PyHK-
uuil) p ecmy saaunmuieckas gynryus epemenu. To xe camoe, pazymeercH,
OTHOCHUTCH U K ClIAraroIyM ¢ U 7.

Kpowme Toro, us ypaBuenuit (26.17) u (26.18) cregyer, uTo KoHyC Ho0JI0-
IMU ABIAETCA He KPYyTOBBIM KOHYCOM, KaK B CJlydae CHMMETPUYHOIO BOJNY-
Ka, a KOHYCOM Hwemeepmozo nopadka.

Temepb paccMOTPYM BpalleHWA HECHMMETPUYHOrO BOJYKA BOKPYT
KaKI0H W3 ero rIaBHBIX OCel; 9TH BpallleHMA, Kak Mbl 3HaeMm (cp. §25,
KOHel| pasjena 3), ABIAIOTCA HEU3MeHHbMU spaujerumu. Ipeamnonomum,

HanpuMmep, 4To
A>B>C.

Ioranem, 4yTo BpalleHHA BOKPYT [IaBHBIX OCeil, COOTBETCTBYIOIUX Hau-
GolblieMy W HaWMeHbIleMy TJaBHbIM MOMEHTaM WHepIUH, ABIAIOTCA
ycmotiiueslmu, a BpaljeHe BOKPYT TNIaBHON OCH, COOTBETCTBYIOIIEH cpel-
HeMy U3 TJIaBHBIX MOMEHTOB UHepLUUU, — Heycmouyusvim. Mb1 GyneMm uc-
XOMUThL U3 Mpeobpa3oBaHHbIX ypaBHeHuil (26.17) u (26.18), BBeaA B HUX
KOMIOHEHThI MOMeHTa umnyiabca L, M, N, uTo BecbMa yn06HO [JA mocie-
aytoiero rpaguvecKkoro npeacTaBieHuA:

L  M*  N?

X + ? + ? = COIlSt, (2621&)

L? + M? + N? = const = |N|?. (26.216)

YpaBuenue (26.21a) npexacrtaBiaser cdepy paauyca |N|, a ypaBHeHue
(26.216) — TPEXOCHBI SIIUNICOU.

Cnyuait A.BpaweHue sokpye HaubGoavweid ocu saauncouda, Bbipa-
#aemMoro ypaBHenueM (26.21a). B cayuae umctoro Bpaienus cdepa Kaca-
eTcA 3iIuncouna cHapy#u B Touke A puc. 46a. Jlerkuii Ton4yor, BooOiie
roBopfi, HEMHOT0 U3MeHAeT Kak cdepy, Tak U dauncoun. Bmecto Touku
KacaHuf A cdepbl ¢ 3NIUICOUTIOM MONydaeTcA HeGobInaa KpUBaf mepece-
YeHUA, IPOXoAllas B HEMOCPeJCTBEHHOM 6IU30CTH OT TOUKHU A, oGpasyerca
y3KUi1 KoHyc nonoauu. [lepBoHavyanbHOe BpallleHue OKa3bIBaeTCA YCmoliu-
8bLM.

Bnonne unenTuyen u caydvait B, korga epawenue npoucxodum eo-
Kpye HaumeHbwell ocu saauncouda (26.21a). B aTom cnyuae chepa racaerca
snauncouna u3Hytpu. llpu nerkom Tonuyke Touka kacaHuf A cdepsl ¢ -
JTUIICOMJIOM MEPEXOJUT B HeGONbUIYI0 KPUBYIO, MPOXOAANIYIO ONATh-TaKH
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A
Puc. 46a. YcroituuBoe Puc. 466. HeycroitunBoe BpameHUe
BpalieHue Tpexoc- TPEeX0CHOr'0 BOJIYKa BOKPYT cpenHeil
HOIO BOJNYKa BOKpYT OCH 3JIMIICOUJa MHepIUU

HaubGoJbIIel 0CH SIIUII-
couja UHEepUUU

B6mu3u Touku A. U B 3TOoM ciayuae mepBoHavalbHOe BpallleHuUe ABIAETCA
ycmoti4uesLm.

Cnyuait B. BpameHnue BoKkpyr cpefgHeil ocu sanuncouga. B atom
ciyyae cepa nepeceraeT JUIMIICOU] 110 KPUBOI YeTBepTOro NOPAAKA; JBOW-
HafA TOYKA nocienHeit B (mepepHas Toura Ha puc. 466) uzoGpaskaeT nepBo-
HavalbHOoe BpamieHue. [Ipu nerkom Tonuke KpuBad NepecevyeHUA pacnaja-
eTcsA Ha JBe BeTBH. Ilo oHOII U3 3TUX BeTBeil ABUKETCA OCh BpallleHUd, Bce
Gonblle OTAANAACH OT CBOEro HaualbHOro NojoxeHusA B Tene'. Bpamenue
ABNAieTCA HEYCTONUUBBIM.

IToyunTenbHO [OKa3aTb TO e camMoe aHAIUTUUYECKUM IyTeM, HCXO-
na u3 auddepeHnuanbHbix ypaBHenuit (26.4). MoxHo nokasatb (cM. 3a-
nauy IV.2), uro GoKOBble ciiaraiouye YrioBoil CKOpocTH BpaiieHus (mo-
AIBIIEHHEe KOTOPBIX BHI3BAHO HEGOJBUIMM BO3MYLIEHHEM) YIOBIETBOPAIOT
cucTeMe IBYX JUHEHHbIX AU depeHINalbHbIX YPaBHEeHU I, UMEIOLUX B ClY-
yafax A u B pelleHus mpuzonomempuieckozo Buaa, a B ciiydae b — peienue
SKCNOHEHYUAAbHOo20 BUa (MeTO MalbIX KoneGaHWil B KayecTBe KPUTEPUA
YCTOHYUBOCTH).

IIponenaem ciaeqyouInii ombIT ¢ HOJAHON cIMUevYHOi KOpo6Koii. BosabMem
KOpoORY 6OJbIIMM M yKa3aTelbHbIM HalbllaMU 3a kKopomkue pebpa W, Ipu-
IaB eii BpallleHUe BOKPYT OcH, MapaiielbHoil 3TUM pebpam, oTOpocUM ee
oT ceba. [IBuradch no Bo3gyxy, kopo6ka GyneT Bce BpeMsA NOBEepHYyTa 3TU-

lYTBepmenue aBTopa HeTouHo. Ha caMoM jiene 1o ofHOil M3 YNOMAHYTBIX BeTBeil
IBUKETCA OTHOCHTENbHO Tela He caMa OCh BpalleHHA, a BEKTOP MOMEHTa KOJNYecTBa
neuskenud. ([pum. ped.)
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KeTKO#l B oHy U Ty e cTopoHy. Ilomo6Hoe ke ABIeHUE, XOTA U MeHee
OTYETINBO, OyJeT HabIIOJaThcA MPU BpalleHuu oTOGPOIIeHHOU KOpoOKHU BO-
KpYT daunHo20 pebpa (c TOW pasHUlEN, YTO COXPAHATH MOJOeHUe OyaeT
HauMeHblIad rpaHb). Eciau e oT6pocuTh KOpoGKY, NpHaB el BpalleHue
BOKDPYT cpedHezo pebpa, To HabiloJaeTcA YepeloBaHUE Pa3lUUYHBbIX I'paHeii,
YTO U F'OBOPUT O HEYCTOWYHMBOCTU BpalleHUA.

§27. IEMOHCTPAIIMOHHBIE OIIBITHI 110
TEOPHHU BOJIYKA U TEXHUYECKHE
IMNPUMEHEHHA 3T0H TEOPUU

Onumem Inpex e BCero Xopoiio u3BecCTHoe yCTpOﬁCTBO KapaaHoBa nonu-
Beca, IIpu NOMOIIX KOTOPOIro MO{HO IIPOHU3BECTU 0Cco0€eHHO HarJAIHbIe OIbI-
ThI OJIA WIIOCTpaluu Teopuu BOJYRKA.

Puc. 47. Boauok B Kappna-
HoBom monBece. Ochb Bpa-
[IeHWA BHEIIHero KoJblia
BepTHKanbHa, Ochb Bpalie-
HUA BHYTPEHHEro Kojblla
rOpU30HTalbHA U HAalpaB-
nJeHa cmepenu Hasaa, Och
BpallleHUAd MaXxOBHUYKa TIo-
PHU30HTalbHA U HalpaBIeHa
cilleBa HampaBo

IToxBec cocTouT U3 OBYX KoJel — BHEIIHe-
ro ¥ BHyTpeHHero. BHenrHee KOIbII0 MOKET CBO-
6oIHO BpallaThbCcA BOKPYT BepTUKAIbHONH oOcCH,
YKpeIJIeHHO#l B cTolike, a BHYTpeHHEee KOJIbI0
— BOKpPYT TOPU30HTAILHON OCH, YKpeIJIeHHOI
BO BHellHeM Koiblle. Bo BHyTpeHHeM Koible
BpallaeTcAd MaXxoBUUOK Ha namndax, ocb KOTOPBIX
neprneHANKYIApHAa K OCH BpallleHUd BHYTpeHHe-
ro koabna. Ha puc. 47 ocb MaxoBUUKa Hampas-
JieHa MEepIeHJURYIAPHO K MJIOCKOCTH BHEIIHEro
KoJblla, BCAeACTBUE Yero MJIOCKOCTh BHYTpEH-
Hero KoJjblia paclnojoxeHa ropusontanbHo. Ha-
30BEM 3TY HavalbHYIO YCTAHOBKY Ipubopa ero
HOPMAaJbHBIM MOJIOMEHUEM.

Ha ocu MaxoBHuYKa HaXoAWUTCA MPHUCHO-
cobleHNe, MO3BONAIOILIEe COOOIUTE MaXOBUUKY
B €ro HOpMalbHOM MOJOMEHUH, IPU NOKOAI[UX-
cA BHELIHEM U BHYTPEHHEM KoOJblax, CTO/lb 3Ha-
YUTeNbHbII MOMEHT BpalleHHA, YTO Bce fBIe-
HUfA, B OCHOBHOM, ONpefleAI0TCA UMEHHO 3TUM
MOMEHTOM, B TO BpeMA KaKk MaccaMy BHENIHEero
U BHYTPEHHEro KoJell MOHO NpeHeOpeyb.
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Bo Bcex omuchiBaeMbIX HUKE ONbITAX MpeAnojaraeTcA Haludyue 3Ha-
YUTEIbHOTO MOMEHTa BpallleHUA MaXoBUUKa U HOPMalbHOE IMOJOMeHHe ero
B Haualle OIbITa.

1. HaxMeM ciierka Ha 6HympeHHee k04bl0 B HaNPaBIeHUA CBepXY BHU3.
JTO KOIbIO He GyJeT OMyCKaThCA, HO BHEUlHee K0.4bl0 HAUNHAET BpallaThb-
cAl TaK, YTO OCh (GUIYpPbI MAXOBUUYKA OTKJIOHAETCA BIepe[ Wiy Ha3an (B ro-
PU30HTANbHON MIOCKOCTH), B 3aBUCUMOCTHU OT MONOMEHUA TOYKH, B KOTO-
poii MblI mpousBenu naBieHne. BmecTo Toro, 4ToGbl OKa3bIBaTh JaBleHUE
Ha BHYTpPeHHee KOJIbII0, MOHO OJJHOCTOPDOHHE HAarpy3uUTb ero HeGOJAbIIUM
rpysoM. Torpa Boidok GyeT coBeplIaTh pe2yLapHYI0 npeyeccuio 10 TeX Mop,
MOKa ero MOMEHT UMILylbca OyJeT H0CTaTOUYHO BEIHK, IPUYEM 0Cb Uy PBI
BO BpeMHA INpeleccuy BoluKka GyleT ocTaBaTbCA MOPU30HTAIbHOA.

2. HammeM Tenepb Ha BHewlHee KO.4bY0. ITO KOJbLO OCTaeTCA HeIo-
OBUMHBIM, 6HYmMpeHHee e KOo.4blY0 HauUHaeT BpallaTbCA U OTKIOHAETCH
OT CBOEro ropU30OHTANLHOIO MOJOMEHUA BBEPX UIU BHU3, B 3aBUCHUMOCTH
OT TOro, B KaKOM HalpaBlleHHU ObLIO MPOU3BEJEHO NaBleHle Ha BHEIIHEee
Koiablo. [Jaxe cuIbHBIN yaap, cOOOGIIeHHbIN BHEIIHEMY KOJbIY, HE OKAa3bI-
BaeT Ha HEro 3aMeTHOro AeicTBUA. Mbl YBUAKM B 3TOM clyuae JHIIb ObICT-
poe «KOHMYeCcKoe» MaATHUKooGpasHoe ABU:KeHUEe ocU GUTYPhI BOKPYT OCH,
NpOXOfiAllell B6MU3U HOpMalbHOro nojiosenuA. IIpuGop caenaH HacTOIbKO
XOpOIIIO, YTO OH MOKET BhIJEp:KaTh Jase CUIbHbIE YIapbl KyJTaKOM.

3. Eciu naBieHue Ha BHelllHe€ KOJbI[0 COXPAHAETCA U 0Cb (QUTYPbI BOTY-
Ka MpH JajibHeiIleM BpalleHUd BHYTPEHHEro KoJblla MpUbGInKaeTca K Bep-
THKaIU, TO «CONPOTHUBIAEMOCTb)Y BHELIHET0 KOJblla HENPEPHIBHO YMeHbIIa-
ercs. Tenepb BHelllHee KOJIbII0 63 Tpyaa MoeT ObITh IPUBeJEHO B ObICTpOE
BpalleHe, HO MOAbKO 8 HANPABAEHUU, COOMEemcmsynujem HANPaAAEHUID
nepeoHa1a.ibHo npouseedenHozo dasaeHus. Ilpy monbITKe BRI3BATh BpallleHNe
BHEIIHEro KOJlbIla B NPOMUBONOA0HCHOM HANPABAECHUL MaXOBHUOK «nepesopa-
Yyusaemcsay: ero ocb GUrypbl CTPEMUTCA BHE3AMHO NPUHATDH IIPOTUBONOIOK-
HOe HampaBleHue, IpuYeM BHYTPEeHHee KOJbIl0, 0UeBUIHO, IOBOpPaYNBaeTCA
Ha 180°. Xora Tenepb Mbl MoxeM OecHpeNATCTBEHHO BbI3BaTh BpallleHUe
BHEIIHEro Koublia B HOBOM (MPOTHBOIOJIOMHOM HavyalbHOMY ) HallpaBleHNH,
HO MONBITKA BRIHYAUTD BpallleHue 3TOro Kolblla B IepBOHAaYalbHOM Halpas-
JeHUY CHOBa BBbI3OBET «IlepeBOpauyMBaHUEy OCU BOJNUKA.

4. B aTux onbiTax npoAaBiafAeTcAd oOHapy:eHHaa Oyko mendeHyusa k 2o-
MOAOUYHOMY, WU 00UHAK0B80 HANPABAEHHOMY, NAPALAIEAUIMY Ocell epaue-
Hua. BepTuranbHoe moioxeHue ocu QUTyphI BOIYKA ycmoliuso 10 TeX 1op,
NOKa HalpaBleHUEe ero BpalleHWA COBHaJaeT C HalpaBleHHeM BpalleHud
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BHEIIHEro Kojiblla. B ciyyae mpOTHUBOMNONO#HOTO HAlpaBleHUA 3TUX JABYX
BpallleHil BepTHKalbHOE T0JIoKeHrue ocu GUTYPhI BOIUYKa 8 6blculell cme-
neHu Heycmoiiiueo, U dTa OChb cTaOUINU3UPYETCA IUIIL TOTrAa, KOrla oHa
IpuMeT NPOTHBOMOIOMHOE HallpaBleHue, P KOTOPOM HMeeT MeCcTO FOMO-
JOTMYHBIN Napanienu3M o0eux oceit BpameHusa. C MOMOIIbIO COOTBETCTBY-
IOIIIer0 pUTMUYHOTO YepeJOBaHNA JaBlIeHN il Ha BHEIIHee KOIbII0 MO#HO BhI-
3BaTh GeclpephIBHOE «EPEKIAbIBAHNEY MaXOBUUKa BOKPYT OCH BHY TpEHHe-
ro KoJbIa.

5. Eciu ecTKO CKpenuTh BHYTpPEHHee KOJNbIO C BHENIHUM, T.€. JU-
HMIUTDb €ro MoJBUMAKHOCTHU, TO «CONPOTUBIAEMOCTbY BOIUKa Uc4ye3HeT. Bomuok
6yneT Ge3 cONPOTUBIEHUA MOAAABAThCA BCAKOMY JAaBJIEeHUIO, NPOU3BEIEH-
HOMY Ha BHeIllHee KOIbL0, Kak OyJTO OH BOBce He 00iafaeT MOMEHTOM
BpanieHusa. TunnyHble rupockonuyeckue 3¢pderThl HAOMIOJaI0TCA TOIbKO
Yy BOJYKA C mpems cmeneHAMU €80600b. 1 OTCYTCTBYIOT Y BOJYKa ¢ d8yma
cmeneHAMU ¢80000bl. Mo#HO, OTHAKO, BO3MECTUTh HEJOCTAIOUIYIO CTENEHb
cB0GO/IbI, YKPENUB BOIYOK HA BpallarlleMcA JUCKe, OMcaHHOM Ha cTp. 101,
TakiM 06pa3oM, 4TOOBI OCh BHEIIHEro Konbla (mpexe BepTUKAIbHAA) 06-
pasoBalla ¢ BepTHKaJIbHON 0ChbIO Bpalllaloleroca AUcKa He CIUIIKOM Madblii
yroa. B aToM ciydae och BoluKa ¢ AByMA CTeNEeHAMU CBOGOIbI YCTPEMUTCA
B HalpPaBIEeHUU OCH BpAIeHUA AUCKa (MOJOGHO TOMY, Kak CTpelKa KOM-
naca nosopauynBaeTcA B HanpaBieHuu CeBepHOro MOJOca), U NPUTOM Tak,
4yTOGbI YTI0Bble CKOPOCTU BpalleHUA JUCKA U BOJIYKA ObLIM NapalielbHbI
11 OlIMHAKOBO HalpaB/eHbl'; HAaNpaBleHud ABUMEHUA 060MX KOHIIOB OCH (hHU-
r'ypbl BOJIUKA MPU 3TOM II€PEXOie B yCTOMUYNBOE MONOMKEHNEe ONpeeNfA0T A,
OYEeBH/IHO, HANlpaBleHHEM BpallleHUA JUCKA.

Bce onucanHble ABI€HUA — CleJCTBUA OCHOBHOIO 3aKoHa (25.5):
dN = M dt. (27.1)

1. Ilpu paBneHuu Ha sHympeHHee Koabyo MoMmeHT M HampaBieH ro-
PU30HTAIbHO NapalielbHO OCH BpallleHUA BHYTPEHHEro Kojibla. MomeHT
umnyiabca N Ha puc. 47 HanpaBieH BIpaBo WM BlIeBO, Tak 4YTO MoMeHT M
OTKJIOHAET ero B 60k060M HanpasieHuu. Takum obpasoM, eciu Mbl BIpaBe

!Tounee, ochb BONUKA yCTAHOBUTCA B IUIOCKOCTH, MPOXOAAMEil Yepe3 oCb BpameHUA
[KMCKa U OCb BpallleHWA BHeIHero Koabua. OHa ycTaHoBHIach Obl MapaluielbHO OCH Bpa-
MeHUA OucKa, eciiu Obl, He CKpPelJIAA Mexay coboil BHelIHee M BHyTpeHHee Kojblia, 3a-
KDPEeNUTh BHeIIHee KOJbLIO Ha JUCKe TaK, 4TOObI OCh BpallleHUA BHY TPEHHEro Kolblia Gblia
ropusoHTtaibHa. ([Ipum. ped.)
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JONYCTUThb, YTO OCh (PUI'yphl, IEpBOHAYAILHO COBNAJaBlIad C HalpaBieHH-
eM MOMeHTa UMITyJbkca, HelIpephIBHO clieJyeT 3a HUM, TO 60KOBOe OTKJIOHe-
HMe 3TOH OCH, a clleloBaTelbHO, U BpallleHUe BHeUIHe20 KO4bld, IoJydaeT
BecbMa npocrtoe oobAcHenne. CIpaBellMBOCThL 3TOTO JONYIIEHUA IPU J10-
CTaTOYHO GLICTPOM BpalleHHH BoJd4YKa GygeT HaMu 00O0CHOBaHa, BIPOYEM,
TOJIBKO B § 35 (CM. MpUBEIEHHOE TaM U3I0HEHUEe TEOPHHU IICEBJOPErYIfAPHOi
Ipeneccun).

2. Ilpu paBleHUM Ha 6HeulHee KOAbLo MOMeHT M HampaBieH BepTH-
KalbHo. MoOMeHT UMILyJbca, HepBOHAYalbHO HAPABICHHBIH FOPU30HTAILHO
(BIpaBO UK BIEBO), OTKIOHAETCA, TAKUM 00pa3oM, BBepX Uid BHU3. Tem
caMbIM 06bACHEHO (IPU TOM 3Ke [OMYyIeH!H, 9TO U B 1. 1) BpaileHue 6Hym-
penHezo Koabla. IIpy oueHb CHUIBLHOM yJape 10 BHeNIHEMY KOJbIy Halle
JonyllleHde OTHOCUTENbHO TOro, YTO och (PUIyphl BONYKA clelyeT 3a Ha-
npaBjieHreM BeKTopa MOMeHTa MMIYJbCa, OKa3blBAaeTCA UL NPUGIUHKEH-
HO NpaBWIbLHBLIM; B 3TOM cClIyyae U BO3HMKAeT YNOMAHYTOE BhbIIIE (KOHU-
YecKoe» MagTHUKOOGpasHoe NBUAeHNe, KOTOPOe XapakTepu3yeTcA HeGOolb-
IIMM PacXo#IeHUeM Me#sy 0Chlo GUIyphl 1 BEKTOPOM MOMEHTa UMIYJbCa
BOJIYKA.

3 u 4. Ecin MOMEHT uMIyJbca HalpaBleH IOYTH BepTUKAIbHO, TO
BpalleHde BHELIHero Kojblla B HalpaBleHWM, coeénaddioujesm ¢ BpalleHueM
MaxoBHMYKa, IPUBOAUT K elle 6oJbIIeMy NPUOIMMEHUIO OCU BpalleHUA I10-
clejHero K BepTHKalW. B 3ToM ciyuae o6a KoJblla M MaxOBMUYOK Bpalla-
10TCHA, KaKk OJIHO Iieloe, BOKpYT BepTukainu. «ConpoTUBIAEMOCThY BHELIHET0
Kolblla cueszaeT. HanpoTus, npy BpalleHUM BHENIHEro Koiblla B IPOTH-
BOIOJIOAHOM HalpaBleHud N0CTAaTOYHO JWIIL HEe3HAUUTENbLHOr0 OTKJIOHE-
HMA OCY BpalleHUA MaXoBUYKa OT BePTHKAJIM, YTOOLI BhI3BATh JalbHelillee
peskoe yjajeHue OT Hee; MOYTH BepTUKAJbHOE II0J0MeHHe OCH MaxoBHUYKa
OKa3bIBAETCA HeYCmoliugbiM 10 OTHOUIEHUIO K 3TOMY (HEeroMoloruyHOMY )
BpalleHUI0 BHEIIHEro KoJibla.

5. Ilpu eCTKOM CKpeIUIeHUH BHYTPEHHEro Kojblla ¢ BHEIIHUM OCh
BpalleHUA MaxoBHMUKa JHIIeHa BO3MOHOCTH IlepeMellaThbCA B BepTUKAb-
HOIi TIJIOCKOCTH TOJ JleficTBMeM HalpaBleHHOro 110 BepTHKalu MoMeHTa M,
BLIBBAHHOTO BpalleHHeM BHellHero Koibla. IloaTomy BpallleHHe BHeIIHe-
ro Koiblla IepejaeTcA Bcell cucTemMe. JTO BO3MOMHO IIOTOMY, 4TO YCHU-
1A, BO3HUKAIOIIKE IIPA COOTBETCTBYIONIEM I'OPU30HTAILHOM MepeMeleHnH
ocH BpallleHMA MaXoBU4Ka, 61arogapd #ecTKoMy coefluHeHUI0 060UX Kouell,
BOCIPUHUMAIOTCA HOAIIUIHUKAMY BHEIIHEro Koibla. MHaye 06CTOUT feno
IpY HaIM4YUU BpallaiollerocA JUCKa; 3[ech 0Ch BpallleHMA MaXoBU4YKa MO-
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#eT, 0 KpaiiHeil Mepe 0TYACTH, «cleloBaThy 38 BHEIIHUM MOMEHTOM M,
BCIIE/ICTBUE YEro OHA yCTAHABIUBAETCA NMApallielbHO OCH BpAlleHUA IUCKA.

Terepb 0OCTAHOBUMCH Ha HEKOTODPBIX TEXHHYECKUX NPHMEHEHHAX TeO-
pun rupockona (Boauka)®.

1. IIpu6op anA crabuiausalMu TOPIieabl

Ilo BHemHEMY BUAY Topliea HaoOMHUHaeT 60JbIIYIO pbiOy. B ronoBHoil
yacTH TOpIeJbl IoMellaeTca Pa3pblBHON 3apAl, a 3a HUM paclloyloeHa Ka-
Mepa co ciaTbhIM BO3AyXoM (MHeBMaTHyecKad Kamepa), Ciy:Kalad UCTOY-
HUKOM 3Hepruu [JJjd ABUrareleill rupockona U npubopoB GOKOBOro W Iiy-
OUHHOr'0 ynpaBleHUs, 3aTeM clellyeT MallMHHOe OT/elleHUe A MOTODPOB,
obecleynBapOUIMX C IOMOLIbIO0 BUHTOB [IOCTYNAaTelbHOE JBUMEHNE TOPIIEbL.
B xBocToBOIl yacTu Topmneabl, HeMOCPEJCTBEHHO Nepel BUHTaMU, TOMella-
eTcA NpelcTaBlIdoMNN 114 Hac Hauboabui MHTepec Npubop AjaA cTtabu-
JAu3aluy Toplenbl, u3obpaneHHbIit Ha puc. 47. OH u3obpeTeH aBCTPUNCKUM
unxenepoM O6pH U CIyUT 1JA G0KOBOro (FOPU30HTANLHOTO) YnpasaeHus
mopnedotl.

IIpessie Bcero cramteM HECKONbKO CJOB O CPaBHUTEIbHO MPOCTOM
ynpasaeruu no eaybure. Topnena Oon#Ha ABUraThbCcA B BOJe Ha ompeje-
JIeHHO}1 3apaHee yCcTaHOBIeHHOH rayouHe. [liA 3TOro ciyuT mopiieHb, Ha-
Xoaduuiica noj AeiicTBUeM JaBieHUd BoJbl. Ecau ycTaHoBIeHHas riayo6uHa
NpeBbIllIeHa, TO JaBjleHue BOJAbI IepeMeCcTUT NoplieHb Ha3al, ecllid #e 3Ta,
riay6ruHa He JOCTUTHYTa, TO MOplLIeHb NepeJBUHeTcA Blepela. B oboux cuy-
yafAX MOoplIeHb NpPU MOMOIIY CaToro BO3AYyXa NPUBOAUT B JAeiicTBUe pyiu
r1yO01HbI, OTRJIOHAIOI[ME TOPIEAY BBEpPX WIU, COOTBETCTBEHHO, BHU3. BBu-
Iy TOro, TpaeKkTOpUA TOpPIeAbl B BePTUKaIbHON IIOCKOCTU NpejcTaBideT
c060ii BOIHOOOpa3Hyo JIVHHUIO, «BBIOIIYIOCA» OKOJIO TOPU30HTANIHU, IPOBEIEH-
HOH Ha kejaeMoll riyOuHe.

Bonee TpynHbiM menom ABiafeTcA GOKOBOe ylpaBileHHe: HECMOTPA Ha
Hanuyve BOAAHBIX TeYeHUH, Topleda NOJKHaA COXpaHATb HayalbHOe Ha-
npaBlleHle, N0y YeHHOe Npu BoicTpedne. lnda sToro Heo6xoaum npubop, cno-
coOHBIIl He3aBUCUMO OpPUEHTHPOBaThbCcA B NpPOCTpaHCTBe. JToH cnocobHOC-
Thio oOnajgaeT rupockon. B MoMeHT BbicTpena MaxoBu4ok nputdopa Obpu
NpuBOJUTCA B ObICTpOe BpalleHue. biarogapsa 3ToMy BHelllHee KOJbIO OKa-
3bIBaeTcA (PUKCUPOBAHHLIM B NIPOCTPAHCTBE, KaK 3TO UMeEJNO0 MEeCTO B OIlbl-

! IpexpacHoe aneMeHTapHOe U3/0#eHNe TeXHUYeCKUX MPUMeHeH!H IUPOCKONa MOHKHO
HaiiTu B kHure E. JI. Hukonau. T'upockon, Tocrexusnar, 1947. ([Ipum. ped.)
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Te 2; OHO COXpaHAET CBOIO OPHEHTAIUIO TaKkke U MpU 60KOBOM OTKJIOHEHUU
Toprensl. B mocnenHeM ciiyuae Kopmyc TOpme[bl MOBOpaYMBaeTCA OTHOCH-
TelbHO HeNoJABUMAKHOI MIocKoCcTU BHellHero Koabla. llltudT, ykpennenusrit
Ha BHeIIHeM Koiblie (BUAeH Ha puc. 47 cieBa BBepXY), OIPUXOAUT B CO-
IPUKOCHOBEHHE C KIaNaHOM, YKpeIlIeHHbIM Ha KopIlyce TOpIeAbl; MTUDT
OTKpPBIBAET KJamaH U TaKkuM 06pa3oM HaeT BO3MOMHOCTH CKATOMY BO3IY-
Xy HPHUBECTH B feiicTBHe OOKOBOIl pYylb, KOTOPLIH U BBINPABIAET TOPHEAY
B 60KOBOM HamnpaBieHud. Takum 06pa3oM, U B TOPUIOHTATLHOU MIOCKOCTH
TPaeKkTOpPUA TOpPNEabl UMEET BUJ BONHOOOpA3HOMN JIMHUH, BbIOIIeiicA 0KOJIO0
JUHUU BbICTpela.

3amMeTHM, YTO F'MPOCKOI AeiicTBYeT 3/ech II0 OTHOIIEHUIO K G0OKOBOMY
pyIlo B KauecTBe npubopa ynpasieHus, a He B KaueCcTBe HENOCPEACTBEHHOI0
dsuzameasn. [InA mocnenHeil uenu, yYuTbIBaA MAacCUBHOCThL TOPIENbI, €ro
MOIIIHOCTb OKasaiach Obl HEJOCTATOYHOIA.

2. YcnokouTelb Kauku KopabJA U aHaJOrvu4yHblie NpUGoOpPbI

Beccemep (MMA KOTOPOro IMPOKO H3BECTHO METALIYPraM) OKOJIO
1870 r. mocTpoun ocobyIo caloH-KalOTy AJXA cyAoXoAcTBa Ha JlamaHmie. JTa
KaloTa MojBelIMBalach Tak, YTO MoOria CBOOGOMHO KayaThbCA BOKPYT MpO-
JOIBHOM OCH CyIHA, U J0J#HA Oblia cTaGUIN3UPOBATbCA BpallleHheM Maxo-
BHMKA MPOTHUB GOKOBO# Kauku. OQHAKO 0Ch MaXOBHMKA #eCTKO 3aKpeIifaiach
B KalOTe, BCIEACTBUE YEro eMy He XBaTalo Heo6X0JUMOU TpeTheil cTeneHu
cBoGoasl (cp. Beiwle, onbIT 5). IlosToMy KOHCTpPYKIMA OKa3anach HeyJavHOIA,
U BCKOpE OT Hee NPUILIOCH OTKA3aThCA.

Jta npobrema, kak 1 npo6iema ypaBHoBemuBanusa macce (ctrp. 103), 6b1-
na ycnenrio paspenieda O. Inukom. MaxoBuk (MMeOmuit OKPYHMHYIO CKO-
poctb 150 m/cex, Bec 5100 k2 u guamerp 1,6 #) yKpemifsercA B pame,
KoTopafd, NofA06HO MafATHHURY, MO#eET KauyaThCA BOKPYT OCHU, PACIHONOMKEH-
HOIl Momepek Cy/Ha; MPU 3TOM 0Cb QUTYPbl MaXoBUKa KoJe6leTcA B BEPTH-
KalbHOIi MIOCKOCTU MPOAOILHOIO CEUEHUA CyHA. Ta pama COOTBETCTBYET
BHYTPEHHEMY KOJbIly, a caM KOpIyc CyJHa — BHEIIHEMY KOJbIly Halle-
ro JAeMOHCTPAUOHHOrO Bonuyka. Ponb mpesueit (cM. puc. 47) BepTUKaiu
Temepb UrpaeT MpPoAOJbHAA OCh CyAHA; MPEMHHUM MOBOPOTAM BOKPYT Bep-
THKalU Telepb COOTBETCTBYeT GOKOBaA Kauka cyjnHa. Takum o6pa3oM, He-
00X0AMMble TPU CTelneHU cBOGOJbI MpeJCTaBleHbl 3[ech O0KOBOI KavKoii,
KoneGaHUAMU paMbl U COOCTBEHHBIM BpalleHueM MaxoBuka. [Ipu GoroBoit
Kauyke 0Cb (GUrypbl MaxOBUKa (pacmonoseHHad B HOPMAaIbHOM MONOMEHUN
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BEPTHKAILHO) OTKIOHAETCA BMECTe C PaMoii IONEepPeMEHHO TO BIepel, TO
Hasajl, IpuyeM 3Heprud G0KOBOM KauKy CyJHa NpeBpanaeTca B KHHeTHYeC-
KYIO U MOTeHIMalbHYI0 SHepPruio pamMbl. bokoBas Kauka cyqHa u KoieGaHuA
paMbI CBAA3aHbI APYT ¢ Jpyrom. B yacTHOM ciyuae, Korja 06a COOTBETCTBY-
IOMKUX cOGCTBEHHBIX KoJeGaHNA HAaXONATCA B Pe30HAHCE, UMEIOT MECTO CO-
OTHOIIIEHN A, aHAIOT MYHbIE COOTHOIIEHUAM I CUMIIATUYECKUX MaATHUKOB.
Brnpouem, aToro eie HeIOCTATOUHO A «raiieHusAy KoiebGauuit cyaua. On-
HAKO OKAa3bIBAETCA BO3MOHBIM MOTJIOTUTh YHEPTUIO KaYaHUi paMbl U, T€M
caMbIM, 3HEprui0 60KOBOII Kaukyu Kopabiif ¢ HOMOIIbIO TOPMO30B, AeHCTBY-
IONIMX B OMOPHBIX Iamndax pambl M0J0OHO TOMY, KaK C MOMOIIbIO KONECHBIX
TOPMO30B YMEHbINAIOT CKOPOCTh BaroHa. IIpu 3ToM TopMmosieHHe paMbl He
JOJIKHO OBITh HACTONbKO CUJIbHBIM, UTOGBI BOOOIIE TMKBUIUPOBATEL OTKIO-
HeHMe OCcU F'HpOCKona, 160 B 3TOM clly4yae Mbl CHOBa UMelH Obl [ello ¢ Head-
(heKTUBHBIM BOJTYKOM C ABYMA CTENEeHAMHU CBOGOIbI. 3aCHAThIE JUArPaMMbl
GOKOBON KAauKHU MOKA3bIBAIOT, UTO NAEHCTBUTEILHO CYHUIECTBYET ONTHMAalb-
HOe cpej/lHee TOPMO#EeHHUe: IPU BRIIOUYEHUU TUPOCKONa aMITUTY Ibl Kojeba-
1 _ 1
10 20
aMIUTUTY b, IpUYeM OTKJIOHEHUA paMbl cocTaBafaau 30-40°.

IlpuunHa, moyemMy 3TOT YCIOKOUTENb KAYKU BCe e He Halled IUpo-
KOTo MpUMeHeHHs, 3aKII0YaeTCA 0TYaCTU B HeGe30MacHOCTH KOHCTPYKIUU
(6prcTpO Bpamamwmuiica MacCUBHbIN MaX0OBUK ABIAETCH ONACHBIM (IIACCaMU-
POM»), OTYACTH e B TOM, YTO HallelcA elle Golee CUIbHBIA (KOHKYPEHTY,
MMEHHO yCNOKOUTelbHadA nucTepHa @pama, AelicTBUEe KOTOPON OCHOBAHO Ha
COBEpILEHHO WHOM MpHUHIIUIIE.

C wusnoeHHO! Bbpllle NMpo6ieMoil cBA3aHa mpobiemMa cTabuiIu3anu
¢ TIOMOII[bI0 TUPOCKOMUYeCKUX 3(PeKTOB ycTaHOBIEHHON Ha Kopalbile Bpa-
maomieiicA maaThopMbl, HapUuMep, 1A KopaGelbHbIX OpyaAuii. Mbl He 3Ha-
eM, B KaKoil Mepe paspelieHa 3Ta npobieMa NpakTHYecKU; paboThl B ITOI
o6acTu MPOBOAATCA, pasyMeeTcH, y#e JaBHO M BO BCeX CTpaHax.

HHA CyJHa IOYTU MIHOBEHHO yMEHbIIaJAWUCh OO HepBOHa‘JaJ’[bHOfI

3. 'upoxromnac

I'mporommnac ABIAeTCA BecbMa TOHKO U PEeKpacHo pa3paboTaHHOM KOH-
CTpyKLuell rupockona. gea ruporomnaca npunamiekut Pykxo. Jlokasas
CBOMMHM ONBITaMH ¢ MaATHUKOM BpaijeHue 3emiad (ria. V, §31), on pemnn
NoOUTbCA TOTO 3Ke CaMOro C IOMOIIbIO ONBITOB ¢ BOJUKOM. U3 pa3innyHbIX
MeTO/I0B, IPUMEHEHHBIX UM A 3TO! L[elu, YIIOMAHEM 3aMeHy MarHUTHOTO
KOMIIaca BOJIYKOM C [JBYMA CTeleHAMU cBOGO/bI, YEPEllJeHHbIM B I'OPU30H-
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TaJlbHOM INIOCKOCTH; BMECTO TOI'0, YTOOLI YKa3bIBaTh Ha MmaznumHbiii CeBep-
HBIH [OJIIOC, 3TOT BOJYOK NMPAMO yKasbIBaeT Ha MOJIOC BpalleHuA 3eMid —
co6cTBeHHO KuHemamuveckull CeBepHBIA MOMIOC. ATO YCTPOHCTBO MBI II0
CyILIecTBY oNMucald B M.  HAIIUX JEMOHCTPAIMOHHBIX ONBITOB, paccCMaTpHU-
Baf MOMeIIeHHbIN Ha BpallaioleMcA JUCKe BOIYOK C 3aKpeleHHbIM BHYT-
peHHUM KoibloM. Tenepsb BpalnamlieMyca JUCKY COOTBETCTBYET Bpallaro-
masca 3emsd. Pazninune 3akioyaeTcd TOJAbKO B TOM, YTO BpallaloieMycH
OUCKY MbI MOTJIM COOOIIUTHL YTIOBYH) CKOPOCTb JI060M BEIMYHUHBI U MO-
3TOMY MONyYald PE3KO BbIPAMEHHBINH 3G(HERT (yCTaHOBKM» (OPHEHTAIUH)
ocH BOJYKa, TOTJa Kak yrioBaf CKOPOCThL BpallleHud 3eM/d BechMa Mala,
U II03TOMY yCTaHOBKa «rupockomna ®yKo» IPOUCXOAUT KpailHe MeIJeHHO.
IIpu onucanuy ONMBITOB C BOJYKOM Ha BpallaiolieMcA AMCKe Mbl OTMeYalH,
YTO OCh BpallleHUA BHEIIHEero KoJjblla [oixHa 06pa3oBaThb C OChbIO Bpalle-
HUA J¥CKa He CIMIIKOM Madblii yroia. Ilpu paccMoTpenun BpaieHus 3eMin
BTOMY YIJIy COOTBETCTBYET JONMOJHUTEIbHBINA YToy reorpabuyecKkoi mupo-
TbI MecTa Habmoaenusa. Ha CeBepuom u H0xHOM nomtocax 3emiu, rjae 3ToT
Yrosl paBeH HYIIO, MpeKpaliaeTca U <«OpUEHTHpYIolleey JeiicTBUE BOMYKA.
Boo6ie, «opuenTupyioileey geiicTBHe BOJIYKA MPOMOPIHOHANBLHO YTJI0BOM
CKOPOCTH BpallleHuA 3eMiM, MOMEHTY UMILyJbca BOJUYKa U CUHYCY Ha3BaH-
HOro yria.

OnbiTel PyKo AL yKasaniu Ha CyIeCTBOBaHKE OMUCAHHOrO 3 deKrTa.
IlonHoe e mokasaTeabcTBO 3TOro 3dderta man I'epman Anmorti-Kemn,
0JIb30BaBIINiicA Bee Gojlee U Gojiee COBEPIIEHHBIMH KOHCTPYKIIMAMU THPO-
cxona. Ero nmepBoHauvaibHO# Henbio ObLI0 gocTumenue CeBepHOro moiroca
Ha MOJBOMHON JoaKe Hox ApeiidyomuM IbgoM. BBuay Toro, uto nokasa-
HUA MarHUTHoOro Kommaca B6au3u CeBepHOro MoJdiOCa CTAHOBATCA OYEHb
HETOYHBIMH, 8 BHYTPH MOJBOJHOI JOAKHK 3TOT KOMIAC BOBCE He MPUTOJIeH,
AHIIIOTI] pelIna BOCIoAb30BaThCA BOJYKOM B KauecTBe yKasaTellfA HalpaB-
neunud. IlpaBaa, emy He ygajnoch goctudb CeBepHOro moiioca, HO B pe3yib-
TaTe NMPOBOJUBIIUXCA UM B IIPOAOJIKEHHE MHOTHX JIEeT ONbITOB GbLI CO3/1aH
BechbMa COBepIUeHHbIH Npru6op, HeoOX0JUMBIii B CyI0OXOJACTBE KaK B BOEHHOE,
Tak ¥ B MUPHOE BpeMH.

B oranuune ot rupockona ®yko, BOAYOK AHIIIOTIA He YKPeIJeH B TOpH-
30HTaNbHON INIOCKOCTH, a IPUBOJUTCA B 3TY INIOCKOCTDb JeiicTBHEM cOOCT-
BEHHOro Beca (1mojo6HO0 MaATHUKY). B nepBoHayanbHON KOHCTPYKUUHU IPH-
6opa BOJYOK IIaBal B cocyle ¢ pPTYyTbio. Boilee mo3gHue KOHCTPYKIHMU
COCTOHNIM U3 JBYX WU TpeX BOIYKOB, JeHCTBUA KOTOPLIX B3aMMHO YCH-
AUBAlUCh U KOppUrupoBaiuchk. [locTOAHCTBO MOMEHTa HUMIIylbca BOJAYKA
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obecrneynBaeTcA C MOMOIIbIO BMEKTPUYECKOTo MpuBoja. B nocieqHeil KoH-
CTPYRLIUU AHIIIOTIA BCA CUCTEMA 3aKkiIl04yeHa B 1Iap, «IIaBaloIUi» B Ipy-
roM IlIape ¢ MajlbIM 3a30pOM U NouTH 6e3 TpeHuA. Tak Kak K npubopy Helb-
3f IpUKacaTbCcA B TeUeHUe HECKOIbKUX MecAlleB IIaBaHufA, TO He00X0JUMO
6b110 06ecnieunTh Haubolee LelecooOpa3Hy0 aBTOMaTHUYeCKYyIO cMa3Ky ero
OCeBBIX MOAIIUIHUKOB.

Ocoboe 3HaueHUe MMeIOT Mephbl 1A yCTpPaHeHUA BpeJHBbIX BINAHUI
coOCTBEHHOI0 JIBUMeHUA cyAHa. Korja cyqHO ujgeT mo KpUBOU HIU HU3Me-
HAET CBOIO CKOPOCTb, €ro I'HPOKOMIIAC, «CBA3aHHBINY (Hamogobue MaATHU-
Ka) ¢ FOPU3OHTAJbHON MIOCKOCTHIO, MOJABEpraeTcA AEHCTBHIO BO3HMKAIO-
mux cun uHepuuu. CUIbl MHEPIMM OKa3bIBAIOT JAaBjleHUE HAa OChb (UTYPBI
BOJIYKA U OTRJIOHAIOT €€ B CTOPOHY, UTO JOJ#HO BBI3BATH JIO#HbIE MOKa3a-
HuA npubopa. MoxHO noKa3aTh, YTO COOCTBEHHOe IABUEHUE CyJHA CTaHO-
BUTCA B 3TOM OTHOLIEHUU «O€3BPEIHBIMY, €ClIU Nepuojl cBOOOAHBIX Koaeba-
HUN CTpeIKM KoMIlaca OKOJO MepHjAMaHa COBNajaeT ¢ NMepHOJOM KauyaHUi
MaTeMaTH4YeCKOro MagTHHUKA C JAIUHON, paBHOU paguycy 3emiu

R=2.10"n,

a IMEHHO:

T= 27”/% = V87 - 10% cek. = 84,4 muH.

(saron Illynepa, o6o6menHbii [uTyepom)!. HTepecHbIM NpUMeHeHHEM
KoMIaca AHIIIOTIA B MUPHBIX yCIOBHUAX fIBIAeTCA aBTOMaTHYecKoe T'upo-
CKONMYecKoe yNpaBlleHHe OKeaHCKUX NapoxojaoB. [af Toro, 4Tobbl CyAHO
MOTJIO CJIEZIOBATh 110 CBOEMY KypCy IIPU HalMUUU BOJIH U MOPCKUX TeUeHUI,
Heo0X0/JUMO HellpephIBHOE BHUMaHUE IITYPMaHa M COOTBETCTBYIOIIee Mpo-
TUBOAelicTBHe pyleBoil MamuHbl. OIHAKO NPOTUBOJENCTBUE, OKA3bIBAEMOE
pylieBoil MalllMHOW MOPCKOMY TeYeHHIO, Bcerja HECKOJbKO 3ama3ibIBaer,
BCJIEJICTBHE YEro CyJHO BBIHY/JEHO NPOXOAUTh U3NUIIHUE YYaCTKU IIYTH.
Hanporus, rupokomnac (cp. omucanue npubopa A cTabUin3anuu Topre-
Ibl) ABIAETCA BECbMa YyBCTBUTENbHBIM IPUGOPOM yIpaBleHuA, BOCIPUHI-
MaloIIUM BHeNIHNe BIUAHUA 3HaUUTEIbHO TOUHee U GhIcTpee, UeM YelloBeK,
U IpuTOM npuGopom, cpabaThIBalOMINM MIHOBEHHO. Biarogapa aTum KOHTp-
MepaM, MyTh Cy[IHA CTAHOBUTCA MOYTH NMPAMOINHEHHBIM (CTPOro roBOpA,

1Cm. «Wissensch. Vrréffentl. aus den Simenswerkeny, Bd.19,57 (1940).
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NPOXOAANIMM II0 JIOKCOAPOMUH), UTO O3HAYAET 3HAUUTEIbHYIO HKOHOMUIO
sHepruu. [losTomy Kabiit Gojlee UIM MeHee KPYMHBII maccaKUpCKUil ma-
poxoa o6opyayeTcd Tenepb 3TUM aBTOMaTUUYECKUM PYJIEBbIM yCTPOIACTBOM.

Nupuskabnu Takme oGopyJoBaHbl T'HPOKOMIAcCAMM, a CaMOJEThl —
«BOIYKaMHU-TOPU30OHTAMUY.

4. Tupocronuueckue 3¢p@PeKThl Yy Kojec KeJIe3HOJOPOHKHBIX
BaroHoB U BeJjlOCHIIe[JOB

RaTamuiicA KollecHbIl CTaH KeJe3HONOPOMHOrO BaroHa IpejcTaBifA-
eT co6oli TUPOCKOIl, MOMEHT MMILyJbca KOTOPOro Npu ObICTPOM [ABUMKEHUU
moe3Ja MOMET CTaTh BeCbMa 3HAYUTEIbHbIM. [l TOro, UYTOGBI IPU NPOLOHC-
deHuu Toe3aa Mo KPUBOAUHEUHOMY NYmu OTKIOHATL YIOMAHYTHIH MOMEHT
B I0JIO}KEHNE, OTBevalolllee HOpMalu K KpUBOii, He06X0AUM, COTJIaCcHO ypaB-
HeHuio (27.1), Bpamaromuit MoMeHT M, HanpaBIeHHbIH B CTOPOHY NBHKe-
HUA noe3jga. Tak kak Takoro MomeHTa M HeT, TO B KauecTBe «TMPOCKOIH-
YeCKOoro 3¢ ¢erTay BO3HUKaET NIPOTUBOIONOMHBIA MOMEHT, IPUKAMAaIOLIUi
KOJIECHBIN CTaH K Hapy#HOMY pellbCy W OTPHIBAIOUIUil ero OT BHYTpPEHHe-
ro peibca. ITOT MOMEHT CKJIaAbIBaeTCA C MOMEHTOM IE€HTPOGEH HOM CHIIbI
OTHOCHUTEJbHO HANpABIEHNUA IBHMKEHUA Moe3[a (JUIA YMeHbIIeHUA BIMAHUA
1eHTpoOe}KHOro MOMeHTa NpUAal0T Hapy#HOMY pelbCcy NpU YRIaAKe IyTH
HEKOTOpOE MpeBbIlleHNe HaJ BHyTpeHHUM). 06a MOMeHTa NpOMNOPIUOHATb-
Hbl MYwW, T'l€ ¥ — CKOPOCTh [BUMEHUA Ioe3[]a, w — YIJI0oBag CKOPOCThb
Ha KpPUBOIi; BeJM4YMHa m B HalleM cily4yae fBIAEeTCA Maccoil KOJeCHOro cra-
Ha, [IPUBEJIEHHON K OKPY#{HOCTAM KOJleC, a B BbIpasK€HUU LEHTPOOeHOM
cunbl — o6mieil Maccoil Barona, npuxopdileiicA Ha KojecHblit ctaH. Ta-
KUM o06pa3oM, paccMaTpUBaeMblii THPOCKONUYECKUH MOMEHT OUYeHb Mal 10
CpaBHEHHIO ¢ MOMEHTOM I[eHTPOOEe#HO! CUJIbI; ero MO#HO ObIJI0 ObI yUecTh
He3HAUYUTEJIbHbIM JOMOJHUTENbHBIM MpeBbIllIeHUEeM Hapy##HOTo pejibca Haf
BHYTPEHHUM.

Boéabuiyo omacHOCTL NPEACTABIAIOT pasinyHble HePa6HOMEPHOCIU
B 6epMuKaAbHOU YKaadKke nymu — «BBIGOUHBI Iy TH» (CIOJa OTHOCUTCH TaK-
#e Bo3pacTalolllee U yObIBalolliee NIpeBbllIeHe HAPY#HOI'0 pejbca B Hayalle
U B KOHI[e KPUBOJINHENHOr0 y4yacTKa IIyTH).

ITogo6Hble HepaBHOMEPHOCTHU BBI3HIBAIOT OTKJIOHEHHE MOMEHTa HM-
NyJbca B BepTUKAILHOM HalpaBleHUU U, ClleJoBaTelbHO, IPOTUBOINOJOM-
HbIf MOMEHT OTHOCUTEJIbHO BepTUKAIU, CTPEMALIUAICA 0TOPBAaTh KOJIECHbII
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CTaH OT PelbCoB U B Ipefeliax 3a30pa Mek/y HUMU NpUKUMamuil pe6op-
OBl KoJlec MONepeMeHHO TO K OLHOMY, TO K APYTOMY pejbcy. JTO fABIeHUE
IeficTBUTeIbHO HabM0anoch Npu MPOOHBIX pelicaX CKOPOCTHBIX BJIERTPO-
noe3aoB. /1A HempephIBHOT'0 KOHTPOIIA TOYHOCTH YRIAIKHU PelbCOBOrO Iy TH
HOJNb3YIOTCA UCHBITATENbHBIMU BaroHaMU, CHa6KeHHBIMU I'MPOCKONMYEeCKH-
MU ycTpoHcTBaMu.

Beaocuned npepncrtabiseT co6oii ABam /bl HETOJOHOMHYIO CHCTEMY, MO-
CKOIBbKY NP NATHU CTENeHAX cBOGOJbI' B KOHEUHOI 061aCTH OH MeeT TOJb-
KO TPH CTeleHH cBOGOIbI B GECKOHEYHO MaiIoit 061acT (eciu He yUYUThIBATh
cTeneHeil CBOGOAbI BEJIOCUIEINCTA). DTUMHU TPEMA CTENEHAMHU CBOOOIbI fAB-
JAIOTCA: BpallleHue 3ajHero Koleca B ero MIHOBEHHOH II0CKOCTH (C KOTO-
PbIM BpallleHHe NepeHero Kojieca CBA3aHO yCIOBUEM ero KadeHus), Bpalie-
HUe BOKPYT pyJd U COBMeCTHOe BpallleHue 0601X Kojlec BOKPYT MPAMOIi, co-
eJUHAOIIel UX TOUYKM onopbl. Kak u3BeCTHO, yCTONUYHUBOCTD 3TOM CUCTEMBI
P4 AOCTATOYHO GOJbIION CKOPOCTH €3]bl OCHOBaHa Ha TOM, UTO IOBOPOTOM
PyJad UIN HENPOU3BOJBLHBIMU JBUMEHUAMH Tejla BelOCUINEeJNCT BbI3bIBAET
COOTBETCTBYIOIIUE yeHmpoobexcHvle sosdeticmeun. CaMa KOHCTPYKIIUA KoJiec
MOKa3bIBAET, UTO UX I'MPOCKONUUECKOE elicTBUE 0YEHb MAaJIo [0 CPaBHEHUIO
C eHTPOOEKHBIM; IJIA YCHICHUA 2UPOCKONUYeCcKo20 delicmeus Kojeca HyH-
HO OBLIO ObI CHAOJUTL €ero MacCUBHBIM 000J0M (a He JelaThb ero, Kkak oObIu-
HO, BO3MOKHO Goitee terkum). Tem He MeHee, MOMHO N0Ka3aTh2, 4To jase
3TU cllabble TUpOcKonuYecke 3(pdeKThI KojleCc CIOCOOCTBYIOT MOBBIIIEHUIO
ycToiuyuBoCcTH Besocunenaa. Jleqo B ToM, 4YTO THUPOCKONUYECKUE CUIbI, KaK
Y TIPY aBTOMATUYEeCKOM I'MPOCKONMYECKOM yTpaBleHUHU cyaHa, ObICTpee pe-
arvpyloT Ha MOHUMKEHNE IIEHTPa TAMECTU CUCTEMbI, YeM LIeHTPOOeHbIE CH-
Jbl: TIPU MalbIX KojlebGaHUAX, KOTOPblE HY#HO paccMaTpUBaTh MPU OLEHKE
YCTOHUMBOCTU, TUPOCKONIMUECKUE BO3eHCTBUA CIBUHY ThI IO (pa3e JUIIb HA
YyeTBEPTH Nepuojia, B TO BpeMA KaK l[eHTpoOexHble BO3eiiCTBUA CABUHY ThI
Ha TMOJIOBUHY INepHo/ia 10 CPpaBHEHUIO ¢ KoleGaHUAMU LIeHTpa THMKECTH.

1Kak womeco B 3agaue II.1.

2F. Klein u A. Sommerfeld, Theorie des Kreisels, H. IV, S.880 u ff.

KoHeuHo, 1A paccMOTpPEeHHUA yCTORUMBOCTH BeJocuIlea He00X0AMMO BbIKIIOUYUTD OKa-
3bIBaeMoO€ Ha Hero Bo3JeiicTBHe Bejocuneaucrta. BejrocuneaucTt Jo/zKeH exaTh, He JBUTraf
HM pyKaMH, HU TeJIOM; ero BIMAHUE Ha BeJOCHIe] J0J#HO CKa3aTbCA TOJbKO BECOM €ro
Teaa. B 3ToM Tpyse MosHO HallTU NMOAPOGHBIM MaTepuan TaKk:e U 0 JPYTUX NPUMEHEHUAX
U 0 MaTeMaTHU4YeCKOM 060CHOBaHUU TEOPUM BOJMUKA.
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5. JepuBanuda (0TKJIOHEHHe BIPaB0) CHapA0B

N3 Bcex rupockonuyeckux npobieM, BOZHUKAIOIUX B TeXHUKe, Gai-
AucTUYecKasa mnpobiemMa paHee OPYTruX IOJABepriach MaTeMaTUYeCKOMY
U 3KCIepuMeHTalbHOMY uccienoBanuio ([larambep, Jitnep, lyaccon, Mar-
HyC); OJHAKO Y OHbIHE ee pellleHne 0CTaeTCA, IoKaNnyit, HauMeHee MOTHbIM.
Jleno B ToM, UTO0 OHa IpeficTaBiAeT co6oil He YUCTO JUHAMHUYECKYIO, a A1Ha-
MHYecKH-2udpodunamuieckywo npobiemy. eficTBUTENbHO, PeIAIOMYIO ANA
6alTMCTUKY BEeIUUYUHY CHIbI CONPOMUBAEHUA 6030Yrd MOMHO ONPENENUTh,
CTPOT0 TOBOpPA, TOIbKO B CBA3W M OJHOBPEMEHHO C ABUKEHHWEM cHapdAja,
N0JIb3yACh OCHOBHBIMU yPaBHEHUAMH T'UAPOJAUHAMUKU.

CymecTBeHHBIM I TPAeKTOPUU CHapAJa ABIAETCA MOJNYy4YaeMbIil UM
IpU BeICTpeTe MOMEHT BpalleHNA. ITOT MOMEHT BpallleHud ABIAeTCH MpH-
YUHON TOr0, YTO OCh CHapAda 6ce 8peMA NPUbAUUMEAbHO caedyem 3a Ka-
cameavHoll K e2o mpaekmopuu. Eciu 661 MOMeHT BpalleHUA GbLI CIUITKOM
BeNIMK, TO CHapA[ JeTel 6b1 NapaiielbHo caMoMy cebe, T. e. HalpaBJeHUe ero
ocH ocTaBajloch 6b1 HEeM3MEHHBIM; eclid 6bI MOMEHT BpallleHUsA ObLI CAUIIKOM
Mal, TO cHapAJ NoBepHYIcA 6bI cBOeil 0Chi0 NMEPNeHJUKRYIAPHO K TPaeKkTo-
puu. B o6oux cryuasx cHapa[, eciau Obl OH Jaxe U Nonal B [elb, yaapuicA
Obl He T'OJIOBHOI YacThlO, 8 THOM U NIOTOMY He pasopBaicsA Gbl.

Ilepemelnenne BeKTOpa MOMeHTa MMIYJbca CHapAAa BOJIbL KacaTellb-
HOIl K TPAeKTOPUU MOKET IPOUCXOJUTh, COrNIacHO ypaBHeHuto (27.1), Toib-
Ko moJ| JeficTBUeM MoMmeHTa M, HanpaBlIeHHOTO NPEUMYIECTBEHHO 8epmu-
KaabHo. ATOT MOMeHT M MoeT GbITh TONbKO MOMEHTOM 20pU30HMAAbHOU
KOMTNOHEHMbl CUAbL CONPOMUBAEHUA 8030Yxd, NEPneHiuUKYIAPHOL K NaocKoc-
mu mpaexmopuu'; 3Ty KOMIOHEHTY Mbl 0603HauuM uepes W. Ilpu atom,
ecly NOKa He MPUHUMAaTh BO BHUMaHUe 3HaKa, MONYUYUM:

M = Wi, (27.2)

rae | — paccToAHMe [eHTpa TAMECTHU CHApAAA OT TOUYKH MPUJIOKEHUA KOM-
noHeHTH W. Y cHapAf0B 00bIUHOI GOPMBI 3Ta TOUKA NPUIOHKEHNA cuibl W
pacrosos;eHa nepej HeHTPOM THMKECTH, T. €. MEHAY LEeHTPOM TAMECTHU U To-
JOBHBIM 3aocTpeHueM cHapaAga. OTcioma ciegyeT, 4TO NpU HpaBOM Bpa-
eHnH cHapAna (Korga BEKTOp MOMEHTa MMIyJIbca HalpaBleH OT TOHHOMN

IEOHG‘—[HO7 Culla CONPOTUBJIEHUA BoO3ayXa II0 rJ1aBHON OCHU J€UT B MIOCKOCTU Tpa-
€KTOPpMH U B OCHOBHOM HMeeT HalpaB/eHHe, [IPOTHUBOIIOI0HOE HalpaBJIe€HHUIO CKOPOCTHU
nojera. Takum 06p330M, 3[ecCb pedyb UAEeT O n106aBOYHOM 3¢cpeHTe, BbI3BBAHHOM He€ IIO-
CTyl’lﬂﬁ TeJbHbIM, a BpamaTe/JbHbIM OBUMEHHUEM CHapsaja.
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K TONOBHON 4acTH cHapsaja) cuia W, ecid CMOTPETb CO CTOPOHBI OPY/AUA,
JOJN#Ha IeicCTBOBaTb CAe8d HANPA6o; 0UEBUIHO, UYTO MPU TAKOM HalpaBie-
Huu cuna W pacT MOMEHT, BEKTOP KOTOPOTO HalpaBieH CBepXy BHU3, UTO
u obecnevyuT MOHUMEHUEe KacaTelbHONU K TPaeKTOpUU, a 3HAUUT, U clelylo-
1iero 3a Heil BeKTopa MoMeHTa uMnyJibca cHapana. (Ilpu sweeom spawenuu
cHapA/a Kak BEeKTOP MOMEHTa UMILylbca, TaKk U BEKTOpbl MoMeHTa M u cu-
ap1 W U3MEHAIOT HalpaBlIeHUA HA MPOTUBOIOJIOMHEIE. )

OnHako geiicTBUe TOil KOMIOHEHTHI W compoTuBIEeHUA BO3JyXa He
UCYepPNbIBaeTCA TEM, YTO OHa JaeT MOMeHT M, BIUAIOINNA Ha MOMEHT UM-
nyjibca cHapAfa (coriacHo 3aKOHY MOMEHTa UMIYJIbCa WU 3aKOHY ILIomIa-
leil); aTa cuila OKa3bIBaeT U HENOCPEACTBEHHOE BIUAHUE Ha GOpMY Tpaek-
Topud cHapAfa (B COOTBETCTBUHU C 3aKOHOM HMMITYJIbCa WM 3aKOHOM [BH-
#eHuA HeHTpa TAmectH). OTcioga (IpUHMMas BO BHEMaHWe HalpaBleHue
cunbl W) Mbl flenaeM cliefyiolee 3aKiIlOUeHNe: npagoe epaujerue chapaa
npugodum K OMKAOHEHUI0 €20 mpaekmopuu enpaeo (Tak Ha3biBaemas Je-
puBaunuA), a .eeoe 6paujeHUe — K OMK.L0HeHUl mpaekmopuu eieso. Hazo-
BeM «BepTHKalbHOIl NpoeKIKeil» NPOERINIO TPAeKTOPUU Ha BEPTUKAIbHYIO
IIOCKOCTh, MPOXOJAINIYI0 Yepe3 HayalbHOe HalpaBieHUe MoNeTa cHapAna,
a «rOpU30HTANbHON MPOEKIUe» TPAEKTOPUU — TPOEKIUIO HAa TOPU30HTAIb-
HYIO IJIOCKOCTb.

3anuiieM BbIpaieHUA 3aKOHA ILIOMIafiell M 3aKOHA IBUMEHUA LEHTpa
THECTHU JJIA Halero ciyvas (B NpubIumeHHOH (GopMme); MepBoe U3 ITHX
ypaBHEHU I OTHOCUTCA K BepTUKAIbHOU POEKIIUU TPAEKTOPUH, 8 BTOPOE —
K ee rOPU30HTANbHON MPOEKINH.

N% = W1 (3axoH miomaneit), (27.3)

2
m2 = w (3aKOH JBHMIKEHMA LEHTPa THKECTH). (27.4)

B ypaBuennu (27.3) de o3HauaeT MrHOBEHHOE U3MeHEHHe HANpaBIEHUA Ka-
caTelbHON K TPaeKTOPUM B BePTHKAIbHON npoekuun; Nde — npubIuMeH-
HafAd BeNMYMHA MIHOBEHHOTO MNpUpAalleHUA MOMEHTa HMILylbca [KOTopoe,
COOCTBEHHO I'OBOPA, U [OJ#HO BXOJUTb B 3aKOH MOMEHTa MMIYIbCa; Cp.
ypaBHenue (27.1)]. Takum o6pa3oM, Npy HanucaHUu ypaBHeHHA (27.3) MbI
cliejiaeM [OMylIeHKre, YTO MOMEHT UMILYJbca CHAapAfla COXPaHfAeT cBoe 3Ha-
uyenue |[N| ~ N HensMeHHBIM BJIONb TPaEeKTOPUH, MEHAA TOIbKO CBOE Ha-
npasnenue. B ypaBuenun (27.4) m — macca cHapaga u s — G0OKOBO€ OTKIIO-
HeHMe ero eHTpa TAMeCTH B TOPU3OHTAlbHOW Npoekuuu. [laiee npuMeM
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YpaBHEHHUA (277) JlaeT BeCcbMa 3HauyuTelbHbIe BeJIMYMHbI 60OKOBOTO OTHKJIO-
HEHHUA TPAEKTOPUU — OO0 HECKOJBbKUX COT ME€TPOB, UYTO BIIOJIHE COorjlaCyeTcCH
C ONIBITHBIMU JaHHBIMMU.

AJOBABJEHHE: MEXAHUKA UI'PBI HA FHJIBAPJE

HUrpa Ha 6unbApe npeacTaBIAeT MINPOKOE I0Je 1A NIPUMeHEHUA 3aK0-
HOB JIMHAMUKHU TBepjaoro Tena. MccneqoBaHnue 3Toil UTPhI CBA3AHO C MMEHEM
Kopuonuca, oHOTO U3 KPYNHeHIINX yUeHbIX B 06J1acTH MeXaHUKHU!.

[locaenytoiiee n3noxeHre UMeeT CBOeli TIIaBHOI IelbI0 MOACHEHNEe He-
KOTOPBIX 33/1a4, IPUBOAUMBIX B KOHIIE KHUTH. JTH 3aJaud CBA3aHbI HE TONb-
KO C JUHAMHMKON KaTAIIErocA U CKOJb3AIIEr0 Mapa, HO TaKkke U ¢ Teopuei

TpeHNA Ha OGMIbAPJHOM CyKHE.

1. Buvlcokue u Huskue ydapol

OneITHBINA WT'POK B OMIbADP] MOUYTH Bcerja coobmmaeT mapy GOKOBOif
yaap — «dde» (effet). Oqnaro BHauane Mbl paccMOTpUM yaapsl 6e3 sdde,
NPy KOTOPBIX KUl yJapfAeT Mo IIapy B ero MepUAMOHAILHON MIOCKOCTHU
Y MIPUTOM B FOPU30HTAAbHOM HalpaBieHUU. Pa3nnyaioT BbICOKME U HU3KHUE
yaapsbl.

Buvicorutl ydap umeetr MecTo, Korja TouKka yjaapa Kud MO IIapy Haxo-

OUTCA OT IJIOCKOCTH 6I/I.TIprJ.IHOFO CYKHa Ha pacCTOAHHUU 6OJIIJIHBM, yeM %a

(a — paguyc GUILAPIHOrO WIAPA); O HU3KOM Hie ydape TOBOPAT TOr /A, KOTa

gap 1o ma NIPpUXOOUTCA Ha pacCTOAHHUU MeEeHbIIeM, 4YeM z(l Cp. 3aja-
)

5
gy IV. 3). Tonbko B TOM ciydyae, KOria yiap MPUXOAUTCA B TOYHOCTH Ha
BBICOTE %a OT CyKHa, C caMOro Hayajna UMeeT MeCcTO Yacmoe KaieHue Iia-

pa. Jleso B TOM, YTO IpK TakoM yaape (B COOTBETCTBHUM C NPUBEIEHHON Ha
cTp. 88 BeIUUYMHOI MOMEHTa MHEpUKHU mapa) coobllaemMoe mapy BpalleHue
KaKk pa3 TaKkoBO, YTO COOTBETCTBYIOIIAA €My OKDYKHafd CKOPOCTb B TOUKE
OIOPBI IlIapa B TOYHOCTH paBHa U MPOTUBOMNOJOMHA 110 HANPABIEHUIO CKO-
POCTH MOCTYNATENbHOTO NBUKEHUA €ro LeHTpa TAMKECTH, YTO U 03HAYaeT
[cp. ypaBHenue (11.10)] BbINONHEHHE YCIOBHA YUCTOTO KayeHHA.

[pu svicorkux ydapaxr oKpyHiHAA CKOPOCTh TOUYKH CONPUKOCHOBEHUH Ila-
pa ¢ cyKHOM, 00y ClIOB/I€HHad ero BpallleHreM, HallpaBlieHa POTUBONOIOHHO

1G.Coriolis, Theérie matherhatique des effets du jeu de billard. Paris, 1835.
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CKOPOCTHU LEHTpPa TAMECTHU Iapa U MPEBbINIAET MOCIEAHIO M0 BelUYUHE.
Cuna TpeHUA Iapa O CYKHO HalpaBlieHa, pa3yMeeTcH, B CTOPOHY, MPOTH-
BOIOJOHYIO 3TOMY M30bITKY CKOPOCTH (OKpY#HiHAH CKOPOCTb MUHYC CKO-
POCTh NOCTYNATENLHOr0 JBUMEHNA), a clle[J0BaTelbHO, YBelUYiBaeT NepBo-
HavyalbHYIO CKOPOCTh LieHTpa TAmecTH. lIpu evicoruxr ydapaxr mpenue deii-
cmeyem & HanpasaeHuu ydapa. KoHeuyHad CKOPOCTH YHMCTOr0 KayeHHA, KO-
TOpad yCTAHOBUTCA, KOTJa U3JNHUIIEK CKOPOCTU Oy[eT MOIJONIeH TPeHUEeM,
6yneT Gonbine HavanbHOU ckopocTu. [Ilapei, KoTOpbIM cOOOIIEHBI BHICOKHE
yIapbl, KaTATCA JOJT0; BLICOKKE yaapbl 0ObIUHO CBUJETENbCTBYIOT 00 OMBIT-
HOCTHU UT'DOKa.

IIpu Huskux ydapar okpyxHad CKOPOCTb B TOYKE CONPUKOCHOBEHHA
mapa ¢ CyKHOM HampaBieHa nu60 Hazaj (HO TOrJa OHA MeHbIe CKOPOCTH
NOCTYNAaTelbHOrO ABUMEHUA), 1160 (npH eme Golee HU3KUX yHapax) BIe-
pen. B oboux ciyuaax HanpasaeHue cu.ibl MpeHUA NPOMUBONOAOHHO nep-
B80HAYAAbHOMY HanpasieHuio yodapa. KoHeuHasA CKOPOCTh YMCTOr0 KayeHUA
MeHbIIle Ha4YalbHOI CKOPOCTH.

Yrto racaercd «cunbl yaapay S (M3MepsAeMoit B JUHaX-ceK), TO ee, Ko-
HEYHOo, cleyeT MOHMMAaTh KaK MHTerpal 1o BpeMeHU OT BecbMa GONbIIoi
CUJIbI, IeHCTBYIONEN B HApaBleHUH KUA B MPOJOJI#EHNe OYeHb KOPOTKOTO

IPOMeKYyTKa BPEMEHU T:
-

S = /th.
0

B coorBeTrcTBUM C 3TUM MOMEHT CHJIbI yAapa OTHOCHUTEJ/bHO LIEHTpa 1iapa

BbIpaskaeTcd popmyJioii:
,

Sl = /Fldt,
0

rge | — paccTofgHHe OT LeHTpa liapa [0 OCU KUfA; BEKTOP 3TOr'0 MOMEH-
Ta NMepIeHJURYJIAPEH MIOCKOCTHU, IPOBeJeHHON Yepe3 OTPe30K [ U ochb KUA.
B cayuae paccmarpuBaBIIUXCA [0 CUX NOp yaapoB 6e3 3dde 3TOT BeKTOp
HalnpaBieH rOpU30HTAIbHO NMEPIEHIUKYIAPHO K MepUIUOHATLHOM MIOCKOC-
TH L1apa.

2. Ydap ¢ nakamom u ydap ¢ ommaxckot

Ecnu map, KotopoMy cooflueH ebvicoruil ydap ynapsaeTcA IeHTpalbHO
0 Apyroii map, To, BCI€ACTBHE paBeHCTBa Macc, OH IepeJaeT 3TOMY BTO-
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poMy Inapy BCIO CKOPOCTh CBOEro MOCTYNaTelbHOro ABHeHHA [cp. ¢dop-
Myisl (3.27a)]; npu 9TOM, OfHAKO, OH COXPAHAET CBOE BpallaTelbHOE IBH-
#eHne (ecau mnpeHeGpeyb TpeHMEM 0GOMX WIAPOB 3a KOPOTKOE BPeMA MX
conpukocHoBeHuA). TakuM o6pa3oM, HEMOCPEACTBEHHO MOCHe yaapa HeHTp
ylapsdiollero mapa MrCHOBEHHO HaXOAUTCA B COCTOAHUU NOKOA, B TO BpeMA
KaKk ero HaMHU3IIafg TOYKAa CKOJIL3UT MO GUIbAPJHOMY cyKHY. BosHukario-
wasa npu 3ToM ([HOCTOAHHAA BO BPEMEHM) CHUja TPEHUA AefCTByeT B Ha-
NpaBJeHUH NMePpBOHAYAIbHOI'0 MOCTYNATeIbHOTO JBUKEHNA; B TO Ke BpeMdAd
MOMEHT 3TOH IIIM TPeHUA OTHOCUTENbHO IeHTpa Illapa 3aMe[JifAeT coxXpa-
HUBIleecAd y Hero Bpauienue. Takum o6pa3oMm, map BIBOJUTCA U3 COCTOAHUA
NOKOA, MOCTENEHHO YCKOPAACh B CBOEM MOCTYNATelbHOM ABUKEHUU, B TO
BpeMs Kak ero BpalleHHe [I0CTENeHHO 3aMeldeTcd. YCKOPeHHe IPeKpaTuT-
cA, KOrjJja OKpYysKHafA CKOPOCTb TOYKHM KacaHHA lIapa ¢ CYKHOM cpaBHAeTCH
CO CKOPOCTBIO MOCTYNATENbHOI'0 IBUMEHUA; OCIe 3TOr0 HACTYAeT YHUCTOE
rKaueHue. [llap npogonaeT KaTUThCA ¢ MOCTOAHHONH KOHEUYHON CKOPOCTBHIO
(MBI HE IPUHMMAaEM BO BHUMaHNe BeCbMa MeJIEHHO JeiCTBYIONIIEro TPeHus
KaueHus). Mbl U3N0MUIM Mmeopuio ydapa ¢ HAKAMOM.

PaBupIM 06Gpasom, u map, KOTOpoMy coo6IeH Huskull ydap, nepenaeT
BCIO CBOIO CKODOCTb IBHKEHHA (CKOPOCTH LEHTpa TAMECTH) yAapaeMOMy
mapy U Ha MI'HOBeHMe OCTaeTcA B COCTOAHNH nokrod. [Ipumem, uto ynap mo
mapy OblI OYeHb HU3KUM U TPUIIEICA BO BCAKOM clydyae HUKE €ro HeHT-
pa, Tak UTO OKpPY:KHafA CKOPOCTb B TOUKE KacaHUA ¢ CyKHOM, OCTalOIaaACA
y lLiapa nocile coyaapeHus, HanpaBleHa Biepel. B aToMm ciyuae cuna TpeHus
HanpaBieHa HasaA. lllap HauMHaeT gBUraThcA Hasaj € MOCTOAHHBIM YCKO-
peHueM, OJHOBPEMEHHO ero BpallleHue 3aMefaideTcd IO TeX Iop, MOKa He
HacTYNHUT YUCTOe KaueHue. B a3ToM cocTouT meopusa ydapa ¢ ommaxckoil.

Takr Kak cuna TPeHUA CKOJIbieEHUA He 3aBUCUT OT CKOPOCTHU, TO Kak
CKOPOCTDb JBMEHHA IeHTpPa TAMECTU IIapa v, Tak ¥ ero OKpPy#HaA CKO-
pocTb ¥ = aw GYyAYT AuHeiiHO U3MeHAThcA BO BpemeHu. [loaToMmy 3amauu,
paccMOTpeHHble HAMH [0 CHX IOp, yI06Hee aHANIU3UPOBATh He C IOMOLIbLIO
¢opmyi, a rpadpuUecKUM IIyTeM — C IOMOIIbIO AMarpaMMbl, Ha KOTOPOil 1o
ocu abcruce OTJI0EeHO BpeMH ¢, a 10 0CH OPJAUHAT — BeJIUYUHBI CKOPOCTeil v
¥ ¥ B COOTBETCTBYIOLIME MOMEHThI BpeMeHHu (cM. 3agady IV.3).

3. Yoap c sdpe 6 2opusonmanvrom Hanpasaeruu (pexrcyuuil yoap)

Ecnu mapy coobumeH yaap He B cpellHEHl BepTHKalbHON IMJIOCKOCTH,
a cO6ory (cnpasa uau cuesa), TO MPU 20PU3OHMAALHOM HANPABAEHUL IIMOZ0
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ydapa mpaexmopus wapa 6ydem no-npexcHemy npamoll auHuetl, COBNaaao-
meil ¢ HampaBleHHeM HavalbHOT'0 yaapa.

IIpu ynape c60ky — cmpaBa Wiu clieBa — IJIOCKOCTb MOMEHTA CHJIbI
ylapa HaKJIOHeHa BIIPaBO WU BIEBO 110 OTHOIIEHHUIO K IPOA0AbHOI Mepuuo-
HalbHOH mockocTU (HazoBeM ee F'), oqHAKO TaK, YTO HOPMAIb K HEM JIeHUT
B NollepeyHoit MepuIUOHATbHOM MI0CKOCTH, NEPNeHAUKYIAPHOI K IIIOCKOC-
i F. Ilo sToit HopManu U HanpaBieH BEKTOP MOMeHTa yjaapa. dTOT BeKTop
MOMEHTA MOKHO Pa3joKUTh Ha JBe cjaraiollne: BepTUKAILHYIO U Nonepey-
HyI0, ropusoHTanbHylo. IlepBad M3 HUX BBI3BIBAET BpallleHHe IIapa OTHO-
CUTEIIbHO BepPTUKAILHOIO0 JUaMeTpa U ofyciloBiIUBaeT ciaboe «CBepislleey
TpeHHe 0 CYKHO; OJHAKO 3TO TPeHUEe He OKa3bIBaeT BIUAHUA HA TPaeKTO-
puto mapa. C Apyroii cTOpOHbI, MoNepevyHad ciaramplagd MOMeHTa yjaapa
OKa3bIBaeT Ha IIap TaKoe e JAelicTBHe, KaK IPU yAapaX, pacCMOTPEHHBIX
B n. 1 U 2 HacToAmero fo6aBleHNA, TaKk YTO COOTBETCTBYIOLINE pe3ylbTa-
ThI MO#HO L[eTMKOM paclpocTpPaHUTh U Ha paccMaTpuBaeMble 3ecCh yJaphbl
c6ory. B yacTHOCTH, TpaeKTOpUA U Telepb OCTAETCA NPAMOAUHEUHOU.

Onnako BpaljeHue Iapa OTHOCUTEIbHO BepTHKaIbHOI0 JuaMeTpa Npo-
ABIAETCA NIPU cOyJapeHuu mapa ¢ 60pToM GUIbApAa UIU C JPYTUM IIapOM.
B nepBom ciyuyae Bo3HHKaeT TpeHue o 60pT OGUIbApAa, OTKIOHAOIIEE IIap
BIIPaBo (eciy CMOTDPETH CO CTOPOHBI UT'POKA) MpH GOKOBOM yJape crpasa,
¥ BIE€BO — IpU yaape clieBa. BeaeqcTBre 3TOro yroi orpaseHud (KOTo-
pbIii B cily4ae NPAMOIO yaapa paeeH Yriy NaJeHuf) u3MeHAemcs U IPUTOM
TaK, YTO TPAeKTOPUA OTPaxKeHHOI0 IIapa OKa3bIBaeTCA NOBEPHYMOLl OMHO-
CUMEAbHO (HOpMALbHOUY mpaexmopuu (B HanpaBieHUH GOKOBOro BpalleHUA
uiapa). To ABIEHNe 3HAKOMO BCAKOMY UTPOKY B OGmiabapa. OgHoBpeMeH-
HO C CHJIOH TPEeHUA BO3HHMKAET MOMEHT TPEHUA OTHOCUTEIbHO BepTHKAalu,
3aMe/JIAIOIUI BpallleHUe Iapa BOKPYT BepTHKalbHOro guaMeTpa. Tarum
o6pa3oM, M0 Mepe yBelUUYeHUA YHUCIa COyAapeHHil apa ero nepBoHavalb-
Hoe GOKOBOe BpallieHue Bce Gojiee U Gosee 3aMeIAETCA, YTO TaKHKe 3HAKOMO
BCAKOMY HMTDOKY.

IIpu coymapenun AByX I1apoB 60KOBO€e BpallleHHWE OKa3bIBaeT TaKOe ke
HeficTBHe (U B TOM #Ke HANPaBIEHUH ), KaK [IPU yaape mapa o 60pT 6Guabapa.

4. Ilapaboauveckans mpaexmopus npu ydapaxr ¢ eepmuraabHoll caazaouietl

[Ipu Hanuuum y cunbl yaapa BepTHUKAIbHOM ciaraomleil II0CKoCTh MO-
MEHTa CHIbl yAapa HaklIoHeHa (OTHOCHTEIbHO MPOJOIbHONH MepUANOHATIb-
HOM IJIOCKOCTH) He TOIbKO BGOK, Kak ¥ I.3, HO U Brepex (eciu cMOTPEThb
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co cTopoHsl urpoka). IloaToMy COOTBETCTBYIOLIMI BEKTOP MOMEHTA CHIIbI
ylapa uMeeT, KpoMe IoNepeYyHoil 1 BepTHKAIbHOI claraloumx, ele 1 cia-
ralouryo B HalpaBleHHHU yJapa, KOTOpPOil 0oTBevyaeT Jo0aBOYHAA CKOPOCTH
CKOJIbKEHUA TOUKM ONOpHI, NMepneHANKYIApHaA K HalpaBJeHWUIO TepBOHa-
yanbpHOro JBHMmeHuA. [l03TOMy cuina TpeHusA, HalpaBieHUe KOTOPOi MPOTH-
BOIIOJIONHO pe3yJbTUDYIONeil CKOPOCTU CKOJNbKEeHUA TOUKHU OMNOPHI Iapa,
o0pa3yeT HEKOTOpBLIit yroi ¢ HanpaBleHUeM HadalbHOro ABUskeHUA. Brifc-
HuB (cp. 3agady IV.4), 4yTo 9TOT yroa mpu IBUKEHUU IllIApa OCTAETCA MO-
CTOAHHBIM, U PUHUMAaA BO BHUMaHUe, YTO BeJUUYUHA CHIIbI TPEHUA TaKkKe
NOCTOAHHA, MBI IPUXOUM K 3aKJIIOUYEHNIO: TPAaeKTOpHUA Iapa Joi#Ha ObITh
Jealleil B rOPU30HTANBbHOI MJIOCKOCTU NMapaboioil, NOCKOIbRY [BHUMEHUE
€ro MPOUCXOAUT MOJ JeHCTBUEM OJHON €IMHCTBEHHON CHUJbI, MOCTOAHHOM
10 BeluuKHe 1 Hanpasienuio (Teopema U. A. Jitnepa, cbina Beaukoro Jeo-
Hapaa Jiinepa).

TpaekTopun nomo6Horo poja BbI3bIBAIOT KpaiiHee HelIOyMeHHE Yy HUT-
pOKa, He MMeIOIero MOJHOr0 NpeAcTaBleHUA 0 3aKOHaX TPEHUA U BEKTOp-
HOM pa3jioMeHHM MOMeHTa MMIyJbca Ha cocTaBiafiomue. Takumu ynapa-
MH TI0Jb3YIOTCA B 0COGEHHOCTH Torja, Korja oba mapa, KOTOpPbIE JOMHBI
CTONIKHYTbCA, HAXOAATCA HA Pa3HbIX KOHIAX KOPOTKON CTOPOHBI OMIbAP-
na. IIpu 3ToM BepTUKaNbHAaA claraiollasa CUJIbl yaapa JoJMHa ObITb BeChb-
Ma 3HaUYMTEIbHOM, T.e. KMl NON#eH ObITb PAcloJOKeH MO MalbIM YTJIOM
K BepTHKaJIH.





