Onucanue BpameHusi B kjiaccuueckoii ¢pusuke (Description of rotation in

classical physics)
ComcukoB Anekcanap Meanosuy (Aleksandr Ivanovich Somsikov)

AHHOTaHHH. BrinonHeHoO comocTaBiIeHUE HpHMOHHHGfIHOFO U BpaAIaTCIIbHOTO
JNBWKECHUN U UX onMcaHui. [IpuiokeH mepeBox CTaTbU C PYCCKOTO S3bIKa Ha
AHTJIMHACKUM

Abstract. Linear and rotational motion are compared and described. Attached is

the translation of the article from Russian into English.

IIpsaMoIMHeHOE ABUKEHNE U BpallleHre

[IpssmonuHeHOE NBUKEHHUE MOXKET ObITh PABHOMEPHBIM WJIM HEPABHOMEPHBIM,
XapaKTEPU3yeMbIM MPOMJACHHBIM MOYyTeM S , CKOpPOCThIO V' NIBWXKEHUS W

YCKOPCHHUEM A . Ka>1<11a;1 U3 3THUX (1)I/I3I/I‘-I€CKI/IX XAPAKTCPUCTHK MOKCT CUHUTATLCA

- — —

BekTopoM S, V M d, mpuueM HampasieHHs BEKTOpoB S u V coBmamaror, a

—

HAIlpaBJI€HHE BEKTOPOB V M d  MOXKET COBIAgaTh WM HE COBIAAaTh, KOIa
JIBUYKEHUE YCKOPSIETCS UITA 3aMEIJISIETCS.

I[Ipy xpyroBoM BpalllcHUM B TMPUHUUNE TO K€ CaMO€, HO C OJHUM
CYIIECTBEHHBIM OTJIWYHMEM. KaXaas U3 OTUX TpeX (U3HUYCCKUX BEIUUUH
MPONOPLUUOHAIBHA PAAUYCy BPALICHUS 7', T.€. Y Pa3HbIX TOYEK KPYTOBOTO BPAIICHUS
SBJISIFOTCSI HEMOCTOSIHHOM BEJIMYMHOW, B OTJIIMYME OT MPSIMOJMHEUHBIX JBUKECHHM.
[TosToMy AJIst HErO KPOME MCXOAHBIX MOHATUI MTPOMAEHHOTO IMyTH S, cKopocTh V n
YCKOPEHHSI ( , Ha3bIBAEMBbIX TaKXKE€ JUHEUHbIMU, BBOIATCS JOMOJHUTEIbHbBIC
(dbu3nyecKre XapakKTepUCTUKU — YTIIOBOM MOBOPOT X, YIiIoBas CKOPOCTh W U YII0BOE

YCKOpEeHHE 5.



IIpuMeHsieMble HAUMEHOBAHUS

Kaxxnoe nmonsitue GU3MKH UMEET BIIOJHE ONpe/IeIeHHbIN cMbICI. He Bce n3 HuX
UMEIOT COOCTBEHHbIE HAMMEHOBAHUS, HEKOTOPbIE MOTYT OMHUCHIBATHCS JBYMS HIIU
0oJiee cIOBaMH, COBMECTHO UCITOIb3YEMbIMH B KaU€CTBE HAMMEHOBAHUH.

Jlist jiydiiero MOHMMaHHsS OyJeM 3aluChiBaTh ATH CJIOBECHBbIE 00O03HAUYCHMS
CIUTHO, pa3lenss WX KOCOM dYepToi, — JUHEHHoe/mepemenieHue S
auHenHas/ckopocth V', nHMHEWHOe/yCKOpeHHe a M COOTBETCTBEHHO
YTII0BOC/TIEpEMENICHHE X, YTJIOBas/CKOPOCTh w, yrioBoe/yckopenue 5. CiuTHOE
HaIllMCaHWe 03HAYAET, YTO 371€Ch ATH JBa cyioBa BeipaxaroT O/JHO nonsTue.

B 4yem cocToUT UX OTJIMYKE OT COOTBETCTBYIOIIUX JIUHEUHbIX XaPAKTEPUCTUK?

YriioBasi CKOPOCTH BpallleHUS.

PaccmoTtpum onpezenenne, aBaeMoe B (PU3NUECKOM CIPABOYHUKE.

«Yenoeoii cxopocmvlo epaweHus meepooco mena HA3LIBAEMCS BEKMOP W,
YUCTIeHHO PABHbLUL Nep8oll NPOU38OOHOU Om yela Hnoeopoma Nno 6pemeHu
w=do/dt u nanpaesnennblil 80016 OCU BPAWEHUS MAKUM 00PA30M, YMOObL U3 €20
KOHYa epaujenue meia 010 UOHO NPOUCXOOAWUM NPOMUE YACOBOU CMPETKHU.
Hanpaenenue eexmopa w coeénadaem ¢ Hanpagienuem HNOCMYNAamenrbHO20
08udIceHUs 6YPasYUKa, PYKOSAMKA KOMOPO20 8pAYAencsi GMecme ¢ mMeiomy.

HUemounuk: b. M. Asopcxuii, A. A Jlemnagh, Cnpasounux no ¢huzuxe 0

UHOICEHEPOB U cmyOeHmoe 6)306).

B npuHnMne xk camMmoMy 3TOMY JOBOJIBHO CII0KHOMY ONIPENEIICHUIO NPETEH3UU
HET. ABTOpBI CIPAaBOYHUKA JIOOPOCOBECTHO MOBTOPHIIA TO, YTO HAMKMCAHO BO BCEX
yueOHuKax ¢puszuku. M yto ynrarensiMm Bpojie Obl JOHKHO CUMTATHCS MOHATHBIM. Wnun
BCE ke He oueHb? BekTop Bellb 0003HaUaeT HaNpaBJIE€HUE, HO Yero UMEHHO U Kyaa?

Ecmn 310 IBMXEHHE — TO, €CTECTBEHHO, UMEHHO €ro HampasieHue. [Ipu stom
XapaKTEepPUCTHKA JBUKCHUS HE OJHA. OJTO MOXET OBITh Kak COOCTBEHHO
IIEpEMELIECHNE, TAK U €ro CKOPOCTh U yckopeHue. Ho, mpexnae Bcero, mocMOTpUM,
KaKOB (PU3NYECKHIA CMBICIT CAMOW TOM BETUYMHBI YTIIOBOU/CKOPOCTH.

TTokaxeM 3TO IO aHAJIOTHUH.



Macca ¥ IJIOTHOCTD TeJl

HproToH ompenensn moHATHE MacChl M KaK MPOU3BEJACHUE IUIOTHOCTH P Teja
Ha ero o0beM V. B yueOHMKax Qu3uku coo0maeTcs, 4To TaKOe ONPEIeTICHHE MaCChI
m SIBJIIETCS HEBEPHBIM, XOTS M HE 00BSICHAETCS, ToueMy uMeHHO. CamMo 110 cebe 3To
COOTHOIIIGHHE, KOHEYHO, MPAaBWUJIBHOE, HO B KAdyeCTBE OIPEACIICHUS MacChl OHO
NEUCTBUTEIBHO HE roauTcsa. Tak Kak cpasy K€ BbI3BIBACT CIAEAYIOUIMNA BOMPOC: a YTO
ozHayaer [IJIOTHOCTDBL? — Benuuumna, ompenensemass maccoi? — B Hayke 3TO
HA3bIBACTCSA JI02UYeCKUM Kpy2oM, Korja nonstue A onpenensercsa dyepe3 B, a camo B
B CBOIO ouepe/ib — yepe3 A. Jlornueckuii KpyT 3aMbIKaeTCs.

Ha nerne ke nmoHsTHEe Macchl ONPEIENeTcs 08yMs 3aKOHAMU (PU3UKU — 3aKOHOM
mM
BCEMUPHOIO TATOTeHUs f =y—- U BTOpPbIM 3akoHoM HrloToHa f =ma.
r

2

mM 1
O3Havaromnmx, 4To Y-z =ma um M = )—/ar , rme M — macca Tenma 1, a —

YCKOpEHHUE, IMPHOOpeTaeMoe TEJIOM 2, T — pPacCTOSHUE MEXIy TeJlaMH, a ) —
pa3MepHbIil KO3(Q(PUIMEHT, HE MUMEIOUNA COOCTBEHHOTO (DPU3UYECKOTO CMBICIA H
MOSIBJISIIOIIMKCA  BCIIEJCTBUE IPOU3BOJBHOCTH BbIOOpAa €AMHMIBI Macchl. Ero
0003Ha4YEHHE I'PEUYECKOl OyKBOM ramma Yy SBJIETCS IPOCTO COKPAIIEHHUEM CJIOBA
YpaBUTALIUSL.

[loatomy wmacca my mena 1 ecmv npousseoenue YCKOpeuus a,
npuodpemaemo2o meiom 2, NOMewaemviM HaA pAcCMOSHUU T Om He20, Ha Keaopam
9MO20 paAcCMOAHUA (C YUemOM pasmMepHo20 Kodgduyuenma Y, onpeoensiemozo
NPOU3B0ILHOCHIbIO evibopa eouHuUYbl maccol)

http://sciteclibrary.ru/rus/catalog/pages/8715.html .

B cBsI3U ¢ MOJIy4eHHBIM ONPEAECICHUEM, BO3HUKAET TaKOW BOMPOC. — A MOXKET
U Macca my CUUTaThCsl gekmopom? — B mpuHIMNe, 1a, €Ciau y4YUThIBaTh BEKTOP
YCKOpeHHs a,. OIHAKO HANPABIEHUE 3TOrO BEKTOPA YEHMPUPOBAHO OTHOCUTEIHLHO
Tena 1 U u3MeHsieTcsl B 3aBUCUMOCTH OT TOJIOKEHHUS Tella 2 Ha OoKpy»karouie teno 1
chepudeckoil MOBEPXHOCTH C paamycoM 7 . Macca nelcTByeT cpasy 1O BCeM
HalpaBJICHUSIM, HE BBIJENSAS Kakoe-TO ompenesieHHoe. [losTroMy W He AoiKHa

CUUTATbCA BEKTOPOM, TO €CTh ABJIACTCA CKAJIAPOM.


http://sciteclibrary.ru/rus/catalog/pages/8715.html

Kak mpaBunbHO otmeTun HpIOTOH, Macca m Telna nponopyuoHaibHA €ro
oobemy V , 10 ectb m=kV , rne k — xoabduimeHT MOponoprruoHaIbHOCTH,
CBSI3BIBAIONIUIN paszHvle (PU3NUECKHE BEJIWYHMHBI U TIOTOMY HUMEIOIIUN COOCTBEHHYIO
pa3MepHOCTh. JTOT KOAI(PPUIMEHT MNPONOPHHOHAIBHOCTH Kk W Ha3bIBaeTCs
INIOTHOCTBIO Tena. Bsemenne mNOHATHS IUIOTHOCTH MOHAIOOMIIOCH  JIA
BBITIOJTHEHHUSI COIMTOCTaBIICHHUS MEXIy co00M Macc m,, m, pa3Hbix ten 1, 2. [Iputom,
4TO Macca M KaXJOro Tejla MpoIopluoHaibHa ero oovemy V . MoxHo 1
M30aBUTHCA OT OTOM 3aBUCHMOCTH? @Du3nMUeckM — HET, HO MOXKHO e¢ OOOMTH,
UCIIOJIB3Ys MPU CPAaBHEHUHU Macc My, M, OJWHAKOBbIE 00beMbl V; = V5.

IIpuBeneHue K HY;KHOMY BH]Y.

Ho MoxHO eme mpuBeCTH MX pealbHO HEOIWHAKOBbIE 00BeMbI V) # V, K

YCIIOBHO OJIMHAKOBOMY 3HAU€HHUIO, HAIPUMEpP, CAUHUIHOMY IOCPEICTBOM JICIICHUS

BEJIIMYUH M4, M, HAa COOTBETCTBYMOIIUE 00beMbl Vi, V, c mosydeHueM OTHOIIECHUMN
my m;
i o Vv

DTO Ha3bIBaCTCS MPUBEACHUEM (PU3UYECKUX BEJIMYMH K HY>)KHOMY BH]TY.

BoT 3TH-TO moJTy4aemMble OTHOIICHUS W HA3BIBAIOTCS niomuocmamu Tem 1, 2,
TENeph yXKe He 3aBUCAIMMUMH OoT 00beMoB V; u V,. Tak 4To MX MOXXHO CpaBHHBATh
MEXIy OO0 B3aMEH CpaBHEHUS Macc My, M,. CpaBHUBAIOTCS, TAKUM 00pa3oM, yKe

mq ms,

HE CaMHU MaccChl my, m, ten 1, 2, a ux miotTHoctu k; = o k, = it
1 2

JIuHelHbIe U YIJIOBbIE XapaKTePUCTUKHU
A TIpu CpaBHEHHMH MEXy COOOI pa3HbIX BpPALEHUH BBIMNOJHAETCA B TOYHOCTH
TO ke camoe. VX nuHeitHble CKopocTu V' 1 yCKOpEeHUsl a MpOnopUUOHATIbHBI PAIUyCy
r Bpamenus V = k7, a = k,r, tae kq, k, — K03pduueHTH MPONOPUUOHAIBHOCTH,
oOjajaronue pa3MepHOCTAMU BBUAY pasiuuus ¢uzndeckux BenuuuH V, aur,
MO3TOMY MX MOXHO CPAaBHHUBATh MEXIY COOOM TOJBKO MPH OJMHAKOBBIX paguycax 7.
WNnm xe mociie npuBeCHUS K €IMHUYHOMY PaJInyCy BpaIllEHUs MyTeM JEJICHUS
na nero. C nomyuennem JPYTOM ®U3MYECKON BEJIMUMHDBI, umerouweii

IPYTyl0 (U3HYECKYI0 pPa3MEpPHOCTb. JTO TMOHMMAHHME HECKOJIBKO 3aTpyIHSIETCS



HCITOJIb30BAaHUEM 00UHAKOBbIX HANMEHOBAHUN — CKOPOCTH U YCKOPEHUS, XOTS OBbI U
V2Nl08blX B3AMEH JIUHEUHbIX.

HaunmeHnoBanue, BbIpakaeMoe JBYMsI  CJIOBaMH, OJHO M3  KOTOPBIX
CYLIECTBUTENIBHOE, a Jpyroe IMpujarareJbHOE, IO MpaBUaM pPYCCKOIO s3bIKa
O3HAYaeT, YTO OJAHO M3 HHUX, UMEHHO — CYIIECTBUTEIbHOE SIBISICTCS TJIABHBIM, T.€.
CYUjeCcmeeHnbiM, JIPYyroe xKe — TOSICHSIOIMIUM WM BTOpOCTeNeHHbIM. WM mns
HOCHUTEJICH PYCCKOTO S3bIKa IOJIy4aeTcs, YTO CKOPOCTh U YCKOpEHHE Kak Obl U
OCTAIOTCSl TEMH, YeM ObLIH, JIUIIb C HEKOTOPHIM YTOUHEHHEM. TOrja Kak Ha camMoM
7ieJie 3TO COBEPIICHHO Apyrue GU3NYECKUe BEIMUUHBI, TOJ0OHO Macce U MIOTHOCTH.

VYTI10Bast/CKOPOCTh €CTh BOBCE HE JIMHEIHASA/CKOPOCTh, a YIIIOBOE/YCKOPEHUE —
He nuHeiHoe/yckopenue, a JIPYTUE ®U3NYECKUE BEJIMYWHLI, Bcero nwuib
HMMEIOIIME CXO/IHbIC HAUMEHOBAHUS, HO TIPU 3TOM COBEPILIECHHO APYrov pu3NYecKuid
cMbica. [lockonbKky OHHM, B OTJIMYHME OT JIMHEWHBIX CKOPOCTH M YCKOPEHUS, OT
paauyca/Bpamenus HE 3ABUCAT.

BBeneHue yriioBbIX BEJIMUUH MEPEMENIECHUS, CKOPOCTU U YCKOPEHHUS TENEPh yiKe
MO3BOJISIIOT CPaBHUBATh MEXJY COOO pa3Hble BpallleHUs, HE3aBUCUMO OT UX
paanycoB/BpaIllCHHUS.

BekTopbI yIJI0BBIX BEJIUYHH

A dyeMm emie pa3IMyYaOTCS CaMU BpalleHUS KpPOME YIJIOBBIX (DU3UYECKUX
BennuuH? — Kak Bcskoe JIBMKEHHE — HAMpaBJICHUEM, a TAaKXKE COBIIAJICHUEM WJIU
HECOBMAJCHUEM HAIPaBJICHUN CKOPOCTH W YyCKOpeHus. Eciam 3Tu HampaBlieHHs
COBNAAAIOT, TO BpAlllEHHE YCKOPSETCS, a €CIU MNPOTUBOIMOJIOKHBI, TO HAa0OOpOT
3aMeJyIsieTCa. 3HAUUT, JJISi MPABWIBHOTO HUX CPAaBHEHUSI HEOOXOJIUMO YUYUTHIBATH
Takke u HampasieHus. Kak ato genaerca? Bot uzo0paxenue, B3stoe u3 MHTepHera,

Puc. 1.

Puc. 1. BekxropHoe nzo0pakeHue yrioBOW M TUHEHHON CKOPOCTEH BpaIllCHHUS.



31ech  IOKAa3aHO  KPYroBO€  BpAlleHHME B HANpPaBICHHH  BEKTOPA

.
JTUHENHo/ckopocTy V', BelMUYMHA KOTOPOM, KaK yXe CKa3aHO, MPONOpLHUOHATbHA

paauycy/Bpamienus r. Takke J00aBJIeHa YIJIOBas/CKOPOCTh W TOTO K€ BpallleHUs,
14
YUCJIEHHO OMpeJeNseMas KaK OTHOUICHHE W = —. 3adueM MoHaAOOMIACH cama 3Ta

(¢u3nueckas BEIMUYUHA W MBI YK€ 3HaeM, — Ul IPUBEACHUsI TMHEIHOW/ckopocTu V K
eIMHUYHOMY paJnyCy/BpalieHus 1, mnomydaemoro naeieHuem V Ha r. IlomyuenHoe
3HaY€HUE YTIJIIOBOM/CKOPOCTH W HE 3aBUCUT OT paJuyca/BpallleHus T, TO €CTb
ABJIIETCS OJMHAKOBBIM ISl JIIOOOTO paguyca. 3HAYUT, OHO MOJKET HCIOJIb30BATHCS
KaK JUIsl CpPaBHEHUs Pa3JIMYHBIX TOYEK B OJHOM M TOM JK€ JIB)KEHHHM Ha Pa3HbIX
panuycax/BpalleHus 1y, 1, TaK U JJI1 CPAaBHEHUSI MEXKIy COOON pa3HbIX JABMKEHUH C

HCOANHAKOBBIMH 3HAYCHUSMM YIJIOBBIX CKOpOCTeﬁ w1, Wy.
A d4T10 CIIC MOXHO CKa3aTb O BCKTOPHOM IIOHHMMAaHHWH Vu 5‘? O KaKOM MMEHHO

5
HaNpaBJICHUH 31€Ch MOXKET UIATH peub? — C BekTopoM V' Bce moHATHO. OH yKa3bIBaeT
peaibHoe HANPABJICHUE BpAIICHUS TOYKM B TOYHOCTA TaK K€, KAaK U B

IPAMOIMHENHOM IBMKEHHH. A 4ro o3HayaeT BekTop w ? Ha Puc.l pasmeps

.
BEKTOPOB V' U 0 Kak W pasMep pagdyca r OIM3KH IO BeJauuuHe. YTO B 00LIEM-TO

3aTpyaAHACT ITIOHMMAHHUC TOI'O, 4YTO HAa CaMOM J[JCJIC BCIMYHMHA BCKTOpaA 5 ABJIACTCA

v
oTHoIIeHHEeM — . To ecTh MMpEKAC BCCTO YUCICHHO OTIIMYACTCA OT BCJIMYMHBI BEKTOPA
T

V.U YK€ COBEPLIEHHO HESCHO, YTO O3HAYAET HANPABJIECHHUE BEKTOPA (U, MOKA3AHHOE
Ha Puc.l. 1 mouemy oHO BBIOpaHO MMEHHO TakMM, a HE KaKMM-TO MHBIM? Ha uTo
OHO BOOOIIE yKa3biBaeT? — Ecian Ha Kakoe-TO HampaBlIEHUE, TO TOr/Ia YEr0 UMEHHO?
PeanpHOE-TO IBMXKEHME Bellb HAIPABJICHO COBEPIIEHHO nHadye. HenonstHo. K Tomy
K€ €Il MpUJIaraeTcsi JOBOJBHO CJIO0XKHOE IMpaBuio, kak ot 3toro [TPOM3BOJIBHO
VCTAHOBJIEHHOI'O wnampaBieHus BEKTOpa @ IEPEXOIUTh K  PeanbHOMY
HaIIPaBJICHUIO BPAILIATEIIbHOTO IBUKEHUS.

Tak Ha3blBaeMoOe «IpaBWIo OypaBUYMKa», MO KOTOPOMY HY>KHO HampaBIIsITh
NBUKEHHE OypaByMKa IPH €ro BBUHYMBAHWM B HANpaBIEHHH BEKTOpA @ , KOIrja
BpallleHUE PYKOATKM OypaBUMKa MOKaXET MCTUHHOE HAaINpaBJI€HUE KpPyroBOIro

newxkenus. To ects cHayasia Mbl CAMU OTXOMM oT npaBUiIbHOTO HaINpaBJICHUS



BpAIATEIBHOrO JBWKEHUS K IPOM3BOJILHO BHIOPAHHOMY HAIPABICHUIO BEKTOPA (0,
9TOOBI 3aT€M YK€, TOJB3YSACh OTUM TOXE BIOJHE HMCKYCCTBEHHBIM IPABUIIOM,
BO3BpAIAThCS OOPATHO K MPABWIILHOMY HAIIPABJICHUIO BPAILIEHUA. A €CJIH IPHU 3TOM
eme u pe3p0y camMoro OypaBuWKa CIy4ailHO WJIM HapOYHO MOMEHSTH C MPaBOi Ha
neByto? OO 3TOM Bellb TOXKE HEOOXOJWMO IOMHHUTH, YTOOBI BCE Ha CBETE HE
nepenyrath. Hy, 1 kK 4eMy BCe 3TO MCKYCCTBEHHOE HArPOMOXIACHHUE CIIOKHOCTEN?

BCI[I) (I)HSI/IIIGCKI/I-TO HAIIPpaBJICHUC BCKTOPA 6 TOYHO TAKOC JXC KaK U CaMOI'0 BCKTOpa

—

V, u3 KOTOpOTO OH, COOCTBEHHO TOBOPS, W MONy4YeH. PasHHIIA 3aKIIF09aeTCs TOIBKO
JUIIb B UX pa3Mepax, a BOBCE HE B HalpaBJeHHH. Yero, KCTaTH CKa3aTh, HA caMOM
Puc. 1 B 0011eM-TO ¥ HE BUHO.
OO0bsicHeHHe BLIOOPA HANIPABJICHHUS YIJIOBBIX BEKTOPOB.
BceMy 3TOMy MOXKET OBITh 1aHO TOJIBKO OJHO pasymMHoe OOBsicHeHue. BriOop

HalpaBJICHUA BCKTOpa 5 OOBSICHSICTCS HEXKEIIaHHEM YCIIOKHCHUA I/I306pa)KCHI/IH C

JIBYMsI BEKTOpaMHU Vud IIPY COBNAJCHUU UX HANPABJICHUN U AHAJIIOTUYHO — JBYMs
BEKTOPAMHM JIMHEMHOTO W YIJIOBOTO YCKOPEHMM TOXE€ IIPU COBIAJICHUU HX
HanpasiieHu#. [loaTomy W pemmmnu ux spumenvHo Pa3lelUuTh, HAIPABUB YTIIIOBBIC
BEKTOpPBl MO KOOPJIWHATHOM OCH, MEPHEHIUKYISIPHOM TUIOCKOCTH BpAIIEHUS C
YTPATON nonumaHus @usuyeckoeo0 CcMblClad ITAX YIJIOBBIX BEKTOPOB U
YCIIO)KHEHUEM 00paTHOTO Mepexo/ia OT MPOU3BOIHLHO BHIOPAHHOTO MX HAIPABICHUS K
peaJbHOMY BpAILECHHUIO.

Ho nyxHo noMuuTs, uro HU4Yero storo ®PU3NYECKU BoBce HE HYKHO, U 3TH
YCIIOBHBIE€ HAIpPABJICHUSA, YCTAHOBJIEHHBIE SKOOBI i OOJbIIEH HArjasgHOCTH, HE
MPOSICHSIIOT, @ HA00OPOT 3aTPYAHSIOT U AK€ 3aMyTHIBAIOT 3TOT, B O0OIIEM, JOBOJBHO
IIPOCTOX BOIIPOC.

PaBHOMepHOe BpalieHue
B paBHOMEpHOM BpalleHHHM, TaKKE KaK M PaBHOMEPHOM IPSIMOJIMHEUHOM

JIBW)KEHUH, MPEICTABISIONIEM YaCTHBIA CITydall uHepYUOHHO20 KPY208020 JIBUKEHUS

npu paxuyce KpuBHM3HBI R — oo http://sciteclibrary.ru/rus/catalog/pages/8444.html ,
YCKOpPEHHME @ BCIOJly PAaBHO HYJIO, T.K. JIMHEWHas CKOpOCTh V  BpalieHus

MOCTOsSIHHA 110 BenuuuHe V = const , XOTA W HCIIOCTOAHHA IIO HAIIPpAaBJICHHUIO, a


http://sciteclibrary.ru/rus/catalog/pages/8444.html

BO3HMKAIOIEE  LEHTPOOEKHOE  YCKOPEHHE  d;s  CTPOIO  YPaBHOBEIIEHO
LIEHTPOCTPEMHTENLHBIM YCKOPEHUEM Ay = —Qyg , CO3AaBAEMBIM CHIION f TATOTEHUS
W peakuuu CBSI3U, HaIlpaBJICHHHOU K LHEHTPY BpaLCHHUS

http://sciteclibrary.ru/rus/catalog/pages/8713.html .

HepaBHoMepHOe BpalieHue

PaccMoTpuMm Tenepp Apyroil ciiydail — HEpaBHOMEPHOTO BpalleHus. B Takom
JBVKEHUU JTMHENHOE U YTII0BOE YCKOPEHUS HE PABHBI HYJIIO.

B HepaBHOMEpHOM BpalleHHUH B J00aBIEHHE K  XapaKTepUCTHKaM
PaBHOMEPHOTO BPAILIEHUSI BBOJSATCS JOTOTHUTEIbHBIC (PU3NUECKUE XaPAKTEPUCTUKH
MOMEHM CUNbl, MOMEHM UHepYuUu, MOMEHM KOJIUYEeCMBA OBUINCEHUS, UMNYIbC
MOMeHma cui.

[TocMoTprM, Kak 3TO H3IararoTcss B YydyeOHHKax (u3nku. Bocnosb3yemcs

y‘lC6HI/IKOM, I10 KOTOPOMY s CaM KOraa-To y4uJICAd.


http://sciteclibrary.ru/rus/catalog/pages/8713.html
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Paccmorpum nepBblii pparMenT.

§ 35. Bpamenue TBepaoro tTena. MoMeHT CHJIBI B MOMEHT WHEp-
uuu. IIpy paccMOTpEeHuMM BpAUICHHS TBEPAOrO TeA2 € JAUHAMUYECKOH
TOYKM 3PEHMsl HAPALy C MOHATMEM O CWJI3X BBOMUTCA HOHAMUE O MO-
MeHmax cut ¥ Hapagy C NOHATUEM O Macce — NIORAmMuUe O MOMERME
unepyuu. JIag TOro 4ToOB BHLIACHUTE COAEPKAHHE TIOHATHH —— MOMEHT
CAJ W MOMEHT HHEepUMM, paccMOTpUM Chepsa
ABWKEHUe OJHOH MaTepuaiabHOH TOYUKA A <
MacCcoi m, YAEPKHNBAEMON HA OKPYXHOCTW pa-
AUyCa r € MOMOLIbIO KaKOH-1160 cBa3d (puc. 72).
ITycts Ha TOuKy A AeHCTBYET NOCTOAHHAA M0 Be-
auynne cuna f. Toraa Touka A npuoGperaer no-
CTOSIHHOE TaHreHUHaAbHOE YCKOpEeHue ,;, onpe-
JeNSeMOEe TAHreHuWaabHOH COCTaBisoER fi

fi==Fcos a =muw,. ()]

Puc. 72. Bpamenue
TOUKH A N0 OKPYXHOCTH.

HopwmanbHas cocrasaniomas cuasl f cosmectHo
C peaknuel CBA3W CO3[44ET HOPMA/JBHOE YCKO-
peHue.

w
Beenem yrioBoe yCKOpeHHE Q:—-—-—ri. TOrja paseHcTso (1) 3amenurca

BbIPAKEHHEM:
fcosa=mr-{;

YMHOXHM NDPABYIO M /JEBYI0 YacTW 3TOTO BHIPAKEHHA HA 7, NOAYduM:
frcos a=mr?.. (2)

[lpou3ssefieHHe 7 COS & PABHO JJMHE MNEPHNEHAMKY/IAP3, ONYUIEHHOTO HAa
nanpasaenne CWinl W3 Toukn O (puc. 72). Benununna

M= frcosa, 3)

{ICAEHHO PABHAS NPOU3IBEICHUIO BeAuduns. cuAst [ Ha OAUHY nepnex-
QUKYARPA, ONYWEHHO20 HA Hanpasiexue cuas u3 mouxu O (yenmpa
B8palyents), HA3blBACTCS MOMERMOM Cuas omuocumessno mouxt 0.
Beauuuna '
[ = mr?, (4)
HICAEHHO PABHAS NPOU3BEDeHUN) Macch m modkn A Ha xeadpam ee
paccmosinus om mo4dxu O (gewmpa 8paueHIL 1), Ha3BIBRETCA MOMEHNIOM
unepyuu mouxu A omuocumenrsno mourn O
Beoas MOMeHT cuapl M ©u MOMEHT wuHepuanm [, meperuiueM paBeH-
crso (2) |
M=I8. (9)

Cpapuusas pasedcrsa (1) m (D), Buaum, 4TO YraI0BOE yCKOpEHME 8
TaKuM ke oOpasoM CBA3aHO € MOMEHTOM cmabl M M MOMCHTOM HHEpUMA



I, xakum JuHedHOe YCKOpeHHE w; CBfi3aHO C cupolt f; m Maccolt m
toukn A. Ilpn onucaHau BpPalIaTENBHOrO JABHXEHHA C MNOMOMILIQ YI/A0-
BOTO YCKOpeHHA f pOJb CHAB HrpaeT MOMEHT Cuibl M, pone MacCH
m — MoMenT wuHepuuu J[. Ilog BaugHHEM CHJI C DPAaBHRIMA  MOMEHT2MH
Touka A TnpuoGperaer paBHme Yyraosuwe yckopenusa f. Takum oGpasom,
pasaruunsie cuast § axsusasenmrot 8 cMvicAe BbLIHBAEMO20 UMU 8pa-
WeHN s, ecall pasKe, UxX momenmess. Pasnpie Mare-
pUasbHBIE TOYKH TOJYYAIOT NOA BJAWUAHWEM PaBHBIX
MOMEHTOB CHJ OAHWHAKOBBIE YTJIOBHE YCKOPERRT,
€C/M  ONHHAKOBH HX MOMEHTH WHEpHHH. Takum
06pa3oM, Mamepuasbrbie MOYKN € PA3HLIMU
MQCCAMU M 3KBUBQAAEHMHLL 8 CMbLLAC npuodpe-
maemo20 BMIL Y2R08020 YCKOPEHURA, €CAU PABHLL
ux MOMERMbL UHepyull.

0'

Af.' d-;

31echr HEOOX0AUMO cJieaylolee MosiCHEHHe.

B nanHOoM cinydae cuna f WM ee TaHreHIMalbHas CcocTaBisiomias f; obe
NOCMOSIHKGL TI0 BEITUYMHE, YEM OIPEAEISAETCS TOXKE NOCMOSHHOE TAHTEHIMAJIbHOE
yckopenue w; 1o ¢popmyie (1).

[Ipu 3TOM yros X TOXe SBISETCS NOCTOSTHHBIM, a 3HAUUT Cuia f TOCTOSIHHA MO
BEJIMYMHE, HO HEMOCTOSIHHA MO HaIlpPaBJICHUIO, T.K. OHA TOKE BPAIIAETCS BMECTE C
caMOl JKECTKOM CBS3bI0 IO OKPYXHOCTH C paauycoMm 7. Iloatomy yronm & we
A615lemcs YoM TIOBOPOTa MaTepUaibHOM TOUKH A MO OKPYKHOCTH (IOCTEeIHUI Ha
puc. 72 BooO1Ie He MoKa3aH).

Hpyroe nosicHeHue kacaetcsi BbipaxxeHus: «HopmanbHas coctaBistonias Cuibl f
coemMecmHo ¢ peakyueti c6éA3u cO3JaeT HOpMalbHOEe yckopeHue». Ha nene xe nene
HOpMaJbHasl COCTaBISAIOWIAs f, CHIBl f  CO3Ja€T HOPMAaJbHOE YCKOpPEHHE W, ,
KOMneHcupyemoe peakluen CBSI3U W, = —W,, BCJIEJICTBUE YEro pe3yJIbTHPYIOLIHil

BCKTOP YCKOPCHUS Wpey = Wy + Wey = Wy, — Wy, = 0. [loaToMy HHKaKOe ABHKCHHE B

HaIpaBJICHUH BEKTOpA f,, HE IMIPOUCXOJIHT.

To ectb Ha puc.72 TPEACTABICHO PABHOYCKOPEHHOE Kpy2080€ BpaIlCHUE,
KOTOpOE€ KaK BCSIKOE PaBHOYCKOPEHHOE JBUKCHUE HE MOXKET ObITh OECKOHEYHBIM.
Takoe BpallleHHE€ COOTBETCTBYET HaAualy JBWUXKEHUS JO €ro mepexojga K

paBHOMEpHOMY BparieHuto npu cuie f = 0.



w
Jlanee, MpOKOMMEHTHPYEM BbIpaxkeHHe «BBeaeM yrioBoe yCKOopeHue ff = Tt ».

BBecTu-10, KOHEYHO, MOKHO, HO JIJISl 9€TO W YTO ATO 3HAYMT? B deMm cMBICT Takoro
BBelleHUs? UTO O3HAayaeT 3Ta BEJIMYMHA, KAaKOB ee guanueckuit cmpicn? — OTBeT
TakoB. JDTO HEOOXOIUMO Kak JJIsi CpaBHEHHUS MEXay coO00i KPYroBBIX IBUKCHHIA
Pa3TUYHBIX TOYEK C HEOJMHAKOBBIMU PAINYCaMH T, TaK U JUIsl CPABHEHUS PA3TUIHBIX
KpPYroBbIX JABUkKEeHUH. B uem 3nech npobiema? — B KpyroBoM JBM>KEHHH, B OTIHYUE
OT MPSIMOJIMHEWHOTO, TPOUICHHBIN MyTh S, CKOPOCTh ABMXKEHUS V U yCcKOpeHue a y
Pa3HBIX TOYEK, UMEIONINX pPa3HbIC PAJANYChl BPAIICHHS 7', MPOTIOPITUOHAIBHBI YTUM
pamuycaMm r. To ecTb He coxpawnsrom TIOCTOSHCTBA 3HaueHuit S = kv, V = k,r,
a=kyr, tne ki, k,, ks — xodpdunuenTs nponoprmoHaTbHOCTH. [IpuueM 3TH
KOd(DPUITMEHTHI, 32 UCKIIIOUeHHEM Kk, HE MPOCTO YHCIIOBBIE, T.€. MAaTEMaTHYECKUE,
9TO BO3MOKHO y pa3HBIX BEIWYMH OJMHAKOBOTO (U3MUYECKOTO CMBICTA, a
@usuyeckue, MTOCKOJIbKY WICHBI 3TUX MPONOPLUUNA UMEIOT pa3Hblil (PU3NIECKUN CMBICIT
1 HEOIMHAKOBBIC PA3MEPHOCTH.

[ToaToMy comocrTaBieHus JUIsi pa3HbBIX TOYEK WM Pa3HBIX JIBMXKCHHIM
HEO0OXOAMMO BeCTH JHOO TP OJMHAKOBOM 3HAYCHHWH pajuyca 1, MO0 MO APYTUM
¢duznueckum xapakrepuctukam, HEBABUCAIIMM ot Hero. Takumu puznueckumu
XapaKTEPUCTHKAMHU, HE 3aBUCAIIMMH OT paauyca T, KaKk pa3 W SBISIOTCS OTH
busnueckue KodhOUIMEHTH TPOITOPIUOHATBEHOCTH Ky, ky 1 k5.

OHM  Ha3BIBAIOTCA COOTBETCTBEHHO: k; — yrioBoe/nswkenue, k, —
YII0Bast/CKOpOCTh, k3 — yrimoBoe/yckopenne. To ecTh 370 (U3HUYCCKUE BEIUYHMHEI,

S %4 a
ompenensemMpie o dopmynam k,; = ~ k, = ~ ki = - B otnuuue or S, V ua,

OHH YIXKC He zasucAam OT paguyca r U IOTOMY MOI'YT MCIIOJb30BAaThCA IJIs1 CPABHCHUA

MEXIy COOOM JTHOOBIX KPYTOBBIX JIBIKCHUN U TIPH JIFOOBIX pajinycax BpalleHUsI.

. S %4 a
CaMO KC B3ATHC OTHUX OTHOIICHHHU ;, —, — Ha3BIBACTCIA npu@e()eHueM
r T

JMHEWHBIX XapaKTEPUCTUK ABWXKeHUs S, V,a K 3aaHHOMY, B JAHHOM CIlydae —
€IUHUYHOMY PaINyCy BpallCHUs 7.

o w
B sTom m cocTout (huzmueckuii CMBICI BBEIIEHUS YTIIOBOTO/YCKOPEHUs § = Tt’

HUKaK HE OOBICHIEMOT0 B MPUBOAMMOM (PparMeHrTe.



Jlanee, BBoaWMTCS BenuumHa M = f;r , Ha3bpIBaeMast MOMEHMOM CUJb
OTHOCUTEJILHO TOUKU 0. CJIOBO MOMeHm OTHOCUTCS K KaTeTOPUU 8peMeHU, TIOITOMY
3]1eCh €T0 MCTOJB30BaHNE HE BIIOJIHE MOHSATHO U TpeOyeT o0bsicHenus. [lockombky M
B JITAaHHOM CJIy4ae BEJIMYMHA NOCMOSHHASL, HE3aBUCSIIAs OT MOMeHma BPEMEHH.

Taxxke BBOmUTCA M Jpyras BeauumHa | = mr? | HasplBaeMas MOMEHMOM
uHepyuy TOYKA A OTHOCUTENIBHO TOYKH 0. 31eCh OHA TOXKE SBISAECTCS HOCMOAHHOU
BEJIMUMHOM, HE 3aBUCSIICH OT Mmomenma BpeMmeHU. I[lodTomMy cCiaoBO Mmomenm,
HCITOJIb3yeMOE€ B 00OMX CITy4asix, BRITJISAUT HETIOHSTHBIM.

N 06e >t tonoHUTEIbHBIE PU3NMUECKHUE BETMYHHBI BBEJICHBI TOJIBKO JIUIIb IS
TOTO, YTOOBI TOJIYYUTH 3Ty 3aBUCUMOCTh. M = I, toe B — yriaoBoe YCKOpEHHE,

Wi

paBHOE [ = ~ QHAJIOTHYHO TOMY, KaK CHIa f B JIMHEWHOM JIBIKEHUHU CBs3aHA C

MacCol M yCKOPEHHEM W MaTepHaIbHOM TOYKM A 1O BTOpoMy 3akoHy HproToHa
(f = mw).

Takoe U3N0XKEHUE HeIBPUCMUYHO, T.€. HE AT MPEICTABICHUS O XOJI€ MBICIIH,
MPUBEIIEM K BBEJICHUIO 3TUX JIOTIOJHUTEIbHBIX XapaKTEPUCTHUK.

TepmuHo0THsI

Chauana pacCMOTPUM CaMH 3TU Ha3BaHMUS.

Momenm  cunvt (CuUHOHUMBL: KDYMAWUL MOMEHM, 8PAUAMETbHBIIL  MOMEHM,

BEPMAWULL MOMEHM, 8PAWATOWULL MOMEHNT).

KakoB ¢usndeckuii cMbICIT TIOHATUS Momenm/cunbl? UnuTaTenb, Uy OTBET
Ha TakoW BOMPOC BO BCSKOTO POJA CJIOBApSAX, TEXHUYECKUX CIPABOYHUKAX WU
y4eOHUKaX Ccpa3y CTOJKHETCS B JOTOJHUTEIBHOM TPYIHOCTBIO — CTPEMIICHHEM 3THX
HMCTOYHUKOB JIaBaTh OTBET IPEANOYTHTEIBHO 6 0Ouem W Jaxe Hauboiee oduem
sude, ¢ KOTOPBIM JKEJIAoIIeMy MNPHUAETCS JOJr0 U YTOMUTEIbHO pa3Ouparbcs. A
HY>KHO JIeJIJaThb POBHO HA0OOpPOT — HayaTh C MPOCTEHIIEro MyCTh YaCTHOTO ClIydas,
3aTO0 MOHATHOTO. [IpyM ATOM ompeneeHue MOMEHTA/CUJIbI OKaXXETCS JOBOJBHO
MPOCTHIM, JaKe DJIEMEHTAapHBIM: 3TO MPOU3BEIACHUE CHCTBYIOIICH/CHUIBI  f; Ha
nie4o/cunvl WM niedo/pvluaea. A 3TO UTO Takoe — maeuo/cunvi? — 31eCh TOXKE
JOBOJILHO ~TIPOCTO — 3TO  00O3HAuYCHHE HAaWMEHBIIIET0/pacCTOSIHUS ~ OT

JUHUW/IeACTBYS/CHUITBI 10 IIEHTpa Wik ocu/Bpaiienus. Crjia HapaBjeHa 10 MPSMOH,



a TOYKa €€ MPUIIOKEHHSI MOXKET HaXOAUThCS B JTI0OOM MecTe 3Toi nmpsamoit. [Toatomy
3a71aeTCsl HE PAaCCTOSHUE OT TOYKH MPUIIOKEHUS CHIIBI IO IEHTPA WM OCH/BpaIlleHUs,
a HauMeHbIIee/pacCTosTHUE OT ATOM mpsmMoi. OHO-TO M HA3bIBACTCS TUICYOM/CHIIBI
WM TiedoM/peryara. Kak eciaum Obl 371€Ch JeHCTBUTENBHO OBLT peluar hy wim h, , K

KOHITy KOTOpOTO IpmiiokeHa cuiia F Puc. 2.

Puc. 2. [Tnevo/cunbl wiu medo/peraara hy wim h,.

Ha Puc.3 nokazansl aBe cuiibl F; u F, 1 COOTBETCTBYIOIINE UM TIJICUH/CHIIBI

wiu ieun/ poryara I, I,. 310 n3o0pakeHue npaBuiIbHOE.

|
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Puc. 3. Ilneyo/cuiibl wim mieqo/peidara (MpaBUJIbHOE N300pakeHUe)

A Ha Puc. 4 nedn/cuiibl WM TUIeYr/phlyara n300pakeHbl HEMPAaBUIIbHO. ABTOD

pPUCYHKa B BOIIPOCE HE pa3o0parcs.
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Puc.4. Ilneuo/cunbl win miedo/peruara (HEMpaBUIbHOE U300paKEHUE)

Utaxk, Ha puc. 72 momenm/cunvt M ectb MpoM3BEACHUE JACUCTBYIOUICH/CUIIBI f;
Ha nieuo/cunvl WK Te4Ho/pblyara. B pgaHHOM cilydae Tuiedo/Cuibl €CTh IPOCTO
paanyc/BpallieHus 7.

To ectb M = f;r. C 3TUM NOHSTHO.

A Teneph TIIaBHBIN BOTIPOC: «3aueM ATO MOHAA00MI0Ch?» — A BOT 3a4eM.

Ho 4T00BI IpaBMIIBHO OTBETUTH HA ITOT BOIMPOC, HEOOXOIMMO, TIPEXK]IEC BCETO,

1aTh (PU3NUECKYIO0 MOJIETh ABMKEHUS, COOTBETCTBYIOIAS 3TOMY H3JIOKEHHUIO.



HpaBI/IJILHaﬂ MOJA€Jb IBUKCHUA.

Bor >Tta Mmonens Puc. 5.

Puc. 5. Mozaenb nBUXEHUS, ONUCHIBAEMOTO B YUCOHUKE.

Yro 3mech mokazaHo? — JIMCk ¢ maccoil m u paamycoMm R, MpHBOIUMBINA B
JIBUKEHHUE C MOMOIIBIO IPy3a, COEAUHEHHOTO C HUM MOCPEACTBOM HAKPYUYCHHOM HA
Hero HUTHU. ['py3 JIBMIXKETCS BEPTHUKAIBLHO BHH3 MOJ JICUCTBUEM CHUJIIbI/TATOTEHUS P,
OpUBOAS OTOT JHCK B  paBHOYCKOpeHHoe/BpaleHHe. B maHHOM  ciydae
CHJIA/TSITOTeHUsT P M sBIsAETCS TOW caMOW TaHTeHIMallbHOW/cocTaBistomen f;, o
KOTOpOH HJIET pedb Ha puc. 72 yueOHuKa. Ternepb MOHITHO, MOYEMY OHA SIBISIETCS
IIOCTOSIHHOM BEJIMYMHOMU. Beab 3TO e MpocTo NOCTOsIHHBIN Bec P rpysa.

B TaKOM PaBHOYCKOPCHHOM/ IBHYKCHHH JIMHEHHas1/CKOPOCTh |4

MPOMOPIMOHANIBHA JIMHEMHOMY/YCKOPEHUI0 @ U BpeMeHu t JBwxkeHus: V = at, a

. . at?
MPOMAECHHBIN TIyTh S YAOBJIETBOPSET COOTHOWICHUID S = - - Ho nmnsa

BpaIllalONIErocss JHCKa HE 3TO IJIaBHOE. A BaXHO TO, 4YTO, B OTJIHYHE OT
MOCTYMATEIbHOTO JABUKEHUS, BCE TOUKH KOTOPOTO UMEIOT 00UHAKOBYI0 CKOPOCTH V,
JTuHeHHas/CKopocTh V' BpamaTeabHOrO/ABMKEHUS. Y Pa3HBIX TOYCK IMCKA SIBIISCTCS
HEOJIMHAKOBOM, T.€. HeNOCMOSAHHOU BEIWYUHOW, MPONOPLUUOHAIBHON paguycy R. B

HeHTpe/Bpatienus, Hanpumep, V = 0. A oanHaKOBOM, He 3aBHUCSIIEH OT paguyca R,
. . 4
T.€. NOCMOAHHOU BEIUYMHOM SABISIETCS  OTHOIIEHUE ~ » HasbiBaeMoe
. _ 14 . .
yenosotilckopocmvio @ BpalleHHS: @ = — . Bor sroii-To yIJ0BOk/ CKOPOCTBIO

BCC BH/Ibl BPAIICHUS U PA3IMYAIOTCS MEXKIy COOOM. A 3HAUYUT, YriIoBast/CKOPOCTh W



npuayMaHa W BBEJEHa BOBCE HE MPOCTO TaK, a JUIA PA3IUYCHUS WM CPaBHEHUS
MEX1y cO00M pa3HbIX BpallleHUH.

A 49TO MOXHO cKa3aTh 00 yckopeHuu a? — B paBHOYCKOpEHHOM/IBMKEHUH
. 14
JTUHEHHOe/ YCKOpEHHEe a TMPOTOPIMOHAIBHO cKopoctu V' 1o dopmyne a = — e t

— BpCMiI/I[BI/I}KeHI/IH. A CKOpOCTb V Y Pa3HBIX TOYCK BPAIIaOIICIOCA AUCKA, KdK YK

CKa3aHO, HEOJWHAKOBa U ompezensercs paauycom R mo ¢opmyne a = kR .

vV _ kR
ITosTomMy yckopeHue a = T=T To ecTh TOYHO TakK ke SBJISETCS HEMOCTOSHHBIM,

ompenesieMbIM paanycoM R. A TIOCTOSHHBIM i JIF0OOTO pamuyca R sBisercs

a a
OTHOILICHHE —, Ha3bIBAEMOE yenosvimlyckopenuem [, T0 ecTb § = g

BBenenue 3Toro yriioBoro/yckopeHus [, Kak W YIJIOBOH/CKOPOCTH w HE
MPOU3BOJILHO, @ HEOOXOAMMO Ui ONKMCAHUS PaBHOYCKOPCHHOTO/BpALCHUS IS
00011 TOYKH JUCKA HA TI000M pajauyce R BpanieHusl.

Wtak, nmus m000d TOYKM HEPABHOMEPHOTO —IOCTYMATEIbHOTO/ IBHIKECHUS
UCTIOJNB3YIOTCSl TOHATHS JIMHEHHOMN/ckopocTr V W nuHEWHOro/yCKOpeHus a, a s
Jr000H TOYKM HEPaBHOMEPHOTO/BpalllecHUs —  YIJIOBOH/CKOpOCTH ) u
yrioBoro/yckopenus f.

dopmMajibHOE ONMCAHUE

UtoOBI TIepelTH Terepb OT TaHTE€HIIMAIBHOW/COCTABIISIONICH f; JEeUCTBYIOIEH
cwiIbl f K MOMeHTYy/cuiibl M Ha puc.72 HYXXHO MPOCTO YMHOXXUTBH 3Ty BEIUYHHY f;
Ha TUICYO/CHIIbI WM Tuiedo/peruara. B manHom ciaywae Ha r. Jlins dero obe dacTu
Gopmynsl f; = ma = mrfl yMHOXkaeM Ha ' W MojlydaeM: f,r = mr2f.

Umu M =mr?f . Belpaxeane mr? HazaHo MoMeHTOM/uHepuun [ , T.e.
I = mr?. 3pgech 5TO NOCTOSIHHAS BeNMYMHA. MoKeT OBbITh, dydmie Obl €€ Ha3BaTh
npocto unepyueti? Utoro nonyuaem: M = If3.

B mocrynarensHOM/IBUXKEHUN TIO BTOpOMY 3akoHy HproToHa f = ma, a Bo
BpamareiabHoM — M = I3, rae cuna f; 3ameHsieTcs MoMeHToM/cuibl M, tne M = f,r,
mMacca m — MoMeHToM/uHepuun I, rtae [ = mr?, a nuHeiiHoe/ycKopeHHe a —

YTII0BBIM/yCKOpEHUEM 5.



Urak, B mocTynareinbHOM/IBUKEHUHU CHJIa f paBHA MPOU3BEICHHUIO MACChl M Ha
YCKOPEHHE a4, a BO epaujameibHoM — MOMEHT/cuiibl M paBeH MNpOU3BEACHHIO
MoMeHTa/uaepimu | Ha yrioBoe/yckopenue 3.

DTO BBIpaXXEHUE 6Mmopoeo 3akoHa Hviomona He U TMOCTYNATeNbHOTO, a s

BpamaTeJIbHOI'O ABUKCHUAI. J_—[J'ISI JIF000M ero TOYKU BpalllCHU:A.

a

JeiictBurensHo, M = fir, I =mr?, B = - [ToncraBum 3TH  (pu3HUECKUe

sHauenus B Gopmyiny M = IB. lonyuum f,r = mr? % . nu, mocne cokpamieHus Ha
7, OKOHUATEeNbHO f; = ma.

OT0 O0OBIYHBIM BTOpOW 3akoH HBIOTOHA, BCEro JMIIL OCBOOOXKIECHHBIH OT
HEOOBIUHOM 3aMHCH.

JlonoJIHUTEeNIbHBIA KOMMEHTAPUii

Tenepb, korma ™Mbl HEOXHJIAHHO MOXET OBITh Jaxe Il caMHuX ceOs
OoOHapy>XKUJK, YTO TMEpe]] HaMU BCETO JIUIb JApyras ¢hopma 3alucu TOro K€ CaMoro
BTOpOTO 3akoHa HproTOHA, cripocum ceOsi: Hy, U 3adyeM Bce 3T0? — UTo HaMm jgaer

BBEJICHUE HOBBIX (UINYECKUX XAPAKTEPUCTUK — MOMeHTa/cuiel M = fir |

MoMeHTa/uHepiun I = mr? u gaxe yriaoBoro/yckopeHus = % ?

Yro Ham wMemano 10 93Toro? — 3aBUCUMOCTh JHMHEWHOW/ckopocTH V u
JUHEHHOTO/yCKOPEHHS a OT Iuieda/pplyara 7, ¢ KOTOPOil Mbl B OOIIEM-TO U PEIIUIU
moOopoThesi? — BBeas 711 3TOTO YIIIOBBIE CKOPOCTh M YCKOPEHHE [5, TENeph yKe
He3aBucuMble oT 1? — IlpekpacHo, HO mpocTo Tak BBecTu [ B3ameH a HEJIb34,

VHA4€e BE/lb dTUM HApYIIUTCA CIPABEIIMBOCTh BTOPOTo 3akoHa HeroTona. [loatomy

MPUIILIOCH OJHOBPEMEHHO C BBEJEHHWEM YTJIOBOTO YCKOpPEHHUs [ BBOAUTH TaKKE U

o a
JOTIOJTHUTETBHBI MHOXKHUTENb 1, T.€. f; = Mr[3, MOCKONBKY f; = mr—=ma. U uro,

n30aBUJINCh MBI TEMEpPh OT ITOW caMOil 3aBUCMMOCTH OT T ? — HwuuyTs, mpocto
YMHOXWJIM YHUCIHUTENh U 3HAMEHATENb HA OAHY U Ty K€ BEIMYMHY 1", & PABEHCTBO
IIPY ATOM OCTAJIOCh BEIb TEM K€ CAMBIM. 3aT€M BBEJIM JIONOJIHUTEIBHOE MOHATHE —
MoMeHTa/cuiibl M. JIJist 3TOT0 YMHOXKWIIH f; Ha TO K€ camMoe TUICHO/CUTIBI 7', @ TaKXKe
YMHOXWJIM JIPYTYI0 4YacTh PABEHCTBA Ha O3Ty K€ CaMyl0 BeIWYHHY 7. YTOOBI

IOJIy4YHTh Teleph HOBOE BEIpaxkeHMeE f;1 = mrZf. W 3ameHss B HEM BCEro JHILb



ob0o3nauenusa, wumeeM B wurore o5tux TOXJIECTBEHHBIX mnpeoGpa3oBanuii
BeIpakenue: M = If. Hy, u uTto B 3TOM HOBOro? — Bellb 3TO TOT K€ caMblii BTOPOI
3aKk0oH HbI0TOHA, HO JUIIL B IPYTroil popMe 3aluCH, TO €CTh B IPYTUX 0003HAYCHUSX.
OOmanbiBaeM camu cebsi, Aenas BUA, OYATO MOJYYWIA KaKOW-TO APYroi, SKOOBI
HOBBIN PE3yIbTaT?

S yxxe npuBOaMI MOJOOHBIA MpUMEp TaKoro ke camooOMaHna. ['ne oowa u ma
Jce  3asucumocms BBIpAXKAETCA B JBYX pa3HbIX ¢opMax 3amucu — B BUJC
reoMeTpudeckoii TeopeMsl Ilugaropa a® + b2 = ¢? u B GpopMyse TPUTOHOMETPUH
sin? « +cos? « = 1, NPUTOM Ja’ke MCKyCCTBEHHO OTHOCHMBIX K pasHbiM HAyKaM,

SKOOBI BBIPKAIONINX HEOJAMHAKOBBIM pe3ymbrar  Nhitp://www.sciteclibrary.ru/cgi-
bin/public/YaBB.pl?num=1501411831 .

Ckansipbl M BEKTOPbI
JlomoJIHUTENbHOE pa3iuyue, KpallHe 3aTpyaHSIoNIee MOHUMAaHHE, COCTOUT B
CJIEIYIOLLEM.

B IMOCTYIIATCIIbHOM JABH)KCHHH IIO0 BTOPOMY 3aKOHY Herorona I[CﬁCTBYIOHI&?I

-

CHJIa f MOJKCT CHUHHUTATBCA 6€Kmopom f , HaIIpaBJICHUC KOTOPOI'0 OIIPCACIIACTCA
BCKTOPOM YCKOPCHHUA c_i HpI/I OTOM Macca m ABJIACTCA IPOCTO CKANIAPOM.

A BO BpamiaTeJIbHOM JBHKEHHHM BCE YXKE€ COBEPIICHHO HE TaK. 3J€Ch BEKTOP

-

JIMHERHOTO/yCKOPEHHsi @ 3aMEHSETCS BEKTOPOM  YIJIOBOro/yckopenus f

HaIpaBJICHUE KOTOPOTO HE TOJIbKO HE COBMAJAET C HAMPABJICHUEM BEKTOPA CHUJIbI f :
HO W SIBJSICTCS €My MepHeHIUKYISIpHBIM. Brpodem, 4TO oO3HauYaeT seasemcs?
[IpaBuiibHEE CKa3aTh — YCAOBUNUCL CYUMAmMb TIEPIICHIUKYIISIPHBIM. A TIoUeMy 3TO?
BcnomuunMm, kak BooOI1e mosiBisieTcs yrioBoe yeckopeHue? — [1ockoibKy pa3Hbie
TOYKH BpalleHUs UMEIOT HEOJUHAKOBOE YMCJIOBOE 3HAUYCHHUE JTMHEWHOT0/yCKOPEHUs
a, — C IEeJbI0 UX MPUBEACHUS K 00UHAKOBOM) YUCIIOBOMY 3HadYeHUI0. [loquepkuBaeM:
UNCJIIOBOMY 3HaueHwuIo. A mnpudeM 37€Ch HampaBJIEHHME ATOro BeKTopa?
MaremaTudeck MOKHO, KOHEYHO, 3aJaTh €My JIF00Oe HampaBjeHue, OJHAKO
($U3UYECKU ATO K€ BOBCE HE Tak. MHadye mpocTo yTpaunBaeTcsi (U3MYECKUN CMBICIT

yrioBoro/yckopenus . Kotopsiii B 00IIEM-TO TOT K€ CaMblid, 4TO M y JMHEHHOTO


http://www.sciteclibrary.ru/cgi-bin/public/YaBB.pl?num=1501411831
http://www.sciteclibrary.ru/cgi-bin/public/YaBB.pl?num=1501411831

YCKOPEHHUsI a, KpOME ero 4ucjoBoro 3HadyeHus. M, ctano ObITb, BEKTOP E BOBCE HE
cam 1o ce0e HaIpaBJjIeH, a €T0 peuleHo Hanpasums IMEHHO TaK, a HE WHade.

N B TOYHOCTH Tak >Xe MOMEHT/mHepuuu [, ompenensieMblii 3aBHCHMOCTHIO
[ = mr?, (M3UYECKH TOJTHOCTHIO aHAJIOTHYEH Macce m BTOPOro 3akoHa HeioToHa

JUISL TIOCTYIATEIbHOTO JIBUJKEHHS, TO €CTh JIOJDKEH CUMTAThCS CKaJIsIpoOM, a He
-
BekTOpoM. Ho ero toxe noyemy-To BEJIEHO CUMTATh BEKTOPOM I, KOTOPOMY HYXHO,
€CTECTBEHHO, MpHUAATh €IIe U KaKOe-TO HampaBlieHHe. A MOTOMY caM BEKTOp
— -
MoMeHTa/cHitbl M omnpenessieTcs y)Ke He OJJHUM BEKTOPOM YTJI0BOT0/yCKOpeHuUs f3, a

IByMsi BeKTopamu [ u 3, T.€. CTAHOBUTCS X BEKTOPHBIM/Tipou3BeaeHreM. Koropomy
IUIsl OJTHO3HAYHOCTH HYKHO MPHUJIATh €II€ U KAaKOE-TO HaIlpaBJICEHHE, COBIIA/IAOIIEE

WM HE COBIAJAIONICE C OJHUM M3 3THX JIByX BEKTOPOB WJIM HU C OJHUM M3 HHUX.
—
Pemmmnum Tak — HampaBiieHHE BEKTOpa MOMEHTa/cuibl M nepnenouxynsipHo

- -
MJIOCKOCTH, 00pa3zyemMoll ABYMS STHUMH HCXOAHbIMU Bektopamu I u . Ilputom
HY’KHO €Ill€ JOIOJHUTEIBHO YCTAHOBUTH — B KaKyl0 HMMEHHO CTOPOHY OT J3TOH

mIockoctu Puc. 6.

Sy

S

=l

Puc. 1

Puc. 6. Bexroproe/nponssenenre ¢ BeKTOpoB d U b .

BBens npomonmHUTENnbHO  mpasuna/Oypasuuxka IS YCTAHOBJICHUS — ATOTO
HaImpapJICHUS. A €ciM B 3TOM OypaBUMKE MOMEHSTH IpaByr/pe3b0y Ha JIEBYIO, —
MPUACTCS YTO, W3MEHSATH IENbIN 3aKkoH ¢u3nku? — He mpoine 1 ObIII0O U3MEHUTH
caMO »JTO M3JI0KCHHE, OTKa3aBIIMCh OT BEKTOPHOT'O/IPOM3BEICHUS KaK OT
W3JIAITHETO U TJIABHOE COBEPIICHHO HEHYHCHO20 YCIIOKHEHUS?

CrnoBoM, BO3HUKJIA TIiejasi JOBOJBHO  CJIOKHAsi Hayka Ha  OCHOBE

MIPOCTPAHCTBEHHBIX MpeacTaBieHuii. C yTpaToil MCXOAHOTO MOHUMAHUS TOTO, YTO



pedb 37eCh HAET BCEro Juiib O (opme 3amMcu BTOpPOro 3akoHa HeioToHa
MPUMEHHUTEIHHO K BpaIaTeIbHOMY/ IBUKCHHIO.

31ech SpKUM IpUMEp IyTaHUIIbI, BHE3AMMHO BO3HHUKIIEH B camMol Hayke. [Ipu
HEBO3MOXHOCTH Pa3o0paThCs BO BCEM 3TOM JJIs IIEJIBIX MOKOJCHUN ydammxcs. A
HY’)KHO OBUIO BCEro JIMIIb BEPHYTHCA K HCXOJIHOMY CKAIAPHOMY TIOHUMAHUIO
MOMeHTa/mHepIK [ aHAJIOTHYHO CKAJISIPHOMY ITOHUMaHHIO Macchl m. be3 Beskux

BEKTOPHBIX/TIPOU3BEICHUH, JTUIIIb 3aTYMaHUBAIOIUX CYyTh BOIIPOCA.

Caenyrommi (pparMeHT.

§ 37. MomeHT KoJIHM4eCTBA ABMWKeHHs., PaccMOTpAM MEPBOHAYANLHO
MATEPUAILHYI0 TOYKY C Maccot #, BpaUlaionlylocd 110 OKPYKHOCTH pa-
,uuyca r (puc. 72). Has Takott TOYKA HMEET MECTO COOTHOIUEHHE;

fcos a=rmw, (D

roe f— cuna, neficTBywomas Ha TOYKY, a wW; — TAHreHNMANbHAA COCTa-
BIAIOLIAS €€ ycKopenus. [IpeanoJsoxum, uTo chjaa f MOCTOSIHHA MO Be-
JMYAHE ¥ COCTABJSET OAMH M TOT Xe yroa a ¢ KacaTeAbHolt K OKpyX-
HOCTH BO BCEX TOYKAX MYTH.

Torpa w,=— Av/At, 1 paBencTso (1) NpUHAMAET BUIL

feosaAt =m Av.

VMHOXAf TIPaBYI0 ¥ JEBYIO MaCTH 9TOMO BLIPAXEHNA HA 7, NOJYyYuM
Jrcosa- At =rmAuv. 2)

Bennuvna fr cos o npeacraBaser coGo#t MomeHT M cHibl f OTHOCH-
TENBHO LENTPa BpaweHus (J; KPOME TOro, BBHAY TOCTOAHCTBZ Macch m
M pajmyca r, Belpaxenme rm Av MoxHO mepenwcaTth B Buae A(rmv).

Torpa paeenctso (2) npumer BuA:

MAt=A (rmv). (3)

Ecan momenT cun M wenocrosHeH, T0 B Bepaxennu (3) caenyer
6paTh CTOJb Manhil NPOMEXYTOK BpeMeHH Af, uToGHl B TEYEHHE ITOTO
IIPOMENXYTKA BpPEMEHHM MOMEHT cua M MOr cumTarbCs NOCTOAHHHIM. [las
KOHEYHOTO NMPOMEXKYTKA BPEMEHH MOXHO BBECTH B PACCMOTpPEHME cpen-

Hee 3HaYeHWE MOMeHTa CHa M 1 Torja
M At = A (rm). | (3a)

Benuuynna P =Trmv Ha3bIBACTCA MOMEAMOM KOAUHECHLBAQ 08uMNCERUA

MaTepuaiLHOH TOUKHW, Bpallalomeics Mo OKPYXKHOCTH, a M At — umnyas-
com momenma cun. PapeHCTBO (3) YTBEPKIOAET, YTO NIMEHeHIle MO-
MEHMA KOAUMeCMEa Q8UNCENUS “HHCACHHO PQBHO UMNYALCY NPUACIHCEH-
K020 momenma cua. OHO aHaJOrMYHO paseHCTBY (4) § 17, Bmpaxaio-
ILEMY CBA3b MEN/AY WSMEHEHUEM KOJNYECTBA JABWXEHHS U HMNYJIbCOM
CHABL



AV
3mecy  BBIpOKEHUE f;7 = mrw; = mr—— CHayala MNPUBOJMTCA K  BHIY

firAt = mrAV.
N MAt = A(mrV), TOCKOJIBKY M7 SBISIETCS IOCTOSSHHON BEJTUYHHOM.
[IpousBenenne mrV wHasBano momenmomlkonuuecmesalosuscenuss p , T.€.
p = mrV u coorBercTBeHHO Ap = A(mrV) — 3T0 ero U3MEHEHHE 3a MPOMEKYTOK
BpemeHu At. IlpomsBenenne MAt HazBaHo umnynvcomlmomenmalcunvr. TpeOyercs
IPOCTO  3allOMUHATh, YTO usMeHenue Mmomenmalkonuuecmealosusicenuss Ap
YUCTEHHO PABHO NPUTOAHCEHHOMY umnyavcylmomenmalcunor MAL.

3adeM BCe 3TO HY’KHO MO-TIPEKHEMY HETIOHSATHO.



M nakoHen, nocjaeHui, TpeTHH (PparMeHT.

Ms dopmya (3} u (4) caenmyer, uTO npu omcymcmeuu MOMEHMQ
cus (M=—=0) somenm xorusecmsa 08UNCEHUS OCMAEMCT NOCHIOTHHbLH.

ITO CACHNCTBHE HM3BECTHO [0X HAa3BAHUEM 3QKOHAQ COXPAHCHUA MOMERmMQ
Koaudecmasa 08HICEHUS.

B yacTHOM C/ay4Yae NBMKEHUS MaTePHAJbHOR TOYKM IO OKPYKHOCTH
nMeem u3 (3) npu M=0:

mor = const. (5)

B ofumeM ciyyae ABMNKEHHS MarepHanbHOR Todkd npu M =0:

r X mv = const. 6)
Ilna teepmoro Tena u3 (4) npu M =0 caepyert:
I.o=const. (7)

B cryuae peusMEHHOTO MOMEHTa MHEPLMM, HPU OTCYTCTBMM BHEUIHAX
CHJ, YrJ0Basg CKOPOCTb BPAULAONIErocCd TeAd OCTAeTCd MOCTOAHHOH; BTOT
PESYALTAT MBI YXe IOAyYand HEnoCpenscTBEHHO
us dopmyau (6a) § 35.

Eca, npe OTCYTCTBAH BHEUIHHX CHJ, Me-
HAGTCA MOMEHT HHEepudH, TO HAUMHAET MEHATHCHA
¥ YraoBas CKOPOCTh ®, TaK YTO NPOU3BEJEHHE
Io oCTaeTcd MOCTOSHHBIM: €C/AM MOMEHT HHEpUHH
I Bospacrtaer, TO yriaoBas CKOPOCTh « YORIBAeT,
1 HaoOOopoT.

CoxpaneHne MOMEHTa KOJIMYECTBA JBUKEHAS
MOXET OHTb NPOJEMOHCTPUPOBAHO C [OMOWIBLIO
yenoBeKa, CTOAUIEr0 Ha CKameeyke, mMoryulei Ges
TPEHMs BPaulaThcd BOKPYT BEPTHKaJbHOHW OCH
(,ckambs  Xykosckoro®). Ilycts uenosex, aep-
Puc.8l.flpuonyckanuu  jcamiuit B paccrapneHHBX pyxax rupu (puc. 81),
PyK C TUpAMHA YEIOBEK  pupgenpey pMecTe CO CKAMEGUKOH BO BpatleHne
HauMHaEeT BPAUIATHCA

ckopee. ¢ yraoso# cxopocTeio o, Ilpm 3TOM uenoBex

UMEET ONnpejcaeHHelt MOMEHT KOJAuuyeCTBa JBu-

wenna [fo, KOTOpHH, Npd PpaBEHCTBE HYAI0 MOMEHTd BHEIHUX CHJ,

LOMKEH COXpaHarhes. FECAINM uyenopex ONYCTHT DYKHA, TO €ro MOMEHT

MHEPIMH YMEHBIIMTCA, B pe3yJbTaTeé 3TOr0 BO3PacTET YrJaoBad CKO-

pocTh €ero Bpaumedns o. Eciu 4yen0BEK CHOBA MOAHMMET pPYKH, TO
YraoBas CKOPOCTh ® NPHMET TPEXKHEE 3HaueHHe.

MomeHnT KoauyectBa apmxesus P—IJ[® ecTb BEJHUUHA BEKMOPHAA,
WMEIOIAA TO € BampaBliieHde, 4YTG M BEKTOpP YraoBoit CKOpOCTH @,

JlonmoTHUTEeIbHBIM KOMMEHTAPU I
3necy MoMeHT/criibl M = f;r MoOXeT OBbITh paBeH HYJIIO B TOM ClIydae, Korjaa
cuta f; =0. To ectb TmTpu  pPaBHOMEPHOM/BPAIICHWH C  TOCTOSHHOM

JUHEHHOM/cKkopocThiO V. Y noBneTBopsAroLIas YCIIOBUIO MOCTOSIHCTBa



const const
MoMmeHTa/konmuecTBa/ BmkeHus p = mVr = const. Otkyna V = —— = L _

pU paBHOMEPHOM BpAIICHUU Tella ¢ Maccoll m ero JimHeiHas/ckopocTs V oOpatHo
IPONOPLUOHANIbHA PaNyCy/BpallleHus 7.

OTO €IMHCTBEHHOE NPAKTUYECKOE IPUMEHEHHE BBOJIMMBIX IIOHATUH M HX
o0o3HaueHuid. C yBeIMUYEHUEM paauyca 1 CKOpocTb V' BpalleHHs yMEHbIIAETCS U
oOpatHo. Uto u neMoHctpupyertcs puc. 81.

Ho kxak mnpu 3TOM MOXHO YBEJIMYWUTh WM YMEHBIIWTh paguyc 7 IpHU

PAaBHOMEPHOM BpAIlICHUH C TOCTOSHHOMW JUHEHHON/cKopocThio V = const ? Ilpu

mv?2

T

PaBEHCTBE LEHTPOOEKHON CHIIBI fi, ONPENENAEMON 3aBUCUMOCTBIO fi5 = u

LEHTPOCTPEMUTEBHOM CUIIBI fi ., ONpENENAEMON IPOTUBOACHCTBHEM c653U? — OTBET
— HHUKAaK, €CJIM TOJBbKO MCKYCCTBEHHO HE HApPYIIUTh PaBEHCTBO f;,. = —fs , BBEIA
IpH 3TOM JIOTIOJIHHUTENbHYI0 cuity +Af. Kak ee mpu 3TOM Ha3BaTh — 6HewiHell WIH
gHympeHHeli, B o0IeM-T0o, 0e3pa3inyHO. B 3aBHCHMOCTH OT HampaBiI€HUS STOU
JOTIOJIHUTENBbHON CHiIbl Af W BpeMeHH ee JeHCTBUS, paJuyC/BpallleHus T |
COOTBETCTBEHHO JIMHEWHAs/CKOPOCTh I/ yMEHbILIAETCS UJIU 7K€ BO3paCTaeT.

PaccmoTpum nosipoOHee 3TO BbICKa3bIBaHUE.

Ecny, npd OTCYTCTBMH BHEUIHHX CHJI, Me-
HAGTCA MOMEHT HHEepuu#d, TO HAUYUHAET MEHAThCH
W yraoBas CKOPOCTb ®, TaKk 4r0 NPOU3BENEHHE
lo ocTaercd MOCTOSHHBIM: €CHH MOMEHT MHEPUHH
I Bospacraer, T0 yraoBsas CKOPOCTh @ YOuIBaer,
1 HaobOpoOT.

Cka3aHo CIMIIKOM KOPOTKO ¥ OTOMY HETIOHSATHO.

Kakas BooOIIEe CBsI3b BHENIHEHW CUIIBI f; ¢ MOMEeHTOM uHepuuu [ ? byner nu
BHEIIHAS cuna f, Oonbie Hyns f; > 0, menpine Hyns f; < 0 winm paBHa HYIIO
f: = 0, u3 onpenenenus I = mr? Takoe pasnuuue He BbITeKaeT. TakKe HEMOHATHO,
Kakash W3 MMEIIINXCS WUIIoCTpauuil mnoapazymeBaerca. Mcxoanslii puc. 72
BBITVISIAUT 6epmuKkaibHblm BpalmeHueM. Hamu npemmoxken Puc. 5 ¢ takum ke
BEPTHUKAJbHBIM BpAILIEHUEM, MOJTHOCTHIO COOTBETCTBYIOIIMM pHUC. 72. OmHAKO Ha
puc.81 mokazaHoO Temepb YK€ TOpPU30HTAIbHOE BpaileHue. Uto yxe Tpedyer

HCKOTOPOro IOSACHCHMHA.



Jlanee, B 4eM COCTOUT Pa3HULA BHEULHUX W GHYMPEHHUX CWI, U YTO 3TO TAKOE
BooOmEe? M kak MOXET M3MEHSThCS MOMEHT WHEpUUU 8 omcymcmeue cun? Ha
puc. 81 HW3MEHEHHME MOMEHTAa WHEPUUU BEAb OYEBUAHO COMNPOBOKAACTCS
npuiioxeHneM cuil. [lyckail 1 Ha3BaHHBIX GHYMPEHHUMU.

CrnoBowm, mepes HaMu TICEeBI000BsICHEHHE. BO3MOXKHO, OHO TTOHSTHO TOMY, KTO
3Ha€T JTO Jy4Ylle caMOoro OOBACHSIONIEro. A H3yyalolleMy »53TO BIEpBBIC
OTPEICIICHHO MOHAI00STCS MOSICHEHUS.

N3n0uM 3710 emie pa3 CBOMMH CJIOBAMH.

[Tonararo, Puc. 5 MOXeT COOTBETCTBOBaTh TPEOOBAHUIO OTCYTCTBHS BHEUTHHX
CHUJI, €CJIM Ha HEM MBICJIEHHO 00pe3aTh HUuTh. Ho mydiiie Bce ke mpeasioKUTh IPYTyIo
cXeMy BpareHus, oamxe kK puc.81.

BosbMmeM 17151 3TOr0 MIIOCKUE JUCK ¢ Maccol M ¢ BO3MOXKHOCTBIO CBOOOIHOTO
€ro BpallleHUsI OTHOCUTEIBbHO BEPTHUKAJIbHOM ocu. [loBepx 3TOro aucka MOMECTUM
CIIHILy C HAJETOW HA HEE TalKOM, C BO3MOKHOCThIO COBMECTHOI'O MJIM HE3aBUCHUMOTO
€€ BpAalllCHUsS OTHOCHUTEIBHO TOM K€ CaMOM BEPTHUKAJIBHOM OCH. Macca ralku m
JOJKHA OBITH MHOTO MEHBIIIE Macchl M miockoro aucka m << M, a macca CIUIIBI
my CBOIO OYEpEb MHOIO MEHBIIE MAacCChl M raiku m; << m. 3a4eM 3TO HY¥KHO,
MOSCHUM B XOJE JAJBHEWINEro M3J0KeHUsA. ['alika MOXKET 3aKpeIuIaTbCs Ha JTOU
CIIMIIE WM CBOOOJHO MEpeMeNaThcsi OTHOCUTEILHO Hee. BHauame kKecTKO CBSHKEM
BpAIllCHWE CHMIBI C 3aKPEIUICHHOW HAa HEW TalKOW C BpAlleHUEM CaMOro JIHCKA.
[TpuBeeM 3TOT MUCK B paBHOMEPHOE BpAICHHE C YIJIOBOW/CKOpOCThIO w. Cruia
BMECTE C 3aKPCIUIEHHON HEel TallKkoi IpU 3TOM TOXKE MPHOOPETET YIIIOBYIO/CKOPOCTh
w. [Ipyu paBHOMEPHOM BpalllCHUU JWCKAa BMECTE CO CIUIEH Ha TalKy JAEHCTBYIOT JIBE
YPaBHOBENIMBAIOLINE APYT JPyra CHJbl — HEHTpoOexkHas/cuna f s, onpenenseMas 1o

V2
popmyne f,5 = may = m— ., Toe Gy - HeHTpoOexxHoe/yckopenue, V —
JMHEHHAas1/CKOPOCTh BpAIlleHUs] TalKH, 7 — ee paauyc/BpallleHus, U paBHas €d 1o
BEJIMYMHE U NPOTUBOINONIOXKHAS 0 HANpPAaBIEHHIO LEHTPOCTPEMUTENbHAs/cuna fi,

onpenenseMas Kak  f;,. = —f,5, HaspIBaeMas peaxyuetl céa3u. IIpu 5ToM coBMecTHAs

o %4
yTJ'IOBaH/CKOPOCTB JAUCKa, CIIMIbI U TaUKHW COCTABIILICT W — ; .



BBeaem Teneps nepBoe M3MeHEHUe.

[IpepBeM >KEeCTKyl0 CBsI3b TallKu CO CIHHUIEH, 00ecreYyrMB  BO3MOXHOCTH
CBOOOJTHOTO €€ MEePEMEIICHHUS OTHOCUTEIBHO CIUIlbl. [Ip 3TOM 1ieHTpoOexKHas/cria
fus > ompenenseMas  JIMHEMHON/CKOPOCTBIO V' IBIKEHMS Tallku M €€
pajycom/BpalleHus 7 HOJHOCTBIO COXPAaHUTCS, a LEHTPOCTpeMHUTeNbHas/cuna fi.
TI0CJIE€ YCTPAHEHUs CBA3U IaliKM CO CIuIel Totdac ucdesHer f,. = 0. Ilox neiicteuem
€IMHCTBEHHOM OCTABILCHCS CHIIBI fj g TaliKa NPUIET B YCKOPEHHOE JIBIKEHHUE BIOJb
CHUIGI B  HANpPaBJICHUM YBEIWYCHHUS panauyca/Bpamienus r . [lpum coxpaneHun
YIJIOBOM/CKOPOCTH @ = const ee BpallleHUs], ONpeeIsieMOl TUCKOM U CHUIIEH,
JUHEWHas CKOpocTh V BCIEACTBHME YBEJIMUYECHHUS pajuyca/BpallieHuss r Oyner
HETpepbIBHO Bo3pacTtath V = wr = (const)r. To ecTh JBWKEHUE MO KacaTeIbHOM
K TPAaCKTOPUU KPYTrOBOTO BPALICHHS CTAHOBUTCS TENEPh YK€ HE PABHOMEPHBIM, a
yckopeHHbIM. C YCKOpPEHHEM a,, BBI3BIBAEMBIM CHJIOH f, , HalpaBlieHHE KOTOpOM
oTpeJeNsieTCsl HalpaBJiIeHUEeM JHHEHoM/ckopoctu V. Dta cuna f, Ha3bIBaeTcs
cunoti/Kopuonuca.

OObIYHO €€ OOBSACHSIOT Ha MPUMEPE PEYHOTO TEUCHMS, HAMPABICHHOTO MO
3eMHOMY Mepuauany, B CeBepHOM NOJIyIIApUU — C CeBepa Ha Ior (a B IOKHOM —
Hao00poT). Boga peyHoro TeueHus mpu TOM TOKE YCKOPEHHO JBUKETCS BCIICICTBHUE
3€MHOI'O BPALIECHHMS, CO3JAIOIIETO HEHTPOOEKHYIO CUILY fi5 PEYHOTO TEYECHHS JAKE
Ha PAaBHUHHOW MECTHOCTH, Ha3bIBAEMOU TAKKE 9KGUNOMEHYUATbHOU NOBEPXHOCMbIO,
U BMecTe ¢ Hed Takke u cuiny/Kopuommca f, HEeHCTBYIOIIyI0 Ha 3TO PEYHOE
TEUEHHE B HaIlpaBJieHUH C 3anana Ha Boctok. CaMo ke peuHOe TEYEHHUE 10 TPEThEMY

3aKOHy HbloTOHa B CBOIO OY€EpeNb CO3MAET CUITy/TPOTHBOAEHCTBHUS fyp, , PABHYIO 1O
BEJIMYMHE M IMPOTHUBOIMOJOXKHYIO M0 HampasieHuio cuie/Kopuonmca f,, To ecTh
fap = —f - Ilpu 3TOM, BBMIy HEpAaBEHCTBA MacC — TEKYyIIEW PEYHOH BOJIBI M W
Maccel 3eMan M, rme m < M , cuna/ipOTUBOICHCTBHUS fnp PEYHOTO TEYEHUS HE
MOJKET M3MEHHUTh YTJIOBYIO/CKOPOCTh (W3 BPAIICHUS 3€MJIM U MOXET TOJIBKO JIMIIIb

MOJMBIBATh MPaBBIN Oeper peKku ¢ MOCTENIEHHBIM ee cMmelleHrueM ¢ Boctoka Ha 3amnan,

CCJIM 3TO MO3BOJIAIOT YCIIOBHA paBHHHHOﬁ MCCTHOCTH.



U TouHO Tak ke B pacCMaTPUBAEMOM HAMU MOJIEJIH BPAILIEHUs, [JI€ Macca ralku
m IO ONpPENENICHUI0 MHOTO MEHbllle Macchl M Bpamaromierocs aucka m < M,
INBW)KCHUE TallKW BAOJb CHHULBI, CONPOBOXKIAEMOE YBEIMYCHHEM €€ JIMHEHHOMN
ckopoctu V 3a cuet Bo3neiictBus cuibl/ Kopuomnuca f,, He U3MEHSET COOCTBEHHOM
CUJIOH/IPOTUBOAEUCTBUS fr, = —f YIVIOBYIO CKOPOCTH BpAICHHA W  JHCKA CO
CIUIIEN w = const.

BBenem Tenepb BTOpoe H3MEHEHHE.

[IpepBeM CBSI3b CHIMIIBI C BPAIIAIOIIMMCS TUCKOM C BO3MOXHOCTBIO CBOOOIHOTO
€€ BpAILCHUS OTHOCUTEIBHO BEPTHKAJIbHOW OcH. IIpu »TOM cpasy ke HCUE3HET U
cwita/Kopuomuca f, = 0, co3maBaeMas BpalmaromUMCsl JUCKOM IEPIICHIUKYIIIPHO
cinune. B orcyrctBue cuibl/Kopuonuca f, = 0 npu IBIKEHUM TalKU BJIOJb CIUIIBI
O] ICHCTBUEM HEHTPOOCKHOM/CUIIBI f1s JTHHEHHASA/CKOPOCTE V' nBrKeHus Oosee He
u3Mensiercst V = const, XoTs ee paauyc/BpalleHus I TO-MPEKHEMY BO3PACTAET.

3HAYUT yrHOBaH/CKOpOCTB @ Bpall€HuA CIIMIObI C ralkoM CTaHOBHUTCS paBHOﬁ

|74 const o
w = ; = - TO €CTb O6paTHO IMPONOPHUOHAJIBbHON pa):[I/chy/BpaH_[eHI/Iﬂ T . HpI/I

BO3pAacCTaHUU pajuyca/BpallleHUs 7 Traika TMPenaTCTBYeT BpaAlIEHUIO CIIUIIbI,
OKa3bIBasi HA HEe CUJTy TOpMoOKeHus f; . Criuila B CBOIO ouepe/ib OKa3bIBAET HA TalKy
CHITy/TIpOTHBOIEHCTBHUS fnp, cootBeTcTBYIOMYI0 cuie/Kopuonuca. OgHako, BBHUIY
3aBEJIOMOTO HEpPaBEHCTBA Macc Traku m ® couibsl my (m; << m) 310 ee
MPOTUBOJCHCTBUE HE U3MEHSET YTIIOBYIO/CKOPOCTh W, TAKXKE KaK U PEUYHOE TEUCHUE
HE U3MEHSET 3€MHOE BpalllCHUE.

BBeneM Tperbe M mocjiefHee M3MEHECHHUE.

[IpencraBuM Ha KOHIIE CHUIBI, Kyda TENEPh IABHXKETCS TaWKa IUIOMIAAKYy C
NPYXKUHOW, KyJla OHAa MOXKET YIAPUThCA B PEXKHUME YIPYroro CTOJIKHOBEHUS.
[TpuoOpeTs mpu 3TOM CKOPOCTH/ABUAKeHUs V, BI0JIb CIUIIBI PABHYIO MO BEJIMYMHE U
MIPOTHUBOMNOJIOKHYIO [0 HANpaBJICHUIO CKopoctu V) JI0 Havajla YHIpyroro
CTONKHOBeHMs V, = — V; . T'ailka mpu 3TOM HAYHET JBUTATbCS BAOJIb CIHIIBI B

0o0paTHOM HaIpaBJICHHH, MPUYEM yTjoBas/ CKOPOCTh @ €€ BpAICHHUsS BMECTE CO

) o o const
Cmnic B CHIIY COXpaHCHHSA TOHU K€ CaAMOHU 3aBUCHUMOCTH W = TCIICPb YIKC



OyZeT He yMEHbIIAThCs, a yBeIUnYuBaThCs. Jlo ee COMMKEHUs C OChbIO BpallleHus, I71e
TOXK€ MOXKET OBITh YCTAaHOBJIEHA Takas >K€ IUIoIaaka ¢ mpyxkuHoil. [lpm sTux
OpSMBIX M OOpaTHBIX MEPEMELIECHUSAX FaliKu BO3HUKHET HEPAaBHOMEPHOE KPYroBOE
BpallleHUE CHUIbl NPU BO3PACTAHWU WM YMEHBUIEHUM €€ YIJIOBOM/CKOPOCTH @ ,
noJ00HO€ KOJEOaHUsAM JIMHEHHOTO MasTHUKA. [IpakTuuecku, KOHEUHO, 3aTyXarolee
U3-32 HAJIM4Us CONPOTHUBIIEHUS TpeHUs. BOT uTo moapasymeBaer okoHUaHue (pasbl
«y2nos8as cKopocmv w yovleaem u HaoOOpom» B BBIACICHHOM HaMHu (pparMeHTe
TEKCTa yuyeOHHKA.
JlonoJTHUTEeNbHBIA KOMMEHTAPUI

ITocMOTprM TENEph WIUIFOCTPALIMIO 3TOM 3aBUCHMOCTH Ha puc. 81. 31ech macca
M camMoro 4einioBeKa MHOTO OOJIbllIe Macc M Kaxaou ero pyku. OHa HaXOAHUTCS Ha
BEPTUKAIbHOM OCHU BpalleHHUA, T.€. UMEET Malylo JHHEWHYyIo/ckopocTh V. LleHTpsl
Macc m KaxKJ0il pyKH PacloJIOKEHbl MPUMEPHO MOCEPEAUHE, T.€. B pPaliOHE JIOKTS.
OT0 UX MaKCUMaJIbHO BO3MOKHOE yAaJIEHHE OT ocu BpaueHus. [Ipu crubanuu pyk B
JIOKTE LIEHTP MacC KaXXIO0M PYKHM YHAJSIETCSl OT LEHTpa BPAILEHHS HAa YETBEPTh €€
JUIMHBI, a MpPH HUX OIYCKAaHWM YJAJ€HUE CTAHOBUTCS MUHHUMAJIBHBIM. OTHM
MMUTHPYETCS JIBHJKEHHE TallkKh MO CIHIE C BO3MOXHOCTbIO HM3MEHEHHUS YIJOBOU
CKOpOCTH w BpaieHusa. OJIHaKo Takoe crudaHue U pa3rudaHue pyK U UX MOJIHATHE
WM ONTyCKaHue TpeOyeT pacCMOTPEHHUS JOMOJHUTENbHBIX ACHUCTBYIOMIMX CHUJI, JHUIIb
3aTEMHSIONIMX MOHUMaHUe npoucxopasuiero. Takxke mist ycuienus sddexra B ode
pYKH OepyTCsl TaHTENH, JOMOJHUTEIBHO OTOABHUIAOIIUE LIEHTPhl MAcC BBITSAHYTHIX
PYK OT LIEHTpa BpalllCHHUS.

B umenom, wMHe Kaxercs, Oojee MNOAPOOHOE PACCMOTPEHUE ITOTO
HEPaBHOMEPHOI'O BpaIllEHUsT JAaeT MHOro JIydlllee ero mnoHuManue. ['ne yxe
MPaKTUYECKU HE MOHAA00MINCH IOMOJIHUTENbHbBIE (PU3UUECKUE XaPAKTEPUCTUKH.

HepaBHoyckopeHHOe BpallieHue.

Bepuemcs Teneps k puc. 72 u pacCMOTPUM BO3MOXKHOCTh HEPABHOYCKOPEHHOTO

BpalleHUs] MOJA JACHUCTBUEM CHJIbI, MOCTOSHHOM Kak [0 BEJIWYMHE, TaK U 110

HaIpaBJICHUIO.



ConoctaBuM puc. 72 Cc JApyrdM PUCYHKOM TOTO K€ y4yeOHHKa,
WUTIOCTPUPYIOIIMM COBCEM JAPYroe NBIKEHUE — KojeOaHusi MasTHUKa puc. 242,

AaBacMOC YK€ B COBCPIICHHO APYI'OM pasaciic (1)I/ISHKI/I. BI)II[CJ'ISICM OTACJIBHO 00a 3TH

pHUCYHKA.

Puc. 72. Bpamenue
TOUKH A N0 OKDYKHOCTH.
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Puc. 242, Kone6anna
MasfATHUKaA.

Ha puc. 242 mnokazaHo kojebaHus MasiTHUKA MO/ ICUCTBUEM CHUJIBI TSIKECTU P.

UeMm oTnmyaroTcst Ipyr OT Apyra CpaBHMBAaeMbIe IBUKEHUA? — Tem, 4To Ha puc.
72 nevicTByromiasi cuia f UMeeT HEMOCTOSHHOE HamNpaBlieHHUE U BPAIAeTCsl BMECTE C
CaMUM BpalIalONIMMCS AUCKOM. A Ha puc. 242 3TO HE Tak. 34EeCh JIEHCTBYIOIIAS
cuia P OCTOsIHHA Kak 10 BEJIMYHMHE, TaK U 110 HAIPABJICHUIO, & U3MEHSAETCS TOJIBKO
€€ TaHreHUHUAJIbHAS cOoCcTaBiisiromas Py .

Ecnu 1o ke camoe OyneTr MpOUCXOAWTh Ha puC. 72, TO 00a ATU JABUKECHUS
CTaHyT MPOCTO HEpa3Iu4uMbl. ECIM HE CUMTaTh HECYIECTBEHHBIE OTJIMYMS B YacCTH
0003HaUYEHUH.

Bsamen cuiibl f u ee mpoekuuii f, U f;, a Takke yria &, MOKa3aHHBIX Ha
puc.72, Ha puc.242 naHsl Ipyrue 0003HAUYCHHUS — CHJIA TSDKECTH P U ee MpoeKIuu

P,, P, a Taxxe yronm ¢ = 90°—o. Ho 5T He3HAYMTENbHBIE OTIMYUS COBEPILEHHO



HE NPUHIUNHAIBHBL. 3J€Ch TO K€ CaMO€ HEPABHOYCKOPEHHOE BpAILECHHUE IO
JNENCTBAEM TaHIC€HIMAIBHOW COCTABIAIOIIEN Py CUIIBI TsKECTH P.

Ho ects m npyroe temepb yxke npunyunuaivbhoe oriauune. OHO KacaeTcs
aecTByromux cwil  f, u B,. Kak MOXHO BUAETbH, 3TU MO-pa3HOMY 00O3HAUYaEeMbIe
OPOEKIMH  UMEIOT  NPOMUGONONIOJCHblEe  HAUPABICHWS, IPUYEM  HHUKAKOIO
HepeMEeLIeHHs TI0J ACHCTBUEM 3THUX NPOEKUUH B OOOUX CilydasX HE IMPOUCXOIUT.
JUtst masiTHUKa puc. 242 ero OTCYTCTBUIO JAETCS TAaKOE€ CIOBECHOE OOBSICHEHUE —
cuiie P, mpoTHBOAECUCTBYET paBHAas €M IO BEJIMYMHE W MPOTHUBOMOJIONKHAS 10
HampaBJeHUIO cuiia/peakuu F = —P, cBs3H, BCIECACTBUE YETO UX BEKTOPHAs CyMMa
B HAIIPaBJICHUM PaJMycCa MasTHUKA paBHa HyIr0. [lo3TOMY IBMXKEHHE B yKa3aHHOM
HaIIpaBJICHUU OTCYTCTBYET, a cama 3Ta cuja F MpOTUBOJAEHUCTBUSA HA 3TOM PHUCYHKE
He uzoopaxaercs. [Ipoekius xxe P, IpOTUBOAECHCTBYIOIIEH CUIIBI HE UMEET, [T03TOMY
B €€ HAIPABJICHUU JBUKCHUE IIPOUCXOIUT.

Ha puc. 72 To4HO Takas K€ CUTyalus U B HANPABJICHUU JIEUCTBUS MPOEKIINU
CHWJIBI f,, ABMKCHUS HE TIPOUCXOAMT. Tak Kak eMy B 3TOM TOXE MPEMSTCTBYET CHJIa
npoTuBOACHCTBUA F = —f,, CBsI3u, paBHas MO BEJIWYMHE W MPOTHUBOMOJIOXKHAS IO
HaIIPaBJICHUIO.

IIpr paBHOMEPHOM BpAILlEHUM OTH PEAJBHO IEUCTBYIOLINUE CHUJIBI HA3bIBAKOTCS
OJIHA — YEeHMPOCMpPeMUmenbHou, Npyras — YeHmpoOe’CHOU, TPUIYEM UX BEITUYUHBI
paBHBI, a HaIIpaBJICHUs] IPOTUBOIIOJIOKHBI, II09TOMY HX BEKTOpHas CymMMa

MOCTOSIHHO paBHa HyJtto http://sciteclibrary.ru/rus/catalog/pages/8713.html .

A B ciydae K€ HEPAaBHOMEPHOI'O JIBWKEHHUS, MOKA3aHHOE HA pUC. 72, KaK U B
Cllyyae MasATHUKA Ha pUC. 242 , NBMKEHHWE B HAINPABJICHUU PANUYCA " TOKE HE
MPOUCXOIUT, TaK KaK €My MPEMsITCTBYET TOYHO Takas ke peakuuss F = —f, cBs3uy,
paBHas 110 BEJIMYUHE U IIPOTUBOIIOJIOKHAS 110 HAIPABJICHUIO.

Urtak, oba pucynka 72 u 242 Qaktuyecku HE TOJHBI, T.K. Ha HUX HE
M300paKeHbl NPOTUBOACHCTBYIONIME CHJIBI  pPEAaKIMU CBSI3M, HaINpaBIICHHBIC
MPOTUBOTOJIOKHO TPOEKIUsIM f,, u P,,. C1oBecCHO 00 3TOM TOBOPUTCS, HO B MaAMSTH

MOKET U HE 3a()MKCUPOBATHCS.


http://sciteclibrary.ru/rus/catalog/pages/8713.html

IHoHOTA ¥ HEMOJIHOTA ONIMCAHUS

3agaaumcsi Temepb TaKUM BOIIPOCOM: SIBIISIETCSl JIM OINUCAHUE JIBUKEHUS
MasITHUKA, MOKA3aHHOTO Ha puc. 242 nojgHbiM? O4YE€BUIHO, UTO HET, MTOCKOJIBKY 371€Ch
HET HAYaJIbHOTO TMOJIOKEHHSI, COOTBETCTBYIOILIETO OJHOBPEMEHHO 3HaYeHUsM f; = 0
u JuHenHo# ckopoctu V = 0. B kpaliHeM HIDKHEM MOJIOKEHUU MasTHHKA f; = 0,
onHako V = V.., @ B IPOMEXKYTOUHBIX TMOJOKEHUSX 00€ OHM HE PaBHBI HYIIO, 32
WCKJIFOUEHUEM OJHOM €IMHCTBEHHOW TOYKM — KpPaWHEM BEPXHEM IOJIOKECHUU, IS
Cily4yasi MajgTHHKa OOBIYHO HE M300pakaemoro. MIMeHHO B Hel 00a 3TH 3HauYeHUs
paBubl HyJIO f; = 0,V = 0, 4T0 COOTBETCTBYET Haualy JIBHKCHHUSI.

Ntak, B HEpaBHOYCKOPEHHOM BpallleHUH, TOKa3aHHOM Ha pUC. 72, npu yciosuu
NOCMOAHHO20 HANpasieHus CAIIbI f, TEUCTBYeT IepeMeHHas cuia f;.

B HauanbHOM mnosoxkeHun <= 90° 3pauenne f, = 0, nuHeiiHas ckopocTs V;
KpyroBOro JIBM)XKCHHS Toke paBHa Hymo V. =0 . 3atem cuia f; mocTeneHHO
Bo3pactaeT mo Qopmyne f; = fcos X , rae npunaraemas cwia f SBISETCS
MOCTOSTHHOW BEJIMYMHON, COOTBETCTBYIOIIEH Becy P Ha puc. 242, W JOCTUTAcT
MaKCUMaJbHOTO 3HaueHus f; = f npu yrie «= 0. YckopeHue a; B HalpaBJICHUU
KPYyTrOBOTO JBWKCHHS B CHIY f; = ma; TOXE COOTBETCTBEHHO MAaKCHMAaJIbHO
a; = max. 3aTeM cuia f; BMECTe C YCKOPEHUEM (; MOCTENEHHO YMEHBINAIOTCS TI0
Tol ke dopmyne f; = fcos X=ma,cos X U oOpamaercs B HOJb MPU YIJIE XK=
—90°. IIpu sToM ckopocts V, = max. ITocie 4ero Bech 3TOT IIPOLECC TOBTOPIETCS B
oOpaTHOM MOCIeA0BATEILHOCTH.

N gto 3mechk eme BaxHO? — B 3TOM HEpaBHOYCKOPEHHOM BpAIICHUH CHIIA [,
nuHerHas/ ckopocTh Vi, W JTUHEHHOE/YCKOpEHHUE 4; HEMPEPBHIBHO H3MEHSIOTCS, HE
COXpaHsIsl NOCTOSIHCTBA 3HAYEHUN. BO3MOKHO MOATOMY BBOJAUMBIE JTOMOJIHUTEIbHBIE
XapaKTEPUCTHKH (KPOME MOMEHTA/UHEPIUH [) HIMEHYIOTCS MOMEHMAMU, UMEIOIITAMHU
OTIpE/ICTICHHBIC YHCIIOBBIC 3HAYCHHS JIUIIbL B OAHHbIL MOMeHm BPEMEHHU, a 3aTeM
M3MeHsronmecs. MoXHO ObIJIO ObI TOYHO TaK K€ TOBOPHUTH O MOMEHMAIbHOU CHIIC
ft, MomenmanvHOU CKOpPOCTU Vi M1 MOMenmanbHoM YCKOPEHUH Ay, HO WX TMPHUHSTO

Ha3bIBAaTb IIPOCTO nepemerHbimuy BCIMINHAMU.



Ha puc. 242 takxe OTCYyTCTBYeT MOMEHT Hadajia HEpaBHOMEPHOIO JABUKEHHS,
KOTJla JEHCTBYIOIIAs CWia f; W ero JuHeiHas/ckopocTh V paBHbl Hymo f; =0,
V = 0. B HmKHEM MOJIOKEHWH MasTHUKA CHIA f; paBHA HYJIIO, HO 3TO HE HAa4yajio
JIBMDKEHUS, TIOCKOJIBKY TIPU 3TOM €0 JIMHEHHas1/CKOpoCTh V ABMKEHUS MaKCUMallbHA
V = V,4x, @ HE paBHA HYJI0 V = 0, 4TOOBI COOTBETCTBOBATh Havyaly ABUXKeHUs. [' e
K€ HAXOJUTCSA 3TO HAYaJ0 HEPaBHOMEPHOTO ABWXKEHUsA? — B kpailHEM BepxHEM
ITOJIOKEHUH, NPOTUBOIIOJIOKHOM KpaHEMY HWXKHEMY, IPU KOTOPOM JEHCTBYIOLIAs
cuna P, toxe paBHa HyJo Pp = 0.

A 4YTOOBI MOMECTHUTH TEJNO MAasTHUKA B 3TO HAYAJIBHOE IOJOKEHUE HYXKHO
MPWIOKUTH CHITY U BBITIOJIHUTh HEKOTOPYIO PaboTy.

Takoe HauvanbHOE TIOJOKEHHE HeEycToWunBO. Maieitiee cmemenue +A@
IIPUBOJUT K Hayaldy HEPABHOYCKOPEHHOI'O JBWXEHUS B Ty WIM APYTIyH0 CTOPOHY. B
OJTHOM CcJlyyae IOJy4aeM pPEBEPCUBHOE KojeOaTeabHOE ABM)KEHHUE, B JPYroM —
HEPABHOYCKOPEHHOE KPYTrOBOE BpAILICHHE.

HepaBHoyckopeHHOe BpalleHue

I'ne BooOIIE HaM BCTpeuyaeTcsl BpallleHHE C MEPEMEHHbIM yCKopeHueM? — B
Hayaje JBW)KEHHS, KOIJa, HalpuMep, Kojeca aBTOMOOWSIA, OBbIBIIME 1O TOIO
HEMOJBW)KHBIMM,  OPHUXOJAT  BO  BpAIATEIbHOE  JIBWKEHUE,  YBEIUYUBAs
JTMHEHHY0/CKopocTh V' BpallleHHs, 10 MaKCHUMalbHBIX 3HadeHuil. [locime dyero oHo
MpeBpallaeTcss B paBHOMEpHOe ¢ JuHeHHbIM/yckopenneM a = 0 u V = const. Unu
pU TOPMOXKEHHUH, KOT/Ia MMPOUCXOTUT OOPATHBIN Mpoliecc 3aMeICHUs] BpallleHUs B
npeneabHoM 3HaueHuu 10 Hynd V = 0. B o6oux ciydasx mpouecc HepaBHOMEPHOTO
BpallleHUsI KoHeueH. MOXHO W HENPEPhIBHBIMU MEPEKIIOUCHHUSIMUA IyCKaTh €ro
pPBIBKaMHM BIEpE-Ha3a/l, KaK 3TO JEJIaeTCa B aBTOMOOMIIbHBIX POOKaX.

MoskeT J11 HEPAaBHOYCKOPEHHOE BpallleHue ObITh HellpepbIBHbIM?

N nHakoHel, NOCIECIHHM Ba)XXKHBIM BOIPOC: MOXET JM HEPABHOYCKOPEHHOE
BpauieHue ObITh HenpepbiBHBIM? TO €CTh CaMOCTOSATEIBHO OCYIIECTBIATHCS 0€3
BCSIKOTO BHEIIHETO yHpaBieHUs? — OTBET TaKOW — /14, MOXKET.

BoT HECKObKO MpakTUYECKUX MPUMEPOB Takoro BpaieHus Puc. 7 — 10 .



Puc. 7. 3necpe Ha pyKax KpYTAT «COJIHBIIIKOY

Puc. 9. Ha camonere («mepTBas netis» Hecteposa)



Puc. 10. U makoner mpocTo 6erom.
BoT 3anuch HenpepbIBHOTO BpaIllEHUs C MIEPEMEHHBIMU JIMHEHHON/CKOPOCThIO V
JUHCHHBIM/ YCKOPEHHEM 4 B CIIOPTHBHOM CHJIOBOM YIIPaKHECHHH, Ha3bIBAEMOM

BpAIllCHUEM «COJHBIIKa», Puc. 11.

Puc. 11. CnopTuBHOE CHIIOBOE YIIPAKHEHUE «COJIHBIILIKO.

Ero wuMeHHO «KpyTSIT», T.€. 3TO Kpy2osoe nBuxeHue. W mnpu sTom
HepasHoycKkopeHHoe. B BepxHEM TOJOXKEHUM JBW)XKEHHE 3aMupaeT (JIMHEWHas
CKOpOCTb BpalieHusi oOpariaeTcss B HOJb), 3aT€M OHO YCKOPSIETCS U B HIKHEM

ITOJIOKEHUM JIMHENHAS CKOPOCTh BPAIICHUSI CTAHOBUTCS MakCUMaJIbHOU Puc. 12.

Puc. 12. B BepxHeM NOJI0KEHUU JBUKEHUE 3aMUPAET, 3aTEM OHO YCKOPSIETCA



To xe camoe MPOWCXOAWT W B KOJEOATEIbHOM MAasTHUKE. 3a WCKIIOUYCHHUEM
TOTO, YTO TOKa3aHHAas Ha puc. 242 yrioBas aMmIUIMTyJa KojeOaHHs MasTHHUKAa He
nocruraet 180°. B BepxHell Touke KPyroBOro ABMKEHHUS NP YIIOBOH aMILIUTYIE
Kar= 180° MasTHUK 3aMUpaeT B COCTOSHHMH HEYyCTOMYMBOTO paBHOBecus. Ilpu
ATOM JIMHEHHAsI/CKOPOCTh V KpyroBOTo ABMKCHHS M JICHCTBYIOIIAs HAa HETO cuiia f B
HAIPABIICHUU 3TOM JTMHEHMHON CKOpOCTH 00€ paBHBI HYINIO, HO MPU HE3HAUUTEIHLHOM
VIJIOBOM OTKJIOHEHHM AX (TOJIOKUTETLHOM WM OTPUIATEIBHOM), MAasiTHUK
IPUXOAUT B YCKOPEHHOE JIBJKEHHE 6neped WIH Hazao. [IBUkeHue Haszaja
COOTBETCTBYET KOJECOAHUIO MAsATHHMKA C yriaoBoi ammmTynoi 180°, nemwxenne xe
BIIEpE]] O3HAYAET MEPEXO0Jl OT KOJEOATEIBbHOIO IBUKEHUS K HEPABHOYCKOPEHHOMY
KPYTOBOMY BpPAILICHHUIO.

N B 3akir0yennue.

HepaBHoyckopeHHoe KpyroBoe Bpamenne Ha Puc. 7 — 12 momaHOCTBIO
COOTBETCTBYET KOJIEOATENBHOMY JBHKEHHIO C AMILTUTYI0M KONEOAHUS Ky, = 180°
be3 pesepca HanpasieHus IBWKEHUS puc. 242. JlomomHHWTENbHBIE (QU3NYECKHC

XApaKTCPHUCTHUKHU IIPHU 3TOM BOBCC HC 00s13aTEIIbHEL.



Onucanue BpameHusi B Kjaaccuueckoii ¢pusuke (Description of rotation in

classical physics)
ComcukoB Anekcanap Meanosuu (Aleksandr Ivanovich Somsikov)

AHHOTaHHH. BrinonHeHo comocTaBiICHUE HpHMOHHHGfIHOFO U BpaAIaTCIIbHOTO
JNBWKECHUN U UX onMcaHui. [IpuiokeH mepeBox CTaTbU ¢ PYCCKOTO S3bIKa Ha
AHTJIMHACKUM

Abstract. Linear and rotational motion are compared and described. Attached is

the translation of the article from Russian into English.

Linear motion and rotational motion

Linear motion can be uniform or non-uniform, characterised by the distance

travelled S, the velocity IV and the acceleration a. Each of these physical quantities
can be considered a vector S, V, @, the directions of vectors S and V being the same,

and the directions of vectors V and d may or may not coincide when motion is
accelerated or decelerated.

In circular rotation it is basically the same, but with one essential difference:
each of these three physical quantities is proportional to the radius of rotation r, i.e. it
IS a non-constant quantity at different points of circular rotation, in contrast to linear
motions. Therefore, in addition to the original concepts (travelled distance S, velocity
I and acceleration a), referred to as linear, additional physical characteristics are
introduced: angular rotation «, angular velocity w and angular acceleration £.

Applied names

Each concept in physics has a very specific meaning. Not all of them have their
own names, some may be described by two or more words used together as names.

For Dbetter understanding, we will write these verbal notations together,

separating them with a slash: linear/displacement S , linear/velocity V ,



linear/acceleration a and respectively angular/displacement «, angular/velocity w,
angular/acceleration . The joined-up spelling means that here the two words express
ONE concept.
How do they differ from the corresponding linear characteristics?
Angular velocity of rotation

Let's take a look at the definition given in a physics handbook.

‘The angular velocity of rotation of a solid body is a vector w numerically equal
to the first derivative of the angle of rotation in time w=dp/dt and directed along
the axis of rotation so that from its end the rotation of the body is seen to occur
counterclockwise. The direction of the vector w coincides with the direction of
translational motion of the borax, the handle of which rotates with the body.’
Source: B. M. Yavorsky, A. A. Detlaf, Handbook of Physics for Engineers and
Students

Generally, there is no complaint about this rather complicated definition. The
authors of the handbook have faithfully repeated what is written in all physics
textbooks and what readers should seem to understand. Or should they not? A vector
means a direction, but of what and where?

If it is a movement, then, naturally, it is its direction. There is more than one
characteristic of movement. It can be the movement itself, but also its velocity and
acceleration. But first of all, let's look at the physical meaning of the angular/velocity.

Let us show it by analogy.

Mass and density of bodies

Newton defined mass m as the product of the density of a body p by its volume
V. Physics textbooks report that this definition of mass m is incorrect, although they
do not explain why exactly. The ratio is of course correct, but as a definition of mass
it is really unsuitable, because it immediately raises the following question: What
does DENSITY mean? A quantity defined by mass? In science, it is called a vicious
circle, where A is defined by B, and B is in turn defined by A. The vicious circle is
closed.



In fact, the concept of mass is defined by two laws of physics: the law of

. a - mM . .
universal gravitation f = Y= and Newton's second law f = ma meaning that
y":—f’ =maorM = %arz, where M is the mass of body 1, a is the acceleration

gained by body 2, r is the distance between bodies and y is a dimensional factor
which has no physical meaning and appears due to an arbitrary choice of mass unit.
Its designation by the Greek letter gamma, y, is just an abbreviation of the word
yravitation.

Therefore, the mass m, of body 1 is the product of the acceleration a, gained by
body 2 placed at a distance r from it by the square of this distance (taking into
account the dimensional coefficient y determined by the randomness of the choice of

the unit of mass): http://sciteclibrary.ru/rus/catalog/pages/8715.html.

This definition raises the following question: can mass m, cube considered as a
vector? Basically, yes, if the acceleration vector a, is considered, but the direction of
this vector is centered relative to body 1 and varies depending on the position of body
2 on the spherical surface surrounding body 1 with radius r. Mass acts in all
directions at once, without singling out any particular direction, so it should not be
considered a vector, i.e. it is a scalar.

As Newton correctly pointed out, the mass of a body m is proportional to its
volume V, i.e. m = kV, where k is the coefficient of proportionality linking different
physical quantities and therefore has its own dimension. This coefficient k is called
the DENSITY of the body. The introduction of the concept of density was needed to
compare the masses m,, m, of different bodies 1, 2, given that the mass m of each
body is proportional to its volume V. Is it possible to get rid of this dependence?
Physically, no, but you can get around it by using the same volume V; =V, when
comparing masses my, m.

Converting to the desired form
But it is still possible to bring their really unequal volumes V; #V, to

conditionally identical value, e.g. one by dividing the quantities m,, m, by the

respective volumes V;, V, to obtain the relations % and =2,

1 V2


http://sciteclibrary.ru/rus/catalog/pages/8715.html

This is called a reduction of physical quantities to the desired form.

It is these resulting relations that are called densities of bodies 1, 2, now
independent of volumes V; and V,, so that they can be compared with each other
instead of comparing the masses m,, m,. Therefore, we are comparing not the

m;

masses m,, m, of bodies 1, 2, but their densities k; = % and k, = Ak
1

2

Linear and angular characteristics

When comparing different rotations with each other, exactly the same is done.
Their linear velocities ¥V and accelerations a are proportional to the radius r of
rotation V = kyr, a = k,r, where k,, k, are coefficients of proportionality having
dimension due to difference of physical quantities V, a and r, so they can be
compared with each other only at the same radius 7.

Or after reduction to a unit radius of rotation by dividing by it to obtain
ANOTHER PHYSICAL QUANTITY having a different physical dimension. This
understanding is somewhat hampered by the use of the same names: velocity and
acceleration, albeit angular instead of linear.

According to the rules of Russian language, the name expressed by two words,
one of which is a noun and another is an adjective, means that one of them, namely
the noun is the main, i.e. essential, and the other is an explanatory or secondary. It
turns out for native speakers of Russian that velocity and acceleration remain what
they were, only with some specification, while in fact they are absolutely other
physical quantities, like mass and density.

Angular/velocity is not linear/velocity, and angular/acceleration is not
linear/acceleration, but OTHER PHYSICAL QUANTITIES with similar names and a
completely different physical meaning, because they, unlike linear velocity and
acceleration, DO NOT DEPEND on radius of rotation.

The introduction of angular quantities of motion, velocity and acceleration, now
make it possible to compare different rotations with each other, regardless of their

radii of rotation.



Vectors of angular quantities
What are the other differences between the rotations apart from angular physical
quantities? Like all motion, they differ in direction and in the coincidence or non-
coincidence of the directions of velocity and acceleration. If these directions are the
same, then the rotation is accelerating, and if they are opposite, then it is slowing
down. So, in order to compare them correctly, the directions must also be taken into

account. How is this done? Here is an image taken from the Internet (Fig. 1).

Fig. 1. Vector representation of angular and linear velocities of rotation

Here we see a circular rotation in the direction of the vector of linear/velocity v,
the magnitude of which, as already stated, is proportional to the radius of rotation r.
The angular/velocity of the same rotation is also added, numerically defined as the

ratio w = % We already know why a physical quantity w is needed — to reduce the

linear/velocity V to a unit radius of rotation r, obtained by dividing V by r. The
resulting value of angular/velocity w is independent of the radius of rotation r, i.e. it
is the same for any radius. So it can be used both to compare different points in the
same motion at different radii of rotation r;, r, and to compare different motions with
unequal values of angular velocities w;, w,.

What else can be said about the vector understanding of V and @? Which
direction can we be talking about here exactly? It is all clear with the vector v, it
indicates the actual direction of rotation of the point in exactly the same way as in

linear motion. But what does vector w mean? Fig. 1 shows the dimensions of the
vectors V and @ as well as the dimension of the radius r are close in value. This

generally makes it difficult to understand that the value of vector w is in fact% , e,

first of all numerically different from the value of vector V . And it is no longer clear



what the direction of the vector w shown in Fig. 1 means and why it is chosen that
way? What does it point to? If to some direction, then what exactly? The actual
motion is directed quite differently, after all. It is not clear. In addition, there is also a
rather complicated rule of how to go from this ARBITRARILY SET vector @
direction to the actual direction of the rotary motion.

The so-called right-hand rule of directing the rotary movement in the direction
of the vector @ , when the rotation of the fingers will show the true direction of the
circular motion. That is, we first DEVIATE from the correct direction of the
rotational motion to the arbitrarily chosen direction of the vector w in order to then,
using this also artificial rule, return back to the correct direction of rotation. What if
you accidentally or deliberately change your hand from right to left? You have to
keep that in mind, too, so that you don't get everything mixed up. So why all this

artificial piling up of complications? Physically the direction of the vector w is the

same as the vector V, from which it is obtained. The difference lies only in their
dimensions, not in their direction, which, by the way, is not actually visible in Fig. 1.
Explanation for the choice of direction of the angular vectors
Only one reasonable explanation can be given for all this. The choice of the

direction of the vector w is explained by the unwillingness to complicate the picture

with two vectors V and & when their directions coincide and similarly with two
vectors of linear and angular accelerations also when their directions coincide. It was
therefore decided to separate them visually by directing the angular vectors along the
coordinate axis perpendicular to the rotation plane with the LOSS of understanding of
the physical meaning of these angular vectors and complicating the inverse transition
from their arbitrarily chosen direction to the actual rotation.

But it must be remembered that none of this is PHYSICALLY necessary, and
these conventional directions, set up ostensibly for greater clarity, do not clarify but
rather complicate and even confuse this, in general, rather simple question.

Uniform rotation
In uniform rotation, as well as in uniform linear motion, representing a particular

case of inertial circular motion at radius of curvature R — o



(http://sciteclibrary.ru/rus/catalog/pages/8444.html),  acceleration a IS  zero

everywhere, since the linear velocity of rotation V is constant in magnitude V =
const, though not constant in direction, and the resulting centrifugal acceleration a4
is strictly balanced by the centripetal acceleration a,. = —a,s created by the
gravitational force f or the constraint force directed towards the centre of

rotation (http://sciteclibrary.ru/rus/catalog/pages/8713.html).

Non-uniform rotation

Let us now consider another case, non-uniform rotation. The linear and angular
accelerations in such motion are not equal to zero.

In non-uniform rotation, additional physical characteristics are introduced in
addition to the characteristics of uniform rotation: moment of force, moment of
inertia, angular momentum.

Let's look at how this is presented in physics textbooks. Let's use a textbook

which | used to study myself.
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CORRECTION ON THE TITLE PAGE
Printed: Edition 11, stereotyped
Replace with: Edition 10, stereotyped

It is a university textbook that has survived 10 stereotypical editions with a
circulation of 100,000 copies, which means it could be read by up to a million

students learning these physics issues. This is where we begin.



Let's look at the first fragment.

§ 35. Bpamenue TBepaoro tTena. MoMeHT CHJIBI B MOMEHT WHEp-
uuu. IIpy paccMOTpEeHuMM BpAUICHHS TBEPAOrO TeA2 € JAUHAMUYECKOH
TOYKM 3PEHMsl HAPALy C MOHATMEM O CWJI3X BBOMUTCA HOHAMUE O MO-
MeHmax cut ¥ Hapagy C NOHATUEM O Macce — NIORAmMuUe O MOMERME
unepyuu. JIag TOro 4ToOB BHLIACHUTE COAEPKAHHE TIOHATHH —— MOMEHT
CAJ W MOMEHT HHEepUMM, paccMOTpUM Chepsa
ABWKEHUe OJHOH MaTepuaiabHOH TOYUKA A <
MacCcoi m, YAEPKHNBAEMON HA OKPYXHOCTW pa-
AUyCa r € MOMOLIbIO KaKOH-1160 cBa3d (puc. 72).
ITycts Ha TOuKy A AeHCTBYET NOCTOAHHAA M0 Be-
auynne cuna f. Toraa Touka A npuoGperaer no-
CTOSIHHOE TaHreHUHaAbHOE YCKOpEeHue ,;, onpe-
JeNSeMOEe TAHreHuWaabHOH COCTaBisoER fi

fi==Fcos a =muw,. ()]

Puc. 72. Bpamenue
TOUKH A N0 OKPYXHOCTH.

HopwmanbHas cocrasaniomas cuasl f cosmectHo
C peaknuel CBA3W CO3[44ET HOPMA/JBHOE YCKO-
peHue.

w
Beenem yrioBoe yCKOpeHHE Q:—-—-—ri. TOrja paseHcTso (1) 3amenurca

BbIPAKEHHEM:
fcosa=mr-{;

YMHOXHM NDPABYIO M /JEBYI0 YacTW 3TOTO BHIPAKEHHA HA 7, NOAYduM:
frcos a=mr?.. (2)

[lpou3ssefieHHe 7 COS & PABHO JJMHE MNEPHNEHAMKY/IAP3, ONYUIEHHOTO HAa
nanpasaenne CWinl W3 Toukn O (puc. 72). Benununna

M= frcosa, 3)

{ICAEHHO PABHAS NPOU3IBEICHUIO BeAuduns. cuAst [ Ha OAUHY nepnex-
QUKYARPA, ONYWEHHO20 HA Hanpasiexue cuas u3 mouxu O (yenmpa
B8palyents), HA3blBACTCS MOMERMOM Cuas omuocumessno mouxt 0.
Beauuuna '
[ = mr?, (4)
HICAEHHO PABHAS NPOU3BEDeHUN) Macch m modkn A Ha xeadpam ee
paccmosinus om mo4dxu O (gewmpa 8paueHIL 1), Ha3BIBRETCA MOMEHNIOM
unepyuu mouxu A omuocumenrsno mourn O
Beoas MOMeHT cuapl M ©u MOMEHT wuHepuanm [, meperuiueM paBeH-
crso (2) |
M=I8. (9)

Cpapuusas pasedcrsa (1) m (D), Buaum, 4TO YraI0BOE yCKOpEHME 8
TaKuM ke oOpasoM CBA3aHO € MOMEHTOM cmabl M M MOMCHTOM HHEpUMA



I, xakum JuHedHOe YCKOpeHHE w; CBfi3aHO C cupolt f; m Maccolt m
toukn A. Ilpn onucaHau BpPalIaTENBHOrO JABHXEHHA C MNOMOMILIQ YI/A0-
BOTO YCKOpeHHA f pOJb CHAB HrpaeT MOMEHT Cuibl M, pone MacCH
m — MoMenT wuHepuuu J[. Ilog BaugHHEM CHJI C DPAaBHRIMA  MOMEHT2MH
Touka A TnpuoGperaer paBHme Yyraosuwe yckopenusa f. Takum oGpasom,
pasaruunsie cuast § axsusasenmrot 8 cMvicAe BbLIHBAEMO20 UMU 8pa-
WeHN s, ecall pasKe, UxX momenmess. Pasnpie Mare-
pUasbHBIE TOYKH TOJYYAIOT NOA BJAWUAHWEM PaBHBIX
MOMEHTOB CHJ OAHWHAKOBBIE YTJIOBHE YCKOPERRT,
€C/M  ONHHAKOBH HX MOMEHTH WHEpHHH. Takum
06pa3oM, Mamepuasbrbie MOYKN € PA3HLIMU
MQCCAMU M 3KBUBQAAEHMHLL 8 CMbLLAC npuodpe-
maemo20 BMIL Y2R08020 YCKOPEHURA, €CAU PABHLL
ux MOMERMbL UHepyull.

0'

Af.' d-;

§ 35. Rotation of a solid body. Moment of force and moment of inertia.

When considering the rotation of a solid from the dynamic point of view,
we introduce the concept of moments of force alongside the concept of
forces and the concept of a moment of inertia alongside the concept of
mass. To clarify the moment of force and moment of inertia, let us first
consider the motion of one material point A with mass m, held on a circle
of radius r with the help of some kind of constraint (Fig. 72).
Fig. 72. Rotation of point A on a circle
Let point A be subjected to a force f of constant magnitude. Then point A
acquires a constant tangential acceleration w; determined by the
tangential component f;:
ft = fcosa = mw; (1)
The normal component of the force f together with the constraint force

creates a normal acceleration.
Introducing angular acceleration S =% replaces equality (1) by the

following expression:
fcosa=mr xf
Multiplying the right and left-hand sides of this expression by r:
frcosa =mr2 xp (2)
The product r cos « is equal to the length of the perpendicular dropped on
the direction of the force from point O (Fig. 72). A quantity



M = frcosa (3)

numerically equal to the product of the force f by the length of the

perpendicular dropped on the force direction from the point O (centre of

rotation) is called the moment of force relative to the point O. A quantity
[ =mr? (4)

numerically equal to the product of the mass m of point A by the square of

its distance from point O (centre of rotation) is called the moment of inertia

of point A with respect to point O.

Let's rewrite equality (2) by introducing a moment of force M and a

moment of inertia |:

M =1 (5)

Comparing equations (1) and (5), we see that the angular acceleration is

related to the moment of force M and moment of inertia | in the same way

as the linear acceleration w, is related to the force f, and mass m of point

A. When rotational motion is described with angular acceleration p, the

moment of force M plays the role of a force, the moment of inertia | plays

the role of a mass m. Under the influence of forces with equal moments, the

point A acquires equal angular accelerations [. Therefore, different forces

f are equivalent in the sense of rotation induced by them, if their moments

are equal. Different material points obtain the same angular accelerations

under the equal moments of forces if their moments of inertia are the same.

Therefore, material points with different masses m are equivalent in the

sense of the angular acceleration they acquire if their moments of inertia

are equal.

The following explanation is necessary here.

In this case, the force f and its tangential component f; are both constant in
magnitude, which also determines the constant tangential acceleration w; according
to formula (1).

The angle « is also constant, which means that the force f is constant in
magnitude, but not constant in direction, since it also rotates together with the rigid



constraint on a circle with radius r. Therefore, the angle o is not the angle of rotation
of the material point A around the circle (the latter is not shown in Fig. 72).

Another explanation concerns the expression ‘The normal component of the
force f together with the constraint force creates a normal acceleration’. In fact, the
normal component f,, of force f creates a normal acceleration w,,, compensated by
the constraint forcew,, = —wy, so that the resulting acceleration vector wye, = wy, +
we = W, —w, = 0. Therefore, no motion in the direction of vector f,, occurs.

That is, Figure 72 represents a linearly accelerated rotation, which, like any
linearly accelerated motion, cannot be infinite. Such rotation corresponds to the
beginning of motion before its transition to uniform rotation at force = 0 .

Next, let us comment on the expression ‘Introducing angular acceleration
p = % >, It can be introduced, of course, but why and what does it mean? What is the

meaning of this introduction? What does this value mean, what is its physical
meaning? The answer is as follows. It is necessary both for comparing circular
motions of different points with unequal radii » and for comparing different circular
motions. What is the problem here? In circular motion, unlike linear motion, the
travelled distance S, velocity VV and acceleration a of different points having different
radii of rotation r are proportional to these radii r, i.e. do not keep constant values
S=kyr,V =k,r, a=ksr, where k;, k,, ks are coefficients of proportionality.
Moreover, these coefficients, except for k., are not just numerical, i.e. mathematical,
which is possible for different quantities of the same physical meaning, but physical,
since the terms of these proportions have different physical meaning and unequal
dimensions.

Therefore, comparisons for different points or different motions must be made
either at the same value of the radius r or by other physical characteristics
INDEPENDENT of it. Such physical characteristics, independent of the radius r, are
precisely these physical coefficients k;, k,, k5.

They are called respectively: k; — angular/motion, k, — angular/velocity, k5 —
angular/acceleration. That is, they are physical quantities determined by the formulas



k, = ; k, = ; ks = % . In contrast to S, V, a, they already do not depend on radius
r and therefore can be used for comparison of any circular motions at any radius of

rotation.
The taking of these relations é g % is called as a reduction of linear

characteristics of motion S, V, a to the given, in this case, to a unit radius of rotation
r.

Wt

This is the physical meaning of the introduction of angular/acceleration f = —

which is not explained in this fragment.

Then, the quantity = f;r, called the moment of force with respect to the point O,
is introduced. The word moment refers to the category of time, so its use here is not
quite clear and requires explanation, since M in this case is a constant, independent of
the time moment.

Another quantity I = mr?, called the moment of inertia of point A with respect
to point O, is also introduced. It too is a constant, independent of the time moment, so
the word moment used in both cases seems incomprehensible.

And both these additional physical quantities are introduced only in order to

obtain this dependence: M = I3, where [ is the angular acceleration, equal to g =

%, similarly to how the force f in linear motion is related to the mass m by the

acceleration w of the material point A according to Newton's second law (f = mw).
Such a presentation is not heuristic, i.e. it does not give an indication of the
course of thought that led to the introduction of these additional characteristics.
Terminology
First let's look at the names themselves.
Moment of force (synonyms: moment, torque, rotational force, turning effect).
What is the physical meaning of the concept of a moment of force? The reader
looking for an answer in all kinds of dictionaries, technical reference books or
textbooks will immediately encounter an additional difficulty: the tendency of these
sources to give an answer preferably in a general form, with which the reader will

have to deal long and tediously, while the opposite should be done — start with the



simplest, even a particular case, but understandable. In this case, the definition of the
moment/of/force is quite simple, even elementary: it is the product of the acting/force
f+ by the arm/of/force or the lever/arm. And what is an arm/of/force? It is also quite
simple: it refers to the shortest/distance from the line/of/force to the centre or
axis/of/rotation. A force is directed along a straight line, and its point of application
can be anywhere on that straight line, so it is not the distance from the point of
application to the centre or axis/of/rotation that is specified, but the shortest/distance
from that straight line. This is called the arm/of/force or lever/arm. It is as if there

really was a lever h, or h, that had a force F applied to its end (Fig. 2).

Fig. 2. Arm/of/force or h, or h, lever/arm

Fig. 3 shows the two forces FT and F? and their respective arms/of/force or

lever/arms I, I,. This picture is correct.

Fig. 3. Arm/of/force or lever/arm (correct picture)

And Fig. 4 shows the arms/of/force or lever/arms incorrectly. The author did not

understand the question.
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Fig.4. Arm/of/force or lever/arm (wrong picture)

So, in Fig. 72, the moment/of/force M is the product of the acting/force f; u by
the arm/offforce or the lever/arm. In this case, the arm/of/force is just the

radius/of/rotation .



Thatis, M = f;r. This is clear.
Now the main question: why do we need it? Well, here's why.
But in order to correctly answer this question, it is first necessary to give a

physical model of motion that corresponds to this statement.

Correct model of motion
This is the model (Fig. 5).

Fig. 5. Model of the motion described in the textbook

What is shown here? A disc of mass m and radius R, propelled by a load
connected to it by a thread wrapped around it. The load moves vertically downwards
under the action of the gravitational/force P , causing this disc in a
linearly/accelerated/rotation. In this case, the gravitational/force P is the
tangential/component f;, shown in Figure 72 of the textbook. It is now clear why it is
a constant. After all, it is just a constant weight P of the load.

In such a linearly/accelerated/motion, the linear/velocity V' is proportional to the

linear/acceleration a and the time of motion t: V = at, and the distance travelled S

2
satisfies the relation S = % But this is not what matters for a rotating disc. What

matters is that, unlike translational motion, where all points have the same velocity V,
the linear/velocity V of rotational/motion is unequal at different points on the disc,
I.e. a non-constant quantity proportional to the radius R. For example, at the

centre/of/rotation, V = 0. And the same, independent of the radius R, i.e. a constant

quantity, is the ratio% called the angular/velocity of rotation w: w = %. This is the



angular/velocity w that distinguishes all rotations from one another. This means that
angular/velocity w was invented and introduced for a reason, to distinguish or
compare different rotations with each other.

And what can be said about acceleration a? In linearly accelerated motion, the
linear/acceleration a is proportional to the velocity V by the formula a = % where t

Is the time/of/motion. And the velocity V at different points of the rotating disc, as

already mentioned, is not the same and is determined by the radius R by the formula

. . % kR . .
a = kR. Therefore, the acceleration is a = — =~ l.e. It is just as non-constant,

determined by the radius R. And constant for any radius R is a ratio %, called

a

angular/acceleration g, i.e. B = -

The introduction of this angular/acceleration g, like the angular/velocity w, is
not arbitrary, but is necessary to describe the linearly/accelerated/rotation for any
point on the disc at any radius of rotation R.

So, for any point of non-uniform translational/motion, the concepts of
linear/velocity V and linear/acceleration a are used, and for any point of non-uniform
rotation, angular/velocity w and angular/acceleration .

Formal description

To go from the tangential/component f; of the acting/force f to the
moment/of/force M in Fig. 72, just multiply f; by the arm/of/force or the lever/arm.
In this case by r. To do this, multiply both parts of the formula f; = ma = mrg by r
and get f,r = mr2p.

Or M = mr?B. The expression mr? is called the moment/of/inertia I, i.e.
I = mr?. Here it is a constant value. Wouldn't it be better to call it just inertia? So we
get: M = Ip.

In translational/motion, according to Newton's second law, f = ma, and in
rotational motion, M = I3, where the force f; is replaced by the moment/of/force M,
where M = f,r, mass m is replaced by the moment/of/inertia I, where I = mr?2, and

linear/acceleration a is replaced by angular/acceleration £.



So, the force f in translational/motion is equal to the product of the mass m by
the acceleration a, and the moment/of/force M in rotational motion is equal to the
product of the moment/of/inertia I by angular/acceleration .

This is an expression of Newton's second law for rotational motion instead of

translational motion. For any point of its rotation.

Indeed, M = for, I =mr?, B = % Let's substitute these physical values into the

formula M = IB. We obtain f,r = mr? % . Or, after reduction by r, finally f; = ma.

This is Newton's normal second law, merely liberated from the unusual notation.
Additional remark

Now, when we have suddenly, maybe even for ourselves, found out that we

have just another form of Newton's second law, we ask ourselves: well, why all this?

What does the introduction of new physical characteristics (moment/of/force M =
fr, moment/of/inertia I = mr? and even angular/acceleration f = %) give us?

What was stopping us before? The dependence of linear/velocity V and
linear/acceleration a on the lever/arm r, which we basically decided to wrestle with?
By introducing angular velocity w and acceleration 8, now independent of r? Fine,
but we CANNOT just introduce g instead of a, otherwise it would break Newton's

second law, so we had to introduce together with introduction of angular acceleration
B an additional factor r, i.e. f; = mr[, because f; = mr% = ma. Have we got rid of

this dependence on r? Not at all, we simply multiplied the numerator and the
denominator by the same r, but the equality remains the same. Then we introduced
an additional concept, the moment/of/force M. For this purpose, we multiplied f; by
the same arm/of/force r and multiplied another part of equality by the same r to
receive now the new expression f,r = mr2p. And by replacing only the notation in
it, we have as a result of these IDENTICAL transformations the following
expression: M = IB. Well, what is new about it? After all, it is the same as Newton's
second law, but only in another form, that is, in other notations. Do we deceive

ourselves, pretending that we have obtained some other, supposedly new, result?



| have already given an example of the same self-deception where the same
relationship is expressed in two different forms of recording: the form of Pythagorean
theorem a? + b% =¢? and in the trigonometry formula sin? o« +cos? x=1,
moreover, artificially referred to different sciences, allegedly expressing unequal

results: http://www.sciteclibrary.ru/cgi-bin/public/YaBB.pl?num=1501411831.

Scalars and vectors
An additional distinction, which makes it extremely difficult to understand, is as
follows.

In translational motion, according to Newton's second law, the acting force f

can be thought of as a vector f whose direction is determined by the acceleration
vector d, with mass m being just a scalar.

But in rotational motion this is no longer the case. The vector of
linear/acceleration a is replaced here by a vector of angular/acceleration ,§ whose

direction not only does not coincide with the direction of the force vector f but is
perpendicular to it. What does it mean, however, is perpendicular? It would be more
correct to say that they suppose it to be perpendicular to it. But why is that?
Remember, how does angular acceleration appear in the first place? Because
different rotation points have different numerical values of linear/acceleration a, — in
order to bring them to the same numerical value. Emphasize: NUMERICAL value.
And what does the direction of this vector have to do with it? Mathematically you
can, of course, give it any direction, but physically it is not so. Otherwise we simply

lose the physical meaning of angular/acceleration 8, which in general is the same as

that of linear acceleration a, except its numerical value. So, the vector ,§ IS not
directed by itself at all, but has been decided to be directed in this way and not
otherwise.

Likewise, the moment/of/inertia I, defined by the relationship I = mr?, is
physically completely analogous to the mass m of Newton's second law for
translational motion, that is, it should be considered a scalar, not a vector. But for

some reason it is also said to be a vector I, which must, of course, be given some


http://www.sciteclibrary.ru/cgi-bin/public/YaBB.pl?num=1501411831

direction as well. So, the vector of the moment/of/force M is determined not by one

vector of angular/acceleration E but by two vectors I and E I.e. it becomes their
vector/product, which for uniqueness must also be given some direction that
coincides or does not coincide with both or one of these two vectors. So they decided

that the direction of the vector of moment/of/force M is perpendicular to the plane

formed by these two initial vectors I and E Moreover, it must be additionally

established in which direction from this plane (Fig. 6).
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Fig. 6. Vector/product ¢ of the vectors a and b

Bby introducing the right-hand/rules to establish this direction. And if we
change the right hand to the left-hand, will we have to change the whole law of
physics? Wouldn't it be easier to change this statement, abandoning the vector
product as completely unnecessary complication?

In short, a whole rather complex science based on spatial representations has
emerged, with the loss of the original understanding that it is merely a form of
writing Newton's second law as applied to rotational/motion.

Here is a vivid example of the confusion, which suddenly appeared in the
science with impossibility to understand all this for the whole generations of students.
All that was needed was to return to the original scalar understanding of the
moment/of/inertia I similar to the scalar understanding of mass m without any

vector/products, which only obscure the essence of the question.



Next part

§ 37. MomeHT KONHYeCTBA ABUKeHUS. PacCMOTDAM TEPBOHAYANLHO
MAaTEpHaIbHYI0 TOYKY C Maccoft #, BPALIAONIYIOCA 110 OKPYKHOCTH pa-
anyca r (puc. 72). lag Tako#t TOUKH HMEET MECTO COOTHOIUEHHE:

- feosa=nmw, (1)

rie f— cuna, neficTBYIOIIAas HAa TOYKY, a W, — TaHre€HUMaabHas COCTa-
BAfOLIAs ee yckopeHus., [Ipennonsoxum, uTo cnaa f MOCTOAHHA NO Be-
JAUYAHE U COCTaBAfAET OAWH MU TOT XKE yroa a ¢ KacateapHOo# K OKpy¥K-
11OCTH BO BCEX TOYKAX NYyTH.

Torpa w,=— Av/At, n paBencTso (1) NpUHAMAET BHI

fcosa-At =m Av,

VMHO¥as NPaBylo W JNeBYI0 YaCTH 9STOr0 BLIPAXEHNA HA 7, MOAYuUnM
Jfrcosa-At=rmAv. ' (2)

Bennuuna fr cos o npeacrasaser coGo#t MomeHT M cmiwl f OTHOCH-
TENbHO LIEHTPa BpaweHus O; KPOME TOoro, BBHAY TOCTOAHCTBZ Macchl M
W pajuyca r, BepaxeHnme rm Av MOXHO mepenwcath B Buae A(rmv).

Toraa paeencrso (2) npumer BUA:

M At = A (rmv). (3)

Ecan momeHT cun M HemocTodHeH, TO B BHpaxeHnu (3) caenyer
6paTbh CTOMb Maibll NMPOMEXYTOK BpemeHH Af, uTOGH B TEYEHHE STOrO
IIPOMEXYTKA BpPEMEHH MOMEHT cda M MOr CunTatbes nocToaHHuiM, [las
KOHEYHOTO NPOMEXKYTKA BPEMEHH MOXHO BBECTH B PacCMOTpPEHMEe cpef-

Hee 3HauyeHWe MoMeHTa ¢Ha M # Toraa
M At = A (rmo). (3a)

BenauuyHa p=—rmuv HaabIBACTCA MOMEHMOM KoAudecmsa O8UNCEHUSA

MaTepHansHOH TOUKW, Bpallaiomelcs MO OKPYXKHOCTH, a M At — umnyas-
com momenma cun. PapedcTBo (3) YTBEPKIAAET, YTO NIMEHeHIle MO-
MERMA KOAUMECHBa 0BUNCERUS HUCAEHHO PABHO UMNYALLY RPUAOICEH-
Ho20 momenma cua. OHO aHaloruyHo paseHcTBY (4) § 17, Bnipaxato-
IEMY CBS3b MEX/AY WSMEHEHHEM KOJNYECTBA JBWXEHHA M HMIYJAbCOM
CUJIBL.

§ 37. Angular momentum. Let us consider initially a material point of
mass m rotating on a circle of radius r (Fig. 72). The following relation
holds for such a point:

fcosa =mw; (1)
where f'is the force acting on the point, and wy IS the tangential component
of its acceleration. Suppose that the force f is constant in magnitude and
makes the same angle o with the tangent to the circle at all points of the

path.



Then w; = Av/At, and equality (1) takes the following form:

f cosa X At = mAv
By multiplying the right and left sides of this expression by r we obtain:

frcosa X At = rmAv (2)

The value fr cos a is the moment M of force f with respect to the centre of
rotation O; moreover, in view of constancy of mass m and radius r, the
expression rmAv can be rewritten as A(rmv).
Then equality (2) will have the form:

MAt = A(rmv) (3)
If the moment of force M is not constant, then in expression (3) we have to
take a period of time At so small that the moment of force M can be
considered as constant during this period of time. For a finite period of
time, we can take the average value of the moment of force M:

MAt = A(rmv) (3a)
The value p = rmv is called the angular momentum of a material point
rotating on a circle, and MAt is the momentum of the moment of forces.
Equality (3) states that the change in angular momentum is numerically
equal to the momentum of the applied moment of forces. It is the same as
equation (4) of §17, expressing the relationship between the change in the

angular momentum and the impulse.

Here the expression fir = mrw; = mri—‘: is first reduced to the form f,rAt =

mrAV.

Or MAt = A(mrV), because mr is a constant.

The product mrV is called the angular/momentum p, i.e. p = mrV and therefore
Ap = A(mrV) is its change in time At. The product MAt is called is called the
momentum/of/the/moment/of/force. You just have to remember that the change of
angular/momentum  Ap  is numerically equal to the applied
momentum/of/the/moment/of/force M At.

What this is all about is still unclear.



And the final, third part.

Ms dopmya (3} u (4) caenmyer, uTO npu omcymcmeuu MOMEHMQ
cus (M=—=0) somenm xorusecmsa 08UNCEHUS OCMAEMCT NOCHIOTHHbLH.

ITO CACHNCTBHE HM3BECTHO [0X HAa3BAHUEM 3QKOHAQ COXPAHCHUA MOMERmMQ
Koaudecmasa 08HICEHUS.

B yacTHOM C/ay4Yae NBMKEHUS MaTePHAJbHOR TOYKM IO OKPYKHOCTH
nMeem u3 (3) npu M=0:

mor = const. (5)

B ofumeM ciyyae ABMNKEHHS MarepHanbHOR Todkd npu M =0:

r X mv = const. 6)
Ilna teepmoro Tena u3 (4) npu M =0 caepyert:
I.o=const. (7)

B cryuae peusMEHHOTO MOMEHTa MHEPLMM, HPU OTCYTCTBMM BHEUIHAX
CHJ, YrJ0Basg CKOPOCTb BPAULAONIErocCd TeAd OCTAeTCd MOCTOAHHOH; BTOT
PESYALTAT MBI YXe IOAyYand HEnoCpenscTBEHHO
us dopmyau (6a) § 35.

Eca, npe OTCYTCTBAH BHEUIHHX CHJ, Me-
HAGTCA MOMEHT HHEepudH, TO HAUMHAET MEHATHCHA
¥ YraoBas CKOPOCTh ®, TaK YTO NPOU3BEJEHHE
Io oCTaeTcd MOCTOSHHBIM: €C/AM MOMEHT HHEpUHH
I Bospacrtaer, TO yriaoBas CKOPOCTh « YORIBAeT,
1 HaoOOopoT.

CoxpaneHne MOMEHTa KOJIMYECTBA JBUKEHAS
MOXET OHTb NPOJEMOHCTPUPOBAHO C [OMOWIBLIO
yenoBeKa, CTOAUIEr0 Ha CKameeyke, mMoryulei Ges
TPEHMs BPaulaThcd BOKPYT BEPTHKaJbHOHW OCH
(,ckambs  Xykosckoro®). Ilycts uenosex, aep-
Puc.8l.flpuonyckanuu  jcamiuit B paccrapneHHBX pyxax rupu (puc. 81),
Py“‘;r“p”‘““ YEIOBEK  pnppeneH BMECTE CO CKAMEEUKOH BO BpauleHue
Haty aechpBe%?maTbCH ¢ yraoso# cxopocTeio o, Ilpm 3TOM uenoBex

UMEET ONnpejcaeHHelt MOMEHT KOJAuuyeCTBa JBu-
wenna [fo, KOTOpHH, Npd PpaBEHCTBE HYAI0 MOMEHTd BHEIHUX CHJ,
LOMKEH COXpaHarhes. FECAINM uyenopex ONYCTHT DYKHA, TO €ro MOMEHT
MHEPIMH YMEHBIIMTCA, B pe3yJbTaTeé 3TOr0 BO3PacTET YrJaoBad CKO-
pocTh €ero Bpaumedns o. Eciu 4yen0BEK CHOBA MOAHMMET pPYKH, TO
YraoBas CKOPOCTh ® NPHMET TPEXKHEE 3HaueHHe.

MomeHnT KoauyectBa apmxesus P—IJ[® ecTb BEJHUUHA BEKMOPHAA,
WMEIOIAA TO € BampaBliieHde, 4YTG M BEKTOpP YraoBoit CKOpOCTH @,

Formulas (3) and (4) show that in the absence of moment of force (M = 0),
the angular momentum remains constant. This consequence is known as the

law of conservation of angular momentum.



In the particular case of motion of a material point on a circle we have
from (3) at M = 0:
mvr = const (5)
In the general case of motion of a material point at M = O:
r X mv = const (6)
For a rigid body from (4) at M = 0:
I X w = const (7)
In the case of unchanged moment of inertia in the absence of external
forces, the angular velocity of the rotating body remains constant; we
have already obtained this result directly from formula (6a) §35.
If the moment of inertia changes in the absence of external forces, the
angular velocity w also changes, so that the product lo remains constant:
if the moment of inertia | increases, the angular velocity w decreases, and
vice versa.
Preservation of angular momentum can be demonstrated by means of a
person standing on a bench that can rotate around a vertical axis without
friction (Zhukovsky bench). Let the person holding dumbbells in his hands
(Fig. 81) be rotated together with the bench with angular velocity w. In
this case, the person has a certain angular momentum Ilw, which, if the
momentum of external forces is equal to zero, must be conserved. If the
person lowers his arms, his moment of inertia will decrease, resulting in
an increase in the angular velocity of his rotation . If the person raises
his arms again, the angular velocity w will assume the same value.
Fig. 81. When the arms with weights are lowered, the person begins to
rotate faster
The angular momentum P = lw is a vector quantity having the same
direction as the angular velocity vector w.
Additional remark
Here, the moment/of/force M = f,r can be zero when the force f; = 0, i.e. at a

uniform/rotation with a constant linear/velocity VV satisfying the condition of



const _ constq

constancy of angular/momentum p = mVr = const. Hence V = — =

in
the uniform rotation of a body of mass m, its linear/velocity V is inversely
proportional to the radius/of/rotation r.

This is the only practical application of the concepts and their symbols
introduced. As the radius r increases, the velocity V of rotation also decreases and
vice versa, which is demonstrated in Fig. 81.

But how can the radius r be increased or decreased in a uniform rotation with

constant linear/velocity V = const with equality of centrifugal force f,4, defined by

2

fue = % and centripetal forcef,., defined by counteraction of constraint? The

answer is none, unless you artificially break the equality f,. = —f,s by introducing
an additional force +Af. It does not matter whether it is called external or internal.
Depending on the direction of this additional force Af and its duration, the
radius/of/rotation r and the corresponding linear/velocity V decrease or increase.

Let us consider this statement in detail.

Ecan, npd OTCYTCTBHH BHEMIHHX CHJI, Me-
HAETCA MOMEHT HHEepUHY, TO HAYUHAET MEHAThCH
W yraoeasgs CKOPOCTb @, TaK 4YTO NpOUsBEReHue
o ocTaercd MOCTOAHHBIM: €C/Id MOMEHT HMHEpUHH
I Bospacraer, TO Yr10Bas CKOPOCTh @ YOHIBaeT,
1 HaoGOopoT.

If the moment of inertia changes in the absence of
external forces, the angular velocity w also changes,
so that the product low remains constant: if the
moment of inertia | increases, the angular velocity w
decreases, and vice versa.

It is too short and therefore incomprehensible.

What is the relation between the external force f; and the moment of inertia I?
Whether the external force f; is greater than zero f; > 0, less than zero f; < 0 or
equal to zero f; = 0 does not emerge from the definition I = mr2. It is also not clear
which of the available illustrations is meant. The original Fig. 72 appears to be a

vertical rotation. We propose Fig. 5 with the same vertical rotation, fully



corresponding to Fig. 72, but Fig. 81 now shows a horizontal rotation, which requires
some explanation.

Next, what is the difference between external and internal forces, and what are
they in general? How can the moment of inertia change in the absence of forces? The
change of the moment of inertia in Fig. 81 is obviously accompanied by the
application of forces, even though they are called internal forces.

In short, we are faced with a pseudo-explanation. It may be understandable to
someone who knows it better than the person explaining it, but a first-time learner
will definitely need an explanation.

Let us state it again in our own words.

| suppose Fig. 5 can meet the requirement of absence of external forces, if we
mentally cut a thread on it, but it is better to propose another scheme of rotation,
closer to Fig. 81.

Let us take for this purpose a flat disc of mass M with the possibility of its free
rotation about the vertical axis. We place a spoke with a nut put on it on top of this
disc, with the possibility of its joint or independent rotation about the same vertical
axis. The mass of the nut m must be much smaller than the mass of the flat disc M
(m << M), and the mass of the spoke m; in turn much smaller than the mass of the
nut m (m; << m). We will explain why this is necessary as we go along. The nut
can be secured to this spoke or move freely in relation to it. First, we rigidly connect
the rotation of the spoke with the nut attached to it with the rotation of the disc itself.
Let this disc be rotated uniformly with angular/velocity w. The spoke and the nut will
also acquire an angular/velocity w. When the disc and the spoke rotate uniformly,

two counterbalancing forces act on the nut: centrifugal/force f,5, defined by the

2

174 . . . .
formula fu6=mau6=m7, where a,q is the centrifugal/acceleration, V is

linear/velocity of nut rotation, r is its radius/of/rotation, and equal in magnitude and

opposite in direction centripetal/force f,., defined as f,. = —f,, called constraint

force. The joint angular/velocity of the disc, spoke and nut is = ; :



Let us now introduce the first change.

Let's break the rigid constraint of the nut with the spoke, making it possible to
move it freely relative to the spoke. The centrifugal/force f,s, determined by the
linear/velocity V of the nut and its radius/of/rotation r, will be completely retained,
and the centripetal/force f,. after the removal of the nut from the spoke will
immediately disappear: f,. = 0. Under the action of the only remaining force f,¢, the
nut will enter accelerated motion along the spoke in the direction of increasing
radius/of/rotation r . While maintaining the angular/velocity w = const of its
rotation, determined by the disc and the spoke, the linear velocity V will continuously
increase due to an increase in the radius/of/rotation r: V = wr = (const)'r. That is,
the motion along the tangent to the circular rotation trajectory no longer becomes
uniform, but accelerated with acceleration a, caused by a force £, whose direction is
determined by the direction of the linear/velocity V. This force f, is called the
Coriolis/force.

It is usually explained using the example of a river current that flows along the
Earth's meridian, from north to south in the northern hemisphere (and vice versa in
the southern hemisphere). The water of the river stream, too, is accelerating because
of the Earth's rotation creating a centrifugal force f, s of the river stream even on a
plain terrain, also known as the equipotential surface and, together with it, the
Coriolis/force f, acting on this river stream in the direction from West to
EastAccording to Newton's third law, the river current in its turn creates a
counterforce f;,, equal in magnitude and opposite in direction to the Coriolis/force
fir 1.8 fup = —fx . Inview of the inequality of the mass of the flowing river water m
and the mass of the Earth M, where m « M , the counterforce f;,, of the river current
cannot change the angular/velocity w5 of the Earth rotation and can only erode the
right river bank with its gradual shift from East to West, if conditions of flat terrain
allow.

Similarly, in the rotation model we consider, where the mass of the nut m is by

definition much smaller than the mass M of the rotating disc m <« M, the movement



of the nut along the spoke, accompanied by an increase in its linear velocity V due to
the Coriolis/force f,., does not change the angular speed w of the disc with the spoke
w = const by its counterforce f,, = —f.

Let us now introduce a second change.

Let's break the constraint between the spoke and the rotating disc with the
possibility of free rotation of the disc relative to the vertical axis. The Coriolis/force
f = 0 generated by the rotating disc perpendicular to the spoke will immediately
disappear. In the absence of the Coriolis/force f,, = 0, when the nut moves along the
spoke under the influence of centrifugal forcef s, the linear/velocity V no longer
changesV = const, although its radius/of/rotation r still increases.

This means that the angular/velocity w of the spoke with the nut becomes

|74 const
a) —_— =
r

, 1.e. inversely proportional to the radius/of/rotation r . As the

radius/of/rotation r increases, the nut impedes the rotation of the spoke by exerting a
braking force f.. The spoke, in turn, exerts a counterforce f;, on the nut,
corresponding to the Coriolis/force. However, due to the known inequality of the
masses of the nut m and the spoke m, (m; << m), this counteraction does not
change the angular/velocity w, just as the river current does not change the Earth's
rotation.

Let us introduce a third and final change.

Imagine at the end of the spoke, where the nut is now moving, a pad with a
spring where the nut can impact in an elastic collision mode, thus acquiring the
velocity V, along the spoke, equal in magnitude and opposite in direction to the
velocity V; before the elastic collisionV, = — V; . The nut will begin to move along

the spoke in the opposite direction, with its angular/velocity w of rotation together

const
now no

T

with the spoke due to the conservation of the same dependence w =

longer decreasing, but increasing until it approaches the axis of rotation, where the
same pad with spring may also be installed. These forward and backward movements
of the nut will produce an irregular circular rotation of the spoke as its

angular/velocity w increases or decreases, similar to the oscillations of a linear



pendulum, in fact, of course, damped by the frictional resistance. This is what the
ending of the phrase ‘the angular velocity w decreases, and vice versa’ in our
highlighted textbook fragment implies.

Additional remark

Let's now see an illustration of this relationship in Fig. 81. Here the mass M of
the person is much greater than the mass m of each of his arms. It is on the vertical
axis of rotation, i.e. it has a small linear/velocity V. The centres of mass m of each
arm are located approximately in the middle, i.e. at the elbow. This is their maximum
possible distance from the axis of rotation. When the arms are bent at the elbow, the
centre of mass of each arm is moved away from the centre of rotation by a quarter of
its length, and when they are lowered, the distance is minimised. This simulates the
movement of a nut on a spoke with the possibility of changing the angular velocity w
of rotation. However, this bending and extending of the arms and their raising or
lowering requires consideration of additional acting forces, only obscuring the
understanding of what is happening. Also, to enhance the effect, dumbbells are taken
in both hands, further pushing the centres of mass of the outstretched arms away from
the centre of rotation.

In general, | think a more detailed consideration of this unequal rotation gives a
much better understanding of it, where there is little need for additional physical
characteristics.

Unevenly accelerated rotation

Let us now return to Fig. 72 and consider the possibility of unevenly accelerated
rotation under the action of a force constant in both magnitude and direction.

Let's compare Fig. 72 with another figure from the same textbook, which
illustrates an entirely different motion: the oscillation of a pendulum (Fig. 242), given
in a completely different section of physics. Let us distinguish both these figures

separately.



Puc. 72. Bpamenue
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Fig. 72. Rotation of point A around a circle
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Puc. 242. Kone6auna
MaATHUKA.

Fig. 242. Oscillations of a pendulum

Fig. 242 shows the oscillation of a pendulum under the action of gravity P.

How are the movements being compared different from each other? In Fig. 72,
the acting force f has a non-constant direction and rotates together with the rotating
disc, while this is not the case in Fig. 242. Here the acting force P is constant in both
magnitude and direction, and only its tangential component P, changes.

If the same happens in Fig. 72, the two movements would become
indistinguishable, apart from the insignificant differences in the part of the notation.

Instead of the force f and its projections f,, and f; as well as the angle o, shown
in Fig. 72, Fig. 242 gives other notations: the gravity P and its projections B,, P;, as
well as the anglep = 90°—o. But these minor differences are not important at all. It
Is the same unevenly accelerated rotation under the influence of the tangential
component P; of gravity P.

But there is another, now fundamental difference. It concerns the acting forces
fn and B,. As can be seen, these differently labelled projections have opposite

directions, and no movement under the action of these projections occurs in both



cases. For the pendulum in Fig. 242, the absence of motion is explained verbally as
follows: the force P, is counteracted by a reaction/force F = —PB,, equal in magnitude
and opposite in direction, so that their vector sum in the direction of the radius of the
pendulum is zero. Therefore, there is no movement in this direction, and this
counterforce F is not shown in this figure. The projection P;, on the other hand, has
no counterforce, so there is movement in its direction.

Fig. 72 shows exactly the same situation, and there is no motion in the direction
of the force projection f,,, as it too is hindered by the counterforce F = —f,, of
constraint, which is equal in magnitude and opposite in direction.

In case of uniform rotation, these really acting forces are called centripetal force
and centrifugal force, and their values are equal and directions are opposite, so their
vector sum IS always equal to Zero:

http://sciteclibrary.ru/rus/catalog/pages/8713.html.

And in the case of the non-uniform motion shown in Fig. 72, as well as in the
case of the pendulum in Fig. 242, the motion in the direction of radius r does not
occur either, as it is prevented by exactly the same constraint force F = —f,,, equal in
magnitude and opposite in direction.

So, both Fig. 72 and 242 are incomplete, as they do not show the counteracting
constraint forces pointing in the opposite direction to the projections f,, and B,. This
Is verbally stated, but may not be fixed in memory.

Complete and incomplete description

Let's now ask this question: is the description of the motion of the pendulum
shown in Fig. 242 complete? Obviously, it is not, because here there is no initial
position corresponding simultaneously to values f; = 0 and linear velocity = 0. At
the lowest extreme position of the pendulum,f; = 0, butV = V,,,., and both are not
equal to zero in the intermediate positions, except for one single point, the extreme
upper position, for the event of the pendulum not normally depicted. It is in it that
both these values are zero: f, = 0,V = 0, which corresponds to the beginning of

motion.


http://sciteclibrary.ru/rus/catalog/pages/8713.html

So, in the unevenly accelerated rotation shown in Fig. 72, a variable force f; acts
if the direction of force f is constant.

At the initial position <= 90°, the value f; = 0, the linear velocity V; of the
circular motion is also zeroV, = 0. The force f; then gradually increases according to
the formula f; = fcos «, where the applied force f is a constant value,
corresponding to the weight P in Fig. 242, and reaches a maximum value f; = f at
angle <= 0 . The acceleration a; in the direction of circular motion due to f; = ma;
Is also correspondingly maximum a, = max . The force f; together with the
acceleration a;, then gradually decreases according to the same formula f; = fcos
= ma,cos < and turns to zero at angle x= —90°. In this case, the velocity V, =
max. Then the whole process is repeated in reverse order.

And what else is important here? In this unevenly accelerated rotation, the
forcef;, linear/velocity V; and linear/acceleration a; are continuously changing, not
maintaining constant values. Perhaps that is why the additional characteristics
introduced (apart from the moment/of/inertia I) are called moments, having definite
numerical values only at a given moment in time and then changing. One could just as
well talk about the momentary force f,, momentary velocity V; and momentary
acceleration a,, but they are simply referred to as variables.

Fig. 242 also does not show the moment of the start of non-uniform motion
when the acting force f; and its linear/velocity V are equal to zero f; = 0,V = 0. At
the bottom position of the pendulum, the force f; is zero, but this is not the start of
motion because at this point its linear/velocity V is at its maximum V = V},,,,, not
zero VV = 0, to correspond to the start of motion. So where is this beginning of non-
uniform motion? At the topmost position, opposite the bottommost position, at which
the acting force P; is also zero P, = 0.

And to place the body of the pendulum in this initial position, a force must be
applied and some work must be done.

This initial position is unstable. The slightest displacement +A¢ causes an

unevenly accelerated motion to start in one direction or the other. In one case we



obtain a reversible oscillating movement, in the other we obtain an unevenly
accelerated circular rotation.
Unevenly accelerated rotation

Where do we encounter rotation with uneven acceleration? At the beginning of
motion, when, for example, the wheels of a car, previously stationary, start rotating,
increasing the linear/velocity V of rotation to its maximum values, after which it turns
into a uniform motion with linear/acceleration a = 0 and V = const. Or during
deceleration, when the reverse process of deceleration of rotation occurs at the limit
value to zero V = 0. In both cases, the non-uniform rotation process is finite. It is also
possible to jerk it back and forth by continuous shifting, as is done in traffic jams.

Can unevenly accelerated rotation be continuous?

And finally, the last important question: Can unevenly accelerated rotation be
continuous? That is, can it be self-propelled without any external control? The answer
IS: yes, it can.

Here are some examples of such rotation (Fig. 7-10).

Fig. 7. Sunwheel



Fig. 10. And finally, just running
Here is a record of a continuous rotation with variable linear/velocity V' and

linear/acceleration a in a strength exercise called the sunwheel (Fig. 11).



It is exactly spinning, i.e. it is an unevenly accelerated circular motion. In the
top position, the motion stops (linear rotation velocity turns to zero), then it
accelerates and in the bottom position the linear rotation velocity becomes maximum
(Fig. 12).

Fig. 12. In the top position, the motion stops and then it accelerates

The same happens in an oscillating pendulum except that the angular amplitude
of oscillation of the pendulum shown in Fig. 242 does not reach 180°. At the top
point of circular motion at angular amplitude «,,,,,= 180°, the pendulum stalls in a
state of unstable equilibrium. The linear/velocity V of the circular motion and the
force f acting on it in the direction of this linear velocity are both zero, but with a
slight angular deviation Acc (positive or negative) the pendulum comes to an
accelerated forward or backward motion. A backward movement corresponds to an

oscillating pendulum with an angular amplitude of 180°, while a forward movement



means a transition from an oscillating movement to an unevenly accelerated circular
rotation.
In conclusion
Unevenly accelerated circular rotation in Fig. 7-12 fully corresponds to
oscillatory motion with the amplitude of oscillation «,,,,,= 180° without reversing
the direction of motion of Fig. 242. Additional physical characteristics are not

necessary at all.



