OHTeNbCCKUM TEXHOJOTHYECKUN HHCTUTYT ((punuan) dpeaepaabHOro rocyapCTBEHHOTO
OIO/IKETHOTO 00pa30BATEIBHOIO YUPEKACHUS
BBICIIIETO 00pa30BaHUS
«CapaToBCKHI rOCY1apCTBEHHBIN TEXHUYECKUI yHUBepcuTeT nMeHu ['arapuna FO.A.»

Kadenpa «EcTecTBeHHBIX 1 MATEMATHYECKUX HAYK»

PU3UKA

Metoaudeckue ykazaHus K
BBITIOJTHEHUIO JTA00PaTOPHOM pabOThI
«OmnpenesieHue MOMeHTa HHepuuM MasgsTHuKa O0epOexa»
JUISL CTYJIEHTOB HAIpaBJICHUI

09.03.01 «MupopmMaTHKa U BEIYUCIUTEIbHAS TEXHUKA

09.03.04 «IIporpammHast UHKECHEPUSD»

15.03.02 «TexHONOrnYecKre MallinHbl 1 000PYIOBAHHE)

15.03.05 «KoHCTPYyKTOPCKO-TEXHOIOTHYECKOC0OECIIeYeHIEe MATMTHOCTPOUTETHHBIX POU3BOICTBY
18.03.01 «Xumuyeckas TEXHOJIOT U

23.03.01 «HedrerazoBoe aemno»

29.03.05 «KoHcTpynpoBaHue U31eTui JErKOM MPOMBIIIIIEHHOCTHY

OYHOM M 3a04HOM (hOpPMBI 0O0yUEHUSI

Jureqanc 2024
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N3YYEHUE 3AKOHOB BPAILIEHUSA
HA IPUMEPE MASATHUKA OBEPBEKA

HEJDb PABOTDBI: u3yuynts OCHOBBI TEOpUM KHHEMAaTUKUM WU JIWHAMUKHU
BPAIIATEeJILHOIO JIBHJKCHMS; IIPOAHAIN3UPOBATH 3aBUCHUMOCTh MOMEHTA HMHEPLUUH U
yIJI0BOro yckopeHusi MasTHuka OOepOeka OT pacmpeneseHus MacChl OTHOCUTEIBHO
€ro OCH BpPAILlCHHUS.

KPATKASA TEOPUA

BpamarenbHpIM TBHKEHHEM TBEPJOIO TEla HA3BIBAETCS TaKOE JBUXKEHUE, NPU
KOTOPOM TPAaeKTOPUHU BCEX TOYEK Teja SBIIAIOTCS KOHIICHTPUYECKUMHU OKPYKHOCTIMU
C LEHTPOM Ha OJHOM IpPsIMOil, Ha3bIBa€MOW OChIO BpalieHus. OCh BpaleHUs MOMKET
HAXOJUTHCS BHE TEJIa WU IIPOXOJUTH YEPE3 HETO.

PaccmoTpum Teno, Bpaiaronieecss BOKPYT HEMOABUXKHON OCH 00/ (puc.1).

C.

—=
w
—=
L
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Puc.1

3a Bpems At Bce ero TOUKM MOBOPAYMBAIOTCS OTHOCUTENIBHO OCH BpAILICHUS Ha
yron Ag. YToObl 0OTHO3HAYHO OXapaKTepU30BaTh MOBOPOT Teia 3a Bpems At BBeneM
BEKTOp moBopoTa Ag. Ero mMomynas paBeH A@, a HampaBieHUE ONPEAEISETCS IO
npaBwiy OypaBumka (mpaBoro BuHTA). J[Jis omnmcaHus BpallieHUs TBEPAOro Teia
UCIIOJIB3YETCS BEKTOPHAS BEJIMUMHA @, Ha3bIBa€Masl yIri0BOM CKOPOCTHIO:

a-lim52-2 M
a0 At dt

BCKTOp @ BCErJa COBIIAJAcT I10 HaIpaBJICHUIO C BEKTOPOM IIOBOPOTa A(B.

B o06mem ciydae mpu BpalieHUM TBEPAOTO Tella BEKTOP YIJIOBON CKOPOCTH @
MOKET MCHATHCA KaK IO BEJIMYMHC, TaAK W 11O HAIIPABJICHHUIO. HOC—)TOMy AJIA OITMCaHUusA
HEPABHOMEPHOI'0 BpAlaTEIbHOIO ABWKCHUS CIIY)KUT BEKTOpHAs BEIWYMHA &,
Ha3bIBacMas YIrJIOBbIM YCKOPCHHUEM!



L -
F-lim52-22 -7 @
a0 At dt dt

VYTIII0BO€ YCKOPEHUE & OIPEACIAeT XapaKTep U3MEHEHUS YTII0BOM CKOPOCTH CO
BpemeHeM. Eciu B mpolecce IBUKEHUS Tella & =const, BpallleHHME MOYKET ObITh Kak
PaBHOYCKOPEHHBIM, TaK U PABHO3aMEIJICHHBIM. B cilydae yCKOpPEHHOIO BpAILCHHUS
BEKTOPbl @1 & NapaJJIENbHBL, @ B CIIy4ae 3aMeIJICHHOTO — aHTUIIAPAJUICIIbHBI.

IIpn BpameHunu Tena BCE €r0 TOYKM MMEIOT OAMHAKOBOE 3HAYEHHE YTIIOBOU
CKOPOCTH & . B cilydae yCKOPEHHOIO BpAILEHHs YIJIOBOE YCKOPEHHE & BCEX TOYEK
Tea TaKke OJWHAaKoBO. OJHAKO JMHENHBIE CKOPOCTU U TAHT€HLIMAJIbHBIE YCKOPEHHUS
Pa3HBIX TOYEK — PA3JIUYHBI.

Mexnay NTMHENHON CKOPOCThIO v K000 TOYKH BpaLAOLIErocsl TBEPIOIO Tea
U €0 YIJI0BOM CKOPOCTBIO CYIIECTBYET IIPOCTAs! CBA3b:

v=w-R 3
rae R — paguyc TpaekTopuM JaHHOM TOYKH. AHAJIOTMYHAs CBSI3b UMEET MECTO TaKKe
MEXy TaHT€HUUAJIbHBIM YCKOPEHHEM JIFOOOK TOUKM a, TBEPJOIO TejIa U €ro YrJIOBbIM

YCKOPEHHUEM:
a, =¢-R 4

CootHomieHust 1-4  COCTaBISIFOT OCHOBY KHHEMATHKH  BPAIaTeIbHOTO
JIBHOKEHUS.

Ecnu TBepmoe Teno BpamaeTrcss BOKPYr KaKOH-THOO OCH, TO HHEPTHOCTH
BpallleHUs] 3TOr0 Tejda 3aBHCHUT HE TOJBKO OT €ro MacChl, HO TaKKe M OT
pacripeaesieHuss Macchl B Telie. [103TOMYy HWHEPTHOCTh BPAIIECHHUS OMPEICIIACTCS He
TOJBKO MACCOH BpaIiaroierocs teiaa (Kak 3TO HAOM0gaeTcs B IMOCTYHATEIbHOM
JBYOKCHHHN ), HO U (PU3MUYESCKON BETMUNHON — MOMEHTOM HHepIuH |.

MOMEHTOM HHEPIMK MaTepHabHOW TOYKH HA3bIBAETCS MPOU3BEICHUE MACChI
TOYKH Ha KBaJPAT PACCTOSHUS OT TOYKH IO OCH BPAIICHUS:

l=m-r’ (5)

JIst TPOTSDKEHHBIX TEJT MOMEHT MHEPIIMHU OTPEIessieTcsl Kak CyMMa MOMEHTOB

UHEPIMH OTJCIIBHBIX YacTHI] ¢ MaccaMu AM;, Ha KOTOPbIE MOKHO Pa3OUTh BCE JaHHOE

TEJ10:
I = zAml ’ ri2 (6)
raoe r;— KpaT‘—IaﬁIHee pacCTOAHUC HaCTHUIbI OT OCH BpalllCHUA.
O,Z[HO U TO XE TEI0 06J'Ia,Z[aCT pasiindHibIMU  MOMCHTaMHU HHCPHHUH
OTHOCHUTCJIIbHO Pa3HbIX oceH BpalliCHUs.
Jlsist Tell, UMEIOIIUX MPABHIIBHYI0 T€OMETPUUYCCKYIO (DOPMY, MOMEHT HMHEPIIMH
OTHOCHTCJIIBHO OCH, HpOXOI[?IH_[eﬁ 4epe3 HCHTP TAKCECTHU, BBIYUCIIICTCA IIPOCTO. TaK,

2 2 1 2
U1 mapa — | :§m-r , I AucKa — | :Em-r .

Ecnu oce BpalieHuss HE NPOXOAUT YEPE3 LIEHTP TSIKECTHU TENa, TO MOMEHT
WHEPIIMU €r0 PacCUUTHIBACTCS Ha OCHOBaHWM (opmyibl LlTeitHepa:
| =1,+md? @)



rae l, — MOMEHT MHepUHMH Tela OTHOCUTEIBLHO OCH BpAIllEHUSs, MPOXOJAIIECH uepe3
ICHTP TSDKECTH M MapajulebHON JaHHOHM ocu; M — Macca Teja; d — pacCTosTHUE OT OCH
BpaIllEHUs Teja 10 LEHTpa TSHKECTHU Tena.

Ecnu teno mMeer HenpaBwibHYIO (OPMY, TO BHIYMCICHHE MOMEHTA WHEPLUU
KpailHe 3aTpyJHUTENBHO, U IO3TOMY €TI0 ONPEAEISAIOT ONBITHBIM ITYyTEM.

OCHOBHBIM YPaBHCHUEM JUHaMHWKHU BpalmiaTCJIbHOT O JABHWKCHUA
CUMMCTPHUYHOI'O OJITHOPOAHOTO TEIa BOKpYyT HeHOI[BH)KHOﬁ ocu ABJIACTCA
COOTHOILIICHMUC:

1-2=Y"M, (8)
i

rae | — MOMEHT MHepIHU Tejla OTHOCUTENILHO OCH BPAILICHUS;
ZMi — PaBHOJICMCTBYIOIIasi MOMEHTOB BCE€X BHEIIHUX CHJ, JCHCTBYIOIIMX Ha TEJIO

OTHOCHUTCJIBHO OCH BpAIlICHHA.

BpaHIaTeJIBHOG ABMIKCHHUC TBCPJAOTO TCJIa BO3HHUKACT TOJIBKO TOI'Ad, KOr'Jdad
,Z[CﬁCTBYIOHIa}I Ha 3TO TCJIO CHJIa CO3AaCT MOMCHT OTHOCHUTCIBHO OCH BpaAlICHUA.
MOMEHTOM  CHIJIBI M i OTHOCUTCIIBHO OCH BpalllCHUS  HA3bIBACTCA  BCJIMYMHA,

OHpCI[CJ'I}ICMa}I BCKTOpHBIM HpOI/ISBCI[CHI/ICMI

Mi = [FiFi] (9)
Trac ri - BCKTOp, JJINHA KOTOPOI'O paBHA KpaTqaﬁmeMy PaCCTOAHUIO OT OCH BpaHICHI/I}I
10 TOYKHU NPUJIOKEHUS cuiibl Fj.  BekTop I HampaBlieH OT OCH BpalleHUsl K TOYKE

OpuiIoXKeHus cuibl. HampasiaeHue MOMEHTa CHIIBI  ONPENENACTCS  IPaBUIIAMU
BEKTOPHOTO MPOU3BEICHHUS.

OIIUCAHUE YCTAHOBKH U BBIBOJI PABOUEN ®OPMY.JIbI

MastHuk OOepOeka mHpeacTaBiIsieT COOOM KPECTOBHHY, COCTOSILIYIO U3 4-X
CTEPKHEU, MPUKPEIUIEHHBIX KO BTYJIKE C OCBIO (pHC.2).

Ha crepkHsX HaxoAsTCs Tpy3bl MAacCoi M, KOTOPHIE MOTYT OBITh 3aKPETJICHBI
Ha pa3JINYHbIX PACCTOSAHMAX OT OCH BpamieHus. Ha och BpallleHHs] MassTHUKA HAaCaKeH
IIKUB paJuycoM I, Ha KOTOpbIM HamaTbiBaeTcs HUThb. K CBOOOJHOMY KOHIy HUTH
IIPUKPEIUIEH Tpy3 Maccor M;. [lox nercTBrem rpys3a HUTh pa3MaTbIBAECTCS U PUBOJUT
MasiTHUK B pPaBHOYCKOPEHHOE BpallaTEIbHOE IBIKEHHE. Bpems naneHus rpysa
ONIPEeNeNsIIOT ¢ TOMOIIbl0 cekyHnomepa. [lyte h, mpoiimeHHsrii 3a 310 Bpewms,
U3MEpSETCs PU TOMOIIY [IKAJIBI.

[Ipu nBM)KEHHMM I'py3a BHU3 Ha HETO JEHCTBYIOT JIBE CHJIBL: CHJIA TSKECTH Ipy3a
P u cuna peakuuu HutH T. Pe3ynbratom aeMcTBUs 3TUX CUIl (UCKIIIOUYasl CUITY TPEHMUS,
TaK KaK OHa MaJjia) sIBJISIETCS CUJia, COOOIaroNas Tely M; yCKOpEeHue a.

ITo 3aKoHY CIIOXKEHMS CHJI MOKHO 3anucaTh (rmpoekuus Ha ock OY):

P-T =ma,
OTKyJ1a
T=P-ma=m(g-a)



ITo TperbeMy 3akoHy HbHOTOHA MOIYJIb CUJIBI PEAKIIMH HUTH T paBEeH MOJIYIIIO
CHMJIBI HATsDKEHUS HUTH F.
Cuna HaTsOKEHUS HWUTH, JICMCTBYS Ha BaJl, CO3/Ia€T Bpallaloliuidi MOMEHT M,
PaBHBIN MPOU3BEIACHHUIO CHIIbI HATSKEHUS HUTH F Ha 11e4o CHUIIBI T.
M =Fr-sina
1€ I — paauyc Bajia; ol — yrojl MeXJ1y BEKTOpaMu Fur, KOTOPBIM PABEH 90°.
[Toncrasinsas 3nauenue F, momyuum:

M =mr(g-a) (10)
Pemas coBmectHo ypaBHeHus (8) u (10), momy4aroT:

I= m,;(g-2a)
&

YuuteBas (4), u TOT (akT, YTO B HAIIEM CIydae TOJHOE YCKOPCHHE a
JBU)KCHUSI TOYKM PABHO TAHTCHIMAIBHOMY YCKOPEHUIO @, KpalHHX TOYEK Baja,
NEepenuIIeM MoJy4eHHOE BhIpaXKEHUE B BUIE
_mr(g-ayr _mr’(g-a)

- a  a

VYckopeHue IBMXXKEHHUS Tella MAacCOod M; JIErKO OMNpenessieTcs MO U3BECTHOMY

nyTd N 1 BpeMEHM JIBHKEHUS:

_2h
=

C y4eToM BCero BBILIECHU3IIONKEHHOTO pabouue GopMysbl JJIs pacueTa MOMEHTa
uHepuuu MasiTHuka ObepOeKa v yrioBOro YCKOPEHHs €ro BpallaTebHOTO JBUKCHUS
UMEIOT BUI:

a

_ mr?(gt®—2h)
2h

| (11)

2h
& =rt_2 (12)



HHOPAJOK PABOTHI

1. U3mMepuTh MITAHTEHIMPKYJIEM AUAMETpP IIKUBA U pacCUUTaiiTe ero paauyc r
(cMm.puc.2).

2. B rterpamu ana nabopaTOpHbIX pabOT BBIYEPTUTE TAOJIUIYy JUIsl 3aMUCU
u3MepeHnid u BeruucieHui. [loayunre y npenogaBarens 3HaueHus BenunauH h, m; u R.
Heob6xonuMble 1aHHbIE 3aMUIIUTE B TAOIUILY.

3. IIpo4HO 3aKpenuTh Ha KOHIAX CTEPKHEH Ha OJMHAKOBOM PACCTOSHHM R oT
OCH BpallleHUs YeTbIpe rpy3a maccoil M. Eciu mpu paBeHCTBE PacCTOSTHUS Macc OT
OCH Bpall€HUsl KPECTOBMHA OCTAETCS HEYPABHOBELICHHOW, TO CIEAYET HEMHOIO
NEPEMECTUTH TPY3bl U IOOUTHCS YPaBHOBEIIMBAHUS KPECTOBUHBI.

4. TlogxmounTe MUTaHME K MpUOOpPY U HaxkmuTe KHOMKy "CeTs", mpu 3TOM
UHIUKATOPBI CEKYHJIOMEpa J0HKHBI TOKA3bIBATh HYJIH.

5. Ha HuTH ycTanoBuTe rpy3 Maccou M.

6. Haxmure kHomky "Ilyck" u, paBHOMEpHO Bpalias pPyKOM MasiTHUK, C
OJIMHAKOBBIM HATSKEHHEM HaMaTbIBalTe HUTH C TPY30M M B JKEJTO0OK LIKKBA, 0 TE€X
nop, MoKa rpy3 M; He MOJAHUMETCS UyTh BbIIIE BEPXHETO (POTOIIEMEHTA.

7. llpuaepkuBas B TaKOM COCTOSHUM MasTHHK OOepOeka pyKoil, OTOXXMHTE
kHonky "llyck" m Haxmute Ha kHOMKy "COpoc", mpu 3TOM BpeMsi Ha CEKyHJIOMeEpe
OOHYNIUTCS M yCTaHOBKa Imepeiaer B pabouee coctosiHue. YOepute pykKy. MasTHHUK
P 3TOM JOJIKEH HAXOJIUTHCSI B COCTOSIHUM TTOKOS.

8. Ilpucrynaiite k ’3xcnepumenty. Haxmure kHonky "Ilyck": rpy3 Ha HUTH
JOJDKEH HayaTh OIyCKaTbCA, a CEKyHJAOMEp JIOJDKEH HadaTh OoTcueT BpeMeHH. [lpum
JOCTHXKEHUHM TPy30M M; HUKHETO (HOTODJEMEHTa BpPEMsI OCTAHOBUTCS W MAsITHUK
3a010KupyeTcs. 3HaueHWe BpeMEHH 1 3anuiuTe B TaOIHILY.

9. IloBTropuTe MyHKTHI 6, 7, 8 nBa pa3a W B TAOJUIly 3alUIINTE 3HAYEHUE
BpeMeHu I u ts.

10. M3menuTe maccy rpy3a Ha HUTH Ha My [Ipon3Benure nelcTBUS U U3MEPEHUS
COTJIaCHO IMyHKTaMm 6...9.

11. W3menute Maccy rpy3a Ha HUTH Ha Mz IlpousBemute neicTBUA U
W3MEpEHUs COTIACHO MyHKTaM 6...9.

12. BHUMAHHE! Bcio ceputo mamepenuii (ot 6 10 11 myHKTa) MpOU3BECTH
erle JBa pasa: g pacctosiHuii R, u Rs.

13. BBINOTHUB SKCIEPUMEHTANbHYIO 4YacTh PabOThl, MOXKETEe MPUCTYNaTh K
HEOOXOAMMBIM pacyeTam.

14. Tlo nanHBIM TabaHIEI TOCTpOiiTE Tpaduk 3aBucumoctu | = f(R)

Pacuer Bectu no dopmyne (11). Ilo rpaduxy omnpenenurr MOMEHT WHEPIUU
MasiTHHKa 0e3 Tpy30B |y (Touka mepeceuenus rpaduka ¢ ocbto OY). CHATH TPy3bl U
HalTH |l onbITHBIM IyTeM. CpaBHUTH 00a pe3ybTaTa, BEIUUCIUTH TOTPEUTHOCTD.

15. [Ipoananu3upyiiTe pe3yibTaThl BBIYUCICHUNW U B 3aKIIOYEHHH K padboTe
C/eJIaiiTe BHIBO/I;

1) cymecTByeT M 3aBHCHMOCTh MOMEHTa WHepuuu MasitHuka OOepOeka u
YIJIOBOT'O YCKOPEHUs OT paccTosiHus R (0TBET HE0OX0IMMO 000CHOBATH);



2) CymIecTBYET JHM 3aBUCUMOCTh MOMEHTa WHepuuu MastHuka OOepOexa u
VTJIOBOTO YCKOPEHMSI OT MAacCChl MOJIBEIIEHHOIO0 HAa HUTU TIpy3a (OTBET HEOOXOAMMO

000CHOBATB).
Taomuna
Ne i/t R, m m;, KT t,c tps I, kr-Mm? g 1/¢?
1 =
m; = tcp = |1 = &=
3=
tl =
R1 ms th= t, = I, = &=
3=
tl =
mo t2 - tcp = |3 - &3 =
3=
R, 4=
m; = tcp = |1 = &=
3=
=
ms L= tcp = I, = &=
3=
=
mo L= tcp = ;= &=
3=
R3 tl =
my th= t, = I, = a=
3=
=
L=
ms t3= t, = I, = &=
tl =
L=
mo = tcp = ;= &=
KOHTPOJIBHBIE BOITPOCHI

=

o ko

UTo Ha3bIBaETCSI MOMEHTOM CHIIBI?

Uto Ha3bIBaeTCI MOMEHTOM HWHEPIIMHM MaTepUaIbHONW TOYKH, TBEPJOTO Tema?
EnuHuier usmepeHus.

Kax onpenenuTs MOMEHT MHEPITUU AWCKA, TIapa?

Cdopmynuposarts Teopemy LlTeiinepa.

N3o0pasuth cxemy mastHuka ObepOeka M ykazaTh BCE JEHCTBYIONMINE CHIIBI U
MOMEHTHI.

3anucaTh ypaBHCHHS JUHAMUKH TIOCTYNATEIHFHOTO M BPAIIATEILHOTO JBKCHUS
TBEPJOTO Tea.

3anucaTh ypaBHCHUE JUHAMUKH
O6epbOeka.

BpalaTCJIbHOTO ABUKCHHA  MasATHHKA



BriBectu dopmyity 1711 onipeienieHus MOMEHTa nHepuuu MasTHuka O0epoeka.



