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Bcryn

Hapxkommmmii cBiT yasigerscs GesmexuuM i cknagaum. CyuacHa Ha-
yKa ¥ eKCHEPUMEHTAJbHA TEXHIKA AAIOTh MOXJIMBICTH OAEpXyBaTH
indpopmanio Bix 06’ekTiB MeraceiTy Ha BimcraHsx 6amasbko 2-10%° M
(20 mapx cBiT70BMX pPOKiB; 1 CBIT/JIOBMI DiK — BiACTaHb, SKY HPOXOXHUTDH
CBITJIO LPOTAroM poky 3 mBHuaKicTio 3-10° M/c) i mponmkaTé B rTHGMHM
MIKpPOCBiTY RO pO3MipiB aTOMiB Ta €/JIEMEHTADHMX YaCTHHOK Ta BMBYATH
BIACTHBOCTI Martepii B macmrtabax 107 m. Temep cmocrepiramors i
JAOCHITXYIOTh 00’€KTH MeEracpiTy, yac XUTTI IKUX Gausbko 20 MJIDA
CBITVIOBHX POKIB, i 06’€KTH MIKPOCBIiTY, 4ac XHMTTY 9KHX 6Gnusbko 10724 ¢.
Takwit BeMMue3HuW# Aiana3oH MPOCTOPOBO-YACOBMX MAacmTabiB 06’eKTiB,
Npo iCHYBaHHA SKHX JiCTaIOTh iH(opMamiio 3a JONOMOroK CyyacHUX INpH-
JIaAiB Ta METONIB AOCTIIXKEHHS i Ki moTpedyIoTh OCMUCICHHS, y3arasib-
HEHHS T4 00 EKTUBHOTO Mi3HAHHY.

ITporsrom yciei icropii JoRcTBa OCHOBHMUM PYIIiEM HOTO PO3BUTKY Oy.JI0
ni3HaHHA CBiTY i cebe B mpoMy cBiti. Di3MKa ne HayKa, IO BUBYAE HAi-
npocTinm i pasoM 3 THM HANOLIBII 3arajibHi 3aKOHOMiPHOCTI SIBHII TIPHPO-
A4, BiacTHBocTi i OymoBy Marepii Ta sakoHm ii pyxy. Tepmin "dizuka"
TIOXOAMTh BiA rpenpkoro ciosa physis — mpupona. B emoxy amTuusOi
KyJbTypH HayKa OXOILIIOBAJA BCKO CYKYIHICTh 3HaHb IPO NMPHUPOAY. 3 ua-
COM BHALTWINCH OKPEMi HAyKH, B TOMy uuCai ¥ (ismka. Dismka — ekc-
nepuMEHTaTbHa Hayka. Ha ocHOBI crocrepexens i mociaifis jgioguHa
HOC/TiAOBHO Mi3HAE pi3Hi Buau i popMu Martepi, mo mG’€KTUBHO iCHYIOTD,
BHBYAE XaPAKTED iX PYXy Ta BCTAHOBJIOE 3B’43KM MiX HMMH i, TAKHM UH-
HOM, BiIKDMBAC TAEMHHIi OKPEMHX NPHUPONHHUX MpPOLECIB, ABUI Ta y3a-
TajJbHIOE OAECPXAaHI BiIOMOCTiI y BUIJsal 3aKOHiB. 3aKOH BH3HAyac
3araJsipHi, CyTTEBi, CTilKi i MOBTOPIOBAHI 3B’I3KH MiX gBmMiamu abo Bia-
cruBocTaMu 06°ekTiB. 1Ii 3akoHOMIpHI 3B’43KM iCHYI0TH Y caMill pupoai,
JIOAVHA 34aTHA JHUIIE iX Mi3HATH i HAZAIi BUKOPUCTOBYBATH Y CBOIM IIpaK-
THYHIN misyibHOCTI. 3aKOHH NMPHPOAH 00 E€KTHBHI.

Ilna xapakTepHCTHKM IPHPOOHUX FBWII i BJACTHUBOCTEH APEAMETIB y
dismui sBeneni diswuni Benuuman., [Tpupomsi 38°a3km sBUII i rpomecis
3aMIHGIOTh CIIBBIAHOMIEHHSIMM BiATOBIAHUX XapaKTEPHCTHK ((isHyHHMX
BEJIMYMH) LUX SIBUO y BHIVISAL piBHSHB, mO (baKTHUHO BinoOpaxarTs
MPOCTOPOBO-YACOBE iCHYBAHHSA MaTtepii. PIBHIHHS, SKi OMUCYIOTH IPUPOAHI
saBuIma abo iX CyKYIHIiCTh, HA3WBAIOTh (PiSHUHMMHK 3aKoHammu. Tak, A

-
XapaKTEPUCTHKH B3aEMOAII Tij1 BBEAECHO MOHATTS CHiad F, A xapakrepu-
>
CTMKH IIBMIKOCTi 3MiHM PyXy — IPHUCKOPCHHS a, iIHEPTHi BJIACTHBOCTI BH3-
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HAyaioTh Macow m. 3B 530K MiX 3a3HaueHUMH (DiI3HUHNMHI BeTMUMHAMHA
-

BHPAXAKOTh Y BUIJIAAI PiBHIHHA F = mc—f, gke € izuuauM 3aKoHOM (Hpy-
ru¥t 3akoH Hpiorona).

3akonu MOXYTb OyTH pi3HOTO cTymeHs 3arajpHOCTi. OXHI CTOCYIOTBCS
OKpeMMx BHLI a60 XapakTepuCTHK 00’€KTIiB, AiI0Th B OBMexeHil 061acTi
i BHBUAIOThCSY KOHKPETHMMM Haykamu. Hampuxuan, zakonm Oma pig
DOCTIMHOTO CTPYMYV, Ta3oBi 3akonu Ta iH. € 3aKOHM GibIu 3arajnbHi, gKi
CTOCYIOTBCS AOBLIBHMX MIPUPOAHUX SIBHMIN i € CBOFO POAY OMOPHHMM TOYKA-
MH y Hmi3HAHHI KapTuHM CBiTy. Lle, B mepmy uepry, sakonm 36epexcHHS,
noB’s3ani 3i 36epexenHsM marepii i dopm T pyxy. Takox € 3aKoHH
VHiBEpCA/IbHI (3aKOH MEPEXORY KiJbKICHUX 3MiH B SIKICHi, 3aKOH €XHOCTI i
6opoTbu mpoTIIEKHOCTEH TOWO). JesiKi 3aKOHH BUPAXAIOTh MATEMATHY-
HO y BUIIAAi chopmyn, iHmi — Hi.

OcHoBHI 3axoHH 200 TpUHIMTH (Pi3UKK HE TOBOASTHCS JOMUHO, 4 BCTA-
HOBJIIOIOTBCS SIK y3arajJIbHEHHA AOCHAHUX. pesyJbraris. Jlocaigu, B CBOK
4Yepry, HiKOJH HE MOXYTb OXOMHTH BCIO DiSHOMAHITHICTH YMOB, B IKUX
OPOTIKAKOTh ABUINA, 3 BUMIDIOBAHHS (Di3WUHHX XAPAKTEPHCTHK 3aBXIH
NIPOBOAATLCS 3 MEBHMMM MoxubOKkamu. TOMY HOCHIIHO 3aKOHH NPHUPORK
BCTAHOBJTIOIOTHCA 3 MEBHOKIO TOUHICTIO i, OTXE, MAIOTh BiMOBigHI MEXi 3a-
crocoBrocTi. Hanpuknagn, sakonu HsioToHa cnipaBegnusi B imepumiansamx
CHCTEMAX BIMIKY /151 IIBMAKOCTEH MAKPOCKOMIUHUX TiJ, 3HAUHO MEHIITMX
Bil MBHAKOCTI CBiTsIa. YKo noBiabHME (hismunmil 3aKoH 3aCTOCOBYBATH
32 MexXaMM Horo fii, micraneMo xuOHI PEe3y/JbTATH i BUCHOBKH.

Y ¢isnni pospisHsitoTh AMHAMIYHI 3aKOHM, TOOTO TAKi, SKi AAIOTH 3MOTY
abCoOMIOTHO OQHOSHAYHO MepenbayaTé i OMMCYBATH SBUINA (LE, B nepmy
Yepry, 3aKOHH MECXaHiKM), | 3aKOHU CTATUCTUYHI, 9Ki MAOTh iMOBipHICHMIA
XapakTep (Hanmpukaan, PO3TOALT MOJIEKYJ 33 HIBUAKOCTSMM).

3HaHHS 3aKOHIB IPHPOMY (SK i CYCHiIbCTBA) HAE 3MOTY XXKHTH y 3rOi
3 HMMH, Ha ix OCHOBi mepenbauaTu MalbyTHE, LiAECTPIMOBAHO KEPYBAaTH
OpupofHUMY (UM CYCIJIbBHEMH) MPONECAMH i BUKOPHCTOBYBATH X y CBOTM
TIPAKTUYHIN OiSTBHOCTI.

Qizuka BUBYAE HAUMPOCTImi i HAKGINBII 3araabHi BAACTHBOCTI Marepii
i dopmu 1i pyxy (MexaHiusi, TEIUIOBi, €JEKTPOMATHITHI TOINC), SKi BXO-
OSTh M0 CKJIAAy BHMIMX, CKaafHimux ¢opM pyxy (xiMiuHux, Giosoriuaux,
ncuxivanx ta in.). Hampuxian, disuunuil 3aKOH BCECBITHBOTO TSKIHHS
CHIpaBeMJIMBMI A1 B3a€MOZKIl OyAb-IKUX Tii, HE3AIEXKHO Bifl TOTO, UM BOHH
XiMiUHO MPOCTi UM CKJIANHi, UM € HEXHUBOK a00 XHBOKI MaTepicio. 3aKoHy
30epexXeHHs NiAMOPIAKOBYIOThCH BCi NPUPOAHI MPOLECH, B TOMY YHCJIi
xiMiuHi, 6ioj0riuHI TOMIO.

®izuka Mae crinbHi 06’€KTH | METOIM MOCTIIKEHHS 3 iHIOMMH NPUPOR-
HAYMMHM HayKaMH, BHACJIZOK YOro BMHHKJIM Wikl raaysi 3HaHb: (izuuHa
ximis, ximiuHa ¢isuka, xiMiuHa TepMonMHaMika, acrpodisuka, Giodisznka,
reodizuka Ta id.

OcHoBor cyuacHoi izuku € MaremMarnka. Maremaruunuit anapar mw-
POKO BHKOPHCTOBYCTBCS Mpu 00poldui # y3araJbHEHHI EKCIIEPUMEHTANBHUX
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peaynbTatie. Bes MaTemaTuku He Mo OyTH CTBOPEHi TEOpis ElEKTPO-
MAr”HiTHOrO T1OJifg, CTATHCTMYHA TEOpid, TEPMOAMHAMIKa, Teopid
BIIHOCHOCTI, KBAaHTOBA Mexanika tomo. Li Teopii narore 3mory nepenba-
YaTH HOBi 33KOHOMIpPHOCTiI, pOOMTH y3arajbHEHi BHCHOBKM, a iHODI M
sigkpurra. Teopernyno Gyn0 nepenaueHo iCHYBAHHS CICKTPOMATHITHHX
XBHJb, XBHJIBOBUX BJACTHBOCTEH E€AEMEHTAPHHUX YACTUHOK, iCHYBAHHSH
HEUTPOHIB, HEUTPUHO Ta iH. Po3p’sa3anng npobiem diswku, B CBOIO uepry,
CTHMYJIIOE PO3BHTOK MATEMATHKH.

di3uKa € OCHOBOK CYYaCHOFO HAayKOBO-TEXHiUHOTO TNPOIECY: Me-
XaHIUHMI TPAHCIOPT, €JEKTPOTEXHIKA, PagiOeNIeKTPOHIKA, TEILUIOTEXHIKA,
aBTOMATHKA i TeneMexaHika, OymiBenbHA TexHiKa, CyyacHi TEXHOJIOTiI,
HamiBIIPOBiOHMKOBA i OGUMC/IIOBAIbHA TEXHIKA Ta 6araTo iHmMMX NPUKIAA-
HHUX 3aCTOCYBaHb (pisuxu. TexHiuHUH nporpec Takox cnpuse po3pobili cy-
YacHOI eKCIEPHMCHTANbHOI 033U (i3WUHAX HOCAIIXEHb: BHMiPIOBAJIBHIX
HpUIANiB, MIKPOCKOMIB, crnekTporpadis, NPUCKOPIOBAYIB €JIEMEHTAPHHUX
YACTUHOK Ta iH.

IMiznanng ¢ismurnx 06’€KTiB i SIBUIN 3MIHCHIOETHCS MLIIXOM 3aCTOCY-
BAHHS NCBHUX MeToAiB (pismuHoro pocmigxenns. [le cnocrepexenns,
JOCUA i TeopeTHuHe y3arajabHeHHS. CIOCTEpEXEHHIM HA3MBAKOTh BUBUCH~
HS TpPeAMETIiB i SBMIL Yy HPHPORAHUX YyMOBax 0e3 mNOpyLWEeHHI
pi3HOMaHITHHX 3B’g3KiB. Di3WUHUM AOCHIA — UE BiJHOBJAEHHS SBHII y
IITYYHUX YMOBAX 1 MJIAHOMIPHE BHBUCHHS IX IIJ BILIMBOM IIEBHHMX AiH.

CnocrepexenHs i pe3ysbTaT AOCAIKIB MEBHMX SBUOI TEOPETHYHO y3a-
TJIBHIOIOTHCSA HA OCHOBI CyYaCcHOTO MaTeMaTHyHOro anapary. e nac mox-
JMBICTh KPiM KiTBKiCHOTO ONMMCAHHS 9BUIY i PAlliOHAIBPHOTO IX IOJAHHS B
y3arajbHeHiM ¢opMi gicTaTé HOBI BHCHOBKM i HACTIAKM 3aKOHIB, IO
OAISTaoTh AOCHiAHIHM mepesipui. JocaigHuM BUBUCHHAM 3aKOHIB NPUPOAH
i mepesipkolo ix HacmigKiB 3aMMaEcThCH eKCrepUMeHTaabHa (isuka. Yaa-
TabHEHHSM JOCTIAHHUX JaHUX, OPMYTIOBAHHAM 3aKOHIB MPHUPOIH i MOSIC-
HEHHSM Ha IX OCHOBI KOHKDCTHMX SIBHI, 4 TAKOX NepenbaueHHSIM HOBHX
SBMII 3aMMAcThCsl TeopeTuyHa ¢isuka. ExcnepuMenTtansna i Teopernmuna
¢isuka TicHo moB’a3aHi Mix coboo i gomoBHWOWTE oaHa omxy. CyuacHa
¢disuka mae HebGarato dyHmamenrtanbHux QizWUHHX TEOpPiH, TKi OXOILTIO-
0Th yCi posmisin. Bonm € ocHOBow cyuacHol ¢isuunoil kapruHu CBiTy.
Yacrime Teopii 0XOIwIi00Th OKpeMi cnopigHesi Tunu o6 eKTiB i BixmosigHi
rpymnu aGo THIM SBHII.

Pi3uka Maec HAA3BHUANHO BEJUKE 3araJJbHOHAYKOBE 3HAUECHHS 9K OXHA
i3 ramyse# iHTeneKTyaspHOI AifAbHOCTI jMIoAMHM, mWoO (PopMye CyuacHe
CBITOCHPHMHSTTS i CBITOPO3yMiHHSL.

Ha Xanb, BUKOpPUCTAHHS AOCATHEHb Cy4acHOi (Hi3MKM [a€ HE TLIBKHU
NO3NTHBHI Hacmigku. Anrmidicekuit ¢isuk C. @. [layenn 3 npusoay Lporo
sasHaums: "Besanky HeGesueuwicts ¢ 6auy B TOMy, IO HAYKA CTAC aHTH-
rymanHon”. ToMy Ha Cy4acHOMY e€Tamli PO3BUTKY HAYKH i TEXHiKM BUHUWK-
JIM Taki Baxsmei mpobsemyu J10ZcTBA, 9Kk 60poTEOA 3a HONMEpEIXEHHS
AJEPHUX BiliH, CKODOUEHHS SAECPHUX 030POCHB, PO3B SI3dHHS €KOJIOTIYHHX
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npobiieM (3a0pyAHEHHS HABKOJMIIHBOTO CEPEIOBHMINA, HAPHAKOBHI edekT,
030HOBI Aipu, mpobiaema YopHOOWIS Ta iH.), MORONAHHS TEXHOKPATH3MY,
BilYyXEHHY JIOAWHY BiX IPUPOAX TOMO. YCE U BUMATA€ MOCHJIEHHS Iy-
MAaHICTUYHOL CIPSIMOBAHOCTI HAYKM i TEXHIKH.

®Diznka Mae BeTMKe 3HAUEHHS Y PO3BHTKY BCiX raxy3ei ekoHoMiku. e
BH3HAYAE Micue Kypcy isMKH y mporpamMax BHINOI HIKOJM, 0COBIMBO BH-
IUX TEXHIYHWX HABUYANPHMUX 3akKkjafis. Mera, dka cTaBUTBCS IIPHM BUB-
yeHHI (i3UKM, NOJA4rac B O3HAHOMJEHHIi 3 OCHOBHMMH (Pi3MUHHMA
ABMINAMM, IX MEXAaHi3MaMH, 3aKOHOMipDHOCTSIMM i NMPAKTUYHAUMH 3aCTOCY-
BaHHsM#. LlumM 3aknaparorecst QizWuHi OCHOBM A BHMBUEHHS 3arajibHO-
TEXHIUHMX Ta CNieniaabHUX AUCHUILIiH. [IpaBuiibHI YIBJIEHHS IPO TIPHPOLY
(bismyHux gaBUIl OCOGNMBO BaXK/IMBI B NpOHECi MPaKTHYHOI AiSTBHOCTI
iHXEeHepa.

Hocaraenns isuky B 3HAYHIA Mipi BM3HAYAIOTH 3MICT CyYACHOI HAy-
KOBO-TEXHI4HOI i TEXHOJOriyHOI PEBOIOLI], BOHM CTAHOBJIATH OCHOBY Ha-
YKOBO-TEXHIYHOIO TMPOrpecy.

Y AyxoBHOMY BifpomxcHHi YKpaiHy MEBHE MICIleé IOBHMHHA 3aHHITH
¢isuka gk Hayka, a Takox ii icropig. 3MiACHMTH L& 3aBAAHHS MOXHA 34
AKTHRHOI yuacTi BUeHUX-(i3uKiB, OOCHIZHMKIB 3 icTopii (pismkm i BuKIa-
nauiB i3uKY y BUMIOIN Ta CEpemHiil MKOJI.

Yactvna 1. DI3MYHI OCHOBM MEXAHIKM

Po3gin 1. OcHoBM KiHeMaTMKKH

§ 1.1. MexaHiunuit pyx. Yseneuus npo npocrip
i yac y knacuuHin mexaniui. Kinematnune onmcanna pyxy

Mexanika — Hayka mpo MexaHiuHH# pyX, MEXaHiuHi B3aeMomii i
piBHOBAry Tiz. MexaHiUHMM PyXOM HA3WBAIOTH 3MiHY B33€MHHX MOJIOXEHD
TLI y OPOCTOpi 3 TWIMHOM yacy.Mexaniky momiisioTh HA KJIacM4Hy, peas-
THBICTCBKY Ta KBaHTOBY. Kidacuuna MEXaHiKa TPYHTYETbCI HA 33KOHAX
HeloTona, y Hili pO3IISRaOTBCS PyXHM MAaKpOCKOIIUHHMX TijA, IMBUAKOCTI
SIKMX MaJsi NOPIBHSHO 3i MBMAKICTIO cBiTaa y Bakyymi (300 000 km/c).
MakpockOmiYHMMH HA3WBAIOTh 3BMYANHI TiJla, SKi CKJIafalOTbCd 3 BEJIH-
YE3HOI KLJIbKOCTi MOJIEKyA 1 aroMiB. Maxkpockomiusi Tiia 3oilficHIonTD pyxm
31 MBUAKOCTSMH, NaJEKMMH BiJl MBHAKOCTI CBiTAA, Y IbOMY po3yMiHHI py-
XH TUI BBAXAOTh MOBLIbHMMHM (HEpeAsSTUBICTChKUMH). Hanpuknag, pyxu
IMTYYHAX CYNyTHUKiIB 260 KOCMiUHHX KOpabjiB 3i mMBUAKOCTSMH
8 + 11 kM/c ¢ ayxe noBinpHUMHU NOPIBHSIHO 3i WIBMAKICTIO CBIT/IA i BOHH
MiAJISIraloTh 3aKOHAM KJACHYHOI MEXaHIKU. Pessimueicmcska MEXaHiKa —
MEXaHiKa MaTepiaabHuX 00’€KTIB, WO PyXaIOThCS 3i MBHUAKOCTIMM, O/H3b-
KUMH [0 MBHAKOCTI CBIiTJIA Y BaKyyMi. 3aKOHH PENSITHBICTCHKOI MEXAHIKH
TPYHTYIOTbCSE Ha BUMOTax CHEUiajbHOI Teopii BiTHOCHOCTI i cmpaBeniuei
npu Oynp-SIKMX IIBAAKOCTSX, SIK 3aBIOAHO GJIM3BKAX /0 MIBHAKOCTI CBITIA.
Pyx MikpouacTuHOK (aTOMiB, MPOTOHIB, €JEKTPOHIB Ta iH.) MA€E CBOK CIie-
uudiky i mipasrac 3aKoHaM kéarmogoi MexaHiku. MikpouacTurka IPOSB-
JISI€ IBOICTi KOPHYCKY/JsIPHO-XBUJIBOBi BJIACTHUBOCTI, BHACIIZOK 4YOTO
BMHHMKAKOTP HEBU3HAUEHOCTI MOJOXCHHS B MPOCTOpi i IIBHAKOCTI
MIKpOYACTMHKY y JaHMU# MOMEHT 4acy. 3aKOHM KBAHTOBOI MEXaHIK¥ MAIOTb
CTATUCTHYHUM (HMOBipHiCHMIA) xapaktep. CyuacHa XBaHTOBA MEXaHika, B
CBOIO 4epry, MOALIIETLCA HA HEPEISTHBICTCHKY 1 PE/IITUBICTCHKY.

3a miAXonoM MO BUBYCHHS MEXAHIUHMX PyXiB MEXaHika MOLIIAETHCS HA
KIHEMATHKY, AMHAMIKY i cTaTtuky. Y xinemamuui po3riamaoTs TEOMETPHY-
HHMA aCrekT pyXy HE3aJI€XHO Bill IPMYMH, SKi 3yMOBWIM LER pyx. ¥ ou-
Hamiyi BABYAOTb MEXaHiuHi B3aeMonii Tin, gxi copuumHAIOTH pyx abo
NPUBOASTD 10 3MIHM MEXAHIUHOrO CTaHy Tin. Y cmamuui posrasmaroTb
YMOBH DiBHOBAru Tij.

Onna i3 OCHOBRMX 337124 MEXaHIKM IOJSTAC Y BU3HAUYEHH] ITOJIOXKEHHS
TiJIa i HOTO MBMAKOCTI Y Oyab-IKHil MOMEHT 4Yacy 3a BiJOMHAMM IOYAaTKO-
BMMM YMOBAaMH.

¥Yci Tina HaBKOMO Hac pyxawoTtbcd abo nepebyBalOTh y CTaHi CIOKOIO.
Mu me nomivaemo pyxy 3emi i 3BHKJIM BBAXATH NOBEPXHIO 3eMJ HEPY-
XOMO10, a Tina, AKi nepeMimaroTbcsd No il moBepxHi, — pyxomumu. [1po-

TE TUIO, K€ HEPYXOMO JIEXHUTh HA TIOBEPXHi 3emiti, 00epTacTscs HABKOJIO
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oci 3eMHOI KyJTi i pyxaersca mo opbiri HaBkono Conug. Y npuponi He icHye
Hi aGCOMIOTHOrO PyxXy, Hi abGCOJMIOTHOTO CHOKOK — HEMOX/IMBO BUOpaTH
opHe "3pyuHe" TijO, BiTHOCHO SKOTo MoXHA Oyno 6 posriamaTy BCi pyxu.
MoxHa Tisibku yMOBHO NpPUHHSITH sSKe-HeOynb TiIO 33 HEPYXOME i poar-
JILAATH PyX UM CTaH CIOKOIO IHIMIMX TLI BiZHOCHO HBOTO.

Tizo a6o cucrema Tijl, BITHOCHO SKMX BH3HAUAIOTH HOJIOXEHHS IHIIMX
TiJI, HA3WBAETHCS IPOCTOPOBOI CHCTEMOX) BiiUIiKYy.

IIpocrip i wac — ocHoBHi mousarTa ¢isuxm. [Ipoctip BUpaxae
BifoKpeMJieHiCTh 06’€KTiB i ixHIO mpoTsaxmicTs. Yac xapakrepusye
MOCTIAOBHICTh iCHYBaHHS BWII i BiTOKpEMJIEHICTh Pi3HMX CTadiil PO3BHT-
KY, TPUBAJICTh, MEPIOAMYHICTD Ta IBHUAKICTH mpouecis. TyT MU He AAEMO
TOYHOIO O3HAYEHHS IOHATh IPOCTOPY i Uacy, OCKiNbKY ui hyHIaMEHTANbHI
MOHSATTS JOCHTH no@pe BiIOMi KOXXHOMY i3 HOBCSAKIEHHOIO JOCBIAY.

3a xonnenmiero I. HploroHa, noKJIaneHow B 0CHOBY KJacHuHOI (hi3uKH,
nmpocTip i yac — abcomoTHI, He3anexHi Bin MaTepianbHuX 06’e¢kTiB. AGCo-
JIOTHHH HpocTip — Ge3MeXXHa NOPOXKHEYa, HEPYXOMa i TPOHMKHA, Gesie-
PEpBHA i OAHOpiAHA B ycix Hampsmkax (i3orpomHa). AGCOIIOTHMI uac —
6e3pinHOCHMIT 1O OyAb-4OTO 30BHIIIHLOTO, Ge3nmepepBHME i OXHODIAHMIA,
IUIMHE PiBHOMIPHO B OJHOMY HaNpgMi Bil MAHYJIOTO i 0 MaibyTHHOTO.

3 PO3BMTKOM HAyKH 3MIHIOIOTBCA ySBAEHHS NpO IpocTip i uac. Teopis
BifHOCHOCTI EfiHIITElHA NpUBea 0 3aMiHM KJIACHYHOI KOHLEIIi1 MpOCTO-
py i yacy HOBOI KOHHeNui€w. SIK AoBeneHo B Teopii BiTHOCHOCTI, IpocTip
i yac — BimHOCHI, OpraHiuyHO MOB’¥3aHi Mix co0010 i 3 pyxoM Marepil. Ma-
TEPis, PyX, IPOCTIp i Yac pPO3MISAAKOTECA K OAHE IiJie — pi3Hi HeoOximHi
XapaKkTEePUCTHKH OOHHX i THX caMuX Ipouecis. BigHocHicTs mpocropy i ua-
cy Oyne po3mistHyTO NOKJAAHImE y A€ SITOMY PO3MLI.

Ilpy BMBYEHHI MexXaHIUHMX PyXiB Tiji OCHOBHA 33[aua MOJSTAC HE y
(hbopMyTIOBaHHI TOYHMX O3HAYeHb NMOHATH "mpoctip” i "wac”, a y cmocobi
iX BUMIipIOBAHHS,

BumMiprosanHs yacy moB’sizaHe 3 HEOOXiNHICTIO BiNIOBiXi HA HBA 3aMU-
rauHs: "4k poero me BinOysanocn?" i "Koam ue 6ymo?". Binmosizaroun Ha
Iepuie 3amMTAHHS, MH BKa3yEMO HPOMIXOK Yacy, TPUBAJIICTh SKOTO MOX-
Ha BUMIPSITH CEKYHAOMipOM BiX MOYaTKy MHOAIl (HY/JIbOBOTO MOMEHTY uacy).
Hna Bignosiai Ha npyre 3anuraHHS TPeOa BUKOHATH BiIUTIK Yacy 3a TOUHHM
ronuEHENKOM. Hacrpaeai oOunsi Binmosini 36iraroThCsi, OCKIIBKH TOAMHHH-
KH BHMIPIOIOTh MPOMiXKH 4acy Bil XeSIKOrO AOBLIBHO BUGPAHOTO MOYATKO-
BOrO MOMEHTY, HANpHKJAA, Bif mouaTky mobu abo Bix mouatky poky.

Bynb-sxnit mpoMixoK 4acy MOXHA BHDA3WTH IEBHUM UYHMCIOM CEKYHI.
Hns mpoMixkKiB 4acy, KOPOTIIMX HiX CEXKYHIA, KOPHCTYIOTbCS 4YacTKaAMM
cekyunu. Lo x Take cekynna i yoMy came ii BuOpasu 3a OTHHHLIO
BuMiposatHg yacy? OcoGJMBHX NPHUYMH [JIS 1IHOTO HEMAE — MM He
3HAEMO IIPHPOMHOIO MOALTY Yacy, ORHAKOBOTO U1 BCIX BUMAMKIB XWTTH.
Hast BUMIpIOBAHHS 4acy BMKOPHUCTOBYIOTh IEPIOAMYHI IIPOLECH, IHO pery-
JIAPHO MOBTOPIOKOThCH. Hanpuknan, mai i HOui abo mopm poKy HAcTaOThH
OIHI 34 OMHMMHM BHACJIIZOK MepionMUHOro o0epranng 3eMini HABKOJIO Bjac-
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HOI oci i HaBkonmo COHIS; Y KOXHOI JIIOAMHH € OPraH 3 MOr0 PUTMIYHHMM
6uTTaM (CeKyHma 6;M3bKa A0 MPOMIXKY 4acCy MiX ABOMA YIAPaMM CEpLIS)
nepiogWuHi pyXH 3IACHIOIOTh MASTHHMKH — KOJHMBAHHS 31 CTAJIOI0
ammiitynoo. Tpusanuit yac He Gys0 BiZOMO TOYHIMIOrO mpouecy, Hix
obepranns 3emsi HaBKOJIO BJIAcHOi oci ta simmocro Comms, i mepiop i
obepranHs 6ysi0 06paHo sk cTaHaapt yacy. OcHOBHHH, a60 eTaJoHHMH ro-
OMHHMK 3BipsSBCS 3 TPMBAJICTIO aCTPOHOMIUHOI IOOM, 9Ka mopisHIOE 24 rox =
= 1440 xB = 86400 c. ITixTpuMyBaHH CTAIOrO peXUMy PoOOTH ETAJOHHOTO
TONMHHUKA — JOCHTb CKJIAJHA CIpaBa, TOMY HOCTiHO BEAYTBCH MOMIYKH
HAgiHINX CTaHAAPTiB uacy. BHCOKy BiATBOPIOBAHICTH CTAHAAPTY uacy
OyJ10 TOCATHYTO HEAABHO — IIC/IS BUHAWAEHHS KBApIOBOTO, MOJIEKYJISIP-
HOro i atoMHOro roamHHMKIB. Ili roOOMHHHKM € CKIAZHUMHA
PafioOTEXHIYHMMH CHCTEMAMH: /ISl PEryJIIOBAHHS XOAY B HHX 3aMiCTh KO-
JINBAHb MASTHHKA BUKODUCTOBYIOTHCS: y KBAapLOBOMY TFOXMHHHKY KOJIM-
BaHHA KPHUCTA/4HOI FPATKH KBAapLy; B MOJNEKYJSPHOMY — KOJMBAHHSA
aTOMIB y MOJIEKYJIaX; B aTOMHOMY — KOJUBAHHS €JEKTPOMATHITHOIO IO-
JIs, SIKE€ BHIIPOMIHIOIOTE Y BY3bKHMX CIIEKTPAJbHHUX IHTEPBAJAX ATOMH ACH-
KHX i30TONiB XiMiUYHHMX €JIEMEHTiB MPH TOUHO BM3HAUEHHX i CTPOro
KOHTPOJBOBAHMX 30BHIIDHMX yMoBax. Ilepiom TakHMx eJEKTPOMATHITHHX
KOJIMBaHb BiJ3HAYAETHCS OCOGIMBOI CTAGiNBHICTIO i Temep mpuitHaTHH 5K
OCHOBHHMH €TaJIOH 4acy, 3@ SIKMM BiITBODIOETBCS CEKYHAA.

CexyHma — ne uac, mo xopisawe 9 192 631 770 nepionam enexrpo-
MAarHiTHOrO BHIPOMiHIOBAHHY, SIKE BiAIIOBiA€ MEePEeXOdOBi MiX ABOMA HAX-
TOHKUMY DiBHAMHM OCHOBHOTO CTaHy aroma uesiro-133. Hocsix ymompusu y
CcropuiiMaHHi pi3HMX DPOMIXKIB 4acy, BUPAXEHUX y CEKYHHAAX, OXOILIIOE
mupoKuit inrepsan npubausno Bix 0,1 ¢ (HaiMEHmMII MPOMiXOK wacy,
skuil My me GesmocepenHpo MoxeMo Bimuysatu) mo 10° ¢, mo Biamoigae
cepenHill TpuBasocTi XKUTTHA doauHMA. I[1po TpuBasimi NpoMiXKH uacy
MOXHA mosimarucs 3 icropii. 3a Mexamu "iCTOpHUYHOrO nepiogy” 3acToco-
BYIOTBCSL OCOOGJIMEBI HEnpsiMi METOXM OLiHKH 4acy. B omHOMY 3 Takmx Me-
TOAIB poJib "FOAMHHHUKA" Bifirpae "nepioguuHicTs" iHmOro poxy — mnepion
miBpo3najy panioakTUBHOI peuoBmMHH. l{uM MeromoM Gys0 BCTAHOBJIEHO
BiK JAEAIKMX I'ipCbKUX TIOPifl, METEOPHUTIB, SKi MPHUIITAIOTh i3 KOCMOCY i ma-
JaoTh Ha 3eMir0, i BiK HAWIOl MJIAHETH — I BUOOBHMJIOCH TPHOJM3HO
4,5 mupa pokis.

Mauni mpoMixku uacy, 6museko 107 ¢, MoxHa (iKCyBaTH 33 JOIOMOTOIO
NMPUJIAKIB ¥ MPOLECax, SKi BiZOYBAIOTBCH 3 BEJIMKOK LMIBUAKICTIO, HANIPHUK-
Jaxg mig yac euOyxy. CyuacHa eeKTPOHIKA A€ MOXJ/IHUBICTh CTBOPIOBATH
reHEpaTOpH ENEKTPMUYHMX KoAMBaHb 3 mepiomamu 107'% ¢, ski xani6py-
IOTBCY METOAOM TODPIBHSHHY i3 CTAHZAPTHOK OOWHHIEI Yacy — CEKyH-
Iow. MeHmi NpoMiXKH uyacy BXKe HE NOCTYNHi g BUMIPIOBaHb 3a
JOTIOMOrOK0 €JIEKTPOHHOI TeXHiku. [/ bOr0 BMKOPHCTOBYIOTHCS HENPAMi
METOOH, SKi FPYHTYIOTHCS HA iHOIOMY O3HAueHHi MOHATTA "4yac”. Taki me-
TOOM AAIOTh 3MOTY ONIHIOBATH MEpiOJ KOJMBAHb ATOMHUX SIAEP, Hac
iCHyBaHHS €JEMCHTAPHHX YACTHHOK Y MEBHOMY CTaHi.




XapakTepHi IPOMiXKM uacy HaseaeHo B Tabna. |

Tabruys 1

Tpomixxs uacy Pokn Cexynmn
Bix Bcecsity 10'° 3-1017
Bix 3emri 4,5-10° 1,4-1017
?:J?;iﬁ"(;zepi‘aﬂﬂﬂ CoHus HaBKOJO UEHTpa 3-10° 1016
Yac Bin nosieM nepsicHOl JNIOAMHM 3-10° 1013
Cepennst TPUBANICTL XUTTS JIIOTUHM 70 2,1-10°
Iepion oéepmm—m HAaBKOJIO OCi:
Conus 2,195-10°
3emi 8,64-10*
Ilepion KOAMBAHS MASTHUKA B TOJMHHHKY 1
Ilepion 3ByXOBMX KOJMBAHb 1073
Tepiox oGepranus mMonexymu 10712
Tlepion koJuBaHL aTOMIB 10715
IMepiop xojauBaHe aToMHOTO sApa 1074

[lonoxeHHs TiMa y MPOCTOpi MOXHA BH3HAYNTH K BiACTAHD Bix Tina
Biniky. [ng BuMipiosannsa siacrasni Tpe6a B39TH ONMHWIIO HOBXHHHA —
METp i BipaxyBaTH, CKiJbKH IHMX OAMHHLL TOMILIACTHCS Ha JaHOMY

BilpisKy. SAKmo BigcTaHb BeJMKA, KOPHCTYIOTBCS KPATHAMHE OXMHULISIMH,

a NpY BUMIPIOBAHHI PO3MipiB Maaux 06’€KTiB — YaCTKOBHMH ONMHUISMH
MeTpa.

Ilpu crBopenni MeTpuuHOi cucremu Mip Hanpukinn XVYIII cr. MeTp 6yB
3aJyMaHui K MPHPOJHA ONMHMLA JOBXWHH, OB 433aHA 3 JOBXHHOIO 3EM-
HOrO MepHOiaHa — ONHA COPOKaMiJbiioHHA wacTuHa Ilapu3bKoro me-
puniana. Ilicis BuMipIOBaHHS MAOBXMHM XYrM MeEpHIiaHa 6yB
BHTOTOBJICHUH MIATHHO-ipUAICBMI €TaJOH MeTpa. ¥ Apyriit MOJOBHHI
XIX cr. HOro mpHHHSIM K MIXHAPORHMI €TaJOH ONWHMI IOBXHHH, 34
SIKUM 3BIPSUIM HAIIOHAJbHI €TAaJOHM MeTpa. Y TpHpOAi HeMae of’ekra,
PO3MipH 9KOTrO TOYHO JOPiBHIOIOTH OXHOMY METPY. | 9K6M HecnomiBasO
MDKHApOXHMH €Taj0H GyJI0 MOMKOZXEHO a60 BTPAYEHO, TO BiATBOPUTH
HOro J0BXMHY OyJso 6 HeMoxumBo. IIpore MiXHADOZHHMI €TANOH HE BH3-
Hayae MeTpa 3 TOUHICTIO, JOCTATHBOK IS CyYacHHX noTpeb. ToMy BHHHK-
JIa HeoOXiAHICTh MOBEPHYTHCh AO NPHPOTHOIO €TAJIOHY AOBXHHM, AKHH
MOXHa TOYHO BIATBOPUTH i HEMOXUJIHBO 3pyHHYBaTH. Y 1960 p. Ienepasnbua
KOH(epeHNisa 3 Mip i Baru IS O3HAYEHHS METPa BUKOPHCTANA SK ETAJIOH

10

AOBXHUHY CBITJIOBOI XBWJIi Y BAKyyMi, SIKy BHIPOMIHIOE y BY3bKOMY CHEK-
TPajJbHOMY I[HTEPBaJi aTOM KPHUNTOHY B CTPOrO KOHTPOJIbOBAHMX
30BHIIIHIX yMOBax. Merp o3HaumIM sK 10BXMHY, o gopieaioe 1 650 763,73
ROBXXHHH XBWI Y BAKyyMi BUIIPOMIHIOBAHHS HYyKJigy Kpuntony-86. Ilpm
oMY OyJI0 JOCATHYTO BUCOKY TOUHICTh BiATBOPEHHS METPa: BiLHOCHA MO-
xubka mpubansHo popisHioBasna 4-107°. Hani icropis MeTpa posBMBajiach
y HampsaMi MigBMIIEHHS TOYHOCTI #oro BinTBopenns. ¥ 1983 p. Fenepanbua
acam0ies 3 Mip i BATM IPUAHSIA HOBE O3HAUEHHS METPA: METP € AOBXUHOIO
LUIAXY, SIKY NPOXOMUTh CBIT/IO Yy BaKyyMi 3a HpoMikoK 4acy 1/299792458 ce-
KYHIH.

3Biacu BMIIMBAE, WO IIBMAKICTH CBIiT/Aa y BAKYyMi 33 O3HAYEHHSIM
nopisuroe 299 792 458 m/c. e minxix mae MoXIHBICTDH y MaibyTHBOMY
HE 3MIHIOBATU O3IHAUEHHS METPA, 4 TiAbKHM MiABHMILYBATH TOUHICTH HOTO
BiATBOpEHHA. Tenep excneprMeHTaabHA MOXMOKA BHUMIipIOBAHHS IOBHMA-
KOCTi CBiT/Ia y BakyyMi npubmmsHo mopisaioe 0,3 M/c, mo B uoTHpH pasu
MEHIIE BiTHOCHOI MOXMOKM BiITBOPEHHS METpa 34 NOMEPEIHIM O3HAYEH-
Ham. OTxe, Maitxe uepes ABICTI POKIiB mic/is BBENECHHS MeETp 3HOBY CTaB
NPUPOXHOI0 OOVMHULCKD XOBXKHUHH.

He Beaxy Bincranb MOXHa Ge3n0CEPENHBO BUMIDSTH METPOM, HAIIPUK-
JIajl, BiICTaHb MiX ABOMa KOpaOiasamu, riubuHy MOpS, BiAcTaHb A0 Micsus
YM MTYYHOro CymyTauka 3emui. g mporo 3acToCOBYIOTBCS Henpsami Me-
TOAM, Cepel AKMX HAHNOMMPEHINIMMHY € METOI TPHAHTYJISIE] i MeTOIH YJIb-
TPasBYKOBOi, pamio- Ta sasepHoi Jokauii. Metox Tpwanryaanii
TPYHTYETBCS Ha TEOMETPUYHHX BJACTHBOCTSX TPUKYTHHKA. Tpuanry-
JIUIWHUA NpHJIa] — JAAEKOMIp, y SKOMY BAMIPIOBAHHS KYTiB i BCi reo-
METpHYHi HOOYZOBM BHKOHYIOTBCH ABTOMATHYHO, J3a€ MOXJIMBICTH
BUMIpDIOBATH BincTaHi BizyaspHO. Takwit mnpucTpiit o1 BUMipIOBAHHS Ma-
JIMX BIACTaHEH € B ycix skicHux doroamaparax. Tpuadrynsuiiisi Meroon
JaJy MOXJIMBICTh ACTPOHOMAaM BUMIPSITH BEJAETEHCHKI BifcTaHi: Bix 3emui
no Comng, Bix CoHug mno ueHrpa Hamoi anaxtuxu. Jloxamiini METONN
3aCHOBAHI HA BHMIDIOBAHHI TPOMIXKY 4acy MiX MOMEHTOM BHII-
POMIHIOBAHHS IMIIYJIBCHOTO (YJBTPA3BYKOBOIO, Pamio- Y¥ CBiTJIOBOrO) CHr-
Hay i peecrpauii #oro micas BixOusaHHA Bif 06’ckTa. 3HAOUM IUBHAAKICTD
MOMIMPEHH CUTHAIY, BU3HAYAIOTh Bincranb. Hexasno Gysio 3nificHesno na-
3epHy Jokaniro Micans i yroyHeHO BiACTAHb X0 HBOYO.

[Ipu BuMipIOBaHHI AyXe MaJIMX BIACTAHEH MOXHA BUKODHCTOBYBATH
Opami MeTOaM — BiJIK YacTKOBHMX ONMHHMIL MeTpa (Mimimerpw,
mikpomeTpn). Ilpore HeMoxnBO moGaunTy 00’€KTH, MEHMII BiX HOBXWHU
XBWI BHAMMOrO cBiTia (mpubmmano 5107 m). Poamip 06’exTie Giuabko
107 M MOXHA BH3HAUHTH 33 JOTIOMOTOKO €JIEKTPOHHOTO MiKpockomna. A ochk
MOJIEKYJIM, ATOMH 1 HMOTO CKJIAZOBi YACTHHM HACTLILKH MaJi, o AId iX
BUBUEHHY CJCKTPOHHUN MIKPOCKON yX€ HempMOATHHM. [IJ19 IbOro BHKO-
pPUCTOBY10Th HENpsiMi (DisUyHi MeToAN, FKi AAIOTh 3MOTY BUMiPSTH BiACTaHI
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carfgaﬁ MOPSIOK BEJMUMHY MAcE MiaMeTp aroMa. Bumiparu BincTani, MEHIII HiX
107" M, NOKM O HE BAAJIOCH.

Huxue HaBEAEHO po3Mipu O6’€KTiB y MeTpax, IO 3yCTPiYAKOThCI B
TIPUPON:

Posmipu Bcecsity ~10%
Iiamerp Momousoro IILnaxy 7-10%°
Bigcranb Big 3emni go CoHug 1,5-1011
Hiamerp Conust 1,39-109

Bincraus Big 3emui go Micaus 3,844400‘108

Pagiyc 3emni 6378,169-10°

CepenHiit 3picT mIOOMHU ~1,7
JIOBXHMHA XBWJI BHIMMOTO CBiTJa ~5-1077
Poamip artoma 3-1071
Po3smip aToMHOTO SApa 3-10713
Posmip npotoHa 0,8-107"%

Ko MOXJIMBO A0 ONHOrO 00’€KTa 3aCTOCYBAaTH NPSIMHUH i Hempammi
METOIHM, TO BOHM AAKOTh ONHAKOBUHU pe3ynabrar. lle cBimgumTh npo Te, IO
BJACTUBOCTI MPOCTOPY TEBHOKO MipOI0 BiAIIOBiNaioTh KJIACHYHUM YSBJIEH-
Ham. Ipocrip Mae Tpu BuMmipu. g BiacTHBiCTh NPOCTOpPY AOBEAEHA He-
oOximHiCTIO 3amaHHY TPhOX KOOPAWHAT /I ORHO3HAYHOIO BM3HAUCHHS
nosoxeHHs: 6yap-g9koro 06’exta y HpoMy. Hesanexso Bix Bubopy cucremu
KOOpAMHAT Y KOXHOMY Pasi TpH KOODAMHATH, GKi MAIOTh UiJIKOM MEBHI
3HAUYEHHS, BU3HAUYAIOTh TIOJIOXKEHHS TUIBKYM OXHIEl TOUKH B IIPOCTOPI.

KiHeMaTHKa 9K pO3/lJI MEXaHiK¥ BHBUAE FEOMETPHYHI BJIACTUBOCTI Me-
XaHIYHOTO PyXy TiJl — BCTAHOBJIOE 3B’S30K MiX IPOCTOPOBMMH XADAKTE-
pUCTHKAMHM pyXy i uacom 6Ge3 ypaxyBaHHS B3a€MOAIM MiX TijaMu Ta
ineprHOCTi iX. OCHOBHI 06’€KTH KiHEMATHKH — MaTepiajpHa TOUKa, abco-
JIIOTHO TBEPIE Tij0, TPYXHE CEpeNoBHILE, II€aJbHA PiluHA. '

MamepiaabHolo MoO4K0/O HA3WBAETbCS MAKPOCKOINIYHE TiJO,
po3MipaM# SKOTO B JAHi# 3ajayi MOXHA 3SHEXTYBATH i BBAXarTH, IO BCA
pEeuoOBMHA Tina 30CepEelXeHA B OAHIW reomerpuuHii Touni. Taka
izeanizoBaHa MOXENb PEAJbHOIO NPOTSKHOTO Tifia A€ MOXJIMBICTh aber-
paryBaTUCh Bifl APYTOPSIAHMX AETANEH MEXAaHIUHOTO PYXY i BUSBHUTH B HBO-
My 3arasbHi 3aKOHOMipHOCTi. KOHKpeTHE TijIo B OAHMX 334avax MOXHA
BBaXAaTHU MATEPIasIbHOKO TOUKOIO, B iHNMIMX TAKE CHPOINEHHA HEIPHITYCTH-
me. Hanpuknanm, seMHy Ky/mai0 MOXHA TIDHHAHSTH 32 MaTepiajbHy TOUKY
npu posrasAi il pyxy mo opbiTi (xapakTepHMil aaa 3ajaui papiyc opbitm
3HAYHO GLNBIMIA Bif pafiyca 3emui), ase npu po3misai o6epTaHHd HaBKO-
J10 oci 3eMad — MPOTSXKHE TBEPAE TiJIO.

3a o3sHAUCHHSM MaTepiaabHa TOuYKa — Ie Maxkpockomiude Timo. Llg
yMoBa mepenbauac MiANOPAAKYBAHHS ii PpyXy 3aKOHAM KJIACHMYHOI Me-
xa”iku. [Ipore B 0araTb0x BHNAAKAX PYyX MIKPOYaCTMHOK TakKOX MOXeE
pO3TJISIZATHCE 3 IO3HMIl KjaacuwuHol Mexamiku. Hampmknaan, eaekrpoHu,
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nporonn abo ioHu, 9Ki DyXawThCsd B €JIEKTPOHHO-IOHHUX HNpUIaaax no
MiJIKOM IEBHMX TPACKTOPIFX, MOXHA BBAXaTW MATCPiaJbHMMH TOYKAMH
KracmyHoi Mexaniku. OmHAK pyX €JIEKTpOHA B aTOMi HC MOXHA XapakTe-
PH3YBATH SK PyX MATEepiaJbHOI TOUKH, OCKIJIBEKHM MPUHIMIOBO HEMOXJIMBO
B JaHu MOMEHT 4acy pPO3paxyBaTH MONOXKEHHS i HIBUAKICTE €JEKTPOHA.
3a HHUX YMOB HOHATTS TPAECKTODii BTpavyae CEHC i enexKTpoH HK
MIiKpOYacTHHKA € 00’€KTOM KBAHTOBOI MeXaHiKu.

Byap-gxe MaKkpoCKOIMiUHE TiI0 abo cucreMy TiJl MOXHA y9BJISTH SIK Cy-
KYTMHICTh MAJIHMX MAKPOCKOMIYHHMX YaCTWHOK, WO B3aEMOMIIOTh MiX C0060I0.
KoXHY 3 TAKHX YaCTMHOK MOXHA IPUAHSTH 32 MATEPIaJIbHY TOYKY 3 Ma-
€010, IO JOPIBHIOE Maci BiANOBigHOI YACTHHKHU. 3 orngay Ha e B Mexasiii
BHUBUYEHHS DYXy AOBUIBHOI CHCTEMH TiJI 3BOXUTHECA KO BUBYCHHI PyXy CH-
cTeMH B3aEMOMIIOUMX MAaTepiaipHnx TOUOK. Mexanika onHiel MarepiajabHOL
TOUKH € IMiACTABOIO ISl BUBUEHHS MEXAHIKM TBEPAUX TiA, piguH i ra3ie 9K
CHCTEM MATEPiaJbHUX TOUOK. 7

Jlns ommMCaHHS PyXy, a Takox Oyab- z
akux (Qi3MUHMX gBWLI, WO BiAOyBarOTHCS,

HeobOxigHA cucTeMa BilIiKy, SKa MOEXHYE

[ POCTOPOBY CHCTEMY Bimiiky i croci6 M(x,y,2)
BigIiKy wacy. Y Taxi CUCTEMI BifJiKYy
KOXHY MOZII0 MOXHA XapaKTePH3yBATH
Mmicuem, fe BoHa BiabyJack, 1 yacom, KoIu
BoHA BimOysace. Y KiIacWuHid MexaHiui - 4
JUTS OTIUCAHHS PYXY KOPUCTYIOTHCA YacoM, / Y
CAMHUM VIS BCi€l cuctemu Bigmiky. B mik x

cUCTEeMi PONWHHUKYM, PO3MILIEH] B Pi3HUX 3

MicnSIX HpOCTOpPY, IIOBHHHI NOKa3yBaTH

Toi camu# yac. Taki TOITMHHUKM HAa3WBA- Puc. 1.1

IOTh CHMHXPOHI30BAHUMH.

Ilna xapakTEepUCTUKM NIPOCTOPY, B SIKOMY BimOyBaeTncsl pyx Ma-
TepiasbHOT TOUKH, 3 CHCTEMOIO BilUTIKY 3B’ 43YI0Tb POCTOPOBY CUCTEMY KO-
oprnuHAT. I1if MPOCTOPOBOIO CHCTEMOK KOOPAMHAT pO3yMIIOTh TPH JIiHIHO
He3aJ1eXHi HAPSIMIIEH] BiiPi3Ku MpsSIMUX (KOOPAMHATHI oci), 9Ki BUXOOATH
3 OfHi€i TOUKM (JOYATOK Bialiky). Pyx MaTepianbHOI TOUKH Oyne omucaHo
[OBHICTIO, 9K Oyne BimoMO ii MOJIOXCHHS Y Oynb-9KAi# MOMEHT uacy
BiIHOCHO BUOPAHOI CUCTEMH BiIUTIKY. Y HEKAPTOBIiH MNPAMOKYTHIH CHCTEMI
KOOPAMHAT MOJOXEHHA MaTepianbHOI TOYKH M y mpOCTOpi BU3HAYAETBCS

pajilycoM-BEKTOPOM 7, TIPOBEAEHUM Bif MOUATKY KOOpAMHAT O no uiel Tou-
ku (pumc. 1.1). Tlpoekuii paxiyca-BeKTopa Ha KOOpAWHATHI 0OCi
0X, OY, OZ nopiBHIOIOTh KOOPAMHATAM X, ¥, Z TOUKH M:

3t

=
—

-~
<

- - - -
r=xi+y+ zk,

> > > i K
ne i, j, k — onuaMuHi BEKTOpH (OPTH), SIKi 3a7al0Th MacmTad JOBXHWHHU i

HAmpsSMU KOOPXMHATHMX OCEX. OTxe, TOMOXEHHS TOYKH M 3a0aeThed
TpbOMa uUMCIAMA X, ¥, 22 M = M(x, y, z).
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Y mpoueci pyXy MaTepiasibHOI TOYKHM ii KOOPIUHATH 3MIHIOIOTBCA 3 uYa-
coM. Pyx Gyne BusHaueHuM, KO BifoMa (hyHKI[IOHAIBHA 3a/I€XHICTD KO-
OPAMHAT TOUYKH BiX 4acy f:

x=x(), y=y(@), z=z(1) (1.h
abo skmo Oyac 3HaWEHA OXHA BEKTOPHA (DyHKIis
-> ->
r = xWi+y@Oi+z(0F (1.2)

. Bextopre pisusHEsS (1.2) exBiBajeHTHE CHCTEMi TPhOX CKAMSIPHHUX
piBHgHb (1.1).

Pisaanns (1.1) abo (1.2) HasMBAIOTh kineMamuuHuMu PiGHSIHHAMU DY-
Xy TOUKH.

Jlinist, gxy ommcye MarepiajJbHAa TOUKA Mif 4Yac PyXy, HA3HBAETHCS
mpasxmopiefo. 3a ¢opMoro TpaekTOpil pyxX¥ MOFIASIOTH HA IPSMOTiHINHI
i kpuBostiHidHi. Popma TpaekTOpil 3aseXuTh Bin BMOOPY CHCTEMH BifTiKy.
Tax, :I‘p&GKTOpiSI pyxy Touku Ha oboni Koseca, MmO KOTHUTBCS II0 FOPH30H-
Ta]I'I’HII‘/'I IJIOWKAI, MOXe MaTH pi3Hy (opMmy. BigmocHo oci ue Gyme koo,
a BIZHOCHO IUTOMMHAYN — OMKJI0iAa. KpuBoninifiny tpaekTopiio xapaxrepm-
3yH0Tb KPMBM3HOI, K4 MOXE 3MIHIOBATHCS Bill ONHI€l TOUKHM TPAEKTOPIl
Ao inmoi. KpuBUsHOIO Oyr# TPAcKTOpii MiX ABOMA GIM3BKO PO3MIMICHMMH
TOUKAMM HA3WBAKOTh BiIHOUICHHS KyTa IOBOPOTY AOTHYHOI Yy IMX TOUKAX
IO NOBXHMHH BignoBimeoi ayru. KpuBusna tpaekropii y mamiut Toui
JOPIBHIOE rpaHuli, M0 IKOI OPAMY€ LIE BiTHOIMEHH, AKINO JOBXWHA HyIH
upaMmye 10 Hynd. LleHTpoM KpuBHU3HM TPAcKTOpiil y AaHii TOULi HA3UBAIOTH
LEHTP JOTHYHOTO A0 HEI KOja, pafiyc 9KOro AOpiBHIOE 0OepHEHOMY 3HA-
UYECHHIO KPUBU3HH.

Bi[{CT%l..Hb MiX aBoMa 3aJaHMMH TOUKAMH, BigpaxoBaHa B3TOBX
TPAEKTOPIl, HAUBAETHCS MITAKOM. Hlnax — ckanspHa sesuuwmua. Ipoi-
AEHUH MATEPiambHOI TOYKOK IWISX 3al€XHTh Bil 4acy i MOXe TilMbKH
30iIpIIyBATHCH y MIPOLECI PYXY HE3AIEXKHO BiX HOTO HAmpaMmy.

§ 1.2. OcHoBHI BMAM pPYXy TBepAMX Tin

Teepai Tina mpu MEBHUX yMOBaxX RedOPMYIOTHCS, TOOTO 3MiHIOITH
cpoo opmy i 06’eM. [l KiHEMATHUHOINO ONUCAHHS PYXy TBEPOMX Tij
BUKOPHCTOBYIOTD id€a/li30BAHY MOAE/b TijJa — abCOMOTHO TBEPAE TijO,
aecopMalier0 SKOTO MOXHA 3HEXTyBaTH. AGCONIOTHO TBEPOMM TiIOM Ha-
3MBAIOTH TAKY CHUCTEMY Bsagmogimqnx MaTepiaJTbHAX TOYOK, TpPH Oynab-
AKUX pyXax fAKol B3aeMHi BifCTAaHi MiX MaTepiaJbHUMHM TOUYKAMH
3aJMIIAITbCI He3aMiHHUMH. [IpunyctuMicre Takoi igeamizamii Bu3HA-
YAEThCS BIACTHBOCTSAMM PEA/IbHAX TN i 3MICTOM 33134, 9Ki PO3IJISAAKOTHCH
y MEXaHimi.

Bynp-axuit ckaagHEuil MexaHiuHui pyx abCoMIOTHO TBEPAOTO Tida MOX-
Ha PO3KJIaCTH Ha OBA MPOCTUX PyXH — MNOCTYNAAbHMIA i o0eprasbHuil. [To-
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cmynanbHuMm PYXOM Ha3UBAIOTb TAKHMH pyX, NP SKOMY HpsSMa JHHIA, IIO
cno/yyac ABi JOBUIBHI TOUKM TLAA, 3aJMOIAETHCS MAapajeIbHOO CaMa cobi,
T06TO i Opi€HTaNis B MPOCTOPi He 3MIiHIOEThCA. [IpH mOCTymanbHOMY Pyci
BCi TOYUKM TBEPHOTO Tijla ONMMCYIOTH OAHAKOBi Tpaexropil. Tomy, 3Haun
pPyX OnHi€i TOUKM Tija, MOXHA BH3HAUMTH PyX YyCiX iHIIMX HONO TOYOK.
Po3pi3HsIOTh ABA BHAM 00epmanbHozo pyxy aOCOMIOTHO TBEPAOTO Tisia:
1) obepTabHMit pyxX HABKOJIO HEPYXOMOI OCi — pyX, TIPH KOMY BCi TOUKH
Tifa OMMCYIOTH y MApayJeJbHUX [IOMMHAX KOHLEHTPUYHI KOJIa 3 HEeHTpa-
MM Ha HepyxoMmiit oci o6epranus; 2) obeprasbHEM PyX HABKOJIO HEPYXOMOI
TOYKH — PyX, IIPH SKOMY BCI TOUKY TiJa PyXaroThCs MO MOBEPXHI KOHLIEH-
TpUuHEX cep 3 LUEHTPAMU y HEPYXOMidl TOulli. ¥ KOXHHMA MOMEHT 4Yacy
weil BUX o0epTasIbHOTO PYXy MOXHA POSI/ISgaTH K o0epTaHHS HABKOJO
MMTTEBOI OCi, IO MPOXOIMTEL UEPE3 HEPYXOMY TOUKY.

Y 3araspbHOMy BHIAAKY TLTO 6€pe yuacTh OXHOYACHO i B MOCTYNATbHO-
My, i B oBepranpHoMy pyxax. Tak, NpM KOYEHHi KyJi IO CTOJTY 6e3 KoB-
3aHHS il NepeMillledHs 3 IMOJIOXKEHHS [ y nojoxenns 2 (puc. 1.2) moxHa
ySBUTH K MOCTYNAJbHUI PYX Yy HOJMOXKEHHS 2 HA BiAcTaHb AA, i MOBOPOT
KyJii HaBKOJIO OCi HA KYyT Q.

Pyx TBeppmoro Tiza Ha3HBAKOTH
naockum, 9Kmo Oyab-9xa Toyka Tina
3a/IMIIAETHECA B OOHIM 3 HapasiC/IbHUX
maomul. [Ipu 1niockoMy  pyci
TpackTopil KOXHOI TOYKH JIEXATh Y
IJIOLMHAX, siKi Mix coboro abo mapa-
nenpHi, abo 3birarotocda. Hanpukian,
NpH NOPYMOJIHIAHOMY pycCi aBTO-
Mo6iis KoJeca i mopimni 3HiMCHIOITH
NJOCKMHA pyX, @ TOYKH BEHTHJASATOPA i KOJiHYACTOro Bana, OCi IKHUX
36iraloThCd 3 HANPAMOM PYXy aBTOMOOINS, — HEIUIOCKUH, CKAANHUU DYX.

Pyxwu, siki MOBTOPIOIOTECS a60 HAOIMXEHO HNOBTOPIOIOTECS Uepe3 OfHa-
KOBi IPOMIXKH uacy, HA3MBAIOTb KOUGAbHUMU, a00 KonuBaHHAMH, 11pu-
KJAMOM KOJMBAJHbHHX PYXiB € DPYXH MAasATHHKIB, CTPYH MY3HUHMX
{HCTPYMEHTiB, XMTAHHS YOBHA HA XBWISX Ta iH. 3ayBaXxwumo, IO Oyab-
akuii ofeprajpHuil pyX — 1€ CyMa [BOX KOJUBAJIbHUX PYXiB, IO
BinOyBaKOThCs y B3a€MHO NEPNCHAMKY/ISPHAX HANPIMax NPH BIANOBIZHUX
yMOBax.

§ 1.3. Bexrop nepemiuleHns. Lisnakicrs

Po3risiHeMO pPyX MaTepiaabHOI TOUKY 1O HOBUMBHIM TpaekTopii. Hexai
y MOMEHT uacy ! MaTepiaJibHa TOUKa nepebyBac B MOJIOXKEHHI M|, K€ BH3-

-
HAYAETBCSA PAdiyCOM-BEKTOPOM r;, i MPOTATOM HACTYTIHOIO HPOMIXKY Yacy
At npoxomuTh muIsx As, IepeMiCTUBLINCH Y MOJIOXEHHS M, paniyc-BEKTOp
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- -
SKoro r, (puc. 1.3). Bektop Ar, npoBeneHwmit i3 mowaTKoBOIO IOJIOXKEHHS

MaTepianbHOI TOYKW y KiHLEse ii HOJIOXCHHS, Ha3UBAIOTb GEKMOPOM Ne-
->
pemiugenns. Bekrop Ar XapaKTepus

TOYKH 3a MPOoMixoK uacy Az. Moro mo
BEKTOPA TOUKH

Y€ 3MiHy mNOJIOXeHHd MaTepiaabHOL
KH2 BUPA3SHTH Yepe3 3MiHy pamiyca-

> > >
r=r2—rl=r(t+At)—7(t)

abo uepes BiAMOBINHI 3MiHM ii KOOpAWHAT

A

AF= Axi+ Ay + Ak

e Ax = x; — x1, Ay = 2=, Az =z, — z; (8ice OZ ua puc. 1.3 He no-

-
KasaHa). Bexrop nepemimenns ¢ bynkuieo yacy Ar (7).
-

Monyap BEKTOpa rnepeMimenss |Ar |
B 3araJlbHOMy BHMIIAOKy HE 36iractbes 3

fre
OUMHA TOUKAMHU (misaxoMm As): {Ar |

MiX XBOMA TOUKAMU TPAEKTOPii
AOBXHHOIO IYIM TPAEKTOPIT Mix
< As. 3okpema, min uac PYXyY TOYKH
Y TIO KOJIy NPOTArOM OXHOTO Iepiony obepraHHs

4s BEKTOD NEPEMIIEHHS JOPiBHIOE HYJIFO, & nMpoi-

M M JEHHUM TOYKOIO TH/ISIX — IOB>XWHIi Kosa. Tiibku
2

IPA HECKIHYEHHO MasoMy TepeMilleHHi Mo-

—

Ryab ldr | = ds i B pasi npamoninifiHoro pyxy
->

B OHOMY Hampsmi |Ar | = Ag.

- . > . .

Kpim nepemimenns Ar, onmiero iz OCHOB-
HUX XAPAaKTEPUCTHK PYXy € wgudkicms. Ilix
X~ Hac pyxy MarepiaqbHOI TOUKHM il MOIOXEHHS
Ha TPAEeKTOpii BU3HAYAETHCH paaiycom-BeKTo-

-
pom r(t). 3a npomixox 4acy Az, pagiyc-BexTop
-

-
r(t + At) orpumac npupicT Ar, sSKuii JOpiBHIOE BEKTOPY NeEpeMileHHs.
Bexropuy Benmumny

Puc. 1.3

T Ta+AY =T () A
vo= At AL

(1.3

HAa3MBAIOTL CEPENHBOIO LIBMAKICTIO PYXy 33 MPOMIXOK yacy At. Hampam
-

BCKTOpA CEPCOHbBOI IIBMAKOCTI < ¥ > 36iraeThcd 3 HanpsiMOM BekTOpa me-
>

peMimenusa Ar.

=
BexTop < v > He mosxicTiO Binobpaxae XapakTep pyxy,

OCKLIBKH HOTo
MORy/Ib i HATIPSIM 3aMEXaTh Big TPHUBAJIOCTI NPOMIXKY uacy

At. Sk BugHO

> .

i3 puc. 1.4, BekTop < v > ¢ ciuHow s TpaekTopii. [Tounem
-

At i HPOCIIAKYEMO 33 3MiHO0 < ¥ > . IIpu npomy Touxu M,
16

0 3MCHIIYBATH
i M, neperuny

-
- ] ..

BEKTOPA < v > 3 TPAEKTOPi€I0 HAOJIMAKAOTHCS OOHA OO OXHOI i < v >
3MIiHIOETBCS SIK 32 MOAYJIEM, TaK i 32 HampaMmoMm. Y TPAHUUHOMY TICPEXOA
npu At - ( ciuyHa NEPETBOPIOETBCH HA AOTHUHY 119> TPAEKTOpil vy HaHiu

—> . =g .
TOUIIi, & BEKTOP < ¥ > — HA MPAHHYHY MIBHAKICTDH ¥ y uii Touni. Orxe,
MHUTTEBA IIBUAKICTh BM3HAYAECTLCH TPAHMIIELIO, A0 IKOI NPAMYE CEpeaHs
->

IIBUAKICT < ¥ > 33 YMOBH, IIO IPOMiXOK yacy Af npsMye A0 HyJis, TOGTO

-> -
- li Ar  dr 1.4
v=I1lm-—=—,

At.,()At dt
Murrepoto mBuakicTio (a0 TPOCTO IMBUAKICTIO) Ha3UBACTBCS BEKTOD
17, SIKMHM JOPIBHIOE TOXiNHIN Bix paniyca—BeKTopa"_MaTeplanb}_Im TOUYKH 34
YacoM i HATIPIMJIEHWH IO MOTHUHIM JO TPAEKTODIi y HANpPSAMi pyXy.
VY 3araJpHOMY BHUIAAKY IIBUAKICTH €

g
dyHKIier0 uwacy v (2). BeK_T>0pHe
->
pisgannasa (1.4) y surasni dr = v (¢)dt
BUKODUCTOBYIOTh IJI BH3HAUEHHS IIe-

PEMIIIECHHY TOYKM 33 [AOBiJIbHUH
OPOMIKOK uacy At = ¢ — 1

0 t

Jar=r -7y = [¥ a5

r(to) to
Puc. 1.4
i cepenawroi mBuakocri (1.3) 3a gauwui
IIPOMiXOK 4acy:
- 1 L
<w>= ; f r (t)dt. (1.6

0
b

Bupasom (1.5) 3amaerecs kimeMartwuse pisHsHHS pyxy (1.2):

F@) =1t + [ v (). 1.
10
o

Y mexaproBuX KOOPAMHATAX BEKTOD ¥ MOXHA BHPA3UTH Yepe3 ITPOCKLi
Ha KOOPAWHATHI OCI:
- -> - ->
v=vitv,jt+ vk,
e

_dx  _dy dz
T T VT ar

e PN R A
r Pt A
' Eé@ o Pand! LA ‘«_11&,4

|  ©s59579

TR e AT <



3a npaBunOM BEKTOPHOI a7Te6pH MOTYMb BekTOpa MBHIKOCTI
v =V, + v+ o2, (1.8)

Hna BusHaueHHs monmy.s WBAAKOCTI MOXHA TAKOX BHKODHCTATH
->

. . . Idri
piBaaHHS (1.4) y ckanapwiit popmi v = T4¢ @ BPAXOBYIOUM, IIO MOAYJb
-
tdr | = ds. Sxmo Bimoma 3ajexHICTh HPORAEHOIO HUIIXY Bil 4acy s(1),
TO MOZyJIb IIBHAKOCTI MOPIBHIOE MOXigHiH Bix HLISIXY 34 YacoM:
d
v =5
dt
Pospisusrors me CKaTIpHY CEPENHIO IBMAKICTD, SIKOI YaCTO KOPHCTY-
I0ThCH HA mpakTHUi. CKaJSIPHOIO CepeaHbolo IMBUAKICTIO HA3UBAKTh
BIMHOMCHHA NPOMICHOIO TiIOM ULTAXY 70 Yacy NPOXONXEHHA:

v, = s/t.

_3ayBa>KHM0, IO B KiHEMATHL NPUIAHATO BHPAXATH cepenHi 3HAYEHHS
BCIX BEJIMYMH SK yCepeaHeHi 3a yacom. 1le CTOCYETBCS SIK CepeaHbOI MBH-
kocri (1.6), Tak i ckanspuoi CEpenHBOl WBHMAKOCTI. 30KpeMa, SKIIO npo-
TAroM wacy f, mWBUAKICTE pyxy Gyna vy, @ ImpoTAroM yacy f, BOHa
AODIBHIOBANA ©¥,, TO CEPEMHS IIBUIOKICTD

_ vl t oy,

v —_—
« T TEF L,

PlBHOMipHHM PYXOM Ha3UBAETECH NPSIMOJIHINHUIA PyX, IIpU IKOMY Ma-
TeplaabHa TOYKA 32 OyHb-iKi PiBHI IPOMiXKH 4yacy IPOXOAHTH OXHAKOBi
JIIXHA.

Y MixHapomHiit cucTemi onuanub (CI) 3a oguammo MBUAKOCTI Npuit-
HSTO METD 32 CEKYHAY (M/C) — MIBHAKICTE PIBHOMipHOTO pyxy, pw SKOMYy
TOUKA MPOXOAWTD MUISX 3aBAOBXKH OZMH METp 3a OHY CEKYHIY.

§ 1.4. Npuckopenns

Yy 3arajJibHOMY BHNANKY MATEpiaJbHA TOUKA PYXAETHCS HEpIBHOMIpPHO,
a OTXE, 1l BUAKICTD 3MIHIOETECA 338 MOLYJEM i 33 HampsmoM. Taxuit pyx
Ha3MBAIOTL SMIHHMM i XapaKTEPH3YIOTh NPUCKOPeHHIM. Hexait min yac py-
Xy TOYKH MO IUIOCKIH TpaekTopii mportsrom yacy At ii mBuAKicTB
- . > . -> »
3MIHWIACA Bifl v, y Touni A mo v, y Toudi B (puc. 1.5, q), a noBHa 3MiHa
. -> -> -> K ->
mBeuaKocTi Av = v, — v,. Cepennim MPHCKOPEHHAM <a> 33 MPOMIiXOK
4acy Af HA3WBAKTh BiNHOWEHHS 3MIHM BEKTOPa WBHAKOCTI AV 10
OPOMIXKY uacy Af:
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A—)
-
<@ = a9

MuTtreBe mpuckopenHsi (a0 NPUCKOPEHHS) BU3HAYAETHCS IPAHMICIO,
>
IO AKOI mpgMye CepegHE HpPHCKOpeHHs <a> npu At - (:

> _dv (1.10)
7
abo 3 ypaxysauusm ¢opmyan (1.4)
- 2>
o= dfdr) _dr (1.11)
dt\ dt dit?

-

ITpuckopeHHSIM HAa3MBAKOTh BEKTOP .a, KM NOPIBHIOE mepmii moximHii
Bil BEKTOpA IIBUAKOCTI abo Apyridl moximmiit Bim BEKTOpa nepeMileHHd 3a
4yacom.

-

A %

Puc. 1.5

> -
Ilpm smimnoMy pyci npuckopenHsa a = a(t) i pisuserg (1.10)
-> -> .
dv = a(t)dt mae MOXJHMBICTh BM3HAUMTH CKiHUEHHY 3MiHY MIBMAKOCTI 3a
TIPOMIXOK 4acy Bim 7, 10 f:

<y

® t

— - - -
Jar=v (@) -v(t)=[a@d (1.12)
v(lo) N
i sHalTH cepenHe npuckopeHHd (1.9): (
t
@ = —— [ Z(0)ar.

t_toza

Y mpoexnisx Ha KOOPAMHATHI OCi BEKTOP HNPHCKOPEHHS

- > -> -
a=a i+t aj+ak,

Ac

do, _dx  _dv, _dy _dv._ d:
“EI T YT d T a T a T a
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Posraguemo 3aranpHmit BHIIAZI0K 3MiHHOTO pyxy. [Llag uboro n06yzxyeMo

BEKTOD 3MiHMW IIBMAKOCTI Av TepeHicim napanenbno BEKTOP vz i3 TOUKH
B y touky A (puc. 1.5, 6) Poskiapemo BekTop Av HA /IBi B3a€MHO TIEPIICH-
IUKYASpHI CKA3[0Bi: Av — B3I0BX BeKTopa vl, SIKy HA3WBAIOTh TAH-
reHuiaspuor (a6o MOTHUHOW), i Avn— HOpMaabHy (260 AOUEHTPOBY),

i > -> - -> i
HanpsmJIEHy 1O HOPMAJ A0 BEKTOpa v, To0T0 A = Av, + Av,. [loninueum
ue piBHSHHS Ha Af 1 nepeimosmm no rpanuni npu Af - 0, orpuMaemo

T 12

d; 3 ch—; dt_;

dt — dt dt -
. —>
i . -> d’U‘z
OTxe, npuckopeHHsd Mae ABi CKJIANOBi, OIHY 3 SKUX a_ = ~J; Hasusa-
-
. - dv,
I0Th TAHTEHUiaJbHUM (aB0 ZOTHUHHM) NPUCKOPEHHAM, 4 APYTY a, =

— HOpMasnbHIM (200 NOLEHTPOBUM) TIPUCKOPEHHSM. [10BHE HPHCKOpPEHHS
JOPIiBHIOE BEKTOPHIA CyMi
- >

a=a+a, (1.13)

n

TaHreHmiaJbHEe NMPUCKOPEHHY XaPAKTEPU3YE 3MIHY BEXTOpPA IIBMAKOCTI
3a moxyneM. Bekrtop Z HANpgMJICHWH MO JOTHYHIM IO TPaekTopil y AaHii
TOYLi i YMCESBHO JOPIBHIOE TPOEKIlii BEKTOpA ITOBHOIO MPUCKOPEHHS Ha
HATpsM BEKTOPa IBUAKOCTI 'z_;:

o = dv (1.14)
odt”
. dv,
3HaiaeMo MOy Ib BEKTOPAa HOPMAJIbHOTO NPUCKOPEHHS @, = 7 i #ioro

HanpgM y HaWnpoCTiIoOMy BUNAAKy KPHWBOJIHIMHOTO pyXy —
piBHOMipHOMY OBepranni TOuku 1o Koy pagiyca R. Ipu usomy Momysb
IIBUAKOCTI 3aJMIIAETHCS CTAJIUM, a 3MIHIOETHCA TLIBKY il HanpsMm. Hexait
3a MaJui NPOMiXOK uacy Af MarepiajibHa TOUKA MEPEMICTAIACH 3 NOJO0-
XKEHHd A Ha gpaelgopn B NOJIOXKEHHd B i Binfysnacs 3miHa mBUAKOCTI 3a

HampsimoMm Av, = v, — v, (puc. 1.6). Bpaxonyroun 1110 MOJyJIb IUBHOKOCTI
HE 3MIHUBCH, ONYCTUMO iHAEKCH MOIYJIiB lvll = Ivzl = v. 3 nmonmibuocTi
TpuKyTHHUKA AOB 1 TPUKYTHHKA, YTBOPEHOIO BEKTOpaMu -5)1, 1_7)2 i A;, "
MaeMo

AU’" v (32
E—E abo Avn——R‘AS,
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e noBxuHa ayru As = AB npu manomy Af. Tloginnmo ocrasne piBHIHHSI
Ha At i nmepeitmemo mo rpanuni npu Ar - 0. Toxi

A’U’ As dv v ds

lim —* = £ 1im ==, a6o R
At->Q At R At->0 At dt R dt

3BigcK 3HAXOAMMO MOAY/b HOPMAILHOIO MPUCKOPEHHS
a, = v*/R. (1.15

Tlpu pisHOMipHOMY O0epTaHHI MOAY/IF HOPMAJBHOIO IPUCKOPCHHY CTa-

i e d
s, Ockinbku mpu Al - 0 xyt Ap - 01 LABO > 7> TO BEKTOD @, y rpa-
-
HUYHOMY MEPEXOAI MEPNEHAMKYJSIPHUM A0 BEKTOPAa MBHAKOCTI v Yy

Oyap-gKi# Toumi Kosia, TOOTO HampaMmieHM# no pagiycy Ao ueHrpa xona i
mix yac pyxy OesmepepBHO 3MIHIOE HAMIPSIM.

Puc. 1.6 Puc. 1.7

3asnaunmo, mo dopmyna (1.15) cnpaBemiuea TaKOX i 1 3aTaJbHOTO
BUMAJKY 3MIiHHOTO PyXy MO AOBiJbHIM KPUBOMIHINHINA TpaekTOpil, KOJH
BEKTOD (_t)n 3MIHIOETBCA 8K 3a-MOIYJIEM, TaK i 3a HANpIMOM. Y 1IbOMY pasi
v i R — 1e¢ MUTTEBI 3HAUECHHI MOAYJS HIBUAKOCTL i paziyca KpPUBU3HH
TPAEKTOPil y FaHil TOULj.

HopmasibHe NpPHCKOPEHHS XapaKTEpHU3ye 3MiHY BEKTOPA IMBHAKOCTI 3a
HATpaMoM. Bextop Z,, HANpSMJICHUY B3JOBX Pagiyca KPUBM3HM TPAEKTOPII
JO MHTTEBOrO ICHTpPa KpuBu3HHM (puc. 1.7), a MOT0 MOOY/Ib BHPAXKAECTHCH
dopmysioro (1.15).

[ToBHe NpPUCKOPEHHS 3MIiHHOIO DyXy B 6yub-sg<m71_)M0M(aHT yacy

nopisaioc BektopHii cymi (1.13). OckibKu BEKTOPH @, i ¢, B3AEMHO meEp-

-
neHguKyasgpui (gque. puc. 1.7), TO MOAyJib BEKTOpAa a i MOT0 HAMPIM
BiJJHOCHO BEKTOpA LIBMAKOCTI BH3HAUAIOTH 3a (opMynamu:
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2 2
dv v? a
a=Vaf+ai=\/—— + || tga= 2, (1.16)
dt R a,
. —). >
I¢ 0 — KyT MiX BEKTOpaMu a i v.
PiBHO3MIHHEM Ha3WBAIOTH PyX, HpH SIKOMY 32 Oyab-siKi piBHI TPOMIXKH
Yacy IBMAKICTh 3MIHIOCTBCS HA ONHAKOBY BeIMUMHY. Ilpm TaKOMy pyci
NPUCKOPEHHS CTAJIE | AOPiBHIOE CEPENHBOMY MPHCKOPeHHIO. OCHOBHI

piBHsiHHEA Kinematuku (1.10), (1.12), i (1.5) nas piBHO3MiHHOTO pyxy ma-
1O0Th BUIISA -

= A_‘t’ = const; 1_7)(t) = ;(to) + 2(1 — to); (1.17

- -> - > (f —t 2
K1) =r(te) + v (to)(t — to) + a (—2—"—)—;
A€ fo — MOYATKOBMA MOMEHT yacy. SIKIIO WBHMAKICTb PiBHO3MIHHOTO Pyxy

3 4acoM 301IbIIYEThCSA, TO PyX HA3UBAKTH PiBHONIPUCKOPEHHM, a SIKINO
3MCHIIYETbCH — PIiBHOCTOBiIbHEHUM. [IpHCKOPEHHS BBAXAETHCA AOAAT-
-

HUM, SIKIIO HANPAM TAHTCHUIAJILHOTO MPUCKOPEHHS 4, 30iracThes 3 Hamps-

(1.18)

>
MOM MBMAKOCTI ¥(f), i BiR’€MHMM — NpPH OPOTHIEXHMX HATpAMax
- -

BEKTOPiB a; i v. IIpu piBHO3MiHHOMY MPIMOJTIHIHHOMY pyCi HOpMasbHe
IIPUCKOPEHHS TOPIBHIOE HYJIIO i MOBFE IPHCKOPEHHS HE 3MIHIOE HATIPSMY.
Toni pisusana (1.17) i (1.18) y cxanapriii dopmi HalyBaiOTh BHUIISTY:

a=const; v(t) =v(t) +a(t —1,); (1.19)

N _ 2

IAr | = U(to)(t - to) + Cl(lz_t())", (1.20)
Ae piBHOCTIOBLIBHEHOMY DyXOBi Bimmosizae a < 0, a PiBHOIIPUCKOPEHOMY —
a> 0.

Omuuuuero npuckopenns 8 Cl ¢ merp na CeKyHay B KBaaparti (M/c%) —
NPUCKOPCHHS PIBHO3MIHHOTO pyXy, IiA 4ac SKOro IIOCEKYHAM MIBUAKICTH
3MiHIOETBCA Ha 1 M/cC.

Bexropy nepeMillieHHs, WBUAKOCTI i IPUCKOPEHHS HANEXATD JO OCHOB-
HUX KiHEMATUYHUX XAaPAKTEPUCTHK HOCTYNAIBHOIO PyXy.

HNpnkaax 1.1, Tino OfHy 4eTBEPTY YACTHHY UUIAXY pyXajocs 3i CTasow IIBMAKICTIO
v, =2 M/c, motiM TpeTio HacTMHY UWUIAXY, INO 3aJMIUMBCH, 3i CTAJOK IUBMAKICTIO

vy = 1 M/c, a pewITy LUISIXy — 3i CTaTUM DPHCKOPEHHAM i B KiHII MUIIXY Majo INBHMAKICTH
3 = 7 M/c. BUSHAUNTH CEPEAHIO IUBMIKICTh 33 BECH UAC pyxy.
Poss’szanusg. 3a dopMyson cepenHboi CKAMSIPHOI IBMAKOCTI
S+ 85+ 83
[P

IMepmi aBi YaCTMHM LUISXY TLIO INPOXOAMJIO 3@ TNPOMIKKM  4acy

_ s
4,
Yac TpOXOMKEHHS OCTAHHBOI YACTMHM LUISIXY BM3HAYAEMO i3 DIBHSHHS

t

2
at}

= pyl; + 5

s
2
vy — ¥y . ¢ N
; 3Bigcu = ——
t; R vyt v,

Ilicns miacranoBky 3Hauens §; i f,(i = 1,2,3) y ¢dopmyny (1), sHaxonumo

ne a=

4v vy(ry + 3)

= , v, = 2 M/c.
Yex (wy + vy)(vy + v3) + dvyvy, &

§ 1.5. Kinematnka ofepransHoro pyxy

PosrisiHeMO KiHEMATMYHI XapaKTePUCTHKHM OKPEMOTO BMTIAAKY KpH-
BOJIIHIMHOTO pyXy IO MJOCKii KPUBi — PyXy MaTEpiasibHOI TOUKH 1O KO-
JIy HaBKOJIO HEPYXOMOI OCi.

Hexa# marepianpHa touka M py-
xaeThca 1o Koy paniyca R. Ilouatok O
MPSMOKYTHOI CHCTEMU KoOpauHAT XYZ
posmicTuMo Ha oci obeprasHa OO’ i
cnpsmyeMo Bice OZ B3pox oci OO’
(puc. 1.8). Toxi mrommua xona Gyne na-
paJieJbHOKX KOOPAWHATHIA TMIOMMHI
XOY i noJoXeHHS TOUKH M y npocTopi
BU3HAYATMMETECS PafiyCOM-BEKTOPOM

-> -> ->
r(t) = x ()i +y @)

ITepeMiEHHS TOYKH TIO KOTY TIPOTSIOM
yacy t XapaKTEPU3YIOTH KYTOM o(2) noso-
pOTy BEKTOpA R, POBEACHOTO i3 LEHTPA KO-
na O, po touku M, 10610 MOmyab |R |
mopisHoe pamiycy xoma. Kyr o(7)
BiAPAXOBYIOTH Bill IwiommHK XOZ i HasuBa-
0Tb Kymoaum nepemiujernsm. HIBUAKICTD Puc. 1.8
v (t), 3 49x0100 MaTepiajpHAa TOYKA py-

XaEThCA MO KOy, HASHBAIOTh JUHIIHOO.

Ilna kiHeMaTHuHOro onucaHHs o0epTaabHOTO PyXy KyTOBE me-
peMimeHHS MaTepiaibHOI TOUKH 33 CKiHUCHHMM Majui TPOMikOK yacy
Ar 300paxyloTh y BHIVIAAI BEKTOpa Majoro KyTa HOBOPOTY Ag. _Monynb
LBOI0 BEKTOPA JOPIBHIOE KyTOBOMY NEPEMIIIEHHIO 34 JaHUM [MPOMIXOK Ya-
cy IAE; | = Ag. Mloro HampaM noB’a3y1oTh 3 BiCCO o0epTaHHd i HANPIMOM
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. - ->
ofepTanHs TOUKM HABKOJO OCi 33 TAKOW TOMOBIEHICTIO: BEKTOp A¢ Ha-
NPAMJIEHMH B3XOBX oCi 06epranHs y GiK TMOCTYmajabHOTO PyXy Ipasoro

TBMHTA, HIO NMOBEPTAETBCS 32 HANPAMOM OOEPTAHHS MATEPiabHOI TOUKHU
- —>

(amB. puc. 1.8). Otxe, BekTOp A® pasom 3 BEKTOPOM R i BEKTOpPOM

-

JIHIAHOI HIBAAKOCTI ¥ yTBOPIOIOTH TMPABOrBHHTOBY TPIMKY B3a€MHO mep-
- a -> . ->
NCHAUKYISPHUX BeKTOpiB. Hanpsamu BekTopiB R i ¥ BHILIMBAIOTH 3 npu-
pony uMx (i3sMUHMX BEIMUMH, TAKi BEKTOPH HAZHUBAIOTH NOASIPHUMU.
BekTopy, HampsMm SKMX 3aJEXHTh Bix HampgMy oOepTaHHd, HA3MBAIOThH
. >

ocbosumu (abo akcianpHumu). BexTop KyTa MOBOPOTY AQ — OAMH 3 0ChO-
BHAX BEKTOpIB.

Y saranpHOMy BHMAmky KyT MOBOPOTY

-

A¢ 3MiHIOETBCS B uaci HEPIBHOMIPHO i pyx
TOYKH 110 KOJIy XaPAKTEPU3YIOTh BEKTOPOM
->
kymoeoi weudxocmi ©. Bona BusHauacThcs
TPAHULEI, A0 IKOI NMpAMye BigHOMICHHS

-
A¢ no mpomixky uacy Af, 3a KOTpHi
BinOyBcs ueit mosopor, npu At - 0

d-é
-
o=% (1.21)
dt
—. Kyrorow wsuakicrio Hazusaiors BEKTOP
®, 1O AOPIBHIOE MOXimHIN Bix BEKTOpa KyTa
->
TIOBOPOTY 3a 4acoM. BEKTop » — OChoBHii,
HanpsAMJICHUA B3J0BX OCi obepramus i 3a
HAnpsMOM 30ira€ThCsi 3 BEKTOPOM eJeMeH-
-

TAPHOTO KyTa HOBOPOTY d¢ Ta BKasye mo-
JIOXKEHHS oci o0epranns i Hanmpsam obepran-
Hsl TOYKHM HaBkoso oci (pmc. 1.9). Monyas xyTosoi msuakocTi IOPIBHIOE
moxigHik Big Moxyns KyTa HMOBOPOTY 33 4acoM:

Puc. 1.9

_ 49

= 1.22
=g (1.22)

Kyrosa mBmakicTh Moxe 3MiHIOBATHCH 3 uacoMm i eieMeHTapHE KyTOBE

. -~ _ > . . . -

nepemimenss d¢ = o(f)dt. Y upoMy pasi CKiHUEHHMI KyT HoBopoty Ag
3a NPOMIXOK uYacy Af = ¢ — {, ONUCYETbCS BHPA3OM

[N - - .
Jdo =0 -0 @w=]a 0.

)

(1.23)
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g . w .
3HaigeMo 3B 130K MiX KYTOBOK IIBHIAKICTIO © i JIHIWHOI HIBUAKICTIO
-

v MaTepiajgbpHoi ToukH. [Ipu MajoMy KyToBOMYy mepeMimeHHiI A 3a
MPOMiXOK yacy Af TOUKA TPOXOANTH HOBXUHY IYTH Kojaa As = RA@ .(sz.
puc. 1.8). Toginuemu wro piBHicTs Ha Af i nepeﬁmOBH..m OO TpaHulll mpH
At = 0, MaTuMeMO CHiBBiTHOMIEHHS MIX MOZYJIIMH ¥ i ©:

ds _ do = (1.24)
—_— = — R.
7 I abo v =w

> .
Ockinbku R = r sin Q, A€ r — MOAYJIb Pafiyca-BeKTOpa r MATEPiaabHOL
-> - -« PR e .
TOUKH; (0 — KyT MIXX BEKTOPAaMH © i r, TO MOAYJIb JiHifHOI MIBUAKOCTI

v = orsin q, (1.25
a BEKTOp ’l—; BHUPAXACTHCA BEKTOPDHUM IIO6yTKOM:
v=1lorl (1.26)

IIpu ofepranni mo Koy HOpMaJgbHE mpuckopenHs (1.15) 3 BpaxyBezm—

HaM (1.24) MOXHA BMPa3suTH YEpE3 KyTOBY WIBMAKICTH @, = v'/R = &R,
- - K

abo y sektopHiit dopmi a, = —’R, e 3HAK MiHYC MOKA3ye, IO BEKTODPH

> —> i
a, i R MalTh TPOTHJIEXKHI HAMPSIMHU.

PisrOMipanM o0epTaHHIM MO0 KOJY HA3MBAKTh PyX, NPU SKOMY 3a
piBHI IIPOMIXKH uacy BigOyBaeTscsi IMOBOPOT HA TO¥ cammit KyT. Ilpm
piBHOMIpHOMY 00EpPTaHHI KyTOBA MIBUAKICTb CTANA

_Ag 1.27)
C= Ay
i XyT moBopoTy mpomopuiiamii yacosi obepranas. [lepionoM obepraHHs Ha-

3UBAIOTh IPOMIXOK uacy 7', MpPOTIroM SIKOTO MaTepiajibHa TOUKA 3MINCHIOE
omun 06epr. Ockinbku 3a uac Af = T xyr HoBopoty A¢ = 2x, TO

T =2n/o. (1.28)
Yacrora obepraHHS AOPIBHIOE YMCIAY O0EPTIB 33 OMUHMIUO 4acy:
n= % = 2%, abo o = 2nn. (1.29)

3a omuHEuum0 Kyrosoi meuaxkocti B Cl mpuitraTo pamian 3a cexyHmy
(pan/c abo ¢’') — KyTOBa MIBMAKICTb PiBHOMipHOTO 0GEpPTaHHS, MPHU SKOMY
KOXHOI CEKYHAM TOUKA 3AIMCHIOE NOBOPOT HA OAMH pajiaH.

VY 3araabHOMY BMIAAKY HEPIBHOMIpHOTO 00epTaHHs KyTOBa HIBHAKICTh
® MOXe 3MIHIOBATHCD SIK 32 MOZYJIEM BHACJOK 3MiHH 4acTOTH 00epTaHHS

HAEKOJI0 HEPYXOMOI OCi, TaK i 32 HATIPAMOM, SKIIO BiCh 00CPTAHHS 3MiHIOE
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OpieHTanilo B npocropi. Takmit obepraprmit PyX XapaKTepusylOTb KYyTO-

BHUM NPHUCKOPEHHSM. SIKmO 3a Maauii mpoMixok vacy At BexTop ®
. -

3MiHMBCA HA Aw, TO KYTOBE IIPMCKOPEHHS BH3HAYAETHCHS IPAHMICIO, [0

.. ) o
KOl TIPSIMy€ BigHOIIEHHS A7 pu At - 0:

- ->
- do dZ(P
e =40 _ 1.30
7 e ( )
KyToBuM npuckopeHHsSM Ha3UBaOTH BEKTOp e_: AKMH JOPIBHIOE TEpIii

TIOXImHIA Bix BEKTOpA KYTOBOI MIBUAKOCTI abo ApyTil MOXinHiN Big BEKTOpa
KyTad IIOBOPOTY 33 4acoM.
>
BexTop xyToBoro npruckopenns mae Hanpam BekTopa do, To6TO € 0Cho-
suM. Ilpu oGeprasmi HaBKOO HEPYXOMOI OCi B ONHOMY HampsMi KyToBa

MIBUAKICTh 3MIHIOETBCH TIJIBKY 34 MOZyJIEM 1, OTXKE, MOAY/Ib KyTOBOIO Ipu-
CKOPEHHSA

. > - ..
Y upoMy pasi BekTop € , 9K i BEKTOP KyTOBOI INBHAKOCTI, HAIPIMICHUHI
- . . e
B3JOBX OCi oOepraHHs i 3a HampamoMm 36iraeTbca 3 BEKTOPOM 0, SKILO
IBUAKICTh obepTaHHs 36imbmyerses (puc. 1.10, @, & TIpH CTIOBLIBHEHOMY
—

- - a-
obepTaHHi HANIPSME BEKTOPIB € i © nporunexHi (puc. 1.10, 6).
Bu3Hauumo CHiBBiZHOWEHHS MiX TpPHCKOpEHHSME KYTOBUM £ i TaH-

- . (XY . -
reHniagbHUM (abo siHiHMM npu obepranHi mo KoJsy) a,. Buxopuctosyroun
copmynm (1.14) i (1.24), orpumaemo 38’930K Mix MOOyIaMH ¢, i €:

(1.32)

b

-4 _do
Clt—dt (Q)R)—ER—SR

xe R — paniyc kosa, no akoMy o6epraeTbcs TOuKa. Bupasumo paniyc ye-
. -> . .
b€3 MONyJh panlyca-BEKTOpAa r MaTepiajpHO! TOYKH, IPOBENEHOrO i3 Mo-
yaTky koopausar O: R = rsina. Togmi
a, = ersina = ersin (n — a),

. > . —> .
A€ & — KYT MLX BEKTOPAMH 7 i &€ B pasi IPHCKOPEHOTO pyxXy IO KOy
(. puc. 1.10, @); (1 — 0) — KyT MiX HUMHE NPH CHOBLIbHEHOMY 06ep-

TauHi (qus. puc. 1.10, 6). OcraHHiil BMpas y BeKTOpHik opMmi HaOysae
BULJISTY

-> >
a=[er] (1.33)
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Y 3arajpHOMY BHINIAAKy HEPIBHOMIpHOTO OOEpTAaHHS €EMEHTAPHA 3MiHA
b d =4 . - .
KyTOBOI WBHUAKOCTI do = € (f)dt, a 3a CKiHUEHHUWH DPOMIXOK yacy
-
At =t — 1, 3MiHA KyTOBOI IDBHIKOCTI A® JAE€ThCS BHPA3OM:

(1) L
[do=6 @) - o) = [cQ@ad. (1.34)
a(t) %

Lieit Bupa3 3amac kinemaTwune pisHsuHs (1.23) obepranbHOro pyxy.
PipHO3MiHHEM O00EpTaHHSAM MAaTEpiaNbHOI TOUKH IO KOJy HA3WBAIOTh
obepTanbHUi pyX, TipM AKOMY 33 DiBHi MPOMIXKHM Yacy KyTOBa IUIBAAKICTH
3MIHIOETHCS HAa OAHAKOBY BenvumHy. [Ipu piBHO3MiHHOMY obepraHHi B Of1-
l i

- |
W | dw<o

Puc. 1.10

HOMy HATpsMi KyTOBE MPUCKOPEHHS! CTajde i MOAYJi KyTOBOI LIBHAKOCTI
(1.34) ta kyra mosopory (1.23) y maHMi MOMEHT 4acCy ! BHUPAXaKOThCH
dbopmynaamu:

o(t) = ofty) + e(t = £,); (1.35)

0(t) = lty) + 0(t)(t — 1) + f'_(t_'ztﬁ_)_ (1.36)

He fo — TOYATKOBMH MOMEHT 4acy; NpH DiBHONPUCKOpeHOMY obepTaHHi
¢ > 0, a npu pisHOCNOBiTBHEHOMY — € < 0.

Kyrose mpuckopenns B Cl BEMipioeTbcs B pajiaHax Ha CEKyHAYy B
kBagpari (pan/c’ abo ¢ ). _

OCHOBHI piBHAHHS KiHEMATHKM 00epTaJBHOTO Ta TOCTYIAJBHOIO PYXiB
MaTepiasbHOI TOUKM moxibui. 3aminuemm y pisHsHHAX (1.5) i (1.12) me-
peMinieHHs, MBUAKICTh T4 OPUCKOPCHHS HA BiAMOBiAHI KYTOBi BEJIMUHHH,
MoxHa orpuMaTy piHsHHg (1.23) i (1.34).
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§ 1.6. NMnockui pyx TBepgoro Tina

Pyx tBepmoro Tina masusaiors TILIOCKUM, SIKIIO BCi MOrO TOUKM MAKOTh
MIBUAKOCT], BEKTODH SIKUX IaPAJIEAbHI neqkidt nromuni. TTnockumit PyX mu-
POKO BHKOpHCTOBYETBCS y TexHiumi. Ilepeaxna GLTbmIicT MeXaHiZMip —
L€ CACTEMH TBEPOUX TLA, IO 3XiMCHIOIOTH MIOCKUY pyx. Hanpuknan, xpu-
BOITUITHUHA MEXaHi3M y HOro umcieHHUX Momugikanisx, pyx kojaeca mo
NPSIMOJTIHIHHOMY LIISXy, OBGEPTAHHS Tijla HABKOIO HEPYXOMOI OCi.

Hexaii Tino A pyxaerses napanensno mronuHi /T (puc. 1.11). Ipoge-
AEMO YSBHO B TiJi BEJUKE UMCIO IIOMWH, napaaennHux I7. Tino
pO3i6’€ThCH HA HU3KY ILIOCKHX diryp, HaknageHnx omgma Ha ONHY.

Bci Touku, mo Hanexarte Oyab-akiit opmiit (irypi, MaoTh mBUAKOCTI,
Hanupsamieri B wiomuHi dirypm, i, orxe, Bona PYXA€EThCA Y CBOIN IJIOIIMHI,
Axmo B axiii-HeGyap ¢irypi (S) BasTu TOYKYy M i mpoBecTm uepes Hel

NEPNCHANKYIAp N0 romyHn Girypu (S), To BCi TOUKH M, M,, ..., mo
4 ?1’—_\\
Mo (S)
A
i X
(4 !
x
yﬂ 0’ L
Yo
0 - r
Puc. 1.11 Puc. 1.12

JICXKAaTh HA LbOMY MEPNEHIUKYIIP] i HANEXKATb iHITAM dirypam, GyayTe
OTUCYBATH ONHAKOBI TPAEKTOPIl, MATHMYTh OJHAKOBI INBUAKOCTI i OxHA-
KOBi IPACKOPEHHS, OCKLIbKY BCi (irypu xopcTko 38’a3ani Mix co6oro i He
MOXYTb PyXaTHCh OmHA BITHOCHO omHOI. OTXe, PyX OmHIEI TaKOi MIOCKOT
(birypu TOBHICTIO BU3HAYAE PYX BCHOTO TBepaoro Tiza. Lle cyrreso cmpo-
Ily€ BUBUCHHS ILIOCKOrO pyXy TBEPAOrO Tija, i B TMORANBIIOMY MH pO3-
DJISJaTUMEMO PyX TIOCKOL (pirypw B 1 maomusi.

Busnaunmo nosoxerHs mwiockoi (irypm i TpaekTopii ii Touok. ILnst upo-~
TO Bi3bMEMO MBI CHCTEMHM KOODAMHAT y IUTOLIHMHI ¢irypu: ogny cucremy
XOY nepyxomy, apyry — X'O'Y’ 3B’93aHy 3 irypoo (S), sKa Moxe
3MIMCHIOBATH MOCTYIAIbHEE i obepraabHuit pyxu (puc. 1.12), [1lo6 3agatk
AOOATHHW HANpPSM HOBOPOTY ¢dirypu, momoBuMOCH BBAXATH, IO MHEPIIEH-
AMKYJISPHA O IIOMUHK (irypu Bich OZ 060X KOOPIMHATHHX CHCTEM Ha-
npsmiesa "ao Hac', T06TO0 oOCi OXYZ i O'X'YZ YTBOPIOIOTh
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NPABOTBUHTOBI CHCTEMM: MU 63::1?;(1)1(1;101;005;; I(fnizi OX no oci O' X' Takum,
moI?ilolfgiiir;flﬂurcl)ioijllgﬁ)g;niomfn M irypu (S) BusHauatumemo abo
paniycoM-BEKTOPOM r_j TPOBEACHMM 3 TOYATKY (0] I-?epyXOMO'l' CI/IC’TCMI/I KO:
opamuat, a0 pamiycoM-BEKTOPOM r", NPOBENCHMM i3 MOYATKY (0] py):)gx;)i
cucrtemu. Pagiyc-extop mouarky O' pyXOMoOi CHCTEMH KOOp)f[I/IH.aT n
YHMO 4epe3 r-; 3 puc. 1.12 sunaMBac oueBMAHA BCKTOPHA DiBHICTD!

=T (137

-
ko dirypa pyXa€Tbcs, 3MIiHIOETbCH 3 4acoM paalyC-BEKTOp 7, a
. ! ) 4 . -
pagpiyc-BEKTOp 7 y pyxomiit cucremi koopawHat X'O Y mx yac pyxy 2?5[
aumaerbes HesMinauM. [TomoxeHus an'ypp{ (S) mosricTIO By{gﬂﬁqimbo_
TOJIOXEHHAM PyXOMOI CHCTEMHM KOODAMHAT BiTHOCHO Hepyxom;l;( / OJ; g :HaT
il yacy MOJIOXEHHS TMOYATK
ro JOCTaTHBO 3ajaTv K (HYHKHIl Y2 ( '
O'Ii( KyT ¢, YTBODEHMH PyXOMOK BICCIO O’'X' 3 HEPYXOMOIO BICCIO (gfé
1 Th OCHOBHOI TOUK
TToyatok koopamuar O’ pyXOMOI CUCTEMH HA3HBAKY )

- b4 - r
abo mosrrocoM. Kyt ¢ y upoMy pasi € KyTOM MOBOPOTY pajlyca-BEKTOpa
HABKOJIO ITOJIIOCA. _ _

TaKuM UMHOM, IUTOCKMH PyX TBEDAOrO Tila BM3HAYAETHCH PIBHAHHIM
—> d . . ”
HOCTYMAMBHOIO PyXy HOJIOCA ry = (1) i piBHIHHAM o6ep'Taanoro pyxy
¢ = ¢(¢) maBkoso mogioca. Pisasnus (1.37) — ue piBHSHHS pz 13.71
HOBinbHOI TOUKM ILIOCKOI (iryps, a6o napaMe;)pane PiBHSHH
it i (mapaMeTpoM € 4ac ). _ o
TPAcKTOPil y BEKTOPHIM dpopm ( s B 3
P s I;I/I3H31ICHHSI PO3MOALTY IIBHAKOCTEH y DyXOMil RUIOCKii ¢irypi
mponu@EepeHLiloeEMO 32 YaCOM PIiBHSIHHS PYXy (1.37):

&r _dry,  dr

-
= — = + —_—
VW T At T dt
abo
=00V (1.38)
[ 3 d_)’
- r
v d;; i NAJIBHOTO PYyXy TOJIICA; ¥ ' = —7—
Ae vo = 5 — WBUAKICT MOCTY 7

JNiHi#HA IMBUAKICTH 06€p'1_‘>aJIhHOI‘O pyXy TOYKH HABKOJIO nomoca.. Bupaxa-
OuM JiHIiHY MBHAKICTD v ' (bopMynorp (1.26), piBHgHHS PO3NOXILY IIBUA-
kocreil (1.38) mepemmmemo y BHIVIAI

v=vot (o7 1 (1.39)

TOUKH JlOplBHIOG BCKT Opﬂln CyMl mBHI‘KOCIl v 0 TII0CT yIIa.}[I)HOI (8] p Y X y T1/14
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1 JIIHIMHOL H.[BHZ(KOC]I, HKy Oog TOUka MaJja 6, SIKGI/I OJIKOC 6yB HprXOMI/II/I

I TUIO 06epIaJIOC5] HABKOJIO HBOIO 3 Ky TOBOIO IHBHHK]CIIO ,
] I TIPHK. HEXau TII0 3)11HCH]0€ ILI1O

Mae€ WBUAKI
a Bn 1CTB MOCTYNAMBHOTO PyXy v, (puc. 1.13), Toni weuakicTs immoi
KM B 3HAXOIMMO SIK TEOMETpHUHY cymy

> - -
Ue = Vat Vi, (1.40)

-
€ Vap — JIiHIH i
A€ V4p — JiHiAHA WBHIKICTHL obepranus Touku B HaBKOJIO TOUKM A, mo
b

UHCEJIBHO JOPIBHIOE AB ® i
. HanpgaMiieHa nepre
npsami obepranug Tijga. PSRy Rapo Ko AB y na-

Moxna JOBECTH, WIO y MPOLEC] ILI0-
CKOTO pyXy (HENMOCTYNAaIbHOrO) dbirypu
B KO)KI.-II/II‘/'I MOMEHT 4Yacy iCHye Touka
IIIBI/'IZIKICTB 9KOi  y e MOMCH’I"
AopiBHIOE HYM10. {10 Touky HaszuBaioTh
MATTEBMM UEHTPOM IIBUIKOCTEH. SIk-
o ngnﬁnﬂm MUTTEBUA LEHTD IUBMK-
KOCTEH 33 MOJKC, TO 3aKOH posnogiay
mwBuakocTed  (1.39) COPOIIYETHCH [0
BHIJISAY:

1 (1.41)

:I‘aKIm UHHOM, DOSHOALT INBHAKO-
CTeH y birypi, ska 3mificHIOE MIOCKHE

Puc. 1.13

Puc. 1.14 Puc. 1.15

. X . . .
I;-)Izp,xyo b OOI)KHI/II/I MOMEHT YacCy Takwmif, Haue ¢irypa 00epTaeThCsi HABKOJIO
mBH}; oo oci, mo TIPOXOANTD Y€PE3 MHTTEBHI HeHTp. [nmumu cnosamu
JOBIJIBHOI TOUYKHW ILT 1 i ' ’

1_TLTOCKOT ¢dirypu 3a HanpsaMoM NeprneHAMKY-

JIIPHA 1O pamiyca-sekTopa r, i
» MPOBEACHOIO 3 MUTTEBOTO iel
TOUYKH, a 3a MOIyJIEM HOPIBHIOE -7 (puc. 1.14) HeHTpa P o wici
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CyTTEBa BiIMiHHICTH IUIOCKOTO PYXY BiX 0O€PTAHHS HABKOJIO HEPYXOMOI
OCi MOA9ITac y TOMy, IO Y OCTAHHBOMY BHNAAKY iCHYE peajbHa HEPYyXOMa
BiCh, a TIPH IUIOCKOMY pycCi Bicb OOepraHHSI TPOXOAMTH YEPE3 MHUTTEBHH
LUEHTp TiABKM B LAHUI MOMEHT uacy. B mpoieci pyxy MHTTEBHH LICHTP
3aifMae pi3Hi MOJOXEHHT y pyxoMii ¢irypi, 36irarounce 3 pisHEMH ii TOU-

KaMHu.
dxmo Bimomi IIBHAKOCTI ABOX MOBLIBHUX TOYOK Tija, TO IOJIOXCHHS

MUTTEBOTO IEHTPA 36irdeThCst 3 TOUKOKI MEPETHHY NEPIEHANKYIAPIB, HPO-
BEIEHMX i3 LMUX TOYOK [0 HATPSIMIB IBUAKOCTER (muB. puc. 1.14).
-> -
Y TOMy pasi, KO BEKTOPW IMBUIKOCTEH v, i ¥, HANPAMJICHI B3XOBX
[apajeabHUX TPSIMHUX, 4 TOYKH A i B j1exaTh Ha NEPHEHAMKYJIApi, PO~

_BEICHOMY [0 HampsmiB WBHAKOCTEH (pHC. 1.15), MATTEBHH IEHTP

PO3MICTHTBCH ¥ TOULI TIEPETHHY NEPIEHAUKYAIPA 3 NPSMOI0, MPOBEACHOIO
-> -

yepes xiHui BexTopiB v, i v, Il0oJOXKEHHS MHUTTEBOrO IEHTPA i KyTOBA

IIBHAKICTh (Pirypu BH3HAUYAIOTHCS i3 YMOB:

mzﬁ-:—vi‘ PA + PB = AB
PA PR’ - ’

J€ BEpXHilf 3HAK BiANOBIZAC OZHAKOBOMY HANPSMOBi IIBMAKOCTEH (puc.
1.15, a), a HmxHii — nporwiexsoMmy (puc. 1.15, 6).

Tpuknag 1.2. O6pyu, pagiyc gkoro 1 M, KOTUTBCS
6e3 KOB3aHHS 1O TOPM3OHTANBbHIM  noBepxHi  3i
mBuakicTio 2 M/¢. Y meBHuit MOMEHT uacy TOuKa A
ofpyua motmkaeThes mosepxui (puc. 1.16). Skoio Gyne
IIBMAKICTh TOuKM A uepes n/6 cexysm micas uboro?

Poszs’a3aHHs. Y MOMEHT yacy ¢ = n/6 Touka
C o6pyya — MUTTEBMI LEHTD MIBMAKOCTEHM $K TOYKA
AOTHKY A0 NOBEPXHi, WO Mae pisHY HYJIO UIBMAKICTB
noBepxHi. ¥ LEH MOMEHT MOAYJb WBHAKOCTI TOuku A
Oyne )
vy =CA 0. 8]

3a TEeopeMOr KOCHHYCIB

CA = V2R¥(1 = cos ¢) = 2R sin ¢/2, Puc. 1.16

ne R — papiyc ofpyua; ¢ — KyT MOBOpOTY pajiyca 3a

OPOMDKOK uacy f. Y NO4arKOBMI MOMEHT 4YaCy IOBEPXHi JOTHMKAETBCS TOUKA Aif

mBMAKiCTb, 3rigHo 3 (1.39),
- - - >

vy =vy+ [0R] = 0,

a60 B MpOEKUisiX H4 TOPU3OHTANBHY BiCh vy — @R = 0. 3BiACM BH3HAUAEMO KYTOBY

wBKAKICTL 00pyua

o = vy/R. (2)
Kyt nosopoty
_ _ Yo" . _ . vom 3)
¢ = ot 28 | CA = 2R sin 2R
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BaminuBui y eupasi (1) Bermumuu o i CA Bupaszamu (2) i (3), 3naxoaumo

. Yol
v, = 2wy Sin TR+ Ta = 2M/C

ITpuknan 1.3. Koneco, miamerp sxoro d = 0,1m, Hacamkene Ha TOPU30OHTAJbHY BICh,
KOTUTbCH 03 KOB3aHMHS 1O FOPM3OHTAJBHIN MIOUMHI 3i WBMAKICTIO ¥ = 0,25 m/c, onu-
CYIOUH KOJIO pagiyca R = 0,4 M. 3uaiit MOHYJIb PE3YILTYIOUOI KYTOBOI LIBMAKOCTI i KyT
il HaXWjly 70 BEPTHUKAJI.

Po:.isv’ﬂsaﬂﬂst. Hexait Koneco KOTUTbCS TaK, SK MOKA3aHO HA puc. 1.17, a.
Y mpani #0ro pyx BMAHO TaKuM, WO BigOyBaeThCst 3a TOZMHHMKOBOIO crpiikor. Koneco
OfHOYacHO Gepe yuacTh y ABOX OGEPTaNbHMX pyxax: 00epTaETbCst HABKONO BIACHOI IOpU-

>

R 0, 30HTANBHOI oci OO; 3 KyTOBOK WBHMAKICTIO ®, i Ha-

Bexrop peay.nb'ryfoioi 1<_¥Tono_i> WBUAKOCTI ROpPiBHIOE re-
?M_grpmquiﬂ cyMi © = 01 + ©;. Ockinbku BEKTOPH ©)
& 30, I ®, B3AEMHO TICPNEHAMKYJISIDHI, TO BEKTOD © ONUCYE
S - 0 xonyc npu pyci koneca. Moro mogyns

= 2 2 ()
® = Vo + o,
a > Lo
@, 4 KyT & Haxuiry o po seprukani (puc. 1.17, 6) 6yne
0 . @y
- 2 tgx = — )
Wy

Wy

. - I .
Mogynp BEKTOpA WIBHAKOCTI ) 3HakaeMo i3 yMoBH,
) HI0 KOJECO KOTHTHCH TIO IUIOIMHI 0€3 KOB3aHHs, To6TO
Puc. 1.17 NigifiHa magnmcn ¥; TOUKM JROTHMKY KOJeca A0 Mio-
IMHA  AOpiBHIOE Hymo. HIsuaxicts ¥, JHAOPiBHIOE

) o ) pismui ninifisol mBKakocti o6epraHHs KoJeca HABKOJO
oci 00, i miniitnol meuakocti ©,d/2 obepranHs xoneca HaBKOJO OCE 00;:

od

v, =Y -5,
. _ . > . v
3BigCHM ©; = 2v/d. Moayns wBUAKOCTI ®), JOPIBHIOE ©, = E' IlincraBupiiy  3HaueHHS

o, i 0, y dopmyau (1) i (2), orpumyemo

0o=2
R

p 2
L%}i) +1; (o=5c'1;

o = arctg ldli; o = 1,45 pan.

Po3gin 2. OcHoBM gMHaMmiKKM

§ 2.1. Mei 3aCTOCYBAHHA KNacCMYHOT MeXaHixm

Y x/1acuuHil MexaHili cTaH pyxy MaTepiaJbHOI TOUKH B Oyxb-sKmit MO-
eee -
MCHT 4acy XapakTepU3yeTbCs il monoxeHHaM r (f) Ha 6GesnepepBHii
ee - > .
TpaekTopii i mBmaKicTIO v (7). Llux KiHEMATMUHMX XapaKTEpPUCTHK HENO-
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BKOJIO BEPTHMKANBHO! OCi OO0, 3 KYTOBOK IBMAKICTIO ®,.

CTaTHLO /IS IIOBHOrO OIMMCAHHS 3arajbHUX BJACTHBOCTEH pyXy — He-
06XiqHO e 3’SICyBATH MPUUYMHM, AKi BUKJIMKAIOTh PyX 200 3MiHIOIOTH HOTO
cran. Ha xapakrep pyXy BIUIMBAIOTh BJACTUBOCTI PYyXOMOTO TijIa i HABKO-
JIMIIHE CepefOBUIIE.

JyHamixa — posaisi MexXaHiKH, B IKOMY BHBUAETbCI PyX MATEPiaIbHAX
06’exTiB 3 ypaxyBaHHSIM iXHiX B3a€MOZii, IO 3yMOB/IOIOTb TOA UM IHIOWIA
xapakrtep pyxy. Ha BigMiHy Bix XiHeMaTWKu, y AMHAMILl PO3IJISNAOTHCS
peanbHi 06’ekTH, 9Ki, KpiM IMBHAKOCTI i MPUCKOPEHHI, MAKTH Macy,
iMITyJIBC, €HEprilo | B3aEMORIIOTh 3 HABKOJIMIIHIME Timamu. Bsaemomii mix
TiZIAMM 3MIHIOIOTH CTaH Pyxy | BHpaxarTecs cuaaMH. 51K i mexawika B
UiIOMY, JUHAMIKA MOALISETHCS HA KJIACHUYHY, PEJSTHBICTCHKY, KBAHTOBY.

Knacuuna guHaMika MartepiajbHOI TOUKYM (MOCTYNAJBHOTO PyXy TLIA)
IPYHTYETbCA HA TPbOX 3akoHax HproToHa, chopMyabOBAHMX HA TIICTaBi
y3araJbHEHHS YHCJACHHUX MOCHIMHAX (akTiB. I3 3akonis HeioTona 3 ypa-
XYBAHHSM OCHOBHMX PiBHSHb KIHEMATHKY BUILUIMBAIOThL YCi DIBHIHHA i Te-
opeMu, HEOOXIZHI Iyia pO3B’I3YBaHHS 337184 KJIACMUYHOI MEXAHIKH.

OcHoBHa (npsiMa) 3amada AMHAMIKHU TOJI4rae B TOMY, mob 3a BigOMHMH
CWIAMHM, SKi JifOTh HA TiJIo, BUBHAUUTH 3aKOH MOr0 PyXy — KOOPAMHATH i
MBHAKICTD y Byap-axuit MoMeHT uyacy. Jyid po3B’d3yBaHHS 3aMayu LbOrO
THITy HeoOXiNHO 3HATH TAK 3BaHi MOYATKOBI YMOBM, TOOTO KOODIMHATH i
MBUAKICTh TLIA ¥ MOYATKOBHM MOMEHT HOr0 PyxXy mif M€K0 3aXaHUX CHJI.
Hanpuknan, sHAOuUM CHIM TSIXKIHHS, SKi AIIOTb HA KOCMiUHMIMA Kopabenp 3
GOKy IUIAHEeT, MOXHA pO3paxyBaTH MOTO TPAEKTOPIK0 y KOCMI4HOMY MPO-
cropi. 3HaouM cmay B3acMonii rpeGHOro BMHTA 3 BOAOKO i CHUIy OHOpY
BOAM PyXOBi KOpIyca Kopa0J/isi, MOXHA BH3HAUHTH, K Oyae pyXaTHCh KO-
pabensb i Ky IBUAKICTD MOXE PO3BHHYTH.

Tlpm moCTigXeHHI HOBMX SBUIL i B3a€MOXIA AOBOAUTBLCS PO3B S3yBaTH
obepHEHyY 3afauy: 3HAIOUM, SK PyXa€ThCS TijoO, BU3HAYATH CWIH, IO JilOTh
Ha "poro. [IpukaagoM po3B’I3aHHSA TAKOL 3aMayi € BIAKPUTTH I.Hproronom
3aKOHY BCECBITHBOIO TSXKIHHA: 3HAIOUM 3aKOHUW PYyXy IUIAHET, CHOPMYJIBO-
pani Y. KemiepoM Ha mifcrasi y3arajpHEHHS PE3yJbTATIB CHOCTEPECXKEHD,
I. HeioToH mokasas, mo 1ei pyx BinOyBacThCa MiX HICKO CM, 0OCPHEHO
MponopUidHOT KBagpaTy BigcTani Mix miaserowo i Connem. Y TexHiui Taki
3a7a4i BUHAKAKOTD NIPY BU3HAUCHHI 3yCWIb MiX Di3HUMU AETAASIMUA MallUH
i MexaHi3MiB, KOJ¥ 3aKOHH PyXy IMX MAlIMH YU MEXaHi3MiB BiZOMi.

3 PO3BMTKOM HAyKHM 3’ SIBJASUIACH HOBI ¢(hakTH, AKi HE BKJIAJAIUCH Yy paM-
KM KJACHMYHOI MeXaHiku. BHABI9€TBCS, MO AMA PyXiB, MIBUAKOCTI SKUX
6au3bKi A0 IOBUAKOCTI CBiT/IA, yX€ HE CHOPAaBAXYKTbCA 33KOHH
KiHEMATHKH, PO3IIIHYTI y momepexHboMy pospiai. HIBuakicts HE MOXe
30LTPITYBATHCA HECKIHUEHHO — Y NPHPOXi iCHYE IIEBHE 3HAUEHHS IUIBMI-
KOCTi pyXy MarepiansHux o0’ekTiB, K€ HE MOXHA MEPEBHIIATH. ['paHMU-
HUM 3HAUEHHSM HIBMAKOCTi € IUBMAKICTh NOIUMPEHHS CBiT/IA y BaKyyMi.
Lleit nocTysaT i ycranosaenuit A. EiHmTeiHOM BiTHOCHMH XapakTep Ipo-
cTopy i yacy HOKJaAeHi B OCHOBY CTBOPEHOI HMM CHENiaJabHOI Teopii
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BiHOCHOCTI, 200, 9K ii HA3MBAIOTh, PEAIMUBGICMCHKOL MEXAHIKE (MEXAHIKH
BEJIMKUX IMIBUAKOCTEH). 3aKOHM pPEAATUBICTCHKUX PYyXiB SKiCHO
BifPi3HSIOTHCA Bi 3aKoHiB MexaHiku HeioToma, mpore persTHBICTChKA Me-
XaHika He NpHBesJa N0 NMOBHOIO 3anepeueHHs KJAaCMuHOi MexaHiku. [Lis
PyXiB, HWIBHAKOCTI IKUX 3HAYHO MEHON Bil IIBMAKOCTI CBiT/Ia, PiBHSHHS
PEIATHBICTCHKOI MEXAHIKH IIEPEXONATh V DIBHSHHS KJIACMYHOI MEXAHIKH.
Otxe, x1acMuHa MeXaHiKa yBifIILIa B PENSTHBICTCBKY MEXaHIKy 9K 1i OK-
peMui BUIAZOK i 30epirac CBOE BAX/IMBE 3HAUCHHS A8 OMHUCAHHS pyXis,
mo BiAOYBarOTLCHA 3i IMBHAKOCTIMH, MAaJIHMH NOPIBHSHO 3i IIBUAKICTIO
CBiTJIA.

Y nepmiit mosopuHi XX CT. BUHUKIA K6aHMO6a MEXaHika — (isuuna
TEOopid ABMII i NIponeciB MIKpocBiTY. Boma ommcye BaacTmBocTi atomi i
MOJIEKYJI, PyX MIKDOYACTHHOK Y 30BHIIIHIX CHJIOBMX mojsx Ta iH. Jlimiini
posMipu 00’€KTiB KBAHTOBOI MEXAHIKM MAlOTh HOPSIOK Beamumum 107° —
107" M, a ixna maca — 107 — 10 kr. Y kBaHTOBilf MexaHiui MOKA3aHO,
MO ONMMCAHHS PYXy MIKPOYAaCTMHKH N0 Oe3nepepBHill TpackTopii Mae
HIPUHIUNOBE 00MexeHHd. TyT nepequacHo oOroBOPIOBATH ILie ITUTAHHS, TO-
My HABEAEMO OCHOBHMI pe3yapTaT 0e3 OOrpyHTYBAHHS: HEMOXJIHMBO B
OZWH i TOW CAMHI MOMEHT 4acy BHU3HAUMUTH KOOPAMHATH i iMIyabc
MIKpOYACTHHKH 3 OAHAKOBOI TOUHICTIO, TOOTO HEMOXJ/JIHMBO ONMCATH
TPAEKTOPII0 MIKPOUACTHHKHU. SKIIO B AegKHi MOMEHT 4acy KOOPAMHATA
X BijOoMa 3 HEBM3HAUCHICTIO AX, a iMIy/JbC — 3 HEBM3HAUCHICTIO mAv _,

TO 06MABI Li BEAMUMHM OXHOUYACHO HE MOXYTb OyTH SIK 33BTOZHO MAaJIMMH,
BOHHM JONOBHIOIOTH OfIHA OOHY TaK, IHO IXHiA ZoOYTOK MOCTIHHUI i He MOXe
OyTn MeHmuM Bi cranoi IliaHka:

Axmbv, = 2, Q.1
Xe m — Maca YacTHHKH; A = 6,6260755-107** Ox-¢c — yHiBEpCcaibHa
KOHCTAaHTAa, Ha3paHa crtajow [lmanka HA uvecTh HiMeubkoro (isuka
M. lnaska (1858 — 1947). CuissigHomenns (2.1) Ha3UBAIOTH IIPHHIY-
oM HeBU3HAUeHocTel ['eitaenbepra 3a imeneM HiMenpkoro ¢isuka B. eii-
senbepra (1901 — 1976). Bupas (2.1) 03Hauac NPUHUHUIIOBY MEXY
TOUHOCTI OMHOYACHOTO BU3HAUEHHS KOOPAWHAT i IMITYJIbCY YACTHHKM!: KOX-
Ha crpoba JIOKa/i3yBaTH TOYHIIIE YACTHHKY (3pOGHTH MEHINOIO HEBM3HA-
YEHICTh Ax) NPUBOAMTH O 30OLIbIICHHS HEBU3HAUEHOCTI MAv, iMITyJIbCy
YACTUHKH, | HaBMaku. Mipoio HeBuM3HAueHOCTI € crana [naHka.
BracTuBiCTh peasbHMX YACTHHOK Taka, IO MUTTEBHIA CTAH IXHBOTO py-
Xy HEe MOXe OyTH OMMCAaHMI KJACHMYHMM CIOCOGOM — TOUHMMM 3HAYCHHS-
MH KOOpAMHAT Ta iMmyanCiB. KBaHTOBMH xapakTep pyXy NpOABISIEThCS
THM CHJIbHIIIE, YAM MEHII Maca 4YacTMHKY i 06’eM mpocTopy, B SKOMy
pyxaeTbcs uacTHHKA. Hanpmknax, posriisHeMO pyX e€leKTpOHAa MACO
m =9,11-10"" xr & aTomi BomHO. HeBusHAUEHICTD Yy MOMOXEHHI €IEKT-

34

-10
pOHA HE NOBHHHA NEPEBMINYBaTH pO3Mipis atroma, Tob6ro Ax < 107" m.
Toni 3i criBBigHOmEeHHd (2.1) 3HAXOAMMO HEBU3HAUEHICTh MIBUAKOCTI

h 6,63-107%
> —
T 2nmAx  6,28:9,11-107%'-107"°

Av =~ 10° m/c.

HesusHauenicts Ay He MeHIIA BiX CaMOi MIBUAKOCTI €1€KTPOHA B aToMi,

OTXE, KJIACHUHE ONMMCAHHS PYXYy €JEKTPOHA MO TPAEKTOPii HABKOJIO sgApa

aToOMa BTPAUAE YCIKHMH CEHC.

Cuispignomenns (2.1) gae 3Mory OUiHUTH MOX/IHMBICTE MEPEXOAY BiA
KBAHTOBOMEXAHIUHOIO 0 KJIACHYHOro croco0y omucanHg pyxy. Poarisne-
MO, HAOpPUKJIAA, IMOCTYHNAJbHUHA PYyX MAKPOCKONMIYHOTO Tijda Macow
m =1 r. dxmo noxubKy BU3HAUEHHS PO3MIipiB TLIAa 3MEHIIUTH A0

posMipie aToma, T006T0 npUAHATH AX = 107" M, 10 i3 (2.1) oTpuMaemo

. 10-34
Ay > 0:6310

-21

14105 100 107% M/c.

Otrxe, 119 MaKpPOCKOIIYHAX Tii MUTTEBHHM CTaH PyXy Moxe OyTH omm-
CAHUH TOYHHMMH 3HAUCHHAMH KOODAMHAT TA IMOYJbCIB. 3ayBaXuMo, ILO
TIEpexiA Bif KBAHTOBOMEXAHIUHOIO OMUCAHHS CTAHY CHCTEMH 710 TAK 3BAHOI
"KAacH4HOI rpaHMui” He 3aBXau MOXe OyTy 3aificHEHMI OOHAKOBO i mpo-
CTO, OCKiJIbKY YMOBH IIEPEXOAy 3aJIeXKaTh Bif CUCTEMH, Ky PO3IVIFAAIOTH.

TaxuM uWHOM, PO3BWTOK HAYKW HE BIAKMHYB KJIACHUHY MEXaHIKy, a
TUIBKM BKa3aB HA oOMexeHHd B 11 3acTocysauui. Knacuuna Mexasika 3a-
CTOCOBYETBCSL IJIS OMMCAHHS DPyXy MarepiajbHux o0’ekTiB, akmo: 1) ce-
PENHA MMBHAKICT, PYyXy MaJia MOPiBHSAHO 3i MBUAKICTIO CBITJIA ¥ BAKyyMi;
2) TOYHICTb BUBYEHHSA PYXy A€ 3MOry BBaxaTtw no0yTOK Mmacw Tija i mo-
IyCTUMHUX TMOXHOOK BHUMIPIOBAHHS MOr0 KOODAWHAT i IIBUAKOCTI 3HAYHO
Oinbmmm Bix cranoi Ilnaska.

§ 2.2. Nepwmit 3akoH HetoToHa. IHepuianbHi cucTemm Bigniky

[epmmit 3axon auHamiku (abo mepmmit 3axoH HpioTona) BHPAXac
BCranossieHUd me [ TajineeM 3akoH iHepuii: Tiao (MarepiaspHAa TOUKa)
36epirae cram cnokow a6o TIPSMOJTIHIAHOIO i pPiBHOMIPHOTO pyXy, GKIIO
B3aeMOZii 3 60Ky iHMUX TiM HE 3MymyIOTh HOro 3MiHMTH Leil craH. Taki
Tbxa Ha3WBAIOTH BUTLHUMY, & IXHIl PyX — BibHMM pyxoMm, aGo pyxoMm 3a
IHepuieio. Koxse Tio unHuTh omip mpy cnpobax 3MycHTH HOTO pyXaTHCh
a60 3MiHWTH MOXY/H uM HampsgM MBUAKOCTI. Bracrusicts Tina 30epiraTu
II_IBnnxiCTh (3oxpeMa piBHY Hy/I0), 9KINO HEMAE B3AEMOIl 3 iHMIMMU
TIIaM#, Ha3MBAKOTH iHEpPTHICTIO. Bei Tiza meBHOKW MipoIo 3a3HAIOTH BILIMBY
SOBHIIIHIX Ajif, i BiIbHUX T He icHye. PiBHOMIpHMI i npaMoOiHifHmA PyX
Tia npakTuuHO BigOyBaeThca saume TOMI, KOAM 30BHImHI Ail
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3piBHOBaXYIOTh OAHA ONHY. SKIIO OPUAITYCTUTH, MO i Oil HECKiHUEHHO
SMCHUIYIOTBCS, TO MOXHA TiJIbKM YSBJISTH PyX BiJIbHOIO Tija.

Y nuHaMiLi BaX/WBE 3HAYEHHS MAE BHOIp cucTeMnu BiZIJIIKY, OCKiIBKH
nepnmit 3akon HbioToHa cripaBmxyeThes He B ycix crucremax BiIiKy. Tak,
SKIIO B3ATH ABI CHCTEMH, SKi PYXAIOTbCA 3 MPUCKOPEHHSIM ONHA BiHOCHO
OIHOI, TO TiJIO, 9Ke Byde pyxartucs piBHOMIpHO i MPSAMOJTIHIWHO BIZHOCHO
OZHIE] 3 HUX, BiAHOCHO IHIIO PYyXaTHMETHCS npuckopeHo. Bes 3asznauenns
CHMCTEMH BiJIiKy mepimunit 3akoH Hobrorona BTpauac amicr. Orxe, knacuuna
MeXaHika IOCTY/JI0€ iCHyBaHHS xoua 6 OAHIET CHCTEMH, B $9Kill BHKO-
HycThcq mepmmid 3akoH Herortora. Taky cucremy BiIUTiKy, BiZHOCHO KOl
TiMI0 PyXAeThCS PIBHOMIPHO i MPSIMOJIIHINHO, HA3MBAIOTDH iHepuianbHOO.

Hocmigxeuns Ha iHepHmiaJbHICTH pisHAX CHCTEM BigmiKy MOKAa3yIOTb,
IO yMOBAaM BIIBHOIO PyXy Tifia B MEXaX HAIol IUIAHETAPHOI CHCTEMH 3
BHCOKOIO TOUHICTIO BigmoBigac reJIIOLCHTPUYHA CHCTEMA Bigniky. Lie xo-
OpanHAaTHA CUCTEMA, LECHTP KO MICTHTBCH y ueHTpi mac COHSUHOI CHC-
TEMU, 4 OCi HANPSAMJICHI HA BiIOBIZHAM UYHHOM Bubpani Tpu masexi
("HepyxoMi") 3opi. Byap-gxa cuctema BiLJiKy, sIKa PyXaeThCsi PiBHOMIpHO
1 npsAMOIiHIMHO BIXHOCHO iHEpIiaTbHOT (resiiONEHTPUYHOT) CHCTEMH, TAKOX
€ iHepuianprowo. CucreMa BignmiKy, HOB’s3aHa i3 3emeio (reoueHTpHYHA
CHCTEMA), y CTPOTOMY DO3YMiHHI HE € iHEpLIiaJBbHOW0, OCKLJIBKM BOHA py-
XAEThCA NPUCKOPEHO BITHOCHO TEJOLCHTPUYHOI CUCTEMH IPH obepraumni
3emsti HAaBKOJIO BACHOT oci i HaBkosio CoHuA. ITpore cnocrepexernsa 3a
PYXOM Tisl BiTHOCHO 3eMJIi TOKA3YIOTh, 10 BiIXMWJICHHS Bin iHepOiaapHOCTI
HEe3HAyHi, i 3eMII0 MOXHA BBAXAaTH Maiixe IHEPUIaJIbHOK CHUCTEMOIO
BigmiKy.

[Tpwn BUBYEHHI PYXy Ti/M BBAXAaTHMEMO, IO PyX BigOyBaeThCs BiZHOCHO

iHepuianpHOi cucTeMH, SKIO He Oy/Ae 3aCTEPEXEHHS BiTHOCHO Bubopy cu-
CTEMHU BifJIIKY.

2.3. Maca. Imnynbc

[ueprhicTs — Haibinbm 3aransma BJIACTHBICTb yCiX MaTepiajabHHUX
00’€KTiB, SKa MPOSBIAAETHCS Yy AMHAMiyHHX mpomecax, TO6TO mpu
B3AEMOZIfX 3 iHIMMH TifaMmu. TiTa NposBIgIOTh iHEPTHICTH y pi3Hii Mipi.
Hanpuknan, synusaure Ginbapaay Ky Baxue, HixX TEHICHHR M’SUMK, 110
PYXAeThCA 3 TAKOIO CAMOIO IIBMAKICTIO.

Mipy imeprHOCTI Tifia HasMBaOTH Macow. Y MEXaHIKy TIOHITTS MAacH
BBiB [.HbloTOH /15 O3HAUEHHS iMnyssey Tina. Immymsc — BEKTOp ;, mnpo-
HOPUiMHWH IWBMAKOCTI BLIBHOTO pyxy Tina:

> -

p = mv, 2.2

Ae xoedimiedT nMpomopuwiiHOCTI m — crana mns AAHOTO TLIA BEJMUYMHA —
Maca Ttina. BBegeHy TakMM 4MHOM MAcy Ha3WBAOTbH ineptHo. Maca —
BEJTMUYMHA CKaJISIPHA i 3aBXIM MAC RONATHWM 3HAK.
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Macy (iHEpTHICTb) Pi3HHMX TiJT MOXHA MOPiBHIOBATH 34 HACIIAKAMU

zaemonii. CiouaTky 3’ICyEMO TIOHSITTS! i30/IbOBAHOI CHCTEMH. He
gaka CHCTEMA Tiji, Ha sxi He K0T iHON TiNa, 30BHIIIHI TIO BIAHOIICHHIO
4O TiA CUCTEMH. Tina i30160BAHOI CMCTEMH MOXYTb B3aEMOISTH TLIbKH

uix coBoI0. _
- Po3r/ISHEMO i30/IpOBAHY CHCTEMY, LIO CKJIATAETHCS i3 ABOX HEBEIMKMX

il MACAMM m, i m,, Xi MOXHA BBaXaTH MaTepiaTbHAMU TOUKaMH. Hex?m
B33€MOJiS WX MAaTepiaJibHUX TOUOK 3HINCHIOETHCH UYEPE3 BMl'IJ.IEHHyi ;vél;l(
i marepiajb -
HUMHY CTHCHCHY JIETKY MPYXHHY . B nesHuit MOMEHT Yacy MaTepl JIeHl Tou-
KA MaloTh HIBHAKOCTI v, i v,, 1 ixHI iMIOyJAbCH Oyoyrs p, = my, 1
; = m2z—;2 3a HacTynHuit TPOMDKOK yacy Af BHACTINOK B3a€MOZIl TOUOK
2 : . .
3MIHIOETBCS. CTaH IXHPOTO PYyXy, INO BUPAXAETHCA SLE)IHOIO_)IMH}ZII)CIB'
D, v, i P, = v,=v,—v 1
Ap, = mAv, i Ap,=mAv,, ~ne BEKTOpH Av, LT
Av, = l_;'z - 1?2 — BiANOBiAHI 3MiHM IIBUAKOCTEM 32 AAHUU IPOMIXOK 4d-
2 . - . .
cy. TIpyxuna ofHaKoBO i HA OGMABI MaTEpialbHi TOUKH, I BEKTOPU Ap,
. , L
Ta A;Z MAIOTh OPOTUAECXKHI HampamMy Ta MOB d3aHl MIX coGoro
CHiBBITHOIICHHB M
-> ->
mAv, = —mAv,.

Hopinumo me piBusmuug Ha Af i micas mepexogy A0 TpaHMUL Ipu
At - (} orpumaeMo

M = —maa, 2.3)

ae Z i c_z)z — NpPUCKOPEHHsSI MATEPiabHUX TOYOK y AAHWH MOMEHT 4acy;

3HAaK MiHyC BKasye€ HA NPOTHJICXKHI HANPIMM LHMX TPUCKOPEHD. [Mepenu-
caBmH Bupas (2.3) y ckanspsii ¢dopMi, 3HAXOAUMO BINHOIICHHS MAac

mo_ & (2.4)
71; a,’

Iz cnissigromenHs (2.4) BUIIUBAE cnoci6 noRiB}JﬂHHﬁ Mac: Ipu
B3aeMofil ABOX Tijg iXHI Macu oGepHeHo_ MPONOPLiHI TPUCKOPEHHSIM.
Ockinbky iHEPTHICTH Tija 3a7A€XUTH TiMBKH BIA CAMOro Tija, TO 371
cniBBimHOmEHH] (2.4) Macu m, 1 m, HE 3aJ€XaThb BIA Xapakrepy }'338€M01:[1
Mix Tiamu. Lleft BUCHOBOK HMiATBEPIXYETBCA UHCJICHHIMH nocnmg.lym.e H?
ABOX B3aCMOMIIOUMX Ti/l T€ TiJIO IHEPTHINIE, K€ BHACAIOK B3aCMOIl M
me 3MiHIOE CBOIO MIBMAKICTh. |HEpTHIMWE TLIO 1 € TLIOM 3 GLIBLIOO Macoio.
SIxmo neBHe TiMO BUOpaTH 3a €TAJIOH, Maca SKOTO ROPIBHIOE OXMHUIL, TO
Ha mipcrasi crmisBipgomenHsg (2.4) MOXXHA OJHO3HAYHO BU3HAUHTH M&;}:
Oynp-akoro immoro Tiia: Maca Tifa AOPIBHIOE BIXHOMICHHIO zvlouynﬂ__npi17I
CKOpPEHHS €Ta/OHa MacH A0 MOARYJA IPHUCKOPECHHA TijJia NpH IXH
B3aEMofil. _

ga oZ;mHmuo macu 8 CI npuitrsro xinorpam (xr). KmorpaM — e OH-
HMIY MACcH, 0 AOPIBHIOE Maci MiXHapOMHOTO IPOTOTUIY KII0rpama. Era-
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JIOH Kinorpama 36epiracThcs y MixHaponroMy Gropo Mip i Baru y ®pannii
(M. Cesp). Kinorpam € ogHi€ro 3 ocHOBHEX oguavub CI.

Maca rina, sxa MiCTHTBCS B OfMHMUI 06’€MY, HA3WBAETHCH il TYCTHHOIO.
B saraneHOMY BHNAzKy ryCTHHA p B DisHEX Toukax o6’emy V rina e

. . dm
byHKIiero KOOpAMHAT TOUKH: p(X, y, z) = gy Re dm — enemenrtapsa

Maca B HECKiHYEHHO Manomy o6’emi dV = dx dy dz B okoii gamoi Touku
Macy rina BU3HauYaI0Th 32 (HOPMYI00

m= [ pdV= [ p(x,y, 2)dx dy dz, 2.5
v 14

ne IHTErpyBaHHS MPOBOAMTHCS MO BCHOMY o6’emy Tina V. Cepennst TyCTHHA
TiIa '

1
< > = - =
p V{pdV

<|3

Tino masuBaeTbCs OFHOpPIAHMM, SKIWO JOKANbHA ryCTHHA Macu
p(x, y, z) = <p>.

Onmunnuero rycrunu B Cl ¢ KinorpaMm Ha KyGiunmit meTp (kr/m’).

Taxum ymnOM, Maca — isnuna BEJIMYNHA, 9Ka KiJbKiCHO BHpaXae
(byH_)Jz_iMeHTaany BIACTUBICTh Marepii — imepTHiCTD. Y KAAaCHUHIN Me-
XaHili BBOAATh HAOM¥MXEHI NPHIYIICHHS, SKi Y3TOIUXYIOTbCSI 3 EKCIEPH-
MEHTOM: 1 Maca TiNa € HOr0 BJIACTHBICTIO, SIKA HE 3aJICXKHUTh Hi BiJl CTaH
Pyxy Tina, Hi Bix #oro BaaeMmoxil 3 iHMMMH Titamu; 2) 3aragbHA Macg
cucTemu Tin AIOPIBHIOE CyMi Mac Tijl, 3 SKMX CKIAJAETbCS CHCTEMA.

Maca @rypye TAKOX Y 3aKOHI BCECBITHBOIO TSXKIiHHS K XapaKkTepu-
CTHKA rpaBiTauitnux Baactusocrei Tit. 1o BiactusicTs Tin MIPUTSTYBATH
OIHE OIHOTO X4paKTCPU3YIOTh rpaBiTauiiHo Macow. [TuraHg TOTOX-
HOCTI 1HEPTHO! 1 rpaBiTaniiHOI MAac Tija po3migHEMO y HIOCTOMY pO3Aii.

_ HOHSIT’I:SI macu Habyao raumbmoro 3micTty B cneu;ianb};iﬁ Teopii
BIZHOCHOCTI, K& PO3IVISRAE PYX MAaTepiasbHMX 00’€KTIB 3i MIBHIKOCTSIMH
g.lolzlfibKIfIMH A0 WBWAKOCTI CBITJIA, BCTAHOBJIIE 3ANEXHICTh MACH Bif mm«m-,

Ilepeiinemo mo MOHATTS iMIyaeCy MarepiasbHOi Touku. Y crisBinHO-

-
mex - _ : .
HA mAv, m,Av,, OTpUMAHE AN i301bOBAHOI CHCTEMM XBOX

Fsag)Mq:mmmx MaTepiaJsbHUX TOYOK, MiICTABMMO 3HAUCHHSY BEKTOpIB At_r),
i Av, i meperBopuMo itoro no BUIISRY

- > -> ->
my, + myp, = muy,' + mu,
abo

-
'

-
p=p, (2.6)
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-> -> - . %' _>v —)l . 1 i
ae pP=pn + p2 1 p=p + p2 — IMIOYJbCH CHCTEMH BIATIOBIAHO 10

. g3aeMOil 1 mics1a B3a€MOAil TOUOK. iMnyanOM CHCTEMH MATEPiaJbHUX TO-

yOK, MO HAJEeXaTh OO OXHi€l CUCTEMHU BiJIiKy, HA3WBAIOTH TEOMCTPUUHY
CyMy iMITy/JIbCiB OKPEMHX MATEPIaTbHUX TOYOK, 3 SIKHMX CK/IAHAEThCS CHC-
TeMa.

I3 piBrocTi (2.6) BHMIIMBAE BAaXJIMBUH BHCHOBOK: IOBHMM iMITyJIbC
{307TOBAHOI CHCTEMH ABOX MATEPiaJbHMAX TOUOK 30€piracThcs, TOOTO 3a/M-
MIAETHCS CTAMHMM y 4aci mpu GyAb-sIKUX B3aEMOIIAX MiX MaTEpiabHUMHU
roukamu. Lle TIONOKECHHS HA3WBACTHCA 3aKOHOM 30EPEXKEHHS IMIYJBCY,
gaKMH y nomasbuioMy Oyae HNONIMPEHMH HA CHCTEMHM 3 JOBLIPHMM UHCJIOM
MaTepiaJbHUX TOUYOK.

Beenerne dopmyson (2.2) MOHATTS iMITyJbCy € SKiCHO HOBOK Xapak-
TEPUCTUKOIO pyXy, WO MAJISrac 3aKoHy 30epexeHHs. Bextop immyJscy,
aKdi gopiBHIOC A0GYTKY Macy Tia Ha HOro IIBHAKICTH i MAe€ HANPIM
MIBMAKOCTI, € Mipor MexaHiunoro pyxy tima. Ilpm 3aganiit maci tina
IMIIy/IbC OJHO3HAUHO TIOB’3aHMM i3 MBMIKICTIO, TOMY MEXAHIUHHH CTaH
Tia y OyAb-IKMi MOMEHT uacy OyJe NMOBHICTIO BU3HAYEHMH, SIKINO BiaoMi
HOro IOJIOXKEHHS Ta iMmysbc. I1pore crpasa HE B TPOCTiH 3aMiHi IUBHA-
Kocti Ha immysabc. Ilepexix Big IBHAKOCTEH MO iMIyJbCiB A€ 3MOTY Iie-
pelTH Bill KIHEMATHYHOIO ONMUCAHHS CTAHY PyXy Tijia A0 XapaKTePUCTHKH
OUHAMIYHOTO CTAHY TijIa i cHCTEMHM TiJ.

§ 2.4. Apyrmi 3akoH HeloToHa. Cuna

Ipyruit 3akoH HplOTOHA BCTAHOB/IIOE 3B’A30K MiX B33a€MOZICIO TLN 1
3MiHOIO IXHBOTO MOCTYHAJBHOrO pPyxy. g KiNbKiCHOI XapakKTCPUCTUKH
B3a€MOfili y MEXaHiKy BBEAEHO IOHSTTS CyaH. [Ipm BinbHOMY pyci Ma-
TepiapHOI TOUKM B iHEpUiaJbHiN cucTeMi BifIiKY ii iMITyJIbC 3aTMIIAETHCS
cramumM. SKIOO XX MaTepiajpbHa TOUKA B3aE€MOXI€ 3 HABKOJMHIHIMM TiJIAMH,
TO i iMIY/bC 3MIHIOETBCA 3 YACOM. Y3araJbHEHHS UMCICHHUX HOC/AiTHUX
dakTip migTBEPAXKYE, MO 3MiHa IIBUAKOCTI abo iMmyabcy Tina TuM Ginbiia,
YHM iHTEHCHBHIIIA II0r0 B3a€MOAid 3 HABKOMMIIHIMH Titamu. Tomy, BBa-
XaI0uM TLIO0 MATEPIAJBLHOIO TOYKOK), JIOTIUHO 32 KiNbKiCHY Mipy B3a€MOAIi
MaTEPiaIbHOI TOUKY 3 HABKOJMIUHIMY TiTAMU MIPUAHATH 3MiHY il iMITyJIbCY
3a OJMHHMIIO YACy, TOUHIIIE MOXiHY Bifl BEKTOpPA iMIy/bCy 33 HaCOM. JRE%
MOXiAHY HA3BWMBAIOThH CUIOF0, KA Oi€ Ha AaHy MaTepiajibHy TOUKY.

Take o3naueHHs CWIK XapaKTepusye TUIbKM omuH Oix B3aemonil ma-
TEpiaspbHOI TOUXW 3 HABKOJWINHIMH TijaMu, a came "NOBENiHKY' Ma-
TEpiabHO! TOUKHM MiJ Ai€I0 HABKOJUIIHIX TijJ, KA TPOSBISETHCA B 3MiHi
iMnyascy Touku. 3 apyroro Goky, BUBUAIOUH IO B3AEMOZIIO, CAYy MOXHA
BHPA3WTH uYepe3 BEJMUMHY, SKi XapakTepHU3yIOThb MEXaHIiUHHHA CTAaH Ma-
TepianpHOI TOUKM (KOOPAWHATH I MIBMAKICTH) i MEXaHIUHMHA CTaH Ta BJA-
CTHBOCTi HABKOJMIOHIX Tij. 30Kkpema, BUBUEHHAM (isMUHMX sBHI, gKi
JEXATh B OCHOBi B3a€MOfil MiX MarepiaJbHUMH TOUKAMH, BCTAHOBJICHO,
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MO CHJKM B3aE€MOIil MiX HHMHM 3aJexaTh Bif BigcraHmei Mix Ma-
TEepiaIbHUMH TOUKAMU T4 Bifl IXHIX BJIACTUBOCTEH. B iHmMX BMmagkax cuia
B33€MOAIT 3a7IEXHUTD Bifl BJACTUBOCTEH Tija i HOTO IMBMIKOCTI BiAHOCHO Ha-
BKOMIMHIX Ti/I. OyHKIIOHANBHY 3a7€XHICTh CHIH Bin CTaHy MarepiaapHOl
TOYKHM i CTaHy Ta BJACTUBOCTEW HABKOJMIIHIX TLN HAZWBAIOTL 3QKOHOM
83a€MO0ii 3 HAGKOJULUHIMI MINGMU. -

B inepnianbriit cucreMi Bimniky moximHa Bin iMIyJsIbCy p MarTepiajgbHOI
TOYKH 33 YACOM OMHUCYETHCHA DIBHIHHIM

2= () =F Q.7

ab0 g TMOBIMBHMX PyXiB, IPH AKUX Macy MOXHA BBAXaTH CTajoK (He
3aJIEXHOIO BiJf MIBHAKOCTI),

m ((11—1: = ma = ;; (2.8)
&Pr =
d—ti = F. (2.9)

Tyt uepes F MO3HAYCHO CHJIY, fK4 [i€ HA MaTepiasbHy TOUKY MACOI0 M,
K (DYHKUIIO0 CTaHY TOYKH i CTAHY Ta BJACTHBOCTEH HABKOJMINHIX TiJ.

B inepuianpHif cucremi Bipsiky noximHa Bim iMnyJsecy MarepianabHOL
TOYKH 33 YAaCOM JOPIBHIOE CWJI, IO Ai€ HA LIO touky. lle mosoxernns Ha-
3UBAETHCA dpyeum 3akonom Heromona (OCHOBHUM 3aKOHOM JAUHAMIKY), a
BinmoBinHi #omy pisHsHHa (2.7) — (2.9) — piBHAHHSMH pyxy wma-
TEPiabHOI TOUKH (OCTYNANBHOTO PYXy Tija).

CrocoBro piBuauus (2.7) popeuHo 3ayBAXXHUTH, IO BOHO € i 3aKOHOM,
i o3HaueHHSM HOBOI (hismuHOi BemwumHM. BOHO Mae 3MiCT OCHOBHOrO 3a-
KOHY NMHAMIKV, 4 HE O3HAYECHHS NOHATTS CIUIM, SKLIO B HbOMY CHJIa F
BU3HAYCHA HE 3a IPHCKOPEHHAM ab0 3MIHOK iMMy/bCy, a iHINM Heaa-
JAEXHUM -I;ICTOI[OM. TifbKK micas TOro, KoauM BCTAHOBJICHUEH BUTJIAL
¢yHKuii F 9x 3akoHy B3aemonii MaTepiaJbHO! TOUKK 3 HABKOJHMIIHIMM
TifaMM, 3 PIBHAHHA PyxXy (2.7) MOXHA BU3HAUATH 3aJE€XHICTh HIBUAKOCTI
i KOOpAMHAT MaTEpIaNbHOI TOUKH Bin yacy, To0TO 3HaiTH T TPAEKTOPIT0.
Ina pporo, kpim BUMISAY (DYHKINT F, MOBUHHI OyTH 3a7aHi movyaTkosi
YMOBH: KOOPOMHATH | IIBUAKICT, MATEPiaTbHOI TOUKHM B MOYATKOBMN MO-
MEHT 4acy. 3MiHa TOJIOX EHEH S MaTepiajbHOI TOYKYM y MPOCTOPi BH3HA-

>
YaEThCS MIBUAKICTIO dr = v df, a 3Miny WBHAKOCTI 338 KOXHHM POMIKOK

-
uacy df BM3HAua€ DiBHAHHSA pyxy dv = % dt. OTxe, piBHSIHHS pyXy, 3a-

KOH B3a€MOii i MOYaTKOBI YMOBM HIOBHICTIO BH3HAUAKOThH AHHAMIUHUHN CTaH
MATepiaJbHOI TOYKM y OyHb-IKMil MOMEHT yacy.

Koxne 3 sextopHux piBHaub pyxy (2.7) — (2.9) moxua NnepenucaTu
Y BHIMISAL TPHOX CKA/JIPHHUX DiBHAHb (y HEKapTOBHX KOOpAUHATAX):
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= = = = F 5

dr m 47 m-zzv[ ma x
2.10)

dp, _dv, dy_ _ .. (
AT A 7 A
dp dv d*z

z = __i = = = F’
7 m Vi m—‘—i—tf ma, 2

- . .
ne F., F,, F, — npoexuii BexTopa cuiu F Ha KOOPAMHATHI OCL. 3a APYTHM
3ak0HOM HploTOHA cuja, mI0 Ai€ Ha MaTepiaJibHy TOUKY, € dyHKIiE©O

. -> -> >
pajiyca-BeKTOpa TOUKH, IIBMAKOCT i wacy F = F (r, v, t).
B inTerpanbaiit dopmi apyruit 3akod HploToHa Mae BUNASQ

AT=P() - Pty = [ B dr. @10

4

Tarerpan y mpasiit uactusi njiei piBHOCTI HA3WBAETHCA IMITYJTBCOM cm 3a
npomixok uacy At =t — to. 3MiHa iMHynbcy MaTépiaJ’IbHO'l' ToukM Ap 3a
OpOMiXOK yacy Af JOPIBHIOE iMITYJIbCY 3OBHINIHBOI CHJIH.

Sdkmo cua He 3MIHIOETHCS 3 YACOM, TO IMIYJBbC CHIA

Ap = FAL. (2.12)
IMpu oMy iMITYyIBC 1_1)(1‘) BH3HAUAETHCS (hOPMyYJIOIO
- -
p(t)=p(ty) + Ft = 1), 2.13)
ne ; (to) — iMmysbC MaTepianbHOL TOT{KI/I y Hg:laTKOIBI/II'/'I MOMEHT 4acy ?o.
SIxmo pyx BiaOyBaeThbcd 3a iHEpUIEO, TO F=0i

;= const. (2.14)

—
3miny immyaecy (2.11) mim piero sminHoi cumm F () MoxHa BU3HAUMTH
uepes cepease 3HAUCHHS CHIIH:

A;E I—;(t) - ;(to) =< F>(t —ty), 2.1
ne
1 o Ap
F>= = == 2.16)
<F> t—tO[F(t)dt Az (

3 apyroro 3akony HprooToHaA BMIUIMBAE, IO CHJIA K MOXIAHA BLA BEK-
TOpa iMIIYJILCY 32 UACOM — BEKTODHA BEJIMUMHA. BOHA BM3HAUYAETLCA UMC-
JIOBMM 3HAYECHHIM, HATPIMOM il i TOUKOH HPHUKJIATAHHA.
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UncsoBe 3HaAYEHHA cuiam (MOAy/ab F) BBAXAaeThCs BIIOMUM, SIKIIO
3’sCOBAHMH 3aKOH B3ae€MOIil MaTepiaabHOI TOUKM 3 HABKOJIMINHIMH
TiaMHu, TOOTO 3a/JEXHICTh CHJIHM Bid MOJOXCHHS HABKOJIMITHIX Tija
BIIHOCHO MAaTE€piasbHOI TOUKH, IXHIX BiIHOCHHX INBHMAKOCTEH i BIACTHUEO-
creil. BaaeMogis TiJi mpOSIBASCTHCS HE TijIbKU Yy HagaHHi M NPUCKOPEHHT,
a # y sMmini dopmu i 06’emy (medpopmanii) Tin. Hedopmania nmignacreca
BHMIDIOBAHHIO i MOXe OyTH BUKOpHCTAaHA ms MOPIBHAHHA | BUMIPIOBAHHS
cuwi. Hanpuknan, 3a sakonom ['yka cmia Hatary mpyxuuu MpOIopUiiHa
il BMAOBXEHHIO IpU Maaux aedopmamisx: F = —kx, me koediuieHT nipo-
HOPIIAHOCTI k — >KOPCTKICTb TPYXUHY (BEJMUMHA CTAAa AIS KOHKDETHOI
OPYXWHY i 3a/ICXKUTh Bifl il BIACTHBOCTEI: MaTepiany, (hopmu, posmipis Ta
in.). TlpuiiHgBIM 3a €TajoH CUITY, MiA JiCH0 SKOT TPYyXWHA BHIOBXYCTHCS
Ha OIVHULIO, MOXHA NMPOTPANYIOBATH BHAOBXECHHS MPYXUHHU B OMHUILIX
cun. 3a TAKMM CIIOCOGOM TPATYIOIOTH ANHAMOMETPH.

lpn mageHOCTI HMHAMOMETpA MIst BHMIDIOBAHHA CHIM i HE3aJEeXKHOTO
METORY BHMMIipIOBAHHS NPHCKOPDEHHS MOXHA NEPEBIPUTH CIIPABEANMBICTD
Apyroro 3akoHy HerwoTona. [locmian mokasyiors, mo MPUCKOPEHHS Oyab-
SKOTO Ti/JIa MPONOPUiHE Cuui, Mo mic Ha HbOTO, i 06epHEHO mponopiiiiHe
Mmaci Tina. Llei exciepuMmenrTansso OOrpYHTOBAHMET BUCHOBOK OIATBEPXYE
COPABENINBICTh PiBHIHHST (2.8).

Y Bumanxy, Koam Ha TiIO He mic cuaa 3 Goky immux Tin (F = 0), npu-
CKOPEHHS JOPIBHIOE HYJIO, 1 TiIO 36epirae cBoo mBYAKiCTh. Lle TeepaxeH-
Hs 36iracThCa 3 mepmuM 3akoHoM HbrOTOHA. CnouaTky Moxe 37aBaTuCh,
o nepmmi 3akoH Herotona € okpemMuM Bumagkom apyroro 3akoHy Hpro-
ToHa. [lpore 3a 3MicToM mepmmit 3akon HbIOTOHA SK HE3aJEXKHUHN 3aK0H
iHepuii dopmyaoe mocryaar PO iCHYBaHHS IHEpPLiaJbHOT CHCTEMH
Binnmiky. Came B imepuianbhiii cucrtemi BIIUTIKY CTIPABIXYETBCS i APYTHit
3akoH HeioToHa.

Hna sumiproBannsg cumu 8 Cl BBENCHO OoAMHULIO HboTOH (H). Bubip
OMMHULI cun 3ymoBeHui dopmysion (2.8): 1H HOPIBHIOE CHJI, KA TiTy
Macoro 1 xr Hagae npuckopenss 1 m/c [1H = IKI;ZM

Hanpam BEKTOpa CHIN F, O Oi€ HA TijO, BU3HAYAC HANpaM OTPUMY-
BAaHOIO TiJIOM NPMCKOPEHHS mix micro wiei cumm. Ha cuwm MO PIOETHCH
MaTeMaTH4YHA onepauid gogaBaHHs BCKTOp_i)B. dxmo Ha Tino 3 60Ky

. . . . - d -2 . .
30BHIIIHIX Tid FIFOTh KigbKa CHJI F,, F,, ..., F,, TO iXx MOXHa 3aMiHUTH

. -2 - .o . -
OMHIEK CUJIOK F, IO HOPIBHIOE TEOMCTPHUHIA CyMi BCiX N cun:

-

o
F=)F 2.17)

[

™=

iz

Y
Cwty F Haszueaiorh PIBHOIINHOW a60 rosoBHUM BEKTOPOM 30BHIILHIiX
cHlI.
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> . . e - -
Sxmo nBi cumm F, i F, npuKJIageHi a0 oxHiel Touku M i HanpsamiIeHi

-
miA KyTOM OXHA IO ONHOI, TO piBHOAiIKHA F BM3HAYAETBCS 33 TPABUJIOM
napanenorpama (puc. 2.1, @), a il Monysb 3a GopmysIOK0

F=VF+ F}+ 2F,F, cos .

IMpu 6Ginpmomy uwmciai AirouMx CHJI PiBHOAIAHA BH3HAYAETHCA
i npasuia napaJsesaorpama.
NOCAIAOBHUM 3aCTOCYBAHHIM A0 HUX IIpa pasIesIo] p

Ha maxpockomiube Tino MOXyTb aista cunu F, 1 F,, HpI/IK'.TIaI[teIi H?
pi3HHX #Oro Toyok M, i M,. ¥ upoMy pasi Qs BU3SHAUCHHS PIBHOMINHOL
I HeoOXifHO HMEPEeHeCTH BEKTOPH CHJI Y3IOBX IXHIX JIHIA Aif y TOUKY

-
i I orpama
nepetdHy M’', a moTiM 3HaWTM F 3a NpaBUIOM napaJ_x)eJI p
(puc. 2.1, 6). [Ipn upoMy BH3HAYAIOTH HATIPSIM i MOAYJib CHIX F, aje Tou-
Ka M’ me Oyae TOUKOX NPUKJIAJAHHS DIBHOZIMHOIL.
=2 .
3ayBaxxuMo, MO PiBHOAIMHA F KLIbKOX CHJI MOXe OyTH BM3HAUCHA SK
-
reomerpudHa cyma (2.17), axmio miroui cuid F; 3a10BOJIBHAIOTh 3aKOH IIPO
He3aJeXHICTh Xii cua. 3a mMM 3aKoHOM N CWJI AiF0Th HA TiNIO MAcow m

Puc. 2.1

HE3aJIEXKHO, SKIOIO KOXHA cwia F, Hazae TLTy OXHAKOBOIO IIPUCKOPEHHS
é a . . -
a; HE3aJEXHO Bif TOro, Ai€ BOHA OJHA YW AIIOTH HA LE TifO BCi N cua
-
OOHOUACHO. Y HBOMY pPa3i pe3ysibTyioue INPUCKOPEHHY a BU3HAUYACTHCA
-

BEKTOPHOIO CYMOIO BCiX @, IPHCKOPCHb i PIBHOMINHA cujia

-
F..

N N
- - -
F=ma= Zmai=

i=1 =1

i

OTxe, 3aCTOCOBHICTh MpaBWJa TapaJjejaorpaMma Aas NOAABAHHS CHJI
TPYHTYETBCS HA MPUNYILIEHHI PO HE3aJEXHICTh il CHJL
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§ 2.5. Tperii 3akoH HbloTOHa i 3aKOH 36epesneHHs iMnynbcy

. VYcsaxa gig ogHOro TLA HA iHHIE Mae xapakrep Baaemonil. PosrasHemo
izonpoBaHy CUCTEMY, 9Ka CKJAJAEThCH i3 ABOX B3AEMOJIIOUMX Ma-
TepiaJbHAX TOUOK. IxHs B3aeMomis Moxe Oyt o6yMoBaeHa pechopMalicro
TpY 3iTKHEHHI, MPATATaHHAM BHACTIJOK BCECBITHBOINO TSIXKIiHHS, IPUTITAH-
HIM _aﬁo BiJIITOBXYBAHHYM, AKIIO MATEPiaJIbHUM TOUYUKAM HAJAHI €JEKT-
puuni 3apagu. B izogpoBaHin C_I/)ICTEMi 3 JBOX TOYOK CIPABIKYETHCH 3aKOH

. ->
abepexeHHs iMmyabcy: p, + p, = const. [Jdudepenuivwoun ne
CIiBBIIHOIIECHHS 33 4ACOM, MAEMO

- -
,  dp_
dt  dt
abo, Ha mixcrasi apyroro 3akony Heroroma (2.7),
-> ->
F, = —F,, (2.18)

> ->
e Fi i F, — cwid, 3 9KMMM MaTepiagbHi TOUKY AIOTh OfHA HA OnHy. Ex-
CHOEPAMEHTATPHE BUBUECHHS B3AEMOMIi MATEPia/IbHAX TOUOK MiATBEPAXYE
pisaicTh cua (2.18) i mokasye, IO Ui CWiM HANPAMJICHI B3JOBX IIPSIMOI
KA CIIOyd4ae Bae}eMoz(iloqi Touku. Ha ysaranpHeHHi mocaigHMX (baKTiB’
OTPMMAHHMX NPU PISHMUX BUAAX B3AEMOMIl ABOX MATEPiasibHUX TOUOK, I‘pYH-’
TYEThCS ?‘peTu?I 3akon HeroTona: cunu ¢3aemodii dsox mamepiaivnux mo-
YOK DIGHI 34 MOOYAEM, NPOMUNEXHO HANDSIMAEHT [ OIFOMb 83006XK NPIMOL,
KA CNOAYHAE UL MamepianoHi MouKU. ’
ITpu g)OpMyJIIOBaHHI TPETHOTO 3aKoHy AuHamiku 1. HeloToH onny i3 cun

F, abo F2 Ha3BaB Ji€l0, a APYry — npoTupicio. TakuMm pO3MOAIIOM CHII
B3aEMOZil _i3 JBOX B3a€MOIIKUMX TiM BUALALIOTH TOJIOBHE, SKE YAHUTD IO
a Apyre TLNO € MANOPSAKOBAHMM — BOHO "pearye” piBHOBEIMKOIO npo:
TUTIEIO. Haflpnman, B €JIEKTPOMOI3/i, MO PYXAETHCH, TOJOBHAM € €JIEKT-
POBO3, SIKHik PO3BUBAE CHILY TArHU i Ai€e Ha BaroHW, a BaroHW CTBOPIOKTH
TNIPOTHAIIO CHIE TAIH. ITpore He 3aBxaM npu B3aeMoail MOXHA BiApi3HUTH
T{JIO,“HIO H}e, Big Tina, mo mporugie. 30kpeMa, AKINO ABA TOYKOBi
pisHOMMEHH] 3apsav OPUTSTYIOTBCS OAMH O OIHOIO, TO obuasa 3apsaau
pmnonpaBm, 1 HEMOXJIMBO BKAa34TH, IKWH i3 HAX YHHHTH IO, 38 IKUA —
TIPOTHAIO. ,

Hpn Gygb—snmx B3AEMOZISIX JBOX TiJl CHIM 3aBXIM BUHUKAKOTH IIONAp-
HO, i 06_142(31 CHTH (2.18) zaexam marots omHaxoBy npupoxy. Lli ciiu npu-
KJaaeHi 10 pisHuX TiJI, TOMY iX HE MOXHA DPO3IJIHATH 9K CHJIM, IO
3piBHOBAXYIOTh ONHA OXHY. ’

T periii 3aKoH HI:IOTOH& Ja€ MOXJIMBICTh 3MIMCHUTH Tepexij Bix Me-
XaHIKM MaTEpIabHOI TOUYKH IO MEXAHIKM CHCTEMHM MATEPIAJbHHUX TOUOK,

AKIOO NOTPUMYBATHCE YSIBJICHHS PO CHJIM NApHOi B3AEMOAIi MiX Ma-
TEpiaJbHUMHM TOYKaMM CHCTEMHU,
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PosrianeMo cucreMy, sKa CKAAAacThCd 3 N MaTepiaJIbHI/IX TOUOK Ma- “
Il

camMu m,, My, ..., my. LIBUAKOCTI MuX TOUYOK NMO3HAUHMO BiAMOBiAHO
- > ->
U, Uy, ooy ¥y, MaTepiasibHI TOUKH CHCTEMH MOXYTDH B3aE€MOMIATH 9K MiX

co6010, TaxK i 3 30BHILIHIMY TiaMM, SKi HE BXOASTb A0 CUCTEMHU. Y 3B’93KYy ‘
3 UM PO3Pi3HAIOTH BHYTPIIIHI i 30BHINIHI CHJIH, gKi ZiIOTb HA MaTepiaabHi |
TOUKHM CHCTEeMH. BHyTpimHi cuau — HE CHUIH B3aeMOail Mix Ma- ’
TepiaJbHHMHM TOUKAMH CAMOI CHCTEMH, a 30BHIIIHIMM HA3WBAIOTL CHJIH, 3
gKVMH HA MaTepiaJbHi TOYKHM CUCTEMH JiOTh 30BHimHi Tia. Cucremy Ha-
3MBAIOTh 3aMKHEHOIO, SKIIO HA MarepiasbHi TOUKW CHCTEMH HE TiI0Th
SOBHINIHI cH aB0 reoMeTpuUuHA CyMa 30BHINIHIX CHJI JOPIBHIOE HYJIO.
TTpumycTEMO, IO MiX TOYKAMHU CUCTEMHU BiZtOyBAIOTHCS NMONAPHI B3aCMOii.

iy

Sxwo F, — cuia, 3 KO0 i-Ta MarepiajbHa TOYKAa i€ Ha k-Ty TOYKY, a

-

F,,— cuia, 3 KO0 k-Ta TOYKA M€ Ha [-Ty, TO 33 TPCTIM 3aKOHOM Hpto-
-> -> - ->

tona F, = — F,;, abo F, + F, = 0. 3piacn BMmMBae, MO rcOMCTPUUHA

cyMma BCiX BHYTPIIIHIX CWJI, $IKi AIIOTb Yy CHCTEMi, JOPIBHIOE HYJIO:

!

d -
> F, =0, (2.19)
i=1 k=1

N
-

ne z Fy (npm k # i) — reoMeTpuuHA CyMa BHYTPIMIHIX CHJI, SiKi AiIOTH

k=1
Ha [-Ty MartepiaJbHy TOUKY. .

Hexaii Ha mMarepiaJbHi TOUYKH CHCTEMH OilOTh 30BHIMHI CHJIA ‘
- > >
F,F, .., F, axi MPHUBOAATH N0 3MiHM NMHAMIYHOrO CTAHY CHCTCMM. 3a
ApyruM 3akoHoM HeroTona (2.7) piBHSHHS PyXy CHCTEMM TOBHHHI OyTH
HATIMCAHI JUTSL KOXHOI MaTEPiasbHOI TOUKY 3 YPaxyBaHHIM yCix B34a€MOMIN:

>
dp, > ->
— kz F,, + F, (k=1);

N

d;N o= -
= 2 Fu+ Fy (k%N).

%(Z + ...+ ;~> =

abo
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3BiACH, BPAXOBYIOUM CIIiBBiXHOIEHHS (2.19), smaxomumo

d >

P _

i F, (2.20)
ae p — TIOBHHMH iMIyJbC CHCTEMH, IO AOPIiBHIOE TeOMETPUYHiH cymi

lMI'IyJIbClB yCIX MaTeplaJIhHI/IX TOUOK,

- -
b= i

>
muy; (2.21)

Mz
Mz

i

1l
5
-

-
F — roysioBHUH BEXTOp 30BHillIHI i mi i

HIIMHIX CWJ, $IKi AiIOTh HA MaTepianbHi
CHCTEMH, ’ P o

LA
= > F. 2.22)

i=1

BHyTplIHHI CUJIM HE BIIMBAXOTh HA BEKTOP IIOBHOIQ lMHyJIbcy CHUCTEMHA
i piBasHHa (2.20) € ysarajpHeHHAM pisHSHHES pyxy (2.7) Ha CHCTEMY Ma-
TEPIaNbHUX TOUOK: NOXIOHA 6i0 6eKMOPA NOBHOZO IMNYABCY CUCHEMU Md-
MepPLarbHUX MO4OK 3G 4acoM OODIGHIOE 2eOMemPuyHiii Ccymi 6cix
30GHIWHIX CUN.

Sxkmo reomeTpuuyHa cyma 30BHIimHIX cun (2.22) IIOpiBHIOG HYJII0, TO

cnc"reMa 3aMKHEHa, i pisagHEs (2.20) Halysae BUrAImy Zf 0, Tobro

BEKTOp p CTanuit, 3BiACH BUIUIMBAE 3aKOH 36epexXeHH i IMITy/IbCY CHCTEMM:
NOGHUU IMRYALC  3aMKHEHOI  cucmemu MamepiabHUX — MOUOK
30epicacmocst, MOBMO He IMIHIOEMBCS 3 Yacom:

-> ->
D= m; = const. : (2.23)

Mz

>
b=

'Mz

i i

H_EymycmMo IO CHCTEMA HE3AMKHEHA i TeOMEeTpHUHA CyMa 30BH11[IH1X
cun F # 0. SIKwo mpoekIisi ros0BHOTO BEKTOPAa 30BHIMIHIX CHJI F Ha mesi-
KWl HampsiM IOPIiBHIOE HYJIIO, TO CK/IAZ0BA TMOBHOTO IMITYJIbCY cucremu y
LbOMY HanpsaMi 3aJUMIAEThCA CTAJOI0. I[mcno HEXaW NPOEKILisl CHIH Fra
neBHud HanpaMm OX IOPIBHIOE HYJIIO: (F)npx F, = 0. Copoexryemo Bek-

. . d
TopHe piBHAHHA (2.20) Ha ue#h Hanmpam: a{;" = F, =0, 3Bincu p, = const.
Y upomy pasi noBHMI iMITyJIbC CHCTEMH He 36ep1raeTbcs1 ane 30epiraeTbea

Tpoexuis iMmyeCy Ha HanpsM OX. Hanpuknan, Ha KMHYTE ropH30HTANb-
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HO TUIO Ai€ HampsM/IeHa BHM3 Cwia TsxiHHs. [Ipm mpoMy BepruxazbHa
CKJIAZIOBA iMITyJIbCy Ge3nepepsHO 30LIbIIYETHCH, aj1€ HOro ropu3oHTaibHA
CKJIAIOBA 3AJMIIAETHCS CTANOK (SIKINO HEXTYBAaTH CHJIONO

onopy NoBiTps).
JoBemeHHs 3aKOHY 30epeXeHHsd iMITyJbCy B 3aMK-

meniit cucremi (2.23) TPyHTYETHCS HA NPUNMYHICHHi, LIO
HA CWJIy B3a€MOMil MiX JBOMa MaTepiaJbHUMH TOYKAMH
He BILIMBAIOTH iHNIi MaTepiajbHi TOUKHM (NMADHICTb
BzaemMonii), i Ha TperboMy 3akoHi HbproToHA, 3 fKOTO  _
purmBae ymosa (2.19). 3akon 36epexenns immyascy B Fy
3aMKHEHMX CACTEMAx — I€ OKpemuil BHIagoxk (yHna-
MEHTANAbHOrO 3aKOHy, A1 (DOPMYJIIOBAHHS SKOTO BBO- m,[
IUTBHCH MOHATTS IMITYJIBCY TOJIS, IO BUXOAUTh 32 PAMKH

s

KJIACHYHOI MEXaHIKH. /nz[‘ msg
Tpukian 2.1, BUsHa4uTH DPUCKOPEHHS TATapuis i CHAY HATATY m:g‘ -
HUTOK (puc. 2.2). BBaXKaTH HATKM HEPOITSHKHMMH, TEPTAM i MAcCOlo m,q

HUTOK Ta OJIOKIB HeXTyBaTH, my > M, + My i my > ms.

Poas’s3anug [Io3HAYMMO NPUCKOPEHHA Tina Macow my i
6noka ] SIK LLTOTO WEPE3 d, MPHUCKOPEHHS Tila MAcOK Ml BIHOCHO
6noka | — uepes ¢;. BBaXXaTUMEMO BE/MUMHM NOJATHMMH | HANPAMACHUMM BEPTHKAILHO
pum3. Toni TPUCKOpeHHS Mac My, i My BIAHOCHO HEPYXOMOTO 6s0ka BiANOBigHO GYRYTDH
q—-a i —(a+aq).

FAKINO HEXTYBATH MacaMu 6J0KIB i HUTOK, TO CMJIM HATATy HUTOK MOBMHHI 3a70BOJIb-
HSTM TaKi yMOBM:

Fy=F, F,=F'=F+F=2F, (1)
PigHgyus AuMHAMIKY AJ8 KOXHOrQ TH#rapusg MaTHMyTh TAKWil BUTJIAN:

mg — F| = mq
myg — Fy = my(a; — a); @
myg = Fy = —my(a + ap),

7€ g — TPUCKOPEHHs BINBHOTO TAMIHHSL.
PipHsHHS (2) 3anvIIEMO y TAKOMY BHIJIsAAL:

mg — 2F, = mya;
myg — F, = mya; — mya; 3)
mag — Fy = —mya — mgay.
Posp’sizaBumm cucTeMy pisHsHb (3) BigHOCHO MeBiloMMx a, a,, Fy i F,, picTanemo:

_my(my + mg) — dmymy
my(my + mz) + dmymy

&

= 2m,(my — my)
Vo my(my + my) + dmymy

4m, m,ms
= my(my + my) + dmymg & Fi=2h
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Ipukiang 2.2. Tpanara macorwo m

WBHAKICTIO w» = 10 m/c | posipsanacs

a
Puc. 2.3

=3 Kr Jseriga s
H3a TPM OCKOJKM.

R By
P >
oy X2 7,
X3 B,
2 ’ ’
X

r(())pusoHTaanOMy Hanpsmi  aj
CKO. =

JIOK Macoro my; = 0,5 kr
Jlenfr; i3 WBHUIKICTIO
vy =20 M/c y nanpami, npo-
THJICXKHOMY 10 mnouaTkosoro
Happsmy Pyxy rpamaru. Iipy-
U OCKOJIOK Macoio m, = 1 xr
Bm.n_irae i3 WIBMAKICTHO
v, = 30 M/c nig KYTOM
@ = 30° 70 nouaTkoBOro Ha-
NPsMY pyXy rpaHaty. Busma-
YHTH MOAYNE i Hanpsm pek-

KoJIKa. .
a TOPa IWBHMAKOCTI TPETBOrOo OC-

Poss’
3B a3aHHg. IMnyasc rpanaru B ro

: —->
BUGYXy AOPIBHIOE  BEKTOPHiiT CyMi iMnysbcip

->
PU3OHTANLHOMY MONBOT] D= my y momenr

YTBOPEHHMX OCKOJKiB:
—->_ - > -
P=p,+p, + 128

3). IT, i
e b ). TIpoektyroun Ui BEKTOPM Ha TOPU3OHTANIbHY Bich (puc. 2.3 a)

nmy = —mvp, +
‘ 1P + myw, cos o, + p, ¢
3Bigcu 3HAXOAMMO R

D3 CO§ = 3
3 (e mv+mlv,—TW12v2.

P3cosoy = 14 LY

o6 3uaiTu MORYJIb ps, AOHAMO

BEKTOPH DIBHSHHY
(puc. 2.3, 6). 3a TEOPEMOK0 KOCUHYCIB 0 o2 mpasron oA

2 _ 2 2
P3=@+pY +p;-2p,(p + py) cos oy,

a6o
ps = [(m 2 v
3 = [(my + myy)” + (rrbvz)Z ~ V3myv, (my + mlvl)]“z'
Py = 20,5 XL
c
Bpaxosywoum, mpo =
. by =n i
Wi 3 13¥3, 3HAXOMMMO Mopyae | Hanpam msuakocri Tpersoro
_ P3
Ygm= o P3_ =
3= T oy F i) vz = 13,7 m/c;
Cos oy = J4 0,683;
0.5 , 3 g = 0,819 pag =~ 470,
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§ 2.6. Mpuuumn BigHoCHOCTI Fanineq

PiBHSHHS, IO OMUCYE APYTWH 3aKOH MEXAHIKH
- -
ma = F, 2.24)

CBiZUMTH TIPO TE, IO Liei 3aKOH HE MOXE OyTH CpaBEIJIMBHM Y Oynb-gKii
->

CHCTEMI BiJUTIKY, OCKIIbKYM IPUCKOPCHHS a Mac pi3Hi 3HAUEHHA B CHCTEMAX
BIAUTIKY, SIKi pyXalOThCS OJHA BiJHOCHO OXHOI 3 IIPUCKOPEHHSM.

Posrngremo pyx MarepiaabHOI TOUKH BITHOCHO [IBOX CHMCTEM BiIJIiKy
K i K'. Cucremy K BBaXaTUMEMO iHEpHiajbHOW, &8 CHCTCMY K' rakoro,
M0 PYXAE€ThCs PIBHOMIPHO i MPSMOMIHIAHO BiXHOCHO CUCTEMH K. Pyx rina
BIZHOCHO PyXOMOi CHCTEMH BifJIiKy HA3UBAIOTh GIOHOCHUM, & PYX PyXOMOI
CHCTEMM BiIUIIKY BIZHOCHO HEPYXOMOI — NepeHOCHUM.

BaKOHM MEXaHiK¥ BiZHOCHO HEPYXOMO! iHepUiaabHOI CHCTEMH BIIIIKY
pigomi. SIKMil BHrASA MAaTUMYTh Li 3aKOHH BifiHOCHO PYXOMOI CHCTEMH
Bimniky? JI19 IbOTro CroyaTKy 3HaimaeMo (HOpMy M MEPETBOPEHHS KOOPAU-
HaT, TOOTO QopMysu, gKi AAXOTH
MO)KJII/IBiCTI?' nepenTu Biguxoopnn—_ 7 7'
HAT PyXOMOI TOUKH B OIHI¥ CHCTEMI 70
70 il KOOpAMHAT B iHHIN CHCTEMi, z
GKINO CHUCTEMH pPYXalOThCsS OAHA
BiHOCHO ONHOL piBHOMipEO i mps-
MOJIiHi#HO 3i wWBHAKicTIO v, Hexai
y MOMeHT yacy ¢ = 0 mouatku 060x X/ X
CHCTEM BiAmiKy Ta BigmosigHi oci ¢ Y’
36iraloThCe, a NOTiM ITOYATOK pyXo- Ay %

MOI CHCTEMH BigJiKy pPyXae€ThCd

B3OOBX oci OX 31 WIBHAKICTIO ¥, i Puc. 2.4
BimnosinHi oci ofox cucreMm 3aJu-

[MAKOTHCS MapaNeJbHUMH. 1103HAUMMO KOOPAMHATH MATEpiajbHOI TOUKH
P (puc. 2.4) BiIHOCHO WX CHCTEM BiIOBiTHO X, y, 21 X', ¥y, z'. OuesugHoO,
MO 3B’$30K MiX LAMH KOOpAMHATaMu y Oymb-sKMit MOMEHT 4acCy BHpa-
XAETbCHd TAKUMHM CHiBBIAHOMICHHIMM:

U t P

x=x +uvit; y=y; z=12; r=t'. 2.25)

PigugHHS { = {' BKA3yE Ha Te, IO B KJIACHUHIN MexXaHimi uac HE 3a-
Aexuth Big Bubopy iHepuianbHOi cucTeMn Bimiiky. CucTeMy piBHIHB
(2.25) masmBawTh (HOPMyJaMH TIEPETBOPEHHS KOOpAMHAT abo nepemso-
pennamu Faninest.

3HAKAEMO NOBXHMHY CTEPXHS y HEPYyXOMill i pyXomiii cHCTEMAax BIANiKY.
B HepyxoMiit cucTeMi BiIIIKY AOBXMHA CTEPXKHS BU3HAYACTHCA 32 ¢opmy om0

I=V(x,— x) + (3= 0+ (z,— 2,
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A€ X1, Y1, Z1 1 X2, Y2, 2 — BiANOBINHO KOOPOMHATH MOYATKY i KiHIS crep-
XHA.

) Kopucryiouwncs (bopMynaMn' (2.25), 3HaiineMo KOOpAMHATH MOYATKY i
KIHIS IBOTO CTEPXHA B PYXOMIiM CHCTEMI BiIUIiKy B MOMEHT yacy f:

1

= —_ . LE—— . ' . [
X, X, —Ul Y =Y oz =z X, = X, = Vol; y2’ = y,; z2' = z,.

Hosxuna crepxHs y cucreMi Bimtiky K' Oyne

lr - \/(le _ x[r)2+ (y2/ _ ylr)2+ (221 _ 21’)2 —

=V, —x)+ O -n)+ (5 -2) =L (2.26)

' Bennqm_m, AKi HE 3MIHIOIOTBCH TPM MEPEXOAI Bix ommici cucTemm
BUIIIKY 1O IHIUOI, HASHUBAIOTb iHgapianmnumu. 3 piBHOCTI (2.26) BHIHO,
IO AOBXMHA CTEPXKHS ab0 BiACTAHb MiX IBOMAa TOUKAMHM Tifida OHAKOBA B
obox cucreMmax Bimiiky, To6TO iHBapiaHTHA.

[I{o6 3HAMTH 3B’SI30K MiX CKI3JOBUMM LIBUAKOCTEH TOUKH B OGOX CH-

CTEMax BilIKY, Tpeba npoaudepeHnioBaTy piBHgHHS (2.25) 3a yacoMm.
ITicns uporo MaTumMeMo:

E — ! . — ,o —_— t
v.=v Yo v, =v; v, =y (2.27)
abo y BexTopHi#t dopmi:
- - ->
v=v+ v, (2.28)
PlB}_mHst (2.28) Bupaxae 3aKOH AOJABAHHS WBHAKOCTEH lamiyes:
LIBUAKICTh MATEPiaTbHOI TOUKH BiJHOCHO HEPYXOMOI CHCTCMM BiUTiKy
. PR . . o > - X3 —>
AOPIBHIOE BEKTOPHIM CyMi BiRHOCHOT v’ i mepeHOCHOI v, mBuAKOCTEH. 3a

piBHaHHAM (2.28) HEBAXKO NMOKA34TH, MO BiTHOCHA LIBMAKICTH ABOX Tif
OHAKOBA B 000X CHCTeMax Bimmiky. Hexail IIBUAKOCTI ABOX B33E€MOMIIOUMX
- -

T y HEPYXOMIl CHCTeMIi BiIUTiKy IODIBHIOIOTH v, i ¥,, & B pyXoMiil —
n 2 3

> ‘—:' - -> - > - -> Lo
v, iv,, npuuoMy v, = v, — v v, = ¥, — v,. Toai BitHOCHA MBUIKICTH
. " u . » 0 -> > > .
LOUX TUT y HEPYXOMill cucTeMi Bigiky Av = v, — v, , i B pyxoMill cuctemi
L. =, >, - - -> - -> -
BILUIKY Av' = v," —v\" = (v, — v)) — (v, — v,) = Av. Orxe,
- -
Av = Av’, (2.29)

H_[06. BCTAHOBUTH 3B’SI30K MIX BIAMOBINHUMY NPUCKOPEHHIMH, IIPOXU-
thepenmitoemo piBHstHHS (2.28) 33 wacom. Ockigbkn v, = const, TO

- -
dv _ dv'

_dv' >_ > (2.30)
dr ~ i
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OTxe, npm PiBHOMIPHOMY i IpAMOJiHifiHOMY pyci oasiel cucTemwm
BiIUIIKY BiZHOCHO iHIIOl IPUCKOPEHHS TiZa B TAKMX CHCTEMAX iHBApiaHTHI.
3 ppOro BHIVIMBAE, IO BCi CUCTEMH BiIIiKY, 9Ki PyXaioThCd PiBHOMiPHO i
npEMOJiHIfHO BiAHOCHO iHepuiaiapHOI cHcTeMu Bimriky, OyayTs
iHEepIiaJIbHAMHU.

Cnna B3aeMomil MiX MaTepiaJbHUMH TOUKAMH 3aJICKHUTh Bif BiAcTaHi
MiX HMMH i ixHBOI BimsocHo! meuakocti. IIpum mepexoni Bixm omHiel
igeprianpHOl cMcTeMHM Bimtiky A0 iHImO cMaa Sk (PyBKIig iHBapiaHTHHX
BEJIMUMH HE 3MIHIOEThCH, TOOTO CWJIA iHBAPIAHTHA BiAHOCHO IEPETBOPEHD

-> >
Taninesi: F = F. OcKinbkd i NPUCKOPEHHS 3aMMINAETbCI IHBAPIAHTHUM
(2.30), To 3 piBHauHs (2.24) BUNIUBaE

- >

ma = F'. 2.3

Pierasas (2.24) i (2.31) marore 3Mory cchopMy.Ii0BaTH OAMH i3 Hal-
BAXJHUBIiImMNX TIpUHIAOIB KJaCuyHOI MEXaHIKH — IPUHO U
pigHocuocti Tlaximes: pigusinns  Mmexaniku Hovomona
ineapianmui gidnocHo nepemeopensv Ianines, mobmo GOHU 3ANUULAFOMb-
¢Sl He3MIHHUMU npu nepexodi 6i0 odHiel inepuianbHol cucmemu 6ioniky 0o
IHWOL.

3aKOHM B34EMOMil i PyXy Tijt B yCix IHEpHmiaJpHUX CUCTEMAX BiIJIKY
ONMHUCYIOTHCA TUMHU CAMMMH DiBHAHHSIMY — YCi iHEpUiaJbHI CUCTEMU
Biptiky pismompaeni. IIpote ne He o3Hauae, MO XapakTep PyXy TOro ca-
MOTO TijJa B yCix iHepujiagpHHX cucTeMax omHakosmi. Hampwknaxm, pyx
KyJbKHM TP BiJIbHOMY HafgiHHi Oyne NpaIMOJIHIMHMM y CUCTEMi BimJikKy,
3B’sI3aHil 3 BATOHOM, IIO PyXaeThCd PiBHOMIipHO i mpsModiniiHo. Pyx miei
caMmoi KyJIbKM BiZHOCHO CHCTEMH BifJIKY, 3B’93aH01 13 3aJi3HMUYHHUM TIO-
JIOTHOM, Big6yBatumerscs mo napabosi. Piu y TiM, mo, xoua 3axosu Hemwo-
TOHA i muepeHIiabHi PiBHAHHSA, SKAMH BOHH OMHCYIOThCS, OJHAKOBi B
060X cHcTeMax BifTiKy, O/ BH3HAUEHHS TPAEKTOPIl KyJbKU HEOOXimHO
po3B’a3aty nudepeHianpHi PIBHIHHS IPH BiANOBIAHMX MOYATKOBHX YMO-
BaX — NPM 3aAaHUX KOOPOMHATAX i IMIBHUAKOCTI KYyJbKM B MOYATKOBUH MO-
MEHT 4Yacy. Y BaroHi KyJbKa Hajac 3 MOYATKOEOK IIBMAKICTIO, IO
IDOpiBHIOE HYJIIO, @ B CACTeMi, 3B’#3aHill i3 3a/1i3HMYHMM MOJOTHOM, BOHA
Mac 1oYaTKOBY TOPH3OHTANBHY LIBWAKICTH, KA HOPiBHIOE HIBHAKOCTI Ba-
rosa. 1luM mOSCHIOETBCS Pi3HMII XapakTep PyXy KyJbKH B 000X cuMcTeMax
BigsIiKy.

Tlpuanun BimHocHOCTI [ajises OXOIUIIOE MEXAHIUHiI sSBMIIA, AKi
BimOyBalOTHCH B 3aMKHEHMX CUCTEMAX, IO MAIOTh CKiHUEHHI PO3MipH i nie-
pefyBaioTh y HE3MIHHMX 30BHIIIHIX yMoBax. ToMy MOXHA 1aTH Lie Take
exBiBaJICHTHE (POPMYJIOBAHHS IIPHHIMIY BiTHOCHOCTI B MEXaHIiLi:
HISKUMU MexaniuHumu docnidamu, npogederumu 6cepeduHi iHepulanbhoi
cucmemu GiOJIKY, HEMOXJIUBO BCMAHOBUMU — cucmema nepebysaec y
CMami CROKOK 1l PYXAEMbBCSL NPSIMOJUHIIHO [ PIGHOMIDHO.

IMpunnun sigrocHocTi Tanines O6ys nomnpennii A, EdHmTE#RHOM HA BC
¢isuuni gpumaA.
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§ 2.7. Desaki Hacnifgkn 3aKoHiB HeloToHa

_ Pyx ueHrpa Mac cucTeMM. Y MEXaHilli BHACAIZOK HE3aJEXKHOCTI Macy
BiJl ITBUAKOCTI iMITy/IbC CUCTEMHM MOXXHA BUPA3HUTH YePEe3 MBUAKICTD 11 IEH-
Tpa Mac.

Lenmpom mac abo uenmpom inepuii cucmemu HA3HBAETBCS TEOMET-
prunHa Touka C, NOJ0XKCHHS 9KOI XapakTepU3ye PO3NOAia MAC y CHCTEMI.
-

[TosoxeHHs LEHTPAa MAaC BUBHAYAETHCS PAJiyCOM-BEKTOPOM 7, KW HJIs

CHCTEMH 3 TMCKPETHMM DOSHOIIJIOM MAC i CHCTEMH 3 HENEPEPBHUM DO3-
nogiIoM (CyWiJbHOIO TLMA) OMUCYETHCH (hopmyamMu

- -
E mpr, f prdv
- :
>_ G , >y (2.32)
c m c m 4
A€ m — Maca BCi€l CHCTEeMH BiRIOBIZHO
m = 2 mi m = f pdV; (2.33)
i 14

p — rycruna; V — o6’em.

y CHUCTEMi 3 AMCKPETHOIO CTPYKTYPOK MEpPEMIIUECHHS OKPEMHMX Ma-
TEPIAIBHAX TOYOK IPHUBOAMTEL A0 3MiHM TIONOXEHHd 11 HeHrpa mac. o6
3HAUTH IIBHIAKICTh LEHTPA MAc, NpoAudepeHiloeEMO 33 YACOM BHPA3

(2.32):
d—>
ri —>
N d;: Z m; (Jt E mv;
'l}/c = — = = !
dt m m
SanuuemMo e piBHSHHS Yy BUTTISAL
- -
p = mv,, 2.34)

- -
ne p= zmmi. Orxe, IMIOyJIbC UEHTPA MAC JOPIBHIOE NOBHOMY iMITyJibCy

t
cucTeMu. Pyx meHTpa Mac TOTOXHUE 3 MOCTYIAJIBHAM PyXOM CHCTEMH SIK
€AMHOTO LiOro.

N ﬁKIlI_? HAa CHCTEMY AilOTh 30BHILIHI CHAM, TOJOBHUU BEKTOpP SKHMX
F= ZFi, TO 3a apyrum 3akoHoM Heiotona (2.20) orpumaemo piBHSAHHS
i

pyXy LEHTpa Mac

dv. -
m-— = F. (2.35)

3BigcH BUILIMBAE TEOPEMA MPO PYX WEHTPA MacC ueHmp
Mac cucmemu pyXaemocsi stk mamepiaibHa moukd, maca sikoi 0OpieHroe
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e .
NP —

cymapnii maci aéciei cucmemu, a Jiroua Cuna — 2eomempuiHit CyMi 8cix
308HIWLHIX CUM, SIKI OIFOMb HA CUCHEM).

.
Y saMkHeHi# cucTeMi (z F, = 0) iMmnyspc umeHTpa Mac 36epiracTbes

i
(—;J = mz_;c = const): Mix MarepiafpHEMM TOUKAMu CHCTEMH MOXYTh HiSITH
6ymb-gKi cuIM, cUCTEMa MOXE 00EpTaTHCd, aae LECHTP Mac CHCTEMH pyXa-
TUMETBHCS HPIMOJIIHIMHO | piBHOMIPHO.

AINTUBHICTH i 3aKOH 30epexeHHs Macy. BiacTusicTh aTUTHBHOCTI Mac
CHCTEMHM TIOIIra€ B TOMY, IO Maca CHCTEMH AODPIiBHIOE CyMi Mac ma-
TEepiabHIX TOYOK, 3 SKUX CKJIAZAETBCSI CUCTEMA. BaacrusicTs aZMTUBHOCTI
0B’ 934aHA 3 33KOHOM 30epeXEHHS MACH: CyMa Mac Tij, IO B3AEMOAIIOTH,
HE 3MIHIOETbHCS 3 YACOM.

Hespaxamoum HA OYEBHAHICTD agUMTHBHOCTI MACH, LSl BJIACTUBICTH HE
BUIUIMBAE 3 TOUHOrO O3HAUEHHS Macu i suMarac oOrpyHrysaHHs. [ag go-
BENCHHS ATUTMBHOCTI Mach B KJIACHUHIN MEXaHIIi MOXHA 3aCTOCYyBATH
npuanMn BigdocHocti Ianines. Hexan BHACJIZAOK 3ITKHEHHS ABOX Ti1 Ma-

camu m, i m, yTBOPIOCTbCS ONHE Tino Macow m. B imepuianehii cncremi
- -
K, BigHOCHO 9KOI Tifa 0O 3ITKHEHHS PYXaJucd 3i MIBUAKOCTSIMH ¥, 1 ¥, &

N
mic/Isg 3iTKHEHHS CKJANCHE Tiso — 31 LIBMAKICTIO v, HA MifICTaBi 3aKOHY

36epexedHs IMITyJIbCy MaemMo

- - -
mw, + my, = mv. (2.36)

a5 npouecy 3iTKHEHHS LMX T 3aKOH 30epeXeHHd IMITYJIbCY CIIPaB-
AXYETbCS TAKOX y CHUCTEMI BiLTIKY K', 9Ka pyXaeTbcd BiIHOCHO CUCTEMU
4 i

K TIpIMONiHiifHO i PIBHOMIPHO 3i MIBUAKICTIO ¥

- - -
mw," + myw, = mv'. (2.3

Ockiyibka OOMIBI CUCTEMHM BiAUTIKY iHEepHiaabHi, TO MACH BCIiX TUT 'y cucTeMi
K' 33 MIIATHCI TAKMMH, SKMMHU BouM Oysm B cucteMi K, a CHiBBiAHOWEHHS
MiXX TIBMAKOCTIMH TiJ1 Y TMX CHCTEMAX AAIOTBCS BUPA3aAMHU
-> - -> - -> -> -> -> -

B ’-——. -— P [ — — . ./— —_—
v, =m0 U, U, TV V=V U

Ilincrasmemy ui 3HauvenHda B (2.37) i paxyBasmm (2.36), 3HaxoanmMo
m=m, + m, (2.38)

Maca CKJIANEHOrO TiIa AOPIBHIOE CyMi Mac CKJIaOBMX TLJ.

Cc¢opMy/IEOBAHA TAKMM YMHOM BJACTHBICTh AAMTHBHOCTI MAacu i 3aKOH
30epeXeHHd MacH HE € 30BCiM TOUHMMHM 3aKOHAMM NMPUPOAM — BOHU
CIIPAaBIKYIOTbCS JMIIe HaOMIKEeHO. ANXMTHBHICTE MacH ofrpyHToBaHa Ha
miacTaBi npuHIMIY BifHOCHOCTI Tanined, Akl € HaONMXKEHUM TPAHITYHHM
BUIIAAKOM MPMHLWNY BigHocuocTi E#nmreiina. Tomy Bupas (2.38)
MOTPIOHO TEeperISHYTH 3 YPaxXyBaHHAM CHerniaspHol Teopil BiABOCHOCTI.
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3aKOH' u36epe)KCHHSI MacH OYB BCTAaHOBJICHMI 3a pE3y/IbTATAMH XiMiUuHHX
Ipileaxum.v CyMa Mac Tif 10 PEaKuil NOPiBHIOE CyMi Mac Tij MHCAS peakiii.
H3bKUU CHCPTETHYHMM BUXIN XIMIUHMX Peakuiif He JaB MOXJIMBOCTI BH-
SIBUTH 3%41Hy Macu pCUOBMHHM B npoueci peakuii. Mix nosow eneprieio i
Macorzo YAB-4KO1l CHCTEMH iCHYEe (DYHAAMEHTAAbHE CHOiBBiZHOIIECHHSH
E = ¢"m, Bcranos/eHe Efinmreitnom. Tomy B 6ananci Macu npu B3acMoxii
TIT NOBMHHA BPaXOBYBAaTHCh HE TiIbKM Maca PEYOBMHH, a i Maca,
Iefsusane}rma CHCPrII, IO BUALISETHCS YU MOIMIMHAECTBCA NPH B3aEMOIL.
ANpUKJIan, NPH B3a€MOMISX MiKPOYACTHHOK, 9Ki 3aBEPUIYIOTHCH SIEPHU-
MM peaKIismi, BinOyBacThca moMiTHA 3MiHa CYMapHOI MacH YacCTMHOK HO
1 MCIg peakuii BHACTIAOK 3HAYHOTO EHEPreTH
CJ YHOrO BHXOAY 49A€ -
AKIIii. PSSP pe
3auat§a JBOX TiJ. Sgnaqero ABOX Til HASUBAIOTb 3aHady IIPO PYyX ABOX
B3AEMOAIIOUMX MAaTepiajpbHUX TOUOK. Hexait m;, i m, — macu Ma-
R —>
TCPIAIbHAX TOUOK; F,, — CWja, 3 9KO0 Touka / aie Ha TOUKY 2; ;“) —
CH. : i FiF .
J1a, 3 9KOK0 TOUKa 2 gie Ha TOuky /; F, i F, — 30oBHimH] cunn. 3anm-
MEMO PIBHAHHY PYXY CHCTEMHU ABOX MATEPIAIBHUX TOUOK

g -
n _ 3z = d2r2 -> Y
ny e Fou+ Fi; my e =Fp+ F,, (2.39)
A€ 32 TpeTim 3akoHOM Heiorona 1_7)12 = —le,

Posp’sa3anng 3amaui OBOX Tijl 3BOAMTHCH 0 MBOX HE3aJCXKHUX 3a74a4.
Iepma nongrae y posp’s3anui PiBHSHHS PyXy /S UEHTPA Mac CUCTEMH
. dt?
e r.— paniyc—BexT_o_)p 1_1>eHTpa Mac OBOX MarTepiaAbHHUX TOUOK 3
paniycaMu-BeKTOpaMu ry i r,.
I[pyra 3amaua — BH3HAUCHHS BIXHOCHOTO PyXy ABOX MATEPiaJbHHX TO-
4OK. PiBHSIHHSI TaKOro pyxXy omepXuMo sk pisHNLIO piBHAHE (2.39):
2 o o o 7 7
Hﬁ(h_rl):ﬂz‘*'u(——_‘_), (2.40)

(my + my) =;“>,+7?2,

m: m;
ae p = mumy/(my + m,) — 3BeneHa Maca.
. . —> -

Skmo CHCTeNfalszBox. Tix {3015082H2 (F, = F,=0), To uearp mac py-
Xa€THCS NPSIMOJIHINKO i PIBHOMIPHO, a pisusHHS (2.40) HaBysac BurIsSY

—>
WLr_z 2.41)

= 12. .

dt?
e piBHSHHS onucye byx _)om{ig'f MartepiasbHO! TOYKM BiTHOCHO ApyToi,
OCKUIBKY PAAlyC-BEKTOD 7 = r, — r|, NPOBENECHUN Bix Touku | Ko Toukwm 2,
OAHOZHAYHO BU3HAYAE IIOJIOXKECHHS APYTOl TOYKH BiHHOCHO mepmoi. 3a apy-
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ruM 3akoHOM HploroHa (2.9) piBuguaHg (2.41) MOXHA po3ragaaTv §x
piBHEHHSL pyXy APYroi MarepiaipHOI TOUKHM 3 MAco0 [ y CHJIOBOMY nBoui
mepmoi MatepiaabpHoi TOUuKU. 1le TBepAXKEeHHS 3aIUINAETbCS CIIPABEATMBUM
-> ->
Fl F2

i JJI9 HEe3aMKHEHOI CHCTEMH 334 yMOBWM, IO . =
1 2

§ 2.8. Pyx Tin 3MiHHOT MacK. PeaKTuBrui pyx

Ilix pyxoM Tijia 3MiHHOI MacH PO3YMIIOTh TaKUi PyX, MPH SKOMY Maca
Tina 3MiHIETBCS 3 yacoM: m = m(t). Hampukiaa, Macu paker, SKi HECYTh
KOCMiuHi amapaTh, PEaKTHBHHX JITAKiB Ta iHIMX JITAUUX PEAKTUBHHX
anapariB 3MEHIIYIOTHCH 3 YacOM 33 PaXyHOK BUKHMJAHHY rasiB, yTBOPCHUX
[P 3TOPSHHI BEJMKOI KiJIbKOCTI NavBa.

Busegemo piBHAHHS pyXy Tiza (MarepiajbHOI TOUKH) 3MiHHOI MAcH HA
npuxaani pyxy paketu. [IpmHIuMn aii pakeTu mojidrac B TOMy, IO BOHA B
HNEBHOMY HanpsiMi BUKHAAE 3 BEIMKOK HIBUAKICTIO YACTHHY CBOEL Macu y
BUDJIGHNI rasiB, AilOUM HA HUX 3 BEJWKOKW CWIOK. [asu 3 Takow caMow
CHJIOK, ajie¢ NMPOTHJIEXKHO HANPSMJICHO, MiIOTh HA PAKETY i HAAAKTh il
npuckopenns. i COPOLICHHS! BBAXKaTUMEMO, IO rasu BUXOAATH i3 COTLIA
pakern 31 cTas0K0 IIBUAKICTIO, 3HAUEHHS AKOI BIIHOCHO PAKETH IOPIBHIOC
u, i Maca pakeTu 3MiHOEThCa GesmepepsHo. Ha pakery AitOTh 30BHILIHI
CHIM (rpaBiTalLlifHi CHJIM NPUTSITaHHT 3eMi, anusx i 1aHET, CAJIA ONOpPy
CepenoBMIla), BEKTOPHA CyMa SKHX IOpiBHIOE F.

Hexait y MOMEHT uacy / pakera Mae Macy m, ii _I)IIBI/I)J_I)(iCTb y HEPYXOMiH
cucTeMi BIIUNKY HOPIBHIOE v i iMOysnbC paketu p = mv. 3a HaCTYNHUHA
MPOMIiXOK 4acy df Maca pPakeTH 3MEHIIUThCA i CTAHE PIBHOO m — dm, a

- -
i WBMAKICTh 36ILIUTBCA A0 ¥ + dv, ToOTO B MOMEHT uacy ¢t + df micas
BUKHMAAHHY rasiB Macoio dm iMIyJIbC CUCTEMHU

D+ dp=(m~dm)(®+do)+dm (v +dv — 1),

J€ BPaxOBaHO, IO B HEPYXOMili CHCTEMi BiIJiKy Maca BUKHMHYTHX rasiB
-> —>

dm Mae mouaTKOBY MIBMAKICTb v + dv y Hanpsmi pyxy pakeru. Otxe, 3a
HpOMiXOK yacy df BinOyaace 3MiHAa iMIyJbCy CHCTEMH

- - - - > - ->
dp=(m—dm)(v+dv)+dm@v+dv—u)— mv
a6bo
- -> -
dp = mdv — udm.

3MiHa iMOyAbCY CHCTEMH 33 Yac df JOPIBHIOE IMITYJIbCY TOJOBHOIO BEK-
TOpa 30BHIMIHIX CAI:
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- =
mdvy — udm = ;dt,

abo

do  =>d
av _ »am
M T g

piBIrII-EliII:ISIBHIIJ\/?S HA3MBAETHCS piBIESIHHSIM pyxy Tina 3miHuOi Macm abo
i l:yM of.:nepCbKOI_‘o. Iepmmit TOTAHOK y MPABIM YACTHHI PIBHIHHS —
s JICHA 3MIHOX) MACH PAKETH, | Ha3uBa
ETBCA -
JIOK0 abo CHUJI0K TATH: ’ % peaxiprOTo C1

+ F. (2.42)

;’ngdﬂ

It *

Cuna Taru paxeTu IponopuifHA MBUAKOCTI 3MiHA Macu paketu dm i
dt

-
MBUAKOCTI U, 3 SIKOK BUXOXATh TA3H i3 COILIA pakeTH. BoHa mie Ha paker
3 60Ky rasiB y HampsiMi, MPOTUIEXKHOMY HATIPSIMY Ta30BOTO OTOKY g
Hpnmmg PCAKTHBHOTO PYXy Tija NOJISIrae y BUHMKHEHHI peaK’l:nBHo'i
CHJIM BHACTIAOK 3MIHM MAacM Tiia | BUKUAAHHS YACTHHOK MACd Y MOMEHT
BIAOKPEMJ/ICHHS 3 BiJHOCHOIO IIBMAKICTIO IIOAO OCHOBHOIO Tijid
IMpunycruMo, mo HA pakeTy He AIIOTh 30BHIiIHI cnjm.. Toxi npn

—%
F = 0 piBasiaHg (2.42) walysac Buraany

- >
mdvy = udm

abo B ckansipHiil chopmi

dv = —u glﬂ’
m
&€ BPaxXxOBaHO, IO mgnmdcm BHUXOHy ra3iB i3 pakeTH 3a HATPSMOM IpO-
TUAEXHA WBHUAKOCTI paketn. Hexall y moyaTkoBui#t MOMEHT wac
MIBUIKICTbL PAKETH OOPIBHIOE HYJIIO, a i Maca myg. Ilicng sropaHHS BCbOI‘g
3amacy majauBa pakeTa A0oCArac MBHIKOCTI v i I Maca crae piBHOIO
InTerpyroun ocraHHE PIBHAHHSA B HHX MEXaX, 3HAXOAMMO e

Td
vo= —uf—mﬂ=uln@.
o M

Leit Bupas HasuBaeToca (opmyaon Lliogkoecskoro.

I_nesz BUKODUCTAHHST DEAKTHBHOI CHJIM IJIS CTBOPEHHY JITAKOUMX ama-
parie ymepie 6yJja BUCIOBIEHA YKpPATHCHKAM imxenepom M. 1. Kubasp-
ypyem (1853 — 1881). Cuna T9ru peakTMBHOIO ABUIryHa He 3;(14'1.63)KPITB Bil
HAABHOCTI CCPCAOBMINA (HATPUKJIAK, IMOBITPS AN IBMHTOBMX JITAKIB).
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§ 2.9. MOMEHT iMnynbCcy. MOMEHT CHIK. 3akoH 36epereHHs
MOMEHTY imnynbcy

Pyx Martepia/sbHOI TOUKH T Ji€I0 CYUIH TIO JOBiIBHIH TPAaeKTOPil MOX-
HA PO3FMANATH SIK 00EpTajbHAN PyX TOUKHM HABKOJIO MHUTTCBOIO LEHTPA.
s XxapaxTEpUCTHKH LBOTO PYyXY BBOMSATH HOBi MOHATTY ~— BCKTOPHI
(pizuuHi BETMUNHUA! MOMCHT iMTIyABCY i MOMEHT CHJIH.

PO3rISHEMO BEKTODH MOMEHMY IMHYIILCY MarepiaJbHOl TOUKM I MOMCH-
Ty MPUKJAACHOI 10 HEl CHJIH BinHOCHO HOBiAbHOI ToukH 0. 110 TOUKY Ha-
3MBAKOTH TTOUATKOM 260 TIOJKOCOM.

BeegeMo  NO3HAUEHHA: 7 —
paniyc-BeKkTop MaTepiasbHOI TOUYKH
MAcOI0 m, TIPOBENEHUI BiA MovaTky 0

-> -

A0 MAaTepiaabHOL TOUKH; p = My —
BEKTOp IMITYJIBCY; O — KYT MiX BEK-
- >

Topamu r i p, IO JIEXaTh B OnHIN -
noommui (puc. 2.5). MomeHTOM
iMIyJabCy — MaTtepiajspHOI  TOUKH
BiZHOCHO TOYKH { HA3WBAETHCS OCHO-

- .
BUH BEKTOp L, IO UYMCEJIBHO NOPIBHIOE no0yTKy iMITy/bCy MaTepiasbHOl
TOUKH Ha JOBXWHY TIEPIEHAMKYJISAPA 7y, OMYLICHOrO 3 TOUKH 0 Ha HaAPSIM

iMIysnCy:

L=rp=rpsina

abo y BexTopHi# opmMi

-> —->> -> =
L=1[rpl=Irmv] (2.43)
- -
BekTop L meprieHAuKYASpHUA 10 IJIOIIMHA, B gKifl JIeXaTh BEKTOpH 7

i [-: foro MopyJb i HAalpdM BU3HAUYAIOTHCS BEKTOPHHM mobytkom (2.43).
3okpeMa, MOMEHT iMIYJIbCY MaTepianpHOI TOUKH, SKA PYXAEThCH TPs-
MOJiHiHO 1 PIBHOMIPHO BiXHOCHO HepyxoMoi Touku 0, He 3MiHIOETBCSI B
nponeci pyxy. Cnpaszi, B IbOMY pasi pamiyc-BEKTOD r—> 3MIHIOETBCY BECH
yac, aje€ MOMEHT iMIyJabCy Bi)lH_O)CHO Touku () 3aJUIIAETbCS CTAJHAM,
OCKLIBKY HE 3MiHIOEThCS iMIyJIbC p i AOBXKMHA MEPHCHAUKYJIAPA 7.
[HmmM TpUKAAEOM pYXY, IpH SKOMY MOMERT iMITy/IBCY 3aJMIEAETHC
CTAJI¥M, € PyX MATEPiaJbHOI TOUKH IO KOTY 3i cTan010 MWBHAKICTIO, KO
IIOmMUHA KOJa HE 3MIiHKE opienTauii B MpOCTOPL. Tlpm LbOMY MOMEHT
iMIyTbCy TOUKY BiXHOCHO LEHTPA KOJIA HE aMintoe HanpsMy. Moro Momysib
mopiBHIOE AOOYTKY CTajnMX BCJAMYMH L = rmy, OCKiJIbKM MOAYyJdb r

- >
AOpiBHIOE pamiycy Kosa, a Kyt MiX 7 i ¥ BECh Uac IPSMHIL.
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Tyt nmorpibHO iPOGHTH BaXKJIMBE 3ayBaXeHHs. MOMEHTOM BEKTOpa ;
->
3aBXxan € Bektop L. IIpore MOMEHT BeKTOpa p BiAHOCHO AegKoi oci OZ €
->

npf)exuielq Ha IO BiCh JIOTO MOMEHTY L BiZHOCHO TOYKH, KA JIEXKHTb HA
i Xe oci, TobTo MOMEHT IMIOYJBECY MaTepiajibHOi TOUKM BiTHOCHO OCi yXe
HE € BEKTOPOM. Y HABEHACHOMY TIPHKJIAZAI MOMEHT iMITY/IbCy BiHOCHO OCi
OZ, 9Ka TPOXOOUTh 4YEPE3 LEHTP
KOJIa NEPHEHIUKYAIPHO AO IJIOMIH-
HM KOJIa, BM3HAYAETHCA AK MPO-
Ckuis L, = rmv, a HE 9K MOOYyJb

N

BEKTOpa L BiZHOCHO LEHTPA KOJd,

X0Ya Ui BEJUYMHM B AAHOMY pasi
36iraroThCA.

Puc. 2.6 MomeHTOM iMnynbcy cucreMu

MaTepiaTbHUX TOYOK BiTHOCHO Aesi-

o _ KOi ToukH O HA3UBAETHCH BEKTOPHA

CyMa MOMEHTIB iMITyJIbCiB yCiX MarepiajibHUX TOUOK, 3 SIKMX CK/JAANACTHCA

CHCTEMA, BIHOCHO Ti€l X TOYKM. [I1g cucTeMu i3 N MarepiaJbHUX TOYOK

- - N
LzzLi: [’?Z]:Z[;:mz;;,]a (2.44)
i= i=1

i=

—

-
a¢ L — noBHUEM MOMEHT iMITyJIbCY CHCTEMH BiTHOCHO RAHOI TOUKHM (.
IToHATTS MOMEHTY CHJIM BBOXSTH AHAJIOTIUHO MOHSTTIO MOMEHTY
-

iMmoysabcy. SIKmO HA MarepianebHy TOUKYy m gie cuia F, TO BiAHOCHO

AOCBLIBLHOL TOukM () (puc. 2.0) BUHMKAE MOMCHT CuiM. MOMEHTOM cuam F
BIZHOCHO TOUKH () HA3MBAIOTh OCbOBMI BEKTOP M, IO MOPIBHIOE BEKTOP-

HOMY 100yTKy pamiyca-BeKTOpa TOUKM NPHKJIATAHHS CHJIH HA BEKTOD CH-
JTH:

- >
M= [rF] (2.45)

-
BekTop M BigHOCHO TOukH () He 3MiHWTBCS, AKIIO TOUKY NPUKJIATAHHYI
CHJIM MIEPEHECTH y__6y11b—5n<y TOUKY B3AOBX JiHii Aii cunmu. MomenT cumu
BiTHOCHO AOBiIBbHOI OCi i
b '11 o1 Oci, gxa Hng(OI{.I/ITb yepes Touky (), AOPIiBHIOE TIPOEKLLT
Ha IO BICb BEKTOPA MOMEHTY M BifHOCHO JAaHOI TOUKH.
M0M§HTaM KUIbKOX CHJI BITHOCHO TOYKH HA3HBAKOTh TEOMETPUUHY CYyMY
MOMEHTI i iei 5 i
MOMEHTIB UNX CHJ BiTHOCHO Ii€i Touxy. Hexait BexTopm KinbKOX CHJI
F, F,, ..., Fy MalOTh TaKi opieHTanii B npocropi, mo Aixii ixupoi Aii nepe-

(XY - k3 =>
THHAKOTBCS B OMHIA Touui A. 3HaitnemMo MOMeHT M ycix N Cusl BiIHOCHO
AOBLIBbHOL TouKM 0. [sIsi UBOrO MEPEeHEeCeMO TOUKH NPUKJIAAAHHS UHUX CHJI
->

y TOUKY A, pajaiyc-BEKTOD SKOI MO3HAYMMO r. 3aCTOCOBYIOUM 70 LMX CHUI
OpaBWJIO NapaseorpaMa, mocaiOBHO OTPUMAEMO iXHIO EOMETPHUHY Cy-
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N
—> -
My: F = z F,— FOJIOBHUHM BEKTOP OiIOUUX CHJ. KO?KHa i3 CHJI BIZHOCHO
i=1 - >
JAHOI TOUKM CTBOPIOE MOMEHT M, = [r F, ]. 3a o3HaueHHSIM MOMEHT YCixX

>
N CWJI BiTHOCHO JAHOI TOYKH JOPiBHIOE 'EOMETPHUHIH CyMi BekTOpiB M|

—>> > -
]T/I=EA—:Ii=Z[rFi]=|:r E F,}=[r?], (2.46)
MoMeHT ycix AilouMx CUA BiAHOCHO JEIKOI TOUKH JOPiBHIOE MOMEHTY

FOJIOBHOTO BEKTOPA LMX CHJI BIAHOCHO Ii€l TOUKH.
Lle TBEpHXEHHS TMOMMPIOETHCH HA AOBLIbHE YHMCAO CHI, JiHil il 9axax
JIeXATh B ONHIN IUIOWMHI. Y BUMAAKy mapu cuul (piBHi mapasiesibHi CHIH

-> -> .
F, i F,, HANpSIMHU SIKUX TPOTUIEKHI)
-> > = > > —> > - > - >
M= [nF 1+ [nFl=(rn—r)Fl= (r, — rDF, 1,
> >

1e r i r, — pamiyCH-BeKTOPY TOUOK TIPUKJIAZAHHS MMapu CHJI Fx i Fz.

MOMEHT mapu CHJ He 3aMeXuThb Bix Bubopy mouarky O i JOPIiBHIOE MO-
MeHTy OxHiel i3 cus BiZHOCHO TOYKHM IPHKIANAHHSI OpYyTOi CHJIH.

MixX BEKTOpaMH MOMEHTY IMITYJIBCY i MOMEHTY CHUIM iCHYE BaXJIMBE
criBBimHOWeHHs. Po3rasHEMO MarepialbHy TOUKY, HA 9Ky Ale cuia F.
[punycTuMo, mO MOMEHT Iliei Cuan i MOMEHT iMIyJibCy BU3HAUCHI
BiHOCHO OfHi€l i Tiei camoi HepyxoMoi Touku 0. IIpoaudepeHIitoEMO BU-
pas (2.43) 3a yacom:

dL _ [dr dp

aL _ |dr> ;e 2.47

dt [dtp}Jr[r dt]' (2.47)
-

. dr =~ . = . . dp _ 3=
Ockinpkm 2 = v i BekTOpH v i p KojxiHeapHi, a —- = F, T0
- dt . dt

[% ;} =0, a [7%‘?] = rrF 1= M. Toxi i3 pupasy (2.47) BunnauBae
CITiBBiHOIIEHHS MiX BEKTOpPaMH Z i JT/I:
dL _ % (2.48)
dt

-1leit BUpa3 € piBHAHHSIM PYXY MaTepianbHOl TOUKM OJ MOMEHTY
iMITyJ1bCy, TOOTO OCHOBHUM 3GKOHOM OuHaMiKu 06epmaneHOz0 pyxy Ma-
TepiasbHOI TOUKH.

[MoxigHa 3a 4acoM Bil MOMEHTY iMIyJbCy MaTepiafbHOI TOYKH
BiTHOCHO HEPYXOMOTO NOYATKY AOPIBHIOE MOMEHTY Airouoi CHUTH BiTHOCHO
TOTO CAMOTO MOYaTKy. Bupas (2.48) Ha3MBAIOTh WE PIBHIHHAM MOMEHMIE.

BekTopHe piBHaHHS (2.48) €KBiBaJCHTHE TPbOM CKAJIAPHUM PiBHSIHHAM
y TPOEKIiIX HA HEPyXoMi OCi IEKAPTOBOI CHCTEMH KOOPAMHAT:
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dL. _ M.: di, _ . = dL

_ dt ®dt » dt

ne L,iM, — MOMEHTH iMI_IyJIbcy i cmn BimHOCHO oCi OX; aHAJOriyHO —

BiHOCHO OCei OY i OZ. Pipusuns (2.49) Ha3sMBarOThCS PIBHIHHIMH MO-
MEHTIB BiJHOCHO HEPYXOMHMX KOOPAMHATHHUX OCEH.

3’dacyeMo reoMeTpuYHHUN i
y P T 1/1_1)1 3MICT, HaIpHKJIaxn, MOMEHTY M . Jns mporo
POSKJIAICMO BEKTOPH 7 1 F HA CKJIanoBi, NEPnEeHAMKY/IAPHI | mapaseabHi

oci OX:

= M:’ (249)

- > ->

- - —>
r=ry, +ri; M:M_L + M,.
Bpaxosyroun wi poskaamaHHsi, HepeTBOPUMO BMpa3 (2.46):

M=UCFl=[F1+(r 1+ R E D+ 17 B,

- . —> —>

A¢ OCTAHHIM UYJIEH ACPIBHIOE HYJIO (BEKTOpM ry i F, mapaaenbHi), BUpas

Yy RyXKax — ABa BEKTOPH, NEPICHANKYISPHI 10 oci X, ixHi mpoekiii Ha
. . >

IO BICh AOPIBHIOIOTH Hyaw0. OTXe, CKJIanoBa BexTopa M, mapaaenbsa oci

- > -

OX, M., =[r, F, ). TUIbKI/I 19 CKJIAZI0BA BPAXOBYETHCH MPH BH3HAUEHHI

MOMEHTY M. AHAa/NOTiUHO NMPH BM3HAUEHHI NpoeKmii L, BPaxOBYETbCS
> >

TiJIbKH napanen.bﬂa CKJIa0BA MOMEHTY iMmmysnabcy L= [r, p, 1.
Busenemo PIBHSHHSI OCHOBHOTO 33aKOHY AMHAMiKH obepraspHOrO pyxy

A CHCTEMM MaTepiaibHUX Todok. Hexal cucrema ckiapaerscs i3 N ma-

TEPIATHHUX TOUOK MACAMHM /M,, M,, ..., M, AKi HONAPHO B3ACMOMIIOTh MixK

-
coboto 3 cumamu F, (i # k) i Ha KOXHY 3 HHX Ai€ 30BHIiHS cHia

>
F, (z, k=1,2,.., N). TloBHUH MOMEHT IMIIyIbCY CHCTEMH BiZHOCHO
JOBLIBHOT HEPYXOMOL TOUKM () JAETHCS reOMeT

] : pUUHOK cymMomwo (2.44). [Ipo-
auacdepenuioemo pisasgaES (2.44) 32 uacom Y - Hpo

— —>
dL _ < |dr, > SN .
dt_z 7 M +Z rim"d_tl

i=1 i=1

V wiit o . . .
MHO)KIL;JH DPIBHOCTI mepima cyma AOpPiBHIOE HYJIO BHACTINOK KOJiHEapHOCTI
UKIB BEKTOPHOTO HOOYTKY. ¥ Apyrill CyMi MHOXHUK
-
dv,. -> N ->
m, v my, = F, + F,
k=1
-

-
A Z ik CyMa BHYTpImHiX cuJ, OO RiFOTh HA i~Ty TOuKy; F;—

30BHIIIHA cuaa. Toni
-
dL N - N
dr Z 7 t‘z

- LIV
Fy | + z r,F, 1 (2.50)
i=1
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TMoxaxeMo, 1O IIEepIa CyMa [BOr0 BHPa3y DOPIBHIOE HYJIO:

N N

NN 1 & [-& >
E riEFik -2 z rtzFik +E 2 Fu ) =

i=1 k=1 i=1 k=1 i=1 k=1

1 N T N NI >
yspae)-5 )
i=1 k=1 i=1 i=1
lN N 5> > > 1N N o s
=§zz [(ri—rk)F,-k] =§ZE [rikFik] =0,

i=1 k=1

> -
€ BPaxOBaHO, MO 3a TpeTiM 3akonom Heroroma Fu = — Fii, @ BEKTOPM

- —->
rx 1 Fa — xonmineapHi. JIpyra cyma B pisHOCTI (2.50) nOpiBHIOE reoMeT-

puuHii CyMi MOMEHTIB 30BHIIIHIX CIJI, IO AiJOTb HA CHCTEMY, BIXHOCHO
TOuKH 0:

N N
2 [ZF 1= z J_\:I,» _ J?/I 2.5
i=1 i=1

-
Bektop M HA3HWBAKOTh IOJIOBHUM BEKTOPOM MOMEHTIB 30BHIIIHIX CHJI.
Jlig CHCTEMM MATEpiaJibHAX TOUOK OCHOBHMU 3aKOH gMHAMiKM o0epranb-

HOI'O pyXy Mae BHITIAX >
dL _ = (2.5

EZ—M'

[MoxigHa 32 4acOM Big NMOBHOrO MOMEHTY iMIYJbCy CHCTEMH Ma-
TepiaNbHUX TOYOK BIJHOCHO AOBiIBHOI HEPYXOMOI TOUYKH JOPIBHIOE T'OJIOB-
HOMY BEKTOPY MOMCHTIB 30BHIIIHIX CHJI BiIHOCHO i€l TOYUKH.

g 3aMKHEHO! CMCTEMH MATEPiaJbHUX TOUOK I€OMETPUYHA CyMa MO-
MEHTIB 30BHIINHIX CHJI BIIHOCHO HEPYXOMOTO NMOYATKY AOPIBHIOE HYJIIO.

lpn M = 0 i3 cnisBiguomenns (2.52) BUIIMBAE 33KOH 30epeReHHs

MOMEHTY IMIIYJbCYy CHCTEMH:
N N
- > > -
L= z [ripi 1= 2 {rim;v; ] = const 2.53)
i=1 i=1

V 3aMKHEHiH cucTeMi MaTepiaJbHMX TOUOK BEKTOP MOBHOTO MOMCHTY
iMIOyabpCcy BiIHOCHO HEPYXOMOTO MOYATKy 36epiracTecs, TOOTO HE
3MIHIOETBCA 3 UACOM.

Baxon 36epexeHHs MOMEHMY iMAYbCY CIIPABIKYETBCS B CHCTCMAX, SIK1
pPyXaThes Ml A0 UCHTPATbHUX 30BHIINHIX cui. lIeHTpaJbHUMHA HA3H-
BAIOTHCS CHJIA, JIiHil Aii 9KMX BUXOMSATH 3 onmici Touku O. Lo Touxky Ha-
3WBAIOTh CHJIOBAM ILiCHTpoM. Y Oyap-fKilf TOULi LEHTPAJBHOTO CHIOBOTO
IO/t MOMEHT CHJIA BiJHOCHO CHJIOBOIO LEHTPA JAOPIBHIOE HYJIIO, OCKIIbKH
Cusa HANpSMJIEHA B3OBX pajiyCa-BeKTOpa, MPOBEACHONO B LIO TOUKY i3
nenTpa nona. ToMy TOJIOBHMI BEKTOP MOMEHTIB 30BHIIIHIX LEHTPAJIBHUX
CHJI BLTHOCHO LEHTpA [OJs TaKox aAopisHioe Hymo. OTXe, MOBHAU MOMEHT
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IMITyJIbCY CMCTEMH MATEpiaIbHUX TOYOK, SIKA PYXAEThCS B LEHTPAILHOMY
CHJIOBOMY TIOJIi, BiTHOCHO CHJIOBOIO LICHTPA 3a/JMIIAETHCS CTAJIMM.

PosragaeMo pyx OKpeMoi MaTepiaabHOI TOUKM MAacow m y IIOJI LIEHT-

panbHux cun. Hexait y moment vacy ¢ pauiyc—_lieKTop MaTepiagbHOl TOYKH,
->

MPOBEACHUIA i3 CHJIOBOTO HEHTpPA, HOpPIBHIOE r, a 1i mBuaKicTs v. 3a Ha-
v . - . -_>

CTYNHHMI TIPOMIXOK Yacy dt pagmiyc-BeKTOp 3MiHMTBCH HA v df i ommme

HECKIHUEHHO May 1uromy dS TPpUKYTHHKA (Ha puc. 2.7 3alITPHXOBAHMIL).

>
BusnaunMo o nuiomy sK MOXYJIb OCOBOTO BEKTOPA dS, MEPIEHINKYJID-
HOTO 0 IVIOIIMHU TPUKYTHHKA!

3| ds = —é— ro 1dt.
Tt IMoxiguy
-
0 =
= gljti - % res (2.54)
Puc. 2.7 HA3UBAIOTb CEKMOPLANAbHO WEUOKIcMo, 11

UMCJIOBE 3HAYEHHS NOPIBHIOE ILJIONIi, OITH-
_ CaHiff paniycoM-BeKTOPOM 32 ONMHHIIO Ya-
cy. 3a 03H_3)LI€HHSIEI) _I\;IOMGHT IMIIYJIbCY MATepiaJbHOI TOUKM BiTHOCHO IIEH-
Tpa nong L = m[r v ], abo 3 spaxysangam (2.54)

= ds (2.55)

L=2m-——. ’

dt

OckiZbKM MOMEHT LEHTPAMbHO! CHJIM BiZHOCHO CHJIOBOTO OeHTpa

. . >
AOPIBHIOE HYJIIO, TO MOMEHT imMmyJbcy L = const. IIpn nosiibuux (Hepe-
JIATHBICTCBKHX) PyXax Maca MaTepiajbHOl TOUKH HE 3MIHIOETBCS 3 4ACOM
i Bupa3 (2.55) mepeTBOPIOETHCS B 33KOH ILIOLIL:
=

_ (2.56)
7 = const.

Is dopmysn (2.54) B ii riv,
y . MIUTABAE, WO IUIONIMHA, B AKill JT€XATh BEKTOPH 7 i v,
—->

ds
3aBXAH MNEPHEHAUKYJASIPHA IO BEKTOpa E. IHIJ.II/IMI/I CJI0OBaMu,

TPAEKTOPICK0 MATEPIAILHOI TOUKM B MOJIi LEHTPATBHUX CHJI € MJIOCKA KpHu-
Ba. 3aKOH TLAOML (2.56) CTBEPIXYE, WO Pafiyc-BeKTOp MaTepiaabHOI TOUKH
32 OAHAKOBI IPOMIXKM 4aCy ONMCye DPiBHI 3a Po3MipoM ILIOIi.

3akoH 30epeXeHHS MOMEHTY iMIy/IbCy B 3aMKHEHHWX MEXAHIUHHX CHC-
TEMAX € OKPEMHM BHNANKOM (hYHAAMEHTATBHOTO 3aKOHY 36epeXeHHS MO-
MEHTY iMIyJbCy. Y (Di3ulli IOHATTS MOMEHTY iMITyJbCy PO3IIMPIOETHCS,
s XapaKTePUCTHKA BJACTHBA HE TiJIbKU YACTHHKAM PEYOBMHHM, 4 ¥ CHJIO-
BUMM TIOJISIM. Y 3arajibHEHHMH 3aKOH 30epeXEeHHsS MOMEHTY iMIYJIbCY IOCTY-
nMoeThCs Ha BCi dizuyni npomecu.
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Po3ain 3. Poborta i eHepria

§ 3.1. Exepris — yHiBepcansHa mipa pyxy Ta B3aemopii

TloBCIKmEHHMI JOCBiA NMOKasye, IO PYXOMi Tia MOXHA 3yMUHHUTH, a
HEepyXoMi MpuWBeCTH B pyX. UM 3HHMKAe MEXaH{UHMHA PyX 6escainno? Um
MOXKe TiIO TpUiTH B pyx 6€3 3MiHM PyxXy iHIMHX Tix ?

MoxHa crnpoOyBaTd BiRMOBICTH HA IIi 3aIMTAHHY, BAKOPHCTOBYIOUM Ta-
Ky Mipy MEXaHIYHOTO PyXy, SK iMmysbc Tina. Posrisaemo MPIMOJTi HiTHAM
piBHOMIpHHMIt pyX Tiia Ipu HasBHOCTI Teprda. B wpomy pasi cuna Teprs
BPiBHOBAXYEThCA MPUKIAACHOKO 0 Tifa CHJIOKO 1 TIO PYXAETHCH 3 CTAION
BUAKICTIO. JLOCTiAY MOKA3YIOTh, IO TEPTS CIPUYNHSE HATPiBAHHSI TIT —
TIePETBOPEHHS MEXAHIUHOTO PyXy B HEYHMOPSAKOBAHMA TEIUIOBHI PYX MO-
AEKyJa, 3 AKX CKJagawTbcs ui tina. IIpore mpm NpSAMOJIiHINHO

piBHOMipHOMY pyCi BEKTOp iMOyJbCy Tijla 3aAMIIAETHCA CTAIUM i HEN

BigoOpaxae KiJTbKOCTI BUAIEHOI TEIUIOTH. 1lle omun npukaan. Hexai gsa
Tia 3 Pi3HMMM MAcaMH BiIBHO [ANAIOTh 3 Pi3HMX BACOT. Hesaxko 3HaTH
TaKe CTiBBiHOMEHHS MiX Macamu Tix m, i m, Ta BucoTamm h, i h,, mob
iMoyabcu uux TiA OLIS ToBEpXHi 3emuii Gynu omnakosumu. Ilpore mpn
MamiHHi OUX T Ha ONHAKOBI MPY>XMHHM KOXHE 3 HUX 3yMOBJIKE Pi3Hi CTH-
CKaHHS mpyxuH. Mexaniuauil pyXx TiJ NPUIMHMBCA i mpn B3aEMOZIl TiT 3
pyXMHAMY Big0y/IMCh OXHAKOBi 3MiHH IMIYJIBCY, aJI€ A9 XapaKTePUCTU-
K4 pisHEX AedpopManiit py>KUH oaHiel 3MiHHM iMITybCY HEAOCTATHBO. Trmi
NPUKJIAMH CBIAYATH [IPO TE, IO MEXAHIUHMA MOCTYNANbHUM PyX Tijla MOXe
BMHMKATH 32 PAXYHOK 3MiHM TEIJIOBOTO PyXy MOJIeKyn i atomis. Taki mpo-
mecu BizOyBaloThCA TP MOCTPidi i3 rapMaTH, CTapTi PAaKeTH, poGori aBU-
TyHA BHYTPIIIHbLOTO 3TOPSIHHA.

OTxe, ZOC/ILH 1 CIOCTEPEXECHHS IIEPEKOHYIOTh Yy TOMY, IO MEXAHIUHAN
pyX HiKOJIM HE 3HHKAE Ge3caigHo, a MOXE MEPETBOPIOBATUCH B iHIN (hopmu
pyxy. KpiM Toro, Mexaniunmii pyx HiKOJM HE BUHUKAE OE3NPUUNHHO, JIH-
e BHACAIAOK ail iHUMMX Tia a0 mepeTBOPeHHS iHMMX QOPM pPYXY.

Y 3B’a3Ky 3 muM Gys0 BBEEHO (Di3MUHY BEIMUMHY — CHEPrilo, 9Ka €
VHiBEpCAJIbHOIO MipOI0 MEXAHIUHOTO pyXy Ta B3aeMOAIl i 30epiraeTbcs (3a-
JIMIIACTHCS CTAs00) Npu OyAb-SKHX IEPETBOPEHHSIX MEXAHIUHOIO PYXy B
inmi ¢opmm pyxy Mmarepii. EHeprig — KinbkicHa mipa pyxy i B3aEMOI1
BCcix BHAIB Marepil; BOHA BizoOpaxac HE3HULIEHHICTh DPyXy MaTepil i
OB’ I3y€ B OXHE LiJie BCi ABMINA MPUPONH. Y BiANOBIXHOCTI 3 Pi3SHUMM dop-
MaM# pyXy Matepil yMOBHO PO3IJISIAOTh pisHi opmu eHeprii: MCXAHIUHY,
BHYTPIIIHIO, €JEKTPOMATHITHY, XiMiuRy, sfepHY Ta iH. Enepria 6yap-sgxoi
CHCTEMM OTHO3HAUHO 3aJIEXKHUTh Bifl MAPAMETPIB CTAHy CHCTEMH. VY Kia-
CHUHili MexaHiui NMpPHIHATO BBAXATH, IO EHEPrid CHCTEMH 3MIHIOEThCS
GeamepepBHO i MoXe HAOyBaTH JOBIIbHUX 3HAUCHD.
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MexaHiynuil pyX XapaKTEPH3YETbCA IMITYJIbCOM i €HEpriero. IMmyJbe
OMHUCYE IUHAMIYHUH CTaH PyXYy, @ CHEPrid KUIbKICHO XapaKTepu3ye pyx 3
ypaxyBaHHIM MOXJMBOCTI Hepexomy #oro 3 opuiel dopMu B inmy.

¥V npouecax B3aeMogil TLT MiX HAMHU BigOyBa€ThCA 0oOMiH eHepricio.
KinpkicHOO Miporo 3MiHM eHeprii B3aeMomirounx Tist € pobora. Pobora cu-
JIM, TIPUKJIAZeHO! M0 JAHOTO Tina, € omHielo 3 ¢dopM mepenaui eHeprii i
JOpPiBHIOE KiNbKOCTi mepeaanoi eHeprii. IloBHy aMiHy eHeprii Oymb-sKoro
TiZia MOXHA BUMipaTH poBoTO, 9Ky MOTIO 6 BUKOHATH Le Ti0, 1KOu me-
penaso BCK CBOIO CHEPrilo iHIIOMY TiTY.

§ 3.2. Poborta i noTysHicTb
Cuna, g9ka gie Ha MarepiaspHy TOUKy i mepemimye 1i Ha AEIKY
BiICTaHDb, BUKOHYE HAA MATEPIaABHOIO TOYKOW pobory. EjeMeHTapHOIO po-
- -

6oTo10 dA cTasoi cuau F HA eJEMEHTApHOMY NEpeMillieHHl dr Ha3UBAEThCA
CKaMgpHM J00YTOK CHJIM HA MEepeMillleHHS:

dA = (Fdr) = F, |dr | = F cos o.ds, 3.1)

-> - ->
ne F, — IpoeKIis cuaM F HA HanpsM nepeMimennd dr; |dr | = ds — no-
BXWHA €JEMEHTAPHOTO MEPEMINICHHY; O

-> —>
— KyT Mix Bextopamu F i dr (puc. 3.1).
VY AexapToBMX KOOPAWHATAX PiBHAHHS
(3.1) Mmae Buragan

dA = Fdx + Fdy + Fdz, (3.2)

ne F,, F,, F, — 1IpoeKuii cuiai Ha KOOp-
AuMHATHI oci; dx, dy, dz — 3MiHM KOOp-
->

AMHAT pamiyca-BEeKTOpa r HpH Hnepe-

-

mittenHi dr.
IIlo6 BH3HAuMTU pPOBOTY, SIKY BUKO-

-

Hye 3MiHHa cuna F (3aJeXuThb Big ne-
peMilneHHs) Haj MaTepiajJbHOI TOUKOIO
OpH CKiHUEHHOMY NMEPeMillCHH] 0 TPAEKTOPil i3 MOJIOXEHHS §, 0 MOJIO-
XKEHHS S,, HEOOXiZHO YMOBHO PO30HMTH LEeH MUISX HA HECKIHUEHHO BEJIMKE

Puc. 3.1

YHCJIO EJEMEHTAPHUX HIATHOK dS, ¥ MEXAaX KOXHOI 3 SKUX CHIY F MoxHa
BBaXatH crason. Tomdi eneMenTapHy poboTy dA Ha KOXHIH 3 IMX ANSHOK
MOXKHA BU3HA4YMTH 3a dopmyown (3.1) abo (3.2). Pobota A 3MiHHOI cuam
F B3[0BX KPUBOJIHINHOI TpAackTOpii L Big TOYKH §, JO TOUKH S, TOPIBHKOE
CyMi eJeMEHTapHHX poOiT, BUKOHAHMX CHJIOK HA UbOMY BiApi3Ky
TpackTOpii, i BU3HAYAETBCI BUPA30M
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A= [(Fdr), (3.3)
L

-
gxuil HA3MBAEThCA KPHBOJIHIMHIM IHTErpajoM BEKTOpa F B3JAOBX KPHBOL
L. 110 pofOTy MOXHA BM3HAYMTH TAKOX UEPE3 MPOCKIIO CA/IM HA HANPAM

nepeMilieHHs:

A= fF,ds = fF cos o ds G4
5y 5
abo uepes IMpOEKIil BEKTOpa ;") Ha KOOPAMHATHI OCi:
3.5

%2 Yy %
A= [Fdx+ [ Fdy+ [ Fdz,

* bl 4

I€ X1y Y1, 21 1 X2, Y2, 22 — JEKApTOBi KOOPAMHATH TOYOK S; i s,. Pobora A
YKCEJbHO AOPIBHIOE IIOMI MHix KPUBOIO F.(s) Mix TOukKamu $; i s
(puc. 3.2).
Ilpu mepeMimesHi MaTEpiaNbHOI TOUKH F,.
110 TPAEKTOPil 3 MOJOXKEHHS S, PANiyC-BEK-
-

TOp SKOTO 7,, B TOJOXCHHS §, 3 paaiycoM-
- - 4
BEKTOPOM 7, CHia F MOXe 3a/JMIIATHCS
cranow. Toai poGora KOpiBHIOE CKATAPHOMY A
e .
po6yTky cmnaum  F HAa HEPEMINICHHA
> > ->
Ar=r, — r; s, 32 ;
> - ->

A= (FAr) = FiAr | cosa 3.6)

( ) ’ Puc. 3.2

> ->
AE O — KyT Mix BekTopamu F i Ar.
SKmo Ha MaTepiaapHy TOUKY AilOTH KilbKa CHJ, TO iXHS piBHOZIWHA
- > —->

> .
F=F, + F,+ ...+ Fy. IloMHOXMBIIN € PIBHSHHSI CKaJIPHO HA €JEMCH-

i
TapHe nepeMilneHHs dr, OTPUMAEMO
N

N
dA=S (Fdr) =Y da. 3.7
i=1

i=1

EneMmentapra po60Ta piBHOAIMHOI Ki/IbBKOX CHJI AOPiBHIOE CyMi €/I€MEH-
TapHUX poGit mmx cma. Ilicas idrerpysamns supasy (3.7) BIOBX Kpu-
BOJIIHIMHOL TpackTopii 3HAXOAUMO

N
A= ;Ai, 3.8
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T00TO poBora piBHOIiMHOI Cuan F AOpiBHIOE CyMi pOGIT ycix cHa }_‘:i, oo
IIIOTh HA MAaTepiajbHy TOUKY.

Is dopmysm (3.6) BummBae, mo nmiroua Ha TiZO cHIAa He BUKOHYE pO-
6oTH, KO IS CH/MA NEPIEHAMKYASDHA HO HanpsaMy HepeMimeHHs

n . . . .

(a = 7). Y upoMy pasi cuna TiIbKM 3MiHIOE Hampsm BEKTOPA MBUAKOCTI
MaTepiaabHoi TOUKH. 30KpeMa TaKy Ail0 YMHUTH JOIIEHTPOBA CWJIA HA TOY-
» . -> -

KY, sIKa PIBHOMIDHO PyXa€eTbCs 10 Koay. Po6Gora cumm F momaTHa, skmo ii

. . Y
HPOEKIis HA HAanpsaM nepemimenss F, > ( (o < 7). Taky cuiry HasuBaIOTh

- . » .
PYMIAHOK cuol0. SKmo mpoekmis cuim F Ha HANPIM IepeMimeHHS
F <0 (o> —2—), TO poBoTa TaKoOl CMAM Bix’eMHa, i ii HA3WBAIOTH CHIIOK

Omopy (HAaNpWKJaj, CHIA TEPTH).

Onunnng poSorn B CI — mxoyne (Ix). Opun IKOYyJb HOPIBHIOE pO-
60Ti cTaNol CMIM B ONMH HBIOTOH HA [epeMillieHHi B OAUH METP 34 yMOBH,
o HanpaM cuaum 36iraerbcs 3 HAanpaMoM HepeMillleHHd

2
1I[)K=1H'M=1KFC2M

Iarencusnicts BUKOHAHHS pofoTy XapakTepusyoTh moTyxHicTo. [lo-
TYXHICTIO HA3HBAETBCS CKa/ISPHA BEIMUMHA, KA JODIBHIOE poBOTi, BHKO-
HaHiW 33 OMUHMIO 4aCy:

dA > =
pP= T abo P = (Fv) = Frcosqa, 3.9
>
> r . . . .
AC v = — MHTTEBA WIBUAKICTh MATEpiaabHOI TOUKHM, HA Ky Hi€ CH-
-
na F.
2
) . KI'M
Onuunuero noryxsocti 8 Cl ¢ Bat (1 Br=1 ACZK— =1 pe )

§ 3.3. KineTnuHa eHepris. Bugu mexaHiuumx cun

=S
Busnaunmo poGoty piBHOmiMHOT F 30BHIMHIX CHI pu NEepPEMILICHH] Ma-
TEpiaabHOI TOUKM MAcoI M HA CKiHUEHHOMY ouIaxy Mix Toukamm I i 2
KPHUBOJIHIHHOT Tpaekropii. [isi uporo Tpeba OBUMCIHTH KpHUBOIIHiKHMIA
-
dv

inrerpan (3.3). IlincraBumo B mo dopmyay F=m v7E idr= z_;dt, Toxi

An=[(@dp),

L
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> > » e .
ae p = mv — iMl'IyJ’IbC MaTepiajabHOl TOYKH. Ockinpku Maca m Yy xaa-

-> ->
CHYHil MexaHili He 3a7eXUTh Bix MBUAKOCTI, TO0 d p = md v. Y mpoMy
pasi
e ->
A,=mf (vdv). (3.10)
L

—> é . . 0
V 3araJbHOMY BHIAAKY BEKTOPH ¥ i d v MawoTh Di3Hi HAnpsm, i Mo-

oYJib Id;; | HE HOpIBHIOE €JEMEHTapHii 3MiHi AOBXWHHM dv BEKTOpa v,
ldy | # dv (puc. 3.3). Y upomy pasi ckaxgpHuit 100yToK
1—;(11—7) =v | dz_; | cos o = vdv. Orxe, supa3 (3.10) maTume BUIILA

A, = m_fvdv.

Y

ITicas igrerpyBaHHs 3HAXOAUMO POOOTY

mvl  mol 31D

A, = ) 2

me v; i v, — MBUAKOCTI MaTepiajpbHOI TOYKM y TOUATKOBOMY [ i
KIiHIIEBOMY 2 TOJIOXEHHSIX HAa TpaekTopii. Benwunua

W = mv? _ _ﬁ (3.12) du
2 2m ¥
HA3WBAETbCSA KiHEMUUYHOIO eHepeicro Ma- \
TepiasibHOI TOUKHW. 3 BUKOPHUCTAHHSIM I(bOTO dv
TIIOHATTS OTPHMAHMI PE3yJIbTAT HEpEnunie- Frdr
MO y BHUIJISAI CHiBBiTHOIIEHHS .
Puc. 3.3

Ay =W, W, (3.13)

3 SIKOTO BHILIMBAE TeopemMa 1: poboma 6cix 306HIUWHIX CUl, SIKi a}"iomzi
Ha mamepianbHy moukKy, OOPi@HFOE€ npupocmy KinHemuuHol eHepell ulel
mouxu.

3rigso 3i cmiBBizHomennamu (3.12) i (3.13) moxHa naTH TaKe 03-
HAYEHHY KiHETHUHOI eHeprii: KiHeTHYHa eHeprid MaTepiajpHOI TOUKH €
Mipolo Il MEXaHIYHOTO pyXy, BOHA BHUMIPIOETHCE POOOTON, SKY MOXE
3EiCHATH I9 TOYKA NPH ii raJbMyBaHHI X0 HOBHOI 3yNMMHKH. SIKmO po-
Gora A,,> 0, TO Hax MaTepiaJbHOK TOUYKOKW BUKOHYIOTH POGOTY
30BHIIUIHI CWaM i 11 KiHeTwuHa enepria 30inpmyerbed. Ilpu A, < 0 ma-
TepiaJbHA TOYKA BiAfa€ CBOK KiHETHUHY E€HEPTilo, 3MiMCHIOIOUM PoboTy
MNPOTH 30BHIIIHIX CHJI.
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KineTnunoro eHeprielo cuctemun N MaTepiaJbHEX TOUOK HA3ZHBAETHCS
CyMma KiHETHYHMX €HEPrill BCiX MATEPiaNTbHUX TOYOK, 3 SKHX CKJIAMACTHCS
IS CHCTEMA:

W= i W, = ﬁ my; (3.14)

i
)
i

Crispinnomenns (3.13) cnpaBmXyeTbcs i g cucTeMm MaTepianbHUIX
TOYOK: 3anucasmu Bupas (3.13) ansa xoxuoi MaTepiaJbHOI TOUKH i AOHAB-
WM i BAPA3M, OTPHMAEMO L€ CaMe CHiBBiIHOMEHHS U1 CHCTEMH. 3Biacu
BUILTMBAE TEOPEMA 2: poboma 6Cix 308HIWHIX cun, ski iloms Ha cu-
cmemy mamepianbHux mouox, OOPIGHIOE NPUPOCMY KiHemuuHOL enepeii
uiei cucmemu.

Ipupict kiHETHYHOI eHeprii cCUCTEMH BM3HAUYAECTHCH poBoTo10 9K
30BHIIIHIX, TaK i BHYTPIlOHIX cwi. BHyTpimHi cum me MOXYTb 3MIHUTH
iMnysbCy BCi€i cucremu, ane ixHa po6oTa HE JOPIBHIOE HyJ0. [Ins cripo-
IIEHHS PO3TIAHEMO CUCTEMY 3 ABOX MATEpPiaJIbHUX TOUOK, SKi B3AEMOMIIOTH

- -
Mix coboio 3 cunamu F, i F,. Hexait BHACTIOK B3aeMopii oOMIBi TOUKM

nepeMimaroTsed. Toai KoxHa i3 cun Fl i ;")2 BHKOHA€ AOAATHY poboTy. Cy-
MapHa poboTa mux BHYTPIIIHIX CHJI B3aEMOAIl TakoX Gyne momatHOIO i
TIPUBEAE IO MPUPOCTy KiHETHUYHOI €HEPrii CMCTEMH.

Kinernuna eneprisi MaTepianbHOT TOUKM 3aJIEXUTH Bif BubOpy cHcTEMH
BIAUTIKY, BiTHOCHO SIKOi PO3IJISIBAETHCS PYX TOYKM (IHB. AAJi npukaag 3.1).
Po6ora cum B 3araibHOMY BHIAAKY 3aJ1€XHUTD Bil dopmu TpaekTopii pyxy
MaTtepiaabHOi Toukd. ORmHAK iCHYIOTH cwM, HA POBOTY SIKHX HE BILIABAC
(dopma TpaekTopil. ¥ 38’43Ky 3 muM BCi cwim, ki 3yCTPiYaTLCA B Me-
XaHili MarepiafbHAX TOYOK, NOALISIOTh HA KOHCEPBATHBHI i HEKOHCEpBa-
THUBHI.

Koncepsamusnumu nasuBaoTbCs CrH, poboTa SIKMX HE 3aJIEKHUTh Bil
MIAXy MEPEXOAy CHCTEMH MATEPiaJIbHUX TOYOK Bifi HOYATKOBOIO MHOJIO-
XKEHHS A0 KiHUEBOro, a BU3HAUAECTHCH TiTbKHM KOOPIHHATAMHM LIMX [OJI0-
XeHb. Jlo KOHCEPBATHBHHX HANEXaTb CHIA TSKIHHS, CWIA MPYXHOCTI i
LEHTpa/IbHi cuau (rpasiTauiitni B3aeMmonii MarepiaJbHHX TOYOK, Ky-
JIOHIBCBKI B33€MOZIY TOYKOBHX 3apSIiB).

O6uncanmo poGory mpu mepeMimeHHi MATEPiasIbHOI TOUKM B HOJII HEeH-
TPaNbHUX CHJI. LleHTpanbHMM CHJIOBHM MHOJIEM HA3MBAIOTH YACTHHY IpPO-

>

CTopy, B KOXHIiMl Toumi sxoro gmie cuna F, HampsIMJIeHA B3NOBX
-

pajniyca-BekTopa r, NpOBEAEHOTO i3 CHIOBOrO LeHTpa O. 3a 03HAUECHHSM

-> > A= .
enemMenTapHa pobora dA = F |dr | cos (F, dr). Y usomy Bupasi 3a npu-
OyHmICHHSM LEHTPaJbHA CHJIA 3aJIEXHUTh TiBKH BiX BiCTaHi 7 10 CHJIOBOIO

- -
uentpa F = F(r), a Idr | cos (F, dr) = dr — npoexuis €/IEMEHTAaPHOTO Tie-
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-> -> . .
pemimenns dr na Hanpam cumn F (puc. 3.4). Toni dA = F(r)dr i poGora
CIJI TIPY HEpEeMIillIlcHHI MAaTepiajbHOI TOYKH MO JOBLIBHIN TpackTopii i3
TTOJIOKEHHS | y MONOXEHHS 2 BHPAXacThCsl BA3HAUCHUM IHTETPaioM

A, = fF(r)dr. 3.15

Orxe, pobora A, 3a/I€XUTh TiJIbKK Bif Bigcraned r, i r, Touok /i 2

OO CHJIOBOTO IIEHTPAa i HE 3aJIeXUTh Bif (hopMH HUISXY, MO IKOMY Ma-
TepiasbHa TOUKA MEepedia i3 moYaTKOBOTO IOJOXKEHHA [/ 10 KiHIEBOroO 2.

I3 Bupasy (3.15) Bumiumsae, mo po6oTa KOHCEPBATUBHUX CHJI HO OYb-
SKOMY 3aMKHEHOMY IASXy (MOYATKOBE i KIHIEBE MOJOXECHHS Ma-
TEPiasIbHOT TOUKH 30iraroThCs) AOPIBHIOE HYJIIO:

$Fds =o. (3.16)

Lleit peayabraTr, OTpUMaHuil s ABOX MATEPiaIbHHUX “TOYOK, y3arajib-
HIOETBCY HA JOBUIBHY CHCTEMY MATEpPiaIbHUX TOYOK, MiX SKUMH HiIOTH
KoHcepBaTusHi Cuu. [ifiCHO, MOJIOXEHHS CHCTEMH BH3HAYAETHCS TOJIO-
KEHHSIMHM BCiX MAaTepiaJbHMX TOYOK. Y IIbOMY pa3si MOJOXEHHS CHCTEMH
HA3WBAIOTH KoH(irypamicio. Pofora KOHCEPBATHBHUX CHJ HE 3aJ1EXHTDb Bill
cniocoby (abo "mutsxy') mepexomy CUCTEMM Bim moyaTkoBol kKoHdirypaiii
IO KiHIIEBOI — BOHA BH3HAYAETHCI TLIBKH

camumu KoHQirypauigsMn (B3a€MHUM F 2
PO3MIIOEHHSM MATEPiaJbHUX TOUOK Y MO-
YATKOBOMY i KiHIEBOMY IOJIOXEHHAX). dr 7=

¥Yci cuin, 9Ki HE € KOHCEPBATUBHUMM, FedF
Ha3WBAXOTh HekoHcepsamusHumu. J1o He- 1 -
KOHCEPBATHBHMX HAJEXaTh, MEPHI 33 BCE, r o
JUCUTIATUBHI CHJIN: CUIHM TEpTd, M0 BHHU-
KalOTh IPY KOB3aHHI OXHOTO TLIa MO MO-
BEPXHi IHIIOTO, i CHJIM ONOpPY, 9Ki AIIOTH HA
TuIO TIpu pyci B piguHax i razax. i cum
3ajexartp Bix opmu Tij i IXHIX BiTHOCHHX 0
mBUaKocTed. PoGora cui tepra i cu omo-
py mnpu pyci tina Bsarajgi Big eMHa,
OCKIJIBKY Wi CHJIN 3aBXAM HANpPAMJCHI
NPOTH MBHAKOCTI TiJIa BiIHOCHO MOBEPXHi, MO AKif BOHO KOB3a€, UHU
BiIHOCHO CEpPENOBHINA, B SIKOMY TijJIO PYXa€Thcs. B OKpeMHMX BHDAgKax po-
Gora cu1 Tepra i omopy Moxe GyTH JOZATHOK, KOJIM MOBEPXHS ab0 cepe-
BOBHLIE CaMi pyxaiotbcd. Tomi BUHMKAIOTh TAaK 3BaHi PYyIIiHHi cun Teprs
yu onopy. .

HexonceppaTvBHEME € TaKOX TipOCKOMiYHI CHJIM, 4Ki 3aJ7€Xarh Bix
MBUAKOCTI MaTEPiaJbHO TOUKM i AIIOTh 3aBXOH MEPIEHAMKYIAPHO OO BEK-
Topa mBuakocti. PoGora mux cua AopiBHIOE Hy/II0 mpu OyAb-IKOMY Iie-
peMinieHHi, ajJie iXx He MOXHA BBAXATH KOHCEPBATHBHMMM CHIAMH,

Puc. 3.4
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v

OCKiZIbKY BOHM 3aJiEXaTh HE TLIbKHM BiJ IOJOXEHHYI, a ¥ Bid MBHAKOCTI
pyxomoi MaTepiasipHoi Toukd. IIpukaagoM ripockoniunoi cunm y ¢isuni €
cuna Jlopenma, fKa Oi€ Ha 3apSKEHY PYXOMY YACTMHKY B MArHITHOMY
nmosi. ¥ MexaHini ripockomivHuMu € cuau Kopiosica, gxi BBOXATBCS Npu
po3raaxi pyxiB y cucTeMax BimNiKy, mo o0epTarThCd BiZHOCHO
iHEepUiaabHOI CHCTEMHU.

‘l'Ipmman 3.1. 3uaittu GopMysny nepeTBOpeHHs KiHeTHuHOI eHeprii mpyw mepexomi Bin
OAHIEl CHUCTEMM BiJiKy RO iHLIOL.
N Po3B’a3anua Hexai Tin0 Macow m pyxacrTbes Bim{ocm)_> cucremu K 3i mBUAKICTIO
¥, a BIAHOCHO iHwOI iHepuianbHOi cucTeMM K' — 3i mIBMAKiCTIO 17’ Skmo cucreMa BifJiKy
K’ pyxac€Tsia I'IOCTyl'IaJIbHO BIHHOCHO cuctemu K 3i IHBM)I](ICT}O ‘l?‘o, TO HA nmcmm 3aKOHY
JOMABAHHS IIBUAKOCTEN v = v + vo Ile piBHSHHY nigHECEMO OO KBaApaTa, TIOMHOXHMO
Ha m/2 i orpumaemo

2 2 2
nmwy my - > mwg
5= + my' vy + -5,
2 2 0 2
a6o
, mvz - -
W=Ww + T + My vy,

Je CKajsapHHMit 106yToK b ;0 = ¥'1g COSQ; & — KyT MiX BEKTOPaMu ¥ i 1—;0.
Hpuxnag 3.2. AsTomMo6ib NOUMHAE PYXATHUCH DPIBHONPHCKOPEHO [0 FOPU3OHTAJBbHIN
noposi | Halyeae mBMEKOCTI v. UM OmHAKOBY POGOTY BMKOHYE ABMIYH aBTOMOGLIA npu
pO3roHi Bif mowaTky pyxy OO IBHMAKOCTI v/2 i Big mBuaxocri v/2 po v ?
Poss’a3auug Bsaxarumemo, mo pobora, gKy BUKOHYE€ JABUTYH, A€ TiJIbKM Ha
36iMbIIEHHS KiHETHMUHOT eHeprii asTomMo6LIsS: A = AW. Ha nepwiit ainauui posroHy JBUTYH
BHMKOHa€ poboTy

/2) 2
A1=AW1=ﬂ%—L—O=m%.

PoGora asuryHa ua Apyriit AlIsHi
2 2 2
m(v/2
L= AW, = mE2) gmy

2 2 8
BigHowmenns poliT HA BKA3AHUX IUISHKAX PO3TOHY
A4, = 1:3,

100TO uuM OiTbIa WWIBUAKICTB, TUM OuIbily PoOOTY M[OBMHEH BHUKOHATH ABMIYH, W00
HDiATPUMYBATA NPUCKOPEHHS PYXy CTAJMM.

§ 3.4. NMoreHyianbHa eHepris cHCTEMH

CucreMy MaTepialbHMX TOUYOK MOXHA XapakTEpM3yBaTH TiO-
TEHI[iaJIbHOK CHEPTi€I0, IKIMO HA Hel AiI0Th TIJIbKH KOHCEPBATHUBHI i

ripockomiuHi CUIN. [TomeHyiarbHa eHepeis — Ue YACTHHA MEXAHIUHOI

€Heprii CUCTEeMH, KA BU3HAYAETHCH B3AEMHUMM IOJOXEHHSIMH Ma-
TepiasbHUX TOYOK (KOH(irypailicro cucTeMu) i xapakTepoM CuA B3aEMOAIl
MiX HUMH.
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Poarngaemo po60Ty MIpH NEPEMIICHHI MATEPiaNbHOI TOUKY B MOJi KOH-
CepBaTHBHUX CHJI MiX ABOMA TIOJIOKEHHIMM, 3aJaHUMH PaxiyCaMU-BEKTO-

pamu r0 i r Ockinbky inTerpas Big KoncepeaTueHoi coau (3.15) 3axexurs
TiABKM Bi MOYATKOBOIO Ta KiHIEBOrO ITOJIOXKEHHS TOUKHM Y KOHCEPBATHB-
->

HOMY Iojii, TO pofoTa KOHCEPBATHBHOI CHUIM € (DYHKIIE TiIBKH 7, i
- -> > i i
r: A= A(ry, r). OueBugHo, mo cyMa pobitT HAa ABOX NOCTiAOBHAX

KITSHKAX TPacKTopii AopiBHIOE poboTi mpu mepemimeHHi MarepiaibHOL
TOUKH Bif IOUATKy MEPIIOl FUISTHKY AO KiHIS OPyroi:

-» - - - - =
Alry, r) = Alry, r) + A(ry, r),
> . 03 . e e .
&€ ri — paliyc-BeKTOp AOBLIBHOI MPOMiXHOI Touky TpaekTopii. Cyma pobiT
y mpaBii yacTUHI PiBHOCTI HE 3a/JIeXXaTHME Bill MOJIOXEHHS B IPOCTOPI

> e .
HOpPOMIXKHOI TOUKH r; (BiX (bOpMM TPAEKTOPIi) TiMbKA B OAHOMY BHUDALKY, A
- -
caMme TO)II kKonu pyukuiga A(ro, r ) MaTUME BUIVIAA Pi3HHII 3HAYEHb Y TOU-

Kax ro i r omHiel i Tiel camoi (byHKI.Ill U, mo 3a7eXuTh JIUIIE Big moso-
XCHH4A MaTeplaJIbHOI TOYKH B HpOCTOpl.

Ay, 7 = U(ry) = UG

IMoTeAniaspHOK0 EHEPriCi0 MATEPIAIBHOL TOUKH B NOJIi KOHCEPBATHBHHX
CHJI HA3MBACThCH (hyHKIIA U, 9Ka 3a/7I€XHUTh TiIBKYU Bil MOJOXCHHS TOUYKH;
pisHHMIA ii 3HAUEHD MiX MOYATKOBMM i KiHIEBMM MOJOXECHHIMH JOPiBHIOE
poboTi mpu mepeMimeHHi MaTEPiaabHOI TOUKH MiX LMMH IOJOXEHHIMHM!

U - U=-AU= 4, (317
abo

- T2 (3.18)
U= —f F(r)dr.

r
1

Po60oTa KOHCEPBATMBHOI CWJIM NPH TNEPEMilEHHI MaTepiaabHOI TOUKH
OOPIBHIOE 3MEHHIEHHIO MOTEHIia AbHOI €HEprii TOuKwH.

e mosoxeHHS y3araJbHIOETbCHS I8 CHCTEMH MATEDIaJIbHUX TOUOK,
K4 PyXaeThCsl Y MOJIi KOHCEPBATUBHUX cmi. IloTeHuiasbHa eHepria cuc-
TEMW Y HBOMY [OJi 3aJE€XUTh TiJBKM Bif MOJOXEHHS KOOPDAWHAT Ma-
TepiaJbHUX TOUOK, 3 SKHX CKJAARAETHCH CHUCTEMA, TOOTO BH3HAYAETLCH
TUIBKHM Ti KoHdirypamicto. [Ipu nmepexoai cHCTEMH Bif NOYATKOBOTO IIOJIO-
xeHHs (Kongirypauis 1) xo xinuesoro (KoHgirypamia 2) sMiHIOKOTBCA KO-
OPAMHATH MATEPIaIbHIX TOUOK CHCTEMH i KOHCEPBAaTHBHI CI/IM BHKOHYIOTD
po6oTy, MO DOPiBHIOE 3MEHIICHHIO TOTEHLiAbHOI EHEPrii CHCTEMH.

CusoBe 1ojie Mac NOTEHU[{aJIbHUA XapakTep, 9KImO CHIYy MOXHA BUpa-
3UTH BiNOBiTHNM YMHOM YEpe3 MOTEHLIATbHY E€HEpriio sK (yHKIiO mpo-
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CTOPOBHX KOOPAMHAT i wacy. J1st cTamiOHAPHMX MOJIIB, 9Ki HE 3MiHIOIOTHCS
3 4acoM, NMOTCHILIAJbHA €HEPrid 3aJEXHUTh TiIBKH Bil IIPOCTOPOBHX KOOD-
muHAT: U = U(;i =
1 MOTEHWiabHOO EHEprico B JaHil Touli nos cuaose nose Gyme BBAXA-

U(x, y, z). Tlokaxemo, Opn IKOMY 3B 3Ky MiX CHJIOIO

THCS NOTEHUjiaabHuM. Hexain y KOHCEPBATHBHOMY HOJi cuia F npu
HECKIHUEHHO MAJIOMy NEpEMIIEeHHI MaTepiajbHOl TOUKH BUKOHYE €1EMEH-
rapHy pobory

dA = —dU abo Fdr = —dU, (3.19)

ne U= U(x,y, z) — Binoma dyskuis koopgusar. 3anumieMo BEKTOPHE
piBHIHHS (3.19) vy mpoekuisax Ha KOOPAWHATHI OCi:

Fdx + Fdy+ Fdz = —dU.

3BiAcH 3a BJIACTUBICTIO MOBHOTO AubepeHuiana dU MaeMo

N

F = U F__aU‘F___aU (3.20)
x Bx 0 Dy dy * = dz *
Orxe, npoexnii KOHCEPBATUBHOI CH/IM HA KOOPAWHATHI OCi IOPiBHIOTH
YACTHHHMM IIOXiIHAM Bill HOTEHUiaIbHOI eHepril 3a BiINOBITHMMYU KOODAU-
Haramu. OCKiTbKHM BEKTOD CHIM

-> - - -
F=Fi+Fj+ Fk,

TO KOHCEPBATMBHA CHJIA IIOB’S3aHA 3 NOTEHLIAJBHOK EHEPrien
CHIBBITHOMICHHAM

1—; (BU = JU > aUk-) (3.21)

0x dy oy T dz

Bupas y ngyxkax — BEXTOp, SKMH HA3WBACTbCH IPAmiCHTOM CKaIApa
U i no3HauacThCss CHMBOIAaMHU

gradU = VU = d_l{ T+ 2 oU PNl Wy (3.22)
0x dy oz

ge grad = V ("Habna") — omeparop ['aminbroHa abo rpamieHT, mis SKOro
Ha ¢yHkuiio U BU3HAYAEThC 3a mpaBuaoM (3.22). ¥V mux mo3HaueHHsIxX
crmieBigHomeHHs (3.21) Mae Buraan

F=-gradU= — VU. (3.23)

KoncepsaTuBHa cHsIa JOPIBHIOE IPANICHTY NOTEHIiaJIbHOI €HEprii, B3s-
TOMY i3 3HaKOM MiHyc. Minyc Bkasye Ha Te, mI0 CWJIa B AOBLIBHIM TOumi
MOJIA 3aBXOM MAc TAKHH HAIPIM, B AKOMY MOTECHI(iaabHA €HEPrig 3MEH-
UIyEThCA, Y THX TOUKAX CHJIOBOTO TIOJISI, A€ MOTEHI[AAbHA CHEPTis HOCSTae
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MakCUMyMy abo MiHIMyMy, CHJIa JOPIBHIOE HYJIO, OCKLIBKHM B IIMX TOUKAX
cyMa 4yacTUHHUX noxigHux (3.23) mepeTBOPIOETHCS B HYJIb.

CwioBe mosie HA3WBAMTH MOTEHIIATBHUM, SKIIO MOTO MOXHA OMMCATH
agegkor ¢yukuicro U(x, y, z, 1), 9Ka 3aJeXATh Bif KOOPAMHAT i yacy, Ta-
KOI0, mo i qaCTHHHi NOXiAHI 32 KOOpPAMHATAMM BU3HAUAIOTH MPOEKIIil

F_,F,F, cuamn F HA AEKApPTOBi OCi y BigmoBimHOCTi 3 piBHgHHIMU (3.20).
PO3I‘JISIH€MO HAUTIpOCTIWINI BHUIANOK, KOJHM NOTEHLIAJbHE none on-

HOpifiHe i Heaminue B uaci, To6TO B Oyab-aKiif TOUUI MO CHIA F CTana.
Bu3nauuMmo noTeHUiaNbHY €HEPriio B AOBUIBbHIM TOuni moss. Cnpamyemo
>

Bice OX y nanpami cumm F, tomi Bupas (3.19) meperBopuThca HA
> > .
Fdr = Fdx i nmicas iHTErpyBaHHS HOTEHLIAIbHA €HEpris

U= - [Fdx=-Fx+C, (3.24)

e X — KoopauHaTta AaHoi toukw; C — AOBiABHA CTasa iHTerpysanHd. [lo-
TEHIiaTbHA €HEPrid BU3HAUAETHCS 3 TOUHICTIO 0 ZOBUIBHOI AAUTHBHOL CTA-
n0i C. g obcraBHa Mae 3arajibHUM XapakTep, OCKLIBKH B yCiX BHOAAKAX
HEMOXJINBO BiyKaTH Nponeaypy BM3HaucHHA cranol C B pgaHill Touli
nonga. HeogHo3HauHICT, MOTEHLIAAPHOI €HEPrii yCyBAKOTh TUM, W0 B AE-
gKiM TOUL[i IOJS L0 EHEPriKd NPUAMAIOTH PIBHOK HYAK (BHOHPAKOTH
JOBiTbHO HYJIBOBMH DIiBEHb BiUliKy), @ B iHIIMX TOYKAax i1 BiAPaxoBYyIOTb
Bid Hy,1bOBOTO piBHS. [HmMMM CI0BAMH, MPAKTHYHO BH3HAYAIOTH Pi3HUIIIO
MOTEHUiAIPHUX EHEPriil Y ABOX TOuKax mous. JoBinbHicTh BUOOpY mOUATKY
BiJUTIKy NOTEHIiaJbHOI €HEpPrii He BIIMBAE HA OCHOBHI CIIBBITHOIICHHS
MEXaHIKH, TOMY IO M0 HHX BXOXATh 260 PI3HUI NOTEHHIAJBHUX EHEPrii
¥ ABOX HOJIOXKEHHAX CHCTEMM, a00 MOXigHa Bif MOTEHUiaIBHOI eHepril 3a
KOOpAMHATAMH.

Ha sinMiHy Bin KiHeTwuHoi eneprii, HoTeHUia bHA eHEPria MOXe OyTm
9K OOHATHOIO, TaK 1 Bil’€MHOK0 (KiHETHYHAZ EHEPris 3aBXAW JOHATHA).
Uwucrobe 3Ha4yeHHS i 3HAK NMOTEHUjasbHOI eHeprii 3ajexaTh Bin BUOODY
YMOBHOTO HYJIBOBOTO NOJIOXEHHS CHCTEMH.

ITosHa MexaHiuHA €HEPris CHCTEMH CKJIANAETbCH 3 KiHETMUHOI T4 HOo-
TEHIiaJIbHOI CHEPrii i AOpiBHIOE IXHIM CyMi:

E=W+U. 3.25

MexaniuHa eHepris CHCTeMH 3aJeXHUTh Bix i craHy, ToOTO BHM3HA-
YAEThCS KOOPAMHATAMHU, IUBHAKOCTSIMU i MacaMu BCiX MartepiaJbHUX TO-
YOK, 3 SKHX CKJIAJACThCS CHUCTEMA.

MorenuiasbHa eHeprig Tina B nmoji cwi TSKIHHE MOOJM3Y MOBEPXHI
3emui. Lle cunose Eone o_;)mopinﬂe, B KOXKHIH TOYNI HOro Ha TiJI0O MAcoio

m pgie crana cuna F = mg, HanpsaMJIeHA BHU3 II0 BEPTHKAJi A0 MOBEPXHI
3emii, i MOTEHIiabHA E€HEpPris CUCTEMHM TiI0 — 3eMJIS BU3HAUACTHCH 33
dopmynowo (3.24). ToreHuianbHy eHeprio Tiia HA moBepxHi 3emuti BBa-
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KaTAMEMO PIiBHOIO HYJIIO i BU3HAUMMO il HAa BMCOTi /4 HaA MOBEPXHEIO i HA
AHi maxTy 3aBrambmky A'. Cripsmyemo Bich OX y HanpsMi CUIOBOTO MO
i CyMiCTMMO MOYATOK KOOPAMHAT 3 MOBEPXHEIO 3emni (puc. 3.5). 3a npuii-
asrow ymosowo U = 0 npu x = 0. I3 (3.24) snaxomumo C = 0 i Bupa3 mo-
TeHmianpHOl eneprii B OyAb-SKil TOUI moJs:

U= —mgx.
3pincu npu x = —HA BH3HAYAEMO TOTEHUiAJbHY EHEPrii0 Tiza Ham 1o-
BEPXHEIO 3eMTi:
~h
m U, = mgh
F=m§ i Ha mHi waxta opu x = A':
0
7 Uf = —mel.
y /// / PisHUIA NOTCHUiAJbHHX €Heprii y Iux ABOX
Y I, ///’ TOUKAX TOJIsE

Puc. 3.5 U, — U, = mgh+ h').

Le# pesyspTat MOXHA OTPUMATHU TAKOX HK
poBOTY CHAM TSXIHHS NPY MEPEMIIIEHH] Tifa 3 Nepmol TOUYKH NOJd B APY-
Ty, 3acrocysaBmin crisBigHomenns (3.18) 6e3 3HAaKa MiHYC:

W
u,-u'= f mgdx = mg(h' + h).

—h

ToreHuianpHa eHepris NpyxHO AedopmosaHoro crepxHg. Ilo-
TEHIiaIbHY €HEPTil0 MOXE MATH HE TUIbKH CHCTEMA TiJ, IO B3aE€MOIIIOTh,
a ¥ oxpeme mpyxHo nedopmoBane Tijo. Hexail cTepXeHb 3aBIOBXKH li
IUIONIEI0 MONEPeYHOro nmepepisy S KOPCTKO 3aKpiTIeHW# OXHMM KiHIEM,
a 10 APYroro KiHus NPAKJIAAEHO IO HOpMasi A0 MONEPEYHOro mepepisy
30BHIOIHIO CWIY F, mig Aicr0 9KOI CTEPXKEHb BUIOBXYEThHCH (abo ctu-
ckaerbest). [Ipy poMy B 06’€Mi CTEpPXKHS BUHAKAKOTh CHJIM NIPYKHOCTI, K1
npoznnim'rb 30BHIMHIA cuai. KO 30BHINIHA CHJa 33 BEJIHUYMHOKO
nopisnloe’”peaynmyxoqiﬁ CHJIi IIPYXHOCTI (F‘) = —;‘)np), To ii pobora mepe-
TBOPIOETHCS B MOTEHIL{abHY €HEepriio NeOpMOBAHOIO CTEPXHS.

BeaxaTtumeMmo, IO IOTEHLIAMbHA €Hepris HenehopMOBAHOIO CTep)K_I;ISI
mopieHoe Hymo. Crnpsmyemo Bice OX y HampsiMi 30BHImMHBOI crym F i
CYMiCTHMO MOYATOK KOOPAMHAT 3 KiHIEM HeneOpPMOBAHOTO CTEPXHS
(puc. 3.6). 3rinmo 3 (3.18) moreHmianbHA EHEPTis OPYXHOI necdopmanii
CTEPXHS
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Al

Al
U=~ [ Fdx= [ Fdx, (3.26)
¢ 0

€ BPaxOBaHO, MO MW BUAOBXCHHI (abcomoTHilt nedopmanii) cTepxHA B
inteppani 0 < x < Al npyxHa cwia Fp, = —F(x). Bu3HauMMO 30BHILIHIO
cuny gk dysknio xedopmanii x i3 yaa-
rajpHeHoro 3akony I'yka: o = Eg, ne
E — mMonynb mpyXHOCTI Marepiany;
o = F/S — BHYTpIllIHE HAIPYXXCHHA B
crepxni; € = x/] — BigHOCHA Redop-
Mmaniga. IIpn uux mo3HAYEHHIX i3 3aKO- )
my T'yka maemo: 0 x A X

F(x) — ES Puc. 3.6

ITicng mipcranoBku 3HaueHHS F(x) y (3.26) 3Haxommmo

2 2
U=—E§fxdx=§-§A—l=£(%£) v,

ae V= SI — o6’eM crepxHS.
. - A . .
OTxe, npu BiAHOCHIN aedopMauii € = —- TOTEHIliabHA EHEPTis HPyX-

HO 1e(OpMOBAHOIO CTEPXHI

U=—"V. , (3.21

Po6oTa, BUKOHAHA 30BHIMIHLOIO CHJIOK TPy NpyXHil nedopmaritii, Ha-

KOTMYYEThCS B 06’cMi CTEpXHS ¥ BUVIsIAL IOTEHNIianbHol eneprii. I'yctuna

eHepril mpyXHo AeOPMOBAHOIO Tifia JOPIBHIOE MOTEHUiabHIN €HEprii B
omvuuLi o6’eMy rina:

E¢?
=73 (3.28)

b
1l
<|=

§ 3.5. 3aKoH 36epemenHsa eHepril B mexaHiui. fucunayis eHepriT

Po3risHEMO CHCTEMY, IO CKJAAKAEThCA i3 N MATEpiaJbHUX TOYOK Ma-
->
camMm m,, 9Ki PyXaloTbCd BIATOBIAHO 3 MIBHAKOCTSMH v, 1€ i=1,2,....,N.

Y 3araspHOMY BHNANKY HA KOXHY MarepiajbHy TOUKY CHCTEMM IIIOTh K
BHYTPIIIHI KOHCEPBATUBHI Ta HEKOHCEPBATHBHI CIIH, TaK i 30BHIlLHI KOH-

>
CepBaTHBHI TAa HEKOHCEpBAaTHBHI cuum. [JosHaummo uepes F, piBHORIHHY
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BCix KOHCEPBATHBHAX (BHYTDIIIHIX i 30BHIMNHIX) CWJ, $Ki OiIOTh HA I[-TY

TOUKy, & uepe3 F, — piBHOAiAHY BCiX HEKOHCEPBATMBHWX (BHYTPILIHIX i
30BHIMHIX) cWI. 3amuINeMo DIBHIHHA APYroro 3akoHy Herorona mig i-1
MaTepiaabHOI TOUKH:

-
dv,
g

ITig miero cua KOXHA i3 MaTepiaJbHUX TOUOK 34 TIPOMIXOK yacy df
3MIMCHIOE TEPEMIMIEHHS | 3MIHIOE CBOIO MBMAKicThb. PiBHauHa (3.29) mo-

=F +F. (3.29)

. . - ->
MHOXHMO CKAJIIPHO HA BIAOOBIAHC HCPEMILICHHYI df'ii

d;l > > > 2 -
mderi=Fidri+F;dri.

3anucaBiiy ¢ piBHSHHS A9 KOXHOL 3 MATEPiaJIbHUX TOUOK i IOUJIEH-
HO JOAABHUIW IIi PiBHIHHYA, OTPUMAEMO

"
Smitar- S EaT =S R a7, 3.30

- o« o - . —> > -
IepeTBopuMo siBy uacTHHY L€l piBHOCTI. Bpaxosyroum, mo dr, = v,dt i

. e
CKangpHUi 700yTOK KOJIHEapHUX BEKTODIB v, dv, = ¥, dv,, 3HAXOAUMO, IO
mepma cyMa RZOPIBHIOE 3MiHI KiHETHUHOI eHeprii BCi€l CHCTEMH 3a
MPOMIXOK uacy dt:

dv, > - > miv?
i (It [ i Yi i 2 -

dy, W, = dW.

Hpyra cyma, sk B3gra 3 oOEpPHEHMM 3HAKOM CyMapHa poboTa BCix
OiFOUMX B CHUCTEMi KOHCEPBATHBHHX CIJI 32 IEH 4ac, AOPIBHIOE 3MiHi MO-
TeHnianbHOl eHeprii B3aeMomii MaTepialpbHHX TOYOK MiX coboro i 3
30BHIOIHIM IIOJIEM KOHCEPBATHUBHHUX CHJI

- >
- Y Fdr,=dU.
i
Toni dW + dU = dE i piBaauss (3.30) maGysae Burasgy
—>‘ -
dE =3 Fidr (3.3D)
i

TakuM 4MHOM, 3MiHA ITOBHOI MEXAHIYHOI CHEPril CHCTEMH AOPIiBHIOE Cy-
MapHiil pobori BCix HilOUMX HA MarepiajgbHi TOUKH HEKOHCEPBATHMBHHUX

BHYTPIHIHIX i 30BHIIOHIX CHJIL.
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S_I)Kmo CHCTEMA PYXAE€ThCH B MOJI TiJIbKM KOHCEPBATHBHHX CHJ, TO
->

E F'dr,=0i 3 supasy (3.31) suumsae, mo dE = 0, a6o

i

E = W + U = const. (3.32)

TloBHa MexaHiuHA €Hepris CHCTEMU, HA SKy AiIOTh TUIBKM KOHCEPBA-
TuBHi (i ripockonivusi) cum, 30epiraerbcs, TOOTO HE 3MIHIOETHCA 3 UACOM.

Ile monoXXeHHs Ha3MBACThCH 3AKOHOM 30epexXenHsl MexaHiuHol enepeii.
VY KOHCEpBATHBHIM CHCTEMI MOTEHIiaNbHA i KiHETHYHA eHeprii MOXYTh Ie-
PETBOPIOBATHCH ONHA B OXHY, aj¢ B OyAp-KMi MOMEHT 4acy ixHS Cyma
3aJIMIIAETHCH CTAJOK0.

Hexait, HampHUK/aaA, KOHCEPBATHBHA CUCTEMA CKJAJAETHCA i3 OXHOrO
TLIA MACOI0 mi, SIKE BLIBHO MAAAE B 30BHIIHBOMY IOJ TSXKIHHY I B ACAKHIA
MOMEHT 4acy Ma€ HIBMAKICTh v BigHOocHO 3emui, mepefyBaroum Ha BHCOTI
h Hap ii moeepxHew. Y ued MOMEHT MeXaHiuHa eHeprig Tina

mv?
2

E = + mgh.

Ho nouarky nagiHHg 3 BUCOTH H > A KiHETHYHA €HEPrid HEPYXOMOYo
TiJIa JOPIBHIOE HYyJIO i HOrO MEXaHiYHA EHEeprid AOPiBHIOE MOTEHLIATbHIN
eneprii mgH. Y kiuui nafiHHSA TiJI0O MaTHME IBUAKICTD ¥ = 2gH i max-
CHMAJIbHY KiHETHMYHY CHEprilo, IO AOPIBHIOE TMOYATKOBIM NOTEHILAJbHIA
eHepril

mv*

2

W= = mgH,

aJie oro IOTEHNiaAbHA EHEPrid HA MOBEPXHI 3eMiIi JOPiBHIOBATUME HYJIIO.
Hasmakm, 9Kmio Tijo KMHYTH 3 NOBEpxHi 3eMili BEPTHKAJIBHO BrOpy, TO
BOHO MAaTHME IIOYATKOBY KIiHETUUHY EHEPTiIO mv?/2 i norenniaabHy
eHeprilo, mo AOpiBHIOE HyMoo. IlocTymoBo BTpayaroyu IIBHAKICTh, TiIO
migHiMetscst Ha BuHcory H = v’/(2g) i #oro kiHeTWuHa eHepris
IOPIBHIOBATHME HYJIO, aJie NOTEHIIaAbHA CHEPrid NOPIBHIOBATHME MOYaT-
KOBOMY 3amacoBi KiHETHYHOI €Hepril.

IToBepHEMOCh IO CHCTEMM, HA MATEpiadbHI TOUKHM HKOI, KPiM KOHCEp-
BATUBHMX CWJI, JiFOTh BHYTPIillHi i 30BHIIIHI AUCANATHBHI CUIH. Y LBOMY
pasi, sk surumBac 3 pisHsHEg (3.31), 3MIHIOETHCS MEXaHIYHA EHEPrid CH-
CTeMU: 3MiHA MEXAHIUuHOI eHeprii 3a €JCMEHTAPHUYU IPOMIXOK Hacy
mopiBHIOE CyMapHiil poboTi, BUKOHAHIH 3a me#t Jyac BCiMa AMCHMIATHBHUME
cwramn. Ockinbky poBoTa AMCHIIATMBHMX CHJL B3arasi Bil'€MHa, TO 3MiHA
nosHoi eHeprii dE < 0, T06T0 MexaHiYHA GHEPris AMCHIATHUBHOI CUCTEMH
3MEHIIYEThCA. 3MEHIIEHHS MEXaHiuHOl eHeprii CHCTEMM B IPOLECI PYXy
HA3MBAETHCA AMCUIIALICIO (po3cisHHaM) eHepril. Jucunania eneprii 3yMoB-
JIeHA TIEPETBOPEHHSIM MEXaHiuHOi eHepril B poOOTY NpOTH AMCHIATUBHUX
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cu1 y cucreMi. [HmuMu coBamu, MexamiuHa eHepris BHTPAuaeThCs HA PO-
6oty mportw cwi Teprd i onopy. [Ipu mpOMy Tija cHCTEMM HArpiBaloOThCS i
30LTBIIYETbCS CEPEAHs KIHETHUHA €HEPris TEMJIOBOTO PyXy MOJEKYJ, 3
SIKUX CKaamaoTecs Tina. OTxe, eHepria He 3HUKAE — BinbyBacThCcd mepe-
TBOPDEHHSI MEXAHIYHOI €HEprii y BHYTPIIHIO €HEPriK0 CHCTEMH. [1pH HagB-
HOCTi B CHCTEMi HEKOHCEPBATHBHHUX (AMCUIIATHBHHX) CHJI MEXAHIUYHHHN PyX
Habysae iHmoi dopmu pyxy. Bei cumcTems B IpHpoOAi MEBHOO MipoOO TUCH-
TATHUBHI.

Y HacTynHHX YacTHHAX Kypcy Gi3MK¥ MM PO3IVISHEMO IEPETBOPEHHS
eHeprii B immi ¢opMHu i MEPEeKOHAEMOCH, IO eHepria 30epiracThCd 3aBXaH,
HE3aJIeXKHO Bix TOoro, B gkiit ¢opmi Mm i cmoctepiraemo. 36epexeHHs
eneprii — (byHAaMEHTAIbHMI 3aKOH NPUPORH, OOrpyHTOBAHHIN YHCIEHHH-
Mmu gocainamu. Moro BiAKPWIN HE3aJIEXXHO OIUH BiX OTHOIC HiMEllbKi BUeHi
10. Maitep (1814 — 1878), I'. I'eapmroaby, (1821 — 1894) i anrmichkui
¢dizux 0. Oxoyas (1818 — 1889).

36epexeHnsa eHeprii NOB’d3aHe 3 OAHODIAHICTIO uacy, TobTO 3
IHBAPiaHTHICTIO (hi3MYHUK 3aKOHIB BiHOCHO 3MIHM MOUYATKY BifUIiKy uacy.
Hanpukian, npu BinibHOMY nmamiHHi Tizia 3MiHA
KiHETHYHOI i NOTEHUIAAbHOI €HEeprifl, a Takox
IIBUAKICTh NAAiHHY TA MPOMACHUIN LLISAX 3aJie-
XKaTk TiABKH BiJ MOYATKOBOI MBUAKOCTI i
MIPOMIXKY 4acy HajiHHS, ajae He 3aJeXaTh Bif
BUOOPY NOYATKOBOTO MOMEHTY BifTIKy 4acy.

Tpuxaan 3.3. Hinepnaupacokuit suenmit X. Iroifrenc
(1629 — 1695) crBepmXYBaB, HIO0 KONMM KyJis HA HEBA-
roMiit i HEpO3TAXHINA HUTHI 00EPTAETBCA ¥ BEPTHUKAJILHII
HJIOIJ.II/IHi, TO HHWTK& I[IOBMHHA BUTDUMYBATHU C(UJIYy, XO04
64 B micTth pasiB Giaby Big cwm ToKiHHg Kyai. Jo-
BECTU L€ TBEDJIXECHHA.

Poss’a3anus: Y cucreMi Tin Kyas — 3emas gie
TiIBKM ~ BHYTDillIHSA KOHCEpBATHBHA  CHJA TSXKIHHS.

Puc. 3.7 3oBHiWHS CcHAa HATArYy HUTKH N nepneHpykynspHa Ko

BeKkTOpa wBMAKOCTE w Kyai i i pobora mopiBHIOE HyJoO.

TOMy A0 nanoi CUCTEMHM TiJ1 MOXHA 3aCTOCYBATH 3aKOH 366pe)KCHH9( eneprii. IToznauumo

mWBMAKICTh KyJai y HMXKHIM i BepxHill ToOukax TpaexTopii depe3 v; i v,, a4 332 HYJLOBUHM

piBeHp Bimniky noreHuiajabHOI eHeprii B3aemomil TiN Bi3bMEMO HMIXKHE TONOXKEHHS KYJi.
Toni

mes  mei T menl
2 T 2 Tmeh
ae | — poexuHA HUTKU. 3BiAcM MaeMo
2 _ .2
vl = ’02 + 4gl (1)

Ha puc. 3.7 3o6paxkeni CWMIM, WO HAjAKTh KYJi JOLEHTPOBOrO MPUCKOPEHHS mpu

NIPOXO’KEHHI HMXHBOI [ i BEepxHBOI 2 TOuOK TpaekTopii. 3a Apyrum 3akoHOM Hbrotoma -

g TOuku I:
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mw} v}
N~ mg=—, a6o N=m(g+T);

(2)

AN TOUKK 2:
2

—12-, abo v2 = gl,

Ji€ BPAaxOBaHO, L0 I NPOXOIKEHHS KYJEI BEPXHBOI TOUKYM NMpM MiHiManbHil mBuMAKOCTI
¥, AOHEHTPOBE TPMCKOPEHHS CTBOPIOETHCA TLABKM 1 CHJIOK TaAXiHHA. P03p’d3yrouM cuc-

temy pisnaHb (1) — (3), orpumaemo

= 3
mg =

vf = 5gl;

N =m(g + SZL[) = 6bmg.

§ 3.6. Mexti pyxy i YMOBH piBHOBar# YacTMHKH B NOTeHLaNbHOMY RO

3axoH 36epexeHHs MEXAaHIYHOI eHepril HAK/Ianac TmeBHI OOMEXKEHHS HA
PYX YACTHMHOK y KOHCEPBATUBHIN CUCTEMi i BU3HAYAE yMOBHM 1i DiBHOBArW.
VY wiit cucreMi moBHA MexaHiuHA €HEPrid 3aJIMMAETbCH CTa0K. OCKLTbKH
BOHA JOPIBHIOE CyMi KiHETHUUHOI i IIOTEHIIAJBHOI €HEpriyi, a KiHeTWuHa
eHepria He moxe OyTH Bin'emuO©0, TO 3 Bupasy (3.32) BUILUIMBAE, MO

U<E, 3.3%

e 3Hak piBHOCTI Bigmosimae ymosi W = (. dxmo TiZa cUCTEME HEpyXOMi
i i noreHnmiajipHA eHEpria MiHiManabHA (HE MOXE INEPETBOPUTHUCH Y
KiHETHUHY), TO npu Takin
KoH®irypauii cucrema nepebysatame U
y piBHOBa3i, TO6TO Tina cucremMu He F
MOXYTh OPUUTH B PyX 0e3 BOAUBY -
30BHIIIHIX CWJI.
PosrngaeMo XxapakTepHUi MPUKIAK U=F
OI(HOI'VIipHOI‘O DYXy YacTHHKH B TIO- 3 7
TEHUiaJlpHOMY moJsi, koam II mo- ‘
TEHIiaJbHA EHEPris € (PYHKIIE0 Jume Umin Al
OmHiel kKoopaWHATH X i 3aJEXHICTh ™=
U(x) mac Buraan KpuBOi (puc. 3.8), 0z X, X P
9Ky HA3WBAKOTh MOTEHIiaJbHOI0 KpH-
Boto. Hepisnicte (3.33) osnauae, mo Puc. 3.8
YaCTWHKA M uac pyxy mMoxe mepely-
BATH TiIbLKM B THX MICIIIX CHJIOBOrO IOJs, A€ IOTEHUia/JbHA EHEPriga He
nepepuiye noBHOI eHeprii. Hexail npu 3apaniit eneprii E yacTWHEKYA psIMa
U = E, npoBeacHA mapajeyabHo oci OX, mepeTuHac NOTCHIIAIBHY KPHBY
B TPbOX TOYKAX, AOCLUCH SKHX X,, X,, X;.
I3 (3.33) summBae, mo uactuHKAa 3 eHepriclo E Moxe mepefysaTu
TiIBKY B A0O3BOJIEHMX OOJIACTAX MOTEHUIAJBHOIO IO/, PO3MIINEHHMX MiX

F
-
Um ax

=1
-
=
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TOUKAaMH X,, X, i MIPaBOPyY BiX TOUKK X;, a B obsjacTi Mix Touxamm
X,, X, 1 JiBOPYY Bil TOUKM X, BOHA MOTPaNUTH HE MOXE. SIKIO YaCTUHKA
pyxaerbca B obnacri I, To srigeo 3 pisHicTO (3.23) Ha Hel 3 Goky moas

. dU
nmic cuia F = i s cwia 3aBxXAM HANpgMJIEHA O MOJIOXKEHHS X, IO

BigmoBigae MiHiMyMy HOTCHIIAJBbHOI €HEPril, OCKiJbKM BOHA 33 HATPIMOM
mpotusexHa Bektopy grad U. 3 ymosu U = E Bumamsae, IO B TOYLI
x, KiHCTHUHA €HEPris i MBHMAKICTh YACTHHKM AOPIBHIOKTH HYJIO. 3 LBOIO
TIOJIOXKEHHS YaCTMHKA MiJ FIi€IO CWIM, HAUPSMJICHOI NpaBoOpyY, MOUMHAE
pyXaTucsa MPUCKOPEHO i B Toumi X, ii WBMAKICTS i KiHeTWUHA eHeprida mo-
CAraloTh MAKCHMAJBHMX 3HAUeHb. [IpONOBXKYIOUM PYXaTUCH MiX TOUKAMH
X, 1 x, min giero cuam, HANPSMJIEHOI JiBOPYY, YACTMHKA CHOOBIBHIOE PYX i
B Touli x, 3ynuHseThcs. Jani pyx yacTHHKE BinOyBacThCs y 3BOPOTHOMY
HanpsMi i TOBTOPIOBATUMETHCA MEPIOANYHO MIX TOUKAMH X, 1 X,. Y TaKOMy
BUNAAKY NPUUHSTO TOBOPUTH, II0 YaCTMHKA mepeOyBae B NMOTCHIiATbHIN
aMi. Y pasoMy MNOpuKJIani rubuHa HOTEeHLiaJ bHOI 4MH JOPIBHIOE
E—-U,, ail mapuHa x, — X,.

[MpunycrumMo, 10 BHACAIAOK 30BHIIMHBOI NMPUYMHM YACTHHKA 3YTHHHU-
Jacs B TOUL({ X,, MAIOUM MiHIMaJbHYy HOTEHIiasbHy eHepriio. 3 OoKy moss
Ha HEi He Aic cujia, TOMY IO B TOYILi X, HOTEHIiAJIbHOI KPHBOI MOXigHa
Bif U mo x jopiBHIOE Hymo, i yacTuHka nepedysae y piBHOBasi. SAxmo
YACTHHKY BiIXWJIATH Bifl CTAHy DiBHOBATH, TO CHJIM MO/ IMOBEPHYTH il B
nonepegne nomoxenns, OTxe, B Touni MiHIMyMy IOTEHIiaJbHOI €HEpril
HEPYXOMa yacTuHka nepebyBae B CTaHi CTiHKOi piBHOBATH.

VY mossoneni#t obsacri 117, ne upu x > x; HOTCHUIAMbHA KPMBA aCUMII-
TOTAYHO HAGIMXACTBCA OO HYJSI, PyX YAaCTHHKM MAaec iHIUMHA XapakTep
MOPIBHSHO 3 KOJMBAJIbHAM PYyXOM Yy NOTeHIjanbHil ami /. OueBnaHO, mo
B TOYL{ X; MIBHIKICTh UACTHHKY JIOPIBHIOE HYJHO. Iig giero cumm, HATIPSIM-
JeHOl MpaBOpyY, YACTMHKA pPYyXaTHMCTbCS NPHUCKOPEHO i MOXe
BIIANMTHCA Y HECKIHUEHHICTB, [ MOTEHNiaJbHA EHEPrisl MEPETBOPUTHCH
B CKBiBAJIEHTHY KiHETHUHY CHEprilo i mMBHAKICTH HOCATHE 3HAUCHHS
v, = V2mE. i, HaBmakwW, Km0 OpY JAaHId MIBHAKOCTI YaCTHHKA IIOYHE
pyxaTHCs i3 HECKIHYEHHOCTi JO TOYKH X3, TO il LIBMAKICTH IOCTYIOBO
3MEHIIYBATUMETHCS i B TOULi x, OyAe AOPiBHIOBATH Hy/O. 3BiACH Tia Aicto
CHJI TIOJISI YACTHHKA 3MYLICHA TOBEPHYTH HA3ald 1 pyxaTucs 3HOBY Y
HECKIHUEHHICTh. BOHA HE 3MOXe IPOHMKHYTH B obnacts /, 9K i HEe Moria
BUIATH 3 MOTEHUaJBHOI MM, TOMYy LIO IbOMY 3aBaxaec 3aboposeHa 00-
aacth II, sIKa JIEXUTh MiX TOUKAMH X, i Xx;. Llfo 3abopoHeHy obsacTb Ha-
3WBAIOTH MOTEHNiaJbHEHM Oap’epom. Sk Buano 3 puc. 3.8, BHCoTa
norenuiaasHoro 6ap’epa U, — E i HOro mmpHHA X; — X, 3 POCTOM €HEPrii
E 4yaCTHHKH 3MeHmYyIThcs. [Ipu E = U,,, noTeHujanpHuit 6ap’ep 3HuKac.
Pa3soM 3 UM pyX YACTMHKHU BTPAuYac KOJIMBAJbHUM Xapakrtep.
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Y Touni x', JIOKaJbHOTO MAaKCUMYMY ITOTEHILIAJbHOI KPUBOI MOXiZHA
du
dx
nepeOyBae B craHi piHosaru. OfHAK 19 piBHOBAara HECTIHKA: MPU He3HAY-
HOMY 3MiIlIEHHI YACTHHKYW CHJIM ITOJS HAMAraloThCd BiamaavTH 1 Bix mo-
JIOXEHHS DPiBHOBAru.

TaxuMm yuHOM, 33 BUIJISIAOM ITOTEHILiaJIbHOI KPHUBOI i €HEPricio yacTHH-
KM MOXHA BCTAHOBUTHU XdPAKTEDP PyXy i MOJOXEHHS PiBHOBATrd YACTHHKH
abo Tina B MOTEHIiaIBHOMY TOJI.

= 0 i Ha yacTHHKY HE mie cuna 3 0OKy Mo — HEPYXOMA YACTHUHKA

§ 3.7. A6COnIOTHO NpYXHMH | aGCONIOTHO HENPYIKHMI YAAPM

Ynapom Tin Ha3WBAKOTh CYKYIHICTh SBHHI, IO BUHUKAIOTH APH KOPOT-
KOuYAacHiM B3aeMopil X BHACTINOK 3iTkHeHHH. [Ipu ymapax BUHWKAWOTh I0-
CATH BEAWKi CHJIM, & TOMY HIi€I0 iHIOTUX CWJI, OO0 MOCTiMHO HilOTh, MOXHA
HextyBatu. Lle mae MoxnmeicTh cucTeMy Tij, SKi 3a3HAKOTh 3iITKHEHHS,
BBAXXATH 3aMKHEHOK i 3ACTOCOBYBATH 3aKOH 30€pEXEHHS iMITyabCy.

Qi3nuHi 9BAMA, SKMMU CYIPOBOIXYETHCI yAAp TLI, HOCHTH CKJIAMHI.
Tina npu 3iTkHeHHI AedOPMYIOTHCSI, BUHUKAIOTh TPYXHi CHAY i CHJIM TEp-
TS, Y TiJJaXx BUHUKAIOTh KOJUBAHHS i XBWIi TOMIO.

IIponec yaapy Tl NORINASIOTH HA ABa mepiogu. Y mnepuioMy Imif uac
3iTKHEHHs TL1 BinOysaeTbca aedhopmaiia ix. BHAC/IOK LbOro BUHMKAIOTH
CUJIH, SIKi TaJIbMYIOTh DYX T, a 1XHS KiHETHUHA €HEprisl IEPETBOPIOETHCS
B NOTCHIiaJpHY ecHeprio aecdopmamii. ¥ gpyromy mnepioai npouec
BinOyBacTbCA B 3BOPOTHOMY HAIpPSMi — IOTEHUiasbHA EHEPTIS MEPETBO-
PIOETBCS B KiHETHUHY, Y pCaTbHHUX YMOBAaX P 3iTKHEHHIX TiJl 3aBXIH
Bif0yBAETHCA TMEPETBOPEHHS MEXAHIUHOTO PyXy B iHmi dopmm pyxy ma-
Tepii, nepexix MexaHiuyHoi eHeprii B TemwroBy. Ilpouecu, mwo BinbysaThCs
TIpM yZAapax, 3a71eXaTth Bif MPUPOAM TiA, IXHIX po3MipiB Ta ¢OpMH, IIBUI-
KOCTeM pyxy Tomio. Yaapu MOmiIgioTeCA Ha abGCOMOTHO npyxHi i abcomroT-
HO HenpyxHi.

AGCOMOTHO MPYXHAM HA3WBAYXOTh TAKWH yOap, ITiCAS 9KOTO B Tijax, IO
3a3HANM 3ITKHEHHS, HE 3aJMINAEThCH XONHMX Aedopmarniil, a MexaHiuda
EHEPrig [0 i micag 3ITKHEHHS HE 3MIHKUIAch. AOGCOMIOTHO HEApPYXXHUM Ha-
3MBalOTh TAKMH yaap, micad gkoro gedopmanii, 3yMOBJEHI 3iTKHEHHIM
TiM, MOBHICTIO 30epiraroThCd, a Tila PyXaloThCs 9K OAHE LIiJIE.

Bruspkumu 10 aGCOMIOTHO MPYXHOIO € 3iTKHEHHS CTAJbHUX KYJbOK,
KyJbOK i3 CA0HOBOI KicTku Towio. IIpukianom abCOMIOTHO HENPYXKHOIO
yaapy € 3ITKHEHHS IUIACTWJIIHOBUX KYJBOK, 3aXOIJIEHHS BiJTBHOIO €JIEKT-
POHA TMO3UTHBHO 3apSXECHUM iOHOM Ta iH.

Crinpay HOpMajb A0 MOBEPXOHb TiJ Y TOUI IXHBOrQ JOTUKAHHYA MpHA
yzapi Ha3sWBAKOTH JiHIEH ymapy (mTpuxora jaiHisg Ha puc. 3.9). ¥Ynap Ha-
3UBAYOTh LUEHTPANBHUM TOMi, KOJIM JiHif yIapy MpOXOAUTb YEPE3 LEHTPH
Mmac Tia (puc. 3.10), a HaUpAMM IIBMAKOCTEMN T/ AC 3iTKHEHHS 36iraroThCs
3 JIiHI€IO yAapy. :

81



Ynap BinysaeTbca 33 goCUTh Mai MPOMIXKH YaCy — 34 COTi, THCSUHi
i HaBITh MIJILIOHHI YACTKH ceKyHau. BHacinok IBOTO NP yAapax MOXYThb
PO3BMBATHCS NOCHTH BEMMKi MOTyxHOCTi. Tak, npm ypapi MosoTa Macomo
2 7, minaaToro Ha Bucory 2 M, i uaci yaapy 0,001 c cepeans moTyxHicTb
ymapy

p= ﬂfﬁ = 3,92-10" Br.

Seume ymapy mmpoko 3aCTOCOBYETECA B TEXHIilli MPM IITAMIOYBAHHI,
KyBaHHi Ta moxpi6Henni marepianis.

Posrnsmemo abeonorno npysxawmit LEHTPAJIbHUM yaap JBOX KyJb Maca-
MU m, i m,, BHACTIOOK SKOTO BCA KiHETHYHA €Hepris KyJb 10 yoapy me-
PCTBOPIOETECA 3HOBY B iXHIO KiHETHUHY EHEPriIO mMic/as yaapy. Ilozmauumo

Puc. 3.9 Puc. 3.10

> >
WBUAKOCTI KyJIb KO yAAPY BiANOBIHO uepes v, iv,, micnd yaapy — uepes
-> ->

u, i u,. Inga susHaueHHs HanpsaMy BEKTOpiB mBHAKOCTEH Bichb OX crips-

->
MYEMO B30BX BEKTOPAa WBHAKOCTI ¥, mepmoi Kyjai A0 3iTKHEHHS.

Ockineky ynap uenTpasbHHA, TO PO3IISAaTUMEMO NPOEKUii BEKTOpIB Ha
Bicp OX.

Y 3aMKHeHi#l cucTeMi ABOX KYy/Jb BUKOHYIOTBCH 3aKOHH 306epexeHHS
iMOoysnecy i KiHETHUHOT eHeprii:

mv, + my, = mu, + m,u,;

2 2
ml”f + mzvazz mu, + myl,
2 2 2 2

abo mic/1s mepeTBOpeHHS:

m(v, — u,) = my(u, - vy);

ml(vf - u?) = mz(“i - U%)

Posp’s3asmu ui piBHgHHES, 3HAXOOUMO MIBUAKOCTI KyJIb HiC/S HpPyXHO-
ro ynapy ’
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(m, = myv, + 2m,v, )
u, = m ; (3.34)

_ (my — m)v, + 2mv,
u, = s ’ (3.35)

e 3HAKY LIBIAKOCTEH BPAxXOBYKIOTBCH Y BINNTOBIXHOCT] 3 MPHMMHATOK BUIIEC

HOOMOBJIEHICTIO, )
Ipoana/isyeMo OTPMMAHUH PE3y/bTAaT HA OKPEMUX TPUK/IANAX.
1. Macu xynb ommakosi. [Ipu m, = m, supasu (3.34) i (3.35) maru-

= = — i pi i ThCS IIBHUIKO-
MYTb BHIJISA U, = V,, U, = U, KyJi piBHHX Mac 0OMIiHIOK I

CTAMH.
2. IOpyra kyas Hepyxoma. Ilpu v, = 0
_memy 2 (3.36)
T M T m Fmy !

Ilns pisHMX CHiBBiIHOMmIEHb MiX Macamu Kynb i3 (3.36) BuriuBae:

a) mpu m; = m, Mepwa Kyas 3yNUHIETHCS (u, = 0), a mpyra moune
PYXaTHCS 3i MBUAKICTIO Tepmoi Ky y ToMy camomy Hampsmi (u, = v,);

6) mpu m, > m, TNepma Ky [NPOXOBXYE PyXaTUCS y TOMY CaAMOMY Ha-
npsMi, aae 3 MEHIIOK WBUAKICTIO (1, < v,), a ApyTa Kyas MiCis yAapy
HaOyBa€ INBHAKOCTI u, > v,;

B) AKWIO m, < m,, TO NepIa Ky/4 BiICKAKy€e Hasax, a Apyra pyXaeTbCd
B HamnpsaMi nepmoi KyJi J0 3iTKHEHHS, ajJ€ 3 MCHINOK MBHAKICTIO;

r) aKmo m, Km, (HaNpUKIad, 3iTKHEHHS 31 CTIHKOIO), TO U; = —v¥, —
HEepIma KyJd BiICKAaKye Ha3ax 3 Ti€lo caMOX0 IIBHAKICTIO, a Apyra — 3a/u-
maeThca Hepyxomomw (i, = 0). . .

Posragnemo abCcoTIOTHO HEMPYXHUIA yaap, NPy SKoMy oOuaBi Ky (Bu-

i i i iT. I OpMY-
TOTOBJIEH], HANPUKIAA, 13 CBHHILO, rmacmmH.y, TJIMHY i Twl'l) ned p y
IOTBbCS 1 PYXaloThcs 9K OJHE Iile 3i MBHAKICTIO u. Y Wid cHCTeMi T
BUKOHYETBCS 3aKOH 30€PEXEHHS IMITYJIbCY, SKHHU /IS LEHTPAAbHOIO yAapy
3aIMIIEMO CKAJSIPHAM PiBHSHHAM

my, + myv, = (m, + myu,
3BIIKH

mv, + m,v, (337)

u=
m, + m,

BHACTZOK HenpyxHoi aedopmauil Kyap npu yaapi IXHS KiHETHYHA
€HEprid IEepeTROPIEThCS Y BHyTpimmw. L0 BTpaTy MexaHiuHOI eHEepri
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MOXXHA BU3HAYATH AK PoOOTY, BUKOHAHY BHYTPilIHiMH HEKOHCEPBATHBHI-

MU CHJIAMM TIDH HENPYXHIA necdopManii Kyap: A = ~AW =W, — W.
T06T0 1 :
my:  ma? (m, + 2
A= U MY My m,)u
2 2 2 ’

abo 3 BpaxysamHaM (3.37)
_ m,m,
A= IO, F ) (v, = v,)%

Axmo apyra xysns no yaapy Hepyxoma (v, = 0), 10 pisusHHs (3.38)
CIIPOLIYETBCS A0 BHLIALY

3.3%)

2
mvy . m, m,

= 3.39
Tt = Ve (3.39)

A=

I3 Bupasy (3.39) BumrmBaroTh BaXIHBI MPAKTUYHI BUCHOBKH.

Amomu
p; B*e 60041 ade asomy
o e ? _______ - ' [N
E—\—‘— — / ——— ——— —-
T é ______ g \— e
f ! T
AL-Yacmurry Hebidomi fMpomonu

miKpovacmurxy  ado sdpa asomyy

Puc. 3.11

1. Tlpu Bukopucranmi ynapy mns amiam ¢dopmu Hepyxomoro Tina (Ha-
TIpHKJIAN, KYBaHHS METAJ1y, APOOICHHS KPAXKUX TLI) HEOOXimHO SKOMOTa
Gibury 4acTuHy KIHETMYHOI eHepril pyXoMoro Tina HNEPETBOPUTH y poboTy
medopmauii. g uporo Tpeba 36inbmuTy Macy mi, HEPYXOMOrO Tina (Ha-
TIPMKJIAN, KOBAaaIa).

2. Sxkmo ynap 3acTocoByeTBCH IS NEPEMIMEHHST HEPYXOMOTO Tija 3
METOI0 TIONOAHHS ONOPY (3abuBanHg UBIXiB, BOMBAHHS MaTb v 3EMJTIO
KJIMHIB i T.IL), TO GaxaHo 3MeHmHATH POBOTY gedopmarii i MaKénMaanc;
36eperty KiHETHUHY eHeprio 060X Tij mic/s yaapy. llporo moxHna mocar-
HYTH, 3MCHIIMBINM MACy HEPYXOMOro Ttina (Hanmpmknam, usaxa) i
30LTBIIMBIUM MACY yAAPSIOUOTO Tijia (HanpuKJIanm, MOJIOTKA).

. Hpukaan 3.4.. AHrniicexkmit Buenmit JI. Uenpik (1891 — 1974) y 1932 p. sigkpus
HEHTDOH — OfIHy 13 €ICMEHTAPHUX MACTHHOK, 3 SIKMX TOGYACBAHI s;PA ATOMIB, BUKOpH-
CTABWIM 3aKOHM 30ePEeXEHHS MeXaHigHOI eHeprii Ta iMnysmeCy B CMCTEMi MIiKpOYacTHHOK
) Po.sfz ‘a3a HH . Ha puc. 3.11 so6paxeno CXEeMy YCTAHOBKM, 3aCTOCOBAHOI B o;mom-y
13 pocainis Yemsixa. Tlin uac GomGapaysamms Gepuiiio a-uacTHHKAMH, sKi BUIIPOMIHIOE
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NOJIOHIMN, 6yj10 BHEBJIEHO TOSBY HEBiOMMX MiKpodacTHHOK. Ili 4acTMHKM B CBOK) uepry
GomBapayBaiu aToMu BOaHIO afo azory, mo nepebysanu B cTaHi Crioko0. Bracninox uporo
spa BOAHIO (PoTOHM) afo a3oTy OTPUMYBAJIM MPUCKOpeHHs, i Yemsik BUMIPSB WIBMAKOCTI
LUX YACTHUHOK.

Byno 3pofjeH0 NPUIYIUEHHS, IO MDK HEBMAMMMMH UYACTMHKAMM i ATOMAMM BOAHIO
uu a30Ty BinlyBalTbCa abCOMOTHO TPYXHi 3iTkHeHHs. Hexait maca HEBiOMOI 4aCTHUHKM
m, a i wBuakicTs ¥. dxwo m, i u, — Maca i IBMUAKICT NPOTOHA, TO 3TIUHO 3 GOPMYJIOK)

P
(3.36)

" = 2m »
P m+ m,

Sgxmo my i uy — Maca i WBMAKICTH spa asory, TO

u -,
NTm+ my

QckizbKy Maca aTomMa asoTy AOPIBHIOE 14 aTOMHMM OJMHMISAM Macu, a Maca MpOTOHA
— OfHIH OAMHMII, TO My = 14mp i, DOALIMBIIM TEPIIE PIBHSHHY HA APYre, Maemo

i m+ 14m,

2 =

Uy m+m,
I. Yensik y cBOIX pjociifax BUMIpIB u, 1@ Uy i orpumMap ix BigHOINIEHHd, IO
nopiearosano 7,5. Otxe,

m+ 14m
————£=1,5, abo m = 1,00m,.
m + mp

3amicts BOgHIO i a30Ty Uensik NpOBiB ROCIIAM 3 iHIIMMY PEUOBUHAMM i 3HOBY BUSBHB
YACTMHKM 3 Macow, o npubauaHo jopiBHiOBanma Maci npotoHa. B omgHoMy 3 AOCHiRiB
MAaCy YaCTMHKM BIANOCS BUMIpaTH 3 TOuHicTIO 00 1 %. Tak Oye sinkputuit HEATPOH.

Hpukaay 3.5. ¥V r1ino macowo 1,5 xr, sixe
nepebysae Ha Bepuwmui miscepu, pamiyc axoi -
60 cM, noTpamnge i 3aJUINIACTHCA B HbOMY KyJid N
macow 10 r, mo jgetina ropusoHraabHO. Tino p—
nouasno pyxatucs Oe3z Teprsa i Bigippanocs Bia
cdepuunoi nosepxui Ha Bucoti 50 oM Big 1 mg
OCHOBM. BM3HAUMTM LIBMAKICTD KyJi.

Poss’aszanusg Cucrema "TLIO Macow 'y
M — kyna Macorw m" HE3AMKHEHa, aje B MO- LA
MEHT yaapy KyJi IpoeKuis _(i)OBHiIIIHiX CHJI (M+m)g
TSXKIHHS HOPMAJabHO! peakuii N Ha TOPU3OH- L TIILIT TS 7 .
TAJBPHUM HANPSM [OPIBHIOIOTL HyJIO. 3a 3aKo-
HOM  30epexenHs  mpoexuii  iMIOyJaecy  Ha
FOPU3OHTAJLHUII HAMPSM IPU  HENPYXKHOMY
ynapi

£

Puc. 3.12

- -> M
me = (M + m)yy, abo v = (Tn_ + Dy, 1)

>
ae ¥ -— FOPU3OHTAJIbBHA LIBMAKICTb CHCTEMM MiCKS yAapy.

ITo cdepuuniit noBepxHi CHCTEMA PYXA€TbCS THA AICI0 KOHCEPBATHBHMX CHJI TSXKIHHS
i HopMasbHOT peakuii (puc. 3.12). SIKmo ¥, — WBMAKICTH CUCTEMM B TOYUI BiIPMBY Bin

noBEpXHi, TO 32 3aKOHOM 30epexeHHs MexaHiunol eneprii
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p————

M + myvy M + myp?
T t (M +mgR= ——2# + (m + Mgh,

abo
vg = v + 2g(h - R). @

¥V touui BinpuBy cuna peakuii N = 0 i AOUEHTPOBE NPUCKOPEHHS] CHCTEMM CTBOPIOETHCS
HOPMAJIbHOIO CKJIAZIOBOK0 CMJIM TsXinus (M + m)gcosa, me cos o = A/R:

eh
R

| %,

, abo v? = gh. 3

Pose’agyioun cucremy pisasie (1) — (3), sHaxoguMo

M
v = (E + 1)\/g(3/1 ~2R); v = 259 w/c.

Po3ain 4. MexaHika TBepgoro Tina

§ 4.1. Pyx abconioTHo TBepgoro Tina

Dpn Bnplme_HHi NMTaHb TEXHIYHOI MEXAHIKHM JOBOAUTHCS MATH CIIPABY
3 TLIaM#, PO3MIPAMM IKMX HE MOXHA HEeXTyBaTtu. Takumu, Hanpuknan, €
dajaui mpo pyX OKDEMMX JETaJIed Y Pi3HOMaHITHHX BY3JaX MALIUH Bép—
CraTiB i MexaHi3miB. [I714 onmucaHHS pyxiB TaKMX Til y MexaHimi BI/I,KOpI/I-
CTOBYETHCS MOAE/b aGCOMIOTHO TBEPAOrO Tifa (muB. § 1.2).

prHTyIOI[I/ICI? HA Li¥ MOOesIi, TREpAE TLNO PO3TAIAAIOTH SK CHCTEMY Be-
JIMKOr0 4nCJIa BIMOKPEMJIEHHX V TPOCTOPI OXHA Bim OAHOI MarepiaapHUX
TOUOK (q_aCT_HHOK), BiACTaHi MiX SKHMH y NPOLECE pyXy HE 3MiHIOIOTHCH.
T_aKHH niaxin nepenbauae nepepuBYaCTy (TUCKPETHY) CTPYKTYDY TBEPHOTO
tinia. [Tpy 1pOMy MOIOXEHHS NEHTPA MAac TBEPHOTO TLIA BH3HAUAETHCS cy-
Moo (dopmyna 2.32), sika BPAXOBYE MIiCHS 30CEPEIXKEHHS TOUKOBUX MAC
CK/JIafIoBUX YACTHHOK. [I1s npakTuuHmx oGYMC/IeHb 3pyuHille TBepai Tisa
posriaaaT SK CYUiJIBbHI CEPENOBMIIA, B IKHX DPO3NOALA MACH PEUOBHHU
MOXHa BBaxaTu Oc3mepepBHuM. Y CyiibHOMY Tifi Maca JUCKPETHOI ua-
CTHHKH — L€ €JIEMEHTApHA Maca dm, 30CEPEIXEHA B HECKIHUEHHO MAaJo-
My o6’emi dV Tina, 10610 dm = pdV, ne p — rycrusa.

Sxmo TiNo HEOmHOpimHE, TO P 3aJE€XHUTh Big KOOPIMHAT TOYKM Tija.
Hp_n BU3HAUEHHI MOJOXEHHS UEHTPAa MAaC CYLiNBHUX TiJd POJb CyMH
Bifirpae inTerpan no obemy Tina:

=y
> [prdv 4.1)
RC
m

?
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. -> ->
ne R. i r — pajiycu-BeKTOpW LICHTPA MAac i TOYOK Tija; m — Maca Tija.

>
Ockinpku KoopmuHaTu BekTopa R. = {x., ¥, z}, TO KOOpAMHATH LEHTPA

Mac CyLiTBHOrO Tija
_[pxdv.  [eyv [ pudv 4.2)

Xc > Ye y Zc .

m m m
Tlpu Takil izeanizamil TeBEpAOro Tina BIACTAHP MiX uyacTHHKaMHu alco-
JIOTHO TBEPAOTO Tija 3QJMMIATHMETHCS HE3MIHHOIO HPH OyAb-9KUX Ie-
pemimennax. Heaminnicrh mi€i BigcraHi
3a6e3neuyeTbCs BHYTPIIIHIMA CHJIAMHU Z)
B3aeMoOail MiX YaCTHUHKAMHU aBCcoa0THO
TBEPAOIO Tija. 3BifACH BMIUIMBAE, MO pO- VAT
Gora BHYTpIHIX cui, $Ki Aif0TH B abco- r
JIDTHO TBEPAOMY TiJi, AOPiBHIOE HYJIO
npu Oymp-akux pyxax Tina. Tomy B mo- \ﬁc
JaabLUIOMY pO3TASAl PyXiB abCOMIOTHO
TBEpHOrO TiMa He Oymemo OpaTH 10 yBaru
BHYTDIilIHiX CHJI, $IKi AiIOTh BCEPERMHI 0 -
Tina. Y
Bynb-skuit pyx abCOMIOTHO TBEPAOTO %
Tijla MOXHA 3BECTHM A0 ABOX Halmpo-
CTIIMX BUAIB PyXy: NMOCTYNAJBHOIO PyXy
MOro meHTpa Mac i OngTaJIbHOI‘O pyXy TiZia HaBKOJO UEHTpPa Mac. [Lis

[BOTO Pafiiyc-BEKTOD r NOBUIHHOI TOUKM TiIa 3aNHIIEMO Yy BUT/ISAL CyMH

c

Puc. 4.1

- > -

r=R +Tr, 4.3)

> .
oe r' — BEKTOp, IO BM3HAYAE IOJIOKEHHS TOYKM BITHOCHO LEHTPA Mac
C (puc. 4.1). B aBcomOTHO TBEPAOMY Tijli MORY.JIb 7' = CONSst, TOMY BEKTOP

i
r Moxe Tinbku obepratmcd. 106 3HAWTH MWBHUAKICTH PyXy AAHOI TOUKH
-

-
v = d—:’ npomucheperuioeMo piBHIHHS (4.3) 3a yacom:
-
-> dRC + d;') - + -,
v = —=v tv
dt dt ¢
a6o 3 BpaxysaHHsM Bupasy (1.26) ais JiHiAHO! IIBMIKOCTI:
- —-> - >
v=v + [or] (4.4)

- —> .
ae v, — WBHAKICTh LUCHTPA Mac Tua; © — KyTOoBa MBHAJKICTD.

Dopmysa (4.4) Bupaxae sarajJbHe MPABIIO: JOBUIPHMI PYX TBEPAOTO

Tia CK/JIAJAETbCs 3 MOCTYNANBHOTO PyXy Tiia §K IIOro 3i IIBHAKICTIO
- -> ->

HEeHTpa Mac v, i obepTaHHd HOro 3 KyTOBOIO MIBHAKICTIO O. Ilpn mpomy

KYTOBA IIBHAKICTH € aOGCOIOTHOK XapaKTEPUCTHKOKO obepTasbHOI CKIAax0-
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BOI PyXy B TOMY PO3yMiHHI, mo BEKTOp © HE 3a1eXuTh Bif BUOOpY menTpa
obepranus: npu AOBLIBHOMY BHGOpPI TOUKH, 4epe3 9Ky MpPOXOXHMTEH BiCh
o6epTaHHs, 3aTHMAITHCS ONHAKOBUMY HANPsSIM OCi obepraHus i Kyrosa
WBUAKICTh. OTXE, MOXHA TOBOPUTH HPO KyTOBY MIBHAKICTH 0OepTauHs al-
COJIIOTHO TBEPOOTO Tijid, HE BKA3YIOUH NpH IBOMY, 4Yepe3 sIKy CaMme Horo
TOUKY TIPOXOXUTH Bich obepranns. Isuaxicrs HOCTYNAIbHOI CKIaA0BOI py-
Xy Takoro "a6comoTHor_o)" xipaKTepy HE Mae.

Koxen i3 Bexropis v, 1 © 3a71a€ThCH 3HAUCHHAMH CBOIX TPbOX KOMIIO-
HEHT (TPOEKUill Ha KOOpAMHATHI OCi):

> — c ¢ €Y. g
v.={v,v,v}; o= {o, o, o}

Tomy nus BM3HAUEHHS wWBHUAKOCTI HOBiJIBHOI TOUKH TBEPHOTO Tijia
TOTPIGHO 3a0aTH LIiCTh HE3AJICXHNX BeMMunH. Ha uiit nigcrasi BBAXAaIOTD,
IO TBEPAE TINO — LE MEXAHIYHA CUCTEéMa, $IKa Ma€ IICTh CTYHNEHiB
BinbHOCTI. OTXeE, piBHAHHS PYXy TBEDOOrO Tina B 3arajbHOMY BUIAAKY

-> ~>

NOBUHHI BU3HAYATH, SIK BiAGYBAIOTBCS 3MiHM MIBHIKOCTEH v, i 0, TobTo

3MiHM mecT BesmuuH. s uporo HOTPiOHI ABA HeszasexHi BEKTOPHI
PiBHSHHY 260 WHCTh He3aMEXKHIX PIBHAHb y CKaASIpHIN (popMi. IIpu obme-
XEHHAX CBOGOMH PyXy Tijla YHCJAO HE32/IEXKHUX PIBHAHbL 3MEHIIYETHCH.

Xoua nenrp obepranus TBEPAOTO TiIA MOXHA OOMPATH TOBiJBHO, BuOip
WOro B UEHTPi Mac Mae HEPEBAry B TOMy, IO MEPEMIINEHHS LWEHTPA MAC €
TIOCTYNATPHUM PYXOM Tijla 9K €WHOrO I[iJIO0r0. BekTopHe pipHgHHS IBOro
Pyxy Bigome sik piBHGHHY (2.35):

dp 4.5)
dp _ 2 .
ar -

- -é. - . _> . . .
Ae Tenep Tpeba po3ymiTH mix p IMIYJIBC TiNA, a mig F cyMy BCiX 30BHIiIIHIX
CHJI, MPUKIAAEHHX 10 HBOTO. [IpyTUM BEKTODHMM DIiBHSHHSM € PIBHIHHS
MOMEHTIB (2.52)

dL (4.6)
a =M '

B34TE BIHOCHO LIEHTPA Mac abo HOBiMBHOI TOUKM TBEPAOTO Tija.

Ha rino moxyTs mistu xineka CWI, NMPUKJAACHUX OO0 Pi3HMX HOro ya-
criHOK. o piBHsaHb (4.5) i (4.6) BxOZITE PE3YAbTYIOUI TIJIBKH 30BHILIHIX
CHJl Ta 1X MOMEHTIB BiIHOCHO UEHTpPa oGepTaHHus:

F=YF m=Sm, 4.7

Cuna, mo nic na TBEPAE TiMO, 3a4a€TbCA HE TLIBKH MOAYJIEM 1 Hamps-
MOM, 2 ¥ TOYKOK NPHKJIANAHHS, 3aAAHOK0 PaAiycCoM-BEKTOPOM YACTHHKY
TiZa, Ha 4Ky fi€ AaHA cuia. Touky npuknamavHs ciam MOXHA JOBIJIBLHO
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ﬁepeHochn B3IOBX JIiHiI, TI0 gKii BOoHA #mic. I1pum LBOMY HE 3MlHlOIOTgCSI
Hi PE3yJBTYIOUA 30BHIINHIX CHJI, Hi IXHIll pe3yabTyOUMil MOMEHT, TOOTO
piBHgHHA pyxy (4.5) i (4.6) He 3a3HAIOTH 3MiH.

I3 Bupasy (4.5) sMIUIMBAE, 1O PIBHSHHS MOCTYNAJbHOTO PyXy TBEPHOTO
TiJIa MA€ BUIVIAL PiBHAHHS PyXy MaTepiajabHOI TOYKH, Maca SKoi nop13§m§
Maci TBEPAOro TijNa miAg Ai€ro pE3yABTYIOUOI CHJIHA F. Tomy cneup;cpmm
0COGIMBOCTI pyXy TBEPHAOIO Tijla MOB’43aHi TiLIbKK 3 00epTaHHSMY i BHII-

JIMBAIOTH 3 piBHsHHS (4.6). _
PosrngaeMo o0epT4HHS TBEPOOTO Tijla HABKOJIO HEPYXOMOTO Ii€HTpa

Mac i BU3HAUMMO MOTO MOMEHT iMITYJIbCY BiTHOCHO ueHTpa obepranusa. Mo-
MEHT IMIYJIbCY BiITHOCHO HEHTPAa MAaC HA3WBAKTb BJIACHHUM MOMEHTOM
iMmysnbcy Ttinma. ITouaTox KEKapTOBOI CHCTEMHM KOOPAWHAT MOMICTHMO B
LEHTPHA Mac 1 TMMO3HAYMMO PpaAiyCH-BEKTOPH UYACTHHOK UYepes
7 = {x, ¥, z}, a ixni Macu yepe3 m, SIKIO TiNIO 06EPTAETHCA 3 KYTOBOKO
i i i i

—_

-> -> - . .
MIBUAKICTIO @, TO JIHIAHI IIBUAKOCTI YACTUHOK ¥, = [mr,i 1. Toxi Bracauit
MOMEHT iMIyJIbCY TBEPAOTO TijIa K CHCTEMH XOPCTKO 3B’ I3aHUX YACTHHOK
- - - ->-> i 4.8
LC=Z[rip,.]=Zmi[rivi]=2mi[ri[mri]], 4.8)
i i i
9 . . .
e HAImpsSM BEKTOpPA (0 BKA3Yy€ OPi€HTALI0 OCi 06epTam_m, gKa MPOXONUTH
yepe3 IEeHTp Mac. BUKOPHCTOBYIOUM BJIACTHMBICTH NMOABIMHOIO BEKTOPHOTO
> S>> > > > > (4.8) xetmo B
nobyTky [a [bc 11=b(ac) — c(ab), nepenumemo Bupas (4.8) mem
iHIOMy BUIJISAI:

ZC:EmiriZO—))"ZmiZ(‘-’;ri)' 4.9

-

Y zaranpHOMy BUNAAKy BekTopm L° i Y HanpgaMJIEHi I KyTOM OZME
JI0 OHOTO, OCKLIBKH OCTAHHIM XONAHOK y (4.9) HE MEPETBOPIOETLCS B HYJIb
3a Gyap-axkux ymoB. OTXe, MOMEHT iMITyJIbCY Tifia BiIHOCHO LEHTPA MAC
3aJICXKUTh HE TiJIbKU Bifl KYyTOBOI IIBHMAKOCTI oGepTgHHﬂ Tija, a U Bifg
MUTTEBOI OpieHTalii B pocTopi oci o0epranud. s miATBEPAXEHHS HBOTO
TMOJOXKCHHS ~ DOIKPUEMO  BHPA3H AN KOMHOHf:HT BEKTODA
L =il + jL, + kL;, ne i, j, k — optm KOOpI{I/IHaTHI/I).( o'cen. SIKH.I.O Bpaxy
BATH, IO BEJMUMHA 77 = X. + )} + 2 npu oOepTaHHi Tifa HE 3MiHIOETHCS

- > .
i ckangpuuit 106yToK (® r;) = O x, + 0y, + ©_z, 10 i3 (4.9) orpumaemo

L, = Iixm + Iiyo)y t Iizmz;

x

L; = I;xmx + ];ywy + 1;20)2; (410)

&
I

Lﬁx(»\)x + ij(l)y + Ijzmz’
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Ac

E= Sl = 25 1= -3 may,
xx ' m{r; = x}); chy = z mxy,; I, = _Z mxz,;
i i i

L, = I I, = Emz(’}z - ylz)’ L= - 2 myz, 4.1

L=L; Lo=1I; I, = >m(? - 2

Bemuuunm (4.11) Ha3HBAIOTBCS MOMEHTAMY iHepuil Tijia BiZHOCHO HeH-
Tpa Mac (H_a IO BKA3YIOTh BEPXHI iHaekcu C). MoMeHTH iHepuii 3ajexars
BIA PO3MONLTY MacH TiZa BiTHOCHO IeHTpa obepraHHd i B 3araJbHOMY BH-
ITAAKY SMIHIOKTLCS NpPU 3MiHI opienTauii Tiza BigHOCHO KOOpPAHHATHAX

>

ocen, i i i
o To.My B IIpoueci 0GEpTaHHs Tia HABKOJIO IEHTPA MAc BeKTOpH L i
() HEKOJIiHEeapHi.

y ﬁﬂﬁ TBEPAOro Tija mpu OOGUMCACHHI MOMEHTIB imepnil y dopmynax
1) cymu zaminsrorsca inTerpazamm no o6’eMy Tisia, HanmpuKan,

L= [(* = Ppav. (4.12)

MomerTH inepuii Tisa BigHOCHO LEeHTpa Mac abo ixmoro LEeHTpa obepranHs
€ BAXTUBAMH JUHAMIYHAMH XapaKTEPHCTHKAMHU 06EPTaIbHOrO DPyXy Tina.

. Pipuauns pyxy teepnoro rina (4.6) exsipamenTHe TPhOM CKAJISIPHUM
PIBHSHHSM y MPOEKIFIX HA KOOPOMHATHI OCi:

dL, dL dL
— e Y a e . 4.13)
T M g My =M

s =
ne M, M;, M; — npoexuii cymapHoro MOMEHTY M° yCixX NpUKIageHux K0
Tija CHJl, BU3HAYEHOTO BiIHOCHO IIEHTpPA iHEpIii.

Cuoissigaomenns (4.13) 3 ypaxyBaHHaM 3MiHHUX BesuumH (4.10) i
(4_.11) YTBOPIOIOTH CHCTEMY CKJIAAHMX AU(EPEHIiaNbHUX DPiBHAHb, AKi
CBIAYaTh HPO TE, MO OOEPTAHHS TBEPAMX TiM y 3araJibHOMY BHMNANKY HE
Ha/eXaTh A0 MPOCTHX pyxiB. Hasite mpm BincyTHOCTI 30BHimHix cu

2
(M° =0, L =const) Bicb 0GepTaHHS BiNPHOTO Tiia 3MiHIOE CBOIO

OPIEHTALII0 B IPOCTOPi, NP LbOMY MOXE 3MiHIOBATHCH TAKOX UACTOTA
obepranmus.

Onmnak y §i}1bm0CTi BHINANKiB 00EPTaHHS TBEPAMX Tij MAae MPOCTHH Xa-
paktep. Hani MH po3risHeMO I BHNAOKH.
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" § 4.2. MomenT iHepuiT. Teopema lokrenca—LLreitHepa

o mpocTux ob0epTaipHKMX PyXiB Hanexarb 00epTaHHS TBEPAMX Tl Ha-
BKOJIO 3aKpilIeHHX oceit. 3aKkpilJIEHMMH HAa3WBAIOTh OCi obepTaHHS,
PO3MILIEHHS SKUX BiJHOCHO YAaCTHWHOK TijIa HE 3MIiHIOEThCS B MPOLEC obep-
tanHsa. Taki pyxd 3niiCHIOITH Aerati PisHMX MEXaHi3MiB, KOHCTPYKILid
IKMX mependayae IiJKOM NMEBHE PO3MimIEHHS oceil 0OepTaHHS OKpEMHX
BY3JiB.

Y Takux BUIAgXaxX CYTTEBO CHPOIIYETHCSA PIBHAHHSA 00€pTaJIbHOTO PYXY
TBEPAOTO Tijia. Y momepenHpoMy maparpacdi BCTAHOBJIEHO, INO B CHCTEMI
KOODAHMHAT, OYATOK SIKOI CYMiLIEHH#M 3 IIEHTPOM MAac, BJIACHMM MOMEHT
iMOysabCy Tijia HOB’S3aHMI 3 KOMIOHEHTaMH KYTOBOI meaKoCTI 3a Aono-
MOT'010 J€B’9ITH MOMEHTIB iHepuii (4.11). MoxHa mepeliTi 0 TAKOi CHCTE-
MM KOODHMHAT, B fKiil BiADI3HATHMYTbCS Bil Hy/4 JMIIE TPH AiarOHaJIbHi
MOMEHTH iHEpIil

I:cx = Ix’ I;y = Iy’ Izz = Iz’
a BCi iHmi HemiaroHasbHI MOMEHTH IHEpUii HOPIBHIOBATHMYTH HyJ0. [1pm
IbOMY IEPEXIA N0 HOBOI CHCTEMHU KOODAWMHAT 3HiMCHIOETHCS TUIBKH ILJIS-
XOM BiJINOBIJHMX MOBOPOTIiB KOOPOAWHATHMX OCEH IIONEPERHBOI CHCTEMH.
Taky cucreMy KOODAMHAT HA3WBAIOTh TOJIOBHOIO CHCTEMOK KOOPAMHAT, a
il KOOPAMHATHI OCi — I'OJIOBHMMH OCHAMH.

V cucreMi KOOPAMHAT, TIOB’S3aHii 3 TOJOBHMMH OCAMH,
cmipBizgomenHa (4.10) cnpontyroTecs:

[ E— . [ . ¢
Lx - Ixmx’ Ly - Iymy’ Lz - Izmz’ (414)
e I, I, I, — rogoBHi MOMEHTH iHEpHii TiJla BiAHOCHO BiAMOBiTHMX

3aKkpinyieAnx oceit obepraHHd.

Hani posrnggaTMMeMO MOMEHTH iHepumii TBepAMX Tia BigHOCHO
3aKpimIeHux oceil obepraHHd, 9Ki MOXYTb i HE HPOXOIAWTH UYEPE3 LEHTP
Mac.

Hexait Teepne Tiao 006epraeTbCsa HABKOO 3aKPIIJIEHOI OCi, KA HAIIPSIM-
JEeHa B3I0BX KOOPOAMHATHOL oci OZ i HE NPOXOAMTh Uepe3 LEHTP Mac
(puc. 4.2). 3a uiei yMOBM KyTOBa IIBMAKICTh MA€ OfHY BiAMIHHY BiX HYJIS
komnoHenTy © = {0, 0, 0 }. Sxmo nosnaumtu uepes R, pamiycu-BeKTOpH
YACTHHOK TiJIa MacaMu m,, TO HA mifcTaBi (4.9), aHanoriuno ToMy, gK 6y-
s opepxaHi popmysu (4.10), 3HAXOAMMO MOMEHT iMITy/IbCY TiJld BiXHOCHO
3aKpinJIenoi oci obepTanHs:

L=1ILo, (4.15)

ne I, = 2 mi(R? - th)
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HK. BUIHO 3 puc. 4.2, R} — 22 = X2 + 2 = 1, e r, — BiCTaHb YaCTH-
HOK Tina Bi)l_ oci obepranHs. OueBnaHo, Mo a4 OyOp-9K0i YaCTHHKH TBEP-
ngm TI4 BIACTAHB r; 3 YACOM HE 3MIHIOETHCS, TONI MOMEHT iHEpuil Tina
BITHOCHO 3aKpinseHol oci obepraHua 1 =1 = const. Ile osHauae, srigHo

Puc. 4.2 Puc. 4.3

e
3 (4.15), mo BexTopu L_ i ©, konmineapHi. OTxe, MOMEHT iHepuii BiTHOCHO

3aKpIIJICHOI oci ofepTaHHd miq Tina 3 TUCKPETHOK CTPYKTYPOKO
1= Z mr; (4.16)
U1 CyUiTBHOTO TLIA
1= [FPdm = [ prav, (4.17)

. . dm
zie iHTerpan GepeThest mo BCbOMy 06’eMy Tima; p = Jy — Tyctuma macu

Tija.

Takum UMHOM CKaJIIpHY BCAMMHHY, SKa JOpiBHIOE CyMi H0OyTKiB Mac
YJaCTHHOK TLIA HA KBAJpaTH iXHiX BigcraHeil Big oci o0epTaHHS, HAZUBAIOTh
%VIOMCHTOM iHepuii Tija BiZHOCHO HaHOI OCi. Hob6yrox m,.rl.2 — L€ MOMEHT
iHepuii okpemoi YacTHHKH (MATEepianbHOI TOUKM) BiXHOCHO OCi obepraHH4.
3 1bOr0 O3HAYCHHS BUIIMBAE, IO MOMEHT iHEPUil CHCTEMM T BiIHOCHO
oci 0GepTanHs € BEAMUMHOK AXUTUBHOIO i AOPIiBHIOE CyMi MOMEHTIB iHepuii
CKJIAOBUX YACTHH CUCTEMH BiJHOCHO AAHOI OCi.

,;[JISI npuxiagy obuncaumo 3a dopmysnor (4.17) moment imepuii ox-
HODIAHOTO CTEPXKHA 3aBAOBXKH [ i Macow m, KU o0epTaeThest B ILIOUIHMHI
X0Y HaBKOJIUO HNEPHEHAUKYISIPHOL IO CTEPXKHY oci OZ, 1o MPOXOTUTH ue-
pes omuH 3 Horo KiHUiB (puc. 4.3).

m_m
~ v IS
dV = Sdr, e § — mwioma nonepeyHoro HEepepisy CTepXHs, TO B dopmyri
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Ockinpku rycTMHAa omHOpiZHOIrO CTEPXHA crana p = i

(4.17) imTerpyBaHHs mo o0’eMy 3BOOUTBCS IO iHTETPYBAHHS MO NOBXHHI
CTEPXKHI:

3

SIk mpaBusO, MOMEHTH iHEpIUil OGUMCIIOTh Y IOJOBHIM CHCTEMi KO-
OpPIMHAT 3 IOYATKOM y IEHTPi mac. Y upomy pasi obumcieHHS 3a ¢op-
Myj00 (4.17) CyTTEBO CUPOMYETHCS AN OJHOPIAHMX i CHMETPUYHHX
TiZ, IKIDO MOMEHT iHEepIil BM3HAUAETHCS BiHOCHO OCi cuMerpil (OMB.
npukaaga 4.1 i 4.2). i

ko Bich oGepTaHHA OZHOPIZHOTO TiNia HE IPOXORHTb YEPE3 MOro
HEHTP Mac, To OOUYMCAEHHS MOMEHTY iHepuii BimHocHO miei oci 3a dopmy-
J1010 (4.17) pisko ycKAagHIOETbCS. B Takux BUNAOKax A/as BU3HAUCHHS MO-
MEHTY iHepuii TLJIa BiXHOCHO Oci, 3MIillIEHOI 3 EHTPA MAC, BUKOPUCTOBYIOThH
reopemy [omirenca—IIIreftHepa: MOMEHT iHepuii BiTHOCHO MOBIMBHOI OC
HOpiBHIOE CyMi MOMEHTY iHepuii /, BiTHOCHO oCi, AKa napasenpHa IaHIM i
HPOXOOMTD Yepe3 LEHTp Mac Tisa, i xobyT-

Ky Macy TiJla m Ha KBajapar Biacradi a y! Y
MiX OCSMU:

{
emoa, 1o n
I_T{rdr ml°.

I=1I + ma. (4.18)
e !
Insa noBeneHHS Li€l TeOpeMHU PO3rId- i
HEMO 00epTaHHd TBEPAOTO TiIa AOBLIbHOL 0' \
¢opMHE y ABOX CHCTEMAX KOODAMHAT a \ 0| x X
OXYZ i O'X'Y'Z', BignoBigHi OCi IKHX xL N\

mapanenbHi, a oci OX i O'X’ s6iraorscd
(puc. 4.4). ITouarok koopamHat O nep-
ool CUCTEMH PO3TAIIOBAHME y HEHTPI Puc. 4.4
Mac Tina, a mouatok KoopauHaTt O’ ppyroi
cUCTEMU 3MilmeHuH B3moBXK oci OX Ha Biacrans a. Buznauumo MoMeHTH
inepuii Tina sinHocHo oceit OZ i O'Z' (nepneHAMKyNIpHi 10 PUCYHKA).
Hexait r, i r/ — Bigcrani yacTuHOK TiNa Macamu m; Big ocedr OZ i
O'Z’ BignosigHo.

Toni MoMeHT inepmil Tiia BigHOCHO oci OZ, mo NPOXOOUTh YEPE3 LEHTP

Mac,
L= mit= > mi (s + 5D, 4.19

i
a MOMEHT iHepuii Tiga BiAHOCHO mapasensHoi oci O'Z":

1=Zm,~r'?=zmi((xi+a)2+y?)=

=S m D)+ aym+ 24y, mx, (4.20)
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Y upomy BHpasi TpeTiit JOXAHOK HOPiBHIOE HYJIO, OCKLIbKH KOOpAWHATH
YaCTHHOK TijIa BiAPAXOBYIOTHCS Bi LeHTpa Mac. Otxe, i3 (4.20) 3 ypaxy-
BaHHaM (4.19) BurimBae, IO MiXX MOMEHTaMH iHEpIUl Tijia BITHOCHO ABOX
napanebHUX OCEH, OAHA 3 IKUX TPOXONHTH YEPE3 HEHTP MAC, iCHYE
cnisBigHomennga (4.18).

MomenT iHepuii xapakTepusye iHepuiiiHi BAACTHBOCTI TBEPAOrO Tizia mo
BiIHOWIEHHIO 10 ¥0ro obeprasbHOro pyxy. Koxue Tisio, He3anexHo Bia To-
ro, nepebyBac BOHO B 00EPTAanbHOMY DyCi UM B CIOKOI, Mae KOHKPETHE
3HAUCHHY MOMEHTY iHEPIi BiTHOCHO KOHKPETHOI oci oBepraHHS.

Hagenemo kinbka ¢opMys MOMEHTIB iHepuii AN OXHOPIOHMX TN, IDO
MaIOTh NPAaBUJIBHY T€OMETPUUHY OpMy.

1. TlopoxHMCTHI TOBCTOCTIHHMA UHM/IIHAD Macow m Ta pagiycamu
UMTHAPUYHAX TOBEPXOHb R, i R, BIIHOCHO reOMETpPUYHOI OCi:

m (R} + R})
= 5 .

2. TopoXHUCTHII TOHKOCTIHHMM IMJIHAD MAacow m Ta pamiycom 060~
JIOHKH R BiTHOCHO T€OMETPHUYHOI OCi: ’

I=mR%

3. Cyuinpauit wuriHap (Baj, AMCK) MAcow m i pamiycoM R BiZHOCHO
TEOMETPUYUHOI OCi:
mR

I=——.

2

4. Kyns Macoro m Ta pagiycoM R BiZHOCHO OCi, IO IPOXOAUTSH yepes
LICHTP KyJIi:

-2
I—5mR2.

5. Ky6 macoo m ta nosxuHO0 pebpa a BITHOCHO OCi, IO NMPOXOIHMTH
4epe3 HEeHTp KyOa MepHeHAMKyAspHO A0 HOro rpaHi:
m
I=—
6
6. CrepxeHb Macoro m i 3aBROBXKHM [ BIHOCHO OCi, MEPNEHTUKYIAPHOT
IO CEPEOVHM CTEPXKHSL:
| S
I= ml®.
12
7. Taxkuit caMuii CTEPXEHDb BIAHOCHO OCi, MEpHEeHmNKY/ISPHOI 40 KiHIs
CTEPXHS:

_1 .2
I—3ml .
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Npuxaan 4.1. Busectu dopmyny momenrty iHepuil mns oxsopiguoi xyJsi Macow m Ta
paniycom R BimHOCHO OCi, IO MPOXOAWUTH HYEPE3 LEHTP KyJi.

Poss’'ssauua. B opuopigmiin xymi wentp mac 36iraetsca 3 11 reoMeTpuuHuM
uentpoM. Otxe, HeoOxiaHO BuBecTH (DOPMYsM Hg TOJOBHMX MOMEHTIB iHepuil xymi:

L = 2y, 7 = 2
Io=>m} = I, = ym(t =y I, = ymr = 2) . M
i i i
BHacnigok UeHTpaapHOI CMMETPIl BJACTMBOCTI OZHOPIAHOI KyJi B HAmpsAMax TIOJIOBHMX
oceit opHakosi, T06TO
2 _ 2 _ 2
Em,.x,. = zmiyi = Em,-zi.
i i i

Ockinbku

2.2, 2
Zmi’? = Zmi(xi vt )
7 7

2 _ 2 _ 2_1
TO Zmixi = zmiyi = Emizi =3 2 mir?.
7 i i i
Ile osnauae, mo rosnoBHi MOMeHTH  iHepuii (1) ozmakoBi 1 craxi:
I.=1,=1=1=const, To6T0

I=

W

2 m, rlz 2)
i

Ilo6 Busectn opmyay s I, NPUOYCTMMO, IIO pO3NOALI MacH B of’emi Ky
OeanepepBuuit, i y Bupasi (2) 3aMiHMMO OUCKpPETHY CyMy iHTerpaiaoM no of’eMy Kyui:

{
\
\\ 2
IR Y G\
ST
RN -
| A — A
/R
/ 7
/
Puc. 4.5 Puc. 4.6
=§fpr2dv. @

Iuterpysanus BHMKOHYETbCS TakuM umbHOM. Pogi6’emo ymoBHO 06’em kyni Ha cdepwuni
AP HECKIHUEHHO MaJol TOBWIMHM (7 3 BHyTpilHiM paaiycom r (puc. 4.5). O6’eM Takoro
HECKiHUEHHO TOHKOTO IUAPY MPUMMEMO 33 eJeMeHTapHuit of’'em xyai: dV = 4n dr.

T'ycruna ogHopinHOl KyJai p = 43—25 IMigctasuBmM 1 3HaYeHHa y BUpa3 (3), 3HAXOUMMO
n
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2

R4 2 .2
1= frdr=§m_R.
)

|8

HOpi}.IHOI‘O I0POXKHBHCTONO

Ipuxsiax 4.2. Busectn dopMy sy MOMEHTY inepuii mnst O
nx nosepxonb R; i Ry

TOBCTOCTIHHOPO 1UWIIHAPA Macow m Ta pajiycaMy LMJIIHAPUUH
BiHOCHO reoMeTpUUHOl OCi.

Poas’ssanuu [eomMerpuuHa BiCh O/IHOPIAHOTC HMJIHAPA TPOXOAUTH uepe3 HOro
LEHTP Mac i MOMEHT inepuil uMainApa BigHOCHO 1€l oci 9K OnuH i3 IOro rOJIOBHHX
MOMEHTIE inHepuil MoxHa ofumcauth 32 dopmynoo (4.17). Jlas 1poro of’em nmaiHzpa
posi6’eMO y#BHO HA UMIHAPUYHI AP HECKIHYEHHO Ma0i TOBILMHM dr 3 BHYTDIlIHIM
paaiycoM r Tax, wo6 ixmi oci 36iraauch 3 reOMETPUHMHOIO siccio wwiinapa (puc. 4.6).
Toni enemMeHTapHHil 06’€M UMIHAPUHHOIO WIApy dV = 2nridr, ae | — BOBXMHA LMTIHAPA.

T'ycTvHa OIHOPIAHOTO umninppa p = m/(n (R% - Rf) !). 3aminusum y dopmyni (4.1
dV i p ixHiMM 3HAUEHHAMM, OTPHUMAEMO

RZ
2m 1 2 2
I= Adr = =m(R5 + RY).
2 2 2 1
Ry — Ry 1{ 2

§ 4.3. OcHOBHEe DPIBHAHHA AmHamikm obeptanbHoro pyxy TBepAoro
Tina HaBKono 3akpinneHol oci

TpyHTYIOUMCh HA Mozei aBCOMOTHO TBEPAOro TiNa i 3arajbHUX 33KO-
Hax Horo obepTajJpHOro pyXy, PO3rJIAHEMO HafOpocTimMA BUNAAOK —
oGepTaHHs TBEPAOTO TijIa HABKOJIO 3akpiruieHol oci. Ik yxe 3asHauasocs,
B I[bOMY Pa3i MOMEHT iMILyJIbCY TijIa BiTHOCHO OCi i KyTOBA MIBHAKICTH Tina
nos’si3aHi cniepigEomenHaM (4.15) i o6uaBa BekTOpH KouiHeapHi. Ilepe-
numemo qopmyay (4.15), ONYCTHBUIM iHAEKCH:

L = Io, 4.21)

ae I — cranmit MOMEHT iHEpuil aGCOJIIOTHO TBEPAOTO Tijia BiTHOCHO JaHOl

oci.
dkmo A0 Tina, 9K€ MOXE ofepraTucs HABKOJIO 3akpimieHoi oci, mpu-

KAaneHi 30BHImHI Cuau Fk(k =1,2,...,N), TO KOXHa 3 HUX CTBOPIOE olep-
TaspHMI MOMEHT M, BIEHOCHO OCi. 3ayBaxuMo, MO TLIBKA Ti 30BHiIHI
CHJIM CTBODIOIOTH HEPIiBHHMI HYJIIO obepTasibHUI MOMCHT, aiHig Ail 9KuX HE
JieHTh B OJHIM IUIOMKHI 3 BiCCIO 06epTaHHS. I3 piBmsmns (4.6) BUIUIMBAC,
0 pe3ysbTyHouHil MOMEHT 3OBHINIHIX CHJ DPHBOAMTH A0 3MiHM CTaHy
obepTanbHOTO pyXy Tija, TOOTO 3yMOBJIIOE 3MiHY HOTO KYTOBOi IIBHAKOCTI.
Iligcrasusmu B (4.6) Bupas (4.21), Maemo

dL, _ d(lo) 4.22)

M= ="a >
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e M, = ZM,;( — CyMapHWii MOMEHT 30BHIILIHIX CHJI BiTHOCHO OCi. 3Baxa-

four Ha Te mo I = const, pipHgHHA (4.22) 3anWImeMo y BUI/IAAi

M, = E, (4.23)

do
ne e = — KyTOBE TIPUCKOPEHHS Tifa.

PiBHS{HHﬂ (4.22) abo (4.23) Ha3WBAIOTh OCHOBHMM DiBHAHHAM IH-
HaMiKn 06epTasbHOTG PYXy TBEPAOTO Tijia BiHOCHO HEPYXOMOI OCi.

Ilns cucTeMM TBEDAMX Tij, sKa Mae Bichb obepTaHHs, MO NPOXOXHUTH
uepes IEHTP Mac, OCHOBHMII 3aKOH AWHAMIKM 00€pTanpbHOIO pyXy Omu-
CYETBCS PiBHSIHHIM

> JdL _ d(ov)
—aL _alo)
M=— TR (4.24)

- =
ne Bektopu L i M BuM3HAUEHi BifHOCHO LEHTpPA Mac; / — MOMEHT iHepuil
-

CI/I.CTCI\:H/I BiJHOCHO OCi 00epTaHHd; ¢ — KYyTOBA INBWAKICTb, ONHAKOBA MJISI

BCiX TiJ CHCTEMHU.

o Shz)rqo CHCTEMA 3aMKHEHa, TO TOJOBHMA MOMEHT 30BHINIHIX CHJI
=0i

-

-
L = Jo = const. 4.25)

ToBumMiT MOMEHT iMOYJbCY 3aMKHEHOI CHCTEMH Tijl BiHHOCHO LEHTpA
mac 36epiraerbcs.

Omnax y npomy pasi BUKOHaHHS ymoBu (4.25) He 3aBxXxiau O3Hayae
obeprasus CHCTEMH 3 CTAJIOI0 KYTOBOKO meuakicro. [lig giero BHyTpimHIixX
CHJI y CHCTEMi MOXe BifOyBaTHCS NMEPEPO3MOMALNT MAacH BiJHOCHO OCI obep-
ranHg. 1le npuMBOoIMTh A0 3MiHM MOMEHTY iHepIii cHCTEMH BITHOCHO OCi i

->

TaKoi 3MiHM KYTOBOI IIBMAKOCTI, IpH SIKiK n06yToK [® 3aJMINAETHCH CTa-

guM. T1pyu npboMy HE MOXE 3MIHMTHCH HAMpsM obepranHs cucTemMu. 3aKOH

36epeXXCHHS MOMEHTY IMIIYJIbCY CHCTEMM (BEKTOPHOI BEJMUMHU) IIPOSIB-
-

JIEThCA Y 30epexeHHi 9K MOMyJid, TakK i HanpaMy Bekropa L.

Hanpnmag, y pe3yAapTaTi BYJIKaHIYHOI RiSILHOCTi, yTBOPEHHS Tip, BH-
HafaHHs ONajiiB Ta iHIIKX tdaxropis BigOyBaeThCs 3MiHA MOMEHTY iHépui’i
3eyun. 1le Beae mo 3MiHM KYTOBOI mIBHAKOCTI 1i 0OepTaHHS HABKOJO CBOEI
oci. PesysisraToM mporo € HeperyigpHUi XapakTep KOJMBAHHSA TPHBAJIOCTI
nobu. ExcrnepuMenTasibHO BCTAHOBJICHO NEPIONNYHI KOJTMBAHHS TPHBAJIOCTI
noﬁn 3 OCHOBHHM INEpiOZIOM B OAMH pik i 3 ammiitygoro 6ausexko 0,001 c.
Kpim Toro, 3emns 3asuac nii paay 3oBuimHix ¢daxTopis. Tak, BHACTIHOK
CHJI HPWJINBHOTO TEPTS, 3yMOBJICHOTO rpaBiTaifHUM IPUTSITAHHIM
Micsug i CoHIsl, TPMBAJICTh CEPEXHBOI COHSTUHOT Z0OU 30LTBIIyEThCS TIPH-
6mm3Ho Ha 1,640-107° ¢ 3a cropivus.

4
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IlposBu 3axkoHy 30epeXeHHS MOMEHTY IMIyJIbCYy MOXHA NOKA3aTH Ha
GaraTbox mpukaamax. 30KpeMma 3MiHY KyTOBOI IHBMAKOCTI CHCTEMH IIPH
3MiHi i MOMEHTY iHepHii JocuTh me-
PE€KOHJINBO MOXXHA MPOAECMOHCTPY-
BaTH 33 J0NOMOrow Jiaeu KyKosch-
KOro.

Tlpuknag 4.3. Ha sasi JKykosceKoro
CTOITb JIIOAMHA i TPUMAE y PyKaX CTEDPXKEHB,
PO3MIILEHMIT BEPTHKANBLHO B3OBX oci ofep-
TauHa jasu (puc. 4.7, @). Jasa 3 JIOAMHONO
obepraetses 3 wactotol 1, = 1¢”!. 3 axow
HACTOTOI0 1, OGEPTATMMETHCH JIABA 3 JIOOM-
HOIO, 9KUI0 CTEP)KEHb IMOBEPHYTH TaK, (06
BiH 3aiH9B TODU3OHTAJIbHE | CHMETPUUHE
MOJIOXKEHHS BiTHOCHO oci ofepranus (puc.
4.7, 6). CymapHuit MOMeHT iHepuil JIOOMHU
i nasu I, =6 KT M. JIOBXKMHA CTEPXKHA
{ =12,4m, itoro maca m = § kr.

Poss’sasannus. Ha ocHOBi 3aKkoHy
30epexKeHHsT MOMEHTY immysscy (4.25) 3a-
OMmeMo

Puc. 4.7

Loy = (1) + Iy, 1

1 . o . .
ne I, = ﬁml2 — MOMEHT iHEPLil CTEPXKHS BIHOCHO OCi, IO TIPOXOAMTD IEPIEHAMKYJISIPHO

1o #oro cepeavHu. Ockinbku © = 2nn, 10 3 (1) Maemo
121,

n =————7=0,61c_1.
2 121, + m!

(2)

§ 4.4. PoboTa 308HiWwHix cun npu obepranHi Tina. KinetuHa eHepris
obepTansHOro pyxy -

Ipu obepranHi Tia HABKOJIO 3aKpilIeHOl OCi 30BHIINHI CAIH BHKOHY-
10Th MeBHY poboTy. PosrisHemo cnouaTky po6oTy, BMKOHaHy Han abco-
>

JIOTHO TBEPAUM TiJIOM OFHI€ CHa0K F, MOMEHT KOl BiZHOCHO OCi
HOpiBHIOE M. R

Jins cnpomenHs MipKyBaHb NPHITYCTHMO, IIO BEKTOP CWM F JIEXHTH y
IUTOMIMHI, TEPNEeHAMKY/SIPHIA 00 oci ofepranHg, ToOTO mim micro wiei cuim
TLIO HE MOXeE pyxaTtwcsi B3oBX oci. Ha puc. 4.8 306paxeno mepepis Tina
IVIOIMHOK (3aIITPUXOBAHOK) HA PHCYHKY), SIKa NEPNEHAMKY/SPHA 10 OCi i

> ->
MPOXOAWTE Yepe3 TOuKy B npukiananHa cwm F. Posknanemo BekTop F Ha
> ->
ABi CKJIANOBi, OZHA 3 9KMX F HaNpsIMJIEHA B3ZOBX Dajiiyca-BEKTOPA F TOUKH
->

-
TPUKJIANAHHA CWIH, a Apyra F, mepneHaukynaspHa o Heoro. Ckiiagosa F,

3PIBHOBAXYETBCS PEAKINCI0 OHOPH OCi, IO IPOXOAMTH 4eped TOuky O, a
Apyra mepeMimae TOYKy NPUKJIAfaHHS CHJIM 10 KOJAY pagiyca r.
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- -> X
TIpu HeCKiHUEHHO MAJIOMy NEpeMimeHH] dr cuwaa F, Ha ZOBXHMHI AyTH

ds = ldr| BUKOHYE €JIEMEHTApHY poboTy

2

Ie O — KYT MiX DajiiycoM-BEKTOPOM 7 1 cunom ;‘) OcCKiJBKY BCi YaCTHHKH
abCOIIOTHO TBEPAOTO TiMid KOPCTKO 3B’$3aHi OfHA 3 OHOIO, TO AOBXHHI
ayru ds BiANOBifae IOBOPOT BCHOIO TiJIa HA HECKIHUEHHO Manudl KyT d¢.
Bpaxosyroun, mo ds = rde, nepenumemo (4.26) y surnsmi

dA = F.ds = F cos (1 - a) ds = Fsin o ds, (4.26)

dA = Frsin ado = M_ do, “4.27)

e .
ge M, — moMmenT cuam F BigHOCHO oci o0epTraHHs.
-

Po6ota 30BHIMHBOT CHaM F NpM HOBOPOTI TiMA HA CKiHUEHHHIA KYT
A = ¢, — ¢, BU3HAUYAEThCA K BUSHAUEHMIl iHTErpas

2 '
A= [Mdo, (4.28)

#1

A€ @1, ¢ — 3HAUEHHS KYTA [OBOPOTY B TIOYATKOBOMY i KiHLIEBOMY Ii0JI0-
XEeHHAX Tiza. MOMEHT Cun BITHOCHO OCi 06epTaHHs M, B 3araJbHOMY BH-
majKy 3aJIeXHTh BiI Kyra moBopoty: M, = M,(¢). Ilpu M, = const i3
(4.28) orpumaemo

A = MAo, 4.29)

ae MOBOPOT AQ MOXHA BUDA3HTH Yepes
YHCJIO MOBHUX 06epris Tiza N 3a uac obep-
Tauus: Ag = 2aN.

Sxmo Ha TLIO AiXOTH KiZbKa 30BHINTHIX
CWJI, MOMEHTH SKHX BITHOCHO oci 0GepraHn-
HS [OPIBHIOWOTE M, , M ,, ..., M, TO, aK
HEBaXKO A0BecTH, y dopmym (4.28) M,
nOopiBHIOE aare6paiuHiii cymMi MOMEHTIB Puc. 4.8
YCiX 30BHIMIHIX CHI.

II{o6 BM3HAYMTH MHTTEBY MOTYXHICTh P IpH o6epTaHHi aBCOTIOTHO
TBEPAOTO Tija, NomisuMo pisHsHHA (4.27) Ha eJEMEHTAPHUI TIPOMiXXOK Ya-
Cy-dt, MpOTATOM SIKOrO BMKOHyBasach pobora. Toni 3a O3HAYEHHAM TIO-
TyXHOCTi (3.9) oTpuMmaemo

dA do

aa _ a9 - 4.30)
7 M. 7t abo P =M, 0,

A€ ® — YHUCIOBE 3HAUYEHHS KyTOBOI MIBUAKOCTI Tisa.
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P_060Ta, BMKOHAHA npu o6epTaHHi aGCOIIOTHO TBEPHOIO Tifla, HOPIBHIOE
3MiHi HOTO KiHETUYHOI €Heprii.

Il BM3HAYEHHS KIHETUYHOI eHeprii o6epTaanoro pyxy PO3TITHEMO
TBEPAE TLIO 9K CHUCTEMY, INO CKJIAAACThCH i3 N XKOPCTKO 3B "SI3aHUX MiX
coboro uactuHok. [Ipm ofepranHi TijIa HABKOJO OCi BCI YACTHHKH pPyXawThb-
Cst IO KOJIAX, MJIOIKHY IKAX NEPHEHAMKYIIPHi 10 oci obeprannd. ¥ 6yab-
AKMA MOMEHT 4acy YacTMHKM, BinmasjeHi Big oci Ha pi3mi Bimcrasi r,

- —> . - PRy
PYXaloThCd 3 Pi3HMMHM WIBHAKOCTAMH v, KiHeTMuHa eHepris i-1 yacTUHKH
Macoo m; y JaHUA MOMCHT 4acy

2.2
m,-u"? miri®
W; = _2__ = ~2_ ,

A€ ® — YKCIOBE 3HAYECHHY KYTOBOI HIBMAKOCTI, OXHAKOBOI A BCiX uac-
THHOK TiJa.

Kinernuna eHepria o6eprasibHOTO pyxXy TBEPAOIO TiLTa AOPIBHKIE CyMi
KIHETMUHUX €HEpriid BCiX HOro YaCTHUHOK:

Y omy? mrie® o &
w=3 = =E =5 mr, 4.31)
i=1 i=1 i=1
abo
Io? Lf
W=—-=3pn (4.32)

N

oe I = z m? — MOMEHT iHepIii TiJia BiTHOCHO MaHOI oci oOepraHus; L, —
i=1

MOMEHT 1Mnym>cy Tia BiJHOCHO Ti€l camoi oci.

Iix micto MOMEHTIB 30BHIIIHIX CHJI BiTHOCHO HprXOMOl oci 06€pTaHHH
3MIHIOETHCS KYTOBA IIBHAKICTH Tisa i BiAMOBiOHO #OTO KiHETHUYHA EHEPTid.
Cymapna poGora 30BHIINHIX CHJ AOPiBHIOE 3MiHi KiHETHYHOI eHeprii obep-
TAJIBHOTO PyXy abCOMIOTHO TBEPAOTO TiJIa HABKOJO HAHOI OCK:

2 2 4.33)

o€ ©; i Wy — TMOYATKOBE i KiHIEBE 3HAYEHHS KyTOBOI MIBMAKOCTI Tijia. B
OKpEMHUX BHIIAAKAX TiIO0 MOXe 00epraTHcd HABKOJO JAHOI OCi, a caMa Bich
MOXE OJHOYACHO PYXATHUCS TOCTYNAJIHHO,
PosrnguemMo KiHeTHYHY eHeprito abCOMIOTHO TBepaoro Tija, IKe
3RINCHIOE TIOCKUM pyX. Baxarumemo, IO TUIOCKHIM PyX CKJIAAAETHhCH 3
->
MOCTYMAJBHOIO PyXy HEHTPA Mac i3 MBHAKICTIO v, i 06epTaspHOIO Pyxy 3

s
KyTOBOIO HIBHAKICTIO ® HABKOJO OCi, fKa MPOXOOMTH 4YEPE3 LIEHTP Mac.
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" Posrnsparoun TBEPAE Ti0 SK CACTEMY KOPCTKO 3B’SI3aHMX UACTHHOK Ma-
-

caMu m,, WO PYXAIOThCS i3 IIBMAKOCTSMHM v, OyIeMO LIYKAaTH KiHETHYHY
EHEPrilo TiJIa 9K CyMy KiHETHUHWX €HEprii BCiX #Oro yacTuHOK (muB. dop-
myay 4.31). Y pasi miockoro pyxy MIBHUAKOCTI qaCTnHox y TlJIl po3-
IIOLIUISIIOTI:CSI y signosigHocti 3 dopmysaor (1.39): v v + [w r 1, ne
r, — paniyc-BexTop i-i 4aCTHHKY, nponenenml i3 meHTpa Mac tisa. Bus-

HAUYNBIIN vl. K CKISPHHIE A00yTOK vi = vl. vi = vc + o rf (r; — BigcTaHb
YAaCTHHKM Bil Ooci 00EpTAHHG), 3HAXOOQAMO KiHETHUHY SHEprilo Tila

2 N 2
(O]

- N
W——sz TZmr

i=

abo

mv?  Io?

W= 3 +T, 4.34)

Ie m — Maca Tiia; I, — MOMEHT iHepuil Tijia BITHOCHO OCi, IO MpPOXOAUTh
yepes UEHTP Mac.

KineTnyusa eHeprisa maockoro pyxy aGCOMIOTHO TBEPAOIO Tija XOPIBHIOE
CyMi KiHETHMUHHX EHEPriil MOCTYNAJBHOTO PyXy Tijia 3 WBMAKICTIO LEHTPa
Mac i OGCpTaJIhHOI‘O PYXy TijTa HABKOJIO
oCi, 10 MPOXOJUTH UEepe3 MOro LEHTP Mac.

Ilpuknan 4.4. Kyas papiyca R 1 Macoi m
CKOUyeTbcsl 03 KOB3aHHS 3 MOXMIOl IUIOIMHK 33~
BAOBXKM [, sKa yTBOPIOE KYT & 3 TOPHM30HTOM
(puc. 4.9). BuszHauMTHM WBMAKICTP UEHTPa Mac
kynai B KiHHi TOXWJIOl FIJIOHIMHU.

Pose’asanus [I-i cnocib. Ockinbku Ky-
S CKOUYETHCH 0€3 KOB3aHHY, TO 1l MOTEHLUiaIbHA
EHEPris y BEPXHifi Touli AOpiBHIOE KiHETHYHIM
edeprii B kinui nmoxunoi maowuHU. IloteHuiansHa
eHepris

U = mgh = mgl sin «. (1)

Kinetuuna eHepris CKJIAJAETHCH 3 KIHETUUHOL
eHepril mocTynajabHOro i 06epTasbHOrO Pyxis

me? | Io® 2

W=—+—=,
2 2
A€ v — WBMAKICTE PyXy uentpa mac xyji; J — MOMeHT iHepuil Kysi BimHOCHO oci, wwO
MPOXOAHUTDL HEPe3 LEHTP Kyli; © — KyTOBAa INBHUAKICTH.
Hpupisassuim (1) i (2), maemo

2 2 '
Ly 3
mgl sin o > + R
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z icraemo
R~
L sinaomet 12 (2 -1, 2 “
mg. Slﬂ(l—T"'i—gm P —lom‘l?'.

3Bigcyu 3HAXOAMMO, LIO

/10 - (&)
v = Tglsmcx.

2-ii cnoci6. Kymo, siKa CKOUYETbCS, MOXHA DOSFNSATH SK TUIO, IO obepraerbcs
HABKOJIO MMTTEBOI OCi, SIKA TPOXOOUTh YEPE3 TOUKY AOTHMKY KyJli i IIOIIMHM TEprieHan-
KyJSIPHO 70 TIUIOIIMHM pHUCYHKAa. Y UbOMYy pasi TOBHa KiHETMUHA eHepria Kyiai €
KiHETMUHOIO €HEPrielo 00epTaibHOTO PyXy

! 2

W=7]l('\) N

ne I; — momeHT iHepuil Kyni BifHOCHO MMTTEBOI OCi obeprands. 3a Teopemorwo I'toitrenca
— IIIreitsepa

I, = % mR?* + mR* =%mR2.

MuTTeBa KYTOBR IUBMJKICTb LEHTPA MAC BIJHOCHO MMTTEBOI oci obepranus o = %.
Toni
2
_11 2(wY _ T 2 6)
W——2- ng (R) = lOmR'

Tpupisagsum (1) i (6), marumemo Bupas (5).

3-it cnocib. BiacyTHICTH KOB3aHHS KyJi 3YMOBMIOETbCH MIEI0 HA Hei 3 Goky moxunoi
MIOMMAN CHIM Tepta F,. SIKIIO HeMmae KOB3aHHsA, cwia F € Cuiio TepTs CHOKOM.
IisunkicTs kysmi B KiHUi moxmnoi IUIOWMHYM 3HANAEMO 33 (OPMYJION

v =V2as =V2al, V)]

1€ a — MPUCKOPEHHs HEHTpa Mac KyJi. Moro 3maitnemo 3 piBHAHHS DyXy LIEHTpPa Mac
(2.35):
dv . = (8)
m———- = mgsin o — F,.
ar -~ " T
[HBupkicts w ueHTpa ™ac O «xyai nos’sisaHa i3 mBMAKicTIO v, TOukM A
CHiBBiTHOIIEHHAM ¥ = ¥4 + OR. OckibkM KOB3aHHA KyJi HeMae, 10 v, =0 1 » = oR.

do _. . dv . > .
Tomy (2—1: = R?t—' PiBuaunsa (8) Mae jsa HeBigoMux a = dt i F,. 3anuumeMo piBHAHHS
AMHaMiku  00epTaJbHOTO PyXY KyJi BiHOCHO OCi, WO TNPOXOXUTH 4Yepes LEHTP Mac
NEPHIEHAMKYJISIPHO A0 TUIOLIMHH PHUCYHKA!

2%
e

1 =M,

Q&

t
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‘e M — MOMEHT 30BHIIIHIX CUJ BigHOCHO oci. MOMeEHT cvuM TsKiHH# BiZHOCHO L€l oci
IopiBHIOE HYIO i cyMapHUil MoMeHT M = F.R. Toxi piBHsHHS (9) 3amMIIEMO y TaKOMY
BUISAI:

do _ am

ae dv _ . 2
157 = FiR, abo. 157 = F.R.

3 pieHocteir (8) i (10) smaxomuMmoO

a=%gsina. an

MMigcrasueum (11) y (7), picrasemo Takox Bupas (5).

§ 4.5. Napa cun. Ymoeu piBHoBaru Tina

PosrnganemMo BHNAAOK, KOJM HA TiJI0O JiOTh ABi PiBHI 34 BEJIHMUMHOIO,
rapaJiesibHi i MPOTHAEXHO HANPAMICH] CHUTH, JIiHii Ail aKMX He 30iraroThes.
-

Taki cwin HasWBaWOTh naporo cui Biacrampk [ Mix midiamu mil cua F| i

>
F, HasWBawTh njeueM mnapu. llapy Cua HEMOXJIMBO 3aMiHHTH
PIBHOZIMHOIO, OCKUIBKM BEKTOPHA CyMa IX JOpiBHIOE HYJI0. 3HAHAEMO MO-
MEHT Nap¥ CWJ BiXHOCHO JOBLIBHOI ToukmM O, 9Ka JEXUTh Yy TUIOWIMHI CHI
- > - | >

F, i F, (puc. 4.10). Tlosmauumo Monysp cun F, i F, uepes F. MomeHT

-> -
cwin F, Bigaocro O popiBHIOE F|/, i HANpSMJICHUHA A0 HAC, MOMEHT CHIH
-> ->
F, nopisHio€ F,l, i HanpsMieHu# Bix Hac. Pe3yabTyrounii MOMEHT HanpaM-

JIEHMH 33 PUCYHOK 1 JOPIBHIOE
M=Fl,— Fl, =F(l,— 1) = Fl 4.35

3 Bupasy (4.35) BugHO, W0 MOMEHT Mapu CHJ HE 3aJEXHUTh BiI
po3MimeHHa Toukd O Ha IUIOLIMHI, B IKi¥ JIEXKaTh CHIH F L Fz. Y3araap-
HHMO Uel BUCHOBOK HA BUNAAOK AOBIJIBHOTO PO3MIIIEHHS TOuKH O
(puc. 4.11). Toxi cymapHdit MOMEHT CHJI ;“)l i Fz BiTHOCHO Toukm O Gyne

-> > > - >
M=1r,F 1+ Ir, F, ], 4.36)
e - ->
A€ ry i r, — pamiyCM-BEKTOPH TOYOK IIpUKJIANAHHS cua Fy i F,. 3 puc. 4.11
MaeEMo, II0
N

=1+ g (4.37)

Mizcrasumo 7, 3 (4.37) y (4.36):

- - > -> > - >
M=1Ir,F1+[r,F,1+1[r, F, 1 (4.38)
Ockinbxu ;"), = - E, to supa3 (4.38) nepenumemo y BUrIsai
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-> - >
M= [r,, Fl (4.39)

Yucnose 3HAUCHHI CYyMAapHOIO MOMEHTY Iapy

M=r,Fsina.
3 puc. 4.11 Bupwo, mo r,, sin a = . Toni
M = Fl,

toOT0 MH gicranu Bupas (4.35). 3 Bmpasy (4.39) BMIUIMBAaE, mIO MOMEHT
mapy CUJI NEPNEHAMKYASIPDHMI RO IUIOMIMHM, B 9Kif JEeXaTh CHAM, i uH-
CEJIbHO JOPIBHIOE JOOYTKY MOXYJsS OfxHicl 3 Cua Ha miede napu. OckiIbKE
BEKTOPHA CyMa Napy CWJl JOPIBHIOE HYJIIO, TO NPH il Ail HA TiJIO HEHTP Mac
tina mosuHeH nepefyBaTé B CraHi crnokow abo piBEHOMipHOro i mpsa-
MoJiHilHOro pyxy. ToMy mapa cui HE3aJIEXHO Bil TOro, Ae BOHA IPUKJA-
JICHA 70 Tija, HAMaraTUMeTbCs 00epTaTH MOTO HABKOJO OCi, IO IIPOXOAUTH
yepe3 LEHTP MAC Tijia NEPHCHAUKYJISPHO A0 ILIOMMHM, B IKill JAeXAaTb CU-
JI TIapu.

7
|
{s - { 3
—
0 0
lo
1%
Puc. 4.10 Puc. 4.11

3’acyeMo yMOBH piBHOBar# TBepmoro tina. Tino mepeOysac y craui
PiBHOBArM, $KIIO0 BOHO 3aJHUINAEThCA HEPYXOMHM BIZHOCHO MaHOI
inepuiaaeHOI cucreMn Bimtiky. Jna mporo HeobximHO, o6 BEKTOpHA Cyma
BCiX NPHUKJIAXEHUX [0 TiJia 30BHIIIHIX CHJ i BEKTOPHA CyMa MOMEHTIB
30BHIIIHIX CWJI JOPIBHIOBAJA HYJIO:

S E=0; g M, =0. (4.40)

k

' i pipHSIHHY Ha3¥BAOTh DIBHAHHAMM piBHOBArd Tina. 3a ymos (4.40)
PIBHSIHHS PYXY TBEPAOTO Tina (4.5) i (4.6) mabypawTh BUTALNY

p = mv_= const, L = const. 3piacH BUMJIMBAE, LIO TBEPAE TiIO € 3aMKHe-

HOI0 CHCTEMOIO, B fKi¥l AifOTh 3aKOHH 30€pEXEHHS iIMIYJbCY LEHTpA Mac
1 MOMEHTY IMOYJICY: HEHTP MAC MOXE PyXaTHCS PiBHOMIPHO i mp4-
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MOJIiHIHMHO, a caMe TiIo MOXxe ofepraTucs, 30epiraloud MOMEHT iMITyJIbCY

crannM. OTxe, piBHIHHA (4.40) BUpaxawTH HeoOxinHi yMoBH piBHOBarw,
asie I YMOBM HE € JOCTaTHIMHU. |X Tpeba NOMOBHHUTH JOCTATHBOK YMOBOIO
piBHOBarm, SIKa 3BOAMTHCS N0 BUMOTH, IIOO IMOBHA MEXaHiUHA €HEPris Tila
JOPIBHIOBANA MOTO NOTEHLiaNbHIA eHeprii. Takum unMHOM, TBEPAE TLIO Me-
pebyBae B CTaHi CTilKOI piBHOBArd, SIKIIO IPU BUKOHAHHI yMOB (4.40) itoro
KiHETMYHA E€HEPrisd AOPIBHIOE HYJIIO.

§ 4.6. BinsbHi oci o6epranHsg. lipockonm

Slkmo Tiny, gke nepefysae y o0epTaJbHOMY DyCi BITHOCHO MOBLIBHOL
OCi, HAZaTU MOXJIMBICTh CAMOCTIHO o0epTraTicd, TO B 3araJbHOMY BMIAf-
Ky opieHramis oci ofepranHs B mpocTopi smimoBaTuMeThcs. 11106 Bich

0 0
R B_F
‘}[ ;|

L=

7 Z
R
0

L ml

DS

Puc. 4.12

Puc. 4.13

o0epTAHHS TBEPAOTO Tija HE 3MIHIOBAJA CBOEI OpieHTallii, HA HEl MOBMHHI
migtu niesni cumn. Tak, mo6 sick oOepranus tina (puc. 4.12) sHaxommwiach
y BEPTHKAJbHOMY HATIpsMi, Ha HEl HOBMHHA AiTH Iapa CH/, MOMEHT IKOi
M = F,l. Ixmo MOMEHT mapy CiI HE Ai€, TO Bich 00EPTaHHSA NOBEPTAIACH
6 Tak, 9K me 300paxeHo CTPUIKOI HAa PUCYHKY. MoXnmBH# BHNAIOK,
KOJM PO3NORLI Mac BIZHOCHO oci ofepranHs Takwil, 9K Ha puc. 4.13. 11106
Ble He mepeMimanaca, Ha Hei 3 00Ky MiXIIMNHWKIB MOBUHHI JiTH CHIM

F i F Bice, BimHOCHO $KOi BCi JOLEHTPOBI CHJAM, IO JiIOTH HA OKpPEMI
YACTHHM Tijla, B3aEMHO 3PiBHOBAXYIOTbCS, HA3UBAIOTh GLIbHOK GICCHO
obepmanns. Tlpu r, = r, (auB. puc. 4.13) Bick OO Gyae BiTBPHOIW.

Jns Gyab-sKOro Tifa iCHyIOTh TPH B3aCMHO NEPNEHAMKYJISAPHI OCi, Mo
[POXOISITh Yepes HOoro HEHTp Mac i € BinbHUMHK ocamm. JLis OnHOpiAHOTO
NpsIMOKYTHOTO mapajeienineaa ue oci 0,0,, 0,0, i O,0;, nposenexi ye-
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pe3 UEHTP Mac MEPIEHANKYJIIpHO A0 OiuHuX rpaHei (puc.4.14). Momenr
inepuii #oro HaiGinbmmi BimHOCHO oci 0,0, i HaliMeHmMH BiTHOCHO OCi
0,0,.

Teopis i mpakTuka mokasyioTh, mo obepraHHa Tina Gyme CTifkum
TiJIbKM BiZHOCHO THX BIJBHMX OCEH, BiTHOCHO SIKHX MOMEHT iHepuii
HaiOinpmmit abo Hafimenmmit. OGepraHns Tina 6yde HECTINKMM BiXHOCHO
oci, A5 K01 MOMEHT iHepiii Mac MPOMIXHE 3HAYEHHS. SIKIIO MO0 HUTKA
HiIBICHTH TOHKMH METAJEBHH CTEPXKeHb, TUCK 300 3aMKHYTHH JTAHIIOXOK
i npuBecTy ix y mBuaKe oGepTaHHS, TO BOHH 3AIACHIOBATHMYTH 06EpTaIb-
HUH PyX HABKOJO BiJIBHMX OCEH, BIJHOCHO SKHX IXHI MOMEHTH iHepii
Haubum (puc. 4.15).

Tipockonom HA3HBAIOTh MACHBHE CUMETDHUHE Tijfio, MO 0OepraeThcs
HABKOJIO OCI CHMETPil, SIKa MOXE 3MIHIOBATH CBOIO OPICHTAL{IO B TIPOCTOPI.
IITo6 Bich ripockona MOrja BiJIbHO MiHSTH CBOIO OPI€HTALIIO B pocTopi,
HAOro MOHTYIOTh Ha KapraHoBoMy nixgici (puc. 4.16). Maxosuk ripockomna
KpinuTbca Ha ¥oro oci AA, gxa Moxe obepraTucs B MiJUINMHUKAX,
POSMIIIEHHX y AiaMETPATbHO MPOTUICKHHX TOUYKAX BHYTPIIIHBOIO KiJbIIS.
BryTpimHe xinble, y cBOW uepry, moxe obepraTucd HaBKOJIO oci BB, mo
BXOAUTDb y HiAMHITHUKYN 30BHIITHBOIO KiJbId. 30BHIIIHE KiJbIE TAKOX MO-

0,
1 02 |
o ) |
0 !
Puc. 4.14 Puc. 4.15

Xe BiIPHO oOepraTHcs HABKOMO oci DD, 9Ka IPOXOQHUTh 4cpes HEPYXOMi
MiIMANHUKY MACTaBKA. Bick BB 3 Biccto AA ytBoproe xyt 90°. VYci Tpu
OCi MEPETHHAIOTHCS B OAHIM TOYNI, SIKA HA3WBAETHCH LEHMPOM KapdaHno-
6020 nideicy. SIxmo UIEHTP KapmaHoBOro mixBicy abo Touka omopwm
36iraerpcs 3 LEHTPOM MAC ripoCKONa, TO WOTO HA3WBAIOTh 3PiBHOBAXXEHMM,
abo BisbHEM. Takwil ripocKom 3 TPhOMA CTYHMEHSMH BiJIBHOCTI MOXE
3mificHioBaTH Oynb-siKi MOBEPTAHHS BIZHOCHO LEHTpPA miaBicy. MaxoBmk
TipoCKOIa IIPHBOAKTECS B MIBHAKE 00CPTAHHA eJEKTPOABMTYHOM abo CcTHC-
HyTHM moBiTpaM. Moro Moment iMmysibCy J1eXuTh Ha oci AA. [lig 3Miam
opienTauii oci ripockona B mpocTopi moTpiOHO, mo6 HA HBOrO HONIAB MO-
MEHT 30BHIIITHIX CHJI.

Skmio cnpofyBaTH MOBEPHYTH BiCh TIPOCKONA, TO MOXHA CHOCTEpiraTH
CBOCpifHE ABMILE, SKE HA3MBAETLCH cipockonivnum egpexmonm. Llehn edexr
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'POSIBJISIETBCS B TOMY, IO PYX OCi ripoCKONa BH3HAYAETHCS HE HANPIMOM

Iii 30BHIIIHBLOI CHJIM, a HAIIPIMOM ii MOMeHTy. Taxk, npu Ail napu Cui, 1o
HaMarawThcd MOBEPHYTH BiCh ripockorna AA HaBkoJo oci CC, BOHA MOBEP-
TaETbCA HABKOJIO oci BB (puc. 4.17). Taka noseainka ripockona NOBHICTIO
MOSICHIOETHCS OCHOBHMM DiBHSHHSAM JMHaMiku 00epTasibHOrO pyXxy.

Cnpasni, MOMEHT TIapH CHJI M 3a yac Af COpUUMHSE TPHUPICT MOMEHTY
iMITyIbCy TipOCKOIIa Ha BENMYHHY AL = ]T/IAt, BEKTOD AKOTO IapasebHUN
BEKTOPY IT/I i H_é_l)l’lp_f_l)M]I_e)HI/Iﬁ B3xoBXx oci CC Big Hac 3a pucyHkoM. (Oci AA,
BB, Bexropu F,, F,, L nexatb y IJIOWMHI pucyHka, Bicb CC nepneHam-
KyJsipHa A0 TUIOIMUHY PHCYyHKa). Temep MOMEHT iMIy/bCy ripockoma
L' = L + AL. Ockinbku Bich ripockona AA noBuMHHA 36iraTucs 3a Hanps-
MOM 3 BEKTOPOM Z’, TO TipOCKOI 3MIACHIOE TIOBOPOT HaBKOJIO oci BB. Bick

Puc. 4.17

Puc. 4.16

obepranns ripockona 3aiiMe moaoxeHHT A A,. Skmo Ha ripockon TpuBa-
JNUH 4Yac Ji€ MOMEHT HApW CWJI, TO BiCh FpOCKONA MOBEPTATHMETHCH AOTH,

JOKH BEKTOpU 1—: i JT/I He 306iraTUMyTBhCH 32 HATIPSIMOM.

Iipockon 3 gocHTH BETUKMM MOMEHTOM IHEPIii, IPUBERCHHUA y LIBUAKE
ofepTaHHsd, Mac BEJAMKHMM MOMEHT iMIysbcy. SIKINO HA TaKMH TipoCcKon
MOAi€ KOPOTKOUYACHO HABITh 3HAYHHMI MOMEHT CWJI, TO 3MiHA MOTO MOMEHTY
iMoyabcy 6yne HE3HAYHOI, a TiPOCKON Haye MPOTHAiATHME Oyab-saKuM
cnpo6aM 3MiHMTH MOAYJb i HANPIM HOr0 MOMEHTY iMIyJbCy. 3 LHM
NOB’43aHa CTiMKiCTh, Ky MA€ FipOCKON IiC/S IPUBEAECHHS MOro B HIBMIKC

. -1
obeprannga. SIkmo uacrora obepranHs ripockoma 20 000 — 30 000 xs ',
to BiH HafmiiHO 36epirac Hampsam cBoel oci oGepraHHY.

OcobavBril BUIVISA PyX ripockona Mae Toxi, KOJH MOMEHT 30BHIIIHiX
CHMJI, IO HifOTh HA TipOCKOM, 3 UAaCOM HE 3MIiHIOETBCS 33 BEJMYMHOIO i mo-
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BEPTAETHCS Pa3oM 3 BiCCIO OOEpPTaHHS TiPOCKONa, yTBOPIOIOYH 3 HEKO BECh
gac kyT 90°. Bicp ripockoma mpm upoMy 3miMCHIOBATHME MOBEPTAHHS i3
CTaJIo KyTOBOK WBHAKICTIO. Take moBepranHg oci ripockona Ha3WBAIOTh
npeyeciero. Tlpenecig, Hampuk/aIan, MATAME MiCUE HiX M€K0 HA TipOCKOM
MOMEHTY CHJH TaxiHHg (puc. 4.18). MomeHT cuam TaxXiHHS
M = mgl sin @ 3yMOBJTIOE NIPOTATOM Yacy df MPUPICT MOMEHTY iMILYJIbCY
ripockomna

dL = Mdt = mgl sin odt,

ae m — Maca ripockona; [ — BiACTaHp Bif TOUKH ONOPH O UEHTPA MACH
ripoCKoma; O — KYT MiX BEPTHKAJLIIO i BicClO ripockoma. 3mMiHa MOMEHTY
—>

iMnysnbCy Ha dL 3yMOBJIOE TOBEPTAHHS OCi Tripockoma Ha KyT do.
Ockinbk¥ TIpW TOBEPTAaHHI OCi TipoCKOMa MOMEHT CHIM M 3a/MmacThes
NEPNEHANKYISPHAM A0 Oci ripockorna, To ii obepranng 6yme piBHOMipHHM,
i Bick ripockomna onmcyBaTMMe KOHiuHY moBepxHKO. KyTopa mBuakicTs mo-
BEPTaHHA IUIOIIMHY, [0 MPOXOAUTh 4yepe3 Bich KoHyca i Bichk ripockoma,
Ha3WBAETbCY IMBUAKICTIO mpengecii. 3 puc. 4.18 BugHO, MO

dL _ mglsinadt  mgldt

d(P:LSinOL_ Lsin a L

KyroBa mmsunkicrs npenecii
o = do _ mgl _ mgl (4.41)

dt L To’

ae I i ® — BiAMOBIZHO MOMEHT iHEpLil i Ky-
TOBA WIBHAKICTE 0GEPTaHHS TipOCKONA.
[Ipeuneciitnuit pyx oci obepranng cmo-
crepiraetbcst v 3eMai Ta iHmMUX MIaHET.
3emas mae dopMy, 9Ka AEmO BiAMIHHA Bix
KyJi, T exsaropiaapuuit pagiyc Ginpmuil Big
Puc. 4.18 NOJISIPHOTrO. BHACAIZOK 1bOro piBHOmIMHI CH-
Jim mpuTaradss 3 0oky Micans i Conug He
NpOXOAdTh YEPe3 HEHTP Mac 3emutl i CTBOPKIOThH BiIAHOCHC HHOTO MOMEHTH
CHJ1, 9Ki HAMAraroThCs MOBEPHYTH Bich oO0epranng 3emni. Hessaxaoun Ha
Te mo Maca Micaua mabararo menma Big Macu Conmng, mig Micsus Ha
obepraybHuii pyx 3emti B 2,2 paza Ginbma 3a Binmosigay airo Conng. Lle
HOSICHIOETBCS THM, 10 Micsmp 3HaX0AMTECS 3HAYHO Omxue 10 Semui, HixX
Conue. Buacnimok npeuecifisoro pyxy oci obepranng 3emni ii ImosrocH
OHMHUCYIOTh NMOBHE Koio npubamsuo 3a 26 000 pokis. Ockinbku B3aemHi
posmimenHs 3emui, Micaus i CoHUs HemepepBHO 3MiHIOIOTHCH,
3MIHIOETBCS TAKOX PO3MIINCHHS IUIOMKMHN op6iTn Micang BiZHOCHO mio-
mwrHY opbitn 3emui. ToMy iCHYIOTH TakoX HEBE/IMKi KOJMBAJbHI PyXH
3E€MHOI OCi — HyTawuil.
[Ipu crnpofax MOBEPHYTH BiCh ripeckoma BHACHIZOK TipOCKOIiUHOTO
eheKTy BUHHKAIOTh TAK 3BAHI MipPOCKOMIUMI CH/IM, $Ki 3YMOBJIIOKTh JOAAT-
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oci ripockona OO uaekoso npamoi 0’0’ (puc. 4.19) iioro BiCh HAMAraeTbCa
noBepHyTHCS HaBkoo npsvoi 0’0, 11e6 3amoBirTH TAKOMY [OBEPTaH-
HIO, 10 OCi ripockona MoBuHHI 6yTH NPHKJIAJEH] 3 6oKy MiJIUNHKKIB CHJIA

F'i £'. 3a tperimM 3akonom HbloroHa Bich ripockoma mifTHME Ha

1 2 9 . -> . . . .
migmunHEYKY 3 cwiamu F, i F,, 9Ki i € eipockonitnumu CANAMH. i cunm
TpeGa BpaxoByBaTH B KOHCTDYIOBAHHI MiAIMNHUKIB 1/1S MapPOBUX Typﬁm
Ha Kopabisx, A/ TBUHTIB JIiTaKiB, OCKiIIBKM POTOP TypGiHy i FTBUHT JliTaka
— L& BEJWKI TipOCKOIH.

BiacTuBicTh 3PiBHOBAXCHOTO ._ripqcxona 3 0 3
36epiraTy HE3MIHHMUM HAIpIM CBOEL OCI obep- —HE—
TAHHA BHKOpHCTOBYGTbCH Aas aBTOMaTI./IIIH(?I‘O Y
yIpaBIiHHS DyXOM TOPIEN, DAKET, JITAKIB, ﬂ"
kopabsis ta inmux anapatis. OxHUM i3 BaX- -
AEMBHUX 3aCTOCYBaHb TipocKoma € ripockomiuymi 0 — { Y

KOMIIacH, M0 BUKOPHUCTOBYIOTBHCS Ha Kopab-
nax. Tipockoniuni edeKTH 3aCTOCOBYIOTHCS Ta- -~
KOX y OUCKOBHMX MJIMHAX. .

Hpuxnan 4.5. Kiveup BEPTMKAILHOTO BaMA WAPHIPHO

A 2
3’€HAHMIT 3 TOPU3OHTAILHOK BICCK), HA AKY HACATKEHO <—ﬂ£———o—
UMTHAPHMUHUM KOTOK  (pHC. 4.20, a). TIpu obGepranHi 0
BaJia KOTOK KOTHMTbCH MO TOPHU3OHTAJIBHIA MIOCKIA 10-

BepXHi. BusHaumTH ClUly TMCKY KOTK2 Ha IOBEPXHIO, Puc. 4.19
gKIO Maca KOTKa mi, HOro pajiyc r, KyToBa WIBHAKICTH
L -]
I
L/ e
0 gy | / l
@,
M 1 : \\\ - 0 -
T~ Bl @ |
A @ % o
17 -
£ A
a *Fz 0
Puc. 4.20

paja © = const i BiACTaHb Bil OCi Basa A0 KOTKa l. . .
Po3B’s93aHH4g. Pyx KOTKa MOXXHAa DO3MISZIAaTH SK BMMYLIEHY NPENECH0 rpocKona,
GKUMM € CaM KOTOK. BHACTIZOK LBOrO HA TFOPHU3OHTAJIbHY I[OBEPXHIO MISITMME, KpIM CHIN

- ->
mg, ripockoniuda cuna F,. Cwia TUCKY HA MOBEPXHIO 6yne
—> - > 1
F=mg+ F, 1)
> .
BusznauuMo Tripockomiudy cuiry F,. T'opM3oHTajibHa MOBEPXHsS A€ Ha KOTOK 3 CUIIOI0

> .
;;1 = - Fz, momeHT gxoi M. OCkiipkM pyK KOTKA Binfysaerbcst 0es KOB3aHHs, TO MUTTEBA
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BICE MOTO DE3yJbTyHOYOTO PyXy IIPOXOAWUTb uepes Touku O i A. SKmo KyTOBa IUBMAKICTh
PYXy KOTKa ®, TO 3 puc. 4.20, 6 maemo L. % Togi
®
1

o =2 @

MomeHT iMnynscy kxotka L = =1 i
y Io, ge I = 2 mr2 — MOMEHT iHepuii muIiHAPUUHOrO

korka. Toni

1
L= 2 molr. 3)

Kyrosa HI.BMI.[KiCTb BdJa ® € KyTOBOKW WBMAKICTIO mpeuecii KoTka.
Ha ocnosi ¢opmymu (4.41) moxua 3anmcatu

y .
® ==
T 4)
Ockineku M = F(l, 10 3 (4) maemo
Lo 1
F, = === 2
1 7 5 Mo’r. ©
HMigcraBusum (5) B (1), nictamemo
1
F=mg+ 2 mo’r. 6)
3BiACH HEBAaXKKO MOKAa3aTH, WO HABITH npu uacroti ofepranss pana 1 ¢! i paniyci

kotka 0,5 M cuna THcKy BxBOE 6i
TBIIT,
KOTK4. ¥ BA 4 33 Cuy THCKY, 3YMOBJICHY 3€MHMM IIDUTSTAHHSIM

Po3spin 5. Cunm TepTsa i cunm npymuocri

§ 5.1. Cunu TepTa. B'aske Teprs

M(‘.,‘.?(aHl'-IHI/II‘;I PYX 3aBXIOM CYHPOBOAXYETHCS BTPATAMM MEXaHiUHOL

eHeprii. Lle symoBIeHo HagBHicTIO cuT TepTd i omopy. [lig nux cua npu-
BOZHUTH O MEPEXOAY MEXAHIYHOIO pyxy B iHmi cdopmu pyxy.
} Cmm TEPTI — U€ CHIH, IO BUHUKAKOTh y IPOLeci pyXy oxHMX T abo
IXHIX YacTHH 1O NOBEPXHi iHmMX. BoHM HanpamueHi mo moTwuHil A0 mo-
BEPXOHb TLI 1 IEPEIKOAXAIOTH BifHOCHOMY mepeMimeHHio ix. Teprs, mo
BHHUKAE NPH BITHOCHOMY HEPEMIMIEHHI Ti, Ki AOTHKAIOTHCS HaSI/IBé;IOTb
3OBHINIHIM, aﬁo. cyxum. Teprsa, mo BMHHUKAE mpU BiI(HOCHOI\r’Iy pyci Mix
TBEPAMM TiIOM i PIIMHHUM 260 ra30BMM CEPENOBHINEM, A4 TAKOX MiX IIa-
paMu LMX CEPENOBMIL, HAa3UBAIOTh BHYTPIMIHIM, abo 6’ s3xum. 30BHIIHE
TEPTS NOMIIAIOTH HA TEPTS cnokoro (CTATHYHE) i TepTa  pyxy
(ngeMaanHe)“. Ilepmnit Bua TepTs BMHMKAE MiX B3acMHO HEPYXOMMMH
TLIaMH, APYTHH — TP BIIHOCHOMY MEPEMIIIEHHI Ti/, MO XOTHKAIOTHCH.
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3aj1eXXHO Bifl XapakTepy BiZHOCHOTO HEPEMIINEHHS TiJl, MiX SIKUMM BH-
HEKAE TEpTs, PO3DPi3HSIOTh TAaKi BUAN 30BHIITHBOIO TEPTS: KOG3AHHS 1 KO-
yenns. KOUeHHS OQHOrO Tijia MO TMOBEPXHI APYroro sBjise cobomwo
ofepraHHs #Oro HABKOJO MUTTEBOI OCi, IO MPOXOAUTH YEPE3 TOUKY AOTHU-
Ky i JIEXUTh y NOTHUHIN 10 06o0x Tia mwromuni. KoueHna BiapisHIETHCS Bin
o6epTaHHd THUM, IO TOYKHM KOHTAaKTy HpH obepraHHi 3 YacoM He
3MiHIOIOTbCE. Ilix uac obepraHHS Bich 00epTaHHS ONHOTO Tija BiHOCHO
APYroro MmeprneHAMKYJSpHA KO AOoTHuHOi mromuHuM. [Ipukaamom Tepts
ofepTaHHs € TEepTd CTPLIKM KOM-
maca, SKka 00epTaeThCs HABKOJO
BiCTps SIK OIOpPH, TEPTH OCi A3UTH
H4 OIOpi, TEPTHI OCi MECTEPEHb y 2
FOAMHHUKAX, Y BHMIipPIOBAJbHUX
NpUIanax Ta is. Z /‘

Teprs CriOKOI IIPOSBASETHCI B E
yCix BUIAAKaxX, KOJIH HAMArarThCs
BUKJIMKATH BIAHOCHHHM pyX TiJ, fKi
JOTHKAIOThCH, Po3MmicTIMO HaA ro-
PH3OHTAJIBHIN MMOBEPXHi TiNO A, H0 Puc. 5.1
IKOro NPUKPINJICHO HHATKY, SKY P
MEPEKHHYTO uepe3 HEePYXOMHH
6ok (puc. 5.1)_.) Is 36iJIbIIICHI-2!M .
HABAHTAXCHHS P vamku cwia F JOCATHE KedKOro 3HaueHHa F ), 1pH KO-
My Tijio mousHe pyxaTtucs. [is BCiX IHIIMX HABAHTAXEHb, KOJA F < F,,
TLIO 3aJMmAacThCcd B crmokoi. Ha Tino, moku BOHO rlf:peGyBa(::_> B CIIOKOI Mpu

F < F,, nie cuna, fKa IPOTHIEXHA 33 HANMPIMOM 10 cud F . Timo pyxa-

TEMEThCSE NPUCKOPEHO TOAI, KOIH CHia F IepeBaxaTuMe AesiKe KOHKPETHE
snauenns F,. OTXxe, Cuia TEPTS CHOKOK MoXe HabysaTu Oyap-sKMX 3Ha-

YyeHb Bil Hy/4 00 MAKCMMasnbHOro 3HaueHHd F,. JOCTigHuIM HUISIXOM BCTa-

HOBJIEHO, IIO MAKCHMA/IbHE 3HAUEHHS CWIM TEPTS CHOKOK MpONOpIiiHe
cwii THCKY Fy i HE 3a/MEeXUTh Bij IUTOINi HOTMKAHHS Tij, ToOTO

™y

NEY

F, = kFy, G.D

ae k — xoegiuyienm mepmsi, SKMH 3aJI€XHUTDb TiABKM Bi BJACTHBOCTEHN
TEPTHOBUX TIOBEPXOHb TiI. Bupas (§.1) Ha3MBAOTh 3aKOHOM AmonTtona. ¥
3araJIbHOMY BHIAAKy KOe(imi€HT TEPTS COOKOK MOXE 3MiHIOBATHCH i3
3MIHOIO CHJIM THCKY MiX TijaMH, 3MiHOK TeMIEpaTypH TOMO. Lle o3nauae,
mo 3aKOH AMOHTOHA Mac HaG/KeHUiT xapakTep. SIK yxe 3azHauasiocsd,
npu F > F, Tino pyxaerbcs mpuckopeHo. Cniia TepTs CIOKOIO NPU LOMY
MEepPexXOauTh y CHIy TepTd KOB3aHHS.

V meskvx BUNAZKAX CHJIA TEPTs KOB3aHHS IS MOPIiBHSAHO HEBEIMKOrO
iHTepBANy MBHAKOCTEH AOPIBHIOC IPAHMUHIA CUJIL TEPTS CIIOKOIO i HE 3a-
NEXHUTh Bif IWMBUAKOCTI pyxy. I'padhiyHo Taky 3aneXHiCTh NORAHO HA
puc. 5.2, a. s 3anexsicts BHpaxae 3axoH KyioHa. [Ipu BigHOCHIA
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IBAZKOCTI PyXy OXHOTIO TijIa 1O HOBEPXHi iHmoro, xon v = 0, cuna Teprs
HE OnQHO3HAYHA i MOXe HabyBaTH Gymb-sIKMX 3HAuYEHD Bix +F, g0 —F,
IIpu pOMy st KyJOHIBCHKMX CHI TEPTS KoeillieHT TepTs BH3HAYAE He

TUIBKH TPaHWYHY CHITy TEPTS CTIOKOI0, & ¥ CHJIy TEPTS KOB3aHHS.

Y 3aranpHomy BHNANKy CHJIA TEPTS KOB3aHHS 3a1€XHTh BiJl BiTHOCHOI
IBUAKOCTI Pyxy T v. L10 3aexHiCTh mokazauno Ha puc. 5.2, 6, 3 9KOro
BHIHO, IO i3 30UIBIICHHSIM MIBMAKOCTI BiAHOCHOTO PYXy Tin cuna Teprs
KOB3aHHS CMOYATKY 3MEHIIYETHCH i IpH JaJApMIOMY 30LTBIICHH] IIBMAKOCTI
v 3pocrae. [Tpu [bOMY CNIPABIXYETLCS CILBBITHOLIEHHS, SKE aHAJOTiuHEe
BHUpasy (5.1), Tobro

Fg = puFy, 5.2)
Ae p — xoediuieHt repra KOB3aHH{, a00 AMHAMIYHMI KoeilieuT Teprs.

Cuna rtepra koB3aHHS B 34raJbHOMY BMNAAKY 3aJI€XMTh Bia chismumoi
HPpHPOIM MOBEPXOHb TA Bij IXHBOro CTaHy. ¥ BUHHUKHEHHI CHJI TEPTHA
iCTOTHE 3HAUEHHS MAIOTh CHJTH MIXMOJIEKYISIPHOT B3aEMOXii B MiCIISIX pi(
THKAHHS TiJ1 TA MEXaHIYHI CHJIM, MO BUHAKAIOTH Y 3aYCIVICHHIX OKPEMHX

r B BHCTYIIB TOBEPXOHB. ]

Ilpu BizHOCHOMY pPyci omHHuX TLJI TIO
NOBEPXHI JiHMHUX JOTHKAHHY iX
BiOyBa€ThCA TiNBKHM Ha OKpEMUX BH-
CTynax, 3arayibHa NJoIAa SKUX 3HAU-
HO MEHma BiX BugaMoi mwIOLI
HOTUKAHHA. IIig 3MEHImEeHHY CUIH
P 7 TE€PTS KOB3AHHS NOBEPXHI Ti/T HAMATA-
. . IOTBCA 3POOHTH TJIANEHBKHMH. Onnuax
W W& PR QyXe TMANCHBKAX MOBEPXHAX Til
! { /\ CHJIH TEPTH KOB3aHHS HE 3MEHINYOTh-

Cd, & HABMAKH, 3pOCTaOTh. Lle 3ymoB-

a 5 JICHO THM, MO npu LIiJIBHOMY
AOTHWKAHHI TIOBEPXOHb TiJ BHHHUKAIOTH

Puc. 5.2 MixartomHi B3aemonii. IIi B3acMoOmil
MPOIBJIFIOTECA TIIBKM B THUX MicLax
AOTHKAHHA TOBEDXOHb, NE€ BIACTAHb MiX ATOMAMH Tia Mac TNOPATOK
po3Mipis atomis. [lig BpaxyBarHS mii cun MiXMOJIEKYIIPHOI B3aEMOZii Ha

cunu tepra B. B. lepsrid BcTaHOBMB 3aKoH TEPTS KOB33aHHH y TAKOMY
BUIJISIAI:

FFox

+ Fonar

F=k(F, + F), (5.3)

Ae Fy — cuna HOpManbHOTO THCKY; F, — pisHomilHa cut MiXMOJIEeKyIsp-
HOTO NPUTSATAHHY TiJ.

o6 sMenumTH cyxe TCPTA KOB3aHHS, HOTO 3aMIHIOIOTh KOUCHHIM 33
AOMOMOro MiAMMNOHMKIB. [Ias cHM Teprs kouenus BHKOHYETBCS
emmipausa ¢opmyna Kysona

Fy

fzp'Kry
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" ne px — koedillicHT TepTsd KOYEHHS, GKHi BHMIDPIOETHCA B ONUHHIAX H0-

BXHMHH; r — pafiyc Tija, MO KOTHUTHC. o

Haii6inbm nomupenuit crioci6 3MEHUIEHHS TEPTA MOJArac B 3aMiHi Cy-
XOro TEpPTY PiAMHHUM 34 JOIOMOrow Mactwi. [Ipu UbOMY MaCTHJIA 3aIOB-
HIOIOTh BIIAJMHU Ta TPIIMUHW TEPTHOBHMX IIOBEPXOHb i
YTBODIOIOTh MiX HUMM IIAap pigwHWU. 3aMiHA CYXOro
TEPTS BHYTPIMIHIM 34 XOINOMOIOK MAacCTHJI 3MEHIIYE
repra y 8 — 10 pasis. .

Cunu onopy, IO BHHUKAIOTH I 4ac pPyxy TBEp-
goro Tina B piguHi abo rasi, Ha3UBAIOTH CUIAMHU
pimuHHOTO 260 @ 13k020 mepms. CUnM BHYTPIOIHBOTO
TEPTA 3YMOBJICHI €0 CWJI MOJICKYJISIPHOIrO 34eIlJICH-
Hf Ha MEXIi ABOX IapiB Ta MEPEHECEHHAM MOJIEKY.JIa-
MH BHACHiZOK XAOTHYHOIO PYXYy HANPIAMJIEHOIO
iMITybCy 3 ogHOro mapy B iHmmi. Ilepenasanus py-
Xy Mix mapamu piguau abo razy MOXHA CIO-
CTEpiraTd Ha JOCKIAI 3 ABOMA gucKamu (puc. 5.3).
Konu smxHifl quck npusecru B o0eprajipHuil pyx, TO
Yepe3 MEBHMM uyac HMOYHE PYXaTHCh i BEpXHIH AMCK,
SKWH 3iACHUTD MOBEPTAHHS HA AEIKMA KyT. 3a Ky-
TOM 3aKPy4CHHS MOXHA poluru BHCHOBOK IIPO CHUTY Puc. 5.3
BHYTDIIIHBOTO TEPTH B CEPENOBUINI MiX AHMCKAMHU.

I. HpioTOH excnepuMeHTaJbHUM LLISXOM BCTAHOBMB, IO CHJIA B:iin—

. dv .
PiMIHBOrO TEPTH MiX MAapaMy IPONOPLI¥HA TPamiCHTY MIBMAKOCTI i
mwnomi mapis S, To6T0

- g (2 (5.4)
F=m (dx) 5,
ae n — AuHamiuami KoediieHT BHYTPIIHBLOrO TEpTH, abo B’ 43KiCTh, 3HA-
YEHHS KO0 3aJIEXWTh Bill PEUOBMHH Ta ii TeMmepaTypw.
Ilin rpamicnrom mBumkocTi y dopmyni (5.4) posymiroTh 3MiHy mBHI-
KOCTI HA OJMHMIIO JOBXHHH BiICTaHi MiX Imapamu. .
3a ¢opmy1010 (5.4) BCTAHOBJIIOITb ONMHMILO B’SI3KOCTi, sikoio B Cl €

H-c .
HBIOTOH-CEKYHIA HA KBAAPATHWHA METP vl Tpeba matm Ha yBaszi, LIO

mig yac pyxy Tinm y piamHax a0o rasax, KpiM CHJI TEPTS, BUHHKAIOTh TAK
3BaHi CHJIM OMOpY CEPENOBHMIN, SIKi MOXYTh 3HAYHO TEPEBUITYBATH CHIIA
Teprs. [iro cmim Tepra i cuam omopy mix uyac pyxy Tin y pinuHax abo
raszax Ha3MBATHMEMO CHJIOIO TEPTS. 11 3a/IEXKHICTh Bijl MBMIKOCTI MOKA3aHO
Ha puc. 5.4, 3 SKOTO BUOHO, IO NPH HEBEJMKMUX IIBHAKOCTIX CHJIA TEPTS
OPONOPUiHHA WIBUIKOCTI

F= - kp. (5.5)
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3Hak MiHyC BKasye Ha Te, 0 CHJIa HANPSMJIEHA MPOTHUIEXKHO A0 MIBUE-
kocTi. TTpu GinbmMX IBUAKOCTAX JiHIAHA 3a/JEXHICTh TIEPEXOAUTH Y KBAI-
paTuyHy:

F= - kp (5.6)

[IBnakicrs, npu gKibt 3aaexHicTs (5.5) nepexoxursb y (5.6), 3a1eXUTh
Big dopMu i po3mipiB TiJia, 8 TAKOX BiX B'I3KMX BJIACTUBOCTEH i TYCTHMHH
cepenopuma. lle o3Hauae, MO TOYHICTH

F dopmyn (5.5) i (5.6) HeBucoka. Ing rtin
cepuunoi dopMmu, WO PyxawTLCS y B’A3-

KHX CEPEROBMIAX 3 HEBEJMKHMH HIBHAKO-

CTSMH, TOUHIWOK0 ¢GopMyJOK 14

BU3HAueHHd cuum Teptd € dopmyna Crokca:

F = 6nre, .7

Ie r — pajiyc KyJabKH; 1 — B’43KiCTh Ccepe-
OOBHUINA.

IMpu wBuAKOCTAX, gKi OB 33 WBMAKICTH 3BYKY B HAHOMY CEpemo-
BHILi, 3aJIEXHICTh CHJIM TEPTS Bifl MBHAKOCTI MEPEXOMUTh ¥ KyOiuHy:

Puc. 5.4

F= — kv’

3ne6LIbIIOr0 CTBOPIOETHCA YSBJACHHS MPO WIKIAIMBANA XapaKTep TEPTS.
OgHak HEMOXJHMBO YSIBUTH NeEpefavy pyxy i 3yCWwib Bil OJHOrO Tina xo
IHOIOTO MpH BigcyTHOCTI cut Teptd. Ciix 3asHaumTH, IO CIIM TEPTS CIHO-
KOIO, a iHOAi i CHJAM TEepPTS KOB3aHHS MAIOTh NPHHIMIOBE 3HAUEHHS MpH
nepefAaBaHHi pyxy Bif OGHOTO Tina go iHmoro. Tak, BHACTIIOK CWJI TEPTH
CTIOKOK0 HE 3a3HAIOTh PYWHYBAHHS CIIOPYOW, MAOIMHUA Ta MEXaHi3MH, $Ki

CKJIAMAIOTHCH i3 3HAYHOI KiZIbKOCTi €JIEMEHTIB Ta AeTajei.

Hpuknag S.1. Tino macoi0 m pyxaerecs i3 IBMAKICTIO vy. Bono mnorpamase y
CEpeloBHIle, B 9KOMY HAa TLIO Ai€ Cwia B'93KOr0 TepTs, IO MPOMOPLiiHA MBHAKOCTI
pyxy. BCTaHOBMTHM 3aKOH HONO rajibMyBaHHS.

Poss’'a3aunudg. 3a gpyrum sakoHoM HeioTona sanuiuemo

de _ _ )
mdt = kv.
3Bigcu mMaemMo
v _ kg @
4 m

Ipointerpysasmy Bupas (2), aicranemMo
v t
dv k k _ -
f7= —;{dt, Iny —lnwy=—---t, wv=wvee ™ =vge T,
Yo

m o " -
Ac T = 7— XapakTepHUM 1Js CHUCTEMHM 4ac, SKHMH Ha3MBAKOTh HACOM pEJakcalil.

Tpukaag S.2. 3Haittv 3a1€XHICTH CHAM ONOPY TORBITPS Bifi WIBMAKOCTI Pyxy aBro-
MoGina. OUIHMTH NOTYXHICTh JBUTYHA, HEOGXiNHY ANS BHKOHAHHS poGoTH MpoTHM CHaM
onopy MNOBiTPS NpY mBMAKOCTI aBTOoMOGing 100 xm/rox.

Po3s’a3anHga Pyxawuuch i3 CTaN0K WMBUJAKICTIO w, aBTOMOGLIL INTOBXAE nepex

- . . . - o1
coforo moBiTpst i Hajae oMy KiHeTHuHOI eHeprii —2-Am172, ae Am — Maca mnosirtps,
APOWITOBXHYTOrO 332 NPOMiXKOK uyacy Af. Ha muaxy wA?r asromoGith BTpauae crisibku X
eHeprii, aze BOHA MOINOBHIOETHCS 32 PaxyHOK poGoTu asuryHa. OTKE, HA BUKOHAHHS
po6OTH TIPOTH CuM OMOPY TNOBITPs F,, aBToMO0inb 3a uac A¢ BuTpauae eHepriio

1 1
AE = 5 Amv” = 5 (ProaSTAL ) w7,

A€ Ppop — TYCTHMHA NOBITPA; § — CEPENHE 3HAMEHHS IUIOW{ NOMEPEYHOTO TEpepisy aBTo-
Mobing. BuTpaueHa NIpM LBOMY TOTYKHICTH

AE 1 3 (€3]
A7 = 72 Pros ST

P=
Ockinbku P = Fyuw, TO As CHAM ONOPY HOBITPS OTPHUMYEMO BUPA3

1
Fou = 5 Pros Sv’. @
3aysaxunmo, wo y dopmysi (2) § — cepesHe 3HAUEHHS MO TIONEPEUHOTO nepepiazy
NOBITPSHOI MaCH, SIKA PYXA€ThCst i3 IUBMIKICTIO, WO ROpiBHIOE 260 GiM3bKa MO WBMAKOCTI
apromobing. Ilositps Haj maxom i Gins 6okOBMX ABepeit aBTOMOGiNS "MPOCKOB3YE" MMMO,
HalyBalouy JiMINE HE3HAUHO! LIBMAKOCTI.
Hns ouiHkM mnoTyxHOCTI, 5Ky BMTpauae asToMobins Ha po6oTy mpotw chm oropy
nositps mpu weuakocri 100 km/rox (28 wm/c), nmpunyctmmo, wo aas  agroMobias
S = 1M%. Tozi npu TyCTHHi nositps 1,3 xr/M® ofuucnenns sa dopmynoro (1) naoTs

P==1,3-1-28 = 1,43 xBr.

N[ —

y

3azHaunmo, MO mOTPi6HA MOTYXHICTb 3POCTAE MPOMOPLIHHO Ky6y wBMpKocTi. KMo
aBTOMOOLIL pyxaerbcst 3i mmuaxicrio 120 xm/ron, oro ABUTYH IIOBUHEH PpO3BUBATH
noTYXHicTe B 1,73 pasa 6inemry, to6To npu Takift weuakocti notpibuo 2,47 xBr.

§ 5.2. Cunu npyHoCTI

¥Yci peanpHi Tina mix mielo MpUKIAgEHUX CHJI 3MIHIOIOTH CBOK (opMY i
06’em, TobT0 AedopmyroThCA. s TBEPAUX TiJT PO3PI3HAIOTH ABA TPAHMY-
HUX BUIALKM Oegpopmayii: npyXxHi i mwiactuyni. [IpyxuHoio vasusawoTs ne-
¢dopmanio, sika 3HMKAE MiCAA NPUNMHEHHS Ail MPUKJIAXCHHX CHIL.
IMnacrruni — ne nedopmanii, 9xi MOBHICTIO a60 4AaCTKOBO 36epiraloThcs B
Tt micas npunuHEeHAT Aii 30BHIMHIX cun. Byxe medopmanis npysxaoro
UM IJIACTUYHOK 3aJ1€XWUTh HE TLIbKH Bl IIPUPOAM Tija, a ¥ Bim mpUKiIa-
AEHHX CHJI. SIKIIO cuja He MEepeBHINy€E MEBHOI MEXi, Ky HAa3WBAIOTH Me-
Xel IpyXHOCTI, To medopmauis Oyne mpyxmomo. KOO 30BHIMHI CHIM
MEPEBUINYIOTE IO MEXY, TO nedopmauii OynyTe maactuuaamu. [lomin tin
HAa IPyXHi i MIaCTUYHI NEBHOW Miporo yMoBHUH. Yci nedopmamil micas
NPANINHEHAS Ail 30BHINIHIX CWJI HE 3HUKAKOTH MOBHICTIO, 4 TOMY € Iuia-
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cruyauME. 1lpoTe B AedKkMX Tinax sanwiukosi medopmanii HesHauHi 1 ix
MO>KHA BBAXATU OPYXKHHUMH.

Min wac gedopmauii Tina BigOyBaeThCS 3MiHMIEHHS HMOI0 YAaCTHHOK
(aTomiB abo MOJIEKYJ) BiIXHOCHO IOJOXEHb PIBHOBATM B iHNI IMOJOXEHHS.
1{uM 3MilIEHHSIM NIPOTHAIIOTh CHIM B3a€MOIil MiX yactuakamu. Taki cuam
B MEXAHIIi pPO3IJISAAI0Th K BHYTPIIIHI CWIM, IO AiIOTh MiX OKPEMHMMH
yacTiHaMu AedOpMOBAHOTO Tija.

Ha puc. 5.5 nokazaHo 3ajJeXHICTb CHIA
B3aEMOMil MiX aroMaM#u Bix BigcTaHi r Mix
uumu. i cum MarTh €1EKTPUYHE TOXOA-
KEeHHS i € pe3yJIbTYIOUNMHY CHJT TIPUTITaHHS
Ta BIAIITOBXYBAHHS MiX 3apAAXEHHMH 4a-
cruekaMu. Jingaka xpusoi Hap Biccro abc-
UMC BigmoOBiZa€ BUNARKY, KOJAU r<r, i
YACTUHKH BiIIITOBXYKTHCA ONHA Bif OFHOI.
Ockinpky ng FiJIg9HKA KPHUBOI HAE OOCHTH
KPYTO Bropy, TO 3 IbOr0 BHILUIMBAE, IIO HE-
| 3HAuHE 30 MKEHHS 4aCTMHOK norpedye Be-
- | JUKUX 3ycunab. [ng r > r, 4acTHHKHU
——— HOPUTATYIOThCS. g r = r, cuja B3aEMOAil
MiX UAaCTHHKAMM HOOPIBHIOE HYJIWO, TOGTO
CHJIY IPWUTSTAHHS 3PiBHOBAXYIOTHCS CHJA-
MM BifIUTOBXyBaHHA. HeBenauky INingHKY
KpUBOI Gi/ I[bOTO TIOJI0KEHHS MOXHA BBAXATHU NMpPaMOI0 JiHiew. Tomy npu
HE3HAUHHUX AMIUIEHHIX YACTMHOK Tija Bi LpOTO MOIOXEHHS mpH xedop-
Mauil cuJa IporopniHa 3MilNeHHIO.

Konn npyxsa gedopManis BCTAHOBUTBCS, TO PE3YIBTYIOUA BHYTPIILHIX
HNpYyXHUX CHJ, IO BMHUKAKTb y Tigi y Oyap-gkomy Horo mepepisi,
3piBHOBAXYE NMpPUKJAAEHI DO HBHOTO 30BHIWHI Cuyu. Tomy mpu mnpyXHii
medbopManii BHYTpImIHI MPyXHI CHJIM MOXHA BU3HAUMTHA 4epe3 30BHIMIHi
CHJIH, IO JifOTh HA TiO. BHYTDIMWIHI CIUIM XapaKTEePHU3yIOThb MEXAHIUHUM
HaNpyXeHHsaM. BOHO JOPIBHIOE BiHOWIEHHIO PE3Y/IBTYIOUNX MPYXKHUX CHA
Jo momli mepepisy Tiia, To6TO

Puc. 5.5

/S. 5.3

o= f DPYXH

HanpyXeHHs] HA3UBAIOTh HOPMAbHUM, SKIO CHNA [ . HANPSIMICHA

NEPHEHAMKY/ISPHO A0 NOBEPXHI S, 1 manzenyiaibHum, KO BOHA JOTHUHA
00 Li€l TOBEpXHi.

§ 5.3. OcHoeHi BuaM aechopmaunii. 3axou MNyka

OnuuM 3 HaROpocTimux Buais aedopmauii € degpopmauis posmsey abo
cmucky. Tlpn UbOMy TiO 3a3HAE 3MIHM JOBXMHH. SKWO mepexn nedop-
MAL€o TOBXWHA CTEPXHH [, (puc. 5.6), a micng medopmauii — I, To Be-
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suunay Al = | — [, Ha3UBAIOTb abCORIOMHOI OCedhopmauicro posmsey.
QuesugHO, WO AAS postary seawumna Al > 0, ana crucky — Al < 0.
Ockinbku abcomrorHa aedopmMamis HE BKAa3ye, IKy YaCTHHY CTAHOBHTH
3MiHA BOBXMHH CTEPXKHS BiJ IOUATKOBOI, BOHA HE MOXEC XaPAKTEPH3yBaTH
itoro medopmoanicth. Miporw aedopmauii € gidnocna degpopmayis. Bona
JOpiBHIOE BimHOmEHHIO a0comoTHOI xedopManii 10 MOYATKOBOI JOBXKHHH
Tina:

&=Al/ I, (5.9)

3a IomOMOro TOCTIAIB BCTAHOBJICHO, 1O A/
HE3HAUHHUX NPYXHUX AedopMmaniit MexaHiuHe
HanpyXeHHs Nponopuiise BigHOCHI# aecdop-

Maltii, To6To —_—Ia_—_~

o = ke, 5.10)

A€ k — xoedimieHT TPONOPLIMHOCTI, SKUN HA3H- Puc. 5.6

Ba1oTh modyrem npyxnocmi. Gopmyna (5.10)

Bupaxae sakon I'yca. Ti Moxna nommputy Ha Oymb-siKi BHAM TPYXHHX
necbopmaiit. g nedopmanii posrary (ctucky) dopmyay (5.10) sanume-
MO Y TaKOMy BUIJSAIL:

()':Eg:E%’ (5.11)

)

ne E — monyap fOwnea, SKW# 3a/1€XUTb Bil MaTepiany CTepXHA i HOro
disuunoro crany. Skmo y dopmy.i (5.11) npuitaata Al = oy, To nictaemo,
mo ¢ = E. Tomy moaymo IOHra yacto 1aroTh 03HAYEHHS MEXaHIUHOro Ha-
NpYXXEHHS, P SKOMY JOBXWHA CTepXHs 30LtmmThCs BABOE. Lle o3Ha-
yeHHS Mac (POPMANTbHUN XapakTep, OCKUJIbBKH IAS TAKHX BEJAUKHX
necdopmamiit 3akon ['yka He Bukonyersca. Qopmyny (5.11) moxHa sacro-
cysat# i ni1a pedopmauii ctucky. IIpu nedopmanisx posrary abo crucky
BiAOYBAacTHCA 3MiHA TOHEPEYHMX DPO3MIpIB TLW, 9Ky XapakTepusyloTh Ta-
KOX BiJHOCHMM IIOIIEPEYHHM CTMCKOM ab0 po3TaroM

. Ad 5.12)
g = T
ae Ad — abcosioTHA 3MiHA NONEpPCUHUX PO3MIpiB Tina; do — MOmepeuHi
poamipu Tiia mo nedopmauii. BixHoureHHs BimwocHOi momepeunoi aedop-
Mauii Tijia A0 BiAHOCHOI MO3HOBXHBOI Acdopmanii HA3ZUBAWTL KO-
echiuiecnmom Ilyaccona:

p=— 5.13
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KoedinienT ITyaccona 3aexXuTs TIBKH Bif MaTepiany Tina i € ogHiero
i3 cranmx, IMO0 XapakTepH3ye MPYXKHi BJACTMBOCTI Tiia.

Monysb IOnra E i xoedinient ITyaccoHa | NOBHICTIO XapaKTepHU3YIOTh
IPYXHi BJAACTUBOCTI i30TpomamX TiM. [lna GaraTeox MeramiB KoepilieHT
p=0,25.

3ammmemo 3akon I'yka mns degpopmauii scyey. Bisbmemo xy6 3 on-
HOPIAHOI i30TPOMHOI peYOBUHH (pHC. 5.7), HIXHIO rPaHb SKOrO 3aKPiIICHO
Hepyxomo. Ilix yac mii noTHYHOI CHIM HA BEPXHIO rpaHb Kyba BinbysaeTncs
nedopmauisa 3cyBy i keagpar ABCD meperBopioeTbcs B poM6 AB'C'D.
3cys mapiB, mapajieSbHAX BEPXHIM I'PAHi BIMHOCHO HUXHBOTO mapy, xa-
PakTepU3ylOTh KyTOM 3CYBY Y, 9KMil Ha3WBAIOTh GIOHOCHUM 3cyéom. Ilpm
HE3HAYHOMY 3CYBi

BB’
gy=y= g

SAxmo cuna f piBHOMIPHO pO3NOALIEHA A0 IJIOMi BEPXHBOI rpaHi, TO y
Oynp-aKoMy nepepisi, mapanenpbHOMY Iiif IpaHi, BUHHUKAIOTb TaH-
TEHIiaJbHI HANPYXEHHI

1=f/8,

ae § — mIoIma BEPXHBOI TpaHi.
3axon I'yka mua nedopManii 3cyBy MOXHA 3anMCATH y TAKOMY BHIVISIL:

1=Go, .14

ne G — xoedinieHT TpONOpPUINHOCTI, IKUA HAZUBAIOTh MOOYem 3Cyay. Bin
3aJ7IEXWUTh TiAbKYM Bil BJACTMBOCTEH Marepiaay.

Hedopmauii posrsry (cTucky) i 3cyBy HajexaTh A0 OXHOPIHKX AedOp-
Maii, To0To 10 TAKMX, KOJIM BCi Maji €1eMEeHTH Tija JedopmoBaHi ogHa-
koBo. Kpim naBenenmx Buzis aedopmauiit € depopmauii kpywenns i 3zuny,
4Ki HaJexaTh A0 HEONHOPIAHHX AedopMmaniin. ¥ mux sunagxax pecop-
Mallis BCEPEAUHI Ti/Ia IIPH MEePEXOi Bix omHiel TOUKHM JO iHINOI HEOXHAKOBA.

BizbmMeMO omHOpinHY ApOTHHY, 3aKpiMMO BEPXHIN KiHEUbh HEPYXOMO,
a OO HUXHBOTO KiHIS MPUKIAAEMO CHJIH, 9Ki CTBOPIOIOTE 00EpTaJbHIH MO-
MEHT CUJI BiIHOCHO oci apotunu. [lpotuHa 3a3Hae medopmanii KkpyueHHd.
[i HvOKHS OCHOBA MOBEPHETHCS! BITHOCHO BEPXHBOI Ha KyT ¢ (puc. 5.8).
3akon I'yka mna gedopMmauii KpydeHHS 3anMIIEMO TaK:

M=ko, 35.15)

ae k — crana 11 maHoi JPOTHHH BEIWYMHA, 1I HASUBAIOTH MOOY/leM KpY-
yennst. Ha sinMiny Bin Benuuwn E, G, 1, MOAYJib KPYUYEHHd 3AJIEXHTh HE
TLIBKYM Bif MaTepiany, a M BiI reOMEeTPHUHMX PO3MIpiB TiJ, fKi 3a3HAIOTh
medopmanii kpyuenss (aumB. npukian 5.4).
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binpm cknagHoo gedopmanicro € gedopmania aruny. PosrisiHemo 3run
OJIHOPIOHOTO CTEPXKHS JOBUIBHOIO momepedyHoro nepepisy. Hexaw mo ge-
cdopmanii crepxeHp 3aliMaB rOPH3OHTAJbHE MOJOXEHHH. IIpoBenemo me-
pepisu AB i A'B’ nepneHAMKYJIAPHO 0 OCI CTEPXHA i YABHO BUIIIMMO 3
HbOTO eyeMeHT AA'B’'B (puc. 5.9, o). Ilpu pedopmauii sruny nimii ene-
MeHTa AA', BB’ MOXHA BBa)XATH AYraMM Kill 3 LEHTPAMHM, IO JIEXATh HA
oci O, dKa NMEpPNEHIUKYJISpHA MO IUIOMMHY pUCYHKa (puc. 5.9, 6). Bicek
O HA3WBAKOTh BiCCHO 3rMHY. 3OBHIIOHI IHapH, IOO JEXaTh BUINE Bif JIiHIl
NN', nipu 3ruHi 3a3HA0Th BUOOBXEHHS, a MAapH, WO JEXAaTh HMXYE Bix

T
|
| B &
8 1,9’ C _70’ | N /X,
A
/ / { a
/ /I I % &
F 7
7’ / _ NG a
i // F :«p N //
/ / /-5 N/
A j/) g 7 0 \/0
Puc. 5.7 Puc. 5.8 Puc. 5.9

Ve

Jainii NN', 3asHaorh cruckanHs. J[OBXwWHA Iapy, PO3MIIEHOrO B3JOBX
aimii NN', sanumaerscs He3MiHHOW0., 150 JIiHII0 HA3UBAKOTH HEHTPATBHOI.
OCKUTBKH pO3TST (CTHCK) DISHUX IMAPIB HEOOHAKOBMIA, TO NpH AedpopMariii
3THHY, KpiM nedopManii po3rary i CTHCKY, cmoctTepiraTaMmerbca aecdop-
MaiLis 3CyBy.

TMpuxaan 5.3. 3uaitTy BifHOCHY 3MiHY 06'€My LWIIHADHUHOTO CTEp>XHA npu aedop-
Mmauii posrary, skmo o medopmauii itoro moexusa Gyna [y i miamerp d.

Poss'asanua Jas Beix peamsHux Tin npu  pedopMauii  postary of’em
36LabLIyeThCs, @ npu AedopMALil CTHCKY — 3MEHUIYEThCS. 34 O3HAUCHHSM BiHOCHA 3MiHA
o6’emy Tina

AV V-V,

Vo Vo @

ITo3naunmo ROBXMHY i AiaMeTp crepxkHs nicns aedopmauii uepes [ i d. Tomi
AV d*—d}ly  (dg— AdYY(L + Al) - dil,
Vo  dil, di, '

HexTyroun BeaMuMHaMM APYTOrO MOPSAKY MAajOCTi, MaeMo
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1 |

AV _ ()]
Vo o e (1 —2p).

Ilpu medopmanii posrary of’eM Tia He MOXE 3MEHLIMTHCH i —AVK > 0. Ilpu upomy
0

takox ¢ > 0. Tomy xoediuicur ITyaccowa p < 0,5.

IMpukaag 5.4. 3HaitTv 3a1€XHICTP MOAYJS KDYYEHHS Bijl TEOMETPUMUHMX pPO3MipiB
JPOTHMHM Ta Bix Moayas 3cysy G.

Poap’g3aHHsq Ilpu sakpyuysanui APOTHHM HHXHS OCHOBA MOBEPHETHCS BiJHOCHO
BEPXHbOI HA KyT ¢, a mpaMa BA mnoBepHEeTbCS HAa KYT Y, SKMI € KyTOM 3CyBy (puc.
5.10, @). Enemenrapuuit MOMEHT CWj, IO Ai€ HA ejneMeHTapHy mjowmy dS,

R

dM = tdSr. (1)

L 3 puc. 5.10,6 wMaemo, 10
0 8 dS =rdO®dr. Ha ocuosi opmyau
(5.14) supas (1) nepenuieMo y BHr-
sz

dM = Gy*drd®.

7 o
B e MU 3 puc. §.10, a mMaemo Y=7-
-~
y 0 AN Toxi
i
a dM = % © Pdrdo. @
Puc. 5.10 Ilicna interpysaHHs Bupasy (2)
MaeMo
R 2 4 3)
-G _IGR
M—L(pfrsdrfdG—ZL(p.
0 0
TlopisuioOuM ocraHHIi Bupasz 3 (5.15), micraemo
G R 4

k=122

2 L

3 mupasy (3) BuaHO, WO MOMEHT cuau M 3anexuth Bif paaiyca aporunu R. Toscrti
KOPOTKi CTEPXHi BAXKO HiAfalOThCs 3aKPYUYBAHHIO, @ TOHKI i AOBM APOTMHM Mif BILIMBOM
HaBiThb JYXKE MajJMX MOMEHTIB MOMITHO 3akpyuyioTbcs. Lle BHMKODHCTOBYETBbCS AN CTBO-
PEHHY JOCUThL UYTJIMBUX MiBICHUX CHCTEM y BUMIPIOBaJIbHUX MPHIAJAX.

§ 5.4. Npy)xHi BRacTMBOCTI peanbHux TiN.

Enepria npyxHoT gedopmauii. MpymwHnn rictepesmc

¥Yci peanpHi Tina MOXHA BBAXATH NPYXKHUMH TUTLKH IIPH JOCUTh MAaJINX
nedopmaniax. Kosu gecdopmauii nepesrinyoTs AeSIKy rPAHUUHY BEINYM-
HYy, §Ka AJd Pi3HMX TiJ1 HEOJHAKOBA, TO BJACTHUBOCTI TiJ 3HAYHO
BIJIPISHAIOTHCA B BJACTHBOCTEH A0COMIOTHO MPYXHHX TiJl.

IIpyxHi BracTHBOCTI peasbHMX Tia 3aneXHO Bix IxHbOI Aedopmauii
3py4YHO BHMBUYATH 3a TaK 3BAaHOK aiarpamorno xedopmysanHd. BoHa aBnge
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JTimo mpw nNpUnUHEHHI [il 30BHILIHIX

co6010 rpadiuny 3a7eXHICTh MiX BITHOCHOIO AehopMaIi€ero po3Tary € i Me-
XaHIUHKMM HANPYXEHHIM O, Ky ICTaNu eKcrnepuMeHTanbHo. Ha puc. 5.11
300paxewno aiarpamy pecopMyBanHs s AedopManii po3Tary MeTajaeBoro
crepxHd. 3 wiel giarpaMu BHIHO, IO 3aKOH ['yKa BMKOHYETBCS B IOCHTH
BY3bKMX MeXax 3MiHu aedopManii i manpyxeas. Bepxsao Mexy Hanpy-
XEHHs, TIPY 9Kifl ME BUKOHYETHCS JIiHiMlHA 3aJEXHICTh MiX € i 0, Ha3Hu-
BAIOTh Mexero nponopyitinocmi (€, o). Ilpy HanpyXeHHAX, gKi BHUIIi 3a
o, (Bin ToukH A 1o Toukm B (quB. puc. 5.11)), nedopmania mac me npyx-
HUM XapakTep, aje 3aJEeXHICTh MiX € i o HemiHiNHA. I'paHMYHE HANpy-
XKEHHS, NPY SKOMY M€ HC BHHUKAE

3aJMIIKOBa Aedopmalisa, HA3HBAKOTH 0
Mexeio npyxuocmi (g,, 6,). 3a Mexa- 6,
MM TIPYXHOCTi B TLJIaX BHHMKAIOTb Ae-
dopmamnii, mo 36epiratorbes i micas ;[
npunuHeHHd Aii 30BHImHIX cuia. Le ’
Tak 3BaHA 3aamMmKoBa aedopmais.

CHA MOBEepTAETHCA He B ctaH O, a B
crad O'. HanpyxeHHd, npu gaKkoMy
BUIBJIIETHCS MOMITHA 3aJIMIIKOBA AE- ¢
dopmaris (6ausexo 0,2 %), HasuBa-
10Th Mexero mekyyocmi (Touka C). Puc. 5.11

3a MeXel TeKyuocTi IpH € > €, Je-

Xurh obsracme mexkywocmi. 9 Hel XapakTepHUM € HEIEPEPBHE 3PO-
cTanHg jgedopMauii Tida 3 4acOM IpPH Maixe CTAaJOMY HANpyXeEHHI
(mingaka CD).

Marepianu, gis akux 061acTi TEKYyUOCTi IPAKTAYHO HEMAE, HA3UBAKOThH
KpUXKUME (1ierna, ckio, ¢hapdop Ta in). Ilpn ganemomy po3rasi 3a TOUKY
D rino 3HOBy uMHHMTHL omip Aedopmanii. MakcuMmaspHE HAmpyXCHHS O,
1[0 BUHHUKAE B Tl ITepe] MOYaTKOM HOro pyHHYBAaHHS, HA3UBAKOTh MEXErO
Miynocmi. Ilpy BAIMX HanpyXeHHAX B OAHOMY i3 mepepisiB Tija ¥oro
AlaMeTp 3MEHIOYEThCA i YTBOPIOCThC IMIMWKA, B AKiil BigOyBacThcd pyM-
HYBAHHS.

Ko npu mepmoMy AeOPMYBAHHI TUIA HATPYXEHHS Oysi0 OLTbIIAM
3a MEXY IIPYXXHOCTi, TO HiC/As NPANMHEHHS Aii 30BHIIHBOI CUJIHM TifO HO-
BepracThcs B craH O'. dxmio mosTopHO AedOpMyBATH TiLIO, TO MEXa
TIPYXHOCTI HOro 30LIBIIUTECA. 3POCTAHHS MEXI MPYXKHOCTI TL/IA BHAC/INOK
Horo nmoBTopHUX xedopMaliil HA3WBAXOTh 3MILTHIOBAHHSIM.

ITpyxHicTb i IIACTAYHICTD TUI 3a/71€XaTh TAKOX Bif TeMIEpaTypH, THAC-
Ky i pagy iHIUMX YMOB, B 9KkMx Tija nepebysawore. Tak, crajb npyxHa
MpH 3BUUYAMHUX YMOBAX i IVIACTMUHA NMPU BUCOKMX TEMIEpaTypax i TUC-
Kax; CBMHENp ILIACTHUHHMH TIpH KIMHATHIM TeMOepaTypi i CTa€ MpyXHUM
IIp¥ HU3bKHX TEMIEPATYpaXx.
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Xapaxrep medopManii B Tiji 3a5eXUTh TAKOX Bif 4acy Ail 30BHIITHBOI
cunm. Ha puc. 5.12 nokasaHo kpuBy 3ajnexsocri aedopmanii Bix vacy i
CTaa0i CUM. Y MOMEHT NPHKJIANAHHS CHJIM MIBHAKO BCTAHOBJIIOETLCH HE-
¢opMamia AB, noriM BOHA MOBLIbHO 3poctac mo Kpusiit BC. Y MomeHT
NPUIMHEHHS Aii cuim medopManis pisko 3MEHILYETbCa Ha BeauuuHy CD
i mOTIM HOBIJIBHO cnajgae no Kpusii DE. Ile asumme HA3MBAIOTH NPYKHOFO
nicasdiero. XapakTep 3anexHocTi € = f(0), € = f(¢) Aac MOXIMBICTD He
TispKM BHOpaTH Marepian 3 HEOOXiAHMME BIACTMBOCTSIMH IIPH KOHCTPYIO-
BaHHI Pi3HHUX YCTAHOBOK i MPHJAXIB, 4 ¥ BCTAHOBJIOBATH 3B 930K Me-
XaHIYHMX BJIACTHUBOCTCH TiNl 3 IXHBOK CTPYKTYPOIO.

Iina medopmanii tina Tpeba, mob mpukaageHi Ao

¢ c HBOTO CHJIM BUKOHamu pobory. B csow uepry, medop-

MOBAHE TiJIO 3XaTHE BUKOHATH PobOTy 3a PaxyHOK

edgeprii @mpyxsHoi nedopmanii. Lla enepris

AopiBHIOBaTHME pOOOTI MPYXHMX CHJ, SKMO HE

BixOyBaeThCY 3MiHA KiHETHYHOI eHeprii Tina. JIns mpo-

ro pedopmaiio HeoOXiAHO 3AiIMCHIOBATH MOCHTD

0 HOBLIBHO i 30BHIINHI CHJIM MOCTYNOBO 30iMbIIYBATH

TaK, mob y OyAp-AKHH MOMEHT uyacy KOXHA YACTHUHA

TijIa IpakTHYHO mepebysana B CTaHi PiBHOBATH, TOOTO

30BHIIDHI CWJIM BECh 4ac MOBMHHI 3PiBHOBAXXYBATHCH

NPYXXHUMH CHIAMH. 3HANIEMO €HEPTIIO TiIA mpH HOro

aecopmanii posrary (crucky). [Ipuknamemo mo crep-

xHs cuny F(x), aky 6yaeMo HemepepBHO i HOBiIbHO 36impurysatu Big 0

a0 F. Tlpu upomy abconmorsa aedopMaliis x 3MIiHIOBATHMETHCH B MEXKAX
Big 0 no Al.

Ha ocuosi ¢dopmyn (5.8) i (5.11) maemo

Puc. 5.12

_ES (5.16)

Pobora wiei cuaum mpu 3mini BesuumHa x Big 0 mo A/ Gyae

Al Al
_ _TES . _ES . v
A= {Fdx— s xdx 20 (A1) 3.17
[TepenumeMo Hei BUpas Tak:
2
_1 ALy _ 1 2 (5.18)
A—7E510(10 ) =5 EVe’,

e V = Sl — o0’em crepxua. Tonai enepzisi npyxnoi depopmauii po3Tary

1 e {
U—jEVs. 5.19)
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" TlopiBHIOKOYH POOOTY, BUKOHAHY 30BHIINHIMM CHJIAMHM, i TIOTEHUIAJBHY
eHepriio 7e)OpMOBAHOTO CTEPXHS, BBAXAEMO, MO HOTEHINIANBHA E€HEPrid
HeAS(DOPMOBAHOTO CTEPXKHS TOPIBHIOE HYJIIO.

3uaitnemo 06’eMHY rycTvHYy eHeprii mpyxHoi aedopmanii, To6To
€HEprito, IO MPUIIAAAE HA ONHHHLIO 00’€My PO3TArHYTOroO ab0 CTHCHYTOro
crepxus: w= U/ V. 3 (5.19) maemo

1 2 5.20)
w=~FE¢g",
2
Ananoriuno MOXHA 3anMcaTH BUPa3 g 06’€MHOI T'yCTHHH €HEprii
npyxHoi pedopmauii 3CyBy:

=Ll
w—chp. 5.21)

SIx6u 1o HemepOpPMOBAHOrO TiMa Biapasy mpuKIacTd cuay F, TO mpu
BHAOBXEHHI CTEpXHA Ha Al BUKOHyBasnachk Ou poGora yaeoe Ginbma, TobTo
EVe®. Ocki;ibku eHepria npyxHoi AedopMaiii JOpiBHIOE TIOMOBMHI i€l po-
6otH, TO Apyra ii NOJOBMHA BHTPAYACTHCH HA
KIHETHUHY EHEPTiI0 MPYXHUX KOJUBAHb, SIKi G A
nopu poMy OyayTe 30yIKeHi y CTepXHi.

Ak yxe 3a3Hauvagocd, KOMM MEXaHiuHi Ha-
NPYXEHHY AOCAraldTh MeXi MPYXHOCTI (G,
puc. 5.11), a noriM 3MeHIIyIOTECA 10 HYJAS, TO ——
BiIHOCHA nedopMalis IMOBHICTIO HE 3HHMKAE, a gl ef 0 / &
3MEHIIYETHCH 10 €. [1pu 3mini pedopmanii six |
0 mo £, 30BHIiIIHI CHIHM BMKOHYIOTH poboTy, Be- |
JUUYMHA SKOT mpomopuiina maomi ¢irypu A
OAg, O Ba niarpami posrary (puc. 5.13). 3a pa-
XYHOK Ljiel poOOTM BMHUKAE EHEPris IpyXXHOLU
nedopmanii. Ilpu smenmenni gedopmanii six €, 70 0 npyxai cuin 3a pa-
XYHOK eHepril mpyxHoi gedopManii BHKOHYIOTH poGOTY, BEJMUYMHA SFKOI
npornopuiaa miomi dirypu Ae g, A. Sxmo sMiHUTH HAIPAM Ail cuiwm i mpo-
BOOUTH AehOpMALIiIo Y 3BOPOTHOMY HAMpPSAMi, ZOCATIIA TAKOrO CAMOTO 3HA-
uyeHHs1 BigHOCHOI medopmauii £';, To po6ora 30BHimHBOI cuan Gyne
nponopuifHoro wiomi dirypu €,4’e’ €,. I1pn sMEHIMIEHHI 30BHIIHLOI CHIH
00 Hyas pobota mpyxHOI cwim Oyae mpomopuiiHow nsomi dirypu
A'e' g’ A

Sxmo 30iHCHATH MOBHUH ITHKJ AedopMalii Tiza, To poboTa 30BHINIHBOL
cud 3a nuka Gyme mpomopriitHa mwiomi dirypn A'e’ ' Ae g A’. Pobora
NPYXKHOI CHJTM 32 TO# caMuil UMKJ Oyae MponopuiiHoI CyMi mrom giryp
Ae g, A i A'e' g’ A'. Tlporsrom nuxiay po6Gora 30BHImHBOI cuim Oyne
OLabmoro Big poGOTH MPYXHOI CHJIM 33 TOM CAMHMM 4ac HA BEJMUMHY, IO
nponopuiiina wromi ¢irypu Ag,A’€ A, 9Ky HA3UBAIOTh HEMAEr0 NPYXKHOZO

Puc. 5.13
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eicmepesucy. Pisunus umx pobiT BUTpAyacThbCS HA TOAONAHHS CHJ
BHYTDIIIHBOTO TEPTH B TiJi i B PE3ybTaTi MOMOBHIOE 3aMaC eHeprii MoJie-
KyJASipHO-TEILIOBOTO PyXy BCepenmHi Tina. ToMy umMm wmpima ans JaHoro
MaTepiasy nersist Ticrepesucy, TEM OLIbIUE HArpiBacTbCs BUIOTOBJIECHA 3
HBOIO J€TajJb IpHU 1l nepioguuuux nedopmarisx. derani mammd, 9kxi 3a-
3HAKTh IMBUAKUX NOCPIOAUYHUX HedopMmauiil, BHroToBALIOTH i3
CTENiaJIbHUX COPTiB CTaji, Js SKUX METJS TiCTePe3uCy HOCHTh BY3bKa.

Po3zpin 6. BceCBiTHE TSHKIHHS

§ 6.1. Pyxu nnaner. 3akonu Kennepa

CrocTepeXeHHS 33 PYXOM IUIAHET CEpPeA HEPYXOMMX 3ipoK IOYaiucs
me y crapogaBHi yack. I1porsrom 6araTe0X CTOMITH CTBOPIOBAJIMCH DisHi
MOJIENi COHAYHUX CUCTEM, LIEHTPOM 9KWX BBaxanu Hepyxomy 3emmio. On-
HA 3 TAKMX TCOICHTPAYHUX CHCTEM HAJEXUTh JABHBOIPEUHKOMY BUEHOMY
K. Iltonemetro (II cr. H. e.). [TocTynoBo yCK/IAAHIOBAMUCH OMTMCAHHA OpOiT,
MO SKMX pyXawTbcsd miaHetu. Ilombcbkuit acrponom M. Komepuux
(1473 — 1543) nokaszas, mo opGiTM IIAHET MAOTh 3HAYHO HPOCTIHAI
BUDVISN, SIKIIO 32 LEHTP COHSYHOI cuctemy npuiiHatu Conne. Ha aymxy
Konepuuka 3emns ne mMoxe 6ytu B nenTpi Beecsiry i He Moxe 6yTu He-
PYXOMOK — IIe IUIAHETA i BOHA PAa30oM 3 iHIOMMM NAaHeTaMu 00epTacThCd
HaBkoJyio CoHus.

Hartcexumit actponom T. Bpare (1546 — 1601) He Mir npuitaaT cucre-
My Komepuwuka, Heapaxkarouum Ha ii mpocroty. BiH cTBOpHMB iHIIY reonesH-
TpUUHy cucteMmy, B skid Conue obepractbcg HaBkOMO 3emui, a immi
mraHeTyd — Haeko,10 CoHnd. 3 METOI MEPeBipKU 3aNpPOMOHOBAHUX ACTPO-
HOMiuHNX Mopaeaci T. Bpare mporaroM JOBroro 4acy BUMIpIOBAB TIOJIOXKEH-
HS HEPYXOMHX 3ipOK i BU3HAUAB MEpeMilIEHHd IIAHET HA HeOi. Bin ckias
OOWIMPHUN KATAJIOr OJIOXEHD 3ipOK i IUIAHET 3 TAKOK TOUYHICTIO, IO WOro
CIIOCTEPEXCHHAS BUKOPUCTOBYKOTBCS AO LBOTQ yacy. TOuHI mAaHI IPO pyxu
miadeT, Ha aymky T. Bpare, magyTh MOXJIHMBICT TOYHO ONHMCATH IXHi
opbiTH i 3 ABOX acTPOHOMIUHMX Mopenel suOpatu oxny. [l 3agauy micas
cMmepri T. Bpare po3s’a3aB oguH 3 #ioro yunis, HiMeusku# BucHuit Y. Ken-
aep (1571 — 1630).

. Kennep morpumysascs imei Komepruka, 3a gkormo 3emna obep-
TAETbCA HABKOJO0 CBOEI OCi i pasom 3 TuM obepractbcd HaBkoa0 COHIM 1O
nesHii opbiti. ToMy maHi cnocrepexesb T. Bpare BiH anasizysaB y cuc-

TeMi KOOPAWHAT, 3B’ 43aHii 3 HepyxoMuM CoHueM. Ilicnsa xpomitkux i Tpu-

paamx obumcaens M. Kemnep nicras omwH i3 CBOIX HaWBAaX/IUBIMIMX
PesyabTATIB: KOXHA IUIAHETA PYXAEThCA MO eMNTHYHIN opbiti, y omHOMY
i3 dokycis skoi 3Haxomutbcd Cosue. BinkMHYBIIM monepenHi ysaBJIECHHS
npo piBHOMIipHI pyxH mianer, Y. Kemiep npumycTus, mo WBAAKICTE Pyxy
miaseTd 1o i opbiti HaBkoa0 CoHUS MOXE 3MIHIOBATHCH, i OTPMMAB LI

124

OIWH HE MEHII BaX/JMBHMH pEe3y/bTaT: mpama, npoeemcHa Big Corus ao
IAaHeTH, ONMCYE piBri miomi 3a ogHakoBi mpomixku vacy. Lli asa
BiIKPUTTS TElep HA3MBAKOTHCS NMEPIUM i ApyruM 3akoHamu Kemaepa.

Tperiit 3axon Oys BigkpmTuii Kemnepom 3HauHo mismime, BiH CTO-
CYETHCS HE ONHICI TMIAHETH, 4 BCTAHOBJIIOE 3B’S30K MiX mepiomamu obep-
TaHHS pi3HUX iaHer Haskoo CoHug i po3Mmipamu ixHix opbit. OTxe, Tpu
sakonn Kemrepa ¢dopMyarOTECS TakK:

1. Koxna mnasera pyxaerbca HaBkoso COHIE mo efincy, B OXHOMY i3
doxycis axoro mictureca CoHue.

2. Pamiyc-Bektop, nposenenuit Big CoHIg 10 IJIaHETH, ONUCYE DiBHI
ILJIOIII 32 OMHAKOBi ITPOMIXKH 4acCy.

3. Ksanpartu nepiomgis obepraHHS
mwia"er Hasko0 CoHIS BiXHOCATHCH
gk Kybm Besukux miBoceH ixHIX
eJinTHYHKX OpoiT.

TIpn obepraHHi ILIAHET HABKOJIO 4 n
Conns ixug sigcrawp mo Conus A
smiHpETHCa., Touky I7 opbitu, mo a
3HaXOonuThCI Hanbamxue po Comug, /
Ha3UBAWOTh nepuzeniem, a Jia-

METpaJbHO NPOTHAEXHY it TOUKy A Puc. 6.1

HA3MBAOTH agenicm (puc. 6.1). I3 3a-
KOHY DPIiBHOCTi IUIOHI BUILIMBAE, IO
MBHEAKICTb pyXy IiaHeT Gits mepuresniio Haibutbma, a 6ina adenioo Hal-
MeHImAa. 3ayBaXuMo, WO eIinTuyHiCTh opbit pisHux mwianer CoHA4YHOI CH-
creMu pisHa. KinpkicEHO eninTuuHiCTH OpOITH XapaKTEepU3ywTh
EKCIECHTPHCHTETOM, T SKMM PO3YMIilOTh BiZHOMEHHS (POKYCHOI BiacTaHi
h mo Beqmkoi miBoci a (puc. 6.1). IlepeBaxHa GiNPIIICTD MIAHET MAE E€KC-
uenTpucuter opbit, menmmit Hix 0,1. Tak, ana Benepu exciieHTpUCHTET
0,006, nns Hemryna 0,008, a mag 3emn 0,016. Lle Bkasye Ha Te, mo
opbitn mwiader CoHAYHOI CHCTEMHM MaXe KOJOBi.

dxmo nepiogu obepranud KBOX miaHer HaBkosio CoHUS BiANOBiXHO
nopisuiooTh T, i T,, a Besuki miBoci ixHix opbit — q, i @,, TO TpeTit 3aKoH
Kemsepa MareMaTH4yHO 3aIMCYETBCH Yy TAKOMY BMIVISII:

7 a
h-a ©6.1)

§ 6.2. 3aKOH BCECBITHLOTrO TSKIHHA

Bakonu Kerepa, 3HaiineHi eMmipuuso, natu MoxuBicts 1. Heorony
BCTAHOBYUTH 3aKOH BCECBITHBOIO TsXiHHA. OCKUIBKH IUIAHETH PYXamOThCH
Malixe o KOoJoBuX opfiTax, iXHi JOLEHTPOBi MPUCKOPEHHS

125




e

a, = o’R = —TTR, (6.2)

ne T — nepion obepranns; R — paniyc KoMoBoi opGiTy ruiaHeTH.
Bignomenns npuckopens g 6yap-sIKAX ABOX IUIAHET

4G _T R 6.3)
an2 7-‘?— R2'
Ha ocHosi 3akony (6.1) cmiBBigHomenns (6.3) mMoxua 3aIMHCATH 9K
@, R
R i 6.4)

ﬂ.z 1

Ha ocHosi apyroro 3akony aunaMiku Bupas (6.4) MOXHA 3aMHCATH TaK:

F, F, R} F, m, m
1. 2= ao L=_1._2
m,  m, E}z F, Ew 7{27 6.35)

3Biacw BUIUIMBAE, MO CHJIA, 9KA i€ 3 6oky CoHus Ha IUIAHETY, NPIMO
OPONOpNiHHA MAcCi mIaHeTH i obepHeHo nponopiiiaa KBagpary i1 Bigcrasi
no Conug, To6T0

F=k .1;_”,, (6.6)

Ae k — xoedinieHT MPOMOPLIiAHOCTI, IKMit ONHAKOBHMI Ad BCIX IUIAHET
Consunoi cucremu. KoedimieHt & 3a1eXUTh TibKW BiJ{ BJ4CTHBOCTEHN HpH-~
CKOPIOIOUOIo Tisia, B maHoMy pasi CoHig.

3a TpeTiM 3aKOHOM NMHAMIKH IUIAHETH MIOTh HA CoHue 3 cumamu

F=k X, ©.7

ne M — maca Conug; k; — xoediLieHT TpOMOPIHHHOCTI, BEMUYNHA TKOrO
3QJICXKUTh TUTBKHM Bifg Macu ruianeru. Ockinpku chiBBigHOmeHHS (6.6) i
(6.7) BMpaXaOTh ONHAKOBOI TIPUPORN CHJIM B3aEMHOTO MNPUTIATAHHI OBOX
T, TO MOXHA 3pOOUTH BUCHOBOK, INO CWIA B3AEMOMii MiX IUIAHETOIO i
Cornnem npsiMo mponopuiiiHa Maci SK OfHOrO, Tak i apyroro Tina, To0TO
nponopuiitaa xo6yTKy ixHix Mac i ofepHeHO nponopuifEa KBaapary
BiICTAHI MiX HUMM:

F=y %‘*M’ (6.8)

ae y — koeilieHT mpomopuiiHoCTi, SKUH HA3ZUBAIOTH 2pasimayiinorn
cmanor.
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e et v

Ilepesipky mpumymeHHs HpO Te, IO CMAA O6EPHEHO MpPOMOPIHiHHA
KBazgpaty Bincraui, . HbloToH 3aiiiCHMB HAa OCHOBI CIIOCTEPEXEHD 33 PYyXOM
Micsana. Hacrynna nepesipka i€l inei Ha pyxax cynyTtrukis FOmitepa mo-
Kas3ana, Wo MiX IVIAHETAMH Ta IXHIMH CYTTyTHUKAMH AIIOTh CHJIM TOTO Ca-
MOro xapaxkTtepy, mo i Mix CoHueMm i mnaneramu. Lle mano MoXJIMBiCTH
I. HetoToHy 3p0o6uTH BHCHOBOK, IO TAKOTO CAMOTO XapakTepy CHJIN XitOTh
Mix Oymb-sxumu ritamu. Taki cami cuu TSXiHHS JiIOTh 3 6OKy 3emi Ha
Ti&a, IO 3HAXOAATHCA Ha ii noBepxHi abo mob6am3y Hei.

MaremaTuunmit 3amMC 3akoHy 6cecgimnbozo maxinns (0.8) crpasa-
XKYETbCA JJId BHMAAKY, KOJIM TiJlA MOXHA BBAXATH MATEPiaJbHAMH TOY-
Kamu, ToOTO KOJH pO3MipaMH B3aEMOAIOUNX TiJ MOXHA HEXTYBATH
MOPIBHSHO 3 BiACTAHHIO MiX HUMH. Y BEKTODHIH (hOpPMi 3aKOH TSIXiHHS
3a0UCYEThCI Y BUISII

Vv
3
3

{

F,,= Y_R‘s“R 12 ©.9)

= »
ae 4+ 12 — cuaa NPUTATAHHA, IO Al€ HA MATCPlajbHYy TOUKY MAacCO0 Mi;

I_€> 12 — PamiyCc-BEKTOp, IIPOBEOEHMI 3 L€l TOUKM B TOUKY, A€ MICTHUTBCS
Maca m,.

SIKIo posMipy B3aEMOZIIOUHX TiJ MalTbh MOPAAOK BIACTAHI MiX HuMH,
TO TiJida BBAXATH TOUYKOBMMM HEMOXJWBO. [I1 BM3HAYEHHS CHJIM NPHTS-
FaHHs MiX HAMH KOXHE Ti/IO Y AYMI MOALISIOTh HA €JEMEHTH, SIKi MOXHA
BBAXXaTH MaTEpiaJIbHMMHU TOYKAMH. Tomi cmia B3aeMoAil Mix ABoMa eie-
MEHTAMH

AR, = y2mime g 6.10)
Rik

Ae Am; — i-it efIEMEeHT MEPIOro TiIa; My — k- eJeMeHT JpPYFOTO Tijaa.

Cuna B3aemopii i-ro eseMeHTa MEPIIOro TiNA 3 yciMa k-MH eJIeMEHTaMMu
IPYTOTO TiJIa BU3HAUAETHCA IK

= -> Am, >
AF = 3 AF = yAm, 3~ R, 6.11)
k k ik

Cuia, 3 sxoro apyre Tino jmie Ha mepme,
-> > Am Amk ->
FlzzzFizzYz E 1163 Ry. (6.12)
i i k ik

Pospaxynku mokasyiors, mo ¢opmyay (6.8) MOXHA 3aCTOCOBYBATH HE
TUIbKM [T TOYKOBMX TLI, @ M Ui B3aCMOAil ONHOPIAHUX TiA chepruuHoi
dopmu. ¥V 1poMy pasi TOUKOBAMH MOXHA BBAXATH TiJIa, MAca IKUX 30Ce-
penxeHa B iXHiX r€OMETPHUHUX LIEHTPAX.
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XapaxkTepHUM ISl Cusl MAKIHHA € TE, WO BOHKM HE 3aJIeXaTh BiA npH-
pORM B3aEMORIIOUMX Til.

VY uacu [. HproToHa 3aKOH TSAXiHHA TMiATBEPIXKYBABCSA TiIbKH acTpo-
HOMIYHMMH CIIOCTEPEXKECHHSIMHA 33 PYXOM IUIAHET Ta IXHIX cynyraukie, Te-
nep CIpaBeAJMBICTD 3aKOHY TEXIHHA [epeBipeHa M1s BCiX BUNAAKiB
B33EMONIIOUMX TiJl, TIOUMHAIOUHN Bill TAKHX 06’eKTiB, SK eJeMeHTapHi 4ac-
TMHKH, i KiHUAIOUH HAa#GLIbUIMMH aCTPOHOMIYHMMHE CKyHIUYCHHIMU. Ha oc-
HOBi 3aKOHY BCECBITHHOrO raxigag 1. HpooToHy Bajsoch OLiHUTH
pigHOmIeHHS Mac HeOecHHX Tin (Macu Omitepa no macu CoHud, MacH
Zemti mo macu CoHIs). Macy KOXHOIO Tifia OKpEeMO BiH HE 3Mir BU3Ha-
YWTH, OCKLIBKM HA TOM uac Oy;1a HEBU3HAUEHOIO rpasitanjisa crana y.

i. HproToOH NO4CHHB BUHHKHCHHS npunAuBiB i BigmIMBiB, IO
BizOyBaloThCS BHACTIAOK Ail CuH raxinng 3 6oky Micaug. CxemaTuyHO
L& MOXHA NOSICHATH Tak. BBaxarnMemo, mo ZemM/s MOKPUTA PIBHOMIPHUM
mapom Bogu (puc. 6.2). BHACTiOK pisHHX BincTaHeil Touok A, B i C Binm
Micsing ixHi MpUCKOpEHHsS OyXyTh Pi3HUMH. [ITap Bomu noGamM3y TOUKM A
MaTuMe Giipiie IPUCKOPEHHH, HiX wap BOAX no6mmsy touku C. Otxe,
mapu BOmM MOOKHM3Y TOUKM A BUIIEPEIKATUMYTb 3EMHY KyJII0, 4 mapu

Jemng

Micsub

sonu Gits Touku C, HABIAKH, BiACTABATAMYTb. 1le mpUBOAUTE O TOTO, IO
Ha i, sxa 3’egaye ueHTpn Micsms i 3emui (muB. puc. 6.2), yTBOpIO-
JOTHCS {BA BHCTYNHA (IPUIUTHBM), AKi nepeMimyoThCd HaBKOIO 3emii npu
fi oGepTaHHi HABKOJIO BJIACHOI OCi. B meit cammil yac Ha KiHmi aiamerpa
3eMHOI KyJi, NEPHeHguKyJISpHOro 10 ninii AC, piBeHb BOAYM 3HH3NTHCA,
to6To 6yae Bimmmue. OTxe, Ha 3eMHil Ky, A€ MPOXOMATD nimig AC, msiui
Ha 700y BinOyBaTMMYThCsl NPUIIMBH. BignmosigHo aBiui Ha n06y
BimOyBaTHMyThCH i pigmamen, CnpapXxHd KapTHHA IpUIUIKBIB i BiAILINBIB
3HauHO CKiamHima. lle symoBaeHo pyxom Micsis HaBKOJIO 3emuti, HA-
gBHiCTIO cwuT Teprda, cun Kopiosica, cuin rsxinus 3 6oky Conng. Kpim
TOro, 3€MHA KyJif HE BCS BKPHTA BOAOIO.

Ha ocHoBi 3aKOHY TSXiHHS ADOBOASTD PO3PaxyHKH TpaexTopil pyxy
HebecHux Tij Ta KOCMiyEMX Kopabsis., 3a #Oro JOMOMOTO OBUHCITIOITD

MaCKH HEGECHMX Til Ta {HIIMX TUTAHET i Tepiofu IXHBONO obepTaHHs.

Tpukias 6.1, Ilokasati, WO NMPUCKOPEHHS, 3 gKuM pyxaerbca Micaup no KOJOBiH
opbiri naskono 3emi, obuumcnene 3a xinemaTHuHuMu GopmynaMu i piBHSHHAMU JUHAMIKY,
MA€E Te caMme 3HAYEHHS.
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PosB’ s3aHH4 SKIO BBAXATH, WO MiCSUb PyXaerTbcs HABKOJO 3emii 10 KOMOBI
opbiti, To BiH Ma€ JOLEHTPOBE NMPHUCKOPEHHS

2 _ 41I2R )

r_
R T2’

a =

ne R i T — panmiyc opbitu Micsuga i nepion #oro obepranHa Hapkoao 3emii. Bexvumnu
R i T minomi Ha OCHOBi aCTPOHOMIUHMX crocTepexens. Toal a = 0.27cm/c.
OcKinbkM JOUEHTPOBE TPUCKOPEHHst Micsaus 3yMOBJIEHE CHIION0 Txkinug  3emui

F= mM M R . X R .
= —R2 , Ae m 1 — BIANIOBIAHO MaCH MICSILISI 1 3eMJII, TO, 3a JApyrmm 3aKOHOM
Hsp10TOHR,
F M
a=-—=vy—. 2
po YR2 2)

TinaMm, DiAHATAM HAJ MOBEPXHEW 3eMui, Cuiia 3eMHOTO TSDKIHHA HAZla€ MPUCKOPEHHS

=y —, (&)
=Y R32
ne Rg — pagiyc 3emii.
3 dopmya (2) i (3) picraemo, mo
2
a=glRe “
g LR .

Ockinbky BincraHp Big 3emsi A0 Micaua R popisHioe 60 3eMHUM pagiycaM, TO6TO
R =060R3, 2 g=9,8 M/ct, 10 3 dopmysn (4) Maemo
2

Ry 2
a=g (\60R3) = 0,27cm/c”.

QTx(e, IPUCKOPEHHS, SIKOTO Hajae 3emuss MicSmio, BU3HAUEHE HA OCHOBI 3aKOHY
TsokinHs, 36iraeThCa 3 pesyabraToM, WO HOTO AICTAXOTh HA OCHOBi KiHEMAaTHUHMX KOCHIAHMX
JIAHMX. 36imugﬂ UMX pPe3yJbTatis, 3HAMNEHMX pPi3HMMM MeTOjamMM, € ORHMM 3 JOKa3iB
CTIpaBeUIMBOCTI 3aKOHY TOKIHHA.

TMpukaag 6.2. Bu3HAUMTH OPUCKOPEHHS BiLHOTO nagivgs o Ha nosepxui Couug,
sxmo Bigomi pagiycu semuoi opbith R = 150-10% kM, Comus r = 7-10° kM i nepion
obepranns 3emni Haekosno Comug 7.

Poas’'a3anus IlpuckopeHHs BIILHOTO NajiHHA Ha nosepxui CoHus MoKHA 06-
yucsmtH 32 opMynoo

M, )

ne My — maca Conus.

OCKiIbKH pyx. Bemni HaBkono CoHus BigGyBacTbcs MaiKe MO KOJOBiM op6iti, TO cuna
npursranns 3emni Conuem BifirpaBaTuMe pOJb AOUEHTPOBOT CUaH, TO6TO

MyMe 42 4n?
Y =M.,—R, afo M. = ——R®. @)
R? 3 r2 He™
H‘mc:rasmmn upas (2) B (1), apictanemo
4n?

a= R® = 276,45 = 28g,
C

T2
A€ £ — NPUCKOPEHHS BUIBHOTO MNajiHHA Ha nosepxHi 3emuni.
25
5
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§ 6.3. I'pasirauiiina crana. M'pasitayiiHa Ta iHepTHa MacK

Dizuunui amicT koediuieHnTa nponopuiitHocTi y dopmy.ti (6.8), axmit
Ha3WBAIOTh TPABITALIAHOIO CTaJOK, HEBAXKO BCTAHOBUTH. [l mBOro y
BAPA3l 3aKOHY THXKIHHA NOKJIaneMo m, = m, = lxr, r = lm. Tomi F = v,
TO6’.I‘0 rpaBiTaliffHa CTaja 4YMCEJTbHO AOPIBHIOE CHJi B3aEMOAIi OBOX Ma-
TEpPiaIbHUX TOUOK 3 MacaMm 1 xr, mo 3naxonmarbca HA BigcTami 1 M.
Ouinka BENMUMHE y HA OCHOBi NPUNYMIEHB IPO CEPEHIO rycTuHy 3emii
N0Ka3ana, mo rpaBiTaliiiHe NPUTIraHHsI MiX TiTaMH 3BMYAMHUX PO3MipiB,
T06TO B 1TAGOPAaTOPHMX yMOBax, AyXe Maze. Lle cimuuTs PO TE€, IO AJA
BH3HAUCHHS Yy HOTPiOHI NOCHTH TOUHi i CKIAmHI E€KCNEPUMEHTH.

Bnepme CKCTEPUMEHTAAbHO JOBiB CIpPaBeNIWBICTh 3aKOHY TpaBi-
Tz_lfuﬁnoro NPUTATAHHY B 3€MHMX YMOBAX, a TAKOX BH3HAUMB rpasiTa-
WiMHY CTany Yy auraivicbkuit puenmil I'. Kasengim (1731 — 1810). IOna
BH3HAUCHHS 6y/10 BUKOPUCTaHO KPYTH/IbHI Tepesn. OCHOBHA UACTHHA Te-
PE€3iB — ONHOPIMHUE CTEPXEHb-KOPOMMCJIO 3aBIOBXKHU [/, MiABiMCHWH HA
Togxiﬁ npy>kHiA HUTWI @ (puc. 6.3). Ha KiHngx cTepxHs HpHKpiILIoBamm
OBl ONHAKOBI CBHHUEBI KYJbKH, MAacU SKUX m; = m, = 730r. 3 pizaux

GokiB Hux KYJBOK DO3MIINAMHN [Bi iHION BEINKi CBUHIEBI KyJIi, MACH SIKHX
M, = M, = 158kr. BHacninok rpasiTauiitHoi B3aeMmonii Mix Kyasmu m, i

M|, m, i M, KopoMuci0 IounHAE TOBEP-

TATHCA HABKOJIO OCi, IO MPOXOAUTH Ye-
pe3 HUTKY WiABiCy, Ha AEAKUH KyT ©.
Ockinpkn DOBXWHA ! CTEPXKHS 3HAYHO
Oiabina Bij BimCTami Mix LIEHTPaM4 Mac
Kyab m, i M|, m, i M,, To rpasitauii-
HOKI0 B33aEMONICH MiX KyJasMH m, i
M,, m, i M| MmoxHa 3HexTyBaTH. 3aKpy-
YyBaHHS HUTKM HiABiCY BixOysaeTbcd
JOTH, OOKH MOMEHT MAapW CWJ Ipasira-
LiHOI B3a€MOXil He 3piBHOBAXHTHCH
MOMEHTOM IPYXXHOI CHJIN 3aKPyUyBAHHS
HUTKH M = k¢. Kyt ¢ BuzHauaam 3a
BiIXHJEHHAM BigOMTOr0o MPOMEHS Bip
asepkanbusa A. Mogyap KpyuyeHHs k BU3-
Puc. 6.3 HAUMJIA B PE3yJbTATI CIOCTEPEXEHDL 3a

BiTbHUMH KOJHMBAHHAMM KOPOMHCJIA.

[[fo6 KOHBEKI[iiHi NMOTOKHM TOBITPS HE BIJIMBAJH Ha pesyabTratu
BUMipIoBaHb, ['. KaBeHnim posMicTHB eKCIEpUMEHTAIbHY YCTAHOBKY B 3a-
KpUTOMy SIINKY, KA 3HAXOOMBCS y 3aKpHTiil KimMHaTi. CiocTepeXeHHs
1 BUMIPIOBAHHY TIPOBOAWINCH 3 iHIIOTO NMPUMIMIEHHS 34 NOIOMOTOIO TEJIe-
ckoma. [docnix Kasenaima He pas moBTOpPIOBAaBCS B Pi3HMX BapiaHTax.
Tounine 3HaYeHHS Y BU3HAUEHO METOAOM, IIO 3aIPONOHYBAB HiMELbKMi
¢isuk @. XKosri (1809 — 1884). Ha ogHOMY 3 mieueit BaXibHUX Tepesis
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nigBimysanu aBi vamwku (puc. 0.4), MiX SKUMH PO3MIOIANN BAXKE CBUH-
LEBE TiJ0 MPaBHIBHOI reoMeTpuuHOl hopmu. Kosmm Ha BEpxHIO YAmIKy mO-
KJACTH TLIO0 Macolo m, TO Ha HBOTO fie cwna F, = mg + F, ge F — cuna
rpaBiTaliiHOr0 NpUTIraHHyg MiX Tiamu Macamu m i M. Skmo mokiacTu
TiJIO MAacoKw m HA HHUXHK YAamMKy, TO HA HBOrO AidTHME CHJa
F,=mg— F. Cuau F, i F, BU3HAUAKOTh 34 JONOMOTrOK BaXKiB, sKi
norpibui a1 3piBHOBaXeHHd Tepesis. Ha ocHOBI upux BMMIipIOBaHbL 3HAXO-
IATh

_ - F 2
Y 2Mm

Jle r — BigCTaHb MiX LOEHTpAMH Mac m i M.

3a cyyacHMMM JAHMMH, rpasitaiifiHa crazxa
y = 6,67259(85)- 107" 'm* - xr !¢ 72

Ockinpky 3HAYEHHS IpaBiTauifiHOI cTamol Ma-
JIe, TO TpaBiTaLifiHe NPUTATaHHA MOXe OyTH 3HAY-
H¥IM JUIS TiJI JOCHTh BEJMKMX Mac. Buacaimok mii
CHJI TPaBiTALIHHOIO MPUTHATAHHS 30iUCHIOETBCS PYX
BCiX HeOeCHUX TilL.

3uanug rpaBitauidiHOi cTaNOl Y mamo MoOx-
aneicth Bu3Hauumté Macy Micausa, CoHns ta Puc. 6.4
IHIMKX HebecHuX TLI.

Jo mpyroro 3akOHy AMHAaMiKM BXOOWUThH (isMyHA BEJMUMHA -— Maca
TL/Ia, SIKA XapaKTepu3ye iHepIiiHi BJAACTUBOCTI Tina, MOro 34aTHICTH Ha-
GyBaTH MPHCKOPEHHS mif mico cui. L0 Macy HA3MBAIOTH IHEPTHOIO.

Ho dbopMyau 3aKOHY BCECBITHBOTO TSKIHHS TaKOX BXOAMTH Maca, SIKa
XapaKTepU3ye TpaBiTauifHi BAACTHBOCTI TLI, TOOTO IXHIO 3HATHICTD AisiTH
HA iHION Tia 3 CMJAAMU TSKIHHY, & TAKOX 3a3HABATH Jil CHJI TAXIHHA 3
6oky iHmmx Tiz. Maca y 3akoHi BCECBITHBOrO TSXiHHS XapaKTEPHU3YE
3AaTHICTh TiJl CTBOPIOBATH MOJI TSXKIHHA, @ TAKOX BHUpaxae Mipy ail Ha
Tiza 3 Ooky iHmuX rpasitrauidamx mosie. Taky Macy HAa3uBAKTH
zpasimayiinoro, abo Baxkow. I'papiTauiitia i ineprHa Macu € xapakrtepu-
CTUKAMHM Pi3HMX BJIACTHBOCTEH TiJI, OCKLIBKM APYruil 3aKoH HpioTOHA i 3a-
KOH BCECBITHBOIO TSXIHHS HE3a/JEXHI OMH Bifl OFHOro. Y 3B’43Ky 3 UAM
BHHMKAE MUTAHHS, YA NOTPIOHO KOXHE TiJIO XapaKTEPU3yBATH OKPEMO
IHEPTHOKX | BAXKOKW MacaMu. Bigmosigp Ha me 3amuMTaHHA Ta MpPO
CHiBBiHOIIEHHY MiX MMM MAacaMH MOXE JATH TUIBKH EKCIIEPUMEHT.

Byap-gke Tino mobnnay nosepxui 3emni 3a3Hac Oil CHAM TPUTSTAHHS
3emi

m

Ie m, — rpapiTauiifHa maca tina; Ms; — rpasitaniitna Maca i Rz — pazgiyc
3emti.

131




Ilix miero niei cmam Timo HabyBae NPHCKOPEHHS @, K€ MOBHHHO
AopisHOBaTH F, moxizieHiil Ha iHepTHY Macy Tina m ,» TOBTO

M, m,
a=y72-;-_..., 6.13)

3 M

Hocninu Tanines Ta #Oro MOCTIAOBHUKIB MOKA3a/H, IO TPU BiIBHOMY
DafiHHi pisHi Tina MaoTbh OJHAKOBE NPHUCKOPEHHS a = g MHOXHMK
yYM,/ R; AJIsE JAHOTO MICLSI 3€MHOI MOBEPXHi CTasmii i HE 3a/JIeXUTh Hi Bix
rpasitaniinoi, Hi Bix iHEpTHOI Mac Tij, 9Ki magaTh. 3 LHOTO BUIUIMBACE,
o0 BigHOMIEHHY mr/ m, NOBUHHO OyTH /IS BCiX TiJ OXHAKOBHM. Ile o3ma-
yae, MO rpariTallilHA Ta iHEPTHA MAacH KOXHOrO Tijia IPONOPHiHHI Mix
co6010, OTXe, NPH BIAMOBIAHOMY BHOOpPI ONMHAIbL MOXHA noburuca, moeb
KoedinienT nmponopuiHoCTi TOPIBHIOBAB OAMHMLI, TOGTO

m,=m,=m. 6.14)

Tomy y ¢isuni ropopsaTe MpOCTO IPO Macy Tija, i Mg LUM PO3YMIOTH
¢isnuny BeMuMHY, KA € MIpOI0 iHEPTHHMX BJAACTHBOCTEH MaTepil i OxHO-
YacHo € Mipoo ii rpasitauiitanx snactusocreir. Ille 1. Heloton excrepu-
MEHTAJbHO MiATBEPAMB piBHicTE (6.14) 3 Toumictio no 1073, Yropcekui
¢bizux P. ETeem (1848 — 1919) 3HauHO NigBMIMB TOYHICTH EKCIIEPHMEH-
Ty i mepesipuB pisHicTE (6.14) 3 ToumicTIO Mo 107°. Temep ms piBHiCT
miaTeepmKeHa 3 touHicTio mo 1072 Hessaxaioun Ha OOCSTHYTY BHCOKY
TOUYHICTh MEPEBIPKM PiBHOCTI rpaBiTauiiiHoi i iHEpTHOI Mac, HoCHimXeHHd
TPUBAIOTh. Lle 3yMOBIEHO THM, IO PiBHICTH IPaBiTALIMHOI Ta iHEPTHOI Mac
MOKJAAEHO K MOCTYJIAT B OCHOBY 3araJibHOI Teopil BigHOCHOCTI aGo Teopii
Taxinng, aky creopus A. Eifamreiin.

§ 6.4. None 1axiHug. HanpykeHicts rpasitayiiiHoro nons

I. Heroron o6Mexuscs KOHCTATYBAaHHSIM HASBHOCTL I'DABITALIMHAX CHJI
Ta KiLIBKiCHMM onucaHHSM ix. BiH yTpumascs Bim Oyab-gKHX BUCIOBJIIO-
BaHp npo (iswuny npupoay umx cui. I. HeloTOH Ta psp iHmMX BUEHMX
HaMarajucst pO3KpPUTH MEXaHi3M rpasirauiiHux Bsaemoxniit. Komna 3 nux
crpob He po3B’a3yBana MocTasaeHol mpobaeMu. Teopist TEXIHAS 3HAHODUIA
CBiil JaJbIIMi PO3BUTOK y 3araibHii Teopil BimHocHocTi EfHmreiina. Oxn-
Hak y Teopii Efinmreiina #imerscd mpo HOBMI Croci® ONMCaHHSA TSXiHHS
T4 MPO y3arajJbHEHHS 3aKOHy TsKiHH4 HeioToHa, a He mpo disuuny npu-
poay rpasiTauiffHOI B3aeMOil.

Tlin uac BuBYeHHS B3aemonii (rpaBiTamidiHOl, €JEKTPHYHOI, MATHITHOL
Ta iHIDWX) BMHMKAIOTh 3aNMMTAHHY, K 3OiMCHIOETHCS NMepenaBaHHs il i um
BinGyBatoTbcs axi-HeGymp 3miHM B mpocTopi HaBKoso Tina?

Y mpoueci po3BuTKy (hisuku iCHYBAIM ABA MPOTHIEXKHI NPHUHIMIN NO-
SCHEHHd uMx nurtaHb. 3 vacie I. Heloroma ax mo mouatky XX cT. B Me-
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XaHiui NaHyBas TaK 3BaHUI NMPUHINT JAJEKONil. 3riTHO 3 MM MPUHIIUIIOM
BBaXaJocd, MO MATEPiasbHi Tijla B3a€MOQIIOTh 13 CHIaMM TIXiHHY Oe3mno-
CepenHbO Ha BiacTaHi Oe3 yyacTi cepenoBMINa, IO 3aIOBHIOE MPOCTIP MiX
timamu. Kpim toro, BBaxasocs, mo CHIM B3a€MOMil NnepenalThesa Bim of-
HOTO Tijia RO iHIIOrOo MUTTEBO. 3riffHO 3 MPHUHLMIOM JAJEKOAil, HASIBHICTD
MaTepiaJbHUX T HE MPUBOAUTH KO Oyab-9KMX 3MiH y IpOCTOPi, IMO OTO-
yye Horo.

Cyuacua ¢isuka BifKWMAac NPHHLOMI JaNEKOAii 9K TaKWi, IO He
BIIIOBifa€ MIACHOCTI, i CTBEPAXYE TiMBKHM OPUHUMUI OIM3BKOAIL.

CrpaBai, NPUNYINEHHS MOXJIMBOCTI TEPENABAHHS CHIOBMX B3acMOZiil,
TOOTO pyXy, uepes mycrory 6e3 yuacri Marepii piBHOSHAUHE IIPHITYIHCHHIO
MOXJIMBOCTI pyxy 6e3 marepii, MO HEMOXJIHBO.

3rigHo 3 mpuHuuMnoM OGau3bKOxAil, rpasiTamiiiHa B3aeMmomia 3mil-
CHIOETBCS HE 6E3MOCePEefHbO MIX TLIAMH, IO B3aEMOMIIOTh, a MEPENAEThCS
3a AOIOMOTIOIO IO TSXIHHA. [Tose maxinus — 1€ ocoDAMBUIM BHA Ma-
Tepii, SIKa BiApisHAETbCS BiX peuoBHWHHU. Ilose TaXIHHS iCHYE OXHOUYACHO 3
MaTepianbauMu timamu. [L1g KoXHOTO MaTepianbHOro 00’ekTa iCHYE CBOE
OAE TAXKIHHSL.

3a cyyacHMMM ydBJAEHHAMY rpaBiTamifiHa B3acMOpis Mix rinamm
BinOyBacThcst He Ge3MOCePENHBO: 1O TSKIHHS HEPHIOTO Tija A€ HA APYTe
TLJIO, @ MOoJIE TAXIHHS APYIOro Tiia — HA TEepuie Tino.

Ilpo Te, mo mosie TSKIHHS — L€ OOUH i3 BHAIB MaTepii, CBiAUaTh umC-
JeHHi excnepumenTtn. [Tose Taxinug icHye B mpocropi i B yaci 06’ exTHBHO,
MOXE AiITM HA Halli OpPraHM YyTTd Yepes3 MOKa3W pisHux npuaanis. Tak,
NMOKAa3W BAar BKAa3ylOTh HAa 3HAUYEHHS CWI TIXIHHS, WO AilOTh HA Tina, sKi
3BAXYIOTbh.

Ilix miero cmm mons TsXiHHA TiNA 3a3HaKOTh nepemimeHs. [Ipu HboMy
HOJIe TSXIiHAS BHKOHYE MEBHY poBOTy, 9Ky MOXHA BHKOHATH 33 PaxyHoK
eHeprii mons. Ile o3navae, mo mosje TEXIHHA Mae€ MEBHY €HEPTII0 4 OTXE,
i Macy, 9ka mponopuifiHa eHeprii.

TaxuM unHOM, nosEe TAXIHHA — L€ He a0CTPAKTHE MOHATTS, a Pi3NMUHA
CYTHICTh 3 NEBHUMH (i3MUHAMH BJIACTHBOCTAMH, WOMY NPHTaMaHHI
eHepriga i BigmoBigHa maca.

MMone Taximag npogsnge ceGe B TOMy, IO Ha TIJI0O Macow m,
po3MinmieHe B Oyap-gKili Touni mond, Aie cuia rpasiTamniibol B3acMoxil.
Tax, mose tiza mMaco M mie Ha TLIO MACcoK M 3 CHIOKD

F =—y1‘1’§’§17z’, (6.15)

-
Ae R — panpiyc-BexTop, MPOBEJECHHH Bif LWEHTpa Mac M y TOUKY
POSMIIIEHHS TijIa MAcOI0 M, IKE BBAXAKOTb TOUKOBHM.

HeBaxko nobauntn, mo sesuunna
M=

-
';1‘2 —'}’FR (616)
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€ OIHO3HAUHOK XAPAKTEPUCTUKOK TOJSI TAXIHHS, OCKiJIbKM BOHA HE 3a-
JIEXUTh Bil MacH m, a BU3HAUAETHCI MAaco M Tina, mo CTBOPIOE MOJE, i
->

pagiycoM-BeKTOpoM R TOuku mons. Beamumny (6.16) masusaroTe Hanpy-
KeHICMIo noast TSXKIHHS

G =-y2%R. 6.17)

k:m| z

3Bifcu BUAHO, L0 HANMPYXEHICTh € CHJIOBOK XaPAKTEPUCTHUKOI HOJIS
TSXKiHHY. BOHA YMCEeNbHO AOPIBHIOE CHMJI, 9Ka Ai€ HA OAMHHUINID MACH
TOYKOBOTO Tijla, BHECEHOTO B AAHY TOUKy mnoss. Hampyxenicty — Beau-
YHHA BEKTOPHA, HANPAM $KOi 36iracThCd 3 HATPIMOM BEKTOPA CHJIM
TSKiHH.

3 dopmyna (6.16), (6.17) Ta 3 Apyroro 3aKOHy AMHAMIKM BHILTABAE, IO
HAIIPYXCHICTh 10/ TSXiHHS YMCEIbHO ROPIBHIOE MPUCKOPEHHIO Tifa, AKO-
ro BoHO HaOyBaec mix micio cuiim Taxiuug., Tak, Aas TOYOK Ging mosepxHi
3eMuti HANIPYXEHICTH IIOJIS JOPIBHIOE MPUCKOPEHHK BLIBHOTO MAXiHHSI

-> -> M3 ->
g =G =-y5 Ry, (6.18)
3
e Rs — pagmiyc 3emui.

3 dopmyau (6.18) BunMBaE, MO MPUCKOPSHHS BiBHOTO NAAIHHSA Tin
HE 3aJI€XUTh Bif 1XHBOI MACH.

Hanpyxensicth moas TaxXinus rpadiuso 306paKyioTh 32 ZOMOMOIO0 CH-
JIOBUX AiHiN, ab0 ainild nanpyxenocmi. JIIHIEIO HANPYXEHOCTI HA3MBAKOTDH
JIiHII0, JOTHYHA J0 9KOI B OyAb-aKiit Touni 36iracTeca 3 HAIPSIMOM BEKTOpPA
HanpyxerocTi. JIiHiIM HAIIPYXXEHOCTI HANAIOTh HANPIMY, KUl 30iraeTbcs
3 HAMPSMOM BEKTOPA HANPYXXEHOCTI B TMX TOUYKAX, Uepe3 9Ki mposeacHa
CHJIOBA JIiHid.

ITone Haa_pgsa}o'rb OOHOpIOHUM, SIKIIO B yCix HOr0 TOYKAX BEKTOp HA-

npyXxeHocti G cragud 9K 33 MOXyJieM, Tak i 3a HampsMoM. [Ipukrapom
ONHOpiAHOro moJd MoXe OyTu mosie mo0aM3y MoBepxHi 3eMJli, KOJIH
BiACTaHb BiA TOYOK IOJA A0 MOBepxHi 3eMii 3HAUHO MeHIIA Bix ii paxmiyca.

Jlinii HaTpyXeHOCTI MOXYTh MOYMHATHCS i 3aKiHUYBATHCd Ha Tilax 9K
IXepeaax i CTOKax MOoJst, a TAKOX CSTaTH y HECKiHUEHHICTb, OCKLIBKH IO-
ne icHye Ha Gynb-gKift Bigcrani Bin #oro mxepena.

ITosie HA3MBAIOTH NCHTPATBHIM, YKIIO Y KOXHIN HOTO TOUIlI BEXTOP HA-
MPYXEHOCTI HANIPIMJICHUH B3[0BX pajiyca, MPOBENEHOrO 3 ILEHTpa Mo,
a abcomoTHe 3HAYCHHS CHJIM, IO A€ HA MATEpiajhHY TOUKY, 3aJEXKHUTh
TUIBKHM Bif MORXYJs BifCTaHi A0 uentpa noas. [IpukiagoM LEHTPAJbHOIO
MOJIE € TIOJE HEPYXOMOI MaTepiaibHOI TOUKH.

AKImo mosie CTBOPIOETBCA CHCTEMOIO TijA, TO PE3YyJAbTYKUa HAMNpy-
XEHICTh NOPIBHIOE BEKTOPHIM CyMi HANpyXEHOCTEH MOJIiB, CTBOPEHUX KOX-
HUM TiJIOM OKpeMo, ToOTO
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n

- —>
G=2 G (6.19)

i=1

Criesignomenns (6.19) Bupaxae npunyun cynepnosuyii (HakJIagaHHs)
rpasiTauifHNX NosiB. 33 IPUHIKMOOM CYMEPMO3HIl MOXHA BUSHAUUTH HA-
NPYXEHICTh IO, CTBOPEHON0 TOYKOBMMH TLIAMH.

Hns Tin CKiHYEHHHX PO3MIPIB TAKOX 33aCTOCOBHMIA MPMHLMI CYIIEPIO-
3ULl, ONHAK [/l PO3PaxXyHKiB HANPYXEHOCTi MOJIA BUHHMKAE PSIA yTPYA-
HEHb MATEMATHUYHOTO XapakTepy. 3HAYHO CHPOIMIYETHCS PO3PAXYHOK
HANPY>XEHOCTEH MOJIB Til CKiHUCHHHX PO3MIpPIB 33 HOIOMOIOI0 TEOPEMH
Ocrporpaacekoro — I'aycca. [l poro BBEAEMO MOHATTS MOTOKY BEKTOPA
HanpyxeHocti AD uepes esement wiomi AS (puc. 6.5):

-> -
AD = G dSn, (6.20)
-

Ae n — OOVUHWYHMI BEKTOD, HOPMAJbHUH 70 enemeHTa AS. Bubip nomat-
->
HOTO0 HAmpaAMy BEKTOPA 7 OOBLIbHUN. SKIO B moJii BHALISETBCA 00’eM,

o\

>t

Puc. 6.5 Puc. 6.6

OOMeXEHMit JEeSKOI0 MOBEPXHEN, TO 3a AONATHWM HAIPIM n OepyTs Ha-
IpsiM 30BHIIUEBOI HOpMmadi. [Torik Oyme momaTHuM, SKIoO JiHii Hampyxe-
HOCTi BUXONATh HA30BHi 3 BUAIICHOrO 06’€My, 0GMEXEHOIO MOBEPXHEIO.
3HaizeMo moTik NiHil HanpyXXeHOCTi uepes 3aMKHEHY ITOBEPXHIO, KA
OXOIUTIOE TOUYKOBE TiZI0 Macow M (puc. 6.6). Buminumo enement rmwiomi
TakMX PO3MipiB, mo6 MoxHa Oysn0 BBaXat B il MeXax HampyXeHiCTh

G cranow gk 33 HanPSIMOM, Tak i 3a BEIHUMHOK. TONi eeMEeHTapHWIA
MOTiK HanpyxeHocTi d® uepes maomy dS BM3HAYAETBCS TAKHM
CHiBBIAHOINEHHIM:

_ M= > M M
d@——yFRdSn ——y?dScosa:—y}—zdSO, 6.21)
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oe ng) — mpoekuid dS Ha IUVIONMHY, NEePHEHANUKYJIAPHY A0 PaxiyCa-BeK-
- . - . -> .
TOpa R ; O — KyT MiX pajaiycoM-BeKTOPOM R i BekTopoM n . Ockijbknu
BETMYHMHA
ds,
R2
€ TiJIECHMHA KYT, HiA 9KHM BHJHO €JEMEHT dS 3 MiCUd pO3TalyBaHHA TOU-
KOBOTO Tijia, To BHMpa3s (6.21) MoXxHA mepenucaTu y BHLISA

d® = — yMdo. 6.22)

= do

ITopHuI WOTiK yepe3 3aMKHEHY HOBEPXHIO 3HAXOAMMO 33 AOIIOMOTOIO
inrerpysanHga Bupasy (6.22). Tomi

4z

® = - [yMdo = — 4nyM. 6.23)
1]

VY 3arajbHOMY BHHOAOKY, KOJIHM HO-
BEPXHSY OXOIUIIOE CYKYNHICTh TLJI, Macu
aKkux M,, M,, ..., M, 1o Teopema Oc-
Tporpaacbkoro — I'aycca 3anumetscs
Yy TakOMy BHIVISAL:

DO = — 4nyz Mi- (6.24)
i=1

[ 1o

Mpuxkaan 6.3. Ha puc. 6.7 so6paxxeHo xy-
0, pagiyc ako0i R,. Y Hil ¢ nopoxHuHa,
obmexeHa nosepxuerd cdepu paziyca R;. Ti
weHTp 36iracThCs 3 UEHTPOM Kyxi O. BusHauu-
TH HANpPY>XEHICTb rpaBiTaliliHOTO MOJd B TOY-
KaxX, Ang SKUX r<R|; Rl <r<R,ir>R,
Maca xyni m.

r Poss’'azaunsa. Y nopoxuuni subepemo
DOBUIbHY TOUKy A, paniyc-BekTop #Koi 7 < R,.
VaBHO mnpoBegeMo uepe3 Touky A cdepuuny
MOBEPXHIO 3 UEHTpoM y Touni 0. SIKo y Touui

A BanpyxesicTb rpasirauiitHoro nons G4, TO MOTIK JiHI# HaNpPy>XeHOCTi yepe3 MOBEPXHIO

Puc. 6.7

wioweio 4nr? mosumen Oyt
b= —G,4nr% 1)
3a Teopemoro Octporpancekoro — I'aycca mnoTiKk BEKTOpPAa HANPYKEHOCTi, 3riiHo 3
piBHsHHAM (6.24),
¢ =0, 2)

OCKkiNbKM cepuuHa TOBEPXHSA paniyca r macu He oxorunoe. ITopiBHiOOUM npaBi 4aCTHHH
piugHb (1) i (2), picranemo G, = 0.

3uaiineMo HANpyYXEHICTb rpaBiTauUifiHOrO moas AIs TOYOK, pajiycu skux R; < r < R,.
Hexait y touni B HanpyxeHicts Gp. YMOBHO npoBemeMo uepe3 Touky B cdepuuny
noBepxHio 3 uenrpom y touwi O. TMotik minift HANpyXeHOCTI yepes LIO [OBEPXHIO
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@ = 4n7Gp. 3
3a Tteopemow Octporpagcekoro — Iaycca motik
® = — 4nym,, (4)
ne m; — Maca, SKy OXOIUIKE BHAiJeHA TNOBEPXHS pagiyca r. Bona gopiBHiOE

4 .
my = %n (r3 - R‘?) p (p —rycruua), a m = 3" (Rg - R?) p. Toai

r3—R3"
m =——zm
R; - Ry

Ockimpku Ry < 7, 10 BemmuuHOW (R;/ r)3 moxua sHexryeatv. Toni supas (4) mnepe-
NUIIEMO TAK:

A1 - @/ 3
b= —dy—F3—3——m= —dnym—5——.
Ry — Ry Ry — Ry 5)
Tlopisntooun npasi wactuau pisnaue (3) i (5), micraemo
6)
GB = TY‘”'L‘E r.
Ry - R;

3HAAEMO HANPYXEHiCTh rpasitauiiiHoro mons 3a Mexamu cbepuunol nosepxHi B
TouKax, Ana skux r > R,. Uepes touky C Takox NPOBEREMO YSBHO CepuUuHY MOBEPXHIO,

papiyc sxoi r > R,. Hexait manpyxenicts y Ttouui C 6yne G.. Topi motix Bextopa
HANPYXEHOCTi ueped cdepuuny noeepxHiO pagiyca r

® = — 417G M
3a teopemow Ocrporpaacskoro — I'aycca
$ = — 4nym. (8)

IpupisHiorouy npasi uactunu (7) i (8), mMaemo
m
Ge=v 2

OrKe, Harpy>KeHicTh rPaBiTALIMHONO MOAsS AN TOUOK, fKi nexaTh Ha nosepxHi abo
3a MeXaMM KyJji, aHAJOriyHa Hanpy>XeHOCTi, L0 CTBOPIOETHCS MAaTepiaJbHOK TOUYKOK)
MACOK) M1, pPO3MINIEHOK B HEHTPi Kyni. 3asexsicts HampyxeHOCTi G Bif 7 MOKa3aHO Ha
puc. 6.7.

§ 6.5. Po6ota cun nonsi TsHKiHHS.
MortenuiansHa eHepria Bzaemogi’ mac. MoTeHuian

Cwia TaxinHs, nepeMimaroun Tino, BEKOHye pobory. 3HaiineMo pobo-
Ty CUJH TAXiHHS NI 4yac pyxy MaTepiajbHOI TOUKHA Macow m y MOl
TAXiHHSA, CTBODEHOMY TOYKOBOKO Macow M., Ilpu eneMeHTapHOMY Iie-

—>

pemimenni dR Macu m (puc. 6.8) cmaa TAXIHHY BHKOHYE CIEMEHTAPHY
poGoty

> > -
dA=FdR = FIdR | cosoa = — FdR, 6.25)
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mM . =
e F=y =TT MOIYJIb CWJIM TSXIiHHA; dR = — |dR | cos O 3MeHmEHHS

BificTaHi MiX MacaMu m i M npu nepeMimeHHi dR) .

Pobora cunm TaxiHHA mpH CKIHUEHHOMY mepeMilmeHHi Macd mnmo
AOBUIbHIA TPAEKTOPIl i3 TOuKM / y TOYKy 2, BiACTaHi gKWx A0 Macu M
AODIBHIOIOTE R, i R,, BU3HAYAETLCA iHTErpasoM

R
*dR 1 1

A=—-—ymM | —S=—ymM |5 - =]|. (6.26)
[ = (7 g,

3Bincu BMILIMBAE, IO POOOTA CHAM TSXIHHS HE 3aJEXHUTb Bif topmu
IVISIXY, 4 BH3HAUYAETHCH TiTbKH ITOYATKOBHMM i KiHIEBUM MOJOXECHHIMH
Macd m y noJi Tsaxiaag. OTxe, CHAM TIXiHHA
KoHCepBaTuBHi. 4xmo R, > R,, To Maca m
BiIJANS€TbCA BiX Macu M gK axepesaa moss
TaXiHAg i A < 0; uo pobOTy BHKOHYIOTDH
30BHIIIHI CHJIM IIPOTH CHJT TOA9 TSXiHHY. SIKIIO
R, < R,, T0 Maca m HabMMXaeThCs A0 IXEpea
nons TXiHHg i A > 0, Tobro cunu TIXiHHg BH-
KOHYIOTh HOAATHY pobory. OcKinbKH cmam
TSIXiHHS KOHCEPBATHBHi, TO BHKOHAHA HUMHU
poboTa NpH NepemMimeHHi MaTepiaJbHOI TOUKM
MACOIo /m MiX ABOMA TMOJOXEHHAMH [ 1 2 B moJi
TSKIHAS JOPIBHIOE 3MCHIIEHHIO MOTEHHiANIBHOL
€Heprii Macu m:

A=—-AU=U, - Us 6.27)
Puc. 6.8 3 dopmyn (6.26) i (6.27) micraemo
U= U= — yMm [+ - L (6.28)
LT T T YR T R '

Y 3apauax MexaHiKW, SK yXe 3a3HAuagocs, OCHOBHY pOJIb Bimirpac He
NOTCHUia/AbHA eHeprid, a ii 3Mina. ToMy mOTeHUiaJbHY E€HEprilo MOXHA
BiIpaXOBYBaTH BiX OyAb-SKOr0 MOYATKOBOTO PiBHSA. 33 MOYATOK BilTiKy
IOTCHLiaJIbHOi €HEprii MOXHA BHOpAaTH Take PO3MILICHHS TiJ, MPH SKOMY
rpasiTauifHOI B3aemoxnii Hemae. lle maTume Mmicue, kxosu Tina macamu m
i M mepebyBaloTh OFHE Bil OAHOTO HA HECKiHYEHHIN BixcraHi (R, > ).
Toni 1/R, >0 i U,~ 0. TIpu nepemimenni matepiaapHOi TOukm m 3
HECKIHYEHHOCTI HA BiAcTaHb R Bixg Tijia Macoro M NOTEHIiAaIbHA EHEpris
TOukd m Oynae

U= —y—-. (6.29)
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Ilpu Takomy (yMoBHOMY) BHGOpPi MOYaTKOBOI TOHKPI.Bi)IJIiKy no-
TEHLiaJIbHA €HEPrid ABOX MATEpiaJbHHUX TOUOK, IO B3aECMOMIIOTh, 3aBXIAU
Big’eMHa i 3pocrae mpu 30iAbleHH] BiacTaHi MiX HUMH.

IIng ogHOPIAHOTO MOJIs 33 HYJIbOBHH piBeHb MOTEHLiaJbHOI €HEprii Ge-
PYTh MOBEPXHIO TiNa, ke cTBOpIoe moje. Toxi moTeHNiaspbHy eHepriio Tif,
MO 3HAXOAATHCH HA BiACTAHI A BiX AXKepenaa MOJs, 3aNUAIIEMO IK

U = mGh; G = const. 6.30)

Qopmymn (6.29), (6.30) BupaxaloTs NOTEHIIATBHY €HEPTil0 B3a€MOAii
06ox Tin. dxmo nose TAXIHHA, CTBOPEHE CHCTEMOIO MAaTEpiaJbHUX TOUOK,
Mmacu 9Kux M|, M,, ..., M, TO MOTEHLiaIbHY €Hepriln MaTepiasbHOl TOYKHU

Macol0 m, 9Ka 3HAXONMTBCH BIAMOBIZHO HA BiacTaHIxX R,, R,, ..., R, Big
MaTepiaTbHUX TOYOK, BHPAXKAKOTH TaK:

M, .
U=—-ymYy 2= (6.31)
=1
3 supasy (6.29) BugHO, IO BEIMYNHA

v__,M2_, 6.32)
m R
HE 3aJICXUTh Bil Macy m, a 3aJeXUTh TLIbKH BiX Macu M i BimctaHi Bif
LBOTO Tiza A0 TOukHM moJas. Llga BeauuWHA CKaNASpHA, ii HA3UBAIOTh HO-
menyianom noas raxinng. IloreHnian noxg € Horo €HEPreTAUHOW Xapak-
tepuctnko. Kopucryrouncs mouattam moreHuiany, dopmymry (6.27)
MOXHA NOJATH TaK:

A, = m e, — 9,), (6.33)

e @; 1 @2 — moteHuiaan Touok 7 i 2.
IToTeHmian TOUKH TOJAS TSXiHHS, CTROPEHOIO CHUCTEMOIO MATEpiaJbHAX
TOUOK, BiZNOBiZHO BH3HAYAETHCH

n M n
w=—v;;i’=;<p,-~ (6.34)

Ockinpky mosne TAXIHHA € IOTEHIIAJbHUM CPIJIOBZI)M HoJIEM, TO MiX
- -
o00oMa HOro XxapaKTEepUCTMKAMM — HAMpPYXeHicTio G (R ) 1 moreHmiasoM
¢(R) icHye 38 ’s130K. Cuay TSXiHHA, 9Ka Ai€ HA MATEpiajbHY TOUKY MAacow
e d > > -> .
m, MOXHA BU3HAUYHTH 3a opmyqaor F(R) = mG (R), ne R — paniyc-
BEKTOp MaTepiasibHOl TOUKH, IPOBERCHUH Bill TOUKOBOI Macu M 49K HeHTpa

TaxinHga. [loTeHuiasbHa eHepria Macu m B JRaHIH Toqu§ OIS
U (R) = mo(R), ne R — BiacTaHb A0 IeHTpa ToXinHdg. IIpu HecKiHueHHO
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MajioMy NepeMileHHi Mack m CHJia TSDKIHHS BHKOHYE poGOTYy 3a paxyHOK
3MEHIIEHHS NOTEHUianbHOlI eHeprii

2> > == >
FdR = -dU abo GdR = — do. 6.35)

3Binck 3HaxoaMMO

->

G =-—-grado=-Vo 6.36)
abo B xoopauHaTHIA dopmi

& __ (%9 do=> do=
Gloyz) == |gpi+to5i +5 k|

Hanpyxenictp y panift Touni moas TsSXiHHS AOPIBHIOE TDANIEHTY IO-
TEHUiaay B Ii# Touui, B3ATOMY i3 3HaKOM MiHyc. BexTop grad ¢ 3axan
HanpsM/IeHnH y 6iK 3MEHIIEHHS HANPYXEHOCTi MOTEHIiA/IPHOTO MO i um-
CENbHO TOPIBHIOE 3MiHi HANPYXEHOCTI HA OOMHHMI AOBXHHH y LbOMY HA-
TpsMi.

Tipuknan 6.4. 3maiitu rpasitauiitny emeprito U onmopigmoi xyii, pamiyc skoi R i
Maca M.

Poss’ssannsg TIpasitauiitua eueprin xyn sBase co6owo MOTEHLiaAbHy €Hepriio,
3YMOBJIEHY CMJIAMM TSKIHHS, MO ZAiKOTh MK MAaTEpPiaTbHMMHM TOMKAMH, HA SIKi YSBHO
MOXHA pO3MiNMTH Kymo. Bosa nopismioe po6OTi 3 NMPOTHNEKHMM 3HAKOM, SKY- TOBHHHI
BMKOHATHM 30BHIIHI CuaM, wm00 4YaCTMHKM Kysai Bimmanuty  omdi  Bim  omHMX  mO
Heckinuennocti. 3Haifimemo w0 pobory. Y4BHO mOZinMmo KYyJK) Ha HECKIHYEHHO TOHKI
KOHUEHTPUYHI IAp¥ i NOCHIAOBHO BiJJIANSTMMEMO HA HECKIHUCHHICTL KOXHMEX 3 TaKMX
IUapiB, MOYMHAIOUM i3 30BHIHBLOTO. FIpM mepeHeceHHi KOXHOTO 3 eNEMEHTAPHMX wapis
Y HeCKiHueHHiCTb pofoTa 6yne BHMKOHYBATMCS HPOTM CHMJI TSKIHHS, 3YMOBJEHHMX MACOIO
KyJti, OOMEXEHOK PO3IISAyBaHMM MmapoM. SIKIO mif EJIEMEHTAPHMM LHApOM Macowo dm

3HAXOAMTBCS KyJsS MACOK M, TO poboTa A8 NEPEHECEHHS eJEMEHTAPHONO mapy =B
HECKiHUEHHICTD

dA:ym_frim. m

M

Ockimeku  m = 4/3n°p,  ne CTHHA = —_—
P Y TS

0 m=M{r/R)?® i
7 , . .
dm = 3MFdr‘ ITincrasusum y (1) Bupas m i dm, micranemo

dA = 3y (M*/R®) rdr.

ITosua poGota

4y, 3 M
3yR6 rdr—sy R

>

it

5
© Sy

3 M?
Bpaxosyioun, mwo d4 = — dU, maemo U = — SY R
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§ 6.6. 3acTocyBaHHs 3aKOHiB 36epeXeHHa AO PyXY Tin
Y UeHTpanbHOMy rpasitauifHomy noni

~

Ho Takux pyxiB HaJeXaTh PyXH NIAHET Congusoi cucremu. I1pu uno-
my CoHIe i IiaHeTH BBAXalOTh MATEPia/IbHUMH TOUKAMH. _

Po3riigHEMO pyX y UEHTPaJIbHOMY Mo TSXiHHA. SIKmO MarepiaibHa
TOYKA MAcoi M PyXa€ThCd Y UEHTPAJbHOMY IOJi, CTBOPEHOMY TOUKOBOIO
Maco M 9K JKepesnoM o, TO ii IOBHA eHeprid

2 6.37)
mv mM
= — y—— = const.
E 2 Y
Moxy/1b MOMEHTY iMIIYJIBCY MaTepiaJbHOI TOUKM MACOK m BiTHOCHO

LEHTPA TOJS

L = mvr = mro. (6.38)

3 03HAYEHHS LEHTPAJBHONO MOJS BHIUIMBAE, INO CHJA, AKA Hi€ HA py-
XOMY MaTepiabHy TOUKY, 3aBXIH MPOXOAWTb UEPE3 LEHTP MO Ipu
bOMy IIEYE CHJIM BiHOCHO LiEHTpa moJs AopisHioe Hyso (M = 0).

OTxe, MOMEHT IMITYJIbCY MAaTEepiaJpHOI TOUKH M € BEJIUYMHONIO CTAJIOK
(2.48), TobTO

mri® = const,

Je © — KyToBa MWBHAKICTb. [TOBHY MBHIKICTD ¥ PYyXy Tia MOXHA po3-
KJIACTH HA PajiajipHy vp i a3MMyTanbHy v, = ro ckianosi (puc. 6.9). Toxi

2 2
g mv, L (6.39)
mv- _m _ 2 m 2 _ P
T—-z—up+-2-r2m _2_+W'
3 ypaxysauusM (6.39) pisnsuHs (6.37) Habysac BHrISARY
T 2 2
m;p -y mj\/! + 2{:“_2 = E = const. (6.40)

Ockinbky y pisasmni (6.40) TUIPKM mepmwi WieH 3aJ1€XUTh Bij HIBHJ-
KOCTi, TO PyHKIis

M L
U(r)= "Yﬂr—'*'-z‘n;z (6.41)

€ TMOTCHLIaJIbHOIO EHEPTi€lo. .
3HanAeMO YMOBH, MIPH SIKMX TPAEKTOPiS pyxy Tijna craHe EMNTAYHOLW,
TO6TO KOJIM pPyX Tiia Oyne oOMexeHuit y AesaKii o6_;1230ri POCTOPY. Takuit
pyx Ha3uBaTh iHiTHEM. [Lna poss’slaamm. uiei 3ajaui 3acTOCYEMO
rpacdiunmit merog. Ha puc. 6.10 mrpuxopoio niniero 300pasumMo rpacdiku

by

141




mM . _
~ i Uz(r)—-m;z, L=0.

Uun=-vy

CyuinbHow miniero moxaxemo rpadix ¢ynxuii U(r) 1K peaynbTar ao-
maBaHHs opamHar yskuii U, (r) i U, (r).

3 puc. 6.10 Buawo, mo 15 r < r, dbyskuis U (r) noxatHa i npu r - 0
ACHMNTOTHYHO HAabAMXaeThca g0 +o. [{ag 3HAUEHDb r > r, byuxuis
U (r) Bix’eMHa i mpu r - © BOHA ACHMITOTHYHO HAGMXAETHLCS 10 HYJS.

OckinbKu BEJIUUMHA mvz /2 3aBXxam pomatHa, To Mexi obiacTi, B sKiit
MOXe nepeyBaTh Tifo, BUSHAYAIOTBCS ymMosoio U (F) < E. [posenemo Ha
puc. 6.10 mpamy U = E = const nns Bumaakis, xomu E>0i E<0Q. Y
NEpOMy BUNAAKY RUISHKH KpuBOi U (r), IO 3HAXOAATHCS HAX MPSIMOIO,
HE MOXyTb OyTH HOCSTHYTI TijIoM 3 eHepricio E. Y ApyroMy BHMAKy mps-
Ma NIEPETHHAE KPUBY U (r) y nBox Toukax A i B. IM sinmosimarors BifgcraHi
BiZl LICHTpA mossd 7, i r;. BoHn i BU3HAavaroTh Mexi obaacri, B gKiit py-

Xa€ThCS TINIO y LEHTPANBHOMY rpaBiTamiitHoMy mosi. ¥ npomy pasi pyx
Tina 6yne obMexennm, To6To didiTHEM.

TpaeKTopiﬂ pyXy npu usomy Oyme [ i
enintuynol. Skmo E > 0, To mpsama ‘,U?(")
nepetuHae Kpusy U (r) Tisbku B OmHIMN \
TOuYII, SIKifl BiANOBizac BincTaHp r,. Sk- \ U=F
110 X TUIO PyXaeThCs CIpaBa HAJiBO, TO \\
LN
| NG
[\Vo S~
rf lrz Ir r
J
AN— bl
’(/
uir) — T Ulr)
e
Puc. 6.9 Puc. 6.10

Ha BIACTaHi r| HOTO HANMPSIM PyXy 3MiHHTbCS HA NPOTHJICKHUA, Pyx rina
Oyne HeobMexennM, T06TO iHDiHITHMM, a TpaeKTOpis — rinepbosivHoIO.

SIKIgO E = 0, pyx Tina takox Oyae HeoOMeXeHMM, a TPAEKTOPist — mapa-
601 YHOIO.

§ 6.7. Kocmiuni wsmgrocri

3aKkoHN pyxy ._1.‘1]1 Y UEHTPAJIbHOMY IOJIi JAIOTh MOXJIUBICTH pO3paxo-
ByBaTH TPAEKTOPIl PYXy KOCMIYHMX aNapaTiB Ta CTBOPIOBATH LITYYHi Cy-
OyTHUKH 3eMJti yM iHmux mianer COHSUHOI CHCTEMH.

Yy NONEPETHLOMY naparpadi 3azHauanocd, mo BEJIMYHUHA, 4 TOUHIIIE
3HAK TIOBHOI €HEPril KOCMIUHOIO amapaTa, mo PyXaeThcs TLUIBKH I AiCIO
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IEHTPANbHUX CHJ TSKiHHS, BM3HAUAE XapakTep Horo pyxy i cdopmy
TPAaEKTOPil.

PosmigHeMO pyX KOCMIYHONO anapata B CMCTEMI BifJiiKy, IOYaTOK KO-
OPAMHAT SKOi CyMilleHuii 3 neHTpoM 3eMiii. Y MOJi 3eMHOIO TAXiHHS IO~
BHA €Hepris KOCMiUHOIo anapara

mv’ mM (6.42)

2 YR
ne m i M — Macu BiAIOBiAHO KOCMI4HOTO anapara i 3emni; R — BigcraHb
amapara Bif ueHTpa 3emii. 3anexHo Bif CriBBIJHOINEHHS MiX KiHETHYHOIO
i MOTEHIia/JPHOI SHEepPriiMM Ha AaHiil BiACTaHi BiX LeHTpa 3eMJi anapar
PYXaTHMEThCS IO 3aMKHeHil Kpusii (E < 0) abo mo HeaaMKHEHiH KpuBii
BigZAJATHMETHCS Bix 3emai y
Heckinuennicts (E 2 0). IloBHy eHepriio
anmapara Ha (ikcoBasii BucoTi Hax 3eMm-
JIEI0O MOXHA 3MIHIOBATH 32 PaxyHOK MOro
kineTmuHoi eneprii. ToMy came MBUIKICTH
KOCMIYHOrO amapara Ha Uil BUCOTi BU3HA-
yae xapakTep pyxy i ¢opmy #oro reoneH-
TpuuHOi (BigHOCHO 3emiti) TpPaeKkTopil.
KocMiuni anmapatu BHBOASTH Y KOC- \
MiuHHil TpOCTip 3a AOMOMOrow Oararo- \\\
CTYyIiHYaCTHX DAKeT y BEPTHKAJIbLHOMY \ \ / /\
HAIIpsMi i3 CHEHiaTbHOI CTAPTOBOI IUIOMIAN-
k1. OcTaHHi#l CTYmiHb PAKETH BiAiIgEThCS \
HA BEJMKIN BHCOTI, A€ Omip MOBITP4 HE3HAY- \\ //
mmit, Jlinguka Tpackropii CA (puc. 6.11), Ha
K KOCMIUHMM anapaT pyxaerbecsd Hif i Puc. 6.11
CHIM TITM PAKETH, HA3UBAETHCH aKmus-
HorO OinsHkoro. Y TOLI_IP A Ha BHCOTI 2 Hax 3eMJiel0 KOCMIUHME amapaT

HabyBac HIBMOKOCTI v, HampsMyeHOi mapajnenbHO ropusonty. Hasi
BinOyBacThCA BUNBHUHA NOJIT amapara TLIBKH MR M€K0 LEHTPAJIBHOI CHIN
TsKiHHE 3emii (MacMBHA AiLMIHKA TPaeKTOpil).

BusicHUMO, SK 3MiHIOBATHMETHCS TPAEKTOPid BiJIbHOrO IOJABOTY
KOCMIiYHOTO amapaTa y Ge3NoBiTpSHOMY IIPOCTOPI 3aJIEXKHO Bifl IMOYATKOBOL
MIBUAKOCTI B TOulli A.

PiBHSHHS TPAacKTOpii amapaTa MOXHA 3HAUTH SK PIBHIHHS TPAcKTODil
Tifia, KMHYTOTO TOpPM3OHTAJbHO. [IpK HBOMY HEOOXiHO BpaxyBaTH 3a-
JIEXHICTh NMPACKOPEHHS BiJbHOTO HAfiHHS BiA BHCOTH HAA ITOBEPXHEIO
3EMJI:

E =

M
- , (6.43
8= YR, + By )

TouHM PO3PaXyHOK IOKasye, WO U TPAEKTOpid — ue Ayra eirnca,
thoxyc skoro 36iracTbea 3 HeHTpoM 3emii. Ilpnm Manux sHaueHHIX MOYaT-
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KOBOI IIBMIKOCTi EillC MEPETHHAE MOBEepxHIO 3emai y Touni B (quB.
puc. 6.11), To6T0 amapar namae Ha 3emt0. [3 30UIBIIEHHAM HBHAKOCTI
esiinic Bce Oinpllie pO3TATYETHCH, Habamxkawuuck 3a ¢HoOpMOIO 10 KOma, a
OanbHICTh MOMBOTY TIO AY3i €JIiIca 3pocTac. KMo HagaTH anapaTty HOCATh
BEJIMKOI MIBUAKOCTI ¥ = ¥;, TO TPAEKTOPId NEPETBOPUTLCS B KOJAO (KpH-
Ba /), To6TO amapar He BHajxe Ha 3eMJII0, @ PyXaTHMMEThCS HABKOJO HEl,
MEPETBOPMBIINCh Y MTYYHHH CYNYTHHK 3eMJI.

Hepuworw kKocMiMnorw weudKicmmo v, Ha3UBAIOTh TAKY TOPU30HTAJIBHO
HAIPIMJIEHY MiHiMaNbHy IIBHAKICTB, 3 IKOK KOCMIUHHMN amapaTt MOXe py-
XaTHCS HABKOIO 3eMii 1o KosioBiit opbiti, TO6TO MOXE CTATH HITYYHHAM
CYyNyTHHKOM 3eMii.

Ha cymyTrHuHK, IO pyXaeThCd HO KOy paxiyca R, + A, pmie cumia
TIXIiHHA 3eMiti, 9Ka € AOUEHTPOBOK CHJIOK i Hajae HOMY HOPMAJIBLHOTO
npuckoperns vi/(R, + k). 3a apyrum 3akorom HploTona

2
mM  mv,
YR+ 1 T Ryt

3Bigcu 3HAXOAMMO

v, =V M Vg, (R, + h).

YR, ¥R T

6.44)

dkmo BuCOTAa Hajx 3eMiel0 Maja NOPiBHSHO 3 pamiycom 3emui
(h <R,), To mobnH3y moBepxHi 3emni

v, = VgR3 . (645)

Bassmm R, = 6,37-10°m i g = 9,81 m/c?, i3 Bupasy (6.45) micranemo
v, = 7912 m/c = 8 xm/c.

[lincraBusmu y supas (6.42) 3nauenns mweugkocTi i3 (6.44), HEBAXKO
MEPEKOHATHCS, [0 MOBHA CHEPrid KOCMIYHOIO amapara, sKuil pyXaeTscs 3
MEPUIO KOCMIYHOK LMIBHAKICTIO, Big’€éMHA i HOPIBHIOE MOJIOBHHI HOro mo-
TEHIiaJIbHOI eHepril B3acMoxnii 3 3eMieio.

Ilpu v > v, Tpaexropid CyNyTHHMKa CTa€ 3HOBY GJINTUUYHOK i ymM
Olnblua IBMAKICTh, THM Oinbwii oci eminca (xkpusi 2 ma puc. 6.11), i cy-
MyTHHK Bigjgasderscs Bin 3emui HAa Beauki Bigcrani. [IBmakocTi, 3 axumu
CYIYTHHMK PYXAaE€ThCS HABKOMO 3eMti IO 3aMKHYTHX TPAECKTOPigX, HA3HUBA-
I0Tb eJLinMUuMHUMU.

Byap-axoi eminTuuHO! MIBUAKOCTI HEJOCTATHBO AJAd TOro, wmob
KOCMIi4HUit anapat Mir BuiTH i3 chepn 3emHoro taxinus. HeobxigHa ais
ObOr0 MBHAKICTh MOBHHHA 33/I0BOJIBHATH yMOBY, IIPM $IKilf TIOBHA €HEPTid
amapara HOpiBHIOE HYJIO i #oro pyx crae neoomexenmMm. Ilpu E =0 i3
(6.42) maemo

144

2
et mM abo v, =V2g(R,+h). (6.46)

2 YR, +h

Axmo h KR,, O v, = v,\/i = 11,2 xm/c. Ilpu upoMy TpaekTopis Mae
dhopmy mapabonu (He3aMKHEHA KpMBA 3), PYXAOUMCh TIO AKill KOCMIYHHMM
anapar BigganseTbcd Bi 3emii Y HECKiHUEHHICTD.

Apyzoro kocmivHoro weudkicmio v, Ha3UBAOTh TAaKy HaliMeHIy
HIBHAKICTh, 9Ky HEOOXiTHO HAZATH KOCMIUHOMY anapaty, mob Horo opbita
B nouii TaxiHHs 3eMii cTasa napaboniyHO i BiH Mir HA3ABXAM MOKUHYTH
3emio.

HIsuaxicTe ¥, HA3WBAKOTh Me napabosiuHow, a6o KPHTUUHOIO,
OCKLJIBKM 19 33JaHOi BMCOTH Hax 3eMJIEI0 BOHA Biamosigae enuuii mapa-
GomiyHIA TPAEKTOpil, KA BIAMEXOBYE 3A@MKHEHI TPAEKTOPii CyMyTHHKiB
3emni Bt HE3AMKHEHMX TPAEKTOpii. SKmO MOYAaTKOBA MIBHMAKICT ¥ > v,
TO IOBHA €HEPrig KocMiuHoro amapara E > 0, BiH pyXaeThcd IO OXHIM i3
rinepGoaiuHNX TPAEKTOpiM (HE3aMKHEHI KPHBi 4) i TakoX HA3aBXAM 3a-
aumae 3emiro.

TakuM UMHOM, SKIIO BUCOTA HAJ MOBEPXHEK 3emii, 3 SKOI MOum-
HAETHCH BiJIbHHMM NOJIT, MaJia MOPiBHAHO 3 paxiycoM 3emii, To:

1) mpn v < v, KOCMiYHH} amapaT magac Ha 3emuo;

2) npu v, £ v < v, anapar CTa€ CymyTHAKOM 3emJi;

3) opu v = v, amapar BiaJiTac y CBITOBHM IpPOCTIp.

Kocmiunomy amapaty mobausy 3emuti MOXKHA HANATH i TAKOl IIBHI-
KocTi, mod Bin BuAMOB 332 Mexi Comsunoi cucremm. 1[0 MIBMAOKiCTH HA-
3MBAIOTE Mpembor0 kKocmivnoro. Anapar nokvHe COHSUHY CHCTEMY, SIKINO
nobnu3y 3emuti #omy HagaTm Apyry rejiomeHTpuuHy (BinmocHo CoHIIS)
KOCMiuHy mBHMAKicTb. Bpaxosyroouu msugkicte 3emuti simmocHo CoHbs i
HAmpsM 3aNyCKy KOCMiYHOIO anmapaTra, MOXHAa MOXa3aTH, OI0 TPeTd
KOCMiYHA HIBMAKICTH 3HAXOOUTBHCA B MeXax Bix 16,7 mo 73 xMm/c (gus.
apukaan 6.5).

HapamHg TiZlaM BeJAHKUX KOCMIVHHX IIBUAKOCTEH € CKJAAZHUM
TEXHIYHUM 3aBAAHHAM; 1X MOXHA JOCATHYTH 33 HOMOMOTOI PEAKTHBHHUX
IOBUTYHIB, BCTAHOBJECHUX HA KocMiuHOoMy kKopa6ai. [TouaTok TeopeTHynHoro
BHpIlIEHHS LIbOTO 3aBAAHHS NOKJaB pocikicekmit BucHuit K. E. Llionkxos-
Cbkui, gkuit BuBiB hopmyay (2.35), mo gae 3MOry po3apaxoByBaTH
mBHAKICTL paker. ¥ 1925 p. ykpaiucekiit imxenep 0. B. Kommpariox
(1897 — 1942) y xuusi "3aBorOBaHHSI MIXIUIAHETHHX NpPOCTOPiB” 3ampo-
MOHYBAB peajbHUI IIPOCKT IIMPOKOI MPOrpaMu OCBOEHHS KOCMOCY: Bif imel
6araTocTymiHYacToi pakeTu, (POPMy/TH HABAHTAXEHHS, CHOCOBY AOCSTHEH-
HS OOBEPXHI BEIHKUX HEOECHMX TiA 3a AOMOMOTOK BiIOKPEMJIEHOIO Bif
KOCMiuHOro KOpalbsig HEBEJMKOTO MOCANOYHO-3/LiTHOrO MOAYJSL, THIIIB
TPacKTOPiii — AC NPU3EMJICHHS 33 AONMOMOIOK MApamyTiB Ta KOHCTPYKIIl
Kpicia, MO XA€ 3MOry BUTPUMYBATH 3HAUHI mepeBaHTAaXeHHd. Ilepma
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KOCMiUHa MIBUAKICTH OyJia JOCATHYTA MPH 3aIYyCKY MEPIIOTO MTYUYHOTO Cy-
nytauka 3emui y 1957 p. mig kepiBHUIITBOM BHAATHOTO YKPaiHCHKOTO BUE-
poro C. I1. Kopoasosa (1906 — 1966).

Hicas icropuunoro moasory FO.0O. Tarapina y 1961 p. moumnaeTbcs
6ypxsusuit po3uToK KocmoHasTuky. Y CIIA B 1969 p. Oye samymenuit
10 Micsusa xocmiuami KopaGens "Amosio-9" i 3a BU3HAHHAM OXHOTO i3
kepiBuukiB nporpamu JIxx. Xy6oaera mosir i sucaaky Ha Micqup nepmmx
y CBiTi acTpoHasTis 3xificHeno 3a "tpacoro Komaparioka”. Imenem 10. Kon-
ApaTIOKa HaspaHo kpatep Ha Micami.

TMonboTH JIOAMHM HABKOJIO 3emui 1 Ha Micaup Ta KOCMIUHMX CTAHIIN
1o inmmx maaser CoHsSuHOI cucTeMH 30araTuiiy HAayKy i Jaaum MOXJINBICTh
BUBUMTH OJMXHIA KOCMiUHMH TIPOCTIp.

Tpukaag 6.5. 3uaiiti MiHiMajibHe i MAKCHMAaJbHE 3HAYEHHS TPETbOI KOCMIUHOI LIBHA-
KoCTi Kopabist.

Po3s’'a3audH4g. Toude BU3HAUEHHS TPETHOI KOCMIYHOI IIBUAKOCTI MaE psifi 3HAUHMX
YTPYAHEHb, OCKLbKM CHij BpaxoByBaTH rpasiraiuiiui s3aemonii tppox Tinm: Conng, 3emni
i xocmiuboro kopabas. Opuak Take OGUMCIEHHS 3HAYHO CIMPOIIYETHCH, AKIIO HEXTYBATH
IHEI0 TIOASl COHSYHOTO TSDKIHHSI HA PYX KOCMIYHOTO KOpalist MpOTSrOM YChOTO wacy, SKHik
norpibumit g BUXOAY HOro i3 30HM Ail 3eMHOro TsoKiHHs. Ile MOSCHIOETBCH TUM, MIO nis
MOJIS COHSUYHOTO TSUKIHHY TNOBHICTIO KOMIIEHCYETBCS CuiaaMu iHepuii, €Kki BHHMKAKOTH
BHACHIAOK pyxy 3emnai Haskono CoHug.

Tosnauumo meMakocTi kopabas sigHOCcHO 3Jemiui v, vy, v, (v, 1 ¥, — BignosigHO
mepma i Apyra xocMiusi MWBKUAKOCTI). AHAJIOMYHO NO3HAUMMO IUBMAKOCTI kopabng BigHOCHO
Conug V, V,, V. Sxuo kopaGens BUXOMMTE i3 30HM Aii 3MHOTO TXKIHHS 3 napaboniuHo0
WBUMAKICTIO BigpocHo Comus, TO BiZHOCHO 3emmi ns MBUAKICT Gyae TPETHOIO KOCMIUHOIO
WIBMAKICTIO, Ky MNO3HAUMMO uepe3 v. 3Hainemo MiHIMajbHE 3HAUEHHS i€l WBMAKOCTI.
Ias uporo crapt Ttpefa MNPOBOAMTM Tak, WOO NpM BUXOAL i3 30HM 3EMHONO TSXKIHHA
kopaesib pyXaBca B3NOBXK AOTMUHOI A0 3eMHOI opbitv i B Hampami pyxy 3emni. Pyx
posrsiAaTMMEMO B cucTemi Bimiiky, Bigmocuo sikoi Comne mnepyxome. HIBuakicTs pyxy
3emni naskono COHUY — L€ WBMAKICT KoOJ0BOTO pyxy V.. Tlpu samycky xopabist
BHACAIZOK Bimnawi WBMAKICT 3emmi aMmiHuThest i popiBnioBatume V. IUBuakicts kopaGus
y MOMeHT crapty Bignocuo Conust V, + v, a nicns BUXOAY i3 30HM 3€MHOTO TSKIHHA List
WBMAKICT cTase mnapabomiunoio, t06T0 V,. Tomi pismsHHS 3akoHy 30epexxenHsi eneprii
IS UMX CTaHIB MaTuMe Takui BULJISN:

%(Vx+v)2+%vﬁ~y@=%vﬁ+%vz, @
M

. . . . " . 2
ne m i M — signosigHo maca kopabng i 3emni. Ockimbku vy =y -

, TO piBHsiHHsA (1)
NEPErMIIEMO TaK:

m((og+ o) =205 =V =MV -V). @)

Bpaxosyouu T€, IO V:zn = 2Vi i V,+ V=2V, pisasuud (2) MOXHA 3anmucaTd K

mQ2Vee + o2 — V2 - 20} = 2MV, (V= V). &)

HexTtyiouu Ai€0 MOJIS COHSIMHONO TSDKiHHS, 3aKOH 30epexeHHs IMIyAbCY LMX CTaHis
MOXHA 3anucaTd y Taxiit dopmi:

MV, + m(V, + v) = MV + mV,. (4
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3sincH Maemo
MV -V)y=m{V, ~-V+v)
Migcrasueuwm supas M(V — V,) y piBHsHHS (3), 3HAXOMMMO MIHIMAJIbHE 3HAYEHHS
TPEThOI KOCMi4HOI IIBUAKOCTI:
vlo=V2(V2 - 1) + 2% *»

IlincrasuBiuM umuciosi sHauenua y (5), picramemo v, = 16,7 xm/c.

SIkmo xkocMiunmit xOpalesb MOCMIAKOTh Y NPOTHIIENKHOMY HANDSIMI 10 HALPSAMY PYXy
3emai, TO TpeTd KOCMIiUHA IIBMAKICTb MAKCMMAJIbHA:

vl = (V2 + DV + 202 (6)

Mpukiax 6.6, 3naitru  pamiyc R op6itv  crauioHapHoro cynytHuka 3emii
(CTanioHapHMM Ha3MBAIOTb CYMYTHHMK, AKHMIl PYXA€ThCH MO KOJOBiH op6iti HaBKOMO 3emi
TaK, WO yac ¥oro obepranns Aopisuioe 24 ron). CTauiOHAPHME CYNYTHHUK, AKMIT PYXA€ThCS
y Towmni exsatopa B 6ik obepraHHs 3emii, Gyze 3aMMIIATMCS HEPYXOMMM BIFHOCHO Hei.
Bupasutu R uepes pagiyc 3emiui Rs, KyTOBY IIBMAKICTS @ ofeptanag 3emui i npuckopenus
BiJIPHOTO NajiHHs g Ha 1l MOBEpPXHi.

Poss’sa3annq. JoueHTpoBe NPUCKOPEHHS CyNyTHHUKA AODIBHIOE MPUCKOPEHHIO, SIKO-
ro MOMy Hafa€ CHUia TSKiHHSA, TOOTO

o’R = yM3/R2. (98]
. 2 _—
Ockinexu My = gR3/y, To pisnicts (1) mabupae surmsmy

o®R = gR3/R%. 2)

3 2 3
gRS \/ g7
R=\/—= —2— R, = 6,61R
o2 4n’Ry 3 3

3Bincu mMaemo

Po3gin 7. MexaHika pigmH i rasis

§ 7.1. Tuck y pigmnax i rasax. 3akoH Mackans. 3akon Apximega

Yei Tifla CKIamaoThCs 3 aTOMIB i MOJEKYJI, SKi nepeOyBawoTh y Gesne-
PEPBHOMY pyci. ¥ TBEDAMX TLIAX ATOMM i MOJEKYJM 3OiMCHIOIOTH KOJH-
BajabHI pyXH HABKOJIO HOJIOXKEHb piBHOBAru. [Ipm upoMy cepenns BigcTaHb
MiX MOJIEKYJIAMHM TBEPAMX TiJ MPH CTAJIN TEMOEPATYpPi 3aJIMIAETbCH
IOCTIHHOI0, BHACAIAOK YOTrO TBepAi Tiia 36epiraors ceowo dopmy. g ne-
dopmanii TBepanX Tia OO HMX Tpeba MPHKIACTM HEMAJI CHIM.

Y piauHax i rasax HeMae HAaCTLIBKM CWIBHOTO 3B’43Ky MiX MOJIEKYJa-
MM, IKUH € y TBEPOMX Tilax. BHacHinox xaoTWuHOro pyxy MOJEKYJ iXHE
posMilieHHd OgHa BirHOCHO oxHOI Oyae moBireHuM. ToMy pimmMHM i rasm —
ue ¢iswyHi Tina, gKi, He mMamoum nesHol dopmu, HAOYBaOTH opMm Tiei
MOCYAWHH, y SIKill BOHH MIiCTATHCS.

Ha Binminy Big rasiB y pinmHax, He3BaXamuw Ha XAOTHUHHH PYX MO-
JIEKYJI, CEPENHS BiICTAHb MiX CYCIAHIMHM MOJIEKYJIAMH 3aJIMIIAETHCI MAXe
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HeaMminnow. OTXxe, piguay Ue (isuuni Tina 6e3 koukpeTHol dhopmu, ane 3
Malike He3MiHHMM 00’¢MOM, 9KHMil HA3WBAOTh éaacHum. Pimwem 3asxnu
oOMexeHi MEeBHUMM NMOBEPXHAMM, 9Ki BiIILISIOTH iX Bim TBEpAMX Tix abo
rasis. TloBepxHI0, MmO BigAiNse pinuHy Bix rasy, Ha3MBawOTh éinbHoro. Ha-
SIBHICTh BIbHHX MOBEPXOHb Yy PidWH Ja€ 1M MOXJIMBICTH IIPH MEBHUX yMO-
BaX yTBOPIOBaTH KparauHu. ToMy piimHuM iHONI Ha3MBAIOTh KPANJAUHHUMU
cepedosuu,amu.

TazononibHi Tina obmexeni a6o NMopepxHIMM PiiuH, 200 MOBEPXHIMH
TBEpOUX Tiji. BOHM HE MAOTh BIACHOTO 06’eMy. SIKINO J0 HOBEPXHI AEAKOTO
o6’eMmy pigmHu a0 rasy nNpuKJIAdeHO HE3HAUHY CIUIY, TO ii His MpHUBEXC
70 mepeMilleHb OOHMX YACTHH BiTHOCHO iHmux. ToMy 3a 3BHUAHHUX yMOB
pinueEm a6o razu He YMHATH OHNOPY NpH 3MiHI dopMu 06’eMy, ane UMHATD
omip npu 3MiHi HOr0 BEJIVUHHH.

IOna 3agay MEXaHIKHM BiXMIHHOCTI MiX DITMHAMHU i1 ra3aMu, 3a BUHATKOM
ocobaMBMX BHMMANKiB pyxy, Heicrorhi. TOMy Iif C/I0BOM pigvHM y LBOMY
pO3Ti pO3YMITHMEMO SK KDAIUIMHHI DiTMHH, TaK i rasu. Y AESKMX BH-
HafKax PO3pi3HATAMEMO KpPartuTdHHI (gKi HE MiAIaroThCd CTUCKAHHIO) i ra-
somomiOni pigAHM.

Po3apisi MexaHiku, B SKOMY BHMBUAETHCS CTaH DiBHOBATHM i1 pyXy pinuH
mig xi€0 3O0BHIMHIX CHJI, HA3MBAWOTH zidpoaepomexanixoro. ligpo-
aAEPOMEXAHIKA TOAIFETHCH HA TIIPOAEPOCTATHKY i riApoaepONMHAMIKY.

TinpoaepocraTnka BMBYAE PIBHOBATY pimuH i rasie. ¥ craHni piBHOBaru
HANpyXEHHd B PiAMHAX i ra3aax 3aBXAH HOPMAJbHi JO MOBEPXOHb, HA SKi
BOHH JiIOTb.

Y Mexamini piguHU i rasu po3ILAAOTh 9K CYHiAbHI CEpPEeROBHILA.
Cyuinbrum HA3WBAIOTH CEPENOBHIIE, SKe Ge3nepepEHO Po3noniieHe B Ipo-
cTopi i Mae BaacTusicth KUHHOCTI. IIpM HBOMY HE BPAaxOBYETHCA MOJIE-
KyasipHa Oynosa cepenopuina. Lle o3Hauae, mo Oyxp-IKuil eIeMenT 06’eMy
pimuau abo rasy MiCTHTh QyXe Beauke umcao Monekys. Lled enement
06’eMy Majmil HOPIiBHSHO 3 yciM 00’€Mom pimuemM abo rasy, ane Horo
pO3MipH BEJIMKi MOPIBHSHO 3 MIXMOJIEKY/ISpHUMH Bincransmu. [LmHHiCTD
CYILTPHOTO CEPENOBUINA 3YMOBJICHA PYXJIHMBICTIO WOTO MOJIEKYJL.

BupiivMo BCepequMHi PiIVHE TOBIJIBHMYN €IEMEHTapHUN o6’eM i posris-
HEMO CWJIHM, §IKi NiIOTh HA HBOTO. |X MOXHA NOAINTH Ha BHYTPIimHI i
30BHIIIHI. BHYTpilIHi CMIM 3yMOBJIEHI B3a€MOMICI0 UACTMHOK PIAMHH B
eseMeHTapHOMY 06’ eMi. OCKUIBKYM BOHH B33€EMHO 3PiBHOBaXYIOTBCH, TO iX
BpaxoByBaTH HE Oymemo. 30BHINIHI CHIM 3yMOBJIEHI [i€I0 CyCIimHIX eue-
MEHTIB, CHJI TAXiHHY TOLUO.

BoBHIMHI CHIH MOiAOTh Ha 06’eMHi, a60 MAaCOBi, | TOBEPXHEBI CHINM.
O6’eMHi CHIN — LI CIIH, IO AIIOTh HA eJeMEHTApHi 00’eMu, B SKUX 3HA-
XOAWTHCS TIEBHA Maca piAMHM uM rasy. [lo HUX HAneXaTb CHIM TSIKIHHS,
cuam imepuii. [loBepxHeBi cuiM — 1€ Taki, SKi AIIOTb HA IOBEPXHIO, MO
obMexye eneMeHTapHui 00’eM.

Jns 3miam o6’eMy pimvam aGo rasy HeoOxixHa Ais 30BHImHIX chia. B
iHepuianpHii cucTeMi Bigdiky Ha BiJIBHO Tajawue TiJI0 AIIOTH CHAH
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TSXKIHHS, aJ€ 3MiHM 06’eMy He BMHUKAE. SKIIO X AilOTh HOBEPXHEBI CHIIH,
10 pecdopmanii BHHUKAIOTH 3aBXAM. Lle BKasye Ha Te, MmO NpM 3MiHi
00’eMy pinusau abo rasy B HMX BHHHKAKTH NPYXKHI CHIHM, i SKMX OXHA-
KOBA 3a 3HAUCHHIM 1 NPOTWIEXHA 33 HamnpsMOM il 30BHilIHIX cuia. Jlis
NPYXHUX CHJ y pPiAMHAX 1 rasax BHSIBJASETbCH B TOMY, IO OKpeMi IxHi
enemenTapsai 06’eMy JIOTH OAMH HA OOHOrO abo HA Tifa, 3 SKHMMM BOHH
MEXYIOTb. ko pignua nepeGysac y CIHOKOI, TO ii eqeMeHTapHi 06’eMu
HE 3MIiHIOIOTh B3aEMHOI'0 PO3TALIYBAHHS.

Buginumo B Takiit pigumui aesdxmi 06’cM, 0OMEXEHHI HOBEPXHEIO
nosineHOT (hopmu. IIag 3pydyHOCTI BBAXATHUMEMO, MI0 MOBEPXHS Mae cde-
pnuny dopmy (puc. 7.1). Pozginumo et o6’eM Ha
IOBi YaCTMHU IJIOIIMHOK AB, IO HMPOXOANTH Uepes
ueHtp chepn. Yactnau o6’eMiB, WO po3MexOBaHi
TUIONMUHOIO, HilOTh OJWH HA OFHOTO 3 OMHAKOBHMH
3a MOAYJIEM i NPOTHJIEXKHUMY 34 HANPIMOM IIPYX-
HAMM CHJIAMH. YABIMO, INO OOHY YACTHHY 06’eMy
(nipy miBkyaw) Buayuuaud. [naa roro, mob
piBHOBara He MOPYMIWJIACh, YV DIAMHI OO IJIOMMHYU
HeoOxigHo mpuknacTa cuay AF, d9xka AOpiBHIOE Ail
o0’emy pigwnu, sxkuil Buyuwnn. g cuna nosuaHA
OiSITH TiJIBKM MEPHEHAMKYJASIPHO A0 muiomuHu AS
nepepizy AB. Imaximme TanremuianpbHa ckjaagosa il
3yMOBHTH PYX YACTHHOK DiTWHY, BHACTIKOK UOTO PiBHOBArA HMOPYUIMTHCS.
BennmuwmHy, gxa AOpiBHIOE BiHOIIEHHIO CWJIM, IO i€ HOPMAJbHO HA €JIe-
MEHT IOBEPXHi, 0 il MO, HA3MBAIOTh TUCKOM, TOOTO

_AF
P=As-
3a pupazoM (7.1) BM3HAYAIOTH CEPENHE 3HAUECHHS THCKY. SIKHIO cmaa,

3 4KOI0 pifdHAa Ai€ Ha NOBEPXHIO Iiowcio AS, po3nogiieHa HEPIBHOMIPHO,

TO BBOJASTH MOHSTTS THCKY y AaHii Touni pinmmm. Moro sesmunna Busna-
YAEThCSA TAKOK (PopMysoro:

(7.1)

. AF dF

p=lm x5 = s 2
AHANOriuHO BH3HAYAIOTH THUCK Y rasax. THCK — BEINMUMHA CKaJdpHA i
IUTS 3aaHOT TOUKM piguuy a60 rasy He 3aJeXHUTb Bill OpicHTALil IOLIMHN
dS. 3a opummmo tucky B CI BasTo mackans (1 ITa = 1H/1 M%). 3anexuo
Bil BCJMUYHAHHM THCKY KODHUCTYIOTHCS PI3HUMH OIMHHOSAMH HOTO
BUMIpPIOBAHHY. THCK, BUIIMHA Big aTMOCHEPHOIO, BHMIPKOIOTh B aTMOCHhe-
pax Ta B MiJiMeTpax PTYTHOr0O CTOBOA, Y TEXHilll TUCK BUMIipKOIOTH

TEXHIYHMMH aTMOCHEpaMu.
Ias piguH i rasis, ski nepebyBaioTb y piBHOBa3i, BUKOHYETBCH 3GKOH
Hackans: T™ack y Oyap-skiit Touni pinmau abo rasy, ski nepebyBawTh y
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CIOKOI, OMHAKOBUM B yCiX HanpsgMax i mepemacThCs B yCix HApsgMax On-
HAKOBO.

st oOrpyHTyBanHg 3akony [lackang, 3aCTOCYEMO IPHUHIUT TBEPAHEH-
HA. Y piguHi, 9Ka nepeGyBae B CIOKOI, BUALIAMO ¢JIeMEHTapHui 00’em y
BHIVISIAI TOBUIBHO OPIEHTOBAHOI Tpnrpannm npA3MH (puc. 7.2). Hopmans-

HO JI0 KOXHOI IpaHi JiloTh CUIM THCKY F,, F2, F3. Ha npuaMy, KpiM nmx
CHJI, i€ CMJIa 3EMHOTO TSXiHAS. BBaxatumemo, mo pinuHa B 06’eMi npus-
MK 3aTBepaina i 3 yacoM ii 06’eM Ta dopma He 3mMiHIOIOTHCA. Tomi BOHA
nepebyBae B piBHOBA3i i A0 HEl MOXHA 3aCTOCYBATH 3aKOHM DiBHOBArM
TBEPAOTO Tijia, TOOTO CyMa CuJj, IO Ai€ H3 NPU3MY, HOPIBHIOE HYJIIO.

- T A
~__ ' -
==
- L -
B -~ -4 A= -
f2 B L ——
E S - - -

3

A C 2
Puc. 7.2 Puc. 7.3

Cunm THCKY NpOTOPLIifHI TJIOmAaM rpaHedl HNpH3MH, a CHJIa TaXiHHA
nponopuiitaa 06’emy npusmu. [1pn OCTYNIOBOMY 3MEHIIEHH] 06’ eMy npH3-
MH CHJIA TSDKIHHS 3MEHIIYETHCS IIBUAINIE, HiX CWIA TACKY. Tomy /s mo-
CHTDH MAaJIOi IPH3MH CHJIOO TSXIHHA pinuay B 1l 00’eMi MOXXHA 3HEXTYBAaTH,
a CWIM, IO AiIOTh HA NPOTHAECXKHI 11 OCHOBHM, BBAXATH 3PiBHOBAXCHHUMM.
Cuam THMCKY, IO HifoTh HA Oiuni rpaHi, yTBODIOIOTH TPUKYTHHK. Bin
nofibHuit 10 TpUKyTHAKA ABC, 9Kuil € nepepizoM npusMu (Ius. puc. 7.2).
3 noxibHOCTI TPHKYTHMKIB MOXHA 3aIHMCaTH, 110

Fl _ F2 _ F3
AB~ AC =~ BC
Ockinbku mromi rpadeil BigmosigHO S, = AB'h, §, = AC'A, S,
= BC'h (h — BHUCOTAa TPHU3MHM), 4 THCK, IO Ai€ Ha rpaHi, BigNOBiAHO
F2 FS

F
p= T P, = 5 Dy = 5 to 3 (7.3) Maemo

(7.3)

P, =Py = D; 1.4
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Y rpaHuuHOMY BHOAgKYy, KOii 00’€M TIPU3MH 3MEHIIYETHCS, MOXHA
BBAXATH, WO THCKM p,, p,, p; HAAEXATh A0 OAHiel Touku. OCKiJbKH
Opi€eHTAaNis NMPH3MM ROBiNbHA, TO 3 piBHOCTI (7.4) BUILIMBAEC, IO TUCK Y
Oynop-sikiit Touni pinMHM aGo raszy HE 3aJ€XUTh Bil Opi€HTALIl IJIOMIUHM,
Ang gxoi Bu3HaueHo Tick. O1xe, 3akoH [lackang gosenmeHo.

3akon [lackass seXxuTh B OCHOBi poBOTHM rigpaBiaiuHMX npecis i
miA#iOMHUKIB, TiApaBJIiYHUAX i MHEBMATHYHHUX raJbM B aBTOMOOLJISX Ta
IHITUX MEXaHi3MiB,

Y momepemHix MipKyBaHHSX CWIy TSKIHHA, W0 NIi€ HA PiAWHY B eje-
MeHTi 06’eMy, He BpaxoByBasu. Po3risHEMO PO3NOiA THCKY B piovHi, 9Ka
nepebysae y cmokoi. IIpym mpOMy BPAaxOByBATHMEMO Ail0 CHMJI TSKiHHA.
Buninumo B pigwHi eNeMEHT y BHIISAI NPAMOKYTHOIO mapaneserninena,
mioma ocHosm fKkoro AS, a sucora A (puc. 7.3). OckinbKy pigmHa IbOro
06’eMy mepeOyBac y crioxoi, To piBHOAIMHA BCiX CWJI, WO JiIOTH HA 00’cM
piavHY, JOPIBHIOE HY/IO, & CHJIM, IO Aif0Th HA OiYHY NOBEPXHIO, B3AEMHO
apiBHOBaxyroThCa. 11106 3HANTH YMOBHM piBHOBArW mapaje/ecmineaa y Bep-
THKAJbHOMY HanpsiMi, TpeGa BpaxyBaTu THUCKH p, i p,, IO HiOTb HA BEP-
XHI0O | HHXHIO OCHOBM mapaniejeminena. 3acTOCYBABIIM IIPWHIIMI
TBEPAHEHHS 0 LBOro 00’€My, 3aMHUINEMO YMOBY DIiBHOBATH IJIS BEPTH-
KaJbHOTO HANpsaMy:

P,AS = p AS + pghAS, abo p, = p, + pgh, 1.5

A€ pgh — riApOCTATHYHMHA THCK PiZMHU, 3YMOBJCHHWH Ai€K 3EMHOTO
TAXIHHS; p — FYCTUHA PigUHM.

ligpocrarnyHui THCK PiAMHU 3a/J€XHTh Bil TYCTUHM DiZWHM p Ta BH-
coru 11 CTOBINA i HE 3a/A€XUTh Big (GopMHM NMOCYAMHM, B AKill 3HAXOXMTHCS
piauHa. SKWO THCK Ha BiAbHY IOBEPXHIO HEPYXOMOI PiZMHHU p;, TO
riApOCTATHYHAM THUCK DiAMHM Ha rinbuHi A Gyne

p = p, t+ pgh. (7.6

st B/I/IMipIOBaHHSi rifpoOCTaTHYHOIO TUCKY 33CTOCOBYIOTH NPWIANY, SKi
HAa3WBaIOTh MaHOMerpamu. Halmpocrtimmmii Tunm MaHOMETpa 4BJjsE CODOIO
U-tonibry Tpy6OKy, OOMH KiHEUb AKOi 3’€OHYETBCS 3 MOCYAUHOIO, B SKiit
BUMIpIOIOTh THCK, APYrHil — 3 arMocdeporo a00 3anasgumii i nOBITPA 3 HbO-
ro BifkauaHo. 3a pi3HMLEIO PIBHIB PigMH B KOJiHAX MAHOMETPA BH3HAYA-
KOTh THCK Yy IOCYOWHI.

Iins, BUMIpIOBaHHS BEJUKHMX THUCKIB 3aCTOCOBYIOTh METAJIEBI MaHOMET-
pH, B KHX MCTAJEBAa NpyXHA TPyOKa MPHMEAHYETbCS AO PE3EPByapa, B
SKOMY BHMipiOIoTh TuCK. Ilpu 3Mimi TuCKy 3MiHIOETBCS KOHGirypamis
Tpy6xu. [i 3MiHa (hiKCyeThCS 3a HOMOMOTOIO CTPLJIKHM YM iHINONO MOKA3HMKA
TCKY. Hu3bpki i BHCOKI THCKM BHUMIpIOIOTH NPHJIAAAMH, Oid SKUX TPyH-
TyeTbcsl 200 Ha 3aJIEXKHOCTI €IEKTPUUHOIO ONOPY MAHTAHIHOBOI JAPOTHHYM
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Big THCKY, ab0 Ha 3aJEXHOCTI EJICKTPHUHHMX BJIACTHBOCTEN KBAPUOBHX
IJIACTHHOK Bif THCKY (IT’€30eMeKTPUUHUHN edekT).

ManoMeTpH CKN1afalTECd 3 UYTJIMBOTO €JIEMEHTA i €JIeMEHTA, IKUM Ch-
JIy TUCKY IEPETBOPIOE B IHHIY BENMUYMHY, 3pYUHY MAJs BUMIpOBaHHA. 3a
THMOM YYyTJHUBOI'O €JCMEHTZ MAHOMETPU HOJINAITH HA PiAWHHI, Me-
XaHiIYHi, MOPMHEBi, €JCKTPUYHI, TEILJIOBI, PagiOaKTHUBHI Ta iHII.

¥ 3B’43Ky 3 THM IHO HA Pi3HUX piBHAX y piauni abo rasi TMCKYU pi3Hi,
HA 3aHypeHE B pimuHy abo ra3 TLIO [ic BHINTOBXYBajgbHA cWia. Y SBiMO,
mo TIO, IKe 3aHYpPEHO B PiguiHy, BUAHATO 3 Hel i meil 00’eM 3amoBHEHO
pinunHolo (puc. 7.4). Piguna, mwo 3HaxomuThCd B mboMy ob’emi, Gyme y
piBHOBA3i 33 YMOBHW, HIO DiBHOZIWHA I MOMEHT
yCix 30BHIMIHIX CWJI, 9Ki ZIIOTH HA BHAIJICHUN
06’eM pimuHM, AOPIBHIOIOTH HYJIK0. 30BHIIHIMEI
CHJIaMHM, IO MiOTh HA BHUIiAeHMH 00’eM piguHH,
€ Bara pinueam B 06’cMi AAHOrO Tija i CHMA THCKY
Ha moBepxHK S 3 Goky pigmau. Ockinbku
BuALIeHM 00’eM pinunM nepeGysae B CIOKOI, TO
piBHOZIMHA CUJ TiZPOCTATHYHOTO THUCKY, IO Hi€
Ha NOBEPXHK S, MOBMHHA AOPIBHIOBATH Basi
pinun# B 06’eMi, oOMexenomy nosepxuero S. Ila
piBHOAIMHA HANPIMJICHA BCPTUKAJBHO Bropy i
NPOXOAMTH YEpe3 LEHTP Mac BUALIEHOTO 06’eMy
pimuau. Tomi MOMEHT CWJI, WO Ji€ HA BUALICHUH
00’eM pigMHH, HOPIBHIOE HyJ0. SKIO pimuHy,
0oO0MeXeHyY TIOBEPXHEI0, BWIYYMTH i Ha i Micue nomicturit OyAb-gKe Tilo
TAKOTO €aMoro 00’€My, TO HA HBOTO AiATHME HANDPSIMJICHA BEPTHKAJBHO
BrOpy Taxa caMa piBHopiiiHa, ab0 BUIITOBXyBasbHa, cuua. OTxe, MU IIpH-
XOAHEMO M0 BigOMOro 3akony Apximeda: Ha Oynb-sKe TLIO, 3aHypEeHE B
pinuHy (ras), mie 3 Goky piaueu (ra3y) BMINITOBXYBaJbHA CHJIA, SKa
JOPIBHIOE Ba3i BUTICHEHO! TijioM pimuHu (rasy). Lla cuna HanpsmieHa Bep-
TUKAJIBHO Bropy i NPUKJIAA€Ha 10 UEHTPA MAC BUTICHEHOIO o6’eMy pigmHH.
Touky A Ha3UBAIOTh UEHMPOM NAAGy4OCcmi Tija.

Sxmo pinuaa nepebysa€ B CTaHi HEBArOMOCTi, TO 3MiHA THUCKY, 3YMOB-
JIEHOTO CHJIOK0 TSDKIHHS 3 BHCOTOHI0 3HHKAE, a 3 HEIO 3HUKAE | BUIITOBXY-
BaJIbHA CHJIA.

3akon ApxiMena BUKOPHUCTOBYETBCS ISl OIHKHM IJIABYYOCTi i CTiMKOI
pisHoBaru xopa0jis. PoaMimenHs neHTpa IIaBy4yoCTi BU3HAYAE PiBHOBATY
TiJI, WO MJIABAIOTh Y pifMHAaX. [l piBHOBaruM Tijia, 3aHYpPEHOTO B pigwnHy,
HeoOxigno, mwWo6 Bara Tijia ZOpiBHIOBajAa Basi BUTICHEHOI HMUM piAWHH, a
LIEHTP ILIABYUOCTI JIEXKaB HA OXHi¥ BEPTHKAJi 3 LEHTPOM Mac CaMoro Tisia.
Ing 3’acyBaHHS YMOB CTifiKOi piBHOBAr# PO3IVISHEMO OBA TAKUX BUMALKHU.
Y nepmoMy 3 HMX BBaXXKaTHMEMO, IO Tij0 MOBHICTIO 3aHYpEHE B PiauMHYy.
B upoMy pasi Oyab-aKi 3MilIEHHS | MOBEPTAHHA Tifa B PifvHI HE NPHUBO-
O4Th [0 3MIIIEHH [EHTpA IJIABY4OCTI i UEHTpa Mac BIAHOCHO Tiia.
Pisnosara Gyae criiikowo, koau uentp mac C Tijia JeXUTh HUXUYE Bif Horo
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peHTpa mwiasydocti A (puc. 7.5). SIkmo Touka C 3HAXOXUTBHCA BHUILE Bil
TOUKH A, TO piBHOBara HecTifika. 3 puc. 7.5 BMAHO, IO HE3HAYHE
BiAXWJIEHHY TiJa BiJl MOJOXEHHS PiBHOBATH BiHOCHO FMOPHM3OHTAJBHOI OCi
(Bich TEPHEeHKYTSPHA | IO TUIOI{MHY PHUCYHKA) IPHBOAMTHL AC MOSBH MO-

MEHTY Iapu CHJI mg i F Voro nis mpuBoxuth g0 omyckanus Toukd C i
MZHATTS TOUKU A.

Y apyroMy BUNanKy PO3ISHAEMO Tila, 9Ki IPH IJIABAHHI 3aHYpEHi B
piauHy He TOBHiCTIO. Llefl BMNAAOK CKIanHIIIHK, OCKiJIbKM MHUTAHHS PO
CTIMKICTh TAKMX TiJl € MUTAHHAMK Oe3nexd miaBaHHg Kopaliis. ¥ mpoMy
pasi 3MileHHs TiJa Bij NOJIOXEHHS PiBHOBATH NPHBOAHUTE 40 3MiHM (opMu
00’eMy BuTICHEHOI pimuHKM. BHACTIZOK IbOTO 3MiHIOETHCH MOJOXKCHHS ICH-
Tpa MIABYYOCTi BiTHOCHO TiIA, ske miaeae. Ha puc. 7.6, a cxeMaTnuHO
300paXeHo NOMOXEHHd Kopabuid, Koam Horo nentp mac C i HeHTp miasy-
yocTi A JexaTh HAa BEPTUKAJBHINA JiHil, 9xa € Biccro cumerpil. lpn maxwmmi
Kopabasg Ha KyT ¢ (puc. 7.6, 6) LIEHTp IJIABYUOCTi 3MIIYEThCA BIHOCHO

Puc. 7.5 Puc. 7.6

kopabna B Touky A'. Teuep JiHig Aii BUIITOBXYBAJbHOI CHJIM IEPETHHAE
Bich cMMeTpii kopabnga B Touwi M, Sxmo Touka M JEeXUTh BUINE Bij LEH-
Tpa Mac kopabns, To MomeHT mapm cui P i F, moBepraruMe Kopabesab y

NOnepeaHe MOJI0XeHHs. PiBHOBara kopabns Gyne criiikoro. Sxmo Touka
M nexuTh HUXUE Bifl LeHTpa mac kopabig, To MOMEHT mapu cua P i F,

me Giapme BimxuiasTaMe Kopabenb Bix nonoxewHs piBHoBarm. PiBHoBara
Oyne HECTIHKO.

Bigcranp Mix nearpom Mac C xopabssg i Toukoo M (MeTaneHTp) Ha-
3UBAOTh MemayeHmpuHoro éucomoro. Unm Oinpma MeTaleHTPUYHA BU-
cota, T™AM 6inpma crifikicte xopabns. CyuacHa Teopid naaBy4qocCTi i
cridikocti xopabaip possuayTta B mpausx O. M. Kpwiosa (1863 — 1945),

KM € OCHOBONOJIOXHHKOM HAYKOBOI MIKOMM KopabneOynyBaHHS.
INpuxnag 7.1. Kyns paaiyca R cxiagaerscs 3 ABOX NiBKY/Ib, BUTOTOBJIEHMX i3 CBMHILO
i sanisa. Kyns saHypeHa y Boxy i posmimiena wa omopax (puc. 7.7). Buanaumtu CHIIM,
3 9KMMM KyJis THCHE HA ONOpH.
Po3s’aszanHg Ha Kymo Sk €guHE TiNO AilOTH Taki,Cuiy; BHUINTOBXYBaJbHA CHia
F4, npuxJiafiena 710 uUeHTpa Kyai O CWIN 38MHOTO TSDKIHHS P_, i P;, npuxnianeHi B TOukax
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O, i O,. Toukm O; i O, 3naxomsTecs Ha Biacrami 3/8R Big uenrpa kyn O. Cuam

- -
peakuii omop N, i N,. ¥YMOBOK piBHOBarM Tifa € piBHICTH HYJIO PiBHOAINMHOI niloumMx Ccun

Ta CyMapHOro momeHry cui. Iepmry ymoBy sanu-
WEMO Tak:

Ny + Ny + Fy— Py — Py = 0. M

— YMOBY piBHOCTI HYJIIO CyMU MOMEHTIB AiHOUMX
CHJI 3ANMIUEMO BiTHOCHO TOYKM A

Po(R = 3/8R) + P,(R + 3/8R) —
~ F,R — Ny"2R = 0. 2

Baru ceBuHueBoi i 3asizuol niBKyJib i Cuia
Apximena BignosimHO AOPIBHIOKOTH:

2 3 2 4
Py = 3 TRp,E Py = 3 TR p.g; F,= 3 nR3pg,
A€ Pcys P3, P — FYCTHHA CBMHLIO, 3aJ1i3a, BOAM.
Iigcrapmsum  y  pisHguHs  (2)  BHpasu
Py, Py, F,, micranemo

3
ngR
N, = T4(5pca + llpg — 16p).

3 piBugnus (1) Maemo

3
ngR
Ny = 2—4(5p3 + Llpy — 16p).

BinnosigHo na onopu B Toukax A i B misTuMyTb cuM, ki HOODIBHIOKOTH 3@ BEJMUMHOKD
cunam N, i N,, ane mpoTMNEXKHI 332 HANPAMOM.

§7.2. IneanuHa pigmHa. PiBHSIHHA HenepepBHOCTI

Fi}lpOZ[HHé.lMiKa'-— PO3ZLN rifpOMEXaHiky, B IKOMY BHBUAETbCH PyX He-
CTHC/IMBHX DIOWH i B3a€MOAIS iX 3 TBEPAMMH TiNaMH.

_SQBnaHHH TigpoaMHaMiKyd TIOJAATAE B ToMy, mo0 3HaliTH
CIIBBITHOUWIEHHS, $Ki JAIOTh MOXJWBICTh 3a BEIMUMHAMHU CHJI ONMCATH
CTaH pyXy pimvHHU abo 32 CTAHOM PYXy DiIMHM 3HAUTH AiIOUi CHIM.

Pyx pimmam a6o rasy mMoxHa BMBYATHM ABOMA MeTomamu. Y Mepmomy
BHUBUAIOTh DYX KOXHOI YACTHHKY PigMHM 30KpeMa. Bin BuMarae BusHaueH-
He KIHETHYHMX XaPaKTEPUCTHK PYXy (NEpeMilleHHs, MBHAKICTb, MPUCKO-
PEHHS) YaCTHHOK DiIMHH TIPH NEPEMIMEHHSX iX Y npocTopi i B uaci. Takuil
METOA BHUBYEHHS CTaHy DPyXy DilHM 3anpoNOHYBaB (DPAHLY3bKHIA MaTe-
Maruk i mexanik XK. Jlarpanx (1736 — 1813) i HasuBaeThCa BIH Menodom
Jazpanxa. Busenenns 3akoHiB pyxy pinmmm 3a meromom Jlarpasxa
OB’ SI3aHE i3 3HAUHMMH MATEMATHYHAMH TPYIHOMAMM, TOMY HA MPAKTHLI
KOPHCTYIOThCSL iHIIMM MeTogoM. CHOCTEPIraTh HE 33 PyXOM KOXHOI ua-
CTUHKH DiUHM, a B IIOTOINi PiMHU BHALIAIOTH (hikxcoBaHMI €JIEMCHTAPHUH
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o6’eM i BUBYAIOTH, WO BiOYBAETHCA 3 YACOM Y KOXHIN TOULi BHALIEHOTO
06’eMy. Takuil METOHN BMBUECHHS CTAHY PyXY PiAMHH PO3poOMB BMAATHUMN
matemaTk i disuk JI. Eitnep (1707—1783) i nasuBaeTscs BiH memodom
Elinepa. Ilpy 1pOMy rOBOPSTH HE IIPO ITBUAKOCTI | MPUCKOPEHHS YACTHHOK
pizvHHM, a IPO MWBHUAKICTE i IPACKOpeHHT TOTOKY piguuu. [HBuakicts mo-
TOKY DiIVHH B JaHi#l TOULi NPOCTOPY 3aJIEXHUTh BiX ii KOOpAMHAT i vacy:

v="v(n0),
abo
v, =v(x 1), v,=v(y1), v,=v(z1),

-
€ r — pajiyc-BEKTOp, IPOBENEHUN 3 MOYATKY KOODAMHAT y HAHY TOUKY
->

pinuney; v., vy, ¥; — OPOEKILil BEKTOPA ¥ HA OCi KOODAWHAT.

Busuawoun pyx pimMHM, KOPHUCTYKTHCA imeani3oBaHuM 00’€¢KToM ado
PIAMHOI0, Ky HA3MBAIOTh IHEaJIbHOK0, TOOTO PIAMHOKW, 9Ka aOCOMIOTHO He-
CTHCIMBA | NOBHICTIO MO36aBeHA BHYTPIIMHBOTO TEPTS.

Morik piguam abo rasy Has3MBAWTh CTALIOHAPHMM, SKIHO HOTO
WBUAKICTE B yCiX TOYKAX IPOCTOPY 3 4aCOM HE 3MiHIOETHCH.

Ing nonermedHHs aHanizy pyxy piamum aGo rasy KOpUCTYIOTHCA
nigismu i Tpy6kamm rteuil. ITig niniero meuii po3ymiroTs nigilo, JOTHYHA

A0 9KOI B KOXHIH TOumi 30ira€Tbcs 3 BEKTOPOM IIBHAKOCTI ¥.

Jlinig Teuii i TpaekTOpis pyxy YACTMHKM B 3arajlbHOMY BHUNAAKY HE
36iraroreca. TpaekTopis BKasye magx Tiel camMoi YACTHHKHM 334 BECh 4ac il
pyxy. Jlinig x Teuii xapakTepusye HANpPSIM PyXy HECKiHUEHHOI MHOXHWHHA
YACTMHOK, AKi B JAHWI MOMEHT Yacy 3HaxoaaTbcd Ha JiHil. Tineku npnm
cTamioHapHOMy moTtoui pigmuu abo rasy JaiHil Teuil 30iraroThcd 3
TPAEKTOPiIMH PyXy UYACTHHOK. Y pasi HECTALIOHAPHUX MOTOKIB TaKoro
36iry Hemae.

Yactury pigunu, oOMeXeHy JIiHIAMYM Tedil, HA3UBAIOTh MPYOKOO meuil.
Bci yacTuEKH, M0 MICTIThCA BCepemuHi TPyOKM TEuil, HE BUXOAATH 32 MEXi
TpyOKH i XKOOHA 3 YACTHHOK, IO 3HAXONATHCE 32 MexXamu TpyOku Teuil,
He npoHukac B Hei, TpyOky Teuil MOXHA YSIBHTH SIK TPYOKY 3 >KOPCTKOIO
OIYHOIO TIOBEPXHEIO, TI0 AKiM NpoTikae piguHa. SIKo momepeyHmit nepepis
TPYOKM Tewii-Maamit, TO MOXHA BBAXATH, IIO IMBHAAKICTh PITHHH s BCiX
TOUYOK 3aJAHOTO IEPEpi3y ORHAKOBA.

Maca piguuu, mo nporikae 3a yac df Yepes mornepeyHui mepepis, BU3-
HAYAETHCSA 32 TAKOK (GOpMYIOI0:

dm = pvSdt,

ae p — ryCTHHA DiAMHM; S — MJIOMA MONEpPEeYHoro mnepepisy. Ilpm
CTALIOHAPHOMY TIOTOLL Maca pinwHM abo rasy, o MpOTiKac 3a OJHHHUIO
yacy uepe3 Oynb-IKWii MONEPEUHMH mepepis TpyOku Teuil, omHakoBa A
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BCiX mepepisis. AKmo B3sTH ABA mepepisy, wiomi AKX S; i S, (puc. 7.8),
TO IUIS CTAL{OHAPHOTO IOTOKY MOXHA 3alHCATH, LIO

P1v,S, = p,v,8,.
Ockinbky BBaXaEMO, MO piAMHa ineanbHa, TOGTO aBCOMIOTHO HECTHC-
JIMBA, TO P, = p,, i TOAI PIBHSHHS NECPEMUIIEMO TaK:
v,S, = v,8, .7
a6o

vS = const. (7.8)

Piguauna (7.8) Bupaxae teopemy
HEpo3puBHOCTI Teuil. JoByrok meua-
KOCTI Teyuii HeCTHC/IMBOl pifuHM Ha MJIOMIY TIOTICPEUHOrO Hépepisy TpyOKH
Teuil € BEJIMUMHA CTajsa JUig AaHoi TpyOKu Teuii. Moro MoxHa 3aCTOCOBY-
BaTH HE TiBKH [0 PEaJbHUX DiXUH, a ¥ 00 rasis.

Puc. 7.8

§ 7.3. PignsHHs BepHynni. Peakuis pigunm, wo surikae

BcraHOBMMO 3B 30K MiX THCKOM i IIBHAKICTIO CTaliocHApHOTO PYyXy
ineanpHOl pigwau. g IHOTO BHUOLIMMO TUISHKY Tpy6KH Tedii, B gKiit 3Ha-
XOmUTECA 06’eM pigmam ABCD (puc. 7.9). Baxarumemo, mo piguHA me-
peCyBae B mosi 3emHoro Taximms. ITo3Haunmo uepes Py v, AS) i
P2 V3, AS, BiNNOBIXHO THCK, WBMAKICTb piamuy i mwiomy mepepisy. Yepes
h, i h, TO3HAYMMO BMCOTH PO3MIlNEHHS LIeHTpiB nepepisiB AB i CD Hag
JeSKMM rOpM30HTANBHUM piBHEM. He-
xa# 3a yac At piguHa nepemicTmnacs
3 nojoxeHHI ABCD B DOJOXEHHS
A'B'C'D'. 3naiinemo poboty A, BH-
KOHAHY NP IbOMY CHJIAMH THCKY.
Cunu TticKy, mo AiroTh Ha Giudy mo-

|~

_&w BEPXHIO TpyOKH Teuii, poBotd He BH-

5 el ] KOHYIOTb, OCKiJIbKM BOHM 33BXIH
’ —— TEPNEHAMKYIAPHI 0 HATIPIMY Dyxy
2 P 4acTHHOK pizuuu. Tomy poGory BH-

KOHYKOTb TiJIbLKH CHJIM THUCKY
Puc. 7.9 F, =pAS, i F, = p,AS,, mo nirote

Ha piguHY yepe3 mnepepisum AB i CD.

ITpu mepeminienni mexi AB B nomoxenns A'B' BHUKOHYETBHCS AONATHA poO-
Gora A, = P, AS v At, ockinbkm Hampsam aii cusim THCKY Ha MeXy AB
36iraeTbcst 3 HAMPIAMOM IEPEMiIEHHS Al,. Pobora, BuKOHaHA TpH me-
pemimenHi mexi CD B monoxenns C'D’' 6yne Bix’€MHOI, OCKiJbKH Ha-
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npaM gii caa TACKY Ha MeXy CD NpOTWIEXHUM HanpsaMmy HNEpeMilieHHS
Al, njei mexi. Bona popisnioe A, = F,Al, = p,AS,v,At. Pobora, BukoHaHa
CHJIAMH THCKY,

AA = A1 - A2 = plASI’UlAt - pzASz’U’zAt. (79)

PoBora AA moBuHHA JOPiBHIOBATH 3MiHI MEXaHIYHOI eHEpril BUiIEHOTO
o0’emy pinuHH. OCKiIBKM DyX piIVUHM CTanioOHADHWH, €HEprid pifWHN B
o6’emi A'B'CD ne 3MiHioeThcsa. Tomy 3MmiHa eHeprii BuaiieHoro o6’emy
pinueM Gyne Takow, skbm Maca piguad B 06’eMi ABB'A’' nepemicruiiace i
sanosamaa o6’eMm CDD'C'. Mexaniuna eneprisa pinuam 8 06’emi ABB'A’
JOPIBHIOE CyMi KiHETMYHOI i ITOTEHIiaNbHOI EHEprii, T00TO

2
v
2

e m; = pIASlAll = plASlv.At. 3 , .
IloBHa eHeprig miel camoi Macu pigwnM, 9Ka 3aimae ob’em CDD'C’,
JIOPiBHIOE

El = + mlgh, = %p;U?ASIAt + plleSlAth;g,

2
= T3t myghy = 5 purAASAL + prahSiAighn,

ae ma = P2ASwaALL
3mina eneprii AE = E, — E,, T06T0

1
AE = 1 p0AS,AL + p,v,AS,Atgh, = 5 p v iAS At = p,AS,Atgh, (7.10)

3a 3akosoM 36epexeHHs eHeprii podora AA mopiBHIOE 3MiHI eHepril,
T00TO

AA = AE. (7.11)

Hiacrasusmu B (7.11) Bupasu (7.9) i (7.10), micramemo

PAS AL = pASAL = £ pAS,AL + D, AS,gh Al -

/ - %plv?ASlAt ~ pnASighiAL. 71.12)

Jns cranioHapHOTO MOTOKY HECTHCIHBOI pimmmm o6’emm ABB'A’ i
CDD'C' O6yayTts opHaxoBi, TOOTO CHPABIXYIOThCA pPiBHOCTI
v, AS At = v,AS,At = AV i p, = p, = p. Iloninupmu Bupas (7.12) Ha
06’em AV, MaTHMEMO

2 2

v pv
B+ pghy + p, = 52 + pghy + py, (1.13)
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chim:xn nepep.i_sn AB i CD B34TO HOBiBHO, TO MId Oynp-gxoro ne-
pepisy TpyOKm Teuil BUKOHyETbCS yMOBA
2

(34
EZ— + pgh + p = const. (7.14)

. Pisusuna (7.14) e pignannam Bepuyani nna CTaLliOHaPHOIO MOTOKY
1n€abHOl PimuHU. EKCIEpHMEHTANbHO NOBENEHO, IO PiBHAHHS bepryani
MOXHA 3aCTOCYBATH i /ISl PEaJbHUX DPiiMH, B 93KiCTh SKHX HEBEJ/INKA, a
TAKOX IJIS rasis, IMBUAKICTb PYXY AKUX 3HAUHO MEHIIA BiJl WIBHIKOCTI HO-
INAPEHHS] B HUX 3BYKY.

P_gsrgmnemo okpemi Bunagku. Hexaii Tpy6ka Teuii Mae pisHi nepepisu,
ane ii Bicb posMilieHa ropusonTanbHo (h = const). Toxi pisusHHS (7.14)
MAaTHME BUTJISAL

2
p_zq_ + p = const. (7.15

' 3Bifcyu BUAHO, MO TUCK GLMBIIMI TaM, K€ IBHAKICTH MEHIIA, TOOTO A€
61111:1'1'11/11?1 nepepis. e mosicHIeTsCS THM, IO mpH HEPEXOAl PiAMHM i3 K-
POKOl YACTHHM Y BYX4Yy IIBUAKICTh DiMHH 3pOCTAE€, BOHA PyXacThCs 3
npuckoperHsiM. [10sBa NPUCKOPEHHS 3yMOBJIEHA HiCI0 CHUIH, HATIPSIM SIKOI,
3a IpyruM 3akoHOM HpioToHA, 30ira€ThCd 3 HanpIMoM IPUCKOPEHHA.
OCKiJII.:KI/I Usl CHJIa 3YyMOBJICHA DPIiSHHIEIO THUCKIB, TO THUCK Oinbmmit y
IMpIii yacTuHi TpyOku Teuii. Skmo S, = S,y v, = v,, piBHaHHa Bep-
HYJIJIi MATAME BUTIAL

pgh, + p, = pgh, + p,. (7.16)
3BiACH 3HAXOOUMO Pi3HMIIIO THCKiB
Ap, = p, = p, = pg(h, - hy). (7.17)

_ 3 wuiei piBHOCTI BMNIMBAE, MO pI3HHUA THCKIB JOPIBHIOE
FIAPOCTATHYHOMY THCKY CTOBIA PilMHU BHCOTOIO A, — A,, TOOTO CTOBNA He-
PYXOMOL piguHH.

Axmo x ¥, #V,, TO B 3araJIbHOMY BHUIIAOKy Pi3HWIY THUCKIB

Ap =p, — p1 = pglhy — hp) + %(vf — v3). (7.18)

3 ocTaHHIX (OPMYJI BUAHO, 1O Pi3HULI THCKIB Ap, i Ap y Hepyxomiit
i pyxoMiil piaMHaX [ Bepepisis, sSKi PO3MIleHi Ha BUCOTAX h, i h,, HEOR-
HAKOBi. Y ApyromMy BHNAanKy Di3HMIS TUCKiB 6ifiblma Ha BEIMUHHY
p(v] = v3)/2.

Y pisusuni (7.14) THCK p HasuBawOTH crmamuunum. Voro BEMIpIOIOTH
332 JOMOMOrOK MAaHOMETPHUYHHMX TPYOOK 3 IepepizoM, MapanebHUM JIiHil
revii. Jlas BUMipIOBaHHS CK/Iag0BOi THCKY pv’/2, 3yMOBIEHOTO PyXoM
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DiIMHH, 33CTOCOBYIOTh TPYOKHM 3 mEpepizoM, NEPrEHIUKYJISAPHUM A0 JIiHil
2

. 4
teuil. 1130 ck1agoBy HA3MBAIOTh OUHAMIMHUM MUCKOM, & CYyMY P + pT Ha-

3MBAKOTh NOGHUM muckom, ab0 oBHUM HamopoM. [ jis oro BUMIipHOBaHHA
KOPHUCTYIOTbCS mpybkoro I1imo. Bona sisyige co6o0 3irHyTY MaHOMETPAYUHY
TpyOKy, SIKy PO3MIILAIOTh Yy PYXOMIl pinuHi Tak, mo il BiTkpuTuil KiHEnb
HNOBEPHYTHM HasycTpiu Teuil pimmum (puc. 7.10, @). Ong sumipoBaHHA
CTATHYHOTO THCKY p KOPHCTYIOThCH 30HAOM. BiH BimpisHseThcs Bin TpyOkm
ITito TmM, O HOro mepeaHsd 4acTUHA, KA MOBEPHYTA HA3YCTPiu MOTOKY
pinvHHM, 3anadHa, a B OOKOBif cTiHUi € HeBenukwmit oTBip (puc. 7.10, 6).
Ha mpaktuui tpyOky Ilito i 30HOD CyMimaroTh B OZHOMY NPHWIARI, SAKUM
Ha3WBaWTh mpybkoro Mpandmas (puc. 7.10, ¢). Tpy6ka Ilito mopyuiye
XapakTep pyxy pinuHu, i GeanocepesHpo nepen BXiAHUM OTBOPOM BHHYKAE
00/1acTh, B SKifl IUBHAKICTH PyXy YACTHHOK DIAMHU 3MEHIIYETHCS KO HYJS
(v, = 0). Toni 3 piBuauna (7.15) micraemo

2

pY,
pZ = pl + 2 .
3a gomomorow Tpy6ku IlpauaTas Bu3HAYAOTH AMHAMIUHMHM HAmip
2
_ Py
P, P = )

3anexHicTh TUCKY B piouHi Bif il IUBHAKOCTI JIEXUTL B OCHOBI aii Ga-
raTb0X TEXHIYHUX IPUCTPOIB.

[IRR!

!

BT
!
!

T F |
-_— T —
- = .

a ] —

Puc. 7.10 Puc. 7.11

Ockinbky cyMa TUCKY i AMHAMiYHOrO HAmopy B MOTOLi PidMHHM CTana,
TO B CTPYMEHI THUCK 3aBXIOW MeHmW, HiX y HepyxoMil piauni. [Ipu Be-
JIMKHX [BUIKOCTSX THCK MOXE CTaTH MEeHMMM Bix armocdepnoro. Ile seu-
IIe 3aCTOCOBYETBCS B MYJbBEPU3ATOPAX, KAPOWOPATOPAX, G0JOCMPYMUHHUX
Hacocax Ta B iHmux npuiaanax. Ha pumc. 7.11 nmokaszaHo HaumpocTimmi
IIyJIbBEPU3ATOP.

Ipu poctaTHid WBHAKOCTI Teuil MOBITPS THUCK Yy 3BYXKEHIH uyacTUHI
Tpybku Oyme MeHmmit Binm atMmocdepHoro. BHaciainok uvoro piamnHa
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MiAHIMAETBCA MO BEPTHMKAJIBHIA TPyOui Bropy, OCKiIbKM TUCK HAm ii
BEPXHIM KiHIIeM MeHwmu# Bix atmocdepHoro, sxkwil mic Ha BiBHY noBEp-
XHIO pinuHu B mocynwHi. IIpu manbmomy 36inbmenHi mBHAKOCTI TIOBITpS
B 3BYXCHI# YACTHHi TOPM3OHTAMBHOI TPyOKH piIMHA INZHIMACTHCH BHINC
Bill BEPXHbOTO IIEPEPi3y BEPTHKAIBbHOI TPYOKHU, 3aXOILTIOETHCS CTPYMEHEM
oBiTPs i po3nmmoeTsbed. [onibmi sBrma crocTepiraloTbest B KapOopaTopi.
[loBiTps mpy 3aCMOKTYBaHHI B IMIIHAD ABUI'YHA BHYTPIITHBOIO 3rOpaHHA
PYXa€TbCd TI0 3BYXKCHOMY KaHasiy, B SKui BxoguTh Tpybka. Kineup miei
TPYOKM MICTUTBCA B PIiIKOMY MaJIMBi. 3BYXEHHS KAHATY 3YMOBJIOE 3HH-
XKEHHS THCKY, BHACJTINOK YOr0 PiAKe MaJMBO MiAHIMACTHCA 1O TpyOwi i pos-
TNUWJIIOETHCA NMOBiTPAM.

IMpuknag 7.2. BusHauMTH WBMAKICTb BUTIKAHHS iA€ANBHOT HECTMCIMBOIL pinuuM uepes
mamuit oTBip y Gokosiit crinni a6o ami mmpoxol nocymmmu (puc. 7.12).

Poss’azannsa INoswauumo sinctawi sin uentpa OTBOPY
10 BiIbHOI TOBEpXHi pimgvuM weped A. Ha BibHy noBepxHiO
pinMHM B nocymuui nmie arMocdepHMit TMCK p, TakKMil cammit
TUCK Ai€ HA MOBEPXHK) CTPYMMHM WO BUTiKae. OCKiNbKU MLio-
m@a nepepisy nocyauMHu S; NepeBuIIyE MIIOUly Tepepisy oTBO-
— -} =| Py, TO HIBUAKICTB PyXy HaCTMHOK piZMHHM BiILHOI MOBepxXHi
3HAYHO MEHIIA Bifi WBMAKOCTI YACTMHOK, WO MPOXOASTH OTBIp,
10610 ¥ << v, | BEJMUMHOW v, y piBasHHi BepHyani MoxHa
sHextysat. Jlinii tewil Gepyre cBilt mowatox Ha moBepxHi
pinunm i GynyTh HEPNEHAMKYASPHI [0 ILIOLHHK nepepizy or-
BOpy, (puc. 7.12). 3anuiuemo pisusiuus Bepuysur mis uporo
BUNIAZKY:

fm
I

2 2 (1)
v
p1+—-—p2l +pgh=pl+—p12’.

Ockinmekn ¥, << %, 10 3 (1) Maemo
v = V2gh. )

®Dopmyna (2) HasuBAETHCT DOPMYJIOKO Toppiuesni. 3 Hel BUAHO, IO npW BUTIKAHHI
pinvHa Mae Taky WBHAKICTb, SKy Majuo 6 TLNO NP BibHOMY NafiHui 3 BUCOTH A.

OIsuakicry BuTiKauHs DPeaNbHUX PIIMH THM Ginblue BiADI3HAETBCS BiX IBMAKOCTI,
obumcneHol 3a dopmynow (2), uum 6inbma B’ S8KICTH pinvuu.

3HaouM HIBUAKICTD BUTIKAHHSA, MOXHA BH3HAUMTHU 06’CM

pifvHM, fxa BUTIKAE HIOCEKYHAM 4epe3 OTBip: =
-1 <
V=vS§=8V2gh. 3) +: <
Has peasbHUX DIAMH DSl BENMUMHA MEHIUA i 3aJIEXKMTD Bij :_ &
B'a3kocTi Ta opmMu OTBOpY. h‘ L
Tpuknan 7.3. Ha puc. 7.13 306paxeno cxemy BogoMipa. o :-—\—"_;
Io ropusonransniit Tpy6i 3MimHOro mepepisy nporikae Bopaa. S S5, =
BusnauuTv BMTpPATM BOAM 32 OAWHMUIO 4acy, SKIQO DIBHMIIS !
PiBHIB BOAM y 1BOX MAHOMETPMUHMX TPyOKax Ak, a nepepisu
y6u 6i 6o B : S i Puc. 7.13
pybu Oina ocuos Tpybok simmosigno S; i §,.

Poss’asaunsa. Burparn sogu @ (Maca BoaM, sKa )
NPOTIKAE LMOCEKYHAM Yepes nomepeuHuit mepepis TpyGu) Jns KOXHOIO 3 nepepisis

Q = pv S| = pv,S,. 1)
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OCKiJIbKM BOAOMipHA TpyGa pO3MIINAEThCS POPHBOHTAJILHO, TO piBHsSHHS BepHysuli mae
BUTIS]
2
prr v}
R R
3 dopmyn (1) i (2) maemo

\/ 21— py) A/ 2p1 — 1)
v =38, — = v =8V — o

p(ST =83 p(ST = 8
Beaxaemo, WO p; — Py = PgAA, Tomi
2gAh
=p§,S —_.
Q=19§S, S’f’ _ S%
Omxe, Q= kVAh, ne k=pS,S, V ﬁ — crana BogoMipa.
17 92

PinwHa, mo BUTiKae, 33 OMMHHUIIO Yacy MAaTHUME IMITyJbC

A—mv = Qu = pv’S = 2pghS.
At
3a 3aK0HOM 30EpEeXEeHHs IMILYJbCy MOBUHEH 3MIHHTHCS IMITYJIbC TOCY-
aunM 3 pigugoro. Lle mpusene mo TOro, WO HA MOCYAMHY 3 OOKy pinuHN
Jigtume cuna Tucky (puc. 7.12) B HampsiMi, IPOTHJIECKHOMY OO HAIPIMY
BUAKOCTI BUTIKAHHS PigWHUA:

Fr = 2pghS. (7.20)

Cuny F, Ha3WBaOTh CWIOIO PeakuUil pifuHM, mo BUTIKAaE, ab0 PpeakTHB-
Hoo cwiow. 3 dopmymu (7.20) Bumamusae, mo cuaa F, yaeoe Ginbima Bix
CHJIY THCKY Ha TpoOKy, gKa sakpusana 6 orsip. 1]e MOICHIOETHCS THM, INO
[IpU BHUTIKAHHI PIIMHU uepes3 oTBip BinOyBae€ThCA MEPEPOSMOMIT THCKY BCE-
penuHi pigmHau B nocyauHi. IIpu UbOMy HaAmpoTH OTBOPY THCK Ha CTiHKH
NOCYAMHM BMAB/ISETBCS OLTBIEM, HiX MOOGJH3Y OTBOPY, A€ IUBHMAKICTh Py-
Xy piamHay 67M3bKa O IIBUAKOCTI BUTIKAHHS YEpPE3 OTBIp. _

Ha nii peaxTuBHOI CHJIH TPYHTYETHCS 3aCTOCYBAHHS T'BHHTIB HA JIiTAKaX
i xopabnax mnag creopeHHs cwia tard. I[lpuw meugkoMy ofepranHi rBHHTA
JITAKa MOBITPS BiAMITOBXYETHCH HA3ax NO XBOCTA JIOMATSAMH JITAKa,
3MIHIOIOUHM CBilf iIMIIy/ABC. ¥ CBOKO Yepry, NoBiTps Ai€ HA MBMHT i HA 3B’s43a-
HU# 3 HUM KOPIYC JITaka 3 CWIOK, fKa HANA€ WOMY IMIYJbC.

Hi€ro peakTWBHOI CHJIM HAa TBHHT BEPTOJIBOTA 3 GOKY TOBITPst mOSsiC-
HIOETHCS BMHHUKHEHHS MigiiManeroi cuau. [Ipu obepranui HABKOJIO BEPTH-
KaJIbHOi OCi rBUHT BEPTOJBOTA HAAdE MPWIENIMM IO HBOIO IIapam MOBITPs
iMnyssc, ganpamaenuit Bamns. 1Ii Macu mosiTpd, B CBOKO uepry, IOIiIOTh HA
TBUHT i 3’¢AHAHMI 3 HUM KOPITyC BEPTONIBOTA 3 CHJIOK pEakiii, fKa Ha-
OpsiMieHa yropy. SKmo us cuaa JOpiBHIOE Basi Beprosbora abo mepeBu-
mye i, To BEpTOJIT JIETUTh Y MOBITPI a60 MiAHIMAETHCS Bropy.

6 25

(7.19
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Cuna peakuii BUHMKAE TAKOX i TOMi, KOJM IDBUIKICTH Teuii cTaja 3a
MOZYJIEM ajie 3MIHIOEThCA 3a HampaMoM. Tak, mpu CTauioHApDHOMY MOTOL|
pinuam mo Tpy6i crajoro mepepidy, gxa 3irHyTa WA AeSKMM KyTOM (pHC.
z). 14, pingﬂa MO 3rUHY TPyOW 3a ONMHMII0 YACY NEPEHOCHTh iMILYJIbC

p, = pv,Sv,. licna 3runy Tpybm 3a OOWHMINO YaCy MEPEHOCHTBCS PYXO-

. - -> e . -
MOIO PigMHOK iMIyasC p, = pv,Sv,. Ockinbku Tpyba crasoro mepepisy, To
v, = v,. 3MiHa iMITyJbCYy PYXOMOI DiAMHM 33 OAMHHMIIIO YACy AOPiBHIOE
itoyiAl cui, SKa 3yMOBHJIA L0 3MiHY, TOOTO

- > > - -> -
F=Ap=p2_p1:pvs(v2—v1)~
-
Cuna F syMoBieHa miero TpyOu Ha pyxomy pinmmy. 3a TpeTiM 3aKOHOM
>

Heiorona 3 Goky pimunu Ha TpyOy miarume cura peaxiii F =- ; (nuB.
puc. 7.14).

Ha peakTuBHIill CIIi TAKOTO THIY CPYHTYEThCH
aig Typbin. Y TypGinax uepes BurHyTi TpyOm (co-
IUIa), 9Ki 3aKpilUIeHO HA 3arajibHii oci oOGepraHHg
B IIJIOWWHI, NEPHEHAUKYISAPHIN 0o oci, mpomycka-
0Th PiiMHy a0 ras y Hampami Big iXHIX TIPHOCHO-
BUX KiHNOiB 70 30BHimHIX. [Ipn pyci piguau abo
rasy no BUTHYTHX COIUIAX BHHHKAE CMNA PEAKLIl,
MOMEHT 9KOi i TpuBOOUTHL TYpOiHY B 06epTanbHMM

Puc. 7.14 pyx. ['a30Bi TypOiHKM HIMPOKO BUKOPUCTOBYIOTHCS B

asianii (rypGoremaTOBi i Typ6OpeakTHBHI HBHUTY-

Hu). liapapaiuni TypOiHM BUKOPUCTOBYIOTBCA B OCHOBHOMY B

CTAaUjOHAPDHUX yMOBAaXx Ui TPUBCIAEHHS y PyX T€HEPATOPIB EJEKTPUUYHOTO

cTpyMmy. BHacaimok BMCOKOI €KOHOMIUHOCTI, KOMHOAKTHOCTI, HamidHOCTI i

MOXJIMBOCTI AOCATHCHHS BEJMKHUX MOTYXHOCTEH TypOiHM HpakTHYHO
BUTICHWIN TOPINHEBI NAPOBi MAImMHY 3 CYYACHOI €HEPIETHUKH,

§ 7.4. Pyx g’a3ko’ pigunn. B'askicte. Popmyna Myazenns

Ha BiamiHy Big igeaNpHUX PIAVH Y PEaTbHUX PiTWHAX NpPU PYCi OOHUX
MIApiB PiAWHU BIAHOCHO iHHIMX HiIOTh CHJIM, NOTHYHI OO MOBEPXOHb JOTH-
kaHHg wapis. i cumm Ha3@BaOTh cMraMm B’ 93K0TO Teprd abo curamu
@ s3kocmi. YABHO MOTIK DiAWHM MOXHA NOIJIMTH HA HECKIHUEHHY
KisibKicTh wmapis. I1pu BigHOCHOMY mepeMilleHH] HA KOXHM# 3 MIAapiB ir0Th
cunu. 3 Goxky mapy, mBHAKICTH gkoro Oinpwmia, mie cmaa Ha wap,
IBUAKICTD skoro Menmia. Hampam, umiei cuym 36iracrsCs 3 HAIIPIMOM PYXY
pigunu. 3 GOKy mapy, WBHAKICT PyXy SKON0 MEHINA, HA mwap, mo py-
XAETbC 3 OLIBIIOK IHBUAKICTIO, Mi€ CH/IA, 9Ka HANPIMJIEHA V IIPOTHUIEX-
Huit Gik Bif pyxy pimuHM, TOOTO BOHA LEH WIAD rajbMYE.

Haapuicts cma B’d43ko0cTi, moO Hiloth y pyxXOMil pigwHIi,
MATBEPAXYETHCA AOCTINHUMH JaHUMU. Tak, npy pyci piiMHU Y TOPH30H-
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TaJIbHIM TPyOi CTANOro mepepidy piBHI PITHHA y MAHOMETPUUYHHUX TPyOKax,
3a 3akoHoM Bepuysuti, nmosuuHi OyTy ogHakosi. Hacnpasni X THCK pinuH#
B TpyOi cmamae y Hampami ii pyxy (puc. 7.15). Iaa toro wob pyx pimuHm
B Tpy6i 6yB craumioHapumM, Ha i1 KiHugx tpeba minTpUuMyBaTH CTAdy
PI3HMIIO THUCKiB, CHJA SKHX 3PIBHOBAXYE CHIM BHYTPIITHBOTO TEPTH.
30BHIIIHI CHIM TIpY HEepeMieHH! pinuny B TPyOi BUKOHYIOTH poboTy, 9Ka
e HAa MOJOJIAHHA CHJI B 93KOTO Teprd. B’a3ke Teprs y pyxomiil pigmni
3HAYHO YCKJIAAHIOE OMUCAHHA 11 pyxy. Tak, mpu cramioHapHOMy pyci B g3-
KOI PiAiMHU LWIBUAKICTh TE€Uil B Pi3HMX TOUKAX MONEPEUYHOrO Mepepisy HEon-
nakosa. llap pigmnm, mo Ge3nocepenHbo NpPUSrac A0 CTiHOK TpyOw,
MPUILIAE A0 HEl, 3aMMIIAIOUMACh NPAKTHUYHO HEPYXOMHM. 3 BingajeHHIM
BiX CTIHOK TpyOW WBHMAKICTH PyXy WIApiB pimuuu 3poctae. Lle MoxHa cmo-
CTEpIraT¥ Ha TAKOMY AOCIAi. Y BEPTUKAJbHY CKJSHY TPYOKY HaJUBAIOTDH
Boxy (puc. 7.16). IToTiM 0BepexHO HaNMMBAKOTH 3a0apsiedy soxy. B craHi
CIIOKOIO MeXa IOy TOPH30HTAIbHA. 3a J0TOMOroK KpaHa K go0uBalOTh-

Yo
2
FT
7

Puc. 7.15 Puc. 7.16 Puc. 7.17

Cq OOCUTh MOBLIBHOIO BHTIKAHHA pigumHu. [Ipy mpoMy Mexa noainy 3 ua-
COM 3MIHIOE CBOK (OPMY, BUTATYIOUNCH B3IOBX OCi TpyOKu. Mexa moniny
Habysae ¢opmu mapaGosoiga obeprandsa. Takuil posnoAil WIBHMAKOCTER y
pYyXOMiHl piguHi 3yMOBJICHWH HASBHICTIO CHJI TEPTS MiX IIapaMyl PiguHHU.

Ong 3’acyBaHHY 3aKOHOMIpHOCTEH, IKUM MiAIATaioTh CHIA B’ 93KOTO
TEPTS, PO3IMISHEMO TAKWH HOCHIA. Y pPiAWHI 3HAXOHATBCSH OBI IIACTHHMU,
JIHIWHI pO3Mipy 4KHMX 3HAYHO NEPEBUIIYIOTh BiACTAHb MiX HMMH (puC.
7.17). BBaxaTuMeMo, MO HUXHA MJACTUHA A HEPyXOMa, a BEPXHH MJa-
CTHHA B pyXaeTbhCs BIIHOCHO HMXKHBOI 3i WIBHAKiCTIO v, g Toro mob

IJIacTMHA B pyxasnacs 3i CTaJ010 MBUAKICTIO, HA HEI NOBMHHA HiITU IIEBHA

-
cuna F. OCKUIbKY ILIACTHHA PYXacThca 0e3 MPUCKOPEHHS, TO HA Hel Ai€ y
NMPOTHIEAKHOMY HAMPAMIi K0 PyXY 3piBHOBAXYKOHA CHJIA, KA € CHJIOK B 93-

—-> ->
KOTO TepTs, T00TO F,= - F Busasngerncsd, mob HMXHY IJIACTHHA Nepe-
-
OyBasia y COKOi, 10 Hei Tpeba NPUKIACTH TAKOXK CHAY F, aae TMPOTHIEXKHY
32 HANpaIMOM.

I. HeroroH excnepuMeHTAnbHO BCTAHOBUB, IIO CHJId IPONOpPUiNiHA
IUIONIi [UIACTHHH S, MIBMAKOCTI v, i 0OEpHEHO NMponopUiiiHa BixcTani Mix

miacTuaamu d, To6TO
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—.cP (7.21)
F 'qu,

Ae 1 — KOoeiuieHT NMPONOPUiHHOCTI, TKHM 32/IEXUTh Bl IPUPOIM i CTaHy
pizuau. Moro HasusaoTs nuHAMIUHEM KOe(hilliEHTOM BHYTDIIHBOrO TEPTH
abo koe@iyicnmom 6 a3x0cmi UM NMPOCTO @ sL3Kicmio.

®opmyna (7.21) cnpaBaXyeThCs HE TiLMbKM 34 YMOBH, IO OZHA 3 ILIa-
ctuH nepefyBae B CIOKOI, BOHA Mi€ i Tomi, Koo OOMABI MIACTHHM pyxa-
IOThCS| PIBHOMIDHO, azie 3 pisHuMu mBuaxkoctamu. Orxe, dopmyna (7.21)
MaTHUMe BHUTJIAN

v, v
— 1 2
e vy i v; — BIATOBIAHO MIBMAKOCTI BEPXHBOI i HHXHBOI MIACTHH. Besn-
YMHY, IO JOPIBHIOE 3MiHi MIBUAKOCTI HA OXMHMOIO BIACTAHI MiX IIApaMH,
Ha3MBAIOTH TPARIEHTOM MBMAKOCTI i mo3HavawTe gradv. Sxmo nampaM oci
OX nepneHaMKyASpHUN JO PyXOMHMX IIADIB PiAMHH, TO IPAgi€HT LIBHA-
KOCTi

_dv
gradv = g

Toni supas (7.22) nepenuuieMo Tak:

dv
F=xS Ix (7.23)

3 uiei hopmys MOXHA BCTaHOBATH (Di3WuHMIT 3MicT KoediuieHTa B’ 13-
Kocti: = Fopu S = 1idv/dx = 1, 106T0 KOE(hiL[ieHT B’ I3KOCTI UMCE D~
HO JIOPIiBHIOE CHJIi, IO Ai€ HAa OAMHMUIIO IUIOMI PYXOMHUX IMApiB PiAMHM mpH
rpanienTi mBHAKOCTI piBHOMY ommHuui. Oguauneio B’a3kocti B Cl e mac-
kanp-cexyuga (Ila-c).

Bucnosaeni B npoMy maparpadi MipKyBaHHS OTHAKOBOIO MipOIO CTOCY-
I0TbCH 9K PifAMH, TaK i rasis. BigMiHHICTD BUSIBASETHCH JIUIIE B TOMy, IIO
KoedilieHT B SI3KOCTi IS PiAMH 3MEHMYEThCA 3 HiABHIICHHSIM TeMIlepa-
TYpPH, a ;s rasis, HABIAKM, 3pOCTAc 3 IMiJBUINCHHAM TEMIICPATyDH.

PosrngneMo cramioHapHui#i DOTIK PpIOMHM y TOPM30HTAJIbHIM
HWIHAPUYHINA TPyOi cTasoro mepepisy, pamiyc skoi R. 3HaiizeMo 3aKoH
3MIHM IOBMAKOCTI i3 3MiHOIO BixcraHi r Big oci Tpy6m.

Bunimumo B Tpy6i nmrinapuuHuil 06’eM pinMHM pamiyca r i 3aBIOBXKH
[ (puc. 7.18). Bice cumerpii umningpa 3biraeTbecs 3 Biccro Tpy6u. Ha oc-
HOBM LMUTIHApA IiIOTh CWJIM THCKY, PIBHOMIMHA gkux 30iracThca 3 Hampd-
MOM TeUuii,

F=(p, - pnr’. (1.24)
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Ha 6iuny NOBEpXHIO LIUIHAPA i€ CHJIA TEPTd, SIK4 HA OCHOBi BHpA3y
(7.23) 6yne

_ dv _ dv (1.25
F =nS ix - N 2nrl o
ne S = 2nrl — moma GivyHOI MOBEPXHI HMJIHAPA.
Inst craniorapsoro motoky F = F,, T06TO
(7.26)

dv
(p, — 1)2)7tr2 = 2nnyrl I

Ll
H
N - - x
Y AL
pfk/’ _ P2
[ { ]
L e o
Puc. 7.18 Puc. 7.19

Ockinbky IIBUAKICTD PYXY PiZWHM 3 BiopmajeHHsM Bin oci TpyOH 3MeH-

MIYETBCS, TO % < 0 i pisHsuHg (7.26) MepennimeMo Tak:
(@, - pyr=— 2L 7.27)
Py — D, L
3Bigcn maemo
do=-P P2, (7.28)
2!
IMpoinrerpysasmu ueit Bupas, MacMo
p==P"Pp2 (1.29)
4nl

Crany iHTerpysaHHs BM3Ha4aeMO 3 TpaHMYHMX yMoB. Jag
r=R v =0, roni
P~ D,

2
K

C =
Bupas (7.29) uabupac suriasagy
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_PL" P2 2 (7.30)
v ani (R* = 1).

MaxkcuMaabHy MIBMAKICTH MAe piawHa HA oci TpyOwm, ToO6TO

T (7.3
v, ey R". ‘
Bpaxosyroouu supas (7.31), dopmyay (7.30) MoxHa 3anucaTu
2
v = vo(l - %) (7.32)

OTxe, Np¥ BiAAAJEHHI B oCi TPyOWM WIBMAKICTB v 3MIHIOETBCS 3a Ha-
paGoiyHNM 3aKOHOM.

BusHaumMo o6’eM pimuHM, MO MPOTIKAE Yepe3 NONEpeyHHH mepepis
Tpy6¥ 3a MPOMiXOK yacy {. YSIBHO MONEPEYHMit mepepi3 TpyOH nomiauMo
HA KOHUEHTPHYHI Kinbug, mmpuHa axkux dr (puc. 7.19). Ilsoma kinpng
dS = 2nrdr. 3a uac f uepes Take Kigbile MPoTiKae 00’eM piavHa

dV = vtdS = 2nrvtdr. (71.33)
Bpaxosywoun (7.30), supas (7.33) nepenmineMo y BHIIAII
_ i mpnt (7.34)
dv = Il (R* — r)rdr.

Ipointerpysasiun Bupas (7.34), picraemo

R 4 4
b T Dy Cop2 2 _ b TP R _R
V————an nt‘({(R ) rdr = o nt (2 4),

a 33 OAMHMLIO yacy

_mR' (1.35)
V= 8nl (pl p2)~

®opmyny (7.35) masusawoth gopmyaoro Iyaseins. 3 uiei dhopmyn
BUILIMBAE, MO O0’€M piIuMHHM, 9Ka MPOTIKAE yepe3 TpyOy NpH CTAjIoMy IIe-
perani TMCKIB, TPONOPLiHMI YETBEPTOMY CTENEHI0 pagiyca Tpy6u i o6ep-
HEHO MpOIOPLiiHMI AOBXHUHI TPYOM Ta B’S3KOCTi PiAKWHM.

@dopmyna cnpaBemguBa TIJIbKM IJIS JAMiHapHMX MOTOKiB DifMHH.
Jaminaprum Ha3UBAIOTh TAKMH NOTIK, NpH IKOMY YACTMHKH PilMHM Dy-
Xa10ThCA B3OBX TNPSMOJIHIMHUX TPAEcKTOPid, MapanejpHux oci TpyOH.

®opmyay Tyaseins NOKIaAEHO B OCHOBY €KCIIEPMMEHTAIbHUX METONIB
BU3HAUEHHS B’SI3KOCTI PiiuH Ta rasis. 1o TypOy/IeHTHUX MOTOKIB hopmysa
Ilyaseitna HEenmpuaaTHA.
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ITpuknag 7.4. BCTaHOBUTM YMOBM, 3a SKMX CHJIaM B’A3KOCTI y norouni piguuu B
TpyGi MOXHa HexTyBaT, TOOTO, KOMM A0 NOTOKY DiZMHM 3aCTOCOBHE piBHsiHHs BepHyiuri.

Po3B'a3anus. CunaMu B'S3KOTO TepTs B NOTOLi DiAMHM MOXKHA HEXTYBAaTH, KOJIH
BTPATU KiHETMUYHOI cHepril pigvMuM Ha PoGOTY NMPOTH LMX CHNl 33 ORMHMLUO UACy HE3HAUH]
MOPiBHSAHO 3 KiHETUYHOK) EHEpPric€lo, IO MEPEHOCUTHCH MOTOKOM DiAMHM 34 OAMHMLIIO 4acy.

KineTnuna eHepris, IO NEPEHOCHTHLCS [IOTOKOM pPiAMHU uepe3d nepepis TpyGu 3a
ONMHMLK uYacy,

1)

2
W= p% - 2nredr.

Osx

HiacrapuBim y supas (1) dopmyny wmsuaxocrti (7.32) i npoisrerpysasiy, RiCTaHEMO

1 2
W = 7 pVvg,

2)

ne V — o6’eM piauuy, o npoTikae 3a OZMHULIO Yacy yepe3 MomepeuHMii nepepis Tpyobu,
SKMHA BU3HAYAEMO CHiBBigHOMIEHHAM V = nR2< v> Rv>= 5 ¥y — CEpPeaHs WIBMJKICTDb

NOTOKY) .
Busznauummo poBOTy, SK& BMKOHYETBCS 32 OAMHMILIO Yacy CHIAMM, 3YMOBJIEHUMM

PISHMIIEI0 THMCKIB, TIPOTH CHJI B'SI3KOTO TEPTs:

dnw,l
A=fv(p, — py) 2nrdr = T1R1720 V. @

2
. . pwoR
HexryBatn cunamu B'43KOCTI MOXHA TOAi, Koau W >> A, To6TO KOMM -—1—6;1-[—-»1.

§ 7.5. NamiHapHHi Ta TYpOYNEHTHMH PeXMMMU Teuil.
Yucno PeiHonbAca

I1pu BuBYeHHi pyxy pizun abo rasis CHOCTEPIralOTHCA ABA BUAM iXHBOTO
pyxy: naMiHapHuit i rypOynentumit. [Ipn naminapromy pyci okpemi mapu
PilMHY HEHAYE KOB3aIOTh OAMH BiJHOCHO ONHOTO i HE TMEPEMIiIIYIOThCH.
HisuakocTi uacTunok y Oyab-akoMy mHepepisi mapanenpHi Mix coboo. 3
LIbOT0O BMILIMBAE, MO slaMminapHa meyisi € cranioHapHoro. Jlaminapuy teuiwo
MOXHA CIIOCTEPIraTH y TOPH30HTAJBHIN Npo3opii Tpyli, B 9Kiil 3 HeBeAN-
KO0 MBHMAKICTIO PYyXaEThCHd BOAA, A HA BiCh TPyOM uepe3 TOHKY TPyOOuKky
BBOAMThLCA CTpyMuHA 3a0apssieHoi pimuun. L9 CTpyMHHA MaTHME BHIVISI
npsaMoi JiHii B3a0BX oci TpyOm (puc. 7.20).

Is 36inbienHsaM mWBHAKOCTI PyXy XapakTep Tedil iCTOTHO 3MiHIOETBCA.
JlamiHapHa Teuis cTac HECTINKOW i mepexoauTbh y TYpOyJEHTHHMIA TOTIK.
[Ipu TypOyJEeHTHOMY MOTOUi YACTHMHKHK DiMHM 3MifICHIOIOTH HEPETyJIspHi
PYXH IO CKJAAAHHX TPAEKTOPifAX, a MBUAKOCTI 3MIiHIOIOTHCH XAOTHYHO 9K
3a HampsgMoM, Tak i 3a moayJsaeMm. Bmacaizox usoro BigGymacthces
{HTEHCMBHE MEPEMillyBAHHS INApiB pigMHM. [3 36iIbMEHHAM IIBHAKOCTI
pyxy piavHu y TpyOi 3abapBiieHa CTPYMHMHA DPO3ILIMBACTHCH, YTBOPIOIOUH
3aBuxpenHsa (puc. 7.21). Ilpukiragamu TypOyI€HTHOTO PYyXy € PYX BOAH Y

167




OypX/MBUX TipCBKMX PiYKAX, PyX AMMY, WO BAXOHUTH i3 3aBOACHKUX TPYO
tomo. OcobaMBO HAOUHUM TNPUKIAAOM TypbyJEHTHOrO pyXy NOBITpd €
Horo pyx mix yac cHirosoi 3aMerini. TypOysieHTHi MOTOKH — 1€ HAHOiNBm
IIOMPEHNH BUA PyXy pinuH i raziB y mpuponi. B TypOyseHTHuX moTokax
4YacTo BUHMKAIOTh BMXOpH. Benmki BMXopu HeECTidKi i po3nmagaroTsCd Ha
ApiOHimi.

ITpn TypOy/1eHTHIN Teuil, CEpeaHs WBUAKICTb MO BCHOMY TOMEPEUHOMY
nepepisi moToky Maixe crana. ¥ CyMiXKHOMY TOHKOMY LUapi piiMHH, IO
NPUIATAE KO CAMMX CTIHOK TPYOH, IIBHMAKICTH 3MEHIIYEThCH AC Hyad. He-
3BAXKAKYM HA Te, WO TypOyJeHTHHU# MOTiK 34 CBOIM 3MicTOM He-

J. Llllle

D R L R N T R

Puc. 7.20 Puc. 7.21

CTALiOHAPHMI, HA IPAKTHIi MOr0 YMOBHO PO3IJISNAIOTH K CTALIOHAPHUN
MOTIK 3 YCEPEXHECHUMH XAaPAKTEPUCTHKAMH,

ITpu BUBUCHHI PyXy PiiMH CTABUTHCA 33BOAHHS OACPXKATH TaKi pe3yb-
TATH, AKi xapaktepusyBasm O HE OOWH SKMICh KOHKPETHMI BHTIAMOK, a
CYyKynHICTh sBHII. Lle 03Hauae, Mo B paMKax 3HANAEHUX PE3y/IbTATiB ABH-
ma moxibui. Ha ocHoBi nocuts 3aranpHux ¢isMUHMX MipKyBaHb MOXHA
OiATH BUCHOBKY, IO MHOXHHHICTh 3B S3KiB 30BCIM HE € BJACHOKI BJA-
CTUBICTIO HOC/HIIXYBAHOTO SIBWIIA, IIO HACMPABOi BILIMB OKpeMuX (ak-
TOPiB, SKi MOJAHI Pi3HMMU BEJIMUYMHAMM, IMPOSBISETECY HE PO3Pi3HEHO, a
pasoM, mo Tpeba po3rAAATH HE OKPEMi BEIMUMHM, 3 IXHi CYKynHocTi, Bn-
SIBJIFETHCS, [I0 MOXHA PO3POOUTH METOH, KUl A€ 3MOry 3HAWTH 3B A30K
MiX OKPEMHMHU IPyNAMH BEIHYMH i MOEOHATH IX Y KOMIUIEKCH CTPOIO BHM3-
Ha4yeHOro pUmIsgAy. Taki KoMIUIeKCH MaroTh nmepHMit (hismuHMi 3MicT.

Tak, pyx piA¥HM MOXHA XapaKTEPU3YBATH TAKMMH BECJIUYMHAMU:
paziycoM-BEKTOPOM 7 i MIBUIAKICTIO 1—; eeMeHTapHoro o6’eMy piaMHH, Xa-
paxTEpHUM pPO3MipoM / I XapaKTEPHOIO IIBHAKICTIO HOTOKY ¥,, TYCTHHOIO
p, B’I3KICTIO 1}, CTUC/TMBICTIO a00 MIBUAKICTIO ¢ TMOMMPEHHS 3BYKY Y PiluHi.
Axmo cwia TEXiHHS Bifirpa€ iCTOTHY pOJib, TO AJIS XapaKTEPUCTHUKU PYXY
pinuau GepyTb A0 yBarW i MPUCKOPEHHS BUIBHOIO MAgiHHg g. SIXLIO moTiK
HE CTAUiOHAPHUM, TO A/ WOTr0 XapaKTEpPUCTHKM BBOASATh TAK 3BAHMHK Xa-
pakTEpHMIi Yac T, MPOTArOM SKOroO BigOyBalOThCS iCTOTHI 3MiHM B IOTOIL]
piguHM. - >

OTxe, MixX BesMuumHaM¥u r, v, v, [, p, 1, ¢, g T MOBHHCH iCHYBaTH
¢ysKuioHansHUi 3B’ 430K. 3 HABEACHO! CYKYNHOCTi BEJTHUYMH MOXHA YTBO-
PUTH WIHCTh 0e3PO3MIPHUX KOMILIEKCIB:
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v

v v, 1
Y. I Re= 2% Y (7.36)
170’ 17 n v 4
2
Fr = 2o, (1.37)
g’
M= 2. (7.38)
C
S = 3’;;_‘ (1.39

e v = n/p — xiHeMaTuuHa B’I3KiCTh; N — AUHAMIYHA B’I3KICTb.

MiX UMM KOMIUIEKCAMH TAKOX ITOBHHEH iCHyBaTH (DyHKIiOHATBHMIA
3B’430K. ICTOTHHM TYT € T€, WO KOIM /s JBOX MOTOKiB M'SITh i3 mecTn
KOMILIEKCIB 36iratoThcs, T0 36iraTuMyThes 1 MIOCTI KOMIUIEKCH. Y LBOMY i
MOJISITAE CYTh 3ATAJIbHOrO 3axoHy mopibHocti nmotokie. Taki mMOTOKHM Has3M-
BAIOTh MEXAHIUHO ab0 rigpoAHHAMIUHO TONiOHMMH.

Beanunnn Re, Fr, M, S nasuBaiore BimmosigHo uuciamu Peitromeaca,
Opyna, Maxa, Ctpyxans.

3’acyemo dizuunmit amict uncesn Peitomsaca i Opyna.

Ananis supasy umcna Peitnonbaca (7.36) nokasye, mo BOHO 3 TOUHICTIO
N0 CTAJIOT0 MHOXHHMKA 30iracThca i3 CHiBBiXHOINGHHSM npukiaany 7.4, sxe
BUpAXac BiMHONICHHY KiHETUYHOI €HEPril PifvHM, IO NEPEHOCUTRCS MOTO-
KOM uYepe3 3aJaHMi IEPEPis 33 OAMHMLIO YaCy, A0 pobOTH MPOTH CHI B’ 43-
KOro TepTd, II0 BMKOHYETHCS MOTOKOM TAKOX 3a opuHuUio yacy. OTxe,
ynciao PefiHonpaca Mae  WOPAOOK  BEJWUMHM, SKA  BU3HAUAETHCH
BiZHOmEHHSIM KiHETHYHOI €HEpril piAfMHU A0 BTPAT €HEPTil, 3yMOBJIEHOI pO-
GOTOI0 CIJT B’SI3KOCTI HA WISAXY, IO AOPIBHKE XapakTepHii gosxuui. Unc-
Jgo PeiHonsaca BuM3HAyae BIZHOCHY pOJb iHepuil i B’43KOCTI piawHM T
yac rteuil, IIpm Besukux umuciax PelHOMBACA OCHOBHY poOJib Bimirpae
iHepLia, a Tpd MaJux — B I3KICTb.

Yucmo @pyna 3a CBOIM TIOPSAKOM BH3HAYAE BiAHOIIEHHS KiHETHYHOI
EHepril piinaM 10 NPUPOCTY EHEPrii, 3yMOBJEHOI POOOTO CHIN TIXKIHHS
HAa OUIIXY, MO TAKOX HOPIBHIOE XAPAKTCPHIA NOBXWHI.

Teuii mogibui, AKIIO BOHKM MAIOTh ONHAKOBI uncaa Peinonsaca i Opyna.

dk yxe 3asHayanocs, i3 30ULIbLIEHHSM MIBHAKOCTI Teuil JiaMiHapHWIA
pyx nepexoauts y TypOysentawmii. [IIBuaKICTb, npy gKilfl BiROyBac€ThC HEl
nepexif, HAa3WBAKTh KpumMuyHOr. 3aMiCTh XPUTHYHOI IMBHAKOCTI KOpH-
CTYKOThCA uncaoM PeitHonbaca. Tak, KMo 3a xapakKTEpHAR po3Mip B3STH
pagiyc TpyOu, TO KpUTHYHE 3HAUCHHY uucaa PeltHosnbaca, Ipu SIKOMY
naMiHapHuit pyx nmepexoaute y TypOynenrau#t, Re , = 1100. TIpu upomy
HEMAE 3HAYEHHS, BHACALIOK 4oro uucio PefiHonpaca Mae Taky BEIUMUHMHY —
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B PE3y/bTaTi 36LTBIIEHHS XapaKTEPHOTO PO3Mipy /, uM 36iIbILEHHS MBHI-
KOCTi, UM 3MEHIIEHHS B’ 3KocTi. ToMy umcto Pefinosnbaca Moxe OyTH Kpu-
TEPIEM MEXaHiuHOI MORIGHOCTI Pi3HMX MOTOKIB.

Kputnune 3HaueHns uucna Peitnonpaca, To6To umcao Re, mpu gaxomy
JIaMiHADHUH DyX NEPEXONUTh Y TYPOYJIEHTHUHN, BH3HAYAETHCS TiJIbKH CK-
cnepuMenTanbHo. Uucno PedHosmpiaca Bimirpac BaXxauBy posb B ycix
KINBbKICHUX JOCTIAXEHHSIX OOTOKIB pioguH i rasis.

Hns BUBUEHHS! PYXy T 3aJaHOi PEOMETPHYHOL opmu B pinmuax abo
rasax Ha MPakKTHLi YacTO HPOBOAATHCS AOCHIIKEHHS 3 TLIAMH MOmiGHO]
topmu, ane MeHmMX po3MipiB. A gani pesymbratu TIEPEHOCATh HA Tina
Oiabumx poamipis. Jas uporo BIANOBINHEM X00OpPOM IIBHAKOCTI i TyCTUHU
CJLiA AOCArTH PiBHOCTI uMcen PeiiHoabaca B 06ox BATIAOKAX.

§ 7.6. Pyx Tin y pigunax i rasax

Onmiero 3 mocuTs BaXkJWBHMX 3agay rigpo- Ta 4E€POAMHAMIKH €
ROCTIKEHHS PyXy TBEPAMX Tl B pinwHax abo B rasax, mo 3BOAUTHCS o
BUBYCHHS CHJ, 3 SKMMM Qi€ CEPENOBHMUIIE HA PyXOMi Tifia. AKTyaabHICTb
Iiel 3amadvi 3yMOBJIEHa NPaKTHKOK Kopabie- i JiTakoOyayBaHHS,
MBUAKICTh PyXy SIKMX NEOaTi 3pOCTac.

XapaxTep B3aeMORii MiX PiIvHOIO i TiJIOM, WO MiCTHTBCS y piguHi, 3a-
JIEXHUTh Big i1XHBOI BIZAHOCHOI IIBHUAKOCTI. 3 MEXaHIYHOTO NPHHIUITY
BiTHOCHOCTI BWILIMBAC, INO CHJIA B3aEMOMII MiX HHMU OMHAKOBA 9K [/
PyXy TBEPHOTO Tizia B HEPYyXOMil pinmHi, Tak i B pasi ofTikaHHS Hepyxo-
MOro TiJla PiIMHOK, WO PyXaeTbCS 3 TAKOK CAMOI0 33 MOAYJIEM i IpOTH-
JIEXHOK 33 HAIPSIMOM IUBHAKICTIO.

Cuna, 3 axow gmie pigmea Ha TiNO nmpu IXHBOMY BiIHOCHOMY pyci, 3a-
JIEXATh TAKOX Bia popMm Tina i B 3arasibHOMY BUManky Gyzae HampsMieHa
i IeIKUM KYTOM O HampsiMy pyxy. L{to cuiy 3aBXmu MOXHA PO3KJIACTH
Ha JIBi B3aEMHO NEPIEHAMKYISPHI CKIafoBi cuiu, CKiafosy, mo xic y Ha-
TpsiMi IOTOKY, HA3MBAIOTH CHJIOK0 JI060BOro omopy. CKJanoBy, mio mepreH-
AMKYJISIPHA KO HANPAMY NMOTOKY, HA3MBAKTh IiJHIMAJBHOIO CHJIOO.

Ha cumerpuuni Tina, sich cumerpil sKux 36iracTbed 3 HAanpsiMOM IO-
TOKy, Ai€ TLIbKA cmia Jo6osoro omopy. Boma sanexuts Bin cdopmu Ta
pO3MipiB TiJI, IBMAKOCTI NOTOKY DiAMHM Ta Bif il BJACTUBOCTEI.

[lepm HiX nepedTn 0 po3risiAy OOTIKAHHS TLI peasbHAMU piguHaMH,
CIIOYATKy PO3IISHEMO OOTIKAHHS KyJIETOAIGHOrO Tila CTAIOHAPHAM MOTO-
KOM ineasnbHOi pinudm (puc. 7.22). Tlpu obrikauHi Ky moTokoM piauuu
AiHil Teyii M06aM3y MOBEPXHI KyJsi 3a3HAIOTh CHMETPHUHMX BUKPHBJIECHD.
BignosigHo no pisnsHEs Bepaysti posmomin TuckiB Gyae cuMeTpHYHHM
(puc. 7.23) i pesynapryroua cuna, WO Ai€ 1a HOBEPXHIO KyJi,
AopiBHIOBaTUMe Hy0. Takwit cammit pe3yabTaT gicTaHeMo i A T iHIIOl
¢opmn. Orxe, npu po3MimeHHi Tin y CTAa[iOHAPHOMY MOTOLi iAeaJbHOI
pinuHM cuna 1060BOrO OMOPy AOpiBHIOE Hya0. O TAKOrO HE3BHUANHOIO
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BUCHOBKY Brepme aifmos [’ AnamGep, 3Biacu Ha3Ba — mapagokc I’ Anam-
Oepa. . o

[mma kapruHa cnocTepiraeThca Ipu oOTiKaHHI TiZl peasbHUMH
pimuaaMu, ki MawTh B’a3KicTh. Taxi pinuHu E-Ie MOXYTb BUIbHO KOB3aTH
O TOBEPXHi Tijia. ¥ 1bOMY pasi NOCUTh TOHKMH IIAp PIAMHK NPHINMIAE 110
HOBEPXHI Tijla i yTBOpIOE CYMiXHHMH map. Horo BiHOCHA WIBUAKICTb
HOPIBHIOE HYJIO. 3 BiIJaJIEHHAM Bif NOBEPXHi Tijia WBHAKICTh PyXy MIapiB
pinuHM 3pocTac. BHacHimOK HAIBHOCTI rpanicHTa IOBMAKOCTI PYXY piAvHH
OLIs NOBEPXHI TLJIA HA HBOIO AIITHME CHJIA B I3KOTIO TEPTA. Pesynbjryroqa
CHJa B 93KOCTi, MO Ai€ HA TiJI0O HANPIMJICHA B3AOBX TOTOKY PiiMHH.
Hocmixg nokasye, mo il BeJIMYMHA IPONOPIifiHA WIBMAKOCTI, to6TO0

F = Cv, (7.40)

ne C — xoedilieHT, 9Kt 3aNEXUTD Bif B’I3KOCTi pilvHHA, po3Mipis i (op-
MH Tina, Horo opieHTauii BiZHOCHO MOTOKY. JlAs Manmx 3HAYEHb uucna
Peitnosbaca (Re = 1) cyMmixHuil map Mae TOBIIMHY, su(a4 AOpiBHIOE
poamipam Tina. I3 a6inbmennsm umcna Peitnonsaca (Re = 10%), tobro i3

Puc. 7.22 Puc. 7.23 Puc. 7.24

3POCTAHHAM IOBHAKOCTI MOTOKY, CyMiIXHHH IIAp pi3Ko BI/I}liJISIGTI'»CS.I B 3a-
raJpHOMY NOTOII piguuu i foro Topmuua Mae nopagok 0,01 poamipis Tina.
ITpu Takux yMOBax CWIH B’SI3KOTO TEPTS 3HAYHO BILTMBAKOThH HA XapakTep
obrikanHga Tina pigmuoro. JliHii Teuil mepecTaroTh 3aMHMKATHCI 33 TLIOM,
K 1e 300paxeHo Ha puc. 7.22, i BiZpuBarOTHCS Bif HBOTO. 3a Tinom yt-
BODIOIOTECS Buxopu (puc. 7.24). OGnacry 3a TinoM, B fKiil YTBODIOIOTHCS
BUXOPH, Pi3KO BiJOKPEMJIIOETLCH Bifl 0OJMACTI PEryaSpHOTO NOTOKY PigvHH,
TOMY CHMETpIl po3nofily THCKY (nogi6HO Zo posmoniny ioro Ha puc. 7.23)
HEMAE.

Tonepeay Tisia po3MOALT THCKY 3aAMINACThCA Mavke 6e3 3MiH, a B 00-
J1acTi BUXOpiB BiH Oyae MeHIMi i pubAM3HO ZOPiBHIOBATIME CTATHYHOMY
TUCKY Yy CTALIOHAPHOMY MOTOLI piAMHHA. BHACIiZOK Takoro po3momiily Bu-
HHKAE PE3yJIbTYHUa CHIa THCKY, HampsmiaeHa B ik motoky. Bona Hasu-
BAETHCH CUIOIO N10006ozo onopy. OCKiIbKH TIOTIEpeNy Tina THCK Oimpmi
Bia TMCKY B 06/1aCTi BUXOpIB Tia HA BEJIMYMHY AWHAMIYHOIO HAMOPY, TOO-
TO Ha BeIMuMHY pv’/2, TO cuna J0GOBOTO ONMOpY MPOMOPLiAHA I'yCTHHI
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piauuu p, kBanpaty ii BIHOCHOI WIBMAKOCTi ¥ TAa IUIOLI NOIIEPEYHOIO Iie-
pepisy Tina S, Tobro

F = C,pSv?, (7.41)

ae Ci1 — xoedinieHT NPOMOPLiHHOCTI, IKMIt 33,1€XUTh Bi urcaa PeifHosb-
Aca, Gopmu Tina Ta itoro opieHTtamii y moromi pimuHH.

Orxe, Ha TijI0 y pyxOMilt pinMHi ifOTh CHAM B’93KOCT i JI060BOFO OO~
py. Cunm B’a3KocTi Nif0Th Ha GiuHy MOBEPXHIO TiNa, CHIM JTOBOBOrO omopy
— Ha INOBEPXHIO Tifa, HA 9Ky Habirae notik pinuan. OCTaHHI BUHHKAIOTH
BHACJIOOK TOTO, MO TLIO, SIKE OMHMBACTBCS PIAMHOI, 3MIiHIOE iMoyasc 11
€JIEMEHTIB, TOOTO TiJIO Hi€ 3 NEIKUMH CHJIAMHM HA EAeMeHTH piznan. 3a
TpeTiM 3akoHoM HeloroHa, 3 Goky piaumEu TiIO 3a3HABATHME TAKOL CaMoi
ail 3a BEJINYMHOK, aJIe MPOTHJIEKHOY 33 HanpsMoM. Cuam B’ I3KOCTi i ey
J1060BOrO OMOPY 3aBXAM MiIOTh OHHOUYACHO HA Tijla, pO3MilUEHHI y pyxomii
pimuni. Ockinbky cHIH T060BOrO ONopy MpOIOpLiiHi KBagpaTry BiZTHOCHOI
WBHMAKOCTI, & CHJIM B’ I3KOCTI NPONOpPLiiHi TMEPNIOMY CTYNEHIO MBUAKOCTI,
TO IIPH AOCUTH MAii BiZHOCHIN MIBUAKOCTI PyXy PilMHM BiZHOCHO TLIA ITE-
PEeBaXXaTUMyTh CAJIM B’SI3KOCTi, 4 MPH BEJMKUX IIBUIKOCTAX — CHJIM JIO-
6osoro omopy. Kpurepiem Toro, gka i3 cua NEPEBAXATUME, € YHCJIO
Peinonenca. Slkmo Re < 1, 1o mepesaxaTuMyTh cuam B’43KOCTi, TIpM
Re > 1 — cuwm soGosoro omopy.

3’gacyemMo npuumHY BiZpUBAHHS CYMIiXHOTO
ey mapy i YTBODEHHS anopi_B. BHaCH'iI[OK CUJ B’ 43~
| 'I KOCTi y CYMiXHOMY IIapi mIBHAKICTh YACTHHOK
PiIVHM TOCTYNOBO 36LIBINYETHCS NPH BiAFAJISIHHI
Big mosepxHi Tina. Tomy Oyap-axuit enemeHTap-
HEH 00’€M pifMHM y CyMiXHOMY mapi Mae Mo-
MEHT iMIYJbCY BITHOCHO OCI, 10 MPOXOXHUTH
/——\ uepes meHTp 00’eMy O mepHeHAMKY/ASPHO OO Ha-
npsimy teuii (puc. 7.25). Taxuit enrement 06’emy
Puc. 7.25 PiI¥HM NPH NEBHMX YMOBAX BiIPMBAETHCH BiX MO-

BEPXHI Til4, YTBOPIOIOYH BHXOD.

YABACHHSIMM IIPO CYMIXHHMA IAD MOXHA KOPHCTYBATHCS TiTbKM IS
Tiel YACTHHHU Tifia, WO DPO3TAILIOBAHA NOMEpeNy Michb, e BinbyBaeThcs
BiApUBAHHA Teuil Bix moBepxHi Tina. Micus BimpmBy Teuil HA3MBAKOTH
Jinieto gi0pudanns. 3a JNIHIEKD BIAPUBAHHS 32 TiLIOM BUHHMKAE 00AaCTh HO-
TOKY, AOBXMHA SIKOro HabaraTo nepeBrILye XapakTepHi po3Mipu Tisa (aus.
puc. 7.24). CepenHs MWBUAKICTh TeUil B Iilt 061acTi MeHma Bix IIBMAKOCTI
MOTOKY DiIMHM, IO HATIKAE HA TLMO, a caMa Teyis BHXpoBa abo Typby-
JieHTHA. 19 o6acTh yTBOPIOE TAK 3BaHY BUXPOBY nopixky Kapmana. Ipn
MajMX 3HAYCHHSX yucia PeiHonbaca pyx piauHu B cyMixHoMmy mapi 6yme
JIAMiHApHUM, a MpH 3pOCTaHHI uucna Peitnonbaca namiHapaa Teuis cTae
HECTIMKOIO i MEepPeXonuTs y TypOyJEHTHUH IOTIK.

IIpuxnag 7.5. KopucTyrouncs npaBuioM po3MipHocteit, Busectv GopMysty CHM B’ SI3KOCTI.

Posp’ssanns I3 saransnux MipKyBaHb cuia B'S3KOTO TEPTS NOBMHHA 3aJIEKATH

Bifli B’A3KOCTI pimmuu N, romi 6iuHol noBepxHi § i, 9K yxXe 3a3Ha4asg0Cs, Bil IIBMAKOCTI
pyxy piguau v, T06TO
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F = Cn®sfe?, 1)

ne C — fespoamipuuit xoediuient mponopuiitHocti; o, B, Y — HeBimoMi NOKa3HMKHU CTe-
MeHiB, 3HAYEHHS SKUX Tpeba BCTAHOBMUTH. o

QueBnpHO, MO PO3MIPHICTL MPaBOi 4acTUHM PiBHaHHS (1) MOBUMHHA MAaTH PO3MIPHICTB
cwiH, TOOTO

m1® (8)° [v)? = MLT2. @
QOckinbky poamipHOCTi BEJIMUMH BiANOBiHO n] = MLIT _1,
[S] = I?, alv] = LT, 10 pupa3 (2) mepenvuIeMoO TakK:
ML (K2R LY = MLT (&)
3 eupasy (3) maemo
MALE Y B Aypmey = 2 4)
TlopiBHsiBIIM MOKA3HUKYW CTENEHIB BiINOBITHMX BEJIMUMH, AICTAHEMO CMCTEMY pPiBHSIHb
a=1,
—a+2ﬁ+y=1, 5)
—x—y=—2.

3Bincy 3HAXOAUMO
1
=1 = - =1,
a=1; B X v

Orxe, dopmyna cwiM B 93KOCTI HalMpae TAKONO BUIJISAY:
F=G,VSw. (6)

®opmysy (6) HasusawTs ¢dopmyiaow Crokca. Hdas kyabku ¢opmyna Crokca Mae
Buragn F = 6nnwry (r — pagive KyJbkH).

§ 7.7. NiguiManbHa cuna Kpuna nitaka

dx yxe saz”auanocd, npu o0TiKAHHI PIAKWHOK CHMETPHUUHOIO Tija
mijHiManbHA CHUAa He BUHMKAE. [I14 11 BUHMKHEHHS HeoOximHo, mob Tijo,
gxe OOTIKAEThCA PIIHHOI0, OYI0 HECUMETPHYHE 200 3HAXOMMJIOCh HECUMET-
PHYHO BIJHOCHO HAMpgMy MOTOKY. 3’4CYyEMO MEXaHi3M BUHUKHCHHS
migHIMAJbHOI CWJIM, IO Xi€ HA KPHJIO JiTaka. BBaxartmMemo, MO KPHIO
gBJg€ coB0I0 HECHMETPHUHE Ti/IO, 9KE€ OGAYBAETHCS TOPU3OHTAJIBHUM MO~
TOKOM TIOBiTpa (puc. 7.26). PosMicTHMO KPWUJIO BIIHOCHO NOTOKY Tak, 1100
IJIONIMHA, MPOBEAEHA B3AOBX KPHJIA 4epe3 Haubinbiu BigganeHi TOYKH
woro npocdino (TOuku ¢ i b), yTBOpIOBajga 3 HANpPIMOM MOTOKY KYT O,
SIKMH HA3UBAKOThL Kymom amaxu. BeanuuHy ab Ha3UBAIOTh XOPAOIO Kpuia.
OCKiJIbKH B CYMI’KHOMY WIapi MIBMAKOCTI YACTHHOK MOBITPS 301IBIIYIOTHCS
Mpy BIAJAJICHHI Bif NMOBEPXHi KpWia, TO B UbOMY IIApi pyxX I.IOBiTpSI 6yne
BuxpoBuM. Hax xpuiom BigOyBaTuMeThCd OOCPTAHHS BHXOPIB 33 TOOMH-
HUKOBOIO CTPLIKOW, a MiJ{ KPAJIOM MPOTH TOAMHHUKOBOI CTpimaq. ITpumny-
CTMMO, WO I KPHJIOM JiTaka BifipBasacd dkKach maca MOBITPS, SKY
BiIHOCHTb IIOTOKOM Y BAIVISAI BUXOPiB. [XHIN MOMEHT iMILy/IbCy BiﬂMlHqu
Bif Hysad. Y cHCTEMi KPWJIO — MOBITPS BHYTPIIIHI CHUIM B’93KOTO TEpTH i
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CHJIM TUCKY HE MOXYTb 3MiHMTH 3arajJIbHUU MOMEHT IMITyJbCy. SIKIO BiH
70 YTBOPEHHS BUXODIB MOPiBHIOBAB HYJIIO, TO, 32 3aKOHOM 30€pEXEHHS MO-
MEHTY iMIIYJIbCY, TCIS yTBOPEHHS BHXOPIB MOMEHT iMITy/IbCy HE TTOBHHEH
BMIHATHUCS. 3 ILOTO BHIUIMBAE, MO OXHOYACHO 3 yTBOPEHHSM BHXOPIB II0-
BHHHA BUHUKHYTH LMPKYJ/ALid IOBITPS HABKOJIO KPWJa y Hanpsmi, mpo-
THJICXHOMY Hanpsamy oOepTaHHsl BUXOpiB. MOMEHT iMTyJabCy OMPKYJILIT
HOBIiTPS AOPIBHIOE 3a MORYJIEM MOMEHTY IMIyJbCY BHXOpIB, aJe IMpPOTH-
JeXHUH oMy 3a HanpsMoM. [Ipm mpoMy cymMapHM# MOMEHT iMIYBCY
BCi€i CMCTEMH AOPiBHIOBATHME HYJTIO.

)

%

Puc. 7.26 Puc. 7.27

Ha puc. 7.27 306paxeno mpodink xpusia, po3TAIMIOBAHOTO y IOTOL
nositp4. Jlinii Tedil 1poro NoToKy 306paxxeHo CyUiIbHAMY JiHiAMHE, a HUp-
KyJAAUidHy TEUil0 INTPUXOBOK JIHIEIO.

Orxe, BHACAIZOK Ail CHI B’I3KOCTi MPM HECHMMETPUYHOMY OOTiKaHHI
MOBITPSM KPHJIA HABKOJIO HBOIO BUHHUKAE LMPKYJKUid MOBiTps, il Ha3uBa-
I0Th NPUEJHAHUM BHUXOpOM. L9 IHMpKyAguifiHa Tedid AONAEThCI A0 Teuil
HOBITPE HA3yCTPiU KPUTY, B PE3y/IbTATI YOr0 IIBHUAKICTh MOBITPS HAA KPH-
noM Oyme Ginbima, HiX Mg KpuioM. Y UMPKYIALifHOMY HOTOLi YaCTHHKU
rasy nepebyBaioTh He B 00EPTANBHOMY PyCi, 4 PyXalOTbCs HEHAUE TOCTY-
MAJIBHO B3A0BX 3aMKHEHHUX TPAEKTOPIii.

o 30BHINTHBOIO MOTOKY MOXHA 3aCTOCyBaTH piBHSHHA Bepmymmi. 3
HBOTO BMIUIMBAE, W0 NPM LUPKYJALIil NOBITPS TUCK HAA KPWIOM 3MEH-
myeTrbcd, a MNig HuM 30inpmyersca. Lle 3yMOBAKE BHHHUKHEHHS
MiAHIMAAbHOI CHJIM KPHJIA, IKa HANPAMJIEHA Bropy. 3a3HauMMo, MO
migHiManpHA cuaa Moxe OyTH HANpsMJIEHA 1 BHU3 3aJI€XHO Bil opieHTamil
KPHJIa BITHOCHO MOTOKY MOBIiTPs. SKINO BigHECEHI MOTOKOM TOBITPS BHXO-
pM YyTBOPWJIHMCS 3 YACTHH CYMiXHOIO OIADy BEPXHBOI YACTHHU KPHJIA, TO
BUHHMKAE LMPKYI41id HOBITPS HABKOJO KPWJIA JIITAKA HPOTH CTPIIKH Tro-
JWHHHKA.

MareMaTiuHy TEOpIIO MiZHIMAKBLHOI CHIM KPWJIA PO3POOHMB POCIMCHKMIA
Buennit M, €. Kykoscekuit (1847 — 1921). Bin nmokazas, mo norik Gias
KPHJia MOXHA pO3IVIAHATH 9K ABA IMOTOKHU igeasbHOI PIAMHU HENEPEPBHOIO
0OTiKaHHs, MO OFHOYACHO ICHYIOTh i MAlOTh TJIABHO BMTHYTI JIHII Teuii i
HYUpKy/iduiiiHe oOTiKaHHA HaBKOAO Kpuaa (mue. puc. 7.27). Takmi pyx
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BiANOBigac yMOBaM, NMpH SKUX LMPKYJALIis MBHAKOCTI MO 6ynh-§1Komy
3aMKHEHOMY KOHTYDY, IO OXOIUIIOE TLIO, € BEJIMYMHOK CTANO0K. LlupKy-
JSIis MBUMAKOCTI MO 3aMKHEHOMY KOHTYDPY

$(wdS)= Prds=T, (7.42)

1€ ¥ — MPOEKIlis BEKTOPA IMIBHAKOCTI HA JOTUYHY AO €JIEMEHTa KOHTypa
dS. M. €. XyKoBcbKuil 3aMiHMB KPHJIO TOHKOIO ILIACTHHKOIO (pHC. 7.28),
dKa po3MillleHa iy KyTOM O KO HAIpgMy IOTOKY, i MOKa3ap, MO LUPKY-
JISLig
r= —%ndva, (7.43)
e d — xopaa Kpmwia; 0. — KYT aTaku.
3HakaeMo nigHiManeHy cuiay Kpmia. Hexait Teuid TIEPEN KPUJIOM Mae
IIBMAKICTh ¥, i THCK p,. BBaxaTumemo, mo MBHAKOCTI LKPKYJISIIMHOTO
MOTOKY B TOYKAX Haj i Il KPHJIOM, $iKi 3HAXOAATHCA HA BimcTaHi X BiXg
IepeTHbOT KPOMKM KDHJIa, BIIIOBIAHO ¥, i ¥, a THCKH p, Ta p,. 3anumemo

Puc. 7.28 Puc. 7.29

pisasuag Beprysni ma aeox Tpy6oK Teuil, MmO MPOXOASTh HAM i Tix Kpu-
oM. OnuH 3 IepepisiB KOXHOI TpyOK#M PO3MICTIMO B TIOTOM{, A€ IIBAAKICTD
i TucK v, i p,. TOAi BIIMOBIAHO M1 BEPXHBOI i HIXKHBOT TPYGOK

Pt TR Rt TR
3eincm
1
Py — P =§(v| +v2) (171 _172) p.

Ing Manux KyTis araku v, i v, Majgo BiApi3HAWTBCH BiX v, I
v, + v, = 2v,. Toni

Dy — Py = PY, (Ul - '72)-
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bing TOuKM 3 KOOPOMHATOI X YSIBHO BHALISEMO CMYXKY 3aBIIMPIIKH
dx B3JOBX XOpAM KpHWJa i 3aBIOBXKH [ y Hampami poamaxy kpunaa. Pe-
3yJbTYIOYa CHJA, MO Ai€ HA IJO CMYXKY,

(p, = pldx = pvy(v, — v,)ldx.

Pesysabryioua cwia, mo Ai€ HA BCIO MOBEPXHIO KPWJA,

d
Fy, = pvyl f (v, — v,) dx.
0

d
Iarerpan f (v1 —v2)dx =T aBage co6ow ULMPKYASLiK IIBUAKOCTI
0
B3I0BX KOHTYpA, [POBEACHOTO HABKOJO KPUJA.
OTrxe,

F. = plv L. (7.44)

®opmyna (7.44) HazuBaeThCs gopmyaoro Xykoscekozo — Kymma. Ha
ocHOBi (7.44) i (7.43) mMoxHA 3poOMTH BHCHOBOK, MO MiAHIMAaJbHA CHJA
Kpwia npdMoO OpONopLidHA FYCTHHI CEPENOBMINA, KBAAPATY MIBUAKOCTI i
KyTy ataku. [na maaux kyrtie ataku opmysa (7.44) moOpe y3romxyeTbed
3 AOCTIAHUMH NAHHMH.

HupkyagmiiHui TOTiK TAKOX BHHHMKAE HABKOJIO LIIHAPA, KA Of-
HOYacHO 6epe y4acTh y NOCTYHAIbHOMY i 06EPTANBHOMY PyXax y piaMHax
abo B rasax, a BiCh OOEpTaHHS UHTIHAPA NEPHCHAMKYASPHA N0 HANPAMY
TIOTOKY. :

SIKmo HEepyXOMuil WIUTIHAP PO3SMICTATH y HOTOLUI piguHM abo rasy, ToO
BHHHMKAE TLTBKH CHIa JOOOBOrO OMOpy. SKIIO LUJIiHAD mpuMyCcHTH 0bep-
TATHCH, TO B NOTOLI pizuuw abo rasy Ha Takui UMIHAD AidTuMe
MiZHIMAJIbHA CHJA, 9Ka 3@ HaNpsMOM IEPHEeHAMKYJISPHA A0 HANpPIMY IO-
ToKy. lle sBuImEe Ha3uBaWThL ehekmom Maznyca. Ha puc. 7.29 mokaszano
HAOpaM Jil mifHIMaJXb6HO! it F HA LWMJHHAD, AKUA 00epTAEThCA 33 MOLUH-
HHMKOBOIO CTPiZIKOI0, a HAmpsSM MOTOKY rasy — 3jiBa HampaBo. Harmpsam
LUPKYJAAIiAHOTO NOTOKY HABKOJIO HUJIIHAPA MOKA3aHO MTPUXOBOIO JIIHICHO.
Bich o0epradHs MWIiHAPA DEPHEHANKY/ISIPHA 0 IUIOIIAHEA PHCYHKA.

Po3gin 8. Pyx Tin y HeiHepuianbHMX cMCTeMax BigniKy

§ 8.1. HeiHepuianbHi cuctemum Bigniky. Cunm ivepuiT

Y monepeaHix posniax po3rNSHYTO PyX MAaTEepiaibHOI TOUKH BiXHOCHO
iHepHiaJpbHUX CHCTEM BimJIiKy. Y Takux CHCTEMAax BiAJiKy pyx Ma-
TEPiaJbHOI TOUKM ONWCYETBHCS PiBHIHHSAM, INO BHPAXae€ APYru# 3aKOH
Hsiorona, TobTo
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-> ->
ma = F.

Ha mpakTuni 4acro JOBOAUTHECS MATH CIIPABY 3 HEiHEPIiAJAbHUMH CHC-
TEMaMH Biajiky, TOGTO CHCTEMAMH, AKi PYXAKOTbCS MPHCKOPEHO BIAHOCHO
iHepUia/bHUX CHUCTEM BimiKy. B HeiHepuiaabHHMX cHCTEMax BigIiKy 3ako-
HM HbrooToHa B3araji HE BHKOHYIOTbCH. MarepianpHa TOUKa MOXe pyxa-
THCS NIPUCKOPEHO B HEeiHepIiaabHil CHCTEMI BiIIiKy, 9KIMO HA HEl HE AiI0Th
30BHimHI cum. Tax, mpu panToBOMy rajJbMyBaHHI aBTO0yCa MACAXKUDPH 3a-
3HAIOTh NPUCKOPEHOTO BigxwsjeHHd B Hampami pyxy. [Ipm mosopori asro-
Gyca, Kosmu BimOyBacThCS NEPEXig 3 NMPAMONIHIAHOIC HA KPWBO/IiHIMHHIM
PyX, MACaXHPH BIIXWIIOTHCH y OiK, MPOTHACKHHN LEHTPY TPACKTOpii
itoro pyxy. Ilonibuux npukaagis MoxHa HasecTn OaraTto. XapaKTepHHM
VI HUX € Te, IO B HEIHEPIiaJbHUX CUCTEMAaxX BIAUIKYy Tia HaOyBaOTh
OPUCKOPEHHS, SKIIO HA HUX HE OiIOTb iHIII Tina.

3HaiaeMo piBHAHHA PyXy B HeiHEpUiaibHilk cucreMi Bipiky. 3aBnanns
[OJIATAE B TOMY, o0 BCTAHOBUTH 3aKOHM IIEPETBOPEHHS CHI i IIPUCKOPEHD
1Ipy nepexopi Bim iHepuiansHO! A0 Oyab-sKOi HeiHEPHIiaAbHOI CHCTEMH
Bigyiky. BBaxaTuMeMmo iHepmiaJbHY CHCTEMY BiAJIiKy HEPYXOMOIO, a
mMBHUAKICTE DYXy Tizna BiMHOCHO Hel Ha3uBaTHMeMO AaGCOJAIOTHOIO.
[IsuaxicTe Tina BITHOCHO HeiHEPHIAJIbHOI CUCTEMH BifIIKy HA3MBATHMEMO
BigHOCHOI0. TakoX BBAaXXaTHMEMO, IO

Ui MmMBUAKOCTI MaJi TOPIiBHAHO i3 7 7'
IBHMIKICTIO CBiTJIA y BaKyymi. [linsa ta- .

KHX TIPUTIYIIEHDb BiACTaH{ i MPOMiXKH K g

yacy iHBAapiaHTHI NpU Tepexomdi Bix - OM
onHiel cucremy BimiKy m0 Oymb-aKoi X L O

iHINOT HE3aJIEXHO BiA xapakTepy ii py- % = J F v
Xy BiAHOCHO HEPYXOMOI CHUCTEMHU

Big/iky. 3ayBaxXuMo, IO BBEAEHi IO- 0 F Y

HATTA "HepyxoMma cucteMa Bimmiky" i i
"abCoIOTHA MIBMAKICTS" yMOBHI 1 HE Ay
CymepeuaTh TBEPAXEHHIO, mo Oyab-
9KAA PYX BiXHOCHMH. Puc. 8.1

Posrnguemo pyx MarepianbHOT
TOYKM M BiXHOCHO ABOX cuCTeM BiAIiKy. [TosoxeHHs MaTepiaabHOI TOUKH
BifHOCHO Hepyxomoi (imepnianpHoi) cucremu K i pyxomoi
(HeiHepuiagbHOI) cmcTeMu Bigaiky K' BH3HAYAXOTHCA BiAMOBITHO

. _>. >
pamiycammu-pexropamu r i r' (puc. 8.1):

- > P fivts 7 g
r=xi+y+zk, ¥ =xi' +yj + 'k, 8.1)
R . PP PR
ae i, j,k i i,j,k —opru cucrem K1i K'.
3 puc. 8.1 Bugmo, mo
> > -
r=rytr

) (8.2)
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> e - .
Ie ro — pamiyc-BEKTOp HMOYaTKy KoopamHAT O’ pyXoMoOi CHCTEMH BilTiKy
BiIHOCHO HepyxoMoi cucTeMu. AGCOMIOTHA MBHAKICTS MATEPIAIBHOT TOYKH

- dr dx-> _4)_)—> dz 7>

vEa T Ttk
3 pisnocri (8.2) maemo
dr. a5
>_ 4  dr (8.3)
=% T ar

Ockinbkn cucreMa K' pyXxaeTbCd JOBUIBHO, TO

il _ (x> dy > d a4, dR
ar _ (&L & 2y Loy 8.4)
di (dtl+dt dtk) ( Y a v w)

IMepmmit nomanok y Bupasi (8.4) € BITHOCHOIO MBMAKICTIO MATEPiaIbHOL
TOUKH, TOOTO IIBHAKICTH il BITHOCHO PYXOMOI CHCTEMH BifTiKy

s _df 3 A7 d7p
=i = ’ 8.5

ve=g it Yk
Y 3araspHOMY BMNAAKY PyXOMa CHCTEMA BilUIKY OTHOYACHO MOXE 6pa-

i d] dk'
TH YUacTb y MOCTYNAJLHOMY i oOepTasbHOMY pyxax. Tomi —— p7 d ;

1€ JiHiAHI IIBMAKOCTI KiHIiB OPTiB z , ] , k' Ipu
obepTanspbHOMY pyCi CHCTEMH BiJmiKy Axmo
KyTOBa I.[[BI/II(KICTI: o0epTaHHs pPyXOMOi CHCTe-

MH BifJiKy 0) T0 3 pHc. 8.2 BHMAHO, WIO
di' =i'dp =i (x)dt (d¢ — KyT moBEpTaHHY CH-

, 7 e g
cremu K' 3avacdt), i’ +di' | =1i |. Tak
camo

di' =jwdt, dk' =k odt.
Toxni Ha ocuosi (1.21) MoxnHa 3amucaTv, LIO

i & 2 86
dii _ »=> 4 _ »>>  dk _ - > 8.6)

IMepenumemo ApyTHil AOAAaHOK BHpasy (8.4):

—
L dif di LAk > 2 > > > 2
x' dt+ydt+ dt—[mxt]+[my]]+[u)zk]
o (T +y]+2K)=[0r] 8.7
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Bpaxosyroun (8.4), (8.5) i (8.7), rupaz (8.3) mepemmmeMo Tak:
->

-> - > ->
v=v,+ [or]+wv, (8.8)

-
e 5 = 410
O dt

- -> > . -

Cyma v, + [0 r'] € a6COMOTHOIO MBUAKICTIO TOTO E€JEMEHTa PYyXOMOI

CHCTEMHM, Uepe3 AKMH y AaHui MOMEHT 4acy OPOXOAMTH MaTepiajJbHa TOY-

Ka M, pyx gxoi posmisgaetbes. 1110 MBUAKICTH HA3UBAKOTH NEPEHOCHOKO

IOBUAKICTIO TOYKM M i 3anuCyIOTh 9K

-

- -> -
=v,+ {or] 8.9)

Otxe, dpopmyny (8.8) mepenumemo Tax:

- -

>
v=v,+ v, 3.10)

3Bincu BMIUIMBAE, IO aOCOMIOTHA IIBMAKICTh TOUYKHM M [OPIBHIOE reo-
METPpHYHIiN CyMi BITHOCHOI i MEPEHOCHOI IIBHUAKOCTEMN.

AHaJIOriyHO BBEAEMO IOHATTSA aGCOJIOTHOTO i BITHOCHOTO IIPHCKOPCHHS.
Mig abcorromuum npuckopennsm PO3YMITHMEMO NPHUCKOPEHHA Ma-
TEepiaabHOI TOUKH y HEPYXOMill (iHepuianbHii) cuctemi Bimmiky, To6TO

>
>_dv
a=—-
Ha ocrogi cniseigHOmenns (8.8) maemo
dv, [d i dv,
- v ® —> - dr' v
= o el r (8.11)
a=-z [dt }J’ [mdtJ+dt'

Kopuctyrouucs BupazoMm (8.5), sanumemMo

d’l_;, B (d2x’ - &y - d7 —3) N

dt PR

ar e T a Yo a

2 1 2,1
Benuuuny C_l: {th i+ (fly i+ Kflz

CKOpeHHsIM MaTepiaibHol TOUKHM BITHOCHO PyXOMOI CHCTEMH Bifiky. Bpa-
XOByoun cmiBBigHomeHus (8.6), xpyry cyMy B AyXkax supasy (8.12)
MOJaMo ¥ TAKOMY BMIVISIZI:
-> - >
dex'di’  dy'dj | dZdk’ -

arat Varar T arar S el

1} T? ’ 7
(dx di'  dy djf  dZ dK ) 8.12)

k' HasMBAWOThL GiOHOCHUM NpU-
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Toni Bupas (8.12) mepenumemo Tax:

-
dv, _ > > (8.13)
dt T rd

3 ypaxysanHaM chiesigHomennsg (8.13) rta cmiBBigHOMIEHHS

dr' > > -
2 vt ler]
supas (8.11) malysae Burnsamy
i=a+Erl+®orN+2[00]+a, 8.14)

d‘lfo
A€ Go = —.~ — NMPHUCKOPEHHS NOCTYMAJIBHOTO PYXY PYXOMOi CHUCTEMH;

do
€ = —7~ ~ KYTOBE MDHCKODEHHS 00epTasbHOrO pyxy PyXOMOi CHCTEMH

BIIUTIKY.
Bupas (8.14) sammmemo y Taxiin dopmi:

- > - ->
a=a,+ a,+a, 8.15
-> -> ->-> > >
e a=a+ [erj+ [o[or]l— (8.16)

nepenocHe npuckoperns.. BoHO € aGCOMIOTHEM TIPUCKOPEHHIM THX €J1e-
MEHTIB PyXOMOi CHCTEMM BiAJIiKy, 4epe3 $Ki B ZAHUIM MOMEHT 4acy mpo-
XOMUTh MarepiasbHa Touka M. AHAM3 NEPEHOCHOrO INPHUCKOPEHHH
MOKa3ye, IO &, — LE NPHUCKOPEHHS MOCTYNAJbHOIO PYXY PYXOMOI CHUCTE-
->—>
MHM; a BemumHa [er'] — e mepeHOCHE MPUCKOPEHHS, 3yMOBJIEHE
. o .. > > >
HEPiBHOMIpHICTIO 06epTaHHs pyxoMol cucremu. Bemnuuna [0 [0 7' ]] e mo-
: ->
LEHTPOBAM NPUCKOPEHHSAM
>
OyTKy, IO BEKTOP a,,,, HANPIMJEHUH O MHTTEBOI OCi 06epTaHHS.
Bennunna

, 1 MOXXHA MEPEKOHATHCS 3 BEKTOPHOTO J0-

2y =21[00] .17

€ Kopioaicosum npuckopennsm. BoHO 3yMOBJIEHE pyXoM MaTepiaabHOI
TOYKH BiTHOCHO PyXOMOI cucTeMH, ska nepefysac B 00epTaabHOMY PYCi.
Pipaannag (8.15) supaxae teopemy Kopiosmica, srinno 3 sxoro abcomoT-
HE NPUCKOPEHHS AOPIBHIOE BEKTOPHIN CyMi NEPEHOCHOTO, KOPiOTiCOBOTO I
BIJHOCHOIO MPHUCKOPEHb.
Tpeba onepxxarty piBHAHHS PyXy MATEpiaJbHOI TOUKHM BIIHOCHO PYXOMOI
(HeiHepuianpHOI) cucreMu Bimtiky. Ilepenmmemo supas (8.15) Tak:
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- >

- -
a =a— a, — a. (8.18)

e

IMomuoxwupmu giBy i mpaBy uacruHm piBHauHA (8.18) Ha Macy ma-
TEpiaJbHOL TOUKH, JiCTAHEMO

-> -> -> ->
ma, = ma — ma, — ma, (8.19)
- >
e ma = F — piBHOAINHA BCiX CHJI, WO AIlOTh HA MaTepiaJibHy TOUKY 3 00-
Ky IHIIMX Tif, TOOTO LE CHIA, IO PEAsbHO ICHYE 9K PE3YJIbTAT B3aEMOMIL
TiJ.

OckinbKy pemra ZOHNaHKiB mpaBoi uacTuHu piBHaHHS (8.19) Mae
PpO3MIpHICTh CUJIH, TO (POPMAJBHO TIPABY YACTHHY LbOTO PiBHAHHA MOXHA
BBAXKATH §K AEIKY CWIY, IO Ai€ HA MaTepiaabHy TOUKY B PYXOMIH CHCTEMI
BifIiKy. > N =

Ha Biaminy Bix cumu F cKAanoBi —ma, 1 —ma, MawTh iHMKWA xapakTep.
Bonu BUHUKAIOTH HE B PE3yJIbTATI B3AEMONIl TiJi, 4 BHACIIIOK IIPUCKOpE-
HOTO pyXy CHCTEMH BiIU_I)iKy, i ix HasuBawTb cunamu inepyii. Ckaanosi

Fnep = —ma, i Fy = —ma, HAa3UBAKTh BIAIOBIIHO MEPEHOCHOK CHJIOK

iHepuii i xopiosicoBow cwior. Bupas nmepeHocHOI cuam iHEpPHiT B 3araib-
HOMY BHIAAKY Mac BHUIVISN

wp = —Mag—m[er']—mlo [or]] 8.20)
[Tepura cksaposa eupasy (8.20) € MOCTYNMajspHOI CWIOK iHEpLii, 3y-
MOBJICHOIO NPUCKOPEHMM DPYXOM HOYATKY KOODPAMHAT PYXOMOI CHCTEMM.
Ipyra cKiafoBa 3yMOBJIEHA HEPIBHOMIPHICTIO 00EPTAIbHOTO PYXY CHCTEMH
Bignmiky. Tpera ckaamosa (8.20) HA3WMBAETBCA GIOUEHMPOBOIO CUILOHO
imepuii, abo mpocto BinueHTpoBow cuiioio. [lii BimmeHTPOBOI CUAH 3a3HAC
macaxkup y asrobyci Ha moBoporax, muIOT mify yac BukoHaHHS Giryp Bu-
Oro MiJIOTAXy HA BEJWKUX MBUAKOCTSIX. BigllCHTPOBI CHAM iCHYIOTH
TIIBKM B CHCTEMAXx BilIiKy, ski nepebyBaoTs B 00epTanbHOMY pyCi.
Kopioaicosa cuna iHepii BUHUKAE TiJIBKU TOAI, KOJIM MAaTepiaibHA TOU-
Ka PyXa€ThbCs BIAHOCHO CHCTEMH BimTiKy, 9ka mepebyBae B ofepTasbHOMY
pyci. Ha Bigminy Bin iHmmx cma isepmii Kopionicosi CHJIA BiIPI3HAETHCH
THM, IO BOHA 3QJICKMTh Big BimHOcHO! mBuakocTi v,. Kopiosicosa cuna
3aBXAM MEPIEHANKYJIAPHA J0 BiZHOCHOT mBHAKOCTI. CyM iHepLil He MOX-
Ha CTABUTH B OJMH DPSIA 3 CHJIAMH TSXKiHHS, CHIAMH MPYXHOCTi, CHJIaMHU
Teprsi, TOOTO CUIaMu, 3yMOBJAEHUMHU B3aeMmogicio Tit, Cwin iHepmii — ue
HE pEe3yJbTaT il iHIIOTO Tijfia, a BJAACTUBICTH CUCTEMU Bigiiky. g cuim
iHepuii He icHye mpotumitouoi cuau. OtxXe, Tperiit 3akon Herotona mus
CuJI iHepuil He BUKOHYEThCS. TOMY Wi CH/IM iHOZI HA3WBAIOTH (DIKTHBHUMH,
OAHAK TAKA HA3Ba HE JOUiJBHA, OCKiJIbLKM BOHHM PEaJbHO HiIOTh HA Ma-
TepianbHy TOYKY B HEiHEpHiandpHIA cvcTeMi BiMUIiKy i X MOXHA BHMIipSTH
auHaMoMeTpoM. Pyx Tin mig miero cmi iHepuii aHayJOriYHMN PyXOBi Tild ¥
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30BHIMIHIX CHIOBMX mosisix. CHau iHepuil 3aBXHOM € 30BHIIIHIMHU BiTHOCHO
Oyxab-aK0l pyXOMOi CHCTEMHM MAaTepiaJibHUX TLI.

XapakTepHOW BJIACTHMBICTIO CHMJ iHepuil € IXHd MpOmOpHidHICTE Maci
Tiz. BHACTOOK 1iel BAACTUBOCTI Ciutn iHEpIil aHAMOrIUHI CUJIaM TS XiHHS.

Beenenns cuam iHepuii He € NPUHUMUIIOBO HEOOXiAHUM, OCKiAbKH Oyiab-
9KHH PyX 3aBXAY MOXHA PO3IVIAAATH BIXHOCHO iHEPUiNWHOI CHCTEMH
Bigmiky. OgHaK KOpPHCTYBaHHS CWJIaMM iHEpIii 4acTo COPOINYE PO3B’ I3aH-
HY HU3KHM 3a4ay BiJHOCHO HEiHEpUiaJbHUX CHCTEM y IOPiBHYHHI 3
PO3B’A3aHHSMM [AX 334au BiAHOCHO iHEpIiaJIbHUX CHCTEM BIIIKY.

§ 8.2. Cunu inepuLiT Y cucTemax Bigniky, wo nepebyeaioTh y
NoCTynanbHOMY NMPHCKOPEHOMY pyci

-
Hexait cucrema BifiTliKy pyXaeThcd NOCTYNAABHO 3 IPUCKOPEHHSM 4.

- -> —> ->
Toni € = 0, © = 0 i nepeHocHe NpUCKOpeHHd a, = a,. IIpumknagom raxoi

e
cucTeMr Moxe OyTH Bi30K, M0 PyXaeThCd 3 MPUCKOPEHHAM g IMMif Hi€io

Vi oy 30BHimHbOI cuau (puc. 8.3). Ha Bisky
?,ZZ%¢

BCTAHOBJICHO KpOHIHTefIH, AO SIKOTO

T migsimeHo KyJabKy. Ilig yac mpuckopeHoro

oy “’{ pyXy Bi3Ka KyJbKa BiAXHISETHCA BiJ BEp-
=7 / TUKAJbHOTO HANpPIMy Ha JAEAKHH KYT O.

1 PosrigHeMo pyx KyJIbKH B iHEpUiaabHi#

Coocrepirau, 9K 3HAXOAUTHCH B
X inepuiaapHiit cucremi XOY, BigxwiaeHHS
775 KYJIbKH TIOSCHIOC TaK. Konu Bisok mouwm-
HAE PyXaTHCS TPUCKOPEHO, KYJbKa HAMA-
ractecs 36epiraT CBiit momepenHii cTau i
BiACTABATHME BiJ Bi3Ka, BiIXHUISIOUNCH HA
AESIKUHA KyT. Hurtka BlIIXI/IJISITI/IMeTbCSI IOTH, AOKH PIiBHOHIMHA CHJIH

@ 7 .4 Ta HeiHepmianpHIN CHCTEMAax BIXTiKY.
[O)]

Puc. 8.3

TIXIiHHA P 1 HATIry HUTKH T He JOCATHE BEJIUUHMHH
->

- =
F=ma,=P+T.

Cnocrepirau, KU 3HAXOAUTHCA B HEIHEpIiaJdbHIH cucTemi BigIiky
X'0'Y', crBepaxye, IO BIIXHAEHA KyJbKa BiIHOCHO Bi3ka mepedysac B
cmokoi, To6TO piBHOZINHA CUJI, 9Ki OiIOTh HA KYJBKY, lIopiBmoe HYJIIO.
OcCKi/JIbKM HATKA 3 KYJBKOK BiIXujeHa Bif Bep'mKaanm mHu Ha KyT 9,
TO CHOCTEPIrau CTBEPAXYE, IO HA KyJAbKYy, KpiM CHI Pi T mie cuia Fm
(puc. 8.3).

Ixns piBrOmiMHA
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abo za ocuosi dopmyna (8.19) i (8 16)
P+T mao 0,

TOBTO CrocTepirau CTBEPAXYE, MO HA KyAbKY Ji€ CHJa
-> >
Fy = — ma,
Hanpuknan, cuna iHepnii fie HA MacaxkupiB Mpd PanTOBId 3MiHi INBUX-
KOCTI TPAHCIIOPTHOTO 3aco0y.

§ 8.3. Cunu iHepuUiT y cucTemax Bigniky, Wo piBHOMIpHO obepTaloThcs

Hexait cucrema Bigiky 3aiiicHoE 06epTaNbHUN PYX i3 CTAIOI KYTOBOKO
-

mweuakicTio ©. [Ipu usomy TIO MOXe mepeGyBaTn abo y CIOKOi B Takii
cucremi, abo B pyci BIGHOCHO Hel.

Cnouatky pO3IJISHEMO BHIIAJOK, KOJM Tijio nepebyBac B Crnoxoi
BiTHOCHO HeiHEpHianapbHOI cucTemu Bipmiky. Ilpuknagom takoi cucremu
BifTiky Moxe OyTH IUCK, MO OOEPTAETHCA HABKOJIO BEPTHKAIBHOI OCi 3

KYTOBOIO IIBUAKICTIO o (puc. 8.4).

Pazom 3 muckom obepraeThcs Hacagxe-
Ha Ha TOHKMH CTEpXECHb KyJabKa, dKa
3’¢AHAaHA 3 LEHTPOM AUCKA TPYXHUHOI.
PosrngneMo pyx Kyapku B iHepmiajbHii i
HeiHepuiaabHilt cucremax Bigaiky. Cno-
crepirau B iHEpHiaJpHIM CHCTEMI BIJIIKY,
CTEXaAuM 332 PyXOM [JHCKA pasoM 3 KYyJb-
KO0, poOMTh BHCHOBOK IIO HA KYJbKY IO-
BMHHA NiSTH JONEHTPOBA cuna F = mo’r,
BEJAMUYMHA SKOI JOPIBHIOE MPYXHiIN Ccuji
po3taruyToi npyxusu. lleit BMCHOBOK Ta-
KOX BHUILIMBAE 3 aHanizy Bupasis (8.16) i
(8.19), ockinekm

- >
a

> S>> - - - ->
=ae=[m[0‘)r]]; ar:07a0:0;8:0’v7‘=0'

Crniocrepirau, axuii 3HAXOAUTLCS B PYXOMill CHCTEMI, pOOUTH BHCHOBOK,
M0 Ha KYJIbKY [i€ CHja, HanpsgMJeHa B3[AOBX paniyca Big LEHTpa, fgKa
3pIBHOBAXYEThCH NPYXKHOK CHJIOK PO3TATHYTOI NPYXWUHHU; 11 HA3UBAKOTH
piguenTposoio. Lie mepenocHa cwia imepuii i Bigmosigso no (8.20)

-

- > >
F,=F,=-mlo[or]l

3 BekTopHOro no0yTKy BHIUIMBAE, WO BiMUEHTPOBA CHJa iHepwii 3a-
BXAM HANPIMJICHA B3NOBX paaiyca Big umeHTpa. BoHa 3asexurs HE TITBKH
BiZ Macu Tiia, a ¥ Big HoOro BiACTaHI Bif IEHTpPa OGEPTAHHS CHUCTEMH.
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BinueHTpoBi CHIM MOXYTh ZOCAraTH BENTMKHX 3HAUEHb y CHELIAIBHO IIO-
OymoBanux ueHtpudyrax. [lis BiTIEHTPOBHX CHI iHepuii IIUPOKO BHKOPH-
CTOBYETBCH B TEXHilli (BiALEHTPOBI Hacocw, cemapaTopu, UEHTPuQYIrH).
Po3srigreMo BUITAmoK, KOMU TiJIO PyXae€Thbed 3i IIBHAKICTIO ;, BiTHOCHO
obepraspHOi HeiHepuianbHOI cucTeMu Bimtiky. 3 dopmyu (8.19) Bumu-
BA€, IO HA TLIO z(isITHMf:,__KpiM BineHTpoBoi cuu, cuaa Kopiosica, a6o
KOpio/IicoBa cuia iHepiii. Ii mposiB MOXHA MPOXEMOHCTPYBATH HA TAKOMY
mocnini. Hag ropusoHTaspHMM RUCKOM BCTAHOBMIOIOTh HEPYXOMHE TOXH-
JIMH 3X0/100, 3 SKOTO Ha JUCK CKOUYETbCS Ky/abKa (puc. 8.5). SIkmo muck
HEPYXOMMIA, TO Ky/JbKa KOTHThCS B3A0BX pamiyca OA. Koam Kyabka cxo-
UyEThCS HA JHUCK, IO 00€PTACTHCS, TO TPAEKTOPIEIO PyXy KyJIbKY Gyae ay-
f ra OB. Coocrepirau,  dxkui
3HAXOAHUTBLCY B pyXoMiH cucTemi
BifgZiKy, HOACHKE BUKDPHUBJIEHHS
TPAEKTOPII PyXy KYJbKHM NiCIO CHJIH,
IO NEPHNEHJUKYASIPHA A0 HATIPAMY
mBUIKOCTI il pyxy. Lliero cuaomo € cu-
na Kopioaica FK = —2m [(—317,].
g Toro mob 3MyCHTH KyJbKY KOTH-
THCH B310BX paxiyca OA 1npu
piBHOMipHOMY 00epTaHHi AMCKA, Ha
->

KYJIBKY CJHif{ TIOZiSTH 3 CUIOK F, sKa
3a MopyJieM OpiBHKOE CuMIi Fp, are
TIPOTH/IEXKHA iif 3a HanpsmoM. 3a ceoim xapaktepom cuna Kopiosica 3nau-
HO BIIPI3HAETBCA BiI IHIMX CWa iHepuii. Bona mic Tinpku Ha Tina, sxi
nepe6yBaIQTh y Pyci BiTHOCHO HeiHepujiaJbHHX CHCTEM BilJiKy, mo obep-
TAKOThCH, i 3aJIEXUTh Bifl WBUAKOCTI ixHBOTO pyxy. Cuaa Kopiosica we 3a-
JICXWUTH BiJl PO3MIIIEHHS Tijla BiAHOCHO CHCTEMM BifTiKy.
O_CKiJIbKH KOPi0JIiCOBa CHJIa 3aBXIN NEPHCHANKYIISPHA A0 HAIPIAMY py-
Xy Tija, TO BOHA Hal TiJIOM HE BHKOHYE POGOTH, a 3MIHIOE HAMDPAM DYXy
TiJia, HE 3MiHIOIOYM Horo wBuAKOCTI. Crocrepiray, KMl 3HAXOOUTHCS B
iHepuianbHi# cHCTEMi BIUTIKY, PyX KYJIbKH MO Tpaektopii OB NOSCHIOE
THM, LIO AJIS TOTO M6 Ky/bKa, PyXalouuch i3 MBUAKICTIO v,, ZOCAT/IA TOU-
KH A, HEoOXigumit yac A7 = R/v,. 3a 1eil npoMixXOoK uacy BHACJIIOK obep-
TaJAbHOTO pyXy mucka pazgiyc OA 3pifiCHHTh IOBOPOT Ha KyT A = wAf.
Bracmimok uporo KyJibKa IOTpPaIMTh HE B TOUKY A, a B TOUKy B.
PisasHHg pyxy TLIa BigHOCHO 00epTa/NBHOI CHCTEMH BifjiKy Mae Bur-
JA0

- - - > -> >
ma,=ma—2mivv]—-mlo [or]]
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§ 8.4. Bnnue o6epranHa 3emni Ha pyx Tin

Bupuaioum pyx TiJ1 BITHOCHO 3€MHOI MOBEPXHi, C/Iil BPAXOBYBATH, L0
cucTeMa BimJiKy, 38’ g3aHa i3 3emuelo, € HeinepnianpHOW. ['os10BHOK NpU-
YMHOIO HEiHepLiafbHOCTI Ijei cucremu € mobose obepraHHs 3emii. 3 Be-
JUKMM CTYIEHEM TOUHOCTI MOXHA BBAXaTH, IO ii KyTOBa WIBUAKICTBH
crana. Brms obepranns 3emii HA pyX TiA 3BOAMTBHCS A0 Ail HA HUX
BiUEHTPOBOI i KOpiOJicOBOI CHIL

3Miua Baru Tina i3 3MiHo0 WKMPOTH Micud. Baromw Tina Ha3MBAKOTH CH-
ay 1_’), 3 9KOK0 TLIO i€ Ha miacTasky abo poargrye mimeic. Ilpu mpomy BBA-
XKAEThCS, LIO TLI0, MIACTABKA i MinBic mepefyBalOTh y CIOKOI B CHCTEMI, B
AKi¥l IPOBOXMTHCA 3BaXyBaHHs. KOJM TOBOpPATH IIPO BATY Tijd, TO BBaXa-
1OTh, INO MiCTABKA, TLIO i miABic mMepebyBaOTh ¥ CHOKOI BITHOCHO 3eMJi.

Hexal Tifo 3HaxoauThCd HA MiAcTaBIli, 9Ka po3MilleHa Ha reo-
rpaciumiit mupori ¢ (puc. 8.6). Ha Tijno migTuMyTh CHIA rpaBiTauiiHOIO

-

[
nputsaranas 3em F, i simuenTposa cwia F, . Bara Tiza € BeKTOpHA CyMa
X cui, To0To

- -> - >
P=P,+mlolor]]

Monyapb i HANPAM TPUCKOPEHHS BiJbHOTO TMARIHHY BU3HAUAIOTHCS MO-
->

AynaeM i HanpsamoMm cuin P. HagBHICTE BiILEHTPOBOI CMJIM iHEPLIl, 3yMOB-
neHol obeprasbauM pyxoM 3emiti, TPUBOAUTD AOC TOTO, MO CAJNA THXKIHHA
i para Ttisia B3arayi pi3Hi. BoHm piBHi MiX co6010 TOHAiI, KOJAHM TijiO

posmiene Ha mosoci 3emi.

KyT o MiX HATPAMOM CHJIA 3€MHOTO TSDKIiHHS i HAIPAMOM BHCKA 3a3-
JIEXHO Big reorpadiunol IMPOTH ¢ MOXHA BM3HAUMTH BA TEOPEMOIO CH-
HYCiB:

2
sina. _ F,,  mo’r ©Rgcos¢  (2m )Ry =
Sno - P - mg - 2 = |7 gcoscp—0,0035coscp,
xe Rs — panmiyc 3emni. Toai sin o= 0,0035 cos ¢ sin ¢ = 0,0018 sin 2¢
abo

a = 0,0018 sin 2¢.

Haiibispuie 3naueHHs KyTa O aas reorpacdiusoi mupora ¢ = 45°. Or-
Xe, BEPTHKaJIb (BMCOK) HANPAMJICHA IO HEHTPA 3eMJli TibKM HA MOJIOCAX
i Ha exsaropi. Ha nomwocax P = F,, Ha ekBaTopi P = F; — mo*R.

BiAmoBigHO MPHUCKOPEHHs BLIPHOTO MANiHHY Ha NOJKOCAxX g, 1 HA eKBa-
Topi g, OyayTs
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ae y - rpaslTauiﬁHa crana; Mz — maca 3emni; R; i R. — BigmoBigHo mo-
JISIPHAM 1 €KBATOpianbHMi pamiycm 3emii; v — 1060Ba MIBHAKICTH 06ep-
TaHHS TOUOK EKBATOPA.

I\Claa'mm( .d)yxo. e MacuBHEe Timo, migBimIeHEe A0 HOBroro miaBicy,
KA MOXe BUIbHO obepraTucd.

Yasimo, mo Takuwii MAasSTHUK BCTAHOBJICHO Han IliBHiuHMM moarocoM
(puc. 8.7). SKWoO MadTHUK BigxMAHTH BiJ MOJIOXEHHd piBHOBATU i

r Fa
L
R “
ole
|
|
7
Puc. 8.6 Puc. 8.7

B.l):(IIyCTI/ITI/I, TO BiH 3AiMCHIOBATHME BiJbHI KOJMBAHHY. VloTO pyx
BinOyBACTHCS TN €0 CHJIM TSIKIHHS i CHTH HaTary nipeicy. Ockinbku wi
cnnq JIEXATH B OAHIH IUIOMINHI, TO IIJIOIMWHA KOJUBAHP MASTHHKA NTOBUHHA
36€p1;*am CBOC TIOJIOXKEHHS B npocropi. Criocrepiraroum 3a pyxoM MasiTHH-
Ka B IHEPUIAThHINA CHCTEMI BifUliKy, BUSBJIEHO, IO IPOEKIis MIOMNHME KO-
JIMBAHb HA MOBEPXHIO 3eMJi HAa MONIOCI MOBEPTAETHCS B HAMPIMI,
NIPOTHUIEXHOMY A0 HAnpaMy obepranHsg 3emui. KO cnocTepiraTMMEMO
34 PYXOM MasiTHMKA BiJHOCHO CHCTEMHM Bi[UTIKY, 3B’s3aHOI i3 3emJier0, BU-
SIBUMO IOBEPTAHHS IIOIMHY KOJMBAHb MASTHUKA. Take nosepraHug crio-
crepirau TNOSCHIOE THM, IO HA MAasTHUK, KpiM CHJ TOXiHHS | Harary
IABICY TIOBUHHA IIITH TPETH CUAA, KA JCXKHUTh Y IOPM3OHTAIBHIN mwio-
>

WIKHI | NEPNEHAMKYIIPHA [0 IWUBMAKOCTI PYXy MasTHHUKA v,. Liew cunorwo
¢ cuna Kopionica, sesmunna sxoi Ha nomoci 3emni F, = 2mv . Axmo
MAasITHUK BCTaHOBI/I’I_ZI HE HA MOJIIOCI, 4 HA WHPOTi @, TO Tpeba B3ATH IIPO-
KL BEKTOpPa © HA HampsiM BEpTHKaJi AaHOro wicug, ToOTO
®, = o sin . Toxi kopionicoBa cuna F, = 2mv,o sin ¢. Y takomy pasi
O/0MMHA KONMBAHb MAsITHUKA 3a No0y 3a3Hae OGEPTAHHA HA KYT
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2n sin o (pam). Hocria @yxko, sukoHanmit HuM y 1850 p. B IMapuxi, 6ys
GesnocepeqHiM 10Ka3oM obepranHs 3eMJIi HaBKOJO CBOEI OCI.
BiaxujieHHs Tix, SKi nMagawoTbh, Bijd BEPTHUKAJBHOTO HAmNpsAMY.
Jloc/IigHAM [UISXOM BCTAHOBJIEHO, INO Tija, SKi MamaroTh, PYyXArOThCHd HE
MO0 BEPTHKANi, 8 TPOXH BIAXHUIAIOTHCS HA cxifg. BipxwaeHHS 3aJ€XUTH Bif
BMCOTHM Maninag i reorpadiunoi mupots micus. 3a ONHAKOBMX YMOB
BiZXWJICHHS Tija IpH HOro TajiHHI Oyne MAakCHMMaJbHMM HA €KBATOPI i
HOpIiBHIOBATMME HYJIIO HA IOJIOCax. PO3rjgHEMO BMNAJOK, KOJM HA €KBa-
Topi TLI0 majae 3 BAmMKK BACOTOK A (puc. 8.8). Cmocrepirad, skuii 3Ha-
XOMTHCA B iHEpUiaJbHiM CHCTEMi BiAJIKy, PyX Tifia mpu HOro mapiHHi
posrnsgae tak. Ha rtino mie exmua
CUJIa 36MHOIO TSXiHHA, IKa HA- Cxid
mpsMIEeHa [0 UeHTpa 3emui. -
Ockinpky miHifHI MBUAKOCTI, 3y- Z
MoBJeHi xoO6oBuMM oOepTaHHIM N~
3eMni, TOUKY BEPOIMHU i OCHOBH -
BHILIKY HEOTHAKOBi (v, > v,), TO TLIO 0 R h A
0pY NaNiHHi 333HA€ BiZXWICHHS Bil
pepTukaJi Ha cxia. Crnocrepirau, N
IKUI 3HAXOAUTLCH B HEiHepUiaabHIil o
cucreMi BiJIiKy (cucTema 3B’ d3aHA
i3 3eMser0), NOSCHIOE PyX Tija npu
HOoro nmajiHHi AICI0 CUJAM TSXiHHS
3emri F,, sixueHtpoBoi F, i xopionicoBoi Fy cun (puc. 8.8). Ilepmi nsi
cusIM miKOTH B3TOBX pafiyca 3emui i BiIXwIEeHHS BiX BEPTMKAN HE CIpuU-
yuH0I0Th. Ockinbku cwia Kopiosica mepneHAnKyAsIpHa A0 IBUAJKOCTI Py-
Xy Tina, TO BOHA i BiAXMIAE PyX TiNa BiJl BEPTHKANBHOTO HANPSIMY Ha CXif.
Inwi nposisu oGepranns 3emui. iero cumm Kopiosica nosicHIoeTsCd 1€,
mo Tpasi Geperu pik miBHiuHOl miBKyJi 3emsi po3MUTi i KpyTi, a B
niBaeHHilt MiBKyJI diBi Geperm pik kpyTimi. BinxmaenHs okeaHiuHoi Tedil
TonbgeTpiM, gKa BUXOAMTh 3 MeKCiKaHChKOi 3aTOKH 4epe3 (DOopHACHKY
3aTOKY B HAmpsiMi, 61M3bKOMY 10 MEPUIIOHATBHOTO, TAKOX ITOSCHIOETHC
aiero kopiosicosoi cun. Ilig 11 Ai€ro Teuid BiAXoauTH Bix Geperie AMepHKH,
nepecikae ATiaHTHUHMI OKeaH i BuxomuTh y bapeniose Mope Ging Oeperi
Cxannunasii. [Tix mieto cumu Kopiosica macatu AMyTh y MiBHIUHiM MiBKYyJI
3 NiBHIYHOTO CXOAY HA MiBACHHHUM 3axid, a B niBJeHHIA niBKYJi 3
MiBACHHOIO CXOAY Ha IMiBHIYHUH 3axim.
Tpukiaan 8.1. 3 BUIIKM BHCOTOH h (puc. 8.9) nanae Tino. Busnauuty BifXMiIEHHS
Tiza Bix BepTMKAn nmix uwac oro naminmsa. Deorpadiuma wupora Mmicus ¢.
Poss’'szanug. Pyx rtina posmsgatMMeMo y cucTeMi Bifiiky, axa 3B’913aHa 3
3emmero. Tlpy nafiumi Tina Ha HBOrO AISTUMYTh TPM CUAM: TsKiHHS Fg, BiAUEHTpOBA
> - -

F,

v

Puc. 8.8

>
i kopionicoma Fg. Sk yxe 3a3Hauajocs, BEKTOpHa cyma cwi Fg i Fyy BusHauae
>

B . . 0 . . -> >

HATIpSM BEPTUKAJi ANs 3ajgaHoro Micus Ha 3emni. Cuna Kopno_;:xca Fip=—2mio v,
. -,

NEePUeHMKYJISpHA 1O IUIOIMHM, B SKifl JIEXATh BEKTOPM © 1 v, Y JaHOMy BHTAAKY

BOHA  [EPUCHAMKYJSpPHA A0 IUIOIIMHM  DUCYHKa |1  Hanpsamjema Bt  Hac

Fg= 2mowv, cos ¢. HaGmoxeno ™MOXHAa BBaXkatv, o weuakicts v, = gf.  Toai
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Fr = 2mgot cos ¢. Cua Fyg wanae npuckopenns tiny s FOPHU30HTAJILHOMY HAIpsami Ha

c?(m a= 2gmt cos . IlpoinTerpysasmmu npuckopenHs asiui, HiCTAHEMO, IO 3MilleHHS
TUIA Ha CXim mpu HOro najiHHi

§ = = gt 3COS P,

|~

X ! — uyac naniHHg Tijna.

Hpuxnax 8.2. IHocymuHa UMMHAPHYHOT $OpMU 3 iIEANBHOK HECTMCIMBOIO PINMHOIO
06epTaETbcs  HABKOJAO CBOET TEOMETPUYHOI OCi 3 KYTOBOIO IIBMIKICTIO Py (puc. 8.10).
BusnauMti mwsMakicTh BUTIKAHHS CTPYMMHM DiIMHM 4€pe3 MaJHit OTBip y GOKOBift CTimui
[OCYAMHM 32 YMOBM, KOJM DPYX BCTAHOBMECH.

_P93B "s3auHa Po3anigHeMo npouec utikaHHG pinuHM y cuctemi Bimiiky, BimHOCHO
SIKOT pimma B npcynuﬂi nepebyBae B CTIOKOL. ¥V Takiit cucTemi BiUliKy Ha DimMHYy fisTUMYTh
CHIIH inepuyt: BiUEHTPOBA i xopionicoa. Kopiosicosa cuna pobOTH HE BUKOHYE, TilbKH
BUKPUBJISIC JIHIL TC4ll, a/i€ HE BIUIMBAE HA CTIPABEIUIMBICTb i (DOPMY 3araibHOrO PiBHSIHHS

Puc. 8.9 Puc. 8.10

Bepuysni. s BigueHTpoBOi crm SYMOBJIKOE MOSIBY HOBOTO UIE€HA Y BMPAsi NOTCHUIANbHOL
eHeprii. IloBua norenuiaabua eHepris  opuuuui o6’emy pimmuu U = pgh —lpmzr2 i
. . 2 '

pieHsHHA Bepryani uabupae surnagy

2
py 1
> + pgh — 2 po? + D = const, a)

ne 1?6 — BIIHOCHA IUBMAKICTH pimmuu, TO6TO INBMJKICTh BIJHOCHO CHCTEMU BigJliKy, w0
:egfa Xl;ae B ofeprasbHOMY pyci. Samiuemo pisasuuga (1) ana tpyGku Teuii, ocboBa mimis
KO1 :

pwl @

2
Py __1_ 2 _p'l’B 1 2
5 + pgh 2p<ori+pA——2——5pmr§+pB.

Ockimbkur py = pg = p, (aT™ocdepnuit THCK); v, = 0; ry =0, a rg =R, 10 piBusuus
(2) MOxHa mepenucatd Tax:

pv?; 1 (&)

pgh = "3 pw2R2.

I

3Bigcu mMaemo
v =V2gh+ w’R%, (4)

HQpiBHﬂBu{n (4) 3 aunayoriummm pesyapratom (2) npukaagy 7.3 6aummo, mo
LIBMAKICTE BUTIKAHHA PilMHU TuM Oitblua, umM Ginbina KYyTOBA IBMAKICTE ® i paapiyc R.
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Po3pin 9. EneMeHTH penaTMBiCTCbKOT MEXaHiKM

§ 9.1. BigxuneHHs sBif 3aKoHiB mexaHikn HbioToHa

Knacmuna mexaHika TPYHTYETbCS HA OpMHIMOI BigHOCHOCTI anires i
sakoHax Heworona. ITpuauun BigHOCHOCTI [asines, BCTaHOBJAEHUN HA
MiZCTaBi HOCIiAiB, CTBEPAXYE PIBHONPABHICTH YCiX IHEPIiaAbHHUX CUCTEM
sinniky (ICB) crocosHo MexaHiunmx ssuum. HigkuMu MexaHiYHEMHU
JocaigaMu, TPOBEASHUMM BCEPEAWHiI AAHOI ICB, HeMOX/MBO BCTAHOBHTH,
nepeGyBac BOHA B CTAHi CIIOKOIO UM PYXAETHCA PiBHOMIPHO i mpsiMoutiHiifHO.
PiBusanHg Mexanikm HbroroHa imBapianTai BiRHOCHO nepeTBOopeHb [ anines
(2.25), To6TO BOHY He 3MIHIOIOTbCS Ipy nepexoni Bim oxuiei ICB ao inmoi,
T purnynn sigaocHOCTI laines daxTuHO CTBEPAXYE, MO B OyAb-aKii icB
BJIACTMBOCTI IIPOCTOPY i 4acy OMHAKOBi. IHIIMMM CI0BAMH, MPOCTOPOBO-Ya-
COBE OIMCAHHS MEXaHIUHHUX MPONCCiB € HE3MIHHUM Y Pi3HUX iHEpHiaIbHUX
cUcTeMax Bifiiky.

Hampukinni XIX 1a Ha mouatky XX €T. BUSIBWIOCH, IO 3aKOHH MEXaHIKN
HploToHA cynmepeuaTts ACSKUM €KCIICPMMEHTAIBHIM CIIOCTEPEXKEHHAM.,

Tlepm 3a Bce BKaxeMo HA peaynbraté mocnigis B. Kaydmana, axwmit
BHBUAB BiIXMJICHHS $-4aCTHMHOK OAgHOYAC-

HO B €JCKTPUUHOMY i MATHITHOMY MOASX. v 7

Bin BM3HAUMB BiIHOIWEHHA 3apsany RO Ma- .. . i
cn B-uacTuHKM  (eJEKTPOHA) i3
cnissinomenna el = m,v*/2 i Buepme
(1902 p.) BuaBuB, O BinHOmEHHS e/m,
¢ (OYHKUICK MBUAKOCTI ¥ YACTHUHKH.
Le# mocmigamit (akT HAMTOBXHYB HOro
Ha OYyMKY, II0 Maca YaCTHWHKU 3aJICXKHUTh
Bix i mBuakocri. Ha puc. 9.1 306paxeno
AOCTiAHY 3aJEeXHICTh KBAaZpaTa INBHUA- i
KOCTi eJIeKTPOHA BiX pi3HMIi MOTEHIianiB Puc. 9.1

U enekTpu4HOrO moJsl, SKE IIPUCKOPIOE

pyx enekTpoHa (cyuisbHa Ji”ig ). Ilpm

MBHAKOCTAX €JEKTPOHA, 3HAYHO MCHIIMX Bil IIBHAKOCTI CBiT/Ia y BaKyyMi
(V<<¢, c¢=3-10° m/c), orpuMana i3 mocaixy 3anexmicts v (U) €
JIHIAHOIO i MPakTHYHO 30iracThCd 3 PO3PAaXyHKOBOK 3AJICKHICTIO (INTpH-
xoBa minis 2) mpu e = 1,6:-107"° Kua, m, = 9,1-107* kr. To6to mpm
v << ¢ pe3yJbTaTA AOCTIAY TMOSCHIOTHCA 3aKOHAMM MexaHikm HeloToHa.
OpHak mpH BEJUKUX IIBAAKOCTHX CJEKTPOHA, CyMipHMX i3 MIBHAKICTIO
cBiTZa y BakyyMi (v - ¢), sazexnicte v’ (U) 3pocrac Habarato
TIOBL/IBHIIIE Bifl PO3paXyHKOBOL i HE MEPEBHUINYE ¢’. OTXe, OpU MIBUAKO-
CTHX YacCTHHKH, OAM3bKUX JO LIBUAKOCTI CBiT/IA, CHOCTEPIraeTbcd
BinxuiaeHHd Big 3akoHiB HrroToHA.
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IBuakicTs csi'r'na Oyna Bu3HaueHa me B 1678 p. i3 cmocrepexeHp 33
NOpYMICHHSIMH NEPIOAHMYHOCTI 3aTEMHEHDb CynmyTHuKiB IOmitepa. Taki cami
pesybraTy 6y oTpuMaHi i3 crocrepexenp abepauii sipok, a misuime 3
AOCTIAIB, TPOBEACHHX y 3eMHMX yMoBax. Lli ZOCAiAXeHHS
MATBEPIXK yBaIM, MO MWBUAKICTh CBIT/IA MA€ LiJAKOM KOHKPETHE 3HAYEHHY.
Ii Teopernuno pospaxysas Ix. Makceean (1831—1879) sk IIBUAKICTh
MOIUM PEHH I (?JICKTpOMaI‘HiTHHX XBWIb. 13 crBOpenoi Makceessiom Teopit
CJIEKTPOMArHITHOTO MOJIA BUILIMBAIO, IO IIBUAKICTH CBITAA Y BAKYyyMi
c=1/Vesu, =3-10° M/c (g, i By — esekTpruHa i MarsiTHa crai). e
PE3Y/IbTAT IOCHTH mo6pe y3romXyeThes i3 BU3BHAUEHOIO E€KCNEPUMEHTATBHO
IBHIKICTIO CBIiTJIA.

y nepipzx 3 1881 mo 1929 p. Gysau nposeneni gocigm 3 BUMIPIOBAHHS
HIBUAKOCTI CBiT/Ia B PiSHMX IHEpLiaJbHEUX CHCTEMAx Bigmiky. He poaras-
ualoqyi JOKJATHO OerI\.'Ii Jocaian, BKaXeMO TUIBKH OCHOBHY i€l i oTpu-
MaHuMM B UHX JOCHAAX pPE3yAbTaT. lAew LuX HOCHIZIE MOXHA
y3aranbHUTH, _e:BiBnm il o Takoi 3axaui. Bix axepesa cBitia, HEpyxomoro
B IHEpUiadbHiA cUCTEMI BiUIIKY, IOIIMPIOETBCH CBITJIO. BimHOCHO cmo-
cTepiraua (mpuiiMaua CBIiTJIOBOTO CHIHAIy), HEPYXOMONO B Wil CHCTeMi
BiAJIKY, IIBHAKICTh CBiT/1a nopisHioe ¢. ExcnepuMenTansuo BUIMipIOBAIaCh
WBUAKICTD CBiTJIa ¢’ BIZHOCHO cmocTepiraua, SKui PYyXaeTncd npsa-
MOJTIHIHHO i PIBHOMIPHO 3 IIBHIKICTIO v, BiTHOCHO AXepenaa. 3TigHo 3 KJa-
CHYHMM 33KOHOM [04aBaHHA WBUAKOCTEH (2.27) moBWHHO GyTH

e 3HaK""rgJHoc" BIAIOBIZA€ PyXOBi cHOcTepiraua B HAmMpsMi KO IXepea,
a 3Hak "MiHyc" — Big mxepena. Omnax pesybTaTH JOCJIIAIB ITOKA3a.Iu,
mo ¢’ = ¢ . To6To MBUAKICTh CBITAA HE 331€XUTh Bi MIBUAKOTI pyXy CIIO-
crepiraya abo mxepesa i ogHakosa B ycix HanpgaMax.

e PE3y/IbTAT O3HAYAB, INO AJIst NOLIMPEHHS CBIiT/JIA MOPYIIYETbCS
KJTACHUHUH 3dKOH 0NABAHHS IBHMAKOCTEH i, OTXE, BUHUKAE CYMHIB OO
COpaBelINBOCTI NEPEeTBOPEHD [ ained.

HJ1s NOsSICHeHH MUX TA {HIIUX AOC/AITHMX cdaxtiB Heo6xinHo 6yJ10 CTBO-
PUTH HOBY MEXaHIKy, SIKa OMMCYE KJIACHYHI 3aKOHH PyXy Ti/i TIPH Oyne-
SKHX HIBUAKOCTSX, 9K 3aBTOAHO OJM3bKMX A0 MIBHAKOCTI cBiT/aa. Taka
MEXaHIKa HA3MBAETBCS PETATUBICTCHKOIO (Bin Jat. relativus — BigHOCHMIY) .

}’ 1905 p. A. EitnmTe#in CTBOPUB CHemianbHy TEOpiio BiTHOCHOCTI, Ha
SIKIH TPYHTYETBCH PEJSTUBICTCHKA MEXAHIKa.

§ 9.2. NMocrynaru EiHreitHa

C'neuianbna reopist BigHOCHOCTI (CTB) s1Basie coboro cyyacHy disuuny
TEOPIo npocTopy i yacy. B ii ocHosi jiexats aBa mocrysaaTu, chopMy.aso-
BaHi A. Eitnmreinom.
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Hpuuuun siguocHocTi. Hiskumm ¢isuuanmu pocaigamu  (Me-
XaHiYHWMH, €JIEKTPHUHAMH, ONTHYHUMYU Ta iH.), TIPOBEACHMMM BCEPEAMHI
AaHOI iHEpI[iaJBHOI CHCTEMH BilUTIKY, HEMOXJIMBO BUSIBUTH, NepefyBae us
CHCTEMA B CTaHi CIOKOK YM PYXacTbCd PiBHOMIPHO i NpAMOMIHIMHO; BCI
3aKOHM IPHPOAHM iHBAapiaHTHI IOKO HEpexoxy Bin OGHIEl iHEpHiaabHOI CH-
CTEMH BIUTIKY OO iHIIOL.

Iepmwuit mocrynar EfHmTEHHA y3arajbHIOE MEXAaHIUHUA TPUHIMI
BigHOCHOCTI ['asnines Ha Oyab-sxi ismuni npouecu. BiH cTBepaxye, mo
BCi iHepuiasbHi CHCTEMH BIiIJIIKY IIIIKOM PpiBHOMNpPAaBHi: BCi 9BHIIA
MpPOTIiKAIOTh OJHAKOBO B YCiX iHepnialbHHX cucTeMax i ¢isMuHi 3aKOHM
inpapianTHi BinHOCHO BMOOpY iHepuianbHOi cucTeMu. ToOTO piBHSHHS, HIO
OITKCYIOTH Lii 3aKOHM, OXHAKOBI 32 (hopMoOIO B yCiX iHEpUIiaapHUX CUCTEMAX
BimJIiKy.

IpuHuun inBapiauTHOCTI wBKAKOCTI cBiTaa. HIBuakicTs ceiTaa ogna-
KOBA B yCiX iHepUialbHUX CHCTEMAX BIIIIKY, BOHA HE 3aJEXWMTh BiJl IBUA-
KOCTi pyxy mxepena csitiaa abo cmocrepiraua i y Bakyymi JopiBHIOE C.

Opyruit mocrynar EMHmiTe#Ha KOHCTaTyE CTAJCTh HIBMAKOCTI CBiT/Ia
K (pyHAAMEHTAJbHUN 3aKOH HPHPOAM, MIATBEPAXEHMN AOCTiNAMH.
IBuAKicTh CBiTJIa € TPAHMYHOK WWBHAKICTIO PyXy OyAb-SKUX Ma-
tepianpaux 06’extis. Higki curaaau abo B3aeMonil B MpUpPOAi HE MOXYTb
nepegaBaTHCh 3 OLIBIION MIBHAKICTIO, HiX MIBUAKICTH CBIT/IA.

IMocrynatu Eitawreitna i mobynosana va vux CTB cchopmysanu HOBui
MOMISA Ha CBIT i HOBi MPOCTOPOBO-YacOBiI ysaBjieHHS. LIst Teopis BuMarac
BiIMOBM Bil YCTa/JEHMX B TIPAKTUUHOMY AOCBiAi ySIBJIECHb IPO aOCONIOTHUI
mpocTip i aGCOMOTHUHA Yac, MPUHHATHX Y KJIacryuHil Mexanini. Taki yas-
JeHHs HBIOTOHA TPYHTYIOThCA HA NMPHUIYIEHHI NP0 HECKIHUEHHO BEJIHKY
HIBMAKICTH TOIIWPEHHS CHUTHAJIB i, BIANIOBIAHO, CyNEPEYaTh NPUHIIMILY CTa-
Jocti mBuAKocTi ceitina. Ha mimcraBi 1poro mpuHUUNy i HOBUX IIEPETBO-
PEHB KOOPAMHAT MPH MEePexOoni Bil OAHIEI iHepuianbHOI CUCTEMHU BifUTIKY IO
inmoi (meperBopeHb Jlopenna) E#iHmMTEHH AiAMIOB BUCHOBKY HOpO
BIAHOCHUM XapaxTep TAKMX IOHATh, SK MOBXWHA Bigpizka, TPHBAJICTh
MPOMIXKY uacy i ogHouacHicTh moxii. Lli Ta inmi nacaigku i3 teopii Ein-
IITEAHA MAIOTh EKIIEPUMEHTANBHE OOTPYHTYBAHHS.

TaxuMm uMHOM, B PEITHUBICTCBKiN MexaHimi EHHIITEHHA pO3T/IagaroTh-
ca ismumi CHCTEMH, 9Ki PyXawTbCd 3 IIBHAKOCTIAMH, OJM3BKUMH 10
mBUAKOCTI cBitia. IlIBUAKICTH CBiT/IA IPUAMAETHCS 9K FPAHNUYHO MOXKAMBA
MBHUAKICTh mepegaui B3aemopii. IlpuHUAN BiZHOCHOCTI MOIMMPIOETHCS HA
BCi ¢hismuni npouecu, a mepeTBOpeHHs lanines 3aMiHIOIOTBCA NEPETBOPEH-
Hamu JlopeHua, 3 JKMX BUILUIMBAC B3aEMHUN 3B’SI30K MiX IIPOCTOPOBMMH
KOOpAMHATAMHY i YaCcOM.

§ 9.3. MepeTBopeHHa flopeHuya

V § 2.6 mosogwiiock, mo piBHgaHHg pyxy HeloToHa iHBapiaHTHI BiZHOCHO
nepersopeHs lamines. MyHaaMeHTanbHi 3aKOHM €JIEKTPOAMHAMIKY, 4Ki
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ONMHUCYIOTECA piBHAHHAMM Maxcsesuia, He iHBapianTHI BiZHOCHO IUX Iepe-
TBOPEHb. [I/1s1 MOXONaHHS LbOro npoTupivus A. Eifamreiin Halxas Iepepary
pPiBHAHHAM MakcBenna, a HeiHBapiaHTHiCTB iX BiTHOCHO TICPETBOPEHB
Tanines nos’asas 3 taM, mo mi TICPETBOPEHHI HE 30BCIM BipHI Ang pess-
THBICTCBKUX (O/M3BKHX O MIBMAKOCTI CBiT/IA Y BaKyyMi) IIBHAKOCTEH.

Ha ocuosi aBox TIOCTYJ/IATIB | NPUHLMITY BITHOCHOCTI OXHOYACHOCT THX
camux nomiit y pisamx ICB A. EifHmreifH BCTAHOBHE HOBI NEPETBOPECHHS
AJIg KoOopaMHAT i yacy (mepeTBopeHus JlopeHNa) i magap HOBOI ¢opmu
PIBHAHHAM MeXaHiKd. B peayspraTi uporo PiBHSIHHS €JIEKTPOAMHAMIKH i
MEXaHIKM BHYBHINCh {HBAPIAHTHHMH Bi{HOCHO nepersopens Jlopenua i,
OTXKE, 3an0BOJIBHAIM MPUHUMKN BigHOCHOCTI, a60 meprmmit nocrynar Eiin-
IOTEHHA.

Ilpoananisyemo noknagHinie moHATTS OFHOYACHOCTI 1 ABOX TIPOCTO-
POBO PO3IICHMX MOMiH. Y KJIacHuHil MEXaHIUi 4ac BBAXAETHCH A6COMIOT-
HHUM, HOTO IJIMH y BCbOMY BCECBIiTI OXHAKOBUM i He3aeXHEMM Bil cramy
ICB. SAxmo aBi moxii omHOYACHI s OHOTO CrocTepiraya, TO BOHM MIOBHHHI
6yt ongHOYacHUMH IS 6yab-axoro
IHIOro cmocrepiraua, mo pyxaeTbCs
piBHOMIpPHO i mpamosinifiHO BimHOCHO
NEPIIOro 3 AOBUIBHOK WBHAKICTIO. lle
TBEPAXCHHE BHYBUJIOCh HE 30BCiM
Bipaum. JlilicHo, Hexa# Maemo i
inepuianbHi cucremu Bignmiky K i K' i cu-
creMa K' pyxaerbcst BITHOCHO YMOBHO He-
pyxomoi cuctemn K 3 IIBUAKICTIO
v, = const. [Ipuitmemo, mo B 060x cucre-
Max K i K' € cnenianbHi ycraHoBkY 3 ¢ho-

Puc. 9.2 TOCJAEMEHTAMM BiIIOBIZHO B TOUKax A i

B ta B Toukax A’ i B’ (puc. 9.2), Bixcrami

MiX 9KMMH B 000X CHCTEMAaX OTHAKOBI.

BeaxaTtuMeMo Takox, MO B MOYATKOBMIT MOMEHT vacy cucremu K i K’
CyMiniamoTecd, a ixHi mpwiagn 3mimeni. Hexait Touso MOCEPEauHI Mix
Toukamu A i B 1a A’ i B’ posmimeni B Toukax C i C' eNeKTpuuHi nam-
MOYKH, SIKi MOXYTh CIA7IaxyBaTH JIMOIE TOXi, KOJAX TOYKH C i C'
TIOPIiBHAIOTBCSI, TOOTO KOJIM B PE3yJbTaTi pyxy cacremu K' 3 CBOIM npu-
JIAI0M €JICKTPUYHA JIAMIIOUKA B TOULi C' BCTAHOBUTHCH HABIPOTH JIAMIIOU-
kn B rouni C. [IpuitMeMo, mo B el MOMEHT ONHOYACHO CNAJaAXHYTh
€JIEKTPHYHI JIAMIIOUKH i CBITJIO Biff HMX IOMIMPIOBATHMETHCS IO TOUOK A i
B Ta A’ i B'. Cnocrepirau y pyxomiit cucremi K’ 3agikcye, WO CHrHAMI Bif
Jamirouku B Touni C' npwuitae mo doroenemenrie A' i B’ OAHOYACHO, i BOHM
e 3aQiKCyIOTh. AHAIOTIYHO CBIT/IOBHMIt CHIHAN Bix Touku C OTHOYACHO no-
carHe (poroeneMeHTiB y Toukax A i B 3a TONMHHUKOM CIIOCTEpiraua, He-
pyxomoro BigHocHo cuctemu K. ITpore, BHacaizox pyxy cucremun K',

4

i
|
oA d¢ o X
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Toukm A' i B’ y MOMEHT, KOJM X JOCSTHE CBITJIO, nepemicraTbed i He Gy-
AYTH CyMIMATHCS 3 TOYKaMu A i B. 33 TOTMHHAKOM CIIOCTEPIraya B CHCTEMi
K cBitno 3 Toukn C' pocsirHe Touku A’ paHimie, HiX TOUKH A, a ToukH
B' nizmime, HIX TOUKM B, OCKLIBKH doToenement y Toumi A’ gemo Ha-
61M3uTHCI O TOYATKOBOI TOUKH C', 9ka B MOMEHT cnajaxy JaMIIouoK
Cymimanach 3 Touko C, a Touka B’ BigmaauTecs Bil TTOYaTKOBOI Touku C’.

Orxe, 3a rOAMHHUKOM cnocrepiraua y cucremi K’ mogii y Toukax A’ i
B’ BigbynyThcs ogHOYACHO, a 3a TOMHHHMKOM Criocrepiraua B cucremi K mi
cami mofil BUSBIAATHCH HEOMHOUACHUMU. T06TO nepebir Yacy 3aJIEXUTh Bif
CTaHy CHCTEMH Bimytiky. ag o6’exTuBHOT dikcauii ogHOUacHOCTI OJil y
PYXOMHX ONHA BIZHOCHO OJHOI CHCTEMAax BifJiKy mOTpiGHO MaTu CHHX-

poHizoBaHi romuHHMKK. CHMHXpOHI3amia Moxe OyTH 3pilicHeHa 3a ROIIOMO-
IO CBIiTJIOBHX CHTHAJIB.

Takum 4WHOM, pe3ysbTaTH NPOBEREHOTO Y Y', pA
aHasi3y CBioYaTh, WO NPUIHATA B KJIACHYHIL k| Kp—
MexaHiui piBHiICT ' ={ cymepeumTs
IiACHOCTI.

Bcranosumo nepersopenns mas xoopau-
HAT i 4acy, CIMpaloyvnch HA MOCTyIaTH EiH-
IMTEHHA Ta BUCHOBOK IIPO BigHOCHICTB
nepebiry yacy B pyXOMHX ORHA BiZHOCHO on-
Hoi ICB. X

Hexait y mouatkosuit MoMenT ¢ = 0 Toukn 4/ Z
O1i 0O cucrem Ki K 1a oci OX i O'X’
cymimaroreca, a oci O'Y' i O'Z' Bignosigao Puc. 9.3
napanensti ocam OY i OZ (puc. 9.3). Tpuii-

MEMO, INO B UEW MOMEHT y CHiJIbHIN Touwmi O cnanaxye CBiTao.

3rilHO 3 HEepmUM MOCTY/IATOM B 060X CHCTEMAaX BHHWKAaE ctepuuHa

CBITJIOBA XBHJISI, SIKA 33 APYTHM NOCTYJIaTOM MOIIUPIETBECI B 000X CHCTe-

Max 3 MBHAKICTIO ¢. Yepes uac ¢ y cucremi K ¢ponT xBHAI Gyne onucy-
BATUCh PIiBHIHHAM

X+ V4P = 9.1)
Anasoriuso B cucremi XK'

x:2 + yl2 + z:2 - C’Ztl2. (9'2)
HeperBopenns Tamined samumemo TaK:
X =olx=-vyr), y=y,2 = z, t'=Bx+ vyt 9.3)

Y pisrocri (9.3) BBemeno koedimicHT o, saxuit 6yne BM3HAUEHHI B pe-
3yJIbTaTi MOAANbIIOTO aHanmi3y. Bupas nnd ¢ mOmaHO SK JIHIKHY yHKIII0
3MIHHMX x | /. BpaxoByioun sanexwmicrs nepebiry uacy sin cranmy ICB ra
IXHIO DiBHOMpPABHICTH WIONO XapakTepy MpPOTiKAHHS AOBLILHUX (Di3HUHKX
NpOLECcis, mMOXHA CTBEPIXYBATH, w0 I 3aJICXKHICT MoXe OyTu Jjume
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JIHIAHOO. IH:_iKH.Ie PIBHOMIDHMIT PyX B OOHIif CHCTEMi BUSBHBCS 6 NPUCKO-
PEHUM B iHNIiMA,

ITincraBumo piBHocTi (9.3) y piBHicTs (9.2). Hicranemo
& (x — vt + ¥ + 2= Bx + 1),
ato
(0 = B X+ ¥ + 2 = 2 (P, + Py) xt = (Y = avd) 2. (9.4

Pipusang (9.1) i (9.2) onucyrors Te came spume: MOMHUPEHHS chepuy-

Ho'l: qBiTnosq'i xBuwt. OCKUIBKH X, y, z,f — HesadexHi 3MiHHI, TO KO-
edinicarn Gingd Hux y piBHgHEHIX (9.4) i (9.1) MOBMHEHI OytH
2 _ 202 _ 2 2
O =B =1, v, + Py =0, Py - ofe? = A 9.5)

Y Ttprox piBHaHHSX (9.5) Tpu Heizomi a, B, Y. 3 apyroro piBHSHHS
(9.5) smaiinemo

2 By 9.6)

o =~
%

. [ligcraBupmu (9.6) B inmi aBa piBHgaES (9.5) i CKOpPOTHBINM Ha 7,
JicTaneMo

-8 (Y + Bvo) = vo/cz,

y(y +Bvy) = 1. 9.7

Honinwewm onne pienauus (9.7) ma apyre, gicTanemo
B =~ v,/ (). 9.8)

Hincrasumo (9.8) y apyre pisnsrEs (9.7) i 3Haiinemo
y = 1 9.9)

+V1-vd/*

3HaK y piBHOCTI (9..9) Gepemo "mioc”, OCKinbKE "MiHYC' 03HAuaB 6u,
IO ¥ac y cucreMax K i K' nivHe y IpOTHAEXKHUX HANPSMAax. 3 HOEPIIOTo
pisHauna (9.7), 3 ypaxysauusam (9.8) i (9.9), 3Haitnemo

b= —_1_{_0102 9.10)

1—03/_(:'2—'

3 piBrOCTI (9.6) 3HAXODMMO

I .11
V1-wv,/c’

o =
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ITincTaBusimmM 3HAUEHHT O, B i Y y cucremy piBHgHb (9.3), micramemo
fepeTBopeHHs JlopeHua o KOOpAMHAT i yacy:

, X — ot x' +vol"
X = ) = >
V1 - v/ V1 - vd/c
y’ =¥ y_'y”
z' =z, z=12z,

gt vo/(c’x) Lot vo/(’x) ©.12)
V1 -2/’ V1-vi/ )

Ilepersopensnsd JlopeHua Aag KOOPAMHAT i Yacy HpH NEPEXOAdi Bif cuc-
temu K mo cucremu K' (abo HABOAKM) BiAPI3HAIOTBCH Bif NEPETBOPEHB
Tanines macammepen TuM, WO ¢'#¢. Y pi3HUX PyXOMUX OFHA BiTHOCHO OA-
HOI CHCTEMAX BifUIiKy Yac TJIMHE NO-pi3HOMY. Y CHiBBiTHOIIEHHS IJIS Ie-
PETBOPEHb UACy BXOAATH MPOCTOPOBI KoopAwHATH. lle € npuHUMIiaabHO
BAXJIMBMM i CBiquuTh NpO €XHicTh mpoctopy i uacy. IlepersopenHs Jlo-
peHna € JiHifBMMHE 33 KOOPAMHATOI x i wacom f. Lli mepeTBopeHHs mepe-
XORATh yV MmepeTBOpeHHs [amines 3a ymosu v < c.

§ 9.4. Hacnigkn 3 nepeTeopeHb JlopeHua

JoBXuHA Tiia B Pi3HMX cUcTeMax Biajdiky. B cucremi K' BizeMemo
crepxennp AB, posMimeHwit HepyxoMo B3xoBXx oci O'X'. KoopowuHatin
KinmiB crepxus B cucremi K' : A (x,', v, 2,") 1 B(x,, ¥, z,'). loBxuna
crepxnsa [ ' = x,’ — x,' (qms. puc. 9.3).

11106 3HaiiTH AOBXHHY CTEPXHA AB y cucreMi Bigiky K, BiTHOCHO IKOI
cacreMa K' pyxaerbcs 3 WBMAKICTIO v, ¥y Hanpsmi oci OX, morpibHo 06-

YHCJINTH KOOPOUHATHM TOUOK A i B y Toil cammii MOMEHT 4acy. 3 piBHSHB
Jloperna 3anumeMo 3HAUEHHS KOOPAMHAT X, Ta X,” y TO# caMuii MOMEHT
yacy:

, X, — Uyt . X, = vyt

X, = = X, = =
V1L -3 V1=

. X2 = X
3sigcu x'; — x'i = N vl abo x; — x; = (x', — x')VI1 — v/,
— Vo/C

Mpuitmemo, mwo x', — X', = [, — AOBXMHA cTepxH4 B cucreMi K',
BITHOCHO 4KOI BiH HCPYXOMMI (BJaCHA JOBXHUHA); a x, — x;, = | — goBXu-
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Ha CrepxHS B cucTeMi K, BIHOCHO $IKOi BiH PYXaeThCd 3 IIBHAKICTIO v),.
Toni

I=1V1-v3/c. 9.13)

3 piHOCTI (9.13) BHAHO, IO AOBXHHA PYXOMOTO CTEPXHS 3MEHITYETHCH B
1 — v¢/c® pasi, TOGTO CLIOCTEPIracThCs TAK 3BAHE pPENITUBICTCHKE CKO-
POYEHHS MOBXWHH, WO 36iMpmycThca 3 pocToM vo. llpm w =0
! =1lo; a mipu vo > ¢ I > 0. IIlpu upoMy TmoOmepeyHi po3Mipu CTEPXKHS HE
3MIHIOIOTBCH:
Yo~ Yi=n -y 2, -2 =z, 2.

O6’em Tina V=V,V1—v}/c® min wac pyxy 3MeHmYyerbcs B
V1 - v}/c* pasiB. 3a3maunmMo, MO peaSTHBICTChKE (a60 JOPEHILIBCHKE)
CKOPOUEHHS JOBXHHH € B3a€MHHM (cmocrepirau y cucremi K' Takox
3acdikcye CKOPOUEHHS JOBXHMHHU CTEPXKHS, HEPYXOMOIO BiTHOCHO CHCTEMH
K); peanpHuM, a HE MO3IpHUM; KIHEMATHUYHHUM, A HE AUHAMIYHUM (CHJIO-
BUX HANpyr HEMae).

CroBinbHeHHS Yacy B PYyXOMHUX cucreMmax Bimjiky. IlpumitMemo, mo B
cucteMax K i K' € n1Ba oqHakoBUX (CHHXPOHI30BAHMX) TOAMHHHKKA 4 i A',
gKi B TIOYATKOBHY MOMEHT yacy pPO3MIiIeri nopsy, a cucreMa K' pyxaetbcs

BiHOCHO cHCTeMH K 3i IIBHAKICTIO v,

Yy vl (puc. 9.4). ToguHHUKY y HEeH MOMEHT TIO-

ki KasyBaTUMYTh BiAmoBimHo yac ¢, i ¢,". Ye-

pe3 HeBHHHM 4Yac TOXWHHMK A' pasoMm 3

Al g cucTeMor0 K' mepeMiCTATLCH B MOJTOXEHHS

@ @ B'" i nokasysarume wac t',. Ilo6

A @ B @ Y 3adikcysaru uyac y cucremi K, morpiGHo
X

CKOPUCTATUCS iHUIMM CUHXPOHI30BAHHUM
TOAMHHUKOM B i po3MicTHTH MOTr0 IIopsn 3
Puc. 9.4 TONMHHUKOM B' y MOMeEHT yacy #,’. Y cu-
creMi K' MiX ABOMa MOMEHTAMH MHHYB
vac T,=t',—1t', a B cucremi

K—T =1t,— t,. Bpaxysasmu, mo roguHeuK A' nepeGysae y Tii camiin -

Touli cucreMu K' 3 KOOPAMHATOIO X', i CKOPMCTABINMCH MEPETBOPEHHIMH
Jloperua pnsa uacy, AiCTaHeMO

_nt 1.70/(c2x'). v/ (X))

t, = y b, = .
R 2 7 SR S ey s
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3Biacu

t, =t T ©.14)

t,— 1, = , abo T = )
Y VL= V1 -/

Yac y cacteMi BifsliKy, BiJTHOCHO $SIKOi FOQWHHMK HEPYXOMHW, HA3UBA-
10Tb gracHum wacom. Orxe, T, — iHTEpBaJ BJACHOTO Yacy MiX JBOMa
nmoxigmMu; T — iHTEpBaJX 4acy MiX IBOMA MOMIIMU B pyXoMii cucremi K',
BHMIpSIHUN TOAMHHUKOM y Hepyxomiit cuctemi K. Ockinbku mnpwu
vz 0 V1- vf,/c2 <1, to 3 (9.14) punaumeae, mo T > T,, TobtO
MPOMIXOK 4acy MiX NOAIIMHU Pi3HMH y PyXOMill i HEpYXOMill iHepIianbHUX
cucremax Bimtiky. B pyxomiit cuctemi K' BinOyBaeTbCcd CHOBLIGHEHHS Ya-
cy, BUMipgHOro roguHaukoM cuctemMu K. Edext cnoBinbHEHHS 4yacy €
B3acMHUM (a60 obopoTHHUM) i 00’exTUBHHM. Y KOXHI¥ pyxomii
iHepILiaABHIN CHCTEMI iICHYE BJACHHUU 4ac MPOTIKAHHA (Di3MUHUX MPOUECIB.
He icHye emusOrO CBiTOBOrO Yacy.

Onepxani pe3ybTaTé 30BCIM BiIpi3HAIOTHCS Bif Pe3ysIbTATiB KIACHY-
HO MEXaHiku, e JOBXHWHA BigpiskiB i uac Oysau iHBApiaHTHMMHM BiZHOCHO
nepersopens [aninesa. BizHocHo nepeTBopens JIopeHIa BOHH BUABISIOTHCS
BIXHOCHUMM, 3aJIEXKHUMH Bil IIBUAKOCTI PyXy CHCTEMH BillJIiKy. 3ayBaxu-
MO, IO CKOPOYCHHS MOBXWHH 1 CMOBLIBHEHHS YaCy B PYXOMHUX CUCTEMAX
CTAKOTh NMOMITHUMM TIpU IIBHAKOCTSX, OJM3BKHMX OO0 IIBMAKOCTI CBiT/A.
3 TAKMMH IHBHOKOCTAMM PYXAIOThCS JHUIIE eneMeHtapHi uyactmHku, Came
3 HUMH OyJiM ONepXaHi MEPEKOHJIMBI A0KA3HM DPEANBHOCTI 3a3HAUEHMX
edexris.

Ilpm mommpenti B arMocdepi KOCMiYHOTO BUIIPOMIHIOBAHHSA BHACINOK
MOro B3aeMOAil 3 MosieKyJjaaMu atMochepu BHUHHKAKOTH 3aPAIKEHI He-
crabinbhi p*- i p -Me30HM. BOHM pO3NAgaOThCS i MEPETBOPIOIOTHCH HA
iHmi yactTuHKH. Dys0 BCTAHOBJIEHO, MO BJAACHUM 4aC IXHBOTO XHUTTH
T, = 2,2 107 ¢. Mpore YTBOPEHi KOCMiUHUM BHIIPOMIHIOBAHHSM [L-ME30HHU
NPOJITAIOTh 3 IMBHMAKICTIO ¥ = ¢ BigcTaHe Oam3eko 20 KM, mo Bigmosigae
yacy ixmporo xmrrsa T = 0,07-107* c. Orxe, B nabopaTopHiil cucTemi
Bifniky (cucreMi, mo 3B’s3aHa i3 3eMJsel0) Yac XKHUTTA ME30HIB 3HAYHO
Ginpmmit Bix BIACHOTO yacy xurra. e mMoxe GyTd mosIcCHEHO pens-
THBICTCHKMM €(DeKTOM CHOBLILHEHHS 4acy B CHCTEMI BiiIKy, 3B’a3aniii 3
PYXOMHM ME30HOM.

IlepeTBopenns i nonasanHg wsMakoctei. [IepenumeMo NepeTBOPEHHY
Jlopenna (9.12) y mucdepenmianshiit dopmi:

. dx— vdt dt = (vo/Pdx
dx = F====—=; dy =dy, dZ =dz dt = ——0—2—2— 019
1 —w/c I —wo/c
HNopinnemu niBi i NpaBi yacTMHM MEPETBOPEHD MY MPOCTOPOBHUX KOOP-
OMHAT BiAIOBIAHO HA JiBY i JIpaBy YACTHHY MEePEeTBOPEHHS WIS yacy,
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nicranemo dopmynu JlopeHUa Aas NepeTBOPEHb MBAAKOCTEH K NEPexomi
Big cucremu K po K':

dx' _ dx-—vdt  dy _dyVl —vﬁ/cz' dz _dzV1 - v/
dt' ~dt — (v, /P)dx’ dt’ dt — (v,/Adx’ A’ dt — (v,/P)dx’
abo

v, — v, . v, V1I=vi v, V1 - v

: = "= . 9.16)

V.S —F—rw o VU —F— 5 U T TN
* 1= (v /. T L= (v /P, T 1= (v, /),
Ananoriuso 3anucyrOThCs (GOPMYAN MEPEeTBOPEHHS I IMIBUAKOCTEH

npu nepexoni Bix cucremu K' mo cucremu K
o = v ot v, V1-vi/ Y _v'zVI—vfj/c2
1+ (v, /P, Y 1+ (v /D, L+ (v /P

w =

Axmo Tino pyxaerscs B pomatHOMy HampsaMi oci OX, To B cucteMmi K
Horo mMBUAKICTL ¥ = v, a B cucreMi K' — v’ = v’ . Toni peasTusicTchkuit
3aKOH JOAABAHHS IIBUAKOCTEN 3aNMIIETHCH TaK:

v + v,
v = 2 [
1+ (vy/c

6 , v - v,
aobo v 1 — (UO/CZ)U. (9.17)

3asHaunmMo, mo npu v, < ¢ 3 piBHaHHA (9.17) ;icTaeMo 3aKoH popa-
paHHa mBuakocted Danines. dxkmo B cucreMmi Bigniky K' MmMBUAKICTH
o6’ekra v' = ¢, To # y cucreMi K TAKOX MIBMAKICTb v = ¢. | HaBmakwu,
4KII0 B CHCTeMi Bimiiky K mBHAKICTb o6’ckta v = ¢, TO B cucremi K’
WBHAKICT, v’ = ¢. TakuM YWHOM, PEAATUBICTCHKHHM 3aKOH HOHABAHHS
MIBUAKOCTEHR MIOKPEC/IIOE CTAJICTh MIBUOKOCTI CBITJIA i HE3AJICXKHICTD il Hi
Bl PyXy IXepena, Hi Big pyxy cmocrepiraya. 3akoH AONABAHHS MBUAKO-
creit (9.17) 6y10 MATBEPOXKEHO EKCIEPUMEHTAIBHO,

§ 9.5. luTepean y yoTMHpMBUMipHOMY NpocTopi. CBIiTOBMI KOHYC

Ilepersopenns JlopeHua Aas 4acoBMX KOODAMHAT BKA3yBAaAWM HA iX
3B’S30K 3 IPOCTOPOBHUMH KOOpAMHATAMY. Lle HAalITOBXYBa/JO HA AYMKY IPO
€AHiCTB mpocTopy i yacy. Ha uiit ocHOBi Oys10 BBeReHO reoMeTpuuHMi 06-
pa3 YOTHPHUBHUMIPHOTO CBiTY, B IKOMY NOJIOXEHHS MATCpiajbHOI TOYKH B
KOXHHMU MOMEHT 4aCy BW3HAUYAEThCHI HOTHPMA KOOPAMHATAMH: TPbOMA
MPOCTOPOBUMH X, ¥, z i 4acOBOIO {. Taky TOUKY HA3WBAIOTH CBITOBOK TOY-
KOI0, 4 1l pyX y YOTHPHBHMIPDHOMY MpOCTOpi-4aci 300pa’ky€eThcs CBITOBOIO
JiHi€0. SBuIE, M0 XapakTEpPU3YETHCS TPHOMA MPOCTOPOBMMH KOOPIMHA-
tamu i BigOyBa€ThCd B MEBHUIl MOMEHT Yacy, HA3WBAETBCS MOMICIO.
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PosrngreMo ABi mopii: omHa, Hampukian, BiOyBaeThCa B TOULi 3 HpO-
CTOPOBMMH KOODAMHATAMH X, ¥,, Z, Y MOMEHT 4Yacy f, i gpyra — B TOUIIi
3 KOOPAMHATAMH X,, ¥,, Z, Y MOMEHT 4Yacy f,. Bixcranp MiX nIUMH TOuKaMu

2 2 2
l,= \/(x2 —x)+ (= y) +(z—z).
Inrepsan wacy mix noxismu nopismioe £, — ¢,. Posrisnemo Bupas

S,=7t,—t) - L=

=, —t) - (5, —x) =0, —-y) - (- z)~ 9.18)

¥ cucremi K', mo pyxaerbca BixHoCHO K 3 IOBHAKICTIO v,, 1IeH BHpa3
MaTHUME BUIJIAR

dxmo 3aMicThb IMTPUXOBAHUX KOOPAMHAT uyacy 3 piBHAHb JlopeHna
" (9.12) migcraButH B (9.19) ixHiI 3HAUEHHS uepe3 HENITPUXOBAHI,
JictageMo, mo S 12’2 = sz = inv. TakuM umHOM, KOMOIHALIA POCTOPOBMX
1 yacoBUX KOOpAMHAT y BuraAAi piBHaHb (9.18) abo (9.19) e BeamuuHOK0O
inBapiaHTHOIO BigHOCHO meperBopeHb Jlopenna. Lo Besmuuny S HasuBa-
0Th iHmepeaniom. BiH BM3Hauae mpOCTOPOBO-YACOBY BiACTAHB MiX ABOMA
CBITOBHMHW TOUYKAMH y YOTHPMBUMiIpHOMY mnpocrtopi-uaci. Hduas xsox
HECKIHYeHHO OJIM3bKUX TOAiN iHTEpBaN 3aMMCYIOTh TaK:

ds® = fdt* — dx* — dy* — dF 9.20)

iHTepBaJI HAa3WBAKTh YACOMOMiOHMM, GKIIO sz >0, i opoctoposo-
noniGumM, sxmo S, < 0. Posgineni yacomoni6HuM iHTepBaSOM TOAii MO-
XYTh MAaTH NPUYUHHO-HACJHIAKOBUH 3B’430K. Y HbOMY pasi BiACTaHb, 9Ky
TIPOXOAMTD CBITJIO 3a yac MiX mogismu, GibLia mMpPOCTOPOBOI BiACTaHI MixX
nuMu. Ui momil He MOXyTh BiZOyTHCh OOHOYACHO B JOBiJBHIH CHCTEMI
BigutiKy. [l mpocroposonoaibuoro intepsany li2 > ¢*(t2 — )%, i nonii Hi
B dKifl cucreMi BimIiKy He MOXyThb OYTHM NpPOCTOPOBO CyMilIEHi B OmHii
touni (/12 # 0) T2 He MOXYTb MATH TPHYHHHOIO 3B 3Ky, OCKiJBKH, 100
MiX IPHUMHOIO i HacaiAKoM OyB 3B’430K, INBHAKICTb TEpenayi CArHAMY Mo-
BVHHA NEPEBUINYBATH WIBMAKICTh CBITJIA.

Slkmo n1g nopii 3MiHIOETbCS JIMIIE OOHA IIPOCTOPOBA KOOPAMHATA (Ha-
NPUKJIAN, X) 1 OAHA 4acoBa, TO B YOTHPUBUMIPHOMY IIPOCTOpPI TAKHH pyX
MOXHA 300pPa3WTH HA IUIOIMHI 3 KOOpAMHATAMH X i cf (puc. 9.5).

Hait6inpmoo € meunkicrp cBiTia. JIKmo CBITIOBMIA MPOMiHb TIOMM-
proeThed Bim mouarky xoopauHar (x = 0, ¢ = 0), To uepes yac f, 3aJEXKHO
BiJ HaNpsMy NOOMMPEHHs, Bid Hocsarae To4ok x = c¢f abo x = —ct. Ha
rpacdiky ne mMoxHa 300pasutn Jinismu OB abo OA. TIponoBXeHHA LUX
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ainiit OA, abo OB, 300paXaTh NOMMPEHHS CBiT/a, M0 HAAIALIO B TOUKY
O 3 pomataoro 4,0 abo Bix’eMHOTO B,0 nanpawmie oci OX. Beakuii pyx 3i
MBHAKICTI ¥ < ¢ 300paxXaTUMETHCS JiHIEO OM Y obaactax AOB i
A,OB, xBagpaT iHTEpBATy AOAATHMI: S?=¢2—- x*> 0 (Bin ¢ uaco-
nom6HHM). JosinbHux TOuoK obaacti AOB MOXHA AOCATHYTH B MOMEHT
yacy, misHimuH Bix MOMeHTy dacy B touni O. Llg yMOBa BUKOHYETHCH 719
Oyab-sK0l CHCTEMH BiIUIIKYy, OTXXe, JaHa 00JacTh HA3UBAETHCA 00AaCTIO a6~
COJTIOTHOTO MaH6yTHI>OI‘O. Hasnaku, B obsacri
A,OB, nonig B noBiaBHIN ToYni B1H6YBaJIaCb
panime, HiX B Toumi O, i Taka 00JACTh HA3HM-
BaEThCA 00/1aCTI0 aOCOMIOTHOIC MUHYJIOTO.

Ins obnacreit A,OB i BOA S*=c* -
— x* < 0 (iHTepBaJ IPOCTOPOBO MORIGHMIA), TO-
MY TIPUUMHHOTO 3B 43Ky MiX TOHi€0 B TOUILi
O i noxieo B IOBLABHIMA TOYLI UUX CEKTOPIB Oy-
1 He Moxe. [lomii MoXyTs OyTH OXHOYACHUMHA
1 TOAI IHTEpBaJ BH3HAUAETHCH JIMILIE IPOCTOPO-
BOIO BiacTaHHIW. Bci Toukm o00nacTi A OB
HA3MBAKTLECA a0COMIOTHO npasuMM, a objacTi
B,OA — abCOIOTHO JIiBUMH.

Ipadix, 306paxenmit Ha puc. 9.5, y BUNAAKy 3MiHHM BCiX TPhOX TpPO-
CTOPOBMX KOODAMHAT HA3MBAIOTH céimosum kownycom. JoBinpHa mopis Ha
TakoMy rpadiky 306paXKyeThCa CBITOBOX TOUKOWO, & MPOLEC — CBiTOBOKO
JiHiero.

Puc. 9.5

§ 9.6. EnemeHT™M pensTHBICTCHKOT AMHAMIKM

Y pesdaTHBICTCHKiN AMHAMILI PIBHSHHS, IO OMUCYIOTh PYX Tia mia Ai€ro
cuJl, MOBWHHI OyTH HesaneXHUMHM Big BUOOPY CHCTEMHM BiajdiKy,
inBapiaHTHMMH BigHOCHO mepeTsopeHs JlopeHna.

IMepmmit noctynar Edumreiina Bumarae sbepexenns dopmn dysna-
MEHTAJbHHX 3aKOHIB (Di3MKH B yCix iHepuiaapHux cucTeMax Bigmiky. Oyn-
JAMCHTAJbHUM € APYrHWil 3akoH HproToHa.

A. Efmnreitn mokasas, 1o 3amuc APyroro 3akoHy y copmi

dp _
di =F 9.21)

30epiraeTbcs, AKIIO Mg iMOyJbCOM PO3YMIiTH BHpas
-
> myv

= ——_———, .22
D m{ 9.22)

Mincrasusmu (9.22) y (9.21), nicranemo
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d oY _7 (9.23)
dt |V 1 = (v/c)
Beanuuna
m
’ (9.24)

V- (v/c)*’

Mo BXOmMTh 0 BHpasy (9.23), € PeaTUBICTCHKOI MACOKX YACTHHKH, TOOTO
MAaCOX0 YacTHMHKM, 9Ka pyxactecd 3i wmeuakictio v. Ilpm v K¢ pens-
TUBICTCHKA Maca m CTae PiBHOIO Maci crno-
KOIO mg. PeasTHBiCTCBKE 3DOCTAHHS MACH M
3i 30iJIbMIEHHYM LIBMAKOCTI 3HAXOAMUTH
6esnocepesHe MATBEPIKEHHS B E€KCIEPH-
MEHTANBHUX TOCHIIXECHHAX PyXy 3 BEIH-
KHMH IBHUIKOCTIMHU 3apAXKEHAX
YACTMHOK Y CYYACHUX IPHCKOPIOBAYAX. | e 7 m=y
BanexHicte m{v) rpadiuHO TOKA3aHO
Ha puc. 9.6. Maca B peasTHBICTCBKIA Me- l
XaHinmi, 9K i B KJACHUUHIM, € MIPOKO I
ineprHOCTi. [IpoTe B PEeNITHBICTCHKIA Me-
XaHini iHEepTHICTh, HE 3aJMINAETHCA CTa-
JIOI0, BOHA 3POCTAE 31 30LIbIICHHSM IIBHA-
KocTi. IIpHcKOpeHHS uacTHMHKH IpH nepersoperHsax JlopeHua He
30epiraeThca, BOHO HE € aOCOJIOTHNM, TOOTO MPUCKOPEHHS HEONHAKOBE B
pisHHX iHEpIiaTbHAX CHCTEMAX BiIiKy. 3BAXKAIOUM HA 1€, 3a3HAUMNMO, IO
CWIM TAKOX MAIOTh BigHOCHMII xapakrep. Kpim

Fe . TOTO, Y 3arajJbHOMY BUNAIKY BEKTOP MPHCKO-
ma

Puc. 9.6

pEHHSA a lIaCTI/IHKI/I He 30iracThca 3a HanpaMoM

3 BEKTOPOM CHJIA F. IIIo6 goBecTH OCTAHHE TO-
JoxenHd, mogamo (9.23) ak

d - -

— (mv) = F. (9.25)
Oudepenniooun  (9.25) 3a  dacom,
Puc. 9.7 picTaHeMOo R
dm > dv _ 2
am L2 - 9.26
TN + m di F. ( )
-> dv

Bupas (9.26) rpadiuno nokasano Ha puc. 9.7. OTXxe, BEKTOp @ = T

-
Y 3araabHOMY Bnnam(y He 30iraeTbca 3a HanpaMom 3 BCKTOPOM CI/IJII/I F.

36ir BekTOpIB aiF CIocTepiracThca y ABOX BHmaakax: 1) F v—
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WIBMAKICTE YACTHHKHA 3MIiHIOETBCS TLTBKH 33 HAampsmoM (v = const). Toxi
Ha ocHOBI piBusuHA (9.23) micramemo

.
@ 2 9.27)

Vi@ ©

- >
2) Flly — WBMAKICTD 4ACTMHKM 3MIHIOETHCS TULIBKM 33 BEIMUYMHOK.

Toni Ha ocuoBi piBasHHA (9.23) Maemo
-

—md___ - F 9.28)
(1 —-v*/cH2
Hepaxko mo6ayuT, 10 BiXHOWIEHHS CHJAM RO TpUcKopeHHs y (9.27)
ta (9.28) pisHi.

§ 9.7. Bzaemo3B'930K Mack i eHepriT

3HaifgeMo Bupa3 LI KIHETUYHOI eHeprii W pengTHBiCTCHKOI YACTHHKHY.
Sk i B HepensATHBICTCHKIN MexaHiui, BeMUHHY W 03HAYATHMEMO SK BE-
JIMYHHY, APHAPICT 9KOI HAa NEBHOMY BiApi3Ky TpacKTopil mopisHIOE pobOTI,
BMKOHAHIN Hax YACTMHKOI CHJIOK Ha UBOMY CaMOMy BiIpi3Ky TpaexTopil.

Juia eneMmenTapHoro mepeMmimesnsd dr = vdt MaeMo
e T
dW = Fdr = Fv dt. 9.29)
3 OCHOBHOIO PIBHSHHS PEISTUBICTCHKOI AMHAMIKY (9.23) BUMIMBaE, moO
= Mo dz-; mgv dv >
F = = -Et- + 3 d_ v.
V1 - (v/c) (1 - (wley: ¢

Bpaxoeyroun we cniBBigHomenHs, supas (9.29) sanmmemo tak:

- m, (—> d-_)) + myvdv (—> —>)
= = (v dv —— (v v).
Vi- (v/c) (1= (v/c)z)%
. > > - > 2
Ockinpkn v dv = vdv, a v v = v°, TO

272
myvdv v'/c myvdy

W= 1+ = 7.,
V1 - (/o L= @l (1-(/op): O30

Hudepenuiroroun cnispiguomenss (9.24), micranemo

dm = " ©.31)
(1= (v/e))2
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Ha ocnogi (9.31) pienicts (9.30) MOXHa mMepenmucaTd Tak:

dW = fdm. (9.32)

OcCKiJIbKM KIHETHYHA C€HEPris YacTMHKH, 9Ka mepefyBae y CIOKOi,
IOpiBHIOE HYJIIO, a Ti Maca —m,, TO, IHTETPYIOUMN DiBHAHHS (9.32) B Mexax

giz 0 mo T i Bix m, A0 m, AICTAHEMO
W = mc® — myc’. (9.33)
Bupas (9.33) MoxHa 3anmucaTH TAKOX fK

Wien = moc* (———1 - 1), (9.34)

v
ne p =7
®opmyaa (9.34) Bupaxae KiHETHUHY €HEDTIIO PESTUBICTCHKOI YaCTHH-

2
- . mOU P,
xu. Lleit Bupa3 BiAPi3HAETBCSA Bl HEPEIATUBICTCHKOrO —5—, i HOro He
2

. mv .
MOXHA NMOJATH Y BUIVIGAL —2—, Je m — PEASTHUBICTCbKA Maca YaCTHMHKH.

Posrnsuemo BuNagoK Maamx meuakocrei (B «1). Poskiamemo Bmpas
1

—“\/1————2 , KOPHCTYIOuMch (hopMyJI010
- P

1

Wm,c?

6inoma Herorona, B pan: 08 |-
L
(1—[32)‘5=1+l;32+§[3“+... 06 -
2 8
O6Mexyounch MEPUIUMHA JTBOMA 04F
AOOAHKAMM PSOy, MAaTUMEMO ozk

1 202 _ 1 2
Wnep=§mocﬁ—2—m0v. 0 0z 04 é& Oja—ﬁ'
TaxuMm UMHOM, IIPU MajMX IIBW-
koctsax (B «1) supas (9.34) mepetso-
PIOETBCH Y HepeadTuBicTchbkui. Ha
puc. 9.8 aag BaouHOro MopiBHAHHA 300paxeHo rpadiku 3aJeXHOCTI
W,..(B) i W, (B). Ocobausoro € BigMiHHICTD y 3HaueHHAX W, i W, ipu
MBHUAKOCTAX, OMM3bKMUX A0 MBHAKOCTI CBITJIA.

3 cdopmyan (9.32) BunsmBac, WO OPUPICT KIHCTUUHOI €HEPTil YACTHHKA
Mae BHYTPIIIHi HEPO3PUBHUI 3B’430K 3 IPHPOCTOM ii PEASTHBICTCHKOL
Macu. Bpaxosyiooum Te, mo pi3Hi BHAM €HEPTil MOXYTb NMEPEXOAUTH 3 OA-
HOTO BHAY B IHIIWHA, Maca Tia MOXe 36i1bIDYBATHUCS HE TLIBKH NPH 3PO-

Puc. 9.8
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CTaHHi MOro KiHeTHYHOI eHeprii, a ¥ HpM HOBLILHOMY 3POCTaHHI IHIIMX
Buaie eneprii. Ha miit ocHoBi EffHinreiin 3po0ue BUCHOBOK: MOBHA €HEPTis
Tija NOB’$13aHA 3 MACOI0 LBOIO TijIa CIHiBBIIHOIICHHIM

E = mc". (9.35)

Qopmyna (9.35) supaxae onuH 3 hyHIAMEHTANbHAX 3aKOHIB IIPUPOIA —
3AKOH 83AEMO36 13Ky MACU | eHep2il.
Bupas (9.35) 3 ypaxysauuam (9.33) moxna mopatu B iHmiit dopmi:

E = myc® + W. (9.36)
IIpn v = 0 micraemo
E, = myc’, 9.37)

e E, — eHepris crokoro, abo BAACHA €HEpris Tila MAacow 1.

3MiHa noBHOI eHepril Tina AE CynpoBOAMTHCS BIMIOBIMHO 3MIHOK HOro
Macu Am = AE/¢?, i HaBnakwu.

3aKkoH B3a€MO3B’ 43Ky MacH i eHeprii 0COOMNBO MPOSBISCTECS B SACPHIi
isumi i hisuii eTeMEHTAPHUX YACTHHOK, A€ PO3MISAAIOTHCS CHEUiuHi
sOepHi MMpouecw i mpouecHd MEepeTBOPEHHSI €JIEMEHTAPHUX YACTMHOK, SKi
CYyNPOBOASTBHCS BEJMKUMH 3MiHAMH €HEPTil NOPIBHAHO 3 EHEPTICK0 CIIOKOI0
YACTHHOK.

BcranoBuMO 3B’S130K e€Heprii 3 iMIIyJIbCOM y paMKax PeaATHBICTCHKOL
MexaHixu. Exepria Ttina (yacTuvxm) i #oro iMmysbC MOB’43aHi 3 peJs-

. My .. 2. > ->
THBICTCBKOIO MACOK0 m = ﬁ criBBigHOMEHHIMU E = mc™ i p = mv,

ne 1—; — mBuAKicTh Tisna. [ligHecemo o6uasa piBHAHHY 10 KBaApaTa i Apyre
DIBHSHHS OMHOXXHMO Ha C’:
E? = m’c*; p’c® = m*vich.
BipnimMaroum Big mepmioro piBHSHHS ApyTe, AICTAHEMO
E = p*c = m*c* (1 = ¥*/JP),
abo

2 4 272
2 22_moc(1"v/c)_ 24
E—pc= oy = myC

HIykanuil 38’930k MiX EHEPri€lo Ta iMILyJbCOM Ma€ BUIMIAR

E* — p*c® = mict. (9.38)
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Pisauns E2 — p°¢® ¢ inBapiaHTHOIO BimHOCHO TepeTBopeHs Jioperna.
3 pieaauna (9.38) mi1q pendaTUBICTCHKOI €HEPril MaeMo

E=Y p2c2 + rn(z)c4 . (9.39)

3 pisrocTi (9.39) BUIIMBAE, HIO PEJSTHBICTCHKA CHEPrisl BJACTMBA Ta-
KOX UACTHMHKAM, §Ki He MaioTh macu criokow (m, = 0). Takow yacTuH-

KO0, HANpHKIaN, € GOTOH, eHeprisd SKOro
E = pc, (9.40)

a iMnyJsc
p=E/c. 9.41)

Pisnicts (9.41) o3nHauae, mo noTik ¢oTOHIB MOBMHEH UMHUATH TUCK.
CeiT/ioBuil THCK Brepme excriepuMentanbno Bumipse IT1. M. JleGenes.

THCKOM CBiT/IA TOSCHIOETbCA HASBHICTD XBOCTiB ¥ KOMET, CTPYKTypa
IUTAHETAPHUX TYMAHHOCTEH.

§ 9.8. 3aKoH 36epeeHHs MacH, eHepril Ta imnynbcy

PosrngueMo 3aKOHM 30epeXeHHs eHepril Ta iMITyIbCy IS 130Jb0BAHUX
CHCTEM Y peJISITI/IBICTCbKIH Mexauini. ByaeMo po3pi3HSTH IBa THIM CUCTEM!
cMCTeMM, B SKHX Tina He B3aE€MOXIIOTh, i CACTEMH, B AKHX Tijnad
B3aeMoniorh. [ CHCTEM MEPIIOro THUIY, BPAXOBYIOUM AAMTHBHICTH MOB-
HOi PEJSTHBICTCHKOI eHeprii Ta iMOy/bCy, AiCTAHEMO

E= ZE Z i va?c”mol Z(mo,c + W); (9.42)

=
=

—\/ﬁ—% 9.43)
5 i=1 i=1 - Bi
e mMai, Ui, pi, Wi — BiINOBiZHO Maca CMOKOK0, WMBHAKICTh, peJs-
THBICTCBKMI iMITy/TbC Ta KiHETWYHA €HEpris i-ro Tiia cucreMu. OCKiibKu
TLIA HE B3aEMOMiIOTh, TO IXHi IIBMAKOCTI i pENATHBICTCHKI eHeprii cTai.
3BaXalouM HA [€, [IOBHA CHEPTis i IOBHMI iMITYJILC CHCTEMH TaKOX OydyTh
BEJIMUYWHAMH CTaJMMH.

JIig CMCTEM, B SIKAX TijIa B3a€MOIIIOThH, [TOBHA €HEPTid

E=Y mc + U, (9.44)

i=1
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ae U — moTeHNnjanbHA €HEPris B3a€MOAil TiJl (YACTHHOK), KA 3aJIEXHTh
Big KoH®irypamii cucreMn. Y peasTHBICTChKIN AWHAMINI MOHSTTY HO-
TEHIIaNAbHOI EHEprii, 3BaXalouyM HA CKiHYEHHICTh IMBUIKOCTI nepenaui
B33aeMoIii, He MoxHa BeBecTu. CHpasmi, MOTEHUiaIbHA €Hepris B KOXEH
MOMEHT 4acy BU3HAUAETbCH KOHMIrypamicro yacTMHOK (Ti) cHCTEeMH, a
3MiHa KOHQirypauii CHCTEMH NOBMHHA MUTTEBO 3yMOBJIOBATH 3MiHY IO-
TeHuianpHoi eneprii. OcraHHE cynepeunTs ApyroMy mocTyaary EiHmreiiHa.

[Mpore m1st nesIKMX MPAKTUYHO BAXJIMBUX BUIAAKIE B3aEMOXIT YACTHHOK
(30KpeMa mig Yac 3iTKHEHHS IX, KOJM YACTUHKH OO0 i MiC/Id 3iTKHEeHHS py-
XaKThCA BLTHHO, OTXKE, B3aEMOIIl HEMAE) CNPaBIXYIOTbCA 3aKOHM 306epe-
*KEHHS TPUBMMIPHOIO iMny/bcy i eHeprii. PasoM 3 enepricro 36epiraeTscs
TaKOX PEJATUBICTCbKA Maca. IIpu upoMy OAHAKOBO TPAKTYIOTbCS HpPYXKHi
I HENpYXHi 3iTKHEHHS, TiJbKW DEJATHBICTCbKA Maca No-pi3HOMY po3-
MOAINAETHCSH MiX MACOK CIHOKOK i Macorwo, 3B SI3aHOK 3 KiHETHMUYHOIO
€HEPricl0 MAaKpPOCKOMIYHOIC PyXYy.

Y npoMy pasi m1d i30/bOBAHMX CHCTEM 3aKOHM 36epeXeHHs eHeprii i
iMIIy/1bCY MalOTh TAKHH BUIJISI:

N moc "‘ moc®
= : 9.45)
EVI—B? ,Z,Vl—ﬁ?’
n —> n‘ * _>t
MoV _ MoV ] (9.46)
; V1-p? 21 Vi- g

Y pisagrHAX (9.45) i (9.46) 3ipoukol0 MO3HAUEHO BEAWUMHM, SIKi CTO-
CyI0TbCd MOMEHTIB Yacy IiC/Ad 3iTKHEHHS. 3a3HAYMMO, IO KiJbKIiCTh 4Yac-
THHOK y cHuCTeMi [0 1 micis 3iTKHeHHs Moxe GyTtu pisHow (n # n').
OcraHHE COCTEPIraeThCs MpH AAEPHUX PEAKILifX.

3akoH 36epexenns eneprii (E = mc’) € onHouacso i 3akomoM 36epe-
xeHHq Macu. PisHictps (9.39) BcTaHOB/ISI€ B3a€MO3B' 430K MACH, €HEprii Ta
IMITy/IbCY PYXOMOI PENSTHUBICTCHKOI YaCTHHKW. JKmM0 B KaacuuHii ¢hismig
3aKoHH 30epexeHHs eHepril Ta iMmysbcy, sKi € HacmiakoM cuMmerpii (oa-
HOpifHOCTI) IpocTopy 1 yacy, (popMYJTIOIOTECH K OKpPEMi HE3AAEKHI 3aK0-
HH, TO B DEJSTHMBICTCBKiNl MeXaHili Ii 3aKOHH 30epeXeHHS BUCTYNMAIOTh
SIK €IMHHU 3aKOH 30EpPEXEHHA cHeprii — iMmynanCy, BigoOpaXkaroud LuMm
CaMPM HEPO3PUBHY €AHICTh MpPOCTOPY — 4acy.

Mpukaag 9.1. B inepuianbuiit cucremi Bianiky K 0fHOMACHO (38 NOZMHHMKOM CHCTEMH

K) y toukax A i B, posmimenux Ha oci OX uiel CUCTEMM, CHAJAXHYNM EJIEKTPUYHI
samnouky. Biacrane Mix Toukamu A i B, eumipasa B cuctemi Bigniky K, nopisHioe ly.

Y nopatHomy wanpsmi oci OX 3 WBMIKICTIO v, BiXHOCHO cucTemM K pyxaeTbes iHma
inepuianpna cuctema K'. YV cucremi K' cnanax eNeKTpHUHMX JiaMIIO4okK Oyje HEOoaHOuac-
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HUM. BusHauuTH iHTEPBAJ Yacy MiXK CHANaXaMH EJEKTPUYHMX JIAMIIOUOK y TOHKaxX A
B 3a rogunnukoM cuctemu K'.
Poss’s3aHHa Iurepsan uacy B cucremi K’ Gyne

3a nepersopeHHsMu Jloperua

_1tp- o/ (*xp)

ty— vo/(CZXA)'

t v Ip
! Vi - v/ V1= w3/

' =

3gincu
Ao laTiB” (vo/ ) (xp = %) _Yo Ly
- V1= w2l & Vi -wi/

me ty —tp=0; xp— x4 =Ly

Tlonii, onnouacHi B cucteMmi K, € HeopHouacHMMmM y pyxomiit cucremi K, i inrtepsai
yacy MiX nogiaMm 3pocrae 3i 36inblieHmsm BiacTami /o Ta WBHMAKOCTI wg cmcremu K.

Tpukaan 9.2. Imepuiansna cuctema sipnixy K' pyxa€rbCsl BifHOCHO CHCTEMH Ky
JomatHomy HanpsiMi oci OX 3 WBMAKICTIO vy, Y cuctemi K B TOULI MOYATKY KOOPAMHAT
Y MOMEHT 4Yacy ! BHIIPOMIHIOETHCS €IeKTPOMATHITHMIT CUTHAN, SKWil, BiAGMBIUMCE Bif
J3epKana, POIMIMIEHOTO B MOUATKY KOOpAMHAT cucTemMu K', TOBEPTAaEThCs B MOYATOK
koopgunar cuctemu K. BusHauuTtH yac, mpoTsaroM sKOro €JeKTPOMATHITHUI CUTHAJ Tpouae
3a3HauEHy BiACTAHb 34 TrOAMHHMKaMM B cucremax K i K'.

Po3n’s3anHs I103HAUMMO TOUATKOBY BiACTAaHb MiX cucremamu Bignmiky K i K
uepea [y. EnexrpoMarsiTHME CHIHAN AOCSTHE A3€PKand CHUCTEMH K' y mMOMEHT

lg+ vty — 1)
f=t+ 0 ot 7
c
3igcu
lo
(el ‘U‘O.

t, =1+ 43}

iHTepBa.n yacy MiX momismu B cucremax K i K

)
c— Uo.

At, =t -t =
VY cuctemi K uac NMpPOXOMKEHHS €JEKTPOMATHITHONO curHaigy Bin cucremu K no K i
Hasajg
24,
[ = . (2)
c— v

3a roguHHMKOM cuctemm K' Ha ocHoBi nepersopess Jlopenua
2
Aty = (vl c)Ax

Vl"‘i?o/(‘2

Aty =
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Hepefmmeum Ax =0 (Touxa Ha Agepxasi, Kygu Hamiitmmos CMTHAJ, i Touka, Bix axoi
curHan Binbumcs, 3Girarotecd). 3sigcm

lo/(c—v
At = 20 ( o)_,
V1 - vg ’ét
ae At' — iHTepBan uyaCy MiX BUIIPOMI
POMIHEHHSIM CHTHAJY 3 TOYATKY KOOPAMHAT CUCTEMU

K pgo o
hi TO MPHXOAY B [TOYaTOK KOOpmMHAT cuctemu K’ 3a roauummkom cucremu K. Toxi

MOBHMIT YAC NOMMPEHHS| CUTHAIY B IIPIM i
oMy i 3BOPOTHOM
cuctemu K’ My POTHOMY HATIPAMAX 33 TFONMHHUKOM

oo 21, _ t . (&)
(c - vo)\/l -viE Vi- valc
TIpuxaax 9.3. YacTtuHka Macow0 m mepebysac B CIIOKOL. Ilpu ii po3nmaai yTBOPHOOTHLCH

Bi uacT i i i
I ACTUHKH, MaCH SIKMX my i m,. Busnaumtu xinetuuny eueprito W, i W, npoaykris
po3nangy.

b
) Po3B A3AHH 3anuwieMo 3akOHM 36epexeHHs edeprii it iMITysieCy B cucTemi
BUUNKY, B sKil1 uacTMHKAa nepefyBa€ B CIOKOI:

mc* = E| + Ey; 4]
-> ->
0=p, + py 2)
3 octanHbOi piBHOCTI Maemo
py = = py a60 p = pj. @

Piusinna (3) Ha ocuOBi opMynu (9.38) MOXHA 3aNMMCATH TAKUM YMHOM:
Ef - m%c4 = E% - m%c“,
abo
2 2 _ . 2 2
Ef — E; = (m; — md) ¢, @
Honimusum (4) ua (1), gmicranemo
2 2
mp —m
E[—E2=( LT M) 2 (5)
m
3 pieHocreit (1) i (5) smaxommmo, mo
22 2 2
m-c¢” + (my — m3) & E = mic? — (mf - m%) e
2m T2 2m )

i

Toni

Po3pin 10. MexaHiuHi KOAMBaHHSA

§ 10.1. KonuBanbHi npouecH

KoausansHum npouecom abo KOJINBAHHSIM HA3UBAIOTh YCAKUN PEryIsip-
HHi aGo Maiixe peryadpHUi Mpouec, B IKOMy Oyab-sika ¢iswuHa Beanun-
Ha HaOyBaec ONHAKOBHUX 3HAUCHb UCPE3 PiBHI abo Malixe piBHI TTPOMIXKH
uacy. Kosmpauns — nyxe mommpeHnit Bua pyxis. Bomu BinOyBaroTHCH
CKpi3b y TIpHPOAI i B yCiX ramysdx Texsiku. Ilpu MEXaHIUHUX KOJUBAHHIX
MOBTOPIOIOTHCH, HANPHKJIAN, HEPEMilICHHS TiA i Momyai DIBMOKOCTEM.
E/leKTPOMATHiTHi KOJIMBAHHS — 1€ MOBTOPIOBAHI 3MiHM HAmpyT i cua
CTPYMIB y €JEKTPUYHUX KOJMAX T EJAEKTPUUHMX i MATHITHUX NOJIiB HABKO-
710 cTpyMiB. IcHyIOTh 3MilIaHi KOJMBAHAS y NPACTPOSIX, SKi EPETBOPIOIOTH
EHEeprilo MeXaHiUHMX KOJMBAHb B €JEKTPHUHY EHEPrifo, i HABMAKM, Ha-
MPHUKJIAL, Y MIKPO(POHAX Ta IyYHOMOBISIX.

Teopis KOJIMBAHb BHBUAC KOJMBAJIBHI PyXM Pi3HOI (Di3WuHOI rpuUpoaH
3arajbHMMH METOmaM#. BoHa BCTAHOBJIIOE 3aKOHOMIpDHOCTI, 9Ki Xapakre-
PU3YIOTh KOJIMBAJIbBMH HPOLEC B LiJOMY, HE3aJEXHO Bif mpupoau
(hi3UHHX BESUYMH, MO 3MIMCHIOTh KOJIHBAHHS.

KoNMBaHHS BUHUKAIOTH TOAI, KOJM CHCTEMi, 3HATHIN 3AiACHIOBATH KO-
JMBAJIbHI PyXH, HAJAETBCS CHEpris, ¥ KOHCCPBATUBHUX CHUCTEMAX eHepriga
36epiracThbes. JKWIO CHEprisi CHCTEMM 3MEHIIYETHCS (IpU HASIBHOCTI CHJI OO~
Py), TO KOJMBAHHS 3racaroTh i CHCTEMY HA3UBAIOTH He KOHCEPBAMUGHOIO.

HafinpocTiliuMu € KOJIWBAJbHI CHCTEMHM 13 30CEPEIKEHUMH TapaMeT-
paMu. Pyx Takux CHCTEM MOXHA OMMCATH SIK PYX XKOPCTKO 3B A3aHUX MiX
coBoro ToukoBux abo mporaxuux o0’ekris. Hampuxnan, migsimeHe Ha
HUTII Ti0 (MASTHHK) YTBOPIOE KOJHMBAIbHY CHCTEMY i3 30CEPEIKEHUMH
mapaMeTpaMi, SKIIO HE TiJI0 MOXHA BBAaXaTH TOYKOBHM, 3 HUTKY — HE-
posTsxHOK i Hearomow. Cran Oyxb-sK0l KOJAMBAJBHOI CHCTCMM BHU3HA-
YAETHCA Y3araJlbHEHOI0 KOOPIMHATOK), XaPAKTCPHOK JJIst KOXHOI CUCTEMM
(3MimeHHs, KYT BiAXWICHHS, TUCK, TEMIIEPATypa, €IEKTPUYHA HANpPyra i
1. I.). Pyx cucreM i3 CTajiuMH mapamMeTpaMu OMMCYEThCS JHIMHAMU 1A~
(depeHIiaTbHIMI PIBHSHHSIMM 3 MOBHMMY NOXiAHMMH, IO MoB’ I3yI0Th
y3araJbHEHI KOOPAMHATH i y3arajJbHEHi iMIYJIbCH CHCTEMH. Tlopagok pux
DIBHSIHD BH3HAUAETHCS UMCIOM CTYIEHiB BiabHOCTH cucremu. Hampuxian,
IJIOCKMH PyX MASTHUKA B MOJI TSXIHHS ONMCYETBHCS JiHIAHAM PiBHSIHHSAM
APYTOrO IOPSAKY i BiAMOBiHAE€ CHCTEMI 3 ONHHMM CTYMEHEM BUIBHOCTH. Ko-
JIUBAJIbHI CHCTEMH, PYX SKMX ONUCYETHCH JIHIAHHMHE PIBHSHHIMH, HA3H-
BAIOTb JUHILHUMU.

OcHOBHA 3aaua Teopil KOJUBAaHb MOJISrac y BU3HAUEHHI y3araJbHEHOI
KOODAMHATH X KOJHBHOI CHCTEMH Y Oynb-sKuii MOMEHT uacy: X = x (7).
KonmMBaHHY HA3WBAKOTDL MepioduuHum, SKIIO TEBHI 3HAUEHHS X MMOBTOPIO-
1OThCs yepea piBHi poMixku yacy T, Tobto x (¢) = x (¢t + T), pe T — cTa-
nAa BeJMUMHA, Ky HA3UBAKTb nepiodoM KONUBAHHS. AKmO (yHKIs
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x (f) 3a/10BOJTbHSIE YMOBY NEPIOAMYHOCTI HE CTPOTO, A TLABKH HabaMXeHo,
TO KOJHBAHHA HA3UBAIOTb MauXxe nepioduurnumu. 306pakeHHST KOJUBAHD
y KoopauHaTax (x, {) € OCHOBHMM TIPH DO3IVISAI KOJMBAJIHHOIO HpoIIECY.
Lle 3yMOBJIEHO MepIm 3a BCE THM, U0 MaiiXe BCi IpUIanM, SKi PEECTPyIOTh
KO/MBAHHS, BIATBOPIOIOTH CaMe IO 3ajexHictb. Kpim Toro, byHKUig
x(t) mae ocHOBHy iH(opMaILio PO 3araiLHUIT XapakTep KOJHBAaHb, TOOTO
npo ixHIO hopmy.

XapakTepHOIO BJACTHMBICTIO JIHIMHAX KOIMBANBEUX CHCTEM € TE, MO
Oif Mi€l0 30BHIMIHBOI NEPIOXAYHOT CHIM CHCTEMA 3OIMCHIOE KOJIMBAHHS 3
TI€I0 CAMOIO MEPIOANYHICTIO. Hle ogna BaXnMBA BIACTHMBICTD JiHIHHUX CH-
CTEM MOJISITa€ B TOMY, IO VIS HUX CHPABIXKYETHCS MPUHLUI CyTIEPIO3HLIT
(He3aneXHOro HaK/JAAAAHHS) KONMBAHB: IKOIO HA CHCTEMY HE3aJEXHO
AIFOTH 1Bi MEPiOAMYHI CHUTH | KOXHA OKPEMO 3YMOBJIIOE 3MiHy y3araJbHEHOI
KOOpPAWHATH BiINOBIIHO X, i x,, TO pesynpTyioua 3MiHa KOOPAMHATH
x =x, + x,.

Peanbhi konmBasipHi cucTEMM 3pemTor0 3aBXAK HeJiHIHHI, npoTe X ya-
CTO MOXHA HaOJMXEHO ONHMCYBATH JIHINHUMHU AudepeHLiaIbHUMA
piBHAHHAMH. 3aCTOCYBAHHS HAGMMXCHUX METONIB ONMCAHHS KOJMBAHD Jac
MOXJIMBICTh OTPHMYBATH BAa>X/IMBiI NPAKTHUYHI BUCHOBKH.

§ 10.2. TapmoHiuHi KonmBaHHS

HajiBaxauBimmumu cepex MexaHIYHMX KOJMBATbHHX pyxiB € rap-
MOHIYHI KOJMBAHHA. [aPMOHIUYHUMM HAZMBAIOTHCS KOJHMBAHHS, B IIPOLECI
AKMX 3MILICHHS X 3MIHIOETBCS 33 3aKOHOM KOcMHyca (abo CHHYyCA):

x=x(t) = Acos (0t + @), (10.1)

xe A — aMIUNTyZa, mO AOPiBHIOE a6COMIOTHOMY 3HAUCHHIO HAWGLILIIOTO
3MIIIEHHS; O — OHMKJIIYHA 4acToTa KOJNBAHb; 0 + @o — has3a KOJMBAHD,
IO OMHO3HAYHO BM3HAYAE 3HAYCHHA KOMBATBHOL BETHUMHE Y MOMEHT ya-
Cy f; @o — mouaTtkosa ¢pasa. Bubopom mouatkosoi asm @, 3aKOH rap-
MOHiIYHMX KonuBaHDb (10.1) 3aBXnM MOXHA 3BecTH 10 YHKuIi CHHYyCa Big
APryMEHTY Of.

XapakTepHOK 03HAKOK TAPMOHIYHOTO KOJMBAHHS € T€, MO BEIMUMHK
A, ©® i ¢, He 3MIHIOIOTbCS B TPOLIECI KOJUBAHHA, BHBUEHHS TapMOHIUHHX
KOJIMBAHDb € BAX/MBMM 3 JBOX NPHUYHWH: MO-NEpPIIE, KOAMBAHHS, SIKi
3YCTPivaKOThCsl Yy IPUPOAI i TexHini, 3a CBOIM xapakrepoM 0.1M3bKi 10 rap-
MOHIYHHMX; TO-APYTe, BAXKAMBI A TPAKTHUHUX 3aCTOCYBaHb NEpiogUuHi
NpOLECH, MO HE € FAPMOHIYHMMH, aje MOBTOPIOIOTHCE UEpe3 piBHI
MPOMIXKH Yacy, MOXHA 300pakaTH K HAKJIANAHHS KiJIbKOX TapMOHIUHUX
KOJIUBAHb.

Bupas (10.1) € po3e’sa3koM mucepeHIiabHOrO piBHSHHS PYXy CHCTe-
MU, IO 3MIHCHIOE TAPMOHIUHI KOMMBAHHA. PiBHAHHA pyXy MOXHa OTpH-
MaTH, npoaudepeHLioBaBmy ABiul 3a yacom GyHKLiw x (7):
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2
?It_f = — 0*A cos (of + ¢,)
abo

— + ©°x = 0' (10.2)

Lle#t Bupa3 HA3UBAKTE PIGHSIHHSM eapmouiuuu)_c KOUEAHb. Bupas
(10.2) — ninifiae pisHaHHs, BOHO MicTHTh dyHKUio0 x(¢) i 1 gpyry
MOXigHY Yy NEPLIOMY CTEIEHI. .

Ammtityny A i nouatkoBy (asy @, HEMOXJMBO BU3HAUMTH i3 mude-
pEHIiaMbHOrO piBHAHHA. I IHOrO NP PO3B’SI3yBaHHI PiBHIHHS (10.2)
BUKOPHUCTOBYIOTh TIOUATKOBI YMOBH, SKi XapaKTEPU3yIOTh KOHKPCTHUHA KO-
JIUBAJBHMH TIPOLIEC. ) : )

DizyuuHui 3MICT UMKAIYHOI YACTOTH © HOB A3aHUM 3 MOHATTIMH
nepioay T i wactoru v KosuBaub. [Tepiodom HA3UBAIOTh TPUBAIICTh OZHOTO
MOBHOTO KOJMBAHHS, TOOTO HAUMEHIIHI TIPOMIiXOK uacy, uepes SKui no-
BTOPIOETBCH NOBiJbHO OOpaHuil CTaH KOJIMBA/IbHOI CHCTEMH. 3a oawH
nepion dasa KOAMBAHHS OTPUMYE MPUPICT 27:

o+ T)+o,=o0t+e,+ 2,
3BincH

=2 (10.3)
.
Jacmomoro KOJINBAHHS V HA3UBAIOTh KLIBKICTh MOBHUX KOJIMBAHb 34
OOMHUUIO UaCy:

vV = 5:.
Opunanug yacroru — repi;: 1 ['u — 1e wacrora nepioguyHOro Mmpouecy,
B SKOMY BilOyBa€ThCd ONHE KOJMBAHHS (IOBHMH LUKJ TPOLECY) 32 OXHY
cexyuny (1 T'm =1 ¢™). I3 dopmymm (10.3) Bumimeae, mo
2n

(O} 7 = 27v.

llmkaiuea yacToTa OODPIBHIOE UHCAY KOJMBAaHB 3a 27 CEKyHA i
BHMIPIOETbCS B pajliaHax 3a cekyHmy (pam/c). . )

CapMoniuHe KOAMBAaHHA MOXHA 300pasuté rpadiyHo y BHLASAI npo-
exIil MaTepiaabHOI TOUKH, IO PIBHOMIPHO 00EpTaEcThcs IO KOy, pamiyc
SKOro AOPIBHIOE aMILTITYAI KOJIMBAHHS (puC. 10.1>. 3H31/1)_16MQ IMBUIKICTH
i MPUCKOPEHHS MATEPiabHOI TOUKH, KA 3AIHCHIOE rapMOHiYHi KOJTMBAHHA.
IIIBUIKICTh KOJMBAJBHOTO PYXYy BU3HAUAETHCA K IOXIJHA 338 4acoM Big
smimenng (10.1):
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dx .
v=-_ = — 0Asin (of + o) (10.4)

abo
v = 04 cos (of + ¢, + %), (10.5

e .u)A.— amiutityaa weunakocri. IIpuckopeHHES nporo pyxy aopiBHIOE
MOXIigHI# 3a uacoM Bix msmaxkocti (10.4):

_dv

a=r= - w’4 cos (ot + ¢,). (10.6)
PiBnauna (10.6) 3 ypaxysannsm (10.1) nepemmmemo y BArasmi
a=— o’ (10.7)
abo
a = oA cos (ot + ¢ + 1), (10.8)

ne ©’A — aMmiTyAa NpUCKOpEHHsSL.
13 Bupasis (10.5) i (10.8) suanO, MmO WBMAKICTH i IPUCKOpEHHS Ma-
TEpiaJbHOI TOUKM 3IUCHIOIOTh MAPMOHIUHI KOJWBAHHY 3 TICIO CAMOI0 4ac-
x TOTOID O, 10 i
3 3 KOJIMBAHHS 3MIiIEHHSA
2 | 2/ 1\ (10.1). ITpore MiX KO-
\“\1 ‘]\5 5 JUBAHHSIMY 3MiHICHHS
4 1 KOJIMBAHHSMH [HBHMA-
\[ KOCTI Ta NPUCKOPEHHS
| 8 3 2 icaye pisanng (abo
3cyB) ¢a3. Konusauka
WBUAKOCTI BHUIIEPEn-
Puc. 10.1 XaoTh KOJINBAHHY
aMimeHHs 3a (asomn
Ha /2, a KOJMBAHHS NPUCKOPEHHS BUNIEPEIXAIOTh KOJINBAHHS 3MiIlEHHS
3a ¢aso HaA 7.
3MiHa NpPUCKOPEHHS MaTepiasbHOI TOUKH y HPOUECi TAPMOHIUHMX KO-
JIMBAHDb CBIAYMTL NPO TE, IO HA HEY A€ 3MiHHA cuia. dpyruii 3akor Heio-
TOHA [Aa€ 3MOTy B 3araJbHOMY BUIVISIIi HAMHCATH DiBHAHHA 3B’ 93Ky MiX
CWJIOKO | MPHCKOPEHHSIM MAaTepiafbHOI TOUKM MAacow m B MpoIeci rap-
MOHIYHUX KOJMBAHB:

..
B)
]
€
~~

Kah

F=ma=— m o*A cos (of + @o) (10.9)
abo
F= —kx, (10.10)
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ae k = mo? — xoedilieHT TpOmOPHiMHOCTI MiX CWIOK 1 3MiHIEHHSM TOU-
KH. 3Bijcu BUILIMBAE, L0 HA MaTepiaJbHy TOUKY A€ CHIA, MPIMO MpO-
nopuifiea 3MIMICHHIO i 3aBXAM HaNpPIMJIEHA JO MNOJOXCHHSA piBHOBAru.
Tomy ii 4acTo HA3MBAKOTH GepmabHO cunoro. Hacrora i pasa KOIMBAHB
cun F 36iraoTecd 3 4acToTOIO i ()a3010 MPUCKOPEHHS.

CnipsignomenHo (10.10) 3ag0BONBHAIOTL CHIM IIPYXKHOCTI i
kBasinpyxHi cumu. Cuny, gxi 32 CBOCIO NMPUPOAOI0 HE € MPYXKHMMHM, aje
3MIHIOIOThCS 3a 3akoHoM (10.10), HazuparTh kéasinpyxHumy (Hi6N mMpyx-
HUMH) .

KosnmBanug, 9xi BizOyBamThCH B 1307pOBaHIA cUCTEMI, TobTO miA Al
OHUX TiNbKYM BHYTPIIUHIX CWJI, HA3WBAIOTH GLAbHUMU. SIKINO BHYTPIIIHI
CHU/IM KOHCEPBATHEBHI, TO MCXAH{UHA CHEPris KOJMMBANBHOI CHCTEMH 3aJH-
MIACTHCH CTAJOK (HE BHTPAYacThcd HA poOoTy mpotd cui omopy). Taki
BiJIbHI KOJIMBAHHS HA3MBAIOT GLACHUMU. BJIAacHI KOJIMBAHHS BinOyBarOTHC
HECKIHYECHHO JOBIO.

PosrisgHeMo BJIACHI KOAWBAHHSA CHCTEMM, IO CKiad-
OAEThCS i3 HEBEJMKOIO TijJia Macoio m, MiABIMIEHOTO HA
BEPTHKANBHIA MPYXWHi, APYTHH KiHEHb 9KOI XOPCTKO
saxpinaennit (puc. 10.2). Bpaxarumemo, mo cmiaa
TEKIHHA TL/IA 3HAYHO MEHIA Bill NPY>XHOI CWIM, SKa i€
Ha Tijno 3 Goxy npyxuuu. Macoo NpyXHHH i cHIaMu
onopy 3HEXTyeMo. [100XEeHHs PiBHOBArM MiABIIEHOTO

/

7O MPYXMHK Tisia BUOEPEMO 3a TMOYATOK KOOPAMHAT i BiCh -A
OX cnpaMyeMo BepTHKaJbHO BHN3. KonmeanbHy cucre-

My, KA 3a/l0BOJIBHSE UMM YMOBAM, HA3UBAIOTb NPYXUH- m 0
HUM MASTMHUKOM.

T1pu 3MimeHHi Tifia BiX ITOJIOKECHHS PiBHOBATH HA BE- \/i\)_ A
JUUMHY X HA HHOTO NiITHME MPYXHA CWJa, SKa BU3HA- ~ 1Y
yaeTbcsl 3akoHoM I'yka Puc. 10.2

F= — kx, (10.1D)

ne k — xoedimienT XOpCTKOCTI Npyxuun. 3a ApyruMm 3akoHom HproroHa
OTPHMACMO DiBHSHHS PYXY HPYXXKMHHOTO MAsITHUKA:

2
m g{(h—); = - kx
abo
2
%}é + wix = 0, (10.12)
e 0l = % (10.13)
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Pisnauns pyxy (10.12) amanoriune xucepemiaasHOMy piBHSHHIO rap-
MOHiYHHX KoauBaHb (10.2), i #Oro po3ss’s30K BIXHOCHO 3MIIMEHHA X
Aaerbest BupasoM (10.1). Ockinpkm B cucTeMi Ai€ TifbKM OTHA BHYTpIiIIHS
cuta npyxHocti (10.11), sKa € KOHCEpBATHBHOK CHJIOK, TO TIPYXHHHHI
MAasITHUK 3iCHIOE BJIACHI rapMOHiIYHi Koymsanug. Yacrora ®, TAKUX KO-

JIMBAHb 34JIEXXKHTH TiLTbKM Bix BjaacTMBOCTEH camoi cucremu (10.13) i Ha-

3UBAETBCA GJIACHOIO 4ACMOMOK) CACTEMHU,

x a Tmepiof BJACHUX KOJWBAHD
0 7 \/ m (10.14)
TO =2n —k— .
v Ilepion BnacHUX KOAWMBAaHL HE 3aJe-
0 XUTh Bix aMIutityau. [{t0 BracTusicTs Ko-
t JHABATBHUX cHucTeM HA3WBAKOTH
[30Xponnicmio koaudansb. BoHa xapaxkrep-
a Ha JUId ineanisoBaHUX JMIHIMHUX CHCTEM.
KonuBanus peanpHux (Henimifiamx) cuc-
0 7 TCM IIPU MaJIMX AMIUITYOAX 3 IMEBHUM Ha-
OIHKEeHHAM MOXHAa BBAXaTH
130X pOHHNMH.
w / \ PosrissreMo eneprito Tia macowlo m,
?1 A __ dKe TIjJ _J.IviEIO pr>KHO'l: ab0 KBasimpyXHOi
CHJIM 3AIMCHIOE BJACHI TAPMOHIYHI KOJIH-
0 n BAHHY 3 aMIUTITYAOIO A I UUKJIIYHOK yac-
U TOTOK ®. MexaHiuna eHepriga Tina B
HOpOLeCi BJACHUX KOJMBAHb IIOBMHHA 34-
L /\ ﬂ JMIMATUCA CTANoOK 1 piBHOIO Cywi
2 kiHetuyHol W Ta mnoreHriajasHoi U
0 7 €Hepriu:
Puc. 10.3 E=W+ U. (10.15)

VY moBiBbHMH MOMEHT YacCy KiHETHUHA eHeprid Tina

1 1 .
W=3 my* = M ®’A® sin (ot + @,). (10.16)
IMorenuianbna edepris Tina, 3MilICHOTO B AAHKMN MOMEHT yacy Ha
BIICTaHp X BIA MOJIOXCHHS DIiBHOBATM, NOPiBHIOE po0OTi, Ky BHKOHYE
Npy>XHA CWIa, NEPEMIIIAOUN TIIO B MOJOXEHHS PiBHOBATHU:

0

Bpaxosyioun, mo mo’ = k, supasu (10.16) i (10.17) nepenumemo
Takii opmi:
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W= %kAz (1 = cos 2 (o1 + 0,)), (10.18)
U= %kAz(l + cos 2 (0t + ¢,)). . (10.19)

Toni 3rimro 3 pienicTio (10.15) MexaniuHa eHeprid rapMOHIYHOIO KO-
JINBAHHSA

E=Lia (10.20)
2

i3 Bupazis (10.18) i (10.19) summBae, mMo KiHETWYHA i TOTEHU{abHA
eHeprii TAaKOX 3AIACHIOIOTh TAPMOHIYHI KOJIMBAHHY, /1€ HUK/JIiUHA 4acToTa
KOJMBaHb eHeprii Basiui Oipma Big IUKJIIYHOI Y4ACTOTH KOJMBAHB
amimenHs. Sk pumsO 3 Bupasy (10.20), mexaHiuHa eHepris rapMOHIUHMX
KOJIMBAHb TIPONOPIiMHA KBAAPATy AMILTITYJHM KOJHBAHb 3MIIIEHHS i 3 ua-
coMm He 3MiHloeTbcd. Ha puc. 10.3. mokasaHo rpacdiku rapMOHidYHIX KOJIH-
BaHb 3MIMIEHHS, IIBUAKOCTI, MPUCKOPCHHS, KiHETWYHO! i MOTEHIiaaBHOI
eHepriit ax ¢dyHKIil vacy.

Ockinbky cepensi 3a mepion 3HaueHHs dyHkuii sin’ (of + @g) i
cos * (ot + ¢,) mopisuoTH 1/2, To 3 Bupasis (10.16) i (10.17) sHaxo-
AMMO, INO CEPEAHI 3a MEPION 3HAUCHHS KiHETHYHOI i IOTEHIiaTbHOI eHEPTil
ONHAKOBi 1 KOXHE 3 HHX JOPIBHIOC TOJIOBHMHI IIOBHOI MEXaHi4HOI €Hepril
TApMOHIYHUX KOJMBAHb:

<W>=<U>==E. (10.21)

| —

§ 10.3. BektopHe 306paKeHHsl TAPMOHIUHMX KOAMBaHL Ta I XHE
BHpaXKeHHSl B KOMMNEKCHIH NAoWMHI. TapMOKHIiuYHMA ocuunsTop

Fapmoniuni KoiMBaHHS 300paxyioTs rpadiuso o6epTOBMM BEKTOPOM
aMmiTyam (aGo MeTonoM BEKTOpHMX miarpam). [is BekTOopHOro 306pa-
xeuns konausaab (10.1) i3 Toukm O nosiapHOI oci OX (omopHOI oci)

->

BIIKJIAJAIOTh BEKTOP A, MOXYJb SIKOrO AODPIiBHIOE aMILIITY[i A KOJIMBAHHI,
nixg kyrom ¢, mo oci (puc. 10.4). ITpoexuis uporo BekTopa Ha Bicb OX

AOpIBHIOE 3MIMEHHIO X, B MOYATKOBMA MomeHT uacy (f=0):
->.
x, = A cos ¢,. ObepraTUMEMO BEKTOP A HABKOJIO TOUKH O npotu xomy

FOIMHHAKOBOI CTPIJIKA 3 KYTOBOK IUBHAKICTIO @, IO JOPiBHIOE HHMKJIiUHiH

-
YacTOTi KOJMBAHb, 33 MPOMIXOK 4acy ! BEKTOp A 3MiHCHMTH MOBOPOT HA
KyT ©f, 1 HOTO MpoeKuia Ha Bick OX Oyxe: x = A cos (o7 + @,). Y npoueci

* . « -
ofepTaHHd BEKTOpa A WOro IpOeKiis Ha OHOPHY BiChb 3MiHIOBATHMETHCH
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Bin +A g0 —A 3a rapMmoHiuHMM 33aK0HOM. OTXE, TapMOHIYUHE KOJIMBAHHS
MOXXHA 3o6pasm'1£ rpacdhiuHO IPOEKIli€l0 HA AOBLIBHY BiCh 0OEPTOBOIO BEK-

TOpa aN{rUIiTynn A, axuil BigkmageHui i3 JOBLIBHOI TOUKHM OCi I KyToM,
IHO AOPiBHIOE .IIOIIaTK.OBiI‘/'I thasi, i obepraeThcs HABKOMO WiET TOUKM 3 Ky-
TOBOI HIBMAKICTIO, PIBHOIO HMKJIIYHIN YACTOTI KOJMBAHHS.

Y ¢isnni yacTo 3aCTOCOBYETHCA METOA BUPAXKEHHS APMOHIUHUX KOJH-
BaHb, 9KHH BIAPi3HAETHCH Big MeTOAY OOEPTOBOr0 BEKTOPA AMILTITYIH
T'Lnbgn 3a cdopmoro. [Ing pospaxyHKy rap-
T MOHIYHMX KO/JMBAaHb JOLJILHO PO3TISAATH
IJIOIMHY BEKTOPHOTO 300paXeHHd K KOM-
R \(" IVIEKCHY z-TUJIOIMMAY i3 z = x + iy. Posrna-

A HEMO KOPOTKO CYTh I[bOTO METOAY.
Hudepenuianpae pisaanns (10.2) €
s JIHIMHUM PIBHSIHHAM Apyroro mopsaaky. To-
Y~ My BOHO Ma€ [BA HEC3aJCXHUX DO3B’SI3KH.
Onun i3 Hux — we dyukuia (10.1). Opy-
Puc. 10.4 TAM HE3aJICXHHUM DO3B’I3KOM € (PyHKIid
x = Asin (of + @,), y YoMy MOXHA mepe-
KOHATHCS NPSIMOX0 MiACTAHOBKOK. 3TiAHO 3 MPHHLMIIOM CYMEprosuii 3a-
rajibHUM po3B’sa3koM pisasHHg (10.2) Gyne nosiabpHA giHiliHa KoMGinamis

¢, A cos (of + @) + ¢, A sin (0t + ¢).

Axmo npuitasat ¢, = 1, ¢, = V—1 = i, T0 po3B’ 430K IEPETBOPIOETHCH
y KOMILJIEKCHY BETUUHHY

z= Acos (ot + @,) + i Asin (0 + ¢,).

Oynxkuio z 3a dopmy.towo Eitnepa ¢ = cos o + i sin 0 MOXHA 3amu-
CaTH y BHUIVIGOI

T= A et (10.22)

3MinHa izuuyHa BeJMUMHA z, KOJMBAHHS 9KOI CIOCTEPIralThCd Ha
pocipi, Moxe HabyBaTH TiJbKM AIMCHMX 3HAueHb. TOMYy 3aKOH rap-
MOHilIH_I_/Ix KOJIMBAHb (10.1) moxHa oTpuMaTH 9K OiNCHY YacTUHY KOMII-
JIEKCHOI BEJIMUHHMY Z:

z=Re(z) = Acos (o + ¢p).

Y rteopii KONMBAHL MPUHHATO OMYCKATH CUMBOJ Re, 9KkuMM mO3HA-
4aeThCd OiMCHA YaCTHMHA KOMTLJIEKCHOI BEJWUMHM, i 3amMCyBaTH 3aKOH

I‘aglviOZHi‘{HHX KOJIMBaHb y BUIVIGAL JIHCHOI YaCTMHH KOMIUIEKCHOIO BUpa3y
(10.22):

z=Ae @, (10.23)
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Taka opMa BHPaXXEHHS rapMOHIYHMX KOJMBAHb 3py4HA IS BUKOpH-
CTAHHS NpH OGUMCIEHHSAX BHACAIZOK NPOCTHX BJACTHBOCTEH EKCIO-
HeHUiaapHOI (PyHKOii: eKCHOHCHUiadbHA BJIACTUBICTH 30epiractbca npw
audepesniopanHi Ta inrerpysansi supasis tuny (10.23), nomasaHHi Ko-
NMBAHb T4 IHIIAX OMEPAHIIX 3 HHMH.

MexaHiuHy CHCTEMY, 3aKOH PyXy SKOi OMMCYECTBCS DIBHSHHIM

x = Acos {(of + 9,),

HA3HBAIOTb OOHOMIDHUM KAACUMHUM ZADMOHIYHUM OCUUAMOPOM, a6O
CKOPOYCHO KJLACUHHUM OCUUASLMOPOM, TOOTO KJACHUHUHA OCILHJISTOP
3IICHIOE TApPMOHIUHI KOJMBAHHS HABKOJIO MOJOXEHHS CTIMKOI PiBHOBAru.
Taki OCHMIITOPY HA3WBAWTh rapmoHiunuMu, OueBMAHC, BCI pe3y/bTaTH,
orpumani y (10.2) /s rapMOHIYHMX KOJMBAaHb, CIIPABEIVIMBI TaKOX 1 aas
TapMOHIYHOTO OCHUAATOPA.

3HaineMo iMIyapC rapMOHIYHOTO OC-
nuIgTopa. 3a 03HAUEHHIM iMIyJabC p OC-
OMASTOPA MAacol m BHUPAXAETHCH

+M WA

—

t’

p

p=—mo Asin (of + ¢,).

~Mmw,A
JuHaMiuHui CTaH OCHMIATOPA B Oyab-

IKAM MOMEHT 4Yacy XapaKTEpHU3YETHCA Puc. 10.5

3MITLEHHSAM X BiJ MOJIOXEHHS PiBHOBAIW i

BIAMOBIHMM 3HAYEHHIM iMOyJbCy p. Bupasumo p gk dynkmio x. g

IIBOTO TICPENUINEMO PIBHAHHS A5 3MILIEHHS Ta iMOyJIbCY 'y BHIISAL

L _

m = — Sin ((l)l + (PO).

X
3= cos (ot + @),
[To6 BuAyYNTH Yac ¢ i3 OUX PiBHAHE, MigHEeCEMO KOXHE 3 HUAX 10 KBaa-
parta i gogamo ix:
2 2
x_2 + __9_2 =1 (10.24)
A (mo A)

Ieit Bupa3 € piBHAHHSM TPAEKTOPil TAPMOHIUYHOIO OCLHJIATOPA B KOOP-
AMHATHIM wrommui p, x. Ha puc. 10.5 300paxeno rpadix 3ajnexHocTi
iMITyJIbCY TAPMORIUYHOIO OCUMAATODA Bix 3mimenns. KoopauHaTtHy ILIOMM-
HYy p, X TIPANHATO HA3UBATH (PA30GOF0 NAOUUHOIO, A 3anexHicTs p(x) —
pazosoro mpaexmopicro. SIx BuaHo i3 Bupasy (10.24), dazosa TpaexkTopis
rapMOHIUHOTO ocLmasTopa Mae ¢opMmy efinca 3 mBocIMH A Ta m © A.
Koxsa Touxa (hasosoi TpaekTopii 300paxye AMHAMIYHHHA CTaH OCUMISTODA
B MEIKUI MOMEHT yacy. I3 3miHOW uacy Touka, IO 3o0paxae cTaH ocuu-
asropa (i HA3MBAIOTh 300paXKyBaIbHOK TOUKOK), MEPEMIIIAETHCS MO ¢da-
30Bift TpaekTopii i 3a OAMH HEpioN 3AIMCHIOE MOBHUA obxin 3aMKHEHOL
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TpaexTopii. [lepemimenns 306paxysanbHoOi TOUKH BinOyBaeThcs 3a xomom
CTPUIKH TrOnMHEMKA. 11106 MEPeKOHATHCh ¥ HBbOMY, POSIITHEMO CTAH OCILIH-
JI9TOpa B MOMEHT uacy ¢', koam ¢asa KoamBaHHS 0f' + @ = 2nn (n —
IuIe yucno). V meit MomeHT yacy x = A i p = 0 (mosoxenns | 300paxy-
BaJIbHOI TOUKM HA puc. 10.5). ¥ wacrynui momenTn wacy x 3MEHIUYBAaTH-
METbCH, a p HabysaTuMe Bin’€MHMX 3HAYEHDB, IO 36impmyroreca 3a
monynem. Otxe, 306paxyBajbHa TOUKA PyXacThCd B HAanpaMi, MoKa3aHo-
My CTPUIKOX Ha puc. 10.5, T06T0 332 rogMHHMKOBOIO CTPiJIKOIO.

Oxpema ¢haszosa TpaekTopis 300paxye meaxmit KOHKPETHUHI PyX OCHM-
ngTopa. AKimo HeobXinHe 3aranbHE ySBICHHS IIPO BCi MOXJIMBI PyXH OC-
UuIATOpa, TO Ha (Hhasosiil mIowuMHi 6yayoTh ponuAy (ha30BUX TPACKTOPIil.
Taky pomuny (hazoBux TPAEKTOPiN HA3UBAIOTH a308uUM nopmpemom oc-
yuramopa. Ha ¢asoBomy noprperi 306paxarorbca HaHBaX MBI BJIACTH-
BOCTi ocumasiTopa.

vﬂK MPOCTH NPHKJIAA TapMOHIYHOTO OCUMJISITOPA HATagaeMo TPy XKHH-
HUA MAjTHUK, posriasHyruit y § 10.2. Ilicas mouaTkoBoro momropxy
MABIICHA HA MPYXUHI Maca 3AiMCHIOE rapMOHIYHI KOJMBAHHY 3 JESIKOIO
aMILTITYN010 A, a BiAMOBiAHA hasoBa TpaekTopis Mac dopmy eninca. Ipu
IHIIMX TOYATKOBHX YMOBAaX KOJMBAHHS BiZGyBalOThCA 3 iHIIAMHU

als ,

¢ W W w; W W

Puc. 10.6 Puc. 10.7

aMILTITyJaMy, ajse MaloTh TOH CAMUit XapakTep. Orxe, dazosmit noprper
IPYyXHUHHOrO MAasITHUKA MA€ BUI/IAA POAWHH KOHUEHTPUUYHUX EIiMCiB
(puc. 10.6). Y cbasoBuit moprper BXOAMTH TAKOX MOIOXECHHS piBHOBaru
ocouIATOpa, T06T0 Touka x = p = 0. I3 reomerpuunUx MipKYBaHb BHIJIH-
BAE, IO Ie €aMHa 0cobnmBa Touka ¢ha3080i mrommun. Taka TOUKa MOXe
JIEXKATH TUIbKK Ha oci OX, ToMy moO B iHImOMy pasi CTaH CHOKOI0 OCILH-
JAITOPa HEMOXJIABHH.

BaraTo BaXJMBUX [N TPAKTHKH (i3WuHmMx 3amay mos’s3ani 3
NICPIONMHAMH, aJ€ HE AaPMOHIYHMMHM KOJHBAHHSMM. [IpuxjiamoMm Takmx
KOJIMBAHb MOXYTb OYTH KOJIMBAHHS TPSMOKYTHOI dopmu (puc. 10.7, a),
IO CKJIANAOTECA 3 NEPIOAMYHOT ITOCIIAOBHOCTI "HPIMOKYTHHUKIB".

Cxananni dopmu KonmBaub 306paxyoTh rpacdiuHO y BULISAi CHEKTpa.
Cn_eK'rp KOJIMBAHb — L€ CYKYNHICTb MPOCTHAX TAPMOHIUHMX KOJMBAHb, HA
IKI MOXe GyTn PO3KNAaCHU NaHW# CKIAZHHMH KOAMBAIBHMU IpOLEC.
Byab-aky nepionmuny HErapMoHiyny yHKIHI0 f(f) 3 4acTOTOI ®» MOXHA
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PO3rOpHYTH B DsAX rapMOHIYHHX pyHKuii: f () = 2 C, cos nw! 3 4aCTo-
n=0

TaMM HM®, KPATHMMHM OCHOBHIH 4acTOTI. IIi yacToTH HA3HUBAIOTh 2ap-

monixamu (n — HOMEp TapPMOHIKM). AMIUIITYAM TapMOHIUHUX KOJHBAHb

IIBOTO pSiAy AOCHTH HMIBHAKO 3MEHIIYIOThCH 3i 36i.J'IbIlICHH5¥M HOMEpa rap-

MOHIKHM. TOMy TPaKTH4YHO BPAXOBYEThCS TUIBKM A€sSiKa KUILKICTh YICHIB

Ha MOYaTKy HECKiHYEHHOIO psnmy.

CHexTp CK/IAMHOTO KOJMBAHHS MiCTHTh HA 0ci a6CLMC UaCTOTH OKPEMHX
CKAATOBHMX KOJHMBAHb, 4 OPAWHATH B IIHX TOUKAX CBOCK KOBXKUHOMKO 300pa-
XKYKOTh aMIUTITYAN BifiOBiAHMX KOJUBAHb. Lli opayHAaTH HA3UBAKOTDb CHEK-
mpanbHuMu AiHisMy CKIagHero KonuBaHHs. CrexrtpasbHe 300paxeHHs
KOIMBAJIBHOTO IPOLECYy He MICTUTh NAHMX Hpo (asu konuBaHb. Ha puc.
10.7, 6 306paxeHO CHEKTP, SKUH BiAMOBiAd€ NPAMOKYTHUM KOJTMBAHHSAM,
nokasauuM Ha puc. 10.7, a. Lle nixiifuacTii CIEKTp, WO Aa€ HAXIPOCTIME
300paxXeHHs KOJMBAJbHOTO MpOHEcy. 3rofoM M# MEepeKOHAEMOCh, WO
CreKTpagbHA JiHiS Mae WUPHHY, TOOTO OXOIIIOE AEAKY CMYTy 4acTOT
CKiHUEHHOI IMAPUHMU.

§ 10.4. MaTeMaTMYHMH MASITHHK

OgauM 3 HAHNPOCTIMX MPUKIAAiB FapMOHIUHOrO KOJWBAHHY € KOJH-
BaJIbHHII PyX MATEMATHYHOTO MAdATHUKA. MamemamuyHum MasmHUKOM
HAa3WBAIOTh MaTepiajbHy TOUKY, MiABIUIEHY HA
HEBATrOMiM i HEPO3TIXHINA HATLI, IO KOJTUBAETHCH
y BEPTUKAJBHIN IUTOIMAI i OI€I0 CHJIM TIXIHHS
(puc. 10.8). Jo mMaTeMaTMUYHOTO MAATHUKA 33
CBOIMM BJIACTMBOCTIMY Haubinbnie nogidHa cucre-
Ma, IO CKJIAJAEThCS 3 HEPO3TSKHOI JIETKOI HH-
TKH, A0 OJHOrO 3 KiHILiB $IKOI ITiBilIEHO METAJIERY
KysnbKy. MOXHa BBaXaTH, IO LEHTP MACH TaKOl
cucTeMm 30iraeThcd 3 LMEHTPOM Mac KyJIbKH.

Konu cucrema mepebyBae y CIOKOI, TO CWiIa
TSKIHHS 3PiBHOBAXYETHCS CHJIOI HATATY HHTKH

> (v
N. SKkwmo KyJbpKY BiIXWIHTH HA ACSKHHU KYT @,
> ->

TO piBHOgiWiHa F cua Hatary N 1 3eMHOro
TSXKIHHA P HaMaraeTbCd MOBEPHYTH KYJIbKY B IIO- Puc. 10.8
JIOXeHHs: piBHOBaTM. BepranbHa cuia

F = mgsin o. (10.25)

OCKiJIbBKY 3aJ€XHICTh TAKOI CHJIM Bifl KyTa ¢ HeEJiHiMHA, TO KOJIMBAHHS
MasTHMKA He OyxyTb rapmosiunnMu, g Manux KyTiB ¢ MOXHA 3amuca-

TH, M0 Sin = % ~ @, i BUpa3 BepTasbHOi cum Oyme
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mg
F= - %, (10.26)
me ! — posxuHa MaatHuka. [Ipm Takilh ymoBi BeprasbHa cuia npo-
TOpUifHA KYTYy @, TOMY KOJWBAHHS MasTHHKA MOXHA BBAXaTH Trap-
MOHIYHNMH. PiBHAHHS PyXy MareMaTHyHOTO MAasSTHUKA MA€ TAKMH BUIJIS:

2
mE Lo _me. (10.27)
dt l

3Hak "MiHyc" BKasye Ha Te, IO BEPTA/IbHA CUIA
HanpsIMJICHA 10 MOJIOXKEHHS PiBHOBATH, & 3MiMCHHS
BiIPaXOBYETBCS BiNl IOJOXCHHS DiBHOBATH, TOMY
3HAK MPUCKOPEHHSA NPOTIICKHUN 3HAKY 3MilllEHHS.
ITpoBonsum ananoriio Mix pisHsEHaMu (10.12) i

¢10.27), moxHna sanmcatu, mo

k=mg/l.
Toai 3 (10.14) maemo

T =2xV1/g. (10.28)

3Bincu BUMIMBAE, WO NEPiOA KOJMBAHD MATEMATHYHOTO MASITHMKA HE
3aJIEXNUTH Bil aMIUTITYOu KOJMBAHD (119 MAaNMX 3HAUYEHD KyTa BigXHWJIEHb
®) i Macu MasgTHMKA, a BH3HAYAETHCY HOr0o HOBXMHOWO i TIPUCKOPEHHSIM
BIJIBHOTO MAAIHHA TiN y naHoMy Micui 3emui.

10.5. DiznuHMi MadTHHK

QiznyHMM MAaSTHIKOM HA3SHBAIOTH TBEPAEC TiNO, 37aTHE 3MIMCHIOBATH
KOJMBAHHSA HABKOJIO HEPYXOMOI T'OPH30HTAIBHOI OCl, 9Ka HE MPOXOAUTh Ye-
pe3 uentp mac (puc. 10.9).

3po3yMiNo, MO Yy NOJOXEHHI PiBHOBArM (Di3MUHOrO MASTHHKA HOTO
neHTp Mac C 3HAXOOUTHCH HA BEPTHKAIL 3 TOUKOIO migBicy O, ane HHXUYe
Big mei. [lpu BigxwmiieHHI MAgTHMKA BiJ MOJOXKEHHS piBHOBar# Ha KyT ¢
BUHHUKAe 00epTajibHUM MOMEHT M CHIM TSXIiHHS, Iuteye skoi I = / sin .
Bin HamaraeThCd NMOBEPHYTH MAasTHUK Y NOJOXEHHS DiBHOBAard. SIKIo
Ri€I0 MOMEHTIB CHJI TEPTS HEXTYBATH, TO 3 OCHOBHOIO PiBHSHHSA AMHAMIKH
06epTajsbHOrO pyxy AiCTAHEMO PiBHSHHS pPyxy ¢ismuHoro MagTHHMKA:

2

(10.29)

1 = — mgl sin @,

dt*

ae I — MOMEHT iHepuii Tia BIZHOCHO TOPM3OHTANBHOI OCi, MO MIPOXOONTD
yepes Touky miagicy O (y maHoMy pasi BiCh mEepNEHANKYJISIPHA A0 TUIOIIM-
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HU DUCYHKA); m — Maca MasiTHHMKa; 3HaK "MiHyC" BKasye Ha Te, INO HO-
BEPTAIOUMA MOMEHT HAMAaraeThCs MOBEPHYTH MASTHHMK 10 IOJIOXEHHS
piBHOBAr, a KyT BiIXWIEHHS ¢ Bif IIOJIOXEHHST PiBHOBATH BiIpaxoByETHCS
y TPOTHAEXHOMY Hampsmi. s Maaux KyTiB BiOXWICHHA Sin¢ = @, i
pieaanrs (10.29) nabysae BUrISRy

d’ (1030
I—dt—l’ = — mglo.
Mepenumemo pisasuug (10.30) y Takiit dopmi:
d’e msl (10.31)
—(1-1_2— + —I"— ¢ = 0.

Hlincrasusmm y mgl/I opuunni m, g, [ i I, pictaneMo, 1mo PO3MipHICTE
[[bOTO BMpa3y HODIBHIOE PO3MIpPHOCTI yacToTé y Ksaapari. Tomy MOXHA
3pobuTH Take nosHaueHus: mgl/I = c)g. Toni pisugauuga (10.31) 3a Buras-
noMm 36iracTbes 3 pismaHam (10.13), a senuuuna ¢ Oyme 3MiHIOBATHCH

rapMOHIYHO 3 mepiogoM
A/ T (10.32)
T=2nV —.
mgl

Topisxrooun gopmyay (10.32) 3 (10.28) goxogumo BHCHOBKY, LIO Be-
auuuHa 1/(ml) BAMIPIOETHCA B ONMHMISX JOBXHHH, TOOTO

L5 (10.33)
ml
Besuumny L Ha3sWBAIOTb 36€0€HOF0 aoexunomu(pianrfor‘o MasTHHKA.
OueBuITHO MaTEMATMUHMA MAasTHUK MAaTMME TAKMA CaMmi TEpiox Kosu-
BaHb, 9K i (Di3UUHMN MAATHHK, 33 YMOBM, IO HOTO AOBXMHA AOPIBHIOE
3BeneHil JoBxuHI (isuuHOro MagthHuka. Hepaxxo mokasartw, mio L > [.
Crpaszi, 3a Teopemoto [ofirenca — lllteltHepa MOMEHT igepni’i MAasITHHKa
BiZHOCHO OCi, IO MPOXOOUTH Uepe3 TOYKy miasicy O, AODPIBHIOE

I=1,+ ml?
ne I, — MOMEHT iHepuii MAadTHUKA BiZHOCHO NapaJiesibHOI OCi, 10 MPOXo-

IATh yepes ioro meHtp Mmac. Toxi

I+ ml? l
==+ >
ml ml
Touxy O, mo MicTuTeca Ha JiiHil OC Ha Bincrani L Bin Touku nisicy O,
HA3HBAIOTh TOUKOK KOJMBAaHb, a00 ueHmpom koauéanb (HisMuHOro MasT-
HHKA. dKmo B Liit Toumi miasicuty (izMUHMEA MASTHHK, TO MOTO MEPion
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KoavBaHb He 3MiHMThCA. Cropaspi, axkmo O — Touka MiABICY MAasiTHUKA,
TO MOro HOBA 3BefeHa mosxuHA0

I I+ m(L-1)?

x (10.34)
ml, mL=-1

L =
. l() ]
Ockinbkn L — [ = i’ 0 3 (10.34) maemo, mwo L' = L. Otxe, TOuka

nigsicy O ¢hi3uuHOro MagTHUKA i WOTO LEHTp KoauBaHb O' € B3aCMHUMHE
abo cnpsoxeHumu. s BAACTHBICTh BUKOPMCTOBYETHCS B OGOPOTHHX MasT-
HHMKAX, $IKi 3aCTOCOBYIOTBCH /IS BU3HAYCHHS 3 BEJMKOIO TOUHICTIO IIPH-
CKOPEHHS BiZIbHOTO MAafdiHHS Y Pi3HMX TOUKAX 3EMJI.

=

Puc. 10.11

G—

Puc. 10.10

MasTHuKY MMPOKO 33CTOCOBYIOTBCSl y FONMHHHMKAX, y MPHIAZax IS
BM3HAUCHHS MPUCKOPEHHS PYXOMUX Tijl i BUBUEHHS KOJIMBAHb 3€MHOI KOpH
(ceiicMorpadm) , y ripoCKOIYHUX NPUIAfax, y NPATAAAX A1 eKCICPUMEH-
TAJbHOTO BU3HAUCHHS MOMCHTIB IHEPIil TiJI A9 NOCHIAKCHHS MEXAHIUHUX
BJACTUBOCTEH TBEPAMX TiJi HPH PisHuX (hi3MUHMX yMOBAax TOMIO.

Hpuknag 10.1. BusHauury MOAYJb KPYUEHHS METaNCBOl APOTHHHM 33 JONOMOFOIO
KPYTHUJIBHOFO MASITHHMKA, SIKMII 9BJsSi€ COGOK0 METaneBy APOTHHY A, 70 ONHOTO KiHLS SIKOT
NiABIICHO TiIO B 3 BimOMMM MOMeHTOM inepuii (puc. 10.10). Ile Tino Moxe 3aifCHIOBATH
KPYTHAbHI KOJMBAHHS HABKOJIO BEPTHMKANBHOI OCi, 10 36iracTecs 3 Biccio ApoTHHM.

Pose’sa3annsa. [Ipu nosepTandi Tina HAa KyT ¢ APOTMHA 3aKpyuyerbest. Ilpu LbOMY
BMHHUKAE MOMEHT CUJI M, SIKMII HAMaraerbcs TIOBEPHYTH TIJIO B NOJOXXEHHS piBHOBaI‘H.
Jocnix nokasye, mo MOMEHT cua M NpONOPUiMHMA KYTY ¢, TOGTO

M = - Go, (¢8]
e G — monymb kpyuennsi. OCHOBHE DPiBHSHHS OBDEPTAJILHONO PYXY Ma€ BUIJISY
d*o (2)
I = — Go.
dr’ ¢

PiBusnns (2) mopibHe no pieguns (10.12). Otxe, TinO 3AIMACHIOBATMME TrapMOHiuHi
KOJIMBAHHY 3 TEpiozoM

T = 2zV1/G. , 3)
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is cnisBizHOWEHHs (3) Maemo
4n*
TZ
INpukaang 10.2. Ilpumycrumo, IO MO OFHOMY 3 jiameTpis 3emul BRAJIOCH NPOPUTH
tynens puc. 10.11. Ckineku uacy morpi6HO, mwo6 TiNO Macow m, KMHyTe y ued TYHED,
nocsirno npormiexHoi Touku Jemni? I'yctuny 3emii BBaXKatu CTaslon, ONOpPoOM TOBiTPS
Hexrysat. SO Oyae IIBMAKICTH Tila B MOMEHT, KOJM BOHO MPOJITATHME LEHTP 3.BMJI1?
PosB’szanug OcCKilbku 32 YMOBOKIO 3ajaui BBAXKAEThCA, WO TycTMHa 3emni p €
CTANIO, TO

G= 1.

M, M, 3M,

p=—173_=inR3_4ﬂR3’

ne M,, Va, R — Bignosiguo maca, 06’em i papiyc 3emni. Toni rpasitaniitna cuna, axa aie
Ha TUIO Macow m, WO MIiCTMTHCS Ha BiacTaHi r Big wedrpa 3emu,
Py MM
7? R’
3
e m,=%nr’p =M, % OKiJbKM TNPUCKOPEHHS BUIBHOTO TaniHH Ha noeepxHi 3emii

M,
g=Y?‘ T0

£
F=m<r
R
Ockinbku cuna F 3MmiHoeTbcd 3a 3akoHoM (10.11), To mix i giero Tino 3aificHIOBaTHME

rapMoHiuHi KoimBaHHS. PiBHSHHS AMHAMIKM KOJMBAJbHOIO PyXy MaruMme BHIIsT
d’r g )
—=—-2r
dt R
3uak "MiHyc" BKasye H4 T€, W0 IPUCKOPEHHA TiNa MAacOK M, 3YMOBJEHE ZRIEH0
cunu  F, HanpsmieHe A0 uexrpa 3emui, TO0TO Ma€ NPOTHIEXHMM 3SHAK JI0 3HAKA
3MileHHs 7.
Ilposopsiun auajoriro Mix piBasHHsMe (1) i (10.13), moxua 3anucat, 1O

© =Vg/R abo T = 2nVR/g = 84 xs.

Ileit wac motpibuuit aag Toro, mwo® TiNO MACOK M HOTPANMIO B TYHEb 3 OfHOTO
Goxy Remui, mpodnuio HOTO i MOBEPHYJIOCh Yy TO4YATKOBMH CraH. Yac anst AOCATHEHHS
npoTunexxHoi Touku 3emui Oyme BABOE MEHIMM i uopinmogamme 42 xs. )

IIsuaxicts pyxy TiJa MaKCHMAIbHA [PU NPOXOMKEHHI HHUM IOJOKEHHS PIBHOBArH.
Ha ocuosi (10.5) moxna 3anucatv, IO

vmax = A® = Ro = VRg = 7,9-10° m/c.

T i Ymax Y UBOMY pasi MaiOTh Taki caMi 3HA4YCHHS, K i g WITYYHOTO CYNYyTHHKA
3emuti, SKHII PYXaeTbCs 3 MEPINOK KOCMIUHOK MIBMAKICTIO.

§ 10.6. [lopaBanHa KONMBaHb OHAKOBOro Hanpsmy. burra
Mox MBI BUMAAKY, KOJM Tio Oepe yuacTb OMHOYACHO y KiJBKOX KO-

AMBaIBHMX pyxax. Tak, Ky/ibka, NiABilIEHA HA NPYXHHI y KAIOTi KOpadmd,
3IMCHIOBATAME KOJMBAHHA Yy BEPTHKAJbHOMY Hanpsmi. Kiiboe xuTaHHsS
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KOpabsis TAKOX 3MYUIYE TifO KOJIMBATHCS y BEPTHKAJbHOMY Hampawmi. Pe-
3yJbTYIOUE 3MIMIEHHS Tila, MmO 6epe yuacTh y KiIbKOX KOJTHUBATBHMUX PY-
XaX, CTAHOBUTH FCOMETPUUHY CyMy HE3aJICKHUX 3MIlNeHb, §Ki TLIO micrae
y KOXHOMY KOJMBAJBHOMY PycCi 30Kpema. 3HaliemMo DiBHIHHSA PyXy Tija,
gxe Bepe yuacTe OXHOUACHO Y JBOX OAHAKOBO HATIPSMJICHUX KOJTMBAJIbHMX
pyxax 3 OZHAKOBHUMH 4aCTOTAMH:

x, = A, cos (ot + ¢,),
x, = A, cos (ot + @,). (10.35)

dxmo TUIO ogHOuUacHo Oepe yuacTh y ABOX KOJMIMBANIBHMX PyXax, OIO
BiZOyBAIOTHCS B3NOBX OAHIEl 1 TiEl camoi MPAMOI, TO HOTO Pe3y/bTyIOUuH
pyx BinOyBaTMMETHCS TAaKOX B3AOBX Tiel camoi npsmoi. [Ipn mnpomy Oyne-
MO KOPWMCTYBATHCSI METOIOM BEKTOpHHUX Aiarpam (puc. 10.12).

Pesyabryioue 3MminieHHs TLia y Oymp-axuii
MOMEHT 4acy HNOPiBHIOE CyMi HE3aJEXHHUX
- 3Mimenb, TO0TO x = x, + x,. OCKiIbKH BEKTOpHU
A, Xl i Zz 3OifCHIOIOTh O0EPTAHHA 3 ONHAKOBMMH
KYTOBHMW LIBUAKOCTSMH ©, TO 3CyB (a3 Mix

T HUMH @, — @, 3 4ACOM HE 3MIHIOETHCS, 1 BEKTOP
1 -
A rtaxkox obepraTuMerscd 3 KYTOBOK

mBuAKICTIO ©. Toxmi pe3syabTyrue KOJMBAHHA
Gyne TakoX rapMOHIYHHM, i HOro PiBHAHHS Ma-
THME BUTISA

A

,/‘ 2

x, x,  x X

Puc. 10.12

x = Acos (0 + ¢), (10.36)

e A — aMIUTITYNa Pe3yJIbTyIOuoro KOJIMBAHHS; ¢ — mouyaTkosa (asa.
3 puc. 10.12 maemo

A* = A+ AL+ 24,4, cos (0, — @), 10.37

A, sin ¢, + A, sin ¢, (10.38)
A, cos 9, + A,cos 9,

igo =

3 (10.37) BugHO, IO AMILTITYAA PE3Y/BTYIOUOTO KOJTUBAHHS 3a/1€KNTD Bill
pisHumi a3 CKAagoBMX KO/MBaHb. Ko ¢, — ¢, = 2nn (n=0,1,2,..),
10 A=A, + A,. Ko ¢, — ¢, = (2n + 1)n, T06TO CK/IaHOBI KOIMBAHHS

BinOyBaOThCA y MPOTIJIEXHUX (da3ax, TO aMIUIITyAa Pe3ysbTYIOuOro Ko-
nuBanHg A = |A, — A1, 60 33 O3HAUCHHAM aMILTITYJa — BEIUYMHA 10-

natHa. OCKiZIBKM €Heprid KOJIMBAJLHOTO PyXy IpOMOpUiiHa KBagpary
AMILITYA#, TO TMIOBHA CHEPris PE3YJIbTYIOUOro KOJIMBAHHSA
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E=E, + E, + 2VEE, cos (¢, - 9,), (10.39)

e El'i E; — eHeprii ckaagosux koameane., 3 (10.39) smgHO, mo nosHa
CHEPrig pe3y/IbTYIOUYOrO KOJUBAHHS TAKOX 3aJCXKHTh BiX pisHMII mouar-
KOBUX (a3 CKJIANOBHX KOJTHUBAHb.

) Poarisaemo BHNANOK XOXABAHHY OXHAKOBO HANPIMJICHHMX KOJIMBAHD 3
Pi3HUMHU 4YACTOTAMH, PDIBHAHHA SIKHUX

x = A cos(0f+0), x,=A4,c0s (0, + ). (10.40)

-
SXmo BEKTOpH CKIAIOBHX aMILITYH A, i;l)z 06epTaTUMyThCe 3 Pi3HUMHU
Kyrosumu mBuAKocTaMH (puc. 10.12), T0 KyT Mix HuMHE
SMIHIOBATHMETBCS 3 YACOM 1 pe3yabTyoua aMILTiTyAa Takox
3MIHIOBATMMETECS 3 YacoM, TOOTO KOZMBaHHS Gyne HerapMoHiuHmM. Pe-
3yApTyOUE 3MIUMEHHSI X = X, + X,. JIng CIpOUIEHHS NPHILyCTHMO, IO
1 = Ay = Ay, 9, = @, = ¢,. Toni

2

Bupas (10.41) omucye mepionuuHi KOJIMBAHHS 3 CEPENHBOK YACTOTOK
(0, + ©,)/2 i MORYJHOBAHOK AMILIITYAOK 3MiEHHS 24,. (Mogynsuis —
e 3MiHa 32 3a7aHUM 3aKOHOM 3 YaCOM NapaMeTpiB, IO XapaKTEPH3yIOTh
Oynp-sikuii crauionapumit mpouec. I1pukaanom Moxe OyTh 3MiHA 3a meE-
HHM 32KOHOM aMILTITY[H, YacToTH abo (pasu rapMOHIYHMX KOJIMBaHb.)
AMmnityna amigoeTses Big 0 go 2A, 3a 3aKOHOM KOCHHYCAa 3 Habararo
MEHIUOK 4acToTo (w, — ®,)/2, 9xa HopiBHIOE MOJIOBUHI pi3HuOi yactor
CKJIAAOBHX KOJUBAHB.

® o ©, +
x = 24, cos —= 1tcos( 22w1t+(p0)_ (10.41)

XY b Tq |

Noann b
At e

Puc. 10.13

_3Bmcn BHJIHO, IO AMIUIITYZIA PE3yJbTYIOUOTO KOJMBAHHS IEPIOXMYHO
BMIHIOETHCA 3a a6COMIOTHOI BEJIMUMHOIO 3 4acOM, ToOTO

A = |24, cos B t (10.42)

2

k4 .
_Y 3B 43Ky 3 TMM IOO MEPIOA MOAYJIS KOCHHYCA AODIBHIOE T, nepiox
3MIHH aMIuTiTyan

825
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T,= . (10.43)

Y BMnagky, XOIM YacTOTH KOJHMBAHb ©, i ©, 6;M3bKi 32 BeTMUHHAMH,

BHHUKAC SBHWINE, 9K€ Ha3WBawTb Oummsam. Y UbOMY pasi
0, —0,<¥<0, + 0, i pe3syJbTYOUHH DPYX MOXHA pO3IJISHYTH IK
NEPIOANYHE KOJMBAHHS 3 MYJbCYIOUOIO aMIUHTYyZor. Hacrora TaKMX KO-
JINBAHD JOPIBHIOE CEPEAHBOMY apU(IMETHUHOMY 3HAUYEHHIO YACTOT CKJIAHO-
BUX KoameaHb. Ha puc. 10.13, a moxaszaso s3anexHicTe 3MilieHHS X 3
yacoM MNpoOTSAIroM Iepiogy Ta
3MIHM aMIULTYOH PE3yJAbTYIOUO-
rOo KOJIMBAaHHY, M0 HOro aicraau
JONABAHHAM OZHAKOBO HAHPAM-
JIEHHX KOJIMBaHb. AMIUIITYIN
CKJIQJIOBMX KOJIMBAHb OTHAKOBi, a
ixni yacToré ©, i ©, GaU3BKi 3a

peauuuHow (puc. 10.13. 6).

IMpukaan 10.3. 3Haittu pesynsrTyio-
uy aMImiTyAy KOJMBAHb NpPU AO0AaBaAHHI
N TapMOHIUHMX KOJIMBAaHb OfHAKOBOIO
HanpaMmy, ammiityau A, i uwacrotm ©
AKuX piBHI, a nouartkosi (a3 KOAMBAHD
JHIMHO 3MIHIOIOTBCS.

Poss’a3auuga. JIjagd BuzHAUEH-
H8 peayabTyiouoi amrmiityau A Gymemo
KODUCTYBATUCS  METOHOM  BEKTODHHUX
niarpam (puc. 10.14). Pegynbryioue Ko-
JMBAHHA TAKOX Oyae rapMOHiuHMM, i
HOro piBHSHHS MAaTHME BUTJIAN

Puc. 10.14

x = Acos (of + 9) = A, cos ot + A4, cos (0 + @5) +
+ A, cos (0F + 2¢0) + ... + A, cos (0t + (n — 1) 9),

ae A — amruliTya pe3yJIbTYHOUOr0 KOJMBAHHSE, a ¢ — 3CyB (ba3 MiX Pe3yJbTyIOUUM
KOJMBAHHAM 1 KOJMBAHHAM Tepmoi ckyajgosoi A, coswf. 3 puc. 10.14 wmMaemo
A, = 2R sin (¢o/2), 5e R — pagiyc Koaa, ONMCAHOTO HABKOJIO MPABMJBHOIO $araToKyTHHKA.
PesynbTyiouy aMILITYAy KOJMBaHb A 3HAaxogumMo 3 piBHOGeapeHoro TpukyrtHuka OBC:

. Ao sin (nge/2)
= = A ——
A = 2R sin 5 'S (9/2)
3 puc. 10.14 3naxogumo nouatkoBy (azy ¢ pe3yabTyrOuOro KOMMBaHHS!
nQo

=9p° — 2o
5 a LOBD =90° — .

¢ = LOBD — LOBC; LOBC = 90° ~
Toni
0= (0-F) - (0-F) = (n-1) 3

10670 nouatkosa asa ¢ HOpiBHIOE NOJIOBMHI pisHuui ¢az MixX nepwow i OCTAHHBOK
CKJIAAOBUMM KOJIMBAaHb.
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PeaysibTyloue KOJHBAHHS TEMEP MATHUME BHIJISL

_ _ sin (1 9o/ 2) P
x = Acos (0f +¢) =4 Sin (90/2) cos ot + (n— 1) > |
a aMIUTITYAa MOro BiANOBIAHO
sin (n9,/2)
Y sin (00/2)

JI0 TaKoro PesyJsbTaTy MH AIHAEMO aHAJITMUHMM HUISAXOM [P BU3HAUYEHHI AMILITYAH
pe3yJIBTYIOUOTO KOJMBAHHS, 3YMOBJIEHOTO iHTepdepeHi€i0 CBITIOBUX MYyUKiB.

10.7. logaBaHHs B3a€EMHO NMEPNEHANKYNSAPHHX KOMMBAHL

Tino MoXxe TAKoX OpaTH y4yacTh y KOJMBAJIBHUX pPyXax, HanpsMu KO-
JIMBaHb IKUX He 30iraoThesd. Tpeba BCTAHOBUTH XapakTep TPAEKTOPil pe-
3yJBTYIOYOTO PyXy Tija.

Po3rigHEMO BHIAAO0K, KOJIHM Tio opHouacHo Oepe ydyacTe y ABOX
B3aEMHO TEPIEHAUKYISPHAX FAPMOHIYHMX KOJMBANBHMX DYyXaX, 4acTOTH
IKMX OFHAKOBi. BigsocHo koopmuHaTHUX ocedi OX i OY, siki po3MIillleHi y
HAMPAMAX KOJMBATbHUX PYXiB, PIBHAHHY KOJIMBAHb MATHMYTb BUIJISI

x = A cos (ot +¢)), y=A4,cos{of+ ¢,). (10.44)

3HaliaeMo piBHAHHS TPAEKTOPil pe3yabTyouoro pyxy. [as umboro
pisaguHg (10.44) nepenmmemo Tak:

< = cos ©f cos ¢, — sin of sin ¢,
1

y _ o .

- = €OS 07 COS ¢, — Sin of sin @,
2

IloMHOXMMO mEPIIE PiIBHAHHA HA COS ¢,, 4 APYre — HA COS @, i 3HAM-
JEMO IXHIO Di3HMIIO; MOTiM NMOMHOXHMMO NEpIIE PiBHAHHSA HA Sin@,, a
npyre Ha sin ¢, i Takox 3Ha¥aemo pisaumpo. Jlicraremo

:;—V— cos @, — 2 cos ¢, = sin of sin (9, — ¢,), (10.45)

1 A2

-j— sin ¢, — Y sin ¢, = cos of sin (¢, — 0,). (10.46)
1 A,

Pisuaunsa (10.45) i (10.46) nigueceMo a0 KBaApara i mOYJIEHHO XOJAMO
ix. B pesysbraTti MaTuMeMo
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2
LeLog X
Al

Y .
F T A A4 s (0 - e) = sine, — ). (104D

Crissinnomenng (10.47) € piBHSIHHAM TPAEKTOPIii PE3YIBTYIOMOTO PyXy
Tijla, IO OZHOYACHO Oepe y4acTb y ABOX KOJMBAHHAX, HATPAMH SKHAX
B3aEMHO HEPNEHAWKYJISPHI.

Y saranpHOoMy Bunaaky piBagHHS (10.47) € piBHaHHAM erdimca.
Opienraiis esinca BiZHOCHO Ocel KOOPOHHAT i Horo (iopMa BM3HAUAIOTHCS
amrtitynamm A, i A, Ta pisHunero $as ¢, — ¢, CKJIaAOBHX KOJNBAHb.

PozrnaremMo Taki okpeMi BHIAKH.

1. Pisgnng das ¢, — ¢, = *2xn(n=20,1,2,...). ¥V opomy pasi
piBgaaHs (10.47) wabyBac Takoro BArISmy:

X Yy -
3Biacu Maemo
AZ
=22 (10.48)
y=gx .
Y
A, A Y y
Az Az (pz—(ﬂ:_{z‘_
/—Az 1
0 X 0 X ! _A)/ X
‘Pz"%:{}
a ) 8
Puc. 10.15

Orxe, axkmo dasym CKIagoBUX KOJHBAHb OOHAKOBI, TO TPACKTOPIEIO pe-
3yJbTYIOUOrO pyXy € IpsamMa JiHid, 0 NPOXOAMTH UEPE3 MOYaTOK KOOpAH-
BaT i HaxmieHa o oci OX mix kyTtoM arctg 4,/A, (puc. 10.15, a).

3mimeHns Touku y Oyap-SKail MOMEHT Yacy BiJ IIOJIOXKEHHS DPIBHOBArd
3HAXOAYMO 33 CHiBBiXHOMICHHSIM

s = Vx2 + yz' (10.49)

Migcrasusmu y (10.49) Bupazm (10.44) i Bpaxysasmu, HIO
©, = ¢, = ¢, 3HAUAEMO

s = VA + A cos (of + ). (10.50)
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3pigcH BUAHO, IO PYX Tia — L PapMOHIYHE KOMMBAHHSA 3 YACTOTOKO
o y Hanpsami npsmoi (10.48).

2. Pisuuus das ¢, — ¢, = =(2n + 1)n. Toni 3 piBranna (10.47)
AICTAEMO, LIO TPAEKTOPIEK0 PYXY TiNa Takox Oyme mpsaMa JiHisl, PiBHSIHHS
axoi

= (10.51)
y==3% .

Bona yTBOpIOE 3 BiccK0 OX KyT arctg (—A,/A;). Pesyipryroumii pyx y

pOMY pasi Takox Gyne rapMOHIUHMM KOIMBAJIBHMM pyxoM (puc. 10.15, 6).

3. Pizauus daz ¢, — ¢, = *(2n + 1) th— Toni pisusaua (10.47) Haby-

Bac BUIVISIAY
2 2
LI (10.52)
s+ ==1
Al A
OTrxe, TPAEKTOpid PE3y/IbTYIOUOTO PYXY MAae BHIVISH €JInca, NiBoci
aKoro A, i A, Opi€HTOBAHI B3MOBX KoopauHatHmx ocelt OX i OY
(puc. 10.15, a).
VY 3B’43Ky 3 THM L0 KOOPAMHATH X i y Tina 3MiHIOWOThCA 3 NEpiogoM
T = 2n/®, TO BOHO 3AiMCHIOBATIME PyX MO EJINTHUYHIM TPAEKTOPil TAKOX
3 nepiogoM T abo0 HUKJIIYHOI YACTOTOK O. TTokxaxemo, OO0 KOJM
¢, — ¢, = +n/2, To pyx Tina BigOyBAETbCA MO EJiNCy B HampsMi pyxy
CTPiJIKU TOMAHHMKA.
Cupagai, sxkmo ¢, = 0, To piBEaEAa (10.44) MaTAMYTH BUIVIAA

x = A, cos ot; y=A,cos (ot + n/2).

V moment uacy ¢t = (0 xkoopamHaTy Toukn OyAyTh x = A, y = 0 (Touka
1 ua puc. 10.15, 8). ¥ HacTynHi MOMEHTH 4acy KOOpPXMHATA X 3MEH-
IIyeThCS, 3 KOOPAMHATA y HAOYBa€ Bif’€MHOrO 3HAaueHHS, TOOTO pyxoMma
TOUKA TEPEeMiacThCd Big HOJOXKEHHS [ BHH3 y HampsAMi PyXy CTPLIXKH
TFOOWHHHKA. JKmMo ¢; — @ = — n/2, TO TLIO PYXaTHMETBHCH TAKOX I10
eMNTHYHIN TpacKTOpii, ale y NPOTUIEXHOMY HANpsaMi, TOOTO IPOTH PyXy
CTPUIKM TOAMHHMKA. JKIO AMIUIITYAM CKJIAJ0OBHX KOJIWBAHL OJHAKOBI:
Ay = A3, TO eJinc mepeTBOPIOETHCS B KOJO.

IMpn nomaBaHHI ABOX B3AEMHO NMEPHNEHANKYIIPHUX KOJHUBAHb, YaCTOTH
SKHX pi3Hi, pe3yibTyioui pyxm BigOyBaTHMYThCS MO TPAEKTOPiSX CKIan-
HUX OpM, SKi HazuBawTh gizypamu Jiccaxy. Ha puc. 10.16 306paxeHo
¢dirypu ans BHIAAKY, KOJXM 4aCTOTH CKJI3NOBMX KOJMBAHb BiTHOCATBCE 4K
1:2,1:3,2: 3 signosigso ana pissnui ¢as xoamsase: ¢, — ¢, = 0;
n/4; n/2; 3/4n; n. Oirypm Jiccaxy — ne kpusi JiHil, BUKCaHI y IIpsIMO-
KyTHHUK i3 CTOPOHAMH, MO JOPIBHIOIOTh MOABIMHUM 3HAYECHHSM AMILITYI
CKJIAJIOBUX KOJIMBAHbD.
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3ayBaxuMmo, MO BiTHOMICHHS YMCAA TOUOK HOTHKAHHS (iryp Jliccaxy
IO BiIMOBIZHUX CTOPIH HPIMOKYTHHMKA 36iracThcsd 3 BiZHOIIEHHSM YaCTOT
ckyanoBux Koamsawb. Cmocrepexenns ¢iryp Jliccaxy nexurs B OCHOBI
AOCHTH 3PYUYHOr0 METOXAY HOC/AIAXEHHI CIiBBIXHOICHb MiX Nepiogamu i
thazamu xonmBaup, a Takox GOpPMH KOJVMBAHb.,

3HalIeMO EHEPIilo Pe3yJIBTYIOUOro pyXy Tijia IpH AOAABAHHI B3aEMHO
MEPNEHANKYAIPHAX KOJMUBAHb OAHAKOBHMX HACTOT.

Ap=0 Ap=5/4 dp=5T/2 dp=3/45 do=5
1:2
—
1:3
2:3
Puc. 10.16

3 dopmyau (10.49) MaeMo, WO KBAaAPAT PE3YIBTYIOUOTO 3MIiIIEHHS Ma-
TepiaabHOI TOUKM i KBaxpar fi mBuAKOCTi y OyAb-sSiKMit MOMEHT yacy
BiJITTOBITHO AOPIBHIOIOTH:

sS=x+y, vi=vit+ed (10.53)

OcCKinbKH CKIAXOBi KOJMBAHHS MAIOTh OQHAKOBI 4acTOTH, TO KO-
edinieHT BepranbHOi cuim Ha ocHOBL (10.14) k = k.= k,. TlosHa enepris
PE3YABTYIOUOTrO PYXy Tijla CKJIAXAETHCA 3 KIHETHMUHOI i MOTEHHiaJbHOI
CHEpril:;

E=W+ U. (10.54)

Ha ocnosi pisrocreit (10.16), (10.17) 3 ypaxysaunsam Bupasie (10.53)
supas (10.54) nepenuimemo Tax:

b o 1, (1 5, 1, 5
E—2mv +2ks—(2mvx+2kxx)+
+ (%mvf+%kyy2) :Ex+Ey’ (10’55)

ne E, i E, — eHeprii CKJIaf0BHX KOJMBAHB.
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3 (10.55) BugHO, MO €HEPris pPE3yJIBTYIOUOr0 KOJMBAHHS MPH AOAA-
BaHHI B3a€MHO NEPHEHAUKYASPHUX KOJHMBAaHb, HA BiAMiHY BiX eHepril pe-
3y/JIbTYIOUOTO KOJMBAHHS TIPU JIOAABAaHHI KO/IMBAHb ONHAKOBOTO HATIPAMY
(10.39), He 3anexurh Bix pisHUNi a3 MiX HUMHU i JOPIBHIOE CyMi eHeprii
CKJIATIOBUX KOJIMBAHb.

3ayBaxuMo, 1O OCKLIbKY 00epTaNpHuil PyX PIBHOZHAUHMIA PE3y/IbTATy
OAABAHHS ABOX B3a€EMHO NEPHEHAMKYISPHAX KOJIHBAHb, TO M KOPHUCTY-
JOThCS, HANIPHUKJIAK, y CIPOMEHIN MONE/Ii ATOMA, B 9Kilt KOJIOBHN PYX €JIEK-
TPOHA HABKOJIO $/Ipa TPAKTYETHCH SK KOJMBAHHS €JEKTPOHA.

B iHOmMxX BHMAagKax rapMOHIYHE KOJMMBAHHA X = 2A COS ®f MOXHA pO3-
ISAATH 9K pEe3yabTaT ABOX 00epTaHp OO0 KOJY, IO OMUCYIOTHCS
PiBHSIHHIMHA

x = Acos ot; y= Asin ot
Ta

x=Acosot; y= Asin(wt+ n)

i BigOyBarOTHCA y B3AEMHO MPOTHJICXKHUX HAOPIAMAX. Take ysdBJICHHS BH-
SIBASETHCS IUIOHUM, 30KpEMa, y KPUCTAJIOONTHI].

§ 10.8. 3racaloui KonMBaHHS

Y peansHux izuuHMX CHCTEMAaX, SKi 3TIUCHIOIOTh KOJUBAIBHUH PYX,
3aBXIY AiIOTh CHJIM BHYTPIOTHBOIO i 30BHIITHBOTO TEPTSA Ta OHOPY CEpPEao-
Buma. ToMmy peasibHi KOJWBAJAbHI pyxd BinOyBalOThCa 3 MOCTYHOBHMH
BTPaTaMM E€HEpril KOJMBaHb Ha PoOOTY MPOTH CHJ ONOpPY i CTBOPEHHS KO-
JIHBAHb y HABKOJHMIIHBOMY CepeloBHIi. 3MEHINCHHS MEXaHiuHOI eHeprii
MPOABJICTBCS B TOMY, OIO 3 YAaCcOM 3MEHINYETHCH AMILITYZA KOJHMBAHB,
ockineku E ~A’, Uepes Meskuil yac MOYATKOBUIA 3amac €HEPril NOBHICTIO

BUTPAYAETHCH, | aMIUIITYAAa KOJUBAHb 3MEHIIYETECS 0 HyJig, TOOTO KOM-
BAHHY CHCTEMH NpUNHHSIOTHCA. KosmmBanud, gki BigbyBaroThcs 3 moctyno-
BOIO BTPATOI MOUYATKOBOI €HEPrii KOJHMBAJIBHOI CHUCTEMH, HA3UBAIOTHCS
32acarouuMu.

BinpmricTs MexaHIYHMX KOJMBAHb BiOYBAIOTbCA NPH HEBE/IMKIiM IIBHMJ-
KOCTi KO/IMBaJIBbHOrO pyxy. B mpomy pasi cwra omopy F,, mpomopuiitHa
IIBUAKOCTI:

X
Fu=-bv= b2 (10.56)
->
ae b — xoedinieHT onopy; 3Hak "MiHyC"' BKa3ye Ha Te, IO BEKTOPH Foy i
1_; MaKwTbh NPOTUJICXKHI HAMIPIMH.

231



SIxmo Ha KOJMBAJBHY CHCTEMY Ail0Th mpyxxHa (a0 KBasimpyXHa) BEp-
ranpHa cuna (10.10), mponmopuiiina amimensno, i cuna omopy (10.56), To
3a ApyruM 3akoHoM HeioToHa

d2
moge = Tk bE

ITopinmBmyu me pIBHAHHA HA MAacy m CHCTEMH, OTpUMaeMo aude-
pPEHIiabHE PIBHYHHS 3racalouuXx KOJIHUBAHb

th + 2By ko=, (10.57)

ge ©o =YV k/m — BAacHAa uacToTa BITBHAX KOJAWBAHb CHCTEMH;
B = b/2m — xoiLicHT 3racaHHg KOJUBAHD.

Poss’a30x opHOpimHOrO HudepenuianpHoro pisHsaHs (10.57) npu
B < w, MOXHa 3ammcaTy y BHISIAi

x = A(t) cos (ot + 9,), v (10.58)

xe A(f) — aMmuiiTyma sracalooumx KOJAMBAaHb AK (YHKIiS yacy; o —
LMKJiYHA 4acToTa KOJMBAHb.

BcraHOBMMO 3aKOHOMIDHICTh 3MEHIIEHHS aMILTITYau A(f) sracawumx
KOJINBAHb i BU3HAUMMO 4acTOTy KOJHMBAHb .

BeaxaTuMeMO, IO BTPATH €HEPril CHCTEMH Y MPOLECi KOAHWBAHb B OC-
HOBHOMY 3yMOBJIeHI pofoTOW npotu cui omopy. 3a wac df cucrema
3MILTyeThCS Ha dXx i BTPA4YaE€ EHepriio

dE = Fyudx = — by -vdt = — bv’dt. (10.59)

3Bincy BMIIMBAE, WO LIBMAKICTh 3MEHLIEHHS E€HEpril NpomopuiiHa
KIHCTHYHIN eHepril CHCTEeMH:

dE _ _2bmv (10.60)
dt m 2°
[IpunycTuMo, mo nmpu HeBEJMKOMY 3racaHHi KouamBaHp (B < o)
KiHeTHMYHA €Heprisd JOpIiBHIOE TOJIOBMHI Beiel mexaniunoi eneprii E. Toni
(10.50) maGysae Burasgy

dE _
= — BE. (10.61)

e mpunyments, sk BugHO i3 (10.61), o3Hauae, mo eHeprist 3racaOuux
KOJIMBAHD 3MEHIIYETHCS THUM MOBLIbHINIE, YMM MCHIIOK CTAE cama
eHepriga. Posginusum 3MiHgi:

— = — 2Bdt,
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[IPOIHTETPYEMO HE PIBHSHHS i AiCTAHEMO
InE = — 28t + C. (10.62)

Crany inTerpysanasg C BU3HAYMMO i3 MOYATKOBMX yMOB. JKmo B mo-
yaTKOBMH MOMeHT yacy (¢ = 0) MexaHiuHa eHepris CHCTEMH IOpPiBHIOBAJIA
E,, 10 3 (10.62) Bumnusae C = In E,. Ilepeiimosmu B pisnsuni (10.62)
Big Jorapudmis 10 MOKA3HUKOBOI (DyHKIiI, 3HAXOAUMO

E = Eye P, (10.63)

Ockinpku MEXaHIYHA €HEPrid KOJMMBAJIBLHOIO PyXy HPOMOPIiiiHA KBag-
pary amoutityau, 10 3 (10.63) BuIIMBae 3a/€XHICTP aMIUTITYAM 3racalo-
yux KOJHMBAHD Bifl vacy:

At) = Age™, (10.64)

ne A¢ — aMILTiTy[a KOJIMBAHb y [MOYATKOBHI MoMeHT vacy (¢t = 0). Orxe,
AMIJIITYNa 3racaluux KOJWBaHb 3MEHIIYETHhCH 3 YaCOM 33 EKCIo-
HEHIiaJbHUM 3aKOHOM. Y 3arajJbHOMY BHIAAKY 33KOH 3MEHIIEHHS
AMIUTITYAM KOJMBAaHb 34JEXHMTh BIN XapakTepy CHJI ONOpPY, §Ki HiIOTH y
cUcTeMi.

Bpaxosytoun v Bupasi (10.58) zanexuicts A(f), oTpuMacMo piBHSHHS
3racaluux KOJMBAHb

x = Ao e cos(ot + ¢), (10.65)

[€ 4acTOTa KOMMBAHb O LIE [JIArac BAZHAYEHHIO, 4 IOYATKOBI 3HAYEHHS
aMIutitTyau Ao i $hasm @o BU3HAUAIOTHCS IJISI KOHKPETHOTO KOJIMBAHHA i3
MOUYATKOBUX YMOB, K i B pa3i BiIbHUX KOJHMBAHb IIPU BiICYTHOCTI CHJIHA
onopy.

Yacrory 0 BuH3HAaummo 3 ymoBH, wo Bupas (10.65) ¢ poss’asxoMm nu-

dbepenuianproro pisuauug (10.57). Tobro miacranoska y audepeHIiaabae
2

. . dx . d°x . .
piBHAHHSI BHPA3iB AJId X, g5 v IIEPETBOPIOE JIIBY YACTUHY PIBHAHHSI B

TOTOXHO PiBHY HYJIO. 13 yTBOPEHOI TAKMM UMHOM TOTOXHOCTI BHILTHBAE
dopMyna Y4acToTH 3racarouMx KOJUBAHbB

o=Vl -p. (10.66)
ITepion 3racaroumx KONMMBAHB
r=2&___2n (10.67)
0] (1)(2) - BZ

Orxe, vacrora 3racarounx xonuBaub (10.66) 3aBXnam MeHmIa Bim uac-
TOTH () BJACHUX KOJIMBAHb CHCTEMH, TOOTO HAIBHICTD CHJI OIIOPY B CHCTEMI

(B > 0) 3menmye uacrory (36inpmrye mepion) KomusBaHb. IIpu BesMKOMY
sracaHHi (B = o), cuCTeMa, BUBEAEHA 3i CTAHY DiBHOBATM, HE 3AIMCHIOC
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KoauBaHb (© = 0), a NoCTynoBo HAGIMKAETHCH O TOMIOXEHHS PiBHOBArwu.
Taxknit pyx HasmsaeThes anepioduunum (T - »),

Ha puc. 10.17 3obpaxeno rpadik sracaruux koamsanb. IITpuxopi
JIiHIT 300paXxaroTh 3aKOH 3MEHIIEHHS aMIUIITYIu 3 yacoM. 3racarpui Koam-
BAHHS] HC € TapMOHIYHMMM, OCKIJIbKM AMIUTITYA2 KOJIMBAHbL 3MiHIOETHCS.
Y upomy pasi mix aMIUITYA0K0 PO3yMIiIOTh HAKOLIbIMIE 3HAUCHHS, IKOTO [A0-

CArac BiNOBiflHA BeJWYHMHA (3MIIUEHHS,

X IIBHAKICTD, MPUCKOPCHHS) IPOTITOM Of-
N HOIO MEPiogy KOMMBAaHb. Y CTPOrOMY po-
4,6 3YMIiHHI 3racamui KOJMBAHHS HE MOXHA
\\ TAKOX BBAXATU nepioguuHumu. 3a 03HA-

~ t

A+7 ICHHSAM MEPIOAVYHMM € TaKWil MpOUEC,
/{\\\ S __  OpM 9KOMY 33 KOXEH nepiog MOBTO-
PIOEThCS OyAb-IKHMHA CTAH KOJMBAJIBHOI

o \/_____Sf cucremu. [Ipote B mpoieci sracaroumx
—T KOJIMBAHb CTAaH KOJHUBAJIBHOI CHCTEMH

- B3araJi TOYHO HE IMOBTOPIOETHCH. Ha-

// MPHKJIAA, 9KII0 Y ABA MOCAIIOBHHX MO-

MCHTH 4Yacy f, i f, 3MIIIEHHS CHCTEMH
ONHAKOBi 1 JOPIBHIOIOTH HYJIIO, TO MBI~
KOCTI B Ii MOMEHTHM HEOAHAKOBi
(v, < v,), OCKinBKH aMIIiTYyAa MBUI-
KOCTi 3MEHIIYEThCA 3 uacoM. [1pu Maaux cWiax omopy 3racarodi KOJMBaH-
HSI SBJISIFOTH COO0I0 Mponec npuGAN3HO TEepioqMYHMH.

BigHomieHust aMIuiiTya KOAMBAaHb Ha novyaTKy i B KiHIi nepiogy

_.pt
4, 4. € BT

A,r AjePD T E

Puc. 10.17

(10.68)
t+7T
€ BEJIMUMHA CTaJa AJid BChOTO MPOLECY KOJMMBAHD | HA3UBACTHCS dekpemen-
mom 3eacanHs koauéans. Hatypasisuuit sorapudsm 1poro BiZHOMEHHS Ha-
3UBAXOTh J102APUDMIUHUM OeKPEMEHMOM 32ACAHHSL:

8 = BT. (10.6%

3racaroui KOJMBAHHS YAaCTO XapakKTepPU3yIOTh yacoM penakcamii t. e

MPOMiXOK Yacy, IPOTSIOM fKOIO aMILTITy[a KOJMBAHb 3MEHINYETHCH B €
pasis:

3BigcuH Maemo
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BaxMBOIO XapaKTEPHUCTUKOIO PEaNbHHX KOJUBAJBHHUX CHCTEM € HO-
6potHicTs. JoBpomnicmro  Q KOJII/IBaJIbHO'l'“CPICTeMI/I HA3UBAECTHCH
BiMHOUICHHS eHeprii KOAMBaHb CHCTEMHM B NAHMH MOMEHT Yacy 10 BTDaT
eHeprii 3a OIWH IEPiOAl, MOMHOXEHE HA 2n:

E, 2n
Q=2ng—fp—-= - (10.70)
t t+T 1 - e—zﬁT

*PT y pan Teitopa, npu BT <<1 oTpumaemo

n © V(D(Z)‘BT

_TC_ —_ e
Q=BT~5 2B~ 25

Posxyapmu ¢pyHKIO €~

(10.71)

BeaukuM 3HaucHHIM Q Biamosigae ciaabke 3racaHHS KOJMBAHb.

BBaxaioTh, MmO KOJAMBAHHA MPAKTHUHO NPUNMHWJINACH, GKIIO IXHS
aMmutiTyna amenmmiace y 10 pasis. Buxoaquu 3 mporo 4ucja0 4 MOMITHUX
KOJIMBAHb MOXHA IIOB 93aTH 3 AOOPOTHICTIO CHCTEMM:

A =e®™ = ¢g = 10, 3Binkm n = Q__ 0,740.

At+nT nlge

Hanpuxsan, BU3HAYMMO 4ac { 3ByYaHHI KaMepTOHA, JOOPOTHICTh KO-
ro Q= 3000, snacHa yacrora v, = 640 I'm: ¢ = n/v, = 0,74Q/v, = 3,4 c.
Hacnpasai xaMepToH 3ByyaTMME 3HAYHO TPHUBAJIIIMK Yac, OCKLIBKH BYXO
30aTHE CIIPHAMATHA KONUBAHHS, dKi BiAPI3HJIOTBECS 32 aMIUIITyAOK0 HE
B IECATKH, @ B THUCAYi pasis.

10.9. BumywieHi konuBaHHs

KosuBanpea cucteMa, BHBEOCHA 3 TIOJIOKECHHY DIBHOBATH i 3a/IMINEHA
cama Ha cebe, 3OifiCHIOBATHME BiNIbHI 3racaloui KOJMBAHHS, IIOCTYIIOBO
BTPAYAIOYM MOYATKOBHUI 3a1MAC MEXAHIUHOI eHeprii HA pobeTy mpPOTH CHJI
onopy cepegoBuma. [IIBUAKICTh 3racaHHY BUIBHUX KOJHUBAHbL PEAJbHUX CH-
CTEM 3aJIEXHUTh Bil NMAapaMeTpiB CUCTEMHU Ta BEJAMUMHHM Cwa omopy. s
MiATPAMAHHS HE3racaloUux KOJAMBAHb PEanbHOI CHCTEMHM HeoOXiaHo
NEPiOAMYHO MOMOBHIOBATH BTPATH MEXAHIYHOI eHEprii cucreMd Ha poboTy
npotu cua onopy. Take MOMOBHEHHSA €HEpPrii MOXHA 3HIMCHIOBATH 3a pa-
XYHOK poOOTH 30BHIIIHBOI CHJIM, INO MEPIOAMYHO Ji€ HAa KOJMBAJbHY CHC-
TEMY, KA 3MIiHIOETBCH 3 YAaCOM 33 rapMOHIUHHM 3aKOHOM:

F = F, cos ot, (10.72)

e Fo — amrutityna 30BHImIHBOT cusM; ® — i1 TUKJIIYHA 4acToTa.
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Hesracawui KOJMBAaHHA CHCTEMH, SIKi BigOyBarOThCS BHACIINOK mil
30BHIIIHBOI CHJIM, MO 3MiHIOETbCH 32 3akoHOM (10.72), HA3UBAIOTHL BuUMY-
WeHUMY KOAUBAHHIMU, & CUNy F — smywyrouoro cunoro. Bumymeni ko-
JIMBAHHS 3OiMCHIOIOTh BUCOTHI OYAWHKH, TeNERisiitHi GamTu, JOBri MOCTH
HiX Ai€0 3MiHHMX ACPOAMHAMIYHMX T2 IHIIMX CHJI, KOPIYCH i DyHAaMeHTH
MAIIKH TpA 00epTaHHi HE3PiBHOBAXEHMX DPOTOPIB, NABHIYHH aBTOMOGLIIB
BHACJIA0OK 3BOPOTHO-TIOCTYTNAMBHOTO PyXy MOPIUHIB, MEMOPaHM IyuHO-
MOBIIiB I Ji€I0 3MiHHUX EJIEKTPOMATHITHHX ITOJIiB TA iH.

Ilin mieto aMymryouoi CHIM BUKOHYEThCS pobora. SKmo Hampsm pyxy
KOJIMBAJIbHOI CHCTEMM 30ira€Thcs 3 HANMPSIMOM [ii 3MYHIYIOUOT CHJIM, TO BH-
KOHYBaTMUMETbCA nonatHa pobota. I masnakm, pobora 6yne Bin’eMHOI0, K-
W0 HANPSAMH Aif CHIM i PyXy CHCTEMM NPOTIJIEXHi. Y NMepmioMy BHNAAKY
aMIUITYAd KOJUBAHDb 30iMbIIyBATHMETHCSA, y APYTOMY — 3MEHIIYBATH-
METhCS, TOOTO KOJMBAHHS FaJbMyBaTHMYThCS. K0 3Mymyooua Cuia mie
NPOTATOM TPHUBAJIOTO Yacy, TO BCTAHOBJIIOIOTBCS KOJMBAHHA 3 CTAJIOKO
aMIUTITYIOIO i YacTOTOIO 3MYMIYIOUOi CHM, TOGTO CHCTeMa 3HiliCHIOE rap-
MOHIYHi KOJMBAHHSL. .

SAxmo B KoaMBAbHIM cucTeMi Aie npyxHa abo KBasimpyXHa cmiaa, a
CHJIa ONOPY NPOMOPUiWHA IIBMIKOCTI KOJMBAJBHOIO PYXYy, TO OCHOBHE
PIBHAHHS IMHAMIKY BUMYIIEHUX KOJIMBAaHb MAa€ BATASH AU(DEPEHITIAIBHOTO
DiIBHSHHS:

d’x dx
mor = kx=b p7

IToginnMmo me piBHgHHE HA Macy m KOJUBAJBHOI CHCTEMH i BBEAEMO
TaKi MO3HAYEHHS:

+ Fy cos of. (10.73)

kIm=o), b/m=28, F/ms=f,
Toni pisugnna (10.73) wabGysae surasay

2
%t—f + 28 % + oix = f, cos ot, 10.74
e 0 — LUUKJIYHA 4YacTOTa BJIACHUX KOJMBAHb CHCTeMM; B — koedimicHT
3raCcaHHS KOJMBAHb; fo — aMIUIITYAa 3MYMIYIOUOI CHJIH, BiTHECEHA A0 ONU-
HMILi MacH.

Pipuanna (10.74) € HeomHOpinHMM HudEpEHIIaIBHUM DIBHAHHIM ApY-
roro mopsiaky. ¥ teopil mudepeHuiasbHUX pPiBHAHD JOBENEHO, INO 3aTAb-
HMA DPO3B’S30K TAKOrO DiBHSHHS CKJAMAETHCH i3 CyMHM pO3B’ 43Ky
BianosigHoro oxuopixHoro piBHsaaHs (10.57) i yacTHHHOrO pPo3B’s3Ky HCO-
gHOpimHOrO piBHgHHA (10.74).

Po3B’g930kx BianosigHoro omgHOpimHOTO oudepeHniaibHOro PiBHIHHS
MaeMo y nomnepenanoMy naparpadi. Bid xapakTepusye sracaroui KOJIMBaH-
HS, dKi 4epes AeIKMi MPOMIXOK 4acy NMPaKTHUYHO 3HMKAXOTb. TOMy 3Haii-
OEeMO YaCTMHHMI po3B’s130K piBHauHga (10.74). Tpn upoMy BBaXaTHMEMO,
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mo mix mieo cwmm (10.72) xonmBaHHS BCTAHOBIJIMCA, i cucreMa 3HiI'/:ICHK)€
rapmoniqﬂi BHMYIIEHI KOJUBAHHS 3 YACTOTOO, KA NOPIBHIOE YaCTOTL 3MYy-
myfoyoi ciam. Toni po3s’s30K MIYKATHMEMO y BUIJISAI

x = Acos (of + ¢), (10.75)

Je A — aMIUTITy#a yCTaJeHUX KOJIMBAHb; ¢ — 3CyB (pas MiX 3MIIICHHSIM
i aMymryrouoto cutomo. Benmunnm A i ¢ HeoOxinHo BuzHaumTH. [l1st mBOTO
snaigemo 3 (10.75)

dx . d2x _ 2
- = - f + — = — Ao cos (ot + ¢).
7 Aw sin (of + 9), P7E ( )
2
TTigcraBuMo X, %, %t—)zﬁ y pisusaEs (10.74):

— A o*cos (ot + @) — 2BA o sin (of + ¢) +

+ Aw? cos (0t + @) = f, cos 0. (10.76)

Po3k1ageMo CHMHYC i KOCHHYC CyMH 33 BiJOMHMH TPUTOHOMETPHUYHNMU
cdopmynamu i sammmemo pisasuEsg (10.76) Tak:

A ((0? — ©%) cos ¢ — 2Bw sin ¢) cos ©f —

~ A ((0? - 0 sin ¢ + 2Bo cos ¢) sin of = fcos oz, (10.77)

Pigraung (10.77) 3aJ0BOJBHSITAME YCi 3HAUEHHY ! NPH YMOBIi, IO KO-
edimieaTn Oing BuMpaszis sin ©f i cos of y JiBiM i IpaBid HacTUHAX
PiBHSIHHS OAHAKOBi. 3BigcH AiCTAEMO

A(w} — ©%) cos ¢ — 2BoA sin ¢ = f,

Ao} - ©®) sin ¢ + 2BAo cos ¢ = 0. (10.78)

o6 Bu3HauuTn A, migHecemo Ao xpaapara pisasas (10.78) i mogamo
ix. Tomi MaTuMeMmo
A® (0} — ) + 4p%0%) = /7,
3BiIKM 3HAXOAMMO AMIUIITYAY BUMYIOEHUX KOJIHBAHb
A= Jo
\/(o)g - 0%)? + 4p%?

(10.79)

a 3 apyroro piBHaHHSA cucremu (10.78) — Bupa3s mng Bu3HAuUEHHA 3CYBY
$a3 ¢ MiX KOMMBAHHAMH 3MIiNIEHHS CHCTCMH Bill IOJIOXKEHHS PIBHOBArH i
3MYLIYIOUOI CUJIOK:
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tg(p T e (1080)

OT)KC, piBHSIHHSI BUMYLICHHUX KOJHUBAHb 3MiHICHHSI Mde BHUIVIIQ

V(o - 0% + 4p%0*

x cos (0t + ¢), (10.8D

me 3cyB ¢as ¢ maerscs Bupasom (10.80). Iz pismocri (10.81) BUILIMBAE,
IO BUMYLIEHI KOJIMBAHHS € FaPMOHIYHMMM KOJMBAHHSMHU 3 YACTOTOI ©
3MYIIYIOUOI CHIH. AMILTITYOa KOAMBAHbL JAHOI CHCTEMM (wo = const) npu
HE3MIHHMX CHJIAX TEepTS 1 Omopy cepemoBHuIa (B = const) nponopuiitaa
aMItiTyai Fo 3MyImIyio4ol CAMW i 3a7€XUTh Bif 1 4acToTH . Bumymmeni
KOJMBAHHS BiACTAIOTh 3a (Hasoio Bif 3Mymyrouol CHIM Ha BEJIMUUHY O,
K3 TakoX € (pyHKuicro o (piBaicTs (10.80)).

Ilpn 3apanux 3HAYEHHSX AMILTITYNM 3MYLIYIOUOI CHIIHM f4» KA mpuna-
AA€ Ha OAWHHMLIO MAacH KOJTMBAJIBHOI CHCTEMH, i Koediuienta sracasns P
amiutityna (10.73) BUMymEHUX KOMMBAHD € (DYHKILEIO TLIBKM YACTOTH ©
amMymryrouoi cuni. Oynkuis A(®) IPOXOAUTH YEPE3 MAKCUMYM LPH NEAKiH
XapaKTEPHIN IS NAHOI CHCTEMM YacToTi © = ©,.,. SBHme piskoro spo-
CTaHHS aMILTITYAW BUMYIMICHUX KOJIMBAHb IIPU YACTOTAX O 3MYLIYIOUOI CH-
au, OIU3BKHX [0 ©,.,» HA3UBAETBCH pezonHancom. Hacrora amymryiouoi
CHIM ©,,, IPH AKi aMIUTITyJa KOJHBAHD JOCATAE€ HANOLIBIIONO 3HAUEHHI
A ;> HABUBACTBCS PE3OHAHCHOIO HACMOMOFO.

OueBnnHoO, MO MAKCHMANbHE 3HAYEHHS AMIUITYIN AOCATACTHCS pu
MiHiMaJIbHOMY 3HaYeHHi migKopeHeBoro Bupasy y dopmys (10.79). Ymo-
BOIO MiHIMYMYy € PiBHICTH HYJIIO TIOXifHOI Bif IIiAKOPEHEBOrO BUPA3y 3a ua-
CTOTOI0, TOOTO

- 4((‘0(2) - mzez) wpea + 8B2mpe =0.

3

3BifCH 3HAXOZMMO PE30HAHCHY UYACTOTY

o = Vol - 2. (10.82)

pes

IlincTaBuBIIN 3HAYEHHS 0., ¥ ¢opmyny (10.79), orpumaemo
PE3OHAHCHE 3HAUEHHS AMILTITYIN

/.
A =—F0— (10.83)
2BV ol — R

Pesonancua wacrora (10.82) npu sracanmi xomumeanb (B > 0) saBxau
MEHIIA BiX BJACHOI YAaCTOTH ©, CUCTeMH. llpm HesHAYHOMY 3racaHHi

B =0 O, = O, , 1 pe3oHancHa amrtityna (10.83) mepersoproerscsa Ha
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HECKiHUEHHICTD, 100 03HAYAE MPAKTUYHO pyﬁHyB?.HHsI KOJIMBAJIBHOI CUCTE-
mu. Ha puc. 10.18 noxasaHo 3aJeXHICTb aMIUTITYAH BHUMYIICHHX KOJU-
BaHB BiJl 4aCTOTH 3MYyIIYIOYOI CHJIM AN Pi3HHX 3HAUEHb xoediuicHTa
aracauns B. Kpusi sanexnocti A(®w) HasMBAIOTb aMNAIMYOHUMU PE3OHAH-
cHumu xpusumuy. 13 36inbmeHHSIM [ MAKCHMYMM DE30HAHCHHX KDHBHX

3HAXYIOTHCS i 3MIITYI0ThCH y Gik MeHmmxX uactor. Ipu f = o,/ V2 ssume
PE30HAHCY 3HHKAE, TO6TO w ., = 0, i CI/ISTCM& OTpUMYE c*ra'fmme 3MIIIEHHS
Bill HOMOXEHHs piBHOBaru A, = f,/©; mix niero craxoi cuam Fj, mo
JOpIBHIOE AMIUTITYHI 3Mymy10q9'1' .,

Bupas a9 CTaTHUHOrO 3MilIEHHS
A, pasom 3 dopmysoro (10.83) nmae 1
MOXJHUBICTh BUACHUTH (isuUHUN A I 1
3MiCT A0OPOTHOCTI KOJMBAJIBHOI CHC-
remd. [Ipu ManoMy 3racagHi B K o,
srigEo 3 dopmysoro  (10.83)
Ay, = [,/ (2B03,), i, K BUILIHBAE 3
piegocti (10.71), mo6poTHicTs cucTe-
MU

)

)

Pr<frlps

2

@,

———

;!

w — pes

B A /

p =

Ho6porHicTs npu f Ko, MOKasye, *°es f
Yy CKijTbKH pasiB aMIUIiTyJa BUMYyLIE-
HHX KOJIMBAHb Y MOMEHT DPE30HAHCY -
NepeBMInye CTaTuuHe 3mimenHs A, Ao
CUCTEMY @i Hi€I0 CTAJOI CHIH, IO !
JIOPiBHIOE AMILIITYHAl 3MyIIyIOUOi CH- |
u. YpM Brma ao6porHicTs cucremn, 0 Wpes W @
THM BUIOUH T4 TOCTPIIIHM MAKCHMYM
AMIUTITYAHOI pE30HAHCHOI KPHBOI i
THM MOBiNBHIIIE 3racaroTk ii BUIbHI
KOJIMBAHHS,

Tpoananisyemo sanexuicts 3cysy a3 Bix uactoru o. Jkimo o << o,
o 3 hopmysm (10.80) Bunsmsae, mo tgo = 0, :I‘OGTO ¢asza BUMyIIEHUX
KOJIMBAHD 30iraeThcsd 3 dasoo 3Mynryouoi cuu. I3 36LIbIIEeHHIM YaCTOTH
©, KOJMM BOHA HabyBae 3HaueHb, OJU3BKUX A0 Oy, ¢ = — 1/2, TOOTO
3MIIEBHS KOJMBAJBHOI CUCTEMH BifCTAac Bix 3Myiuywouoi ciim 3a daszown
Ha n/2. Ilpn monamemomy 36inbmenni yacrotu (© >0,) 3cyB ¢a3 gocarae
Maiixe —7n, TOOTO 3MiHA 3MimEeHp i 3MyMyHOUOi CHIM 3 YacoM
BinOyBa€ThCsS MalXe y NMPOTHWICXKHHUX (hazax.

3cys ¢as Ha n/2 npu pe3oHaHCi Mac iCTOTHE 3HAYEHHS IS BUMYIIe-
HMX KOimBaHb. OCKUIbKHM 3MYIIYIOUa CHJd BHUIEPEIXAE 3MIIIEHHS HA

\

b
e

Puc. 10.18
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n/2, TO BOHA Ji€ y TOMy CAMOMY HANpsMi, IO ¥ BeprajpHa Cmia, ToOTO
B Hampami pyxy. IIpm upomy pofora 3MymIyloyoi CHIM 3aBXOW JOAATHA.
BHacaigok mporo esepria cucreMu 36inbmyerscd. I'padiuny 3anexHicTh
3cyBy (a3 ¢ Bim yacTOTH ® 3MyNIyIOuOi CHJIM moKasaHo Ha puc. 10.19.
Kpusi, mo BupaxawoTb 3MiHy (a3 o Ipu 3MiHI 4acTOTH ® 3MYIIYHOYOi
CWJIM, HA3UBAIOTh (Pa306UMU KPUBUMU DESOHAMCY.

BuMmymeHni KONMBAHHS BUHHKAIOTh TAKOX IIPH NEPIOAHYHIA KOPOTKO-
yacHill Aii 30BHINIHIX CUJ HA KonuBaJbHY cucreMy. Taka gig Moxe martu
XapakTep yxapy, MOMITOBXiB. Y IMX BHNAAKaxX TAKOX MOXE CIO-
cTepiraTHCd 9BWINE pe30HAaHCYy. XapakTepHMM € Te€, W0 pPe30HAHC
BiIOYBATHMETBCH HE TiNbKM TOMi, KOJM YacTOTa CWIOBOI mii 6/mM3bKa MO
YACTOTHM BiJIBHUX KOJHMBAHB CHCTEM, a M TOMi, KOAM Hid 30BHIINHIX CHJ IO-
BTOPIOETBCA 3 YACTOTOKO, KPATHOI YACTOTi BAACHUX KOJIMBAHL CHMCTEMU.

BugpisieThcd, M0 MOXJAMBI KOJWBAHHA CUCTEM IIif TI€I0 CTAJOI CHJIH.
Tax, npu BeIAKi# ITBUAKOCTI MOJBLOTY JiTAKA HOr0 KpUjia MOXYTb PAmnTo-
BO HaGyTH KoJuBaAbHOrO pyxy. KosmBamHs i3 3pocTaouolo aMILITyZOO,
[0 BUHMKAIOTh y MOTOLi MOBITPS Hif Ri€I0 acpONMHAMIYHMX CHJI, HA3WBA-
OTh KOJIMBaHHSME Ty c¢narep. Ilpn
TAKNX KOJMBAHHSIX AMIUIITYAA 3pOCTaE
JOCHTh MBUAKO i KOHCTPYKIisi MOXeE
spyinysarucd. 1li kosmBaHnna Hacta-
I0Th NP TaK 3BaHIM KPUTHUHIA DIBHI-
KocTi moeoTy. ToMy TIpH IpoeKTyBaHHI
JitTaka HeoOxigHo 3a6e3neynTH KOHCT-
PYKHil KPUTHYHY IBHAKICTH 3HAYHO
Giabiny, HIX MBHAKICTB CAMOTO JiTaka.
Iopsaag 3 datepoM KpHJa JiTaka MO-

—4 XYTh BMHMKHYTH NOAIOHI KOJMBAHHS

6yap-9KOi HECYydyoi MOBEPXHi.
Puc. 10.19 HebaxaHi KONMBAHHS MOXYTh BH-
HMKATH MiJ €0 MOBITPSHUX IMOTOKIB i
BHXOpiB y BHCOTHMX OymoBax, Madkax,
TeJieBi3iitHuX OamTax, JiHigX €JeKTPOoNnepeaay, 3aB0AChbKUX TUMAapax, BaH-
TOBHX MOCTAX TOIIO. IXHi KOJMBAHHS 3a/JMINAIOTLCI HE3HAUHMMHM, IOKHA
BiTEp HE JOCATHE KPUTHYHOI IBMAKOCTi, IPH gKifl 4acToTa KOJHMBAHb Bif
Aii BEXOpIiB AOPiBHIOBATHME YACTOTi BJIACHMX KOJMBaHb KOHCTPYKuii. ITpn
KPUTHYHOMY 3HAUECHHI MBUAKOCTI BiTPY CHOPYAM MOXYTb 3pyHHYBATHCS.

Tak crasaca katacrpoda BAHTOBOTO MOCTa 4epe3 MPOTOKY Taxkoma y
CLIA B 1940 p. MicT 3 Tppox TIPO/ILOTIB MaB HOBXUHY 1662 M, ommH 3 mpo-
b0TiB — 854 M. ¥V mess katacrpody IIBMAKICTH BiTpy craHoBwia 18 m/c.
YacToTa KosmBaHb Mocra gocarna 36 I'm, motiM pantoBO 3MEHINWIACS OO
14 Tu, BepTHKAMbHI KOMMBaHHS 000X MiABICHMX CHCTEM BinOyBammcs B IIpo-
rwiexsux azax. Lle mpmsseno no 3aKpydyBaHHS! MPOI3HOI YACTMHH MOCTA
HABKOJIO OCi, SIKa IIPOXOAUTD B3XOBXK MOCTA, MO H 3yMOBHIO HOro pyHHYyBaHHSL.

Hesracaoui KOJMBAHHYI MOXYTh 30YIXyBaTHCS HE TLIBKM BHACJHIZOK
mii 30BHIMIHBOI MEPIOMMYHOI CWJI, aje W INpu IepionuyHid 3MiHi napa-

Wy
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METpiB KOJMBAJIbHOI cucTemu. Taki XONMBaHHS HA3UBAKOTH NAPAMEMpUY-
numu. Tlpu neBHii yacroTi 3MiHE MapaMeTpa aMILTTYa KOJIMBaHb 3pOCTaE
poxibHO M0 sBMmI pe3oHaHcy. Tomy mnapamerpuuHe 30yIKEHHS KOJIMBaHb
4acTO HA3MBAIOTH MAPAMETPHUHMM pe3oHaHcoM. [lpuxsamoM 30ymKeHHS
TAKAX KOJMBAaHb Moxe OyTu mobpe Bimommit yciM cmoci®6 poskauyBaHHS
rOAAIKY JIONMHOIO IpM TPUCITAHAI, KoM roifanka nepefyBac B KpauHix
MOJIOXKEHHSX, 1 BUNPIMJIEHHI, KOJIM TOAAAIKa MPOXOOUThE UCPe3 IOJIOXKEH-
HS piBHOBArMW.

SiBuie pesoHAHCy CJIiX BPaxXOBYBATH Il YaC KOHCTPYIOBAHHS pi3HUX
MAIOMH Ta CHOpYA. IXHd BJIACHA YACTOTA MOBUHHA 3HAYHO BiAPI3HATHCA BiX
YACTOTH 3MYIIYIOUMX CHJL.

dpuine pe3OHAHCY B ACIKMX BHMAAKAX Bilirpac i MO3NTHMBHY DOJb,
0co0MBO B aKyCTHIi, PagioTeXHIiLi. Moro Takox BHKOPHCTOBYIOTh y IIpH-
Jajgax AJs BAMIpPIOBAHHS YaCTOTH.

§ 10.10. FapMOHiuHMI aHani3 CKNagHMX KONHBaHL

Hoci MM posriamaiM HAUMPOCTIMI rapMOHIYHI KOAMBAHHSA, AKi OMHMCY-
10TbCS PiBHSHHSAM X = A cos (0f + ¢,). [IpoTe uMCTO rapMOHIYHMX KOJIH-

BaHb y mpuponi Hemae. Y peajpHHX CHCTEMAX KOJHMBAHHS TIABKM
nprOAM3HO MOXHA PO3MIAAATH SK rapMoHiuHi. CIOCTEpiraloThCs KOMBaH-
HY HACTIJIbKM CKJAgHi 32 (pOpMOIO, IO OIMMCATH KOXHE 3 HUX OIHHUM rap-
MOHIUHMM 33KOHOM HEMOXAuBO. TOMy BMHHMKA€E TaKE 3aIMTAaHHS: "SKmo
BHACJIOK AOJABAHHA IPOCTUX TAPMOHIYHMX KOJIMBAHb BHHUKAKTH
CKJAamHi pisHi 3a GOpMOI0 Pe3ysbTYIOUi KOJHMBAHHS, TO UM HE MOXHA IIO-
AaTH CKJIATHE KOJMBAHHS SK CyMy HpocTHX rapmoHiunux?" Tak, 6urrd €
CYMOIO JBOX TADMOHIUHMX KOJMBAHb 3 OJIM3BKMMH YAaCTOTAMH.

Bugapngerscs MOXJIMBMM PO3KJIARAHHA CKJIAJHOTO KOJMBAHHA B PSR
IPOCTHX FaPMOHIYHHUX KOJIMBAHb 3 UACTOTAMH, KDATHAMHM YaCTOTi CKJIaf-
HOTO KOJuBaHHSA. Take po3KJagaHHd 34IHCHIOETHCI HA OCHOBI TeopeMu
Qyp’c, 9Ka Oae MOXJIMBICTD MATEMATHYHO PO3paxyBaTH Nid Oyxb-aKoi
dynakuii A¢) 3 nepiogom 7T, 3amaHiii Ha MPOMiIXKy Bim ¢ mo ¢ + T, psan
rApMOHIYHMX (DYHKIN 3 TMEBHAMH AMIUTITYAaMu i (pasamMu, 4acTOTH IKHX
KpaTHi OCHOBHIW 4aCTOTi:

FO) =a,+ Y (a,cos o + b, sin o).
k

Y KOXHOMY KOHKPETHOMY BUNAaky mnepiomumuny dyHKuio f(1) MoXHa
poskaacté B pag Dyp’e tiapku ogaum crocobom. PosknamaHHs ckiamHOL
nepiognyHOl (DyHKIIT HA CyMy rapMOHIYHMX KOJIMBAHb HAa3WBAIOTb 2ap-
MOHIYHUM AHALZOM.

Ha pnc. 10.20 306paxeHno rpadik CKIaqHOTO HErApMOHIYHOIO KOJIMBAH-
HS, K& MOXHA MMOJATH K CyMY TPbOX KOJMBAHb (IITPMXOBI JiHi) 3 ua-
cToTaMu, IO BIAHOCATBCH K 1 : 3 : 5. Hacroru KoAMBaHb, HA SKi
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PO3KJIANAEThCA CKJIAAHE KOJWBAHHS, HA3WBAIOTh YACMOMHUM CREKMPOM.
YacToTy CKJAOHOIO KOJHMBAHHSA HA3MBAIOTh OCHOBHOIO uacmomoio abo
MOHOM, a KOJMBAHHSI 3 YaCcTOTOK, KPATHOI OCHOBHINM 4acToOTi, — 2ap-
MOHIKaAMU OCHOBHOI 4acToTH abo obepmonamu. Tak, AKINO 4ACTOTA CKJIANA-
Horo koymBanHsa (puc. 10.20) ©, TO mepmia rapMoHiKa MAae 4acToTy
o0, = o, gpyra — ©, = 20, TpeTds — ®, = So. PesyrpraTi rapMoHiuHOrO
aHasidy CKJAgHOrO KOJMBAHHS YACTO 300paXXyioTh rpadiudHo y BMIVIAAI
CHeKTpa.

Posksnagaty HA mpoCTi rapMOHIUHI KOJMMBAHHS MOXHA HE TiJIbKH
CKJagHi mepioguyHi KOJUBAHHS, ane W Hemepiogwudi. [Ipu usomy He-
NEPIOANYHI KOJIMBAHHY TMOJAIOTBCH K CyMa HECKiHUEHHOI KiJBbKOCTI rap-
MOHIUYHMX KOJHMBAHb 3 AMILTITYAAMH, IO OE3MEPEPBHO 3MIHIOIOTHCS B
yceoMy imTepBasi uacror. Ha BigMiHy Big nepiogduH@UX CKJIAHUX KOJIH-
BAHb HEIEPIOAMYHI IOJAIOThCS HE cyMmoiwo psny Dyp’e, a inrerpasoM
Oyp’e. SO COEKTp MEPIOAMYHONO CKJIATHOTO KOIMBAHHS CKJIAAAETHCS 3
OKPEMHUX JIiHIN (JiHiAYacTuil CIEKTP), TO CHEKTP HEHNEPIOOUUHOTO PyXy —
OesnepepBHuit (CyuibHUANR).

CkJjanHi KOJAMBAHHA MOXHA
PO3KJIagaTH Ha NMPOCTi rapMOHIUHI
KOJYBAHHA HE TiJIbKM MaTeMa-
THYHO, aJIe ¥ EKCIEPUMEHTANBHO.

+ Tak, 3a momomoroto Habopy peso-
HAaTOpiB BU3HAUAKTH YaCTOTH
TAPMOHIYHHX KOJHMBaHb, SKi BXO-
OSTh A0 CKJIATHOTO NEPiONMYHOrQ
KonueadHg. PesoHaTop — 1e Ko-
JIMBAJIBbHA CHCTEMA, HIO pearye Ha

30BHIIIHI TAPMOHIYHI KOJMBAHHY, 4YaCTOTa SKUX 30iracThCs 3 UYACTOTOK

BJACHUX KOJMBaHb. Pe3oHaTopoM MoXxe OYTH IJOCKA TPYXHMHA, OJUH

KiHenp 9KOi 3akpimienmid. Hesnauna mepiogmuna Ais 3 4acTOTOO, HIO

JOPiBHIOE BJACHIM YacTOTi MPYXWUHM, 3yMOBJIOE il KOJHUBAHHY i3 3HAYHOK

amrtitymor. Ha6ip Takux naocKux NPYyXUH 3 Pi3HUMH BJIACHUMH 4acTO-

TAMU KOJIMBAHb — OCHOBHA YACTUHA NPHJIAAY Mg BHMIiDIOBAHHSI UACTOTH,

IKWH HA3WUBACTHCA I3HMUKOBUM UACTOTOMipOM.

Kpim mexaniuaux (BiOpauifHux) iCHYIOTh FeTEPOAMHHI, PE30OHAHCHI Ta
€JIEKTPOHHO-TiUWIbHI 4aCTOTOMIipH.

Puc. 10.20

§ 10.11. MoHATTA NPO aBTOKONMBAHHA

BracHi kosuBsanus Oyap-SKOi CHCTEMH BHACIINOK BTPAT €HEPril Ha BU-
KOHaHHs poOOTH MPOTH CHJ TEPTH MOCTYIIOBO 3racaiorsh. 1% minTpuMaHHA
KOJIMBAHb CHCTEMH, 9KIOO HEMAE IECPIOOMUYHOI Oii 30BHINIHIX CWJI, Yy HIiH
TOBMHHO OyTH IXeEpeso eHepril, 3a paXyHOK SKOro KOMIEHCYIOThCS BTpaTH
€Heprii KOJHUBAJIbHOK CUCTEMOIO.
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Cucremu, B SKNX BHHHKAIOTh NEpioAnWuHi KoAuBaHHY 6e3 3amaHoi
30BHIIIHBOI NMEPIOANYHOI Ail, HA3UBAIOTb A6MOKOAUGANLHUMU, 3 KOJTUBAH-
HS, O BMHHUKAKTb Y HUX — AGMOKOAUBAHHSIMU. 3a3HAUMMO, MO Ha
BiIMiHY BiJl BUMYINCHHUX KOJMBAHb ABTOKOJIMBAHHI HE HAB A3YIOTHCH CHC-
TEMi, 4 BUHHUKAIOTh y HIiil.

Ilns aBTOKOIMBANBHOI CHCTEMH XAPAKTEPHWH TAK 3BAHMH 3BOPOTHHIA
3B’430K. Bin mpogBiseTscs B TOMy, 0, 3 OAHOTO GOKY, KOMMBAHHS KOJIH-
BaJbHOI CHCTEMH BIUIMBAIOTh HA IPUCTPill, AKUH peEryJroc rnepefasaHHs
€Hepril Bil axepena mo wmiei cucTeMu, a 3 Apyroro OOKy, LEH MpHCTpii
BIUIMBA€ HA KOJMBAHHS CHCTEMH, OCKLIbKM BiH 3a0esrneuye migBeAcHHS
€Heprii 7o Hel.

B aBTOKO/MMBANEHMX CHCTEMAX HE3ATaca0Ui KOJMBAHHS MiATPUMYIOTHCH
33 paxXyHOK E€Heprii, sika IepeAacThCsd Bif IXepesaa eHepril 4o TiIa, mo
3AIHCHIOE KOJIMBAHHS. Bynap-9Ka aBTOKOJMBAJbHA CHCTEMA CKJIANAECTHCS 3
TaKUX TPHOX EJIEMEHTIB: Tijla 460 CHCTEMH TLI, MO 3XiNCHIOIOTh KOJINBAIb-
HHUM PyX; CTAI[iOHAPHOTO MXEpesa eHeprii; NPUCTPOK, KM PETYIIOE me-
pelaBaHHS €HEprii Bix aXepena A0 KomuBajgbHOI cucremm. Il Tpm
€JIEMEHTH MOXHA UiTKO BHILIMTH, HAIIPUKIAM, Y TOAMHHUKAX, B SKNX Ma-
aTHMK abo 6ajJaHC € KOJIMBAJBHOI CHUCTEMOIO, 3aBeAcHA NpYXHHA abo
HmigHATa TUPS — AXEpesaoM eHeprii i, HapewTi, aHKepHMH Ximx — Me-
XaHi3MOM, LIO PETYJIIOE TePEeNaBaHH CHEPIil BiX IXKepena M0 KOJHUBAIbHOL
cucremu. Komn enepriq, mo mepemaerbcs Bim mxepena A0 KOJIMBAIBHOIO
TiJla 3a nepioj KOJMBaHb, OOPIBHIOE eHeprii, BEUTPAUCHIM TijIoM 3a Iel
MPOMIiKOK 4acy Ha MOJOJAHHA CIJI TEPTH, TO B CUCTEMi BCTAHOBASITHCS HE-
3aracamoui KOJMBAHHS 3 CTAJOK aMiuliTyaoio. EHeprig, Mo nmomaeThes mo
KOJIMBAJIPHOIO TiJIa Bifl A’Kepesa 3a Tepiof KOJMBAHb, 1 €HEPris, mo BH-
TPayaeThCsl CHCTEMOIO 33 LEH NMPOMIXOK 4acy, BU3HAUAIOTHCA TLIbKH Oy-
HDOBOK KOMMBaJbHOI cucremu. OTXe, mepiox i aMmiiTyga KOJUBaHb
NOBHICTIO BM3HAYAIOTHCY OYMOBOI ABTOKOAMBAMBHOI cUCTeMH. LlmM
BIOPI3HAIOTBCS AaBTOKOJMBAHHA Bill BJACHMX KOJMBAHb, MIJS SKUX
AMILTITYAA 3aRA€THCS MOYATKOBUMHK YMOBAMH,

o aBTOKONMBAaHb HAJEXaTh KOJMBAHHS KPHJA JITAKA B CTPyMEHi
3yCTPiYHOrO TOTOKY IOBITPH, KOJMBAHHS CTPYHH B CMHUYKOBOMY
IHCTPYMEHTI, €JEKTPUYHI KOJMBAHHS B JAMIOBOMY IEHEPATOPi TOIIO.

Sxmo noOpOTHICTH KOIMBAIBLHOI CUCTEMY BEITMKA, TOOTO BTPATH €HEpTIl
B Hill MOPiBHAHO MaJi, TO AJS NiATPHMAHHSA ABTOKOJIMBAHb y KOJHBAJIbHY
CHCTEMY 3a MEPIOA MOBUHHA IIOHABATHCH €HEPTis, 9Ka 3HAYHO MEHIUA Bif
NOBHO{ eHepril KoamBaapHOI cucreMu. HaaxomkeHHs eHeprii B CHCTEMY 34
TaKHX YMOB MaiXe HE 3MIiHIOE XapakTepy MpOLECiB MOPIBHAHO 3 THUMH,
AKi BiTOyBarOTbCs B KOJMBABHIN cuctemi 6€3 Hananus exeprii. [Tpu mboMy
nepiog i ¢opMa aBTOKOMBAHB OyOyTb AOCHTH OAM3BKMMHM 10 Iepiopy i
thopmMu BIACHUX KOJMBAHB KONMBAJIBHOL CHCTEMH. SIKIO BIACHI KOJTHBAHHS
B cuctemi 6;113bKi 32 (OPMOIO KO rApMOHIYHKX, TO ABTOKOIHBAHHS TAKOX
OynyTh 61M3bKMMHU O TAPMOHIYHMX. SIKIIO KOJIMBAIbLHA CHCTEMA MA€ My
BOOPOTHICTE, TO A/A MIATPMMAHHS ABTOKOJIMBAHE CHCTEMY 3a MEpion mo-
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BHHHA NIOJABATHCS 3HAUYHA CHEPTrisg NMOPIBHAHO 3 eHepricio cuctemu. Lle Mo-
K€ iCTOTHO 3MIiHUTM XapakTep KOJIMBAJIbHHX mpoiecie. DopMa aBTOKOIM-
BaHb MOXC BiAPI3HATHACH BiJf TADMOHIUYHHX. SKIIO 32 IEPioj aBTOKOJINBAHb
poO3CilETBhCSI BCY HArpoManXeHa B CHCTeMi eHeprig (cHcreMa
anepiognyHa), TO ABTOKOJMBAHHS OCOGIMBO BIAPISHATHMYTbCH 34 (DOPMOIO
Bix rapmoniuaux. Taki aBTOKOJIMBAHHS HA3WBAKOTh PEIAKCALINHNMUI, A CH-~
CTeMH, IO IX YTBOPIOIOTh, — PENAKCAMIAHNMYU I€HEPAaTOPAMU.

Po3gin 11. MpyxHi xBuni

§ 11.1. MowmpeHHa xBUNbL

KosuBanus, mo BMHAKAIOTh ¥ Oyab-9Kiil TOYL{ CEPENOBHUINA, HE 3aJIH-
[AOTHCH JIOKAMI30BAHMME B MICHAX 30yAXEHHS iX. BoHM MommpowThes
B CEPENOBMIIN i3 CKiHUEHHOK IIBMIAKICTIO. IXHE MOMIMPEHHS 3yMOBJICHE
B32EMOIIE€I0 MiXX YaCTMHKAMHU CEPENOBHINA. SKMO B3aEMO3B 430K Mix ua-
CTUHKAMU CE€PEHOBUIMA 3MiNCHIOETHCS CWJIAMM MPYXHOCTI, 9Ki BUHMKAIOTH
BHACTIAOK Aedopmanii cepenoBrIna NMpy NEepeAaBAHHI KOJIWBAHD BiJ OOHIET
YACTHHKY A0 iHIIOI, TO TAKi XBUJII HA3MBAXOTH npyxhumu. 1o Hux Haje-
XaTh 3BYKOBi, CEUCMiuHi Ta iHOI XBWI.

IMponec NMommMpeHHs KOJMBAHb y MPOCTOPI HA3UBAIOThH Xxéusero ado
XBWIBOBHMM TIponecoM. HampsiM nmomupeHHs XBWIi HA3WBAKOTh NPOMEHEM.
3anexHo Big HANpsSMy KOJWBAHHA YACTUHOK CEPEAOBMIIA BiTHOCHO HATIPS-
My HNOLIMPEHHS XBWIb iX HORUISIOTh HA nonepeuui i nozdosxui. Tonepeu-
HHMH HAa3WBAIlOTh XBWJIi, B dIKUX UYaCTHHKH KOJHBAOTLCA Y
MepHeHAAKYAIPHOMY O MPOMEHS XBHJI Hampsami. XBWli, B IKAX YACTHH-
K¥ KOJIMBAIOTHCA Yy HAMPAMi IMOMHAPEHHS 1X, HA3UBAIOTh MO3JOBXHIMHU.

Ha puc. 11.1 306paxeno cxeMy NCLIMPEHHS HONEPEYHO XBU/IL y TPYX-
HOMy cepemoBumi. Homepamu I, 2, 3 i T. A. MO3HAYCHO YACTMHKHU, HKi
3HAXONATLCA HA BiACTAHSX UBCPTh XBWJI OXHA BiJ OXHOI.

Hexait y moment uacy ! = 0 BCi Toukw cepemomina nepeCyBaoTh y
MOJIOXEHHI piBHOBarM, aje Touka / HabyBac HPUCKOPEHHS Bropy. 3a
YBepTh Nepiony TOuKa / NOCATHE KPAaMHBOTO BCPXHBOTO mMoJioxeHHS. Ilpu
BiAXMJAEHH] YacTHHKHM | Bif MOJOXEHHS DPiBHOBArHM 3a3HABATUMYTH
BiAXWMJIEHDb Bif HOJOXEHHd piBHOBArM i CycigHi uacTmHKU. BHacmigok
IHEPTHOCTI BOHM IIPHUXOOATH Y PyX HE PaIlTOBO, & 3 ASIKHM 3AIi3HCHHSIM.
3a uBepTh mepioxy ToOuka / AOCATHE KPAHHBOTO BEPXHHOIO MOJIOXKEHHS, i
y Leil yac nouHe 3MIiIIyBaTUCS Bill TOJIOXEHHS PiBHOBArM uacTwHKa 2. 3a
ApYry 4BEpThb INepioxy Touka ! Oyae NMPOXOAMTHM MOJIOXEHHS DPiBHOBArH,
pyXxawuuch yH#3. Touka 2 AocarHEe aMIUIITYRHOrO IOJOXECHHS Bropi, a
TOuka 3 TUIbKK MOYHE 3MIiLIYBATHCh BrOpYy Bill MOJIOXEHHS piBHOBar. 3a
TPETIO YBEPTh MEPIOAY TOuka / AOCATHE HHXKHBOTO AMIUIITYAHOrO I10JIO0-
xeHHd, Touka 2 MoOBEpHETHCH A0 MOJOXEHHS piBHOBaru. Touka 3 pocarse
BEPXHBOTO aMILIITYOHOTO TIOJOXEHHS, a TOYKa 4 IOYHE 3MimfyBaTHC BiA
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OZIOKEHHS PiBHOBATY Bropy. 3a HACTYIHY UBEPThH Iepiondy, TOOTO uepes
pepion, Touka / MOBEPHETHCH A0 MOJOKEHHS PiBHOBAIH, TOOTO B TE MOAO-
xeHHs, ke 6yao B Moment uacy ¢ = 0. Touka 2 3MIiCTHThCS Y HUXHE
AMIUTITYTHE TOJIOXKEHHS, TOYKA 3 Yy OEH 4ac NPOXOAMUTHME ITOJIOXKCHHSA
piBHOBaru i pyxaTumeTbcqa BHM3. Touka 4 jocsirHe aMIUTITYTHOTO TI0JIO-
AKEHHS BIOpi, @ Touka 5 TLIbKM nouHe pyxatucs ropy. Tax i Hapani ne-
pefaBaTHMYThCS KOJMBAHHS Bifl TOUKM A0 TOUKU.
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Puc. 11.2

Ha puc. 11.2 306paxeHo cxeMy IOMMUPEHHS MO3I0BXHbOI XBHJII TAKOX
JJIS TI'SITM MOMCHTIB uacy vepe3 KOXHY YBEepTb mepiony. Bei mipkysaHHs,
IO CTOCYIOTBCH MOBEAIHKK UACTHHOK Y TIONEPCUHIM XBWJII, MOXHA MOMIA-
PUTH HA pYX YACTMHOK y NO3TOBXHIM XBHJII 3@ YMOBH, INO 3MIlCHHS BrOpY
260 BHHM3 3aMiHSIOTbCS HA sMileHHs BripaBoc abo Biipo. XBWid, 9Ka npu
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ObOMY BHHHUKAE, CYNPOBOMXYETHCS YTBODEHHSM 3rymeHb (BOHM oOBemeHi
Ha PUCYHKY IITPUXOBMMH JiHiIMHM) i DO3PIAXEHB, IO PYXAKOTHCH y Ha-
npsiMi momMpeHHs xBwIi. [Ipu momupeHHi TO3A0BXHIX XBUAb ILTAHKH CE-
PEROBUHIA 3a3HAIOTh NEPIOAMYHOTO CTHUCKY i pPO3TAry, TOOTO MO3MOBXHI
xBuiai — ue xBuwia 06’emHuoi pecopmarii. TlomupeHHd NO3MOBXHIX XBWIb
CYNPOBOAXYETHCH BiANOBIIHMMH 3MiHAMM THCKY HOpPIiBHSHO 3 HOro ce-
peAHiM 3HA4YEHHIM Y AehOpMOBAHOMY CEpEAOBHIII.
HIBuaxicTe mepeaaBaHHS KOJMBAJb-
,a HOTO PyXy Bill YACTMHKH /0 YACTUHKM Ce-
PENOBHINA 3yMOBJIIOE WIBUAKICTh HOMIM-
peHns xBuab. Ii HazuBawTh paszosoro
weuokicmro.
3HalAEMO WWIBHAKICTh HOMHUPEHHY
XBUJIb Yy CYIINIBHOMY HPYXHOMY CEPENo-
Bumi. s ImbOTO YABHO BHAIMMO Y
Puc. 11.3 CYUIIBHOMY  CEPEJOBHINI  E€JEMEHT
unninnpnulio'f ¢opmu (puc. 11.3) 3 mwio-
wero ocHosH S. Ilix miero 30BHimHEBOY cuiu F y cepemoBumi BinOyBacThCs
CTHCKAHHS, IO MOIIMPIOETHCS 3 WBHAKICTIO v. Y MiCUIX CTHCKY TyCTHHA
CepenoBUINA 3MIiHIOCThCS HAa BesmuuHy Ap. 3a uac Af uepes mepepis ab
Gyne mepenecena maca Am = SvpAt i Bignosigmuit iMITysibC

——te{
v
T _ ls

AK = Amv = Sv*AtAp. (1.1
3MiHa iMIy/IBCY OOPIBHIOE iMITyJIBCY CHUTH, TOBTO
AK = FAt = ApSAt. (11.2)

IMpupisaioroun mpasi yactunm pisrocred (11.1) i (11.2), micraemo

\/ Ap (11.3)
v = - .
Ap

Hns omHOpiZHOro MPYXHOro CepeaoBHiNa CHPaBIXYIOTHCS TaKi
cuissigHOmeBHa: Ap = €p i € = aAp, e p — rycTmHAa HeAe(OPMOBAHOTO
cepenosuwma, Ap — 3miHa TucKy npu nedopmauii crucky a6o poatary, € —
BigHoCHa aedopmanis, o — KoedinieHT npyxHocTi. Bpaxosyroun mi

cniBBigHOmMEHHS, dopmyay (11.3) MoxHa mepenmcaTH Tak:

AVAR! (11.4)
v=V —.

op

Ockinbky Ha CEpeioBHIIC, B AKOMY BHALIEHO IUIIHADHYHMH 06’eM, He
Oyn0 HAKJIANEHO HisSKMX OOMEXEHb, KPiM TOro, MO BOHO MOBMHHO OyTm
NPY>XXHUM i CymieHUM, TO popmyna (11.4) cmpasensmea nast TBEPAMX Tis,
piauH 1 rasis.
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Bu3HAuMMO IIBUAKICTP MOMMPEHHS NO3XOBXHIX XBHJIb Y TPYyXHOMY
TBEPOOMY Tifi, MO3XOBXHI PO3MIpH IKOro 3HAUHO GifbHIi Bil MOMEPEYHMX
(ctepxeusb, aApit). Ilpm medopmauii posrary (crucky), SK Bimomo, Ko-
editicHT NpyXHOCTI MOXHA BHUpasutu uepes momynab FOwra: o = |/E.
Toni Bupas (11.4) vaGysae Buriany

SIKMO X €JIEMEHT, B SKOMY NOMMPIOETHCS iMITYJIbC, HE i30bOBAHMIMA
Bifl CEPEXOBHINA, & TiLMHPKH YSIBHO BUAUIEHWN Y HBOMY, TO 3B’S30K MiX O i
E cxnannimu#. Piu y romy, mo suMiprosanHs monyas HOHra mposopgars
B YMOBaXx, KOJIM HilI0 HE MEPCIIKOAXAE BUHUKHEHHIO NOTEepeynnx aedop-
Mauiid, gKi € pe3yspTaToM AecopManiit MO3A0BXKHIX. SKINO X MO3IOBXHIX
nedopmaiiil 3asHac TibKM 0OMEXEHa iN9HKA MPAKTHUYHO HEOOMEXEHOTO
06’eMy i30J1b0BAHOTO CEPEAOBAMA, TO B OTOYYIOUOMY IUISHKY CEepenoOBHILi
BHHMKAIOTh HANPYTH, WO MEPEIKOAXKAIOTh NOnepeuHuM aedopmarltiam
(PO3LINPEHHIO MDA MO3NOBXHBOMY CTHCKY 1 CTHCKY NPH IIO3NOBXHBEOMY
po3Tg3i). ¥ mpomy pasi

o= W =2y
1-we
ae u — koedinieHr Ilyaccoma. Toni

v=\/ a-mwE

(1 +p)(1 = 2u)p
Ockinpku koediuient [Tyaccona 3a sHaueHHsM Gau3bkuii o 0,25, To

a-w

T ————— OJM3bKM# N0 OXMHMIL, TOMY HaOAUXEHO
O+ w( -2 A0 ORHHHIL Y

MHOXHHK

MOXHA BBAXaT#, WO IIBUAKICTH MOMMPEHHS iMIIyJbCYy B CYLIJABHOMY Ce-
penoBuIli JOPiBHOE MBHAKOCTI HOro MOMMUPEHHS y CTEPXHi, TOOTO
IIBMAKICTh NOIMPEHHS MO3AOBXHIX XBUJIb Y IPY>XKHOMY CEPENOBMIIi Mps-
MO MpOMOPLIHHA KOPEHIO KBaapaTHOMY 3 Momyns Oura i o6epreno mpo-
TIOPUiAHA KOPEHIO KBAaAPAaTHOMY 3 T'yCTHHHU CEPEHOBHING.

HIBuaxicTs NOMMPEHHS NMOMEPEYHMX XBWIb BU3HAUAETHCH UEPE3 MO-
oynb 3cyBy G 3a Takoio (HopmyJior:

v =Valp. (11.6)

Bigcrasp Mix ABOMA HAHOMMXKUYMMHA YACTHHKAMH, thasu KoaUBaAHb IKUX
BiIPi3HSIOTEC HA 21, HA3UBAIOTH Q0GXuHOM xéuni. 3 puc, 11.1 BuasoO,
OI0 AOBXMHA XBWII A XOpiBHIOE Biacrani Mix toukamum / i 5. Lle Bincraus,
Ha 9Ky MOMIMPIOETHCH XBWIA 33 4Yac, MO JOPiBHIOE OXHOMY IIEpIOAY.

Mu posrnsHysM yTBOPEHHS XBHJb TIJIbKM B ONHOMY HAaIPAMi.
Y cyuinpHOMY cepenoBMINi KOJHBAHHS IOWIMPIOBATUMYTHCS OTHAKOBO
B yCiX Hanpsamax.
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HingHKy cepemoBHUIa, A€ MOr0 YACTHHKHM IIPH HOINMPECHHI XBWJIb
3NIMCHIOITh KOJHMBAHHS, HA3UBAKIOTh XGUNbOS8UM noJsem. 'eOMeTpuuHE
MICIIE TOUOK, SKi KOJUBAIOTHCY B ONHAKOBHX (Dazax, HA3WBAKOTb XGUIbO-
8010 nogepxHero. ['eoMeTpUUYHE MiCUIE TOYOK, IKOTO AOCATHE KOJIMBAHHA
00 MOMEHTY 4acy f, Ha3uBawTh (HpoHToM XBwiai. OPOHT XBUJII — HE MO-
BEPXH4, MO BiIfiisgE€ YACTAHY TIPOCTOPY, B AKOMY BiilyBACThCH XBUIHOBHI
MPOLEC, Bif Ti€T, A¢ KOJMUBAHHY 1N HE BUHUKIN, ¥ XBWJIbOBOMY IOJI MOX-
Ha HPOBECTH XBHJILOBY IOBEPXHIO ueped Oyab-4Ky TOUKY. 3aJieXXHO Bix
dopmu bpoHTY PO3PI3HAIOTH XBWIL naocki, cghepuuni, YuAiHOpUUHi Ta
in. XBuJi 3 NJIOCKOI XBH/JIbOBOIO MOBEPXHEIO MJIOIMUHN HA3UBAKTEL MJIO-
CKUMU.

Xapaktep KOAWBAHHS YACTMHOK NpM TmepeMimiesHi xBuai, dopma
XBHJIBOBOTO (DPOHTY 3aJI€XKATh Bifi XapakTepy reHEepyBaHHS IX i BJACTUBO-
CTel cepenoBumid. Y MNONEPEYHMX XBWISX BinOyBa€ThCd 3CYB LIAPIB cepe-
JOBHINA OAMH BigHOoCHO omHOTro. Ilomepeuyni MexaHiuHi XBHJII MOXYTbhb
MOIOMPIOBATHCA Yy THX CEpeNOBMINAX, A€ MOXJjauBa xedopmanis 3CyBY,
TOOTO B TBEpAMX Tijax. Y pigMHAX i rasax momepeuHi XBUJAi HE NOIIU-
PIOIOTHCH.

OcCKiJTbKHM NO3MA0BXHI XBWII € XBHASMH 00’eMHOI gedopManii, To BOHK
MOXYTh MOMIMPIOBATUCH 9K Y TBEPAMX Tijax, TaK i B pifuMHAX i rasax.

KpiM HaBeNeHUX TMOMEpPEYHMUX i MO3JOBXHIX XBWIb, 9Ki HOIMAPIOIOTHCH
y CYUUIPHHX CEpedOBMIIAX, iCHYIOTh IHINI XBHJIBOBI mpomecd. Tak, Ha
MexXi moAisly JBOX CEpemoOBHIN MOXYTh MOIIMPIOBATUCS TaK 3BaHI MOBEPX-
Hesl xswii. [0 HUX, HAMPUKAA, HAJCXKATh XBWIi, 1O MOMMPICIOTHCI Ha
noBepxHi BoaM (Ha MexXxi Boga — moBiTpsa). [IpoTe gKImo po3rjigHYTH Li
XBWAI MOKJaAHINIE, TO BUIBUTHCS, 110 BOMY HE MOIEPEYHi i HE TTO3H0BXHI.
Pyx 4acTMHOK y NMOBEPXHEBHX XBIIAX 3HAYHO CKJIATHIIIMH.

§ 11.2. PigHaHHA xBuni

Po3srisiHeMoO XBWJIBOBUI NpPOLEC 3 KiJbKicHOTO Ooky i mictaHemo
aHAJTITWYHKH BUpA3 — PiBHIHAA XBWiai. XBuiboBuil npouec Gyne BixoMuM,
KO0 B Oynb-9Ki MOMEHTH 4acy BiOMi 3MilllCHHS KOMBANIbHUX YACTHH,
pPOSTANIOBAHMX HA Pi3HMX BiACTAHSX Bif JXepesaa XBHAb. [Hmmmu ciaosa-
MU, XBUJBOBHH mporec Gyne BigoMuM, KO BigoMa (pyHKIiOHAJBHA 3a-
JIEXHICTh 3MIIMEHHY KOJAMBAABHOI YACTHHKHW BiZ KOOPAMHAT 11 TOUKH
piBHOBATH X, ¥, z i wacy f, ToOTO

£ =E&(x,y 21). aLrmn

Oyukuia (11.7) mae OyTe mepiogMuyHOIO 9K BiZHOCHO dacy f, Tak i
BiIHOCHO KOOPAHMHAT X, V, z. lIepiOANMYHICTL BIJHOCHO Yacy ! BHILIHMBAE 3
TOro, mo &£ OmUCcye KOJWBAHHA YACTHHKHM 3 KOODAMHATAMHU X, Y, Z.
IepiofnuHICTh BiIHOCHO KOOPAMHAT BHILIMBAE 3 TOTO, IO YACTMHKH, fAKi
nepeGysaoTh Ha BiACTaHi A OZHA Bix OXHOI, KOJMBAIOTBCS OOHAKOBO 3 TICH0
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TiIBKHM BIXMiHHICTIO, MO 3cyB (a3 MiX KOMHMBAHHIMH iX OOpiBHIOC 27,
3uanpemo eurian dysKuil (11.7). Jag copomenssa po3arIsgaTuaMeMo ILIo-
CKy XBWJIKO, 9Ka MOMMPIOETHCY y Hanpsami oci OX. 3a Ttakoi yMmosm
XBH/IBbOBI noBepxHi OyayTh nmepneHaMKyaspauMm Ao oci OX, a 3MilmcHHS
KOJIMBAJIBHUX TOUOK LMX IIOBEDPXOHB 3aJIEXKATUMYTh TUIBKH Bi X i #, ToOTO
£ = &(x, t). Hexall aMimeHHsd 4aCTUHOK, MO JeXaTh y mwiomuHi x = 0,
BM3HAUAIOTECA PiBHIHHIM

&€ = A sin of. (11.8)

106 BM3HAYMTH 3MIIECHHA YACTHHOK y ILIOHIMHI, 9Ka PO3TANIOBAHA HA
BigcTaHi x Bix mouatkoBoi, TpeGa EpaxyBaTd, MO TOUKM IH€i TUIOMMHH
TIOYHYTh KOJHUBATHUCS Mi3HIME Ha yac T, 3a IKHA XBUJISA MOMIMPIOETHCI Bif
miomuHu x=0 mo 3aganoi. OTXxe, 3MINIEHHS TOYOK y TAKidl IJIOMIVMHI BH3-
HaYaTUMETBCI PIBHAHHSIM

£ = Asin o(t - 1). (11.9)
Ockinbky T = x/v (¥ — WBUAKICTH NMONMPEHHS XBHJb), TO PiBHAHHS
(11.9) nepenumemo Tak:

— A X)) - A I _x
E,—Asmm(t v) As1n2n(T vT)’ (11.10)

Bupas (11.10) mHanexuth 10 piBHAHB TAaK 3BAHOI MOHOXPOMATHYHOL
Gixyuoi xpmii. lle piBHIHHE MOXHA TOxaTH Yy TakOMy BUIJISI:

&,=Asin2n(—;——%), (1.11)

me A = vT — goBXuHA xBuwii. Bexuuuny 2n/) = /v nosnayamoTh uyepes
k i Ha3sWBAIOTh X4UIbLOGUM HuUC/OM. BOHO BHpaXae KiJbKicTh JOBXUH
XBHJIb, IO BMIIIAKOTHCH Ha BiApi3ky 27. KO BBECTH XBHMJIBOBE YMCJO k
I HUKJIiYHY 4acToTy o y piBHaHHA (11.11), To BOHO Halysac BurIsmy

& = Asin (of — kx). (11.12)

ApryMeHT cuHyca ©f ~ kx HA3WBAKOTh (PA30H0 XGUIL.

o6 mictatu pisusHus (11.12), Mu BBaXanu, IO aMIUTITYAa KOJIMBAHb
B yCiX TOUKax OfHakoBa. [as MIocKol XBHI i€ MOXJIHBE, AKIO EHEPTrid
XBWI HE NOTJIMHAETHCH CEPEOOBHIIEM.

3adikcyemo Oyap-axe 3HaueHnsg $asu pisasHEL (11.10), ToBTO MOKIA-
IEeMo

® (t - i) = const. (11.13)
v

IMpomudepennuiropasmm e BUpas 3a 4YACOM, 3HAMAEMO IMBHUAKICTb, 3
KO0 TIEPEMIMIAETLCA B MPOCTOpPi 3acdikcoBaHe 3HaueHHS hasu, ToOTO
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% _— 11.14)

3Bincu BUAHO, MO IIBUAKICTb NIOIMPEHHS XBHA y piBHaHHI (11.10) ¢
IIBHAKICTIO mepeMimenns dasu. Tomy BEJIMUHHY ¥ HA3UBAKTDH Pa3080i0
waeuoKicmio.

Ilpw nommpenni y cepexoBumi chepuyHOl XBUJII aMILTITYaa KOJIHMBAHb
3MEHIIYETbCS 0O0EPHEHO MpPOMOPIIItHO BincTaHi BiJl [Kepena XBWIb (IHB.
npukaan 11.3). Pisuauus chepuusol xemii mae BUIISN

€= ésin (ot = kr), (11.15)

A€ A — BEIMYMHA, 9Ka JAOPIBHIOE aMIUTITY/Ai KOJIMBAHDb HA BincTaHi 1 M Big

mxepesa xBuab. Benmumna A maec posmipHicTs aMIUTITYIH, NOMHOXEHOT
Ha PO3MIpHICTh HOBXWHH.

HoByTi piBHIHHS ILTOCKOT XBHUT cnpasen-

JIMBI, KOJH XBWI MOLIMPIOIOTHCS B3JOBX OCi

y OX.
3HalAEMO BHTASK PIBHSHHS MIOCKOI
&rne) XBWII, 1[0 NOMIUPIOETHCA Y HANPSIMi, SKMit
YTBOPIOE KYTH O, B, Y 3 OCIMH KOODAMHAT
¢ 2 OX, 0Y, OZ.
°L// 3a asanorico 3 pisHgEEIM (11.10) MOX-
0 1 HA 3amMCaTH, MO KOJMBAHHA TOYOK XBHJIBO-
/ \TX B_o'l' MOBEPXHi, AKi 3HAXOAATHCS HA BinCTAHi
5(\’ BII TOYAaTKY KOOPAMHAT, BU3HAYATHMYThCS
piBHSIHHAM
Puc. 11.4 é=Asinu)(t —%). (11.16)

—
Benuuuny [ Bupasumo uepes pamiyc-BexTop r Oynp-aKoi TOUKH
-

XBHJILOBOI MOBEPXHi i ONMHWYHHUN BEKTOP 7 , MEPHEHAMKYJISPHAN A0 Hei
-> ->

(puc. 11.4). OQuesnnno, mo ckanspuumit JoSyToK n Ha r NOPIBHIE /, TOGTO

>
nr=rcosa =/, (11.17

Toni pieastEs (11.16) HaGysac BUrIARY
£ = Asin (m—%?ﬁr"). (11.18)

-
BBexemo mOHSTTS XBMIBOBOrO BEKTOPA kK $IK BEKTOpA, HAIPAM SIKOTO
-> .
36iracThCs 3 HAIPSIMOM OAMHMYHOTO BEKTOPA 71, 4 BEJIMUMHA AODIBHIOE
-> -
k=o/v, To6to k = kn.
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Toni piBuguaua (11.18) 3ammmemo tak:

£ = A sin (of —1?7). (11.19)
Pipuaang (11.19) moxua samucatd i B Takiii dopwmi:
£ = Asin{of — k.x — ky — k.2), (11.20)
2 2 _x

ae k.= 5 Cos @, ky = X cos B, & 5 €S 7.

Kopucryrouncs supaszom (10.24), piBHIHHS MI0CKOI XBHJII MOXHA 3a-
MMACATH TAK: N
£ = Ac'@F), (11.21)

3uatigemo audepeHUianbHe PIBHIHHSA, 9K€ ONUCYE TMOWMUPEHHS

XBUJIBOBOTO TIpouecy B cepemosmiii. Jas mporo mpoamdepeHIiroeMo

piBasaug (11.20) gBiui no KOXHIN i3 3MiHHUX:

.2
%t% = — Ao’sin (of — kr) = — 0%, (11.22)

2
Q—%: — Ak’ sin (mt—l?7)= - kE,

2 -
= — Ak} sin (ot ~kr) = — kiE_,,

ay
2
j—ﬁ = — AR sin (of — T) = - KE (11.23)
yA
Ilpn nopasauui pisagup (11.23) gicranemo
oL L% L b (11.24)
S+t S+——5=-FK¢. .
o 92 5
[Micnga euznauennd &£ 3 (11.22) i mipcradoskw ii B piBHgmEs (11.23)
MaemMo 62& aZEJ GZE k2 a2£
o oy 02 ot (11.25)
2
Ockinbku — = -1—2, To piBHgHHA (11.25) Habupae Burasgny
v
L IE L L1 % (11.26)
axt 8y a2 vt aft

Pipusgnuua (11.26) — ue XBUABOBE DiBHAHHSI. HNoro 3aM0BOJILHSIC HE
Tinbku dyskuia (11.20), a # Gynp-axa dyHKOid, BATIIL GKOL

F(x 9z, 1) =f(ot —kx— ky - kz). (11.27)
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Ilpuknan 11.1. B onnOpigHOMY CepenoBHMINi MOUMIMPIOETHCS IUIOCKA XBHIS, piBHSIHHS
skol & (x, t) = Ae™" " cos (ot — kx), me A,y,®, i k— crani. 3uaittn pisnumo das
KOJMBAHb Y TOUKAX, A€ AMIUNTYAM 3MIIEHHS YACTMHOK CEPENOBMINA BifPi3HSIOTHCH ONHA
Big onnol Ha n = 1,0 %, skmo vy = 4,2-10 cM™ i moBxkuHa xBumi A= 50 cm.

Poss’'a3annga Pisnuug das

Ap = (ot — kx;) — (ot — kx;) = 2Tn (x2 — x). h

3a yMoBOWO 3apaui
Ae™™ — peTr™ o 2
———ml—- 100 % =n.

3BifcH 3HAXOAMMO

(1 3)

-
Xp— X = — 100,

Y
IlincraBusmm criBeigHomenus (3) y (1), gmicranemo

2n n 2n
A =—5-In (1 —-—) ~ 3 Tos, Ap =03 pan.

100] — Ay 100°
Tpuxuan 11.2, B opHOMy HampsaMi TOMMPIOIOTHCS OBi CMHYCOINAMBHI IIOCKI XBUUE 3
LWUBHAKOCTAMM ¥, | v, JOBXuHM XBuip Bignosiguo Ay i Az2. 3HaNTM WBMAKICTD U

NEPEMillEHHsT B MPOCTOPi TMX TOYO