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BCTYnN

IcHye Benmmka KUTBKICTH MIAPYYHHKIB IS 3aCBOEHHS JICKITIHHOTO MaTepialy 3 KypcCiB
3arajibHOI (PI3UKH Pi3HUX CTYIEHIB CKJIAQAHOCTI, 00CATY, SIKOCTI MoJadi MaTepiany, BUIa-
HUX B YKpaiHi Ta 3a 11 MexxaMu (OUB. COHCOK JiTepaTypH). KoxxHUH cTyIeHT (i3ndHux
CITICIIaATLHOCTEH YHIBEPCHUTETY 3 OYAb-SIKUM PIBHEM CIIEITIaIbHOI MiATOTOBKH Ta 3M10HOC-
Tel 3a OakaHHSAM MOXKe 3HAWTH "CBif miapydauK" i3 ¢isuku. [Ipn 110My Bi CTYIEHTIB
MOYKHA TOYYyTH HPOXaHHS MOPEKOMEHAYBAaTH NOCIOHUK, KUK AOTOMIT O M "HaBUMTHCH
pO3B'sI3yBaTH 3a7adi 1 Kpaiie po3yMmiTu BukiaaeHe". CripaBai, iCHy€e HEBETUKUI Mepertik
MIIPYIHUKIB 1 TOCIOHMKIB, SKi JOTIOMAararoTh OBOJIOMITH JACIKAMU HaBHUKaMH 3 PO3B's3Yy-
BaHHA 3a1a4. [IpoTe, Ha KaJb, MAPYIHUKH TTONIOHOTO THITY a00 SBISIOTH 00010 0i0Ti0-
rpa¢ivuHy pinkicts (Hamp., [15], ockineku BumaHi Ginbmr Hix 40 pokiB Tomy, abo me 3a-
KOPJIOHHI BUAaHHs (Hamp., [18]), ab0o k MarOTh HEBEITUKWH HAKIIAJ JUIS CTYICHTIB OKpE-
MuX pakyiapTeTiB. ToMy BHHHKIIA TIOTpeda y CTBOPEHHI CIEIiaIhbHOTO HABYAIHLHOTO TI0-
CiOHWKa 3 pO3B'I3yBaHHS 3a]1ad.

OxkpiM TOTO, HEMae MOCIOHUKIB, SKi TOTIOMOTIIHM O CTYICHTY 3HAXOJUTH BiJIOBi/I Ha
3alUTaHHs, 0 CTOCYIOThCA B)KE YAaCTKOBO 3HAHOMOTO oMYy po3ainy ¢i3uku, cipusuia O
OUTbII TIIMOOKOMY PO3YMIHHIO CYTI PO3IJISIHYTUX Ha JIEKUIMHUX 3aHATTAX (PI3UUHUX
sBuml. IIpukimamoM Takoro mociOHMKa Moke OyTH Xiba M0 HaBYAIBHHWHA TOCIOHUK
€. . byrukoBa Ta iH.l, TIpU3HAYCHUHN NI CIIyXadiB IMATOTOBYUX BiAIJICHL BUIIUX Ha-
BYAJIbHHUX 3aKJIa/IiB, YUHIB ()i3MKO-MaTEeMaTHUHHX ILIKLT 1 CTYACHTIB TEXHIKYMiB.

VYce e cnoHyKajo aBTOPIB /10 HAlTMCaHHS IIOTO MOCIOHMKA 3 METOIO IOTIOMOITH CTY-
JIEHTaM B 1X caMOCTilHiNi poOOTi 3 OIMaHyBaHHS O1IBII TITUOOKOTO PO3YMIHHSA JIEKIIITHOTO
MaTepiary Ta CTaIMX HaBUYOK PO3B'I3aHHS 3a7a4 13 3araibHOl (Pi3UKH.

[InanyBanock, mo miAPpyYHUK OyJe CKIAAATHCh i3 IIECTH TOMIB, sIKi BimoOpaxkamu ©
yci po3aimm 3arabHOi izuku. CHiTBHUM IS KOJICKTUBIB aBTOPIB KOXKHOTO 13 TOMIB Tij-
pyYHHUKA € Te, IO BCI BOHW BUKJIAAAIOTH HA Kadeapi enekTpodi3uku pamiodizuaHoro da-
KyIpTeTy KuiBChKOTr0 HallioHATBHOTO YHiBepcUTeTY iMeHi Tapaca IlleBuenka.

KoskHa po3risiHyTa TeMa mociOHUKa MICTHTh TaKi MiAPO3IiIH:

> "KopoTKi TeopeTunyHi BigoMocTi";

> "MeToamuHi BKkasiBkK Ta nopaau";

> "3anuTaHHg Ta Bignosiai";

> "Mpuknagn po3B'a3yBaHHs 3ada4".

[Tigpo3nin "KopoTki TeopeTnuHi BigoMocTi" MicTUThH iH(opMarito, Ky HeoOXiTHO Ha-
rajlaTi CTyJICHTaM Iepe]] THM, SIK ITOYaTH 3aCTOCOBYBAaTH Ha MPAKTUI[ HAOyTi miJ 4yac

! Byruxos E. U., brikos A. A., KorgpaToB A. C. ®u3nka B npuMepax u 3agagax. — M., 1983.
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BHUBYCHHS JICKITiifHOTO MaTepiary. CrioaiBaTUCh HA TOCTATHICTh HABEJACHOTO B IIAPO3MLII
MaTtepianxy I po3B'sI3yBaHHS 3a7ad 1 BiIOBIACH Ha BIATOBIIHI 3alMTaHHS, O€3yMOBHO,
He MOxHa. OHAK 3HaYHA KiIBKICTh MiAPYYHHUKIB 13 KypCiB 3arajbHOl (i3UKH, YaCTHHY 3
SIKUX HaBEJEHO Y CIMCKY JiTepaTypu, Ma€ JOMOMOITH MOBHOIO MipOIO0 BHPILIMTH IIIO
mpo0iemy.

Marepian 3 miapo3ainy "MeTroanuHi BKa3iBKM Ta nopaamn” CIPSIMOBAaHHWNA Ha TOpaIu
OJT0 MPAKTHYHOTO 3aCTOCYBAHHSA TEOPETUUHUX BiOMOCTEH. BkasiBku 1 mopagy MaroTh
MOMITHHHA aBTOPCHKHUI BiATIHOK 1 MOXKYTb OYTH CYTTE€BO BUIO3MiHEHI Ta JONOBHEHI KOX-
HHUM, XTO 3a0a)kae po3i0OpaTHCh y 3MICTi PO3MISTHYTOr0 MaTepiaiy i MoYHe TBOPYO 3aCTO-
COBYBATH IIi 3HAHHSI JUTS PO3B'SI3aHHS KOHKPETHHX 33]1a4.

ITinpo3ain "3anuTaHHg Ta BianoBiAi" GakTHIHO MICTUTH PO3B'sI3yBaHHS 3a/1a4 SKICHO-
ro Xapakrepy. 3anuTaHHs MiAOUpAINCh TAaKUM YHMHOM, 100 BiAMOBiAI HA HUX MOTPEOY-
BaIM HE MEXaHIYHOTO 3amaM'sITOBYBaHHSI MaTepiany, a IMHOOKOr0 PO3yMiHHS Ta BMiHHS
TBOPYO HOT0 BUKOPHCTOBYBATH. Y BIAIMOBIASX aBTOPU HAMArajuCh BHUKIIACTH OCHOBHY
171e10, Ha SIKi¥ 0a3y€eThCs BiMMOBIAG. bibI mormMOIeHI BiATOBINI HAa 3aTUTaHHS TOTPIOHO
CaMOCTIHHO IIyKaTH, IPALOI0YH 3 JIITEpaTyporo. 3amuTaHHs 1 BiANOBIAl 10 HUX MOXYTh
OyTH BUKOPHCTaHI CTYJICHTAMH ITiJl Yac MiATOTOBKHU JIO iCIIUTY, a BUKJIaJa4aMH — IIiJ1 Jac
icriuTy.

V migposnini "Mpuknagy po3B'a3yBaHHA 3agau” PO3TJITHYTO HAWOUTIBIN THITOBI 3a/a-
i, sIKi pO3B'sI3aHI METOAAaMHU, 1[0 J03BOJISIIOTH 3aCTOCYBATH X B MOAANBLIOMY SIK YHiBEp-
CaJlbHi. ABTOpH CHeLiaJIbHO HE CTaBWJIM 332 METY PO3B'3aHHs 3aJau MiJBUILEHOI CKJIa-
HOCTI, X04a YaCTHHY HaBeJICHHUX 3aJ1a4 MOXKHA BBAXKATH CaMe TaKolo.

Jesika 0COOIHMBICTh Moaayi Marepiainy 3 po3niay "MexaHika" HOPIBHSAHO 3 IHIIMMHU
po3ninaMu 3aranbHOi (Pi3UKH TOB'SI3aHa 3 TUM, IO 0 HHOTO 3BEPTAIOTHCS CTYIEHTH, SIKi
TIJTBKY TTOYMHAIOTH OBOJIOJIBATH HaBUYKAMH TaKOi POOOTH i IIe HE 3BUKIH JI0 BUMOT i
crienniky BUKIagaHHsA (Gi3uKA B yHiBepcUTeTi. KpiM TOTO, 3 9JaCTHHOO MaTepiaiy IIbOTO
po3airy (0COOIHUBO 3 HOTO TIEPIIUMH TEMaMH) CTYACHTAM JOBOJIUTHCS MPAIIOBATH B TIE-
pion, KoM MPUKIAAHUN anmapaT BUIIOI MaTeMaTHKH iM BiIOMHH Ie HemocTaTHbO. Lle
CTOCYETBCSl 0a30BHX TOHSTH BEKTOPHOI Ta TEH30pHOI anreOpu, AudepeHliaJbHOTO Ta
IHTETpaIbHOTO YHCJICHHS TOIMO. TOMy B JCSKHMX MPHUKIAmaxX i BIAMOBIASX J0 3allUTaHb
HAJAETHCS OUTBIN MMAPOKHUH 1 JETATBHUM PO3TIISIT MAaTEMATHYHNX TIPUHOMIB TUISXIB PO3-
B'SI3yBaHHS KOHKPETHOI 3a1adi.

[TociGHMK Tpu3HAUeHO ISl CTYAEHTIB (akynbTeTiB (Pi3sMuHOro mpodiito KIaCHYHUX
yHiBepcuTeTiB. YaCTKOBO BUKJIAIEHHUI MaTepiai JOCTYHHUNA He TINbKH CTYACHTaM BUIINX
HaBYAJbHUX 3aKJIaiiB, ajge W Y4YHIM CIeLiadi30BaHMX IIKUI 1 JIHEiB  (i3uKo-
MaTeMaTH4HoOro mpodiar. Bin Moxke OyTH KOPUCHHM JUIsS BHKJIafadiB (pi3uKd B HaBYa-
JBHUX 3aKJIa1aX TPEThOr0-4eTBEPTOTO PiBHIB aKpeanuTaLlii.



3arasnbHi Nopaau WoAo po3B'A3yBaHHA 3a4ay

1. be3ymoBHO, OpaTHCh 3a PO3B'I3yBaHHS 3a/1adui Ma€ CEHC TITLKH 32 YMOBHU BiJILHOTO
BOJIOJIHHSI TEOPETUYHUM MaTepiaioM 3 BiamoBigHoi Temu. KopoTki TeopeTnyHi BimoMoc-
Ti, HaBEJIEHI Ha IMOYATKy KOXXHOTO PO3IUTY CIYTYIOTh Xi0a IO SIK JOBiIKOBHM MaTepiai.
Tomy 000B'3K0BO HEOOXiTHO CIIOYATKY BUBUUTH TEOPETUUHUI MaTepial 3 JaHOI TEMH 3a
CHeuianbHUM MiAPYYHUKOM 13 3arajibHOi (i3UKH.

2. YBa)XHO NpOUYHTalWTEe YMOBY 3anadi, 3po3ymiiite ii 3micT. Lle myke BaxximmBo! He
nocrimaire, He MIOYMHANWTE PO3B'SI3yBaTH 334a4y JOKM NPAaBWIBHO HE 3po3yMieTe i yMo-
BY. 3a3BHYail KO’KHE CJIOBO B YMOBI 3aj[a4i Ma€ MEBHE CMUCIIOBE (i3MUHE HABAHTAKCHHSI.

3. CnpoOyiiTe Bke Ha MOYaTKy pOOOTH OKPECIUTH MOAYMKH XiJl PO3B'S3yBaHHS 3a]a-
qi. [TogymaiiTe, un HasABHI BCi HEOOXITHI IS ITLOTO JaHi B YMOBI 3a/1a4i, YM HE MOTPiOHO
CKOPHCTATHCh JIOJaTKOBUM MaTepianoM (Hamp. TaONHIsIMU, SKi 3a3BUYail HABEIIEHO Ha-
MIPUKIHIN KOXKHOTO 30ipHHKA 3a71a4).

4. Baxano 3'scyBaty, SKAMH (aKTOpaMH MH HEXTYEMO B Iiif 3amadi, 10 SKUX 3MiH
MOJK€ IPUBECTH IX BPaxyBaHHI.

5. KopoTko 3anwuiiiTe yMOBY 3a/1adi.

6. Yci nani npu po3B's3yBaHHI 3a1a4i CIIiJi HABOAWTH B OJHIN CHCTEMi OJWHHUII, Oa-
s)kaHo B cucteMi Cl. 3BepHITH yBary Ha Te, IO (OPMYJIH B Pi3HUX CHUCTEMaxX OJIWHHUIID
MOXYTh BIIPI3HATHCH KOe(illieHTaMH.

7. 3aBxau, TaM, JIe 1Ie MOXKIIUBO, 300pa3iTh cxeMy a00 PUCYHOK 10 3am1adi. 1{e 3HauHO
MOJIETTIUTH 11 pO3B'sI3yBaHHS.

8. PosB'szyiiTe 3amauy B 3arajibHOMY, aHAJTITUHYHOMY BUIJIsLAL. BiamoBiae 3agayui Mox-
Ha BBKaTH OTPUMAHOIO, SKIIO BOHA MAa€ BUTIISA] 3aJISKHOCTI IIyKaHOI BEJTMYUHH Bif Bi-
JIOMHX BEJIMYHH, 33JJAHUX B YMOBI 33/1a4i Ta JaHUX 3 Ta0JIUIIb.

9. Sxmo B yMoBi 3a7adi qaHi Ipo ¢i3uUHI BETUINHN HABEACHI Y YNCIaX, BilITOBIIb,
OKpiM ii aHaTiTHYHOTO BUpa3y, Ma€ MICTUTH 1 yucenbHe ii 3HaueHHA. Lle ocobnuBo Bax-
JIUBO JJIA 3a/1a4 3 MPUKIIATHOT Ta eKCIIepUMEHTANBHOI (pi3nku. UmnciioBa BiAMOBIIL J03BO-
JIsie 3pOOUTH OLIHKY KOPEKTHOCTI YMOBH Ta po3B'sI3Ky 3a1adi. [HKonM Taka OmiHKa J03BO-
JIsi€ 3pOOWTH BHCHOBOK IIPO HEBIPHHM pO3B'SI30K 3adadi. Hampukiiam, MBUAKICTE CBITIIA
HE MOKe OyTH OLNBIIOIO 32 BiIOMY BEIWYHHY, IIBHAKICTH CYITyTHHKA Ha OopOiTi 3emMii —
oursla 3a Il 1 Mmenmma 3a I kocMIYHI IIBUAKOCTI TOLIO.

10.Po3B's3yroun 3amady, y mpoIieci 3ammucy po3B'sa3Ky Tpeda mam'siTaTé He TUTBKH TIPO
CyTh, ajne i mpo ¢gopmy. Hampukiian, TUHIIOBUMU HEAOMIKAMH € BBEJICHHS HOBHX (BiJICyT-
HIX B YMOBI 3a/1a4i) BeaTU4nH 0e3 iX MOsCHEeHHs. bakaHo, 1mo0 po3B'sI30K CKIagaBCcs HE



TUTBKH 13 opMmyl, ane ¥ MicTHB HEOOXiTHI TOSCHEHHS. | py00I0 TOMIIIKOIO BBOKAETHCS
BIJICYTHICTh PO3MIPHOCTI Y YMCIIOBIH (pOpMi BIIIIOBIAI 711 PO3MIPHOT BETTUIHHH.

11.BukoHytour po3paxyHKH, MamM'siTaiiTe, MO0 BOHH HaOMkeHi. UMCIOBI 3HaueHHS
BCiX (DI3UYHMX BEIHMYMH MAIOTh CBOK TOYHICTh 1 HaMaraTUCh OTPUMATH MaKCHMAJbHO
MOYJINBY KiJIbKICTh 3HaKiB y BiAIOBIiJI, SIKY JO3BOJISIE, HAIIPUKIIA, PO3PSIIHICTD KAbKY-
JSITOpPA, HEMPABUIIBHO.

12.KopucHo B JesIKMX BUMAAKaX MPH BUKOHAHHI PO3paxyHKIB BiIMOBHUTHUCH Bijl BHKO-
pucTaHHA KajbKyisaTopa. He Oilirech npu po3paxyHKax KOPUCTYBATUCh IpaBUJIaMU Ha-
OnmkeHnx ooduucnenb. Bennunny nomunku/moxuoku B 10 % 1 HaBith y 20 %, sIKy MOXHa
NpU [bOMY OTPUMATH, y 3aJadax i3 3aranbHoi (i3WKH, yacTille BChbOro MOXKHA BBaXKaTu
IPUILYCTUMOIO.

13.VY xoni 3anucy yMOBH Ta PO3B'I3Ky 3a/1adi He 3a0yBaiiTe Ipo PO3MIpHICTh YHCIO-
BHX 3HaueHb (i3WYHUX BeTWYHH. Y (i3uIll HeMae (49U Maixke Hemae) 0e3po3MipHUX Be-
nrnuuH! OTpUMaBIIM BiANOBiAb, 8 IHKOJM 1 HA MPOMDKHUX €Tamnax po3B'sA3Ky, MepeBipTe
po3MipHicTs. HeBipHa po3MipHICTE (Bi3HIHOT BEIMYUHN OJHO3HAYHO CBITYUTH IMPO HEBI-
PHY BiAmOBib. 3aKOH pO3MIpPHOCTI BUKOHYETHCS 3aBXIH!

14.1Tig gac po3B'sI3yBaHHA 3a7adi, BUKOHYIOUH MaTeMaTU4IHI PO3paxyHKH, OCOOIHUBO
Oaxano He 3abyBaty mpo (Gi3MUHUN 3MICT 3a7adi 1 HAMAraTuch yKe B MPOMIKHHUX pe-
3yJIbTaTax 3HAXOAUTH (i3W4HI 3aKOHOMIpHOCTi. OTpUMAaBIIN OCTATOYHUHN pe3ynbTaT (Bi-
JITTOBIH) B aHANITUYHOMY BHUTJISI, CJIiJI HaMaraTHCh MOTO IPOaHAJi3yBaTH: 3'ICYBaTH,
BiJ SKUX (i3WYHUX MapaMeTPiB CHCTEMU Ta YMOB EKCIIEPHUMEHTY 3aJIe)KHTh 3HaiJeHa
BEJIMYMHA, IK BOHA 3MIHIOETHCS 31 3MIHOIO BEJINYHH, BIJ IKUX BOHA 3aJI€)KUTh.

15.5Ikmo e MOXKIKMBO, AOCHIAITE OTPUMaHy B aHAJIITUYHOMY BUIJISIII BiANOBIAb IS
IrpaHMYHUX 4YaCTKOBUX BHUNajKiB. Hanpuknan, y 3agauax 3 pessiTUBICTCHKOI MEXaHIKH,

. 0] . . o . .
IIpU CIIpAMYBAaHHI1 BCJIMYNHU — —> 0 moBuHHI OTpUMaTH B1AOMHHU 3 HBIOTOHIBCBKO1 ME€Xa-
c

HIKH pe3ynbTar. [[paBHiIbHO MPOBEACHHUN aHANI3 HE TUIBKH MEPEKOHAE B MPABMIBHOCTI
PO3B'SI3KY, aje i JOMOMOXKe IUOLIe 3p03yMiTH (i3UUHUH 3MICT 3a1adi.

16.He xBuuroiiTech, AKII0 BH PO3B'S3aiI 3aa4dy HE B 3aralisHONPUUHSITHI croci 1 mpu
IIHOMY HE 3pOOIITH TOMHJIOK Y MaTeMAaTHIHHUX BUKJIAAKaX Ta y (Pi3udHUX MipKyBaHHIX. He
iCHy€e €qMHOTO, OE3aIBTEPHATHBHOTO CHOCOOY PO3B'sI3yBaHHA 3agad. Moxke HTHCS JHIe
PO ONTUMAIBHICTD MIIIXY, "Kpacy po3B's3ky". HaliromosHimie — po3B's30k 3amaqi Mae Oy-
TH NPaBUJIBHUM (SIK KaXyTb, KOPEKTHUM) 3 TOUKH 30pY (i3UKH Ta MATEMaTHKH.



MNMepenik no3Ha4yYeHb i CKOPO4YEHb

AUX — aMIUTITy THO-4aCTOTHA XapaKTEPUCTHKA;
33 — 3aKOHM 30€peKECHHS;

33E — 3aKOH 30epeKeHHS CHEPrii;

331 — 3aKOH 30epeKeHHS IMITYJNbCY;

33MI — 3aKOH 30epeKeHHS MOMEHTY IMITYJIBCY;
ICB — iHepuiajgbHA CHUCTEMA BIANIKY;

K.4. — KOMIUIEKCHE YHCJIO;

MBO — MUTTEBA BICh 00CpTaHHS;

MT — MaTepianbHa TOYKa;

HICB — HelHepIliabHa CHCTEMA BiUTIKY;

CB — CUCTEMa BIJTIKY;

CK — cucTeMa KOOpIMHAT;

CMT — CHCTEMa MaTepialbHUX TOYOK abo TiJT;
CTB — crertiaabHa Teopist BiTHOCHOCTI;

OUX — (a304acToTHa XapaKTEPUCTHKA

.M. — LIEHTp Mac

Il-cucrema, — cucTeMa BiJUIKY,

a6o 11-CB sKa MOB'A3aHa 13 LEHTPOM Mac



1. KIHEMATUKA

1.1. KopoTtki TeopeTuuHi BigOMOCTi

e [lomoxeHHS TOYKH B IMPOCTOPI 33JA€THCS PaIiyC-BEKTOPOM
F=x-i+y j+z-k, (1.1

ne i, ],k — omuHuuHi BekTOpH (OPTH); X, ,Z — KOOPAMHATH MATepiadbHOI TOUKH.

e  MuTTeBa MBHIKICTH MaTepianbHOI ToUkH (MT)

. dr - = -
V=—=v,i+V,-j+v, -k, (1.2)
dt d
Jie TIPOEKIIii BeKTopa U Ha 0ci KOOPAUHAT BiAMOBITHO AOPiBHIOIOTH:
dx dy dz
x:—; [)y:—, UZ:_'
dt dt dt
e  Moaynbs BEKTOpa MBUIKOCTI

|6|EU=,/UXZ+Uy2+L)22 . (1.4)

e Bekrtop cepemunoi MBUAKOCTI 3a 9ac Af :

5)= &7
(v)= e (1.5)

V)

(1.3)

e A7 — BEKTOp MepeMIIICHHS.
e Ckamsapna cepeans msuakicts MT 3a yac At
DA,
<o> =£=AS1+AS2+"'= F (1.6)
scal At Ay AL+ DAL
i

Je As — yBeCh MPOMICHUI MaTepialIbHOI0 TOYKOIO NUIAX; Af — 4ac, 3a sskuit MT mpoxo-
IUTH IUIAX As .
e [IpuckopeHHS MaTepiaTbHOI TOUKH

i=— : (1.7)



o [nax, mpolaeHMA MaTepiabHOIO TOYKOIO, IIBUIKICTE SIKOi 3MIHIOETBCS 13 4aCOM
3a 3aKOHOM V(1) , 32 IPOMIXKOK 4acy Bif ¢ 10 t, , JOPIBHIOE

153

5= ju(z)dt. (1.8)
h
e VYV BUNAaAKy KPUBOMIHIHHOTO pyXy MOBHE npuckopeHHst MT
dv v’
d=d.+d, =—71+—1"n, 1.9
ey =T (1.9)

Je a,, a, — HOpMaJlbHa Ta TaHT€HIlialbHA KOMIIOHEHTH NPUCKOPEHHs, BINOBIIHO; R —
paziyc KpUBH3HH TPAEKTOPIl B AaHiM ToUIll; T,# — OPTH AOTHYHOI Ta HOPMAJi JI0 TPA€EK-
TOpii B JaHii TOYLI TPAEKTOPIii, BiAMOBITHO.

e  Mozyns BEKTOpa IIOBHOTO MTPUCKOPEHHS

ld|=a=ya?+a,’. (1.10)

e MuTTeBa KyTOBa MBHIKICTH

. do
O=—. 1.11
— (L.11)
e KyToBe NpUCKOPECHHS
. 2~
g_d0_d% ] (1.12)
e dr?
e JliniiiHa Ta KyTOBA IIBUJKOCTI, ITOB'S3aHi Mi>K COOOIO CITiBBiTHOIIICHHIM
6:[@1@], (1.13)

e R — pamiyc-BEeKTOp, IO MPOBEACHHUM Bil MUTTEBOTO IIEHTPA KPUBHU3HU TPAEKTOPIi 0
TOYKH TPAEKTOPIi, e pO3TAIlIOBaHA B JIAHUH MOMEHT 4Yacy MaTepiaibHa TOYKa.

1.2. MeToauuHI BKa3iBKX Ta nopaau

1. Po3rismati MexaHidHUN pyX a0o po3B'A3yBaTH 3a/1adi 3 MEXaHIKH MOJXKHA JIHIIE
Ticyst BUOOpPY CHCTEMH BiJTIKY, BITHOCHO SIKOI IEW pyX pO3TsmacThes. Bubip cucremu
Bimiky (CB) BusHauaeTbesi MipkyBaHHAMH 3pydHOcTi. Yacto 3a CB 3pyuno obuparu
3emitto (Hepyxomi BimHOCHO 3eMii mpeameTs). [iis crioctepirada, sikuii nepeOyBae y Ba-
TOHI TIOTATY, CUCTEMOIO BIJUTIKY MOXE OYTH pyXOMHUU BaroH. Y JESIKUX 3adadax 3pydHO
nepetitu 1o CB, moB's3aHoi i3 cucteMoro 3ipok Tomo. BapianTis Bubopy CB 0e3miy, ane
cepen BCiX MOXJIMBUX BapiaHTiB € HAHOUIBII TOUIIBHUH.
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2. VYci cucteMHu BIIUTIKY MTOAUISIOTHCS Ha JabopaTopHi (HEpYXoMmi) 1 pyXxoMi, a TaKOXK
— Ha IHepLiaJbHI Ta HeiHepIianbHi. Pagumo no6pe po3idpaTrch B TOMY, YUM BOHH Bijpi-
3HSAIOTBCSL.

3. Sk Bimomo, icHYIOTH Aekimbka cucteM KoopauHaT (CK), SKMMHU OTHPOKO KOPHUCTY-
I0ThCs y (i3uIli: TeKapToBi, MOJSAPHI, MWTIHAPWYHI, chepuani. Bubip Tiei um inmoi CK
00yMOBIICHHIT YMOBOKO KOHKPETHOI 3ajadi Ta xapaktepoMm pyxy MT. MoxHa mopaaurtu,
He oOMmexyBatuch BuOopom CK omuoro tumy (3a3Buuait nmekaproroi CK). Bmamuit Bubip
CK Mo’ke ITOMITHO CIIPOCTHTH PO3B'SI3YBAHHS 3a1a4i.

4. SIkmo BimoMuil 3aKOH pyXy MarepialbHOI TOUKH 7(¢) , TO MOYKHA pO3paxyBaTH Tpae-

KTOpito (y ABOBUMIPHOMY BHUIMAIKy 3HaWTH (QyHKIO y(x)) 1 moOymyBartu ii rpadik, a Ta-
KOJK IIJISIXOM ITOCTIIIOBHOTO AudepeHiiitoBalds GyHKIT 7(¢) 3HAWTH BEKTOPH IIBUIKOCTI
U(¢?) 1 mpuckopeHHs d(t) . 3 iHmoro 60Ky, sIKIo BigoMi GyHKIIT U(#) abo d(f) i moyatko-
Bi yMOBH (7 (¢;) ab0 V(Z,) ), TO LIUIIXOM IHTErpyBaHHSI MOXKHA 3HANUTU 3aKOH pyXy 7 () .

5. OcobnuBHil iHTEpEC Y KiHEMATHIIl TPOSBIISIOTH 0 TIOCKOro pyxy. OCHOBHA IpH-
YHHA TAKOTO 1HTEPEeCy MOJArae B TOMY, IO JUIS IUIOCKOTO PyXY JOBUTBHUI a00 3MillIaHuUi
PYX MOHa BiJIHOCHO JIETKO PO3KJIACTH HA JIBA PyXU: TOCTYIAIbHHIA Ta 00CPTAILHUH.

1.3. 3anuTaHHA Ta Bignosiai

BnactuBoOCTI NpoCTOpy Ta uYacy

1.3.1. Axi suou mamepii éam ioomi? Illo maxe pyx? Ak cniggionocsimbcsi pyx i mame-
pia?

VY }izuni po3pi3HAIOTH JBa BUAM MaTepii — peUOBHHY i MOJIe. YBECh PO3BUTOK HAyKH
CBIAYUTH, IO MaTepis nepeOyBae B HemepepBHOMY 1 BiuHOMY pyci. Ilin pyxom posymi-
10Th OyIb-Ki 3MiHH, IO BiAOYBaIOTLCS 3 MaTepieto. HalmpocTimmii BUa pyxy — MeXaHid-
HHI, TIPU SIKOMY BiZIOYBa€ThCs TIEPEMillleHHsI MaTepialbHOTO Tia B pocTopi. Pyx € dop-
Moo OyTTs Matepii. Martepito He MOXKHa YSBUTHU O€3 pyXy, TaK caMo fIK i pyx 6e3 marepii.
Vi sBUIIa B MPUPOII € HIYUM 1HIITNM, SIK TIPOSIBOM PI3HUX BUAIB pyxy Matepii. Crokin
Ma€e BiIHOCHUH XapakTep, BiH € OKpEeMHUM BHIAAKOM pyxy. IIpocTip, sk 1 4yac, HEMOXKIH-
Buil O6e3 marepii Ta ii pyxy. Tomy pyx, mpocTip i yac Ha3UBaIOTh ¢opmamu icHyeanHs
mamepii.

1.3.2. Akux no2ns0ie Ha Npocmip i 4ac OOMpPUMYIOMbC 8 KAACUUHIU (HbIOMOHIG-
CoKill) mexaniyi?

YV Mexanini HeroToHa BBaXXa€THCSI, IO MOPS i3 TPUBUMIPHUM €BKJIITOBUM IIPOC-
TOPOM iCHY€E He3aJIeXKHHU BiJ HbOro yac. KnacuuHa (HBIOTOHIBChKA) MeXaHika 0a3y-
€ThCA Ha BHKOpHCTaHHI 3akoHiB EBKmimoBoi reometpii, y sKil I TPUBUMIPHOTO
MPOCTOPY BUKOHYIOThCS "OUeBHUAHI" 3aKOHU (aKCIOMH): cyMa KYTiB TPHKYTHHKA J0-

piBHIOE 180°; rapaneiabHi IpsAMi HIKOJM HE MEePEeTHHAIOTHCS TOImo. [3 mociiay Bigo-
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MO, IO B MOBCAKACHHOMY XHUTTI B ITMPOKUX MEXaxX BiJICTaHEH 1 IIBUAKOCTEH 3 Be-
JIUKOI0 TOYHICTIO cripaBemnuBa reoMmeTpist EBkirina. B ycix CB y knmacuuHiit MmexaHi-
i BUKOPUCTOBYIOThCS akciomu reometpii EBkiiga.

1.3.3. V akux eunaoxax 3akouu KiacuyHoi (HbIOMOHIBCHKOL) MEXAHIKU He BUKOHYIOMbCA?

IcHy1OTH 1Ba 0OMEKEHHS B 3aCTOCYBaHHI 3aKOHIB HbIOTOHIBCHKOT MEXaHIKHU: il 3aKOHU
HE BUKOHYIOTHCS 33 BEIMKUX MIBUAKOCTEH (y BHIIQJKy, KOJTU MIBUAKICTh YACTUHKH IOPi-
BHSIHA 31 MIBHIKICTIO CBITJIA ¢ 1 YMOBOIO L << ¢ CKOPHCTATHCh HE MOKHA) Ta Y BHITAIIKY
JIy’)Ke MaJliX PO3MIpiB YaCTHHKHU (Y MIKpPOCBITI, J€ PO3TISAOAIOTECS aTOMH, €IEKTPOHH,
eJIEMEHTapHI YaCTUHKH TOIIO). BinnoBigHO, TOBENiHKY TAKUX YACTUHOK OMHCYIOThH pesi-
TtuBicTChKa MexaHika (CTB) i kBanTOBa MexaHiKa.

1.3.4. IllJo maxe cucmema gionixy? Ax obupaemovcs cucmema 8ioniky? AHxi cucmemu
8I0NiKY 86U 3Hacme?

Tino, BiZHOCHO SIKOTO po3risimaeTses pyx MT, HasuBaerbest minom 6ioaiky. Cykym-
HICTb HEPYXOMHUX BIJHOCHO OAMH OJHOTO TiJI, HIOAO SIKUX PO3IIISNAETHCSA PYX, YTBOPIO-
I0Th cucTeMy BimIiky. Jyxke "acto i crpaBeaymBo CB BBaKalOTh TaKOK TOMWHHUK IS
BUMipIOBaHHA Yacy B paniii CB. Cucremu BifIiky OyBarOTh pyXoMi i HEpyXOMi, a TaKOXK
iHepIiabHI Ta HeiHepLiaIbHi.

1.3.5. IlJo maxe cucmema koopounam? Hki cucmemu KoopourHam éu sHacme?

Beenenns BinnosigHoi cucremu koopauHat (CK) o3Hauae BBeA€HHS CHCTEMH IOMOB-
JIEHOCTEH TIpo croci® HamaHHs "aapecu’ KOXKHIA TOUIl CHCTEMH BiIJIiKy. TakuM 4uHOM,
kokHa Touka CB Mae cBoro, BiIMiHHY Bif iHIIUX "aapecy', a KOXKHIN aapeci BiAmoBigae
nume oxgHa Touka CB. Cuctema KoopAuHAT SBJIIE COO0I0 MareMaTW4yHy aOCTpakiiio, a
CHCTEMY BiJTIKYy YTBOPIOIOTh PealibHI Tija.

S BiZOMO, ICHYIOTH JEKiJbKa CHCTEM KOOPIWHAT, SIKMMH ITHPOKO KOPUCTYIOTHCS Y
¢i3uwi: qexapToBi, NOJSApHA, UWIIHAPUYHA, cepruuHa. Ha moBepxHi 3emiri KOpUCTYIOTb-
csa CK, ska mossirae B HaJaHHI YUCEI, 10 MAIOTh PO3MIPHICTH KYTOBOTO Tpaayca i Ha3H-
BalOTbCs TeorpadiuHMMU IIUPOTOI0 Ta JOBIOTOK TOYKM Ha mMoBepxHi 3emii. Hiskux
NPUHIMIIOBHX nepeBar abo HenomikiB pizHi CK ogHa Haj 1HIIO HE MAKOTh.

1.3.6. Aka cucmema 6ioniky esaxcacmocs "Hepyxomor"? Yomy mym ocmaHHE C1080
834Mo 8 1anku?

"Hepyxoma" CB — taka CB, mo nmepeOyBae y ctaHi criokoro. Sk BurumBae i3 I-ro 3a-
koHy HproTona (260 i3 mpHHIAITY BiTHOCHOCTI ["aminmes), cTaH CIIOKOIO € BITHOCHHUM: Hi-
SIKUMU MEXaHIYHUMU eKcIiepuMeHTamHu, repeOyBatoun B ICB, He MOXkHA Bipi3HUTU CTaH
CITOKOIO BiJI CTaHy PIBHOMIPHOTO TpsMOiHiitHOTO pyxy. CaMme Tomy cioBo "Hepyxoma'"
B3sTO B Janku. Kaxxydn mpo Hepyxome Tiio, Tpeba He 3a0yBaTH BHU3HAYATH, BiJIHOCHO
sixoi CB 1ie Tino nepyxome. IIpote Tino 3axau HepyxoMme y BiacHiid CB.

1.3.7. Axa cucmema 6ioniky egadxcacmuvca "abcomromuorn"? Homy ocmanue oo
83amo 6 aanku? Aka i3 eidomux cucmem 8iOniKy Haubinbw Habaudcena 0o "abconom-
Hoi"'? Yu icnye abcomomua cucmema ioniky?
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AbcomorHoi CB He icHye. € e sikeck HabmmxeHds mo uvei. Jlo "adbcomotHoi" CB
HaiO1Ib1I HaOJMIKEHOI0 KOJIMCh BBaXkayach 3eMiisd, nmotiM — CoHIle, MOTIM — cUcTeMa 3i-
POK, 3apa3 — peJiKToBe BUIpOMiHIOBaHHs. Hamaranus 3Haiitu abcomotay CB y Burmsai
edipy, K BigoMo, Oy/Iu HeBaaIuMHU. ToMy TYT CJIOBO "aOcoimoTHA" OepeThCs B JIAIKH.

Hait6inem HabmmKeHoo 10 "abCOMOTHOI" CHCTEMH BIIJIIKY Hapasi BBaxaeThcsi CB,
MOB'sI3aHa 3 TaK 3BAHUM PEIIKTOBHM BHITPOMIHIOBAHHSM, SIKE€ BUHHUKIO NPUOIHU3HO
14 mapx pokiB Tomy micis "Benmkoro BuOyxy" i 3amoBHWIO BeecBiT. Lle Bumpomimio-
BaHHS (IKCYETHCS CY9acCHUMH (hi3MUHIMH MeToAaMu. | xoda abCOIFOTHOI CHCTEMH BiTi-
Ky HE iCHY€, caMe PEJIIKTOBE BUITPOMIHIOBAHHSI MOKHA BBAYKaTH CBOEPIAHOIO, BUILIECHOIO
ICB, sixa HaitOmk4e cepel BiIoMUX cydacHii Hayii 00'exTiB y BeecBiTi 3a cBoiMM BItac-
TUBOCTSMH HaOIMKeHa 10 BiacTUBOCTEH abcomoTHOi CB.

1.3.8. IlJo marome Ha y8asi, KOAU KAXCymb NPO OOHOPIOHICMb HPOCIOPY, 130Mpon-
Hicmb npocmopy, 00HOPIOHicmb Hacy?

Oonopionicms npocmopy 03Hada€ eKBIBAJICHTHICTD yCiX TOUOK MPOCTOPY: yci (i3uuHi
SIBUIIA B 130150BaHil cucteMi MT BimOyBarOThCS OAHAKOBO, HE3AJICKHO Bl TOYKH MPOC-
Topy. Y Oyab-skuit Toui nmpoctopy (y Kuesi, Jlonmoni, Amepuiri, Ha Micsii, y KocMmoci)
(hi3n4HI 3aKOHH OTHAKOBI.

I[3omponuicms npocmopy O3Ha4Ya€ EKBIBAJECHTHICTh PI3HUX HAMNPSIMKIB y IPOCTOPI.
®Di3u4HI 3aKOHU B 130JIbOBaHIN CHCTEMI BUKOHYIOTHCSI OJTHAKOBO, HE3AJICHKHO BiJ] TOTO, SIK
Opi€EHTOBAHA LI CUCTEMA B IPOCTOPI.

Oonopionicme uacy 0O3Ha4Ya€ €KBIBAJCHTHICTh MK COOOIO Pi3HUX MOMEHTIB dacy. lle
03Hayae, 10 BCi i3nuyHi MpouecH BiA0yBalOTHCS OAHAKOBO, HE3AJIEKHO BiJ TOTO, Y SKUN
KOHKPETHO MOMEHT 4Yacy BOHH BiZlOyBalOThCS: BUOpa, CHOTO/HI, 3aBTpa. 3 OJHOPITHOCTI
yacy BHUIUIMBAE, 30KpPEMa, BIJCYTHICTh 3aJICKHOCTI MOTEHINAILHOI €Heprii 130JIb0BaHOI
CHCTEMH BiJ 4acy. Y CHIIy OJHODPIJHOCTI 4acy MOYaTKOBI YMOBH MOXYTh OyTH 3adikco-
BaHi BiTHOCHO OY/Ib-SIKOTO MOMEHTY 4acy.

1.3.9. Axi npaxmuuni HACIIOKU GURIUBAIOMb 13 (haKmy 0OHOPIOHOCMI NPOCMOpY i 00-
3goast0mb 3a nowamox CK obpamu 6y0b-s3Ky mouxy npocmopy?

V cuny omHOpigHOCTI TIpocTopy 3a modyarok CK Moxke OyTu oOpana Oyab-ska (IIOBi-
JIbHA) TOYKA MPOoCcTOpy. PaKTHUHO, OMHOPIAHICTE MPOCTOPY BU3HAYAE Te, IO BCi (i3UUHI
3aKOHHM BUKOHYIOTbCS OJTHaKOBO B ycix ICB.

1.3.10. Ak npaxmuuno 301UCHIOEMbCSA peECmpayis GUSHAYEHUX MoMenmie uacy? Ak ys
onepayis nog'szana 3 KoopouHamam 200unHuKa 8 npocmopi? Ilfo make eounuii yac?

Bianosigai MOMEHTH Yacy BH3HAUYAIOTHCS 3a JOIIOMOTOIO TOAMHHUKA, SIKUH PO3TaIlo-
BaHu# y TiKi Touri CB, ne BinOyBaeThest nana nofis. OMHaK i3 TOTro, M0 Yac € BiTHOCHUM
(nuB. meperBopenHst Jlopenua (8.1)) Take BH3HAa4YeHHS 4acy ByKe HE 3aJIOBOJIbHSIE Hac,
KOJM Tpeba 3iCTaBUTH MOMIl OAHY 3 IHINOIO (HAIp., TIOPIBHATH Yac iX BUHUKHEHHS ab0
nepediry), a BOHU BigOyBaroThCs B pizHUX Micisax CB. Ta cama npobnema icHye y BHIIaA-
Ky, KOJIM BU3HAYAIOTh MPOMIDKOK Yacy MiX MOAISMH, BiJaIEHUMH Ha Pi3Hi BiACTaHI Bix
TOJTMHHUKA.
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Jns yecyneHHs 11i€i mpo6iieMu HeOOX1THO BCTAHOBUTH CIIOCIO BU3HAYCHHS € THHOTO
s Beix Todok CB wacy. ToOto Tpeba 3abe3mednTy CHHXPOHI3AIMII0 XOAy BCiX TO-
nuHHUKIB y nanid CB. Cunxpownizysamu eoOunnuxu, po3TalloBaHi B Pi3HUX TOYKaXxX
CB, MoXHa 3a IOIMOMOroI0 Oyab-AKuUX curHaiiB. IIpore cBiTIO ab0 pamioXBWI IS
IIOTO HAWOIMBII TpuAaTHI. TOMy € Aekinbka mpudwH: 1) BOHH MaloTh HAHOIIBITY B
OpPUPOAl IBHIAKICTH; 2) WIBUAKICTh iX MOIIWPEHHS BUMIpsSHA 3 BEIHUKOIO TOYHICTIO;
3) mBUAKICTH CBiTJa iHBapianTHA (oxHaKoBa Mt Beix ICB).

Ormepartiss CHHXpOHI3AIll TOMUHHAKA BUKOHYETHCS TaKUM YUHOM: 13 Touku O TIpoc-
TOpY, A€ PO3TaloBaHuil roquHHUK 1, (Touka O Moxke OyTu oOpaHa 3a nmouatok CK) Bin-
NpaBJsIOTH CBITIIOBHH (200 pazio-) curHan "ToyHOro yacy" 3 moBigqoMieHHsAM: "3apa3 Ha
TOAWHHUKY 1 #, TonuH". Y MOMEHT 4acy, KOJIM CUTHAII AOCATA€ TOUYKH, € PO3TAIIOBaHUII
TONWHHUK 2, 1 BiACTaHb 7 Big TOYKH (O BioMa, HA TOAWHHUKY 2 BCTAHOBIIOIOTH HYac
t =ty +r/c. Takum 4MHOM BPaxOBYIOTb 4ac 3alli3HEHHS CUTHAILY.

IToBTOpEeHHS CHUTHANIB "TOYHOTO 4Yacy" depe3 BiOMHI MPOMDKOK 4acy A€ MOXKITH-
BICTh BCTAHOBHTH CHHXPOHHHUH XiI HE TUTHKM TOMWHHUKIB 1 1 2, aje W yCiX TOMWHHUKIB
i€l cucteMu, i CTBEpIXKYBaTH, 10 BCi ToANHHUKH i€l CB moka3yioTs y KOKHHI MOMEHT
OJIMH 1 TOW camuii (ciiyibHMIA) dac. [Ipu 1IbOMy BUXOAWIIN 3 TOTO, IO BC1 CHHXPOHI30BaH1
TOIWHHUKY BigHOCHO 11i€1 CB mepeOyBaroTh y cTaHi CIIOKOIO.

1.3.11. Aki paxmopu eniusaroms nHa eOuHutl yac?

Cyu4acHi ysIBIIGHHS TIPO 4ac 0a3yrThCs HA TOMY, IO 4ac 6i0HOCHU (BIH 3aJICKUTH BiJ
MIBUJKOCTI pyXy FOAMHHHUKA Ta MICIsl HOTO po3TalryBaHHs B pyxomiii CB 3 meBHUMH KO-
opauHatamu). OKpiM TOro, Tpeba BpaxoBYBaTH i Te, 110 HA €IMHHUKA 9aCc MOXXYTh BILTHBA-
TH Taki (aKkTOpH, K 3MiHa HANPYXKEHOCTI MOJ TSHKIHHS Ta MPUCKOPEHHS pyxy. (3miHa
BUCOTH PO3TAallyBaHHS TOAWHHHUKA BiTHOCHO PiBHS MOpPSI 200 MPUCKOPEHUH pyX TOIUH-
HUKa MalOTh BUKJIMKATH 3MiHY B HOTO TTOKA3aHHIX).

1.3.12. Axuti 38'230K icHye Midic npoOIEMOI BUMIPIOBAHHS BIOCAHI MA 4acoM?

OOOB'I3KOBOI0 YMOBOIO BHMIPIOBAaHHS BIiACTaHI Ha INIOMHMHI a00 Y TPHUBUMIpHOMY
NPOCTOPi € 0OHOUACHe BUMIPIOBAaHHA KOOPAMHAT MOYATKY 1 KiHLS BiAPi3KY, IO BUMIpIO-
€Tbcs. Y pa3i HEBHUKOHAHHS L€l yMOBHU MiJ yac pyxy BiApi3Ka BiTHOCHO Ja0OpaTOpHOI
CHCTEMH, y SIKiM pO3MIIIEHNH BUMIPIOBAILHUHN MPHUCTPINA, MOKHA OTPUMATH HEaJeKBaT-
HUU pe3yNibTaT BUMIiPIOBaHHSI.

1.3.13. Cehopmymoiime npunyun gionocnocmi I anines.

[punnun BigHocHOCTI ["amines ¢akTuyHo exBiBajdeHTHHU [-My 3akony HbroToHa: Hi-
SKAUMW MEXaHI9YHUMH JOCITiIaMH, TpoBeaeHuMHU BeepenuHi ICB, He MOokHa BCTAaHOBHTH,
nepedyBa€e TiJI0 B PIBHOMIPHOMY MPSAMOJIIHIHHOMY pyci 4d B cTaHi criokoro. [TpuHIun
BiTHOCHOCTI ["aJtines Mo)xHa NPEACTaBUTH i B TAKOMY BHUIJIAI: PIBHSHHS HBIOTOHIBCHKOT
MEXaHIKM 1HBapiaHTHI BiIHOCHO MEpeTBOpeHb [ amines, TOOTO BOHM 3aJUILAIOTHCS He-
3MiHHUMU TIpH Tiepexozi Bix oxniel ICB mo iHmoi. 3rigHo 3 MpUHITUIOM BigHOCHOCTI ["a-
JIisiest BCi iHepuiaibHi CUCTEM BiAJIIKY PiBHOIIPaBHI.

1.3.14. 3anuwime nepemeopenns I anines.
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Posrnsaemo aBi inepmianeai CB: Hepyxomy (K-CB) i1 Taky, o pyXa€eThesl MPSMOITi-
HIIfHO piBHOMIpHO 31 mBHAKICcTIO U BimHOcHO K-CB y310Bxk 1i oci x, (K'-CB).
DopMynH, SKi Tal0Th MOKIUBICTh niepeltr Bix koopauaatr MT y K-CB no ii koopau-
Hat y K'-CB i HaBMaku, Ha3UBAIOThCS nepemeopennsamu I anines. Hexail y MOMEHT yacy
t=0 moYaTK¥ CUCTEeM KOOpAMHAT B 000X cHCTeMax Bimiiky 30iratrotecs. Pyx K'-CB
BinOyBaeThCs B3AOBXK oci Ox 31 MIBUAKICTIO U, a oci Oy ta Oz K -CB 3anumarorscs na-
panmensHUMH BigmoBigauM ocsim Oy’ ta Oz K'-CB. fkmmo mo3naunTt koopanHaty MT
BIJIHOCHO IUX CHUCTEM BILTKY X,V,z Ta x',)',z', BIAMOBIZHO, TO 3B'I30K MiX I[MMH KO-
OpJIMHATaMH Yy OyIb-SIKHI MOMEHT Yacy BUTJISIJIAE TaK:
xX'=x-vt; Y=y, zZ'=z; t'=t
abo (1.14)

x=x"+vt’; y=y, z=z;, t=t.

Puc. 1.1. [lo 3anuTaHHs 1.3.10

!

VA z

PiBHsHHS f =1 BKa3ye Ha Te, IO B KJIACHYHIN MeXaHiIli yac ogHakoBuii B ycix ICB.
Cucremy piBHsHB (1.14) Ha3uBarTh nepemeopennsamu I anines. Yci Tpu 3akoHu HproTo-
Ha iHBapiaHTHI BITHOCHO MepeTBOpeHb [ amines.

1.3.15. Jlosedimb, wjo dosicuna 8iopisxka 8i0HOCHO nepemsopens I anines € ineapianm-
HOIO BEIUYUHOIO.

Biacrans /¢ Mk JBOMa TOYKaMH B TPHBHUMIPHOMY IIPOCTOPI 3 KOOpAMHATAME
(xl,yl, zl) i (xz,yz, zz) y K-CB nopiBHIo€

2 2 2
gz\/(xz —x) +(n-n) +(z-2)
Bigcrane (' MK IBOMa TOYKAMH B TPUBHMIPHOMY IIPOCTOPI 3 KOOPAHMHATAMH
(xf, »,2'1) 1 (x5, ¥5,2',) y K'-CB nopisrioe

[N N A

CKOpHCTaBIINCH TTepeTBOpEeHHAMH [ aitisiess, MaemMo
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f:\/(xz _x1)2+(J’2 —J’1)2 +(Zz _21)2 =
(o= —or (v P+ (5 -2 ) =

=\/(xé —x{)z +(yé —yl')z—i-(zé —z{)2 =/

TakuM YMHOM, TOBKUHA BiJpi3Ka BiIHOCHO MEpeTBOPEHb ['amines € BEMMYMHOIO iHBa-
piaHTHOIO.

1.3.16. /logedimb, wo weuoxkicmo 8ioHOCHO nepemeopens I anines we € ineapianmHor
BEAUYUHOIO.

I3 meperBopens [amines (1.14)
xX'=x—-vt; x=x'+vt"; Y=y, z'=z, t'=t,
micis ix nud)epeHIifoBaHHs 32 4aCOM MaeMO
_dx _dx'  dt’  dx

Uy, =—=—+0—=——+0=V} +V#in.
dt dt dt dt

Bonanouac

[ [ [ ’
v, =d—y=dl=d—y'=o'y =inv; v, =%=d—2=d—zlzu’z =inv.
dt dt dt dt dt dt

1.3.17. Yu € insapianmmnoro 6equyuHor 8i0HOCHO nepemeopeHs I aniness npuckopems
MT? Jlogedimo.

JBidi mpomudepenitroemo piBasHHES (1.14) 13 mepeTBopens [amines:

d’x d*x' , d*y d*y .. d*z d*Z ,
—=—— = a,=a..TakcaMo: —-=—= = a,=4a, 1 ——= = a,=a
> dr”* T > di” Y arr ar”? -

Takum unHOM, ipuckoperHss MT e iHBapiaHTOM BiTHOCHO TIepeTBOPEHb [ aminest.

1.3.18. Chopmyntotime 3aK0H 000aBAHHI WEUOKOCMEU 8IOHOCHO nepemeopens 1 anines
V 8eKMOPHIl opmi.

JlomaBaHHS MIBUIKOCTEH BIMHOCHO TIEpeTBOpEeHb [ amisies y BEKTOpHIA dhopmi 31iiic-
HIOETHCS 32 MPABUIIOM TapaliesiorpaMa; CyMapHHU BEKTOp 3a BEJIUYUHOIO 1 HAIIPSIMKOM
30ira€eTbes 3 JiarOHAJLII0 MapaiesorpaMa, CTOPOHHU SKOTO YTBOPEHI BEKTOpaMHu, IO JI0-
JarTecd. TakuMm 4nHOM, KO Tpeba 3HAUTH Pe3yNIbTYI0OUy MIBHIKICTE Uy MiJ 4ac pyxy

ABox MT 3 HeKoJliHEapHUMHU BEKTOPAMH HMIBUAKOCTEH U; 1 Uy, TO BEKTOP Uy =U; + U,
MOJKHA 3HAUTH BiJIMOBITHOIO TOOYI0BOIO (puc. 1.2).

- U, +U, =V
O e 1 2 b

Puc. 1.2. o 3anuTaHHs 1.3.18

17



KiHeMaTunka MaTtTepianbHOI TOUKMHM

1.3.19. l]o o3nauae mepmin "onucamu pyx"?

Ormcaty pyx, a00 3HAWTH 3aKOH PyXy O3HAYa€ 3HAUTH 3aICKHICTh TojioskeHHI MT y
npocTopi (abo Ha IUIOMHKHI Y BUNAAKY IUIOCKOTO pyXy) Bix dacy. Lleit 3akoH Haivacrimre
BCBOT'O BUPAXA€ETHCS Y BUTIISAL 3aJIEKHOCTI pagiyc-Bekropa MT Big wacy #(¢) . 3Baxaro-

uy Ha T, WO 7(£) = x(1)-i + y(t)- j + z(t)- k, PYX 4acTo OMUCYIOTH 32 JOMOMOT'OI0 TPHOX
CKJIApHUX piBHAHBL X(¢), y(¢), z(¢).3HaHHA Monox)eHHS MT y MOBUTEHUN MOMEHT Yacy
(baxkTHUHO NOTPeOy€e TaKOXK 3HAHHS MOYATKOBHX YMOB 7 (f;) .

1.3.20. ki cnocobu 3a80aHHs 3AKOHY PYXY 8am 6i00Mi?

IcHyI0TB TpH criocoOM OMHUCy pyXy MarepiaibHOI TOUKH: BEKTOPHHUHN, KOOPAMHATHHH 1 32
JTIOTIOMOTOr0 TrapaMeTpiB TpaekTopii ("mpupomnuit"). JleTambsHO MPO OCOOIMBOCTI OIMHUCY
PYXy TpbOMa PI3HUMH CITIOCO0aMH paguMO MPOUMTATH, HANpuKIiIay, y [1] m. 8. Ampiopi mi
crocoOu piBHOMpPAaBHi 1 BUOIp OJHOTO 3 HUX 3a3BHYall MOB'SI3YIOTH 3 YMOBOK KOHKPETHOI
3aJ1aui.

1.3.21. Jaiime susnauenns mpaekmopii pyxy MT.

Tpaexropis pyxy MT — 11e reomeTprdHe MicIie TOUYOK, SKI MPOXOANTH KiHEIb paaiyc-
BekTopa, mo onucye pyx MT. Jlinig, siky onucye MT mig yac pyxy Ha ruiomuHi abo B
NPOCTOpPi, HA3UBAETBCS MpaeKmopicio pyxy. PIBHSAHHS TpaeKTOpii, HANPUKIAA, A IBO-
BHMIpPHOTO (TUIOCKOTO) pyXy y(xX).

1.3.22. Yum 8i0pizHAEMbCSL PIBHANHS PYXY 8I0 PIGHAHHSA MPAEKMOpIi pyxy?

PierstaES pyxy MT 11e — 3aexHicTs KoopauHaT MT Binm wacy 7(¢), a piBHIHHS TPa€eK-
TOpii pyxy — e 3ayexHicTh y(x) un x(y) mix yac pyxy MT y minommni xy abo 3anex-
HICTh 7(X,y,z) Mg 9ac pyXy B TPHBUMIPHOMY IIPOCTOPI.

1.3.23. ¥V womy nonseae npama i 360pomua 3a0ayi Kinemamuxu?

[Ipsima 3amava kiHemMaTuku: Maroun 3akoH pyxy MT, Tpeba oTpumatu ii MBUAKICTE i
MIPUCKOPEHHS. 3BOPOTHA 3a/laya KIHEMaTUKU TOJSTae y BU3HAYCHHI 3aKoHY pyxy MT,
SIKIIIO BIJOMI 3aKOHM 3MIiHH B 4aci mBHAKOCTI V(¢) abo npuckopenns d(t). Ilpsma 3ama-
Yya KIHEMaTHUKH PO3B'SI3y€ETHCS 3a JOMOMOT0I0 MATEMATUYHO1 orepaitii TugepeHIiFOBaHHSI.
3BOpoOTHA 3a7a4a KiHEMAaTHKH PO3B'A3YETHCS 3a JIOTIOMOTOK) MaTeMAaTHYHOI oreparlii iH-
TerpyBaHHS.

1.3.24. Il]o maxe nouamkos8i ymo8u pyxy i AKa ix poib npu po3e'sa3yeanui 3a0ay Ki-
Hemamuxu?

IToyaTkoBi yMOBM — NaHi PO 3HAYCHHS OIHOTO 200 JEKIThbKOX 3HAYCHH MapameTpiB
pyxy (koopauHat, paiiyc-BeKTOpa, IIBHIKOCTI, MPUCKOPEHHS TOLIO) y BiAMOBIIHUIMA
(Oynp-sikuid, ane 3a3Buvaii i ¢ =(0) MOMEHT 4acy. 3HaHHS MOYaTKOBUX YMOB — O0OB'SI3-
KOBUH €JIEMEHT PO3B's3yBaHHS 3BOPOTHOI 3a/1aui KiHEMAaTHKH, SKa TOB'I3aHA 3 THTETPY-
BaHHSM y BU3HAUEHHUX Me)XKaX. 3HAHHS MMOYAaTKOBUX YMOB HEOOXi/HE I OTPUMaHHS 00-
HO3HAYHO20 PO36'A3KY.

1.3.25. Yu 3anescums ghopma mpaekmopii 8i0 eubopy cucmem 6ionixy? Iloschime.
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®dopma TpaeKTOpii 3aJeKUTH BiJl BHOOPY CHCTEM BimIiKy. Hampukiam, TpackTopis Tod-
KH Ha KOJIECI, III0 KOTHTHCS TI0 TOPU3OHTAIBHIN TIOBEPXHI, Ma€ pi3HY (opMy 3aJeKHO BiJ
obpanoi CB. Ilogo oci 1ie — K010, M0/10 MOBEPXHi, 1O SKili KOTUTHCS KOJIECOo, — IUKJIIOiIa.
[HIii npuknaa: mix yac OyAb-sIKOro pyxy MaTepiaabHOTO Tijia 3 BU3HAYCHOIO TPAEKTOPIEIO
y BnacHiii CB TpaekxTopis caMoro Tina, sk i OyIb-sK01 HOro TOYKH B3araji BIICYTHS depes
Te, o y BracHiit CB marepianbHe TiIO mepedyBac B CTaHi CITIOKO¥O.

1.3.26. Hagedimb Gu3HAUeHH NOCMYRANbHO20 PYX).

Ilix yac MOCTYyMaJIbHOTO PyXy BCl TOYKH MAaTEPiaIbHOTO TiTA PyXarOThCs IO OJTHAKO-
BHX TpaekTopisx. Lle o3Hauae, mo y 1boMy BHUIAAKY MpsMa, IpoBe/ieHa depe3 Oyab-saKi
JIBl TOUKH TiJa, 3aJIMIIAETHCS M Yac pyxy Tijia mapajeabHOI0 caMa cooi.

1.3.27. Yum 6iopisHaemvcsa mummeea weuoKicms 6i0 cepedHvoi? Ykaocims cnocio
0Jis1 BUMIPIOBAHHA MUMMEBOT wieuoxocmi. 11osacHime, yum GU3HAYAEMbCA MOYHICMb BU-
MIDIOBAHHS WBUOKOCHII.

Cepensst IIBUAKICTE 3a Nepiol 4acy A¢ JOPIBHIOE BiJHOIIEHHIO BEKTOPa MEpeMillleH-
HI AF [0 TpoMiKKy dYacy Af, 3a sSKHH Ie MepeMilleHHs Oylno 3aiiiCHeHe:

- AF . . . -
<U(t,t+At)>=A—. Bemmunna At 1 BignoBigHa WoOMy BelmnumHa A7 MOXYTh OyTH
t

OyIb-SIKUMH 33 3HAYCHHSIMU, HE 00OB'I3KOBO — €JIEMEHTAPHUMHU 200 HECKIHYEHHO MaJiH-
mu. Ipote, sxio cnpsmyBatu Af — 0, TO BiIOYyAeThCs MEPEXiT BiJ CEPEAHBOI MIBUIKO-
. I . AF dF N .
cTi 10 MuTTEBOI: V(¢)= lim — =— . ToMy a1 TOrO, 00 MEPEHTH IO BUMIpPIOBaHHS
A0 At dt

MHUTTEBOT MIBUAKOCTI, Tpeba IMpoIlec BUMIPIOBAHHS MIBUIKOCTI 3BECTH J0 MiHIMyMY Yacy,
3a KU e poOUThCst. UMM MEHIUI 11e# yac, TUM OJIMKYe BUMIpSHA BEJIMYMHA IIBUIKO-
cTl 10 i1 MUTTEBOTO 3HAYEHHS.

1.3.28. Yu momooichi 3nauenns 080X CKAIAPHUX GEIUUUH. NPUPOCIY MOOYIISl 6EKMOPA
7 (Ar) i mooyns eekmopa nepemiugenus A¥ (|AF|)?

Hi, ve TotoxHi. [IepekoHaeMoCh y 1TOMY Ha MPHUKIAJI MexaHigHoro pyxy MT mo kpu-
BOJIIHIHHIA TpaeKTOpii 3a JOMOMOror pwc. 1.3, Ha sikoMy 300paskeHo mnepemimieHHs MT
MK Toukamu 1 i 2. YV Bumazaky, npeacTaBieHOMY Ha puc. 1.3, a, mepemimenns MT 3niiic-
HIOETBCS TI0 KPUBOJIIHIMHIN TpaekTOpil 31 3MIHOIO BEIMYMHH BeKTOpa 7 . BekTop Ar me-
PEMIIIECHHS € PI3HUIICIO TBOX BEKTOPIB: BEKTOpa 7 + A7 y MOMEHT 4acy ¢+ At 1 BEeKTOpa

7 y MOMEHT 4acy ¢ . Moaynb BeKTopa A7 MOYKHA 3allMCaTH JIHLIE Y BUTIISAL |AF | . Ckamsp

AF| = Ar .

V Bunaaky, ko nepeMinieHHsT MT 30iiCHIOETCS TT0 KPYTOBIH TpaekTopii 6€3 3MiHN
BEJIMYMHU BeKTOpa 7 , monokeHHss MT y Touri 1 onucyeThes papiyc-BeKTOPOM 7 , y TO-
yni 2 — pagiyc-Bektopom 7 + A7 . Ilepemimiennss MT i3 Touku 1 y Touky 2 BiaOyBaeTbcs
TaKUM YHUHOM, III0 OTPUMABIIH 3MiHY, Ky XapaKTepHU3ye BEKTOp MepeMimieHHsT Ar , BeK-
TOp 7 HE 3MIHIOE CBOTO MOJYJIS (AOBXHHHM). Y ITLOMY BHITAIKYy IPUPICT MOIYJIST BEKTOpA

Ar sBIISIE COOOIO TIPUPICT MOAYIISI BEKTOpa 7 ©: Ar = A|F | . SIx Gadmmo,
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7 JOpIBHIOE HYIIO ArEA|F| =0, a MOAYNb BEKTOpa MEpEeMillleHHS |AF| #0 (puc. 1.3)
JOPIBHIOE TOBXKMHI Biapizka 1-2. Bumenosenene crpaBeyiuBe st OyAb-sIKOTO BEKTOpa
d , y 3araJIbHOMY BHIIQJIKy |Aﬁ| #Aa.

Ar

a) 6)
Puc. 1.3. o 3anutaHHs 1.3.28

1.3.29. Yu mooicymv 6ymu pignumu 6 Kinemamuyi wiisx i MOOYIb 6eKmMopa nepemi-
wenns? Axuo mak, mo 6 AKUX 6unaokax?

Inax As i MOIYJb BEKTOpa HEPEMiLICHHS |AF | y 3araJlbHOMy BHUMAJKY BiAPi3HSIIOTH-

Cs1 OJIMH Bix ogHOTO (pUC. 1.4): As # |A7| .
1 As

Puc. 1.4. Jo 3anutaHHs 1.3.29

0
Onnax, Ko OpaTé Bce MEHILI MPOMDKKH acy Af, TO pi3HMLS MDK As 1 |A17 | Oyne 3me-

HIITyBaTHCh, 4 B TPAHHMIII BOHH 3PiBHSIOTHC (iX BiTHOINEHHS AOpiBHIOBaTUME lim m =1).
At—0 |Ar

IIle oguH BUTIAIOK, KO As = |AF , BiToBiae mpsiModtiHinHOMY pyxy MT.

1.3.30. V pasi ssixoeo pyxy cepeons ma Mummesa wmeuoKoCcmi mamepidibHol mouku
00HaK08i?

V pasi nmpsSMoJiHIHHOTO PIBHOMIPHOTO PYXY CEpeIHS Ta MHTTEBA IIBHIKOCTI MaTepia-
JEHOT TOYKHM OJHAKOBI ITiJT Yac yChOTO Pyxy. MOJKHA IMOKa3aTH, IO ¥ y pa3i HepiBHOMIp-
HOTO PyXy MO>KHA 3HAHTH MOMEHTH 4acy, y SKi MUTTEBA IIBUJKICTh JOPIBHIOE CepeHii
MIBUJKOCTI 32 BeCh yac pyxy (aus. [9], 3agaya 1.4).

1.3.31. flkum yunom racmueocmi 6eKmopa npunucyioms Maiomy Kymy nogopomy
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AQ ? Ak sexmop AQ nog'azanuii 3 6ekmopamu Kymoseoi weuoKocmi ® i Kymoeozo
NpUCKOPEHHS B?

Hanpsimok BekTOpa AQ MOB'A3YIOTH 3 BicClo 00epTaHHS 1 HapsiMKoM obepTanHs MT
HABKOJIO OCi 3a "TPaBWIJIOM IIPABOTO TBUHTA': BEKTOP A@Q HampaBICHHNA Y3IIOBXK OCi 00ep-
taHHg MT y 6ik TOCTymajapbHOTO PyXy TBHHTA, IO TOBEPTAETHCS 3a HANPSMKOM 00ep-

tanas MT (puc. 1.6). Moayns BekTopa A IOPIBHIOE KYTOBOMY TEpEMIIICHHIO AQ 3a

JAaHUH TIPOMIXKOK Jacy: |AFp| =A@ . Bexropu, HanpsIMKH KX BHILUIMBAIOTh 13 caMux (i-

3UYHMX BEJIWYHUH (HAI., pagiyc-BeKTop R, JiHiiHA MBHUIKICT U TOILO), HA3UBAIOTHCS
nonapuumu éekmopamu. BeKTopu, HaPsIMKN SIKUX 3aJ€XaTh BiJl HAPAMKY O0OepTaHHS,
Ha3UBAIOTHCA akcianbHumu. BeKTop AQ — oIuH i3 akCialbHUX BEKTOPIB.

TakuM YMHOM BBOJSTH 1 BEKTOPH KYTOBOI IIIBHIKOCTI

&= lim 5020
A0 At dt
1 KyTOBOTO TIPUCKOPEHHS
A de  d*o

= 11m —=—=
A0 At dt df?
Bekropu ® i p — akcianbHi BEKTOpH.

HanpsiMku BeKTOpiB ® i b 3aiexath Bixg HanpsaMKy obepranas MT (puc. 1.6). Bektop

(® Pa3oM i3 BEKTOpOM R 1 BEKTOPOM JiHIHHOI IBUAKOCTI U YTBOPIOIOTH MPaBOIBHHTOBY

TPIHKY NEPICHAUKYIISIPHUX BEKTOPIB U = [élq .

BBe/ICHHS 10 PO3IUISLLY BEKTOPIiB KYTOBOT IIBHAKOCTI () i KYTOBOTO MPUCKOPEHHS [
TOTIUThHE, SIKIIO TJI0, HAPUKIIAM, Oepe y9acTh y AEKUTBKOX (HAmp., JBOX) OJHOYACHHUX
00epTaHHAX, HOTO pe3yNbTyoue OOepTaHHS XapaKTepPHU3YETHCS caMe aKCialbHUMH BEK-
TopamMu @ i P, SIKi OTPHMAHI HOJABAHHSM CKIAIOBHX AKCiaIbHUX BEKTOPIB 3 IIPABHIOM
napasenorpama.

1.3.32. Yomy OopisHiotoms KOMNOHEHMU BeKMOPA NPUCKOPEHHS Y PA3i KPUBOIIHIUIHO20
PYXY MamepianoHoi mouxku?

BekTop mpuCKOpeHHS d MOKHA 3allicaTH 4epe3 MOoro CKIaaoBl: d =d, +d, . Ckia-

. ) . ~ dv _ .
ZOBi BEKTOpA NPUCKOPEHHS TaKi: TAHTCHINIAIbHE IIPUCKOPEHHS d, :Z-r i HOpMaJIBHE

l)2

IPUCKOPEHHA 4, =F-fz (puc. 1.5). Bektopum d, Ta d, B3a€MHO NEPIEHAMKYJSAPHI

d. la,.
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Puc. 1.5. o 3anuTaHb 1.3.32-1.3.34
Ta 1.3.41

1.3.33. Aky inpopmayito npo wieuoxicme 0aomv 3HAHHA HANPAMKIG | GeIUYUH HOD-
MANbHO20 MA MAHESEHYIAIbHO20 NPUCKOPEHb !

. ~, dvo . )
TaHFeHI_IlaJIBHe HpI/ICI(OpeHH}I |(1.E| 2? HOKa3y€ MBUIAKICTE 3MIHU 8eUYUHU MUTTE-
t

2
. - _, VL . .
BOT mBUAKOCTI V(¢). HopmansHe mprucKopeHHs |an| :7 MOKa3y€e IMBHUIKICTh 3MiHU Ha-

NpSAMKY MHUTTEBOI IMBUIKOCTI. 3HAIOUW BEIHMYHUHHU |dt| i |Zzn , MOXXHa 3HaWTHU KYT
@] . S e
o = arctg— Mix BekTopamu U(f) Ta d(¢) (puc. 1.5).
i
T

1.3.34. Ak 3uatimu Hanpsamox mummegozo npuckoperus MT ons npsamoninitinoco ma
KPUBOMIHIUHO20 PYXi6é MamepiaibHol mouku?

Harmpsimok MUTTEBOTO IPUCKOPEHHA d(f) Y KIACHYHIA MEXaHIIl 3aBXAH 30iraeThes 3
HanpssMKoM cuiiu F'(¢), sika jie Ha MT i sika 1e npuckopeHHs Bukimkana. [1ig gac nps-
ModiniiiHoro pyxy MT nHampsMku BekTopiB d(f), F(¢f) i mBHIKOCTI V(f) OAZHAKOBI —
B3JIOBXK HAIPSIMKY PyXY.

YV Bumaaky KpUBOJIHIHHOTO pyXy BeKTOpH d(¢) Ta F(¢) KONiHEapHi: dllF , ane cuna

F BXe He mapajenbHa MBUAKOCTI U, K 1Ie 0yJI0 Yy BUIAAKY IPSIMOTiHIHHOTO pyXy. 11106

3HAiTH HampaMok d (pwc. 1.5) HeoOXigHO MOOYAyBaTH AOTUYHY OO KPHBOI TPAeKTOpii B
JaHiit Touri A, a TakoXK TIEePIEHAUKYISIP 10 i€l moTrdaHoi. Tak My 3a1aM0 HaIpPsSMKH Op-
TiB T Ta 7 . [licast 1poro, BU3HAUMBIIK (PO3paxyBaBLIN) 3HAUCHHS! KOMIIOHEHTIB BEKTOPa

2
- dv - v .. - . .
MPUCKOPCHHS |aT| = ? Ta |an| = ? 1 BIAKJIABIIIHN iX, BIAMOBIIHO, Y3IOBK HAPSIMKIB BEK-
t

TOpIB T Ta 7i , 3HAXOAMMO 3a MPABUIIOM TapajiesiorpaMa CyMapHHUA BEKTOP d .

, TO 3HAYCHHS BEeKTOpa d(f) MOXKHA 3HANUTH aHAI-
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- = 12 —~ 12
THYHO: |(1|= |(1.E| +|(1n| .

1.3.35. Bexmopu maneeHyianbHo20 NPUCKOPeHHs d, I weuokocmi O y pasi Kpueo.i-

HIUHO20 PYXYy 8 00paHitl mouyi mpackmopii HanpsaMIeHi 830082 OOMUUHOI (napanenvti
Mmidic coboro). Lo moocnha ckazamu npo ix Hanpsamku?

HamnpsiMkn BekTOpiB d, 1 U 30iraroThes y pasi IPUCKOPEHOro pyxy d >0 1 mpoTuie-

HI1 y pasi raeMiBHOTO pyxy d <0 (puc. 1.6).

do > 0 dm<0

ge=li

Puc. 1.6. Jo nutaHb 1.3.35-1.3.38

1.3.36. Ak 30picnmosanuti 6eKmop Kymogoi wmeuoxocmi y pasi 0bepmanvrozo pyxy MT?

V pasi ob6epransHoro pyxy MT BekTOp KyTOBOT MIBHAKOCTI O MEPICHIUKYIISIPHUHA 10
IJIONIWHY, y SIKIA BimOyBaeThcst pyx MT. BekTop NMiHIHHOT MIBUAKOCTI U JIEKHTH Y I
rtomuHi (puc. 1.6).

1.3.37. Ak 30picumosani 6ekmopu Kymogoi uieuoKocmi @ i Kymogoeo nepemiwerts AQ ?

. . . . o L do
Ii akcianbHI BEKTOpPHU MOB'sI3aHI MiX co00r0 cmiBBimHOmEHHIM (1.11): cozj(p. Ix na-
t

MIPSIMKH 301Tal0ThCS 1 BA3HAYAIOTHCSA 3a "TIPaBMIIOM ITPaBOTO TBUHTA".
1.3.38. Ak 30pienmosani 6ekmopu Kymosoi weuokocmi o i Kymoeoeo npuckopents 3?7

Bektop KyTOBOTO TpPHCKOpPEHHS [3 1 BEKTOp KyTOBOi IIBHAKOCTI (O HaIMPsSMIICHI

e e . = do
B3/I0BXK OfHi€l JiHii (oci obepranus). Lle BugHO, 30KpeMa, i3 hopmynn B = = Hampsm-
t

KM BEKTOpIiB [ 1 0 30IraroThCs, KOJM IMBHIKICTH 00epTaHHS 30UTbITyeThCs (puc. 1.6, a).

IIpu cnioBiTbHEHHI OOEPTaHHS HAMIPSMKH BEKTOPIB 3 1 @ mpoTHiIexkHi (puc. 1.6, 6).
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1.3.39. Ax y sunaoky pyxy MT no kpugoniniunii mpackmopii noste (ninitine) npucko-
PeHHsA Nos'a3ane 3 Kymoeow WeUOKICmio i Kymogum npucKopeHHam?
oy . |
[loBHe niHiliHE MPUCKOPEHHS AOPIBHIOE

a=\a’+a’ = R\B* +o* . (1.15)
SIKII0 pO3TIIsiT MPOBOIUTH Y BEKTOPHIN (hopmi, TO
d=a, +d,=[PR|+[&0]=[BR |+ [a[@ﬁﬂ =[BR]-o’R. (1.16)

1.3.40. V saxomy eunaoky npu xpusoninitinomy pyci MT nosne npuckopenns MT na-
npaeiene 00 Yyenmpa KpugusHu?

Monysb BeKTopa IMOBHOTO MPUCKOpeHHs AopiBHIOE (1.9): a = \latz + a,zl . Y Bunazuky,
v2
ko a, =0, BeIM4uHa a=a, = < Ileit BUmMamok cHocrepiraeMo TOJl, KOJIH

dv . . . .
a. =% 0 = v=const, ToOTO mix Yac piBHOMIPHOTO PyXy IO KpUBiH. Y IIbOMY BH-
t
IaJKy BEKTOp IOBHOIO NPUCKOPEHHS d =a, -7i HAlpaBIECHUH Y3J0BK BEKTOpa 7, 0
LEHTpa KPUBU3HH TpaekTopii pyxy. Y pasi piBHOMipHOTO pyxy MT mo komy BekTop d
HalpaBJICHUH A0 LEHTpa KPUBU3HH KoJia i 30epirae CBOIO BEJIMYMHY HE3MIHHOK. Takuii
caMHii BUCHOBOK MO>KHA 3po0OuTH 13 popmyinu (1.16): skmo =0, To BennunHa MIOBHOTO

MIPUCKOPEHHSI IOPIBHIOE d = —o*R.

1.3.41. IlJo maxe 200oepag weuoxocmi? Ak tioco nobyoyeamu? Axuil Gizuunuii 3micm
2oooepagha weuoxocmi?

KoxHy Touky TpaekTopii pyxy MT MokHa XapaKTepHu3yBaTH HE TUTBKH KOOPIHMHATA-
MU, aJIi¢ i MATTEBOIO MBUAKICTIO U, SKy Ma€ MT y miif Tourii. Bektop U JeXuTh y310BXK
JOTUYHOI 0 TPAEeKTOpii B TOUL, y AKil BiH BUMIPIOETHCS (Y PI3HUX TOYKAX TPAEKTOPIi), a
HOT0 HaIpsAMOK 30iraeThCs 3 HANPIMKOM Pyxy (puc. 1.5). Skmio o6'eqHaTi 300pa’keHHS
BCIX BEKTOpiB U(¢), OTpUMaHi B pi3HI MOMEHTH 4acy, TAKMM YHHOM, IIT00 3BECTH TIOYATKH
IIUX BEKTOPIB B OJIHY TOYKY, TO IX KiHIII ONUIIYTh KPUBY, K4 HA3UBAEThCS Tojorpadom
mBHAKOCTI. TakuM YHMHOM, 20002pag wieuoxocmi — 1ie TEOMETPUYHE MICIIe TOUOK, Yepes
SIK1 TIPOXOJIUTH KiHEIh BEKTOPA MBUAKOCTI U 3a 9ac pyxy MT mo TpaekTopii y pasi, Koy
MOYaTOK BEKTOPIB U CTATHYTH B OAHY TOUKY. JlOLiIBHICTS BBEACHHS A0 PO3IIISAY TONO-
rpada MBHIKOCTI 00yMOBJIEHA THM, 1110, TOOYIyBaBIIH 1€l rogorpad, MoKHa BUKOPHC-
TOBYBAaTH HOTO BaYXJIMBY BJIACTHBICTH: JOTHYHA J0 KPHUBOi romorpada mBHIKOCTI B OyIb-
sIKi# 11 TOYLi MOKaXke HanpsIMOK BeKTopa npuckopenHs MT y miid Toui.

1.3.42. ['00oepaghom axoi eeruuunu € mpackmopis?

Tpaextopito pyxy MT MokHa BU3HAuUUTH SIK rogorpad pazaiyc-sekropa 7(¢) . Hotuu-

! 3BepHiTh yBary Ha TepIInii OIS AUBHY, ajle IPaBIIIBHY PO3MIpHICTE BemauH y popmyii (1.15).
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Ha JI0 KpUBOi rojorpada paaiyc-BeKTopa B OyAb-siKiii 11 TOUIII MOKa)ke HAIIPSIMOK BEKTOpa
mBuakocti MT y it Touii.

1.4. Mpuknaam po3B'sa3yBaHHSA 3a4aud

Npuknap 1.1. [lo nimaxy 6 moi MomeHm, Koau 6iH nepebysas cmpozo Hao moyKoio
Ha nosepxui 3emni, de bazyromuvcsa pakemu, 6yna sunyuena ooua 3 Hux. Pakema 3 2ono-
BKOI0 CAMOHABEOEHHSl PYXAEMbCSL PIGHOMIPHO 31 WBUOKICHIO U MaK, Wo 6eKmop U y8echb
yac "nHayinenuil" Ha MoyKky npocmopy, y AKii nepebyeac 1imax-yins, wo 1emums nPsSiMo-
JUHIUHO | PIBHOMIPHO 31 weuoKicmio u <v. Y nouamxosuti momenm uacy, ko u L 0,
siocmans Midic pakemoro ma aimaxom oopisuiosana [l . Yepes axuil uac paxema Haz0o-
Jlcere nimax-yinw?

Po3B'azantsa: O6epeMo, SK MOKa3aHo Ha puc. 1.7, OYATKOBE MOJIOKEHHS PaKeTu Ta
miTaka B Toukax A (pakera) i B (;iTak). Y KOXKHUNA HACTYIHHH MOMEHT 9acy JHOTHYHA 0
TpaexTopii pakeTu (IyHKTHpHA JIiHisA) y Oyap-aKiii ii Touni (Hanp., y Touui 4') Hanpasiie-
Ha Ha BiANOBIJHY TOYKY Ha TpaekTopii pyXy JiTaka Mo mpsMid JiHii, y AKii BiH y uei
MOMEHT 4acy nepeOysae, (Ha Touky B'). Takum 4rHOM, HANPSIMOK PyXy pakeTu Oyje Xa-
paKkTepu3yBaTh KyT a(t) — KyT MK BekTopamu U Ta u (puc. 1.7). BumHo, 1Mo Ha modJar-

Ky pyXy, Konu ¢ =0, BeTuInHa a(O) =m/2 . Hampukinii pyxy, KOJA pakeTa Ha3IoKeHe

JTaK, a 1e BiA0yaeThCs Yepes yac T IMICHs MOYaTKy pyxy, KyT a(r) =0.

) BiTH

A Puc. 1.7. Jo npuknagy 1.1

IMpoexkiis u,, HE3MIHHOIO BEKTOpA LIBUJKOCTI i JIiTaKa HAa HANPSMOK BEKTOPA IMIBH/]-

KOCTi U PAKETH, MOJIOKCHHA AKOIr0 Ha HJ'IOH.[I/IHi Xy BU3HAYAECTHCA KyTOM (X(l) . }_'[OpiB—
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HIOE u, =u-cosa (puc. 1.7). Ile o3Hayae, WO BIIHOCHA INBUJKICTH Uy .. (IIBHIKICTH
30JIMKEHHS paKeTH Ta JiTaka, abo MBUAKICTb PaKeTH BiJHOCHO JIiTaKa) JOPiBHIOE
Uiy =V — U = Uy =V—1U, =V—1-COSOL. (1.17)

Anani3 (1.17) nokasye, mo: 1) Ha nodatky pyxy, ko o(0)=7/2, vy, =v—u-0=v;

2) y KiHLi pyXy, KOJH OL(’E)ZO,U =v—u-l=v-u.

BiJH

Ha mouaTtky pyxy BiACTaHb MDXK JIiTaKOM 1 pakeToro Oyma ¢ . HampukiHii pyxy Bin-
CTaHb M)XK HUMHU — HYJIb. TaKiM YMHOM, MaKCHMaJlbHA BiJICTAHb MiXK PaKETOIO 1 JIITAKOM,
TOOTO 1 IIIAX, IO TPOJIITAE PaKeTa BITHOCHO JIiTaka 3a 9ac pyxy T (IO MOMEHTY ii 3y-
CTpiYi 3 JTiITAKOM), JOPIBHIOE

T
(= jumﬁ j(u U cos o)dt . (1.18)
0

BonHowac ropuszoHTanbHA CKIIaqoBa IHBI/I,Z[KOCTi pakeTH B HEPYXOMil CHCTEMi BIIUTIKY,
BigHOCHO 3emiti (K-CB), mopiBHioe

v, (a)=v-cosa.
Pakera 1o micus 3ycTpidi 3 JIiTAKOM-LIJUTIO B TOPU30HTAJIBHOMY HaIlpsIMKY 3a 4ac T y K-
CB npotine nmisax

T

= J.U -cosadt.
0
JliTak-1iye y TOPU30HTATLHOMY HANPSMKY i3 IIBUKICTIO ¥ 3a Yac T MPOMHe TOH camuid
IUISIX: S =u-T. TaKuM YHHOM,

T T

IU cosadt=u-t :Icosadt—z T. (1.19)
0 0 v
Po3ss'sixemo iaterpai (1.18)
T
f=U‘T—uICOSGdt.
0
3 ypaxyBanusaMm (1.19) orpumaemo

u’t u’ > —u?
{=v-T——=1T|v——|=1
L L v
OcCTaTo4yHO MaeEMO
Lo
-2 2
v —u

Sk Gaummo, 9ac T TPSIMO TIPOIIOPIIIHO 3aJICKUTh BiJg BUCOTH ¢ TepeOyBaHHS JliTaka B
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MOMEHT 3aITyCKy PaKeTH 1 JOCUTH CKIIAQJHO 3AJIEXKHUThH BiJl IIBUIKOCTEH L Ta U .
HOpumimeka: g 3aga49a (ane Bxe Ipo "KIMKY 1 MUATIKY") po3B'sS3aHa 1HIIAM CIIO-
coboM (muB. [1], m. 8, mpuxiran 8.1). Po30epiThCs B 11 po3B'ss3aHHI Ta MOPIBHANUTE 3 HABE-
JIEHUM TYT PO3B'SI3aHHSIM.
Npuknap 1.2. Mamepiarvha mouka pyxacmocs no npsmiil JiHii 3 ea1bMyGAHHIM,

BEUUUHA K020 A = —[3\/3 , 0e B — dodamna cmana; v — weudxicme MT. Ha nouamxy
pyxy weuokicmo MT Oopieniosana v . HAxuti wnax (S,) npoide mamepianbHa mouka 0o
synunku? 3a axuil vac (t,) yeu winsax 6yoe npouoenuii?

dv .
Po3B’'s3aHHs: 3a BU3HAYCHHSM, [TPUCKOPEHHS d = 7 ITopiBHABIIH 1€ 3 YMOBOIO
t

3aJ1a4i, MAa€MO
dv
—BJu =22 1.20
p 0 (1.20)

[pogsiBmmu B (1.20) onepauito po3aiieHHS 3MIHHIX
dv

—l3df=ﬁ,

(1.21)
npoiaTerpyemo (1.21)
Io’”zdu:—jﬁdt = 2Ju=-Bt+C,

ne C — crana iHTerpyBaHHd, Ky ciif 3HaWTH. lllykaetbes crana C , K 3aBXIH, 3 TIOYAT-

KOBUX yMOB: Aisl =0 (Ha HOYaTKy pyXy) BEJMYUHA L =V, — I104aTKOBA IIBUJKICTS,

TO0TO 2,/v) =—B-0+C = C=2,Jv, .Takum 4ynHOM,
OcTaTo4yHO MaEMO

prY
o(r):(ﬁ —7j : (1.22)

3ynmrHKa MaTepiaabHOI TOYKH XapaKTePU3YEThCS THM, IO ii MmBHAKICTE v=0. Y
(1.22) ue Oyze BiAmoBizaTH yMOBi
t
BT":,/U , (1.23)

ae t, —4ac 1o 3ynuHku. I3 (1.21) 3Haxoaumo

o =@. (1.24)
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baunmo, 1m0 4ac £, 10 3ymUHKH NPSIMO MPOMOPUIHHUN /U, : HANIPUKIAM, SKIIO IO0-
YaTKOBY HIBHJKICTh 30UIBIIMIN B 2 pasH, TO 4ac #, 30uiemmuThes B 1,4 pasa. llmax no
3YINHHKH AOPiBHIOE
ly fy BZ t2
So = J.U(t) dt ZJ. UO +__B‘,UO t|dt= Uoto +
4
0 0
3 ypaxyBanHusM (1.24) Bupas (1.25) matume BUTTISAA

3 2
o 2o B[ 24o0 By (2o w2 ) 200"
ST 2 B ) p "3 )3

th03 B\/gtoz 125
2 2 (1.25)

bauumo, 1m0 nusAx S, A0 3yNUHKH NPSMO IPONOPLIHHUI \10(3) : HaIpUKJIaM, IpU 30116~

IIEHH]I TI0YaTKOBOI IIBUIKOCTI B 2 pa3u NUIAX S, 3017IbLIyEThCA B V8~ 2,8 pasa.

MNpuknapa 1.3. /lea naponnasu pyxaromvcs pPiBHOMIPHO HPAMONIHIUHO 31 WEUOKO-
cmamu i Oy, HAOIUNCAIOUUCL 00UH 00 00HO20. Y deaxuti momenm uacy t =0 3aghixcosa-
HO NONOJCEeHHs naponuasie y mouxkax A ma B, a makooic sumipsna 6iocmans Midc HUMU —
i kymu o ma P, axi ckradarome éexkmopu Uy i U, 3 giopiskom [, 8i0n06ioHo
(puc. 1.8). 3uatioims HatimeHuty GIOCMAHb, HA SKIU MOJNCYMb ONUHUMUCL NAPONIABU, |
MOMEHM Yacy, KOIU ye mpanumscsl.

Po3B’'azanHsa: Po3B'sbkeMo 110 3a1a4y JBOMA METOJJaMH.

Mepwnii MmeToq po3B’'a3yBarHs —y HepyxoMild cuctemi Bimiky (K-CB), sika moB's-
3aHa 3 Oeperom.

O0epeMo OYaTOK JEKapTOBOi CHCTEMH KOOPAWHAT y TOUIll A, Y AKilf mepedyBae y
¢ikcoBanuii MomeHT vacy ¢ =0 maporuas 1 (puc. 1.8). [lomanpmuii pyx i HOJOKEHHS
napomasiB 1 1 2 B o6paniii CK OyzneMo xapakTepusyBaTH pajiyc-BeKTapaMmHu 7(f) Ta

75(t), BLIOBIHO.

Ya C\A/

v “ N ey

JRe Mo VU2
5 7 Puc. 1.8. [lo po3B'sA3yBaHHs
L’ npuknaay 1.3 y Hepyxowmiit CB,
noB'si3aHiii i3 6eperom mops

A o B B R

/ I X

3BepHEMO yBary Ha Te, 110 HAIpsSMKH BEKTOPIB U; Ta 7(f) 30irarorbcs (TUIBKH U

cTanui, a 7;(t) ) — pIBHOMIPHO 3MIHIO€TBCS B 4aci Ta npocropi). Hampsamok v, He 30ira-
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€TBCS 3 HANPSIMKOM Daflyc-BEKTOpa 7 (f): OCTaHHIM, 32 BU3HAYCHHSM, OYMHAETHCA B
OJHIN Touli 3 7j(f) — MOYaTKy CUCTEMHU KoOpAuHAT. IIpomoBikeHHS BEKTOpPIB U; 1 U,

(myHKTHpHI JiHIT Ha pyc. 1.8) JacTh TOUKY ix meperuHy (Touky C) — €quUHE MicIle Ha I10-
BEpXHI MOps, sike OymyTh (HEeomHOYacHO!) mepeTrHaTH 00mIBa maporuiaBu. Ty caMmy Tod-
ky C MoxHa Oyno 6 oTpuUMaTH Ha MEPETHHI TPAeKTOpiil pyxy 000X mapoIiaBiB, K Teo-
METPUYHHUX MICIb KIHI[IB BEKTOPIB 7 (f) Ta 7;(f).

ITonoxxenus nmaporasa 1 y Oyap-sSKkuii MOMEHT Yacy (MOro 3aKOH pyXy) OIHCYETHCS
BUPA30M, SIKUW M€ BHUTJIS]T

F(t)=0t= (v, - + vy, = [(Ul -cos )i + (v -sin cx)]'] t, (1.26)

Jie L} — MOAYIb BEKTOpa Uj; Ly, 1 Ly, — NPOEKIIi BEKTOpa U; Ha BIIIOBiIHI OCi KOOp-
JMHAT, [ Ta | — OPTH.

Paniyc-Bekrop 7, KMl OmUCye pyX MapoIniaBa 2, 3BaXKalO4M Ha Te, WO 75 # L, -t

4yepe3 HEKOJIIHEapHICTh BEKTOPIB 7; Ta U, , MOYKHA 3aIIUCATH y BUIIIAI
fz(t)=r2x-l' +r2y ] =|:(f—02x‘t)-i +02y‘t‘j:|=
:[(f—oz-cos B-£)-i +v, -sinB-t-]],

A€ LV, — MOAYJIb BEKTOPA Ly ; Uy, 1 Uzy — IPOCKII1 BEKTOPa L, Ha B1ANOB1AHI OC1 KOOP-

(1.27)

nuHat. [IpaBunbHicTs (1.27) MOXHA MEpeBIpUTH, BUXOASYU 3 TOYATKOBHX YMOB: INPH
t =0 BenmuuHa 7,(0) =/ .

Sxuo BigoMmi 3akoHu pyxy (1.26) nns 7(¢) 1 (1.27) ans 7 (), To BincTanb Ar(f) Mix

ABOMaA TOYKaMHU 3 KOOpAUHaTaMU 7’1 Ta 7’2 6yZ[€ 3MIHIOBATHUCh y Yaci 3a 3aKOHOM

Ar(t) =\/(’”2x -r,) +(ry,, _rly)2 =

(1.28)
=\/[(£—02 -cos B-1) —v; -cos o -¢]* +[v, -sin £ —v, -sinoc-t]z.
Tpeba mocmiguTy 10 QYHKIIIO Ha eKCTpeMyM (MiHiMyM). [JIg IbOTO 3HAHAEMO MEpIIy
MOXi/IHY 32 4acOM 1 IPHUPIBHIEMO ii 10 HYJIS:
d(Ar) 1
dt

- . . 2
2\/[(£—U2-cos[3‘t)—o1 -cos ot-¢]* +[v, -sin Bz —v; -sino-¢]
't[ulz -cos? o+ U, -cos? B + (V) -sin oL — v, -sin B)* +20V,V, - oS 0. - o8 B]—

—/{(v,-cosB+v;-cosa)=0.

3BiCH BWIUIMBAE, MO0 Yac, 3a SKUH MDK IMapoIilaBaMH BCTAHOBUTHCS HaWMEHINA Bij-
CTaHb, JOPIBHIOE
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£(v, -cos B+v; -cosa)

¢

min —

5 5 . (1.29)
V" +V,” + 2V, -cos (o + )
SAxmo nincrasutu (1.29) y (1.28), To oTpuMaemMo Bupa3s JJisi BU3HAYCHHS HAMMEHIIIOI BiJl-
CTaHi MK NapoIlIaBaMu:

Ar. = £(v, -sinB—v; -sina) (1.30)

min 2 P °
\/01 +V," +2VV, -cos (a+ )

Apyrnii meTog po3s'szaHHa —y pyxoMmiit cuctemi Bimiky (K“~CB), sika moB's3aHa,
HanpuKIaz, i3 maporuiaBoM 1. llIBuakicts mapomnasa 1 y K“CB nopisaroe v; =0. IlIBu-

IIKICTh MMapoIuiaBa 2
V) =0, — V. (1.31)
I'padiuamm MeTomoM, Oyayroun mapasnenorpaM BiamoBigao 1o (1.31), sk mokazaHo Ha
puc. 1.9, 3HAXOAUMO BEJIMYHMHY i HANPSIMOK U, . TakuM YHHOM, TPAaeKTOpis maporuiasa 2
BIIHOCHO IaporuiaBa 1 Oyze BUTIsIIaTH SK mpsma JriHist BC.

y

A

C

S~

Puc. 1.9. lo po3B'a3yBaHHs
npuknagy 1.3 y pyxomiii
CB, nos'a3aHii
i3 naponnasom 1

Hlykany HallkopoTily BiCTaHb MK HaporulaBaMu Az, . TaKOX MOXHA 3HAWTH Me-

TOAOM reoMeTpudHOol moOymoBH. OMycKar4In NEPIeHIUKYISp 3 TOUKH A Ha JiHito BC,
3HaxoauMo Touky D. Came Biapi3ok AD i Oyzne BinoOpaxaTtu Benuuuny Az, . I3 mpamo-
KyTHOT'O TPUKYTHHKa 4ABD BUAHO, 110

AD =/ -siny (1.32)
Ie Y — KyT MK Bipi3koM 4B 1 BekTopoM V5 . Okpim Toro, i3 (1.31) BuxHO, 1110 IpoeKIis
BEKTOpa V5 Ha Bick Oy IOpPIBHIOE
abo

! —
Uzy = Uzy _Uly ,

V) -siny =v, -sinfB—v, -sina . (1.33)
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3 iHmoro OOKy, i3 TEOpeMHU KOCHHYCIB U1 TPUKYTHUKA BEF BUIITUBAE, 110

o)) z\/Ul2 + U% —2v,v, cos LEFB =

= Ju? + V% 20,0, cos [T — (oL +7) — (B—7)] = (1.34)

\/012 + U% + 2V, cos (o +P).

I3 (1.33) i (1.34) maemo

L, -sinf3 —v; -sina

siny = . (1.35)
\/012 +03 + 20,0, cos (oL + )
I3 (1.32) 1 (1.35)

L, -sinf—v; -sina
_ _ 2 1
AD=Ar;, =

(1.36)

0.
\/012 + U% + 20,0, cos (o +f3)
Sk 6aunmo, pesynpTatu (1.30) 1 (1.36), oTpuMaHi pi3HUMH METOAAaMH, IOBHICTIO 30ira-

FOTBHCSI.
Npuknap 1.4. Padiyc-eexmop mouku A 6i0HOCHO NoYamKy KOOpOUHAM 3MIHIOEMb-

csl i3 wacom t 3a 3aKOHOM ¥ = at‘z?+[3t2 -j, 0e o,P — cmani; i,] — opmu oceii x iy,
8i0N06IOH0. 3Halidimyb!

a) pieusaHHA mpackmopii mouku y(x), nobyoyime tioeo epa@ix;

0) 3anexcHicms 610 uacy WEUOKOCHI U, NPUCKOPEHHSL d 1| MOOYI8 YUX 8eTUYUH,

8) 3aedCHICMb 8I0 HACy Kyma Midc ekmopamu d@ ma O .

Po3B'A3aHHA: a) i3 piBHAHHES 7 = ot -1 +Bt> -] BUILIMBaE, 1O

x=at, (1.37)
y=p*. (1.38)
I3 (1.37)
t=x/o. (1.39)

2
(1.39) —> (1.38): y= B(ij . lle piBasHHS mapa®onu i € piBHSAHHAM TPAEKTOPIi pyxy
o

maTepianbHoi Touku y(x). Moro rpadix 306paxkeHo Ha puc. 1.10;

0) mpoekii BekTopa mBHAKOCTI Ha oci Ox Ta Oy, 32 BU3HAYCHHSM 1 3 YpaxyBaHHAM
dx _dy

(1.37) 1(1.38), BiANOBiAHO, TOPIBHIOKOTH: VL, = 7 =a; v, % =2pBt.
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Puc. 1.10. Tpaektopis pyxy
MT — napabona
(no npuknagy 1.4)

BekTop mBHAKOCTI V=V, -7 + L, -j=o-1+2Bt-j, a MOLYIb BEKTOpPA IIBUAKOCTI

v= JU)ZC + Ui = Jo? +(2[3t)2 . Bextop npuckopenss a =% =2B-, iforo nmpoexiii Ha

BiAmOBiAHI oci JgopiBHIOIOTE a.=0; a,=20. OIYJIb BEKTOpa IIPUCKOPEHHSI
=0 ) 2 M

[2, 2 )
a=\la; +a; =2p;

B) BEKTOp IMIBUIKOCTI U, SK 3'ICYBajoCh BHUIIE, MAa€ CTally B Yaci IPOEKIIiI0 Ha BiCh
Ox : v, =0 13MiHHY y 4aci npoekuito Ha Bick Oy : v, =2B7. Bekrop npuckopeHHs Mae
nue oxHy (Ha Bice Oy ) npoexuito a, =2f3. IIpoekuis BeKTOpa IPUCKOPECHHS Ha BICh

Ox BigcytHs a, =0.

y F 3 | y \
d A
Vy2 Puc. 1.11. [lo npuknagy 1.4
A a, =2p
V1
0 0
6)

Sk BugHO 3 puc. 1.11, KyT @ =d v, OKpPIM TOTO, € KyTOM Mi’K BEKTOPOM IMIBHIKOCTI Ta

Biccto Oy . Moro MoxHa BHPasHTH 4epe3 CKIAJOBI BEKTOpAa IMIBHAKOCTI L, 1 v,:

X

L
tge=
L

- >
. 2Pt
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o
Takum 4yrMHOM: @ = arctgz— .
t

Npuknap 1.5. Koreco obepmaemvbcsa HABKONO HEPYXOMOI OCi mak, wjo Kym ¢ 1o2o

NOBOPOMY 3ANeHCUMb 8I0 HACY AK O = Btz, de B=0,20 paz[/c2 . 3naiioime nosme npucko-
perHsl |Zl| mouku A nHa 0000i Koneca 8 momenm yacy t=2,5C nicis nouamxy pyxy, Ko

weuoxicmo mouku A 6 yeii momenm dopisuioe v =0,65m/c.

. d
Po3B'azaHHA: 3a BU3HAYCHHAM, KYTOBA IBUJAKICTE MO = 7([) .3 YMOBHU IIPpUKIIAdy
t

m=%(ﬁt2)=2ﬁt. (1.40)

Sk BuaHO 3 puc. 1.12, noBxuHA AyTU d{ , 10 SIKill pyXa€ThCs TOUKa A, MOB'sI3aHa 3 Ky-
TOM d @, Ha IKWHA BOHA 32 I 9ac MMOBEPTAETHCS, CITIBBITHOIICHHSIM

dl=R-do. (1.41)
JliniliHa OIBUIKICTh L TOYKH A Ha 0001 KoJjieca MPH MOMY JAOPIBHIOE L =%. Oxkpim
TOro, V=M- R, a 3 ypaxyBanusam (1.40)

v=2BRt. (1.42)
I3 (1.42)

R=v/2pt. (1.43)

Puc. 1.12. lo npuknagy 1.5

Hopmanbshae npuckopenns Touku A 3 ypaxysanusm (1.40) i (1.43) nopiBHioe

02

_V _ 2p_ 2 p_ 2 L _
ay =— =R (2B1)” R=(2pB1) 287 2Bvt .
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TanreHmiabHe TPHUCKOpeHHS Toukun A 3 ypaxyBaHHsaM (1.42) mopiBHIOE

dv

a, :EZ 2BR . TlopiBHIOWOYM OCTaHHIN BUpas mid a, 3 (1.42), 6auumo, mo a, =v/t,

TOOTO CIIOCTEPIraeThCsl PIBHOMPHUCKOPEHUI 00epTanbHuil pyx Touku 4. [loBHE mpucko-
peHHS TOUKH A JOPIBHIOE

_ [ 2 2 024222_011424
a—at+an—t—2+BtU—7 +Bt.

HiI[CTaBJ'IHIOLII/I YHCJIOBI 3HAUEHHS 3 YMOBHU, OTPUMYEMO!

02’655 J1+4-4.102.(2,5)* 0,7 w/c?.

2. AMHAMIKA MATEPIAJIbHOI TOUYKH

2.1. KopoTki TeopeTuuHi BiAOMOCTi

e IMmynbc (KIMBKICTh pyXy) MaTepialbHOI TOUKH

p =mv. 2.
e Ocnosue piBHsHH: quHaMmiku (11 3akon HeioToHa)
Femi=m®S_P (2.2)
dt dt

e  Koopamaaty 11eHTpa Mac CHCTEMH MaTepialbHUX TOUYOK

_ zmi Xi _ Zmi Vi _ Zmi Zi
S YD ¥ 23

Je m; —Maca I -i MaTepiaJlbHOl TOUKH; X;, V;, Z; — KOOPIMHATHU I -i MAaTepialbHOI TOUKH.

2.2. MeToaMuHi BKa3iBKKU Ta nopaau

1. Po3B's3yBaHHS 3amadi B 6araTb0X BHUIAAKaX (HAIMp., MO0 PyXy Tija MO MOXUIIii
IUIOIIKHI ab0 i3 3aCTOCYBaHHSIM OJIOKY) AOLUIBFHO MOYUHATH 13 3alUCY PiBHSAHHA PYXY Y
BeKTOpHIK ¢opmi. ITicias pOro ciaia meperTH 10 3amucy PiBHIHD (a00 PIBHAHHS) y CKa-
TsIpHiK dopmi. BoHM 3ammcyioThes depe3 MpoeKIlii BEKTOPiB (MPUCKOPEHHS Ta CHJIM) Ha
BIJMOBIAHI KOOpAMHATHI oci. HampsMKu ocTaHHIX MOXYTb OOMpaTHCh JOBUIbHO, BOHU
BU3HAYAIOTh 3HAKH JOAAHKIB PiBHSHHS PYXY.
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2. llounHatoun po3B's3yBaTH 3a7ady 3 IILOTO PO3JALUTY, OCOOJIWBY yBary HEOOXiTHO
MPUIUIATA aHalli3y BCIX CHJI, IO MIIOTh Y CHCTeMi. Takui aHaji3 BKIIIOYAE 3'ICyBaHHS
TaKHUX MHUTaHb!

e Slke OXOKECHHS MalOTh CHJIM? Y pe3yibTaTi B3aEMOJII 3 SKUMU TiJIaMH BHHHUKAE
KO>KHa 13 CHJI, 110 Ai€ Ha MT?

e Jlo SKOTO THITY CHUI HaJIeXKaTh Il CYUTH (CHJIa TSOKIHHSA, TIPY)KHA CUJIa, CHIa Tep-
TsI TOTIO)?

e Sxumu akropamu (cuiIaMu) MOKHA 3HEXTYBATH?

e Sxumm BracTUBOCTSAMHU Xapaktepu3ytoTbcss CMT 1 CB, sxa 3acTocOBy€ThHCS B Ha-
HIiW 3a7ad4i: 11 3aMKHeHa 9u HezamkHeHa CMT, inepmianbaa un Heinepuiansaa CB? [lpu
IbOMY TpeOa BUXOAUTH 3 TOTO, IO 3aKOHHM HBIOTOHA 3aCTOCOBYIOTHCS JIMIIE 0 3aMKHE-
Hux CMT, a 3agayi 3 uporo po3ainy crocyroTscs jume [CB.

3. IlousaTTs 3aMKHEHOT (200 130JIbOBAHOI) CHCTEMH MaTepiadbHUX TOYOK (TiJ) € Bax-
JIUBOIO XapaKTEPUCTUKOI0 MEXaHIYHOTO PyXy TaK camo, SIK 1 3'ICyBaHHS THITY CHJI, IO
nitotb Ha CMT, 1 nmpuHanexHicTh iX 10 KaTeropii BHYTpilIHIX a00 30BHIIIHIX. JOMOBH-
MOChH BHYTPILIHI CWJIM (MOMEHTH CWJI) TIO3HAYaTH HWKHIM iHIekcoMm "i" (inside), a 30B-
HINTHI — HIDKHIM iHIeKkcoM "e" (external).

4. Buxomstau 3 TOTO, IO 3aKOHW HBIOTOHA CrpaBeqIuBi JIWIIE IS 1HEPIiaTbHUX
CUCTEM BIJUTIKY, CNiJI pETENBHO MOCTaBUTUCH A0 BuOopy CB. Jlns yacTunm 3amay cuc-
TEMy BiAJNiKy, MOB's3aHy i3 3emiielo, MOKHA BBaXKaTH iHepHianbHOIO. Lle Tak, sSKIIo
MOYKHa 3HEXTYBaTH BIUIMBOM OOEpTaHHSIM 3eMJIi HaBKOJIO BiIacHOI oci. Skmio me He
TaK, 3a IHepHmiadbHy CHUCTEMY BIIIKY OOHpArOTh HEPYXOMi 3ipKH, a 3eMJIs MEPETBO-
proetbes Ha HICB.

2.3. 3anuTaHHA Ta BiANoBigi

2.3.1. Axuii 3micm mae nowamms cuinu 6 mexawniyi Hortomona?

Cuna B ICB — mipa B3aemonii MmatepianbauX cwi. Cruiia B HeiHEPIiadbHINA CHCTe-
Mi BIIJTIKY € MPOSIBOM BJIACTHBOCTEH cuctemu Bimmiky (ii obepranHs abo pyxy 3 me-
PEHOCHUM MPUCKOPEHHSM).

2.3.2. Hazeimb npuyunu, AKi MOXCYymMb UKIUKAMU NPUCKOPEHHA Mid.

IIpuckopenns MT Moke BUKIIMKATH i CHJIN 3 OOKY 1HIIIOTO Tija abo disl CHIT iHepITii,
SIKi HE MalOTh MaTepialbHOTO HOCIS.

2.3.3. ll]o maxe maca mina?

Bynn-ske MaTepianbHE TUIO XapaKTEPU3YETHCS IMEBHOIO IHEPIIHHICTIO — 3MAaTHICTIO
OTIMPATHCH [TIi CHJIH, sIKa HAMAaraeThCsl 3MIHUTH HOTO CTaH: BUBECTH TiJIO 31 CTaHY CIIOKOIO
a0o 3MIHUTH KWOro LIBHIKICTH (HAaAaTH NpUCKOpeHHs). Mipa iHepTHOCTI — Maca Tija.
OxpiM TOTO0, Maca — Mipa KiJIbKOCTI pEYOBHHHU.

2.3.4. Yu icnye emanon macu (mino, maca saxozo oopistioe 1 xr)? Illo mooce b6ymu
emanonom macu? 3anponouytime mMemoo 8UMIPIOBAHHSI MACU.
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Maca Tijla BU3HAYAETHCS NIITXOM TOPIBHSIHHS i 3 MAacOIO €TAaJOHHOTO 3pa3Ka, KUt
30epiraeTbcss B MikHapogHoMy Oropo Mip Ta Bard B M. CeBp (Dpamntiiss). Maca mporo
eTayioHa Bu3HavaeThes K 1 kr. Le nmniaap niamerpom i Bucotoro 39,17 MM 3 TUIATHHO-
ipunieBoro crutaBy (90 % mmatunu, 10 % ipuairo). CroyaTKy Kijorpam BH3HA4YaBCS SIK
Maca OJHOTro KyOigHOTro aenmMerpa (JriTpa) 4McToi Boaw mpu TtemrepaTypi 4 °C i craH-
JapTHOMY aTMoc(epHOMY THUCKY Ha PiBHI MOpsI.

BumiproBanss (ITOpiBHSHHS) Mac MOYKE€ BUKOHYBAaTHCh 3a JOTIOMOTOIO0 Tepe3iB (BaxKi-
TEHUX a00 MPYXWHHWX). Y IIbOMY BHITAIKy Maca BHU3HAYAETHCS SK TpaBiTamiaa. s
BUMIPIOBAaHHS BEJTMYMHU MAacH Tila MOXKHA 3aIllpOMIOHYBAaTH YCTaHOBKY, V sIKiil ojHa U Ta
caMa CuJIa JIi€ Ha €TaJOH Macol M, 1 TII0, Macy m sKOro Tpeda BUMIpATH. Aie npu

[IbOMY BHMIDIOIOTh IPUCKOPEHHS @, €TajloHa Ta IPHCKOPEHHS Tina a . 3a BIAOMHUM

et v
=—— MOXKHa 3HauTH BC-

a me,

TUYUHY m . Y IbOMY BHUMAJKy Maca BU3HAYA€EThCA SK 1HEpIiaibHa Maca.

Macy TiNa NpUHIUMOBO MOXHA BHMIPATH 1 Ha YCTAHOBKAaX THUITY TaKWX, Ha SKHX
I'. KaBenaum (1798) a6o ®. XKommi (1878) Bu3Hawanu rpasitaifiiny crtamny (IuB.,
Hamp., [2], . 55). Un MoXeTe BU 3alpOIIOHYBATH IIIE CITOCOOW BUMIpIOBAHHS MacH (IUB.
npuknag 4.8)?

CHiBBiTHOMICHHM, sike BuruiuBace 3 Il 3akony HeioToHa,

2.3.5. Y uomy nonsieae npoyec sumiprosannsa cuiu?
MeToauKy BUMIPIOBaHHS CHJIM Pi3HOMaHITHI. 1le — BUMipIoBaHHS BEIMYUHU A X TI0O-

JOBKCHHSI [IPY)KUHH, IO BIAOYJIOCH M €0 HPYKHOI CHiM Fr, 1 MiAnajae mx i 3a-
koHy I'yka Fij =p-Ax, ne p— xoedilieHT Npyx)HOCTL. [HImiA croci6 nosrae y BUKO-

pucrtanHi Il 3akony HproToHa: BUMipioBaHHI IPUCKOPEHHS @ Tijia 3 BiJOMOIO Macoro m 1
oOumcneHHs cwiy 3a popmynoro F =m-a . llle oguH crociO BUMiprOBaHHS CHIIU — BUMi-
PIOBaHHS MIBUAKOCTI (KIBKOCTI PyXy p =m -V ) MaTepiaIbHOTO Tijia 3a Pi3HUX 3HAYCHb

gacy At mii cum F . Tomi F zmA_;)' Uu MoKeTe BH 3aIPOITOHYBATH € CTIOCOOH BH-
MipIOBaHHS CHIH?

2.3.6. Yu 3anexcams 3akoHu ounamiku 6io moeo, y sxit CB eonu pozensoaromocs?

3akoHu auHaMiku (3akoHM HbIOTOHA) I 3aMKHEHUX CHCTEM MaTepiallbHUX TOUYOK
OJTHAKOBI B yCiX IHEPITIATBPHUX CUCTEMaX BIITIKY.

2.3.7. Homy He moorcha nominamu micyamu 3axkoru Heromowna i Ha nepwe micye no-
Cmagumu, HanPUKIAo, OCHOBHUU 3akoH ounamiku — Il 3axkon Hetomona?

Cmpasni, 11 3axon HetoToHa — ocHOBHHMIA 3ak0H AnHaMiku. [IpoTe Horo He MoXHa 10-
CTaBUTH Ha Tepiie Micie, ToMy 1o came B | 3akoHi HeloTOHa BBOAMTHCS BH3HAUCHHS
IHepIiaTbHUX CHCTEM BIIUTIKY, U AKuX cripaBeymBui I 3akon Heiorona. I3 Toi camoi
MPUYUHYI HEe MOXKHA noMmiHsTu Miciisamu | i 111 3akorn Hetotona.
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2.3.8. Yu moorcua popmanvro oosecmu 11 11l 3axonu Hviomona 3 0cHO8HO20 3aKOHY
ounamixu — 11 3axony Hetomona? Hxwo mak, mo womy He MOJICHA OOMEICUMUCL OCHOB-
HUM 3AKOHOM OUHAMIKU?

®opmanbro noknasu B 11 3akoni Hetorona F =ma BenwuuHy cuiu F piBHOIO HY-
710, OTPUMY€EMO, IO NMpH oMy @ =0 . DakTHYHO, OTpUMAaNH OAHE 13 QOPMYIIOBAHb
I 3akony Hetorona: "Tino, Ha sike He Ai€ cuia, nepeOyBae B CTaHi CIIOKOIO abo B MpPsSMO-
JiHiHOMY piBHOMipHOMY pYyci".

I3 II 3akony HeroToHa dopmanbHO MokHa orpuMaTi Takox 1 Il 3akon Herotona. Ilpu

o . . . = dp - . .
B3a€EMOJIii IBOX TiJI Tijo 2 jii€ Ha Tiso 1 i3 cunoro Fy| = 7 ne dp, — 3MiHa IMITyJIbCY Tina
t

- . . . . = d o
1; dt —4ac nii cum F,;. Tino 1 gie Ha Tino 2 i3 cunowo Fi, = %, ae dp, — 3MiHa iM-
t

MyJbCy Tina 2; dt —4ac aii cunm 17“1 » . IIpuponHo, 1o yac dt nii oqHaKoBH 11t 000X CHUIL.

B i30mp0BaHili cucTemi MaTepiallbHUX TIJT i€ 3aKOH 30€peKEHHS IMITYIIbCY: Ha CKiJlb-
KM OJTHE TiJIO 3MEHIIWIIO CBii iMITyJIbC, HA CTUIBKH JpyTre TiJIa 30LIBIINAIO0 CBil iIMITYJIbC:
dp,=—dp, = Fy-dt=—-F, -dt = F, =-F,,.lei e Il 3akon HeloToHa: pu B3ac-
MOJi1 JBOX TiJ CHJIH, 3 SIKUMH Tijia JIIOTh OJHE Ha APYre, PiBHI 32 BEIMYHHOIO 1 MPOTH-
JIEKH1 32 HAIPSMKOM.

TakuMm 4MHOM, 13 OCHOBHOTI'O 3aKOHY auHamiku — Il 3akony HeloroHa opmaiibHO MO-
skaa mosectd I 1 III 3akonm HwiotoHa. [IpoTe 0OMEXUTHCH TUTHKHM OCHOBHHM 3aKOHOM
JUHAMIKU TIpU 1bOMY He MoxkHa. Y | 3axoHi HploTOHa BBOIWTBCS BH3HAYCHHS 1HEPIIi-
IBHUX CUCTEM BiAJIKY, TUTBKU A sKUX 1 cnpaBeuBuii 11 3akon Herotona. o crocy-
etwcs 111 3akoHy HploTOHA, TO BiH Biirpa€e caMoOCTiiHY poJib, TOOTO HE3AJICKHUU BiJl
II 3axkony Hriorona. Okpim Toro, mis gosenenns 111 3akorny HeroTora Ham J0BETOCH 10-
JATKOBO 3aJTy4UTH 3aKOH 30€peKEeHHS IMITyIIbCY.

Takum 9rHOM, yCi TpH 3aKoHU HploTOHA MaroTh criBicHyBaTH i OyTH pO3TalIOBAaHUMU
caMme B TPaIuIIHO 3aJaHOMY TTOPSIKY.

2.3.9. Yu 3asxcou suxonyemocsa Il 3axon Hotomona? Hasedimo (mpu) éioomi eam 8u-
naoku, xoau Il 3axon Hoiomona ne suxonyemuocs. [losichime.

[puknagamu HemoxnuBocTi 3acrocyBanns 11l 3akony HetoToHa Moske Oytu Take. [/o-
nepuie, 111 3axon HeroToHa HE MOKHA 3aCTOCOBYBATH A0 CHJI iHEPLIi, sIKi BAHUKAIOTH HE B
pe3yabTaTi B3aEMOIi ABOX TiJ, a SK MPOSB ACSIKUX BiacTUBOCTel camoi CB, Ky B IbOMY
BUTIAJKY BBaXKAIOTh NMpUHANICKHOIO 10 Kateropii HICB. [ BUHUKHEHHS CHIT iHEpIii, sSKi
nirote Ha Tizio B HICB, Hemae HeoOXigHOCTI icHYyBaHHS Tia-HOCIs cuiy iHepii. Tomy ka-
3atu npo aito 111 3akony Hetotona B HICB He Mae ceHcy.

Ilo-opyee, 111 3akoH HploTOHA HE BUKOHYETHCS MIOAO JBOX CICKTPUIHO 3aPSIHKCHHIX
T, SKi pyXarThcs B Mar"iTHOMy 1o (auB. [1], m. 19). [losicHeHHS TaKOTO HEBUKOHAH-
HS JIeKaTh B iCHYBaHHI €IEKTPOMArHiTHUX MOJIB, IO CYIPOBOMKYIOTh PYX 3apsKEHUX
TN, 1 sIKi TpeOa BpaxOoBYBaTH MPH PO3IIIsAl HbOro nuTaHHs. Tpeba mam'staty, mwo 11 3a-
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KoH HpI0TOHA CTPOTO BUKOHYETHCS JIHIIE B KJIACHYHIN MEXaHIIl, a Y BUMAJIKy PyXy eleK-
TPUIHO 3aPSIKEHOTO TiIa 3a3BUYail BiIOYBAETHCS PEATHUBICTCHKHUI PYX 1 MIIOTH 3aKOHH
enekTpoarHamiky. | HapemTi, Tpeba OpaTtu 1o yBaru i e, mo Il 3akon HetoTona Buma-
rae 30epeKeHHs IMITYJIbCIB, 1110 MOXIIUBO JIUIIIE B 1301b0BaHii CB, 4oro HemMae B po3riis-
HYTOMY BUTIQJIKY.

Tpemiii 6unadox suxmiouenns i3 111 3akony Horomona TIOB'SI3aHAN 3 PO3TIIAIOM 3Mi-
HU TTOJIOKEHHS OJTHOTO 3 JIBOX T, IO B3a€EMOIIOTH 1 PO3TAIlOBaHi Ha MESKii BilcTaHi
onue Bin apyroro. Tyt Il 3akon Helorona He BUKOHYeThCS Mmif yac pyxy Tija. Hampu-

Kiag, MK Timamu 11 2 (puc. 2.1) mie cuiia rpaBiTarii Fn = _le- [Ipu mepemimieHHi Tija

1 3 Toukn 1 y Touky 1 nist mosst rpaBitamii MEpPeAAEThCS 3 Ty)Ke BEIUKOK IIBHIKICTIO,
ajie He MUTTEBOIO, sIKa 0OMe)KeHa MIBUIKICTIO CBiTJIa y BakyyMi. Ha wac pyxy Ttina 1 in-
(hopmartist Ipo #oro HOBe MONOKEHHS 1’ , KA JOXOAUTH M0 Tija 2, 3ali3HIOETHCS CTOCOB-
HO JIACHOTO TOJIOKEHHS Tia 1 1 BiAMOBia€ BEIMYMHI Ta HANIPSAMKY CHUIM, SIKi BU3HA4Ya-
IOTBCSI CTapuM HoJoKeHHsIM | Tina. [ndopmaist mpo 30ypeHHs mos rpasiTalii Bech 4ac
3aIi3HIOETHCS 10 TOJIOKEHHS Tija, MI0 3MIHIOEThCS. TakuM YMHOM, Ha 4Yac pyxy Tiia i
MKW Jac Icis TOro, K BOHO 3ymuHUIoch, 111 3akon Hriorona OyB mopymenuii. 1leit
Buraok nopymenHs 111 3akony HrioToHa OGe3mocepenHbo MOB'I3aHMi 13 3aCTOCYBaHHAM
NPUHIMITY OJTU3BKOIT i IEMOHCTPYE HEKOPEKTHICTh 3aCTOCYBAHHSA NPUHLIHUITY JAJIEKOIii
(muB. 3anuTaHHs 7.3.1).

1!

7
ml.\\\*_u
\ -

\ T~o r
\ Te~o 5 Puc. 2.1. [lo 3anuTaHHs 2.3.9
1 T~
o — -~ 9
m - = R
2 E" r F’l

Takum yunowm, 111 3akon HeioToHa BUKOHYETHCS HE 3aBkAu. CTPOro MOro MoxkHa 3a-
CTOCOBYBATH JIMIIIE Y BUMAJKY B3a€MOJIii TLI, KOJIM CHJIa € MipO¥O Takoi B3aemofii. [Ipu
HOT0 3aCTOCYBaHHI CIIiJl BUXOIUTH 13 MTO3UIIINA IPUHITUITY OJTM3BKOIII.

2.3.10. Kopucmyrouuce 3aKoHOM 30epedceHHs iMnynbcy ma nepemeopenuamu I anines,
NOKAJCIMb, WO 8 KIIACUYHIT MEeXaHIYi Maca — AOUMUEHA 6eIUYUHA.

M. JlomonocoB Ta A.-P. JlaBya3we B cepeauni XVIII cT. moBenm 3akoH 30epeKCHHS
pedYOBHHM (Bard) € XiIMIYHHMX PEakIlisgx: CyMapHa Bara pPeYoBHH IO IX BCTYITy B XIMIUHY
peaxiio JAOpiBHIOE CyMapHiil Ba3i peyOBUH, YTBOPEHUX € pe3yibTaTi XiMIYHOI peakiii.
TyT HaeTscs NpO aAWTHBHICTH Baru (MacH) y XiMiYHHUX peakUisiX. AHAJOTIYHUM 3aKOH
BHILIHNBAE 13 MOBCAKIACHHOTO JOCBIMY 1 JUISI MEXaHIYHHUX cHUCTeM: Maca yrBopeHoi CMT

(m) JIopiBHIOE cyMi Mac koxHOi 3 MT, ski yrBopman 1m0 CMT, Hanpukianm, it 1BOX

T m = m, +m, . lle MOXHa 10BeCTH.
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Hexaii y pe3ynbTaTi abCOIIOTHO HENPYKHOTO yAapy JBa Tila, MacH SKUX my 1 m,,
3IMIIAIOTHCS B OJHE TUI0 Macoro /m . IIIBUAKOCTI TN 10 yaapy v; Ta L, , CKIaIECHOro Ti-
na micns yaapy v . Jas 3amkaeHoi CMT 3anmiemo 3akoH 30epeKeHHS IMITyJIbCY B He-
pyxowmiit CB

mpv; +myL, =mv. 24
SIkmo posrisiHyTH 1iek yaap e pyxomiii CB (K'-CB), sxa pyxaetbes BimHOocHO K-CB
31 MBUAKICTIO UV, TO B K'-CB mBUAKOCTI YaCTHHOK 10 yAapy OyAyTh BiAIOBIZHO

JIOPiBHIOBATH

o - = o - =
U;=Y,—-Y, Ta Uy =0,—Y, (2.5)

0 =0-0,. (2.6)

Jins K'-CB, y sikiii IIBUAKOCTI YaCTHHOK, BIAMOBIHO, IOPIBHIOIOTH: V] 1 L), @ MacH

iHBapiaHTHI OO MepeTBOpeHb [ aiines, 3aKoH 30epeeHHs IMITyJIbCy HaOyBa€e BUTIISIY
mV| +myV5 =mv'. 2.7)
Sxmo migcraButy (2.5) 1 (2.6) y (2.7) i Bpaxysaru (2.4), TO OTpEMaEMO
(my +my)oyg =movy = my+my =m.

TakuM 4MHOM, KOPUCTYIOUUCH 3aKOHOM 30€peXEHHs IMILyJbCy Ta IEPETBOPEHHIMU
Tamines, MU BUCHOBKY, IO Maca ckiaaeHoro Tina abo CMT mopiBHIOE cyMi Mac TiJ,
SIKi YTBOPIOIOTH cKiazieHe Tino abo cucremy MT. Ll BnacTuBICTh Ha3UBAETHCA AOUMUB-
Hicmio Mac. JloBeleHHS MOJKHA y3arajlbHUTH 1 IEpEeHEeCTH 3aKOH aAUTUBHOCTI Mac Ha J10-
BUIbHY KUTBKICTH TiJI. Tak MOXKHA MEPEUTH HaBITh 0 XIMIYHUX peakliid, y sSIKUX Yy B3ae-
MOJiI0 BCTYMAIOTh aTOMH i MOJIEKynH. SIk 6a4nMMo, cTpOro JOBEACHO Te€, IO 3AA€THCA
oueBuIHUM. Lle BapTo Oyno 3poOHMTH, TOMY IO B PEJIATUBICTCHKIH MEXaHIlll 3aKOH aJu-
TUBHOCTI Mac HE BUKOHYETKCS (IUB. po3. 9).

2.3.11. Yu sanesxcums cuna mepms Ko83aHHs 8I0 WEUOKOCMI pyXy mina?

SIK BCT@HOBJICHO EKCIIEPUMEHTAIBLHO, ICHYE 3alIeKHICTh CHIIM TEPTS BiJA IIBUAKOCTI
pyXy Tina.

[Ipu 3MiHI 30BHINIHEOT ci F', sika MIPUKIIAAETHCS IO TijIa, MO TOKOIThes, Big 0 10
F < F, (me F, — rpaHu4YHa BeJIM4YMHA 30BHIIIHBOI CUJIY, 32 SIKOI IOYMHAETHCA PYyX TiNa)

TLJIO HE pyIIae 3 Micus Yepes Ail0 Ha HbOT'O CHIIM TEPTS CHOKOIO (puc. 2.2, a). [Ipu upomy,
KOJIM IMIBUIKICTH TUTa L =0, cujla TepTs BU3HAYAETHCS HE OJHO3HAYHO 1 MOXKe HabyBaTu
OyIb-AKHX 3HA4YeHb BiX +F( 10 —F;.
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A~ rep A Forep
FO S ———] F()
0 R 0 .
v v
a) 6)

Puc. 2.2. 3anexHiCcTb cunn TepTa KOB3aHHS Bif WBMAKOCTI pyxy MT

Tino nounHae pyxaruch, konu F = F,. Cunaa TepTs CIOKO0, Ky B LIbOMY BUIAIKY

IPUPIBHIOKOTH 10 CHIM Fjy, IEPEXOAUTH Y CUIly TePTs KOB3aHHs F . JlocmiaHum uuis-

XOM OyJ10 BCTaHOBICHO, 1O F, ., =kN , ne k — xoediuient Teprs; N — cuia peakuii

OTIOpH. 3a MaJMX MIBUIKOCTEH 31 30UTBIICHHSIM IIBHAKOCTI BiTHOCHOTO PyXy Tila CHIIa
TEepPTST KOB3aHHS CIOYATKYy 3MEHIINYETHCS, a MPH MOMATBIIOMY 30UIBIICHHI IBHIKOCTI
3pocrae (puc. 2.2, 6).

2.3.12. Axwo cuna mepms KO83aHHs 3A1eACUMb 8I0 WBUOKOCMI pyXy mina (Ous. none-
PpeoHe 3anumanis), mo Koegiyicnm mepms € Qyuxyiero weuoxocmi. Ax npu ybomy mo-

dHcna kopucmysamuce supazom Fro, =kN , 0e k — koeiyicnm mepms — éeauuuna cma-

aa?

KoedimienT TepTs 3aieXuTh BiJ BEJIWYWMHH MBUAKOCTI L. OIHAK, SK BCTAHOBUB
1. Kynon, us 3aexHicTh 3a3BU4ail BupakeHa cnabo. ToOTo, konu He moTpiOHa BenHka
TOYHICTb, KOEQII€HT TEPTS k& MOXKHA BBa)KaTH HE3aJISKHUM BiJ MIBUIKOCTI 1 KOPUCTY-

BaTHCh BU M = i — K II[IEHT TEPTS — BeJMYMHA cTaja. Toxdl KpuBa,
aTHc asoM F, =kN , ne k oe(illieHT Te e a crana. Toxi a

0 300pakeHa Ha puc. 2.2, 6, BUPOJKYEThCS y 3AJICKHICTh, MIOKa3aHy Ha puc. 2.2, a. 3a-
YBaXHMO, 1[0 CHJIA TEPTS 1 B [bOMY 17€ali30BaHOMY BUTAJKY 3aJISKHUTh BiJl U, OCKUTBKA

PH TEPEeX0/i MBHUKOCTI Yepe3 Hyilb cuiia F, 3MIHIOE 3HaK, a 38 V=0 cTae HeBHU3Ha-

YCHOI0. (3MiHA 3HaKa CUIM Fi, NP 3MiHI 3HaKa MIBUIKOCTI MPUPOJHA, OCKUIBKH ICHYE

yHiBepcaJIbHE MPAaBUJIO: CHJIA TEPTS 3aBXKIU HAMPABJICHA B POTIICKHMMA OiK BiJl HATIPSI-
MKY pyXy, BOHA 3aBaXKae pyxy). Y BCiX 3aavax, ki MU OyZIeMO pO3B'sS3yBaTH, BBAXKAETh-
cs, 0 k He 3aJIeKUATh Big L.

2.3.13. Bupas3 ona cunu mepms Koe3anusa mae euenao: F.,, =kN, doe N — cuna nop-

ep
MANbHO20 MUCKY, KA NPUMUCKAE NOGEPXHI Mil 00He 00 00Hoeo. Ilosacnimb nanpsamKu

cun F.. i N. Ak eupas ona F.,, 3anucamuy 6eKmopHomy eueisioi?

Tep €p
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Yepes Te, W0 HANPSIMKK CUl Fio, 1 N HIKOJNH HE 30IratoThCsl, 3allUCYBATH PiBHSIHHS

FTep =kN Y BCKTOPHOMY BHIJIAAl, ITPOCTO 3allMCaBIIN CUJIIM K BCKTOPH, HC MOXKHA.

IIpoTe ioro MO>KHA 3aIUcaTH B iHIIHIMA CIIOCi0, a came:

= U
Tep —kN —, (28)
V]

V) . . .
e — — OJUHWYHUI BEKTOp Y3[IOBXK HAaNpsMKY MIBHAKOCTI. 3HaK "MiHyc" o3Haudae mpo-
v

THJIC)KHUN HANPSIMOK BEKTOPIB o, 1 V.

2.3.14. Yu npasunvie meepoicents npo me, wo "cuna mepms 3a6a:cou 3aeadxcac pyxy'?

Hi, He mpaBunbpHe. Cyiti TEPTS MOXKYTh BHUCTYIIATH B POJIi 1 TAJIBMIBHUX 1 PYIIIAHAX
cui. Hanpukiaz, icHyBaHHsI CHIIM TePTA MK BEAy4YUMH KOJIecaMH aBTOMOOLIIS 1 TOpOroio
3abe3neuye Woro pyx. TepTsa MHUPOKO BUKOPUCTOBYETHCS B MACOBUX MepeAayax i ppuk-
MIHHUX MyPTax IS mepeaadi 3yCruihb BiJl OJHIET AeTalli MaIllTuHH 10 1HIIIHX.

2.3.15. Bidomo, wo cuna mepms FTep i weudkicms O mina Maroms RPOMULENHCHI HA-

npamku. Qu icuyroms eunaoku, koau cuna mepms Fio, i wiuokicme O mina maioms 00-

HAKOBULL HANPAMOK?

Kounu kaxyTh PO NPOTHIICKHI HANPSIMKA CHIIM TEPTSL [, 1 MBHAKOCTI U Tina, Ma-

I0Th Ha yBa3i TEPTS MIX PYXOMHM TUIOM 1 TiJIOM, SIK€ BITHOCHO CHCTEMH BiIJIiKy HEpY-
xome. Po3risHeMo BHUMIAIOK, KO CHJIA TEPTS OOYMOBIICHA B3a€MOJIEI0 TiJIa 2 3 1HIIAM
TUTOM 1, SIKE TaKOXK PYXa€TbCsS B TOMY CaMOMY HANPSMKY, ajie 3 OIIBIIOI0 MIBHAKICTIO
(puc. 2.3): v; > v,.

BiH

Puc. 2.3. [o 3anuTaHHs 2.3.14

IIBuaKiCTH Tina 2 BiHOCHO Tina 1 (BIIHOCHA MIBMAKICTH) TOPIBHIOE: U 4y = Uy — Uy .

Hanpsivku cumu teptst Fr, 1 BIAHOCHOT MIBHIAKOCTI Uyjy, MPOTUICKHI, alle HAPSIMOK

WIBUIKOCTI U, 30Ira€ThCsl 3 HAIPIMKOM CHJIH TepTsL F, .
2.3.16. Il]o maxe demepminizm Jlannaca?
3pobumo Hecknaani Buknanku. lBuakicte v MT 3 ypaxyBaHHSM MOYaTKOBUX YMOB

(3a t =0 BemMuMHA L = V) ) 1OPIBHIOE

! BinbLir feTanbHui po3risiy BUITAJIKY, TIOJJIOHOTO JT0 HABEICHOTO TYT, WB. ¥ [9] 3amaya 1.67.
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dr F F
dt m m

[HTErpYyBaHHS OCTAaHHBOTO BHPA3Y J1A€

F(O) =2 45yt 47, 2.9)
2m

J€ 1y — pailyC-BEKTOp TOUKH, 3 SKOI IOUYMHAETHCS pyX MT.

Bupas (2.9) € po3B'sI3Kk0M OCHOBHOTO 3aKOHY AMHAMIKH — 3aK0oHY pyxy MT, Ha siKy i€
nocTiifiHa 30BHimHA cuna F . Tak camo, PO3B'S3KOM DIiBHSHHS KOJNMBAIBHOTO PYXY
56+ng =0 (muB. po3n. 10), sike, 10 peui, OyIO OTPUMAHO TAKOXK i3 BUKOpPUCTAHHM Il
3akoHy HproToHa, € Bupas x(t) = 4-sin (ot + @) . I3 uporo Bupasy, sk i 3 (2.9), moxxHa 3a
BiJJOMUMH TIOYaTKOBUMH YMOBaMHU BH3HA4HMTH cTaH MT y Oyab-sIKUil MOMEHT 4acy, y
TOMY YHCII, HE TIIBKHU AJis yacy ¢ > 0, ane # st gacy ¢ < 0. (Yepes Te, mo gac ogHOpiA-
HMI, 33 IOYaTKOBUI MOMEHT 4acy Moke OyTH oOpaHMil Oy/b-sKHI MOMEHT 4acy f =t ).

Bumenasenene nmossomuio I1. Jlammacy (1749-1827) chopmymnioBaTu TBEpIKEHHS
Ipo T€, IO PO36UTNOK CEIMY Cmpoco 0emepMinosanull (ausnauenuti). Lle osnavae, wo 3a
gidomum y Oesxuit momenm yacy cmanom MT abo cucmemu MT i3 po3s'sa3Ky pieHAHHSA
Horomona mooicna nepedbauumu maudymuii i eiomeopumu munyaui cmanu MT abo cu-
cmemu MT. Take TBEpI)KEHHS CIIy>KUTh 0a3010 AJIS BUCHHS, SIKE HAa3MBAETHCS /1€ TEPMi-
Hi3moM Jlartaca.

Xoua HaBeleHI BUKIAIKA 1 KOPEKTHI, a jorika I1. Jlamaca Ham 3po3ymina, 310pOBHit
TIIy3/ MifKasye, mo aetepminizm Jlamnaca, sikuit 6a3yeThesi Ha COPOILEHUX (MEXaHiCTHY-
HUX) pe3yJbTaTax KJIACHYHOI MEXaHIKH, POOHTH 3aHAJTO NAICKOCSKHI BUCHOBKH IIOJIO
CKJIQJIHUX CHCTEM.

2.3.17. ¥V uomy nonseae obmesicenicmo demepminizmy Jlannaca?

I1. JIamac He pO3IVISAAB MHTAHHS CTIHKOCTI PO3B'I3KiB PiBHSHHS pyxy. Moro Brepmie
JUISL ISSIKMX acTPOHOMIYHUX 3a1a4 po3risiHyB O. M. Jlsmynos (1857-1918). Bin nokazas,
IO TOCTaTHLO Mali (HECKIHYCHHO MaJli) 3MiHHM MTOYaTKOBHUX YMOB MOXKYTh TIPH3BOJIUTH 10
BEJIMKUX 3MiH Yy TpaekTopii pyxy. Taki po3s's3ku JIsmmyHOB Ha3BaB HECTIKAMHU, 1 caMe PO3-
BUHYB METOJIM BU3HAYCHHS CTIMKMX 1 HECTIHKHMX PO3B'SI3KiB PIBHAHHA PyXY.

BinnoBigaroun Ha TIOCTAaBIICHE 3alUTaHHS, HE CIiJ 3a0yBaTH, IO B MPHUPOJ HE iCHYE
CTPOTO 130J1b0BaHUX cUCTeM. OKpIM PETYIIIPHUX CHII, TTOB'SI3aHUX 13 TTOTCHITIATBHOIO SHEP-
Ti€r0, HA CHCTEMY 3aBXKIM JIIFOTh 30BHIIIHI (HEXail i JOCTaTHHO Malli) BHUIIAQJKOBI CIJIU Ta
pi3HOTrO poay (payKTyawii, sIKi MPU3BOIATH A0 3MiH IIBUAKOCT, MaCH Y1 MPOCTOPOBOTO TO-
noxxenHss MT. BoHn He 3MIHIOIOTH CTIMKHX TpaekTopiit. [IpoTe HecTiliki TpaekTopii mix
JIEF0 HECKIHUEHHO MAIUX 30BHIIIHIX BUIMAIKOBUX CHII ICTOTHO 3MiHIOIOTHCSI.

TakuM YHMHOM, AKWO 81ACMUBOCTI cUCmeMU MaKi, Wo Mpaekmopis pyxy cmitika, mo
071 Hel MOJICHA 3acmocogyeamu npunyun oemepminizmy Jlanaaca. Axwo éracmugocmi
cucmemu Mmaki, Wo MPAEKMOopIs pyxy HeCcmilka, mo npunyun oemepminizmy Jlaniaca
07151 Hel Hecnpagedausuil.
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2.3.18. Il]o maxe cucmema yenmpa mac — L]-cucmema 8ionixy?

H-cuctema Bimniky — ue CB, y skiii pyx Tin y CMT po3risinaeTbesi BiTHOCHO LEHTpa
mac. .M. y L-cucremi Bimniky ans i3oiapoBaHoi CMT Hepyxomuii. Haragaemo, mo mo-
nmoxkeHHs 1ieHTpa Mmac CMT BiTHOCHO MOYaTKy CHCTEMH KOOPIWHAT y JIA0OPaTOPHIHA CHC-

Do . | - .
TeMl BLIUIIKY XapaKTEPU3YETbCSA PasilyC-BEKTOPOM 7., = —Zml- 7., ne m; ,r; —Maca 1 pa-

1
JIiyC-BEKTOp i -1 YaCTUHKH, BiJIIIOBITHO.
2.3.19. Chopmynrotime ma 0osedimv meopemy yeHmpa mac.
Immynsc cuctemun MT nopiBHIOE cymi iMmyiisciB ycix MT, mo Bxoxasats 1o CMT:

- - - dr; dl 1 - dr, -
= =Y MO, =) m——=m—|— ) mr. |=m =mv,., 2.10
p;p,;,li,dt dtm;” o= (2.10)
TOOTO iMImynbc cucteMu MT 10piBHIOE NOOYTKY Macu CHCTEMH Ha IIBUAKICTH L, ii
[EHTpa Mac.
dp _dv,
IIpomudepenmoemo (2.10) 3a gacom d—zm ra 3 ypaxyBaHHSM TOTO, IIIO
t t
d[) -
Ez sopr » OCTATOYHO MAEMO
do, -
m=— = Fou. .11)

Otpumanu piBHAHHS pyxy cuctemu MT sk 1ijioro, sike MOKHa C(OPMYJIIOBATH TaKHUM
YMHOM: LIEHTp Mac Oynp-akoi cucteMd MT pyxaerbcs Tak, Ha4eOTO BCS Maca CHCTEMH

HAKOIMYEHA B OJIHIM TOYIIl —y IIEHTP1 Mac, 10 AKOi NPUKJIaJIEeH] BC1 30BHINIHI CHIX F .

SIkmo cucrema MatepialbHUX Tl — 3aMKHEHA (FgOBH = 0) , TO
dvo -
<=0 = v, =const.
dt

Takum gnaoM, B ICB mBuakicts nentpa mac CMT, nipu BCiX MOXIMBUX 3MiHAX, SKi
BiJI0OYBalOTHCS B CUCTEMI, 3IHUINAETHCS MMOCTIHHOO: HE 3MIHIOETHCS 13 4YaCOM Hi 3a BEJIH-
YHMHOIO, Hi 3a HampsMKoM. ToOTo neHTp mac 3amkHeHoi cucremu MT B ICB pyxaetncs
MIPSMOJTIHIHO 1 piBHOMIpHO a00 mepeOyBae B cTaHi criokoro. Tomy B Ll-cuctemi Bimjtiky
Hac iKaBUTh JIMIIE BITHOCHUH PyX yCepeIrHi CUCTEMH 1 3a3BUYail HE LIKaBUTh PyX CHC-
TEMHU SIK I[LJIOTO.

Mo:xHa 3poOUTH 1 NPOTHIEKHUH BUCHOBOK: Akmo B I[-CB Bemmunna U, =0 abo

U, =const, To CMT Hanexuts 10 kareropii 3aMmkHeHuXx CMT. Takum umHOM, 114 3a-

MkHeHoi CMT ii II-CB € ICB; nns nesamkaenoi CMT 1i I[-CB € HICB.
2.3.20. Midc seruuunamu KiHemuuHoi eHepeii cucmemu mMamepiaibHux 4acmuHoK,
sumipanumu 6 K-cucmemi gionixy (nabopamopuii, nepyxomii CB) i 6 I]-cucmemi 8io-
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Ky, icHye 368'130K. 3nauidimo iioco.
IBuakicTs i-i vacTHHKH B K-cUcTeMi Bi[UTIKY 3a nepeTBopeHHsAMH [arines qopiBHIOE

U; =V; +V,, e U, — WBUIKICTb L[-cucTeMu BifliKy BiTHOCHO K-CHCTEMH BIfIIKy; U; —
MIBUIKICTD -1 YJaCTHHKH B L[-cucTeMi BiTIKY.
Kinetnyna eHepris CHCTEMH MaTepiaIbHUX YaCTHHOK Y K-CHCTeMI BIIJIIKY JOPIBHIOE

2 = =2 ~ 2 2
V7. (0; + 0 _ - .
T=3 m; =3 ml(o,z V) _y m; +0, 2 mi; + —m; . (2.12)
1 ] 1 1

i

Ockinbku neHTp Mac y L[-cuctemi mepedyBae B CTaHi CIIOKOIO, CYMAapHHIA IMITYJIbC CHC-
TEeMH MaTepiabHUX YaCTHHOK JIOPIBHIOE HYIIO Zml-f)i =0. Tomi mpyruit nomaHOK y
i
(2.12) 3amKae i g popMyIia HaOyBa€ BUTIISAY
~ 2 2 2
my;” v - mo
T=> Tt D om =T+ > (2.13)
i i

ne T — KiHETHYHA EHepris CHCTeMH MaTepiallbHUX 4acTHHOK y Ll-crcremi Bimmiky. I3
BHupasy (2.13) BumHO, M0 KiHETHMYHA EHEPTis CHUCTEMH MaTepialbHUX YaCTHHOK y K-
cucTeMi BifUTiKy CKiIajaeThes i3 CyMapHOi KiHeTHUHOI eHeprii 7 MaTepialbHUX YACTHHOK
y Ll-cucremi BianiKy Ta KiHETHMYHOI €HEprii, MOB'SI3aHOI 3 PYXOM CHCTEMH YaCTHHOK SIK
Ii710T0 (KIHETHIHOI €HEPTii IIeHTpa Mac).

2.4. NMpuknaav po3B'aA3yBaHHSA 3a4au4

Npuknap 2.1. Kyua, aka npobusac HACKPi3b OOWIKY MOBWUHOI h, 3MiHIOE CE010
WBUOKICMb 810 BEIUYUHU V(y HA 6X00i 6 OOWKY 00 6eIUYUHY L, HA 6UX00i 3 Hei. 3Hatloimb
yac pyxy Kyai 6 0ouyi, 66axcaroyu CULy onopy PonopyItiHoIo K6aopamy ueuoKOCmi.

Po3B'a3aHHA: 3 yMOBU NIPUKIIAJly CHJIA ONIODPY

F =-bv?, ne b —crana (b>0). (2.14)
3a II-um 3axoHOM HpbIOTOHA MPUCKOpEHH (ralbMyBaHHA) Kyi B JOLILI 3 ypaXyBaH-
HsM (2.14) Oyzae BU3HAYATHCH SIK
F_ b’
a=—=——-.
m m
BpaxyBaBiM BU3Ha4€HHs IIPUCKOPEHHS, MAEMO

bv? _dv
m dt’
3 ypaxyBaHHSM TOTO, 110 cTana b y (2.14) — qogaTHa BeIMYMHA, a KyJIs B JIOIII TaabMy-
€ThCS, TOOTO TIPUCKOPEHHsI — Bim'emMHa BenwmunHA (a <0), y (2.15) ciixg craBuTH 3HAK

(2.15)

. . d b .
"minyc". [lepenncapmm (2.15) y BUrisimi ——;) =—dt , IpoIHTErpyEMO HOTO:
V- m
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1. b,.c. (2.16)
L m

Busnaunmo crany inrerpyBanus C. J[yis IbOro CKOPUCTAEMOCH IMOYaTKOBUMH YMOBa-
MH: IIpH ¢ = 0 MBUAKICTH Ky (332 yMOBOIO 33Jaui) L =V, TOAl

L=3-0+C, 460 —=C. (2.17)
UO m UO

IlincraBmsroun (2.17) y (2.16), oTpumyemo

T 1. b, oY% (2.18)
vV YV, m 1+b&
m

3a TakuM 3aKoHOM (2.18) 3MiHIOETBCS 13 YaCOM MIBHAKICTH KYJIi MPH MPOXOHKEHHI 11 ye-
pe3 JOIIKY.
Temnep MoXKHa 3HAWTH 3aJEKHICTD IUIAXY S, IKUH MPOXOJUTH KyJIsl B JOMII, Bif 4acy
t

t. JIns nporo cKoprcTaEMoCh BU3HAUCHHSM IIISAXY TSI IPUCKOPEHOTO PYXY § = Io-dt.
0
Ypaxysapmmu (2.18), maemo

s=j°°—'dt. (2.19)

BusHauuBIIH 1eii iHTErpat’, OTPUMyEMO

by,

m
s@)=—In|1+—=¢]|. (2.20)
b m
3a TakuM 3akoHOM (2.20) 3MIHIOETBCS 13 YaCOM LUISAX, KUK MPOXOAWUTH KYJNsl B JIOLILI.
BBezemo Taki Mo3Ha4YeHHS: f, — 4ac NPOJIBOTY Kyil Kpi3b JOWIKY; /i — TOBILUHA JOIIKH;

v, — I]_IBI/I,Z[KiCTB KyJ'Il Ha BI/IXO,Z[i 3 OOIIKH. yanYBaB].HI/I e, OTpuMyeEMo

e

' {06 3HaiiTi 3HaueHHs iHTerpana (2.19), 3poGHMO 3aMiHy 3MiHHOI: TIO3HAYMMO 1+bﬂt =x-
m

Tomi, ypaxyBaBIIH, MO x = bvy dt 13aMIHUBIIA MEXIi IHTErpyBaHHs BiJIIOBIIHO 10 HOBOI 3MiH-
m
¢ 1+bﬂt
HOI, OTPUMYEMO o _ vo dt _bom m dx | CkopucraeMoch TaGIHYHEM {HTEIPanoM
bv .
01420 bvo 3 x

bvgy

14200

jﬂzlnx,MaeMO s:mlnx|+m S (14 2% ¢ ) in 1| = Panf 14 2% ).
x b ! b m



hzﬂln(1+£00toj. (2.21)
b m

I3 (2.18) maemo

v, =—20 (2.22)
by,
1+ —1¢,
m
Komb6inyroun Bupasu (2.21) 1 (2.22), maemo
p="n 20 (2.23)
b v

e

Bpaxosyroun (2.23), i3 (2.22) 3HaX0IUMO Yac MPOILOTY KYJIi Yepe3 JOIIKY

h(UO _Ue)
ly=—"—".

Yo
L, "V, - In—
U@
Mpuknap 2.2. Ha enadenvKiti 20pu3oHMAnbHill NOBEPXHI 1€Xcamb 08ad OOHAKOBUX
OpycKu, 3'€Onami He6azomMol0 NPYACUHOIO, HCOPCMKICIb AKOL ) | dosdxcuna Ly y neposmse-

Hymomy cmani. Ha ooun i3 6pyckie nouanu oismu nOCmiliHo0 20pu3oHmaivbholo cuiow F
(pvc. 2.4). 3uatidimb MakcumManvhy i MIHIMATbLHY GIOCMAHbL MIJIC OPYCKaMU 8 Npoyeci ix pyxy.

L,

X

]:‘ Puc. 2.4. Jo npuknaay 2.3
m (00000 | m: b—>

L1777 77777777777777777

Po3B'A3aHHA: 3 IOYATKOM PyXy Opycka m, , 10 SIKOTO NpHKIaJeHa cuiaa [, nova-
Jach PO3TArYBaTUCH Mpy:kuHA. IIpyu oMy 3pa3y »k 1ouaB pyxaTHch i Opycok m; (moBe-

pXHs — IJIajieHbKa, TepTa Hemae). Cuina, 10 Ji€ Ha OpycOK my MiJ 4ac PO3TATYBaHHS

NPYKHHH [OCTYNOBO (y Mipy pO3TAIyBaHHS MpYxKHHH) 3poctae Big 0 g0 F . JloBxuHa

TPYXUHH TIPH 1IbOMY 3MiHIO€Thes Bifl L, = Ly 10 Ly, . Ha 6pycok m; cuna F moune

‘min
J1STH TOJ1, KOJIU NpyXHHa OyJie pO3TArHyTa MaKCUMaabHO 10 HOBXKUHM L. =Ly + AL,

ne AL — aOcomioTHE MOJOBKEHHS NPYKUHH. YpaxoBylo4H 1e B 3akoHi ['yka F =y -AL,

. Foo_. .
MaeMO Y (Ly. —Lg)=F . 3Biaem L., =L,+—. Ilicna DOCATHEHHS MaKCHMAallbHO]

max

JOBXUHHU Tpyxunu L =1L

x O6I/I,I[Ba 6pyCKI/I PyXarThCA pa3soM, 3 OAHAKOBUMU HIBUIKO-

CTSMH 1 IPUCKOPECHHSIMH.
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NMpuknap 2.3. bpycox nouunae ckog3amu no NOXUIIN NIOWUHI, SKA YMBOPIOE KV
o 3 eopuzonmom. Koeghiyienm mepms k 3anescumo 6i0 winaxy x, AKuti npoxooums
Opycok, 3a 3aKkoHOM k =1yx, Oe Y — cmana. 3Handime wiisix, AKull npotioe bpycok 00 3y-
NUHKU, § 11020 MAKCUMATLHY WEUOKICIb HA YbOMY WIAXY. Y KoMy micyi wisxy 6pycox
Mamume MaKCuManibHy WeUoKicms?

Po3B’'a3anHa: Yomy Opycok Mae 3ynmuHUTHCEH? Uepes Te, o KoedirieHT TepTs 30i-
JBIIYETHCS B Mipy 301UIBIICHHS IIIIAXY X, Yepe3 EAKUN Yac CUIa TEPTS CTaHE JOCTATHHO
BEITUKOIO VISl TOTO, 00 OpYCOK 3yIIMHMUBCS, Mg COSO. .

Cunu, siKi IiloTh Ha Opycok (pwc. 2.5), BH3HAYaIOThCSI CHJIOIO TSDKIHHS Opycka

P =mg , sxa mae cxnanoBi Ha Bick Ox 1 Ha Bick Oy. Ckianosa 1i€i cuinu Ha Bick Ox, 10
JIOPIBHIOE 332 BEIIMYMHOIO Mg Sin oL, BHKJIMKAE KOB3aHHS OpycKa 3 MOXMJIOI TUTIOIIHHH.

CrimanoBa cumu P Ha Bick (y, TOB's3aHa 3 ICHYBaHHSAM CWJIM pEakiii Omopu
. . 1
N =mg cosa.. Oxpim Toro, icHye cuna Teptst F, = kN = kmg cosa .

y

E Puc. 2.5. Jo npuknaay 2.3

TP
mg cosa

PiBusnHs pyxy 6pycka md =P+ N + FTep . PiBHOZIirOUa cun, sKi AiFOTH HA OPYCOK y3-

OBk oci Ox , TOPIBHIOE
F =mgsina — F,, =mgsina —kmgcosa .

[IpuckopenHs Opycka JOPiBHIOE

F . .
a=—=gsina—kgcoso = gsina —yxgcosa. . (2.24)
m

3 iHmoro OOKy, 32 BU3HAYCHHSAM, IPUCKOPEHHS JOPIBHIOE

' TIpoGrema 3amucy HEX CKJIAJOBHX y BEKTOPHOMY BHIIIAII PO3B'S3Y€ThCS TPAIHIIHHEM CIIOCO-
6OM — uepe3 OJMHUYHI BeKTOpH (1B, muTanns 2.3.13): ck1agoBa cuitd P, 0 3MyIIY€ TiIo CKOB-

L

3aTé B3Z0BXK OCi Ox, 3aIUCYETHCS Y BHIIIAIL Bmg sino; cwia Teps F o = SN, me 2 -
v v v

OJMHMYHHKI BekTop oci Ox. Cuma peakuii omopu N = fimg cosa,, 1€ fi — OJMHMYHUN BEKTOP

HOpMAJIi 10 MOXWJIOT IUTOMIWHU B3I0BX oci Oy.
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a_du_@ﬁ_ dv

—= —v (2.25)
dt dxdt dx
ITopisutoroun (2.24) ta (2.25), Mmaemo
vdv=(gsina—yxgcosa)dx. (2.26)

[IpoinTerpyemo Bupas (2.26):
ju dv= j(gsinoc—ygxcosoc) dx =
v2

= —:gxsinoL—Ex2
2 2

cosa+C.

CKOpHUCTaEMOCH TTOYATKOBUMH yMOBaMH (Ha modatky pyxy: x=0, v=0 — Opycok
MTOKOITKCS), 3HaKAeMo crany inTerpyBanas C =0 . Takum 9uHOM,

L= \/x(Zg sino — gyxcosda.) . (2.27)
[Ipoananizyemo (2.27). lIBuakicts Opycka v =0 y ABOX BUIAJIKaX:
1) Ha movatky musixy x=0;

2) KOJIM BHUKOHYETHCS YMOBa gsina —%xcosa =0. lIs ymoBa BiAIMOBi/Ia€ BHUITAIKY

3YNMHKHA OpycKa BHACIIIOK 3pOCTaHHS CHJIM TepTsA. Y IbOMY pa3i KoopauHata Opycka
BHU3HAYa€THCS BETMUMNHOIO

X, = %tg(x , 1€ X, — IUIAX 00 3YIHUHKH. (2.28)

e

Jns BianrykaHHs v, Aocaiaumo QyHKUio (2.27) Ha eKCTpeMyM, I LIbOro BU3HA-
YUMO TMEpIIY MOXiJHY 32 X 1 IpUpiBHAEMO i1 HYJIIO:
do 1 2gsino—2gyxcosa
dx 2 \/x(2gsinoc —2gyxcosa)
Koopaunara Opycka, siky 3Hatigemo 3 (2.29), BiAnoBigae BUMAIKy, KOJIU MBUAKICTh OpY-
CKa MaKCUMaJIbHa

=0 = 2gsina—2gyxcosa =0. (2.29)

=—tga. (2.30)

U a

Puc. 2.6. [lo npuknaay 2.3

L.

max



Sk 6aummo (puc. 2.6), mopiBHIOI04H (2.28) 1 (2.30), MakcuMaabHa MBHIKICTH TOCSTA-
. 1 .
€TBCS TIOCEPEINHI MUIIXY JO 3YIMUHKH x|U =§xe. Ilincrapmsroun (2.30) y (2.27),

3HAWIEMO MaKCUMaJIbHY IBUJIKICTH OpycKa

Vpax = ltgoc 2gsina—gyltga cosa | = gtgasina .
Y Y

Mpuknap 2.4. Jlauyrodcok 006xcunoro { posmicmuiu Ha 2laoeHbKy chepuyHy nosep-
XHIO padiyca R mak, wo 00uH Kineyb JAHYHICKA 3aKPInaeHull Ha eepuiuti cghepu. 3
SAKUM NPUCKOPEHHAM NOYHE PYXAMUCL KOJMCHUL eleMeHM JIGHYI0CKA, AKWO 1020 EPXHIll
Kineywb 38inbHumu. Beasxcacmocs, wo 0osocuna nanyrodcxka < mR/2.

Po3B’'azannsa: "['nanenbka cepryHa MoBepxHs" O3HAUYAE, IO TEPTAM MiJ Yac pyxy
JIAHITIOKKA TI0 TIOBEPXHI HEXTyeMo. YMoBa /< mR/2=2nR/4 o3Hadae, MO JIAHIIOKOK
0 BCil CBOIH OBKUHI JISKUTH Ha chepryHiil MOBepXHi 1 He 3BHcaE 3 Hel. BBenemo Taki
mo3Ha4deHHs (puc. 2.7):

l . .
* 0oy= res KYTOBHI PO3MIp JIAHITIOKKA;

e do — KyTOBHUH pO3Mip OJTHOTO €IEMEHTA JIAHITIOKKA;
® dm —Maca OJHOTO eJICMEHTA JIAHIIFOXKKA.
Skmo Maca BChOTO JIAHITIOKKA M1, 3 KUIBKICTh €IEMEHTIB y JaHIIXKKY N , To Maca
OJTHOTO €JIEMEHTA JIaHITI0XKKA JIOPIBHIOE
m m m

"N ap/do (/(R-da)’

dm

(2.31)

Puc. 2.7. Po3TallyBaHHS NaHLIOXKa
Ha cchepuyHili NoBepXHi
(no npuknaay 2.4)

Cuna, sika i€ Ha OAMH €JIEMEHT JIaHIIOKKA 1 MPUMYIIYE HOro pyXaTHUCh i3 MPHUCKO-
peHHAM a , ypaxoByrouu (2.31), 1opiBHIOE

m

dF =dm-a=—a
E/(R-doc)
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SIkimio 3BaKWTH Ha Te, 10 KOB3aHHS JIAHITIOKKA 31 CPEepHIHOT TIOBEPXHI MAa€E Ty CaMmy
MIPUPOJTY, IO W KOB3aHHS Tija 3 MOXWIOI TUIOIIWHU, TO TIPUCKOPESHHS TaKOTO KOB3aHHS
a=gsina (puc. 2.8). TakuM YUHOM, MAaEMO

m
dF=—""_gsina. 232
0/(R-da)® (232)

Puc. 2.8. CknafoBi NpUCKOPEHHS
npu CKOB3aHHI eneMeHTa
NaHutoxka (ao npuknaay 2.4)

IarerpyBanns (2.32) npuBOIUTH A0 BUpa3y

%)
F=IMgR Rcosa
0 4

) m
sinado=—

oo _MER (| _ o5 :m;gR(l—cosﬁj
o' == 0)=7, R)

Sk Bigomo, F =ma . ToMy IPUCKOPEHHS a , 3 SIKMM [TOYHE PYXaTUCh KOXHHUN CIEMEHT
JIAHITFOXKKA (SIK 1 JTAHITIOKOK Y IIJIOMY), SIKIIIO HOTO BEpXHil KiHEIb 3BUTLHUTH, JOPIBHIOE

a= g(l — cosﬁj .
V4 R

MNpuknap 2.5. [Inim macu M 3 1H00UHOK HA HLOMY MACOK W HEPYXOMO CMOimb

Ha nogsepxmi ozepa. Bionocno nioma moouna 30iticnioe nepemiwents (' 30 weUOKICIO
U'(¢) i synunsaemoca. Hexmyrouu onopom 6odu, 3uaiidime eeauuumny nepemiwents f

nioma 6i0HOCHO bepeza.
Po3B'azanHsa: Bunamok, onmuMcaHuii B yMOBI MPHKIAay, MOXHA MPEACTABUTH Ha

puc. 2.9, Ie BUKOPHUCTaHI TaKi MO3HAYEHHA: X; 1 X, — KOOPJMHATHU LIEHTPa Mac, BiANOBI/-

HO, JIFOZIMHHM Ta IUIOTA BiIHOCHO Oepera [0 1M0YaTKy pyxy JIIOJIWHH Ha IUIOTY; X 1 X5 —
KOOpJIMHATH LIEHTPa Mac, BiIMOBIAHO, JIOAWHYU Ta IJIOTa BITHOCHO Oepera B KiHLI pyXy
JFOIMHM Ha TUIOTY; X 1 X5 — KOOPAHHATH IIEHTPa Mac JIOJMHM BiHOCHO IUIOTA IO MO-

YaTKy Ta B KiHIII PYXYy JIOIWHN Ha TUIOTY, BiIITOBITHO.
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N .

>  BimHOCHO Oepera

e e
XX X, : X B Puc. 2.9.
[ 4 I ' [lo npuknapay 2.5
0 o—b A5 BIZHOCHO IUIOTA
x' re ,
1 X X

3rimHo 3 Bu3HAuYeHHAM IleHTpa Mac CMT — y maHoMy BUNAAKY CHCTEMH 'TIIIT—
moauHa" — 11 .M. 10 TIOYaTKy pyXy Ma€ KOOPAUHATY

mx; + Mx,
X, =—————.

(2.33)
m+M
Koopaunaty .M. 11i€i cucTeM# B KiHIII PyXy MOXHa MPEJICTABUTH Y BUTIISAII
e e
mx; + Mx
xo=—"l_—_2 (2.34)

m+M

Mexanika TpoI1ieciB, 10 BiAOyBarOThCSA B cUCTeMi "TUTIT—TIOAMHA", Taka, 10 BiJCTaHb

MDK TTOJIOKCHHSIMH I1.M. JIFOJIMHU B KIiHIT 1i TIepeMilIeH s BiZTHOCHO Oepera i 1ioTa, siKi

XapaKTepH3yIOThCsl KOOpAMHATAaMH X 1 x{, BimmosimHo (puc. 2.9), Oyzae IOpiBHIOBATH

BENTMYMHI TIepeMilmmeHds ¢ I1.M. IUIOTa BiMHOCHO Oepera. BpaxyBaBmm Iie, 3TigHO 3
puc. 2.9 Bupa3s (2.34) nHabyne BUTIISATY

e e ’
Lo =M +Mx; _ m{x; +(0'=0)]+M(x, - 0)
¢ m+M m+M

Bynemo BBaxkaTu, 1m0 omip BOAM HEXTOBHO MaJlMif, 1 pe3yibTyroua BCiX 30BHIIIHIX
CHJI, SIKi TIFOTh HA CHCTEMY "TUTIT — JTIOAWHA", TOPIBHIOE HYIIIO: CUCTEMa 3aMKHEeHa. Tomy
LEHTP Mac Ii€i CHCTEMH MaTepiajlbHUX TUT y Mpoueci pyxy JOAUHU (i TJI0Ta) 3MiHIOBa-

(2.35)

THCH He OyJie (TeopeMH LIeHTpa Mac) X, = X, . TaKUM YHHOM,

mx; +Mxy =m[x +('= O]+ M(x, - () =

= mx; + Mx, =mx; + ml' —ml + Mx, - M ! =
>ml'=l(m+M). (2.36)
OctaTtoyHO MaeMO
o om
m+M

I3 Bupasy (2.37) BuaHO, 10 BETWYMHA TIEPEMINICHH TUI0Ta / BiHOCHO Oepera He 3ae-
KUTh BiJl XapakTepy pyxy JIOJMHH Ha IUIOTY, TOOTO BiJ 3aKoHY V'(f) i TpaexTopii pyxy

¢ 0. (2.37)

JIFOAVHU Ha IUIOTY.
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3. ANHAMIKA OBEPTAJ1IbHOI'O PYXY
TBEPAOIO TINIA

3.1. KopoTKi TeopeTuyHi BigOMOCTi

e MomeHToM M cuiaM BITHOCHO TOYKH () Ha3WBAIOTh BEKTOPHHUH MOOYTOK pajiyc-

BEKTOpa 7 , IPOBEAEHOI0 3 TOUKU O B TOUKY IPUKJIAJaHHS CHJIHU, HA BEKTOp CUIH F :
M=[FF]. (3.1)
o IIpoexuii M,,M y» M. Bexropa M Ha oci npsMokyTHOi aekaptoBoi CK 3 movar-

KoM y Touli O TOB'13aHi 3 MPOEKIISIMH Ha 1Ii 0Ci BEKTOPiB # 1 F CHiBBIIHOLICHHSIMH:

M,=yF.-zF,; M,=zF, —xF,; M,=xF,-yF,, 3.2)

Ji€ X, y,Z — KOOPIMHATH TOUKH IPHUK/IAJAHHS CHIn F .

e MOMEHTOM CHJIM BIJHOCHO OCi HA3WBAIOTh CKASIPHY BEIWYHHY, SKa IOPIBHIOE
NPOEKLIi Ha IO BiCh BEKTOPA MOMEHTY cHi M BiTHOCHO Oy/Ib-AKOi TOUKH Ha Liif Oci.

e MoMeHT iHepIii MaTepiadTbHOI TOYKH Macu m BiJHOCHO JESKOI OcCi, SKa BiggancHa
Bix MT Ha BiACTaHb 7, TOPIBHIOE

I=mr?. (3.3)

e MoMeHT iHeplii TBEpIOro Tijia BIIHOCHO OCi HA3WBAIOTh BEIIMYHHY, SIKA € MipOIO
iHepuii TBepHOro TiNa mpu 00epTaTbHOMY Pyci HaBKOJIO i€l OCl i JOPIBHIOE CyMi 10OYyT-
KiB Mac yCiX YaCTHHOK Tijla Ha KBaJpaT iX BiJICTaHI BiJ i€l OCi.

e MoMeHT iHepIlii TBEpAOro Tijia BIMHOCHO BIATOBIIHMX OCEH MPSIMOKYTHOI JeKap-
toBoi CK mopiBHIOE:!

(R T el IV [Py
(m) ) )
e [ (e (20 o [0 s a9
(m) ) )
1= ()= [ (0 o = [+ )
(m) ) )
ne m,p,V — wmaca, TycTuHa Ta 00'eM Tijna; Xx,),z — KOOPAWHATH €IEMEHTAPHOI YaCTHUHKH

Tina, sika Mae o0'eM dV 1iwmacy dm.
e BiameHTpoBi MOMEHTH iHEpIil TiIa BITHOCHO IO OCEH MPSMOKYTHOI JEeKapTOBOL
CK Ha3uBaroThCs Taki BETUIHNHU:
52



I, = J. xydm = I xypdV = ”Ixypdxdydz,
(m) ) )
I = I xzdm = I xzpdeH_[xzpdxdydz, 3.5
(m) ) ")
I, = J. yzdm = I yzpdV = J.'”.yzpdxdydz.
(m) ) )
e MowmeHT iHepuii TBepaoro Tina [/, BIIHOCHO OCl a , IO IPOXOAUTH 4Yepe3 Oyab-
Ky Touky O, 3 MOMEHTaMH iHEpIlii hOTO TiJIa BITHOCHO OCEH MPSIMOKYTHOI JEKapTOBOi

CK, mouaTox K01 30iraeThcs 3 TOukorw O , MOB'SI3aHMI CIIIBBIJHOIIECHHIM

2 2 2

I,=1,cos"o+1,cos"f+1, cos™y— (3.6)
-2, cosacosp—2/, cosa cosy—2/ cosPcosy, '

e o, B, Yy — KyTH, YTBOpPEHI Biccio a BimmoBigHO 3 ocsimu Ox, Oy, Oz npsimokytHOI CK.

e Uepes KOXKHY TOUKY Tijla MO>KHA IPOBECTH TaK TPH B3a€MHO NEPHEHIUKYIISIPHI TO-

J0BHi oci inepuii Ox', Oy', Oz', mo

I, =1 cos*a+1,cos’ B+15cos’y, 3.7
ne o',B,y" — Kyru, yrBOopeHi Biccio a BimmoBimHo 3 ocsimu Ox',O0y',0z'; I}, 1,,1; —
MOMEHTH iHEpIIii TiJIa BiTHOCHO TOJIOBHUX OCe iHepIii B Toulli O, sKi HA3UBAIOTHCS TO-
JIOBHUMH MOMEHTaMH 1HEPITii.

e Teopema [olirenca — LTeiliHepa: MOMEHT iHepLii / TBEpAOTO Tijia BiIHOCHO J0-
BUIBHOI OC1 @ JOPIBHIOE CyMi MOMEHTY iHepuil /, LbOro Tijla BIAHOCHO OCl @, sIKa Ma-
pajenbHa OCl a@ 1 MPOXOIUTH Yepe3 IEHTP Mac Tija, 1 JoOOYTKYy Macu m Tija Ha KBaapar
BiICTaHI d MiX OCAMH a Ta a:

I=1,+md*. (3.8)

e MOMEHT KiTBKOCTI pyXy (MOMEHT iIMITyJIbCY) MaTepialbHOI TOYKH BiIIHOCHO JESIKOT

TOYKHU (TI0JIF0CA) HA3MBAEThCSA BEKTOpP L, IO JOPIBHIOE BEKTOPHOMY HOOYTKY pajiyc-

BEKTOpA 7. TOYKH, IIPOBEICHOTO 3 TIONKOCA, Ha il KUIBKICTh PyXy m.V; :

e MOMEHT KITBKOCTI pyXy (MOMEHT IMITyJIbCY) TBEPAOIO Tijla BITHOCHO JESKOI TOY-
K (TTOJTFOCA) TOPiBHIOE

L= [[Fo]dm= [[F0]pav = [[[[FO]pdxdyd:, (3.10)
(m) ) )

e 7,0,p — BIANOBITHO, pajiyc-BEKTOp, MIBUAKICTh i TYCTHHA MAaJIOTO €JIEMEHTa Tija,

SIKMH Ma€ Macy dm Ta o0'em dV .
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e JSIkmio Tiio 00epTaETHCSI HABKOJIO OCI @ 3 KYTOBOKO IIBHJKICTIO ), TO MOMEHT iM-

IyJIbCy L, BIIHOCHO Li€i OC1 TOPIBHIOE
L,=1,0. (3.11)
e PiBHJHHSI MOMCHTIB
aL =M, (3.12)
dt

ne M — MOMEHT 30BHILIHIX CHJI, IO JFOTh HA TiJIO, BIAHOCHO Oci @ ; L — MOMEHT iM-
MyJbCYy BiTHOCHO IIi€i camoi oci.

e [Ipu HE3MIHHOMY MOMEHTI iHEpITil OCHOBHHI 3aKOH AMHAMIKHA 00EPTAILHOTO PYXy
TBEPJOTO TiJIa 3aIMUCYETHCS Y BUTIISI

199y . (3.13)
dt

e KineTnyHa eHeprig TBEpIOIO Tija, IO 00EPTAETHCS HABKOJIO HEPYXOMOI OCi, J10-

piBHIOE

T="2 (3.14)

3.2. MeToan4HI BKa3iBKM Ta nopaau

1. Ha mouatky po3B'si3yBaHHS 3a/adi CJiJ AETAIBHO IIPOaHaIi3yBaTH, AKi CUIH JiIOTh
y CHCTEMI, 10 SIKMX TiJl BOHH MPHUKJIAACH] Ta KyJ{ BOHH HampasiieHi. Takox 00O0B'SI3KOBO
Tpeba 3a3HAYATH, BITHOCHO SKHX OCEH a00 TOYOK BHU3HAYAIOTHCS BiIIMOBIIHI MOMEHTH:
CHJIH, 1HEpLil, IMITYJIbCY.

2. 3amada Ipo CKOYYBaHHs TBEPIOTO Tija, SKE Ma€ CUMETpito obepTaHHs (KyJs, -
JHIpP), 3 TOXWIOl INIOMWHN TOTpe0y€e TMOMEepeaHIX MOMATKOBUX KOMEHTapiB. 3ajeKHO
Bl YMOB JIOCTiAy TUIO IMiJ 9ac pyxy 3 MOXHUJIOI IUIONIMHU MOXE MepebyBaTu B Pi3HHX
BUJIaX PyXy: CKOUYyBaTHUCh, KOB3aTH a00 OJHOYACHO 1 CKOYYBATHCh, i KOB3aTH. Po3risHe-
MO YMOBH, KOJY Ili BUJM PyXY B JaHOMY BHUIIJIKy PEali3yIOThCs, aje mepe]l UM BU3Ha-
YUMO CHUJIH, K1 JIIOTh Ha TiJIO i 9ac Horo pyxy 3 moxwioi momuHA (puc. 3.1). Ile cmra

TSOKIHHSL P = mg , M0 Ji€ Ha TUJI0, Maca sIKoro m ; cujia N peakilii 3 00Ky TOXHIIOl TIIo-
IIMHHA HA TUJI0, BEJIMYMHA SKOI JIOPIBHIOE CKJIAJIOBIN CHIIM TSDKIHHS mg - COSOL ; JOTHUYHA

cHhJia EC , B€JIIMYKMHAa SIKO1 6y;[e BU3HAYAaTHUCh CKJIAaAOBOIO CUIIH TSDKIHHS mg -sinq, 1 cH-

JIOK0 TEPTS Fig, .

BBaxaTtrmMemo, 110 TIpH pyci Tijia, KOJIM HE BUHUKAE KOB3aHHSI, CIIOCTEPIraeThCsl YHCTE
Ko4eHHs Tina. Lle o3Hauae, Mo MIBUIKICTH TiNa B TOUMi 4 HOro JOTUKY 3 OBEPXHEIO JOPiB-
HIOE HYJI0. BiICyTHICTh KOB3aHHSI BH3HAYAETHCS MIEIO CHI 3 OOKY IMOXWIIOI ITUIOIIMHHA Ha
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TiJIO, IO CKOYyeThCs. Lli Crumh 3BOAATHCS 70 Mii CHIM HOPMAaIbHOTO THCKY N 1 JOTUYHOI

CHUIIN F‘t . 3a Bi)_'lcyTHOCTi KOB3aHHs CuJia F.C € CUJIOKO TCPTA CIIOKOHO FTep , JKa MOXKX€C Ha-

OyBaTu Oyzab-akuXx 3HaueHsb Bif 0 1o F,., =kN =kmg-cosa , ne k — koedillieHT TepTs.

Yy

cp

N

Puc. 3.1. Jo MeTOAMKM pO3B'si3aHHs 3a4au,
Je ¢irypye noxuna nnowmHa

Y mg

ITpy KoueHH] Tina BEOTMYMHA CUIM F, BCTaHOBIIIOETHCS TAaKOIO, OO He OyJI0 KOB3aH-
Hi1. L1 yMOBa BUKOHY€ETBCS, KOJIM BUKOHY€ETHCS CITiBBITHOIICHHS

kmg-cosa>mg-sino. = k>tga.

V pa3si, Ko BUKOHY€ETHCS CITiBBITHOIICHHS
kmg -cosa<mg-sino. = k<tga,

YrcTe KOYCHHS HEMOXIIMBE, BOHO CYNPOBOJIKYEThCS KOB3aHHSAM. KoB3aHHS crioctepira-
€THCS Y BUMAJKY BIJICYTHOCTI TepTs, Ko k =0 .

3amady Mpo CKOYYBaHHS TLIA 3 MOXHJIOI TUIOIIMHN MOXKHA PO3B'SA3aTH TPhOMa CIIOCO-
Oamu (amB. [2], . 48).

3.3. 3anuTaHHA Ta Bignosigi

3.3.1. Aky eracmusicmv mamepianvho2o miia Xouyms NIOKpecaumu, KOau toemvcs
npo "meepoe mino" abo npo "abcomomno meepoe mino"?

ITix "tBepaum Timom" abo "abCOMIOTHO TBEPAUM TUIOM" y MEXaHIIl PO3YyMIIOTh MaTe-
piasibHe TiNO, sIKe Mix Yac pyxy He AedopMyeTbes, TOOTO BiICTaHb MiX OKPEMHUMH 4Yac-
TUHAMHU SIKOTO Ta 1X pO3TalllyBaHHS HE 3MiHIOEThCS.

3.3.2. Chopmymotime ymosu iocymnocmi obepmants meepoozo miia.

SAxmo Tino mepedysae B iHepianbHii CB, To yMOBOIO BiACyTHOCTI Hioro oOepTaHHS €
BHMOTa, III00 CyMapHUH MOMEHT 30BHIITHIX CHJI BITHOCHO OYIb-sIKO1 OCi, IO TIPOXOIUTH
yepe3 .M. Tila, JOPIBHIOBAaB Hymo: M =ZM isosn = 0. Jnsa neineprianeux CB, 10
MOMEHTY 30BHIIIHIX CHJI CJIiJ] TOAATH 1 MOMEHTH CHII IHEpITii.
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3.3.3. Yomy OopisHioe KinemuyHa enepeis meepoo2o mina  pasi niockozo pyxy?

[Tnockuit pyx TBepmoro Tina, SKUi 3a3BUYail MOB'A3aHUI 31 3MilIaHUM PyXOoM (OAHO-
YaCHO MOCTYHaJIbHUM 1 00epTalbHUM), XapaKTepU3yeTbCs THM, 0 OyIb-sgKa TOYKa Tijia
i yac pyxy nepeOyBae B OfHiH miomuHi (il TpaekTopis pyxy OMUCYETHCS JBOBHUMIPHUM
3aKOHOM, Hamp., y(x)). OOMH i3 KOMIOHEHTIB 3MIiIIAHOTO PyXy MOXKe OyTH BiICYTHIM 1
TOJIi pyX cTae abo MOCTyNalbHUM, 200 00EepPTaIbHUM.

KineTtnyna eHepris TBEpAOTO TiIa TPH IUIOCKOMY 3MIIIAHOMY PyCi CKIIAAEThCS 3
EHeprii MOCTYNaabHOTO PyXy IIEHTpa Mac TBEPAOTO TiJla Ta CHEprii 0OepTaHHS Tija Ha-

. . muz IC(DZ
BKOJIO OCI, III0 IIPOXOIMTE YepPe3 IEHTP Mac Tina: I = +

, 1€ L, — IBUJKICTH

LeHTpa Mac; [, — MOMEHT IHeplii Tija BiIHOCHO Oci 0OepTaHHs, SIKa IPOXOJUTH Uepe3
LEHTP Mac.

3.3.4. Hu 3a621c0u 008iNbHULL pYX MINA MONICHA POSKAACMU HA 084 PYXU. NOCMYNATb-
HUll ma obepmanbHul?

Hi, me 3apxau. Tiabku IUIOCKAN pyX MOXKHA BIIHOCHO JIETKO PO3KJIACTH HA JIBA PYXH:
NOCTYNAIBHUH Ta 00epTaIbHUA.

3.3.5. Yu mooicna kazamu, wo "mamepianibHa mouxa pyxacmocs nocmynanvto'? Yomy?

Hi, He MoxHa. 3a BU3HAUCHHSM, MOCTYMAIBHUN PYX — 1€ PyX TiJIa, IPU SIKOMY TPAEK-
TOpIi pyXy BCIX TOYOK Tija 0HaKOBi. Takoxk MOCTyMaIbHHUIA PyX XapaKTEPU3YETHCS THM,
IO TIpsIMa JIiHisA, MPOBEACHA MK TBOMa MOBIIPHUMH TOYKAMH TiNa, ITiJl 4ac HOro pyxy
3aTMIIAETHCS TapaielbHO cama cobi. Hi ogHa 3 ABOX HaBeIEGHUX BUINE O3HAK MOCTYIIA-
JBHOTO PYXY HE MOXKe OyTH 3aCTOCOBaHa JUI PyXy MaTepianbHoi Touku. MT Moxke miepe-
OyBatu a00 B MPSAMOJIHITHOMY a00 B KpHUBOJIIHIHHOMY (30KpeMa, B 00epTaabHOMY) PycCi.

3.3.6. [{enmp mac meepooeo mina pyxacmucsi no cunycoioi. Yu mooice maxuii pyx 6y-
mu oyiHeHUll sIK NOCMYNAaTbHUl?

Indopmarii npo xapakrep pyxy TUJIbKH OHI€T TOUKH TBEPIOTO Tijia, HABITH TAKOi BaX-
JIMBOT, SIK IIEHTP Mac HEJOCTATHBO YIS TOTO, 00 BBaXKaTH HOT'O MOCTYMAILHUM, 00epTa-
JILHUM a00 3MilIaHuM (TIOCTYIAIbHO-00€pTAIbHUM) PYXOM Tija. Y BHIIAJKY, KOJIHU MOX-
Ha JIOBECTH, 110 OOEPTaHHS TiJia, SIKE PYXAEThCs MO CUHYCOIii, BIACYTHE, 1 BOAHOYAC PyX
TiJIa TMATAAA€E M BU3HAYCHHS OCTYIAIBHOTO pyXy (AHB. 3anuTaHHs 3.3.5), TO Takuii pyx
MOJKHA BBRKATH MOCTYTIATBHIM.

3.3.7. ll]o maxe mummesa 6ico obepmanusn?

Murtteoto Biccto obeprarns (MBO) mix gac 3mimaHoro (TIOCTYaTbHO-00epTATEHOMY )
PyXy Ha3UBA€ThCS Ta BiCh OOCPTAaHHS, BiTHOCHO SKOI MOCTYyMANbHA CKJIAZ0BA TUIOCKOTO
PYXy B IJaHUIT MOMEHT Yacy Ma€ HyJbOBY MBUAKICTh. [IIBUAKICTD YCiX TOUOK TiJIa B ILOMY
BUTIAAKy MOXe OyTH TpEICTaBlieHa SK IIBHIKICTE 0OepTalpHOTO pyxy HaBkoio MBO.
[Tnocke mepemileHHsT TBEPAOTO TiJIa HABKOJIO MUTTEBOI OCI MOAETHCS Y BUIIISIII YHCTOTO
obepTaHHsA. MUTTEBA BiCh — I1€ ySIBHA BiCh, BOHA HE Ma€ CBOT'O MaTepiaIbHOTO HOCIS.
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SIKII0 MO TUTOCKIN TTOBEPXHI KOTHUTHCS KOJIECO 1 HEMae HOTO MPOKOB3YBAHHS, TO MHUT-
TEBOIO BICCIO 00EpTaHHS KoJieca Oyie mpsamMa, sika MepIeHANKYIIIpHA 0 TUIOIIHHK PYXY 1
MPOXOUTH Yepe3 TOUKY TOTUKY KOJieca 3 IOBEPXHEIO B JIAHUH MOMEHT 4acy.

3.3.8. Ak eusHauumu MicyenoaioiceHus MUmmegoi oci 00epmanHs npu NiIOCKOMY pyci
meepooeo mina y ¢hopmi cmpudicHs?

Slkmo crpuxkenr AB mepeOyBae y IUIOCKOMY, 3MilIaHOMY (TTOCTYIAIbHO-
obepTanbHOMY) PyCi, TO MONIYK MUTTEBOI OCI 3MIHCHIOETHCS TAKUM YHMHOM, SIK TTOKa3aHO
Ha puc. 3.2.

Puc. 3.2. [1o BU3HAYEHHS MiCLIENONOXEHHS
MUTTEBOrO LieHTpa (oci) obepTaHHs
npy NIOCKOMY pyci TBepAoro Tina

= (hiKCyeMO TOJ0KEHHS CTPHKHS Y IBa JOBUIBHUX MOMEHTH uacy AB1 A'B’;

" 3'eHY€MO BiJNOBIZHI KiHII OTPUMaHUX 300pa’keHb IBOX MOJO0XKEHb CTPUXKHS AB 1
A'B'" ninismu AA' ta BB';

" pomimumo Bimpisku AA' ta BB' HaBmia i 3 oTpuMaHux To4ok M i N, sKi Bimo-
OpakaroTh cepeauHu BimpiskiB A4’ Ta BB', mo0OymyeMo MepIeHAUKYISIpH 10 BiIIOBiI-
HUX Bipi3kiB 44" Ta BB';

* TOouka nepetuHy O NMX MEPIEHAUKYISPIB 1 Oy/Ae IIyKaHOI TOYKOIO MEPETUHY
MBO 3 mI0LMHOIO PYXY.

3.3.9. Kosneco komumucs no naockitl nogepxti. Hu 3a6acou mummesa 8icb 0bepmanms
30i2aecmub s 3 MOUKOI0 QOMUKY Kolecd 3 nogepxHeio?

MurtTeBa Bich 00epTaHHS 30ITAETHCS 3 TOYKOIO JOTHUKY KOJIeca i3 OBEPXHEIO TIIBKH Y
BUTAJIKy, KOJIM HEMa MPOKOB3YyBaHHs ab0 ranbMyBaHHS Kojeca (puc. 3.3, a). Came B Ta-
KOMY BHIAKY 3B'I30K MK KYyTOBOIO IIBHAKICTIO OOCpPTaHHS 1 JIIHIHHOIO IIBUAKICTIO
L, PyXy LIEHTpa Mac 33Ja€ThCs IPOCTUM 3aKOHOM L, = R®, a JiHilHAa MBUIKICTb TOUKU

Ha nepudepii Koseca JOpiBHIOE 2V, .
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Cci

C Ve c C] @ Puc. 3.3.
o [o 3anutanHs 3.3.9

O O/ X

a) 6) B)

V pa3i BUHMKHEHHS MITYYHOTO TaJbMyBaHHS (puc. 3.3, 6) abo ckoB3aHHS (pwc. 3.3, B)
MUTTEBA BICh, sIKA IPOXOAUTH Yepe3 TOUKY O, MepPEeMIlyeThCs 3 IOBEPXHi, MO SKill pyxa-
eTbCsl Koneco. JliHilHa MBUAKICTE L, PyXy LEHTpa Mac y LUX BHUIAJKaxX OLIbLI CKIIAA-
HUAM, HDK Yy BHITQJKy YHCTOTO KodeHHS (puc. 3.3,a), CIocoOOM 3aJIeKUTh BiJ KyTOBOI
IIBUIKOCTI 00epTaHHS Kojeca.

3.3.10. Ak ghopmynroemubcs piBHAHHA PYXY YeHMpa Mac meepoo2o mina?

PiBHSHHS 1IEHTpa Mac TBEPAOTO TiJIa Ma€ BUTIIS
dv, _F

dt 30BH ?

— pe3yJbTyI0da BCiX 30BHIINIHIX CHUI, SIKi AifOTh Ha TuT0. LleHTp Mac Tina pyxa-

m

ne F,

30BH
€ThCSI TaK, HGHAYE BCS Maca TiJia 30Ccepe/DKeHa B il Toulli (I1.M.) 1 10 Hel MpUKIIaaeHi Bei
30BHIIITHI CHJIH.

Sk Gauumo, y BUIAJKY, Komu F, ..

=0, BenuuuHa U, = const. Lle — Teopema nenrpa
Mac TBEPJOTo Tija, sKa 3a 3MICTOM aHajoridHa Teopemi nentpa mac it CMT (ouB. 3a-
nuTaHHs 2.3.18). Taka ananoris He quBHA, ocKinbku CMT i TBepae Tifio Ayke OJIU3bKI MixK
coboto. Bonu BigpizHstoTeCs TM, o B CMT martepiaibHi TOUYKH PO3NOALICHI IO CHCTe-
Mi JTHCKPETHO, iX KUTBKICTh OOMEXeHa. Y TBEPAOMY TiJli YACTUHKH, 3 SKUX BOHO CKJIaIa-
€ThCSI, YTBOPIOIOTH CYIMUIbHAN KOHTHHYYM. Bin omepamii cymysansas miss CMT y Bunan-
Ky TBEpOTO TiJIa CIIiJi IEPEXOAUTH J0 IHTETPpyBaHHS.

PiBHSHHS pyXy IEHTpa Mac 3amucaHe s iHeprianbHuXx cucteM Bimiky. Jms HICB
11¢ PIBHSHHS 3aJIUIIAETHCS B TAKOMY CaMOMY BUTJISI, ajie 0 30BHIITHIX CHII B3a€MOIi B
[ILOMY BHUIIAJIKY JIOJAFOTHCS II¢ CHUIIM 1HEPIIii, AKi TyT PO3TIISIAIOTHCS K 30BHIIIIHI.

3.3.11. Jlosedimb ghopmyny (3.2).

I3 Bimomoi bopmynu s MOMEHTY ciui M 3a BiIOMHUMH TIpaBHJIAMH BEKTOPHOI aji-
reOpu MOXKHA 3aIHUCaTH:

i J ok
Mz[?ﬁ]zx y oz =(yFZ—ZFy)f+(ZFx—xFZ )j+(xFy—ny)l€.
F. F, F,
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Sk 6aunmo, M, =yF, -z F,; M, =zF, —xF,; M, =xF,—yF,, wo i BUMaranocs
JIOBECTH.

3.3.12. Ak susnauumu Hanpsimox momenmy cun? Koau momenm cunu 0opienioe vymo?
Konu momenm cunu maxcumanonuii?

MowmenT cumi M 3a BU3HAYEHHSAM JOPIBHIOE BEKTOPHOMY J00YTKY M = [F F ] . Bek-

TOp M TepHneHIUKYJSIPHUNA IO IUIOMIWHHU, YV SAKiH Jexats BekTopu 7 1 F . Hampsmoxk
BeKkTOpa M BW3HAUYAETHCS 3a MPABUIIOM NpaBoi Tpiiiku BekTopiB M, 7, F' . Makcumanb-

HOTO 3HAYCHHS MOMCHT CHUIM HaOyBae, komu 7 L F . Y Bunanky, komu 7| |F , Bemmanna

M =0. MiniMalbHe 3HAYEHHS MOMEHT CHJIM MAaTHME, KOJIM Sin (F,F ) =—1 = KyT Mix
.= . 3
BEKTOpaMu 7 1 F JOpiBHIOE Enian .

3.3.13. Ak i3 pigHAHHA MOMEHMI8 OMPUMAMU OCHOBHE DIGHAHHS 00EPMANIbHO2O PYXY
meepoozo mina?

I3 piBasHHES MOMeHTIB (3.3) ‘;—L:M , YpaxyBaBIIN PIBHSIHHSI 00EPTaIBLHOTO PYXY
t

L=1-6,vaemo M :d—in(I-é)zl-d—mzl-B. Taxum gnsom, M =1 - — ocHOBHe
dt dt dt
PIBHSHHS 00€pTaTLHOTO PYXY TBEPIOTO Tija.

3.3.14. Yum suznauacmocs momenm inepyii mina?

MomeHT iHepiii TBepAOro Tijia 3aJ1eXHUTh TIABKH BiJ OPMH Tijia, pO3TallyBaHHS Ma-
CH B HhOMY Ta BUOOPY OCi, BIiTHOCHO SIKO1 BU3HAYAETHCSI MOMCHT 1HEPITii.

3.3.15. Yu mooicha sminumu MomeHm iHepyii mina, He 3MIiHIOOYU 11020 Macu ma gop-
mu? Hxuwgo mooxcna, mo sk?

MoxHna. [Ing nporo tpeda SKUMOCh YHHOM HEpEepO3MOAIINTH Macy 1o ob'emy. Ha-
NpUKJIa, 3pOOUTH TiIO HEOAHOPIAHUM abo, SKIIO TiNO OyJIO HEOAHOPIAHMUM (Harlp., IIa-
pyBaTuM), "miepemimatu” 11i HEOAHOPIAHOCTI, a00 HABMAKH, 3pOOWTH TUIO 3 HEOTHOPIA-
HOT'O OJHOPiAHMM. I, HapemITi, 1e OANH CIOCiO: HIYOTO HE 3MIHIOKYH B Tili, 00paTH iH-
nry Bick obepranus. Lle Takoxx mpuBene 40 3MiHM MOMEHTY iHepuii Tina 6e3 3MiHM HOTro
Macu Ta GOpPMH.

3.3.16. Bionocho saxoi 3 060x napaneivHux oceti 06epmanHs MoMenm inepyii meepoozo
mina MiHIManbHUn?

Buxonsuu i3 Teopemu ['roiirenca — IllTeitnepa (3.5), MOMEHT iHepIii OJXHOPITHOTO
TBEPJOTO TiJIa 3aBXKIM MCHIIUU IIO0 Ti€i oci 00epTaHHs, sIKa PO3TaIIOBaHa OJIMKIE 0
IIeHTpa Mac Tija. MaTepialbHe TiJI0 Ma€ MIHIMATLHAH MOMEHT 1HEpITlii BITHOCHO OCi, sSKa
POXOJIUTH Yepe3 LIEHTP Mac Tija.

3.3.17. Konu sunukae neobXiOHicmb, 3aMiCmb CKANAPHOL 8eIUNUHU MOMEHmMY THepyil,
6600UMU MEH30P MOMEHMY iHepyii?
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Heo0xinHicTh, 3aMiCTh CKAIIIPHOI BEIIMYMHA MOMEHTY iHepiii y ¢opmyni L=171-®,

BBOJIMTH TEH30p MOMEHTY iHEpIii BUKINKAHA HEKOIIHEAPHICTIO BEKTOPiB L i @ . Bimbim
MOBHY iH(OpMaLiio 3 IOr0 MUTaHHS MOXHA oTpuMatu B [3], m. 40.

3.3.18. IlJo make menzop Opyeoeo pauey (NoKaxicimov Ha NPuxiadi nepexody 6i0 oOHicT
dexapmosoi cucmemu KOOpOUHAm 00 THWLOL, KA BIOPI3HAEMbCA 80 Nepulol 1uuie nogo-
POMOM KOOPOUHAMHUX Ocell)?

Cucrema piBHSIHD, IO ONMMCYIOTH TEPETBOPEHHS KOOPIWHAT (x, y,z) BEKTOpa TpH
.. . e . (X v ’ ’ [ b 1
3mini ogHiel CK Ha inmry CK, y sikiif 1ieli BeKTop Ma€e KOOpAUHATH (x Yz ) , sIKa BiJpi3-
HSETHCS BiJl TIEPIIIO] JIMIIIE TTIOBOPOTOM OCE# KoopauHat, Mae Burisz ([1], ¢. 32):
X = Otllx' + (X,lzy' + (1,132,,
y= azlx'+a22y,+a23z', (39)
_ ’ ’ ’
zZ= (X3lx +0L32y + OL33Z 5

ne xoe(ilieHTH O; Ta O, MAIOTh 3HAYCHHS HANPSIMHHUX KOCHHYCIB O = co0s (X}, X;),

A

i,k=1,2,3. Cucremy piBHSHB (3.9) MOKHa 3amucaTH, BUKOPUCTOBYIOUM TeH30p I npYy-
TOTO PaHTy.

TensopoM 7' Apyroro paHry Ha3MBAKOTh CyKyIHICTh JICB'STH BEIMUHH
p Py panry YKy n

Iy T, T
T21 T22 T23 ’
Iy T, Iy

SIKI BUKOPUCTOBYIOTHCS TIPY MEPEXOl Bifl OJIHIET AeKapTOBOi CUCTEMU KOOPAMHAT /IO iH-
101, KA BiAPI3HAETHCS B MEPIIOI JIUIIE TTOBOPOTOM OCei KoopamHaT. Take mepeTBo-
PEHHs1 3IIMCHIOETHCS 32 BU3HAYeHO (opmyroo T = Zoc,-,aka,m , e i,k=1,2,3; xo-
edimienTH o; Ta o, MAIOTh 3HAUYCHHS HANPSIMHHUX KOCHHYCIB O = cos (¥, Xx; ). Benn-

yuHU 7 HA3UBAIOTHCS KOMIIOHEHTAaMH TeH30pa. binbil noBHy iH(pOpMalilo 3 HbOro MH-

TaHHS MOXHa OTpUMAaTH, Harpukiang, v [3], momarox II1.

3.3.19. Il]o maxe 6invua gico mina? I'onosna gice inepyii?

Binvua sicey Tina 1e Bich, MOJOKEHHS KO B TIPOCTOPI 3AIAIIAETHCS HE3MIHHUM TIPH
oOepTaHHI HABKOJIO Hel TiJia 32 BiACYTHOCTI 30BHILIHIX CHJI.

MosxHa TIOKa3aTH, o I Ti1a OyAb-aKoi (OpMH 1 3 TOBITEHAM PO3IOIISIOM MAacCH ic-
HYIOTh TPH B3a€MHO TIEPIICHAUKYIBIPHI MPsMI, SKI TPOXOIATH Yepe3 IEHTP Mac Tijia i
MOXYTb OyTH BUTBHUMU OCSIMH. Taki MpsiMi HA3UBAIOTHCS 20A0GHUMU OCAMU [HEPYii.

3.3.20. Il]o i3 hizuunoi mouxu 30py o3navae diaeonanizayis men3opa inepyii?

3BeJeHHs TeH30pa 1Hepii
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Iy Ly I
I=|1y Ip Iy (3.10)
Iy I3 I3
JI0 BUTJIISIITY
I,y 0 0 I, 0 0
0 I, 0|=l0 I, O
0 0 Iy 0 0 I4
HA3WBAETHCS JTIarOHAIIZAINEI0 TEH30pa APYTroro panry. 3 Horsiay ¢Gi3uKd I MaTeMaTH-
YHa OIepallisi 03Hayae BUOIp TaKOi CUCTEMH KOOPAWHAT, OCSAMHU sIKO1 00OpaHi T'OJI0BHI OCl

inepuii. Hampukman, Bick Ox cTae TOJOBHOKO BICCIO iHEPIII TBEPJOTO TiJia, SKIIO BiJl-
LEHTPOBI MOMEHTH iHepuii /,, Ta /,. OIHOYAaCHO JOPIBHIOITH HYIIO.

3.3.21. Yomy oOopisnioe momenm inepyii 0OHOPIOHO20 NPAMOKYMHO20 napaieienine-
0a? Ak eusnauumu eremenmu men3opa inepyii maxozo napaneienineda?

bes nosenenns (ctpore noeneHHs aus. y [3], m. 40), oOpaBimu cucTeMy KOOpAWHAT 3
MMOYaTKOM Y IIeHTpi Mac Tina (Touka C, K MOKa3aHO Ha pucC. 3.4), 3aITUIIIEMO TOJIOBHI MO-
MEHTH 1HepUii AJs1 OAHOPIAHOTO MPSIMOKYTHOTO Mapajesenineaa:

Izzzém(a2+b2); Ixxzém(szrcz); Iyy=% (a2+cz). (3.11)

HouenTpoBi MoMeHTH iHepuii [; =0, ne i,k =x,y,z; i#k.lle o3Ha4ae, 0 BKa3aHUI
BHOIp KOOpAMHATHUX OCEH MPUBOIUTH IO AlaroHari3arlii TeH30pa MOMEHTY iHepiii. A 11e,
Yy CBOIO YEpry O3HAda€, IO TAKUM YHMHOM OOpaHi OCi € TOJJOBHUMH OCSMH 1HEPIlii OIHO-
PiIHOTO NPSMOKYTHOTO TapaJiesermine/a.

TZ

I -
I \‘ 'Ql C
N )
Losdl L
--o-Z{_'_'.:_'.'_:-‘-\;?i“-é’-i-’-'-_-- -- — Y

N
N
R PR, Y
7
4
Q

b

Puc. 3.4. [Jo BU3HAYeHHS eneMeHTiB TeH30pa iHepuii
OAHOPIAHOro NPSIMOKYTHOMO Napanenenineaa
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3.3.22. Konu xinemuyHy enepeito MamepiaibHO20 Mild He MONCHA ONUCYBAMU BUPA30M

2
r-to7,
2
2

Iow . . . .
Bupazom T = T OMHCYETHCS KIHETUYHA CHEPIis MaTepiajibHOrO Tijia JIMIIE y BUIIA-

JKaX, KOJIM MOMEHT iHepuii / — ckaysp. Y upoMy pasi B piBHSHHI L =/ (® BEKTOPH Ky-

TOBOT MBUAKOCTI ) 1 MOMEHTY IMITyJIbCy L KojiHeapHi. L{e mom0 MaTepialbHOI TOUKH
Ta IS JSSTKUX OJHOPITHUX TBEPAUX TUII, IO 00EPTAIOTHCS, 3 BUCOKOIO CUMETPIEr0 (KyJId,
CTPIKEHB, TUCK TOIO). IIpoTe B 3araJpHOMY BHITAJIKY, YacTillle BCHOTO MpHU OOEpTaHHI

TBEPJIOTro Tilla, BEKTOPH & i L HekoiHeapHi. Y BHIIAIKAX BU3HAYCHHS KiHCTUYHOI CHe-

prii I TaKuX TBEPAWX TUT HEOOXiTHO KOPUCTYBATHCH IHITUMH, MOIU(IKOBaHUMHE (Hop-

MyJiaMu. Y IUX BUNAJKaX, SKIIO JIEKAPTOBY CHCTEMY KOODIMHAT >KOPCTKO MPUB'I3aTH JI0

Tia 1 pO3MICTUTH 11 MOYATOK y LEHTPi Mac Tijia, TO KIHETUYHA EHEepris Tina, mo odepra-

€THCS1 HABKOJIO HEPYXOMOT TOUKHU (hiIKCOBAHOI OCi, ONMCYBaTUMETHCSI BUPA30M

+1,,07 + 58)
, .

2
1] o5 +Ixyooxooy +1,,0,0, +Iyxooyoox

T

2
+Iyzmymz +1,.0,0,+ ]Zymzoay +1,,0;

ae I; — KOMIIOHEHTH TEH30pa iHepIii (i, k=x,y, k) — HaOip i3 AEB'ATH BENWYUH, SKi

MaroTh PO3MipHICTH MOMEHTY iHEpLii KT - M2

®opmyny (3.8) MokHa 3anucaTd y BUrisai T =l z I, ,0, . Ilpu cymyBaHHI
i,k=x,y,z
iHIeKcH i Ta k TpoOIraroTh, HE3AIEKHO OJIWH BiJl OJTHOTO, 3HAYCHHS X, V, Z .
Sxmro onmcyBatu oOepTaHHS TBEPIOTO Tijia, OOMPAIOYN TAKUM YMHOM JIEKAPTOBY CH-
CTEeMyY KOOPJMHAT, 00 i1 OCi 30irIvch 3 TOJOBHUMH OCSIMHU 1HEPIIii, TO OIIEHTPOBI MO-
MeHTH iHepuii tuny /., [, Ta [, NepeTBOPATHCS HA Hyllb, a KIHCTHYHA CHEPIis Tila

1 .
COPOCTUTHCA 10 BUrasany T = 5([ xxooi +1 yymi + IZZo)g), ne Iy, 1,,,I,. — rojoBHl MO-

MeHTH iHepiIlii. ToMy npu po3B's3yBanHi 3amad 3 posn. 3 ("luHamika 06epTaabHOTO PyXY
TBEpIOro Tija") 3a3BUYall BiAJAIOTh IepeBary JeKapTOBii cucTeMi KOOpAWHAT, TOYaTOK
sIKOT 30ira€eThes i3 EHTPOM Mac, a OCi 30iratoThCs 3 OCSIMU CUMETPIi TiJIa, IPH I[bOMY BiCh
OZ 36iraetncs 3 Biccio oOepTaHHs (HAPSMKOM BEKTOpa KPYroBOi MIBHIKOCTI ® ).

3.3.23. Ak nog'sizana wacmoma npeyecii Q) zipockona 3 uacmomow © Uo2o obep-
manusa? 3pobims pizuyHi BUCHOBKIL.

YacroTa mpenecii (2 ripockona rmos's3aHa 3 4aCTOTOI ® HOTro 00epTaHHS (OPMYIIO0

oM _mgt mgl

3.12
L L Io (3-12)
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JoBenenns i€l hopmMyan MoxHa 3HaiiTH B [4], 1. 4.6. 13 (3.12) MokHA 3pOOUTH TaKi BH-
CHOBKH:

1 . - .
1) Q~—, T00TO "acToTa mpenecii {2 Tipockomna 0OepHEHO MPOIOPLiifHA YacTOTI M
0)

fioro obepTaHHS;
2) yacToTa mpeuecii {2 He 3aJeXHUTh BiJ KyTa HAXWIIy OCi TipOCKOIIa 10 BEpTHKAJI;
3) Q<< ®, ToMy, HE3BaKar0Uu Ha HAABHICTb Mpelecii, MOXKHA BBaXKaTH, 110 BEKTOPU

ollL napasenbHi OCi TIPOCKOTIa;

3.3.24. AKi 6UCHOBKU MOJICHA 3pOOUMU, AHANIZYIOYU DOpMYLY M= [QZ] 0151 MoMe-

HmMYy M 306HiwmHix cu, wo Oiomsb HA 2IPOCKON 3 MOMEHMOM IMIYIbCY L i suxkmuxaroms
npeyeciio 3 wacmomoio €2 ?

BucHoBku:

1) BUHMKHEHHS Iperecii 3 yacToToro () MoB'sI3aHe i3 AI€I0 MOMEHTY 30BHIIIHIX CHIT;

2) BEKTOp KyTOBOI IIBUAKOCTI TIperiecii (2 MepreHIuKyISIpHANA 10 BEKTOpa MOMEHTY
M 3oBHimHIx cut Q L M ;

3) mosiBa (3MiHa) MOMEHTY CHJIM BUKJIMKA€ TMOsIBY (3MiHY) MIBHAKOCTI mpernecii. Pani-
1ie, 0 PO3TIsAy TipOCKOIIB, OyJo: i CHIM a00 MOMEHTY CHJIM BHUKIUKAIOTh MPUCKO-
peHHs (JTiHIHE a00 KyTOBE);

4) mpenecis Tipockona He Ma€ iHepUii: mpeueciiHui pyX 3yNUHIETHCS B MOMEHT 3Y-
NUHKH Tipockona. Pawimie, 10 po3riany TipockomiB, Oyno: y MOMEHT 3YIHHKH il CHIn
MUTTEBO 3HUKAE MPUCKOPEHHS, a MIBUJIKICTD 3aTUIIAETHCS.

3.3.25. Yomy cmpuodicennb, OUCK, AAHYIONCOK, SKI Npus's3ani 00 MOMy3Kku ma obepma-
IOMbCS, OPIEHMYIOMbCA 8 NPOCMOPI 20PU3OHMATLHO?

Teopis 1 mpakTHKa MOKa3yIOTh, IO OO0CpTaHHS TiTa Oyae CTIMKAM TUTBKH BiTHOCHO
TUX BITBHUX OCEH, BITHOCHO SKMX MOMEHT iHEpIi Tija HaiOinemmii (Bick O,0%) abo
HaiiMeHnmuit (Bich O10'1) (pwc. 3.5). IlepeBary mae mepmmid BapiaHT oOepTaHHS Tija.
OOGepranns Oyme HECTIMKAM BITHOCHO OCI, JUIS SIKOI MOMEHT 1HEpIIii TiJla Ma€ IPOMIXKHE
3Ha4eHHs (Bich O30%).

/ / Puc. 3.5. Tpu oci BinbHOro obepTaHHs
o) Oy

1/ / (po 3anuTaHHs 3.3.25)

Sxmio crpmwkenb (puc. 3.6, a) abo muck (puc. 3.6, 6), abo IaHIIOKOK (puc. 3.6, B), sIKi
NpUB'S3aHi 10 MOTY3KH, IPUBECTU y LIBHIKE OOEpTaHHs, TO I Tijia MOBEpHYThCS 1 Oy-
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JIyTh 00EPTATUCh y Till IJIOLIMHI, HABKOJIO Ti€l OCI, BITHOCHO SIKOi IXHI MOMEHTH 1HEpIIil
OymyTh HabumemuMu. Ha puc. 3.5 e Bick OO0, 1O MEPHESHAUKYISIPHA 10 THIOMIHHA
obepranns. Jlanmroxkok (puc. 3.6, B) Mg 9ac oOepTaHHI HE TiIIHKU MOBEPTAETHCS B TOPHU-
30HTAJIBHY TUIOIIHHY, SIK IIe OyJIO 31 CTPIDKHEM, aje W PO3MPSIMISIETHCS Ta YTBOPIOE KOJIO
B TOPU3OHTANbHIN TonuHi. Llel ¢akT MmoscCHIOEThCS HaMaraHHsAM Tila HaOyTH (opmy,
sIKa HaJaBaya 0 oMy MaKCHMaJIbHOTO MOMEHTY iHepIii (puc. 3.6).

~ -
~ .
v rrmmmmm=”

a) 6) B)
Puc. 3.6. Jo 3anutaHHs 3.3.25

3.3.26. Ak, suxodsauu i3 3akonie izuxu, ciio KuHymu npeomem, AKull 3a ¢popmoio Ha-
2a0ye KHUIICKY, wob 6iH npoiemis axomoea 0ani?

IIpenmeT cimig KUHYTH TaKUM YMHOM, 1100 BiH 00epTaBCs HaBKOJIO OCi, BITHOCHO SIKOT
MOMEHT iHepIii Mae HaiOinbIne 3HadYeHHsA. Lle Mae OyTH BiCh CTIMKOIO BUIBHOTO 00ep-
taHHA. [na Tina, sike Mae ¢popMmy MpSIMOKYTHOTO mapanesemninesaa (Hamp., KHIKKA), Taka
BiCh IPOXOIUTE Yepe3 TOUKHU MTEPETHUHY JliarOHaJIeH BETUKHUX TpaHel (00KIaTuHOK KHIDK-
KH) TIePIICHAUKYIISIPHO JI0 X TpaHei. JlocBin m1o0pe e miaTBepIKyeE.

IIpenmer, sikuit Mae ¢hopMy IPSIMOKYTHOTO Trapasiesierineaa (ermHa, KHIDKKa TOIIO),
KUHYTHH Tak, IO BiH CIIOYaTKy MOYMHAE 00EPTATUCh Y3[0BXK HEBU3HAUEHOI (IOBLIBHOT)
0Ci, "epe3 JIesSKUi Jac TepesalToBye CBIM PyX TaKUM YWHOM, IO TMOYMHAE 00epTaTHCh
BiJTHOCHO OJIHi€i 3 BITbHUX OCEH CTIHKOT0 00CpPTaHHSI.

3.3.27. Kumaiicvka o3ura. Onuwims i noscHime @i3uxy noseoiHKy KUMAUCbKoi 03Ul

Kwuraiiceka m3ura (K1) mae hopmy, siky mokazano Ha puc. 3.7, a. I3 teopii K/ Bimomo,
0 CHJIU TEPTS MK NOBEPXHEIO, HA K 00EPTAEThCS JI3UTA, 1 CAMOKO JI3UTOI0 BUKITUKA-
IOTh TIpPeTiecito (HaxXWI BEPIIMHA A3UTH AB,) 1 miaHATTS 1ieHTpa Mac m3uru (touku O). Li
TeHeHII1 MalOTh MOCTIHHMUI XapakTep i 30inbyoThes. Llbomy cripusie konctpykuis K/,
sKa 3a0e3neuye 3HaUHy BEeTWUHHY crutk TepTs. LI aBi Tenaenmii mix dac pyxy K] mpu-
3BOJIATH 0 TiepeBepTanHs KJI, BoHa crae Ha HikKY (puc. 3.7, 6). [licnsa nepeBepranns KJ|
il Hi>KKa BCce OLIbIe 1 OibIIe HAOIMKAETHCS 0 BEPTUKAIBHOTO CTaHy. SIKIO J3uTa IIIe
JISSIKUI Yac He BTPATHUTh CTIMKOCTI 00epTaHHs Yepe3 ralbMyBaHHS, BOHA JIOCHTb IIBHJIKO
nmoynHae 00epTaTHUCh Ha HiXKIN Oe3 mperecii.
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Puc. 3.7. Kutaicbka asura

a) 6)

3.3.28. Yomy momenm inepyii meepoo2o mina Ha3uearoms 1ioeo "mipor inepmuocmi''?
SK BimOMO, MipOIO iHEPTHOCTI IpH MpsiModIiHiitHOMY pyci MT abo moctynamsHOMY pyci
TBEpPAOro Tina € Maca. Maca m BHUCTymae KOe(ili€eHTOM MK CHJIOI Ta IPHUCKOPEHHSIM

F . . .
m=— . 3aJeKHO B14 Macu MT abo TBEpAOro Tula OJJHa U Ta CaMa CHJIa BUKJIMKAE€ Y HUX
a

pizHe npuckopeHHs. Tina pi3HOoT Macu Mo-pi3HOMY "dWHSATH OIip Aii cuu'. 3AaTHICTh ""du-
HUTH OTip Aii cuin" Ha3UBAETHCS iHepmHicmio mina. Maca € Mipolo iHEpTHOCTI Tina.
Tak camo, y Bumnanky, koau MT abo TBepje Tito 006epTaroThes, iX MOMEHT iHepIii /

BUCTYIMAE K KOE(iliEHT M)k MOMEHTOM CHJIM M 1 KyTOBHM MPHUCKOPEHHsIM : [ =—.

p
3aJIe)KHO BiJl MOMEHTY 1HEPIIil ONMH 1 TOW caMHii MOMEHT CHJIM BUKJIUKAE V TiJ pi3HE Ky-
TOBE MPUCKOpeHHAM. Tija 3 pi3HUMHU 3HAYCHHSIMH MOMEHTY 1HEpIIii 0-pi3HOMY "YUHSATH
omip aii MOMeHTy cuin'". 30aTHICTD "YMHUTH omip Aii MOMeHTYy cunu” pu obepTanHi MT
abo TBepIOTO Tija BU3HAYAE iX iHEPTHICTH. MOMEHT iHepIii € Miporo iHepTHOCTI MT abo
TBEPJOTO TiJIa TipH iX oOepranHi. [Ipu mpoMy He ciij 3a0yBaTH, IO MOMEHT iHEpIIi 3a-
JISKUTH Bl MacH, Xxoua iCHye 3alieXkHICTh 1 BiJ kBaapara Binctani MT mo oci obepranHs
a00 XapakTepHOIro po3Mipy TBEpAOro Tija.

3.4. Npuxknaaun po3B'sA3yBaHHA 3afay

Npuknaa 3.1. 3naidims momenm inepyii Iy, ,, Monko2o chepuunozo wapy macoio

jing

m i padiyca R 6ioHocHO c60€i oci cumempii.
Po3zB’'gzanna: 1llo take "Toukuit" chepuunmii map? lle chepuanunii map, a1 TOB-
mUHA AR SIKOTO BUKOHYETHCS HEpiBHICTE AR << R (puc. 3.8). Bizomo, 1o asst cyineHoi

OJTHOPIAHOI Kyii Macoro m 1 pamiyca R MomeHT iHepmii /(R) = ngz . Ockinbku Maca
. . 4 3 . N
TaKol Kyl m =p -EnR , Ie p — TyCTUHA MaTepiaiy, 3 sIKoro Horo 3po0JIeHO, BETHMYNHA

I(R)= %mR2 = %Rzp -§RR3 = %npR5 . MomeHT iHepuii KyJi, 3p0o0i1eHoi 3 TOro caMmoro
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Marepiany, ane pamiyca (R—AR), nopiBHioe [(R—AR)= %np(R - AR)5 . Benmnmuuna

AR —1ie TOBIIMHA CEPUUHOTO IIaApy.
[
AR

R

- .- Puc. 3.8. Jo npuknagy 3.1

3BepHEMO yBary Ha Te, II0 TOHKWH CepuyHH Imap, MOMEHT iHepIlii SKoro Tpeda
3HAWTH, PO3TAIIOBAHUA MiX TIOBEPXHSMH KyJlb, MOMEHTH I1HEPIIl SKUX PO3TISAAATHUCH.
OCKUTBKHY OC1 00epTaHHs 000X IMHUX KYJIb 1 TOHKOTO CHEPUIHOTO Mapy 30iraroThCs, MOXK-
Ha 3aIrmcaTu

Iopy =I(R)~I(R—AR). (3.13)

IlincrapuBmm B (3.13) oTpuMaHi BUIle 3HAYCHHS TSI MOMEHTIB 1HEPITii 1 CKOPHUCTaB-
mrch 6iHoMoM HproToHa, MaeMo

8 5 8 5 8 |: 5 5:|
1 =I(R)—I(R—AR)=—mnpR° ——7ap(R—AR) =—mnp| R —(R—-AR) |=
cpm = L(R)—1( )= 15 PR” — < mp( ) =5 ( )

8 5 55 4 8 4 2 2 2 2 o
~ > mp(RS = RS +5R* - AR)=2npR* - AR = Z(4nR? - AR)pR? =~ mR>.
T p( ) 37 3( P 3

Sk 6aunmo, 3aJIe)KHOCTI MOMEHTY 1HEpILii TOHKOTO CEPUYHOTO MIapy Ta CYLIbHOT
OJIHOPIMHOI KyJi Bif iX Macd Ta pajiyca BiIPIi3HAIOTHCS JHIIe KoedillieHTaMu Oiis

MHOXHHKA mR> .

Npuknap 3.2. /[gi kyui 3pobeHi 3 pi3HO2O Mamepiany, ale Marms 0OHAKO8Y MAC) U
oo0Haxoeutl padiyc. OOna Ky — CyyinbHa ti 0OHOPIOHA, Opyea — moHkocminHa. Oouosi Kymi
O00HOYACHO NOYANU CKOYY8AMUCH 3 HAXUNEHOI niowuHu. Axa 3 Kyie ckomumbsca weuoue?
Yomy? 3naiidime, y cKintbku pazie 6y0yme GiOPI3HAMUCH YACU CKOYYBAHHSL OJIS YUX KYIb?

Po3B'sa3aHHA: PO3TISIHEMO CIIOYaTKY MEXaHIKy CKOYYBaHHS 3 HaXMWJICHOI ILIO-
IIAHA KYJTi, He3ale)KHO BiJ TOTO, CYIiJIbHA BOHA YW TOHKOCTIHHA (IIMB. TaKOX II. 2,
migposm. 3.2).

PiBHSHHS MOCTYHNAJIBHOTO pPyXy IIEHTPA Mac, BUXOASYM 3 JIIOYMX HAa KyJi CHII
(pvc. 3.9), Mae BUTIISA

mg-sino—k-N=ma,, (3.14)
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1€ a, — IPUCKOPEHHs LEHTPa Mac Kylli; k — koe(illieHT TepTsd; m — Maca Kyi; o — KyT
HAXWTy ToIonwHM; N — CHJIa PeaKIlii HaXWICHOI IUIOIWHY Ha Kyiro. [locTynanpaumii pyx
LEHTpa Mac KyJii, SIK BUIUIMBA€E 3 YMOBH 3a[adi, 00yMOBJICHHH ii CKOUyBaHHSM 3 MOXHUIO
TUIOIIUHH (00EepPTaHHSM).

Puc. 3.9. Jo npuknaay 3.2

B ocHoBHOMY piBHAHHI oOepTanbHOro pyxy (3.13) tBepmoro tina M =1-f (me B —
KyTOBE MPUCKOPEHHS KyJIi mifJ 4yac ii ooepranHs; [/ — MOMEHT iHepIii Kyl BiIHOCHO oci
obepTaHHs, SKa MPOXOJUTH Yepe3 IEHTP Mac KyJi), BenuanHa M — MOMEHT 30BHIITHBOT
CHUIIH, sIKa BUKJIMKA€E OOEpTaHHS Kyli. Y HallOMy BHUMAJAKY TakoOl0 CHJIOI0 € CHJa TepTs

F¢p - Ilneve wi€l cuim, sika BUKITMKA€ MOMCHT cuitit M, € paziyc Kyni R . Takum 4nHOM,
OCHOBHE PIBHSHHS 00€pTaIbHOTO PyXy Ha0y/e BUTIISITY

Fe - R=1B. (3.15)
3 ypaxyBaHHSIM TOTO, IO KyTOBE MPHUCKOPEHHS [ KyJi mpwu i obepTaHHi 3a BH3HA-

YEeHHSM MOB'SI3aHE 3 JIHIMHUM MPUCKOPEHHS @ TOYKW Ha TMOBEPXHIi KYJIi CITiBBiJHOIIECH-
HIM a =R [, 13 (3.15) otpumyemo

B-I a I
F_=Pf_4 L 3.16
R RR (3-16)
ITincraBumo (3.16) y (3.14):
mg-sina—%zmac. (3.17)

YMOBOIO BiICYyTHOCTI MPOKOB3YBaHHS (YMOBOIO "YUHMCTOTO CKOYYBAaHHA") € DiBHICTb
a=a,.Bpaxyemo ii B (3.17):

_g-sina

1+i

mR?
Bupa3z (3.18) onmcye 3aexHicTh TPUCKOPEHHS IIEHTpa Mac KyJi BiJ mapaMeTpiB pyxy i
HacamIepe BiJ KyTa o Ta MOMEHTY iHepiii / . BumHo, 110 ckouyBaHHS KyJii 3 TTOXHIIOT
TJIONIMHY € PIBHOIIPUCKOPEHUM a # f (1) .

mg-sinaza(%erj = (3.18)
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Jlns cyninpHOI KyJi MOMEHT iHepii /; = %mR2 . Takum amHOM, 13 (3.18) oTprMyeMO
5 .
a1=7g-s1na. (3.19)

J1st TOHKOCTIHHOT KyJi (auB. npuknaj 3.1) MoMeHT iHepuii /, = %mR2 . 3Bincu (3.17)
Ha0yBa€ BUTIISTY
a, =%g-sina. (3.20)

I3 (3.19) Ta (3.20) poOuMO BHCHOBOK IIPO T€, IO IPUCKOPEHHS, 3 SKUM 3 TTOXHJIOI IIJI0-
IITUHU CKOYYIOTHCS KYJIi, 3aJICKUTh BiJl KyTa O HAXWITy TUIOIIMHH Ta KOHCTPYKITT KyJi:
CyIIThHA BOHA YHM TOHKOCTIHHA, ajie¢ He 3aJIe)KUTh Bif ii po3MipiB i Macu. (CaMe Taki ekc-
MEPUMEHTANBHI pe3yNnbTaTH OTpuMyBaB I . [aminel, OCTiIKyIOUH CKOYYBaHHS 1 CKOB-
3aHHS T 3 OXUJIOI TUTOIIHY).

3ragaeMo, 110 Yac ¢, 3a KU TiJIO, IO PYXA€EThCSA 3 MPUCKOPSHHSM d , MPOXOJUTh

. /2 .
NUISIX S , JOPIBHIOE ¢ = il , TOOTO t~L. BpaxoByroun 1e, a takox (3.19) i (3.20),
a

Ja

h_ |%_ /Ezﬁzo,% a60 2 ~1,09.

Bucrosok: acu ckodyBaHHS CYIUTBHOI OAHOPIAHOI Ta TOHKOCTIHHOI KYJIb 3 HaxHIIe-
HOI IJIOIIMHM BiAPi3HAIOTHCS Mpubau3Ho Ha 10 %.
Npuknap 3.3. Touxkocminnuii yunindp padiyca R poskpymunu 0o weuokocmi o i

MaeEMo

BCMABUNU MIDIC 080MA CMIHKamMu npsimoz2o kyma (pwc. 3.10). Koeghiyiecnm mepms migic
yuninopom i cminkamu kyma — k . Cxinoku obepmis 3pooumo yuninop 00 3yRUHKU?

Po3B’'g3anna: Cunn, SKi AIIOTh Y PO3TVITHYTIH CHCTEMI, Ta iX HAIPSIMKH 300paxeHi
Ha puc. 3.10. Cunu N1 1 Nz — CHJIM peakilii BiJIIOBITHUX CTIHOK KyTa, IO JIF0Th Ha IU-
niaap. Came 1i CWIIM BU3HAYAKOTh CUJIM TEPTS:

Frepr = kN, (3.21)

Frepa =kN;. (3.22)

PesynpTyloua cuia, oo ai€ Ha UWIHAP Y3AOBX TOPU3OHTAIBHOI MPSIMOI, TOPIBHIOE

HyJIt0 (IHAKIIe LUIIHAP PYXaBcsi 6 TOPU3OHTAIBHO 3 HPUCKOPCHHSM): N, = F ;. SIkio
OCTaHHE CITIBBITHOIICHHS BpaxyBatH B (3.22), TO OTpHIMaEMO

Frepy =kFep - (3.23)

I3 (3.23) MoxHa 3pOOUTH TaKi BUCHOBKH: Fopn # I

Tepl 1 FTep2 <F

Tepl *
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o1

Tep2

Puc. 3.10. Jo npuknaay 3.3

AR AR AR AR A AR RN

Tepl
Jlnst cwon, o mirOTh Ha IMWIHAP y BEPTHKATHPHOMY HampsMKy (puc. 3.10), MOXHa 3aITn-

catu N, —mg + F,.», =0. 3 ypaxyBanuaam (3.23) maemo

Tep2
Ny =mg —kF,p . (3.24)
I3 (3.24) —» (3.21):
km
FTepl =k(mg - kFTepl) =kmg _kzFTepl = FTepl :ﬁ : (3.25)
I3 (3.25) — (3.23):
kzmg
rep2 = . (3.26)
2k
HesBaxaroun Ha pi3HY 3aI€KHICTD Fioy 1 Frepy BIL k (Frep ~k, a Fpp ~ k*), pos-

MIPHOCTI Frepl 1 Frep2 OIIHAKOBI, OCKIJIbKU KO€(iLI€HT TepTs k € 0e3po3MipHOI0 Be-
JUYHHOIO.

Temnep 3anuieMo 3axon 36epedicenns enepeii. KiHeTHuHa eHeprisi 00epTaJbHOTO pyXy

2

. o)
TBEpAOro tina E, = 0

BUTPAYAETHCA HAa BUKOHAHHA pO60TI/I CHJI TCPTA Ha 000X CTiH-

Kax Kyra E.=A., + Ay - Binomo, mo pobora cuim JOpIBHIOE TOOYTKY CHIM Ha

nusix. Cunu F, Flepp BimoMi 3 (3.25) Ta (3.26). Illnsax popiBHIoe J0OYTKY TOBXKHHH

epl i

onHOro o0epty (2mR) Ha KUIBKICTh 00epTiB (7). TakuM YMHOM, 3 ypaxyBaHHSM TOTO,
. . . . . mR?

IO JUTA CYLTBHOTO OJHOPIZHOTO HMJIiHApa MOMEHT iHepuii / = — MaeMo

: T:21‘[:R71(FT¢p1 +FTep2):2an£1+k2 1+k°

Ipoananizyemo 6ionosiob. KinbkicTs 00epTiB (#) MWIIHAPA 0 3yIMUHKH MIPSMO TIPO-

25,2
mR> oy’ kmg +k2mg _ A+ k)R
8nk(1+k)g

NOpLiiiHa KBaApaTy MOYaTKOBOI IBUAKOCTI 0OepTaHHS ( cog) Ta paaiycy (R) ouTiHApa i
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CKJIaJHO 3aJICKUTH BiJ KoedilmieHTa TepTs (k) MoxHna Oyno O4iKyBaTH 3aJeXKHICTh Be-

JTUYIUHY 7 BiJ MacW 9d MOMEHTY 1HEpIIil IITIH/pa, ajie TaKOi HE CIIOCTEPIraeThCsl.
Npuknapn 3.4. Ha oonopionuii cyyinbruti ouck, maca sxko2o my i padiyc R, winbHo
HAMOMAHA N1e2Ka HUMKaA, 00 KiHys AKoi npus'sazanuti éanmaic m, (pvc. 3.11). ¥V momenm ua-
cy t=0 cucmema nputivina 6 pyx. Hexmyrouu mepmsam 6 oci yuninopa, 3Haudime 3a1esxc-
HICMb 80 Yacy: a) MOOYJIs KYmOGoi meuokocmi oucka, 0) KinemuuHoi enepeii 6ciei cucmemu.

LU L]

Puc. 3.11. Jo npuknaay 3.4

(.

Po3B’'g3aHHa: MOMEHT iHEpIIi TUCKa

It :m1R2
A 2

MowmeHT iHepiii / CHCTEMH, KA CKJIAJAETCS 3 OAHOPIIHOIO IUCKA Ta BAHTAXKY MAco0 1, ,

(3.27)

SIKAI PO3TaIllOBaHMIA Ha BiIcTaHi R Bix oci obepTanHs O , JOPIBHIOE CyMi IBOX MOMEHTIB:

2
mR m
[=1,+myR* ===+ myR* =m, R*| 1+ — |. (3.28)
2m,
(3ayBaxkxmmo, 110 Bupas (3.28) 330BHI cxoxuit Ha piBHAHHSA |Toiirenca — llteliHepa, ame
HACTpaB/i MPSMOTO BiJHOIICHHS J0 HOTO HE MAE).

OcHoBHE piBHSHHS o0epTambHOTO pyXy (3.13) mis mucka 3 ypaxyBaHHSIM TOTO, IO
MoMeHT cui M =m,gR , HaGyBae BUTIIsLY
do -~ R
© mEX

[Z2=M =mgR = do=

. (3.29)

Iarerpyemo (3.29): o= m2TgR

t+C, ne C — craja iHTETpYBaHHS, Ky BH3HAYAEMO 3 TI0-
YaTKOBUX YMOB: Y MOMEHT 4acy ¢ = () KyToBa IIBUAKICTh  OOEPTaHHS CUCTEMH JJOPIBHIOE
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Hymro. 3Binacu BurmBae, mo i C =0 . TakuM 9MHOM, KyTOBa YacToTa 0OCpTaHHS IWCKa, 3
ypaxyBaHHsM (3.28), TopiBHIOE

Rt
o=—m8% & (3.30)
MR R R[ 1+
2 m,

I3 (3.30) BUIHO, IO HIBHIKICTH OOEpPTaHHS CUCTEMH JIiHIHHO 3pocTae i3 yacoMm, BOHA
00epHEeHO NponopliiiHa paaiycy IUcKa 1 3aJeXUTh Bl CHIBBIIHOIIEHHS m, / m, .
Kinetnuna enepris (7') cuctemu, BpaxoByroun popmynu (3.28) 1 (3.30), mopiBHIOE

T=10)2 =lm R 1M g2t2 _ 1712g2t2
2 27 2m, m ) m

R*| 1+ 20 T

2m, 2my

4. 3AKOHU 3BEPEXEHHSA

4.1. 3aranbHi 3ayBa)XeHHS

4.1.1. Koporki TeopeTnyHi BigoMoCTi

o JleransHuii po3rian noeainku MT uu cuctemu MT 3a 1onoMororo piBHSHHS py-
Xy 4acTo OyBae Ba)XKKO 3po0OuTH abo HaBiTh HEMOXKINBO. [IpoTe icHye MeTon, KWl Bif-
MOBiTHO JI0 3arajlbHUX MPHUHIMIIIB, 10 BUIUIMBAIOTH 13 3aKOHIB HbIOTOHA, 103BOJISIE PO3-
B'I3aTH Ty caMy 3adady (3HAHTH CTaH CUCTEMHU — KOOpJIWHATY a00 IMBHIKICTh Y TIEBHUN
MOMEHT 4acy) allbTepHaTUBHUM criocoOom. lleli MeTon moB's3aHmii i3 3aCTOCYBAaHHIM
3aKOHI8 30epedcenHs.

o Cepen (yHKIiit cTady, o0 30€pirar0ThCs, HAWBAKIUBIIITY POJIb BiHIrparoTh €HEp-
Tis, IMIyJIBC 1 MOMEHT iMITyNbey. Lli Tpu BeNMMUYWHN MalOTh BaXIIMBY CIIIBHY BIIACTH-
BICTh — QJAWTUBHICTB: iX 3HAYEHHS AJS CUCTEMH MaTepiajJbHHUX TiJI AOPIBHIOE CyMi 3Ha-
YEeHb [UX BEJIMYUH I KOKHOTO 13 MT.

e 3akoHU 30epeKCHHSI MAIOTh TITMOOKHH 3B'I30K 13 (yHIaMEHTAILHUMHU BIACTUBOC-
TSAMH CUMETPIH 9acy i IPOCTOPY: OJHOPITHICTIO Ta 130TPOITHICTIO.

e 3akoHU 30€peKEHHS HAJICKATh 10 HAHOUTBIIT (PyH/TaMEHTAIbHUX MTPUHITUIIIB
(bi31KH, BOHM BUXOJATH JTAJIEKO 32 MEXK1 MEXaHIKH 1 ABJISIOTH COO0I0 YHIBEpCaIbHi
3aKOHHU IPUPOIMN.
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4.1.2. MeTognyHi BKa3iBKu Ta nopagm

1. Sxmo B Xxomi abo B pe3ynbTaTi po3B'SI3yBaHHS 3a/adi 3'ICOBYETHCS, IO SKUHCH
nporec (pyx), Askuit BinOyBaeThbes B 3aMkHeHit CMT, cymepednTts 3akoHaM 30€peKeHHS,
TO MOKHA CTBEpAXKYBaTH, IO LIeH mporec (pyx) HEMOXKIIMBHN 1 HE Ma€ CEHCY HAMAaraTuch
fioro peanizyBaru (Hamp., moOyayBaTy "BidHUI" IBUTYH).

2. 3akoHM 30epeXeHHS HE 3aJIe)KaTh Hi Bl TPAEKTOPIii pyXy MaTepiaJIbHOTO Tijia, Hi
BiJ XapakTepy Hitounx cui. OCTaHHE JO3BOJISIE BUKOPHUCTOBYBATH 3aKOHU 30€peeHHs
HaBITh TOi, KOJIM CHJIM Ta iX MPUPOJa He BU3HAYCHI (HAIP., Y (i3Il eJIeMEHTapHUX Jac-
THUHOK).

3. IcHyroTh 3amadi, y SKuX criad Bimowmi. Taki 3amadui MO>KHA pO3B'sI3aTH 32 TOTIOMO-
rOI0 PIiBHSIHB PYXY, aje iX 4acTO PO3B'SI3yIOTh, BUKOPUCTOBYIOUHM 3aKOHH 30€peKeHHS.
Xoua (GopMalIbHO 13 3aKOHIB 30€pEIKEHHS HIisIKOI HOAATKOBOI iH(OpMAILlii OTPUMATH HE
MOXHa, ane (PaKTUYHO 3aCTOCYBaHHS 3aKOHIB 30€peXEHHS 4acTO JO3BOJIIE OTPUMATH
PO3B'SI30K HAHOIIBII MPOCTUM crIocoOoM. ToMy mpH po3B's3yBaHHI HOBUX 3a1a4 CliJ J0-
TPUMYBATUCH TAKOTO TOPSAKY: CIIPOOYBaTH 3aCTOCYBATH BIMITOBITHI 3aKOHU 30epeKcH-
HS, 1 JIMIIE TePEeKOHABILIUCH, L0 ILOTO HEAOCTATHBO, IEPEXOTUTH 0 PO3B'SI3aHHS 3a J10-
MTOMOTOI0 PIBHSHB PYXY.

4.1.3. 3anuTaHHa Ta Bignosigi

4.1.1. Cxinvku 3aKoHi6 30epedicentst eu 3naeme? HYu maioms OHU MeIHCi 3ACMOCYBAHHSL
(U 3a624C0U BOHU BUKOHYIOMbCS)?

IcHytoTh Tpu 3akonHu 30epexeHHs (33): 3akoH 30epeskeHHs eHeprii (33E), 3axoH 30e-
peskenHs iMmyiscy (331) 1 3akoH 30eperkeHHss MOMEHTY immyibey (33MI). 3akonu 30e-
PEXEHHsI HE MalOTh MEX 3aCTOCYBaHHS, BOHH BUKOHYIOTBCS B YCiX po3finax (i3uku He
3aJIeKHO BiJl TOTO, BiIOYBAETHCS AOCIIIKyBaHe SIBUILE B MIKPOCBITI 4un B mpoctopax Ko-
cmocy. CyuacHiii HayIli He BifioMi (pakTH HEBHKOHAHHS 3aKOHIB 30epekeHHs. bimbiie
TOTO, SKIIO Ha OYAb-SIKOMY €Tari JOCIiHKEHD 3'ICOBYETRCS, IO HE BUKOHYETHCS OAWH 13
33, To e BKa3ye Ha iCHYBaHHS MOMUJIKH B JOCTIKEHHX. JJOCTiKeHHS! B TAKOMY BHUIIa-
JIKY CITiJ] IPUITMHUTH 1 TIOYATH ITyKaTH TOMILUIKY.

33 MaroTh OUTBIN y3araJIbHEHWH XapakTep, HiK 3akoHW Hpiorona. Tak, 33 mitoTeh Ta-
KOX Tofi, konu He BUKoHyeTbes 111 3akon Hetotona (nanpuknan, pns HICB). Kpim toro,
mo 33 € TOYHUMH 3aKOHAMH, SIKi CTPOTO BUKOHYIOTHCS B MeXax HbIOTOHIBCHKOT MexaHi-
KW, BOHH BUKOHYIOTBCS 1 Y PENATUBICTCHKIN MexaHirli. B3araii, 33 BUXOAATh 32 MEXi Me-
xaHiki. BoHM MaloTh yHiBepcallbHUI XapaKTep 1 JIe)KaTh B OCHOBI BCi€l (i3uKu.

4.1.2. Hacniokom AKUX 3a2anbHUx 61acmugocmetl Rpocmopy i uacy € 3aKouu 36epe-
JICEeHH sl eHepeii, IMNYIbCY Ma MOMEHMY iIMNYabCy?

33 maroTh TICHUH 3B'I30K 3 OCHOBHMMH BJIACTHUBOCTSIMH TMPOCTOPY 1 yacy. OCHOBHI,
(hyHIAMEHTAIBHI BIACTHBOCTI MPOCTOPY 1 Yacy Ie Ha3WUBAIOTh CHMETPISIMH IPOCTOPY 1
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gacy. Jlo HUX HajexaTh: OJHOPITHICTH Yacy, OTHOPITHICTH MPOCTOPY Ta 130TPOITHICTH
pOCTOpYy.

33E mnoB'si3aHuii 3 OAHOPIAHICTIO Yacy, TOOTO PIBHO3HAYHICTIO BCIX MOMCHTIB Hacy.
Ile o3Hauae, 1m0 MexaHiuHI BJIACTUBOCTI cHCTeMH Oe3 3MiHM il mapaMmeTpiB (IIBUIKOCTI,
KOOpJIMHAT TOLIO), BUMIPSIHI B Pi3HI MOMEHTH 4acy, 3aJIMIIAI0ThCS cTauMH. To0To 3ami-
Ha B [I0YaTKOBHMX YMOBAax 4acy #; Ha 4ac f, HE 3MIHIO€ 3aKOHY PyXy CUCTEMHU.

B ocnoBi 331 1eKuTh OJHOPIAHICTH IPOCTOPY, TOOTO OJHAKOBICTH BIACTHBOCTEH MPO-
CTOpy B ycix #oro Toukax. Lle o3Hauae, mo napanenbHuil (TOUHIIIE — MOCTYMAIBHUI)
NEePeHOC 130JbOBAHOI CUCTEMH 3 OJHOTO MICIsl MPOCTOPY B iHIIE Oe3 3MiHH B3a€EMHOTO
pO3TaITyBaHHS YaCTHHOK 1 3MIiHH iX IIBHAKOCTEH HE MPU3BOAUTH Hi 10 3MiHHM CTaHY CHC-
TEeMH, Hi 0 3MiHH 11 BHYTPIIITHIX PYXiB.

B ocnoBi 33MI nekuTh i30TPOIHICTE NPOCTOPY, TOOTO OJHAKOBICTH BIACTUBOCTEH
MPOCTOPY B yciX HampsiMKax. Ile o3Hadae, 1Mo mMoBOPOT 1301b0BAHOI CUCTEMH B TIPOCTOPI
SIK I1IJIOTO HE TIPUBOIUTE J0 3MiH 11 MEXaHIYHUX BJIIACTHBOCTEH.

VY Bcix monepeanix po3risaax NpUHHATO OyIo, IO mepeHoc abo MOBOPOT i30JLOBAHOT
cucremu MT He 3MiHIO€ 11 i301b0BaHOTO cTanHy. CTpore MaTeMaTH4HE TOBEICHHS 3B'A3KY
KOHKpETHHX 33 i3 KOHKPETHUMH CHUMETPIsIMH IIPOCTOPY 1 9acy po3risHyTo B [1], m. 26.
JoBenenns 6azyeThbcst Ha 3amydeHHI 3aKoHiB HpI0TOHA 1 BiINOBIAHUX BIACTUBOCTEH MpO-
CTOpYy 1 4acy.

4.1.3 V uomy nonsearome nepesacu 6UKOPUCMAHHI 3AKOHIE 30epenCceHHs NOPIGHAHO i3
3ACMOCYB8AHHAM PIBHAHHA pyXy? AKi ichyromb Hedoniku?

IlepeBaru BUKOpHUCTaHHS 3aKOHIB 30€PEKCHHS IMOPIBHSIHO 13 3aCTOCYBAaHHSAM PiBHIHHS
PYXY MOJIATAIOTH Y TAKOMY:

e 33 103BOJISIIOTH OTPUMYBATH HAMOINBII 3araibHi BiIOMOCTI PO MEXaHi4Hi MpoLe-
CH, HE JETANI3YIOUH iX PO3IIISA, SIK IIe POOUTHCS B PIBHSHHSIX PYyXY.

e 33 He 3aJIekKaTh BiJl TPAEKTOPIl pyXy.

e 33 He 3aneXaTh Bl XapaKTepy CHJ, IO JifOTh B CHCTeMi. bisbIie TOro, HaBiTH HE
3HAIOYM TPUPOTY CHII, MOJKHA 3aCTOCOBYBATH 33.

e 3acTtocyBaHHs 33 MOMITHO CIIPOIIYE MPOLeC OTPUMAaHHs iHPOpMaLii mpo MexaHid-
Hi poLIecH NOPIBHAHO 3 PIBHAHHAMH PYXY, SIKi MOTPeOYyIOTh 1HKOJIM JOCUThH CKIIaIHOIO 1
TPHUBAJIOTO PO3B'SI3KY.

Henonikamu (ocobmuBoctsaMu) 33 ¢iiif BBaKaTH TOH (akxT, 110 33 103BOJISIOTh OTPH-
MaTtH iH(OPMAIIIO PO CTaH CUCTEMH B KOHKPETHHH MOMEHT 4acy, HalpUKJIaj, BU3HAYH-
TH IIBUAKICTH PaKeTH B KiHLI ii BUBOIY Ha opOiTy a00 BUCOTY OCTaHHBOI. PiBHSIHHS pyXy
JI03BOJIsIE BU3HAYUTH KOOPIMHATY, IIBUAKICTH a00 MPHCKOPEHHS B OyIb-IKUHl MOMEHT
4acy i B Oyab-sKiit TOUIl TpaeKTOPii.

33 HiSKOI 10aTKOBOI MOPIBHIHO 3 PiBHAHHAMH PYyXYy 1H(POpMALII PO pyx HE AAIOTh.

4.1.4. Yu 0ns 6y0b-KUX CUCEM MAMePIiaibHUX MOYOK (Mil) SUKOHYIOMbC 3AKOHU
30epesicenn?

Hi, 3axoHmM 30epeKeHHS BUKOHYIOTHCS HE IS OYIb-SIKHX CHCTEM MaTepiallbHUX TOYOK
(Tin), a TINBKM A7 1301b0BaHUX (3aMKHEHHX) CHCTEM.
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4.1.5. Il]o maxe i301006ana (3AMKHEHA) CUCMEMA MAMeEPIANbHUX moyvox (min)? Y uo-
MY nOJs2A€ BIOHOCHICMb CMynens i301b08anocmi cucmemu MT?

Oxpema MaTepiajibHa TOUKa ad0 cucTeMa MaTepiajJbHUX TOUOK (TiJI) HA3UBAETHCS 130-
JTHOBAHOIO (3aMKHEHOIO) 3a BIICYTHOCTI [Iii Ha Hel 30BHIMIHIX cHil. [30H0BaHUX B a0bCo-
JIIOTHOMY PO3YMiHHI I[bOI'0 CJIOBA CUCTEM OyTH HE MOXe, OCKUILKH BCl TiJIa Tak Yd 1HaK-
1Ie ToB's3aHi MiX c0o00r0, HaNpHKIaA nojieM TsoKiHHA. [Ipote, Oyaytoun siKych Qi3uuHy
MOJICIb, HAIPUKJIA, TIPH PO3B'sI3yBaHHI 3a/1a4i, MOXHA JEIKHUMH 3B'SI3KaMH 3HEXTYBATH 1
3 BEJIMKUM CTYTICHEM JOCTOBIPHOCTI BBO)KATH MaTepiaJIbHy TOUKY a00 CHCTeMy MaTepia-
JBHUX TOYOK (TLT) 130JIbOBAaHUMH (3aMKHEHUMH ).

3ayBasKUMO PO HEOOXiAHICTh BPaxOBYBaHHS TOrO (akTy, IO iCHYIOTh YaCTKOBO i30-
nroBaHi cuctemu MT. Ile cuctemu, y SKuX y3I0BXK OHOTO HAMPSMKY a00 B OAHIH ILIO-
muHi ("BuaineHni" HanpsAMOK a0o "BHIiNeHa" IUIONIMHA) CKJIAZ0BAa PE3yJbTYIOUOi 30B-
HIIIHIX CUJI IOpiBHIOE HYmO. [Ipy 1boMy 4acTKOBO i30Jb0BaHa CUCTEMa 3aJIMIIAETHCS B
IIJIOMY HE130JIb0BaHOIO CHCTEMOTO.

4.1.6. l1Jo make KoHcepsamuena cucmema MamepiarbHux mo4ox (min)?

BusHaueHHS KOHCEpBAaTUBHOI CHCTEMH IOJIATA€ B TOMY, IO II€ 130JIbOBaHa CHCTEMaA
MaTepiajbHUX TOYOK (Tij), y AKii HeMa€ HENOTEHUIaNbHUX (IUCUNIATUBHUX) CHJL. Y KOH-
cepBaTHBHIN 3aMkHeHil cuctemi MT y npoueci ii pyxy B iHepuiaibhiii CB 30epiraerbes
MMOBHA MEXaHITHA CHEpPTisl.

4.1.7. ¥V uomy nonseae sionocricms cmynensi Koncepsamugnocmi cucmemu MT?

Sk Hemae abcomoTHO i30mboBaHUX cucteM MT, Tak i Hemae abCOMIOTHO KOHCEpBa-
TUBHHX cucteM MT. Y KoXHI| peanbHill cucTeMi iCHYIOTh AUCUTIATUBHI cuii. BoHu Mo-
KyTh OyTH 3HAYHMMU 1 He3HauyHUMH. HuMu MoxHa a00 HE MOYKHA HEXTYBaTH, ajieé BOHU
3aBXKAM ICHYIOTh, SIK iICHY€ CHJIa TepTS (IMCUIIATHBHA CHia), Bara HUTKH, aedopmartis
HUTKH Touo. OgHAK, KON BOHHU Ay>K€ Majli, HUMH HEXTYIOTh 1 1€ 4acTO MpU PO3B'S3y-
BaHHI KOHKPETHHX 33J1a4 J1a€ TIO3UTUBHI Pe3yJIbTATH.

I3 xopommm cTyrneHeM HaOMMKEHHS 3aMKHEHOIO KOHCEPBATHBHOIO CHCTEMOIO MOKHA
BBakaT COHSYHY CHUCTEMY.

4.1.8. Yu moorcyms y 0eskux URAOKAX 3AKOHU 30epedceHHsi GUKOHYBAMUCh | 05l He-
3AMKHEHUX CUCTeM MamepiatbHux mo4ok (min)? ¥V axux eunaoxkax?

Sk Oyno 3a3HadeHo, 33 BUKOHYIOTHCS JIUINE IS 130JIbOBAaHUX cHUCTeM. [IpoTe B 1me-
SKUX BUTIAAKax 33 BUKOHYIOTHCS 1 U1 HEI307HOBAaHUX CHCTEM TUIL Jl0 TaKWX BUIAIKIB
HaJIe)KaTh:

1) gactkoBo i301p0BaHi CMT: st HE130I0BaHOI CHCTEMHE 1HKOIM MOKHA BU3HAYUTH
MEBHI HANPSAMKH, Y3IOBXK AKHX PyX MOYKHA PO3MNIAJATH SK PyX 130JbOBAHOI CHCTEMH,
X04Ya B IIJIOMY CUCTEMa 3aJTUILAETHCS HE130JIbOBAHOIO.

I3 Tprox 33 nmBa moB's3aHi i3 30epekeHHAM BekTOpHMX BenmnumH: 1ie 331 ta 33MIL
Moxe cTaTHCh Tak, IO CHCTeMa HEi30JIbOBaHA, ajie CKJIAIOBI 30BHINTHIX CHJI Y TIEBHHUX
HanpsIMKax JOpiBHIOIOTH HyIO. HeizomboBaHa crcTemMa HaOyBae B3OBXK LMX HAIPSMKiB
BJIACTUBOCTEH 130JbOBAHOI CUCTEMHU. TaKUM YWHOM, Ul YACTKOBO 130JIbOBaHOI CHCTEMH
MoskHa 3anucaTtu 331 Ta 33MI;
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2) IHCYIOTh BHUTIAIKH, KoK cucteMa MT Hei30/boBaHa, Ha HEl MIFOTh 30BHIIIHI CHIIH,
ane 1i cum cebe MOBHICTIO KOMIIEHCYIOTh. [le mpu3BoanuTh 10 TOTO, IO J0 TaKOi HEi30-
JTHOBAHOT CUCTEMH MOXKHA 3acToCyBaTd BCi Tpu 33. SIKIIO KOMITEHCAIiS 30BHIMTHIX CHIT
BiIOYBAIOTHCS B3IOBXK JESIKUX HAMPSMKIB, K&KYTh PO YaCTKOBO 130;b0BaHy CMT: y3-
JIOBX LIMX HANpsIMKiB MoxkHa 3actocyBatu 331 ta 33MI.

4.1.9. Yu mooice bymu max, wo 05t 00HO20 U MO20 CAMO20 QI3UYHO20 NPoYecy OOHI
33 3acmocysamu mooicna, a inwi — Hi?

MoxyTh iCHYBaTH BUIIAJKH, KOJH JJIS TAHOI CHCTEMH TUT OHI 3aKOHU 30€pEe:KEHHS BU-
KOHYIOTKCSI, a iHIM — Hi. Hanpukmam, mpyr Henpy>KHOMY yIapi ABOX Ti YaCTHHA MEXaHIIHOI
eHeprii mepexouTh y BHYTPIIIHIO (TEIUIOBY) €HEPril0 1 BUKOPUCTOBYBATH 33 MEXaHIYHOI
eHeprii He MoxkHa. Y To¥ ke Jac 331 MoKHA 3aCTOCOBYBATH 1 BiH MPOAYKTHUBHO "TIparroe”.

4.2. 3aKkoH 36epexxeHHs eHeprii
4.2.1. Koporki TeopeTnyHi BigOMOCTI

e 3akoH 30epeKeHHS MEXaHIYHOI €Heprii: B IHEePIliaIbHIX CHCTEMax BITIKY TOBHA
MexXaHIdHa eHepris £ 3aMKHEHOI CHCTEMH YaCTHHOK, Y SKili HeMae HEMOTCHITIaIbHUX
CHJI, Y TIpoIieci pyxy 30epiraeTbes:

E=T+U =const, “4.Dn
ne T 1 U — kiHeTH9HA Ta MOTEeHITaJIbHA €HEepPTii, BiAIIOBITHO.

e (Cucrema MaTepiaTbHUX Til, V SKIid HEMa€ HEMOTEHITIANHHUX CHJI, HAa3UBAETHCS
KOHCEPBATHUBHOIO.

IIpu pyci KOHCEpBATHBHOI 3aMKHEHOI CHCTEMH 30€piracThCs MOBHA MEXaHIUHA CHEP-
ris. KineTnyHa Ta moTeHmiagbHa SHEPrii B 3aralbHOMY BUMIAIKY MIPH IOMY 3MiHIOIOTBCS.
Opnak i 3MiHM BinOyBalOThCS 3aBXKIU TaK, IO MPHUPICT OJHIET 3 HUX AOPIBHIOE BTPATi
1HI1101, TOOTO

AT =-AU . 4.2)

e Sximo 3aMKHEHa CHCTEMa HEKOHCEPBAaTHBHA, TOOTO B Hill € HEMOTCHINIATBHI CHIIH,
TO MEXaHIYHa EHEeprisl TAaKOi JUCUIIATUBHOI CHCTEMH 3MEHIITYEThCS:

AE=E,-FE <0. 4.3)

4.2.2. MerognyHi BKa3iBKH1 Ta rnopagn

1. TBepmkeHHS PO Te, IO MPH HEMPYKHOMY yAapi 3aKOH 30€peKCHHS eHeprii He
BHKOHYETHCS, SIKE 1HKOJIM MOYKHA TTOYYTH BiJl CTYACHTIB, HEBipHE. BipHO Ka3aTu, M0 mpu
HETPYXHOMY YAapi He BUKOHYEThCS 3aKOH 30epeKeHHsI MEXaHI4HOI eHeprii.

2. 3amydeHHs M0 pO3MIBIAY 30BHIMMHIX CHJI Y 0araTboxX BHUIAAKAX IPHU PO3B'SI3yBaHHI
3a/1a49 € IPHUHIMIIOBO BXKJIMBUM (HEOOXiTHMM) KpokoM. Lle mos's3ane 3 TuM, 1m0 podoTta
came 30BHIIIHIX CHJI Pa3oM 3 Ji€l0 BHYTPILIHIX AWCUIATHBHUX CHJI BU3HAYa€ 3MiHY Me-
XaHiyHO1 eHeprii MaTepianpHOro Tiyia ab6o CMT.
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3. Jlmsa Toro, mo0® BHKOPHUCTOBYBATH 3aKOHHU 30€peKeHHs, Tpeba OyTH BIICBHCHHM,
[0 BUKOHYIOThCS Taki ymoBU: 1) CMT — 3amkHeHa (1307150BaHa); 2) CHIH, SKi JIIOTh Y
crcTeMi, KOHCEpBaTUBHI; 3) po3risz 3xaiticHioeThes B ICB (Hemae cui iHepirii).

4. 306epexeHHS MOBHOI MexaHiuHOi eHeprii ( £ ) y KOHCepBaTHUBHIN CHCTEMI HE O3Ha-
yae, mo kinetnyHa (7) abo mortenuiansHa (U) eHeprii TakoX 3aUIIAIOTHCS HE3MiHHU-

MHU. Y 3araJbHOMY BUIIAAKY, BOHU 3MIHIOIOTHCS, ajlie X 3MiHa 3aBXKIIN BiOYBa€ThCA Tak,
0 TIPUPICT OHIET 3 HUX TOYHO MOPIBHIOE 3MEHIICHHIO 1HIIOI, ToOTO AT =—-AU . 3po-
3YMLJTO, IO T MOXJIMBO JIUIIE B iHepmiansHux CB.

4.2.3. 3annraHHs Ta Bignosigi

4.2.1. 3akon 36epedicerHts MEXAHIYHOI eHepeil 00800UMbCS YU Ye NOCHYAam?
3akoH 30epeKeHHS MeXaHIgHOI eHeprii MokHa moBect. ITokaxemo, mo 3 II 3akony
Hrrorona BumumBae 33E. Po3rissHeMo HaHOULIBII MPOCTHH BHUMANOK PYyXy — OTHOBHMIp-

Hui pyx MT y3moBx oci OX y 1oJ1i KOHCEPBATHBHOI CHUIH F . 3amHIeMo B CKIIPHOMY

BUTTISAL piBHSHHS pyXy — Il 3axon HeroroHa: m% =F, = —d—U. [TomHOXMMO TpaBy i

t dx

. . ) dx
JiBY YaCTHHH PiBHAHHS Ha MBUAKICTE MT v =—:

dt

dv dU dv dU dx d [ mv?
= m—+——=0 = —| —+U(x) |=0 =
dx dtr  dx dt dar\ 2

—_—=——V

ml)2

= ——+U(x)=const = moBHa MexaHi4Ha eHeprist MT (cyMa KiIHETHYHOI Ta IMOTCHITI-

aNbHOI eHepriil) 30epiraerbes. Llel 3akoH 30epekeHHS SHEpril MOXKHA JIOBECTH 1 JJIS Y-
Xy B TPUBHMIPHOMY IIPOCTOPI.

4.2.2. [losacnims, yomy ooHicio 3 ymos ichyeanus 33E € eumoea mozo, wob po3zenso 6i-
obysaecs 6 ICB.

3akoH 30epexeHHs1 MexaHiqHo1 eHeprii cucteMu MT QopMyIIOETbCs Tak: B iHepIia-
JTBHIA CHCTEMI BIIJIIKY MEXaHIgHA €HEPris 130J1b0BaHOi cucteMu MT, y sIKiif HeMae JuCH-
MaTUBHUX (HETIOTEHITIATBLHUX ) CHJI, Y TIpoIieci pyxy 30epiraetbest £ =1 + U = const.

Sxmo posrasmatu pyx v HICB, To 0060B'I3K0BO 10 PO3TIIAMY CIiJT 3aIydaTH CHUIH
iHepmii. YacTuHa 1UX CWII (HAIIp., BIAIICHTPOBA CHJIA) HAICKUTH IO KOHCEPBATHBHUX CHUT
(nuB. 3anuTaHHs 5.3.8). OgHaK iX MosiBa MOB'SI3aHa 3 AI€I0 30BHIIIHBOI CHIIH, Y pe3yJbTaTi
skoi CB mounHae pyxaTtuch i3 mpuckopeHHsM. ToOTO TosiBa CHUII iHEPIIT Ta MOKITUBICTh
posrisimaty pyx y HICB cBiguats mpo BTpaTy cucreMoro MT 130150BaHOCTI.

4.2.3. Yum moorcHa surxuxamu aminy nomeHyiansnoi enepeii MT 6 i3onvosaniti cucmemi?

3MiHy MOTeHLianbHOI eHeprii i30mpo0BaHoi CMT MoOKHa BUKJIMKATH AI€I0 JIHUILIE BHYT-

pimHboi cuiau Fy, (U1 130mp0BaHol cucremu F, .. =0 ). 3MIHUTH NOTEHIIAIbHY EHEP-

rito MT Mo)kHa nwmre misitMu, TIOB'sI3aHUMH 31 3MIHOIO KiHeTHYHOi eHeprii. Te came MOx-
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Ha CKa3aTH W MPO 3BOPOTHUHU 3B'SI30K: 3MIHUTH KiHETHYHY eHeprito MT MoskHa ywmine 3a
PaxyHOK 3MiHM HOTEHLIANbHOI €Heprii.

ChopaBmi, TOBHAa MeEXaHIiYHAa €HEpris ISl 130JbOBAHOI CHUCTEMH  30€piraeTbes
E=T+U =const.3mina U moxusa e 3a paxysok amian 7 : T T=U L ; Ti=UT.

4.2.4. Yu mooice 36epicamuco noena mexaniyna enepeis 8 neizoavoganii CMT?

IIpu 3MeHIIIeHHI MEXaHIYHO1 €Heprii He130JIbOBaHOT CHCTEMH 3aB)KIM BUHUKAE €KBiBa-
JICHTHA KUIBKICTh €Heprii iHIIMX BUAIB, HE MOB'A3aHUX 3 PYXOM Til. Y LbOMY BHUIAIKY
MeXaHi4uHa €Hepris TiI MEPEeXOoAUTh Y EHEPrilo pyxXy MOJIEKy (TEIUIOBY €HEpri€lo) i mpy-
YKHY €Heprito 1e)OpMOBaHUX Till.

MexaHigHa €HEpris MOXKe 30epiraTuch i B HE130JIbOBAHUX CHUCTEMaXxX TiJl, aJie IIe BiJ-
OyBa€eTbCsI JIUIIE B THX BHITAJIKaX, KOJHM 3MEHIICHHS ITi€l €Heprii, sKe BiAOyBaeThCS 3a
PaxyHOK poOOTH MpPOTH BHYTPILIHIX AMCUIIATUBHHUX CHUJ, KOMIICHCYETHCS MOIIOBHEHHIM
EHeprii 3a paxyHOK poOOTH 30BHIIIHIX CHIL.

4.2.5. Yum mooicHa gukaukamu 3mMiHy no8Hoi mexarniunoi enepeii cucmemu MT 3a 8i0-
CYMHOCIE OUCUNAMUBHUX CUTL?

3miny oBHOI MexaHi9HOi eHeprii MT MokHa BUKIIUKATH JIUIIE TI€I0 30BHIMTHLOI CH-

m F,,, . Pobora A, ,, 30BHIIIHBOI CHIN JOPIBHIOE BEJIMYMHI 3MiHM AE TOBHOI MeXa-

Hiunoi eneprii MT: |4,y,,|=AE=E, —E; = (T, +U,)— (T, +U)), ne T;, T, — inetnuna

eneprist MT y nouatkoBoMy Ta KiHLeBoMy cTaHax; U,,U, — noreHuianbHa eneprigs MT y

30BH

MOYATKOBOMY 1 KiHIICBOMY CTaHaX.

Jns 13onp0Banoi cuctemu ( F,,,, =0), y [Kii BIACYTHI AUCHIIATUBHI CHIIM, 3MIHUTH

OBH
MMOBHY MEXaHIYHY €HEpTrilo He MOKHA: y mporieci pyxy MT ii moBHa MexaHigHA SHEPTis
30epiraeThbCsl, 3aKOH 30€peKEHHS eHeprii BUKOHYeTbes. [Ipu 11boMy noTeHmiaibHa i KiHe-
tuaHa eneprii MT MoXyTh 3MIHIOBATHCE.

4.2.6. AKi 0OMedrcenHs 8UCYBAIOMbCsl RPU MUNOBOMY PO32150i yOapy 060X min?

BBaxkaeTncsi, 10 BUKOHYIOTHCA TaKi yMOBH:

® yJap po3IISIIAETHCS B iHepLianbHil K-crucTeMi BiJUTIKY;

e cucreMa 3 JBOX TiJl 3aMKHEHa;

e Tija 70 1 MicHs yAapy poO3TallOBaHi Ha JOCTaTHHO BEIHMKHX BiCTaHSIX OAHE Bix
IHITOTO, 100 MOTEHITIABPHOI0 SHEPTiEI0 B3aEMOIT MK TIJIaMU MOYKHA OYyJIO 3HEXTYBAaTH.

4.2.7. Yu mooicna 3anucamu 3aKon 30epedxcenHs enepeii 01 HenpyicHo2o yoapy?

3akoH 30epeKeHHS €HEpTii I HENPY>KHOTO yIapy B 3arajlbHOMY BUTJISAII MOYKHA 3a-
nHcaT B TakoMy Burisini: £=E'+ E, , ne E — mexaniuna eneprist CMT no ynapy; E'
— MexaniuHa eHeprist CMT mnicns ynapy; E,, — BHYTpilllHs eHepris (TelioBa eHepris i
eHepris aedopmaliii) CHCTEMH TiJ MICHA yaapy.

Jlns Henpy>KHOTO yaapy IBOX TUT 3aKOH 30€peKEHHS SHEeprii Ma€e BUTIIS

2 2 2 2
MY | MYy MYy MY |

2 2 2 2 B
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4.2.8. Yu 3aeoicou 6 mexaniyi, izuyi i npupooi BUKOHYEMbCA 3AKOH 30epedicelts enepeii?

[onsaTTs eneprii, sike Brepie Oyao BBEACHE B MeXaHilli, pO3IIMPEeHe i Ha iHII PO3.Ii-
a1 (Di3UKH, SKI BUHUKAIH 3 11 po3BUTKOM. Hampukiian, Ha CbOrOIHI MIHPOKO BUKOPHCTO-
BYIOTHCSI TIOHATTSI HEMEXaHIYHUX (DOPM CHEpPrii: eHeprii eIeKTPOMAardHiTHOTO MO, XiMid-
HOI eHeprii, sinepHoi eHeprii ToIo.

3akoH 30epekeHHs eHeprii B MPUPO/li BUKOHYETHCS 3aBXKIU: Y MEXaHill, eleKTpHIIi,
aTOMHIN (i3Il Ta IHIMHUX Po3iyax (i3UKH, Y MIKPOCBITI, TOBCAKACHHOMY >KUTTI JIIO-
nuau Ta BeeciTi. CyvacHiii Hayni HeBinoMi (pakTh HEBUKOHAHHA 3aKOHY 30€peKEHHS
e”eprii. [Tnboke ocMHCICHHS UBOTO MUTAHHS MPHUBEJIO 10 (PYHAaMEHTaIbHOTO BUCHOB-
Ky PO iCHYBaHHS B MPUPOIi YHIBEPCATHLHOTO 3aKOHY 30€pPESKECHHSI €HEPTii: eHepris HIKO-
JIX HE YTBOPIOETHCS 1 HE 3HUIIYETHCS, BOHA MOXKE TIJTLKH TIEPEXOAUTH 3 OIHIEl (hopMH B
iHIIYy 200 OOMiHIOBAaTHCSA MK OKpEMHMH BHIIAMH MaTepii.

VYHiBepcaTbHUN 3aKOH 30epeKeHHS €Heprii OXOIUTIoe i Ti (Di3WYHI ABUIA, HA AKi 3a-
kKoHN HpIOTOHA HE MOMUPIOIOTECS. ToMy BiH HE MOXKe OyTH TOBEICHUH i3 ITUX 3aKOHIB, a
Ma€ PO3TIAAATUCH K CAMOCTIHHMIA 3aKOH, SIKUH SBIIsE€ COOOI0 OJHE i3 HAMOLIBII MIUPO-
KHX y3arajJbHIOIOUHX JOCTiTHUX (PaKTiB.

OxpeMoro po3risay Ta OCMHUCIEHHS NOTpeOye 3aKkoH K = mc? , sKuil MOB'SI3ye CHEprio
CIIOKOIO 1 Macy Tina. Takuit po3riisiy MPOBOIUTHCS B po3aimi "PensTuBicTchka nuHaMika".

4.3. 3aKkoH 36epexxeHHs iMnynbcy
4.3.1. Koporki TeopeTnYHi BigoOMOCTi

e Immynec CMT € BEKTOPHOIO CYMOIO IMITYJIBCIB ii OKpEMHUX TOYOK:

P=2h- (44)
i
e 3aKOH 3MiHH IMITyJIbCY CUCTEMH TiJl

2
Py pi=|Fdt, (4.5)
1

ne F,— pe3ylpTyroua BCiX 30BHIIIHIX CHIL.
e Jlna 3amMKHEHOI cuctemu MT (Fe = O) IMITyJIbC CUCTEMH 3aJMIIAETHCS HE3MIHHUM

(Aﬁ = const) , HE 3BaKalOU Ha Te, 10 NP LbOMY iIMITYJIbCH Till, SKi BXOASTH 10 CHCTe-

MH, MOXKYTh 3MIHIOBAaTHCh. Y MHOMY pa3i KaxyTh mpo 331
e PiBHSHHS TWHAMIKK MaTepiadbHOI TOYKH 31 3MiHHOIO Macoo (piBHSIHHS Memepch-
KOT'0) Ma€ BUTJIS

mi =i F (4.6)
dt

78



ne [ — pe3ynpTyroda 30BHINTHIX CHII, IO JIFOTh HA TUIO 3 00Ky OTOUYIOUHX (CTOPOHHIX)

. _dm _ ) )
Tt i cunoBoro nouns; £, =u7 — peaKkTUBHA CWIIA; i — BiJHOCHA MIBHIKICTH (LIBHMI-
t

KiCTh IPUEAHAHHS a00 BiJIIJICHHS MaCcH TiJia).
o dopmyna L[i0JIKOBCHKOTO JIJIsT BU3HAYCHHS MTBUIKOCTI Tija

(1) = —ii - In 0 (4.7)
m(t)
Jie m, — Maca Tila Ha OYaTKy pyXy.

4.3.2. MerognyHi BKa3iBKM Ta rnnopagm

1. Ilpu BU3HAYEHHI MIBUAKOCTI, HAOYTIH MPH B3a€MOIi ABOX TiJ, IJIS 3aMKHEHHUX CHC-
TEeM HE3JIKHO BiJ THITY yaapy 3a3BHYail BUKOPHCTOBYIOTH 3aKOH 30€pEKEHHS IMITYIh-
Cy, IUIsl HE3aMKHEHUX CHCTEM — 3aKOH 3MiHH IMITYJIbCY.

2. VY j#eskyX BUIAJAKaX, HAIPUKIAJ, Y BUIIAQAKY aOCOJIOTHO MPYKHOTO yAapy OAHOYA-
CHO MOXYTh BUKOHYBAaTHCh JIBa 3aKOHHU 30CpEKEHHS: IMITyJIbCY Ta eHeprii. B iHmmx BU-
najKkax BUKOPUCTOBYBAaTH 3aKOH 30€peEeHHS MEXaHIYHOI eHeprii He Mo)kHa (Hamp., Yy
BUMAJIKy HENPYXKHOTO yAapy). 3akoH 30epekeHHsS IMITyJIbCy Ma€ OilbLI HIMpPOKE IOoJIe
3aCTOCYBaHHS: BOHO OOMEKEHE JIUIIe YMOBOIO 3aMKHEHOI CHCTEMH.

3. Oxpeme Mmicrie B po3niii "3akoH 30epeKeHHS IMITYJIbCY" 3aliMarOTh 3aadi, MOB'sI-
3aHi 3 pyXOM Tilla 3MiHHOi MacH. IX MosiBa B IIbOMY PO3/IiJIi TIOB'SI3aHa 3 THM, IO PiBHSH-
Hs Meriepcbkoro oTpuMane, Buxoasdu came i3 331

4. Tlpu po3B's3yBaHHI 3a/1a4, [TOB'I3aHUX 3 IUHAMIKOIO Tijla 3MiHHOI MacH, Tpeda po3-
PI3HATH JBa BUNIAJIKH:

® € 3a/1ayi, y IKUX TiJI0 3MiHHOI Macu m(t) XapaKTepHU3yeThCs BiJHOCHOIO HIBHJKIC-
TI0 # # 0 1 piBHAHHSI Memepcskoro Mae BUIAL (4.5).

® € 3ajadyi, y SIKUX PO3TJISAAETHCS TLIO 3MIHHOTI Macu m(t), ajle BiIHOCHA MBUIKICTH

i =0, ToOTo Maca MpHETHYEThCS a00 BiAMAISIETHCS BiJ Tia 0e3 CKIaJ0BOI MIBUIKOCTI
BITHOCHO HAIPSMKY pyxy Tija. Jlo TakMx 3ama4 HaJCKUTh, HANPUKJIAL, PO3IJISA PyXy
wiaTpopMu, 3 KO BIIBHO BHCHIIAETHCS MICOK 4Yepe3 OTBip y IHUII. Y HbOMY pasi

=0 1 piBHSHHA pyXy HaOyBa€ BUTISILY m(t)d— =F.

dt
5. Sxio BBaXKaTH, M0 B PiBHAHHI MemepchbKoro # = —U, e L — MBHIKICTh PYXY Ti-
na, To BUpa3 (4.5) naOyBae BUIIISALY
S dm o dn)
dt dt dt

VY 1poMy BUNAKy Jisi CTOPOHHBOI cuny F BH3Ha4a€ 3MiHY IMIYJbCYy Tida 31 3MiHHOIO
Macoro. Lleii BUnagok peani3yeTscsi, HAIIPUKIAA, IPH pyci IIaThopMH, SKa HaBAHTaXYy-
€TBCSI CUITyYOI0 PEUOBUHOIO 3 HEPYXOMOI'o OyHKepa.

=F.
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(3aBpaHHA: y 3B'SI3KY 13 3ayBaKeHHAMU 4 1 5 po3BpKiTh 3aa4di 1.136 1 1.137 i3 [6]).

6. HabGmwxenHsMm i =—V, oe # — BIAHOCHA IIBUAKICTH; U — IIBUIKICTh PYXYy Tija,
Tpeba KOPHCTYBAaTUCHh BIYMIIMBO: HANpPHKIA[, Y BHMAAKY 3 PAKETOIO Take HAOIVKCHHS
HEKOpPEKTHE.

4.3.3. 3anuTaHHAa Ta Bignosigi

4.3.1. Hosacuimo, 5K 3MIHIOEMbCS IMRYTILC OKPEMUX MAMEPIATbHUX Ml yCepeOuHi Cu-
cmemu nio 0icto HYMPIUHIX CUI.

B i3ompoBaniit CMT 3MiHa IMITYJIBCIB OKpEMHX MaTepiallbHUX TiJ a00 YaCTHH CHCTE-
MU TiJ Ii€l0 BHYTPILIHIX CHJI BiIOYBalOThCA TaK, U0 301IbIIEHHS IMITyJILCY OJHOIO Tija
JOPIBHIOE 3MEHIICHHIO iMITynbCy apyroro. Okpemi Tina i30Jb0BaHOI CHCTEMH MOXYTb
JuIe OOMIHIOBATUCH iMITyTbcamMu. 3HaimoBy B CMT Tino, y sikoro BigOyIocs, Harpu-
KJIaJl, 3MEHIIICHHS IMITyJIbCy, Tpeba OyTH BIEBHEHUM, IO ICHYE iHINE TUIO B Ikl camMii
130J1bOBaHIN CHCTEMI, Y SKOTO BiZAOYJIOCH 301IBIICHHS IMITYJIbCY, IPUYOMY 33 MOIYJISIMHU
BEJIMYHMHA 301IBIICHHS IMITyJIbCY AOPiBHIOE BEJIMYMHI 3MEHIIEHHIO iMITynbcy. DakTuiHo,
Taka 3MiHa IMITyJIBCIB OKPEMHUX Tij, 10 BXoaaTh 10 CMT, mignopsakoBaHa 3aKoHY 30e-
pexenns immynbey mist CMT y mimomy.

4.3.2. /logedimb 3axkon 30epedicents imnyavcy, bazyouuco na Il 3axoni Hoiomona.

Komn cucrema MT i30nmp0Bana (F

dp - .
3OBH:0),T0 7];=0 = p=const — e 1 € 3aKOH

30epeKEHHS IMITYJIbCY JUIS 130JIbOBAHOI CUCTEMH TLI: IMITYJIbC 130JIbOBAHOI CUCTEMHU Ma-
TepialbHUX TiJ 3aIMIIAETHCS CTAIUM, HE3MIHHUM Y yaci. [Ipu mpomy, He 3alie)XHO Bif

TOTO, IO P = Z p;(t)=const, immynscu p;(t) OKpeMUX MaTepiaabHUX TLI 1301bOBAHOI

CHUCTEMH MOXKYTH 13 4aCOM 3MiHIOBATHUCH.

4.3.3. Yu icHytoms 6unaoku, Koau 3aKOH 30epedceHHs IMRYIbCY 3acmoco8y8amu
He ModcHa?

3akoH 30epeKeHHS IMITYJIbCY HE MOKHA 3aCTOCOBYBATH JIUIIIE B OJHOMY BHIAAKY —
JUTSL HE130JIbOBAaHUX CHCTEM.

4.3.4. Yu moocymo y Oeaxux sunaokax 331 euxonyeamucs i 0151 HEI301bOBAHUX CUC-
mem MamepianbHux mo4ox (min)? YV axux eunaokax?

331 MOXe BUKOHYBATHCH IS YaCTKOBO i30mpoBaHuX CMT. Po3risHemMo 1Ba BHMAaaKu
TaKUX CUCTEM:

1) Haragaemo, mo miA "JacTKOBO 13071OBAHOI0 CHCTEMOIO" PO3yMIIOTH CHCTEMY IS
SIKOT BiJITIOBITHUM BHOOPOM CHCTEMHU KOOPAWHAT MOXKHA JIOCSATTH TOTO, 1[0 OJIHA a0o JIBi
MPOEKIii 30BHIIIHIX CHJI IEPETBOPIOIOTHCS HA HyJb. ToJli Hei301b0BaHa crucTeMa HabyBae
B3/IOBXK IUX HANPSIMKIB BJIACTHBOCTEH 130JIbOBAHOI CHCTEMHU 1 B3JIOBXK ITUX HAIMPSMKIB
MoskHa 3amucatu 331

Hanpukian, konu 30BHIIIHEA cuna F auine B3A0BXK HanpsaMKy OZ Mae BiIMiHHY Bij
HyJIs1 ckianoBy F. # 0, a iHIII CKJIaZ0B1 30BHIIIHBOI CUIIN JOPIBHIOIOTH HYJIIO:
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d
F,=0; F,=0,10 Fz=dp2¢o; F =&:0; szﬁzo =
dt Yoodt dt

= p. #const; p, =const; p, =const. Sk 6aunMo, y HampsMKax, mapaaeIbHUX TIONTHI-

HI XY, iMOynsc 30epiraeThcs. Y3m0BXK mux HanpsMkiB 331 MoHA BHKOPHCTOBYBATH.
[Ipuknagom Takoi 30BHIIIHBOI CHIIM MOXKE OyTH CHJIA TSDKiHHSI, SIKa /i€ TUTbKW TepIeH-
MAKYJISIPHO JIO TIOBEPXHI 3eMili, 1 Ma€ TITLKH BEPTUKAIBHY CKIAJA0BY. Y3IOBXK IHOTO Ha-
MPSIMKY PyX CUCTEMHU Ma€ PO3TIISLIaTUCh K PYX HEi30/1b0BaHOI cucTemu. BomHouac pyx
CHCTEMH B TOPU3OHTAIBHUX HAMPSIMKAaX MOXHA PO3TISIATH K PyX 130JbOBAHOT CHCTEMH.
e no3Bonse 3amucatu 331 i BCix HANPSAMKIB Y TOPU3OHTAIIBHIN TUIOIIMHI, X04a CHC-
TeMa B IJIOMY 3QJIHINAETHCS HE130JIbOBAHOIO;

2) iCHyIOTh BUIIAJKH, KoJiM cuctema MT € He3aMKHEHOIO i Ha Hel JiF0Th 30BHIIIHI CH-
JIM, ajie MPH MbOMY IIi CHJIH KOMITEHCYIOTh ce0¢e TIOBHICTIO a00 YaCTKOBO B3JIOBXK JIECSIKUX
HampsaMKiB. 1le Ipu3BOAUTE 10 TOTO, IO 0 TaKOi HE3aMKHEHOI CHCTEMH TaKOX MOJKHA
3actocyBaTtu 331

4.3.5. Yu mooicHa 6 pasi uxonauwns 33 01 gexmopa P 3acmocysamu yeu 3aKoH 00
OKpemux npoekyitl gekmopa p Ha 6yO0b-AKull HanpamMox?

Hampuxian, muis i3ompoBanux cucteM MT 3aBxam MOXKHA 3aCTOCYBaTH 3aKOH 30epe-
JKeHHS IMITYJIbCY HE TUTBKH IO BEKTOpa IMITYJIbCY P, alie i 0 HOTO OKPEMHX IPOESKITIi
Ha Oyab-sakuii HanpsMok. OfHAK TIpH IBOMY HE Tpeba 3a0yBaTH W MPO BHITAJOK, KOIU
11 HeizompoBaHOT CMT MoXHA 3HAWTH HAPSIMKH, U TIPOEKITH BEKTOpa p Ha sIKi BHU-
koHyeTbes 331, Toxi e He o3Havae, mo 331 MOoJkKHA BUKOPHUCTOBYBATH JI0 BEKTpa P .

4.3.6. Buxoosuu 3 nonepeonb020 3anumants i 6i0no6idi Ha HbO20, 36AJICHe, YU MONC-
Ha 3 ghaxmy 30epediceHnss y 4aci 0OHIEl uu Hasimb 080X NPOEKYIll 6eKMopa P NPULHAMU

piwenns npo me, wo cucmema MT i301b06ana il 00 Hel MOJICHA 3aCcmMOCcy8amu 3aKoH 30e-
pedicennsn ekmopa p ?

Hi, He MoxxHa. 36epekeHHS IMITYITbCY ( p= const) O3Ha4ya€ He3MIHHICTH Y Yaci K Ha-
HPSIMKY, TaK 1 BEIMYMHU BEKTOpa p . SIk BUIHO 3 puc. 4.1, a, BEKTOpU p; 1 p, — HE J0pi-
BHIOIOTH OJJIH OJTHOMY Hi 32 HampsIMKOM, Hi 3a BETMYMHOIO, aJie iX Mpoekuii Ha Bick OZ
piBHL: p_, =p.,.Bonnowac p, # p,, Ta Py % Dyo-

Tak camo 3 ¢akTy 30€peKeHHS TBOX IIPOEKIIiii BEKTOpa p Ha 0Ci KOOpAWMHAT HE MOXK-
Ha cTBepaKyBaTH, o CMT i30omboBaHa i B Hill 30epiraeTecsi HE3MiHHUM BeKTop p . Ha
puc. 4.1, 6 BUIHO, 110 BEKTOPU p; 1 P, — HE JIOPIBHIOIOTH OJMH OJHOMY Hi 33 HaIpsM-
KOM, Hi 3a BEIMYMHOIO, ayie iX mpoekilii Ha oci OX Tta OY pisHi. BogHodac mpoekitii
BEKTOPIB p; Ta P, Ha Bick OZ Di3HI: p, # P.,.
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Do} Pt
S P;a e

Puc. 4.1. o 3anuTtaHHs 4.3.6

4.3.7. Ak 3a xapaxmepom pyxy min nicisa cnigyoapy iopizHumu abCoaomuo npyicHull
yoap 6i0 abCcoOMHO HENPYIAHCHO20, 8I0 HACMKOBO NPYICHO20 Yoapy?

Heo0xigHoto i JOCTaTHHOIO YMOBOIO aOCOIIOMHO HERPYIHCHO20 YOapy € 3NMANAHHSA Til
micys yaapy. Sk HaciIoK II-0TO BUHUKAE aedopMarltis TUT i 9aCTKOBH a00 TTOBHUIA ITe-
pexia MeXaHIYHOI eHeprii y BHYTpIIIHIO (TeTuIoBy) eHeprito. Ilicis abconmoTHO HEnpyX-
HOTO y/Iapy CUCTEeMa 3 JIBOX TLJ 3a3BHYAl MPOJIOBKYE MEXaHIYHUH PyX.

HasuBaroun o3HaKM yacmko8o npyxcHozo yoapy, CHiJl Ka3aTH JIMIIE MPO YaCTKOBUH
(abo MOBHMIA) TIepeXia MEXaHIYHOI €HEPrilo Yy BHYTPIIIHIO (TEIUIOBY) €HEPTito, ajie BiKe
0e3 3MUMaHHs TiJ micis yaapy.

Abconomuo npysxcuuil yoap XapakTepu3ye Te, 10 B Pe3yJbTaTi yaapy BilOyBa€eThCs
JIMIIe OOMIiH MEXaHIYHOI €Hepriero Mixk Tinamu. Hiskux mporeciB pedopMariii, 3unaH-
HSl, IEPEXOAY MEXaHiYHOI €Heprilo y BHYTPIIIHIO (TEIJIOBY) €HEPril0 B LIbOMY BHUIAAKY
HE BiI0yBa€ThCH.

Takum grHOM, a0CONIOTHO HENPYKHUH yaap JIETKO BIAPI3HUTH Bifl IHIIUX THUIIIB yaa-
piB (Big aOCOIOTHO TIPYXKHOTO Ta YACTKOBO HEMPY)KHOTO) 32 03HAKOIO: 3JTUIAIOTHCS Tijia
miciis yaapy 4d Hi.

4.3.8. Il]o maxe xoeghiyicum 8i0meopenHsi 8iOHOCHOI WBUOKOCMI NIC/IL YOapy 080X min?

VYaap 1BOX TUT MOJKHA XapaKTepHU3yBaTH KOe(IIlieHTOM BiATBOPEHHS 3 :

_ BigHocHa mBHAKICTB Tin micns ynapy U5 — U;

BinHOCHA MIBHIKICTH TUT 10 yAApY L,y —U; ’

ae v; 1 L, — NBUIKOCTI T 10 yAapy; L] Ta L, — MIBUIKOCTI T MICIs yAapy.

I. HeroToH ekcrneprMeHTalbHO TOKa3aB, IO KoedirieHT BinTBopeHHS () 3alIeXuTh
BiJl BIIACTHBOCTEH Matepiaiy Tijl, aki OepyTh y4yacTb B yaapi. 3HaueHHs [3 3 TOYHICTIO,
JOCTaTHBOIO JUIS MPAaKTUYHUX LJIeH, U1 JaHOTO MaTepialy MOJKHA BBa)KaTH BEIMYHHOIO
CTaJoIo.
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AOCOJIIOTHO HEMPYKHHUI ynap o3Hauae, 1m0 3= 0. [Ipu abcooTHO IpyKHOMY yAapi
=-1. Ilpu wactkoBo mpykHOMy ynapi —1 < < 0. Takum uyuHOM, KOeiLi€HT BiATBO-
pEHHS MOKE 3MIHIOBaTHCh ¥ Mekax —1 <P <0.

4.3.9. Axutl yoap Ha3ueaemuvcs YyeHmpaibHum?

Ynap qBOX TiJT HA3UBAETHCS LICHTPATHLHUM Y BUTIAJIKY, KOJIA MIBUIKOCTI, SIKi TiJla MaJin
IO yIapy, HalpaBJICHI B3IOBX MPSMOI JIiHii, 0 3'€MHYyE iX eHTpH. O3HAKOIO MEHTPATh-
HUX yIapiB € Te, M0 U1 HUX MPpUIiJIbHA BifcTadb 0 =0 (puc. 4.2).

4.3.10. Onuwims noeedinKy 080X Kyib 3 0OHAKOB0OI0 MACOIO NIC/sL 3IMKHEHHS, AKUO 00
3IMKHEHHs 8OHU PYXAIUCHL 3 OOHAKOBUMU WBUOKOCAMU HA3YCMPIY 00HA 0OHIU. Yoap
YeHmMpanbHULL.

TToBeminka KyJIb TICIIS 3ITKHEHHS 3aJIS)KaTUME BiJl XapakTepy yaapy. Y pasi abcolIfoTHO
MIPY’KHOTO yIapy Kyl PO3JIETATHCS B MPOTHIICKHI OOKH, "OOMIHSIOTHCSA" IIBUIAKOCTIMU
(imMITysnbcaMu): mepiia KyJjist OJETUTh Y HalpsAMKY, y SIKOMY 10 yAapy JieTija Apyra Ky, i
HaBraky. Moyl MIBUAKOCTEH KyJib HE 3MIHATBCS. Y pasi aOCOMOTHO HENPYKHOTO yaapy
Ky "OOMIHSIOTECS" IMITyJIbcaMH, TX KIHETHYHI €Heprii mepeiayTh y BHYTPIIITHIO SHEPTII0
(medopmariii Ta TEIIIOBY), Ky, 00'€/IHABIINCE B €IMHY CUCTEMY, 3YITHHSTHCS.

4.3.11. Ak 3Haumu HanpsamMKu, y AKUX po3iemsamscs 08I KVl Nicis HeyeHmpanbHO20
npyarcHo2o yoapy?

3HaWTH HANPAMKH IMIBUIKOCTEH MBOX KYNb IICIS HEHEHTPAIBHOTO MPYKHOTO yaapy
MOJKHa, CKOPHCTaBIINCh BEKTOPHOIO (IMITyJILCHOO) Aiarpamoro (muB. [5] m. 34). Byaemo
BBa)KaTH, 10 10 yaapy Kyius | i3 mentpom Mac y toumi O'| pyxaerbcs, a Ky 2 i3
LEeHTpoM Mac y Touli O, nokoitecs (puc. 4.2). (IIpumymeHss npo Te, MmO oAHA 3 Kylb
HepyxoMa, He € 0OMEXXEHHsIM. 3aBXKI1U MOKHA 00paTH CUCTEMY BiJUTIKY, KA PyXa€eTbcs 31
MIBUIKICTIO KYJIi 2 10 Yaapy, 1 po3TIsIIaTh 3a/1a4uy B i CHCTEMI BILTIKY).

Puc. 4.2. HeueHTpanbHui
NpY>XHWUI yaap ABOX Ky/b

AP Pl

Y MOMEHT yaapy MiX KyJISIMH BUHUKA€E B3a€MOJis: Ha KyIto 2 3 60Ky Kyii 1 mie cuna
Fz , @ Ha Kymo 1 3 Ooky Kyni 2 1ie cuna Fl . Lli cunm otHaKoBi 3a BEIMYHMHOIO 1 MIPOTH-
nexHi 3a manpsamkamu Fy = —F, . JliloTe 1 cumi mo mpawmiii imii 0,0,, Aka 3'eanye
IEHTPH KyJib. HampsiMok pyxy Kyimi 2, sKa 0 yAapy IMOKOiach, Micis yaapy 30iraeTbes 3
HaIPSIMKOM JIii CHITH Fz Y3IOBXK JIiHI1, MO0 3'€JHY€E EHTPHU KyJlb Y MOMEHT yaapy. Takum
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CITOcCOOOM BHU3HAYIIM KyT 0 MiXK HampsMKOM pyXy Kyl 1 10 ymapy Ta HanmpsMKOM, y3-
JTIOBXK SIKOTO BiJICKOYMIIA KYJIS 2.

Kyns 2 micns ynapy HaOyzne B310BxX JiHIT O;0, IMITybCy P, BEIUYHHY SKOTO MOX-
Ha 3HaHTH METOAOM BEKTOPHOI (iMITyJIbCHOT) Aiarpamu abo 3a (opMyIoio

2m
——2 _p cosH.

py=

106 cxopucraTHCh Li€r0 GopMysIor0 HEOOXITHO 3HATH BEIWYMHY KyTa 0, iMIynscy p, ,
Mac my, m,.3HaueHHs 0 B)Ke 3HalJICHO, 3HAUYEHHs p| B1IOME 3 YMOBH. SIKILIO BBaKaTH,
o m; =m, = p5 = p; €os 0, TO TAKUM YUHOM, 3HAIJICHO 3HAYCHHS P> .

3HAa€EMO HAIPSIMKHU Ta BEJIMYUHU IMITYJIBCIB P5 1 py. SIK 3HATH HANPSMOK, y SIKOMY
Oyne pyxatuce Kyns 1, micna ynpapy, (Hampamok immynscy py)? I3 331 maemo
Dy =D + P> . 3Hatoun p; Ta p;, HoOyAyeMO BiIOBIAHUI TPUKYTHHK, OJHIEIO i3 CTOPiH
SKOTO € iMIynbe Py (puc. 4.3). Tak 3HaHICHO BEIMYNHY | HAPSIMOK IMITYJIbCY P .

b

-

13{ - Puc. 4.3. Jo 3anuTaHHAa 4.3.11

12

3ayBaXMMO, 110 MOsIBA IMIYJIbCY p5 Yy Kyli 2 MOB'I3aHA i3 BTPATONO iMIynscy Ap|
Kyuni 1 micas ynapy (ue Burumsae i3 331) p; =—Ap’. ToMmy, 3HaXOAIYN HAIPSIMOK 1 BEITH-
YUHY IMIYJbCY P|, MOXKHA BUXOAUTH i3 PIBHSHHA P; = P| — AD5 .

4.3.12. 3pobimsb pizuuni sucHosku i Komenmapi 3 pieHsanus Mewepcokozo.

Piusaas Memepcbkoro (4.5) ommcye pyx Tila 31 3MIHHOIO Macoio 1 Mae BHUTJIIAL

do _dm

- ~ _ . . m
m7=u7+F , & ¥ — IMBHUAKICTH TMPHUETHAHHS (BiI'€THAHHSI) MacH; 7 — IIBWI-
t t t

KICTh 3MIHH MacH Tiia; F — pe3yabTyroda 30BHIITHIX CHII.
BUCHOBKM Ta KOMeHTapi:
+¢ 37iBa B PIBHAHHI MEIIEPCHKOro MOKa3aHO CHUIY, IO HAga€ TLTy Macow m IPH-

dv ) . . . . .
CKOpPEHHS o Bona [0piBHIOE CyMi IBOX CHII: 30BHIIIHBOI CHiId F 1 peakTUBHOI CHIH
t

_dm . dm .
F, = u7 (BenuuuHy IIBUAKOCTI 3MiHH Macu o 9acTO MO3HAYAI0Th Yepe3 |, TOdi
t t

peakTHBHA cuia F =p-u).

+¢ piBHAHHS MeIIepChKOro OJHAKOBO KOPEKTHO OMKCYE PyX Tijl, Maca sSKHX sK 30i-
JBITYETHCA, TaK 1 SMEHIIIYETHCS i 9ac pyxy;
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% HENpaBWJIFHO BBa)KaTH, IO PIBHAHHSA MeIIEepChKOro B OCHOBHOMY OIHCYE PyX pa-
KeT (peakTUBHHMU pyx). binmbiie Toro, piBHSHHS MemepcbKoro B3arayi He 00OOB'SI3KOBO
MOB'SI3aHE 3 OMMHMCOM PYXY TiJI, sIKI pPyXarOThCS TUIBKH 32 PaXyHOK PEaKTHBHOI CHIIA. 3HA-
YHA KiTBKICTh 3aj1ad, K1 OMHUCY€ PiBHSIHHSA MemepchKoro, HislK 3 peaKTHBHUM PyXOM HE
nos's3anHa. Lle — 3agadi npo aBTOMOOLb I MOJMBY BYJIHIG, PO KPAILUIO JAOILY, Maca
SIKOi 301IBIIYETHCS MPH MaJiHHI B NEPECHYCHOMY BOASHUMH MapaMu CEPEAOBHILI, MPO
HAaBaHTAKCHHS Ta PO3BAaHTAKCHHS 3ATI3HUIHHX TUIAT(GOPM IIiJ] 9ac iX pyxy TOIIIO;

% 3aIHCYI0YM PIBHSAHHS MEIEpChKOro y CKaIIpHOMY BUTJISII HEOOXIJHO BPaxoBY-
BaTH HANPSMOK Jill peaKTUBHOI CHJIM 1 pe3yIbTyI040i 30BHIIIHIX CHJI ISl KOKHOTO KOHK-
petHOTO BUIANKY. lle MOXe MPUBECTH IO CYTTEBOTO Pi3HOMAHITTA HAOOpPY 3HaKIB OIS
JTIOJTaHKIB y piBHSIHHI MemepchKoro;

% piBHsAHHS Mermepcrkoro € HaciiakoM 11 3akony Hetorona ta 331 i Hivoro npuHIu-
ITOBO HOBOTO TOPIBHSIHO 3 HUMH B c001 He Mae. PiBHSHHS MemepchbKoro HaJeKUTh 10
PIBHSIHB KJIACHYHOI MEXAHIKH;

% He MeHII iHpopMaTUBHOIO (OpMOIO 3amKCy piBHAHHA Memepcbkoro € Horo 3ammc
HE "Yepe3 CHIIH, a 4epes IMITYIbCH Y BUTTSI m-dO=ii-dm+ F - dt ;

% peaKTHBHA CHJIA 3aB)KIIM HAIIPABJICHA B MPOTIJICKHHMIA 10 BiJHOCHOI IBUIIKOCTI # OIK;

% PEaKTHBHHI MPUHLUI PyXy, MaOyTh, €AHMHUIA CEpel BiOMHX, SIKHU J03BOJIE Ha
CYy4acHOMY €Tari PO3BUTKY TEXHIKH CTBOPUTU CHJIY TSTH, SIKa HE 3aJIeXKHUTh Bijl cepesio-
BHIIA 1 33aCTOCOBYETRCS TIpH pyci B mycToTi (y KocMmoci);

+¢ 1HKOJIM, YaCTKOBO BIIMOBIIIIOYHCH BiJl peajIbHUX YMOB, JJI HAOYHOCTI, sIKa IPUIA€E
piBHSHHIO Memepcrkoro JOAaTKOBOTO (hi3WYHOTO 3MICTY, BBaXKAaIOTh, M0 % =—U. (Ha-
CIpaBai, 3a3BUYall I HE TaK, X0ua Ui ACSIKHX BHUIAAKIB Ta €TaIliB pyXy Taka piBHICTH
BUKOHY€EThCS). Toai piBHAHHS Melepchkoro HabyBae BUTIIALY

do _.dm d, .\ =
2 5 _F = L (mo)=F
dt dt dt
p = . .
10 AY7KC Haraaye II 3axon HeroToHa: E =F , aJIc 3@ YMOBH, IO HC TUIbKU MIBUAKICTD,

ajie ¥ Maca Tija 3MIHIOIOThCA y Jaci: v(f) ta m(t).
4.3.13. Jlogedims popmyau Llionxoscvrozo.

Sxmio B piBHSIHHI MemiepcbKoro m% =u cz’l_m + F 1ns pyxy pakeTu nokmacta F =0,
t t

TO PiBHSIHHA Ha0yBa€ BUIIISY m% =i a;—? Tomi m do=u dm = dv =d—mﬁ . ITepe-
m

XOJISTYH JIO 3aIMCy OCTAHHBOTO PiBHSAHHS B CKAIIPHOMY BHTIIA[I 3 ypaxyBaHHSIM TOTO, IO

dm dm
—<0,Mmaemo0 dv=——u. SIkmo u =const, TO

m m

jdoz—uj%+c = v=—u-lnm+C.
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ITowatkosi ymoBu: pu ¢ =0 Benuunan v=0; m=m, = C=u-Inm;. OcraTouHo
m L
v(m)=u-n—2 = m(v)= m -exp(——j .
m u

JBa ocTaHHIX piBHSHHA Ha3UBalOTh popMynamu LionkoBcbKOro.
4.3.14. Ak y pisnauni pyxy pakemu, wo niOHIMAEMbCsL 820pPy 3 NOBEPXHI 3eMii, 8paxy-
eamu 0it0 308HIUHIX cun?

. . = o= = _dm
Komu 3anucyerscst piBHaHHsS Merepcskoro ma =F+F, =F +u7 (ne F — pe-
t

3yJIbTYIOUa 30BHIMIHIX CHIL, SIKa Ji€ HAa PaKkeTy 3 OOKY OTOUYIOUMX (CTOPOHHIX) TiJl 1 cHiI0-
BOTO TI0JIs1), BAHUKAE TIPOOIeMa, sIK pO3MUCATH CHITy F . Y CcTapTyrodoi 3 MOBEpXHI 3eMITi

M;-m .
3—2, ne Ms 1
R3

R; — maca Ta paxiyc 3emi, BIANOBIAHO; m — Maca pakeTd. [Ipu npomy mig 4ac po3Bs's-

pakeTH OCHOBHHI BHECOK y clily F jmae cuia rpasitauii 3emmi F =—y

3YBaHHS 32124 3 MEXaHIKH 3a3BHYAil HEXTYIOTh OIIOPOM IIOBITPSI, BBaXKAIOUH, 1[0 BHCOTA
h migiiomy pakeTH HeBenuka (/1 << R;) 1 IPUCKOPEHHs BUILHOTO MaJiHHS HE3MIHHE, HE

BPaxOBYIOTh BIUIMBY MicsIId, HEXTYIOTh CUJIaMH 1HEpLii — BiJLIEHTPOBOIO CHJIOIO i CHJIOIO
Kopiomica Tomo.

4.3.15. Jlo sasuwy, axi maioms Cymo amommHy ma S0epHy Npupooy, HAIexcamo ehexm
Komnmona i cnosinonenns netimpouis. Lli echexmu € nposisom 6i0nogioHux npoyecie y
MIKPOC8ImI, y SAKOMY, K MU CHPABEOIUBO CMBEPOINCYBANU, HE BUKOHYEMbCS OLIbULICTb
3AKOHI8 KIACUUHOI MeXaHIiKUu. 3 AKOW Memoio SUueHa3eani epexmu po3enadaomecs 8
KypCi K1acuyHoi mexanixu?

SBuia, sSKi MarOTh aTOMHY Ta SJCPHY TIPUPOJTY, 3raay€elOThCS B KypCi KIACHYHOI Me-
XaHIKM K UTIOCTpaIlis Toro, mo ¢GyHIaMEeHTanbHI 33 BHKOHYIOTHCS B PI3HHX pPO3IiJiax
(hi3ukH, y TOMY 9UCHIi ¥ cydacHOi (KBaHTOBOI Ta PENATUBICTCHKO1) ¢i3uku. binbie Toro,
i edextu Oynau mosicHeHi micist cBoro BinkpurTs (edext Komnrona) abo Oynu 3anpormo-
HOBaHI JIsl BAKOPUCTAHHS B aTOMHIN eHepreTulll (CIIOBUTPHEHHS HEUTPOHIB) HacamIepe
3aBISKH 3aCTOCYBAHHIO /IO HUX 3aKOHIB 30€peKEHHSI.

4.4. 3aKOH 36epexxeHHs1 MOMEHTY iIMNyJ1bCy
4.4.1. Koporki TeopeTnYyHi BigoMoCTi

e MOMEHT IMITYJIbCY CHCTEMH MaTepiaIbHUX TOYOK € BEKTOPHOIO CYMOIO MOMEHTIB
IMITYJTBCY i1 OKPEMHUX TOYOK :

L=Y1L, (4.8)

Jle BC1 BEKTOPU BH3HAYAIOTHCS BITHOCHO OAHIET i Tiel camoi Touku O oOpaHOi cHCTeMH
BIIITIKY.
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e 3aKOH 3MiHM MOMEHTY IMIYJIbCY CUCTEMH TiJl IOJISITa€ B TOMY, IO MPUPICT MOME-
HTY IMITyJIbCY 3a TPOMDKOK dacy Big 0 70 ¢ HOpIBHIOE IHTETpay BiJi MOMEHTY CHIJ 3a
el caMuii yac:

L,-L=|Mdt. (4.9)

S —_

OGuBa MoMenTH (L i M ) mpy sOMY BH3HAYAIOTECS BiTHOCHO OJHiei if Tiel camoi Tou-
ku O 00paHOi CUCTEMH BiIUTIKY.

e MowmeHT immynbcy cucteMd MT Moxke 3MiHIOBAaTHCH JIMIIE MiJ Ji€l0 Pe3yNbTyIO-
YOro MOMEHTY BCiX 30BHIIIIHIX CHJI.

e CyMapHuii MOMEHT ycCiX BHYTpimHiX cui cucteMd MT BigHOCHO Oynb-sIKOi TOUKH
JOPIBHIOE HYJIO.

e 3aKoH 30€peKCHHS MOMEHTY IMITYJIbCY IOJISTae B TOMY, III0 MOMEHT IMITYJIbCY 3a-
MKHEHOI cucTeMu MT 3a/IMIIaeTsCs CTamuMm:

L= L(t)=const. (4.10)

IIpu 1150My MOMEHT IMITYJIBCY OKPEMOi YaCTHHHU 3aMKHEHOI cucteMu MT Moxke 3MiHIO-
BaTHUCh 13 9acoM: L;(?).

e 33MI, BcraHOBNEeHUH BiZHOCHO Touku O, CIpaBeIMBUI BiTHOCHO OyAb-5IKOi TOY-
KH IHEPIiaJIbHOI CUCTEMH BiJUTIKY.

4.4.2. MerognyHi BKa3iBKH1 Ta rnopagn

1. Tpeba matu Ha yBa3i, IO B JIiTEpaTypi, OKPIM TEPMiHY "MOMEHT IMITYILCY" BHUKO-
PUCTOBYIOTBCS ¥ 1HIIN HA3BH INi€] BEIMYUHU: MOMEHT KUIBKOCTI PyXy; 0OepTaIbHUN MO-
MEHT; KPYTHWJILHUN MOMEHT; KyTOBHII MOMEHT; MOMEHT.

2. 3a3Buyail 3aKOH 30epeKEHHS MOMEHTY IMITYJILCY 3aCTOCOBYETHCS TIPH PO3B'S3Y-
BaHHI 33714 3 JUHAMIKHA PyXy TBEPIOTO Tijla i BAKOPHUCTOBYETHCS Pa30M 3 OCHOBHUM PiB-
HSHHAM 00EPTaJILHOTO PyXY Ta PiBHSHHSIM MOMEHTIB. Y I[bOMY BUMNAJKy HOTPiOHO 3HATH
MOMEHT iHepuii Tija.

3. IIpo MOMEHT IMITYJIbCY YacCTillle WAETHCS MPHU PO3TIISIAI AUHAMIKK (0OepTaHHi)
TBepaoro Tina. OgHaK HIO HE 3aBa)ka€ BBOJUTH HOTO 1 MPAMIOBATH 3 HAM IIPH PO3TIIS-
Jli TUHAMIKH MaTepialbHOI TOYKHU.

4. PiBHSHHS MOMEHTIB, SIK 1 OCHOBHE PiBHSHHS 00€pTaIbHOTO PYXy TBEPAOIO Tijla, a
TaKOX 3aKOH 30epeKCHHS MOMEHTY IMITYJILCY, PO3TIIIIAIOTHCS HAMHU IS 1HEPIliaTbHUX
cucteM Bijiky. [Ipote, Ko cucTeMa BiIIiKy HeiHepIliaibHa, TO B HA3BaHUX BUIIE BH-
majKax MOMEHT ciii M BKImodae B cebe, SIK MOMEHT CHJT B3a€MOJi, TAK i MOMEHT CHIT
iHepuii BitHOCHO ofHi€l i Tiel camoi Touku O.

7. Caig po3pi3HATH 1 HE IIyTaTH MOMEHTH IMITYJIbCY BITHOCHO TOYKH Ta BiJHOCHO
oci (muB. 3anuTaHHs 4.4.1 i 4.4.6). Lli moHATTS pi3HIi, X04a 1 TTOB'I3aHI Mi’K COOOTO.
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MOMEHT IMIYJIBCY BiTHOCHO TOYKHA € BEKTOPOM. MOMEHT iMIyJbCY BIIHOCHO OCi €
MIPOEKIIIEI0 HA ITF0 BiCh BEKTOpPa MOMEHTY iMIYJIbCY BIAHOCHO TOYKH, IO JISKHUTH HA Til
caMiif oci. TakuM YMHOM, MOMEHT IMITYJIBCY BITHOCHO OCI € CKaJIsIPOM.

8. BusHauaroun aguTHUBHICTE MOMEHTY IMIyJbCy cucteMu MT, Ciim ImiIKpecauTH,
10 MOMEHT iMIyJibcy cuctemMu MT BimHOCHO nesikoi Touku O HOPIBHIOE BEKTOPHIN CyMi
MOMEHTIB iMIyJbey Bcix MT cuctemu BigHOCHO Ti€l 3k Touku O.

4.4.3. 3anunTaHHsa Ta Bignosigi

4.4.1. [latime gu3HauenHs MOMEHMY IMIYIbCA BIOHOCHO MOYKU.
PosrnssHeMo martepialibHy YaCTHHKY, TIOJIOXKEHHS SIKO1 B TOUIll A BiTHOCHO JIESKOI TO-
gk O XapaKTepU3YETLCS PAliyC-BEKTOPOM 7 1 sIKa B Iilf CUCTEMI BIIUTIKY Ma€ iMITyJIbC

p (puc. 4.4). MOMEHTOM IMITYJIbCY YACTHHKHU A BiTHOCHO Touku O Ha3UBaIOTh BEKTOp L ,
SIKHI TOPIBHIOE BEKTOPHOMY TOOYTKY BEKTODIB 7 Ta p :

L=[7p]. (4.11)
Bekrop L — IepneHAMKYISPHUIl 10 IUIOLIMHH, y sKiil JIeXaTh BEKTOpH 7 Ta p (Ha

puc. 4.4 BeKTOp L TEpIEeHIUKYJSIPHUN 70 TUIOMIWHN PUCYHKA). BekTop L — akciaabHUi
BekTOp. Moro HanpssMoKk oOMparOTh Tak, IO OOCPTaHHS BEKTOpa 7 HaBKOJIO TOUku O B
HANpPSMKY BEKTOpa p YTBOPIOE MPABOTBUHTOBY CHCTEMY (Ha puc. 4.4 BeKTOp L Hampas-
nenuit "Ha Hac").

p
L r o
@& P — - Puc. 4.4. [lo 3anuTaHHs 4.4.1
O M 7 A
N //
\\ //
AN y
\\ //
N7

Mogyinb BekTopa L mopiBHIOE L =7- p-sino = /(- p, e o.— KyT Mix BEKTOpaMH 7
Ta p; {—1Uiede BekTopa p BigHOCHO Touk: O (puc. 4.4).

4.4.2. Yu neobxiono npu eusHauenui momenmy imnyibcy L =[F p] oompumysamucy
NOPSIOKY 3aNUCY CRIBMHONCHUKIE — 6eKMOpi8 ' ma p ?

Tak, HeoOxigHo. [Ipu 3MiHI MOPSAKY 3aMKCy CIIBMHOXXHHKIB — BEKTOPIB 7# Ta p Y

BEKTOPHOMY J00YTKY 3MIHIOETHCS 3HAK, [ pr ] = —[F Za] .

4.4.3. Ake pigHanHs onucye 3MiHy 6 yaci gexkmopa L ?
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, : : . , oo dL
3MiHy B 4aci BEKTOpa MOMEHTY iMIyJbCy L ONHCYE PiBHSIHHS MOMEHTIB: M =7 ,
t

ne M — MOMEHT CUIH.

4.4.4. Axi enacmueocmi Momenmy iMRYIbCY GUNTUBAIOMb (3 PIGHAHHSA MOMEHMIB?

Slkmo momenT cumit M =0, TO, SIK BUIUIMBAE 3 PIBHIHHSA MOMEHTIB, L = const. To06-
TO: SIKIIO BiTHOCHO JIESKOI TOYKH OOPaHOI CUCTEMH BiJTIKY MOMEHT YCiX CHII, IO JiFOTh
Ha MT, neskuii 4ac TOPIBHIOE HYJTIO, TO BITHOCHO ITi€l TOYKM MOMEHT IMITYJIbCY 3aJIHINA-
€THCSI CTATMM MPOTATOM IIHOTO Hacy.

4.4.5. Ak susnayumu 3miny momenmy imnynovcy MT gionocno mouku O 3a npomiscox
yacy At=t, —t;, AKWO 6I00Ma 3ANEINCHICMb 6I0 YaACy MOMeHmY cul, wo Oitomv Ha MT

gionocno miei oc mouku O ?

. .o dL . .
I3 PIBHAHHA MOMCHTIB M 27 3HaXoAUMO CJICMCHTApHUN MPUPICT BCKTOpPaA L:
t

dL =M dt . llpoinTerpyBaBiiu Lieil BUpa3 3a 4acoM, 3HAIEMO 3MiHY MOMEHTY iMITyJIbCY

MT BinHOCHO ToukH O 3a IPOMIKOK Yacy Af =t, —t;:

)
AL=L,~L = [Mt)dt.
4
4.4.6. [{aiime guzHauenHs MOMEHNY IMHYIbCY 8IOHOCHO OCL.
O6epemo Ha HepyxoMmilt oci Z (puc. 4.5) nesky Touky O. MomeHT immynbey MT, mo
po3TaioBaHuii y To4lli 4, BiTHOCHO ToYku O NOpiBHIOE L , a MOMEHT CWJIH, IO Jli€ Ha
MT Bu3HauaeThbes sk M . MOMEHTOM IMIyNbCy L_ BIAHOCHO OCi Z HAa3UBAIOTh MPOEK-

Iif0 Ha ITF0 BiCh BEeKTOpa L , BA3HAYEHOTO BiHOCHO To4kH O (puc. 4.5).
AHa0riYHO BBOJUTHCS MOMEHT CUIIM M, BIIHOCHO oOcCl Z .

Az

___________ L A

L b

Puc. 4.5. [o 3anuTaHHsa 4.4.6

Ny

0]

4

B'SI30K MIX i BU3HAYAECTHCS U IBHAHHSA MOMEHTIB = : TIOX1TH
3B'130k MK L, 1 M, BH3HAYaeThCs 4yepes pi OMEHTIB M, OXiJHa

3a 4acoM BiJ MOMEHTY iMmynbcy MT BimHOCHO oci Z JOpiBHIOE MOMEHTY CHIIM BiJHOC-
HO TIi€f oci.

4.4.7. HAxa xapaxmepucmuxa MOMeHmMI8 iMNYIbCY BIOHOCHO MOYKU | 8IOHOCHO OCI HAll-
Oinvw cymmeso ix 6iopisHse?

89



MOMEHT IMIYJIBCY BiTHOCHO TOYKHA € BEKTOPOM. MOMEHT iMITyJIbCYy BIJIHOCHO OCi €
MIPOEKIIIEI0 HA ITF0 BiCh BEKTOpPa MOMEHTY IMIYJIbCY BIAHOCHO TOYKH, IO JIGKHUTH HA Till
caMiif oci. TakuM YMHOM, MOMEHT IMITYJIBCY BITHOCHO OCI € CKaIsIPOM.

4.4.8. Mamepianbha moyka mMacorw m niogiutena Ha HUMyi i piGHOMIPHO 0bepma-
EMBbCSL 8 2OPUBOHMANbHIU NAOWUHT nO Koy (pUC. 4.6). Tlokadicimb, wo mMomenm iMnyasCy

MT sionocno oci Z 3anuwiaemscs cmanum, Xoua npu ybomy ekmop L 3minoembcs.
Ha MT nirots cuna Tsoxinag mg i cuna Hatsiry 1 3 Ooky HuTKH. BigHocHo Touku O mia-

BICY MOMEHT IMITyJIbCY Tila L TEpHeHAVKYISPHUAN 00 TUIOMIMHH, y AKill JIeXaTh BEKTOPH
IMITyJIbCY P 1 pagiyc-BekTopa 7 (3a Bu3HaueHHSIM). ToOTO BeKTOp L JIEKUTH B ONHIN IUIO-

IIWHI 3 Bicclo Z 1 HUTKOIO, i ipH pyci MT Bektop L mij Ji€ro MOMEHTY CHIIM TSDKIHHSA M
obepraeTbes (3MiHIOETECA). [Ipoekmis L, IbOro BEKTOpa 3aIMIIAETBCS CTAlIOK, OCKUIBKH

- . C dL
BEKTOp M mepneHauKyisipHuii 1o oci Z 1 M, =0 . Ile BuIumBac 3 Toro, mo dZ =M.,.I3
t

ObOro po3riigay MOXHa 3pO6I/ITI/I mec OauH Ba)KJIMBHI BHCHOBOK: BCIIMYMHH Lz Ta M , HC

3aj1eXath Bifl BUOOPY Touku O, BIAHOCHO SIKOI BU3HAYAIOTHCS BekTopu L Ta M ,Haoci Z .

Puc. 4.6. [lo 3anuTtaHHs 4.4.8

4.4.9. Yu 3anesxncumsv adumugHicme momenmy imnyiavcy oas 3amknenoi CMT, saxa eu-
padicena y cnisgionouwenti (4.8), 6i0 mozo, e3aemodirome MT ycepeduni cucmemu migc
c06010 uu Hi?

3aKk0oH aAUTHBHOCTI MOMEHTY IMITyJIbCy cucTeMu MT BUKOHYETBCS HE3aJIeKHO BiJ TO-
ro, B3aeMoaitoTe MT MiX co00r0 4H Hi.

4.4.10. Yu mooicHa 3acmocosysamu 3aKOH 30eperHCeHHs MOMEHMY IMRYIbCY 3ad HASABHO-
CMi 308HIUHIX CUT, WO OTIOMb HA cucmemy min?
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3aramom, He MOokHA: 33MI 3aCTOCOBYETHCS JTUIIE IS 130JIbOBAHUX CHUCTEM T (CHC-
TEM, Ha Ki 30BHILIHI cuiX He Ai0Th). OnHak 33MI Moxe BUKOHYBAaTHCA 1 7Sl YACTKOBO
130JTbOBAHUX CHUCTEM MaTepiaibHUX TOYOK (TUT). YacTKOBO 130JbOBAHOIO CHCTEMOIO Ha-
3uBarOTh cuctemy MT, mns AKoi BIAMOBIZHHIM BHOOPOM CHCTEMH KOOPAWHAT y AESIKHX
CHEI[ialIbHUX BUTAJIKaX MOXHA JOCSTTH TOTO, 0 OJHa a00 JIBI MPOEKIIil 30BHINIHIX CHJI
NEPETBOPIOIOTHCS HA HyNb. To/i Hei301p0BaHa cucTeMa HaOyBae B3OBXK LUX HAIPSMKIB
BJIACTUBOCTEH 1301b0BAaHOI CHCTEMHM 1 B3/IOBXK WX HAIPSAMKIB BUKOHYETHCS 33MI. Po3-
[JISTHEMO J1Ba BUMAJKH TAKUX CHCTEM:

1) Hexail ck1asoBi BEKTOpa MOMEHTY CHJI MalOTh Taki 3HaueHHs: M, =0; M, #0;
M, #0. Toxi pIBHSIHHS MOMCHTIB IOPIBHIOIOTH

dL. dL

dL
M,=—%=0; M,=—=#0, M, =—%=0,
dt dt dt

a CKJIQNIOBI BeKTopa L MOMEHTY IMITyJbCy HaOyBalOTh TAKOrO BHUIIAAY: L. = const;
L, #const; L, #const. Takum 4uHOM, cucTeMa Oyje i30Jb0BaHa B3LOBX HAIPSMKY

OZ . lle o3Hauae, 10 B HampsIMKax, MEPIEeHANKYISIPHUX TUIOMMHI XY , iMIynbe 30epi-
raeThCsl, y3I0BXK IUX HanpsAMKiB 33MI BUKOHYETBCS.

Hagenemo npuknaz, noB'si3aHuii 3 Ai€l0 CHUIIM TsDKiHHSL. BOHA [i€ TiMBKM MepHeHAnKY-
JIIPHO 0 TIOBEPXHi 3eMITi, Ma€ TITbKHA BEPTHUKAIBHY CKJIaJ0BY B3I0BX oci OZ . Y31I0BXK
BOTO HAMPSAMKY PyX CHCTEMH Ma€ pO3IJISIATHCh SIK PyX HEI30JbOBAHOI CHCTEMH:

F z #0. Bozmoqac PyX CUCTECMH B TOPU3OHTAJIbHUX HAIIpAMKAX MOXXHaA BBAXKaTU PyXOM

1301p0BaHoOi cuctemMu F, =0 i Fy =0. Ile o3Hauae, mo

M,#0; M,=0, M,=0 = L, #const; L,=const; L, =const.

y

TakuM 4MHOM, 32 YMOBH BiZICYTHOCTI 1HIIMX 30BHIIIHIX cHJ 1o cuctemu MT, posra-
HIOBaHii y mofi TsoKiHHA 3eMili, MoKHa BUKOpucToBYBaTH 33MI i BCiX HampsiMKiB y
TOPU30HTAJIBHIN TUIOLIMHI, X042 CUCTEMA B LIIJIOMY 3aJIMIIAETHCS HE130IbOBAHOIO;

2) iCHYIOTh BUNAJKH, KoK Ha cuctemy MT mitoTh 30BHIIIHI cuiM (cUCTeMa — Hel30-
JbOBaHa), ajie Li CHJIM KOMIIEHCYIOTh ce0e MOBHICTIO a0 4acTKOBO B3JOBXK JIESKUX Ha-
npsMKiB. Lle mpu3BOOUTH A0 TOTO, IO 10 TaKOi HE3aMKHEHOT CUCTEMH MOXKHA 3aCTOCY-
Batu 33ML.

4.4.11. Yu moocna 6 pasi suxonanus 33MI onn CMT 3acmocysamu 33MI 0o tioeo
OKpeMux npoekyil Ha 6yOb-Kull HANPAMOK?

Tak, ans i3ompoBanux cucteM MT 3aBKaM MOXKHA 3aCTOCYBaTH 3aKOH 30€peyKeHHs

IMITYJTbCY HE TUIBKH JI0 BEKTOpa MOMEHTY IMITyJIbCy L , aje ¥ 10 HWOTo OKpeMHX IpOeK-
il Ha OYIb-SIKUHA HATIPSIMOK.
4.4.12. Buxoosauu 3 nonepedHb020 3anumants ma 6i0N0sidi HA HbO2O, 38dJicme, Yl

ModicHa 3 Gpakmy 30epedcenns y uaci oOHiei uu 060x npoexyii eéexkmopa L nputinamu
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piwenns npo me, wjo cucmema MT i301v06ana i 00 Hei MOJCHA 3aCMOCy8amu 3aKoH 30e-
pedicenns eekmopa L ?
Hi, He MoxHa. 30epe)keHHS MOMEHTY IMIyJbCy O3Hauyae [ =const, TOOTO HE3MiH-

HICTB Yy 4acl K HalpsMKy, TaK 1 BeJIMYMHK BekTopa L . SIk BUIHO 3 puc. 4.7, BeKTOpH L,

Ta L, — He JIOPIBHIOIOTh OJIMH OJJHOMY Hi 32 HalPSMKOM, Hi 3a BEJIMYMHOIO, ajle iX Ipo-
exkuii Ha Bicb OZ piBHI L, =L_,. Ilpu npomy He piBHi i 181 1HIII mpoekuii: L # L,

1a L, #L,,.

Tax camo, 3 (akTy 36epeKeHHS JBOX IPOEKIIiH BeKkTopa L Ha 0Ci KOOPAMHAT, HE MO-
’KHa cTBepKyBaTH, o CMT i301p0BaHa i B Hiif 36epiraeTbest HeaMinHIM Bektop L . Ha
puc. 4.7, 6 BUIHO, IO BeKTOpH L; Ta L, — He JIOPIBHIOIOTH OJMH OJHOMY Hi 33 HAIPSM-
KOM, Hi 3a BEJIMYMHOIO, aJie iX mpoekiii Ha oci OX Ta OY piBHI. BomHowac mpoexitii
BekTopiB L; Ta L, naBice OZ pisni L #L,,.
| 4
Lzl,2 *

ih
h
&

- mem et
.

a) 6)
Puc. 4.7. o 3anuTaHHs 4.4.12

4.4.13. Yu mooice yeumpanvna cuna 3sminumu momenm imnyavcy MT? Jloeedimo.

lenTpanpHa cuiia He MOKE 3MIHHTH IMITYJIbC MaTEpPiaIbHOTO Tija, HE3aJISKHO BiJ| Xa-
pakrepy pyxy MT. JloBeaemo nie. Bpaxyemo, mo pyX y moJii EHTPaTbHOI CHIIA € TUIOC-
KHM PyXOM (IuB. 3anuTtaHHs 8.3.5). [lnockuii pyx Moxke OyTH MpSIMOJIiHIHHEM abo 00ep-
TaJdbHUM. PO3TIITHEMO IBa TUTIH PYXy OKPEMO.

[Noctynanbhuii pyx OyaemMo po3risigaTd Ha MPUKIIaAi HOro pi3HOBHIY — MPSIMOJNIHIK-
HOTO pyXy (puc. 4.8). Sk BimoMo, MOMEHT iMITylIbcy L =7 - p-sin (¥, p) . bynemo BBaxa-
TH, IO KyT O, MDK BEKTOpamMH 7 Ta p 3MIHIOEThCS B Mexax Bix 0 mo m/2. Ilpm mps-

ModiHiiHOMY pyci KyT oo =0 i Bennunna L =0.
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Puc. 4.8. MpsiMoniHiHWIA pyx Tina
B NONi LeHTpanbHOI cunm

VY Bunazaky mii neHTpanbHol cuin Ha MT, 1110 o0epTaeThes, BeIMYMHA KyTa oL =T0/2
(pvc. 4.9). HanpsiMok 1ieHTpaibHOT CHJIH B OYb-Kiil TOYII HOJIS IPOXOAUTh Y€PE3 TOUKY
O — cunoBwuit 1ieHTp. [louaTok KoopauHAT (TOUYKA, 3 AKOI BUXOIUTH PadiyCc-BEKTOp 7 )
posmimenuit y Touri O — cuaoBoMy neHTpi. MoMeHT M UeHTpanbHOI CHIM BiIHOCHO
toukn O nopisuioe Hymo M =0. Lle BUIUIHBAE 3 TOro, IO IUICYE HEHTPAIBHOI CHIHN

, : = dL - , :
JIOpIBHIOE HYNIO. I3 piBHAHHS MOMEHTIB M :E , 1e L — MOMEHT IMIYJIbCY BIJJTHOCHO
Touku O, 3a yMOBH, 11O M=0 , BUILIMBAE, IO L =const . Ile o3Hauae, MO B KOXHHI
MOMEHT 4acy BEKTOp L = [F 13] TIePICHANKYIIIPHUHN IO TUIONTUHY, Y SKii JIeKaTh BEKTO-

pu 7 Ta p,13anMmaeThcsi HE3MIHHUM Y 4aci (puc. 4.9).

Puc. 4.9. ObepTanbHuit pyx
Y Noni LeHTpanbHOi cunmn

4.4.14. /lesxa nnanema obepmaecmucs 8 noi msicinna Conys. BionocHo sikoi mouku 2e-
JOYEHMPUHHOL cucmeMu IOTIKY MOMEHmM IMIYIbCY Yl nianemu 30epicaemvcs i3 wacom?

A -
p

/>

Puc. 4.10. Jo 3anuTtaHHs 4.4.14
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Ha mmanery (Touka 4 Ha puc. 4.10) 3 6oky Conns (eatp macu Connsg — Touka C) mpu

obepranHi miaHeTd HaBKojo COHI Mie€ cuia F TSDKIHHS, SKa BECh Yac HaIpaBjcHa B
neHTp Conng (y Touky C). Tomy Touka C i € camMe TI€F0 TOYKOIO, BITHOCHO KO MOMEHT

(M ) neHTpanbHOI CHJIM BECh 4Yac JOPIBHIOE HYIIO, TOOTO MOMEHT IMITYJIbCY TUIAHETH

. . dL -
Oyme 3amumatuch ctanuM. (lLle BWIUIMBae 3 pIBHSHHS MOMEHTIB ?:M =0 =
t

= L =const ). IIps npoMy iMIIyIbC p IUIAHETH 4epe3 3MiHY BEKTOpa i MIBUAKOCTI O
OyJie 3MiHIOBATHCh.

3ayBaxkumo, 1m0, kpiM Touku C, Oyab-Ka TOYKa HA TPsIMIiH, sKa 3'€mMHye IUTAHETY i
CoHrie, MOke OyTH TOYKOIO, BITHOCHO SIKOT MOMEHT IMITYJIbCY 30€piTacThCs i3 4acoM.

4.5. Npuknaau po3B's3yBaHHA 3aaud

Npuknap 4.1. Kymka, saka niogiuena Ha HUMyi, KOIUBAEMbCS ) BePMUKATbHI
NIOWUHT MAK, WO ii NPUCKOPEHHS 8 KPAUHbOMY | HUJICHbOMY NOJONCEHHAX PIBHI 3 MOOY-
em 00ur 00HOMY. 3Hatidimb Kym O iOXUNEeHHS HUMKU 8 KPAUHbOMY HOLONCEHHI.

Po3B’'a3anHs: Ha KyllbKy, IO KOJMBAETHCS HABKOJIO TOJIOKEHHS PIBHOBArd, y J10-

BUTBHIHM TOYIl TPaeKTOpii MIFOTh Taki cuin (puc. 4.11, a): 3 00Ky HUTKY cwia 1 , CKIaIoBi

CHJIM TSDKIHHSL mg -sin O 1 mg-cos 0, a Takox BiJleHTpoBa cuna F,; = B3aeMOZii Kyib-

BifL
KA 3 HUTKOIO. Y KpallHbOMY TOJNIOKEHHI (Touka A Ha puc. 4.11, a) MWBUAKICTD KyJIbKA

v, =0, Tomy i Biguenrposa cuna Fy;,, JOPiBHIOE HYJHO. [IpUCKOPEHHS @, JOPIBHIOE
a, = g-sin 0. Cuna HaTAry HUTKY B 1i# Touli JOpiBHIOE 7| =mg -cos0.
VY touni B (puc. 4.11, a) MBUAKICTh KyJbKH HA0yBa€ MaKCUMAaIbHOTO 3HAUYEHHS, TIPH-
CKOpEHHS ( g-sin 6) KYJBKH 3MIHIOE 3HAaK 1 JOPIBHIOE HYJIIO, HA KYJIbKY M€ BiAIICHTPOBA
2

mvy

CHJIa B3a€EMOJIIT KYJIbKU 3 HUTKOW Fp\ = 7 Cuiia HAaTATY HATKH B IIbOMY TTOJIOKEHHI

2
. mv .
JopiBHIOE T, =mg + - 3akoH 30epeKeHHs SHEeprii 3 ypaxXyBaHHIM pe3yJIbTaTiB PO3TILS-

Ity puc. 4.11, 6 Ma€ BUIIIAN

I’)’ll)2

- =mgH =mgL(1—-cos0). (4.12)

IToBepHEMOCH 10 yMOBH IIPHKJIAy, [€ CKa3aHO MPO Te, MO a, =dag. Y To4ll A Ha
KyJIIO Jli€ CHa, AKii B1JIOB1IAa€ NIPUCKOPEHHS a, =g -sSin 0. Y Touli B NpPUCKOPEHHH,
sIKe MOB'A3aHe 31 CKJIAJI0BOIO CUJIM TSDKIHHA g -sin 0, Ak yxke 3'acyBaHo, az =0. BigMin-

HE Bil HYJS TPUCKOPECHHA KYyJAbKH B TOYIl B TOB'sI3aHe 3 BIAICHTPOBOIO CHIIOIO
2 2

v
, TOOTO ap = 7 Takum yuHOM, MaEMO

F,=ma, =
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2

. L 2
ay=ag = g‘smé)zT = v

—g-sin0-L. (4.13)

Lcos 0

H:L(l—cose) , 0

ci
L=

mg cosH

mg ¥ mg

Pwuc. 4.11. Jo npuknagy 4.1

3 igmoro 60Ky, i3 (4.12)

v? =2gH =2gL(1-cosH). (4.14)
O06'ennaBmu (4.13) 1 (4.14), maemo
g-sinB-L=2gL(1-cosB) = sinB=2(1-cosB) = I_,C—me:l; = tggzl =
sin O 2 2 2

=0=2 arctg%.

I3 TabIb 3HAXOAMMO KYT g ~26,5" a6o 0=53".

Npuknapn 4.2. Hegenuxa xyavka macoro m=50rT npukpiniena 00 KiHys npys#cHOi
HUmKuU, scopcmiicms axoi y =63 H/m. Humky 3 kyavkor obepedxcHo 6idsenu 8 2opu30-

HmabHutl cman i sionycmunu. Koau xynvka npoxoouna éepmukaivhe noiodicens,, 006-
gicuna Humku oyna ¢ =1,5M, a weuoxkicms Kyavku L =3M/c. 3Hadime cuny Hamsey Hu-

MKU Y 6ePMUKATIbHOMY NOJIOHCEHHI.
PoszB'sszanrsa. 13 puc. 4.12 BUAHO, KO {; — NOBXWHA HUTKH B HEPO3TATHYTOMY
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cradi (FOpU30HTAJILHOMY TIOJOKEHHI); Al — IOJOBKECHHS HUTKH, sIKE BOHA HaOyBae,
MIPOXOSYN BEPTUKAIBHE ITOJIOKEHHS, TO JOBXUHA HUTKU B PO3TITHYTOMY CTaHi (BEpPTH-
KaJILHOMY TTOJIO’KEHH1) JOPIBHIOE

0=04+AL. (4.15)

Puc. 4.12. o npuknaay 4.2

3akoH 30epexeHHsI MEXaHIYHO1 eHeprii B IbOMY BHIAAKY Ma€ TaKUH BUTIIS: TO-
TEHLiaJbHa €Hepris Ky, AKa MiAHITa Ha BUCOTY ¢, MEPEeXOAUTh Y KiIHETUYHY €Hep-
Trio KyJi Ta NPY>XHY €HEPrilo po3TArHYTOI HUTKU. Macor HUTKH HPHU LbOMY HEXTYye-
Mo (HuTKa HeBaroma). OTxe,

m(2gl —v?)

2 2
ﬂ_FM :>2mg£=ml)2+x'(Aﬁ)2 = M=,|——, (4.16)
X

mgl =
& 2

(2-9,8-1,5-3%)50-107°
63
3a 3akoHOM ['yka cuia HaTATY pO3TArHyTOi Ha A HHUTKHU 3 ypaxyBaHHAM (4.16) mo-

piBHIOE
Frioow =% AL =«/xm(2g€—02) ,

Fopyx :\/63'5'10_2(2‘9,8'1,5—32) =8H.

Al = =0,13m.

3BepHEMO yBary Ha Te, IO 3aCTOCYBaHHS 3aKOHY 30epe)KeHHsS CHeprii 3aMicThb piB-
HSHHS pyXy T030aBMJIO HAC BiJ METAIBHOTO PO3IIISY CHII, SIKi OEpyTh y4acTh Y ITbOMY
MIPOIIECi, 1 TAKMM YMHOM CIIPOCTUIIO PO3B'si3yBaHHS 3ajavi. (Y NaHOMY BHUIAAKY HPYXKHY
HUTKY PO3TATYIOTH JBI CHJIM: CHJIA TSDKIHHS 1 BIIIIEHTPOBA CHJIA).

Npuxknap 4.3. /séa Opycku 3 macamu m; i m, 5Ki 3'€Onani Hedeghopmosanoio nee-
KO NPYICUHOI, JIeHCamb Ha 2opu3onmanvhin niowuni. Koeghiyienm mepms misxc opyc-
Kamu ma niowuHow 0opienioe k. Axy minimanvuy cmany cury mpeba npukiacmu é 2o0pu-
30HMANLHOMY HANPAMKY 00 OPYCKA 3 MACO0 My , W00 iHWitl OPYCOK 3pyuiue 3 micysa?

Po3B'azanns: Hexaii crana cuna F(¢), sika mpuKiIageHa B TOPU3OHTAIBHOMY Ha-

HpsIMKY 10 OpycKa 3 Macolo m, HNOYMHA€E 3MIHIOBATHCh Bijl HyJIs B OiK 3pOCTaHHS ax 10
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BENMYMHU [, |

npu sAKilk Opycok m; 3pylrye 3 Micud i Ky Tpeba BU3HAuUTU. Jlo MO-
MEHTY, KOJIM 1ie¢ BiJOyJeThCs, TIJIO 3 Maco m, Hpoizae muix ¢, 1 Habynae NpH IbOMY

Je[KOi MIBUAKOCTI L, .

F
m, m m Puc. 4.13. [lo npuknaay 4.3

[177777777777777777777

2
U

IIpore KiHETHYHY €HEPrilO TiIA M, IO JOPIBHIOE , OyZIleMo BBa)KaTH MaJjoro i

HEIO0 3HEXTYEMO.

BusnaunmMo po6oTy cunu F'(f) 31 mepeMillieHHs Tijla 3 Macow /m, Ha BiICTaHb /, fK
4, = Fiy - £, . Pobota 4, iife Ha NONONaHHs CUIU TepTst Frqn =k -myg 1 IPYXKHOT CH-
I, siKa 3a 3aKoHOM ['yka nopiBHIOE [, = -(,, e k — KoediieHT TepTs; ), — Koediwi-

€HT MPYXHOCTI. TakuM 4rHOM,

s
Eon-ly=k-mygls+ 22. (4.17)

3 iHuoro Goky, AeopMOBaHa LPYKUHA 3 CHIOK F, =7 - (, i€ Ha TIIO Macow my

1, jonarouu cuy Teprst £ =k -mg, 3pyllye Horo 3 MicLs. Y MOMCHT IOYATKy PyXy:

an:FTepl =
Xly=k-mg (4.18)
(4.18) —>(4.17):
ﬂm~Q=k4@g5+El%gi (4.19)
k-mg m
Fo i, =k -myg+ 5 =kg m2+7 . (4.20)

[lomo anamizy (4.20). IlikaBuMu 1 HEOUIKYBAaHUMH PE3yJIbTaTaMM, Ha HAIl TOTJISAI, €

Taki: 1) "HepiBHOIpaBHA" 3a/I€XKHICTb CHIM F, ;. BiJ Mac TUI: BEIMYMHA cunu F,; Mpo-

n n

MOPIIiifHAa CyMi ITOBHOT MacH OpycKa, A0 SKOTO MPUKIIaeHA CUIIa, 1 IIOJIOBUHHA MacH Opyc-
Ka, SIKKH 3pyIIy€e 3 MICIs 3a JOIOMOIOI0 MPYKUHH; 2) BIICYTHICTD 3aJ€KHOCTI F . BiJ
JKOPCTKOCTI TIPYKUHUA Y .

3aBaXUMO, IO TPUKIAT 3 JBOMA OpycKamu, 3'€THAHUMU MPYKUHOIO, K1 JeKaTh HA
a0COIOTHO TJaACHBKIN MOBEepXHi, TOOTO 0€3 ypaxyBaHHS TEPTSI, MH BXKE PO3TIISIAIN
(npviknaa 2.2).
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Npuknap 4.4. Biobyroca abcontommuo npysicte 10008e 3imkHeHHs yacmunku 1 ma-
col0 My 3 YACMUHKOIO 2 MACO0 M, , Wo nepebysaia y cmawi cnokoio. AKy uacmumy Ki-

HemuyHol enepeii empamuia yacmunka 1.
Po3B’'a3anHa: OCHOBHHUIA 3aKOH TMPYKHOTO CITBYJApy YACTHHOK OMHUCYETHCS (Gop-
MYJIOFO

2m
ph=—-2—p,-cos O, 4.21)
my +m,
ne p, — IMIyJIbC YaCTHHKH 2, fKa 0 yJIapy IOKOiNack; p; — IMIyJIbC YaCTHHKH 1, ska

JI0 yIapy pyxajach, 0 — KyT Mi) HaPsSIMKOM PyXy YaCTUHKHU | 0 yaapy Ta HampsiIMKOM,
ITiJT TKAM 9acTHUHKA 2 Tovaia pyXaTUCh Ticis yaapy (puc. 4.2).
Hnsa 6 =0 (ymap 1060Buit) popmyna (4.21) HabyBae BUTTSLY

, 2m
ph=—"—p. (4.22)
my +m,
3akon 30epekeHHs iMimynbey (331) Mae BUTIISI
Di=Pi+D;- (4.23)
I3 (4.23) maemo p5 = p, — p; . (4.24).
3BaXkarouu Ha Te, IO PyX YACTHHOK BiJIOYBAETHCS B3JIOBXK OJHIET MpsIMOi, MOXKHA Tie-
peiiti 1o 3amucy 331 i CKaMApHMX BENMYUH IMITYNBCY py = p;— p| 1 TMiACTaBUTH

(4.22) y (4.24):

2
, 2m 2m , 5 2m 0
pl—plz—zpl = pl[l——zjzpl = p (1——2J =p° =

my +m, my +m, my +m,
2 2
2 2
2m 2m
~ P 2 _P = E|1- 2 _E,
2my my +m, 2my my +m,

ne E, i E| — eneprii yvactuHkH 1 10 Ta micist yaapy, BiInoBinHo. BinHoneHHs ux eHep-

2
o E" [m—my
riii IOpiBHIOE — =| ———= | , a BEeIMYKHA
1\ tmy

2
!
nzl—izl—(ml —sz _ 4mym,
2
E; my +m, (my +my)

3ayBaXMMO, KOJIM WIETHCS PO BTPATy KIHETHIHOI €HEeprii YaCTUHKOIO 1, MU po3yMi-
T TiepeAady Li€l YaCTMHU MEXaHI4HOi eHeprii B KiHeTHUHY eHeprito yacTuHKM 2. Hiski
NepEeTBOPEHHS MEXaHIYHOI eHeprii Ha iHIII BUAM CHEpril Ipu oMY, O€3yMOBHO, HE Bij-

OyBaroThLCs, yap abCONMIOTHO MPYKHUH.
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Npuknap 4.5. V pesyromami abconommo npyscHo20 10606020 3iMKHEHHS YaACTUH-
ku 1 macoro my 3 yacmunkor 2 macoio m,, wjo hepebysana y cmami cnokorw, obuosi ua-
CMUHKU DO3NIEMIAUCL Y NPOMUNEHCHI HANPAMKU 3 OOHAKOSUMU 3a MOOYIAMU UEUOKO-
cmeil. ke cniegioHoOwen s Midc macamu my i m, Modxce 3a0e3neywysamu maxy no6eoin-
Ky 4acmuHok?

Poss'aszanHa: Jlo ynapy: vy #0 1 v, =0. Ilicna ynapy 3a yMOBOIO HpPHUKIALy

O] =—0j; [0f] =|0h|=v".

33L: myv; =m,V, —mv; =MV —mY’ = V' =M (4.25)
my —m
2 2 2
33g; A% _ WY b (4.26)
2 2 2
(4.25) —> (4.26):
2
My = (my —my)

Npuknap 4.6. Cuapsao iz eapmamu, saxui remums 3i weuokicmio v =500M/c, su-

byxae i po3Kon0EMbCA HA MPU OOHAKOBUX VIAMKU MAK, WO KIHeMUYHa eHepeia cucmemu
30inbwiunace y =15 paza. Axy maxcumanvry weuoxkicms modxice mamu 00U i3 yiam-

Kig? Hxuii came?

Po3B'azanns: [lpoananizyeMo yMoBY 3aaadi. SIK BUIUIMBA€E 3 yMOBH, Y pe3yJbTari
BHOYXY KiHETHIHA €Hepris 3MiHWJIAck: 30umbmmiack y 1,5 pasa. Lle o3nauae, mo-mniepire,
10 3aKOH 30epeKECHHS MEXaHIYHOI €HEepTisl 3aCTOoCyBaTH He MokHA. [lo-mpyre, BUHMKAE
3alUTaHHs: YOMY 301JIbIIMIIACH KUJIBKICTh MEXaHIYHOI eHeprii 1 3a paxyHoK yoro. Bigmno-
BiJIb POCTA — 32 paxyHOK BHOYXy. YacTHA eHeprii, sika BUIIIMIACH IIPY 3TOPaHHI TIOPO-
Xy, Tepellia B MeXaHiuHy eHepriio ynaMmKiB cHapsiny. (IHma yactuHa eHeprii, mo 3Bi-
JTHHUJIACH Y Pe3yJIbTaTi BUOYXY, MEpeHIia B €HEPTito 3BYKOBOT XBHIIi, B €HEPTiIO CBITIIO-
BOT'O CIajgaxy TOUIO).

VY pesynbTari BUOYXY YTBOPWIMCH TPU OJTHAKOBUX ynamkH. lle o3Havae, Ko mo3Ha-
YUTH Macy KOXHOTO 3 YJIaMKiB 4epe3 m , Maca CHapsaay J0 BHOYXY (SKIIO 3HEXTYBaTH
Macor0 MOPoXy, L0 MIC/IsI BUOYXY 3ropiB) AopiBHIOE 3m . TakuM YHUHOM, IIOYaTKOBA Ki-

HETUYHA HEPTisl CHapALy A0 BUOYXY IOPiBHIOE
3mu?
T 0 =

2

KinetnuHa eHeprist ynamMKiB cHapsay Micisl BUOYXY TOPiBHIOE

(4.28)
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2
3mvo

2

SIK1Io BCi TpH yJIaMKH PO3JITAIOTHCS B pi3HI 00KkH, To B ICB OinmbIy mBHUIKICTE Ma-
TUME TOM yNaMOK sikuii OyJie XapaKTepU3yBaTHCh HAWMEHIIMM KyTOM MiX HAIpPSIMKOM
Horo pyxy Ta HalpsSMKOM PyXy CHapsay 0 BHOyXy. MakcUMalbHY MIBHIKICTH Oye Ma-
TH TOHM yJIaMOK, HamlpPSMOK PyXy SKOTO 30iraTUMEThCS 3 HANPSIMKOM pPyXy CHapsIy IO

~n

BHOYXY ("'TIpsiMmii

T=nT,=n (4.29)

LAl

ynamok). Ha puc. 4.14 "npsamMuii" ynamok Mae imMITyasC p;, 1Ba 1HIINX
OJJHAKOBMX YJIaMKH MalOTh IMIYIbCU p, Ta p. Pe3ynbTyroumil iMIyIbC IBOX OCTaHHIX
YIaMKIB JIOPIBHIOE D, . MaKcHMalbHe 3HAYCHHS IMIYJIbCY Ppe; MATHME, KOJIH yJIaMKH

2 i 3 neraTh B OMHOMY HampsiMKy (pwc. 4.14, 6). Lleit Bunagok Oyzae BiAMOBiZaTH MakcH-
MaJIbHOMY 3HAU€HHIO MIBUIKOCTI yIaMKy 1, sIKy TpeOa BU3HAUNTH 32 YMOBOIO ITPUKIIATY.

3ayBaxxnmo, 110 3poOJIeHHH aHami3 MPOBOAMBCA B HEpyXOMill cuctemi Biamiky (K-
CB), noB's3aniii 13 3emiero. Jaiai 3agauy OyaeMo po3B's3yBaTH B CUCTEMI IICHTpa Mac
(II-cuctemi BIITIKY).

— — > p! max 6)
ppe3 = 2p2.3
Puc. 4.14. BekTopHi aiarpamMu ans iMnynbCiB ynaMmkis cHapszy nicns Moro Bubyxy

B pasi iCHyBaHHS "npsiMoro” ynamky (@) Ta y BUMNaaKy, Konu Lel ynamMok
Ma€ MaKcuMarnbHy WweMakicTtb (6). o npuknagy 4.6

VYV II-CB "npsimuit" ynaMok Ma€ MIBUAKICT L), KOJKEH 3 IBOX 1HIIMX YJIAMKiB Ma€ OJ-
HAKy 3a BEJIMUMHOIO IIBUJKICTb L, . Binomo, mo B 3amkHeHill 1I-CB cymapHuii iMmyiisce
MaTepialbHMX YacTHHOK, JOPIBHIOE HyIO, TOOTO mV; +2mv, =0 = U; =-20,
(puc. 4.15, 6). 3 OCTaHHBOT'O PIBHIHHS BHUIHO, IO JJIS BHITAIKY MaKCUMaTHHOI IIBUIKOCTI
"mpsiMOro" yinaMKy HOro HalmpsSIMOK pyXy Mae OyTH NPOTUIICKHUM HampsiMKaM pyXy JBOX
IHIIUX ynamKiB (puc. 4.15, 6). TakuM 4MHOM, PyX YCiX TPHOX yJIaMKiB HampaBiICHUH Y3-
JIOBXX OJHI€T JiHIi, 1 PIBHAHHA JUIA NPOEKIIH BEKTOpPIB U; Ta U, Ha HaNOpPsAMOK PyXy
LEHTpa Mac cHapsay (Ha HampsiOK BEKTOpa U ) 3allUILEThCs y BUTIIII

_Y

vy =t (4.30)
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Kinetnuna enepris 7 ynamkiB cHapsmy miciist BuOyxy B 1[-CB ckiamaeTscs i3 cymu
KIHETUIHHUX CHEPTidl yJIaMKiB CHapsIIy:

=01 Y (4.31)
2 2
Ypaxyemo B (4.31) Bupas (4.30):
2 2
Fomol oMo 3,2 (4.32)
2 2.4 4

Sk Bxke OyIo 3'1cOBaHO, KIHETHYHA eHeprid T, cHapsaxy no BuOyxy B K-CB nopiBHIoe
(4.28)

3mu?
Iy = ;
2
a KiHeTH4yHa eHepriss 7 cuUCTeMH yJaMKiB cHapsiny micis BuOyxy B K-CB mopiBHroe

(4.29)

3mu?

2
Ilepexin Bin BeMWYUHU KiHETHYHOI eHeprii ' CHCTEMH YJIaMKiB CHapsAy ITCIISI BUOY-

xy B K-cuctemi Bijmiky mo takoi BenwmunHU B L[[-CB (7)), ax Oyno moka3aHO BHIIE TPH
posrmsiai BaactuBoctei L[-CB (auB. 3anuTaHHs 2.3.20), 3A1HCHIOETHCS 3 YpaxyBaHHSAM PY-
Xy LIEHTpa Mac 31 MIBUAKICTIO L, 3a JONOMOIOI0 CHiBBiIHOIIEHHS (2.13), sike A HaIIOo-

T'=mTy=n-

(4.32)

T'0 BUTAAKY HA0YJC BUTIISITY

2
~  3mv,

T=T+ (4.33)
ITincraBumo B (4.33) Bupasu (4.29) i (4.32):
2 2 2 2
LR S S L SN I JNOE (4.34)
2 4 2 4 2 2

BinnoBinHO 10 TeopeMu LEHTpa Mac (IUB. 3anuTaHHs 2.3.19) MBHAKICT L, LEHTPa
Mac yJaMKiB CHapsmy micisi BUOYyXy MAOpIBHIOE MIBHAKOCTI L CHapsAgy N0 BHOYXY
L, =V, Bupa3s (4.33) nepenueTsCs SAK:

2 2
3 3v° 3v° 3

Zolz =1 T anz(n -1)= 012 = 202(n -1) = v, =vy2(n-1). (4.35)
IIpore mo mBHaKocTI L; "HpsAMoro" ynamky, Ky BiH MaB y I[-CB, nogaerscs e 1 mBH-
JKICTB L CHapsmy 10 BHOYXy, fKa, K MH 3'CyBajlH, JOPIBHIOE V.. TaKMM YMHOM, IIIy-

KaHa MaKCUMaJbHa MIBUAKICTb yJIaMKa L. =V; + Vv a00 3 ypaxyBaHHsM (4.35):

Uy =0+ 032 —1) =v(1+2(n-1)).
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3 ypaxyBaHHSIM 3Ha4eHb L Ta 1 3 yMoBH 3amadi (L =500m/c; n=1,5) ocraTouHo
MaeMO

Upax =900 M/c - (1+4/2(1,5-1) =500 m/c - (1+1) =1000 m/c.

Npuknap 4.7. Yacmunka A, maca sxoi m 4, nponimaioyu nooAU3Y iHUOT YACTNUHKU
B, sixa 00 moeo nepebysana y cmami cnokoro, 8i0Xunaemsvcs Ha Kym o, . Iunyave yvacmun-
ku A 00 63aemo0ii Oy6 Py, nicia 63aemooii cmas p 4. 3HAUOIMb Macy mpy 4acmuHKu B,
AKWO cucmema 3aMKHEHd.

Po3B'azanHa: Y pe3ynbTaTi B3a€MOZIl Tijio A 3MiHIOE CBOIO TPAEKTOPItO (puc. 4.16).
Ile oxuH i3 30BHIMHIX MposABiB B3aeMoxii. OgHaK, HANIEBHO, B3a€EMOJIisT TPU3BOIUTH Ta-
KOXX JI0 3MiH (IIepepOo3MOALTiB) IMITyJIECIB Ta eHepriid 000X Til. 30KpeMa, Tiio A 3MiHIOE
CBilf iMIynbC P, Ha immynasc p,. Tino B 3MiHIOE CBilf CTaH: 10 IOYATKy B3a€MOAIL Ti10
B Oyno HepyXoMuM, micis B3a€EMOJIT BOHO HaOyJIO IMIYJIbCY pp. BinOymuck e sxich
3MiHH, SKi 00TOBOPUMO JIaJi.

Ao A

Puc. 4.15. [lo npuknagy 4.7

ITo3naunmo yepes Ap , 3MiHy IMITyJIbCY Tina A:
Apy=Ds—Do = Pa=Po+A2Dy- (4.36)

3amucane B (4.36) Mae cBoe rpadiuHe BioOpakeHHS Ha BCTaBLi A0 puc. 4.15. I3 300pa-
JKEHOTO Ha Wil BCTaBLi TPUKYTHHUKA 32 TEOPEMOIO KOCHHYCIB BUILTUBAE, 110

ApAz\/p§+pi—2p0pA cosa . (4.37)

3akoH 30epexeHHs IMIYNIbCy B JAHOMY BHIAAKY 3aMKHEHOI CHCTEMH Mae€ Taky (opmy:
IMITyJIbC,BTpAaueHUi TiOM A, HaOyBa€eThcs TiIOM B:

3akoH 30epekeHHs] MeXaHIuHOiI (KIHETHYHOI) €Heprii I pO3TISIHYTOT CUCTEMH MOX-
Ha BUKOPUCTOBYBAaTH TOMY, IIO B3a€MOJiSl TiJl Ma€ XapakTep aOCOIIOTHO MPY>KHOI B3ae-
Moil (B yMOBI MpUKIIATy HAETHCS MPO "HEKOHTAKTHY' B3a€EMOJiI0, HEMA€E ¥ HATIKY Ha

"3nunanHs" Ti, TOOTO 1 mepexoly YaCTWHH MEXaHIYHOI eHeprii B TemioBy). OKpiM Toro,
cucTeMa 3aMKHeHa i 1o Hel MoxHa 3actocyBaT 33E: KiHeTH4Ha eHepris CHCTeMH 10 B3a-
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€MOJIT (PyXaeTbCsa TUIBKU TINO A, Maca SIKOro m,, 31 IIBHIKICTIO UV, Ta IMIYJIbCOM
Po =M, -V ) NOPIBHIOE KIHETUYHINM €Heprii CHCTEMHU IICIIs B3aEMOJIT (PyXaroThest OOM -
Ba Tija 3 MacaMM m, Ta My 1 MIBUAKOCTAMHU L 4 Ta Ly, IMIOyJIbCAMU p, Ta pp, BIAIO-
BiZiHO). BpaxoByroun, 1o KiHeTHYHA €HEPrisi MaTepialIbHOTO Tijla, SIKE PYXa€eThCs MOCTY-

2 2
NnajbHO, JOP1BHIOE T = 2— , 3aKOH 36epe>KeHH;1 KIHCTUYHO1 CHCPTI'11 Ha6yL[e BUTJIANY
m
2 2 2 2 2 2
Do — P4 + Pp = Po— P4 — Pp . (439)
2m, 2my 2my m, mg

I3 (4.39), BpaxysaBiu (4.38), 0CTaATOYHO MaEMO

_Aptomy (po+pi—2popacosa)-my

Py — P s — P

OTtpumanuii pe3yiabpTaT WiKaBUH THM, IO MOXe OYTH MOKJIAZEHUI B OCHOBY O€3KOH-
TaKTHOTO METO/AY BU3HAYEHHS MAacH YaCTUHKH METOZOM BHMipIOBAHHS MapaMeTpiB 1HIIO]
YaCTUHKH TIPH iX B3a€MOJII.

Npuknapn 4.8. Kyavka macoro m nadae b6e3 nouamxosoi weuokocmi 3 eucomu h
HAO nosepxuero 3emui. 3HAUOiMb MOOYIb NPUPOCIY MOMEHMY IMNYIbCY KYAbKU 3d 4ac
nadinus 8ionocHo mouku O 6 cucmemi iONIKY, AKA PYXAEMbCS HOCHMYNATILHO 31 WEUOKI-
CMio L Y 20pU3OHMANLHOMY HANPAMKY. ¥ momenm novamky pyxy mouxka O 36icaemvca
3 yewmpom Kyioku. Onip nogimps He 8paxo8ysamiu.

Po3B'azanns: [IpoinocTpyeMo yMOBY NpHKIany Ha puc. 4.16, 3 IKOr0 MOXKHA Tepe-
CBIIYHTHCE, 110 KOOPAMHATHU KYJIbKM B PyXOMiil CHCTEMI BiITIKY 3MiHIOIOTHCS 33 3aKOHOM

mp

X =-Vt
L g_t2 (4.40)
=
m UYa
- {')
Puc. 4.16. o npuknaay 4.8
0 g
[IpoaudepeHiiiroeMo kKoxHe 3 piBHAHBL cucTeMu (4.40) 3a yacoMm:
X=-v
) . (4.41)
y=-gt

103



Cucrema piBHSHB (4.41) MICTUTH CKJIaJ0BI MIBHAKOCTI KyJbKH Ha BiIITOBITHI OCi KOOpP-
OUHAT y pyxomiil cuctemi Bimmiky. IIpoekuii BekTopa iMITyIbCy KYJIBKH Ha 1i OCi KOOp-
JMHAT 3HAWIEMO IUIIXOM JOMHOXEHHS CKJIQJIO0BHX HMIBUAKOCTI HA 71

{p P (4.42)
p, =—mgt.
MowmeHT iMmyibey L KyJIbKH BiZHOCHO TOUKH O IOPIBHIOE
i J ok
L=[Fp]=]x y =z | (4.43)
Px Py P:

3 ypaxyBaHHSM TOTO, IO PO3TIIAAAETHCS TBOBUMIPHUN BUMAJOK PYXY Y IUIOMIKHI X)

BEJIMYUHU Z Ta p, JOPIBHIOIOTH HYJIO:

i j ok
L=|x y 0|= (xp,=y-py). (4.44)
Py py, 0

Sk i cnig Oyno O4iKyBaTH i3 CaMOT0 BU3HAYEHHS MOMEHTY IMITyJIbCY (MOTO HAIPSIMOK
Mae OyTH TIePIEHANKYJISIPHUM J0 TUTOIIWHM, Y SKiM po3TanioBaHi BEKTOPH 7 Ta p ), 13

(4.44) ButmBae, MO BEKTOp L Mae TUTBKU OJHY B3IOBX oci Oz CKIIAIOBY (BEKTOpH 7
Ta p PO3TAIlOBaHi y IJIOLIMHI X) ).

BenmmunHaa MOMEHTY IMITYJIBCY JOPIBHIOE:
‘Z‘zx-py—y-px, (4.45)

(4.40), (4.42) — (4.45):
2

gt

2 2
‘Z‘:(_Ut).(_mgt)_ _T .(_mo):utmgt_wzw‘

2

BaxiimBuM BUCHOBKOM, SIKHMH MOYKHA 3pOOWTH, aHaNi3youn (4.46), € KBaapaTHIHA 3a-
JIEKHICTE MOMEHTY IMITYJIbCY TiJIa Bi 4acy MamiHHA. SIK BiIOMO, 9ac MaIiHHSA KYJIBKH 3

. 2h .
BHCOTH /& JOpIBHIOE { = |— , TOAI
g

=~ mo 2h
-2 2
2 g
OCKUTBKH KyJIbKa TIafa€ 0e3 MOYaTKOBOi MIBUIKOCTI, TOOTO Ha MOMEHT MOYAaTKy PyXY

MOMEHT IMITYJILCY JTIOPIBHIOBAB HYJIO, IIIyKaHA BEJIMYMHA MPHUPOCTY MOMEHTY IMITYJIbCY
AL nopiBHIOE

(4.46)

mvh .
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[AZ|=||=moh.

OTtpuMaHuil pe3yybTaT HaM HE 3/1a€ThCS TPUBIATBHUM X04a O 4epe3 BUCHOBOK IPO Te,
10 BEJIMYMHA TPUPOCTY MOMEHTY IMITYJIbCY 3aJIS)KHUTh HE TUIBKH BiJl MIBUIKOCTI CAMOTO
TiJIa, aJi€¢ ¥ BiJ MIBHAKOCTI PyXOMOi CHCTEMH, BITHOCHO SKOi BU3HAYAETHCS MOMEHT iM-
mynescy. binbie Toro, sKIIO MPUPICT MOMEHTY IMITYJIbCY MPOMOPIIHHUIN KBaIpaTy BEJH-

YMHE IIBHJAKOCTI VL, MAJiHHSA TiNA, BHUMIPSHIA Yy HEPYyXOMiil cHCTeMi BiIiKy,

(v, =4/2gh ), TO BiJ WBUAKOCTI PyXOMOI CHCTEMH Lisl BEIMYHMHA 3aJICHKUTh JIIHIHHO
- m
‘AL‘zmuhz—-u-ui.
2g
Npuknap 4.9. Yepes 650K nepekunymo Momy3Ky, 00 Kinyie sakoi npug's3amni 08a 6a-
HMACi 3 00HAKOBUMU MACAMU, WO CRUPAIOMbCS HA 21A0KT HaxuleHi naowunu (puc. 4.17).
Kymu naxuny niowun — oo ma B. Cucmema nputiwna 6 pyx. Busnaume weuoxicmos pyxy

BAHMAIICIB 3ANENCHO 810 NPOUOEHO20 OOHUM i3 BAHMAIICIE ULIAXY S .

Po3B’'a3aHHA: BBaXaTUMEMO MOTY3KY, IO KIHITIB SKOI HpPHB'sI3aHI BaHTaXi, HEBa-
TOMOIO Ta HETIPYKHOIO, a OJIOK HeBaroMuM. IIIBUIKICTE pyXy L BaHTaXiB Oy/ie OqHAKO-
Boto. [loBepxHi HaXMJIEHUX IUIONIMH — TJIaJCHBKI, TOOTO TepTaM HexTyemo. LIIBuaKicTh
pyXy cHCTeMH Oynae 3MIHIOBATHCH 13 4acoM pyxy (i3 MpOWIEHWM NULIXOM). 3HaHIEMO
3aJIeKHICTD L BiJ mpoiaeHoro BaHtaxeM | (abo 2) nuisixy s .

Puc. 4.17. [lo npuknagy 4.9

BanTaxi MaroTb OHaKOBY Macy, i TOMy OyayTh PyXaTHCh Tak, 110 BHU3 PyLIUTH BaH-
TaX 3 Ti€l IUIOIUHM, SIKa HAXWICHA 10 TOPU30HTY Mif OLnbMM KyToM. (Y BUMAAKY, SIKHHA
300pakeHH Ha puc. 4.17, YHU3 PYIIATH BaHTaX 2 OCKUTBKH 3> o .

IIpoiinoBmmy BiACTaHh § IO HAXWJICHIN IDIOMIMHI BaHTaXX | IMPOCYHETHCS Bropy IO
BEpPTHUKAJIl HA BUCOTY

Al =s-sina . (4.47)
3a 1eii camuii 4ac BaHTaX 2 IPOCYHETHCA BrOpy 1O BEPTUKAJl HA BUCOTY
Ahy =s-sinf}. (4.48)

IIBuakicTh pyxy BaHTaXIB y Liel yac HaOyae 3HA4eHHs L(S), a KIHETUYHA CHEPIis CHC-
2
. mo
TEMH ZIOpiBHIOBaTUME F, = ZT , Ie m — Maca OJIHOTO BaHTaxy.
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Ilix 9ac pyXy cHCTeMH TOTCHIIiaJIbHa CHEPris OJHOTO BaHTaXy (2) 3MEHIIYEThCS,
apyroro (1) 36inbmryerscs. [loTenniansHa eHepris BCi€i cucTeMu 3a 4ac, KOJU OAMH i3
BaHTaXIB MPOI/Ie NIUISX § , SMIHUTHCS Ha BEIUYNHY

3akoH 30€peKCHHS €Hepril JJIs 3aMKHEHOI CHCTEMH TiI, M0 PO3TISINAETHCS, TPH
3p0o0OJICHUX JIOMYIIEHHAX O3HaYae, o £, = AE, abo

2
2mg(Ahy — Ahy) = 2%.

3Bizcu 3 ypaxyBanusaM (4.47) ta (4.48) maemo
v(s) = \/2gs(sinoc —sinf) .

Npuknan 4.10. /Jsa oonaxosux 6izka 1 i 2, Ha KOJICHOMY 3 AKUX nepedysac no moou-
Hi, pyxaiomvcs 6e3 mepmsl 3a iHepyiero HA3yCmpiy 00un 00HOMY NO NAPANETbHUX PeliKax.
Konu 6i3xu nopigHsuce, 3 KO*CHO20 3 HUX HA THUWULL nepecmpudHyIa THOOUHA — ) HANPAM-
KV, NePneHOUKYISIPHOMY 00 pyXy 6i3Kis. ¥ pesynomami 630k 1 3ynunusecs, a weuoKicmo 6i3-
Ka 2 cmana oopisHosamu O . 3Haudime weuoKocmi 6i3kie 0o cmpubkie (V; ma V,, 6iono-

BIOHO0), AKUIO MACA KOJCHO20 8i3KA Oe3 00UHU 00pisHioe M , a maca KodCHOT ToOUHU M .

Po3B's3aHHa: Po3risHEMO TIPEJICTABIICHI B YMOBI IPUKJIA Y MOJii Ha puc. 4.18 a,6,B.
CnouaTtky oOuaBa Bi3Ka PyXalOThCS HA3yCcTpid OAWH omgHOMY (puc. 4.18, a). Cymsum 3
aHali3y yMOBH, V| # VL, .

|m| —~ : - Iml
U, ‘ R

=0
M M M
m
q )
< om | H m M |v =0
a) 6) B)

Puc. 4.18. o npuknaay 4.10

Y MOMeHT 4acy, sIKOMy BiINOBifae puc. 4.18, 6, BinOyBaeTbcs nepecTpruOyBaHHS JIIO-
neid. Y MOMEHT IepecTpuOyBaHHS Bi3KH JACSKHMA Yac MOpoxHi. IMmynse Bi3ka 1 mpw 160-
My IOpiBHIOE MV, : HOro MBHUIKICTh HE 3MIHHIACH, OCKUIBKM CTPHOOK BigOyBcs B "Ha-
NpsIMKY, MIEPIEHANKYISIPHOMY 110 pyXy Bi3kiB". IIpore, konu Ha Bi3ok | mroanHa Bke me-
pecTpubHYyIIa, IIel Bi30K 3ynmuHUBCA. Lle 03Hauae, Mo IMIMyIbC JTIOUHY 3 Bi3Ka 2 (—mf)z)

JIOPIBHIOE IMITYJIbCY Bi3Ka 1 0€3 JI0auHH:
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MY, =-mb, = b =—%62. (4.49)

YV MomeHT nepecTpuOyBaHHs IMITyJIbC Bi3ka 2 fopiBHIOE MU, . Konu Ha 1iei Bi3ok 1o-
TpaIuisie TOJMUHA, IMITYJIbC SIKOI IOPIBHIOE MU, , MIBUIKICTb Bi3Ka 3 JFOJUHOIO CTA€ PIBHOIO

U, a IMITyJTbC (M + m)f) . 3aKoH 30epeKEeHHS IMITYJIECY B ITbOMY BHITIAIKY HaOyBa€ BUTIISTY

MG, +md, =(m+M )0

abo 3 ypaxyBanHsM (4.49)
m m?
MOy —m—V,=(m+M)0 = UV, M-———|=(m+M)V. 4.50
sy = (m e M)S = By M= | (b @50)
I3 (4.50)
- M . (m+M)M M
v, = mT 2U=( 3 )2 L= V. (4.51)
p_m MEemm Mem
M
Sxmo migcrasutu (4.51) y (4.49), T0
~ m M m
V) =—— U=— V.

M M-m M-m
Npuxknap 4.11. [Inim macowo M 3 1i00uHO0 HA HLOMY MACOIO M HEPYXOMO CHO-
imb Ha nosepxui ozepa. Bionocno nioma noouna 30iicnioe nepemiwenns ' 30 weuo-

kicmio V'(t) i synunaemocs. Hexmyrouu onopom 600u, 3naildime nepemiwenus

nioma 8i0HOCHO Oepeaa.

Po3B'sazanHsa:'. Pe3ynbTyloua BCiX 30BHILIHIX CHII, SKi JiFOTh HA CHCTEMY IUIT—
TIOAWHA, JOPIBHIOE HYIIO: CHCTEMa 3aMKHEHa. TOMY IMITYJIbC Ii€l CHCTEMHU MaTepi-
aJlbHUX TUI y TIPOIIeCi pyXy 1 B Pe3yJIbTaTi MEepEeMIMECHHs JIIOIUHN Ha TUIOTY HE 3Mi-
HIOETHCS:

M, +mb, =0, (4.52)

Je U; 1 U, — MBUIKOCTI JIOJUHU Ta IUIOTA BITHOCHO Oepera, BIANOBLIHO.

[IBuKiCTh JIFOIMHYU BITHOCHO Oepera MOXHa MPEICTABUTH y BUTIISI
U; =0, +V. (4.53)

STkmo (4.53) — (4.52), To

! Leit camuii mpukian B po3a. 2 po3B'si3aHU METOJOM BUKOPHCTAHHS BIaCTUBOCTEH LIEHTpa Mac
cucreMu Tixn (Mpuknag 2.5).
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m =
V.
m+M

JloMHOXMMO JTiBY ¥ mipaBy 4acTuHU (4.54) Ha dt i 3HalEMO 3B'I30K MiXk €JIEMEHTapHUMU

nepeMillieHHIMH TToTa d{ BiTHOCHO Oepera Ta IoauHu d{' BiIHOCHO IJIOTA:

m m

O'dt abo di=— dr.
m+M m+M

Takwmii camuii 3B'I30K iICHYE 1 IJTsI CKIHUEHHUX TIEPEMIIIECHb
m
m+M
I3 mporo BUpa3zy, AKHWH € BIAMOBIAMIO A0 MPUKIAAY, BUIHO, IO MEPEMIMIEHHS IUIOTa

{ He 3aJeKUTh BiJl XapakTepy pyxXy JIOJUHHU HA IUIOTY (3akoHy U'(f) i Tpaekrtopii

pyxy).

=- .

5. HEIHEPUIAJ1IbHI CUCTEMU BIAJIIKY

5.1. KopoTKi TeopeTu4Hi BigoMoCTi

OcHOBHE pPIBHSHHS TMHAMIKH MaTepiadbHOI TOUYKH B HEIHEPIIANBbHIN CUCTEMI BIITIKY
(HICB), s:xa o0epTa€eTbes 3 OCTIHHOIO KYTOBOIO MIBUAKICTIO @ ab0 3 KyTOBUM IPHCKO-

peHHAM 3 a00/Ta nepeMillyeThCs NOCTYNAIBHO 3 IPUCKOPEHHAM 4y, MA€ BUTJIA]

(5.1)

ne F — piBHOJiHA BCiX cull, siki Air0Th Ha MT 3 GOKy iHImwMX Tia (1ie cuia, o peaabHO
iCHy€ SIK pe3ynbTaT B3aeMOZii Til); R — padiyc-BEeKTOp, KWW MEpIeHAUKYISPHUI oci
00epTaHHA 1 XapaKTepU3ye MOJNOKEHHA MAaTepiabHOI TOUKH BiJHOCHO M€l OCI; dyy, —

BimHOCHE TIpuckopeHHs (mpuckopenns MT y HICB); Fe — TIepeHOCHa cuja

E, = —md, —m[&[&)ﬁﬂ—m[ﬁﬁ] ; m —maca MT.
Jo cum iHepIii HaIEkKaTh:

e TIOCTyHajbHa CUia iHeplii, sKka 00yMOBIIEHa MOCTYNAIBHIUM MPUCKOPEHUM PYyXOM
HICB:

108



F

IoCcT

=—ma,, (5.2)

ne d, —npuckopenns HICB Bignocuo ICB;

® BIiJIIICHTPOBA CHJIA IHEPIIIi:

Fyy =-m| &[@R] ] (5.3)
e cmia Kopioica:
Fi ==2m| Vg |, (5.4)
1€ Uiy, — wBuakicts MT y HICB, mo o6epraerses;

e cmia iHepIii, moB's3aHa 3 HepiBHOMIpHHM (TIpuckopernM) obepranusm HICB:

FHepiBH =-m I:B R]a (55)

ne B — kyrose npuckopenns ooeprands HICB.

5.2. MeToaMuHi BKa3iBKM Ta nopaau

1. OcnoHe piBHstHHA AuHamik# (5.1) y HICB crpaBenyinBe B npuiyieHHi, mo (KpiM
CHJI B3a€MOJII 3 1HIITMMU TUJIaMH) Ha TUIO JIIOTh CHIIM 1HEPIIi, IKi He 0OyMOBJICHI B3ae-
MOJII€I0 3 TLTaMU.

2. Cunu iHepuii 3ayie)xaTh HacaMIepes BiJl XapakTepy pyXy HeiHepLiaabHOI CUCTEMH
Bimiky. ToOTO miis 3HAXOPKEHHS CHJI iHEpIlii HeoOXiMHO 3HATH, K pyxaeThcsi HICB Bi-
JTHOCHO 1HEpIiaJIbHOI CUCTEMH BiJUTIKY.

3. Onna i3 cun imepirii — cuma Kopiomica icaye B CB, siki 00epTaroThCs 3 KyTOBOIO
MIBUIKICTIO ®, 1 Ji€ TUTHKU HAa Tijia, 0 MOCTYIAIbHO pyXaroThes BimHocHo miei HICB 3i

MIBUIKICTIO L [Ipu mpomy cmita Kopiomica He mi€ y BHITanKy, KOJH BEKTOPH ® Ta

BigH °
Uginy TTAPATIENBHI.

4. Tlpu po3B'si3yBaHHI 3a1a4, HOB's3aHUX 13 pyxoM MT, mio BinOyBaeThCs, HAPHUKIAL,
Ha TTOBEPXHI 3eMITi, Bi/IITOBITAf0UN Ha 3alUTaHHI, ¥ SKOMY MicIi 3eMili (Ha IOJOCi, Ha K-
BaToOp uM B Oynb-siKiil iHmii Touni 3emi) cuna Kopionica Haii0inbIma, HEOOXiqHO Bpaxo-
BYBAaTH YMOBH PyXy B MICIIi ITOii 3 JaHOIO reorpadivyHoI0 IMIUPOTOIO IS KOXKHOTO KOHKpPE-
THOTO BHIIAJIKY PyXY OKpeMo. €IMHOI BiJIIOBIIi Ha 1€ 3alMTaHHS AJIsl BCIX MOXKJIMBUX BU-

najkiB (MasTHUK DyKo, BIIXUICHHS Tijla, IO MaJae 3 OAIlTH, BiJ Il OCHOBH TOIIO) HEMAE.
5. Cwuuna Kopiomnica ﬁK , IpesicTaBleHa y BUIIAL (5.4), Mae HalPSMOK, SIKUM aHTHIIA-

paJIeNbHUI BEKTOPY, IO YTBOPIOETHCS B PE3yJIbTAaTi BEKTOPHOI'O MHOXKEHHS IBOX BEKTO-

BusnauaroTe HanpsAMOK BEKTOpa ﬁK 3a MpaBUJIOM "TBOI pyKH'": BEKTOP

piB ® Ta Uy, -
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® BXOIHUTH y JIOJOHB, YOTHPH CKIAACHUX Pa3oM, BUTATHYTHUX HaNIbIl 30ITaroThCS 3 Ha-

OPSIMKOM U a 'sTUi BiCTaBIICHUH NaJlellb IOKaKe HANPSIMOK CUIIU F .

BIiJH °

6. THUMOBOIO OMUIIKOIO NPH PO3B'I3yBaHHI 3a/a4 a0d0 y BiAMOBIIAX Ha 3alUTaHHS €
MOB'SI3YBAaHHSI MTii CHUI 1HEPIIl 3 SKUMOCH 13 Tij. HeoOXimHO mam'sTaTH, IO CHIIM 1HEPITi
HE MarOTh CBOTO HOCIS, 1X BEJIMYHMHA 1 HAIPSIMOK il 3aJeXaTh BijJ MapaMmeTpiB Tijia, Ha
SIK€ BOHHU MiIOTH (BiJ HOTO MacH, MIBUIKOCTI), a TaKOXK BiJ MapaMeTpiB HeiHEPIiaIbHOI
CHCTEMH BiAJIiKy (BiX ii KyTOBOI MIBUIKOCTi, KyTOBOTO Ta JiHIHHOTO MPHUCKOpeHb). Crin
iHepuii He € MipoIo B3aEMOIiT TiJI.

7. BukopuctanHs cun iHepuii npu anamisi pyxy B ICB e momunkoto, ockinbku B ICB
CHWJI iHepIii He iCHYE.

8. Tpebda po3pi3HIATH BiAIIEHTPOBY CHITY 1HEPITl, IPUKIAACHY 10 Tija, IO 00epTAETHCS
a00 pyxaeTbcs IO KpUBOIIiHIHMHIHM TpaekTopii, sika icHye B HICB, 1 moueHTpoBY cuity, IOB's-
3aHy 13 B3a€MOJI€I0 ABOX TiJl (Hamp., Tija, 0 00epTaeThesl, 1 MOTY3KH, 10 SKOT BOHO IpU-
B'si3aHe), sika icHye B ICB. [Ipupoau nux cuil mpUHOWTIOBO Pi3Hi, BOHHU icHYIOTH y CB pi3-
Hoi mpupoau. Ilpu 1boMy He cmig 3a0ysary, 1o B ICB 3a Il 3akonom HeroroHa, okpim
JIOIICHTPOBOI CHJIM B3a€EMO/Ii1, ICHY€ BiAIICHTPOBA CHJIA B3a€MOJIIT (JTUB. 3anuTaHHs 5.3.17).

5.3. 3anuTaHHA Ta Bianosigi

5.3.1. /laiime eu3nauenus i HA36iMb G1ACMUBOCII IHEPYIATLHUX | HEIHEePYIAIbHUX CUC-
mem 8IOJKY.

BuznaueHHs iHepIianbHOI Ta HeIHEPUiAIbHOT CUCTEM BiAJIIKY PO3IIITHEMO IIOKPOKOBO:

Inepyianvroro cucmemoro gionixy (ICB) HazuBaeThcst Taka CB, sika pyxaeTbes IpsMo-
JHIAHO piBHOMIpHO (0€3 mpucKopeHHs) abo nepedyBae y CTaHi CIOKOK BIJHOCHO 1HIIIHX
ICB.

Heinepyianvuoro cucmemoro gioniky (HICB) Ha3uBaetbes taka CB, sika pyxaerbes 3
NPUCKOPEHHSAM a00/Ta 00epTaEThCS.

ICB moxHa Bu3HadaTu K Taky CB, y sKiif BUKOHYIOTBCS 3aKOHU TeoMeTpii EBkiima
Ta icaye equauit yac. I mamaku, HICB — e CB, y skiif He BHKOHYIOTBCS 3aKOHU TeoMe-
Tpii EBKiiga Ta He icCHye €IMHOTO Yacy.

BnactueocTi (03Haku) ICB nonsiratloTb B TOMY, WO B HUX:

e cIpaBeIINBI BCi TpH 3aKOHU HpioToHa (Hamp., | 3akoH y TakoMy (hOpMYITIOBaHHI:
"Timo, Ha sSIKe HE MIOTH IHIII Tijla, TOOTO 1 CHJIM, SIKI € MipOIO B3a€EMOJIII ITUX TiJI, Iepedy-
BAaIOTh Y CTaHi CIIOKOIO a00 pyXaeThes MPSIMOIIHIHHO i piBHOMIpHO");

e cwin oOyMoOBIIeHI B3aemomiero Ti (cw iHepii B ICB He icHye);

e OKpiM HeizompoBaHUX (He3amMKkHeHNX) CMT icHyr0Th 130mp0BaHi (3amMkHeHi) CMT,
TOOTO TaKi, IIOI0 AKUX 30BHIIIHI CHJIA HE JIIOTh.

BnacTtusocTi (03Hakn) HICB nongratoTb y TOMY, WO B HUX:

o He crnpaseanusi I ta Il 3axonn Herotona, a Il 3akon mis HICB momugikoBaHuii;
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e HasBHI CWJIU, IPUYMHA BUHUKHEHHS SIKUX HE IOB'SI3aHa 13 B3a€MOJII€I0 KOHKPETHUX
TIJI, — CHJIH 1HEPITii;

e He icHye i30mbpoBaHuX cucteM MT, ockinbku B HICB 3aBxau Iit0Th 30BHIIIHI CH-
Ty BUIJISIAL CHJT iHEpIii, OKpiM YaCTKOBHMX BHMAJKIB, KOJHM CHIIHU iHEpLil B3aEMHO KOM-
MIEHCYIOTHCS;

® TIPUCKOPEHUH PyX, K 1 HASBHICTH MOJS THKIHHA, BIUIMBAE HA XiJ] CHHXPOHI30Ba-
HUX TOJUHHHUKIB.

5.3.2. Cunu inepyii, ax eidomo, suznauaromscs éracmueocmsamu CB. Yu 3anexcamo
cunu inepyii 6io enacmueocmeti camoi MT?

Cunu iHepuii He € pe3ynbTaToM Aii iHmuX Tifa. Cuim iHepUii € pe3yabTaToM MpOosIBY

BractuBocteit CB (ﬁo, , B) Opmnak cwiy iHepiii (1X BETMYHMHA 1 HAIPSMOK) 3aJIeKaTh 1
R).

5.3.3. Yu moorcna 3acmocyeamu npunyun gionocrocmi I anines: 00 neinepyiaibHux cu-
cmem gionixy (HICB)?

[punanmn BigHOCHOCTI ["asminest cTBepKye, M0 HITKUMU MEXaHIYHUMH JOCTiIaMU He
MoxHa BifpizHuTH ogdy ICB Bin iHINOI, HampuKiIan, CUCTEMY BiAJIIKY, IO PYXaeTbCs
MPSAMOJTIHIHHO piBHOMIpHO, Big CB, mo mepeOyBae B cTaHi CIOKOO. TakuM YHHOM,
npuHIMI BigHOcHOCTI ["amines crocyerses Tinbku ICB. st HICB npuHmmn BigHOCHOCTI
lamines 3acrocoByBaT He MoxkHa: HICB sierko po3pisHUTH Ta Kiacu]ikyBaTH 3a iCHY-
BaHHSM 1 BJIACTUBOCTSIMU CHJT 1HEPITii.

5.3.4. Yu euxonyromuvcsa ¢ HICB 3axonu Hetomona?

I 3akon Hetotona nae Busnauenus ICB i HICB. II 3akon Hetotona B HICB mae cBoi
0COOJIMBOCTI, TIOB'SI3aH1 3 ypaxyBaHHsIM il cui iHepmii. KaxyTts, mo B HICB xopucty-
10Thcsi MoamdikoBanuM Il 3akoHoM HploToHa. B HeiHeprianpbHHX CcHCTEMax BiIIIKY
11 3akon HeroToHa 3acTocyBaTn He MoxHa, ockinbku B HICB icHyroTh cunu inepuii, siki
He MaroTh cBoro Tina-aocis. B ICB III 3akon HeloToHa xapakTepu3ye B3aeMOJiI0 MiX
JIBOMa TiJIaMH, Miporo sikoi € cumm B3aemoxii. Y HICB cwm imepii xapakrepusyiors CB
1 9aCTKOBO TiJIO, SIKE BiaayBa€ BIUIUB 3 00Ky CB y BUTIISAII CHIT iHEPITi.

5.3.5. Yu mooicna suxopucmosysamu ocrosHi 3axonu pyxy (Il saxon Hviomona, pis-
HAHHS MOMenmie mowjo) o HICB?

BukopucTanHs ocHOBHUX 3aKkoHiB pyxy B HICB moxiuBe, ane micns iX BimoBiaHOI
Monu(ikarii, sika MoJsArae B TOMY, IO J0 CHJ B3a€MOJIii JOMAIOTh IIE W CHUIM iHEpIIii.
[Ipuckopennss MT oGupaerbcst TakuM, sike paktudHo icHye B HICB 1 mosicHIOEThCS cH-

JlaMM B3a€MOJIi1 JIMIIE YacTKOBO. [Ipy IbOMY BBOJMTHCS "BiJIHOCHE" NPUCKOPEHHS dy;

Bif BactuBocret MT (m, Ui »

— npuckopenHs BinHocHO HICB).
Hampukinan, 11 3akon HetoToHa HaOyBae BUTIISAY

.= b <= »
maginy = F;OBH + EHepu abo E = ZF;OBH + ZEHepu > (56)

a piBHSTHHS MOMEHTIB

111



dL ~ ~
TZI:ZZMM)BH +ZMiHepu > (57)

— 30BHIIIHI CHIIH, SIKi OOyMOBJICHI B3a€MOMIEI0 TUL Fiyop, — CHIM IHEpLIl;

M, e Ta M isepy — MOMEHTH BKA3aHUX CHIL.

5.3.6. Yu mooicHa euxopucmogysamu 3aKoHU 30epexceHts: 6 HeiHepyianbHUux cucmemax
8IONIKY?

Binomo, mo 3axoHn 30epekeHHs] HE BUKOHYIOTHCSI B HEI30JIbOBaHUX cuctemax MT.
Cun iHepIlii HajexxaTh 10 30BHIMHIX cwi, Toai HICB € HeizonpBanuMu cucreMamu. Ye-
pe3 e B HICB 3akoHu 30epeskeHHS HE BHKOHYIOTHCS.

5.3.7. Axoi hopmu nabysac 3axon 3minu mexaniunoi enepeii ¢ HICB?

3aKkoH 3MiHM OBHOI MeXaHIYHO1 eHeprii npu nepemimienHi MT 3 monoxenns 1 y mo-
noxenns 2 y HICB naOyBae Burnsany

E2 - El = A12 JIMCHII + A12 iHepI (58)

He A iyepy — POOOTA CHII iHEPLIT; A pyeyn — POOOTA IUCHIIATUBHUX (HEKOHCEPBATH-

BHUX) CHUJL.
5.3.8. [losedimb, wo i0yenmposa cuia inepyii € KOHCEPBAMUBHOK CUTLON.

BiamnenTposa cuna ineprii F,

_ 25 - .
sian = M@~ R . PoboTa wi€i cuimm 1opisHioe

BIIIT

2 2
Ay = | Py dF =moo” [ R dF .
1 1

Puc. 5.1. o 3anuTaHHsa 5.3.8

O

I3 puc. 5.1 BHIHO, IO MPOEKIist BEKTOpa dF Ha HAMpsIMOK BEeKTOpa R 1opiBHIOE dR,

ne dR— npupict Moxyis Bektopa R . Bemmumua dR = dr-cos o, ie oL — KYT MK BEKTO-

pamt R Ta 7. 3 iHmoro GOKy, CKaIsipHHil HOOYTOK IBOX BEKTOPIB IOPIBHIOE
R-dF =R-dr-cos a.
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TaxkuM 9uHOM,
R 2

2 2
R 2| By R
2

2 2
> R
= Ay =mo” [ d = |Fme?| |, (5.9)
1
Sk 6aunmo, poOoTa BiALEHTPOBOI CHIIM HE 3AJICKHUTH BiJ IUISIXY, a 3aJI€KUTh BiJ MOJIO-
JKEHHS TOYOK, MK SIKHMH 3IIMCHIOETHCS Tepemimenas MT, ToOTo BimmeHTpoBa cuiia
1HEPIIii € KOHCEPBATHBHOIO CHIIOIO.

5.3.9. Yu mooicrha sukopucmamu cunu inepyii, HAanpuKkiao, y npuiado6yoyeanHi?

Tak, moxxHa. Hampukinaz, BUMipioBaHHs CHJI iHEpLii Aa€ MOXIIUBICTh BUMIpATH abco-
motHe puckoperHs MT BimaocHo ICB. Ha miit ocHOBI CTBOpEHI iHepITiaibHI HaBirarmiii-
Hi mpuiaay, SKi HA3UBAIOTHCS aKceJlepoMeTpamu. IcHye Oarato iHIIMX 3aCTOCYBaHb CHII
iHepIii B TEXHIII.

5.3.10. Hatime euznayenus 8i0HOCHO20 [ NEPEHOCHO20 PYXIG.

Pyx Tima BigHOCHO pyxomoi CB Ha3uBa€ThCSA BIIHOCHUM PyXoM, a pyx pyxomoi CB
BiTHOCHO Hepyxomoi CB — nepeHoCHUM pyxoMm.

5.3.11. o maxe abconmomua, 8ioHoCcHa ma nepeHocHa wieuokocmi? Axuil cenc 6ge-
Oennsl nepernochoi weuokocmi 6 HICB? Ak nos'szani misie coboio yi 6uou wieuokocmeti?

AbcomotHa mBHAKICTh — ne mBuakicte MT BigHocHo Hepyxomoi CB. BimHocHa
MIBUAKICTh — e mBuAKicTs MT BimHOCHO pyxomoi CB. IlepeHocHa MBHUAKICTH — IIe
mBUAKICTE pyxomoi CB BimHOCHO Hepyxomoi CB.

[TonsATTST a0COMOTHOT, BITHOCHOT Ta MEPEHOCHOI MBUAKOCTEH INPOKO BUKOPHCTOBY-
10ThCsl Tipu posrisial BinactuBocteld HICB. Hampukman, sikmo pyxoma CB — HICB, To
MePEeHOCHA MBHJIKICTh — I1e MBUAKICTH Takoi Toukn HICB, depes sxy B manwmii MOMEHT
gacy mnpoxomute MT, pyx skoi posrmamaerscs. Ilepenocna mmBuakicte y HICB
U, =V, — Ui, A€ U, — abcomoTHa mBUAKICTh (mBuakicts MT B ICB); v

Rdi=RdR=d

Bin BimH BiﬂHO_
cHa mwBuaKicTs (wBuakicts MT y HICB). [lepenocHa mBuakicts xapaktepusye HICB, a
He MT, mwo pyxaetbes. [lepeHOCHa WBHKICTB TOPIBHIOE U, = U, +[®F ], 1e U — mBHAI-
KicTe moctynansHoro pyxy HICB; ® — xyroBa mBuakicts obepranus HICB; 7 — paxi-
yc-BekTop Tiel Toukn HICB, uepes siky B nanuii MOMEHT 4acy npoxogutb MT, pyx sikoi
PO3IIISANAETHCSL.

5.3.12. Il]o make nepenoche npuckopenus?
[lepeHocHe MPUCKOPEHHS d, = d + [[3 F ] +[6)[(T)F H — 1€ TIPUCKOPEHHs Ti€l TOUKH

HICB, 4gepe3 sKy B JaHUN MOMEHT Jacy npoxoauth MT, pyx Kol po3risimacTses, AHa-
713 IEePEeHOCHOr0 MPUCKOPEHHS IOKa3ye, IO d, — IPUCKOPEHHS MOCTYNAIbHOIO PyXy

HICB; [BF} — TIPUCKOPEHHS, 3yMOBIICHE HEPiBHOMIPHHM (IIPUCKOPEHUM) 0OepTaH-

uam HICB; Bzc;—m — xyToBe mpuckopenss HICB; [(TJ[(TJFH — JIOIEHTPOBE MPHCKO-
t
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PEHH (3 BEKTOPHOTO N00YTKY MOXHA MEPEKOHATHUCH, IO BEKTOP d,,, HANPAaBJICHUH 10

1]
MHTTEBOI OCi 0OepaHHs).

5.3.13. Hkum cniegiOHOweHHAM nos'a3ani midxc coboio abcomommue (d,), iOHOCHe
(Gginy ) | nepenocre (d,) npuckopenns?

. , o o .- ~
V¢i Tpu NPUCKOPEHHS MOB'A3aHI MK COOOI0 CIIBBIAHOMICHHAM: d, = d, + Gy, + dyc -
Sk 6auuMo, y 1€ CIIBBIAHOMIEHHS, SKIIO HOro MOPIBHATU 3 BUPA30M ISl NEPEHOCHOI

IIBUJKOCTI, "BTPYTUIIOCH" 1l OHE MPUCKOPEHHs ( dy ) — mpuckopeHHs Kopiomica.

5.3.14. Il]o make meopema Kopionica i 6 womy ii ¢hisuunuii smicm?

I3 Toro, mo a, = d, + dy;,, +dy BUIUIMBAE Gy, = d, — G, — dy : ADCOIOTHE TIPUCKO-
PEHHS TOPiBHIOE BEKTOPHIH CyMi NMEPEHOCHOTO, BiTHOCHOTO Ta KOPiOJICOBOTO MPHCKO-
pesb. Le i € Teopema Kopiomica. OxpiM Toro, o BoHa MOB'sI3y€e MiXk cO00I0 a0COIIOTHE

d, , BITHOCHE @y, 1 NEPEHOCHE d, NPUCKOPEHHS, Y Hii CTBEPIKYETHCS, WO 0 BIIHOC-

HOT'O IPUCKOPEHHS BXOAUTH L€ OJMH JOAAHOK ( dy ) — npuckopenHs Kopiosnica (Ha Bif-

MiHy BiJl BITHOCHOT WIBUIKOCTI Ui =V, —U,, K& HE MICTUThL iHPOPMALIIIO PO MOXK-
TUBICTH iCHyBaHHs cwim iHepIlii Kopiodmica). Ile#t moganok BimoOpaxae cmry Kopiomica,
sIka BUHUKA€, KOJIM TIJI0 PyXaeThes mocTynanbHo BigHocHo HICB, mo obepraerhes. Be-
JIWYMHA dy = Z[GJGBDIH ] = Fy =—-may .

5.3.15. Koau cuna Kopionica dopisrioe wynio?

Cuna Kopiomica, sixka aie Ha MT macoro m , ZOpiBHIOE HYJIIO y BUIIAIKaX, KOJIH:
e Hemae obepranus CB, y skiit posrisinaerscs pyx MT: ©=0;

® KyT MiXK BEKTOPOM KYTOBOT'O MPHUCKOPEHHA © 1 BEKTOPOM U

e Hemae noctynansHoro pyxy MT signocno HICB: v,

sim JAOPIBHIOE HYIIIO
abo 7 (Ui BEKTOPH KOJIiHEapHi).

5.3.16. Yu mooicna cmeepooicysamu, wo cuna Kopionica natibinewa na noaoci 3emi?
Yomy?

PizHi BUnagku, 1o BimOyBarOTHCS, HAIPUKIIAA, HA TIOBEPXHI 3eMIIi, 1 TTOB'A3aHi 3 TI€I0
cumu Kopiosmica, moTpeOyIOTh IHAUBIAYAIBHOTO MIX0AY A0 PO3TISAY HAIPSIMKIB BEKTO-
piB ® Ta Uy, . ToMy, BIANOBINAIOUM HA 3aNIUTAHHS, Y SKOMY MicIli 3eMIi (Ha MOJIOCi YK
Ha ekBaTopi) cuina Kopiosmica 6inmbia, HeoOX1THO BpaxOBYBAaTH YMOBH PYXy B MICIII TTOIT
3 JIaHOIO TeorpadivHOI0 IUPOTOO ISl KOXKHOTO KOHKPETHOT'O BHMAJKY OkpeMo. Hampu-
KJIaJl, Ha TMoroci mposiB cutk Kopiosica Ha MasTHUK Dyko MaKCUMaJIbHHM, a Ha BiIXH-
JICHHSI Tijia, 0 Ma/Ia€ 3 BEXKi, — HyJbOBHIMA.

810 doyenmposoi cunu F_ . 7

5.3.17. Yum 6iopisusemocs gioyenmposa cuna F, o

BiL

Houentposa cuna F,  — peanbHa cuia. Bona € Miporo B3aeMomii TiI, Mae HOCIs,

npukiaaena 10 MT, nanpasnena 1o nenrpa kpusushiu. Cuna F icaye B ICB. Okpim
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toro, B ICB 3rigno 3 III 3akonom HproToHa MOpsiz 3 TOLEHTPOBOKO CUJIOK £ Ma€ ic-

HyBaTH 1€ OJIHA PEAbHA CHJIA, AKY HA3WBAKOTh BiILICHTPOBOIO CHIIOK B3aEMOMii Fij .
BianenTtposa cuiia B3aeMoii Ta qoneHTpoBa cuiia B3aemonii B ICB noB's3ani Mik co0010
Pl =|Frcn)-

s =]
Hanpuknan, y Bunanky o0epTaHHs Tijia, IO MPUB'S3aHE JIO0 MOTY3KH, HABKOJIO JIESKOT

Binn — 1 jom >

CIiBB1THOIIEHHAM F ( o

touky, B ICB Ait0Th Taki CHJIM B3a€MOIIT: Foq — le cuiia, sika Jlie Ha TUTO 3 OOKY MOTY3-

K, Fy
BHITaIOK obepTaHHs Tia posriasaaty B HICB, moB's3aHiif 13 UM TiJIOM, TO KaXyTh PO

iCHyBaHHs TUILKM BiJLIEHTPOBOI CUJIM iHepuii Fy; . BoHa He € Miporo B3aeMonii TisI, He

— IIe CWJIa, SKa Jli€ Ha MOTY3Ky 3 00Ky Tijla (CHJIa HATATY MOTY3KH). SIKIIO mei

Mae€ HOCIs, X04a 1 MpUKJIaicHa 10 MaTepiadbHOro Tina. BinieHTpoBa cuia iHepiii He Mae
CBO€1 MMapu — CHJIM, SKa PO3TIISAAETBCS K MpOTUAifoYa i cmiia. Ha BianeHTpoBy CuiTy
1HepITii, K 1 Ha BCi WM iHepIlii, He momuproeTbes 111 3akon Heiorona. BimenTposa cu-
Ja 1HepIlii, siK 1 BiAIIGHTPOBA CHJIAa B3a€MO/Iii, HAIIPaBJICHA B3JIOBXK JIiHii, 1[0 IPOXOJUTH
4epes TiJIO Ta NEHTP KPUBU3HU TPAEKTOPIT pyXy.

3BepHEMO yBary Ha BiJIMiHHICTh BiJLIEHTPOBOI CHJIM iHEpIi Ta BiAIIEHTPOBOI CHIU
B3a€MOJIIi: BIJIICHTPOBA CHJIA IHEPIi NMPUKIIAJCHA JI0 TiJia, MO0 00ePTAEThCS, a BiAIICH-
TpoBa cujla B3a€EMOIi1 NPUKIaZeHa 3 OOKY Tijia, 10 00epTAEThCS, 10 IHIIOTO Tijia, HAPH-
KJIaJ, 10 MOTY3KH, JIO SIKO1 BOHO TIPHB'SI3aHE.

5.3.18. Cnpobyiime Hazeamu i0OMi 6am QIi3uuHi A6UWA, WO CNOCMEPIeAOMbC HA
3emni, y npupooi, y no8CsAKOEHHOMY HCUMMI, SIKI 00YMOBIEeHI cunamu iHepyii.

[IposBiB nii cun inepuii nyxe 6arato. Och A€AKi 3 HUX:

® TPUCKOPEHUH PYyX MAacaXUPIB 1 Oaraxxy B TPAHCIIOPTi, IKHHA TaTbMYETHCS, TIPHCKO-
proetbest abo moBepTac;

® PO3MUTTS MPaBHUX OEperiB PidoK y MBHIYHIN HAIIBKYJI 1 JIIBUX OeperiB — y IiB-
JIEHHIN, SKE 3aJIC)KUTH BiJl HAIIPSIMKY 1 ITBUIKOCTI TEUii,

e JIEMOHCTpAIIis BIaCTHBOCTEH MasTHUKA DyKO;

® JIOLIIBHICTH HAOIKEHHS MiCIb 3aIyCKY KOCMIYHUX arapariB 0 eKBaTopa;

e BIAXWJICHHS MICIISI TAIiHHS IPEIMETIB, 0 MATAl0Th 3 BIIHOCHO BEJIMKOI BHCOTH;

e BHUKJIMKaHA JMicto cmm Kopiomica KOpeKIlis MPHUIIBHOI CTPIIBO0N B ManeKoOiiHii
apTHiIepii Ta TPAEKTOPIl MOIHOTY OATICTUIHUX PAKET;

® BIiJIXWJICHHS BHCKA BiJI HANIPSMKY Ha IIEHTP 3eMJIi i €0 BiALICHTPOBOT CHIIH, SKE

MaKCHUMaJbHE B MiCISIX 3 TeorpadidHOI0 IHPOTOI0 ¢ = 459,

5.3.19. Yu moorcna esasicamu 3emuy nogepxtio ICB?
VY OaraThOX BUNagKax 3eMHY MOBEpXHIO MokHa BBaxkaTH ICB. OnmHak icHye HH3Ka
SIBHL, TIOSICHUTH siki B Mexxax ICB Baxkko abo HeMoxnuBo. s mporo cimij 3amydaTd
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BrnactuBocTi HICB. [lo Takux sBUII HajieKaTh, HANIPUKIIAJ, 3MiHA IIONIMHA KOJUBAaHb
MasiTHUKA DyKo TOIIO (IUB. 3anuTaHHs 5.3.18).

5.4. Npuxknaau po3B'aA3yBaHHA 3apay

Npuknap 5.1. [sunmiexy Haseau HA 8ePMUKANbHY JIHIIO HA MIiWeHI, KA pO3MAauio-
6aHa MOYHO 8 NIGHIUHOMY HANPAMKY, 1 eucmpinuiu. Hexmyrouu onopom nogimps, 3uati-
O0imb, HA CKLIbKU CAHMUMempi8 i 6 AKull OIK GIOXUNUMbCA KVs, KA IyYAE 8 MIUleHb,
BIOHOCHO 6epmuKkanbHoi AiHil Ha Hil. Tlocmpin 8i00ysaembcsi 8 20PU3OHMAILHOMY HA-
NpAMKY HA wupomi ¢ = 60°. ILsuoxicme kynii v=900m/c. Biocmanv 0o miuteni
s=1xkm.

Po3B’'a3anHa: Ha kymio B cucTeMi BIIUTIKY, IO TOB's3aHa i3 3emuiero, Oyne misTa

N
cuna Kopionica Fy =2mvm-sin| U © |, Ae m — Maca KyJi; ¢ — KyToBa HIBUIKICTb 00ep-

AN
TaHHA 3eMili; | U ® | — KYT MK BEKTOpaMH U Ta @ . 3a IpaBWiIOM "IiBOi pyKu'" MOXKHA

nepecBiguuTUCh, o cruita Kopiomica aie Ha cxif (puc. 5.2).

Puc. 5.2. BusHadeHHs1 HanpsiMky gii cunu Kopionica
3a npasunoM "niBoi pyku" (nornsa Ha 3emnio
B3[0BX OCi 06epTaHHs, sika NpoXoauTb Yepes
Montoc — Touky P), Ao npuknagy 5.1

AN
I3 puc. 5.3 BUAHO, IO KYT | U @ | IOPIBHIOE KYTy ¢, IKHH XapakTepu3ye reorpadiy-

Hy WIHPOTY, TOOTO Fy =2mvuwm-sing. Ha momoci O L ®, ¢= 90°, a cuna Kopiomnica
Fy =2mvuw. Ha exBaTopi BEKTOpH U 1 @ — napainenbHi, Tomy Fy =0. Jlnsg Bunanaky,
SIKUHM posrisaaeTbes, Fy ~sing.

10RO CHITORO THEPITT — BIIIEHTPOBOO CHIIOKD, SIKA JIi€ Ha KYJIIO, IO JISTUTH JI0 MIIIeHI,
HexTyemo. [Ipuckoperns, sskoro HabyBae Kyl M miero crui Kopioiica, TOpiBHIOE

aK=%=20m-sin(p. (5.12)

116



3a 4ac ¢ pyxXy Kyl ocTaHHS mija miero cvmm Kopioiica BiIXWIMTHCS MO0 BEPTHKATHHOI
JIIHIT Ha MIIIEH] HA BIJICTaHb

2
_ag!

(5.13)

. Puc. 5.3. Jo npuknagy5.1
3ax [ ExBatop | Cx

3 iamoro 60Ky, Jac ¢ mepeObyBaHHS KyJIi B OJHOTI MOXHA 3HAWTH TaKOX 3 YMOBH
il pyXxy B HalpsIMKY MOCTPiJly BiJ TBUHTIBKH 10 MillIEHi:

t=2. (5.14)

[MincraBupmu (5.12) i (5.14) y (5.13), oTpumyemo

2vwms? -sin@ o-s
hy = 5 = sing .
v-2 v

3 ypaxyBaHHSIM TOTO, IO ® = 2775 ,a T'=24ron=8400c 86400c , ocTaTOYHO MaEMO

6
e x 234100 V3 e 86400 Ta<Ten
8400-900 2

MNpuknap 5.2. [tadenvbkuil 20pu30HMAIbHUL OUCK 00EPMAEMbCSL 3 KYMOBOH WBUO-
xicmio ®=5,0pan/c Hagxono 6epmuKaIbHOI OCi, AKa NPOXooums uepes 1o2o yenmp. Y
yenmpi oucka pozmicmuiu Hegeauxe mino macoro m=060T i Hadanu tiomy nROWMOBXOM
20pU30HManvHoi weuokocmi vy = 2,6 m/c. 3uatidime Mmooy cunu Kopionica, wo Oie na
mino ¢ CB, nog'szaniil i3 ouckom, wepes uac t =0,5c¢ nicisa novamxy pyxy mina.

Po3zB’'azanna: Tepts nemae ("rnagenpkuii” muck). BimrocHo mucka (y HICB) Tino
pyXaeThCs MPSMOJIIHIHHO 31 MIBUAKICTIO L, Ta 00€PTAEThCA B MPOTUIICKHUN BiJ HaIps-
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MKy oOepTaHHs aucka Oik (puc. 5.4). Bexrop niHifHOI MIBUAKOCTI U, 5 0OepTaHHA Tila
BIJIHOCHO JICKA JIOPIBHIOE Vg = [(—6))17 ] = [F 63] Bekrop v, y Oyab-sikiil TouLi Tpaek-
TOPII pyXy TiJIa HAIIPaBJICHUH Y3IOBXK pajliyC-BEKTOpa 7 .

Mogyne BeKTOpa V5 ITOPIBHIOE

Vog = 0Fr =0(vg1). (5.15)
Sk BUAHO 3 puc. 5.4, pe3yIbTYIOUY JHIHHY MBHIKICTE U, 3 SKOIO TiJIO PyXa€ThCS Bill-

HOCHO JHCKA, MOXKHA 3HAITH 3i CIIBBiIHOLICHHS L = U% + 036. 3 ypaxyBaHasaM (5.15)

MIBUIKICTh L JOPIBHIOE
v=vyV1+ 0% (5.16)

YV BUNAAKY, KOJIA KyT MK BEKTOpaMH U Ta © JTOPIBHIOE 90°, sk B IbOMY TIPHKJIAII,

. 2
cuna Kopionica Fie = 2mov = 2movg4/1+(or)” . Takum unsom,

Fe=2-6-1072-5-2,61+25-25-102 =4,2H.

Puc. 5.4. Jo npuknagy 5.2
[JopucoBaTb BEKTOP Be HysieBoe

Npuknapn 5.3. [opusonmanvhuil OUcCK 00epmaemvbcs 3 Kymogoio WeUOKICmIO
® = 6,0 pan/c Haskono eepmuKanbHOI OCi, AKka nPoxooums uepes to2o yeump. Ilo oono-

My i3 diamempis oucka pyxacmocs Hegeauke mino macoro m=0,5Kr 3 nocmitinorn 6io-
HOCHO Oucka weudkicmro v =50 cMm/c. Hki cunu diroms Ha mino? 3Hatidims cuny, 3 KO0
ouck die Ha Ye MiNoO 6 MOMeHm, KOnu mino nepebysae Ha eiocmani 1y =30cM 6i0 oci
obepmanns. 3 KO0 CUNOI0 8 Yell MOMEHM MIiN0 MUCHe Ha OUCK?

118



Po3B’'a3anna: Ha puc. 5.5 HaBeIEHO CXEMY PO3MIIICHHS TiJla Macol0 m Ha JIHUCKY,
0 00epTaEeThes, 1 MO3HAYCHA BifcTaHb 7(f) BiJ IEHTpa AMCKA JIO TiJIa, 0 3MiHIOETHCS

13 4aCOM.

Puc. 5.5. Cxema pyxy Tina macoro m
- : Ha AMcKy, Wo obepTaeTbes,
[o npuknagy 5.3

3BepHEMO yBary Ha JBi 0OCTaBHHH, sIKi BUIUIMBAIOTH 3 aHANI3Y YMOBH 3a/1adi:

ITo-mepmie, y 3anmuTaHHI WAETHCS PO Te MO Tpeda 3HANTH CHITY, 3 KOO "ITUCK i€
Ha Timo". Ile o3Hauae, MmO 1151 cHia HE HAJIGKHUTH J0 CHJI iHEpIlii: ocTaHHI (32 BU3HAYCH-
HSIM) TMIPUKJIAIAI0THCS JIO TiJI, aJie He MArOTh HOCIs, BOHU TOB's13aHi 3 BacTuBocTsMU CB.

ITo-apyre, sSK cKa3aHO B yMOBI, TUTO "pyXa€ThCs 3 MOCTIHHOIO BiTHOCHO IHCKa
MIBUIKICTIO".

[Ipoananizyemo, siki cuim Aif0Th y ABOX cuctemax Bimiiky: B ICB, sika mos's3aHa,
HaNpPUKIaJ, i3 TOBEPXHEIO CTOJIa, Ha SIKOMY 00epTa€eThes ITUCK, i B HeIHEpUiaubHil cuc-
temi BimTiky (HICB), sxa mos's3ana 3 camum auckoM. B ICB Ha Tino mifoTh Taki CHIH:

cuia TsDKiHHS (Bara Tina) P=mg; cuna teprd F.,; cuna N peakuii qucka Ha Tilo

epﬂ

(N =-P) i mouentposa cuia B3aemoxii F,

o » K& Jii€ 3 00Ky Tina Ha auck. Y HICB,

okpim cun Fy, F.,, N, Ha TiNO Iif0Th cHiM iHepwii: cuma Kopionica Fie =2mov i

BIJILICHTPOBA CHJIA iHEPIIil Fyim = mo’r.

3ayBa)kuMo, 110 BBEICHHS A0 PO3TISAAY 1 BpaxyBaHHS CHIIM TEPTS HE BUIIaJKOBE.
Le nHeoOxinHo Oyno 3poOuTH 4epe3 TOH (akT, B3ATHH 3 YMOBH, IO TUJI0O PyXaeTbcs
B3JIOBX JiaMeTpa AUCKa 3 MOCTIHHOI0 BITHOCHO AWCKa MBHIAKICTIO U. lle o3Haugae,

0 Ha TUIO, SIKE PYXa€ThCs IO J[iaMeTPy IUCKa, Ji€ HE TIAbKYU BiAIICHTPOBA CHUJa

Finy» alie it cuna Teptsi Fi,, sika BPIBHOBaXY€ BIALUCHTPOBY CUIY Fioy =—Fy;,, . k-
mwo 6 F, =0 1xisuia O TUIBKH BIALICHTPOBA CHJIA, TO WIBHAKICTE L Tila 3MIHIOBAIACh

Ou mpu 3MiHI KOOPIWHATH 7 .
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K Puc. 5.6. YTBOpeHHS pe3ynbTyto4oi
cum Fy, wo Aie Ha Tino

3 6oky ancka B HICB,
[o npuknagy 5.3

Ty

BiJIN

Cwta Tepts Mae cBiii Hocilt — quck. L{g cuna gie Ha Tino 3 OOKy AuMCKa 1 Ui JaHO-

mUrZ 5

ro MpHKIaAy HopiBHIOE F . (r)=Fy =mo°r, ge V'(r) — niHifiHa MBUAKICTH

i
2

tina B ICB. 1ls mBuaKicTh BUHHMKA€E BHACTIZOK OOEpTaHHS NHCKA 31 MBUAKICTIO ©.
[IBuaKicTh pyXy TiJIa IO AUCKY L = const =50 cM/c HE 3aJeXKHUTh BiJl KOOPAUHATH 7 .
IBuakicTh VL'(r) 3MIHIOE CBOK BEIWUYMHY MPH 3MiHI KOOPAWHATH 7 Tak, LIO: MPH
r=0 Bennunna v'(0)=0; npu 7, =30 cM BenmuuHa L' =®-7, =180 cm/c .

Pesynpryroua cuna Fy, mo nie Ha Tino 3 6oky aucka, y HICB ckimanaerscs 3 Tppox
cu (puc. 5.6), SIKi B3aEMHO TIEPIICHIUKYIISIPHI OJfHA A0 OJHOI: CHJIM PeaKIlii AUCKa Ha TiI0

2

N =-P=-mg ; cumu teprst F,(r) =mw"r 1cum Kopiomica Fi =2mov:

Fy = N?+ F2, + F = mg” + o' +(2v0)” .

Hampsmok F5 He 30iraeTbes 3 HaIpsAMKaMM HI OJHIET 3 MepenideHux Buie cuil. Be-

JUYHMHA BEKTOpa Fy JTOPIBHIOE

Fy =0,5,/9,8% +1296-9-102 +4-25-102-36 ~7,9H
Npuknap 5.4. [opusonmanbho pozmawiosanutl 2nadeHvkuil cmpudiceib AB obep-
maemscs 3 Kymogoio weuokicmio ® = 2,0pan/c Haskon0 8epmuKaibHoi oci, aKka npoxo-
oums uepe3 Kineyb cmpudichsi — mouxy A. Ilo cmpudichio 8inbHO cKOG3a€ Mydma mMacoio
m=0,5xKr, saxa pyxaemvca i3 mouku A 3 nouamkogoro weuoxkicmio v, =1,0 m/c. 3uaii-

oims cuny Kopionica, wo die na myghmy, y Momenm, Koau Myhma onuHUIACs, Ha 8idcma-
Hi r=50cM 6i0 oci obepmanHs.

Po3B’'a3zanHna: Po3s'szsyBatimemo B HICB, sika moB'si3aHa 31 CTpmKHEM, 0 00epTa-
eTbes (puc. 5.7).
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BiTIT Puc. 5.7. Jo npvknagy 5.4,
i =~ (surnspn 3sepxy)

v 1]
L
oy

F(t)

IBuakicte My¢QTH B Mipy Il BigganeHHs BiJ oci 00epTaHHS CTPHXKHS 3MIiHIOETHCS
(30inbIyeThCs). 3HaMAeMo 3anexHicTh V(7). Ha mydTy mix yac ii pyxy mo cTpuxHIO gie

BIJIIICHTPOBA CHJIA, Ky OyJe XapaKkTepu3yBaTH BiAIICHTPOBE IPUCKOPECHHS

dv 2

aBmu:Z:(Dr - dl):(Dzr‘dt. (517)

3 iHmoro 00Ky, 32 BU3HAUCHHSM,

v= & @=L, (5.18)
0]

[MigcraBumo (5.18) y (5.17): dU=m2r-% = v-dv=w’r-dr. Y pesynsrari inTerpy-
1 o 1 595
BaHHS OCTAHHBOTO BHPa3y MaEMO EU = Ew rr+C.
Jns Bimmykanas ctanoi iHTerpyBaHHA C CKOPHUCTAEMOCH IMOYATKOBHMH yYMOBAaMH:
ans =0 BemuuuHa L=y, = C =%U%. Taxkum unHOM,

v’ =’ +uf = U(l’)=ﬂ(0)l’)2 +0]

s Bumagky v L @, K y IbOMY TIPHUKJIAI, 1 3 YpaxXyBaHHSAM 3HAWICHOTO 3HAYCHHS L(7')

Fy =2mov = 2m(m/(0)r)2 +0]

Taxnm wmom, Fe =2-0,5-24(2-0,5)° +1=2,8H.

MNpuknapa 5.5. Jlwoouna macoio m=60Kr pyxaemuvca pigHomipHo no nepugepii 2o-

cuia Kopiomica mopiBHIOE

pusonmanvhoi kpyenoi naamgopmu padiyca R=3,0M, sxa obepmaecmvcs 3 Kymogoo
weudkicmo ®=1,0 pan/c HaA6Koa0 epMUKATLHOI OCI, WO NPOXOOUMb yepes3 ii yeHmp.
3naudime copu3oHmanbHy CKiadosy cuiu, wo Oi€ Ha AH0O0UHy 3 OOKY niam@opmu, SKuo
pezynemyroua cun inepyii, npuxiadenux 0o moounu 8 CB "naamegopma’, oopisnioe nymio.
Po3B’'azanHsa: 13 Bitomux cun iHepuii HaitOUIbI cyTTeBuii BHecok y HICB, mos'a-
3aHiil 3 aTgopmoro, OyayTh 3nificHioBaty cuia Kopiosica Ta BigueHTpoBa cuna. Bin-
IIEHTPOBA CHJIA 3aBXKIM HalpaBlIeHA B3IOBXK pajiyca KoJa Bij Horo 1eHTpa (puc. 5.8).
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FK —HF— ﬁBi,ﬂH

6)
Puc. 5.8. [lo npuknaay 5.5: cxema gocnigy, Burnag 3sepxy (a) i 36oky (6)

Slkmio cwmy iHepIii ckoMITeHCOBaHi, To cra Kopiomica Takok Mae OyTH HampapiieHa
B3JIOBXK pajiyca Koja, ajie 10 HOTO IEHTPA, 1 3a BEJIMYNHOIO JOPIBHIOBATH BEITWIMHI CHIIN

IHepITii: ‘FK‘ = FBm‘ (pvic. 5.8). 3a gomomororo npasuiia "miBoi pyku' MOKHA 3HAWTH Ha-

MPSIMOK PYyXY JIIOJUHH (GH ) : U1 BU3HAYEHOTO HANPAMKY Fy PyX JIIOJMHH Ha I1atdop-

Mi Ma€ OyTH IPOTHIICKHHIM IO HAMPSIMKY ii o0epTanHs (puc. 5.8).

Cwi iHepuii 1OpiBHIOWOTh Fie =2mov,; Fy = mo’R . I3 PIBHOCTI CHWII iHEpIIii BU-

BiJII

oR v

MBae, Mo 2mov, =mon°R = v, = %6. Takum 4uHOM, 11106 KOMIIEHCYBaTH

BIATICHTPOBY CHJIY, IO i€ HA JTIOIWHY, 1 HEOOXITHO PYyXaTHCh Y HAIPSIMKY, TIPOTHIIC-
JKHOMY BIJl HaNpsAMKY pyXy I1aThopMH, 3i IMIBUAKICTIO Y JBa Pa3yd MEHIIOIO BiJ JIHIH-
HOI IIBUAKOCTI TOYKHM Ha nepudepii miatdpopmu.

Cuta, mo gie Ha JoAuHY 3 00Ky 1utatdopmu, aie mmme B ICB, mos's3aniii, Hampu-
KJaz, 3 Jabopatopiero, ae mpoBoAuThes mocmin. B ICB moawHa BiTHOCHO TiaTdhopMu
PYX€ThCs 31 WBUAKICTIO Vi = Vg — V. 3 YpaxyBaHHIM OTPHMAHOTO BUIIE MAEMO
=(DR—UH=(DR—%=10)R. (5.19)

2 2

Slka mprpo/ia TOPU30HTAIBHOI CKIIAZI0BOI CHJIH, IO i€ Ha JIOAUHY 3 O0KY maTgopMu
B ICB? 3rigno 3 III 3akoHoM HproToHa rutatdopma fie Ha JIOAUHY i3 CHIIOIO, IO JOPiB-
HIOE 32 BEJIMYMHOIO Ta MPOTUIEKHOIO 38 HANPSIMKOM CHIII, 3 SIKOIO JIIOJUHA JIi€ Ha IUIaT-
hopmy. €IMHOIO CHIIOIO, SKa i€ 3 00Ky TuIaTGopMu Ha JIIOIUHY B TOPU30HTATIHLHOMY Ha-
NPSIMKY, € TOLIEHTPOBA CHJIa B3a€MOJIii

- m(oR/2)>  mo’R
BALT R R 4
Ile i € BigmoBigb. TakuM YHHOM,

UBiI[H

_ MO 1y _

. BinH 1B B kBajip
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F 6013

BiIILIT —

=45H.

3ayBaxkxumo, 110 3 00Ky mwiardopmu Ha moauHy B ICB mie mie omHa, JOCHTH BelHKa
(~ 600 H) chJjIa peakIlii IiathopMu Ha Bary JronuHu. [IpoTe 114 cua He Mae TOPU30HTA-

JILHOT CKJIAJIOBOI ¥ IO yBaru y BiANOBiAi OpaTHCh HE MOXKE.

6. POBOTA, EHEPI'ISA, NOTY)XXHICTb.
NMOTEHUIAJIbHE NMOJIE CUJI

6.1. KopoTKi TeopeTuyHi BigOMOCTi

e Polora cunu F Ha Bipi3Ky NpsSMOJIHIMHOTO NUISAXY § IOPIBHIOE
A=F-s-cosa=F,-s, (6.1)

JIe 0. — KyT MK HallpsIMKaMH CHIIM F 1 mpsAMoi, y3J0BXK SIKOi BiIOyBa€ThCS MEPEMIlICH-
Hs; F, — IIPOEKIIis BEKTOpa CHIM Ha HAIPSIMOK PYXYy.

e SIKIo MaTepiabHa TOUKA I i€fo CHid F 3iHCHIOE MepeMileHHs MiX TOUKaMH
1 Ta 2 Mo KpUBOMiHINHIHN TpaekTopii (puc. 6.1), TO, BBAXKAIOUH CHIIy HE3MIHHOIO B MEKax
€JIEMEHTapHOTO NepeMIllieHHsI d7 , eleMeHTapHa poOoTa cuiau F 3 mepeMilleHHs d7F
JIOPiBHIOE

AA=F-di =F -dr-coso.=F, -dr. (6.2)

Puc. 6.1. 1o BU3Ha4YeHHS
po6ot cunun F

e Cywmyroun (iHTerpyroun) Bupas (6.2) 3a BciMa €IEMEHTapHUMH JUISTHKAMHU IUIIXY
BiJl TOYKH | 10 TOUKH 2, 3HaMIEeMO poOOTy cuim F' 3 JAHOTO TepEeMIillIeHHS

2 2
A=[F-di=[F,-ds. (6.3)
1 1
Omunaut BuMiproBaHHs pobotu B cucteMi Cl — mxoynb (Jx).
e Jlyis XapaKTEPUCTUKHU IIBHIKOCTI, 3 KOO 3[IHCHIOETBCS POOOTa, BBOJSATH IMOTYXK-

HICTh CUJIH. HOTY)KHiCTB — e p060Ta CHJIU, IKa BUKOHYETHCA 3a OJAUHUIIO HaCy:
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P= A4 . (6.4)
t
OmuHuI BUMiproBaHHS OTY>KHOCTI B cucteMi CI — Bat (BT).

e SIKuI0 HANPSIMKK CHJIH 1 TIepeMillleHHS 30iraloThes, TO MOTYKHICTb
P=F-v, (6.5)
JIe L — MBUIKICTh IEPEMIIICHHS MaTePiaIbHOTO Tifa.

e [lpu nOBITEHOMY KyTi MK CHJIOIO 1 MEpEMIllEeHHSIM HOTYXHICTh 3alMCY€ThCS Ye-
pe3 CKaIsIpHUi J00yTOK

P=F -0=F-v-cosa..

e [lpu 3MiHHOMY KyTi MiX CHJIOIO 1 TIEPEMIITICHHSAM BBOASTH TOHSTTS MHUTTEBOI I10-
TYXHOCTI

_dA
Cdt

e 3HaIOYM MOTYXHICTh CHIIM, MOKHA 3HAHTH poOOTY, Ky BUKOHYE ISl CHJIA 32 TPO-
MIXOK 4acy ¢ :

P (6.6)

A:jp-dt. 6.7)
0

e Jlns obepTanbHOrO pyxy poboTa CHIIM JOPiBHIOE
A=M-¢, (6.8)
ne M — MOMEHT CHIIH, sIKa Ji€ Ha TUTO (BBAXKAETHCS, O M HE 3MIHIOETHCS Y 9aci); ¢ —

KyT IOBOPOTY 3a 4ac ¢, HPOTArOM sIKOro Oyiia BUKOHaHa 1 poOoTa.
e Jlnst 06epTabHOTO PyXy HOTYKHICTH MOMEHTY CHJI IOPiBHIOE

P=M~%=Moa. (6.9)

e KineTndynHa eHepris Tia, IO PYXaETHCS MOCTYAIBHO, TOPIBHIOE
2

r="Y (6.10)
2
e Kinernuna eHepris Tija, 1o o0epTaeThCs, JOPIBHIOE
I-o
T= 6.11
5 (6.11)

e 3B'I30K MiX MOTEHIIAILHOIW eHepriero U YacTUHKM Ta CWIIOK F', 10 Ji€ Ha Hel,
y aHi{ TOYIIi MOJIS 3IHCHIOETHCS Yepe3 CITiBBITHOIICHHS
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5_U;+%Uj+a_‘f;; , (6.12)

F(F)=-VU(F)=- =

e HanpyeHicTh MOTEHITIAILHOTO O B Toull, e Ha MT macoro m gie cuma F,
JIOPiBHIOE

G=

3|

. (6.13)

e [loreHmian rpasitamiiiHoro mois B Toumi, e MT Macoio m Mae NMOTEHIliabHY
e”eprito U :

o=—. (6.14)
m

e 3B'J30K MX HampykeHicTio G MOTEHLIaJbHOTO IMOJIS B TOYL 3 PajiyCc-BEKTOPOM
7 1 TIOTEHITIaJIOM (p TIOJIA B I caMiif TOYINI 3MIHCHIOETHCS Yepe3 CITiBBiTHOMICHHS

G(F)=-Vo(F). (6.15)

e [lorenuiansHa enepria U i pobora 4, CUIM IOJs MOB'A3aHI 3 MOTEHILIAIOM @ i
pi3HuIIeI0 MoTeHIiaiB popMyTaMu

U=m-¢ T1a  Ap=m(Q,—¢,). (6.16)

6.2. MeToanuHI BKa3iBKKM Ta nopaaum

1. Kaxyun mpo po6oTy (ab0 MOTYKHICTh) HEOOXiTHO B KOKHOMY KOHKPETHOMY BH-
MaJIKy YiTKO BU3HAYATH, pOOOTA SIKOI CamMe CHITH PO3TIISIAETHCA.

2. TloTeHmianeHe mosie MOXke OyTH onucaHe a00 Y BEKTOPHOMY BUTJISI G(7), a6o y
ckassipaoMy (7). ObuaBa MeTonu ekBiBasieHTHI. [Ipote QyHKIis @(7) y meIKoMy CeH-
i OLTBIIT 3pydHA, OCKITBKH:

® 3aMiCTh TPHOX KOMIOHEHTIB (yHKIii G(F), BOHA 3a1a€ThCs OIHIEI0 CKATAPHOIO
¢dyHKLiE€TO;

e 3Harouu O(7), MOXkHA 3a Gpopmynamu (6.16) oGUMCINTH OTEHLIATIbHY eHeprito U

1 po0OTY A CWIH IO,
e KOJIM MOTEHIaJbHE TI0JIC CTBOPIOEThCS OaraTtbMa JpKepellaMy, 3HAWTH MOTEHIial
¢(7) 3a3BHUail Jerme, Hi>XK BEKTOp HanpykeHocTi. Lle moB's3aHo 3 THM, 10 MOTEHIiaTN

— CKaJISIpHI BEJIMYMHHU 1 X MOXKHA IPOCTO apu(METUYHO 0JaBaTH, HA BiIMiHY BiJl BEKTO-
PHOTO J10/JaBaHHsI BEJINYNH HAIIPYKEHOCTI;

e 3Haroun QyHKLiI0 O(F) , MOXkHa 32 Gopmyoro (6.15) ierko 3naiitu Qysnkuito G(7);
3. Torenuianbha eneprist U(7) — ne QyHKLIs, Ka BU3HAYAETHCS 3 TOYHICTIO 70 Jie-
SIKOi IOBiNBHOI ctanoi. Lisg obcTaBuHa, onHaK, HE CyTTEBA, OCKIIBKH yCi OCHOBHI poOodi
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(hopMyJIH MICTSTh PI3HUIO 3HaYeHb U(7) s IBOX IOJIOKEHbB TiJa.

4. ®opmymna (6.3) cripaBeyIBa HE TUTHKH TSI MaTePialbHOT TOUKH, ajie ¥ ISl Oy Ib-
SIKOr0 MatepiajibHOro Tijia abo cucremu Tin. Ilpu 3acTocyBanHi Gopmysau (6.3) 1o mare-
piasibHOTO TiNa abo CHUCTEMH TiJl il BeIMYMHOIO d7 (abo ds) chig po3yMiTu mepemi-

IIEHHS TOUKH MPUK/IAJaHHs Ciil F . [PHOpYBAaHHS €0 0GCTABHHOO YaCTO PH3BOIUTE
JI0 IOMUJIKOBHX Pe3yJIbTaTiB.

5. Po3's3yroun 3amadi ado Aaroud BiANOBiZI Ha 3alHMTaHHA 3 LBOTO PO3AiTYy, Tpebda
PO3PI3HATH:

¢ T[IOTCHINIATRHY €HEPTi0 OJHOTO MaTEPiaIbHOTO Tijla 800 CUCTEMH MaTepiaTbHUX Til;

® TIOTEHLIANbHY €HEPTil0 B3aEMOJIi MK MaTepiaJbHUMU TiaMu;

e TpaBiTaIliiiHy €HEPrilo OJHOTO MaTEPIATLHOTO Tija.

6.3. 3anuTaHHA Ta Bianosigi

6.3.1. Ilpoananizyiime ¢opmyny (6.1) ons pobomu cunu F Ha 6i0pi3Ky npsSaMONIHIUHO-
20 WIAXY 018 BUNAOKIB PIZHUX HANPSMKIS Oii CUlu 8I0HOCHO HANPIMKY PYX).

PoGota cunmn F' Ha BiZIpi3Ky MOCTYMAILHOTO MEPEMIIICHHS TOBKUHOIO § JOPIBHIOE
(6.1): A=F-s-coso.=F,-s, e 0. —KyT M) HalpsIMKaMH CUJIU Ta NEPEMILICHHS; F, —
MIPOEKIIisST BEKTOPA CHIIM Ha HANIPSIMOK PYXY.

Sxmo cuna gie B HaOpsAMKY pyxy Tina (o =0; cosa =1), To KaxyTb npo "KopHucHy"
poboty A, ockinbku BenuunHa A nonatHa A=F-s.

Slkimio cuma Jie TpOTHIISKHO HANPSAMKY pyxy Tina (o =m; cosa =—1), To poboTa Oy-
Ie Big'eMHOIO A=—F 5.

Slkmo cumma mie B HAOpSAMKY, NEPHEHAWKYSIPHOMY HampsAMKYy pyxy Tima
(a=m/2; cosa=0; F,=0), T0 pobota cunu Oyze nopiBHIoBaTH Hy/1t0 A =0.

6.3.2. Busnaume: 1) pobomy cunu npu npsmoninivinomy pyci MT; 2) pobomy momenmy
cunu npu obepmanvromy pyci MT; 3) KinemuuHy eHepeilo MamepiaibHo20 mina npu ooep-
manbHoOMY pyci; 4) pobomy mMomeHmy cunu npu 06epmaibHOMy pyci meepoo2o miid.

Poboma curu npu npsamoninivinomy pyci MT. Ilpu nepemimenni MT Ha BijcTaHb di

mij €0 cuu F BUKOHYEThCS poO0Ta dA , O TOPIBHIOE CKATSIPHOMY JTOOYTKY BEKTO-
piB Fidl:
dA=F-d(=F,-dl +F,-dl +F,-dl_.
IIpu BuKOHaHHI POOOTH (AA) CHJIM y BUTIAAKY TpsAModiHiitHoTOo pyxy MT BinOyBa-
€Tbcsl 3MiHa oBHOI eHeprii MT (AE ) :
~M=E, - E =(T, + Epp) = (T, + Eyy ) =
=(I,-T)+(E, —Ey ) =AT +AE,

ne T rta E, — KiHETHYHA Ta MOTeHLianbHa eHeprii MT, BinnosiaHo.
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Poboma momenmy cunu npu obepmanvromy pyci MT. Ilpu nosopotri MT Ha KyT A
(puc. 6.2) BUKOHYETHCS POOOTA, sSIKa TOPIBHIOE

Ad=(FAF)=(FS)At=(F[o7] At =(B[F F])At=(®M ) At =
=Mwo-cosaAt=M_-A¢p = dA=M, -do,
Je M, — BenuuMHA NpPOEKIii Ha Bichb 00EpTaHHA BEKTOPAa MOMEHTY CHJIM BIJIHOCHO OC1

oGeprauns (M, =M -cosa).

C

e\

Puc 6.2. o 3anutaHHs 6.3.2

Kinemuuna enepeis meepooco mina npu 1io2o obepmanti. SIKIO yIBATH TBEPE TUIO Y
BUIJIAI CHCTEMHU MaTepiajibHUX TOYOK, TO IpU OOEpTaHHI Tija KiIHETUYHA eHepris I -1
MT nopiBHIOBaTHME

1 | I 1
T, =—mv; =—m[or] =—m o’ R}
2 2 2
Sk BunuIMBaE 13 puc. 6.2, BeIUMYMHA R; =7; sina..

SAxmo mpocymyBaTH KiHeTH4Hi eHeprii Bcix MT, siki ckiajaioTh TBEpAE TiJIO, TO

OTPUMAEMO MOT0 KiHETHYHY €HEprito

1 2 2 1'0)2
T=Z]} =20 Zmi-Rl. =
1 1

Jle MOMEHT iHepLii TBepaoro Tina [ = Zmi . Rl-2 .

1

Poboma (A)MOMeHmy cunu npu 00epmanbHOMy pyci meepoo20 mina nos's3auna 3 Ki-

HEeMUYHOI0 eHepzieio(T ) CNIiBBIOHOWEHHM
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ne I — MOMEHT iHepIIil TBEpIOTO TijIa, ® — KyTOBa MIBHIKICTH OOEPTaHHS TBEPOTO TiJa.
6.3.3. [lJo make nomenyianbHi Cuil, KOHCEPBAMUBHI CUIU, OUCUNAMUBHI CUTU,
yeHmpanvHi cunu?
Koncepsamueni cunu MOXXHa BUSHAYUTH KUJIbKOMA CIIOCOOaMU, HATIPUKIIAJ:
1) e cum, poboTa SKUX HE 3aIeKaTh Bif NMUIIXy, SkuM MT mepexoauTs 3 OJHOTO
MOJIOKEHHS B 1HIIIE;
2) e cuiy, podoTa SKUX Oy/Ib-IKUM 3aMKHEHUM IIIISIXOM JIOPiBHIOE HYITIO.
Homenyianvui cunu — 1e cund, ki MokHa onucatu ¢ynkuiero II(x,y,z), rpagient
—_—
K0T BU3HAYAE CHIIY B KOXHiif Touri momst sk F = grad I1(x, y,z) . ®yukuis I(x, y,z)
HA3WBAETHCS MOTEHITIAEHOIO (yHKIIE0. Y BUMAnky, ko ¢yukmis [I(x,y,z) He 3aie-

JKUTh SIBHO BiJi 4acy, MOTCHIlIaJbHE II0JIC BUSBISETHCS CTAI[lOHAPHUM, a HOTO CHIIM —
KOHCepBaTUBHUMH. Y 1boMy Bumanky Il(x,y,z)=-U(x,y,z), ne U(x,y,z) — HOTeHIIia-

nbHa eneprist MT i cua mopiButoe F =—grad U(x, y,z) , BimoBigHo.

TakuM YMHOM, KOHCEPBATHUBHI CHUJIM € OKPEMHUM BHITaJIKOM TOTEHIIaTbHUX CUIL. Y Cl
KOHCEPBAaTUBHI CHJIM € TOTCHIIAJILHUMH CHJIaMU, ajie He HaBmakd. sl mepeBakHOI
OLTBITIOCTI BUITANKIB, 3 SKUMH MH OyIeMO MaTH CIIpaBy B MeXax Kypcy "3araipHa ¢i-
3uka. Mexanika", TOTeHIiaabHI OIS — CTAIliOHAPHI, 1 PI3HUII MK MOTCHITIATFHUMH 1
KOHCEPBAaTUBHUMH CHUJIAMHU MU POOHUTH HE OYyeMO.

Jlucunamueni cunu — 11e Taki CWIH, podoTta skux mpu pyci MT npu3BoauTs 10 mepe-
TBOpEHHS MexaHigHOi eHeprii MT Ha TEIUIOBY €HEPrit0 CEPEIOBHINA, Y SKOMY PYXa€ThCs

MT, i camoro MT. PobGoTa qucUnaTHBHUX CHJI 3aBXKIH Bia'€MHA (A < 0) : poboTa nuch-

MATUBHUX CHJI 3aBXKIU MPHU3BOIUTH JO 3MEHIICHHS MeXaHiyHOi eHeprii. /lucumartueHa
cuina cripuuusse omip pyxy MT.

Llenmpanvua cuna — cuna, sika XapaKTepU3YEThCS TUM, IO ii HANIPSMOK y Oyab-AKii
TOYIII TMOJIS ITi€1 CHIIM MPOXOJUTh Yepe3 HEPYXOMHUH LEHTp (Hamp., MaTepiadbHy TOUYKY
Macor m abo eNCKTPUYHUM 3aps] ¢ ), a ii BenmuunHa F 3aJIeKUTh JIWIIC Bija BifcTaHi 7
0 IIHOTO IieHTpa. [IpukiIamaMu IEHTPaTbLHUX CHIJI € CHJIM TpaBiTalii, KyJIOHIBCHKI Ta
TIPYKHI CHJIH.

6.3.4. [{ogedimb, w0 yeHmpanvbHi CUlU € KOHCEPEAMUBHUMU CUTAMU.

Harangaemo, o y BUIaAKy i MEHTPAIBHOI CHIIH 11 HAPSMOK Y OyAb-sIKiH TOYIII TTOJIS
MPOXOAUTH Yepe3 TOuKy O — CHIIOBHH IEHTp TOJIs, a BEIUYNHA 3AJICKHUTH JIUIIE BiJ Bij-

CTaHi JI0 LFOTO LEHTpa, T06T0 F = f(r) -€,, ae f(r) — mpoexis BeKTopa F Ha Hamps-
MOK pajilyCc-BEKTOpa 7 ; €, — ONUHUYHUN pajilyc-BeKTOp (puc. 6.3).
Jns cumm BimmToBXyBaHHS GYHKINS f () — moxaTHa (SK Ha pwc. 6.3), I CHIIH TIPH-

TATyBaHHS — Bix'eMHa. [loyaTok KoopauHAT (TOYKa, 3 KO BUXOIUTH PalliyC-BEKTOP) po-
3mimeHnit Y toumi O — CHIIOBOMY IIEHTPI.

3HaiiieMo poOOTy IEHTPAIBHOI CHIIM Y BHITAJKY, KOJA HEPYXOMHUU CHIIOBHIA IICHTP
po3rarmoBadui y Toutti O.
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Puc 6.3. Jo 3anutaHHs 6.3.4

EneMenTapHa po60Ta CHIIH 3 HIepeMillieHHs dF nopiBrioe dA=F -d7 = f(r)-€, - dF .
CkansipHuii 100yTOK €, -dr =dr, ne dr — Ipoeklis BEeKTopa dr Ha BEKTOp €, abo Ha
paniyc-BexTop 7 , Tomi dA= f(r)-dr . PoboTta cunm Big Touku | 1O TOYKH 2 CHIIOBOTO

2
TOJIs JIOPIBHIOE A = jf(r) -dr.
1

OtpumaHuil BUpa3 3aleXUTh TUIBKU BiJ 3HAYE€Hb 71; Ta 7,, BiA BUAY GyHKUID f(7),
TOOTO BiIl XapakTepy B3aeMOii, a TaKOXK Bix BimcTaHi » MK Toukamu M i O (puc. 6.3).
Bix noisaxy po6ota He 3anekuTh. TakuMU BIACTHBOCTSMH XapaKTEePHU3YIOThCS KOHCEPBa-
TUBHI CWJI1. BUCHOBOK: IIEHTPaJIbHI CHJIM € KOHCEPBATUBHUMU CHJIAMU.

6.3.5. ki 3 nepeniveHux HudxHCue CUl € KOHCEPBAMUBHUMU, A AKI OUCUNAMUSHUMU: CUIA
MANCIHHA, NPYIHCHA CULd, CUNA mepmsa?

[lepmi 1Bi 3 TPHOX NepenideHnX BUIIe CUII (1Ie CHila TSDKiHHS Ta IpYy’KHA CHila) € KOH-
CepBaTHUBHUMU: POOOTH IIMX CHJI HE 3aJieKaTh Bi LUIIXY, IO SKOMY BiOyBa€eThCs Iepe-
MimeHHs. Cria TepTsS He € KOHCEPBATHBHOIO CHJIOO, II¢ JUCHUIIATHBHA CHJIAa (IUB. 3anu-
TaHHs 6.3.6 Ta 6.3.7, a TaKOX npuknaa 6.1).

6.3.6. Ompumaiime Gopmyny 3a1eHCHOCMI NOMEHYIATbHOT eHepaii dedhopmosarnoi npy-
Jicunu 610 xoeiyicuma npysicnocmi ki eenununu degpopmayii Ax . Yu moocna 3 ompu-
Maroi popmynu 3pobumu BUCHOBOK NPO NPUHATIEHCHICIb NPYIHCHOT CUIU 00 KOHCEPBAMUB-
HUX YU OUCUNAMUBHUX CUNL?

3a 3akonoM I'yka npyxmna cuna F =—k-X, ne k — xoedilieHT npyKHOCTi (BIacTH-
BICTh TIPYXXWHH); X — TIOJOBKCHHS (CTUCHEHHS) TPYXWHU (BemWdwHA AedopMairii).
3HaiieMo eneMeHTapHy poGOTY cHIM F 3 eIeMEHTapHOro IepeMimeHHS dx :
dA=F di =—k-%-dx . Cxansipanii 106yTOK X -dx = x- (dX),, ne (dx), — mpoekuis dx
Ha BeKTOp X . Llg mpoekmist MOpiBHIOE dXx — MPHPOCTY MOIYyJs Bekropa X . Tomy

2
Fodimx-dx = dAd=—k-x-dv=—d| ©*

Temnep o6umrcnTuMo poOOTY MPYKHOI CHTH HA NUIIXY 1—2. ISt BOTO MPOIHTETPYEMO
OCTaHHi# BUpa3 BiJ TOUKH 1 10 TOUKH 2:
__ k&)’

2 2 2 2

2 2 2 L2
A——Idkx _kxT kexy
1
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BianoBigHo, €HEPris MPYKHOT CHIIA JOPIBHIOE
_ k(&)
5

Sk 0aunMo 3 OCTaHHLOTO BUPA3y, SHEPTis MPYXKHOI CHJIM HE 3aJICKUTh Bij HUILXY, IO
SIKOMY B1IOyBa€eThCs pyX Big Toukw 1 mo Touku 2. Benwunnaa U 3aneXuTh Bill pe3ynbTa-

U=-4

Ty TIEpEeMIIICHHS (Ax)2 . BuCHOBOK: mpyXHa CHJIa HAaJICKHUTh JJO KOHCEPBATUBHUX CHIL.

6.3.7. [losedimb, wo cuna mepms — OUCUNAMUEHA CUIA.

Binomo, 1o HaMImpoCTIMMMU IPUKIAAMH CHIT TEPTS € CHIN TePTs CHOKOIO, CHIIH Te-
PTS KOB3aHHS, CHIIM TEPTS KOYCHHS, CHIU B'I3K0TO TepTs (muB. [1] m. 36). Posrmsaemo,
HaNpHUKIa, CUITy B'I3KOT0 TEPTsl, IKa BUHUKAE NIPU Pyci TBEPIOro Tijia B piuHi abo rasi:

Frep ==k -0, ne k — xoediuient Teprs; U — WBHAKICTb Tina, WO pyxaerbes. OOMex-
MOCh PO3IIIAIOM OJfHOBHMIpHOTO pyxy MT y3moBxk oci OX y 1o KOHCEpBATUBHOI CH-

ma Fmpu Al et B'SI3KOro TepTs [, . 3anuIieMo B CKAIPHOMY BHITISIAL PIBHSHHS

pyxy:

. . . ) dx
TToMHOKHMO TIpaBy i JIiBy YaCTHHU PiBHAHHS Ha MIBHAKICTH Tijda L = o, :
t

dv dUu 2 dv dU dx 2
um—=—-V-k-0° = MU—+——=—k-0" =
dt dx dt dx dt
2
4 ﬂJrU(x) =—k-v' = d—Ez—k-Uz,
de\ 2 dt

2
ne E :%+ U(x) — noeHa MmexaHiuHa eHepris MT. IloxigHoro 3a 9acoM Bijx eHeprii €
MOTYXHICTh P = 9 , T06T0 P =—k V7.
dt

TakuMm YMHOM, YpaxXyBaHHS CHIIU TEPTs MPHUBEIIO 10 BUCHOBKY, IO MOXiHA BiJ CHEP-
rii 3a 9acoM (MMOTYXHICTh) IS CHIIU B'S3KOTO TEPTS — BEIMYMHA BiT'€MHA B OYIb-SKHIA
MOMEHT 4acy. lle o3Hauae, mo eHepris sk QYHKIIS 9acy € BEJIMYUHOIO, SIKA MOHOTOHHO
3MEHIITY€eThCs. TOOTO B CHUCTEMi iCHYE TUCHITATUBHA CWJIa — CHJIA, pOOOTa SIKOi MPHU3BO-
JIATH JTO TOTO, IO €HEPTis BIOPSAAKOBAHOTO MexaHidHoTOo pyxy MT abo cucremu MT me-
PETBOPIOETHCS HA CHEPTiI0 Xa0THIHOTO TEIUIOBOTO PyXy aTOMIB (MOJIEKYI) TOTO CepelIo-
BUILA, ¥ sKoMy pyxaeTbcsi MT. [ucunatuBHa cumna cTBopioe omip pyxy MT.

Ha mpuxumazi cuiu B'S3K0r0 TepTs MOKa3aliy, 10 CHia TepTS — IMCUIaThBHA cria. Le
MO>KHA TTOKA3aTH 1 JIS 1HIIMX THIIIB CHJ TEPTI.

130



6.3.8. Bioomo, wo cuna mepms KO83aHHS FTep i weuodkicms O mMina MarOmMv KPOMu-

aexcui nanpamku. Tomy poboma cunu mepms HA KOXCHIN OLAHYT wiasxy — 6i0'emna. Cunu
mepms — Munosull NPuKIad oucunamusHux cui. Yu moowce poboma cunu mepms Oymu
0ooammuoio?

PosrnsHeMo crm TepTs KOB3aHHS, SKi BUHHUKAIOTh MiX ITOBEPXHEIO Tija, IO pyXa-
0

IOThCSL TIO HETJIaJIKii MOBEPXHi, JOPIBHIOE FTep = —k( j-N , e k — xoedimieHT TEpTH;

V]
. . - . . U

N - Cujia, 3 KOOI Ha TUIO Al1€ MOBCPXHA; L — MBUAKICTH TUIA, IO PYXAETHCA; | — [ —
V]

OJUHUYHUNA BEKTOP.

Komu xaxxyTh po MPOTHIEKHI HANPSAMKM CUIN TepTs F., 1 MBUIKOCTI U Tila, Ma-

cp
IOTh Ha yBa3l TePTS MK PYXOMHM TUJIOM 1 TLIOM, SIK€ BITHOCHO CHCTEMH BiIJTIIKy HEpy-
xome. OITHAK y BUTIAIKY, KOJIA CHJjla TEPTsS 00YMOBIICHA B3a€MOII€I0 TAHOTO TLTA 3 1HIITAM
TiJIOM, SIKE TAKOXK PYXa€ThCS B TOMY CAMOMY HAIPSMKY, IIO 1 MEpIIe TiOo, ane 3 OUIBIIO0

MIBUIKICTIO, HAIIPSIMKH CHJTH TEPTS FTep 1 BIIHOCHOT IIBUAKOCTI U Tijia OyAyTh 30iraTh-

cs, a poboTa cuiu TepTs Oyae pofatHoro. lle o3Hadae, M0 cuita TepTs B IbOMY BHITAIKY
JorioMarae pyxy Tijia 3 MEHIIOI IIBUAKICTIO, BUKIHUKAE Horo pyx. Ilpu nmpomy pobora
CHJIA TEPTH, SIKa BUKOHYETHCS 1100 Tijia 3 OUIBIIO IIBHIKICTIO, — BiI'€MHA. 3ayBasKu-
MO, III0 AOAATHUH 3HaK POOOTH CHIIM TEPTS HE O3HAYAE IO BOHA MepecTae OyTH JUCHIIA-
TUBHOIO CHJIOIO.

6.3.9. /laiime susnauenns nomenyianvhoi enepeii? Ax 6ona nog'szana iz cunow 6 mpu-
suMipHoMy npocmopi?

MoskHa 1aTv npyuHaMHI J1Ba 6a30BUX BH3HAUEHHS IMOTCHINIAILHOI SHEPril:

1. KoxHi#i To4Lli MOTEHLIAJIFHOTO TOJIsI MOKHA 3I1CTABUTH 3HAYEHHS NesiKoi (QyHKIii
U(x,y,z) Takoi, mo0 pi3HUIII 3HAYCHb ITi€l PyHKIT B Toukax 1 1 2 mois BU3HAYAIa po-
6oty cun npu nepemimenni MT i3 Touku 1 y Touky 2:

A, =U,-U,.
2. Jlns omHOBHUMIpHOTO pyXy MT, sikuii BinOyBaeThcs B3MOBXK oci OX , MOTEHITIabHA

. . . . d -
eHeprist — e ckanmsapaa Gyskiis U(x), SKa, SKII0 Ha Hel TOIIATH ONepaTopoM _(d_ ) ,
X
. dU(x) 7

Ja€ 3HAUYCHHSA CUJIM: Fx =

dx
3. AHaJIOTIYHO JJII TPUBUMIPHOTO BHIAIKY

Fo_ 8U(x,y,z)17Jr 6U(x,y,z)j+ 8U(x,y,z)l€ _ _grad U(x,y.2)
Ox oy oz

6.3.10. /I]o maxke exginomenyianvia nogepxus?
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ExgimoTeHITiabHa TOBEPXHS — I1€ TIOBEPXHS, ¥ BCIX TOUKAX SKOI MOTCHINAIbHA CHEP-
ris U mae ogHakoBe 3HaueHHs. KoxxHOMY 3HaueHHI0 U BiJINIOBi/Iae CBOsI EKBIMOTEHITIA-
TpHA TTOBepXHsA. Ha puc. 6.4 po3msiHyTO nBOBUMIipHMN Buanok Gyukmii U(x, y) .

u U, U, U,

vU Puc. 6.4. o 3anuTtaHb 6.3.10i 6.3.11

oSl

6.3.11. Axuiti ¢izuunuu smicm mae sekmop grad U ? Ak eusnauumu Hanpsamox 8eKmo-
pa gradU ?

aU(x,y); a6o Fv Z_OU(X,y)—:
y

I3 popmymu F, =— j 7S TBOBUMIPHOTO BHIIAMKY,
ox oy

3ragaBlin OCHOBHI BJIAaCTHUBOCTI nepummnx HOXi,I[HI/IX 3a MPOCTOPOBOKO KOOPAUHATOIO, MO-

’KHA 3pOOWTH BIUCHOBOK, ITIO TIPOEKITSI BEKTOpA CHIN F Ha HanpsSMOK, JOTUIHUHN IO €K-

BIMIOTEHITIATLHOI MIOBEPXHI B aHIi TOUIN, JOpiBHIOE HymO. Lle o3Hadae, mo gexmop F
NepneHOUKYIAPHULL 00 eKGINOMEHYIAIbHOI NOBEPXHI (U = const) y yit mouyi. SIKIIo B3s-
TH TIEpeMillleHHs dXx MO0 HOpPMaJi JO eKBINOTEHLIAIbHOI OBEPXHi B OiK 3MEHILICHHS Be-

nuauan U (dU (x)<0) , To BemuuuHa F, >0, T00TO 6exmop F nanpasnenuii y 6ix

smenwennss U . OCKIIBKM BEKTOp F NpPOTWICKHHH 3a HANpsSMKOM BEKTOpPY
-
- ——

VU =grad U , MoxHa 3poOUTH BHCHOBOK: epadicum nomenyianvhoi enepeii U — ye
BEKMOP, AKUU HANPIMICHUL N0 HOPMAJL 00 eK8INOMEeHYIANbHOI NOGePXHI 6 DiK 30i1blUeH-
Ha genuyunu U .

Ha pvc. 6.4 posrisiHyTo ABoBUMIipHMI Bunagok ¢pyHKuii U . Ha HbOMY 300paskeHa cu-
crema ekBinoTeHuianbHux mHid U; <U, <U; <U,, a Takok BEKTOp rpajicHTa IOTEHLI-

% —
anpHOi eHeprii VU 1 BiZmoBigHWIA BEKTOp CHIN F y ToUIll A.

3ayBaXMMO, III0 BUCHOBKH, 3p00JICHI BHUIIE IOJI0 BIACTUBOCTEH TI'pajli€eHTa IMOTEHITia-
JTHEHOT €Heprii, MOJKHA 3aCTOCYBaTH, 0€3YMOBHO, 1 10 Tpadi€eHTa Oyab-sIKOI 1HIOI CKaJIsIp-
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HOT GyHKIIT koopauHaT. [IOHATTS rpaji€eHTa IIHMPOKO BUKOPUCTOBYETHCS B PI3HHUX PO3.Ii-
nax Qi3uKu.

6.3.12. 3natioims nomenyianbny enepeio 83aemM00ii 080XMaAmMepianbHUX Min i GU3HAY-
me ii e1acmugocmi.

Joci Mu po3risgany NOBEAIHKY OAHi€] YaCTHHKU (MaTepialibHOI TOUKH) Yy MOTEHIia-
JBHOMY TOJi. Y MOCTaBJICHOMY 3alUTaHHI WAETHCS MPO CUCTEMY MaTepialbHUX TOUYOK.
Kinpkicte MT y cuctemi Moxke OyTH IBi, TpH, XK 10 HecKiHdeHHOCTI. L{e Moxke OyTH ras,
Consuna cucrema, OyAb-sIKU MeXaHi3M, 1 HaBiTh TBEpPAE TiJIO.

Po3rnsiHeMo 3aMKHEHY CHCTEMY, IO CKIaJae€ThCs 3 IBOX YaCTHHOK (1 1 2), MK SIKUMH
JUFOTH JIMIIIE TICHTPAIbHI CHJIH, TOOTO CHIJIH, SIKi 3ajieXKaTh JIUIIE BiJ BiJICTaHI MK JacTH-

HKaMU 1 HanpsIMJIeH1 0 NpsAMili, 10 IpoXoAuTh yepe3 Hux. Cuna F|, 3 SIKOX0 YacTHUHKA 2
Ji€ Ha 4acTUHKY 1, i cuna F,, 3 SIKOIO YacTUHKA | Ji€ Ha YaCTUHKY 2, IOB'SI3aHI MK CO-

6oto III 3akonom Hetotona F| =—F,.
V mepyxomitt iHepiansHih K-CB 3a gac dt gactunkm 1 1 2 301HCHIOIOTH TIEPEMIIIICH-
HA dij 1 dr,, BiINoBiAHO. Bu3sHaunmo anrebpaiuHy CyMy eJIEMEHTapHUX pPOOIT dA;, cui

F| ta F,, 3 AKUMH LIl YaCTUHKH B3aeMoitoTh. Lllykana pobora JOpiBHIOE
ddyy = Fy di + Fy dry = 1 (dFi — dFy) .

Bennunna (di; —dr,) o3Hauae BiZHOCHE NEpEMIIEHHS 4acTHHOK y Hepyxomii K-CB.
Skuro nepelitu B pyxomy inepuianbHy K'-CB, y skiii yacTuHKa 2 HEpyxoma, TO Hepe-
MileHHs d7; 4acTuHKU 1 y K -CB MOXHa IpeICTaBUTH 3a JOINOMOIOK NEPETBOPEHb
Tanines y Burisini di, =dr, +dr , ne dif — nepemimenns yactuaky 1y K -CB. 3Hauuth
dri—dr, =dr 1 dAj, = F, d¥ .

3 OCTaHHBOI 3aJIEKHOCTI MOXKHA 3pOOMTH BHCHOBOK PO Te, L0 anredpaiuHa cyma

€JIEMEHTapHUX POOIT Mmapu cuil B3aemonii dA4j, y nosuieHil K-CB, ne o6MIB1 YaCTHHKI

pPYXaroThCs, TOPIBHIOE eJIEMEHTapHIN poOOTi, SKY 3MIMCHIOE CHIIA, IO Mi€ HAa OJHY YacTH-
HKy B K'-CB, ne npyra gactunka nokoirscst. Tooto poboma d4,, oonaxosa 6 ycix inep-

yianonux CB.

Ha nmovaTky My JOMOBJISUTHCH, IO CHIIH Fl Ta Fz — IeHTpalbHi, TOOTO 1 KOHCEPBATHU-
BHI. TOMy cyma eneMeHTapHHX poOIT dA;, LIMX CHII JOPIBHIOE 3MiHI IOTEHIIAIBHOI €He-
prii B3aeMo/Iii IBOX YaCTUHOK 31 3HaKoM "MiHyc": d4,, =—dU,,, ne dU,;, — QyHkuis, mo
3aJI€)KUTh BlJ BiJICTaHI MK IIUMHU YaCTHHKAMH.

Slkmio mepedTy BiJ HECKIHICHHO MaNX MEPEMINICHb dr 10 TepeMIIeHb CKIHYCHHOT
BEIMUUHU Ar, TO poOoTa A, CHI B3a€EMOJil JBOX YaCTHHOK AOpiBHIOE A, =—-AU,,.

3ramaBimy MomNepeHid BHCHOBOK 100 30epekeHHs poootu B ycix ICB, MoxHa 3podutn
BHCHOBOK IIPO aJUTHBHICTh i BEIMYUHY IMOTCHINIAILHOI eHeprii B3aemoii 1Box MT: BoHa
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omHakoBa B ycix ICB. Bennuman noteHmiansHo1 eHeprii B3aemomii 1Box MT mopiBHioe
AU, =—F -An, =-F, - Aryy, ne An, = Ary; — BiacTanb Mik MT.

6.3.13. Ha npuxnadi cucmemu mpvbox min 3Hauims HYMpIiuiHO NOMEHYIANbHY eHep-
eiro CMT i eusnaume ii enacmusocmi.

PosrnssHeMo 3aMKHEHY CHUCTEMY, 1[0 CKIaAaeThes 3 TphoX MT, Mik SIKUMU JIIOTH JIH-
1€ [IEHTPAJIbHI CHIH, TOOTO CHUIH, SIKi HAPSMIICHI B3JI0BXK IPSMOI, 1[0 MPOXOIUTH Yepe3
1l YaCTHHKH, 1 3aJIe)KaTh BiJ BiACTaHI MK YacTHHKaMHu. Po0oTa, sSKy 3MIHCHIOIOTH BCi
CWJIM B3a€MOJIii MPHU MEPEMIIlIEHHI BCIX TPbOX YaCTUHOK, MOXE OYTH IpEJICTaBJICHA SIK
anreOpaiuHa cyma poOiT BCiX TpboxX cuil B3aeMomii: 1-2, 1-3,2-3: A= A, + A3 + 4,3

Hutst koxxHOT napu (i— j ) LuX cuit poboTa 4; 3 MepeMIleHHs MOXe OyTH IpeACTaB-
JieHa, SK 3MEHIIeHHS IOTeHIIaJbHOI €Heprii YacTHHKHM { B TOJI YacTUHKH !

4; =—AU;;. Tomy pobota A 3 HEpeMIIICHHs BCIX TPhOX YaCTHHOK YCEPEAHHI CHCTeMH

MOB's3aHa 31 3MIHOIO NOTEHIIATBHUX €HEPriil B3aeMOIii KOXKHOI YACTHHKHU 3 KOYKHOIO Ya-
CTHHKOIO:

ae U, =U;, +U,;; +U,; — BHyTpilHA NoTeHUianbHa eHepris cuctemu MT (iHkonu if
Ha3WBAIOTh BJIACHOIO MOTEHITIATLHOI0 eHeprieto cucteMu MT abo MOTEHIIAIBEHOIO eHep-

riero B3aemogii cucremu MT). Meronuky, 3a KO0 00YHCITIOIOTE 3HaYeHHS U e

BHKJIa-

J€HO B 3anuTaHHi 6.3.12.

OCKiIbKM KOXKHUM JOAAQHOK CyMH, fIKa CTaHOBUTb U, ,

3aJIEKUATH BiJ BIICTAaHI MIX
BIJIMTOBITHUMHU YacTUHKaMH cucteMu MT, To, HameBHO, i cama cyma, TOOTO 1 GHYympiuiHs
nomenyianvna enepeis CMT U, 3anexcumv 6i0 6I0HOCHO20 PO3MAULYBAHHA YACMUHOK
cucmemu y Qhikcoganuli Momenm yacy (abo 8i0 Kougieypayii cucmemu).

IToxi6HI BUCHOBKH MOYKHA 3POOUTH 1T CHCTEMH, SKa CKIIAAAETHCS 3 OyIb-TKOi KiJlb-
kocti MT.

BucunoBku:

e KoxHiil koHpirypauii i30mp0BaH0i cuctemu MT BiaoBizae CBOe 3HaYSHHST BHYT-
PilIHBOI MOTEHNIaTBHOT EHeprii.

e Po0oTa BCiX BHYTPILIHIX HEHTPAIbHUX (KOHCEPBATHBHMX) CHII IIPH 3MiHI KOHOITyY-
partii CMT mopiBHIOE 3MEHITICHHIO BHYTPIIIIHBO1 TTOTEHIIAIEHOT €HEePrii CHCTEMHU

AB = AUBH = _(UBHZ - UBHI) = UBHl -U,

H BH2 °
ae Uy, 1 Uy, — BHYTpIIlIHI NOTEHIIaJIbHI €HEPrii CHCTEMH 3 MOYAaTKOBOIO 1 KIHIIEBOIO
KOH(]IrypamisiMu, BiIOBiIHO.
e (CymapHna poOoTa BHYTPIIIHIX HEHTPAIGHUX CHJI HE 3aJI€KHUTh BiJ LUIXY MEPEXOAY
Mix KoH]irypauismu CMT.
e BHyTpinTHS MOTEHITIAIBHA SHEPTis CHCTEMHU — BEIMYMHA HE afUTUBHA. BOHA HE JI0-
PIBHIOE CyMi BHYTPIIIIHIX MOTCHIIAJBHUX SHEPIii il OKpeMux (pparMeHTiB.
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6.3.14. IlJo maxe nopmysanHs nomenyiaiohoi enepeii? Axa eracmusicme npocmopy
00360J151€ NPOBOOUMU HOPMYBAHHS NOMEHYIANLHOL eHepeii?

Sk BiAOMO, IPOEKIis CHIM IOB'I3aHa 3 IOTCHIIAIBHOI CHEPriero (Gopmynoro
dU(x)

x
3HSIETHCS BiJ| MEPIIOi Ha cTairy BenuunHy C , TO 3HAYCHHS CHJIM BiJl IIbOTO HE 3MIHHUThCS:

p_ dUW+C)_ dU@)

* dx dx
Sk 6aunMo, OTEHITIaJIbHA SHEPTisl BU3HAYAETHCS 3 TOUHICTIO 0 aJUTHBHOI CTaNOi. 3BifI-
KM MOXHa CTBEpKYBAaTH, IO MOTCHIliaJbHA CHEPris B ACSKIA TOYI[ MOJs JOPIBHIOE
Oyap-sIKOMy Harepes 3aaHoMy 3HaueHHI0. ToMy (i3MuHMIA 3MICT Ma€ He caMme 3HaYeHHs
MOTCHITIANBHOI €HEPrii, a JUIIe PI3HUIS MOTCHITIAIBHUX CHEePrid MiXK JTBOMAa TOYKAMHU.
st Toro, mo0 HaaTH OJTHO3HAYHOCTI MOTEHITIANBHIN EHEPTii B YChOMY 00OpaHOMY TPOC-
TOpi, TOCTaTHBO JOBiIILHO 00paTH ("mpu3HaunTH") ii 3HaYeHHS X0ua O B OJHIN NOBIIBHIH
TOMYIIi IIHOTO TIPOCTOPY.

IIporienypa HamaHHS MOTEHITIANBHIN €HEprii OJHO3HAYHOCTI HA3WBAETHCA il HOPMY-
BaHHsIM. PopManbHO HOPMYBATH MOTEHLIAIBHY SHEPTil0 MOXKHA HECKIHUCHHOIO KiJIbKiC-
TIO BapiaHTiB, aje MPAKTHYHO 1€ POOHUTHCS HUITXOM HMPUIUCYBAaHHS 3HAYEHHS HYJIHOBOI
SHEepTiH I TOYKH, 10 JISKUTH Ha TIOBEPXHI 3eMJIi, HAa TIOBEPXHi IMOJIMYKH, 3 SKOI Maaae
TiJI0, Y HAWUBUININ TOYII MiTHOMY Tijla, HA HECKIHYEHHOCTI TOIIO.

HopMyBaHHS MOTEHIIaTBHOI €HEPrii MOXKJIMBE 4Yepe3 iCHYBaHHS (yHIaMECHTaIbHHX
BJIACTUBOCTEH MTPOCTOPY — HOTO OTHOPIAHOCTI Ta i30TporHOoCTi. I{e o3Hagae, mo ¢izuani
3aKOHOMIPHOCTI B 13051b0BaHill cucteMi MT He 3MIHATBCS, AKIIO [TOYaTOK CUCTEMH KOOp-
JIMHAT 3MICTUTH Ha JOBUILHY BEIHYUHY d .

[orenniansHa eneprist B3aemoxii ABox MT onwucye Qi3uuHi BIaCTUBOCTI 130J1b0BaHOT
cuctemu MT. ToMy 1151 BeIMYMHA HE TOBUHHA 3MIiHIOBATUCH TIPU 3MIIIICHHI TOYATKy CHC-
TEMH KOOPIWHAT Ha JOBUTbHY BEIMUUHY 4 :

UGR.7) =U G +a 7 +d@) = UGR)=UFG ~5).

F, =- . Slxmo 3amicth QynkIii U(x) y3satu inmry ¢yskiito U(x)+ C , sxa Bimpi-

6.4. Npuxknaaun po3B'sA3yBaHHA 3apaY

Npuknap 6.1. Obuucrims pobomy pisHUX CUL: @) NPYHCHOL cunu, 6) epasimayitinoi
cunu; 8) 00HOPIOHOT cunu msicinus. Oyinimo, wu € Yi CuUIU KOHCEPBAMUBHUMU YU OUCU-
namueHUMU.

Po3B’'a3aHHA: a) PO3TITHEMO YaCTUHKY, SIKa PYXa€eThCsl BIIHOCHO Touku O MO Bij-
NOBiHIM KpUBOMiHIMHIN TpaekTopii Bix Touku 1 10 Touku 2 (puc. 6.5) i Ha HET Jie MpyxX-
Ha cuna F =—y7 , e ¥ — pajiyc-BeKTop; ) — Koe(illieHT IpyKHOCTI.

3HaiiieMo eneMeHTapHy poOoTy cuiau F 3 eleMEeHTapHOro MepeMillueHHS dF :

AA=F -di =—yF -dF . Cxansipauii 106yTOK 7 -dF =r- (dr); , ne (dr); — npoekuis Bek-
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TOpa CIEMEHTAPHOTO TEePEMIIICHHS dF Ha HaNpsSMOK paiiyc-BekTopa 7 . Ll mpoexiris
JIOPIBHIOE IPUPOCTY MOIYJISI pajiiyc-BeKTOpa 7 , TOMYy 7 -dr =r-dr . TakuM 4uHOM,
2

A =—yr-dr=—y-d % . (6.18)

Puc. 6.5. Jo 06umcneHHs poboTy Npy>KHOI
Ta rpasiTauifHoi cun:
[o npuknagy 6.1

O

PoboTa npy>kHOT CHITM Ha BChOMY NIUISAXY BiJl TOYKH | JI0 TOYKU 2 3HAXOJAUMO MUISTXOM
iTerpyBanus (6.18):

2
A:—X!d g =%(r12—r22); (6.19)

0) Bu3HAUMMO pOOOTY rpaBiTaliiiHOI CHIIM, KA BUKOHYETHCS MPU NEPEMIillleHHI TOY-
KOBOI MacH 7, 13 TOYKH 1 y TOYKy 2 10 JOBUIBHOMY HIIAXY B IpaBiTalliiHOMY IO, K€

CTBOPIOE HEPYXOMa TOUKOBA Maca m, , o posTamosaHa B To4ll O (puc. 6.5). Cuia, sika

Jlie Ha TOUYKOBY Macy 7, , KOJIM BOHA PO3TalllOBaHa B TOYLll B TpaekTopii, 1opiBHIOE (7.1):

my-m

1 2

_’Y—SI/',
7

F

Jie Y — rpasitamiiiHa crana. SIKmo mosHauuTu (—y-my -m,)= 0., TO Lei 3aKOH IepenH-

= o .. .
weThest Tak: F=—7 . EnemenTapHa poGoTa L€l CHIIM 3 CIEMEHTAPHOTO NEPEMilCHHS
r

d¥ nopiBHIO€

MM =F-df =57 -dr . (6.20)
r

Sk 1 y monepenHbOMy BUNIAAKY 7 -dF =r-dr , ToMy
1
%r-drz—oc-d(—j. (621)
Po6orta 1iei cunu (cunu rpaBiTanii) Ha BCbOMY IIISIXY BiZf TOUYKK 1 10 TOYKH 2 TOPiBHIOE
e 11
Az—a_[d(—Jzoc - (6.22)
1 \T non
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B) OJHOPITHA CHJIA TSDKIHHS, KOJH IMPUCKOPEHHS BITLHOTO MAAiHHS HE 3aJCKHUTh Bif
KOOPJWHATH Z , IKa BU3HAYAETHCS B3JI0BK HAIPSIMKY MPUKIAJaHHS CHIIH TSOHKIHHS 3 ypa-

XYBaHHAM OJUHUYHOTO BekTropa (opTa) k y3moBk oci Oz (puc. 6.6) IOpiBHIOE
F =mg =—-mgk . EnemenTapHa po0OoTa CWIM TSDKIHHS B pasi €IEMEHTApPHOrO IMepeMi-

HICHHSA d7F JOpiBHIOE AA = F-di = —mglg -dr .

AL 2

Puc. 6.6. Jo o6umcneHHs poboTu
OJTHOPITHOT CHIIN TSDKIHHST:
0o npuknagy 6.1

&

0 X
Ckansipuii 1oOyTOK k -dF = (dF) ;> Ae  (dr); — mpoexuis BeKTOpa dr Ha opT k,

sIKa JOPIBHIOE dz — MPUPOCTY KOOPAWHATH z 3 CJIEMEHTApHOTO IepeMimeHas dr . Tomy
eJIeMEHTapHa po00Ta CHUIH TSKIHHS MAaTUME BUTJISIT

AA = —mgk -dF =—mg - dz .

PoGota cunm TSDKIHHS Ha BChOMY IIUIAXY BT TOUYKH 1 1O TOYKH 2 JOPIBHIOE

2
A=—mg j dz=mg(z —2,). (6.23)
1

BucunoBku:

1. PoboTH pi3HUX HOCTIIKEHUX Y MPUKIIA Cril (TPY’KHOI CHITH, TPaBITAIIHOI CHITH,
OJTHOPIAHOI CHJIM TSDKIHHS) 3aJIeXKaTh BiJ] KOOPAWMHAT TOYOK, MK SKHMH BiIOyBa€eThCS
nepeMillieHHs, X04a 1Ii 3aJIeKHOCTI Pi3Hi 3a XapaktepoM (auB. popmymnu (6.18), (6.22) Ta
(6.23)).

2. Yci Tpu 3aJIeKHOCTI 00'€IHYy€E Te, M0 POOOTH PO3TIIAHYTHX CHII, SIK BUIHO 13 (op-
My (6.18), (6.22) Ta (6.23), He 3ayeXaTh Big POPMHU IUISIXY MiXK TOUKAMHU HOYATKY PyXY
1 1 kiHIg pyxy 2, a 3aJIeKaTh JIMIIE BiJl MOJOKEHHS IIUX TOYOK. L{e 103BOsI€ BBAXKATH 11
CHJIM KOHCEPBATHBHUMH (ITOTCHITIATBPHUMH) cHiaaMu. Ll TOCHTh BakiimBa OCOOJIMBICTH
PO3TISHYTHX TYT CHJI HE yHiIBepcalbHa, iICHYIOTh CHIIM, SKUM BOHA He BiacTtuBa. Hampu-
KJIaJ, CWJIM TEPTS 1[I0 BIACTUBICTh HE MAalOTh: pO00TA CHIIM TEPTS 3aJIC)KHUTh HE TUTLKH BiJ
TTOJIOKEHHS TTOYAaTKOBOI Ta KiHIIEBOI TOYOK, ajie i Bix Gpopmu nuusixy Mixk HuMH. Lle Oyiio
IIOKA3aHO B 3anuTaHHi 6.3.7.

Npuknan 6.2. Busnaume pobomy cumu F = ay2f+bx]' npu nepemiwgenni MT mixc

MOYKAMU NAOWUHU XY 3 KOOPOUHAMAMU (0,0) ma (1,2) no npamiy ainii Ly, pieHAHHA
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saxoi y=2x, i no napaboni, pieHAHHs AKOI Y = 2x%. Yy nomenyianvie noe, aKe Xapak-
mepu3yeEmMsvCs MaKow Cuiow?

Po3B'sazaHna: Haranaemo, 1o MoTEHIIAIbHE MMOJIC — 1€ TIOJIE CHJI, SIKi XapaKTepu-
3YIOTBCS THM, IO IXHI pOOOTH HE 3ajIeKaTh BiJ IILIAXY, a JIMIIE BiX MepeMilieHHs (Bix
KOOPJMHAT TI0YaTKOBOI Ta KIHIIEBOI TOYOK).

Bigomo (6.12), 110 aJ1s TOTEHITIAILHOTO TIOJIST €HEPTis ITOB'sA3aHa i3 CHIIO0 GopMYII0I0

Fo|OU;, 005 UL
x o’ e

Jos momst cwmm F = ayzf +bxj mpoexuii BekTopa F Ha BiATOBiIHI OCi JOPIBHIOIOTH

oU oU

—ayz; Fyz—a—Usz; F,=——m=
oy Oz

Po6ora 3 nepemimenns MT y3n0Bx miHil L, piBHAHHA SKOi y = 2X, TOPIBHIOE

AlZJ'FdFZJ'deerJ.Fydyz'[ayzderJ.bxdy:
L L L L b
1

1/2 2
2
=ja(2x2) dx+Jb(§] dy=4ajx4dx+§jy”2dy:
L L 0 0

F =

== 0.
ox

5L

2

3/2

:4ax_ +22y :ia+&b_
50 2 3 o 5 3

PoGora 3 nepemimmenns MT y310Bx miHii L, , piBHSHHS SIKOi ) = 2x%, JOPIBHIOE

4, = IF'sz J.Fx dx+IFy dyzj.ay2 dx+J.bxdy:
L, L, L, L L

1 2
2
=Ia(2x) dx+'|.bzdy=4a_[x2dx—éj.ydy=
L L 2 0 29

x31 by 4
=4q—| +—=-— =§a+b.

2
0 0

Sk 6aunmo, pobotu 3 nepemimenns MT y3nosx L; 1 L, — pi3Hi, BOHH 3aJIeKaTh Bij

¢dopmu Xy (Tpaekropii). I3 mporo MokHa 3pOOMTH BHCHOBOK MPO T€, IO TYT MaEMO
CIIpaBy 3 TOJIEM HEKOHCEPBATHBHOI (HE MOTECHITIAIEHOT) CHUTH.

Npuknap 6.3. fIky pobomy cni0 suxonamu, wod SUMASHYMU MINO MACOW M Hd
2IPKY 3 008ICUHOIO OCHO8U L 1 Kymom Haxuiy o., AKwo Koe@iyicum mepms Midc miiom
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ma nogepxuero 2ipku dopisuroe k ? Hxa wacmuna euxonanoi pobomu "xopucna", a axa
no8's13ana 3 nepexo0om mMexaniyHoi enepeii 6 menyiogy?
Po3B’'azanns: 11100 3pymnTH Tijio 3 Micus 1 BOHO MOYaNo MiAHIMATHCH HA TipKy,

Tpeba MpHKIACTH A0 Tima cuiy F

'nin » 1100 TONONATH CKJIAJOBY CHIM TSDKIHHA

(mg -sin OL) 1 cuny Tepra F,.,, fKi 3aBaXKaroTh pyXy Tila Bropy (puc. 6.7):

ep
F

m

in =mg-sino+ F, (6.24)

TEp *
PosrstHyTI crti HampasieHi B3AOBXK OXHIET mpsiMoi, ToMmy (6.24) 3ammcaHo y cKaysp-
HOMY BHTJISI/II 3 ypaxyBaHHIM 3HAKIB CHUIL.

F B

min

mgsinao
% Puc. 6.7. o npuknaay 6.3
,r

e ~
ng

PoGora cunu F;,, 3a BUBHAYECHHAM JOPIBHIOE

n

. L
Apin = Froin - AB =Fip - =(mg -sino+ kmg -cosa) - —— = Lmg(tga + k).
coso cosa

Kopucaa poboTa mos's3aHa e 31 30UTBIICHHSM ITOTEHITIaThbHOI eHepril Tina W mopiB-
HIOE pOOOTI MOTEHIIATbHOI CHITN TSDKIHHS

Agop =mg-CB=mg-L-tga.
V BukoHaHi# po6OTi (A4,,;,) JHIIe i YaCTHHA € "KOPHCHOI0", a caMe:

A](op_ mg-L-tga  tga 1
A Lmg(tgo+k) tga+k 1+k/tgo’

Slkmio, HanpuKIIam, o = 30° ,a k=0,8,T10
Aop 1 3 1 o
A l+k/tgo 1+0,8-43 2,39
e o3nauae, mo B oopanomy npukiai gume 40 % BuTpadeHoi eHeprii iae Ha BUKOHAH-

HSI KOPHCHOI poOOTH, a caMe, Ha MiTHATTS Tijla Ha BU3HAUCHY BHCOTY, 1 LSl YacTHHA po0o-
TH TIOB'Ai3aHAa 3 MOAOJAHHAM MOTEHI[IAbHOTO IMOJS TsDKiHHA. 3anumok y 60 % eneprii

)
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fiZie Ha TIOJOTIAHHS CHJI TEPTS 1 IEPEXOANTD y TEIUIOBY €HEPTIIO.

140



7. 3AKOH BCECBITHbOI'O TS)KIHHA.
FPABITALIMHE NOJIE

7.1. KopoTki TeopeTU4Hi BiaOMOCTI

e 3aKOH BCECBITHHOTO TSKIHHS:
= m1m2 .
F=—y—2=7, (7.1)
r
N _ -11_3 2
Jle Y — rpaBiTariiina ctama (y=6,672-107 ™M /xr-c”).
e [lorenriaapHa €HEpris TPaBiTAMiHOI B3a€MOIIi TBOX MaTepialbHUX TOYOK MacaMH
my1my:
mm,

U=—y=t=2 (7.2)

e HamnpyxeHicTh Mo TSOKIHHS, SK€ YTBOPEHE TOYKOBOIO Macoro M Ha BiACTaHi 7 :
= M
G=—y—<TF. (7.3)
r

e [lorenuian rpaBiTaniifHOro Mo, SIKE yTBOPEHE TOYKOBOIO Macolo M Ha BiACTaHi 7 :
o=—yM/r. (7.4)

e Teopema Octporpaacekoro — [aycca:

n
D=—dmy Y m;, (7.5)

i=1
ne @ — moBHUI NMOTIK BEKTOpa HANPYKEHOCTI Yepe3 3aMKHEHY IMOBEPXHIO, KA OXOILTIOE
CYKYIIHICTB TiJI, Maca IKUX my,My,...., N, .

o [lpuHnum cyneprio3uilii (HaKJIagaHHs) TpaBiTAIliiHAX TIOJIIB;

G= Zn“éi . (7.6)
i=1

7.2. MeToaM4HI BKa3iBKM Ta nopaau

1. Teopema (3axkon) OcTporpaacbkoro — ['aycca mMHUPOKO BUKOPUCTOBYETHCS TIPH PO-
3B'I3yBaHHI 33729 3 €ICKTPOCTATUKU. Y TIAPYYHHKAX 3 MEXaHIKH I TeopeMa 3a3BHYAM
HE PO3MISIAETLCSA, X04a I1€ TIOTY)KHHM CIIociO BU3HAUEHHS HANPYKEHOCTI OB TBEPAMX
TiJ CKIHYeHHHUX po3MipiB. Jisi po3paxyHKy Hanpy>KEHOCTI MOJIB CUCTEMH TOYKOBHX Til
nmob6pe "mpaltroe” IPUHIIATI CYTIEPITO3HUIIii.
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Posrisan reopemu Octporpazacekoro — ['aycca HaBemeHO B 3anuTaHHi 7.3.17.

2. Tpeba po3pi3HATH i HE TIyTaTU Taki Qi3UYHI TOHATTS, SK:

e  TIOTCHIiaJIbHA CHEPTisS YACTHHKH B CHJIOBOMY T'paBiTAlliHHOMY ITOJi;

e  TIOTEHIiaJIbHA €HEPTis B3aEMOJIIT JBOX TiJ;

e  BHyTpimHI CMT;

e  TrpaBiTamiiiHa eHeprid Tia (B HSIKUX MiAPYIHHUKAX, IS CHEPTis Ha3MBAETHCS Bia-

CHOIO TTOTEHITIATFHOIO CHEPTi€I0 TpaBiTAIlIHOT B3aEMOZI1 PEUOBHHU, KA YTBOPIOE KOHK-
peTHE TiIO).
@Di3uUHUHI 3MICT WX MOHATH PO3TIIIHYTO B 3anuTaHHsx 6.3.12,. 6.3.13, 7.3.10 Ta 7.3.13.

7.3. 3anuTaHHA Ta Bignosigi

7.3.1. IlJo maxe npunyun oanrexodii? Yum 6in 8i0pizHaEmMbCA 80 NPUHYUNY OIUZLKO-
0ii? Hxum npunyunom — 0anexooii yu 6aU3bK00ii — KOPUCMyOmMbCsL 8 CYYACHil Qizuyi?

P. lexkapt 3BOAMB yci B3aeMoOjii 10 MEXaHIYHOrO 3iTKHEHHS TUI. Bigkpurrts
I. HproToHOM 3aKOHY BCECBITHHOTO TSDKIHHS BBEJIO MOHATTS manekomii. [IpuHIun name-
KOJIii 0a3yeThCs Ha TOMY, IO B3a€EMOIIsI MK TUTAMH MTEPEAAETHCS MUTTEBO 1 MOXKE 3JIIHC-
HIOBaTHCsl Oe3mocepeHbO Yepe3 MOPOXKHIN MpocTip, AKkui He Oepe ydacTi B mepenadi
B3aeMojii. I3 mpHUHIUITY AajneKolii BUTUIMBAJIO, HATPHUKIIA, 110 MIEPEeMIlllcHHs 3eMJiIi Mae
0JIpasy X MPU3BOJIUTH J0 3MIHHU CHUIN TSDKIHHS, 110 i€ Ha MicAIb.

Inest mpo MOXIMBICTH Tepenadi B3a€MOJIl uepe3 MOPOXKHiH mpocTip Oyna HACTUIBKH
PEBOIIIONIMHOO, IO cy4acHUKH HproTOHA BBaxkanm i aOCONIOTHO HeNpuitHATHOW. Ha-
npukian, X. ['olreHc BBaXkaB i7iet0 manekofii adbcypaoM, OCKITBKH MOPOXKHIN MPOCTip
BHKIJTIOYAE Oyab-IKui MexaHi3M mepenadi cui. [. B. JIelOHIIl TakoXx 3amepedyBaB i7eto
nanekoqii. Ta 1 cam 1. HeroTOH BBaXKaB i€ HEMOIKIUBUM.

VSBIICHHS TIPO JAIEKOII0 OyJIM CIIPOCTOBAHI IICISA BIAKPHUTTS 1 AOCIIIHKCHHS €TIEKT-
POMAaTrHITHOTO TIOJIS, K€ BUCTYIIA€ TPAHCIATOPOM B3aEMOJIIT 1 3MIWCHIOE 1€ 3 Ty>KE BEJIH-

KOI0, alle KiHIeBoWw wBHakicTio ¢~ 3-10% m/c. Takux mormsnis JMIOTPUMYBATUCH BYCHI

(mamp., M. ®apanetii i Jx. MakcBein), siKi CIIOBIyBamu ifei iCHYBaHHS MaTepii y BUTIIA-
Ii mosis 1 Hacammepe] — eJIeKTPOMAarHiTHOTO 1o (pagioxBuib i cBiTia). Taka KoHLEN-
ITis, SIKa HA3WBAETHCS TPHHIMIIOM OJMM3bKOMIi, 6a3yeThcsa Ha YSABICHHSIX IIPO KIHIIEBY
IIBUIKICTD TIepeaadi B3aeMOii Ta yJacTi y O€3KOHTaKTHIH B3a€MoOJIii Ha BiICTaHi, Ha-
NpUKJIal, ABOX Tl TPEThOl CyOCTaHIlii, siIka OTOYYeE I TiNa y BUTISAAL OB (MO TpaBi-
Tallii, eIeKTPUYHOTO, €JIEKTPOMATHITHOTO TIOJIiB TOIIIO).

Tiapku imesMHA TPUHIUITY OIU3BKOIIT KOPUCTYIOTHCS B cydacHid (izmmi. [TpuaImumn
JaneKoii Mae 3apa3 OibI ICTOpUYHE 3HAYCHHSI.

7.3.2. Yu mooicna 3acmocysamu npUHyun cynepnouyii 0o spasimayiinux cun?

Tak, MO>kKHa, X04a MPUHITAIT CYTIEPIIO3UIli HEe TaKUH TPHUBIATBHHH, K HOTO 1HKOIH
hopmymoroTh. OKpIM Ti€l YaCTHHH HOTO 3MICTY, KA CTOCYETHCS BEKTOPHOTO JTOAaBAHHS
CHJI TIpU 3HAXOKEHHI pe3yibTyrouoi cuid (7.6), IPUHIUI CYNEpro3uLii me MiCTHTh
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HEOYCBHUIHE TBEP/KCHHS PO TE, M0 HA TPaBiTAllIiHY B3a€MOJII0 JBOX TUT HISK HE
BIUIMBAE B3a€MOIIS IIUX TUI 3 IHIIMMU TUIAMU.

7.3.3. Ak y mamemamuyHomy 8u2nadi 3anucamu meepoiCcenHs NPUHYuny cynepnosuyii
npo CROCIO 3HAX0OIHCEHHS Pe3YTbMYIOUO0l CUIU npu 83aemo0ii dexinbkox MT?

PosrnssHemo Bumamok icHyBaHHS 3aMKHEHOI cucteM MT, sika ckiamaeTbes i3 n mare-
pianpHUX TOUOK, Ko Ha MT Macoto m mie He omgHa, a (n—1) MT. Cuna B3aemogii Ta-
koi MT 3 Oynp-sikoro oxuiero MT, Hampukiaj, 3 Macow m;, OHUCYETbCS BHPA30M

. m-m; T,—F

F= V5 s Ae 7. Ta r — paaiyc-Bektopu MT 3 Macamu m; Ta m , BIIIOBIAHO;
I
1

|171 -7 | — BiCTaHb MDK BiamoBiguumu MT; (171 -7 ) — BEKTOp, 110 3'eanye i MT i Hampa-

Bienuit Bix MT 3 macoro m no MT 3 macoro m; (puc. 7.1, a).

ys m Ya m. T -
r'—rh |
= Y . AV! “.
r/ P T S
FI
0 X
a) 6)

Puc. 7.1. Jo BU3HAYEHHS NPUHLIMMY Cyneprno3uii

[loBHa cuna, mo aie Ha MT 3 Macoto m 3 60Ky iHImKX MT, € BEKTOPHOIO CyMOIO BCiX
CHJI 1 Ma€ Takuil BUIIISA:

n

=N

Fo=ymy i 70

- (7.7)
i=1 |i7,~—77|2 | ; — 7

<<

Bupas (7.7) i € mareMaTH4HUM (HOPMYIIIOBaHHAM NPUHLMITY CYNEPHO3HLIi y BUIIISLAL
BEKTOPHOI CYMH CHJI B3a€EMOJi1 KOKHOTO Tijla 3 KOKHFIM.

7.3.4. Ak 3natimu cuny epagimayitinoi 63aEmo0ii moukogoi macu 3 miiom, sike He Mo-
JICHA 66AJICAMU MATNEPIATILHON MOYKOH !

Jist nporo Tpeba ysIBHO pO30MTH MAcUBHE TLIO HA 71 €leMEHTapHUX 00'eMiB AV, KOXK-

HHH 3 IKUX MOKHA BBa)KaTu 3a ToUkoBy Macy (MT) 3 macoro p-AV;, ne p —rycruna Tina.
3acrocyemo mns miei MT dopmyiny (7.1), a motiM yci 3HaiAeHi cuan npocymyemo. [licms
nepexo.y 10 rpanuii n — o 1a AV’ — 0 oTpuMmyeMo Bupa3 3 00'€MHUM IHTErpajIoM
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p(7;) - AV
F(#)= lim
F=ym lim z|r_r| :

ne 7' — IVIMHHUE pajiyc-BeKTOp eJIeMeHTapHuX 00'eMiB Tina (puc. 7.1, 6).

[MutanHs npo oOUYUCIEHHS 00'EMHOTO IHTErpaia TyT HE PO3TIISAA€ThC.
7.3.5. Yu gidpiznaiomubcs inepmua ma epasimayivina macu?

Cwm F,,, Akl XapaKTepHU3yIOTh B3a€MOZAII0 Tl 1 onucyroTecs Il 3akonom HeroToHa,

cun iHepuii Fj, 1 rpasiTauiiii cuan Fi, nponopuiiini macam tin (fy, ~m, Fy,
Fi, ~m). V Bumajkax Cui, MOB'I3aHNUX I3 B3a€MOJIEKO TLIL, 1 CHII IHEpLIl Maca, sKa TyT

HA3WBAETHCS IHEPTHOIO M1, ., BHCTYIAE K Mipa iHepTHOCTI MT 1 XapakTepusye 31aTHICTh

1H °

MT "nporuaisit" cuiti. Y BUIajAKy rpaBiTaniiiHoi cuit maca (/my, ) — Mipa HalpyeHoC-

Ti moJist Tpasitarii. Ha choro/iHi HeMae aHi eKCIIEPUMEHTAIBHUX, aHi TEOPSTHYHUX Tij-
CTaB BBAXATH, IO LI PI3Hi 32 IPUPOLOIO MacH (my, 1 m,) BIAPIBHSIOTCS 3a BEINYH-

HOIO.
7.3.6. Y uomy nonseae npunyun exeisaienmnocmi 8 mexamiyi?
3 Toro (akTy, 10 CHJIM 1HEepIii, K 1 CUIM rpasitauii, nponopuiitai maci MT £, ~m,

F}p ~m, C(l)OpMy.TIBOBaHO npuHyun ekelealeHmnocmi: HISKUMU JoCIAaMu IIpU BUIBHO-

MY PyCi TiJ1 HE MOYKHA BIIPI3HUTH PYyX Tijla B OJHOPIAHOMY TIOJIi TSHKIHHS BiJl pIBHOMIPHO
MIPUCKOPEHOTO PYXY TiJia i €0 IHITHAX TUT 00 CHIT 1HEPITii.

Hanpuknan, nepebyBaroun BcepequHi 3aKpuToro o0'eMy kadiHu Jita, ZOCTIAHO He-
MOYJIMBO BCTAHOBUTH, YNM BHUKJIMKAHA Jisl Ha TIJIO CWIIM mg : TUM, IO KabiHa pyXaeTbes

3 IPUCKOPEHHSIM —g YW THM, IO HEPyXOoMa KabiHa po3TamroBaHa mooim3y moBepxHi 3e-

M. Exgisanenmuicms cui iHepyii ma epasimayiiHux cui CMAaHO8UMb 3MICH NPUHYUNY
eK6I8a/IeHMHOCMIL.

7.3.7. Hosachims, aK 6u po3ymieme NPUHYUN eKeieaileHmHOCmI, HOPMYII08AHHS AKO20
bazyemuvcsi Ha MEEPOACEHHT PO NPONOPYILIHICMb IHepMHOT ma epasimayiinoi mac?

[Ipu GopmynoBaHHI NIPUHLIMIY €KBIBaJCHTHOCTI MPABUIILHO Ka3aTH HE MPO PiBHICTH,

a PO MPONOPLIHICTG IHEPTHOI My, 1 IPaBITAUINHOL m,, Mac, PO Te, WO IXHE BiIHO-

LIEHHs cTajie i OJHAKOBE JJIs BCIX TLJI.
JificHO, SKIIO AOCTIANTH JBa TOYKOBUX MaTepiadbHUX Tija, SKi mepeOyBaioTh y Tpa-
BiTaIlifHOMY TOJTi 3eMJli, TO /Il HUX MOXKHA 3aIMCaTH TaKi CITiBBIIHOIICHHS:

=M . T
Myjy -4 =Y — My "Gy =Y —>%
r r
Ockinbku a; =a, = g, e g — IPUCKOPEHHS BUIBHOI'O MaJiHHA, TO
Mg — )i

m nmy
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KoediieHT nponopIiiiHOCTI MiXk IHEPTHOO 1 IPaBiTaLIHHO MacaMH MOXKe OyTH J10-
BUILHUM, HOTO BEJIMYMHA BILTMHE JIMIIEC Ha BEJIMYMHY rpaBitamiiHoi cranoi y . Haiizpyu-

HIIlIe TPUPIBHATH 1HEPTHY 1 TpaBiTamiiny macu. Came Iy Takoro BHOOpYy craja y 3a

pe3ynbTaTaMy CYyYacHHX BHMIipIOBaHb JOPIBHIOE 6,672 - 1071 M3 k-2 Hyxe Onmm3bke
JIO IIHOTO 3HAYEHHS Y (3 TOYHICTIO JO JEKIIBKOX BiICOTKIB) y 1798 p. ymepire BUMipsB

I'. KaBenaumi, xoya Mepuly OLIHKY BEJIWYHHU Y (7,35 1073 /KF'CZ) 3poOuB

L. HerotoH.
3aBHaHHSA UIS CaMOCTiHHOI poOOTH: BHBYITH, 3a JOIOMOTOIO0 SIKOTO METOIY
I'. KaBeHauI1 BUMIpSB 3HAYCHHS v .

7.3.8. 3 sK010 MOUHICMIO NIOMBEPONCYEMbCS CYYACHA OOCTIOHA NepesipKa NPUHYUNY
exsieanenmuocmi?

IIpuHIIATT €KBiBaJIEHTHOCTI Yepe3 HOTo BaKIIMBe PyHIaMEHTAIbHE 3HAYCHHS I HAY-
KM HEOJIHOPA30BO MEPEBIPSIBCS: MPU JAOCHTIHKCHHI MAIHHS TiJ, 32 JTOTIOMOTOI0 MasTHUKIB

Tomo. TouHiCT, BUMIipIOBaHh BECh Yac IMOKpaIlyBajack: vy HeioToHa me Oyio 1073, y

1898 p.— 107,y 1964 p. — 107!, y 1971 p. — 107'2.
7.3.9. Yu icuye pizuune nosACHeHHs NPUHYUNY eKBIBANeHMHOCHI?

IlosicHeHb, YOMy IHEpTHA Maca 7, HPONOPLiiHa IpaBiTaliiHIi MacH m, Ha CbOrO-

nHi He icHye. [Ipote me He 3aBagwino A. EMHINTEHHY MiTHATY 1l MPUHINIIL, KU 0a3y-
€THCSl HA EKCTIEPUMEHTAIbHOMY (aKTi, 70 PiBHA MOCTYJATY 1 3pOOUTH BiANpaBHUM MyHK-
TOM PO3p00JICHOT HIM 3arajibHO1 TeOopii BiTHOCHOCTI (PEIATUBICTCHKOT TEOpii TpaBiTaitii).
7.3.10. Jlaiime eusnauenHs i NOACHIMb QI3UYHUL 3MICT MAKUX NOHAMb, K NOMEHYi-
anbHa eHepeis epasimayiinol 63aemo0ii 080X min i nomeHyiaibHa eHepeis miia 6 epaei-
mayiiunomy novi.
IToTentianbHy €HEprito B3aeMOIii TBOX TUT MOB'SI3YIOTH 3 iX T'paBiTAIifHOIO B3a€EMO-

mn,

ni€eto, i BeNMMIUHy 3HaAXOATh 3a popmyoo U = —y , Jie m; Ta m, — MacH TUL; 7 —

BiJICTaHb MiX TUJIaMH; Y — rpaBiTalliliHa cTaja.

Jnst mmosicHeHHST (i3MYHOTO 3MICTy IOTEHIIAIbHOI €HEprii Tija B CHJIOBOMY IIOJi
ysiBiMO coO0i cTalioHapHE 1MoJjie KOHCEPBATUBHUX CUII OyIb-sKOi mpupoau (y TOMy 4Hci, i
rpaBiTaliiiHe ToONe), y AKOMY HEePEMIILy€eThCsl YACTHHKA 13 TOUKM Mot Py AesaKy ¢ikco-
BaHy TOUKy O . OCKiTBKH poOOTa CHII TIOJIST HE 3aJICKUTH BiJl NUIAXY, TO 3AJIHIIAETHCS il
3aJICKHICTD TINIBKH BiJI MOJIOXKEHHS TOYKH P BiTHOCHO (ikcoBaHoi Touku O . lle o3Hauae,
mo JaHa pobora Oyne (yHKII€O paaiyc-BeKTopa 7 , siKMid Mae mo4yatok y touui O . Ilo-

0
3HauMBIIM 10 (QyHKUi0 U (F ) , 3aIUIeMo ii: Apy = I F-di =U (F ) Oynkuia U (F )
P
HA3UBAETHCSI MMOTCHIIAILHOIO SHEPTi€l0 TUIa B CHJIOBOMY 1O, TakuM YMHOM, KOXKHIN TO4-
ITi CFJTOBOTO TIOJIS 3ICTABIISIIOTHh CBOE 3HAYUCHHS MTOTEHITIAIBHOT €HEPTii Tija B I[bOMY ITOJTI.
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3 pi3HUIICI0 came TTOTCHITIAJIBHOT SHEPTii Tila B CHJIOBOMY ITOJII TIOB'SI3aHa poOOTa CHII
monst Ha muwsixy 1-2: 4, =—(U, —Uy).

HopmoBana Ha oAnMHUIIO MacH MOTEHLIAIILHOI €Heprii Tija B CHJIOBOMY IOJIi PHBO-

. U
AUTH OO0 MOHATTA MOTCHI1ATY TOYKHU IMOJIA @ = —.
m

7.3.11. Il]o maxe cunoga ninis? Axi ocHOBHI enacmusocmi Cunio8ux ninitl?
e CunoBa JiHIs — OAHA 13 XapaKTEPUCTHK MOTEHLIAIBHOTO TOJIS Yy BUIJISII YSIBHOT
TiHi{, JOTMYHA A0 SIKOi B KOXHIM TOYLI MPOCTOPY 30ira€Thcs 3 HANPSIMKOM BEKTOpa Ha-

npyXeHocTi G, TOOTO 1 3 HANPSIMKOM BEKTOpA IPaBITALlHOI cuau £, sKa 1i€ Ha TO4-

KOBY IPOOHY Macy B IIif TOUIlI IPOCTOPY.

e CuioBa JIHIs HANPSIMJICHA B TOH camuii 6K, 1o 1 Bektopu G 1a F

e CwioBi JiHii, CTBOPEHI OJHUM MaTepialbHAM TiJIOM, HC MOXYTh INEPETHHATHCH,
TOMY IO B TOYLI NIePEeTHHY cuia £, Mana O 1Ba PI3HUX HANPSIMKH, 1O HEMOXKIIHBO.

e CwtoBi JiHIT — HETIEpEPBHI, 1€ TIOB'SI3aHO 3 THUM, III0 iXHI PO3pUBH BKa3yBaJii Ha Te,

II0 B TOYKAX PO3PHBY HEMOXIIMBO BU3HAYHTH BeKTOp G (abo Fy,)), a Le He TakK: Hamps-

MOk Bektopa G (abo Fj,,) BU3HAYCHHH Yy BCIX TOUKAX IOJS.

o CwtoBi JiHIT IPUXOMITH 3 HECKIHYEHHOCTI W 3aKIHIYIOTHCS HA MAaCOBHX TiJax.

e [I[o6 3a MOTTOMOTOI0 KapTHHH CHJIOBHX JIIHIH XapaKTepU3yBaTH BEITUYHHY IIOJIA,
JTOMOBHWJIMCH TPOBOJIUTH iX TYCTIIII€ TaM, JIe BEIMIMHA IO OLIbIIA.

e CunoBi NiHil NepNEeHANKYISIPHI A0 €KBIMOTEHIIaJbHUX JIiHIH (PO EeKBiMOTeHIia-
JIBbHI JIiHIT JUB. 3anuTaHHs 6.3.10).

7.3.12. 306pazime cunosi ainii 015 MOUK080i Macu ma 080X MOUYKOBUX MAC.

IToOymoBani Ha 3acajmaxX, BHKJIAICHUX Yy IONEPEIHROMY 3alUTaHHI, CHIOBI JIiHIT
(puc. 7.2) mo3BOJSIIOTH MOOAYHTH, SIK HampaBlieHe TpaBiTaliifHe moje. 3Beprae Ha cebe
yBary Toil (akT, 110 PO3NOALT CHIOBHUX JIiHIN U1 TOYKOBOI Macu (puc. 7.2, a) Ma€ Takui
caMU{ BHTJISI, IO 1 KQPTHHA IIPOCTOPOBOTO PO3TOIIITY CHIIOBHX JIHIHN IJIST €JICKTPHIHOTO
HOJIST TSl BUMTAAKy TOYKOBOTO HETaTUBHOTO 3apsiay.

s BUmaaky IBOX TOYKOBHX Mac (puc. 7.2, a) pO3MOAiN CHIIOBHX JiHIA Mae OiIbLI

NS
20 //Y\\

a)
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Puc. 7.2. Cunosi niHii ans To4koBoi Macu (a)
i ANs ABOX OAHAKOBMX TOYKOBMX Mac (6)

7.3.13. Axuil Qhizuunuil cenc 8K1a0acmvbCsi 8 O3HAUEHHS 2pAsimayiinoi enepeii miia?

Sxro ysBUTH coOl, IO B3a€MOJIS YaCTHHOK, 3 SKHX CKIIAIA€ThCS MaTepiaibHE TiJIO
abo cucTemMa MaTepiallbHUX TiJl, TIOB'SI3aHa JIMILE 3 TPaBiTALIHHIMU CHIIAMH, TO Take TiJIO
abo cucTeMy TiJ MOXKHA XapaKTepU3yBaTH TpaBiTalliiiHOIO eHeprielo. besymoBHO, mpu
[IbOMY HEXTYIOTh yCiMa IHIIMMH CHJIaMH — SACPHUMH, MOJIEKYISIPHUMH, €IeKTPOMarHiT-
HAMH TOIIO, SIKi MOKYTh OyTH CYTTEBHMH 1 HAaBiTh BU3HAYAIBHUMH, SK y BHITAJIKy MaTe-
piasibHUX TiN (TBEpIOTO TiNa, pifuHM). TaKUM YMHOM, TpaBiTaliiiHa eHEepris — e eHepris
rpaBiTaifHoi B3aeMoii (IPUTITaHHS) YaCTHHOK, 3 SKUX CKJIAJA€ThCS MaTepialbHE TiIo
abo cucreMa MmaTepianbHUX Til. ['paBitaliifiHa eHepris mop's3aHa 3 poOOTO0, SIKy HE00-
XiIHO BUKOHATH, 100 PO3LICTIUTH MaTepiajibHe TiJI0 a00 CHCTEMY MaTepialbHUX T Ha
€JIEMEHTapHI MacH 1 MepeHecTy X Ha HECKIHUEHHY BiJCTaHb.

Po3paxoBana (muB., Hamp., [1] m. 43) 3a TakuM BU3HAYCHHSAM TpaBiTaIiifHa €HEPTis
2

Uy, cyuinbHoi Kyii Macoto M 1 paniyca R nopisrioe U, :—gyT, Jle Y — TrpaBiTa-

miifHa cTana.

7.3.14. ll]o maxe epasimayitinuii padiyc? HAxuii cenc 66edenus epasimayitinozo paoiy-
ca? Konu yiero eenuuunoro € cenc Kopucmysamucs (KOau 60HA MA€ peanbHull Qi3udHul
3micm)?

IcHy€e Teopis, 3riHO 3 KO SHEpris CIIOKOO Tija, IO TOPiBHIOE Mc? e rpaBiTarii-
HOIO SHEPTi€r0 Tijla Macor M , sika MepeTBOPIIIACH HA €HEPrit0 CITOKO TP CTATYBaHHI

Marepii, o CKIaaace TiJIo, 3 PO3CITHOTO Ha HECKIHUEHHOCTI CTaHy, KOJIHM HisIKOT B3aEMOJIii
2

1 M 2 o . P .
MDK YaCTHUHKaMH HE 6yJ'IO. HKH_IO o€ Tak, TO ’YT = Mc* . OOuucneHui i3 II1€1 p1BHOCT1

. L . M
pajilyC Ha3UBAETBCS IPABITALINHIM pajiycoM R, = yc—2 .

OO6uwrciieHni rpaBiTaiduuii pagiyc s 3emiti craHoBuTh 0,4 cm, mis CoHit ~1 kM.
IlopiBHSHHS 3HAYCHb R, 3 PeaJbHAMHU 3HAYCHHSIMHU PajliyCiB [UX aCTPOHOMIYHHX 00'€k-

TiB CBIUUTH MPO T€, IO B 3arajIbHOMY €HepreTHYHOMY OaniaHci MaTepiallbHUX Till TpaBi-
TalliiiHa eHepris Bifirpae He3Ha4Hy poiib. [IpoTe icHyI0Th 00'€KTH, 10 SIKUX TaKUH MiAXixg
BHSIBUBCS Ty’K€ TUTITHUAM. e — KoCMITHMIA pOCTip (CUCTEMU IIaHET HaBKOJIO 3ipOK, 3ip-
KOB1 YTBOPEHHS y BUTIAI ['anakTuk, yBech Beecsirt). [l Takux 00'€KTiB BIUIMB 1HIIHX
B3a€MOJI, OKpiM rpaBiTaliifHoi, 3BeAeHni 10 MiHiMymy. Lle mo3BomNsie 0OpaxyBaTu Taki
(byHIaMEHTANBHI BEIMYWHY, SK paaiyc BcecBiTy abo mpuHaliMHI 3pOOUTH HOTO OITIHKY.
Jlns Takux po3paxyHKIiB HEOOXiTHO 3HATH CEpeAHIO TyCTHHY Marepii y BcecBiTi, ska B

JIaHWI 4Yac 3a MOPSAJKOM CTAaHOBUTH BEJIUYUHY P = 1072 kr/m? . Ile mo3BoJisie 3HANTH Be-
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c

Jre
TEeMy YUTalTe, Hamp., [1] m. 43).
Ille oauH HpUKIaa TOro, KOJIM BPaxOBYEThCS pajiyc rpapiTaiii B acTpodi3uiii, MoB's-
3aHUH 3 iICHYBaHHSIM YOPHHUX Aipok. SKio mMaca o0'ekTa 30cepemxeHa B 00'eMi 3 paaiy-

~10% M (Ha 1r0

JMYMHY, KA B JJaHUH 4yac BBaKaeTbcs pajiycoM Bceecsity R =

. L . M . . .
COM, MCHIIIMM B1J I'paBITAllIMHOIO pajaryca (R < Rrp = y—z , TO HaBI1Th CBITJIO HC BUHOC
c

3a MEXI1 TaKoro Tina.

7.3.15. [losicuims npupoody yopHux Oipox.

VY 3BUYAWHUX YMOBaX JJIs PSUOBUHM, KA YTBOPEHA 3 aTOMIB i MOJICKYJI, BUPIIIAIBbHY
pOJIb BIMIITPAIOTh EJIEKTPOMArHiTHI CHiaM. LI CHIM 3yMOBIIOIOTH TYCTUHY PEYOBHHH

~10% kr/m? (Hamp., ans 3amiza p = 7,8-10° kr/M> | s aTHEK p= 21,4-10° xr/m?). V

TAKOMY KOHJEHCOBAHOMY CTaHI PEYOBMHHM TpaBiTaLliiHI CHIIH, SIK 1 €IeKTPUYHi, AaJIeKO-
Jlitoui, TOOTO peai3yroThCs 3a JOMOMOTOIO TOJIIB 1 MIBUJKO CHaAl0Th MPH 30UTBIICHHI

BlICTaH1 (~ r_z) .

Enextpuuni cuiy, Ha BiIMiHY BiJ rpaBiTauifHUX CHII, MalOTh pi3Hi 3Haku. ToMy B cuc-
TeMax, AKi CKJIaJa0ThCs 3 OJHAKOBOI KUTBKOCTI TIO3UTUBHO 1 HETaTHBHO 3apsHKEHUX Yac-
THHOK, IIi CHJIM CKOMITCHCOBaHi. A TpaBiTaIliiiHi CHJIA — II€ CHJIH, TTOB'SI3aH1 TiIJIBKA 3 TIPH-
TaraHHsAM. Tomy 31 301TbIIEHHSIM KIJIBKOCTI YACTUHOK IIi CUJIM TUTBKU 3POCTAIOTh.

Po3paxyHKu MMOKa3yroTh, 110, KOJIM 0 Maca TBEPIOTO Tija 30uIbmiack 10 Macu CoH-

us M, ~ 2.10° xr , TO TpaBiTaIliiiHi CHUIM 3yMOBHWJIH O YIIIIRHEHHS Tijda IO TYCTHHH

p~ 10° xr/m? (rycTuna 36umbmuIacsa 6 Ha 5 OPSAKIB). Y MaOyTHHOMY IO TAaKOTO CTa-

Hy Mae npuiita CoHrle. 3apa3 BOHO rapsde, TOMY HOro ryCTHHA Majia.

Conre — 3ipka HeBenUKHNX po3MipiB. [1[o x BinOyBaeThCs i3 3ipKOIO BEIMKHX PO3MIpiB
mics 11 oxonmomkeHHA? UnM Oinblra Maca 3ipKH, TAM OIBIINI TpaBiTAIliiHI CHIIH, TUM
OiJIbIlIe CTHCHEHHS 3ipKH. 3 1HIIOTro OO0KY, BiZOyBa€ThCS MPOTHIICKHUH MTPOLEC: CTHCHEH-
HS 3ipKU MIPU3BOAUTH 0 3POCTAHHS €HEPTii eJIeKTPOHIB, SIKi MPOTHIIIOTH CTUCHEHHIO 3a-
BIISIKM CHJIaM BimIITOBXyBaHHS. OKpiM TOTO, €HEPTisl €IEKTPOHIB MPH IBOMY MOXKE CTaTH
TaKOI0 BEJIMKOIO, 10 BOHU MOXYTh BCTYIATH B SACPHI peakiii, mepeTBOPIOIOYH IPOTOHH
Ha HEUTpOoHHW. Po3paxyHOK MOKa3ye, MO Take BiIOyBA€ThCS IMPH TYCTHHI PEUYOBHHHU
p~ 10'% kr/m® . Tak Oymnu mependadveHi, a Mi3HIIIe BIAKPUTI HEUTPOHHI 31pKH — IMyJIbCapH.
HoBwuii sikicHUI cTaH 31pKHA BUHHUKAE 332 MacH, OibInii HiX Tpu Macu CoHIls. BimmosigHo
JI0 3arajibHOi Teopii BiTHOCHOCTI rpaBiTaliliHe MOJe TaKoi 3ipKu yTpUMyBaTuMme (HOTOHH
— YTBOPIOETHCS YOPHA JipKa.

7.3.16. Ak mooicha suseumu yopuy OipKy, AKWO GOHA 6Ce NO2AUHAE, Y MOMY YUCTT |
ceimno?

ITo-nepme, YopHY IipKy MOXKHA Oyiio O BUSBHUTH 3a CIIOCTEPSKCHHSIM Tijia, MO CBi-
TUTHCS, MIPH HOTO HAOIMKEHHI 10 4OpHOi AipKu. Pyx Takoro Tina OyB Ou myke MPHCKO-
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peHUM, BUHUKAJIO O 3HAYHE YEPBOHE 3MIIICHHS MOTO CIEKTpa i crocTepiraBcs O cman
IHTCHCUBHOCTI BUIIPOMIHIOBaHHsI 1O HYJS IPU HAOJIM>KEHHI Tijla 0 YOPHOT TipKH.

ITo-apyre, 4opHY OipKy MOKHA BHUSBHUTH 3a ii BIUIMBOM Ha CYCiJIHI KOCMIYHI TiJa, 3a
30ypeHHsIMH iX pYyXY, 3MiHOIO MOMEHTY IMITYJIbCY CYCiiB YOPHUX JIPOK.

3a ocTaHHIMH acTpOdi3UIHUMH CHOCTEPEKCHHAMH 10 YOPHUX Iip HAJIEKUTH HOBO-
Bimkpwura 3ipka Jleoigp X-1.

7.3.17. Hosachims ¢izuunuii smicm meopemu Ocmpoepadcwvrozo — I aycca.

Jns nosicaennst Teopemu Octporpancskoro — ['aycca He0OXiqHO BBECTH MOHSTTS I10-

TOKY BEKTOpa HampyxeHocTi A =G-AS -7, 1e 71 — OJUHUYHUN BEKTOP, HOpMaJIbHHMA

Jo enemenTa ot AS (puc. 7.3).

e
=
/

AN

Puc. 7.3. [lo BU3HAYEHHSI MOTOKY BEKTOPa Hamnpy>XeHOCTi

Bubip nogatHOTO HaNpsSIMKY BEKTOpa /4 MOBIIBHUHN. SIKIIO B MO BUAUISIETHCS 00'€M,
00OMEXCHHI JISIKOI0 3aMKHEHOIO TIOBEPXHEI0, Yepe3 SIKy 00paXxOBY€EThCS IMOTIK, TO 3a J0-
JIATHUH HAPSMOK BEKTOpa 7i OOHMPAETHCS HANPSIMOK 30BHINIHBOI IO TIOBEPXHI HOPMAJTI.
TakuM 4YUHOM, TIOTIK OYJIe JIOAATHUM, SKIIO BEKTOPH HANPYKEHOCTI BUXOAATh HA30BHI 3
00MEKEHOTO TTIOBEPXHEIO TOBITFHO BHOpaHOTO 00'eEMY.

3HaiiieMo MOTIK BEKTOpa HANpPYKEHOCTI depe3 3aMKHEHY ITOBEPXHIO, sIKa OXOILTIOE
TOYKOBE TiJIO Macow M (puc. 7.4).

Puc. 7.4. o teopemn Octporpaacbkoro — aycca (3anutaHHs 7.3.17)
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O6epeMo eeMeHT TTOBEpXHI IUIomer0 AS Takux po3Mipi, 1mo0 MokHA OyII0 BBaXKa-

TH, M0 B i1 Mekax HampyXeHICTh G € CTaJoI0 SK 3a HAIPSIMKOM, TaK 1 32 BEJTUIHHOIO.
Tomi eneMeHTapHUH MOTIK HanpyKeHOCTI dD uepe3 eneMeHT ol dS BU3HAYAETHCS
CIIIBBIHOIIIEHHIM

dd =G -ii-dS =— %ﬁ-dS-ﬁ=—y£2-dS-cosoc=—y£2-dS0, (7.8)
R R R
ae dS, —mpoekuis dS Ha IUIOLIMHY, NEPIEHAUKYISIPHY 10 pajiyc-BeKTOpa R: a— KyT
. = - . dSO . o .
MK BekTopamMu G Ta 7 . OCKUIBKH BETMYMHA — = d® € TUIECHHHA KyTOM, ITiJT SKAM
R

BUJIHO €JIEMEHT dS, 3 MiCLs pO3TallyBaHHS TOYKOBOro Tina M , To Bupas (7.8) MoxHa

InepenucaTtu y BI/IFJ'DI)Ii

db=—yMdo.
IToBHMIA TTOTIK Yepe3 3aMKHEHY TTOBEPXHIO

4
q):—jy-M-dmz—4nyM. (7.9)

0
Koy noBepxHs 0XOILIIOE CYKYIHICTh (CUCTEMY) Til, Macu akux M,,M,,.....,M,, To

teopema Octporpaacbkoro — ['aycca 3anuieTbes y BUTISIL
n

D=4y M,, (7.10)

i=1

TOOTO MOTIK BEKTOPa HAIIPY>KEHOCTI Yepe3 3aMKHEHY MOBEPXHIO JOPiBHIOE aireOpaiuHii
CyMi BCIX Mac, po3MIIIEHUX YCepeInHI TOBEPXHI, TOMHOXKEHIN Ha (—4Ty) .

7.3.18. "Hanpyocenicmo nois epasimayii € nopodcHuni, wo 3pobiena 8 Kyii, 00pieHioc
Hynio." Yu npasunvHa ys cenmenyis i AKux ymouHeHb 60Ha nompebye?

JliticHO, HanPYKEHICTH TIOJIS TPpaBiTallii B TOPOKHHHI, IO 3p00JIeHa B KyJIi, TOPIBHIOE
HYJIO (AMB. Npuknag 7.2) Aje Take BU3HAYCHHS OTPeOye ACIKUX YTOUHEHb:

® TIOpPOXKHWHA, 1110 3po0JieHa B KyJli, TOBHHHA MaTH chepudny hopmy;

o 1eHTP chepUYHOI OPOKHUHM Ma€ 30iraTUcCs 13 LIEHTPOM KYJIi;

e KyJis Ma€ OyTH OHOPITHOIO;

® Tl HampYXEHICTIO MOJIS rpaBiTauii B MOPOXKHUHI CIiJ pO3YMITH TpaBiTaliiiHui
BIUTUB caMoi Ky (cucTteMa Mae OyTH 130JIbOBaHOIO);

® HEOOXITHO MiJKPECIUTH TOH (akT, 0 HaBeAeHA BIACTUBICTh HAIPYKEHOCTI MOJIS
TpaBiTaIlii CTOCYETHCS 6)0b-K0i MOUKU TIOPOKHIHH,
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e pO3Mip MOPOKHMHU HE BIUIMBAE Ha pe3ysbTar. (3MiHa CHIBBiAHOLICHHS paliyciB
KYJIi Ta TOPOXXHWHH HE 3MIHIOE PE3YIIbTaT).
ITosicHITH (Pi3UKY BCIX ITUX YTOUHECHb.

7.4. Npuxknaau po3B'A3yBaHHA 3apay

Npuknap 7.1. Yacmunuka, AKy cio po3enaoamu aK MamepiaibHy moyKy Macow m,
posmautosana no3a 00Hopionoi kyai macoio M wua éiocmani { 6i0 ii yenmpa. 3natidims.
a) nomeHyianvHy enepeiro epasimayitinoi 83acmoolii yacmunky i Kyai; 0) cuuny, 3 KO0
830EMO0II0OMb KYJIsl | YACTNUHKA.

Po3B'azaHHsa: BaxxaTuMeMo, IO KyJis XapaKTePU3YEThCS HE TiIbKA Macowo M,
ane ¥ paaiycom R. ([ani no6aynmo, o B KIHUEBHH Pe3yJbTaT BeJIMYHHA R, HE BBIi-
ne). PosrisgHeMo (MOOyMKH BHIITMMO) Y KyJi TOHKMH CHEpUYHMN MPHUIIOBEPXHEBHM
mrap pagiycom r . Maca nporo mapy dM , a TopmuHa — dr (puc. 7.5).

P Puc. 7.5. Jo npuknaay 7.1

Buginnmo B mpoMy miapi y IUTOIIMHI, IO NMEPICHIUKYIIpHA 10 Bimpizka OP, skwit
3'€Hy€ LEHTpP KyJIi Ta MaTepialbHy YaCTUHKY, HOSC Y BUTIISAL KUTBI pagiyca R, IIUpH-
HOIO dh 1TUIOMmIEIO ds . BemndumHa 1Iomti moscy TOpiBHIOE

ds=2nR-dh,
ne R=rsin®; dh=r-d0; 0 —kyr Mmix Hanpsimkamu ¢ Ta r (puc. 7.5). TakuMm YUHOM,

ds=2n(r-sin9)r‘d9=2nr2-sinG-d@. (7.11)

Macu tonkoro chepuunoro mapy (dM ) Ta enementapHoro mosicy (dM') mpomop-
iitHi iX omam:
dM’  ds
W - 4
3 ypaxyBanusMm (7.11) Bupas (7.12) HaOyBae BUTTIAAY

(7.12)
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w?-sin®-d0  dM

a’M'zan2 5

-sinB-d0 . (7.13)
4mr
OCKUTBKY KOXKHA TOYKA €JIEMEHTApHOTO IMOsCY PiBHOBiAIAICHA Bifl MaTepiabHOI Jac-
TUHKH, JUISI XapaKTEPUCTUKH IX B3a€MOJIl MOXHA CKOPUCTATUCH (OpPMyJIaMy, sIKi BBOAU-
JHMCh AJIs1 TOYKOBUX Mac. 30KpeMa, MMOTEHIiaJbHa eHepris TpaBiTaniiiHol B3aeMoii vac-
TUHKH 3 0SICOM 3 ypaxyBaHH:M (7.13) nopiBHIOE
m-dM’ m-dM .
=—y -sin0-d0, (7.14)
L 2L

ne L — Biacranb Big Oyabp-AK01 TOUKM MOSCY 10 MaTepiabHOI YaCTHHKH (puc. 7.5).
Huns tpuxytHrKa OAP Teopema KOCHHYCIB Ma€ BUTIISIA

P =0+r2=20-r-cos0. (7.15)
[pomudepenmroemo (7.15) (¢ Ta r — cramni):

dU' =—y

2L-dL=20-r-sin0d0 = M:j—L (7.16)
-7
(7.16) = (7.14):
du’ =— "M (7.17)
20-r

3BaXUBIIN Ha Te, IO BEIWYWHA L, K BHIHO 3 pWC. 7.3, 3MIHIOETHCS Bim (£ —7) 1o
(£ +r), mpoiaterpyemo (7.17) y ux mexax. Llei iHTerpan Oyme BU3HAYATH MOTCHITIAb-
HY €HEprilo TpaBiTalliiHOT B3a€EMO/I11 YACTHHKHU 3 TOHKHM C(EPUIHUM LIapOM

l+r
;L m-dM _ m-dM B m-dM
du=[du'=- [y S dl= T (=) =y .

l—r r

(7.18)

IaTerpyroun (7.18) 3a BciMa TOHKHMH IIapaMy B M&Xax KyJli, 3HaHIeMO ITyKaHy TOTEH-
IiaJsHy CHEPriio TPaBiTAIIHOI B3aEMO/IIi MaTepialbHOT YACTHHKH 3 KYJICIO:

m Mm
U=—y—|dM =—y—. 7.19
v j o (7.19)
IloTenmianbHa cujla — I€ TPATi€HT IOTEHINIANBHOI eHeprii 31 3HakoM "MiHyc'":
oUu . .
F = TR ToMy 11ykaHa cuia, 3 KO KyJid JlI€ Ha YACTUHKY, JIOPIBHIOE

M

F=—y"2>. (7.20)
l

BucunoBok: Bupasu (7.19) i (7.20) gye cXoXi Ha Taki y BHITAIKy B3a€EMOIIi TBOX
TOYKOBUX Mac. [loTeHmianpHa eHepris TpaBiTalifHOl B3a€EMOJII Ta CHJIa B3aEMOJIIT MaTe-
piasIbHOT TOUKHM W KyIi, Taki X cami, sIK 1 y BUIaaKy, Koiu 0 ycs maca Ky Oyia 6 3oce-
pemKeHa B OAHIN TOULI — HEHTPi KyJIi.
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MNpuknap 7.2. Jlogedimb, wjo cuna msdicinus, aKa 0i€ Ha NPoOHY MACy 8Cepeouri
O0OHOPIOH020 Chepuuno2o wapy, OOPIGHIOE HYTIO.

Po3B’'g3anHA: Bynemo BBakaTH, 110 TpoOHA Maca MICTHUTHCSA B MOBLIBHIN ToUIll A
cheprunoi mopoxuuHu. [ToOyayemMo nBa MOAIOHUX KOHYCH 3 MAJIUM KyTOM PO3BOPOTY Ta
BEpIINHAMY, LI0 JOTUKAIOThCS B Touli 4 (puc. 7.6). Bucora koHyciB # 1 7,, BIANOBIIHO.
OcHOBHU KOHYCIB po3TalloBaHi Ha chepuuHoMy uapi. Ilmomi ocHOB koHYCIB — dS| Ta
dS, . TinecHi KyTd po3BOpOTy 000X KOHYCIB piBHI ), =Q),. BpaxoByrouu BH3HaY€HHs
TiJIECHOTO KYTa, II0 PiBHICTh MOYKHA NEPENHUCATH TAKUM YHHOM:

ds,_ds, _ ds _rf

=—. (7.21)
”12 },22 ds, rzz
Slkmio ToBImIMHA CEPUIHOTO MApy — /4, a TYCTHHA Marepiaidy mapy — p, TO JIOMHO-
2
JKUBILY JIiBY yacTuHy (7.21) Ha 1= hp , OTPUMAEMO hepdSy = ’”1_2 .
h-p h-p-dS, r

Puc. 7.6. Jo npuknagy 7.2

Bpaxyemo, mo h-p-dS,=dM,; h-p-dS, =dM,, ne dM, ta dM, — macu BiANOBiJ-
HUX OCHOB KOHYCIB. 3Bi/ICH BHILTHBAE, 1110

2 2
dMl_rl_ - dM, n

—=-=1. (7.22)
2 2

Buxozsd4n i3 Bu3Ha4eHHs cui rpasitauii dF) ta dF,, sKi JiI0Thb Mi’kK TOYKOBUMH Ma-

caMu — IPOOHOI0 MAcol0 m 1 MacaMH BIANOBIIHUX OCHOB KOHYCIB dM, Ta dM, , 3anu-

meMo

dF, . dF, =y Y = .
e r12 rzz sz"’lz

(7.23)

3icraBuBmu (7.22) 1 (7.23), maemo
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dF,:dF, =1 = dF, =dF,. (7.24)
I3 (7.24) BugHO, MO cuna TOKIHHA dF|, [AKa i€ MDK IPOOHOI0 MAacor m 1 JUITHKOIO
cepryHOro 1apy IIOMmE dS|, KOMICHCYETbCS culo dF,, ska Jiie Ha NpoOHY Macy
m 3 OOKy AITAHKH cepHyHOro Imapy miomer dS,. Ilommproroun meit pesynpTaT Ha

BCIO TTIOBEPXHIO CEPUIHOTO IMapy, MOKHA TIMTH BUCHOBKY, 110 TPaBITAIlIiHOI B3aEMOIi1
MK IIPOOHOI0 Macoro m 1 chepuyHUM IapoM He icHye. Cuna TSDKiHHS, sIKa Ji€ Ha mpoo-
Ha Macy 4 BcepeauHi OJHOPITHOTO CPEPHIHOTO IIapy, JOPIBHIOE HYIIIO.

3BepHEMO yBary Ha Taki 00OCTaBUHHU:

1. Touka 4, y sIKiii po3TanoByBajack mpoOHa Maca, obmpanack AOBUTEHO. lle o3Ha-
qae, 10 HaMPY>KEeHICTh TPaBITAIlIHHOTO OISl BCEPEANHI CUMETPHIHOTO BITHOCHO TICHTPA
OJTHOPITHOTO CEPUYHOTO MIAPY JOPIBHIOE HYIIIO 68 0YO0b-Kill MOoYYyi TOPOKHUHHU.

2. ToBuiMHa mapy He BIUIMBAE HA pe3yibTar. (3MiHa CIiBBIAHOIICHHA PaAiycCiB Kyii
Ta MMOPOXKHUHU HE 3MIHUTH PE3yIbTaT).

3. BaknuBHUM 47151 CHIpaBeUIMBOCTI OTPUMAHOTO PE3YJIbTATy € MPUIIYIICHHS Ipo 30ir
LEHTPIB KyJIi Ta MOPOKHUHU. BayKJIMBUM € TaKoX OIHOPIAHICTH IIapy Ta PiBHOMIPHICTB
HOT0 TOBIIMHH.

4. Po3risimaroud HalpyKEHICTh T'PaBITAI[IHOIO MO BCEPEAMHI OgHOpiAHOTO cde-
PHUYHOTO MIapy i JOBIBIIM, IO BOHA JAOPIBHIOE HYIIO B OyIb-Kil TOYLI MOPOXHUHHU, MU
pO3TIIAIAIN JIWIE TI0JIe TpaBiTaiii, sike yTBoproe chepudHuii map. besymoBHO, 1ie He
O3HaYae, M0 BCepeauHi CEPUIHOTO IIapy HeMa€e TPaBITAIlIHHAX OB BiJl 1HIHMX K-
pe, 30Kpema, Bix 3eMuti.

HonoBuenns: Ilogymaiite i maiite BiAmoBiab, HaBilO MpU PO3B'I3yBaHHI 3aaadi,
KoM OyayBanvch Moai0OHI KOHYCH MU Ha3WBaJIl YMOBY MO "Malli KyTH po3BOpoTy"?

MNpuknapn 7.3. Ycepeduni 00HOPIOHOT KL 3 2YCMUHOK P ICHYE chepuiHa nopodic-
HUHA, YeHmp AKOI posmawiosanuii Ha eidcmani 1 6id yenmpa kyni (puc. 7.7, a). 3uatioime
HAnpyJICenicmy G nons masrcinus 6CEPeOUHT NOPONCHUHUL.

Po3B'azannsa: Haranaemo, o y BUNaIKy CyLiIbHOI Ky (0€3 MOPOXKHUHU) HATpy-
xkeHictb G TIpaBiTAIIfHOTO TIOJIS, SIKE YTBOPIOETHCS BCEPEIMHI OHOPIAHOI KYIIi, OIHCY-
€TBCSI TAKHM 3aKOHOM:

3 F=Tyr, (7.25)

Je ¥ — BIJICTaHb TOYKH A, y AKili BU3HAYAE€THCS HANPYKEHICTh, O LeHTpa Kymi; M' —
Maca Ky paxaiyca » . BucHoBkom 3 (7.25) € toit dakr, mo G ~r. Takum 4yuHOM, Ha
npoOHy TOYKOBY YaCTHHKY Ji€ CHJIa MPUTATAHHS, SIKA BU3HAYAETHCS JIMIIE Ti€I0 YacTH-
HOIO KYJIi, IIT0 pO3TaIlioBaHa ITiJf MpoOHO0 YaCTHHKOIO, TOOTO KYJICI0 paiyca 7 .
IIpucTtymaroun 10 po3B'sI3yBaHHS 3allPOIIOHOBAHOI 3a71adi, 3BEPHEMOCH 110 TPHHOMY,
SIKMH MOJISiTa€ y BUKOPUCTaHHI Tak 3BaHol "Big'eMHOi" Macu. bynemo BBaxkaTH, 110 OPO-

151



JKHUHA 3allOBHEHA MartepiajioM 3 ryctuHoro (—p). Yomy "Bix'emua" maca? Yomy (—p )?

Yomy, HanpuKiaja, He BBaXKaTH, 110 MOPOKHUHA "3aM0BHEHA" pe4oBuHO0 3 p=07?
XapakTepu3yBaTy IOPOXKHUHY YMOBOIO p =0, HaleBHO, HENIPABUJILHO, OCKUIBKU TOA1

BIUIMB MOPOKHMHM Ha IIyKaHWH pe3ynbTar OyB OuM HynboBHM: siKmo p=0, To i cuna

F =0. Tomy nmsix, sKuii MPUBOUTH 10 YCYHEHHS 3 PO3TIISAY BIUIMBY MTOPOKHUHU, OUC-
BHJIHO, € XHOHHM.

Posrnssaemo BapiaHT, moB's3aHui 3 "Big'eMHOO" Macor. BBaxarouu, 1o 3HaK TYCTH-
HU PEUYOBHHHU BCEPEIHHI MOPOXKHUHU (OPMATHLHO 3MIHIOETHCS Ha MPOTWICKHUN (—p),
MU TUM CaMUM 3MIiHIOEMO 3HAK CWJIM TPaBiTaIlil: y IbOMY BUIAJKY HANpPSIMKH BEKTOPIB
CHJIM Ta paliyc-BeKTOpa 30iraroTbCs, 3aMiCTh CHJIM NPUTATaHHSA, KA iICHye MK TBOMa
MaTepialbHIMH TiJaMH, y pa3i MMOsSBH MOPOKHWHHM BUHUKAE CHJIA BiAMITOBXyBaHHSI. Ha
MPOOHY YaCTUHKY y BUIAJIKY MOSIBM TIOPOXXHUHH B KYJIi BIUTUB ITOPOKHUHU TOB'sI3aHUM 3
JUE0 CUIM BiMIITOBXYBaHHs. Ha BiqMiHy Bij JTOAATHUX CHII TSDKIHHS, MiXK MaTepiaabHU-
MH TUIAMH 3 MAaCaMH 7y 1 m, , MK SKUMH MOXK€ ICHYBATH JIMIIE NIPUTATAHHSA, IIPH €JIeK-

TPOCTATHYHIN B3a€MOJIII MIXK €JICKTPUIHUMH 3apsIaMU MOXYTh BUHUKATH CHJIH 1 TIPUTS-
TaHHA, 1 BIIITOBXYBaHHS.

Buxozsun i3 (7.25), mykaHa HanpyxericTs G 1o TSOKiHHS B Touni 4 Gye ckiaga-
THCB 13 HAaNPY>KEHOCTI, 0 YTBOPIOE BHYTPIIIHs YaCTHHA OAHOPIIHOI Kyl paaiyca 7,13
HAaIIPY’KEHOCTI, 110 YTBOPIOE BHYTPILIHSA YaCTUHA HNOPOKHUHU pajiyca 75, e 7j Ta 7h—
pamiyc-BekTopr Toukn A BimHOCHO nenTpa O Kyii Ta neaTpa O’ MOPOKHUHH, BiIMOBiI-
HO (puc. 7.7, 6).

Puc. 7.7. o npuknaay 7.3

VYV cuily IpUHIAITY CYTIEPIO3UIlii BEKTOp HANpyKeHOCTI G TOJIA TSOKIHHS B TOUIl A

BU3HAYHUTBCSA BEKTOPHOIO CYMOIO 1BOX BEKTOpiB Gy Ta G,, ne G| — HAIpyKEHICTh MO
B TO4lll 4, IKy CTBOPIOE BHYTDIIIHA YacTHUHA Kyl 3 paaiycom 7 ; G, — HampyKeHICTh

IIOJIs1 B TO‘II_[i A, Ky CTBOPIO€ YaCTHHA MOPOKHUHU 3 pa,[[iy'COM . I3 BUIIICHABCACHOT O
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posrisay BaacTHUBOCTeH "Bim'eMHOI" Macu 3Haku y BekTopiB Gy Ta G, — pi3Hi. Takum
YUHOM, CKOPUCTABIIHUCH (7.25), MaeMo

=~ = = 4t _ 4x . T . 4T -
G=G+G, = —3 P —?Y(—P)rz = —?YP(’E -B)= —?ypf . (7.26)

BucuoBku Ta ananis (7.26):

1. HampyxeHicTh TOJsl TSDKIHHS B TOPOKHUHI BU3HAYAETHCS BiJCTAaHHIO MiX
LHEHTPOM KYIIi 1 IEHTPOM [TOPOKHHUHHU.

2. HanpyXeHIiCTh MO TSOKIHHS B TIOPOKHHHI 3QJICKUTH BiJl TYCTHHH MaTepiany, 3
SIKOTO 3pO0JIcHA KYJIS.

3. Big po3mipiB Kyii Ta Bi po3MipiB HOPOXKHUHH HANPY>KEHICTh MOJIS TSHKIHHA B 1O-
POKHHHI HE 3QJIC)KHUTH.

4. Tlome TSOKIHHS B TTOPOKHUHI OJHOpPITHE, TOOTO B YCiX TOYKAX MOPOKHUHH HAIPy-
JKEHICTh TOJIS TSHKIHHA OJIHAKOBA 3a BEJTMUYUHOIO 1 HanpsiMkoM. (Lle BummBae 3 Toro, mo

B (7.26) BiACYTHS 3aJIEKHOCTI BiJl 75, ICHY€ JIMIIE 3aJIEKHICTD B ().

5. Slxmo mopokHMHA Oyze po3TalIoBaHa B KyJli CAMETPUYHO ii HEHTPY (SKILO HEHTPU
KyJIl ¥ TIOPOXKHUHU 30iraloThes), TO HAIIPYKEHICTH TOJIS TSDKIHHS BiJ KyJIl BCEpEAHHI T10-
POXHHHU A0piBHIOE HyMIO. [le BumnmuBae 3 Takoro akry: sikmo B (7.26) mokiacta £ =0,

T0 G =0. Jlo TakOro % BUCHOBKY MU JIMIIUIH IHIIIMM IIUISIXOM B npuknagi 7.2.
MNpuknap 7.4. Busnaume nanpysjcenicms noJis MsANCIHHA, sIKe YMEOPIOE MOHKUL 00-
HOPIOHULL cmpudicerb macoto M i 0oeacunoro £, y3006dc oci tioco cumempii (pyc. 7.8).

( 0 X
< > A
| » X
, dx'——>I4—
X < 7 IO
x+/ X x

Puc. 7.8. Jo npuknaay 7.4

Po3B'a3zaHHsa: PO3MICTIMO Ha BiICTaHI X BiJ Kparo CTPWKHS MPOOHE TOYKOBE TiJ0
(MT) macoro m . 3po3ymino, IO 3aKO0H, 33 SKAM 3MIHIOETHCS CHJIA, IO Ji€ 3 OOKY CTpH-
kHs Ha MT, 3actocyBatu B ipocTiit dopmi (7.1) TyT HE MOXKHA: CTPHXKEHD — HE € MaTepi-
QITBHOIO TOYKOIO.

BuainuMo B TOBUIBHOMY MiCLi CTPHXKHS €IEMEHTApHY JUISHKY OBXHHOW dx', siKa
po3TarioBaHa BiJ MpoOHOro Tifa Ha BigcTani x' . g gingHKA — TOYKOBE TiJIO, Maca AKOTO
dm=p-S-dx', ne p — ryctuHa marepiaiy, 3 SIKOTO 3pOOJEHHI CTPIDKEHB, S — IUTOIIa
nepepizy CTPHKHSL.

OcCKUTbKH 00paHa eleMEHTapHa MIITHKA CTPIDKHS — TOYKOBE TiI0, MOIYJb BEKTOPA
HANPYXXEHOCTI TOJIs TSOKIHHS, K€ YTBOPIOE I AiASHKA Ha Bimcrani x' Big MT, MoxHa
3amucaTH Y BUTIISII
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dm -S-dx'
dG =y =y P2
x+/ '
" X x x+/
St yM

T (x40 x(x+0)

8. OCHOBU HEBECHOI MEXAHIKM.
PYX'Y KOCMOCI

8.1. KopoTKi TeopeTuyHi BiOMOCTi

e lepwuii 3akoH Kennepa: kokHa TuiaHeta COHAYHOI CHCTEMH PYXa€ThCS HABKOJIO
CoHnus 1o eninTU4HiNi opOiTi, B 01HOMY i3 (OKYCIB siKOi MicTuThC COHIIE.

e [lpyruii 3akoH Kennepa: pyxX IDIAHET O OpOiTi HE PIBHOMIPHHIA; paiiyCc-BEKTOP, MPO-
BeneHnit Bin COHIIA 70 TIAHETH, OITMCYE PiBHI TUIONT 32 OJTHAKOBI IIPOMiXKKH Yacy.

e TpeTiii 3akoH Kennepa: KBaapaTH MepioAiB obepTaHHs IiaHeT HaBkoiao CoOHIS Bif-
HOCATBCA SIK KyOU BETUKHUX HalliBoceH IXHIiX eminTuaaux opoit T nd’.

e [leplwa KOCMiYHa WBMAKICTb (UI ) — IIe MBUIKICTh, Ky Tpeba HamaTh TiTy, 00 BOHO

v =4/2R, 8.1)

e R —paniyc miaHeTd; g — MPUCKOPEHHS BUTHHOTO MAMiHHSA, IKE XapakTepHE IS Tiia-

CTaJI0O CYITYTHUKOM IIJIAHCTHU:

Heru. s 3emii v; * 8 kM/c.
e [lpyra KOCMiYHa LUBMAKICTb (UH) — TIe MBHJAKICTE, 3a SKOI TLTO TIepedoproe rpasiTa-
HiifHe 1oJjie IIAaHEeTH 1 MEPEeXOANTh 13 3aMKHEHOI OpOITH Ha MapaboIiuHy:
Ly =,/2gR=UI\/§, 8.2)
Jns 3emmi vy #11,2km/c.
e TpeTa KOCMiYHa LWBMAKICTL (UIH) — II€ MBHUAKICTH, Ky HEOOXITHO HAmaTH TiTy, M00

BOHO MOKUHYJI0 MeKi COHAYHOI CHCTEMH.
@opmyna ans 3HaxomxkeHHs III-i KocMi4HOT MIBUAKOCTI Ly Ta il YMCIOBE 3HAYEHHS

3ajeXaTh Bl JeTajlell BU3HAUYEHHs ULy 1 HAIpAMKY 3allyCKy Tija BiTHOCHO HaNpsIMKY
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pPyXy 3eMIti o HaBKOJIOCOHYHi op6iTi. [1 3HAUEHHS NeXUTh Yy Mexkax Bix ~17 kM/c 10
~ 72 km/c (nuB. 3anuTaHHs 8.3.10).

8.2. MeToanYHI BKa3iBKM Ta nopaau

1. Tpeba matu Ha yBa3i, 0 3 MUTAHHSIMH HEOSCHOI MEXaHIKH O€3MOCEepeTHRO TOB'SI-
3aHi TEOPETUYHI BiIOMOCTI 3 po3aimiB "3akoHu 30epekeHHs", "3aKOH BCECBITHROTO Tsi-
)KiHag" Ta "PyX Tin y 1eHTpaIbHOMY TTOJIi CHuT".

2. Po3paxynku III-i kocMigHOT IIBUIKOCTI YCKIIaMHEHI HEOMHO3HAYHUM 1i BU3HAUCH-
HaM. OxpiMm TOrO, 1l BEIMYMHA ICTOTHO 3aJICKUTH BiJ] HANPSMKY 3amycky. Tomy ciif
OB JeTaIbHO, HIX Y "KOPOTKUX TEOPETUYHUX BiZOMOCTAX", po3iOpaTucs B 0co0nMBO-
CTAX PO3PaxXyHKy Ly (AMB. 3anuTaHHs 8.3.10).

3. Ilpu posrisai pyxy KOCMIiYHOTO 00'€KTa 3a3BHYail 3pydHO pO3IISIAT HOro B CHC-
TeMi BiJUTIKY, TIOB'I3aHiil 3 THM HEOSCHUM TiJIOM, y TMOJIi TSDKIHHS SKOTO TepeOyBae e
KOCMIYHUIK 00'€KT.

8.3. 3anuTaHHA Ta Bignosiai

8.3.1. o maxe ¢inimnuii ma inghinimuuti pyxu MT? Ha wo exasye makuii pyx 0is
KOCMIuHUX 00'exmig?

Sxmro pyx MT oOMmexxenwmii y mpoctopi (TpaekTopii MatoTh hopmu erirca abo Koa),
TO TaKWi PyX HA3WUBAETHCS ¢hinimuum. Ans (iHITHOrO pyXy NMOBHA MeXaHi4HA EHepris
craHoButh E=T+U <0, ne T ta U — kiHeTH4YHA Ta noTeHIiasibHa eHeprii MT, Bigmo-
BiJTHO.

Axmo pyx MT He oOMexxeHmit y mpocTopi (TpaekTopii — rinepdosna, mapaboia), To Ta-
KHUH pyX Ha3UBAETHCSA iHGhinimuum. JIJia iHGIHITHOTO pyXy ITOBHA MEXaHIYHA €HEPTis CTa-
HOBUTE E =T +U 20.

Jns xkocMidHEX 00'€KTiB MOXKIIUBI Taki TpaekTopii pyxy:

e eninTuyHa opbita3a £ <O0;

e KpyroBa opbitaza £=0;

e TrinepOoniyHa opbitaza £ >0;

e TMpsSMOIHIHA TPAEKTOpisA, IO TPOXOMUTH dYepe3 IeHTp cmr 3a L =0, me

2

L =mvor =mwor”—mMomenT iMmmnyiscy MT.

8.3.2. Bi0 1020 3anedxcums 8UCOmMa HABKOL03eMHOI OpOimu cynymuuxa?
Bucora HaBKOI103eMHOI OpOITH CYIyTHUKA 3aJCKHUTh BiJ IMITYIbCY dp , IKHH OTPH-

MaB CYIyTHHUK MiJ 4Yac poOOTH IBUTYHIB pakeTH dp = F -dt, ne F — cuia TATU pakeTH;
dt —4ac poboTH ABUryHA. Y HiJCYMKY Li¢ BU3HAYMTH WIBMKICTb L, PAKeTH IIPU BUBOLI

CYIyTHHKa Ha opOiTy. Yum Oinblie MBUAKICTH L, , TUM Buile opOita. [Ipu upomy, Oe3y-

p’
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MOBHO, HEOOXIJJHO, 00 L} <L, < vy, e Ly Ta vy — [-ma ta [I-ra KocMiYHI IBUAKOCTI,

p
BIANOBIAHO. (Y BUNAAKY L), = Uy CYIyTHUK 3eMIIl BUii/ie HA HABKOJIOCOHAYHY OpOITY).

Takwif BUCHOBOK Hi B SIKOMY pa3i HE BUIUTHBAE 3 YMOBH CTAI[ilOHAPHOI OPOITH — PiBHO-
oo mM M .
= = R= Y- Skimo cimpaTUCh Ha 110 GOPMYITY, TO MOYKHA JIHTH 10
R R L
NPOTHUJIEKHOTO, HEMPaBUWIBHOTO BHCHOBKY IpPO Te, IIO: YUM Oilblla IMBUAKICTH, THM
MEHILIHUH pagiyc Mae opOiTa, a 1e He TaK.
IlosicHeHHST TOTO, YOMYy BHCOTa HABKOJIO3EMHOI OpOITH CYITyTHHKA 3aJICKUTH Bil
MIBUJKOCTI BUBOJY CYIYTHHKa Ha opOiTy, Tpeba HIyKaTh B 3aJIeKHOCTI MOTEHLIaIbHOI

cTil

eneprii U =

5 —Y—— Bi BiICTaHi r MiX LCHTPOM 3eMmili 1 CYyIIyTHUKOM.
r

2mr

U

L v mM
2mr? r
Bif BiACTaHi 7 MK CMNIOBUM LEHTPOM i MT

Puc. 8.1. 3anexHicTb noTeHUianbHOI eHeprii {J =

IIpoxoMeHTyHTE 3aIeXKHICTh, 300pakeHy Ha puc. 8.1, 1 MOSACHITh, YOMY BHCOTa HaBKO-
JI03eMHO1 OpOITH CYIyTHHKA 3aJICKUTh BiJl ITBUIKOCTI BUBOY CYITyTHHKA Ha opOiTy. Pe-
KOMEH]TyeEMO 03HAaHOMUTHCH 3 [2] 1. 57, 58.

8.3.3. Axoi mpaeckmopii nabyde paxema, siIKa 3anyCKAEMbCs 3 NOBEPXHI 3eMi 31 ueuo-
kicmio vy <V, <V, de vy ma vy — ll-ea ma l-ms kocmiuni weuokocmi, 6i0nogio-

HO; L, — WEUOKicmb pakemu?

p

Taka pakerta crae cymyrHukom Conug. LIBuakicts v, = vy #11,2 kM/c — Le MiHIMa-

p
JIbHA MBUIKICTh PAKETH JJIs TOTO, 11100 BoHA cTana cynmyTHUKOM Cowuils. [Ipu 301bIeHH]

wBUAKOCTI pakety 10 II-i KocMIYHOI MBUAKOCTI L, <Ly Oyze 30LIBLIYBATHCH BEIHKa
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HAaITIBBICh IINTHYHOI OpOITH, IO SKii pakeTa Oyae pyxaruch HaBkono Conis. ITo mocsir-
HeHHi pakeToto I1I-i kocMiYHOT IBUAKOCTI BOHA MONETUTD 3a MeKi COHSYHOI CUCTEMH.
8.3.4. Axi npakxmuuni HACiOKU Mae mou Gaxkm, wo excyenmpucumem opoim nianem
Consaynoi cucmemu 0yoice manuii?
[Tnanetn Consunoi cuctemu 3rigHo 3 I-m 3akonoM Kemsepa pyxaroTbcsi 1Mo eminThy-
HUX opOitax (puc. 8.2). B onHoMy i3 mostociB eninca posramosane Conue. ExciienTpucu-
TET € IOPIBHIOE BITHOIICHHIO BIACTaHI /i MiX TOJIOCOM 1 IIEHTPOM EJIiIca 0 BEITUKOI

HAITIBOCI eJIifca a : € =—.
a

ACTpOHOMH BCTAaHOBWIIH, IIIO €KCIICHTPUCUTET € OpOIT miaHeT COHSIYHOI CHCTEMHU TyKe
Manwmii: Hanpukiaan s Benepu € =0,006, aus 3emmi € =0,016 Tomro. Lle o3Hauae, 1mo
opOiTu wiaHeT COHSYHOI CHCTEMH — Maike KoyioBi. Ha mpakTuii 1ie# ¢akt 4acTo BUKO-
PHUCTOBYETHCS, HANIPHUKIIA], TIPH PO3B'SI3yBaHHI 3ajad, y SKUX HE MOTPiOHA BEJIHMKAa TOY-
HICTh pE3yJIbTaTYy.

- . Puc. 8.2. MNMnaHetn CoHSAYHOI cMCTEMM
pyXxaroTbCs MO eninTUYHNX
opbitax

a |
1

8.3.5. [losedimb, wo pyx nianem 6i006y8acmuvcs 8 0OHIU NIOUUHI.

Bpaxyemo, 1mo pyx ImiaHeT BimOyBAa€ThCs B IMOJI MEHTPATBHUX CHII. PO3MIISTHEMO pyx
MT macu m y Takomy noii. Haragaemo, mo y BUnaaky Aii H€HTpaJIbHOI CHITH il Hamlpsi-
MOK y Oyab-SKi{f TOYII TTOJIA TIPOXOIUTE depe3 TOUKy () — CHIIOBHH IIEHTp IOJIA, a 1i Be-

JNIMYMHA 3aJeKHUTh JUIIe Bif BiACTaHi 10 1IbOTO LEHTpa, T06T0 F = f(r) e, ne f(r) —
MOJIyJIb BeKTOpa F ; &, — OJMMHMUHHIT pajiiyc-BeKTOp (IHB. puC. 4.8).
Jns cvmm BimmToBXyBaHHS QYHKIA f(7) momatHa (sSK Ha puc. 4.8), I CHIIH TIPUTSI-

ranHs — Big'eMHa. [louyaTok KoOpaMHAT (TOYKA, 3 SIKOi BUXOAUTH pasiiyc-BEKTOP) pO3Mi-
meHuil y Toui O — CHUJI0BOMY LIEHTP1 TOJIAL.

Mowment M cunu F BimHOCcHO Touku O popiBHIOE Hymto M = 0. Ile ButumBae 3 To-

o, IO TUIeYe IMEHTPAIBHOI CHIIN JTOPIBHIOE HYIIO. I3 piBHSIHHS MOMEHTIB M = o ne L
t

— MOMEHT IMITYJIbCY, BUILTUBAE, 1110 32 yMoBH M =0 BenmuumHa L = const, TOOTO BEKTOP

L He3MiHHMI 3a BeIMUYMHOIO Ta opieHTauier. [Ipu obepransHoMy pyci MT y xoxHMiH
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MOMEHT 4acy BeKTop L = [F [7] NEPIEHIUKYISIPHUMA 10 TUIOLIMHY, Y SIKii JIe)KaTh BEKTO-

pu 7 ta p (muB. puc. 4.9). Ilpore, Ko L =const , T0 i miomuHa 3 BEKTOpPAMH 7 Ta P

Oyme 30epiratuch y daci He3MiHHOIO. TakuMm 9uHOM, Tpaektopis MT nexuTs B OgHIH
TUTOIIMHI — PYX IJIOCKHIA.

3ayBaKUMO, 11O y IUIOMIMHI, y sSIKi BiZOYBaeTbcsi pyX, PO3TAIIOBAHWN 1 CHIIOBHI
IIEHTp ToJIsA. Pe3ynbratu, oTpuMaHi TyT, CBITIATh TIPO T€, IO PYyX IUIaHeT HaBKoo CoH-
1151 BiIOYBAETHCS B OJHIN TUIOMTHHI (Ma€ MiCIIe TNIOCKUH pyX).

8.3.6. Yomy pyx opbimanvroi cmanyii Haexono 3emni He 8I00Y8acmbCs 8 OOHIU NLO-
WuHi (He € NIOCKUM PyXom) Ha 6iIOMIHY 6i0 pyxy nianem Hagxkono Conys?

Pyx opbiTansHOT cTaHIlii HaBKOJIO 3eMJIi HE TUIOCKHH 3 ACKiNbKOX MPUIHH:

[Mo-nepme, y Bunmagky CoHSYHOI CHCTEMH B OCHOBI IUIOCKOTO PyXY IUIaHET HABKOJIO
CoHLsl 1eKUTh HAOMIKEHHST HeHTpalbHUX cuil. CoHLE SBJIsS€ COOOI0 B LIbOMY BHIIAAKY
MaTepiabHy TOUKY, CHJIOBUU IICHTp, Ha SIKUH HampaBjieHa cuia B Oyab-sAKili TOYII TOJIA,
YiTKO BU3HAYCHHWH 1 HE3MIHHHMH Yy 4aci (CTalioHapHMH YW MPUHAHMHI KBasicTalioHap-
Huif). L{poro He MOXkHa cKka3aTu Npo cucteMy 3emist — opOiTanbHa cranmis. Popma 3emii
aX HIAK He Biamosizae hopmi igeanbHoi Kyii. OkpiM Toro, 3eMis He ogHopigHa. ToMmy ii
MOJIe TSOKIHHS HE EKBIBAJICHTHE IOJIIO TsDKIHHS TOYKOBOI MAacH, PO3MIMICHIH y TeoMe-
TPUYHOMY LIEHTPi 3eMIIi.

ITo-apyre, opbiTanpHa cTaHIlis nepedyBae Ha "HHU3BKIH" opbiTi — Om3pk0 200 KM
Haj noBepxHero 3emuti. IIposiBu 3eMHOI aTMocepy Ha TaKMX BHCOTaX MPHU3BOIATEH IO
raJIbMyBaHHsI CTaHIIi1, YHACIIOK YOro ii opOiTa 3MiHIOE CBOKO (pOpMY Ta po3MipH.

8.3.7. Yomy 3axonu Kennepa ne onucyioms (no2ano onucyioms) pyx wmyuHux Cynym-
HUKI8 3eMmii no HasKono3eMHill opoimi?

OCHOBHI NPUYMHH, SKI TOSACHIOIOTH, YOMY 3akoHHM Keruiepa He OmucyroTh (IIOraHoO
OMHCYIOTh) PyX LITYYHUX CYIMYyTHHKIB 3eMJi 1O HaBKOJO3eMHiH opOiTi, BUKIAIEH] y
BIATIOBiZl Ha TIOTIEPEIHE 3amWTaHHSI. BapTo momarw, IO MaHi IPO BIOXWICHHS PyXy
MITYYHUX CYITyTHUKIB 3eMJIi BiI KEINIEPOBCHKUX 3aKOHIB BUBYAIOTHCS 3 METOIO 3pOOUTH
3 HUX BUCHOBKH Npo (HopMy 3emiti, Ipo PO3MOAiT TYyCTHHU B ii 00'eMi, PO XapaKTepuc-
TUKH HaBKOJIO3eMHOi atMocdepu. [Ipo pe3ynpTaT Takux JOCIHIiTHKEHb MOKHA POYUTA-
T B [1] . 45.

8.3.8. Hacnioxom sikozo 3axony 36epesicenns € 11 3axon Kennepa?

Il 3axon Kerutepa cTBepaxye, 0 paaiyc-BeKTop, npoBeneHui Big CoHLS 0 MUIaHETH,
OTIHMCY€ 3a OJHAKOBI MPOMDKKH 4Yacy OxHakKoBi Iwiomti. Ha puc. 8.3 me BHTIISINaE SIK piB-
HICTBH IUTOII CEKTOPIB 3 KyTaMH PO3BOpoTy d¢@ Ta d¢', siki "3amitae" pamiyc-BeKTOp 3a
OJTHAKOBI IPOMIXKKH 4acy.
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Puc. 8.3. 1o BM3Ha4eHHS
II-ro 3akoHy Kennepa

Cnpobyemo nosectu Il 3akon Kemnepa. IInoma ogHoro i3 cekTopis (3 KyToM po3-
BOPOTY d( ) TOPiBHIOE

ds=lrdr=lr2d(p = §=lr2ﬂ. (8.3)
2 2 dt 2 dt
IImanera, mo o6epraeTbes HaBKOJIO COHIIS XapaKTePU3YEThCSI MOMEHTOM IMITYJIBCY
LZ=r-p=rmU=r2-m0)=l’2'm@ (8.4)

dt
4
2m
Jlns 1301b0BaHOT CHICTEMH BUKOHYETHCS 3aKOH 30CpEKEHHS MOMEHTY IMITYIbCY

IMopiBasiemo (8.3) i (8.4), maemo % =

ds . . . . . .
L, =const = = =const = IMBUAKICTH 3MiHH IUIOMI CEKTOPiB, SIKYy "3aMiTae" pamiyc-

BEKTOD, € BEJIMYMHOIO CTAJIOI B Yaci, TOOTO 3a OJJHAKOBHI Yac paiiyc-BeKTop "3amiTae"
onHakoBi Twiomti. Takum uuHoM, 11 3akon Kerepa BurmmmBace i3 33MIL

8.3.9. V aimepamypi mooicna 3natimu Oexinvka 3uadens 111 kocmiunoi weuokocmi, sxi
CYmmeso GIOpIi3HAIOMbCs 00He 8i0 iHwo2o. Tlosacnims npuuuny ybo2o Gaxmy.

[To-mepure, iCHYIOTh JIeKiJIbKa aJIbTEPHATUBHUX BU3HA4eHb [II-1 kOCMiYHOI MIBUAKO-
CTi, @ TOMY ¥ JIeKUJIbKa YACTIOBHX ii 3HAYEHD, SIKi CYTTEBO BIAPI3HAIOTHCS:

1) II-ta KOCMiYHA MBHAKICT (Vpy) — MBUAKICTH, HEOOXIAHA I TOTO, MO0 TiloO,

crapTyrou 3 noBepxHi CoHId, Moryo Buiiti 3a Mexi ConsuHoi cuctemH. Lle BU3HaueHH:
2

mv mM 2yM .

— My € oy = uE421<M/c, ne Mc 1

Re Re

R —Mmaca Ta pagiyc CoHus, BiAOBITHO;

OMUCYETHCA TAKOKO YMOBOIO:

2) IlI-ts1 KocMiYHA MIBUAKICTB (L ) — IBUIKICTB TiNA, Ky HOMY HEOOX1HO HaJaTh
01151 MOBepXxHi 3eMti, 00 1€ TiJI0 MOTJIO BUHTH 3a Mexi COHSYHOI CUCTEMHU.

[Mo-apyre, npu pospaxynkax IlI-i kocMiyHOI MIBUAKOCTI HEOOXiAHO BpPaxoBYBAaTH,
mo 3eMis pyXxaeTbesi BiTHOCHO COHIS 3 JOCHTh BEIMKOIO IIBUAKICTIO L3 = 30KM/cC.
VY 3B'13ky 3 MM y Bu3HaueHHi [1I-1 KocMi4HOT IIBUAKOCTI MOYIINBI ABa BUMIAJIKU 3AIYCKY
TiNa 3 mOBepxHi 3emJi:
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® TLJIO 3aIyCKAETHCS B HAMPSMKY, SIKAH 30iraeThes 3 HAMPSIMKOM PyXy 3eMJli HaBKO-
mo Comnms. Tomi mas Buxoxy Tina 3a Mexki COHSYHOI CHCTEMH HEOOXiTHO, 00 BUKOHY-
Bajach yMOBa
2
m(oy +V3)° mM¢
- >
2 Ry ¢

ne R; ¢ — Bigcrans Bia 3emii 10 Conus (R3_ - =150 MmH kM) = vy =16,5km/¢;

® TIJIO 3aIyCKA€ThCS B HANPSAMKY, MPOTWICKHOMY HAMPSIMKY pyXy 3emili HaBKOJIO
Conrrs. Tolli BUKOHYETHCSI yMOBa

2
m(oy —v3)” _ mMc

Panumo Ha 1o Temy npouutatu [2] m. 61 ta [6] C. 90.

8.3.10. Ha niocmasi woeo mooicha cmeepooicysamu, wo ll-msa xocmiuna weuoxicme
015 3emni 30icaemucs 3 11-10 kocmiunoro weuokicmio onsi Conys?

[T kocMiyHa MBUAKICT JUIs 3eMIIi — 1€ MBUAKICTh TiJIa, SKy BOHO IMOBUHHO MATH,
100 MpH 3amyCKy 3 MOBEPXHi 3eMJIi TiJI0O MOTIIO BUITH 32 Mexi COHSAYHOI CUCTEMU.

I xocmiuna mBuAKicTh A1t COHIM — I MIBUIAKICTH Tija, Ky BOHO MOBHHHO MAaTH,
11100 MOKUHYTH 0opOiTy HaBK0J0 COHIl, TOOTO BUHTH 3a MeKi COHSYHOT CUCTEMH.

Sk Gaunmo, BU3HAYCHHS TOTOXHI. [[po0neMu MOXYyTh BUHUKHYTH y pa3i NPUB'S3KA
IIIBUIKOCTI T1JIa 10 BiATOBIMHOT cucTeMu Bimmiky (3emits, Contle, 3ipKu).

8.3.11. Axumu paxmopamu MONCHA CKOPUCIATNUCH OJisL MO20, W00 3HAYHO 3MEHUUMU
MpUsanicms KOCMIYHO20 NEpenbomy, Xoua Hpu YboMy MPAEKMOpIs NoIbOmy 6U3HAYA-
EMbCSL NOMIMHO OLTLUUM ULTAXOM ?

Hait6inem npoctwii ("mpsmuit') cmocid 3amycky KocMmigHoro amapara i3 3emmi (3.),
JUTSL TIONBOTY B Oik meskoi ianetu (In.), ii 00mb0Ty, MOBEPHEHHS Ta MOCAIKU Ha 3EMITIO
MoKa3aHui Ha puc. 8.4.

, = v =T72xm/c.

@ Puc. 8.4. [o 3anuTaHHsa 8.3.11

Taka cxema mepemdadae, Mo 4ac, sIKHA Tpeda BUTPATHTH UL TOTO, MO0 TOJIETITH JO
TUTAHETH, JOCUTh 3HA4YHWMW. Hanpukiaza, 1S mojapoTy, HANPHUKIAM, 10 YpaHy MOTPiOHO
16 pokiB (po3paxyHok auB. y [1] m. 44). IIpoTe us cxema MONBOTY HE BPAXOBYE CHII Tsi-
JKIHHSI 1HIMX TUTAHET, OPOITH SKHX TEPETUHAIOTHCS TPAEKTOPIEI0 KOCMIYHOTO amapara.
Leti pakTop MOKHA BUKOPHCTATH I 301IBIICHHS CEPEIHbOI IIBHUAKOCTI, TOOTO 1 A
CKOpPOYEHHS Yacy MOJbOTY, X04a IPH [IbOMY MOXKE CIOCTEPIraTHCh MOMiTHE 301IbILICHHS
nusixy. Hampukoran, B ogHOMY i3 BapiaHTIB MOJIBOTY 10 YPaHY TPAEKTOPiS KOCMIYHOTO
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amapara nmpoxoauTh mobdau3y HOmiTepa, 3a paxXyHOK 4Oro 4ac MOJILOTY 10 YpaHy CKOpO-
yyeTbes 3 16 pokiB 10 5.

8.3.12. Axumu éracmugocmsamu obepmanus 3emii HABKOLO CBOEL OCI KOPUCTYIOMbCS
npu 3anyckax i nocadkax Kocmiunux anapamie? Y sxomy micys 3emni Kpawe 8cb020 po-
smawogysamu Kocmoopom? Yomy?

Kpaie Bchoro posramoByBaTH KOCMOIPOM Ha ekBaTopi abo modmnusy Heoro. Lle mo-
3BOJISIE TIPU 3aITyCKaX BUKOPUCTOBYBATH BIALIGHTPOBY CHITY iHEpIIii, ika MaKCHUMalbHA Ha
ekBatopi. [Ipn mocagkax KOCMIYHMX anapariB, SIKi 3MIACHIOIOTHCS y CXiTHOMY HANpPSIMKY
(3a HampsaAMKOM oOepTaHHs 3eMil, Sk BiIOYBA€ThCS TAKOXK Yy CXiAHOMY HAIPAMKY),
MIBUIKICTh KOCMIYHOTO arapaTa BiTHOCHO 3eMITi 3MEHIITYEThCS, M0 TaKOXK Bimirpae mo-
3UTHBHY POJIb.

8.4. Npuxknaaun po3B'sA3yBaHHA 3apay

Npuknapa 8.1. Cynymuux Micays, saxuil pyxacmocs no Koxy paodiyca v, nicis Ko-
POMKOMPUBANO20 2AIbMYBAHHSL NOYAE PYXAMUCH, NO eINMUYHIL OpOimi, siIKa 0OMUu4Ha 00
nosepxui Micsays. 3uaiidimo wac nadinHs CynymHuka Ha nosepxuio Micays.

. . T, . .
Po3B'sazannsa: Yac nafiHHA CylyTHHKa Ha Micsub tzgﬂ, ne 1., — HOBHI @Iepiog

obepTaHHs CyImyTHHKA (ITiCIS TaTbMYBaHHS, IO SIINTHIHIN opbiTi), puc. 8.5.
Bignosignao go Il 3akony Kermiepa cripaBeiiBe CIIiBBiIHOIIICHHS
2

T %Y (r+RY
w2 =(” , (8.5)
T T 2r

CcT CcT

ne T, — crapuil nepios oOepTaHHs CyIyTHHUKA (IO radbMyBaHHs, Ul PyXy IO KOJIOBIH

opbiti); R —pazaiyc Micsis (puc. 8.5).

Puc. 8.5. Jo npuknagy 8.1

Jns cramioHapHOi opOiITH IO KOy BIAIIEHTPOBA CHJIA, IO Ji€ HA CYMyTHHK, 32 MOAY-
JieM JOPiBHIOE CHUJIl TSDKIHHS MixK MicsiieM 1 CyIyTHUKOM:
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=y (8.6)

r

e m — Maca cynyTtHuka; M — maca Micsiis.
3 ypaxyBaHHSAM TOTO, IO JIiHIi{HA IBUAKICTH L CYNMyTHUKA Ha OpOiTi MOB'I3aHa 3 Ky-

. . 1
TOBOIO IIBHJIKICTIO (® CHIBBIAHOMICHHSAM UL = ®F =27fr = 21—, BUpa3 (8.6) mepenu-
CcT

IECTHCA SK:
4 2 2 M 4 2 3
me oy o 2 T (8.7)
T, r r yMm
I3 (8.5) maemo
3
2r 2
T2 = (2¢)". 8.8
R 58)

IIpupiBuseMo npaBi yactuau (8.7) Ta (8.8):

3
4 mr? [ 2r J 2 D) 47%p? (R+rj n? (RJrrT
= (21 = = = =

YMm | R+r Ma\ 20 ) M 2

T (RJrrT/z
=> 1= .

Jim\ 2

Sk 6aunMo, yac mamiHHA CYIyTHHUKA Ha MICAIb 3aIeKUTh Big pamiyca Micsams R 1 pai-
/2

. . 1
, @ TaKOXK Big Macu Micsns ¢ ~ —.

NI

Npuknap 8.2. Yomy dopisHioe nepiod obepmanis CynymHuKa, SKutli pyxacmucs Ha-
8KONO OesaKoi nianemu nobauzy i NOBepxHi, AKWO CepedHs 2YCMUHA NiaHemu

p=3,3r/ oM’ ?
Po3B'azannsa: Maca M mnaHetu 3 ypaxyBaHHSAM ii pagiyca R i TyCTHHU p HOpiB-

yca opbitu 7 : ¢ ~(R+ r)3

47 3 .
HI0E M = ?R p. BanOBYIO‘-II/I, 10 CyIIyTHUK 06CpTa€TBC$I HABKOJIO JACAKO1 INIAHCTH I10-

6uu3y 1i HoBepxHi, T00TO pajiyc opOiTH NPUOIM3HO JOPIBHIOE pajlyCy IUIaHeTH, cua Fi,
TSOKIHHS MK TUTAHETOIO Ta CYIIyTHUKOM, MAacy sSIKOTO TIO3HAYMMO Yepe3 m1 , TOPIBHIOE

4n 3
Mm _Y?R prm _Y4TcRpm
R R 3
Sxmo nepeiitn B HICB, To MokHa 3amucaTél BUpa3 I BIANICHTPOBOI CHIIA 1HEPITii,

sIKa JIi€ Ha CYyIYTHUK, IKUH 00epTaeThCs 10 OpOITI BiTIyBaE Ait0
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4n?

2
B =mo’R=m—R, (8.10)
T

Biau =
ne T — nepion o0epTaHHS CyITyTHHUKA.
YMoBo0 mepeOyBaHHs CyMyTHUKA Ha CTalllOHapHiM opOiTi € piBHICTh CHIIM TSKIHHA
(8.9) i BigentpoBoi cwu (8.10):

2
yAkem AT g P2
3 T P

3 oTpuMaHoi GopMyIH BUIHO, 10 niepion 7' oOepTaHHS HE 3aJISKUTh BiJl MACH TUIAHETH,
il po3MipiB (pamiyca), MacH CyIyTHHKA, a 3aJICXKUTh BiJl TYCTHHH IIAHETH.

Sxmo B octaHHIO (POPMYITy MMiJICTABUTH YUCIIOBI 3HAYCHHS BEJIMYUH, TO OTPUMYEMO
3HAauYeHHS Mepioy 00epTaHHS CYITyTHUKA:

e 3-3,14 _3-10°
6,67-10711.33.10° 4,7

Npuknan 8.3. /leaxka nianema macorw m pyxacmvcs no KOX0GI opOimi HAGKONO
Conysn 30 weuokicmio v=34,9xM/c (8ioHOCHO ecenioyeHmpuyHoi cucmemu BiOJIKY).

c~1,8roxn.

3nanidime nepiod obepmanns yiei nianemu i 6usHauUmMe, wo ye 3a NiaHemd.
Po3B's3aHHA: YMOBA YyTPUMYBaHHS TUIaHETH Ha OpOiTi HaBKoJO COHIII MMOJNATAaE B
PIBHOCTI CHIIH TpaBiTAaIlii Ta BiAIICHTPOBOI CHIIH:
2

cm_m_ paniyc op6itn R =y—=, ne M — maca CoHu. (8.11)
R? R v’

[MincraBuBmu (8.11) y dopmyny nis nepiony 7 obepTaHHS Tijia Mo KOJy, IO J0-
PIBHIOE ITOBXXUWHI KOJIa, MOAUICHOMY Ha JIHIHHY MBUAKICTh TiJIa, OTPUMAEMO ITYKaHY
BEJIMYUHY:

Y

_ 2R 2myM

T 3

(8.12)
L 0]

Maca Conusg M- =2- 10°° kr . TligcraBuBmm B (8.12) o BenMuMHY, a TAKOXK iHIII Bi-
JoMi 3 Tabnuii QpyHIaMEeHTaABHIX BEJTUYMH 1 3 YMOBH 3aJa4i BETUUYUHH, OTPUMYEMO
2-3,14-6,67-107""2.10%°
- (34,9-10°)°

IMepion o6epranus 3emii HaBkono CoHus — T3 =365 1i0. fxa mianera CoHsAYHOI cHc-

T ~19,4-10° ¢ ~ 224,5 n06u (3emHi) .

TeMu Mae nepion obepranus 7 = 224.5 3emuux npoou? [lopiBHsieMo mepionu obepTaHHs
IIUX JJBOX IUTAHET:

T, 2245

= 0,614
T, 365
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I3 [9] (Tabm. 2) MoxHa 3pOOUTH BUCHOBOK, ITI0 TaKUi Mepioa o0epTaHHs HaBKoJ0 COHIlI
Mae Benepa.
Npuxknap 8.4. Cynymuuk, KUl pyxacmuvcsi 8 eKeAmMopiaibHil NAowWuHi 3emii i3 3a-

X00y Ha ¢xid no xon06it opbimi padiyca R = 2-10%km, 3'6196mbCs HAO desikum NYHK-
mom Ha ekeamopi uepes kodicHi T=11,6Tox. 3unaiidims macy 3emni.

Po3B’'g3aHHA: 3eMils 00epPTAEThCS, SKIIO JUBUTHUCH HA Bich oOepTaHHS 3emii 3 ii
IliBHIYHOTO TOJIOCY, MPOTH TOMWHHUKOBOI CTPUIKH, TOOTO 13 3aX0oxy Ha cXim (puc. 8.6).
Hanpsimkn o6epranns 3emii 1 cymmyTHUKA 30iraroThesl.

BeenieMo Taki o3HaueHHs: U — MIBUAKICTh CYITyTHUKA BiJIHOCHO HEPYXOMUX 31POK; U3 —

JiHIHHA MIBUAKICTE 00epTaHHA 3eMITi, BUMIpsSHA B TOYIII, SIKa po3TallioBaHa Ha opoiTi Cy-
1 - . .
IMYTHHUKA: L3 = OR = ZRFR , ¢ T'=24ron; Uy, — WBUIKICTH CYIyTHHKA BIAHOCHO

noBepxHi 3emiti. Lli mBuaKOCTI MOB'SI3aH1 Mi’K COOOFO CITiBBITHOIIEHHSIM

2nR 2nR 2nR | 27R _ 27k (1 T]

T T T T T

BigH

T

Puc. 8.6. [o npuknaay 8.4

‘YMoBa opOiTaTbHOTO PYyXy CYITyTHHKA HABKOJIO 3€MJIi Ma€ BUTIIS

2 2 2p2 2

M

mo” _ m s M3=RU :£4n§ (HZ] '
R R Y y T

UwncnoBe 3HaYCHHS Macu 3eMITi, 3HalJICHE 32 OTPUMAHOI0 (hOPMYJIIO0, TOPIBHIOE

4-(3,14)* - (2-10)3 (1+ 24 Jz _ 8:107'-4-10-3?

1.6) " 1071".6,67-(86400)

T

3 =

= 0 3 > ~6-10%* kr.
6,67-107 " -(24-3600)

Tabmuune 3HaueHHs Macu 3emii JopiBHIOE M5 =5,98- 10%* kr .
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Npuxknap 8.5. Yomy Oopisnioc nosua enepeia nianemu 6 Consuniti cucmemi? O6-
YUCIimob Yo 6eUUUHY 0 3emii.

Po3B’'g3anna: 3rigHo 3 mozaemmo CoHsSYHOI cuctemu, cTBopeHoro I. Kermiepom
(1609), utanetn pyxaroTbcs HaBKONO COHIII IO TUIOCKIM eminTudHii opbiti, a CoHIle
nepeOyBae B ogHOMY i3 hokyciB eminca (puc. 8.7). Cuna TsbKiHHS Mik TutaHeToro 1a CoH-

m . .
IIEM OIHUCYETHCS 3aKOHOM F' = —y , Ie r — BiacTaHb MiX Turaneroro Ta CoHrem; y

1”2

— TpaBiTarliiia crana; M — maca CoHIsl; m — Maca IJIaHeTH.

Puc. 8.7. Jo npuknaay 8.5

[TnaneTa pyxaeThcsi B CHIIOBOMY MOTEHIIAIbHOMY IOJI TIEHTPAIBHUX CHII, ICHTP KO-
ro 30iraerbes 3 nosnoxkeHHs M Cons. ToOTo Ha ruTaHeTy 3a OyAb-SKOTo 11 OJOXKEHHS Ha
op6iti HaBkoso COHLA Ji€ TIIBKU cuia ToKiHHA 3 00Ky CoHus. Llg cuna HampsMieHa mo
npsaMiid, sika 3'eqaye ranety i CoHIle, 1 3aJIeKUTh BiJ BiJicTaHi M mutaHeToro 1 CoHIeM,
TOOTO BiA paniyc-Bekropa 7 (puc. 8.7).

Pyx mnanetu HaBkoio COHUS MOXXHa XapaKTEpU3yBaTH BiANOBIAHUMHU BEIHYHMHAMH
NOTEHIIaabHO0 U 1 KIHETHYHOIO E, €HEprisiMH, 3HAYCHHS SKHX Y KOXKHIN To4ll 0pOiTH
pizHi. IIpu 1boMy MoOBHA eHepris £ 1 MOMEHT IMIyJIbCy L TIIaHETH B 3aMKHEHIH cuCTe-
Mi 3aJIMIIAIOTHCS CTaTUMH.

3miHa moTeHiaNbHOI eHeprii dU BU3HAYAETHCS POOOTO0 dA CHII TONS TSDKIHHS,
B3ATOIO 31 3BOPOTHUM 3HAKOM:

dU =-dA=-F(r)-dr, (8.13)
ne F(r) — cuna TspKiHHS, gKa Ji€ Ha tuaHeTy 3 6oky Conus. g cuma pizHa B pizHHX

TOYKaX OpOITH HE TUIBKH 32 HANPSIMKOM, aje ¥ 3a BemuunHow. Cwna F (), 3 KOO Iia-
HeTa mpUTATyeThes A0 COHIl, HalmpaBieHa JI0 ICHTPa CHIIOBOTO Mo, Tooto Ha CoHIle,
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.. S . . 1
y MPOTHIICKHUH Bix HanpsMKY BekTopa # 0ik. OkpiM Toro, Binomo mo F(r) ~ -— . Ta-
r

B
KHM 9MHOM, 3anuiiemMo F(r)= —— » Ae cTana B=yMm .
r

3HaiigeMo MOTEeHITiabHy CHEPTilo MUIAHETH B OYAb-SIKIA TOYII TOJIS, IIPOHOPMYBABIITH
NOTeHLialbHy eHeprito Tak: U(wo)=0.
IaTerpyroun (8.13) 3 ypaxyBanus subopy Touku, e U =0, oTpuMyemMo

Uw)-U(r)==[Fdr = U(r)=[Fdr =

Tl B
= U(r)=-B[ S dr=—-=. (8.14)
r r
.
Sx BunHO 3 (8.14), mpu BUOOpi NOYATKY BiJUTIKY MOTEHIIAIILHOI €HEePrii B HECKIHYEHHOCTI
MOTEHITIaIbHA €HEePTisl IJIaHETH Ha HABKOJOCOHSYHIN OpOiTi 3aBX M Bimx'eMHa. Y MPOTH-
JIeKHOMY BHITAJIKY (3a JOJATHOI TOBHOI eHeprii) IiaHeTa BUHTIUIA O 3a MeXIi Jii TSHKIHHS
Conus 1 11 pyx ctaB 0u, 3amicTh (iHITHOrO, iH(IHITHEM — HEOOMEXEHUM Yy MPOCTOPi
(muB. [2] m. 57, 58).
IToBHa eHepris IIaHETH B OYIb-SAKii TOYIII OIS TOPIBHIOE
2
Ery="V_ 8 (8.15)
2 r
JIe L — MBUIKICTh IIAHETH HAa OPOITI B TOYII 3 KOOPJUHATOIO 7 .
PosrisineMo moBeliHKy IUIAaHETH B TOYKax opOiTh: Hampukman, A Tta P, (puc. 8.7).

Touka A piBHOBigaleHa Bix 000X GoKyciB eminca, To0To 27 =2a, e a — JOBXKHUHA

BENTMKOi HamiBoci eminca. lle BummmBae i3 GpyHIaMEHTAIBHOI BIACTHBOCTI €IIiIIca: cyMa
BiJIcTaHEH BiJl OyIb-sIKOT TOUKH ejririca 10 000X (POKyCiB efirca € BEIMYNHOIO CTAJIONO 1
JIOpPiBHIOE 24 .
IToBHa enepris miaHeTu B Touli £ 1OPiBHIOE
2

mo B
E=—H1>--=. (8.16)

2 a

MoOMEHT IMITYJIBCY TUTAHETH B 111l TOYIII TOPiBHIOE

L, =[R,mv,].
Kyt Mix BEKTOpOM 7; 1 BEKTOPOM HIBHIKOCTI U; y IiH TOYIl, K BUIHO 3 puc. 8.7, 10-
piBHIOE
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o =arcsin| —— |,

JIle ¢ — BIACTaHb BiJ IIEHTpa eirca J0 OJHOTO i3 (POoKyciB eminca. TakuM YUHOM, 3 ypa-

XyBaHHAM, IO a =7; (K OyJI0 MOKAa3aHO BUIIE), 11 MOLYJIs BEKTOpa [, MaeMo

[2_ 2
. a —c [2 2
L1=r1~m01-s1noc=r1'm1)17=mul a’ - . (8.17)
i

V¥ touni P, (puc. 8.7) MOIy/b pajlyc-BEKTOpa #y =a —c, a IOBHA €HEpris IIaHETU

mu42 B

E, = (8.18)

2 a-c
Kyt Mix paaiyc-BeKTOPOM 7 1 BEKTOPOM HIBHIKOCTI Uy, K BHJHO 3 puC. 8.7, JIOPIBHIOE
7/2. MOMEHT iIMITyJIbCy IUTAHETH B LIl TOYII
Ly=mvoy-(a—c). (8.19)
Y 3aMKHEHIH cUCTeMi, IO PO3TISIIAETHCS, BAKOHYIOTHCS 3aKOH 30€peKeHHSI MOMEHTY
IMITynbCy
L =L, = moNa*-c* =mvy-(a—c) (8.20)

1 3aKOH 30epeKeHHsI TOBHOI eHeprii

m1)12 B m1)42 B

E =E, > - . (8.21)
a 2 a—c
a’ - c?
I3 (8.20) 3naiigemMo v, = v, —— 1 HiAcTaBUMO Lie 3HaueHHA B (8.21):
a—c
mu> B mvu?’ a+c B mo,> a+c 1 1
2 a 2 a-c a-c 2 a—c a a-c
mo (a—-c—a—c a—-c—a mo,> c
= 1 ( j:B = 1 2C=B— =
2 a—c a(a—c) 2 a
2
ﬂzﬁ' (8.22)
2 2a

®opmyna (8.22) nae 3HaYEHHsI KIHETUYHOI €HEprii B Toulll F] , BUpaKeHe uepe3 HapaMeT-
pu opOiTu (a) 1 XapaKTePUCTHKH CUIIOBOIO MOJIS (B = me). BpaxysaBumm (8.22) y

(8.16), oTpumyeMO 3HaYEHHS OBHOI €Heprii B oyl £ :
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5B B__B
2a a 2a
Ile 3mauenHs moBHOI eHeprii TraneTn COHSYHOI cHCcTeMH 30epiraeTbes B yCiX TOYKaX
opbitu. Ak BuaHO i3 (8.23), MOBHA eHepris pi3HMX IUIAHET Ha HABKOJOCOHSYHIA OopOiTi
3aJIeKUTh TUIBKU Bil OJHOTO Mapamerpa iX eNiNTHYHHX OpOiT — BiA BenuKoi HamiBOCi
eirnca a Ta B MacH IUIaHETH m . 3aJeKHICTh BiJl IHIIUX IMapaMeTpiB opOiT (HArp., Bif
X eKCLIEHTPUCUTETY, SIKUH TS PI3HUX IJIaHET Pi3HUIA) BiICYTHS.
Jost 3emiti

B=yMm=6,67-10""".1,99-10°.5,98-10** 2 7,9-10* v -kr-¢2;

(8.23)

Jlist BemuuEn @ ~150-10° M 3Ha4eHHS IOBHOT MEXaHIYHOT SHEepPTil TIaHeTH MpH 1l
obepranHi HaBK0J10 COHIIS TOPiBHIOE

44
po-B _ 7107 5 65107 k.
2a 3.10'"

9. CNMEUIAJIbHA TEOPIA BIQHOCHOCTI
(PENIATUBICTCbKA MEXAHIKA)

9.1. KopoTKi TeopeTuyHi BiOMOCTi

e [leperBopenns Jlopenna:

LX
vt =2
M
X =—e— y=y; Z=z; =—1E—. 9.1)

2 2

L L
== ==

C C

BBaxkaeTscs, 1m0 cucreMa Bimniky K' pyXaerbes 31 MIBUAKICTIO L Y AOAATHOMY Ha-
IPSMKY B3I0BX oci x cuctemu Bimmiky K . Oci x Ta x' 306irarotbes, a oci y 1a ', z
Ta z' TmapayenbHi; ¢ — MBHIKICTH CBITJIA Y BAKYYMi.

e PensTHBICTCHKE CIIOBITLHEHHS X0y TOJAMHHHKA:

Ar=—BL 9.2)

e At — MPOMIXKOK Yacy MiX JBOMA TMOIISMH, SKHH BiApaxOBYETHCS 32 TOJAHMHHHKOM,
SKM{ pO3TalllOBaHUi y jabopaTopHiil (Hepyxomiil) K -CB; At'— mpomikok yacy Mix
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THMHM K TTOTISIMHM, IO BipaXOBYETHCS 3a TOAMHHUKOM, KM BigHOCHO pyxomoi K'-CB
MOKOIThCA (TOAMHHUK PYXa€ThCS pa3oM i3 TUIOM BiAJiKy, Y IbOMY BHNAAKy TOJUHHUK
MOKa3ye BIacHUI Jac).

e PenaruBicTChKE CKOPOUCHHS JOBXKHUHHU:

(9.3)

ne l, — noBxuHa CTprxH:, BuMipsHa B K'-CB, BiTHOCHO sIKOi CTpHKEHb HEPyXOMHI

(BnacHa HOoBXHHA); /| — JOBXKHMHA CTPIKHA, BUMIPSIHA B CUCTEMIi BiIJIIKY, BITHOCHO SIKOi
CTPMKEHB pyXaeThbed 31 mBUAKicTIO L (y K -CB).
e PenATHBICTCHKUN 3aKOH IMEPETBOPECHHS MTBUIKOCTEH:

, 94)

JIe BBAKAETHCH, IO CHCTeMa Bimmiky K' pyXaerbes 3i MIBUAKICTIO Ly AOZATHOMY Ha-
npsiMky oci x K -cuctemu Bimmiky. Oci x Ta x' 36irarotecs, a oci y ta ', z Ta z'
mapayesnbHi.
e [HTepBan MiX momisiMu 1 Ta 2 OMUCY€ETHCS BETMINHOIO, KBAIPAT SIKO1 IOPIBHIOE
2 2,2 12
Slz =C tlz _112 5 (95)
Je t, — IPOMDKOK 4acy Mix monismu 1 Ta 2; 1122 — BIZICTaHh MK TOYKAMH, y SKUX Bifl-

Oymuck momii. [HTepBal € BenmunHOIO iHBapianTHa B ycix ICB.
e PensaTHBICTCHKHIA IMITYJIEC YACTHHKH:

P (9.6)
A€ m — Maca YaCTHHKU, 6 — I_LIBI/II[KiCTL YAaCTHUHKMU.
L] PGHHTI/IBiCTCBKa GHCpFiH YaCTUHKUA:
E=—"2 . 9.7)

e PenaTuBiCTCHKUN IMITYNIBC (p) 1 pensATUBICTCHKA eHepris (E£) YacTHHKH, sSKa Py-
Xa€ThCA 31 MBUIKICTIO L, HOB'I3aHI MK COOOIO CITIBBIHOIIEHHSIM
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v
p=E-—. 9.8)
c
e (OCHOBHHIA 3aKOH PEISATUBICTCHKOI THHAMIKHY:
-1/2
=3 - 3 3(5 - V] .. V]
F= m[ya +By (B . a)] , e vy=l1-— — koedimient Jlopenna; f=—. (9.9)
c c

e JloBHA peNMATHUBICTCHKA €HEPTisl £ TOB'I3aHA 3 KIHETHYHOIO eHepricro 1 Ta eHep-
rieio cnoko Ey = mc? CHiBBiHOMEHHM

E=T+E,. (9.10)

e 3B'130Kk Mix eHeprieto (FE), kiHetnuHoto eHeprieo (7)) Ta iMmynscom (p) pens-

THBICTCHKOI YaCTUHKH 3IHCHIOETHCS Yepe3 CITIBBITHOIICHHS:

E? =mzc4+p202; (9.11)

p=% T(T+2mc2). (9.12)

9.2. MeToanuHi BKa3iBKKU Ta nopaaum

1. 3a moMoBIEeHiCTIO BBaXaroTh, o K'-CB — 1e pyxoma cucrema, a K -CB — Hepy-
xoMa (J1abopaTopHa) cucTeMa.

2. Tpeba mam'staTh, 0 Yac Te4e NOBUIbHIME B pyxomiid (K') cuctemi Bimtiky. Too-
TO MPOMIKOK 4acy MK JBOMA IOMiIMHU B pyxomiit ( K') crcTeMi 3aBXIu MEHIINH, HiK
MPOMIKOK 9acy MiX IIUMH K ITOIIAMH B HEpYXOMiii (;TabopaTopHiit) cuctemi At' < At .

3. Kinematuuni popmynu CTB moB's3ytoTh "BiaacHy" MOBXKUHY 3 JOBXKHHOIO B J1a00-
paToOpHii cucTeMi Bifyliky Ta "BiaacHUK" 4ac i3 4acoM y j1a0OpaTOpHiil CHCTEMI BIIUTIKY

1
J1-B2

. 2 .
0a IUIMTH 49X MHOXHTH Ha /1 —B2 (me B=-—), cuig mam'aTaTH, MO0 BEIMYMHA 1—[32
c

Iy’)ke TpocTuMu hopmynamu depe3 koedimient Jlopenma y = . Bupimrytoun, Tpe-

3aBIK/IM MEHIA Bij oxuHmii. TOMy pe3y/IbTaToM MHOKEHHS Ha /1 —B% Gyab-sKoi Beu-

9uHU (1€ MOXKe OyTH MPOMIKOK dacy a00 TeoMeTpHYHAa JOBKHHA BiNpi3KiB) Oyzae 3MeH-
HICHHS Li€l BEJIMUMHY, a OTepallis IineHHs npuBee 10 ii 30inpmenHs. ani Tpeba nam's-
TaTH, IO MiJ 4acy pyXy TiJla Oro JOBXKWHA 3MEHIIYETHCS, a MiJ Yac pyXy T'OAWHHHKA
HOTO X111 CITOBUTBHIOETHCS (TIPOMIXKKH Yacy 30UTBITYIOTHCS ).

4. 3agadi, siKi pO3B'SI3yIOTHCS B Kypci 3aranbHoi (izuku "Mexanika" 3 po3miny "Pens-
TUBicTbKa MexaHika. CTB", moB's3aHi 3 po3risIoM pyxy TiT TIIBKH B iHEpLiaJbHUX CHC-
TeMax BIIUTIKY.
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5. Konmermnist 7BOX Mac — MacH CIIOKOIO Ta PEISITUBICTCHKOI MacH, SIKy MOYKHA 3yCTpi-
TH B AESKHX KHIDKKaX, 3actapina. CydacHa ¢i3uka omnepye 3 OAHI€I0 — IHBAPIaHTHOIO Ma-
coro'. KoprcTyrouncs inesMu Ta GopMyIaMH i3 3aCTapiinX MiApydHHKIB 3 (Bi3HKH, MOXK-
Ha OTPHUMATH IPaBUIIbHY a00 Maibke MpaBUIIbHY BiAMOBiAbL (auB. npuknaa 9.3). OmHak,
HE3BaXKalOUM Ha 1€, PO3B'A3yBaTH 3aJadi 3aBKAMU Tpeda, BUXOASYM 3 MOTJISAIB 1 TOCAT-
HEHb Cy4acHOi (i3UKH.

Tak camM0O HEMPUIIyCTUME BBEJEHHS JBOX Mac — MO3J0BXKHBOI Ta MOMNEPEUHOI, SIK 1€
pOOHTBCS B JIESKMX 3acTapiIMX MiAPYYHUKAX. 3 MOMAY cydacHoi ¢i3uku i TyT Tpeba
OpaTtu 10 yBaru, 110 Maca € BeJMYMHOIO iHBapiaHTHOIO, IO iCHYe oJHa Maca, "mpocTo"
Maca, 6e3 Oyab-IKUX TPUKMET TUIy "Maca crokor", "pensTuBicTchbka Maca', "momepe-
gHa Maca", "mo3mgoBxkHa Maca" tomo. (IIpu 1mboMy, 6€3yMOBHO, HE BiAMOBISIOTHCS BiJ
pO3rIsiny TpaBiTaliiiHOl Ta iHEPTHOT MacH).

6. 3BepHEMO yBary Ha Te, III0 BU3HAUCHHS KBajpara iHTepBaly MIXK BOMA IOIIsIMHU B
MICEBIOEBKIIIIOBOMY 4-BUMiIpHOMY MIPOCTOPI B OUTBIIOCTI MiApyYHUKIB (Hatp., y [3]) Bu-

3HAYAETBCA K 52 =c2 - At — AL2.

YacomoaiOHNM 1HTEPBAJIIOM BBaXKAETHCS MIHCHUH 1HTEpBAI s122 >0. Taki iHTEpBaTH
XapaKTePU3yIOTh MOl 3 MPUYUHO-HACIIIKOBUM 3B'SI3KOM.

IIpocTOpOBOMOAIOHNM 1HTEPBAIIOM BBAKAETHCS YSABHHM iHTEpBAT s122 <0. Taki inTEp-

BaJIM XapaKTePU3YyIOTh MOJIii 0€3 MPUYMHO-HACIIIKOBOTO 3B'SI3KY.
V nmeskux miapydHukax (Hamp., [1]) kBaapaT iHTepBay BU3HAYAETHCSA B 1HIIHM CIIO-

ci6: 52 =A02—c* AP, Ile mpu3BOIUTE MO AiaMETPaTbHO MPOTHICKHUX BH3HAYCHD Ya-
COTOJIIOHOTO Ta MPOCTOPOBOIOAIOHOTO IHTEPBAJIiB, OAHAK BUCHOBKH BIIHOCHO iX MOX-
JUBOCTI 200 HEMOXKJIMBOCTI OINKCYBATH MOl 3 TMPUYMHO-HACIIIKOBUM 3B'S3KOM 30ira-
10Thcsl. OCHOBHA BJIACTHBICTH IHTEPBATY — HOr0 iHBAPIaHTHICTH 3aTUIIAETHCS HE3MIHHOIO
B 000X BUIaJKaX BU3HAUCHHS iHTEpBaly. byjeMo BUKOpHCTOBYBAaTH BU3HAYCHHS 1HTEP-
Bany (9.5), sike HaBeneHe, Harpukian, y [3].

9.3. 3anuTaHHA Ta BignosBiai

PensatTuBicTcbka KiHeMaTuKa

9.3.1. Kopomxko cghopmynoiime cyuacui ysgieHHs npo npocmip-yac. Hxuili 3micm
BKIA0AEMBCA Y BUCTIOBNEHHS PO GIACMUBOCHI NPOCMOPY-4ACY SIK €OUHO20 KOHMUHY)-
ma?

Crnemianpaa Teopis BimHocHOCTI (CTB) BHSABMIA 3aI€KHOCTI MPOCTOPY 1 Hacy Bif
MIBUIKOCTI pyxy 00'ekTiB BimHocHO HepyxoMoi CB. CTB o6'emnana mpocTip 1 9ac B €11-
HUH 4-BUMIpHUI MPOCTOPOBO-YACOBUI KOHTHHYYM (CYLiJIbHE MaTepiajdbHE yTBOPCHHS,
BJIACTHUBOCTI SIKOTO 3MIHIOIOTHCS HETIEPEPBHO).

' TIpo e MoXHa IPOYMTATH, HANPHKIAL, y KypHam "Ycmexn dusmaecknx Hayk" (1999, T. 158,
Ne 3, C.511;2000, T. 170, Ne 12, C.1363).
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9.3.2. ki nocmynamu noxknaderi 6 0CHO8Y 008edelHs hepemsopers Jlopenya?

B ocHoBy noBenenHs nepeTBopeHs JlopeHIa MoKIaaeHo 1Ba MOCTyNaTH: IPUHLINI Bi-
nmuaocHocTi ("yci ICB piBHONpaBHi") i TBepIKEHHS PO 1HBAPiaHTHICTH MIBHAKOCTI CBITIIA
y BaKyyMi, BUMipsHY B Oynb-skiii (B ycix) ICB.

9.3.3. L]o maxe nocmynam? Yomy npunyun 6iOHOCHOCMI HAZUBAEMbCA NOCYAAMOM?

O3Haku noctynaTty:

» moctyjiar — 1e 0a30Be TBEp/UKCHHS (IPUITYLICHHS), 110 MA€ MPUHIMIIOBO BasKJIH-
BUH XapaxTep AJIS BEIMKOTO KJIacy SIBUIIL;

» TOCTyJNar — e TBePIUKEHHs (MPUITYLICHHS), SIKe HE TOTpeOye eKCIIepUMEHTAIbHOT
NepeBipKH (IOBEICHHSA);

» TOCTynaTr € BHUCHOBKOM 0araThOX EKCIIEPHUMEHTAJIbHUX JIaHUX 1 HE CYIepeduTh
JKOTHOMY 3 HUX;

» TOCTyJar, Xo4a i 6a3yeThcs Ha BCIX iICHYIOUMX SKCIIEPUMEHTAIBHUX (paKTaxX, BUXO-
JIUTh 32 MEXKI €KCIIEPHMEHTAJIbHOI mepeBipku. ToOTO MoCTysiaT Mae adCOMIOTHUI Xapak-
tep. Lle BUIIMBAE 3 TOTO, IO €KCIIEPUMEHT T03BOJISIE OTPUMATH PE3yIbTATH JIHIIE 3 TIEeB-
HOIO TOYHICTIO, IOCTYITHOIO JUII BUMipIOBaHHS Ha JAHOMY €Talll pO3BUTKY HayKu. Y 3B'A-
3Ky 3 MM IOCTYJIaT MPHUITyCKae, M0 MpH OyAb-sSKOMYy (HaBiTb 3HAYHOMY, ajie 3aBKAH
CKIHYCHHOMY) ITiIBHUINEHHI TOYHOCTI pe3yIbTaTH €KCIEPUMEHTY OYIYyTh Y3TO/KyBaTHUCh
13 OCTYnaToOM;

» TOCTyJaT He BHUKJIIOYAE, IO B MalOyTHHOMY OyayTh OTpPHMaHI HOBI HEBIIOMi Ha
ChOTOJHI E€KCIEPUMEHTANbHI (aKTH, sIKi 3pOOJSATh IEH TOCTYNIAT OKPEMHM BHITaIKOM
IHIITOTO OUTBII IMIMPOKOTO MOCTYIATY, K IIe TPANUIIOCh 13 IPUHIIMIIOM BiZHOCHOCTI ["aimi-
Jest, sIKUii OyB "TOTJIMHEHWH" 1HIIMM [OCTYJaTOM — IPUHUUIOM BinHOCHOCTI EifHITei-
Ha. L{g xapakreprucTuka MOCTyJaTy HE MPHHWKYE HOTo (yHIAaMEHTAIHbHOTO 3HAYCHHS.
JliticHO, BCi HAYKOBI MOHATTS, 3aKOHHU, TEOPii, y TOMY YHCII, 1 TOCTYJIaTH CIIPaBEIJINBI B
neBHUX Mekax. OfHaK BHXiJ 32 MEXi 1X 3aCTOCYBaHHS HE POOHTH iX HENpaBHILHUMHU.
[Ipo ue cBigunTh Oarato NpuKIagiB 3 icTopii Qi3uKH.

Jlo mocTynariB HaJeKaTh, HAIPUKIAA, TBEPHKCHHS MPO CTATICTh IMIBUAKOCTI CBITIIA,
Ipo piBHOMPAaBHICTH ycix iHepuiansHuX CB, moctynartu bopa B aTomHii ¢izumi.

9.3.4. Axa demanv y nepemeopennsx Jlopenya 6xazye Ha 38’130k Midc npocmopom i
yacom?

Iepexin Bix wacy ¢', skuil BigpaxoByeThes B pyxomiit K'-CB, mo vacy ¢ y Hepyxo-
Miii K -CB, BinOyBaeThcs 3a TOTIOMOTOI0 (hOpMyITH

s dbopmyna CBIZYMTH PO BIAHOCHICTH Yacy. 3 Hei BUIHO, IO: MO-IEepIile, Yac 3a-
JIeKHUTH BiJl MIBHAKOCTI pyXy BiacHOi CB (iCHy€e CIOBITBHEHHS XOAy PYyXOMOTO TO-
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IUHHUKA); MO-APyre, Yac 3aJeKMTh BiJ MpocTOpoBOi KoopauHaTH (x') Micis, y
SIKOMY PO3TallOBaHUN TOMUHHUK (puc. 9.1).

— U

K'-CB
X

Puc. 9.1. o 3anuTaHHsa 9.3.4

3anekHICTh Yacy BiJl KOOPIWHATH — BaXJIMBa 00CTaBUHA, sIKa BKA3y€ Ha HEPO3PUBHUI
3B'130K MK IIPOCTOpOM 1 dacoMm. DakTUUHO, yKe 3 TepeTBopeHb JIopeHIa BHIHO, M0
po3risgaTi OKpeMo 4ac 1 mpoctip He MoxHa. Clnij Ka3aTd Mpo €QWHUN MPOCTip-4ac, y
SIKOMY BiZIOyBaroThCs BCi (hi3W4HI SBUILA (IHUB. 3anuTaHHs 9.3.1).

9.3.5. ¥V womy noasieae npunyunoga pizHuys y 6UMIpIOGAHHI MpUBAIOCmell npoyecy,
wo 8i00y8acmubCsl 8 OOHIL MOUYL NPOCMOPY, I Npoyecy, o NOYUHAEMbCS 8 OOHIU Moyyi i
3AKIHYYEMbCSA 8 THIMILL?

Sk BurumBae 3 mepeTBopeHb JlopeHIa, TPUBAJICTH IPOIECY, IO BiIOYBAETHCS B
K-CB, B onHiif To4Ili IpocTOpy i3 (PiKCOBAHOIO KOOPAMHATOIO X TPOTATOM Hacy Af, y
K'-CB 1ieii niporiec BiiOyBa€ThCs MPOTATOM 4acy, BEIMYHHA AKOTO BH3HAYAETHCS (op-

Mynoro Ar' =At/+1-B> .

TpuBanicts npouecy, mo B K-CB mounHaeTscst B 0HiH TOULI MPOCTOPY 3 KOOpAKUHA-
TOIO X;, @ 3aKIHUY€THCSA B 1HIIIN TOULl 3 KOOPAUHATOIO X, 1TPHUBAE MPOTAroM 4acy Af,y

K' -CB BusHaugaeTscst HopMyIIor0
At—(x2 —xl)o/c2

J1-p2

9.3.6. ¥V nayxoso-nonyaspuiti rimepamypi 3 CTB onucanuii "epexm onusnroxis”. Yomy
tioeo we Hasusaromsv "napadokcom onusnioxig"? IlJo 6 Hbomy napadoxcanvHozo?

Haranaemo, y yomy x mossirae "edekt Onm3HiOKIB". Skio 0 ouH i3 TBOX OJIM3HIOKIB
BHPYIIINB ¥ KOCMIYHY TOJIOPOK Ha PakKeTi 31 CyOCBITIOBOIO IIBUIKICTIO, a APYTHH 3aJIH-
muBcs 6 Ha 3emili, TO Micisl OBEPHEHHS pakeTH Ha 3eMJII0 Miff 4ac 3ycTpidi MepiIni
0JIM3HIOK OyB OM MOJIOJIIIMM 3a APYTOTo.

"[Tapamokc" BUHHMKA€E BHACITIJIOK TOTO, IO TYT HE BPAaXOBYETHCS BIMHOCHICTH PYXY,
3T1IHO 3 KO0, MOYKHA CTBEPKYBATH, 1110 B IMOJOPOK BUPYIIIUB IPYTHI OJIM3HIOK, a OJIH-
3HIOK, SIKMii IiepeOyBaB Ha pakeTi, HiKyu He 1moJeTiB. Toi BUXOOUTb, IO Micist 3yCTpii
MOJIOIIINM Ma€ OyTH TOW OJM3HIOK, IO 3aJIMIIABCS HAa 3eMIli, a HE TOM, 10 nepedyBaB y
pakeri. XT0 3 HEX Oyme milicHo MoyoAmuM? Y MbOMY 1 TToyirae mapamokc. Buxin i3 HbO-
TO CJiJl IIYKaTH B TOMY, 110 CHCTEMH BiJTIKY TYT HE EKBIBAJICHTHI: OJTHA 3 HUX, ITOB'S3aHa

At' =

173



13 3emiero, — iHepItiansHa, gpyra CB, moB's3aHa 3 pakeroro, — HeiHepmianbaa. Dopmynu
IUISL CHIOBIJIbHEHHS yacy B pyxomiii CB crnpaBemmBi Tinbku 11 inepuiansHoi CB. Tomy,
HaIleBHO, BCE K MOKHA CTBEP/KYBATH, IIO MOJIOIIHM ITiJT 9ac 3yCTpidi Oy/e OIU3HIOK,
SIKH#1 TepeOyBaB y paKeTi.

9.3.7. lllsuokicmv MT € 6erununor ineapianmHow 4u HeiHgapiaHmuow?

IBuakicte MT — HeiHBapiaHTHa BeNMYMHA BiJHOCHO SIK TepeTBOpeHb [ amines

(ux =u, + L)) , Tak 1 meperBopeHs JlopeHua:

u. +v
vu,

2
9.3.8. Yomy meepooicennss npo cmanicme weuokocmi ceimaa y eaxyymi 8 ycix ICB ¢

NOCMYIAMOM, X0UA Ye MEEPOICEHHS MONCHA CIMPO20 008ecmu (0ug. 3anuTaHHs 9.3.9)7

ux=

1+

PiBHICTH MIBHAKOCTI CBiTJIa Y BaKyyMi (c) U BCix iHepmianbauX CB sk mocTynar €
6azoBum npunuunoM CTB. I Bxke notim y mexkax ctBopenoi CTB i3 neperBopens Jlo-
peHIia, K OAWH i3 iX HACIIIKIB, MO’KHA OTPUMATH (CTPOTO OBECTH, SIK I1e Oy/Ie 3po0IeHO
B 3anuTaHHi 9.3.9,) IHBapiaHTHICTh BETWYMHH IIBUIKOCTI TMOMIUPEHHS CBITIa Y BaKyyMi ¢ .

9.3.9. [losedims, wo wseuokicms ceimna y saxyymi 8 ycix inepyianrvnux CB oonaxosa.

Icuye cuctema Bimmiky K', sika pyXa€Tbes 3i MIBHAKICTIO U Y JOJATHOMY HAIPSAMKY
oci x BimHOCHO HepyxoMmoi K -cucteMu Bimmiky. Hampsmku oceit x Ta x' 36irarorbes. Y
K -CB 3i mBuxictio u, pyxaetbes MT. Ti mBuaxicts y K'-CB nopisHioe u!. . Bigomuii
3aKkoH (9.4) w1 mepeTBOPEHHS MIBUIKOCTEH Mae BUTIIS

u. = e ey
vu,
2

Bynemo BBaxkatu, mo po3risayta TyT MT — kBaHT cBiTia, (OTOH. SIK BimoMo, MBUI-
KicTh ()OTOHA Y BaKyyMi JOpiBHIOE ¢ . Takum uuHoM, y K -CB mBuaxicte MT nopiBHioe
u,=c.Y K'-CB mBugkicts Takoi MT nopiBHioe

1-—

, €=V _C—V
U, =——= .

= c=c.
vc c—V
==
c
Tobto u, =u, =c — IMBHAKICTb CBITJIA y BaKyyMi Ul BCiX iHepuiansHux CB He3MiHHA
(inBapiaHTHa).

9.3.10. Yomy pesynomam odocnioy 1.-JI. @izo (1851), saxuii ynepwe noxazas, ghaxmuy-
HO, HemouHicmb nepemeopensv I anines, He GUKIUKAG CEPeO GUEHUX MO20 PE3OHAHCY, 5K
ye cmanocw 3 pesyabmamom excnepumenmy Matixenvcona — Mopni (1881)?

Hocnig 1.-JI. ®@i30 nossiraB y BUMiIpIOBaHHI 3MiHHM MIBUIKOCTI CBITJIa B PyXOMOMY ce-
PEIOBUIII 3aJIEXKHO Bil 30ITY UM MPOTHIISKHOCTI HAIPSIMKIB ITOIIMPEHHS CBITIA Ta PYXY
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CEepeoBHINA, HAIPHUKIAL, BoAu. JeransHo mpo mocuin Pizo MoKHA TIPOYHUTATH, HATIPU-
knan, y [1], m. 12, 17.

Hocmin ®i30 mokasas, IO 3aKOH JOJaBaHHS IIBUAKOCTI, SIKHA BUKOPHUCTOBYETHCS B
KJIACHYHIN MeXaHiIli, TyT He BUKOHYEThCS. Lleit HecrmomiBaHuii 1 My)Ke BaXIIHBHI Pe3yIib-
TaT 3a CBOIM 3HAUEHHSM, K BUIHO 3apa3, MaB OW BilirpaBaTé HE MEHIII CYTTEBY POJIb Y
ctBopenHi CTB, Hix BigoMuil pe3ynbraTr ekcnepuMmeHTy Maiikenscona — Mopii. Ognak
y cepenuHi XIX CT. OSCHEHHS pe3ynbTaTiB Aocuiay Pi3o 3HAWIIIM B 3alydeHHI imei
0O.-X. ®penens mpo Te, MO cepeOBUIE, IKE PyXaeTbca B edipi, MOKE YaCTKOBO 3aXOIl-
mroBatu edip. Came MM (HENPaBWIIBHO) 1 MOSICHUIIN pe3yibTaTH gociigy dizo.

Jlumme micist ctBopenus B 1905 p. A. Eitnmretinom CTB cTano 3po3ymiianm, 10 B 10-
caigi dizo Bmepmie Oyia €KCIEPUMEHTAIHLHO JIOBEICHA HECTIPOMOXKHICTH JOJaBaHHS
IIBUIKOCTEH 332 KJIACHYHUMH TPaBHJIAMH IEepeTBOpeHb [ amines. MakTU4HO, yKe Micis
nmociiny ®i3o MoxkHa Oyio O OCTaBUTH il CyMHIB (aKT icHyBaHHS edipy 3 yciMa Hac-
JIJIKaMH, 5Kl 3 I[bOI0 BUIUIMBAIOTh.

9.3.11. [lpointocmpyiime 0eKiibKoMA NPUKAAOAMU 3ACOCYBAHHS PENAMUBICHICHKO20
3aKOHY 000ABAHHS WEUOKOCHEU.

PenaruBicTChKui 3aKOH AOJaBaHHS IMIBHAKOCTEH BHILTHBAE 3i CHiBBiMHOIICHH (9.4):
P KOJIIHEAPHOMY PYCl TBOX TUI, MIBUIKICTH SKUX Y HEPYXOMil CHCTEMI BIIJIIKY Bimoma
1 IOpIBHIOE BIANOBITHO U; Ta U, , MIBUAKICTh OJHOT'O TLIA BIIHOCHO APYTOr0 JOPIBHIOE

N |Ul Uz|

BiJTH VL, .

2
c
3a monoMororo 1€l GopMyIIr MOXKHA TIEPEKOHATHUCH, 1110, YMOBHO Ka)Ky4d, BAKOHYIOThHCS
TaKi CITiBB1THOIICHHS:
1) 2 xm/Tox + 2 km/ron = 4,0 km/rox ;
2) 200000 km/c + 200000 km/c = 277000 k™m/c ;
3) 200000 xkm/c —100000 xm/c = 82000 km/c .

9.3.12. Vaeimo cobi, wo paxema semumo 3i weuoxicmio 100000 km/c giorocHo 3emii.

1+

I3 yiei pakemu 6 Hanpsamky it pyxy euiimae Ooesxuti npeomem 3i weuokicmro 100000 km/c

8i0HOCHO pakemu. Axoro 6yoe wieuoxicmov yb020 npeomema 6i0HOCHO 3emni? Po3g's-
JHCIMb Y10 JiC 3a0auy, HACMKOBO 3MIHUBWU YMOGY. paxkema Jlemumyv 3i WEUOKICIO
250000 xm/c gionocHo 3emai.

Bynemo BBaxkatm 3emito Hepyxomotro inepriansHoo CB. Y it K -CB mBuIkicTsh
paketr L =100000 xkm/c . IlIBuaKicTs mpeameta BimHOcHO paketw (y K'-CB) mopisHioe
u’. =100000 km/c . IIIBuAKICTH u, NpeaAMETa BiJHOCHO 3eMii 3a 3aKOHOM JO/aBaHHS
IIIBUIKOCTEH TOPIBHIOE
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ITizcTaBUMO YKCIIOBI 3HAYEHHS
2-100  2-10°

u, = = =180000 xkm/c .
* 10°-10° 1
1+ 3 9
(3 : 105)
Sxmno pakera netuts i3 mBHaKicTIO 250000 KM/C BigHOCHO 3eMiti, TO
5 5
u, = 3,5 12 . 3,5-10 ~ 274000 xm/c.
2,5-10°-10° |, 25
1+ — 9
(3'105)

Sk 1 cmig Oynmo OdiKyBaTH, BEJIMYHMHA IIBHAKOCTI IIpeIMeTa BIZTHOCHO 3eMJIl MEHIa
BiJ IIBUIKOCTI CBiTNIAa Y BakyyMi: u. = 274000 km/c < 300000 km/c.

9.3.13. o cninbHo20 i wo 6idpisusc npunyunu ionocHocmi I aniness ma Etinwmetina?

IIpuntuny BigHOCHOCTI, chopmynpoBaHi 'anineem Ta EffHmTeitHOM, IOEAHYE TE, 110
BOHH, (DaKTUIHO, MaroTh Bu3HaueHHSA [CB. 3a ["amineem: HISIKUMHA Mexaniunumu TOCTiIa-
MU He MOKHa po3pisHuTd oAny ICB Big inmoi. 3a EfHmTeliHOM: HIIKUMU pi3uunumu
(MeXaniuHuUMy, eneKmpUYHUMY, ORMUYHUMY MOWO0) AOCIiAaMU HE MOXKHA PO3PI3HUTH
onny ICB Bix iamoi. [Ipuanuny BiqHOCHOCTI EifHIITEHHA y3araapHIOE MEXaHIdHI TIPHH-
uny BigHocHocTi [Namines Ha Oyap-ski (yci) dizugni mporecu.

9.3.14. Yu moorcna suxopucmosysamu npunyun gionocrocmi o HICB?

I B xmacuuHil, i B peNsATUBICTCHKIN MeXaHiKax MPUHLUUIH BiTHOCHOCTI, cOpMYIIBO-
BaHi ['amineem Ta EffHmTediHoM, dakTHuHO, AatoTh BuzHaueHHs ICB, 1 ToMy BoHH mpsMo
He crocyroThcs HICB. Ilpote BBenenns EifamTelinoM y pensatuBicTchky Mexaniky HICB
MIPU3BEJIO J0 TOSBH 3araJIbHOI TeOPil BiHOCHOCTI Ta (OPMYITIOBAHHIO, 30KpeMa, TIPHH-
LUITYy €KBIBaJICHTHOCTI (JUB. po3A. 7).

9.3.15. J{osedims, wjo icnye epanuys weuoxocmi pyxy MT i 6ona dopiguioe weuoxocmi
ceimaa y eakyymi c ?

V nepetBopeHHsx JlopeHIia i BHCHOBKaX 3 HUX 00OB'SI3KOBO B Til UM iHIIIH Gopmi BH-
KOPHUCTOBYEThCS Koedimient Jlopenra

11106 He BTpauaBcs Gi3UUHUN CEHC YCiX MEPEeTBOPEHb 1 popMy, y sIKi BXOAUTH Y, Tpeba
BHUMAaraty JiHCHOIO 3HAYCHHS BiJ BEIMUUHHU 7Y . I bOro HEOOXIIHO, 1100 MiIKOpEHEBE
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2 2
2 2

8}
3HAauYeHHS B Y OYJIO JOJaTHHUM: 1——2>0 = —2<1 = v < = v<c. dk 6auumo,
c c

MaKCHMaJlbHa IIBUAKICTB, 3 SIKOIO MOXke pyxaTuch MT, oOMexeHa MIBUIKOCTIO CBITIa Yy
BakyyMi. DaKkTHUHO, 16 OOMEXEHHS MOB’S3aHe 13 3pPO3yMIJIOI0 HEMOXKIIUBICTIO [T MaTe-
plagpHOTO TiTa MaTH HECKIHUEHHO BEJIMKY SHEPTII0 Ta IMITYJIbC, IS TEOMETPHUIHOTO BifI-
pi3Ky MaTH HYJIbOBY JTOBKHHY B3JIOBXK HAIIPSIMKY PYXY, @ JUIS TOJUHHKA, SIKHH PyXa€Th-
csl, TIOKa3yBaTH «HYJIBOBHil» 4ac. SIK KaxyTh: «[3 IIBHUAKICTIO CBiTIIa MOXE PyXaTHCh
JIUIIIE CBITIIO.

9.3.16. logedims, w0 icHye epanuuna weuoKicmos nepedaui ingpopmayii (63acmooii), i
B0HA OOPIBHIOE WBUOKOCTNI C8IMAA Y 8AKYYMI C ?

Hexait icHyrOTh nBi TToAii, 0 TOB'I3aHI MK COOOI0 TPUYNHHO-HACTIIKOBUM 3B'SI3-
KOM. Y HepyxoMmiii iHepuianpHii K -CB y MOMEHT 4acy ¢, y Todll 3 KOODJHHATOIO X,
y3m0Bk oci OX BinOyBaeThcs nepiua nogis. Lis moaist BUKIMKae APYTy MOAisi—HACTIIOK,
ska B K -CB BinOyBaeThCsl B TOULI 3 KOOPIUHATAMH 7, , X, (puc. 9.2). L1i nBi moxii B K' -
CB, mo pyxaetbes 31 mBHAKICTIO L BigHOcHO K -CB y310Bxk oci OX , BinOyBaroThCs B
TOUKaX 3 KOOpAMHATAMU ¢'|, X| Ta t',, X5, BIIIOBLIHO, (puc. 9.2).

[IprunHa Hacaimok
K -CB I l
(t, %)) (t2 x2)
[TpuymHa Hacaimok
KV _ CB Il 1

1 1
(t, x1) (8, x3)
Puc. 9.2. [o 3anuTaHHs 9.3.16

OckinbKH TOMIT TIOB'SI3aHI MK CO00I0 TPHYMHHO-HACIITKOBHM 3B'SI3KOM, BOHU HE
MOXYTb HOMIHATHCH Y 49aci MiCIAMH: TOOTO 3aBXIH f,>t, Ta t',>t';. llIBuakicTs me-

penadi inpopmauii B K -CB nopiBHIoe
X2 X
-t

L, =

(9.13)

Kopucryrouncs meperBopennsmu Jlopermna (9.1), 3HalimeMo iHTEpBal Yacy MK JBOMa
nonismu B K'-CB

v v
h=——=% h-——7x b
t—f = C _ C —
2~h = > = =
v v
- -2
C c




3 ypaxyBanasaMm (9.13) maemo

- X X
h- 2(2 1 t—tl

R

Buxozsuu i3 Toro, mo ¢,>t, Ta t',>t';, a y— DoJaTHA BEJINYHMHA, CIIPaBEINBA He-

PIBHICTH

LV L L c
>0 = €<l > v.<—c.
c c L

1—

c
Slkmo Bpaxysatu, mo — >1 (amB. 3anuTaHHsa 9.3.15), TO MOXHa 3pOOUTH BHCHOBOK, IITO
L

v, <c, TOOTO IBUIAKICTH Mepeaadi iHpopmawii v, He MOXe NEPEeBHUILYBaTU MIBUAKICTh
CBITJIa y BaKyyMi C .

3ayBaskuMoO, 110 MiJ epegadcto iHpopmMarii Mu MaeMo Ha yBas3i 1 mepenady B3aeMoii
(¢i3m9HOTO BILTUBY) OAHOTO Tijla HA iHIIE, SIKY 3aCTOCOBYEMO, 30KpeMa, IIPH MOSCHEHH]
[II-ro 3axony HeloToHa, po3riisai MpuHLUITY ONMM3bKOAIL (IMB. 3anuUTaHHs 7.3.1) Towo.

9.3.17. Jlosedimb, wo keadpam iHmepeay sP=c? AP -AP € iHeapiaHmom 6i0OHOC-
HO nepemsopens Jlopenya.

Ksanpar iHnTepBany y BUTIISAAL s? =c? - At? = Al? sanmcanmii mis K -CB. Ckopwucra-
BIIUCH TIepeTBOpeHHssMHu Jlopentia (9.1)

L
At=-S Ax
—V- 2
A =BTV AL Ay Ay A=Az Ar=— €

J1-p? J1-B2
3anmumieMo KBajapart intepaiy misi K'-CB:

S!2 zcz ‘Atrz _AEIZ :c2 -At'2 _Axrz _Ayf2 _AZQ —

2
L 2
At ——Ax
2 — -
=C2 c _ Ax—v- At —Ayz—AZZZ

1-p2 J1-p?
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2
[ 2 ~20Ax- At +25 A% — Av? +20A1 - Ax—0?A |~ AV~ AZ? =

1 [32 c
2 2 2 A2 —AZ2 =
IBZ(C A2+ B A - Ax qu) AV? - Az
2 2 2 2 2 2 2 2 _
-— BZ[C AR AP (1-p) - 07 A }—Ay A=
2
202 At Z_sz l) At Ayz_Azzz
1-p 1-p°
2 2
S AL AR — A A =
1- [3 c

TakuM 4rHOM, JOBEAEHO, 10 KBaApar iHTepBajly, TOOTO i iHTEpBaj, BiAHOCHO mepe-
TBOpeHb JIOpeHIa 3aMIaeThCs CTANOI0 BETUUYMHOIO B OyAb-sKill iHepLiaJdbHIld cucTeMi
BIIIJTIKY, TOOTO € BEJTMYMHOIO 1HBApPiaHTHOIO.

9.3.18. Bidomo, wo inmepsanu ( st =c? AP - AP ) bysaiomb mpbox munis. npocmo-
P0B0ON0JiOHI, waconodioni ma Hywosi. Yu 3anedxcums mun iwmepsanis 6i0 eubopy cuc-
memu GiOnIKY, y AKill 8i00ysaomubcs nodii? (4u moodicna sminumu mun iHmepeany eubo-
pom cucmemu 8i0NIKY, y AKill 6i100y8aromuvcs Nooii?).

Hi, He 3amexarts. Tum iHTepBany BU3HAYAETHCS BIACTUBOCTAMHU (XapaKTEpOM) CaMHX
NoJii, siki OyBalOTh MOB'SI3aHUMU IPUYUHHO-HACIIAKOBUM 3B'SI3KOM 1 03 Hboro. HynpoBi
IHTepBaJIH MOB'I3YIOTH TOIi1, iHGOpMAITist (B3aEMOIis) MIXK SKAUMHU TEPEAAETHCS 31 TIBUI-
KICTIO CBiTJIA.

9.3.19. Yu 3anescums mun inmepeany, akuti onucye 06i nooii, 6i0 moeo, nos'a3awi yi
noO0ii NPUHUHHO-HACTIOKOBUM 36'SI3KOM Ul Hi?

Tak, 3anexars. [lonii, ski MOB'I3aH] MPUIMHHO-HACTIIKOBUM 3B'SI3KOM (HAPOKEHHS-
CMepTb, OaTBKU-IITH, BHOYX-pYHHYBaHHS TOIIO) OMHUCYIOTHCS TUIBKHM YacOMOAiOHUMH

IHTEepBaIaMHu (s2 > 0). Ionii, sxi He TIOB'A3aHI MPUINHHO-HACTIIKOBUM 3B'SI3KOM, (HE3a-
JIeKHI OJMH BiJl OAHOTO IOCTPIUIA 3 IBOX TapMaT, HE3aJeKHi CITIBYIapH JABOX Tap Kyib

TOI0) OMHUCYIOTHCS TUTBKH MPOCTOPOBOMONIOHUMHU (32 <0) abo HynTbOBUMH iHTEpBana-
mi (5% =0).

9.3.20. Jloseoimb, wo uaconodibni inmepsanu ( 52 >0 ) ModCYmb Xapaxkmepusyeamu
minbKu nooii, N08'a3aHi NPUYUHHO-HACTIOKOBUM 38 'A3KOM.

Jst wacomomiOHMX iHTepBaTiB (s2 =c? AP =A% > 0) moxna obpatu Taky CB, y sxiit
moii B omHiN 1 TiKA camiii Touri mpoctopy (Af=0) BimOyBarOThCS TiTBKH ITOCIITOBHO:
st=c? A?>0. IIpote He icHye Takoi CB, y sKil mi caMi moil BinOyBanuch O OIHOYA-
cHo. Toxi mpu At =0 Oyio 0 iHaKIe: KBaapaT iHTepBaITY s =-Ar? <0, mo CYIIepEUUTh
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YMOBI 5% > 0. TTocHiT0BHO Ta 3 HE3MIHHIM 3HAKOM TOCITIIOBHOCTI, ane Hi B SKOMY pasi He
OJTHOYACHO, MOXKYTh BiIOYBaTHCS TiABKH TOJIil, TOB'I3aHI MPUYUHHO-HACITITKOBUM 3B'SI3-
koM. L5 BIacTUBiCTh 3aMIIAETHCS HE3MIHHOIO B yCiX iHepuiansaux CB.

9.3.21. V axomy eunaoky 3azoaneziob MOJCHA CKa3amu, wo 061 nodii nos's3aui npu-
YUHHO-HACTIOKOBUM 36'A3KOM?

Tinpku momii, TOB'A3aHI MPUYUHHO-HACIIIKOBUM 3B'SI3KOM, MAalOTh YacoMmOAiOHUI

(s2 >0) iaTepBat. Y BUNAAKY, KOJIH s% >0, 3a3maeriap MOXKHA Kas3aTH, 1O ABi moaii
TTOB's13aHI MPUINHHO-HACTIIKOBUM 3B'SI3KOM.

9.3.22. Ilokaoicime, wo modicHa eubpamu maxy pyxomy inepyianvty CB, wob 06i no-
0ii, sKi 6i00yauUCy Y pisHUX mouxax npocmopy i oyau ¢ nepyxomiui CB nocuiooguumu 6
3A0aHOMY NOPAOKY (Hanp., nodis 2 8iddynace nicas nodii 1: cnowamky eucmpinuia 2ap-
mama 1, a nomim nezanedxcho 6i0 Hei — eapmama 2), cmaau 6 00HOYACHUMUL.

3aBkaM MOKHa oOpatu pyxomy iHepuiansHy CB, y sikiif Taki JBi He3aleHI 0THA Bix
OJTHOI Toii BiMOyBaIvCh OM OTHOYACHO, a00 HABITH iX MOCHIIOBHICTH 3MiHHIIAcs 0. Ale
1€ MOXKJIMBO JIMIIIC Y BHUMAAKY, KOJH 1HTEPBAI MK MOMISIMH — IPOCTOPOBOIIOMiOHMMA

(s2 <0). lle Moxxe cTocyBaTHCh JHINE TMOJiH, HE MOB'I3aHUX MPUIHHHO-HACIITKOBUM

3B'SI3KOM, IS HUX AP? > c? - Af? . 3a Takoi BiJICTaHi NOJIT 32 yac Af, po3JiJieHi BiJcTaH-
HIO A{, HIKOJM HE MOXYTh OOMIHIOBATUCH iH(OpMaLi€ro ado B3a€MOAISITH, TOOTO OyTH
MTOB'SI3aHIMH IPHYUHHO-HACITIIKOBUM 3B'SI3KOM. AJDKE MaKCUMaJIbHA IIBUAKICTE TIepeaa-
4i B3a€MO/Iii 0OMEKEHa IBUJIKICTIO CBITJIa Y BAKYyMi.

Yacosi npomixkn Mix Takumu noisvu B K -CB (Ar) i K'-CB (At') nos'ssani mixk

c00010 4acOBHUM CIiBBiTHOIICHH:M i3 niepeTBopens Jlopenua (9.1):

V- Ax
At — 5

Al'=——E5—

J1-p°

V pasi, ko v-Ax = At-c?, mogii B K'-CB 30iratumyThes B gaci. Koim Oyme BHKOHY-

BaTUCh HEPIBHICTH L - Ax > At - c? , IOCJIIIOBHICTh TIOJTifi 3MIHUTKCS: OIS 1 BiIOYaeThCS
s momii 2.

9.3.23. Ao 06i nodii 6i06y8aiomvcs NOCIIO08HO (100is 2 nicasa nodii' 1) 6 o0wiil i miti
camiti moyyi nPoCMopy, Mo Yu MOICHA 3HAUMU MAKy cucmemy GiOAiKy, Vv AKil yi noodii
8i00y8a0mMbCst 00HOUACHO Ab0 Y 360pomHomy nopsaoky (1 nicis 2)?

Hi, ve moxHa. [TpoMikku yacy MiK JBOMa IMOMISIMH, SIKi BiIOYJUCh B OJHIN TOYII

npocropy, y pisanx ICB nos's3ani Mix coboro criBiguomenusM (9.2): At' = At1- B2 .

Sk 6GauMMo, 3MIHUTH 3HAaK 4acoBOro Mpomikky At y K'-CB a6o 3pooutu At =0 Hi-
SIKHMH JTISIMH HEMOXKITUBO.

9.3.24. Vaeimo cobi, wo mino cghepuunoi popmu pyxaemocs iz cyoCceimio8or weuoKi-
cmio. Akoi hopmu mino cnocmepicamumemvcsi npu 1020 pomozpagysanui abo npu isy-
ALHOMY CHOCEPEHCeHHI?
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Buxonsau i3 nepetBopens JlopeHIia, po3MipHu Tija B HAIPSIMKY HOTO PyXy CKOPOTY-
IOThCSI TUM OLIbINe, YUM OLIbINa MBUAKICTE PyXy Tina. Hacmpapmi sk amekBaTHY 3MiHY
(dhopMu 00'eMHOTO Tijia, IO PYXA€ThCS, AK MU CIIOAIBAIUCH, choTorpadysaru adbo mooda-
YUTH HEMOXJIUBO. [10B'13aHO 1€ 3 TUM, 1[0 B OKO YW Ha MOBEPXHIO (DOTOILTIBKY OJHOYA-
CHO HAJXOSITh KBAaHTH CBITJIAa BiJl OLNBII BiJUIaJIeHUMX TOYOK TiJia, a TAKOK KBAHTH, IO
Oynu BUMIPOMiHEHI paHilie Big O1bII OJM3BKUX TOUOK Tija.

Takum unHOM, oTorpadyroun ado CIIOCTEPiralodu Bi3yalbHO OyIb-sKe 00'EMHE T1JIO,
MU y (hiKCOBaHHI MOMEHT 4acy PEECTPYEMO KBAHTH CBITJIA Bil PI3HUX AUISHOK TiNa, SIKI
OJIHOYACHO JOCATAIOTh OKa a00 QOTOIIIBKH. BUIIPOMIHIOIOTHCS Ii KBAHTH CBITJIa HEOJ-
HovacHO. Lle mpu3BoANTH 10 TOTO, WO Mif Yac pyXy Tija B owi a00 Ha (OTOILTIBLI OTPH-
MY€ETBLCSI CIOTBOPEHE 300paxkeHHsI Tia. SIKIio O JOPEHIIBCHKOTO CKOPOYCHHS HE 0yIo,
pyX Tiia MaB O MPUBOIUTH JIO TOTO, IO TLIO BUTIISAAAIO O BUTATHYTUM y HAIIPSAMKY PY-
Xy. BinmoBigauit po3paxyHOK MOKa3ye, IO TaKke CIIOTBOPEHHS KOMIICHCYETHCS JIOPCHITIB-
ChbKHUM CKOPOYCHHSM. Y pe3y/IbTaTi 3Ja€ThCs, 110 TiI0 CBOIO (hopMy He croTBoproe. Tino
chepuanoi popmu, siKe PyxaeThes i3 CyOCBITIIOBOIO IIBUIKICTIO, OyIe CIIPUHAMATHUCH Bi-
3yasibHO 200 Ha (OTOILTIBLI SK TIO cHEPUIHOTO KOHTYpPY ab0 MpUHAWMHI BOHO HE BH-
IS TATUME TaKUM CILTIOIICHUM y HAIIPSAMKY PyXY, K BUIUIMBAE 3 MEPETBOPEHB JlopeHTia.
Binpi geransHy iHQOpMALiIO MO0 PO3TISIHYTOTO BUMAAKY MOXKHA OoTpuMatu B [1, 1. 15,
c. 80-81 Tam. 17, c. 92-93] abo [2, 1. 64, c. 226-227].

9.3.25. Yu mpeba epaxogysamu pesimugiCmcbCKi NONPAGKU 8 PO3PAXYHKAX PYXY Cy-
YACHUX KOCMIuHUX pakem? fKka eenuduHa iOHOCHOI NOXUOKU BUHUKAE 8 pA3i He8paxy-
BAHMSA PENAMUBICICOKUX eheKmis Y yboMy UNAOKy?

Slk1o He BpaxoByBaTH PENIATUBICTCHKI €EKTH, a POOUTU PO3PAXYHKH, BUXOMISIYH CY-
TO 13 3akoHIB HbIOTOHA, TO BilHOCHA MOXMOKA 3a IIBUAKOCTI PaKeTH 8 KM/C CTaHOBHTH

8

3.10°
ob6unciens. TakuM YMHOM, BBOJUTH TIOTIPABKHU Ha PENATHBICTCHKI eheKTH He Tpeda, xoda
0 TOMYy, IIIO TIOYaTKOBI YMOBH, HEOOX1/THI JIJIS1 pO3paxyHKiB, BU3HAYAIOTHCS 3 HE3PIBHSIHHO
MEHIIIOI0 TOYHICTIO.

2 2
L ~ .
BEITMYMHY TOPSAKY (—j =( j ~10™, T06TO 320€3MeTyeThCSl BEJIMKA TOYHICTD
c

PensatTunBicTcbka AnMHaMika
9.3.26. /[0o6edimb 0CHOBHUIL 3AaKOH PENAMUBICIMCLKOL OUHAMIKUL.

. . o = dp
Y CTB 30epiratoTbcsi HBIOTOHIBCHKE CIIBBiIHOLIEHHST F = f , aJle B HbOMY BHUKOPH-
t

CTOBY€TBCS PEIATUBICTCHKI iMITyIibe (9.6), Ta enepris (9.7):

2

E=—Fr=—=ymc Ta D=

-1/2
v .
me y=|1-— — xoedimient Jlopenrta.
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Po3nmmemMo oCHOBHE PiBHSHHS TUHAMIKH JIJIS PEISATHBICTCHKOTO BUIIAAKY:

B ) —-1/2 ]
d{l—uzj
do . c
—

dt dt

dt dt dt dt

= m[derﬁyS (Edﬂ , Oe B=B.
c
TakuM YHHOM, OCHOBHE PIBHSHHS PEIAMUBICMCHKOL OUHAMIKY Ma€e BUTIIST Bupasy (9.9):
F= m[y& +By3 (Edﬂ .
9.3.27. 3pobimb @hizuuni 8UCHOBKU 3 OCHOBHO20 3AKOHY PEAMUBICINCLKOI OUHAMIKU.
IIpoanamizyemo Bupa3 (9.9) 0OCHOBHOTO 3aKOHY PEISTUBICTCHKOI JUHAMIKH Y BUTIISIL

F= m[yﬁ +By3 (BZZ)} :

1. To3naumBmm nomaHku 3 (9.9) sk CKIAAOBI CHIN 1’7“1 =myd Ta Fz = mBy3 (E.Ei ),
06auuMo, 1110 17“1 lla; Fz [|O .

2. OckimbKu F1 lla 1 Fz || O, a TakoX, BpaxOBYIOUH, 110 NPH KPHUBOMIHIHOMY pyci

HaNpsIMKH BEKTOPiB MPUCKOPEHHSI d 1 MIBHAKOCTI U HE 30iraroThes MiX cO00I0, MOXKHA

3pOOUTH BUCHOBOK: HA BIIMIHY BiJl pyXy YaCTUHOK, SIKHA PO3TIIAIAETHCS B MEXKax Kia-
cngHOi MexaHiku (puc. 9.3, a), HAPSIMOK BEKTOpa MPUCKOPEHHSI PEISITUBICTCHKOI YacTH-

HKHM B 3aTaJIbHOMY BHMIAJIKy HE 30ira€ThCs 3 HANPSIMKOM CHIM F', sika BHKJIMKana Ie
npuckopeHHs (puc. 9.3, 6).

3. Bexropn F Ta G KomiHeapHi (17“ ||la ) y Bumaaky, ko F L0 (komn Fz =0).
ITokaxemo 1ie Ha puc. 9.3, B). Y CKIaOBiil cuin Fz = mBy3 ([3 -d ) € CKaJsIpHUH JOOYTOK
(B-d)=B-a-cos(ﬁ,d)zﬁ-a-cos(f),d). V pasi, komn F L O, IpomoBKyHOUH PO3IIHCY-

BATH CKAJAPHUI T00YTOK (B . d) , MO)XHa 3amicaTh - a-cos(V,d)=P-a -sin(F,d) )
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Puc. 9.3. o 3anuTaHHs 9.3.26:
B3@EMHE PO3TalllyBaHHA BEKTOPIB LUBMAKOCTI U, NPUCKOPEHHS d , cunn F y BMNamKy KAacuuHoi

MexaHiku, Konu 1?“||a (a) i penaATMBICTCbKOI MeXaHiKku (ﬁ:m[yd+[§y3([§dﬂ) 3arasibHuiA BuNa-
ok (6); Bunagok F 1O ( F= miiy) PYXY 3apsiKeHOl YaCTUHKK Nif Ai€l0 MarHiTHoi cunu JlopeHua

(B); BMMAmoK F|| (F:may+ma[32y3 :may3) Ana npsamoniniliHoro (r) Ta obepTanbHOro mia

pieto cunu KynoHa (4) pyxy YaCTUHKM

J1s1 BUKOHAHHS YMOBHU sin(ﬁ,&) =0 HeoOXimHO, MO0 KyT (F,a) =0 = ﬁll&. Ta-

KAM 9MHOM, UIs BHIAnKy F 1 U BHKOHyeTbcs ymoBa F||d. V mpoMmy pasi F'z =0,
F=F \=yma (puc. 9.3, B). Takomy BunajKy Bianosigae aist cuiu JlopeHua Ha pyxomy o

KOJIy B KiJIbIIEBOMY NPHCKOPIOBadi 3aps/UKeHy 4acTHHKY. Llg cuna He 3MiHIOE BETMYMHU
mBuKocTi (G, =0), a 3MiHIO€ fi HaIPsMOK.

4. Bekropu F Ta d KoiHeapHi (F ||d) TAKOXK y BUIAIKY, Koau F||. Taka curya-

ITis MOYKJIFBA y BUTIAAKY, KOJIM BEKTOpU F',V, d — KoJiHeapHi. lle Tak y BUTagKy mpsMo-

JHIMHOTO TPUCKOPEHOTO PyXy (puc. 9.3, T) PEIATUBICTCHKOT YaCTUHKH abo mpu Iii cuin
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Kynona Ha 3apspkeHy 4YaCTHHKY, sika IepeOyBae MiK OOKIaJAMHKaMU KOHIEHcaTopa i
IpU [IbOMY 00epTa€eThCs, SIK 1€ BiAOYBaeThCS B KUTBILIEBOMY MPUCKOPIOBaUi (Komaiaepi)
(puc. 9.3, n).

5. Sk Gaummo, BEKTOp MPUCKOPEHHS d 30IiracThcs 3a HAIPSIMKOM 3 BEKTOPOM CHITH

F v nBox Bumajkax: komu F 1O abo F . B yCiX 1HIMX BUMAAKaX 10 CKIIAJ0BOI CH-
hios | ]7“1 , IO TIapaJieIbHa BEKTOPY d , JOMAETHCS CKJIaJI0Ba CHIIH Fz ||V, sika poOUTH BEK-
topu F i @ Hexomineapuum (puc. 9.3, 6).

6. CkiramoBa Crmd Fi =myd HIKOJH, Ha BIAMIHY BiJ CKIaI0BOI Fz = mBy3 (B -d ) , HE
CTae piBHOIO HYJIIO.

7. MoxHa ITOKa3aTH, Mo PiBHAHHA F = m[yﬁ + By3 (ﬁ -d )} , 3aIICAHE B CKAIIPHOMY

BUIIIAAL 71 BUNanky F||O (puc. 9.3, r), HaGyBae BUITISLY

1
F=may+ maB2y3 = may3 —+ B2 = may3 .
Y

8. V pensTHBiCTCHKill AuUHaMILi TpebGa pO3PI3HATH MOIEPEUHY (F L) 1 TIO3JOBXHIO
(F”) BITHOCHO HaIPsMKY BEKTOpa IMBHUAKOCTI U CKJIAJ0BI CHIIH, SKi OMHUCYIOTHCS BHpa-
3amu F| =F =may,xomu F 10,1 F = mayS, komu F || 0. TakuMm guHOM,

Fu = may (9.14)
F =may3. '
Il

9. Sk 6aunmo 3 (9.14), mO3M0BXKHS cHIa 17“” HaJ[a€ YaCTUHIII PUCKOPSHHS B yz pasiB

MEHIIIe, Hi’K TAKa CaMa 3a MOJLyJIeM TTOTepedHa cuma F -

10.ITonepeyna cuina BUKIUKAE 3MiHY IIBUJKOCTI YaCTUHKHU TUTBKHM 33 HAIPSIMKOM, a
MTO3/I0BXHSI CHJIa 3MIHIOE MO/TYJIb IITBUAKOCTI.

11.Ha BigMmiHy Bix KJIACHIHOI MEXaHIKH, JI¢ MIpOIO 1HEPTHOCTI € Maca, y pelIsSTUBICT-
CBKIli MexaHiIli Maca repectae OyTH €IMHOIO MIpOI0 iHEPTHOCTI, HEIO CTaE€ BEIMYMHA
(my +mp 2 y3 ) .

. . a . .
12.5Ixmo BH3HAYUTH "i{HEPTHY Macy" sIK BIHOLIEHHS — , TO B PENATHUBICTCHKIA Me-
a

XaHili sl BeTMYHHA 3aJISKUTH BiJl B3AEMHOTO PO3TallyBaHHA (HAIIPSIMKIB) BEKTOPiB F Ta
U. €auHoi MipH Ul BH3HAYEHHS 1HEPTHOCTI PEJSATHUBICTCHKOI YACTUHKH HE ICHYE,
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"omip" peaATUBICTCHKOI YaCTUHKH CHIII, IO MPUCKOPIOE ii, 3aJICKUTH HE TIIBKH Bij 11 Ma-
CU m , aje U Bij MIBUAKOCTI Ta KyTa Mixk F Ta U.

13.IHepTHICTH PENATUBICTCHKOI YaCTUHKH MAa€ JBI CKJIAJ0BI: Y3IOBXK HAMPSIMKY PyXy
F T 2.3 . Fn : :
—=mf “y’ 1 NepNeHANKYISPHO N0 HANPSAMKY pyXy —=-=my . [HEpTHICTh pensTHBICT-
aT an
ChKOT YaCTUHKU B Pi3HUX HAIPSAMKaX pi3Ha my# mf 2y3 . OcTaHHE € MPUYUHOIO TOTO, IO

HampsIMKH F' Ta @ B PeNATHBICTCHKIA TUHAMIII HE 301TarOTHCA.
14.BBeneHHsT ABOX Mac — MO3/I0BKHEBOL m 1 monepeyHoi m | , [k Lie poOUIIOCH Yy Je-

SIKUX TIPYYHUKAX, BUJAHUX y MONEPEIHI POKH, 3 MOTIISAY CydacHOi i3uKU HEIPaBHIIb-
He. Tpeba kazaTtu Tpo pi3HY IHEPTHICTH PEIATHUBICTCHKOI YAaCTHHKH, SKa 3aJICKUATH Bill

KyTa Mk F Ta V.
15.CxnanoBi cuiu B OCHOBHOMY PIBHSIHHI pEeNITUBICTChKOI AuHaMiku (9.9) Fi~y i1
Fy~ Bz. Tomy y Bumagky v<<c, komu y—1,a B— 0, i3 OUMH CKIAJOBUMH CHITH

BinOyBatoThCs Taki 3minu: F, -0, F, - ma . Y pe3ynbrati OTpUMyeEMO OCHOBHE DiB-

HSHHS KJIACUYHOI JUHAMIKU: F = ma .

He3puuHe 1110710 HEIOTOHIBCHKOI MEXaHIKU 1 HA/JI3BUYAHHO BAKIIMBE JUJIS PEISTHBICT-
ChbKOi MeXaHIK¥ piBHIHHS (9.9) MpaBUIBFHO OMHUCYE PYX PEIATHBICTCHKUX YACTUHOK, IO
MPOTATOM OcTaHHiXBxke MmoHay 100 poKiB MiATBEPIKYETHCS BCiMa pe3ysbTaTaMu ix J0-
CJTJIKCHB.

9.3.28. [loscHimb, yomy 8 peramueicmcobKill meopii He MOXCIUBO Yasumu cobi npu-
CKOpeHUtl pyx abcomomuo meepoo2o mina?

Bimowmi pesynbratu (muB., Hamp., [7, C. 97]) 3acTocyBaHHA nepeTBopeHb JlopeHna
0 TIPUCKOpeHHS MatepianbHOoi Toukm (MT), mo Mae Bci TpU CKJIAA0BI IIBUIKOCTI
(vy,V,,0,), a pyx K'-CB BinbOyBaeThcs 31 MBHUAKICTIO L y3m40BXK oci OX . ®opmy-

JIM TS 3HAYEHb CKJIaJ0BUX IMpHCKopeHHs mpu nepexomi Big K -CB go K'-CB maroth
BUTJISIT

: (9.15)
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' 1-—
, dv IORRD) JORRV) 2
ayZTtyZ 1- 2x a, + Zyax < T (9.16)
c c (1_0 ij
2
v
d . 2
L=k - ;X}WU = ¢ 9.17)
t c c

7 Y 3
2

SAx 6aunmo, npuckopenns MT ckinagHo 1 mo-pi3HOMY B3JIOBK Pi3HHUX HANPSMKIB 3a-
nexuTh Big mBuakocti MT 1 mBuakocti CB. Oco0imBO 1€ CTOCYETHCS CKIIATOBUX IPH-

CKOpeHHSL @), Ta a;. TOMy Ba)Ko, i HaBiTh HEMOKIMBO YSBMTH cO0i MPUCKOPEHUH pyX

a0COJTIOTHO TBEPAOTO TiNa, KU Tepemdavyac B CHITy BU3HAYCHHsI aOCOIIOTHO TBEPIOTO
Tija, M0 BCi HOr0 TOYKH MPUCKOPIOIOTHCS 0JHaK0BO. [IprckopeHuii pyx TBepIOro Tina B
PENIATUBICTCHKINA MeXaHilli MOXIMBHUH JIHIIE 32 YMOBH HOro aedopmatii (3MiHK po3MipiB,
00'eMy 1 popmn).

9.3.29. Yomy mamepianoHomy miny RPUHYUNOBO HEMOICIUBO HA0AMU WEUOKOCHI, KA

6 dopisHiosana weuoxocmi ceimaa?
2

mc
J1-p>
BennunHa E — oo . e o3Havae, 110 MpU HaMaraHHI HAJIaTH MaTEPialIbHOMY TUTy IIBHJI-
KOCTI, sika 0 JOpiBHIOBaJla IIBUAKOCTI CBiTJIa Tpeba Oyno 6 BuTpadaTH Bce Oifblie i Oi-
JIBIIIEe SHEPTii, a J0 HeCKIHYCHHOCTI, 110, 3BUYaHO, HEMOXKIIUBO. 3i MIBUJIKICTIO CBITJIA

MOKE PyXaTHCh JIHIIIE CBITIIO ((DOTOHM).

®DaKkTHYHO, MU CKOPHUCTAIIUCH TI€I0 XK 1/I€€10, IO JIGKUTH B OCHOBI BIATIOBiAL 10 3anu-
TaHHs 9.3.15.

9.3.30. [{osedimb, w0 8 peasimugicmcobKiti Mexauiyi Maca — HeadumueHa 6eTUYUHA.

Kopuctytounce 331 Ta neperBopennsimu ["amines, y po3n. 2 (auB. 3anuTaHHs 2.3.10),
OyJ0 TIOKa3aHo, 10 B KJIACHYHIN MeXaHIIll Maca — aINTUBHA BeIMYMHA. UK aTuTHBHA Ma-
ca B PEIATHBICTCHKIA MeXaHIITi?

Bimomo, mo B pensiTHBICTCHKIN MEXaHilli €Hepris Ta iMITyJIbC — aJUTUBHI BEJINYHHI.
ToOToO y BHITaJKy ABOX YaCTUHOK CyMapHa CHEpris CHCTEMH, SKa CKJIATAEThCS i3 JBOX
PEIATUBICTCHKMX YaCTHUHOK, JIOPIBHIOE CyMi iX €Heprii y BiUIbHOMY CTaHi E =FE, +E, .

Sk BugHO 13 popmynu (9.16), mas penaTuBicTChKOI eHeprii E = 38 V¢

AHaJ0ri4yHO MOXKHA 3aIIMCAaTU IS IMIIYJIbCIB P = P; + P, . OKpiM TOro, 3aBxAu CIpaBe-

JUTMBUH OAWH 13 HaliBaxuBimux iaBapianTis CTB E? - p262 =m?c*. I3 uporo iHBapia-
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HTa MaeEMoO m2 =

2 2
2 p—2 . I[J'IFI CUCTCMHU 3 JBOX PCIATHBICTCHKUX YAaCTHHOK, CHEPTril
c

C

. 2 .
akux E; ta E,, aiMIOylsCcH p; Ta p,, BEIMYMHA m” JOPIBHIOE

m? = (& +E2)2 _(p +P2)2 _ (£ +E2)2 _ P12 +2p,Py +P22

4 2 4 2
C Cc c C

(9.18)

. . E_
BpaxoByroun 3anexHicts (9.8) P =—0, MOXHa BUPa3 (9.18) IpOIOBKUTH TaKUM
c

YUHOM:

m-=-— 505, =
4 2 4 =2

c c ¢ (9.19)

_o2 o2 2E-E o oo o 2E-F)
C C

2 (E1+E2)2 1(p12+p22)_2E1'E26 -

L -V, -c08( 0,0, ).

IIpoananizyemMo oTpuMaHUN pe3yIbTaT:
1. HasBaicTs TpeTboro poaanka B (9.19) cBiguuTh mpo Te, U0 B PEISTUBICTCHKIN Me-
XaHilll Maca € HeaAUTUBHOIO BEIUYUHOIO 1 # 11y + M, .

2. Maca cucTeMH PeNITHBICTCHKUX YaCTHHOK, SIKa CKIIAAETHCS, HAPUKIIAM, i3 TBOX
YaCTHHOK, 3aJIEKUTh BiJl KyTa MK BEKTOPaMHU iX MIBUAKOCTEH U; Ta-U, (IMIIyIbCiB).

3. Maca cucteMu 3 JBOX PEIATHUBICTCHKUX YaCTHHOK 3aJIEKHO BiJl KyTa MK U; Ta-V,

MO>K€ 3MIHIOBaTUCH Bifl m =0 10 m =m; +m,.

4. Maca cucremu ABOX (pOTOHIB 3 eHeprisMu E y KOXKHOTO JopiBHIOE 2F/ ¢?, Ko
BOHU JIETATH B IPOTHIICKHI OOKH, 1 JOPIBHIOE HYJIIO, AKILO BOHU JIETSTh B OAMH OiK.

9.3.31. J[osedimb, wjo pomon — beamacosa yacmuHka.

PenaruBicTchka AUHAMIKA OTIEPYE 3 PEIATHBICTCHKUM IMITYJIBCOM

- mo

e

1 PEIISITHBICTCHKOIO SHEPTII0

. . v . .
I3 TOpiBHSAHHS WX JABOX BHPA3iB MOXKHA IMO0AYHTH, IO p = E - Jlns KBaHTIB CBITJIA —
c
(hOTOHIB, MBUAKICT SIKUX L = ¢, IMITyJILC p =— . 3aCTOCYEMO OAMH i3 inBapiantieB CTB
c
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. . E
E? - p*c? =m*c*, sxmit s GoTOHIB 3 ypaxyBaHHSIM BHpasy p=— HaOyue BUIISLY
c

2
E .
E? ——202 =m’c* = m** =0; BennuuHa ¢ # 0, 3Bigcu m=0.
c

BucHoBOK: oTOH — Oe3MacoBa YaCTHHKA.
. 2 .. 2
9.3.32. fosedimvb, wo: 1) senuuuna mc” mae poamipuicms enepeii; 2) geauuuna mc” €
eHepeieto cnokow,; 3) 3aKoH, AKUIL Y PeasimugiCmCcbKill Mexaniyi nog'sizye mixc cobow pe-
aamusicmcoky enepeilo E, kinemuuny enepeiio T ma enepeiio cnokowo E, mae csii

aHanoe y KiacuuHitl Mexamiyi y eueisioi 3aKoHy 30epediceHHs eHepel.
Bupa3s nnsa koedinienra Jlopenna

PO3KIIAIeMO B DS

L 1v> 30!
1——2 z1+——2+——4
c 2¢ 8¢

3 ypaxyBaHHSIM ITbOTO PO3KHUIY B PO PEIATHBICTCHKA eHepris (9.7) 3anmumerses y
BUTJIAL
1 v2 1 2 2

=2t =m v emr v =mt Y (9.20)
2 ¢? 2 c? 2

3po6uMO BHCHOBKHU 3 OTpEMaHOTO Bupasy (9.20):
2

1) Bennunna — kiHeTH4Ha eHepris. To0To BenmnynHa mc? Takox Mae po3mip-

HICTH €HEepTii.
2) Sxmo wactuuka He pyxaetsest (L=0), To i3 (9.20), MO3HAYMBIIK EHEPTiO HEPY-
XOMOI YaCTHHKH 4epe3 E, , MaeMo £, = mc?, ne E, — eHepris CIOKOI0.

2
mv
3) OOmexuBIIKNCH ABOMa AofaHkaMu B (9.20), maemo E = me? +T: Ey+T, ne

E — penaTuBiCTChbKA €HEPris YaCTUHKM; I — KIHETUYHA €Heprisd; £, — eHeprisd CIOKOIO.
Tyt BOa9aeThCs aHAIOTIS 13 3aKOHOM 30epeKeHHS MMOBHOI eHeprii £ B KIIACHYHIA MeXa-

2
.. mv . . . .
Hil E=U +T =U+T, ne U —noreHiaibHa eHeprisa; 1 — KIHETUYHA €Hepris.
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9.3.33. Hassimob 8idomi 6am ineapianmu, sKi CKIa0aomvcs i3 6i0n08IOHUX KOMOIHAYill
HEeIH8APIaHMHUX BETIUYUH.

Xoua BigcTaHb Al 1 IPOMIKOK 9acy At MiX HOJISIMH HEIHBapiaHTHI IIOJ0 TIEPETBO-
pesb JlopeHna BenuuuHHM, X BiANOBiAHAa KOMOiHawLis pa3oM 3i IIBUAKICTIO CBiTJIA Y BU-

i (9.5) ckimanmae iHBapiaHT "mpocTopy-dacy” (c2 AP - Afz) o010 epeTBopeHs Jlo-

peHIa, KUl y PeSITUBICTCHKIN MeXaHillli Ha3UBAETHCS 1HTEPBAIOM (KBaJpaToM iHTEpBa-
ny) (ouB. 3anuTaHHs 2.3.17).

[lonibHO [0 OCTaHBOTO B PENATUBICTCHKIM IWHaMili icHye iHBapiaHT "eHeprii-
iMmynbey". Xoda eHepris £ Ta IMITyJlIbC p HEIHBapiaHTHI MO0 TepeTBopeHs JlopeHria
BEJIMYMHMY, 1X BiAMOBiIHA KOMOIHALS pa3oM 31 IIBUIKICTIO CBiT/a (iHBapiaHTOM) CKiIajae
iHBapiaHT E* - p202 =m?ct.

9.3.34. /[ogedimb, wo serununa E 2_ pzc2 € ineapianmom ujo0o nepemsopets Jlopenya.

HoBecTu et iHBapiaHT MOXKHa AeKinbkoMa cnocobamu:
1-i cnoci6. B ocHOBY mOBeIEeHHS MOKIAIEeMO BH3HAUCHHS PENATHBICTCHKOTO iMITYy-
nbey (9.6) 1 pensituBicTebkoi eHeprii (9.7). Y Bupasi (9.6) JOMHOKHMO MIpaBy YacTUHY Ha

. . c . . .
BCJIIMYMUHY, 110 AOPIBHIOE OJUHMUIIL I1=— , A€ ¢ — HIBUJKICTH CBITJIa Y BaAKyyMl1
c

2202
mo ¢ cmf3 » cmPB
p= == == p=— 9.21)
JI-p7 € J1-p 1-B
OxpimM TOrO0, MPOPOOUMO AesIKi anreOpaidHi MaHIMySil 3 BUPa3oM
1-p% 1-p2 1-p*°
y SIKOMY TOMHOXHMMO JIiBY i IpaBy 4acTHHH Ha m>c” :
4 mict micp?
moc’ = 5~ 5>
1-p~ 1-P
13 ypaxyBaHHSIM OTPUMAHOTO BuIle Bupaszy (9.21) mis p2 MaeMO
2 4
m-c
mlct = 2_pzcz = m2ct = E2 - p2c.
1-p
Takum 9uHOM, TOBENIEHO PIBHICTH E? - pzc2 =m?c*, y SIKI TIpaBOpyY Bij 3HaKa pi-
2 4

BHOCTI CTOITh BUpA3 m“c" , IO CKIAJIAEThCS 3 IHBAPIAaHTHUX BEJIMYMH 1, HAIIEBHO, € 1HBA-
pianToMm. SIKIIo 1€ Tak, TO i IiBOPYY BiJ 3HaKa PiBHOCTI € iHBapiaHT.
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2-1 cnoci6. MoxHa 3pobuTH 0€3MOCePeTHBO PO3TIISA TOTO, YOMY TOPIBHIOE BEJTMIHA

E? - pzc2 y HEpYyXOMii 1 pyXoMiil cucTemMax BIUIIKY Ta MEpPEeKOHATHCS, [0 BOHHU He-
3MiHHi (iHBapiaHTHi). 3poOuUMO 11€.

Buxonumo 3 Toro, mo neperBopeHHs JIopeHIia moB's3y0Th €HEprito £ Ta IMITyJbC p
y K -CB ta K'-CB CriBBigHOIIEHHIMHU:

E'=(E-Sp)y, (9.22)
p'=(p—i—f)v : (9.23)

CKOpUCTaBIINCH IUM, OTPUMYEMO:

2
’ ' 2 LE
EZ_p2C2:(E_Up) y2_[ __2j ’Y26’2=
C

v’ E?
:y2 Ez—ZUpE+l)2p2—Czp2+2l)pE— > |=
c
Y2 2(2 2 2.2(2 2 222
=—2[E (c -V )—c p (c -V )]zE —-c°pT.

c

SAx 6aunmo, Bupaz £ 2_¢? p2 € BENIMYMHOIO iHBapiaHTHOIO B ycix ICB. Bucnosumo
NpUIYIHIEHHS po 0a30BY BIACTHUBICTH 4-BEKTOPIB YTBOPIOBATU iHBApiaHT 13 CyMH KBaj-
paTiB eIeMeHTIB 4-BeKTopa, SK Ile MU OaduiIn Ha MPUKIAl 3 KBaapaToM iHTepBaly 4-
BeKTOpa 'mpocTopy-dacy" 1 PpO3TISIHYTHM TYT 4-BeKTopoM '"eHeprisf-iMmyisc"
(pxsPys P25 ICE).

9.3.35. Yu guKoHyembCsi 3aKOH 30€PedNCeH s IMRYIbCY 8 PENIAIMUBICICLKIN MEXAHIYi?

Sx Bigomo, BukoHaHHs 331 00yMOBIIEHE OHUM 13 CHMETPiil TpoCTOpy-4acy, a came —
OMHOPIAHICTIO TpocTopy. OCTaHHS clpaBeINBa 1 B KJIACHYHIH, 1 B PEISTUBICTCHKIN Me-
xaHili. BigMiHHICTB, SIKy HEOOX1THO BpaxOBYBaTH MPH PO3B’S3yBaHHI KOHKPETHHX 3a/1a4
MeXaHiKi 13 BUKopucTaHHsIM 33, momsrae B OCOOMMBOCTSIX BU3HAYCHHS KIACHYHOTO
(px=mv) Ta pEAATUBICTCHKOTO (P=Y'MV) IMITYJILCIB.

9.4. Npuxknaaun po3B'sA3yBaHHA 3afay

MNpuknapn 9.1. 3 aAxo0r0 weuUOKicmI0 pyxascs 200UHHUK, Akuo 3a dac 5,0 ¢, eumips-
Huil y nepyxomiu K-cucmemi, 8in 3aniznuecs 8i0HoCHo Hepyxomozo coounnuxa na 0,1 c?

Po3B’'g3anHa: IIpoMixkoK Hacy At y HEpyXOMil cucTeMi BiTIKy Oyae MEHIIHM Bif
IPOMiKKa "acy At' y pyxomiii cucremi Bimiky (9.2):

N
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T06TO0 At =5 ¢ (y K-cuctemi) O6yme Benmumunuoro At' <5c¢ (y K'-cucremi Bimmiky). ITo-
sHaunMo &t = At —At', 8t =0,1c. Toxi (9.2) Oyne HaOyme BUTIALY

2

_ Ar-ot L

1-p2

At

= A -(1-p*)=(At-81)? = Atz.—2=2At.6t—6t2 =
C

MNpuknapa 9.2. V K-cucmemi 6i0niKy MIOOH, AKUU pYyXaemvbcs 3i WEUOKICMIO
v=0,990c, nponemis 8i0 Mmicys c6020 HAPOOICEHHI OO0 MicCYs po3NaAdy Bi0CMAalb
L =3,0&™m. Busnaume:

@) GACHULL 4AC HCUMMSL YbO2O MIOOHA,

0) 8iocmanvw, Ky nporemie moon y K-cucmemi 8ionixy 3 "io2o mouxu 30py".

Po3B’'g3anHa: Y K-cuctemi BiIIIKY 9ac KUTTSI MIOOHA

ac=L. (9.24)

0]

Yac At xwurtsa miooHa B K-cucremi i BmacHwmii yac At xwurrst mioona (y K'-cucremi)
MOB'A13aH1 M’k COOOX0 CITiBBiHOIICHHSIM (9.2):

At = Al .
1-p2
O06'ennaBmu (9.2) 1 (9.24), oTpumyemo
ar=L - B2 .
L

IlincraBuMoO B oTpuMaHy (GOpMYITYy AaHi 3 YMOBH

3
At'—&wh—(ow)2 =1,4-10"%c.

0,99-3-10°
Bincrans, Ky MpoJieTiB MIOOH Y K-CHCTeMi BIIUTIKY 3 "HOTO TOYKH 30py" TOPIBHIOE
L'=I\1-p* .
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[TigcraBuBIIM B OTPUMAaHUM BHpa3 daHi 3 yMOBH, Maemo L'=3- 10%4/1- (0, 99)2 =423 M.

Toit camuit pe3ynbTaT MOXKHA OTpUMATH 3a popmyior L'=At"-v.

TakuM 4MHOM, BiICTaHb, Ky BUMIPIOIOTH y Jaboparopii (3 kM), Oinblua 3a BiacTaHb
(432 M), sKoI0 BOHA "3MAa€ThCS" MIOOHY, IO PYXAETHCS 13 CYOCBITIIOBOIO ILBUAKICTIO
v=0,990c.

MNpuknap 9.3. Yacmunxa macorwo m pyxacmvcs 6300624 oci X y K-cucmemi 8i0niky

3a saxonom x=~d* +c*t* | de d — Oesxa cmana; ¢ — weudkicmo céimna; t — uac.
3natidime cuny, ska Oi€ Ha YaCMUHKY 8 Yill cucmemi GioaiKy.
Po3B’'g3anHa. OTpUMaTH NIPABWILHY BiIIOBIIE B ITii 3a1a4i MOXKHA ABOMA Cnocobamu:
1-1 cnoci6 3aCHOBaHWI Ha 3aCTApUIMX, ajie, HA Kajb, IIMPOKO BKUBAHUX YSBICHHSIX
PO iCHYBAaHHSAM JBOX MAac: MACH CIIOKOIO 71, 1 PEISITUBICTCHKOI MacH m , SIKi IOB'A3aH1

my

J1-p2
ICHYBaJIM JOCUTH TpHUBAINK dac miciisa cTBopeHHs CTB 1 BcTuriu BBIMTH B OUTBIIICTS ITi-
JIPYYHUKIB,

Sk BimoMo, BUpa3 sl OCHOBHOTO 3aKOHY JIMHAMIKHA Ma€ OJHAKOBUW BUTJISII IS Kila-
CHUYHO{ Ta PENIATHBICTCHKOT THHAMIK

potp_dom)
i di

MiX COOO0 CIIBBiJHOIICHHSM M = . Taki ysBICHHsSI MPO HEIHBApiaHTHY Macy

. x
OKpiM TOTO, SIK 3aBXKIU L = e 3 ypaxyBaHHSM 3aKOHY X(¢), y3sTOMY 3 YMOBH IIPHKJIa-
t

Iy, TIBUIKICTh YaCTUHKH JOPIBHIOE

dx
% (9.25)
SIKII0 BBaXKaTH, 10
m=
TO 3 ypaxyBaHH:M (5.25) maeMo
m= o
c*t?

AP+ MY

Hapermri
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_d(mv) d cztmO\/a’2 +c*? d cztmo 3 moc2

F =
dtdt| ga? + dt\ d d

3ayBakKMMO, SIKIIO KOPUCTYBATHCH "KOHIICTIIIEI0 JBOX Mac'", TO B YMOBI 3aaadi CIIif
OyJo BKasarw, IO HAeThes Mmpo ""Macy crokoro". [{poro B yMoBi pukiiagy 3po0iaeHo He
0yJ10, 1 HAM HE 3AJIUIIAETHLCS HIYOTO KPAIIoro, HiXK BiIMITHTH HEBIIOBIIHICTh YMOBH Ta
OTPHUMAHOI BiTIOBIIi.

2-/i cnoci6 — MpaBUIbHUN, MMOB'SI3aHUHN 13 CY4aCHUMH YSBJICHHSMH PO iICHYBaHHS OfI-
Hi€l, iHBapiaHTHOI MacH. PensTuBiCTCHKUI iMITybe 3anuieMo sk (9.6):

. mv
p >
L
-
c
[ITBUAKICTS YACTHHKY 3 YPaxyBaHHIM YMOBH 3a/1a4i TOPIiBHIOE
dx 20%¢

V= — = ————.

dt 2\d? + 3¢

3 ypaxyBaHHSIM OCTaHHBOTO BHUPA3Y PEIATHBICTCHKHUHN iMITyNbC (9.6) 3anmumeTses y
BUTJIAIL

mczt mczt
p= S (9.26)

N

(d? +21?)c?

Buxopucraemo (9.26) B OCHOBHOMY 3aKOHI JUHAMIKH, SIKHI 1 B HBIOTOHIBCHKIH 1 B peIIsi-

. . . dp
TUBICTCHKil MEXaHiKax Ma€ BUIIIAL F = —:
dt
2
mc
F=—.
d

Sk 6auumo, oOuIBa cIOCOOH, MaIOYH Pi3Hi MOYATKOBI yABICHHS PO (Hi3MIHUN 3MiCT
0a30BHX BeNMYMH, SIKi CylepedaTh HaBiTh OJWMH OJHOMY, ajle 3aBISKH MaTeMaTHYHUM
"aHasorisM" Jar0Th OAHAKOBHU (UM 3 ypaxXyBaHHSIM 3ayBaKCHHS B KiHLI 1-ro cmocoOy
PO3B'sI3yBaHHsI, Maike OHAKOBUHN) pe3yibTar. LluM, 30KkpemMa, MOKHA TOSICHUTH, YOMY
Tak "0OJICHO" TPWIKUBAETLCS TPaBUWILHE, CydacHE YSBICHHS TIPO ICHYBaHHS OOHIET —
IHBapiaHTHOI MacH.

. . .. . .. 0

Npuknapn 9.4. Ha cxinvxku sminumoecs maca 1 T 600u npu it naepieanni 6io 0 "C 0o

0
100 °C?

Po3B's3anHsa: 3rinHo 3 popmynoro E, = mc? Maca Tina 3MiHIOETBCS (Am) 3aBxawy,
KOJIM 3MIHIOETHCSI HOTO BHYTpIlIHS eHepTist (AE):
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3miHa BHYTPIITHBROI €HEprii Tia moB's3aHa 31 3MiHOIO oro Temmneparypu (A7) 3a paxy-
HOK Ha/IaHHSI TiTy TEIUIOBOI €HEeprii, KUTBbKICTh AKOT BU3HAYAETHCS SIK

O=mc, -AT,
Je ¢, — IUTOMA TEIUIOEMKICTh PEYOBHHU (U1 Bogu ¢, = 4200 Ix/kr - K ). Skmo BBaxka-

TH, II0 BCE HaJIaHE TUTy TEIJIO MIlUIo Ha 3MiHy HOro BHYTPIIIHBOI eHeprii (eHeprii cmo-
ko) O =AE,, T0

_mc, AT 10 -4200-100

Am ~5-107° kr = SMKkr .
c? 9.10'
BinHocHa 3MiHA Macu CTAaHOBUTH YKpail Maly BETHUUHY
Am 5107
o 1o
m 10°

Mpuknap 9.5. Bioomo, o 6 HbIOMOHIBCHKIL MEXAHIUL 36'130K MINC KIHEeMUYHOIO
2

enepeicio T ma imnyabcom p onucyemvcs eupazom T :2’; abo p=~2mT . 3natioimo
m

38'zox misic T 1 p y penamugicmcoKiti Mexaniyi.

Po3B'azanHsa: CkopuctaeMoch HOpMYJIOI0 PENsTUBICTCHKOI IMHAMIKH ISl iHBapia-

HTa "enepris-immynsc” (9.11):
E? —p202 =m>c*.

3 inmoro 6oky, Bimoma dopmyna (9.10) ams moBHOI eHeprii E , sKa CKIATAETHC 3

eHeprii crnokow Ej = mc* i KiHeTHYHOT eneprii 7T :
_ 2
E=mc"+T.
SAxmo (9.10) — (9.11), To oTpuMy€EMO
2

(m02 +T) —pzc2 =m?c* = m?c* +2Tmc* + T —pzc2 =m?c* =

:T(T+2mcz)=pzc2 = (9.12): pzé T(T+2mcz).

3 orpumanoro Bupasy aist p(T'), skui Binnosigae (9.12), MOXHa 3HAWTH 3aJIEKHICTDH
T(p):

2
T =mc? 1—(£j “1. (9.27)

Amnanis (9.12):
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1. 3a T <<mc? (HepenATUBICTCHKIM ~ BUIMAZOK)  MOXHa  OTPUMATH:

1 mv? . . . .
p=;\/2mczT =+/2m =4/2m7 =mv, O TOBHICTIO BIANOBiZa€ OYIKyBaHOMY pe-

3yJbTaTy.

2. 3a T >>mc? (penATUBICTCHKUI BHITAIIOK, KOJIM KiIHETHUYHA CHEPTis YaCTHHKH Ha-
Oararo OisbIna 3a ii eHepriio CIIOKOI0)

p:l T2 ==, (9.28)
C C

OTpuMaHO BaXIUBY (GOPMYIYy pPENSITHBICTCHKOI JAMHAMIKH, aJieé BOHA IOPIBHSIHO 3

(9.12) mae 6inbi oOMexeHy 001aCTh 3aCTOCYBaHHS (BUKOHY€ETHCS i 1 >> me? ).
Npuknap 9.6. Peramugicmcbka 4acmuHKa 3 Macow m i Kinemuunoro enepeicio T
Hanimae Ha YacmuHKYy, AKa nepedysae 6 CIaHi CNOKow i Mae maky camy macy m . 3Hau-
0imb macy i WeUuoKicms cucmemu, CKAaoeHol 3 080X YACMUHOK NICJIsL CNIBYOapy.
Po3B’'g3anHA: [103HAYNMO Macy CUCTEMH, SKY Cia 3HaWTH, sk M . CIiBBiIHOIICH-
Hs (9.11) U1 cucTeMu 3anMIIETHCS SIK

E? - p*t =M3c*. (9.29)
3akoH 30epeKeHHs eHeprii B IbOMY BUMAKy IOJIATa€ B TOMY, IO €HEPrisi OKPEMUX Yac-

THHOK JI0 YAapy, SKa CKIAMAEThCs i3 KiIHETHUHOI eHeprii ' OJHi€l YaCTHHKH Ta €HEeprii
CIIOKOIO 000X YaCTHHOK, JOPiBHIOE PEIATUBICTCHKIN (MTOBHIN) eHeprii cucteMu

T+2(mc2)= E. (9.30)

ITincraBuBmm (9.12) 1 (9.30) y (9.29) ta ypaxyBaBim 3B'S130K MK I Ta p Yy PEISTHBICT-
ChKiil MexaHini y Burismi (9.12), maemo

(T+2mc2)2—T(T+2mcz)=Mzc4 = (T+2mcz)2mc2 =Mt =

= le (T+2mcz)2m .
c
Otpumanuii BHpa3 Mokasye, o Maca CUCTEMH, YTBOPEHOT 13 YaCTHHOK IIICJIS CITIByIapy,
CKJIaJHUM CIIOCOOOM 3aJIeXKHTh Bij MapaMeTpiB YaCTHHOK 10 YAApy: Bil Macu 4YacTHHOK
m 1 kxiHeTn4HOi eHeprii 7 pyXxoMoi YaCTHHKH.

IBuAKicTh pyXy YTBOPEHOI CHCTEMH 3HaiiaeMo i3 ¢popmynu (9.8), ypaxysasu (9.12)
ta (9:30):

U=c2£=c21 (T+2mcz)T- ! =c T .
E c T +2mc? T +2mc*

MNpuknap 9.7. Ky MiHIMATbHY WEUOKICMb NOBUHEH MAMU HEeUmpoH, wob npu 3i-
MKHEHHI 3 10POM, o NOKOIMbCs i maca skoeo M , 30inbuiumu 11020 HYmMpPIuHIO enepeiio
Ha AE .
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Po3B’'g3aHHA: CKOPUCTAEMOCH 3aKOHOM 30€PEKECHHS IMITYIIbCY
mo=(m+M)V', (9.31)
JIe m — Maca HEHTpoHa; L — IIBHIKICTh HEHTPOHA 0 HOTO 3ITKHEHHS 3 SAPOM; VL' —

MIBUJKICTh CUCTEMH "SAPO—HEUTPOH", siKa YyTBOPWIIACH Micis yaapy (BBaXaemo, IO Bif-
OyBcs Henpy>kHHH yaap). I3 (9.31) maemo

,  mv

v=——. 9.32
m+M ( )
3anumreMo 3aKoH 30epeKeHHS eHeprii
2 (m+M))V?
mo” _( V" L AE. (9.33)
2 2
I3 (9.33) 3 ypaxyBanusam (9.32) maemo
2.2 2
M
mo? =2 L OAE = 0} m-—"— |=2AE = v2 - 2AE abo 02u=2AE,
m+M m+M m+M
1Y' m
e 1= —+—J =——— — 3BEJICHA Maca CUCTEMH JIBOX 4aCTHHOK. OCTaTOYHO Mae-
m M m+ M
2AE
MO L= [—.
Tl

MNpuknap 9.8. 3a axoi weuOKoCmi KiHemuyHa eHepeis YacmuHKy OOpPIiGHIOE il eHep-
2ii cnokoro?

Po3B'a3aHHA: 3p00ONMO JBa 3ayBaKESHHS:

1. HaneBHO B bOMY TIPHKJIaAl HACTHCS PO PEIATUBICTCHKY YacTHHKY. IIpo 1me cBin-
YUTh, HANPHUKIIAJ, 3TayBaHHS PO "GHEPTiI0 CIIOKOK'", SKE JUIS KIACUYHOTO BUMAIKY
3a3BUYail HEJIOPEUHE.

2. THKOIW CTYIEHTH CIPOIIYIOTHh PO3B'SI3yBaHHs TAaKOi 3a/1adi 0 3aMrCcy PiBHOCTI Ki-
HETUYHOI eHeprii 7 Ta eHeprii cnokow E; 1 IPpUXOJSATh 10 HapaJoKCalbHOIO BUCHOBKY,

y SIKOMY IIBHJIKICTh YaCTHHKHU O1JIbIIA 33 MIBUIKICTH CBITJIAa y BaKyyMi. Y 4OMY XHOHICTb
TaKoTO Maxomy?

3aKoH, SIKHi MOB'A3Y€E PENATHUBICTCHKY (ITOBHY) €HEprito £ 3 KIHETUYHOIO €HEepriero
T Ta eHepriero cnokow FEj = mc? , 3a71a€TbCsl CIIiBBiHOLICHHSIM (9.10) E=T+E,. Be-
au4uHa eHeprii 7, 3BU4aifHO, 3aJISKUTh BiJ] IIBUAKOCTI L YaCTUHKH, BeIMYMHA E, BiJ

IIBUKOCTI HE 3aJICKUTh, alie B/l IIBUKOCTI 3aJICKUTh CyMa ITUX CHEPTiid — PEsITUBICT-
ChbKa eHepris 9acTuHKH (9.7):




TOOTO 3aBXX/U IIPpaBUJIBHO 3aIIMCYBATHU TaK:

—J%L;zEb+T. (9.34)

1-—
2

Came ToMy CHpOILEHHs, SIK B LbOMY NpUKIafdi, y BUrisai I =E, crnorBoproe (i3zuky

npouecis. [l nanoro npuknany 7 = E — Ej = E,. Ypaxysasummu 1e 1a (9.34), MmaeMo

. 02 . 02 . UZ
T2 \f ) \/ )
c c ¢

2
1
:>1_U_2:_ = U:£cz0’850z2,6~108M/C.
c 4 2

10. KOJINBAHHSA TA XBWUJII

10.1. KopoTKi TeopeTuyHi BigOMOCTi

e PiBHSHHS BIIbHHUX FapPMOHIYHUX KOJMBAHb:
X+ 0y°x=0 (10.1)
1 fioro po3B'a30k
x = Acos(oyt + @), (10.2)

JIe X — BEJIMYMHA 3MIMEHHS BiJ TOJIOKCHHS piBHOBaru; 4 — aMmIUTITyJa KOJWBAHHS;
®, — 4acToTa BIACHUX KOJIUBaHb; (O, — IOYaTKOBa (ha3a.

e PiBHSHHS BUIBHUX FApMOHIYHUX KOJMBAaHb MaTepiallbHOT TOUKH 3 Macow m :
.k . . >
X+—x=0, ne k —xoediuieHt npyxxHocTi (k =, "m) . (10.3)
m
e [lepioa KONHUBAHb MPYNKHOTO MassTHUKA

m
T=2n|—, 104
n,/k (10.4)

e Jlepion KONMBaHb MaTEMaTUYHOTO MasTHUKA
/
T=2n|—, nel — 1oBxuHa MasTHUKA. (10.5)
g
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e [Ilepioa komMBaHb PI3UIHOTO MASITHUKA

T=2n L=2n L , (10.6)
mgl g

ne I — MOMEHT iHepIlii MasTHHUKA BIIHOCHO OCI, SIKa IMMPOXOJAHUThH Uepe3 TOUKY MiABicy; [ —

. . L 1
BIICTaHb MK TOYKOIO MIJABICY 1 IIECHTPOM MAaC MAasATHHUKA, L3B =—l— 3BCACHA OOBXHHA
m

(hi3UIHOTO MAITHHUKA; g — MPUCKOPECHHS BUTHHOTO A i HHS.

e Awmrmurityna A pe3yNbTYyIOUOTrO KOJMBAHHS, SIKE YTBOPIOETHCS MPU CKJIAJaHHI JBOX
TapMOHIYHUX KOJMBaHb OJTHAKOBOI'O HAIPSIMKY Ta OJHAKOBOI YaCTOTH, BU3HAYAETHCS 31
CIIIBBIJHOIIICHHS

A = A7 + 4,7 +24 4y cos(9, — @), (10.7)

ae A, A, — aMILITyIU KOJIMBAaHb, 10 JOAAIOTHCA; @), P, — iX IOYaTKOB1 (asu.

o [louatkoBa (haza Pe3y/ibTYIOUYOrO KOJUBAHHS, SIKE YTBOPIOETHCS IPH CKJIaJaHHI
JIBOX FAPMOHIYHUX KOJMBaHb OJHAKOBOI'O HANPSMKY Ta OJJHAKOBOI YaCTOTH, BU3HAYAETh-
¢ 31 CIIBBIIHOIIEHHS:

_ Ajsin@ + A4, sing,

. (10.8)
A cos@; + A, cos @,

e PiBHAHHS TpaeKTOPil PE3yNBTYIOUOTO PyXy TOUKH, IO 3AIHCHIOE OJHOYACHE KOJIH-
BaHHS y JBOX B3a€MHO MEPHNEHANKYISIPHUX HAMPSAMKaX 3 OJHaKOBOIO YacTOTOIO, Ma€ BU-
IS

2 2
2 .

x——ﬁcosA(any—:smz Ap, (10.9)
me A i1 B — aMIUliTyIW KOJIMBaHb, IO AOMAIOTHCS;, A@ — pi3HHI (a3 000X KOJHUBAaHb

(A(P =0~ ¢ ) .

o JludepenriaapHe piBHIHHS 3racal0uuX KOJWBAHb JIHIHHOT CHCTEMH

X4 275+ 0y’ x =0 (10.10)

1 fioro po3B'a30k
x= Ayge " cos(wt + @), (10.11)

JIe X — 3MIMEHHS BEIMYMHU, KA XapaKTEPHU3y€e KOJIWBAHHSI; Y — KOCMIIIEHT 3racaHHs;;
), — LMKJIIYHA 4aCTOTa BIABHUX HE3racal04MX KOJMBAaHb Ti€i caMOi KOJMBAJIBHOI CHUCTE-

MH; O = O)g - ’Y2 — 4acCToTa 3racarouyuXx KOJIHBAHDb, Aoe_yt - aMHJ’IiTy,Z[a 3racaroumx Ko-

JIMBaHb; (P, — II0YAaTKOBA (1)8.38.; ®y —4acTOTa BIIACHUX KOJIMBAHbD.

e JlekpeMeHT 3racaHHs:
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ﬂ:eﬂ, (10.12)
At+T)

me A(t) 1 A(t+T) — aMIUTITYIM IBOX TOCITIIOBHUX KOJIMBAaHb, SKi BiATIOBITaIOTH MOMEH-

TaM 4acy, Kl BiAPi3HAIOTHCS Ha MTEPiOI.
o JlorapumiyHuii JEKPEMEHT 3racaHHs

At) T—T

— =y L, (10.13)
At+T) T N,

1 L L
€ T=— — Yac pcljiakcail; Ne — KUIBKICTh KOJIMBaHb, K1 3OIMCHIOOTHCA 3a 4ac 3MCH-

HICHHS aMIUTITYM y e pa3siB (3a yac penakcarii).
e J[oOpOTHICTH KOJIMBHOI CHCTEMHU

0= T_ % , Je 2A® — mMpuHa pe30HaHCHOI KPUBOI. (10.14)
0 2Aom
e JludepeHiaabHe PiBHAHHSI BUMYIICHUX TAPMOHIYHUX KOJUBAaHb
X+ 27k + 0y x = f; cost (10.15)
1 HOTO PO3B'SI30K
x = A4, cos(wt—9), (10.16)

. F ) . ..
Je X — 3MIIIEHHS; f, = -0 Y BHUIAJAKy MEXaHIYHUX KOJIMBAHb TiJia 3 MAaCOIO M IIiJI JTi€l0
m

3MYILIYBaJAbHOI CHIIN F = Fj, COsS®t .
e Ammityaa i ¢a3a BUMYIICHUX KOJHWBaHb BIAMOBITHO JOPIBHIOIOTh

=\/ - 2f°2 —; (10.17)

(0 —0) +4y"w

¢ = arctg % . (10.18)
0)0_(1)

e MakcuMyM aMIUTITYAH 3MIIIEHHA Y BUMYIIEHUX KOJMBAHHAX JOCSATAETHCS 3a pe-
30HAHCHOI YaCTOTH M 1i BenmuuHM BU3HAYAIOTH 32 (hOpMYJIaMHU:

I L (10.19)

fo
A4 . =—20 (10.20)
pe3 s
2v\/w02 -y

Ie (0, — Pe30HAHCHA YaCTOTa BIIbHUX KOJIMBAHb; Y — KOE(iLi€HT 3racaHHs.

pes -
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10.2. MeToan4Hi BKa3iBKKU Ta nopaau

1. 3amaui 3 HBOTO MiAPO3ALTY MOB'I3aHI 3 MEXaHIYHUMH KOJIIMBAHHSIMHU, SIKi MAIOTh 3a-
rajbHI 3aKOHOMIPHOCTI, ITI0 TPUTAMaHHI €JICKTPHUIHUM, MarHiTHAM, €JIEKTPOMAarHiTHUM
KOJINBAHHSAM, KOJMBAaHHIM €JIEKTPOHIB i aTOMIB y PEYOBHHI TOIIO. YCi KOJUBaJIbHI MPO-
[ECH HE3aJIEKHO Bifl X MPUPOIH OMUCYIOTHCS CXOKUMH PIBHSIHHSIMH.

2. Iigxpecnumo, 1m0 BCi KONMBAHHS MOIUISAETHCS HA TPU TUITH KOJIMBaHb: BijbHI (200
BJIACHI), 3racaroyi Ta BUMYIICHI. TOMy, PO3B'sI3yl0uH 3aauy a00 BiAMOBIAa0UM Ha 3aIlu-
TaHHS, HEOOXITHO 3 CaMOT0 TIOYaTKY 30Pi€HTYBATHCH, SIKAU 13 THIIIB KOJIMBaHb PO3TIISAAa-
€ThCSI B IiH 33772491 00 3aNUTaHHI.

3. 3BepHEMO yBary Ha Te, 1110, Ha BiIMiHY BiJl BIACHHX KOJIMBaHb, 3racarodi KOJUBaH-
Hs — HerapMoHiuHi. Kazatu npo ix nepioJ Mo)xHa Jiiie yMOBHO (IUB. 3anuTaHHs 10.3.12).

4. Tlpu po3risaai TapMOHIYHUX KOJWBAHB K (QYHKITI1, IO X OMHACYIOTh, MOYKHA BUKO-
pucToByBaTH abo sin, abo cos. Korkperauit Bubip dhyHKIIIi 3a3BUYali BU3HAYAETHCS T10-
YaTKOBHMHU yMOBaMH (IT0YaTKOBOIO (paz3oro).

5. Sxmo B 3amadi SK KiHIEBUNW a00 MPOMDKHHUEN pe3yabTaT CIIiJl 3HAUTH PEe30HAHCHY
YaCTOTY BIACHHUX KOJIUBaHb (,, TpebOa HAMaraTuUCh 3alHCAaTU PIBHSHHS PyXy y BUIJISIL

(10.1) i xoedimieHT OIS X MPUPIBHATH 10 mé.

6. Ilpu po3B's3yBaHHi 3aj7a4, OB'I3aHMUX 31 3racalOYMMU KOJUBaHHIMH, TpeOa mam's-
taty, mo Gopmymamu (10.12) — (10.14) MoKkHA KOPUCTYBATHCH JIUIIE y BUNAAKY, KOJIH
BUKOHYETBCS CIIBBIIHOLIEHHS Y << ®,. [Ipu HOCTaTHBO BENMKOMY 3racaHHi Y>>,

KOJIMBAHHS MAIOTh allepioUIHUHN XapaKTep: BUBEIEHE 31 CTaHy pPIBHOBArd TUJIO TTOBEPTa-
€ThCSI B PIBHOB&)KHE TOJIOXKCHHS, HE 3IMCHIOIOYM KOJIMBaHb. J[Js TakOro MOPIBHSHHS
Tpeba 3HaTU ab0 3HAWTH 3HAUEHHS Y Ta (. 3HAYECHHS (), 3HAXOAMMO 3a BizoMuMHu (o-

g

. k
pMyJjiaMu: HaIpUKIALA, Wy = z JJIA (1)13H‘1H01"O MasATHUKA, Wy =,|— A IIPYKHHUX
m

KOJIMBAHb TOIIO. 3a3BHUAil IISIX TIONTYKY 3HAYEHHS Y TIOJISATA€ y BU3HAYCHHI BiJHOIICH-
HS 1) JIBOX 3HAYeHb EHEPTil 3a BiOMMIA TIepiof 4acy £, i MOJATBIINX PO3PAXYHKAX THITY
E In

n=—2=¢"" = In n=2yf, = L

E o

10.3. 3anuTaHHA Ta BignoBiai

10.3.1. V aimepamypi 3 mexaHiku KOaU8aHv 3yCmpivaiomvbcs nocuianis Ha "xoegiyi-
enm onopy" i "koeghiyiecum seacannsn”. Yum 6iopizuaromscs yi senuuunu?
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Koedinient onopy ([3) — 1e Koe]ilieHT MpOMoOpLifHOCTI MK CHIJIOI0 OTIOpY, SIKa Ji€
Ha TLJIO, IO pyXaeThes, 1 Moro mBuiakictio £, =pv. [IponopMoBana Ha macy Tina, mo-

B

MHOXKCHY Ha 2, BeTUYMHA [3 BH3HAYA€E BEIMUNHY Koe]irieHTa 3racanfs (y) Ty = Eye.
m

TakuMm YMHOM, PIBHSHHS 3racal0umX KOJIWBaHb 3aMUCYEThCS depe3 Koe(illieHT 3ra-
cauns y y surinsiai (10.10) abo uepes koedimieHT onopy By Burimsami mx+Bx+kikx=0,
ne k —xoedilieHT Ipy>KHOCTI.

10.3.2. 3a saKum 3aKOHOM 3MIHIOEMbCS eHEP2isl GLILHUX APMOHIYHUX KOTUBAHL !

Slkio KoMMBaHHS BiIOYBA€ThCS 32 3aKOHOM X = A - COS ®f , TO KIHETUYHA SHEPTis KO-

. 1 . 1
JIMBaHb 3MIHIOETLCS 3@ 3aKOHOM E, = Emszz sin? ot = ZmoozA2 (1—cos 2wt), a nore-
) . oy o 150
HI1aJIbHA €Hepris — 3a 3akoHoM U —Emw A” cos (Dt:zmco A (1+cos 203t). TToBHa

. 1 . .
eHepris KonmuBanb £ =E _+U =Emm2A2 =const — Ie HE3MiHHA B 4acl BeaWduHa. ba-

YUMO, 10 KIHETUYHA 1 TIOTCHITIAJIbHA SHEPTii TAKOX OCHWIIIOIOTh, ajie 3 YaCTOTO0, BJIBiUi
OLIBIIOKO 32 YaCTOTY KOJIMBaHb.

Kinetnyna i moTeHItiagbHa €HEPTii OCITIIIIOIOTE Y MPOTHdasi: MiHIMyM OJHI€T eHepril
BIZIMTOBiJIa€ MaKCUMyMy iHIIOI. MaKkCUMalbHI 3HAYCHHS TOTCHIAJbHOI Ta KiHETHYHOI

SHEepTiid MalOTh OJHAKOBY BEITUINHY F

K max

1 . . .
=U ax =—mo*A* . Kinernuna i notenria-
2

JIbHA €Heprii MepioAnYHO MepeXoAsTh oaHa B oaHy. CepeHi 3a nepios 3Ha4eHHs KiHeTu-
YHOI Ta MOTEHITIATBHOI EHEePTiii OMHAKOBI # KOKHA 3 HHUX JOPIBHIOE TTOJIOBUHI 3HAYCHHS

IIOBHOI €HEPrii KONNBaHb <EK> = <U ) = %E = %mm2A2 =const .

10.3.3. [ apmoHiuni KOIUBAHHS MOJICHA 300pA3UMU 2PADIUHO 30 OONOMO2010 8eKMOpd,
axul obepmaemucsi y naowuti. Ak ye pobumucs i Hagiuo?

TI'apMOHIYHI KOJMBAHHS MOXKHA 300pa3uTH TpadivyHO 3a ITOTOMOTOI0 BEKTOpPA, SKHI
o0OepraeThes y iomuHi XY HaBkoio Hepyxomoi Touku O (puc. 10.1). Jlus 1poro 3 mo-

gaTKy KoopauHaT O y 1wiomuHi XY mpoBomsaTs BekTop A (pwvc. 10.1), JOBKHWHA SKOTO
JIOPIBHIOE aMITTITY Il KOJIMBaHb, HAIIPSIMOK BEKTOpa YTBOPIOE 3 Biccto OX KyT, SKUH 10-

PIBHIOE MTOYATKOBIH (a3l ¢, KOJMBaHb, a BEIMYHHA ((m‘ + (po) Biirpae ponb ¢Gazu KOJIH-
BaHb y JaHUH MOMEHT 4acy.

Kyt (cot+(p0) 36LIBIIYEThCS TAK, IO BEKTOP A DIBHOMIDHO 0BEPTAETHCS HABKOIIO
Toukr O 3 KyTOBOIO IIBHJIKICTIO, SIKA JIOPIBHIOE IUKJIIYHIA 4acTOTiI KOJIHMBaHb ® . [Ipo-
exii Bekropa 4 Ha oci OX Ta OY , siki JOPIBHIOIOTb, BiAMOBIAHO, x = A -cos (&f + @)
Ta y = A-sin (of + @) , 30IHCHIOIOT TAPMOHIYHI KOJINBAHHSL.
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((ot -+ (po) Puc. 10.1. o 3anuTaHHs 10.3.3

O X

MeTo0M BEKTOPHHUX JiarpaM IMHPOKO KOPUCTYIOThCS, HANPHKIAA, TPU J0AaBaHHI
TapMOHIYHUX KOJIUBAHb.

10.3.4. I'apMOHIUHI KOMUBAHHS MOINCHA NPEOCTNABUMU ) GUTAOT KOMIAEKCHO20 YUCia?
Ak ye pobumucs i Hasiwo?

BizoMo, 110 KOMIUIEKCHI 9ncia (K. 4.) MOXHA NPeJCTaBIATH y BUIIsAai z=p e'® abo
z=p(cos@+ising), ne i=+/—1 — ysBHa omuuuisL. [epexin Bix oxuiei hopmu sammcy
K. 4. JIO 1HIIIOTO 3/1HCHIOETRCS 3a JonoMororo gpopmyn Eiinepa:

0,0 o _ =i
e’ +e . e’ —e
; sing=—m—o. (10.21)
2 2i

I"apMOHIYHI KOJMBAHHSI MOKHA 3aIFICATH ¥ BUTIISAI K. H.:

e? =cos@+ising; cos@=

x=A-cos (of +¢) a6o x =A@

Taka ¢opma 3amucy rapMOHIYHMX KOJIMBaHb TiCHO TMOB'SI3aHa 3 TOJAYCH0 TapMOHIYHHX
KOJIMBaHb Yy BUTJISAL BeKTOpa (3anutaHHsa 10.3.3). [Ipu 1ipoMy 3amuc rapMOHIYHUX KOJIH-
BaHb Y hopMmi miiicHuX gucesl x = A-cos (of + @) Ta y = A-sin (0¢+ ¢) MOXHA 3aMIHUTH

3anucoM y Gopmi K. 4. z=x+i-y, Ie X — JAiliCHa YaCTHHA K. Y. (Re z) ; ¥ — ysBHa yac-

THHA K. Y. (Im z) .

3amuc rapMOHIYHHUX KOJMBAHb Y BUTJIS K. Y. TO3BOJISIE CKOPUCTATHCh A00pe po3poo-
JICHUM MaTeMaTHYHUM armapaToM (YHKI[iH KOMIUICKCHUX 3MIHHHX JUISi OTPUMAHHS pe-
3yJABTATIB 3 PI3HOMAHITHUX OIEparliii i3 KoJIuBaHHIMH. [103UTHBHI HACTIAKKA TAKOTO 3a-
MUCY B MEXax HAIOro Kypcy MO)KHA MOOA4YWTH, HATIPUKIIA[, MPH J0JaBaHHI rapMOHIY-
HHUX KOJIMBaHb 3 OJHAKOBHUMH Ta PI3HMMH YaCTOTAMH, B OJHOMY Ta B3AEMHO IMEPIICH/IH-
KYJSIPHUX HANpsIMKaxX KOJIMBaHb TOIIIO.

10.3.5. 3acmocyiime memoo eeKmopHux oiazpam 015 000A8AHHS 080X 0OHAKOBO HA-
NPAMACHUX 2APMOHIYHUX KOIUBAHL 3 DISHUMU HACMOMAMU ) | ©, MA NOYAMKOSUMU

dazamu @ i @,.
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KomuBanns, ki 3amani 3akoHaMH X; = A4, -cos (ot +¢;) Ta X, = A, -sin (0t +@,),
MOXKHA TIPEJCTABUTH BEKTOPAMH ;11 () Ta ;12 (t) (puc. 10.2). 11i BeKTOpH 3aMHCYIOTHCS Y
BUTIISA1 ;11 (t)= A4, -sin (ot +¢;) Ta ;12 ()= A4, -sin (0.t + @,) . Ix ammitymm 4, ta A,

He3MiHHi B 4aci, a (pa3u nopiBHIOIOTE @ (¢) = ¢ +¢@; Ta D, (f) = ®,¢ + ¢, , BIANOBIIHO.

Puc. 10.2. o 3anuTaHHs 10.3.5

Pe3yIbTyIOUNM KONMBAHHSM BiIIOBifae BekTop A(f)= ;11 )+ ;12 (t), mpoeKIIis IKOTO
Ha Bick OY nopiBHIOE y(t) = A(t)-sin D(¢) .
I3 Teopemu kocunyciB (puc. 10.2) maemo

A = 42+ 43 + 24,4 cos[ @, (1)~ 0, ()] (10.22)

A -sin @ (¢) + 4, -sin D, (¢)
A; -cos Dy (¢)+ Ay -cos D, (1)

Otpumani pe3yabTaTH 30IraloThCs 3 MPE3CHTOBAHUMH 0€3 JO0BEICHHS (HOopMyIamMHu
(10.7) Ta (10.8).

10.3.6. ki Konuganvbui npoyecu Ha3U8aAIOMbCsl KO2EPEeHMHUMU?

JlBa KONMMBaJIbHI MPOIECH HA3UBAKOTHCA KOTEPECHTHUMU, SKIIO BOHU TaK IMOTOJ[XKe-
HO BIimOyBalOThCA B daci, 1Mo pi3HUOI iX (a3 3aIMIIAETBCS  CTANIO0

tg d(t) = (10.23)

D, (t)—D,(t) =const. PizHuns a3 JIBOX rapMOHIYHHX KOJIMBaHb
V(&) =A4() sin D (t) 1 y,(t)= A,(¢)-sin D,(t) DOpiBHIOE
D, (1) =Dy (1) = (0 =) + (P —Py) - (10.24)

Pi3unusg novatkoBux a3z (¢, —¢;) y (10.24) 3aBxau € cranoro BenuuuHoro. [is no-
TpuMyBaHHs cranocTi BeanduHu D, (1) - D, (¢) y (10.24) HeoOxigHO, MO0 NONAHOK
(0w, —;)t =const. YV Oyab-Kuil MOMEHT 4acy Lié MOXJIMBO JIUIIE Yy BUMNAAKY, KOIU
(0, —®)=0 = o =0,.

TakuMm 4nHOM, /1Ba TAPMOHIYHHUX KOJMBAHHS KOTE€PEHTHI, SIKIIO iX 4aCTOTH OJHAKOBI,
®; =0, = 0. Y 0boMYy pa3si B OyIb-IKUi MOMEHT 4acy pi3HUILA (a3 KOTEPEHTHUX rapMo-
HIYHMX KOJIUBAaHb JOPIBHIOE Pi3HULI iX no4aTKOBUX (a3 D, (1) — D, (1) =@, — ;.
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10.3.7. 3'acyume ocobausocmi 000a8anHs 080X KO2EPEHMHUX KOJIUBAHD.
JonaroTbcsi JBa TapMOHIUHI KOrepeHTHI KonuBaHHA () =4, -sin®(t) Ta

Vo (t)= A, -sin @,(¢) 3a 3axonamu (10.22) 1 (10.23). Pe3ynpTyroue KONMBaHHSA TAaKOX

Oyze TapMOHIYHHUM 1 BiIOyBaTHMETHCS 3 TIEI0 CAMOIO IMHUKITIYHOIO YacTOTOIO , IO U
KOJIMBAHHS, SIK1 I0JaI0ThCsI, TOOTO

y(@)=y(t)+y,(t) = A-sin (0t + @) ,
ne
A -sin @ + A4, -sin @,

AP = AP+ A3 +24 4y cos(, — ;)  Ta tgQy = y :
| -c0s @; + 4, -cos @,
3anekHO BiJ Pi3HUIN MOYATKOBUX (a3 KOJNMBAHB, IO JOJAOTHCS, aMILIiTYAa A pe-
3yJbTYIOUMX KOJIMBAHb 3MIHIOETHCS B MEkKax BiJf A = |A1 —A2| 38 9, —@ =x(2m+1)n
00 A=A+ 4, 3a ¢, —¢;, =2mn, ne m=0,1,2,.... — Oyap-Ke 11iJe HEBIJ'€MHE YHUCJIO.

Skmo @, — @ =+2mmn, To pe3ynabTylode KOJIUBAHHS BiIOYBAa€TbCS B pe3ynbTati J0-
JaBaHHS KOJMBaHb, IO NepeOyBaloTh B OAHIA (a3l (cuH(pa3HUX KONMBaHb). SIKIIO
@y — ¢ =+(2m +1)m, TO KONMBAHHA 10JAIOTCA Y POTH(A31.

10.3.8. Yu moocymsb Oymu Ko2epenmHuMuy 2apMOHIUHI KONUBAHHS, YACTNOMU SIKUX PI3HI
(o #2m,)?

I"apMOHIYHI KOJTMBAHHS, YaCTOTH SKUX Pi3HI, € HEKOT€PEHTHUMHU, TOMY IO Pi3HUIL iX
baz O, (1) —D() =(w, —®))t + (P, —¢;) HEMEPEPBHO 3MIHIOETHCA 13 IJIMHOM 4acy.
[lpu nonmaBaHHI TakWX KOJMBAaHb OTPUMYIOTH HETApPMOHIYHI PE3yJbTYIOUi KOJIMBaHHS.
BexTopn ;11 (t) Ta ;12 (¢), mo nmomaroTbes, 00EPTAIOTHCS 3 PISHUMHU KyTOBHMH IIBHIKO-
CTSIMH, TaK MO MOOYIOBaHMI Ha HUX MapajelorpaM HermepepBHO JeOopMyeThCs, a Horo
JUArOHAMTIO € BeKTOp A(f), IO XapaKTepu3ye pe3yIbTyiodi KOIHBAHHS. SKHil BECh 4ac
3MIHIOETHCS 32 TOBKUHOIO ¥ 00€pTaEThCA 31 3MIHHOIO KyTOBOIO IIBHIKICTIO.

BonHouac BBaxaroTh, 1110 ABa FapMOHIUHI KOJIIMBAHHS 3 PI3HUMHU YaCTOTaMU ®; Ta M,
(o)1 # (;)2) MO>KHA BBaXKaTH YaCTKOBO KOTEPEHTHUMH, aJie JIMIIE B MPOMIXKOK yacy Af, 3a
SIKH# pi3HULS (a3 [MUX KOJIMBAaHb ICTOTHO HE 3MIHIOETHCS Y MEXKaX, SIKI BU3HAYAIOTHCS
CIiBBiTHOIIEHHAM |c02 - 0)1| At<T.

SIKIIO BBECTM TaKy XapaKTepPHCTHKY, SK UYac Ko2epeHmHOCcmi KOIVBAHb

T
TKOF = |— , TO MO>XKHa CTBCpII)KYBaTI/I, IO KOJIMBAHHS 3aJIUIIAKOTHCS KOFCpCHTHI/IMI/I
0y — O

IpoTAroM vacy Af <t ..

10.3.9. ke isuune asuue 3 po3oiny "Konusannusa" nasusaiomo oummsam? Pozenrsnome
eracmusocmi Gummsi.
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butTst — 1ie siBHIIE, SIKE COCTEPITAETHCS NP J0/IaBaHHI JIBOX TAPMOHIYHUX KOJIUBAHb
OJTHOTO HAMPSMKY 3 PI3HUMH, ajie OJIM3bKUMHU 3a 3HAYCHHSIMH YacToTaMu. Hexail y3/1moBx
oci OX BinOyBarOTbCs KOMUBAHHA X, = A -cos (0 +@;) Ta X, = A, -cos (0t +¢@,) 3

4acTOTaMU M) R M, =®, aje o, —, = . J[14 cnpoleHHs o0unciaeHb 3a3BUYail IpH-
IyCKaloTh, 0 4 = A, = A;. Y pe3ynbTaTi J0AaBaHHA X; + X, =X OTPUMYIOTh KOJIMBAH-
Hsl, AKI ONHMCYIOTHCS 3aKOHOM, 110 Ma€ BUIJIA

x=24, ~cos(°’1 ;wz tj-cos(ml ;wz t+(Poj ~ 24, -cos (@t}cos(mﬁ%).(lo.ﬁ)

AMImTiTYyIa pe3yNbTYIOUHX KOJNMBaHh — II€ BHpa3, skui croith y (10.25) Oins
cos(wr+):

A(t) =24, - cos (%tj:L‘lO cos (%tj (10.26)

TakuM 9IHOM, aMIUTITy/Aa ITUX KOJIMBaHb, SKi HA3UBAIOTh OUTTSAM, MOTyJIbOBaHA. AMILITI-
TyZa pe3yJabTyI04Oro KOJIMBaHHSA EePi0JANYHO 3MiHIO€ThCA Bix 0 10 24, 3a rapMOHIYHMM

0 -0 .
3aKOHOM A(t) =24, -cos (%tj . SIx 6aunMo, OUTTS € TIePIOTUIHIMHE KOJTHBAHHSIMH.

10.3.10. 3 sxoro uacmomoio 3minioemuvcs amniimyoa oumms? Iloscnime.

O — 0y

. Q
Buxonsuu 3 (10.26), 3maeTbes, mo 4acToTa OUTTS TOPiBHIOE = E ? OnHak 1e

He Tak. Bifmosimarouu Ha Iie 3amuTaHHs, TpeOa BPaxoBYBaTH, IO aMILTITya 3a BU3HA-
YeHHSM HE MOKe OyTH BiJl'€MHOIO, 1€ 3aKIU TOAATHE Ynciao. ToMy IpaBMIIBHO aMILTITY-

Q . .
Iy OUTTS 3amuCyBaTu yepe3 MOoaynb: A(t)=|24, - cos (;tj . SIx Bimomo, nepion GyHKIIi1
COS 0L JTOPIBHIOE 270, a mepiof pyHKIiT |cos (1| nopiBHIOE 7. OCh YOMY YacTOTa, 3 SIKOIO

. . Q
MOAYJIhOBaHA aMILIITyZla OUTTS, JOPIBHIOE HE E’ AK 3[aBanock, a Q= —®, , TOOTO

. . . 27 27
Mepio] MOIYJAIIT aMILUTITyIn OUTTSI NOpiBHIOE T =——— | a HE

o, — 0, (col—coz)/2’HK .

ayManu pasime, Buxoasyu 3 (10.26).
10.3.11. Il]o nasusaromv amniimyoor 32acaroyux KOIUSaHs?

Iy 9l KOJMBAHHS OINHWCYIOThCS PIBHSHHIM X=Aye . Benuunn
3racaroul KoJIuBa OIUCYIOThCS i " cos(wt + Be

A(t)=A0e7Yt Ha3MBAIOTh AMILIITYIOI0 3racaloyMx KOJMBaHb, € A, — MaKCHMajbHE

3HA4YEHHS BEJIMYMHY, 10 3A1HCHIOE 3racaroue KOJIMBaHHSA, K€ BOHA JIOCATAa€ B NEPILIMi
nepion KonuBaHb (puc. 10.3). @aKTUYHO, aMILTITYAA 3racaloynx KOJIMBAaHb TOKA3Y€E 3aKOH,
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3a SKMM 3MIHIOETbCSA OOBIJJHA JO MAaKCUMaJbHUX 3HAYCHb BEJIMYMHU, 10 3A1HCHIOE KOJIU-
BaHHS B Pi3HI Hepiogn (Al, 4,, A3...An...) , pvic. 10.3. (3BepHITH yBary, 10 3racalouyiMH B

4yaci KOJUBaHHI MOXKYTh OyTH BEJIMYWHH 3MIIICHHS, IIBUIKOCTI, TIPUCKOPEHHS TOIIIO).

X A
AO‘ /Aoeyt
\\\ A
e A2
0 L L ST L R
Z T _________ v _____ t
o)

Puc. 10.3. Jdo 3anuTaHns 10.3.11

10.3.12. Yomy nepiod 32acaroyux KOJIUSAHb [HKOJIU HA3UBAIOMb YMOBHUM Nepiodom
KOAUuBams?

Taka Ha3Ba BUKJIMKaHA THM, IO 3racar0di KOJWBaHHS HE € MEPiOANIHUMH. 3a O3Ha-
YEHHSIM MEPIOJUYHHUM € TPOIIEC, NMPU SKOMY UYepe3 JCSIKUU Yac, 10 HA3MBAETHCS IMEpi-
0JIOM KOJIMBaHb, MOBHICTIO TTOBTOPIOEThCS CTaH KONMBAIBbHOI cuctemMu. OHaK y 3ra-
CafoYMX KOJMBAHHIX CTaH KOJMBHOI CHCTEMH B3arajii IMOBHICTIO HIKOJH HE MOBTOPIO-
etbest. HaBiTh y /1B MOCIIIOBHIX MOMEHTH Yacy i i f, (£, >1), KON 3MilCHHS CHC-
TEMHU OJIHAKOBE W JOPIBHIOE HYIIIO, TO IMIBUIKOCTI B I[i MOMEHTH 4acy OyJyTh HEOJHA-
KOBHMU (1)2 < Ul). MakcumalibHe 3HAUYCHHS BEITUYMHH X, 110 KOJHMBAETHCS, BUMIpPSHE

B JCSIKUIl MOMEHT 4acy f;, y HACTYIIHHI MOMEHT 4acy (3a ¢ >{ ) TaKOX HIKOJIH He IO-
BTOpIOETHCS. TOMY, X04a IpHU 3racarouux KOJUBAaHHIX BEIMYMHA X W 00epTaeThCs Ha

HYJIb 1 Jociara€ MakCuMaJIbHUX Ta MiHIMANIbHUX 3HAYEHb qycpes pi@Hi HpOMi)KKI/I qacy

21 21 ) .
T =—=———, CTPOro KaXy4W, BBa)XaTH 3racar0di KOJHMBAHHSI IEPIOTUIHUMH
0) 2 2
®y —Y
HeMmokHa. Tomy 1 BenwuuHy 1 1HKOJIM HAa3WBAIOTH YMOBHUM Nepio0oMm 3racalounx KO-

2 2 .
JIMBAHb, @ BCIUIHUHY O =+/Wy —7Y — VMOBHOIO YUKIIYHOIO Yacmomoro 3racaro4ux Ko-

JTUBaHb.
10.3.13. Il]o maxke nocapugpmiunuii Oekpemenm 32acanHsi?
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3a BU3HAYCHHSIM, JIOTApUPMITHUN ACKPEMEHT 3racanHs 0 — 1e 0e3po3MipHa BEIHUIHN-
Ha, IO JOPIBHIOE HATYPATLHOMY JIOTapu(My BiTHOIIECHHS 3HAYCHDb aMIUTITYIU 3racaro-
YUX KOJINBaHb Y MOMeHTH 4acy ¢ Ta t+ 71 (10.13):
A(t T 1
———j;l——::yzwz:——
A(t+T) T N

. . 1 L
it T — YMOBHUHU II€P10J KOJIMBAHB; T =— — YaC peJIaKcCallll; N, — KUIBKICTh KOJIMBaHBb,

y e
SIK1 3A1HCHIOIOTBCS 32 Yac 3MEHILIEHHS aMILTITYIU Y e pa3iB (3a yac peiakcarii).
10.3.14. Jaiime eusnauenHs 006pomHocmi KOMUBANbHOI cucmemu?
HobpotHicte 0 — Ge3po3mipHa BennunHa. ICHYIOTH JieKiidbKa piBHONMpPAaBHUX BU3HA-

YeHb JOOPOTHOCTI () KOJIWBAJIBLHOI CUCTEMH.
1. Busuavenns Q "uepes enepeii:
Jo6potHicTh Q) — 0e3po3MipHa BEIMYUHA, 110 JOPIBHIOE JOOYTKY 27 Ha BITHOIICH-

Hs eHeprii E KOJIMBaHb, HAKOMTMYICHOI B CICTEMi HA MOMEHT BHMIPIOBaHHS, 10 BTpaT

Hakon
i€l eHeprii 3a OJJMH YMOBHHUH MepioA 3racaloynx KOJIUBaHb

E
Q0 =2n—=00, (10.27)
ButpT

2. Busnauenns Q "uepes amnaimyou':
JobpoTHICT

_ e
Q—A ; (10.28)

cTar

ne Ay, — MakcuMmaibHa (PE30HAHCHA) aMIUITyAa KOIMBAHb Y KOJIMBAIbHIN CHCTEMI;

Airqr — AMIUTITYJa KOJMBAHb Y PE30HAHCHIM CHCTEMI, SKi BUHMKAIOTh IiJ| €10 KBas3icTa-

THuHOI cwiH (32 © — 0).
3. Busnauennss Q "uepes wiupuny pezonancnoi kpugoi”:

JobpoTHICT
=—), (10.29)

Jie )y — PE30HAHCHA YacTOTa KOJMBAJIbHOI CHCTEMH; 2A® — IIMPHHA PE30HAHCHOI KPH-
Boi (Aw =7, 1e Y — Koe]ilieHT 3racaHHs).
4. Busnauenns Q "uepes noeapupmiunuil Oexpemernm 32acanns’”:
Jo6poTHICT
T
>

©=3

ne m=3,14..; 0 — norapudMigyHUN TEKPEMEHT 3racaHHs.
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10.3.15. /logedimb i npoananisytime gpopmyny oas doopomuocmi Q = g

Sxmo nmoBepHYTUCH A0 0a30BOro BH3HAYEHHS JOOPOTHOCTI () KOJNMBHOI CHUCTEMH

. E
"gepes eneprii” (10.27) Q =2n—2L 10 moxHa, ckopucTaBumch (10.12), orpumaru
Butpl
O—onbumon o EO o, AO
Ewpr  EQ=E@+T) — A()-A*(t+T)
o 1 2 2:
. A@+T) 1-e27 1-¢729
A2(1)

3a Mamux 3Ha4YCHb JIOTapU(GMIYHOTO HOeKpeMeHTa 3racaHHa (0<1) BenmwunHa
_ . i
1-¢2% 220, Toni O~—.
0
3poOuMoO nekiibKa 3ayBaXeHb:
i
1. ®opmyny ng MOXKHa BBakaTu HaOmbkeHOr. BoHa MoOke JaTu mpaBuiIbHE

3HAYCHHsI JOOPOTHOCTI JIIIIE TIPH MaJIOMy 3racaHHi, Xo4a IIe He € ""CHIIbHIM' 0OMeXeH-
HSAM: OLIBIIICTh MPAKTHYHUX 33734 1 TEOPETUYHHX MPHUKIIAIIB PO3B'I3YIOTHCSA CaMe B Ta-
KOMY HaOIMKCHHI.

2. HpI/I MaJIoOMy 3racaHHi (’Y << (,00) qacToTa 3racaroumx KOJIMBaHb

= oo% —y2 X 0y NPAaKTHYHO IOPIBHIOE YacTOTI BJIACHUX (HE3racaroumx) KOJIMBAHb.

Tomy Qzﬁzizﬁz )
0 vI, 2y 2Aw
HY pe3oHaHcHoi kpuBoi" (10.29).

10.3.16. Ak, marouu amnainmyOHO-4acmomuy Xapakmepucmuxy KOIusaibHo20 npoyecy,
3Hatmu KoepiyicHm 32acanus cucmemu?

Maroun aMIUTITYAHO-4aCTOTHY XapakTepucTuky (AUX) BUMyLIeHUX KOJIUBaHb, TOOTO

, TOOTO OTpUMAaJIM TaKOXX BHU3HAYEHHA () "depe3 mupu-

3AJICXKHICTb KBaZpaTa aMIUITYaH A° KOIMBaHb BiX YaCTOTH (), 3HAXOLATH HA HAIIBBHU-
.1 .
COTi EAz mupuHy 2A® AUX. Bennumaa 2 A® DOPIBHIOE TIOJIBOEHOMY 3HAYCHHIO KOE-

¢iuienra 3racanns y abo Ao=y .
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0 [0)

Puc. 10.4. AMNNiTyaHO-4aCTOTHa XapakTepuctuka (AYX) BUMyLLEHUX KOSIMBaHb

10.3.17. Yomy OopisHioc 3¢y8 az midc GUMYUEHUMU KOTUBAHHAMU | 3MYULY8ATTLHONO
CUI010 8 PE3OHAHCI?

VB pe3onanci 3cyB (a3 MiXK BUMYIICHUMH KOJMBAHHSIMH 1 3MYIIYBaJbHOIO CHIIOIO
nopiHIoe 1/ 2. e BuaHO, HAaNIpHUKiIa, i3 (pazodacToTHOI XapakTepucTUkH (puc. 10.5).

A(P A
0

Puc. 10.5. ®azoyactoTHa

T XapakTtepuctuka (P4X)
- 5 BMMYLLEHWUX KOSIMBaHb
~1t

10.3.18. V saxomy 6unaoxy 3smiHa 3MyUWy8anbHOi CUiu i GUMYWIEHUX KOIUBAHDb 8i00Y8a-
embcs 8 00HAK06IU Gazi? Y npomughazi?

Sk BugHO 13 ®UX (puc. 10.5), 3cyB Mixk (a3o0 3MYyIIyBaIbHOI CHIIA 1 (a30l0 BUMY-
IIEHUX KOJIMBaHb JOPIBHIOE HYJIO (3MiHA 3MYIIYBajIbHOI CHJIM 1 BUMYIIEHHUX KOJIHMBaHb
BiIOyBa€ThCA B OJHAKOBIH (ha3i) Aaneko BiJ PE30HAHCY Yy BHUIAJAKY, KOIU O << ®, (Iist
KBa3UCTATUYHOI CHiIH). Y TpoTudasi 3MyITyBaJbHA CHJIA 1 BUMYIICHI KOJHBAHHS 3Mi-
HIOIOTBCSI 32 Iy’K€ BUCOKUX YaCTOT ((;) >> 030) .
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10.3.19. Ilo maxke eapmoniunuil ananiz (pyp'e-ananiz) nepioOutnux KoIueams?

[apmoniunuii ananis (¢yp'e-ananiz) nepiogMYHUX KOJUBAHB IMOJISTAE B MPEACTABICH-
Hi nepioguuHoi GyHKII f(¢), sSKa ommcye KomwuBaHHS, y BUDiAi psagy Dyp'e. Ilepio-
IAYIHI KOJIMBAHHS MAaIOTh AUCKPETHHUH (JTiHIMYacTHil) criekTp dyp'e-rapMmoHik. YieHn ps-
oy @yp'e, 0 BiANOBIIAIOTH FAPMOHIYHUM KOJNHMBaHHSIM i3 4acToTaMH , 2®, 3, ..., Ha-

3UBAIOTHCS TIEPIIOI0 (OCHOBHOIO), IPYTOI0, TPETHOIO 1 T. JI. TApMOHIKAMH TEPIOTUIHOTO
KOJIMBAHHS, SIKE ONUCY€EThes PpyHKIiero £ (7).

Cknaz criexTpa 3aleXuTh Bif BUAY HepiognuHoi QyHKOii f(¢) . @akTu4HO, CIIEKTp

KOJIMBaHb CKIIAJAETHCS 13 CYKYyIHOCTI TAPMOHIYHUX KOJIMBAHB Pi3HUX KPATHHUX YacTOT 3
pizEEME amIutiTyAamu. [lpy qomaBadHi TapMOHIYHUX KOJIMBAHb Pi3HUX KPaTHUX YacTOT 3
PI3HUMH aMIUTITyJaMid OTPUMYEThCA CKIIagHe KoauBaHHS f'(¢), TOOTO 3aicHIOETRCS (Y-

p'e-cuHTE3.

10.3.20. Yu mooicna nposooumu Qhyp'e-ananiz HenepioOuyHUx Koaueanv?

HenepioauuHi KonMBaHHS MalOTh HENIEPEPBHUH (CYIUIBHUI) CIIEKTP (yp'e-TapMOHIK.
HenepioauuHi KOJIMBaHHS MOXHA TPEICTABUTH K PE3yNbTaT HAKIAJIAHHS HECKIHICHHOT
KUTBKOCTI TAPMOHIYHUX KOJMBaHb, YACTOTH SKHX HAaOyBalOTh YCUISIKUX 3HAYCHb B 1HTEP-
Bayi Big 0 mo oo . Ha BiqMmiHy Bix mepioMYHUX KOJUBaHb, SKi 3aMUCYIOThCS B psg Dyp'e,
HENepioANYHI KOJTUBAHHSI 3aIMUCYOThCS B iHTErpas Oyp'e.

10.3.21. Yum xeuni 8i0pizHAIOMbCS 8i0 KOIUBAHD?

XBuWIII — I1€ TIPOIIEC MOMMPEHHS KOJUBAHb ¥ TIPOCTOPI, Y PE3YIBTATI SIKOTO MTePEIa€Th-
cs eHeprist. KonuBaHHS — 11e Tipo1iec, KUl TOBTOPIOETHCS Yepe3 TIEBHI MPOMIXKKH Jacy. Y
pe3yNbTaTi KOJIMBaHb CHEPTis B MPOCTOPI HE MOIIUPIOETHCS, a MEPEPOMOIALTIETECS MiXK
KIHETUYHOIO 1 MOTEHITIANBHOO ii CKIagoBUMH. [1OpIBHSIHHS BIACTUBOCTEH XBUIIb 1 KOJIH-
BaHb HABEJACHO B TAOJIHIII.

XBuii KoauBanus
Ipoiiec po3BUBAETHCS B POCTOPI Ipoiiec po3BUBA€ETHCS B Yaci
EHnepris nepeHOCUTHCS B IPOCTOPi Eneprist nmokamizoBana B TIpocTopi, BiaOyBa-

FOTBCS JIMIIIE TIEPi0TUIHUAN TIEPEPO3IOIiIT EHEep-
rii 3 ogHOTO 1i BUAY B iHIIIH (Hamp., 3 MOTEHIII-
IbHOT eHeprii B KIHETHYHY, 1 HABIAKH)

OnucyioThCst XBUTHOBUM PIBHAHHSM ONUCYIOTBCA PIBHAHHAM THIY ¥ + m)°x = 0
d’x 1 d*x . 2.d x
S =~ ~abo y=vp°.—=
dy?* v odr? dy?
IToTenmianeHa 1 KiHeTHIHA eHeprii konuBa- | [ToTeHIianbHa i KiHETHYHA EHEprii KoJMBa-
I0TBCS CHH(DA3HO I0ThCS y MpoTHdasi
ITepionnyni B MpOCTOPOBUI Ilepionnuni B yaci
XapaKTepHCTHKA NEPIOJAMYHOCTI — JOBKUHA | XapaKTepHCTHKA MepioJUIHOCT] — 4acToTa f
XBuIi A (TPOCTOPOBA NEPiOAMIHICTE) abo nepioy 7 (4acoBa MepioANIHICTH
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10.3.22. Axum pieHAHHAM ONUCYEMBCA NAOCKA X6uns? Jloeedimeb.

[Tnocka XBuIIS — 1€ XBUIIS, Y SKOi XBHJIBOBI MIOBEPXHI, BUMIpSIHI B pi3Hi JOBIJIBbHI MO-
MEHTH 4acy, SBJISIOTh COO0I0 CYKYIHICTh IUIOINH, apajeIbHUX OJHA OJHIMH.

V ImI0CKiN XBHIII, SIKa TIOMTUPIOETHCS B3MOBXK oci OY (puc. 10.6), BeauMYrHA 3MITTICHHS
X, ab0 SAKICh 1HIII BETUYHHH, [0 XapaKTEPU3YIOTh KOJUBAILHUNA PyX YaCTHHOK a0o0 SIKO-
roch i3 mapaMeTpiB cepefoBHIa, (Hamp., TyCTUHA) 3aJIeXkaTh TUIBKU BiX 4acy ¢ i Koop-
JUHATH y TOYKHU cepenoBuiia. KomuBaHHA B Toulll B, K€ XapaKTEPU3YETHCSA 3MIIEH-

HAM Xp , BIIPI3HAETBCA BiJl KOJNIMBaHb y MOYaTKy KOOPAMHAT 31 3MILIEHHAM X, BiJACTa-

y4 . .
BaHHSIM Ha yac T=—, ¢ ¢ — BiacTaHb Mk Toukamu O Ta B y3a0Bx OY ; L — MBUI-
8}

KICTh MOMMPEHHS XBIII B3M0BXK OY . O6maBi Touku O Ta B KOJIUBAIOTHCS 332 TAPMOHIY-
HUM 3aKOHOM

xp=Acoswt Ta  xp=Acos[w(—1)]=4cos m(t—éj ,

SIKITIIO BBKATH, IO HEMAE TOTJIMHAHHS XBUJII B CEPEIOBHUIITL (A = const) .

Xo Puc. 10.6. [o 3anutanHs 10.3.20

O B y

J71s1t HOBiNMBHOT TOUKH 3 KOOPAMHATOIO V Y310BX oci OY XBUIIS OMUCYETHCS PIBHSAHHIM

x=Acos m(z‘—lj :Acos(mt—ﬂj=Acos(c0t——2nyj:
L v T.v

:Acos(mt—%-y}zAcos(mt—k-y).

. 2n 27
Y posrmsani 6yi0 BpaxoBaHo, Mo w=—; 7-V=A, 1¢ k :T — XBWJIbOBE 4mCIO. Ta-

KUM YUHOM, OTPUMAHO PIGHAHHSA NIOCKOI XGUL:
x=Acos(ot—k-y). (10.31)
10.3.23. /[ogedimb xsuibose pigHsHHsL 015l NIOCKOL XU

Po3rnsiHeMo miocKy XBHITIO, SIKa MOLIMPIOETHCS B310BXK oci OY (puc. 10.7). Y Touwi 3
KOOPAMHATOI0 ) XBHWIS XapaKTEPU3YeThCS 3MIMICHHSAM X, y TOYMi 3 KOOPIHHATOIO

(y +dy) — 3MmimennsM (x +dx).
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I3 piBHsAHHS TUIOCKOT XBWIII X = A COS (wt—k- y) JUTSE TOYKH TIPOCTOPY 3 KOOpIUHA-
TOIO y MO>KHA 3HAWTH MepITy 1 APYTY MOXIiTHI 32 4aCOM:

dx d*x

dt dt?

Ilepma 1 mapyra moXimHI 3a KOOPAWHATOIO V, BH3HAYCHI JJIS PIBHSAHHS IUIOCKOT XBFUTI

v=x=-Aosin( of—kx); :X':—A(ozcos((ot—kx). (10.32)

(10.31), MaroTs BUTIISIA

dx V) d*x v’
—=A4—sin(wf— ; ——=—-A—-cos( ot — . 10.33
[Tpu orpumansi (10.33) Oymno BpaxoBaHo, 0 k = 2n = 2 = 2n o =2
A vT v2m v
X
x + dx Pvc. 10.7. [lo 3anuTaHHsa 10.3.23
X
O y y+dy Yy

ITopisatoroun (10.32) 1 (10.33), oTpuMyeMO XBHILOBE PIBHSIHHS ISl XBHII, SIKA I10-
HIMPIOETHCS B370BXK oci OY :

d*x 1 d’x

dy* v od?
10.3.24. Yum 6iOpizHAEMbC NOBEOTHKA eHepeill KOMUBAHHSA [ X8UNT?
VY KkonMBaHHAX MOTEHLIaAbHA €HEpris E, 3MIHIOETbCS NP 3MiHI KIHETHYHOI €Heprii

(10.34)

E, .3Hauenns E, i E, 3MiHIOIOTbCS y poTHdasi: unM Oumsma E, , TuM MeHma E, . Ko-
7u BenuyuHa E; HaOyBae MiHIMAJAbHOIO 3HAYEHHs, BEIMYMHA E, — MakcHMMajbHa. 3Ha-

YeHHsI TOBHOI eHeprii £ =E, + E, npyu 1bOMY 3aJMIIAETHCA HE3MIHHOIO BETHYHNHOIO.

TIOBH

Jlns XBUIIb MOTEHILIAJIbHA €HEprid F 1 KIHeTHYHA €Hepris F, 3MiHIOIOThCS CHH(as3-
HO: yuM Oinbma E, TuM Outeia E, . Konu Bennunna E; HaOyBae MiHIMalbHOIO 3Ha-
YeHHs, BEJIMYMHA F, TakoX MiHIManbHA. Makcumymu E 1 E, TakoX JOCATarOTHCS Of-

HOYACHO. 3HaYEHHS MTOBHOI CHEPTii I XBHITI

E

TIIOBH

=E, +E_=pA*V®*sin m(l —Xj # const .
L

IMoBHOO eHepriero xBuii € GyHkuis £, .. (p, A2V, 01, ).
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Taxum 4nHOM, y XBMIII BEIMYMHA IIOBHOI eHeprii £, ., y IPOCTOPi i 4aci 3MIHIOETbCS

: min max . . . .
Big E .. 10 E - Ha BiIMIHY BiJl IOBHOI €HEPIli KOJIMBaHb, 1¢ F

opr — cONSt .

10.3.25. Axwo npu nowupenHi xeuni y Qikcogawiii moyyi npocmopy eHepeii Xeuii

E, opy 3MiHIOEMbCS 610 Ef0C 00 Ejoe, mo KyOu 3HUKAE eHepeis X6ui 6 mot MOMeHM,

Konu enepeis xeuni gionosioac snauennio ENC ? K GUKOHYEMbCA 3aKOH 30epedcents

eHepeii 8 ybomy sUNAoKy?

Eneprisi XxBWIi HIKYAH HE 3HHMKA€, BOHA MEPEHOCUTHCA B MPOCTOPi: y KOXKHIM TOouLi
MIPOCTOPY 3 BiJIOMOIO MEPIOAMYHICTIO 3'IBISETHCA MAKCHUMYyM ITOBHOI €HEprii, Ha 3aMiHy
SIKOTO TPUXOJAUTH MIiHIMYM 1 T. A. Y AKuiick (piKCOBaHHH MOMEHT 4acy B OJAHIN TOYII

IIPOCTOPY CIIOCTEPIraeThCs MiHIMaIbHE 3HAUCHHSI [IOBHOI eHeprii K. , y cyciaHiil Tou-
i IpOCTOPY, sIKa BIICTOITh BiJ MEpIIOi TOUKM HA BiACTaHi A/2, CIOCTEpiraeThCs Mak-

CHMaJIbHE 3HAYCHHSI TIOBHOI CHEPTil Ej oy, -

10.3.26. Ilpoananizyiime, sKi QizuyuHi 6UCHOBKU MOXCYMb eunausamu iz popmyau Pe-
Jest OJisl 2PYN0B8oT WEUOKOCHI?
Haragaemo, mo dopmyna Penes mos'sisye $azoBy (v) 1 rpynoBy (#) IIBHIKOCTI:

dv . dv .

u=v—A—, ¢ A — IOBXKHHA XBWI; — — JIUCIIEPCisl CEPEIOBUIIA, Y IKOMY MOIIHPIO-
d\ d

€ThCS XBWIA. Po3TiissHEeMO pi3HI BUMTAKH JUCTIEPCIi:

. dv
1) Komm nucnepcis HopManbHa n >0 |, MaeEMO BHMAJOK U < V.

. . .. [ dv
2) B o0Gmacti anOMasbHOI ucnepcii a <0 |, MaeMO BHITAIOK # > V.

3) V Bumaaky BiICyTHOCTI nuctiepcii (y BaKyyMi), Ma€MO BHTIAZIOK U = V.

YV npuposi MOKIMBI XBWJII, SIKi MaloTh pi3HY (i3udHy mpupoxny. Hampuknan, Ha mo-
BepxHi "TIMO0KOI" BOIM 3aKOH AHMCHEpCii XBWII Ma€ BUTIIAL L = CcJn , 1e C — crana.
['pymoBa MIBHIKICTh Ma€ BUTIIST

uzu—xﬂzo—xizu—%Cﬁzo—%ozg = u<v.

d 200

. . dv
3BiICH BUIUIMBAE, IO VIS I[HOTO THUITY XBUIJIb AUCIIEPCIS HOpMallbHA (E >0 .

10.3.27. Ak, 3uaiouu 3axon oucnepcii ma eeauduny (azoeoi weuokocmi xeuni 3 006-
JUCUHOIO N, BHAUMU BETUYUHY 2PYNOBOT WUBUOKOCHI XBUL OIS1 Yb0O2O JIC 3HAUEHHS N ?
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. . . (dv .
3akoH mucriepcii Moke OyTH 3aJaHUi B aHAIITHYHOMY BHUTIISII (E . Toni 3a dop-

MyJoi0 Pernest 3HaX0AsTh TpynoBy MIBUAKICTb. Y Pasi, KOJM 3aKOH JHUCIIEPCii 3alaHuil y
BUTTIAI rpadika 3anexHocTi V(M) , iCHYe crocid BU3HAYCHHS TPYIOBOI IIBUAKOCTI, SKUH

3anpononysas I1. Ependecrt (puc. 10.8).

L 4

Yy
: Puc. 10.8. Bu3HaueHHa Benn4MHM rpynoBoi
| LWBMAKOCTI MeToaoM EpeHdecTad+
1

U, 1
1
|
L B

0 M A

CrogaTky 3a JUCHEPCIHHOI0 KPHBOIO 0(7\,) 3HAXOATE IS 33IaHOTO 3HAYCHHS JIOB-
KHMHY XBHJI1 A; BeIM4yuHY (pa3oBoi mBUAKOCTI v; . IToTiM y il camii Touwi Aucnepcii-

HOi KpHBOi1 OyIyIOTh TIOTUYHY, SIKa TIEPETHHAE BEPTHKAIBHY KOOPJWHATHY BIiCh y TOMYII],
110 BiATIOBIJA€ 3HAYEHHIO I'PYIOBOI INBUIKOCTI Uy .

10.4. Npuknaau po3B's3yBaHHA 3a4au

MNpuknap 10.1. Vagimo cobi waxmy, npopumy 6 3emni 630080ic ii oci 0obepmanHs.
Beaocarouu 3emnio oonopionoro kyaewo i Hexmylouu Onopom NOGIMps, 3HAUOIMb.
a) pisHAHHA pYXy mina, ke 8nano y wiaxmy, 6) uac, axuii 0yoe HeoOXiOHUll YyboMmy Miny,
w06 BOHO 00CA2N0 NPOMULEHCHO20 KIHYA WAXMU, 8) WEUOKICb MiNa 8 yenmpi 3emii.

PozBsg'zaHHa: a) Ha noBepxHi 3eMiIi Ha TiJIO Macol m i€ CHIIa TSHKIHHS, KA JI0-
piBHIOE Ba3i Tina

" —m-g(R), (10.35)

F(R)=—y 2

ne R — pamiyc 3emui (pvc. 10.9). Ha BiacTani » Bix mieHTpa 3eMJili Ha TIJIO Macoro m i€
cuna

’

F(r)=—y%=m.g(r), (10.36)

ne M' —maca yacTHHH 3eMHOI KyIli pagiycoM 7 < R .
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_—
rI R Puc. 10.9. [lo npuknaay 10.1

’

M M
I3 (10.35) Ta (10.36) orpumyemo g(R)=—y— ta g(r)=—y—. Bpaxosyroun, mo
R r

Maca 3eMHOi Ky M = ETCRS -p, A€ p — I'yCTHMHA 3€MHOI MaTepii, MaeMO

ETCR") p
g(R) =—Y3T, (10.37)
T
a(r)=—y3 - (10.38)
I3 (10.37) Ta (10.38) Mmaemo
%’g% = ¢(r)=g(R) . (10.39)

[epeBipumo npaBuibHicTh (10.39):
R
g(r=R)=g(R) 2 = g(R) —npaBuneHO; g(r=0)=g(R)-0=0 — npaBuiIbHO.

Sk 1 OyIb-siKe TPUCKOPEHHS MPU MOCTYNAILHOMY PYCI TiJIa 32 BUBHAYCHHSM MPUCKO-
PEHHS BUIBHOTO TMAJiHHS, 3 SKUM PYXa€ThCS TUIO B JIAHOMY BHIIAJIKY, MOXKHA 3aIlHCATH
gepe3 ApyTy MOXITHY 3a 9acoM BiJl KOOPAWHATH Y BUTIISAII

d*r
gr)=— (10.40)
d*
I3 (10.39) Ta (10.40) maemo
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d*F 7
dt?

(10.41)

~

3 SKICHOTO pO3DIBIAY PYyXY TiJla, KHHYTOTO y IIaxTy, MOXHa 3pOOUTH BHCHOBOK ITPO
Te, IO TLTO Ha MEPIIii YaCTHHI NIIAXY PYXa€ThCs 3 JOJAATHUM IPUCKOPEHHSM, a Ha JIpy-
il — 3 Bi'€eMHUM TPUCKOPEHHSM, TAIbMYIOUUCh. TaKuM YWHOM, TiJIO Iepe0yBa€e B KOJIH-
BanbHOMY pyci. [Ipn HeXTyBaHHI OMOPOM TOBITPS Ta IHIIMMH CHJIAMH TEPTS TaKi KOJH-
BaHHS MOKHA PO3TIIANATH SK BiIbHI. PIBHSHHS BITbHUX TAPMOHIYHUX KOJIMBAHb MA€ BU-
i (10.1):

dF

—+wyF =0,
2

dt

Jie O, — 4acToTa BIaCHUX KOJIUBAHb 3 ypaxyBaHHsM (10.41) nopiBHr0o€

/ R
(DO: %)

. 27 ) . . .
Ockinpku T = — mepioJ] KOJIWBaHHS TiJIa Y IIAXTi TOPiBHIOE
0]

R

T=2n (10.42)

g(R)’

Ileit gac 30iraeThCcs 3 YacoM OOJBOTY 3eMJIi TT0 "HHU3BKIH" HaBKOJI03eMHIN opOiTi. I1pu-
6nu3Ho Takuii yac (108 xB) mepebyBaB y Kocmoci 1O. O. I'arapin, sxwuii y 1961 p. ynep-
Ie B icTOpii J10ACTBa HA KOCMIYHOMY KopaOui 3aiiicauB 1 00ept HaBkoso 3emui. [Ipote
30ir BeJIMYMHM Yacy He BUTAAKOBUi: ¢opmyina (10.42) 36iraeTrscs i3 GopMyIIo IJis BU-
3HA4YEHHS Mepioay oOepTaHHs CYITyTHUKA HABKOJIO 3eMii (AuB. po3a. 8).

[lepion konuBauHs Tifa y mwaxti — 7 . Yac, sKuii HeOOXiITHUN TiTy, KHHYTOMY Y LIax-
Ty, 100 BOHO JOCATIIO MIPOTHIIEKHOTO KiHIS MAXTH MAaTHME BUTIIS

t=1=42 XB.
2

IBuAKiCcTh TiNIa IPH HOTO MPOXOKEHHI TOYKU PiBHOBATH, SIKA PO3TAIIOBaHA B LIEHTP1
3emuti, MO’KHA 3HAHTH 3a (HOPMYIIOI0, BIIOMOIO 3 T€Opii KOJWBAaHb (MOYKHA TOBECTH ):

Vpx =4 0=R-. (10.43)

(10.42) - (10.43): v, =R- %@:./R-g(m .

[IBuAKiCTE TiTa B IEHTP1 3eMJTi JJOPIBHIOE
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Vg = y/630010-9,8 M/c? =7,8-10° m/c .

Ile BenmnumHa 1-1 KOCMIYHOT IIBUIKOCTI?!
Npuknap 10.2. /lowxka, Ha aKitl aexcums 6PYCcoK, 30IUCHIOE 20PU3OHMATbHI 2aPMO-
HiuHi Koaueanus 3 amniimyooro a =10 cM. 3naiidime Koeghiyicnm mepms Midc OOUIKOIO

ma OpycKom, SAKW0 OCMAHHIU NOYUHAE CKOG3AMU NO OOwyi, KOIU ii nepiod KoaueaHv
cmae menwum T =1,0c¢.

Po3B'a3anHsa: bpycok modnHae pyxaTHCh, KOMU cuiia F', sika Ji€ Ha HBOTO, CTa€

piBHOWO cwii Tepts: F =F, =k-mg (puc. 10.8). 3 ypaxysanusm II 3akony Hbrotona
2

. . X
JUISL OJHOBUMIPHOTO BUIIAJKY, KM Mae B F=m-—- (me m — maca Opycka),
dt

YMOBa MOYATKy PyXy BUTTISIIAE TaK:

2 2
m-d—fzk-mg = k:d—zx-l. (10.44)
dt dat© g
A N
3 2 3
FTep < > [ Puc. 10.10. do npuknaay 10.2
1 |
v mg

KonvBaHHS TOMIKK — TapMOHIYHI (32 YMOBOIO 33]1a4i), TOOTO MaeMo
dx . 2x 5
X=a-cos ©Of = ——=-amsin O/ = ——=—aw" cos Of.
dt dt
[NopiBHtotoun octanHii Bupa3 3 (10.44), 6aunmo, 110 KoedilieHT TepTs B IbOMY BUIIAIKY
3MIHIOETHCS 13 9aCOM 33 TAPMOHITHIM 3aKOHOM.
MaxkcumaibHe 3HaueHHS TPUCKOPEHHS (aMILTITYAa IPUCKOPEHHS) JOLIKH JOPIBHIOE
d*x
— | =ao’. (10.45)
dt
max
Axmo (10.45) miacrasuru B (10.44), oTpuMyemMo aMIIIiTYAHE (MakCUMallbHE) 3HAUCHHS
KoedirieaTa TepTs
a’ a(2rnY 4nta 4.(3,14)%-0,1 41
g g\T gT 9,81 10
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Npuknap 10.3. Yacmunxy smicmuiu 3 NONONCEHHS PIBHOBA2U HA BI0CMAHb
L=1,0c™m i3anmuwunu. Axuil wiisx npotde, KOIUBAIOUUCH, Y HACMUHKA 00 NOBHOT 3ynu-
HKU, AKWO J102apuMivHulli 0ekpemenm 32acanms 014 it koaueans dopisuioe 0=0,20 ?

Po3B'sazanHa: BinOyBaTUMyThCs 3racaroui KOJIMBaHHS HABKOJIO ITOJIOKEHHS PIBHO-
Baru (pwc. 10.3), MakCUMaJbHE BiIXHUJICHHS YACTUHKH B OJWH OiK MU i-My KOJHMBaHHI 32

BU3HAYCHHSIM JIOPiBHIOE
L ST 0
a;,=a;_ e 2=a_-elT2=q_j-e?, (10.48)
Ie Yy — koedimmieHT 3racanns, a O — morapudMidHUN TEKPEMEHT 3racaHHs (6 =yT ) .

TakuM YMHOM, MAaKCUMaJIbHE 3HAUCHHS 3racarurX KOJMBaHb, SKi 3MIHIOIOTHCS 32 €K-
CIToHEHITiaTbHUM 3aKkoHOM (10.48), MOKHA 3amucaTH Y BUTIISII

a=L-e ?;

(10.49)

Sk GaurMo, YTBOPIOETHCS HECKIHUCHHA CIIaHA TeOMETPUYHA MPOTPECis, sKa CKIaaa-
€TbCA 3 pAdY, WO 30iraeteest. Cyma i WieHiB JOPiBHIOE
0
a -
Zai = 1—1 , Jle 3HaMEHHHUK Iporpecii g=¢ 2. (10.50)
~ -9
1

o0
[Insax, skuii 9aCTUHKA TIPOHE A0 3YIMUHKH, TOPIBHIOE § = L + 22 a; . Koediuienr 2
i=1
01151 APYroTOo JI0JIaHKa BKA3ye Ha Te, 0 YaCTHHKA, KOJIHUBAIOYUCH, TPOXOIUTH OJIUH 1 TOH
camuii nursix aBiuvi. Ckopucrasmmcsk (10.50), maemo

_9 _8 _9 _9 _9
L-e? e 2 l—e 2 +2¢ 2 1+e 2
S=L+2—9=L 1+2—_9 =L —_9 =L —_9
1—e2 l—e 2 | o l—e 2
0.2
1 2 1+0,9
520,01 /< 1~0,01] /22 |=0,19m.
_0.2 1-0,9
l-e 2
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Npuknap 10.4. Cmpinka yymaueoeo npuiady Koaueacmocsi Oiisl NOAOIUCEHHS PIBHO-
gazu. Ii nocnioosHi Kpatini nonodicenna maxi: ny =26,4; n, =10,7; ny =20,5. 3naioime:
1) nooinky, sika 8i0no6idac pisHOBANCHOMY NOJIONCEHHIO CIPIIKU, AKWO i Oexpemenm 32a-
CaHHA cmanuil y 4aci, 2) Hacmynmue nicisi Ny KPAuHe NON0ICEHH CMPITKU (n4) .

Po3B’'g3anHa: KpaiiHi TIOJOXKEHHS CTPIIKK MOCATAlOThCS depe3 wac 1/2 (me T —

1epiosl KOJMBaHb CTPUIKM) CIIOYATKy B OJIMH, a IOTIM B iHIIMH Oik Bix 7, (puc. 10.11).
F z

n

Puc. 10.11. o npuknaay 10.4

ITo3HaunMo PiBHOBa)KHE IOJIOKEHHS CTPUIKK 4epe3 7. [lociigoBHI MoKa3aHHS IpH-

JAagy OpU MAaKCUMAaJbHOMY BIIXWIICHHI CTPUIKU 7y, My, H3,...H; OINUCYETHCS CUCTEMOIO

PIBHSHB:
= n =ng +age
n =ny+a 1= Mo+ dg
- (4 +T/2)
ny =ny—a, ny = ny —age” '
= {270 "0 (10.51)
ny =ny + as ny =ny + aoe_y(tl+T)

.7
Je Yy — KoeQillieHT 3racaHHs; g, — aMILIITy/a KOJIUBaHb CTPLIKU B MOMEHT 4acy ¢ =0;
f, — MOMEHT BI1JUIIKY TOJIOKEHHS CTPUIKU 1, ; ay,d,,0d3,... — AMILITYIU HOCIITOBHX KO-

JUBaHb CTPLIKH.

I3 Bu3HavyeHHs nexkpemenTa sracanus (10.12) maemo
a a
2= = gay=ay. (10.52)
a a,

I3 (10.51)
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a] =n1—n0
apy =ng — My

(10.53)
az =n3 —ny

ITincraBumo (10.53) y (10.52):

:>n1~n3—n1-n0—n0-n3 +n02:n02_2n0'n2 +n22 =

2
_26,4-20,5-10,7°
26,4+-20,5-2-10,7

Ny

b

3HaiiIeMo HACTyIIHE MICIs 713 KpalHE MOJI0KEHHS CTPLIKU (n4) . Jns uporo nonioxHo

1o (10.52) 3anmimeMo mpomnopItito
2
a; a a
B84 4 a4=—3. (10.54)
a a
3rinHo 3 (10.53) 3HalineMo 4UCIIOBI 3HAYEHHS aMILTITY] BIIXUICHHS CTPUIKU @, Ta ds:
a2 = no _n2 = 16,7 _10,7 = 6,0
a3 = }’13 _no = 20,5 _16,7 = 3,8 .
ITicns migcTaHOBKY OTPUMAHUX 3HA4€Hb a, Ta ay B (10.54) maemo
(3.8)°

a4=W=2,4 = ny=ny—a,=16,7-2,4=14,3.
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