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BBEJIEHHNE

O0BbeKTHI ONMUCAHUS.

Tenom Ha3piBaeTcs (Qu3MUecKas CHUCTEMa, JIMHEHHBIE pa3Mepbl KOTOPOM
HaMHOT'O OOJIbIIIe PACCTOSTHUI MEXKIYy MUKPOCKOIIUYECKUMHU YacTUI[aMH (aTOMaMH U
MOJIEKYJIAMH ), COCTABIIAIOIIMMH CUCTEMY.

MarepuajgbHoii TOYKOM (M.T.) Ha3bIBaeTCA TeJO, pasmepamu u (opMmoi
KOTOPOTO MOKHO IpeHeOpeub B paccMarpuBaeMod 3agade. Hampumep, npu
U3Y4YeHUH ABMKEHUS TuiaHeT BOKpYr CoiHIIa MOKHO JOIYCTUTh, YTO U IJIAHETHI, U
ConHile — MaTepUalIbHbIE TOYKH, TaK KaK UX pa3Mepbl HAMHOIO MEHbIIIE B3aUMHOIO
pacctostaus. Jlpyrue mnpumepsl: JlyHa 1o OTHOWIEHHIO K 3emie, MalllMHa Ha
aBTOCTpaJie, KHUra B KOMHare. [loHsATHE M.T. BBEJEHO ISl TOrO, YTOOBl HAXOJIUTh
npuOIMKEHHOE perieHre PU3nIeCcKor MpoOIEMBI.

MexaHnnuyeckasi CMCTeMa — HTO CHCTEMa Tel, B TOM YHCIIE, U CHUCTEMa M.T.
OHa cOCTOUT U3 COBOKYNHOCTU M.T., KOTOPBIE HaXOAATCS BO B3aMMOJCHCTBHUH, KaK
MEX]ly COOOH, TaK U C TeJIaMU, KOTOPbIE HE BXOJST B 3Ty CUCTEMY.

Cpean pa3muyHbBIX TeJI CYIIECTBYIOT Te€la, JJIsi KOTOPBIX BHYTPEHHHE
PAcCTOSIHUSI HE M3MEHSIOTCS, TO €CTh PACCTOSHUE MEXKIY ABYMS MPOU3BOJIbHBIMU
M.T. IOCTOSIHHO. Takue Tena Ha3bIBAIOTCS A0COJIIOTHO TBEPABIMH TeJIaMu. PazMepsl
u ¢Gopma abCOJIIOTHO TBEPAOrO Tela HE MEHSIOTCS NMpU ero ABwxkeHuu. Kaxmoe
TBEPAOE TEJIO MOXKET OBITh YCIOBHO IOJEJIEHO Ha JOCTATOYHO OOJBIIOE YHCIIO
AJIEMEHTAPHBIX YacTed, TaK 4TOObl pa3Mephbl KaXIO0HW M3 HUX ObUIM Obl HaMHOIO
MeHbIIE pa3MepoB Bcero Ttena. lloaromy abGcomtoTHO TBEpHOE TENO YacTo
paccMaTpUBaETCs KaK CHUCTEMa >KECTKO CBSI3aHHBIX MEXIy cO00H MaTepualbHBIX
TOYEK.

Mexanudeckasi cucteMa SIBISETCS CBOOOAHOM, €Clid B3aWMHOE IMOJIOKEHUE
OTJENbHBIX YacTell CUCTEMBbI MOXKET ObITh MPOU3BOJIBHBIM. MexaHHuecKas cUcTeMa
HAa3bIBACTCAd CBA3AHHOM, €CIM IIOJIOXKEHUE OJHUX IPOU3BOJIBHO B3SATHIX 4YacTeu
CUCTEMBI 3aBUCHT OT IIOJIOKEHHUS IPYTUX YacTel TOU CHCTEMBI.

dusnyeckasi MEXaHUKA H ee pa3aeJibl.

du3uyeckas MeXaHNKA WIM IPOCTO MeXaHMKA — pa3aen (U3UKH, B KOTOPOM
omuchiBaeTcsi HauOosee mpoctas ¢GopMa ABMKCHHS MAaTEpHUH: MeXaHU4YecKoe
JABUKEHHE, COCTOSAIIEE U3 UBMEHEHHS] B3aUMHOT'O PACOJIOKEHUS TEI WM UX YacTeu
B IIPOCTPAHCTBE U BO BPEMEHH.

Knaccuueckasi (HbIOTOHOBCKAsl)) MEXaHHKA — Pa3/ie]l MEXaHHUKH, B KOTOPOH
u3ydaercsi ABUKEHHUE TeJ, MPOUCXOJIIEe MPU CKOPOCTAX MHOTO MEHBIIUX IO
CPaBHEHUIO CO CKOPOCTBHIO PACIIPOCTPAHEHHUS CBETA B MYCTOTE.

PenssTuBucTCKasi MeXaHMKAa — pa3/ie]l MEXaHUKHM, B KOTOPOM H3ydaercs
JBYXKEHUE TEJI, IPOUCXOAIIEE IPU CKOPOCTAX, CPABHUMBIX CO CKOPOCTBIO CBETA.



KBaHTOoBasi uiu BOJIHOBasi MeXaHHKaA NpcaHasHa4uCHa JII HN3YUCHUA
ABUJKCHUA MHUKPOYACTHUIL, TO €CThb YACTHUI, MACCBI IIOKOA KOTOPLIX CPpaBHHUMBI HJIH
MCHBIIC MACCHhI ITOKOS aTOMOB.

Crarucruyeckasi MeXaHuKa — MCXaHHKa, B KOTOpOﬁ OIIKUCBIBACTCs IBUXKCHUC
TOXACCTBCHHBIX 9aCTUILl CPCACTBAMU TCOPHUU BCpOHTHOCTCfI.

Tpu cocTaBHBIE YACTH KJIACCUYECCKON MEXAHUKH.

CraTnka MocBfIlEHa U3YYEHUIO COCTOSIHUS MEXAHUYECKOW CHCTEMBI B MTOKOE
Y YCIIOBUM €€ PABHOBECHS.

KunemaTuka nocBsilieHa M3YUYEHUIO JIBHXKEHHs Tesl 0€3 BBIICHEHUS MPUYUH,
KOTOpBIE 3TO JABUKEHUE BBI3bIBAIOT, T.€. 0€3 ydera CuJj, NECUCTBYIOIIMX Ha Tela W
MEXIy TelaMHu.

JIMHAMMKA TIOCBSIIIEHA WM3YyYEHUIO JABMXKCHHS Tell C y4eTOM CHJI, KOTOpbIE
JEUCTBYIOT Ha TeJla U MEXIYy TeJlaMH, T.€. B COBOKYIMHOCTH C MPUYMHAMHU, KOTOPHIE
3TO ABU)KEHUE BBI3bIBAIOT.

dusnuyecKkue BeJIUUYNHBI.

o CkansipHble BeJIMYMHbI XapaKTEPU3YIOTCS TOJIBKO alreOpandeckuM 3HaUCHUEM.
[Tpumepst: 06bem V, Mmacca M, padota A.

o IloasipHble BeKTOPHbIE BEJMYHMHbI XapaKTEPU3YIOTCSA 3-Ms THUIAMH JaHHBIX:
YHUCJIEHHBIM 3HaU€HUEM (MOYJIEM), TOUKOW MPHIIOKEHUS U HampaBiieHueM. s ux
0003HAYEHUsI MPUMEHSIETCS KUPHBIA MWIPUQPT (TONBKO B MEYATHBIX U3JAHUSAX) WIH
HaJ OYKBEHHBIM CHMBOJIOM CTaBUTCS CTpeika (IpH WX HAMKUCAaHUU OT PYKH).
[pumepsl: pagmyc-BekTop =T, cunma F=F, ckopocts V=7, ummyiasc P=p,
yckopeHne W= win a=4d.

O AKcCHA/IbHbIe BEeKTOPHbIe BeJWYMHBbI (Henoasphoie,
ocegvle) XapakTEpPU3ylOTCAd 2-Ms TUNAMU  TapaMeTpoB:
MOJIyJIEM M HamnpaBiieHueM. [Ipumepsl: yroi moBopora .=,
yIioBas CKOpPOCTh ® =@, MOMEHT cwibl M=M.
HampaBnenue axkcuanbHOrO BEKTOpa ONpeAenserca 1o
npaBuwily mnpaBoro BuHTa (OypaBumka, mromnopa). Tak, ecnu
HEKOTOpPOE TEJO HAXOJUTCS BO BpallaTeIbHOM JBUXKEHUU C
YTJI0BOM CKOPOCTHIO (0, TO HAMPABIIEHUE BEKTOPA () COBMAAAET
C HaNpaBJICHUEM IMOCTYNATEIbHOIO MEPEMEIICHHS TPABOTO Puc. 1
BUHTA (OypaBuHKa), py4yKa KOTOPOro IOBOPAYMBACTCS BMECTE C TeIoM (puc.1).

o TeH3opHble BeJMYHUHBI  IPUMEHSAIOTCS  JJIs

OTOOpaXeHMsI 3aBUCHMOCTH  MEXJY BEKTOPHBIMU

BeMnuMHamMu. Hampumep, B KpHUCTaulaX BEKTOPHI Exx Exy Exz
ANEKTPUYECKOro cMeleHns D U HanpsyKeHHOCTH
anekTpudeckoro nosust E cBs3anbl Belpaxkenuem: D =
€ g9 E nnm B Tensopnoii popme D; = g gy Ej, rae g — €7x €zy €77
TEH30p 2 paHra, COCTOSIINN U3 9 KOMIIOHEHTOB.

€ij =| 8yx &yy Eyz



JlelicTBUSI HA/I BEKTOPAMHU.

Cnoxenue BektopoB AuB: A+B=C Pasnocts BektopoB AuB: A-B=C
A B A -B
A
C
C
B B
I I
IIpousBenenue BekTopoB A 1 B
CkansipHOe TIpOU3BE/ICHUE:! BekropHoe npousBeeHue:!
AB = (AB) = 4-B-cosa = C AxB=[AB]=C, CLA,C LB,
(C — ckanspHas BEJIUMYMHA). C = A-B-sina.
A A
C
B
B

OcHOBHBIE MIOHATHS U onpeacjacHuss MEXaHUKH.

Paguyc-BeKTOp MarepualbHOW TOYKHA — 3TO BEKTOp I =TI, MpoBeACHHBIN U3
HavaJia CHCTEMBI OTCYETa JI0 ATOW TOUKu. Hanmpumep, ', u I'g Ha puc. 2.

TpaexTopusi MaTepuaibHOW TOYkM — JmHUsA UAB (mpsimas wim kpuBas),
OTHMChIBaeMasi OJABUKHON TOUKOM B IPOCTpAHCTBE (puc. 2).

IMyTs (cxanspuas Bennunna) AS wiu S — yrHa Tpaekropuu JAB (puc. 2).

BekTop cMemeHus (mepeMeineHusi) — Bekrop Ar=Ar, z
MPOBENEHHBIA OT OJHOM TOYKH Fs K JpPyro TO4Yke [Ip
TpaekTopu (puc. 2).

Cpennsisi cKoOpocTh (CKaJIsipHAas BEIUYMHA) — CPEIHUMN
nyTh, MPOWUJEHHBIA M.T. 3a €IMHUILY BPEMEHU Ha 3aJJaHHOM
Y4YaCTKE TPACKTOPUH: Ty, = S /t wnm Uep =AS / At.

BexkTOp MIrHOBEHHOM CKOPOCTH WJIH MPOCTO CKOPOCTH
V=70 — [IpUpALIEHUE BEKTOPA CMEIICHUS MATEPUAIIBHOW TOYKH 3a €JUHUILY BDEMEHU
B OKPECTHOCTH 3aJJaHHOM TOYKHA TpaeKTopuu (mepBasi NPOU3BOJAHAS OT pajguyc-
BEKTOpa M0 BPEMEHH ).

Puc. 2

dr
V=—=I’t
dt



BeKkTOp MrHOBEHHOI0 YCKOPEHHMSI WKW IPOCTO YCKOPEHUss W=, a=ad —
l'IpI/IpaHleHI/Ie MFHOBCHHOﬁ CKOpOCTI/I HO,Z[BPI)I(HOP'I TOYUKHU 3a CILI/IHI/IHy BpeMeHI/I
(mepBasi MPOU3BOIHAS OT BEKTOPA CKOPOCTH 10 BPEMEHH ):

d%r .

—d—v—v =V wm W=a=——==I4 =f
dt t dt2 tt

BekTop cuibl F=F — jeficTBHe OJHOTO TeNia Ha JPYroe TeNo, B Pe3yibTaTe
KOTOPOTO BTOPOE TEJIO MPUOOpeTaeT yCKOpEeHUe Win/u a1eopMupyercs.

Macca wiv uHepuuoHHas (MHEePTHasi) Macca M — CBOICTBO Tena, ckaisip. B
COrJIacCMM CO BTOpBIM 3akoHOM HprootoHa (a = F/m) wmacca xapakrtepusyer
MHEPLUOHHOE CBOWCTBO TEJIAa CONPOTHUBIATHCS ACHCTBUIO BHEIIHEHM Ccuibl. Macca
YHUCJICHHO PaBHA BEJIMYMHE CUJIbI, KOTOPasi COOOIIAET TNy €AMHUYHOE YCKOPEHHE!

m=F/a.

Cuaa npurtstkenusi (Tarorenusi) 3emuam F.; — BEKTOp CHIIBI, C KOTOpPOi
3emuIst IPUTATUBAET TeJIO (M.T.) COTJIaCHO 3aKOHY BCEMUPHOI'O TSATOTEHUS.

Cuna taxectn Fo,; — pe3ylbTHPYIONIMI BEKTOP BCEX CUII, JEHCTBYIOIIUX Ha
TEJ0, KOTOPOE HAXOJIUTCA B CBOOOJHOM COCTOSHHMHM Ha 3emiie. Teno, He uMeroniee
OTOpHl WJIM TOJBECA, IOJ| JACHUCTBUEM CHJIbl TSIKECTU IBUKETCS C YCKOPEHHEM,
KOTOPO€ HAa3bIBAETCS YCKOPEHHEM CHUJIbI TSXKECTH WM YCKOpPeHHeM CBOOOJIHOIO
nagenusi §. Cuna TSDKECTH TNMPUCYTCTBYET BCErjla W HE 3aBUCUT OT TOrO, TEJO
JBIDKETCS, UJIM OHO TMOKOWTCS. TOYKa MPWIOKEHUS] CUJIbI TSHKECTH MPUOIMHKEHHO
COBIAJIaeT ¢ LIEHTPOM uHepuuu (Mace) Tena (puc. 3a).

Bec Tesa — cuna P, ¢ xoTopoil Teno AeMCTBYeT Ha TOPU3OHTAIBHYIO OIOPY
WIK TIOJIBEC, MPEMSATCTBYIONIME €My CBOOOJHO Tmepemeniarbcsi Ha 3emiie. Touka
NPUIOKEHHSI CWJIbl BECa HAXOJIUTCS HA IOBEPXHOCTH CONPUKOCHOBEHHUS Tela U
3emii WU B Touke mojseca (puc. 30).

NMnyabce M.T. — BEKTOp p= [, paBHbIN MPOU3BEJIECHUIO MAacChl M.T. M Ha ee

CKOpOCTh V: P =mV ( p=mo). UMimysibe P HanpaBiieH BAOIb CKopocTh V (puc. 38).

Oneprusa W — CBOWCTBO Tena, XapaKTepU3YIOIIee CIOCOOHOCTh Tena
BBITIOJIHUTH Pa00Ty MPU OMPEICIICHHBIX YCIOBUSX (CKaJsp).

p
\Y
19,
FTSDK
P m

a 9] 8 2 0

Puc. 3



[otennuanbuas s3ueprus Wp — sHeprus, o0ycioBiIeHHas TPOCTPAHCTBEHHBIM
MOJIO)KEHUEM TeJla, HAaXOJSIIEerocss BO B3aMMOJICUCTBUM C JIPYTUMH TEJIAMH.
PacueTtnas opmysia 3aBUCUT OT IPUPOIbI B3AUMOACHCTBUS TEJIA C OKPYKEHHUEM.

Kunernueckas neprusi W — sHeprusi, KOTOpoi Teno o0yanaer, Korjaa OHO

HAXoIuTCs B ABWKeHUU. KuHeTtnueckas sHeprus M.T. paBHa: W = mo? / 2.

BekTop yrjioBoii CKOPOCTH ® = () — aKCHAJIbHBIA BEKTOP, YUCICHHO PaBHBIN
yTIIy, HA KOTOPBIA paguyC-BEKTOP M.T. F =T MOBOPAYMBACTCS 3a €AUHUILY BPEMEHU:

da . - da =
0=—=a (Wm O =— =0qa).
dt dt
BekTop yriaoBoro yckopeHusi [=[ — akcHanbHBIA BEKTOp, pPaBHBIN

NPUPALICHUIO BEKTOPA YTIIOBOM CKOPOCTH 33 €IUHUILY BPEMEHU:

do . 3 do =
p=— =0 (wm B = — = ).
dt dt
MomenT cmabl M = M — aKcHaNbHBIA BEKTOp, PABHEI BEKTOPHOMY

IMPONU3BCACHUIO paanyC-BEKTOpa I’ TOUKH IMPHUIIOKCHUA CUJIBI HA BEKTOP CHJIbI F:
M =rxF =[r, F]=[r F] = rAF = [F, F].

HanpasieHne MOMEHTa CHJIBI ONPEACSCTCS MO IMPaBWIy MPABOTO BHHTA, M €TO
MOAyJIb BeIUMCIsieTcst 1o Gopmyne: M =rFsina, rme o yrom wMexay
pOI0/DKEHUEM BeKTopa I 1 BektopoM F (puc. 32).

MomeHnT ummyabca L = L — axcuambHbIi BEKTOP, PaBHBIA BEKTOPHOMY

IIPOM3BEICHUIO PAANyC-BEKTOpPA I TOYKH IPUIIOKEHHUS MMIIYJIbca Ha BEKTOP
VMITYJIbCA P:

L=[rp]=[r.pl.

Hanpasienne MOMeHTa UMITyJIbCa ONPENEIISIETCS O MPaBUIIy IPAaBOTO BUHTA, U €T0
MOJTyJIb BBIYHCIIAETCS 110 opmyiie: L=rp sino, roe o YIOJI MCXKAY IPOJOJIKCHUEM
BEKTOpa I' 1 BeKTOpOoM P (puc. 30).

MomeHT wuHepumM J — COrJJaCHO OCHOBHOMY 3aKOHY JIMHAaMHKHU
BpalIaTEIbHOIO IBMKEHUS TBEPIOTO TEJIa OKOJIO 3aKPETUIEHHON OCH

1 = 1 -
B_FM (v B_EM)

XapaKTEPU3yeT MHEPIIMOHHBIE CBOMCTBA TE€Ja CONPOTUBIATHCS AECUCTBUIO MOMEHTA
cuiibl M. MOMEHT MHEpUUM TBEPAOTO TeEJla OKOJIO 3aKPEIJIEHHOW OCH YHUCJIECHHO
pPaBEeH MOMEHTY CHJIbI, COOOIIAIONIEMY EIUHUYHOE YIJIOBOE YCKOPEHHE JTaHHOMY
Tey:

-4
p



BI/II[])I ABUKEHUA TBEPAOIo T€IA.

— NPOCTPAHCTBEHHOE: OT/ICJIHbHBIC TOUYKHU TEJIa MOTYT 3aHSTh JIFOObIE TIOJIOKEHHUSI B
IPOCTPAHCTRBE;

— ILUI0CKOE: OTJCNbHBIC TOUYKH TeJa IMePEMEIIA0TCs B MAPAIIEIbHBIX IJIOCKOCTSIX;

— NpPSAMOJIMHEHHOe: OTJeIbHBIC TOYKH TeJla IePEeMENIaloTCs BIOJb IMPSAMBIX
MApAJUIEIbHBIX JIMHUM;

— KPUBOJIMHEHHOE: TPACKTOPHUH OTICIbHBIX TOUEK TeJla — KPUBBIC JTUHUY;

— mocTynaTtejbHOe: J00as mpsMasi JIMHWS, TPOBEICHHAS B TEJE, NMEPeMENIaeTcs
napauienbHo cebe camoil (dopma TpaeKTOpUM OTACIBHBIX YacTel Tena —
OJIMHAKOBA).

— BpamiaTeJibHOe: TPACKTOPUM OTACIBbHBIX YacTell Tejla — KOHIICHTPUUYECKHE
OKPY>KHOCTH (ILIEHTPbI OKPY>KHOCTEH JeXaT Ha OJIHOM OCH, MPOXOoIfIled uepe3
LICHTP Macc).

[lpumevanue. [lonamus nocmynamenvHoe U 8pawWAmesbHoe O8UNCEHUE He
OMHOCAMCA K M.M., MAK KAk y moyku Hem uacmeu. M.m. modxxcem coeepuiamo
NpOCMPAanCmMeEeHHoe, NI0CKOe, NPAMOAUHENHOe U/UNU KPUBOIUHEUHOoe O8UdCeHue.
Heuocenue m.m. no OKpyds#CcHocmu — DOm0 He epawjamenbHoe, d NI0CKOe
Kpueonunetinoe osudcenue! I[loomomy opoumanvHoe oOsudicenue 3emau u Opyeux
naanem okono Connya ciedyem paccmampusams He KaK 8pawameibHoe 08udiceHue,
a nocmynameibHoe OBUMCEHUE UX YEHMpa MAcc Nno Kpyeo8ou Mpaekmopuu, m.e.
3emna He epawaemcs, a obpawaemcsa eokpye Coanya. Bpawamenvnoe osudicenue
3emnu — amo ee 8pawyeHue 80Kpy2 0CU, Npoxooauell yepe3 noarochl.

KUHEMATHUKA MATEPHUAJILHOM TOYKW.

CucreMbl 0TCYETA, TPACKTOPHSA.

MexaHnueckoe  IBM)KEHHE  M.T.  3aKIIOYaeTcss B W3MEHEHHH €€
POCTPAHCTBEHHOTO TIOJIOKEHUS 110 OTHOIICHUIO K HEKOTOPOMY TBEPAOMY TEIly WIIH
CHUCTEME TeJl, KOTOpble YCIOBHO TMOKOSTCA. JIBmkeHume Imoboro Tema —
oTHocuTeIbHOe. COBOKYITHOCTh TEJN OTCUETa M BPEMEHH HAa3bIBACTCS CUCTEMOM
orcuera. C TemamMu oOTCYeTa MOXKET OBbITh JKECTKO CBSI3aHA HEKOTOpas
MPOCTPAHCTBEHHAS CUCTEMa KOOPJMHAT, B KOTOPOH MOJIOKEHUE M.T. 3a/1a€TCS TPEeMs
HE3aBUCHMBIMH KOOpJIMHATaMH. B MexaHuWke, 4daimie BCEro, HUCHOJIb3YHOTCS
CIICAYIONINE CHUCTEMbl KOOPJMHAT: MPSIMOYTOJIbHAS WM JIeKapToBas cucrema (I =
r(x,y,z) — puc. 4a), unnuaapudeckas cuctema (r = r(p,p,z) — puc. 4b) u chepuyeckas
cuctema (r = r(r,0,9) — puc. 46).

B nexapToBoii cucTeMe KOOPAMHAT CIIPABEIJIMBBI CICAYIONINE COOTHOIICHUS:

r=x+y+z=xi+yj+zKk,
X=rcosa, y=rcosp, z=rcosy,

rae o, B, Y — yrisl Mexay paauyc-Bektopom I u ocsamu OX, Oy, Oz mexapToBoii
cucTeMbl KoopauwHaT; I, J, K — opTel (eIMHUYHBICE BEKTOPHI OCEH KOOPMHAT).
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OyHKIMU COSal, COS M COSY HA3bIBAIOTCS HAIPABIISIIONIUMU KOCHHYCAMU PanycC-
BekTopa. Kpome Toro, cnpaBe MBI paBEeHCTBA:

ri=x*+y*+z> u cos’a + cos’p + cos?y = 1.

CDOpMy.TII)I nmepexoga OT ACKAPTOBLIX KOOPAMHAT K MNHIMHAPUYICCKHUM
KOOpArHaTaM u 06paTHO HMCIOT BU:

p=+/x2+y2, X = pCoS®,
g=arctg y/x , y =psing,

=1, =1

AHaJIUTUYECKUE CBSI3U MEXKIY JEKAPTOBBIMHU M CPEPUICCKUMHU KOOPIUHATAMHU
JAKOTCS CICAYIOIUMHU BBIPAKECHUSMMU:

rz\/x2+y2+zz, X =rcosesino,

@=arctg y/x , y =rsin@sino,

9=arctg(«/x2+y2/z), Z =rcoso.

JIBU)KEHHME M.T. CUUTAETCS BIIOJHE OMPENECIEHHBIM, €CIIM YKa3aH OJIHO3HAYHBIII
3aKOH  3aBHUCHMMOCTH €€  IPOCTPAHCTBEHHBIX  KOOpAWUHAT  (JAEKapTOBBIX,
THHAPHYECKUX WM Ipyrux) oT BpeMeHu: (1 = Qi(t), g2 = Q2(t) u g3 = gs(t). Ot
ypaBHEHUsS SKBHBAJICHTHBI BEKTOPHOMY ypaBHeHHto: I' = r(t), rme I pamnyc-BeKTop,
KOTOPBIN coeMHACT Hadaio koopauHat O ¢ aBwxkymieicst Toukoi P (Qy, Oz, 4z). Ecn
JIEKapTOBBI KOOPIMHATHI TOUKH P UMEIOT 3HaueHus X, Y, Z, TO paJinyCc-BEKTOp TOUKHU P
paBeH:

r=xi+yj+zKk,

rae 1, J, K — eauHWYHBIC BEKTOpPHI (OPTHI), COBMAJAIOIIME C IOJOXHUTEIbHBIMH
HanpasyieHusiMu oceii OX, Oy, Oz U KOMIIOHEHTaMH BEKTOpa I BIOJb 3THX OCCH —
BekTOpamH Xi, Yj, ZK (puc. 4,a), COOTBETCTBEHHO.

Tpaexropus

Puc. 4 Puc. 5

TpaekTopusi — npsiMast WK KpuBasi JUHUS, ONKUChIBa€Mas MOJABUKHON M.T. B
IpOCTpaHCTBE. TpaeKkTopus Tena — 3TO COBOKYIHOCTb TPAEKTOPUN BCEX TOYEK Tea.
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Cucrema Ttpex ypaBHenuir (i = (i(t), rme 1 = 1, 2, 3, Ha3bIBaeTCA ypasHeHuem
mpaekmopuy MaTepUAIbHON TOYKH, 3aJaHHOW 6 napamempuueckol gopme.
Hckmoyas mapamerp U W3 ITHX ypaBHEHHH MOXXHO HAWTH (QYHKIHMOHAIBHYIO
3aBUCUMOCTH MEXKy KOOpJIMHATAMU TOUYEK MPOCTPAHCTBA, Ye€pe3 KOTOPHIE MPOXOAUT
TPACKTOPHUS:

f1 01,02,03 =0,
fo 01,02,05 =0.
[TPUMEP. TpaekTopus M.T. B MapaMeTpUIECKOil popMe UMEET BU/L:
Xx=acosot, y=bsinot, z=csino t,

rae a, b, C m ® — He paBHBIC HYJIO KOHCTaHTHI. MckiaroumB mapametp t (Bpems),
HAXOJMM CBSI3U MEKy KOOPIUHATAMM:

dopma TpaeKTOpUU — DIUIUIC NPEACTaBISECT COOOM JIMHUIO TEPECEUCHUS JBYX
noBepxHoctei (puc. 5):

Paaunyc-BeKTOpP, CKOPOCTH, yCKOPEHHE.

Jis  u3ydeHUs KUHEMATUKH MaTepuajbHOM TOYKM TpedyeTcs 3HaHue
3aBUCUMOCTH OT BpPEMEHH ero pamauyc-Bektopa ¢ = r (t). Ilycte M.T. mpu cBOoeM
JBUKEHUS TIEPEMECTHIIACH IO TPAEKTOPUHU U3 IyHKTa A B IyHKT B, 3aTpaTuB Ha 3TO
Bpems At (puc. 2). JInuna yuyactka Tpaektopun UAB, mo kKoTOpoii ABHransach M.T.
Ha3bIBaE€TCA MPONICHHBIM MyTeM U obo3HayaeTcs S wim AS. Paamyc-BekTop Ia
CTaBHUTCSl B COOTBETCTBUE MYHKTY A, U I'y — yHKTY B. IIpupamienne paanyc-Bexkropa
I' HA3bIBACTCSI BEKTOPOM CcMelleHusi (mepeMeleHus) u o6o3HayaeTcs Ar = I'g — Ia.
Ero monyns Ar paBeH nivHE NpSAMOW JIMHUM, COCIUHSIONIEH 2 MyHKTa TPACKTOPHUH:
Ar=AB=|Ar|=|rg—r4l.

JnuHa npssmoi tuHuM AB kopoue InuHblI KpuBO#M TuHun UAB, moatomy Ar <
AS. TlopenuB 3T0 HEPABEHCTBO HAa KOHEYHOE BPeMsl ABIDKEHHUS Af, MOIydMM HOBOE
HepaBeHCTBO Ar/At < AS/At. Otnomenune AS/At = v, onpenenseT 3HaUeHUE cpegHen
CKOpPOCTH M.T. Ha Tpaekropuu JUAB. Cie1oBaTenbHO, OTHOUIEHNE MOYJISI CMELIECHHUS
KO BpeMeHU ABMkeHus Ar/At menbIe cpenaeld ckopocT AS/At.

PaccMmoTpum nipenenbHbIi citydail, Korja BpeMs JBUKEHUsT OECKOHEYHO MaJlo.
B sToMm ciyuae, nyHkThl A 1 B HaxonsaTcs Ha OECKOHEYHO MaJIOM YAAJIEHUH APYT OT
apyra, npsmas AB u nyra UAB cTaHOBSATCS HEpa3IMYMMBIMK, ¥ HEPaBEHCTBO Ar/At
< AS/At mepexouT B paBEHCTBO

. Ar .. AS dr dS
lim—=Ilim—=9 wm v=—=—,
t>0 At  t—0 At dt dt

12



KOTOPBIM OMPEEISIETCS PACU€THOE BBIPAKEHHUE MOJYJII MTHOBEHHOW CKOPOCTH.
beckoneuno manbie 1o quHe oTpe3ok AB u myra UAB cimBaroTCs B OJJHY NMPSAMYIO

dr dS
muario AB, TO ecthb dS = dr, m BBIpaXEHHI0O U =— =—— MOXXHO IIOCTaBUTH B
dt dt
COOTBETCTBHE BEKTOPHYIO (OpMY:
dr
dt
Takum 00pa3oM, BEKTOp MIHOBEHHOM CKOpPOCTM M.T. V — 3TO €CTh IepBas

IIPOU3BOJIHAS PAJINYC-BEKTOPA 3TOW TOYKH 110 BPEMEHMU.

KomnonenTamMu BEKTOpa MIHOBEHHON CKOPOCTH CTAHOBSITCS ITPOU3BOJIHBIE T10
BPEMEHH COOTBETCTBYIOIIMX MPOEKIHUI panyC-BEKTOPA HA OCH KOOPIUHAT.

B nekapToBoil cucTemMe KOOpAUHAT CIPABEIINBbI BBIPAYKECHUS

V=Vy+Vy+V;, V=041 +0yj+0,K,

v? = vX2 + vy2 + ZJZZ, Vzb‘\
\%
v —X—d—x v —y—d—y v —z'—d—Z '
X dt’ Y dt’ ° dt’ i
B munmmHaprudeckux KOOpAHHATAX — : >V,
. dp : do dz L
V. = =—, On = e: —, 0 :Z:—’ V —_— -
PP T OTPYTP g 2 dt X
5 0
v=vpg+veg+vzk u 02:0p2+092+022.
B cdepruuecknx koopauHaTtax —
dr . do . . do
vp=F=—, Ua=r0=r—, v, =rsiINOE=rsiINO—,
' dt’ ? dt’ ¢ ® dt

—
— —

r 0
V=0,—+0y—+70 ? u vzzvr2+vez+v 2

r 9(p(p ?

B o0meM ciyyae [BMXKEHHs, M.T. MPEOAOJEBAET OTIEIbHBIE YYACTKH
TPAEKTOPUHU C PA3JIMYHOM CKOPOCTBIO. KpoMe TOro, CKOpoCTh MOXKET MEHATHCA II0
HanpaBieHUO. J{J1s XapaKTepuCTUKHU ObICTPOTHI U3MEHEHUSI CKOPOCTU MO MOJYJIIO U
HAIPaBJICHUIO CIY>)KUT (DU3UYECKash BEIMYHMHA, KOTOpas Ha3bIBAETCS YCKOPEHHEM.
OHa paBHa nepBOW NPOU3BOJHOM OT BEKTOPA CKOPOCTU WJIM BTOPOU MPOU3BOJHOM OT
paanyc-BeKTOpa M.T. I10 BPEMEHHU:

dv d(dr) dr L
W=—=—/|—|=—5 (mwm w=V=¥).
dt dtldt) dt?

B nexaproBol cucTeMe KOOPIMHAT KOMIIOHEHTAMHM BEKTOpPAa YCKOPEHMS
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SIBJITFOTCS TIPOM3BOJIHBIE TI0 BPEMEHH OT MPOESKIIMK BEKTOPAa CKOPOCTH, TaK YTO
Wy =0y =X, Wy =0y =Y, W,=0,=1,
W=W, + Wy, +W,, W=w,i +wyj+w,K 1 w’=w,2+w,>+w,>
= Wy y 70 W=Wyx yJ +W; = Wy y z -

Ecnu yckopeHre M.T. HalpaBjCHO BJOJb CKOPOCTH, TO JIBHJKCHHE SIBIISCTCS
YCKOpPEHHBIM. IIpy 3amMeJIeHHOM ABWKCHHUH YCKOPEHHE M.T. HAIpaBJICHO IPOTHB
ckopoctu. Ecim yckopeHue paBHO HYIIO, TO M.T. JBHXKETCS PABHOMEPHO WU
ITOKOMTCHL.

Ha kpuBOIMHENHON TPaeKTOpPUM HAIPABIEHUE CKOPOCTH M.T. HENPEPBIBHO
MEHseTCsl. B 3TOM cilydae yCKOpEHHE M.T. HaIPABJIEHO II0J] YTJIOM K CKOPOCTH.

IIpou3sBoJIbHOE IBHKEHHE.

[Ipobniemy ynoOHO pEmUTh B TOABUXKHONW OPTOTOHAJIBHOM CHUCTEME
KOOPJIMHAT, B KOTOPOIl HANpaBJICHUs OCEH ONMPENENSIOTCA SAUHUYHBIMU BEKTOPAMH:
T U N, TAe T = V/U — OpT KacaTelbHON K TPaeKTOPHH, HAMPABICHHBIN BIOJIb BEKTOPA
ckopoctd V, © N = R/R — oprT HOpMmaiu, HalpaBJICHHBIM K IEHTPY KPHUBH3HBI
TPACKTOPHH BJIOJIb BEKTOpA pajryca KpUBU3HBI TpackTopuu R (puc. 6).

B obmiem ciyyae NBHKEHHSI CKOPOCTh M.T. U3MEHSETCSI KaK 10 BEJIMYUHE, TaK
U 1o HampapieHuto. Haiinmem pacueTHyro (opmyny yckopeHus 8 Kak (DYHKITUIO
CKOpoCTH V M paauyca KpuBu3Hbl R Tpaektopuu. IlycTe M.T. mepememiaercs Ha
HEOOJIBIIIOE PACCTOSIHUE M3 MyHKTa A B MYHKT B MO KPUBOJMHEWHOW TpaeKTOpUU
UAB, koTOpyto mpHOIMKEHHO OyJeM CUMUTaTh Iyroi OKpyxHoctu (puc. 7). Bpems
nBkeHuss obo3Haumm At. Jlnmmaa ayrm UAB — 310 mpoiinenseiii myTh AS.
O0603HauUM BEKTOP, COOTBETCTBYIOIIMK paauycy KpuBH3HBI nyru UAB, uepes R.
Hauano otcuera BekTopa R coBnajgaer ¢ moJIoKE€HUEM M.T. U HAIIPaBJIECHHO K LEHTPY
kpuBu3Hbl O. R = AO B nyHkTe A. Bektop R moBopauuBaercs Ha yron Ao 3a BpeMst
At u 3aHnMaer mosnoxerne BO. BekTop ckopoctu B myHkTax A u B o6o3naunm
COOTBETCTBEHHO Va U Vg, IpUUYEM, Vg = BE. [IpupaiieHne BEKTOpa CKOPOCTH PaBHO
Av = BC = vy — Va. Monaynb ero mpoeKuMy Ha HaIpaBJICHUE CKOPOCTH Vg paBeH: BD
= BE — DE = Av, = vg — va-cos(Aa). Moayiib npoeKiuu BeKTopa AV Ha HaIllpaBJICHHUE
HopManu N (paxmyc-BekTopa R = BO) pasen: Av, = BF = CD = va'sin(Aa). Urak,
IpUpaIieHue BEKTOpa CKOPOCTU AV MpeACTaBIsIET cO00M BEKTOPHYIO CYMMY JBYX
€ro KOMIOHEHTOB AV, B AV,

AV = AV, + AV, = Av.T + Avgn.

. dv
(DOpMYJ'II:I [TOJIHOI'O, TAaHI'CHCAJIBHOI'O H HOpMaJ'II;-HOFO YCKOpeHI/II/I —:a,

dv dv
dtT =a, u d—tn = a,, NOJIy4YuM, IpeoOpasys npupaieHus ckopoctei AV, AV, u Avy:

AV =Av.+ Av,, Av/At=Av./At+ Av,/ At,
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. AV . aVe AV, dv dv, dv,
lim —= lim + lim , = - :
at—>0 At At—0 al at—0 at dt dt dt
dv dv, dv,
a:a, it =a,, Tt =a,, a=a,+a,, a=a,-t+4a,-n,
) ) Ur —Ua - COSOL ) Up — 0 ) Av do
a, = lim av /at = lim | “B——A jz lim Mj: lim —j:—,
at—0 at—0 at at—0 at at—0\ at dt
) ] U -SINAQL i Ao ) AS/R
a, = lim Ao, /At = lim (A—jz im (vA—jz lim (UA / j=
at—0 at—0 At at—0 At at—0 At
v .. AS) v 02
=—lim|—|=—v=—y,
R at—0\ At R R
rIe BBUIY MaJOCTH yIja O IPHHATO, 9TO COS o0 = 1 m Sin o = a.
2
v
WTaK, BEKTOP MOJHOTO YCKOPEHHUS PaBEH: a= ET +% n , a MOJIYJIb
R
TIOJTHOT'O YCKOPEHHS PaCCUUTHIBACTCS M0 (hopMyIe:
2 2
NN A (-
T dt R
y ®
==
// ~._B
/ AS
/ Ao
i \ A x
| O |
D \\ F{ /
/
\
C —-Vy E I
Puc. 6 Puc. 7 Puc. 8

Baxuno: 1) maneencanvhvim (kacamenvbHviM) YCKOpeHUEM, HANPABIEHHbIM
800/1b  CKOPpOCMU NO KACAMENbHOU K MPAeKmopuu, onpeoeisemcs usMeHeHue
cKOpoCmu no  eeludune;, 2) HOPMAIbHOE YCKOPeHue HANPAGIeHo No pPaouycy
KPUBU3HbL MPACKMOPpUU K YEHMPY ee KPUBU3HbI NePNeHOUKYISAPHO BeKMOopy
CKOpOCMU U OMBEMCMBEHHO 34 U3MEHEeHUe CKOPOCMU NO HANPABIIeHUIO.

W3 moydeHHbIX BBIIE (OPMYIT BBITCKAIOT KPUTCPUU BUIOB JIBMKCHUS M.T.:
an = 0 — mpsiMOTMHEHHOE BH)KCHUE,
an # 0 — KpUBOJIMHEWHOE JIBUKEHHUE,
a, = 0 — paBHOMEpHOE JIBUXCHHE,
a, > 0 — yckopeHHO€ IBUKEHUE,
a, < 0 — 3amejIeHHOE JIBHIKEHHE.

YVVVY
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IIpsimosinHeliHOE IBUKEHHE.

o PaBHOMEpHOE IBU>KEHME:
a=a,=a,=0, v=Const, r =ry+ v-At, AS = v-At.
o HepaBHOMepHOE IBUXKEHHUE:
a=a #0(a>0wmwma,<0), a,=0, |a|=a:ar,
t
V=V (t)=vo+ ja t dt,|v]|=0,
t

r:r(t):r0+J:0vtdt, AS = J:Ov t dt.

1 f 1
Vo, =—— [ v tdt, v :—_[(vtdt, Vep | # Vep.
P -ty % Pty o [ Voo | # 24

o PaBHomepemenHnoe aBmxenue: a = Const.
e PaBHOYCKOPEHHOE JIBHKEHUE — BEKTOPbI YCKOPEHHS U CKOPOCTH HAIPABJICHHBI
B OJIHY H Ty K€ CTOpoHy: a1V, a, > 0.
e PaBHO3aMEIICHHOE IBU)KEHUE — BEKTOP YCKOPEHUS HAIIPaBJIEH IPOTUB BEKTOPA
ckopoctu: at|Vv, a, <0.

I[BI/I)KCHI/IC 10 OKPY/KHOCTH.

JIBUKEHUE M.T. IO OKPYXHOCTH — 3TO HauboJiee paclpoCTpaHEHHbIH, YaCTHBIN
CIy4Yald IJIOCKOTO JIBMKEHHMS M.T. II0 KPHUBOJMHEWHOUW TpaekTopuw. [Ipenmonoxnm,
YTO M.T. B HaUaJbHBII MOMEHT oTcuera BpeMeHu (t = 0) HaxoauTcs B MyHKTE A U 3a
KOHEYHOe Bpemsi At mepemeniaercss B MyHKT B, npoiias npu 3toM nyTh AS no nyre
okpyxHOCTH UAB pammyca R. Pammyc-Bektop OA Toukn A 3a 3T0 Bpems

moBopadmBaeTcss Ha yron Ao W mpuobperaer 3mHauenme OB. Ilpumsito, yron
noBopoTa (yIJIOBOU MyTh) paanyc-BeKTOpa Ad. OTCUUTHIBATH OT ocu OX JeKapTOBOI
CUCTEMBI KOOPJMHAT U U3MEPSTH €ro B paauanax (2w paa = 360° wiu 1 pag = 57°). B
clly4yae, KOrja yrJIoBOM IMyTh MHOTOKPAaTHO MpPEBBINIAECT 3HAUEHHE 27 paj yI0OHO
MOJIb30BAThCSl TMOHATHEM 4Hcia 000poToB AN, KOTOpoe MpU HU3BECTHOM YIJIE
noBopoTa Ao Beruucisiercs o gopmyne: AN = Ao / 2w, [logenus uncio 060poToB
AN nHa Bpems nBmKeHUs At, TOy4rM CpelHee 3HAYCHHE Yruciia 000POTOB B CAMHHUILY
BPEMEHU — YaCTOTy 000pOTOB (MJIM YacTOTY BPAIICHUS) PaHyC-BEKTOpA:

f=n=v=AN/At= (Ao /2r) /At= (Ao / At)/ 2n = ©, / 2,

r71€ OTHOLICHHE IIPUPALLCHUE yIJIa IOBOPOTA PaNyC-BEKTOPA KO BPEMEHU JBUKECHUS
(Ao/At) = ., Ha3bIBaeTCA CPEAHEH YIIOBOM 4acTOTOW BpAIICHHS paJuyC-BEKTOPA.
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Toma MI'HOBCHHOC 3HAYCHHUC yPHOBOfI YaCTOTbI pPaBHO nepBoﬁ HpOI/ISBO,Z[HOﬁ oT
. Ao da

yIJIOBOTO TYTH MO BpeMeHu: o = lim —=—=
At—0 At dt

gactoThl Bpamenus ssisercs | I'm = 1 obopot/c (I'epu). Beictpora m3menenus
YIJIOBOW YacTOTHI (CKOPOCTH) XapaKTEPU3yeTCs CPEIHUM M MTHOBEHHBIM YTJIOBBIM
YCKOPEHHUEM COOTBETCTBEHHO KaK:
Ao . Ao do .
lim —=—=

=— U :I =—=0
Pep At b At—>0 At dt

o. Enununein wusMepeHus

W3 reoMeTpuu W3BECTHO, YTO OTHOIIEHWE [JIMHBI JYT'M OKPY>KHOCTH K €e
paanycy paBHSETCS YTy, Ha KOTOpBIH ommpaercs ayra, To ectb AS/R = Aa pan.
Otcroaa cienytoT (GopMyJibl CBSI3U JUHEHHOTO MyTH AS ¢ yIJIOBBIM MyTeM Ad :

AS = R-Aa
Y IMHEHON CKOPOCTH U C YIIIOBOW CKOPOCTBHIO (!
v=dS/dt =R -da/dt =R-o.
PacueTHble BBIpaXX€HMS IS MOAYJIEWM TAHT€HCAJIbHOTO W HOPMAJIbHOIO
YCKOPEHUN COOTBETCTBEHHO PABHBI:

la]=dv/dt=Rdo/dt=Rp u |a,|=v"/R=R*0’°/R=R o’

DopMyITbl PABHOMEPHOTO JBIKEHUS TT0 OKPYKHOCTH:
B=0,m=Const, Ao = o'At u o = ap+ oAt

Y PaBHOIIEPEMEHHOTIO:

At At
B=Const, 0=+ BAt n Aw= [odt= [ og+B-t dt=wg-At+ B At %,
0 0

JIMHAMUJKA MATEPHUAJIBHOM TOUKU.

J{BMKeHUEe B HHEPUHAJBHOU cucTeMe orcyera. 3akonsl HeloToHa.

IlepBbiii 3axkon HbloTOHA: MarepuanbHas TOYka (Jajiee TENO) COXpaHsEeT
COCTOSIHUE TOKOs WJIM PABHOMEPHOI'O INPSIMOJIMHENHOIO JABUKECHUSI, IOKA JACHCTBUE
IOPYTUX TE€J HE BBIBEJIET €ro U3 3TOT0 COCTOSHUA. DTOT 3aKOH HAa3bIBACTCS 3AKOHOM
HHEePUHUH, a JBWKCHUE Tejla, HE HAaXOIAILErocs MOJ BIUSHUEM BHEIIHUX TEI, —
ABUKEHHEM N0 MHepuMu. J[1000e MeXaHWYECKOE IBUKEHHE — OMHOCUMENbHOE U
€ro XapakTep 3aBUCHUT OT BbIOOpa cUCTEMBI orcyeTa. Mcciemyemoe Teno Moxer
HaXOJWUTBCSA B IIOKOE II0 OTHOUIEHUIO K OJHOW CHUCTEME OTCYETA, PABHOMEPHOM
JBWKCHUU IO OTHOILIEHHIO K JIPYrOM M YCKOPEHHOM JBHXEHHH II0 OTHOLICHUIO K
TpeTbel. 1103TOMyY 3aKOH MHEPIMU HE BCETJa MPUEMIIEM ISl TPOU3BOJIBHOW CUCTEMBI
orcuera. Tak, HENOJBM)KHBIE Tela, IMOKOAIIMECS Ha IJIAJIKOM I0dy aBToOyca,
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KOTOPBIM JIBUKETCS PAaBHOMEPHO M MPSMOJMHEWHO IO OTHOUIEHHWIO K 3eMmiie,
HAYMHAIOT JBUTAThCS (CKOJIB3UTh WM KATUTHCS) O MOy BCAKHUM pa3, KOTJa aBTo0ycC
YCKOPSIETCS WJIM 3aMEITISIETCS.

Cucrembl OTCUe€Ta, B KOTOPBIX CIPABEMJIMB 3aKOH HHEPILMH, Ha3bIBAIOTCS
HHepuuadbHbiMiu win ramuieiickumu (MCO). B kadecTBe TakoBOW MOXKET
paccMaTpuBaThC  2eNUOYeHmpuyeckas CUCTeMa OTCYeTa, B KOTOPOW HA4ayo
KOOPAMHAT COBHAAAET C HEHTPOM MHEPIIUU COJHEYHOM CUCTEMBI, & OCH HAIPABJICHBI
K JanexkuM 3Be3naM. Jlrobas cucreMa OTCUeTa, HaxonAsdIlascs B IIOKOE WIH
PaBHOMEPHOM MPSIMOJIMHEMHOM JBH>KEHUH 1O OTHOWEHHI0 K MCO, aBnsieTcs Takxke
NCO. Hanporus, kaxxaas cucteMa, IBHKYIIAsACSI yCKOPEHHO 1o oTHomeHnto Kk MCO,
SIBJISIETCS HEMHEPIMaIbHOM (He ramiieiickoit) cuctemoit orcueta (HCO).

l'eoyenmpuueckasn cuctema oTcyeTa (CUCTEMa OTCYeTa, KECTKO CBS3aHHAS C
3emuieid) saBisercss npumepom HCO. bnarogapst CyTo4YHOMY BpalI€HUIO BCE TOUYKH
3eMJIM OIUCHIBAIOT OKPY>KHOCTH, LEHTPHl KOTOPBIX HAaXOASATCA HAa OCH CYTOYHOIO
BpalleHus 3eMJIU. JTO O3HAYaeT, YTO TOYKUA 3€MJIM JBHXKYTCS C YCKOPEHUEM IIO
otHowmennto k MCO. CnenoBaTenbHO, TEOLIEHTPUYECKAs CUCTEMA OTCUETA SIBISETCA
HEWHEPIMAIBHON, 1, BOOOIIe ToBOPs, 1 3akoH HbhloTOHA HE BBIMONHIETCS HA 3emile.
OmHako BO MHOTHUX MPAKTUYECKUX 3a/adax (PU3NYECKOW MEXAaHWKH MOXKHO CUHTATh
FEOLECHTPUYECKYIO CUCTEMY OTCUETA KaK TAIWIEHCKYIO.

Cuna — BEeKTOpHas BEJIMYMHA, KOTOpPAs SBISETCA MEPOM MEXaHMYECKOIO
NEHCTBUSA, OCYLIECTBISIEMOrO Ha TEJIO APYTUMHU TejlaMu (JecTBUE, B pe3yibTaTe
KOTOPOT0 MCHBITYEMOE TEJI0 MpUoOpeTaeT yckopeHue win/u aepopmupyercs). Cuna
CUMTAETCA IOJHOCTBIO OIPEJEICHHOM, €CJIM YKa3aHbl €€ YKCIOBOE 3HAYCHMUE,
HaIlpaBJICHWE M TOYKa MpuiiokeHusa. CorjacHO 3aKOHY WHEPLUUH NPUYHHON
MU3MEHEHHUS COCTOSIHUS JABWKEHHUSI Tella ABISETCA B3aumojercTBue tei. Kpome Toro,
CUJIa IPUBOJUT K AedopMalvK Tema.

Macca — mepa MHEpUMHM (MHEPTHOCTH) T€la B HBIOTOHOBCKOM MEXaHUKE.
WNueprus Tena B rauiieicKoil CUCTEME OTCYEeTa MPOSBIISIECTCS Ojarogapsi TOMy, 4TO
101 BO3/ICWCTBUEM BHEIIHEH CHIIBI 3TO TEJIO MPUOOPETAET YCKOPEHHE, KOHEUHOE TI0
BEJIMYMHE, @ B OTCYTCTBUE BHEIIHETO BO3JICVCTBUS COXPAHSIET COCTOSIHUE MOKOS UJIN
PABHOMEPHOTO MPSIMOJTMHENHOTO JIBUXKEHUS.

Bropoii 3axkon Hbr0TOHA — yCKOpEHME TelIa NPONOPLUOHATIBHO MPUIOKEHHON
CuJie, COBIAJAET C HEM MO HaMpaBiIeHUIO U 00paTHO MPONOPLUUOHAIBHO Macce Tena:

a=— V=— |umu | F=—|

YpaBHEHHE, KOTOPOE YCTAaHABIMBACT CBSI3b MEXIYy cuiio F u yckopenuem a
(puc. 9a), mpencrasnser coboit nupdepeHInaIbHOe ypaBHEHUE TBUKCHUS Tella —
OCHOBHOE YpaBHeHHMe JUHAMHUKHM MaTepPHAIbHOM TOYKA. OTO YypaBHEHHE,
3allMCaHHOE B JIEKAPTOBBIX KOOpJHMHATaX, pacmagaerca Ha 3 auddepeHnnanbHbIX
ypaBHEHHS BTOPOTO MOPSIKA:

mx=F, my=F, u mZ=F,,
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rae Fy, Fyn F, — npoekumu Bexkropa cunsl F = F Ha koopauHAaTHBIE OCH.

Tperuii 3akoH Hbl0TOHA — PaBEHCTBO NEUCTBUS U IPOTUBOACHUCTBUS:
O Ha BCSIKOE JICMCTBUE BCErjia HalJeTCs paBHOE U MPOTUBOIIOIOKHO HAMPABICHHOE
MIPOTUBOJICICTBUE WU
O JBa Tela B3aUMOJICUCTBYIOT C CHJaMH, paBHbIMM I[I0 BEJIMYUHE U
MPOTUBOIOJIOKHO HAMIPABJICHHBIMH.
Ha puc. 9(6) nokasana u30JIMpOBaHHAs CHCTEMa 2-X TEJI, MACChl KOTOPHIX HE
paBHBI: M; > M,. Cuna F; ngeiictByer Ha 1 Temo co CTOpoHBI 2 Tena, a 2 Telo
neictByeT Ha 1 Teno ¢ cunoit F,. B cornacuu ¢ 3 3akonom HerotoHa cienyer, 4To

F]_:—Fz u F]_:Fg.

m, F,
— <-<—’._ / _’T o -
4]

Puc. 9

[TosTomy nnuHbl BektopoB F; m F, n300paxkeHbl OJMHAKOBBIMHU, a UX CTPEJIKH
OpUEHTHPOBaHbl B MPOTHBOIOJIOXKHBIE CTOPOHBL. llpencTaBieHHble Ha pPUCYHKE
YCKOpPEHUS TeJl a; U 4, HANPABJICHBI B Ty K€ CTOPOHY, YTO U COOTBETCTBYIOIINE UM
cunbl F; u Fp. Macca 1 tena ycinoBHO npuHsTa Oojblie Maccel 2 Tena (Mg > my).
CnenoBatenbHo, 0 2 3akoHY HbIOTOHA cripaBeiIMBO HEPABEHCTBO a; < ay, KaK 3TO U
oKa3aHo Ha puc. 96.

Buanl cua.

3amaud JUHAMUKWA OBIBAIOT NpsiMble W oOpaTHble. B mnpsmoit 3agade
HEU3BECTHBIMU BEJIMYMHAMHU SIBJISIOTCA YCKOPEHHUE, CKOPOCTh U KOOpJMHATA Tela, a
CUJIa cuMTaeTcs u3BecTHo. B 0OpaTHOI 3a1aue, HAOOOPOT, OTHICKUBAETCS 3HAUCHHE
Cuibl (CWJ) TO H3BECTHOMY YCKOPEHHIO (CKOpocTH W koopaunare). Cnemayet
OTMETHTh, YTO BCE BKIIFOYCHHBIC B 3a/auy (U3UYCCKUE BCIIMYUHBI SIBIISIOTCS, B
obmem ciydae, GyHKIUSIMH BpeMeHH. [[ns pemieHust 3aga4 JUHAMHUKUA TpeOyercs
3HaHUWE 3aKOHOB CWJI, T.€. 3aBUCHMOCTh KaXXJOM CHJIBI OT OMNPEACNSIONIUX €€
dusznueckux BenuyuH. MlHave roBops, J07KHA OBITH U3BECTHA (POPMYIIA CUJITBI.

W3BecTHBIE B TPUPOJE CHIBI TMOAPA3ACIAIOTCS Ha (yHAAMEeHTAJbHbIEe U
npudaun:keHHbie Buab cuil. K pyHIaMeHTaNTbHBIM CHUJIaM OTHOCSITCS
® TpaBUTAI[MOHHAS CUJIA IPUTSHKEHUS Tel, 00IaJal0IUX MacCOM,
® DJICKTPOCTATHYECKAs] CHJIa KYJOHOBCKOTO MPUTSHKCHUS WM OTTAIKUBAHUS TEI,

00J1aIal0IINX YJIEKTPUUECKUM 3apsioM, U
® MarHuTHas CWJIa B3aUMOJICUCTBHS DJIEKTPUYECKUX TOKOB WM MAarHUTHBIX
MOMEHTOB.

Hcnonp3oBanue (PyHIaMEHTAIBHBIX CHJI TIO3BOJISIET, BOOOIIE TOBOPS, PEIIaTh
mo0bie  3amaun  guHaMukd. OJHAKO B TPHUCYTCTBUHM  OOJIBIIOTO  YHCJIA
B3aMMOJICHCTBYIOIMNUX TEJ BO3PACTACT KOJIMYECTBO 3allMCAHHBIX ypaBHEHWH, W
BO3HUKAIOT TPYIHOCTH UX perieHus. K cuacTeio, ¢ TOCTaTOYHOM CTETIEHBIO TOYHOCTH

19



3aJ]a4d MEXaHUKH PELIAOTCS MPU ITOMOIIY SKCIEPUMEHTAIBHO MOATBEPKIAIOLINXCS
OpUOIMKEHHBIX ~ 3aKOHOB ~ CHMJI, IOJYYEHHBIX  asMnupuueckud. IIlpumepamu
OpUOIMIKEHHBIX BUJOB CUJT SIBJISIOTCS

® cuja TSDKECTH,

® CwiIa ynpyrocTH,

® CHJIa TPEHUS CKOJIbKEHUS,

e cuJja BA3KOIO TPEHMS,

e BBHITAJIKMBAIONIAS cHJIa ApXUMena U T.A.

Cuiia rpaBUTALMOHHOTO NMPUTSZKEHUs 00YCIIOBJIEHA B COIIACHU C 3aKOHOM
BCEMHPHOI'0 TATOTEHUS NPUTSHDKEHHEM TeJl, 00JIaIalolluX MacCoOi: JIBa TOYEUYHBIX
Tena (AB€ M.T.) MPUTATUBAIOTCS JIPYT K JIPYTy C CWIOM MPSAMO MPONOPLHOHATIBHOM

MPOU3BEJACHUIO Macc ATUX Tel MpM, W oOpaTHO MPONOPLMOHAILHOW KBaJpary

paccTostHus r122 mexy HuMH (puc. 10):

_emh-m
Fio=G—
12
WM B BEKTOPHOM (opme:
my - my = m-m,
Flo=G—5=rpp (wm Fp=G—=—7=1),
12 12

rae G = 6,672-10_ll H-m%/kr? — rpaBUTALlMOHHAS IOCTOSIHHAS.

ny Ty m,
m Fy Fy, m Fp @ 5, ¢ FE
-«
*—,
Puc. 10 Puc. 11

Cuaa  3JIeKTPOCTATHYECKOTO0  B3aumMoOAecTBHA  (IPUTSDKCHUS WA
OTTaJKUBAHMsA) JBYX TOUYCUHBIX 3aps0B B COOTBETCTBHHU ¢ 3aKOHOM KyJsioHa mpsimo
IPOIMOPLMOHATIbHA MPOU3BEACHUIO 3HAUCHUI B3aMMOJICUCTBYIOIIMX 3apsiioB (.02 U

o0paTHO MPOMOPIIMOHAIBHA KBAJPATy PACCTOSHHUS r122 Mexay HumH (puc. 11):

o 1 g-9
12 _4 2
7580 |’12

. 1 : " 1 Oy .
WU B BEKTOPHOH popme:  Fjp = —— % 32 o, (mm Fpp = 4 :?2 M2),
47'[80 Mo 47580 rs
1
rae &g =———5 ®/M — dIEKTPHYECKAs TIOCTOSHHAS.
4m-9-10
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Cuia AMnepa — MAarHMTHAasi CWJIAa B3auMojaedcTBHsL (TPUTSHKCHUS WU
oTrTayJikuBanus) F.,, TpuUXoAsdmiascs Ha KaKIYH CIAWHUIYY JJIMHBI  JIBYX
napajiesibHbIX, OCCKOHEYHO MPOTSHKEHHBIX MPOBOJHUKOB C cuiio Toka |3 u Iy,
OpsIMO HPOINOPUUOHATbHA MPOU3BEACHUIO CUl TOKOB |11y u ' -

00paTHO MPOIOPIIMOHAIBHA PACCTOSHHUIO [, MEXIYy HUMH
(puc. 12): K, F,
—> ]
e e b2l I
Fen=F2=F ="~ | : L2
41t r12
. T“— o =
rae U = 4n-10" I'n/Mm — marauTHas noctostHHasA. JleraibHOE

1 1
PacCMOTPCHUC CHUJIbI AMnepa OCYHICCTBIIACTCA B Ppas3naciic ! '

"DneKTpoMarHeTusm". Puc. 12
Ipumepbl NPUOIHIKEHHBIX BHI0B CHJI.

OnHopoanasi cwia TsKecTH F; — cuia, Kotopas IEMCTBYET CO CTOPOHBI
3eMiTu Ha TeJo, HaXoasIIeecss B CBOOOTHOM cocTostHuH (puc. 13):

Fax=MQg mm F ., =mdg, Fu=mg,
rac g — YCKOpPCHHC CBO6OI[HOI‘O MMaJaCHUA WJIN YCKOPCHHUC CHIIBI TAXKCCTHU (BGKTOpHaSI
o 2
BEJIMYMHA, MOAYJIb KOTOPO IPHOIMKEHHO paBeH § = 9,8 m/c?).

Cuia TpeHus cKOIb:KeHus F, — cuila conpoTHBIEHMs, BOSHUKAIOILAS IIPH
CKOJIbKEHHH TeJla 10 MOBEPXHOCTH Apyroro Tena (puc. 14). OHa nponopiuoHaibHa
MOAYJIIO CHJIbl HOPMAJILHOTO JIaBJIeHUs! F, 1 HampaBjeHa MPOTUB BEKTOpa CKOPOCTH
TCJAa V.

Frp =—K Fn% (nm Fsz—k Fn%), Frp = k-Fn,

rie K — Koa(GUIMEHT TPEHUS CKOIBbKEHHUSI.

Cuna ynpyrocrm (ynpyras cuna) Fyy, —  cumma  compoTHBieHHA
(mpotuBoOseicTBUsA) Tena ero aedgopmaruu (puc. 15). Ilpu ogHoocHo# nedopmanuu
CKaTHs WIH PacTsDKEHUS OHA MPOTOPIIMOHANIBHA BETUYUHE BEKTOpa eopMaluu X u
HarpapJieHa B IPOTUBOIIOJIOKHYIO CTOPOHY:

Fynp = — K X,
rie K ko GuireHt ynpyroct (5keCTKOCTH) TeJa.

Cuia conpoTHuBJIeHUS CPpebl BO3HUKAET NIPU ABUKEHHUH TeJa B BSI3KOU cpejie
(kuakoctd wid ra3e). OHa MNponoplUOHANIbHA CKOPOCTH Tena (B MEPBOM
NpHUOJIFKEHUH ) M HAITPaBJICHA B TIPOTUBOIIOIOXHYIO CTOpOHY (puc. 16):

Fconp = FBHS =—aV.

rjae @ — Ko3hOUIIMEHT COTPOTUBIICHUS CPEIbI.
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Hi\/l- v

onp | M

Puc. 13 Puc. 14 Puc. 15 Puc. 16

Ha puc. 13, 14 u 16 uentp macc o6o3nauaercs I[.M. Ha puc. 15 ucnonssyrorcs
cieayronue odo3HaueHus: lg — HavanmpHas mvHA, | — KOHeuHas mauHa, Al = X —
a0COIOTHOE YJITTMHEHUE TeJa, TMOABEpraromerocs negopmMaiun yaanHeH .

Cuiibl HA HAKJIOHHOM IJIOCKOCTH.
O0o03HAYECHHUA:

M — Macca Tena (MaTepuagbHON TOUKH),
Frox = MY — crIIa TSHKECTH,

F., — cuna HopMaJIbHOTO JAaBJICHUS,

F. = F; — ckarpiBaromasa cunia,

Frp — cHI1a TpeHHs CKOJIBKEHMS,

Frar — cuna tsru,

Fon = N — cuia peakiiuu onopsi,

V — CKOPOCTb.
F.
y COOTHOLIEHHSI MEKAY BEKTOPAMU:
F
TAX Frox = Fox + Fn,
0L — YTOJI HAKJI0HA TNTIOCKOCTH Frar = - (Foc + Frp),

y V = const,

Fon=- Fn.

IIpeoOpazoBanus I'anunes. Il punuun otHocuTeabHOCTH ['auiies.

[IpeobpazoBanusimu ["anwmiiess ycTaHaBIMBAIOTCS TIpaBWIa MPeoOpa3OBaHUS
KOOPJIMHAT M CKOPOCTH M.T. MPHU TEPEXOJ€ W3 OJHON HHEPUUATBLHON CHCTEMbI
orcuera (MCO) B apyryro MCO. Ilycts nansl nse MCO (K' u K), ogHa U3 KOTOpBIX
K' nBuxkercs ¢ MOCTOSTHHOM CKOPOCTHIO Vo OTHOcHTenbHO apyroit K (puc. 17). B
KJIACCHUECKON MEXaHHUKE MPHUHATO, YTO BpEMs BO BCEX CHUCTEMax OTCUETA TEYET
0JIMHAKOBO, T.€. t' = t. [I[pocTpaHCcTBEHHOE MON0KEHUE, CKOPOCTh U YCKOpPEHHUE M.T. P
XapaKTepU3yrTCA paInyC-BEKTOPOM I, CKOPOCTHIO V U YCKOpeHHeM a B cucteMe K u
r'y v'.u a' — B cucreme K'. Jlnsg ynoOGcTBa paccMOTpEHHsS] MPEANOJIONKUM, YTO B
HayanbHbI MoMeHT BpemeHu (t = 0) cuctembl K' u K coBnagator. CiegoBaTenbHoO,
r'(0) = r(0). 3agava: HaWTH CBsI3b BEAWYMH V' M V, a' U a JUIS MPOU3BOJBHOTO
MOMEHTa BPEMEHHU ?

[lo ucreuenun BpemeHu t Hauyano cucreMbl koopauHat K' cmecturcs Ha
BEJUYMHY Vo't U CBSI3b MEXIY paJnyc-BeKTOpaMu TOUku P Oyner paBHa:
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r(=r()+vyt
WM B KOOPAMHATHOM IMPEICTABICHHUH:
X (O =x (1) +ooct, y () =Y () +ooyt, Z() =7 (1) + vor't.
CBs13b MEXIY CKOPOCTSIMU V' U V:
V:gizdr4vmt:dr
dt dt dt

+Vg=V+Vg.

[Mpoauddepennupyem Boipaxkenue V = V' + Vg o BpeMeHH. Tak Kak CKOPOCTh
IOJIBHYKHOW CHCTEMBI OTCUeTa He MeHSIeTCs co BpeMeHeM (Vo = Const), To yckopeHue
M.T. TIpH TIepexo0/ie HaOII0AaTelIs B MOABMKHYIO CHCTEMY OTCYeTa OyJeT TaKHM Ke,
KaK U B HETOJIBUKHOW CHCTEME OTCUETA!

dv' dv
=—=—=a

dt dt
YMHOXasi paBEHCTBO a' = a Ha Maccy M, noiaydyum: Mm-a' = m-a. [lo 2 3akony

Hrrorona MoxHO 3amucarh, yTo M-a' = F' u m-a = F. CnegoBarensHo, B 00oux MCO
JEUCTBYET OJIHA U Ta e cuja, To ecTh F' = F.

Z A z'h
K ' '
=~ \IS 4 Z wom —(/T
~Jd | . ————
P(xayaz) —]’— CI’ —_%
N
o —— oo vy
0 0 Vo I // y’};' ’
X Y ~— ——F
X X X’
Puc. 17 Puc. 18

BeiBos. YpaBHEHHE NTUHAMHUKU M.T. HE U3MEHSECTCA MPHU TEPEXOAE U3 OJHOU
NCO B npyryto MCO, oHO — uHeapuarmuoe omHoCumelbHO TPEoOpa30OBaAHUS
lanunes, ypaBHeHUE AUHAMHKUA — TOXAecTBeHHOe BO Bcex MCO. Dtor pesynbTar
MOXHO C(OPMYJIUPOBATh B BUJIE MEXAHMYECKOr0 NMPUHLUMIIA OTHOCHTEJIbHOCTH
l'anunesi: paBHOMEpHOE M MNPAMOJMHEWHOE JBHXEHHE 3aMKHYTOM CHCTEMBI IO
OTHOIIICHUI0 K TaJIWJICHCKONW cHUCTeMe OTcu€Ta HE BIUSET Ha MPOTEKAHHE
MEXaHUYECKUX MPOILECCOB B 3TOM cucreme, T.e. Bce MCO skBuBanieHTHBI. Takum
o0pa3oMm, B paMKax KJIACCHUYECKOM MEXaHUKH HEBO3MOXXHO BBIJICIUTH HEKOTOPYIO
"rnaBHy0" MCO, mo OTHOILICHUIO K KOTOPOM COCTOSIHUSI MOKOSI M JIBUXKEHUS TEJ
Moriau Obl cuuTaThesi abcomoTHbIMU. [pyrumu crnoBamu, Haxomsce B MCO,
HUKaKUMH MEXAaHUYECKHMMHU ONbITAMU HEBO3MOXKHO YCTAHOBUTH, [JIBHXKETCS JIM
TaHHAasg cUcTeMa OTcUeTa WM OHA ITOKoUTCs!?
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YPaBHeHI/le ANHAMHKH B HeHHepHHaJILHOﬁ CHUCTEME OTCUCTA.

Cucrema orcyeTa, ABIKYIIASACA C YCKOPEHUEM OTHOCHUTEIIBHO WHEPITUATHHOM
cucrembl orcuera (MCO), Ha3zpiBaeTcss HenHepiuanbHoil cucremoil orcuera (HCO).
3axonvr Hvtomona me 6vinonusawomcs 6 maxoi cucmeme omcuema. TeM HE MeHee,
3aJ1ayu JUHAMUKH YCIEITHO PEIIAOTCS U 3/1ECh.

[TycTh maHbBI IBE CHUCTEMBI OTCUeTa: ojJHa — MHepimanbHas OXyz m gpyras —
HenHepuuanabHas O'x'y’z’, nBmwKyIiascs ¢ yckopeaueMm W (puc. 17). O6o3navast 8 u
a' yckopenuss M.T. coorBeTcTBeHHO B MMCO m HCO, MOXHO 3anucarh BBIPAXKECHHUE
CBSI3U MEXTy HUMH KaK:

a=a'+w.
YMHO)HUM 00€ gacTu 3Toi hopMyiIsl Ha Maccy M:

m-a=m-a'+m-w.

IIpoussenenne m-d paBHo cwie F, pgelictByromedr Ha M.T. B HMCO. Ilo
dbopmManbHOMY TPH3HAKY, 3aJJaHHOMY KakK IPOM3BEJCHHE MacChl Ha YCKOpPCHHE,
cnaraemoe m-a' urpaet poib cuiibl B HCO. Cnenaem 3aMeny:

m-a'=F".

Torma BMECTO BBIPAXKEHUS M-d=M-d'+ M- W HUMeeM:
F=F'+m-w

TN F'=F-m-w.

BaxHo: cuna F', onpedenennas ¢ HCO muwb no gopmanshomy npusHaxy,
pasna cune F, oeticmeyioweii ¢ HCO, 3a 6vluemom npoussedenus Maccol M.m. Ha
yekopenue HCO "m-w". [lockonvky eexkmopnas eeauyuna "—M-W" umeem
PA3MEPHOCHb CULbL, MO N0 OAHHOMY (YOPMATbHOMY NPUSHAKY ee MAaKdice Ha3bleam
cunou. Oouaxo He caedyem 3abvleamv, YMO OHA He 00YCI0GIeHA PealbHbIM
Oelicmeuem, a cywecmeyem Bcledcmsue Haba00eHUsT MEXAHUYECKO20 OBUNCEHUSL 8
HCO! 3my cuny npunamo 6 numepamype HA3b18aMb CUNLOU UHEPYUU, U OHA
obosnauaemes 30eco F_ .

CormacHo BbeIpakennto M-a'=F', ypaBHenune pauHamukum M.T. B HCO
coBMajiaeT 1mo GopMe co BTOPhIM 3akoHOM HbroTOHA:

a-Llg
m

rae F'=F+F, n F,=—m-.

Takum oOpa3oM, BbIpakeHHe OCHOBHOTO 3aKkoHa AuHaMukud B HCO umeer TOoT

xe Bul, yTo U B MCO. OgHako poJib CUJIBI BBITIOJHAET pe3yJbTupytomas cuia F',
KOTOpas TMPEACTABISIET COOOW BEKTOPHYIO CyMMY JACHCTBYIOIIEH (HBIOTOHOBCKOW)
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cuinbl F 1 BooOpaskaeMoil (HEHBIOTOHOBCKOM) CHJIbI MHEpUMHM F =—m-, paBHOH
B3SITOMY C OOpaTHBIM 3HAKOM ITPOU3BEAEHUIO Macchl Tena Ha yeckoperne HCO.

IenTpoOe:kHas cUIa HHEPIHMN.

[lenTpoOexxHass cwia HWHEPIUMH — OTO "HEHBIOTOHOBCKas" cuia, KOTOpas
BBOJIUTCS MCKYCCTBEHHO W '"NeWCTByeT" OHa B HEWHEPIMAIbHOW Bpalaromencs
cucteme orcuera. J[Jig BBIACHEHHs] CBOMCTB 3TOW CHJIbI PACCMOTPUM PABHOMEPHOE
nBkeHue M.T. 1o okpyxHoctH B MCO (puc. 19). Habmromarens oTMeuaeT, 4yToO
HampaBJIeHUE CKOPOCTH M.T. U H3MEHSETCA ¢ TeueHueM BpemeHH. Clie0BaTelIbHO,
NBIDKEHUE M.T. TMPOUCXOAUT C YCKOpeHHEeM  d,
HOPMaJIbHBIN (TIEPIEHIUKYJISAPHBIA BEKTOPY CKOPOCTH)
KOMIIOHEHT KOTOpPOro &, HE paBeH HYyII. OITOT

KOMIIOHEHT HaIlPaBJIEH K LEHTPY OKPYKHOCTH U MMOITOMY
Ha3bIBACTCS LEHTPOCTPEMUTEIILHBIM YCKOpPEHHEM:
ap =38- [IpousBeneHue m-a;, paBHO

LEHTPOCTPEMUTENBHOM cune F.,

OTKJIOHSATBHCS OT MPSIMOJIMHENHON TPACKTOPUHU.

BBIHYKJIAIOIIEN M.T.

—

MrHOBeHHbIC 3HAYEHUS MOAYJIS BeJMuuH d;. U F, paBHbL:

2 2

mo
a =—=032R u F. =

. 2
ne = 4 e = =mon“R |

I71€ ® — MOJAYJb YIJIOBOM CKOPOCTH JBMXKEHHUS M.T. IO OKPY>KHOCTH paauyca R. B
BEKTOPHOU (pOpME ATH BBIPAKEHUS UMEIOT BUJ:

— —

= 2 25
de=0"R un F =mo"R.

Heunepumnansnas cucrtema otcuera (HCO), Bpamaromasics ¢ yrioBoit
CKOPOCTBIO ®, JBHXKETCS C yCcKopeHueMm a.. Habmopmarens, Haxomsuwmiics 8 HCO
OTMEYaeT, YTO M.T. OKouTcs. YcioBuio mokosi B HCO cooTBETCTBYeT paBEHCTBO
HyJ110 yckopenust d'=0 u pesyabTupyromieit cuibl F'=0:

F'=F+F,=F+Fn=0.

CrnenoBaTenbHO, CUjIa MHEPIIMH paBHA IIEHTPOCTPEMUTENHHONU CHIIC, B3SITOU C

00paTHBIM 3HAKOM:

[ockonsky F

un  HaAllpaBJICHA 10 paauycCy OT LCHTpa OKPYXHOCTH, TO €€

Ha3bIBAIOT LIEHTPOOEIKHOM cuioii nuepunn Fq. Ona paccuutbiBaercs o Gpopmyie:

mUZ =

R.
R2

Fus =—Fy

2——
c=—Mo°R=-
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Cuibl TATOTCHHUHA, THKECCTH U BeCa.

3emuist coBeplaeT opOuTaibHOe ABMKeHUE BOKpYr CoOJIHIIA W BpallaTeabHOe
JBUYKEHUE OKOJIO COOCTBEHHOM OcM cuMMeTpuu BpamieHus. [Ipu TouyHOM perieHuu
3a/1a4d MEXaHUKHU CIEQyEeT YUYUTHIBATh BCIO COBOKYIHOCTb CHUJ, ACHCTBYIOIIMX Ha
Teno. B cBsa3u ¢ Tem, 4TO cuiia MpUTSHKEHUs 3eMHOro tena CoyHIEM Mala, Mo
CPaBHEHHIO C CUJION MpUTsKEeHHs ero 3emyel, BiussHueM CoiHua U opOUTAIBHOTO
nBIbKeHUsT 3emiin BOKpyr CoJiHIIa HA MEXaHMYECKHE MPOIIECChl, TPOUCXOAIIME Ha
3emiie, MOXKHO MpeHeOpeub B MEPBOM NpUOIMKEHHH. B KkauecTBe MHEpPUUATBHOU
cucrembl otcueta (MCO) BriOepeM cuUCTEMY OTCUETA, MOKOSIIIYIOCS BHE 3€MIIH.

B cormacum c¢ omnpeneneHueM CHIBI B paMKax KJIACCUYECKOW MEXaHUKH,
cuinamu, aeucTByrommmu Ha M.T. B HMCO, SBISOTCS cuia TPaBUTAIIMOHHOTO

NPUTSHKEHUsT Tena 3emiien Ifrp, BhITAJIKMBaroIas cuia Apxumena Fp u cuia

peaknuu TOYKM onopsl mnu noaseca F,, (puc. 20). BexropHas cymma stux cun F
SIBJISIETCS. PE3YJIbTUPYIOLIECH CUIION AEUCTBUA 3€MIIM Ha TEJIO:

F=F,+Fa+Fon-

Hanpasiienus u 3Hauenus cun F, Fp 1 IEA cunTaroTcs u3BecTHbIMH (puc. 20). OHu

PACCUYUTHIBAIOTCS IO popMyIIaMm:

Ifoczmcozf, Ifrsz 3
R

rae G — rpaBuTalMOHHAS MTOCTOSTHHAs, M — Macca M.T., M — macca 3emau, m' — macca
BO3/yxa (WM >KUAKOCTH), BBITECHEHHOTO TEJIOM, (® — MOJYJb YIJIOBOW CKOPOCTH
Bpamenus 3eman, T U R — paamyc-BeKTOpHI, MPOBEIECHHBIE OT M.T. COOTBETCTBEHHO
K OCH BPAILEHUsI U K LIEHTPY 3eMIIH.

M.T. BMecTe ¢ 3eMiield IBUXKETCS MOJ JEWCTBUEM pe3yJIbTHpYIOIIEeH cuibl F

0 OKPYXXHOCTH, LEHTP KOTOPOMl HaXOJIWUTCS Ha OCH BpalleHUs 3eMIIH.
Pesynsrupytomas cuna F B MCO HampaBieHa K ocH BpameHus 3emun. OHa

nojay4yuiaa HasBaHue "ocectpemurenpHon" cunbl F =F,.. Paguyc okpyxnoctu r

—

3aBUCHUT OT IIUPOTHI TeOrpaPuIeckoro Mecta. Takum oOpa3om, cpeau Bcero Habopa

cun F, F Fo v F YYacCTBYIOIIMX B CO3JaHUMU YCJIIOBHUSL PABHOBECUS,

ol Ol

IIPUCYTCTBYET €AUHCTBEHHAs cuia F,

o » A1 OIPCIACICHUA 3HAYCHUA M HAIIPpABJICHUS

KOTOpOU TpeOyeTcsi mpeABapUTEIbHOE 3HAHUE TPEX OCTANbHBIX cull F , Fp 1 Fa.

Pacronarast ceefenmsimu o cunax F = Fo., F, 1 Fa, MBI MOXEM HallTH pacdeTHOE

BBIPAXXEHME JUIsl CUJIBI PEAKIIMH ONOphl F

— —

Fon =F— Frp+ A =|foc_ I:rp"'FA

!

Pe3ynpTar BEKTOPHOTO CIOXKEHHS, NPEAYCMOTPEHHOTO TMOCIEAHEH (POpMYIIOi,
nokasas Ha puc. 20.
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Puc. 20 Puc. 21 Puc. 22

Cucrema oTcuera, CBA3aHHAas C MOBEPXHOCTHIO 3€MJIM, BpaIlaeTCsl BMECTE C
3emyieid, TO €CTh OHA JBHUXKETCS C YCKOPEHMEM, M IIOATOMY SIBJISAETCS
HenHepuuabHOM cuctemoit orcuera (HCO). [ns HaOmromaTesns, HaXOIAIIEerocs Ha
3emie, M.T. KaXeTcsl Mokosmeiics. YpapHenue nuHamMuku M.T. B HCO mo ¢opme
COBIMAJaeT C OCHOBHBIM 3aKOHOM JHWHAMHUKH M 3aIllMCHIBAETCS B paccMaTpHUBacMOM
3a7a4e Kak:

I A 1 = =
ad'=—F'=— F+F,; =— F.+Fy .
m m m
e a u F'=F+ IfPIH — COOTBETCTBEHHO PE3YJIbTUPYIOIIECE YCKOPEHHUE U

pesynbTUpytomas cuina, Habmonaembie B HCO. [lns mokosimierocss Ha 3emuie Tena
OHU paBHbl Hy0. Cuia uHepUUH, OOYCJIOBJICHHAS HEHMHEPIIMATBHOCTHIO 3€MHOM

CHUCTEeMBI 0TcYeTa, o0o3HadeHa F, . . [TockonbKy mis mokosierocs Tena cuna F'=0,

HH
HaxOJHWM, 4YTO CHWJAa WHEPUMH pPaBHA MO MOAYJII0 OCECTPEMUTEIBHOM CHIIE U
IIPOTUBOIIOJIOKHO €1 HaIlpaBJICHA!

Fm=-F=-F..=Fg-
JlaHHass cujga WHEPUMM Ha3bIBaeTCS ILEHTPOOCKHON CHJION HMHEPIUU Fu61

"newcTByromei" Ha Teno co cropoHbl 3emum (puc. 21). Ee mnpucyrcTBue
UCTIBITHIBAIOT BCE TEJa, HAXOASIIMECS BIAIH OT IMOJIOCOB 3€MJIH, BHE 3aBUCHMOCTHU
OT TOTO, TMIOKOUTCS TEJIO WJIM OHO JBMXKETCS 1O OTHONICHHIO K 3emiie. OHa HCUYE3HET
TOJILKO B TOM CIIy4ae, €Ciii 3eMJis epecTaHeT BPaaThCsl.

Takum oOpa3zoM, pacueTHasi ¢Gopmylsia pPe3yJabTUPYIOIIEH CHJIBI B 3€MHOMI
HEWHEPITMAITBHON CHCTEME OTCUETa paBHa.

FIZIE+IEH6.

Jlns nokosterocs na 3emie tena umeem: Fg=—F u F'=0.

— —

dusznyeckue BCIIMYNHBI, TAKHC KaK CHJIA THKECTH FT;DK h Bec P, BBOIATCS

npyu nomouu onpenesieHuid. Cuiia TSKECTH — 3TO CUJla, MOJ JAEWCTBUEM KOTOPOU
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TEJ0, HEe MMEIoIIee ONophl (WJIM TOJABEca), NBUKETCS CBOOOJHO Ha 3emiie, T.e. C
yCKOpeHueM cBoOoAHOro najgeHusi § . CHHOHUMOM yCKOPEHHUS CBOOOJAHOTO MaJCHUS
SIBJISIETCSl YCKOPEHUE CUJIBI TSHKECTH. B cornacuu ¢ TakuMm omnpesiesieHueM, 3HaUYCHHUE
CUJIBI TSDKECTU MOXHO MOJIYYHTh IOCPEJICTBOM BBIYMTAHMS CHJIbI PEAKIIUK OMOPbI

F, U3 pe3ynbTupyromen cuiibl F', KoTopas 1uis MOKOSIIET0Cs Tena paBHa Hyo. 13
npuBoguMoro Hwke pacuera: ko =F'-F,=0-F =-F, cienyer, uro cuia

TSOKECTH paBHA 110 MOAYJIIO CHJIE PEaKIWH OIMOPhl W TPOTHUBOIOJIOKHO €
HarmpasicHa (puc. 22).

Becom Tena HaspiBaeTcs cwia P, C KOTOPOM TEIO JEUCTBYET Ha
TOPU30HTATBHYIO ONOPY WM MOABEC, MPEMSITCTBYIONINE €My CBOOOTHO ABUTATHCS Ha
3emue. Eciu onopa (Win moJiBec) HaXOAATCS B COCTOSIHUM MOKOSI IO OTHOILIECHUIO K
3emuiie, TO TeJIO AEUCTBYET Ha onopy (MM MOABEC) C CUJION, paBHOM cuiie TshkecTH. B

TAKOM CJydae, BeC Tela paBeH cuie Tskectu. P=F . . OnHaKko cienyeT IOMHHTS,

YTO TOYKA MPUJIOKEHUS CHIIbl TSHKECTU HAXOAMUTCS B LIEHTPE TSHKECTH Tela, a CHIIa
Beca MpWIOkKeHa K omope (miam noxasecy). Cuila TsDKECTH Ha 3eMile CYLIECTBYET
BCEI/1a U HE 3aBUCUT OT TOTO, TEJIO ABUKETCS, WM K€ OHO MMOKOUTCS. 3HAUCHHE Beca
Tela CBSI3aHO C MEXaHUYECKUM COCTOSHMEM omopbl (moaseca). Ilpu nBrxeHuu
omnopsl (mojBeca) BeC Tela MOXET H3MEHUTHCS: YMEHBIIUTHCA, BO3PACTH WU
UCUE3HYTh coBceM. Bec mpomanaer, ecnu onopa (MOABEC) IBUKETCS C YCKOPEHUEM
CBOOO/IHOTO Ma/ICHUS.

Cuna nnepuun Kopuosmuca.

IIpy [BwkeHMM TE€na BO BpallAOLICKHCS CUCTEME OTCYETa, KpOME
IIEHTPOOESKHOW CHJIBI MHEPIIMH, TOSBISACTCS €IIe OJHA CHJIa, Ha3blBaeMmas CHION
nHepuuu Kopuosrca niam KOpruoJIncoBON CHIION.

) _, ,do
=—— U YyCKOpeHUEM d =(——) B
o 1 yeKop (dt)

[TycTs M.T. M ABMKETCS CO CKOPOCTHIO D'
HCO, Bpamaroieiicsi ¢ TOCTOSHHOW YIJIOBO CKOPOCTBIO (), P — PaJnyC-BEKTOP M.T.
B ICO u p' — ee paaunyc-Bekrop B HCO (puc. 23a). CKopocTh U YCKOPEHHE M.T. B
NCO MoryT ObITh BBIYUCIEHBI COOTBETCTBEHHO 10 (hopMyiam:

. dp . do
5B, 59
dt dt

Haiinem BHavane cBsa3b Mexay yckopenussMu M.T. B HCO u UCO: @' u a.

Brei6epem Ha ocu Bpamenuss HCO 00 nwxHioro Touky () B KauecTBe Haudaja
JBYX COBNAQJAKOIIMX B HA4YaJbHBII MOMEHT BpPEMEHM CHUCTEM KOOpPAWHAT —
HenoasrxHoU MCO u Bpamatomietics HCO (puc. 23a).

Panuyc-BeKTopbl M.T. B HAYaJIbHbIII MOMEHT BPEMEHH PaBHbBI MEXIY COOOM:

p(0)=p'(0).

OHu cocTaBystOT yroia 6 ¢ ochl0 BpaiieHusi — HampaBieHueM Bektopa . Co
BpeMeHEeM 00a paJuyc-BEeKTOpa M3MEHSIIOTCSI U CTAHOBSTCS  Pa3IUYHBIMHU.
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[Ipupamenne dp pamuyc-BeKTOpa P COCTOMT W3 €ro mpupamieHus dp, 3a cyer
spamieans HCO u 3a cyer ABmkeHus M.T. co ckopocthio 0" B HCO:
dp=dp, +9o'dt.

Bripazum Moayib dp, yepe3 MOy M BETHUUH O H P:

dp,=rdo=rodt=(psind) o dt=w-sin6-p-dt,
rIe I — pacCTOsIHME M.T. OT OCH BpamieHus. Torma, B BekTopHOM Buae dp. u dp
COOTBETCTBCHHO PaBHBI:

dp,= opdt u dp= ®p dt+o'dt.

[Momenus dp Ha dt, mOTyYMM COOTHOIIICHHE CBA3M BEKTOPOB CKOPOCTH U U U "

!

5= 2= &p +7.

D_‘Q—
—

—

Wnun, mpuHumas BO BHHUMaHUE ?7':d—, NoJlydyaeM TMpaBWIIO MPeoOpa3oBaHUsA

BekTOpOB npu nepexoae uz3 HCO B MCO:

d_p: 6'0[3 _|_d_p )
dt dt
Az ®
o A
0 v'dt dp
de» Y
7 dp: '
X 7 U Vv >
o+ do
oV PP FKOp
a o
Puc. 23
[MpoauddepeHnmrpyem BeipakeHue U = d—ls = Op +0' not
. do _|.dp| do'_ .. do
d=—= |0 — |[+— = 00 +—,
t t t dt
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do' do'

a=|lo o0p+70 |[+—=|0 0p |+ 00" +—.
dp _ .. dp'
[TpuMeHNM MpaBmIIO MPEOOpa3OBaHMs BEKTOPOB pra Qp +E Ipy TIepexoyie U3
HCO B UCO k BekTOpy 0"
do' _ .., (do’ .
— = 00 +|—|[= 00 +a.
dt dt

do’
Ilocne IIOACTAaHOBKH E B IPCANICCTBYIOICC BBIPAXKCHHUE NJI1 A IOJYYHM.

d=|0® 6p |+ 00 + 60 +d'=[d op |+2 &7 +4".
Bekrop, sABAONMKCS pe3yiabTaTOM MPOU3BEICHUS (P PaBEH BEKTOPY
or . Ilockonbky uX MOAyIH ‘ Op ‘: opsind = or :‘ or ‘ pPaBHBI U HANPABJICHUSA

BEKTOPOB ®P M ®OF COBMNANAIOT, TO 3TH BEKTOPHI PABHHI.

IIpyauMas BO BHUMAaHUE CBOWCTBO pAa3JIOKEHHUS JBOMHOIO BEKTOPHOIO
npoussenenus [a[bc]] = b(ac) — c(ab) u paBercTBO ®P = OF , UMeeM:

(6 op ]=[0 oF ]=6 &F ~F 66 =6 0 ~F6*=-r.
Haxkomner,
A=-0F+2 0 0 +8'=d-0°F-2 7'
WJIn =4+0°T+2 7' .
OGosnauas ©°F = &, u 2[0'®] = &dxop, NOTYYHM, YTO YCKOPEHHE,

UCTIBITHIBAEMOE M.T. BO BPAILIAIOILICHCS CUCTEME OTCUETa, COCTOMT M3 CyMMBbI TPEX
yCKOpeHuit, a umeHHo: u3 yckoperuss B UCO d, nueHTpoOeKHOTO YCKOPEeHHS & .5 =

— -

o’T u yckopenust Kopronca dxop=2[0'0]:
d'=a+d;s +dxKep-

YMHOXkas (Hopmylly CBSI3U MEXKIy YCKOPEHHSIMH Ha MacCy M.T., YCTaHaBIIMBAaeM
dopmymy csizu cun B HCO F'u UCO F:

F'=F+Fs +Frop:
e Fus = Mo’ T — [HeHTpoGexKHAas CHla HHEPLUH 1 Frop = 2M[7'® ] — Kopuonucosa

cuna uHepuuu. Hanpasnenue cunel Kopuosnca onpenensercs 1o npasuily MpaBoro
BuHTa. OHA MEPICHIUKYIISIPHA TIOCKOCTH, 00pa30BaHHOM JABYMS BEKTOpaMu U' u O

(puc. 230).
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JMUHAMUKA TBEP/JIOI'O TEJIA.

NMmnyJbce. 3aKoH cOXpaHeHHUs UMITYJIbCA.

VYpaBHeHHIO BTOporo 3akoHa HproToHa @ = F/m M0oXHO mpuaath Ipyroi BHI.
[Tomaras, 4To Macca M.T. M HE U3MEHSETCS, €€ MOKHO BHECTH IO 3HAK IPOU3BOIHOM
B hopmyne F = ma:

P, F = ma = m(dv/dt) = d(mv)/dt.

P, BekTOpHYIO BEIWYHHY, PAaBHYIO MTPOU3BEICHUIO MAcChl M.T.

Ha CKOpOCTb [P = MV, Ha3bplBalOT €€ HUMIIYJIbCOM
2 (MEXaHUYECKHM UMITYJIbCOM, KOJIMYECTBOM JIBHIKECHHUS).
P, [Ipumensia onpeneneHre UMITYJbCca, YPAaBHEHUE AUHAMUKU
M.T. MOYKHO 3aIIUCaTh B BUJIE:

Puc. 24 dp/dt=F =) .F,

a caMm 3aKkoH chOpMyJMpPOBaTh TakK: MPOU3BOJHAS HMIYJbca IO BPEMEHU paBHa
PE3yIABTUPYIONIEH CUJIE, ICUCTBYIOIIEH HA M.T.

Wmmysbe Tella paBeH CyMME UMITYJIBCOB €0 3JIEMEHTaPHBIX vacTeit (puc. 24):

D=Zipi :Zimivi-

Ymuoxas Beipaxxenue dp/dt = F na dt, mer mpugem k pasenctBy: dp = Fdt,
HHTETPUPOBAHUE KOTOPOTO JaeT MPHUPAIICHHE UMITYJIbCa 3a MPOMEKYTOK BPEMEHH,
MPOTEKIINN OT HEKOTOPOTO MOMEHTa t; 10 MOMeHTa t5:

pg—p1=_|:2d pszth.
1 1

B cnyuae netictBust moctossHHON cwutbl F = Const, n3amenenne ummyiasca Ap =
P2 — P1 PaBHO NPOU3BEACHUIO CUJIBI HA BPEMS €€ ICUCTBUSA, T.€. UMIIYJIbCY CHUJIbI

Fat= [*Fdt=F t, -t
1

Ap=F At

Paccmotpum cucremy, cocrosiuryto u3 N MarepuanbHbIX TOUEK (151 KpaTKOCTH
OyneM Ha3bpiBaTh €€ cucteMoil Tem). Tema, BXOAANIME B CHCTEMY, MOTYT
B3aUMOJICHCTBOBATh KaK MEXAY COOOM, Tak U C TeJaMu, HE MPUHAIICKAIUMHU
JAHHOW CHCTEME, MPUYEM Macca CUCTeMbl He MeHsiercs. CreoBaTeabHO, CHUJIBI,
JNEUCTBYIOIIME HA TEJa CUCTEMBI, MOXKHO MOAPA3/ICIUTh HA BHYTPEHHUE U BHEIIHUE.
BHyTpeHHMMU HA30BEM CHIIbI, KOTOPbIE BO3AECHCTBYIOT HAa JAHHOE TEJIO CO CTOPOHBI
OCTaJIbHBIX TEJl CUCTEMbI, BHEIITHUMH — CHUJIbI, 00YCJIOBJICHHBIE BO3/ICHCTBUEM TEI, HE
NpUHAUIeKAIUX cucTeMe. Ecnu BHEIHNUE CUIIbl OTCYTCTBYIOT, CUCTEMA HAa3bIBACTCS
3aMKHYTOM.
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HpOI/IBBOI[HaH HMITYJIbCa II0 BpPEMCHHU OJIA HGBaMKHYTOﬁ MEXaHUYECKOU
CUCTCMBI 110 BTOPOMY 3dKOHY HrroTona paBHaA:

dp
ﬁzzi fi+F =) .fi+> F=0+R=R.

3mech MHIEKC | HyMepyeT Tena cucTembl, fj — BHyTpeHHHEe cwiibl U Fj — BHelIHHe
cuibl. [To 3 3akoHy HbloTOHa BEKTOpHasi CyMMa BCEX BHYTPEHHUX CHJI PaBHA HYJIIO

Zifi =0. BekropHas cyMMa BCEX BHEIIHHX CHII Zi F 3ameHena opgHoM
e3yJIbTUPYIONIEH cwion R = K, . Utak, mig Toro, 4To0bl UMITYJIBC CUCTEMBI HE
i | 9 9

u3Mensuics, T.e. P = Const wim A p = 0, pe3ynpTupyromas Bcex BHEMHUX cuil R
JOJDKHA PaBHATHCSA HYJNIO. Takoe BO3MOXKHO, €CIM CHCTEMa — 3aMKHYTas WU
JNEUCTBYIONIUE U3BHE CUJIBI IPU BEKTOPHOM CII0KEHUU KOMIIEHCUPYIOTCS.

a_p
dt
OHAa OTPAXKAET OJHOBPEMEHHO OCHOBHOM 3aKOH JWHAMUKHA M 3aKOH COXPAaHEHHS
VMMITYJIbCA MEXAHMYECKOW CHUCTEMBI. B KIacCMYeCKOM MEXaHUKE JIOIYCKAeTCs
yacTUyHOEe (MO0 OTHAEJIBbHBIM KOOpJMHATaM) BBIOJHEHHUE 3aKOHA COXPAHCHUS
uMIyJibca. Hampumep, 3akOH COXpaHEHUs UMITYJIbCa IO KOOPAUHATE X UMEET BU/I:

dpy

=R,.
dt
JIBusKeHue TeJ1 ¢ mepeMeHHoM maccoil. @opmy.Jia Llnonkosckoro.

Takum 00pa3om, 3HaUeHUE (POPMYIIBI CYIIECTBEHHO PAaCIIUPUIIOCK:

JIo cux mop MbI paCCMATPUBAIN CIy4aud [BWKECHUS TE MPU HEU3MEHHOMU
macce. OpHako Macca JBWXKYIIECWCS CHCTEMBI MOXET, Kak YyObIBaTh, TaK U
Bo3pacTath. Hampumep, npupaineHde wumiyisca dP  craproBaBineil pakeTsl

MPOMCXOIMT 3a CYET BHIOPOCA CrOPEBIIETO TOIUTHBA B OKPYXKAKOIIyto cpeay Vodm. B
TaKoOM Cilydae, i3MeHeHre uMityiabca dp = vdm+ mdv, npoucxosiiee B pe3yabTaTe
JEHCTBUS BHEIIHHMX CHJI M OTOpachiBaHHs (IIPUCOEIAUHEHHs) T00aBOYHON MAacCCHl,
3AIMIIETCS KaK:

dp =vdm+ mdv =Rdt + v,dm,

rne R — pesynbrupyronias BHENIHUX CHJ, a Vi — CKOPOCTh JBMXKEHUS macchl dm,
KoTopasi oTropraercs oT Tena (dm < 0) mam mpucoeaunsercs k Hemy (dm > 0).
[IpeoOpazyeM 6a30BOE BhIpaKEHUE:

vdm/dt+mdv/dt =R+ v,dm/ dt,
mdv/dt=ma=R+v,dm/dt-vdm/dt=R+ v;—-v dm/dt=R+udm/dt,

azi(R+ud—mj:E.
dt m

32



3/1ech BEKTOpHAsl pa3HOCTb CKOpocTell (V3 — V) 3aMeHeHa BEKTOPOM OTHOCHUTEIbHOU
CKOpPOCTH U, MPUCOEAMHSIEMON WM OTTOpraeMoil maccel dm, u moiHas cuna F,
JEUCTBYIOIIAs Ha TeJO, BKJIIOYAET JIBE CHUJIbI: BHEIIHIOI R W peakTUBHYIO CUITY

Foeax= u(dm/dt):
(Vi—Vv)=u, F=R+ Fpa =R+ u(dm/dt).
OcoOblif HMHTEpEC MNPEACTABISET Ciay4daidl JBHXKEHUS Tela MHpU OTCYTCTBUU

netictBust BHemHNX cuil R = 0. Torma, a = Fp /M. [IBIKeHne Tema MoXeT ObITh
YCKOPEHHBIM WJIM 3aMeAJIeHHBIM. BCce 3aBUCUT OT HalpaBJICHUS CUJIBI PEaAKIIUU

Foeax = U(dm/dt).

Bo3MOXHBIE BapUaAHTHI:

s

peax

1. Teno (pakera) yckopsieTcsi 3a cueT BbIOpoca BelllecTBa B
HAIIPaBICHUU OOPAaTHOM CKOPOCTH €ro IBMKeHHA (ATTV, Fpeax
TMv): utlv, dm <0 (puc. 25).

2. Teno yckopsiercs 3a cueT NPUCOEAMHEHHUS BEIECTBA, CKOPOCTh
KOTOPOTO COBMAJAET 0 HAIpPaBJICHUIO CO CKOPOCTHIO Teja U

Oosblze Hee 1o MoayIto (aT1V, FpeaTTV): UTTV, U > v, dm > 0. QW'
Vi

- o

3. Teno 3amemisiercst 3a c4eT BbIOpOCa BEIIECTBA B HAIpaBICHUU
ero memwxeHus (ATlV, FueullV): uffv, dm < 0. Ilpumep:

TOPMOKEHUE PAKETBHI. \f
4. Teno 3ameisieTcs 3a CUET MPUCOSANHEHUS BEIIECTBa, CKOPOCTh
KOTOPOTO HaIlpaBjeHa IIPOTUBOIIOJIOKHO CKOPOCTH TeNa Puc. 25

(atLV, Fpeac IV): ULV, dm > 0.

5. Temo 3aMCACTCA 3a CUCT IIPHUCOCAMHCHHA BCIICCTBA, CKOPOCTH KOTOPOIO
COBIIAJAcT I10 HAIIPaBJICHHUIO CO CKOPOCTBIO TCJIa M MCHBIIC HCC 10 MOAYJIIO
@rlv, FpeaxtlV): Uttv, u<o,dm>0.

PaccmoTpum 6onee moxpoOHO 1 BapuaHT peakTuBHOTO ABMKEHHA (ATTV, Fpea T1V):
utlv, dm <0 (puc. 25):

a = FpeadM, dv/dt = Fpea/m,
Fpeax = u(dm/dt) = (v; — v) (dm/dt),
dv/dt = (v; — v) (dm/dt)/m, dv = (v; — v) dm/m,
dv =— (v, + v) dm/m.
B npennosioxxeHuu, 4T0 OTHOCUTENIbHAA CKOPOCTh UCTEYEHMS MPOLYKTOB CrOpAHUs
TOTLTMBA MOCTOsIHHAS, T.€. U = Const wnu u = v; + v = CoNnst, mociie UHTETPUPOBAHUS

dm
devz— U +v J:O—
0 m

. m My Mg
HMeeM: v-v9g=— v1+0v IN—= v +v In—=uln—=,
My m m

A€ Up U My — HaYaJIbHbIE 3HAYEHHUS CKOPOCTH W MacChl pakeTbl. Bbeipaxkas wu3
nocienaHeil (GopMysbl 3HAYEHUE MJiI CKOPOCTH PAaKEThl 0, HAKOHEI, MOJy4YUM
dopmyny [lmomKOBCKOTO, KOTOPOH 3aMaeTcs 3aBHCHUMOCTh CKOPOCTH PAKEThl U OT
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OTHOCHUTEJIBbHOM CKOPOCTH UCTCUCHHA OTpa6OTaBH_I€FO TOIUIMBA U.

MMy
v=0vy+uln—|
m

Pab6ora. MomHOCTB. JHeprus. 3aKOH COXPAHEHHUS IHEPIUH.

PaboToil Ha3pIBaeTCs CKajspHAss BEIMYMHA, pPaBHAs IMPOU3BEACHUIO CHJIBI,
JEHCTBYIOIIEH B HANpaBJICHUU TepeMelleHus F.;, Ha myTh S, MPOWICHHBIH TOYKON
npunoxkeHusi cuibl: A = F-S. DT0o BbIpaxkeHHe CIpaBeJIMBO B TOM Cllydae, €Cld
BEJIMYMHA TPOEKIMU CWibl F, Ha HampaBieHUE IBUKEHUS (CKOPOCTH V) OCTaeTcs
Hen3MmeHHou. Eciu cuna F oOpasyer ¢ HampaBiieHMEM JABUKEHHS TTOCTOSIHHBIN YroJ
a, To F; = F-cosa (puc. 26), u hopmya pabOThI TPHHUMAET CJICTYFOIIHNA BU/I:

A=F;S=F-S-cos a.
PaGota — anreGpandeckast BenuunHa. Ecnu cuna u HampaBlieHHue repeMenieHus

00pa3yroT ocTphlil yroa (cos a > 0), pabota —
noJIoKuTeNbHasA. Ecim yron o — Tymoit (cos o

< 0), pabota — orpunatenbHas. [Ipu o = /2 K

pabora paBHa Hymo. Hamnpumep, npu moo .
pPaBHOMEPHOM JIBMOKCHUU M.T. o | F; v |
OKPYXHOCTH IIEHTPOCTPEMHTENbHAs  CHJIa = S —
JICUCTBYET TEPIECHIUKYJISAPHO CKOPOCTH U

paboThI MPU STOM HE COBEPIIIACT. Puc. 26

DiiemeHTapHas padora SA cuisl F — 310 paboTa, coBepmraemast cuinon F mpu
O0eckoHeuHo MayioM nepemenieann dr tena. OHa paBHA CKAIIPHOMY MPOU3BEICHUIO
Fudr:

O0A = F-dr = F-cosa-dr = F.-dr
nJin B I[eKapTOBBIX KOOpI[I/IHaTaXZ
oA =F,dx +F,dy +F,-dz,

rie I — paanyc-BeKTop M.T., X, Y U Z ee koopauHarsl, F, Fy u F, — npoekuu BekTopa
CHIIBI Ha KOOPJIMHATHBIC OCH, O — Yroj Mekay Bekropamu F um dr, F; = F-cosa —
OpoeKUUsl cwibl F Ha KacaTelnbHYI0 K TpaeKTOpUHM. OJeMEHTapHas paboTa
o0o3HaueHa OA, a He dA, Tak KaK OHa HE SABISETCS MOJIHBIM AuddepeHmaioMm. ITo

O3HayaeT, YTO KPUBOJUHEWHBIN UHTErpan A = Cf OA 1o TPOM3BOJIBHON 3aMKHYTOMN

TPAaeKTOPUU HE PABCH HYIIIO (§ 0A#0, Torma kak 3TOT HWHTErpaj OT MOJHOTO

muddepennvana nokeH ObITh HyleM. Hampumep, paGoTa cuiibl TpeHUS TIO
3aMKHYTOM TPACKTOPHH HUKOT/Ia HE paBHA HYJIIO.

Pabora — Benmmumna amgutuBHas. [losTomy mosHasi padora A Ha KOHEYHOM
OTpE3Ke HEMPEPHIBHON TPACKTOPUHU BBEIYHCIIICTCS MMOCPEACTBOM HHTETPUPOBAHHS:
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A = jF dr jF dr= jF-ds.
S, S, S,

I'padpuuecku pabota paBHa IUIOLIAAM, HAXOASIICHCS MO KPUBOU JIMHUEH, KOTOPYIO
OMKCHIBACT TAHTEHCATbHAS COCTABJISIFOIIAS CHITBI F, Kak QyHKIHS TPOHEHHOTO Ty TH

S (puc. 27).

m v F
O—>>
2

Puc. 28

MOI].[HOCTLIO Ha3bIBACTCA pa60Ta, coBCpIIacMasd 3a CAMHUIY BPCMCHMU!

N:5A:F.dr :Fdr F-v=F.cosa-v=F,-v.

dt dt dt

JlanHo# opMyIioit onpeensieTcss MTHOBEHHAsI MOIIHOCTb, KOTOPasi MOXKET MEHSIThCSI
co BpemeHeMm. Pabora, BBITIOJIHEHHAsl 3a OMPENEICHHBIM MPOMEXKYTOK BpPEMEHH,
BBIUMCIISIETCSA IPU TOMOLIY UHTETPUPOBAHMUSL:

t, t t t,
det - j'det_ jF cosa-v-dt = jF v-dt
t, t t t,

OHeprueii  Ha3piBaeTCs  (Qu3MUeckas ~ BEIWYMHA,  XapaKTEPU3YIOIIas
CIIOCOOHOCTh T€Nla WM CHUCTEMBI TENl COBEPIIUTH pabOTy TpPH OIMpeaeSICeHHBIX
ycioBusx. Mexannudeckas 3Heprusi W — 2HEprusi MEXaHWYECKOTO JIBIDKCHUS U
MEXaHUYECKOTO B3aUMOJICHUCTBUS TeJl. DHEPrusl Tejla MOXKET OBbITh OOyCIOBJICHA
NpUYMHAMHU JIBOSIKOTO POJia: BO-TIEPBBIX, JIBIDKEHUEM TeJla C HEKOTOPOUM CKOPOCTHIO
U, BO-BTOPBIX, HAXOXKJEHUEM Tella B MOTCHIMAIHHOM T0JIE€ CUJI. DHEPrus MEepPBOTrO
BUJIa HA3bIBACTCS KHWHETHUYECKOW HHEprHeil. DHeprusi BTOPOTO BHJIa HA3bIBACTCS
NOTEHIIMANIbHON sHepruei. Kopode roBopsi, KUHETHYECKAsi SHEPTUS — ATO DHEPTHUSI
JBIDKCHUS, a MOTCHIMAIbHAs — dHEPrus MojoxkeHus. Mexanudeckas sneprus W —
cymma kunetnueckoit Wy u norennmansHoit Wy snepruii: W =Wy + Wy

Kunernueckas ’neprusi m.T. Ilycts HeGombmioe Temo (M.T.) 1 maccer m
JIBMYKETCSI C HAYaJIbHOW CKOPOCTBIO V B HEYIPYToM (BSI3KOM) Telie 2 Moj JeHCTBUEM
cuisl F u 3actpeBaer B HeMm (puc. 28). 3a Bpems di Touka HPUIIOKEHHUS CHIIBI
noaydut nepemerinenne dS = v-dt, u Teno 1 coBepmuT Hax TEIOM 2 paboTy:
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d A=F-dS = F-odt.

OueBHIHO, YTO B JAaHHOM ciiy4ae | Teno coBepiiaeT paboTy Haja 2 TEIOM 3a CYET
3amaca SHEpPruM, KOTOPOM OHO 00Jajano B CUJIy CBOErO JBMIXKEHHUS, T.€. 3a CYET
kuHeTudeckoi sHeprun Wy (eciu Ob1 Teno 1 He 1BUTANIOCH, TO ObLIN ObI paBHBI HYJIIO
u nepemernenue dS, u padora dA). ITosTomy coBepieHHy0 TeaoM 1 paboTy MOMKHO
HNpUPABHATH YOI ero kuHetndeckoi sHeprun: d A = —d W. Tora,

d Wk = -8 A=—F-dS =— Fovdt=—m-(dv/dt)v-dt = —mov-do =d (- m?2).

[IpouHTETpUpPYEM ATO BRIpAKEHNE B MPEIOJIOKEHIH, YTO CKOPOCTh | Tena ymana j0
HYJIS, T.€. BCSI KWHETHYECKas dHeprus Tena 1 mepenuia B paboTy:

2 2
mo mo
Wi = I:d(—

2 ) 2 .
Tem cambiM, MBI moJiydaeM (GopMyJly KMHETHYECKOW sHepruu M.T. KuHeTmdeckas
SHEPrusl — BEJIIMYMHA CKaJsipHas M BCerAa MOJOKUTeNbHasA. JlJisi cUCTEMBI M.T. OHA
paBHA CyMM€E KMHETUYECKUX SHEPTUM OTACIBbHBIX M.T., T.€. BEAUUMHA — aIIUTUBHAS.

Kunernueckasi sHeprusi MOXET HE TOJbKO YObIBaTh, HO M BO3pACTaTh.
Hanpumep, npu ymnpyroMm yjaape ABHXKYIIETOCS IIapa MO MOKOSIIEMYCs IIiapy.
IlepBblii map TepsieT MOJHOCTHIO WM YaCTUYHO CBOIO KUHETHYECKYIO DHEPTHUIO, a
BTOPOM IIAp NPUXOAUT B JBHXKEHHE. B TakoMm cilydyae ToBOpST, YTO INEPBBIM LIAP
coBepHIMI pabOTy HaJ BTOPHIM IIAPOM W BTOPOM Mmiap mpuoOpen KHUHETHYECKYIO
SHEPTHIO.

Teno (M.T.) 00J1alaeT MOTEeHUMATBHON IHEPrueii, ecii OHO HAXOIUTCS MO
BIIMSIHUEM HEKOTOPOTO CHJIOBOTO TOJiA. B KadecTBe TakOBOTO MOJKET BBICTYIATh
IPaBUTAIIMOHHOE WM OJEKTPOCTAaTUUECKOEe Iojie, WU 00a OJHOBPEMEHHO.
[TockosibKy TOTEHIMAIbHAS SHEPrUs 3aBUCUT OT IMPOCTPAHCTBEHHOTO IOJIOKEHUSI
M.T., 3Ta SHEPIHsl SBJIIETCS HEKOTOpoi (yHKIuei koopauHatel M.T.. Wy = f (r). [pu
NEepEMEILECHUH TeJla MO ACMCTBUEM BHEUIHUX CUJI C OJHOTO MECTa MOJsl Ha APYroe,
TEJIO COBEPIIAET OTPUIATEIBHYIO pa0dOTy, U €€ MOTEeHIIUANbHAS YHEPTUS BO3PACTAET.
B nanpueiiem, Teno, mpeaocTaBICHHOE caMOMy cebe, MOKET COBEpIIUTh padoTy
HaJI BHEIIHUMHU TEJaMH 3a cueT yObUIM ero moTeHIuanbHol sHepruu: dA = — dWp
WIH YBEJIMYHUTHh CBOIO KMHETHUYECKYIO SHEPTHIO, €CITU B OJFDKANWIIEM OKPYKEHUU HET
apyrux tex: — dWp = dWk.

[Tocnennee paBeHCTBO 3aMKUCHIBAETCS B KOHEUHBIX PA3HOCTAX KaK:

AWy = — AW wmm W' — W' = W' — Wy",

rJ€ WTPUX U JBOWHOM IITPUX O3HAYAKOT HAYAIBHOE U KOHEYHOE 3HAYCHUS SHEPTUn
Tesa. TeM caMbIM MBI JI0Ka3aJu 3aKOH COXPAHEHUS IOJHOW MEXAHUYECKOM SHEPTUU
B 3aMKHYTOU CUCTEME:!

W =W+ W' = W™ + Wy" = const.
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I'paBuTanIMOHHOE IOJIE.

BzaumoaeiicTBue Mexay TeiaamMu, HaXOISIIMMUCS HA yAAJEHUU JPYT OT Jpyra,
IPOUCXOJUT TOCPEJICTBOM OCOOOTr0 BHJA MaTepuu, KOTOpOE Ha3bIBaeTCs
¢usnueckum mosem. [Ipu TpaBUTAIIMOHHOM B3aWMOJIEHCTBUM TATOTEIOIIMX MAacC
[OJIEM-TIOCPETHUKOM ~ BBICTYHA€T  IpaBUTAMOHHOE  Iojie. OJTO  Hoje  —
MOTEHIIMAIILHOE, M €70 XapaKTEPUCTUKAMH SIBIISIIOTCS HAMPSKEHHOCTH M MIOTEHITHAT.

Cuily B3aUMHOTO MPUTSKEHUS 2 TOYEUHBIX Mace (T.M.) OyJieM paccMaTpuBaTh
KAK CWIy JIEUCTBHA IIOJIS, CO3/1aBa€MOI0 OJHOW T.M., Ha Apyryro T.M. [Ipumem B
KayecTBE MCTOYHHUKA IOJISI IEPBYIO T.M., @ BTOPYIO — 3@ MPOOHOE TENO0, MPHU MOMOIIHU
KOTOpOro OyJeM YCTaHaBIIMBaThb CBOWCTBA MOJS B MECTaX €ro CyIIECTBOBAHMS.
HanpsikeHHOCThIO TPAaBUTALIMOHHOTO TIOJII Ha3bIBaeTCA Cuia, ACHCTBYyIoLIas Ha
€AMHUYHYIO T.M. CO CTOPOHBI MOJISI.

AHaTUTUYECKOE BBIPAXKEHHE 3aKOHA BCEMUPHOTO TATOTEHHS] B COTJIACHUHM C
0003HaYCHUSMH, MPUHATHIMU Ha pUC. 29a, MOKET OBITH 3aIllMCaHO B opMe:

m-m m
F=G— 21 wm F=|-G—r|m__.
3 3 up
r r
IlogenuB 5Ty cmiy Ha MacCy NPOOHOrO Tenma My, IOJNYyYUM BBIPAKEHHSA

HaIPSHKEHHOCTH TPAaBUTAIMOHHOIO TOJII TOYEYHOM Macchl M B BEKTOPHOU (opme

E=L:—Gm3rl/l ee MOJyJIst E:sz.
Myp r r
E, E
m F r My
@ <«>9 Mp g
fe—— ¥ — 2
a 4]

Puc. 29

Hanps»keHHOCTh IpaBUTAIIMOHHOTO MMOJisi (CHIOBas XapaKTEPUCTHKA TOJS) —
BEKTOpHAsl BEJIMUMHA W BCEr/la HalpaBJi€HA K LEHTPY TATOTEHUs. Pe3ynbTupyromias
HaIpPSHKEHHOCTh TOJIS, CO3JaBa€MOr0 CHUCTEMOM T.M., BBIYUCISICTCS TPU MOMOIIN
NpHUHIHNIA cyriepro3unun (puc. 296):

E:Zi Ej.

Ecmn oTBiedbcs OT mnoHATUS '"mpoOHas TodeyHas Macca" My, U B3ATh
NPOU3BOJIbHYIO TOUYEUHYIHO Maccy M U TMOMECTUTh €€ B HEKOTOpoe IOoJe,
HaIpsDKEHHOCTh E KoToporo 3amana, To cuia jedctBusi F Ha jgaHHYR0O maccy M
OTIPEICNIUTCS KaK MIPOU3BEICHUE MAcChl M Ha HANPSKEHHOCTH E:

F = m-E nnu B npoexmmsax F, = mE,, Fy=mE, n F,=m-E,.
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OTCIO,Z[& CICAYCT, YTO HAIPAKCHHOCTb IIPOU3BOJIBHOTO TI'PABHUTAIIMOHHOI'O IIOJIA
paBHA OTHOIICHUIO CHJIBI I'PAaBUTALIMOHHOTO IIPUTSKEHUA K MAaCCE TOUYCHYHOI'O TEJIa.

E=F/m wum B npoexuusax Ex=F,/m, E,=F,/m u E,=F,/m.

Ecnu 3HayeHue TouyeyHOM MacChl B3ATh paBHOW enuHuiie (1 kr), To
HaIIPSLDKEHHOCTh  OKA3bIBAETCS PABHOW CHUJIE, JEUCTBYIOLIEM CO CTOPOHBI MOJISI Ha
€UHUYHYI0O TOYEYHYI0 MaccCy, IMOMEIICHHYI0 B JaHHYK TOUYKy Mojs. B sTom
MPEIJI0KEHUN chopmynrpoBaH buzndeckuit CMBICIT HaNpsHKEHHOCTH
rPaBUTALIMOHHOTO TOJIA.

IloTeHUMAaOM TPAaBUTAIMOHHOIO TIOJS () Ha3bIBACTCS MOTEHIUAJIbHAS
SHEPrusi, KOTOPoi obJiagaeT eNMHUYHAS TOYeUYHAas Macca B JJaHHOW Touke moiisa. Ha
OCHOBE 3aKOHA COXpPAaHECHUS PHEPTUM OHA paBHA pabOTe, COBEPIIACMOM CHUJIAMH TTOJIS
10 MepeMeIICHUIO (YIAJICHUIO) €IMHUYHON TOYEYHON MacChl U3 TAaHHOW TOYKHU OIS
B OECKOHEYHOCTbD:

=~ A== |F- =~ |m-E-dr= |E-dr.
m;é’ m; r mwmm o m!m r J. r

r

IToreHnuaa To4Ye4yHOM Macchl. Bocmonb3yemMcs CBOWCTBOM ITOTEHIHATbHBIX
MOJICH, Il KOTOPBIX paboTa HE 3aBUCHT OT (OPMBI TPACKTOPHUHU, a TOJIBKO OT
HAyaJIbHOTO M KOHEYHOIro IojokeHus M.T. IlodToMy B KadecTBe TyTH
WHTETPUPOBAHUS BBIOEpPEM MPSMYIO JIMHHIO, KOTOpas COBIAJAECT C PaadyCcoM,
MPOBEJAEHHBIM OT ILIeHTpa moiyisl. B TakoM ciiydae, BekTop E HampaBieH mnpoTuB
BEKTOpPOB I ¥ dr, ¥ MOTCHI[MA] T'PAaBUTALMOHHOIO IOJSA, CO3JaBa€MOI0 TOYCUYHOMU
Maccoil M, paBeH:

0 0

(psz-drz—TE.drz—Tszdrzem - g
r r ro T Cle

HOTCHIII/IaJ'I I'PaBUTAIUOHHOTO IIOJIA — 3TO JSHCPICTUYUCCKAA XAPAKTCPUCTHUKA II0JIA,
BCIIMYMWHA — CKAJLIPpHAA, aJAUTUBHAA 1 BCCTd OTPpULIATCIIbHAA.

CBsi3b HANPSKEHHOCTH ¢ MNOTeHIUAJOM. Brauane mnomyuum dopmyny
npupalieHus noTeHnuana AQ Mexy IByMs TOUYKaMU MOJIsl HA OTPE3KE TPACKTOPUH C
KOOpAWHATaMU ' U Iy!

Ap= ¢po1= () —0(1p) = O‘O[E-dr —O}E-dr = o}E-dr + r].E-dr = Ir]‘E-dr = —rjE-dr :

I n I I f

Jlns cnpaBku: IlpupanieHue HeKOTOpoil BenWYUHBI ((PYHKLIHMH) ONpPENEseTcss Kak
Pa3HOCTb MEX1y KOHEUHBIM U Ha4aJIbHbIM 3HAUE€HUSIMU ATON BEIMUYUHBI (QYHKIUN).

Haiinem Tenepp 3T0 npupalieHue Mexay IByMsl TOUKaMM MOJs ¢ OECKOHEUHO-
ONMM3KUMH KOOpJUHATAMU I U r+dr:
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r+dr r+dr

dp =¢(r+dr)-o(r)=- | E-dr=-E [ dr=-E-dr.

[Tpouseenenue E-dr — 310 ckanspHoe nmpousBeaeHne BekTopoB E u dr. B mpoekmusix
Ha OCH JICKapTOBOM CUCTEMBI KOOPAMHAT BEeKTOPHI E 1 dr cOOTBETCTBEHHO PaBHBI.

E=Eci+E/J+E;K u dr=dxi+dyj+dzk.
Torna npuparienue GyHKIUU (p PaBHO:
de =— Edr =— (Exdx + E,-dy +E,-dz).
B cBoto ouepenn, nuddepennman dg 3anuceiBaeTcs Kak:

do = d(de+d dy+d—(pdz
dx dy dz

[Tockonpky B paccMaTpuBaeMoOi INpoOseMe NpupalleHue MOTEHIHala U €ro
muddepeHnran NpeacTaBiIsioT OJHO M TO K€ U3MEHEHHE MOTeHIMana, TO U3 JIBYX
MOCJIETHUX BBIPAXKEHUN CJIEAYyIOT (QOpMyJbl pacuera JEeKapTOBbIX KOMIIOHEHT
BEKTOpa HaNPSLDKEHHOCTH Yepe3 3HaYeHUE NOTEHINAIA:

g, -3¢ Eyz—d—"’, g, - do
dx dy dz -

BekTop HampspKeHHOCTH TIOJIST paBHSETCS TPAJAMCHTY MOTEHIIMAja, B3STOMY C
00paTHBIM 3HAKOM:

E——grad(p——(—|+d—1+—k)
dx dz

dy
HampsixkeHHOCTh HampaBiieHa B CTOPOHY yOBLIM TOTeHNHana. Ecim yMHOXuM 00€
gactu Gopmynsl E = — grad ¢ Ha mMaccy M, TO MOJyYHM CBSI3b MEXKIY CHIIOH

nevictBus F u notennuanbHou sHeprueit Wy B TaHHOM TOYKE IMOJIS:
F=mE =-m-grad ¢ =—grad (m-e) = — grad Wy,

B NOMEHYUATIbHOM noJje Cujlad paeHAemcH zpaaueﬂmy l’lOl’l’l@HlxﬂldﬂbHOlj JHepcUul,
63Mmomy c 06pamelM 3HAKOM.

F =—grad Wy.

IIpumMeHeHus1 3aKOHA TPABUTALMU.

3aK0H BCEMHPHOTO TATOTCHHS ITO3BOJISICT PEIINTh P TPHUKIAJAHBIX 3a/1ad
MEXaHUKH, B TOM YHUCJE, BBIUMCIUTHh Maccy 3emud, Coinnna, JlyHel, mniaHer,
3HAYCHUSI KOCMUYECKUX CKOPOCTEH U JIp.
1. Macca 3emau. Ee mMbI onpenenum, mpupaBHIB NPUOIMIKEHHO CHITY HPHUTSIKEHUS
HekoToporo Tena 3emieit Frp = G-Msm/ R32 cuite TsoKeCTH Frgyx = m-g (puc. 22):

G'Mg'm/Rgz =m-g, M3 = g‘R32/G,
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M; = 9,8:(6380-10%) / 6,67-10 " kr = 5,98:10%* kr

2. Macca Connna. 3emist obpamaercs Bokpyr CoiHila mo opouTte, OMU3KOH K
kpyroBoit (puc. 30). LlentpocTpemurtenbHas cuia, AEUCTBYIOIIAs Ha 3eMIIIO,
00yCIJIOBIIeHA CUJION MPUTSKEHUS, IeUCcTBYoIer Mexy CoHieMm u 3eMIeit:

Fuc = Fre, |V|3'(001>2‘R0P = G'M3'MC/R0P27 Mc = COOPZ'ROPS IG.
wop =271/ Top, Top =365 cyr., 1 cyr. =24:60-60 c = 86400 ¢, Rop~1,5-10" m,
Mc =2 -10% kr.
3. Tperuit 3akon Kemnepa. KBamgpatsl Bpemen oOpareHus mianetr Bokpyr CoiHiia
OTHOCATCS MEXIy CO00i Kak KyObl OOJBIIUX TMOTYyOCeHd WX JITUNTHYCCKUX
tpacktopuii (puc. 31). Bocmomesyemcs ¢opmymamu wmaccel Comama Mce =

2 3 .
®op ‘Rop’/G M CBsA3M MeXAy YIJIOBOM CKOPOCTBIO M MEPHOAOM ®op = 27 / Top,
3aIIMCAaHHBIMU VIS IBYX TUTAHET:

2.p 3 2.p 3 2.p 372 2.5 3T 2
Mc = 01"R;° /G = 0,7R,” /G min (2m)™R°/T,1~G =(21)°-R,°/T,™G 1, okoHYATENBHO,
2/12_p3/p3
T,°/ T, =R Ry
4. TlepBast KOCMHYECKasi CKOPOCTb. OTO HaWMEHbIIas CKOPOCTh Tela Uy,
OpOIIIEHHOTO TOPU3OHTAILHO TaK, YTO ATO TEJIO OOJIbIIE HE COMPUKACACTCS C
3emiieil U CTAaHOBUTCS €€ CITyTHUKOM. MlHaue roBopsi, Takoi CKOPOCThIO 00IagaeT
CIIyTHUK 3eMJIM, KpyroBas TpPAaeKTOPHUSI KOTOPOrO0 MPUMBIKAET K IMOBEPXHOCTHU

3emiu. Pacuer ocHOBaH Ha MPUMEPHOM PABEHCTBE LEHTPOCTPEMHUTEIBHON CHIIBI
2 .
m-v;1°/R3 cue Tshxectr M-g (puc. 32):

m-vlzl R3=m-g wm 012/ R; =0 u, OKOHYATeNbHO, V) = NIR Rs .
v1=(9,8:6370-10%) m/c = 7,9-10° km/c.

5. BTopas kocmuyeckas CKOpOCTb. ITO HAMMEHbIIIAask CKOPOCTh TeJa Uy, OPOIIEHHOTO
C TOBEPXHOCTH 3EMJIM, TaK YTO 3TO TEJI0, MPEOAOJIeBas 3eMHOE IPHUTSIKCHUE,
craHoBuTCs ciyTHUKoM Comana. Tpaektopus aBrxkeHus — mapabona (puc. 33).
PacueTr ocHOBaH Ha paBEHCTBE MMOJTHOW MEXaHUYECKON YHEPTUH TeNa HYJIIO:

W:Wn‘l'WK:O, Wn:m'(p, @:—G%, W. :—Gm.—I\/I3’WK:m-022/2’

I

3 R3
m-M m~v§
Wy + Wy = -G 3 4 =0,
Rs 2
2M5 2M3 Ry M5
Vo = —2= G—2- 2= [2G—-R, =./2E-Ry; =./20-R :\/E-v.
2\/R3\/R3R3 R323\/ 3\/93 1

v, = 11,2 kM/c.

dopmyna BTOPOM KOCMAYECKON CKOPOCTH ITOJIYy4Y€Ha C YUYETOM
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Mj
_’
R3
— OpUOMKEHHOIO  PABEHCTBA  YCKOPEHHMs  CBOOOJHOIO  HAAE€HHMsA  MOMIYJIO

M—23 =98 m/c’ u
R3

— (opMyIIbl MOTEHIMAIA TPABUTAIIMOHHOTO MO 3emin ¢ = —G

HANPsHDKEHHOCTU TPpaBUTAIIMOHHOTO noist 3emnn g = E=G

— (opMyIiBI IEpBOIT KOCMUYECKO# CKOPOCTH vy = /0 - Ry .

6. TpeThbsi KOCMUYECKAsl CKOPOCTh. DTO HAMMEHbIIAs CKOPOCTh TeJa U3, OPOIIEHHOTO
Ha MOBEPXHOCTU 3eMJIM TaK, 4TO 3TO TEJO, MPEOJ0JIEBAs 3€MHOE U COJHEUYHOE
OPUTSDKEHMS], IOKUIAET MPEAeIbl COTHEYHOM cucTeMbl: v = 72 kM/c. [{ns pacuera
U3 ClenyeT BOCHOJIB30BAaThCS 3aKOHAMM COXPAaHEHMS DSHEPrUM M MOMEHTA
UMITYJIbCA.

Puc. 30 Puc. 31 Puc. 32 Puc. 33
HenTp macc (MHepUHM).

B o0mem ciydae, ABHUXKEHUE TBEPAOTO Tejia
COCTOMT M3 JBYX €ro BHUJOB: IOCTYIATEIbHOTO
JNBIDKEHUST  0COOOM  TOYKM  Tena, KOTopas
HA3bIBAETCS LIECHTPOM MacC WJIU LIEHTPOM HHEPIINH,
Y BpallaTebHOTO JBMXKEHUS Tejla OKOJIO IEHTpa
Mmacc. LenTp Mace — 310 Takas touka C, KoTopas
IpM PABEHCTBE HYJIO PE3YJbTUPYIOIIEH BCEX
BHEIIHUX CHJ JIBUXKETCS MPSIMOJUHEHHO W
paBHOMEpPHO, T.6. C HEW MOXHO CBS3aTh
MHEPILMAIBLHYIO CUCTEMY OTCUYETA. ITOMY YCIOBUIO
YAOBJIETBOPSIET TOUKA, 3aJaHHAsl JIJIsl JUCKPETHOTO
pacrpeneneHus Macc painyc-BeKTopoM (puc. 34):

re=(Ximi- o)/ Ximi=(Ximi-ri)/m.

JUis  HEempephIBHOIO  pacHpelesieHuss Macc paguyc-BEKTOp ILIEHTpa  Macc
paccuuTbIBaeTcs 1o popmyJe:

re=(Jnr-dm)/m.

Jloka3zaTenbCTBO MpPHUBEAEM I TUCKPETHOTO pacmpeneieHust macc. Hainem
BTOPYIO MPOU3BOHYIO IO BPEMEHHU OT paJInyC-BEKTOpa LIEHTPa MaCC:
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(Zm (Z

.
¢ =8 = dt2 m dt2

1 .1
Ezimi °ri Zazimi ~ai .

[Tpumensist BTOpo# 3akoH Hel0TOHA K 1-TOM TOYKE Tela, HMeeM:

=Fi +fi
rine F; u f; — paBHOACHCTBYOIINE BHEITHUX U BHYTPEHHUX CHJI, KOTOPBIE TPUIIOKCHEI
Kk I-toii Touke. Ilo 3 3akony Heiotoma ) fi = 0. B Takom ciyuae mnomxyyum

BBIPAJKEHUE:

1 1 1 1 1
ac=—2(R+fi)=—D R+ fi=—>,R="R

YTBEPXKIAIOIIEE, YTO LIEHTP MacC YAOBJIETBOPSIET OCHOBHOMY 3aKOHY AMHAMHKHU W,
CJI€0BATEIbHO, 3aKOHY UHEPIIUH.
Breipaxxenuem a. = R/M 3amgaercs ypaBHEHWE JBWIKCHHUS IIEHTpa Macc, TJIe

R= Zi F — pesyapTpyromas Bcex BHEIIHUX CHII U M — Macca Tena. B Toum ciydae,
ecau R paBHO HYIIO, TO IIEHTP Macc ABUXKETCA MPSIMOJIMHENHO U paBHOMEpPHO (0e3
yckopeHnus). [Ipu 3Tom ocTanabHble TOYKH Tejla MOTYT JABUTAThCA (PaBHOMEPHO WU

HEpAaBHOMEPHO) OKOJIO OCEH, MPOXOASIIUX 4Yepe3 IIEHTP Macc, T.€. TEIO B IIEJIOM
OyzeT coBepIaTh BpaIIaTSIbHOE JBMKEHUE OKOJIO LIEHTPa Macc.

MoMeHT HHEpPLHH.

®
O Iw T
O
~ T dm
4 VY P
{ \1‘:./
T T m
O
0
a 4]
Puc. 35 Puc. 36

WNHeprmanpHble CBOWCTBA BPAIAIOLIETOCs] TBEPIOTO TeNa, T.€. JIBUTAIOIIETrOCs
OKOJIO HEMOJBMKHOM OCH, KOTOpas MpOXOAMT uepe3 ILEeHTp Macc, YJI00HO
XapaKkTepu30BaTh CKAIAPHOW (PU3MUECKONW BEIMYMHOM — MOMEHTOM HHEPIUH.
MOMEHT HHepIH MaTepruaTbHONH TOUYKH PaBEH MPOU3BECHHUIO €€ MacChl Ha KBaJpat
paccrosiHust 0T ocu obpamienus (puc. 35):

2

l=mr-.
TaK>K€ KaKk U Macca, MOMCHT I/IHepHI/II/I — aAJUTHUBHAs BCJINMYHKWHA. HOBTOMy MOMCHT
WHEPLIMU TBEPAOrO TEIa PABEH CYMME MOMEHTOB MHEPLMHU BCEX €ro yacTted. MOMeHT

HHEpIMK Tehaa s JauckpetHoro (puc. 36a) wiam HempepbiBHOro (puc. 366)
pacmpezieNieHus: MacC COOTBETCTBEHHO OMpeesieTcs o Gpopmyre:
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1= L=Yimir? w1 =]dl =], r>dm,

rae i u I — COOTBETCTBEHHO PAaCCTOSIHUS I-TOM TOYKH TejIa M dJeMeHTa Macchl dm oT
OCH BpalllCHMU:.

Teopema I'voiirenca-IlIteinepa.

dopmynupoBka: Momenm unepyuu mena I omnocumenbHo npouU3BOIbHOU OCU
O'O' pasen momenmy unepyuu ly omoco mena omnocumenvro ocu OO, npoxodsaweti
yepes yeump macc mena C napanienvHo OaHHOU OCU, NAIOC NPOU3BEOEHUE MACCbl
mena m Ha Keaopam paccmosHus a Mexcoy OCAMU.

| =1, + m-a’

JokazarenbcTBO. Yepe3 HEKOTOphIM 31aeMeHT Maccel dM  gaHHOro Tena
IPOBEJCM IUIOCKOCTh, mepneHaukysipayto ocsim O'O' u OO (puc. 37). B aroit
IUIOCKOCTH O0O3HAYUM paauyc-BeKTOpPHl a, I, W I Tak, YTOOBl ATH BEKTOPHI
o0pa3oBaii 3aMKHYTBIH TpeyroipHHK. Torma, MOAyib BEKTOpa [|a] = a ecTb
PACCTOSIHUE MEXIY OCSIMHU, MOIYJH 'y U I BEKTOPOB I', U I' — paccTosuus ot oceir OO
u O'O' 1o sneMeHTapHOW Macchl M u r = a + r,. 3anuiieM BhIpaKEHHE MOMEHTA
MHEPLUHU Tella OTHOCUTENIBHO MPOU3BOJIHOM OCH U Mpeodpa3yeM ero

| =[dl =], r*dm=[, r>dm=[, (a+ r))>dm =], (a® + ry’ + 2a-r,)-dm =
= [ a®dm + [, redm+ [, 2a-r-dm = m-a® + 1o+ 2a [, redm = 1o + m-a.
Cuaraemoe 2a |y ry'dm pasro mymo, T.. (Jn p, dM)/M — 370 ecTb pagnyc-BeKTOp

LEHTpa Macc [, HA9aI0 KOToporo Haxomutes B ueHtpe Mace: (Jm rp dm)/m = r, = 0.
Teopema oka3ana.

IIpuMepbl BbIYKMCIAEHHST MOMEHTA HMHEPIMH TBEPABIX TEI OTHOCHUTEIBHO OCH,
IpoXodIlel yepes [eHTp Macc.

1. OxHopoaHBIH TOHKHE auck paauyca R u maccorr m (puc. 38). Ochb BpamieHUs
COBITA/Ia€T C OChIO TUCKA, G — MOBEPXHOCTHAS IUIOTHOCTH BelecTBa (G = dm / dS).

| =Jnrdm=Jsr*c-dS=o | [, r*rdrde =
R 2
:cjo r3-drj0“d(p=c%R4.2n=%R2-nch:%m-Rz

2. OnHoponHBIA TOHKHMH AMCK paauyca R u maccoit m (puc. 39). Och BpariieHus
COBIAJIACT C TUAMETPOM JIMCKa, G — IIOBEPXHOCTHAS IJIOTHOCTD BEIECTBA.

| = [, 12dm = 2[5 (r'sing)*c-dS = 2 6 [, [, r*sin*p-r-dr-dp = 2c Ler* .dr- Esinchd(p

— ZGERL"E%M): G-1R4-n=£R2-G-n-R2= m-R?.
4 2 4

4

Nl
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Puc. 37

Puc. 38

0
Puc. 39

3. OmHoponubiid mumHAP. OCh BpallleHUs COBIAMaeT ¢ ochbio mumHapa (puc. 40).
Panuyc ocHoBanus R, Beicota H, Mmacca M u mtoTHOCTH Berecta p = dm/dV.

| =[nrPdm=J, (r*p)dV =], ] r°prdrde dH =

_ Raypm, Ho o 1og 1o oo 10
—erer d(pL dH =p-R" 21 H =~R® 7R*Hp=—mR
I 3
of” rdr i 4 Fsing
N\ )
R b )
I ™ é’/ | A Z’../ﬁz
H r+dr ;‘g Z
LA [~ |~ —
J, //2 _‘> %7 — \\
r’ X ,
&/ o 12 _g;; ’
O
Puc. 40 Puc. 41 Puc. 42

4. Omguoponnbiii munuHap. OCh BpalllcHHs MEPIEHIUKYISIpHA OCH IHIUHApa (pHC.
41). Paguyc ocHoBanus — R, Beicota — H, macca — m = p-V, o0beMm mumngpa — V
= nr®*H u miotHOCTH — p = dm/dV.

| = [ 17dm = [y (rsin’p + H?) p-dV =[; [, [ (r*sin‘e + H?) p-r-dr-de-dH =
R 3 ) H/2 R H/2 2
=p[r -dr-(ZEsm 9-dp)-2 [ “dH+ p [ r.dr.zj;’d(p-zjo H2.dH =
1 4 1 11,3
=p=R*m-H+p=R*-21-(2=-=H
PR HApyREam (25 )

=(1R2+1H2)p-n-R2-H hr2i Ltz
4 12 4 12
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5. OnpHoponauslii crepskeHb. OCh BpallleHUs MEePIICHIUKYIISIPHA OCH CTEPKHSI, Macca —
M, paguyc MOMEPEYHOro Ce4eHusi R 3HaunmTeNbHO MeHbIne uHbl |. JlaHHas
3ajlaya MpencTaBisieT coOOM YaCTHBIM Cilydyail MpeauiecTBYIONIeH 3ajayu.

1
[Monaras R << H u H = |, moiyuum uckomsrii pesynbrat: | = Em 12,

6. OgHoponuslii 1map pamuyca R wm maccet M (puc. 42). BeruncieHus
OCYIIIECTBIISIOTCSA B CHEPHUSCKON CHCTeMe KOOPAWHAT, P — IIOTHOCTH BEIIECTRA.

| = [ 1%dm = [, (r-sin ©)*dm = [, (r-sin 0)*p-dV =
= Io I, (r-sin 6)?p-r*dr-sin0-do-do = p [, r*dr [y sin®0-d0 [, do =

R T 2 1 T
5
0 0 0 0
5 3 5 3 5

7. Ilpumep mnpumeHeHusi Teopembl [toiireHca-llITelinepa. MoMeHT HHepUUU
JUTAHHOTO CTEP)KHS OTHOCHUTEIBHO OCH TMPOXOASAIICH uepe3 OJMH W3 TOPIIOB
nepreHauKysspHo ero anuue . ITo yenoswuro 3amaun —a =1/ 2,

Tl = 2 — 2 _
Pacuer Beimonasiem 1o popmyiie: | = lg + m-a®. YuutsiBas, uro lo = m-1*/12ua=1/2,
HOJTYYHM:

| = m- 1712 + m-(1/2)* = (1/12+1/4)m-1* = m-I%/3.
BPAILIATEJILHOE JIBIDKEHUE TBEPIOI'O TEJIA.

Pabora npu Bpamate/J JbHOM ABHKEHUH.

PaccMoTpum aBMKEHHE TBEPOTO Teja MO ACHCTBUEM BHEIIHUX CHII, PUYEM
pe3ynbTupylomas cuia paBHa Hymo. CregoBareiabHO, IEHTP MacC Tena MOKOUTCS
WIH JIBIDKETCS TPSMOJIMHCHHO W PaBHOMEPHO, a TEJO COBEpINACT BpallaTeIbHOE
NBIDKEHUE. BriOepeM Mpou3BOJIbHYIO AJIeMeHTapHy0 Maccy dm storo tena (puc. 43).
B cucreme orcuera, KECTKO CBS3aHHOW C IIEHTPOM Macc, IIEHTP Macc MOKOUTCH,
OJIHAaKO »3eMeHT dM, B o0IieM ciydae, ABMXKETCS ¢ MEPEeMEHHOM CKOPOCTHIO V TIO
OKpPYXHOCTH. DileMeHTapHas padota 60A = F-dr Mmoxket OBbITH TIpE/ICTaBIICHA B BU/IC:

SA = F-df =F.dr=F.rdep=M-dp= M -d@,

rje 3amick M -d@ 03HauaeT cKalApHOE NPOM3BEICHHE BEKTOPa MOMEHTA CHIbI M
Ha dJIeMEHTapHOe yriioBoe cMmelnenue d¢ pamuyc-Bekropa T .

MOMEHT CHJIbI, PaBHBII BEKTOPHOMY IPOM3BEACHUIO PaJMyC-BEKTOpa Ha
Bektop cmwisl M =[F F], m yron moBopotra d¢ — aKCHalbHBIE BEKTOPEI,
HaMpaBJICHUE KOTOPBIX ONPEICNIIeTCS IO IpaBWIy IMPaBOro BHHTA, a MOJIYJIH
COOTBETCTBEHHO paBHb: M =1 F sina u do =dr/r.
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dopMmyia MoaHOU paboThl €CTh UHTETPAI:

A=[3A=] M-dp um
A=[M -do-cosa =] M,-do,

a mpeneabl UHTETPUPOBAHUS 3aBUCAT OT YCJIOBHM
3agaun. 3nece M, = M-cosa — mpoekuus BekTOpa
M Ha oChb BpalleHHs, a O — 53TO YIod,
COCTaBJIEHHBI BEKTOPOM M ¢ 3T0if ochlo, 0 < o <
7. OTMETUM, 4TO 3HAY€HUE Macchl B (hopMyrsie He
npucyTtcTByeT. CraegoBaTelabHO, MPU OTCYTCTBUU
JIPYrUX MOMEHTOB CHWJI, JEWCTBYIOIIMX Ha TEO,
npuBe[eHHas BbllIe (opMmylia MOJHON pPabOTHI

A=IM,-d¢, ABNIAETCA TAKOBO# H JUTA BCETO Tea.

Kunernueckas IHEPIUusl Bpallarierocs reja.

[IpuHuMas BO BHUMaHHE, YTO MOJOKUTEIbHAs pad0Ta BHEIIHUX CHJI IPUBOIUT
K BO3pPAaCTaHUIO KUHETUYECKOM »HHepruu Tena (Mpu OTCYTCTBUU JedhOopMallviu),
noJiyuuM (opmysly KHHETHYECKOM SHepruu Bpamjatrouierocs Ttena. s Havana
npeodpazyeM popMyIly KHHETHUECKON SHEPTUU FIEMEHTAPHON MacCCHhl:

dWk = dm-0®/ 2 = dm- (0-r)?/ 2 = (r>dm) ‘0?/ 2 = dl-v?/ 2.

BBuay aaiuTHBHOCTH MOMEHTa MHEpUMH, (opMysIa KMHETHUYECKOW >HEPruu
BpAIICHHS TBEPJIOTO Tela MPUHUMAET BUI:

Wk = JdWk = (dI)-0%/2 = I-0%/2,

Tac | — MmoMeHT HHCPHOWH TCJIa U (O — €T0 YIJ1oBas CKOPOCTL.

OCHOBHOM 3aKOH AUHAMHUKHU BPamaTeJbHOIr0 JBHKCHHUS.

Vaenoeoe yckopenue meepoozo mena npsamo nponopyuoHAaIbHO pe3yibMmupyrouemy
MOMEHMY 8HEULHUX CUL U 0OPAMHO NPONOPYUOHATLHO MOMEHNY UHepYUU mea:

B:%M

[TokaxkeM, 4TO ATOT 3aKOH MO>KET OBITh MOYUYEH Kak clieJIcTBUE 2 3akoHa HproTOHA.
3anuineM OCHOBHOM 3aKOH MEXaHWKHU JIJISi TPOU3BOJILHOM M.T. TBEPJIOTO Teja
(o Mmoxyiro): @; = Fj / m;j u ocymiecTBuM psiji mpeoOpa3oBaHMIA:

aj — Bi-ri = Fi / m; = Fi'ri2 / mi-riz, ﬁi = Fi-ri / mi-riz = Mi / |i, Ii Bi = Mi.
Tocnesmioro GopMysty 3amumeM B BekTopHoM Buzie |; -B; = M; n pacnipocTpannm ee

JUIE  BCEro Teja: Zi l; - Bi :ZiMi' [locae BBINOJIHEHUS JAONOJIHHUTEIbHBIX

—

npeoOpa3oBaHuii: ZiliBi:(ZiliB)Z(Zili)B:|B’ ZiMi:M u |I-p=M,

I[MOJIYYUM BBIPAKCHUC OCHOBHOI'O 3aKOHA IWHAMUKH BpPAIATCIIBHOI'O ABUIKCHUS
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TBCPAOIr'O TCJIa OTHOCUTCIIBHO SaKPGHHGHHOﬁ OoCH:

p-1M

Ananoru 1 u 3 3akonor HbloTOHA: Tello B OTCYTCTBHH JICHCTBUS BHENIHHX
MOMEHTOB CHJI BPAIAETCsl PABHOMEPHO HIJIM TIOKOUTCs (aHaor 1 3aKOHA) U MOMEHT
CHJI JIHCTBHUS PaBEH MOMEHTY CHJI IPOTHBOJICHCTBUS U POTHBOTION0KHO HAMPABIIEH
M;, =— My, (anasor 3 3akoHa).

MoMeHT UMy JIbCa.

[To ompeneneHno, MOMEHT UMITYJIbCa TOYCYHOW MacChl M; — 3TO BEKTOPHOE
NPOU3BEJICHUE paJnyc-BeKTOpa M.T. Ha ee mmmyibc Li = [r, pj]. Ha mpumepe
TOYEYHOM MACChI, COBEpINAIOIIECH JBWKEHHE II0 KpPYrOBOM TpPAaeKTOpPHM Ha
TUIOCKOCTH, JTOKKEM CIIPABEIIMBOCTh JIPYTOd pacdyeTHOW (OpMyYJIbl JJIsi MOMEHTA
umnyiasca. BHauase npeobpasyem L = [rj, pil:

Li = [ri, pi] = [ri, mi - vi] = m; - [, vi].

Torma, mpu ABMKEHHU M.T. MO OKPYXHOCTH paamyca fi = |fj|, MOAyIh MOMEHTA
umnyJibca L paBen:
— — — 2 —
Li = mirioi = miri(Froi) = (Miri)-o i = lro;
Tak xak L11®;, TO B BEKTOpHOU (hopMe JII MOMEHTa UMILyJbCa M.T. B KaueCTBE
ONpeEeIeHHs CIIPABEAJIMBO BEIPAKEHHE:
Li = Ii' i ,
HakoHen, MOMEHT UMITyJIbCca T€Ja OTHOCUTEIBHO 3aKPEIIEHHOW OCH PaBEH:
L :Zi Li = Zi |i'0)i = (Z, |i)‘(l) = lw.
[IponuddepenurpyemM ero no BpeMeHu, NpUHUMAasi BO BHUMaHUE, YTO JJIs1 TBEPAOIrO
T€Ja MOMEHT MHEPLUHU HE 3aBUCUT OT BPEMEHHU:
di/dt=d(l'o)/dt=l-do/dt=1-B.
Tak kak 0 OCHOBHOMY 3aKOHY JAMHAMHUKHU BpalllaTelbHOro JaBrkeHus tena |- = M,
rae M — 3TO MOMEHT CHIIBI, TO TIocie 3aMeHbl B ¢popmyie dL/dt = |-B mpoussenenue

|- Ha M MBI noJlydaeM YpaBHEHHME MOMEHTOB. nepéds Npouzso0HdAs MOMEHmA
UMNYIbCA NO BPEMEHU PAGHACHICSL MOMEHM) 6HEUHUX CUT, OetiCMBYIOWUX Ha MeJo:.

|

dL/dt=M (wmm C;—It_ = M).

YpaBHEHHE MOMEHTOB WUIPAE€T BaXKHYIO POJIb B MEXaHUKE TBEPAOro Teja. ITOU
dbopmynioli 3amaercsi W 0000UIEHHBLIH 3aKOH JHUHAMUKH BpPAIlIATEJILHOIO
JABUMKEHUS TBEPAOro TeJia, U 3aKOH COXPAHEHHs] MOMEHTAa UMITYJIbCA.
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3akoH COXpaHEHUA MOMEHTA UMITYJIbCA.

CoriacHO ypaBHEHMIO MOMEHTOB, €CJIM Ha TBEPIOE TEIO BHEIIHHUE CHJIBI HE
IEUCTBYIOT (M30JUPOBAHHOE TEJIO) MJIM MOMEHTHI BHEIIHUX CHJ CKOMIICHCHPOBAHBI,
TO MOMEHT HMITyJIbCa TeJda CO BpeMeHeM He MeHsercs. JloKa3aTelbCTBO. 3aKOH
muHamukn AL /dt= M mgns M = 0 npuauMaer Bux: d L /dt = 0 wm L = Const, 4.T.1.

BpamaTe.m,Hoe ABHKCHHUE HECKECTKOI0 H30JIMPOBAHHOI'O TEJIA.

Takoil citydail BO3HMKAET, KOT/Ja MOJ JCUCTBUEM BHYTPEHHUX CUJI MEHSETCA
pacrpeneneHue Macc BHYTPH Teja, 4TO NMPUBOJUT K U3MEHEHHI0 MOMEHTA MHEPLUU
Tena. PaccMOTpuM ABa COCTOSIHMS Tena C pPa3IMYHBIMUA 3HAYEHUSMM MOMEHTA
UHEPLMH U yriioBoi ckopocTu. [lycts |3 < |,. Toraa no 3akoHy coxpaHeHHUs MOMEHTa
umnyisca (L = Lp) umeem: |01 = 0, o= (li/ly) 01. Tak kak 13 < |, wim 14/1; <
1, To ©; <®;. Bo3Hukaer Bompoc: a Kak BeJeT ceOs KWHETHYecKas dHeprus?
[Tomyuum Gpopmymy sl OTHOIIEHUS] KWHETUYECKUX YHEPTU:

2

| -mz i o
W, /W, = 22 2 12 L= (ly-0p/ 11 -0q) (03] 01) =0y /oy <.

Takum oOpa3zoM, yBeITMYEHHME MOMEHTa MHEPLUUHU NPUBOAMUT K YOBUIM, KaK yrjOBOM
CKOPOCTH BpallEHUs, TAK 1 KHHETUYECKOW JHEPT UM TeNa.

Ha ocHoBe 3axk0Ha COXpaHEHHs] MOMEHTA UMITYJIbCA MTOJYYMM BBIPAXKEHUE IS
YTJIOBOTO YCKOPEHHUS:

dL/dt = d(I-© )/dt =(dI/dt) -& + I-(d® /dt) =0,
B =do/dt=—(c/1)-(dl/dt).

Ecnu moment uHepiuu tenna Bo3pacraer (dl/dt > 0), To ero yckopeHue HarpapiieHO

npoTuB ckopocTH (B N 6), n Bpamenue 3amemasercs. [IpH yMEHbIICHAN MOMEHTA

MHEpIMH ycKopenne HarmpasieHo Baonb ckopoctd (BTT6), u Temo Bpamaercs
owIcTpEe.

YIIPYTUE CBOMCTBA TBEP/bIX TEJI.

N3menenune pazMepoB U popMbl Tel HazbiBaeTcs aedopmanueii. ledopmarms
IPOUCXOAUT TOJA JEHUCTBUEM CWI. Eciam mociie npekpameHusl OEWCTBUS CUJI,
BBI3BABIIMX JAeQOpMallvio, TEJIO MPUHUMAET MEPBOHAYaIbHBIE pasMepbl U (opmy,
nedopmaivisi Ha3bpIBaeTCs yNpyroil. Ympyrue aepopManud MTPOUCXOASIT B TOM
cily4yae, eciii cuia, 0oOycioBHUBIIAs AepOopMallio, HE MPEBOCXOJUT HEKOTOPHIH,
ONPENEIICHHBIA JIJI1 KaXKJA0r0 KOHKPETHOro Tena mpenaei. [Ipy mpeBbllIeHHH 3TOro
Ipesiea Telo IMOoJy4YaeT OCTaTOuHble (miIacTuueckue) aedopMmanuu, T.C. TaKUE
nepopMaii, KOTOpble COXPAHSIOTCA W IOCe MpeKpalleHus AeicTBus cuiibl. Bee
BO3MOJKHbBIE BH[bl YNPYrux AepopMaiuii TBEpAOro Tejla MOTYT ObIThb CBEICHBI K
JBYM OCHOBHBIM: PACTSIZKEHHIO-CHKATHIO U CABUTY.
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Nuarpamma nedopmanum. KadectBeHHoe moBeAeHHE (DYHKIIMOHATBLHON
CBSA3M MEXIY OTHOCHUTENIbHOM nedopmalieil &€ U HanpsbKeHUEM ¢ TMPEJCTaBICHO
rpaduueckn Ha puc. 44. Ilpu wmaneix gedopmanmsx (mpsmas guaus 0-I1)
HaOmomaercss  o0OJacTh  MPOIOPIMOHAIBHON  ympyrod  agedopmammu.  31ech
BbITIONHsAETCS 3akoH ['yka. B obnactu [1-Y nedopmanus — Takke ynpyras, HO 3aKOH
I'yka ne cnpaBennuB. Haunnast ¢ Touku Y, BIUIOTH 0 TOUKkK T HabmomaeTcs 001acTh
OCTAaTOYHBIX Heynpyrux aepopmaumii. WutepBany T-P coorBercTByeTr o00s1acTh
TEKY4YECTH, KOTJa IPWIOKEHUE HE3HAYUTEIBHOIO YCUIUSA IPUBOAUT K MOBBIIIEHHON
HeoOpaTtumoil nedopmanuu. BOnau3u Touku P TekydecTh mnpekpamaercs, W s
nanbHeiero AepopMHUpPOBaHUSA Tella TpeOyeTcsl MPUIOKEHUE IOBBIIIEHHOTO
ycunus. OJTHAKO 3TO TOMOJTHUTEIBHOE YCUIINE MPUBOIUT K pa3pylieHuto tena. Huke
NEPEUrCICHbl Ha3BaHHUS OCOOBIX TOYEK U
obnacrteit nedopmaruu:

IT — mpenenbHasg TOYKA MPOMOPLIUOHATBHON Y
nedopmanum,
VY — npenen ynpyrocru, I1
0-Y — o6mnactp ynpyrux nedopmarui,

T — npenen TekydecTy,

V-T — 065acTh 0CTaTOYHBIX AehOpMAIIHIA, 0
T-P — obnacTte TekydecTH,

P — mpenen npoynocTH, TOYKa paspeiBa. Puc. 44

o)
T P,---.

IpononbHoe pacrskenue-c:katue (puc. 45 u 46). Ecim x  KoHIam
OJTHOPOJIHOTO CTEPKHS IOCTOSTHHOI'O CCUCHHUS MPUJIOKHUTH HAIIPABIICHHBIC BIOJb €r0
ocu cuiasl F; u F,, jeiicTBHe KOTOPHIX PaBHOMEPHO PACIPEICICHO IO BCEMY

ceuenuto, npuyem F; = — F,, To mepBoHawanmpHas JIMHA CTepxHS lg momydwr
MOJIOKHUTENIbHOE (MPU  PACTSDKEHUU), JIMOO  OTpHIaTeNbHOE (TMpU  CHKATHH)
npupamenne Al = | — lg u craner pasuoii |. Tlpu 3TOM Kakabplii TPOU3BOJILHO

BBIODAHHBIA  3JIEMEHT JUIMHBI cTepkHs Ol momywaer mnpupamenune A(Sl),
IPONOPITMOHATILHOE €r0 JUIMHE, TaK YTO JJIT BCEX 3JIEMEHTOB CTEP)KHS OTHOIICHHE
A(31)/3] oxazpIBaeTCs OTHUM | TeM ke. ECTECTBEHHO 1TO3TOMY B KQUeCTBE BEJIMUNHBI,
XapaKTepU3yromied IeOopMaIuIo CTEPXKHS, B3ATh OTHOCUTCIIEHOC H3MEHCHHE €ro
amuHbl: € = Al/ly. OTHOCUTENBHOE yIUTMHEHUE € SIBIISETCS Oe3pa3MEepPHON BEITMYMHOM.
B ciyuae pacTspkeHHs OHO TIOJIOKUTENBHO, a B ClIydae CHKaTHS OTPHUIATEIIBHO.

3akon I'yka U1 cTep)KHEH M3 OJHOPOJHOTO MaTepHalia — OMHOCUMENbHOe
YOIuHeHue npu ynpyeou oegopmayuu nponoOpYUOHAIbHO CUle, NPUX0OAuelcs Ha
COUHUYY NAOWAOU NONEPEUHO20 CEYEHUSI CINEPIICHSL.

e=aF/S=ooc

Koaddumment nmponopuroHanbHOCTH O HA3BIBACTCS KO uyuenmom ynpyeocmu
(vmpyeoit nooamausocmu). OH 3aBUCUT TOJBKO OT CBOMCTB MaTepualia CTEPXKHSI.

Bennuuna G, paBHas OTHOIIEHUIO CHJIBI F K BEIMYWHE TIOBEPXHOCTH S, HA KOTOPYIO
cuiia JecTBYyeT, HasbiBaeTcs Hanpsicenuem F | S = o. Ecim cuna HampasiieHa 1o
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HOpMaJIM K ITOBEPXHOCTH, HANpSHKEHUE HA3bIBAETCS HOpPMalbHbIM. Ecin cuna
HaIlpaBJICHa II0 KacaTeJbHOW K TIOBEPXHOCTH, HA KOTOPYK) OHa JICHCTBYET,
HaAnpsDKEHUE HAa3bIBAeTCS TaHTeHIMATbHbIM (Wi KacatenbHbiM). (HopmanbHoe
HanpsDKEHUE MPUHATO 0003HAaYaTh CHUMBOJIOM G, TaHreHuuaiabHoe — T). WUrak,
OTHOCUTEIBHOE YJJIMHEHUE OKa3bIBAECTCS MPONOPLHUOHAIBHBIM  HOPMaJIbHOMY
HANPsDKCHUIO, U KOI(PPUIMEHT YNPYTrOCTH O YUCIECHHO PaBEH OTHOCUTEIHLHOMY
YUIMHEHUIO NPY HAIIPSKEHUU, PABHOM €IMHULIE.

Hapsay c¢ kxoadduuHeHTOM yHnpyroctd o I XapaKTEPUCTHKU YNPYTHX
CBOMCTB MaTepuaia IOJb3YIOTCA 0oOpaTHOW emy BenmumuuHoW E = 1/ o, Koropas
Ha3biBaeTca moayJem FOHra. 3amensas o yepe3 E B gopMmyne € = oG, HOIy4YUM
npyryto Gopmy 3akoHa ['yka:

e=(1/E) G|
s b
]
[ | |
| | L T_f ]
Pl B - — — B —
< | 'jfﬁ ~5 f] Baph— /
N R R | /
o X
= I ! R ATEE /
| I ‘1 __’_,_F_ /
# i i - |/ /
. - —-‘—-d-—-—h— -ﬁp /l
pacTsKEHUE ciKaTue CJIBUT
Puc. 45 Puc. 46 Puc. 47

CrnenoBatenbHo, Momaynb HOHra paBeH HOPMAIBHOMY HAIPSHKCHHIO, TIPU
KOTOPOM OTHOCHUTEJIbHOE Y/JIMHCHHE paBHO eauHHIle (T. €. MpHUparieHue ATuHbl Al
paBHO TepBOHAYANbHOU aiuHe lg, ecnu ObI cTonb OoublMe ynpyrue jaedopmaiiuu
ObpuTH oCTymHBI). Ha camom nere, mpu 3HAYUTEILHO MEHBIINUX HAMPSHKESHUSIX IMPO-
UCXOJUT Pa3phIB CTEPIKHS, a MPEJIENT YIPYTOCTH JJOCTUTACTCS SIIIe PaHbIIIE.

C yuetom popmyn c = F/S u € = Al /|y u3 3akona I'yka € =c / E crieayet
(dopMmyna ynpyroiu CUibL:

F = (E-S/1p)-Al = k-Al,
rae K — mocTOSIHHBIN IS TAHHOTO CTEPXKHS KO3(PPUIIMCHT, KOTOPBIA JJIs TMPYKUH
Ha3bIBACTCSI HCECMKOCMbIO TIPYKUHBI.
V3MeHeHne AMUHBI CTEPKHS TpH JeOpMallii COMPOBOKAACTCS U3MEHEHUEM

HIONIEPEYHBIX pa3MepoB CTepkHA 0. DTO M3MEHEHHE MPHUHITO XapaKTepU30BaTh
OTHOCHUTEJIBHBIM NONEPEYHBIM PACIIUPEHUEM WM CKATUEM:

g'=Ad/d.
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OOBIYHO € ¥ €' UMEIOT MPOTUBOMOJIOXKHBIC 3HAKHU: MIPU PACTSHKEHHUH € MOJOKUTEIBHO,
a € oTpUUATENbHO, NMPU CKATUU € OTPULIATEIBHO, a €' MOJOXUTENbHO. ONBIT JaeT,
YTO B 00JIacTU ynpyrux aedopmaiuii € nponopiuuoHaieH €:

€ =—uwe|

rae U — xoappduyuenm nonepeunoco cocamus unu xodgpguyuenm Ilyaccona
(MOJOKUTETBHBIN KO3 PUIIUEHT, 3aBUCSIINI TOIBKO OT CBOMCTB MaTepuaa).

Hedopmanus casura (puc. 47). Bo3bMeM OAHOPOJHOE TEJIO, HMEIOIIEE
(GopMy HpPSIMOYTOJIBHOTO MapajlieNenuIiesia, U MPUIOKUM K €ro MPOTHBOJISKALUM
rpansm cwibl F; u F, (Fy = — F,), HamlpaBiieHHBIC NapayIeIbHO 3TUM rpassM. Ecim
aeiictBue cuia  OyAeT paBHOMEpPHO pacHpeleNieHO TI0 BCed IMOBEPXHOCTHU
COOTBETCTBYIOIIEH TpaHH S, TO B JIOOOM CEUEHHWH, MapalIeIbHOM 3THM TPaHAM,
BO3HHMKHET TaHTeHIHaidbHOe HampspkeHue T = F / S. [lon melicTBHeM HampshKeHHS
TENO0 Ae(POPMHUPYETCS TAK, YTO OAHA IPaHb CMEIIAETCA OTHOCUTEIBHO JIPYroil rpaHu
Ha HEKOTOPOE pacCTosiHUE a. Eciu Teno MBICIIEHHO pa30UTh Ha 3JIEMEHTAPHBIE TOPH-
30HTaJIbHBIE CJIOH, TO KaXIbIH CIONH OKaXETCS CABUHYTHIM OTHOCUTEIBHO COCEIHUX
C HUM CJIOEB.

[Ipu nedopmaruu casura aro0as npsiMasi, IEPBOHAYAIBHO MEPIICHIUKYIIIpHAs
K TOPU3OHTAJILHBIM CJIOSIM, TIOBEpPHETCS Ha HEKOTOpbId yron ¢. CriemnoBarenbHO,
OTHOILIEHUE CABUTAa O0a JBYX IPOU3BOJILHO B3ATHIX CJIOEB K PACCTOSHHUIO MEXIY
ITHMHU ClOsSMU 0D OyaeT OIWHAKOBO Ui JHOOOW Mapbl CIIOEB. DTO OTHOIICHHE
€CTECTBEHHO B3SITh B KAYECTBE XapaKTEPUCTUKHU AePOPMALIUU CIIBUTA!

y=oda/db=a/b=tgeo.

Bennuuna y Ha3bIBa€TCS OMHOCUMenbHbiM cO8UOM. B CHIy MallOCTH yria () MOYXKHO
NOJIOKUTH tg @ = ¢. ClienoBaTeNIbHO, OTHOCUTENBHBIN CIBUT Y OKa3bIBAETCS PaBHBIM
yIiy cABura ¢ (BBIpa)KEHHOMY B paauaHax). ONBIT MOKa3bIBA€T, YTO IS MaJIbIX
nedopMalii  OTHOCUTENBHBIM  CIBUI  MPOMNOPUUMOHAIEH  TAHME€HUUAJIbHOMY
HaIPSHKEHUIO:

"G
Kosddumuent G 3aBUCHT TONMBKO OT CBOWCTB Marepuaja W Ha3bIBACTCS MOOY/eM
cosuca. OH paBeH TaKOMY TaHTCHIMAIbHOMY HAIMPSKEHUIO, TP KOTOPOM YTroJ
caBura okaszancs Obl paBHbIM 45° (tg ¢ = 1), ecnu Obl mpU CTOJIb OOJBIIUX
nedopManusx He ObLT IPEB30WICH Mpee YIPYTrOCTH.

Kpyuenne kpyrioro crepxus (puc. 48). Eciu kpyriblii cTepiKeHb 3aKPENUTh
OJIHUM KOHIIOM HEMOJBH)KHO, a K JAPYroMy KOHIY MPUIIOKHUTh BpAIIATEIbHBIN
MOMEHT (MOMEHT mapbl cwii) M, UMEIONIMI HalpaBJIEHUE BIOJIb OCH CTEPKHS, TO
CTEP>KEeHb TOJYYHT TaKylo nedopmarinio, mpu KOTOPO OJHO OCHOBAHUE TIOBEPHETCS
110 OTHOIIEHUIO K IPYTOMY Ha HEKOTOPBIN yroi .
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Hedbopmanusi KpydeHusi — 3TO MPUMEP HEOJHOPOJIHOTO
caura. JIeiCTBUTEIBHO, €CIM MBICICHHO Pa3OuTh CTEP>KEHb _~1s R

("
Ha DJIEMEHTapHBIC CJIOM, TMEPICHIUKYJISIPHBIE K €ro OCH, TO r
3aKpy4yHMBaHUE MPUBEAET K CIBUTY KaXKJIOTO M3 TaKUX CJIOCB l |
[0 OTHOIICHWIO K COCeAHUM ciosiM. IIpaBma, 3TOT CABUT J AS

OyZneT HEOMHOPOJEH: Y4YacTOK cios AS momydaer mo
OTHOIIICHUIO K AHAJOTUYHOMY YYacCTKy CMEXKHOTO CIIOSl TeM
OoJiblliee CMEIIEHHWe, YeM Jajibllieé OH OTCTOMT OT OCH
CTEpKHS. YTOd 3aKpy4yMBaHUSI CTEPXKHS  OMNpEneNsaeTcs
CJEAYIOIIUM BBIPAKECHUEM:

21
0=—F—M |
nR"G
riae | — nna crepxkHs, R — paanyc ero ceuenws, Puc. 48

G — Moxyns caBura, M — BpamaTeIbHbIA MOMEHT (MOMEHT CHII).

JHepruss ynpyroi aedopmanmu. VYiopyro aedopMHpOBaHHOE —TeJo,
Halpumep, PacTAHYTBIM WJIM CXaTbld CTEpPXKE€Hb, BO3BpAIllasCh B HAYalbHOE
COCTOSIHUE, MOXKET, MOJ00HO CKATOW WM PACTIHYTOM MPYKUHE, COBEPIIUTH pabOTy
HaJl BHEIIIHUMU TeJIaMH, T.€. 001aaeT HEKOTOPBIM 3amacoM sHepruu. [lockonbky 3Ta
SHeprusi 00ycCiOBJIEHa B3aUMHBIM PAaCIIOJIOKEHHEM SJIEMEHTOB Tejla, OHA MPEICTaB-
aseT coboi moTeHIManbHy0 dHepruto Wy, 3amac sHepruu aeopMHUPOBAHHOTO Teja
paBeH paboTe, KoTopas COBEpIIaeTCs BHEITHUMU cuiamu nipu nedopmamuu Wy = A.
BeruucinMm sHEpPruro yrpyro pacTssHyToro crepxkHs. [Ipu pacTsskeHuH Ha CTEpPKEHb
HEO0OXO0IMMO JCHCTBOBATh CHUJIOW, MOJTYJIb KOTOPOW OMpEaeNseTcsl BhIpakeHueM F =

. Al .
k-Al. Pabota 3T0# cunbl paBHa: A= Io F -dx, rie OykBoii x 0003HaYEHO aOCOFOTHOE

YIJIUHCHHE CTEePIKHs, KOTOpoe B mporecce aedopmaruu uzMensercs ot 0 mgo Al
Cuna F, cooTBeTCTBYIOIIAs YIUIMHEHUIO X, corytacHo Gopmynie F = (E-S / lp)-Al = k-Al,
paBHa

F=kx=(ES/lp)-x.

ME.s E-S Al2

J._ X-Ox=——.——

5 l l 2

VYMHOKast YUCIIUTENb U 3HAMEHATE b TOJTYYEHHOro BeIpaskeHus Ha |y, 3aMeHsis 3aTtem
otuomrenue Al / |y otHocurensubiM yammnenuem € = Al / lg u yuntbiBas, HakoHelI,
qT0 nipousBenieHue S+ paBHO 00BEMyY cTepkHS V, MOTYyIHM:

CnenoBaTeinbHo, W, =A=

2
W:Eg

I

\Y

BBegem B paccMOTpeHHME IUIOTHOCTh SHEPIHUM W, KOTOPYIO OIpEAeNIUM Kak
otHouieHue 3Heprun AW x Tomy o0bemy AV, B KOTOpoM OHa 3akitodeHa. [lockonbky
B HAIlIEM CITy4ae CTEP>KeHb OJTHOPOJACH U AedopMaiivs SBISETCS paBHOMEPHOH, T. €.
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OJIMHAKOBOM B Pa3HbBIX TOYKAX CTEP>KHS, DHEPIHs PacCIpENciICHa B CTEP)KHE TAKKe
PABHOMEPHO € ITOCTOSIHHOM IIJIOTHOCTBIO. [109TOMY MOKHO CUMTaTh, UTO BBIPAKEHUE
AW, W, 1o o
L= =1 _

AV V2
onpeaeNsieT MIOTHOCTh SHEPIUH yHpyrod aegopMaluy NpU pacTsHKEHUH (WA MpU
CKaThM). AHAJOTUYHBIM 00pa3oM MOKHO MOJY4YUTh, YTO IUJIOTHOCTb SHEPTUU
ynpyroi nedpopManuy Ipyu CBUIe paBHa:

w

1
wnziG-yz.

B oOnactu mnpomnopuuMoHanbHOW — jAepopMaldyd  CHOPABEMJIMBBI  TaKke
SKBUBAJICHTHBIE (POPMYIIBIL:
2
1 2 o? 1 2 T

wH:EE‘S :E u wHZEG'Y ZEI

MEXAHMKA XHJIKOCTEHN 1 T'A30B.

I'mapocraTtuyeckoe naBiienue. bapomerpuyeckas ¢popmy.ia.

CornacHO MOJIEKYJISIPHO-KHUHETHUECKON TEOPHH CTPOCHUS BEIIECTBA MOJIEKYJIBI
HaXOJSTCS B HEMPEPHIBHOM XaOTHYECKOM (TEIUIOBOM) IBMKCHUH BHYTPH KUAKOCTU
M Ta3a: TPaHCISIMOHHOM M BpamlaTeJIbHOM. MEXMOIEKYISIpHBIE PACcCTOSHUS B
KHUJIKOCTH MEHBIIIE MU CPAaBHUMBI C pa3MepaMH CaMUX MOJIEKYJ, TOT/Ia Kak B Ta3ax
9T PaCCTOSHUS 3HAYUTENILHO MPEBBIIIAIOT pa3Mepbl MOJIEKYI. DTO 00YCIOBIEHO TEM
(akTOM, YTO MOTEHIIUATEHAS YHEPTHUS MEKMOJICKYJIIPHOTO MPUTSKEHUS B )KUJIKOCTU
Ooibllle, a B ra3e MEHbIIE, YeM KHHETHYECKass HHEPrusi TEIUIOBOTO JABM)KEHUS
monekyn. [Toaromy kaxkmas macca *KHAKOCTH MPU OTCYTCTBHHM BHEIIHUX CHJI (IO
JICHCTBHEM OJHUX TOJBKO CHJI TPUTSKEHHS MEXIYy MOJIEKYJaMH) HMEeT
onpeAeneHHbId 00beM U Tpuodperaer Gopmy mapa. BHemHUMH cuIaMH MOXKHO
U3MEHUTh BENUYMHY o0ObeMa (T.e. OCYIIECTBUTb C)KaTW€ WM pacIIUpEeHHE
KUJKOCTH), a TAK)KE U3MEHHUTh (POpMY, KOTOPYIO UMEET 3TOT 00beM. [loa neiicTBueM
pacmpezieieHHO 10 BceMy 00beMy CHJIBI TATOTEHHS K 3eMile )KUIKOCTh MPUHUMAET
dopMy cocyaa, mpudyeM €€ OTKpPbhITas MOBEPXHOCTh PACHOIaraeTCs TOPU30HTATBHO.
Kannsg »xunakoctu, najgaromas B BO3aAyXe, MoJ ACHCTBUEM paclpeeI€eHHONW BIOJb €€
MOBEPXHOCTH CUJIbI COMPOTUBIIEHHUSI BO3IyXa MPUHUMAET y100000TeKaemMyto hopmy,
IpU KOTOPOH COMPOTHBIICHHWE IBMKCHHI0 MHUHUMAJIBHOE. YeM MEHBIIE CKOPOCTH
najzeHus, Tem omke Gpopma Karm kK chepudeckoil. B coctostHuM HEBecOMOCTH (TIpu
najieHnd B OE€3BO3AYILIHOM IPOCTPAHCTBE, a TaKKE€ B KOCMHYECKHX KOpabJIsix)
CBOOOTHAS KUIKOCTh MPUHUMAET (popMy 1mapa.

['a3pl 3aHMMAalOT OMNpeAeNeHHBI O0BEM TOJBKO MPH HAJIHMYWU BHEIIHETO
C)KMMAIOILIETO JIABJICHUS CO CTOPOHBI CTEHOK COCYy/a, B KOTOPOM HaxXOJUTCS JaHHas
macca rasza. [a3pl M JKHOKOCTH MOTYT TMOABEPraThCsl TOJBKO BCECHOPOHHEMY
(oObeMHOMY) CXaTHIO WIH pacupeHuto. CHKUMaeMOCTh JKHJIKOCTEH W Ta3oB
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OIICHUBACTCS uzomepmuyeckum (IPU MOCTOSHHOU TeMIIepaType) Kodgguyuenmom
scecmoponne2o cocamus (cocumaemocmi)

_1(dv

- _\7 E T =const

rne dV — u3MmeHenue oobeMa V mpu M3MEHEHWU JaBicHUs Ha AP HpU MOCTOSHHOM
temrepatype 7. KoagduimeHT c:kuMaeMoCTH 3aBUCUT OT TEMIIEPATyphl U JaBICHHUS.
Ipu 0 °C = 273 K u p = 1 atm ~ 10° ITa Boga mmeer K = 0,5-10"° m%/H, pryTs —
3,8:10™ M%/H. Jlnst ra3oB K CHIBHO 3aBHCHT OT TOTO, KaK M3MEHSETCS TEMIIEpaTypa
npu u3MeHeHnn oObeMa. OOpartHas BemuumHa 1/k = D nHaszwBaeTcst moodynem
obvemHol ynpyeocmu u udMmepsiercs B nackanax (Ila = H/™M®) nin atMoc(epax (atm
= krc/em’).

Ecnu BHYTph TNOKOAIIEHCS XUIKOCTH WM Tra3a MOMECTUTh OYE€Hb TOHKYIO
TBEPJyIO IUIACTUHKY, TO YaCTH >KUJIKOCTH WJIM Ta3a, PacCMoOJIOKEHHBIE MO 00e
CTOpOHBI e, OynyT jedcTBoBaTh Ha Iwiomanky AS c¢ cuiamu AF, kotopeie
HE3aBUCUMO OT OpHUEHTAIlMU IUIACTUHKU pPAaBHBI MO BEJIMYMHE U HAIMpPaBJICHBI
HNEePICHIUKYJIAPHO Iiomiaake (puc. 49a). DT CHIbI CYIIECTBYIOT U IIPU OTCYTCTBHH
TJIACTUHKH, JIJI JTF000M MBICJIEHHO TTpoBeieHHOM Ttommaaku AS. Tlpexen

- AF _dF

YRS
SBIIICTCS CKAISAPHOW BEIMYMHOW W HA3BIBACTCS OagleHueM B JIAHHOM MECTE
KUIKOCTH WJIH Ta3a.

CornacHo 3akony llackans, e6newnee Oasnenue py, npunodHCeHHOE K
NOBEPXHOCMU  JCUOKOCMU, —Nnepedaemcsi 6cemy 00vemy, 4YeM BBI3BIBACTCS
BCceCTOpoHHEe (0O0beMHOE) cxkartue. Hampumep, B rujapaBiIMuecKOM Ipecce Mpu
MOMOIIIM MaJION cuiibl Fj, TPWIOKEHHOW K TMOPIIHIO C MaJod TUIOMIAAbio Sy,
co3zaeTcs OOJBIIOE BHEIIHEE NaBJICHUE Ha XHUIKOCTh p = F1/S;. OHo mepenmaercs
BCEMY 00bEMY JKUJKOCTH U HA CTEHKH COCY/Ia.

B ycnoBusx 3eMHOr0 TATOTEHHUS OTKpBHITas HEOOJbINas IMOBEPXHOCTh
MOKOSIIICHCS  KUAKOCTH — TOpU30HTaNbHas. Ha m1000M  TOpU30HTaIBHOM
MIOBEPXHOCTH, B3ATOH BHYTPH JKHUIKOCTH, JaBJIICHHE Be3jc OJWHAKoBoe. B cMecu
HEOJHOPOJHBIX KHJKOCTEH BHU3Y pacrojiaractcs IKUAKOCTh ¢  OOJbIIel
IUIOTHOCTBIO; TPAHUIICH pa3iesia MEXIYy HHMH TaKXe SBISETCS TOPU30HTAIbHAS
MOBEPXHOCTb.

CornacHo 3akoHY ApXuMeAa, pagHOOelcmeyIowas 6cex CUul 0dasleHus,
NPUNOJNCEHHBIX K NOBEPXHOCMU Mel, NOSPYHCEeHHbIX 6 odcuokocms (wiu  eas),
HANPABIEHA BePMUKANLHO G8epX U pasHa eecy odicuokocmu (unu 2aza) 8 obveme
oannozo mena. Teno MOXeT HaxOIUTHCS BHYTPH KHUIKOCTH (Taza) B PaBHOBECHH,
ecid cuia ApxuMmena paBHa Becy Teia. Y Tel, IJIABAIOIUX Ha TMOBEPXHOCTH
XKHUIKOCTH, PABEHCTBO 3TUX CHJI JOCTUTACTCS TIPH OMPEACICHHOM TOTPYKECHHUMU.

Hanumiem ycioBust paBHOBECHS] TOPH3OHTAIBHOTO CJIOS JKUIKOCTH TOJIIUHON
Ah u mnomanpo S (puc. 496). Cuna paBnenus cumzy (p+dp)-S gomkna
ypaBHOBECUTh CHITY JIaBJeHHUs cBepXy P-S u Bec cios p-g-S-dh. YUepes p o6o3HaucHa
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IINIOTHOCTD KUJIKOCTH. TOFI[a

(p+dp)-S =p-S + p-g-S-dh,
OTKyza
dp = p-g-dh.
Ecmu ot moBepxHoctu h = 0 1o rimyOuHbl h BeawuuHBl P M § HE U3MEHSIOTCS, TO,
UHTETPUPYSI, TOTyUUM:
P—po=pgh;p=po+pgh.

[To sToii opmyne paccCUMTHIBACTCSA JABJICHHWE BHYTPH IOKOSIICHCS KHUIKOCTH Ha
riyOuHe h OT OTKPBITON TOPU30HTAILHOW MMOBEPXHOCTH; BeTMYMHA P Q-h Ha3bIBaeTCs
2uopocmamuieckum 0aeieHueMm.

[Tpu pacuere naBieHUs B aTMOocdepe BMECTO TIIyOHHBI MOTPpY)eHus N oTcuu-
TBHIBAIOT BBICOTY MOHATHs H Haj moBepxHOCThIO 3emin. Tak kak dh = — dH, To dp =

— pg-dH. Eciu mioTHOCTE BO3AyXa MPSMO MPOIOPIIMOHATIBHA €0 JaBJICHUIO P =
Const'p (uto HaOmOmaeTcss TPU OJUHAKOBOM TeMIepaTrype Bo3ayxa BOIU3H

HOBEPXHOCTH 3eMJIH), TO HHTErpUpys BbeIpaxkenue dp = — p-g-dH momyumm Tak
Ha3BIBAEMYIO OAPOMEMPUYECKYIO POPMYILY:
— . ~Const-g-H — . ~Const-g-H
P=Poec P=poe ,

rJ€ Po — AaBJIEHUE BO3yXa HA MOBEPXHOCTH 3emiid. 3HaueHue Const MOXKHO HAWTH,
nojarasi BO3yX HIcalbHbIM ra3oM. COrjacHO YpaBHEHHUIO COCTOSIHHUSI MICATIBHOTO
raza p = N-k'T, rae n — 4YUCIIO YacTUI] B eIuMHHUIC 00beMa rasza; K — mocrosHHas
bonenimana; T — abcomoTHas TemmepaTrypa rasa. Tak Kak p = n'm, TJAe m — Macca

omHOM wYactuipl raza, To p = — M-p/k’T, T.e. koncranta Const paHa M/K-T.
-mgH / kKT — -mgH / kKT
u p=pec€ )

3ameTnM Takxke, uto MQPH ects pabora, coBepmiaeMasi Mpu MOABEME OTHOM
YacTULbI ra3a Ha BBICOTY H, WM €€ INOTeHUMaldbHas SHEprus Ha BbicoTe [1. Ha
HEOOJBIION BBICOTE p = po — PodH.

CnenoBarenbHo, P = Pg-€

A _—
iF = < = P
45 % & 4 'y
4 ﬁ%: —= ] S
o A oF U aF o= _
S 1z

Puc. 49
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JlaMuHapHoe u TypOyJIeHTHOE Te4YeHHe.
YpaBHenue bepHyJuin. Y cjioBue HeNpepbIBHOCTH

Kunkocts (ra3) MOkeT ObITh MPUBEJCHA B JBUXKECHUE PA3IUYHBIMU CHUJIAMMU:
CWIOW TSKECTH, PA3HOCTHIO [ABJICHUW B PA3THYHBIX MeECTax OO0beMa, CHIIAMH
BS3KOCTH (BHYTPEHHErO0 TPEHUSI MEXKIY CIOAMH, ABUKYIIUMUCA C Pa3TUYHBIMU
CKOpOCTSIMHU), U T. . [IpoBeieM B MOTOKE XUAKOCTH BOOOpaKaeMyro JMHHIO TOKa
TaK, 4YTOOBI BEKTOP CKOPOCTH B Ka)KJOM TOUKE JIe’Kajl Ha KacaTeJIbHOM K 3TOH JIMHUU.
Teyenue Ha3zbIBaeTCA ycmaumosuguiumcs (CTallMOHApHBIM), Korga dopma U
pacmoJIOKEHUE JTUHHUM TOKA, a TAKXKE 3HAYEHUS CKOPOCTEW B KaXKJOM €€ TOYKE CO
BPEMEHEM HE MEHSIOTCA. TedeHue HazbIBACTCA JIaMUHAPHLIM (CIOUCTBIM), E€CIH
BJIOJIb TIOTOKA KaXJbIil BBIJEICHHBIM TOHKUH CJOM (WM CTPys) CKOJB3UT
OTHOCUTEJIBHO COCEIHHMX CJIOEB, HE NEPEMEIIUBAasCh C HUMHU, U MYpOYIeHmHbIM
(BUXpEBBIM), €CIM BJIOJb MOTOKA MPOMCXOJUT MHTEHCHUBHOE BUXPEOOpa3OBaHUE U
nepeMennBaHue KUJIKOCTH (Ta3a).

Ecin MoxHO mipeHeOpeyb CHKUMAEMOCTBIO JKUIKOCTH (Ta3a) W CUJIaMu
BA3KOCTH, TO [HJi1 YCTAHOBHUBUIIETOCS TEUEHHS B Ka)XXIOMl TOYKE JIMHUM TOKa
cobmoaercs cootHonenue (ypasuenue 1. bepuymm):

pv°/2 + p-g-h + p = Const |
n 1 "

T
T

I T vtz NN SIS AARANQ N RN RANNEN
Puc. 50 Puc. 51

JlJisi BBIBO/IA 3TOTO YpPaBHEHHUS PACCMOTPUM CTPYIO KUIAKOCTH MEXIY ceue-
HUSIMH S; ¥ Sy, 00KOBasi MOBEPXHOCTh KOTOPO# 0Opa3oBaHa JinHUsMH Toka (puc. 50).
3a manoe Bpemsi At CKBO3b ceueHre S; MPONAET dIEMEHTAPHBIN 00bEM KUIKOCTH B
dbopMe HWIMHApPA C OCHOBaHMEM S; M BBICOTOM v Al Kaxmas eauHuIla oObema
mpomeqmeii depe3 S; JKMAKOCTH BHOCHT KHHETHUECKYKO SHEPrHIO P02 u
NOTEHITHATBHYIO SHEPTUIo P1-Q-hy. BHEmHsAS cuna p;-S;, AecTBYIONAsS B CCUCHUH Sy,
CMEIaeT yKa3aHHBIA O0OBEM JKUAKOCTH Ha vU1'Al W TO3TOMYy CcoOBepIIaeT
MOJIOKHUTENIbHYI0 paboTy, paBHYO P1-S1-v1'At. 3a To xe Bpemsi At uepe3 BTOpoe
cedyeHHue S; BBITEUET KUJKOCTh B 00beMe HMWIUHIApA Sy-U Al, a BHEWIHSS cuia Par-S;
COBEPILIUT OTPULIATENBHYIO pPaboTy, paBHYI P2-SyvyAt. Ilpu ycraHoBuBILIEMCS
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COCTOAHHUHN TCUCHUS IIOJIHAA SHCPI'UA KUIAKOCTU B o0BeMe CTPpyH MCXKAY CCUCHUSIMU
Sl 141 Sz JOJIDKHAa OCTaBaTbLCsA HOCTOHHHOﬁ, IIO9TOMY CyYMMa W3MEHEHUHN BCEX BUJOB
OHCPIrUUu U pa60T BHCHIHHUX CHUJI JOJI’KHA PABHATHCA HYJIHO!

S]_UlAt(plUf 12+ Plghl) + p]_SlUlAt - Szvat(pzv% /2 + P2 th) — pZSZUZAt =0.

[MpenmnonoxumM, 4TO KUIKOCTh HeCKMMaema (p; = pp) W CTpysS HE HMEET
pa3phIBOB; TOTJAa OOBEMBI JKUIKOCTH, €KECEKyHJHO MOCTyHaromie depe3 S; o
BBITEKaIOIIEH uepe3 S;, OyayT paBHbI (YCI0BUE-YPABHEHHE HETIPEPHIBHOCTH):

81?]1 = SzUz .

[IpousBens cokpaileHus, Mbl oJIydyaeMm ypaBHeHue bepHymim

pv?/2 + pgh + p = Const |,

KOTOpOE TMpEACTaBIsieT Cco0Ol 3aKOH COXpaHEHWs TOJHOTO JIaBJIEHUA B
. 2
CTallMOHAPHOM TIOTOKE HECKUMAEMOW KHJAKOCTH (rasa): pv/2 — IuHAMUYECKOoe

naBiieHue, pgh — THAPOCTATUIECKOE JaBJICHUE U ) — BHEIITHEE JIaBJICHUE.

YpaBHeHre BepHyuH NMpUMEHSICTCS AT pEIICHUS HEKOTOPBIX 3a]1ad THIPO- U
a’pomexaHuku. [IpuBeneM aBa npumepa:
1. PacueT CKOpPOCTH HMCTEUYCHHS JKUAKOCTH M3 pe3epByapa. [ nByX TOYCK JIMHUHU
Toka 1 u 2 umeeMm (puc. 51):

pof 12+ pghy + pp=pvs / 2+ pghy + Py

Tak kak p; ¥ p, paBHBI HAPY>KHOMY JIaBJIICHUIO BO3yXa po, d U1 OYEHb MaJa, TO

0, =J0? +20(M —hy) ~ /20 .

Jlma cTpyw rasza, BBIXOASIIETO U3 COCYIa C BBICOKMM JIABJIICHUEM p1 B COCYJ C HU3KUM
JaBJICHUEM p,, TipeHeOperas pgh, moxyyum

2(pL—P2) .
p
2. Pacder naBiieHus B y3KOM ceueHuu notoka (puc. 52). [Tonmaras hy = h,, Haiimem:

0=

1
P, = pl—gp(vé ~vf).

Tak kak v, > 01, TO py < p1 U MOXKET
ObITh MEHbIIE aTMOC(HEPHOro. DTUM
MO>KHO BOCTIOJIB30BaThCS TUTST
BCACBIBaHMSI Ta3a WIH KUJIKOCTH B
TpyOy uepe3 6okoBbie oTBepcTHs C. Puc. 52

Kpome cuit TskecT M pa3HOCTH JIaBIICHUH JABMKEHUE KUAKOCTH (Ta3a) MOYKHO
BbI3BaTh WJIM 3aTOPMO3UTh CHUJIAMH TPEHHUS MEXIYy €€ closMHu. B mamMuHapHOM
NOTOKE >KUIKOCTH (ra3a) cCujia TPEHHUS MEXAYy JIByMS COCEIHUMH CIOSIMH,
JIBIOKYITUMKCS CO CKOpoCTsMU U M ¥ + dv, paBHa (puc. 53):
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do
F=n—S
ndn ,

rae M — koagpguyuenm ésazkocmu  (auHamudeckuil); do/dn — epaduenm cxopocmu
nomoxa B JaHHOM MeCTE, T.e. OBICTpOTa M3MEHEHHUS CKOPOCTH B HampaBlICHUH,
NEePICHINKYJIIPHOM CaMOi CKOPOCTH, CIIeJ0BATENLHO, U muiomanke S (S obo3Hauaer
TaKXKe TIUIOMAAb COMPUKOCHOBEHHS). XapaKTep H3MEHEHHUS CKOPOCTH IO Mepe
ynaJeHusi OT CTEHOK TpyObl WM KaHajla MOKa3aH KPUBOHM a; ) CaMUX CTEHOK BCIE-
CTBHC TPWJINIAHUS KUJAKOCTH W TOPMOKCHHS €€ IIEPOXOBATOW IOBEPXHOCTHIO
CTCHKH CKOPOCTh TeueHHus paBHa HyI0. KoadduimeHT BA3KOCTH 1M HU3MeEpseTcs B
MacKalb-CeKyHIaX WIH HBIOTOH-CEKYHIaxX Ha kBaapartHeii Metp (ITac = H-c/m%), a B
cucteme CI'C — B myazax [r/(cm-c)]. KoadduimeHT BI3KOCTH KUIKOCTEH 3aBUCHUT
3aMETHO OT TemmepaTypsl: y Boasl mpu 0 °C 1o = 0,0018 H-c/M?, a pu 15 °C yixe
cranoButcs pasHoit 0,0011 H-c/M’. Y Bosmyxa cooTBercTBeHHO: 1o = 1,71-10™
H-c/M?, mis = 1,81-10* H-c/m°. B HexoTopbie GOpMyYIIBl BXOAUT OTHOILICHHE 1)/p = V,
KOTOPOE HA3bIBACTCS KUHEMAMUUECKOU 853KOCMbI0 KUAKOCTHU (Ta3a) U U3MepseTcs B
KBAPATHBIX METPAX Ha CeKyHIY (M/C).
I

|z
| - ’
7 ’:;7 s 3 ~
—

4

Puc. 53

Ha Teso, nBM:KyIIeecsi BHYTPH KHAKOCTH WJIHM ra3a, a Takike Ha TeJo,
o0TekaemMoe IBIKYIIMMCS TTOTOKOM KHUIAKOCTH HIIU Ta3a, IeUCTBYIOT:
1) xacaTenbHBIC CUITBI TPEHUS MEX]TY TEJIOM U 00TEKaeMOM KUIKOCThIO (razoMm). Jliis
Kaxaoro sjaemeHTa moBepxHocth AS (puc. 54) sra cuma AF; omnpeaensercs
TPaJMEHTOM CKOPOCTH TIOTOKAa B MOTPAHUYHOM CJIO€ M KOI(DPUIIMEHTOM BSI3KOCTH;
OHa HampaBJieHa M0 KAaCaTEIhHOU K 00TEKaeMOMY JJIEMEHTY TTOBEPXHOCTH;
2) HOpMaJlbHBIE CUJIBI AaBicHUS AF,, 3aBHUCSIIAE OT 3HAYEHUS JABJIICHHS B MOTOKE
BO3JIE KQXKJIOTO ieMeHTa AS 1 HamnpaBJICHHbIC epIeHAUKYIsIpHO emy (AF, = p-AS).
BekTopHoe cioxeHue 3TUX CuJjl IJis Bcei 00TeKaeMOi TOBEPXHOCTH ONPEIEIISIET
BCJIMYHMHY, HAIIPABJICHUE M TOYKY MPUIIOKCHHS IIOJTHOM CHJIBI, IEHCTBYIOMICH Ha TEJIO
B ITOTOKE JKUJIKOCTH (Ta3a):

R=3 (AF+ AF,).

[Ipoeknuss R Ha HampaBieHHE MOTOKA HA3BIBACTCS J10008bIM CONPOMUBIEHUEM,
Jpyras COCTaBJISIIOIIAs, €CJIM OHAa HalpaBJi€HAa BEPTUKAIBHO BBEPX, HA3bIBAETCS
noovemHol cunou. BenuumHa 5TUX Ccuil 3aBUCUT OT ¢Gopmbl (00TEKaeMOCTb) U
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pa3MepoB TeJl, UX PACHOJIOKEHUSI OTHOCUTENBHO MOTOKA (YrOJl aTaku o), COCTOSIHUS
o0TexkaeMOll TMOBEPXHOCTH (IIIEPOXOBATOCTh) U, KPOME TOrO0, OIpPEeaeseTCs
CKOPOCTBIO JIBMDKEHMS Tella WM OOTEKAIOIIEro MOTOKA U CBOWCTBAMM JKHUIKOCTHU
(TIOTHOCTHIO, KOA(PHUIIMEHTOM BSI3KOCTH U T. 1.). UI3MepeHue 1 BBIYUCIECHUE ITUX
CHJI COCTaBIISIOT BAXXHYIO 3aJ1a4y a3pOoruapoJMuHaMUKH. Beliaronyecs uccienoBanus
B »TOM oOsactu nmpuHamiexat H.E. XKykosckomy, C.A. YaribIruny u ap.

—-

F;'?aa.awra' rs
ouna R
x e ——
E—>
g —_—
3
§ ———
T
§—
i
@ ——
——tdet R

Puc. 54

C:xuMaeMoCTh U BA3KOCTh B MOTOKE.

JIns  ynpoueHuss HEKOTOPBIX a’3pOruApOJAMHAMUYECKMX pacueToB M, B
YaCTHOCTH, TPU BBIBOJE YpaBHEHUS bepHymn mnpeHeOperarT CKUMAEMOCTbIO
KUJKOCTEH U Ta30B, a TaKkKe pabOTON CUJT BI3KOCTH. BBIACHUM, IIPU KaKUX YCIOBUAX
3TO BO3MOXKHO. [[0MyCTUM, 4TO B TOPU30HTAIIBHOM IOTOKE MAaKCHUMaJIbHAsI CKOPOCTh
Ha JIMHAM TOKa paBHA U, a MUHHUMaJIbHas — HyJO. [[md 3TUX JOByX TOYEK W3
ypaBHEHUs bepHyIuH cienyer:

2P2—P1_

1
PVt P=P, U=
2 p

Ecin p, >> p1 10 v = (2po/p)*?; mwist ra3oB 310 GIIH3KO K CKOPOCTH PacIpOCTPAHECHHS
3Byka. CrenoBaTenbHO, YTOOBI pa3HOCTh JaBleHUNM Obula HEOOJBIIOH, U
C)KMMAEMOCTBhI0O MOKHO OBLIO NMpeHeOpeyb, MaKCMMajbHas CKOPOCTh MOTOKa rasa
JI0JIKHA OBITh 3HAYUTENBHO MEHBIIE CKOPOCTH 3ByKa B 3TOM rase. Paccuurtaewm,
HanpuMep, Kakoe M3MEHEHUE JABJICHHS] MOIJIO Obl MOJYYUTHCS B MOTOKE BO3/yXa,
JBUXKYILETOCS] CO 3BYKOBOM CKOpocThio v = 340 M/c, ecinu 3aTOPMO3UTh MOTOK 0

ckopoctu v = 0 (I0THOCTH Bo3ayxa p = 1,29 kr/m° BosbMeM 1pu 0 °C):
p2—p1=pvl2; p;—pi=129-340°/2 = 0,645-10° I1a

unn okoso 0,65 arm. Ilpu TakoM U3MEHEHUM [ABJICHUSA, OYEBUIHO, HEJB3S
npeHeOperatb HU CHKMMAeMOCTBbIO BO3/lyXa, HM H3MEHEHHEM €ro TeMIepaTyphl.
[ToaToMy maJis [O3BYKOBBIX M CBEPX3BYKOBBIX TEUYEHHIl Ta30B MOTpeOOBaNaCh
pa3paboTka crenuaabHON 00JIaCTH MEXaHUKH — 2A300UHAMUKU.
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PaGoToli cuil BS3KOCTM MOXHO MpeHeOperarb Mpu CIASAYIOIIMX YCIOBUSX;
PacCMOTPUM TEUYEHUE KUJIKOCTHU (Ta3a) 1mo TpyOe paauyca I' U IOMyCTUM, YTO TpyOa
pacroyiokeHa TOPU30HTAIBHO, & HA ydacTKe | CKOpPOCTh TeueHHs] HE H3MCHSETCS.
Torga, cornacHo ypaBHEHUIO bepHyUIH, IPU OTCYTCTBUU TPEHUS MEXKAY KUIKOCTHIO
(ra3oM) W CTEHKaMH COCy/Ja JaBJICHHE Ha KOHIAaX ydacTka | HomkHO OBITh
OMHAKOBBIM. [Ipy HanMUMK TpEeHMS MOSBUTCS PA3HOCTh JABIEHUHN py — p1, KOTOPYIO
MOKHO TPUPABHATH OTHOIICHUIO CWJIbl TPEeHHUS F MeEXay >KHUIKOCTBIO (ra3oMm) M
CTEHKAaMH TPYOBI K CEUCHHIO TPYOBI TTr:

P2—p1= F/ TCrZ
CI/IJ'Ia BHyTpeHHCI‘O TpCHI/IH B HI/IJ'H/IHI[pI/I‘-IeCKOM IIOTOKE paBHa:
do do
F=n—S=n—2arl.
L dn L dn

I'papuent ckopoctu dv/dn 3ameHnM cpeaHel BernuuHON v/f, Tojiaras, 4To y CTCHKH
TpyObl v = (0, a CKOPOCTH 1O Ocu TPYyObI paBHA v. Clie1I0BATEIbHO,
dol 2nol
Po-Pp=2n———= :
dnr 2
CunaMu TpeHHS MOKHO TIpeHeOpedb, €CIIM ATa pa3HOCTh JABJICHUH JOCTAaTOYHO Majia

200,
110 CPaBHEHHMIO C pU/2:

r 4nl
DT0 ycnoBue, 0€3yCIIOBHO, COOIOAACTCA MPU OYCHb MaibiX |, T.e. Korja ydacTok
TPYOBbI — OU€Hb KOPOTKHUH.
[Ipy m3yueHUM NaMUHAPHBIX U TYPOYJEHTHBIX TEUEHUU OOJBIIOE 3HAYCHUE
npuaaeTcs 0e3pa3MepHON BETUINHE
Re = p_vl’ = ﬂ
n \%
KOTOpas Ha3bIBaeTcs uyuciom Peilinonvdoca ans TWIMHIAPUYIECKON  TPYOBI.
AHanornyabie (OpMyIIBI UMEIOTCS IS TPYO WIIM KaHAJIOB pa3HBIX cedeHuil. Yucio
PeitHonpca SBIAETCA Ba)XKHOW XapaKTEPUCTUKOW MOTOKA NPU JAHHBIX YCIOBHSIX.
Hanpumep, ecnm 3T0 4HCIIO MPEBBIMIAET ONMPEACICHHOE KPUTUYECKOE 3HAYECHUE, TO
MOTOK SBJISIETCS TYpPOYJICHTHBIM; TP MEHBIINX 3HAYCHUSIX TEUCHHUE — JIAMUHAPHOE.
Hauunnas ¢ HekoToporo omnpeneiaeHHOro 3HaueHus Re, Ha3pIBaeMOro KpUTHYECKUM,
TeUeHHEe MpUoOpeTaeT TypOyJIeHTHBIM xapaktep. st TpyObl KPUTHYECKOE 3HAUCHUE
yucna Pelinonbca pasao 1000.

®opmyaa Crokca.

CToKC yCTaHOBUJI, YTO MPU JBMXKEHHH TEJ MaJbIX pa3MepoB B BA3KOH cpeie
CWJIa BHYTPEHHETO TPEHUs MPOIMOPIMOHAIBFHA CKOPOCTH U, KOIPDUIIUEHTY BSI3KOCTU

N U XapakTepucTuueckomy paszmepy Tena. KosapduiueHt nponopuuoHaaIbHOCTH
3aBHCHT OT (popmpbl Tena. [ mapuka popmyna CTokca paBHa
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F=6anro|

rjae I — paauyc Imapuka.

Pacnpenesienue ckopocTe B JJaMUHAPHOM nOoTOKe. @opmy.Jia Ilyaseitsis.

[Ipn nBMXKEHUHM BS3KOM KUIKOCTH IO TpyOam Mayoro auaMmerpa (Korjaa
TEUCHHE JIaMMHApHOE, HalpuMep, B KaMWUIIpax) CKOPOCTh TEYEHUsS pasziudyHa B
pPa3IMUHBIX MeECTaX CceueHHus TPyOKu. Bosile CTEHOK BCIECICTBUE NPHIHITAHUS
KHUJKOCTHU 3Ta CKOPOCTh PaBHA HYJIIO; BJOJIb OCU TPYOKHM OHA UMEET MAKCUMAaJIbHOE
3HaueHue vg. Ha puc. 55 nokaszaHo pacnpeaeieHrne CKOpoCTeil Mo JuaMeTpy TPyOKH.
JI1s HaxOXKJAEHUS ATOTO PACIpEe/ICICHUs BBIJICTIUM 3JIEMEHTAPHBIN MOJIBIA UJIHHIP
Majoil TonmuHbl Ar B Tekyien xkunkoctu. Cunel Ba3koctu F1 u F,, nelictByromnue
0 BHYTPEHHEW M Hapy>XHOM MOBEPXHOCTSIM ATOr0 IWIMHApPA, COrjacHo (opmylie

do

CHIIBI BSI3KOCTH F = nd— S, paBHbI:
n

do do do do
F .Sy =n—2arl F, = ) 2m(r + Anl .
1= n(d )1 1 ndr ol u n(drj 2= ﬂ(dj m(r +Ar)

Cuna F; HampaBieHa IO TEYEHHIO, TaK KaK CKOPOCTb KUAKOCTH, IBUKYILEHUCS
BHYTpH IMHApa Oosbmie. Cuna F, HampaBiieHa NOpPOTUB TEUEHHs, TaK Kak
paccMaTpUBaEMbIil IWIMHJP ABUKETCS OBICTPEE, YEM CONMPHUKACAIOIINECS C HUM CIIOU
KUIKOCTH, PACIIOIOKEHHBIE OJMKE K cTeHKaMm TpyOku. PasHocth atux cun AF = F, —
F, HampaBieHa NPOTHB TEYEHUS M JIOJDKHA IIPEOJOJIEBATHCS TEMH BHEUIHUMU
CWJIaMHM, KOTOpbI€ BBI3BIBAIOT JBW)KEHHE kuiakoctd. g pacuera AF
OpeIBapUTEIbHO HAWJEM CBSI3b MEXAYy TIpaJHMeHTaMH CKOPOCTH Ha Hapy>KHOM HU
BHYTPEHHEH MOBEPXHOCTH LIMJIUHIPA:

do, dv d do d%v do d%v
)y m = — (22)AF _—Ar — )y = —+——Ar,
(dr)2 dr dr(dr) dr? nm r)2 dr dar?
420
[TosToMy AF =n-2al- (—r+—) Ar .

Ecnu naBneHust )KUIKOCTU B CEUEHUSIX A U B paBHBI p4 U pg, TO PA3HOCTh «BHEIITHUX)
CHUJI, JEUCTBYIOIIMX HA PaCCMaTPUBAEMBbIN LIWJIMHAD, paBHA

AF e = (Pa— PB) 2nrAr = Ap -2TrAr .

IIpu ycraHoBUBIIEMCS TEUYEHUU KHUAKOCTU T0 TpyOke cuiabl AF u ARy
CKOMIIEHCUPOBaHKI. [[prpaBHUBas 3TH CHJIBI

2
n- 2n|(d—l’ +d—v)Al’ = — Ap -2mrAr

noiydaeM audQepeHmanbHOe ypaBHEHUE
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ot —t+—= 0 7 N <+ —
/
drc rdr nl \ ja7
\ /
DTO ypaBHEHHE (C YUYETOM TOTO, UTO y CTEHOK N ;Y
TpyOku I =R, v =0, a B1onb ocu r = 0, v = vp) UMeeT 9 . )
peirenue B Buje (MpuBoauTCs 0e3 T0Ka3aTeIbCTBA): 2 e Sl 1:; %
Vs
r2 4 ’ lg2 (]
0=7g (1— —2), r i r ]
T.€. pacOpelesiCeHue CKOPOCTEHM  TEYECHMS  BS3KOU ; @ ~
KUIKOCTH B TpyOKe Majoro paguyca SIBISCTCS — a 3
b o wam
napabonuvweckum. Y CTEHOK TpPYObl CKOpPOCTh paBHA R
Hymro. IIpu ynameHnn oT CTEeHOK TpyObl OHA ITOCTEIICHHO 2 .
f

YBEJIMYHUBAETCS U HA OCU TPYOBbI TOCTUTAET HAUOOJBLIETO
3Ha4YeHHs (puc. 56). Puc. 55

[Ipy TypOyJEHTHOM TEHYEHHM HM3-3a MEPEMEIIMBAHMS KUIAKOCTH MPOUCXOIUT
BBIPABHUBAHUE CPEAHEN CKOPOCTU HAIIPABJICHHOIO JBHKEeHHS. CKOPOCTh U3MEHSETCA
BOJIM3U CTEHOK TPYOBI, @ B OCTAJIBHOMN YaCTH OCTACTCS MMOCTOSTHHOM (pHc. 57).

U U

— . — e« e & - o r—

Il

Puc. 56 Puc. 57
YroObl HAWTH 3HAYCHHE MAKCHMAaJIbHOW CKOPOCTH U, BhruuciauMm do/dr u
d*v/dr® u momcraBuM nx B auddepeHumansHOoe ypaBHenme. Wmeem: do/dr = —
200rIR?, d?0ldr? = — 20/R?, — 20/R? — 20,/R* + Ap/m | = 0 u, HaKoHEN, HAXOAUM:
Ap R?
UO =,
| 4n
rae Ap [ | — nepenan naBiieHus, TPUXOASIIUICS Ha CAMHUILY JIUHBI TpyOku. Eciu
TeUeHHe KUIKOCTH BBI3BAaHO CHIION TspkecTH, T0 Ap = pgl u Torma vy = pgR*/ 4n.
Kuakoctb, copepikaiascs B 00beMe paccMaTpUBaEMOro IMIIMHIPA, TPOHICT
gyepe3 ceueHne B 3a Bpems t = /v, crmegoBarenbHO, €XKECEKYHIHBIH pacxoj,
HPUXOSIIUICS HaA IO 3TOTO MUJIMHIPHYSCKOrO KOJblla, OyaeT paBeH v-2zurdr.
OO6mmit pacxon Q mpu JTaMUHAPHOM TEUEHUHU KUIAKOCTH Uepe3 CeUeHUe TPYOKU B
enuHALY BpeMenn (1ebet, M°/c) paBeH

R 2 4
Q=jv.2nrdr=2moR _ApnRT
5 4 8nl

D10 ectb (opmyna [lyazeiins, KOTOpas UCHONb3YETCS AJISI ONPENIENICHUs] BSI3KOCTH
KUJIKOCTU. {151 BepTUKaNIbHOUM TpyOBbl, €Cclid nepenaj JaBjieHus] 00yCIOBIEH TOJbKO
CHJIOU TSKECTH, TO

Q = pg(nR*/8n) u n = pg(xR*/8Q).
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MEXAHUNYECKUWE KOJIEFAHU L.
Oo0mue MoJI0KEHNS.

Konebanusimu Ha3bIBaIOTCS TPOLIECCHI, OTIUYAIONIMECS TOW WM HWHOMN
CTENIEHBIO  TIOBTOPSIEMOCTH. TakuM CBOWCTBOM TOBTOPSAEMOCTH  00JIaJaloT,
HampuUMep, KadaHus MasTHHUKA 9acoB, KOJIEOAHUS CTPYHBI WJIM HOXKEK KaMepTOHa,
HaAIPsHKCHUE MEXy OOKJIaJKaMH KOHJIEHCATOpa B KOHTYpE paJdONpPHEMHHUKA U T.II.
B 3aBucumoctu oT (u3MUecKod MPUPOAbI MOBTOPSIOLIETOCS MPOIEcca pa3indaroT
KOJieOaHUs: MEXaHUYECKUE, HJICKTPOMArHUTHBIE, 3JIEKTPOMEXaHWYecKue u T.a1. B
3aBUCHUMOCTH OT XapakTepa BO3JCHCTBUS, OKa3bIBAEMOTO Ha KOJICOIIOIIYIOCS
CUCTEMY, pa3IMYarOT CBOOOJHBIE (WS COOCTBEHHBIE) KOJEOAHUs, BBIHYXICHHBIC
KoJieOaHus, aBTOKOJICOAHUS U TTapaMeTpUUeCKue KoJaeOaHus.

CBO00OIHBIMHU WK COOCTBEHHBIMHU HAa3bIBAIOTCS TaKUe KOJIEOAHMS, KOTOPBIE
IPOUCXOIAT B CHUCTEME, NPEIOCTaBIECHHON camoi cebe Mmocjie TOoro, Kak el Obll
COOOIIIEH TOJYOK, MO0 OHA OblLJIa BHIBEICHA U3 MOJIOKEHUsS paBHOBecus. [Ipumepom
MOTYT CIY>KUTb KOJIEOaHHUs IIapuKa, MOJIBEIICHHOTO Ha HUTH (MasTHUK). [ Toro
YTOOBI BbI3BATh KOJIEOAHUS, MOXKHO JIMOO TOJIKHYTh IIApHUK, INOO0, OTBENA B CTOPOHY,
ormyctuTh ero. CBoOogHbIe KoseOaHUS — BCErJa 3aTyxalolue. 3aTyXarollUuMH
HA3BIBAIOTCS KOJICOAHUs, JJIi KOTOPBIX aMIUIUTYAa KOJeOaHWil W, ClIe0BaTEIbHO,
SHEPrUs YMEHBINIAIOTCS CO BpEeMEHEeM. 3aTyXaHuhe CBOOOJHBIX KOJIeOaHMI
MEXaHUYECKOM CHUCTEMbl MPOUCXOJUT MO MPUUYUHE PACCESHUS DSHEPTrUU TMOJ
BO3JICUCTBUEM CHJI TPEHUSI (HE MOTEHIIUATBHBIX CHJI COITPOTUBIICHUS).

BoiHyKIeHHBIMH KOJICOAHUSIMU HA3bIBAIOTCS TakWe KoJieOaHMs, KOTOpHIE
MPOUCXOIAT MO ACHCTBUEM BHEIIHEW MEPUOIUUECKON CHUIIBI.

ABTOKOJIe0aHUA, KaK U BBIHYXJEHHbIE KOJieOaHUS, COMPOBOKIAIOTCS
BO3JICCTBUEM Ha KOJEOIIOUIYIOCS CHCTEMY BHENIHUX CHJI, OJHAKO MOMEHTBI
BPEMEHH, KOTJa OCYIICCTBISIOTCS ATH BO3JACHCTBUS, 3aJal0TCS CaMOW KOJEOJIo-
LIEHCSl CUCTEMOM — CHCTEMA cama YNpPAaBJsIeT BHEIIHUM Bo3acucTBueM. [Ipumepom
aBTOKOJICOATETbHON CHCTEMBI SBIISIIOTCA Yachl, B KOTOPHIX MAaATHHUK TOJy4aeT
TOJIYKH 32 CUET SHEPTUU MOAHATON THPU UM 3aKPYUEHHOM MPYKUHBI.

[Ipy mnapamerpu4yeckMx KOJeOAHUAX 3a CYET BHEIIHETO BO3ACHCTBHS
OPOUCXOJUT TEPUOJANYECKOE HU3MEHEHHWE KaKoro-inudo mapameTrpa CHUCTEMBI,
HaIMpUMep JUTMHBI HUTH, K KOTOPOU MOJBEIIEH IIapUK, COBEPIIAIOIINI KOJIeOaHusI.

Konebanust sBASIOTCS MNEPUOJUUECKUMHU, €CIU KOJIEONIoNascs BeJIMYUHA
MOBTOPSIETCA 4YEepe3 paBHbIC MPOMEKYTKH BpeMmMeHU. HaumeHbluii BpeMEHHOM
UHTEpPBAJI TOBTOPEHUSI (PU3MYECKUX BEJIMYMH, XapaKTepU3YIOUIUX KOJeOaTeIbHOE
JBIDKCHUE, Ha3bIBaeTCs mepuoaoM Kosebanuit T. Ilepuon paBeH IIMTEIBLHOCTH
OJIHOTO TIOJTHOTO KojiebaHus. YacToTol mepuogudecKux KoyieOaHWil v Ha3bIBaeTCs
YKCIIO MOJIHBIX KOJICOaHUH, MPOUCXOAAIUX B eauHuIy Bpemenu (1 ¢): v = 1/T.

[IpocreiimuMu SBISIOTCS TAPMOHUYECKHE KOJeOaHMs, T.€. TaKue KoJjieOaHus,
Opy  KOTOPBIX KOJIEONIONMIasicsl BeJIMYMHA (HAmpUMep, OTKJIOHEHHE MAasTHUKA)
U3MEHSIETCS CO BPEMEHEM [0 3aKOHY CHHYCa WJIM KOCHHYCa. DTOT BUJl KOJIe€OaHUM
0COOEHHO Ba)KEH M0 CIIEAYIONIUM MpuyruHaM. Bo-nepBbix, KoiedaHus B MpUPOJIEe U B
TEXHUKE YacTO MMEIOT XapakTep, OYeHb OMM3KUN K TapMOHMYECKHM. BO-BTOpBIX,
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NEPUOMUYECKUE TIPOIECChl MHOW (QOpMBI (C APYrol 3aBUCUMOCTHIO OT BPEMEHH)
MOTYT OBITh TIPEJICTABICHBI KaK HAJIOKCHHE HECKOIBKUX TAPMOHUYECKHUX KOJICOaHMH.

Paccmotpum cucteMy, COCTOAIIYIO M3 IIApHKa Macchl M, MOABEIICHHOTO HA
npyxune (puc. 58). B cocTosiHum paBHOBecHs cuiia MY ypaBHOBEIIUBACTCS yIPYTOM
cunoit F"™ = Kk -Aly. Byzem xapakTepu30BaTh CMEIICHHE MIAPHKA U3 MOIOKCHHS
paBHOBECHsI KOOPIAMHATON X, MPUYEM OCh X HAIPaBUM IO BEPTHKAJIA BHU3, a HYJb
OCH COBMECTHM C IIOJIOKCHHEM pABHOBECHS IIapuka. ECIM CMECTHTh MIAPHK OT
TIOJIOKCHUSI PABHOBECHSI Ha PACCTOSIHUE, paBHOE X (x — anreOpanyeckasl BETUYMHA),
TO YJIMHEHUE MPY>KUHBI CTAaHET PaBHBIM Alg + x ¥ IpOEKIUs Pe3yIbTUPYIOMIEH CHITBI
F, Ha ocb x npumer 3HadeHue Fp = mg — k-(Aly + X).

LU s, < 7
o “"\‘?
N T
(paBH)
Lo Fe\ Fe :
TS ;
S {
}'Hg ’ I T T T T T T T T
mg' o 0 Tg T30 1 ST o
Puc. 58 Puc. 59

[TpuHMMast BO BHUMaHUE yclIoBUe paBHOBecHs Mg = K-Aly, momxyqum, uro Fp =
— kx. 3HaK «—» oTpaxkaeT TO OOCTOATENBCTBO, YTO CMEIICHUE M CHJIAa UMCIOT
IPOTHBOIIOIOXKHBIE HATIPABIICHUS: €CIH MIAPUK CMEIICH W3 TMOJIO0XKEHHUS PaBHOBECHUS
BHU3 (X > 0), cuna HanpaBiena BBepx (Fp < 0), mpu cMenienun mapuka Beepx (X < 0)
cuia HampasieHa BHU3 (F, > 0). Takum o6pa3om, cuna F, oGnagaer cienyromuMu
cBoiicTBamH: 1) OHa TIPONOPIIMOHATbHA CMEIICHWIO IapuKa W3 MOJIOKEHUS
paBHOBecHs, 2) OHa BCerjJa HalpaBleHa K TIOJOXKEHUIO paBHOBecus. B
pPaccCMOTPEHHOM HaMH TpuMepe cuia Fp, B CYIIHOCTH, 1O CBOEH MpUpOe yIpyras.
MOXeT CIy4uThCs, YTO CHJIA MHOTO MPOMCXOXKICHUSI OOHAPYKMBAET TaKylO XKe 3a-
KOHOMEPHOCTb, T. €. OKa3bIBaeTcs paBHOM — KX, rie K — MoJIoKuTenbHasT MOCTOSTHHAS
BenuurHa. CWJIBl TaKOTO BUJA, HE3aBUCHUMO OT WX NPHUPOJBI, MPUHITO HA3BIBATH
KBa3UyNpPyruMu.
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KunemaTuka rapMOHHYECKHUX KOJIeOaHUIA.

["apmonndeckue (CUHYCOUIaIbHbIE) KOJIeOaHusl ONUCHIBAIOTCS (POPMYJIaMHU:
X=Acos (o t+ag) mm X=Asin (o t+ o).

IIpu wmexaHuyeckux KoJieOaHUSIX BeIWYMHA X OOBIYHO UCHOJB3YyeTCS st
0003HaYEHUs 3aBUCSIIETO OT BPEMEHM t CMEIIEHUSI M.T. U3 MOJIOKEHUS PaBHOBECHUS
(koopaunatel). Koaddunuent A, BenruurHa HauOOJIBIIETO a0COJIOTHOIO 3HAYEHUS
CMEIICHHS X, Ha3bIBACTCS aMILTHTYA0H KoneOanuit (A > 0). Beipaxenuem o = (ot +
0f) OIIPENENIAETCSl COCTOSTHHE KOJIeONonIeiicss cucTeMbl, T.e. ¢a3a koseOanuii. B
HayaiabHbIE MoMmeHT BpeMenn (I = 0) ¢asza paBHa HayaabHOW ¢ase oo Ilo
UCTEYCHUHN BPEMEHHM, PAaBHOTO mepuoay 1, ¢a3za kKojeOaHuil yBeIMYMBACTCS Ha 2T.
BenmuunHa © Ha3pBaeTCS YIJIOBOH 4acToToi win myiabcamueid (o > 0). Ona

T
CBsA3aHa C T U V COOTHOIICHUSIMU: O = T u ®=2nv. CKOPOCTh U U YCKOPECHHUE &

Haxo sATcs quddepeHunpoBaHUEM CMEIIEHUS X TI0O BPEMEHH:

X =Acos (ot + o),

v=X=—-Ao sin(ot+0g) = Ao cos(ot + og + 1/2) = vy cos(ot + ag + w/2),
a=X=—Aw’ cos(ot+ag) = Aw? cos(mt +ag +m) =agcos(ot +og + 1),

r7ie IPUHSTHI MOJICTAHOBKU A® = Uy U Ao’ = ag.

CKOpOCTh U W YCKOPEHHE @ HW3MEHSIOTCS TaKKe Kak M CMEIIEHHWE X TI0
TapMOHUYECKOMY 3aKOHY, OJHAKO HadanbHbIe (a3bl OTIMYAIOTCS Ha 7/2 H T,
cooTBeTCTBeHHO (pHC. 59). ['0BOPAT, 4TO CKOPOCTH OMEpek)aeT CMEIIECHUE TI0 (a3e Ha
n/2, a yCKOpeHHe KoyieOJeTcs B NpOoTHBO(dA3e IO OTHOMICHUIO K KOOpAMHATE.
3HaYCHUS aMILIUTY/Ibl U Ha4aJIbHOW (ha3bl MOTYT OBITH ONPE/EICHBI, €CJIM N3BECTHBI
CMEIIIEHNE U CKOPOCTh B HEKOTOPBI MOMEHT BpeMeHHU g, Harpumep, th= 0: X (t = 0)

=AcCos 0y v t=0 =—Aw sino. Pemmas 3Tu 1Ba ypaBHEHUsI COBMECTHO, TIOTY4UM:
2 _
A= [[x(t=0)]2 +M 1 tgog :_M.
0 Q) X(t = 0)

Cir0o:xeHue IBYX NapajjieIbHbIX TAPMOHUYECKUX KoJsle0annii. buenus.

A. YactoTel kosiebaHuM ojuMHaKkoBble. JIJisi HArMSAHOCTH TapMOHUYECKHE
Kosie0aHus y100HO MPEACTaBUTh C TOMOLIBIO BPAIIAIOIIETOCS Ha TUIOCKOCTH BEKTOpa
aMIUTUTYBI  KoneOmromencs BenmuuuHbl (puc. 60). Ilycth BekTop A, YHCIEHHO
PaBHBIN aMIUTUTY/I€ KOJIeOaHU, BpaIlaeTCs paBHOMEPHO MPOTUB YaCOBOW CTPEJIKHU C
YTJIOBOM CKOPOCTBIO ® OKOJI0 nokosiieiicst ocu 0. Eciau 661 B MomeHT t = 0 BekTop A
COCTaBJISLT YTOJl Op ¢ HanpasienueM OX, To mpoekiusi B koHIia 3Toro Bekropa Ha 3To
HAIpaBJICHUE COBEpIalia Obl TapMOHMYECKUE KoJieOaHus o 3akoHy: X = A C0S (ot +
0p). ITomyueHHass TakuM CHOCOOOM CXEMa Ha3bIBACTCSI BEKTOPHOW JTHMArpamMMOi.
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CnenoBaTenbHO, TPOEKIMS KOHIA BekTopa Ha ock 0X Oyner coBepiiarh
rapMOHUYECKOE KoJjebaHue C aMIUMTYJIoM A, paBHOW JJIMHE BEKTOpa A, yrioBOM
94acTOTOM, paBHOM YIJIOBOM CKOPOCTHU (O BpaIlleHUsI BEKTOpa, W HadaibHOU (a3oil,
paBHOU yTiy o), 00pasyemMomy BEKTOpOoM A ¢ ochio (0X B HayaJbHBIA MOMEHT
BpeMenu t = 0.

PaccMoTpuM crokeHue JIByX TapMOHUYECKHUX KOJeOaHUM M.T. OJIMHAKOBOTO
HAIpaBJICHUS W OAMHAKOBOW 4YacTOoThl (puc. 61). CmemieHue x SBISETCS CyMMOM
CMEILICHUM X1 U X>.

Xy =A;c0s (o t+ay) u Xp=A,c0S (0 t+ o).

[IpencraBum 06a KojaebaHUs C TOMOIIBIO BEKTOPOB A; U A, I HAYAJILHOTO
momeHnTa t = 0. [locTpoum 1o mpaBuiIaM CJIOXKEHHUS BEKTOPOB Pe3yJIbTUPYIOIIUI
BekTop A = A; + A,. C TedueHreM BpeMeHH Bce TpU BekTopa A, A; 1 A, BpalaroTces ¢
OJHOW W TOM K€ YIVIOBOM CKOPOCTBIO (®, TaK YTO HX B3aHUMHOE IOJOXKECHHUE HE
3aBUCUT OT BpeMmeHH. [Ipoekiusi 3Toro Bekropa Ha och Ox paBHAa CymMMe MPOEKIUI
claraeéMbIX BEKTOPOB:

X =x1+ xo.

A(0)

]PH

w ..

() —» B

Puc. 60 Puc. 61

CnenoBatenbHO, BEKTOp A IpeacTaBisieT co00l pe3ysbTupymollee KojaedaHue. IToT
BEKTOP BpAIIAETCs C TOM )K€ YIJIOBOM CKOPOCTBIO (0, KAK U BEKTOpPBbI A; U Ay, Tak 4TO
pe3yJbTUpYIOLIEe JBHKEHUE OyneT TapMOHHYECKHUM KOJEOAaHMEM C YIVIOBOM
4acTOTON ®, aMIIUTyn0M A 1 HauanpHOU (azoit o.. M3 mocTpoenus BUIHO, U4TO

sineg + Ay sin
AZ = A12+A22+2A1Azcos(oc2—oc1) u ga= A e 2,
Ajcosoy + Ay cosay

Ntak, BEKTOpHOE MpPEACTaBICHUE rAPMOHUYECKUX KOJeOaHUU MO3BOJISIET HAM
anreOpanyecKkoe CJIOKEHHUE YpPaBHEHUM KoJieOaHUM CBECTH K TE€OMETPUUECKOM
OIepalru CI0KEHUS BEKTOPOB.

YacrtHble cirydau.
1. Hayanpable Qa3el coBmamaroT — cuHbazHble KoJebaHUs: o =  Ob.
PesynbTupyromnas aMIiutyja MMeeT MaKkCUMalibHOe 3HaueHue: A = A; + A,.
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2. Havanpnabie (a3pl KoileOaHMM HaxXOAATCA B MpoTHBOdasze: oy — Oy = *+ T
PesynpTHpyromias aMIiuTyja IMeeT MUHUMaJIbHOE 3HaueHne: A = | A; — A |.

3. Ocranbubie Bapuanthl: 0 < |oy — 0| < 7. Pe3ynpTHpyrOmas amIbIiuTyaa UMEeT
sHaueHus: | Ap — Ay | <A< A; + A,

b. YacTtorhl KonebaHuit — pasnuunble. [Ipu cioxenun aByx (u Oosee)
TapMOHHYECKUX KOJICOAHHI ¢ Pa3IMYHBIMUA YaCTOTaMH

X1 = A;CO0S (0)1 t+ OLl) A Xo,=A,C0S (602 t+ Otg)

pesynbTupytomee kojaedanue X = A; €os (o1 t + oy) + A, cos (o t + o) He sBaseTCS
rapMOHUYECKHUM KOJICOaHUEM.

B. YactoTsl konebanuit — Oau3kue. AMIUTHTYBI 000uX KoJaeObaHuil Oyaem
noyiaratb OgMHAKOBBIMU A; = A; = A. T1oCKOIBKY 4acTOThI KOJIeOAHUH HECKOJBKO
OTIMYHBI ®; — ®1 = A®, BCerJa MOXHO BBIOpAaTh HAYaJl0 OTCUETa BPEMEHHU Tak,
yT0OBI HauaabHbIE a3kl 000MX KoJieOaHui ObLIM paBHBI Tynio o = o, = 0. Torma
ypaBHEHUSI 000UX KoJieOaHUH yI0OHO MPEACTaBUTh B CICIYIONIEM BU/IE:

X;=A;C0S (0t + o) =Acosot u x; =A,C0S8 (0t + ap) =Acos (o + Aw)t,

npuieM Ao << . CknaapiBas 3TH [JIBa BBIPAKEHUS U  NPUMEHSA
TPUTOHOMETPUUECKYIO POPMYITY JJISI CYMMBI KOCUHYCOB, TTOTYYUM:

x =A[cos ot+cos (o +An)t] =2 A-cos [(Y2Ao)-t] -cos [(o + YAw) 1] =
~ 2 A-cos (Aw-t/2) - cos (o-t).

PesynpTupyromiee ABMKEHHWE TPH ITUX YCIOBHSIX — HerapMoHmueckoe. Ero
MOXKHO paccMaTpuBaTh KaK TapMOHHMYECKOE KojebaHue ¢ MyJIbCUPYIOMEen
amMruTy 0. Takwe koyieOaHWs Ha3bIBArOTCS OweHusiMu. Ecim momycTtuth, 9TO
MHOXHUTENb cOoS ™1 coBepIIaeT HECKOIbKO MOTHBIX KOJIEOaHUI 3a HEKOTOPOE BPEeMs,
TO MHOXHTEJb COS (Aw-t /2), BBUIY ycloBus A® << ®, U3MEHUTCS HE3HAYUTEIHHO.
Ha >TOoM OCHOBaHMM MOXHO CYHTaTh, YTO pPE3YyJbTHpYIOIIee KojebaHue — 3TO
rapMOHHYECKOE KoyiebaHWe YacTOThl  C aMIUIUTYAOH, W3MEHSIOMEHCS TIo
NEPUOUIECKOMY 3aKOHY .

Ananmutnueckoe Boipakenue amrututyasl A(t) = |A(t)| = 2 Adcos [(LAw)t]|
SIBJISICTCS TICPUOIUUCCKOM, HerapMOHUYecKor (yHKIiueit (puc. 63) ¢ yrioBoii yacTo-
TON KoJebaHul ®4 B 2 pa3a npesbimarmieil yactory (2A®), CTOAILYIO MOJI 3HAKOM

monyis. TakuM 00pa3oM, YacToTa MyJbCALMH aMIUTHTYIbl 4 = 2:|%2A0| = |Ao|

paBHA MOJYJIO PA3HOCTH YaCTOT CKJIAJbIBAEMBIX KoyieOanuii |[Ao| = |01 — o).

[Tepuon Ty 1 yacToTa vy OMEHUI COOTBETCTBEHHO PaBHBI:

Tg=2n/|Ao| u vg=|Ae|/2x.
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x(1)=cos(207)+cos(217)
AMTIHTY1a OHEHHH

xt

o
~
|\
~J

S r—
Puc. 62 Puc. 63

Ha mpakTtuke 4Yacto TPUMEHSIOTCS TaK Ha3biBacMble HYJeBble OWeHMs,
KOTOpBbIE HAOMIOJAIOTCA TPHU PABEHCTBE YACTOT CKIIAJbIBaeMbIX KosieOanuid. Jlims
TOJTYICHUS HYJIEBBIX OneHwmit
WCTOYHHUKHA KOJICOAHUM JTOJKHBI OBITH
HE3aBUCMMBbIMU. B 3TOM  ciydae
orubaroias aMIUTUTY 1T oyner
IpeACTaBIIEHA TOPU3OHTAIBHOU
JIMHUEW, MEJJICHHO CMEHIAIOIICHCs II0
BEPTUKAJIN BBEPX M BHUS3.

[Ipu crnoxeHnun AByX KojaeOaHMIA
¢ ONM3KUMH YaCTOTAMU U PA3TMUYHBIMU
aMIUTUTYIaMU PE3YIBTHPYIOIIEE
JBIKEHUE TAKXKe TMPEACTABISIET COOOM
Ouenust (puc. 64), HO ammuIUTYyIAQ 0 - 5 o
OueHuii He cmagaer A0 HyIsd, a
KOJIEOJeTCS MEXAY 3HAUCHUSAMMU:

| AL~ A | SA< (A + A Puc. 64

b

0.3¢0s20r+0.7cos2 1t

2

=
w
T

|
— o
|

x()

IlonsiTue o rapMOHMY€CKOM aHAJIN3E.

Crnoxnoe MMEPHUOANYICCKOC, HCTAPMOHHUYCCKOC KosiebOaHue (1)H3H‘ICCKOI>1
BEJIWYMHBI S MOXET OBITH NpcaACTaBJICHO B BHUAC pPAdad CDpre, COCTAaBJICHHOI'O M3
MPOCThIX TAPMOHUYCCKUX KOJIC68_HI/II>1, HaCTOThbI KOTOPBIX ABJIAIOTCA KpPATHBIMHU

27

IIETIBIM YUCIIaM OCHOBHOM FapMOHHKH () = T =21V:
ao o0
S(t) = > Asin(not + o),
n=1

a
e An:«/a§+b2, o, = arctg b—”
n
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Koaddunuentst a, u b, onpenenstores npu nomomnu Gopmyst Diinepa-Dypre:

2 T/2 2 T/2
ap= — jS(t)-cosncot-dt n=0,12,.. ub,== J' S(t)-sinnwt-dt, n=1,2,...
-T/2 -T/2

Otbickanue psaga Dypbe COOTBETCTBYIOLIETO CIOXKHOMY  KOJIEOaHHUIO
HA3bIBACTCA TAPMOHMYECKHM aHAJAU30M. UJIEHBI 3TOro psja, 4acTOThl KOTOPBIX
paBHbI ©®, 20, 30, U T.I., COOTBETCTBEHHO HAa3bIBAIOTCS MEpBasi, BTOpas, TPEThi, U
T.1. PyHIaMEHTaIbHBIMU TAPMOHUKAMHU CJI0KHOTO Kojebanus. Konebanus Buaa

X = A(t)-cos [o(t)-t + a(t)]

Ha3bIBAOTCA MOAYJINPOBAHHBIMHA KOJIe6aHI/ISIMI/I,

da
€CIIH: — [<<OApx ¥ |/ |<<O.
dt dt
JIns aMIUIMTY THO-MOAYJIMPOBAaHHBIX Kojiebanuii @ = Const u o = Const, a ms
¢dazoBoit wnm wyactotHOoM wMomymsauuu A = Const. IlpumepoM aMmauTyIHO-

MOJTyJINPOBAHHBIX KOJCOAHWU SBISAIOTCS — OweHus, s KoTopwhix A(t) sBisercs
NePUOINYECKON (QYyHKIKENH BPEMEHHU.

CJi0:keHue IByX B3aHMHO-IIEPIECHANKYJISPHbIX TAPMOHUYECKUX KOJIeOaHHUIA.

[lepeiineM K CIOKEHHUIO JBYX B3aUMHO MEPHNEHIUKYISPHBIX TAPMOHUYECKUX
KOoJieOaHUW OJTHOW M TOM K€ 4acTOThl (), COBEPIIAIOIIUXCA BIOJIb KOOPIAUHATHBIX
ocell x 1 y. BeiGepem Hauano oTcuera BpeMEeHH TakK, 4TOObI HaualbHas (a3a mepBoro
KoneOaHust Oblla paBHa Hymo. Torga ypaBHEHUs KoJieOaHUN — 3amUIIyTCS
CIEeAYIOIIMM 00pa3oMm:

X = a cos ot,
y = b cos (ot + o),

rJie 0. — Pa3HOCTh (a3 KojeOaHMiH. DTH BBIPAKEHUS MPEICTABISIOT COOO0M 3aaHHOE
B IMapamMeTpuieckoid Gopme ypaBHEHUE TPACKTOPHH, IO KOTOPOH IBMKETCS TEJO,
ydacTBymoliee B ob6oux koneOanusx. UToObl MONYyYUTh ypaBHEHHUE TPACKTOPUU B
OOBIYHOM BHUZE, HYKHO HWCKIIOYHTh W3 ypaBHeHHWH mapamerp . M3 mepsoro
ypaBHEHHs CIIeyeT, 4To cos ot = x/a mmm sin ot = (1 — x¥/a?)"2 TIpeoGpasyem
BTOPOE YpaBHCHUE:

y/b = cos (ot + a) = cos ot cosa — sin ot sino. = (x/a) cosa — (1 — x¥a%)"? sina.
y/b — (x/a) cos o = — (1 — x*/a®)*? sin o,
(y/b)? + (x/a)? cos? o — 2 (xy /ab) cos o = (1 — x%/a?) sin® a

nJIn

(x/a)? + (y/b)*— 2 (xy /ab) cos o. = sin’ a |,

KOTOpOE MpeJICTaBIsIeT co00i ypaBHeHHe dutuica (puc. 65). OpueHTalys JuTiIca u
BEJIMUMHA €T0 IMOTyOCEH 3aBUCAT OT aMILTUTY T @ u b u pasHOoCcTH a3 o.
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YacTHbIe ClTydau.
1. PasHocth (a3 o paBHa HyJ0. B 3TOM ciiyyae ypaBHEHHE TPACKTOPUHU MTPUHUMACT
2 _
Bup (y/b —x/a)“=0 wumm

y = (b/a) x. Y

[Tonyunnu ypaBHeHue mnpsmoil. KomneOmromascs Touka /

[IepeMenaeTcs M0 3TOU NPSAMOW, NPUYEM PACCTOSTHUE €€
OT Havasa KoopauHat pasHo I = (X° + y?)2. g

IToxcraBnsas croma BBIpaXEHUA i1 X U Y U
y4uThiBasg, 4ro o = 0, MOJyYHWM 3aKOH, IO KOTOpOMYy I

U3MEHSETCS CO BPEMEHEM: Puc. 65

r = (@*+b% % cos ot.

PesynpTupyromee aBwkeHue (puc. 66) Ha3bIBa€TCA JIMHEWHO MOJIIPU30BAHHBIM
TapMOHUYECKUM KOJICOAHWEM BJOJL MPSMON JIMHUM C YIJIOBOM YacCTOTOM ® H
ammmTyoit A = (a° + b%) ”.

2. Paznocte (a3 o paBHa + 1. PesynbTupytolee ABukeHHe (puc. 67) mpeacraBiseT
co0O0i Takke JIMHEWHO TOJSPH30BAHHOE TapMOHHUYECKOE KOJICOaHWE C YIIIOBOU
qacToTOH © n ammmrynoit A = (a° + b?) * ¢ oTIMYAOmEMCS HAKIOHOM MPSMO
nuann Y = — (b/a) x.

3. llpy o = = © /2 xonmebaHusl — JUTMITAYCCKU TOJSIPU30BAHHBIC, U TPaCKTOpUEH
pe3yIIBTHPYIOLIEro ABIKEHHS sBisiercst smwmmc (x/a)” + (y/b)? = 1, mpraem monyocu
AJTUIICA PaBHBI COOTBETCTBYIOIIMM aMILTUTyIaM KoJieOanuii a u b (puc. 68). Ipu
PABEHCTBE aMILIATY/I SJUIHIIC BBEIPOXKIACTCA B OKPYXHOCTE X° + y? = a’. KoneGauus
UMEIOT KPYTOBYIO TOJISIPU3AIIHIO.

Cayyan oo =+ 7 /2 1 o0 = — 7 /2 OTIIMYAIOTCS HAIlpaBJICHHEM JIBIKEHUs. Ecin
o = + /2 , IBXKEHUE COBEPIIACTCS MO YaCOBOW CTpEJIKE — MpaBas MOJsIpU3aIus.
I[lpy o = — m/2 nABWXKEHHE NPOUCXOAUT TPOTHUB YACOBOM CTPEIKU — JieBas

nossipu3anusi. M3 cKka3aHHOIO ClIeIyeT, YTO ABUKEHUE MO DIUIUICY (OKPYKHOCTH)
MOXKET OBITh MPEJCTABICHO B BHUJE CYMMBI JIBYX B3aWUMHO MEPIEHINKYJISPHBIX
KOJIeOaHU, MPOUCXOISIINX HAa OJHOM 4acTOTE .

1

Yy 4

J \ //- a”"%

e a __ | b

b b 7 D VA,
; 1 3 T 1 e —T
Eb b \ cz.-_..p?ﬂ:
S T S =
Puc. 66 Puc. 67 Puc. 68

Cnemyer  OTMETHTh, 4YTO B  Clly4ae, KOrja 4acTOThl  B3aUMHO
NEPHEHAUKYIAPHBIX KOJeOaHUN OTIMYAIOTCSd Ha OYEeHb Malyl0 BEJIMYUHY Ao,
ypaBHEHUS KOJieOaHUI MOKHO MPEJCTaBUTh CIEAYIONIUM 00pa3oM:
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Xx=acosot u y=Dbcos[ot+ (Aot +a)],

npuueM BblpakeHue (Aot+q) paccmaTpuBaeTcss Kak pasHOCTb (a3, MEIJIEHHO
U3MEHSIOLIAsCSA CO BPEMEHEM 110 JIMHEHHOMY 3aKOHY. Pe3ynpTupyroliee ABMKEHUE B
ATOM Cily4ae MPOUCXOIUT MO MEAJIEHHO BUJIOM3MEHSIOLIEICSI KpUBOM, KOTOpast Oyaer
[OCJIEI0BATENbHO MPUHUMATh (POPMY 3JUIMIICA WM HPSIMOM JMHHMH, OTBEYAIOILYIO
BCEM 3HAUECHUSM Pa3HOCTH (a3.

Durypsi Jluccaxy.

Ecnu yacToThl B3aMMHO NEPHEHAMKYJSPHBIX KOJIEOAHUM OTIUYAIOTCS, TO
TPAEKTOPHUs PE3YJbTUPYIOUIETO JIBUKEHHUS HMEET BHJI CIOXHBIX KpPUBBIX, (hopma
KOTOPBIX HENPEPBIBHO MEHAETCA. Y CTOMYMBBIE BO BPEMEHH KAapTUHBI, KOTOPBIE
Ha3bIBalOTCS (Qurypamu Jluccaxy, HaOJMIOJAIOTCS MpPU  YCIOBUM TMOCTOSHCTBA
aMIUIMTY[l, YaCTOT M HadaJbHbIX (ha3 CKiiaJapiBaeMbIX kKoneOanuii. I1a pucynkax 69 u
70 moka3aHbl IPOCTEUIITNE TPACKTOPUHU, HAOJI0JaeMble TTPU OTHOIICHUH 4acToT 1:2 u
pa3zHoctu ¢a3 0 u /2, COOTBETCTBEHHO.

Yem Ommke K €AMHUIIE palloHajibHas ApoOb, BBIpa)Kaollas OTHOLICHHE
4acTOT KoJieOaHWil, TeM cliokHee okasbiBaeTcsa (urypa Jluccaxy. Ha puc. 71 mo-
Ka3aHa KpuBas I OTHOIICHHS 4acToT 4:3 u pa3HoctH (a3 /2.

y Y a
_____ —j‘—f._.- | < = I_l_
\__Jit ’ £k
H 7 boX - ! 0 I
L,\ _____ t a 5 —
X=acosmt X=acosm! 1 |
y =bcos 2m¢ vy =bcos (2wt +n//2) (> | &> l
Puc. 69 Puc. 70 Puc. 71

JAnHaMuKa KoJIeOaHUM.

JIro6oe konebaHue ecTh JBMKEHHE, TPOUCXOISIIECE C YCKOPEHUEM, IOATOMY Ha
KoJIeOITIoIIIeecs: TeNlo OJDKHA JEHCTBOBATh CHIIa, COOOIIAIONas €My 3TO YCKOPEHHE.
HarmpaBnenue cuiabl COBMAJaeT ¢ HANpPABJICHHEM YCKOPCHHsS, a BEKTOP YCKOPCHHSI
IPU TAPMOHMYECKUX KOJeOaHUsX, COTJIacCHO (popMyrie

a=X':—A-0)2-cos((ot+oc0):—(02-x

BCETJla HAIpaBJICH K IMOJOKEHUI0 paBHOBecus. Takum oOpaszoM, 011 moeo, umoouvl
meno Co8epulane 2apMoHuYecKoe KoliebamenbHoe O08UdNCeHUe, HaA He20 O0ANCHA
oeticmeosamsy cula, 6ce20a HANPABIEHHAS. K NOJIONCEHUIO PABHOBECUSl U NO GeIUYUHE
—  NpAMO  NPONOPYUOHANbHAS  CcMewjeHuro om  3moco nonoxcenus. CWIbI,
HarpaBJieHHBIC BCET/Ia K MOJIOKECHUIO PAaBHOBECHSI, HA3BIBAIOTCS 8038DAUAIOUWUMU.
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CBo0oaHbIe KOJICOAHUS MO AeCTBHEM KBa3HyIIPYTroi CHIIbI.

PaccmoTpenne  AMHAMHKKA ~ CBOOOJHOTO  KOJIEOATENBHOIO  JIBMDKCHHS
MEXaHUYECKOW CUCTEMBI MPOBEJEM Ha MPUMEPE MaJbIX KOJIieOaHUN M.T., HA KOTOPYIO
JCUCTBYIOT JIBE CHJIBI: CHiia ynpyroctd Fe = — K'X U cuia conpoTUBICHUS BS3KOM
cpensl F,=-r-v=-r-x, rme K > 0 u r > 0. PeasbHO Takue kojeGaHUSI MOXKHO
HAOJIIOaTh Ha NpPUMEPE MPYNKUHHOTO MAATHUKA — MEXAaHUYECKOM CHCTEMBI,
COCTOSIIIIE M3 MAacCUBHOIO Te€Ja, TMOJBEIIEHHOTO TMOCPEICTBOM YyIOPYrol H
HEBECOMOM TIPYKUHBI K TOPU3OHTAIBHOW IMEpEeKIaguHe. Bo3Bpamarien Ccuion
ABIISIETCS ynpyras cuia Fe, JeHcTByIOas Ha TEJIO CO CTOPOHBI Ae(OPMUPOBAHHOMN
NPYKUHBL. Y paBHEHUE BTOPOro 3aKkoHa HproTOHA MMeeT BUA:

mX=—-rx—Kkx,

a nu¢depeHunaIbHOEe YPABHEHHUE MAJbIX 3aTyXaOMUX KoJieOaHUM I yao0cTBa
3anuchIBaeTCs B popMe:

X+ 2BX+03 X =0,

rae B = r/2m — xoadduument 3aryxanus, ®y =+K/M — cobGcTBeHHast yrioBas
YacToTa KoJeOaHuil CUCTeMbI U M — Macca KOJIEOTIOMIEHCS CUCTEMBI.
VYpaBHeHUE ABUKEHUS yIPOIIaeTcs Mpu OTCyTcTBHUM 3aTyxanus (3=0) k Bumay:

X+og-X=0,

KOTOpPOE Ha3bIBACTCSl YyPABHEHHEM COOCTBEHHBIX He3aTYXaIOUIUX KOJIeOaHMii.
OnIHUM U3 peIIeHH 3TOTO0 YpPaBHEHHsI SBJSICTCS YPaBHCHHE TapMOHUYECKUX
KoJIeOaHU x = A cos (oot + ay).

UtoOsl yOeauThCss B ITOM, HaiieM BTOPYIO MPOU3BOJHYIO MO BPEMEHH OT X:

X= —co% Acos(aopt + o) = —w% X . IlogcTaBuB 3TOT pe3yJbTaT B ypABHEHUE JIBUKCHMUS,

noayduuM ToxaectBo 0 =0, 4.1.1.
[Tepuon ynpyrux koyie0aHuil paBeH:

T =2n/wg=2n/k/m=2nJm/k.

C yBennyeHWEM MacChl BO3pPACTA€T HMHEPLUHUOHHOCTH KOJIEOIOMIEHCS CHUCTEMBI,
M03TOMY €€ JIB)KEHHE 3aMeJIIEeTCs, U MePUO/l KOJIeOaHU yBeIMYMBaETCA.

JHeprus koJiedanmii. B koneOmromeiics cucremMe MpPOTEKAET HEMPEPHIBHO
IpoLlecC B3aUMHOIO TIPEBPAIECHUS KUHETUYECKOW M TOTEHLIMAIbHOW SHEPTUM.
[Tonmnass ouepruss W  HesaTyxammmx KoJeOaHH MEXaHUYECKOW CHUCTEMBI
MPOMOPIHOHATEHA KBAAPaTy AMIUIATYIbI KoxeOammii A’ M HEe M3MEHSETCS CO
BPEMEHEM, XOTs OTACIbHBIE ee BB — KnHeTHdeckas Wy = Mu’/2 U MoTeHIuaIbHas
Wy = kx?/2 — mpeTepreBaioT M3MEHEHHs, IBAXKABI AOCTHIAs 33 IEPHOJ KOIeOaHHi
MaKCHUMAaJIbHbIX 3HAUYE€HNH. MTHOBEHHBIE 3HAYEHUS SHEPIUIl — MOJIOKUTENbHBIE. OHU
COOTBETCTBEHHO PaBHBI:

Wk = m %2 = m [Awg sin (oot+00)]/2 = mag” Asin’(wgt+a) /2
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Wi = k x%/2 = k [Acos(wot+0i0)]%/2 = k A%cos? (wot+oi) /2.
Kunernueckas s3HEprus JOCTUraeT CBOEr0 MakKCUMyMa
WK(max) =m COO2 A2
B MOMEHTHI BpeMeHH, Korja (a3a KoieOaHuil mpuHUMAeT 3HayeHus o = m/2 £ N m,
rae N — nenoe yucio. [loTeHnuanbHas 3Heprus JOCTUTAaeT CBOETO MaKCUMYMa
WH(max) =k A2

B MOMEHTBHI BPEMEHH, Korjaa ¢aza KojaeObaHuii mpuHUMAET 3HAYeHH oL = £ N 7T, T N
— nenoe ynciio. Ilonnas sHEprus uMeeT MOCTOSHHOE 3HAaYEHUE, PABHOE!

W=Wk+Wp=%m 0)02 AZSinz (0)0t+0(0) + 5 K AZCOS2 ((Dot"‘OLo) =

— WK(max) — WH(max) =m 0)02A2 =k AZ.

MaremMaTuyecKuii MASITHUK.

MaTteMaTuyeckuii MasiTHUK MPEACTABISIET COOOM TOYEYHOE TEI0 Macchl m,
MOABEUICHHOE K HEBECOMOM M HepacTsDkuModW Huth amuHoit | (puc. 72).

BosBpamaromieit cuiioit sSBIsSE€TCA TMPOEKUUS CHIBI TSKECTH Fre = Mg Ha
HampaBJieHWe JBIKeHHs Tena F,. B kaudecTBe konebarenpHOTO Tpoliecca 371ech
BBICTYIIAIOT BpallaTelbHble KauaHus (kojebaHus) pajuyc-BeKTopa | , mpoBeIeHHOro
OT TOYKHM TMOJiBéca HUTU K M.T. I[IpuMeHMM OCHOBHOW 3aKOH JIMHAMUKHU
BpAILATEILHOTO JIBUKEHHS K PACCMATPUBAEMOMY pajuyc-BeKTopy | :

B=o=M/1=[l,F ]/
WIM B TMPOCKUMM Ha OCh BpallaTeNbHbIX KOJEOAHWM, COBHAJAIONIYIO TIO

HAIMpaBJICHUIO C BEKTOPOM YTJIOBOT'O CMelieHHs (yTiia HOBOpOTa) ¢ -
B=—IFysine/l==Imgsine/ml*=—(g/l)sing,
rae nosiisiercst 3Hak "—", tak kak MomeHT cwibl M =[l,F_, ] 1 yrnoBoe yckopenue

—

B=¢ Bcerma HampaBJCHBI MPOTUB YTIJIOBOIO CMEHICHHWS ¢. B pexume Mallbix

kostebanuit (¢ < 5°) cripaBeyiuBo npuOIKeHHE SiN ¢ = ¢. Eciu teneps 3amernm ¢/l
2

Ha M¢°, TO MOJy4YuM AuQQepeHInaIbHOe YpaBHEHHE COOCTBEHHBIX HE3aTyXaloIIMX

KoJIeOaHUI OPHEHTAIUU paauyc-BeKTopa | B BEpTUKAIBHON TIOCKOCTH:

[0) +co(2) ¢0=0,
pEIIEHnEM KOTOPOTO SBJISETCS, HAPUMeED, (yHKIMS:
¢ = (Po‘COS((Dot +(Xo),

KOTOpass Ha3bIBaeTcsl (OpMyJIOd TapMOHHYECKHX KOJEOaHWM. (g — aMILIUTyna
YIJIOBOTO CMEIIEHMs. YTJOBas 4acToTa M MEepUoj COOCTBEHHBIX KOJeOaHUl MOTyT
OBITh BBIYUCIIEHBI COOTBETCTBEHHO 10 (POpMyJIaM:
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(oo:\/gi/l u TO:2n/c00=27t\/T,

T.€. 4acTOTa U MEPHOJ KoJieOaHUM HE 3aBUCAT OT Macchl kosiebmtomierocs tena. OHu
3aBUCAT TOJBKO OT JUIMHBI HUTH U YCKOPEHUS CUJIBI TSKECTH.
MaremaTU4eCKuii MasiTHUK HCIOJB3YETCS ISl JIEMOHCTPAIIMU CYTOYHOTO

Bpamienus 3emin (MasTHUK Dyko) u B 1a00paTOPHOM MPAKTUKYME AJI ONpeaeNeHUs
YCKOPEHHUS CUJIBI TSYKECTH.

-

P

Puc. 72 Puc. 73 Puc. 74

duznyeckuii MAATHHK.

®u3NYEeCKUM MAasITHUKOM Ha3bIBAE€TCS TBEPJOE TEJIO, CIIOCOOHOE COBEPIIATH
KOJ'I668.HI/I$[ BOprr HGHOJIBI/I)KHOﬁ TOYKH, HC COBHaJIaIOHIGﬁ C €Io IICHTpOM I/IHepIII/II/I
(pI/IC. 73a). B nonoxxeHun paBHOBecHus HEHTp wHepuu C HAXOAUTCS TOJ TOUYKOMH
moaBcEcCca O MasjTHHUKA Ha OJIHOﬁ C Heﬁ BepTI/IKaJII/I. HpI/I OTKJIOHCHUU MAasjiTHHKA OT
ITOJIOKCHUA paBHOBGCI/Iﬂ Ha yFOJ’I ([) BO3HUKACT BpamaTeanmﬁ MOMCHT CHII,
CTPEMSILIUICS BEPHYTh MAATHUK B MOJIOKEHNUE PABHOBECUSL. DTOT MOMEHT PaBEH
M = —mgl sing,

rie M — Macca MasiTHHKa, a | — paccTostHue MEXy TOYKOM TMOJBEca U IIEHTPOM Macc
MasATHUKA. 3HAaK '"—" O3HayaeT, YTO MOMEHT CHUJ HaIpaBJIEH NPOTHB YIJIOBOTO
CMEILECHUs. Y paBHEHHUE BPAIIATEIbHON TMHAMUKY IPUHUMAET BU:

B=M/1=—(mgl/1)sin o,

rae | — MOMEHT WHepuMM MasTHUKA OTHOCHTEIHLHO OCH, POXOJIAIIEH Yepe3 TOUKY
nojaseca. B ciydae Mmanbix koneOanuii (¢ < 5°) 3TO ypaBHEHHE MEPEXOIUT B
muddepeHnransHOe ypaBHEHHE COOCTBEHHBIX HE3aTyXalONMX KoJieOaHu

('[')+0)S(p=0,

PEIICHHEM KOTOPOTO SIBISETCS (yHKIIUS:

74



¢ = A cos (oot + o),

rJIe uepes Mo 0603HaUCHa YIIIOBAs 4acToTa Kosebanuii: o = (mgl / 1)Y2

Takum o00pa3om, HpH MaJIbIX OTKJIOHCHHUSX OT IIOJIOKCHUS PAaBHOBECHS
(GU3NICCKUN MasSTHUK COBEpIIAcT TApMOHHUYECKUE KOJICOAHHMs, YIiIoBas 4acToTa Mg
KOTOPBIX 3aBUCUT OT MAacChl MasiTHUKA, MOMEHTa WHEPIIMU MasSTHHKA OTHOCHTEIHHO
OCH BpAIICHWS W PACCTOSHUS MEXIAY OCBIO BpAaIICHHS W IEHTPOM HWHEPIHH
MasiTHUKA. [lepro konebaHuii pU3NIECKOro MassTHHKA ONPEISISICTCS BRIPAKCHUEM:

To = 2m/1/mgl .

U3 conocrasnenus dopmyn Ty =2ml/mgb u Ty=2mn/l/g cnenyer, uro
MaTeMaTHYeCKUH MasTHUK ¢ iuHO# |, = (I/ml) umeeT Takoii sxe mepuo koacOaHuid,

KaKk ¥ JaHHBIH (¢usndeckuid MasTtHuUK. Bemmuwny |, = (I/ml) HaswBaror
NpuBeAeHHO JJnMHOH (Qu3nyeckoro wmasitHuka. WTak, npusedennas Onuna
@u3ULecKo20 MAAMHUKA — MO OAUHA MAKO2O0 MAMEeMAMuyecKko20 MAassmHUKda,

nepuoo Koliebaruii KOmopo2co cosnaoaem ¢ nepuooom OaAHHO20 Gu3UYecKo2o
maamuuxa. Touka 0' Ha mPsAMOIA, COEAMHSIONMIECH TOUKY TMOJIBECA C IIEHTPOM MHEPIIUH,
Jexalas Ha pacCTOSHUM IPUBEICHHOW MJIMHBI OT OCHU BpAaUICHUS, Ha3bIBAETCS
LEHTPOM KadaHus puznyeckoro Mastauka. [lo reopeme LITelinepa MOMEHT HHEpLUU
MasiTHUKA | MOKeT ObITh PE/ICTABIIECH B BUJIE

| =1+ ml?

rae lp — MOMEHT WHEpIMHU OTHOCUTEILHO OCH, MapaJyiebHOM OCH BpalleHUs M
POXOJIAIIEH Yepe3 IEHTP HHEPIIUA MasTHUKA.

Moxcrasue | = lo+ ml* 8 I, = (I/ml) , momyuaem: |, = (l/ml) + |, orkyna
CIIeZlyeT, uTO mNpHUBeaeHHas anuHa |, Bcerma Oosbine jmHbBl |, Tak 4TO TOUKa
nonseca 0 u neHTp kawanmst 0' ;mexaT MO pa3HbIE CTOPOHBI OT IeHTpa uHepimu C
(mentpa Mmacc). IlomBecum masTHUK B nieHTpe kKadanus O'. IlpuBemeHHas jvHa B

aToM cimydae Oynmer pasHa: I, = (lo/ml') + I', rme I' — paccrosHme mexmy
NIEPBOHAYAIILHBIM IIEHTPOM Ka4YaHUsl U [ICHTPOM WHEPIMH MAasSTHUKA. Y YUTHIBAS, YTO
I'=1,,— 1, umeem:
. _ 2
Iy = lo/m(lp — 1) + 1y — 1= 1, + [(Io + mI%) —ml, 1] /m(l,, —1).

BhIpakeHne, CTosIIee B KBAAPATHBIX CKOOKAX, PABHO HYIIIO, TTOCKOMBKY lg + ml> = | —
3TO MOMEHT WHEPLMH OTHOCUTEIBHO MEPBOHAYAIBHOW OCHU BpallEHUA. DTOU XKe
BEJIMYMHE paBHO Bbipaxkenue Ml l. WMrak, momywaercs, 4To mpu MOABCIIUBAHUH
MasiTHUKa B IIEHTPE KauyaHWs NpUBEACHHAs JUIMHA, a 3HAYMT, U MEPUOJ KoJeOaHUu!
OyayT Temu ke, uTo U BHayane. CienoBaTenbHO, TOuKa nojseca 0 U HeHTp KavyaHus
0' obmajgaroT CBOMCTBOM B3aMMHOCTHM: NpU IEPEHOCE TOYKH IIOJIBECA B IIEHTP
KauyaHus [IPEXHSA TOUKA [10JBECA CTAHOBUTCS HOBBIM LICHTPOM KayaHUSI.

Ha cBoiicTBe B3aMMHOCTH OCHOBAHO OIPEAEJIEHUE YCKOPEHUS CHJIIbI TSKECTH C
MIOMOIIBI0, TaK HA3bIBAEMOTO O0OpOTHOTO MasTHHKA (puc. 736). OO6OpOTHBHIM Ha-
3bIBAETCS TAKOW MAsTHUK, y KOTOPOrO MMEIOTCS JIB€ MapajlieJbHble IPYTr Jpyry,
3aKperJIeHHbIE BOJIU3U €ro KOHIIOB ONOPHBIE Npu3Mbl 1) u I1,, 32 KOTOpbIE OH MOXKET
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MOOYEPEIHO TMOJBEUIMBAThCS. Blonb MasgTHMKAa MOTyT TepeMelarbcss MU 3a-
KPEIUISThCS Ha HeM TsKENble rpy3sl — uedeBullbl 4 u B. [lepeMenienueM deuyeBHil
NOOMBAIOTCS TOTO, YTOOBI TPH TMOJBEUIMBAHUM MAaATHHKA 3a JIOO0YI0 M3 MPU3M
nepuoJ KojiebaHui ObLT OMHAKOB. TOrma paccTosiHue MEXy OMOPHBIMHU pedbpaMu
npu3M Oynet paBHO ly,. U3mMepuB nepruoxa konebanuii mastHuka 7o ¥ onpeaesus |y,

Ipy noMoInu Gopmyisl Ty = 27 / lup /9 » MOXHO HAalTH YCKOPEHHUE CUIIBI TSKECTH Q'

g= 27'C/T0 2|Hp'

KpyTuibHBIA MASITHUK.

[Tpu KpyTHJIBHBIX KOJeOaHUSAX Ha TEJIO NEHCTBYET 6038pauarouyuii MOMEeHM
CUbl, TIPUOCTAHABIIMBAIOIINN OTKIOHEHHUE TeJla OT COCTOSHUS PAaBHOBECHS U 3aTe€M
cooOmarmuii emy oOpatHoe aBwxkeHue (puc. /74). Bospamaromuyii MOMEHT
BO3HUKAET MpH AedopManuy Kpy4deHHUsS MPYKUHBI WX yOPYyroil HUTH, K KOTOPOU
NPUKpEIUICHO Konebmomeecs Teno. [Ipu Manplx yriax OTKIOHEHHS 3TOT MOMEHT M
OpsIMO TPONOPILHUOHANIEH YIiy OTKIoHeHus ¢: M =—-Deo, tne D — monynb
KpYUYEeHHUS.

Ecnu kpyTunpHble KoeOaHus rapMOHUYECKHE, T.€. P = (p'COS mot, TO yrioBoe
YCKOpPEHHUE () TPU MOBOPOTE TAKIKE U3MEHSAETCS 110 TAPMOHHUECKOMY 3aKOHY:

Q= —cog(po cosmot = —oog(p :

3HaueHUE BO3BPALIAOIIETO0 MOMEHTA HAWJEM TaKXke IpU IOMOUIM YpaBHEHHUS
BpAIlIATEIbHOM JUHAMUKM KakK IPOU3BEJICHHUE YIJIOBOIO YCKOPEHHsS HAa MOMEHT

uHepuuu koneOmomerocs tena: M =1 ¢=— I(D%(po cosogt =— IoaS(p. [IpupaBHUBas

JIBa MOJIYYECHHBIX BBIpXKEHUS BO3Bpamaronero momenra M =—-Do u M =— I(og(p,

noJiyurM (OpMyJy CBSI3HM MOJYJSL KPYUYEHHS] C MOMEHTOM MHEPLMH U COOCTBEHHOM
. . _ 2

4acTOTON KoyiebaHUil KpyTuipHOro MastHuka: D = lw,". Torga yactora u nepuoa

KoJIe0aHU onpeeNsitoTes mo GopMyiam:

0p=vD/l u T=2n/wy=2nJ1/D.

KpyTuibHbIE MasTHUK TNPUMEHSIETCS B JIaDOpPAaTOPHOM MpPaKTUKyMe JIJIst
AKCIIEPUMEHTAJILHOTO  OMpEJENIeHUss COOCTBEHHOIO MOMEHTA HWHEPIUH  Te
IPOU3BOJIBHON (DOPMBI M CKOPOCTH TIOJIETA IYITH.

3aTyxamomue KoJeOaHMs.

Ecnu Ha xoneOironieecs: Tes0 JEUCTBYET CUila TPEHUS, TO SHEPTUsl CUCTEMBI,
aMIUIMTY1a CMEIIEHUS U AaMIUIUTYyJa CKOPOCTH HE OCTAlTCA MOCTOSAHHBIMH, a
yOBIBAIOT, DHEPTUsSl PACcCXOJyeTCs Ha MPEOJOJICHHE CUJI TPEHHUS U TMPEBpaAIACTCS B
terio. Ilpoucxomutr 3aryxanue kosneOanuil. Takue KoneOaHUsT HE SBISIOTCS
rapMOHUYECKUMH, U AuddepeHnnasbHoe ypaBHEHUE IBUKEHUS, KaK 3TO ObUIO
[I0Ka3aHO B HaydaJie pas3zesa, UMeeT BUM:
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X+ 2BX+05 X =0

rae B = r/2m — kod¢pduuuent 3aryxanusi, ©g = /K/M — cobeTBennas yacTora

(yrioBasi) koneOaHMl CHUCTEMbl MpPU OTCYTCTBUM 3aTyXaHuss U M — Macca
kosieOmomelicss cucreMel. [lpu ycimoBum, 4ro 3aryxaHue Mano P << @g, 3TOMY
YPaBHCHHIO B KAYECTBE PEIICHHUS yIOBICTBOPSCT QPyHKIUs (pHUC. 75):

x=Ae™ cosmt +a

rae € = 2,71 — ocHOBaHHME HATypaJbHBIX JOTapuPmMoB; Ay U 0y — MOCTOSHHBIC

o , 2 2
BCJIMYMHBI, 3aBUCAIINE OT HAYaJIbHBIX YCIOBHUH, M = 4/0( —B — YIJIOBas 4acCToOTa

3aTyXaromuX KojeOaHMid, KOTopas BCeria MeHbIIe COOCTBEHHOMN YaCTOTHI (o.

[Tepromom 3aryxarommx KojeOaHUIl MPUHATO HA3BIBATH BPeMs 1, 32 KOTOpPOE
cucTeMa JBaXIbl MPOXOAHWT Yepe3 CpeIHee IOJIOKEHHE B OJHOM U TOM JKe
HAIpaBJICHUH, M BPEMsI, 332 KOTOPOE OTKJIIOHCHHUE B OJIHY M Ty )K€ CTOPOHY JBAKIbI
JOCTUTaeT MaKCUMAIBHOTO 3HaueHHs. CHJIBI TPEHHSI 3aMEJUISIOT IBHKEHUE CUCTEMBI.
[TosToMy mepuoz 3aTyXaroUux KojeOaHU! BCerja HECKOJIbKO OOJIblIe, YeM MEepUos
TeX COOCTBEHHBIX KOJIeOaHWH, KOTOpBIE COBepIlana Obl cucTeMa, eciyd Obl TpeHHe
orcyrcTBoBano. Ilpm mamom Tpenuun B << ©®¢ MOXHO CYHUTaTh, YTO MEPUOJ
3aryxaromux konebanuid 7 = 27/® TpaKkTUYEeCKH paBeH MNEpUONy KOJIeOaHUH B
orcytcTBun TpeHust Ty = 271/wg, ¥ YIIIOBas 4acTOTa 3aTyXalolluX KojeOaHud o =
2nt/T coBmagaer ¢ yriioBoi 4acTOTOW B OTCYTCTBUU TpeHHS g = 27/ 7.

Pone aMrmtynbl KoseOaHH B YCIOBHO MEPHOAMYECKOM JBUKEHUU HTPACT
BEJIMYMHA, KOTOPasi yOBIBAET C TCUCHUEM BPEMECHHU 110 SKCIIOHEHIIMATLHOMY 3aKOHY:

A = Abe_ﬁt: A)e—tltcl

Koaddunmentom 3aryxanus [ ompenensiercs ObicTpoTa (CKOPOCTh), C KOTOpOH
yObIBaeT aMIuiuTyna. BenuuuHa 1., oOpaTHas 3, Ha3bIBaeTCsl BPEMEHEM 3aTyXaHMs
WK BpeMeHeM peJiakcanuu 1. = 1/B. Bpems penakcauuu — 370 TO BpeMs, B TEUECHUE
KOTOPOT0 aMIUIUTYJa yMeHbIIaercs B € = 2,71 pa3. B camom gene, npu t = 1, umeem

-1
A(Q)/A(To) = Ad(Ae™) = e.
OTHOIIICHI/IG aMHJ’II/ITy,H, COOTBCTCTBYI—OIIII/IX paSJ'II/I‘IHBIM MOMCHTaM BpeMCHI/I,
OTIINYAKIIINUMCIA HA HCpI/IO)I, HA3bIBACTCA }IereMeHTOM 3aTyX3HI/Iﬂ:

D=AWM)/A(t+T)=Age P /A e P =ghT

Harypanpubiii  jgorapudm >TOro OTHOIIEHHUS Ha3bIBaeTCs JOrapupmMuieckum
AEKPEMEHTOM 3aTyXaHMS:
9=InD=Inef"=pT=T/1,.

[Tokazatenp 3aTyxaHus [3 XapakTepu3yeT 3aTyXaHHUE KoJeOaHUM 3a eIUHUILY
BpEMEHHU, a JiorapuMHUYEecKuil NEeKpeMeHT — 3a mepuoj. Bennumna, oOparTHas
gorapuMUYECKOMY JIEKPEMEHTY 3aTyXaHus, paBHa 4Yuciay KoneOaHuii N,
COBEpLIAIOIIIXCS 32 BpeMst pernakcanun: 9~ = 1c/ T = N, mpruem 3a 3To BpeMs T
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AMIIINTyla YMCHBIIACTCA B € paas. I[J'Ifl XAPAKTCPUCTHUKHU K0JICOATEIbHOM CUCTEMBI
qacCTo yrIOTpe6JISI€TC}I TaKXKC BCIINYHWHA

Q=n/9=n N,

Ha3bIBaeMasi JOOPOTHOCTBIO KoyieOaTeIbHOW cHUCTeMbl. JJ0OpOTHOCTH MpOMOpPIHO-
HaJbHA YnCay Koaedanuid N, coBepIIaeMbIX CUCTEMOM 3a BpeMsi peaKcaiuu.

[Tapamerpsr 3atyxanus B, T, 9 u Q cCBsA3aHBI MEXAy COOOW B3aWMHO-
OJIHO3HAYHBIMU COOTHOILICHUSIMU, @ UMEHHO:

$=n/Q=BT=T/1,p=1/.=8/T=n/0T,
1.=1/B=T18=Q0T/nm uw Q=n/8=n/pT=nt./T.

AO\ x:AOe_Bt cos(of + ) Ay T x:AOe_Bt cos(w/ +ayg)
_ -Bt _®g Ay=
A= A4ye - 0
/ oy =0 B=(D0
B=3w
/\ /\ AN AN Ay 0
[
0 o —
\/ t
Puc. 75 Puc. 76

Yem MmemieHHee 3aTyXxaroT KoneOanust T << 1., TeM BbIlIE JOOPOTHOCTH KOHTYpa.
JIOOpOTHOCT, — 3TO XapaKTEPUCTHMKA KadecTBa KoJieOmromecss cucrembl. Jlms
CIOpPaBKH, JOOPOTHOCTh BJEKTPUUYECKOTO KOJIEOATEIbHOr0 KOHTypa OOBIYHO HE
npesbiimaet 3HadeHns 10°, kamepTona cocrasmsier npuMepHo 10%, kprcramia kBapua
MOXeT gocTurars 3HadeHus 10°, u HamBbICIICH JTOOPOTHOCTHIO 00JIaaeT Pe30HATOP
nasepa (10" u Bbime).

Anepuoanyeckoe ABHKCHHE.

Ecnu 3aryxanue Benuko B = m,, pusnyeckas cuctema, Oyaydu BbIBEJEHA U3
paBHOBECHS, BO3BpaIllacTCs K HEMY, HE coBepIias koyiebanuii (puc. 76).

Boiny:kneHHbIe KOJIeOaHUS.

BrIHYXICHHBIMHA HAa3BIBAIOTCA TaKue KOJeOaHWs, KOTOPHIE BO3HHUKAIOT B
KoJieOaTeIbHON CHUCTEME MO/ JCHCTBHEM BHEIIHEW MEPUOAMYECKH HU3MEHSIOUIEHCS
cuibl (MBI OyJieM Ha3bIBaTh €€ BhIHYKJaaromied cuioi). IlycTs BbIHYXAaroias cuia
U3MEHSETCSI CO BPEMEHEM M0 rapMoHuueckomy 3akoHy F = Fy cosot, rne Fo —
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aMILUIATy1a BhIHYXaafomeld cuiibl. C yd4eToM BBIHYKIAIOIICH CHIIBI, KBA3HYIIPYIroi
CHWJIBI M CHJIbI COINPOTHUBJICHHUS CpPEAbl ypaBHEHHE JBIIKCHHUS (HEOAHOPOIHOE
nuHelHoe auddepeHIManIbHOS  YpaBHCHHE  BTOPOrO  IOPSAAKA)  3AIUIIETCS
CICAYIOIUM 00pa3oMm:

X+2B>’(+w%x = fpcosot |,

rae fo = Fo/m. OctanbHbie 0003HAYCHHUS JaHbI B IPE/IIICCTBYIONUX Pa3Ieiax.

OOmiee pemieHne 3TOTO HEOJHOPOIAHOTO YpPaBHEHHS PaBHO CyMMeE OOIIEro
pEIIeHHUs] COOTBETCTBYIOIIETO OJHOPOJHOTO YpPaBHEHUS W YACTHOTO PEIICHUS
HEOJTHOPOJTHOTO YPAaBHECHHSI:

x=AyeP'cos(w't + o) + Acos(mt —aty),

f 2B o
A= 0 = i s
rue u o, =arct .
\/((og —0°) +4B°0° ’ g(ﬂé—@z

OHO OIHUCHIBACT TOBEACHUE CHCTEMBI NMPU BBIHYXICHHBIX KoyieOaHusx (puc 77).
IlepBoe cnaraemoe UrpaeT 3aMETHYIO pPOJib TOJBKO B Ha4YallbHOM CTaauu Ipoliecca,
OpyU Tak Ha3bIBAEMOM IIEPEXOJAHOM MpouLecce ycTaHoBleHUs Kosebanuid. Co
BPEMEHEM H3-3a SKCIOHEHIMANBHOr0 3aTyXaHus ¢ 7' ero posb yMeHbIIAETCS, U 110
UCTEYCHHUH JOCTATOYHO OOJIBIIIOTO MPOMEXKYTKa BpeMeHH (1 > 57;) UM MOKHO TIpeHe-
Opeub, COXpaHsAs B PELICHUU JIMIIb BTOpoe ciaraemoe. lloaromy ycraHOBIiieHHE
3HAYEHUUN BEJMYMH Ag', ®' U o' HE BXOJUT B PaMKH JIaHHOTO paccMOTpeHus. Takum

00pa3oM, YCTaHOBMBIIIMECS BBIHYKICHHBIC KOJICOAHUS OMMCHIBAIOTCS (DYHKIIMEH:

X = fo cos(mt — arctg%) _
\/ (0 — ©°)*+4B°w° Wy —®
BrinyxneHHbIe KoJeOaHus — X| x=e¢"Mcoswr+cos(wf—m)

rapMOHHMYECKHE C YaCTOTOM, paBHOIl yactore ||
BBIHYK/IAOTICH CHTBI. AwMIuuTyna (\ ﬂ ” ” ﬂ ﬂ n
IPOITOPIIMOHATFHA aMIUTATY/IE
BBIHYKJIAOIIEW CHWJIBI W JUIl  JTAHHOM /\
KoJjebaTenbHOM cucteMbl (wp U B 3a7aHbI) 0 V {
3aBUCUT OT YacTOThl. BBIHYKICHHBIC
konebanus  orcTaror  mo  (ase  or v U U U U U U U
BBIHY)XK/IAIOLICH CHJIbI, NPUYEM BEIMYMHA -1f epexoum mporece

OTCTaBaHMs Oy TAKKE 3aBUCUT OT YaCTOTHI
BBIHYKJAIOIEH CHJIBI. Puc. 77

3aBUCUMOCTh ~ aMIUIUTYJbl  BBIHY)KJICHHBIX  KOJEOAHMM  OT  4YacTOTHI
BBIHYKJAIOIIEH CHJIBI IIPUBOJUT K TOMY, YTO IIPM HEKOTOPOM 4acTOTE aMIUIMTYyAa
Kosie0aHUil JOCTHraeT MakcuMaiabHOro 3HaueHusd. KonebarenbHas cucrema
OKa3bIBA€TCSI OCOOEHHO UYBCTBHUTEJIbHOM Ha JEWCTBHE BbIHYXKIAIOIIEH CHUIIBI B

79



OKPCCTHOCTH 5TOM YacTOThl. OTO SBJCHUE Ha3bIBaCTCS pe3oHancoM, a
COOTBCTCTBYHOIIAA 4aCTOTA — pGSOHaHCHOﬁ YaCTOTOH.

YroObl ompenenuTh PE30HAHCHYI0 YaCTOTy (pe;, IPUPABHAEM  HYJIIO
MIPOU3BOIHYIO 10 ® OT 3HAMEHATENSI B BBIPAKCHUHU ISl aMIUTUTY/IbI, U MBI TIOTYYUM:

2(05 —°) - (—20) +4-2p°0 =0
ITH (COS —0)2)-60—2[326020.

Hckmroyass HEMPUTOJHBIE B KAYECTBE PEIIEHUs] BapuaHThl ¢ ® < 0, moay4uum
3HAYEHHUE PE30HAHCHOW YaCTOTHI:

N 2
O = O, /0y —2p° .

41

ol A= f(w) T

ol @, =10 ¢’

7 3n/4

6

5 /2

4

3

5 /4

1

0 0,5 @pes 1,0 1,5 ! % 1 2 o,
Puc. 78 Puc. 79

[ToxcraBuB 3TOoT pesynbrar B Qopmyny A= f, / \/ (COS — 602)2 + 4[32032 ,

MMOJYYHUM PC30HAHCHOC 3HAYCHUC aMILIUTY JAbI:

A=~
e3 2 NG
2B/(0g —B%)
OTcroma cieayer, 4To MHpH OTCYTCTBHHM compotuBiieHus cpeasl (B = 0)

aMIUTUTYyJla TPU pe3oHaHce oOpamianack Obl B OECKOHEYHOCTh, W PE30HAHCHAS
94acToTa MPU TEX K€ YCIOBHUSIX COBMasia Obl ¢ COOCTBEHHOM YacTOTON KOJeOaHwMit
cucteMbl ®p. OpHAKO peaJlbHO TaKOe YCIOBHE HE OCYLIECTBUMO — TpPEHHE
CYILIECTBYET BCerja B paMKax MPUMEHHUMOCTH 3aKOHOB KIJIACCHYECKOW (U3MKH.
3aBUCUMOCTh AMIUIATYAbl BBIHYKJIEHHBIX KOJEOAHHIl OT 4YacTOThl BBIHYKJAOIIEH
CUJIBI (4acTOThI KoJieOaHUil) MpeCTaBlIeHHAs rpadUuecKy Ha3bIBAETCS PE30OHAHCHOM
kpuBoi (puc. 78). OtnenbHble KpUBble Ha rpaduKe COOTBETCTBYIOT Pa3IuYHBIM
3HaYCHUAM KodpduimeHTa 3atryxanus 3. Uem MeHsbIme 3, TeM BBIIIE U TIPaBee JICHKHUT
MaKCUMyM JaHHOU KpuBo#. [Ipu oueHs Oosbiiom 3atyxanuu (23 > ®g) BeIpaKeHHE
JUISl P€30HAHCHOW YaCTOThl CTAHOBUTCSI MHUMBIM. DTO 03HAYaeT, YTO MPHU 3TUX YCIIO-
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BUSX PE30HAHC HE HAOMIOJaeTcs, M C YBEIMYEHUEM 4YacTOThl aMIUIUTYa
BBIHYK/ICHHBIX KOJIeOaHHH MOHOTOHHO YOBIBaeT (CM. HHXKHIOIO KPUBYIO Ha puc. 78).

JomnonnutenbHple 3amedanus. [Ipu cTpemiieHMM ® K HYJIIO BCE KPHUBBIC
OPUXOAAT K OJHOMY M TOMY JK€, OTIIMYHOMY OT HYJIs, MPEJAEIbHOMY 3HA4YEHUIO,
paBHOMY Xg = folog? = Fo/k. D10 3HAuUEHHE MIPEACTABIICT COOON CMEIICHHE W3
MIOJIOKCHUSI PABHOBECHS, KOTOPOE TOJyYaeT CHCTEMa IOJ JACHCTBHEM MOCTOSHHOU
cunbl Fo. Ilpu crpemnenun ® K OECKOHEYHOCTH BCE KPHUBBIC ACHUMIITTOTHYCCKU
CTPEeMSITCS K HYJIIO, TaK KaK TP OOJIBIITON YacTOTE CHJIa TaK OBICTPO M3MEHSET CBOE
HAIpaBJICHUE, YTO BCJICICTBHEC HWHEPIIMOHHOCTH CHCTEMa HE YCIIEBAeT 3aMETHO
CMECTHUTHCS U3 TIOJIOKECHHS paBHOBeCcHs. HakoHell, OTMETHM, 94TO YeM MEHbIIE 3, TeM
CUJIbHEE H3MEHSAETCS C 4YacTOTOM aMIUIMTyJa BOJW3M pE30HAHCA M «OCTpEe»
CTaHOBUTCS MAaKCHMYM.

N3 popmynbl Abeg = f, / [2[3«/((05 —Bz):| BBITEKAET, 4YTO NpPH MaJOM 3aTy-

xaanu (P << o) aMIUIUTy1a MPU PE30HAHCE MPHUOIMKCHHO paBHA Ape; ~ fo/(2Bwo).
2
Paznenum 3T0 BhIpakeHHE Ha CMEIICHUE M3 MOJIOKEHUS paBHOBecHus X = fo/wo” mox
NeUCTBUEM MTOCTOSTHHOM cuibl Fo. B pesynbprare noayunm:
Ae Ty fp oy 2 1 1,

~ . 5 = = =T :n_:nNe:Q.
X, 2o, o 2B 2pT BT T

Takum 06pazom, T0OpOTHOCTH Q MPU MajOM 3aTyXaHUHU MTOKA3bIBAET, BO CKOJIBLKO pa3
aMIUTUTy/la B MOMEHT pe3oHaHca (Ape;) NPEBBIIACT CMEIICHHE CHUCTEMBI U3
TIOJIOKCHUST paBHOBECHS (Xo = folwg? = Fo/k) mon nmeiicTBHEM MOCTOSIHHOMN CHIIHI,
paBHOM aMILIMTYC BeIHY K aaromiei cuibl (Fo).

BrIHy>XIeHHBIE KOJI€OaHMsI OTCTAIOT 10 (ha3e OT BBIHYK/IAFOIICH CHIIBI, IIPUYEM
BEJIMUMHA OTCTaBaHMA JIGKHUT B mpeaenax 0 < o < w. 3aBUCHUMOCTh O OT ® TIpH
pasHBIX 3HAYCHUAX [ ToKa3aHa rpaduuecku Ha puc. 79. Pe3onaHcHas dwacroTa
MeHbIIe coO0cTBeHHOM. YacToTe @ = ®y cooTBeTcTBYET 00 = /2. CienoBarenbHO, B
MOMEHT pe3oHaHca o < 7/2. Tak Kak nmpu ciabom 3aTyXaHHH Mpe; ~ Mg, TO 3HAUCHHUE
Ol TIPHU PE30HAHCE MOYKHO CUUTATh PABHBIM T1/2.

C sIBIEHUEM Pe30HaHCa MPUXOIUTCS CUYMTATHCS MTPH KOHCTPYHPOBAHUH MAIIUH
U pasIuyHoOro poja coopyxkenuit. Cobcmeennas wacmoma KOIEOAHUH ATUX
YCTPOMCTB HU B KOEM CIIydae He OO0JICHA Oblmb ONU3KA K YACOME BO3MONCHBIX
sHewHux 6030eticmauti. Tak, HarpuMmep, COOCTBEHHAs 4YacToTa BUOpaIluii Kopmyca
KOpaOisi WM KPBUIBEB CaMoJjeTa JODKHA CHIIBHO OTJIMYAaThCsl OT YacTOTHI
KoJIeOaHUH, KOTOpPBIE MOTYT OBITh BO30YXKIIEHBI BpAlICHHEM T'PEOHOTO BUHTA WIIA
nponeiuiepa. B mpoTHBHOM ciydae BOSHHKAIOT BHOPAIMH, KOTOPhIE MOTYT BBI3BAaTh
katacTpody. M3BecTHBI citydan, Korja oOpyIIUBAIMCH MOCTHI TIPH TIPOXOXKJICHUHN 10
HUM MapIIUPYIOMKX KOJOHH COJAAT. ITO MPOUCXOJMUIIO TTOTOMY, YTO COOCTBEHHAs
JacToTa KoJieOaHWH MOCTa OKa3bIBaJIach OJIM3KOM K 4acTOTE IIara KOJIOHHBI. BmecTte
C TeM, SBJICHWE pPE30HAHCAa YacTO OKa3bIBACTCS BEChMa TIOJIE3HBIM, OCOOCHHO B
aKyCTHKE, PAAMOTEXHUKE U T.JI.
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BOJIHOBBIE ITPOIECCBI. OCHOBbBI AKYCTHUKH.

Oo0pa3zoBaHne u pacnpocTpaHeHue BOJIH B YIIPYroi cpeje.

Ecnu xoneGmtomeecs: Teno (KaMepToH, CTpyHa, MeMOpaHa U T. J.) HaXOAUTCS B
YIPYIrou cpezie, TO OHO MPHUBOJIUT B KOJIEOATEIBHOE JBUKEHUE COIPUKACAIOIINECS C
HUM 4YacTHIbI cpeabl. BemeacTBue 3Toro B NpHIETarouX K TEIY 3JEMEHTaX Cpeibl
BO3HUKAIOT MepuoAndeckue aedopmanuu (Hampumep, ckaTus U pacTsbkeHus ). [lpu
3TUX JedopManusx B CpeAe MOSBISIIOTCS YOPYTMe€ CHWIIbl, CTPEMSIIHECS BEPHYTh
AJIEMEHTBHl Cpelbl K MEepBOHAYAIbHBIM COCTOSHHMSIM paBHOBecHs. buaromaps
B3aMMOJICHCTBHIO COCEIHHMX JJIEMEHTOB Cpelbl yrpyrue naedopmanuu OyayT
nepenaBaTbCsi OT OJHHMX YYacTKOB Cpeldbl K JApyruMm, Oojiee yAalleHHBIM OT
KOJIEOJIOIIErocsl Tejla ¢ HEKOTOPOM CKOPOCTbIO, 3aBHUCSIIEH OT €€ (PU3HUECKUX
CBOMCTB. BMecTe ¢ TeM, MoJI0kKEHUsI paBHOBECHUSI YACTHUI CPEIbl HE EPEMEILAIOTCS, U
OT OJIHHX YYaCTKOB CPEJIbl K IPYTUM IEPEIAeTCs TOJIBKO COCTOSIHUE iehopMaliny.

[Tpouecc pacnpocTpaHeHHs] BO3MYILEHUS U, B YAaCTHOCTH, KOJeOaTEIbHOIO
JIBY)KEHHUS. B CpElle Ha3bIBACTCS BOIHOGLIM NpOYeccomM WM TPOCTO eonnou, B
3aBHCHUMOCTH OT XapakTepa BO3HHUKAIOIIUX TMpPH 3TOM YHOpyrux naedopmanuii
pa3nuyaroT BOJIHBI NPOOOAbHbIe W nonepeyrnvlie. B NPONOJIBHBIX BOJHAX YaCTHIIBI
Cpelbl KOJIEOMI0TCS BIOJIb IMHUH, COBIIAJIAIONICH ¢ HAllpaBiICHUEM PacIpOCTpaHEHUs
KoseOaHuil. B monepeyHbIX BOJHAX YACTHUIIBI CPEJIbl KOJEOIIOTCS NEPIEHIUKYISIPHO
HampaBleHUIO pacmpocTpaneHus BonHbl. Ha puc. 80 mokazaHo pacmonoxeHue
YacTHUIl Cpebl B IPOAOIBHBIX (@) M TornepedHbix (0) BoyiHAX (M300pakeHbI B BHUJIC
YEepTOUYEK).

g g L

a) Npodopsnes bonne

Konedmourescs
meng

&) Nonepevsan Bonna

Puc. 80

Kunkue u razoo0pasHbie cpeibl He 00J1a7al0T CBOMCTBOM YNPYTOro CABUTA, U
MOATOMY B HUX BO30YKJAIOTCSl TOJIBKO MPOJOJIbHBIC BOJIHBI, PACIIPOCTPAHSIOIINECS B
BUJIC YEPEAYIOMIUXCS SBICHUN CXATHS W pa3pekeHus cpeibl (pacmpoCTpaHsIoTCs
KojeOaHusl TUIOTHOCTH cpenbl). BomHbl, BO30yXgaemble HAa TMOBEPXHOCTH BOJIBI,
SBJISIFOTCSL  TIOMEPEYHBIMU: OHU O0S3aHBl CBOUM CYIIECTBOBAHUEM 3EMHOMY
TATOTEHHUIO. B TBEp/ABIX Telax MOTYT OBITh BBI3BAHBI M MPOJOJIBHBIC, U MOTIEPEUHBIC
BOJIHBI.
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[TycTh TOYEUHBIM MCTOYHHMK BOJIHBI Hauaa BO30YyXKIaTh KoyieOaHUS B Cpele B
MoMeHT BpemeHu t = 0. Ilo ucreuenun Bpemenu t 310 KojaedaHue paclpoCTpaHUTCA
II0 Pa3JMYHbIM HAIIPABICHUSAM Ha paccTosiHuA I = v;t, rae v; — CKOpOCTh BOJIHBI B
JaHHOM HarpaBieHuH. [I0BepXHOCTh, 10 KOTOPOU T0XOIAT KOJeOaHUs B HEKOTOPHIM
MOMEHT BpeMeHH, Ha3biBaeTcs GpoHTOM BOJIHBI. Dopma (ppoHTa BOIHBI ompee-
asieTcst KoH(Urypanuei uICTOUHNKa KojaeOaHui U CBOWCTBAMU CPE/IBL.

Cpena Ha3bIBaeTCA U30MPONHOU, €clii €€ PU3NYECKUEe CBOMCTBA, B YaCTHOCTH,
CKOpPOCTb PACHPOCTPAHEHMS NAHHOW BOJIHBI, OJWHAKOBBI II0 BCEM HAIIPaBICHHUSM.
Cpena Ha3BIBaCTCA 00HOPOOHOU, €CIU (PU3HYECKHE CBOWCTBA OJIMHAKOBHI B JIFOOOM
MecTe 9Toi cpeapl. Cpena MOKeT ObITh OJTHOPOIHOM, HEOTHOPOIHOM, U30TPOITHON H
AHU30TPONHON (HE M30TPOMHOI). DPOHT BOJHBI OT TOYEYHOTO MCTOYHHMKA KoyeOa-
HUH B OJHOPOJHOM W H30TPONHOM cpelne HMeeT BUJ c(]epbl; TaKUe BOJIHBI
Ha3bIBAIOTCS C(pepUUYECKUMM.

B HeomHOpOAHOM WJIM aAHU30TPONHOM Cpele, a TaKXke OT HETOYEUYHBIX
UCTOYHUKOB KoJIeOaHUN (PPOHT BOJIHBI UMEET CIO0XKHYI0 (hopmy. Eciiu GpoHT BOTHBI
OpeacTaBiseT Cco0OM IUIOCKOCTh W 3Ta (¢GopMa COXpaHseTcss 10  Mepe
pacrpocTpaHeHus KojebaHuW B cpefe, TO BOJIHY Ha3bIBalOT IJIOCKO#. Maiibie
y4acTKy ()pOHTA BOJIHBI CIOXKHOW (POPMbI MOXKHO CUMTATh IJIOCKUMH, a BOJIHY Ha
JAHHOM Y4YacTKE€ — IJIOCKOW BOJHOM (€ciiu TOJbKO paccMaTpuBaTh HEOOJbIINE
PacCTOSIHUSA, IPOXOJUMBIE 3TON BOJIHOM).

& ", ::--
.'I’f Ko "I.. -.Iﬁ! .I!
Lo <-H-v->j !
I"t‘ —— /- -‘.J !
~ . soa
H o .'_l) -
Puc. 81

IIpu onucanny BOJHOBBIX MPOLIECCOB BBIICISIIOT TOBEPXHOCTH, B KOTOPBIX BCE
YaCTHUIIBI KOJICOJIOTCS B OJIMHAKOBOM (hasze; 3TU «IOBEPXHOCTH OMHAKOBOHN (haszb»
Ha3bIBAIOTCS BOJHOBBIMH Wid (pa30BbIMM NOBepXHOCTAMU. OHU MOTYT OBITH
chepuuecKuMHU, TUIOCKUMH W JPyroi (opMbl B 3aBUCHMOCTH OT KOH(PUTYpAIUH
UCTOYHHMKA KoJieOaHUU U CBOMCTB cpenabl. Ha puc. 81 ycioBHO moka3aHbl BOJTHOBBIE
MOBEPXHOCTH: & — CHEPUUIECKON BOJHBI OT TOUCYHOTO MCTOYHHKA, D — BOJHBI OT
KOJIEOIOIENCs TUIACTUHKHU U C — DIUTUNITUYECKON BOJHBI OT TOYCYHOT'O MCTOYHUKA B
AHU30TPOIIHOM Cpelie, B KOTOPOM CKOPOCTh PACIpPOCTPAHEHUs BOJHBI U IUIABHO
MEHSIETCS 110 MEPE U3MEHEHHUS yIJia O, JOCTUTrasi MAaKCUMyMa BIOJIb HAIPABICHUS 4—
A n MuHUMyMa — BIOJIb B—B.

dDopmyJia rapMOHHYECKOI BOJIHBI.

[Ipy ommcaHuu BOJHOBOrO Mpoliecca TpeOyeTcsi HAWTHU aMIUIUTYAbl U (a3l
K0J1€0aTebHOTO JIBJKEHUS B PA3JIMYHBIX TOYKAX CPEAbl U U3MEHEHUE ITUX BEIUYHUH
C TEUCHHEM BPEMEHH. DTa 3a7auya MOXKET ObITh pellieHa, €CJIM U3BECTHO, M0 KAKOMY
3aKOHY KOJIEOJIETCS U KaK B3aUMOJICMCTBYET CO CPENIOH TeJO, BHI3BABIIEE BOJTHOBOM
nporiecc. OTHAKO BO MHOTHX CIIy4asiX HE CYIIECTBEHHO, KaKUM TEJIOM BO30Y’KJIeHa
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naHHasi BosiHa. Pemraercs Gojee mpocTasi 3ajada: 1aHO COCTOSTHUE KOJieOaTebHOIO
JNBIKEHUS B OJHUX TOYKAX CPEIbl B ONpPEICICHHbI MOMEHT BPEMEHH, HaIlpuMeEp,
U3BECTHO PaCIoJIOkKeHUE (PPOHTA BOJIHBI MM BOJHOBOW MOBEPXHOCTU, U TpeOyeTcs
OTIPENICTUTh COCTOSIHUE KOJIEOATEIHHOTO JABMKEHUS B JPYTHX TOYKAX CPEIbl. 371eCh
K€ MBI HAlJIeM CBSA3b MEK/y COCTOSTHUSAMH KOJIEOATEIHLHOTO ABUKEHUS B PA3TUIHBIX
TOYKaX Cpeabl B MIPOCTEHIIIEM Clydae pacrpoCTpaHEHUs TIIOCKOW WU cheprudecKon
rapMOHHYECKOH (CHHYCOHIAIBHOM ) BOJTHBI.

JlomyCTUM, 4YTO MOPOLIECC PACTIPOCTPAHEHHUS IIJIOCKOW BOJHBI MPOUCXOIUT B
MOJIOKUTEIBHOM HampaslieHMu ocu 0X, T.e. B CTOPOHY BO3pacTaHUsi KOOPAWHATHI X
(puc. 82). O603HauNM uYepe3 € KOJCOTIONIYIOCS BEIMUUHY. DTOW BETUYUHONW MOTYT
OBbITh: CMEIICHHE YaCTHUI[ CpPElbl OTHOCUTEIHHO UX TIOJIOKEHHUS PaBHOBECHS;
OTKJIOHCHUE JABJICHUS WU IUIOTHOCTA B JAHHOM MECTE€ Cpellbl OT PaBHOBECHOTO
3Ha4YeHus U T.1. JJIs IpOCTOTHI MPEANOI0KUM, YTO B KaXK/I0OM TOUKE CpPEbl BEIUYMHA

€ U3MEHSAETCS CO BPEMEHEM 0 FapMOHMYEcKoMy & 4 s
3aKOHY: ol
e =ggcos(ot+oag), /\

rae € — aMIumTyga Komebanmit; o = 2w/T — U
yrioBas yactota; 1 — nepuo; (ot + ap) — dasa \/ \/
konebannii B Touke x = 0. TpeOyercs HailTu
da3zy komebaHuit B JIOOOW Ipyroil Touke A,
orcrosiei ot x = 0 Ha pacCTOSHUU X. Puc. 82

Tak kak Touka 4 pacmojio’)keHa B HAMPABIEHWU PACHPOCTPAHEHHUS BOJIHBI OT
Touku 0, To B MOMEHT BpeMeHH t B Touke 4 OyAeT TaKoe K€ COCTOSIHUE
KOJICOATEIBHOTO JIBIKEHHS, Kakoe ObUT0 B Touke ) Ha X/U CEKyHJI paHbIIIE; 3/1eCh U —
CKOpOCTh pacmpocTpaneHusi (pasbl konebanuii (pazoBasi CKOPOCTh) B HANpPaBICHUU
Ox. Takum obpazom, da3za konebanmii B Touke 4 B MOMeHT t paBHa (aze konebaHuii B
touke 0 B Oonee pamHmii mMomeHT t — X/v, T. e. paBHa [ow(t — X/v) + og].
CrnenoBaTenbHO, 3HAUEHHE KOJEOIOIIEHCS] BETUYMHBI B TOUKE A B MOMEHT BPEMEHHU
t paBHO:

><V

X

8=80COS|:0) t—x/v +oc0].

JlormycTuM Tenepb, YTO BOJHA PACIPOCTPAHAETCS B OOPATHOM HaIlpaBJICHUU B
CTOpPOHY yOBIBaHUSI KOOpAWHATHI X M3 OeckoHeuHocTH B Touky X = 0. Torma ompe-
JIEJICHHOE COCTOSIHME KoyieOaHusd, T.€. onpeaesneHHas (a3a BOJIHbI, JOCTUTAET TOYKH
A Ha T = X/v cekyHn pasbiie, yeM Touku 0. CriemoBarenbHo, (a3a B TOUYKe A B
JaHHBIH MOMEHT BpeMeHH Ooubmie ¢aszbl B Touke 0 Ha ot = o(X/v). Ecimm mo-
npeKHeMY NMpUHATH Pa3y B Touke 0 B MOMEHT t paBHOU ©t + 0, TO B TOUKE A B 3TOT
K€ MOMEHT BpeMeHH (asza Oyaer paBHa ot + o1 + oo = [ (t + X/v) + 0g]. Takum
o0OpazoM, hopMyITy IIIOCKOM BOJHBI MOKHO HamucaTh B OOLIEM BUJE KaK:

€= €;COS [o) tFx/v +oc0],
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rje 3HaK MUHYC Oepercs s NMPSIMOil BOJIHBI (BOJIHBI, PAaCIPOCTPAHSIOIICHCS B
HaMpaBJICHUU BO3pacTaHMs X), a IUIIOC — JJI1 O00paTHOW BOJHBI (BOJIHBI,
pacpOCTPaHSIONICIHCS B HAIPABICHUH YOBIBAHUS X).

Paccrositaue A, mpoiineHHOe BOTHOM (T.€. ompeneneHHou (ha3oii koebanmii) 3a
OJIMH TICPHOJT KOoJeOaHWM, Ha3bIBAeTCA AJMHON BOJIHBI. BemuuuHbel A, v, ®, T 1 v
CBSI3aHBI MKy COOOH COOTHOIICHHUSIMH:

v:&:h}, A=0T :02—7[:9 u 2_7I:2_7IV:9.
T O Vv A Av D

B dbopmyse BoHBI KOJIEOIIOMIAsACS BEIMYMHA € 3aBUCUT OT JABYX IEPEMEHHBIX: t U x.
[Tpu yriayOieHHOM W3yYeHUH BOJIHOBBIX SIBJICHUN OTHOMICHHE 27/A = /v 3aMCHSIOT

BEJIMYMHON K, KOTOpas HasbIBaeTCs BOJHOBBIM YHCIOM K =2n/A=w/v. B Takom

clydae, YpaBHCHHE BOJIHBI TNPHHUMaeT (GOpMy, CHUMMETPUYHYIO OTHOCHTEIHHO
MEPEMEHHBIX { U X!

e(X,t)=ggcos(ot FKX+0og)

Ecin 3amenuTh BoOJHOBOe umciao K
BekTopoM K, paBaeiM K = Kk n, tme n —
SIMHUYHBIA BEKTOP HOPMAaJId BOCCTABJICHHBIH
K BOJHOBOH moBepxHoctd (puc. 83),
KOOPAWHATY X — PaJNYC-BEKTOPOM I TOUKH A,
TO TIOJYYUM YpaBHCHHE IUIOCKOH BOJHBI B
caMoM 00111eM BU/IE:

g(r,t)y=¢gg cos (ot ¥k r+oyg)

3)1€CB n gajcc ciliaracmMoc Kr — sT0 CKaJIAPHOC
IMPOU3BCACHUC BCKTOPOB kKur:

kr=krcosd mwm Kr=Kkyx+Kkyy+k,z, Puc. 83

rie k:kXT+ky]+kZR, r=xi+ y]+zR, € — yron mexnay Bekrtopamu K u T,

Ky, ky, K, — mpoexnuu BekTopa K B mekapToBOil cucTeMe KOOpPAMHAT, LIEHTP

KOTOPOIl HAXOAUTCS B IPOM3BOJIBLHOM TOYKE HA IJIOCKOCTH M3dyuarend, u |, |,K —
OpTBI JIeKapTOBO# cucTembl Koopaunar. Torna ypasuenue KyX+Kyy+K,z =const

(mmn Kr = const) ecTb ypaBHEHHE IUIOCKOCTH, COOTBETCTBYIOIIEE HEKOTOPOM
BOJIHOBOM MTOBEPXHOCTH.

CornacHO 3aKOHY COXpaHEHHs YHEPIMM aMIUTUTyJa KoieOaHui chepuueckoi
BOJIHBl YMEHBLIAETCS OOpaTHO MPOMOPLHUOHAIBHO PACCTOSHHUIO I OT TOYEHHOI'O
UCTOYHHKA KoJieOaHuii, u popMyia chepruuecKkoil TapMOHUYECKON BOJTHBI UMEET BHI:

1 _
e= —ggcos otFKr+og
r
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BoanoBoe ypaBueHnue.

BonHoBoe ypaBHeHue — 310 nuddepeHnnaibHoe ypaBHEHUE, OMPEIeIsroIee
IPOCTPAHCTBEHHO-BPEMEHHYIO CBSI3b KOJICOJIOMICHCS BeIUYuHbl. Ero Mbl moaydnm
JUTS TJIOCKOM BOJIHBI, pAaCIIPOCTPAHSIOMIENCS BAOJIb BbIICJIEHHON OCH X:

e(r,t)=gg cos (ot —k r+oy), rae k=Kk(k,0,0).

Harinem BTOpY10 NpOM3BOIHYIO OT € MO i, 1ojiarasi x oCTOSSHHOM,

0% 2 2
— = g0 cos[ ot —kx +0c0] = -0°¢
ot

¥ 3aTeM BTOPYIO IIPOM3BOJIHYIO OT € 10 X, IoJarasi t oCTOAHHOM,

2 2

0% ®
— = —eokzcos[ ot —kx +oc0:| = - —¢&.
0X v

HOI[GJ'H/IB APYyr Ha Apyra COOTBETCTBCHHO JICBBIC U IIPABLIC 4aCTHU 3TUX IIPOU3BOJIHLIX,
IMOJIY4YMM UCKOMOC BOJIHOBOC YPABHCHHUC!

828 1 628

ox% o2 ot?
O06o0uieHneM JaHHOTO YpaBHEHHMs Ha cCly4yail NpPOW3BOJIBHOIO HaIpaBICHUS

pacnpoctpanenus mwiockon Boiusl K =K Ky, Ky, K, sBastoTcs popmybl:

0% N 0% 0% 1 0% Ae 1 0%
= 17001 =——
ox> oy> o0z v’ ot v? ot?
o° o o
rae st ot 5 = A — muddepennmansHbIii oneparop Jlamaca.
ox® 0y° 0z

Hpunnun I'oiirenca. Cynepno3uuusi BOJIH.

[Ipn wu3yueHHWH BOJHOBBIX MPOIIECCOB B CaMOM OOIIEM cliydyae CTaBUTCS
cieAyronas 3aaaya:

® JJaHO TeJI0 OmpeneNeHHOW (OopMBI U pa3MepoB, COBEpUIAIOLIEE KOJEOaHUS B
HEKOTOPOH CcpeJie, CBOMCTBAa KOTOPON U3BECTHBI;

® JIaHBl aMIUTATYIbl, ()a3bl U HAIIPABJICHUS KOJIEOAHUN BCEX TOUYEK TENa;

e TpebOyercsi ompeaenuTs GopMy U pacrnojiokeHre (pPOHTA BOJHBI WM BOJHOBOU
MOBEPXHOCTH B CPEJI€ B KAXKbIi MHTEPECYIONIUN HAC MOMEHT BPEMEHU, a TAKKE
aAMIUTUTYJIbI KOJIEOAHUH B PA3IMYHBIX TOYKAX 3TUX MOBEPXHOCTEH.

JInst 3TOM 1€ CHaudajla pacCMaTPUBAETCS B3aUMOJIEUCTBUE KOJIEOIIOIIETOCs

TeIa CO Cpelo W ompenenseTcss GPOHT BOITHBI B HEMOCPEICTBEHHOW OJIM30CTH OT

aToro Tena. JlalpHenmee pacnpOCTPAHEHUE BOJHBI B CPEAE ONPENENAeTCS IPHU

NOMOILIM pUHIMNA (UK npaBuia) ['tolireHca 1 npuHLKIA CYyNEPHO3ULUU.
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B ocHoBe mpuHnuna I'roiireHca JIeXUT yTBEPKACHUE: BCE TOYKH BOJHOBOTO
¢bpoHTa, 3aJaHHOTO B HEKOTOPBI MOMEHT BpeMeHH 1y, MOKHO paccMaTpuBaTh Kak
CaMOCTOATENbHbIE UICTOYHUKH BOJIHBI, HAYaBIIIME U3y4aTb B MOMEHT ty (3TU BOJIHBI
HA3BIBAIOTCS DJIEMEHTAPHBIMU WJIM BTOPUYHBIMH). [[7151 HaxoxKaeHust ppoHTa BOJIHBI B
MOCIICTYIOINiT MOMEHT BpeMeHu t = f; + At HeoOxomumo HalTH (PPOHTHI BceX
AJIEMEHTAPHBIX BOJH U 3aTE€M MOCTPOUTH UX OTHOAIOIIYIO.

DneMeHTapHbIe BOJIHBI MOTYT ObITh C(hepuUeCKUMHU (€CIH cpefa U30TPOIIHAsA),
AJUTUTIICOUAAIBHBIMU UJIM UHBIMU B 3aBUCUMOCTHU OT CBOMCTB Cpe/ibl. TakuM 00pa3om,
Ipu MOMOIIM HpuHIUIA [folreHca MOXHO YUCTO T€OMETPUUYECKUM MOCTPOCHHEM
HAWTHU pacroyiokKeHUue (PPOHTA BOJHBI B OCIECIYIOUIME MOMEHTHI BPEMEHH, €CIIH 3TO
pacroioKeHue 3a1aHo B MOMeHT tp. OpHako npuHoMn ['rolireHca He NO3BOJISET
ONPEJEIUTh aMIUIMTY/bl KOJIEOAaHUHM B Pa3IMYHBIX TOUKaX, KyJa JOXOAUT BojHA. J{is
ATOr0 JAOMOJHUTENIBHO UCTIONB3YETCS NPUHYUN CYNEPpRo3uyuU, CoAep;KaHue KOToporo
3aKJIFOYAETCS B CIEAYIOLIEM.

Jlonmyctum, 9T0 S — PPOHT BOIHBI (MIJIM BOJIHOBAS TOBEPXHOCTH) B MOMEHT 1y 1
S'" — B MomeHT t = ty + At (puc. 84a). DnemeHTapHbIE BOJHBI, UCXOJAIINE U3 TOYEK
My, M5, ... TOBEPXHOCTH S, UMEIOT B 3THX TOYKAX OJIMHAKOBBIC (Pa3bl (MX aMILUIUTYIbI
MOTYT OTIMYaThcs). B MoMeHT 1t 3Tu BONHBI HOHAYT a0 TOYkM A c (Dazamu u
aMIUIUTYJaMHU, 3aBUCAIIMMU OT PACCTOAHUU [, Iy, ... [IpuHUIMI cynepno3uuuu
YTBEPXKJAET, UTO aMNauUmyoy KOieOanui 6 mouxke A ModiCHO Hatmu, eciu U38eCmubl
AMIIUMYObl 6CeX KONeOaHutli, 8030yicoeHHblx 8 2moiu mouke. Ilpu 3ToM OOBIYHO
IpeanoiaraeTcs, YTo KojaeodaHus B CpeJie IuHelinble U TIO3TOMY B TOUKE 4 CyMMapHOe
OTKJIOHEHHE OT COCTOSIHMSI PaBHOBECHS B BBIOPDAHHOM HANpaBICHUH € PABHO
anreOpanyecko cymMMe OTKJIOHEHUHM € + € + ..., BBI3BAaHHBIX Ka)KJI0il BOJHOHU B
OTJIETTLHOCTH.

JlommycTuM, 4YTO B HEKOTOPOH cpele MMEIOTCS HECKOJIbKO TOYEYHBIX
MCTOYHUKOB BOJIH (OJIMHAKOBOM 4acToThl). PaccMoTpum niBe Touku cpeaibl A u B: 4, B
KOTOPOM CMEIIEHUS, BBI3BAaHHBIE 3TUMU BOJIHAMHU, UMEIOT OJIMHAKOBOE HAIPaBICHUE
U TIO3TOMY CKJIAJbIBAlOTCS, U B, B KOTOPOM CMEIIECHHUS] UMEIOT MPOTHUBOIMOJIOKHBIC
HATIPABJICHUS U BBIYUTAIOTCS. Tak Kak SHEPrus KojeOaHuii B eAMHUIC 00beMa CpeIbl
IIPOIIOPIIMOHATIFHA KBAAPATy aMIUIATYABI, TO BOJU3U TOYKH A TUIOTHOCTH SHEPTHUH
KoJIe0aHMl 3HAYUTETHLHO OOJIbIIIE, YeM OKOJIO TOYKH B, T.e. pacmupeerncHrue SHePTHH
B cpeie OyJdeT HEpaBHOMEPHBIM. DTO pacHpeliesieHUe, €CIM OHO CO BPEMEHEM He
U3MEHSETCS, MOXKET OBITh OOHApY>KeHO W u3ydyeHo. B pesynbrare Habmromaercs
yCTOWYMBAas BO BPEMEHHM IMPOCTPAHCTBEHHAs] KapTHHA YCHJIEHUS M OCHa0JIeHUs
KOJIeOaHUH, KOTOpas Ha3bIBACTCS unmepgepenyuoHHouU KapmuHou
(unTepdepenuueii).

OO6pazoBanue UHTEPHEPEHIIMOHHOW KapTUHBI BO3MOXKHO, €CJIM BOJIHBI UMEIOT
OJINHAKOBBIC YAaCTOTHI U MPUXOAT B JAHHYIO TOUKY CPEJIbI C MIOCTOSSHHOW Pa3HOCTHIO
a3 (He U3MEHSIONICICS CO BpeMEHEM); TaKhe BOJHBI HA3bIBAIOTCS KOT€PEHTHBIMH.
Konebmommecs: Tena, BBI3BIBAIOIIME B CpPElle KOTEPEHTHBIC BOJHBI, HA3bIBAIOTCS
kocepenmubimu ucmounukamu. Hanpumep, Touku My, My, ... moBepxHocTH S (puc.
84a) xoneOMIOTCSI ¢ ONWHAKOBBIMH YacTOTaMH M (Da3aMu, a HMCXOJSIIAE OT HUX
AJIEMEHTAPHBIE BOJHBI MPUXOAT B TOUYKY A C pa3sHOCTIMHU (a3, KOTOPHIC 3aBUCST
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TOJIBKO OT paCCTOSIHI/Iﬁ 1, INp, ... © HC UBMCHAIXOTCA CO BPEMECHEM, IIO3TOMY BCE€ TOYKH
BOJIHOBOM IMMOBCPXHOCTU ABJIAIOTCA KOI'CPCHTHBIMHW HMCTOYHHKAMMH, a HCITYCKACMBIC
HMU 3JICMCHTAPHBIC BOJIHBI — KOIT'CPCHTHBIMU BOJIHAMM.

\\?/i

|

P —
tﬂ"’""_‘-ﬂ’

Puc. 84

IIpy momomum npuHuMna [roiireHca W IPUHIUIIA CYNEPIO3ULUA MOXKHO
PELINTH PAJl BAXKHBIX 33/1a4 MO paclpOCTPaHEHUIO BOJIH. B yacTHOCTH, paccMOTpUM
pacrpocTpaHEHUE BOJHBI B CpeAE, B KOTOPOMl HMMEIOTCS Te€a, HE MPOMYCKAOIIUE
ATOM BOJIHBI, MOTJIOMIAIOIINE WM OTpaxkaroniue ee. JlomycTuM, Iiiockas BOJHA S,
UMEIOIasi BO BCEX CBOMX TOYKAaX OJMHAKOBYIO aMIUIUTYAY KoJjieOaHWH, BCTpedaer
«HEMpOo3pavyHoe» JIsl 3TOM BOJIHBI TENO P, HE MpPOIyCKAalollee y4acTOK BOJHBI AB
(puc. 8406). [Ipumennm npuHIM [FOlTeHCa TSI MOMEHTA BpEMEHH, KOT/Ia BOJTHOBOM
¢pont Haxomutcs B S-S. [locTpouB (DpOHTHI dIEMEHTAPHBIX BOJIH, UCXOMSAIIAX W3
Touek Mi, My, ..., N1, No, ..., u npoBens orubaromue |, Il u 1. 1., 3ametum, 4ro
BOJIHOBOM (poHT 3axoauT B oOnacte C, KOTOPYIO HAa3bIBAIOT 00.1aCMblo
eeomempuydeckoti menu. VI3 reoMeTpUuecKX cOOOpaKEHUI CIEIYET, UTO BOJHOBBIE
JAy4H, TEpPEKphIBAEMBbIE TEJIOM, HE 3aXOAST B 3Ty oOnacte. To ecTh, TaM BOJIHA
J0JI’KHA ObL1a ObI OTCYTCTBOBATb.

OTO NMPOHUKHOBEHHE BOJIH B 00JIaCTh T€OMETPUYECKOM TEeHU ObUIO Ha3BaHO
audppakuueii BojgH. [IpuMeHsss MPUHIMI CYyNEPHO3UIIMKM, MOKHO YCTaHOBHUTH, YTO
BJ0JIb HOBOro ¢poHTa BoNHBI | wnm |l ammuryga koneGanuii (WM TUIOTHOCTH
MOTOKA SHEPIHH) YK€ HE Be3/le OJMHAKOBA, KaK 3TO OBLIO 3aJIaHO MJisi BOJHOBOIO
¢ponta S. TlomoOHast 3amaua paccMaTpuBaeTCs TaKXKe B pasfiele ONTHUKU s
CBETOBBIX BOJIH; 3/IECh JK€ 3aMETUM, YTO NpU TUGPAKIMH BOJHBI TPOUCXOIUT
HEKOTOpOE MepepacupeieieHie SHEPruu B Ipeaenax (ppoHTa BOJHBI, IPUYEM 3TO
nepepacpeesieHUe CyIlIeCTBEHHEE OKOJIO T'PAaHULl HEPO3PAYHBIX TEN.

[Ipunuunom T'rolireHca OOBSACHAIOTCS TaKXKe 3aKOHbl OTPAXKEHUS U
IpeJIOMJIEHUS] BOJIH Ha TpaHule pasjaena 1Byx cped. COOTBETCTBYIOLIME MOCTPOCHHUS
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JUTsI CBETOBBIX BOJIH MPUBOASTCS B pasjielie ONTUKU; OHU MPUMEHUMBI U JIJISl YIPYTUX
BOJIH B MEXaHMUYeCKuX cpenax. [lomyctum, uro, Ha miockyio rpanuiy 0-0 pazgena
IBYX OJHOPOJAHBIX M wu3oTponHbix cped | u I, ckopoctu pacnpocTpanenus
KoJ1e0aHU B KOTOPBIX PaBHBI U1 U U, MaJlaeT IJIOCKas BOJIHA S, MpUYeM HOpMallb AB
K (POHTY 5TOM BOJHBI COCTABIISIET YTOJI 0L C HOPMaJbI0O N K MOBEPXHOCTH pa3jelia
(puc. 85). Torma m3 moctpoenwms [roiireHca W B COTJIACHU C OMBITHBIMHU JTAHHBIMU
CIIEIyIOT PE3YJIbTAThI:

1) Hopmans BC k GpoHTY S' OTpaKeHHOM BOJHBI COCTABISIET ¢ N Yroi 3, paBHbIN Qi;

2) Hopmans BD k ¢porTty S" mpernomMieHHONW BOJHBI COCTaBJIsSeT ¢ N yroiu v,
yIOBJIETBOPSIONIUN COOTHOIICHHUIO

sin o 4

siny v,

i\ I\

A ,n\
\ \
N /N

MO N7 1 N
V\M\Ur «qjur X

Puc. 85 Puc. 86

3aMeTHM, 4TO MpU MEPEXO0J€ BOJHBI W3 OJHOW Cpelpl B JIPYIyl 4acToTa
MEXaHWYECKUX KOJNeOaHWi Vv COXpaHseTcs, a JUIMHAa BOJHBI HM3MEHSETCS B
3aBUCUMOCTH OT CKOPOCTH PaCIpOCTPaHEHUS BOJIHBIL:
. M_n
M=—; A=-%, —=—.
v v 7\,2 (%)
Jducnepcus.

Benuunna ckopoctu v onpenensiercs GU3NIECKUMHU CBOMCTBaAMH CPEJibl, U OHA
paziuyHa JUIsS pa3iMuYHbIX 4YacToT KosiebaHui (o wiu v). 3aBUCUMOCTb CKOPOCTH
pacnpoCTpaHEHUs] BOJHBI OT YacTOThl KOJEOAHWH Ha3bIBACTCS oOucnepcuell.
Hucnepcust NpOSBISETCAd IPU  PACHPOCTPAHEHHM  CIIOKHOTO  IEPUOAMYECKOTO
nporecca, CoIepKallero rapMOHMYECKUE BOJIHBI PA3JIMYHBIX YACTOT KOJIEOaHUM.

JlomycTuM, 4TO MO0 KaMEepTOHY, UMEIOIIEMY OCHOBHYIO YacTOTY KoJieOaHH Vo,
HAHOCSITCSl OIMHAKOBBIE YAapbl MOJIOTKOM YEPE3 CTPOrO ONPEAEIECHHBIE IPOMEKYTKU
BpeMenu 7. Tornaa mo Bo3ayXy BAOJb HAMPABJICHUS OCH ''x"' OyJIeT pacpOCTPaHsAThCs
TIEPUOIUYECKUI MPOIIECC, OMUCHIBAIOLINIICS HEKOTOpOU GyHKIMeH &(x,7). Dta (HyHK-
sl JOJDKHA 3aBUCETh OT CIEKTpa KaMepTOHA, T. €. OT HabOpa 4acToT, KOTOPbIE OH
U3Ny4yaeT, U OT PACIPEICIICHHUs] HPHEPrUU MEXIYy STUMU 4YacToTaMu (T.e. MEXKIY
FapMOHUYECKUMH COCTaBJISIOIMMU criekTpa). Kpome toro, 3ta QyHKIMS T0JKHA
cozepxath 4actotTy v = 1/7, ¢ KOTOpOi HAHOCSITCS yIaphl, a TAKXKE JOJDKHA 3aBUCETh
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OT XapakTepa caMoro yjaapa (IpoJoJLDKUTEILHOCTH yaapa, U3MEHEHHUs CUITbI yiapa co
BpEMEHEM) U OT OBICTPOTHI 3aTyXaHHs KOJeOaHU KaMepTOHa BCIIEJICTBUE MOTEPh HA
TpeHHWe W Ha wu3iaydeHue. Ha puc. 77 cxeMaTHUHO TMOKa3aHbl 3HadyeHus &(X,t),
COOTBETCTBYIOIIHUE JIBYM IMOCIEAOBATEIbHBIM y/IapaM MOJOTKA. Y CIOBUMCS KaXKIYIO
¢burypy, 0XBaueHHYIO Ha 3TOM PHCYHKE IMyHKTUPHOU JIMHUEH (COMEpKAIIYIO0 TOIBKO
OOJBIINE OTKIIOHEHUS OT TIOJIOKEHHSI PABHOBECHUS ), HA3bIBATh B0IHOGLIM UMNYIbCOM
WM gopmoti 60iHbL € (€€ HA3BIBAIOT TAKKE 60IHOSbIM naxkemom). 3a Bpems T

BOJHOBOM HWMIyJIbC TpoiaeT paccrossHue | ©, clemoBateiabHO, CKOPOCTH
pacnpocTpaHEHusl TOr0 UMIyJibca OyIeT paBHA
u=I/T.

Jlns omucaHus Tpolecca PacHpOCTPAHCHUS 3BYKa, BO30YXKICHHOTO TaKUM
obpazoMm, ¢ ydeToM (HU3UYECKUX CBOMCTB cpeabl (M, B YAaCTHOCTH, JUCIICPCHM)
11eJIeCO00pa3Ho, MpeACTaBUTh (GyHKIHMIO &(X,f) B BHAE CYMMbI TapMOHHYECKHX
ciaraeMsbix &i(x,t), IMEIONUX Pa3IUYHbIC YACTOTHI KOJCOAHUH

€ (x, Z) = 2 € (x, f).

Ecnu cpena He obOiagaer aucriepcueii, To BCe rapMOHUYECKHE BOJIHBI &(x, 1)
OyIyT UMETh OJIMHAKOBBIEC (Pa30BbIE CKOPOCTHU: U; = v. BeaeacTBue 3TOro BeCh BOJ-
HOBOM MMIyJIbC (KaK «CyMMa» 3THUX BOJH) OyJeT mepeMeliarbcst B Cpeie ¢ TOU ke
CKOpPOCThIO (1 = ©v), modTOMy «(popMa BOJHB» IO MEpe €€ PpachpoCTPaHCHHS
U3MEHAThCS He OyaeT. Eciu ke cpena o0nagaer qucrnepcueii, T.e. pa3oBbie CKOPOCTH
rapMOHHYECKHUX BOJH &;(x,) HE OJWHAKOBBI M 3aBHCAT OT YaCTOTHI ® (WM JJTHHBI
BOJIHBI A), TO «(hopMa» BOJHOBOIO HMITyJibca OyAeT MO Mepe pacnpoCTpaHCHHUs B
Cpelie U3MEHSITHCA.

B tom cnyuae, korma ¢opma BosHbl (T.e. popma kpuBoii Ha puc. 86),
M300paKaIOIIeH BOJIHY € U3MEHSICTCS TIPH PACTIPOCTPAHCHUH HE OYEHBb CHIIBHO (XOTS
OBl Ha MaJIBIX PACCTOSIHUSAX OT UCTOYHHKA), CKOPOCTh BOJTHOBOTO MMITYJIbCa (ITaKeTa)
MOJKHO OIPEACITUTh IO TepeMenieHHI0 | TOYKHM ¢ HaWOOJBIIMM OTKIIOHCHHEM,
nokazaHHoMy Ha puc. 86. OmpeneneHHas TakuM 00pa3oM CKOpPOCTb ¢ Ha3bIBAETCS
TPYNIOBON CKOPOCTBHIO BOJIHOBOTO MMIyJbca (makera). CyIIeCTBYET CBSI3b MEXKIY
¢da3oBoit ckopocThio U(A) KakOW-HHOYIh W3 TapMOHHYECKHX COCTABJISIOIINX
UMITYJIbCA U TPYIIIIOBOI CKOPOCTHIO CAMOT'O NUMITYJIhCa

dv
v-U=—,
dr
rne do/dh — mpousBoaHast 0T (a30BOW CKOPOCTH MO JUIMHE BOJHBI — XapaKTepU3yeT
JVCTIIEPCUOHHBIE CBOMCTBA JaHHOM cpenbl. Pa3oBble CKOPOCTH U TapMOHHYECKUX
COCTaBIISIOIIMX JIF0OOr0 BOJIHOBOTO MMITyJibca (MMaKeTa) B JUCIEPrUPYIOUIEH cpene
MOTYT B 3aBHCHMOCTH OT 3Haka nmpou3BoaHoil duv/dA ObITh W OOJIBIIE U MEHBIIIE
IPYIIIOBOI CKOPOCTH U CaMOI'0 UMITyJIbCa (ITAKEeTa).
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CrosiuMie BOJIHBI.

PaccmoTpum pesynbrar uHTep(dEpeHnn BYX IUIOCKMX TApMOHHYECKUX BOJIH
OJIMHAKOBOM aMIUIMTY/Jbl U YacCTOThI, PACHPOCTPAHSIOMIUXCS B MPOTHUBOIOIOKHBIX
HampaBieHusX. JlomycTum, 9To ypaBHEHUS ITUX BOJIH UMEIOT BU/I:

g1 = €pcos® t—X/v u & = gycosw t+X/v ,

YTO 03HAYaeT, yTo B Havaje koopauHat 0 (X = 0) o0c BOJHBI BBI3BIBAIOT KOJICOAHHUS B
onuHakoBoil (¢aze. B Touke A4 ¢ KoOpAMHATOM X CyMMapHO€ 3HaueHHE
KOJIeOIOIIeHCs BETMYMHBI, COTJIACHO MPUHIIUITY CYTIEPIIO3UIINH, PABHO

X
e=¢8+8&y =¢gp[cosm t—X/v +cosw t+X/v ]=2¢y-cosw—-cosmt. (*)
v

JlaHHO€ ypaBHEHHE MOKA3bIBAET, YTO B PE3yJbTaTe MHTEP(HEPEHUUHU NPSIMOUA U
oOpaTHOW BOJH B KaXIOW TOYKE Cpelabl (¢ (UKCUPOBAHHON KOOPAMHATOU X)
MPOUCXOJIAT KOJIEOaHUs C TOM JK€ YaCTOTON ®, HO C aMILTUTYI0M

Ay = Zgocoswg =2¢€(C0s 27[%. (**)

X
3aBHUCSIIEH OT 3HAYCHUSI KOOPAUHATHI X. B Toukax cpenpl, B KOTOpbIX COS ZTEXZ 0,

KOJIe0aHUs OTCYTCTBYIOT BOBce: Ag = 0, 3TH TOUKH HA3BIBAIOTCS y3JIaMM KOJIEOAHHIA.

X
B toukax, roge COS ZEK: +1, ammuTyga KonebaHuit uMeeT HauboJbIee 3HAUCHHUE,

PaBHOE 2€p. DTU TOYKHU HA3BIBAIOTCS MYYHOCTAMH KOJICOaHMIA.

PaccrosiHue Mmexay COCETHUMH Y3JIaMH WM COCEIHUMHU IMYYHOCTSIMHU
Ha3bIBACTCS JJIMHOW CTOSYEH BOJHBI A, OHO paBHO A/2. PaccrosiHue Mexmy
MYyYHOCTBIO M OMIKalIuM y3510M paBHO A/4. [Ipu u3mMeHeHuu x Ha A/2 KOCHUHYC B
dbopmyiie (**) meHseT 3HaK Ha oOpaTHBIN (€T0 apryMEHT U3MEHSETCS Ha T, TO3ITOMY
€Clii B TIpejiesiaX OJHOM MOJIyBOJHBI (OT OJHOTO y3Ja J0 JAPYroro) 4acTUIbl CPE.IbI
OTKJIOHUJIUCH B OJIHY CTOPOHY, TO B IIPEJIENIAaX COCEIHEN MOTYBOJIHbI YACTHIIBI CPEbI
OyZyT OTKJIOHEHBI B IPOTUBOIMOIOKHYIO CTOPOHY.

T T e T T

7~ ~ e el )

re AT P Tl e
v

»

Puc. 87

BonHoBoi#t mporiecc B cpeje, onuchiBaromuiics (opmyson (*), HasbiBacTcs
crosiueil BostHOM. ['paduuecku crosiyasi BoJIHA MOKET OBITh M300pa)keHa TakK, Kak
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ATO TOKa3aHo Ha puc. 87. [JlomycTum, 4TO € €CTh CMEIIEHHE TOYEK Cpelbl OT
COCTOSIHMSI paBHOBecus; Torma Qopmyna (*) ONHMCHIBAET «CTOSYYIO BOJIHY
cMenieHus». B HeKoTopblii MOMEHT BpeMeHH, Korja cos ot = 1, Bce TOUKHU cpejibl
UMEIOT MAaKCHMaJlbHbIE€ CMEILIECHUS, HAMNpPaBICHUE KOTOPHIX B 3aBUCHUMOCTH OT

X
BEJIMYMHBI KOOPJAMHATHI X OIpenaensercsa 3Hakom COS ZTEX . DTU CMEUICHHUS TTOKa3aHbl

CIUTOIIHBIMU cTpenikamu. CIyCTsl 4eTBepTh Nepuona, koraa cos ot = 0, cMemeHus
BCEX TOYEK CpEeIbl PaBHBI HYJIO; YACTHIBI CPeAbl MPOXOmiT depe3 nuHuio Ox ¢
pa3nuuHbIMU cKopocTaMmH. CHycTsl ele 4eTBepTh mepuoja, koraa cos ot = — 1,
YaCTUIIBI  CpeAbl  OMITh OyAyT HWMETh MaKCUMaJlbHbIE CMEIICHUs, HO
MIPOTUBOMOJIOKHOTO  HAIpAaBJICHUS; HSTH CMEIICHUS I[IOKa3aHbl MyHKTUPHBIMU
crpenkamMu. Touku A, Ay, ... — Iy4HOCTH CTOAYEH BOJHBI CMEIEHUS; TOUKH By, By, ...
— y3JIbl TOM BOJIHBL.

XapakTepHble 0COOCHHOCTH CTOSIYEH BOJIHBI B OTJIMYHE OT OOBIYHOM Oeryiei
BOJIHBI ClieiyIolre (MMEI0TCS B BUAY TJIOCKUE BOJIHBI IIPU OTCYTCTBUU 3aTyXaHHUS):
1) B crosuedl BOJIHE aMIUIMTYJIbl KOJICOAHUN pa3IUyHbl B Pa3IUYHBIX MeCcTax
CUCTEMBI; B CUCTEME MMEIOTCS Y3JIbl M MyYHOCTH KonieOaHuii. B «Oerymieit» BoiHE
3TH AMIUIUTY/IbI BE3/1€ OJUHAKOBBI,

2) B mpenenax ydacTKa CUCTEMbI OT OJIHOTO y3Jia IO COCEIHEr0 BCE TOYKU CPEIbI
KOJNEeOMI0TCS B OJUMHAKOBOM (a3e; mpuU NEepexole K COCEOHEMY Yy4dacTKy (asbl
KOJIeOaHU MEHSIOTCS Ha MPOTUBONOJIOKHBIE. B Oerymieil BosmHe ¢a3bl KoneOaHuit
3aBHUCAT OT KOOPJIMHAT TOYEK;

3) B cTOsIUCH BOJIHE HET OJJTHOCTOPOHHETO MIEPEHOCa DHEPTHH, KaK 3TO UMEET MECTO B

oeryiei BoJHE.

[Ipn omucanum KkoyieOATENbHBIX TMPOIIECCOB B YOPYTHX CHUCTEMax 3a
KOJIEOMIONIYIOCS BEJIUYMHY € MOXKHO TMPUHSATH HE TOJIBKO CMEIIEHHUE WM CKOPOCTH
YacTHI] CHCTEMbI, HO M BEIIMYUHY OTHOCHUTEIbHOW JedopMaiiil WA BEITUYUHY
HaIIPSDKEHUSI Ha CoKaTUe, PACTSKEHUE WIIN CABUT U T.4. [Ipu 3TOM B cTOSIYEN BOJIHE, B
MeCTaxX, TJle OO0pa3yroTCs IMyYHOCTH CKOPOCTEH YaCTHUIl, PaCIONararTcs Y3JiIbl
nedopmanuii U, HA0OOPOT, Y3IIBI CKOPOCTEH COBIAAIOT C MYYHOCTSIMU Jedhopmariuii.
[IpeoOpazoBanne »sHEpruM W3 KUHETHYECKOW B TMOTEHIMAIbHYI0O W 00paTHO
MIPOUCXOJUT B MPENENIAX y4aCTKa CUCTEMBI OT MyYHOCTH J0 COCEAHEro y3i1a. MOXKHO
CUMTATh, YTO KaXJbI TaKOM y4yacTOK HE OOMEHUBAETCS HHEPrUed C COCETHUMHU
y4aCTKaMH. 3aMETHM, 4YTO NPEBPAIICHUE KUHETUYECKOM HHEPrUU JIBUKYLIUXCA
YaCTHUIl B MOTEHIUAIBHYIO SHEPTHUIO J1e(POPMHUPOBAHHBIX YYACTKOB CPeAbl 3a OAUH
MEPUO/I IPOUCXOJUT JBAXKIBI.

3ByKOBBbI€ KOJICOAHUS U BOJIHBI.

3BYKOBBIE KOJI€OaHUsI, BOCIHPUHUMAEMBbIC YEITOBEYECKUM YXOM, HMEIOT
gacToThl, jexkammue B npenenax or 20 go 20000 I'm; wactorel, méupmme 20 I,
Ha3bIBAIOTCS uH@pazsykosuvimu, a 0omnbimue 20000 'y — yrempazsyrxosvimu.

[Ipy pacnpocTpaHeHHMH TapMOHMYECKOW 3BYKOBOM BOJHBI H30BITOYHOE
naBjaeHUE Ap = p — po M I30BITOYHAS TUIOTHOCTh AP = p — pPg U3MEHSIOTCS 110 3aKOHY
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Ap = Apocoso(t —x/v) u Ap = Apgcoso(t — x/v),

ecmi Ap u Ap Manbsl o cpaBHEHHIO ¢ p U p. M30bITouHoe naBineHue Ap 4acTo
Ha3bIBAIOT <«3BYKOBBIM JaBJICHUEM» (HE CMEIIMBaTh C [JABJICHUEM 3ByKa Ha
OPEnsITCTBUSA), a Apy — aMIUTUTY10M 3BYKOBOU BOJIHBI.

Humencusnocmoro wnu cunou 36yka | Ha3pIBAalOT KOMWYECTBO OSHEPTHUH,
NEPEHOCUMOE 3BYKOBOI BOJIHOW B €IUHHILY BPEMEHH Yepe3 eAUHUYHYIO IJIOMIAKY,
PacToI0KEHHYIO NEPIICHIUKYISIPHO HampaBICHUIO pacTipocTpaHeHusl.
NHTencuBHOCTD 3ByKa paBHa (0€3 10Ka3aTeNbCTBA):

1 5 Apg
| =—poug = ,
2 2pv

rae P — IUIOTHOCTh BO3JyXa, U — CKOPOCTb pACIPOCTpAaHEHUs 3ByKa M Uy —
aMILUTUTYHOE 3HAaUY€HUE CKOPOCTH KOJICOAHUI MOJICKYII.

AMITIUTYIBI CMEUIEHHS €y, CKOPOCTHU Ug U YCKOPEHHUS dg YACTUI] CPENIbl IIPU UX
KOJIeOaTeILHOM JBM)KEHUM B 3BYKOBOM BOJIHE, a Takke Apy MOKHO BBIPA3UTh Yepe3
MHTEHCUBHOCTH 3ByKa. Tak Kak Uy = €y®, dy = Up®, TO

0= L= Pl o2y -0,

NHTEeHCUBHOCTh 3BYyKa BBIpQKAETCA TakKKe dYepe3 Tak Ha3bIBaeMoe
aghghexmusHoe 38yKo60e aaeﬂeﬂue, onpezenseMoe o Gopmyiie Ap,g = Apo/N2:
2
| — (Apa(b)
pv

IIpou3BeneHne CKOPOCTH 3ByKa Ha IJIOTHOCTh JAHHOW CpENbl PU SIBISAETCS
BAXKHEMIIIEH aKyCTUYECKOM XapaKTEPUCTUKOW Cpedbl W Ha3bIBAECTCS YOelbHbIM
aKycmu4eckum Cconpomuenenuem. ITa BEJIUYMHA BXOJUT BO BCE Ba)KHEWIIHE
pacueTHble (HOpPMYJITBI aKyCTHUKU. Hampumep, npu nepneHauKyIsIpHOM MaJIeHUU 3ByKa
Ha TpaHUIly pas3jelia IByX cpell KodhumueHT oTpakeHus K, OKa3bIBArOIINMA, KaKast
4acTh 3BYKOBOW HEPTUU OTPAXKAETCS OT ITOU I'PAHULIBI, PABEH

K =| PLOL=P202 |2
P101 + P20

[Ipy HOPMAJBHBIX YCIOBHSX IS Bo3ayxa pv ~ 430 kr/(m°c), wis BOIbI pv =
145-10" xr/ (MZC), 1 K03(pPUIMEHT OTpaKeHHsI 3ByKa Ha TPAHUIIE BOJIa—BO3IyX PaBEH
~ 99,9%. B HEOmHOPOIHOH Cpese, COCTOSIICH U3 MHOXKECTBA CIIOEB C Pa3IUYHBIMU
yACIbHBIMU aKyCTHYCCKUMHU COINPOTHUBIICHUSMH, HAlpuMep, B aTMocdepe, 3BYK
YaCTHUYHO OTPaXaeTCs OT TPaHUI] KaXJOTro CJIOs U OBICTPO paccenBacTCs B ITOM
cpene. B ogHopoaHO# aTMocdepe 3ByK pacCEeMBAETCS MEHBIIE U MOATOMY CIIBIIICH
naneko. s TBepABIX Ten yAelbHbIE aKyCTHYECKHE CONPOTHBICHHS MMEIOT OoJiee
BBICOKHE 3HaueHus [xene3o — 40-10° kr/(m%c), kBaprr — 15-10% kr/(M2c)].
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[Ipu nepexone 3Byka U3 OJHON Cpelibl B IPYTYIO 4acTOTa 3ByKa HEM3MEHHa, a
JUTMHA BOJIHBI U3MEHSETCS MPONOPIUOHAIBHO CKOPOCTH PACITPOCTPAHEHUS:

ﬂ:ﬂ
Ay Uy

Hamnpumep, ecnu Ha yactore v = 1000 I'y ayimua 3ByKOBOM BOJHBI B BO3IYyXeE
COCTABIISACT Ayos; = 332 m-ct /1000 ¢t =0,332 M, TO B BOJIC €€ JJIMHA BOJIHBI paBHa:
Asox = 1400 m-c™ /1000 ¢™* = 1,4 m. st cipaBkn: A=vT=v/v.

dpdext Jonepa.

Ecnu WCTOYHMK WM TPHEMHHUK 3ByKa JBIKETCS OTHOCUTEIBHO CpEbl, B
KOTOpPO# TMPOUCXOJMUT PACIPOCTPAHEHUE 3BYKa, TO YaCTOTa 3BYKa V, UCITyCKaeMas
MCTOYHUKOM, M 4acTOTa V' 3TOr0 ke 3BYKa, BOCIIPUHUMAEMasi MPUEMHUKOM, OyIayT
oTiinuathbes apyr ot Apyra (3ddekr lomiepa). PaccMoTpuM dacTHBIN Cilydaid, KOraa
B10Jb ocu O—0O; (puc. 88) pacnpocTpaHseTcs MmIocKas rapMOHUYECKas BOJTHA.

1) Uctounuk 3Byka 4actoThl Vv = v/A = 1/T nBWXETCS OTHOCHTEIHHO CPEIbl CO
CKOPOCTBIO =+ 1; MPUEMHHK 3ByKa MOKoUTCcs. B 3TOM ciiyuae 3a nepuoa kojebaHui
T 3ByKOBas BOJIHA OTOMAET OT UCTOYHMKA (KaMepTOHA) Ha paccTosHue VT, a cam
ucTouHUK cmectutcs Ha u7. Ha puc. 88 kpuBbie a U 6 yCIOBHO HM300pakarOT
3BYKOBBIE BOJIHBI OT HETOJBIKHOTO (@) M ABWXKYyIerocs (6) mcrounuka. Ecnu
UCTOYHUK 3ByKa yHalisieTcs OT MPUEMHHKA, KaK ATO TMOKa3aHO Ha PHUCYHKE, T.C.
JIBIDKETCSI B HAIIPaBJIECHWU, OOpAaTHOM HAIPABJICHUIO PACIIPOCTPAHCHUS, TO JUTMHA
BOJIHBI paBHAa A' = 0T + uT = (v+u)7T; ecnu X€ WCTOYHUK 3BYKa IBUKETCS K
PUEMHUKY, T.€. B HalPaBJICHUU PACIpPOCTPAHEHHS 3ByKa, TO, OUYEBUIHO, A' = U T —
uT = (v—u)T. Torma yacTora 3ByKa, BOCIPHHUMAaeMasi IPUEMHUKOM B YKa3aHHBIX
CIIydasix, MOXET ObITh MPEJICTABJIICHA B BUJIC

- (% . A%
Ao 1tu /v
- A
" LT A= UT P fTpuerHuK
il f SN P by ra
1! ) s & i
! i L i
oy ' i v\ , 7 o
i ll i 6/\\ \\ ’{’I
~ Lod
\ l\ % S o e
h e
+i 'I ¢ —————— L
LJ
ucmosur 3Gyma
Puc. 88

2) McTouyHUK 3ByKa IOKOUTCS, MPUEMHHUK JBHXKETCS OTHOCHUTEIBHO CPEIbl CO
CKOpOCThIO £+ w. B 3TOM cityyae ajinHa BOJIHBI B Cpe/ie HE U3MEHSETCS M paBHA A =
vT, ogHaKO JBE MOCIEA0BATEIbHbBIE AMILUIUTY/ 1Bl BOJHBI JOUAYT 10 MPUEMHHUKA HE
yepe3 1 cexyH/I, a uepe3 0oJiblliee WiIh MeHbIIee BpeMs 7' B 3aBUCUMOCTH OT TOTO,
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ylajasieTcsl Wi npuOIMKaeTcss IPUEMHUK K MCTOYHHUKY 3BYKa. 3a BpeMsi 1’ 3BYK
pacrpocTpaHuTCa Ha paccTosiHue vT', a mpueMHUK cMmecTuTcs Ha = wl'. Cymma
ATUX BEJMYHH JIOJKHA PABHSTHCS JUIMHE BOJIHBI, CIEI0OBATENbHO, A = 0T '+ wT' =
= (vtw)T". Tak Kak yacToTa 3ByKa, BOCIIpUHUMaeMast mpueMHuKoM v' = 1/77, a v/A
=v=1/T, 10
vi=v(l xw/v).

3) WcTouHMK W TpPHEMHUK 3BYKa IBWKYTCS OTHOCUTENBHO cpenbl. CoemauHss

pe3ynbTaThl, NOJYYEHHBIE ISl IBYX MPEIbIAYIINX CIy4aeB, MOTYYUM:

,_Vliw/v
1tu/v

XapaKkTepuCTHKH 3BYKOBOI'0 OLYLLICHH.

3ByKOBO€ OIIyIICHUE XapaKTepU3yeTcs BBICOTOM 3ByKa, TEeMOpPOM U
TPOMKOCTBIO. Bblicoma 368yka omnpeAensieTcs dactoTod Kosnebanui. OpHako
UCTOYHUKH 3BYKa MCITYCKAlOT HE OJIHY, a ILIEJIbIi CHEeKTP YacTOT, MPUYEM DHEPTUs
BOJIHBI OIPEICIIEHHBIM 00pa30oM paclpeessieTcs] MeXAY pPa3IMYHbIMU YaCTOTAMH.
BricoTa 3ByKka ompenensieTcss M0 OJHOM — OCHOBHOW YacTOTE, €CJIM Ha JOJI0 3TOM
YaCTOTHI MPUXOJUTCS 3HAYUTEIHHO OOJbINEe KOJIMYECTBO DHEPTHUU, YE€M Ha JOJIIO
IPYTrux 4acTtoT. EciaM CHekTp COCTOUT M3 OTAENBHBIX YacTOT, TO OH HAa3bIBACTCS
JIUHeU4amsiM, €CII e U3 HeNpPEepbIBHOTO Habopa 4acToT, To chrowHbim. Ha puc. 89
MOKa3aH aKyCTHUYECKUU CIEKTpP POsiisi, COOTBETCTBYIOIINM OCHOBHOM 4acTOTE (TOHY)
256 ['m. DTOT CHEeKTp SBISETCS MPUMEPOM CMEIIAHHOTO CIEKTpa; OH COCTOWUT W3
HaOOpa OTAEIBHBIX YaCTOT M YYacTKa CILIONIHOTO CrieKTpa (B o0iactu a — 6). B aToM
CIIEKTpPE BBIJCIACTCS OCHOBHOM TOH 3ByKa 4YacToThl 256 ['; Ha 3Toi wacToTe
U3JIy4aeTcss HauOoJbIas MHTEHCUBHOCTh 3BYKa; Ha JAPYTHe YacTOThl MPUXOJIUTCS
MEHBIII€ SHEPTUU U OHU cabee CIBIITHBI.

AKYCTUYECKHM CHIEKTp 3ByKa B 3aBUCUMOCTH OT €ro xapakrepa (JIuHeWuaThIi,
CIUIOITHOW WJIM CMEUIAHHBIM) U OT paclpeiesieHHus] SHEPTuu MEXIy 4YacTOTaMu
ompeseNsieT CBOeoOpa3ue 3BYKOBOTO OIIYIICHHS, HA3bIBAEMOE MmMeMOpoM 38YKd.
Paznuunbie My3bIKaJIbHBIE MHCTPYMEHTBI, HUCIYCKAIOIIME 3BYK OJIHOTO M TOTO K
TOHA, UMEIOT PAa3INYHBIN aKyCTUUECKUH CIIEKTp, T. €. OTIIMYAIOTCSA TEMOPOM 3BYKa.

IIpu o1ieHKE 3BYKOBOTO BOCHPUSITUS CIEAYET YUYECTh, YTO UYBCTBUTEIHHOCTH
YEJIOBEUECKOT0 yXa Pa3ndHa I Pa3IuIHbIX 4acTOT. IHTEeHCHBHOCTH (CHIIa) 3ByKa
JAHHOW YacTOThI JIOJDKHA OBITH JIOCTATOYHO OOJBIINON, YTOOBI BBI3BATH 3BYKOBOE
OIIYIIEHUE, OJIHAKO €CIIM 3Ta WHTEHCHUBHOCTH MPEBBINIACT HEKOTOPBIN Mpeses, TO
3BYK HE CIIBIIIEH W BBI3BIBAET TOJBKO O0JieBOe olnymieHue. Takum oOpazom, st
KaXJIOM YacTOThl KOJeOaHWI CYIIECTBYeT HauMeHbIIas (nopoe cavluumocmu) |
HauOobIas (nopoe 601e6020 owyweHus1) THTEHCUBHOCTh 3BYKa, KOTOPAasi CIIOCOOHA
BbI3BaTh 3ByKOBoe Bocrpusitue. Ha puc. 90 mokazana o6iactb 3BYKOBOTO BOC-
OPUSATUS YEJIOBEYECKOTO YyXa. YXO HMEET HauOOJIbIIYyI0 YYyBCTBUTEIBHOCTh K
gacroram ot 800 zo 6000 I'i. B 9ToM HHTepBalie MOPOTr CIBIIEMOCTH paBeH 107
B1/M°; Topor GOJIEBOTO OILIYIIEHHUS IPHOIN3UTEIbHO paBeH 1 Br/m’,
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VYCTaHOBIIEHO, YTO OIIYUICHHE 3ByKa 4YEJIOBEUECKUM YXOM, Ha3bIBae€MOe
2POMKOCMbI0, 3aBUCUT OT MHTEHCHUBHOCTH 3TOTO 3ByKa |, HO HE MPONOPIMOHAIBHO
eil. 3ByKH, MHTEHCUBHOCTH KOTOPBIX JISKAaT B HEKOTOPBIX mpenenax ot |y go |, moryt
BOCIIPUHUMATBCSI KaK HMEIOUIME OJMHAKOBYIO T'POMKOCTbB; IO3TOMY, YTOOBI YXO
MOTJIO YCTAaHOBUTH Pa3IMYUe B IPOMKOCTH JIBYX 3BYKOB, UX MHTEHCUBHOCTHU |; u |,
JOJDKHBI OTJIMYATHCS O0JIbIlIe YeM HEKOTOpOE MpeesibHOe HauMeHbIee 3HaueHue Al.
Taxum o6pazom, Al ecTp MUHUMAalIbHOE U3MEHEHHE WHTEHCHUBHOCTH 3BYKa, KOTOPOE
MO>KET OBITh OTMEUYEHO YXOM KaK H3MEHEHHE TPOMKOCTH 3TOTO 3BYKa.

CornacHo oOme-¢pu3nogoruyeckoMy 3akoHy BeOepa—®DexHepa, MOXKHO
nojaratb, 4To eeauyuna Al nponopyuonanvua |, m.e. cnocobnocmo yxa paziuyamsy
epomKocmu 38yKo8 ociabesaem ¢ ysenuvenuem unmencusnocmu. Otaomenne Al /|
OKa3bIBAETCA IMOYTH TMOCTOSHHOM BEIMYMHON (3TO YTBEPXKICHHE COOII0aeTCs
xopomo ansg yactot ot 100 go 1000 I'u). ITosTomy ¢ yBeanueHHEM UHTEHCUBHOCTH
3ByKa yBenuuuBaeTcs Al, ciemoBarenbHO, YyBCTBUTEIBHOCTh yXa K BOCIPHITHIO
M3MEHEHUSI TPOMKOCTH YMEHBIIAETCSI.

&y APy , 1a
3L 0nedoe
0 nopoz b 7 g g,({
w0t %,
| O6nacme 38yxofoee 7
| 'l OuL YUl EHUS
%,
I , ad® e .
| I | Z8/cumoC™
’ ] l /0-5_ | ] 1 I 1 1
a 256 b v.ln 1020 50 10 1000 5600 70900 V. {3
Puc. 89 Puc. 90

JlomycTuM, 4TO TPOMKOCTHh 3BYKa OIICHHMBAETCS HEKOTOPOW BENMYMHOM L.
Wsmenenne rpomkoctd 0L Obuto OB MPSAMO MPOMOPIMOHATBHO HW3MEHEHHUIO
MHTEHCUBHOCTH 3ByKa Ol TONBKO B TOM ciyd4ae, eciii Obl UyBCTBHTEIBHOCTh yXa K
WHTEHCUBHOCTH 3ByKa OCTaBajach HEWM3MEHHOW. OJHAKO 3Ta YyBCTBUTEIHHOCTH
ocimabeBaer ¢ Bo3pactanuem |, mpudyem dL oka3wiBaeTcs TPOMOPIIMOHAILHOM
orHomrenuto dI/l. Unrerpupyst paBenctBo dL = k dl/I (rme kK — mocrosHHbIH
ko3 dunmrent) B npeaenax ot | 70 HauMEHBIIETO 3HAYCHUS — MHTCHCHUBHOCTH g,
COOTBETCTBYIOILETO MOPOry CibIMMOcTH, oiydum L = K In (I/1p). Takum oGpazom,
CyObEKTUBHOE ONIYIICHUE TPOMKOCTH 3BYyKa OKAa3bIBACTCS MPOMOPIUOHATHHBIM
jgorapudmy OTHOILICHHS WHTEHCHUBHOCTH 3BYKa K COOTBETCTBYIOIIEMY MOPOTY
capimuMocT. Ha 3TOM OCHOBaHHMM YCIOBUJIUCH BBECTH OOBEKMUBHVIO OYEHKY
2poMKoCmU 38YKa TI0 U3MEPEHHOMY 3HAUYCHHIO €0 MHTEHCUBHOCTH |:

L =1g (I/ly) 6emnos (B) mau L =101g (I/l) mermdemnos (ab),

riae 9 BCEeX 3BYKOB YCIOBWIHCH IOJIaraTh, YTO MHTEHCHUBHOCTH MOpOTa
cipimmmoctd paHa |l = 10" Br/m®. Bemmunmny L HaseiBaloT yposnem
unmencuenocmu 36yka (00bruHO B aenubenax, 1 b = 10 nb). Ecnu usmepsiercs e
MHTEHCUBHOCTH 3BYKa, a 3P PeKTrBHOE 3ByKOBOE NaBieHue (cM. popmyiy (*)), To

L=20 Ig (Apad)/Apcn)’
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e AP, = 210 Ila ecTh 3ByKOBOE JaBICHHE HIKHETO [IOPOra BOCIIPHATHS 3ByKa. B
aToit hopmyiie L Ha3BIBAIOT ypogHem 38yk06020 dasnenus (B nenudenax).

OU3MOIOTrHYECKON XapaKTEPUCTUKON 3BYKa SBISIETCS YPOGEHb 2POMKOCMU
38yKa, KOTOPBIA H3MeEpseTCs B ¢QoHax W OIpeAesnsieTcss CIeaAyoUumM o00pa3oMm:
U3MEHSIS MHTCHCUBHOCTH CTaHaapTHOro 3Byka uactoThl 1000 I'm, moGuBarotcs,
9TOOBl M3MEPSEMbI W CTaHJAPTHBIA 3BYK HMMEIHU OJUHAKOBYIO TPOMKOCTH (TI0
3BYKOBOMY BOCTIpHUSATHIO). [ poMKOCTh B (poHAX M3MEPSIeMOro 3ByKa MPUPABHUBACTCS
YHUCIly AeMOeN ypOBHS 3ByKOBOT'O JABJICHHS CTAHAAPTHOTO 3BYKa.

Hwxe npuBoastcs ypoBHH L 3BykoBoro aasnenus (1b), MHTEHCUBHOCTHU 3ByKa
I (Bt/™®) 3 PeKTUBHBIE 3BYKOBBIE NaBICHUA AP, (I1a) 1 HEKOTOPBIX 3BYKOB B
npenenaax oOT Mopora CIAbIIIUMOCTH 10 O0JIEBOT0 Mopora.

L, nB ‘ 1, Br/me Apa &’ Ila
[Topor capuuumocts . . . . . %, . . . . 0 10-12 2.1078
Tuxuit wenor ......... e e 20 _ 10-10 2-1074
I'pomkast pedb . . . . . .. ... .... 70 108 6,3-1072
OpkecTp (IPOMKO) « » v v v v v v v v u 100 - 1072 P
Boaesodt mopor . ... .. L. 130 10 - 63

MorHoCTh, pa3BUBaecMas MCTOYHUKOM 3BYKa, MOXKET OBITh MpEJCTaBJcHA B
3aBUCUMOCTH OT MWHTEHCUBHOCTH 3BYKa, 3BYKOBOTO JaBJICHHS, a TakXKe OT
rpomkoctd. Ilpu pasroBope cpenHeld TPOMKOCTH MOIIHOCTh, pa3BUBaeMas
FOJTOCOBBIMH CBSI3KAMH deIIOBEKa, cocTaBisier okomo 10° Br; mpu mepexome K
TPOMKOMW PEYH 3Ta MOIIHOCTH YBEIMYUBACTCS B ACCATKUA U COTHH Pa3.

JIist  3ByKOBOTO BOCTHPHSTHS B TOMEIIEHUSX OONBIIOE 3HAYECHUE WMMEET
pesepbepayus 36yKa, T. €. TOCTETICHHOE 0CIablieHne ero HHTCHCUBHOCTH BCJICACTBUE
TIOTJIONICHHUS TTPU MHOTOKPATHBIX OTPAXKEHUSIX OT CTCH, MOTOJIKA, MPEAMETOB H T. .
Kaxnplii 3ByK CyllecTByeT B TOMENIEHUM HEKOTOPOE€ BpeMs, IOKa €ro
WHTEHCUBHOCTh HE YMEHBIIUTCS 10 TOpora CAbUMOCTH. CIUIIKOM MEIJICHHOE
3aTyXaHHWe 3BYyKa (B IyCTHIX MOMEMIEHUSX) CO3/JaeT «TYJIKOCTh» mnomemienus. [Ipu
OYCHb OBICTPOM 3aTyXaHWUW 3BYKH IOJIYYArOTCS MPUTIIYIICHHBIMA (B KOMHAaTax,
OoOBEIIaHHBIX KOBpaMu). Bpemenem pesepbOepayuu Ha3bIBAIOT BpPEMs, B TECUCHHE
KOTOPOTr0 MHTEHCUBHOCTH 3BYKa B TOMEIICHUU OCTAOSIETCS B MUJUIMOH pa3. ITo
BpEMS PA3IUYHO IS PA3IMYHBIX YaCTOT U 3aBUCUT OT 00beMa MoMeleHus u Gopmbl,
pa3sMepOB U aKyCTUYECKUX CBOMCTB, HAXOIAIIMXCSA B HHUX Teil. JlJIsi CTaHIapTHOMU
qacTOThI 512 'l B HEOOJIBIINX MOMEIICHUAX 3TO BPEMs JIOHKHO OBITh 1 ¢ (onmTuMyM
peBepOepanun). Jljisi OONBIIMX KOHILEPTHBIX 3aJ0B M TearpoB (IpH YCIOBUU
3aMoOJTHEHUS UX JIFOJIBMH) OHO MPUOIMKAETCS K 2 C.

Bpemst peBepOepariin KOHIIEPTHOTO 3ajla 3aBUCHUT OT TOTO, 3aJI — IMyCTOW WA
OH 3aloJHEH CchymareJsiMd. B OJHOM oOmepHOM TeaTpe BOCHPHUITHE MY3bIKH,
aKyCTHMYECKOE KauyeCTBO 3ajia, 3aMETHO YXYIIIWIOCHh BCIEICTBUE W3MEHEHHUS MOJIbI:
YKEHIIMHBl CMEHWIM TBIITHYIO Oy Ha IUIOTHO OOJIETAIOIIYI0 U 3THUM BbI3BaIU
HEKOTOpPOE U3MEHEHHE BPEMEHH peBepOepaliu B 3aJe€.
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YabTpa3ByK 4 €ro NnpuMeHeHue.

YaeTpazeyk umeet yactory kosiebanuii cBbime 20000 I'n = 20 k['1, moatomy
JUIMHA yJIBTPa3ByKOBBIX BOJIH B Pa3IMYHBIX Cpelax Maja, a CKOPOCTU U YCKOPEHUs
KOJIEOMIOMIMXCSl YaCTHUI[ CPelbl U BO3HUKAIONIME W30BITOYHBIC JABICHHUS BEIUKH.
NHTEeHCHBHOCTD YIBTPA3BYKOBOTO H3IYUYEHHUS HEKOTOPHIX HMCTOYHUKOB JIOCTHUTACT
MUJUIMOHOB BAaTT Ha KBajgpaTHeld MeTp. OJHAKO TpexIe YeM pPacCUUTHIBATH
BOKHEHIITNE XapaKTCPUCTUKH YIBTPA3BYKOBON BOJHBEI, HEOOXOIUMO IPOBEPUTH,
coOJII0IaeTCs U yCIOBUE MallOCTU Ap << py, HA OCHOBaHUU KOTOPOTO OBUIM MOJTY-
yenbl a1 hopmysl. [Ipu gacrore v = 160 k't (w = 2nv = 10° ¢*) u muTeHCHBHOCTH
| = 5-10" Br/m® momyuaem amst Bosayxa (pv =~ 430 kr/(m*c))

Apg =+/2lpv, Apgy ~650011a = 0,065 at™m.

PaccunTaem oCTaIbHBIE BEJIMUUHBL:
1) nnuna BonHel A = v/v, A =332 : 160000 = 0,0021 m = 2,1 mwm;
2) aMIUTMTY1a CMEMICHHS YaCTHUI] CPEJIbI

4
S A — /2 510 154105 m=0,0154 mu:
o\ pv 108 430

3) aMIININTy1d CKOPOCTH K0JIEOATEIIbHOIO ABHIKCHHUA YaCTUI CPCABI

Up = wgg, Ug = 15,4 m/c;

4) aMIuIMTYya YCKOPEHHUs KOJIeOaTeIbHOTO ABMKCHHS YaCTHII CPEIBI g = MUg, 8y =
15,4-10° m/c®. Tlpu GOMBIIMX YACTOTAX M WMHTCHCUBHOCTSIX MOXKHO IOTYYHTH
YCKOPEHWSI, B MIUJTHOHBI Pa3 MPEBBIMIAIONINE YCKOPEHUE CHITBI TSHKECTH.

YabTpa3ByK MOXET OBITH IMOJY4YEH IPU TOMOIINA H3BECTHBIX HCTOYHHKOB
CIBIIIIUMBIX YacTOT, HMMEIONIUX COOTBETCTBYIONIUE pa3MEpPhl WM IMapaMeTPhI
(MHHUATIOPHBIC KaMEPTOHBI, KOPOTKHWE CTPYHBI, CBUCTKH, CHUPEHBI C OOJBIITUM
YUCJIOM 00OpOTOB POTOpA | T. 1.). [[pUMEHEHHE TOJIyIMIIH UICTOYHUKH YJIbTpa3ByKa,
OCHOBAaHHBIC Ha WCIOJIb30BAHUM MArHUTOCTPUKIIMK W  DJICKTPOCTPHKIIUU —
WU3MCHCHHS Pa3MEpOB TeJI, TOMEIICHHBIX B MAarHUTHOE U JJICKTpUUYecKoe mojis. Eciun
B OBICTPOTIEPEMEHHOE MAarHUTHOE TI0J€ TOMECTUTh, HAMpUMEpP, HUKEIECBBINA
CTEp>KE€Hb, TO JJIMHA €ro OyJeT H3MEHSAThCA (Ha HECKOJbKO TBHICSYHBIX JOJICH
NPOIIEHTa) B COOTBETCTBUU C 4acTOTOW mojs. Ilpu pe3oHaHce Mexy BHEITHUM
BO3/ICHCTBUEM U COOCTBEHHBIMH KOJCOAHUSAMU CTEPIKHS MOXKHO TOJIYYUTH OOJIBIIINE
aMIUTUTY/IBI KOJICOAHW U, CIeAOBATENIbHO, OOJIBIINE WHTCHCHUBHOCTH H3ITyd4aeMOM
BOJTHBI. TakuM e 00pa3oM MoIyqaroT yJIbTPa3ByYKOBBIC BOJTHBI OT TUTACTUHKHU KBapIiia
(WM APYTOTO JUAJICKTPUKA), MOMEMICHHOTO B BBICOKOYACTOTHOE JJICKTPUUECKOE
ToJie.

PaznuuHble WCTOYHWKH YIBTPA3BYyKa XapaKTEPUZYIOTCS HOMOKOM 38YKOBOU
SHepeuu — 38YK08ou MowHocmovio (OT J0Jied BarTa N0 JCECATKOB KHWJIOBATT) H
K0aghhuyuenmom noneznozo deticmsusi. B Xopoumx reHeparopax yJabTpa3ByKa dTOT
kodpunuent gocturaer 60 — 70%. MomTHOCTh U3TyUYCHHUSI UCTOYHUKA 3aBUCHT OT
aKyCTHYECKOTO COMPOTUBIICHUS CPEibl, B KOTOPOH BO30Y:kaatoTcs 3Byku. Hanpumep,
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KBaplieBasi MJIACTUHKA MPU OJMHAKOBOM YACTOTE U aMIUIUTYJEe KojeOaHuii Oynaer
noTpeOATh 1 u3aydarh B Bojie B 3500 pa3 00bIIyI0 MOIIIHOCTh, YeM B BO3JIyXE.

brnaronmapst Manoil JyiMHE BOJIHBI YJIBTPa3ByKa €ro MOKHO (POKyCHpOBaTh Mpu
IOMOIIIM BOTHYTBIX OTpa)kKaTeJed WJIM COOTBETCTBYIOIIMX «YJIbTPa3BYKOBBIX JIHH3»
(HarpuMep, alfOMUHUEBBIX). [Ipy 3TOM MOXKHO MOJY4YUTh OOJBIIYI0 KOHIIEHTPALUIO
MOIIHOCTU B €AuHMIIE 0O0beMa cpenasl. Hampumep, ecnu Bcs 3HEprus, usiydaemas
KBapIeBol ruractuakoi nuamerpom d = 1,15 cM npu wHTEHCHMBHOCTH M3imy4eHus | =
10 Br/cm’, dokycupyercs B 1 cM> Cpembl, TO €KECEKYHIHO B 3TOT 00BEM OyeT
nocrymars |-(nd*/4) = 10 Uk sHeprum. IIp TOTHOM MOIJOMEHHHM 5T SHEPIHS
MOJKET BBI3BaTh HArpeBaHHE OJHOTO TpamMMma BOABI CO CKOpocThio 10 2,5 °C B
CEKYH]TY.

Kpome 3epkan u JMH3 yBeIWYEHUE aMIUTUTYIbI KOJCOaHW U MHTEHCHUBHOCTH
yIbTpa3ByKa JOCTHTAETCS TaKKe MPUMEHEHHWEM CTEepP)KHEW C YMEHBIIAOIIUMUCS
CEUYCHMSIMHU, KOTOpPbIE MPUCOCAMHSIIOTCS K H3JIy4arolledl MOBEPXHOCTH HCTOYHHUKA
ynbTpasByka (puc. 91). MokHO BbIOpaTh BEIIECTBO CTEPXKHS, CIa00 IMOTJIOIIAIOIIee
SHEPru0 KoseOaHuil, a MpU MOAXOJAIIEM 3aKOHE YOBIBAaHUS CEUEHHUS JIOBECTH [0
MUHUMYMa H3JIy4eHHE DSHEpPruHd uepe3 OOKOBYIO MOBEPXHOCTh CTepkHA. Torna
eXeCeKyHIHbIe KojimuecTBa 3Hepruu 11:S; u 1,S,, npoxoasmue yepes aBa ceueHus S;
u Sy, OyayT paBHBI H, CJIEAOBATEIHHO,

|2 = |181/82.

Tak KaK MHTEHCUBHOCTb 3BYKa MPOMOPLUMOHAIbHA KBAJpaTy aMIUIMTY] CMEILCHHS,
CKOPOCTH M T.A., TO JUIsl KPYTJbIX CEUYEHUH HHTEHCUBHOCTH | Oyzaer oOpaTHO
IPOIOPIIMOHATFHA KBaApaTy AUAMETPA, a €, Up U Apg — MEpBOM CTENEHU AUAMETPa
CTEPIKHS.

Bricokne 3HaueHHS aKyCTUYECKHMX CKOPOCTEH, YCKOpEHHUH, H30BITOUHBIX

JNABJICHUM W TUIOTHOCTEHM, a TakKe XOpollo pa3paboTaHHbIE _—
METOJIbl M3JIyYCHHS, NpPUEMA, H3MEPEHUS WHTEHCHUBHOCTH U o— %
CKOpPOCTH pacrpocTpaHeHus yJIbTpa3ByKa MO3BOJIUIIN

HCIIONB30BATh MX IUIS PELICHHUS MHOTUX TEXHHYecKHX 3agad.

[lepeuncnumM BayKHEHIIINE TPUMEHEHUS yIIbTPa3ByKa:

1) ucnonb30BaHKE yIbTPa3ByKa Kak CPEJCTBA CBS3H U
oOHapyKeHHUs;

2) ompeesieHue MeCTOHAX0XKICHHSI TPEIMETOB U \
HEOTHOPOJTHOCTEH B aKyCTHUECKH MPO3PaYHBIX CPEIax; B
MOPSIX — aKyCMUYecKas 10Kayusi KOCSKOB pblIO, TTOJIBOIHBIX
JOJI0K, OIPEIEJIeHNE TTTyOUHbI; B MACCUBHBIX METANIMYECKUX s,
MOKOBKaX U OTJIMBKAX — OOHapYyKEHUE BHYTPEHHUX TPEILIUH U ]
pakoBuH (aedexrockon C.4. Cokonosa); Puc. 91

3) u3yueHue GU3MYECKUX CBOWCTB Pa3IMUHBIX TBEPBIX, )KUAKUX U ra3000pa3HbIX
BEIIECTB (CKOPOCTh pacpOCTpaHeHus1, KOAPHUIIUEHT MOTIOMEHHUS U T. 1.);

4) Bo37CHCTBUE HA PA3IUYHBIC (DU3UKO-XUMUYECKHE TIPOIIECChI: KPUCTAIUIN3ALIHUIO,
HamMarHn4duBaHue, U Gy3uto, pa3IuyHbIe HIEKTPOXUMUYECKUE TPOIECCH U T.11.;
o0pa3oBaHUE IMYIIbCHIA;

ANADAARKDANAN R
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5) MexaHuueckas 00pabOTKa OYCHb TBEP/BIX MM OUYCHb XPYIKHUX TEJ; OYUCTKA
MEJIKHX MPEIMETOB (JIeTajiell 4aCOBBIX MEXaHU3MOB H T. [T .), IOMEIICHHBIX B
KUIKOCTh; CTUpKA OeJbs; lera3alus;

6) Bo3xeicTBHE HAa OMOJOTHYECKUE OOBEKThI, PA3INYHBIC IPUMEHEHUS B MEIUIIMHE
(mmarnoctruka Y3U, Xupyprus, JiedeHIue HEKOTOPBIX 3a00JIeBaHUH | T. 11.).

Hekoropple IKHWBOTHBIE ¥ HACEKOMBIE MCIYCKAIOT ¥ BOCHPUHUMAIOT

yIIBTPA3BYKOBBIC KOJICOAHUS PA3TUIHBIX 9acTOT: Aeabpuabl — 10 50 KI'11, raensr — 1o

22 xI', cobaku u MpIH cibimar yabTpa3Bykd A0 100 k' u 1. x. JleTyune mbimm

UCITyCKAIOT YJIBTPA3BYKH KOPOTKHUMH HMITYJIbCAMU; MPOIOJDKATEILHOCTh KaXI0TO

UMITYJIbCA COCTABIISCT THICSYHBIC TOJIA CEKYHIbI, YACIO0 TAKUX UMITYJIbCOB B CEKYyHIY

oT 5 510 60, yactora konebanuit ot 30 1o 120 xI'i. UuTepecHo, yTO HOUHBIE 6A00UKH,

SBJISTFOIITMECS TUINCH M1 JICTYYUX MBIINIEH, BOCHPHHHMAIOT YJIBTPa3BYKH C

gactoramu oT 10 1o 200 xI'y u G6maronapst 3ToMy MOTYT OOHAPY>KUTh TPO3ALLYI0 UM

OIACHOCTb.
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