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BBEJAEHUE
O0BeKThI ONMUCAHUS.

Tesom HazpiBaeTcs ¢uznyeckas cHUCTEMa, JHHEHHBIE pa3Mepbl KOTOPOid
HAMHOTO OOJIbIIIE PACCTOSIHUI MEXIy MUKPOCKOMUYECKUMHU YacTUIIaMU (aTOMaMU U
MOJIEKYJIaMH ), COCTABIISIOIINUMH CUCTEMY.

MarepuajbHoii TOYKOW (M.T.) Ha3pIBaeTCs TEJO, pa3MepamMu U (GopMoit
KOTOPOTO MOKHO NMpeHeOpeub B paccMaTpuBaeMoit 3aiaue. Hanpumep, npu nuzydeHuu
JIBIKEHUS TIaHeT BOKpYTr COJIHIIA MOYKHO JOMYCTHUTh, YTO U IUIaHEThl, U CoJIHIE —
MaTepualibHbIE TOUKH, TAK KaK UX pa3Mepbl HAMHOTO MEHBIIIE B3aUMHOI'O PACCTOSHUS.
Hpyrue npumMepsl: JIyHa Mo OTHOIEHUIO K 3eMJjie, MalllMHAa Ha aBTOCTPaJe, KHUTa B
koMHaTe. [loHsITHE M.T. BBEIEHO AJIS1 TOTO, YTOOBI HAXOJUTH MPUOIMKEHHOE PEIICHNE
¢buznueckoit mpoOIEMBI.

MexaHnuyeckasi CHCTeMa — 3TO CUCTEMA TeJI, B TOM YHucie, U cucteMa M.T. OHa
COCTOUT U3 COBOKYITHOCTH M.T., KOTOPBIE HAXOAATCSA BO B3AMMOJICVCTBAN, KaK MEXKITY
co00M, TaK U C TeJlaMU, KOTOPbIE HE BXOJAT B ATy CUCTEMY.

Cpenn pas3mMyHBIX TeEN CYWIECTBYIOT Te€Ja, I KOTOPBIX BHYTPEHHUE
PacCTOSIHKS HE U3MEHSIOTCS, TO €CTh PACCTOSHUE MEXAY ABYMs IIPOU3BOJIbHBIMU M.T.
MocTOSIHHO. Takue Tena Ha3bIBAIOTCA A0COJKTHO TBepAbIMH Tesamu. Pazmepsl u
(dopMa abCcoIIOTHO TBEPJOTO TEJIAa HE MEHSAIOTCS ITPH ero ABMkeHuu. Kaxnoe TBépaoe
TE€JI0 MOKET OBITh YCIOBHO MOJIEIEHO Ha JOCTATOYHO OOJIBIIOE YUCIIO 3JIEMEHTAPHBIX
qyacTeil Tak, yToObl pa3Mephl KaXJA0W U3 HUX ObUIM Obl HAMHOTO MEHBIIIE Pa3MEPOB
Bcero Tena. [loaromy abcomtoTHO TBEPAOE TENIO YaCTO pacCMaTpUBAETCs Kak cUCTEMa
KECTKO CBA3AHHBIX MEXAY COOOM MaTepualbHBIX TOUYEK.

MexaHuueckasi CUCTEMa SBIISICTCS CBOOOJHOM, €CIIM B3aMMHOE II0JIOKCHUE
OTJIEJBHBIX YacTel CHCTEMBbI MOXET ObITh MPOU3BOJIBHBIM. MeXxaHnyeckas cUcTema
HAa3bIBACTCS CBA3AHHOM, €CIIM MOJIO)KEHUE OJHUX IPOM3BOJIBHO B3STBIX YacTeu
CUCTEMBI 3aBUCHT OT ITOJIOKEHHS IPYTUX YaCTEN 3TON CUCTEMBI.

dusnyeckasi MexaHNKa 4 ee Ppa3acjabl.

du3nyecKkas MEXaHMKA WIH [IPOCTO MEXaHMKa — pasjie] QU3HUKH, B KOTOPOM
ONHMChIBAaeTCd Haubojee mnpoctas (opMa JBHKEHHS MaTepuH: MeXaHH4YecKoe
JABH:KEHHE, COCTOSIIEE U3 U3MEHEHHUs B3aMMHOTO PACIIONOKEHHUS Te MM UX YacTei
B [IPOCTPAHCTBE U BO BPEMEHH.

Kaaccuueckasi (HbIOTOHOBCKAs1) MeXaHUKA — pa3fiell MEXAHUKHU, B KOTOPOi
u3ydyaeTcsl JBM)KEHUE Tell, MPOUCXOJAlee NPH CKOPOCTSIX MHOTO MEHBIIUX IO
CPaBHEHMIO CO CKOPOCTBIO PACTIPOCTPAHEHHS CBETA B IyCTOTE.

PeISTHBHCTCKAsI MeXaHHMKA — pasjel MEeXaHHKH, B KOTOpOH H3ydaercs
JBMKEHHUE TeJl, TPOUCXOIAIIEE TIPU CKOPOCTAX, CPABHUMBIX CO CKOPOCTBIO CBETA C ~
3-108 m/c.

KBanToBas (BOJIHOBasi MeXaHHKA) NPEHA3HAYEHA I U3YUEHUS JIBHIKEHUS
MUKPOYACTHUIL, TO ECTh YACTHII, MACChI TOKOSI KOTOPBIX CPABHUMBI UIIM MEHBIIIE MACChI
MIOKOSI AaTOMOB.



Crarucruueckasi MeXaHuKa — MCXaHHKa, B KOTOpOﬁ OIMUCBhIBACTCA ABMXKCHUC
TOXACCTBCHHBIX HaCTUI[ CPCACTBAMU TCOPUU BepOHTHOCTCﬁ.

Tpl/l COCTABHbIE YACTH KJIACCHUYECKOH MeXaHUKH.

CraTuka nocBsiieHa U3y4YeHUIO COCTOSIHUSI MEXaHUYECKOW CUCTEMBI B TTIOKOE U
yCIIOBUI €€ paBHOBECHSI.

KunemaTuka nocBsieHa U3yYEHHUIO JIBUXKEHUS Tell 0€3 BBIICHEHUS MPUYHH,
KOTOpBIE 3TO JABUKEHUE BBI3BIBAIOT, T.€. 0€3 yuera Cui, JEHCTBYIOIIMX Ha Tela U
MEXIy TeIaMHu.

JIMHAMMKA TIOCBSIICHA M3YyYEHUIO JIBIKEHMSI TEJl C YYETOM CHJI, KOTOpBIE
JNEUCTBYIOT Ha TEJa U MEXKJy TeJaMu, T.€. B COBOKYIMHOCTH C MPUYUHAMU, KOTOPbHIC
ATO JBUKEHUE BBI3BIBAIOT.

dusnyeckne BeJIUYMHDI.

o CrajJsipHble BeJIMYUHBI XapaKTEPU3YIOTCSA TOIBKO alreOpanuyeckuM 3HAYCHHEM.
[Ipumepsl: 00beM V, Macca M, pabota A.

o IMonsipuble BEKTOPHbIE BEJIMYMHBI XAPAKTEPH3YIOTCS 3-Msl THIAMH JaHHBIX:
YHCIEHHBIM 3HaYeHHeM (MOJyJIeM), TOUKOi MPUIOKEH s U HampasaeHueM. J{s ux
0003HAYEHHS TIPUMEHSAETCS KMPHBIH WPUMT (TOJIBKO B IEYATHBIX U3IAHMUAX ) UM HAJL
OYKBEHHBIM CHMBOJIOM CTaBUTCS CTpeNKa (IIPH MX HAIUCAHMM OT pyku). [IpuMepsr:
paguyc-Bextop =T, cuna F=F, ckopocTs V=17,

UMIYJIbC P= P, yCKOpEeHHe W =1 Wik a=4a . (
0 AKcCHaJIbHBIE BEKTOPHbIE BEJIHYHHBI

(nenonsipuvie, oceebie) XapaKTEPUIYIOTCS  2-Ms >
TUIIAMHU [1apaMEeTPOB. MOJAYJIEM M HaIpaBIICHUEM. §
[TpuMepsI: yroi MoBopoTa o = , yriioBas CKOPOCTh Pre.1 -‘(73

®=@®, MOMEHT cuisl M=M . Hanpasnenue
aKCHAJIbHOTO BEKTOpa OMNpeAeNsieTCs] MO MPaBUIy
npaBoro BHHTa (OypaBuMka, mronopa). Tak, eciu
HEKOTOpOE TeJ0 HaXOAUTCS BO BpallaTeJIbHOM
JBUYKEHUU C YTIIOBOW CKOPOCTBIO (, TO HAIIPABJICHHE
BEKTOpa (®  COBHOAJAaeT C  HalpaBJICHHEM
MOCTYMATENbHOTO TMEPEMEILEHHUsT TPaBOro BUHTA
(OypaBunka), pydka KOTOPOTO IIOBOpPAYMBACTCS
BMeCTE ¢ TeJoM (puc.l).

o TeH30pHbIe BeJUYUHBI TPUMEHSIOTCS IS
OTOOPKEHUS 3aBHUCHUMOCTH MEXKIY BEKTOPHBIMU

BemurHamMu. HampuMep, B KpHCTaIax BEKTODHI Exx €xy €xz
SIEKTPUYECKOrO cMelleHns D ¥ HampssKeHHOCTH

Eii =| Eyx Eyv Evz
ayIeKTprueckoro nos E cBs3anbl Bepaxenuem: D J yx =yy -y

= ggoE, nnm B Tenzopuoit popme Di = gjj o Ej, rae

. €zx €2y €2z
€ij — TEH30D 2 paHra, COCTOSMUHI U3 9 KOMIIOHEHTOB.



JleiicTBUA HA/X BEKTOPaMHU.

Cnoxenue BektopoBAuB: A+B=C Pasznocts BektopoBAu B: A-B=C
A B A -B
A
C
C
B B
N \*
IIpousBenenue BekTopos A u B
CkainsipHO€ ITPOU3BEICHNUE:! BexTopHoe npousBenieHue:
AB = (AB) = 4-B-cosa. = C AxB=[AB]=C, CLA,CLB,
(C — ckansipHas BeJIMUNHA). C = A-B-sina.
A A
C
B
B

OcHOBHBbIE IOHATHS U onpeacjacHus MEXaHUKH.

Paguyc-BeKTOp MaTepHajIbHONW TOYKH — 9TO BeKTOp =T, mpoBenEHHBIN U3
HayaJla CUCTEMbI OTcueTa J0 3Tou Touku. Hampumep, ra u I's Ha puc. 2.

TpaexkTopusi MaTepuanbHO TOUKH — InHusS \WAB
(mpsiMast WM KpUBas), ONKCHIBaeMas ITOJABHYKHOMN
TOYKOM B MPOCTpaHCTBE (puc. 2).

IMyTs (ckanspHas BenuuuHa) AS wian S — IIMHA
Tpaekropun JAB (puc. 2).

BekTop cvmemeHnusi (mepeMemieHusi) — BEKTOP
Ar =Ar, npoBeAEHHBIA OT OJHOM TOYKH Fa K APYroOi
Touke I'g (puc. 2).

Cpennsiai CKOpOCThb (CKaJsipHAsl BEJIMYWHA) —
CPEOHUM IIyTh, NPOWAECHHBIA M.T. 3a €JUHHUILY BPEMEHM Ha 3aJaHHOM Yy4acCTKe
TPACKTOPUH: U, =S /T win v, = AS [ At.

BekTop MrHOBEHHO# CKOPOCTH WU IIPOCTO CKOPOCTH V=0 — npupaujenue
BEKTOpAa CMEUICHHUS MaTepHaIbHOW TOYKU 3a E€IMHUIY BPEMEHM B OKPECTHOCTHU
3aIaHHOM TOYKH TPACKTOPUH (TEpBasi MPOU3BOIHAS OT PAAUyC-BEKTOpA M0 BPEMEHU):

dr ., .
V=—n=r=¥
dt

7

X Puc. 2



BeKTOp MTHOBEHHOT'0 YCKOPEHHMSl WM MPOCTO YCKOpeHHst W=, a=a —
MPUPALLEHNE MTHOBEHHON CKOPOCTHU MOJABHKHOM TOUKH 32 €IMHUILY BpEeMEHH (IIepBas
IIPOU3BO/IHAS OT BEKTOpPA CKOPOCTH 10 BPEMEHU):

_dv d%r

W=a=—=V{=V wm W=a=—7F5=I4 =I.
dt dt?

BekTop cuabl F=F — feiicTBHe 0HOTO Tella Ha APYroe Telo, B Pe3yjbTaTe
KOTOPOTO BTOPOE TEJIO MpUoOpeTaeT yCKOpeHHe Win/u aeopMupyercs.

Macca i uHepuuoHHasi (MHEPTHAs) Macca M — CBOWCTBO Tena, ckasp. B
corylacMi cO BTOpbIM 3akoHOM Heroorona (a = F/m) wmacca xapakrtepusyer
WHEPIIMOHHOE CBOMCTBO Telia COMPOTHBISTHCS JICHCTBUIO BHEIIHEH cuibl. Macca
YHCIICHHO paBHA BEJIMYHHE CUJIBI, KOTOPasi COOOINAET Tely eIMHHYHOE YCKOPECHUE:

m=F/a.

Cuna nputsxeHus (TAroreHus ) 3emin F., — BEKTOp CUIIBI, C KOTOpPOM 3eMiist
MPUTATUBAET TEJIO (M.T.) COTJIACHO 3aKOHY BCEMUPHOIO TATOTEHHUS.

Cuna taxectd Fo — pe3yapTUPYyIOIIMK BEKTOP BCEX CUJI, ACHMCTBYIOIIMX HA
TEJ0, KOTOPOE HAXOAMUTCS B CBOOOJHOM cOoCTOsIHMM Ha 3emuie. Teno, He uMmerolee
OMOpbl WM MOJABECA, MOJ JECHCTBUEM CHJIbI TSKECTH JIBUKETCA C YCKOPEHUEM,
KOTOPOE€ Ha3bIBAETCS YCKOPEHHWEM CHIIbI TSHKECTH WIH YCKOPeHHeM CBOOOJIHOIO
nagenusa (. Cwia TSHDKECTH NPUCYTCTBYET BCErJa M HE 3aBHCUT OT TOrO, TEJO
IABWKETCS WM TOKOUTCS. Touka NPUIIOKEHUS CHIIbI TSXKECTH TPUOIMKEHHO
COBIIQJIACT C IIEHTPOM HHepuuH (Macc) tena (puc. 3a).

Bec Tesna — BekTop cuiibl P, ¢ KOTOpoil Teno NeHCTBYEeT Ha FOPU3OHTAIBHYIO
OTIOpPY WJIU MOJABEC, IPEMATCTBYIOLINE eMY CBOOOHO nepeMeniaTthbest Ha 3emie. Touka
IIPWJIOKEHUS CUIIBI BECA HAXOAUTCS Ha TOBEPXHOCTU CONPUKOCHOBEHHUS TeNa U 3eMIIN
WM B TOYKe mojaBeca (puc. 30).

NMnysibe M.T. — BEKTOp p = [, PaBHBIM MTPOU3BEACHUIO MacChl M.T. M Ha €¢

CKOpOCTh V: P =mV (p=mo). UMnyasc P HanpaBJIeH BI0JIb CKOPOCTH V (pHcC. 36).

O”eprusi W — CBOHCTBO Tejia, XapakTepus3yrolliee CIOCOOHOCTh Tena
BBITIOJTHUTDH PA0O0TY MPU ONPEACICHHBIX YCIOBUAX (CKAJISIP).

p
A%
O
FT S
I P m
a 9] 8




HorenunanbHas 3ueprus Wp — sHeprusi, 00yCIOBIEHHAs IPOCTPAHCTBEHHBIM
MOJIOKEHHUEM TeJla, HaXOJISAIIErocsl BO B3aUMOAEHCTBHU C IPYTUMU TellaMu. PacueTHas
dbopmysa 3aBHCHUT OT IPUPOIBI B3AUMOJICHCTBHS TEIA C OKPY>KCHHUEM.

Kunerunueckasi sneprusi Wc — sHeprusi, KOTOpoi Teno 00JiaaeT, KOrjua OHO
HAaXOIMTCA B ABMOKEHUU. KuHeTHuecKas SHEprus M.T. paBHa: W, = mo? / 2.

BekTop yriioBoi cKOpocTH ® = (® — aKCHAJIbHBIM BEKTOP, YUCICHHO PaBHBIM
yTI1y, Ha KOTOPBIA pauyCc-BEKTOp M.T. r =T TTOBOpPAYMBACTCS 32 CIUHUITY BPEMEHHU:

da . - da =
=—=qa (wm o =— =),
dt dt
BekTop yriioBoro yckopeHust BEB — AKCHaJIbHbIM BEKTOP, pPaBHBIU

IIPUPAIICHHAIO BEKTOpA YIJIOBOM CKOPOCTH 3a €AVHUILY BPEMEHHU:

do . = do -
p=— =0 (Wm P = — = ®).
dt dt
Moment cmiabl M = M — akcHanbHBI BEKTOp, PAaBHBIH BEKTOPHOMY

IIPOU3BCACHUIO PAINYC-BCKTOPA I' TOUKHM PUIIOKCHUS CHUJIBI HA BEKTOP CHJIBI F.

M = rxF =[r, F] = [r F] = rAF = [, F].

Hanpasrienne MOMeHTa CUIIBI ONIPEAEIAETCs MO MPaBUIly PAaBOro BUHTA, U €T0
MOyJb BBIaucisiercst mo ¢opmyne: M =rFsina, rae o — yrom Mexmay mpomoinke-
HHUEM BeKTopa I u BektopoMm F (puc. 32).

MomeHT ummyJibea L = | — akcHalbHBIHA BEKTOP, PaBHBI BEKTOPHOMY IIPOH3-
BEJICHUIO pauyC-BEKTOpa I' TOUKH MPUIIOKEHUS UMITYJIbCA HAa BEKTOP UMITYJIbCa P:

L =[rp] =[r,P].

Hanpasinenne MOMEHTa UMITyJIbCa ONPEAEIISIETCA MO MPABUIIY MPABOTO BUHTA, U €TO
MOJIyJIb BBIYHCIIAETCSA 110 hopmyiie: L =1 p Sino, rae o — yros Memay mpoaoiiKEHHEM
BeKTOpa I' u BektopoM P (puc. 30).

MomenT uHepuum J (CKaisip) — COIVIACHO OCHOBHOMY 3aKOHY JIWHAMUKH
BpaIaTeJIbHOTO IBUYKEHUS TBEPIOTO Tella OKOJIO 3aKPETUICHHON OCH

1 = 1 -
B_FM (vn B_FM)

XapaKTEpU3yeT MHEPLMOHHBIE CBOMCTBA Te€la COMPOTUBIIATHCS ACHCTBUIO MOMEHTA
cuiibl M. MOMEHT MHEpLIMM TBEPAOTO TEJIa OKOJIO 3aKPEIMJIEHHOW OCH YUCIIEHHO PABEH
MOMEHTY CHJIbI, COOOIIAIONMIEMY €IMHUYHOE YTIIOBOE YCKOPEHUE TaHHOMY TEITy:



Buabl 1Bu:KeHMS TBEPAOTO TeJia.

— MPOCTPAHCTBEHHOE: OT/EIbHBIC TOUKH TEJIa MOTYT 3aHATH JIIOObIE MOJIOKEHUS B
IPOCTPAHCTBE;

— IJIOCKOeE: OTJIETIbHBIE TOYKHU Teja MepEeMEeNIaloTcs B MapasuiebHbIX IIOCKOCTSX;

— NpPSAMOJIMHEHOe: OTJEJIbHbIE TOYKH TeJla IEePEMEIAloTCd BAOJb MPSAMBIX
MapAJUICIIbHBIX JINHUM;

— KPHMBOJIMHEHHOE: TPACKTOPUH OTIEIbHBIX TOYEK T€JIa — KPUBBIC JTUHUY;

— mocTynartejbHOe: Ji00as mpsiMasi JIMHUS, MPOBEJECHHAs B Tele, MepeMeliaeTcs
napajienibHo cebe camoi (popma TpaeKkTOpuM OTIEIBHBIX 4YacTed Tena —
OJINHAKOBas ).

— BpamareJbHOe: TPACKTOPUM OTACIBHBIX YacTel Tela — KOHLIEHTPUYECKUE
OKPYXHOCTH (LIEHTPbl OKPYXHOCTEH JIe)KaT Ha OJHOM OCH, MPOXOMSIIECH uepes
IIEHTP Macc Tela).

[lpumeuanue. [lonamus nocmynamenvHoe U 6pAWAMENbHOE OBUdCEHUE He
OMHOCAMCA K M.M., MAK KAk y mouxku Hem yacmeu. M.m. modxcem cosepuiamo
NPOCMPAHCMBEHHOE, NI0CKOE, NPAMOIUHENHOe U/UIU KPUBOIUHENHOe OB8UdCEHUE.
lsuoicenue m.m. no OKPYIHCHOCMU — IMO He 8paAuiameibHoe, d NI0CKOe KPUBOIUHEUHOe
osudicenue! Ilosmomy opbumanvhoe OsudiceHue 3emau u Opyeux niaHem OKOJO
Connya He cnedyem paccmampueams KAk —6pawjameibHoe O08udiceHue, da
NPOCMPAHCMBEHHOE OBUICEHUE UX YEHMPA MAcc No KpPy2080U mpaeKkmopuu, m.e.
3emna ne epawaemcs, a obpawaemcs eokpye Coanya. Bpawamenvnoe osudicenue
3emau —amo ee epawyenue 80Kpy2 0CU, NPOXoosaujel 4epe3 noaroChl.

KUHEMATHUKA MATEPUAJIBHOM TOYKH.
Cucrembl 0TCYETA, TPACKTOPHSL.

MexaHnnuueckoe  OBHJKEHHE  M.T.  3aKJIIOYaeTCs B HM3MEHEHHH €€
IPOCTPAHCTBEHHOTO TOJI0XKEHHUS 110 OTHOIIEHUIO K HEKOTOPOMY TBEPAOMY TEIy HIIN
cUCTeMe Tejl, KOTOpble YCIOBHO TMOKOsATCA. J[BmkeHue mo0oro Ttema —
oTHocuTeIbHOe. COBOKYITHOCTh TEJ OTCYETa M BPEMCHHM HAa3bIBACTCS CHCTEMOi
orcuera. C TeiaMu OTCUeTa MOXKET OBITh KECTKO CBsI3aHA HEKOTOpasi MPOCTPAHCTBCH-
Has CHCTEMa KOOPJIMHAT, B KOTOPOH MOJIOKEHUE M.T. 3a/1a€TCS TPEMsI HE3aBUCHMBIMHU
KoopAuHaTaMH. B MexaHHMKe, dallle BCEro, HCIOJB3YIOTCS CIIEAYIOUIHNE CHCTEMBI
KOOpJAMHAT: mpsiMoyroyibHas (mexaproBas) cuctema (r = r(X\y,z) — puc. 4a),
nuIMHApHYeckas cucrema (r = r(p,p,z) — puc. 4b) u chepuueckas cucrema (r =
r(r,0,¢) — puc. 4s).

B mexapToBoii crcTeMe KOOPAMHAT CIIPABEIIMBHI CIICAYIOIINE COOTHOIICHHS

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

rae o, 3, Y — yrael Mexay paauyc-ektopoM I u ocsimu OX, Oy, Oz nexapToBoi
CHCTEMBI KOOPJUHAT; |, |, K— OpThI (€eIMHUYHBIC BEKTOPHI OCei KoopauHar). OyHKIuu
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COSoL, COSP W COSy Ha3bIBAIOTCS HAMPABISIONMIMMH KOCHHYCAMHU PanyC-BEKTOpA.
Kpome Toro, cipaBeyinBbI paBEHCTBA:

r2=x2+y>+z2 u cos’o +Cos’p + cos?y = 1.

(DOPMYJ'IBI nepexoga OT JCKAPTOBBIX KOOPAMHAT K HTHWIMHAPUYCCKUM
KOOpAnHATaM U O6paTHO HUMCIOT BHU .

p=yx2+Yy?, X =pCos ¢,

p=arctg(y/x), y =psing,
7=1, 7=1.

AHanuTuyeckue CBSI3H MCKAY ACKAPTOBBIMH U C(l)epI/I‘IeCKI/IMI/I KOOpAHAaTaMHU
Har0TCA CIICAYIOINUMU BBIPAKCHUAMMU !

r= 2+y2+22, X =rcosesing,

@=arctg(y/x), y =rsingsino,
G:arctg(\/x2+y2/zj, Z=rcoso.

JIBMKEHHE M.T. CYMTAETCS BIOJIHE ONPEACICHHBIM, €CJIM YKa3aH OJIHO3HAYHBIN
3aKOH 3aBUCUMOCTU €€ NPOCTPAHCTBEHHBIX KOOPJWHAT (JIEKAPTOBBIX, IUIUHIPH-
YeCKUX WM ApYyrux) ot BpemeHu: (1 = Qi(t), 02 = Q2(t) u g3 = gs(t). DT ypaBHEHUs
AKBHBAJICHTHBI BEKTOPHOMY ypaBHeHHIO: I' = r(t), rme r — paauyc-BeKTOp, KOTOPBIH
coemuHsAeT Havano koopamHat O ¢ JaBwkymedcs Toukod P (Q1, (2, Os3). Ecimm
JIeKapTOBbIE KOOPAMHATHI TOUKU P MMEIOT 3HaueHus X, Y, Z, TO paguyc-BEKTOp TOUKHU
P paBen:

r=xi+yj+zKk,

rae 1, J, K — emuHudYHbIe BEKTOPHI (OPTHI), COBMAIAMOIINE C IOJIOKUTECILHBIMU
HanpasjieHusamu oceii Ox, Oy, OZ ¥ KOMIIOHEHTaMH BEKTOpa I BIOJIb 3THX OCCH —
BekTopamiu Xi, Yj, zK (puc. 4a), COOTBETCTBEHHO.

Tpaexropus

\P

P(x.y.2)

Puc. 4 Puc. 5

TpaexkTropus — npsiMast WM KpUBasi JIUHUSA, ONMUCHIBA€Masl MOJBHKHOU M.T. B
MPOCTpaHCTBE. TpaeKkTopus Teaa — 3TO COBOKYITHOCTh TPAEKTOPUU BCEX TOYEK Tena.
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Cucrema Tpex ypaBHenuidd (i = (i(t), rme | = 1, 2, 3, Ha3wBIBaecTCA ypaGHEHUEM
mpaekmopuy MaTepUalbHOM TOYKH, 3aJaHHOM 6 napamempuueckol gopme.
WckirounB mapameTp t U3 3TUX ypaBHEHUH, HAX0IUM (QYHKIIMOHATHHYO 3aBUCUMOCTD
MEX]Ty KOOpIMHATAMH TOYEK MPOCTPAHCTBA, Yepe3 KOTOPHIE MPOXOAUT TPACKTOPHS:

fy (0. d2,03) =0,
f2 (0, 0p,03)=0.
[TPUMEP. TpaekTopus M.T. B mapamMeTpuiIecKor (opMe UMeeT BU/I;
X=acosot y=bsinot, z=csin ot,

rae a, b, C m ® — He paBHBIC HYJIIO0 KOHCTaHTHI. VckimroumB mapametp t (Bpems),

HaXOJHUM CBA3U MCKIY KOOPpAUHATAMU:

X2 y2 b
—2 + —2 = 1 nu y =—7.
a b c
dopma TPaeKTOPUH — DIJUIMIIC, MPEACTABICHHBINA JIUMHUEH MepeceueHus IBYX
noBepxHOCTEH (puc. 5).

Paanyc-BeKTOp, CKOPOCTH, YCKOPEHHE.

JUis  u3ydyeHHs KUHEMAaTUKU MaTepuajlbHOW TOYKU TpeOdyercs 3HaHue
3aBUCHMOCTH OT BpEMEHH ero paaumyc-Bektopa I = r (t). [lycte M.T. mpu cBoem
JBKEHUS MIEPEMECTHIIACH 10 TPAEKTOPUU U3 IIyHKTa A B IyHKT B, 3aTpatuB Ha 3TO
BpeMms At (puc. 2). Jlnuna yyactka Tpaektopuu JAB, mo koTopoil gBuramsach M.T.,
HA3bIBACTCS TPONACHHBIM NyTeM U oOo3Hawaerca S wim AS. Paamyc-BekTop Ia
CTaBUTCS B COOTBETCTBHE MMYHKTY A, U I's — NyHKTY B. IIpupaienne paguyc-BeKkropa
I' Ha3bIBAECTCS BEKTOPOM CMelleHus (mepeMeleHust) 1 o0o3HadaeTcsi Ar = I'g — Ia.
Ero Mmomyine Ar paBeH JyiMHE NPSAMON JTUHUHN, COETUHSIONIEN 2 MyHKTa TPACKTOPHUH: Ar
= AB=|Ar|[=[rg—ral.

Jnuna npsamoit muaun AB kopoue InuHBI KpuBOM TuHuKA UAB, mostomy Ar <
AS. TlonenuB 3TO HEPABEHCTBO Ha KOHEUHOE BpeMs NBIKEHHsS Af, mogydyuM HOBOE
HepaBeHCTBO Ar/At < AS/At. OtHomenne AS/At = v, onpeenseT 3HaUeHNE CpeTHeH
CKOpPOCTH M.T. Ha Tpaektopun \UAB. CienoBaTenbHO, OTHOIIEHUE MOIYJISl CMELICHUS
KO BpeMeHHM JBWKeHus: Ar/At MeHbIne cpeaneii ckopoctu AS/AL.

PaccMmoTpuM npefenbHbli cilydaid, Koraa BpeMs IBHKEHHUsSI OECKOHEYHO MaJio.
Torna nyHktel A U B HaxoasTcs Ha OECKOHEUHO MajloM YyJIaJleHWH APYTr OT JApyra,
npsimast AB u nyra UAB cTaHOBSITCS HEpa3TUUYMMBIMHU, U HEpaBeHCTBO Ar/At < AS/At
IIEPEXOJIUT B PABEHCTBO

KOTOPBIM OMPENEIISIeTCS PACYETHOE BBIPAXKEHUE MOJYJISI MTHOBEHHOW CKOPOCTH.

beckoHeyHO Maiible 1o JuiMHE 0Tpe3oK AB u ayra UAB ciauBaroTcst B 0JIHY MPSAMYIO
12



dr dS

auano AB, To ecth dS = dr, U BEIpAXKEHHI0 ¥ =-—=—— MOXHO IIOCTAaBUTH B
dt dt
COOTBETCTBHE BEKTOPHYIO (hOpPMY:
dr
dt
Takum 06p3,30M, BCKTOP MTIHOBEHHOM CKOpOCTH M.T. V — 3TO II€pBasd

IPOU3BOJIHASL PaJNyC-BEKTOpAa 3TOM TOYKU IO BpeMeHH. KOMIIOHEHTamMu BEKTOpa
MTHOBEHHOW CKOPOCTHM CTaHOBSATCSI IPOU3BOIHBIE MO BPEMEHU COOTBETCTBYIOIIMX
IPOCKUUN panyCc-BEKTOpA HAa OCH KOOPIAUHAT.

B nekapToBoil cucTeME KOOPAMHAT CIPABELIMBBI BEIPAKECHHUS

- - 2 2 2 2
V=Vy+Vy+V,, V=o,i+oyj+oK, 07 =0, + 0" + 0,7,

— d_x O = y d_y 0 Z d z
dt = Y dt = ¢ dt
B HI/IHI/IHI[pI/I‘-IGCKI/IX KOOpI[I/IHaTaX —

Uy = X

v —'—d_p Un = é— d_e v —Z—E
PP T gy BTPYTP G dt '
56
v=va+veg+vzk u vzzvp2+vez+vzz.
p
B cdeprueckux koopauHaTax —
dr : do : ) . do
v=F=—, Uvg=r-0=r—, v, =r-siNO-@=r-sin6—,
r dt’ e ® dt
r Q) 2 2. 2. 2
V=0,—+09—+0,— U 0" =0, +0"+0,°.
rr 99 (p(P r 0 (0)

B o6mewm ciydae, M.T. NpeOAOJIEBAET OTAEJbHbIE YYACTKH TPAECKTOPUHU C
pa3nuMyHOM CKOpPOCThIO. KpoMe TOro, CKOpOCTh MOKET MEHSITHCSI MO HAMPABJICHHUIO.
JIJist XapaKTepuCTUKHU OBICTPOTHI M3MEHEHHS CKOPOCTH 10 MOJYJIIO U HaIpaBJICHUIO
CIyXUT (U3MYecKas BEJIMYMHA, KOTOpas Ha3bIBaeTcs yckopenumeM. OHa paBHa
MIEPBOM MPOU3BOJHOM OT BEKTOpPA CKOPOCTH WJIM BTOPOM MPOU3BOJHOM OT pajguyc-
BEKTOpA M.T. 10 BPEMEHU:

dv d(dr) d?r o
W=s——=—| —|=—5 (mm W=V=r),
dt dtl dt dt

B nekapToBoil cHUCTEME KOOpPAMHAT KOMIIOHEHTAMHM BEKTOpa YCKOPECHUS

SIBJIAKOTCA HpOI/IBBOI[HBIG 110 BpeMeHI/I oT HpOCKHI/Iﬁ BeKTOpa CI(OpOCTI/I, TaK 4TO
wy =0y =X, wy=0y=Y, w,=0,=1,
W=W, +W, +W,, W=1w.l+w,|]+w,k 2 _w.l +w. +w,?
=Wy +Wy +W,, W=wyi+wyj+w,K n w”=w,"+wy" +w,

13



Ecnu yckopeHue M.T. HampaBlE€HO BJIOJb CKOPOCTH, TO JIBHXKCHHUE SIBJISIETCS
yCKOpeHHbIM. [Ipu 3amenyieHHOM [BUKEHUM YCKOPEHUE M.T. HAIpaBJIE€HO MNPOTHUB
ckopocTu. Eciiu yckopeHue paBHO HYJIO, TO M.T. ABUKETCS PABHOMEPHO MO MPSAMOM
VI TIOKOUTCHS.

Ha kpuBOJIIMHEWHON TpaeKTOpUM HANpPABICHHE CKOPOCTU M.T. HEMPEPHIBHO
MeHsieTcs. B aToM citydyae ycKopeHue M.T. HalpaBJlIeHO MO/ YTJII0M K CKOPOCTH.

IIpou3BoJIbHOE IBHKEHHE.

[IpoGnemy yn00HO pelIUTh B MOJBUKHON OPTOrOHAILHON CUCTEME KOOPAUHAT,
B KOTOPOM HalpaBJICHHs OCEH ONPEAEIIAIOTCS €IMHUYHBIMU BEKTOPaMu: T U N, TAe T =
V/U — OpT KacaTeNbHOMN K TPACKTOPUH, HAIIPABJICHHBIHN BI0JIb BEKTOPAa CKOPOCTH V, U N
= R/R — opT HOpMaJIH, HallpaBJICHHBIHN K LIEHTPY KPUBU3HBI TPACKTOPUH BJIOJIb BEKTOPA
paauyca KpuBHU3HBI TpaekTopuu R (puc. 6).

B oOmiem ciyyae 1BUKEHUSI CKOPOCTh M.T. U3MEHSIETCA KaK 110 BEJINYMHE, TaK U
no HampasieHuto. Haiinem pacuetHyro (opmyiny yckopeHHss @ Kak (yHKUHUIO
CKOpOCTH V M paauyca KpuBu3Hbl R Tpaektopuu. Ilycth M.T. mepemerniaercs Ha
HEOOJIbIIIOE PACCTOSHHUE U3 NMYyHKTa A B MyHKT B MO KpUBOJIMHENHHOW TpaeKTOPHUU
UAB, KoTOopyro NpuOIMKEHHO Oy/leM CUMTaTh Tyrod oKpy>KHOCTH (puc. 7). Bpems
aBwkeHust o0o3naunM At. J{mnnaa gyru UAB — sTo npoiiaennstit myth AS. O603HaunM
BEKTOP, COOTBETCTBYIOIINN pauycy KpuBu3Hbl 1yru UAB, uepe3 R. Hauano orcuera
BekTOpa R coBmaziaer ¢ mojokeHWeM M.T. U HAIPaBJIEHO K HEHTpy KpuBHu3HbI O. R =
AO B mynkre A. Bektop R moBopaunBaercs Ha yron Aa 3a Bpems At i 3aHHMaeT
nonoxerre BO . BekTop CKOPOCTH B IyHKTaX A 1 B 0603HA4MM COOTBETCTBEHHO VA
U Vg, IpUYEM, VB = BE. TIpupamenye BEeKTOpa CKOPOCTH paBHO AV = BC = Vg — Va.
Mopyie ero npoekuuy Ha HarpasiieHne ckopocTtu Vg paseH: BD = BE — DE = Ao, =
v — vacos(Aa). Moaynb npoekiuy BekTopa AV Ha HampaBJiieHHe HopMaiiu N (paauyc-
BekTopa R = %) paBeH: Av, = BF = CD = vasin(Aa). Wtak, mpupaiieHue BeKTopa
CKOpOCTH AV mpeacTaBisieT co00H BEKTOPHYIO CYMMY JIBYX €ro KOMIIOHEHTOB AV, u
AVy:

AV = AV, + AV, = Avet + Aogn.

. dv
@opMyJIbl TIOJIHOTO, TAHTEHCAJIBHOTO W HOPMAJIBHOTO YCKOPEHUU E:a,

dthT =a, u ddvtn =a,, IoIy4uM, peoOpasys npupameHus ckopocted AV, Av, u Avy:

AV =AvV.+ Av,, Av/At=Av./ At+ Av,/ At,

) Vv . V ) V
lim A_:||mA T+ lim A_n’ ﬂ:%+ﬂ,
at—0 Al at—0 Al at—>0 at dt dt dt

dv dv, a dv, a,, a=a;+a,, a +

— y = y — y = y —_— -T -n’
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a, = lim (av,/at)= lim (”B‘”A'COS“} lim (M): lim (&):d_”
at—0 at—0 at at—0 at at—0\ at dt
: . (v -SinAa : Aa, : AS/R
a, = lim (Av, /At)= lim A—jz lim (v —j: lim (v —):
n At—>0( n/ ) At—)O( At at—0 A At at—0 AT A

U . AS v 02
=—|lim|—|=—v=—,
R at—0\ At R R

1€ BBUAY MAJIOCTH yTIJia O IIPUHATO, 4YTO COS AL = 1 usinao =a.

do 2
a=-—7T+ v_n

WTak, BEKTOP MOJIHOTO YCKOPEHUS PABEH:

y d MOJYJIb ITIOJIHOT'O

dt R
YCKOPEHHUS pacCUUTHIBAeTCS 10 hopmyJie:
2 2
a=4a’+a’= do ﬁ
t dt R
A Va ¥ (x)
I
p -~ ~._B
~ / AS
; / Ao
O Ay ! L oA x
l\ O N
| D \ R //
C =¥y E I
Puc. 6 Puc. 7 Puc. 8

BaxHo: 1) maneencanvnvim (kacamenvhvim) yckopenuem, HANPAGIEHHbLIM 800b
CKOpOCMU NO KACAmeabHOU K MpaeKmopuu, onpeoesemcs usMeHeHue cKopocmu no
genuyune; 2) HOPMAIbHOE YCKOPEHUE HANPABIEHO NO PAOUYCY KPUBU3HbL MPAEKMOPUU
K YyeHmpy ee Kpuusnbl NepneHOUKYIAPHO GEKMOpPY CKOPOCMU U OMBEMCMBEEHHO 34

U3MEHEeHUe CKOpOoCmuU no HanpaeJjaerHuro.

W3 nomyyeHHbIX BbIIIe (OPMYIT BBITEKAIOT KPUTEPUHU BUOB IBIXKCHHS M.T.:

» an = 0 — mpssMosIMHEHHOE JIBMKCHHE,

» a, # 0 — KpUBOJMHEHHOE IBIKCHHUE,

» a. = 0 — paBHOMEpHOE JIBWKCHUE,

» a.> 0 — yCKOpeHHOE JIBIKEHUE,

» a. <0 —3aMmeIcHHOE IBUXECHUE.
IIpsaMoMHeHHOE ABUKEHUE.

o PaBHOMepHOE 1BUXEHUE:!

a=a,=a,=0, v=Const, r =rg+ Vv-At, AS = v-At.
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o HepaBHomepHOE nBMXKEHHE:
a=a,#0(a,>0uma,<0), a,=0, |a|=a=ar,

v=v(t)=vo+ Ja(t)dt,|v|=v

ty

r=r(t):ro+jt v(t)dt, AS= Ltv t)dt
0 0

Vep =—— v(tdt, o, —Ltjttv(t)dt,|vcp|¢vcp.
t-1

t to
t
o PaBHOmepemennoe nmwkenue: a = Const.
e PaBHOYCKOpEHHOE JBUKEHUE — BEKTOPBI YCKOPEHHS U CKOPOCTH HalpaBIICHbI B
OJIHYy U Ty %€ CTOpoHy: af1V, a, > 0.
e PaBHO3aMe/yIeHHOE TBUKEHHUE — BEKTOP YCKOPEHUS HAIlpaBJIeH MPOTUB BEKTOPA
ckopoctu: at|Vv, a, <O0.

JIBUKeHNE 0 OKPYKHOCTH.

JIBoKEHHE M.T. IO OKPY>KHOCTH — 3TO PACHPOCTPAHEHHBIM YACTHBIN CIlydai
IJIOCKOI'O IBUXKEHUS M.T. I10 KPUBOJMHENHON TpaekTopuu. IIpenmnonoxum, 4To M.T. B
HayalbHbIA MOMEHT oTcueTa BpemeHu (t = 0) HaxoauTcs B MyHKTE A U 32 KOHEYHOE
Bpems At mepemeniaetcs B yHKT B, mpoias mpu 3ToM myTh AS 10 Iyre OKpy>KHOCTH
UAB panuyca R. Paauyc-BekTop OA TOYKH A 32 3TO BpeMs IOBOPAUYMBAETCS HA YTOI
Ao v mpuo6peTaer 3HaueHue OB . IIpHHATO, YTO yroa mMoBopoTa (yrJIOBOM ITyTh)
paanyc-BeKTOpa Aol OTCUHATHIBAETCS OT OcH OX IE€KapTOBOWM CUCTEMBI KOOPJHUHAT U
u3MepsieTcst B paananax (2m pag = 360° wim 1 paxg = 57°). B cnydae, korna yrioBoun
yTh MHOTOKPATHO MPEBBIIIAET 3HaUEHUE 27 paj, YA0OHO MOJIb30BaThCS MOHITHEM
yucia 000potoB AN, KOTOpoe mpu U3BECTHOM yTjie MOBOPOTa Ao BBIUUCISETCS MO
dbopmyne: AN = Aa / 2xn. [logenus unciio o6oporoB AN Ha Bpemsi aBuxkeHus At,
MOJIyYUM Cpe/IHee 3HaUeHue yrciia 000pOTOB B €IMHUILY BPEMEHH — YaCTOTy 00OPOTOB
(MJIM 4acTOTY BpAlLEHUs) paJnyC-BEKTOpa:

f=n=v=AN/At=(Aa/2n) /At=(Aa./ At) / 21 = ® / 27,

r7I€ OTHOUICHHWE MTPUPALCHHUE YTJIa MOBOPOTA PAAUyC-BEKTOPA KO BPEMEHH JABUKECHUSA
(Aa/At) = ®¢, Ha3BIBaCTCS CPEAHEH YIIIOBOM YacTOTOM BPALICHUS PaIHyC-BEKTOpA.
Torma MrHOBEHHOE 3HAQUYEHUE YIJIOBOW 4YacCTOThl PAaBHO IEPBOM MPOU3BOJHOU OT

JIOBOTO IYTH 1O Bpemenw: ©® = lim — =0. Ejguauneii w3MepeHwus
. 4 P A0 At dt P
yacToThl BpaueHus spisiercss 1 ' (repu): 1 I'u = 1 o6opot/c. beicTpoTa u3MeHeHus
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YITIOBOH HaCTOTHI (CKOPOCTH) XapaKTEpPU3YeTCs CPeAHMM [P, M MIHOBCHHBIM B

YIJIOBBIM YCKOPCHHUEM KaK:

B, =22 ypo gim Ae_do_
P At At—>0 At dt '

W3 reoMeTpuu W3BECTHO, YTO OTHOINEHUE JJIMHBI JYTH OKPYKHOCTH K €€
paanycy paBHSETCS yIiIy, Ha KOTOpBIM omupaercs ayra, To ectb AS/R = Aa pa.
Otcrona cienyroT (popMyIibl CBS3H JIMHEUHOTO MyTH AS ¢ yIIIOBbIM IyTeM Al :

AS = R-Aa
Y INHEMHOU CKOPOCTH U C YTJIOBOM CKOPOCTBIO (!
v=dS/dt =R-da/dt=R-o.

PacueTHble BBIpaXX€HUS JJIsI MOXAYJEW TaHT€HCAJTbHOTO W HOPMAJIBHOIO
YCKOPEHUI COOTBETCTBEHHO UMEIOT BUJL!

la]=dv/dt=Rdw/dt=RB wu |a)=v*/R=R?*0?/R=R 0
dopMysIbl PABHOMEPHOTO JIBUKCHHS IT0 OKPY)KHOCTH:
B=0,o=Const, Ao =o'At 1 o = op+ oAt

1 paBHOIIEPEMEHHOTIO:
B = Const, ® = wg + B-At,

At At
A= [odt=[(og+p-t)dt=wg-At+B-(At)”.
0 0

JIMHAMUKA MATEPUAJIBHOM TOUKHN.

J{BM2KeHUE M.T. B MHEPIHAJIbHOM cucTeMe orcuera. 3akonbl HeoTOHA.

IlepBblii 3axkoH HboTOHA: maTepuanbHas TOuka (Jajee TEI0) COXPaHSET
COCTOSIHME TIOKOS WMJIM PAaBHOMEPHOTO IPSMOJIMHEWHOIO JIBVMKECHUS, TIOKA JCUCTBUE
IPYTUX TEJ HE BBIBEAET €TI0 U3 3TOr0 COCTOSIHUS. DTOT 3aKOH HA3bIBACTCS 3aKOHOM
UHEePUUH, a JIBKCHHUE TEJd, HE HAXOIALIETOCs II0J BJIMSHUEM BHEIIHUX TEI —
JABHKeHHMEM 0 HHepuuu. J[ro00e MexaHnyecKoe ABUKEHUE — OMHOCUMENbHOE U €TO
XapakTep 3aBUCUT OT BbIOOpa cucTeMbl oTcyeTa. Hccnegyemoe Telno MOXKET
HAXOAUTHCSA B IIOKOE IO OTHOLICHUIO K OJHOW CHUCTEME OTCYETAa, PABHOMEPHOM
JBWKEHUM TIO OTHOIIEHUIO K JAPYrOoM M YCKOPEHHOM JIBMKEHMHU IO OTHOILICHUIO K
TpeTbent. [103TOMY 3aKOH MHEPLUU HE BCETIA IPUEMIIEM IS IIPOU3BOJIBHOW CUCTEMBI
oTcueTa. Tak, HeTOABUKHBIC Teja, TOKOAIIUECS Ha TJIaIKOM MOJTy aBToOyca, KOTOPhIT
JIBUKETCSI PABHOMEPHO M MPSIMOJMHEWHO IO OTHOLICHUIO K 3emiie, HAYMHAIOT
JIBUTATHCS (CKOJIb3UTh WU KATUTKCS) 10 MOy BCAKHUH pas, KOTia aBTO0YC yCKOpsieTcs
WJIA 3aMEIISIETCA.
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Cucrembl OTCU€Ta, B KOTOPBIX CIPABEUIMB 3aKOH WHEPLMH, HA3bIBAIOTCS
HHepuuadbHbiMM wWin raauieiickumu (MCO). B kauecTBe TakOBOM MOMKET
paccMaTpUBaTbCA  2elUOYeHmpuyeckas CHCTEMa OTCYeTa, B KOTOPOW HAyajo
KOOPAWHAT COBHAAAET C EHTPOM MHEPIIMU COJTHEYHOM CHCTEMBI, & OCH HAIIPABIICHBI
K JajiexkuM 3Be3naM. Jliobasi cucTteMa oOTcueTa, HaxOJAIasicd B TOKOE WU
PABHOMEPHOM MPSAMOJIMHEMHOM JBH>KEHUU N0 oTHoEHUIO K ICO, sBisieTcs Takxke
NCO. Hanporus, Kaxaas cucTeMa, JBIKYIIAsACs YCKOPEHHO 1o oTHomeHuto k MCO,
ABJISIETCS] HEMHEPLIMATIbHOM (He ranuiierickoil) cucremoit orcuera (HCO).

l'eoyenmpuueckas cuctema orcuera (cucremMa OTCYeTa, KECTKO CBsI3aHHAs C
3emueit) asisercs npumepoM HCO. bnarogapst CyrouHOMY BpalleHUIO BCE TOYKHU
3eMJIM OMMCHIBAIOT OKPY>KHOCTH, LIEHTPbl KOTOPBIX HAXOJATCA HAa OCH CYTOYHOIO
BpauleHus: 3eMiu. JTO O3HA4aeT, YTO TOYKH 3EMIIM ABUXKYTCS C YCKOPEHHEM IO
otHouenuto k UCO. CrnenoBaTenbHO, T€OLIEHTPUUYECKAsE CUCTEMA OTCUYETA SIBJISIETCS
HEUHEpLUaIbHOU, U, BOOOIIE roBops, 1 3akoH HploTOHA HE BBINONHAETCSA Ha 3eMIie.
OpnHako BO MHOTMX MPAKTUYECKUX 3ajadax (PU3NYECKOH MEXaHUKU MOXKHO CUUTATh
TEOLIEHTPUYECKYIO CUCTEMY OTCUETA KaK raJlICHCKYIO.

Cuna — BeKTOpHasg BEIUWYWHA, KOTOpAasl SBJISIETCS MEPOM MEXaHUYECKOTO
JIEHUCTBHUA, OCYIIECTBISIEMOTO Ha TEJIO APYTMMH TelaMu (JIeWCTBHE, B pe3yJibTare
KOTOpPOT'0 UCHBITYEMOE TEJIO MPHUOOpeTaeT yckopeHue uiu/u nepopmupyercs). Cuna
CUMTACTCSI IOJIHOCTBIO OIPEACIICHHOM, €CIM YKa3aHbl €€ YHCIOBOE 3HAYCHUE,
HalpaBJICHUE W ToukKa MpuiiokeHus. COrllacHO 3aKOHY WHEPUHUH, TPUYUHOMN
M3MEHEHHS COCTOSIHUS ABMKEHHUSI Tella ABISIETCS B3auMojencTeue Ten. Kpome Toro,
CuJIa IPUBOAUT K JedopMalinu Tea.

Macca — mepa uHepuuu (MHEPTHOCTHU) Tela B HBIOTOHOBCKOM MEXaHUKE.
Nuepuus Tena B raauiaeldcKol cucTeMe OTcueTa MposBISIETCS Ojaroaaps TOMY, 4TO
MOJ1 BO3/ICMCTBUEM BHEIIHEH CHIIBI 3TO TEJIO MPUOOPETAET YCKOPEHHE, KOHEYHOE T10
BEJIMYMHE, & B OTCYTCTBHE BHEILIHETO BO3JCHCTBUSA COXPAHIET COCTOSIHUE MOKOS WU
PAaBHOMEPHOTO MPAMOJIUHEHHOTO ABUKEHHUS.

Bropoii 3axkoH Hb0TOHA — yCKOpEHUE Tela MPONOPUUOHAIBHO ITPUIIOKEHHOU
CHJIE, COBIIAJAeT C HEM M0 HAIPaBJIEHUIO U OOPATHO MPOMOPILMOHAIBHO Macce Teja:

a=— V=— |um | F=— |

VYpaBHeHHe, KOTOPOE YCTaHABIMUBAET CBSI3b MEXIY CWiol F u yckopeHnuem a,
MpeAcTaBisieT coboil nuddepeHranibHoe ypaBHEHUE JABUKEHUS Tela — OCHOBHOE
ypaBHeHHe TUHAMMKH MaTepHalibHOU TOYKH (puc. 9a). DTo ypaBHEHHE, 3aIIMCAHHOE
B JICKApPTOBBIX KOOpJMHATAaX, pacranaercsi Ha 3 muddepeHIuanbHbIX ypaBHEHUS
BTOPOTO MOPSAKA:

mx=F, my=F u MZ=F,,

rae Fy, Fyu F; — mpoekunn BekTopa cuiisl F = F Ha KOOPJMHATHEIE OCH.

Tperunii 3akoH Hb0TOHA — PAaBEHCTBO CUJI IEMCTBUS U IPOTUBOACHUCTBUS:
O Ha BCSIKOE JIEVCTBHE BCErJa HAUAETCSA PABHOE U IIPOTUBOIIOJIOKHO HAIPABIECHHOE
IIPOTUBOJICCTBUE WU
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O JIBa Tejia B3aUMOJICHCTBYIOT C CHJIAMH, PABHBIMHU 110 BEJTUYHUHE U MPOTHUBOIOI0KHO
HaIpaBJICHHBIMU.
Ha puc. 9(6) noka3ana M30JMpOBaHHAs CHCTEMa 2-X TeJl, MACChl KOTOPBHIX HE
paBHBL: My > M. Cuia Fy aeiictByeT Ha 1 Te10 co CTOpOoHbI 2 Tefa, a 2 TeNo ASHCTBYET
Ha 1 Teno ¢ cuioit F,. B cormacuu ¢ 3 3akonom HeioTOHa citeyeT, 4To

F1=—F2 4| F1=F2.

m F a F, ™ m, F a
e ude R
] —
a 9]
Puc. 9

[Toatomy nnmuHbI BekTOpoB F1 1 Fy n300pakeHbl OJMHAKOBBIMU, & HX CTPEIIKH
OPUEHTHPOBAHBl B TPOTHBOIIOJIOKHBIE CTOPOHBI. lIpeacTaBieHHBIE HA PUCYHKE
YCKOPEHHMSI TEJl a1 U ap HAIMPABJIEHBI B Ty K€ CTOPOHY, YTO M COOTBETCTBYIOIINE UM
cunsl F1 u Fp. Macca 1 tena ycinoBHO mpuHsTa Oosbliie Macchl 2 Tenma (Mg > my).
CrnenoBatenbHO, 110 2 3aKk0HY HbIOTOHA cripaBeIsInBO HEPABEHCTBO a; < a2, KaK 3TO U
MOKa3aHo rpauYecKuM MOCTPOESHUEM Ha puc. 96.

Buani cuit.

3ajmaun JAWHAMUKA ObIBAlOT MNpsAMbIe U oOpaTHble. B mnpsmMoil 3amaue
HEU3BECTHBIMHU BEJIMYMHAMMU SIBJISIIOTCS YCKOPEHHE, CKOPOCTh U KOOpJMHATA Tela, a
CUJIa CUMTaeTCsl u3BeCTHOU. B 0OpaTHOM 3a/1aue, HAOOOPOT, OTHICKUBAETCS] 3HAUCHUE
CUIbl (CWJI) TO HU3BECTHOMY YCKOPEHHMIO (CKOpocTH U KoopauHate). Criemyer
OTMETHUTD, YTO BCE BKIIFOYEHHBIE B 3a7a4y (PU3NUYECKUE BEJIMUYUHBI SBJISIIOTCS, B 00IIEM
cinydae, GyHKIMSIMU BpeMeHU. [[1s perieHus 3amady JUHAMUKH TpeOyeTcsi 3HaHUE
3aKOHOB CHJI, T.€. 3aBUCUMOCTh KaXKIOW CHJIBI OT OMNpPEACNAIONINX €€ (PU3MIECKUX
Benu4uH. MHade roBops, J0MKHA ObITH U3BECTHA (JOPMYJIa CUJITBI.

N3BecTHBIE B MPUPOAE CHUIIBI MOAPA3ACISIOTCS Ha (PyHIAAaMEHTAJbHbIE U
npudau:keHHbie BuAbI cuil. K dyHIaMeHTaIbHBIM CUIaM OTHOCSITCS:

O TPaBUTAIMOHHAS CUJIA IPUTSDKEHHS Tell, 00JaJatoNX MacCoH,

O DBJEKTPOCTAaTUYECKasl CUja KYJIOHOBCKOTO MHPUTSKEHUS WU OTTaJKUBaHUS Tel,
00J1aJaf0IINX JIEKTPUUECKUM 3apsaoM, U

O MAarHMTHasi cuja B3aUMOJECUCTBUS DJICKTPUUECKUX TOKOB WJIM MArHUTHBIX
MOMEHTOB.

Hcnonb3oBanue GyHAaMEHTAIBHBIX CHJI MO3BOJISIET, BOOOIE TOBOPS, peliaTh
moOble  3amauu  guHamMukd. OJHaKO B MOPUCYTCTBUU  OOJBIIOTO  YHUCTA
B3aMMOJICUCTBYIOIIUX TEJI BO3pACTaeT KOJMYECTBO 3allMCAHHBIX YpPaBHEHUH, H
BO3HUKAIOT TPYAHOCTH UX pelleHus. K cuactbio, ¢ JOCTATOYHOM CTENEHbI0 TOUHOCTH
3a/1a4d MEXaHUKHU PEIIAIOTCS MPU MOMOIIU SKCIIEPUMEHTAIBHO MOATBEPKAAIOIINXCS
MpUOIMIKEHHBIX ~ 3aKOHOB  CWJI, TIOJIyYCHHBIX  AMIUpUYecku. [Ipumepamu
MPUOJIMKEHHBIX BUJIOB CHJI SIBJISTIOTCS

® CHJIA TSDKECTH,
e CuJa yrnpyrocrTH,
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¢ CHJia TPCHUA CKOJILKCHUA,
¢ (CuJia BA3KOI'O TPpCHUA,
¢ BbITAJKHBAIomasa Cujia ApXI/IMe,ZIa U T.AO.

Cuiia rpaBUTAMOHHOTO NMPHUTSIZKEHUs 00YCIIOBJIEHA B COIVIACHU C 3aKOHOM
BCEMHMPHOI0 TATOTEHUsI TPUTSHKEHUEM Tel, 00JalaloluX MacCOW: JABa TOUYCYHBIX
Tena (AB€ M.T.) NPUTATUBAIOTCS APYT K JAPYry C CHUJIOW, IPSIMO MPONOPLUUOHATBHOU
MPOU3BEICHUI0O MAacc 3THUX Tea MM u 0oOpaTHO NPONMOPIMOHATIBHONW KBaJapaTy

pPacCTOSAHUSA rlz2 Mexay HuMH (puc. 10):

ml * m2
2 ]
12

F12 :G

rae G = 6,672-101! H-m?%/kr? — rpaBUTalMOHHAS OCTOSHHAS.

3aKOH BCEMUPHOTO TATOTEHUSI B BEKTOPHOU (DOPME MOKET OBITh MPEACTABIECH KaK:

ml . m2
Fio=G——==rp,
r2

my flz m,
@
nm 1 Fz 1 FIZ mz E 1 ql fl ) qz FE

- H2 - ?" ha ‘:

Puc. 10 Puc. 11

Cuna  JJIeKTPOCTATHYECKOT0  B3aUMOACHCTBHUSI  (MPUTSDKCHUS WU
OTTAJIKUBAHUS) IBYX TOUCUYHBIX 3apsiIOB B COOTBETCTBUU C 3aKOHOM KyJioHa mnpsimo
MPOINOPLUHOHAIBHA POU3BEACHUIO 3HAYEHUN B3aMMOJCHUCTBYIOIINX 3apsiAoB (.02 U

o0paTHO MPOMOPIIMOHAIBHA KBAJPATy PACCTOSHUS r122 Mexay HumHu (puc. 11):

_ 1 g9
Fo = 5
y 1 g = 1 -9

WM B BEKTOPHOH opme:  Fp =———=—7%1, (um Fpp = 3= T12),

dneg 1o dneg 1y
1
rae g =————g ®/M — 3MeKTpUYecKast HOCTOSIHHASI.
41-9-10
Cuna Ammnepa — MAarHMTHasi CcHJa B3auMoJeiicTBUA (TIPUTSOKEHUS] WIH

oTTankuBanus) Fe,, npuxondiascs Ha Kaxayo eAUHUIY JJIMHBI IBYX MapajuiebHbIX,
OCCKOHEUHO TPOTSHKEHHBIX TMPOBOJHUKOB ¢ cwiod Toka |1 u I, mpsmo
MPOMOPIMOHANIBHA MPOU3BEICHUIO CUl TOKOB |1l 1 oOpatHO mpomnopimoHanbHa
PACCTOSIHUIO 12 Mexy HUMU (puc. 12):
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38 2141 1 1
Fen=Fa =Fy =215,

4TC r12
rae Qo = 41-107" TH/M — MarHuTHAs TTOCTOSTHHAS. JleTanpHOE
pacCMOTpPEHHUE CHUJIBI AMIIEpa OCYIIECTBISIETCA B pas3fele
"JeKTpoMarueTusm". T

IIpumeps! npuOJINKEHHBIX BUAOB CHUI. ,

OnHopoaHasi CUJIA TAKECTH Frqy — CHIIa, KOTOpas ACHCTBYET Puc. 12
CO CTOPOHBI 3eMJIM Ha TeJNO, HaxoJslleecs B CBOOOTHOM
coctosiHuu (puc. 13):

FTS{)K = m g NIIn I_:.TH)K =mMm g, FTS{)K = m g,
rie § — yCKOpeHre CBOOOIHOTO MaJeHUsl UM YCKOPEHHUE CHUJIbI TSHKECTH (BEKTOpHAs
BEJMYMHA, MOLYJIb KOTOPOH MPUOIIMKEHHO paBeH g = 9,8 m/c?).

Cunia TpeHus cKoJbkeHMs F., — cuia conpoTuBiieHUs, BO3HUKAIOIIASA TPU
CKOJIb)KEHHMH TeJla 10 MOBEPXHOCTH Jipyroro tena (puc. 14). OHa nponopryoHaibHa
MOJIYJIFO CUJIbI HOPMAJILHOIO JIaBJIeHUsl Fn 1 HampaBjeHa MPOTUB BEKTOPa CKOPOCTH
Tena V:

Fip=—KF ¥ (wm Fy=—k Fn%), Fup = k-Fo,

rie K — Koa(GUIMEeHT TPEHUsI CKOJTbKEHHSI.

Cuniaa ynpyroctum (ympyras cwia) Fyyp —  cWia  CONPOTUBIICHHS
(mpotuBoaeicTBUs) Tena ero aedopmaruu (puc. 15). Ilpu ogHoocHol nedopmanuu
CXKaTHs WIHM PacTsDKEHUS OHA MPOMOPIMOHATbHA BEJIMYMHE BEKTOpa AedopMaiuu X u
HaIpaBJieHa B IPOTUBOIOIOKHYIO CTOPOHY:

Fy]‘[p = — k X,
rie K — koagdument ynpyroct (5KeCTKOCTH) TeJa.

CuJia conpoTHBJIEHUS CpPebl BO3HUKACT IPH JIBHKEHUU TEJIa B BA3KOH cpesie
(Ckuakocti wim Tase). OHa mpomopruoHANbHA CKOPOCTH Tena (B IEpBOM
MPUOIMKEHUHN ) ¥ HaIlpaBJIeHa B IPOTUBOMOJIOKHYIO CTOPOHY (puc. 16):

Fcor{p = FBHS =—a\V.

rjae @& — K03 OUIIMEHT CONTPOTUBIICHUS CPEIbI.

Puc. 16



Ha puc. 13, 14 u 16 uentp macc o6o3nauaetrcs L[.M. Ha puc. 15 ucnonssyrorcs
cienyromue odo3HaueHus: lo — HawanmpHas auuHa, | — koHewHas mmuHa, Al = X —
abCoMIOTHOE YUIMHEHHE Tea, OJIBEPTaloerocs AepopManui yIIMHEHUS.

Cuiibl Ha HAKJIOHHOM IJIOCKOCTH.

0O0603HaUYeHHUA:

0L — YTOJI HAKJIOHA MJIOCKOCTH

M — macca Tena (MaTepuaIbHON TOUKH),
Frex =MQ — cUjIa TAKECTH,

Fn — cuna HOpManbHOTO TaBIICHMUS,

Fck = Fr — ckaTeIBaromas cuia,

Frp — cuita TpeHust CKOJIbKEHUS,

Frar — cuna tsaru

Fon = N — cuia peakuuu onopsl,

F-,-H}K y V — CKOpOCTb TeJa .

CoOTHOIIIEHUS CBSI3U MEXIY HEKOTOPHIMU BEKTOpaMU: Frsx = Fek + Fn 1 Fon= - Fn.

[pu BeIOTHEHUM YCIOBHSA: Fryr = Foi + Frp, TETO ABIKETCS paBHOMEPHO (U = CONSt)
niu nokoutest (v = 0).

IIpeoOpazoBanus I'anunes. Ilpunuun otHocuTeabHOCTH ["amuiies.

[IpeoOpazoBanusamu ['anuiies ycTaHaBIMBAIOTCS MpaBWiIa MpeoOpa30BaHUS
KOOPAMHAT U CKOPOCTHU M.T. IIPY NEPEXOJIE U3 OJHOU MHEPLUUAIIBHON CUCTEMBI OTCUETA
(UCO) B npyryro UCO. Ilyctp nansl 1se UCO (K' u K), ogna n3 kotopeix K' aBuxercs
C TOCTOSITHHOM CKOPOCTBIO Vo OoTHOCcHTEeIbHO npyrov K (puc. 17). B kmaccuyeckoi
MeXaHMKe TPUHATO, YTO BPEMs BO BCEX CUCTEMax OTCUeTa TeUeT OJIMHAKOBO, T.e. t' =
t. IIpocTpaHCTBEHHOE IOJIOKEHUE, CKOPOCTh U YCKOPEHUE M.T. P Xapakrepusyrorcs
paanyc-BeKTOpOM I, CKOPOCTbIO V U ycKopeHueMm a B cucteme K u r', v' u a' — B
cucreme K'. Jlns yao6¢cTBa paccMOTpEeHUs MPEANOI0KUM, YTO B HAYaJIbHBIA MOMEHT
Bpemenu (t = 0) cuctemsl K' u K coBnanator. Crnenosarensho, r'(0) = r(0). 3amaua:
HaWTHU CBA3b BEJIWYMH V' 1V, a' ¥ a JUIsl IPOM3BOJIBHOTO MOMEHTA BPEMEHH.

[Io ucreuenun BpemeHu t Hawano cucremsl koopauHaT K' cmecturcs Ha
BENMYUHY Vo'l, U CBSI3b MEXIY paanyc-BeKTOpaMu TOUKHU P paBHa:

r=r (@ +vet,
WJIM B KOOPJAMHATHOM IPEICTABICHUU:
X (t) =x" (1) +voxt, Y (&) =Y (t) +voyt, z (1) =2 (t) + vort.
CBsI3b MEXKIY CKOPOCTSIMU V' U V:
VZEZ d(r'+vq-t) _dr’
dt dt dt

+ Vg =V+Vg.
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[Mponuddepennupyem Boipaxkenue V = V' + Vg 1o BpeMeHH. Tak Kak CKOPOCTh
MOJIBIDKHOM CHCTEMBI OTCYETa He MeHseTcs co BpeMeHeM (Vo = Const), To yckopeHue
M.T. TIpH TIepexojie HaOIroaaTells B MOABIKHYIO CHCTEMY OTCUeTa OyJIeT TaKuM JKe,
KaK ¥ B HEMOABMKHOM CHCTEME OTCYUETA:

. dv' dv
a=—=—=a
dt  dt
YMHOXUB PaBCHCTBO a' = a Ha Maccy m, I[MOJIy4YHUM: m'al =m-a.llo2 3aKOHY Hrrorona

MOXHO 3amucaTh, 4To M-a' = F'u m-a = F. CnenoBarenbHo, B 06oux MCO naelictByer
OJlHa U Ta K€ cuiia, To ecTth F' = F.

Z A z'A
K K , —
S P z Z'| & m d
-~ \\ | - — —
P(x,y,z) - a' =W
o
V()t ! > > O o’ y yl
0 0 VO I // y’})f 4
X o —- ——F
X X X’
Puc. 17 Puc. 18

BoiBosi. YpaBHEHHE NUHAMUKH M.T. HE U3MEHSETCS MPU MEPEXO0/e U3 OJHOU
NCO B npyryro UCO, oHO — uHeapuanmmuoe omuocumenbHO TPEOOPa30BaAHUS
lNanunes;, ypaBHEHUE OUHAMHUKU — TOXkaecTBeHHOe BO Bcex MCO. DtoT pesynbprar
MOXHO C(hOPMYJIUPOBATH B BUJIC MEXaHMYECKOr0 MPUHLUMIIA OTHOCHTEJIbHOCTH
lanwnies: paBHOMEpHOE U MPSIMOJMHEHHOE ABMKEHHE 3aMKHYTOM CHCTEMBI IO
OTHOLICHUI0 K TAJIWIECHCKOM CHCTEME OTCu€Ta HE BIUSET HA MPOTEKaHUE
MEXaHUYECKHUX MPOIECCOB B 3TOM cucrteme, T.e. Bce MCO skBuBajeHTHbI. Takum
o0pa3oM, B paMKaX KJIACCMYECKONW MEXaHUKH HEBO3MOXXHO BBIICIUTH HEKOTOPYIO
"rnaBHyr0" MCO, 10 OTHOIIEHUIO K KOTOPOM COCTOSIHUS IMOKOSI ¥ IBUYKEHUS TEJI MOTJIN
Obl cuuTaTbesa abcomoTHRIMH. Jpyrumu cioBamu, Haxozsck B MCO, HUKakuMu
MEXaHHUYECKUMH OIBITAMH HEBO3MO>KHO YCTAHOBHTb, JABUKETCA JIM JAHHASI CUCTEMA
OTCYeTa WJIH ITOKOUTCS.

YpaBHeHHe TUHAMUKY B HEMHEPIHAJIbHOU CUCTEME 0TCYeTA.

Cucrema oTcyeTa, IBUKYIIASICS C YCKOPEHHEM OTHOCHUTEIHHO WHEPIMATBHON
cuctemsl orcueta (MCO), Ha3piBaeTcss HenHepuuaibHoil cuctemoit orcueta (HCO).
3axonvr Hotomona He @vinonnsomcs 6 maxou cucmeme omcyema. TeM He MeHee,
3a/la4 TUHAMHUKH YCIICITHO PEIIAIOTCs U 37€Ch.

[TycTh maHbl qBE cHCTEMBI OTCUeTa: OJHA — WHepiuanbHas OXyz u apyras —
HeunepimanbHas O'x'y’z’, nBwKymascs ¢ yckopenuem w (puc. 17). O6o3navast 8 u
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a' yckopenust M.T. coorBeTcTBeHHO B MCO u HCO, MOXHO 3amucaTh BbIpaXKEHUE
CBSI3U MEXTY HUMH KaK:

a=a'+w.
YMHOkHUM 00€ yacTH 3To¥ (hopMyibl Ha Maccy M:
m-a=m-a'+-m-w.

[Mpoussenenre M-a pasHo cuine F, geiicteyromeir Ha m.t. B UCO. Ilo
dbopMaIbBHOMY TpHW3HAKY, 3aJlaHHOMY KaK TPOW3BEIACHHUE MAacChl Ha YCKOpEHUE,
cinaraemoe M-a' urpaet poias cuibl B HCO. Cnenaem 3aMeHy:

m-a'=F".
Torma BMecTo BeIpaxkenus M-a=M-a'+m- w umeem:
F=F'+m-,
W F'=F-m-w.

Baxuo: cuna F', onpedenennas ¢ HCO nuwv no ¢opmansrnomy npusnaxy,
pasna cune F, oeticmeyiowen ¢ UCO, 3a ébiuemom npouzéedenus Maccol M.m. Ha
yekopenue HCO "m-w". Ilockonvky eexkmopHnas eenuuuna "—m-w" umeem
PA3MEPHOCMb CUTbL, MO NO OAHHOMY (DOPMANbHOMY NPUSHAKY ee MAaKHce HA3bl8aAlom
cunoti. Oounaxo He credyem 3abvl6amb, UMO OHA He 00YClO8IeHA pealbHbIM
oelicmeuem, a cyujecmeyem 6ciedcmeue HAOII0eHUs MEeXAHUYEeCKO20 O0BUNCEHUS 8
HCO! 3my cuny npunamo 6 aumepamype HA3bI6AMb CULOU UHEPYUU, U OHA
obosnauaemces 30ecb F, .

CornmacHo BeIpaxeHnwtro M-a'=F', ypaBHenune nuHamukm M.T. B HCO
coBMajaer 1o popme co BTOPbIM 3aKOHOM HbroTOHA:

aﬂ:ilfl
m

—

rae F'=F+F_ u F . =—m-w.

HH

Takum oOpa3zoM, BeIpakeHHE OCHOBHOTO 3akoHa auHamuku B HCO umeer ToT
ke By, uyto U B MCO. OqHako pojb CHJIbI BBIIONHIET Pe3yabTUPYIOmas cuina F ',
KOTOpasi MpeACTaBisieT COOOM BEKTOPHYIO CyMMY JEMCTBYIOMIEH (HBIOTOHOBCKOW)
cunbl F 1 BooOpakaeMoil (HEHBIOTOHOBCKOM) CHJIBI MHEPUMH F_=—m- <, PaBHOM

HH

B35ITOMY C 0OpaTHBIM 3HAKOM MPOU3BENICHUIO Macchl Tena Ha yckopenue HCO.
I{enTpoOe:kHAsI CHJIA HHEPLMH.

[lenTpoOexHasi cujga WHEPUMM — OTO '"HEHBIOTOHOBCKas" CHIIa, KOTOpas
BBOJIUTCA MCKYCCTBEHHO, MW "INEHCTBYET' OHA B HEMHEPLHAIBHON Bpallarolencs
cucreMe orcuera. Jlyis1 BBIACHEHHS] CBOWCTB JTOW CUJIbI PACCMOTPUM PAaBHOMEPHOE
IBIDKeHUE M.T. 1o okpyxHoctu B MCO (puc. 19). HaGmronarenb oTMeuaer, 4To
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HaIlpaBJIEHUE CKOPOCTU M.T. U HU3MEHSETCS C TEUEHHEM
BpeMeHHU. Clie1oBaTeNbHO, IBHKEHUE M.T. IPOUCXOIUT C
YCKOPEHHUEM &, HOPMaJbHbIA (NEPHEHAUKYJISPHBIMI
BEKTOPY CKOpPOCTH) KOMIIOHEHT KOTOpPOTO &, HE paBeH

HYJIF0. DTOT KOMIIOHEHT HallpaBJIeH K HEHTPY OKPYKHOCTH
M TO3TOMY  Ha3blBAaCTCAd  LEHTPOCTPEMUTEIBHBIM

yCcKOpeHueM: &, =a,.. llpousBenenue m-g,, paBHO

~ Puc. 19

HCHTPOCTPCMUTCIIBHON CHIIC FL[C’ BBIHYXKIAOMICH M.T.

OTKJIOHATBCS OT NPSAMOJMHEWHOW TPAeKTOpUH. MTHOBEHHBIE 3HAYEHUS MOJIYJIS

—

BENMYUH &, U F

e PaBHBI:

2 2

mo

auC:—:(ozR u FHC: :moazR
R R

I71€ ® — MOJAYJb YIJIOBOM CKOPOCTH JABMKEHUS M.T. IO OKPYXXKHOCTH paauyca R. B
BEKTOPHOI (hOpME 3TU BBIPAKEHUS UMEIOT BUJL:

~ 25 = 25
a =R n  F,,=moR.

Heuneprmansnass cucrema otcuera (HCO), Bpamaromascss ¢ yriioBou
CKOPOCTBIO (®, JIBUKETCA ¢ ycKopenueM d,.. Habmonarens, naxonsiuiics 8 HCO,
OTMEYAET, YTO M.T. MOKOUTCA. YcioBuio mokosd B HCO cooTBETCTBYET paBEHCTBO
HyII0 yekoperus a'=0 u pesynbrupyromei cunst F'=0:

=0.

F'=F+F,=Fc+F

HH

CrnenoBaTeNnbHO, CHJIa UHEPLIMK paBHA IEHTPOCTPEMHUTEIBHOM CUJIEe, B3ATOM C
00paTHBIM 3HAKOM:

[Tockonbky F,, HampaBlieHa 10 PaaMycy OT LEHTPa OKPYKHOCTH, TO ee

Ha3bIBAIOT LIEHTPOOEKHOM cuioii naeprmu F . Ona paccunThiBaeTcs no popmyie:

mvz =

=2 R.

—

— 24
Fug = —Fuc =—Mo’R=—

Cuibl TAIOTCHUSA, THKECTH H BECa.

3emuist coBepliiaeT opOuTaibHOE ABMXKEeHUE BOKpYr COJIHIIA U BpalllaTeIbHOEe
JBIDKEHUE OKOJIO COOCTBEHHOM OCH CHMMETpHM BpaiieHus. [Ipu TouHOM perieHun
3a/1a4i MEXaHUKHU CJEAyeT YYHUTHIBATh BCIO COBOKYITHOCTb CHJI, JICMCTBYIOIIUX Ha
Teno. B cBs3u ¢ TeM, yTo cuiia mpuTsKeHus 3eMHoro Tena ConHileM Mana 1o
CPaBHEHMIO C CHJION MpUTsDKEeHUs ero 3emuieil, BausHueM CoJiHIIa U OpOUTATIBLHOTO
nBIKeHUsT 3emiin BOKpyr CoJIHIIAa Ha MEXaHWYECKHUE MPOIECCHI, MPOUCXOASIINE Ha
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3emiie, MOXKHO TpeHeOpeub B MEpBOM NpuOmmKeHuu. B kadyecTBe MHEpLUATbHON
cuctembl orcyera (MCO) BriOepeM crucTeMy OTCueTa, MOKOSIIYIOCS BHE 3eMIIN.

B cornacum ¢ onpeneneHrneM CHIIbI B paMKax KJIaCCHYECKON MEXaHUKH, CUIIaAMH,
neiicrByromumu Ha M.T. B ICO, SBISIOTCS CHIla IpaBUTALMOHHOIO IPUTSKEHUS Tela

3emuieii Fyy,, BBITAIKHBAIOIIAN CUa APXUMe/Ia Fp 1 CHIIA PEAKIMH TOUKH ONOPBI MK

noxseca F,, (puc. 20). BextopHast cymma 3Tux cuin F siBIsieTcs pe3yabTUpYIOIeH
CUJION IeMCTBUS 3eMJIU Ha TEJO:

Hanpasnenust u snadenus cun Fy., F, n Fy cunTaorcst n3BeCTHBIME (pHC.

20). OHu paccuuThIBAIOTCS MO (HOpPMYyTIaM:
- 2 - M-m~=

F.=moT, F.=G——R u Fa=-G

M-m'_-
oC p R3 —R

R3
rae G — rpaBuUTalMOHHAs MOCTOsIHHAS, M — Macca M.T., M — Macca 3emiin, M' — Macca
BO3yXa (WM JKUIKOCTH), BBITECHEHHOTO TEJIOM, (® — MOJIYJb YIJIOBOW CKOpPOCTHU
Bpamenus 3emMimn, I U R — paiyc-BeKTOPBI, IPOBEICHHBIE OT M.T. COOTBETCTBEHHO
K OCH BpAllCHMS U K LIEHTPY 3€MJIH.

M.T. BMecTe ¢ 3eMuteii IBIKETCS TI0J ICHCTBHEM Pe3yIbTHPYIOIIeH chitsl F 110
OKPYXHOCTH, LIEHTP KOTOPOI HAXOAUTCS Ha OCH BpaleHus 3eMin. Pe3ynbrrpytromas
cuta F B MCO HampaBiieHa k ocu BpamieHus 3emun. OHa HOJTydHIa Ha3BaHHE
"ocecTpeMUTENbHOMH" bl F = F... Pammyc OKpyXHOCTH I 3aBHCHT OT IIMPOTHI

reorpaguaeckoro mecra. Takum o0pasom, cpezu Beero Habopa cuit F, F,, Fa 1 Fy,
, YIaCTBYIOIIMX B CO3/IaHUU YCJIOBHS PaBHOBECHS, IPUCYTCTBYET €AMHCTBEHHAS CUJIa

Foy» /AJS OIpElNeNIeHUs] 3HAuYeHUs M HANpaBlICHHUA KOTOpPOM  Tpedyercs

MpeIBapUTEIbHOE 3HAHME TPEX OCTajJbHBIX cul F, Fp # Fa. Pacmomaras

cBeleHusaMu o cuilax F = F ., F. 1 F,, MBI MOKEM HAWTH PACUETHOE BLIPAKEHUE
oc Ip A

JUTSL CHJTBI PEAKLIUK OTOPBI F

Fon =F —(Fp+Fa)=Foe —(Fp+Fa).

Pe3ynbpTaT BEKTOPHOTO CIOXKEHHS, MPETYCMOTPEHHOTO TTOCISAHEH (hOpMYIIOH,
nmoka3aH Ha puc. 20. Cucrema oTcueTa, CBSI3aHHAs ¢ TOBEPXHOCTHIO 3€MIIH, BpallaeTCs
BMeCTE C 3eMJIeil, TO €CTh OHa JBUXETCA C YCKOPEHHUEM, U MOITOMY SIBISIETCS
HenHepnuanbHOM cuctemoit orcuera (HCO). s nHabmromaTenns, HaXOAAIIETOCs Ha
3emiie, M.T. KaxkeTcsl mokosimieiics. Ypasuenue auHamuku mM.T. B HCO mo ¢opme
COBIIQJIACT C OCHOBHBIM 3aKOHOM JIMHAMUKH M 3aIIMCHIBACTCS B JJAHHOM 3a/1a4e KakK:

a':%ﬁ-:%(mﬁm):%(ﬁoﬁﬁm),
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rnie @ u F'=F+F,, — COOTBETCTBCHHO pE3yJbTHPYIOIIEC YCKOPCHHE U
pesyneTupyomas cuia, Habmogaemele B HCO. [l nokosierocs Ha 3emiie Tea OHH
paBHbI Hym0. CHila HHEpUHH, 00YCIOBICHHAS HEMHEPLIUAIBHOCTBIO 36MHOM CUCTEMBI
orcyera, 0603Hauena F, . . [IocKoIbKy it MOKOAMIErocs Tena cuia F ''= 0, Haxomum,

4TO CUJIa MHCPIHUHU PaBHA I10 MOAYJIIO OCGCTpGMI/ITCJ]BHOﬁ CUJIC U IIPOTUBOIIOJIOKHO en
HaIIpaBJICHA:

Fu=-F=-Fy.=Fg.

n

ocC

Puc. 20 Puc. 21 Puc. 22

PaccmarpuBaemasi cusia MHEPIIMM Ha3bIBACTCS LIEHTPOOEIKHON CHIION MHEPLUU
Fi, "meiictByromeil” Ha Teno co croponsl 3emuu (puc. 21). Ee mpucyrcrue

HCIIBITBIBAIOT BCE TeNa, HaXOAIIHECS BAAJIHM OT IOJIIOCOB 3€MIIN, BHE 3aBUCUMOCTH OT
TOT'0, MOKOUTCS TEJIO MJIM OHO JBMXKETCS MO OTHOIIeHUIO K 3emiie. OHA HMCYE3HET
TOJIBKO B TOM ClTy4ae, €CJIM 3eMJIsl IEPECTaHEeT BPallaThCs.

Takum oOpa3zom, pacueTHas (opmyia pe3ylbTHPYIOLIEH CHIIbI B 3€MHOMN
HEWHEPLMaIbHON CUCTEME OTCUeTa paBHa:

FIZIE+IEH6.

Jlns Tena, mokosmerocs Ha 3emie, umeem: F'=0 u F =—F . Ousuueckue

BEJIMYMHBI, TAKHE KaK CHJIA TsKeCTM F_. W Bec P, BBOIITCS MPU HOMOIIH
onpeneneHuii. Cuia TSHKECTH — 3TO CUJIA, MO IEHCTBUEM KOTOPOH TeJ0, He MMEIoIIee
onopsI (WK MOABECa), IBIKETCS] CBOOOTHO Ha 3emMJie, T.€. C YCKOPEHHEM CBOOOTHOTO
najeHus: (. CHHOHUMOM YCKOPEHHSI CBOOOAHOTO MaJICHUs SIBJISIETCS YCKOPEHUE CUJTBI
TsDKeCTH. B cormacum ¢ TakuM OIpEACIICHUEM, 3HAYCHHE CHJIbI TSHKECTH MOYKHO

IOJIy4YHTh [OCPEICTBOM BBIYMTAHMUS CHJIBI PEAKLUU ONOPBI F  ¥3 Pe3yJIbTHPYOIIeH

cunbl F', KOTOpast Ui TOKOSIIETOCS TeNa paBHa HyN0. M3 MPMBOIMMOIO HYKE
pacuera: F, =F'-F,_ =0-F, =—F, CJelIyer, 4T0 CWIia TSHKECTH paBHa IO

MOJIYJIIO CUJIE PEaKIMK OMOPhI U MPOTHUBOMOJIOKHO €11 HampaBieHa (puc. 22).
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Becom Tena HaspBaeTca cwia P, C KOTOpOM TeEJIO JCHUCTBYET Ha
TOPU30HTAJIBLHYIO OTIOPY WJIH MOJBEC, MPEMSATCTBYIONUE eMy CBOOOTHO ABUTATHCS HA
3emne. Ecnu onopa (wiam moaBec) HAXOASTCS B COCTOSIHUM MOKOSI TIO OTHOIICHUIO K
3emiie, TO TeJO JEUCTBYET Ha onopy (MU MOABEC) C CUIION, paBHOM cuJie TshKecTH. B

TaKOM CiTydae, BeC Tejla paBeH CHIe TsHKeCTH: P=F

Frpx - OOHAKO CIEAyeT IOMHUTD,

YTO TOYKA MPUJIOKEHUS CHITBI TSHKECTH HaXOIUTCS B IIEHTPE TSHKECTH TeJla, a Chjla Beca
MpUJIOKEHA K ornope (uiu nojasecy). Cuiia TskecTH Ha 3eMIle CYIIECTBYET BCEria U He
3aBHCHT OT TOTO, TE€JIO JBUKETCS, WX )K€ OHO MIOKOUTCS. 3HAUCHHUE Beca Teja CBA3aHO
C MEXaHMYECKUM COCTOSTHHEM OomopsI (moaBeca). [Ipu aBmkeHnn onopsl (mmoBeca) Bec
TeTa MOXKET W3MEHHUTHCS: YMEHBIIHWTHCS, BO3PACTH WJIM HCUE3HYTh COBCeM. Bec
IpomaaaeT, eclid ornopa (IoBecC) NBIKETCS C YCKOPEHUEM CBOOOHOTO TIa/ICHUS.

Cuna unepuun Kopuosmnca.

[Ipy pBrKEHMM Telna BO  BpPAILAMOIICHCS CUCTEME OTCYETa, KPOME
LEHTPOOEKHOM CUJIbI MHEPLMH, MOSIBISIETCS €LIe OJHa CHUJla, Ha3blBaeMas CUJION
nHepunn Kopuosca nim KOproanucoBON CUIIOMN.

., dp' _, 0o
ITycTh M.T. M IBHKETCSA CO CKOPOCTHIO 5'=— YCKOpeHueM a = (E) B

dt
HCO, Bpamiaroreiicsi ¢ IOCTOSSHHOM YIJIOBOM CKOPOCTBIO ®, P— PagnuyC-BEKTOP M.T.
B ICO u p' — ee paamyc-Bektop B HCO (puc. 23a). CKopocTh U YCKOPEHHE M.T. B
NCO MoryT ObITh BBIYKCIIEHBI COOTBETCTBEHHO MO (popMyiam:
L dp _ do
U= =P nu a= =2 .
dt dt

Haiinem BHauane cBsi3b Mexay yckopenusmu M.T. B HCO u UCO: a' u a.
Bri6epem Ha ocu Bpamenuss HCO 00 HuwxHIOI0 Touky (0 B KauecTBe Hadaja ABYX
COBIIAIAIONIMX B HAYAJIBHBII MOMEHT BPEMEHH CUCTEM KOOPAMHAT — HEMOJBHKHOU
NCO u Bpamarometics HCO (puc. 23a).

Panuyc-BeKTOpbl M.T. B HAUaJIbHBIII MOMEHT BPEMEHH PaBHBI MEXTY COOOM:

p(0) =p'(0).

OHHM COCTaBISIIOT YIoll O ¢ OChIO BpallleHHs — HampaBjieHueM Bekropa @ . Co
BpeMeHeM o00a paanyc-BeKTOpa M3MEHSIOTCS W CTAHOBSTCS  PA3IMYHBIMU.
[Ipupamenne dp paauyc-BeKTOpa P COCTOMT M3 ero npupaiieHus dp, 3a cuer
spartenns HCO u 3a cuer ABMKEHHS M.T. cO ckopocThio U ' B HCO:

dp=dp, +0'dt.
Bripazum moayns dp: uepe3 MOAYIU BETUYHUH O U P:
dp,=rdo=rodt=(psin6) o dt=c-sinB-p-dt,
rae I — pacCTosSHHE M.T. OT OCH BpaileHus. Toraa, B BEeKTOpHOM Buzae dp, u dp
COOTBETCTBEHHO 3aIUIITYTCS KaK:
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dp,= [op]dt u dp=[®p]dt+7'dt.

[Momenus dp Ha dt, MOIYYHNM COOTHOLIEHHE CBA3H BEKTOPOB CKOPOCTH U M U '

L dp Lo -,
5= P = [op]+7".
dt
L dp
iy, npuHEMas BO BHUMAHHE U =y > DomyuacM mpasmio Ipeobpa3oBaHms

BekTOpoB npu nepexoe nu3 HCO B UCO:

&b dp
- = _I_ —_ .
L he

Az ©
o A
0 v'de dp
dg» - '
Iz do- v
X Pr
m -
p+dp
oV PP FKOp
a o
Puc. 23
. dp _ .. ,
[Iponuddepeniupyem BeipakeHue U = P [(D p] +0 mot
SPLLA o R Y N
dt dt t dt
¥ TIOJICTABUM CIOJIa U = [0 p]+ D'
= [ ([o6)+) ]+ G =068+ 621+ T
dt dt
dp .., dp'
[TpuMeHHM MTpaBUIIO TTPEOOpPa30BaHUs BEKTOPOB P [0) p]+¥ IIpH TIePEX0JIe U3

HCO B UCO « BekTopy 0"
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ITocne noapcraHOBKH ddit B IIPE/IIECTBYIOIIEE BHIPAXKECHHE JIJIST & MOJIYUYHM:
a=|o[op]|+[ov]+[ev]+d = o[ap]]+2[wv]+a"
BekTop, ABJISIONIMIC PE3YIbTATOM BEKTOPHOIO NPOM3BEIECHUS [ ], paBeH
BeKkTOpY [ r]. dokaxeM 3710. IToCKOIBKY MX MOJyIH ‘[Co ()]‘ = opsind = or = ‘[(To F]‘

PaBHBI U HANPABJIEHHs BEKTOPOB [ p| U [& F] COBIALAIOT, TO 3TU BEKTOPHI PABHBI.

[MpuHuMass BO BHHMAHHE CBOWCTBO PAa3lIOKEHHS IBOMHOIO BEKTOPHOIO
npoussenenus [a[bc]] = b(ac) - c(ab) u paBencto [ p] = [& ], UMeeM:

[o[ap]]=[a[0r]]=6(aT)-T(6®)=6-(0)-F&* =-o’f Hakoner,

d=—0F+2[6 0']+a'=a"-0’F -2[0'6],
I a'=d+or+2[0'0]
OGosnauass ’F = dy U 2[0'0] = axop, HOIYYHM, HYTO YCKOPEHHE,

HCIBITHIBAEMOE M.T. BO BpAIIAIOMICHCS CUCTEME OTCUETa, COCTOUT M3 CYMMBI Tpex
YCKOpEHHMHA, a UMEHHO: 13 yckopenus B UCO @, meHTpo6ekKHOTO yCKOPEHHS a 45 = 0
I u yckopenus: Kopronuca axop = 2[0'0]:

d'=a+8.5+ 8-
YMHOXkast pOpMYITy CBS3H MKy YCKOPSHUSMHU Ha MacCy M.T., yCTaHaBIMBAaEeM
dhopmyiy cBsizu crit B HCO F' ' ICO F:
F'=F+F;+Fxop:
e Fus = Mo’ T — nenrpoOexnas cuna uHepuun U Fy,, = 2M[0'® ] — xopronmicosa

cuna uHepuuu. Hanpasnenue cuinbsl Kopronuca onpenensercs 1mo npasuily paBoro
BrHTa. OHA MEPICHANKYIIPHA TIOCKOCTH, 00pa30BaHHON JABYMsl BEKTOpaMH U' U ©

(puc. 230).
JNHAMMKA TBEPAOI'O TEJIA.
HmnyJbce. 3aKoH coXpaHeHHsI HMITYJIbCA.

YpaBHeHuto BToporo 3akona HeroTona a = F/m MokHO mpuaath Ipyroi BHI.
[Tomaras, uTo Macca M.T. M HE U3MEHSETCS, €€ MOYKHO BHECTH I10]1 3HAK ITPOU3BOJHOM
B hopmyne F = ma:

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

BekTopHyto BETMUYMHY, paBHYIO MPOU3BEACHUIO MAacChl M.T. HA CKOPOCTh P =

MV, Ha3bIBAIOT €€ UMITYJIbCOM (MEXaHUYECKUM UMITYJILCOM, KOJTMYECTBOM JIBUKEHUS ).
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IIpuMensss onpeneneHne NMITYJIbCa, YPABHEHUE NTMHAMUKHM M.T. MOXKHO 3aIlMCaTh B
BHJIE:

dp/dt=F= % .F,

a caM 3aKkoH c(opMyJIHMpoOBaTh TakK: MPOU3BOAHAS UMITYJIbCa 1O BPEMEHH paBHA
PE3YIBTUPYIOLIEH CUIIE, ICUCTBYIOIIEH HA M.T.

Nmiynbe Tena paBeH CyMMe UMITYJIbCOB €ro AJIeMEHTapHbIX yactei (puc. 24):

pzzipi :Zimivi-

YwmHoxkas Belpakenne dp/dt = F ma dt, Mu
npugeM kK paseHcTBy: dp = Fdt, uaTerpmpoBanue
KOTOPOTO JIaeT MPHUPAIICHUE HMMITYJIbCa 32 TPOMEKYTOK
BPEMCHH, TPOTEKIIHA OT HEKOTOpOro MoMeHTa 1 10
MOMeEHTa 1!

Puc. 24

pz—DFJ;)lzd D=Lt12|:dt-

B cnyudae nelictBust moctosHHou cuibl F = Const, u3aMeHeHue umiysibca Ap =
P2 — P1 paBHO MPOU3BEICHUIO CUJIBI HA BPEMS €€ JIECUCTBUS, T.C. UMITYJIbCY CHIIBI

Fat= [ Fat=F(t-1): (ap=Fatl

PaccmoTpum cuctemy, coctosiryro u3 N MaTepHalbHbIX TOYEK (ISl KpaTKOCTH
OyneM Has3piBaTh €€ cucteMoil Tem). Tema, BXoAsdlmue B CHCTEMY, MOTYT
B3aMMO/ICHCTBOBATh KaK MEXIy COOOM, TaK U C TeJIaMH, HE TPUHAJICKAIIIUMU TaHHOU
CUCTEME, TPUYEM Macca CUCTEMBI He MeHsieTCsl. ClIeI0BATENbHO, CUIIBL, IEUCTBYIOLINE
Ha Teja CUCTEMBI, MOYKHO MOJPA3AC/INTh HA BHYTPEHHUE U BHEIIHUE. BHyTpeHHUMH
Ha30BEM CHUJIbI, KOTOPbIE BO3JECUCTBYIOT Ha JAHHOE TEJIO CO CTOPOHBI OCTAIBHBIX TEI
CUCTEMbI, BHEILIHUMHU — CUJIbl, O0YCJIOBJIEHHBIE BO3JICHCTBUEM TEJl, HE MPHUHAJJIEKA-
X cucreMe. Ecinu BHEIIHUE CUIIbl OTCYTCTBYIOT, CUCTEMA HA3bIBAECTCS 3aMKHYTOM.

[Ipon3BogHass wWMIylbCa MO BPEMEHU UISI HE3aMKHYTOM MEXaHMYECKOU
CUCTEMBI 110 BTOpOMY 3aKOHY HbrOoTOHA paBHa:

z—f=zi(fi+5)=zifi+zi5 =0+R=R.

31ech UHACKC | KCIOB3YETCs ISl IEPEUHMCICHUS T CUCTEMBI, fi — BHyTpeHHHE CHJIBI
u Fi — BHemHue cuibl. [lo 3 3akony HeroTOHa BeKTOpHAsi CyMMa BCEX BHYTPEHHUX CHIT
paBHa HYJIIO Zi f; = 0. BexropHas cyMMa BCEX BHEIHUX CUJI Zi F 3amenena ogHou

pesyabpTupytomei cuiion R = Zi K . Urak, aiis TOro, 4To0B MMITYJIBC CUCTEMBI HE

u3MeHsuics, T.€. P = Const uinu Ap = 0, pe3yapTupytoias Bcex BHEIIHUX cuil R momkHa
pPaBHATHCS HYJI0. Takoe BO3MOXKHO, €CJIM CUCTEMA — 3aMKHYTasl WM JIEUCTBYIOIINE
W3BHE CUJIBI ITPU BEKTOPHOM CJIOKEHUU KOMIIEHCUPYIOTCS.
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TakuM o6pasom, 3Hauenne (popmynst |9P _ k| cymecTBeHHO pacimpuiocs:
dt
OHa OTpa)kaeT OJHOBPEMEHHO OCHOBHOM 3aKOH JIMHAMHUKH WU 3aKOH COXpaHEHUs
UMITyJIbCA MEXAaHMYECKOW cHUCTeMbl. B KijaccMueckoil MexaHHuKe JOMyCKaeTcs
yacTU4YHOE (10 OTACIbHBIM KOOPJAMHATAM) BBIIOJIHEHHE 3aKOHAa COXpPaHEHUs
umMmIysbca. Harpumep, 3akoH coOXpaHEHUsI UMITYJIbCA 110 KOOPJIMHATE X UMEET BU/I:

d py

.
dt
JBU:KeHHMe TeJl ¢ mepeMeHHo Maccoil. @opmyJia Lluoakosckoro.

Jlo cux mop MblI paccMaTpUBAJIM CIy4yau JABMKEHUS TeJl MPU HEM3MEHHON Macce.
Opnako macca JBIDKYIICHCS CHCTEMBbl MOXET Kak yObIBaTh, TaK M BO3PACTaTh.
Hampumep, npupamienne umiyibca AP craproBaBiieil pakeThl MPOMCXOJUT 33 CUET

BbIOpOCa CrOpeBLIET0 TOIUIMBA B OKPYXAWOLIYI0 cpeny v;dm. B Takom ciyuae,
usmenenne umnyiabca dp=vdm+mdv, mpoucxonsiiee B pe3yibraTe ACHCTBHS
BHEIIHUX CWJI M OTOpachlBaHMs (MPUCOEAMHEHUS) TOOABOYHOW MACCHI, 3alUILIETCS
KaK:

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

rae R — pesynbTupyromas BHEITHUX CUJ, a Vi — CKOPOCTh JIBIDKEHUS Macchl dm,
KOTOpas oTTopraercs ot Teaa (dm < 0) win npucoeaunsercs Kk Hemy (dm > 0).
[IpeoOpazyem 6a30BOE BhIpaKEHUE:
vdm/dt+madv/dt =R+ v,dm/dt,
mdv/dt=ma=R+v,dm/dt—vdm/dt=R +(v; —v)dm/dt=R-+udm/dt,
a:i(R+ud—mj:E.
m dt m

31ech BEKTOpHAsi Pa3HOCTh CKOPOCTEH (Vi — V) 3aMEHEHAa BEKTOPOM OTHOCHUTEJIHLHOM
CKOpPOCTH U MpHUCOETUHSIEMON WM oTTopraeMoil maccel dm, u mosHas cwia F,
JEeMCTBYIOIIAs Ha TEJIO, BKIOYAET JBE CHJIbL: BHEIIHIOW R 1 peakTuBHYyIO CHIly Fpeac=

u(dm/dt): Fpcar
(Vi—V)=u, F=R+ Fpa =R+ u(dm/dt). a
OcoOblii MHTEpeC NpPENCTaBIACT Ciaydaidl JBWKEHHUS Tejla IMpHU M

orcyrcTBum neiictus BHemHuX cui R = 0. Torma umeem: a = Fpead M.

JIBroKeHue Tena MOKeT ObITh YCKOPEHHBIM MU 3aMeJIeHHBIM. Bee

3aBUCHT OT HANPABIICHUS CHUIIbI PEaKINU Fpeac = U(dM/dL).

Bo3moxHbIE BApUAHTHI:

1. Teno (pakera) yCKOpsieTCS 3a CYET BHIOpOCa BEIIECTBA B .W’
HampaBjIeHUH, OOpaTHOM CKOpOCTH ero aBwkeHus (attv, "
Fpeac T1V): UT]V, dm <0 (puc. 25). v

Puc. 25
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2. Teno yckopsieTcsi 3a CYeT NPUCOCIMHEHUS BEHIECTBA, CKOPOCTh KOTOPOTO
COBIIAJ[ae€T MO HAIMPABICHHUIO CO CKOPOCTHIO TeJa W OOJbIIE HEE MO MOIYIIO
(artv, Fpeacttv): U1V, U >0, dm > 0.

3. Teno 3amennsiercss 3a c4eT BhIOpOCA BEIIECCTBA B HAMPABICHUH €r0 JBHKCHUS
(@ariv, FpeacTlV): UTTV, dm < 0. ITpumep: TOpMOKEHUE PAKETHI.

4. Temo 3aMeIsAeTCS 3a CYET MPHUCOSAMHEHUS BEUIECTBA, CKOPOCTh KOTOPOTO
HarpaBjieHa MPOTHUBOIOJIOKHO CKOPOCTH Tea
(arv, FpeactlV): Ut]v, dm > 0.

5. Teno 3amemnseTcss 3a CUET NMPHCOCIUHCHHS BEIIECTBA, CKOPOCTh KOTOPOTO
COBIIAJ[aeT O HAMPABJICHUIO CO CKOPOCTHIO Tejda W MEHbBINE HEE MO MOYJIIO
(arlv, FpeacTlV): UTTV, U <D, dm > 0.

Paccmotpum Oosiee mogpoOHO 1 BapuaHT peakTUBHOTO JIBUXKEHUS (AT1V, Fpeax
T1Vv): utlv, dm <0 (puc. 25):
a = Fpead/m, dv/dt = Fyeadm,
Fpeax = u(dm/dt) = (v1 — v) (dm/dt),
dv/dt = (vi — v) (dm/dt)/m, dv = (v1 — v) dm/m,
dv =— (v1 + v) dm/m.

B npeanonoxxeHuud, 4TO OTHOCHUTEIbHAS CKOPOCTh HCTEYEHUS MPOJTYKTOB
CropaHus TOIUIMBA MOCTOsIHHAA, T.e. U = Const, To ecth u = v; + v = Const, Tocie

v m dm
UHTErPUPOBAHUSI L} do = —(vl + v) .[ i HOJTY4HM:
0 0

V-1, :—(Ul+v)|n£:(vl+v)ln@:uln@,
mg m m
A€ Vo U My — HAYaJIbHbIE 3HAYEHUA CKOPOCTHM M Macchl pakeTel. M3 mocnegHewn
dhopmyisl crenyeT Gopmyra [{uonkoBckoro, onpenesnsonias 3aBUCUMOCTb CKOPOCTH
PaKEThl U OT OTHOCUTEIHLHON CKOPOCTH UCTEUEHHUS OTPa0OTaBIIEr0 TOIIMBA U:

My
v=vg+uln— |
m

PabGora. MomHOCTD. JHeprus. 3aKOH COXpaHEHUs JHEPIrUM.

PabGoroii Ha3piBaeTCA CKalspHas BEJIWYMHA, PAaBHAS NPOWU3BEICHUIO CHUJIBI,
JCHCTBYIOIIEH B HaMpaBJICHUH NepeMernieHust F., Ha myTh S, MPONAECHHBIN TOYKOU
npuiiokeHus: cuibl: A = FS. DTO BbIpakeHHE CHIpaBeUIMBO B TOM Cllydyae, €cliu
BEJIMUYMHA TIPOCKLIMUM CUJIbI F: Ha HampaBlieHHE IBUKEHHUS (CKOPOCTH V) OCTaeTCs
Heu3MeHHOM. Ecnu cuna F oOpasyeT ¢ HanpaBiieHreM JIBUKEHUS TOCTOSIHHBIN yTo o,
T0o F: = F-cosa (puc. 26), u popmyna paboTel IpUHUMAET CIETYIOIIUNA BU/;

A=F+S=F-S-cos a.
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PaboTta — anreOpandeckas BenmnunHa. Ecnu cuna u HanpaBiieHre iepeMenieHus
oOpa3zyroT ocTpblii yroi (cos a > 0), pabora — nonoxkurenbHas. Eciau yron o — Tymou
(cos a < 0), pabota — orpunarenbHas. [Ipu o = /2 paboTa paBHa Hy:;r0. Hampumep,
Py PAaBHOMEPHOM JABWKEHHUU M.T. 1O OKPY)KHOCTH IICHTPOCTPEMUTEIbHAS CHJIA
JEUCTBYET MEPICHINKYIISIPHO CKOPOCTH U PAOOTHI TIPU STOM HE COBEpIIIACT.

JJyieMeHTapHas padora SA cuibl F — 3710 pabota, coBepinaemas cuiioit F npu
O0eckoHeyHO MasioM nepemenieHnu dr tena. OHa paBHa CKasipHOMY ITpoU3BeAeHUIO F
udr:

oA = F-dr = F-coso-dr = F.-dr

HJIX B ACKAPTOBLIX KOOPANHATAX!

8 A = Fedx +Fydy +F,dz, K
riae I — paguyc-BeKTop M.T., X, Y U Z — €€ m o
KoopauHartel, Fy, Fy n F; — mpoekuuun BekTopa | F,: V> |
| |
CUJIbI Ha KOOPJIMHATHBIE OCH, 0L — YTOJ MEXKITY o
’ Puc. 26 ™

Bekropamu F u dr, F: = F-cosa. — mpoekius
cuiIbl F Ha KacaTeNnbHYIO K TPAeKTOpHUH. DiieMeHTapHas padoTa o0o3HaueHa OA, a He
dA, Tak kak OHa HE SBIACTCS MOJHBIM auddepeHnranoM. DTO 03HAYaET, YTO

KPUBOJUHEHHBIN UHTETpat A = (JS& A 10 MpoOU3BOJIIBHON 3aMKHYTON TPAEKTOPUU HE

paBEH HYJIIO q.)é‘ A =0, Toraa KaKk 3TOT UHTErpall OT nojaHoro AuddepeHiuana J0IKeH

ObITh HyJIeM. Hanpumep, paboTa cuiibl TPEHUS 10 3aMKHYTOM TPAeKTOPUU HUKOT1a HE
paBHa HYIIIO.

PaGota — BenuuuHa agnutuBHas. [loaTomy mojiHasi pa6ora A Ha KOHEYHOM
OTPE3KE HEMPEPHIBHOW TPAEKTOPHUH BBIYHCIIIETCS TOCPEACTBOM MHTETPUPOBAHUSA:

S, S, S,
A:der der_des
S, S, S,

I'padmueckn paboTta paBHA IUIONIAM, HAXOMSIIECHCS TMOJ KPUBOW JIMHHUEH,
KOTOPYIO OMNHCBHIBACT TaHTCHCAJbHAs COCTaBJSIIOmMAas cuiibl F. Kak  QyHKIHS
npoiienHoro nytu S (puc. 27).

m v F
O—>»
2

Puc. 28
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MourHocThI0 Ha3bIBaeTCS paboTa, COBEpIIaeMasi CHIIOHN 3a eMHUILY BPEMEHH:
oA F-dr dar

N = = = F —_—

dt dt dt

JlarHO# opMyIoit ompeesieTcss MTHOBEHHAs! MOIITHOCTh, KOTOPAast MOKET MEHSATHCS
co BpeMeHeM. PaboTa, BBINOJIHEHHAs 3a OMNPEACIICHHBIM MPOMEXKYTOK BPEMEHHU,
BBIYUCIISIETCS IPU MOMOIIA UHTETPUPOBAHUS:
1% b t %
AA= [Ndt = [Fvdt= [F-cosa-v-dt=[F -0-dt.
4 b 4 b

= F-v=F-.cosa-v=F;-v.

OHeprueii  Ha3piBaeTcs  (u3Myeckas  BEJIMYMHA,  XapaKTepU3ylolas
CIIOCOOHOCTh T€Jla WM CHCTEMBI TEJl COBEPIIUTH pPabOTy MpHU ONpeaeTICHHBIX
YCIIOBUSIX.

Mexannuyeckasi IHeprusi W — »dHeprus MEXaHWYECKOTO MABWKCHHUS W
MEXaHMYECKOTO B3aUMOJICHCTBUS TeN. DHEPrusi Tela MOXET ObITh 00ycloBlieHa
MIPUYMHAMHM JIBOSKOTO POJIa: BO-TIEPBBIX, IBIKCHHEM TeJla C HEKOTOPOU CKOPOCTHIO H,
BO-BTOPBIX, HAXOKJICHUEM Tella B MOTECHIIMATHHOM TI0JIe CHJI. DHEPTHs MTePBOTO BHIA
Ha3bIBACTCSI KUHETHUUECKOW »HHeprueid. OHeprus BTOPOro BHUJA Ha3bIBaeTCA
MOTEHIMANbHOU »Hepruei. Kopoue roBopsi, KHHETHYECKAsi YHEPTUS — ITO DHEPTHUs
JIBDKEHUS, a MOTCHI[MATIbHAs — DHEpPrusl nojoxkenus. Mexanudeckas >Heprust W —
cymma kuHetnyeckor Wx u norenimanbHot Wy anepruii: W =Wy + Wiy,

Kunernueckasi sneprusi m.T. Ilycts HeGombiioe Teno (M.T.) 1 maccer m
JIBMKETCSI C HA4aJIbHOW CKOPOCTBIO V B HEYNPYTroM (BA3KOM) Telie 2 Mo JeHCTBUEM
cuwibl F 1 3acTpeBaeT B HeM (puc. 28). 3a Bpems dt Touka mpuiI0KeHHs CHIIbI OJTYYUT
nepememnienue dS = v-dt, u Tero 1 coBepmt Haj TeI0M 2 paboTy:

d A=F-dS = Fodt.

O4eBuHO, UTO B IAaHHOM ciiydae | Teno coBepimaet paboTy HaJl 2 TeJIOM 3a CUeT
3amaca SHEPruM, KOTOPOMl OHO 00J1aajgo B CHUIIYy CBOETO JBIXKCHHS, T.€. 3a CUeT
kuHeTnueckoit sueprun Wy (eciu 6wl Teno 1 He ABUTANIOCH, TO OBLTN OBl PaBHBI HYJIIO
u nepemenienue dS, u padora dA). [Toatomy coBepilieHHYIO TeIoM 1 paboTy MOXKHO
NpUPaBHATH yObUTH ero kunetnueckoi sHeprun: d A = —d Wk. Torna,

dWk= -8 A=-FdS =-Fuovdt=—m-(do/dt)v-dt = m-ov-do=d (- mv?2).

[IpouHTErprpyeM 3TO BBIPAKEHHE B MPEANOIOKEHUH, UYTO CKOPOCTh | Tena ynana g0
HYJIA, T.€. BCS KHHETHUECKasi dHeprus Tena 1 neperia B paboTy:

mvz mvz

0
Wi = [ d(-—-) =
v 2 2
Tem caMbIiM, MbI TIOJY4YHJIA (POPMYITy KHHETHYECKOH »Hepruu M.T. Kunermyeckas
OHCPIrusd — BCCTJa IMOJIOKUTCIIbHAA BCIMYMHA. I[J'ISI CUCTCMbI M.T. OHa paBHa CyMMC

KHHCTHUYCCKUX BHCpFI/Iﬁ OTACJIBbHBIX M.T., T.C. BEINYMHA — aAJUTHUBHAas.
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Kunernyeckass sHeprusi MOXKET HE TOJbKO YyObIBaTh, HO M BO3PACTaTh.
Hanpumep, npu ynpyrom yaape ABHKyILIErocs 1apa 1o nokosuemycs mapy. [lepssiit
1ap TEPSIET MOJHOCTHIO WM YACTUYHO CBOKO KMHETUYECKYIO DHEPIUIO, & BTOPOM 1Iap
IPUXOJUT B IBMKEHHE. B TakoM ciyyae roBopsT, YTO IEPBBIH LIap COBEPIINI PadOTy
HaJl BTOPHIM IIapOM U BTOPOM LIap NpHOOpEN KHHETHUECKYIO YHEPTHIO.

Teno oOnagaer NMOTEHUHAJBLHOH DJHEpPrueil, €ciaM OHO HAaXOAWUTCA IOJ
BJIMSHUEM HEKOTOPOr'0 CHJIOBOTO NOJIA. B KadecTBE TakOBOIO MOXKET BBICTYyIATh
I'PaBUTALMOHHOE WM 3JIEKTPOCTATUYECKOE 110JI€, U 00a OAHOBPEMEHHO. IIoCcKONIBKY
NOTCHIMAIBHASL DHEPIUs 3aBHCUT OT HPOCTPAHCTBEHHOIO ITOJIOKEHUSA M.T., 3Ta
SHEprus sBIseTCS HeKoTopoul (yHkmmer koopmunatel M.T.. Wy = f (r). Ilpum
IIEPEMEILICHUH Tea MO JIEUCTBUEM BHELIHUX CHUJI C OJHOTO MECTa IOJIs Ha APYroe
TEJIO COBEPLIAECT OTPULIATENBHYIO Pa0OTY, U €r0 MOTCHIMAIbHAS YJHEPIHs BO3PACTAET.
B nanbHeliem, Teno, NpeocTaBIEHHOE CaMOMY cebe, MOXKET COBEPIIUTh paboTy HaJl
BHEIIHUMU TeJIlaMH 3a CYeT yObUTH ero moTeHnuanbHoi sHeprun: dA = — dWy wim
YBEJIMYHUTh CBOK KHUHETHYECKYIO SHEPIHi0, €CIM B OJIMKAaWIIEM OKPY>KEHUHU HET
apyrux Tei: — dWp = dWk.

Ilocnennee paBeHCTBO 3aIIMCHIBACTCSA B KOHEYHBIX PA3HOCTAX Kak:

AWK = - AWH UIn WK" — WKl = Wr[l — WH",

rJ€ ITPUX U ABOMHOW IITPUX O3HAYAIOT HAYAJIIbHOE M KOHEYHOE 3HAYCHUS SHEPTHM
Tena. Tem caMbIM MBI JOKA3aJii 3aKOH COXPAHEHUS MOJIHOM MEXaHUYECKOW SHEPTUU B
3aMKHYTOU CHCTEME:

W =Wg'+ W' = WK" + Wr" = const.
I'paBuTanmonHoe moJe.

BzaumopeiicTBue Mexay TeaamMu, HaXOASIIMMUCS Ha yIaleHUuu ApyT OT JApyra,
MIPOUCXOIUT TTOCPEJICTBOM 0COOOTO BHJIa MATEPHH, KOTOPOE HA3hIBAECTCS (PU3NIECKUM
nosieM. [Ipu rpaBUTAIIMOHHOM B3aUMOJICCTBUY TATOTEIONIUX MACC MOJIEM-TIOCPEIHU-
KOM BBICTYIIa€T TPABUTALMOHHOE II0JIE. JTO TOJi€ — IMOTEHIMAJIbHOE, U €ro
XapaKTEPUCTUKAMU SIBIISIFOTCS] HAPSDKEHHOCTh U TTOTEHITHAIL.

Cuny B3aUMHOTO MPUTSHKEHUS 2 TOYEUHBIX Macc (T.M.) OyJieM paccMaTpuBaTh
KaK CWJIy JIEMCTBHS MOJIS, CO3aBAEMOr0 OJHOM T.M., Ha Jpyryto T.M. [Ipumem B
KadeCTBE MCTOYHMKA IO TEPBYIO T.M., @ BTOPYIO — 3a MPOOHOE TEJI0, TIPH ITOMOIIN
KOTOpOTro OyJeM YyCTaHaBJIMBaTh CBOWMCTBA IO B MECTax €ro CYIICCTBOBAHUS.
HampskeHHOCTBIO TPAaBUTAIIMOHHOTO TIIOJIS HA3bIBACTCSA CHIIA, JCUCTBYIOIIAs Ha
SAMHUYHYIO T.M. CO CTOPOHBI TIOJIA.

AHaTUTHYECKOE BBIPAKECHHE 3aKOHA BCEMHUPHOTO TATOTCHHS B COTJIACHH C
0003HaYEHUSAMH, TPUHATHIMHU Ha puc. 29a, MOXKET OBITh 3amucaHo B Gpopme:

m-m m
F=-G——2¢v wm F=|-G—r|m...
3 3 p
r r
IlonenuB 53Ty cwily Ha Maccy NOpPOOHOro Tena My, MOIYYMM BBIpAXKEHUE
HANPSHKEHHOCTU TPABUTALMOHHOIO TMOJA Tejla TOYEYHOM Macchl M B BEKTOPHOMU
bopwme:
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E:i:—G 23 r, c Moaynem, paBHbIM: E =G mz
My r r
HanpsikeHHOCTb T'paBUTAIIMOHHOTO TOJsS (CHJIOBasi XapakTepUCTHKA TIOJISA) —
BEKTOpHAs BeJIMUMHA M BCETJa HampaBlieHa K LEHTPY TAroteHus. Pesynbprupyromas
HaNpsHKEHHOCTh TOJIS, CO3aBa€MOT0 CHUCTEMOM T.M., BBIYMCISIETCS NPU MOMOIIU

NPUHIHKIIA Cyrepro3unuu (puc. 296):

E=>.E.

Ecnu orBieubcss oT moHATHS '"mpoOHas TodyeuHas Macca" My, M B3SATh
MPOU3BOJIBHYI0 TOYEYHYI0 MacCy M U TMOMECTUTh €€ B HEKOTOpoe IIOoJe,
HaNpsKeHHOCTh E KoToporo 3amaHa, To cuia AedcTBUs F Ha gaHHyl0 Maccy M
OMPEICNIUTCS KaK IPOU3BEICHUE MACChl M Ha HAMPSXKEHHOCTH E:

F =m-E, umu B mpoekuusix: Fx=m-Ey, Fy=m-Eyu F, = m-E,.

E,; E
m F 7 Mpp
@ <«—>9 M B
fe—— 7 —— 2
a 4]

Puc. 29
OTcrozia ciemyeT, 4To HAMPsHKEHHOCTh MPOU3BOJIBLHOTO TPABUTAIIMOHHOTO TIOJIS
paBHA OTHOIIICHUIO CHJIBI TPABUTAIIMOHHOTO TPUTSIKCHHSI K MACCE TOUCYHOTO Telia:

E =F/m, wm B mpoexmmsix: Ex = Fx/m, Ey=F,/mu E, = F,/m.

Ecnu 3Hauenume TodeuyHOM Macchl B3sTh paBHOM emunuie (1 kr), TO
HAMNPSHKEHHOCTh OKa3bIBACTCSl PAaBHOW CuUJIE, JEUCTBYIOIIEH CO CTOPOHBI IOJIA Ha
€AMHUYHYI0 TOYEYHYIO MacCy, MOMEIICHHYI0 B JaHHYK TOYKYy Imojsi. B 3tom
MPEII0KEHUN chopmyIupOoBaH buznueckuit CMBICII HaIPSLKEHHOCTH
rPaBUTALMOHHOIO TTOJIS.

IHoreHuMAa/I0M TPaBUTALMOHHOTO TIOJS (0 HA3bIBAETCA MOTECHUHUAIbHAS
SHEPrus, KOTOpOoW 00JiajaeT eAMHUYHAs TOUE€YHas Macca B JJaHHOW Touke mosis. Ha
OCHOBE 3aKOHa COXPAHEHUS PHEPTrMU OHA paBHA paboTe, COBEPIIAEMOMN CHJIAMH TOJIs
110 TIepeMenIeHUIo (YIUICHUIO) €AMHUYHONW TOYEYHON MAaCChl U3 JAHHOW TOYKH MOJIS B
0ECKOHEYHOCTb:

o0 [o0] o0 o0
(p:ézlJ.&A\:iIF-dr W (pzljm-E-drzj'E-dr.
m my ms r

r

IMoreHunasn moJid MaTepUMajJbHOM TOYKH. Bocmone3dyemcss CBOKWCTBOM
MOTEHITUATBHBIX TIOJIEH, AJIT KOTOPBIX padoTa HE 3aBUCHUT OT (OPMBI TPACKTOPUH, a
TOJIBKO OT HAYaJbHOTO M KOHEYHOIO IOJOXKEHUs M.T. [l03TOMy B KadecTBe IyTH
WHTETPUPOBAHUS BBIOEpPEM TMPSAMYI0 JIMHHUIO, KOTOpas COBIAIAET C pPaguycoM,
MPOBEJICHHBIM OT IIEHTpa ToJyisl. B TakoM ciydae, BekTop E HampaBiieH mpoTUB
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BEKTOpOB ' U dI, W MOTEHIMAA TPABUTALMOHHOTO TIOJSI, CO3AaBa€MOT0 TOYECYHON
Maccou M, paBeH:
0 %
@zIE-drz—JE-drz—IG%drzG?

r

r

HOTGHHH&H I'paBUTAIUOHHOI'O IIOJIA — 39TO JSHCPICTHUYCCKAA XAPAKTCPUCTHKA
I1I0JIs1, BCJIIMYWHA — CKAJIIPpHAA, aIJUTUBHAA U BCCTAAd OTPHULIATCIIbHA.

CBsi3b HANPSAKEHHOCTH ¢ NOTeHHUAJOM. BHauane mnoxydum ¢Gopmymiy
pUpalieHus NoTeHIMana AQ Mexay AByMsl TOUKaMU TOJISI Ha OTPEe3Ke TPACKTOPUU C
KOOpAMHATaMH I U Iy!

Ap= @y = (p(rz)—(p(rl):OJ?E-dr—TE-dr: TE-dr+}lE-dr: rle-dr:—rJgE-dr.

r2 I’l rz o0 I’2 I’l

s copaBku: [IpupaiieHrne HEKOTOPOl BeMWYUHBI ((PYHKIMHU) ONpenesnsercs
KaK pa3HOCTh MEXKJIy KOHEYHbIM M HAYaJIbHBIM 3HAYCHUSIMHU STOM BEIUYHHBI
(bysKIIAN).

HaiineMm Tenepp 3T0 mpHUpalleHue MKy ABYMsI TOUKaMU IOJIsl ¢ OECKOHEYHO-
ONMM3KUMH KOOpIUHATAMH I 1 r+dr:

r+dr r+dr

d(p=(p(r+dr)—(p(r):—_[ E-dr=-E j dr=—E-dr.

[Mpoussenenue E-dr — sTo ckamsgpHoe mpousBeneHue BektopoB E u dr. B
MPOCKIUSIX HAa OCH CUCTEMbI KOOPJMHAT BEKTOPHI E 1 dF COOTBETCTBEHHO PaBHBI:

E=Exi+EyJ+Esk u dr=dxi+dyj+dzk.
Torna npuparienue GyHKIIUN ( paBHO:
de =— Edr =— (Exdx + E,-dy +E;-dz).
B cBoto ouepenp, muddepennnan de 3anuceiBacTCs Kak:

do = d—(de+d—(pdy+d—(pdz :
dx dy dz

[TockonbKy B paccMaTpuMBaeMoil mpobiieMe MpupalieHue MOTeHIMana U ero
muddepeHan npeacTaBIsioT OJHO U TO K€ M3MEHEHHE MOTEHIMaia, TO U3 JABYX

MOCJIETHUX BhIpXXEHUH CIeAyI0T (OPMYJIbl pacueTa IeKapTOBbIX KOMIIOHEHT BEKTOpa
HaIpsKEHHOCTH Yepe3 3HaYCHHE MOTEeHINANA:

=20 g o do g _ do

ax' Y dy’ dz

BekTop HampsoKeHHOCTH TOJIST PaBHSIETCS TPAIUEHTY MOTEHIMANA, B3SITOMY C
00paTHBIM 3HAKOM:
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=—grad(p:—(3—(Pi+d—(Pj+d—(Pk).
X

dy~ dz
HanpspbkeHHOCTh HalpaBlieHa B CTOPOHY yObLIM MoTeHIMana. Eciu yMHOXHM
o0e yacTu BeIpakeHust E = — grad ¢ Ha Maccy M, TO MOJIY4YHM CBSI3b MEXIY CHUJION

nevicteus F u motennmanbHoi sHeprueit Wi B TaHHON TOYKE IMOJIS:
F=mE=-m-grad ¢ =—grad (m-¢p) =— grad Wr.

B nomenyuanvnom none cuna pasusiemcs epaouenmy nomeHyuaibHou SHep2ul,

835MOMY C 0OPAMHBIM 3HAKOM:

F =—grad Wn.

le/IMeHeHI/IH 3aKOHa rpaBUTallMN.

3aKOH BCEMHPHOTO TATOTCHHS ITO3BOJISIET PEIIMTh PsII MPUKIATHBIX 3a7ad
MEXaHUKH, B TOM YHCJIE, BRIYUCIUTHh Maccy 3emur, Conria, JIyHbI, TUTaHeT, 3HaYSHUS
KOCMHUYECKHX CKOPOCTEH U Jp.

1. Macca 3emnu. Ee MBI onpenennm, IpUpaBHIB NPUOIMIKEHHO CUTY MPUTSHKCHHUS
HeKoToporo Tena 3emiteit Frp = G-M3'm/Rs? cune tsxectn Frax = m-g (puc. 22):

G'Mg'm/R32 =m-g, Ms = g’R32/G,
M3 =9,8-(6380-10% /6,67-10 kr = 5,98-10%* kr

2. Macca Connna. 3emis oOpamiaercs Bokpyr CofHila mo opOute, OIU3KOM K
kpyroBoit (puc. 30). LleHTpocTpemuTenbHas cuia, JIEHWCTBYIOIIAs Ha 3E€MIIIO,
00yCIOBJIEHA CUJION MPUTSKEHUSI, TecTBYoeld Mexay ColiHIleM U 3emiieil:

Frc = Fre, M3‘030P2'R0P = G‘M3‘|V|C/R0P2, Mc = OJOPZ‘R0P3 /G.
®op — 21t/ Top, Top =365 CyT., 1 CyT. = 24-60-60 ¢ = 86400 C, Rop ~ 1,5' 1011 M,
Mc =2 -10% kr.

3. Tperuit 3akon Kemnepa. KBagpater BpemeH oOpareHus miaHeT Bokpyr ComHia
OTHOCSITCS MEXIYy COO0OM Kak KyObl OOJBIIUX MOJIYyOCEeH HX SIJUTUITHYECKUX
tpackTtopuii (puc. 31). Bocmonp3oBaBmmchk dopmynoit maccel Comana Mce =
®or>*Rop®/G 1 BEIpaKEHUEM CBSI3HM MEXJLY YITIOBOH CKOPOCTBIO M IIEPUOIOM (op =
27/ Top, 3aTIMCAHHBIMU JIJIS IBYX TUTAHET MOJTYUHM:

MC = 0)12‘R13 /G = (022’R23 /G v (27[)2‘R13/T12’G :(271:)2‘R23/T22‘G

1, OKOHUYATEJIBHO: T2/ T2 =Ri3/ RS

4. TlepBas KOCMUYECKas CKOPOCTh. ITO HAUMEHbIIIAsE CKOPOCTh TeJa U1, OPOIICHHOTO
TOPU30HTAIBFHO TaK, YTO ATO TEJIO OOJIbIIE HE COMPHUKACACTCS ¢ 3eMJIeH U CTaHO-
BUTCS €€ CITyTHUKOM. MHave roBops, Takol CKOPOCThIO 00J1a/1aeT CITyTHUK 3EMJIH,
KpyroBasi TPAaeKTOpUS KOTOPOTO MPUMBIKAET K MOBEpPXHOCTH 3emiu. Pacuer
OCHOBaH Ha IPHMEPHOM PABEHCTBE LEHTPOCTPEMMTENBHOM cuimbl M-01%/R3 cue
TspkecTd M-g (puc. 32):
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mvi?/R3=m-g wm v/ R3 =g u, HaKoHel: v} =,/g R .
[TozicTaBMB YMCIIEHHBIE 3HAYEHWS BXOISIINX B POPMYITY BEITMUNH ITOJTY UVIM:
1 = (9,8-6370- 1032 m/c = 7,9-10% km/c.

5. Bropas kocMuyeckasi CKOpOCThb. ITO HAMMEHbIIIAsk CKOPOCTh Tela Uz, OPOIIIEHHOTO
C MOBEPXHOCTH 3eMJIM TaK, YTO ATO TeEJO, MPEOAOJIeBas 3eMHOE MPUTSHKEHUE,
cranoBuTcs ciyTHUKOM ComHia. Tpaekrtopus nBmkeHHsS — Hapabona (puc. 33).
Pacuer ocHOBaH Ha paBEHCTBE MOJIHOW MEXaHUYECKON SHEPIUU Tella HYIIIO:

11
3 R3

m‘M3+m’U%_

W:WH+WK:O, WH:m-q), @:—G%, W :—GLW,Wsz'UQZ/Z,

Wh + Wk = -G 0,

Rs

2M3 _ [52M3 Rs _ ZGM—23-R3 = J2E-R3 =,/2¢ Ry =+/2- 1.

Uy =
R3 R; Rj3 R3

v2=11,2 km/c.

dopMyna BTOPOM KOCMHUYECKON CKOPOCTH TOJy4YeHa C Y4eToM (HOpMYIIbl

M
TIOTEHIMANA TPABUTAIMOHHOTO TI0JIs 3eMIn ¢ = —G —3,
R3
— nOpuOIMHKEHHOTO  PaBEHCTBA  YCKOPEHUST CBOOOJHOrO  MAJCHUS  MOZYJIIO
M
HaIpPsKEHHOCTH TPAaBUTAMOHHOTO TToyist 3emu § = E=G —5’ =9,8M/c® u
R3

—  (OpMyITBI TEPBO KOCMUYECKOI CKOPOCTH U =./g - Ry .

6. Tperbs KocMUYECKasi CKOPOCTb. DTO HAUMEHBIIIAsI CKOPOCTh TeNa U3, OPOIIEHHOTO
Ha MOBEPXHOCTH 3€MJIM TaK, YTO 3TO TEJNO, IPEOJO0JIEBAsT 3€MHOE U COJIHEYHOE
NPUTSDKEHHUS, TIOKUIAET MIPEACIIbl COTHEYHOM CUCTEeMBI: U3 = 72 kMm/c. Jljis pacyeTa
U3 ClenyeT BOCIOJIb30BAaThCS 3aKOHAMM COXPAHEHMS DJHEPrMM U MOMEHTa

HMITYJIbCA.
V
‘ (
O

Puc. 32 Puc. 33

Puc. 30

40



IHentp Macc (MHEepUMH).

B oOmem cimydae, NBU)KEHHE TBEPJOrO Tela COCTOMT M3 JIByX €ro BHJOB:
MOCTYTATEILHOTO JABMKCHUS 0COO0N TOUKH TeJia, KOTOpasi Ha3bIBAETCS IIEHTPOM Mace
VI IEHTPOM MHEPLIMH, U BPAIIaTeILHOTO JBUXKEHHUS Tella OKoJIo IieHTpa Macc. Llentp
Macce — 3To Takasg Touka C, KOTOpasi P PABEHCTBE HYIIO PE3YyJIbTUPYIOIIEH BCeX
BHEIIHUX CHUJI JABUKETCS MPSMOJMHEHMHO U PaBHOMEPHO, T.€. C HEM MOXHO CBSA3aTh
MHEPIHUAIBHYIO CUCTEMY OTCYETa. DTOMY YCJIOBHIO yJIOBIETBOPSIET TOUKA, 3aJaHHAs
JUTSL IUCKPETHOTO pacipeiesIeHUs: Macc pajinyc-BeKTopoM (puc. 34):

rc=(zi m;i - ri)/zi mi=(zi m; - ri)/m.
JIIsi  HEmpepBIBHOTO pachpenesieHdss MacC pPaJuyc-BeKTOp IIEHTpa Mace
paccuuThiBaeTCs o Gpopmyre:
re=(Jnr-dm)/m.

JlokazaTenbCTBO NMpUBEAEM JUIsl JUCKPETHOrO pacnpenesieHus macc. Haiinem
BTOPYIO IIPOU3BOJHYIO 10 BPEMEHHU OT PaJinyCc-BEKTOpa LIEHTpa Macc:

3 d® 1 1 d* | 1 L1
fr=a,.=—= (=) m-r)=—() Mm—r)=—>» m-fi=—>» m-a;.
C C dt2 (mzl | |) m(zl Idt2 |) mzl | | mzl 1 |
[Tpumensist BTOpoit 3akoH HpI0TOHA K I-TO# TOUKE Tela, UMeeM:
m; - aj = F; + fj,

riae Fi u fi — paBHOEHCTBYIONME BHEITHUX U BHYTPEHHHUX CHJI, KOTOPBIC MTPHIOKEHBI
K I-To#t Touke. [1o 3 3akony Hetotona Y ifi = 0. B TakoM cityyae mosiyduM BbIpaKCHHE:

1 1 1 1 1
aczazi(ﬁ +fi):HZiF| +Hzifi :EziFi :HR

YTBEPKIAIOIIEE, YTO LEHTP MACC YAOBIETBOPAET OCHOBHOMY 3aKOHY AWHAMHUKH U,
CJIEIOBATEJILHO, 3aKOHY UHEPLIUH.

Bripakenuem a. = R/m 3agaercs ypaBHeHHe
IBWDKEHUS ILeHTpa Mace, rae R = Zi H

pEe3yAbTUPYIONIAs BCEX BHEUIHUX CHJI U M — Macca
tena. B Tom ciydae, ecnmu R paBHO HyJIO, TO LIEHTP
Macc JBUKETCS IPSIMOJIMHEWHO U paBHOMEPHO (0e3
yckopenusi). IIpu 3TOM oOcCTanbHbIE TOYKH TeJa
MOTYT JBUTaThCS (paBHOMEPHO W
HEPAaBHOMEPHO) OKOJIO OCEH, MPOXOISIINX Yepes3
LEHTP Macc, T.. TeJO B IeJIoM OyAEeT coBeplIiaTh
BpallaTeJbHOE JBUKEHUE OKOJIO IIEHTpa Macc.
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MoMeHT MHepLUHH.

® ®

O o T

9]

. \1‘)\/' |
T ~ " m

O

O

a 0

Puc. 35 Puc. 36

HNHepunanbHble CBOWCTBA BPALIAOLIETOCA TBEPAOTO TENA, T.€. ABMKYLIETOCS
OKOJI0O HEMOJBIKHOM OCH, KOTOpas WPOXOJUT uYepe3 IEeHTp Macc, Yyao0HO
XapaKTEpHU30BaTh CKAISAPHON (PU3NUECKOW BEIUYMHOM — MOMEHTOM HWHEPIIHH.
MoOMEHT uHepIUK MaTepUaIbHON TOYKU PaBEH MPOU3BEICHUIO €€ MAaCChl Ha KBaApar
paccTosiHusA 0T ocH oOparieHus (puc. 35):

| =mr2

Tak ke, kKak ¥ Macca, MOMCHT WHEPIIMU — aJ/INTHBHAs BeauumHA. [loaTOMY
MOMEHT UHEPIIMU TBEPJIOTO TejIa paBEH CyMME MOMEHTOB MHEPIIUU BCEX €ro 4yacTe.
MoOMEHT MHepUUHU Teja i AUCKpeTHOro (puc. 36a) uiau HenpepbiBHOTO (puc. 366)
pacrpeiesieHus MacC COOTBETCTBEHHO OIpeieisaeTcs no Gopmyrie:

=Y li=Yimiri2 win 1=]dl=],r%dm,

rae i 1 I — COOTBETCTBEHHO PAaCCTOSIHUA 1-TOM TOYKH TeJIa ¥ 3JeMeHTa Macchkl dM oT
OCH BpalllCHMU:.

Teopema I'oiirenca-Ilreiinepa.

dopmynupoBka: Momenm unepyuu mena I omnocumenvbHo npoussoaIbHOU OCU
O'O' pasen momenmy unepyuu ly omoco mena omuocumenvro ocu OO, npoxodsawetl
yepes yenmp macc mena C napannenvHo 0aHHOU OCU, NAI0C NPou3gedeHue Maccvl meia
M HA K8AOPAM PACCMOSHUS A MENCOY OCAMU

| =1y + m-a2

JoxkazarenbcTBO. Yepe3 HEKOTOpBIM 31eMeHT Maccbl dM JTaHHOrOo Tena
NpoBEAeM IUIOCKOCTh, THepreHaukyispHyto ocsim O'O' u OO (puc. 37). B aroii
MJIOCKOCTH 0003HAYUM PAJUyC-BEKTOPHI 4, I'h U I' TaK, YTOOBI 3TH BEKTOPHI 00pa3oBasiu
3aMKHYTBIH TpeyrojsHUK. Torma, Moaysib BeKTOpa |a] = a eCcTh pacCTOSHUE MEKITY
OCSIMH, MOJYJH I, U I BEKTOpOB Ip u I — pacctosiHus ot oceir OO u O'O' no
aIIeMEeHTapHON Maccel dM, u I = a + Iy, 3anuIieM BrIpaKeHNe MOMEHTa HHEPITUHY TeJa
OTHOCHUTEIILHO MPOU3BOJILHOM OCH U Mpeodpas3yeM ero:

| =[dl =[,r>dm =], r>dm =], (a + rp)>dm = |, (a2 + rpy2 + 2a-rp)-dm =

= [ a?dm + [, rp2-dm+ [, 2a-ro-dm = m-a? + lo+ 2a [, ro-dm = lo + m-a2.
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Cunaraemoe 2a |y ry'dm pasHo Hyimo, T.K. (Jm Fp dM)/M — 310 ecTh pamuyc-BeKTOp
EHTpa Macc I, HA9aI0 KOToporo Haxomures B meHtpe macce: (Jm rp dm)/m = r. = 0.
Teopema nokasana.

IIpuMepbl BbIUMCIEHUs] MOMEHTA MHEPITUN TBEPABIX T€JI OTHOCUTEIBHO OCH,
IPOXOIAIIEH Yepes3 EHTP Macc.

1. OmHOpoaHBIN TOHKWE auck pamuyca R u maccoit m (puc. 38). Och BparieHus
COBIIAJIaeT C OChIO IUCKA, G — MOBEPXHOCTHAS TUIOTHOCTH BeriecTa (o = dm/ dS).

| =[nrddm=Jsr2c-dS=o [, r2rdrde =

R 2
:Gj r3-drj nd(p:cs-lRA'-Zn:ERz-nRZG:Em-RZ
0 0 4 2 2
O
O‘co
(i)|I T(D
r-IC-ldr
r ¢ R
o' O
Puc. 37 Puc. 38 Puc. 39

2. OnmHopomHbIM TOHKMH AucK paauyca R u maccoit m (puc. 39). Och BparieHus
COBMAJACT C TUAMETPOM JIMCKA, G — MOBEPXHOCTHASI INTIOTHOCTD BEIIECTBA.

| = [y 12dm = 2-J5 (rsing)?o+dS = 2 5 J; [, rsin?@-r-dr-de = 2o jORrS .dr- j;‘sinchdcp

_ 20-1R4-1n%d@= s irt = 1R?.6.n.R2= 1m.R2.
4 0 2 4 4 4

“(D z
O N rtdr _7,”\?1.11(')
N N
™ 5; /k =~ i:/;/
1 r+dr J ;g )‘4< [
PGl =
N AN
r, X ,
&/ ® % R
O
Puc. 40 Puc. 41




3. OnHopomuenid mumuHAp. OCh BpallleHUs COBIAJAacT ¢ Ochlo muiuHapa (puc. 40).
Panuyc ocHoBanus R, Beicota H, Mmacca M u tuioTHOCTH Bemiecta p = dm/dV.

| =[nr2dm=Jy (r2p) dV =] [, Ju r?pr dr do dH =

_ (Rayf2m, (H 1.4 102 oo 10
_pjo r drjO d(pjo dH =p-2R*-21-H =_R*-7R*Hp="mR

O“(D z ,
rtdr —7’\%‘81'11@
D (Er
L N N4
H r+\dr /d(p ;g )‘4 < /
» [~ |- ;/—__—'\:\
Hiaaea) EU@NS)RS
r°, X
; v
&/ ® % R
O
Puc. 40 Puc. 41 Puc. 42

4. OpHoponubii twiauHAp. Och BpallleHUs NEPIEHIUKYISpHA OCH LUJIUHAPA
(puc.41). Paguyc ocHoBanus — R, Beicota — H, Macca — m = p-V, 00beM ImuIMHIpa
—V = nr?H u mnotnocts — p = dm/dV.

| = [ 12dm = Jy (r2sin%p + H?) p-dV = [; [ [u (r¥sin?p + H?) p-r-dr-de-dH =
R ) H/2 R H/2
:pjo r3-dr-(2j(;‘sm2(p-d<p)-2jo dH + pjo r-dr-zj(’)‘d(p-zjo H?.dH =
11
38
_AR2i 2y R H=tmR2+ L2
4 12 4 12

:p%R4'n'H+p%R2'2n~(2 H3)

5. OnHOpOaHBIN cTepxkeHb. OCh BpallleHUs NEPIIeHIMKYIIsIpHA OCH CTEP>KHsI, Macca —
M, paguyc MONEpeYHoro ceueHusi R 3HaunTenbHO MeHbIne AmuHbl |. JlanHas 3amada
MIPEICTABIISIET COOOM YaCTHBIN ciydyai nmpeamecTBytomei 3aaayun. [lomaras R << H u

L2

H = |, nomyunm nckomslii pesynbrar: | = Em.

6. OmuopoHbIi map paguyca R u Maccel M (puc. 42). BeraucieHus 0CymecTBISIOTCS
B c(hepHUECKOl CUCTEME KOOPAMHAT, P — IJIOTHOCTh BEILIECTBA.

| = [ 12dm = [, (r-sin ©)2dm = |, (r-sin 0)%p-dV =
= | o Jo (r'sin ©)2p-r2-dr-sin6-do-de = p J; r*-dr 6 sin®0-d0 [, do =
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R T 27

T
=pII’A'-dI’J.Sin?’G-d@Id(pzlp-Rs- —I(l—cosze)-d(cose) 4. =
0 0 0 5 0
5 3 5 3 5

7. Ilpumep mnpumenenuss TeopeMbl ['roiirenca-Ilteitnepa. MoMeHT uHepuun
JUIMHHOTO CTEPYKHS OTHOCHUTEJIBHO OCH, MPOXOMSIICH Yepe3 OJUH M3 TOPIOB
nepreHaukysipHo ero aiauae |. ITo ycnosuro 3amaun — a = |/ 2. Pacder BbINOIHIEM
o gpopmyne: | = lp + m-a2. Yuursias, uto lo = m:14/12 u a = 1/ 2, nonyunm:

| = m-12/12 + m-(1/2)? = (1/12+1/4)-m-12 = m-12/3.

BPAIHIATEJIBHOE JIBUKEHUE TBEPJOI'O TEJIA.
Pabora npu Bpamare/JJbHOM ABUKEHUH.

PaccMoTpum aBKEHHE TBEPOTO Teja MO ICHCTBUEM BHEIIHUX CHJI, TPUYEM
pe3ynbTUpYIoLIas cuiia paBHa Hymo. Cie1oBaTeIbHO, IIEHTP MACC Tejla MOKOUTCS WIIH
JBIDKETCS TPSMOJMHEHHO W pPaBHOMEpPHO, a TEJIO COBEpIIACT BpaliaTeIbHOE
IBIKEHUE. BriOepeM MPOM3BOJIBHYIO 3JIEMEHTapHYyI0 Maccy dm storo Tena (puc. 43).
B cucreme orcuera, »ECTKO CBA3aHHOW C LIEHTPOM Macc, LIEHTP Macc MOKOWTCA,
OJIHaKO »yeMeHT dM, B 0o0IIeM ciydae, JBMXKETCS ¢ MEPEeMEHHOM CKOPOCTBIO V TIO0
OKpY)KHOCTH. DiieMeHTapHas pabora 0A = F-dr moskeT OBbITh Mpe/iCTaBICHA B BUJIC:

5A= F-dF = Fedr = Fer-de = Mde = M -dg,

rie 3amuch M - d@ 03HadaeT CKaIspHOE MPOM3BEICHIE BEKTOPA MOMEHTA CIIBI M
Ha dJIEMEHTapHOe yrioBoe cmeinerne d¢ pamuyc-Bekropa I .

MOMEHT CHJTBI, PaBHBIN BEKTOPHOMY IIPOU3BEICHUIO PAIUYC-BEKTOPA HA BEKTOP
cumel M =[fF F], u yron moBopora d¢ — akcHambHble BEKTOpHI, HAMPABICHHE
KOTOPBIX OMPEACISICTCS M0 MPaBUIy MPABOrO BHUHTA, a MOJIYJIA COOTBETCTBEHHO

paBabl: M =1 F sina u do = dr/r. TTonnas padora
BBIYKCIISICTCS IIOCPEICTBOM HHTETPUPOBAHHS:

A=[8A=] M -do,
WIH A=]M -do-cosa = [ My-do,

[Ipenensl UHTErPUPOBAHUS 3aBUCAT OT YCIOBUM 3a1a4H.
3nece My, = M-cosa. — mpoeknust BekTopa M Ha 0OChb
BpalleHus, a oL — ATO YroJl, COCTABJICHHBIA BEKTOPOM
M ¢ 310i1 ocbio, 0 < o < . OTMETHM, YTO 3HAYEHHE
Maccel B popMysie He mpucyTCcTBYeT. Clie10BaTeNIbHO,
MPU OTCYTCTBUU JPYTUX MOMEHTOB CHJI, ACHCTBYIOIINX
Ha TeJo, IpUBEACHHAs BhIlIe (hOpMyJia OJIHON pabOThI
A=[M,-do, sIBIIsICTCS TAKOBOI M U BCETO TeIa.
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Kunernueckasi JHeprusi Bpanawuerocs TeJa.

[IpuHKrMast BO BHUMaHUE, YTO MOJIOKUTEIbHAS pad0Ta BHEIIHUX CHJI TPUBOIUT
K BO3PACTAHMIO KWHETHUYECKOW OHHEprurM Tena (Mpu OTCYTCTBUU AehOpMalyH),
nojgyyuM (opMydy KHHETHYECKON BSHEpruu Bpaujaromierocs Ttena. Jlng Hadana
npeodpazyem popMyly KHHETUUECKON SHEPTUN 3IEMEHTApHON MacCCHl:

AWy = dm0?/ 2 = dm- ()21 2 = (r-dm) o2/ 2 = dI-w?/ 2.
HOCKOJII)Ky MOMCHT HWHCPIOUU — aAAJUTHUBHAA BCJINYMHA, (1)0pMyJ1a KUHETUYECKOU
OHCPIuu BpalllCHUA TBEPIAOTO TCId IIPUHUMACT BU/I.

Wk = JdWk = (d1)-0%2 = I-0¥/2,
rae | — MOMEHT UHEepLHH TeJla U ® — €T YIJIOBasi CKOPOCTh.
OcHOBHOM 3aK0H JTHHAMHKH BpamaTeJbHOI0 IBHKEHHUS.

[Tokaxem, 4TO 3TOT 3aKOH MOKET OBITh MOJYYEH KaK CJIEICTBHUE 2 3aKOHa
HproToHa. 3anumeM OCHOBHOM 3aKOH MEXAHMKH JUIS MPOM3BOJBHOM M.T. TBEPAOIO
Tena (o Moayio): a; = Fi / m; u ocymecTBUM psijt mpeoOpa3oBaHMIA:

— — — 2 2 - 2 = -
ai=Biri=Fi/mi =Frio/ mier, Bi = Firi/ mirie =M /1, i Bi = M

ITocnennioro  Qgopmyny 3amumeM B BEKTOpHOM BHAe |, -Bi=M; ¥
pacupocTpaHUM €€ [UIsI BCEro Tenaa: Zi I - B; zzi M; . Ilocne BeImOTHEHUS
JOTIOJIHUTENBHBIX TPE0OPa30BAHUM: Zi 1;B; = (Zi 1;B) = (Zi 1)B= 1B, Zi M; =M
u |-f=M, noay4uM BbIpa)X€HHE OCHOBHOI'O 3aKOHA IMHAMHKHU BpalllaTEILHOI'O

JBUKEHUSI TBEPAOTO TejJa OTHOCUTEIBHO 3aKPEIUIEHHOW OCH: Yenosoe yckopemue
meepoo2o mena npsmMo nPONOPYUOHATLHO Pe3VTbMUPYIOUieMy MOMEHMY GHeUWHUX CU
U 00PaAMHO NPONOPYUOHATLHO MOMEHMY UHEPYUU MeNa:

p=1M

Anasoru 1 u 3 3akonoB HeroTona

O aHajor 1 3aKoHa: NMPU OTCYTCTBUU JEUCTBUS BHEUIHUX MOMEHTOB CHJI TEJIO
BpaIaeTCs paBHOMEPHO WJIN IMOKOUTCH,

O aHaJIor 3 3aKOHA: MOMEHT CHJI IEUCTBUS PAaBEH MOMEHTY CHJI IPOTUBOJECUCTBUS U
IPOTUBOIIOJIOKHO €My HanpasieH, My, =— My;.

MoMeHT My IbCa.

Ilo ompeneneHno, MOMEHT HMMITYJbCa TOYEYHOM MACChl M; — 3TO BEKTOPHOE
NPOM3BEICHHUE PAJNYC-BEKTOpa M.T. Ha ee umityiise L = [, pi]. Ha npumepe Toueunoi
MacChbl, COBEPIIAIONIEH JIBUKEHHUE IT0 KPYTOBOM TPAEKTOPUHU HA TUIOCKOCTH, MOJyYUM
APYTYIO pacyeTHYI0 popMyTy MOMEHTa UMITyJibca. BHauasne mpeodpasyem L = [ri, pi]:

Li = [ri, p.] = [ri, m;j - Vi] =m;i- [ri, Vi].

Torna, npu ABMKEHHUU M.T. IO OKPYKHOCTH pajmyca I = |ri|, MOIyJIb MOMEHTa

uMIyibca L paBen:
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Li = myryo; = mi'l’i‘(l’i'(,oi) = (mi‘riz)'(D i = lioi.

Tax xak L1T®, To B BEKTOpHOH ¢opMme ajisi MOMEHTa UMIyJbCa M.T. B KauecTBE
OIIPENICIICHNS CIIPABEINBO BBIPAKEHHUE:

Li = |i' @; .
HaxkoHell, MOMEHT UMITyJI5Ca Tela OTHOCUTEIBHO 3aKPEILIEHHON OCH PaBEH:
L=>iLi=)ilio=0CQil)o=I o

[IponuddepenupyeM ero mo BpeMeHU, NPUHUMAs BO BHUMAHUE, YTO MJIA
TBEPJIOTO TeJla MOMEHT MHEPIIMK HE 3aBUCUT OT BPEMEHH:

dL/dt = d(l-w)/dt = I-de/dt = I-B.

Tak kak 10 OCHOBHOMY 3aKOHY JMHAMHUKH BpallaTeJIbHOTO ABmkeHusA |- B = M,
rae M — 5To MOMEHT CHIIBI, TO TIOcTIe 3aMeHbl B popmyiie dL/dt = |- B mpoussenenue
I-BHa M MBI NOTy4acM ypaBHEHHE MOMEHTOB. 1epéas Npou3eoOHAs MOMEHmA
UMNYTbCA NO BPEMEHU PAGHACHICS MOMEHM) 6HEUHUX CUT, OetCMEYIOWUX Ha MeJo:.

dL ~
dL/dt=M (wm — = M),
dt
YpaBHEHHE MOMEHTOB UTPAET BAKHYIO POJIb B MEXaHHKE TBEPAOIO Teaa. ITOM
bopmyI0ii 3a1aeTCS 1 0000IEHHbII 3aKOH THHAMHKH BPAIIATeJILHOI0 ABHKEHHUSI

TBEPAOIo T€/1a, U 3aKOH COXPAHCHUA MOMEHTA UMITYJbCA.

3aK0oH coXpaHeHHsI MOMEHTA HMILYJIbCA.

CornacHo ypaBHEHMIO MOMEHTOB, €CIIM Ha TBEPJAOE TEJO BHENIHUE CHJIBI HE
NENCTBYIOT (M30JIMPOBAHHOE TEJIO) WIIM MOMEHTBI BHEIIHUX CUJI CKOMIIEHCUPOBAHbI,
TO MOMEHT MMIyJIbCA TE€Jla CO BpEeMEHEM He MeHseTcs. JI0Ka3aTenbCTBO: 3aKOH
nuaamukn d L /dt= M mas M = 0 mpuaumaer Bug;: d L /dt =0, wmm L = Const, u.1.x1.

Bpall_[aTe.]IbHOC ABU/KCHUE HEKECTKOT0 U30JIMPOBAHHOIO TEJIA.

Takoll ciiydail BOBHMKAET, KOrja Moj JeHCTBUEM BHYTPEHHUX CHUJI MEHSETCS
pacnpenesneHue Macc BHYTPH TeJla, YTO IMIPUBOANUT K U3MEHEHHIO MOMEHTA MHEPLUU
Tena. PaccMOTpuM J1Ba COCTOSHMSI Teiaa € Pa3IMYHbIMU 3HAYEHUSIMH MOMEHTA
uHepIuu 1 yrioBoi ckopoctu. [lycts |1 < |,. Toraa mo 3akoHy coxpaHeHuss MOMEHTa
UMITyJIbCa (L1 = Lz) nMmeeM: liroi= Iy, my= (|1/|2)‘(01. Tak kak I1 < |, wim 11/1, < 1,
TO M2 < ®1. Bo3HMKaEeT BOMpocC: a Kak BeJeT ceds kuHeTnueckas sneprua? Iomyunm
(bopMyily 1151 OTHOILIEHUSI KHHETUYECKUX SHEPTHUil:

2 2
Wo IW = '2 'sz/ll'zwl = (I @3/ 1y op) (03 /) =0 [ <1

Takum oOpa3zoM, yBenuyeHUE (yMEHbLIEHUE) MOMEHTa MHEPLUUU MPHUBOJIUT K
yOBLIIH (POCTY) KaK YTJIOBOM CKOPOCTH BPAIEHUS, TAaK U KHHETUYECKOM SHEPTUH Tea.

Ha ocHoBe 3akoHa coXpaHEHHs MOMEHTA UMITYJIbCa MOJYYUM BBIPAKEHUE IS
YTJIOBOTO YCKOPEHUS:
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d L /dt = d(I-& )/dt =(dI/dt) - & + I-(d & /dt) = 0,
B =de/dt=—(&/1)-(dl/ db).

Ecim MomeHnt wHepnmu Tena Bo3pactraer (dl/dt > 0), To ero yckopeHue
nanpasieHo mpotuB ckopoctd, (P TN @), u Bpamenme samemmsercs. Ilpu

YMEHBIICHHH MOMEHTA HHEPLHMH yCKOpEeHHe HanpasiieHo Bionb ckopocti, (B TT®),
Y TEJIO BpallaeTcs ObICTpee.

YIPYTUE CBOMCTBA TBEPJBIX TEJIL

W3menenune pa3MepoB 1 GopMbI Tl HazbiBaeTcs Aedopmanueii. edopmanus
OPOUCXOAUT TOJA AEHCTBHEM cwil. Eciau mocine mnpekpameHus AEHCTBHS CHIL,
BBI3BABIIMX JAeQOpMallKIo, TEJIO MPUHUMAET MEepBOHAYANbHBIE pa3sMepbl U Gopmy,
nedopmalius Ha3bIBaeTCs yHpyrou. Ynpyrue negopMainy NpoucxosT B TOM cllydae,
ecid cuia, oOycioBuBIIas —JedopMalrio, HE IPEBOCXOJUT  HEKOTOPBIMH,
ONPENEIICHHBIM [UIA KaXKI0r0 KOHKPETHOro Tena mnpenei. Ilpu mpesbleHun 31oro
npezesa TENO IMONydaeT OcTaTO4Hble (miacTudeckue) jaedopManuu, T.C. TaKHe
nedopmaliiv, KOTOPbIE COXPAaHAIOTCSA W TOCIIe MpEeKpalleHus AelcTBUs cuibl. Bee
BO3MOYKHBIE BUJIbI YIIPYTUX Je(popManuii TBEPAOro Teaa MOTYT ObITh CBEJIEHBI K IBYM
OCHOBHBIM: PACTH/KEHHUIO-CKATHIO U CABMIY.

JMuarpamma negopmanuu. KauectBeHHoe noBeieHre (QyHKIIMOHATBLHOMN CBS3U
MEXIy OTHOCUTEIBHOW Aedopmanmer & u
HaIPSHKEHUEM 0 TIPEICTABICHO IpapUuecKu
Ha puc. 44. Ilpu wmanbix nedopmarusax
(npsmas muaus 0-11) Habmromaercs o0nacTh
IPONOPLUUOHATILHON yHpyroi aedopMaiui. 1
3nech BeIMoNHAETCS 3aK0oH ['yka. B oGmactu
[1-Y nepopmanust — Takke ympyras, HO
3akoH ['yka He cnpasemnuB. Haunnas c 0
TOUYKH Y, BIUIOTH 710 Touku T HaOmrogaeTcs
00J1aCTh OCTATOYHBIX HEYNPYTUX AePOpMALIHIA. Puc. 44
WNurepBany T-P coorBercTByer 007acTh TEKY4EeCTH, KOIJa MPUIIOKEHUE
HE3HAUYUTEIBbHOTO YCHJIMS TMPUBOAUT K MOBBIIMIEHHOM HeoOpaTuMoin aedopmariui.
BOnu3u Touku P TekydecTh mpekpamiaercs, U A AabHEUIIEro AepopMUpPOBAHUS
Tena TpeOyeTcsl MPUIIOKEHUE MOBBIIIEHHOTO ycuina. OIHaKO 3TO JOMOJHUTENBHOE
yCWJIME MPUBOJUT K pa3pylieHuto Tena. Hike nepedynciienbl Ha3BaHUsl 0COOBIX TOUYEK
u obnacTelt jeopMariuu:

[T — npenenpHas TOYKa MPOMOPIMOHATBHON JedhopMaIii,

Y — npenein ynpyrocry,

0-Y — obnacts ynpyrux nedopmarui,

T — npenen Tekyuecru,

V-T — obmacTh OCTaTOYHBIX JehOpMaIIHii,

T-P — o6nactp Tekyuectw,

P — npenen npoyHocTH, TOUKA pa3psiBa.

o
T P,---.
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IIpononbHoe pactskeHue-c:katue (puc. 45 u 46). Ecim x  KoHIam
OJTHOPOJIHOTO CTEPKHSI IOCTOSTHHOTO CEUSHUS MPUIIOKHUTH HAIIPABJICHHBIE BIIOJb €ro
ocu cuibl F1 1 F, neficTBre KOTOPBIX paBHOMEPHO PACIPEAEIIEHO 110 BCEMY CEYEHUIO,
npudeMm F1 = — F,, To mepBoHayuanbHas JIJIMHA CTEPXKHS lg MOTYyYUT MOJOKUTEIHLHOE
(pu pacTsbkeHun), Mo oTpunareabHoe (mpu cxkarun) npupaiieHue Al = | — lp u
craner paBHOW |. Ilpu 3TOM KaKablii MPOWU3BOJILHO BBIOPAHHBIA DJIEMEHT JJTUHBI
crepkHs ol monyuaeT npuparenue A(Sl), mpornopunoHaaIbHOE €ro JUIMHE, TaK YTo I
BCEX DJIEMEHTOB cTepkHs orHomeHue A(S1)/dl okaspiBacTCs OAHMM K TEM IKe.
EcTecTBeHHO TO3TOMY B KadeCcTBE BEIMYHMHBI, XapaKTepH3YIOMEH aedopMaIiiio
CTEpKHS, B3ATh OTHOCUTEIbHOE m3MeHeHue ero mmHbl: € = Al/lp. OtHOCHTENBEHOE
yVIJIMHEHUE € sBIsieTcs Oe3pa3MepHON BeIMYuMHON. B ciydae pacTsikeHHst OHO
MOJIOKUTEIBHO, a B CITyYae CKaThs OTPUIATENBHO.

3akon I'yka g crepkHel U3 OJAHOPOAHOTO MaTepuaia — OMHOCUMENbHOe
YVONuHeHue npu ynpyeou oegopmayuu nponopYUOHAIbHO Cujlle, NPUX0OAWelcs Ha
eOUHUYY NIOWAOU NONEPEUHO20 CeHeHUsl CIEPIHCHSL.

c=aF/S=aoc

Koadduiment mnpomopimoHaIbHOCTH O HA3bIBACTCS  KOIPDDuyueHmom
ynpyeocmu (ynpyeou nooamaugocmu). OH 3aBUCUT TOJBKO OT CBOMCTB MaTepuaa
cTepxHs. BennunHa o, paBHasi OTHOIIEHUIO CHIIBI F K mtomaay moBepxXHOCTH S, Ha
KOTOPYIO CHJIa ICHCTBYET, Ha3bIBaeTCs Hanpsidcenuem FIS = . Ecnu cuna HanpaBieHa
0 HOPMaJM K IMOBEPXHOCTH, HAMPSOHKEHHE HA3bIBAETCS HOpPMalbHBIM. Ecnmm cuia
HalpaBjeHa II0 KacaTelbHOM K TIOBEPXHOCTH, Ha KOTOPYIO OHa JCHCTBYET,
HANpsDKEHHWE HAa3bIBACTCA TaHTEHIMANBbHBIM (Wi KacarenbHbIM). (HopmambHoe
HaIpsHKEHUE MNPUHATO O0O03HAayaTh CHUMBOJIOM G, TaHreHuuaiabHoe — T). Urak,
OTHOCHUTENIHOE YAJMHEHUE OKa3bIBAETCA MPONOPLUUOHAIBHBIM  HOPMaJIbHOMY
HANpsDKEHUIO0, U KOA(P(QUIMEHT YNPYroCTH O YHMCIEHHO PaBEH OTHOCUTEIbHOMY
YATUHEHUIO TPY HANIPSDKEHUH, PABHOM €TUHUIIE.

Hapsay ¢ xo3p@duUHUEHTOM yNpyrocTd o s XApaKTEPUCTUKH YIPYTUX
CBOWCTB MaTepuayia IMOJIb3YIOTCS o0paTtHoW emy BenumunHod E = 1/ o, xotopas
Ha3biBaeTcsi moayJaem FOHra. 3amensss o yepe3 E B gopMyne € = oG, MNOTYy4YUM
apyryto ¢popmy 3akoHa ['yka:

¢ = (E) o = olE].

CnenoBatenbHo, Moayiab HOHra paBeH HOpPMaJIbHOMY HAIpPSKEHHIO, IPU
KOTOPOM OTHOCHTEIIFHOE Y/UIMHCHHUE PABHO IUHUIE (T. €. mpupanieHue JaauHbl Al
paBHO TepBOHAYAILHON JiauHE lo, eciii Obl CTOJBL OOJbIIKE yHpyrue aehopMaruu
ObuM octynHbl). Ha camom niene, mpu 3HAYMTEIbHO MEHBIIUX HAMPSKEHUSIX MPO-
HCXOIUT pa3pbiB CTEPKHS, a MPeAesl YIIPYrocTH JOCTUTAETCS €IIe PaHbILIe.

C yuerom ¢opmyn ¢ = F/S u ¢ = Allly u3 3akona 'yka € = o/E cnenyer
dbopMyIna ynpyrou CUibL:

F=(ES/lp)-Al = kAl
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pacTsiKEHue CoKaTHC CIBHUT
Puc. 45 Puc. 46 Puc. 47

rae K — MocTOSIHHBIN 11 TAHHOTO CTEPXKHS KOI(DMUIIMEHT, KOTOPBINA Ui MPYKHUH
HAa3bIBACTCS HCECMKOCMbIO TIPYKUHBI.

W3MeHeHne AMHBL CTEPKHS NpU JedopMalui COIIPOBOKAAETCS U3MEHEHUEM
TIOTIEPEUYHBIX pa3MepoB CTepkHA 0. DTO W3MEHEHHWE MPHHATO XapaKTepU30BaTh
OTHOCUTEJIbHBIM MONEPEYHBIM PACIIMPEHUEM UJTU CHKATHEM, €'

g =Ad/d.

OOBlMHO € M €' HMEIOT NIPOTHUBOIOJOXKHBIE 3HAKU: TPH PACTHKEHUU €
MOJIOKUTENBHO, a € OTPULATEIBHO, IPHU CKATUHU € OTPULIATEIIBHO, a €' MOJI0KUTEIBHO.
OmnbIT Aaet, 4To B 00s1acTH YHIpyrux aedopManuil € NponopIHOHAJEH €:

e =—ue|

rae U — koappuyuenm nonepeuroco cocamus uau xkodpguyuenm Ilyaccona
(MONOXKUTENBHBIN KO3(P(ULIHUEHT, 3aBUCSAIINI TOJIBKO OT CBOMCTB MaTepuaa).

HMedopmauus casura (puc. 47). BoseMeMm ogHOpOHOE TEJO0, UMetolee hGopmy
MPSAMOYTOJIBHOTO TIapaJiIeNICTIUIIeIa, U MPUJIOKUM K €r0 TPOTHUBOJICKAIIUM TPAHIM
cwibl F1 u F, (F1 = — F,), HanpaBiieHHBIC MapaiebHO 3TUM rpansM. Eciu nefictBue
cui OylIeT paBHOMEPHO pPACHpPENeNICHO MO BCEH MOBEPXHOCTH COOTBETCTBYIOLIEH
rpanud S, TO B JIOOOM CEUYEHUH, MApaUICIbHOM JTHM TpaHsIM, BO3HUKHET
TaHTeHIMaIbHOe HanpspbkeHue T = F/S. Temo medopmupyercs Tak, 4To OJHa TPaHb
CMEIIAeTCsl OTHOCUTEIBHO JIPYro rpaHu Ha HEKOTOpOe paccrosinue a. Ecnu Teno
MBICJICHHO pa3OUTh Ha dJIEMEHTapHbIE TOPU3OHTAIBHBIC CIIOM, TO KaXKIbIM CIOU
OKa)ETCS CABUHYTHIM OTHOCUTEIILHO COCEIHUX C HUM CJIOEB.

[Tpu nedopmarum casura aro0as mpsMasi, IEPBOHAYAIBHO MEPIIECHIUKYIISIpHAS
K TOPU30HTAJIBHBIM CJIOSIM, TIOBEPHETCS Ha HEKOTOphI yron ¢. CrenoBaTenbHO,
OTHOIIIEHUE CIBUTA Oa IBYX MPOU3BOJIBLHO B3ATHIX CJIOCB K PACCTOSHUIO MKy STUMHU
ciosiMu 0b OyzeT OJMHAKOBO JIJIs JIIOOOW Maphl CIOEB. DTO OTHONICHUE €CTECTBECHHO
B35Th B KAUECTBE XapaKTCPUCTUKH JehopMaIliu CIBUTA:

y=06a/d0b=a/b=tgeo.
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BenuunHa y Ha3bIBaCTCA OMHOCUMENbHBIM CO8UOM. B cuily ManocTu yriaa ¢
MOKHO IIOJIOKUTH tg @ = ¢. CienoBaTesIbHO, OTHOCUTENBHBIA CIBHI Y OKa3bIBACTCS
PaBHBIM YTy cABUTa ¢ (BBIpAXKEHHOMY B paauaHax). ONbIT NMOKa3bIBAET, YTO IS
MalbIX JAeQopMalii OTHOCUTENBHBIM CABUT IPONOPLUOHAJIEH TaHI€HLHAIbHOMY
HaIPSDHKECHUIO:

==1
e

Kosdouiment G 3aBUCHT TONBKO OT CBOMCTB MaTepualia U Ha3bIBACTCS
mooynem cosuza. OH paBeH TaKOMY TaHT'€HIIMAIbHOMY HaIPSKEHUIO, IPU KOTOPOM
yroJl cABUTa OKasaicsi Obl paBHbIM 45° (tg ¢ = 1), ecnu Obl MpU CTONb OOJBIINX
nedopmanusx He ObLT MPEB30iiieH Mpeae YIpyTrOCTH.

Kpyuenue xpyrioro crepxus (puc. 48). Ecinu kpyriblii cTepKeHb 3aKpElHTh
OJIHUM KOHLIOM HENOJIBUYKHO, a K IPYTOMY KOHILY IPUJIOKUTh BpaIllaTeIbHbIIi MOMEHT
(MoMeHT mapsl cuil) M, uMeroluil HanpaBiIeHUE BAOJIb OCU CTEPXKHS, TO CTEPKEHb
NOJIyYUT TaKylo JedopManuio, MpU KOTOPOHl OJHO OCHOBAaHHE IOBEPHETCA IO
OTHOIIICHHUIO K IPYTOMY Ha HEKOTOPBIA yTOI .

Hedopmarusi KpydeHus: — 3TO MPUMEP HEOJTHOPOIHOTO
caBUra. J[eiCTBUTENbHO, €CIM MBICIIEHHO Pa30UTh CTEP:KEHb :
Ha 3JIEMEHTapHbIE CJOU, MEPHEHAUKYISIPHbIE K €r0 OCH, TO o
3aKpy4HMBaHHUE MPUBENET K CABUTY KaXKJIOTO U3 TAKUX CIIOEB 110 } |
OTHOILIEHUIO K cocelHUM ciosiM. [IpaBna, 3ToT caBur Oyner
HEOJIHOPOJICH: Y4acTOK cJiosi AS moiiydaeT 1Mo OTHOIICHUIO K ~7F
aHAJIOTMYHOMY Y4YacTKy CMEXKHOrOo closi TeM Oosbliee ! \r

CMELICHUE, YE€M JAJIbIIEC OH OTCTOUT OT OCH CTEPXKHs. YTIOII
3aKpYYMBAHHSI  CTEP)KHS  ONPEAEISETCA  CIEAYIOLIUM
BBIPAKEHUEM:

21
(p: 4 M H
nR™G
rne | — nnuea crepkHs, R — paguyc ero cedenws, G — monynp casura, M —

BpaniaTeJIbHbIE MOMEHT (MOMEHT CHJI).

DHeprus ynpyroi gegopmanuu. Yupyro n1epopMUpoBaHHOE TEJIO, HATIPUMED,
PACTAHYTBIM WJIM CXKATBIM CTEPKEHb, BO3BPALIAsACh B HAYAIBHOE COCTOSHUE, MOXKET,
MOJ00HO CXATOW WM PACTAHYTOM MPYKUHE, COBEPIIUTHh PabOTy HaJ BHEUIHUMHU
Tenamu, T.e. 00JazaeT HEKOTOpbIM 3amacoM HHepruu. IlockonbKy 3Ta 3Heprus
00yCJIOBJIEHa B3aMMHBIM PacoJIOKEHUEM AJIEMEHTOB Tella, OHa MPEACTABISET COO0M
noTeHuanbHyto sHepruto Wr. 3amac sHepruu JeOpMUPOBAHHOTO Tejla PaBEH
paboTte, KOTopas coBepuIaeTcsi BHEWIHUMHU cuiamu npu gedopmamuun Wi = A,
Bprauciaum 3HEPTHIO yIIpyro pacTsHyToro crepxHs. [Ipu pactsokeHnn Ha CTEpKEHb
HEO0OXOAMMO JICHCTBOBATH CUJION, MOJIYJIb KOTOPOU OMpeesieTcsl Bhlpakennem F =

k-Al. PaboTa 3T0i#1 cunibl paBHA: A — I Al F -dx , Iie OyKBOM X 0003HAYEHO a0COTIOTHOE
0
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yIUTMHEHUE CTEPXKHS, KOTOpoe B mporiecce nedopmarin uzmensiercs ot 0 1o Al. Cuna
F, cooTBeTCcTBYIOMIAs yIUTMHEHUIO X, cornacHo Gopmyie F = (E-S/ lp)-Al = k-Al, paBna

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

dX=——.
YMHOXast YUCIIUTENb U 3HAMEHATEIh TIOJTYYCHHOTO BBIpasKeHUs Ha lo, 3aMeHsis
3atem otHomeHue Al / lp orHOcuTenbHBIM yanmuHenuem € = Al [ lg u yuntsiBas,
HaKOHell, 4To pousBeieHue S| paBHO 00beMy cTepxHS V, OTy4IHuM:

Al 2
CraenoBaTteibHO, W, =A= j E—'S-X E-S Al

2
W:Es

II 2 V

BBenem B paccMOTpeHHE TUIOTHOCTh PHEPTUU W B BUJIE OTHOIICHUS! SHEPTUU
AW x Tomy o0beMy AV, B KOTOpOM OHa 3akitoueHa. [lockoyibKy B Haliem ciydae
CTEpKEHb OJTHOPOJCH U Ae(popMaIus ABIISETCS pABHOMEPHOI, T. €. OTUHAKOBOM B pa3-
HBIX TOYKaxX CTEPXKHsS, DHEPIUs pACIpEENICHAa B CTEPKHE TAKKE PaBHOMEPHO C
IIOCTOSIHHOM IIJIOTHOCTBIO. [103TOMY MOKHO CUMTaTh, UTO BBIPAKEHUE

W Wy 1
AV V2

OmpeeseT IIOTHOCTh HEPTUU YNpyrou aedopMalii Npu pacTsHKEHUU (CKATHUHM).
AHaNIOTMYHBIM O00pa3oM MOKHO TOJY4YUTh, YTO IUIOTHOCTb DJHEPIHMM YIPYrou
AepopMaIiy Mpyu CIBUre paBHa:

1
w,==G- yz :

2

B oOnactu mnpomopuumoHasibHOW — JepopmManuu  CpaBeJIMBBI  TaKKe
AKBUBAJICHTHBIE (DOPMYJIBI:
2 2
1 c 1 T

wH=—E~82:— U wH:—G-yzz—.
2 2E 2 2G

MEXAHHWKA )KUJKOCTEHN U TA30B.
I'mapocraTuueckoe naBiaeHue. bapomerpuueckast popmy.ia.

CoryracHO MOJIEKYIISIPHO-KMHETHYECKOW TEOPUU CTPOEHUS BEIIECTBA MOJIEKYJIBI
HaXOJSITCS B HEMIPEPHIBHOM Xa0TUUECKOM (TEIJIOBOM ) ABUKEHUHU BHYTPH KUJIKOCTH U
raza: TPaHCISALMOHHOM W BpallaTeIbHOM. MEXKMONEKYISpPHbIE PACCTOSHUS B
AKUJKOCTH MEHBIIIE WM CPAaBHUMBI C pa3MEpaMH CaMHUX MOJIEKYJ, TOr/Aa Kak B ra3ax
AT PACCTOSHUS 3HAYUTENIbHO MPEBBIMIAIOT Pa3MepPbl MOJIEKYJI. ITO 00YCIOBIEHO TEM
(hakTOM, YTO MOTEHITMATbHAS YHEPTUSI MEKMOJIEKYISIPHOTO MPUTSHKEHUS B KUIKOCTH
0oJblIIE, a B ra3e MEHbBIIIE, YeM KHHETUYECKast SHEPT sl TEIJIOBOTO ABUKEHUS MOJIEKY L.
[ToaTOMy Ka)kJass Macca >KUJIKOCTU MPU OTCYTCTBUU BHEIIHHUX CUJ (MOJ ACHCTBUEM
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OJTHUX TOJIBKO CHJT MIPUTSKEHUS MEXKTY MOJIEKYJIaMU) UMEET ONpEAeNICHHbI 00beM U
npuobperaeT ¢popMy 11apa. BHemHUMH cuilaMU MOKHO W3MEHUTH BETMYMHY 00beMa
(T.€. OCYIIIECTBUTH CXKATHE WM PACIIUPEHUE KUIKOCTH), a TaK)Ke U3MEHHUTH (HopMmy,
KOTOPYIO MMeeT 3TOT o0beM. [loa nmeiicTBHEM pacmpeeneHHON Mo BceMy 00beMy
CHWJIBI TATOTEHUS K 3eMJIe )KUAKOCTh TPUHUMAET (POpMY cOCyia, IPUIEM €€ OTKPHITas
MOBEPXHOCTh pAaCIOJIaraeTcsi TOPU3OHTANbHO. Kamisg KuakocTd, majmaromas B
BO3IyXe, TOJ JCHCTBHEM paclpeleleHHOW BIOJb €€ TIOBEPXHOCTH  CHIIBI
COTIPOTUBIICHUSI BO3[yXa NpPHHUMAaET ymobooOTekaemyo (opMmy, TpH KOTOPOH
COTIPOTUBIICHUE JIBIKEHUI0O MUHUMAJIBHOE: YeM MEHBIIE CKOPOCTh TAJCHUS, TEM
ommke ¢opma karmm K cepuueckoi. B cocTostHum HeBecoMOCTH (NP MAICHUN B
0€3BO3AYIITHOM TPOCTPAHCTBE, a TaKkKe B KOCMHYECKHX KOpaOisix) cBOOOIHAsS
KUJKOCTh MPUHUMAET (HopMy Iiapa.

['a3pl 3aHWMAIOT OMpPEACICHHBI O0BEM TOJIBKO MPU HAIMYWUA BHEITHETO
C)KMMAIOIIETO JaBJICHUSI CO CTOPOHBI CTEHOK COCYyZia, B KOTOPOM HaXOJIUTCS JaHHas
Macca raza. ['a3el M KHUIAKOCTH MOTYT IIOJBEPIraThCsl TOJBKO BCECTOPOHHEMY
(oOBeMHOMY) CKaTHIO WM pacmupeHnto. C)KUMaeMOCTh JKHIKOCTEH W Ta30B
OLICHUBAETCS M30TEPMUYECKUM (MPU TMOCTOSTHHOM Temmeparype) KodhduimeHTom
BCECTOPOHHETO CXKATUS (CKUMAEMOCTH )

1{dv

V E T =const ,

rne dV — u3MmeHenue oobeMa V Mpu M3MEHEHUH JaBjicHUs Ha AP MpU MOCTOSHHOW
temriepatype 7. KoadduimeHt cxxumaeMoCcTt 3aBUCUT OT TEMIIEPATYPhI U JTABJICHHUS.

IIpu 0 °C =273 Ku p = 1 atm = 10° I1a Boga umeer k = 0,5-10°2° M%/H, pryTs —
3,8-:10" M%/H. Jlns ra3oB K CUIBHO 3aBUCUT OT TOTO, KAK M3MEHAETCA TEMIIEparypa
npu u3MeHeHun oObema. OOpatHas BenmuumHa 1/K = D wHaswsiBaeTcs mooynem
0bvemnoll ynpyeocmu v usmepsercs B nackansx (ITa = H/m?) unm atmocdepax (atm =
Krc/cm?).

Ecnu BHYTpH MOKOAIIEHCS XUAKOCTH WIM Tra3a TMOMECTUTh OYEHb TOHKYIO
TBEPAYIO TUTACTUHKY, TO YACTH KUJAKOCTU WM Ta3a, PacIOI0KEHHBIE 0 00€ CTOPOHBI
ee, OyayT meiicTBoBaTh Ha TuIOmanky AS ¢ cuimamu AF, KOTOpble HE3aBHUCHMO OT
OpWCHTAllUM TUJIACTUHKHA PAaBHBI 0 BEJIWYMHE W HAIPABICHBI TMEPIEHIUKYISIPHO
wiomazake (puc. 49a). DTH CUIIbI CYIIECTBYIOT U NMPH OTCYTCTBUU IJIACTUHKH, IS
00011 MBICTIEHHO MpoBeeHHOM iomanku AS. [pexen

AF dF

P 8o as " as

SIBJISICTCS] CKISIPHOM BEIMYNHON 1 Ha3bIBACTCS OasieHueM B TAaHHOM MECTE KHUIKOCTH
WM Ta3a.

CornacHo 3akony Ilackans, BHeIIHee MJaBJICHUWE po, TPHIOKEHHOE K
MMOBEPXHOCTH KHUIAKOCTH, TIEPEIaeTCsI BCEMY 00BEMY, YeM BBI3BIBAETCS BCECTOPOHHEE
(oO6bemHoe) cxxatue. Hanpumep, B TMAPABINYECKOM MPECCE MPHU MOMOITY MaJION CHJTBI
F1, mpuIo)KeHHON K MOPIIHIO ¢ MaJIOW IJIOMAIBI0 S1, CO3/MAaeTCS OOJIBIIIOE BHEITHEE
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JaBJICHUE Ha XHUAKOCTh p = F1/S;. OHO mepemaercss BceMy 00beMY KUIAKOCTH U Ha
CTEHKH COCY/Ia.

B ycnoBusx 3eMHOTO TATOTEHUS OTKPBITass HEOOJbIIAs IMOBEPXHOCTH
MOKOSIIICHCS KUAKOCTH — TOpU30HTaIbHAs. Ha 110001 ropr30HTaNIbHON TOBEPXHOCTH,
B3STOM BHYTPHU KHIKOCTH, JIaBJIEHHWE Be3/ie OJMHAKOBOE. B cMecu HEOTHOPOAHBIX
KUJAKOCTEH BHU3Y pacrioiaraercs >KUJIKOCTb C OOJbIIEH IUIOTHOCTBIO; TpaHUIEH
pazjiena MeX1y HUIMU TakKe SIBJII€TCS TOPU30HTANIbHAS TOBEPXHOCTb.

CornacHo 3akoHY ApxuMmena, paBHOACUCTBYIONIAs BCEX CHJI JaBJICHUS,
NPUJIOKEHHBIX K TOBEPXHOCTHU TEJ, TOTPY>KEHHBIX B )KUIKOCTh (WM Ta3), HallpaBieHa
BEPTUKAJILHO BBEPX M paBHA BECY KUIAKOCTH (MJIM raza) B 00beMe JaHHOTO Tena. Teno
MOXKET HaXOJIUTbCS BHYTPH KUIKOCTH (raza) B paBHOBECHH, €CIIM CHia ApXxumena
paBHa Becy Tena. Y Tedl, IIaBAOIINX Ha MOBEPXHOCTH JKUIKOCTH, PABEHCTBO ITHX CHII
JIOCTUTACTCS TIPH OTNIPEACIICHHOM TTOTPYKCHHH.

Harmmmem ycrmoBust paBHOBECHSI TOPU30HTAIBLHOTO CJIOS KUIAKOCTH TOJIIHHON
Ah u momanero S (puc. 4960). Cuna naBinenus causy (p+dp)-S momkHa ypaBHOBECHUTH
CWIIy JIaBlieHUs cBepxy p-S u Bec cios p-g-S-dh. Yepes p o003HaYeHA TUIOTHOCTH
)kuakoctu. Torga

(p+dp)-S =p-S + p-g:Sdh,
OTKYyJla

dp = p-g-dh.

Ecnu BennuuHbl p U ( HE HM3MCHSIOTCS OO0 TAYOMHBI N, TO, MHTErpHpYys,
MOJTYYHM:

P—Po=pgh;p=po+pygh.

I[To »Tol popMyJie pacCUUTHIBACTCS JAABICHUE BHYTPH MOKOSIIEHCS KUIKOCTH
Ha DIyOMHe h OT OTKPBITOM TOPH3OHTAILHOW TMOBEPXHOCTH, BeauunHa p-Qg-h
HA3bIBACTCS 2UOPOCMAMUYECKUM OABTIeHUEM.

[Tpu pacyere naBiacHus B aTMOcdepe BMECTO TIIyOMHBI MOTpyKeHus h orcum-
TBIBAIOT BBICOTY MOAHATUS H Haa noBepxHocThio 3emun. Tak kak dh = — dH, to dp =
— p'g-dH. Ecnu mioTHOCTh BO3yXa MPSMO MPOIOPIMOHATIBHA €r0 JaBJICHUIO P =
Const'-p (uro HaOmOgaeTcs NpU OJWHAKOBOW TeMIIEpaType BO3IyXa BOJIU3U
MOBEPXHOCTH 3€MJIH), TO HHTETrpUpys BbIpaxkenwe dp = — p-g-dH momyuum Tak
Ha3bIBAEMYIO OapoMempuueckyro opmyiy.

p= po.e—Const-gH uop= po,e—Constg-H’

re Po — JIaBJICHUE BO3/yXa Ha MOBEPXHOCTU 3eMJid. 3HaueHue COoNst MOKHO HAWTH,
nojarasi BO3yX HacaibHbIM ra3oM. CoriacHO YpaBHEHHUIO COCTOSIHUS HJI€AIBHOTO
raza p = Nn-kT, roe n — YUCIIO YacCTHUI[ B €OUHHUIIE 00beMa Trasza; K — IMoCTOsHHas
bonwsimana; T — aGconroTHast TeMriepaTypa rasa. Tak kak p = n'm, TJA€ m — Macca
OIHOM wyacTuipl rasa, To p = — m-p/kT, T.e. koncranta Const paBma m/k-T.

Crnenosarenso, P = poe MKy p = pge MIH/KT
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3ameTuM Takxke, uto MgH ecte pabota, coBepmiaeMas MpU MNOIBEME OJHOU
4aCTULBI Ta3a Ha BBICOTY /1, Winm ee moTeHuuanabHas dHeprus Ha BeicoTe H. Ha
HEOOJIBIION BBICOTE p = po — pogH.

!
N - '
aF AF M = "=
48 AS
i AF 4F ° &F jr., .
= Tedp
a) &)
Puc. 49

JlamuHapHoe u TypOyJICHTHOE Te4YeHHe.
YpaBHenue bepuysuiu. Yciosue (YypaBHeHHEe) HENIPEPbIBHOCTH.

XKuakocts (Ta3) MokeT ObITh NMPHUBEACHA B JBHKECHUE PA3IMYHBIMU CHJIAMU:
CWJION TSKECTH, PAa3HOCThIO JABJICHHUN B pa3IMYHbIX MeCTax O0beMa, CHIIaMHU
BA3KOCTH (BHYTPEHHETO TPEHHUS MEXIY CIOSMHU, ABWKYIIUMHUCA C Pa3IUYHBIMU
CKOPOCTSIMH), U T. 1. [IpoBesieM B MOTOKE KUIKOCTH BOOOpa)kaeMyto JIMHUIO TOKA TaK,
4TOOBI BEKTOP CKOPOCTH B KaXKIOW TOUKE JieXaJl Ha KacaTeJIbHOM K ITOW JIMHHM.
Teuenue Ha3bIBaeTCs YCTAHOBHMBIIMMCA (CTallMOHApHBIM), Korga ¢opma U
pPacnoJIOKEHUE JIMHUN TOKA, a TAK)KE€ 3HAYEHHUS CKOPOCTEH B KAXKIOM €€ TOYKE CO
BpEMEHEM He MEHSI0TCA. TedueHne Ha3bIBAECTCS JJaMUHAPHBIM (CIIOUCTBIM), €CIIH BJOJIb
MOTOKA KaXKIbI BBIJCJIICHHBIA TOHKUWA CJION (MM CTPYySl) CKOJB3UT OTHOCUTEIBHO
COCEIHHUX CJIOEB, HE MEPEMEIINBASACH C HUMH, U TYpOYJIEHTHBbIM (BUXPEBBIM), €CIIU
BJIOJIb MOTOKAa MPOUCXOJAMT HMHTEHCHUBHOE BHXpPEOoOpa3OBaHHE M IEepEeMELIMBaHUE
KUJIKOCTH (Tasa).

Ecnu MoxxHO npeHeOpeyb CKMMaeMOCTbhIO JKUIKOCTH (Ta3a) U CUJIaMH BSI3KOCTH,
TO JUIsl YCTaHOBUBILIETOCS TEUYEHHS B KAXKJOW TOYKE JIMHUU TOKa COOJIOAaeTcs
cootHotienue (ypapHenue /. bepuymnn):

p-v%2 + p-g-h + p = Const

Jlyis BBIBOZA 3TOTO ypaBHEHHUS PACCMOTPHUM CTPYIO JKMJKOCTH MEXAy cede-
HUAMH S1 U Sy, O0KOBasi MOBEPXHOCTh KOTOPO 00pa3zoBaHa TUHUSMU ToKa (puc. 50).
3a Mazoe Bpemsi At CKBO3b cedeHHE Si MPOUIET 3JIEMEHTAPHBI 00bEM KHUIKOCTH B
dbopMe IMHApPa ¢ OcHOBaHWEM S; U BbicoToi v1-At. Kaxmas emunuia odobema
npomemmen 4epe3 S; JKUAKOCTH BHOCUT KHMHETHYECKYIO OSHEPIHIO P1:01%/2 M
MOTEHITUANBHYIO YHEPTHUIO P1-g-h1. BHEmHAsS cuma P1-Si, ASHCTBYIOIIAs B CEUCHUN Sy,
CMEIaeT yKa3aHHbIM O00BEM JKUAKOCTH Ha vU1r'At W MO3TOMYy COBepIIaeT
MOJIOKUTENIBHYIO paboTy, paBHyIO P1-S1-01-At. 3a TO ke Bpemsi At yepe3 BTOpoe
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CEUYCHHE Sy BRITEUET KHUIAKOCTh B O0BEME IMIHHIPA Sov2-At, a BHEIHAS cuiia P2-Sy
COBEPIIUT OTPHUIIATETBHYIO PabOTy, paBHYIO P2- Sy v2'Al. Ilpm ycTaHoBuBIIEMCS
COCTOSIHUH TEUYCHHSI TTOJTHASI SHEPTHS KUAKOCTH B 00bEME CTPYH MEKTy CEUCHUSIMHA S1
U S; JOJKHA OCTaBaThCs IMOCTOSHHOM, MOSTOMY CyMMa H3MEHEHUH BCEX BHJIOB
SHEPTUU U PabOT BHENTHUX CHUJI JOJHKHA PABHITHCS HYJTIO:

S A(P10f 12+ prghy) + PrS1v1AL — S0, AL(pp05 | 2+ paghy) — PS,TpAt =0

[IpenmnonoxumM, 4TO KUAKOCTH HEckuMaema (p1 = p2) U CTpyS HE UMEET
pPa3phIBOB; TOTNIa OOBEMBI KHUJIKOCTH, €KECEKYHJHO TMOCTYMaIlIe uepe3 Si U
BBITEKAIOIIEH uepe3 Sy, OyayT paBHBI (YCIOBHE - YpaBHEHUE HEMPEPHIBHOCTH ):

8101 = 8202 .

[IpousBens cokparieHus, Mbl Iojiy4aeM ypaBHeHue bepHysium

pv?l2 + pgh + p = Const |,

KOTOpPOE MPEJCTABISAET COOOM 3aKOH COXPAaHEHHUS MOJIHOTO IABJICHHS B CTATMOHAPHOM
IIOTOKE HECKUMAEMOM KMAKOCTU (rasza): pv¥/2 — muHammueckoe masnenme, pgh —
TUAPOCTATUYECKOE JIABJICHUE U ) — BHEILIHEE AaBJICHHUE.

-

-

Al o 777 AN NS ANANRNNNN AN

Puc. 50 Puc. 51

VYpaBHenue bepHyn npumMeHsieTcs 1 pelieHnss HEKOTOPBIX 3a/1ad THIIPo- U
aspomexaHuku. [IpuBenem aBa npumepa:

1. Pacder ckOpoCTHM MCTEYEHHUs XUAKOCTH W3 pe3epByapa. ljis IByX Todek
muHUK ToKa 1 u 2 numeem (puc. 51):

2 2
poi 1 2+pghy + py = pv2 / 2+ pghy + py.
Tak Kak P1 ¥ p2 paBHbBI HAPYKHOMY JIaBJIEHUIO BO3AYyXa po, & U1 OYEHb MAJIA, TO

v, =02 +2g(hy —hy) ~ /29N .

Jns cTpym rasa, BBIXOASIIETO U3 COCYJa C BBICOKUM JABIICHUEM p1 B COCYI C
HU3KHUM JIaBJICHHEM p2, TpeHeOperast pgh, moayunm:
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2(P—Po)
p

2. Pacder naBiieHus B y3KoM ceueHuH oToka (puc. 52). [Tonaras hy = hy, umeenm:

0=

P2 = P —5p(75 o). ,
é Y 5 %
Tak kak vy > U1, TO p2 < p1 U MOXKET @—* ng"‘—’
ObITh MEHbILE aTMoc(hepHOro. DTUM j_—?/ c\:
MOKHO BOCIIOJTB30BaThCS TUTST '
BCacbIBaHMUs Ta3a WIW XUIAKOCTU B Puc. 52
TpyOy uepe3 6okoBbie oTBepcTHs C.

Kpome cuit TsoKecTH U pa3HOCTH JIaBIICHUH, NBIKEHUE JKUIKOCTH (Ta3a) MOKHO
BBI3BATh WJIM 3aTOPMO3UTH CHJIAMHU TPEHUS MEX]Ty €€ CJIOSMU. B maMuHapHOM MOTOKE
XKHUIKOCTH (Ta3a) cWja TPEHHS MEXIY JABYMs COCCTHHUMH ciosmu (puc. 53),
JBMDKYIIUMHUCS CO CKOPOCTSIMH ¥ U ¥ + dv, paBHa:

F= nd—vS :
dn

rae N — xoagguyuenm (Ounamuueckoi) eszxocmu;, dvldn — epaduenm cxopocmu
nomoka B JAHHOM MeECTe, T.€. OBICTpOTa M3MEHEHHS CKOPOCTH B HaIpaBJICHHM,
NEPIICHIUKYJIIPHOM CaMOW CKOPOCTH, CIIeIOBATEIbHO, U mutomasake S (S o0o3Havaer
TaK)X€ ILIOMAah COMPUKOCHOBCHHMSI). XapaKTep HM3MEHEHHS CKOPOCTH II0 Mepe
yAaJICHusI OT CTEHOK TPYyObI MJIM KaHajla MOKa3aH KPUBOW @, y cCaMUX CTCHOK BCIIE-
CTBUC MPUJTUTIAHUS KUJIKOCTH H TOPMOYKCHHS €€ IEePOX0BATON MOBEPXHOCTHIO CTCHKU
CKOPOCTh TeUeHUs paBHA HYJ0. KO3 hUIIMEHT BA3KOCTH 1) U3MEPSETCS B MaCKalb-
CEKYHaX MJIM HBIOTOH-CeKyHaax Ha kaapaTHbii metp (I1a-c = H-c/M?), a B cucteme
CI'C — B myazax [r/(cm-c)]. KoadpuimeHT BA3KOCTH KUIKOCTEH 3aBUCHUT 3aMETHO OT
temmeparypsl: y Bogsl npu 0 °C no = 0,0018 H-c/m?, a npu 15 °C yxke cTaHOBUTCS
pasHoit 0,0011 H-c/M?. ¥V Bosmyxa coorBercTBeHHO: T = 1,71:10% H-c/M?, nis =
1,81-10* H-c/M%. B Hekoropble (OpMyIbl BXOAUT OTHOIIEHHE M/p = V, KOTOPOE
HA3bIBACTCSI KUHEMAMUUECKOU 613KOCMbl0 KUIKOCTU (Ta3a) U U3MEpseTcs B
KBaJpATHLIX METPAxX Ha CeKyHAy (M?/c).

=/

Puc. 53
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Ha Tteno, nBu:Kymeecsi BHYTPHM KUAKOCTH WM ra3a, a TaK:Ke Ha TeJo,
o0TeKaeMoe JBHKYITUMCS TTIOTOKOM JKUIKOCTH WJIH rasa, 1eUCTBYIOT:

1) kacaTenbHbIE CHIIBI TPEHUS MEKTY TEJIOM U 00TEKAEMOM JKUKOCTBIO (Ta30M).
Jns kaxmoro snemeHTa moBepxHOcTH AS (puc. 54) sra cuna AF; ompenensercs
I'PaJUEeHTOM CKOPOCTH [TOTOKA B TOTPAHUYHOM CJIO€ U KO3(D(PULIMEHTOM BA3KOCTH; OHA
HarpaBJieHa 110 KacaTeJIbHON K 00TEKaeMOMY 3JIEMEHTY ITOBEPXHOCTH;

2) HOpMallbHble CWJIbl AaBiieHust AF,, 3aBHcsIME OT 3HAYEHMs JABJICHUS B
MIOTOKE BO3JIE KaXIOTO dlieMeHTa AS 1 HallpaBJIeHHBIE TepIeHAuKyIsipHO emy (AF, =
p-AS).

BekTopHOE cClOXE€HME JTUX CHI Uil BCe OOTEeKaeMoWl IOBEPXHOCTU
ONpeaeNsieT BEIUYMHY, HAIMpPaBJICHUE W TOYKY MPUJIOKEHUS TOJHOM CHJIBL,
JEUCTBYIONIEH Ha TEJIO B MOTOKE KUJAKOCTHU (Ta3a):

R =Y (AF + AFy).

X 3
E—>
g—
°3
§ ———-
T
y—
S—
Qg—-—!—
———

ITpoexkuus R Ha HampaBiieHHE TOTOKA HA3bIBAETCS 10008bIM CONPOMUBTIEHUEM,
Apyras COCTaBJIAIOIIAs, €CJIM OHAa HAIpaBlieHA BEPTUKAJIBHO BBEPX, HA3bIBACTCA
noovemHuou cunou. BeamunHa 3TUX CUJ 3aBUCHUT OT (GopMbl (0OTEKaeMOCTb) U
pa3MepoB TeJl, UX PACIOJIOKEHNUS OTHOCUTENIBHO MOTOKA (YroJl aTak Ol), COCTOSHHUSA
00TeKaeMoil TOBEPXHOCTH (II€POXOBATOCTh) U, KPOME TOT0, OTIPEAEIAETCS CKOPOCTHIO
JABW)KEHUSI TeJla WM OOTEKaloIIero MoToKa M CBOMCTBAMM >KMJIKOCTH (TUIOTHOCTBIO,
KO3 PUIIMEHTOM BSA3KOCTH U T. [11.). MI3MepeHne 1 BIUUCIEHUE ITUX CHII COCTABIISIOT
BAXKHYIO 33J1a4y a3pOruApoJANHAMUKH. Beinaromuecs ucciaenoBalus B 3To o0nactu
npuHagnexat H.E. )Kykosckomy, C.A. HaribIruny u ap.

C:xuMaeMoCTh M BSI3KOCThH B IOTOKE.

s  ynpomieHuss HEKOTOPBIX —a’dpOruApOJIMHAMHYECKUX PACU€TOB M, B
YaCTHOCTH, TPHU BBIBOJE ypaBHeHUs bepHymm mnpeHeOperaroT CKUMaeMOCTHIO
KUJIKOCTEH M Ta30B, a TAK)Ke pabOTON CHJI BA3KOCTH. BBISICHUM, MPU KaKUX YCIOBUSIX
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3TO BO3MOKHO. JIOMyCTHM, 4TO B TOPU30HTAIHLHOM MOTOKE MaKCUMalbHasi CKOPOCTh
Ha JIMHUY TOKa PaBHA U, @ MUHUMaJIbHAs — HYJII0. J{J151 3TUX IBYX TOUYEK U3 ypaBHEHUS
bepnymm cnenyer:

1 _

o2+ p=py, 0= [P

2 P

Ecmu p; >> p1, 10 v = (2p2/p)Y?; nnsg rasoB 510 ONIM3KO K CKOPOCTH pac-

npocTtpaHeHus 3Byka. CiieJoBaTeNbHO, YTOOBI pa3HOCTh AaBJICHHUI Obl1a HEOOIBIION
U C)KMMAaEeMOCTBIO MOXXHO OBLJIO MpeHeOpedb, MaKCHUMallbHAsi CKOPOCTh MOTOKA rasa
JOJKHA OBITh 3HAYMTEIBHO MEHBIIE CKOPOCTH 3ByKa B 3TOM rase. Paccuuraem,
HAIpUMep, KaKoe M3MEHEHHUE NIaBJICHUS MOTJIO Obl MOJIYyYUTHCA B TMOTOKE BO3AyXa,
JBUKYLIETOCST CO 3BYKOBOM CKOpocThio U = 340 wm/c, eciu 3aTOPMO3UTh MOTOK 0
ckopocty v = 0 (m1oTHOCTH Bo3ayxa p = 1,29 kr/m3 Bozemem pu 0 °C):

p2—p1=pv32; pr—p1=1,29-340%/2 = 0,645-10° I1a,

i okoso 0,65 arm. Ilpm TakoM HU3MEHEHUM [JABJICHUS, OYEBHIHO, HEJB3S
npeHeOperaTh HU CXKUMAEMOCTbIO BO3JyXa, HM H3MEHEHHUEM €ro TeMIEepaTyphl.
[TosToMy mJis [1O3BYKOBBIX UM CBEPX3BYKOBBIX TEUYEHUM Ta30B MoTpeOOBaIaCh
pa3paboTKa crienuagibHON 00JIaCTH MEXaHUKU — 2A300UHAMUKU.

PaGoToli cuil BS3KOCTM MOXHO TpeHeOperarb MpH CICAYIOMUX YCIOBUSX;
pPacCMOTpPUM TEUYEHHE KUIKOCTHU (Taza) 1o Tpyde paauyca I' U AOMYyCTUM, 4TO TpyOa
pacroyio’keHa TOPU30HTAJIBHO, @ Ha y4JacTKe | CKOpOCTh TEUCHHMS HE HM3MEHSETCS.
Torna, corimacHo ypaBHeHUIO0 bepHyYIIIU, TpU OTCYTCTBUU TPEHUSA MEXKIY KUJIKOCTHIO
(ra3oM) W CTEHKaMH COCyJa JaBJICHHWE Ha KOHIAX ydyacTka | JO/mKHO OBITH
OIMHAKOBBIM. [Ipy HaIMYUK TPEHUS NMOSBUTCS PA3HOCTH JIABJIICHUH p — p1, KOTOPYIO
MOXHO TPUPABHITHL OTHOIICHUIO CWJIBI TpEeHUs F Mexay KUIKOCThIO (razoMm) U
CTEHKaMHM TPYOBI K CEYEHUIO TPYOBI 7I?:

pP2—p1= F/ 7Ir2
CI/IJ'Ia BHy'TpCHHCFO TpeHI/IE[ B I_II/IJ'H/IHI[pI/I‘IeCKOM IIOTOKE paBHa:
do do
F=n—S=n—:2arl.
L dn L dn

I'paguent ckopoctu dv/dn 3ameHUM cpefHel BelWYuHOW 0/f, Tojiaras, 4To y
CTeHKU TPYObI v = 0, a CKOPOCTH IO OCHU TpyOBI paBHa v. ClenoBaTenasHoO,
dol 2nol
Pr— P =2n——="p
dnr 2
CuaMu TpEHHsI MOKHO TIPEeHEOpeYb, €CIH 3Ta Pa3HOCTh JABJIEHUI TOCTATOYHO
MaJla 10 CPaBHEHHUIO ¢ pv?/2;
2
pv° _ 2nol pvr2
—Q— > %5 W

r2 Inl

D10 yciaoBue, 0e3yCJIOBHO, COOJIOAacTCS MpPHU OYeHb ManbiXx |, T.e. Korma
Y4acTOK TPyOBbl — 0YCHBb KOPOTKHA.

>1.
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[Tpu u3yueHuM TaMHUHAPHBIX W TYypOYJIEHTHBIX TEUEHUH OOJIBIIOE 3HAUYEHHE

npugaercs 6e3pa3MepHOil BeIMUHHE
Re — p_vr — ﬂ ’
n %

KOTOpasi HasbplBaeTcsl uuciom PeiinonvOca 1yisi UMIUHAPUYECKOW — TPYOBI.
Ananoruussie GopMyJbl UMEIOTCA sl TPYO MM KaHAJIOB pa3HbIX cedyeHuid. Yucio
PeliHonbca siBisieTCs BaKHOM XapaKTEpUCTUKOM MTOTOKA MPU TaHHBIX YCIOBHSIX.

Hanpumep, eciu 3TO UKCII0 NPEBBIIIAET ONPEIEICHHOE KPUTUIECKOE 3HAUEHHE,
TO NOTOK SIBJISIETCS TYPOYJIEHTHBIM; IPU MEHBIINX 3HAUYECHUSIX TEUEHUE — JAMUHAPHOE.
HauyuHasi ¢ HEKOTOPOro OINpeAeNICeHHOro 3HaueHus1 Re, Ha3pIBaeMOro KpUTUYECKHUM,
TeYeHUe NpuoodpeTaeT TypOyJeHTHBIN xapakrep. i TpyObl KpUTHYECKOE 3HAUYECHUE
yucia PeriHonbaca pasao 1000.

®opmyiaa Crokca.

CTOKC yCTaHOBWII, YTO IPU JABUKEHUH TEN MAJIBIX Pa3MEPOB B BA3KOM Cpele cuia
BHYTPEHHETO TPEHUS MPOMOPIUOHATIbEHA CKOPOCTH U, KOAP(MUIIMEHTY BSI3KOCTU M H
XapaKTEpUCTHYECKOMY pa3Mmepy Tena. KoadpuimeHT nponopiuoHaIbHOCTH 3aBUCUT
oT (opmel Tena. [ mapuka paguyca I popmyna CTokca 3aMChIBAETCS B BUJIE:

F=6nnro|

Pacnpenenenue ckopocrel B iaMmuHapHOM noroke. @opmyuia Ilyaseitas.

[Ipu nBWXEeHUHM BA3KOM JKUJIKOCTH MO TpybaM mayoro auameTpa (Korja TeueHHe
JaMUHApHOE, HANpUMEp, B KalUWJUIIpax) CKOPOCTh TEUEHHUS Pa3IMuHa B Pa3IMUHbIX
MecTax cedyeHus TpyOku. Bosjie CTEHOK BCJEACTBUE NPHWIMIAHUS KUJIKOCTA 9Ta
CKOPOCTb paBHa HYJIIO; BAOJb OCH TPYOKH OHA UMEET MaKCUMalIbHOE 3HaueHue vo. Ha
puc. 55 nmokazaHo pacnpeesieHre CKOpOCTe Mo AuameTpy Tpyoku. J1jis HaxoxIeHus
ATOr0 pacHpeaeICHHs BbIICIUM JIEMEHTAPHBIN OBl HUJIMHIP MAJIOW TOJIIHUHBI Al
B Tekywen xuakoctd. Cuibl Bsizkoctd Fi m Fy, neicTByrolmume mo BHYTPEHHEW U
Hapy>XHOW MOBEPXHOCTSIM JTOTO IUJUHIpA, COTJacHO (GopMyJsie CHUJIBI BS3KOCTH

do
F= nd— S, COOTBETCTBEHHO PABHBL:
n

do do do do
F1=1”I[Ej1' 51=ﬂa'27tr| n F2=n(¥)2-82=n(EJ2-2n(r+Ar)l.

Cuna F; HampaBiieHa 1O TEUEHMIO, TaK KaK CKOPOCTb JKUAKOCTHU, ABUKYIIICHCS
BHYTpU LwiIuHApa, Oonbiie. Cuna F, HampaBieHa NpPOTUB TEUEHMS, TaK Kak
paccMaTpuBaeMblid IWJIMHJIP ABUXKETCS ObICTpEe, YEM COMPUKACAIOIIMECS C HUM CIIOU
KHUJKOCTH, PACIIOJOKEHHBIE OJIIKE K CTeHKaM TpyOku. Paznocts atux cuin AF = F, —
F1 HanmpaBieHa MPOTUB TEUEHUS U IOJKHA MPEOJI0IEBATHCS TEMU BHEIIIHUMU CUJIaMHU,
KOTOPBIE BBI3bIBAIOT JABUKEHUE kUAKOCTH. J[11 pacuera AF npensapurtenbHo Haliiem
CBSI3b MEX]y TpPaJUCHTaMU CKOPOCTH Ha HapY>KHOW W BHYTPEHHEW MOBEPXHOCTHU
HAJIMH]IPA!
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dv d do d%v dvo d%v
2, X _ 222 =—Ar wm (—), =— —A
( )2 dr dr(dr) dr? ( r)2 dr dr?

2
[ToaTomy: AF =n- 27l (d—r+—) Ar.

Ecim AaBJICHUA XKHUAKOCTHU B CCUCHHUAX AuB paBHBI py U ps, TO PA3HOCTH
«BHCIIHHUX)» CHUII, ,HeﬁCTBy}OIHHX Ha paCCManHBaeMBIﬁ MWJINHAP, paBHA
AFguem = (Pa— PB) 2TrAr = Ap -2mrAr .

[Ipu ycTraHOBUBIIEMCS TEUEHHHM KUAKOCTU TO TpyOke cuiibl AF u AFguen
CKOMIICHCHUPOBaHHBI. [IpupaBHSIB ATH CHJIBI;

%0 do ATTTTTT17
n- 2l (—r+—)Ar = — Ap -2mrAr , \\T / 7
. ZI a
noiaydaeMm quddepeHranbHoe ypaBHEHHE: 2 \d_| )
d“o v, 1 do Ap 0 3 F,
a? rar nl e e D
D10 ypaBHEHHE (C y4e€TOM TOTO, YTO y CTEHOK [ ,3.:”:_—_:__._1'? AV
Tpyoku r =R, v=0,anaocu r =0, v = vy) UIMeET pelIcHHE { 2
B BUJE (IpUBOAUTCS O€3 TOKA3aTEIbCTBA): L’__‘ 7 &
V=17 (1— g), 7 I 7
Puc. 55

T.€. paclpeeICHUE CKOPOCTEN TEUCHUSI BSI3KOU KUJKOCTH
B TpyOKe Majioro paauyca sSBIsSeTCS napabdonuueckum. Y CTEHOK TPYyObI CKOPOCTH
paBHa HyJI10. [Ipy yaaneHUH OT CTCHOK TPYObl OHA MOCTCIICHHO YBEIIMYHMBACTCS U HA
OCH TpYOBI TocTUTaeT HauOOoIbIIero 3HaUeHus (puc. 56).

[Ipu TypOyJECHTHOM TCUCHHMHM H3-3a MEPEMEIIUBAHUS JKUIKOCTH IPOUCXOJIUT
BBIPAaBHUBAHHUE CPEJIHEH CKOPOCTH HAIPABJICHHOTO IBMKEHUSA. CKOPOCTh M3MEHSCTCS
BOJIM3M CTEHOK TPYOBI, @ B OCTAJIbHOW YaCTH OCTAeTCs MOCTOSTHHOM (puc. 57).

> 7 §5

[ T—

Puc. 56 Puc. 57

YT06HI HAIITH 3HAUEHHE MAKCUMAJILHOM CKOPOCTH Vg, Beruncaum do/dr u d?o/dr?
¥ TI0JICTaBUM UX B quddepenimansaoe ypasaenue. Umeem: do/dr = — 20or/R?, d?v/dr?
= — 200/R?, — 200/R? — 200/R? + Ap/m | = 0 1, HaKoOHEL, HAXOIUM:
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rne Ap / | — nepenan naBiieHus, MPUXOMANIMICS HA €NUHUILY JIUHBI TpyOku. Ecim
TEUEHHUE JKHUAKOCTU BBI3BAHO CHIION TshkecTH, TO Ap = pgl u Torma vy = pgR?/ 4n.

Kuakocts, comepkaiasicss B 00beMe paccMaTpUBAaEMOTo UINHAPA, MPOHIET
4yepe3 HeKoTopoe ceueHne B 3a Bpems t = |/v, cnenoBaTenbHO, €XKECEKYHIHBIA PacXo,
NPUXOJSAIIMACS HA JIOJIO 3TOTO IMIIMHAPUYECKOTO KOJblla, OyneT paBeH v-2zrdr.
OO6muit pacxon Q mpu JaMUHAPHOM TEYCHHH >KUIKOCTH Yepe3 CEYCHHE TPYOKH B
equHMIy BpeMeHH (nebet, m%/c) paBeH:

R 2 4
Q=[o-2nrdr=2nvp-= 2R
" 4 8nl

310 ectb popmyna Ilyasetinis, KOTOpas UCHOIB3YETCS JIJISl SKCIIEPUMEHTAIBHOTO
onpeneneHus KodpUIMEHTa BA3KOCTH KUIKOCTU. JlJI1 BEpTUKAIBHON TPYOBI, €ciiu
nepenaj JaBjeHus 00yCIOBIIEH TOJBKO CHIION TSHKECTH, TO

Q = pg(nR*/8n) u n = pg(nR*/8Q).

MEXAHNYECKUE KOJIEGAHUSI.
Oo01mue moJIoKeHus.

KonebanusiMmu Ha3bIBAIOTCS MPOIECCHI, OTIMYAIONIMECS TOW WM HHOU
CTEIEHbIO MTOBTOPSEMOCTH. TaKuM CBOMCTBOM MOBTOPSIEMOCTH 00J1aJ1at0T, HAIIPUMED,
KayaHUsl MasiTHUKAa 4acoB, KOJICOAHUSI CTPYHBI WJIM HOXKEK KaMEpPTOHA, HAIPSIKEHUE
MEK1y 00KJIaJIKaMu KOHJIEHCATOpa B KOHTYpE paIuONIpUEeMHIKA U T.11. B 3aBucumoctu
OT (pu3nueckoil NpUPOABI TOBTOPSIONIETOCS TMpoIecca Pa3IUYarOT KoJeOaHus:
MEXaHHUYECKHE, IJIEKTPOMarHuTHbHIC, FJIEKTPOMEXaHUYeCKue 1 T.1. B 3aBUCUMOCTH OT
XapakTepa BO3JCHCTBUSI, OKa3bIBAEMOT'O Ha KOJICOJIOIIYIOCS CUCTEMY, Pa3inyaroT
cBoOOAHBIE (MM COOCTBEHHBbIE)  KoOJICOaHWS, BBIHYXKJCHHBIE  KoJieOaHus,
aBTOKOJICOaHUS U TTapaMeTprUIecKue KoaeOaHus.

CB00OAHBIMHU WK COOCTBEHHBIMM HA3bIBAIOTCS TaKHe KOJeOaHUs, KOTOPHIC
MIPOUCXOJIAT B CHCTEME, MPEAOCTaBJIECHHONW caMoi cebe Iocie TOoro, Kak el Obul
COOOIIIEH TOJYOK, TUOO OHA Obla BhIBEJICHA U3 MOJOKEeHUs paBHOBecus. [Ipumepom
MOTYT CIY)KUTh KOJIeOaHHUs ITapuKa, MOJBEIICHHOTO Ha HUTH (MasTHHK). [ Toro
9YTOOBI BBI3BATh KOJIEOAHUS, MOXKHO JIMOO TOJKHYTh IIAPHUK, INOO0, OTBENI B CTOPOHY,
oTnycTuTh ero. CBOOOAHBIC KOJeOaHUS — BCerja 3aTyXawliue. 3aTyXaroluMHU
Ha3bIBAIOTCS KOJEOAHUS, NJI1 KOTOPBIX aMIUIUTyAa KoJieOaHWM W, CJIeI0BaTeNbHO,
DHEPrusi YMEHBIIAIOTCS CO BpPEMEHEM. 3aTyxaHue CBOOOJHBIX KoJieOaHU
MEXaHMYECKON CHUCTEMBbl MPOUCXOIUT IO TNPUYMHE PACCESTHUS DHEPruu IO
BO3/ICHCTBUEM CHJI TPEHHUS (HE MOTEHIIMATBHBIX CHUJI COPOTUBIICHHUS).

BbIHYKIeHHBIMH KOJICOAHMSIMUA HA3BIBAIOTCS TaKWe KOJeOaHUs, KOTOpbIC
MPOUCXOIAT MO AEUCTBUEM BHEIIHEN NTEPUOAUYECKON CHUJIBL.
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ABTOKOJIe0aHUsI, KaK U BBIHYXXJIEHHBbIE KOJE€OaHUs, COMPOBOXKIAIOTCA
BO3JICIICTBMEM Ha KOJEOIIONIYIOCSd CHCTEMY BHEUIHMX CHUJI, OJHAKO MOMEHTHI
BPEMEHH, KOTJ1a OCYIIECTBIISIIOTCA 3TH BO3IEUCTBUS, 3aJaAI0TCS CAaMOU KOJIEOroILIeCs
CUCTEMOM — CHCTEMA caMa YNpaBIseT BHEIIHUM Bo3aeicTBHeM. IIpumepom
aBTOKO0JIe0aTEebHOM CUCTEMBI SIBJISFOTCS YaChl, B KOTOPBIX MAsTHUK MOJTYYaeT TOTYKU
3a CUET SHEPTUU MOAHATON TUPH WIN 3aKPYYEHHOUN NPYKUHBI.

[Ipy napamerpuyeckmx KoyJieOaHUAX 3a CYET BHEUIHETO BO3JIEHCTBHUS
POUCXOUT TIEPUOJUYECKOE HW3MEHEHHE KaKOro-iubo TmapameTpa CHUCTEMBbI,
HAIpUMeEp, JUTMHBI HUTH, K KOTOPOM MOJIBEIIICH IAapHUK, COBEPIIAIOIINN KOJIeOaHusl.

KonebGanusi ABIAIOTCA TEPUOAUYECKUMH, €CIH KOJEOMIomascs BeIUMYUHA
IIOBTOPSIETCS 4Y€pe3 paBHBbIE IPOMEXKYTKH BpeMeHU. HamMeHpmmi BpeMEHHOU
MHTEpPBAJl MOBTOPEHUS (PU3UUECKUX BEIWYUH, XapaKTEPHU3YIOIIUX KojeOaTeabHOe
JBKEHUE, Ha3bIBaeTCs mepuoaoM kosnebanuii T. Ilepuon paBeH IIUTENBHOCTH
OJIHOTO TIOJIHOTO KojeOaHusd. YacToToill mepuoAndecKux KoJieOaHWl vV Ha3bIBaeTCs
YHCJI0 TIOJHBIX KOJICOaHUH, MPOUCXOAANIUX B eAuHUIy Bpemenu (1 ¢): v = 1/T.

[IpocrelimiuMu SBISIOTCS TAPMOHUYECKHE KOJEOaHMs, T.€. TaKUe KoJjieOaHus,
MpU  KOTOPBIX KOJEOJNIONasics BeJIWYMHA (HAIpUMeEp, OTKJIOHCHHE MasiTHUKA)
M3MEHSETCS CO BPEMEHEM IO 3aKOHY CHHYCa WJIM KOCHHYCAa. DTOT BUJ KOJIEOAHUM
0COOEHHO Ba)KEH IO CJIEIYIOIINUM NpuYruHaM. Bo-niepBbIX, KojaebaHus B IPUPOJE U B
TEXHMKE 4acTO HMMEIOT XapakTep, O4eHb OJM3KUA K rapMOHMYECKHM. Bo-BTOpBIX,
NEePUOANYECKUE MPOLIECCH UHOU (POPMBI (C IpYyroi 3aBUCUMOCTBIO OT BPEMEHH ) MOTYT
OBITh MPECTABICHBI KaK HAJIO)KEHUE HECKOJIBKMX TAPMOHUYECKUX KOJICOAHUH.

Lo

4

I I 1 1 1 I I
A %3% T ST3TIIT 21

Puc. 58 Puc. 59

PaccmoTpum cucTemy, COCTOAIIYIO M3 IIapHKa Macchl M, MOABEIICHHOTO Ha
npyxuHe (puc. 58). B cocTositHun paBHOBecHsI cujla MY ypaBHOBEIIUBAETCSA YIPYTroM
cunoit F®P* = k -Aly. Bygem XapakTepu3oBaTh CMENICHUE MIAPUKA U3 MOJOKEHHS
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pPaBHOBECHS KOOPAMHATOM X, IPUYEM OCh X HAIIPaBUM I10 BEPTUKAIM BHU3, & HYJIb OCH
COBMECTHM C IIOJIO)KEHHEM paBHOBECHS Iapuka. EciM CMecTUTh IIapuK OT
MI0JI0KEHUsI PABHOBECHSI HA PACCTOSHKE, paBHOE X (X — aireOpanyecKast BEJIMYMHA), TO
YIUTMHCHUE TIPYKUHBI CTaHET paBHBIM Alg + X 1 ipoekius pe3yabTupyrorei cuibl F,
Ha OChb X puMeT 3HaueHue Fp, = mg — k-(Alg + X).

[TpuHuMast Bo BHUMaHHE yciaoBUe paBHOBecus Mg = k-Alg, moiryunm, uto Fp = —
kx. 3HaK «—» OTpaxkaeT TO OOCTOSTEIbCTBO, YTO CMECIICHHUE M CHJIAa HMEIOT
IIPOTUBOIIOJIOXKHBIC HATIPABJICHHUS: €CJIH IIapUK CMEIICH U3 MOJIO0XKEHHS PaBHOBECHUS
BHU3 (X > 0), cuia HanpasieHa BBepx (Fp < 0), npu cmemenun mapuka BBepx (X < 0)
cuwia HanpasieHa BHU3 (F, > 0). Takum oOpazom, cuna Fp obnagaeT ciemyroummu
cBOWicTBamMH: |) OHa mMPOMOPIMOHATbHA CMEIICHUIO IIapuKa W3 TIOJO0XKCHUS
paBHOBECHSI, 2) OHA BCET/Ia HaIpaBJIeHa K MOJIOKEHUIO paBHOBeCHs. B paccMoTpeHHOM
HaMU npumepe cuia Fp, B CylHoCTH, IO CBOEH mpupoie yrpyras. MoXeT CIIyduThCs,
YTO CHJIa WHOTO TPOUCXOXKIEHUS OOHAPYKUBACT TAKyIO )K€ 3aKOHOMEPHOCThH, T. €.
OKa3bIBacTCs paBHOW — KX, rme K — mostoskuTesabHasl MOCTOsIHHAs BeiaudnHa. CHIbl
TaKoOT0 BUa, HE3aBUCHUMO OT WX TPUPOJIBI, IPUHATO HA3BIBATh KBA3MYNPYTHMH.

KunemaTuka rapMOHUYEeCKUX KOJICOAHMH.

["apmonndeckue (CUHyCOUJAIbHbIE) KOJeOaHusl ONMUCHIBAIOTCSA (popMyIamMu:
X=Acos (ot+op) mwim Xx=Asin (ot + ap).

[Ipu MexaHWYecKuX KOJIEOAHUSX BEIMYMHA X OOBIYHO HCIOJIB3YeTCS s
00O3HAUEHUs CMELIEHUs M.T. W3 TIOJOXKEHUA paBHOBecUs (KOOpPIUHATHI).
Koaddunment A, BenmuurHa HAMOOJBIIETO AOCOJIOTHOIO 3HAYEHUSI CMEIIEHUS X,
Ha3bIBACTCS AMILUIATYHO0# KkojcOanuii (A > 0). Breipaxkenuem o = (ot + ap)
OTIPEIEISIETCSl COCTOSTHME KoJyieOmroleicss cuctemel, T.e. ¢paza konebOanuii. B
HavyanbHBIA MOMEHT BpemeHHU (1 = 0) daza paBHa HavaabHO# (a3e op. [1o ucteuenunn
BpEMEHHU, paBHOTO nepuony T, (a3a xonebanuii yBenuuuBaeTcs Ha 2n. BennunHa o
HA3bIBACTCS YIJIOBOW 4acToTOW Wi myabcanuei (o > 0). Ona cBs3aHa ¢ T u v

271

COOTHOLICHUSIMU: (DZ? 1 ®O=21v. CKOpOCTh U M YCKOPEHHE @ HaXxOIATCs

muddepeHmpoBaHUEM CMEIICHUS X TI0O BPEMEHH:
X =Acos (ot + o),

v=X=-Ao sin(ot+ay) = Aw cos(ot + ag +1/2) = vy cos(ot + o +7/2),
a=xX=-Ao’ cos(ot+og) = Ao’ cos(ot+ag+m)=aycos(ot +ay+m),

/i€ IPUHSATHI MOJICTAHOBKU A® = TUg U Aw? = ap.

CKOpOCTh U U YCKOPEHHUE & M3MEHSIOTCS BO BPEeMEHHU (KaK M CMEIICHHE X) IO
TapMOHUYECKOMY 3aKOHY, OJIHAKO HadayibHbIe (a3l OTIUYAOTCS Ha 72 U T,
COOTBETCTBEHHO (puc. 59). ['0BOPAT, UTO CKOPOCTH OlepexaeT cMelleHue 1o ¢asze Ha
m/2, a YCKOpeHHe KojieOJeTcs B MpoTuBO(a3ze MO OTHOIICHUID K KOOPJUHATE.
3HavYCHMS aMIUTUTYIbI B HAa4aJIbHOW (ha3bl MOTYT OBITH ONPEEICHBI, €CJIM U3BECTHBI
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CMEIIEHHE U CKOPOCTh B HEKOTOPBI MOMEHT BpeMeHHU to, Harpumep, o= 0: X (t = 0)
= Acos ag, v(t=0)=—Aw sino. Pemas 5t 1Ba ypaBHeHHs COBMECTHO, TIOIYIUM:

_ o E=0F  o(t=0)
A= [[xt=0)]"+ 2 tgog = o XT=0)"

Crnoxenune ABYX MapajJjeJIbHbIX TAPDMOHUYECCKUX KoJieOanuii. buenns.

A.Hacmomwvl konebanuti oounaxogvle. JIns HArIATHOCTA TapMOHUYECKHE
KoJieOaHus yTOOHO MPEACTABUTh C TOMOLIBIO BPAIAIOIIEr0ocs Ha TUIOCKOCTH BEKTOpa
aMIUIATY 1B KosleOmtonieiicst BenuuHsl (puc. 60). [IycTts BeKTOp A, YMCIEHHO PaBHBIN
aMIUIATY 1€ KoeOaHul, BpalaeTcsi paBHOMEPHO MPOTHUB YAaCOBOW CTPEJIKU C YIJIOBOM
CKOPOCTBIO ® 0K0J10 nokosiuieiicst ocu 0. Eciu Obl B MOMEHT t = 0 BEKTOp A cOCTaBIIsuI
yrou o ¢ HanpasienueM 0X, To mpoekuus B koH1a 3Toro Bektopa Ha OX-HanpaBieHue
coBepIana Obl rapMOHHUYECKHE KOJIeOaHus 10 3aK0oHY: X = ACOS(wt + o). [TomyueHHas
TaKUM CIIOCOOOM CXeMa Ha3bIBaeTCs BEKTOPHOW amarpammoii. CrenoBaTenbHO,
MPOEKIUsI KOHIA BEKTOpa Ha ock 0X OyJeT coBepliaTh rapMOHUYECKOE KoJieOaHUe ¢
aMIUIMTYJ0i A, paBHOW JUIMHE BEKTOpa A, YIJIOBOW YacTOTOM, PaBHOM YIJIOBOM
CKOPOCTH ® BpAILEHHUs] BEKTOpa, W HayaldbHOW (ha3oid, paBHOM yIIy 0o, KOTOPBIA
oOpa3yeT BeKTOp A ¢ ocbto 0X B HauaJbHbI MOMEHT BpeMeHu t = 0.

PaccMoTpuM ciiokeHHE ByX TapMOHHUYECKUX KOJI€OaHMH M.T. OJIMHAKOBOI'O
HAIpaBJICHUS U OJMHAKOBON yacToThl (puc. 61). CMeuieHue x sBIsETCS CyMMOMU
CMEILEHHUH X1 U X2

X1 =A1c0s (t+ o) u Xo=A,c0s (ot + ay).

A(0)

]PH

w ..

Puc. 60 Puc. 61

[IpenacraBum 06a kosebaHusl ¢ MOMOIIBIO BEKTOPOB A1 u Ay 1 HaYaIbHOTO
momenTa t = 0. Tloctpoum mo mpaBuiIaM CIOXKEHHS BEKTOPOB PE3YIbTHPYIONIUN
BekTOp A = A1 + A,. C TeueHueM BpeMeHu Bce Tpu Bektopa A, A u A, Bpamarorcsi ¢
OJHOM M TOM K€ YIIIOBOU CKOPOCTBHIO (, TAK YTO UX B3aUMHOE MOJIOKEHUE HE 3aBUCUT
oT BpeMeHH. [Ipoekius 3Toro Bekropa Ha och Ox paBHa CyMMe MPOEKIIMI claraeMbIxX
BEKTOPOB:

X =x1+ xo.
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CrnenoBaTenbHO, BEKTOP A TMPENCTaBIIsIeT cO00M pe3yabTUPYIOIIee KoeOaHue.
DTOT BEKTOP BPAIIAECTCSI C TOM K€ YIJIOBOM CKOPOCTHIO (M, KaK U BEKTOPbI A1 11 Ay, Tak
YTO pe3yibTUpYIOIEe IBWKEHUE OyleT TrapMOHMYECKHM KoJeOaHHEeM C YIJIOBOU
4acTOTON M, aMITUTY10M A 1 HadansHOU (a3oit o.. 13 mocTpoeHus BUIHO, 4TO

A? = ALZ + A22 +2A A, cos(op, —oy) U tga = Asine + ApSina, :
A cosaq + Ay cos o,

WTak, BEeKTOpHOE MpEACTaBICHUE TAPMOHUYECKUX KOJIeOaHUl MO3BOJIAET HaM
anredpanyeckoe CJIOKEHHE YypaBHEHUH KoyieOaHWUA CBECTH K T'€OMETPUYECKOMN
oTepalru CJI0KEHUS BEKTOPOB.

YacTHble ciayyau.
1. HavanbHbie ¢a3bl cOBNaaaOT — cMH(pa3HbIe KoJieOaHus: o1 = dp. Pesynbrupyromias
aMIUTATY]a UMEET MaKkcUMaibHOe 3HaueHue: A = A; + Ay,
2. Hauanpabie ¢a3pl koyleOaHWN HAXOAATCS B TpoTMBO(daze: o — O = =+ T
PesynbTupyioias aMIinTya UMeeT MUHUMalIbHOE 3HadueHne: A = | Ap — Az |.
3. Ocrtanbhbie BapuaHThl: 0 < |a1 — o] < 7. PesynabTHpyromas aMILIMTy1a UMEET
3HaueHUs: | A1 — Ay | <A< A; + A,

b. Yacmomwvr konebanuti — paznuunvie. Ilpu cnoxkenun 1Byx (1 Ooiiee)
TrapMOHUYECKUX KOJIEOaHU ¢ pa3TUYHBIMU YACTOTAMHU

X1 = AjC0S ((Dlt + Otl) u X = A,C0S ((th + Otz)

pe3ynpTupytomee kojebanue X = Aj COS (mit + og) + Az COS (mat + o) He ABISACTCS
rapMOHUYECKHUM KOJICOaHUEM.

B. Yacmomwvr konebanuti — 6auszxue. AMIUIMTYIBI 00OMX KojeOaHUN Oynaem
rmojaratb oauHakoBbIMHU, A; = Ay = A. TIocKoJIBKY 4acTOTHl KOJeOaHUN HECKOJBKO
OTJIMYHBL: 2 — M1 = A®, BCET/1a MO’KHO BBIOpaTh HaYaJI0 OTCYETA BPEMEHH TaK, YTOOBI
HavyanbHbIe (Pa3bl o0omx KoyieOaHWi ObUTM paBHBI HymO: o1 = oz = 0. Torma
ypaBHEHUs1 000WX KOJIeOaHUN yI0OHO MPEACTaBUTh B CIEAYIONIEM BHJIE:

X1 = A1C0S (o1t + ag) = Acos (®f) u x2 = Az€0S (2t + o) = Acos (o + Aw)-t,

npudeM A << ®. CkJ1apIBasi 3TH J1Ba BIPAXKECHUA U IPUMEHSSI TPUTOHOMETPUYECKYIO
bopmymy ISl CyMMbI KOCUHYCOB, TIOJTYUHM:

x = A-[cos ot + cos (o + Aw)-t] = 2A-cos [(Y2Am)-t]-cos [(o + YoAw)t] =
~ 2A-c0s (At /2)-cos (o-t).

Pe3ynpTupyromiee ABUKEHUE NPU ITHUX YCIOBUAX — HerapMoHuyeckoe. Ero
MOXXHO paccMaTpuBaTh Kak TapMOHMYECKOE KojebaHue ¢ MyJbCUPYIOLIEeH
amruTynoi. Takuwe koyiebaHus Ha3bpIBaOTCs Ouenusimu. Ecnm momyctuth, 9TO
MHOXHTEIH cos (t) coBepIaeT HECKOIBKO MOJHBIX KOJIeOaHUH 32 HEKOTOPOE BPEMsI,
TO MHOXHUTENH COS (Aw-t /2), BBUAY ycloBUSI A® << ®, U3MEHUTCS HE3HAYUTEIHHO.
Ha 5TOoM OCHOBaHMM MOXHO CYMTaTh, YTO pE3yJNbTHUpYIOIIEEe KojleOaHUE — 3TO
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rapMOHHYECKOE KoJie0aHHe 4YacTOThl ) C AaMIUIMTYAOH, H3MEHSIOUecs 1o
NEPUOJNYECKOMY 3aKOHY.

Ananutryeckoe Beipaxkenue ammummtyiasl A(t) = |A(t)| = 24-cos|[(Y2Aw)t]|
SABJIIETCS MTEPUOANIECKON, HETAPMOHUYECKON (yHKIMEN (prc. 63) ¢ yriioBoii yacTo-
TOM KoJIe0aHuit (4, MpeBbiiaronieii uactory (Y2Aw) B 2 pasa. Takum 06pa3oM, 4acToTa
HyJIbCcaliil aMIUIUTYAbl ®y = 2-|Y2A®| = |A®w| paBHa MOIYIIO Pa3sHOCTH YACTOT

CKIaJpIBaeMbIx KoneOanuii |Aw| = |o1 — wp|. Ilepuox Ty u uwacrora vy OucHHIA
COOTBETCTBEHHO PABHBbI:

Te=2n/|Aw| u vg=|Ao|/2x.

Ha npakTuke 4acTo NOpPUMEHSAIOTCS TaK Ha3bIBa€Mble HYJIeBble OHeHMus,
KOTOpbIE HAOIIOJAIOTCS TPH PABEHCTBE YaCTOT CKIIAIbIBaGMbIX KojeOanwmid. Jlis
MOJTYyYEHHUS HYJIEBBIX OMEHUI UCTOUYHUKHU KOJIEOAHUN NOJKHBI ObITh HE3aBUCHMBIMH.
B sTom ciyuae orubaroras aMmminty 0y1eT npeicTaBiieHa TOpU30HTAIbHON JIMHUEH,
MEJJIEHHO CMEIAIOLICHCS 10 BEPTUKAIN BBEPX U BHU3.

[Ipy crnokeHun JBYX KoJieOaHUN C OJM3KUMHU YacTOTaMU M Pa3IUYHBIMU
aMIUTUTYJIaMU PE3yJIbTUPYIOIIEE IBIXKEHHUE TAK)Ke MPEACTaBISIET co00i OueHus (puc.
64), HO aMILTUTY1a OMEHUH HE CIaaeT 10 HYJIS, a KOJICOIETCS MEX/Ty 3HAUYCHUSIMU:

|A1—A2|§A§(A1+A2).

<’ -t \ ' s 2 =

s \ "V’"'; - A0 e el

§1 ‘U:‘w. mu‘ ;, f o / S “ \u‘ ”\'”“ M;‘MM‘H

g 0 ““‘ “‘ q 't \ : (i:\f'l’ 0 ‘”‘ ‘I ‘ ““\\‘:‘

Z ‘ ‘H“ “‘ ‘i } “‘ "‘ g \ & [“\ 'I\H Ijn:.n ‘i

Sl ‘ | l' 'l = 05) \ i—n ‘} P |\‘ il i “

& M* L IR JEIE W k
gy 0 T, 27, 5 ;

Puc. 62 Puc. 63 Puc. 64

IloHnsiTHe 0 rapMOHUYECKOM aHAJIU3e.

CloXHOE TEepHOAMYECKOe, HErapMOHMUYECKOoe KojebaHue (u3nIecKon
BEJIMYMHBI S MOXET OBITh MpEACTaBIICHO B BHIE psaga Dypbe, COCTABICHHOTO W3
MIPOCTBIX TAPMOHUYECKHUX KOJIeOaHUH, 9aCTOTHI KOTOPBIX SBJISIOTCS KPATHBIMU IIEITTBIM

2T

YHCIIaM OCHOBHOM TApPMOHUKH O = T 2mV:
S(t) ——+2Ansm not+ay),

rae 'Ah V an + b 1 O = aI‘Ctg b_

Koaddunuents a, u b, onpenensrores npu nomomtu Gopmyit Diaepa-Dyprwe:
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2 T/2 5 T/2
a,= — I S(t)-cosnwt-dt u b, == I S(t)-sinnwt-dt, (n=12,...)
T—T/2 T—T/2

Otpickanne psaga Dypbe, COOTBETCTBYIOIIETO CIIOKHOMY KOJIEOAHHIO,
HA3bIBAECTCS TAPMOHHMYECKHM AaHAJIM30M. UJIEHBI 5TOr0 psga, YacTOTHI KOTOPBIX
paBHBI M, 2®, 3® U T.JA., COOTBETCTBEHHO HA3BIBAIOTCS MEPBasi, BTOPas, TPEThs U T.JI.
(byHIaMeHTaIbHBIME TAPMOHUKAMH CIIOKHOTO KOJIEOaHNsI.

Konebanus, mpoucxosmnue mmo 3akony: X = A(t)-cos[w(t)-t+a(t)] , Ha3siBaroTCcs

<<0Apax H

MOAYJIMPOBAHHBIMHA KOHe6aHI/I}IMI/I, CCJIXM BBIIIOJIHCHBI YCJIOBHUA: | d—A
dt

‘ do
dt

Jlnst aMIumMTygHO-MOAyTupoBaHHBIX KoneOanmii A # Const, mis ¢a3oBoi
mMoaymsanuu o # Const 1 9acTOTHON MoayJsituu o # Const. [Ipumepom aMmmuTy1HO-
MOJYJTUPOBAHHBIX KOJICOaHWU SIBISFOTCS OWEHUWs, JIs KOTOpbIXx amrumtyna A(t)
ABJISIETCS IEPUOANYECKON PYHKIIMENW BPEMEHH.

<<®.

Ci0:keHHne B3aMMHO-TIEPINEHANKYJIAPHBIX TAPMOHUYECKUX KOJIeOaHHUIA.

[TepefineM K CIOKEHHUIO JIBYX B3aMMHO IEPICHAMKYJISIPHBIX TapMOHHYECKUX
KoJIeOaHUH OHOM M TOM YK€ YaCTOTHI (0, COBEPIIAFOIINXCS BJIOJIb KOOPAMHATHBIX OCei
x 1 y. BeiOepem Havallo oTcYeTa BPEMEHH Tak, 4yTOOBI HadajbHas (paza IEPBOrO
KojicOaHus ObLIa paBHA HYIIO. Torna ypaBHEHHUS KOJICOaHHHA 3aIUIITYTCS CIICTYIONIM
obpazom:

X = a cos mt,

y = Db cos (ot + o),

r7ie 0. — pa3HOCTh (a3 KoJieOaHU. DTH BRIPAXKEHUS MIPEACTABIISIIOT COO0 3a7]aHHOE B
napaMeTpuieckoil (opMe ypaBHEHUE TPACKTOPUHU, MO KOTOPOW JBHIKETCS TEJO,
y4acTByloIllee B 00ouX KojeOaHusx. YToObl MOJYyYUTh YpPaBHEHUE TPACKTOPUH B
OOBIYHOM BHJIE, HY)KHO UCKJIFOUYHTh U3 ypaBHeHUN mapametp t. V3 mepBoro ypaBHEeHUs
ciemyer, uto cos ot = x/a u sin wt = (1 — x%/a?)2. [Ipeobpasyem BTOpoe ypaBHEHHE:
y/b = cos (ot + o) = cos wt cosa — sin ot sino. = (x/a) cosa — (1 — x?/a?)Y2 sina. ,

y/b — (x/a) cos o = — (1 — x*/a®)? sin o , y

(y/b)? + (x/a)? cos? o — 2 (xy fab) cos o = (1 — x2/a?) / /w
sin? a.
I/I, HaKOHEN, HOquaeM BBIpEDKeHI/Ie / X

(x/a)? + (y/b)>- 2 (xy /ab) cos a. = sina |,
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KOTOpOE MIPEACTABIISIET CO00M ypaBHEHHUE drunrica (puc. 65). OpueHTarus uIimca u
BEJIMYMHA €T0 TIOJYOCeH 3aBUCAT OT aMIUUTY @ u b u pa3HocTH das a.

YacTHbIC clTy4au.

1. PazHocts a3 o paBHa Hymo. B 3TOM ciiydae ypaBHEHHE TpPAaeKTOpUU
IMPUHUMACT BU/I.

(y/b—x/a)2=0, umu y = (b/a) x.

[Tonyuunu ypaBHeHue npsamoit. Koneouromascs Touka repeMeniaeTcs mo 3Toi
NPAMOIA, IPUUEM PACCTOSHHE €€ OT Hauaja KOOpuHAT paBHo I' = (X2 + y?)12,
[ToncTaiisis croa BeIpaskeHUs X = @ COS ot 'y = b c0s (ot + o) u yuuThIBas, 4TO O =
0, mosrygum GhopMyITy 3aBUCHUMOCTH KOOPJIUHATHI I' OT BpeMeHH t:

r = (a2 + b?) 2 cos(wt).

Pesynprupyromee asuxenue (puc. 66) Ha3pIBa€TCs TMHEWHO MOJSIPU30BAHHBIM
TapMOHHYECKUM KOJIeOaHWEeM BJIOJIb TMPSAMOW JIMHHUHM C YIJIOBOM YacTOTOM ® U
ammuTy ol A = (a2 + b?) ~.

2. PazHocth (a3 o paBHa + 7. PesynbrHpytromiee IBMxeHue (puc. 67) npen-
CTaBJIIET COOOM TaKXe JMHEMHO MOJSIPU30BAHHOE TapMOHHMYECKOE KOJIeOaHHE C
YIJIOBOM 4YacToToi o M ammumTynoii 4 = (a2 + b?) * ¢ oTamMuaromuMcs HaKIOHOM
npsimoit uaEH Y = — (b/a) X.

3. Ilpu o = + ©t /2 konedaHus — FIVIUNTUYECKH NOJIIPU30BAHHBIE, U TPAEKTOPUEHN
Pe3yIbTHPYIOILErO ABUKEHHS sBsgeTcs »uic (x/a)? + (y/b)? = 1, npuueM noyocu
AJITUIICA PaBHBI COOTBETCTBYIONIUM aMILTUTyaM Kojiebanuii a u b (puc. 68). Ilpu
PaBEHCTBE aMILIMTY/I DIUIMIIC BEIPOXKIAETCA B OKPYXKHOCTB X2 + Y2 = @2,

Cnyvan oo =+ /2 u o0 = — 7 /2 OTJIMYAIOTCS HampaBJIeHUEM ABKeHus. Eciu
o =+ 1/2 , IBMKEHHME COBEpLIAETCS [0 YaCOBOM CTpelKe — Mpaas nossgpusanus. [lpu
oL = — /2 IBUKEHHE MPOUCXOIUT MPOTHUB YAaCOBOM CTPEIKH — JieBast moyisgpu3anus. 13
CKa3aHHOTO CJIEyeT, YTO JBIDKEHHUE IO DIUIHICY (OKPYKHOCTH) MOXET OBITh
MPEICTaBICHO B BHUAC CYMMBI JBYX B3aWMHO TEPICHAMKYJSPHBIX KOJCOAHUH,
MTPOUCXOIAIINX HA OJHON 4aCTOTE .

> o

Puc. 66 Puc. 67 Puc. 68

Korma wacToThl B3aMMHO TMEPIEHANKYJIAPHBIX KOJCOAHMHA OTIMYAIOTCS Ha
OYeHb Myl BeIWYMHY A, ypaBHCHHS KOJICOAHHMH MOXKHO IPEICTABUTh
CJIeIYIONUM 00pazoM:

Xx=acosot u y=Dbcos[ot+ (Aott+a)],
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npuueM BelpakeHne (Aoi+o) paccmaTpuBaeTcs Kak pasHOCTh (a3, MeAJIeHHO
M3MEHSIOIIAsACA CO BpEMEHEM 10 JIMHEHHOMY 3aKOHY. Pe3ynbTupyroliee 1BUKEHUE B
ATOM CJIy4ae MPOUCXOIUT 110 MEAJIEHHO BUJOU3MEHSIONIENCS] KpUBOM, KOTOpast Oy 1eT
[OCJIEI0BATENbHO NMPUHUMATh (DOPMY AJUIUIICA WIM NPSMOM JIMHUM, OTBEYAIOUIYIO
BCEM 3HAUCHUSIM PA3HOCTH (a3.

Durypsl Juccaxy.

Ecnyu 4acToThl B3aMMHO MEPHEHAUKYIAPHBIX KOJEOAaHWN OTJIMYAIOTCS, TO
TPACKTOPHUS PE3YJIbTUPYIOUIETO ABIXKCHHUS HMMEET BHJl CIOXHBIX KPHUBBIX, (opMma
KOTOPBIX HENPEPBIBHO MEHSAETCS. YCTOMYMBBIE BO BPEMEHU KapTUHBI, KOTOpPbIE
HasbIBatoTCs ¢urypamu Jluccaxy, HaOMIOAAIOTCS MpPH YCIOBUM IOCTOSHCTBA
aMIUIATY/I, YaCTOT M HAa4YalbHBIX (pa3 ckiagbpiBaeMbIx kKonebanuii. [1a pucynkax 69 u
70 moka3aHsbl IPOCTEHIINE TPACKTOPUH, HAOIIO1a€MbIe IPY OTHOUIEHUH 4acToT 1:2 u
pasHoctu (a3 0 u /2, COOTBETCTBEHHO.

y Y ¥y

| o]

! V X . 0

LN t /] ! T x
X=acos®! X=acosm! ' !

y =bcos 2m¢ v =bcos (2ot + n/i2) C=>< | =< )
Puc. 69 Puc. 70 Puc. 71

Uem Onvrke K €AMHULE pallHOHANIbHAS IPOOk, BhIpAXKaroIas OTHOIIEHUE YaCTOT
KoJieOaHUM, TeM ciioKHee okasbiBaeTcs (urypa Jluccaxy. Ha puc. 71 mokaszana
KpUBasi JUII OTHOIICHHS 4acToT 4:3 u pa3HocTH (a3 /2.

JAnHamMuka Koje0aHui.

JIro6oe kosiebanue ecTh ABUKEHUE, POUCXOIAIIEE C YCKOPEHUEM, TTO3TOMY Ha
KoJIeOIroteecst Teo JOJKHA IeMCTBOBAaTh CHUJIA, COOOIAOINIAsl €My 3TO YCKOPEHHE.
HampaBnenue cCribl COBITaIaeT C HAMPaBIEHUEM YCKOPEHHS, @ BEKTOP YCKOPEHUS TIPH
rapMOHUYECKUX KOJIEOAHUSIX COTJIACHO (popMyJie:

a=5('=—A-032-cos(oat+oc0)=—032-x

BCETJ]a HAMpaBJIEH K MOJIOKEHHUIO paBHOBecHs. Takum o0pa3om, 0 moco, umobsl
meno Co8epuiano 2apMoHuYecKoe KolebamenbHoe O8UdCeHUe, Ha He20 OO0JIHCHA
oelicmeosams Culd, 6ce20a HaNPABLeHHAsl K NOJONCEHUIO PABHOBECUs U NO BelUYUHE
— NPAMO NPONOPYUOHAILHASL CMEUJeHUI0 OM 2M020 noaodiceHus. CUibl, HalpaBJICHHbIE
BCET/Ia K MOJIOKEHUIO PABHOBECH S, HA3BIBAIOTCS 8038DAULAIOUSUMU.

CBo00oaHbIC KOJICOaHUSA MO AeiiCTBHEM KBA3UYNIPYTroil CHJIBI.

PaccmoTpenne  guHaMHMKA ~ CBOOOJHOTO  KOJIEOATEIBHOTO  JIBMXKCHUS
MEXaHMYECKON CUCTEMBbI MPOBEJAEM Ha MPUMEPE MaJIbIX KOJIEOAHUHN M.T., HA KOTOPYIO
JIEUCTBYIOT JIBE CHJIBI: CHJIa YNPYTOCTH Fe = — k'x W cuia CONMpOTHUBIICHUS BSI3KOU
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cpenel F =—r-o=-—r-X,1Ie k>0 wur>0. PeasibHO Takue KoseOaHUs MOKHO

HAOJMIOaTh Ha NpPUMEpPE MNPYKUHHOTO MAasiTHUKA — MEXaHUYECKOM CHCTEMBbI,
COCTOSIIEH U3 MACCUBHOTO TeJa, OIBEIIEHHOTO TOCPEICTBOM YIIPYTOil 1 HEBECOMOM
NPYXUHBI K TOPU30HTAIBHOM TiepekiaanHe. Bo3Bpamaromeit cuiod sBisercs
ynpyras cuna Fe, geiicTByrolas Ha TeJIo0 CO CTOPOHBI 1ehOPMUPOBAHHON MPYKUHBI.
VYpaBHeHue BToporo 3akoHa HeroTOHa MMeeT BUI:

mX=—rx—kx,
a nuddepeHunaibLHOe YPABHEHHE MaJIbIX 3aTyXalolUX KoJeOaHuil 1y yao0cTBa
3alIuChIBACTCs B (1)0pM€Z
X+2BX+05x =0,

rae B = r/2m — xoadduimeHt 3aryxaHus, g =+K/M — cobcTBeHHAsi yrioBas

4acToTa KojebaHuil cucTteMbl U M — Macca KOJIeOMIoIencss cucTeMbl. Y paBHEHHE
JBYKEHUS yIPOUIAeTCs IpHU OTCYTCTBUM 3aTyxaHus (f=0) k Buay:

X+m5-x=0,

KOTOPOE Ha3bIBACTCS YPABHEHHEM COOCTBEHHBIX HE3aTyXAKOIIMX KOJICOAHUM.
OgauM U3 pemeHuid 3Toro au(@epeHIHaIbHOIO ypaBHEHUS SBISETCA
YpaBHEHUE TAPMOHUYECKUX KOJIEOaHUIA:

x = A c0s (mot + o).
UtoOsl yOeauThCs B 3TOM, HaiifieM BTOPYIO IPOU3BOJHYIO MO BPEMEHHU OT X:

X= —(o% Acos(ogt +a) = —(Dg X. IlogcraBuB 3TOT pe3ysIbTaT B YPAaBHEHUE JIBUKCHUS,

nmoay4um Toxaectso 0 =0, 4.T.x.
[lepuon ynpyrux kojaeOaHuil paBeH:

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

C yBeamdyeHHEeM MaccChl BO3pacTaeT MHEPIIMOHHOCTh KOJICOIIOIICIHCS CUCTEMBI,
MOATOMY €€ JIBUKEHHUE 3aMeJJISIeTCS, U Mepro/] KojaeOaHu yBeTUYNBaETCS.

JHeprus koJiebanmii. B koneOmromielica cucteMe MPOTEKAET HENPEPBIBHO
MpOLIECC B3aMMHOTO TMPEBPAIICHUS KUHETUYECKOM U TOTEHUMAJIbHOW »HEpPrumu.
[Tomnas »ouepruss W Hesaryxarommx KoJICOaHHMM MEXaHUYECKOW CHUCTEMBI
IPONOPLMOHANbHA KBaApaTy aMIUIMTYAbl KoneOaHuii A? U HE HM3MEHSETCS CO
BpEMEHEM, XOTS OTAEIbHEIE €€ BUALI — KuHeTudeckas Wy = Mov?/2 u moTeHnuanbHas
Wr = kx?/2 — npereprieBaroT M3MEHEHHMs!, JBAXKIbI JOCTUras 3a MEPHOJ KoyneOaHuii
MaKCUMaJIbHBIX 3HaY€HU. MTHOBEHHBIE 3HAYEHUS YHEPTUHN — MOJIOKUTENbHbIE. OHU
COOTBETCTBEHHO PaBHBI:

Wk =m 7)2/2 =m [AO)O sin (0)0t+0to)]2/2 = m(ooZ AZSinz((Dot'l‘OLo) 2

Wi = K x%/2 = k [Acos(mot+010)]?/2 = k A%c0s? (wot+aio) /2.

Kunetnueckas OHCPIrusg A0CTUTACT CBOCTO MaKCUMYyMa
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WK(max) =m 0)02 A2

B MOMEHTHI BpEMEHH, Kor/1a (a3a KojieOaHUN MPpUHUMAET 3HA4YeHUsI o = 11/2 £ N 1T, T1Ie
N — uenoe uyncio. [loTeHumanbHas SHEPrust JOCTUTaeT CBOEr0 MaKCUMyMa

WH(max) =k A2

B MOMEHTHI BpeMeHH, Korja (pa3a koaeOaHuii pUHUMAET 3HAYeHUs oL =+ N 7T, rae N —
nenoe yuciio. I1onnas sHeprus uMeeT OoCTOSHHOE 3HaYEHUE, PaBHOE:

W=Wk+Wpg=%¥m (Do2 AZsin? ((Dot+0to) + V5 k A2cos? ((Dot+0€o) =
- WK(max) - WH(max) =m (x)oZAZ =k A4

MareMaTH4YeCKH MASITHUK.

MatemaTuueckuii MasiTHUK TPEACTAaBIIeT COOOM TOYEUHOE TEJIO MAcChl i,
MOJIBCIICHHOC K HEBECOMOW W HepacTshKuMoW Huthu jmmHor | (pue. 72).
Bospamaromieit cwiioi siBisieTcsi F mpoekius cuiibl TSHKeCTH Fr = m-g Ha
HalpaBJICHUE JBIDKCHHUS Tejla. B KkadecTBe KojeOaTelnbHOTO Mpollecca 371eCh
BBICTYNAIOT BpallaTelbHble KadaHus (KonebaHus) paanyc-BeKTopa | , IpoBeileHHOro
OT TOYKH MOJIBECAa HUTH K M.T. [[pyMEHUM OCHOBHOM 3aKOH TMHAMUKH BpPaIlaTEILHOTO
JIBMKEHUS K paCCMAaTPUBAEMOMY PAINYC-BEKTOPY I

B=¢=M71=[l,F,]1/1I,
WJIU B TIPOCKIIMM HAa OCh BpalllaTeJIbHBIX KOJIeOaHUH, COBIAIAIOIIYIO 10 HAIPABJICHUIO

C BEKTOPOM YTJIOBOTO CMEUIEHHUs (yIJia OBOPOTA) @ :
B=—IFysing/l=—Imgsing/ml2=—(g/l)sing,

rze nosiBisiercs 3Hak """, Tak kak MoMeHT cuinel M =[l, F,, ] u yrnoBoe yckopenue

—

B=¢ Bcerma nanpasieHbl NPOTHB YTJIOBOTO cMeleHus ¢. B pexume Maibix

kosiebanui (¢ < 5°) cpaBeyIMBO NpUOTIKEHUE sin @ = ¢. Eciu teneps 3amenum ¢/l
Ha Mo, TO moiyduM audepeHnnansHoe ypaBHEHHE COOCTBEHHBIX HE3ATYXaHOMIUX
KOJIeOaHMI OpUEHTAIIMH paInyCc-BeKTOpa | B BEPTUKAIBHOM IJIOCKOCTH:

[0) +oo% ¢=0,
pEIIeHuEeM KOTOPOTO SIBISIETCS, HATTPUMED, QYHKITHS:
@ = @o-coS(mot +0a1p),

KOTOpasi Ha3bIBacTCs (OPMYJIOM TapMOHHYECKHX KOJCOAHWH. (g — aMIUIUTYa
VTJIOBOTO CMENICHHS. YTJOBash 4acTOTa M Mepuoj COOCTBEHHBIX KOJEOAHW MOTYT
OBITH BBIYMCIICHBI COOTBETCTBEHHO 10 (hopMyam:

®g =409/l u Tyg=2n/wy=2nl/g,

T.€. 4aCTOTa W TMEPUOJ] KoJieOaHUI HE 3aBUCAT OT Macchl kKonebmtomerocs tena. OHu
3aBUCST TOJBKO OT JJIMHBI HUTH U YCKOPEHUS CUJIbI TSKECTH.
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MaTteMaTuyeckuii MasiTHUK MCHOJB3YeTCA s JIEMOHCTPAalMM CYTOYHOIO
Bpaiuenus 3emin (MasTHUK Dyko) U B 1a00paTOpHOM MPAKTUKYME JJIsl OTIPEACTICHUS
YCKOPEHUS CHIIBI TSHKECTH.

Pdu3znvyeckuii MasiTHHUK.

du3n4ecKuM MasSTHUKOM Ha3bIBaeTCs TBEPIOE TEJ0, CIIOCOOHOE COBEpIIaTh
KOJieOaHUs BOKPYT HEMOJBUKHOM TOYKH, HE COBITQJIAIOIICH C €ro IEHTPOM HMHEPIIUU
(puc. 73a). B mojoxenun paBHOBecHs IeHTp uMHepuund C HAXOTUTCS IO TOYKOM
noaseca ) MasTHHKAa Ha OJHOM C HEW BepTUKAIM. [IpM OTKIOHEHHWHM MasSTHUKA OT
MOJIOKEHUSI PABHOBECHUS Ha Yroid (p BO3HMKAET BpaIllaTCIIbHBIA MOMEHT CHII,
CTPEMSILUICS BEPHYTh MAasITHUK B TIOJIOXKEHUE PABHOBECHS. DTOT MOMEHT paBEH

M = —mgl sine,
raic m — macca MasjTHHUKaA, a | — pacCTOAHHUC MCIKIAY TOYKOU ImoaBeCca U NCHTPpOM MacCC

MasiTHUKa. 3HaK "MUHYyC" O3Ha4aeT, YTO MOMEHT CUJI HalpaBJi€H MPOTUB YIJIOBOTO
CMeIlleHHs. YpaBHEHUE BpAIIATSIIbHON TMHAMUKY IPUHUMAET BU;

B=M/1=—(mgl/1)sin g,
rae | — MOMEHT MHeplMd MasTHUKAa OTHOCUTEIBHO OCH, MPOXOJIAIIEH Yepe3 TOUKY
noaBeca. B ciywae manbix konebanuit (¢ < 5°) 3TO ypaBHEHHE MEpPEXOJUT B
nuddepeHanbHoe ypaBHEHHE COOCTBEHHBIX HE3aTyXalolUX KoJieOaHui
. 2
¢+uge=0,
pEIIeHUEM KOTOPOTO SBIsIeTCA (PYHKITHS:

¢ = A cos (wot + a),

I7e Mo — YIJIoBas yacToTa Konebanuii: wg = (mgl / 1)¥2,

i

i Lnp

' -

'l‘ oC
g - L= Ny
: ; -
I
\J

- 11
| mg por
Puc. 72 Puc. 73 Puc. 74
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Takum oO0Opa3oM, NpU MaJbIX OTKJIOHEHHAX OT IIOJOKEHUS PaBHOBECHS
¢bu3nuecKnii MasiTHUK COBEPIIACT TAPMOHUYECKUE KOJICOAHMs, YTJIOBas 4acToTa (Mg
KOTOPBIX 3aBUCUT OT MacChl MasiTHUKA, MOMEHTA MHEPLMU MasTHUKA OTHOCUTEIBHO
OCH BpAILIEHUS U PACCTOSHUS MEKy OCBIO BPAILEHUS U LIEHTPOM UHEPLIMY MASITHUKA.
[lepuron xonebannii (pU3MIECKOTO MasITHUKA OMPEACISAETCS BIPAXKCHUEM:

To =2my/1/mgl .

13 conocraBienus: popmyn Tg=2m/I/mgh u Ty=2xnl/g craenyer, uto

MaTeMaTUYeCKUN MasITHUK ¢ JTHHOH |y, = (I/ml) mmeeT Takoii sxe mepuos koneOaHmid,
KaK U TaHHbIN pu3mueckuii MasTHUK. Bemmuauny |, = (I/ml) HazpiBaroT nmpuBeaeHHoi
AJIUHOM Pusznyeckoro MasTHuka. tak, npusedennasn Onuna puauiecko2o MasmHuxka
— 9MO ONIUHA MAKO20 MAMEMAMUYecKo20 MAIMHUKA, Nepuoo Koiebanuii Komopozo
cognaoaem ¢ nepuooom 0anHo2o @usuyeckoeo masmuuxa. Touka (' Ha TPSIMOM,
COCITUHSIONICH TOYKY IoJIBEca C IICHTPOM HWHEPIHMH, JIeKalias Ha pPacCTOSHUHU
MIPUBEICHHON JITTMHBI OT OCH BpAIllEHHsI, HAa3bIBACTCS IICHTPOM KadaHUs (PU3NIECKOTO
mastHuka. [lo Teopeme IllTeliHepa MOMEHT WHEpIMH MasTHHKA | MOXeT OBITH
MIPEJICTaBJICH B BHUJIC
=1y + mI2,

rne lp — MOMEHT WHEpUMU OTHOCUTENIFHO OCH, MapajuIebHON OCH BpalleHUS WU
MPOXOAAIIECH Yepes IEHTP UHEPLUU MasTHUKA.

[Moacrasus | = lg + mI> B |y, = (I/ml), nonyuaem: |y, = (lo/ml) + |, otkyna
CIIEyeT, 4TO MpHUBeneHHas JynHa |y, Bcerna Ooubiie JumHbI |, Tak 9To ToYKa mojaBeca
0 u erTp kauanus 0' mexxat 1Mo pas3Hbie CTOPOHBI OT IeHTpa unepiun C (1eHTpa Macce).
[TogBecuMm MasTHUK B rieHTpe kKadaHus 0'. [IpuBenenHas nouHa B 9TOM ciiydae Oymer
paBHa: I, = (lo/ml’) + I', roe I' — paccrosiHue Mexay nmepBOHAYATBLHBIM [IEHTPOM Ka-
YaHUS ¥ [ICHTPOM MHEPIIUU MasiTHUKA. YuuTbiBas, uto |I' = |, — |, umeem:

Il'[p' = |0/m(lnp - I) + Inp —1= Inp + [(IO + m|2) - mIHPI] /m(lnp o I)

BripaxkeHue, cTosIIee B KBPATHBIX CKOOKAX, PABHO HYJIIO, TIOCKONBKY lo + ml?
= | — 3TO MOMEHT UHEPLIUU OTHOCUTEIILHO NEPBOHAYAIBHON OCH BpaleHUsI. DTOM XKe
BCJIMYMHE paBHO BbIpaxkeHue Mly,l. Mrtak, moiyyaercsi, 4To TpU IOABEIIMBAHUH
MasTHHUKA B IEHTPE KauyaHWs MPUBEACHHAS JJIMHA, a 3HAYMT, U MEPUOJl KOJIeOaHU!
OyIyT TeMHU ke, uTo 1 BHavase. CienoBaTelbHO, Touka roaseca 0 u nentp kavanus 0'
00J1a1at0T CBOMCTBOM B3aMMHOCTH: IPU NEPEHOCE TOUKHU MOJBECa B LIEHTP KayaHUs
MPEXHSS TOUKA MMOJBECA CTAHOBUTCS HOBBIM LICHTPOM KayaHUSI.

Ha cBoiicTBe B3aMMHOCTH OCHOBAHO ONPE/IETIEHUE YCKOPEHUS CUJIIbI TSDKECTH C
MOMOILIbIO TaK Ha3bIBAEMOI0 O0OOPOTHOrO MasdTHHUKA (puc. 736). OOOpPOTHBIM Ha-
3bIBAETCSI TAKOW MAasITHUK, y KOTOPOrO MMEIOTCS JB€ NapajuieidbHbIe IPYr IPYTy,
3aKperuIeHHbIE BOJIM3U €ro KOHIIOB OMOpPHbIE MPU3MbI /11 U I15, 32 KOTOpbIE OH MOXKET
MOOYEPETHO MOJABEIIMBATHCS. B/10Ib MasgTHHKA MOTYT MIEPEMEIIATHCS U 3aKPETUIATHCS
Ha HEeM TsDKENble Tpy3bl — yeueBHllbl 4 U B. [lepeMenienueM yedeBul J0OMBarOTCS
TOTO, YTOOBI MPU MOABEITMBAHNN MasTHUKA 32 JIIOOYIO0 U3 MPU3M MEePUOJI KOeOaHui
ObLT oMHAKOB. Torma pacCTOSTHHE MEXIy OMOPHBIMH pedpamu Mpu3M OyAeT paBHO
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l,p. M3MepuB mepuon koneOanwii mastHuka 7o W onpenenuB ly,, mpu momomu
dopmyiel Ty =21 /Inp / g , MO’)KHO HAUTH YCKOPEHUE CUJIBI TSKECTH (!

g =(21/To) I

KpyTwibHblii MAasITHUK.

[Ipyn KpyTUIBHBIX KOJIEOAHUAX HA TEJIO JAEHUCTBYET 8038pAUJAIOWUNI MOMEHM
Cu/bl, IPUOCTAHABIMBAIOIINN OTKIOHEHUE TE€la OT COCTOSIHHSA PAaBHOBECHS U 3aTEM
coobmaronuii  emy oOpatHoe nBwkeHue (puc. 74). BosBpamarommii MOMEHT
BO3HUKACT MpH JAeopMaliu Kpy4deHUs MPY>KUHBI WU YNPYrol HUTH, K KOTOPOU
MPUKPEIUIEHO KoseOmomeeca Teno. [lpu ManbIx yrinax OTKIOHEHHS 3TOT MOMEHT M
IpsMO TMpomopIoHaneH yray otkioHeHus ¢: M =—Dg, rtne D — monyns
Kpy4YeHUsl.

Ecnu kpyTunpHble KosieO0aHUs TapMOHHYECKHE, T.€. O = (o'COS Mot, TO yII0BOE

YCKOpEHHE () mpH MOBOPOTE TAKKE U3MEHAETCS M0 TAPMOHUYECKOMY 3aKOHY:

¢= —(o%(po cosmpt = —(ogcp :

3HaueHHE BO3BPAILAIOIIETO MOMEHTA HAalJIEM TaKKe MpPU MOMOIIH YpaBHEHUS
BpallaTeJbHONM JIMHAMHUKU KakK MPOU3BEICHHE YIJIIOBOIO YCKOPEHHS Ha MOMEHT

UHEepIMu Kojebmomerocs tena: M =1 ¢ =— I(o%(po cos gt = — I(og(p. [IpupaBHuBas

JBa TIOJYYCHHBIX BBIp@KEHHUs Bo3Bpamaromero MomeHta M =—Doe wu
_ 2

M = —lwge, nonyunm Gopmyiy cBsI3U MOl KPYYECHHSI ¢ MOMEHTOM HHEPIIUH U

COOCTBEHHOM YacTOTOM KoJeOaHuii KpyTHABHOTo MasTHHKA: D = lwe?. Torma yactora
U miepuoJ Kojebanuii, Oynydn GyHKIUSAMH MOJYJIA KPYyYeHUS 1 MOMEHTAa MHEPIIUH,
OTIPENENSAIOTCA TT0 (OpMyIIaMm:

0wg=vD/l n T=2n/0y=2nyJ1/D.

KpyTuibHbId MasTHUK TNPUMEHSETCS B JA0OPATOPHOM MpaKTUKyMe IS
AKCIIEPUMEHTAJIBHOTO  ONpENeNIieHuss COOCTBEHHOIO MOMEHTAa HMHEPLUHH  Tell
MIPOU3BOJIBHON (POPMBI M CKOPOCTH TOJIETA MYJIH.

3aTyxamwomue KoJiedaHus.

Ecnu Ha koneOmromieecs Teno JEHCTBYET Cujla TPEHUS, TO SHEPTUSl CUCTEMBI,
aMIUIMTYJa CMEIIEHHS W aMIUINTyJa CKOPOCTHM HE OCTAalTCA MOCTOSHHBIMH, a
yOBIBAIOT, SHEPTUSI PACXOAYETCS] Ha MPEOJOJICHHUE CUJI TPEHHUS U TNPEBpaIlaeTcs B
terio. Ilpoucxoaut 3aryxanue konebanuil. Takue KoneOaHUS HE SBISIOTCA
rapMOHUYECKUMH, U Au(depeHIranbHOe YpaBHEHHE JBWXKEHHS, KaK 3TO ObLIO
IIOKa3aHO B HAayaJe pa3zeia, UMEET BUL:

X+2BX+w3x =0,
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rae B = r/2m — ko3 punueHT 3aTyXaHus, oy = 4/K/M — coOCTBeHHasl 4YacTOTa

(yrnoBast) koneOaHMIl cHUCTeMbl MpU OTCYTCTBMM 3aTyXaHuss MU M — Macca
koneOmroelica cucrembl. [Ipu ycnoBum, uto 3aryxanue mano, << @o, 3TOMY
YPaBHEHUIO B KQU€CTBE PEUICHUS yIOBIETBOPSIET PyHKIus (puc. 75):

x=AyePcos(wt +ay)

rae € = 2,71 — ocHOBaHHUE HATypaJIbHBIX JiorapudmoB; Ap U O — IMOCTOSTHHBIC

. / 2 2
BCIIMYHMHBI, 3aBUCAIINC OT HAYaJIbHBIX YCJIOBHH, (O = O)O —B — yrijioBasg 49aCToTa

3aTyXarluX KoJeOaHui, KOTopas BCerja MEHbIIe COOCTBEHHONW YacTOTHI (M.

[lepnonoM 3aTyxaromux KoJeOaHWI MPUHATO HA3bIBaTh BpeMs 1, 3a KOTOpOe
cUCTEMa JBaXIbl IPOXOJHUT 4YEpPe3 CpEeAHEE IMOJOKEHHE B OJHOM M TOM K€
HaIlpaBJICHUH, WIH BPEMS, 3a KOTOPOE OTKIIOHEHUE B OJIHY U TY K€ CTOPOHY JABAXIbI
JOCTUTaeT MaKCUMaJIbHOTO 3HaUeHMsI. CUJIbl TPEHUS 3aMEJISIOT JBUKEHUE CUCTEMBI.
[ToaTomy mepuof 3aTyxaronux KojeOaHuN BCEra HECKOJIBKO OOJbIIE, YEM MEPHOL
Te€X COOCTBEHHBIX KOJIEOAHHW, KOTOpbIE COBEpIIaja Obl cUCTEMA, €CIU Obl TPEHHE
orcyrctBoBasio. [lpm mamom TtpeHunm [ << ¢ MOXHO CUUTaTh, UYTO MEPUOJ
3aTyxaonmx koneOanwii 7 = 27/ TpaKTHYECKH paBeH IMEpHOay KojcOaHWW B
oTcyTcTBUM TpeHus To = 21/wo, ¥ YTIIOBasi 4acTOTa 3aTyXaOMUX Kojaebanuit o = 27/T
COBIIQJIACT C YTJIIOBOM YaCTOTON B OTCYTCTBHH TpeHHs g = 271/ Tp.

Ponp ammuuTyapl KoneOaHUN B YCJIOBHO MEPUOJUYECKOM JBHKEHUU WUIPAET
BEJIMYMHA, KOTOpasi yObIBAaET C TEUEHHEM BPEMEHHM 10 HKCIIOHEHIIUATILHOMY 3aKOHY:

A = Abe_Bt: A)e_tlrc.

Koaddunmentom 3aryxanus B onpenensiercst ObICTpoTa (CKOPOCTh), C KOTOPOH
yObIBaeT amMIunTyaa. Bennuuna 1., 00paTHas 3, Ha3pIBaCTCS BpEMEHEM 3aTyXaHHSI UK
BpeMeHeM pejakcanuu, 1. = 1/f. Bpemsa penakcanuu — 3To TO BpeMsi, B TCUCHUE
KOTOpPOTro aMIUIATY/1a yMeHbIIaeTca B € = 2,71 pa3. B camom nene, npu t = 1. umeeM

A(0)/A(tc) = Aol(Ace ™) =e.
OTHOILIIEHUE AMIUIUTYZ, COOTBETCTBYIOUIMX PA3JIMYHBIM MOMEHTAM BPEMEHH,
OTJIMYAIOIIMMCS Ha TIEPUO/I, HA3bIBAETCA IEKPEMEHTOM 32Ty XAHUA!
D=AR®)/At+T)=AgePt/AgePt+T)=ghT
HarypanbHbrit jorapugm 3TOro OTHOIICHHUS HA3bIBACTCS JOTrapuPMUUecKuM
AEKPEMEHTOM 3aTYXaAHUS!
9=InD=InePT=pT=T/r.

[TokazaTenb 3aTyxaHus [3 XapakTepusyeT 3aTyxaHue KojeOaHWil 3a eIUHUILY
BpEMEHH, a JorapupMHUYECKUM JEKpEeMEHT — 3a mepuoj. BenmuuuHa, oOpaTHas
Jorapu(MUUECKOMY JIEKPEMEHTY 3aTyXaHus, paBHa 4ucly KoyieOaHui N,
COBEpIIAOMIUXCA 3a Bpems penakcanuu: 3 = 1./ T = N, mpudueM 3a 5T0 BpeMs T¢
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aMIUTUTYyJla YMEHbBIaeTcs B € pa3. s XapakTepucTuKu KoJie0aTeIhbHOW CHCTEMBI
94aCcTO yHOTPEOISIETCS TAKXKE BETMUIUHA

Q=n/3=mNe,

Ha3bIBacMas AOOPOTHOCTBHIO KOJIEOATENHbHOW CUCTEMBI. J|0OpOTHOCTH TPOMOPITHO-
HaJbHA YHMCIY Kodedanuii N, COBEpIIIaeMbIX CHCTEMOM 32 BPEMsI peJlaKCaIlHH.

[Tapamerpsr 3atyxanus 3, T, 3 um Q cBsi3aHBl MEXOy CO0OW B3aMMHO-
OJTHO3HAYHBIMHU COOTHOIICHUSMHU, a IMCHHO:

$=n/Q=BT=T/1%, B=1/t=8/T==n/QT,
1..=1/B=T19=Q0T/n n Q=n/S=n/pT=nt./T.

Yem MemneHHee 3aryxaioT kosebanus 1 << T,, T€M BbIIIE JAOOPOTHOCTH
KOHTypa. JIoOOpOTHOCTh — 3TO XapaKTEpPHUCTUKA KayecTBa KOJEOIIOUICICS CHCTEMBI.
JUist cripaBkM, JOOPOTHOCTh AJIEKTPHUUECKOTO KOJIEOATEIBHOIO KOHTYpa OOBIYHO HE
npesbimaet 3Hauenus 103, kameprona cocrapnsger npumepno 107, kpucrania xkBapua
MOKET H0CTHraTh 3HaueHusa 108 u HauBbICIIEH TOGPOTHOCTEIO 0OIANAET PE3OHATOP
nazepa (102 u BeIIE).

AO\ szoe_f’tcos(coHaO) Ay x:AOe_BtCOS(OJI—HXO)
= _Bt _Ql) O(():O
A= Aye p=-
A I / % =0 B=0g

0T /\ /\ /\ AWAW e t B=30,

T 121y |31

TC 0 - —

Puc. 75 Puc. 76

Anepuoanyeckoe ABHKECHUE.

Ecnu 3aTyxaHue Benuko, 3 = mo, pusnyeckas cucrema, OyAy4yu BbIBEJEHA U3
paBHOBECHS, BO3BpaIlaeTcsa K HEMY, He coBepIiias kojaebanui (puc. 76).

BoinyxaeHHble koae0anus. Pezonanc.

BbIHYKICHHBIMU KOJI€OAHUSAMU HA3bIBAIOTCS TaKWe KOJEOaHUs, KOTOpbIE
BO3HHUKAIOT B KOJeOATEIHLHON CHCTEME IOJa JSHCTBHEM BHEIIHCH IEPHUOIUYCCKH
U3MEHAoIENHCss cuiibl (Mbl OyleM HasblBaTh €€ BbIHYKJarouieil cumoii). IlycTts
BBIHYKJAIOIIAs] CUJIA U3MEHSETCSA CO BPEMEHEM 110 TAPMOHUYECKOMY 3aKOHY

F = Focos(mt),
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rae Fo — ammuTyna BeIHyxAatomed cuibl. C ydeToM BBIHYXAAIOLIEH CHJIbL,
KBa3UyIpyrol Cwibl W CHIbl CONPOTUBIEHUS CPEAbl YPABHEHUE JABUKECHUS
(HeogHOpogHOE JHMHEWHOEe muddepeHInalIbHOe YpaBHEHHE BTOPOTO MOPSIKA)
3aMUIIETCS CAEAYIOUIUM 00pa3oM:

X‘+2B)’(+(DSX= focosot|,

rne fo = Fo/m. OcTanbHble 0003HAYCHUS JaHbI B IPEIIICCTBYIOMINX pa3iesax.

OO01iee peleHUe 3TOTO HEOJHOPOJHOIO YPAaBHEHMSI PaBHO CyMMeE OOIIEro
pEIIeHUs] COOTBETCTBYIOIIETO OJIHOPOJHOTO YpPAaBHEHUS W YacCTHOTO pEeIIEHUs
HEOJIHOPOJTHOTO YPABHEHUS:

x = Ay'e P'cos(o't + o) + Acos(wt — o),

f
rae A= 02 — U o, = arctg%.
\/((00—0;)) +4p°® W5 — ®

OHO onUCHIBAET MOBEICHUE CUCTEMBI ITPU BHIHYKJICHHBIX KoJieOanusx (puc 77).
[lepBoe cnaraemoe UrpaeT 3aMETHYIO pOJib TOJBKO B HAYaJbHOM CTaguM Ipoliecca,
[P TaK HA3bIBAEMOM IIEPEXOJHOM IIPOLIECCE YCTaHOBIEHUS Konebanuil. Co BpeMeHeM
13-32 SKCIIOHEHIUAILHOTO 3aTyXaHus € P! ero poib yMeHbIIAETCs, U O MCTEYCHUN
JI0OCTaTOYHO OOJIBIIIOTO MPOMEXKYTKa BpeMeHH (I > 57) UM MOXKHO NpeHeOpeyb,
COXpaHsisl B PEIICHUM JIMIIb BTOpPOE ciiaraeMoe. [loaToMy ycTaHOBJIeHHE 3HAYEHUMN
BEJIMUUH Ao, ®' U O' HE BXOJUT B paMKH JaHHOTO paccMoTpeHus. Takum oOpazom,
YCTAaHOBUBIIUECS BBIHYKJIEHHBIE KOJIEOAHUsI OMUCHIBAIOTCS (DYHKIIHEH:

X = fo cos(ot — arctg%) _
\/(coé — o) +4p*0’ Wy —®

BoiHyX/1IeHHbIE KOJ€OaHHs — TFapMOHUYECKHE C YacTOTOM, pPaBHOM YacToTe
BBIHY)KJIAIOIIEH CUJIbl. AMIUIMTYJa MPONOPLUMOHANIbHA aMIUTUTY/I€ BBIHYKJAOIIEH
CUJIBI U JIJISI JAHHOM KoJeOaTeIbHOM cUCTeMBI (o U B 3a7aHbl) 3aBUCUT OT YaCTOTHI.
BoiHyX/IeHHbIE KOJIEOAaHUsI OTCTAlOT MO (Daze OT BBIHYKAAIOMICH CUJIbI, MpUYEM
BEJIMYMHA OTCTABAHMS Olp TAKXKE 3aBUCUT OT YACTOTHI BHIHYKIAIOILIEH CHUJTBI.

3aBUCHMOCTb AMILTUTY/IbI BEIHYKICHHBIX  X|  x = ¢ “Yeosmf +cos(w ! — )
KOJICOaHWI OT YacTOThl BBIHYXKJAIOIIEH CHIIBI ||
MPUBOAUT K TOMY, UTO MPU HEKOTOPOW YaCTOTE ﬂ ” ﬂ ﬂ
aMIUIUTyAa KOJieOaHU JOCTUTAET

MakcuMajabHOTO 3HaueHus. KonebarenpHas /\V/\

cUcTeMa OKa3bIBACTCH 0COOEHHO
YYBCTBUTEJIbHOM Ha JIEMCTBUE BBIHYXIAKOLIECHU
CHJIBI B OKPECTHOCTHM JTOM YacCTOTHIL. ITO u U
SABJICHHUC Ha3bIBACTCHA PE€30HAHCOM, a ;HepeXOI[HLIf/'I Hpouecc+|
COOTBETCTBYIOIIAs YacTOTa — PE30HAHCHOM

g Puc. 77
4aCTOTOM.
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YroObl OMpeneianTh PE3OHAHCHYID YaCTOTY (pes, HPHUPABHAEM HYJIIIO
IIPOU3BOJIHYIO IO ( OT 3HAMEHATENS B BBIPAKEHNUHU JUJIS1 AMIUIATYbI, U MBI ITIOJTYyYHM:

2(0f —0%)-(—20) +4-2p*0 =0,
WIIH (wg —®%)-0-2p%w=0.

W CKIIOUMB HEMPUTOJIHBIE B KAYECTBE PELICHUS BapuUaHTHI ¢ ® < 0, mosy4yum
3HAYCHHE PE30HAHCHOW YaCTOTHI:

I 2
© = M, =0 — 2B .

[TocTaBuB 3TOT pe3yibTar B popmyny A= f, / \/ (oog —0?)? +4p%0?, MOJTYYUM

PE30HAHCHOC 3HAYCHUC aMILIINTYIbI:

A=~ 2
s 2 n2y
2P+ (w —B%)
OTtcroga ciemyer, Yro MHPH OTCYTCTBHH compoTuBieHus cpeasl (B = 0)

aMIUTUTY/Ia IPY pe30HaHce oOpalanach Obl B 06CKOHEUYHOCTh, M PE30HAHCHAS YacTOTa
MIPU TE€X K€ YCIOBUSIX COBMaJia Obl ¢ COOCTBEHHON YaCTOTON KOJIECOAHHUM CUCTEMBI (.
OpnHako peajgbHO TaKO€ YCJIOBHE HE OCYIIECTBUMO — TPEHHE CYIIECTBYET BCEr/ia B
paMKax MPUMEHUMOCTH 3aKOHOB KJIacCHYeCKOW (pu3uku. 3aBUCMMOCTb aMILTUTY/IbI
BBIHYKJICHHBIX KOJICOAHHUM OT YaCTOThI BBIHYXAAIOUIEH CUJIBI (4aCTOTHI KOJeOaHMi),
Mpe/cCTaBieHHass TrpadUyecKd, Ha3bIBACTCS PE30HAHCHOM KpuBoil (puc. 78).
OtnenbHble KpUBbIe Ha Tpaduke COOTBETCTBYIOT Ppa3IMUHBIM  3HAYCHUSIM
ko3 dunreHTa 3atyxanus 3. Uem MeHbIIe [3, TEM BBIIIE U MPaBEe JCKUT MAKCUMYM
nanHo kpuBoil. Ilpu odennr OombiioM 3aTyxaHuu (2 > ®¢) BBIpaKEHHE IS
PE30HAHCHOM YaCTOThI CTAHOBUTCS MHUMBIM. JTO 03HAYAET, YTO MPHU ITUX YCIOBUIX
pe30oHaHC HEe HAOII0MAeTCs, M ¢ YBEIMYCHHEM YacTOTHI aMIIMTY/a BBIHYKICHHBIX
KoJIeOaHU MOHOTOHHO yOBIBAaeT (CM. HUKHIOIO KPUBYIO Ha puc. 78).

A a=f(o/a,)
9 i
8
7 3n/4
6
5 /2
4
3
2 /4
1
0 0 1 2 a)/a)o

79



JlononHUTebHBIC 3aMedaHus. [Ipu CTPEeMJICHMU ® K HYJII BCE KPHBBIC
OPUXOMIAT K OJJHOMY U TOMY €, OTJIUYHOMY OT HYJIsI, MPEICIbHOMY 3HAUCHHIO,
paBHOMYy X0 = fo/wo?> = Fo/k. D10 3HaueHwe npencraBnsgeT cobOOM CMENICHUE M3
TMOJIOKCHUSI PABHOBECHS, KOTOPOE IMOJIydaeT CHUCTEMa IO JCHCTBHEM MOCTOSHHOM
cwibl Fo. Tlpu crpemiieHHd ® K OCCKOHEYHOCTH BCE KPUBBIC ACHMITOTUYECKH
CTpPEeMSITCS K HYJIIO, TaK Kak MPH OOJBIION 4acTOTE CUJIa TaK OBICTPO M3MEHSET CBOEC
HalpaBJieHHEe, YTO BCJICACTBUC WHEPIIMOHHOCTH CHCTEMa HE YCIEBAaeT 3aMETHO
CMECTUTHCS M3 MOJIOKEHHS paBHOBecHs. HakoHell, OTMETHM, YTO YeM MEHbIIIE 3, TeM
CHJIbHEC H3MCHSCTCS C YacTOTOM aMIUIMTyAa BOJHM3M pPE30HAHCA M «OCTpEe»
CTaHOBUTCSI MAKCHMYM.

13 popmyist A, = f, / [2[3«/ (0 - Bz)} CJIETy€eT, YTO MPHU MaJIoM 3aTyXaHuH (f <<

(o) AMILTUTY/Ia TIPU PE30HAHCE MPUOIMKEHHO paBHA Apes =~ fo/(2Pwo). Pazmenm 310
BEIPA)KEHHE HA CMEIIEHUE M3 IOJIOKEHUs paBHOBecus Xo = fo/wo? mox neiicTBueM
MOCTOSIHHOU cuJibl Fg. B pesynbraTe nomydnm:

Ao, fo fo_o_2n_ 1 <

~ . = _—_T[—:T[—C:T[N = .
X, 2o, of 28 28T pT T =Q

Takum oOpazomM, A0OpOTHOCTH QQ MpU MaloM 3aTyXaHUM I[TOKa3bIBAE€T, BO
CKOJIBKO pa3 aMIUIUTY/1a B MOMEHT pe30HaHCa (Apes) IPEBBINIAET CMEIICHUE CHCTEMbI
13 nonoxeHus: pasHoBecus (xo = fo/we? = Fo/k) mox meiicTBrMEeM MOCTOSHHOM CHIIBL,
paBHOM aMILIMTY i BhIHY X aarorei cuibl (Fo).

BoinyxieHHbIe Koie0aHus OTCTAIOT 10 (a3e OT BHIHYKIAIOIIEH CHUIIbI, TPUYEM
BEJIMYMHA OTCTaBaHUs JIEXKUT B npenenax 0 < o < m. 3aBUCUMOCTB O OT ( IIPH Pa3HBIX
3HaUYCHUAX [3 moka3zaHa rpaduyecku Ha puc. 79. Pe3oHaHCHas 4YacToTa MEHbIIE
cobcTBeHHOU. YacTtoTe ® = o cooTBeTCTBYeT O = 71/2. CinegoBaTeabHO, B MOMEHT
pe3oHaHca o < m/2. Tak Kak npu caaboM 3aTyXaHUU Opes = Mg, TO 3HAUECHUE O MIPU
pPE30HaHCE MOXKHO CUUTATh PABHBIM TU/2.

C sBIEHHEM pe30HAHCA TIPUXOAUTCS CUUTATHCS MPU KOHCTPYUPOBAHUH MAIIIHH
U pa3au4HoOro pojaa coopyxeHuir. Cobcmeenunas uacmoma KOJICOAHMH OTUX
YCTPOMCTB HU B KOEM CIIydae He O00JHCHA Oblmb OIU3KA K YACMOme 8O3MONCHBIX
sHewHUx 6030eticmauti. Tak, HampuMep, COOCTBEHHAs 4YacTOTa BUOpaIMii Kopiryca
KOpalJis Wi KPBUIBEB CaMoJIeTa JI0KHA CUITBHO OTIMYAThCS OT YaCTOTHI KOJIeOaHUi,
KOTOpPBbIE MOTYT OBITh BO30Y>KJI€HBI BpaIlleHHEeM IpeOHOTO BUHTA WU Tporneiepa. B
MPOTUBHOM CITydyae BO3HHMKAIOT BHOpaIlMy, KOTOpPHIE MOTYT BBI3BaTh Kartactpody.
N3BecTHBI Ciydaw, KOraa OOPYIIMBAIUCh MOCTHI TPH TPOXOXKICHUU 110 HUM
MapIIMPYIONUX KOJOHH COJIIaT. OTO MPOUCXOIMUIIO IOTOMY, YTO COOCTBCHHAs
4acToTa KoJieOaHuil MOCTa OKa3bliBaJlach OJIM3KOM K 4acTOTE I1ara KoJIOHHbI. BMecTe ¢
TEeM, SIBJICHHEC pE30HAHCAa 4YacTO OKa3bIBAC€TCS BEChMa IIOJIC3HBIM, OCOOCHHO B
aKyCTUKE, PaMOTEXHUKE, MEIUIIUHE U T.]I.
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BOJIHOBBIE ITPOLHECCBHI. OCHOBBI AKYCTHUKMU.
OO0pa3oBaHue U pacipocTpaHeHHe BOJIH B YIIPYIoii cpeje.

Ecnu konebmtomeecs Teno (kaMepToH, CTpPyHA, MEMOpaHa U T. [1.) HAXOJAUTCS B
yIPYyTo# cpenie, TO OHO MPUBOIUT B KOJIEOATEILHOE ABMKCHHUE COMTPUKACAIONIHECS C
HUM YacCTHUIIBI Cpelibl. BeleACTBIE 3TOTO B MPUIIETAIONIUX K TEIY AJIEMEHTaX CPEIbl
BO3HUKAIOT MEPUOINICCKUE AePopMaIiul (Hampumep, cxaTus U pacTsokeHus). [Ipu
TUX AePopMaIUsaX B Cpele MOSBISIOTCS YNPYTHUe CHIIBI, CTPEMSINUECs BEPHYTh
AJIEMEHTHI Cpelbl K TMEpBOHAYAIBHBIM COCTOSIHHSIM —paBHOBecHs. braromaps
B3aUMOJCHCTBUIO COCEIHHMX DJJIEMEHTOB Cpeabl ympyrue aedopManuu OyayT
nepeaaBaThCsd OT OJHMX YYAaCTKOB CpeIbl K JpyrumM, Oojiee ymaJeHHBIM OT
KOJICOJTIONIETOCS Tella ¢ HEKOTOPOW CKOPOCTHIO, 3aBHCSIICH OT €€ (U3MUECKUX
CBOMCTB. BMecTe ¢ TeM, TTOJIOKEHUST PAaBHOBECHS YaCTHI] CPE/IbI HE IEPEMEIAIOTCS, U
OT OJHUX YY9aCTKOB CPEJIbI K APYTHM MEPETAETCS TOJIBKO COCTOSTHUE eopMariuu.

[Tporecc pacmpocTpaHeHHs] BO3MYIIEHUS W, B YAaCTHOCTH, KOJIEOATEIHHOTO
IBWOKCHHUSI B CpPENIe HA3BIBACTCS BOIHOBbIM HNpOYeccoM WIHA TIPOCTO 60.HOU. B
3aBUCUMOCTH OT XapakTepa BO3HHKAIONIUX TIPH 3TOM YIOPYrux aedopmaruii
pa3IUYaloT BOJIHBI MPOOOIbHble U nonepeyHvle. B TIPOJOJIBHBIX BOJHAX YACTHUIIBI
Cpelibl KOJeOII0TCs BJOJIb TMHUH, COBMAJAIONIEH ¢ HAMIpaBJICHUEM PacpOCTPaHEHUS
KoJieObaHuil. B monepeyHbIX BOJHAX YaCTUIIBI CPEIbI KOJIEOIIOTCS MEePIEHINKYISIPHO
HaIpaBJIECHUIO pacpocTpaHeHus BoiaHbl. Ha puc. 80 moka3zaHo pacroyioxkeHue 4acTull
cpezibl B MPOIOIBHBIX (@) U monepedHbIx (0) BosiHAX (M300payKEHBI B BHJIC YEPTOUCK).

* A

a) Npodonswas bonna

A’aﬂezﬁ'mweem
meng

8) fonepevwan boana

Puc. 80

XKunkue u razoo0pasHbie cpeibl HEe 00J1aat0T CBOMCTBOM YIIPYroro CiBUra, U
MO3TOMY B HUX BO30Y>KJAIOTCS TOJIBKO MPOAOJIBHBIE BOJIHBI, pACIPOCTPAHAIOLIUECS B
BUJIE YEPEAYIOIIMNXCSA SIBICHUN CXKATHUS W pa3pekeHus cpelbl (pacnpoCTpaHSIIOTCA
KoJieOaHUsl TUIOTHOCTH cpefbl). BonHbl, BO30yXkaaemble Ha IMOBEPXHOCTU BOJIBI,
ABJISIIOTCS  MONEPEYHBIMU: OHU O00sI3aHbl CBOMM  CYIIIECTBOBAaHUEM 3EMHOMY
TATOTEHUI0. B TBEepABIX Tellax MOTYT ObITh BBI3BAHBI U MPOJIOJIbHBIC, U MONEPEUHBIC
BOJIHBI.

[TycTh TOYEUHBIN UCTOYHHMK BOJHBI Hadall BO30yXIaTh KojieOaHUs B cpele B
momeHT Bpemenu t = (. Ilo ucreuenuun Bpemenu t 3To kojaebaHue pacrpoCTPaAHUTCS
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[0 Pa3JIMYHBIM HaIpaBJIEHUSIM Ha paccTosiHusA i = 0;t, e Ui — CKOPOCTh BOJIHBI B
JaHHOM HaripaBieHud. [IoBepXHOCTb, 10 KOTOPOM TOXOAAT KONeOaHUsI B HEKOTOPBIT
MOMEHT BpPEMEHH, Ha3bIBAE€TCS (PPOHTOM BOJHBI. Dopma (pOHTa BOJHBI OIpEne-
JsieTcsl KoHPUrypanuein HICTOYHUKA KOJICOaHH U CBOMICTBAMH CPEJIbI.

Cpena Ha3bIBaeTCA U30MPONHOL, €Clii ee PU3NIECKUE CBOICTBA, B YaCTHOCTH,
CKOpPOCTb PACHPOCTPAHEHUS NTAHHOW BOJIHBI, OJWHAKOBBI II0 BCEM HAIPaBJICHUSM.
Cpena Ha3bIBaCTCS 0OHOPOOHOU, €CIU (PU3HMYECKUE CBOMCTBA OJIMHAKOBHI B JIFOOOM
mecTe 3ToM cpenbl. Cpena MoKeT ObITh OAHOPOJHON, HEOJHOPOIHOM, M30TPOIIHOMN U
AHU30TPOITHOH (HE M30TPOITHOH). DPOHT BOJIHBI OT TOUYSCYHOT'O HCTOYHHUKA KOJICOAHMIA
B OJHOPOJHOW M M30TPOIHOM cpene MMeET BUA Cepbl; TaKHE BOJHBI Ha3bIBAIOTCS
chepuyeCKUMU.

B HEOmHOPOIHOM WM aHU3OTPOIIHOM Cpele, a Takke OT HETOYEYHBIX
HUCTOYHUKOB KOJIEOAHUH ()POHT BOJHBI UMEET CIOXKHYIO popMy. Eciiu ppoHT BOIHBI
IpeJcTaBIsieT OO0 TIOCKOCTH U 3Ta (popMa COXpaHIETCs M0 MEpe PacCIpOCTPaHEHUS
KOoJIeOaHMil B cpezie, TO BOJHY Ha3bIBAlOT IVIOCKOM. Maiible ydacTku ()pOHTA BOJIHBI
CJIOKHOM (pOPMBI MOKHO CUMTATh IUIOCKHMHU, a BOJIHY Ha JaHHOM Y4acTKe — IJIOCKOU
BOJIHOW (€CIM TOJIbKO paccMaTpUBaTh HEOOJIBIIME PACCTOSIHHS, MPOXOJUMBIE 3TON
BOJIHOM).

. ~ oo,
-'II e "'LI| - I
Lo(ed ] <-H—>
‘1'.‘ —~— ;i -’.‘J .
S it
a b
Puc. 81

[Ipu onricaHNM BOJHOBBIX MPOLECCOB BBIAEISIIOT TOBEPXHOCTH, B KOTOPBIX BCE
YacCTHUIIBl KOJICOJIOTCS B OJJMHAKOBOM (pase; 3TU «IOBEPXHOCTU OJMHAKOBOU (pa3bi»
Ha3bIBAIOTCS BOJHOBBIMH WM (a30BbIMM MNOBepXHOCTAMHM. OHU MOTYyT OBITh
chepuyecKUMHU, IUIOCKUMHU M APYrod (opMbl B 3aBHCHUMOCTH OT KOH(UTYpaluu
MCTOYHMKA KoyieOaHul U CBOMCTB cpeibl. Ha puc. 81 ycioBHO moka3aHbl BOJIHOBBIE
MOBEPXHOCTH: 8 — c(hepryecKoil BOJHBI OT TOYCYHOTO MCTOYHHMKA, D — BOJHBI OT
KOJIeOIIoIIeCs TIIAaCTUHKY U C — 3JUIMIITUYECKONW BOJIHBI OT TOUEYHOI'O UCTOUYHUKA B
AHU30TPOITHOM Cpelle, B KOTOPOMl CKOPOCTh PAacCHpPOCTPAHEHMSI BOJHBI U IUIABHO
MEHSETCS TI0 MEPE U3MEHEHHUS YIJIa O, JOCTUTasi MAKCUMyMa BJIOJIb HAIPABJICHUS A—
A 1 MuHAMyMa — BIOJb B—B.

®opmyJia rapMOHNYECKOH BOJHBI.

[Ipy omucaHuu BOJHOBOrO Tpoiiecca TpeOyeTcss HATH aMIUMTYIbl U (a3l
KOJIe0ATEILHOTO JABMKEHUS B PA3IMYHBIX TOUKAX CPEAbl 1 U3MEHEHHUE dTUX BEJIMUUH
C TEYCHUEM BpEeMeHHU. DTa 3aja4a MOXKET ObITh pellleHa, €Cli U3BECTHO, M0 KaKOMY
3aKOHY KOJIEOJIeTCS U KaK B3aUMOJICUCTBYET CO CPENIOi Tell0, BhI3BABIIIEE BOJTHOBOM
npoiiecc. OTHaKO BO MHOTHX CIIy4asiX HE CYIIECTBEHHO, KAKUM TEJIOM BO30YXKIeHA
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naHHas BoyiHA. Pemaetcst 6osee mpocTasi 3aja4a: 1aHO COCTOSTHUE KOJe0aTeNIbHOTO
JBYDKEHUS B OJTHUX TOYKAX CPENbl B OMpPEACIICHHBI MOMEHT BPEMEHH, HAIpHUMep,
M3BECTHO PACIIONOXKeHNEe (DPOHTA BOJIHBI WJIM BOJIHOBOW MOBEPXHOCTH, M TpeOyeTCs
ONPENEIUTh COCTOSHUE KOJIe0AaTEeIbHOTO IBUKEHHUS B IPYTUX TOUKAX CPEIbl. 3JIECh Ke
MBI HalJIeM CBSI3b MEXKIY COCTOSHUSMHU KOJeOaTeIhbHOTO IBMKCHUS B Pa3IMIHBIX
TOYKaX CpeJbl B MPOCTEHIIEM ClTydae paclpoOCTPaHEHUS TUIOCKON Miu ceprudecKoit
TapMOHHYECKOH (CHHYCOUAIBHOM ) BOJTHBI.

JlommycTrM, 9TO TPOIECC PaCHpOCTPAaHEHHS TUIOCKOW BOJIHBI MPOWCXOIUT B
MIOJIOKUTEIBHOM HarpaBiieHnu ocu 0X, T.e. B CTOPOHY BO3pacTaHHs KOOPIAMHATHI X
(puc. 82). O603HaYNM Yepe3 € KOICOTIONIYIOCS BEIUYUHY. DTOW BEIMYUHOW MOTYT
OBITh: CMEIICHWE YAaCTUI[ CPEAbl OTHOCHUTEIBHO WX IIOJIOKEHUS PAaBHOBECHS,;
OTKJIOHCHHE JaBJICHUSI WM TUIOTHOCTH B JAaHHOM MECTE CpeIbl OT PaBHOBECHOTO
3HaYeHUS ¥ T.7. )1 MPOCTOTHI MPEIMOIOKUAM, YTO B KaXI0H TOUKE CPe/bl BETUINHA
€ U3MEHSIETCS] CO BPEMEHEM I10 TAPMOHUYECKOMY 3aKOHY:

e =¢gqgcos(ot+ag),

rae €& — aMIuIMTyaa kojiebanuit; o = 2n/T —

yrioBas dactota; I — nepuox; (ot + op) — daza &) A

xosneOanuii B Touke x = 0. TpeOyercs naiitu dasy &) |-

KoJieObaHuil B M000M Apyroi Touke A, oTCTosAIIEeH

ot x = 0 Ha pacCTOSHUU X. A
Tak xak Touka A pacmojiokeHa B 0

HaIpaBJICHUU PACIPOCTPAHEHUS BOJIHBI OT TOUKHU

0, To B MOMEHT BpeMeHU t B Touke 4 OyJeT Takoe

’KE COCTOSIHHE KOJICOATEIIPHOTO JIBIKCHHMS, KAaKOE

obu10 B Touke 0 Ha X/v cekyH[ paHbIIE; 31eCh U —

CKOPOCTb pacrpocTpaHeHus ¢a3bl KoJjeOaHui Puc. 82

(dazoBas ckopoctsb) B HanpasieHuu 0X. Takum oOpazom, dasza konedbanuii B Touke 4
B MOMeHT t paBHa da3e konebanwmii B Touke 0 B Oosee paHHuMiA MOMeHT t — X/v, T. e.

HU

X

paBHa [o(t — X/v) + o). CaenoBaTenbHO, 3HAYCHHE KOJICOTIONICHCS BETMYMHBI B TOUKE
A B MOMEHT BpemMeHH t paBHO:

e =¢gqcos| ot —x/v)+0g |.

JlomycTuM Temneph, YTO BOJHA PACTIPOCTPAHSETCS] B 0OpaTHOM HaIpaBJICHUU B
CTOPOHY YOBIBaHMSI KOOPAMHATHI X W3 OeckoHeuHocTH B Touky X = 0. Torma ompe-
JICJICHHOE COCTOSIHME KOoJieOaHusl, T.€. onpeeaeHHas ¢aza BOJTHBI, JOCTUTAET TOUKH A
Ha T = X/v cekyH panblie, ueM Touku 0. CiieoBatenbho, pas3a B TOUke A B JaHHBIH
MOMEHT BpeMeHu Oojbitie (a3sl B Touke 0 Ha ot = (X/v). Ecnu mo-npexxHemy
npuHATH (ha3y B Touke (0 B MOMeHT t paBHOM t + oy, TO B TOUKE 4 B 3TOT )K€ MOMCHT
Bpemenu (aza Oyzaer paBHa ot + ot + oo = [ (I + X/v) + op]. Takum oOpazom,
(dhopMyITy MIOCKOM BOJIHBI MOKHO HamMcaTh B 00IIEM BHJIC KaK:

&= ggcos | o(tFx/v)+oag |,
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r7ie 3HaK MUHYC Oepercsi JJis MPAMOM BOJIHBI (BOJIHBI, PAaclpOCTpPaHSIONIEHCS B
HAIPaBJICHUW BO3pacTaHWs X), a IUIIOC — JUIT OOpaTHOW BOJHBI (BOJHBI,
pacIpOCTPaHSIONICIHCS B HAPABICHUH YOBIBAHUA X).

Paccrostnue A, mpoiiieHHOE BOJIHOM (T.€. ompeaeieHHon (a3oit konebaHuit) 3a
OJIUH TIEpHOJT KoneOaHuid, Ha3bIBaeTCA AJMHONM BOJIHbI. Bemmuuner A, v, o, T u v
CBSI3aHBI MEXKTy COOOM COOTHOIIICHUSIMU:

v:&:Xv, A=0T =02—n=2 51 Ezz—ng.
T ® Vv Aok

B ¢opmyre BosiHbI KO€OIOMIAsCS BEIMUMHA € 3aBUCUT OT JIBYX NIEPEMEHHBIX:

t n x. IIpu yriyOneHHOM HM3y4€HHM BOJIHOBBIX SIBJICHMM OTHOLIEHHE 27t/A = w/0

3aMEHSIOT  BEJIMYMHOW K, ~ KOTOpas  Ha3blBaeTCS  BOJIHOBBIM  YHCIIOM
k =2n/A=mw/v. B TakoM ciydae, ypaBHEHHE BOJHBI IPUHMMAaeT (OpMY,

CUMMCTPUYIHYIO OTHOCUTCIIBbHO IICPEMCHHBIX tux:

e(X,t)=gqgcos(ot Fkx+0p)

Ecnmu 3amenuts BostHOBOE umcino K BexktopoM K, paBHeiM K = K n, roe n —
€IMHUYHBIN BEKTOP HOPMaJIU, BOCCTaBJIECHHBIN K BOJTHOBOUM MOBEpXHOCTH (puc. 83), u
KOOPJIMHATY X — PaJInyC-BEKTOPOM I TOUKH A, TO OIYYHM YPaBHEHUE MJIOCKOI BOIHBI
B CaMOM OOII[EM BUJIE:

e(r,t)=¢ggcos (otFkr+ayg)

3neck u ganee caaraeMoe Kr — 3to ckansipHOe Mpou3BeIcHHEe BEKTOpoB K 1 I

kr=krcosd wm Kr=Kkex+Kkyy+k,z,

rae k =kyi+ky j+k,k, r=xi+yj+zk, 0
— yron mexay Bektopamu K u r, Ky, Ky, k; —

NpOeKIMK BekTopa K B JIekapTOBOW cucTeMe
KOOpJIMHAT, LEHTP KOTOPOM HAaxXOIUTCS B
IIPOU3BOJIBHOW  TOYKE  Ha  IUIOCKOCTH

uannydarens, u |, J,K — oprel mekaprosoii
CHCTEMBI KOOpAuHAT. Torga ypaBHEHHE
kyX+Kyy+k,z =const (umm kr = const) ects

ypaBHEHUE IUIOCKOCTH, COOTBETCTBYIOILEE Puc. 83
HEKOTOPOU BOJIHOBOW IMMOBEPXHOCTH.

CornacHO 3aKOHY COXpaHEHMs PHEpruH, aMIUIMTYAa KoneOaHuil cepuueckon
BOJIHBI YMEHBLIAETCSI OOpPAaTHO MPOMOPIMOHAIBHO PACCTOSHUIO I OT TOYEYHOTO
MCTOYHHKA KoseOaHuii, u hopmysa chepruiueckoil rapMOHUYECKON BOJHBI UMEET BUI:

£= %80 cos [wtFk r+ag]
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BosaHOBOE ypaBHeHMe.

BonHoBoe ypaBHeHue — 310 nuddepeHanbHoe ypaBHEHNE, OMPEIeIioee
MIPOCTPAHCTBEHHO-BPEMEHHYIO CBS3b KOJICOMIONIEICS BEIMYHUHBI. Ero Mbl moiayyum
IUTS1 TUIOCKOM BOJIHBI, PACIIPOCTPAHSIONICICS BJIOIb BBIAEIEHHON OCH X:

e(r,t)=¢ggcos (ot—Kkr+og), rme k=k(k,0,0).

Haitnem BTOpyIO MpOM3BOAHYIO OT € MO {, moyiarasi x MOCTOSAHHOM,

2
0°¢ 2 2
— = —gy0"Cos [(ot—kq)+ag | = —o%,
ot
¥ 3aTeM BTOPYIO IIPOM3BOIHYIO OT € IO X, MoJaras t oCTOSHHOM,
2 2
0 0]
— = —sokzcos[(a)t—kx)+a0] = -—=¢.
ox2 v’

[TonenuB aApyr Ha Apyra COOTBETCTBEHHO JIEBbIE W MIpaBble YacTH ATUX
MIPOU3BOJIHBIX, OJYYMM UCKOMOE BOJIHOBOE YPaBHEHHUE:

0% 1 0%
ox*  v®at?
OGOOIEHHEM TaHHOIO yPaBHEHMS Ha CIydYal IPOM3BOJBHOIO HAIPABJICHUS
PacIpoCTpaHEHH s IIOCKOM BOJHBI K = k(kx, Ky, kz) ABJIAIOTCS HOPMYJIBL:

0% N 0% N 0% 1 0% Ae 1 0%
= HITH =——,
ox> oy? 01>  vPot? o ot?
*  *
re ", + 2 + 2 = A — nuddepennmansubiii oneparop Jlamnaca.
X y Z

Hpunuun I'oiirenca. Cynepno3unusi BOJIH.

[Ipy u3yyeHUM BOJIHOBBIX NPOLECCOB B CaMOM OOIIEM Cily4yae CTaBUTCS

ClIelyroIas 3a1aya:

® JaHO TEJO OIpeAesieHHOW (opMBI M pa3MepoB, COBEpLIAlOLIee KOJIeOaHUS B
HEKOTOPOU Cpee, CBOMCTBA KOTOPOl U3BECTHHI;

® JJaHbl AMIUTATYIbI, ()a3bl U HAIPABJICHHS KOJIEOAHUI BCEX TOUYEK TENA;

e TpeOyeTcsi ompenenuTb (GpopMy M pachoioKeHHe (PPOHTA BOJHBI WM BOJHOBOM
IOBEPXHOCTH B CPEAE B KaXKIblii MHTEPECYIOIUNA HAC MOMEHT BPEMEHHM, & TAKKE
aMIUTUTYIbI KOJIEOAHUH B Pa3IMUHbIX TOYKAX 3TUX MMOBEPXHOCTEM.

JI1st 9TOM TieNnu cHavalia pacCMaTpPUBAETCS B3aMMOICUCTBHE KOJIEOIOMIETOCs Tela
CO cpeioi u ompezensercs (GPOHT BOJHBI B HEMOCPEICTBEHHON OJIM30CTH OT 3TOTO
tena. JlanpHelee pacnpocTpaHEHUE BOJHBI B Cpelie ONpPENeNsieTCs MpU MOMOIIU
npuHIMna (uiv npasuia) ['folirenca u NpuHLIKIA CYyNEePHO3UIUH.

B ocnoBe nmpuHnuna I'roiirenca jgexuT yTBEPKIACHUE: BCE TOYKA BOJHOBOTO
(GpoHTa, 3aJ]aHHOTO B HEKOTOPBI MOMEHT BpeMeHH 1y, MOKHO paccMaTpuBaTh Kak
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CaMOCTOSITeNIbHbIE HCTOYHUKU BOJIHBI, HAYaBIINE U3JIy4aTh B MOMEHT ty (3TH BOJIHBI
HA3bIBAIOTCS AJIEMEHTAPHBIMU WM BTOPUYHBIMHU). J[J151 HaxoxkieHus: (PpoHTa BOJIHBI B
MOCIEAYIOUNA MOMEHT BpeMeHu t = tp + At HeoOXoaumo HaWTH (GPOHTHI BCEX
AIIEMEHTAPHBIX BOJIH M 3aT€M OCTPOUTH UX OTHOAIOILYIO.

DneMeHTapHbI€ BOJIHBI MOTYT OBITh C(hepuYeCKUMHU (€Ciid Cpelia U30TPOIHAS ),
AIUTATICOUAATBHBIMU UM UHBIMH B 3aBUCUMOCTH OT CBOMCTB cpenbl. Takum obpaszom,
Opy MOMOILIM NpUHIUIA ['FOHreHca MOKHO YHCTO T'€OMETPUYECKUM IOCTPOCHUEM
HAWTHU pacrnoiokeHue (PpoHTa BOJIHBI B MOCIEAYIONINE MOMEHTHI BPEMEHHU, €CIIU 3TO
PaCIIONOKEHUE 33a1aHO0 B MOMEHT tp. OmHako mpuHOun ['roireHca He IMO3BOJSET
ONPENEIUTh aMIUIMTYAbI KOJIEOAHUH B Pa3JIMYHBIX TOYKaX, KyJa JOXOJUT BoJHA. J{is
3TOrO JAOIMOJHUTENIBHO UCIIONb3YETCS NPUHYUN CYREPRO3UYUU, COAECPHKAHUE KOTOPOTO
3AKJIF0YAETCS B CIEYIOLEM.

Jomyctum, 9yT0 S — GPOHT BOJIHBI (MU BOJIHOBAsI MOBEPXHOCTH) B MOMEHT 1y U
S'— B MoMmeHT t = to+ At (puc. 84a). DnemeHTapHBIC BOJTHBI, UCXOAIINE U3 TOUEK M1,
M>, ... TOBEpXHOCTH S, UMEIOT B 3TUX TOYKAaX OJWHAKOBbIC (Da3bl (MX aMIUIATYIbI
MOTYT OTJIM4YaTbcs). B MOMEHT t 3TM BOJHBI AOWAYT A0 TOYKU A ¢ (a3zamu u
aMIUTUTYJaMH, 3aBUCSIIMMU OT PAcCTOSHUU 1, I7, ... IIpuHIUN cynepno3uuuu
YTBEPKIAET, UTO aMnaumyoy KoaeOanui 8 mouxke A MOJ*CHO Hatumu, eciu U36eCmHbl
amMnaumyosl 6cex KoleOaHut, 6030YiHcOeHHbIX 6 3moiu mouke. Ilpu >ToM OOBIYHO
IpeJIoaraeTcs, 4YTo KoyueOaHus B Cpeie iuHeliHble U TI03TOMY B TOUKE 4 CyMMapHOE
OTKJIOHEHHE OT COCTOSHUSI DPAaBHOBECHS B BBIODAHHOM HAIPaBICHUU € PaBHO
anreOpanyecko cymMMe OTKJIOHEHUH € + € + ..., BBI3BAaHHBIX Ka)KJ0il BOJHOH B
OTJIEJIbHOCTH.

JlommycTuM, 4TO B HEKOTOPOU CpeIe UMEIOTCSI HECKOJIBbKO TOYEUHBIX HCTOYHUKOB
BOJH (OJIMHAKOBOM 4acTOThI). PaccMoTpuM nBe TOUku cpeabl A U B: A, B KOTOpoii
CMEUIEHUS, BbI3BaHHBIE ITUMU BOJIHAMU, UMEIOT OJIMHAKOBOE HAIIPABJICHHUE U TOATOMY
CKJIQJbIBAIOTCA, U B, B KOTOPOM CMEILEHHUS] UMEIOT TPOTHUBOIIOJIOKHBIE HAIIPaBICHUS
M BbIUMTAIOTCA. Tak Kak »Heprus KojieOaHMH B enuHHIle oO0beMa Ccpeabl
MPOTOPIIMOHANIEHA KBAJAPATy aMIUIUTYABI, TO BOJIM3U TOUYKH A IJIOTHOCTb SHEPTUU
Kosie0aHuM 3HAUUTEIBHO OO0JIbIIE, YEM OKOJIO TOUKH B, T.€. pacipeieieHle SHEPriu B
cpene OyIeT HEpaBHOMEPHBIM. DTO pacHpelielieHHe, €ClI OHO CO BPEMEHEM He
U3MEHSETCSl, MOXET OBITh OOHApPYKEHO M Hu3y4deHo. B pesynbTaTe HaOmI0gaeTCS
yCTOWUYMBas BO BPEMEHHU MPOCTPAHCTBEHHAs KapTUHA YCWJICHUS U oOciablieHus
KoJIeOaHUH, KoTopas Ha3bIBACTCS unmeppepenyuoHHou KapmuHou
(unTepdepeHuueii).

O6pazoBanue MHTEPHEPEHIITMOHHON KAPTHUHBI BO3MOKHO, €CJIM BOJTHBI UMEIOT
OJIMHAKOBBIEC YACTOTHI U MPUXOJAT B JAHHYIO TOUKY CPEbl C MOCTOSSHHON Pa3HOCTHIO
(a3 (He U3MEHSIOUIEICS CO BPEMEHEM); TAKME BOJIHBI HA3bIBAIOTCS KOT'€PEeHTHBIMMU.
Kone6momuecs Tena, BbI3bIBAIOUIUE B CPEAE KOT€PEHTHBIE BOIHbBI, HA3bIBAIOTCS Ko2e-
penmuvimu ucmounukamu. Hanpumep, tTouku Mi, Mo, ... moBepxHoctu S (puc. 84a)
KOJIEOJIIOTCSI C OJIMHAKOBBIMM 4YacTOTaMU W (a3zaMu, a UCXOIdllue OT HHUX
AJIEMEHTApHbIE BOJIHBI NMPUXOASAT B TOUKY A € pa3HOCTSIMH (pa3, KOTOPHIE 3aBUCAT
TOJIBKO OT PACCTOSIHUM [1, I, ... U HE U3MEHAIOTCS CO BPEMEHEM; TO3TOMY BCE TOUYKH

86



BOJIHOBOW TMOBEPXHOCTH SIBJISIOTCS KOT€PEHTHBIMH HMCTOYHHKAMH, a HCITyCKAEMbIE
VMU 3JIEMEHTAPHBIE BOJIHBI — KOT€PEHTHBIMH BOJHAMHU.

[Ipn nomomn npuHIMIa [ FoUreHca U TpUHLKIIA CYIEPIO3ULAA MOKHO PELLIUTH
pSAA BaXHBIX 3a7ad IO PaclHpOCTPAaHEHHIO BOJH. B dacTHOCTH, paccMOTpuUM
pacnpoCcTpaHEHHUE BOJIHBI B CPEJIE, B KOTOPOU UMEIOTCS Tella, HE MPOITyCKAIOILIUE 3TOM
BOJIHBI, TIOTJIOMIAIOIINE WM OTpakarouue ee. JlonmycTum, miockas BojaHa S, UMEIoIas
BO BCEX CBOMX TOYKaxX OJMHAKOBYIO aMIUIMTYAy KojeOaHu, BCTpedyaeT
«HETPO3PavHOe JUTS STOU BOJHBI TENIO P, He MPOoIyCcKaroliee y4acToK BOJIHbI AB (puc.
846). Ilpumenum npunmn ['toiirenca a1 MOMEHTa BpEMEHH, KOI/1a BOJIHOBOM (PPOHT
HaxXoAuTcs B ceueHUM S-S. [TocTpouB QpOHTHI IEMEHTAPHBIX BOJH, UCXOISAIINX U3
touek M1, My, ..., N1, No, ..., u ipoBens orubatomue |, I u T. 1., 3ameTuM, 4TO BOJTHOBOI
GpoHT 3ax01uT B 001acTh C, KOTOPYIO Ha3bIBAIOT 001ACHbIO 2e0MEMPULECKOU MeEHU.
N3 reoMeTpuyecKHX COOOpPaKEHUMU CIIETYET, YTO BOJIHOBBIE JIy4YH, IEPEKPHIBAEMbIE

TEJIOM, HE 3aXOoAiAT B 3Ty obmacth. To ecTb, TaM BOJHA JOJDKHA Obula OBl
OTCYTCTBOBATb.
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Puc. 84

OTO MPOHMKHOBEHUE BOJH B 00JIACTh M'€OMETPUYECKOW TEHH ObUIO Ha3BaHO
au¢ppakuuen BoaH. [IpuMeHss NPUHLMN CYNEPIO3ULMNA, MOXKHO YCTAHOBUTH, YTO
BJ10JIb HOBOTO (poHTa BONIHBI | unu || ammuintyna konebanuii (MK TUIIOTHOCTh MOTOKA
DHEPTUN) YKE HE BE3JI€ OJIMHAKOBA, KaK 3TO ObLIO 3a7aHO JJIs BOJHOBOTO ()poHTa S.
[Tonobnast 3aaua paccMaTpuBaeTCsl TaKKe B pas3zesie ONTHKHU Ui CBETOBBIX BOJIH;
3leCh K€ 3aMeTHM, YTO TMpH AUQPPaKIMU BOJHBI MPOUCXOTUT HEKOTOPOE
nepepacnpesesieHie HSHEpruM B Npefenax (QpoHTa BOJHBI, MPUYEM  ITO
repepacIpeieiieHue CyIIeCTBEHHEE OKOJIO IPAHUL] HEITPO3PAaYHBbIX TEJL.

[Ipunununom I'tolireHca OOBICHSIOTCS TakKe 3aKOHBI OTpPaXEHUs W
IIPEJIOMIIEHUS BOJIH Ha TPaHUILIEe paszena IByX cpel. COOTBETCTBYIOIIME MOCTPOCHHUS
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IS CBETOBBIX BOJIH MPUBOASTCS B pa3/iesie ONTUKU; OHU MIPUMEHUMBI U JJIsl yIIPYTUX
BOJIH B MEXaHUYECKHUX cpenax. Jlomyctum, 4yTo, Ha TIoCcKyto rpanuny O-O pasznena
JABYX OJHOPOJHBIX U M30TponHBIX cpen | u 11, ckopocTu pacnpocTpaneHus kojaedanuii
B KOTOPBIX PaBHBI U1 U Uz, AJAET IJIOCKAsl BOJIHA S, IpuueM HopMalb AB k GpoHTY
ATOW BOJHBI COCTABJISIET YIOJ O C HOPMAJIbIO N K MOBEPXHOCTU paznena (puc. 85).
Torna w3 moctpoenusi ['oiireHca M B COTJIaCHMM C OMNBITHBIMU JAHHBIMU CIIETYIOT
pE3yNbTaThI:

1) Hopmans BC k hpoHTy S' 0TpaKeHHOI BOJIHBI COCTABIISIET ¢ N yro 3, paBHbIN Q.;

2) Hopmanb BD k ¢ponty S" mperomiaeHHONH BOJHBI COCTaBIsieT ¢ N yroa v,
yIOBJIETBOPSIOIIUN COOTHOIICHHIO:

sino g

siny v,

3amMeTuM, 4YTO NpU NEPEXOAE BOJHBI U3 OJHOM CpeApl B JIPYTyl0 4YacToTa
MEXaHUYECKUX KOJICOAHUI Vv COXpaHAETCs, a JJIMHA BOJHbBI U3BMEHSIETCS B 3aBUCUMOCTHU
OT CKOPOCTH PaCIpOCTPAHEHUS BOJIHBI:

S S S o
Q‘\A C//} Ex.n M I
\
al|p S /”
0, ! 3 0] A \/{ ﬂ \I\V.v. — _‘Afﬂ n\m‘ g
17 p V\L U/ / \\qJU U / X
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D \ \
n \\ /g \ /
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Puc. 85 Puc. 86
Mol o, h_o
v v Ao Uy
Jducnepcus.

Benuunna ckopoctu v onpenensiercst GU3NYECKUMU CBOMCTBAMU CpeJibl, U OHA
paznuyHa IS Pa3IMYHBIX 4YacTOT KoJjiebaHu# (® Wiu V). 3aBUCUMOCTH CKOPOCTH
pacnpoCcTpaHEHHs] BOJHBI OT 4YacTOThl KojeOaHUM Ha3bpIBaeTCid Oucnepcuell.
Hucrniepcuss NOpPOSABISIETCA IIPU  PACIPOCTPAHEHHUM  CIIOKHOIO  IEPUOAUYECKOTO
nporecca, CoepKallero rapMOHMYECKHUE BOJIHBI Pa3JIMYHBIX YACTOT KOJIEOaHU.

JlommycTuM, 4TO MO KaMEepTOHY, UMEIOIEMY OCHOBHYIO YacTOTY KoJieOaHUH Vo,
HaHOCATCS] OIMHAKOBBIE yAapbl MOJIOTKOM Y€pPE3 CTPOTO ONPEIEIECHHBIE POMEKYTKH
BpemeHu 7. Torjaa mo Bo3ayXy BJIOJIb HampaBieHUs: ocu "x" OyJeT pacpoCTpaHsAThCs
MIEPUOINYCCKHUI TPOLIECC, ONMUCHIBAIOIINICS HEKOTOpoi QyHKuuel £(x,7). Ita GpyHK-
1M TOJDKHA 3aBUCETh OT CIEKTpa KaMepTOHa, T. €. OT Habopa 4acToT, KOTOpPbIE OH
U3IIy4aeT, U OT PACIPENCIICHUS] HPHEPrUU MEXIy ATUMHU 4YacToTaMu (T.€. MEXKIY
rapMOHUYECKUMH COCTaBJISIOUMME criekTpa). Kpome toro, sta ¢yHKUMS HOKHA
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cozepxartb 4actoTy v = 1/7, ¢ KOTOpOii HAHOCATCS yaaphl, a TAKXKe TOJKHA 3aBHCETh
OT XapakTepa caMoro yjapa (IpoJoJDKUTENbHOCTH yAapa, U3MEHEHUS CUJIBI yAapa co
BPEMEHEM) M OT OBICTPOTHI 3aTyXaHUs KojeOaHU KaMepTOHA BCIIEACTBUE OTEPh HA
TpeHHe W Ha u3nydeHue. Ha puc. 77 cxeMaTudHO MokKa3zaHbl 3Ha4YeHHS &(X,t),
COOTBETCTBYIOIINE JABYM IOCJIEIOBATEIbHBIM yAapaM MOJIOTKA. Y CIIOBUMCS KaXIyIO
¢burypy, 0XBaueHHYIO Ha 3TOM PUCYHKE IMMyHKTUPHOU JTUHUEH (COIepKaIlyI0 TOJIBKO
OOJIBIIIME OTKJIOHEHUS OT MOJIOKEHHsI PAaBHOBECHS), HA3bIBATh B0IHOBLIM UMNYIbCOM
WIH opmoti eonHbl € (€€ HA3bIBAIOT TAKKE 60HOSbIM nakemom). 3a Bpems T

BOJIHOBOP'I I/IMIIy.TILC HpOﬁﬂGT paCCTOSIHI/Ie | u, CJICAOBATCIIBHO, CKOpOCTB
pacupocTpaHeHUs TOTO0 UMITyJIbca OyJEeT paBHa
u=I/T.

JUtst onucaHus Tpolecca paclpoOCTPaHEHUs 3BYKa, BO30YKIEHHOIO TaKUM
oOpazoM, ¢ y4eToM (HU3UYECKUX CBOWCTB cpelbl (M, B YAaCTHOCTH, IHUCIICPCHN)
1eecoo0pa3sHo MPEACTaBUTh (PYHKIMIO €(X,f) B BHJIEC CYMMBI TapMOHHYECKHX
ciraraeMbIx &i(x,), UMCIOIIMX Pa3IMYHbIC YaCTOTHI KOJICOAHUH ;:

e(x, )=2ig (x, 7).

Ecnu cpena He obnmamaer aucriepcueild, TO Bce TAPMOHUYECKUE BOJHBI &i(X,?)
OyAyT MMeTh OJMHAKOBBIE (Pa3oBbIE CKOpPOCTU: U = v. BceraencrBue 3Toro Bech
BOJIHOBOW MMITYJIbC (KaK «CyMMa» 3THX BOJIH) OyJI€T IEPEMEIAThCS B CPEIE C TOM Ke
CKOPOCTBhIO (¥ = ©v), ModTOMYy «(hopMa BOJHBI» MO MEpPE €€ PacHpOCTPaHEHUs
M3MEHAThCS He OyaeT. Ecnu ke cpena o0nagaet qucnepcueii, T.e. pa3oBble CKOPOCTH
TapMOHUYECKHUX BOJIH €j(X,) HE OJMHAKOBBI M 3aBHCAT OT YACTOTHI ® (WMJIM JUIMHBI
BOJIHBI A), TO «(}OopMay BOJHOBOTO MMITyJIbca OyAET MO Mepe PacHpOoCTpaHCHUS B
Cpelie U3MEHATHCA.

B Tom cnywae, korma ¢dopma BomHbl (T.e. (opma kpuBOoil Ha puc. 86),
n300paxaroniei BOJHY &, U3MEHSETCS PU PACTIPOCTPAHEHUH HE OYEHb CUJIBHO (XOTS
OBl Ha MaJIBIX PACCTOSIHUSX OT UCTOYHHUKA), CKOPOCTh BOJHOBOTO MMITYJIbca (MaKeTa)
MOXHO OMNpPEACIUTh MO MEPeMEIeHuI0 | TOYkM ¢ HauOONBIIUM OTKIOHCHUEM,
MMOKa3aHHOMY Ha puc. 86. OmnpeneneHHas TakKUM 00pa3oM CKOPOCTh # Ha3bIBAETCS
IPYNIOBOM CKOPOCTHIO BOJIHOBOTO MMIyJbca (makera). CyliecTBYeT CBsI3b MEXIY
dazoBoii ckopocthio U(A) KakOW-HHOYIh W3 TapMOHUYECKHX COCTABIISIONIMX
UMITYJIbCa U TPYIIIOBOM CKOPOCTBHIO CAMOTO UMITYJIbCA!

v-uU=—,
dr
rae du/dA — mpousBomHast OT (a30BOI CKOPOCTH IO JUIMHE BOJIHBI — XapaKTePHU3YeT
JIHACTIEPCUOHHBIE CBOMCTBA NAaHHOW cpenbl. Da3oBble CKOPOCTH U TAPMOHUYECKUX
COCTABJISFOIIUX JTFOOOTO BOJTHOBOTO UMITyJIbca (IIaKeTa) B JUCIIeprupyoien cpeae (B
3aBUCUMOCTH OT 3Haka npou3BojaHoi duv/dA) MoryT ObITh M 0OJbBIIE, U MEHBIIEC U,
IPyNIOBOI CKOPOCTH CaMOT0 UMITyJibca (IaKkeTa).
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Crosiuue BOJIHBI.

PaccmoTpumM pesynbTaT uHTEpGEpPEHINH ABYX MIOCKHX FAPMOHHYECKHUX BOJIH
OIMHAKOBOW aMILIMTYAbl M YaCTOThI, PACIPOCTPAHSIOIINXCA B IPOTHUBOIIOIOKHBIX
HallpaBJICHUAX. JlonyCcTUM, YTO YypaBHEHUS ITUX BOJIH UMEIOT BUL:

g1 = gocoso(t—X/v) u &, = gycoso(t+X/v),

YTO O3HAYAET, 4TO B Havaie koopauHaT 0 (X = 0) oOe BOJIHBI BBI3BIBAIOT KOJECOAHUS B
onnHakoBou (paze. B Touke 4 ¢ KOOPAMHATON X CyMMapHOE 3HAUEHUE KOJEOTIOMEH s
BEJIMYMHBI, COTJIACHO MPUHLIUITY CYTIEPIIO3ULIHH, PABHO

£ =g +&y =gg[cosm(t — X/v)+coso(t+X/v)] = 2¢ -cos(coz) cosot.  (¥)
v

JlaHHO€ ypaBHEHHE TOKa3bIBa€T, YTO B pe3yJabTaTe HMHTEPPEPEHLIUU MPSIMOU U
oOpaTHOW BOJH B KaXJIOW TOYKe cpelbl (C (PUKCHPOBAHHOW KOOPIWHATOH X)
MPOUCXOMST KOJIEOAHUs C TOM K€ YaCTOTOM ®, HO C aMILTUTY 101

Ay = 2g(cos ((0%) =2¢g(C08 (2n%) : (**)

X
3aBHUCSIIEH OT 3HAYEHUS] KOOPJAUHATHI X. B Toukax cpenpl, B KOTOpbix COS ZTEX =0,

KoJICOaHMS OTCYTCTBYIOT BOBCC: AO = 0, 9TH TOYKH HA3bIBAIOTCA Y3JdaMHU KOJIeOaHUH.

X
B touxkax, roe COS (an) = %], aMmmnTy1a Kosie0aHuil uMeeT HanbobIee 3HAaYCHUE,

PaBHOE 2€y. DTU TOYKHU HA3BIBAIOTCS MMYYHOCTAMHU KOJICOAHUH.

PaccTossHue MeXIy COCEIHUMH Yy3JaMH WIH COCEAHHMH ITyYHOCTSIMHU
Ha3bIBAETCS JJIMHOM CTOSTYEH BOJIHBI Acr. OHO paBHO MOJOBUHE AJIUHBI OErylIeil BOJIHBI
A2. PaccTostHEE MEXKIY TyYHOCTBIO U OMKalIyM y3510M paBHO A/4. [Ipu n3mMenenuu
X Ha M2 xocuHyc B Qopmyne (**) MeHseT 3HaK Ha OOpaTHBIM (€ro aprymeHt
M3MEHAETCS Ha T; MO3TOMY €CJIM B IpesieiaxX OJHON MOITYBOJIHBI (OT OJHOTO y3J1a 10
JAPYToro) 4acTULbl CPebl OTKJIOHUIUCH B OJHY CTOPOHY, TO B Mpeaenax COCeAHen
MOJIYBOJIHBI YACTHILIBI CPEIbl OYAYT OTKJIOHEHBI B TPOTUBOMOJIOKHYIO CTOPOHY.

BonHoBoO# miporiecc B cpeze, onuchiBarommiics (opmysoi (*), HasbIBaeTCs
crosiueii BostHOM. ['padpruecku cTosiuasi BOJIHA MOXKET OBITh M300pakeHa TakK, Kak 3TO
MoKa3zaHo Ha puc. 87. JlomycTuM, 4TO € €CTh CMEMICHUE TOYEK CPEIbl OT COCTOSHUS
paBHOBecHs; Toraa (opmyna (*) ONMUCBIBAET «CTOSIUYIO BOJHY CMEINCHUs». B
HEKOTOPBI MOMEHT BpeMeHH, Korja cos(owt) = 1, Bce TOYKHM Cpeapl HMEIOT
MaKCUMaJIbHBbIC CMEIICHHUS, HAaIMpaBJIeHHE KOTOPHIX B 3aBUCHUMOCTH OT BEIWYHHBI

X
KOOpAWHATBl x onpepeisiercs 3HakoMm COS (ZRX). OTH CMEIIECHUsI TOKa3aHbI

CIUIOIIHBIMU cTpenkaMu. CIycTs 4eTBepTh nepuopa, koraa cos(ot) = 0, cmenienus
BCEX TOYEK CpelIbl pPaBHbI HYJIO;, YAaCTHUIBI CPeIbl MPoXonar uepe3 JmHuio Ox c
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pa3auaHbIME cKopocTsmu. CITycTs elie 4eTBepTh Iepuoia, korga cos(ot) = — 1,
YaCTUI[BI  CpPEelbl OMITh OyAyT WMETh MaKCHUMaJbHBIE CMEIICHHUs, HO
MIPOTUBOMOJIOKHOTO  HAIMpaBJICHUS; 3TH CMEIICHHUS T[OKa3aHbl MYyHKTUPHBIMU
crpenkaMu. Touku A1, Az, ... — My4HOCTH CTOAYEH BOJHBI CMEIICHUS; TOYKH B1, By, ...
— Y3716l 3TOW BOJIHBI.

XapakTepHble OCOOCHHOCTH CTOSTYE€H BOJIHBI B OTJIMYHME OT OOBIYHOM OeryIieit
BOJIHBI ClieyIolue (MMEIOTCS B BUAY TUIOCKUE BOJIHBI IIPU OTCYTCTBUM 3aTyXaHUs):

1) B crosiueil BOJHE aMILTUTYIbI KOJICOAHUI pa3audHbl B Pa3IUYHBIX MECTax
CUCTEMBI; B CHCTEME UMEIOTCS Y3JIbl M MYYHOCTH KoJieOaHuil. B «Gerymieit» BoiHe 31U
aMIUTATYbI BE3]1€ OJUHAKOBBI,

2) B IpefieNax y4acTka CHCTEMBI OT OHOTO y3J1a 10 COCETHErO BCE TOUKHU CPEbI
KOJEOIIOTCS B OAMHAKOBOM (paze; mpu mepexofe K COCENHEMY Y4acTKy ¢asbl
Koje0aHuN MEHSIOTCS Ha MPOTHBOIONOXKHBIEC. B Oerymieil BonHe ¢a3bl konebaHuii
3aBUCST OT KOOPJAUHAT TOYCK;

3) B cTOsI4YEH BOJIHE HET OJJHOCTOPOHHETO NEPEHOCA HIHEPTUHU, KAK 3TO UMEET
MecTo B Oery1ieil BOJIHeE.

& I"—_];fll_cll—"i i Aet —>]

f > ~ A

L pei | P;ep(f 7 Py B

AN PN
3

x
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Puc. 87

[Ipn onucanum KoJsieOaTENbHBIX TIPOILIECCOB B YNPYrUX CHCTEMax 3a
KOJICOTIONIYIOCS] BEJIMUMHY € MOXKHO MPHUHSTH HE TOJBKO CMEIEHUE UM CKOPOCTH
YaCTHUI[ CHUCTEMbI, HO W BEJIMYUHY OTHOCUTEIHHON AedopMalvi WIH BEIUYUHY
HaIpsHKEHUS Ha C)KATHE, PACTSKEHUE WK CIBUT U T.4. [Ipu 3TOM B cTOsuel BOJIHE, B
MecTax, TJe OO0pa3yroTcs MYyYHOCTH CKOPOCTEH YacTHIl, PaCIoiararTcs Y3Jibl
nedopmaiuii 1, HA00OPOT, y3JIbI CKOPOCTEH COBIATAIOT C MYYHOCTIMU JehOopMaIuii.
[IpeoOpazoBanue »sHEPruM U3 KUHETUYECKOW B TOTCHIMAIBHYIO U OOpaTHO
MIPOUCXOJIUT B MpEJeax y4acTKa CUCTEMbI OT IMyYHOCTH JO COCEAHETO y3Jia. MOKHO
CUMTaTh, YTO KAXJIbIH TAaKOMW y4yacTOK HE OOMEHMBAETCS SHEPTrUe C COCETHUMU
y4acTKaMHu. 3aMETUM, 4YTO MPEBPAIICHHE KUHETHYECKONW HHEPTHH JIBUXKYIIUXCS
YacTUIl B TOTEHIIMAJLHYIO YHEPTUI0 JAe(HOPMUPOBAHHBIX YYaCTKOB CpPElbl 3a OJIMH
MepUOJ MPOUCXOAUT ABAXKIBI.

3BYKOBBIE KOJIEBAHUS 1 BOJIHBI.

3ByKOBbIe KOJI€0AHUSI, BOCIPUHHMACMbIC YEIOBCUCCKUM YyXOM, HMEIOT
gacToThl, Jexane B npenenax ot 20 go 20000 I'm; wactotsl, mMéubmme 20 I,
Ha3bIBAIOTCS uHppazeykosvimu, a 00abime 20000 I'n — yrempaszsykoswvimiu.
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[Ipu pacmpocTpaHeHWM TapMOHWYECKONW 3BYKOBOW BOJIHBI HM30BITOYHOE
naBieHue Ap = p — po 1 I30BITOYHAS TUIOTHOCTh AP = p — Po U3MEHSIOTCS 110 3aKOHY

Ap = Apocos[o(t — x/v)] u Ap = Apo cos[m(t — x/v)],

eciii Ap 1 Ap Manbl 0 CpaBHEHHUIO ¢ p U p. M30bITouHOE naBineHue Ap 4acTo
HA3bIBAIOT «3BYKOBBIM JaBJCHHEM» (HE CMEIIMBAaTh C JaBJICHUEM 3ByKa Ha
MPENsTCTBUA), @ Apo — AMIUIUTYAOU 3ByKOBOU BOJIHBI.

Humencusnocmoro wnu cunoti 36yka | Ha3bIBalOT KOJMYECTBO HHEPTHH,
NEPEHOCHMOE 3BYKOBOM BOJIHOM B €IMHMILy BPEMEHHU Yepe3 eAUHUYHYIO TUIOLIAJIKY,
PaCIOJIOKEHHYIO TEPHEeHIUKYJSIPHO HANpaBJICHUIO pacnpocTpaHeHus. PacderHas
(dhopMyia HHTEHCHUBHOCTH 3BYyKa paBHa (0e3 JI0Ka3aTebCTBA):

rie p — IUIOTHOCTh BO3AyXa, U — CKOPOCTb pACIpPOCTPAHEHHS 3ByKa M Ug —
aMIUTMTYTHOE 3HAYEHUE CKOPOCTU KOJIEOaHUI MOJIEKYIL.

AMIUTUTYIBI CMEIICHUS €9, CKOPOCTHU Ug U YCKOPEHHUS dp YACTHI] CPEIbI TIPU UX
KoJieOaTeIbHOM JIBU)KEHUH B 3BYKOBOM BOJIHE, a TaKXe APg MOKHO BBIPA3UTh Uepe3
MHTEHCUBHOCTH 3ByKa. Tak Kak Up = gy, 89 = Ug®, TO

t0=2 2= (2 a2 a0,

MHTEHCHBHOCTD  3BYKa BBIp@)KAETCS TakKe dYepe3 Tak Ha3bIBaeMoe
aghghexmusroe 36yK060¢e daeﬂeﬂue, ornpeaensieMoe 1o Gopmyse Ap,g = Apo/N2:
2
| = (Apa(i))
pv

[IponsBeneHne CKOpOCTH 3BYKa Ha IUIOTHOCTb JaHHOW CpeIbl PU SBISAETCS
BOKHEUINIEH aKyCTHYECKOM XapaKTEPUCTHKON Cpelbl W HA3bIBACTCA YOelbHbIM
aKycmu4eckum conpomueienuem. JTa BEJIIMYMHA BXOJUT BO BCE BaKHEWIINE
pacueTHble (popmyIbl akycTHKU. Hanpumep, py nepneHAuKyIIpHOM NaIeHUU 3BYKa
Ha TPaHMILy pas3jena ABYX cpell KOdPPHUIMEHT OTpakeHus K, MOKa3bIBArOIINHN, KaKas
4acCTh 3ByKOBOW DHEPIUU OTPAKAETCS OT 3TOW IPaHULIbI, PABEH

Kk =| PLY1—P202 |2
P10 + P20,

[Ipy HOPMAaIbHBIX YCIOBHSAX I Bo3ayxa pv = 430 kr/(m2c), aas Bomsl pv =
145-10* kr/(m?c), u k0> PUIKMEHT OTPaKEHUS 3ByKa HA TPAHUIIE BOJA—BO3yX PaBEH
~ 99,9%. B HEOMHOPOAHOM Cpejie, COCTOAIICH M3 MHOXKECTBA CJIOCB C Pa3IMUHBIMHU
yAEIbHBEIMA aKyCTHYECKMMH COIIPOTHUBJICHHMSAMHU, HampuMmep, B aTMocdepe, 3BYK
YaCTHYHO OTPAKAETCSA OT TPAHUILL KAKIOTO CJI0S M OBICTPO PACCEUBAETCS B 3TOM CpeEJIE.
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B onHOpoaHOI aTMoc(epe 3BYK PacCeUBaeTCs MEHBIIE M TOATOMY CIIBIILIEH JAIEKO.
JIy1st TBEpABIX TeJl ylelbHble aKyCTHUECKHE CONPOTHBIEHHS MMEIOT 0OJiee BBICOKHE
3HaueHns [xene3o — 40-10° kr/(m?c), xBapi — 15-108 kr/(m%c)].

[Ipu nepexojie 3ByKa U3 OJIHOM Cpelbl B IPYTyIO YacTOTa 3ByKa HEM3MEHHA, a

JJIMHA BOJIHBI U3MCHACTCS IMPOIMOPHHUOHAIBHO CKOPOCTH PACIIPOCTPAHCHUA:

COCTABIISIET Agosr = 332 M-ct /1000 ¢

7\’1 . 01

Ay Uo
Hanpumep, ecnu Ha yactore v = 1000 I'y nmuHa 3ByKOBOM BOJHBI B BO3IyXE
1 =0,332 m, T0O B BOZIE €€ MUIMHA BOJIHBI PaBHA:

Mooz = 1400 m-c1 /1000 ¢ = 1,4 m. [Insa copaBku: A =oT =0/ v.

dddext Jonmnepa.

Ecau ucrounuk wuim IIPUCMHHUK 3BYKa ABHIKCTCA OTHOCHUTCIIBHO CPCAbI, B

KOTOPOM MPOHMCXOIUT PACIPOCTPAaHEHHE 3BYKa, TO YACTOTa 3ByKa V, HCITyCKaeMas
HMCTOYHUKOM, M 9acTOTa V' 3TOTrO K€ 3ByKa, BOCIIPHHUMAaeMas MPUEMHUKOM, OYIyT
oTimyaThes Ipyr ot apyra (3¢ ekt Homnepa). PaccMoTpuM YacTHBIN ciiydaid, Korjaa
B11os1b ocu O—0; (puc. 88) pacmpocTpaHseTcs III0CKas TapMOHUYECKas BOJTHA.

1)

2)

Hctounuk 3Byka 4acToTel Vv = v/A = 1/T nBWKETCS OTHOCHTEIBHO CPEIbI CO
CKOPOCTBIO * u; MPUEMHHUK 3BYKa IMOKOUTCA. B 3TOM citydae 3a nepuoj koneOaHuii
T 3ByKOBasi BOJIHA OTOMJIET OT UCTOYHHMKA (KaMepTOHA) Ha paccTosiHue v, a cam
UCTOYHUK cMmecTuTcs Ha ul. Ha puc. 88 kpuBble a U 6 YCIOBHO H300pa)karoT
3BYKOBBIE BOJIHBI OT HEMOJBUXKHOTO (@) U nBHKyuierocs (6) ucrounuka. Eciau
WMCTOYHUK 3BYKa yJaisieTcss OT MPHEMHHKA, KaK 9TO MOKa3aHO Ha PUCYHKE, T.C.
JBWKETCS B HAMPABJICHUH, OOPAaTHOM HAIPABJICHUIO PACTIPOCTPAHEHHUS, TO JJIMHA
BoJiHbI paBHa A' = vT + uT = (v+u)T, eciu e UCTOYHHWK 3BYKA JIBHDKETCS K
MIPUEMHUKY, T.€. B HAIPABJICHUU PACIPOCTPAHEHHS 3BYKa, TO, OUYEBUIHO, A' = U T —
uT = (v—u)T. Torga yacTora 3ByKa, BOCIPUHUMAaeMasi IPUEMHHKOM, B YKa3aHHBIX
CJIydasiXx MOKET ObITh MPEACTABIICHA B BUJIE:

0 A%

k’zliu/v'

HUctounuk 3ByKa MOKOWTCS, MPUEMHHUK JBUKETCS OTHOCUTEIIBHO CpEIbl CO
CKOpOCTBIO = w. B 3TOM cilydae ajiiHa BOJIHBI B CPE/I€ HE U3MEHSETCS U paBHA A =
vT, oHAKO JBE MOCJISAOBATEIbLHBIC AMIUTUTY/IbI BOJIHBI JOWIYT JI0 MPUEMHHUKA HE
yepes 1 CeKyH/I, a uepe3 OoJIbIliee I MEHbIIIee BpeMs 7' B 3aBUCUMOCTH OT TOTO,
yAQISETCS WA MPUOJIMKACTCS MPUEMHUK K MCTOYHHKY 3BYKa. 3a BpeMms 1" 3ByK
pacrpocTpaHuTCs Ha paccTosiHue v1', a npueMHUK cMectuTcs Ha £ wT'. Cymma
ATUX BEJIMYMH JIOJKHA PABHATHCS JUJIMHE BOJIHBI, CJIEIOBATENIbHO, A = T+ wT' =
= (v+w)T". Tak KaK 4acToTa 3BYKa, BOCIIpUHUMaeMasi mpueMHuKom, v' = 1/7", a v/
=v=1T, 10
vi=v( + w/0).
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3) UcTouHMK W TpPHEMHUK 3ByKa JIBWXKYTCS OTHOCHUTENBHO cpensl. CoemauHss
PEe3yJbTaThl, NOJYYEHHBIE U ABYX NMPEIBIAYIINX CIy4aeB, MOIYYUM:

, V1iw/v
1tu /v

XapakTepuCTHKH 3ByKOBOI'0 OLIYIIICHHS.

3BYKOBO€ OUIYUIEHHE XapaKTepU3yeTcs BBICOTOM 3ByKa, TEeMOpOoM U
I'POMKOCTBIO. Bbicoma 38yKa ONpeNiesieTCsl 4acTOTOM Kosiebanuit. OJHaKO UCTOYHUKU
3ByKa HCIYCKalT HE OAHY, a LEJNbId CHEKTP YacTOT, HNPUYEM HHEPTHsl BOJIHBI
onpeJelICHHBIM 00pa3oM pacipeesisieTcss MEeXy pa3IuyHbIMU YacToTaMu. BeicoTta
3ByKa OINPEAEISIETCS MO0 OJHOM — OCHOBHOM 4YAaCTOTE, €CIM Ha JIOJIO 3TOW 4YacTOThI
MPUXOAUTCS 3HAUUTEIBHO OOJbIIEE KOJIUYECTBO SHEPTHM, YEM HA JIOJIO APYTUX
4acTOT. Eciii CIIEKTp COCTOUT U3 OTAENBHBIX YACTOT, TO OH HA3bIBACTCS JUHEUUAMBIM,
€CJIM K€ M3 HEeMpephIBHOIO Habopa 4acTtoT, To curowrHsvim. Ha puc. 89 mokazan
aKyCTMUECKUN CHEKTpP POsUIs, COOTBETCTBYIOIIMH OCHOBHOU yacToTe (ToHY) 256 I'm.
OTOT CHEKTp SIBJISETCS MPUMEPOM CMEUIAaHHOTO CIEKTPa; OH COCTOMT M3 Habopa
OTJEJBHBIX YaCTOT U y4acTKa CILIONIHOTO crieKkTpa (B obmactu a — 6). B aTom cniekTpe
BBIJICTIICTCSI OCHOBHOM TOH 3BYyKa 4acTOThl 256 I'1; Ha 3TOM YacToTe H3Iydaercs
HauOOJIbIIasi WHTEHCUBHOCTh 3BYKa; Ha JPYrd€ YacTOThl TMPUXOIUTCS MEHbIIE
OHEPTUU, U OHH CJIabee CIIBIIIHBI.

AKYCTUYECKHI CIEKTP 3BYyKa B 3aBUCHMOCTH OT €ro xapakrepa (JIMHEeHYaThlil,
CIUIOIIHOW WJIA CMENIaHHBIM) W OT paclpeleseHus SHEPrud MEXIy 4YacTOTaMu
orpezenseT cBoeoOpa3ue 3BYKOBOI'O OLIYLICHHUS, Ha3bIBaeMOE memOpom 38VKa.
Pa3nnunbie My3bIKaJIbHbIE MHCTPYMEHTBI, UCITYCKAIOIIME 3BYK OJIHOTO M TOTO K€ TOHA,
MMEIOT Pa3JInYHbIM aKyCTUUECKUH CHEKTP, T. €. OTIMYAOTCS TEMOPOM 3BYKa.

[Ipu oneHke 3BYKOBOT'O BOCHPHSTHS CIEAYET YUYECTh, YTO UYBCTBUTEIHHOCTb
YeJIOBEUECKOr0 yXa pa3jiMyuHa JJi Pa3judHbIX 4acToT. IHTEHCHBHOCTH (cHiia) 3ByKa
JAHHOM YacTOThl JOJKHA OBITh JOCTATOYHO OOJBIIOW, YTOOBI BBI3BaTh 3BYKOBOE
OILYLIEHHE, OJTHAKO €CJIM 3Ta UHTEHCUBHOCTD MPEBBIIIAET HEKOTOPBIN MTPEAEN, TO 3BYK
HE CJIBIIIEH W BBI3BIBAET TOJBKO 0o0JieBOe omryreHue. TakuM oOpa3oMm, Uil Kaxaou
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4aCTOTHI KOJICOAHUH CyIIeCTBYeT HauMeHbIas (nopoe civliumocmu) M HauOOIbIIIast
(nopoe 6onesoeo owyujenus) WHTEHCUBHOCTh 3BYKa, KOTOpas CIIOCOOHA BBI3BAThH
3BykoBoe Bocmpusitue. Ha puc. 90 mokazana o007acTh 3BYKOBOTO BOCHPHUSATHS
YeIIOBEYECKOTO yXa. YX0 UMeeT HauOOJbIIyI0 YyBCTBUTEILHOCTH K YacToTam ot 800
no 6000 I'u. B aToM MHTepBaje mopor ciasimumoctd pased 1072 Br/m2; mopor
00JI€BOTO OILYILEHHUs IPUOIN3UTENBLHO paBeH 1 Br/m2,

YCTaHOBIIEHO, YTO OINIYIICHHWE 3BYKa UYEJIOBEUECKHM YXOM, HAa3bIBAEMOE
2POMKOCIbIO, 3AaBUCUT OT MHTEHCUBHOCTH 3TOTO 3BYKa |, HO HE IPOTIOPITMOHATILHO €.
3BYKH, HHTCHCUBHOCTH KOTOPBIX JIKAT B HEKOTOPHIX mpenenax oT i mo Iz, moryr
BOCIPUHUMATHCS KaK UMEIOIIUE OIMHAKOBYIO TPOMKOCTh; TO3TOMY, YTOOBI yXO MOTJIO
YCTAaHOBUTH Pa3InIMe B TPOMKOCTH JBYX 3BYKOB, UX MHTEHCUBHOCTH |1 1 |2 MOIDKHBI
OTINYAThCs OOJBIIE YeM HEKOTOpOE IMpeaenbHOoe HauMeHblnee 3HaueHue Al. Takum
oOpa3om, Al ecTb MUHUMAIBHOE U3MEHEHHE WHTEHCUBHOCTU 3BYKa, KOTOPOE MOKET
OBITH OTMEUYEHO YXOM KaK U3MEHEHHE TPOMKOCTH 3TOTO 3BYKa.

CornacHo ob6uie-gusnonornyeckomy 3akoHy BeOepa—®DexHepa, MOKHO
noJyarartb, 9to eeauuurna Al nponopyuonanvna |, m.e. cnocoonocms yxa pasiuuamsy
2pomKocmu 368yK06 ociabesaem ¢ yeenuuenuem unmencusrnocmu. Otnomenue Al / |
OKa3bIBACTCS TMOYTH TIOCTOSHHOM BEJIMYMHOW (9TO YTBEp)KIEHHE COOII01aeTcs
xopoio g gyactot oT 100 qo 1000 I'm). TlosTomy ¢ yBenruYeHHEM UHTEHCUBHOCTU
3ByKa yBenuuuBaercs Al, cienoBarelbHO, YyBCTBUTEIBHOCTh yXa K BOCIPHUSITHIO
WU3MEHEHUS! TPOMKOCTH YMEHBIIIACTCS.

&y APy . 11a
3k (10902 Gonedoza 4 ”
w Q‘%
l 06nacme 38yxoloee 7
| 0| oW YULEHUT
2,
' | 1073} o
' &y, u
| | | 5 b/2t4ymoCT
' ’ ! o | I L L ]
a 256 h v, I 1020 50 10 1000 5000 10000 v, [y
Puc. 89 Puc. 90

JlomycTM, YTO TPOMKOCTH 3ByKa OILICHMBAETCS HEKOTOpPOM BeMMunHON L.
Wzmenenne rpomkoctd dL  Obuto OBl MPSAMO MPOMOPIIMOHAIBHO HM3MEHEHHUIO
WHTCHCUBHOCTH 3ByKa Ol TOnpKO B TOM ciydae, eciu Obl 4YyBCTBHUTEIBHOCTh yXa K
WHTCHCHUBHOCTH 3ByKa OCTaBaJlach HeW3MeHHOW. OJHAaKoO 3Ta YyBCTBUTEIHHOCTH
ocinabeBaer ¢ Bospactanuem |, mpuyem dL okaspiBaeTcs TPOMOPIMOHAIBEHON
otnomrenuto dI/l. Uurerpupyst pasenctso dL = k dl/l (rme kK — mocrosHubIH
ko3 dunreHT) B npeaenax ot | 10 HaUMEHBIIEro 3HAYEHUsS — MUHTEHCUBHOCTH lo,
COOTBETCTBYIOIIETO Mopory cibimumocty, noaydum L = K In (1/lg). Takum oOpazom,
CyOBEKTUBHOE OIIYIIEHHE TPOMKOCTH 3BYKa OKAa3bIBACTCS MPOMOPIHOHATHHBIM
jgorapu(My OTHOILIEHUS HWHTEHCUBHOCTH 3ByKa K COOTBETCTBYIOLIEMY IOPOTY
CIBIIUMOCTH. Ha 3TOM OCHOBaHMHM YCIOBUIIUCH BBECTH OOBEKMUBHVIO OYEHKY
2poMKOCIMU 36YKA TI0 U3MEPEHHOMY 3HAUEHUIO €r0 HHTEHCUBHOCTH |:
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L =1Ig (I/lp) 6emnos (), mmu L =101g (I/lp) nermmbdemnos (1b),

1€ IS BCEX 3BYKOB YCIIOBHIIMCH ITOJIAraTh, YTO HHTEHCHBHOCTD ITOPOTa CIBIIIMMOCTH
pasHa lp = 1012 Br/m% Benwuuny L Ha3bIBaIOT yposuem uHmeHCcUSHOCMU 36VKA
(oObryHO B nenubenax, 1 b = 10 nb). Eciu uzmepsieTcss He MHTEHCUBHOCTD 3BYKa, a
s¢dhekTHBHOE 3BYKOBOE IaBjcHue (cM. popmyay (*)), To

L =20 Ig (Aps¢/APen),

e ApPex = 2-107° Ila ecTh 3ByKOBOE JaBIEHHE HUKHETO IOPOra BOCIPUATHS 3ByKa. B
aToit hopmyiie L Ha3BIBAIOT yposHem 38YK06020 OasiieHus (B nenuodennax).

DU3NOTOTNYECKON XapaKTEPUCTUKON 3ByKa SIBISIETCS YPOBEHb 2POMKOCMU
38yKa, KOTOPBII U3MEPSETCS B (hoHax 1 OTIPEACIIAETCS CIASAYIONIMM 00pa30M: U3MEHSIS
WHTEHCUBHOCTh cTaHgapTHoro 3Byka yacToTel 1000 [, moGuBaroTcsi, YTOOBI
U3MEPSEMBI M CTAaHAAPTHBIA 3BYK MMEIH OJMHAKOBYIO TPOMKOCTH (IO 3BYKOBOMY
BoCIpUATHIO). ['pOMKOCTH B (pOHAX H3MEPSEMOTO 3ByKa MPHUPABHUBACTCS YHUCITY
Jenuoel ypoBHs 3BYKOBOTO AaBJIECHUS CTAaHAAPTHOTO 3BYKa.

Hwuxe npuBoasTcs ypoBHu L 3BykoBoro nasnenus (1b), MHHTEHCUBHOCTH 3ByKa
I (Bt/M?) u 3¢ deKkTrBHBIE 3BYKOBBIE JaBIeHUs AD,y (I1a) 11 HEKOTOPHIX 3BYKOB B
npejenax oT Mopora CIABIIIMMOCTH 10 00JIEBOTO OpOra.

L, nb . 1, Br/m? Apa &’ ITa
[opor capmummoctd . . . . . % . . . . . 0 1012 2.1078
Tuxuit memor . .. ... ........ 20 10-10 2.1074
I'poMkast peus . . . . . ... ... ... 70 108 6,3-1072
OpKecTp (IPOMKQ) « » v v v v v v v v 100 - 1072 2
Bozesodi mopor . . .. ... L. 130 10 - 63

Mo1mHOCTh, pa3BuBacMasi UCTOYHUKOM 3BYKa, MOXKET OBITh MpEJCTaBJICHA B
3aBUCHUMOCTH OT MHTEHCUBHOCTH 3BYKa, 3BYKOBOTO JIaBJICHUS, & TAK)KE OT TPOMKOCTH.
IIpu pazroBope cpeaHell [POMKOCTH MOITHOCTh, Pa3BUBaeMasi TOJIOCOBBIMU CBSI3KAMHU
YenoBeKa, cocTaBiseT okono 10° BT; mpu mepexosie K TPOMKON PedYH 3Ta MOIHOCTH
YBEIIMYMBAETCS B JIECATKU U COTHU Pas3.

JInst 3BYKOBOTO BOCIHPHUATHS B TMOMENICHUSAX OOJBIIOE 3HAYEHUE HMEET
pesepbepayus 36yKa, T. €. TOCTEIIEHHOE 0CIa0IeHue er0o MHTEHCUBHOCTH BCJIC/ICTBUE
MOTJIONIEHUS PU MHOTOKPATHBIX OTPAXEHUSIX OT CTEH, MOTOJIKA, MPEIMETOB U T. .
Kaxaplii 3ByK CyIIEeCTBYET B IOMEIICHUU HEKOTOPOE BpeMsl, MOKa €r0 HHTEHCUBHOCTh
HE YMEHBIIUTCA A0 MOpora CAbIIUMOCTH. CIHUIIIKOM MEAJICHHOE 3aTyXaHUE 3BYyKa (B
MyCTBHIX TOMEIIEHUAX) CO3/IaeT «TYJIKOCTb» momemieHus. [Ipu odeHb ObICTpoM
3aTyXaHWU 3BYKH TIOJIYYArOTCS TPUTIYIIEHHBIMU (B KOMHATax, OOBEHIAHHBIX
KOBpaMHu). Bpemenem pegepbepayuu Ha3bIBAIOT BpEeMsi, B TEUYEHUE KOTOPOTO
WHTEHCUBHOCTH 3BYyKa B MOMEIICHUH OCIA0JISIETCS B MIJIJTMOH pa3. DTO BpeMs pas-
JUYHO JJIA Pa3IN4HbIX 4acTOT. OHO 3aBUCUT OT 00beMa MTOMEIICHHSI, & TAaKKe (POPMBHI,
pa3sMEpOB U AKyCTUYECKHX CBOMCTB, HAXOIAIIMXCSA B HUX Ted. [ craHgapTHOU
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gacToThl 512 I’y B HEOONBIINX MOMEUIEHHUSIX 3TO BPEMS JOJKHO OBbITh 1 ¢ (onTUMyM
peBepOepanuu). s OONBIIMX KOHILEPTHBIX 3aJOB M TearpoB (MpU YCIOBUU
3aIOJIHEHUA UX JIIOJIbMHU) OHO MPHUOIMKaeTcs K 2 C.

Bpewms peBepOepaliiiy KOHIEPTHOTO 3aJ1a 3aBUCUT OT TOT0, 3aJ1 — IIyCTOW W OH
3allOJIHEH CIylIaTelassMu. B OJHOM ONEpHOM TeaTpe BOCHPUATUE MY3BIKH,
aKyCTMUYECKOE KayeCTBO 3aJla, 3aMETHO YXY/IIMJIOCh BCIECJCTBUE U3MEHEHUS MOJBIL:
KEHIIMHBl CMEHUJIM MBIIIHYIO OACKIY Ha IUIOTHO OOJIETAIOLIYI0 M 3TUM BbI3BAJIU
HEKOTOPOE U3MEHEHUE BPEMEHHU peBepOepaliuu B 3aje.

YabTpa3ByK U €ro npuMeHeHmue.

YnpTpa3Byk umeer yactoty kosiebanuii cBoime 20000 I'mp = 20 kI, mosTomy
JUTMHA YJIBTPAa3BYKOBBIX BOJIH B PA3JIMYHBIX Cpelax Maja, a CKOPOCTH U YCKOPEHHS
KOJICOJTIOIUXCS YaCTHUIl CPeAbl W BO3HUKAIOIINE W30BITOYHBIC TABJICHHS BEIUKH.
NHTEHCUBHOCTh YIBTPA3BYKOBOTO H3TyYEHUS HEKOTOPHIX HCTOYHUKOB JIOCTHUTACT
MWJUTHOHOB BaTT Ha KBajpaTHeIA MeTp. OJHAKO TIPEeXIe UYeM pPacCUNUTHIBATH
BOKHCUIIINE XapaKTCPUCTUKH YIIBTPA3BYKOBON BOJHBI, HEOOXOAMMO IPOBEPHTH,
coOJIroAaeTCs U yCJIOBUE MaIOCTU Ap << po, Ha OCHOBAaHUHU KOTOPOTO OBUIM MOJY-
ueHbl 5TU popMyIsl. ITpu wactore v = 160 kI'11 (o = 27y = 108 ¢!) u mnTencusnocTH |
= 5-10* Br/m? nonygaem mst Bozayxa (pv = 430 kr/(m?-c))

Apg =+[21pv, Apy ~ 6500TTa = 0,065 aTm.

Paccuntaem ocTanibHBIE BEJIMYUHBL:
1) nnuna BosHB A = vlv, A =332 : 160000 = 0,0021 m = 2,1 mMmM;
2) aMIUIMTY1a CMEMICHHS YaCTHUI] CPE/IbI

4
80:1 ﬂ, £ = 1 /2 5-10 ~1,54-10° M= 0,0154 MM
o\ pv 10° V430

3) aMIUIATYy1a CKOPOCTH KOJICOATEIbHOTO ABUKCHHS YACTHI] CPEIBI

Up = &g, Upg = 15,4 M/C;

4) aMIUTUTy1a YCKOPEHUs KOJIe0aTeIbHOTO IBHYKEHUS YaCTHI CPEeIbl a9 = mUg,
ao = 15,4-10° m/c?. Tlpu GompbIIMX YaCTOTaX ¥ MHTEHCHBHOCTSX MOKHO IOJNYYHUTh
YCKOPEHHUSI, B MUJUTMOHBI Pa3 MPEBBIMIAOIINE YCKOPEHUE CUITBI TSKECTH.

VYabTpa3ByKk MOXET OBbITh TOJY4YEH IPU TOMOIIM H3BECTHBIX HCTOUYHHUKOB
CIBIIIUMBIX YacCTOT, HMEIOIIMX COOTBETCTBYIOIIME pa3Mephl WIM MMapaMeTPhl
(MUHUATIOPHBIE KAMEPTOHBI, KOPOTKHE CTPYHBI, CBUCTKH, CHPEHBI C OOJIBIIIUM YUCIIOM
000poTOB poTtopa W T. 1.). llpumMeHeHME TOMYYWIM HMCTOYHUKH YJIbTPa3BYKa,
OCHOBAHHbIE Ha UCIOJIb30BAHUN MAarHUTOCTPUKIIUU U NEKTPOCTPUKIIUHA — U3MEHEHUS
pa3MepoB Tel, TMOMEIICHHbIX B MArHUTHOE€ W JJeKTpuueckoe mnoiia. Ecinu B
OBICTPOTIEPEMEHHOE MAarHUTHOE T0JIC TIOMECTUTh, HAIPUMEP, HUKEJIEBbIN CTEPKEHB,
TO JJIMHA €T0 OYJeT U3MEHATHCS (Ha HECKOJBKO THICSYHBIX JOJIEH MPOIEHTa) B CO-
OTBETCTBUM C 4acTOTOM moJid. [Ipu pe3oHaHce Mexay BHEUIHUM BO3JIEHCTBUEM U
COOCTBEHHBIMH KOJICOAQHUSAMHU CTEPXKHS MOXKHO TMOJYYUTHb OOJIBIINE aMILUTUTY/bI
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KoJieOaHuil U, CIen0BaTeIbHO, OONBIINEe HHTCHCUBHOCTH U3ITy4aeMOM BOJHBI. Takum
e 00pa3oM MOy4yaroT yJIbTPa3BYKOBbIE BOJIHBI OT MJIACTUHKU KBapla (UIU APYroro
IUDJIEKTPHUKA), TOMEIIEHHOTO B BBICOKOYAaCTOTHOE 3JIEKTPHUUECKOE TIOJIE.

Pa3znuuHble MCTOYHMKHU YJIBTPa3BYyKa XapaKTEPUBYIOTCS HOMOKOM 38YKOBOL
9Hepeuu — 38YKo60U MowjHocmvio (OT JOJEH BarTta 10 JACCITKOB KHIIOBATT) U
Koahuyuenmom noneznoeo oevicmausi. B XopoImux reueparopax yjiabTpa3ByKa 3TOT
kodpdunuent gocruraer 60 — 70%. MomHOCTh M3TyYeHUs] UCTOYHUKA 3aBUCUT OT
aKyCTHYECKOTO COMPOTUBIIEHUS CpPe/ibl, B KOTOPOM BO30Yk1at0Tcs 3Byku. Hanmpumep,
KBaplieBasi IUIACTUHKA MPU OJIMHAKOBOM YacTOTE€ W aMIUIMTYAE KojieOaHuM OyaeT
noTpeOIATh ¥ n3ay4yaTh B Bojie B 3500 pa3 0oJbIIyi0 MOIITHOCTh, YeM B BO3TyXE.

bnarogapsi Masnol JuiMHE BOJIHBI YJIbTPa3ByKa €ro MOXKHO (POKYCHPOBATh MpHU
MOMOIIM BOTHYTBIX OTpaskaTeled MM COOTBETCTBYIOIIUX «YJIbTPa3BYKOBBIX JIHH3
(Hanpumep, alIFOMUHUEBBIX). [Ipy 3TOM MOYKHO MOJYyYUTH OOJBLIYI0 KOHUEHTPALIMIO
MOIIIHOCTH B €JuHHIIE 00beMa cpensl. Hampumep, ecnm Bcs SHEpTHs, HU3llydyaeMmas
KBapIieBOU iactuHkou nuamerpoM d = 1,15 cM nmpu mHTEHCHUBHOCTH H3mydeHus | =
10 Br/cM?, doxycupyercs B 1 ¢cM® cpelpl, TO €XKECEKYHIHO B 3TOT 00beM OymeT
noctynarts |-(nd?4) = 10 JI saeprun. [Ipy NOIHOM HOTIOIEHUH 3Ta YHEPTHS MOKET
BbI3BAaTh HAaIpEBaHUE OJJTHOTO IPAMMa BOJBI CO CKOPOCTHIO 110 2,5 °C B CEKYHY.

Kpome 3epkan u 1MH3 yBEIMUYEHHE aMIUIATYAbl KOJCOAHUN U UHTEHCUBHOCTH
yIbTPa3ByKa JIOCTUTACTCS TaKXKe MPUMEHEHHEM CTEp)KHEH € yMEHBIIAIOUUMUCS
CEUEHHUSIMU, KOTOpBIE MPUCOETUHSIOTCA K HM3JIydarolled MOBEPXHOCTH HCTOYHHKA
ylbTpa3Byka (puc. 91). MoXHO BBIOpaTh BEHIECTBO CTEPXHS, C1ab0 MOTJIOMIA0IIEe
DHEPrui0 KoieOaHui, a MpU MOAXOJAIIEM 3aKOHE YOBIBAaHHMS CEYEHHS JOBECTH O
MUHUMYMa H3JIy4eHHE HHEPruH dYepe3 OOKOBYIO MOBEPXHOCTh CTEpkHs. Torma
eXeCeKyHIHbIe KonnyecTBa sHepruu 11S; u 1,S,, mpoxoasiue uepes nBa cedeHus S; u
Sy, OyayT paBHBI U, CIEIOBATEIHHO,

|2 = |181/82.

Tak Kak HMHTEHCHMBHOCTH 3ByKa MpOIOPIMOHAIBHA KBaJapaTy aMIUIATYL
CMEILIEHUs, CKOPOCTH U T.O., TO IJIsl KPYIJIBIX CEYEHHM HMHTEHCUBHOCTH | Oyner
oOpaTHO MpOINOpPLMOHANIbHA KBaApaTy AMAMETpa, a €, Up U Apg — NEPBON CTENEHU
IMaMEeTpa CTEPIKHS.

Bricokne 3Ha4YeHMsI AaKyCTHUECKUX CKOpPOCTEH, YCKOpPEHUH, H30BITOYHBIX
JABJICHUN W IJIOTHOCTEH, a TaKXKE XOpPOUIO pa3pabOTaHHbIE METOIbl H3IYy4YEHUs,
IIpUEMA, U3MEPEHUS MHTEHCHUBHOCTH M CKOPOCTH PACHPOCTPAHEHUS YJIbTPa3ByKa
MMO3BOJIJIA HMCHOJIB30BAaTh €0 Uil PEHIEHWS MHOTMX TEXHUYECKUX 3aj1ad.
[Tepeunciaum BaxHEUIIME IPUMEHECHUS YIbTPa3BYKa:

1) ucnonb30BaHKE YIbTPa3BYKa KaK CPEJICTBA CBA3U M OOHAPYKCHUS;

2) omnpejieleHue MECTOHAX0XK/ICHHUS IPEIMETOB U HEOJJHOPOIHOCTEH B aKyCTUYECKU
MPO3pAavyHbIX Cpelax; B MOPSX — aKycmuuyeckas J0oKayusi KOCSIKOB pBIO,
MOJBOAHBIX JIOJIOK, OIpeaejeHHe TIIyOHHbl; B MAaCCHUBHBIX METaJUIMYECKUX
MOKOBKaX M OTJIMBKaXx — OOHApy)XeHHE BHYTPEHHUX TpEIIMH U PaKOBHUH
(medexrockon C.4. CokomoBa);
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3) usydeHHe PU3MUECKUX CBOMCTB PA3IMUHBIX TBEPJIBIX, JKUTKAX
Y Ta3000pa3HbIX BEMIECTB (CKOPOCTh PACIIPOCTPAHCHHS, =
KO3 (UIIMEHT MOTJIOMIEHUS U T. 11.); N

4) BO3meHCTBHE HA pa3IuYHbIC (PUIUKO-XUMUUYCCKUE IPOLIECCHI: H
KpUCTAUTH3AIUI0, HaMarHUYMBaHUE, IU(Py3uto, pa3IudHbIC

MEKTPOXUMHYECKHUE MTPOIIECCHI U T.J1.; 00pa30BaHUE IMYJIbCUH; T S,
5) MexaHuveckas 00pabOTKa OYCHb TBEP/bIX MM OYCHB XPYIKHX l/

Ted, OYMUCTKA MEIKHX TMPeaIMeTOB  (IeTajeil  4acoBBIX

MEXaHU3MOB H T. 1 .), TOMEUICHHBIX B XKHKOCTh; CTHUPKA OCJIbs;

Jerasarus; S
6) Bo3melicTBE Ha  OWOJOTHYECKHE OOBEKTHI, Pa3JINYHBIC =2

OpUMCHEHHUsI B MenuiuHe (nuarHoctuka Y3U, xupyprus, Puc. 91
JIeYeHNE HEKOTOPHIX 3a00I€BaHMIM U T. I1.).

HekoTopeie KHBOTHbIE W HACEKOMBIE HCIYCKAlOT M BOCIHPUHHUMAIOT
yIIbTPa3BYKOBBIE KOJIEOAHUS Pa3IMUHBIX 4acTOT: AeabPuabl — 10 50 k11, muenst — 10
22 xI'u, cobaku u mbimy casimaT ynbrpasByku 10 100 k' u T. 1. Jleryune mbimm
UCITYCKAIOT YJIBTPA3BYKH KOPOTKHUMH HUMITYJIbCAMU; MPOJOJDKUTEIHHOCTh KaKIOTO
MMITYJIbCA COCTABIISECT THICSYHBIC JIOJIM CEKYH/]IbI, YUCIIO TAKUX UMITYJICOB B CEKYHIY
oT 5 510 60, yactoTa konebanuit ot 30 70 120 x['11. UHTEepecHo, 4TO HOUHBIE 6a00UKH,
SBJISIFOIIUECS TUILEH JJIS1 JIETYYHX MBIIIEH, BOCIPUHUMAIOT YJIBTPA3BYKHU C YACTOTAMHU
ot 10 o 200 x['11 u G;arogaps 5ToMy MOTYT OOHAPYKUTh TPO3SIIIYI0 UM OMACHOCTb.
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