I' 1asa 3. Pacnpocrpanenne Bon

3.1. PACIIPOCTPAHEHUE BOJIH YEPE3 CUCTEMY MACC
N TIPYKUH

ITpuctynuuM Teneps K M3YYEHHUIO HOBOTO SBIECHAS — PACHPOCTPAHCHNUS JIBIDKE-
Husl. BHavane Mbl JaiiM €r0 KayeCTBEHHOE OINMCAHME, A 3aTEM BBIBEJIEM YpaBHE-
HUE, KOTOpPOE Ha3bIBaeTcsd ypaBHEHHMEM JBIKEHHS. C 9TOH LENbI0 paccMOTPUM
MPOCTEHIIYI0 MOJIETb CPEfibl, @ MMEHHO, OJHOPOHYIO TNPYKMHY OECKOHEYHOH
muHbl. IlycTh B HEKOTOpPBI MOMEHT BpeMeHH t = O JIEBbIil KOHEL| MPYKUHBI
HAa4MHAET IBUTATHCA CO CKOPOCTBIO V. YTOOBI YIPOCTUTh aHaIM3 M U30eXkKaTh He-
00XOfIMMOCTH pellaTh BOJHOBOE ypaBHEHHE, Mbl OyJeM paccMaTpHUBaTh TONBKO
HpUOIIKEHHYIO MOJIENb, B KOTOPOH Kax/Iblil OTHOCHTEILHO HEOOMBLION 37IEMEHT
NPY>KUHBI 3aMEHSETCS CUCTEMOI, COCTOSIIEH U3 IBYX YacTei:

a) KOPOTKOW MPYKMHBI C HYJIEBOH MacCoi;

6) HeOOJBIIOro TBEPAOTO TENA.

3aMeTuM, 4TO KEeCTKOCTb M Macca 3TOM HeGONBLION CHCTEMbI ONPENENSIOTCS
COOTBETCTBYIOLIMMA MapaMeTpaMyil MCXOJHOH TNpyXWHBI. B pe3ynabTaTe MOfENb
TpeficTaBNsieT co00¥ CHCTEMY, COCTOSILYIO U3 NPYXHH (OMHAKOBOW JUIMHBI U
JKECTKOCTH) M 3JIEMEHTApHBIX Tel (OMMHAKOBOM MAcChl), KaK 3TO MOKA3aHO Ha
puc. 3.1, a.

PaccmoTpuM f1Be Macchl, My, © M,, U NPEANOIOXKAM, YTO B MOMEHT BPEMEHU
t = 0 mMacca M, Ha4yMHAET JIBUTaThCd C MOCTOSIHHON CKOPOCTBIO V. B pesynbrare
9TOTrO ABMXKEHUS NMPYKMHA CKUMAECTCI ¥ BO3HUKAET CUIA, ACHCTBYIOIIAs HAa Maccy
m,. ITocKOIBKY MBI HPERMONOXUIA, YTO Macca NPYKWH PaBHIETCA HYJIIO, 9Ta
CHJIa MTHOBEHHO BO3HUKAET Ha IPOTUBOIOJOXHOM KOHIE NepBoi npyxunbl. C
TeYeHHEM BPEMEHHU MPYKMHA TPOJOIKAET CKUMATHCS U, CJEflOBATENbHO, CUIa
yBENMUMBacTCs. B pesynbTraTe MMIyIbe CUIlbl, IGACTBYIOLIEH HA Maccy M;, CTaHO-
BHUTCS IOCTaTOYHBIM JUISl TOTO, YTOOBI IPUBECTH €€ B ABMKEHUE CO CKOPOCTBIO V.

Takum 00pa3om, i1 TOro, 4ToObI Macca M, Havana JBUTAThCS CO CKOPOCTBIO,
PaBHOI1 CKOPOCTH JIBUKEHUS Macchl M, TpeOyeTcst HekoTopoe Bpemst. O603HaunM
3TO BpeMs 3aJiepKKH Kak T. KOHEYHO, B JICACTBUTEILHOCTH Macca M; HAYMHACT
NBUT'ATHCS MPAKTUIECKA OMHOBPEMEHHO C Maccou My, XOTA U C ropasfo MEHBIIIE
cKopocThlo. TeM He MeHee, B paccMaTpiBacMOM MPHOMMKEHNH MPEANonaraeTcs,
YTO Macca MOKOWTCS B TEUEHUE MPOMEXYTKA BPEMEHA

O<t<r

B koHie atoro mHTepBaga BpeMeHH AMuHA | TepBOH MPYKUHBI CTAHOBHTCH
MEHBIIIE ¥ BEJIMUMHY €€ COKPALCHU MOKHO BBIPa3UTh KaK

-1, =vr,
rje |, — muHa IpyKMHBI B MOMEHT BpeEMEHH t = T.
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2t 3t 41 t IIEHNS MacC KaK (PyHKIN BpeMeHH (- )

HOCKOIILKy npu t = T o0a KOHIIA IPYKUHBI [IBIXKYTCS C OMHAKOBOH CKOPO-
CTBIO V, €€ JIINHA He MeHsieTcs i ocTaeTcd paBHoll |;. KoHeuHo, cymMMa BHYTpeH-
HUX CHJI, [ICCTBYIOIUX Ha Maccy M;, paBHseTcd Hymo. Kak Tombko Macca m,
TPUXOAUT B [IBIXKEHNE, 3TO MPUBOJUT K CKATHIO BTOPON NMPYKUHBI M BO3HUKHO-
BEHHIO CHIIbI, JIEWCTBYIOIIEH Ha Maccy M,. ITOCKOmbKYy Bce MPYXKHHBI M MacChl
OJJMHAKOBBI, Macca M, HAUUHACT IBUTATHCA CO CKOPOCTBIO V B MOMEHT BpEMEHU

t =2t

B 3TOT MOMEHT A7MHA BTOPOW MPYXUHBI CTAHOBUTCSl PAaBHOW JIMHE NEPBOi
npyxusbl. O000MLIAs NOTYyYEHHBI pe3ysibTaT, MOXHO YTBEPXKJATh, YTO Macca,
pacmonokeHHas Ha pacCTOSHUN

L =nl (3.2)
OT JICBOI'O KOHIIa, HAYMHACT ABUTaTbhCSA CO CKOPOCTLIO V B MOMECHT BpEMCHU
t* =nt. (3.3)

3pech N 0603HaYaeT MOPSIKOBbI HOMEP MacChl.

Takum 00pa3oM, Mbl HIMEEM JIENI0 C TAKUM [IBUKEHHEM, IPH KOTOPOM Macchl
B CHCTEME HAUWHAIOT IBUTATHCS HE OJHOBPEMEHHO: KaXJasl MOCIEAyIomasi Macca
BOBJIEKAETCS B 00IIIee JIBIKEHNE C HEKOTOPOH 3aiepskKoil. Takoi THI JBIKEHNUS
Ha3bIBaeTCsl pacupocTpaHeHueM BoJH. OH 3akioyaeTcs B MEPEHOCE JBIKEHHUS
9JIEMEHTApHON Macchl ¥ TIPYXKUHBI, & TAKXKE CUIIbI, KOJNYECTBA JIBUKEHUS], KUHE-
THYECKOH ¥ MTOTEHINATBHON HEPIHH.

CKOPOCTb PACITPOCTPAHEHUSA BOJIHBI

OmnpepenuM Tenepb CKOPOCTb PaclpOCTPAaHEHHSI BOMHBI BAOTb CHCTEMBI, CO-
croduei u3 Mace 1 npyxuH. [TockonbKy Macca M, HAUMHAET IBUTAThCA C 3afiepX-
KO T OTHOCHTENIBHO Macchl M;, a pacCTOSHUE MEXy 3TUMU MaccaMi PaBHSIETCS
I, ckopoCTb BONHBI OIPEENIETCs CNENYIOINM BbIPAsKCHUEM:

c=lh. (3.4)
60



OueBUHO, YTO 3TO XE COOTHOLIEHNE MOXKHO MONYYUTh, PACCMATPUBAs IPO-
U3BOJIBHYIO Maccy M, JAaHHOTO MaccuBa U UCIONb3Y4 BbIpaxkenud (3.2) u (3.3).

Haima cnegyromast ueab COCTOMT B TOM, 4TOObI BBIPa3UTh CKOPOCTb PaclpoCT-
paHeHHs1 9epe3 KEeCTKOCTb MPYKUHbI K 1 Maccy M. [l 3TOro Mbl HCHOJIB3yeM
3aKOH ['yKa U CBSI3b MEXJy UMITYJIbCOM CHJIbI ¥ KONMYECTBOM JIBIKEHUS.

Jlerko natitu cuny F, xoTopas nepefaeTcs BJOJNb MacCHBa U BbI3bIBAET [BIKE-
HHUE KaX[o# Macchl cO CKOpocThio V. JledicTBUTENbHO, U3 3aKoHa I'yka crnenyer,
4To

F = k(1)) = kvr. (3.5)

Mps1 GyleM TpakTOBaTh YIPYIYIO CHITY, AEHCTBYIOLIYIO Ha Maccy M, KaK BHYT-
PEHHIOIO, U HCKIIIOUMM M3 PACCMOTPEHHS] Maccy M, TIOCKOJbKY €€ IBUXKEHHE He
BBI3BAHO CKATHEM MPYXKUHbBI. Y YUTHIBAS, YTO UMITYIbC STOA CHIIbI

N = Ft*
paBHSIETCSl  KOJMYECTBY JIBUKEHHUSI Mace
Ft* =nmv,
U UCnonb3ys paBeHcTsa (3.3) u (3.5), nonyynm
kvt nt=nmv.
Orcrona

T=+m/k. (3.6)

COOTBGTCTBCHHO, CKOPOCTD IEPEHOCA TBUKEHUSA, T.€. CKOPOCTH BOJTHBI

c=Ivk/m. (3.7)

YroOb! IPOMIITIOCTPUPOBATH ATOT BLIBOJ, PACCMOTPUM Maccy M, Ha MHTEpBa-
Jie BpeMeHH

T<t<2t.

HOCKOIILKy JBAKETCA TOJIBKO 9Ta MaccCa, UMITYJIbC CAJIbI U KOJMYECTBO [IBU-
KCHUA CUCTEMbBI PABHSIOTCSA

N =Ft =kvtt.
Orcrona
kvt=mv mwm t=+vm/k,

1 MBI CHOBa TIoTy4yaeM popmyay (3.6).

OTOT Xe Ppe3yJbTaT MONEe3HO BBIBECTH M3 COOTHOIIEHUS MEXJy paboToil u
aHeprueil. YToObI IPHBECTH B IBIKEHNE MACCHB, COCTOSIINN M3 Macc W TPYKUH,
K CHCTeMe TIpUKafbiBaeTcs cmta F. 3a Bpems t™ Macca M, TiepeMelaeTcst Ha pac-
CTOSTHIE

S, =Vt
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CHeIIOBaTeIIbHO, pa60Ta, OpOu3BECHHAA CHHOﬁ, paBHSACTCA
W=Fs, =kvtvnt =kv>n(/c)’ (3.8)

TIOCKOITBKY
F=kvt, t'=nt=n-.

bBnaropaps npou3BefieHHON paboTe cucTeMa, COCTOsIas U3 N Macc, npuodpe-
TAaeT KUHETUYECKYIO 3HEPIUI0, a NOTEHUMabHAas SHEPrusl akKyMyJaupyeTcss B N
MPYXUHAX, COSTUHSIONMX 3T Macchl. [Ipy 3TOM KMHETHYECKast SHEprus N Macc
paBHSETCS

—nmv’
E=n. (3.9)

a TIOTCHUMAIbHAA HEPIrusd N NPYXKUH JJIAHBI | ect

12 2 2
U=nkd=h" _ koo~ _nk2 1* (3.10)
2 2 2 2

HpI/IHI/IMaSI BO BHUMaAHUE, 4YTO
W=E+V

1 ucnonb3ys BeipaxeHus (3.8) — (3.10), nonyvaem

2 2 2 2
kv2n(l) —nMV kv P
C 2 2 (;2

ninn
c=Il+vk/m,

YTO, KOHEYHO Xe, coBmafgaet ¢ (3.7).

3ech cefyeT caenaTh HeCKOMbKO 3aMeYaHuil.

1. CkopocTh BONHBI C 3aBUCHUT OT CIEMYIOIINX TAPaMETPOB:

a) XEeCTKOCTH MPYXHUHBI K;

0) NHHBI IPYXUHEI |;

B) Macchl M.

2. CornacHo 3akony I'yka, ¢ yBelIuyeHHeM KeCTKOCTH MpPYXHUHbI K Ta Xe ca-
Masi cia OyfleT MepeiaBaThCsl P MEHBIIEM CXKATHH TPYKWHBI. JTO O3HAYAET,
YTO BpeMsl 3a/IEPKKH T, HEOOXOIMMOE ISl CKATHSI TPYKMHbBI, TAKXKE CTAaHOBUTCS
MeHblIe. CKOPOCTh € IIPY 3TOM YBEINYMBAETCS.

3. C yBennMUEHNEM MacChl €€ YCKOPEHWE YMEHBIAETCS U, CIE[OBATENBHO, IS
IepeHoca TAaKOro K€ KOIMYECTBA JBIDKeHHs Tpebyercs OGonbluas nedopmanmst
npyXuH. [103TOMy CKOpOCTb BONHBI YMEHBIIAETCH.

4. CKOpoCTb JIBMKCHAS V HUKAK HE CBS3aHA CO CKOPOCTHIO PACHPOCTPAHEHUS
BOJIHBI C. [l JaHHOTO MacchBa CKOPOCTH V ONPEAETAETCd UMITYIBCOM BHELIHEH
CUJIBI.
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OOGBIYHO 3TH CKOPOCTH OTJIMYAIOTCS IPYT OT Apyra Ha HECKOJBKO MOPSIKOB,
npudeM C >>V. [Ipu BbIBofie BBIpaskKeHWIT sl BpeMEHH 3aJIEPXKKH T U, CIET0Ba-
TEJBHO, TSI CKOPOCTH C MBI ACTIONB30BAJH /IBA PA3HBIX MOAXONA, W B 0OOWX CIIy-
Jasix CKOPOCTb Macc V He Urpaiia HIKaKo# poim.

5. Jlo cux TOp HAIIM PAcCyXIEHUS] OCHOBBIBAINCH HA TOM, UTO PaCHpOCTpa-
HEHHE BOJIHBI COMPOBOXKAETCA CXKATHEM TIPYKMHBL. VIHBIM CTOBaMH, Mbl paccMa-
TPHUBAIM BONHY CKATHS, JUISI KOTOPOHl 006E CKOPOCTH HMMEIOT OJHO M TO 3Ke
HampaBineHne. TakuM ke 006pa3oM MOXHO TPEANONOXATh, UYTO [IBIZKEHIE
Macc IPABOJUT K PACTSIKEHUIO TPYKUH U, CIEOBATENBHO, BO3HAKACT BOJHA pac-
TSDKeHH. B aTOM ciydae cKopocTH C M V HMEIOT NPOTHBOIOIOKHBIEC HATIpaBJIe-
HUSL

B Hamem npuOnuXKeHNN CMEIEHHsT S, M CKOPOCTH V, MOXKHO TPEJCTAaBUTH B
CIEMYIOLIEM BUJIE:

0, t<th,

3.11
v(t-t), t=t" G-AD

5,() = {

v, () =vh (t-t"), (3.12)

e h (t - t) — crynenyaras ¢yukums. Ilosenenue ¢yHKumM S,(t) MOKa3aHO Ha
puc. 3.16.

B npenbiny1eli rnase paccMaTpUBaIUCh KoneOaHus, IPH KOTOPbIX B KaX[blil
MOMEHT BPEMEHH BCE 3JIEMEHTBI CHCTEMBI OBbIIIM BOBIIEUYEHBI B JIBIKEHUE. Temnephb
MBI HaOJTFOlaeM COBEPILEHHO APYTYIO KapTHHY. B KaXX[blii MOMEHT BPEMEHH Mac-
CHB MOXHO YCIOBHO pa3[iciUTh Ha JIBe 4acTH. Bce Macchl M NPYXKHUHBI NMEpBOH
YaCTH BOBJICYCHBI B IBIKCHHAE, B TO BPEMS KaK BTOPasi 9acTb CHCTEMBI IIOKOUTCS.
B TakoMm npuOnMXeHHM IpaHALA MEXAY ITUMM YacTSAMHU IPEACTaBISeT COOOM
BOJIHOBO# (DPOHT, OMUCHIBAIOIMICS CTYNEeHYaTOlN (DYHKIMEN U TlepeMelIaroIpics
BJJOJIb MACCHBA CO CKOPOCTBIO C.

ITpocrota copmyn (3.11) — (3.12) oObsIcCHsIeTCS TEM, YTO Mbl HpeHEOperu
HECKOJIbKMMH (DaKTOpaMmu, BKIIOYas IefCTBIE BHYTPEHHEN CHJIbI MPYXKUHBI, pac-
TOJIOKEHHON Nepef KaXkNon U3 Macc. Mbl MPENMONOKMIN, 9YTO B MOMEHT BpeMe-
Hu t=0Macca M, HAYMHAET IBUTaThCS C IIOCTOSIHHON CKOPOCTBIO V, B TO BPEMs
KaK Kaxpas Ioclefyromas Macca pUOOPETaeT Ty e CKOPOCTb € 3afepPXKKOH 10
BPEMEHH T I0CIIE IIPEABYLIEH. DTO 03HAYaeT, YTO KaX[as Macca, HaXONUBILIASCS
B TIOKOE, NMPHOOPETAET KOHEUHYIO CKOPOCTh MTHOBEHHO, T.€. B MOMEHT Havana
JIBIKEHHSI €€ YCKOpEHHe CTaHOBHUTCA OeckoHeuHo OonpiiuM. KoHedHo, Takoe
MOBEJICHAE HEBO3MOKHO, TO3TOMY MBI OIHAIIEM, II0 KpailHE# Mepe, Ka4eCTBEHHO,
OCHOBHBIE UEPThI peanbHOro ABMKeHNA. [1ycTh, Kak u npexpe, Macca M, HavMHa-
€T JBUraThCsl C NMOCTOSIHHOM CKOPOCTBIO V B MOMEHT BpeMenu t = 0. Ilpu atom
TnepBasi IPYKUHA CXKUMAETCS, U BO3HUKAET CUlla, JEliCTByrolas Ha Maccy m,. B
pe3yibTaTe Macca M; HAUMHAET JIBUTATHCS C HEKOTOPBIM YCKOPEHHEM M €€ CKO-
poctb pacreT. CMellieHre Macchl M, MPUBOJUT K CKATUIO BTOPOW MPYKUHBI, KO-
TOpOE BBI3BIBACT CHIY, TaKxXe JCHCTBYIOMYI0 Ha M,. Hampasnenwe sTOil CHIIBI
MPOTHUBONOJIOXHO HANIPABJICHUIO IBIKEHNA. [IOMIMO 3TOr0, KaKk TOJIbKO HAYMHA-
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€T JIBUTaThcd Macca M, APYTrhe Macchl B MACCHBE TAaKKe OKa3bIBAOTCS BOBJIEUEH-
HBIMH B IBIDKEHHE, XOTSl UX CMELIEHHS MOTYT ObITh Upe3BbluaiiHo Manbl. CHava-
Ja, U3-3a UHEPLUHU, CXKATUE NIePBOY NPYXKUHbI UTPAET TULUPYIOLIYIO POJb, U CKO-
pocTb Maccbl M, pacreT. OHAKO CO BPEMEHEM CUJIbI, BbI3BaHHbIE BTOPOI U IO-
CTIETYIONIMMH TPYXKUHAMY, YBENTMUMBAIOTCS, U WX BIMSHAC MPUBONUT K YMEHBIIIE-
HUKO yckopeHus. CyliecTByeT Takod MOMEHT BPEMEHH, KOTfia Macchl My m M,
JIBIKYTCSL C OMHAKOBOI CKOPOCTBIO,  Pe3yJbTHDPYIOLIAs CHla, AEHCTBYIOMIAS HA
m,, paBHsIeTCA HYJIIO. [IBIKEeHIE BTOPOI U MOCIIEAYIOIMX MAcC IPOUCXOUT TOYHO
TaK Xe, HO C HEKOTOPOH 3ajiep>KKoii 10 BpeMeHH. OKa3bIBAeTCs, YTO TaKOE Npef-
CTaBJICHUE JBIDKEHHUS SBISETCS NPUONM3UTENbHBIM TOJBKO B IpefesaaX OTHOCH-
TEJBHO HEOOJIBIIOr0 IPOMEXYTKA BPEMEHH, KOIfla Macca HAYMHAET CBOE JIBUKe-
Hue. C yBelnyeHNeM BpeMeH! OHO CTaHOBUTCS Bce 00JIee TOUHBIM.

B Havane jaHHOTO pasfena Mbl 3aMEHWIH IPYKUHY OECKOHEYHOM IMHbI Mac-
CHBOM 37IEMEHTOB (pHC. 3.1, @) U NPENNOTOXIWIH, YTO KaXblil JEMEHT JIUHBI |
peasbHOY IPYKUHBI SKBUBANIEHTEH CHCTEME, COCTOSIIEH U3 TBEPHOTO Tejla MAacchl
M ¥ IPYKUHBI, IMEIOIIEH HyIEeBYIO Maccy M 3KecTKOocTh K. M3ydenne pacmpocrpa-
HEHHS! BOJH BJIOJIb TAKOTO MAcCHBa UPE3BBIUAHO MHTEPECHO, OJTHAKO B JANbHEN-
IIeM Mbl CKOHIICHTPUpYEM Hallle BHUMaHWE Ha ciyyae, Korpa miuHa | kaxmoro
anemeHTa GeckoHeyHo Mana. Kak cienyer u3 3akona ['yka,

F=ks=k|i|=E*§|, (3.13)

I7ie TapaMeTp
E* =kl (3.14)

B OTJIMYHE OT XXECTKOCTH K HE 3aBHCHT OT [IIMHBI 3JEMEHTa NPYXuHbI | 1 ompe-
NIETIAETCA CBOACTBAMY €€ MaTepuana.
BBeneM Takxke JTUHENHYIO INIOTHOCTb P IPYXXUHB] B HICXOHOM COCTOSTHUM:

m = pl, (3.15)

B coorBercTBUM € 9THUM, BbIPAXKEHUE [IJIsI CKOPOCTU PACIPOCTPAHEHUS BOJIHBI
3aMMIICTCA KakK

c=t1Jk/m =IVE"/pI? =yE'/p. (3.16)

Taxum 06pa3oM, mepexofid OT AUCKPETHOTO clydas K CIy4alo HeNmpephIBHOM
NPYXUHBI, HAXOUM, YTO CKOPOCTb BOJHBI 3aBUCHT TOJIBKO OT YIPYLOro mapame-
Tpa E” (ecTKocTH) ¥ IIOTHOCTH P. B yacTHOCTH, ecny MCTOUHHMK BO30YXKIAET
CHHYCOWJJaNbHbIE BONHBL, TO CKOPOCTh BONHBI HE 3ABHCHT OT 4acTOThl. MHbIMH
CIIOBaMH, BOJIHBI PA3IMYHbIX YACTOT UMEIOT OJUHAKOBYIO CKOPOCTh. JTO O3HAva-
eT, 4To Geryiias BONHA, PacIpOCTPAHSIONIAACS BT MPYXKUHBI M MPECTABISIO-
mast co60il CyNepno3uIiio CHHYCOMAATIBHBIX BOJH, COXPAHSET CBOIO (hopMy. ITO
BAXKHOE CBOVICTBO HAOMIOJaeTCsl BO MHOTHX CITy4asiX, XOTS ¥ He BCerfa.
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BBIBO/I BOJIHOBOI'O YPABHEHUS

BoiBefieM Teneph ypaBHEHHME [BIKEHMS IIPOU3BOJIBLHON Macchl M, (CM. pHC.
3.1, @). Ilyctb Sy, S, U S,,; OO03HAYAIOT CMEIIEHHsT Macc M, , M, 1 M,,,, co-
OTBeTCTBEHHO. Torya, cornacHo 3akoHy I'yka, cHiIbl, JENCTBYIOIIME HA Maccy M,
PaBHAIOTCA

Fo=K(5. = S0, Fo =K (Sy— Sne)- (3.17)

[Mpumensist BTropoit 3akoH HblOTOHA, ONyYUM ClEyIolee YpaBHEHHE JIBIDKE-
HMSI MacChl M,,:

ds, _

m =
dt?

R+ R (3.18)

3pech Mbl yuiiu TpeTuit 3akoH HetoToHa. OueBUAHO, YTO CHITBI, AEHCTBYOLIUE
Ha Maccy, IMEIOT IPOTHBONONOXHbIEe Hanpasienus. [loacrasmsas (3.17) B (3.18),
TPUXOMIAM K CIIEYIOLIEMY YPaBHEHHIO:
a%s,
at?

m

=K(Sy_s +Spu = 25,)- (3.19)

[Tyctb nonoxkenue macc M,_;, M, 1 M,,,; XapakKTepU3yeTcsd KOOPAUHATAMHU X,
Xn ¥ Xpe1- ITO O3HAYAET, UTO

Sn—l = S(Xn—l)’ Sn= S(Xn) " Sn+l = S(Xn+l)'
Kak M3BECTHO, €CJIM PACCTOSIHUE MEXKMY MABYMs TOYKaMU TOCTAaTOYHO Mallo,

TepBasi IpOu3BOJiHas HENPEPbIBHOI (hyHKIMHU S(t) CBA3aHa C Pa3HOCTBHIO €€ 3Haye-
HU CIIEYIOIIMM 00pa3oM:

iS] AX
S, =S, =—=|X , +—]|AX
nUI T ( -l 2)

Sy -5, =5 = (xn +&)Ax . (3.20)
X 2

[Mpennonoxum, 4TO Ha KaxaoM uHTepBajie (yHKIms S(t) Bemer ceOs NuHEH-
HbIM 00pa30M U ee MPOM3BOAHAs MOCTOsHHA. OHAKO 3HAUEHUs NMPOM3BOJHON HA
Pa3HbIX HHTEPBAJIAX B OOIIEM Clyyae OTIMYAIOTCS APYT OT ApYra.

AHanornyHbIM 00pa3oM, B TOYKaxX X, ;, X, ¥ S,,; MOXHO HafiTH COOTHOLLE-
Hue Mexny ¢yHkupeit S(t) 1 ee BTOpOil MPOU3BOAHON. [[eCTBUTENLHO, BHIYATAS
nepsoe ypasHeHue (3.20) u3 BTOPOro, Nony4uM

2
Spt = 28 + Spuy = 2= = (AX)?, (3.21)
ox2
rjie BTopasi IPOM3BOJIHAs §°S/0X° IOCTOSIHHA Ha HHTEpBAIE
Xnop < X < Xppye
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Iopcranoska (3.21) B ypaBrenue (3.19) gaet

2 2
ma S(x, t) (AX)Z =ka S(x, t) (AX)Z.
x> x>

ITockonbky
m = pAX,
nMeeM

2 2
1 9Ts ) _ aTsx, b (3.22)
¢t at? x>

31ech C — CKOPOCTb PaclpOCTPaHEHNS BOMHBI BJIOJb NPYXKUHBI, S(X, t) — cMe-
I[EHNE LEHTpa Macc N000r0 OHOPOJIHOTO 3NEMEHTA.

[Tockonbky cMemienue S(X, t) 3aBHCHUT OT IBYX apryMEHTOB, ypaBHEeHHE (3.22)
COTIEPKUT YACTHBIE NPOM3BOJHBLIE M HA3BIBAETCS BOIHOBBIM YPABHEHHMEM I OfI-
HOMEPHOTO CIIyyasi.

ITpexpe, 4eM DPUCTYNUTL K OOCY>KACHUIO PELICHUS 3TOTO YPaBHEHUS, 3aMe-
THM CIEfyIOLIEe:

a) TIpU BBIBOJIE YpaBHEHNS (3.22) MbI HCHIONB30BAIM BTOPOH W TPETHH 3aKOHBI
HeloToHa, a Takxe 3akoH I'yka. OTOT mopxof OCTaeTcsl CIpaBEJIMBbIM BO BCEX
CIIy4asiX ypaBHEHUH [IBYKEHNS, BEI3BAHHOIO PACIPOCTPAHEHNEM BOJIH;

0) MBI paccCMaTpHUBAJI 3JEMEHT, COCTOSIMIA U3 TPEX Macc U [IBYX COEMUHSIO-
WX UX NpYyXuH (cM. puc. 3.1, @). B obmem cnyvae, 3Ti IpyKuHbI AepOpPMUpY-
I0TCA [I0-pa3HOMY, YTO IPMBOAUT K HOSABIEHUIO YCKOpeHHs Y Maccel M. ITomumo
9TOrO, CMEIIEHHs], CKOPOCTH U YCKOPEHHSI Macc M,_;, M ® M,,,; TaKXe MOLYT OT-
JMYaThCs APYT OT ApYra;

B) JIEBAsl YACTb YPABHEHMS JABIDKCHUS XapaKTEPU3YET YCKOPEHUE LEHTpa Macc.
ITpaBast 4acTb 3TOrO ypaBHEHHUs CBA3aHA C PE3YIbTUPYIOIUMMU BHELIHIMY CHJIAMU,
HOPMUPOBAHHBIMA Ha MAcCy 9JIEMEHTA.

3.2. PEHIEHME OJHOMEPHOI'O BOJTHOBOI'O YPABHEHMUSI.
ITPAHUYHBIE YCIIOBUA

Kax 6b110 omicano B mpefibIyleM pasielie, paclpoCTpaHeHHE BOHBI COTIPO-
BOXJIAETCS CMEIIEHHEM JacTul] S(X, t), KOTopoe MOTUUHSETCS BOTHOBOMY ypaBHe-
HUO

a%sx, D _ 1 8%s(x, 1) (3.23)
x| .

3nech

c=+E*/p (3.24)

0003Ha4aeT CKOPOCTb BOJHBL. YpaBHeHUe (3.23) susiercst AucdepeHIuanbHbIM
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YpaBHEHHEM C YACTHBIMH MPOM3BOJHBIME BTOPOrO MOPSAKA. ITO O3HAYAET, UTO
pELIEHHEeM 3TOrO YPaBHEHHSI MOXKET ObITh TOJNBKO (DYHKIMS, UMEIOIasi BTOpbIE
IPOU3BOJHBIE MO KoopauHate X U BpeMenH t. Taxkue pyHKImM, Kak cTyneHYaTas
(byHKIIUS, HE YAOBJIETBOPSIIOT BOJHOBOMY YPaBHEHMIO B OKPECTHOCTH TOYKM pa3-
phIBa.

METO/J JAJTAMBEPA

PaccmoTpuM Temeph pellicHHE BOJTHOBOTO YpaBHEHWs, Urparouee (hyHAaMeH-
TaJIbHYIO POJIb B TEOPUH PACIPOCTPAHEHNs BOMH. 3aMETHM, UTO ypaBHeHue (3.23)
ABJIIETCS. CAaMbIM IIPOCTBIM BAPHAHTOM YPaBHEHWs [BIDKEHHS, COOTBETCTBYIOLIMM
OJJHOMEPHOMY CIIy4alo, IIOCKOIIbKY CMEHIEHHE S(X, T) 3aBHCUT TOJBKO OT ONHOM
IPOCTPAHCTBEHHON KOOPAMHATEI X BIOJIb IIPYKKHBIL.

Kax u3BecTHO, pelieHne OOBIKHOBEHHOTO Auh(epeHIUaNbHOIO YpaBHEHNUS,
TaK Xe€, KaK U yPaBHEHNsI B YACTHBIX IIPOM3BOJHBIX, HCTOPUYECKU ObLIO HOJyYe-
HO MeTofoM npob u ommbok. Tak, Hanpumep, [JanamOep IpeaaoXun pelieHue
BOJIHOBOT'O ypaBHeHUs (3.23), BBE/s JBE HOBbIE NIEPEMEHHBIE:

C=Xx-cCct mw n=x+ct. (3.25)

3atem, npuMenss enHoe npasuio auddeperiuposanus (puc. 3.2, @) oH 3a-
MEHUJT TPOU3BOTHLIC

MPOM3BOAHBIMI OTHOCHTENBHO C U 1.

a Sx Sx o Oy
C no N
\x / \t
0 t

[

Dponm 60nHbI Dponm 6onHbI Dponm 60nHbI
1 1 1
N | | [
1 1 1
mp. | My, mpy. My mpy. My,

Puc. 3.2. Cs3b Mexy nepeMeHHbIME (DYHKIIH S(X, 1) (2); CKOPOCTb YacTHIl KaK (PyHKIWS
BpeMeHH (6); TIONOXKEHNST BONHOBOTO (DPOHTA OTHOCHTENBHO 3IEMEHTA MPYKHUHBI (6)
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HeﬁCTBYﬂ TaKUM 06p330M, NEpBbIC NPOU3BOJHBIE MOXKHO NIPEACTABUTL B BUJIE

95 _ 9595 L 95 9m _ 95 9s
0X dg X dn X  dg dn

n

95 0595 B _ 35, o0s

ot dg dt  dIn ot ag o
MOCKOJIBKY
9% _9 _ 1, % __ Mm_e¢.
IX  0X ot ot
ILTI;I BTOPBIX IPOU3BOJIHBIX UMEEM
s _ 085 _ i(ﬁ N ﬁ)
gx2 X Ix  Ix\dg dIn
ninn
2 2 2¢ 42
ﬁ=i(§+§)£+i(§+§)é’_ﬂ=ﬁ+2£u, (3.26)
ax2  9g\adg  am/ax  dn\adg n/ox 2 dgdm an

AHanornyHbIM 06pa3oM MPOU3BOHAs 3°S/dt” 3aIHChIBAETCS KAK

2 [ 42 2 2.\
s _ylis 88 08 (3.27)
at? ac? s gy?

[Topcranoska (3.26) — (3.27) B (3.23) npUBOAMT K CIEAYIOMEMY YPaBHEHHIO:

a%s,
=0. 2
e 0 (3.28)

BJIGCI) Sg = S, IMOCKOJIbKY MPEAMNOIaracTca, 4YTo0 CMEIICHUE UMEET TOJBKO X-
KOMIIOHEHTY.

HaHHbeI BT BOJTHOBOT'O YPABHEHMS MMO3BOJIACT IMOJMYYUTH €r0 PEHICHUE OYCHb
IIPOCTBIM CrmocoOoM. HeﬁCTBHTeJ’[bHO, 13 paBCHCTBaA

i(ﬂ) -0
dg\ dn

creqyer, 4to (pyHKOuUs 9S, /v He 3aBUCHT OT C, T.e.

9s¢ (s, )

e o(n),

r7ie @ (1) — HeKoTopast QYHKIHS OT 1.
WuTerpupys 1o 1 06e yacTy NONYYEHHOTO ypaBHEHUs, IOy YiM

S(c, M) = f p(Mmdn+c. (3.29)
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3pece C - K03 puuuenT, He 3aBUCAIMA OT 1), XOTS OH MOXKET SBIATHCS
¢yHkumei ot C.

Takum oOpa3om, npaBas yacTb BelpaxkeHus (3.29) siBnsiercs, B 0OIIEM CaIy-
Yae, CyMMO# JIBYX (DYHKIMH, MPUYEM KaKias U3 HUX 3aBUCHT TOJNBKO OT OJfHOM
HepeMeHHoH, (1 uiu C):

(G, m) =AfC) +Bagm). (3.30)
3nech

Af©)=C, Bamn) =fq9(n)dn,

a A u B - HeKoTOpbIe TIOCTOSHHBIE, HE 3aBucsIme OT 1 U C. Kak OyaeT mokazano
flajiee, 9TH OCTOSHHbIE OOBIYHO ONPENENIOTCS U3 HayalbHbIX M PAHUYHBIX YC-
JIOBUIL.

Teneps, ucnonesys (3.25), pelieHHe BOJTHOBOIO YPABHEHUS MOXHO IPECTa-
BHTb KaK

s(x,)=Af(x-ct)+Bqg(x+ct). (3.31)

ITocMoTpuM, TIpeskye Bcero, Kakoi cMbIca nmeeT dynkmus f (X — ct), 3aBucs-
mas ot apryMenTa C = X — ct. [1o onpenenenuto, fanHast (pyHKIUS SBISETCS T1O-
CTOSIHHOII I0 TeX IOp, IIOKa OCTAeTCs OCTOSHHON pa3HOCTh X — Ct, HE3aBUCUMO
OT 3HaueHui X 1 t. ITO 03HayaeT, YTO 3Ta (PYHKIHUSA ONKUCHIBAET BOJHY, Paclpo-
CTPAHSIOLIYIOCS BIIONb OCH X, HAIlpUMeEp, BROJIb NPYXKUHBL. J[efCTBUTENBHO, C yBe-
JMYEHUEM PacCTOSHUS X OT Hayana NPYXUHbI OIHO M TO K€ 3HaueHue (PyHKUUU
f (x—ct) Oymer HaOMIOMATHCS HA Bce GONBIINX BPEMEHAX.

AHaNOrMIHO MOXKHO 3aKJIIOUYUTh, YTO BTOPOIi WieH B Bbipaxenuu (3.31), T.e.
¢dyHkums g (X + Ct), ONMChIBAET BOIHY, PACHpPOCTPAHSIOUIYIOCS B MPOTHBOINO-
JOXXHOM HANpaBJCHUM, B CTOPOHY JIEBOTO KOHIA MPYXHHBI. Takum 00pa3oM,
pEIIECHAE BOTHOBOTO YPaBHEHWS SBISETCS CYMMOH JIBYX BOJIH, OETYIIMX B IPOTH-
BOIIOJIOXKHBIX HAPABIECHUSX. B CBSA3M ¢ 9THM CIIE[yeT 3aMETUTB CIIENYIOLIEE.

a) Oynkmus f (X — Ct) 06BIYHO ONMUCHIBAET BOJHY, KOTOPAs PacIpOCTPAHSIETCS
OT UCTOYHMKA, PACIOJIOXEHHOTO B Hayane koopauHat X = 0. OTa BoJHA Ha3blBa-
€TCsl IEPBUYHON MY NAJJatoIell BOMHOM. YKa3aHHas (DYHKIUS MOXKET XapaKTepH-
30BaTh TAKXKE BOJHBI, BO3HUKAIOLIME HA BHYTPEHHUX TPaHUIAX HEOJHOPORHOCTH
HpYyXuHBI. Takue BONHBI, KOTOPBIE YACTO HA3BIBAIOTCS NMPOXOMAIIMMA WIH Tpe-
JIOMJICHHBIMH BOJIHAMH, PACHPOCTPAHSIFOTCS TakK K€, KaK W MAJaromas BOJHA, B
CTOPOHY OT MCTOYHHKA.

6) dynkuust g (X + Ct) MOXET ONMMChIBATH OTPaXKEHHbIE BOJHBI, BO3HUKAIO-
e Ha TPaHUIE MEXAY ABYMS YaCTSMU MPYKUHBI C Pa3HbIMU 3HAYEHUAMU P U
E".

B) MbI nmokasainu, 4yTo NPOU3BOJbHbIE (DYHKIMU apryMEHTOB X — Ct u X + Ct
MOT'YT XapaKTepu30BaTh PacIpOCTPAHEHHE BOJH, MOCKONBKY Takue (pYHKLWH SB-
astotest permennsivu ypapaerust (3.23). KonewHo, 3Ti (pyHKIUM JOMXKHBI ObITH
HETNpEpbIBHBIMU BMECTE CO CBOMMH MEPBLIMH TPOM3BOAHBIMU. JIerko mokasaTs,
YTO (DYHKIUM OT apTyMEHTOB
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attb mw anthb (3.32)

rfie a u b — He3aBuCUMble KOHCTAHTBI, TaKKe YOBIETBOPSIOT BOJTHOBOMY ypaBHe-
Huto. COOTBETCTBEHHO, aprYMEHTbI (DYHKIMI, ONKMCBHIBAIOLIUX PACIPOCTPAHEHHE
BOJIH, MOTYT MMETb CJIEAYIOLINI BUA:

B(ttxz) . a(x £ct) (3.33)
n

Bty X, oaxzxy,t,
eCciin

o |

Yi="> Y, = aC.

IpucyTcTBHE 31€Ch KOIPMHUIMEHTOB O 1 3 SIBISETCS HEOOXOMMBIM U CIIEYET
13 (hu3MUeCKuX yCIoBuil 3afaun. Tak, Hanpumep, (PyHKIHS

e(x —ct)

YAOBJIETBOPSIET BOJHOBOMY YPaBHEHHIO, HO HE MMEET HUKAKOTo (PU3MYECKOro
CMBICIIA, IOCKOJIbKY €€ apTYMEHT He BISEeTC OE3pa3MEPHBIM.

r) Takum o6pazom, nmpakTuyecku nrodas GpyHkuus f (X, t) Moxer ObITh pelie-
HUEM BOJIHOBOT'O YpaBHEHYs (3.23) IIpU YCIOBUH, YTO €€ apryMEHThI X U t BXOJAT
B Hee B Bujie KomOmHarmu (3.32). Hanpumep, npon3BosbHast pyHKINS BUIA

f Lo (X, - ct)]

HE Y[OBIETBOpAET ypaBHeHUIO (3.23). JIpyrumu c1oBaMu, BOJHOBOE YpaBHEHHE
HaKJaJbIBacT OYEHD KECTKUE YCIOBUS HA COOTHOIIEHHE MEXJY PACCTOSHUEM X W
BpeMeHeM t, xors camu yskoun f (X, t) 1 g (X, t) MOryT OBITH MPAaKTHYECKH
NM00bIMU. DTO O3HAYaeT, YTO BONHOBOE YPABHEHHE MMEET OECKOHEYHOE YMCIIO
peleHnil. ITO YCIOBHE SBISETC TPUBUAIBHBIM, MTOCKONBKY MOXKHO IPEJICTABUTH
cebe OECKOHEUHOE YHMCIO PAa3NMyHbIX BHEIIHMX CHII, JICHCTBYIOLIIMX HAa OAWH W3
KOHIIOB NPYKMHBI. ECTECTBEHHO, YTO OHM OYAYT BbI3bIBATh MOSBIEHAE COBEPIICH-
HO pa3HbIX BOJH, KaXpas U3 KOTOPBIX OY[eT YIOBIETBOPSTH BOJTHOBOMY ypaBHeE-
HHIO.

1) ITockonpKky B KaxKfoil TOYKE OHOPORHON MPYXKHUHBI BOJHA ONKCHIBACTCS
OJTHUMH U TeMH ke PyHKusiMu f (X —t) m g (X + t), MbI CHOBa BUIUM, YTO (pop-
Ma BOIIHbI HE MEHSIETCS C paccTosiHueM X. KOHEUHO, Kak yke OTMevaloch paHee,
TaKoe TMOBEICHNE MPOSIBISETCS B OTHOMEPHOM CIyyae ¥ O3HAyaeT, YTO MEXaHHWye-
CKasi 9HEPrHsl He IEPEXOUT B TEILIO.

e) [Ipenmonoxum, uto aprymentoM ¢yuakuud f (C) sBnsercs

C=a (x-ct).

OTOT apryMeHT XapakTepus3yeT BOJHOBOH MPO(UIb, PACIpPOCTPAHSIOLIMICS
BJIOJIb OCH X, M Ha3bIBaeTCs (ha30il BOMHBI.
TakuM ke 00pa3oM apryMeHT QyHKIMH g (1)
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1N = o(X + ct)

aBysieTcs (ha30il BOJHBI, PacIpOCTPAHSIOUIENCS B NMPOTHBONONOXHOM Harpasie-
HUH.

%) CormacHo (3.33) CKOpOCTh BOJHBI SBISIETCS, MO CYIIECTBY, CKOPOCTBHIO
pacrpocTpaHeHus (a3bl U B COOTBETCTBUU C 3THM Ha3bIBaeTcs (pa3oBoil ckopo-
crbto. [To3Hee Mbl O3HAKOMUMCA C

IPYTUM TUIIOM CKOPOCTH, & IMEHHO TPYIIOBOM CKOPOCTBIO.

JE®OPMALMA U 3AKOH I'YKA JJIS ITPYXKIHBI

PaccMoTpiM Teneph BOJHBI CKATHS M PACTSKEHUSI, B KOTOPBIX YaCTHUIILI JIBH-
KyTCSl B HANPABJICHUM PACHPOCTPAHEHUS! BOJHBI WIM B IPOTHBONOJIOXHOM Ha-
npaBnenHnu. Takoe ABUKEHHE COMPOBOXKIAAETCS MEPEHOCOM YIPYTOH CHIIbI U Jie-
opmanueil npyxunbl. YToObI HCCIEAOBATH NMOBEACHUE 3TUX BOJH, OOpAaTHMCH
CHOBA K JMCKPETHOH Mopenu npyxunbl (puc. 3.1, @). Kak Obu1o mokasaHo B
I7aBe 2, ynpyrue (BOCCTaHABJMBAIOIIME) CHJIbI IPYXUH, PACNONOXKEHHBIX 0 U
TI0CTIe Macchl M, OMPEMEISIOTCS BHIPAXKCHUIME

I:n+1 =k (Sn_ Sn+1)
u (3.34)
I:n =-k (Sne1—Sn)

Tlonar ad, 4YTO JJIMHa Ka}KJIOIjl U3 NPYXKWUH CTPEMUTCA K HYJIHO0, 4 UX Macca pacripe-
fle1eHa OJHOPOJHO, MbI CHOBA MOXKEM OCYHIECTBUTH MEPEXOM K CIIy4alk0 HEMpe-
prBHOfI TIIPY>KUAHBI. Torna Pa3HOCTh CMGH.ICHI/Iﬁ 3aMMIICTCA KaK

Sp1— Sy :Z_)S(AX )

Sy~ Spa :—g—)S(Ax.

ITopcranoBka aTHX BeIpaxkenuii B (3.34) maet

Fo=E'% un F, =% (3.35)
dX X
nim
F(x, 1) = E*—aSX;X’ L3 (3.36)
3necy S, =S.

Cootnomenre (3.36) npepcrasnser codoil 3akoH I'yka ans npyxussl. Ilo on-
pefelIeHII0, NPOU3BOHAs JS,/0X 3aflacT OTHOCUTEJBHYH BENMUMHY W3MEHEHUS
CMEIEeHNH 1 XapakTepu3yeT AedopMmanuio npyxuHel. Hamprmep, eciit 06a KoHIa
IPYXUHBI IMEIOT OJTHAKOBBIE CMEIIEHNS, TO iehOpMaIi OTCYTCTBYIOT M IIPOH3-
BOfHAsl 0S,/0X paBHSETCA HYTIO. BBOMS 3Ty BENMYMHY, Mbl IPENNONATaii, 4TO
9JIEMEHT TIPYKMHBI HACTONIBKO Maj, 4TO CMEILICHHS B Tpefeslax 3TOro 3JeMeHTa

71



U3MEHSIOTCS JTMHERHBIM 00pa3oM. IIpousBopHyto 0S,/0X Ha3bIBAlOT OOBIYHO [ic-
chopmanueii:

€, = 0S,/0X, (3.37)
u 3akoH ['yka (3.36) MOXHO 3anmcaThb B BHJC
F,=E" e, (3.38)

OueBnpHO, 4TO, ecnu dS,/dX < 0, TO IPOUCXOAUT CKaTHe MPYXKHUHBI, a
X-KOMIIOHEHTa cuiibl F, siBsieTcst orpunarensHoil. M Haobopor, eciu 4s,/dX > 0,
TO MPYXMHA PACTSTUBACTCS M KOMIIOHEHTA F, SIBISeTCS TIONOXKUTENBHOM.

BBIPAXEHUE NTE®OPMALIMA YEPE3 CKOPOCTHU BOJIHBI 1 YACTHIL

Y CTaHOBHM TeNepb COOTHOIIEHAE MEX]y CKOPOCTBIO V, , fiehopManueii €, i
KOMIIOHEHTO! CWibl F, 77 BONHBI, PacmpoOCTPAHSIOMIENCS CO CKOPOCTHIO C.
Bravane npeanonoxnm, 4To Mbl UIMEEM JIENIO C YXOJSIIEH BOMHON. ITO O3HAYAET,
4To

S,=5o f [ (X —cb)],
vV, =-a CS, f'[o (X —ct)],
(3.39)
Exx = 0O S f’ o (x - cb)],
F.=E"as,f [a (x-ct)].

e f° — o603HayaeT MPOM3BOJIHYIO IO APTYMEHTY . (X — Ct).
W3 dopmyi (3.39) npuXofuM K CIEAYIOIIEMY BaXKHOMY COOTHOLIEHUIO:

v /c =-F,/E" = —e,,. (3.40)
AHAIOTHYHO, TSI TIPUXOSIIEH BONHbI

S (X, ) =8, q [o (X + cb),

vV, (X, ) =a CcS,q’[a (X + ct),

341
e (X, )=acs,q’ [a (X + ct),
F.(x, ) =E"as,q’[a (X + ct)].
Orcrona
v,/c = -F,/E" = —&,,. (3.42)

Taxum o6paszom, AechopMalst ONMpeAeNseTcs] OTHOIIEHNEM CKOPOCTH 3JIEMEH-
Ta MPYXUHBI K CKOPOCTH BOJHBI.

I[lpexpe yeM MepeiTH K PacCMOTPEHUIO TIPUMEPOB PACHPOCTPAHEHUS BOJH B
IpYXHuHE, MOJE3HO CHeNaTh HECKONbKO OYEBHIHBIX 3aMevaHuil. IIpennomoxum,
4To cuna F, BefieT cedsl Kak MpsIMOYTOJIBbHBIA MUMIYJIbC. Toraa, MCnonb3ysl NpuH-
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AN CYNEpNO3ULKH, Mbl MOXEM IMpPEelCTaBUTh PEe3YJIbTUPYIOLIYI0 BOJHY Kak
Pa3HOCTh JIBYX CTYIEHUATbIX (PYHKIMA. OfiHAa U3 HUX ONKCBHIBAET BOJHY CXATHs C
€, < 0 a BTopast — BOJIHY PACTSIKEHUS C €y, > 0.

[Tpunnmas Bo BHMManus cooTHOMIEHUS (3.40) 1 (3.42), IpUXOAUM K BBIBOAY,
YTO MOCJIe MPEKpaleHus JACHCTBHS UMIYIbca 3JEMEHT MPYKUHbI TIepecTaeT JBu-
raThcs U ero fiepopmarus ucuesaet. [Ipumensst Bropoi unterpan [Jroamens (cM.
HpUIOXEHNE 8), T.€., MO CYLIECTBY, NPUHIUIN CYNEPIO3ULIINA, MOXKHO YBUJETD,
YTO TAaKOW Xe pe3yJbTar OyaeT HaONMIOaThCs B CIyyae UMIYJbca MPOU3BOIBLHOM

thopmbr:
v,=0, e,=0 un f,=0. (3.43)

Kax cnepmyer u3 Broporo 3akoHa HbloToHa, anemeHTapHas macca M Iocie
IACTBUSI MMITYIIbca BHEIHEH ciibl N, HAUMHAET IBUTATHCS C TIOCTOSIHHON HeHye-
BOY CKOPOCTBIO

v, = Nym. (3.44)

Cpasrenne (3.43) ¢ (3.44) nokasbiBaeT, uTO 3(peKThbl AEHCTBHS UMITYIIbCA
CHJIbI HA W30NMPOBAHHYIO MAaccy W Ha 3JIEMEHT IPYXWUHBI IIPA PacIpOCTpaHCHUN
BOJIHBI OTJIMYAIOTCA APYT OT fipyra. UToObl OOBSACHUTb 3TOT OYEBHM[HBI Napa-
JIOKC, PACCMOTPHM JIBIKEHHE, BBI3BAHHOE CTYIEHYAaTOH BOIHOW, PaclpOCTpaHs-
TOIEHcs BOJb MPYKUHBI (puc. 3.2, 6). OQueBHIHO, MPEXME BCErO, YTO JAHHAST
(PYHKIMSL HE YOBIETBOPSIET BOHOBOMY YPaBHEHHIO BOIIM3M BOJHOBOTO (PPOHTA,
MOCKOJIbKY B 3TOV 00JaCTH y HEE HE CYILIECTBYET IPOM3BOJHBIX IO BPEMEHH U
PACCTOSTHHUIO.

PaccMoTpuM Tpu pa3nuyHbIX NOJOKEHUS BOIHOBOTO (PPOHTA MO OTHOLIECHHIO
K NPOU3BONBHOMY 3JIEMEHTY NpPYyXWHbI (puc. 3.2, ¢). B nepBom mnonoxenuu,
BOJIHOBOYI (DPOHT ellle HE HOCTHUT 3JI€MEHTA NMPYKUHBI, U TOT NPOROJIKAET HAXO-
IUTHCS. B COCTOSIHUM 1OKOs. Clefiyrolee MONOXEHUE COOTBETCTBYET MOMEHTY Bpe-
MEHH, KOrfla BOJIHOBOW (PPOHT HAXOAWTCA B INpefieiax YKAa3aHHOTO 3JIEMEHTa.
3TO0 03HAYaeT, YTO CMELIEHNE, CKOPOCTb, AehOpMalis U CUIIa SBISIOTCS Pa3pbIB-
HbIMH (PYHKIMSIMH apryMEHTOB X 1 t. B To e Bpems, npu BbIBOJIE BOJHOBOTO
ypaBHEHMUsI Mbl IIPEAIIOArany, YTo Bce 3TH (PYHKLMH SIBISIOTCS HENPEPHIBHBIMMU.
B yactHOCTH, MBI TIPEANONOXKMIN, YTO YIPYras CHia MPYKWHbI M3MEHSETCS JH-
HEHO MeX[y FpaHUIlaMK 3JIEMEHTA. [{pyrumu c1oBaMu, 3TO ypaBHEHUE HE OIU-
CbIBAET JIBIKEHUE 3IEMEHTA MPYKUHbI, €CIU BOJHOBOW (PPOHT HAXONUTCS B Tpe-
JleJIaX ITOro dMeMeHTa. 3aMETHM, YTO 3TOT BBIBOJ IPUMEHUM ISl 1t000N BOJIHBI,
[laXe €I BTOPBIE MPOU3BOMHBIE §°S,/0X* 1 9°S,/0t? IPMHMMAIOT KOHEYHBIE 3HA-
YEHNS.

Korpa BonHa focTuraer nepefHeli rpaHuIbl JIEMEHTa IPYXUHbI (TPEThe IO-
JIOKEHHUE), BCE COCTABILIONINE €r0 YaCTUIbI ABIKYTCS C OAMHAKOBOI CKOPOCTBIO
V,. B 3TOT 3Xe MOMEHT BpeMeHH, COrIacHO BTOpoMY 3akoHY Hbl0TOHa, Ha yKasaH-
HYIO TpaHuIly HaYMHAET JIEfiCTBOBATH BHEIIHSS CHJa. DTO BBI3BAHO JehopManueit
TPYXUHBI, PACIONOXEHHON TEpe] paccMaTpUBacMbIM aneMeHTOM. HaunHas c
3TOrO MOMEHTA, TIOJTHAS BHEIIHSS CHJIa PABHAECTCS HYJIIO, U, CIIEJOBATENBHO, Macca
JIBIKETCS C MOCTOSTHHON cKOpOocThio. [103TOMy B pe3ynbrate JEACTBHSI MMITYJbCa
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CHJIBI, SBJISIOLIETOCS CYNEpPNO3ULHEN [BYX CTYNEeHYaThIX (PYHKIUA C NPOTUBOIO-
JIOKHBIM HAIIPABIEHAEM CKOPOCTEN YaCTHII, ABIDKCHUE SJIEMEHTa IPYXKUHBI IIpe-
kpamaercs. ITockonbky mro0ast BOMHA MpPENCTABAsSET COOO0H CHCTEMY HMMITYJIbCOB,
BO3HMKAIOLIUX B Pa3JIMYHbIE MOMEHTBI BDEMEHH, MBI MOXKEM CKa3aTh, YTO IHOCIE
TOTO, KaK IIPOU3BONbHASL BOJIHA NPOMJET 4Yepe3 3MEMEHT IPYXHUHbI, OH 00s3a-
TEJIbHO OCTAHABNUBAETCA. TakuM 00pa3oM, Mbl OOBSACHUIHE Pa3HULy MEXIY Jeil-
CTBHEM HMITYJIbCA CUJIbI HA M30/IMPOBAHHYIO MACCy U HA 3NEMEHT IIPYXUHBI IIPU
pacIpocTpaHEHUH BOJIHBI.

3aMeTHM, 4TO eCli 37EMEHT NPYXKUHbI HAXOJUTCS 033U BOIHOBOTO (hPOH-
Ta, IMeoIero opMy cTyneHyaTon pyHkuun (puc. 3.2, 6), TO CMEIICHNE SBISIET-
csl TMHENHOM (pyHKIMEN BpeMEHH U PacCTOSHUSA, M IO3TOMY JI€Basl U NpaBasi yacTy
BOJIHOBOTO YPaBHEHMS PaBHSOTCA HyM0. VIHbIMU clloBaMu, B 3TOM Cilydae ypas-
HeHue (3.23) KOPPEKTHO OIMUCBIBAET ABMXKEHNUE 3JIEMEHTA [PYKUHBIL.

MOBEJIEHUE BOJHOBBIX ITOJEHN

B kauecTBe nepBoro npuMepa, WITIOCTPUPYIOLIETO BOTHOBOE TIOBEJICHHUE, pac-
CMOTpHM BOJIHY cKaTus, moka3aHuyto Ha puc. 3.3. C yuerom (3.40) ckopocTb
YaCTHI] B 3TOM CJIy4ae ONMCHIBAETCS CIENYIOLIMM BbIPAXKEHUEM:

Orcrofa BUHO, 9TO CKOPOCTD HAIPaBIIEHa BONb OCH X H TIPSIMO IIPONOPIHO-
HaJlbHa yIPYroyl cuie IpyXuHsl F,.
ITo onpepenenuto,

VX = dS,/0t,

U, CJIENOBATEIILHO, CMEIICHUE S, €CTh

s, (X, 1) =fvxdt. (3.45)

3pech t; 0003HaYaeT MOMEHT BPEMEHH, B KOTOPBIH BOJIHA NMPUXOAUT B TOUKY
HaOmiofenust. TakuM 00pa3oM, cMeIeHue S,, TOCTENEHHO YBEeINYUBAsCh, 1OCTH-
raeT CBOEro0 MaKCMMAJIbHOTO 3HAUECHHSI B MOMEHT BpeMeHn t = t,, a 3aTem ocra-
€TCS TIOCTOSTHHBIM.

Kak cnegyer u3 pasenctsa (3.45), MakcUManbHOE CMEIICHHE OIpEeNseTCs
Kak

t

C 2
smx — — > F (x, t)dt > 0,
X E*‘[ X( )

TOCKOJIBKY CKaJIIpHasi KOMIIOHEHTa F, SBIISeTCs OTpUIATETbHOM.
OueBuiHO, YTO B CIyyae MMITYJIbCA CUIIbI BOJNHBI PACTSDKEHHS] MbI MOIYYUM
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Puc. 3.3. Tlosenenue dynxumit F(t), v,(t) a

1 S (t) (BoHa cxaTust) . ! !
| |
1 1
0 hi L t
I I
| 1
I I
I I
I |
I I
I I
| I
I I
| |
I
A :
O | |
| |
I I
I I
I I
I I
| I
I |
I |
0 .
i ! t, t
| |
I |
¢ |
Sx | |
| |
:
I
|
I
1
|
0 r +
[1: : L 1

MOXOXWH pe3yabTaT (puc. 3.4). B yacTHOCTH, MUHAMAlbHOE CMEICHUE, BbI3BAH-
HOE BOJIHOI B HEKOTOPO¥ 33/JaHHON TOYKE,

t

gmin =—i2F(x, t)dt < 0.
X E*‘!‘

Tenepb MbI TOTOBBI K TOMY, YTOOBbI U3YyYUTh MOBECHNE CMELIECHHUS, CKOPOCTH
U YIPYro¥l CANBbI B ropasfo Oonee CIOXHBIX cnydasdx. [Ipefmonoxnm, 4To MbI
3HAaEM CMeleHne S, (X, t), CB3aHHOE C pacIpOCTpaHEHWEM BOMHBI (puc. 3.5, a,
6). Baauase, Korja BOIHA PUXOHUT B 33JaHHYIO TOYKY B MOMEHT BpeMeHH t = t,
yHKIES S, (X, t), HAUMHAET BO3pACTaTh, 3aTEM JIOCTUTAET CBOETO MAaKCHMAITbHO-
TO 3HAa4YEHHsl, TIOCIE YETO YMEHBIIACTCS U CTAHOBUTHCS PABHON HYJIO B MOMEHT
Bpemenn t=t,.

Hucpdepentupys pyskuumio S, (X, t), MO BpeMeHH U CHOBA HCIONb3Ysl COOT-
Homenud (3.40) u (3.42), Mbl onpefeauM CKOPOCTh M YIPYIyro cuiy (puc. 3.5,
a). locnennsis KpuBasi MO3BOINSIET OOBSICHATE MoBeeHue pyHkuma S, (X, t). [efi-
CTBUTEJBLHO, MbI BHJIIM, YTO BOJIHY, BHI3BAHHYIO 3TOW CUIION, MOKHO MPEJICTABUTh
B BUJIE JIBYX HOCIEIOBATENbHBIX UMNYIbCOB. OMH M3 HUX COOTBETCTBYET BOIHE
cxarusi, F, < 0, KOoTopas NIpUXOUT BHAYajJe M BbI3bIBAET CMEILECHUE NPYKUHBI
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a Puc. 3.4. Tlosepenne cynxkmin F(t),
F, V() 1 S(t) (BoHa pacTsKeHust)

S ™

Sy

BJIOJIb OCH X. 3aTeM NMPUXONUT BOJNHA PACTSKEHUS M BbI3bIBAET CMEIIEHUE B IIPO-
THBOIIOJNIOKHOM HanpasieHuu. [Tockonmbky miomaan A, 1 A, OTIMYAIOTCS TOIBKO
3HaKOM (pHc. 3.5, @), JacTHIlbI MPYKUHBI BO3BPAIIAIOTCS B CBOE MEPBOHAYATHLHOE
MOJIOKEHHE.

Kak yxxe oTMeuanoch, MOTHOE CMEIIeHNE, BbI3BAHHOE JICHCTBIEM TIPOU3BOIIb-
HO¥ BOJIHBI, ONpefiesieTcsl MIOMabio o Kpusoii F, (t).

TlBa Apyrux mpuMmepa BOIH MpEJCTaBIeHbI HA puc. 3.6, a, 6. B mepBom mpu-
Mepe BOJHOBOH MCTOYHUK MPUBOJUT K MOSIBIEHUIO MMIYIIbCA CKATHSI, BbI3bIBAIO-
IIETO CMEIIEHNE BAOIL OCH X. B TeueHne HEKOTOPOTO BpEeMEHH TOJOXKEHHNE dac-
THIIBI HE MEHSIETCS IO TeX MOp MOKA HE MOSBUTCS MMITYJILC PACTSDKEHWS M HE Bep-
HET YacTHIy B UCXOIHOE TIOJIOXKEHNE.

Bo BTOpOM npuMepe mpeAnonaraeTcs, 4To 4acTuua Oblna CMEIIeHa OTHOCH-
TEJILHO CBOETO NMEPBOHAYATIBHOIO MOJIOXEHHUS, TI0CTIE Yero BO3HUK MMIYJIbC pac-
TSDKEHHS], TTapaMeTpbl KOTOPOro ObLIM TAaKOBBI, YTO YACTHIA CHOBA BEpHYNAch B
MCXOHYIO TOUKY, T.€.

T'2
C
s, = — [ Fdt.
0 E*!x

OOcyguM Tenepb OfHO MHTEPECHOE CBONCTBO BOJH, PaclpOCTPAHSFOIMXCS
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Puc. 3.5. Ilosenenue pyHkumit s,, v, u F,

X VX

BIOJb MpykuHbl. Kak MOXHO yBUIETh U3 puc. 3.5, ¢ u 6, OHHU SBJISIOTCS 3€p-
KaIlbHBIM OTpaskeHMeM Jpyr Apyra. [Ipy sToM TOBefieHNe BOIH B MPOCTPAHCTBE 1
BPEMEHH He SIBISIETCS CYYafHBIM M IPOSIBISICTCS VI 000! BOIHBI B OTHOMEP-
HOM ciydae. JlefCTBHTENHHO, MPOU3BOJBLHYIO BONHY MOXKHO TPECTaBUTh KaK
CHCTEMY MMITYIILCOB, BOSHUKAIOIIMX B PA3INYHble MOMEHTHI BPEMEHH (CM. TpH-
noxenue 8). PaccMoTpuM, HampuMep, MMIYIbC, TPUXOAAIIHAIA MEPBbIM B HEKOTO-
PYIO 3Q/IaHHYI0 TOUKY NPYKUHbI, WK, MHLIMA CIOBAMHA, UMIYIbC, KOTOPBIA OBLI
paHbIIe PYTAX CTCHEPUPOBAH HA OJHOM W3 KOHIIOB PYXKMHBL. Ecii MBI paccMmo-
TPHEM BOJHOBOE TONE KakK (PYHKIHMIO PACCTOSHUS X, TO OKaXeTCsl, YTO 3TOT MM-
MyJIbC Tpoles Oombliee, YeM Jpyrue, paccrosuue. M1 Hao60poT, ecnu Mbl pac-
CMOTPHM TIOCTIE/IHU U3 UMIYJIbCOB, IPUXOJSILINX B TOUKY HAOIIONEHHS, TO B IIHO-
001 3aJaHHbIIl MOMEHT BPEMEHHI OKAsKETCsI, UYTO OH IIPOIIEN HAMMEHBIIEE PACcCTO-
stme. TakmM 06pa3oM, KpuBbIe

() w8, (1),

V(X)) 1 v (D),
Fo) m R,
€ (X) B B4 (D

SABJISFOTCS 3epKAJbHBIM OTPaskKeHNEM JIPYT Jpyra.
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X = const

S Sx

So

:J

DX Z)X
0 /\.
i F,

>

|

<

Puc. 3.6. [ToBenenue ynxmit S, (1), v,(t) 1 F(t)

WTax, Mbl BbIBEM BONHOBOE YpaBHEHHE JJIs cMelleHus. Teneps, auddepen-
1Upys N0 BpeMeHH o0e yacTu ypaBHeHus (3.23), Mbl NPUXOAUM K BOJHOBOMY
YPaBHEHUIO OTHOCUTENBHO CKOPOCTH:

atv, 1 8%y,
2 2

ax ¢? at?

AHATOTHYHBIM 00pa3oM,

ey _ 1 078y

x> 2 at?

Orcropa, ucnonb3ys cooTHouteHue (3.38), nomydaeM

2 2
R _ 1 97K
x> c? at?
Takum 06pa30M, BC€ KMHEMATHYCCKUE U JUHAMHUYCCKHUE XapaKTepI/ICTI/IKI/I BOJIHbI
YAOBIETBOPSIIOT BOTHOBOMY YPaBHEHHIO.

CBA3b MEXIY BOJHOU U EE HCTOYHUKOM

MBI paccMOTpenn HECKOIbKO PUMEPOB BOJH Pa3NuuHONl (OpMBbI, BbI3BaH-
HBIX ICTOYHMKAMY, IEHCTBYIOIIMMY Ha KOHEIl IPYKIHbI, HAXOJSIIUACST B TOUKE X
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=0. Tenepb JIETKO YCTAHOBUTL CBA3bL MEXKNY BOJIHOI M €€ MCTOYHHKOM. HeﬁCTBI/I-
TEJIbHO, MPEAIONIOXKNAM, UTO BHEHIHAA CHJId F:, NPUIIOKEHHAA K KOHLY IIPYXKH-
HBI, BEACT ce0s Kak

0, t<O,

@(at), t=0, (3.46)

F (O, 1) = FO{
Torpa ans m060# TOUKY, YIpyras CUlla, BbI3BaHHAs fepopManyeil NpyKUHbI,

F (X t) = FO{O’[ t<x/c, (3.47)

pla(x/c)] t=x/c,

OueBHHO, UTO 3Ta (PYHKIMS YIOBIETBOPSIET BOJIHOBOMY YPaBHEHHIO, MOCKOJIBKY
€e apryMeHT UMEET BHJ]

a (t-x/c)

W ONKCHIBAET BONIHY, PACIPOCTPAHSIOIYIOCS BIONb OCH X OT Hayaja MPY>KHUHBI.
CKopocTb BOJHBI PaBHSIETCS C, TIOCKOJBKY BONHOBOH (DPOHT MPHUXOUT B TOUKY
Ha0JrofieHus B MOMEHT BpeMeHn t = x/C. Bonee Toro, Ha 1eBOM KOHIIE TIPYKHHBI
¢dyakuusa F;° (0, t) ormuvaercs ot BHewHe# cunbl F, (0, t) Tonbko 3HakoM. Tak,
HanpuMmep, B cilydae BONHbI cxaTud, cuna F; (0, t) sBngeTcd NONOXUTENbHOMH, B
TO BpeMs KaK CKalsipHas KOMIOHEHTA YIPYrou Cuibl F, mMeeT mpOTHBOMOIOXK-
HbII 3HAK.
YTo0Obl IPOUIIIIIOCTPUPOBATH CKa3aHHOE, IPEMTNIONOXKUM, 4TO

0 t<0
F*=-F1" ’ 3.48
* O{E‘”’, t=0, ( )

TJe T XapaKTepU3yeT CKOPOCTb U3MEHEHHS CUIIbI CO BpEMEHEM.
B yactHocty, ¢ yBenndenueM t pyHkuus F; crpemutcs K Hymro Oonee Mef-
JIEHHO, U B IIpefiesie Mbl IPUXOAUM K CTYNEHYATOl (DYHKIUMH.
Kak cnegyer u3 pasenctBa (3.48), ympyras cuia, BbI3BaHHas BOJHOW, paB-
HSIETCS

07
FOGD=F cowe L X/C (3.49)
e T , t=X / C,
Orxyna, yautsiBast (3.40), I CKOPOCTH V, MOIy4HM
> t<x/c
Vo (X, 1) = =V, { -tx/ ’ 3.50
X( ) 0 efc’ t=x / C, ( )
Ine
Vo = C—2.
E
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COOTBETCTBCHHO, CMEIICHNUE YaCTULl pPaBHACTCA

F
5, (X, 1) = —c0 0, t<x/c,
11, t=x/c,
e
t_tx/c
I=fe T dt, ecmm t<X/c,
x/c
Uin

_t—x/c

l=tll-e °

HENPEPBIBHOE U3BMEHEHUE TAPAMETPOB IIPYKVUHBI

MBI noy4nnu ypaBHEHHE ABIKECHUS B NPENIOJIOXEHUH, YTO NPYXUHA SBIS-
€TCsl OJJHOPOJIHOM, T.e. 00a IapaMeTpa, Macca M KeCTKOCTb, HE 3aBUCAT OT KOOD-
MHATHI X. PaccMoTpuM Oonee cloXHBIA C1yydail, KOrjja 3TU NapaMeTphl SBISIOTCS
HeNpepbIBHbIMY (DYHKIMAME OT X. [IpefnonoxumM BHavane, 4To KecTKOCTb Hpy-
XWHB! K MOCTOSHHBIH, a BJOMb MPYKUHBI M3MEHSETCS TOJBKO JMHEHHAs IIIOT-
HOCTb . UTOOBI BBLIBECTH YPABHEHNE [IBIXKEHNUS, Mbl CHOBA HMCIIONb3YEM JUCKDET-
HyI0 MOJieNb NpyXuHbl (puc. 3.7, a@). Kak u B cinyyae OSHOPOJHON IPYXHUHBI,
CHIIBI, IEHCTBYIOLIME HA MACCy M, OIPEAEIAIOTCA KaK

I:n = k (Sn—l - Sn) u Fn +1= _k (Sn_ Sn+l)'
CJI@JIOBaTeJILHO, PE3YIbTUPYIOLIAas CrJia
sz k (Sn—l + Spy — 2 Sn)-

B npeaene, Korjga JIEMEHT IPYKUHbI CTAHOBUATCA 0ECKOHEYHO MaJibIM, IIOJTY4YUM

a2

2
a°s L 0°s
F =k—2(Ax)’ = E" —X AX,
2 2
X X
NOCKOJIBKY
2
ad”s 2
Snt * Sner — 2Snz X (AX) .

ax’

[Ipumenss Bropoii 3akoH HetoToHa, NPUXOANM K CIEAYIOIEMY YPaBHEHHIO:

a%s a%s

T g Dax, (3.51)
at ax

rjle M — Macca 3eMEHTa, PACTIONOKEHHOTO Ha MHTEPBaJe

Xnop < X < Xpeps
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E} F;fz 1

6 m -1 E’ my Eﬂ ! m,.
NWA_PVWAL__ VWA PVWA-
kn kn+I

Mpp =My=m,,,, kn-[ ikﬂ #km 1

mg m, | m, m,

k, o k, s s k, S5 k,
I'panuya pasoena

Puc. 3.7. BbIBoj| BOJIHOBOTO YpaBHEHHsI (¢, O ); TPAHUUHbBIE YCIOBHS (8)

1 OHa paBHACTCA

Xns1

m = fp(x)dx. (3.52)
Xn-1
HOCKOHLKy AX OYEeHb MaJio, MOXHO MPEANOJI0XKUTL, YTO B IPEACIaX KaXnoro

aNieMeHTa IIOTHOCT P SIBJIAeTCS TUHEHON pyHKumed ot X. Torga, BMecto (3.52)
TONYIIM

m = p(X,) AX . (3.53)

3pech p (X,) — IIOTHOCTh B CPEAHEl TOUKE NEMEHTA.
ITopcranoska (3.53) B (3.51) gaet cnefyromiee ypaBHEHNE [IBIKCHUS:

2 2
975y EREY
p =B —-
ot ax?
WIH (3.54)
975y Y

x> ) ot

Tem He MeHee, KOPEHHOE OTIMYKME JAHHOTO IIPUMEPA OT CIydYas OXHOPONHOM
IPYKUHBI COCTOUT B TOM, YTO 3€Ch INIOTHOCTb O M, CIENOBATEILHO, TApaMeTp C
SABJISIIOTCS (DYHKIMSAMU PACCTOSHUS X.

ITpennonoxum Tenepb, 4TO Macca paclpefieieHa OfHOPOAHO, a XKecTKOcTb K
3aBucuT OT X. W3 puc. 3.7, 6 ciefyer, 4T0
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F.= kn (Sn1 = Sn),
U, CJIETOBATEIBbHO, PE3YIbTUPYIOLIAs Chla, JICIZCTByIOHIaﬁ Ha Maccy m,, 3aIMCbIBa-
€TCiA KaK

Fe= K (Sn_1 = Sn) — Kot (Sn=Sns1)
ninmn

Fe=Knet (Snet = Sn) = Kn(Sp = Sp0)-

Mkl MOKeEM NPENNOJNOXNATDH, YTO C YMEHBIICHUEM AX NPUBETICHHBIE BLIIIE q)YHK—
UU CTAaHOBATCA HENPEPBIBHBIMU, TOTTIA

F- [km s, (X — AX [ 2)

38, (X + Ax /2)
— kn
[)4 aX

AX

AHaTOTHYHBIM 00PA30M MONYINM

F, - i(k"ﬁ)(Ax)Z. (3.55)
X X

Cornacto Bropomy 3akoHy HbroTOHa,

2
a”s F] . 0S
P— =—(E*—X)

ot X X

inee

2
9 % =i(c2 81) (3.56)

> ox ax

IMocnenHee ypaBHEHHE OTIMYAETCS OT BOJNHOBOTO YpPABHEHUS ISl OFHOPONHOMN
Ccpefpbl.

Takum 00pa3oM, Mbl IPOJEMOHCTPUPOBAJIH, YTO KaK TONBKO NMPYKMHA CTa-
HOBHTCS HEOJAHOPOAHOM, ypaBHEHHE NBUKEHMSI CTAHOBUTCS 0OJee CIOXHBIM U
00BIYHO NIEPECTaET COBNAAATD C YPABHEHUEM JIJI1 ONHOPORHON IPYXKHHBL.

T'PAHUYHBIE YCJIOBUA

PaccMoTpuM cnyyaii, Korjga mIoTHOCTb 1 KECTKOCTb IPYKMHbI MMEIOT pa3pbl-
BbI. B 3THX TOUKax yKe Helb3sl MPUMEHSITh YPaBHEHWE JIBIKEHHS, a TAKXKe COOT-
Homenus (3.54) u (3.56). YToObI MOHATHL MOBE/IEHNE BOJTHLI B TAKHX TOYKAX, MbI
CHOBA HCIOJIB3YEM JUCKPETHYIO MOJENb NPYXUHbl (puc. 3.7, ¢). BepruxanbHas
JUHAS Ha 3TOM PHUCYHKE YKa3bIBaeT TOUKY, B KOTOPOW TNapaMeTpbl MPYKUHBI
UMEIOT Pa3pbIB.

Mgl npefnonaraem, 4To paclupoCTpaHEHHE YIPYrodl BOMHbI BAOJb MPYKUHBI
HE HApYIIAeT ee MEeNOCTHOCTH. JTO 03HAYAET, YTO MAcChl M, W M,, PaCHOIOXKEH-
Hble B OKPECTHOCTH YKa3aHHOW BHYTPEHHEH T'PAHUIbI, OJKHBI UMETh OJMHAKO-
BbIE CMEII[CHHUS:
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Six= Sax =Sy, ECIH X = X,.

B 10 Xe BpeMs cMeLIeHust Macc My U M, PacloNoXeHHbIX Ha HEKOTOPOM He-
OOJIBIIOM PaCCTOSHUY 1O Pa3Hble CTOPOHBI 3TOW I'paHMIbI, Bcerga OyAyT OTIH-
YaThCsl IPYT OT Apyra, ecnu K, # k,. PaBercTBo (3.57) omuchiBaeT mepBoe CBOHCT-
BO BOIIHBI Ha BHYTPEHHEH TPAHULIE.

YT0OBI MONYYUTh BTOPOE I'PAaHMYHOE YCIOBUE, NPUMEM BO BHUMAaHUE TOT
(hakT, 4TO Macchl M, ¥ M, UIMEIOT OJUHAKOBOE CMEIEHHE S, 1, CIEJOBATEIbHO, UX
MOKHO UHTEpPIPETUPOBATD KaK OfIHY YaCTHILy C Maccoi

m=m, +m,.

ITpumenss Bropoii 3akoH HbtoToOHa, nOmyyum
a’s
X e e
(m, +m,) — Fe+F5 (3.58)

3pecy F5 u F), — cuibl, AeficTByIOIME Ha Maccy M €O CTOPOHBI IPYXKUH.
City4an BOJH cKaTus U pacTsLKeHHs! YI0OHO paccMaTpUBATh PasfiENbHO.

Ilepsb1ii cayqait

[Tpennomnoxum, 4TO BAOIL OCH X pacpocTpaHsieTcsl BoiHa cxaTust (puc. 3.7,
6). Torga Ha Maccy M [IEICTBYIOT CIEAYIOLIUE IBE CUIIbL:

Fi=k (Sx=S0 1 F =k, (5,-53), (3.59)
HMEIOLIUE IPOTUBONOJIOXKHbIE HanpaBneHus.. [I0CKOJIbKY BONHA CxKaTUsl IIPHBOJUT
K OTpULATeNbHOM iechopManyu &,, < 0, To

Fx<0 m F,<0
170171

le = _Fbe( u F2><:Fe

2x°

e cunsl F, u F,, noguuHstoTcs 3akony I'yka (Belpaxkenus (3.37) u (3.38):

« 0S
Fo=E Zx
[

Torpma ypasHeHue (3.58) MOXKHO MEpENucaTh B CIEAYIOMEM BHIE:

2
a”s
m—*=F,-F
ot

« (3.60)

C yMeHblIEHIEM IIMHBI AX Macchl M, U M, YMEHBIIAIOTCS W B HpefieNie CTpe-
MSATCA K HyN0. DTO 03HAYaeT, YTO NpaBas yacThb ypaBHeHHUd (3.58) Takke OIKHA
MCYE3HYTh. B IPOTHBHOM ciyyae, yecKopeHue 9°S,/dt> craHeT GECKOHEUHO 6Ob-
M. ITocKONbKY 9TO HEBO3MOXKHO, MbI {OJIKHBI 3aKIIIOUUTD, YTO YIPYIUE CUIbI
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IPYXHH, PAaclOJIOXEHHBIX 10 00 CTOPOHbI OT BHYTPEHHEH [PAHUIIbI, PaBHbI
JipYT pYTy:
Fi=Fy (3.61)

Bropoii cayyaii

HPEJIHOJ'[O)KI/IM TENEPb, YTO BOJIb OCA X PACHpPOCTPAHACTCA BOJHA PACTIXKE-
HUS. YUWTBHIBas, YTO KOMIIOHEHTA CMCIICHU S, SIBIISICTCA OTpHHaTCHbHOﬁ, MBI
BUJIUM, UTO

FE<0 u FS>0.

B T0 Xe Bpemsl, B OTIIMYKE OT MPEABIAYIIETO cyyas, AeopMalus €,, SBIseT-
cs monoxuTenbHoi. [ToaTomy

Fi=-F, u F,=F,. (3.62)

1 MbI CHOBA TIPUXO[MM K ypaBHeHHIO (3.60). CnefoBaTenbHO, PAHUYHOE YCIOBHE
(3.61) ocraercst cipaBeAMBBIM B 000uX cinydasix. HempepbIBHOCTb yIpyroit CUITbI
— 3TO BTOpOE BasKHOE CBOWCTBO BOJTHBI HAa BHYTPEHHE IpaHMIE.

Coorromennst (3.57) u (3.61) Ha3bIBaOTCS TPAHUYHBIMU YCIOBUSIME W SIBIISI-
F0TCA 3aMEHOII BOTHOBOMY YpPAaBHEHMIO B TOYKax paspblBa MapameTpoB p u E™.
[Nocnennee U3 yka3aHHBIX YCIOBHI MOXKHO NEPENICATD B BHJIE

« 0S « 0S
E1 X _ E2 2X
X 0X
I (3.63)
#a) _ Era@)
El exx - E2exx .

3TO ycnoBuUe MOKa3bIBAET, YTO AehopMalysl MPYKUHBI MO Pa3HbIE CTOPOHBI
BHYTPEHHEH IPaHUIIb] PA3IUYHA, T.€.

@ @)
e, =€

XX 2

M, CIIEJ0BATCIILHO, CMCIIICHUA S, U S; HC PAaBHBI IPYT APYTY.

BO3HUKHOBEHHME OTPAKEHHON BOJHBI

MpbI nokasany, 4TO BJJOJIb OHOPOJHON TPYXKUHBI PACIPOCTPAHSAETCS EJIUHCT-
BEHHas BOJIHA OT UcToyHMKa. COBEpIIEHHO pyras KapTHHA BO3HMKAeT, KOrfa B
TPYKWHE HMEETCS TPAHNIA, HA KOTOPOH MIPOUCXOAUT Pa3phbIB MapamMeTpoB p 1 E*.
[Tokaxewm, 4TO HAa TaKWX PAHUIAX TOSIBJISIOTCS HOBBLIE BOJHBI, a MMEHHO, OTpa-
JKEHHbIE W TPOXOJsiiye BOMHbI. HeBO3MOXHO MEpEeoleHUTh 3HAUeHHUE ITOTO SB-
JIEHUS B CEICMOJIOTHH.

CHavana Mbl NONBITAEMCS KaYeCTBEHHO OOBACHUTb, KAk BO3HUKAIOT OTpa-
>KeHHbIE BONMHBL. [Ipefmonoxum, 4To BOMHA CXKaTUS PACHpPOCTPaHSAETCS BIOJb
OJHOPOJTHOY CHCTEMBI Macc M TIPYXHWH K ee CBOOOHOMY KOHIy (puc. 3.8, a).
PaccmoTpuM MOMEHT BpeMeHH, KOTJ]la BCE MAacChl [BIKYTCS C OJMHAKOBOH
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CocmosHue nokos

my., m . m,

I A VAVAVS B AVAVAVE

Boana cocamusn

m., m - my

Boana cocamus

my., m . m,

I AVAVAYS B A VAVAVS B

Boana pacmayceHun

Puc. 3.8. Bo3HukHOBeHIE OTPaKEHHON BOHBI

Cocmosnue nokos

my., m ., m,

I AVAVAVS B AVAVAVS B

Boana cocamusn
my., m m,

[ ]

Boana corcamus
my., m m,

=

Boana cocamus




CKOPOCTbI0. DTO MPOUCXOJUT TOIAA, KOTAa BCE MPYKUHBI CXAThbl OJUHAKOBLIM
00pa3oM H, CJef0BATENbHO, PEe3YAbTUPYIONAs CHJIa, JEHCTBYIOLIAsd Ha KaxIyro
Maccy, KpoMe NOCTIefiHell, paBHseTcs Hylto. B aToM ciyyae Ha Maccy m;, ieiicTByeT
TONIBKO OffHA €{MHCTBEHHAs CUJIa, BbI3BAHHAS NIOCNENHEH PYKUHOM, B pe3ynbTaTe
Yero 9Ta MacCa HaYMHACT IBUTAThCA C YCKOPECHUEM, a MPYXKUHA UCHBITHIBACT pac-
TSDKCHHE.

CHayana CKOpOCTb Macchl M, YBEIMYMBAETCA U MOXET 3HAUMTENBHO MPEB30H-
TH HAYaJIbHYIO CKOPOCTh V. B TeueHne 3Toro uHTEpBana BpeMeHu ynpyras cuna F,
TOCTE/IHEN MPYXUHbI CTAHOBUTCS MeHbIle. B MOMEHT BpeMeHH, KOrfia JIMHA
IIPYXKUHBI COBIAJET C MCXOJHOMN, CXaTHe NPYXUHBI, a TakxXKe ee ympyras cuia
MCUEe3ai0T. YMeHbIIeHNE fAehopMalyl MOCTIeAHeH MPYXKUHBI COMPOBOKIACTCS, C
HEKOTOPBIM 3aM03[aHUEM TI0 BPEMEHH, YCKOPEHHEM NpefbIAyIiell Maccsl M, ;. B
pe3ynbTaTe MpYXUHA, PACTONOXKEeHHasd MeXIy MaccaMd M, , U M, _, TaKXKe HC-
TBITBIBAET PACTSKEHNE M, HAKOHEL], ee cxkaTtue ucyesaeT. OueBHHO, UTO ¢ Teve-
HUEM BpeMEHH Bce 0OJIblIe NPYKUH HCIBITHIBAIOT PACTSIKEHHE, a Macchl NpUOO-
PETaIOT CKOPOCTb, OOIBLIYIO, YeM HayanbHask CKOPOCTb V.

Taxkum 00pa3oM, HAOMIONAETCS BOJHA PACTSKEHHUS, PACIPOCTPAHSIONIAsACS OT
CBOOOJHOTO KOHI[A MPYKUHBL. [IpyruMu cI0BaMy, Tafaromasi BOHA CXaTHsl IPH-
BOJUT K TIOSIBIIEHHUIO BOINIHBI PACTSKEHHMS, PACIpPOCTPAHSIONIENcS B MPOTUBOIO-
JIO>XHOM HaNpaBleHud. JTa MOCIEeHsIsl U3 YKa3aHHBIX BOJH Ha3bIBAETCs, €CTECT-
BEHHO, OTpaXKeHHO!. TOYHO Takxke Mbl MOXeM HaOumofaTh (popMUpOBaHUE BOJI-
HbI CXaTHsl, KOI/la BOJIHA PACTSKEHUS JOCTUIAeT CBOOOTHOrO KOHIA IIPY>XKHUHBI.

ITockonbKy Ha MPaBOM KOHIIE CHCTEMBI yIpyras CHjia OTCYTCTBYET, BTOpOE
TPaHUYHOE YCIOBUE (COOTHOLIEHNE 3.61) 3aMETHO YIPOIIAETCA, U MbI IMEEM

Fi(Xo) =0, (3.64)

T7ie X, — KoopyiuHaTa cBo6oaHOro KoHna. CiefoBaTenbHo, YIPYrue CHilbl, COMpO-
BOXJIAIOLIME BOJHBI CXKATHUS U PACTSLKEHMS MMEIOT OfMHAKOBYIO BENWYKMHY, HO
MPOTHUBONONOXHbIE 3HaKH. Vcnonb3ys cooTHomeHns (3.40) u (3.42), MbI MOXeEM
MOKa3aTh, YTO CYIIECTBOBAHUE OTPAXKEHHOM BOJHBI MPUBOJUT K YABOCHUIO CKOPO-
CTel ¥ BeIMYMHBI CMEIIEHNS Macc:

V, =2V ’ S.=2S,. (3.65)

OT0 BaXKHBIN pe3yIbTaT. Mbl CHOBA YBUJUM 3TH PaBEHCTBA, KOraa OymeM u3y-
9aTh OTPAKEHUE IIOCKUX BOJH HA TIOBEPXHOCTH 3EMIIHL.

PaccmotpmM faree ciydaii, Korja mpaBblil KOHEI[ CHCTEMBI SIBISIETCS HICATHHO
JKECTKUM, T.€. Macca M, ABUTaThcs He MOXKeT (puc. 3.8, &). [IpenmonoxumM, 4to B
MOMEHT BpeMeHH t Bce Macchl, KpomMe M, ABIXKYTCS CO CKOPOCTBIO V, a BCe Mpy-
KUHBI CKAThl OIMHAKOBO. Kak W paHblle, 3T0 03HAYaeT, UTO Pe3yIbTHPYHOIIAs
cHna, ISACTBYIOMIAs Ha KXY IBIKYIIYIOCS Maccy, paBHSETCS HYJIO.

Braronaps wHepnum, Macca M, , MPOIOIKAET BIKEHAE W, COOTBETCTBEHHO,
TIOCTIENHSIS TIPYsKWHA OKa3bIBaeTcsl Oonee ckarol, yeM apyrue. [10CKOmbKy mo-
TIOJTHATENBHAS YIPYTast Cila, ACHCTBYIOMAs Ha Maccy M,_;, HANpaBlIcHA TPOTHBO-
TIOJIOKHO ee JIBIKEHNIO, Macca, B KOHIIE KOHIIOB, OCTaHABIMBAETCA. B 3TOT MoO-
MEHT BpEMEHH CIEyIolas Macca M, _, MPOAOKaeT CBOE ABIXKEHHE, HO MO TIpo-
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MIECTBHA HEKOTOPOTO BPEMEHN OHA TOXE OCTAHABIMBACTCS W BTOPAs OT KOHIA
IpYXUHA TakxKe cTaHoBuTcs Oosee cxkartoil. C TeueHHeM BpeMeHH Bce Oolbliee
KOJIMYECTBO MAcC MPEKpaIaeT CBOe NIBIKEHHE, M CKAaTHE TPYKUH MEXTY HUMH
yBenmmuuBaeTcs. TakuM 00pa3oM, B OTIMYME OT MPEIBIAYIIETO CIydasi, B JAHHOM
TpuMepe Maaromas BOJHA CKATHS TOPOXKIIAET OTPAXKEHHYIO BOJIHY TOTO Ke THIIA.
o 3ol npuunHe, cMEIEHNUs ¥ CKOPOCTH YACTHII, OTHOCSIUECS K 9TUM BOJHAM,
MMEIOT POTHBOIOJIOKHbIC HATIPABICHNS, @ 3HAKA YIPYTHX CHJI, HA0OOPOT, COB-
nafatoT. COOTBETCTBEHHO, U3-32 CYNEPHO3UIMI 3THX BOJNH CHCTEMa NpeKpaliaeT
CBOE JIBIDKEHIE, HO iehopMaliysi pr 3TOM ycunuBaeTcs. KoHeuHo, 3To Xe spre-
HUE BO3HUKAET, ECIIN TIA/IAFOIIIEeH BOTHOM SIBIISIETCS BOJHA PACTSKEHUS.

B o0mem crnydae, Korja npy:KnHa COCTOMUT U3 JIBYX OAHOPOJNHBIX, HO pa3iu-
YAFOIIMXCS MEXY COO0H JacTell, eCTECTBEHHO OXHUAaTh BOSHUKHOBEHUS TaKXKe U
TPOXOJisLeil BONHBL. JTa BOJHA, TaK e, KaKk W OTpaskeHHas, paclpoCTpaHIeTCs
OT TpaHUIBI pasfiesia, HO B MPOTHBONONOKHOM HAPABICHHIL.

OTPAXKEHHBIE Y ITIPOXOAIIVE BOJIHBI

[TpopeMoHCTpUpyeM Teneps, 4TO NpsiMasi BOJTHA, a TAKXKe BOJHBI, BO3HUKAIO-
II¥ie Ha BHYTPEHHEH TPaHuIIE, MOTYT YIOBIETBOPSATh TPAaHNYHBIM ycaoBusM. IlycTb
HavajJo OCH X COBNAAAET C IpaHMuei pasfena X, = 0 (puc. 3.9, a), a najaromas
BOITHA

s ) = s, flaft-x/c,)] (3.66)

pacupoCTpaHACTCa BAOJIb IIPYKUHBI U JOCTUTAET 3TOI rpaHUIbI. B cooTBeTcTBUM C
HaluM IPEANOTOKEHUEM UMEEM

s =Affa(t-x/c)] x=0
u (3.67)

s, (X, 1) =B f,[a,(t-x/c,)] x= 0.

3nech, S, 1 S, CMEIIEHNs] OTPAsKEHHO! M TPOXOJIIIEH BOIHbI, COOTBETCTBEH-
Ho. Koappuumentst A 1 B, Tak ke, Kak U KO3(p(pUIUEHTHI &, U a,, HEU3BECT-
Hbl. [Tomnmo aToro, HEO6XOMMO OonpenenuTh QyHKIWH f, 1 f,.

Takum 00pa3oM, MbI TIPEACTABUINA CMEIICHHS! YacTHI] B 00EMX OTHOPOJHBIX
YACTSIX CUCTEMBI KaK

s;(x, 1) =5, f[a(t—x/cl)]+Af,[a](t—x/cl)] x<0
i (3.68)
5, (%, 1) =B f,[a,(t-x/c,)] x> 0.

B cootBercTBuu ¢ paseHcTBamu (3.57), (3.63), rpaHUYHbIE YCIOBHS 3aIULIEM
KakK

+ 0S . 0S
Sy =S, ®m E —E=E —2%  x=0.
ax ax
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=Y 2c ! Puc. 3.9. HeoHopopiaast npy:xuHa (&); ABUXKCHHE
'---, IPYKAHBI (4); CKOpOCTh NEHTpa MPYKUHBI (&);
L CMellleHne Kak (PyHKIWMS BpeMeHH (&); CKOPOCTh
IIEHTpa MPYKUHBI B OTCYTCTBHE CHIIBL, T = I/C (&)

IToncranoBka BbipaxkeHus (3.68) B epBoe U3 NMPUBEACHHBIX BBIIIE COOTHOLLE-
HUIT laeT

sy f(at)y + Af (a;t)=Bf, (at) (3.69)

PagencrBo (3.69) cnipaBeuBO s 10000 MOMEHTA BPEMEHU. DTO O3HAYa-
€T, 9TO BCe TpH (DYHKIIWH, a TAKKE MX APTYMEHTHI PaBHBI MeXy cO0Oii:

fi=f,=f u a,=a,=a.
Takum o6paszom, BMecTo (3.68) momydnm
S, (X, t) =sof[a(t— x/cl)]+ A f[(x(t+x/c])] X<0
u (3.70)
s,(x,t)=B f[a(t—x/cz)] x> 0.
3TO - BEl)KHbIﬁ pe3yanaT, HOCKOJH:Ky OH IIOKa3bIBA€T, UTO OTpa)KCHHbIC "
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MPOXOJISIIINE BOJHBI 3aBHUCST OT BPEMEHH M PACCTOSHUS TaK Xe, KaK U TalaroIas
BOITHA.

Manee, moxcrasnss BbipakeHus (3.70) B TpaHAYHbIE YCIOBHS, OTYIAM CHC-
TeMy YpaBHEHHUI OTHOCHTENBHO K03puimeHToB A u B:

S, +A=B,

71
“hpriAp o BE 3.71)
C C C,

Ee peuiennem sBasieTcs
E'c, - E;c
I o Bl 1 WS

A £ *®
E, ¢, + E,C

B - 2E/c,
E/c, + E,C
IMockoneky
E*=pc’,
YAOOHO MPEJICTABUTH 3TH KO3((DHUIMEHTHI B CIEAYIOLIEM BHJIE:

Z -7
=97 %s o B=—-s, (3.72)
Z,+Z, Z,+Z,

A

e

Z=pC (3.73)
SIBJISIETCS UMIIETIAHCOM.

Takum o6pa3zom, Mbl TOKa3aly, YTO IS TOTO, YTOOBI YIOBIETBOPUTH Ipa-
HUYHBIM YCIIOBHSIM, HEOOXOAMMO BBECTH OTPasKeHHbIE M HpOXopsie BodHbl. [1o
CYIIECTBY, MBI PEIINIIN TaK HA3bIBAEMYIO TPAHNYHYIO 3a/ady, T.€. MATEMATHIECKH
[IOKa3aIy CYLECTBOBAHUE 3TUX BOJH. bonee Toro, coorHomenus (3.70) u (3.72)
TOATBEPKAtOT Halll KAYEeCTBEHHBIN aHANN3 BOJHOBOTO MOBeeHus. [leficTBUTENb-
HO, PaCCMOTPHUM JIBa MPENIENbHBIX CIyYasl.

CBoGopnas rpannmna

ITpennonoxum, 4TO paccMaTpuBaeMas IpaHuLa SBIeTc cBOOOAHOM: Z, = 0.
Torna Bbipakennst (3.72) pator

A=s, (3.74)

s, () =3, fla(t-x/¢)]+s, fla(t+x/c)]. (3.75)
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B yactHOCTH, Ha CBOOOAHOM TpaHuIe
S, (0, 1) =25s,.(0, 1),
rae S, (0, t) — cMellenne YacTHIlbl, BHI3BAaHHOE MAIalOIEel BOJTHOM.

Takum 06p3.30M, 00¢ BOJIHBI Ha I'paHUIE BbI3bIBAIOT OJJUHAKOBBLIC CMEIICHUS,
XOTS1 OHU U paCIpOCTPaHAKOTCA B Pa3HbIC CTOPOHDI. O‘IGBI/IJIHO TaKXeE, 4YTO

Vix (0, 1) = 2v, (0, 1). (3.77)
Hucdepennupyst 9T0 COOTHOLIEHNE 1O X, HAXOAUM CIEMYIOILIEE BbIPaXKEHUE
nst fecpopmarium e, :
Spd ¢, Spd ¢
e,=—-— flalt-x/c )|+ ——flalt+x/c,)]|, 3.78
2 -6+ 2t/ e
U, CIE0BATENBHO, HA TPAHULIE BBIIOMHSIETCS YCIOBHE
€y = 0. (3.79)

3OTo 03HAyaeT, YTO MAfAIOLIas U OTpaskeHHas BOJHBI NPHUBOMAT K Pa3HOMY THITY
necopmarmm. HanpuMep, magaroniast BONHA CKAaTHS BHI3HIBACT BOJHY PACTSKEHHS.
Panee MBI IpUIIIE K TAaKOMY K€ 3aKIFOYCHHIO, OCHOBBLIBASICH HA (DH3MUECKHIX
COOOpaKEHHUSIX.

XKecrkas rpanuna

Hpennonaraﬂ, YTO KOHET MPYXKUHLI SABJISIETCA UICATIBHO KECTKUM: 22 = 0, UMCEM

A=, (3.80)
1 COOTBETCTBCHHO
si=s, fla(t-x/c)]-s, fla(t+x/c)]. (3.81)

Hanpumep, Ha rpaHuiie BHITIONHSAOTCS CIEAYIOLINE YCIOBUS:
Sx=0 n v, =0,
a necpopmarus paBHsieTCs

2sya

€yx (O, t) = f’(at)
C
nin
€y (0, 1) =26, (0, 1), (3.83)

T7ie €,, — AiehopMariusi, BbI3BaHHAS MafjatoIieil BOJTHO.

Takum 00pa3oM, B OTIMYME OT TPEABIAYLIETO CIydyas, OTpa’KeHHas BOIHA,
BO3HUKAIOIIAS HA IPAHAULE, IPUBONKT K TAKOM ke AehopMalyy, YTO U NafaroLast
BONHA. B yacTHOCTH, majaromas BOJHA PacTsKEHKS TIPUBOAUT K TOSIBICHHUIO OT-
PakeHHOH BOJHBI pacTskeHns. Mbl CHOBA BUJIMM, UTO HAIll KAYeCTBEHHBIN aHa-
T3 TIOJITBEPKAACTCS.
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Oommii cayyaii
Kax cnegyer u3 Boipaxkenuit (3.70) u (3.72), pecopManusi B OKPeCTHOCTH
rpanutpl (X < 0) onpenenseTcs BIpakKeHUuEM
€4 =ﬁ(_1 + ﬁ) f'(at)
¢ 1+2;
i
2z zZ,

Spa 2
€ —__~72 >0% f’(at)=—
Z +Z, ¢ Z+Z,

el . (3.84)

XX

Hanpumep, ecnu Z, < Z,, ToO

i
XX

ey <e ecmt X =0,

T.€. PE3yAbTUPYIOLIAsl BOJIHA INPUBOAUT K YMEHbLIEHUIO AedopMmanuu. Hpyrumu
CIIOBaMH, MaJjatoIast 1 OTpakeHHas! BONHbI MPUHAAIEXKAT K Pa3HbIM THUIAM BOJH.
B nporuBononoxHoM cnyvae, korna Z, > Z,, AeopMalui YBeTUUUBAIOTCS: (€,
> e, ), i 9TO YKa3bIBaeT HA TO, YTO 00E BOJHBI MPHUBOMIT K OUHAKOBOMY THITY
nedopmarnuu (OO K CKATHIO, MO0 K PACTSKEHHIO).

ITone3Ho 3amMeTUTh, YTO, HECMOTPsI HA NMPOCTOTY paccCMaTpUBAEMOIl MOJEINH,
BbIpaXkeHHs (3.72), ONMMCHIBAIOIIE OTPAXKEHHBIE W MPOXOJSIINE BOIHBI, UTPAOT
BAXKHYIO POJIb B Pa3BE/bIBATEbHON CEHICMOIOTHH.

CrenaeM B CBA3M C 9TUM TPH 3aMEYaHHUS.

a) Ko3(ppHUUKEHT OTpaXkeHKs! HE NMPEBOCXOUT SIMHHIY U MEHSETCS B Ipefie-
Jax

-1<A<1;
0) K03(ppHUIMEHT MPOXOKEHUI MOKET U3MEHSITCS B CIEAYIOIMX MpefieTiax:

0<B<2;

B) KaK clefyeT u3 BbipaxeHuit (3.72), mpoxopsiias BOJHA BCErAa IIPUBOAUT K
nechopMalusiM TOTO Xe TUMa, YTO U Majjalomiast BOIHA.

HWcnonb3ys nomyyeHHbIE pe3ynbTaThl, PACCMOTPHM [iBa MPUMEPA, WITIOCTPH-
pYIOIHE HEKOTOPbIE BaXKHbIE CBOICTBA BTOPOro 3akoHa HptoToHa 1 3akoHa I'yka.

3akon HeloToHa H pacnpocTpaHnenne BOJIH

[penpnonoxum, 4To B MOMEHT BpeMeHH t = O Ha JIeBbI KOHEI NPY>KUHbI
IUIHHBI | HAYMHAET IEfCTBOBATH IOCTOSTHHAS cuita (puc. 3.9, &)

F = 0, (3.85)
F()x?

Haua nenb — M3y4uTh ABUKEHUE IPYKUHBIL.
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O‘{CBI/IJIHO, YTO YKa3aHHas ChJia MOPOXKNAET BOJHY CXKaTusl, KOTOpas pacmpo-
CTPaHACTCA BJOJb NPYXKHUHBI CO CKOPOCTBIO C. 3ror ponecc COMpPOBOXKIACTCA
NBMKCHUEM YaCTULl, KOTOPOE MMPOUCXOUT C HeKOTOpOfI CKOPOCTBIO V), 1 0OBLITHO

Vy << C.

B mMoMeHT BpeMeHn t = |/C Bes mpy:KnHa OKa3bIBAETCS CKATOM, U BCE €€ YaCTHUIIbI
JIBIDKYTCS C OJJUHAKOBOH CKOPOCTBIO V,. CyIIECTBEHHO, UTO B 9TOT MOMEHT Ha
TPOTHBOTIONIOZKHOM KOHIIE X = | BO3HUKAeT BOJTHA PACTSIKEHHS, KOTOpasl HadMHa-
€T PacIpOoCTPAHSTHCS K I€BOMY KOHITY IPYKUHBI. DTa BOJHA NPHBOAUT K PACIIH-
PEHHUIO 3JEMEHTApHOro 00'beMa I K €ro JIBIKEHHIO CO CKOPOCThIO V. Crienosa-
TEJBHO, TI03a/{i €€ BOJTHOBOTO (PPOHTA YACTUIbI HAUMHAIOT JIBUTAThCS CO CKOPO-
CTBI0O V = 2V,, HO pAedopmanust ucuezaeT. Hampumep, B mMomeHT t = 2l/c
Bcd IIPYKMHA He fiehopMuIpoBaHa 1 IBIKETCS CO CKOPOCThIO 2V,. Kpome Toro, B
9TOT MOMEHT BO3HHKAET M HAYMHACT PACIPOCTPAHATHCA BROMb MPYKHUHBI OTpa-
JeHHasl BOJHA CXaTws. JTO MPOHMCXOAUT U3-32 TOTO, 9TO 00a KOHIA MPYXKUHBI
SIBIISIIOTCS CBOOONIHBIMU ¥, KaK MBI YK€ 3HaeM, Tafjalomasi 1 OTPaskeHHAs! BOIHBI
BCErla MMEIOT pa3nuuHblil THI. COOTBETCTBEHHO, B MOMEHT BpeMeHn t = 3l/c
BOJIHA CXKaTHs CHOBA NPHBOJUT K TOSIBICHNIO HOBOW BONIHBI PACTSKEHWS Ha Ipa-
BOM KOHI[e IIPYXHUHbI. OUEBHUHO, YTO JJAHHBIA NpoOLecC FeHepaliy OTPakeHHbIX
BOJTH HETPEPLIBHO NIOBTOPSETCS, IIOCKONIBKY MBI IIPEHEOPETIH 3aTyXaHueM B Tpy-
XUHE.

YT06BI MPOWLTIOCTPUPOBATH BIHSHUE PACHPOCTPAHEHWS! BOJH Ha ABIDKECHHE
NPYXXUHBI, PACCMOTPUM €€ CPEfIHUE TOUKU. XOTS MOCTOSHHAs cuia F, HauuHaeT
NieficTBOBaTh B MOMEHT BpeMeHH t = 0, yacTulpl B LIEHTpE Macc OCTAIOTCS B IO-
KO€ JIo MOMeHTa BpeMeHH t = 2l/c. B 3TOT MOMEHT clofja IPUXOJUT BOIHA CXKa-
TS, M 9aCTUIBI HAUMHAIOT ABUTAThCSA CO CKOPOCTBIO V,. Takoe moBesieHme coxpa-
HSIETCS B TEUEHNE MHTEPBAIA BPEMEHH

—Ist<i|,

2C 2c

TOCKOJIbKY BOJIHA PACTSKEHHs, BO3HUKIIIAS HA MPABOM KOHIIE TPYKMHBI, TPUXO-
T B LIEHTP MAacc TONbKO B MOMEHT BpeMeHn t = 31/2c. 3ateM 3Tu gacTuIpl
HAYMHAOT JIBUTAThCSI CO CKOPOCTBIO V = 2V,

Crenyromee yBenuueHne CKOPOCTH TIPOMCXOMUT, KOTNIA BOJHA CXKATUs NMPUXO-
UT OT JIEBOTO KOHIIA TPYXUHbI B MOMEHT Bpemenu t = 51/2c. Cxopoctb mpu
3TOM CTAHOBUTCS PaBHO# 3V,,.

0600111231 3TOT Pe3ynbTaT, Mbl BUAUM, UTO B MOMEHT BPEMEHI

t=@2n-1)—, n=1 (3.86)
2¢c

CKOPOCTb LIEHTPA Macc PaBHSIETCA
vV, = Nnv,. (3.87)

Takum 06pa30M, B TEUCHUC KAXKJOr0 UHTEPBajla BpEMCHUA
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T=llc (3.88)

CKOPOCTb OCTAETCS IOCTOSHHOM, OIHAKO B MOMEHTBI BpeMeHH , OHa CKayKooO0-
Pa3HO YBEJMYMBAETCS HA O{HY U TY K€ BEJIMYMHY, PABHYIO V.

IToBeneHye cKOpOCTH B CpefHEH TOYKE MPYKUHBI KaK (DYHKIUU BPEMEHH IO-
Ka3aHo Ha puc. 3.9, ,. M3 3roro pucyHka ICHO BHJHO, YTO pAacCIpOCTPAHEHUE
BOJIH MEXJy KOHI[AMH TIPYKUHBI MPUBOJUT K TOMY, YTO CKOPOCTh CO BpEMEHEM
YBENIMUMBAETCSL.

ITockonbKy CKOpPOCTb pacmpOCTpaHEHHs] OTHOCHTENBHO BbICOKA, HHTEPBA
BpeMeHH T, B TeUeHHe KOTOPOro BOJIHA IIPOXOAUT OT OJHOTO KOHILA IPYKUHBI K
IPyroMy, 1ocTaTouno main. Tak, Hanpumep, ecmu ¢ =5 x 10 M/c u | =1 M, TO

T=2x10"*s =0,2 ms.

Jlerko yBujieTh, YTO CKOPOCTH YACTHI| B PA3IMYHBIX YACTSX NPYXHUHbI BEAyT
ce6st cxoxXmM 00pa3oM. VICKirodeHne cocTaBmsIOT TONBKO BpeMeHa t,, Korma mu3-
MEHEHHe CKOPOCTH 3aBHCHT OT TOTO, B KAKOM MECTe OHO MPOUCXONT.

Kax cnepyer u3 Broporo 3akoHa Hbl0TOHa, CKOpOCTb LieHTpa Macc BefieT ce0st
BO BPEMCHM COBEPIICHHO MO-APYroMy. [IeACTBUTENBHO, TOCKONBKY MOCTOSIHHAS
CHIIa IPUBOAHUT K IIOCTOSSHHOMY YCKOPEHHIO

a=F/m,

CKOPOCTDb 4acCTuI] JOJI>KHA JTUHEHHO BO3pacTaTb CO BDEMEHEM:

v=at=Ct (3.89)
m

Bonee Toro, Bce yacTHIIbl IPYXKUHbI JOTKHBI IBUTAThCS C OJJHOM M TOM Xe CKO-
POCTBIO.

bBesycinoBHO, ABIXKEHNE peanbHOl NPYXKUHbI U, B YACTHOCTH, €€ LIEHTpa Macc,
OTJIMYAETCS] OT PACCMOTPEHHON MOfENH. DTO XOPOLIO 3aMETHO B Hayane JBIDKe-
Husl, KOrfla BpeMsl HaOmtofieHust cpaBHuMO ¢ T (popmyna 3.88). Tem He MeHee, ¢
yBENMUECHNEM BPEMEHH, PeajbHOE IBIKEHHE YACTHI, ACUMITOTHIECKH CTPEMHUTCS
K TOMY, KOTOPOE OIUCBIBAETCA BTOPbIM 3aKOHOM HbtoTOHA. [IeficTBUTENBHO, IPH
t > T yBemuueHue CKOPOCTH Ha BENMUKMHY V, B MOMEHT BpeMeHH t, CTaHOBUTCH
MaJo 1O CPaBHEHUIO cO cKOPOCThIO V(t,). COOTBETCTBEHHO, pa3pbIBHYIO (DYHKIHIO
V (t) MOXHO TIpUONIKEHHO 3aMEHUTD JIMHEHON (ynKkumen (3.89).

Haxkion npsmoii v = at paBHsieTcs

a=Vv,/T=vyll. (3.90)

[MTokaxem Teneps, UTO MapaMeTp a SBISIETCS YCKOPEHNEM, BXOJISIIM BO BTO-
poii 3akoH HeroTOHA.
Kaxk cnepyet u3 (3.42), fiist Kaxka0il BOJNHbI BHIOIHSIIOTCS paBEHCTBA

v/c=FJE* mm vy/c= FJ/c?p,,
TaK KaK
E* = c%p,.
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Takum o6pa3zom,
vy = F/cp,=F,J/Z.

[TopcranoBka aToro Belpaxkenus B popmyay (3.90) maet
a=FJ/m,

1 MBI CHOBA MPUXOAAM KO BTOpoMY 3aKoHY HbroToHa. 3meck M = p,l smisercs
MAacCoi MPYXUHBI.
Takum 00pa3oM, y Hac €CTb TPU BbIPaKEHUS 71 YCKOPEHUSL:

a=Yt) -Vt Vo _ Vo€ q_ v oy g F (3.92)
T T I ot m

ITocnepuue Ba BbIPAXXEHUS XapaKTEPU3YIOT BEIUUMHY M3MEHEHUS CKOPOCTH,
Kak eciy Obl OHa Obla HenpepbIBHOM (hyHKIMEHd BpeMeHH. B feficTBUTENBHOCTY,
9TO U3MEHEHHE IIPOUCXOAUT JOBOJIBHO PE3KO, W IEPBOE M3 COOTHOWIEHHH (3.92)
MOXKET CIIy’KATb MEPOY TAKOIO M3MEHEHHSL.

Kak yxe ormeuanoch, BTopoil 3ak0H HeI0TOHa MOXXKHO PUMEHSTH K IIPYKUHE
WJIM K J1000MY APYroMy Teqly IIPH YCIOBUH, YTO BpeMsl HaONIOfICHNS 3HAUUTENIBHO
IpeBbIIacT T:

t>T. (3.93)

B aToM ciy4ae CKOpOCTM BCEX YaCTHUI[ Tela NMPAKTHYECKHM OMHAKOBBI, U C
YBEJIMYEHNEM BPEMEHH PE3KOE MU3MEHEHHE CKOPOCTH CTAaHOBUTCS MEHEE 3aMeT-
HbIM. TakuM 0Opa3oM, MOXKHO cKa3aTh, YTO 3aKOH HbIOTOHa crpaBepnuB, eciu
TEIO SIBIAETCS OECKOHEYHO MaNbIM (t — %) 1 XecTKuM (C — ). B obomx cny-
Yasix BpeMsl T CTPEMUTCS K HYIIO.

PaccMoTpym Takke moBefieHHE CMEIIEHWS S, CPENHEW TOYKU IPYKUHBI HA
puc. 3.9, ,,. [TockonbKy Ha HHTEpBaNe

t,<t<t,,
CKOPOCTb YaCTHIL IOCTOsIHHAS, S,(t) — ABIsIeTcd IMHeHol (pyHkuueit . Ha kaxaom
NOCNENIOBATENBHOM MHTEPBAJIC BPEMEHH YBEIMYCHHUE HAKIOHA MPSIMOM, ONUCHIBA-

IOIIell CMeIIeHue, SIBISeTC ONMHAKOBLIM. B mpepiese, mpu t — oo, 3Ta cucrema
HpSIMBIX 00pa3yeT mapaboiy

s(t) =Pt

TakuMm 00pa3oM, ycKopeHue

_ . (3.94)

at?

HaKOHeII, MbI ITOJTy4a€M U3BECTHOC BLIPAXKCECHUE IS JTUHEHHOTO JIBUKCHMS C IIO-
CTOSIHHBIM YCKOPEHUEM:

s,(t) = at¥/2, ecm t>T.

PaCCMOTpI/IM Tajie€ 3aBUCUMOCTb OT BPEMEHU Jle(bOpMaHI/II/I €,x B OKPECTHOCTH
OEHTpa Macc.
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Ha nnrepBane Bpemenn
0<t<l/2c

nedopManys paBHa HyJIr0. 3aTeM €,, CTAaHOBHUTCS OTPHIATENBbHOIl, MOCKOIBKY B
paccMaTprBaeMyIo TOYKY IPUXOUT BOJIHA CXKATHS, M 3aTEM OCTAETCsl MOCTOSIHHOM
0 MOMeHTa BpeMenn t = 31/2C, Korjja B [EHTp Macc MPUXOAUT OTPaKeHHas BOJ-
Ha pacTsikeHus. B aToT MOMeHT fiepopMaius CHOBa Kcue3aeT. B pesynbrare BO3-
IEACTBUS OTPasKEHHBIX BOJH AehopMalisl Neproiuuecku u3MeHsercs. B teuenue
TEepBOY MONOBUHKI ieprofia T fiepopManum OTCYTCTBYIOT, a BO BTOPOW MPOSIBIIS-
eTcs cXaTHe, 1 Takoe MoBefieHne HaOMIofaeTesl Ha BceX BpeMeHax. Panee Mbl 00-
CYy:XTIany MoBefIcHIe MPYXKUHBI [T Cyyasi, KOTfla BHEIHss cuna F, npuBopuna K
ee cxaruo. OUeBHIHO, YTO MOXOXKUH pe3yNbTaT MOTYIUTCs, ecu cuna F, Gyner
MMETb IPOTUBOIOIOXHOE HATPABJIEHHE U OPOXKAATD B MPYKUHE BOJHY PacTsLKe-
HUSL.

Kak MeI1 yxe 3Haem (cM. ri1aBy 1), Macca Tena i, B YaCTHOCTH, IIPY>KUHBI, SB-
asetcs Mepoii ero uHepuuu. OHa XapakTepu3yeT HHTepBall BpEMEHH, TPEOYIOLLIi-
csl ISl TOTO, YTOOBI TENO MOTJIO JIOCTHYb ONpEfENeHHON ckopocTH. Tak, Hampu-
Mep, C YBENMYEHHEM MAcChl YCKOPEHHE TeNa CTaHOBUTCS MEHbLIE M, COOTBETCT-
BEHHO, 3TO BpEMs YBENMYMBAETCA. JTO MOXKET HPOM30MTH W3-32 YBENMYEHHS
IVIOTHOCTU NPYXUHBI U €€ AJIMHbl. PaHee Mbl moKasamu, yTo o6a 3TH (pakTopa
IPUBOAT K YBEJIMYEHUIO BPEMEHU PACIPOCTPAHEHMS! OTPaXKEHHBIX BOJH MEXRY
KOHIJaMU TIPYKWHBI. 310 O3HA4YacT, YTO UHTEPBAJT BpEMEHHU, B TEYCHUE KOTOPOIro
CKOPOCTb OCTAETCsl MOCTOSTHHOM, TaKXKe YBENMUMBaeTcs. TakuM o0pa3oM, MOXKHO
CKa3aTh, YTO UHEPLHUS B KayecTBe CBOWCTBA, MPUCYIIETO TeNy, CBSI3aHAa CO BpeMe-
HEM pacnpoCTpaHeHus BOJH MEXJY ero KpasiMu. Takas ke TeHJeHuus HaOmroa-
eTCsl, KOIya Mbl YBEJMYMUBAEM TIONIEPEYHOE CEYECHUE TeNa, IOCKOJbKY B 3TOM CIy-
Yyae CKOpPOCTb YacTHI, CTAHOBUTCS] MEHBILLIE.

PaccmoTpuM elie pa3 nepexop OT peabHOl K UAeanbHO KeCTKol npyxuHe. C
YBEJIMUEHHUEM KECTKOCTU CKOPOCTh PACIPOCTPAHEHNs C YBENMUMBAETCS, OCKOMb-

Ky
c=+E"/p.

B TO Xe Bpemsi CKOPOCTb YacTHIIbl, CBS3aHHASI C BOJHON, CTAHOBUTCS MEHBIIIE.
HemicTBuTenbHO, U3 (3.42) uMeeM

Takum o0pa3oM, Mbl BUAUM, YTO YBEJIMYEHHE E* BENET K YMEHBIUEHHUIO CKO-
POCTH V,, a TaKXe MHTepBana BpeMeHH t = 1/C, B TeueHHe KOTOPOTro CKOPOCTh
V,(t) ocTaeTcs IOCTOSHHOM. B npefienbHOM cilydae UealbHO KECTKOM NPYXKUHbI

c—= oo, V,—=0

CKOPOCTb V,(f) cTaHOBUTCS HENPEPBLIBHON (DYHKIMEH U ONUCHIBAET [BIDKEHUE BCEX
YaCTUL IPYXUHBI.
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JlaHHOE paccyxJeHue NOATBEPXkaeT Takke TOT (PaKT, YTo KecTKocTh E* He
Brusiet Ha uHepuuto. CornacHo (3.86) u (3.87) umeem

lv
tn=ln—n ecmd n>>1.
c o,

3pech t,— MOMEHT BpPEMEHH, B KOTOPbIil CKOPOCTb LIEHTPa IPYXXUHbI PaBHI-
eTcs V,. 13 Beipaxenns (3.42) cnepyer, 4To
cv, = F/p,

CIeOBATENbHO, IIPOM3BEfiCHIE CKOPOCTH BONHBI U CKOPOCTH YacCTHIbl HE 3aBH-
cut ot E*. [Toaromy

<

t = ";"" =,

X X
[MTocnennee BbIpaskeHWe SICHO MOKA3bIBAET, YTO TOJBHKO Macca SIBISETCI MEpOH
HMHEPIUH.

[TpenmomnoxuM, 4TO Ha TEJO AEUCTBYET MMMYJbCHAS CHUNA, KOTOPYIO MOXKHO
paccMaTpuBaTh KaK CYMMY JIBYX CTYIEHYATbIX (DYHKIMI MPOTHBOMONOKHOTO 3HA-
Ka. Torga nerko monyyuTh CYNepro3uiii0 OTPAKEHHbIX BOJH, BbI3BAHHBIX KaX-
mo#t w3 aTuxX (pyHKImit. [loyaras, 9To MMPUHA T MMIYJIbCA JOCTATOYHO BEJWKA,
MbI BUIIM (pHC. 3.9, &), 4TO TENO HAUMHAET JIBUIATHCS C OCTOSHHON CKOPOCTBIO
(nepBb1i 3akoH HbloTOHA).

3AKOH I'YKA U PACITPOCTPAHEHHUE BOJH

B riaBe 2 Mbl oGcyskpany 3akoH ['yka [t NPYsKAH 1 yASTIH 0c060€e BHIMA-
HHE €r0 OCHOBHOMY CBOIICTBY, & HIMEHHO, TOMY, UTO CMEIICHHE HIDKHETO KOHIA
npyxussl, S, = Al (puc. 3.10, &), npkdio npomopuHOHANBHO ee TePBOHAYATBHOM
mume |:

Al ~ 1.

Taxoe noBefeHne S, 3aCTaBUJIO HAC 3afjaThCs clefyrommM BonpocoM. OTkyga
HIDKHHM KOHeI| PYXUHbI (Touka p Ha puc. 3.10, &) “3Haer”, rje HaXOUTCI ee
IPOTUBOIOIOXHBINA KOHEL[? YTOObI OTBETUTH HA 3TOT BOIPOC, PACCMOTPHUM [IBU-
KEHHE HIDKHETO KOHIIA IPYXKUHBI 10| [IEUCTBUEM NOCTOSHHOM CUlbl F,:

F - 0, t<0,
Foir t=0

IIpU YCIOBMH, YTO BEPXHUI KOHEI NPUKPEIUIEH K aOCONIOTHO XECTKOH cpenie
(puc. 3.10, a).

ITockonbKy cuja HampasleHa BHU3, B HEPBbIl MOMEHT BPEMEHH BO3HUKACT
BOIIHA PACTSDKEHNs], KOTOpask paclpoCTpaHseTcsl K BEpXHEMY KOHIy. B To xe Bpe-
Msl TOUKA P [IBIDKETCS C MOCTOSIHHOM CKOPOCTBIO BIONMb OCH X. B pesynbrare or-
pakeHns! NCXOJHOH BONHBI, B MOMEHT BpeMeHH t = |/C Bo3HMKaeT BONmHA pacTs-
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Puc. 3.10. Cuna, mpunoxKeHHas a 0
K TpyXuHe (a); 3aBHCUMOCTb
CKOPOCTH HIZKHETO KOHIA TIpy-
KUHBI OT BpeMeHH (&); 3aBUCH- on
MOCTb  CMEIICHUS  HIDKHETO
KOHI{a IPY>KUHBI OT BpeMeHH (&)

N
Q

<‘:|E

S
[ |
Bl

o 4 8L 120t
c c cC

XEHUs, pacIpOCTPAHSIONIAsCA BHU3, XOTS CaMyl YacTUIbI IIPY 3TOM JABUTAIOTCS B
IPOTUBOIOJIOXHOM HanpasieHuu. [ToaToMy ABICKEHHE NPYKUHBI 033/ BOJIHO-
BOro (ppoHTa Hpekpamiaercs. B MoMeHT Bpemenu t = 21/C yka3anHast BojHa J0-
CTUTraeT HIKHETO KOHIIA, ¥ BCS NPYXHHA MpeKpalaer coe ABixeHne. OHAKO B
3TOT MOMEHT BO3HHKAET OTPAXXCHHAs BONHA CXATHs, KOTOpas paclpoCTpaHseTcs
BBEPX. B COOTBETCTBMM C 3TMM W3MEHSETCS M HANPABIECHUE [BIDKECHHUS YaCTHIL.
Takum 00pa3oM, CKOPOCTb HIKHETO KOHIA IIPYXHHBI OCTAETCs MOCTOSHHON
TOJILKO Ha HHTEPBAJIe BPEMEHH

0<t<2lc.

Kak TombpKo BOMHA CKATHS JOCTHTAET BEPXHETO KOHIA B MOMEHT BpeMeHH t =
3l/c, x mosBNsieTCS HOBAs BOJNHA CKAaTHS. OTa BOJHA PACIPOCTPAHSAETCS BHU3, a
CKOPOCTb YACTHI] HampaBJieHa MO HampapieHuto ocu X. COOTBETCTBEHHO, YacTH
TPYKUHBI, HAXOJSIAECS T03a/Il BOJIHOBOTO (PPOHTA, HE NBUKYTCS. B wacTHOCTH,
B MOMEHT BpeMeHH t = 41/C Bce TOUKM MPYXKUHBI HAXONITCS B COCTOSIHUA TTOKOSI.
OnHAKO B 3TOT MOMEHT CHOBA TOSIBIISICTCS BOJHA PACTSDKEHNsI, KOTOpast pacmpoct-
pamnsieTcst BBepX. TakuM 06pa3oM, MbI HAUAHAEM HAOMIONATh TaKOe Ke TOBEJIeHNEe
ckopocti. OueBHieH MEPUOAUYECCKUN XapaKTep STOTO MOBECHUS BO BpPEMEHH
(puc. 3.10, &). Tlepuon

T =4l/c, (3.95)
a B mpefIeNiax meproya
Ve Vo, -T/2<t<0, (3.96)
-V,, O<t<T/2.

HocnenHee BbIpaXEHUE MOKA3bIBACT, YTO B TECUYCHUE NEPBOT0O MNOJYIEPpUOAA
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CMCILICHUE S, HUXKHErO KOHIIA MPYXKUHBI JIUHETHO pacTeT CO BPpEMEHEM U JTOCTH-
racT CBOCro MaKCMMaJIbHOI'O 3HAYCHUS

s, ==V (3.97)

B MOMeHT BpeMeHH t = 2l/c . 3arem, BO BTOpPOM IOJNYNEpHONE, CMEIICHAE JIN-
HEWHO YMEHbIIAeTCsl, ¥ HUKHUI KOHEIl BO3BpAI[AeTCsl B CBOE MCXOJJHOE MONOXKe-
HUE B MOMeHT Bpemenn t = 4l/c (puc. 3.10, &).

[Mepuonuueckyto (pyHKIMIO S, YIOOHO NIPEICTABUTD B BUE CYNEPIO3ULHUHA Pa3-
JIMYHBIX CUHYCOUAANBHBIX FapMOHUK. [10CKOMBKY S,(t) sBMseTcss 4eTHON (PyHKUK-
ef, ee psag Pypbe IMeeT CIACHYIOMNA BUA (CM. IPUIIOKEHHE 6):

s, (1) =&+zbn cos Znnl, (3.98)
2 e T
e
b, = ifmsx(t)cos 2Lt (3.99)
TJo T

B yacrHocTH, K03¢ppunuent b, paBuseTcs

1/ |
b, = Evof “tdt= 2.
| 0 c
Orcrona

bo/2 = v,l/c. (3.100)

Takum 00pa3oM, MONHOE CMEIEHHE HIKHETO KOHIA NMPYXKUHbI HPEfCTABISCT
co0oll cyMMy TocTosiHHOro cMemieHnst Al u HaGopa rapMOHUK C pa3NU4HBIMU
4acTOTaMH.

I[TpumeyaTenbHO, UTO MOCTOSHHAS COCTABISIOMIAs CMELIEHNS

Al =Dby/2 = vl/c (3.101)
NpsSIMO NPONOPUUOHANBHA UCXOAHON fnuHe nmpyxuHbl |. Hdpyrumu crioBamu, Al
NPONOPLUOHATEHO BPEMEHHU, B TE€UEHHE KOTOPOTO BONHA PACHPOCTPAHSETCS OT

HUKHETO K BEPXHEMY KOHIY PYKUHBI.
Kak cnegyet u3 Beipaxkenust (3.101),

Al/l = v/c. (3.102)

ITOT pe3ynbTaT He YIMBUTENCH, OCKOILKY TpaBasi M JieBas 4acTh 3TOTO pa-
BEHCTBA XapaKTePH3YIOT iehOpMAIHIo.
Cornacho (3.42),

Vo/C = Fy,/E,
U, COOTBETCTBEHHO, (3.102) nepenucriBaeTcd B BULIE

Alll = Fo/E*
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nin

Fo, = K Al (3.103)
e

Al=vllc u k=E.

Koneuno, cootHomenne (3.103) omicbiBaeT 3akoH I'yka mpu ycnoBmu, 4TO
Al paBHSieTCS ONOBIHE MaKCHMAIBHOTO CMEIICHAS HIDKHETO KOHIA TPYKUHBI.

B cBsi3u ¢ aTHM crefyeT 3aMeTHTh crefyromee. 3akoH ['yka ocHOBBIBaeTCS Ha
9KCIePUMEHTANBHBIX TaHHBIX. OH 03HAYAET, YTO CMEIIEHNE KOHI[A TPYXUHbI TIOf
JIEACTBHEM MOCTOSHHON CHJIbI IOCTHTaeT HEKOTOPOTO 3HAYEHUS M Jallee OCTaeTCs
MOCTOSHHBIM. Takoe NOBefeHHe MPOTUBOPEUUT (PYHKIMU S, (1), MOKa3aHHON Ha
puc. 3.10, ,. 3TO HECOOTBETCTBHE MOXHO OOBSCHUTD, €CIIN Y4ECTb BIUSHUE 3aTy-
xanusi. B peanbHO# cutyanun Kone6aHusl, ONMMChIBaeMble TapMOHUKamMu psfga Dy-
pbe IpH N = 1, 3aTyXaloT CO BpeMEHEM OTHOCUTENBHO ObICTPO, MOCKOJBKY MEpH-
of T o0b1yHO Man. Habmrofenus, BbINOJIHEHHBIE 32 IEPHOJl BPEMEHH, CYILIECTBEH-
HO IpeBOCXOAAIuMiA T, MO3BOISIIOT HaM onpefeauTs Al.

3.3 IIONEPEYHBIE BOJIHBI B CTPYHE

HO CUX IOp Mbl M3y4aJil pACOpPOCTPAHCHUE MPOJOJLHLIX BOJH B IPYXWHE,
Korfia CKOpOCTH YacCTUIl U BOJIHbI UMEJINA oo COBIIajaroNniue, oo IPOTUBOIIO-
JIOKHBIE HAIIPABJICHUS. Tenepb Mbl paCcCMOTpPHUM MOBEECHUE MOINEPEYHBIX
(CHBI/IFOBLIX) BOJIH, paClIpOCTPaHsAIOIIMXCA BIOJb CTPYHBI.

PACTSXEHUE U CMEIIEHUE CTPYHBI

I[TpennonoxuM, 4To B Ha4YaIbHLI MOMEHT BPEMEHH, IpsiMasi CTpyHA MOJBEp-
raeTcs HeKOTOpOMY pacTsikeHuto (puc. 3.11, 1). W3-3a gecopmanii BO3HUKAOT
BHYTPEHHUE CUJIbI PACTSXKEHHUs, NPUIOKEHHBIE K KaXIOMY SJIEMEHTY CTPYHBI
(puc. 3.11, -).

Cornacnro 3akony I'yka umeem

T, = kAI* (3.104)

e T, 0603HAaYaeT BEIMYMHY BHYTPEHHEN CHIBI, K — 3KECTKOCTb CTPYHBI, a Al —
ynimHenne aneMenta Al (Al" << Al).
ITocKOJIBbKY CTPYHA OJHOPONIHASI, pacTsKeHue T, — MOCTOSHHO:

T, = const. (3.105)

I[TycTh B HEKOTOPBI MOMEHT BpeMeHH ! TPOUCXOMT HEOOIbIIOE CMELIeHe
9NIEMEHTA CTPYHBI B BEPTUKAJIBLHOM HampapieHud. biarogaps fefcTBYIOLIMM BHYT-
PEHHUM CHJIaM, B CTPYHE BO3HMKHET JIBIKCHHE, W Hallla 3ajjada COCTOUT B TOM,
YTOOBI U3YUYUTD 3TO SIBJICHHE.

B nanbHeiiiem Mbl OyeM MpeAnonaraTb, YTO HakJIOH KaXJOro 3JeMeHTa OT-
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Cmpyna
e | —
-T, T, T, T,
6 2
s(x) s(x) T, “
a
T,
X X
/]
s(x) T
Puc. 3.11. CrpyHa B COCTOSHUHM PAaCTSDKEHUS
(8); medpopmaryst aneMeHTa CTPYHBI (8); M3rud
9lleMeHTa CTPYHBI (&); NpSAMOMHENHbI 3J1e-
).c " T MCHT CTPYHBI (8); KpUBOMMHEHHBIA 3TEMEHT
1 2

CTpYHEI (&)

HOCHUTEJBHO €r0 NIEPBOHAYAIBHOIO ITOJTOKEHUA OUCHb MaJl. ] puc. 3.11, a BH]T-
HO, YTO HAKJIOH 3JIEMEHTA CTPYHBI PaBHACTCA

ds(X, t)
X

tano = =s;(X, 1). (3.106)

3mech S(X, t) — BepTUKAJIbHOE CMEIIEHNE CTPYHBI B KaXK/IbIil MOMEHT BPEMEHH,
o — yrox mexpy anementoM dl u oceto X. [1o onpenenenuto, npoussogHast S’ (X,
t) cMeleHus 0 KOOpIMHATE X ONpefeNsieT HAKIOH B KaX/I0i TOYKe CTPYHBI U, B
o011eM ciyyae, 3aBUCHT OT BPEMEHH.

[Tpepmonoxenue 0 TOM, YTO HAKIOHBI B CTPYHE OYCHb Majbl, O3HAYAET, YTO
npou3BoAHas S’ (X, t) MHOTO MeHbIIe eUHUIBI U, COOTBETCTBEHHO, Mbl MOXEM
IpeHeOpeyb KBaJpaToM 3TOH BEJIMYKHE, T.€.

[s;x. 0] =0. (3.107)

IlaHHOE YCIIOBHUE 3HAYMTENBHO YIPOLIAET AHAIN3 IBUKEHUSI.

PaccMotpuM cHavanma GecKOHEYHO Maiblii aeMeHT dl, KOTOpBI MOXHO
TPAKTOBATh KaK NMPSMONMHEHHBIN 0Tpe3oK (puc. 3.11, &). Ero pmuna dl onpepe-
JIIETCST KaK

dl = vdx? + ds’

nim

—_—

| 2 I
dl = \;‘1 " (3—5) dx =1+ (s,(x, D) dx.
w X

C yuerom (3.107) nomyuum
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dl = dx. (3.108)

3TO OYeHb BAXKHBIA pe3yNbTaT, MOCKONBKY OH TIOKA3bIBA€T, YTO B HAIleM
NpUONIKEHAN Majlble CMELIEHHE CTPYHbI HE NMPUBOMAIT K M3MEHEHUIO JJIMHBI ee
aneMmeHTOB. Kaxk cieptyer u3 3akoHa I'yka, BeJMYMHA PACTSKEHUST OCTAETCS TaKOM
e, KaK 1 B COCTOSIHUM PaBHOBECHS, T.€.

T=T, (3.109)

WHbIMHU cOBaMH, B KaXblil MOMEHT BPEMEHH BENMYMHA PACTSKEHUS PaBHSI-
eTcst T,, HE3aBUCHMO OT (popMbl cTpyHBI. [TloaToMy BenmuuHy T, MOKHO paccma-
TPUBaTh B KaY€CTBE [IapaMeTpa CTPYHbI, KOTOPBIA ONPEAENAeTCs €6 pacTsLKEHUEM
B Ha4yaJIbHOM IONIOXeHuH, Korga (X, ) = 0. CooTBETCTBEHHO, MbI OyfieM Xapak-
TEpU30BaTh CTPYHY ABYMS NAapaMeTpaMu, a UMEHHO, JIMHEHHO! MIIOTHOCTBIO P U
BENTMINHON PACTSIKEHUS T,

BbIBOJI YPABHEHUA IBXKEHUSA

PacemoTpum cuitbl, ieiicTByroIIe Ha 06a KoHIA ainemenTa dl. Mbl mpefnona-
raem, 4To CTPyHa SIBISIETCS MleallbHO THOKOI 1, cliefioBaTenbHo, cuna T, Hampas-
JeHa MO KacaTeNbHOW B KaXXJON TOUYKe CTPYHBI. [IpemmomoxuM cHavama, 4ro
aneMeHT dl mpsiMonMHEeH U, cnefoBaTenbHo, cunbl T 1 —T, HalpaBiIeHbl BIOTb
ool mpktioi (puc. 3.11, &).

HOCKOIIBKy CHJIbI, HpI/IJIO)KCHHbIe K KOHIaM 3JIEMEHTa, UMCIOT OJII/IHaKOByIO
BEJIMYMHY ¥ TPOTUBOIIONOXKHBIC HANPABICHHS, PE3YILTUPYIONIAS CHJla PaBHSICTCS
HYJTIO:

F=T,-T,=0,

1 3NIEMEHT HAXOAUTCS B COCTOSTHUYM PAaBHOBECHS. JTO O3HAYaeT, YTO OH JMOO TO-

KOWTCS, MO0 JIBIXKETCS ¢ HEKOTOPOU MOCTOSHHOW CKOpOCThi0. Takoil e pe-
3yNIbTAT CIEAYET U3 PACCMOTPEHHS! KOMIIOHEHT CUJIbI. [lefiCTBUTENBHO,

F,(X,, ) =Tycos a, F, (X, 1) =-T,cos a,

Fs(X,, 1) =Tysin o,  Fg (X, 1) =T sin a.
Takum obGpazom,
Fy=F (X, 1) + Fi(X,, 1) =0

F=F (X, t) + F (X, t) = 0.

[Tpepnonoxum fanee, 4To Manblil anemeHT dl cierka ©30rHyT, HO €ro AJNMHA TO-
npexxHeMy pasHsieTcst dx (puc. 3.11, &). B aTOM cilyyae HaKIIOH pacTsTHBArOIIe
CHJIBI Ha Pa3HBIX KOHIIAX 3JIEMEHTA HE OUHAKOB, U
F.(X,t) =-Tycosa,, F,(X,1t) =T,cos a,,
(3.110)
F.(x,t) =-Tysina,, F,X,,1t) =T,sin a,.
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st TOro, YTOGHI BBIBECTH ypaBHEHHe MBIKeHus anementa dl, HeoOGxomumo
BBIPA3UTh TPUTOHOMETPUUECKIE (DYHKIMK Yepe3 MPOM3BOJHbIE cMeleHns S(X, t).
Kaxk supao u3 puc. 3.11, 4,

sina. = 3 _ ds _ “ ds
A Vax? e ds? dxy1+(s))?
WIn
sina=%, (3.111)
N1+(s))
u
cosq =& 1 (3.112)

dl Vw2 4 gs? V14(s))?

[peneOperast uieHoM (S, )”, TOMyYnM
. ds, ,
smot=d—=sx(x, t) u cosa =1. (3.113)
X

[TpunnMas BO BHAMaHKE NEPBYIO Mapy cooTHomeHnd (3.110), moayduM, 4to
PE3YIBTHPYIOMAs KOMIIOHEHTA CHINbI, IPUWIOKEHHON K anemeHTy dl, HampapieH-
Hasi BIOJIb OCHU X, PaBHSIETCSI HYITIO:

Fox, t) =F (X, 1) —F(x;, 1) =0. (3.114)

ITockonbKy B Ha4aIbHOM MONOKEHNH CTPYHA HAXOJMIIACh B COCTOSIHMM TTOKOS,
BolpakeHue (3.114) mokasbIBAaeT, UTO [BIKEHHE 3JIEMEHTA B TOPU3OHTAIBLHOM
HANpaBJICHUA OTCYTCTBYET. B TO e BpeMs pe3yNbTHPYIOIAs KOMIIOHEHTA CHIIbI
BJIOJIb OCH S PaBHSIETCS

F.(x;,t) =T,sina,-T,sin a,
WK

Foxi, ) = To[s,0%5, )= 5(x,, D). (3.115)

Xots aneMeHT dl MCKpUBIIEH, OH MO-NPEXHEMY HACTOIBKO Mal, YTO HAKIOH
S,(X, t) MeHdeTcs JMHENHO MeXAy ero rpaHunamu. IlosToMy BbIpaXKeHHe
(3.115) MoxHO nepenucath Kak

2
Fo(x, ) =T, dx, (3.116)
X

nockonbky dl = dx (dpopmyna 3.108) u

2
) , a
S, (Xy, )= S, (X, 1) = M—jdx .
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Bropoe ypaBHeHHUe, CBSI3bIBAOLIEE CMEIICHUE CTPYHBI M PE3YNLTUPYIOLIYIO CUIY
F,. siBIsieTcq BTOpbIM 3aKoHOM HbroToHa:

2
wm  pdx a—; =KX, t)
at at

TlopncranoBka (3.116) B (3.117) maer

2 2 2 2
d°s s d°s 1 9°s
p—2=T0—2 nin S =5 5 (3118)
at X ot cg ot
Ime
C = \/fTO/p'

Takum 00pa3oM, Kak U B cllyyae IPOJONbHBIX BOJIH, MbI IIPULIIUA K BOJHO-
BOMY YPaBHEHHIO, KOTOPOE OINCHIBAET PACHPOCTPAHEHHWE BONH BIONL CTPYHBI.
OnHako B TaHHOM CIly4yae YacTUI[bI IBUKYTCS B HATIPABJIEHNH, EPIEHIUKYISIPHOM
HaInpaBleHuto pacipocTpanenus. O603Hauasg CKOpPOCTh 3NEMEHTa V, a CKOPOCTb
BOJIHBI €, MIOJNYYHM

v-e,=0. (3.120)

B nanbHefimeM Mbl OyfieM 00CyXiaTh MOBEACHNE CABUTOBBIX BOJH B YIPYroil cpe-
ne. ITpocreifimm mprIMepoM TaKuX BOJIH SBISFOTCS MONEPEYHbIE BOIHBI B CTPYHE.

WHTEpecHO 3aMeTUTb, YTO CKOPOCTH MPONOJBHBIX U IONEPEYHbIX BONH B
TPYKWHE U CTPYHE

¢ =+E'/p u ¢ =T, /p (3.121)

OfIUHAKOBO 3aBUCST OT INIOTHOCTH P, 2 pacTsKeHue T, urpaeT Ty xe poib, 4TO U
ynpyruii napameTp npyxuHel E*. B yacTHOCTH, KOI/la pacTsXXeHUe CTPYHbI CTaHO-
BUTCS O0JIEE CHIIBHBIM, CKOPOCTB MOMEPEYHBIX BOJH YBEINUMBACTCS.

B npeppinyimem paspene Mbl OKa3ald, YTO PEIIEHHE BOJTHOBOTO YPABHEHUS

MMEET BHJ
a(t—i)} + Bg b(t+i)}
CS CS

¥ ONKCBIBAET BONHBI, PACIPOCTPAHSIOIIMECA B IIPOTHBONONOXKHBIX HAlPaBICHUSX.
Kax yxe oTMeuanoch paHee, MEXaHU3M TeHepaluy BOJH O4yeHb npoct. Ecnu He-
KOTOPBIIT 3JIEMEHT CTPYHBI IBIXKETCS BBEPX WJIM BHU3 BIOJb OCH S, B JIBYX MpIJIe-
TAIOIMX 3JIeMEHTaX BO3HUKAET pe3ynbTupyrommas cuna Fg. B cuny uHepuuu 3w
9NIEMEHTbl HAUMHAIOT JIBUTAThCS C HEKOTOPOH 3aIep>KKO¥ 110 BpeMeHu. VX iBike-
HUE BbI3bIBAET, B CBOIO OYEpeflb, CMelleHne Oonee Aanekux aneMeHToB. CooTBeT-
CTBEHHO, MbI HaONIOJlaeM PaclpOCTPaHEHHE BOJH OT NEPBOHAYATBLHOTO 3JIEMEHTa
B [IPOTMBOINONOXHBIX HALIPABIEHUSX.

3pech cnefyeT cenath OfjHO 3aMevanue. Kak u B ciIyyae mMpofoNbHBIX BOJH,
MbI paccMaTpHUBANK IBA MAJIBIX 3IEMEHTA CTPYHBI C pa3NUYHbIME JTMHAMH. [30-

s(x, t) = Af
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I‘HyTbeI QIIEMEHT UMCECJI 6OIILIHy10 JUIAHY, 1 Mbl HCIOJb30BaJIUd €ro Ajs BbIBOJA
BOJTHOBOT'O YpaBHCHUS. B 10 xe BpeM:L Oonee KOpOTKI/Iﬁ QJIEMEHT SBJIICTCA MIPsi-
MBbIM, 1 B €T0 NpEIC/Iax CKAJIsIpHasd KOMIIOHCHTa CHJIbL FS 1 €TI0 HaKJIOH CBA3aHbI
KakK

as(x, t)
ax

Fo=T, (3.122)

OTO COOTHOILIECHHE MOKHO TPAKTOBATh KaK MpocTeliiyio (hopMy 3akoHa 'yka mst
C/IBUTOBBIX BOIIH.

CHUHYCOUJAIBHBIE BOJHBI

Cpenu peleHnil BOTHOBOIO YpaBHEHHUsI UIMEETCS OffHa Ipyla (PyHKIuil, KOTo-
pas UrpaeT OuUeHb BaXKHYIO poib. Peub mpeT o (DYHKIUSX, CHHYCOUJANBHBIX 1O
BPEMEHHU U paccTosHMI0. OMUIIeM KPaTKO UX OCHOBHBIE CBONCTBA.

OueBHHO, YTO (PYHKIHUS

s(x, )= Asino(t-x/c,) (3.123)
VAOBJIETBOPSIET BOJTHOBOMY YPABHEHUIO U ONUCHIBAET CUHYCOMAATIBHYIO BOJIHY.

3nech

o =2xf=2n/T (3.124)
ABJIAETCS. KPYroBoli 4acToToi, a T — mepuopioM KoseOanuil. Kaxnpid u3 stux
NapaMeTPOB XapaKTepU3yeT B IPOU3BOJIBHON TOUKE NOBECHUE BOMHBI KaK (DYHK-

min BpeMeHn. Koagdumment A 0603HaqaeT aMIUTATYNY, a C; — CKOPOCTb BOJHBIL.
ITo ompepenennto, ha3a BOMHBI 3a1aeTCS Kak

¢ =onot-2x, (3.125)
CS
1 €€ MOXHO IIEpEIMcaTh B BUC
¢ = wt — kx, (3.126)
e
k = w/c, (3.127)

SBJISICTCS BONHOBBIM UKMCIOM. BONHOBOE 4YMCIO NPOMOPIMOHANBLHO YacTOTE H
YMEHBIIAETCs PU YBEIMUEHHN CKOPOCTH Cs. B yacTHOCTH, KOIfla CKOPOCTh BOIHBI
CTpeMHUTCA K OECKOHEYHOCTH, MapaMeTp K cTpeMUTCs K HYIHO, 1 BMECTO BOJHOBO-
ro noBefiennst HabmofatoTes BuOpanuu. [IefCTBUTENbHO, B 3TOM Cly4yae BbIpaxe-
Hue (3.123) nepexomur B

S (X, 1) = A sin wt (3.128)

1 B 11000f MOMEHT BpeMeHH t OJIHO 1 TO e CMelleHue HaOMIO[aeTcsl OJHOBpe-
MEHHO BO BCEX TOYKAX CTPYHBI.
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Kak cnepyet u3 Bblpaxenus (3.126) BoIHOBOE 4HCIO K OMUCHIBAET CKOPOCT
M3MEHeHNs (asbl U, CNENOBATENBHO, (DOPMBI BOTHBI C PACCTOSIHUEM X.
Kax MbI 3HaeM, nepuof T — 9TO MHTEPBAJ BPEMEHH

N=t,-t,
B TEUEHHE KOTOPOro (ha3a M3MEHseTCs Ha 27T, a BOJIHOBOE Mojie S (X, t) ocraercs
TPEXHAM, T.€.

A sin (ot, — kx) = A sin (wt, - kX) =

= A sin (wt; - T — kx) = A sin (wt, — kx)
TaK KaK

oT = 2m.

TakuM xe 06pa3oM JJIMHA BOJHbBI A BBOJJUTCS KaK HHTEpBAT AX:

A=AX=X%,- X,
Ha KOTOpoM (ha3a TakKe U3MEHSIETCSl Ha 27T, a CMEIEHNS] B TOUKaX X, U X, PaBHBI
ApYT Apyry:

A sin (ot - kx;) = A sin (ot - kx,) =

=A sin (ot - kx; — kA),
TIOCKOIIbKY

kA =2n umm A = 2m/k. (3.129)
Cpasuenne Bbipaxenuit (3.124) u (3.129) nokasbiBaeT, YTO AJMHA BOJHBI A U
BOJIHOBOE UHCIIO K UIparoT podib, COOTBETCTBEHHO, TIPOCTPAHCTBEHHOTO MEPUONIA U
IPOCTPAHCTBEHHOM YacTOTBI.

OueBUHO, YTO BE Mapbl IapaMeTpoB , T 1 A, K CBSI3aHbI MEXAY COOOL.
Tak, Hanpumep,

A== 2—“0S
k ®
A
A=cT, (3.130)

T.€. [VIMHA BOIHEI — 3TO PACCTOSHEE, KOTOPOE MPOXOMUT faHHas pa3a 3a MHTEp-
BaJl BDEMEHH, PABHBIN IEPHOTTY.

IToBepenue cunycoufanbHON BONHBI Kak (DYHKIMU BPEMEHH M PAcCTOSHUS IO-
KazaHo Ha puc. 3.12, a, &-.

HOPMAJIbHBIE MO/IbI

Jlo cux mop Mbl NpeAoNarany, 4To BOIHA PACIPOCTPAHsAETCS BAOJb OECKO-
He4Ho# cTpyHbl. IIpefnonoxum Teneps, 4To CTpyHa He OECKOHEYHA U €€ IpaBblil
KOHel] KeCTKO 3aKpeIvieH B Touke X = | (puc. 3.12, &):
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s(x,1) X, s(x,t) 1,

s(x,1) s(x,1) t,

8 2
0

0~ —¢ I ‘_E

! ¥

/ /

Puc. 3.12. CunyconiaibHble BOTHBI KaK (DyHKIMH BpeMeHH () 1 paccTostHus (&); momyGecko-
HEyHas CTpyHa C 3aKpEIUNIEHHbIM KOHLOM (&); CTpyHa KOHEYHOH JUIMHBI C 3aKpEIUICHHbIMU
KOHIIaMH (d)

s, t)=0. (3.131)

HOCJIEJIHGG COOTHONICHUE SBJISIETCS TPAHUYIHBIM YCJIOBUEM.

ITo ananorum co ClIyqyaeM MOpOJOJbHBIX BOJH, PACIHPOCTPAHSIOUINXCSA BAOIb
MPYKUHBI, MbI MOXEM OXHUJATh, YTO B TOYKE X = | magaroigas BOJIHA NPUBOJAUT K
TIOSABJICHUIO OTpa)KeHHOﬁ BOJIHBI, KOTOpasi TaKXe€ SBIACTCA CHHYCOHHaHBHOﬁ n
UMEET TY XK€ YaCTOTY:

S, (X, t) = B sin (ot + kX + @), (3.132)
TZIEe @, — HEKOTOpasl IOCTOSIHHAS BENMYNHA, Ha3bIBaeMasi OOBITHO HAYATLHOH (ha-
301, 1 Koa(unueHT B TakXKe SIBNSETCI HEN3BECTHBIM.

3Hak mwitoc mepey] KX yKasbIBaeT Ha TO, YTO OTpaskeHHAs BOJIHA JIBIDKETCS B

CTOpPOHY Hayajla KOOpAUHAT X = 0. Takum o6pa30M, MOJIHOCTBIO BOJIHY MO2KHO
NpEACTaBUTH KaK

S (X, t) = A sin (ot — kx) + B sin (ot + kx +q,). (3.133)
Ha npaBom KoHIe, X = |, MBI [JOMXHBI IMETh
A sin (ot - kl) + B sin (ot + kIl + @) .

ITockonbky JaHHOE PaBEHCTBO BBINONHSETCA HE3aBUCHMMO OT MOMEHTA BPEMEHH,
MBI JIOJIXKHBI 3aK/II0UHTb, YTO (pa3bl 0OEUX BOIH B 3TOM TOUKE PaBHbI APYT APYTY:

106

(3.134)



ot -kl = ot + Kkl + ¢,

I
@, = -2kl (3.135)
CoorBercTBeHHO, 13 (3.134) nomyuum
B=-A. (3.136)

Taxum 06pa3oM, MbI HAIIUTH TaKUE 3HAYCHUS] HAYAIBHON (ha3bl U AMIUIATY/bI
OTpaXEHHO! BOJHBI, KOTOPBIE YAOBIETBOPSIIOT HaualbHbIM ycnoBusM (3.131) u
BOJIHOBOMY YPaBHEHHIO.

31ech crefyer cenarh jpa 3aMeYaHusl.

a) OmpeyienieHne HEM3BECTHBIX BEIMUMH () M B OCHOBBIBAIOCH HA TOM 00CTOS-
TEJBCTBE, YTO (ha3bl Mafjarolieli U OTpaKeHHOH BOJNH JOJMXKHBI ObITh PaBHbI HA
rpanune X = |. Kak 6b110 MoKka3zaHo paHee, 3TO 3aMeyaTeNbHOE CBOHCTBO (pasbl
HaOMIOfaeTCs TAKXKE B FOpasfo 00JIee CIOXKHBIX CIyYasX.

0) OTpaxkeHHas BOJIHA CYIECTBYET HA BCEX YacTOTAaX, IPUUYEM CYIIECTBYIOT Ofi-
HOBPEMEHHO JIBE€ CHHYCOHMJAIBHBIC BONHBI, PACIPOCTPAHSIOIMECS B IIPOTUBOIO-
JIOXKHBIX HAIPABJICHMSX:

s (X, 1) = A [sin (wt — kx) — sin (ot + kx — 2kD)]. (3.137)

3T BONHBI IMEIOT OJIHY U Ty XK€ YaCTOTY U aMIUINTY[ly, HO pa3HbIC (1)213131.
I/ICHOHI)?.YSI U3BECTHOC TPUTOHOMETPUUIECKOE PABEHCTBO, MOJYyIUM

S (X, t) = 2A sin K(l = X) cos(wt - k), (3.138)

T.€. (YHKIHUIO, KOTOpask OTINYAETCS OT CHHYCOMAANBHOL.

3TO nepBblil NPUMEP CYNEPNO3ULMN CHHYCOMAANBHBIX BOMH, M, KaK BHJHO W3
BoIpaxkeHus (3.138), ¢pynkuust S (X, t) He ONUCHIBAET BOJHY, PACIpPOCTPAHSIONLY-
10CS BIJONIb CTPYHBI.

PaccmoTpuM Teneps CTpyHY KOHEUHON ANUHBI | ¥ OpeAnonoxumM, urto oba ee
KOHI]a HENOABIXKHBI (puc. 3.12, &). B aToM ciydae rpaHivHbIe YCIOBHS 3aIChI-
BAIOTCS KaK

sO,)=0 u s(,t) =0. (3.139)

BonHOBYI0 KapTHHY MOXHO OmUcaTh ciefyrommM oOpasoM. Ilpennonoxum,
YTO BOJIHA MPOU3BOJNBHOM (POPMBI JOCTUIIIA TIPABOTO KOHIA CTPYHBI. JTO NPHBO-
JUT K TIOSBICHAIO OTPaXEHHOH BOIHBI, PacIpOCTPAHSOMIEHCS K JIEBOMY Kparo
CTpYHBI. B 3T0l TOUKEe BO3HWKaeT HOBas OTpakeHHAs BOJHA, KOTOpAs PaclpocT-
pamsieTcs B HampasleHHH och X. Korfa oHa jocthraeT mpaBoToO Kpas, CHOBA Ha-
OIIOfIaeTCsl OTPAsKEHHUE.

Takum 00pa3oM, CyIIECTBYET BE IPYIIILI BOJIH, PAaCIpPOCTPAHSIOLIUXC B IPO-
THUBOTONOXHBIX HATPABICHUSX.

[IpepcraBuM Temepb, YTO Kaxpas U3 3THUX TPYII COCTOMT M3 OECKOHEYHOTO
qrIcNa CHHYCOMAAMBHBIX BOJH C Pa3IMYHBIMA YacToTamu. Torna cMemenne B Bod-
HE MMEET BHJ
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st = Ys,(x,t)
ninn

s(x,t) = 2 A, sin(w t—k X -, )+ 2 B, sin(w, t+k X +@,,). (3.140)

n=0 n=0

HJ’IH TOro, YTOOBI YAOBJIACTBOPUTb TPAHUIHOMY YCJIOBUIO Ha JIEBOM KOHIE
ctpyHbl (X = 0), moTpedyem, 4TOOBI BBITIOMHSIIOCH CIEMYIOIIee PAaBEHCTBO

A, sin(w,t - @,,) + B, sin(w,t + ¢,,) = 0.
Orcrona

B, cos ¢,, + B, cos ¢,, =0
n
B, sin ¢,, - A, sin ¢, = 0.

HOCIIO)IHI/IE PaBEHCTBA JatOT

@in + @y =7TM
u (3.141)
B,=(-1D"™"A,

Ijie M — IPOU3BOJILHOE LIEN0E YUCIIO.
Takum o0pa3om, Kaxpbli u3 4neHoB (3.140) MOXKHO MpefICTaBUTh Kak
S,(X, 1) = A [sin(wpt — KX — @) — sin(w,t + KX — @]
in0’| (3.142)
Sa(X, t) = =2A, sin kX cos (ot — ¢;,).
Heobxopumo errie yoBIeTBOPUTH YCIOBHIO HA TIPaBOM KOHIIE CTPYHBI. B cooTBet-
CTBUH C (3.142) 3TO IPUBOAUT K CIENYIOLIEMY PaBEHCTBY:
—2A, sin k. x cos (ot —@,,) =0
10071
sin kI = 0. (3.143)
[NocnenHee ycnoBue 3KBUBANEHTHO CIEAYIOLIEMY:
K,l= ntn, (3.144)

rfie N — nenoe uucno, N = 1, 2, 3,... CnefgoBarensHoO, BhIpaxkeHue AJIs N000ro S,
TIEPEXONIUT B

s, (X, t) = - 2A, sin (”—I” x) cos(o,t — @) (3.145)
1 OTHUCHIBAET CTOSTUYIO BONHY. 37ieCh
o, = Kk, = "—Incs. (3.146)
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Camasl HM3Kasl 4acTOTa Ha3bIBaeTCs OOBIYHO (DYHAAMEHTAJBHO U PaBHSETCA

o, = ncyl.

ITpnanMas Bo BHEManue (3.130), mocieHEE PaBEHCTBO MOXKHO 3alMcaTh B
BHJIE

A =21,

T.€. MAKCUMaJIbHAs1 IIMHA BOJIHBI PABHACTCA YHBOCHHOfI UINHE CTPYHBI.
COOTBeTCTBeHHO, TJ1s1 IPOM3BOJILHOTO N

o, =Nw, u A,=2A,/n.
. n o
Kak cnenyet u3 (3.145), MHOXUTEND 2A,, Sin M B moGoit MOMEHT BPEMEHU UMe-
|

eT OiHY U Ty e (hopMmy.
B yacTHOCTH, B TOYKaX, Ha3bIBAEMBIX y3/aMH, CMEIICHUE OTCYTCTBYET, a IO-
JIOXKEHHUE ITHUX TOYEK ONPENENACTCI U3 YCIOBUs

n
My = mm.
|

3peck M — TakXke HeNoe YUCIOo:
m=0,1,2,..

B T0 e Bpems CyLIECTBYIOT TOYKH (Iy4HOCTH), B KOTOPBIX CMEILIECHHE MMEET
MaKCHMaJIbHYIO aMITUTYRy. OHY ONPENieNIstoTCsl COOTHOLIEHUEM

My =Z@m-1).
| 2

3aMeTuM, YTO Cyneplo3uius BOJIH B MONYOECKOHEYHOI CTPYHE TakkKe MPUBO-
JIUT K TOSIBIICHUIO CTOsTUel BOJHEI (3.138).

B cootsercrBum ¢ (3.142), xaxpaas crod4asi BOJNHA SBISETCS CYNEPNO3ULKEH
JIBYX CHHYCOMANTbHBIX (PYHKIWI. DTH BONHBI O-pPa3HOMY Ha3bIBAIOTCS B JIUTEpa-
Type: TapMOHHWKH, HOpMalbHbIE MOJbI, CBOOOJHBbIE KOJEOAaHMS, COOCTBEHHbIC
(yHKIMH cTpyHbI. YacTOThl CTOAYMX BOJNH HA3bIBAIOTCA COOCTBEHHBIMH YacTOTa-
MU cTpyHbl. BonHa ¢ HambGonee HM3KOH 4acTOTOH YacTO Ha3bIBaeTCs (hyHIAMeH-
TaJIbHON MOJIO¥l, @ OCTaJIbHbIE BOJHbI — 00EPTOHAMH.

Takum 00pa3oM, Mbl IOKa3ald, 4TO BOIHY, PaclpOCTPaHSIOLIYIOCS BHOJb
CTPYHBI KOHEYHO! JMHUHBI |, MOXHO TpEACTaBHTH B BUe OECKOHEUHOH CYMMBI
CTOSTYMX BOJIH, YaCTOThI KOTOPBIX TIO{UMHSIOTCS paBeHCTBY (3.14, 6).

B 3akiroueHne cnefyeT 3aMeTHTb CIEAYIOLIEE.

a) CuHyconianbHasl BOJIHA, BbI3BaHHAS TAPMOHMYECKON CUIIOH, YacToTa KOTO-
PO COBIAJIacT C YaCTOTOM OJHON M3 HOPMAJIBHBIX MOJI, HE MOXKET CYIIECTBOBATD B
CTPYHE KOHEYHO! JJMHBI. B NPOTHBHOM ciyuyae, W3-3a PE30HAHCA W OTCYTCTBHS
3aTyXaHusl, aMIVIUTY/A CMEIeHns Oblna Obl OECKOHEYHOM.

6) Tor cakr, 4TO MOBEIEHNE BONHBI ONMKUCHIBAETCS HOPMAIbHBIMI MOJAMH C
OMpeNieNeHHbIM HA0OPOM YacTOT MOXKHO OO'BSICHUTb, UCIOJB3Ys MOHSITHS KOHCT-
PYKTUBHOW ¥ A€CTPYKTHUBHON HHTEP(EPEHIHH.
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