A VHUBEPCUTET CKHUH KYPC
ObBIIEN OU3UKH




YHUBEPCUTETCKHUN KYypPC
oo1en (PU3HKU

B.A.Anemkesuy, JI.I' JIenenko, B.A.KapaBaen

KOJIEBAHWA
1 BOJIHDBI

JIEKLIVU

MOCKBA
OUBNYECKUN ®PAKYIIBTET MI'Y
2001



143

VK 530.1
bbK 22.236.35

AJIEHIKEBHY B.A., IEJEHKO JL.I., KAPABAEB B.A. Kose6anust 1 BOJHBI.
Jlekunu. (YHuBepcuteTckuid Kype obmeit ¢pusukm). — M.: ®uznveckuit paxynbrer
MI'Y, 2001. — 144 c.

ISBN 5-8279-0011-7

[TocoGue comepKUT JIEKIMK 0 MEXaHMYECKUM KOJICOAHHSIM M BOJTHaM, KOTOPBIE SBIISIOTCS
COCTaBHOM 4acTblo paszena «MexaHuka» Kypca oouielt Gpusnku.

J_IJISI CTYACHTOB (I)I/I3I/I‘ICCKI/IX CHGIII/IHHI)HOCTeﬁ YHUBCPCUTETOB 1 BLICHINX y‘IeGHLIX 3aB€ﬂeHHﬁ.

ISBN 5-8279-0011-7

© AnewkeBuu B.A., [lenenko JL.I., KapaBaes B.A., 2001
© ®uznueckuii Gaxynasrer MI'Y, 2001




NPEJUCJIOBUE

Ha kagheope obweti puzuxu sedemcs paboma no noocomoeke u U30aAHUK Opucu-
Hanvbho2o Kypca « Obwas pusuxa», NPeoHA3HA4eHHO20 OISl CMYOEHMO8 (PUUYECKUX Cheyu-
anvHocmeu 8y308.

Kypc 6yoem oxeamwvieamsv wemvipe pazoena: «Mexanukay, «Monexynapuas gusu-
Kay, «dnexmpomacnemusm» u « ONmMuKay, coomeemcmeosams HO8bIM y4eOHbIM NPOSPAMMAM,
paspabomannvim Ha uzuveckom gaxyromeme MI'Y, u ompasicamov cospemennvle meHoeH-
Yuu U MexHoNo2UU PU3UYecKo20 06paz068anusl.

OmauyumenvHoli 0cO6eHHOCMbI0 OAHHO20 KYPCA ABNAemcs Mo, Ymo 8 HeM Haubolee
nOCe008AMENbHO 8 MEMOOUYECKOM OMHOUEHUU NPOBOOUMCS. MOYKA 3PEHUSL O CYUeCEEeH-
HOM eOUuHCmee 0CHOBHbIX popm 0OyueHUs (huzuke: neKyuil, 1a00PAMOPHLIX IKCHEPUMEHMO8 U
ceMunapckux ynpasxcuenuti. Jlexyuu no xasxicooi meme HA4UHAIOMCS ¢ OEMOHCMPAYULU OCHOB-
HbIX 9KCNEPUMEHMATbHBIX (DaKmMO8, KOMopble 3amem aHATUUPYIOmcst u 0600w armces 6 suoe
Qusuueckux 3akoH08 u coomuouenull. Takol noOX00 K UL0NHCEHUIO MAMePUana 3aKkpenisent-
€51 npu GbINONHEHUL 1AOOPAMOPHBIX IKCHEPUMEHMOB, Yellb KOMOPbIX — HAYYUMb CHYOEHMO8
HABbIKAM CAMOCOAMENbHOU NOCMAHOBKU U peUeHUs Qu3uieckux npoonem, npogeoeHuIo K-
CREePUMEHMANbHBIX UCCIe08ANUL, KOMNBIOMEPHO20 MOOEIUPOBAHUs, 4 MAKI’CE Memoodm
unmepnpemayuy U AHAIU3A IKCREPUMEHMATbHLIX OanHblx. Bonee anyboxoe nonumanue oc-
HOGHBIX (PUUYECKUX S6TIEHUL U 3AKOHOMEPHOCHEL OOCMULAEMCSL HA CeMUHAPCKUX 3AHAMUSIX.

B coomsemcmesuu ¢ nocmagnennvimu 3a0avamu Kadxcowlil pazoen Kypca 6ydem co-
cmosimo u3 yemwipex nocobuil: «Jlexyuuy, «Jlexyuonnwiii sxcnepumenmy, «Jlabopamopnulii
axcnepumenmy, « Cemunapckue zauamusy. Ilocobus, nanucannvle 6 eOUHOM MEMOOUYECKOM
KIt04e, OYO0ym KOMHIEKMOBAMbCA BUOEO3ANUCAMU IEKYUOHHBIX OeMOHCMPayuil u OUcKemamu
€ Onucanuem MooenbHbIX IKCNEPUMEHMOB.

Yuebnoe nocobue «Konebarnust u eonnwvl. Jlekyuuy s81semcest 4acmupio 20Mmogsaue2ocst
K u30anuio Kypca « Mexanuxay u modcem paccmampusamscs KaK camMoCmosmenbHoe yuebHoe
nocobue no dannol meme. Jlexyuu HaANUCAHbl HA OCHOBE KYPCO8, YUMAEMbIX AGMOPAMU HA
@usuueckom gpaxynomeme MI'Y. Kax u 6 npedvloyuux blnyckax 3moii cepuu, npeonazaemcs

MHO20YPOBHEBbIU NOOX00 K UYYEHUIO 3020 8adiCHeliue2o pazoend.



4 Kone6aHusi n BOnMHbI

B uacmu, nocesawennoii konebanusim cucmem ¢ 00HOU Cmenenvbo c60600bl (neKyuu
1-2), napady ¢ mpaouyuoOHHbIMU CUCEMAMU PACCMATMPUBAIOMCS XAPAKMEPUCMUKU PA3TUY-
HbIX OCYUILISMOPOG: 8bLCOKOOOOPOMHO20 KAMEPMONA, NPEYUSUOHHO20 (PUUYECKO20 MASI-
HUKA, UCNOTb3YeMO20 8 Ka4ecmae 2pagumayuoHHOU AHMeHHbl, KONebamenbHo20 KOHMypd, MHO-
20AMOMHBIX MOLEKY U ONMUYECKO20 OCYUILISMOPA — JNeKMPOHA 6 amome. Ananuzupyiomcs
@azoevie nopmpenvl nPU PaATULHBIX PEHCUMAX KONEDAHUIL, a MAKlce HelUHelHble KoLeOaHUs]
Mamemamuuecko2o masimuuxa. IIpednosicena ynpoujennas KoHyenyusi Konu4ecmeenHo20 Oni-
canus asmoKoneOanull (MAssMHUK HA 8PAAouiemMcs 6aly) U napamempuiecKux Koieoanui
(Mamemamuyeckul MAAMHUK C USMEHAIOWeLCA ONUHOU HUMU) C UCNOTb308AHUEM YCI08UL
aHepeemuyeckozo bananca. bonee demanvho, uem 0bbIYHO, paccmompenvl c60000HbLE U 6bi-
HYJHCcOeHHble Koebanus cucmem ¢ 08yMsa, mpemsa u N cmeneHamu c0600vl 1 86edeHo oucnep-
CUOHHOE COOMHOUWeHUe, NO36OAIOWee CE53AMb YACMOmY MOObL WU ee KoHuaypayuio, 3a0a-
8aEMYI0 BOTHOBLIM HUCIOM & (Hekyuu 3—4). Beooumcs nonsmue menniogvix (poHoH08 6 Kpuc-
mannax. Cmosiyue 801HbL 8 CHIOUHBIX CPEOAX PACCMAMPUBAIOMCS YMeM NPeOebHO20 nepe-
xo00a npu N — o,

Jlexyuu 5—6 noceaujenvl b6e2yuum 60IHAM. 30eCtb paccMampusaomcs He moabKo
0bujenpuHAmble MOOENU BOTHOBBIX OBUNCEHUL YACMUY MEEPObIX Mell, HCUOKOCHU U 2d3d, HO
makaice 0OvbemHble U NOBEPXHOCTHbIE CeliCMUYECKUe BONIHbL U COBPEMEHHAS CEUCMUYECKAs
Mmodens 3emau. Ha ocnose cucmemvl ypagueruii Jinepa, 66e0eHHO 8 NPeOblOYUUX YieOHbIX
nocobusx smoi cepuu, npedrazaemcs a0anmupo8aHtbilli HOOX00 K ONUCAHUIO 2PAGUMAYUOH-
HO—KANULISPHBIX GOIH U OYEHUBAIOMCS XAPAKMEPUCMUKY MAKUX 60IH, GKII0OUASL GONHbL Y)-
Hamu. [ naubonee no020moeieHHbIX CHYOEeHMO08 U3NA2AIOMCs OCHOBHbIE dNeMeHNbl Hell-
HEeiH020 pacnpOCMpPaHeHUst aKyCIMUYeCKUX 60JIH KOHEUHOU aMNIUMYObL.

Asmopul cuumarom c60uM NPUAMHBIM O0A20M bIPA3UMb 01A200APHOCMb
un.—xopp. PAH npogh. O.B.Pyodeunko, npogh. B.Il. Mumpogpanosy, ooy. B.U.banaxwuio,
npog. K.B.Ilokaszeesy, c.n.c. E.B.Boponunotl 3a noneznoe 00cysicoerue cooepucanus omoeiv-
HbIX MeM, 8X0051UUX 8 001ACMb NPODECCUOHATLHBIX HAYUHBIX UHMEPECO8 HAWUUX KOLTe2.

Mot mpaouyuonno npusnamenshuol 00y. M.B.Cemenosy u acc. A.A.Axyme 3a snuma-
menbHoe npounenue pyKonucu u yennvle zamedanus, a makdce H.c. A.B.Cerusepcmosy,
Mm.H.c. M.I1. Bunoepaoosy, A.A.Bapanosy, /.A.Bapanosy u H.A.Axyma 3a nodeomosxy

PpyKoOnucu K us0anuio.




JEKIHAA 1

Hezamyxarowue capmonuueckue Konebauusa cucmem ¢ 0OHOU cmenenvio c60000bi.
Memoo eexmophuix ouazpamm. CrodceHue 63auMHO NePneHOUKYIAPHbIX Konebanull. Pazo-
8blll nopmpem KorebamenvHol cucmemsl. Hezapmonuueckue xonebanus Mamemamuyecko2o
masmuuka. Ce0000Hble KONeOAHUSL 6 OUCCUNAMUBHBIX CUCMEMAX C 6A3KUM MPEHUEM.
Kosppuyuenm u epems samyxanusi, nocapudmuueckuii dexpemenm, 0odbpomuocne. Koneba-

HUA 6 cucmeme ¢ Cyxum mpeHuem. Aenenue 3acmos.

Oxpy>Karomuii HaC MUP MOJIOH JABHXKYIIUXCS 00beKTOB. Upe3BbI4aiiHO BaXKHBIM KJ1ac-
COM JIBM)KEHUH SIBIAIOTCS TaKue, B KOTOPBIX OOBEKT coBepIuacT (GMHUTHOE (OTPaHUICHHOE)
JIBIDKEHHE BOJIM3M HEKOTOPOTO TOJIOKEHHs paBHOBecHs. Pazymeercsi, moj ABHKCHHEM MBI
MOHMMAaeM He TOJBKO €ro MpocTelinyio GpopMy — M3MEHEHHE MOJIOKEHUSI 00bEeKTa B IPO-
CTpaHCTBE, — HO U JII000€ N3MEHEHNE BO BpEMEHHU CBOMCTB MaTepHH, paclpeieJIeHHOH B IIpo-
crpancTtBe. KonebaHusaMu Ha3BIBAIOTCS MPOIIECCHI, MOBTOPSIIOMKECS (WM MPUOTU3UTEIHHO
MIOBTOPSIOIINECS) BO BPEMEHH.

Jlrobast cucrema, kosebaHuss KOTOPOH MbI OyJ1eM H3ydarh, MOXKET ObITh OXapakKTe-
pH30BaHa HEKOTOPOH (PU3MUYECKON BETMIMHOMN, OTKIIOHEHHE KOTOPOH f{X, V, Z, f) OT paBHOBECHOTO
3HAYEHHMS 3aBHCHT OT KOOPANHAT ¥ BPEMEHH.

B ciayuyae MexaHHYeCKUX CHCTEM (a MMEHHO TaKME CHCTEMBI MBI Oyaem najee
U3y4aTh B Kypce «MexaHHuKa») JBIKYIUMHICSA OObEKTaMU SABIIIOTCS TOYSYHBIE MACChl HIIH
(u3MYEeCKH MaJIble AJIEMEHTHI 00beMa MaTepuallbHOM cpeibl (KUIKOCTH, I'a3a, TBEPAOro Tea
u 1.1.). [To3TomMy npu onucanuu konedaHuii Takux cucteM QpyHKIusL fx, v, z, f) MOXKET XapakTre-
pH30BaTh CMELIEHHUE (JMHEHHOE WM YIJIOBOE), CKOPOCTh, YCKOPEHHE, Ae(hopMarfio, KHHETH-
YeCKYI0 WM IIOTEHLMATIBbHYIO SHEPIUI0, IaBJIeHHe U Ip.

[Tpn konebaHusX B AIEKTPUYECKUX CHCTEMaX KOJEOIoIeicss BeTMYMHON / MOXKET
OBITh TOK B LIeTH, 3aps1]] Ha IJIACTHHAX KOHAEHCATOPa KoJIeOaTeIbHOro KOHTYpa, HalpsDKeHHe
Ha KaTyIlIKe HHAYKTHBHOCTH. B ciryqae OTKpBITOTO K0JIe0aTeIbHOr0 KOHTYPa B OKPY KaroIeM
MIPOCTPAHCTBE KOIeOmIoTCs AMekTpuaeckoe E(x, y, z, t) u MmarautHOE B(X, ), z, ) TIOJISL.

Konebanus MoryT OBITH pe3yJbTaToM KPaTKOBPEMEHHOTO BHEIIHETO BO30Y)KICHUS.
Torzma oHYM HAa3BIBAIOTCA CBOOOJHBIMY, HIIN COOCTBEHHBIMH. Takue KoiaeOaHus IPOUCXOAAT Ha
YaCTOTaX, 00YCIIOBJICHHBIX HCKIIOYUTENEHO KOHCTPYKTHBHBIMHI 0COOCHHOCTSIMU CUCTEMBI —
COOCTBEHHBIX 4aCTOTaX, M MPOJOJDKAIOTCS B TEUEHHE HEKOTOPOTO XapaKTePHOrO BpeMEHH —
BPEMEHH 3aTyXaHHs, 3aBUCSILETO OT AUCCUTIALMK SHEPTHHU B CHCTEME.

s nognepkaHus He3aTyXaroIuX KoJieOaH i K CHCTeMe OJDKHA HeTIPEPBIBHO ITO/BO-
JIUTBCS SHEPTUS OT BHEIIHETO NCTOYHMKA. B 3TOM ciydae konebaHust OyyT BEIHYK/ICHHBIMH.
B 3aBucuMocTH OT crioco0a mojyiepaHus He3aTyXaroIiX KolteOaH! i pa3inyaloT BBIHYK/ICHHBIE
KoJIeOaHust 1o IeHCTBUEM MIEPHOINYECKOM CHIIBI, aBTOKOJIeOaHus, mapaMeTpuIecKkrue Koje-
OaHus, peslakcalliOHHbIE KOJIeOaHUs U T.10.

I[anee MbI IOCTCIICHHO PACCMOTPUM BCEC MHOF006pa3I/Ie MEXaHUYECKUX KOJIEOaHMIHA.




6 Koneb6aHus 1 BOnHbI
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Puc. 1.1.

He3zaryxaromue rapMoHH4YecKie Koe0aHHsI CHCTEM € O/THOM CTeNneHbI0 CBO0O-
abl. Ecin monojxeHne cucteMbl MOXKET OBITH ONMCAHO OJHUM €IMHCTBEHHBIM IapaMeTpoOM
), 3aBUCAIINM OT BpEMEHH, TO TaKasi CUCTEMa HMeeT OJHY cTelleHb cBoOosl. [Ipumepamu
TaKUX CHCTEM SIBJISIFOTCSI XOPOILO M3BECTHBIE M3 IIKOJILHOTO Kypca MaTeMaTH4ecKuil u mpy-
KUHHBIA MasTHHUKH, H300pakeHHbIe Ha pHC. 1.1, ecnu mepBBIil U3 HUX ABMKETCS B OXHOM
IJIOCKOCTH, @ BTOPOH — IO MPSIMOIL.

Jlst MaTeMaTH4eCcKOro MasiTHUKA f{f) MOXKET XapaKTepHu30BaTh JIM0O yIIoBoe cMelle-
nue (f(t) = a(t)), 6o IMHENHHOe cMeleHne BOJIb TpaeKkTopuH (f{¢) = s(¢)) TouedHol Maccsl m
OT TIOJIOXKEHHUSI PaBHOBECHSI, a JIsl MIPYKMHHOTO MasiTHUKA f{f) = s(f), toe s(f) — cMerieHue
Macchl 71 OT €€ PaBHOBECHOTO MOJIOKEHNUS, H300Pa’KEHHOTO MYHKTHPOM.

JIBuKeHNEe TakuX U MOZOOHBIX MM CHCTEM MOXHO ONHCATh HA OCHOBE BTOPOTO
3akoHa Hrprorona:

ma=F, (1.1)

Ecnu npeneOpeys BHayae CHIIaMH COIPOTHBICHUS (B JaJbHEHIIEM MBI yUTEM HX
JieficTBUE), TO Ha MAccy m MaTeMaTH4eCKOro MasiTHUKa OyJeT JIeHCTBOBATh Pe3ylIbTHPYIO-
mas cuna F =N+ mg (N — cwia HaTsSDKeHUS. HATH), HallpaBlIeHHas, BOOOIIE TOBOPS, MO
YTJIOM K TPAeKTOPHH, a Ha Maccy m MPYKUHHOTO MasiTHUKA, JIE)KAIIETo Ha IJIaKOH rOpH30H-
TAJBHOM IMMOBEPXHOCTH, — TFOPU30HTaNIbHAs cuia Iy, sBnsromasics GyHKIHeHd CMELeHHUS §
OT TTOJIOXKEHUS] pABHOBECHSI.

Tak kak cMeieHue s(¢) B ciaydae MaTeMaTH4eCcKoro MasiTHUKA OIIpEAesIeTCs TaHTeH-
[UAIBHBIM YCKOpPEeHHEM, TO ypaBHeHHe (1.1) 11t 000MX MasSTHUKOB 3aITUIIETCS B BUIE

d*s d*s
——F s)=-m sm— m—- = F.(s), 1.2
" (s) gsin_; % (5) (1.2)

rae { — JJWHaA HATH.
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B mepeom ypaBHeHMH HCTIONB30BaHA POEKIHSA [ (s) pe3ynbTupyromel cuibl F Ha
HarpaBJIeHNEe CKOPOCTH B BUJE [, = —mgsind = —mgsin(s//).

B paccmarpuBaeMBIx npuMepax BO3BPAINAIONIas CUIIa F(s) ABIIETCS, BOOOIIE ro-
BOpsI, HEMUHEWHOW (yHKIIUEH cMemeHus s. [loaroMy TouHOE pemeHue ypaBHeHui (1.2), ko-
TOpBIE SBISAIOTCS HEITMHEWHBIMH, IONYYUTh HE yaaeTcs. Jlajgee Mbl pacCMOTPUM HEKOTOPHIE
IIPUMEPBI TAKUX HETMHEHHBIX KOJIeOaH M.

3nech xe MBI OyZIeM CYHTaTh CMEIICHHS MAJIBIMHU IO CPAaBHEHHUIO C TIITHON HUTH HITH
JUINHOH HeneopMHUPOBaHHOH NPy KHUHBI. [IpH TaKKUX IPEIIONOKEHNIX BO3BPAIIAIOIIAs CHIIa

MPOTIOPIMOHATBHA CMELICHHIO:
s
F.(s)= —mg?; Fi(s) = —ks. (1.3)

Bripaxxenue ciieBa 3ammicaHo npH ydere ycioBus sin(s//) = s/¢, a crpaBa — C HCIIONB30-
BaHHEM 3aKoHa [ 'yKa, CripaBe/IMBOTO IPY MabIX JIe(hOpMALHIX IPY’KHHBI C JKECTKOCTHIO K.
C yuerom (1.3) ypaBuenus (1.2) mpuMyT OJMHAKOBBIN BU/:
d*s g d*s _k
F——zs; dt—2——zs. (1.4)
Paznnyatorcs nump ko3¢ GUIMEHTH B IPABBIX YacTIX 3TUX yPaBHEHHH, KOTOPBIE YUCICHHO
PaBHBI OTHOILEHHIO BO3BPAILAIOIIEH CHIIBI TP €JMHUYHOM CMEIICHUH K Macce KOJIeOIoIerocst
Tela ¥ UMEIOT pasMepHocTh [¢2]. Ecitu Heronb30BaTh 0603HaYeHHUs
@’ :%, w? =§, (1.5)
To ypaBHeHUs (1.4) mpuMyT BUJI ypaBHEHHS HE3aTyXarOLIMX TApPMOHHYECKHUX KoJIeOaHUH, HITH
YpaBHEHHUS TAPMOHHYECKOTO OCHMIIIATOPA!
2
s _ —0is. (1.6)
dt*

Pemennem ypaBHenus (1.6) siBsieTcsi CeMEHCTBO TApPMOHHUYECKUX (DYHKI[HIA
s(t) = s sin(wyt + ), (1.7)
B UM JIETKO YOAUThCS, IBAXK/IbI TIpoandepeHiinpoBaB QyHKIHIO s(¢) 110 BpeMeHH:
ds d?s _ ) .
e SoW, cos(Wut +0), P —5oWy sin(wyt + ).
3aMeTuM, 4TO €CIIM ypaBHEHHE IBIKEHIS IPUBOIUTCS K BUY (1.6), TO ero perreHu-
€M SIBIISIIOTCS rapMoHndeckue Gynkiun (1.7) ¢ 4acToTol (), paBHOI KOPHIO KBaJpaTHOMY H3
KO3 QUIIEeHTA TP 5.
3HaueHHs 3THX FAaPMOHHYECKHX (YHKUHI B HaYalbHBIII MOMEHT BpPEMEHH
(npu ¢ = 0) onpeieNAIOTCA HadaNbHON (a3oit § ) (CM. HUKE) U AMIUTMTY0H KoneOaHui 5.

v O)IHOﬁ H TO# K€ CUCTEMEBI 3TU 3HAYCHUS MOTyT OBITH Ppa3JIUYIHBIMHU IPU PA3HBIX CIIOCO-

0ax BO30yxaeHHs KoJeOaHUN.
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YrtoObl BO30YIUTH COOCTBEHHBIE KOeOaHus1, Ha10 BHavyase (ipu ¢ = 0) 1100 OTKIOHUTh

Teno (3amars HavanpHOe cMmenieHue $(0)), 11060 TONKHYTH ero (3a7arbk HayaJbHYI0 CKOPOCTh

ds
di

(cMemIeHus ¥ CKOPOCTH) TIO3BOIIAET ONIPE/IETUTh AMILTUTYJLY S, M HadaylbHY10 (Basy konebanuii @,

(0) = v(0)), nubo chenmate U TO, M JPYroe OMHOBPEMECHHO. 3HAHWC HAYAJIBHBIX YCIOBHA

13 OYCBH/IHBIX yPaBHEHHIL:
s(0) = s(t)|t:0 =5 sin(w,t + ¢0)|t:0 =5, sindy; (1.8)

ds
w(0) = =540 cos(yt + 00)|,_, = 50w cosd. (1.9)
t=0

Pemenue 3TX ypaBHEHUI UMEET BUA:

wWys(0)

w0 (1.10)

d, = arctg

BaHO OTMETHTB, YTO aMILTMTY/1a KOJI€OaHUH 5, PaBHAs BENMYMHE MAKCUMAJIb-
HOTO CMEILIEHUS Tella OT MOJ0XKEHHUs PABHOBECHUS, MOXKET IIpe-
BOCXOAUTH HadabHOE cMemneHue s(0) mpu HaTuYuu HadaIbHO-
T'O TOJNYKA.

Hapsiny ¢ kpyroBoit 4acToTo#i (), kKonebanus Xapakrepu-
3YHOTCS MKIMYECKOH 9acTOTOH V) = W,/ 2TL, paBHOM YHMCITy KOIle-
0aHWi 3a egWHHIy BpPEMEHH, M TMEPHOAOM KoueOaHHUU
T=1/V,, paBHBIM JUIMTENEHOCTH OJHOTO KOJIEOAHMS.

[epnon rapMorHYecKUX KoJIeOaHMH (PAaBHO KaK M 4acTo-

ThI (A)O u VO) HC 3aBUCHUT OT Ha4YaJIbHBIX YCJ'IOBI/Iﬁ " paBCH

T =2m ﬁ, T=2m|—. (1.11)

g k

Jpyrum npuMepoM SIBISIOTCS KoneGaHus (GH3MYEeCKOro MasTHHKA — TeJla IIPOu3-
BOJIbHOM (pOPMBI Macchl M1, 3aKPEIJICHHOTO Ha TOPU30HTaNBHOM ocn O Tak, YTO €ro LEeHTp
Macc HaxoauTes B Touke O, ynaneHHOH OT 0CH Ha pacCTosHUE a. [Ipn OTKIIOHEHNHN MasTHUKA
OT BEPTHUKAJIM Ha HEOOJIBIIOH yron O oH Oy/eT coBepIarb CBOOOJHBIE TAPMOHUYECKHUE KOJIe-
0aHUs MON IEHCTBHEM CHIIBI TSKECTH, IPHIIOKEHHON K IeHTpy Macc (puc. 1.2).

Ecnu n3BecTeH MOMEHT MHEPINH Tela J OTHOCUTEIBHO OCH BpalleHUs, TO ypaBHe-

HHE BpalIaTeJIbHOI'O ABMYKECHUS 3aITUIICTCA B BUIE

Jd_g =M =-mgasind. (1.12)
t

Ecnu cunrats, 4T0 Ipy BpalieHUH, HalpuMep, TPOTHB YaCOBOM CTPEJIKHU YIoi O yBeINYNBACTCS,
TO MOMEHT CHJIBI TSDKECTH M BBI3BIBACT YMEHBIIEHHE 3TOTO YIIIa U, CIEI0BaTENbHO, IpH O > 0

MoMeHT M < (. 3To U oTpakaeT 3HaK MUHYC B TpaBoi yact (1.12).
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Jlnst ManeIxX yrioB OTKIIOHEHHA ypaBHEeHHE (1.12) mepexoauT B ypaBHEHHE TapMO-
HUYECKHX KoJleOaHni
Lo __mgag 113
dlz - J ’ ( . )
U3 BHJIa KOTOPOTO Cpa3y ACHO, 4TO 4acToTa W, M Ileprol 7 konebaHni COOTBETCTBEHHO PABHbI
2 _ mga . J

Wy = 7 T=2m mga

(1.14)

CpaBHUBasl BbIpakeHus1 [Jisl neproaa konebanuit ¢pusnueckoro (1.14) u maremaru-

geckoro (1.11) MasTHUKOB, JIETKO BUJIETh, YTO 002 IEPHOIA COBIAIAOT, €CITU

J =y (1.15)
ma

[TosTOMy H3MUECKHH MAITHHK XapakTepHu3yeTcs npuBeaeHHON niuuHoi (1.15), koTopas
paBHa JJIMHE MaTeMaTHYeCKOro MasiTHUKA C TAKUM )K€ IEPHOJIOM KOJIeOaHUH.

[Nepuon xonebanuii Gpu3Myeckoro MasTHUKA (2, CIISIOBATENEHO, U €ro IPUBEICHHAs
JuinHa ¢) HEMOHOTOHHO 3aBUCHT OT PACCTOSIHUS d. DTO JIETKO 3aMETUTh, €CIIA B COOTBETCTBUU
¢ Teopemoii T'oiirenca—llITeiiHepa MOMEHT HHEPIIMH J BHIPA3UTh YEPE3 MOMEHT MHEPIIUH J,
OTHOCHTEJIBHO IMapajIeIbHON TOPU30HTAJIBHONW OCH, IPOXOJIIEH dYepe3 LEeHTP Macc:

J=J,+ ma?. Torna nepuon konebanuii (1.14) 6yner pasen:

2
7 =om[fotme (1.16)
mga
W3MeHenue neprozna KkonebaHuii Ipu yAaJIeH|H OCH BpalieHus oT ieHTpa Mace O B 00e
CTOPOHBI Ha PAacCTOSHKE a MOKa3aHo Ha puc. 1.3.

T A Jlerko BUAETH, YTO OAMH U TOT XK€
nepuoj KojieOaHUl MOXKET peaTn30BaThCs
OTHOCHTEIBHO JII000H 13 YeThIpex oceil, pac-
MOJIOKEHHBIX TIONIApHO O Pa3Hble CTOPOHEI

OT LIeHTpa Macc. MOXKHO OKa3aTh, 4TO CYyM-

v + + o
Ma pacCTOSAHUU a4 U d; paBHA NIPUBCACHHOU

—
a, a _ o+ +
JUIMHE PU3MYECKOTO MasTHUKA: { =a; +a;.
B cuiny cumMeTpun rpaduka CHO, 9TO
-ty
l=a; +ay . (1.17)

DTO 06CTOATENLCTBO MO3BOJIAET Jyls 060 ocu Bpamenus O onpesenuTs cONpsAKEHHYIO
ock O™. Ilepuon xoneGaHui OTHOCUTENBHO ATHX OCEH OMMHAKOB, & PACCTOSHUE MEXITYy HUMHU
PaBHO NPUBEJCHHON UITMHE (PU3HIECKOTO MasiTHUKA.

Ha puc. 1.4 u3o6paxens! nmonoxenus oceit O™ m O, mpu 3TOM 0Ch BPAIIEHHS, y/Ia-

JICHHAd Ha paCCTOAHUC az_, npu Takoi (bopMe MasATHHUKA HAXOOUTCS BHE €T0.
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DU3NIECKUN MAITHUK IPUMEHSETCS U1 U3MEPEHUS] yCKOPEHHUS CBO-
60mHOTO NTayienust. C 3TOH 1eNbio M3MEPSIIOT 3aBUCHUMOCTD TTepHoia KoteOaHui
MasITHUKA OT MOJIOKEHHS OCH BPAILIEHHS U MO 3TOH SKCIIEPHMEHTAIBHOM 3aBU-
CHMOCTH HaXOZSIT B COOTBETCTBHH ¢ (hopmyroii (1.17) mpuBeneHHyIO MHY.
OrnpeneneHHast TAaKUM 00pa3oM MPHBEACHHASI JUTHHA B COYETAHUH C M3MEPEH-

HBIM C XOPOIIIEH TOYHOCTBIO IIEPHOJIOM KOJIeOaHN OTHOCHUTENBHO 00enX Ocei

TI03BOJISIET PACCUMTATh YCKOPEHHE CBOOOIHOTO MaieHNs1. BaskHo oTMeTHTB, 4TO

TIPH TAKOM CIIOCO0E M3MEPEHUI He TpeOyeTcs ONpe/IeNiCHHE OJIOKEHIS IICHT-

Puc. 1.4 pa Macc, 4To B psiie CIy4aeB MOBBIIAET TOYHOCTh H3MEPEHHUH.

MeToa BekTOpHBIX AuarpamMM. ['apmonndeckne konebanus (1.7) momyckaioT Ha-
DIAJHYI0 rpaduecKylo HHTepIpeTauo. Ee cMbIca cOCTONT B TOM, 4TO Ka)KAOMY I'apMOHH-
4ECKOMY KOJIEOaHHIO C 4aCTOTOM () MOXKHO TIOCTABUTh B COOTBETCTBHE BPALIAIOIIMICS € YTIIO-
BOM CKOPOCTBIO (), BEKTOP, JUTMHA KOTOPOTO PaBHa aMILTHTYJIE S, & €T0 Ha4aJlbHOE (CTapTo-
BOE) TIOJIOKEHHUE 33/1aeTCs YoM (), COBMA/IAONINM C HAYAIbHOM (a3oii (puc. 1.5).

BeprukanbHas IPOEKIHs BEKTOpPA S, U3MEHAETCA CO BpeMeHeM: s(f) = s sin ¢(2).
MrHoBeHHOE MOJIOKEHHE BEKTOpA §, ONpeseseTcs yriaom §(t), KoTopblii Ha3bIBaeTCA

(da3oii u paBeH:

d() =Wyt + by . (1.18)

Wy
Ipu yrioBoii ckopocTH (KPYroBOH 4acTOTE) (), BEKTOP COBEpIIACT V= Y= 060pOTOB

(UMKIIOB) B CEKyHIy, a NPOJOJDKUTEILHOCTD OHOTO 000poTa (IepHo/) paBHA OTHOLIEHHIO
yriia 2TIK yIIoBoi ckopocTn W, 7= 2T,
C 1OMOIIIBIO BEKTOPHBIX IMarpaMm JIErKO OCYIIECTBUTh CIOKEHNE TapMOHUYECKUX

koneOauuii. Tak, ecin HEOOXOIMMO CIIOKHTH JIBA KONEOAHHS ¢ OANHAKOBBIMH YaCTOTaMU
5(£) = 5,(8) + 5,5(£) = 5, sin (Wyt + ¢,) + 5, sin (W + ¢,) = 5, sin (Wt + ¢),
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So

5

Puc. 1.6a. Puc. 1.66.

TO aMIUTUTYJLy S, ¥ HadaibHyIo Basy ¢, cymMapHOro kosnebanus s(f) ¢ TOi ke 4acTOToH ),
MOYKHO JIETKO paccyuTarh u3 puc. 1.6a, Ha KOTOpOoM rpaduuecKy n300pakeHa onepanus Cio-

JKEHUS BEKTOPOB S = Sy + S, B MOMEHT Bpemenu ¢ = 0:

_ 2 . . 2
So —\/(Sm cosd; +505 cosP,)” + (5o, Sin + 50, sind,) 7,

So1 SINQ, + 59, sin¢,
So1 €SP + 505 COSP,

¢, = arctg

SIcHo, 9TO BEpTHKAJIbHAS NPOEKIHA BEKTOPA S, OYJIET Takke M3MEHATLCA MO TapMo-
HUYECKOMY 3aKOHY € YaCTOTOH (), HOCKOJIBKY B3aMMHOE PACIIONIOKEHHE BEKTOPOB ) H S, HE
U3MEHSIETCS C TeUEHHEM BPEMEHH.

W3 3T0it IMarpaMMBbl HaIIIATHO BUTHO, YTO CyMMapHOe KojeOaHwue s(f) orepexaer mo
(ase xonebanwue s,(f) n orcTaeT no Gase or konedanus s,(f). [lonnas paza a1 KaxIO0ro U3
Tpex KoieOaHWi B IPOM3BOJBHBI MOMEHT BPEMEHH OTIMYAeTCs OT MX HayaJbHBIX (a3 Ha
OJIHY M Ty 7K€ BETMYHMHY ()¢, KOTOPYIO PH MOCTPOEHNH BEKTOPHBIX IMArPaMM HE yUTHIBAIOT.
[Tpu sTOM KOJTEOaHue H300paXkaeTcst HEMOABMIKHBIM BeKTopoM (puc. 1.60), a uacrora koseda-

HUA OpeArojaaracTca W3BECTHOM.

CroxxeHne B3aHMHO MePIEeHANKYIAPHBIX Kojedanuii. PaccMoTpuM kosedaress-

5 T HYIO CUCTEMY, COCTOSIIIYIO U3 TOYEYHOTO Ipy3a MaccChl

m W YeThIPEeX CBA3aHHBIX C HUM NpYXuH (puc. 1.7) —

1)

YCIIOXKHEHHBIH BAPUAHT PACCMOTPEHHOTO BBIIIIE IPYKHUH-

o
TR

HOI'0O MasATHHUKA.

Ecnu macca IBrxeTces 0 aaKod FOpU30HTAIb-

UL

>
q
=

S
—>  HOI MOBEPXHOCTH (Ha PHCYHKE TIOKa3aH BUJI CBEPXY ), TO €€

MI'HOBEHHOE€ PACIIOJIOKEHNUE ONMUCHIBACTCS ABYMS CMEILIC-

HHUSAMH U3 TOJIOKEHNS paBHOBECHS — TOUKH O: 5, (¢) ms,(2).

Taxas cucrema obnafaer AByMsi CTETIeHsIMU CBOOOIBL. By-

JEM CUUTarb CMCHICHUA MAJIbIMHU, ‘ITO6LI, BO—TICPBLIX, BbI-

Puc. 1.7. TONHsUICS 3aK0H | YKa, 1, BO—BTOPBIX, [P CMEIICHHIH BIOTb
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HalpaBJIeHUs § JiepopMaIyu py>KHH C JKECTKOCTHIO k2 HE IPUBOAWIIN K CKOJIBKO—HHOY/Ib 3aMeT-
HOMY BKJIaJly B BO3BPAIIAIONIYIO CHIly | = _2k1S1' AHAJIOrM4YHO, ITPU CMEIIECHNUH B EPIEH/IVKY-
JIAPHOM HAIPABJICHNH S, BO3Bpallatoias cuia F, = 72k2s2. [Mpu Takux ycnoBusix KoineOaHus B
JABYX B3aUMHO NEPHEHAUKYJIAPHBIX HAIIPABJICHUAX ITPOUCXOAAT HE3ABUCUMO APYT OT JApyTra:
5,(8) = 54,8100y, + ¢,), 5,(1) = 50,810t + P). (1.19)
3ILCCB COOCTBEHHBIE YACTOTHI TapMOHHNYCCKUX KoJie0aHui PpaBHbI
2k, 2k,

Wor =4—» Woy =4[—, (1.20)
m m

a aMIUTUTY/IBI U Ha4aJIbHbIe (a3bl OnpenensoTcs HayadbHBIMH YCIOBHAMH.

[Tpu BO30Y>XHeHNH KOJIEOaHWi B TAaKOH cUCTEME IPH MPOM3BOJILHOM COOTHOLIEHUH
COOCTBEHHBIX YaCTOT U, U W, TPAEKTOPHS KOJIEOTIOMETOCS IPy3a MOXKET OBITh YPE3BBIYANHO
cioxxHoi. Ee, B mpuHIIHIIE, MOXKHO ITPOaHAIM3UPOBATh, IPUHUMAs BO BHUMaHHUE TOT ()aKT, 4To
pe3yJIbTUpYIOlee IBIKSHUE IPy3a SBIAETCA CyNepHO3ULUe ABYX B3aUMHO IIePIEHANKYIIAP-
HBIX HE3aBUCHMBIX KOJICOaHHH.

PaccmoTpum BHavale IBHKEHHUE TPY3a, €CIIH (W), = W), = (), (KECTKOCTH BCEX IPY-
KMH OJTMHAKOBBI). YTOOBI MOTYYNTH TPACKTOPHIO IBWOKEHHMS, NCKitouuM u3 (1.19) tekymee

Bpemst. s atoro nmepenuiem (1.19) B Buze:

s . .

L =sinwytcosd, +coswytsind,,

So1

s (1.21)
“Z =sinw,t cos, +coswyrsing,.

So2

YMHO)HMM niepBoe ypasHenue (1.21) Ha cos ¢, a BTopoe — Ha oS ¢ | 1 BbIYTEM BTOPOE ypaB-

HCHHUEC 13 IEPBOTO. B PE3YNbTATC NOJTYUUM:

s S .
“Lcost, ——2cosd, = coswytsin(d, —§,). (1.22a)
So1 S02
Tenepb yMHOKHM MEpBOE ypaBHEHHE Ha sin §,, a BTopoe — Ha sin ¢ |, TOBTOPMM BBIYUTAHHE U
MOJTYYUM
S Sy . . .
—sind, ——=sind, = sinw,¢sin(¢p, = ¢,). (1.220)
So1 S02
Haxonerr, Bo3BeeM B KBajapar Kaxaoe u3 paBeHCTB (1.22) u cnoxuMm ux. B pesynsrare Bpems
OyJleT NCKITIOYEHO, 2 ypaBHEHHUE TPACKTOPHH JBIKYIIETOCS I'py3a OyJeT ypaBHEHHEM JUINIICA!
s f Us f 5 S
1 2 15 — 2
=0 +0=0-2 cos(¢, —¢;) =sin" (¢, ). (1.23)
Lsor U Dsgp U So1 So2
Takum 00pa3om, B 00111eM ciTydae rpy3 OyAeT COBEpIIaTh NEPUOANIECKUE ABHKECHHS
T10 AIUIMNTUYECKON Tpaekropuu. Harnpasnenne ABMKEHHS BAOJIb TPACKTOPHUA U OPHUEHTALHSI

3JIMIICA OTHOCHTENBHO oceit Os; u Os, 3aBUCAT OT HayanbHOU pasHoctu daz A = ¢, — ¢,.
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BY) S
A A
S02 S02
S1 / S
—So1 5 > —So1 5 P
' L / !
02 —S02
Ap=0 0 <A@ <m/2
A2 AS2
S0 S02
fl ( \ 31
_S()1 s > _S(}l \ ) Sr
01 01
=502 —S02
A =m/2 /2 <Ap <0
K
A2 A2
S02 So2
. \ 5,
o § 1 o \ )S '
01 01

=50, —So2
Ap=m T<Ap<32m
S2 S
A A
So2 So2
S1 / v s

So1 01

5
\/
|
)
=
2
A

502 —S02
Ap=312m 32n<Ap <2m

Puc. 1.8.

Ha puc. 1.8 m300pakeHbI TPACKTOPUH ABWKCHUSI TPy3a IPU PA3IHIHBIX 3HAUCHUIAX Ad.

Bce TpaekTopuM 3aK/IH04EHBI B IPAMOYTONLHHUK CO CTOPOHAMH 25, 1 25,,. [Tpu AP = 0
u Ad = Ttrpys aBmxeTcs mo npsmoit muaun. [pu Ad = 172 u Ad = 31V2 momyocwu smurica co-
Brazarot ¢ Os, u Os, (TIpH 5, = 5, HILTHIIC BHIPOXKIAETCA B OKPYKHOCTB). I1pu pasnocTy Qa3
0 <Ad < TIrpy3 ABHKETCS IO 4aCOBO# CTpEITKe, a mpr TL< A < 2TT— MPOTHB TaCOBOM CTPENKH.
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m=3,n=4
Puc. 1.9.

THUNMYHBIM TPUMEPOM JIBYMEPHOTO OCLIILIATOpPA (MasiTHUKA) SIBISICTCA JIEKTPOH B

aToMe, KOTOpHﬁ JABUIKETCA BOKPYT sA/ipa 11O SJUIUIITHYE CKOH Op6I/ITe C MIepuoaomM 06pan1eH1/151

T 0107 ¢. MOXHO cuMTaTh, YTO TaKOii 3IEKTPOH OJHOBPEMEHHO COBEPLIAET JIBA B3aHMHO

TEPIEHIMKYNAPHBIX Kojlebanus ¢ 9acToToi wy, = 2107 [ 10 ¢1,

JIAOTCA KPAaTHBIMU: I’I’l(x)o2 =

Ecnm 9acToTh 1BYX B3aMMHO NEPIEHIUKYISIPHBIX KOJIeOaHMil HE COBIA/IAIOT, HO SIB-

anl’ rae m ¥ n — 1UEJIbIC YK CJIa, TO TPACKTOPUU ABUKCHUA IPEI-

CTaBISIOT COOOH 3aMKHYThIE KpUBBIE, Ha3biBaeMblie purypamu Jluccaxy (puc. 1.9). Otmernwm,

YTO OTHOLIEHHE YaCTOT KOJIeOaHMit PaBHO OTHOLICHHWIO YHUCECII TOYCK KaCaHUA (1)I/Il"prI JIucca-

XY K CTOPOHaM IPsIMOYTOJIbHUKA, B KOTOPBIHA OHA BIMCAHA.

Ecmu KPAaTHOCTb MEKY 4aCTOTaMU OTCYTCTBYET, TO TPACKTOPHHU HE ABJIAIOTCA 3aMK-

HYTBIMH 1 IOCTEIIEHHO 3aIlOJIHAIOT BECH IIPSIMOYTOJIbHUK, HAIIOMUHAS HUTH B Kny61<e.

Da30Bblii NOPTPET Ko1edaTeIbHOI cucTeMbl. B mro00ii koebarenpHOI cucteme ¢ of-

U A

P

HOM CTETICHBI0 CBOOOMBI CMeIIeHue $(f) M CKOPOCTh
v (f) = ds/dt menstitorest co BpemeneM. COCTOSIHHE CHC-
TEMBI B K&KIbI MOMEHT BPEMEHH MOXKHO XapaKTepH-
30BaTh BYMSI 3HAYCHUSIMH § U ¥, ¥ Ha TUIOCKOCTH THX

NCPEMECHHBIX 3TO COCTOSTHUC OTHO3HAYHO OIPCACIIACT-

Puc. 1.10.

“wy

Cs IOJIOKEHMEM H300parKkaroriel Touku P ¢ koopauHa-
Tamu s 1 v. C Te4eHneM BpeMeHH N300pakaromiast To4-
ka P Oyzer nmepemermarsest 10 KPUBOMH, KOTOPYIO Ha3bI-

BatoT (pa3oBoii TpaekTopuel aBrkeHust (puc. 1.10).
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[TnockocTh MepeMeHHBIX s U v Ha3bIBaeTCst (Pa3oBoi MIIOCKOCThI0. CeMelcTBO (ha30BbIX
TpaekTopuii oOpasyer (ha30BbIii OPTPET KojedareabHOM chcTeMbl. AHaIN3 (ha30BOroO HopTpera
JIaeT XOTs ¥ He TOJHYI0, HO OOIIMPHYI0 HH(pOpMAIKIO 0 KonebarensHol cucteme. K moctpoenuro
TaKOTO MOPTPETa IPHOETAIOT TOI/Ia, KOTIa He YJIaeTCsl PEHINTh aHAJIMTUYECKN YPAaBHEHHE, OITUCHI-
Barolllee CIOKHBIE KojeOanus. B nmepByto odepens 3To OTHOCHUTCS K HEIMHEWHBIM KoJIeOaHHUSM,
aHaJIN3 KOTOPBIX 3aTPyAHEH H3—3a OTCYTCTBUS TOUHBIX PEIICHUH HEMHEHHBIX YPaBHEHUH.

BHavasne mponnIrocTpupyeM CKazaHHOE Ha Va

IIpUMepe NPOCTEHIINX TapPMOHNYECKHUX KoJieOaHuH p

Buja s(t) = s, sin(wyt + ¢,). INockonbky ckopocTh

S

wh) = 7 = s,sin(wyt + d, + 5) OIepeKaeT CMEIIICHAC K_/

de

no ¢ase Ha TV2, To Qa3zoBas TpaeKkTopus Oynuer

smmncoM. Touxa P Gynet ABUraThCs 1Mo SIUTHIITHYECKOM
TPaEKTOPUH IO YacoBOH cTpenke (1pu v > 0 cMeleHue s

Puc. 1.11.
yBenmamBaeTcs, a npu v < 0— ymensiaercs (puc. 1.11)).

[TapameTpsl srIHIICa ONPEETSIIOTCSA SHEPTUEl, 3aIaCEHHON TapMOHUYECKUM OCLIUILIS-
TopoM. [loTeHImanbHas 3Heprust IPY>KMHHOTO MAsITHUKA IIPOMOPIMOHAIBHA KBAJPATy CMEIIICHUSL:

1 1
E =—ks?= 5 Jesg sin?(wyt + 9 ) (1.24)

ot 2

KuHeTHuecKas SHeprys IPONOPLUUOHATbHA KBaJIPATy CKOPOCTH:
1 1 20,
E_ = 5 mv? = 5 MmWos; cos (0 + &) (1.25)

Ecimm IIPUHATH BO BHUMAaHHUE PAaBCHCTBO k= m(A)(z), TO JICTKO BUACTH, YTO B3aUMOIIPCBPALICHUA

OJHOTO BHUJIa 3HEPTHU B APYToH 3a MEepPHOJ MPOUCXOAAT ABAXIBL. [Ipy 3TOM 1MonHas SHEPrust

CHCTEMBI OCTAETCS IIOCTOSHHOM:

WH

E,=E, +E. =~m(ie+ 02 1.26
0 moT KI zm((*)()s U)- ( )

PaBenctBo (1.26) Kak pa3 u sBIASETCS ypaBHEHHEM BJUIMIICA, KOTOPOE MOXHO
nepenucars B 0onee ynoO0HOM BUJE:!

, vt 2E,
WX mw

(1.27)

@a30BbIN MOPTPET TAPMOHUYECKOTO OCIIMIUIATOPA IIPEJICTABISIET COO0I CeMENHCTBO
3JUIMIICOB, KAXKIAOMY H3 KOTOPBIX COOTBETCTBYET DHEPTHSA k), 3amaceHHas OCHMIIIATOPOM.
[Monoxxenue paBHOBecHst B Touke 0 Ha (a30BOI INIOCKOCTH SIBISIETCSI 0COO0M TOUKOH M Ha3bI-
BaeTCsi 0000 TOUKOM THITA KIICHTPY.

C yBenuueHreM SHEPIUH £, BO3PACTAIOT aMILTHTY bl KOJIEOAHHH CMEILIEHHS S, M CKO-
poctu s,0). KoneGanus, kak paBuiio, NEPECTAIOT ObITh TAPMOHMYECKUMH, & (ha30BbIE TPAEK-

TOPpHUU — DJUIUIICAMMU.
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[Tpoananusupyem Ha (pa30BOi INIOCKOCTH KOJIEOAHUSI MAaTEMAaTHYECKOTO MasTHUKA
IIPY TIPOU3BOJIBHBIX yIIax O OTKJIOHEHUS OT IOJIOKEeHUs paBHOBecus. [Ipu aTom Oynem cun-
TaTh, YTO TOYEYHAS Macca M MPUKPEIUIEHA HE K HUTH, a K JKECTKOMY HEBECOMOMY CTEPKHIO

e £. [lepBoe n3 ypaBHenwuii (1.2) 3anumiem B Bujie

d*a

i -0 sina (1.28)

3T0 HeJ‘IPIHefIHOC YpaBHEHUEC HE UMECT MPOCTOr0 aHAIUTUYCCKOIO
PpelIeHus, IO3TOMY TIO3IHEE MBI IPHUBEIEM €ro IPUOMKeHHOE penerue. Of-
HAKO MHOT'ME€ 3aKOHOMEPHOCTHU TaKHUX KOJ'I€6aHI/II71 MOXXHO IMPOaHAJIN3MPOBATH
da

dt
C atoii nensio ypasaenue (1.28) Hayo npeobpas3oBarhk K TAKOMY BUJTY, YTO-

C HCIONB30BaHHEM (ha30BOro MOPTPETa Ha IIOCKOCTH (O O =

OBbI B HEM OCTAJIUCh TOJBKO 3TH TIEPEMEHHBIC, a BPEMS OBLIIO OBI HCKITFOYE-

0 " Ho. /Iy 3TOTO yIIioBOe yckopeHue B nieBoit yactu (1.28) mpeobpasyem k

Puc. 1.12.

BUILY:

d’a _da _ da a_gm_ld(az)

1.29
d? dr da dr da 2 da (1.29)

Moncrapmsst (1.29) B (1.28), moayunm
1, . .
Ed(az):—wﬁ sina da. (1.30)

Ypaerenue (1.30) orpakaeT TOT QaKT, YTO IpUpANICHAC KHHSTUYCCKOW SHEPI U MasTHHKA

PpaBHO yOBIIH €r0 MOTEHIMAIBLHON SHEPTHH B ToJe CrUThI TspKecTu. VaTerpupys (1.30), momyurm

dZ
T_wé cos0 = const. (1.31)

Ecmu MPUHATD, YTO MOTCHIHAJIbHAA SHCPIUd MAATHUKA B IMOJIOXKCHUU PAaBHOBCCUSL
1 .
PpaBHa HYJIIO, TO KOHCTAHTA BBIPAYKACTCA Y€PE3 3al1aCCHHY 0 MAATHUKOM 3HEPIUtO EO = Emﬁzd (2)

(0, — ymIoBast CKOPOCTh MAsITHHKA B IIOJI0XKEHUH PABHOBECHS):
E 2
const=—02—oo0. (1.32)
ml

YpaBHenune azoBoii Tpaekropun (1.31) okoHYATENBHO 3aIUIIETCS B BUIE:

162 E,
——+(1-cosa) =—2—. 1.33

HpI/I OTOM MMOTCHUHAJIbHAA U KUHETUYCCKAd SOHEPIruu 3a/1at0TC BBIPAXKCHUSAMUN

|
E_ =—ml?a* E.=ml>wj(1 - cosq). (1.34)

KHAH 2
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A
EHOT
. 2mlw, . . .
- L0 2n 3t o«
! R S i

IR NI /N (U= I

Puc. 1.13.

HUcnons3ys (1.33), moctporm ¢a3oBsiii moprpet cuctemsl (puc. 1.13).

OTuenMBO BU/IHBI /1Ba THIA (DA30BBIX TPAEKTOPHUI, COOTBETCTBYIOIIHE ABYM THIIAM
JBIKEHHUS. 3aMKHYTbIE TPAaeKTOPHH, OKPYIKAIOIIHe 0COObIe TOUKH TUIIA KLIEHTP) C KOOPIUHA-
Tamu O =0, O = 2T (n — 1EJ0€ YUCII0), COOTBETCTBYIOT KOJIEOAHUAM MasTHHKA OTHOCH-
TENBHO YCTOWYMBOTO HI)KHETO OJIOKEHHS paBHOBEeCHS. Takue KojaeOaHHs HIMEIOT MECTO, €CITH
SHEPrust CUCTEMBI E ) < me? wﬁ = 2mg/ (cm. puc. 1.13). Ilpu oTom, ecnu £ << 2mg/, TO Koie-
Oanus OyayT rapMOHHYECKHMH, a (ha30BblE TPaeKTOpUH — syumncamu. Eciu £y 02mgl, To
Konebanust OyIyT HerapMOHH4YecKUMHU. [Ipn yBenM4YeHUH 3HEPIUy, a, 3HAUHUT, U aMIUIUTY/IbI
KoJIeOaHUH OCIMIUISATOpa, X MepHojl OyAeT Bo3pacTarh, MOCKOIBKY BO3BpAIIAIOIIas CHIIa B
ypaBHeHu# (1.28) MeHbIIe, YeM B clTydae FapMOHHMYECKOTO OCIIILIATOpA.

BepxHeMy I0I0kKEeHHI0 paBHOBeCHs ¢ koopauHatamu O = 0, o = (2n — 1)TTcooTseT-
CTBYIOT 0COOBIE TOUKH THIA «cemiion. DazoBble KPUBbIE, IPOXOASIINE YEPE3 «CeIay, COOT-
BETCTBYIOT SHEPTHH £ = 2mgl ¥ Ha3bIBAIOTCA CEMApaTPUCAMH.

Ecmn, naxonen, £, > 2mg(, To noy4aroTcs He3aMKHyThIE (YOeraromme) TpackTOpyH,
COOTBETCTBYIOIIUE BPAIATEIbHOMY IBHKECHHUIO MasTHHKA.

Takum 00pazoM, cemapaTrpuchl pa3aelsiioT (a3oByI0 INIOCKOCTh HA JIBE O0JACTH:
00J1aCTh 3aMKHYTBIX TPAEKTOPHH M 0071aCTh TPAEKTOPHH, TPUXOAAINX U3 OECKOHETHOCTH U
YXOISIIUX B OECKOHEYHOCTbD.

OT™MeTHM, YTO JUIsl HETAPMOHUYECKHIX KOJIEOaHU HElb3s1 yIOTPEONIATh TEPMUH «KPY-
rOBasl YaCTOTa», IIOCKOJIbKY, KaK Oy/IeT II0Ka3aHo HIKe, TAKHe KOJIeOaHus SBIISIOTCS, KakK Mpa-
BHJIO, CYNEPIIO3UINEH TApMOHUYECKUX KOIEOaHWH C pa3sMMYHBIMU YacToTamH. Ilepmon ke

SABJIACTCA NO—IIPEIKHEMY OIIHOﬁ 13 ITIaBHBIX XapaKTCPUCTUK kosiebanuii. Da3oBbIit MOPTPET HE
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MI03BOJISIET ONIPEAEIINTb, KaK ObICTPO ABMOKETCS TouKa P 1o Tpaekropun. OHaKO IepHo Helu-
HEHHBIX KOoJIeOaHNH MaTeMaTHYeCKOTro MasiTHUKA MOYKHO TIOJTyYUTh Ha OCHOBE IPHOJIIKEHHO-

ro pemenus ypaBHerus (1.28).

Herapmonnyeckue kojedaHus MaTeMaTuyeckoro Masitiuka. Koixebanus mare-
MaTH4ECKOTO MasiTHUKA P OOJIBIINX aMIUIUTY/axX, KaK Y>K€ OTMEYaoch, He Oy/yT rapMOHH-
YECKUMH. JTO MPOMCXOJUT MMOTOMY, YTO BO3BPAIIAIOIIAs CHJIA B IPABOW YaCTH YPaBHEHUS
(1.28) mponopumoHaNpHa Sin O U MPH OONBIIHX O CTAHOBUTCS MEHBIIIE TOU «ITHHEWHOWY CHIIBI
(TIporiopIIOHANBEHOM O), KOTOpPask BO3BpaIIaeT KoJIeOIONTyI0Cs Maccy B IOJIOKEHIE paBHOBE-
cHs 3a HEM3MEHHOE BpeMsi, paBHOE YETBEPTH Ieproja Koiebanuil. Takas «JHeiHas» cuia
00€CIeInBaET HE3ABUCUMOCTH 3TOTO BPEMEHH OT aMILTHTYABI O ), T.€. K30XPOHHOCTE KONEOAHHUI.

Jns ananmiza KonebaHui Ipy OOJBINMX aMILTUTY/IAX O, 3AITHIIEM PasJIOKEHHE Sin O B PSI:

sina=a—%a3+..., (1.35)

B KOTOPOM OTOPOIIEHBI YWIEHBI GOJIee BEICOKOTO Mopsiika: 0°, ' u T.1. [logcranoska (1.35) B
(1.28) mpuBOOMT K HENMMHEHHOMY YpaBHEHHIO KOJICOaHHMN:
2 2
G LS (1.36)
dr 6
Pemrennem 3toro ypaBHeHH yxe He OyzieT rapMoHndeckas GyHKus. JlefcTBUTEIh-
HO, JIOIIYCTHM, 4YTO perieHueM ypaBHenus (1.36) Oynmer rapmoHnYeckoe kKojebaHHE BUAA
a(?) = a,sin(wt + ¢,). loxcTapnss 310 BrIpaKeHUe B PaByto 4acTh (1.36) 1 y4uTHIBAS TPHUTO-

HOMETPHUICCKOEC TOKACCTBO

. . |
sin® o E%smw—zsm_@w, (1.37)

MIPUXO/INM K npotuBopeunto. [lomyyaercst Tak, 4T0 HEMHEHHBIN WIEH B IPAaBOH YacTH ypaB-
HEHUS U3MEHSETCS BO BpEMEHU HE TOJIBKO C OCHOBHOM 4acTOTOM (), HO TAK)KE U C YTPOECHHOM
yacToToi 3W (Y4acToToil TpeTbeil rapMoHNKH). YTOOB! yCTpaHUTh 3TO MPOTHBOpEYHE, OyeM
CUHUTaTh, YTO KOJIEOAHHSI MasITHUKA IIPOUCXOAAT OJHOBPEMEHHO Ha 4acTOTaxX WM 30 TaK, 4TO
a(?) = a, sin(wrt + ¢,) + €0, sin3(wx + ), (1.38)

rae € — Oe3pa3MepHbIi mapaMeTp.

IMoncrasmsis (1.38) B (1.36), cHoBa 0OHapy)KuBaeM, 4TO HEJIMHEHHBIHN WIEH, TOMUMO
JBYX 4acTOT WU 3W, MEHSAETCS BO BPEMEHH U Ha 9aCTOTE 9. DTO TOBOPHT O TOM, UTO PEIICHHE
(1.38) He siBIIsIETCS HOJIHBIM (B HEM OTCYTCTBYIOT BBICIIIME TAPMOHUKH 9 W), 27WH T.11.). Mexay
TEM, ECIIM AMILTUTY/a KoneOanui O, He O4€Hb BEUKA, TO mapameTp € << 1, n OTCyTCTByOIIHE
YICHBI C BBICIIMMHU FAPMOHMKAMU MMEIOT aMILIATY/IbI €20, €30l U T. 11., KOTOPBIE MHOTO MEHb-
11 AMIUTHTY/IBI TPETHEN TAPMOHUKH EX .

Teneps paccunTaeM yacToTy W. [l IPOCTOTHI MOJIOKUM ¢, = 0 (MaATHUK MOITydaeT
HadaJIbHBINA TOTYOK B MOJIOKEHUH paBHOBecHs). Vicronb3yst (1.38), 3amumrem kaxIp1ii U3 Tpex

uneHoB ypasHenus (1.36), omyckas crnaraemble, MMEIOIIME MOPSAI0K MAIOCTH €2 U BBILIIE:
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d’a
%0l sin o — 9w e sin 30

_:_(A)
dr?
w’a = wa, sinGX + W3EA  sin 3w (1.39)
1 305 3 . Wy 3 .
-— (2)(13 = ——chgsmwt +—0(x(3)s1n3wt—
2

6
3aMeTHM, 4TO B ITOCIIEAHEM PaBEHCTBE TPEThE CIaraeMoe B IIPaBOH YacTH, COAEprKallee

02
—La (3)8 sin” o sin 3a.

MHOXHTEIb O 35, MaJIO TI0 CPAaBHEHUIO C IByMsI IPEABIAYIIIMMH, M €10 TAKXKE MOKHO OTOPOCHUTB.
CroXuM IosTy4eHHbIe Tpy paBeHcTBa. B cuiry (1.36), cymma j1eBbIX 4acTeil paBeHCTB

(1.39) paBHa nymo. [Toatomy
0=0,(-w* +wj —iwﬁaﬁ)sinw +0 (-9we + Wie +£wﬁaﬁ)sin3mt. (1.40)

[Mockonbky paBeHCTBO (1.40) TOKHO BBITOMHATHCS IS JIIOOOTO MOMEHTA BPEMEHH,
TO KaX/10€ U3 BBIPAXKEHHIA, CTOSIINX B KPYIVIBIX CKOOKAX, IOJDKHO PaBHSTHCS HYJI0. VI3 paBeH-

CTBa HYJIIO IEPBOT'0 BbIPAKCHUS JICTKO ONIPEACIUTD KBaJApaT 4YaCTOThI OCHOBHOH TapMOHHKHA

! 2@. (1.41)

w? =w§§—§ao

o5
Ecimn — <<'1, T0O 17151 4aCTOTHI NOILy4YUM

a; 2 ap
—wyH-20 0 =p,H-20 1.42
® %E 8 %E 16@ (1.42)

[Mocnennee BrIpakeHHE MOKA3BIBALT, YTO C BO3pACTaHWEM aMILIUTYAbI KoJieOaHWH NX YacToTa
yMeHbIIaeTcs (Mepruoj yBEIHMIUBACTCS ), T.€. HAPYIIAETCSI H30XPOHHOCTD KOJleOaHui.
[TpupaBHsieM fanee HyIIO BTOPOE BBIpaXKEHHE B KPYIIIBIX CKOOKax B popmyie (1.40):

—owe +aie+ Mgl =0 (1.43)
0% g 0T '

Cunras, 4T0 W = W), HAXONUM BEIUYHMHY MAJIOTO KOdpPUIMEHTA € :
2
a
. (1.44)

Ecm monoxwuts O, = 15° = 0,26 pax, T0 €= 3,5 (10~*, u BKJIaJ TpeTheil rApMOHKUKHU B KONeOaHUs

HIYTOXKHO MaJI. OT/IMYHE YaCTOThI () OT YaCTOTBI TapMOHUYCCKUX KojeOaHuit (.k)o COCTaBHUT BEJIMYUHY

2
w,—-w a _
=0 =20 2420073, (1.45)
Wy

W, W
0 U6%. Takum obpa3om, MpuOIHKEHHBIM

Jaxe mpu o) 1 pax €= 5007, a
0
peuienneM ypasHenus (1.36) Oyner (1.38), rne wactora w onpenensercs (1.41), a mapamerp €

Haxonutcs u3 (1.44).
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3ameTnM, 4TO HETAPMOHUYECKHE KOJIeOaHNU MOTYT BO3HUKATh HE TOJIBKO IPH OOJTb-
LIMX OTKJIOHEHUSX OT MOJIOXKEHHsI paBHOBeCHs cucTeMbl. Hanpumep, ecnu B pa3inoxeHUH BO3-
BPAIIAIOMIEN CHIIBI £ (5) IO CTENEHAM § OTCYTCTBYET JIMHEWHBIN WIEH, M OHO HAYUHAETCSA C

3

WICHA, MPpONOpUHUOHAIBHOIO S, TO KoJIe0aHus 6y)1yT AHIapMOHHUYCCKHUMU 1TPpU J'IIO6BIX, Jaxe

CKOJIb YTOAHO MaJIbIX, OTKJIOHCHUAX.

CBo0oaHbIe K0Je0aHUs B JUCCUIIATHBHBIX CHCTEMAX ¢ BA3KUM TpeHueM. B pe-
QJIBHBIX CUCTEMaXx BCer/a MPOUCXOIUT JUCCUIIAIMS 3Hepruu. Eciu morepy sHeprun He OyayT
KOMIICHCHPOBATHCS 33 CUET BHELIHUX YCTPOWUCTB, TO KONEOAHUS C TEYEHHEM BPEMEHH OyayT
3aTyXarTh M 4epe3 Kakoe—To BpeMs IIPEKpaTATCs BooOIIe.

dopmanpHO 3aTyxaronye KoneGaHus OIHUCHIBAIOTCS ypaBHEHHEM

ms = F (s) +FL6), (1.406)

KOTOpPOE, B 0TiH4Ke OT (1.2), TOMHMO BO3BPANIAIONIEH CHIIBI £, COMEPIKHUT U CHITY TPEHHUS FTp.
Cuuta CONpOTHBIICHHS JIBIKCHHUIO, BOOOIIE TOBOPS, 3aBUCHT KaK OT HallpaBJIEHHUs CKOPOCTH
(HampuMep, IIPU CYXOM TPEHHH), TaK U OT BEJINYUHBI CKOPOCTH (TIPH IBIDKEHUH B BA3KOH
cpene). Ecnm Bosppamaromias cviia NporopiMoHaibHa CMEMERHIO: F(s) = —ks, e k — Kkoad-
(UIMEHT TPONOPLMOHAIBHOCTH (JULS IPY>KMHHOTO MasgTHUKA — XKECTKOCTB IPY>KHHBI), TO ypaB-

Henue (1.46) MOXXHO repenucarhb B BUJIE

F
§-—+wis=0, (1.47)
m

f k
rae Wy = ,/— — coOCTBEHHas 9acTOTa HE3aTyXaoINX TapPMOHIYECKUX KOIEeOaHHUH.
m

BHauane MBI paccMOTpHM 3aTyXalomire KojebaHus B ciIydae, Korjaa Ha Kojeomromee-
Csl TEJIO JICUCTBYET CHJIA BSI3KOTO TPEHMUS, MPOIOPLUOHANIbHAS CKOPOCTH: FTp =—[s. Takas
CUTyanusi MOKET UMETh MECTO, HallpuMep, NMPH KoJieOaTeIbHOM ABIDKCHUU Tela B BO3IyXe
YUTH )KHAJIKOCTH, Kora unciio PeitHonpca Re [I1 wiu Re < 1. Toraa ypasaenue (1.47) MoxHO
3ammcarh B BHJE:

§+285 +wps =0, (1.48)

r
rae 0 = om KO3 PUITHEHT, NN TOKA3aTeJb 3aTyXaHHUs.
m

OO6mas ues peneHus OAHOPOIHBIX TMHEHHBIX ypaBHEeH!H Trna (1.48) 3akiouaercs
B CJIE/IYIOLIEM: B KauecTBe ()yHKIIMOHAILHOM 3aBUCUMOCTH S(¢) HaJ10 BEIOpaTh TaKyto, KOTopast
nipu i pepeHIMPOBAHIH 10 BPEMEHH MEPEXOIUT B caMy ceOsl, TO €CTh IKCIIOHEHTY: S(f) = soeM .

[oncraBum ee B ypaBHenue (1.48):

5,MA2 + 28\ + @) = 0. (1.49)
HOCKOJ'ILKy e"t = 0, IOoJIy4daeM TaK Ha3bIBACMOC «XapaKTCPUCTUUICCKOC)» YPABHCHUC!
M +20\+wi =0, (1.50)

KOTOPOE B JAHHOM CiTy4ae (JUIs ypaBHEHHUS BTOPOTO MOPsIIKA) UMEET ABa KOPHS

Ay =—8%4/8 -y, (1.51)
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At Aot
a camo ypasHenue (1.48) — 1Ba HE3aBUCHMBIX pemIeHHs: s () =5, €' u 5,() =55, . B
cuITy TMHEHHOCTH ypaBHEHU (1.48) cyMMa JTFOOBIX €T0 peleHu TakKe SIBISETCS PEIICHIEM,
TO €CTh CIIPABEUINB TaK HAa3bIBACMBIN IIPHHIIHII CYTIEPIIO3UIII» PEIICHUH, U 00IIUM peltle-

HHUEM JAaHHOTO YPAaBHEHUS SIBIIACTCA

(-5+m)t (—G-M)t '

s(t) = sy +5p0€ (1.52)

Pentenye conepKuT JIBE HE3ABUCHMEBIE KOHCTAHTBI S M Sy, KOTOPBIE ONPENENSAIOTCS U3 Ha-
ganeHBIX ycnoBui s(0), v (0).

B 3aBHCHUMOCTH OT COOTHOIIEHHS O U (A)O BO3MOXKHBI TPpU ClTy4as.

22 _.[ 2 _sx2 L _
Ecim 8 < ), T0 \/ 0" —wy = z\/ wy —0” ,rme i =4/ -1 — «MHUMas» equHUNA. Pemme-
HHE ABNAETCA KOMIUIEKCHBIM!), HO, TIOCKOJIBKY HadalbHbIe YCJIOBUS AEHCTBHTEIbHBIE, TO C

nomoIbio GopMyisl Difepa:

e =cosd +isind (1.53)
HETPYJIHO [T0Ka3aTh, 4TO 00I1Iee pellieHre Oy/IeT IeHCTBUTENHLHO U MOYKET OBITh 3alTMCaHO B BUJIE:
s(t) = spe ¥ sin(ax + ), (1.54)

TO €CTh IpEJCTaBIsIeT cOOOH 3aTyXarouiue KoieOaHus, YacToTa KOTOPBIX () MEHbIIE, YeM y
COOCTBEHHBIX HE3aTyXarOIINX KOJIeOaH:
AN (1.55)
Konebanus, onuceiBaembie (1.54), He sBistorest rapmMoHudeckumu (puc. 1.14). IMox
UX aMIUTUTY0H OyieM HOHUMATh BENUYUHY
A(t) =54, (1.56)
KOTOpasi MOHOTOHHO YOBIBaeT CO BpeMeHeM. «JlJITeIbHOCTh» KoIeOaHUH XapaKTepu3yeTcs

BpPEMEHEM 3aTyXaHHUs
- 1
s (1.57)
Ecnu nmoxncraButs T B (1.56), T0 nerko
BHUJETH, YTO N0 MCTEUCHUH BPEMCHH 3aTyXa-
Hus T amIuinTysa yoeiBaet B e pa3. Kommue-
CTBO COBEPIICHHBIX CHCTEMOW KoneOaHWiH 3a
BpeMs T paBHO OTHOIIEHHUIO 3TOTO BPEMEHH K
Mepuoly 3aTyxawuux kojedanut T = 2T/ w.

Ecnu 3atyxanue B cucteMe Majio (8 << wy), To

nepuoa Kosnebanuii 7 = 211/ W), U YMCII0 ITHX

Puc. 1.14.

KOoJeOaHUM BEIUKO:

:l~ %% >>1 .
T 210

(1.58)

1) Bosiee 101po6HO METO KOMILIEKCHBIX aMILITUTYJ] Oy/IET 00CYIATHCS HIKE, IPU PACCMOTPEHUH Bbi-

HY>K/IEHHBIX KOJIeOaHU.




22 Koneb6aHus 1 BOnHbI

OKCHOHEHIMANbHBIN 3aKOH YObIBaHHS aMILIMTY/bl CO BPEMEHEM I03BOJISIET BBECTH
Oe3pa3MepHblil mapaMeTp — JorapuGMUICCKUI JEKPEMEHT 3aTyXaHust 6, KOTOPBIN paBeH JIo-

rapu¢mMy OTHOLIECHHS JBYX HOCIIEI0BATEIbHBIX OTKIOHSHUH B OHY U TY e CTOPOHY:

A s (1.59)
A(t+T)
N3 (1.57), (1.58) u (1.59) Haxomum:
=1
6= e (1.60)

Jlorapudmuueckuii AEKPEMEHT 3aTyXaHUs MOXKHO OI[CHUTB, €CIIU MOIACYUTATH YHCIIO
KoJIe0aHUii, COBEPIICHHBIX CUCTEMOH 3a BpeMsi 3aTyXaHHus T, TO €CTh J0 YMEHbBIICHUS aMILIH-
TYZBI KolleOaHu# mpuMepHO B 3 pasza. YeM OoIbIe YUCIIO 3TUX KOJICOaHUH, TEM MEHBIIIE ITIOTe-
Y DHEPTHH B CUCTEME.

[Ipocneaum 3a yObIBAaHHEM SHEPTHH, 3aMIACCHHOW OCIMIIIITOPOM, C TCUCHHEM Bpe-
menn. Ucnonesys (1.54), 3anumem no ananoruu ¢ (1.24) u (1.25) BeipaskeHust U1 TOTSHIIN-

aJbHOU M KUHETUYECKOU SHEPIUid OCILIIILISATOPA:

1 5
E =Eks§e 2 gin? (0 + ) , (1.61)

ot

2

E ¥ cos? (Wi +¢,) - (1.62)

1 2 2 -
- —Em(.o Spe

3aMeTHM, 9TO, CTPOTO T'OBOPSI, CKOPOCTh pPaBHA
v=§= =50 sin(wr + ¢ ) + 500~ cos(Wr + ). (1.63)
OueBuaHO, 4TO ecin O << (), TO MepBbIM ciaraeMbiM B (1.63) MOXXHO npeHeOpedb 1

3amucarh BEIpakKeHHE TSI KHHeTHIeckoi sHeprun B BUaE (1.62). CymmapHast SHEpTHst OCLIUII-

JIsITOpa yOBIBAET CO BPEMEHEM:
1
E®)=E  +E_ = Esge‘m[k sin2(wrt + ) + mo? cos2(wr + §,)]. (1.64)

I[Tpumem Bo BHUMaHHe, uTO IpH 8 << () 4acToTa W= W,. Tak Kak k = mm(z) , T0 (1.64) oxoHua-

TCJIBHO 3alIMIICTCA B BUJIC

E(t)=%s§mw(2)e_26t =Eoe_26t, (1.65)

1
IMonnas sHeprus OCUMILIATOPA, paBHas BHadane E, = Esomoo%, MOHOTOHHO YOBIBaeT CO Bpe-

MEHEM I10 SKCIIOHEHIIMAIbHOMY 3aKOHY U YMEHBILIACTCA B € a3 3a BpeMs
Tz = LT (1.66)
E " A A .
20 2
«KauecTBO» KONeOaTeIbHON CUCTEMBI XapaKTEPU3YIOT Oe3pa3MepHEIM mapa-

METPOM Q, Ha3bIBACMbIM Z[O6pOTHOCTB}O. I[O6p0THOCTL nponopuruoHaJibHa OTHOIIEC-

HUIO 3aNaCeHHON dHepruu E(f) K osnepruu AE,, TepsiemMon 3a mepuon (puc. 1.15):

__E(1) _ Ege 2 _oom
g=2m , - anoe—m _Eoe—26(t+T) - 1= 207 " (1.67)
Ecnu yncino xonebanuii Benuko, To 07 = 1/N << 1. Torna
2T 2T T
= = =—=TIN. 1.68
¢ -2 1-(1-28T+.) © (1.68)




Jlekyusi 1 23

~VY

0 t t+T
Puc. 1.15.

[Tpu skcrioHeHMaTbHOM 3aKOHE YOBIBaHMS SHEPTHHU CO BPEMEHEM JI00pOTHOCTh () OKa3bIBa-
€TCsI IOCTOSIHHOW BETMYMHOM, KOTOPYIO, KaK M Jorapu(pMUIECKUI IEKPEMEHT 3aTyXaHus 0,
MOYKHO JIETKO OIICHUTH MO YUCITy KoJieOaHuit NQ = TV = 3N, COBEpIIEHHBIX CUCTEMOII 10 MX
TIOJIHOTO TIPEKpalleHus (3a BpeMs 3T aMIUTMTY/a KojleOaHuii ymeHbInaercs B €3 = 20 pas, To
€CTh KoJIeOaH!sI MPAaKTHIECKH TIOJIHOCTBIO 3aTyXaroT).

Crenyer OTMETHTB, YTO IOOPOTHOCTH HE TOJIBKO XapaKTepHU3yeT 3aTyxaHue Koyebda-
HUM, HO U ABJISETCS BAKHON BEIMYMHOM, ONPEAETIAIONIEH apaMeTphl BRIHYKIEHHBIX Kojieba-
HUMH, OCYIIECTBIISIEMBIX MO/ ISHCTBIEM BHEIIHEH IIEpHOAMYECKON CHITBI (CM. 1ajiee).

Paccmotpum Teneps ciydait & = (), Koria KOpHH XapakTepUCTHIECKOTO YPaBHEHHUs

kparHpie: A| = A, = —0. IIpu 5TOM HacToTa W= 4 w; —8% =0, T0 ecTh KONEGaHNs OTCYTCTBY-
1oT. OG1iiee penieHne, Kak HeTPYAHO [IPOBEPUTH MTOICTAHOBKON, IMEET CIICAYIOMINH BU/:

s(t) = (s, +CH)e ™, (1.69)

TJie He3aBUCHMBIE OCTOAHHBIE S U C ONPEIENAI0TCS, KaK M paHblle, HadalbHBIMU YCII0-

BUSIMH. BO3MOXHBII BU 3aBUCUMOCTH S(f) IPH Pa3sHBIX HAYaJIbHBIX yCIOBHUIX M300pa-

EH Ha pucyHke 1.16. s 4

Ux xapakTepHOH 0COOEHHOCTBHIO SBISAETCS

TO, YTO OHHU HNCPCCCKAIOT OChb Ot He Oosee OTHOTO

0
pa3a, ¥ BO3BpaT K paBHOBECHOMY COCTOSIHHIO y CHC- f

A 4

TCMBI, BBIBEJICHHOW W3 HETro, MPOUCXOAUT 3a BPEMsL

OopsiiKa HECKOJIBKUX T. Taxoit PEKUM NIBUIKCHUA HA-

3pIBAETCA KPUTHUUECKUM. Puc. 1.16.

Haxomen, eciu 0> w,, To oluee penieHue
(1.52) sBustercs cymMMOi IBYX yOBIBAIOIINX C TEYCHHEM BPEMEHH 3KCIIOHEHT, ITOCKOJIBKY
—3+,/0% — ) <0. Bo3MOXKHBII BUJ 3aBUCHMOCTEH S(f) IOX0K Ha TO, YTO M30GPakKeHO Ha
puc. 1.16, HO BO3Bpar K paBHOBECHIO OCYIIECTBIISICTCS MEJJICHHEE, YEM B KPHTHUECKOM PEXKHU-
Me, ITOCKOJIBbKY BS3KOE TpeHHe Ooubine. JIaHHBIN pEXXUM JIBI)KEHHUS Ha3bIBAETCS allepHoyec-

KUM, WJIN 3aKPUTUICCKUM.
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A OtmernM, uTo Hambomee ObICTpOE
BO3BpAILEHHUE CHCTEMBI K MTOJIOKEHHUIO PaBHO-
BECHSI IPOUCXOAUT B KPUTHUECKOM PEKHME, a
B KOJIEOATEILHOM U AITepHOJTIECKOM PEKIMAX
9TOT Hpolecc AIuTes poiblie. [loatomy, Ha-
MIpUMep, TaJbBAaHOMETPbl — HPUOOPHI IS

JNEKTPUUYECKUX M3MEpEeHUH — paboTaroT

OOBIYHO B peKUME, OJIM3KOM K KPUTHYCCKOMY,

Korja nmpouecc yCTaHOBJICHUS UX HOKa3aHHﬁ,

I ;
0 Puc. 1.17. t TO €CTb CMCILICHUSA S pAMKH K YCTOﬁQHBOMy OT-

KJIOHCHHIO § HNMECT HAUMECHBIITYIO JJIUTEIIb-

yer?
HOCTh (cMm. puc. 1.17).

WnmmocTpanmeii K pacCMOTPEHHBIM 3aKOHOMEPHOCTSIM 3aTyXaroIlnuX KojebaHuil sSB-
Js110TCA (pazoBble HOPTPETHI, OCTPOEHHbIE IS KonebaTenbHoro (O < ))), a TakKe KpUTHYEC-
KOTO U anepHoanyeckoro (8 = wy,) pexumos (puc. 1.18).

IIpu & < Wy, pa3oBkIi MOPTPET NPEACTABIAET COOOH COBOKYIMHOCTH CIUPAJIEH, CTATH-
BaloOIUXCS B 0CO0yI0 TOuKy THMa «pokycy. Ha puc. 1.18 nzo0paxeHa oiHa U3 TaKUX CITHpa-
Jieit. 3a KaxpIi 060pOT paguyc crupaiu yMenbinaercs B €9 pas. s KpUTHYECKOTO 1 anepHt-

OIIMYECKOT0 PEKUMOB O = W, ha3oBble TPAEKTOPHH CXOJATCA B 0COOYIO TOUKY THIIA «y3€i».

3aTyxaHue Kojie0aHMii B cMcTeMaxX ¢ CyXHM TpeHHeM. Ha mpakTuke Mbl 4acto
HMMEEM JIeJI0 C CUCTEMAaMH, B KOTOPBIX IIIABHYIO POJIb UTPAET CHJIA CYyXOTO TPEHHS, HE 3aBUCS-
mas ot ckopocTH. THITMYHEIH IpUMep — NPY)KUHHBII MasTHUK, I'Py3 KOTOPOTO CKOJIB3UT IO
LIEPOXOBATOI TOPU30HTANILHO TOBEPXHOCTH, HIIH KojleOaTeIbHasi CHCTEMA Y CTPEIOUHBIX U3-

MEpUTEIbHBIX IPHOOPOB, OCHOBY KOTOPOH COCTAaBIISIET BPAINAIOIIAsICA paMKa, UCIIBITHIBAO-

S A \ S A

75
Q

d<m, 3> 0,

Puc. 1.18.
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1as ICHCTBHE CHJT CyXOTO TPEHHs B OCH BpamieHus. XoTs cuita F, | CyXoro TpeHHs  HE MCHsI-
€TCs 110 BEJIMYMHE, TEM HE MEHEE OHAa MEHSIET CBOE HallpaBJIeHHE [TPU U3MEHEHUU HalpaBJie-

HUSI CKOPOCTH. B cuity 3Toro Heo6xoauMo 3anucarh JBa ypaBHEHUS

E
§+wis=——2 qua §>0; (1.70)
m
§+005s=+ P s §<0. (1.71)
m
By P
Ecmu B (1.70) ucrons30BaTk NEPEMEHHYIO 5 = 5+ 5 -aB (1.71) — s, =s ——— , 10 002
m(A)O mwo
YpaBHEHUsI IPUMYT OIMHAKOBBIN BUJL:
51’2 +(A)3S1‘2 =0. (172)

®Da30BbIC TPAEKTOPUH, COOTBETCTBYIOIINE 3TOMY YPAaBHEHHUIO, IPECTABIAIOT COO0H

3JUTUIICHI C IIEHTPAMH, HUMEIOIINMH KOOPJIMHATEL §_ = — (s, = 0) s BepxHe# momyIoc-

™
2
o
F,
2
o O V3 V3
BaTh (ha30BbIi OPTPET, HEOOXOAUMO COMKHYTH (ha30BbIe TPACKTOPUH BEPXHEH U HIDKHEH 10-

koctd §>0,u s, =+ (s, =0) s HWKHEH nomyrutockocty s < 0. UtoObl Hapuco-

JMYMJIOCKOCTEH Ha uX 00miei rparne s = 0.

U3 nocTpoenHoro Ha puc. 1.19 da- S/, A
30BOTO MOPTPETA BUAHO, UTO IBHIKCHHE TIpe-
KpallaeTcs Mocjie KOHEYHOro 4Yucja KoJe-
6anmii. Upe3BpIyaitHO BaXXHO, YTO CHCTEMA

He 00513aTeabHO MPHUAET K COCTOSHUIO s = 0,

a MOXKET OCTaHOBUTBCS, TIOIIAB B 30HY 3acC- /9\\

TOS s, —S_.30Ha 3aCTOSI TeM OOJIbIIIe, YeM A('t) A(t+rT) o o

wV

OombIIe cuita FTp. U3 dazoBoro moprpera
JIETKO ONpENEIUTh yObIBAaHUE aMIITHTYIBI

KosiebaHU 3a OOWH Mepuo]. JTO U3MEHe-

HUC aMILIMTYAbI B IBA pa3a NPEBLIIACT IIPO-

TSHKEHHOCTH 30HBI 3aCTOS: Puc. 1.19.

4F,
A =A)-At+T)=2(s, —s_) = 5 - (1.73)
Takum 00pa3om, B OTIMYHE OT SKCIIOHEHIIMAIBHOTO 3aKkoHa (1.56), XapakTepHOTo JUIs BA3KOTO
TPEHUs, aMILUTUTYy/a KoJeOaHuil yObIBaeT CO BpEMEHEM JINHEHHO.
Ha puc. 1.20 noka3zana 3aBUCMMOCTh OT BPEMEHH CMELIEHHsI KOJIEOIIOIEerocs Tena
IIPH CyXOM TpeHHUH. UHCII0 COBEPIIAEMBIX CHCTEMO KoleOaHui 0 X MPEKPALICHUS 3aBUCUT

OT Ha4YaJIbHOU AMIUTATYAbL AO’ U €T0 MOXHO OLICHUTH I10 (bopMyne:

A A
N=L=_"0 (1.74)
A 2(s, —s2)
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S 4

Puc. 1.20.

OHO 3aBUCHT OT Ha4aJIbHOM aMILIH-

tyasl A4, . Yactora xonebaHui

k .
(.00 = ,|— OCTaeTCid TaKOH XK€, KaK
m

U NPU OTCYTCTBUH CHIIBI TPEHUS
(em. (1.72)).

Konebanwus mpomoikaior-
csl 10 Te€X MOp, MOKA UX aMILIUTY-
Jla ocTaeTcs OOJIbIIe MOJOBHHBI

MUPHUHBI 30HBI 3aCTOA §,— S .

HpI/I 9TOM B pCaJIbHbIX YCIIOBUAX KOJ'I€6J'I}OHIa$ICH Macca OCTaHaBJIMBAcTCA B CHy‘laﬁHOM

MOJIOKEHUH BHYTPH 3TOH 30HHI (B Touke P Ha puc. 1.20).
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Boinyotcoennvie konebanus noo oeticmsuem eapmMoHuyeckol cunsl. Pedcumsl meoneH-
HbIX, ObICIPBLIX U PE3OHAHCHBIX KONeOaHUll. AMnaumyoHo-uacmomubvle u azo-4acmommule xa-
paxkmepucmuxu. Bannucmuueckuii pexcum konebanuil. Ycmanosnenue xonebanuil. Xapaxmepu-

CMUKU pasnuunbIX Konebamenvhulx cucmenm. Ilapamempuueckue xonebanus. Aemokonredanus.

B npenpiaymieii 1eKIun Mbl pacCMOTPEINTN CBOOOTHBIE 3aTyXarolne KojaeOaHus, BO3-
HUKAIOLIME NPH HA4YaJIbHOM KPAaTKOBPEMEHHOM BO3JEHCTBUM BHEIIHUX CHJI Ha KojeOaresb-
HYIO0 CUCTEMY. Mexly TeéM, B IOBCEIHEBHON MPAKTHKE MbI CTAJIKUBAEMCS C HE3aTyXalOUUMU
KOJIeOaHUsIMU, JUT MTOAJEP KaHHUS KOTOPBIX HEOOXOIMMO MOABONTE SHEPTHIO K KojeOaTesb-
HOH cucreme, 4ToObl KOMIIEHCHPOBATH €€ YHEPTeTHUECKUE IOTEPH.

OIHHMM U3 pacipoCTpaHEHHBIX CIIOCOOO0B MOAEPIKaHNS He3aTy XaroIUX KoneOaHuH
SBIIIETCS HENPEPHIBHOE BO3ACHCTBHE Ha KOJEONIONUIYIOCS Maccy NMEepHOAMYECKOW CHIIBI
(BBIHY)XKJAIOIIEH CHIIBI)

F@)=F@+T), (2.1)
MEHSIONIEHCSI BO BPEMEHH £, BOOOIIE TOBOPSI, IPOM3BOJIEHO B ITPEAEIax Mepruosa I TEIbHOC-
1610 7. Ecin, Hanpumep, TaKyro CHITy IIPHIIOKHUTH K KOJIEOMOIeics Macce OMMMCAHHOTO BBIIIE
NIPY>KHHHOTO MasiTHHKa (puc. 2.1), TO ypaBHEHHUE €€ ABMKEHHS IPUMET BUJI:
ms =—Ts—ks+F(t). (2.2)

OTMBIT OKa3bIBAET, YTO €CIIU CHJIA BHE3AITHO HAYMHAET IEHCTBOBATH (HAIIpUMep, B MO-
MEeHT BpeMeHH ¢ = (), TO MasTHUK Ha4HET NOCTENEHHO PacKa4nBaThCs, U CITyCTs KAKOE-TO BPeMsI
ero KonebGaHus ycTaHoBSTCs. 110 mOpsiaKy BEMMYMHBI BPEMsI yCTAHOBIICHUS TAKUX BBIHYKICH-
HBIX KoJleGaHuii GyaeT coBmaaarh ¢ BpeMeHeM 3aryXanus T =0 | = 2m/I". Jlasiee Mbl CKOHIIEHT-

pHUpyeM BHUMaHHE UIMEHHO Ha YCTaHOBHBILHXCA Kojeba-

e F(1)
HUsX. ECTeCTBEHHO, UTO apaMeTphl TAKKUX KoJicOaHHii Oy TS
IIyT 3aBHCETH OT KOHKPETHOTO B citbl F(¢). I3 Mmarema- |
THKH XOPOIIIO U3BECTHO, YTO JIFOOYIO0 IIEPHONIECKYTO (QyH- 0 s
KIMEO MOYKHO MTPECTaBUTH B BUIe psina Pypre: Puc. 2.1.
it . T
F@)= Fnsm&nt+wn5 2
ZO on SinG- . (2.3)

DU3NIECKUI CMBICI 3TOTO MPEACTABIECHHUS COCTOUT B TOM, YTO NEPUOANIECKOE BO3-
nekicrue F(f) SKBUBAJEHTHO OJTHOBPEMEHHOMY BO3IEHCTBHIO TIOCTOSHHOM CHIIBI £y, M Habo-

pa TapMOHHYECKUX CUJI ¢ COOTBETCTBYIOIMMH aMILTUTYAaMH Fy, , HadaIbHbIMA (asamu Y, n

2m . . 2m
9aCcTOTaMHU ), = Tn = (1, KPaTHBIMH HU3IIEH (OCHOBHOM) 9acTOTE )= T

UT0OBI MOTyYUTH MOJHYIO KAPTHHY BBIHYKJICHHBIX KOJICOAHUH MO/ ICHCTBAEM CHITBI
(2.3), HeoOXoAMMO MPHUHATH BO BHUMAaHUE JHHEWHOCTH ypaBHEHHS (2.2). DTO mO3BOISIET

IIPE/ICTaBUTh €ro perieHune s(f) Kak CyMMy rapMOHUYECKUX KoJieOaHui:

s(1) = nZOsOn sinEP;nnt +9, @r (2.4)
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MPOUCXOAAMMUX C YCTAHOBUBIIMMHCS aMIUIUTylaMu s, ¥ (paszamu ¢, Ha yacToTax W,
COOTBETCTBYIOIMX rapMOHMK BhIHYXaromier cuisl (2.3). Kaxnoe cinaraemoe B (2.4) Moxer

paccMaTpuBaThCsl KaK BBIHYKJIEHHOE TapMOHHUYECKOE KoJeOaHUe, MPOUCXOASINEE MOA

. . Ny N . 2T
JCUCTBHUEM BHCIIHCHU I“apMOHI/I‘IGCKOI/I CHJIBI C aMHHI/ITyI[OI/I FOn 1 9aCTOTOU (A)n = ?I’l

AMIIHTYIBL 5, ¥ Basel @, TPeOyIOT onpenesneHus, U Mbl Tiepeiiiem ceffvac K ux

HaXO0XKJICHUIO.

BeinyxkeHHbIe KOJIeOaHUsA MOJA AeHCTBHEM rapMoHH4eckoi cuiasbl. [lycts

BHEMIHASA CHJIa MEHAETCA 110 TADMOHNYECKOMY 3aKOHY

F(t) = F sin wx. (2.5
YpaBHeHue (2.2) B 3TOM cilyyae IPUHUMAET BU:
ms =—['s — ks + F sin wt. (2.6)

[Mox neficTBHEeM 3TOH CHIIBI MAasITHUK B YCTaHOBUBILEMCS peXXUME Oy/IeT coBepIIaTh
rapMOHHYECKHE KoJeOaHMs
s(t) = so sin(wt + ). 2.7)
Kak mokasbIBaeT OIBIT, aMILIATY/IA S, M HauanbHas (asa ¢, (T.e. cABUT Basbl MEKITY
CMEIICHUEM S M CHIJION F) yCTaHOBUBIIMXCS KoJieOaHUIl 3aBUCAT HE TOJIBKO OT aMIUTHTYJIBI

CUITBI £y (4TO OYEBHIHO M3 YPABHEHHS (2.6)), HO U OT TOTO, HACKOJIBKO 9aCTOTA BBIHYKIAKOIIEH
CHJIBI () OTVIMYAETCS OT COOCTBEHHON YacTOTHI KoleOaHMil MasTHHKa W), =k /m. Haubonee
CUJILHO MasITHHK OYJIET PaCKaqMBAThCS, KOT/IA 3TH YaCTOThI IPAKTHIECKH COBHAIAIOT: () = ().

Ipeskie ueM MPUCTYTHUTH K HAXOKACHHIO S 1 ),

F(t
_(2 3aMETHM, YTO JIISI MEXaHMYECKHX KOJIe0aTeIbHBIX CUCTEM
HE TaK MPOCTO C TEXHUYECKON TOUKH 3PEHNUS OCYIIECTBUTh
0 g 0 § Bo3jeHCTBHE rapMOHHYECKOI CHIIBI HEIIOCPEICTBEHHO Ha

Puc. 2.2.
JBIDKYIYIOCST Maccy. [opasio mpoie 9To caenars Jjist

SNEKTPUUYECKHUX U ONITHYECKHUX KOJIeOaTeIbHBIX CUCTEM, HallpUMeED, JUIsl KOJeOaTeIbHOTO KOH-
Typa, MOAKIIOYEHHOTO K BHEIIHEMY HCTOYHHKY NEPEeMEHHOT0 HampspkeHHs. Jlerko, oqHaxo,
BUJIETH, YTO MOXKHO IOJIEP>KMBATh BHIHYKACHHBIE KoJIeOaHNsI MasTHUKA, M300paKEHHOTO Ha
puc. 2.1, uHBIM crtocob0M, He ITPUKJIIaIbIBasi HEOCPEACTBEHHO BHEIIHIOKO CIITY F(#) K Macce m.
JlocTaTouHoO JIMIIb 3Ty CHIIy HPHIIOKUTH K JIEBOMY KOHIYy CBOOOJIHOM NPY>KHUHBI TaK, YTOOBI
3TOT KOHEI IBUTAJICS 10 rapMOHHYECKOMY 3aKoHY &(f) = & sinwf (puc. 2.2). Torna ynnuxenne
NPYKUHBI COCTABUT BEIMYHHY S — &, a CUJIa YIIPYTOCTH, IPUIIOKESHHAs K Macce m, OyaeT paBHa
—k(s — €). [ToaToMy ypaBHEHHE IBMKECHHS MACCHI /71 3AIUIIECTCS B BUJIE:
ms =-Ts—k(s —&). (2.8)
Eciin mpuHATH BO BHUMaHUE, YTO CHJIA YIIPYTOCTH MPYXKUHBI B OTCYTCTBUE CMe-
meHus rpysa (s = 0) paBHa
F(t) = k&(t) = k& sin w¥, (2.9)
TO ypaBHEHHE (2.8) IOIHOCTHIO SKBUBAJICHTHO YpaBHEHUIO (2.6). Cuna (2.9) BEIIONHSACT POIb

BHEIITHEH rapMOHUYECKO CHIIBI B KJIIACCHYECKOH cxeMe, n300pakeHHO! Ha puc. 2.1. Dra cuia
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JIETKO MOXKET OBITh BHU3YyaJIM3MPOBAHA, IOCKOJIBKY €€ BEJIMUMHA U HAIPABJICHHE OJHO3HAYHO
OIpeeNsIeTCs CMELIEHHEM MOABMXHOTO JIEBOTO KOHIIA TPYKUHBL. JTO, B CBOK OYepelb, AaeT
BO3MOKHOCTb HAIJISITHO MTPOJIEMOHCTPUPOBATH (ha30Bble COOTHOIICHHUS MEXKTY CHIION F () (Miu
cmenienueM & (7)) u cmenenuem s(¢) KoaeOIoIeics MacChl.

[epenumiem ypaBHeHue (2.8) cueqyronM o0pa3om:

§ +28¢ + wys = —Lsin o, (2.10)
m

e Fy= k&,
Pemenue 3toro ypaBHeHUsI OyJIeM UCKATh B BUJIE TAPMOHUYECKOTO KoneOanwus (2.7), e
aMIATyIa S, ¥ (asa ¢, MoryT ObITh ONIpesieNienbl, eciu mojcTaButh (2.7) B (2.10). MbI cienaem

9TO HECKOJIBKO IMO3AHEEC, a TIOKA paCCMOTPHUM TPHU BAKHBIX PCIKUMaA BBIHYKICHHBIX KOJICOaHHiA.

MeIlJIeHHI)Ie KoJedanus. Eciu yactora BBIHy)KI[aIOHIGi;I CHJIbI W) 3HAYUTEIIBHO MEHb-

1€ W, TO CKOPOCTh § M YCKOPEHHUE § KOIEOIomecst Macchl OyyT o4eHb MasibiMu. [TosTomy
MOKHO MpeHeOpeds MePBBIMU JIBYMS WICHAMH B JIeBOW yacTu ypaBHeHus (2.10) u 3ammcarh

€ro B HpI/I6J'II/I)K€HHOM BUJC!:

s = Fy .
oS = ——sin Q. (2.11)
m
Ero penienue oueBUIHO:
FO . FO .
s(t) = sin W = —sin Q.
mu)g k (2.12)

B sTOM pexuMe cMeleHre rpy3a NponopuuoHaIbHO BHEIIHEH CHIIe U He 3aBUCUT OT
BEJIMYMHBI ero Macchel m. Pemenue (2.12) siBnsiercs, 0 CyIIECTBY, MaTeMaTHIeCKUM BhIpae-
HHMeM 3aKoHa ['yka 11 craTuueckoi aedopManuu npy>XUHbL. [103TOMY 3TOT pexuM MOXHO
Ha3BaTh KBa3UCTATHYECKUM (TIOYTH CTAaTHYECKUM). AMIUIMTY/IA KOJIEOaHHH B COOTBETCTBHH C
5THM 3aKOHOM paBHa s, = F/k, a cmemenue s(¢) uamensercs B pasze ¢ BHEIIHEH CHIION.

B cxeme, n300paskeHHO# Ha prC. 2.2, 3TO 3KBUBAIEHTHO TOMY, YTO CMEIIEHHE MacChl 7

TIPAKTUYCCKHU ITOBTOPSACT CMEMICHUE JIEBOT'O KOHIA IIPY>KUHBI:

s(t) = %sin Wt = kETosinoot =&(1), (2.13)

NOCKONBKY ) = k€. DTO 1 HE yIMBUTENbHO, T.K. VISl IBIKEHHS MACCHI /11 C IPEHEOPEKUMO

MaJIbIM YCKOpeHHeM § He TpebyeTcst Gonbiuux aepopmanuii npyskunst: s(¢) —&(#) = 0.

BricTphle konebanus. Eciu 0 >> (), To epuoji BEIHYAKIEHHbIX Kosebanuit T = 217w
MaJl. DTO 03HAYAET, YTO MAcca /1 UCIIBITHIBACT ISHCTBUE JINILb BHEIIHEH CHuTbl F(£), a cuiia ympy-
rocTu ks v Bsi3koro TpeHust s manbl. JlecTBUTENBHO, 32 MOIOBHHY KOPOTKOIO Meprozia Koeba-
HHH, KOIJ]a Macca JABIDKETCS B OJHOM HAIPABIICHHH, OHA HE YCIeBaeT HaOparh KaK 3aMETHYHO
CKOPOCTB § , TAK M CMECTHTBCS Ha JIOCTATOUHYIO BEIMUKHY S OT MOJIOKEHHs paBHOBecusL. [10310-
My B ypaBHeHuH (2.10) MOXKHO OIYCTHTD WICHBI, COACPIKALINE § U § , M 3a[UCATh €ro B PYTrOM

TPUOIIMKEHHOM BUJIE:
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. F, .
§ =—Lsinor. (2.14)
m

WuTterpupys 3T0 ypaBHEHHE JBa Pa3a, HAXOAMM 3aKOH JIBXKCHHUS KOJIeOmroIencs
MAacCCBhl:

F, F,
s(t) = =—2sin @t = —"sin(wr — 0. (2.15)
m

mw

U3 (2.15) cnenyer, 9To cCMeNIeHNE TI0 OTHOIIEHHUIO K BHEIIHEH CHIIE 3aIIa3abIBaeT Mo
daze Ha (P, = —T0), a aMILIUTY/1A, KAK MBI M IPE/IIONATaiH, yObIBAET C YBETMYEHHEM YACTOTHI.
B cxeme, nzo0paxeHHON Ha puc. 2.2, B TAKOM PEXIME JIEBBIA MOABIKHBINA KOHEI

MPYKUHBI 1 Macca m BCCraa ABUKYTCA B IPOTUBOIIOJIOKHBIX HAITPABIICHUAX:

K, . Wy
s(t)=- mufz sin @ = —w—gE(t). (2.16)

[To aGCOMIOTHO} BENMYMHE CMEIICHHE MACCHI M B () /00% >>] pa3 MeHbIIE

CMCIICHHW JICBOIO KOHIA IPYXKWUHBI, T.C. IPAKTUYCCKH HEC 6y[[€T 3aMCTHBIM.

Pe3onancHbIi PEXKHUM. Ecnm wactora w = (A)O, TO BBIHYXXJICHHBIC KoJIeOaHMst npouc-

XOIAT Ha COOCTBEHHOM YacToTe KojaeOaHuil. ITO 03HAYAET, YTO
w2
§+wys =0. 2.17)

CrenoBarenbHo, ypasHeHue (2.10) npu yuere (2.17) npumer Bu:

F,
285 = —%sin wyt. (2.18)
m
I/IHTerI/Ip}’i{ €ro, 1oJjrydyacM BbIPpAKCHUEC NJIs1 CMCIICHUA:
Fy, .
s(t) = ———sin(wyt — 172).
(t) 2omon, (wyt = TY2) (2.19)

[Tocnennee BeIpakeHNE yIOOHO NEpENICaTh B BUE
FO .
s(t) = 7Qsm(wot -1Y2), (2.20)

T
e O = o no6poTHOCTH MasiTHUKA. Ecin 1o0poTHOCTE O >> 1, TO aMIUIMTyia KoneOaHuH

MOXET BO MHOTO pa3 MpPEeBBIIIATh aMIUTUTYY MEIJICHHBIX KBAa3UCTATHUYECKUX KOJIEeOaHMit
(cpaBrute ¢ (2.12)). [ToaTomMy Takoii pexxuM Ha3bIBACTCsl pE30HAHCHBIM.

Benukun Taxke aMIUIMTYAbI CKOPOCTH M yckopeHHs. [10CKOibKy CKOpOCTh § , Kak
cienyet u3 (2.18), u3MeHseTcs B (a3e ¢ BHENIHEH CHIIOH, TO C SHEPTeTUICCKOM TOUKHU 3pEHUS
9TO BeChbMa ONAarompwsTHO I «IOAKAYKW» DHEPTHH B KonebaTenpHyIo cucteMy. Pabora

BHEIITHEH CHUIIBI 3a nepuong KoJIe0aHui paBHa:

T 2 T 2
F F;T
A= (F(t)B(t)dt = —2 sin® w,tdr = -2 2.21
{ () B(2) 25m-([sm 0 . (2.21)

1 3HAYUTENBHO NPEBOCXOAUT PabOTy 3TOH CHIIBI B 000MX PACCMOTPEHHBIX BBIMIE PEXKUMAX.
Takast Gonpiras pabora HeoOXoqMMa JUIsi KOMIICHCAI[MH 3HAYUTENIbHBIX IOTEPh U3-3a CHJIBI

BA3KOI'O TPEHMUS.
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J1yist GompIied HAITISITHOCTH MOCIIEAHETO PE3ybTaTa 00paTuMcs K CXeMe C TOJBIKHBIM
JICBBIM KOHIIOM IPY>KUHBI, TJIe, KaK 3TO BUIHO U3 pemeHus (2.20),

s(t) = & Osin(wyt —172) . (2.22)

AMIUTHTY/Ia CMEIIEHHSI IPABOTO KOHIIA MPYKUHBI B O Pa3 MPEBOCXOIUT aMILTATYILY
CMeIIeHHs JIeBOTo KoHIa. [Ipn mpoxoxIeHnn Maccoi m mooxeHus papHoBecus s = 0, korna
e CKOPOCTh MAKCHMAJIbHA, JIEBBIH KOHEIL PYKMHBI CMEILIEH HAa MAKCHMAJIbHYIO BEJMUHUHY &,
B HaIpaBIIEHNH CKOPOCTH JBHXKYIIEHCS MacChl. B 3TOT MOMEHT BpeMEHH MOIIHOCTH CHIIBI
YOPYTOCTH HPYKUHBI UMEET MaKCUMaJIbHO BO3MOXKHOE ITOJIO’KUTEIEHOE 3HAYEHHUE ITPH 3a1aH-
HO# BenmuuHe & . B moceyronue MOMEHTBI BPEMEHH 3Ta MOIHOCTD OyJIeT 0CTaBaThCs MO-
JIOXKUTETILHOM, YTO, €CTECTBEHHO, 00ecreunBaceT Hanboee 3pheKTHUBHYIO epenady SHepruu
JBIKYIIEMYCS C TPEHHEM TEIy.

Eciu cuna (2.5) MeHsieTcst ¢ IPOM3BONIBHOM 9acTOTOM W, TO aMILIMTY/a S U haza @,
BXozsiiIMe B pemienne (2.7), MOryT ObITh HalIeHbI, KaK ObLIIO CKa3aHO BBILIIE, TOACTAHOBKOM
pemrenus (2.7) B ypauenue (2.10). Takyro mopcTaHOBKY MOXXHO OCYILIECTBHTH HanOoJIee Ipo-
CTO, €CJIM BOCTIONIB30BATHCSI METOIOM KOMITIEKCHBIX aMIUTHTYI, ITHPOKO MPUMEHSIEMBIM B Pa3-

JIMYHBIX 00JIACTIX (1)1/13I/IKI/IZ TeOpUn KOJ'Ie6aHI/II71, TCOPUH BOJIH, SJICKTPOMATrHETU3ME, OITUKE U JIP.

MeToa KoMILTeKcHBIX aMmaTy. Eciu B popmyie Ditnepa (1.53): € = cos ¢ + isin
noz ¢ moHuMars (Gpa3y rapMOHHIECKUX KOIeOaHni
6=+, (223)

TO K&XXJOMY TaKOMY KOJICOaHHIO S(t) MOXHO ITOCTAaBUTh B COOTBETCTBUEC KOMIIJICKCHOC YHCJIO

§(1) = s55€™® = s5,™0e™ = 5, cos(X + ) +is, sin(ax + ) - (2.24)
U3 (2.24) BunHO, 9T0 perieHue (2.7) SBISeTCS MHUMOM YaCThEO KOMILIEKCHOTO BRIPaXKCHUS:
s(t) = sy sin(x + @) = ImSe™, (2.25)

e §, = soei“’ﬂ — KOMILIEKCHAs aMIUTUTY 14, KOTOpas HECET HH(OPMaIHIO 00 aMILTUTYJE S ¥

HavYaJIbHOI (1)336 ¢0 KOJIeOaHHIA. Ha,uo OTMETUTD, YTO MCTO/] KOMITJICKCHBIX aMIUIUTY/ SABJISICTCA,
(I)aKTI/I‘IeCKI/I, AHAJIMTHYICCKUM BBIPAXKEHUEM METOJAa BEKTOPHBIX JUarpaMm. Ecmu B IOCJIICAHEM
MCTOOEC KoJIeOaHHE ¢ YaCTOTOM () IOJHOCTBIO 3a/1aC€TC BEKTOPOM SO’ TO B METOJI€ KOMIIJICKCHBIX
AMIUIUTY KoseOaHne 3a1aCTCsA YU CIIOM §O Ha KOMILJICKCHOM IJTIOCKOCTH. HOCKOJ'IBKy C KOMILJICK-
CHBIMH YU CJIaMH y)106H0 1 IPOCTO MPOU3BOANUTH MATEMATUYCCKHUE OlI€palli, TO Mbl UCTIOJIb3Y -

€M 3TO 00CTOATENBCTBO IS TOTYIEHIS PEIICHNS YPaBHEHUS BEIHYXIEHHBIX Konebanuii (2.10).

BoiHy:KIeHHbIe KoJIe0aHUsI ¢ MPOM3BOJILHON YacToTol. Bynem uckares pemenue

ypaBHeHus (2.10) B KOMIUIEKCHOM BHJIE:

5(t) = 5™ . (2.26)
BeiHyX1at0111y10 CHITY B TIpaBoii yactu (2.10) Takoke 3anuiineM B KOMILIEKCHOH (opMme:
F(t) = Fye'™, (2.27)
rae }:"O = F, — JeHCTBUTENIbHOE YHUCIIO, TOCKOJIbKY JUISl MPOCTOThI MBI IIOJIOXKHUIM, YTO

HavanbHas (aza B BRIpaXXEHUH st CHIIBI (2.5) paBHA HYIIO.
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Torna ypaBuenwue (2.10) MoXHO 3amucarhb B BHJIE:

A

x A A F i
§+288 +wps =L (2.28)
m

KomniexkcHyto aMIuuryy §, = soei“’o JIETKO HaXOWM TIOICTaHOBKOH (2.26) B (2.28):

~

L Jo
(—? +2idw + W)™ =L (2.29)
m
OTcrona nory4aem:
5= fy (2.30)
O m(ooR - w” +2i80) | ’
W3 (2.30) HeTpyaHO HAWTH aMIDIUTYAy KoJdeOaHuH S, = |§O| :
so = fo (2.31)
0~ .
m\/(wﬁ -w)? +48%w’
u dazy ¢, = arg$,:
Ims$, 20w
tgd, = 0 = (2.32)

Red, —wp
TIOJTHOCTBIO OTIPEIEIISIIONINE BEIHYK/IEHHBIE KoieOanus (2.25).
3aBUCHMOCTB AMILTUTY/IBI S, OT YaCTOTHI W, 3a11aBaeMas popmyioi (2.31), HaspiBaeTcs
aMILTMTY/IHO-4aCTOTHOH XapakTepucTukoii (AUX), a 3aBucuMocTh ¢ (W), onmckiBaemas Gopmy-
noit (2.32), nasbiBaercst (a3o-yacToTHoi Xapakrepuctukoit (PUX). Ha puc. 2.3 nzobparkeHa
AUX, xoTopas 0TOOpaxaeT HapaCTaHHUe AMILTUTYJIBI S, IPH IPHOTMKEHAN W K (). DTO SBIEHHE
MIOJTyYMJIO Ha3BaHKUE PE30HaHCa CMeNeHUH. FIHTepecHO, YTo MakCHMAallbHOE 3HAYCHNE aMIIIN-
Typl, B Q) pa3s MPEBOCXO/ANIEE CTATHIECKOE CMENIEHHE Fy/k, TOCTHTaeTCs Ha 4acToTe
W, = Jw} -28°, (2.33)
KOTOpast HECKOJILKO MEHBIIIE KaK COOCTBEHHON YaCTOTHI U)), TAK M 9ACTOTHI 34Ty XAFOIHX KOJIe-
OaHuit J(,oﬁ -5, Jlna mpakTHYecKuX Meei AT 9acToT W), JeKAIUX BOIH3H 9aCTOTHI Wy,

¢dopmyna (2.31) MOXET ObITh 3HAYUTENBHO YIPOIIeHA. Tak, MOXKHO MOJIOKHUTh

(0 ~w?)? = (Wy ~w)* (0 +W)* = (W, ~ W) Bwy;

(2.34)
48%°w* = 45% w3,
C yuerom npubmmxennii (2.34) popmyna (2.31) npumer Bua:
50(®) :%Q;, (2.35)
g -ef
0o O
B ¢usuke 6e3pazmepHyo GyHKIHIO
L(w) = S (2.36)
f ~0 wHZ +1
0% O

Ha3bIBAIOT JIOPEHIIEBOIL, a rpaduK 3TON QyHKIUH HA3BIBAIOT JOPEHIIEBBIM KOHTYpoM. [1Iupu-

Hy AW 3TOTO KOHTYPa, ONPEEIISIONIYI0 OCTPOTY PE30HAHCA, HAXOIAT U3 YCIOBUS YObIBAHUS
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So

-

S

0 @, 0 O
Puc. 2.3. Puc. 2.4.

BJIBOE DHEPTHH KOJEOATENBHON CHCTEMBI, TIPOTIOPIMOHAIBHON KBAIPaTy aMILIUTYJIBI S,(W) B

Sy

(2.35), 9TO SKBUBAJICHTHO MPUOTMKEHHOMY COOTHOIIEHUIO

1 1
—_ =—=0(,7, (237)
B%g+l \/5
0% O

Aw
KOTOpoe noscHseTcs pucyHkoM 2.4. Ilpu 3ToM ycimoBuu - =9, re. Aw=20. lllupuna

JIOpEHIIEBa KOHTYpa XapaKTepU3yeT MOJI0CY MPOITyCKAaHUs KoJieOaTeIbHON CHCTEMBI, T.€. TaKyI0
00acTh 4acTOT BHEINHEH CHJIBI, IS KOTOPBIX cucTeMa 3((EeKTUBHO OTKIMKAaeTCs Ha
rapMOHHYECKOE BHEITHEE Bo3eHcTBHE. JIerko BUJETh, YTO JOOPOTHOCTH CUCTEMBI paBHA
Q _ T _ W
T
T.€. 00paTHO MPOIIOPLIOHAIBHA [10JI0CE IPOITYCKaHUSL.

(2.38)

C ymenbiienueM koddduimentra O AUX mensiet cBoro (GopMy, Kak 3T0 U300paKeHO
MyHKTHPOM Ha puc. 2.3 msa ' < d. [Tonoca nmponyckanus AW ymeHbaerces, 106potaocts Q'
BO3paCTaeT, M PE30HAHC CTAHOBUTCS O0JIee OCTPHIM.

®a30-4acTOTHAs XapaKTepUCTHKA VIS IBYX pa3- Sp

JIMYHBIX KOO PUIMEHTOB 3aTyXaHus H300paKkeHa Ha puc. () D

2.5. duzKIeCcKoe CofiepKaHKe 3aBUCUMOCTH ¢ ,() MBI TIO1- S
POOHO OOCYIWITH [T TPEX PA3IUIHBIX PEKIMOB BEIHYK-

JIEHHBIX KoneOanuit. OTMETUM JIUIIb, YTO C yMEHBIIEHUEM _ gl . _________ i _ 3~ S ——

3aryxaHus O kpusas ¢ (W) cTaHOBUTCSA OoJlee «4yBCTBH-
TEJIBHOI K M3MEHEHHIO YaCTOThI BOJIM3U PE30HAHCA.
Hapsiny ¢ pe3oHaHCOM cMelIeHnH MOXKHO TOBOPHUTH O PE30HAHCE CKOPOCTEH § M

pe30HaHCE YCKOPEHUH § .
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CKOpOCTh KONEOIOMIEHCs MACCHI paBHA:
§ = sowsin(wt + ¢ +172), (2.39)
a ee yCKOpeHHe:
§ = 5o0” sin(ex + ¢, +10), (2.40)
T.€. aMIUIUTYAHO-9aCTOTHAs XapaKTePUCTHKA JUI CKOPOCTH ToiydaeTcst yMHOKeHneM AUX

(2.31) Ha W, a A1 YCKOPEHHS — Ha (WP

FO
Uy =S =
2 2
m 0 +462 >
© H
F,
W = 80" = 0

Ha puc. 2.6 n300pakeHbl YaCTOTHBIE 3aBUCUMOCTH aMILTUTY]] CKOPOCTH ¢, = §(,(0) U
YCKOPEHHS W, = soooz.

XapakTepHO, YTO PE30HAHC CKOPOCTH IIPOUCXOINT HAa 4aCTOTE Wy = 1), a PE30HAHC
YCKOPEHHSA — IPU Wy > ()y. OTMETHM, 4TO BCE PE30HAHCHBIE YaCTOTHI CBA3aHbI MEXTY COOOH:

ws lj")s” =('0§' :('0(2)' (241)

OTMeTHM TaKke, 4TO 10 IIPHYMHAM, PACCMOTPEHHBIM paHee, B 00J1acTH HU3KHX Jac-
TOT MaJlbl KaK YCKOpPEHHE, TaK U CKOPOCTh. B 001aCTH BBICOKHMX YacTOT yCKOPEHNHE KOHEYHO
(SO(A)Z - F,/m) 1 00ecrieunBaeTcs IMLIbL BHEMHEN CUIOH. OIHAaKO CKOPOCTB MO-MPEKHEMY
HE3HA4YNTEIIbHA, HOCKOJIBKY TEJIO HE YCIIEBACT Pa30rHATHCS.

He npencrasnseT Tpya HapruCOBaTh CaMOCTOSTENBHO (Pa30-4aCTOTHBIE XapaKTepHC-
THKH JII CKOPOCTH | AJIS1 YCKOPEHHsI, TTONb3ysich popmynamu (2.39) u (2.40), moCKoIbKy OHU
ToTy4aroTcs pocThiM ciBuroM GUX st cmemmenns (2.32), n3o0pakeHHOM Ha pHc. 2.5, BBEpX
COOTBETCTBEHHO Ha TU2 WJIH Ha TL

B 3axiroueHne paccMOTpPUM BOINPOC O IOABOJE SHEPTHH K OCLHUIUIATOPY NpHU

IIPON3BONIBHOI YacTOTE BBIHYXJatomei cuitbl. CpeHsis 3a epHo] MOLIIHOCTh 3TOH CHIIbI paBHA

’UO A WO A

i i

1 I

1 I

I |

] 1

1 1

1 |

1 1

1 1

1 I

1 |

1 I

! L Y S | e
1 m |

1 1

] |

1 1

1 |

} = — >

0 0, = O o 0 o Oy ®

Puc. 2.6.
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17 17 m 1 7
=—(F(t)s(t)dt = — [ F, sinwx [ sin@nﬂr +—§dt:—F sin ¢ sin(t + dr =
T‘!; (1)s(0) T-([ 0 0 b > T 0”0_! ( Wo)

L, 1, . 1
= —Fovo‘[sm2 Wt cosYodt + —Fovoj'sm(,ot coswx sin P odt = — Fyv, cos Py,
T > T > 2

LS .
e Py =, +E — casur ¢a3 MeXay CKOPOCTbIO M CHIOH. MBI BUAMM, YTO MaKCUMyM

HOJIBOIMMON K OCHUIUISATOPY MOIIHOCTH JIOCTUTAETCS HA YAaCTOTE (), MOCKOJIBKY TIPU 3TOM
MAaKCUMAJIbHbI U aMIUIATYAa CKOPOCTH vy, U cos P, (P, =0) . Ilpu apyrux vacrorax
BBIHYX/IQIOIIEH CHJIBI 3Ta MOIIHOCTH OBICTPO YMEHBIIAETCS M CTPEMUTCS K HYIIO, KaK IpH

wW - 0, Tak ¥ IpH W — © .

Banauctuyeckuii peskuM kosnedanmii. PaccMorpuM koe6aHNs CHCTEMBI, K KOTOPO
IIPUIIOXKEHA TPON3BONbHAS cuia F(f), nelicTByromas B TeUeHHE NPOMEXYTKa BpeMeHn Az,
3HAYUTENHFHO MEHBIIIETO Meproia COOCTBEHHBIX Konebanuii: Af << T. OTKINK CHCTEMBI Ha TAKOE

BO3HCI>'ICTBHG 6y[[€T IpOoNnoOpUHUOHAJICH UMITYJILCY ﬂeﬁCTBonmeﬁ CHIJIBI:
Ot

1
p= —IF(t)dt. (2.42)
Ty
B camom pene, mpu KpaTKOBpEMEHHOM BO3ICHCTBIH (B TeUeHUE BpeMeHN Af) MasiTHUK
HE YCIIEBAeT 3aMETHO CMECTUTBCS U3 TIOJI0KEHHS PABHOBECHSI, OZTHAKO OyJIeT 00/1a/1aTh YCKOPEHHEM
. _F(t
§= o .
m
ITpwu 3amucu (2.43) Mbl ipeHeOperH CHIIoH B3koro TpeHust. [1o okoHuaHuu neicTBrs

(2.43)

CHJIBI MAsITHUK TIPHOOPETET CKOPOCTH
Mt

N S
Vg —S—?‘(I;Sdt =’ (2.44)
HPONOPLHOHANBHYIO HMITYJIBCY CHIIBL.

I[anee MasATHHUK 6yI[€T COBCpLIATh COOCTBEHHBIE TrapMOHHUYCCKUEC KoJIe0aHusI C aMrmmynoﬁ

=% __P (2.45)

Ecnu mapameTphi m 1 Gy U3BECTHBI, TO MOXKHO ONPENETUTE P, U3MEPSA aMILTUTYLY
MIEPBOTO KOJIEOaHHs TIOCIIE BO3IEHCTBYSL.

B xadecTBe mpuMepa pacCMOTPUM IPOLELYPY U3MEPEHHUSI 3aps/ia, IPOTEKAIOLIETO MO
9JEKTPUYECKOH LeNH, ¢ UCMOIb30BAHUEM OalNIMCTUYECKOTO TalbBaHOMETpa. DTOT
rajJbBaHOMETP COAEPXKHUT PAMKY, KOTOpasi MOJKET COBEpIIATh KpyTHIIbHBIE KojeOanus. Pamka
HMEET yBEIWIECHHBIH (110 CPABHEHHIO C OOBIYHBIM TaJbBAHOMETPOM) MOMEHT MHEPIUH, YTO
YBEJINYMBACT EPUOJI €€ COOCTBEHHBIX KOJIeOaHMI IO HECKOIBKUX CeKyHI. T.K. paMKa HaXOIUTCs
B MAarHUTHOM I10JI€ TOCTOSSHHOTO MarHuTa, TO MPH MPOTEKAHUH Yepe3 HEe MEKTPUIECKOTO
TOKa Ha paMKy OyZIeT JIeliCTBOBaTh MOMEHT CHJI, IPOIIOPLHOHAIILHEINA TOKY. [Ipn nmporexkannu

KPaTKOBPEMEHHOT'0 TOKa PaMKa IPHOOPETAeT YIIIOBYIO CKOPOCTB U 3aTEM 3a YETBEPTh IEpHOa
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KoJIeOaHNH OTKIIOHAETCS Ha HEKOTOPBIM MaKCHMAaNbHBIA YToJ, KOTOPBIH MPOIOPIMOHATECH

HUHTETpaly OT NPOTCKUICTO Y€PEC3 paMKy TOKaA, T.€. BEJIMYMHE MPOTCKILIECTO 3apsdaaa.

YcranoBienue kosedanmii. Mol yxxe oTMEUasIH, YTO €CIIU MPUIIOKHUTD K MOKOSAIIEMYCS
MAasTHUKY TAPMOHHYECKYIO CHIIy B MOMEHT BpeMeHH ¢ =(, TO MasTHHUK Ha49HET IOCTEIEHHO
packaumBaThCs, KaK 3TO KAYeCTBEHHO M300pa’keHO Ha pHC. 2.7a. YCTaHOBIEHHE KOJIeOaH i CBI3aHO
C TeM (haKTOM, YTO HapsAy C BHIHY)KICHHBIMHU KOJIEOAHMSIMH HA 4acToTe () OyayT BO30Y)KIEHBI 1
COOCTBEHHBIE KOJICOAHUS Ha YACTOTE 4/ w% — &%, KoTOpbIE, KOHEYHO, OY/TyT 3aTyXaTh.

W3 maTeMaTHKH MU3BECTHO, 4TO O0IEe pElIeHHE JMHEIHOT0 HEOJAHOPOJHOTO
ypasHenus (2.10) npu & < W, UMEET BUJL:

(1) = sgee” ¥ sin(yJw3 = 8%+, ) + 5, sin(ox + b)), (2.50)
MIPE/ICTABISIIONIMN COOO0M CYNepro3uinio COOCTBEHHBIX 3aTyXalOUIUX KOIeOaHHii Ha YacToTe
,lwﬁ -3 u HE3aTyXaloUINX BEIHYXICHHBIX KoJeOaHmii Ha yacToTe W. U3 (2.50) BuaHO, 94TO
KoJieOaHus yCTaHOBSTCS JIMII TOT/A, KOT/IA 3aTyXHYT COOCTBEHHBIE KoeOaHust. ITo MPOU30iaeT

10 UICTEYCHNU BPEMEHHN

Aty ~T= 5 (2.51)
3a 3TO BpeMsi B CHUCTEMY «3aKauHMBaeTCs» SHEPTHUs, IIOCKOJIBKY /O YCTAHOBJICHHS
KoseGaHuii paboTa BHEIIHEH CUIIBI IPEBBIIIAET PabOTy CHJI TPEHU. B ycTaHOBUBIIIEMCS peKUMe
uMeeT MeCTo OaJlaHC MOCTYNAIoLIel U pacXoayeMol SJHepruil.
B uactHOCTH, ecnu W= ,/(.o% -3% , 10 (2.50) mpu 5(0) =0, $(0)=0 u d<< @), KaK
HETPYJHO [0Ka3aTh, UMEET BUJL
(1) = 5o (1— ™) sin(ox —11/2), (2.52)
HOCKOIIBbKY IIPH 3THX YCIOBUAX S, =S¢, P, =~y = g
OtMmeTnM, uTo hopmy:a (2.51) onpeznesnsieT UMb NOPSI0K BEINYMHBI (BPEMEHHOM
macwrab) Atye,. Jlas NpakTHYecKuX Uelded BpeMs YyCTAHOBICHHUs (PABHO Kak M BPeMs

3aTyxaHus) KoneGanuii IpuHUMaIoT paBHbM Ay = (3 +5)T.

N

So

_SO

Atyer
Puc. 2.7a. Puc. 2.76.
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Ha ¢da3oBoit mnockoctu (puc. 2.76) ¢a3oBas TpaekTopusi OyeT MOCTEIEHHO «pac-
KPY4HBAThLCS» U3 Hauasla KOOPAWHAT U CTPEMHTHCS K IIPeJIeIbHOMY IIUKITYy — 3JUIHIICY, H300-
PaXXCHHOMY Ha PUCYHKE IyHKTUPHOM JTUHUEH.

XapaKTepuCTHKH Pa3JIMYHBIX K0JIe0aTeIbHBIX CHCTeM (0CHUJLISATOPOB). [1HTe-
PECHO COIOCTaBUTh OCHOBHBIE XapaKTEPUCTUKH PA3IMIHBIX KOJICOATENbHBIX CUCTEM (MHOTAA
WX JJI51 KpaTKOCTH HA3bIBAIOT ocumiuisTopamu) [lpuMepamMu Takux oCHUILIATOPOB MOTYT
OBITh MEXaHUYECKHE (PACCMOTPEHHBIE BHIIIE), YIEKTPpUUYECKUE (M3BECTHBIE U3 IIKOJIEHOTO
Kypca (pU3HuKH, HanpuMep, KojaeOaTeIbHEIH KOHTYP), ONTHYECKHE (HAllpUMEp, SJIEKTPOH B
aToMe) U APYTHE CHCTEMBI.

Bhagase oOparnmcs kK XapakTepUCTHKaM HanOoJiee paciipoCTPaHEHHOTO OCIMIIISTO-
pa — MasITHHUKA, IPEACTaBISIONIETO cOOOH TeNo, MOBEIIEHHOE HA HUTH.

MasITHUK SIBIISIETCS OJTHAM M3 JIPEBHEHIINX (PU3NYECKUX TPHOOPOB. C HOMOIIBIO KpY-
TWIBHBIX MAsTHUKOB OBUTM OTKPBITBI 3aKOHBI TPAaBUTALMOHHOIO U 3JIEKTPHUYECKOTO B3aUMO-
JIeHCTBUH, U3MEPEHO JIaBJICHUE CBETA, BHITTOIHEHO MHOKECTBO APYTUX PU3NIECKUX IKCIIEPH-
MEHTOB. B mocneHee BpeMs PEATIOKEH U pEannu3yeTcs psiJi HOBBIX SKCIIEPUMEHTOB IS U3Y-
YeHUs! (PyHIaMEHTAJIbHBIX CBOHCTB MaT€pHH, B KOTOPBIX OYEHb MAaJbIe CHIIBI U3MEPSIIOTCS C
MOMOIIBIO KPYTHIIbHBIX MasTHUKOB. UyBCTBUTEIIBHOCTD TAKUX SKCIIEPUMEHTOB 3aBHCHT OT TOTO,
HaCKOJIBKO ocialieHbl ceiCMUYecKre BO3MYIIEHHS, JEHCTBYIOIINE Ha MasTHUK, a TAKKe OT
CTaOMIIBHOCTH €r0 apaMeTpoB, HallpUMep, YIPYTUX CBOWCTB HUTH Hoxseca. Ho maxe ecin
YCTpaHEHbI BCE BHEITHHE BO3MYIIAIOIINE BO3ACHCTBUS, OCTAETCS OAMH NPUHIUITHAIBHBIH HC-
TOYHHK (DITyKTyaluii ero aMIIuTy bl ¥ (a3sl kosiebaHui. ITO XaOTHUECKOE TEIIOBOE JIBHIKE-
HHE MOJIEKYJI B HUTH II0/IBECa U ITOJIBEILICHHOM Telle. J{eiicTBytomast Ha Hero (IyKTyannoHHas
CHJIa 3aBHUCHT OT TEMIIEPATyphl U OT JOOPOTHOCTH MasTHHUKA. YeM BbIlIe JOOPOTHOCTb MasiT-
HUKa, TEM MeUICHHEE 3aTyXaloT ero KoJIeOaHus U IUCCUITMPYET €r0 SHEPTHsl, IIPeBpaasch B
TEIUIO, T.€. Xa0TUYECKOE IBIKEHUE MOJIEKYII. DTO 03HAYaeT, YTo ociaabeBaeT u 00paTHBII Ipo-
LIECC PACKa4YK{ MasITHUKA XaOTHYECKUM JIBIDKCHUEM MOJIEKYJI, T.€. yMEHbIIaeTCs (IyKTyanu-
OHHasl CUJIa, ICHCTBYOMast HA MasiTHUK. J[J1 TOro, 4T00bI yMEHBIIUTH 3aTyXaHHUE, TEJIO0 U HUTh
TI0/IBECA U3TOTOBJISIOT U3 BBICOKOKAYECTBEHHOTO IIABJIEHOT0 KBaplia — Marepuaiia ¢ HU3KH-
MH [IOTEPSIMH yIPYTol 3HEPTHH, a TAKKE MPUHUMAIOT CIIECIHATIbHBIC MEPBI JUIs UCKITFOUCHUS
JIPYTHX UCTOYHUKOB JANCCHIIALINY SHEPTHHU. B pesynbrare 700pOTHOCTh KPYTHIIBHBIX MasiTHU-
KOB JIOCTHTraeT BenuuuHsl (1107,

B Hacrosiiee BpemMst B HECKOJIBKUX CTpaHaX CTPOSITCS Jla3epHbIE TPaBUTALMOHHbIE
AHTEHHBI IS PETHCTPALMH TPABUTALIMOHHOTO M3JIy4EeHHUs] OT KOCMUYECKUX 00beKTOB. [IpuH-
LIUIT AeHCTBUS aHTEHHBI OCHOBAaH Ha TOM, YTO I'PaBUTAllMOHHAs BOJHA JIeHiCTBYeT Ha CBOOOI-
HBIE MACChI, TOMEIIEHHBIE B Pa3HbIE TOYKU IPOCTPAHCTBA, U3MEHSS PACCTOSHUE MEK/Ty HUMH.
OTO U3MEHEHHE NPONOPLUUOHAILHO HHTCHCUBHOCTH BOJIHBI M PACCTOSIHUIO MEX/Ly MacCaMH.
ITo 3T0i MpHuKHE B rpaBUTAIIMOHHBIX AaHTEHHAX IIPOOHBIE MACChI PACIIONAraroT B HECKOIBKUX
KWIOMETpax JpyT OT ApyTra B CIIEIMAIBHBIX BAKyYMHBIX KaMEpax, a pacCTOSTHUE MEXLy HUMH

N3MEPSIOT YHUKAIBHBIM JIa3epHbIM HHTephepomerpoM. Kaxxas mpobHas Macca noJBelrBa-
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€TCs Ha TOHKHUX HUTSIX, 00pa3ysi MasTHUK KadaHust. C MaccaMy CBA3BIBAIOT /1Ba 3€PKaa, OTpa-
JKAIOLINE JIa3epHBIN JIyd, PacIpOCTPAHSIONIMNCS BIOJIb MPSIMOH, COSANHSIONIEH 3TH MacChl.
Mo caBury UHTEPPEPEHIIMOHHON KAPTHHBI, 1TaBAEMOM TAKOM CIOKHON ONTHYECKON CHCTEMOH,
MO’KHO «IOYYBCTBOBATh» B3aMMHOE CMENIEHHE Mace Ha Besinuuny ropsaka 1017 cm, uro na 7
MOPSIIKOB MEHbIIIE pa3Mepos aroMa! UyBCTBUTENBHOCTD IPaBUTAIIMOHHON aHTCHHBI OT'PaHHU-
YeHa TeIVIOBBIMU (ITYKTyalusiMH KoJeOaHNi TaKOTo MasTHUKA, & 3HAYHT, TAK)KE ONpeaeisIeT-
cs1 er0 100POTHOCTHIO. B OTIIHUME OT KPYTUIIBHBIX, JOOPOTHOCTH MAaITHUKOB Ka4aHHsI 3aBUCHT
HE TOJIBKO OT IIOTEPh B YIPYTOM DJIEMEHTE — HHUTH II0JIBECA, HO M OT €€ HaTsDKeHUs. 3a cuer
9TOro 3 deKxra MOXKHO 3HAYUTENIFHO YBEINYUTE JOOPOTHOCTh MasTHUKA KayaHus. Tak, noo-
POTHOCTH MasiTHUKOB KauaHWs, [IEJIMKOM W3TOTOBIICHHBIX U3 IJIABJIEHOTO KBaplia, MOXET Ipe-
BEImaTh 108, T.e. Bpems 3aTyXaHus X KojieGaHuil JOCTHraeT HeCKONMBKUX JeT. Koneuno, npu
CTOJIb MaJIOH JAMCCHIIAIIMY SHEPTHH MasTHHKA Ha €ro JOOPOTHOCTB BIMSIOT BeCbMa cliaOble
BHEIIIHUE BO3JCHCTBHS, HATIPHUMED, 3IEKTPUIECKUE ¥ MATHUTHBIE MOJS, MM YaCTHIIBI MBUIH,
OCEBIINE HA HUTH TOJBECA, U T. JI.

ITpu TaknX BEICOKHX 3HAYEHUSIX JOOPOTHOCTH M COOTBETCTBYIOIIEM ITOJJABIEHUN CEH-
CMHYECKHX BO3MYILCHHUH IPOSBIISIOTCS KBAHTOBBIE CBOMCTBA MasiTHUKA. B 3TOM cirydae nose-
JICHUE BIIOJIHE MaKPOCKOITMUECKOTO 00BbEKTa OyIeT ONPEAEIATHCS IPUHIUIIOM HEONIPEAEIICH-
HoctH [eitzenOepra. [IpaBaa, He0OXOMMMBIE YCIOBHUS PEeaIU3yIOTCS TOKa JJIsl MaJIbIX BpEMEH-
HBIX UHTEPBAJIOB (OKOJIO 1073 ), U sl HaONIOJCHVsI KBAHTOBBIX 0COOEHHOCTEH TOBEICHUS
MasTHUKOB TPeOyIOTCSI OUYeHb UyBCTBUTEJIBbHBIE PErUCTPUPYIOIINE yCTPOMCTBA, HO NUMEHHO
TaKHe MasTHUKH, 00J1a/1atoIIHe IPEeIbHO BEICOKOH JOOPOTHOCTHIO, IIPEATIONAraeTCsl HCIIONb-
30BaTh B Oy/AyIIMX I'PaBUTAIIMOHHBIX aHTCHHAX.

KameptoH, ciyxamuii Juig HaCTPONKH My3bIKJIbHBIX HHCTPYMEHTOB, TAK)KE SIBIISCT-
Cs1 BBICOKOZIOOPOTHBIM OCHMIIIISITOPOM. 3BYK, U3/1aBa€MBbli BUOPHPYIOIIMMH HOXKKaMHU Kamep-
TOHA, 3aTUXAET 3a IOCTATOYHO JUTUTEILHOE BPEMsI II0 CPABHEHUIO C NIEPUOIOM UX KOJIeOaHUH.
Ecnu, Hanpumep, coOCTBEHHAs 4aCcTOTa KaMepToHa JeXuT B nuamazone V =300+400 I'm, a
MIPOIOIDKUTENFHOCTD 3By4aHus (BechMa rpy0o) coctasmseT Bpems mopsaka T 10 ¢, To ka-
MepToH coBeprut VT ~ 3000 +4000 xonebanuii. ITO O3HAYACT, YTO €r0 JOOPOTHOCTE II0 TO-
paaky Benuunnbl paHa Q (1104,

Kak 3T0 HM NOKa)keTcsl MapagoKCcadbHBIM, MEKTPUIECKUI KOlIeOaTeIbHbIH KOHTYP
SIBJISIETCS] MEHee T00pOTHOM CHCTEMOM, XOTsI 4acTOTa ero COOCTBEHHBIX KoJleOaHUi NMeeT To-
psnok BeauyuHb! V ~ (1 0° +10%) I'm. J106pOTHOCTB KOHTYpa OrpaHUYEHA, ITTABHBIM 00pa3oM,
OMHYECKUMH MOTEPAMH M UMEET Nopsiok Bemuuunbl O (1102, D10, B CBOIO 04epeib, 03HAYA-
et, uto nojoca nponyckanus AV = Q' [V, BBeeHHAs paHee IPU PACCMOTPEHHH BEIHYK/ICH-
HBIX KoNeOaHmii, paBHa AV ~ (103 + 106) I

Ecau vactora panuonepenaroiiei cranuuu V. BBICOKA (V> 10° I'm), To ee
peoOPa3oBBIBAIOT B PAMONIPUEMHBIX YCTPOHCTBAX 10 HU3KOW (HA3BIBAEMOI MPOMEKYTOIHOMN)
yactorhl V,, ~ 1 0° T Torza Kone6aTebHbIi KOHTYp PaJIOIPUEMHIKA Oy/IET UMETh OYEHb MAITYIO

niosiocy nporyckanust AV ~ QW ~5 [10° T't. DTO 3HAYHT, YTO ECIIH YACTOTHI JIBYX CTaHIMH V|,
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U V,, COOTBETCTBEHHO pa3iIMualoTcs Ooiee, 4eM Ha BEIMYHUHY IOJOCHl NPOMYCKAHUS
(|v e ~Vae | > A\V), To, nepecTpanBasi COOCTBEHHYO YaCTOTY KOJIEOATETLHOIO KOHTYPA MPHUEMHHUKA,
MOKHO TT0 OTIETFHOCTH HACTPOUTHCS Ha KAXKIYFO M3 3THX NEPEIAFOIIIX CTAHIIUA.

OnTr4ecKuii HIIEKTPOH B aTOME, OCYIIECTBIISS IEPEXO/IbI C OMHOM OPOUTHI Ha JPYTYIO,
B COOTBETCTBUH C NOCTyNaraMu bopa u3imydaer KBaHT cBeTa ¢ aHeprue iw= E, — E,. C knac-
CHYECKOH TOYKH 3PEHHUS 3TO MOKHO MHTEPIIPETHPOBATh TAKIM 00pa3oM, YTO IEKTPOH COBEp-
et KoyeOaHus Ha ATOH Y4acToTe W, T.¢. BISICTCSI ONTHYECKUM OCIIIDIATOPOM. [10CKOIBKY drek-
TPOH TepsIET SHEPTHIO HAa U3JTyUeHHUE, TO aMIUIUTY/Ia er0 KoJeOaHHi 0JDKHA 3aTyXaTh B TCUCHUE
HEKOTOPOTO XapaKTepHOro BpeMeHH T. J[JIsi yennHeHHOro atomMa (He B3aUMOJIEHCTBYIOIIETO C
COCEIHMMH aTOMaMM) 3TO BpeMs OIPEAeNseTCs 3apalIoM U MaccOil JIEKTpPOHA W 3aBUCHUT OT
4acTOTHl . OHAKO JJIs BCEX aTOMOB OHO UMEET OJMH U TOT YK€ MOPSAJOK BEIMYHHEIL:
1 01078+10 ¢. VuuThiBas, 4TO B BHINMOM ONTHYECKOM AHAMA30HE nepuox KoneGaHuit

T=21w 01071 ¢, nerxo noacumtars uncso konebanuii 10 ux 3aryxanus. OHO MMeeT MOPSIOK

T
BEIHHHHbL -~ 10° +10". IosTomy 106pOTHOCTH onTHYecKoro ocuumaaTopa (Q [107), 6ymy-

qu BI)ICOKOI7[, BCC K€ yCTYyIacT Z[06pOTHOCTI/I NPCHU3UOHHBIX KBAPLICBbIX MAATHUKOB.

IMapameTpnueckne konedanusa. B nmoBceaHEBHOMN >KU3HU MBI
CTAJIKUBAEMCs C HE3aTyXaIOUIUMH KOJIEOaHUSIMH, JUIsI TOAIEPIKAHUS

KOTOPBIX Tpe6yeTc>1 MNepuoANICCKU MCHATH KaKoM-11u00 mnmapamMeTp

KonebarenpHON cucTeMbl. OIHUM U3 SIPKUX IPUMEPOB SBISIOTCS KoeOaHns
Kadeseil. Xopouio M3BECTHO, YTO MOXHO IMOJAEPKUBATh KOJeOaHuUs
JUTITENIBHOE BpeMsl, €ClIM ObICTPO HpHCeNaTh B MOMEHT HauOOJbLIEro
OTKJIOHEHHS KaueJIed U Takke OBICTPO BCTaBaTh IPH MPOXOXKIECHUHU
NOJIOKeHHs paBHOBecus. bmaronmaps stomy mapamerp ¢uznyeckoro

MasTHHUKa (Kaqenef/i) — PaCcCTOAHUC a MKy OCbIO BpAllICHUA U LICHTPOM

Macc — MeHsieTcs ckaukooOpasHo Ha Benuunny +Aa (Aa << a).Bennuuna

o

Aa nomkHa OBITH TaKOHM, 4TOOBI 00ECIEUUTh OAIAHC SHEPIHU CHUCTEMBI:
TIOTEPH PHEPTUH MasITHHKA 38 [IEPHOA JOJKHBI KOMIIEHCHPOBATHCS 33 CUET Puc. 2.8.
COBEpIICHHUS padOThI, OCYLIECTBIIEMOM IPU IPUCEAAHNH M BCTaBaHUH.

Hanumewm ycinoBue sHepreTudeckoro OamaHca Jis NMpocTeHmIero ciydas
KoJIe0aHWH MaTeMaTHYeCKOro MasiTHUKA C JUTMHOW HUTH @, KOTOPast MEHSAETCS Ha BEJINYUHY
+Aa (puc. 2.8.). DTO MOXXHO OCYIIECTBHTH, €CIU NMPONYCTUTh HUTHb MasiTHUKA Yepes
oTBepcTHue B Touke P (Touke moaBeca) u 3aTeM, NPUKIAbIBas BHEIIHIOW Uy F K KOHIY
HUTH, IEPUOANYECKH MEHSITH €€ JAITUHY.

PaccmoTpuM ycTaHOBUBIIMECS NapaMeTPUUECKHE KOMeOaHHs MAsTHUKA C HE CIIMIL-
KOM OOJIBIIMMH aMIUIMTYaMK U Oy/IeM CuMTaTh, 4To 3aTyXaHue Majo (O << wy). [Tockonbky
Aa << g, TO TPUOIMKEHHO MOYKHO CYHUTATH, YTO YTOJI O OTKIOHCHHUS MasSTHHUKA OT HOJOKESHUS

PpaBHOBECUA MEHACTCA BO BPEMCHU 110 TAPMOHUYCCKOMY 3aKOHY

a(t) = o, sin wr, (2.53)




40 Koneb6aHus 1 BOnHbI

2
% el
rae contacHo (1.42) w= (.OOE—%E, a Wy, =4g/a.
B MOMeHT HauOONbLIEro OTKIOHEHHS Ha yroj O, CUJIa HAaTSKEHUs HUTH paBHA

N, =mgcosa,. [TosTomy, ynmunss HUTh Ha BenuuuHy Aa, BHEMHAS cuna | = N coBep-

MWAaeT OTPUUATENbHYI0 pabory 4_=-mgcosd, [Aa. PacknanbiBas cos 0, B pan
2 4
cosOl =1—-— 0+ 04 .., IOTY4YUM
2 24
2 4
A ~-mgd-%0  Qomp, (2.54)
2 24

[Ipy mpOXOKAEHNH MAaITHUKOM TIOJNOXKEHHUS paBHOBecHs (A =0) F,=N, =

mvz

=mg+—L e v, = Oywa. [ToaTomMy monoxkuTeNbHas paboTa NpH YKOPaYHMBAHUH HUTH C
a

TOYHOCTBIO 1O WICHOB MOPsJIKa Gg paBHaA:

4
a
A, =(mg +moajw’a)ha =mg%+aé -—0[Ag, (2.55)
7€ Y4TEHO, 4TO (.oéa =g.
[Tonnas pabora, coBepiiaeMas 3a IepHoOA BHEIIHEH cuioi F, OyaeT monoxu-

TEJIbHOW U paBHOMU

2
A=2(A, +A_)=3mgaiia - g OAa 3mg0(0Aa§ % ] (2.56)

[Torepu 3HEprUM 3a MEPUOM YUCICHHO PaBHEI Pa00TE CHIIBI TPCHHUS:
T T
= [ Fpudt = —J’I'vzdt, (2.57)
0 0
rae FTp =—Tw
[pu rapmormueckux konebdanusx (2.53) CkopocTh
v(f) = ad(t) = ad;w cos Wr. (2.58)

IMoxncrapmsis (2.58) B (2.57) v BBINOMHSS MHTETPUPOBAHUE, TTOTyYaeM:

T O ofOr
=-Ta*a 2m2Icos wrdt = —Faza%wz —Faégaﬂ——o 0. (2.59)
2 0O 1602
MOCKONIBbKY W1 = mOTO 21
CrnenoBatelibHO, yCliOBHE OanaHca YHEPTUU COCTOMT B PABEHCTBE HYJIIO CYMMBbI

pabor: A+ A4,, =0, wm
2
3mg0((2)AaE ag H ol aTzo E_‘i‘_gﬁ (2.60)

°H 0

HpOBOﬂSI COKpallCHUA U HCIIOJIb3Yys OIMPEACIICHUC BBIPpAKCHUC IJIA ,Z[OﬁpOTHOCTI/I

0= ﬁ , IOJTy9aeM TIPUOIMKEHHOE BHIPOKEHHE IS aMIUTUTYIBI Oy yCTAaHOBUBIIMXCS Iapa-
0

METPUYECKUX KOJIeOaHHN:
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(o :£ 1—L
"7V 30Lala)

OtHomenune Aa/a Ha3bIBAIOT MTYOWHON Monyisiiuu napametpa a. U3 (2.61) BugHo,

(2.61)

YTO /111 BOSHUKHOBEHUS [TApaMeTPUUECKIX KoJieOaHHH ITyOMHa MOYIISLIMY JIOJDKHA PEB30HTH
HEKOTOpOe MHUHHMAaJbHOE (TIOPOroBOE) 3HAYCHHE, MIPUMEPHO PAaBHOE BETHYHHE, 00paTHOI
JIOOPOTHOCTH:

La > i (2.62)

a 0
Yem Ooree 100poTHA cHCcTEMa, TEM MEHbIIE TOporoast nryouHa moxysiuy. C mo-
BBIIIEHMEM BENMYMHBI Aa/a aMIuTya Konebanui O, Kak 9To cienyeT u3 popmyisl (2.61),
OyneT yBennuuBaThes. OiHaKo Ipy GONBIIMX aMIIKATyAax (0, > 1) popmyna (2.61) cranoBuT-
Cs1 MaJIO PHEMIIEMOM, TOCKOJIBKY CJeJTaHHbIe HaMH HPHOIMKEHNS CTAHOBATCS HEIPUMEHH-
MBIMH.
CiemyeT OTMETHTb, YTO IapaMeTpUUuecKkoe BO30YyKICHHE SBIETCS CYILECTBEHHO He-

JTMHEHHBIM 3(¢deKToM. ITO BUAHO, B YaCTHOCTH, U3 ypaBHeHus (2.60): ecnu npeHeOpeds B

HCM MaJIbIMHU CJlaraCMbIMHU ~ C((z) , KOTOPbIC OMMMNCBIBAIOT HeHHHGﬁHOCTL, TO (10 U3 ypaBHCHUA

Na T
BBITIAIAET, M TIOJY4AeTCsl COOTHOIIEHHE — = — . DU3HYESCKH 9TO O3HAYAET, YTO MPH TAKOM
a

3Ha4YEeHHUU IIIyOUHBI MOAYJIALIMN SHEPTeTHUECKHI OaJlaHC B CHCTEME 00eCIIeYnBaeTCs IIPH JII0-
OBIX aMILTUTY/axX O ), 9TO HEBEPHO.

3ameTrnM, 9TO BO30OYXACHHE MapaMeTpHUIECKUX KojeOaHui, BooOIe roBops, Mo-
XKET IPOUCXOJUTH HE TOJILKO Ha yIBOCHHOH YacTOTe COOCTBEHHBIX KOJIeOaHU I CHCTEMBI, KOTIa
napaMeTp MEHSETCs OIUH pa3 3a KakKAble IOJIepHona, HO M Mpu Oojee penkoM BO3Iei-
CTBMH: YEPE3 OJIMH, JIBA, TP H T. JI. TIOJNYIIEPHOJIOB KOJEOaHuUH, T.€. Ha 4acToTax 2Wy/n, rie
n — moboe 1enoe yncio. Bo3OyxaeHne Taxke BOZMOKHO BHYTPH HEKOTOPOH 00IacTH —
BOJIM3M Ka)JIOH M3 3THX YaCTOT, HO TIOPOTOBbIE 3HAYCHNUS IITyOMHBI MOIYIISIINH JJIS1 pa3HbIX

4acTOT OyIyT pa3inudHBbI.

ABToKo0ne0anns. Habmronast konebaHus IMNCTHEB JIEPEBHEB, TOPOKHBIX 3HAKOB HAJI
MpOe3KEN YaCThIO YIUII, TOJOTHHUII Ha BETPY U JP., MBI IOHIMAEM, YTO BO BCEX IIEPECUHCIICH-
HBIX CIIy4asiX He3aTyXarolue KoueOaHus MPOUCXOIAT 3a CUET SHEPTHUH MOCTOSHHO JYIOIIEro
Betpa. [Ipu 3TOM cama koirebarebHasi CHCTEMa MMPOU3BOUT OTOOP SHEPTUH BETPa B HYKHBIH
MOMEHT BPEMEHH U B KOJIMYECTBE, TPeOyeMOM JJIsl KOMIICHCAIIMU HEU30eXKHO MPUCYTCTBYIO-
IIUX PHEPTETHYCCKUX MOTeph. KoneOaHus B 3TUX CHCTEMaX HAYMHAIOTCS CaMOIPOHU3BOIBHO
3a cyeT HavallbHbIX QUIyKTyauuit (Ipokanuii) koneOmomuxcst npenmMeros. YacTora u aMIuim-
Tyla YCTAaHOBUBIIUXCS KOJICOAHUH OMpeeseTcs Kak mapaMeTpaMy CaMOil CUCTEMBI, TaK U
napameTpamH ee B3auMoIeHCcTBUs ¢ BeTpoM. Takue KolieOaHus SBISIOTCS IPUMEPaMH aBTOKO-

H€6aHI/II>‘I, a CaMU CUCTEMbI — IIpUMEPaAMU aBTOKOJI€0aTEIbLHBIX CHCTEM.
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HUCTOYHMK A B \. O . '
) K04 §
SHEPrUu KoJeOaTenbpHas ‘ &
cucrema
HEJIMHEHHBII
OrpaHHYHTEN b
= AN
Puc. 2.9a. Puc. 2.96.

Kiaccnieckum mpuMepoM aBTOKoIe0aTeIbHON CUCTEMBI CITyKaT MEXaHUYECKHE 4achl
C MasITHUKOM ¥ TUPSIMH. DTH Yachl IEPUOANIECKHU «UEPIAIOT» SHEPTHIO ITPH OITyCKAaHUU THPb,
MIOABEIICHHBIX K LIETIOYKE, IEPEKNHYTOH Yepe3 MECTEPHIO YaCOBOTO MEXaHU3MA.

[MTpuHIMI paboThl BceX aBTOKOIE0aTENBHBIX CUCTEM MOYKHO HOHSTH, 00PAaTUBIIUCH K
cxeme, n300paxeHHo! Ha puc. 2.9a.

[TepronuuecKuM NOCTYINIEHHEM SHEPTHH B KOJIe0aTeIbHYI0 CUCTEMY OT UCTOYHHUKA
SHepruu no kanary AB ympasisieT cama koje0aTepHas CUCTEMa IOCPEACTBOM 00paTHOI CBSI-
31. CXxeMaTH4eCcKH 3TO M300paKeHO B BUJIE HEKOTOPOTO 3aIiparoniero kaHain AB ycrpoiicTBa
(xMr09a), KOTOPBIN YIPABIAETCS caMOi CHCTeMOH. Tak, B 3aBUCHIMOCTH OT TIOJIOKEHUS B CKO-
POCTH KOJIEOIIONIErocs JIMCTa Ha BETPY Oy/IeT pa3IMuyHO MOIITHOCTD CHJT a3pPOIMHAMHYECKOTO
JaBieHms. B KOHCTpYyKIIMK 9acoBOTO MexaHn3Ma (puc. 2.96) mpuCyTCTBYET CIeHaNbHOE YCT-
PONCTBO — aHKEp, BHIIOJIHIONIMH POJIb KIII04a. JTOT aHKep, MPEACTaBISIONMNA co00i Kopo-
MBICJIO, TIPUBOJUTCS B KOJIeOaHNE CaMUM MassTHUKOM 4acoB. [Ipu ompesieneHHbIX MOT0KEeHH-
SIX OH «OTIHPAECT» OAHY U3 IECTEPEH YaCOBOr0 MEXaHNU3Ma. B 3TOT MOMEHT BpeMeHH 1ecTep-
Hs IIPOBOPAYMBAETCA 3a CUET MOMEHTA CUJI, IPUIOKEHHOTO CO CTOPOHBI HATSHYTON LIETH C
rpy3oM. [ py3 npu 3ToM omyckaercst Ha He0oJbIIyI0 BennunHy. KonnuecTBo sHEpTruy, mocTy-
MAIONIEH B YaCOBOM MEXaHM3M, PAaBHO 110 BEIMYMHE YMEHBIICHHIO TOTCHIIUAIBHON SHEPTUH
Ipy3a B MOJIE CUJIBI TSXKECTH.

Ba)kHO OTMETHUTB, 4TO JII00ast aBTOKoJIe0aTenbpHas cucTeMa HenHelHa. Ha cxeme 31o
OTpa)kEHO HAJIMYMEM B CHCTEME OOpAaTHOM CBS3M HENMHEHHOIO OrpaHUYMTEIlsl CHUTHAJA, YII-
PpaBIsIrOLIETo KitouoM. HelnnHEHHOCTh CHCTEMBI TPOSBIAETCS B TOM, YTO IIPH HA4aIbHOM Ha-
pacTaHMU aMIUTUTY/AbI KoJleOaHUH, MOPOXKIECHHBIX (IyKTyalisiMH, HOCTYIUICHHE SHEPTUH B
CHCTEMY 3a KaXIbIi MMOCIIEAYIOMNI IEpHo]] KOIeOaHNH YBETNINBACTCS HETUHEWHO, T.€. IPHU-
POCT NOCTyMNaroLel 3HEPruu CTAHOBUTCS BCE MEHbILIE U MeHbIIe. ECTECTBEHHO, UTO aMIIIH-
TyZa KoIeOaHNi JOCTUTHET TaKOH YCTaHOBUBIIEHCS BETUYNHBI, IPH KOTOPOM MPUTOK SHEPTHH

U ee 1oTepy Oy/yT paBHBI IO BEJIHYHHE.

MasiTHHK Ha Bpamamomemcst Baiay (MaaTHuk ®pyna). [lns Gonee ynryOneHHOTO
W3y4eHHUs MPUHIHIA ASHCTBHS aBTOKOJICOaTEIBHON CHCTEMBI ITPOAHATN3UPYEM KOIeOaH!s Ma-

SITHHKA, TTO/IBEC KOTOPOTO CKpeIlieH ¢ MydToii 1, onetoit Ha ropu3oHTaIBHBI Bax 2 (puc. 2.10).
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[Tycth Baj Bparaercst ¢ IOCTOSHHOM YIIIOBO# CKOpOCThiO Q
T10 YacoBOM crpernke. Ecim yromn oTKIIOHEHHsT MasITHUKA OT BEPTHKAIIH
B(¢) MensieTcs ¢ TeueHHEeM BpeMeHH, TO CHJIA CYXOr'0 TPEHUSI B ITOIBECE,
HEJIMHEWHO 3aBUCSIIAs OT OTHOCUTEIBHOH CKOpOCTH My(THI M Bajia
Q- [3, TaKoke OyleT MEHATHCS BO BPEMEHH ([3 — YIJIOBasi CKOPOCTh
My TBI). MOMEHT 3TOH CHITBI MTp OyzeT oKa3pIBaTh MEPUOIITYECKOE BO3-
JICWCTBUE HA MASITHHK, TIOJICP KUBast ero Koebanwust. Ha prc. 2.11 u300-

paXeHa HeJIMHENHasl 3aBUCUMOCTh MTp OT OTHOCHUTEJILHOW YIVIOBOM

ckopoct My(Thl 1 Basia. Ha m300paKeHHOH KPUBOIH MMEETCS TOYKa

nepernda P. [TogGepem ckopocTh BpariieHus: Bajia Q Takoii, 4ToObI B Puc. 2.10.
oTcyTcTBHE Konebanwmii (3= 0) momacTs B 3Ty To4Ky. B aTOM cirydae x My(dTe MasTHUKa OyaeT

IIPUJIOXKEH IIOCTOSIHHBI MOMEHT CHJIbI TPEHUSI: MTp = M,,. lna nanpHedmero ananmsa 6omee
YI00HO BOCIIONB30BaThCs 3aBUCHMOCTBIO MTp( [3), uzo6pakenHoit Ha puc. 2.12. Cnenyer noza-

YEepKHYTb, YTO Ha4aIbHOE (JINHEHHOE) HapacTaHue Mm C YITIOBOH CKOPOCTBIO [3 00ecrednBaeT
YCIIOBHE JUIsl CAMOTIPOM3BOIBHOTO HAPACTAHUS KOIEOaHNH N3 QUIyKTyaluH, YTO SKBHBAJICHTHO
HAJIMYHUIO TIOJIOKUTEIIFHOM 00paTHOM CBSA3H, a OCIEAYIONIee 3aMeJICHHE pOCTa MTp IIpH yBe-

JIMYCHUU B SABJIACTCA HpH‘IHHOﬁ HEJIMHEHHOIO OrpaHU4CHUA HapaCcTaHUs KOJICOaHMIA: AMIUIUTY -

Ja CMCIICHWA MassTHHUKa (a 3HAYUT U aMIIJINTY/Zla €ro CKOPOCTH B ) JOCTHUTHET MaKCUMaJIbHOMI

max
(YCTaHOBHMBILICHCS) BEJIMYMHBI, YTO SKBUBAJICHTHO HATMYHIO HEJIMHEHHOTO OrPaHIYHTEIIS.

OTKIOHNM OCTOPOKHO MAsATHHK OT BEPTUKAJIM HA YTOM [3) TAKOH, 9T06BI MOMEHT CHITBI
TPEHUS, ICHCTBYIOIMI HA HETIOJIBXKHBIN MasATHUK, M) = MTp(O), ObUT ypaBHOBEIIIEH MOMEH-
ToM cunbl Tkectn M(B) = mgasin B:

M., (0)=M(By), umm M, = mgasin . (2.63)

3nech m — Macca MasiTHHKA, @ — PACCTOSHHUE OT Baja 10 LICHTPA MacC MasTHHKA.

Ha nepBblit B3I, MOXKET 1TOKa3aThCsl, YTO MASITHUK TaK U OCTAHETCS! BUCETH IO
yriom B, k Bepruxani. Ha camom jiente 310 nonoxenue Oyaer Heyctoiunsbim. [Ipencrasum,

YTO B PE3YJIbTATC HUYTOKHOTO TOJIYKA MAaATHUK HpI/IO6p€T€T HC6OJ'H)IHyIO YIIIOBYIO CKOPOCThH

M

My} R4

M

>
>

- Bmax 0 Bmax B
Puc. 2.11. Puc. 2.12.
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3 > 0. IIpu 5TOM BO3pacTyT MOMEHTEI CHJI TSKECTH M ¥ TPEHUS MTp , n ycnoBue (2.63) Moxer
HapywUThCcs. Ecny HavanbHBIN HAKIIOH KPUBOM MTp( (3)Hapuc. 2.12 10cTaTOYHO BEIUK (CUIIb-

Hasl TIOJIOKUTENbHAs 00paTHas CBsI3b), TO MTp( B)>M (B,). D10 03HAYAET, YTO YIVIOBas CKO-
pocts B Oyner HapacTarh. OfHAKO 3aT€M 3TO HapacTaHUE NPEKPATUTCA, T.K. U3-3a HeJIUHEN-

HoTro 3aruda KpuBon MTp( [3) PaBEeHCTBO MOMEHTOB OIATH BOCCTAHOBHUTCS (CpaboTaeT Mexa-
HU3M HEJIMHEHHOTO OTPaHUYCHUS):
My (Brnax) =M (B). (2.64)

VYenosuio (2.64) cooTBeTcTBYET Touka R, Ha kpuBoi MTp( ). Iocne 3T0TO yrIOBas
CKOPOCTh HAYHET YMEHBLIATHCSI, TOCKOJIBKY ¢ pOCTOM yria [3 MmomeHT M([3) mpomosmkaeT pac-
TH, a MTp( ) — yOsiBaTh. Crie/loBaTENIbHO, MAsTHUK CITyCTs KaKOe-TO BpeMs OCTaHOBHUTCH, a
€ro yro OTKJIOHEHHs TOCTUTHET MAaKCUMaNbHOU BeanduHbl B . TIoCKoJIbKY B 9TOT MOMEHT
M Buax) > M, =M, TO MasTHUK HAYHET JBHIaThCs B OOpaTHOM HanpasneHnn. Moment
CHJIBI TSDKECTH HauyHET YMEHbIIAThCs, a8 MOMEHT CHJIBI TPEHHS OyJIeT Tak)Ke YMEHBIIATHCS, HO
ObIcTpee, YeM MOMEHT CHIIBI TSDKECTH (OTISATh CpadaThiBaeT MONOKUTEIbHAS 00paTHAs CBSI3b).
Chavana 3T0 JBIKeHHE OyJeT YCKOpEHHBIM, 1oka M >MTp (o Toukn R_ Ha puc. 2.12), a
3arem mpu M < MTlo — 3aMemeHHbIM (10 ToukH P Ha puc. 2.12). OcTaHOBHBIINCH IPU HEKO-

TOPOM yIJIe HAKJIOHA [3_. , MasATHUK OMATh ABUXKETCS BIIEBO, T.K. Bee eme M < MTp. Haxkonen,

min®
OH JOCTHTaeT CTapTOBOW MO3HIINH, OTHAKO MPHOOPETEHHAs! UM CKOPOCTH OyIeT OOJIBIIE CKO-
POCTH HadaJIbHOTO ToM4YKa. TakuM 0Opa3oM, B TEUEHHE OHOTO IIepHro/ia KojieOaHUH yBeIHIH-
JIach 3HEPIUsl MasSTHUKA 32 CYET €€ 3aMMCTBOBAHHS OT yCTPOICTBA, BPAIIAIOLIETO Ball.

B nocnenyrouue nepuosbl konebanuii touku R, u R_na kpusoit M, (B) Oymyr casu-
raTbcs B Pa3Hble CTOPOHBI, OJIHAKO M3-32 HEJIMHEWHOCTH KPUBOM ATOT CJIBUT IIPEKparuTcs (cpa-
OaTpIBaeT MEXaHU3M HEJTMHEHHOTO OTPAHUYCHNS ), U KOIEOaHNS YCTAaHOBSATCS.

YToOBI KOJIMUECTBEHHO NPOaHATU3UPOBATH aBTOKOJICOaHNs MasiTHUKA, 3aIIMIIEM YpaB-
HEHHE BPAIIATeIbHOTO JIBH)KCHNSI MAsITHUKA C MOMEHTOM HHEPIUH J:

JB=M,(B) - mgasinp. (2.65)

B 3TOM ypaBHEHHH MBI IOKa IIPEHEOPEKEM MOMEHTOM CHITBI BSI3KOTO TPEHUsL, IeHCTBYIO-
1EeW Ha ABWXKYIIMICS MassTHUK. MOMEHT CHJIBI CyXOr0 TPEHUS B IIOIBECE, HEIMHENHO 3aBUCSILLMN
OT YIJIOBO# CKOpOCTH [3 (cM. pHc. 2.12), MOXKHO armpOKCUMHUPOBATH CIISAYIOILINM BhIPAKEHHEM

o . .
M., (B) =My +kB-k,B, (2.66)
e k, u ky — pasmepHble KO3()QUIMEHTEI, ONMPENETAIOIINE 00PATHYIO CBA3b M HETMHEHHOE
OTpaHHYEHNE COOTBETCTBEHHO. Ecnu konebaHNe ONKChIBaTh YIJIOM OTKJIOHEHHS O OT MOJo-
KEHUsI HEyCTOHYIMBOTO PaBHOBECHS, 3aaBaeMoro yrioM 3, (o =B —[3,), To
mgasin 3 = mga(sin 3, cos O + cos sin ). (2.67)
Jnst Maiisix ymioB cos O = 1, sina = d. Ecau ydecTs nanee, 9to 3 = (1, TO ypaBHEHHUE

(2.65) mpumer Bux:
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J8 + mgacosPya = k& —k, 6. (2.68)
3T0 ypaBHEHHE SBISIETCS HENMMHEHHBIM UG GepeHIINaIbHBIM YPAaBHEHHEM U HE UMe-
€T aHAJIMTUYCCKOI'O PCHICHMS. B TEOpUn KOJ‘[CGaHI/Iﬁ Pa3BUTBI METO/IbI, TO3BOJIAONIUEC PCIIUTH
€ro npuOIMKEHHO, ICCIE0BATh YCIOBHS, IPU KOTOPHIX BOSMOXKHO CaMOBO30YX/IeHHE KOJIe-
GaHMii, 1 HAWTH aMIUTUTYY 0l 1 9aCTOTy () yCTaHOBUBIINUXCS KOJIeOaHMA:
a(t) =0, sin wr. (2.69)
MBI ke ocTynuM 0ojee IPOCTO U ompenenuM O o 113 YCIIOBHS DHEPreTHYECKOTO 6a-

nanca. ITockonbky npasas 4acTh (2.68) mana, To yactora KonebaHHH MPUOIMKEHHO paBHa!
w=,/mgacosBy/J.
I[ToxcunTaeM paboTy 3a meprox koiebannit 7 = 2T/ w, coBepUIaeMyIO YCTPONCTBOM

(HanpuMep, EKTPOABUTATEIEM), BpallaouM Basl. OHa, O4eBH/IHO, PaBHA:
T

A= IMTP(B)th = M,QT. (2.70)
0
31eck y4TeHO, YTO HHTETPAJIBl IO BPEMEHH OT B u B3 paBHBI HYJIIO, II0CKOIBKY

B=d =aywcosa. (2.71)

HOTepI/I OHEPIrUU B CKOJB3ALICM ITOJABECE 3a 9TO BPEMs COCTABAT BCINYUHY

T 2.2 4.4
0= [y 1@ - EMOQ—’““;“’ — ET (2.72)
Ha puc. 2.13 n306pakeHsl 3aBUCHMOCTH A
¥ ¢ OT aMILTHTY/IbI O, BHIHO, 4TO NpH cirydaiHbIX MQT A R
(mykryanusx, korna o) mano, 4 > g. OTo 03Ha4aeT,
4T0 KojieObanus OynyT Hapactarb. OgHaKo ¢ poc- q
TOM aMIUIUTYJbl HAUMHAIOT PacTH noTepH ¢q. Ko-
nebanus ycraHosstes npu A = g (Touka R Ha rpa- 0 Qoyer  Go
¢uke). AMIUTUTY/]a YCTAHOBUBIIUXCS KOJIEOaHUN Puc. 2.13.
OTIPEACIUTCS U3 PaBEHCTBA
M QT = M,QT - by + 3alyer (2.73)

2 8

_2 |k
Aoyer s % (2.74)

3aM€TI/IM, 9TO TENEPb MBI MOXXEM JIETKO Y4YE€CTh CHUJIBI BA3KOI'O TPEHUSA, UL 4Y€TO B

Orcrona

TPaBYIO YacTh ypaBHEHHs (2.68) cemyeT 106aBuTh wieH —I 4 . DTO MPHUBENET K TOMY, 4TO k|
B (2.74) Gynet ymenbiieH Ha BennuuHy [ . [Toatomy (2.74) nuameHurcst:

_ 2 k] - r

S T (2.75)

W3 nocnenHero BelpaxxeHUs cieiyer, yto npu [ =k, konebaHus He MOryT

a Oycr

CaMOIIPOU3BOJIBHO HAYaTbCA.
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ABTOKOJIe0aTeNIbHBIE CUCTEMBI HAXOAAT LIMpoYaiiliiee MpuMeHeHne B TexHuke. Taxk,
HanmpuMep, JyXOBble M CMBIYKOBBIE MHCTPYMEHTHI, OPraHHBIE TPYObl, T€HEPaTOPEI
9JIEKTPOMArHUTHOTO M3IY4YeHHs B IPHEMHO-IIEPEJAlOIUX JUHUAX CBA3H, ONTHYECKHE
KBaHTOBBIE T€HEPaTOPbI (J1a3epbl) U JIp. IPE/ICTABIIAIOT IIPUMEPBI ABTOKOJIE0ATEIbHBIX CUCTEM.

OpHako, aBTOKOJICOaHUS MOTYT HTPaTh M HETATHBHYIO POJIb, HAYMHAS OT 6€300HMTHBIX
KoJIe0aHui neTaeil KpaHOB BOJAOIPOBOJHBIX CUCTEM, «PEBYLIMX» IPH JOCTATOYHOM Harope
BOZBL, 10 ONACHBIX KOJIeOaHMH KPBIIbEB CaMOJIETOB, NOMYYMBIIMX Ha3BaHHe «pmartep». B
Hos10pe 1940 1. mozBecHOIt MocT yepe3 peky Takoma B CILIA paspymmics u3-3a KpyTHIIEHBIX

ABTOKOJICOAHNH, BOSHUKIINX MO/ AEHCTBHEM AYBIIETO BIONb PEKH BETpa.
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JIEKIASA 3

Ce0000HbIE Hezamyxaroujue KoNeOaHUs 8 CUCeMax ¢ O8YMs CHeNneHAMU C80000bL.
Hopmanvhuie konedanus (moowt). Ilapyuanvhvie u Hopmanshsie yacmomol. buenusa. Ionamue
cnexkmpa konebanutl. Memoouka ananu3a Koneoanuii 08yx CéA3aHHLIX OCYULIAMOPO8. 3amy-
XaHue konebanutl u ouccunayus sHepauu. Boinysicoennvie konedanus. Pesonanc. Konebanus

cucmem co MHOUMU CIENeHIMU C80D00bL. ﬂucnepcuoynoe COOmMHouierHue.

Ha6nronast kone6aHust Macchl 71, TOIBEIICHHOM Ha JIETKOH IPYKHHE KECTKOCTH kl, HEIB3S
He 00paTiTh BHUMAHUE Ha TO, YTO, HAPsIy C BEPTHKAJIbHBIMU KOJIEOAHHUMH IPy3a, BO3HUKAIOT U
TaK Ha3pIBaEMbIE MasSTHIKOBBIE KOMeOaHMs (M3 CTOPOHBI B CTOPOHY ) — CM. pHc. 3.1.

Hanbornee cunbHBIMI 3TH MasTHUKOBBIE KosleOaHust OyIryT TOT-

J1a, KOIJla 4acTOTa BepTHKAJIbHBIX KoneOaHuil /k, / m Oyner paBHa yaBo-

CHHOI1 4aCTOTe MasTHUKOBBIX KoNeOaHuil /g /a (@ — IIMHA pacTsHy-

TOH MPYXHUHBI P HEMOABIKHOM Tpy3e). Takoi pe3ysrar JIerKo HOHATb,

D\1’

€CJIM pacCMaTprBaTh MasATHUKOBLIC KoJIe0aHUS KaK PC30HAHCHBIC T1apa-

_/Ig‘l\\
o

LAY
1

MeTpHYeCcKHe KojeOaHus, IPH 3TOM [apaMeTp MasTHUKA — JUTMHA TIpy-

A
L

—
O™
)

™\

JKUHBI d — MCHACTCS IPU BEPTUKAJIbHBIX KoJIe0aHUIX Ha BCJIMYUHY +Aa

7
-

£
\

(CM. IpEAIBIIY IO JIEKIUIO). B TedeHHe HEKOTOPOTO BPEMEHH MasTHHKO- 4 A Q
BbIE KOJIEOAHNMSI MOTYT yCHIINBATBCS 33 CYET YMEHBILICHHS SHEPTUH BEPTH- m
KaJIbHBIX KojieOaHuH. 3aTeM IpoLecc MoiaeT B 00paTHOM HallpaBJIeHHH: Puc. 3.1.
MasITHUKOBBIE KOJIEOaHHSI HAYHYT 0CJ1a0eBaTh, «BO3BpALLashy SHEPTHIO yCH-

JIMBAIOLIMMCS BEPTHKAIBHBIM KonieOaHmsM. ClieioBaTeNbHO, BEpTHKAIBHBIE KolleOaHus He OyayT
TapMOHHYECKHMH, YTO CBSI3aHO C HAJIMYMEM MasTHUKOBBIX KOJIEOaHHH, COOTBETCTBYIOIINX BO3-
Oy’>KIE€HUIO BTOPOIl cTereHn cBoOoabl. IIpy onpeeeHHbIX yCIOBHAX MOTYT BO3HHUKATh U KpY-

THJIbHBIE KOJIeOaHHs! Tpy3a BOKPYT BEPTUKAIBLHON OCH NPY>KHHBI. OITBIT TOKa3bIBACT, 4TO Hanboree
CHJIbHBIMH 3TH KoJI€OaHus Oy/yT B TOM CITydae, KOTJla UX 9acToTa +/k, /J (k; — Kxospduument
’KECTKOCTH IPYKUHBI IIPU €€ CKPYYHBAHNUH, PACCMOTPEHHBIH B JIEKIIHH 110 AeOpMaLiK TBEPAOTO
Tena, J — MOMEHT MHEpIIMH TeJla OTHOCUTEIIFHO BEPTHKAJIBHOM 0cH) Oy/IeT PHUMEPHO B J[Ba pa3a
MEHBIIIE YaCTOTHI BEPTHKAIBHBIX KojeOanuii. B obmeM ciydae B 3TOil cucTeMe MOTYT IIPOUCXO-
JIUTH YEThIPE TUIA KOJIEOaHNI1, COOTBETCTBYIOLIMX YETHIPEM CTETICHSIM CBOOOIBI: OJTHO BEPTHKAIIb-
HO€, /IBa MasITHUKOBBIX B JIByX B3aHMHO-TIEPIICHUKYIISIPHBIX INIOCKOCTSIX ¥ OJHO KPYTHIIBHOE.
Takum o0pa3om, mepesl HaMH BO3HUKAET 3aJ/1ada U3y4eHHUs] OCHOBHBIX 3aKOHOMEp-
HOCTeH KoJebaHui B cucTeMax ¢ AByMs, TpeMs U OoJiee CTeTIeHIMHU CBOOOIBI, 3aTeM MOKHO
paccMOoTpeTh U KoJieOaHMs CIIJIONIHOM cpe/ibl, KaK CUCTEMBI ¢ 06 CKOHEYHO OOJIBIINM YHCIIOM

CTENEHER CBOOOIBI.

CgBo0oqHbIe He3aTyXalolue Ko1e0aHus B CHCTeMaXx ¢ ABYMsI CTeleHsIMH CBOOO/bI.
Ha puc. 3.2 n300paxeHb! TpH pa3IuuHble KoneOaTeIbHble CUCTEMBI C IByMs CTELIEHSMU CBOOOBL.

IlepBas 13 HUX (&) — 3TO 1Ba PA3INYHBIX IPYKUHHBIX MasSTHHKA, CBSI3aHHBIC IPYKUHOH C JKECTKO-
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Sli rlt‘sz
) Tm {ma om0 om0

Puc. 3.2.

cTBIO k. Bropas (6) — /1Ba rpy3a ¢ Maccamu m; M /1, 3aKpETUIEHHbIE Ha HATAHYTOM HEKOTOPOH
CHJION F HEBECOMOM PE3MHOBOM IIHYpe. TpeThs (B) — J1Ba CBI3aHHBIX MPYXKUHOM k™ pa3miIHBIX
MasTHHUKA, KK 13 KOTOPBIX COCTOMT U3 TPY3a, IOJIBEIICHHOTO Ha HEBECOMOM CTEPIKHE.

Konebanus rpy30B B Kax/10i U3 TPEX CUCTEM OMHCHIBAIOTCS JIBYMs BPEMEHHBIMH
3aBUCUMOCTAMM MX CMEIIEHHUH 5, (¢) U 5,(¢). IloN0KHTENBHOE HANPABIIEHHE CMEIIEHHS S Ha
PHUCYHKE YKa3aHO CTpPEJIKaMHU.

OTBIT MOKA3BIBALT, UTO IIPH ITPOU3BOJILHOM CIIOCO0E BO30Y K IeHUs KolieOaHus1 He OyayT
TapMOHHMYECKIMH: aMILIUTY/a KoJleOaHui KaXk 1ol 13 Macc OyJeT IepuoIuYeckd MEHATLCS BO
BpeMeHH. OJJHaKO MOXXHO CO3/1aTh TaKue HadaJbHbIE YCIOBHS, IIPH KOTOPBIX KaX[bIH Ipy3
OyzeT coBepIIaTs TApMOHNYECKHE KOIeOaHNs C OTHOM U TOH e 9aCTOTOH (:

51(2) = 59 sin(wt +¢); 31

S5 (1) = 50, sin(wt + ¢). G-
YacroTa 3THX KoJeOaHM W OnpeaenseTcs CBOUCTBAMHU cucTeMbl. OTHOIIEHHE

G = 50/Sp 3.2)

TaKoKe OMpeeNseTcs TapaMeTpaMy CHCTEMBL. JTa 6e3pa3MepHast anredpandeckas BEIMINHA G
Ha3bIBaeTCs KO3(GHUIMEHTOM pacnpeaeieHUs aMIUIUTY/ IPH TapMOHUYECKOM KOoJIeOaHUH.
OtmeTnm, 91O 5y, U 55, MOTYT UMETh JH000H 3HaK. Ecim ¢ > 0, To cMenenus o0enx Mace Beeria
TIPOUCXOAAT B OHY CTOpOHY (cuH(a3HbIe KonebaHus), a npu ¢ <0 — B NPOTHBOIOJIOKHBIE
cTOpoHbI (poTuBodazHble koedanust). apmonndeckue konedanust (3.1) Ha3bIBAIOTCSI HOPMaITb-
HBIMH KOJIEOaHHSIMHM, WITM MOJJAMH, @ YacTOTa () HAa3bIBAETCSl HOPMaJIbHOH 4acToTol. Takum 00-
pazoM, MoJia XapaKTepHu3yeTcs AByMs ITapaMeTpaMu: YacTOTOH (W 1 ko3 HLIeHTOM C, olpese-
JISIFOLIIAM «KOH(UTYPALHIO» MOJIBI.

[TpakTHKa 1MOKa3bIBaET, YTO B CHCTEME C ABYMS CTENEHSIMHU CBOOOMBI MOTYT CYIIe-
CTBOBaTh CHH(a3HbIEe TAPMOHUYECKHUE KOIEOAHNUs ¢ YaCTOTOH W) M NPOTHBO(A3HBIE TAPMOHH-
4yecKue KoaebaHus ¢ 4aCTOTOH Wy > wy .

Clie0BaTENbHO, B CHCTEME MOTYT OBITH BO30YKIEHBI IBE MOJIBL:
(P b
s1(t) = 50 sin(wyt +§y);

Imoma  S5(f) =sqysin(wit +¢,); (3.3)

_ 10
G =502 /501 >0.
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st (1) = sy sin(oyt + )
[moma 5 (£) = sgh sin(y + ¢yp); (3.4)
Gt = 552 /501 <0
HetpynHo Teneps moHSTH, 9TO 11000€ KoJeOaHHe CBA3AHHOW JIMHEWHOW CHCTEMEI C
JIBYMsI CTEIIEHSIMH CBOOO/IBI (2 NMEHHO TaKue CHCTEMbI MBI Oy/ieM Jjajiee paccMaTpyuBarh) Mo-

KeT ObITh IPEJICTABICHO B BUJIE CYNIEPIIO3UIIMHU JIBYX HOPMaJIbHbIX Kosiebanuii (3.3) u (3.4):

51(0) = 51 (0) + 51" (1) = 50 sin(ay? + §1) + g1 sin(@nt +yy);
55(1) = s3() + 55 (1) = 55 sin(wy + ) + g sin(wyt +dyy). 3:3)
He npuberast moka K JeTaqbHOMY MaTeMaTHYECKOMY HCCIICIOBAHHIO, TPOAHAN3HU-
pyeM HOBEAEHHE CHCTEMBI C IBYMsI CTEIICHSIMH CBOOOIBI, [IOJIB3YSICh OCHOBHBIMHU HICSMH,
Pa3BHUTBHIMH B PEABIAYIIHX JIeKIHsAX. [[pencraBum
T00YI0 U3 CUCTEM, M300paKeHHbBIX Ha pHUC. 3.2, KaKk

CJIOXKHYIO CUCTEMY, COCTOALLYIO U3 IABYX IMapuraib-

HBIX CUCTEM. DTH napurajbHbIE CUCTEMBI, COOTBET-

CTBYIONINE CiIydar (a) puc. 3.2, moka3aHbl Ha

DOCOOOO0000

puc. 3.3: Kaxaasd U3 STUX NapPUMaIbHBIX CHCTEM (S HREY)

nMeeT COOCTBEHHYIO YaCcTOTy KojeOaHMid, KoTopas Puc. 3.3
uc. 3.3.
Ha3bIBAETCS NaplLHUalbHON YaCTOTOM.

BenuuauHbI 3THX napuuajbHbIX YaCTOT, COOTBETCTBCHHO, PABHBI:

+ 1 I
w = [fE L = RtE (3.6)
m nmy

CoBepLIEHHO OYEBHIHO, YTO YaCTOTA (W, — 3TO 4acTOTa KoJeOaHUi Macchl m,
B CUCTEME JBYX CBA3aHHBIX MasTHHKOB, KOIJ]a Macca /m, HEIOABIKHA (3a0JI0KHpOBaHa
BTOpasi CTENEeHb CBOOOABI). AHAJIOTHYHO, C YaCTOTOI W, OyxeT konebaThbcs Macca 7, ,
KOTZla HeTIO/IBM)KHA Macca i .

Tenepsb nepeiiieM K olpeleIeHU0 HOPMaJIbHBIX 4acTOT Wy U Wy . BenomuumM, uto
KBaJIpaT 4acTOTHl TaPMOHUYECKUX

B k m k' m k
KosiebaHuit paBeH OTHOIICHHIO BO3-

Bpamafomeﬁ CHJIbI K CMCIIICHUIO I'Py-
3a S 1 BCJIMYUHEC €0 MacCChI m1. HO,H-
GepeM Ha4daJIbHbIC CMCIICHUA MacCC

m; ¥ m, TaKuM 00pa3oM, YTOObI Aj1s

o0benx Macc 3TH OTHOIICHUS (a, Cie-
JIOBaTeIbHO, W YaCTOTHI) OBLITH OBI
OIMHAKOBBL. TakoW mombop JIerko

yrajaslBaeTcs JUIsl CHMMETPHYHON

CHCTEMBI (| = my =m, k| = k, = k),

(puc. 3.4), y KOTOpO¥ napruagbHbIe

YaCTOTHI COBITA/IAIOT: Puc. 3.4.
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kK
W =w = . (3.7
m

Ecii 06a rpy3a CMECTHTB BIPABO HA OXMHAKOBBIC PACCTOSHUSA S§, = Sy,  TO CPEITHAA
npyxkuHa k' (mpyxuHa cBsi3u) He Oyner mnedopmuposana (mosumus 6). ITocie oTmyckaHumsI
IIpy>XHHa OyzieT ocTaBaThesl HeeopMupoBaHHOW. [ToaTOMY KaX b1l U3 rpy30B OyzieT coBep-
[1aTh TAPMOHUYECKHUE KoJIeOaHHs C OHOM M TOH e 4acTOTOMN

W =,—, (3.8)
m

KOTOpAas U sIBJISETCS epBOit HopManbHO# YactoToi. Kondurypauus sToro cuHdasHoro kosne-
Oanust (MoJIbI) 3a/1aeTCsl K03 GHUIMEHTOM pacipenesieHns: aMIuUTya G = +1.

Ecan temepsr 06e macchr

k m k' m k

CMECTUTH B pa3HbI€ CTOPOHBI Ha O~

n___1
HAaKOBBIE PACCTOSHUSA Sgy = —S¢;

(mo3urMs B), TO MpyXuHA k' yuim-

HUTCS HA BEJIMYUHY 23(1)12 . IToatomy

K IpaBoii Macce Oy/JeT NpHiIoKeHa

BO3Bpamlamas CHJIa, PaBHASL
i 1
= (ksgy +2k's() , a Ha neBy10 Mac-

cy OyneT nelcTBOBaTh B IIPOTHUBO-

MOJIOKHOM HaIllpaBJICHUU CHJIA

I I
= (ksg +2k'sy;) . Tocie otnycka-

HUS Ipy3bl OyIyT COBepIIaTh Ipo-

TUBO(a3HbIE TAPMOHHYECKHUE KO-

Puc. 3.5. nebaHnusg cO BTOPOH HOPMAaIbHOM

JaCTOTOM

- = [ic+ 2k’ io
L (3.9)

Kondurypamus BTopoil MOabl xapakTepu3yercs: KoddphUIueHToM pacipe/ee-
HuA G = —1.

Ecnu rpy3sl, n300paskeHHbIe Ha pHc. 3.5a, CMECTHTh Ha IIPOU3BOJIBHbIE PACCTOSHUSA
(HampuMep, B OTHY CTOPOHY Ha BEIIMUYHUHBL S, H S, , KaK 9T0 H300pakeHO Ha puc. 3.50), To
9TO HKBUBAJICHTHO CYIEPIIO3ULIMH IBYX THIIOB HAYAJIbHBIX CMEILICHHUH: B OJIHY CTOPOHY Ha OfIU-

HAKOBBIC BEJIMYHUHEI (TIO3UIUS B)

|
So1 = So2 _E(SOI +502) ; (3.10)
U B Pa3sHbIE CTOPOHEI (IIO3ULKSA I') Ha BEIHYHHEL

1
~s01 = 50 =502 =s01). G.11)

HOCKOJ'II)Ky KonebareapHas CUCTEMA HHHeﬁHa, TO CI/IH(I)HSHLIG KOJ'Ie6aHI/I$I, BO3HHUKAIO-

1IUe O CJIC OTITYCKAHUA I'PYy30B B TO3UIIUN (B), 6yZ[yT MPOUCXOAUTH HE3ABUCUMO OT IPUCYTCTBUS
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npoTHBO(a3HBIX KoeOaHUH, BOSHUKAIOIIMX PH OTITYCKaHUH I'Py30B B To3uLuH (T). CMeIeHus
000UX IPy30B € TeUEHHEM BpeMeHH OyyT onuchIBaThest opmynamu (3.5), B KOTOPBIX aMILIHUTY-
1e1 onpezersirorest paeHcTBamu (3.10) u (3.11), a Haganbhbie Gassr ¢ = =T1/2.
[Mpoananu3upyem Goinee noxpoOHO KoJIeOaHHs B CHCTEME, U300pakeHHOM Ha puc. 3.5.
ITycTh MBI CIIBHHYIIH JIEBYIO MaccCy BIIPaBO Ha PacCTOSHHE S, , @ IPaBYI0 MAacCy OCTaBUIIU B
HECMEIEHHOM TOJIOKeHHH (8¢, = 0) . [locne ormyckaHus 000MX Ipy30B B CHCTEME BO3HUK-
HyT konebanus. M3 (3.10) u (3.11) ompenensieM aMIUTMUTYABI MOJ: S(I)l = Séz =50/2;
- S(I)Il = s(glz =—s0; /2 . [ockonbky ¢ha3el ¢; = ¢y =T/ 2 (T.K. HAYaTbHBIC CKOPOCTHU y TPY30B

OTCYTCTBYIOT), TO CMCIIICHHS

s ()= %cos wyt + %cos wyt;
(3.12)
s,(F) = % cos Wyt — %cos wyt.
[TpousBoasi CyMMUpPOBaHUE TPUTOHOMETpUYECKUX QyHKIUH B (3.12), momy4um:

W — W W t
51(£) = 59 cos ———L ¢ [Bos —1 wlt

>

(3.13)

Wy — Wy / Tbos Wy + 0y

85 (t) = 8¢ sin t.

Bpemennsie 3aBucumocTti (3.13) nuzobpakeHsl Ha puc. 3.6.

S A
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BuaHo, uro konebanus kaxoit u3 Macc umerot Gopmy Ouenuii. [lepros atux Oue-

Huit papen !

2Zm _2n
Iy =—— , (3.14)

Wy~ 0 Q6

T7Ie 4acToTa OMeHUH
Q; =AW= 0y — 0. (3.15)
Ecnu BBECTH CpPENHIOIO 4acTOTY
w +W
y = ———, (3.16)
2
n

TO C ATOW YACTOTOH CBsI3aH NepHoy Konedanuit 77 =— .

Ecnn wactora Ouennit Qg << Wy, , Kak 310 n300paxeHo Ha puc. 3.6, 0 I's >>T . B
9TOM ciTydae KojiebaHuss 000X Tpy30B OyIyT HOUTH rapMOHHYECKHMH (KBa3UT'APMOHUYECKH-
mu). Eciu nepenucars (3.13) ¢ ucnonb3oBaHUEM CPENHEH 4acTOTHl (), U 4aCTOThI OUEHUMH

Qs B BUJE:
Qs
s1() =50 cosTI cos Wyt = A, (¢)cos wyt;

. Q 3.17
5, (2) =503 s1n76mos Wyt = A, () cos wyt; 317

To mpu Qs << W), konedanus (3.17) MOXKHO TPAKTOBATh KaK KOJIEOAHUS C YaCTOTOH W, H

MEIJICHHO MEHSIOIIEICS aMIITUTy IO A(%).

2 v
s 4 B Teopun konebanuii u B Ipyrux pas-
52 Jenax (U3MKU A aHAIM3a KoJe0aTelbHOro
01
4 MpOLIECCa UCIIONB3YIOT CIEKTPAIbHOE IPEICTaB-

JICHWE, WM CIEKTP KoneGaHWi. DTOT CIIEKTP
M300pakaroT rpa)UueCcKu: 10 0CH a0CIIHCC YKa-
3BIBAIOT YACTOTHI KOJIEOaHNUH, & IO OCH OPJHAT
OTKJIQ/IBIBAIOT KBAJIPATHI MX aMIUIUTYA. Tak, B

9aCTHOCTH, JJIS KoeOaHui, N300paXeHHBIX Ha

I
! puc. 3.6 (s, WK S, ) U OIUCBIBAEMBIX (OPMY-

\4

O ©; O ®  jamwm (3.17), nerko HapuCOBaTh CIIEKTP, TMO-

Puc. 3.7. CKOJIBKY YK€ M3BECTHO CIIEKTPaIbHOE Pa3JIoxKe-
HEE 9TOro KoseGanus (IpeICTaBlIeHre B BU/IE CyMMbI TAPMOHHYECKUX KolleOaHumit), 3a1aBae-
Moe popmynamu (3.12).

Takoii ciekTp M300pakeH Ha puc. 3.7.

1) Kone6anmus (3.12), BooOIie roBops, He ABIAIOTCS MEPUOIMYECKUMH, T.€. Hellb3sl YKa3aTh TAKOE BPeMs

T*, cIIyCTsl KOTOPO€ OHU TOUHO MOBTOPSIOTCS (OTHOLIEHHE YaCTOT W, / Wy

111e BCEro 1 I?IBa oL
mw; = nw,; oymyT HCUCAAIOTI pen 03TOMY

HOE 4HCIIO, YAK MX PAIMOHAILHOTO OTHONIE
MEPHOJOM Gt P}MMBI Ha3bIBacM HEPHOT I(% ]IIEfIHOBTopeHm ocubaioweti CyMMapHOTo KosiebaHus,

On = =W, —w
[ - 11 I-
,a T

0

PaBHBII MONIOBUHE TEPUO/Ia KOIEOaHUs C YaCTOTOH
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DTOT CIIEKTP COAEPHKHUT ABE CIIEKTPATIbHBIE KOMIIOHEHTHI. ETo MOXKHO 0XapakTepuso-
BaTh CPEAHEH YacTOTON W), ¥ MHUPHHOH Aw. B coorBeTcTBUM C hopmyoii (3.14) mpoussene-

HUe A Ha nepuop Ty paBHO INOCTOSHHOMN BEIIMYUHE:
AwlTg =2 (3.18)

®opmymna (3.18) umeer mryookoe huszmdyeckoe conepkanue. Tak, eciiu IPOUCXOIAUT

HEKOTOPOE KBa3UTapMOHHUECKOE KolleOaHue BUIa
s(t) = A(f) cos[wyt + d(1)], (3.19)

U KOToporo amminuTyna 4 u ¢aza ¢ MeaneHHO MEHSITCS Ha MacuiTade BpeMeHH T
(puc. 3.8a), TO CIIEKTp TAKOTo KOJICOAHHS MOXKET COCTOSTh M3 OOJBILIOTO YHCIIA YaCTOT.

OTH 4aCTOTHI TPYIIHUPYIOTCS BOJIM3H LEHTPAIbHOHN (OCHOBHOM) HacTOThl Wy = 211/ T
B IIpeeNax XapakTepHOTo HHTepBaia yacToT Aw, 00paTHO MPOIIOPLHOHATIBHOTO BPEMEHHO-

My Macmtady T. Ha puc. 3.86 sy A .

A
Y

n300paxKeH 3TOT CIIEKTD, TIe IO
T —> T je— o
OCH OpJMHAT OTJIOXKEH KBaApaT - T e

aMIUIATYIBI §( KaXJ0i U3 rap- A

MOHHYCCKHUX COCTaBJIAIOIINX, 0

npudeM Mexay T u Aw cymie-

cTBYeT cBs3b: AW ~ 2TT. u PE R N u
KonuuectsenHasi cBsi3b S -

MEeX Iy KosieOareIbHbIM Ipoliec- a)

coM $(f) ¥ ero CIeKTpOM TIpe- s s

cTaBisieTcs (10 aHaJIOTUH ¢ hop- So()

Mmynami (3.12)) B BUAE CyMMBI Ao ~ 270/t

KOHEYHOTO WJIM OECKOHEYHOTO

4ucjia TapMOHHUYECKUX COCTaB-

JIAFOIIUX (B BUIC psAaa WA UH-

terpana ®ypre). Takoe npes- 0 030 o
cTaBieHue OyfeT MIMPOKO HC- 0)

TOJIB30BATECs B Kypee «ONTHKay. Puc. 3.8.

MeToauka aHaju3a Kojae0aHMH CBA3aHHBIX OCHMJLIATOPOB. Brie Mbl pac-
CMOTpEINH KosieOaHUs IByX OJMHAKOBBIX CBA3aHHBIX NMPYKUHHBIX MasTHUKOB, HEe Ipuberas
K PEIICHUI0 YpaBHEHUU ux JBMkeHUs. OJIHAKO, €CIIH )KECTKOCTH MPYXKUH U MaccChl Tl
HMMEIOT IPOU3BOJIbHBIE BEJIMUMHBI, TO 334aCTyI0 OBbIBAET TPYIHO A0raaThcsi 0 KOH(Urypa-
UMM MOA U UX 4yacToTax. [loaToMy mpencraBisieTcsi BaXHbIM BOOPY>KUTHCSI YHUBEPCAJb-
HBIM METOJOM, TO3BOJIAIOIINM IO €IWHOIM CXeMe NMPOBECTH MOCIEAOBATEIbHBIN aHATH3
mo00# KoIedaTeTbHON CHCTEMBI C JABYMS CTEIICHIMH CBOOOJBI, SIBISIFOIICIHCS CUCTEMOM

JIFOOBIX CBSA3aHHBIX OCOUIIIIATOPOB.
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3anuiiem YPaBHCHUS ABUKEHUA ABYX CBA3aHHBIX IIPY>KWUHHBIX MAaATHUKOB B BUJIE:

.. ) ,
mlsl = _klsl —kS| + kSz'
. , . (3.20)
m2S2 = _k2S2 _kS2 + kSl.
Paznenus nepBoe ypaBHEHHE HA m,, @ BTOPOE — HA 71, W MCIHOJIb3Ys BBIPAKCHUS
(3.6) s maprMaNBHBIX 9acToT, epenumeM (3.20) ciaexyommmM o6pa3om:
.o 2
§p = ~0s) —AyS,,
.o 2 3.21)
§3 = 70,8 ~0;5,,
—_ I —_ ! !
e o, =—k'/my,0, = —k'/m, — KO3(QUIIEHTHI, 3aBUCSIIIIE OT KECTKOCTH k' TPy KHHBI CBS-
3u. OOpaTuM BHUMaHHE, 9TO ypaBHEHU (3.21) He MOTYT PEeIIaThCs IO OTACTBHOCTH, T.K. KKI0e
W3 HUX COZEPXKUT S| U §, . [l03TOMy 1enecooOpasHoO MepeiTH OT CMEIEHHH S| U S, K HOBBIM
bysxmsiv &; u &, , Ha3pIBaGMBIM HOPMAJIBHBIMU KoopAuHaTamu. CMBICT IIEPEexoa COCTOHT B
HOTy4EHUH! JABYX HE3aBUCHMBIX YPAaBHEHUI IBUXKEHUSI, KOTOPbIE MOKHO PELIaTh [0 OTAEIbHOCTH.
OpxHako, B 00IIeM ClIydae 3TU KOOPAUHATh! HaiTH He npocto. [TosTomy s mimoc-

Tpaluu TaKoro nepexojia paCCMOTPpUM CUCTEMY C OAUHAKOBBIMU MAaCCaAMU (ml =m, = m) nu

npyxunamu (k; =k, =k). TlockonbKy napuuaibHble 4aCTOTBI COBNAMAIOT (W = W, = W=

k +kl k! .
= ), aTakke O; =0, =0 =—— , To cucreMa ypasHeHuii (3.21) cranoBurcs 6onee
m
mpoctoit. CoXuB 06a ypaBHEHHS, TOTyYaeM:
g =—(w* +a)g,, (3.22a)

rme & =s; +5, — nepBas HOpMaibHasI KOOpIUHATA. BeIunTast BTopoe ypaBHEHHE U3 IEPBO-

r0, HAXOIHMM:

& =—(w' -0k, , (3.226)
rae &, = s, — s, — BTOpas HOpManbHas koopanHara. Terneps ypaBaeHust (3.22) He3aBHCHMBI.

ITepBoe 13 HUX ONKCHIBAET KoJeOaHUe IIEHTPa MacC CUCTEMBI C YaCTOTOM

k'
W =w - —

ot (3.23)

MECHBIIIEH HapHHaHLHOfI YacCcTOThl W . BTOpOG YPaBHCHUC OIMMUCBIBACT UBMCHCHHNEC PACCTOSITHUSA

MECKAY ABYyMs MacCaMu € 4acTOTOM

kl
wf =W+ — (3.24)
m
MIpEeBBILIAIOIIEH NapIHalbHyIo YacToTy. Pemenns ypasaenuii (3.22) oueBUIHbI:
€1 (1) = 51(1) +5, () = &gy sin(wyz + ) ; (3.25a)
(1) = 51(1) = 55() = &gy sin(odyt + ¢y . (3.256)

BosBpaiasice K QyHKIUAM §; U S, , IOIy4aeM:
510 = sinwy1+ )+ S sin(en + 41): (3.260)

NOE E—g'sin(wlt +0,)- %sin(wut +dy). (3.266)
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YeTbIpe BETHYUHBL &1,&0y, O ¥ Py ONMPEREITSAIOTCS M3 HAYAIBHBIX yCIOBHIA:
51t =0), s,(t=0), $(t=0), $,(t=0).

IIpOMITIOCTPHPOBAB MIEPEXOX K HOPMAIBHBIM KOOPAMHATAM, BEDHEMCS K METOAUKE
aHasm3a KoyeOaHui B IPON3BOJIBHBIX CHCTEMAX, ONMCBIBAEMBIX ypaBHeHHsAMHE (3.21).

[Tycts B cucteMe IPOMCXOOUT HOPMAJIBHOE KosleOaHNe ¢ HEU3BECTHOM II0Ka 4acTo-

. —So2
TOU W U KO3(1)(1)I/IHI/ICHTOM pacopeneieHus aMIiuTyn = —:
So1
Sl(t):SOI Sin((a)t'i'd)), SZ(I):SOZ Sin((a)t+¢) . (327)

[MoncraBum (3.27) B cucremy ypaBuenuit (3.21). Torna nomyduum cucremy U3 IByX
anreOpandecKux ypaBHEHHUI:

2 _ 2 —n
(W —w7)sg; + a5, =05
2 _ 2 _ (3.28)

0801 + (W — W )sgy =0.

Cucrema TMHEHHBIX OTHOPOHBIX YpaBHEHNH (3.28) MMeeT OTIIMYHbBIE OT HYJIS pelie-

HUSI TOJIBKO B TOM CIIy4ae, €CIIH €€ ONPEAEIUTENh PABEH HYIIIO:
W - a 2 _ 2\ 2 2
1 — _ — — —
s o T —wT)(w; —wh) —a [en =0. (3.29)
a 2 (.02 -

10 — KBAJPATHOE YPABHEHHE OTHOCUTENBHO W , mpuueM > 0 . [TosTomy, pemas
ypaBHeHHe (3.29), MOXKHO HalTH HOPMaJIBHBIE YACTOTHI Wy U Wy . [Tocne HaxOXKAEHHUs 4acTOT
HE COCTaBIISAET TPya HATH KOH(UTypannio MOz, T.€. kK03(GUINECHTHI pacpeIeICHNS aMILIN-
Ty G; U Gy . IX MOXXHO OTIpeienInTh, HapuMep, U3 IepBoro ypasHeHus (3.28), mpudem ode-
BUJIHO, YTO ISl KaXKJOH HOPMaJIbHOM 9acTOTHI (0 MM Wy ) 3TH KO3 (UIIMEHTHI pa3IUIHbL:

2 _ 2 2 2
_HY02 _ W~y _HY02 _ Wy -y
G = = , Cn = =
01 o o1 O S8
Taxum ob6paszom, ypaBHerne (3.29) u paBeHcTBO (3.30) MO3BOJISAIOT MOTHOCTHIO pac-

(3.30)

CUMTATH APAMETPHI KaX 10U U3 IBYX MOJI. J[BIKEHUE KaXKI0# 13 Mace, KaK yiKe HeOJIHOKpar-
HO OTMEYaJIOCh, SIBJISETCS CYIEPIO3UILIUEH IBYX HOPMAJIbHBIX KOJICOaHHN:
51 () = 501, sin(@iz + ) + 59, sin(wy? +yp),
$2() = Gy L, sin(@yz + @) + ¢y By, sin(wyz +¢yp),
I7e aMIUIATYABL So1, M So1, W HadambHble Basbl ¢ u ¢ ompenemsiorcs, Kak U paHblie, U3
HavanbHeIX yenosuid: s;(0), s,(0), $,(0), s,(0).
Pacuer Moz juist 11000 CHCTEMBI IBYX CBSI3aHHBIX OCIHJUITOPOB YUTATEIh MOXKET

npoaejaarb CaMOCTOATCIIbHO.

CooTHoLIeHHE MeKTy MapHUAJbHBIMH M HOPMAJIbHBIMH YacToTamu. J{is ycra-
HOBJICHUS CBS3M MEXXIY NapIMaIbHBIMI H HOPMaJIbHBIMHU 9acToTaMH riepenwumieM (3.29) B Buze
2 22 2 2,22 _

(0 —w™)(w; —w’) —yww, =0, (3.31)
rae
2
_0a, k
Wy Ok + Kk k)

(3.32)




56 Koneb6aHus 1 BOnHbI

BespasmepHsiit k03¢pdunueHt cBa3zu Y

} 1 } 1 1
T T T T T »

0 ®,; ®, O, (O () MCKAY ABYMS CUCTEMAMU MOXKCET IPUHUMATh 3HAYC-

Puc. 3.9. g 0 <y <1.Ecmmus (3.31) onpenenuts HOpMab-
HBIE YaCTOTBl Wy M Wy, TO OHU OyIyT BEIPAXKaThCs Yepe3 MapluaabHble YaCTOTEl Wy U W, H
kod(uIenT Y . DTH yeThIpe YacToThl OyAyT pacloyaraTbCsi Ha OCH 4acTOT B OCIEA0BATENb-
HOCTH, M300pakeHHOH Ha puc. 3.9.

ITpu cnaboii csizn (Y <<1) HOpMabHBIE YAaCTOTHI OJM3KH K MApIHaIbHBIM, a IPU
cibHOH cBs3M (Y < 1) pasnmuume B 4acTOTaxX CTAHOBUTCS CYIIECTBEHHBIM. DTO XOPOIIO BU/I-
HO, €CITM MTAPIMAIIBHBIE YACTOTHI COBIAMAIOT (W, = W, = ). Torma (3.31) npumer By

(W} —w*)? —y*wy =0.
Orcrona
o = (l-y), wy =w(l+y). (3.33)

3aTyxanue koedanmii. Eciiv sHeprus He moIBOANTCS U3BHE, TO KOJIeOaHUs CBSI3aH-
HBIX OCHMIIIISITOPOB OyyT 3aTyXaTh. [I0CKOJIBKY CHITa BSI3KOTO TPEHMS POIIOPIMOHAIBHA CKO-
poctu, To ypaBHeHus (3.21) ¢ yueToM 3aTyXaHU IPUMYT BUJ:
§ = ~0ys; —28,5, ~dys,,
5§y = =058, — Wisy —28,5,. (3.34)
3mecy 8, =T,/2m u 8, =T,/2m, — xo3(dHULHEHTHI 3aTyXaHUs IS IEPBOTO U
BTOPOTO OCHMJIIATOPOB. ECIN HiCKaTh pelIeHNne 3TOH CUCTEMBI B BUJIE HOPMAJIBHBIX 3aTyXako-
KX KOJIEOAHHUA:
5(1) = spe” sin(wx +¢) , 5, (1) = sppe” ¥ sin(wx +9), (3.35)
TO T10CIIe MoACTaHOBKH (3.35) B (3.34) MOXKHO HAHTH HOPMAJIBHYIO YaCTOTY ), KO3 (GHIMEHT
3aryxaHus O ¥ KOHQHrypauuoo § Kaxmoi u3 18yx Mo. OmycKas MpOMeKyTOYHbIE BBIKIIA-
KH, OTMETHM, 49TO IIpH W, >> 9, U W, >>0, (craboe 3aTyxaHHe) HOPMAIbHBIC YaCTOTHI U
pacIpezieneHne aMIuIUTy A B MoJax OyayT ONM3KU K TEM, YTO U B OTCYTCTBHUE 3aTyXaHus. s
ko3 dunnenTa 3aryxanus O MONy4aeTcs BBIpAKECHHE:
5= (0 —0")3; +(w; — )3, .
(@ —0") + (0 ~w")
MOXHO BHAETH, YTO NPU HPOU3BOIBHOM COOTHOLICHUH MEXIY Wy, W,, O, U O,

(3.36)

K03 PUIMEHTBI 3aTyXaHus Mo O; U Oy, moiydaemsie u3 (3.36) mpy W=W; 1 W= Wy,

OyLyT pas3IH4HbIMH.
Eciii mapiuasibHble 4acTOThI COBHAAAIOT (0 = W, ), TO
1
O =9y :5(61 +0y). (3.37)
Ecmn w, #w,,a §, =0, =&, 10
5, =8, =5. (3.38)

HOCJ’IGﬂHI/IM PE3yIbTAaTOM MbI BOCIIOJIB3YEMCS ITPHU paCCMOTPCHUUN AUCCUTTALIUU SHEP-

TMH B CBA3AHHOM KOJI€0aTEILHOM CHCTEME.

DHeprus KoJ1edaTeIbHOM CHCTEMBI U ee JUCCHTIANN . PaccMoTpuM KosteOaHus TBYX

OAMHAKOBBIX MaccC (pI/IC. 3103), 3aKPCIUICHHBIX HAa PACTAHYTOM JICTKOM PE3WHOBOM LIHYPEC.
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Ecnu onun u3 rpy3os

Q3

m
O
L4

AANANN

OTTAHYTb Ha PAaCCTOSIHHE 25,
(6) 1 3aTeM OTHOBPEMEHHO OT-

IIyCTHUTD obe MaccChl, TO UX KO-

7777 T

AANANN

nebanust Oy/yT UMETh BHJI Ou-

ennii. C Ipyroif CTOpPOHBL, IIpH

9TUX Ha4YaJIbHBIX YCJIOBUAX 6y-

AANANN

IIyT BO30Y>KJICHBI JIBE MOJIHI (B
U T) C OTMHAKOBBIMH aMILTUTY-

aMu KolieOaHuii 00enx Macc,

AANANN

PaBHbBIMH S| . SHCPFI/ISI, 3ara-

CCHHas B HCpBOﬁ Mozae, paBHa
CyMMe KHHETHYECKIX SHEPTHH Puc. 3.10.
06eHX MaCC TPH TIPOXOK/ICHHH HMH TIOTIOKEH S PABHOBECHS CO CKOPOCTBIO 77y = 80, T.€.:

E) = 2%(2/01)2 = mslw} (3.392)
a BHCPFI/IH BTOpOﬁ MO/JibI, aHAJIOI'M4YHO, paBHa

Eq =27(n)’ = msgeop. (3.396)

Ba)KHO OTMECTHUTD, UTO 3HepFOO6MeH Me)K[[y MoaaMu OTCYTCTByeT, a I1oJIHast SHCpFI/IH

CHUCTEMBI paBHa CyMMe 3Hepr1/1171 €c MOU. B TO XK€ BpCMH B Hpouecce 6HeHHI71 3Hepl"I/IH HCpBOFO
OCHHHHﬂTOpa 3a BpeMﬂ, paBHOC IIOJIOBUHC nepno,ua 6HeHHI>i, «r[epeTeKaeT» KO BTOpOMy ocC-
HWUIATOPY U 3aTEM 3a TaKoe e BpeMs Bo3BpamiaeTcs oopaTao. [omHbIi sHEprooOMeH Mex-
,Z[y OCHI/IHHHTOpaMI/I BO3MOXKCH JIMIIb TOTa, KOrjaa 06e MacCChl OIMHAKOBBI U OTHOLICHHUEC

(wp + W) /(W — W) paBHO LENOMY YUCHTY 7, T.€.:
W Wy _ 2wy

wp - Qg
CreoBarenbHO, 4acToTa ), JOJDKHA OBITH KpaTHOW yacToTe OueHuid. B camom nerne,

=n. (3.40)

pu BBIOTHEHUH ycioBus (3.40) kaxmas u3 Macc OyeT IepHOINIECKH OCTaHABIMBATHCS B

MOJIOKeHUH paBHOBecus (kak cienyet u3 Gopmyn (3.17)). C TedyenueM BpeMeHH KoyeOaHHs

OyzyT 3aTyXxaTb, U OyIeT SKCIIOHEHIMAIBHO YMEHBIIAThCSl SHEPT U, 3aIIlaCeHHas B MOJIax:
E'(t)=msie ™ w} = Ege ™, (3.41a)
E"Nt)=msie ™ wh = Elle ™. (3.416)

1 y
BaxHO mom4epKHyTh, UYTO Yepe3 BpeMs Tp = Y SHEPTrHsl KaKAOH U3 MO yMEHb-

IIUTCA B e pa3, Ipu 5TOM HpOTI/IBO(I)aBHaH MOJla «IIOTCPACT» 0oJbIie OHEPIruu, 4em CI/IH(I)E[?;HaSI,

ITOCKOJIbKY HadaJlbHAsl SJHEPTUS Eél y Hee ObLIa 0OJIbIIE, YeM Eé (cm. (3.39)).

Boiny:kaeHnHble konedanusa. PaccMOTpUM OCHOBHBIE 3aKOHOMEPHOCTH BBIHYK/ICH-
HBIX YCTaHOBHBIINXCS KoJIeOaHUH B cucTeMe, H300pakeHHOH Ha puc. 3.11, ecim Ha JeBylo
maccy my JIeHcTByeT cuia F(f) = F sin . YpaBHEHHs IBHKEHHS B 3TOM ClTydae OyIyT OTIIH-

gartecs oT (3.34) Hanu4IreM 3TOW CHUIBI B IPABOW YaCTH MEPBOTO YPABHEHUS:
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. 2 . Fy .

§ = —wps; =285 —a;s, +—Lsin o,
m

o o) .

Sy ——stl _().)2S2 _252S2.

HerpynHo noraparscs, uto

kk  om FO k' k,

CER ) (ALY

peUICHUAMU 9TOH CHCTEMEI B ycCTta-

(T

ey

HOBHBIIEMCSI PEKUME SIBISIOTCS
rapMOHUYECKHE (PyHKIIHU Puc. 3.11.

851() = 501 sSI(WE + @), 55(7) =505 sin(WX +¢5), (3.43)
KOTOpPBIE OTPAXKAIOT TOT (haKT, YTO 00€ MACCHI KOJICOTIOTCS Ha YaCTOTE BBIHYKIAIOIICH CHIIBI.
Honcrapmsist (3.43) B (3.42), MOXKHO BBIYHCIIUTH AMILTUTY/BI U (ha3bl BHIHYKACHHBIX KojieOa-
HUH. MBI OTpaHIYNMCS JTUIIH 00CYKJICHUEM PE3YIIETaTOB.
Sor 4 Ha puc. 3.12 u3obpaxena AUX s
MIEPBOTO OCIIIUIITOPA, K KOTOPOMY MPHIIOKECHA
cua. O6pamraer Ha ce0s BHUMaHHE HaJHM4dne
JIBYX PE€30HAHCOB, KOTOPBIE IIPH MaJIOM 3aTyXa-

HUN Ha6J’I}O,IIaIOTCH Ha HOPMaJBHBIX HaCTOTax

W 1 Wy . [Ipy U3MEHEHUH YacTOThl ) OT Wy

]
|
E pi(e] “OII aMIUTUTyAa Sg; DadaeT U JOCTUTACT MU~

®; © O, O ®  HpMyMa Ha BTOpPOH MapluaibHOl YacTtoTe ), ,
Puc. 3.12.

A 4

IIPY 3TOM C YMEHBIICHHEM 3aTyXaHUs aMILIUTY-
Jla Ha 3TOW 4acTOTE CTPEMHTCS K HYII0. DTO 00CTOSATENHCTBO UCIONB3YIOT ISl TIO/IABIICHUS
OTKJIMKA CUCTEMBI Ha JIeHiCTBHE BHELIHEN cUibl. B painoTexHuke, Iie HCHoNIb3YI0TCS CBA3aH-
HBIE KoJie0aTeNbHbIe KOHTYPBI, UX IPUMEHSIOT KaK (QUILTPHI U ieMII(ephl.

JlBa pe3oHaHCa IMEOT MECTO U JUIS CMEILEHUS S, BTOPOH Maccel. Eciu mpoanannsu-
pOBaTh OTHOIICHNE AMIUIUTYH S, /S;; B 3aBUCHMOCTHU OT YacTOTHI (), TO OKa3bIBAETCS, YTO
9TO OTHOILEHHUE BOIN3H YacTOTHI ()] PaBHO KOA(Q(UIIMEHTY paciipeieleHust aMIUIUTY., G; AT
NIepBOI MOJIBI, @ BOJIM3M YacTOTHl Wy; — KO QUIMEHTY pacupeneaeHus aMIUIITY Gy AT
BTOPOH MOJBI. DTO UCIONB3YETCA Ul ONPENENCHNs STHX KOIP(PUIMEHTOB, HOCKOJIBKY MPH

BBIHY>KJICHHBIX KOJIEOAHMSX 9TO caeaarsb IpoIie, 4€M pu COOCTBEHHBIX.

Kousre6anus cucteM co MHOTHMH CTeNeHSIMHA cB000IbI. OCHOBHBIE HIEH, CHOPMYITHPO-
BaHHBIE IPH PACCMOTPEHNH KOJIEOaHHI CHCTEM C IBYMSI CTETICHSIMHU CBOOOIBI, TEIIEPh MOT'YT OBITH C
YCIIEXOM MCIIONIB30BAHbI [T aHAJIM3a KOJIEOAHUH CHCTEM C TPEMSI, YeThIPbMS, ..., [N CTETICHSIMHU CBO-
60161, 11 B ipeaene, mpu N — 00 | 1 aHann3a KoieOaHWi B CIUTOIIHBIX Cpefiax, T.€. BOJH.

OOparumMcsi BHauasie K KoeOaHUsIM TPEX OJMHAKOBBIX MacC 711, 3aKPETICHHBIX HA paB-
HBIX PAaCCTOSIHUSIX ¢ Ha HATSHYTOM JIETKOM PE3WHOBOM IIIHYpE, Kak Moka3aHo Ha puc. 3.13a. JIro-
60e KoebaHme ST CHCTEMBI MOXKET OBITh MPE/ICTABICHO KaK CYTIEePIO3UIINS TPEX HOPMaJIbHBIX
KoneOaHui ¢ yacToTaMu Wy, Wy U Wy . Omyckast Ha BpeMs BOIIPOC O BEIMYUHE YacTOT, HaieM
KOH(pHTyparmio 3tux Mo, [IppMeM Bo BHIMaHIE, 9TO KBaIPAT YaCTOTHI KOJICOAHUI KX 0l Mac-

Chbl B ﬂaHHOﬁ MOAEC JOIKCH OBITH OJIWHAKOB. ITOro MOXXHO ﬂ06I/ITBC${ B CJIy4ac, Korjia OTHOLICHUA
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BO3BpAIIAOIICH CHIIBI K a n a n a n 4 N
i’ A 4 A4 A4 NS
BEMHHE Macchimuee A oy N
CMEIIEHHUIO S y BCEX TPY-
30B OyZlyT OMMHAKOBBIMM. S, N o,
Taxue ycloBus peamu- A N
3YIOTCS [IPH CMEILCHUH
A N
Macc Tpems criocodamu N
Z N
(6, B u r Ha puc. 3.13). ~
[Ipu ornyckanuu rpy3oB
A N
u3 nonoxenus () B cuc- N o
A N

TeMe OyJIeT MPOUCXOUTh

TNEPBOC HOPMAJIBHOC KO-

neb6aHne Ha 4acToTe W ;
13 TOJOXKEeHUs (B) — Puc. 3.13.
BTOPOE Ha 4acToTe Wy ;
U3 TOJIOXKeHUS (T) — TPEThe Ha YacToTe Wy . OUeBHIHO, 4TO Wy > Wy > W) .

KoHdurypaiust kaxmaoit u3 Mol MOXKET ObITh ONKMCaHa C OMOIIIBIO IBYX Koadduim-
CHTOB PACIpEACICHHs aMIUTUTYA. 3aberasi BIepel, OTMETHM, YTO JJIS YEThIPEX MacC TaKHX
KO3 PUIUESHTOB JOIKHO OBITh TPH, H T.1I.

OJHAKO CHTYaLUsi MOXKET OBITh YIIPOLIEHA, €CIIH 0OPATUTh BHUMAHHKE, YTO PACTIONOXKE-
HHe Macc B no3unusix (0), (B) u (1) Ha puc. 3.13 HaIOMUHAET «CUHYCOUATIBHOE» (ITYHKTHPOM
n3o0paxeH GparMeHT QyHKIMH Sin fx , TIe 4 — HEKOTOPBIH IapaMeTp, XapaKTepu3yIOIHii 1me-

puox stoi pyHkumm). Torna KoH(Urypauus nepBoit Mozl OyeT onrcaHa CIeay oM 00pa3oM:

s(I) (x) =sgsinkyx; £ = 1, (3.44a)
4a
Jns BTOpOil MOBL:
50/ (x) = sq sinfyx; kg =24 (3.446)
st TpeTbeit MonblL:
S0t (x) = 5o Sin kX fyy =3k (3.44B)

Poutb Ge3pasmepbix koodduuuentos C Boinonnser dynkuus sint,x (p =1, 1L 1), Bbrauc-
JICHHas B TOYKAX X =X} =a, X=X, =2a, x =x3 =3a.

JpyruMu IpuMepamMu CBA3aHHBIX OCIMILIATOPOB SBIAKOTCS aTOMBI B MoJieKynax CO,,
H,O u . n. Ha puc. 3.14 u300paxkeHsl KOHQHUIypaluyu MO U MPUBEJEHBl 3HAYEHHS JaCcTOT
HOPMaJIBHBIX KonieOaHuii Moiekya. OOpaTiM BHUMaHHE, YTO 3TH YacTOThI MMEIOT HOPSIOK
BEJIUYUHBI (10]3 + 1014) ¢! u 3HaunTensHO MIPEBBIIAIOT (HAa HECKOJIBKO HOPSIKOB) YaCTOTHI
MEXaHHUYECKHX KOJIeOaHI MAaKPOCKOIMYECKUX CHUCTEM. Pe3oHaHCHbIe koebaHus 3TuX (1 Apy-
T'MX) MOJIEKYJI MOKHO BO3OYIMTH NPH B3aUMOJCHCTBHM Pa3HOMMEHHO 3apsKEHHBIX HOHOB,
COCTABJISIOIIUX 3TH MOJIEKYJIBI, C HEKTPUIECKHUM [OJIEM CBETOBOU AIEKTPOMAarHUTHOM BOJIHBI

nHdpaxpacnoro (MK) nnamnazona, nMeromeii 6:113Kyro 4acTory.
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-> <——@—> o, =4,16-10" ¢!

->  ®;=7,05-10" ¢!

%)) o;=2,00-10" ¢!
1
v

o, =11-10" ¢ op=1127-10"¢"! op=4,78-10" ¢
Puc. 3.14.

B xypce «Ontuka» Mbl TO3HAKOMHUMCSI C TAKUM B3aUMOJIEHCTBIEM, IPUBOISIIINM, B
YaCTHOCTH, K OCITa0JICHHIO (TTOTIOICHHUIO) YHEPTUH CBETOBOW BOJIHBI M €€ PACCESHUIO B Cpefie
C KOJICOTIOLIMMUCS MOJIEKYJIaMH (KOMOMHAIIMOHHOMY PacCEsIHHUIO).

Bynem yBennuuBarh 4cIIo Mace, 3aKperuIeHHBIX Ha IHYPe Yepe3 PaBHbIE IPOMEXKYTKH d.
Ecm N— 4ncno stux Macc, To ronHasi JyiHa mHypa pasia ¢ = a(N +1) (puc. 3.15). Paccunraem
HOpMaJIbHBIE YAaCTOTHI BCEX MO/ M MX KOH(Uryparmu. bynem cuntarb, 4To HEBECOMBIH IIIHYD HATS-
HYT C CHJIOH F, ¥ TIPU MaJIbIX OTKJIIOHEHHSIX Macc OT TIONOKEHHS paBHOBECHs § << { 3Ta CHia He
Menstercst. Kaxxnast Macca MCIIBITHIBAET ICHCTBHE CHIT HATSDKEHUSI LITHYPa 110 00€ CTOPOHBI OT Hee.

Ha puc. 3.16 moxazaHo MrHOBEHHOE TTOJIOJKeHNE (hparMeHTa IHypa 1 Tpex macc. Ecim
yoisl 6, u 0, Maibl, To BO3BpAIaromas CHIa, ASHCTBYIOIAst Ha CPEIHIO0 MAcCy, PaBHa:

f=-F[sinB, +sinB,)=—-F(6, +0,). (3.45)

Benmunnsl yrno 8, u 0, onpenensrorcs B3aHMHBIM PaCIOIOKEHHEM Macc:

S, =S s

el ~°n n-1 ; 92 ~°n ~ St ) (346)

a a
C yuetom (3.45) u (3.46) ypaBHEHHE ABIDKEHUS CPEAHEH MAacCHl IPUMET BU:

) s, =S
e n n—1 n n+l H
ms, = —F Bg + (3.47)
g a a 0
Ecnu konebanus sIBASIOTCS HOpMaJIBHBIMH, TO
Syl (t) =850 ,-1 SIN XL,

Sp (t):SO,n sin wr, (348)
Sp+l (t) = S0,n+1 sin e,

IJIe YaCTOTy () M pacIpejecHie aMILIUTY IPEICTOUT OIPEEIUTh.
a M gmgmggmegagm,gmggm;;m;,;

Xy_1 Xy X
Puc. 3.15.
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[oncrasmsst (3.48) B (3.47), momydanm

2
mawy
- SO,n—l + % - Eom - SO,n+1 =0. (349)

F
[Mockomeky n =1, 2, 3, ..., N, 10 (3.49) npencrasnsier coboii cucremy N THHEHHBIX
OJIHOPOJHBIX ypaBHeHHi. § 4
N3 ycnoBus paBeHcTBa
HYJIIO €€ OIpeleTuTes

MOXXHO paccuuTarb Bce N

HOPMAJIbHBIX YaCTOT, a4 3a-

S,

. 5 s
TeM JUIS KaXIOH U3 9THX LS, P ond
4acTOT ONpPEAENUTh pac- () /\/ X, X, Xe1 X
MpeaesieHue aMILTUTY] B Puc. 3.16.

Ka)XXJJOH MOJie, YMCIIO KOTOPBIX, O4E€BU/IHO, OyJeT paBHO N.
MBI e HCIIONB3yeM YKe ONTMCAaHHBIN paHee Oolee JerKuil myTh 1 OyaeM HCKaTh KOH-
(burypanuio Kaxxa0i MoJsl B BUJIE «CHHYCOMIATbHON» KOHPUTYpaLMH:
5o (x) = s¢ sinkx, wmm s, = s¢(x,), (3.50)
rae x; =a,x, =2a,..,x, =na,..,xy =Na.
Yo6emumces, uro koH(buUrypanus (3.50) ymnomerBopser ypaBHeHuo (3.49), kotopoe

TNIEPETINIIEM B BUIE:

S0 ¥ S0, _ 2Q° -0
Son T o (3.51)
rme Q? =i.
ma
IToncraBum (3.50) B neByto gacts (3.51):
sinf(n+1)a +sink(n-Da _, - _ 207 -’ 35
sin fna ’ Q? (3-52)

OueBnaHO, uTo (3.50) yaosnerBoput ypaBHeHHIO (3.49), ecnu momo0paTs st TaHHO-
ro / MOAXONALIYIO YaCTOTY (.

[Mapametp 4 Ha30BeM BOJHOBBIM uKcioM. OObsiCHEHHE 3TOMY OyJeT IaHO B MOCe-
OYIOIIHX JICKIUAX. DTOT HapaMeTp JOJDKEH OBITh TaKMM, 4TOOBI Ha KOHIAX 3aKpPEIIEHHOTO
IIHypa YAOBIETBOPAINCH IpaHUYHbIe yciaoBHA. [Ipn x = 0 3TH yCclIOBHS BBIIONHAIOTCS:

sin(4 [0) = 0 . Ha apyrom kourte, tae x = a(N +1) , morpebyem, 4T00bI

sinfa(N +1)=0, (3.53)
OTKy/Ia TIOTy9aeM:
Tt
k,a(N+1)= Wi =p—, 3.54
AN D= p L w4, =T (354
rae uenoe uucio p = 1, 11, ..., N xapakTepusyeT HOMep MOJbl (KOJIMYECTBO MOJ, KaK ObLIO

MTOKa3aHo BeIIIe, paBHO N). Kaxmoit p-oif Mozie COOTBETCTBYET CBOS YacTOTa, KOTOPAs JIETKO

HaxoxuTcs U3 ypaBHeHus (3.52):

2 A2 — A2 pTt
w, =2Q°(1—cosk =2Q B—cos H
» ( »a) d N+1E (3.55)
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— ma
N=2 e ——
ma
2 F
Op= fna
N=3 o’ 2F l—L
1= ma 2

M= ma

0)2 2F (1 + L]

Puc. 3.17.

3Hast BONHOBBIE YHCIIA 4, 1 HOPMAJIbHBIC YACTOTHI W, , HE COCTABIAET TPY/IA 3AIMCaTh
BBIPKSHUSI 1JIs CMEILICHUIA BCEX Mace, Kak PyHKIMit BpeMeHH. J1Jist p-0it MOJIBI MOXKHO 3aITHCATh:
$,(X,,1) =59, sink ,x, [Sin(w,t +¢ ,); (3.56)
3neck x, =na; n=1,2,.., N.
Awmruatyna sg, ¥ HadanbHas Gasa ¢, ONPENENSIOTCS HaYaIbHBIMK YCIOBUAMH, a
kp m W), — cBoiicTBamu camoii cuctembl (bopmyibl (3.54) u (3.55)).
B cuiy nuHEHHOCTH KOJeOaTeIbHOM CUCTEMBI B CaMOM 00IIeM ciiydyae KojeOaHuit

noaxyvdacM JJid CMCUICHUA BCEX YaCTHUL BbIPAKCHUC:

s(x,,t) = zsp (xn,t), (3.57)
p

I7ie CyMMHPOBAHHUE IIPOBOJMTCS TOJIBKO 110 TEM MOJIaM, KOTOPbIE «y9acCTBYIOT» B KOJIeOaHUSX.

Tak, HanpuMmep, yJepKHUBas BCe BPEMsI CPETHIOI0 MacCy B MOJIOKEHUU PAaBHOBECHS,
MBI HE MOXEM BO30YIHUTh MOJIbI C HeUeTHBIMU HOMepamu p = I, 111, ..., HoCKoNIBKY 3T MOJBI
«TpedyIoT» CMEIIEHNUS LIEHTPAILHOM MacChl.

[Monb3ysce popmyioii (3.55), HETPYTHO BBIYHUCINT HOPMAJIbHBIE YACTOTHI KOJIEOIII0-
LIMXCSI MacC Ha LHIHYypE.

Ha puc. 3.17 nzo0paxeHsl MOJbl KojieOaHUH B CUCTEME C OJHOMW, JBYMS M TpeMs
MaccaMH U JUI KaXKJOU MOJIbl yKa3aHbl BETMYUHBI HOPMAJIBHBIX YacTOT.

B 3akiroueHne oTMeTHM, 4TO CBSA3b THIA (3.55) MeXy 4acToToil (W) W BOJHOBBIM
YHCJIOM £ Ha3bIBAETCSI IUCIIEPCHOHHBIM COOTHOLIEHHEM. JTO COOTHOIIEHHE Oy/IeT Jajee uc-

MOJIB30BAHO IIPU aHAJIU3EC PACIIPOCTPAHCHU S BOJIH B IICPUOAUICCKUX CTPYKTYpax.
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Pacnpocmpanenue eozvywjenuii 8 cucmeme ¢ 6016WUM YUCTIOM CeneHel c80000bi.
Cropocmw pacnpocmpanenus. Bozoyocoenue éonn. I pynna eonn u ee ckopocmu. Bonnosoe ypas-
HeHue. Boanvl 6 cnaownom wnype. Ompagicenue 6onn. Bosoyscoenue cmosuux 6omm 8 wmype.
Moowi konebanuii. Bonnvl 6 ynpyeux menax. Ilonepeunvie gonnvl. JHepaus, nepeHOCUMAsl 60IHOU.
Bexmop Ymosa. IIpodonshvie soauvl. CKopocmb 601H 8 MOHKOM U MOACcmom cmepchax. Ompa-

JiCeHue U NPOX0JICOeHUe 60IH HA 2PaHUYax 08yx cpeod. YoenvbHoe 6oHo80e conpomusiieHue.

PacnipocTpanenne Bo3MyIIeHHIl B clcTeMe ¢ 00IBIINM YHCIOM CTeleHei CBOO0bI.
Paccmotpum konebanmst N>> 1 mace Ha pe3HHOBOM HIHype (puc. 4.1a). OTKIIOHNM HECKOJIBKO Macc
B Cepe/IMHeE IIIHypa OT MOJIOXKEHHsI paBHOBecHs (puc. 4.10), 1 3aTeM OTITyCTUM X B MOMEHT BpeMe-
H ¢ = 0. Kak nokasbIBaeT OIbIT, 3Ta Ha4yaIbHast KOH(Uryparwst, IpecTaBsironias coooi 1o popme
HMITYJIBC, C TEUEHHEM BPEMEHH TPaHC(HOPMHUPYETCs B /1B OJJMHAKOBBIX MMITYJIbCa, KOTOpBIE TI00e-

T'YT B pa3HbIE CTOPOHBI C HEKOTOPOI KOHEYHOH CKOPOCTHIO ¢ (pHC. 4.1B). DTH NMITYJIBCHI JOOETYT 10

KOHLIOB IIIHYPa, U3MEHAT CBOXO MOJISP- m .4 N

2 N 1 13
HOCTb [IPY OTPAXKEHHH 1 T00ETyTB 00- 4 2

a) L,

parHOM Harpasiterud (puc. 4.1r). IToc-

2 N 2
JIe BCTPEYH B CEPEAUHE IITHYpa OHU OT- 4 6) 25 2

0
s

PasATCs elle pas, BOCCTAHOBAT MCXOI- ¢ 4% 3

HYI0 MOJIIPHOCTb U CIIyCTSI BpeMs B)

At =20/ c BHOBb BCTPETSTCS B Cepe-
o a -~ | o -~ | o
JIHE, COPMUPOBAB MCXOHBINA HM- r) \SNI/KC c 4—‘4/; ¢

IYIIbC. 3aTEM 3TOT MPOLECC C NEPHO- ¢ Y, AI
JtoM At GyZieT TOBTOPSITHCS JI0 TEX 1o, >
TOKa UMITYJIBCBI HE 3aTyXHY'T U3-32 JIUC- 0

CHITAIIH SHEPTHH. Puc. 4.1.

C TOYKH 3peHHs TOBCETHEBHOTO OITBITA B STOM HET HUYETO YIMBHUTEIIHHOTO, [IOCKOJIBKY CMe-
IIEHVS! TPYTITBI MAcC BEAYT K BOSHUKHOBEHHIO YIPYTUX CHII, CTPEMSIIIMXCSL BEPHYTh 3Ty TPYIILy B
TIOJIOXKEHHE PABHOBECHSI M OTHOBPEMEHHO BBIBECTH COCEIHHE YaCTHUIIBI M3 MOJIOKSHHSI PABHOBECHSI.

C TOUKM 3peHUs ONMCAHNS KOJIeOaHNH «Ha SI3bIKE MO/ TAKOKE ITOHSTHO, YTO OTKIIOHMB,
a 3aTeM OTITYCTHB I'PYIITy YacTHII, MbI BO30yx/1aeM MHoOro Moa. Konebanus Bcex N yacTHil po-
HICXOJIAT O/IHOBPEMEHHO Ha HECKOJILKIX HOPMAJIbHBIX 4acToTax ), . Bee atu qactorsr pasmind-
HBI, 1 CyMMa HOPMAJIBHBIX KoJeOaHuil rpencrasiser codoi ouenus. IlockonbKy uepes Bpems,
paBHOe Ieproay OMeHWH, KoeOaHusl TPYIIBI YACTHUIL B IIEHTPE ITHYpa BOCCTAHOBSITCS, TO OYe-
BUJTHO, YTO MEPHOJ] OUCHHI PaBeH YIIOMHUHABILEMYCsI HECKOJIBKO paHee Bpemenu At =2//c.

OrpeseniuM CKOpoCTb ¢, UCXOMS U3 TIPEIICTABICHHS O OUEHHMSIX, KaK CYTEPIIO3UIIN HOP-
MaJTbHBIX KoJIeOaHuit. J{jis1 5Toro BHavase nepenuineM TMCepCHOHHOE cooTHOIIeHu e (3.55) B Bujie

L, a
W, =ZQsinL=2§2sinlBﬂB (4.1)
2 20N +10
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o A Crtporo roBopsi, Ipy HATMYUH MHOTHX 4acTOT B
, / CrieKTpe KonebaHui, naBaeMbix Gopmynoit (4.1), Ouenust
Opt = = = = === - - He OyZyT NepHoJNIeCKUMI — HavyalbHas KOHQUrypawus
I
| He noBropsieTcs. BusyaibHo 3T0 OyJeT NposBIATHCS B HC-
Oy} = = = = = = : KayKeHUH (GopMbI OEryInMX WMITYJIBCOB, €CIU IMHA UM-
|
| : nynbca £, > a (AMITyJIbC «HAKpBIBAET» MAJIO YacTHI), a
o |- - ! I LIHYP JOCTATOYHO JJIMHHBIN. [OBOPSIT, 4TO HCKaXKEHHUE M-
! 1 o
! I : MyJIbCa CBSI3aHO C AUCTIepCHeid «cpenp» (LHypa ¢ Macca-
! [ I N
[ | | MH), [0 KOTOPO# UMITYJIC PACIPOCTPAHSETCS.
| L >
0 4 / I g JT0 HCKaXeHHE OyAeT HHYTOXHBIM, €CIIH
I "1l I >
Puc. 4.2. ¢, >>a (Tpymnma cocTouT M3 OONBIIOro YHCiIa Koieo-

Jommxcs Macc). Tak 00BIYHO M IPOUCXOMT IPH PacIipOCTPaHEHUH BO3MYIIEHHH B TBEPIOM
Tene, e a ~ 1070 M (paccTosiHMe MEX/Ty Y3IaMH KPUCTAIIMYECKOH PEIIETKH, OKOJIO KOTO-
PBIX KOJIEOITIOTCS aTOMBI).

Ecimu ¢, >> a , To B ciekTpe KoneOaHuii JOMHUHUPYIOT HU3IIME MOABI, KOTOPBIE XapaK-

TEPU3YIOTCS BOHOBBIMHU urciiamu kp, tie p = 1, I, I11, ... << N. YacTOThI 3THX MOJI IOy YaOTCS 13

¢dopmysst (4.1):
_ _ Qm _ _
(A)p = Qafcp = m @, P - I, II, III, (42)

3aech ucnonb30BaHO NpuOmMKeHHe sinx =x mpu x <<1. Jra 3aBUCHMOCTB W, (k)
n3zobpaxeHa Ha puc. 4.2.

OOpaTuM BHMMaHUE, YTO HM3IIHUE YAaCTOTHl PACIONAralOTCsA dKBUIAUCTAHTHO!
AW =Wy — W = Wy — Wy =... IToatomy nepuon 6uenuii (cM. Taxoke Gopmyiy (3.14)) nomy-
YaeTcs PaBHbIM:
_ 2T _2(N +1)
“a0T @
Ecmu yuects, uto mmHa muHypa £ = a(N + 1), TO CKOPOCTh IBIKEHHS UMITYIIbCA B

Dt (4.3)

cpene 0e3 aUCIIepCHU paBHA:

co=%=a§2= %. 4.4)

Ecnu mMbI OyjieM yBeIM4YuBaTh 4KCiIo Mace N Ha mHype GUKCUPOBAHHON JTHHBI, TEM
CaMBIM YMEHBIIast PACCTOSHUE d, TO MBI CIEIAeM PEIETbHBIN EPEX0/T K HETIPEPHIBHOMY pac-
MPE/IENIEHUIO MacC — T.€. K OHOPOJHOMY BECOMOMY ILIHYPY, [IPU 3TOM
p,=mla 4.5
SIBIISIETCSI MAacCO¥ €IUHUIIBI JUTUHBI OJHOPOIHOTO HIHYypa (MHOTJA YMOTPEOISIOT TEPMUH
«IUTOTHOCTH EIAWHHIBI [UTHHBD)). [109TOMY OKOHYATEIBHO JIJIsi CKOPOCTH PACTIPOCTPaHECHHS

HMITYJIbCa IPOU3BOJILHOM (DOPMBI 110 HIHYPY UMEEM

co=.|—. (4.6)
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Hanpumep, B cilyyae TOHKOIO pe3MHOBOIO IUIAHIA C JIMHEWHOM IIOTHOCTBHIO
P, ~ 0,1 kr/m, HaTAHYTOTO C CHJIOH F ~ 10 H, CKOPOCTb JBUXEHHS UMILYJIbCA IOTYYaeTCs

paBHOH ¢ ~ 30 m/c. Takas CpaBHUTEIbHO HEOONBIIAA BETUYHHA CKOPOCTH IO3BOJISET JIETKO
HaOII01aTh PaCIIPOCTPAHEHNUE U OTPAXKEHUE UMITYIIbCA.

Wrak, nogseneM HEKOTOPBIE HTOTH.

1. Ecnii mpeneOpedb nepruoAndeckoil CTpyKTypoi Cpesibl, TO CKOPOCTh ¢, PacIpoCT-
paHEeHHs UMITYJIbCa HE 3aBUCHT OT €ro (pOpMBI, 8 CaM UMITYIIBC IIPH pacpOCTPaHEHNH HE UCKa-
xaeTcs (HeT JUCIIePCUN).

2. Ecniu ochb x HanpaBUTh BAOJB HIHYpa U 334aTh HAYAIbHOE BO3MYILCHUE (B MOMEHT

t =0) B Buzie s(x), TO C TeYCHUEM BPEMEHHU BO3MYIIIEHHUE IIHYpa Oy/IeT UMETh BUJI:

%s(x—cot)+%s(x+cot), 4.7

IlepBoe cinaraeMoe OIMCBHIBAET BO3MYIIEHNE, OErylee cO CKOPOCTBIO ¢ B IMOJIOKU-
TEJILHOM HalpaBJIeHUH OCH X, YKa3aHHOM Ha pHc. 4.1, a BTOpoe COOTBETCTBYET HMITYJIbCY, pac-
MIPOCTPAHSIOIIEMYCSI B IPOTHBOIIOIOXKHOM HaIPaBJICHUH.

3. Y KOHIIOB HEBECOMOTO IIHYPA C MacCaMH C
00a uMITynbca oTpaxkatorcs. OTpaskeHHBIH UMITYJIbC /—<_L
HMeEET IIPOTHBOIIONOXKHYO HOMSIPHOCTD (HarpaBlIcHUE

CMCIICHUA S) 110 CpaBHCHUIO C IMaAar0UInuM.

AHanoru4yHsle rPaHUYHBIC YCIIOBUS pEATN3Y- ——>

<)

FOTCSI JUISL CIUTONTHOTO MAacCHUBHOTO IIHYpa C 3aKpeTl-
Puc. 4.3.
JICHHBIMH KOHIIaMH (puc. 4.3).

4. B o0nmacTu mepekphITHs OErynnuX IMITYITIECOB 00pa3yeTcs KoeOaHue, Ha3bIBaeMOE CTO-
sigei BOJTHOM. Tak MbI MPUXOIMM K MOHATHSIM OETYIIMX M CTOSYUX BOJIH, IIPH 3TOM CTOSIYasi BOJTHA

MOXKET pacCMAaTpuBaTbCA KakK CyIepro3uus BOJIH, 6erHI,I/IX B IIPOTUBOIIOJIOXKHBIX HAITPABJICHUAX.

Bo30y:xknenne BoH. PaccMoTpuM Koe6aHusi HEBECOMOTIO IIHYpa € Tpy3amH, Ipa-
BbII KOHEL] KOTOPOT'O 3aKPEIUIEH, a JIEBBIN MO/ AEHCTBUEM BHEIIHEN CUJIbI B MOMEHT BPEMEHU
¢t = 0 HauMHaeT CMEeUIaThCs [0 FAPMOHUYECKOMY 3aKOHY:

s(t) =sgsinwr . (4.8)

ITon neiicTBrEM 3TOH CHIIBI TPY3Bbl, CBA3aHHBIE IPYT C IPyTOM OTPE3KaMHU HATSIHYTOTO
IIHypa, PaHO WM MO3QHO HAYHYT COBEPINATh BBHIHYKIACHHbIC TAPMOHUUYECKHE KONEOaHUs C
gactotoi W. EcTecTBeHHO, U4TO crcTeMy rpy30B (II0 aHAJIOTHH C CHCTEMOM C IBYMS TPy3aMH)
MOJKHO 3aMETHO PacKaydaTh JIUILb B CIy4ae PE30HAHCA, KOTJa 4acTOTa () COBNAAAET C OHOM U3
HOPMAJIBHbIX 4acTOT W), .

Bravane npuayT B ABMKEHHE TPpy3bl BOIM3H JIEBOTO ITOJBIKHOTO KOHIIA ITHYPA, a C
TEUEHHEM BPEMEHU B KonieOaHMs OyyT BOBIEKATHCS BCE HOBBIE TPY3bI.

Taxue konebaHust IPEACTABISIIOT COOO BOIHOBOI Nporiecc (BOJHY), pacpOCTPaHSIIO-
IUHCA «ClIeBa — HAaIIPaBO» ¢ HEKOTOPOH CKOpoCThiO €, . Ha puc. 4.4 n300paskeHbl HOIOKEHUS

KOJ'I€6J'IIOHII/IXCH MacC B HCKOTOpLIﬁ MOMCHT BpEMCHU tO . HOCKOJ'II)Ky rpy3bl KOJIEOIIOTCS «II0IIe-
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Sp(xn’tO) 1

Puc. 4.4.
pek» HampapieHHs pactpocTpaHeHus (ocu Ox), TO BOJIHA HAa3bIBASTCsI ONIEPEYHON. JTa BOJIHA
JOOEKHT 10 PABOTO 3aKPEIJIEHHOTO KOHIA HYpa 1 otpasutcs. Ilocie storo OymyT cymiecTo-
BATh JIBE BOJIHBI: HCXOAHAs Oerymias (MHOITIA ee Ha3bIBAIOT [a/Iatollell BOJIHOI) U OTpakeHHas! BOJI-
Ha, KoTopast 6eXKHT HaBCTpedy najatomei. Crycrs Bpemst Ar = 2// ¢, OTpaKeHHast BOJHA JOCTHT-
HET JIEBOTO KOHIIA, CHOBA OTpa3uTcs, U «copmupyercs» Moza konebanuit. Konduryparms sroit
MOJIBI 33aCTCSI BOJTHOBBIM YHCIIOM / p» (cM. cootHouerne (4.1)).

PaccmoTprM mopoGHee MaIaroIy o BOJHY C 9THM £ » - 1IPOCTPaHCTBEHHBIH IIEpHOL A P
n300payKeHHbIH Ha puc. 4.4 KaK MUHMMAaJIbHOE PacCTOSHHUE MEXIy MaccaMH, KOJIEOIOIIMMICS B
(hase, HaspIBACTCSL JUIMHON BONHBL. JIHA BONHBI CBSI3aHA C BOIHOBBIM YUCIIOM £ |, COOTHOLLCHHEM:

k, =2TUA,. 4.9)

Ecnu cuitbl BA3KOTO TPEHHUS, IPUIIOKEHHBIE K KQXKA0MY U3 TPY30B, Mk, TO AMILTUTYIBI
KosieOaHui BCeX rpy30B OylyT ONMHAKOBBI U PABHEI S, . Teneph Mbl MOXKEM 3aIHCATh YPagHeHUe
bezyweli 601HbI — ypaBHEHHE, ONMMCHIBAIOIIEE CMEIIEHHE 000 U3 Macc B MPOU3BOIBHBIN MO-

MCEHT BPEMEHU. IIJ'I}I 9acCTOTBI (.OP , BOJTHOBOT'O YHCJIa k P W aMIUIUTY[bl S, OHO UMECT BUA:

§,(x,,t) = s¢sin(w,t —k,x,);
? OTTR T (4.10)
x

. = a; 2a; ...; na; ...; Na.

Boipaxenne ¢ =W, ¢~k ,x, HasbiBaercs (asoii Bonnbl. YpasHenue (4.10) orpaxaer
TOT (aKT, 4TO BCEe MACCHI KONEOIIOTCS C OAMHAKOBOH YaCTOTOH (), , UMEIOT O/INHAKOBYO aMIl-
JUTYLY S , OXHAKO 3TH KOJIeOaHMs pa3andarorcs no ¢dase ¢ .

Ornpenienmm Terepb CKOPOCTh €, IBUKEHHSI 9TON BOIHBL. [1yist 5TOr0 Npociiemm 3a JABiKe-
HEIeM TPpeOH BOJIHBI, BEPIIIMHA KOTOPOTO B HEKOTOPHI MOMEHT BpeMeHH Haxomautcs B Touke M. ITycts
3a Bpems Af 3T10T IpebeHb cMecTHTCA Ha paccTosHue Ax, >> a . I[lockonbky Ha BeplIMHe rpeOHs

MacCChl UMCIOT MaKCUMaJIbHOC ITOJIOKUTECIIbHOC CMCILCHUEC, TO (1)333 HX KoJIeOaHui MOCTOSHHA U paBHa

‘ T
(.Opt_(‘p.xn —E. (411)
IosTomy
oopAt—kprn =0, (4.12)
Orcroa ckopocTh ¢ , Hoiydaercs paBHOH
Axn wP
Cp = ==V, 0, 4.13
Ak, (4.13)

CKOpOCTI) ¢, Ha3bIBACTCA (ba30BOI71 CKOpPOCTBIO FapMOHH‘IeCKOﬁ BOJIHEI C YaCTOTOM

P
w, =21V, . [IpoaHannsupyem 3aBUCHMOCTB 9TOM CKOPOCTH OT BOIHOBOTO YHCIIA, TTOJIb3YSCh

JUCTIEPCUOHHBIM cooTHOIIeHHEM (4.1). s aToro mepenuieM ero ¢ yuetom (4.4) B Buze:
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W, A .7 "
/// S
(DN"___"__:/_’ _____ :
W2 :
P 1 1
! |
1
! |
I |
1 > 1 >
0 fey k, 0 2  ka
2
Puc. 4.5a. Puc. 4.56.
I a
ELin ’2’ H
W, =¢of, (4.14)

Ta D
kya
i o

I'paduk 3aBrcumocTH (4.14) HazpIBaeTCs JUCIIEPCHOHHON KPUBOI M M300pakeH Ha puc. 4.5a.

Ha sToit kpnBOit TOYKAMH OTMEYEHBI 3HAYCHHS YaCTOT (), U BOJHOBBIX YHCEI k »
ITysxtnpom nsobpaxeHa npsmas W, = cyk, . Ona nonydaercs u3 (4.14) npenesbHbIM nepe-
xomoM ipu a — 0 (HempepbIBHAS cpena).

U3 dpopmynst (4.14) unu u3 puc. 4.5a MOXXHO clesiaTh psig NPUHIUITAAIBHO
BA)KHBIX BBIBOJIOB.

1) I3 nenmueitnoi saBucumoctn 0, = (), ) , onucsisaemoii popmyioii (4.14), cneny-

et uTo (ha3oBast CKOPOCTh FAPMOHUYECKOH BONHBI C,, = W, /£, 3aBUCHT OT / , (WM OT W), ):

P

L a
sin—£

[\

¢, =cy | (4.15)
P /f,pa

2
3aBucumocTts (4.15) nzobpakena Ha puc. 4.506.

DTO SBIICHUE HOCUT Ha3BaHKE TUCIICPCUH CPEJIbI TI0 OTHONICHHIO K PACIIPOCTPAHSIO-
mielica B Hell BOTHE. DKBUBAJICHTHBIM SIBIISIETCS] BRIPAKCHUE «IHUCIIEPCHS BOJHBI B CPEIe».
Ecnu daszoBast ckopoCTh BOJTHBI HE 3aBUCHT OT £ »» KaK, HanpuMep, B CIy4ae HeNPEPBIBHOI
CpeIBl, TO TOBOPST, YTO AUCIEPCHS OTCYTCTBYET.

2) Jlnst ManeHbKHX BOJHOBBIX umcen (4 pa <<l, mm A p >>a) mucrepcHs Mana.
CKOpOCTh TAKUX «UIMHHBIX BOIIH) €, = C(, K CPE/ia MOXKET CYUTATHCS CIIOLIHOM.

3) C yBenuveHreM BOIHOBOTO 4ucia & » (2 3HAIUT U ), ) CKOPOCTH C,, KAK ITO
cnenyet u3 (4.15), yobiBaet. Takoe moBeieHUE CKOPOCTH HAa3bIBACTCSI HOPMAJIBLHON JUCIICPCH-
eit. CrenyetT OTMETHTB, YTO B OITUKE, TOMUMO 3TOW, PEATM3yeTCs U IpyTas CUTYaIus, Korjaa
(ha30Bast CKOPOCTH CBETAa B HEKOTOPOM JTHAIIa30HE YaCTOT MOXKET BO3PACTaTh C YBEIMICHUEM
4acTOThL. B 3TOM ciry4ae nucrnepcusi Ha3bIBaeTCsl aHOMAIBHOM.

4) IuciepcroHHAs KpUBasi 3aKaHIMBACTCS, KOTJ/Ia BOTHOBOE YHCJIO M YaCTOTa JJOCTH-

raloT MaKCHMAJIbHBIX 3HAYEHUH £y U Wy . OHu nony4darorcs u3 (4.14) u (4.1) mpu N >>1:

fy =1 wy =2Q.
a
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370 03HAYAET, YTO BOJIHEI C YACTOTOH (> (W, B TaKOH Cpele paclpoCTPaHATLCS He
MOTyT. JIefiCTBUTENIBHO, TIPH YaCTOTE W= Wy AJIMHA BOJHBI A 5 = 2TU/ k) = 2a. BosHbl ¢ MEHB-
nIeil AJMHOI BOJHBI HE MOTYT CYIIECTBOBAaTh, IOCKOJIBKY Ha JUIMHE PAacIpOCTpaHsIoNIencs
BOJIHBI JIOJDKHO HAXOAUTHCS HE MEHBIIIE ABYX KOJIEOIIOMHUXCS IPY30B.

3amMeTHM, 4TO B HEKOTOPBIX CIIydasx, HalpuMep, IPH PaclpOoCTPAHEHHU JEKTPO-
MarHUTHBIX BOJIH B TBEPJOM TeJIE U B IIa3Me, KPUBast AUCTICPCHU MOXKET HAYMHATHCS C HEKO-
TOpoH ToukK Ha ocu yacToT 6X0) . B Takux cpenax MOryT pacipoCTpaHATbCS MEKTPOMArHuT-
HbIE BOJIHBI TOJILKO C YACTOTaMH () , JI€XKaIUMU BHYTpH HHTepBana )0) < W< wy,.

B xadecTBe mpuMmepa ykaxkeM, 4TO JUIsl KpUCTAIOB BeianuuHa F/a J15 H/m (F —
yIIpyras cuila, BeIM4uHa KOTOpoil onpeesnseTcss MexxaToMHbIM B3auMmozeiicteuem). Eciu npu-

F

. - _ 13 -1
HATHb MacCy MOHa paBHOH m ~ 6 10 % x5, 10 Wy =2,/— ~300" ¢™'. Dra yacrora, kak u
ma

4acToThl Konebanui monexyn CO, u H,O, nexut B uHQpakpacHoi 061acTh 3IEKTPOMArHUT-
Horo crektpa. I[Toatomy npu pacnpocrpanennu UK—usnydenus B KpucTamuiax HOHbl MOTYT
COBepIIaTh Pe30HaHCHBIE KojleOaHus. B 3ToM 4acTOTHOM ONTHYECKOM JIana3oHe MOXET Cy-
LIECTBOBATh CUIbHASA AUCHEPCUS CBETA.

OTMeTHM, YTO NPH PacIpOCTPAaHEHHH BOJH B IIPOTSHKEHHBIX CpeiaxX MpoOIeMbl «Ha-
CTPOHKID) YaCTOTHI () BHELIHEIo BO3JCHCTBHUS, IOPOXKIAIOLIETO BOIHY, HA YacTOTy (), OX-
HOW M3 MOJI CpeAbl He cymecTByeT. JItoboe Bo3aelcTBIE BHEIIHEH CHIIBI, JaKe CKOJIb YTOIHO
61M3KON K rapMOHHYECKOH, HAa CaMOM Jieie Beerna OyJieT KBa3urapMOHUIECKHUM, XapaKTepH-
3yEeMBIM Y3KHM HHTEPBaJIOM 4acTOT AW << . C Apyroi CTOPOHBI, AT IPOTKEHHON CPeIIb K
qactore W OyAyT OMM3KM 4aCTOTBI W, MOJ ¢ Oonblmmyu HOMepamu p (p >>1). Pasnocts
YacToT JIByX coceqHUX Moa Aw p = Wy — W, , KaK JTO JIETKO BUIACTH U3 PHCYHKa 4.5, Oynmet
HACTOJIBKO Masoi, 410 AW, << Aw CnezoBarenbHO, st JI000M YacTOTHI () BHEIIHETO BO3-
JICWCTBHS, TIPUKIIA/IBIBAEMOTO K TPAHUIIE CPebl, 110 HEil MOOEKHUT BOJIHA, KOTOPYIO B psJe
CJTy4aeB MOXKHO ITPHUOIMKEHHO CUUTATh TaPMOHUYECKOM:

s(x,1) = s sin(wt — £x). (4.16)

I'pynna BoJH 1 ee ckopocTh. Kak 1 BHEIIHee BO3/ieHiCTBIE, BOJIHA, BOSHUKAIONIAS B
cpeze, Oyaet, CTporo roBopsi, KBasUrapMOHIMIECKOM, T. K. Aw, <<Aw. [Tostomy Bmecto (4.16)
ClIe/lyeT 3al1carh ypaBHEHHE BOJIHBI B 00JIee YCIO)KHEHHOM BUJIE:

s(x,t) = 5o (x,1)sinfwyt —kox + & (x,0)]. (4.17)

3meck ammutyna s, (x,¢) udasa ¢ (x,7) SBIAIOTCS MEIVICHHO MEHSIOLIUMUCS (QyH-
KIUSIMH BpEMEHH Ha HEKOTOpOM MaciTabe Bpemenu T (cpaBuute ¢ hopmynoii (3.19)). Ecre-
CTBEHHO, YTO TaKas BOJIHA MPEJICTaBIsIeT cO00i rpyIiny rapMOHUYECKHUX BOJIH, YaCTOTHI KO-
TOPBIX PACHONATAIOTCS BOIM3M OCHOBHOW 9acTOTHI ), B Tpejenax nHTepsaga Aw= 2TU/T.
Kaxnast 3 BOJIH IpynIibl B cpesie ¢ Auciiepcuei MeeT cOOCTBEHHYIO (ha3oByI0 CKOpOCTh. B
cpeze ¢ HOpMaJIbHOHM JMcIIepCHel BOIHBI OOJBbIIEH 4acTOThI OyayT ABHIaThCsl MeUICHHEE,

YeM BOJIHBI MEHBIIIEH 4acTOThL. BOo3HMKAeT ecTeCTBEHHBIN BOMPOC: YTO ABJIACTCA CKOPOCTHIO
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s(x,t,) 4
2s,

0

-25,

Puc. 4.6.

I'pyIlIibl BOJH, U €CJIM TaKad CKOPOCTh CYIIECTBYCT, TO KaK €€ BeIuucanTh? Kakoit (1)I/ISI/I‘I€C-
KUH CMEICI UMEET dTa CKOpPOCTH U B YEM €€ OTIINYUC OT (ba30BOI>i CKOpPOCTH ?
YtoObI OTBETUTH Ha 3TH BOIPOCHI, paCCMOTPHUM JJId ITPOCTOTHI I'PYIITY U3 ABYX BOJIH

C OAMHAKOBLIMU aMIITIUTYyAaMH S, U C OJIM3KUMHM YacTOTaMu (101 n (102 5 6erH_lI/IX B ITOJIOXKH-

+
TENTbHOM HAIPaBICHUH OCH X. Byiem cuutath, uto AW= 0, — 0y << W), = % . C rakoit

CHUTyanuel Mbl y>Ke BCTpEeqaInch pH aHaIu3e ONeHUH BYX CBSI3aHHBIX OCLMILIATOPOB. 3a/1a-
JIM JIUCIIEPCHOHHBIC CBOWCTBA CPEIbI JUCIIEPCHOHHBIM COOTHOIIEHHEM W = wXk) . C ero mo-
MOIIBIO BBIYHCIIMM 3HAYEHUS k; M £, JBYX BOJHOBBIX YHCEIN, COOTBETCTBYIONIIMX YAaCTOTaM

Gy 4 W, . Torna ypaBHeHHe IrpyIIIbl BOJIH IPUMET BUJL!

. . w, M [].
s(x,1) = s sin(yt — £,x) + 5, sin(w,f = £,x) = 25, COSBA?l - ?x@ln(@ot —kox). (4.18)
g g
ky + £

3nech Ak =hy =y, kg = ——%

Ha puc. 4.6 n3o0paxkeHa rpymnmna u3 AByX BOJH B HEKOTOPBIH (PUKCHPOBAHHBIH MO-
MEHT BPEMEHHU f,. Beinenum ase touku: M u R. [lepBast u3 HUX OTBe4aeT (PUKCUPOBAHHOMY
3HaueHUIO (Gassl Py, = Wyt — (X, , IPH KOTOPOH sin Py, = 1. O4eBUAHO, YTO CKOPOCTH ITOI

TOUKH, onpexensemas u3 ycnosus dy, = wyds —£ydxy; =0, paBHa

=DM - % (4.19)

" COBIIAAAcCT C (baSOBOﬁ CKOPOCTBIO BOJIHBI C YacTOTOM (A)O .

AMnnTyza KBa3urapMoHHUECKOH BosHBI (4.18) onpenensiercs kak

So(x,8) =25, COSBA—OOt —A—/Cx (4.20)
02 2 C

U ee pacrpejelieHie Ha puc. 4.6 m300pakeHO MyHKTUPOM B BUJC MEIJICHHO MEHSIOIICHCS
BJIOJIb X OrHOaroniel BOJIHBI OCHOBHOHN 4acToThl W), . Touka R Ha BepumHe 3T0i1 orubaromeit
Oy/ieT JIBUrarhcs CO CKOPOCTHIO, OTIMYAoLIencs oT ¢. JledCTBUTENbHO, sl KOOPIUHATBI Xi

9TOH TOYKH, KaK 3TO ciexyeT u3 (4.20), MOXKeM 3amicarh yCIOBHE

Awt—Akx = const 4.21

2 2R ' “.21)
3a Bpems df oHa cMecTUTCA Ha paccTosiHue dxp , KOTOPOE HaXOIUTCS U3 PAaBEHCTBA:

Aw AYS

—dt—deR =0. (4.22)
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Crie1oBaTebHO, CKOPOCTh IBUKEHHS BEPLIMHBI OrMOaromiei Oyner paBHa
- drg _Aw

dr JAYS
OTa CKOPOCTh XapaKTEePHU3yeT JBM)KEHHE

(4.23)
Sy
2n I'PyIIIbI BOJIH M HA3BIBAETCS IPYIIOBOH CKOPOCTHIO.

Ee cMmpica craner emie Ooiee IIOHATHBIM, €CJIN B

npezenax uHTepBasa AW B rpymnime OyayT Haxo-

a) JIUTHCS BOJIHBI € OJIM3KO PACHONIOKEHHBIMH YaCTO-
TaMH, KaK, Harpumep, H300pakeHo Ha puc. 4.7a.
Cama rpyrmnmna uMeeT BH/] OJIHOTO UMITYJIb-
ca JIUTEIbHOCThIO T, , pACIpOCTPAHSIOUIETOCs
BAOJIb ocH X (puc. 4.76). Ummynbc OyneT JBUTaTh-

s ¢ rpynmnoBoi ckopoctbio u = dw/dt . Ha muc-

MEPCHOHHON KPUBOH (pHC. 4.7B) 3Ta CKOPOCTH paB-
Ha YIIIOBOMY KO3 GHUIIMEHTY KacaTeIbHOM MpsSMOoit
B Touke A. «CHHyCcOnAa» BHYTPH UMITyJbCa OyaeT
€ro OOTOHATH M IBUI'aThCs C (Pa30BOH CKOPOCTHIO
¢ = Wy /ky . UuciaeHHO 3Ta CKOPOCTH OyaeT paBHa

yrmoBomy kodddurnmenty orpeska OA. B cpene 6e3

JUCIIEPCUHU AMCIIEPCUOHHAS KPUBAs IBJISIETCS MPS-

Mot tuHue W= ck . [ToaTomy

c=—=—=u, (4.24)

T.e. ¢a3oBas U rpyIIoBas CKOPOCTH COBMAIAIOT. B cpesie ¢ HopMabHOU JHcHepcHe, Kak 3To
BUIHO u3 puc. 4.78, u < c¢. B cpeme ¢ aHOMaNbHOW aucmepcueit KpuBas W= (L) T0KHA
3arubarbcst BBEpX M, popMasbHO, u > ¢. OJHAKO OOBIYHO 3Ta 3aBUCUMOCTh HACTOJIHKO
HEJIMHEHHA, YTO NOHATHE IPYIIIOBOM CKOPOCTH TEPSET CMBICIL.

JleficTBUTENIEHO, KOT/Ia UMITYJIbC, H300paskeHHBIH Ha puc. 4.70, mpoliaeTr oueHb O0Ib-
LI0€ PaccTOSHHE B JUCIIEPTHPYIOIIEH cpene, To (popMa ero UCKa3UTCs, M OH PacTIHETCS B
IIpoCTpaHCTBe. B cpene ¢ critbHOM aHOMAaIbHOW AMCIIEPCHEH 3TO HCKaKEeHHE IPOUCXOIHT yXKe
Ha MaJIbIX PaCCTOSIHUSIX, I03TOMY TOBOPUTH O PacIpOCTPaHEHUH UMITYJIbCa KaK IIEJI0T0 C IPyIl-
HIOBOH CKOPOCTBIO U HEKOPPEKTHO.

JlucnepcroHHOE yIIMPEHNE UMITY/IbCOB HETaTUBHO CKa3bIBACTCS, HAIIPHUMEP, Ha CKO-
pocTH nepenadr HHpOpMaIKH (KOIUIECTBO OUT B €IMHHUILY BPEMEHH ) TOCPECTBOM KOPOTKUX
CBETOBBIX HMITYJIbCOB, OETYIINX MO BOJIOKOHHO-ONTHYECKUM JIMHUSAM CBSI3H, JUIMHA KOTOPBIX
JIOCTHTaeT HECKOJIIBKUX THICSY KMJIOMETPOB. J[Ba clieqyIomuX APyT 3a IpyTroM UMITYJIbca MO-
T'YT PacIIMPUTHCS HACTOIBKO, YTO CONBIOTCS B OJHH (CTaHyT HEpa3IuIMMbIMH). EcTecTBEeHHO,
YTO NPUEMHHK, YCTAHOBJICHHBIN B KOHIIE JIMHUH, «BOCIIPUMET» J[Ba UMITYJIbCA KaK OJUH,

4acTh IepegaBaeMoit HHpopMaIu OyaeT yTepsHa.
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BouiHoBoe ypaBHeHue. YpaBHeHHE OeryIieil rapMOHUYECKOM BOJIHBI B OTHOPOTHOM

IIHype, [7Ie AUCHIEPCHs OTCYTCTBYET (W = ¢yk) , o aHasoruu ¢ (4.16) umeer Bua:

s(x,1) = 5 sin(wt F fx) = 5, siné,% T é% (4.25)

3HaK «—» COOTBETCTBYET BOJIHE, Oeryleil B IOJOKUTEILHOM HanpasieHuu 1o ocu Ox, a 3HaK
«+» — B OTPHLATEIHEHOM.
B Gonee o01iem ciryuae pacnpocTpaHeHust TPOU3BOIBHOTO HMITYJIbCa (TPYIIIBI BOJH),

JIBUTAIOIIETOCS C TOH Ke CKOPOCTBIO C( , YPaBHCHHUEC BOJIHBI MOXKHO 3allMCaTh B BUJC:

s(x,0) = SE T "% (4.26)
Co

rae s(8) — mpousBosbHas yHKIMs cBoero aprymenta 0 =1 F x/¢; .
IMokaxxem, 4TO 3aKOH JABMKEHUS IIHYpa (4.26) 1, KOHEYHO, €ro YacTHBIN cityyaii (4.25)

ABJIAIOTCS PELICHUSAMU HEKOTOPOTO ypaBHe-  s(x,7,) 1 dm

HUA IBUKCHUS, KOTOPOC HA3bIBACTCA 60/1HO-

8bLM ypasHenuem. ITO BOTHOBOE yPaBHEHUE

1
1
1 \ !
I 1
MOKHO HOJTYYUTh IPEICTIBbHBIM [IEPEXOI0M H3 S, s, 'S0
ypasuenus (3.47). Lo
1 I
Ha puc. 4.8 noka3zan ¢pparMeHT ko- Y v ¥ >
0 x—Ax x x+Ax X

nebmonterocs muypa. Ha atom dparmen-
Te M300pa’KeHbl TPU OTpe3Ka IIHypa JJIH- Puc. 4.8.

HoW Ax um Maccoit dm xaxapiid. CMeIIeH!s TUX OTPE3KOB B HEKOTOPBIN IPON3BOJILHBIN MO-
MEHT BpeMeHH PaBHHI S, = s(x —Ax,t), s, =s(x,t), §,4q =s(x+Ax,t). YckopeHue 1eHT-
PaJILHOTO OTPE3Ka §, = % . OHO 3anmncaHo B BUJIE BTOPOH YaCTHON IPOU3BOIHOM (yH-
KUK s(x,f) IO BpEMEHHU. VtheM Jlanee, 4To

lim S+l ~ Sy = lim S(X+Ax7t)_s(xat) :% . (4273)
a-0  a Ax -0 Dx Ox|, &
lim S5l =y SO TS mARY O (4.276)
a-0 q A0 Ax Ox|,_dx
2
> ~
O6paTI/IM BHHMAaHHUEC, YTO CHJIa F SIBJIIACTCA HpOCKHI/ICI/I Ha Har[paBJ‘IeHI/Ie

X
x+dv/2
CMEILEHHUS § CHIIBI F, IPHIOKEHHOM K IIEHTPaIbHOMY 3JIEMEHTY crpasa (B Touke x +dx/2).

o S

AmnasoruyHo, ciesa (B Touke x —dx/2 ) mpoekuus 3TON cuiibl paBHa — F Ela— . PaBHO-
Xl x—dx /2

,I[eI/ICTByIOH_laH 9THUX CUJI, OYCBHUIHO, OHpe,Z[eHﬂCTCH anpameHHeM HepBOI/I HpOI/IBBO,Z[HOI/I Ha

JUIMHE OECKOHEYHO MajIoro snneMenTa dx:

Ozs_ F | Os

ot dmox

_0s

— (4.28)
wede2 OX

x=dx/2
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Ecnu teneps yuecTs, uto dm = p;dx (p; — IUIOTHOCTb €AMHUILII JUIUHBI, WX JIH-
HelHas IUIOTHOCTH IIHYpa), TO (4.28) mpUMeT BH] BOJIHOBOTO YPAaBHEHHS:
d%s _F d%s
or* Py oxt

DTO BOJIHOBOE YPaBHCHHUE SABISICTCA MAaTEMAaTHICCKHUM BBIPAKECHUEM BTOPOTO 3aKOHA

(4.29)

HsroToHa, B KOTOPOM yCKOPEHHUE EAMHUIIBI JUIMHBI ITHYPA U ASHCTBYIOIIAS Ha HETO CHJIA 3allu-
CaHbI B BUJIE BTOPBIX YaCTHBIX IPOM3BOIHBIX CMELIECHHS S TI0 BPEMEHHU M KOOPANHATE COOTBET-
cTBeHHO. C MaTeMaTHYeCKOi TOYKH 3pEHUS OHO SBIETCS JMHEHHBIM IuddepeHInalIbHbIM
YpaBHEHHEM C YACTHBIMU IPOM3BOAHBIMY BTOPOTo Nopsiika. Ero pemenue Xopoo H3BECTHO:

UM MOXeET ObITB Jr00ast hyHKuus s(0), apryMeHT KOTOPOH «CKOHCTPyHpoBaH» B Buze (4.26), a

F
CKOpPOCTb ¢ = |— . y6eHI/IMCH B CIIPABCIJIMBOCTU DTOT'0 YTBCPIKIACHUA. I[J'ISI 3TOI'O BbIYHC-

1
JIMM BTOpBIE IIPOU3BOHEIE B COOTBETCTBUHM C IpaBHiIaMu JuddepeHIupoBaHus (yHKIMU CO

_ X
CJIOKHBIM apryMeHTOM O =¢F —:

Co

Os _ds 06 _ds 05 _ds 98 _ds |

o d8 or de’ dax d8 ox de { ¢ (4.30)
o> de®’ ax* de* o ¢ (4.31)

[Toncrasmsist Bropeie npon3Boaubie U3 (4.31) B (4.29), mpuxoauM K BBIBOLY, YTO IIpU

_ | F y
¢y = .|— ypaBHenue (4.29) TOKAECTBEHHO yHOBIETBOpsieTcs, T.e. QyHKIiwms s(0) neiicTBu-
1
TEJBHO SIBJISIETCS €TO PEIICHUEM.

BonHoBOE ypaBHEHHE ABISAETCS OMHUM U3 (PyHIAMEHTAILHBIX YpaBHEHHH. B pasHbIx
o0nacTsx PU3UKH ITO ypaBHEHHUE MOIYYAETCA KaK PE3YJILTAT IPUMEHEHHUS COOTBETCTBY FOLIUX
3aKOHOB, OIMCHIBAIOIIHMX MOBEIEHHE CUCTEM PA3IMYHOM TIPUPOIBI (MEXaHUUECKHX, SIIEKTPO-
MAarHUTHBIX H Jp.). B 0011eM cilyyae OHO ONMCBHIBAET PACIPOCTPAHEHHE BOJH B TPEXMEPHOM
MPOCTPAHCTBE U UMEET OoJIee CIIOKHBIN BH/L:

2 2 2 2
0°s > s 0°s 0°s
PV R R
ot x° dy° 0z

IMTox s MoxeT mojpa3zyMeBaThes J1r00ast KoneOoIasics BeJIMYrHa: CMEeIIeHHe, CKO-

(4.32)

pOCTb, INIOTHOCTD, JABICHUE, MIEKTPUUIECKUN TOK, AEKTPUIECKOE HAMPKEHNE, HAIPSKEH-
HOCTb JNEKTPUYECKOTO U MHAYKIINS MAarHUTHOTO MOJEH U JIp.

Ba)kHO TOTUEPKHYTH, YTO €CJIM HaM YJIaeTCsl OIYyYUTh BOJIHOBOE YpaBHEHHE (BbIBE-
CTH €r0) JUIsl KaKOTro-J1100 MpoIecca, TO CTOSIIMH Nepesl BTOPIMU IPOCTPAHCTBEHHBIMH MPO-
M3BOJHBIMU MHOXKHUTEIB CPa3y OMpPEAENAeT KBapaT CKOPOCTHU pacIIpOCTPaHEHH s BOIHEI B CPEZIE
6e3 aucrepcu. DTUM MPHEMOM YacTO TOIb3YIOTCS AJIsl BEIYMCICHUS CKOPOCTH PacipocTpa-
HEHUS BOJIH Pa3InYHON Npupoabl. Hike MBI TOXKe Tak HOCTYIINM, KOria Oy/ieM paccMaTpuBaTh

BOJIHBI B TBEPABIX TE€JIAX, )KUAKOCTAX U rasax.
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OTpakeHHe BOJHBI HA KOHIIe IIHYPa. MBI yKe yIIOMUHAJIN B Ha4aJle 3TOH JICKIHY,
YTO BOJIHA, JOCTUIHYB KOHIIA ITHYPa, OTPAa3UTCs. XapaKTep 9TOro OTPasKeHUs! 3aBUCHT OT ycC-
JIOBUII 3aKpeIuIeHNs KOHIIA MIHYypa (TPaHUYHBIX yCIOBHH).

PaccmoTpuM BHauane Oosee MOAPOOHO MPOIECC OTPAKESHUSI UMITYJIbCca OT 3aK-
PEIUIEHHOTO KOHIIA IHYPa.

Ha puc. 4.9 noka3zansl 1ociie1oBaTeIbHBIE CTAANH OTPAKEHUS UMITYJIbCA TPEYTOIEHOM
(OpMBEI, TIe TyHKTHPOM U300paskKeHbI «I1aJal0IINi» 1 «OTpasKeHHBII» NMITYIbehl. Eciu nmres-
HOCTb UMITYJIbCA PaBHA T, , TO €r0 IPOTSKEHHOCT BIOMb CTPYHBI paBHa ¢, T, . [TycTb B MOMEHT
BpemeHH ¢ = 0 OH 100EXHT IO KOHIIa CTPYHBI. B nocnemyrommme MOMEHTBI BpeMeHH IIHYp Oyner
BO3/IEIICTBOBATH Ha KPOHILUTEIHH, K KOTOPOMY IPHKPEILIEH €T0 KOHEL, ¢ IEpeMEHHON CHIIOH, Tiep-
TIEH/IMKYJSIPHON HaIPaBIICHUIO IBH)KEHNS UMITYJIbCa. JTa CHJla B MOMEHT BpeMeHH ¢ > () HaunHa-
€T TAHYTh KPOHIITEHH BBepX. B Teuennu Bpemenu 0 <¢ < T, /2 oOHa OCTaeTcs MOCTOSHHOM, M B
MOMEHT BpeMeHH ¢ = T, /2 craHOBHUTCS paBHOH Hymto. [lo TpeTreMy 3akoHy HproTOHA € Takoit

JKe CHJION KpOHIITEHH NeHCTBYeT BHU3 Ha KOHeIl IIHypa. B MoMeHT Bpemenu ¢ =T, /2 mHYp

G

€T

Puc. 4.9.
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CTaHOBHMTCS IPAMBIM. OJIHAKO YaCTh IIHYpa JVTMHOM T, / 2 POJIOILKAET IBUTaThCs BHU3 110 HHEP-
umn. [Tpu £ > T, /2 miHyp TAHET KPOHIUTEHH BHU3, M 9TO JICHCTBUE NPEKpAILAETCs NpH £ =T,
EcTecTBeHHO, 4TO KPOHIITENH BO3IECHCTBYET Ha KOHEL] IIIHypa C CUJION, HallpaBJIeHHOW BBEpPX,
TOPMO3sI JBHKEHUE €I0 A1IEMEHTOB BHU3. OKOHUYATENBHO TONIEPEIHOE JEHCTBHE IIHYpa Ha KPOH-
LITEITH MPeKpaTHTCs pH ¢ > T, Koraa chopMupyeTcs OTpakeHHbIH HMITYJIBC, UMEIOIINH IIPOTH-
BOTIOJIOKHYIO (TI0 OTHOIICHHUIO K ITAIAI0IIEMY ) TIOJISIPHOCTb.

Ecii o miHypy 6eXUT rapMOHMYECKast BOJIHA, TO TI0 JIOCTHKEHNH 3aKPETJIEHHOTO KOHIA
IIHypa BO3HUKAET OOpallieHHas OTpakeHHas BOJTHA. UTOOBI yuecTh M3MEHEHHE €€ MOMSIPHOCTH, B
apryMeHT ypaBHEHUS OTPKCHHOM BOJIHBI JOOABIISIOT (ha30BbIi C/IBUT ¢mp = Tt [To3TOMY rOBOPHAT,
YTO B 3TOM Clydae IpH OTPaKeHHUH (ha3a BOIHBI CKaYKOM MEHSETCS Ha TL WM «TepsIeTCsl TOJIBOJI-
HbI». B 00111em citydae rpu por3BOIIbHBIX TPAHMYHBIX YCIIOBUSX CIIBHT (ha3bl (l)mp MOXXET MEHSTh-

cs1 B uHTepBate 0 < ¢ orp < TU IOACHMM CKa3aHHOE HPOCTEHILIMM PACIETOM.

s N2 ITycTb no mHypy GeXXUT rapMoHHYEC-
~C° S Kass BoJHa. J[OCTUTHYB KOHIA IIHypa
ﬁi\ ji:\ R\ /% : mpux=/{, oHa0yzrer orpaxarses (puc. 4.10).
0 | : \ ,/' g,/! S CwMmemnieHne m000T0 yJacTKa, MMEIOIIETO KO-
‘ opaMHaTy x </, ONPEeAeIIeTCs KaK CynepIio-
Puc. 4.10. 3unus GETyIe M OTPaKEHHOM BOJIH:
s(x, 1) = 5 sin(Qrt = #x) + 5 sin[@t =£(20 = x) + . 1. (4.33)

B (4.33) yureHo, yTO OTpa)keHHas BOJIHA, BO-TIEPBBIX, IIPOXOIUT PACCTOSIHUE «TyJIa U
obparHo», paBHoe ¢ + (¢ —x) = 2/ — x, U, BO-BTOPbIX, IpHOOpeTaeT caBur (a3bl d)mp pu ee

orpaxenuu. [Iposenem cymmuposanue B (4.33) u nomyunm:

o U
s(x,t) =25, cosj(f x)+ ¢2 [;;mgpot kot + ¢;p 0 (4.34)
O

ITonaraem, 4To aMIUIUTYJa BOJIHBL S, OCTaeTCA MOCTOSHHOMN NP PaclpoCTPAHEHUH
1 HE MEHSIETCSI [IPU OTPAKEHUH.

OTO BBIpPAXKEHHE SIBISIETCS YPAaBHEHUEM CTOsTueH BOMHBL. OCHOBHBIE €€ XapaKTepHcC-
THKH MOTYT OBITh CBEJICHBI K CIICYIOIIIM:

1. B cTostueii BoyiHE BCe YHaCTKH IIHYpa KOJIEOIIOTCS ¢ OMHAKOBON YacTOTOW (0 U B
(aze, OqHAKO aMIUIUTYAA STUX KOJIeOaHUI MEHAETCS BOOJIb IIHYPA, T.€. CTO4as BOJIHA SBISACT-
¢sl MOIOM KoeOaHuiA.

2. Ammutyna konebaHuil B cTosideit BostHe nonyyaercs u3 (4.34) paBHoiL:

¢ 0Tp

D
W3 3TOr0 BRIpaXXEHUS BUAHO, YTO HEKOTOPBIE YIACTKH MIHYpa KOJIEOMIOTCS C aMIIIH-

A(x) =25, cos@(z X) + 22 (4.35)

TYZIOH, paBHOH 25, . ITO TaK Ha3bIBAEMbBIE (ITy9HOCTH» CTOsT4eH BOIHBI. C Ipyroi CTOPOHSI,
CYIIECTBYIOT Y4acCTKH, KOTOPbIE OCTAIOTCSI HEMOABMKHBIMY, T.K. /Ui HUX aMmIuntyaa 4 = 0.

ODTO0 Tak Ha3bIBaeMbIE «Yy3JIbD» CTOSTYCH BOJIHBI.
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Ha puc 4.11 uzo6paxeHsl

cMemeHHs (GparMeHTa CTPYHBI s N Ax x

TpeX IOCJIEN0BATEIbHEIX MOMEHTOB R e ST N

BpeMEHH f;,1, ¥ t;. Herpymno moka- 0 | Te-nt ".:- -'\ LR D X
x>, t, e

3aTh, YTO PACCTOSHHUA MEXKIY IByMSI CO-
»ITOP Y HBY Puc. 4.11.
CEIHUMM Y3IIaMH, YKA3aHHBIMU TOYKa-

MU, paBHO paCCTOAHUIO MCKAY ABYMA COCCAHUMU MYUYHOCTAMHU, OTMCUCHHBIMU KPECTUKAMU,

U COCTaBJIAET BeMUUNHy Ax = Z—T = 5

3. Bce wacTu mHypa, Jexalie Mex 1y IByMs COCEAHMMH Y3JIaMH1, COBEPIIAIOT KoJle-
6anus B ¢aze. [Ipu nepexone uepe3 y3en (asa kojebaHUil CKaYKOM U3MEHsSIETCsl Ha TL 4TO
COOTBETCTBYET U3MEHEHHIO 3HaKa A(X) .

4. Ha xoHne muypa (x = ¢) amminryna

A(0) =25, cos¢02Tp . (4.36)

Jl14 3akperieHHoro konua mmypa A(¢) =0 u ¢ . = 71. Ha puc. 4.10 noka3san y4acTok

oTp
B ITOJIBOJIHBI, KOTOPBII «TePAETCs» MPH TAaKOM OTpaskeHUU. PacronoxeHHast mpaBee 9TOro yuacTka
YacTh BOJTHBI, H300paXKeHHAs ITYHKTHPOM B 00J1acTd X > ¢, TIOCJIe IOBOPOTA HAIIPABICHHUS PACIIpo-
CTpaHEHusI Kak pa3 1 Oy/IeT SBIATHCS BOIHOM, OTPAKEHHON B 3aKPEIUICHHON Touke X = £

OO6paruMcs Tenepb K 0OTPaKEHHIO BOJIHBI OT CBOOOIHOTO KOHIIA MIHYpa. TeXHUIECKH
9TO MOXKHO P€alHn30BaTh, €CIM KOHEI| IIHypa IpUBA3aTh K TOHKOH U JIETKOW HUTHU, KOTOpast
CITy’KUT JIUIIb AJISl CO3IAHUS HATSKEHUS IIHYPa C CUIIOH F.

ITpouecc oTpaskeHus TPEYTONBHOTO UMITYIIbCA OT CBOOOJHOTO KOHIIA IITHYpa MOKa3aH
Ha puc. 4.12. O6pamator Ha cebsl BHUMaHHUE 1Ba 00CTOSTENBCTBA!

1. OTpaskeHHBIH UMITyIbC COXPAHAET Ty YK€ NONSPHOCTD, YTO U NaJa0MKi. DTO CBS-
3aHO C TeM, YTO IPH ABHKEHUU CBOOOIHBIH KOHEI[ OyeT TAHYTh BBEPX IPHUIIETAIOLINE K HEMY
ClIeBa yJacTKH LIIHYypa, U, B pe3ylbTare, OyaeT Bo30ykK/I€H OTPaKEHHBIH HMITYIIbC, B KOTOPOM
JJIEMEHTHI IIHYpa TaK:Ke CMELIEHbI BBEPX. B ciryuae rapMoHUYeCKOM BOJIHBI OTpakK€HHast BOJI-
Ha HaxoauTcs B paze ¢ masatomeir. O6pasyromasics crosiuasi BOJIHA Oy/IeT OIUCHIBATHCS ypaB-
HenueM (4.34), B koropom ¢, =0.

2. KoHer 1Hypa coBepIIaeT «B3Max», BEIMYIHA KOTOPOTO BIBOE MPEBBIIAET aMILTUTYLY
MMITYJIbCa B €r0 cepesiiHe. J{jisi rapMOHIYECKOM BOSHBI HA KOHIIE IHYpa (X = ¢) oOpasyercs myd-

HOCTb CTOSTYEH BOJHBL D70 crieyeT 13 HopMyisl (4.36), B KOTOPOH CIeqyeT MOJI0KUT § orp = 0.

Bo30y:xnenue crosiunx BoJH B miHype. Moasl konedanuii. [1ycTs kpoHIITENH, K
KOTOPOMY HpPUBSI3aH JIEBbIH KOHEI[ IIHYpa, COBEpIIAET rapMOHHUYECKHE KoleOaHus
s(t) =&, sinwt , rne &, — oueHb Manas amiuiutyaa. [1o3ToMy JIeBBIil KOHEII IIHYPa MOXHO
cauTaTh 3aKperieHHbM. [1o mHypy mobexxuT rapMoHndeckas BostHa (puc. 4.13), koTopas mocine
OTpa)KEHUsI OT IPABOTO 3aKPEIJICHHOr0 KOHIA ITpHoOpeTeT cABUT (a3bl, paBHbIN TU [lobexkaB

JI0 JIEBOTO KOHIIA, OHA eIlle pa3 OTPa3UTCs, a CABUT (a3bl CTAaHET PaBHBIM 2TL
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Puc. 4.12.

JIByKpaTHO OoTpakeHHas BOJIHA HAJIOXKUTCS Ha IIOCTOSIHHO OEryuyro BpaBo rap-
MoHHMYecKyI0 BoiHY. Ecim ciBur ¢as3sl konebaHuil y 3TUX BOJIH Oy/ieT KpaTHBIM BEJINYHHE
2T, TO PE3YJIBTaTOM HaJIOKEHHUS OyJeT BOJIHA, aMIUIUTYa KOTOPOH IPEBhIIIAeT aMIUIUTY -
ay &, uncxomHo# 6eryuieil Bonubl. Takum obpa3om, Oerymas BosHa ycuaurces. Ecnu Obr
He OBIIO MOTEpPh YHEPTUHU, TO HAPACTAHHE AMILIUTYIBl IPU MHOTOKPATHOM OTPaXKECHHUH
6bU10 OB HeorpaHuueHHbIM. OJJHAKO OTEPH, KaK MBI HE pa3 BUJENH, TAK)KE yBEJINYaTCS
¢ pocToM aMrIuTyAbl. [ToaTOMy KOsTeOaHus yCTAaHOBSTCS: B cHCTeMY Oy/ieT 3akayaHo He-
KOTOPOE KOJIMYECTBO PHEPTHUH, a JAITbHEHIINH IPUTOK ee OyaeT paBeH AUCCUIIALINN.
sS4 OnpezpenuM  4acTOTy
BHEIIHETO BO3ACHCTBUA (), C KOTO-
po¥i cileyeT IBUrarh JIEBbIA KPOH-
IITEHH, YTOOBI 00ECIIEYNTh MAKCH-

MaJIbHOC YCHUJICHUC BOJIHBI. ITo-

CKOJIBKY 661"}’11135[ TrapMOHHYCCKasd

BOJIHA MOXKET PaCCMaTpuBaTbCs Kak

Puc. 4.13. HabOp CIEYOMMX JIPYT 32 IPYTOM
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CO CKOPOCTBIO ¢, MMITYJILCOB PA3HOI HOJPHOCTH, TO MBI IIPOCIIEANM 32 YCIICHHEM JIF000T0 13
HUX (HalpuMep, 3aIITPUXOBAHHOTO Ha prc. 4.13). Bpems aprmxeHus nMITyibca (1711 OrpeeIeHHO-
CTH TOYKH A B €T0 Hagasie) 1o LIHypy Tyla 1 00paTHo paBHO At = 2/ /¢, . YdreM nainee, 4To mocie
JIBYX OTpaXK€HHH 3TOT UMITYJIEC JBa pa3a oOparutcs. [l ero ycuiieHnst HeoOXOIMMO, 9TOOBI B MO-

MEHT ¢ = AAf IeBBIil KOHEI] IIHYPa IPOXOXII MOJIOKEHNE PABHOBECHS U ABUTAJICS TIPH 3TOM BBEPX:

s(Ot) =& sin(wA?) = 0,

(4.37)
S(At) = & wcos(wAr) = +&
[To3ToMy wacToTa (O JOIDKHA YAOBIETBOPSTH YCIOBUIO
prt =21p, (4.38)
rnep=LIL I, ... .
Otcrona
_ Ty
w, =" p. (439)

KOI7Ia aMIUIMTY/IbI Oerymeid 1 OTpakeHHOM

BOJTH HE MEHATOTCS BAOJIb IIIHYPA U PaBHbI MEXK-

1ty coboit. O4eBHIHO, YTO 3TO OYIyT CTOSTUME
BOJIHBI, PACCMOTPEHHbIE HAMH BBILIE U COOT-
BETCTBYIOLINE OAMHAKOBBIM IPAHUYHBIM YCIIO-
BUSIM: Ha 000MX KOHIIaX LIHypa JOJDKHBI ObITh
Y3716 CMEILCHHUSL.

Jls mpumepa Ha puc. 4.14 nzo6pa-

KEHbI TPH BO3MO)KHBIE KOH(UTypaLMH LIHY-

pa B MOMEHT BPEMEHH, KOITa CMEIIICHUSA 3JI€-

Oy
MCHTOB IIIHypa MaKCUMAaJIbHBEI. KOH€63HI/I${,

COOTBETCTBYIOIIIHE 3THM KOH(PUTYPAITHSM, SIB-
JISIFOTCSL HOPMAJTbHBIMU KOJIEOaHUSIMU (MOJ1a- Puc. 4.14.
MH), & YaCTOTBI G}, (W)}, Wy, — HOPMaJIbHBIMU
yacToramu. Eciu ielicTBrE BHEIIHEH CUITBI TPEKPATUTCS, TO 3TH KOJIeOaHUs OyIyT IPOIOIIKATE-
sl KaKk COOCTBCHHBIC, ITOKA HE 3aTyXHYT.

VYcnosue (4.39) MmoxxHO mepenucarh B 601ee HATISAIHOM BHJE, €CIIH IIEPEHTH OT
4acTOTEl W), K JUIMHE BOIHEL A , = 2Tk, /W),

A

r=p-L. 4.40
P (4.40)

3TO yCcI0BUE 03HAYAET, YTO IPU HOPMAIBHBIX KOJIEOAHUSX Ha JUITMHE ITHYPa JOJDKHO YKJIIa bl
BaThCs LIEJI0€ YHCIIO MOTYBONH. JIETKO Teneph BUIETh, YTO KaX/J1ast U3 MO MOXET OBITH BO3-
Oy>KJIeHa, €CIIM NPUKIIAIBIBATh CHITY Hy>KHOM 4acTOTHI K JIIOOOMY y4acTKy IIHYpPa, 32 HCKITI0ue-

HHUEM TeX, KOTOpPBIE COBIAIAIOT C y3JIaMH JaHHOM MOBI.
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BI/I,Z[OI/BMQHI/IM TPaHUYHBIC yCIIOBUS
Hu caeiacm 00a KOHIIa IIHYypa CBO6OILHLIMI/I

(HpI/IBfDKeM MX K HATAHYTBIM JIETKUM HI/IT}IM).

Ioxcuntaem 4acTOTHI BEIHYXKIAIOLIEH CHUIIBI,
Ha KOTOPBIX BO30Y>K/IAtOTCS CTOSYINE BOJIHEI
(mompr). YureM, 4TO 1ociie IByX OTpaKeHHUH

HUMITYJIBC HE MEHAET CBOIO MOJIAPHOCTB, ITO-

sTOoMy ycnoBue (4.40) ocTaHeTcst IPEXHUM.
Ha puc. 4.15 noka3ansl koHUTY-
® paruu Mo 1Sl IHypa co CBOOOTHBIMHU KOH-
" naMu. BumHo, 4T0 Npy HOPMAaJIBHBIX KOJIe-

OaHUAX HA JJIMHC IHYPa TAKXKE JOJKHO YK-

JaJpIBAThCS 11€J10€ YHCIIO IIOITYBOJIH, HO Ta-
Puc. 4.15. KUM 00pa3oM, 4yToObl Ha KOHIAX LIHypa
OBLIH ITyYHOCTH.
3akpenuMm Ternepb TOJIBKO JIEBIH KOHEIl IIHypa 1 Oy/ieM IBUTaTh KPOHIITEHH ¢ MaJIoi
aMIUIHTYROH & . YcIoBHE ONTHMAIEHOTO BO30YKICHUS CTOSUUX BOIH (MOJ) IIONTYYaeTCs U3
TEX COOOPaXKEHUH, YTO MMITYJIBC 00PAIAETCs TOIBKO NPU OTPAKEHUH OT JIEBOTO KOHIIA IITHY-
pa. [ns ycunenust ummynbca He0OXOIMMO, YTOOBI JIEBBIH KOHEIl B MOMEHT BpeMeHH ¢ = A¢

JABUTAJICA BHU3, IPOXOAA MTOJIOKCHUC PABHOBCCHA:

s(Af) =&, sin(wAY) = 0,

. (4.41)
S(Ar) = & wcos(wAr) = =&,
[TosToMy HacToTa () IOJKHA YAOBIETBOPSTH YCIOBHIO
w,At=2p-1m, (4.42)
rne p =1, 1L, 111, ...
Orcrona
T
w, =—22p-1). (4.43)
ey 2p-1

HOCJ’ICHHCC YCJIOBUE CTAHOBUTCA Oonee HarlsiAHbIM, €CJIN Hepef/’ITI/I K JJIMHE BOJIHBI A P .

t=2p- I)AT”, (4.44)

rme p=LILIL ....

COOTBETCTBYIOIIME TPH HU3IIME MOJBI N300pakeHs! Ha puc. 4.16. O4eBUIHO, YTO
9TO OyAyT CTOSYHME BOJIHBI, OTBEUAIOIINE PAa3HBIM I'PAHWYHBIM YCIOBHSAM: Ha JIEBOM KOHIIE
JIOJDKEH OBITH y3€J, a Ha MPaBOM — IyYHOCTh. Ha JyMHE IIHypa MPU 3TOM YKIIabIBACTCS
HEYETHOE YHCIIO YeTBEPTEH JJIMH BOJIH.

3ameuanue. [Ipu Bo30y>KIeHIM MOIBI MBI 33/1aBAJIM 3aKOH BIDKCHUS 3aKPETICHHOTO
KOHIIa IIHypa B BUIE $(1) = & sin W , YTO MOXKET BBI3BATh Y YMTATEIISI HEKOTOPOE HEIOYMEHHE —

KaK MOXET JIBUTaThCs 3aKpeILICHHBINA KoHen? OHAKo aMIUTUTYy/a KoebaHuii &, 0ObIYHO 3HAUH-
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TEJIbHO MEHBIIC aMIUIUTYAbL KoJicOaHui
B IIYYHOCTAX, IMO3TOMY HE3HAYUTEIIBHO

BHOPUPYIOLIHIT KOHEI] [IIHypa MOXKET pac-

CMaTpuBaThCA, KaKk HeHOI[BPI)KHBIfI.

Boanbl B ynpyrux Tenax. Kax
MbI BUJICJTH, CHJTbI B3AaMMOJICHCTBUS MEXK-
JIy COCETHUMH KOJICOIIOLIMMHUCS AJIEMEH-

TaMH IIHypa 00eCIeurBaIOT pacpocTpa-

HEHHeE B HeM BOJH. B ynpyrux Tenax Takue
CHJIBI CBOJIATCSI K KacaTelIbHBIM 1 HOpMallb-
HBIM HalpsDKEHHSAM, BOSHHUKAFOIIMM TIPU
JiehopMarMsIX CABHUTA M PACTSDKEHUS (CKa-

THS1). DTHM JIepOpPMAIIUSIM COOTBETCTBYFOT

2 THIIa BOJIH: TOMEPEUHbIC U TIPOJOJIbHBIC.

Puc. 4.16.

PaCCMUI'pI/IM OTH BOJIHBI I10 OTACIIBHOCTH.

ITonepeunsie BoaHBI. ECiii 110 CTEp)KHIO, H3TOTOBJICHHOMY M3 YIIPYTOro MarepHa-
J1a, yIapUTh MOJIOTKOM B €T0 cpeziHeit uactu (puc. 4.17), To K ero KOHIIaM NO0eryT UMITYJIbCHI,
KaK 3TO MMEJI0 MECTO B IITHYPE C Tpy3aMu, n300pakeHHOM Ha puc. 4.1. OgHaKo nmomnepeyHsIe
CMEIIECHUS JaCTHIl CTEPKHA OyayT HE3aMETHBI JUIA IV1a3a, MOITOMY AJIsl perucTpanuu oery-
IIMX MO CTEPKHIO BO3MYIICHUH TPEOyIOTCS ClIeMaIbHbIE METOIBI.

ITockonbKy nucnepcus BOJIH MEXaHUUECKOW IPUPOIbI B CIUVIOLIHOM Cpele OTCYTCTBY-
€T, TO CKOPOCTh MX PACIPOCTPAHEHHUSI MOXXHO PACCUUTATh C TOMOIIBIO BOJTHOBOTO YPaBHEHHUSL.

Ha puc. 4.18 nokaszan ¢parment xoneOimomerocs crepxHs. Ha cpennuii anement
JUIMHOH dx IeHCTBYIOT KacaTellbHble HalPsDKEHU (ciieBa O (x) u cnpaBa O (x +dx) ), Benu-

YHHBI KOTOPBIX MPONOPHHUOHAIbHBI )IG(IJOpMaIII/ISIM CABHI'a COCCIHUX BJICMCHTOB:

El

. (4.45)

O.(x+dx) =Gtgy(x +dx) = Gg—s
x

0. (x) = Gigy(x) = G?
X

x+dx
3necs G — MOJIyYNb CBUTA, Y — yTOJI CABHrA.

\ ;
Y4 1ol

0 x—dx x x+dx
Puc. 4.17. Puc. 4.18.

S A

G (x+dx)

=V
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Ecan mIomaab MOHNCPECUYHOro CCUCHUA CTCPIKHA paBHA S, TO Macca d3JICMCHTa

dm = Spdx (p — mnorHOCTH Marepuana). CiejoBaTeNIbHO, ypaBHEHHE €TI0 JABHKEHHS MOXKET

a%s s
Spdx— = G%
al X

[Mopenus o6e uactu (4.46) ua S u dx, nonyyaeM BOIHOBOE YpaBHEHHE
s _Go's
o pox’

Ero PCUICHUEM, KaK MbI YK€ OTMEYaJIU BbILIC, ABIACTCA nrobas (byHKHI/ISI apry-

OBITH 3aIIMCAHO B BHJE:

_0Os

= % (4.46)

x+dx Ox

(4.47)

MeHTa O=¢F x/cC:

s(x,1) = 5(8) = ﬁ:f@ (4.48)

a CKOPOCTb paclpOCTPaHEHHS BOJIHBI

c= 19 (4.49)
P

ITpoueccs! pacnpocTpaHEHUs! U OTPaXKEHHS MOIEPEUHBIX BOJH B CTEPKHE MOIHOC-
ThIO AHAJIOTUYHBI TAKOBBIM B OZJTHOPOIHOM HATSHYTOM LITHYPE, TIO3TOMY MBI HX pacCMaTpUBATh
He Oynem. CKOHIEHTpHpYeM BHUMaHHE Ha 3aKOHOMEPHOCTSIX ITepeHOCa MEXaHHNUEeCKOM 3Hep-

ruH OeryIei BOITHOH.

DHeprusi, NepeHoCHMast BOIHOM. B exiu o 1edopMamusM ynpyrux TBEPIbIX
TeN MBI OTMEYAIH, 9T TIPH Ae(OPMALIMH CIBHIa B SIMHAIE 00bEMA Te/Ia 3aIacaeTcst OTeH-
L{MANTbHAS SHEPTHs
P Bklg
= Loy 1. (4.50)

2 ox[
Ha3bIBaeMmas 00bEMHOU IJIOTHOCTHIO dHepruu aedopmanuu casura. B (4.50) momaraem

y::[ y:ﬁ
4 o

[Tomumo 3TOTO, SAMHKIIA 00BbEMa C MACCOM, paBHOH P, U KoJeOaTenbHOH CKOPOCTHIO
v = 0s /0t UMeeT KNHETUYECKYIO SHEPTUI0
——pzz ——pEa—g (4.51)

2 00t 0O

ITonHast 5HEPTHUST €TUHULIBI 061>eMa paBHa

I :_u[;Bf’_HZ+pr’—SHZD (4.52)

MxO ordg
[Tokaxem, 9To B GeryIuei BoHe (4.48) Wy =W, . JIjsl 5TOrO BEIYHCIIAM ITPOM3BOIHBIC:
Os _ds 00 _ ds Os ds 00 _ds

———————————— .
ox d0dx doQ cf) o door do (4.53)
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U3 (4.53) nomyqaem

Os _— 1 Ij)i v
a—+; h 2 y:+;. (4.54)
OTMeTHM, UTO 6 Oecyujeti 6onne deghopmayuu Y Kako2o-1ubo d1eMeHma nponopyuo-
HAbHBI €20 KOT1eOamenbHOl CKOPOCU .
BosBoast B kBajpat jeBoe paBeHCTBO (4.54), yens ero monojiaM W yYHWTBIBAsi, YTO

2 =Glp, HoJyyaem

1 s 1 s

fGEEHZ =prPfET,mm W, =W, | (4.55)
2 OxO 2 0tQ

PaBCHCTBO BCJIIMYNH WV nu W7 . TI03BOJIACT 3a11MCaTh HOJ'IHYIO IUIOTHOCTB 3HepI‘I/II/I WBBHJIEC:

w=2w, =2w,. (4.56)

ITockonbKy BOJIHA ABMXKETCS, TO OHA OCYLIECTBILIET IEPEHOC MEXaHNYECKOH SHEPTUH.
Tax, Hapumep, 3a BpeMs A\t depes IIOIAIKy eIMHUYHOM IUIOIIaaH1, 3aITPUXOBaH-
HyI0 Ha puc. 4.19, Gynet nepeHecena 3Heprus, paBHas
AW =wclt . (4.57)

B ¢dusuke ncnons3yroT HOHATHE IIOTHOCTH MOTOKA W

OHEPIuu, onpe,uenﬂeMoﬁ KOJIMYECTBOM SHEPI'vu, HepeHOCHMOﬁ

[

BOJIHOW 32 €IMHUILy BPEMEHH Yepe3 eMHUYHYIO IUIOIIa/IKY, . va v
HepPIICHIMKY/IPHYIO HAlIPaBICHHUIO PACIPOCTPAHEHHS BOIHBL = }c’if: 419 g
Cornacto (4.57), 3Ta IIIOTHOCTD paBHA

J= LU we (4.58)

JAY;
U UMeeT pasmepHocTh [J] = [k /(M [8).
Ecnn nnomanka umeet mionans dS, a ee HOpManib 1 co- as 4

CTaBIISICT C HAIIPaBJICHUEM PacIIpOCTpaHeH s BOIHBI (0cbio Ox) yroin c o
o (puc. 4.20), To KOTUYECTBO SHEPTHH, IEPEHOCHMOE BOITHOM de- Puc. 4.20.

pes3 3Ty IUIOLIAJIKY 32 €IMHUILY BpeMEHH (IIOTOK SHEPTUH) PaBeH
d® = we [dS cosa - (4.59)
[Ipodeccopom Mockorckoro yauBepcutera H.A. YMoBsIM B 1874 1. ObIIT BBE/IEH BEK-

TOPp IJIOTHOCTU NOTOKA SHEPIrun

J=we, (4.60)
HOJ'Iy"II/IBHII/Iﬁ Ha3BaHUC BCKTOpaA VYmoBa. C ero ucrnojib30BaHUEM IIOTOK dq) MOXKET 6LITI)
3aIlliMCaH B BUC

d® = J dS = JdS cosa , (4.61)
roe dS =dS [k .
C HOL[O6HLIM HpeI[CTaBJ'ICHI/IeM IIOTOKA BeKTOpa CKOpOCTI/I MBI BCTpe‘laJ‘II/ICL HpI/I I/I3y—

YEHWH IBIKEHMS )KUIKOCTEH.
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Yno0cTBO BekTOpa YMOBa CTaHOBUTCS OCOOEHHO OLIYTHMBIM, KOTJIa BOJIHA PacHpoc-
TPaHAETCS B TPEXMEPHOM MpOocTpaHCcTBe. Toraa NOTOK SHEPruy 4epe3 MPOU3BOIbHYIO TOBEP-
XHOCTB S BBIPA)KaeTCs B BU/IE MHTErpalla [0 3TON MMOBEPXHOCTH:!

®= J’J [ds . (4.62)
S

[Mocnenuss popmyna OyaeT UCIIONB30BaHA HIKE.
[ToncunTaem cpenHee 3a eproJl 3HAYEHUE BEKTOpPAa YMOBa JuIs OeryIei BIoib cTep-
JKHS TIONIEPEYHON TAPMOHUYECKON BOJIHBI
s(x,t) = s sin(wr — £x) . (4.63)

O06beMHas IIOTHOCTB HEPIHH (CyMMa IOTSHIIMAIBHON ¥ KHHETUYECKOM SHEpIUii) paBHa
— S 2.2 2
w= pBB—HZ =Psyw” cos”(r —kx) (4.64)
00t O

Wi B HEKOTOpBIII MOMEHT BpeMe-
HH OHA pacIipe/iesieHa BOOJb CTePIKH
. Tak, Kak nokasaHo Ha puc. 4.21. C reue-
PSe - HHMEM BPEMEHH 3TO paclipefie]IeHHue cMe-
maetcst B1oib ocu Ox cO CKOPOCTEIO ¢.

IInotHOCTH MOTOKA OHEPIruu 4epes Jiro-

0 X 6oe ceuenne x = const OyzneT mepuoan-

Puc. 4.21. 4eCKU BO3PACTaTh OT HyJs JO MaKCH-

MaJIbHO# BeTMYHHEL PsgG° . [109TOMY yI0GHO I0/Ib30BATECS CPEIHIM 3HAYCHHEM J 32 IIEpH-
on T =27/ w. DTa BEITUYNHA HA3bIBAETCSI NHTEHCUBHOCTHIO OETyIlel BOIHBI M PaBHA

17 1 5,
=—[Jdt = =cpw’sj. (4.65)
72 R

Ba)xHO OTMETHTb, YTO HHTEHCHBHOCTb IIPONOPIMOHAIbHA KBAAPaTy aMILIUTYIIbL.

B crosueit BonHe HET HepeHOCa SHEPIHH, T. K. OHa SBIIAETCS CyIepIIo3uuueil IByX
OeryIux BOJIH, IEPEHOCSIINX OJMHAKOBOE KOIMYECTBO SHEPTHHU B MPOTHBOIIOIOKHBIX Ha-
npapieHusxX. OHAKO, JOKAJIbHOE IBMKEHHE SHEPTHU B OTPaHMYCHHOM IIPOCTPAHCTBE MEXK-
Iy COCeJHHMH Y3JIaMH BCE )€ IPOHCXONUT. B camoM xene, 3amuieM ypaBHEHHE CTOSYEil
BOJIHBI (4.34), OIIYCTHB B HEM NOCTOSIHHBIC (a3oBble 100aBKu ¢, /2 1 AL

s(x,t) = 2s, cosfxsin wr. (4.66)
OO0beMHas IIIOTHOCTh SHEPTHH eopMaIiK CIIBHra PaBHA!
1 N . .
wy :—GBB— = 2522 Gsin? fxsin? wyr, (4.67)
2 x0O
a 00beMHas! INTOTHOCTh KHHETHYECKOH SHEPIUH BBIPAKACTCS KaK:
1 N g
w, = —pBB— = 2s§(;02pcos2 fx cos® wr = ZSS%ZGCOS2 fxcos® wr (4.68)
2 DotQg
2 (.02 G
MOCKOIIBKY ¢~ = —- =—.
k P

JlokanbHOE JBI)KEHUE SHEPTUH HAITISHO IEMOHCTPHUPYET pHC. 4.22, Ha KOTOPOM ITOKa-
3aH (parMeHT CTOsTUEH BOJHBI B MOMEHTHI BpeMenH ¢, =0 u t, =t; +T /4 (a) u COOTBETCTBYIO-

mye pacnpeneenus Wy (6) u w, ().
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BusHo, uto npu ¢ =¢,, koraa se- St
MEHTBI CTEPKHSA MPOXOAT TIONOKEHHE PaB-

HOBECHUA U MMEIOT MaKCHUMaJIbHBIE CKOPOC-

™, nepopmanus orcyrcreyer (wy =0),a 0
BCS DHEPTHsl 3allaceHa B BHUJE KHHETHYEC-
KOl DHEPrHU W, W JIOKanu3oBaHa BOmu3u Wy
nydHoctd. OHAKO Yyepe3 YETBEPTh Mepuo-

Aa KoJieOaHuit JaCTULBI CTCPIKHA CMCCTAT-

>.<V

Cs Ha MaKCHUMaJIbHBIE PAacCTOSHHS M ocTa- ()
HoBATCA (w, =0). DHeprus Oyner 3amace-
Ha B BUJIE IOTEHIMAIBHON SHEPTHH Wy Hlo- W,
KaJln30BaHa BOJMM3M y3J0B. JTO O3HAYaET,
YTO IHEPTHS U3 00JaCTH BOIU3HU MIyIHOCTH

3a 4eTBepTh Nepuoja KojaebaHuil neperexa-

3

=V

€T B 00€ CTOPOHBI 110 HAIIPABICHUIO K y3JIaM. B) t,
3areM OHa ABMXXETCA B OOpAaTHOM Halpas- Puc. 4.22.
J€HHH, ¥ 3TOT NMPOLECC MOBTOPIETCS MHO-
rokparHo. I1oTok sHepruu yepes y3ibl oTcyTCTByeT. CpeHee 3a IepHuOoA 3HaYeHHUE OTO-
Ka 3Hepruu yepes mobdoe cedeHue x = const Oynet pasHo Hyto (I =0).

IIpononbubIe BoTHBI. Takue BOIHBI MOTYT OBITH BO30YK/IEHBI YJIapOM MOJIOTKA 10 OTHO-
My U3 TOPLIOB YIPYTOIo CTepKHA. Bo3MylieHue, pacpocTpaHsIoIeecs B0 CTEPKHS, BU3yallb-
HO HE3aMEeTHO, OJTHAKO OCHOBHBIE 3aKOHOMEPHOCTH TAKOTO BOJTHOBOTO IIPOLIECCa MOYKHO CMOJIENH-
POBaTh, €CII BMECTO CTEPKHSI UCIIOJIB30BaTh JJIMHHYIO IPYXUHY C OOJNBIIMM AUaMETPOM BUTKOB
(puc. 4.23). Ecnu 5Ty npy’KuHY TTIOABECHUTH TOPH30HTAIBHO HAa HECKOJIBKMX HUTSX (HE MMOKA3aHHBIX
Ha PUCYHKE) ¥ Pe3KO YHapUTh JIAJIOHBIO TI0 JIEBOMY TOPILY, TO IO HeH MOOEKUT UMITYIIBC CHKATHS C
HEKOTOpOi ckopocThio ¢. Ha puc. 4.23a 10T MMITysnsc numeeT uHy ¢T, (T, — JUINTEIBHOCTD
UMITYJIbCA, PaBHAsS JUTMTENBHOCTH yaapa). JloOexaB 0 MpaBoro KOHLA MPYXKUHBI, OH OTPA3HTCH,
TIPU 3TOM, €CIIH KOHell 3aKperieH (puc. 4.230), ct
TO OTPa’KEHHBIN UMITYJIbC OyZIeT TaKoKe UMITYIIb- PNy
com cxkarust. Ecim mpaBblii koHer[ cBOOOJIEH, TO
OTpaXXeHHBIH UMITYJIbC OyJIET IMITYJILCOM PacTsi- a) c
»xeHmst (puc. 4.238). OH BO3HHKAET B MOMEHT CMe- —CT
IIICHHS1 BIPABO CBOOOIHOTO KOHIIA MPYKUHBI, KOT-
Jia 10 HETo T00eXKUT UMITYIIbC CHKATHSL. DTa CUTY- 6)
anyst HAIOMHUHAET CMENIeHNE CBOOOIHOTO KOHIA
mHypa. OTMETHM, YTO B PACCMOTPEHHOM ClTy4ae
CMEIIEHHS BUTKOB IIPY>KHHBI IPOUCXOIAT BOMIb
HANPABICHHS PACIPOCTPAHEHHS BOJIHBI, I03T0-  B) c

MY BOJIHA HAa3bIBAE€TCS IIPOAOJILHOM.
Y P Puc. 4.23.
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/S(x,t) S(x +dx,7) PaccMoTpum Temephb
: [ pacrnpocTpaHEHUE UMITYJIbCOB
| ! CXKaTHsl ¥ PACTSHKEHUS B CTEPIKHE.

X x+dx X
Puc. 4.24.

MpeIicneHHO pa3odbeM

CTEp>KEHb Ha PsiJ] NIEMEHTOB JUTH-
Ho# dx xaxapiid. [Ipu pacmpoct-
PpaHEHHUHU IPOAOIBHON BOIHBI KOHIIBI KaXK/10TO JIEMEHTa, OTMEYEHHBIE Ha PUC. 4.24 CIIIOIIHBI-
MH JIMHASIMH, Oy/TyT CMELIEHBI B HOBBIE MOJIOKEHHS, OTMEUEHHBIE ITYHKTUPOM. DTH CMEIICHHS
s OyZieM CYMTaTh MONOKUTEIBHBIMH, €CJIN OHH IPOUCXOAAT B MOJIOKUTEIBHOM HAIPaBICHUH
ocu Ox, 1 OTpULIATENEHBIMI — B IIPOTHBOIIOJIOKHOM CIIy4ae.

IIycTb J1eBBIi KOHEL HEKOTOPOTO 3JIEMEHTA, UMEIOLLIUI KOOPAMHATY X, CMECTWIICS B 1aH-
HBIt MOMEHT BpEMEHH ¢ Ha paccTosiHue s(x, 1) , a npaBblid KoHerl— Ha s(x +dx, ?) . ledopmartus
pacTspKeHUs (CKATHA) ONpeeNsieTcss OTHOCHTENILHBIM YUTMHEHHEM dIeMeHTa dx:
— S(x+dx,t)—s(x,t) :ﬁ (469)

dx ox

OtMmeTnM, Jedopmanun pacTskeHHs cooTBeTcTBYeT € >0, a cxarus — £<0.

&(x,1)

B omimune ot monepevHol BOIHBL, IPU PACTSIKEHHUH (CKaTHH) yMEHbIIaeTcs (YBelu-
'II/IBaeTCSI) IIJIOTHOCTB CpE€bL p Ee moxHO npeaAcCTaBUTh B BUJIC
P =Py +0p; | Op|<<py. (4.70)
3necy Op — Mmasast 100aBKa K PAaBHOBECHOM IIOTHOCTH Py, mMpuIeM Op MOXKeT ObITh KaK
MTOJIOKUTENFHOM, TaK M OTpHLATENbHON. C yUeTOM IMMOCTOSTHCTBA MACCHI 1e(hOpMHUPYEMOTO 31e-
MCHTAa dx MOKEM 3aliicarb
Podx = (Py +3p)[dx +s(x +dx,1) =s(x,1)] = (P +Op)dx(1+€). (4.71)

PackpsiBast ckoOkH 1 peHeOperas Masoi BennynHoi € [dp , Haxoaum
5
-y (4.72)

AMIIYJIBC CXKATUA

=y

=

A

Puc. 4.25.
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CIrycTsi HEKOTOpOE BpeMsl £ ITOCIIE yapa Mo TOPILY CTEPyKHS (I MOCIIE PE3KOT0 OTTATHBA-
HHUsL 3TOI0 TOPLIA) PACIIPeesIeHHe CMELIEHH I 5, IepopMaluii € ¥ BO3MYIIEHUH IIOTHOCTH OP B
OeryImx UMITYJIbCaX CKATUsI U PacTshKeHHs OyyT IMETh BUI, [TOKa3aHHbIN Ha puc. 4.25. TlyHkTH-
POM TTOKa3aHBI paciipeiesIeHHs BCEX BETMYMH B OJJMH U3 TOCIEAYOIINX MOMEHTOB BPEMEHH.

YpaBHeHHne BOJHBI, Oerymieil Bgons ocu Ox, B 000HX ciydasx HUMeEET BHUJ
s(x,t) = s(t —x/c). To ananoruu ¢ (4.54) nedopmarust € =0s/0x u KonebaTenpHasA CKOPOCTh

v = 0s /0t dIEMEHTa CBSI3aHbl COOTHOIIICHUEM

Os 1 0s v
— =, =——. 4.73
Ox c Ot e c ( )

[MomuepkHeMm, uto B uMITysIbCe CKatus (€ < 0) CKopocTbh

U COBHAAACT I10 HAIPABJICHHUIO CO CKOPOCTBIO €, 4 B UMITYJILCE o (x t) o (x+dx t)
n\"v» n 5
N /

PACTAKCHHSA OHU UMCIOT TPOTUBOIIOJIOKHBIC HATIPABJICHUA. \ /
<~ ——>

Paccunraem CKOPOCTD paClpOCTPaHCHUS IMTPOAOIb-

1 |
HBIX BonH. Ha puc. 4.26 nzo0OpaxeH gparMeHT CTEpXHSI U I |
| 1

MOKa3aH ero 3MeMeHT dx, K KOHIIaM KOTOPOro MPHIIOKEHBI x  x+dx X

\ 4

HOpMaJbHbIe HANpPsDKeHUS O, . YpaBHEHHE IBIDKEHHS dJie- Puc. 4.26.
MEHTa C MTONIEPEYHBIM CEYCHUEM PAaBHBIM S HUMEET BUA:
0%s _
dm_6t2 =S[0,(x+dx,t)—0,(x,0)], (4.74)
rae dm = pySdx . UtoOsr (4.74) npeoOpa3oBaTh K BOTHOBOMY YPaBHEHHUIO, HEOOXOIMMO CBSI-
3aTh HANPsDKEHUA O, ¢ AedopMalisMH JIeMEHTOB cTep)xHs. Hanbonee mpocto 3T0 MOXKHO

caeJIaThb AJIsk TOHKOTO CTEPIKHA.

CkopocThb BOJTH B TOHKOM cTep:kHe. Ecin crepkeHb TOHKHH, TO nedopManuu u

HaIpPsHKEHUA BAOJIb KOOPAWHATEI X CBA3aHBI U3BECTHBIM 3aKOHOM FyKa:

o,(xt)= E@ ; o,(x+dx,0) = Eﬁ , (4.75)
ox|, 0X| 44y

rne £ — monyns FOura.
[Moncrasmsis (4.75) B (4.74) u npou3Boas neneHue Ha PySdx , moixydaeM BOJIHO-

BOE ypaBHEHHE:

2 2
9s_LE0% (4.76)
ot Py Ox
CKOpOCTL MMPOAOJIbHBIX BOJIH ITOJYyYaCTCH paBHOﬁ
E
c= | = (4.77)
Po

OTa CKOpOCTh MPEBBILIAET CKOPOCTH MOTNEpeuHbIX BOJH (cM. popmyny (4.49)), no-
ckonbKy £ > G. Ilo nopsaky Benn4nHEI 00€ CKOPOCTH COBIIAJAIOT H JUISl Pa3IM4HBIX MaTepHU-

3. 104
aJIOB MPEUMYILECTBEHHO Jiexkar B auanasone ¢ ~ (10° +10™) wm/c.
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CkopocTh BOJIH B TOJICTOM cTep:kHe. IIycTh BOOJNB OCH TOJCTOTO CTEPXKHS
(ocu x) pacrpocTpaHseTcsl IPOAOIbHAS BOJHA, IIPH 3TOM KOJIEOIIOTCS 3IEMEHTHI CTEp-
XKHS, HaXOAsIIKeCs BOIU3U €ro OCH.

OnuH u3 TaKuX 2JE€MEHTOB NoKa3aH Ha puc. 4.27. Ilox aelicTBUeM HOpMaJIbHO-
ro Hanps>KeHUs: 0; OTHOCUTENIBHOE YAJIMHEHUE €; ONpenesieTcs NEPBbIM YPAaBHEHUEM

(1.27), npuBeieHHBIM B JICKLIUH I10 MEXaHUKE YIPYTUX TeN:

0, —(0, +03)U

€ = z (4.78)
3TO ypaBHEHHE OTpa)xkaeT TOT
A (aKT, 4TO IpY YJUIMHEHUH 1eMeHTa dx,
2
I n300pakeHHOTO Ha puc. 4.27, miomanb
A
€ro MOMEPEeYHOr0 CEUCHHS YMEHbBIIAETCSI
? c, /G, L (CBSI3b POZIOIBHOM 1 MTOTIEpedHOH nedop-
o [ A— a ,/ Manui onpenensercss kKo3)HUIHEHTOM
1 Vo

P ! Iyaccona 0 <P <1/2). DTOT 31eMeHT

G, ¥ oY !
1 1 _ TIOTSHET K OCH CTEPIKHS OKPYKAFOIIHE €ro

I I
0 ! ! Xi' sjeMeHTBI, pa3BUBas HANPSKEHUS O, U

I I
X3 ! ! _ O0y. OTH 27eMeHTHI (JIeKalye MEXIy

X x+dx X
IJIOCKOCTSIMH X = const 1 x + dx = const)
Puc. 4.27.

HaYHYT IPUXOJUTH B ABIOKCHHE: CHa4a-

Jla — HaxoasAImHnuecsa BOJIU3U OCH CTCPK-

L/2

Hsl, @ 3aT€M U 3JIEMEHTBI, ONM3Kue K oBepxHocTH. Yepes Bpemst Af = —— (L — monepedHbli
¢

pa3Mep CTepiKHsI, ¢ — CKOPOCTb PAcIPOCTPAHEHUS BO3MYIIEHNUS) BCE AEMEHTBI CMECTATCS, U
HAalpsDKeHUA O, U O3 UCYE3HYT.

Ecnu pnmTensHOCTh T, MMITYIIbCA, PACTIPOCTPAHSIOIIETOCS BIOIb OCH CTEPKHS, BENH-

L
Ka, Tak 4to T, >> At = > TO B (4.78) MOXKHO HE yUUTHIBaTh O, U O3 . CKOPOCTH TAKOIO JAIUH-
c

HOTO MITyJTbca OyzeT onpenensarses popmynoii (4.77). Takoit pexxuM MOKHO PeaTn30Barh, €CIIH
L<<ct,. (4.79)

VYcnosue (4.79) o3Ha4aeT, 9TO MOTIEPEUHBIH pa3Mep CTEPKHS L 3HAYNTETHHO MEHBIIIE

JUIMHBI UMITyJIbca. Tako# cTep>KeHb MOXHO CUMTaTh TOHKUM. Eciii peus naer o rapMoHnyiec-

KOW BOJIHE, PaCIpOCTPaHSIONIECICS BIOIb CTEPKHS, TO ycinoBue (4.79) nmeer BuA
L <<A, (4.80)

rae A =c¢T — nnuHa BonHbl, T — mepuon konebanunit. Tak, HapuMep, TS CTATBHOTO CTep-

KHA ¢ = £ 5000 m/c. ITpu gactore V =5000 I'm, A =c/v 01 M, M03TOMY CTEpKHH C
p

NonepeYHbIM pasMepoM L~1cm MOTYT CHUTATHCS TOHKUMHU.
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L .
Ecim gnutensHOCTH MMITynbea T, << Af = > (cTeprkeHb TONCTHIN), TO B (4.78) cie-
c

JIyeT yuecTb O, U O . UToObI HailTu cBsA3b €, U O, BMecTe ¢ ypaBHeHHeM (4.78) 3anumem

aHaJIOTUYHBIC I 82 n 83 U1 CJIO)KHM BCE TPU YPABHCHUA:

(0, +0, +03)(1-21) .

€ +g, +g; = 3 (4.81)
JIyist KpaTKOCTH BBIKJIAJI0OK BBEJIEM CPEJHNE 3HAUCHHUS
5:%(31*'52*'33); 0:%(01*'02*'03)
Tornma (4.81) nmepenumiercs B BUIE
£= w (4.82)
C yuerom (4.82) ypaBHenue (4.78) Bumon3MeHseTCs:
+
R U (4.83)
1-2u  E

Ecnu monoxuTh B TOJCTOM cTepikHEe €, =€; =0, To €=¢,/3, u uckomas

CBA3b MMOJIYUYHUTCH B BUIC!

-0 _G (1+wa _ZU). (4.84)
Ef (W) E(1-p

B stom CJIy4ac CBA3b Zle(bOpMaHI/II/I 1 HAITPAKCHUA ONPEACIACTCA KaK MOAYJIEM IOnra

&

E, Tak u cnepyromeii gpynkuueii ko3ppunnenra [lyaccona

_ I-p
=— - 4.85
S 1+wd-2p (4.85)

Jlerko yoemuThes, 94To npH JTF00BIX BO3MOXKHBIX 3HaUeHHsIX koddduimenta [Tyaccona

f (1) >1. ITo3TOMY CKOPOCTH IIPOIOIHHOM BOJIHBI B 3TOM CIIydae

e=E ran (4.86)
Po

NIPEBBIIIAET CKOPOCTH BOJIHBI B TOHKOM cTepkHe. Benmmunny E [ (1) 0OBIYHO Ha3BIBAIOT «MO-
JTyJIEM OIHOCTOPOHHETO PACTSKEHUS.

OTMeTHM, 9TO HanbOJIee CITOKEH aHAITH3 TS IPOMEKYTOYHOTO Ciydast, Koraa L ~ A .
J11st BOJIH ¢ TaKo JUIMHOW BOJIHBI MIMEET MecTo JucnepcHs ((ha3oBasi CKOPOCTh FapMOHUYECKON
BOJIHBI 3aBHCHT OT €€ YacTOThl). Pacripesienienre aMIutuTy b1 BOJIHBI B IOIIEPEYHOM CEYEHHH CTEP-
JKH BIOJIb OCEH X, M X3 aHAJIOTMYHO PACHPENEICHUIO aMIUIUTYABI Ul IIHypa AIUHON L co
CBOOOIHBIMHU KOHIIAMH ITPY HOPMaJIbHOM KomeOaHuu. CTEp)KeHb B 3TOM CITy4ae BHIIOJIHSET POIb
BostHOBO/a. [1py ero nmiaBHOM M3rnOAHNK BOJTHA PACIIPOCTPAHSETCS BIOJb €T0 OCH.

[TpononbHbIE BOJHBI IEPEHOCST YHEPTHIO, M JUISI HUX CIIPABEIUINBBI BCE PacCy KICHUS
1 BBIBOJIbI, IOJTyYEHHBIE JJIsl IONEPEIHBIX BOTH. POPMAIIbHO BO BCE BBIPAYKEHUS IS TUIOTHO-
CTH SHEPTUH W, BeKTopa YMoBa J 1 Ip. cIeayeT BMECTO MOy ciBUra G oJcTaBUTh MOZYIIb

IOnra E win E Uf (M) . [IpenocraBisieM 4nuTaTelto Mpojesarh 3T0 CaMOCTOATENBHO.




88 Koneb6aHus 1 BOnHbI

SIBneHus Ha rpaHuIe pa3aesa ABYX cped. PaccMoTpum moapobHee mpoxoxkae-
HHE NPOJOJIbHON BOJHBI Yepe3 I'paHully paslielia IByX YIPYTUX cpel Npu HOPMaJIbHOM
MaJIeHUH BOJHBI HA 3Ty TPAHULLY.

[lycTh mpomonbHast BOJIHA PacipOCTpaHs-
€TCs CO CKOPOCTBIO ¢; =,/E; /P, B cpele ¢ Moxy-
neM IOHra E| um paBHOBECHOH IIOTHOCTBIO P

E, p,

WA
AVAVAY

(puc. 4.28). OnbIT HOKA3bIBAET, YTO 3Ta BOJIHA Ha Ipa-
HUIIE pa3ziena IByX cpen (x = 0 Ha pUCYyHKE) 9acTHY-

HO OTpaXacTCiad U 4YaCTUYHO IMPOXOAUT BO BTOPYIHO

cpeny, KoTopast XapakTepu3yeTcs napamerpamu £,

Puc. 4.28. U P, . CienoBarensHO, MOKEM 3aIHCaTh
1-1 cpena 2-1 cpena
(naoarowas + ompaosicennas 6onHa) (npowedwas sonna)

N (x, t) =501 Sin(&)t - klx) +S£)1 Sin(wt + klx) Sy (x, t) =S Sin(wt _kzx) (487)

31ech W—YacToTa, Sy, , S U Sgp — AMIUTATY/IBI IAIAM0NICH, OTPAKEHHON U MPOLLIE/I-
1ieif BOJIH COOTBETCTBEHHO, £; = W/ ¢; U £, = W/ ¢, — COOTBETCTBYIOIHE BOIHOBBIE YHCIIA.
YroObl HAWTH COOTHOLICHUS MKy aMILTUTYIAMH TPEX BOIH, OTPEIEIISIOIIIE OTpa-
JKATENBHYIO U TPOITYCKATEIIEHYI0 CIIOCOOHOCTh («IIPO3PavdHOCTEY) TPAHHUIIBI Pa3jielia, 3aIu-
[IeM JIBa YCIIOBUS, KOTOPBIC TOJDKHBI BHITTOMHATHCS Ha TpaHUIle pasjena npu x = 0.
ITepBoe — 3TO yCIIOBHE HEPA3PHIBHOCTHU BEIICCTBA:
51(0,1) =5,(0,1) . (4.88)
Btopoe — paBeHCTBO HANPSHKCHUI:
0,(0,1) =0,(0,7), mm E g,(0,¢) = E,€,(0,7) . (4.89)
C yuetom (4.87) U3 3THX YCIOBHI MOTyIaeM:
Sop +801 =8
01 01 0’2 > ( 490)
= so1Eky +501Eky = =505 k.
B akyctuke (pyHIaMEHTaIbHBIM SIBJSIETCS IOHSTHE UMIIEIaHCa, WIN YACIBHOTO BOJI-

HOBOI'O (aKYCTI/I‘leCKOI‘O) COIIPOTHUBJICHUA MaTepurajia. JTa BeIMYMHA Z OIPEALCIIACTCA KaK:

_ CKUMAIoILee HallpsKeHne _ —O
Z —_ -_——

. (4.91)
KonebarenpHas CKOpPOCThb v

I/IMnench JICTKO MOXXHO BBIPA3UTh YCPEC3 XAPAKTCPUCTUKU MaTepHrajia, BOCIOJIb30-

BaBIIUCH popmynoii (4.73):

=-_Z (4.92)
c

Otcrona

z=—=—=pc (4.93)
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C UCTIONB30BAHKIEM STOMH BETMUIHBI U BEIPAKSHAN I £ U £, ycrnoust (4.90) mpumyT BU;

L
So1 TSo1 = So2

. (4.94)
=50121 tS012) = S 23.
OTcro/1a MoTyYaeM UCKOMYIO CBSI3b MKy aMILTUTYaMU BOJIH:
1-2z,/z 2
[ 2 1 —
Sot =7 ,_ Sots» Soo =7 Soi- (4.95)
1+22/Zl 1+22/Zl

J1Jist IpakTHYecKuX Lele mojp3yoTces KoddduimeHTaMu oTpaxeHust R 1 mporycka-
Hus T, XapaKTepU3yIOIYMU OTHOLUIEHUE HUHTEHCUBHOCTEH OTpaXKE€HHOM! U MPOIIEAIIEeH BOIH K

MHTEHCHBHOCTH I13/1at011e BOJTHBL DTH K03 duimenTs! noxyyatorces u3 (4.95) ¢ yuetom (4.65):

R:I_': 01 :H%Zz/zl : T:I_Z:Z_ZHYOZ = 4(22/21)2, (4.96)
I 01 tz,/z I 21Bs01 (+z,/27)

T7IC MICTIONTb30BAHO TO OOCTOSTEILCTBO, YTO MHTEHCHBHOCTH Oerymieii BOiHbI (cM. popmyity (4.65))

1 >0 _1 59
I =—cpwsy =—zWs, (4.97)
2 2

3aBHCUT HE TOJIBKO OT aMIUIUTYABl S, U 4acCTOTHI (), HO U NPONOPLUOHANIbHA aKyCTHYEC-
KOMY COMpPOTHBICHUIO z. CIeayeT OTMETUTH, 9TO GopMyIbl (4.96) cripaBeTUBEI U JUIS
MOTIEPEYHBIX KOJICOaHM.

W3 pucynka 429, R T A
Ha KOTOPOM H300paXeHbI I T T T T T T o=

3aBUCHMOCTH (4.96), BUITHO,

I
I
I
4TO €CIIU z| = z, , OTpaxKe- :

uus He mpoucxoqwt. [osro- 05 f---------KX--"d---K--------- !
My Ha [IPAKTHKE, KOT7Ia Ha/l0

YMEHBIINTh OTpaXXEHUe,

»
>

CTaparTCcs CONIAacOBATh + + * } }
0 0,01 0,1 1 10 100 1000 z/z

(caenarh IPaKTHYESCKA OITU-
HAKOBBIMK) BOJIHOBBIE CO-
) Puc. 4.29.
MIPOTUBJICHUS IBYX CPE/I.
3aMeTHM TakxKe, 4To NpH z, <<z, KaK B ClIy4ae CBOOOTHOTO KOHIIA CTEPKHS ( z, —
COIIPOTHBIIEHHE BO3yXa), WM Z, >> z; (3aKpeIUIeHHbIH KoHen), R = 1,T.e. IPOUCXOAUT ITpaK-
THUYECKH TOJTHOE OTPAKEHHE BOJIHBI, YTO MbI U UCIIOIb30BAIH BbIILIE IPU PACCMOTPEHHUH OTpa-

JKCHUS B OTUX IIPEACIIbHBIX CIIyJasiX.
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JEKIHAA 5

Axycmuueckue gononvi. Obvemnvie celicmuueckue 6oausl. CospemeHHas mooens
3emau. Bonuwt Panes u Jlisa. Bonuwi 6 owcudxkocmsix u eazax. 3eyk. Mumencusnocms 38yKa.
Hozcnowenue 36yka. Hznyuamenu 3eyxa. Ipumenenue axycmuueckux memooog. OcHoeHble
xapaxmepucmuxu 38yka. 3axon Bebepa—®exuepa. [Juacpamma cnyxa. Akycmuueckue peso-
Hamopwl. My3svikanvhsie uncmpymenmol. dpgpexm Jonnepa u bunaypanviviii appexm. Un-

mepgepenyus u OuGpaxyus 60JH.

TennoBbie Ko1e0aHUS KPHCTAINYCCKON PeIIeTKH TBePAbIX Tel. AKyCTHYEeCKHe
(onoHbI. B TBEp/10M TeIe MOHBI COBEPILIAIOT TEIIOBBIE KOJIEOAHHS OKOJIO TIOJI0KEHHUH PaBHOBE-
cH B y3JIaX KpUCTAJUTMYECKOH pemeTky. [10CcKoIbKy OHM B3aMMOAEHCTBYIOT APYT € JPYTOM, TO
CHCTEMa HOHOB JIOJDKHA pacCMaTpHBaThCsl KaK COBOKYITHOCTD CBSI3aHHBIX OCIIMILIATOPOB. Takue
TETIIIOBBIE KOJIEOAHNSI HFOHOB MO>KHO ITPE/ICTABUT B BHJIE CYIIEPIIOZUIINH CTOSTYHX 3BYKOBBIX BOJIH,
YacTOTHI KOTOPBIX () JieXar B Anana3one 0 < W< wy , Ie Wy — MaKkcuMaibHas 4acToTa Kojle-
OaHmii, 00yCIIOBICHHAS TUCKPETHOCTHIO CPeIbI (CM. TIPEIBIAYIYIO JIEKIIHIO).

[Ipym HarpeBaHMM KpHCTAJLIA YHEPTHS TEIIOBBIX KojieOaHui yBenmmanBaercs. EcrecTBen-
HO, 4TO MH(OPMALIHIO 00 STHX KOJIEOAHNSIX MOXKHO ITOJIYYUTh, U3MEPSISt TEIIIOEMKOCTh KPUCTAIIIOB.

Ecnu xaxaplit HOH paccMaTpUBaTh KaK KIACCHUECKAN OCHIIIISATOP, KOMEOTIOmuiics
B TPEX B3aUMHO NEPIICHIUKYISIPHBIX HAIIPABICHUSX, TO, B COOTBETCTBUH C TEOPEMOI1 O paBHO-
pacrmpeneeHuH SHEPTUH [0 CTETIEHAM CBOOOBI, OH 00maman Obl sHepruen €, = 6k7 /2, tne
k — nmoctostaHas bonbiivana, a 7— abcomioTHas Temmeparypa. 34ech YITeHO, 9TO KoJIeOIIto-
IIMHCS MOH 00J1aJaeT CpeAHeH KNHETHYECKON M paBHOM el cpeiHel NOTeHIMaIbHON SHEPTH-
et kT/2 no xaxxao# u3 Tpex creneHel cBoOobl. [10CKONBEKY SHEPTHs KPHUCTAIIA, COCTOSIIIETO

n3 N atromoB, U = N&; =3NkT , TO €ro TEII0EMKOCTb ITPU IIOCTOSSHHOM 00BbEeMeE paBHa:

_pun _
¢y -EZ—TQ = 3Nk (5.1)

1 HE 3aBUCHUT OT TeMIlepaTypsl (3akoH [rononra u I1tn).

Mesxy Tem, popmyia (5.1) cormacyercst ¢ SKCHepHMEHTOM JIMIIB IIPU BEICOKHUX TEMITEpa-
Typax, a TIpy MPUOJIKEHUH TEMITEPaTyphl K a0COFOTHOMY HYJTIO, KaK IOKa3bIBa€T OIIbIT, ¢y ~ T 3.

YToOBI 00OBSICHUTB TAKOE ITOBEACHNE TEITIOEMKOCTH, A. DHHIITEHH NPEIOKUIT paccMar-
pHBaTh MOHBI KaK HE3aBHCHMBIE OCLMILITOPEI, 00JIaJal0Iie JUCKPETHBIM HAOOPOM 3HAYCHUH
sHeprun. Panee nmogobHas nes Obuta Beickazana M. [TinaHkoM npy BEIBozie )OpMYITBI TS TETUIO-
BOTO H3Ty4eHHs TBEPIOTo Tera. OHaxo, A. DHHIITelHy He YIanoch MOMyYHTh 3aKoH T3,

Ha camom fiene, kax y>ke TOBOPHIIOCH, TETIIOBBIE KOJIEOaHHsI HOHOB MOTYT OBITB ITPE/I-
CTaBJICHBI KaK CYIEPIIO3UINs HOPMaJIbHBIX KOJIEOAHUH, MIIM MOJ] CUCTEMBI CBA3aHHBIX OC-
muiTopoB. Kaxknas Moga 4acToTel (0 00NagaeT dHeprue, KpaTHou 7w, tae 7 =h/2T
(h=6,67 oo~ JIx/c — mocrostnHast [Tnanka).

Ecnu npuHATH BO BHUMAHUE, YTO B TBEPIOM TEJIE€ BO3MOXHO PaCIPOCTPaHEHHE IPo-

HOHBHOﬁ BOJIHBI YaCTOTHI (W M JBYX IIOIICPECYHBIX BOJIH TOH XK€ JacTOThI, UMCIOIINX ABa pa3-
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JIMYHBIX B3aMMHO IIEPIEHINKYIIIPHBIX HAIIPABJICHHUS CMEIIECHHS aTOMOB ([JBE Pa3IMYHbIE MO-
JISIPU3ALKH), TO C yYETOM pa3MepOB KPUCTAIUIA U €T0 AUCKPETHOM CTPYKTYpPBl MOXKHO ITOCUH-
TaTh YMCIIO MOJ B KpucTamie. Takoi mogcuet 6511 BriepBrie BhionHeH 11. J[ebaem, u mosTomy
9TH BOJIHBI MOTyYHIIN Ha3BaHUE 1€0aCBCKUX.

Crnenyer NOAYEpKHYTh, YTO, B OLIMYME OT KJIACCUUYECKOIO MPEACTaBICHUS, IPH BbI-
YHCIICHUH YHEePIHU KpUCTaJUla MOJa MPEICTABIsAETCS KaK KBAaHTOBBIM OOBEKT, 00Ianaromuit

JIMCKPETHBIM HAOOpOM 3HadeHHH sHeprud (HaGOpOM SHEPreTUUSCKUX YPOBHEN)
€, =nhw, (5.2)

7€ 1 — LEJ0e YUCIO.

IIpu TepMoAMHAMHUYECKOM PaBHOBECUM BEPOSATHOCTb °, BO30Yy:KIeHUS MOIbI yObI-
BAeT 10 Mepe yBeNuUeHuUs e€ FJHepruu €, (WU YMUCIIa 1) B COOTBETCTBUU C PacIpeeneHueM
bompumana: £, ~ ¢ "Wk Tlpu marpesaHuy KpUCTAJIa BEPOATHOCTL °, PACTET, a 3HAUMT
YBEJIMYMBACTCS U 3allaceHHast KprcTauioM sHeprus. [Ipu moncyere nocnenneii Jlebaem Obna

BBEJICHA XapaKTepHas Temieparypa (temmeparypa lebas) 0 j C IOMOIIBIO PABEHCTBA
K8y = hoy . (5:3)

OG6wruno By nexut B unrepsane (102 +10°) K. Tlpu 7' >>8); crpaseaus 3aKoH
Miononra n ITtn, a npu 7 << 6 temnoemkocts ¢y ~T 3.

CoorHorrenue (5.2) s Hepruy KojaeOaHuH B MOE YaCTOTHI () aHAJIOTUYHO BhIpa-
YKEHHIO JUIsl SHepriu (OTOHOB (KBAaHTOB CBETA). DTO MMO3BOJISIET pacCMaTpUBaTh MOy KaK KBa-
3UYaCTHIy, Ha3bIBAEMYIO TEIJIOBBIM ()OHOHOM. BBe/eHNE 3TOT0 HOBOTO MOHATHA SABISETCA
BEChMa IUIOIOTBOPHBIM M, C MaTEMaTHUECKOM TOUKH 3PEHUS], 3HAYUTENILHO 00JIeryaeT aHaIu3
TEIJIOBBIX KoNiebaHui KpucTamunueckoii pemerku. [Ipencrasnenue o GOHOHHOM rase B TBEp-
JIOM TeJIe IIMPOKO UCIIOIb3YETCsl IPU OITMCAHMH TaKUX CBOWCTB, KaK TEINIOEMKOCTb, TEIJIO-
IIPOBOIHOCTb, TEIUIOBOE PACIIUPEHHE, HICKTPUUECKOE COMPOTHUBIEHHE U Ap. B gusnke nc-
TIOJIB3YIOTCS M APYTHE KBA3WYACTHIIBI: TITIa3MOH (BOJIHA 3JIEKTPOHHOM IFIOTHOCTH ), MATHOH (BOJI-
Ha [IepeMarHYMBaHus ), TOJSIPOH (MEKTPOH + ynpyras gedopMariis), SKCUTOH (BOJTHA MOJS-

pusanuu cpeam). Chvi KBa3NM4aCTULBI ABJIAOTCA MOJaMU COOTBETCTBYIOIINX KOJIEOAHMIA.

O0bemHbIe ceiicMuYecKHe BOTHBI. Upe3BbYaiiHO Ba)KHBIM IIPUMEPOM BOJIH B yII-
PYTOM TBEPAOM TeJE SIBIAIOTCS CEHCMHUYIECKHE BOIHBI, BOZHHKAIOIINE B OTPAHUUEHHON 001a-
CTH NIPOCTPAHCTBA (Oyare) pa3MepoM B HECKOJIBKO KMJIOMETPOB M paclpoCTpaHsIoImurecs Ha
OIPOMHBIE PACCTOSIHUS HOJ] TOBEPXHOCTHIO 3eMJIM. DTH BOJIHBI OBIBAIOT MONIEPEYHBIMH (BOJ-
HBI C/IBUTA) M IPOJIOJIBHBIMU (CXKATHS U Pa3peKEHHs) K MOTYT IIPOHH3BIBATH BCIO HALTY IUIaHe-
Ty. DTO TI03BOJISIET (MTOAOOHO PEHTTEHOBCKOMY aHAJN3Y) HCCIIE0BAaTh BHYTPEHHEE CTPOCHUE
3emd. DTUM 3aHUMAaETCA OTAENIbHAs HayKa, Ha3bIBaeMasl ceiicMonorueil. Jlonroe Bpems cei-
CMOJIOTHSA, OTHUM U3 OCHOBAaTeNlell KOTOpoH sBisiercs pycckuid ¢pusuk b.b. TomumperH, 6puta
HayKOH 0 3eMIIETPSICEHHSX M CEHCMUYECKUX BOJTHAX. B HacTosIIee BpeMsl celicMOIIorvs 3aHu-

MaeTcs aHAJTM30M Pa3HOOOPA3HBIX IBIKEHUH B 3eMHOH TOJIIIE.
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CKOpOCTb MPOJOIBHBIX BOJIH NPUOIN3UTENBHO B 1,7 pa3a 0oJbliie CKOPOCTH TOTIe-
PEYHBIX, TI03TOMY 3TH BOJHBI PETHCTPUPYIOTCS HA ceificMorpaMMax Iocje[0BaTe/IbHO: BHaYa-
JIe IpUXOIAT OoJiee OBICTPhIE MPOAOIbHBIE (IEPBUYHBIE), KOTOPBIE HA3bIBAIOTCS P-BOTHAMH, a
IIOTOM ITOTIEpeYHbIe (BTOPUYHBIE), Ha3bIBacMbIe S-BomHaMH. Kpome Toro, ceiicMorpads! peru-
CTPUPYIOT U 3aMETHBIN (DOH, MIIM IIYMBI, CBA3aHHBIE KaK ¢ pabOTOI MPOMBIIIIEHHBIX YCTaHO-
BOK U TPAaHCIOPTa, TaK U C CEHCMUYECKUMH BOJIHAMH (MUKpOCEHCMaMu), TeHEPUPYEMBIMH
IITOPMaMH ¥ BOTHEHHEM B OKEaHaX.

Ecnu Ob1 ckOpoCTH p- ¥ S-BOJH B 3emile HE MEHSUIUCH OBl ¢ TIIyOMHOM, TO BOJIHBI
pacIpoCTpaHsuIuCh OBl 10 MPSIMBIM JIMHUAM (TIPSIMBIM CelicMHYECKUM Jiydam). B nelicTBu-
TENBHOCTH CKOPOCTH MPOJOJBHOM C,, M MONEPEYHON ¢ BOIH BO3PACTAIOT C MOTPYKEHHEM B
Hernpa 3eMiin, 3a HCKIII0YeHneM HeOobIoi 30061 Ha nryOuHax 50-250 kM. [TosTomy ceficmu-
YeCKHeE JIy4H NCKPUBISIOTCS. B ceficMonoruu sKkcrepuMeHTalIbHO OIpeIeNIsoT rogorpad —
BpeMsi T mpobera celicMUYEeCKHX BOJIH KaK (yHKIIMIO SMUIEHTPAIBLHOTO paccTostHus A (pac-
CTOSIHUS B TPaycax WM KIIOMETPAX 10 AyTre OOIBIIOr0 Kpyra MesKay 3MUILIEHTPOM U IIPHEM-
HUKOM BoiiH; 1° = 111 km). SIcHo, uto pyHkiws T =T(A) cBsi3aHa ¢ pacnpe/e’IeHueM CKOpocC-
TH BosHBL ¢(¢) (¢ — miyOuHA), U TIOMCK 3TOTO PACcIpeeIeHNUs IPEACTaBIsAET HHTEPEC IPH
HCCIIENOBAaHUU BHYTPEHHETO CTPOCHHUS 3EMIIH.

Ha puc. 5.1 noka3aHsl Iy TH p-BOJIH M YKa3aHO BPeMsI UX PacIpOCTpaHEeHHs B HEJlpax
3eMIu OT 3MUIEeHTpa D 10 YCTAaHOBIEHHOTO Ha IIOBEPXHOCTH NpHeMHHUKa. [IpeprIBuCThIC JTH-
HUM (M30XPOHBI) YKA3bIBAIOT BPEMsI IPUXO0/A P-BOJIH B PA3JIMYHbBIE TOUKH 3€MHOM IOBEPXHOC-
TH. 13-32 MCKPUBJIEHUSI TyueH BOJIHBI HE TONAAAI0T B OOMINPHYIO 30HY TEHH.

Hcenenosanne 3aBUCMMOCTH CKOpoCTel ¢, (£) 1 ¢;({) OT NIyOMHBI O3BOIHIIO Clie-
JaTh BBIBOZ, YTO 3eMJlsl pa3jeisieTcss Ha TPH OCHOBHBIE YacTH: KOpY, MaHTHUIO U spo. Kopa
OT/IeJICHa OT MaHTHHU PE3KOH CEHCMUYECKOH IpaHuIeil, Ha KOTOPOH CKaukooOpa3HO Bo3pacTa-
10T IUIOTHOCTb P ¥ CKOPOCTH ¢, U ¢y . JTa rpaHuua 6buia otkperta B 1909 r. rorocnasekum
ceiicmonioroM MoxopoBHYMYEM M HOCUT Ha3BaHue rpaHuiipl M. TonmiHa Jiexxanied Boie rpa-
HUIBI M 3eMHOH KOpBI MEHSETCS OT BeNMMUYMHBI =10 KM ( MOX CII0OEM BOJIBI B OKEaHHYECKUX
00J1acTsIX) 10 HECKOJIBKHX JIECSITKOB KHJIOMETPOB B TOPHBIX paifOHaX KOHTUHEHTAJIBHBIX 00ac-

Tei. Hke Kopbl B MHTEpBasIE 10

1youH ~2900 KM pacnonoxeHa cu- 12
JIMKaTHas 000JI0YKa, WM MAaHTHS 10
30Ha TeHH
3emnu. CymiecTBOBaHHE AApa C 8
IJIOTHOCTBIO, IPEBOCXOJIATIIEH Cpe- 6 -
HIOIO TUIOTHOCTB 3eMJIH ~ 5,5 T/cM>, 4 W —
A
creyeT u3 Toro (axkra, 4to IIoT-
|

) .

4 6 8 10 12 14 16 18
Bpewms B MunyTax —»

Puc. 5.1.

HOCTBH 3MHOH KOpHI (0T ~2,8 r/em® D

y rpanuToB 10 ~3,0 r/cm’ y Gaszann-
TOB) CYIIECTBEHHO MEHBIIE 3TOU

CpenHel IIOTHOCTH.




Koneb6aHus 1 BOnHbI

©
B

Ha puc. 5.2
MOKa3aHbl TIyOUH-

, KM/C

12 + -

9
Hbl€ 3aBHCUMOCTHU
CKOPOCTEN p- U S-

BOJIH U Ha 6a3e 3ThX
3aBUCHMOCTEN IpO-
BeJeHO pa3bueHme

N CMHNYCCKON BOJIHBI
oo
1

8 47 3emiu Ha Tpu obIa-
= ctu. Takas mozmens

g Mantug —e— Sdqpo ———> 3
& | Bremmee Brytp. -» €MJIM Ha3bIBaeTCH
3 Kopa i I i i' KJIACCHUUYECKOM MOJIe-
0 2000 4000 6000 T npi0 Jlxedppuca—
I'my6uHa B kM ———> Llentp I'yrenbepra. OHa oc-

Puc. 5.2. 3eMIH  Tapanach HeM3MEH-
HOM 110 KoHIa 60-x romoB XX Beka. OcOOEHHOCTH M3MEHEHUS] CKOPOCTEH BOJIH C TITyOHHOI
CBSI3aHBI C U3MECHEHUEM CTPYKTYPBI 3¢MHBIX 1opoj. [Ipu mepexosie oT Kopsl (TpaHUTHL, Ha3alib-
ThI) K MAHTHH (YIBTPAOCHOBHBIC TOPHBIC IIOPOJIBI) CKOPOCTH BO3PACTAIOT. YBEITUUYCHUE CKOPO-
CTel IpH NPHUOIIHKSHUH K SIIPY CBA3aHO ¢ HAJIM4IHeM (a30BbIX MEPEX0I0B MUHEPAJIOB B OoJiee
IUIOTHBIE M JKECTKHE B MEXaHUYECKOM OTHOLICHHH KpUcTaindeckue Moaudukamun. [lane-
HHUE CKOPOCTH P-BOJH IPH MEPEXOe W3 MAHTUU B SIPO €CTh CICACTBHAEC TOTO, YTO BHEITHSSA
4acTh s/pa KUKas. Sapo COCTOMT B OCHOBHOM M3 JKeje3a U HEOONBIION MPUMECH JICTKUX

sneMeHToB. Bo BHemHeM AAPE IIaBHOE BO3pAaCTaHUE CKOPOCTHU €, CBA3aHO C HApaCTaHUEM

p
JABJICHUS K HEHTPY 3eMin. Bo BHyTpeHHEM siipe CKOPOCTh P-BOJIH HE MEHAETCS, TAK KaK J1aB-
JICHUE K LIEHTPY 3eMJIM BO3pacTaeT He3HAUUTEeNbHO. ECTecTBEHHO, YTO OIIEpEYHBIE S-BOJTHBI
BO BHEIIHEH (’KUAKON) YaCTH s/1pa pacpOCTPAHATHCS HE MOTYT.

B nocnennue roas! 6bu1a BRISIBICHA JIETalbHAast CTPyKTypa ManTun 3emuu. Ha puc. 5.3
MI0Ka3aHO paclpeieJIeHue CKOPOCTH ¢, (¢) B MaHTHH, U3 KOTOPOTO MOXKHO CJIEJIaTh 3aKJIF0ue-
HHE 0 e€ CTPYKType. 3eMHasi Kopa U BepXHHH clIoi MaHTHH 10 DyouHsl £ =70 kM 0Opasyror
HapyXXHYI0 30Hy — JIUTOC(epy, WIN JTUTOC(HEpHYIO TUIUTY. DTa KECTKas IUTUTa PacKoIoTa
npumMepHo Ha 10 GoNpIINX IUIUT, O TPAHUIIAM KOTOPBIX PACIIONOKEHO MOJABIAIONIEE YUCIIO
ouaroB 3emieTpsiceHuid. [lof sxecTkoi aurocdepHO mmTol Ha mryonHax 70 </ <250 xm
PAcIIONOXKEH CIION TOBBIIICHHOW TEKy4eCTH, Ha3bIBaeMblii acTeHocdepoii. 13-3a e€ manoii
sskocrn (U ~10% =107 [Tya3) surocdepHbie TUINTHI Kak OBl IUIABAIOT B «aCTEHOC(HEPHOM
okeaHe» 3emu. B acrenocepe, rae remneparypa BemecTBa OIU3Ka K TeMIepaType IIaBIie-
HUS, CKOPOCTH BOJH NOHWKeHbI. HaunHast ¢ /=250 KM CKOpOCTH BO3PAaCTAIOT U3-3a YBENU-
yeHus aasnenus. [Ipu ¢ =400 kM Bo3pacTaHHe CKOPOCTH €CTh PE3yJbTaT (Hha30BbIX MEPEexo-
J0B (MUHEpaJbl OJMBUHBI IIEPEXOJAT B MINMHHEIEBYI0O MOAM(UKAIMIO), a Ha TIIyOMHaX
400 < ¢ <650 kM CKOpPOCTH BO3pacTaeT u3-3a pocra aasienus. Ha myburax 650 </ <700 km
pacIionokeHa BTopas 30Ha (a30BbIX [IEPEXOJI0B, OHAKO OCTAETCSA OTKPBHITBIM BOIPOC O TOM,
Kakue KOHKPETHO IePeX0/Ibl OTBETCTBEHHBI 33 OBICTPBIH POCT CKOPOCTH.

Ha puc. 5.4 u3o6paken paspe3 3emiIu, IOCTPOCHHBIA B COOTBETCTBUHU C COBPEMEH-

HBIMH CEHCMUYECKUMU JaHHBIMU.




Jlekyus 5

30 ] ] L1 ] ] >
J \200 30 400 500 700 7, xm
Jlutochepa  Acrtenocdepa
Puc. 5.3.
.\‘-\
ActeHocdepa
Huxnss
MaHTHS
= ~
Tsepnoe
BHYTpCHHEE
AP0 Tlepexomuast
30Ha

Kopa u mutocdepa

Puc. 5.4.
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[Ipu pacnpocTpaHeHnr 00BEMHOM CEHCMIYECKON BOIHEI B TPEXMEPHOM CITydae aM-
IUIUTY/Ia YMEHBIIAETCS C PACCTOSHUEM I, IPOWICHHBIM BOJIHOM OT TOUEUHOI'0 UCTOUHHKA. YpaB-

HEHHE TaKoi BOJIHBI, HA3BIBAEMOI C(hepUIEeCKOM, IMEET BH/I;

s(r,t) = STOe_m sin@o@ _E% (5.4)

W3 3Toro ypaBHeHUs BUAHO, YTO aMILIUTY/Ia BOJIHBI YOBIBAET, BO-TIEPBBIX, H3-3a €€ TEOMETPH-
YECKOTO PACXOXKAEHHS BO BCE CTOPOHBI OT 3ITUIIEHTPA; 3TO YObIBAHHE IPOUCXOAUT 00paTHO
MIPOTIOPIIMOHAIEHO IIPOIEHHOMY BOJTHOH PAaCCTOSHHMIO ¥. BO-BTOPBIX, aMIIIIUTY/ja BOJIHEI yOBI-
BaeT M3-3a [epexo/ia YacTH SHEPTUH BOJIHEI B TEIJIO BCIECTBUE HEUJICATBHOM YIIPYTOCTH 3eM-
HBIX HeZIp. DTo ocnabienue xapakrepusyercs kodddunnenrom 3aryxanusi o . Koaddurment
O TPOINOPIMOHAJIEH YaCTOTE€ CEHCMUUYECKOM BOJHBI, II03TOMY KOPOTKHE BOJIHBI 3aTyXalOT
ObIcTpee UIMHHBIX. PacueT moka3bIBaeT, YTO AJIsl KOIPPUIMEHTOB 3aTyXaHUs S- H P-BOJIH MO-
T'yT OBITB 3aITMCaHbl COOTHOLIEHHS
a (km ) ~1007v (Tw; @, (k') ~025 007y (Tu)

YacToTsl 00bEMHBIX CEHCMUYECKUX BOJIH JIeXKaT B MH(pa3BykoBoM auarazone 0,1 I'm <v <10 I'm.
CrienoBareIbHO, 171t BOJH € 4acToTol V ~ 1 'l yMeHbIIeHHe aMIUIUTY B B € pa3 y MoNepedHon
BOJIHBI IpoucxoauT Ha myTu ~1000 kM, a y TpogoIbHOM BosIHBI — Ha IMyTH ~4000 kM.

[TomuMo Gerymux BOJNH, B 00beMe 3eMIIM MOTYT HaOJNIONAThCsl M CTOSYME BOJIHBI,
KorJa Besl 3emisl KojeOseTcs, Kak Lejloe, C pa3IfYHbIMU YacTOTAaMH, COOTBETCTBYIOIINMHU
pa3nu4HBIM MozaM koiebanuil. Konpurypannu sTHxX MOJ OTHOCSITCA K IBYyM OCHOBHBIM TH-
nam: ceponnanabHble KoneOaHus (HanOONbIINH TepHoR ~55 MHUH., YacToTa ~ 3 10~ Tm) u
TOpCUOHHBIE (KPyTHJIBHBIE) KojebaHus (Hambompmuili mepumon ~44 MuH., yactora
~3,80007* I'm). B HacTosmiee BpeMs CIIEKTP ITHX KOITeOAHUIT HACYUTHIBACT HECKOIBKO Thi-

Cs4 9KCHEPHMEHTAIIbHO 00HAPYKEHHBIX YaCTOT.

IloBepxHOCTHBIE ceficMuueckHne BoJHbI. Hapsany ¢ 00beMHbIMH, 110 3eMile MOTYT pac-
TIPOCTPAHSTCS Y IIOBEPXHOCTHBIE BOJHBL. JTH BOJHBI OBIBAIOT JIByX THIIOB 1 HAa3BIBAIOTCS! BOJTHAMHU
Panes u JIsBa. Onu O Teopetndecku npezckasansl Jx. Paneem B 1855 & u JIssom B 1911 . B
PareeBckoit BOTHE YacTHIIBI TPYHTA CMEIIAIOTCS B BEPTHKAJIBHON TJIOCKOCTH, OPHEHTUPOBAHHOM
BIIOJIb HATIPABJICHHS PaCIIPOCTPAHEHHs BOJH, a TPAGKTOPHY MX ABIKCHHS IPEACTaBIIOT COOOH
SJUIMIICHI (CM. IaJiee TPaBUTAIMOHHBIE BOJIHBI Ha IIOBEPXHOCTH XUAKOCTH). B BonHe JIsBa yacTuiip!
JBIDKYTCS B TOPH30HTAIBHOM INIOCKOCTH ITOIIEPEK HAMPaBIEeHUs PAaCcIIPOCTPaHEHHUS BOJHBL.

JITMHBI TOBEPXHOCTHBIX BOJIH A , BO30YX/Ia€MBIX ITPU 3eMJIETPSICEHHH, JIeXaT B UH-
TepBaJie OT JIECSATKOB JI0 MHOTUX COTEH KMJIOMETPOB. B IMOBEPXHOCTHBIX BOJIHAX aMILIATY/a
yObIBaeT ¢ NyOUHOM, U Ha mryOuHe ¢ > A KoneOGaHus MaHTHU Maiibl. [103TOMY C TOMOIIIBIO
TaKHX BOJIH MOYKHO HCCJIEIOBATH JIUIIb HAPYXKHBIE CIIOU 3EMIIH.

13-3a 1ByMEPHOTO pacipOCTPaHEHHs aMIUIUTY/IA TOBEPXHOCTHBIX BOJIH YOBIBAaET MeJ-
neHHee (0OpaTHO MPOMOPIIOHATBHO Jr ), 9eM y 00beMHBIX BONH. [103TOMY Takume BOIHBI
MOT'YT II0 HECKOJIBKO pa3 o0eraTb BOKPYT 3eMHOTO miapa. CKOpOCTh MOBEPXHOCTHBIX BOJH

3aBHUCUT OT 4aCTOTHI, T. €. OHA 00JagaroT HHCHCpCHCﬁ.
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CpR M ¢y IHMIIb JUIS Hepuox, ¢

BOJIH, aMIUIMTYIbI KO- Puc. 3.5.

TOPBIX ONpeAeIeHHBIM 00pa30oM yOBIBAIOT ¢ TITyOHHOW. BO3MOXKHBI MOBEPXHOCTHEIE BOJI-
HBI ¥ C IPYTUMH paclpeieseHHsIMU aMIUTUTY/ 110 TIyOnHe.

CelicMuYecKHe BOJIHBI MOXKHO BBI3BaTh IPU TIOMOIIH B3pbIBa. HeOoIbIINe B3PHIBEI
HCIIOJIb3YIOTCSl B MHKEHEPHOU CEMCMOJIOTUHU ISl IPOBEEHUS PA3BEAKH II0OJE3HBIX UCKOIIae-
MBIX (He(hTH, pyIbL, Ta3a U T. 1.). [log3eMHbIe sIepHBIC B3PBIBEI CO3a0T MHTCHCHBHEIC BOJI-
HBI, KOTOPBIE MOJKHO PErHCTPHUPOBATh HA JIFOOBIX PACCTOSHHUAX. JTO AeT BOSMOXKHOCTH Ha-

JACKHO IMPOBOAUTH KOHTPOJIb HAA MOA3CEMHBIMU AACPHBIMA UCHIBITAHUAMU.

BoJiHBI B :KHIKOCTAX U ra3ax. B sKHUIKOCTSIX ¥ ra3aX BO3MOXHBI JIHIIb Ie(opMaiuu
CXKATHUSL U PACTSDKCHHS, TIOATOMY B HUX MOTYT PaCIpOCTPAHATCS TOJBKO MPOOIBHEIC BOHBL.
XOTst MBI paHEe M PACCUUTHIBAIH CKOPOCTh PACIIPOCTPAHEHUS BO3MYIICHUH B ra3e, TeM HE
MEHEee BBEIUUCIIUM CKOPOCTh PACIPOCTPAHCHHS MTPOIOIBHBIX BOJIH C UCIIOIB30BAHUEM BOJHO-
Boro ypaBHeHus. [Tociennee MoxeT ObITh nony4yeHo u3 (4.74), B KoTopoM O, CleyeT 3aMe-
HHTb BEIMUMHON —Op = p, — p , [JIe p — JIaBJICHUE B BOJIHE, P, — PABHOBECHOE JIABICHHUE B

cpenace, 6]9 — BO3MYIICHUC TaBJICHUS. Tor,ua MbI MOKCM 3aliucarb

2
S = [=p(x + ) + (xS (55)
Yto06kl U3 (5.5) MONXYyYNUTH BOJIHOBOE P
ypaBHEHHE, HEOOXOJUMO 3HATh MAaTEPHAIBHOE
YpaBHEHHE CPEAb Sp
(S
r=pP). 56 5,
KauecTBeHHO 3Ta 3aBUCUMOCTH H300pa-
*eHa Ha puc. 5.6. [Ipu oueHb ManbIX BO3MYIIEHU-
SIX INIOTHOCTH |5p| <<Py U JaBIEHUSI ‘5p‘ << py Po\ 5p ;p

u3 (5.6) momyvaem: Puc. 5.6.
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@:%% Bp =c?3p, (5.7
c= @% . (5.8)

p 0

C yuerom (4.69) u (4.72) Bo3MyILeH s IIIOTHOCTH OP B (5.7) CBA3aHBI CO CMEIIEHH-

7€ BBEIEHO 0003HAaUYEHNE

€M S COOTHOIICHUEM

0
8p =-£p, =P, é . (5.9)

CrnenmoBatensHO, (5.7) IpUMeET BUA:

)
5 = -pyc’ —. (5.10)
Ox
IMoncrasnss (5.10) B (5.5), 3anuceiBass dm = pySdx u mepexons K Impeeny Npu

dx - 0, DOIy4YUM BOJTHOBOE YPaBHEHUE

2 2
0°s _ ,07s
— C —
2 2>
ot Ox
U3 KOTOPOTO Cpa3y BHIHO, YTO CKOPOCTH BOJIHEI 3a/1a€TCs BeIpakeHueM (5.8) U He 3aBHCHT OT

(5.11)

YacTOTHI (IUCTIEPCHsI OTCYTCTBYET). ECTECTBEHHO, UTO € TaKOH CKOPOCTBIO PACIPOCTPAHSIOT-
CsI BOJIHBI C JUIMHOM BOJHBI A , IPEBOCXOAIIEH IIIMHY CBOOOAHOTO IIpodera MOJIeKyI B ra3e
WM MEKaTOMHBIE PACCTOSIHUSA B XKHUIKOCTAX /. B 9TOM ciydae )KMAKOCTh M Ta3 MOTYT pac-
CMaTpPHUBaThCsl KaK CIUIOLIHBIC Cpexbl. s BOJIH BBICOKHX YacTOT, Korma A ~ ¢, BO3HHKAaeT
JMCTIEPCHSL, A BOJHBI C JUIMHOH A < { PacmpocTpaHAThCS BOOOIIE HE MOTYT.

Yrpyrue BOJHBI B )KHJIKOCTSX M Ta3ax, KaK, BIPOYEM, M B TBEP/BIX TeJaX, Ha3bIBalOTCS
aKyCTUYECKUMH, a pa3ael GU3UKH, KOTOPBIH UX U3ydaeT — aKyCTHKOH. YacTOThI 3THUX BOJH Jie-

JKaT B IManasoHe ot aosieii repua (mHdpassyk) 1o 1013 i (rumep3syk). DTHM 4acTOTaM COOTBET-
CTBYIOT JUIMHBI BOJIH A OT JICCSITKOB KMIIOMETPOB JI0 HECKOJIBKMX aHICTpeM. 3Ha4EHHNS CKOPOCTEH

(pa3oBBIX M IPYNIOBHIX) IS PA3HBIX CPEN JIEXKAT B TUANIA30HE OT J0JIEH /10 IECATKOB KM/C.
Jlng Bo3ayxa MarepuanbHOe ypaBHEHHE (5.6) sBiseTcs ypaBHEHHEM annabaTsl U B

aAKyCTHUKC O0OBIYHO 3aIUCHIBAECTCS B BUAC (CM. TAKXKE MpEAbIAYyIIIUC J'ICKIII/II/I)Z

p=pog§ : (5.12)
0

e Y=c, /¢y — nokaszarenb aquadaTsl.

Torma u3 (5.8) cKOpOCTh BONHEI (B aKyCTHKE YIOTPEOISIIOT TEPMUH «CKOPOCTH 3BY-

= [yPo = [ RT (5.13)
Po H

Ka») B Ta3e MoJy4aeTcsi paBHOU

rae I — MOJIApHasA Macca rasa.
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CKOpOCTb 3ByKa 3aBHCHUT, TAKMM 00pa3oM, OT pOAa rasza M M0 MOPAKY BEITHYUHEI
COBIIAJAET CO CPEIHEN CKOPOCTHIO TEIIOBOTO IBUKEHUS MOJIEKYIL.
JL1s1 AKUAKOCTH MaTepralIbHbIM YPAaBHEHHUEM SIBIISIETCS IOy 3MITMPUYECKOe ypaBHeHue Tera:

0 O
P = Dan -10, (5.14)

od f

Iie p,, — XapaKTepHOe BHyTpPEHHEe JaBlIeHHe, 00yCIOBICHHOE MEKMOIEKYIAPHBIM B3au-
MozieHicTBHEM (OHO COCTaBIISIET JUIsl OOJIBIIMHCTBA KHUJIKOCTEH 0€3 My3bIPHKOB M Pa3IMuHbIX
BKJIFOYEHHUH HECKOJIbKO ThICSY arMocdep). [TapameTp [T mmeeT mopsiiok HECKOIBKUX €MHUIL
(manpumep, Juist Boxsl I = 7).

B Tabnuie npuBeaeHbl 3HaYSHH CKOPOCTH 3ByKa, H3MEPEHHbIE B HEKOTOPBIX ra3ax
(ipu Temneparype t = 0°C) u KHIKOCTAX.

T"a3bI 3(;‘:;(])(1:(,)3/1; Kuakocru i];(:cl::c;;;
Bomopon 1265 Boga (t =20°C) 1490
Temmii 965 Orui. cmpr (¢ = 20°C) 1180
A3zoT 334 Bomopon (1 =-252°C) 1127
Bozmyx 331 Kucnopon (¢ =—183°C) 911
Kucnopon 316 Azor (t =-196°C) 867
Yrnekucnora 216 Temuii (t =-269°C) 180

JHeprus, nepeHocuMasi 3ByKOBOM BOJIHOM. IHTEHCUBHOCTH 3ByKa 3a/aeTcs
dbopmynoii (4.65)

1
I :Ecpowzsg (5.15)

¥ TIPOTIOPIHOHAJIBHA KBAJIPATy YacTOTHL I103TOMY TIpH TIepexo/ie B 0611aCTh BEICOKHX YacTOT 00-
JlerdaeTcs 3a/1a9a MoJy9eHns GONbIINX HHTEHCUBHOCTEH, HEOOXOIMMBIX, HAIPUMED, TS HAGO-
JIeHMs HeMMHEHHBIX 2P (EKTOB (CM. CIIEIYIOMIYIO0 JIEKIHIO). B 3aBHCHMOCTH OT pelaeMoii 3a1aun
B aKyCTHKE HCTIONB3yFOTCSA BOTHBI C MHTEHCHBHOCTEIO oT 1078 Br/em? 10 100 Br/em?.

JI1s IpaKTHUeCKHX Iejleil MHTEHCHBHOCTH / BRIPAKAIOT Yepe3 BO3MYILEHHE JaBJie-
HUs Op , KOTOPOE HA3BIBAIOT TAKIKE «3BYKOBBIM JIaBleHHeM». Haubolee mpocTo TaKyio 3aBu-
CHMOCTB MOYKHO HOITY4HTh 13 (5.15) IpH yueTe, 4To aMILIHTY/Ia CKOPOCTH KoJleGaHuii yacTHIy
vy = ws, . C Apyroii CTOPOHBI, B COOTBETCTBUH € aKyCTHUECKHUM 3akoHOM OMma (popmymna (3.53)

B JICKIIUAX IO MEXAHUKE CIIIOIIHBIX cpezx) 9Ta CKOPOCTH paBHa

o)
vy = P (5.16)
Poc
e (0p), — aMmIumTYya Kojebanuii Bo3myuieHni gasierust Op . [Toatomy
1 (3p)?
=1k (5.17)

2 pyc
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BBINOITHUM HEKOTOPBIE MPOCTHIE OLICHKH.

1. BOmu3u crpywm rasa, BEITEKAIONIEH U3 COIUIAa PEaKTHBHOTO JIBUTATENs CaMoJjeTa,
aMILTUTYA KoJeOaHui 3ByKoBoro faBieHus (Op), =300 Ila (BcioMHUM, 4TO P = 10° Mau
(dp)y << p, . Taxkoe naBIeHHE HAXOAUTCS HA MOpore 6OJIEBOro OlIyIIeHUs (cM. aanee). [lo-
CKONIbKY aKyCTHYeCKOe BOJNHOBOE CONPOTHBIEHHE BO3ayXa z =pP,c =41 cm2[d!, 10
vy =73 cm/c. Ecnu npuHATH, 4TO Yacrtora V = 10° I'n (x0Tst N3 TypOMHBI UICXOIUT MHOTOYAC-
TOTHBIH IIIyM), TO aMIUTUTYAa CMEIIeHus s, = 7, / 2TV = 0,01 cm. Takum obpaszom, cmertie-
HHE YacTHI] BO3[yXa Jake [IPU TAKOM CHIIBHOM 3ByKE OKa3bIBA€TCSsl MAJIBIM.

2. 3ByKHu Ha Ipezielie CIBIIIMOCTH Ha 4acToTe V = 10° T (yxo uenoBeka BecbMa
9IyBCTBUTEIBHO K 3TOH YaCTOTE) UMEIOT AMILIUTY/Y 3BYKOBOTO JaBIeHHS (Op), =2 107 Ta,
a CMEIIeHNe 9acThLl Bo3ayxa s, = 0,8 10~ cm. YmecTHO 3aMEeTHUTh, YTO COBPEMEHHBIE METO-
JIbI U3MEPEHUSI CMEICHUH B MPUHIUIIE JAI0T BO3MOXHOCTb 3apPETHCTPUPOBATh KOJIEOAHHS C
aMILATY0it 5o ~107'¢ om.

3. B ynbrpa3ByKOBBIX BOJHAX C YaCTOTaMH IOPSIKA HECKOJIBKUX Merarepil HHTEH-
CHBHOCTH MOTYT JIOCTHTaTh HECKONBKUX COTeH BT/cM?, a ¢ MCTIOb30BaHHEM (GOKYCHPYIOIIHMX
yCTpoiicTB — naxe Gosiee aecaTka KBT/cM2. DTO IPUBOJUT K MOSBIEHUIO OFPOMHBIX YCKOpe-
HUH 9acTHIl CpeJibl, B KOTOPOW pacrpocTpaHseTcs yasTpa3BykoBas BoiHa. Hampumep, npu
pacupocTpaHeHHUH B BOJIE€ BOJIHBI C YaCTOTOM V = 10° T'u 1 unTeHCHBHOCTBIO [ = 100 Br/cm2

aMIUIMTYyJa YCKOPEHUS dg = w2s0 , coracHo (5.15), noyyaercst paBHOMH

21 8
ay =W |[— =6,300" cMd? ~10°g, (5.18)
cPo
9TO Ha TSATH OPSIKOB IPEBOCXOMNUT YCKOPEHHE CBOOOMHOTO MAaAeHUS g. Y UEeT MOSBICHUS
TaKMX TPOMAHBIX YCKOPEHUN 0COOCHHO BaKeH B OMOIOTHYECKHUX UCCIIEIOBAHUSX C TPH-

MEHEHHUEM YIbTPa3ByKa.

Mornomenue 3Byka. Hannune BI3KOCTH M TEILIONPOBOJHOCTH CPEAbI IPUBOIHUT K
MoTepe SHEPTUH 3BYKOBOW BOJIHBI, M 3Ta SHEPTHUs PACXOAYETCs Ha HarpeBaHue cpe/bl. BonHa
nasienust Op(r,t), a TakXKe BOJNHBI cMereHus s(r,t) u ckopoctu z(r,t) =0s/0t 1o Mmepe
pachpoCcTpaHeHus 3aTyXakoT. 311eCh F — PaJInyC-BEKTOP, 33Jal0LINH TOJIOKEHNE TOYKH B TPEX-
MEpPHOM HPOCTPAHCTBE, B KOTOPOil (PUKCHUPYIOTCSI BO3MYIICHUS AaBJICHUS, CMEIIEHUE YaCTHII
U HX CKOPOCTh. B ciIydae rapMOHUYECKOM BOJHEI, PACIIPOCTPAHSIONICHCS TTO OJTHOMY HarlpaB-

JICHUIO (BﬂOJ’IL ocun Ox), BO3MYLICHUSA NaBJICHUS 3allMCbIBAOTCS B BUJIC

_ ]
8p(x,1) = (Bp)o e~ sinmﬂ—f% (5.19
go c

rae o — xkodddunuent 3aryxaHus. OT0 ypaBHEHNE XapaKTepH3yeT IJI0CKYI0 BOJIHY (BO3MY-

menre Op B IIIOCKOCTH X = CONSt OMHAKOBO). B 3TOM cliyuae OTCYTCTBYET reOMETPHYECKOE
o = o

PACXOX/IEHUE BOJIHBL. AMILIUTY/Ia 3TOM BoJHBI (Op)ge " IKCMOHEHIMATLHO yOBIBAET C MPOii-

JICHHBIM paccTosiHueM. B coorBercTBHH € (5.17) HHTEHCHMBHOCTH BOJIHBI paBHA
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2
1 (& _ _
I :_( p)O e 20x :]06 20)5’ (520)
2 Poc
1 (3p)?2
_1(9p)y
e /, = —— — HayaJbHasi HHTEHCHUBHOCTb BONHBI. Eciu npenebpeub MoTepsmMu, CBA3aHHbI-
Poc
MH C TEIUIONPOBOIHOCTEIO, TO KO3((DHIMEHT O , COITACHO THIPOIITHAMUKE, OKa3bIBACTCS PABHBIM
2
4 w
=2 (5.21)
3 2p,c

e N — BS3KOCTb XKHAKOCTH MM Ta3a. BaskHO OTMETHTB, YT0 O ~ W’ . DTHM 0GBACHSETCS
TOT (paKT, YTO PE3KHH 3BYK BBICTpEJIa WM LIETYKA KHYTa, B CHEKTPE KOTOPOTO MPUCYTCTBYET
HIMPOKUH HAabOp YacToT, IO Mepe paclpocTpaHeHHs TpaHcopMmupyercs: B Ooniee MATKHH,
MOCKOJIbKY B CIIEKTPE OCTAIOTCS MPEHMYIIECTBEHHO HU3KHE YacTOThl. 3aMETHUM, YTO IOIJIO-
IIEHHE 3BYKa B BOZE CYLIECTBEHHO MEHBIIIE, YEM B BO3IYXE, a B TBEPABIX TeNaxX €Ile MEHbIIIE,
geM B Bozie. OueHb HU3KUM NOIIOIIEHUEM 3BYKa OTIINYAIOTCS TaKUe KPUCTAJLIBL, Kak candup,
Tomas, Oepriu, HHOOAT TUTHA U APyTHE.

B 3axuoueHne 0TMETHM, YTO MTOIVIONICHNE 3ByKa SIBJISIETCS [IaBHBIM NPEMSTCTBHEM,

OIr'paHNYUBAIOIINM MPUMEHEHUE MHOTUX MAaT€PHUAJIOB Ha BBICOKHX YaCcTOTax.

M3nyuyarenn 3Byka. [IpuMeHseMble B aKyCTHKE H3ITy4aTeIH YIPYTHX BOIH MOXXHO
TIOAPA3eUTh Ha JIBE OOJIBIINE TPYIIIHL.

K mepBoii oTHOCSTCS N3ITydaTen-reHepaTopbl; KoJieOaHus B HUX BO30YXKIatoTCs 13-
3a HaJIMYMS MPEISATCTBUS Ha ITyTH OCTOSHHOTO IIOTOKA I'a3a WK KUAKOCTU (CHPEHBI, CBUCT-
Ku, TeHepatopsl ['aptMana). Takue reHepaTopbl IPUMEHSIOTCS B OCHOBHOM B IMAIIa30HE Yac-
10T 10 30 +40 x['. OHM OTNIMYAIOTCA BEICOKMM K03 duiimeHToM npeodpa3oBaHUs KHHETH-
YEeCKOH PHEPTHH CTPYH B aKycTH4ecKyo (10 50%), IpoCTOTON KOHCTPYKIMHU U 3KCILTyaTalyy,
JenIeBU3HON. IHTEHCHBHOCTD 3ByKa B HEIIOCPEICTBEHHOM OJIM30CTH OT W3Iy4aTens MOXET
nocturatk 10 Br/cm?. K HeocTaTkaMm 3THX M3JTydaresieii OTHOCSTCS ITMPOKHH CIEKTP M3ITy-
YaeMbIX 4aCTOT, HECTAOMIBHOCTh M3JIy4yaeMOl MOIIHOCTH, HEBO3MOKHOCTD ITOJTY4EHHS 3BY-
KOBBIX KOJICOaHHH 3aTaHHOU (hPOPMEI.

Bropyro rpymity u3imydarenell COCTaBISIIOT 3JIEKTPOaKyCTHUECKHE MTpeoOpazoBarely.
CBoe Ha3BaHUE OHHU HOTYYHIM OTTOTO, YTO PEOOPA3YIOT MIEKTPHUECKHE KOIeOaH!s B MEXaHH-
YecKHe KoJeOaH!s Kakoro-JI0o0 TBEP/IOTO Tella, KOTOPOE U M3ITy4YaeT B OKPYKAIOILYIO CPELy aKy-
cruyeckue BonHbl. Hanbomnee pacnpocTpaHeHHbIE IEKTPOaKyCTHYECKHEe IpeoOpa3oBaTeNH, Ta-
KHe, KaK JIEKTPOANHAMUYECKHE W3ITydaTelli, MAarHUTOCTPUKIMOHHBIE U MTHE303JIEKTPHYECKHIE
npeoOpa3oBarel, MPEeICTaBISIOT COO0H JIMHEHHbIE YCTPOHCTBA, Onaronaps 4emMy OHU BO30yxk/1a-
0T aKyCTHYECKYIO BOJIHY TOH e (OpMBI, 4TO M 21IeKTprudeckuii curnai. Kpome Toro, 3tu ycrpoid-
CTBa 00paTHMBI, TO €CTh MOT'YT PabOTaTh M KaK M3JTy4aTelI, U KaK IPUEMHHUKH 3ByKa.

B nuanasoHe cIbIIMMBIX 9aCTOT IIMPOKOE PACIIPOCTPAHEHHUE ITOIYYHIH JIEKTPOIU-

HaMHUYC€CKHUE MU3JTYydaTC/Iv, TPUHINIT JIEUCTBHS KOTOPBIX OCHOBAaH Ha B3aMMOJICHICTBUH nepe-
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MEHHOTO 3JIEKTPHYECKOTO TOKa ¢ MATHUTHBIM 110JIeM (Tee()OHbI, TPOMKOroBopHTeNH). B Mar-
HUTOCTPHUKIIMOHHBIX TPE00pa30BaTeNsiX HCIONb3yeTcst 3 (eKT MarHUTOCTPUKIMH — Jedop-
Malliy TBEPAOTO TeNla B MAarHUTHOM MOJIE.

B ynbTpa3zBykoBOM M TMIIEP3BYKOBOM JMala3oHax (10 10" I'n) HanGonee mupoxo
TIPUMEHSIOTCS IIbE303JIEKTPUYECKHUE TPe00pa30BaTelIn, IPUHIIMII ASHCTBHUS KOTOPBIX OCHOBaH
Ha 0o0paTHOM nbe303¢ppexre — nedopMalry Tella Mo ASHCTBUEM AIIEKTPUIECKOTO MOJIS.

Ha puc. 5.7 cxemaTnyHO noka3aH npocTernnii mpeoopasoBa-
T€Nb, OCHOBY KOTOPOTO COCTABIISIET IbE30IUIACTHHKA, BEIPE3aHHAs CIIe-
nuajgbHBIM 00pa3oM M3 MOHOKpHCTallla KBapla, HHoOara JUTHS

(LiNbO,) umu 1pyroro nbe3omarepuana. K mpoTHBONOIOAKHBIM MOBEP-

—»ozu— XHOCTSIM TIJIACTHHKU (OOBIYHO METAJUIM3MPOBAHHBIM HIIM TOKPBITHIM
O ~ O METATMIECKUMH EKTPOJAMH ) ITPUKIIAbIBACTCS IEPEMEHHOE HaIlps-
U xeHue U ¢ yactotoil V. TommuHa miacTuHKA ¢ OyIeT MpU 3TOM Iepu-

Puc. 5.7.

OIIMYECKH U3MEHSTHCS C TOH e 4aCTOTOH, TPUIEM 3TO U3MEHEHUE HE
IIPEBOCXOIUT HECKOIBKUX MUKPOH. BuOpupytomrie moBepXHOCTH IIIACTUHKY TPUBOAAT B JIBU-
JKEHHE CONPHUKACAIONINICSA ¢ HUMHU Bo31yX. Hanbonpmas ammmryna xonebanuii Oyner npu

PE30HAHCE, KOTZIa Ha TOJIUHE ! YKIIaABIBACTCA HEUCTHOC YUCJIO MTOJTYBOJIH:

A
(=nsn=135.. (5.22)

OTMeTI/IM, 9TO IIPU YE€THOM 71 Ha JJIEKTPOAaX BO3ZHUKIIA ObI OJIEKTPUYCCKHUE 3apsabl

OJHOI'O 3HaKa, YTO HEBO3MOXKHO. Pe3oHaHCHEIE YaCTOTBI MOJYy4YarTCd paBHbIMU

v, =—=2¢ (5.23)
A, 20

Hanpumep, a7 be30KBapIia py CKOPOCTH IPOJOIBHBIX BOJIH ¢ = 5700 M/c U TON-

IIMHE UIACTUHKU ¢ =1 MM PE30HAHCHBIE YACTOThI PaBHBI
v, =n[2850 xI'm. (5.24)

Haunbonpuryro ammntyny koineGaHH UMEET BOJIHA OCHOBHOW 9acToTh (7 = 1), mo-
9TOMY IbE30H3ITyHaTeNId IPUMEHSIOTCS, KaK ITPaBUIIO, HA OCHOBHOH 4acToTe.

Ha yacroTax /10 HECKOJIBKMX Merarepll IIMPOKOe paclpoCTpaHEeHHEe Oy I TIpe-
o0pa3oBaTeny 13 Mbe30KepaMuKH. [1be30kepaMuKa npeacTapiseT co00H MOTUKPUCTAIINYEC-
KM CErHETOdJIEKTPUYECKUH MaTepuan (TBepable pacTBOpbl Ha ocHose BaTiO,-CaTiO;,
PbTiO,~PbZnO; n npyrue), oOnajarommuii ocie NOAAPU3ALMHA B SIEKTPHIECKOM TIOJIE YC-
TOMYMBBIMH M CHJIBHBIMH TIb€30IEKTPUUECKUMHU CBONCTBaMH. M3 mbe30KepaMHKH MOXKHO
M3TOTaBIUBATh U3Iy4aTeIn CaMOW pa3HOH (OpMBI (B BUJE IUTACTHH, CTEP)KHEH, KOJIEII U TaK
nanee). C momolpo npeodpaszoparesneit cepraeckoi Uitk HIHHAPUIECKOH (OPMBI OTyya-
10T CPOKYCHPOBAHHBIN yIBTPa3ByKOBOH Iy4OK, B ()OKyCe KOTOPOTO HHTEHCUBHOCTD 3ByKa J10-
cruraer 10° +10° Br/em?.

Ha yacTorax nopsijika IecsITKOB ¥ COTEH Merarepii TOJIIMHA ¢ CTAaHOBHUTCS HACTOJBKO Ma-
JIOH, 4TO U3TOTOBUTH IIPE0Opa30BaTellb MOXKHO JIUIIb B XKECTKOM COSIUHEHHH CO 3ByKOIIPOBOIOM —

MAaCCUBHBIM KYCKOM 3BYKOITPOBOALICIO MaTepuraia. B atom CJIy4ac Ha XOPOIIO OTIIOIMPOBAHHYHO I10-
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BEPXHOCTH 3BYKOTIPOBO/IA HAMBUIAETCS METAILINYECKAs! IIEHKA (OIMH 3IEKTPO), K KOTOPOH NpHUBapH-
BaeTcsi ToNcTast (mopsiika 1 MM) ITaCTUHKA [TbE30UEKTPUKA. 3aTeM 9Ta IUTACTUHKA COLTH(OBBIBACTCS
JI0 Hy»KHOM TOIIMHBI £ , TOCTIE YETO Ha He€ HAHOCUTCS BTOPOH AMEKTPOLL.

Ha yacrorax nopsaaxa | I'Tn Tonmuna nee3onpeodpasoBaresst cocTaBisieT £ ~1 MKM.
N3roroBneHne Takux npeodpaszoBaTeneil MpeacTaBIseT CEPbEe3HYI0 TEXHOIOTHYECKYIO MPOo-
61emMy. B 3TOM 4acToTHOM AMaNa30HE MPUMEHSIOTCS INIEHOYHBIE TPE00Pa30BaTENH, OTydac-
MBI€ HallbUICHHEM Ha TOPEIl 3ByKOIIPOBO/IA ITbE303NNEKTPUUECKUX TUICHOK M3 TAKUX MaTepHa-
108, kak CdS, ZnS, ZnO u npyrue. CoBpeMeHHbIE TEXHOIOTHH TI03BOJISIIOT CO3/1aBaTh Mpeoo-
pasoBarei ¢ k03¢ UINEHTOM PeoOpa30BaHMs AINEKTPUIECKON SJHEPTUH B aKyCTHUECKYIO 110

90% 1 MOIITHOCTBIO BOJIHBI, JJOCTUTAIOIICH HECKOJILKHX BaTT.

IIpumenenne aKycTHYeCKHX MeTO/OB. /1151 COBPEMEHHOTO YPOBHS Pa3BUTHS aKycC-
TUKH XapaKTEPHO YPE3BbIUAIHO IIMPOKOE MPUMEHEHNE aKyCTHIECKUX METOIOB [UISl PELICHUS
Pa3Ho00pa3HbIX 3a/1a4 HE TOJBKO B (PU3MKE, HO TAKXKE U B MH(POPMAIMOHHON W N3MEPHUTEIIb-
HOM TEXHHKE, IPOMBIIIJICHHOCTH, MEAULINHE, ONOTIOTUH, BOSHHOM JIENE U T. [I.

[epBoe (B mOpsAIKE HCTOPUYECKOTO CTAHOBJICHHS) BAKHOE IIPUKIIAIHOE HaIpaBJie-
HHE B aKyCTHKE CBS3aHO C IOJYYCHHEM IIPH IIOMOIIH aKyCTHYECKUX BOJIH MH(POPMALUH O
CBOWCTBAX U CTPOCHUH BEIIECTB, O MPOUCXOAAMINX B HUX Hpoueccax. [I[pumensemsie B 3TuX
CIIydasix METOJbl OCHOBAaHBI Ha M3MEPEHNH CKOPOCTH PaclpoCTpaHEeHus M ko3 UIHreHTa
TOIIOIICHHS YIIETPa3ByKa Ha pasHbix yacTorax (10* +10° T razaxu 10° +10' ' s sxua-
KOCTSIX ¥ TBEPABIX Tenax). Takue uccieqoBaHKs TO3BOJSIOT MONTy4YaTs HH(OpMaLuio 00 yii-
PYTHX U NPOYHOCTHBIX XapaKTEPUCTHKAX MATEPHAIIOB, O CTEIIEHU MX YUCTOTHI M HAIMYUH
IpUMecel, 0 pa3Mepax HEOJHOPOAHOCTEH, BEI3BIBAIOIINX PACCESIHUE U MONIONEHHE BOJIH,
u T. 1. bonpmas rpynmna metooB 6azupyercs Ha 3 eKTax OTPaXKEHHS U PACCESIHUS YIIPYTUX
BOJIH Ha T'PAHULIE MEX/1y Pa3IMIHBIMU CPEAAMH, YTO II03BOJISIET OOHAPYKHUBATh IPUCYTCTBHE
MHOPOJHBIX TEN M UX MECTOMOJNIOKEHUE. DTH METOABI JIEKAT B OCHOBE TAKUX HAIIPABICHUH,
KaK 'HJIPOJIOKaIHs, Hepa3pyaroniui KOHTPOJIb U3AETUH U MaTepralioB, MEUIIMHCKAsT Ji1ar-
HocTuKa. [IpuMeHeHne aKyCTHYeCKOH JIOKallnu B THPOAKYCTHKE UMEET MCKIIIOUUTEIbHOE
3HaUCHHE, TOCKOJIBbKY 3ByKOBBIE BOJIHBI SIBIISIOTCS €JMHCTBCHHBIM BUJIOM BOJIH, PACIPOCTpa-
HSIOIIUXCS Ha OOJIBIINE PACCTOSTHUS B €CTECTBEHHON BOIHOM cpene. Kak pasHOBHIHOCTH nie-
(heKTOCKOINH, IMHUPOKO IPUMEHSEMOH B IPOMBIIINIEHHOCTH, MOYKHO pacCMaTpHUBaTh yJIbTpa-
3BYKOBYIO JUarHOCTHKY B MeAnIMHE. [la’ke Ipy HEOOJIBIIOM Pa3JIniny B INIOTHOCTH OMOJI0-
TMYECKUX TKaHEH MPOHUCXOAUT OTpa)keHHE yNbTPa3ByKa Ha UX rpaHuuax. Ilosromy ynerpa-
3BYKOBasl JUarHOCTHKA MIO3BOJISIET BBISIBISITE 00pa30BaHusl, HE OOHAPYKUBAEMBIE C TIOMOIIBIO
PEHTI€HOBCKHUX JIyueil. B Takoi inarHocTHKe HCIIONIB3YIOTCS YaCTOTHI YABTPa3ByKa HOpsIKa
107 T MHTEHCHBHOCT 3ByKa IpH 5TOM He npeBbimaeT 0,5 MBT/cM?, 4To cuMTaeTCS BIIOJHE
0e30macHbIM Ul OpraHu3Ma. B Hacrosiiee Bpemst pa3BuTHe 1e(EKTOCKONNH NPHUBENO K CO-
3[IaHUIO aKyCTHYeCKOH ToMorpaduu. B 3ToM MeToze ¢ moMolbso Habopa IPUEMHHKOB YIIbT-

pa3ByKa WM OJHOTO CKaHUPYIOIIETO IPUEMHHKA PETUCTPUPYIOTCS YIIPYTHe BOIHBI, pacceu-
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BacMbIC B Pa3HBIX HAIPABICHHUSX, & 3aTEM C HCIIOIB30BAHMEM KOMIIBIOTEPHOH 00paboTKu
CHTHAJIOB Ha dKpaHe auciuies: GopMupyercs 00beMHOE H300paXkeHHe BHYTPEHHEH CTPYKTY-
PBI HCCIIElyeMOTO 00BEKTA.

Jpyrum Ba)KHBIM MPHKJIAIHBIM HANPABICHHEM aKyCTHKH SIBISICTCS aKTUBHOE BO3/ICH-
CTBHE YJIBTPa3ByKOM Ha BEILIECTBO. TaKoe BO3/ICHCTBHE IMPOKO HCIIONB3YETCsl B IPOMBIIILICHHON
TEXHOJIOTHH TS TOBEPXHOCTHOI 00pabOTKM AeTasnei, CBapKu, MHTCHCU(DUKALINA XUMHIECKUX
MPOLIECCOB U T. 1. B )KUIKOCTIX OCHOBHYIO POIIb IIPH TAKOM BO3ICHCTBHE HIPACT KABUTALIHS —
00pa3oBaHNe B MHTCHCHBHOM 3BYKOBOW BOJIHE ITy/IbCHPYIOIIHX My3bIPbKOB. CXJIONBIBAHHE ITy-
3BIPHKOB COMPOBOXKAACTCSI MOLIHBIM THAPOIMHAMIYECKAM BO3MYIICHHEM M CHIIBHBIM JIOKAJIb-
HBIM Pa30rPEBOM BEILECTBA, B PE3YJIBTATE YEro Pa3pyLIaeTcsi TOBEPXHOCTH TBEPIOTO TeJIa, HAX0-
JsIIerocs B obnacty kapuraimy. [[puMeHeHne yapTpa3Byka Ui BO3ACHCTBHUS Ha JKUBOM Opra-
HH3M B MEIMIIMHE OCHOBBIBACTCS HA A(D(EeKTax, BOSHUKAIOIMX B OHOIOTMUYECKUX TKAHSX HPU
MPOXOXKICHUH Yepe3 HUX aKyCTHYECKHX BOJH. [IpH yMepeHHOI MHTEHCHBHOCTH 3ByKa (10
1 Br/cM?) KoneGaHus YacTHIL CPeJibl BBI3BIBAIOT MUKPOMACCAK TKaHEH, a TONIOMEH e 3ByKa —
JIOKAJIBHBIH Pa30rpeB, 4To MPUMEHSIETCS B YABTPa3BYKOBO# Teparuu. [Ipu GOJbIIMX HHTEHCHBHO-
CTSIX CHJIBHOE HArpeBaHHE M KABUTALWS BBI3BIBAIOT PaspylICHUE TKaHEeH. J[Jisi XUpyprudeckux
oreparuii HCoNb3yeTcs C(HOKYCHPOBAHHBIH YIBTPA3BYKOBOH ITyYOK, KOTOPBIi MO3BOJISET IPOU3-
BOJIUTb JIOKAJIBHBIC PAa3pYILCHHS B TYOMHHBIX CTPYKTypax (HampuMep, MO3ra WIH MOYKH) 6e3
HOBPSKICHHS OKPYXKAIOLMIMX TKaHEH. B XUpypruu mpUMEHSETCsl yIbTpasByK ¢ 4acTOTaMH

0,5+ 5 MI'I, MHTEHCHBHOCTH KOTOPOTO B (hoKyce nocturaeT 10° Br/cm?.

OcCHOBHbIE XapaKTePUCTHKH 3BYKA. YIIPYTHe BOJIHBI B BO3AYyX€E, UMEIOIINE YacTo-
ThI B ipefenax ot 20 I'u go 20 x['11, BEI3BIBAIOT y U€I0BEKa OUIYLIEHHE 3ByKa. B y3koM cMbIciie
YHOpyTHUE BOIHBI B TFO00H cpezie, IMEIONIIE YaCTOTY B 3TOM HHTEPBAJIe, HA3bIBAKOTCS CIIBIIIN-
MBIMH{ 3BYKOBBIMH BOJTHAMH, WIIM IIPOCTO 3BYKOM. BomHb! ¢ yactoramu V <20 I'1 Ha3pIBaroT-
cst uH(Pa3ByKoM, a ¢ yacTotamMu V > 20 xI'1 — yasTpa3BykoM. MIH(pa3Byk M yabpTpa3ByK ye-
JIOBEYECKUM yXOM HE BOCIPUHUMAIOTCSI.

B neiicTBuTensHOCTH, CaMble HU3KHE M CAMBIE BRICOKHE YaCTOTHI HHTEPBAJIa CIIBIIIHN-
MBIX 3BYKOB JIOCTYIIHBI, KaK IPaBWJIO, JIMIIb OYEHb MOJIOABIM JIFoAsiM. C BO3pacTOM 3TOT HH-
TepBaj CyKaeTcsl, IPUIeM MYKYWHBI HAUMHAIOT YTPAYNBaTh YyBCTBUTEIBHOCTD K BEICOKUM
4acToTaM paHbIlle, 4eM XeHImuHbL. [Tocne 50 met mromu yamie BCero yTpadyuBaroT CIOco0-
HOCTb K BOCHPHUSTHIO 3ByKOB € yacTotamu V >12 kI'w.

3BYKHU pa3lUYyalOTCs 11O BBICOTE, TEMOPY ¥ TPOMKOCTH.

ocC Besxwuii peanbHBIN 3BYK, KaK MPaBH-

JIO, IPEACTABIIACT co0oli He IIPOCTOC rapMOHU-

M <( K  4eckoe KojebaHue, a IBISIETCSA HaJOKEHUEM KO-
°x y° Ve nebaHuii ¢ ompeJielIeHHBIM HabOpOM YacToT.
o o

L Uto0bI yOeauTHCS B 3TOM, HOAKIIIOUUM MHKPO-
Puc. 5.8.

¢on M uepe3 ycumurens YC ko Bxogy Y oc-
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muutorpaga OC (puc. 5.8) u OyaeM perucTpupoBaTh OCHUILIOIPAMMBI Pa3IMUHbIX HCTOUYHH-
KOB 3ByKa. HanOosee 611M3KUM K rapMOHHYECKOMY SIBIIsIeTCs 3ByK KamepToHa K — ocruuor-
paMMa o CBOEMY BHJly O4€Hb OM3Ka K CHHYCOH/IE.

W3 npon3HOCHMBIX 3BYKOB O0JIe€ BCETo IMOXO/AT Ha rapMOHUYECKUE [ITaCHbIE 3BYKH.
OpnHako yxe 31eCh 3aMETHO OTIIMYHE OCIUILIONPAMMBI OT CHHYCOU/IBL, YTO YKa3bIBAET HA CIIOXK-
HBIH COCTaB INIACHBIX 3BYKOB. [0pa3o Oosee CIIOXKHBIN B XapaKTepeH ISl OCHIIUIOrpaMM
COTJIACHBIX 3BYKOB. [ [pHHIMITHAIBEHO BO3MOXKHO, UCIIONB3YS HA0OP pEe30HATOPOB (CM. HUXKE)
WM KOMIIBIOTEPHYIO 00pa0OTKY OCHMIIIIOrpaMM, MPOU3BECTH TaPMOHUYECKUH aHAIN3 3BYKA,
TO €CTh yCTAaHOBHUTH TOT HAOOP YaCTOT, KOTOPBII IIPUCYTCTBYET B JaHHOM 3ByKe. M3mepsisa uH-
TEHCUBHOCTH Ka)KJIOH N3 TapMOHUK, MOXKHO TIOJIyYHTh aKyCTHUECKHI CIIEKT.

Ecnu B pe3ynbsrare Takoro aHanm3a oxa- IA
XKETCs, YTO 3ByK COCTOUT U3 KONeOaHUMH ¢ AUCK- I
PETHBIMH YacTOTaMu V,V,,V; H TaK Aajiee, T0 ]
CIIEKTp Ha3bIBaeTcs JiHeuareiM. Ha puc. 5.9a L~—=""- -
MIOKa3aH NMPHUMEP TAKOTO CIEKTpa, I MO OCH |

L

OpArHAaT OTJIOKEHBI UHTECHCUBHOCTH IHpOCTBIX >

vV, Vv, 4
TapMOHHNYECCKHX ) 3BYKOB.
( p ) Y ﬂv) y

MoskeT OBITh M IpyTasi CUTYaIusl, KOT-
Jla B 3BYKE IIPUCYTCTBYIOT KoJieOaHMsI BCEX dac-
TOT B HEKOTOPOM MHTepBane V; <V <V,. Ta- o1 6)

KOW CHEKTp, n300pakeHHBIH Ha puc. 5.90, Ha-

3pIBaeTCsa cruiomHbIM. [1o ocu opAaAnHaT 31€Ch

OTJIO’KEHA TaK Ha3blBaeMasi CIIeKTpasIbHas IIIOT- v, Sv v, v
HOCTb MHTEHCUBHOCTHU 3ByKa f(V)=d//dv.B Puc. 5.9.

3TOM CIIy4ae MOXKHO TOBOPHTH 00 HHTEHCHBHO-

ctu dI = f(v)dv 3Byka, 3aHUMAIOIIET0 Y3KUil YaCTOTHBINA HHTEpBaN dV . DTa UHTEHCUBHOCTD
YHCJICHHO paBHA 3alITPUXOBAHHON Ha pUCYHKe Iuomanu. EcTecTBEHHO, YTO IOJTHAS HHTEH-
CHBHOCTB [ CJIOXXHOTO 3ByKa CO CIUIOLIHBIM CHEKTPOM Oy[eT paBHA IUIOLIAH IO KPHBOM
f(v). CrutomHbIM CIIEKTPOM OOBIYHO 00J1a/1at0T IIYMBI.

Kosebanus ¢ MMHEYaThIM CIIEKTPOM BBI3BIBAIOT OLIYIICHHE 3BYKa ¢ Ooliee Wik MeHee
omnpezieNieHHO! BbICOTOI. Takoil 3ByK Ha3bIBACTCS TOHAIBHBIM. BhICOTa TOHAIBEHOTO 3BYKa OIpe-
JIeNseTCsl OCHOBHOM (HanMeHslieit) yactoroii V; . Konebanus ¢ yactoramu V,,V; U Tak najee
Ha3bIBalOTCS 0OepToHaMH. COOTHOIICHHS! HHTCHCUBHOCTEH OCHOBHOTO TOHA /; M 00EpTOHOB
1,, 15, ... OTIpenemstoT TeMOP 3ByKa, IPUIAIOT EMY ONPEEIEHHYI0 OKpacKy. da3bl rapMOHHK Ha
TeMOp 3ByKa He BIMSIOT. B 0TCyTCTBHE 00€PTOHOB TOHAIBHBII 3BYK HAa3BIBAIOT YHCTHIM TOHOM.
KaMepToHBI JAfOT YHCTBII TOH U UCIIOIB3YIOTCS IPH HACTPONKE My3bIKaJIbHBIX HHCTPYMEHTOB.

W3 xax10ro My3bIKaJIbHOTO HHCTPYMEHTA U3BIEKAIOT 3BYKH C XapaKTepPHBIM Ha0o-
POM rapMOHHK. DTO O3BOJIAET HA CIIYX Pa3iNyaTh 3ByKH OJHOTO TOHA (C OAMHAKOBOH OCHOB-

HOH 4acTOTOMH V), ), U3BIeKaeMble U3 GIelTsl, TpyObl, hoprenbsHo u ap. Ha puc. 5.10 nokaza-
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MM

a) 6) B)
Puc. 5.10.

HBI OCIIMJUTOTPaMMBI JIJIsl TOHAJBHBIX 3ByKOB € 4acToTo V; =440 I'm (HOoTa «Ish» mepBoi

OKTaBHl) (hieiTH (a), roioca (0) u TpyOsI (B). Bee ocmorpaMMbl IMEIOT OAMHAKOBEIH I1e-
puox noBtopenus T =1/440 c, 0qHAKO CHJIBHO PAa3HATCS CBOMM BHUAOM. DTO YKa3bIBaeT Ha
TO, YTO OCHOBHBIE 4acTOThl V| =1/7 y Bcex 3ByKOB COBIAJAIOT, OJJHAKO 3BYKH OTIIMYAIOTCS
CBOUM CIIEKTPaJIbHBIM COCTABOM.

Ha puc. 5.11 n3o0bpakeHa kiiaBuaTypa posuis ¢ yka3aHHEM OCHOBHBIX YacTOT KJIABHIIL, &

TaKXKEC HpI/I6J'II/DKCHHBIe Anara3oHbl OCHOBHBIX YaCTOT AJIA APYTUX NUHCTPYMEHTOB U T'OJIOCOB.

3axon Bedepa—®exnepa. /Iluarpamma cayxa. OnpeneneHue rpoOMKOCTH 3ByKa OC-
HOBAHO Ha NCUXO(U3NIECKOM 3aKOHE, yCTaHOBJIEHHOM B 1846 rony O.—I. BeGepom, KoTopbIii
3aJI03KHJT OCHOBBI «TICHXOMETPHI», T.€. KOTMIECTBEHHBIX H3MEpeHHH omryieHui. [lockonpky
OLIYIIEHHE SIBISIETCS] CYOBEKTUBHBIM MPOLIECCOM, TO a0COJIIOTHBIE N3MEPEHNUS CHIIBI OLIYIIe-
HUH HEBO3MOXHBI, 1 Bebep nepenec mpobieMy B 061aCTh H3MEPEHUS OTHOCUTEIBHBIX BEIU-
YHMH M KCKAJI MUHUMAJIbHBIE PA3JIMYMsl B OIIYIIEHHUSIX, KOTOPBIE MOXHO 3a(hMKCHPOBATb.

CyTs 3aK0oHa Bebepa 3akiroqaeTcs B TOM, YTO MUHUMAJIbHOE U3MEHEHHE HHTCHCUB-
HOCTH 3ByKa /] , KOTOPOE Pa3IndacT 4YeJIOBEYECKOE YXO0, HE 3aBUCUT OT UHTEHCUBHOCTH / CITBI-

LIMMOTO 3ByKa M COCTaBIAeT npubnu3ntensHo 10% oT ee Benu4uHbL:

% =107". (5.25)

[MomrmMo ciTyxoBbIX omnyIieHui, Bebep n3ydan Takxke ocs3aHue U 3peHHUE U YCTaHOBUII,
YTO JUIsl OCSI3aHKSI MUHUMAIILHOE PA3JIMyKe B OILYIIEHUH TSHKECTH TPy3a He 3aBHCHT OT BEJIMYH-
HBI TOTO I'py3a U coctaBisier ~1/30, a i 3peHusi MUHIMAaJTbHAS BOCIIPHHUMAaEMasi pa3HUIA B
HMHTEHCHUBHOCTH CBETA TAK)KE HE 3aBUCHT OT BEIMYMHBI HHTEHCUBHOCTH U cocTaBisieT ~1/100.

Ucxons u3 3akona Bebepa, MOXKHO MOCTPOUTH IIKAITY YPOBHS OIIYIICHUS 3ByKa, HITH
[IKaJy TPOMKOCTH [3, 3aIicaB CIeyIolee COOTHOIICHNUE:

% = Adp, (5.26)

rae dff — npUpoOCT IPOMKOCTH, 0OYCIIOBICHHBIIH IPUPOCTOM HHTEHCUBHOCTH, 4 — K03(dHu-
LUEHT, OINpeeIAomnii MacTad mkansl. aTErpHpys (5.26), nomyyaem:
I
lnl—:Aﬁ. (5.27)

nop
J1ist TOro, 4T0OBI BBI3BATH 3By KOBOE OIIYIIEHUE, BOJTHA IOJDKHA 00J1a/1aTh HEKOTOPOH

MHHUMAaJIbHOH MHTCHCHBHOCTBIO [\ M COOTBETCTBEHHO, HEKOTOPHIM MHHHUMAITBHBIM 3BYKO-
BBIM JIaBJICHHEM Op,, , KOTOPOE HAa3BIBACTCS TOPOTOM CIIBIIMMOCTH. EcTecTBeHHO, 4TO MpH

I= IHO]O rpomkocTh 3 =0. CiemoBarenbHo,
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Poans Tonoc Hucmpymenmor
v, Ty v, Iy Cmpynnole jIeéJemebte Meonvie
g )yXoeble nyOBble
27,50 S
3270 34,65 S
36,71 >
38,89 —s—
41,20 - s & =
43,65 g g SRS
46,25 $ g —5—
49,00 z s =
51,91 3 S —
55,00 S =
5827 S
61,74 & z
)
63,41 69,30 & E
73,42 2778 g
82,41 ' &~
95,00 9250 1 ¢
' 103,83+ § s
110,00 11654 LS & g S
123,47 ’ S S E g s
S 5 S
150,51 1386 s s - S
146,83 S 3 S
155,6 = S
164,81 g g
3 K
174,61 185.0 S = %
196,00 s S £
207,7 S S .3
220,00 D331 ~ 3
246,94 ’ S
261,63
293,66 éZ; 2
329,63 ' g
349,23 370,0 3
392,00 :
JIx 415,3
i 440,00 502 5
-U OKmaﬁbl493)88 3 §
523,25 5544
587,33 622,3
659,26 '
698,46 740.0
783,99
830,6
880,00 032 3
987,77 g
1046,50 11087
1174,66 12445
1318,51 ’
1396,91
1567,98 1480
1661
1760,00 1865
1975,53
2093,00 2218
2349,32 5489
2637,02
2793,83 2060
3135,96
3520,00 3322
' 3729

3951,07
4186,01

Puc. 5.11.
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1 1
B=—In 5.28
A4 1, (5.28)
Ecmu Bei6pats 4 =1n10 = 2,301, To (5.28) nepenuiuercs B BUe
1
B= lgz_ . (5.29)

nop
OTO COOTHOIICHHE Ha3bIBaeTCA 3aKOHOM Bebepa—DexHepa m oTpaxaeT TOT (axT,

YTO YyBCTBUTEIBHOCTD yXa YEJIOBEKa K 3BYKY MEHSIETCSI, KaK JIOrapu(M HHTCHCUBHOCTH 3BY-
ka. Ananornunsle (5.29) coorHomenus ObuTH yctaHosieHB! J.—1. Bebepom u I'-T. dexne-
POM M JUIS IPYTHX OLIYIIEHUH, JaBaeMbIX OpraHaMH 4yBCTB YEJIOBEKa, — OCS3aHUS U 3PECHUS
(DexHEpY MPUHAMISKUT OOIBIIOE KOJTHMYECTBO paboT 1Mo «IICUX0(PH3HKE», KOTOPYIO OH OIpe-
JIeTISUT, KaK «TOYHYIO HayKy O (DYHKIIMOHAJIBHBIX 3aBUCHMOCTSIX MEXIY TEJIOM U JTyIIoH, 00-
11ee — MEXy MaTepHalIbHbIM H TyXOBHBIM, GM3HYECKUM ¥ ICHXUYECKHM MUPOMY).

Ha puc. 5.12 nzo0paxena «1uarpamma ciryxa, Ha KOTOpOH IOoKa3aHbl 00JIACTH YACTOT 1
3BYKOBBIX JJABJICHUH, @ TAKXKE YPOBHH HHTEHCUBHOCTH 3ByKOB, BOCIPHHIMAEMBbIX YETTOBEUECKIM
yxoM. HopManbHOE yX0 CIBILIINT TONBKO T€ 3ByKHU, KOTOPBIE JISKaT BHYTpH 3ToH obOnmactu. Hrk-
HSIsSI TPaHULa OOJIACTH XapaKTepH3yeT 3aBUCHMOCTD MOPOra CIBIIMMOCTH OT YacTOTHI, a BEpX-
HsIsl — HOPOT OOJIEBOTO OIIYIIEHNUS, KOT/Ia BOJIHA IIEpeCcTaeT BOCIPHHUMATHCS KaK 3BYK, BBI3bIBas
B yX€ olrylieHre 0omu u rapiaeHus. OTMETHM, YTO YEIOBEUECKOE YXO SIBISIETCS YHUKAIGHBIM
TIPUEMHHKOM aKyCTHYECKHX BOJIH, BOCIIPHHUMAIOIMM 3BYKH, Pa3JIMYaIOIINeCs 110 HHTEHCHBHO-
ctu Ha 12-15 mopsiaxoB B o6macty yactot okoino 1 k', ryie quarpamMma cityxa UMeeT HaunOob-
11ee BEpTHKAIIbHOE cedeHue. 13 TrarpamMMbl BUTHO, YTO IIPH OANHAKOBOM 3BYKOBOM JIaBICHHUU
OINHAKOBOW MHTEHCUBHOCTH 3BYKH PA3JIMYHON YaCTOTHI MOTYT BOCHPHHHMATHCS, KaK 3ByKH pa3-
Ho# rpomkocTH 3. TIo3TOMY B aKyCTHKE, TOMUMO CyOBEKTHBHON BEITMYHHBI — IPOMKOCTH 3BYKa
B, oLieHnBaeMOii Ha CIyX, UCIOB3YIOTCS M OOBEKTHBHBIE XapaKTEPHCTHKH 3ByKa, KOTOPBIE MO-

T'YT GBITh HETOCPEICTBEHHO M3MEPEHBI, — YPOBEHB 3BYKOBOTO NaBienus L, u paBHbIii emy ypo-

5p, Tla A A L, [1B]=P [doH] AL Br/v’
200 10°
20 | 4% 20> 1
A N
, g L 100 10°
0’2 \\\ /// 10—4
2-10° N 60 AN A |
\ \ o ~—— <
3 [?Oh \\¥ 40 / g
2-10 RN ~ 77110
Iy
7. 104 All(rhh \\20 / / 1 0710
RN a4
2:10° i = 10"
\V/

16 31,3 62,5125 250 500 100020004000 800016000 v, I'u
Puc. 5.12.
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BEHb MHTEHCUBHOCTH. [1ocKombKy coracHO (5.17) HHTEHCHBHOCTH POIIOPIIMOHANIBHA KBAIPATy
3BYKOBOTO JIaBIICHHUS, 00€ 3TH XapaKTEPUCTUKH OIPEIEISIOTCS (POPMYIION:
op 1
=lg—. (5.30)
P op mop
B npunnune, L p — BEIUYMHA 6e3pa3MepHasi, HO JUIsl YUCIIEHHOTO 3HAYEHHS JIorapud-

L,=2lg

Ma UCTIONB3YIOT Ha3BaHue «Oem» (B yecTh u3obperarens tenedona I. bemura). Ha npaxrike o0br4-
HO MCTIONB3YIOT B 10 pa3 MEHbIIyI0 eHUITY — «aenudem, Tak uto (5.30) npuHrMaeT BULI:

5 I
Y =10lg—. (5.30a)

pl‘[Op IHOp
B OIIpeACIICHUN Lp IMPUHATO HUCIHOJb30BATH CTaHI[apTHI;Iﬁ Topor CJIBIIIUMOCTH

L,[nb]=201g

Pop =2 007 Ma, a COOTBETCTBYIOLIEE €My 3HAYCHHE MUHUMAIbHONW HHTCHCUBHOCTH [,
3aBHCHUT, cortacHo (5.17), oT cpenbl, B KOTOPOH pacIpoCTpaHIeTCs 3BYK, U U BO3AyXa IPH
HOPMAJIbHBIX YCIOBHAX COCTABIACT [, = 1072 Br/m2.

Jliist TpOMKOCTH 3ByKa [3 HCHOMNB3YIOT eqUHUILY TIOf HasBaHueM «(pom». [poMKkocTs
TOHA B (hOHAX JUIsl JTI000M YaCTOTHI paBHA YPOBHIO 3BYKOBOTO IaBJICHHA B Jel0e1ax 1y TOHa
c yacrotoit V =1 k['11, BocnpuHMMaeMoro Kak 3ByK TOH K€ IPOMKOCTH.

Ha puc. 5.12 n3o0paskeHbl Takke KpUBbIE JUIsl YPOBHEH paBHON IPOMKOCTH IIPH pas-
JIMYHBIX YPOBHSIX 3ByKOBOTO JIaBJICHNS © HHTEHCUBHOCTH, U3 KOTOPBIX BUAHO, yTo TIpu V =1 KI'1

B = Lp , 4 U ApYTrUX CIBIIINMBIX YXOM YaCTOT B n Lp MOT'YT 3aMETHO OTIIMYAaTbLCH.

AKycTHYeCKHe Pe30HaTOphI. B psije ciydyaeB BOZHUKaeT HEOOXOJMMOCTD BbIIEIIE-
HUSI TAPMOHMYECKHUX COCTABIISIONINX U3 CIOKHBIX 3BYKOBBIX KojeOanuid. C Takol 3amaueit
MPUXOINUTCS CTAIIKUBATHCS MPH YHOMSHYTOM BBIIIE CHIEKTPAJILHOM aHAIM3€E CJIOKHBIX 3BY-
KOB, IIPH CO3[JaHHUH Y3KOIOJIOCHBIX MPHEMHHUKOB 3ByKa, YyBCTBUTEIBHBIX K ONpE/ICIICHHOM
4acTOTe, My3bIKIbHBIX HHCTPYMEHTOB U Ap. J[J1s TaKuX 11eJIei HCIoNb3yeTcst aKy CTHUECKUH
pE30HATOp — YCTPOHUCTBO, 00IaJar0NIee OAHON MIIM MHOXKECTBOM COOCTBEHHBIX YaCTOT.

TunmmaasIM npuMepomM aKyCTH‘-IGCKOﬁ CUCTCMBI, peampyromeﬁ JIMIIb Ha OAHY 4YaCTOTY,

SBIISIETCSI cOcyl chepruuecKkoil OpMBI C OTKPBITOH TOPIOBHHOM 4

(puc. 5.13), xoTopHIit Ha3pIBaeTCS pe3oHaropoM lempmronsia. B 3aa- :<_>E

Hel YacTH pe30Haropa MMeeTcsl ellie O/THO MaJIeHbKOE OTBEPCTHE B BUJIE s
COILIa, CITyXKalllee Ist OOHapy KeHHs Korebanuii. Bo3ayx B ropiosuHe g4 >
sIBIIsSIeTCA KoJeOmromeiicss maccoid. [lpu cmemennn 31oit Macchl, Ha- 0 g
IIpUMeEp, B CTOPOHY ceprieckoro oobema » Bo3ayx B 3TOM o0beMe Puc. 5.13.

CJIETKa CKUMACTCSl, M BO3HUKAFOIIME CHITHI M30BITOYHOTO JIABJICHUSI BBITTOHSIOT POJTb BO3BpaIla-

to1ieid cutbl. Eciu mioma s ropioBrHbI paBHa S, a ee JiiMHa — f, TO Macca KoJeOmoIerocs

cronba paBHa m = PylS ,Ine P, — IUIOTHOCTh HEBO3MYLIEHHOIO Bo3ayxa. I1pu cmerenuu Mac-

Chl M HA pacCTosHUE & << ¢ (IONOXKMTENLHOE Harpasinedue ocu O& MokasaHo Ha PUCYHKE)

IUIOTHOCTh BO3/(yXa U3MEHAETCS Ha BEIMYUHY OP , YIOBJIETBOPAOLLYIO PABEHCTBY
o __SIg

5 ; (5.31)
0
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Cornacuo (5.7), n30BITOYHOE AaBJICHNE OKA3bIBAETCS PAaBHBIM

2
s
& =c2op = —po%z . (5.32)
CriemoBatenbHO, yPaBHEHHE JBHKEHHUS CTOI0A BO3MyXa IPHHHUMACT BU]T
mﬁ =¥,
dr?

nim

d?8 _ poc’s?
St —=—-"—
pO d[2 v E

OTcroma HaxoIuM, 9TO COOCTBEHHAs YacTOTa KojiebaHuil cTonba Bo3ayXa B TOPIOBUHE, HITH

(5.33)

JacToTa pe3oHaTropa FCJ'II)MFOJ'H)Ha, paBHa

—o |5 534
Wy 7B (5.34)

[Tpu oObeme pe3onaropa V = 107 M3, wiomanu OTBEpCTHUS TOPIOBUHBI S =1 cm? 1

e¢ mue ¢ =1 cM, cKopocTH 3ByKa ¢ =334 m/c I 4acTOTHI V, OJYyYUM BEJIIMYHHY

(5.35)

COOTBETCTBYIOIIYIO CIBIIIMMOMY JHANa30Hy 3BYKOBBIX 4acCTOT.

3aBUCHMOCTH COOCTBEHHOI YacTOTHI KoeOaHUH Pe30HATOpa OT €ro MapaMeTpoB U
Mpesxe Bcero oT oovema V 3 peKkTHO JeMOHCTPUPYETCS B CIeNyomeM omnbite (puc. 5.14).
[epen nuaamukoM /I, MOJKITIOUEHHBIM K T€HEpaToOpy 3ByKOBOH 4acTOTHI I ycTaHaBIMBAIOTCS
HECKOJIBKO PE30HATOPOB, OTIIMYAIOIINXCS CBOMMH pasMepaMu. OKOJIO 3a]JHEr0 OTBEPCTHS KaX-
JIOTO U3 PE30HATOPOB ITOMEIIAeTCA JIETKHA OyMasKHBIHA MPOIeNIep-BepTYIIKa, KOTOPBII MO-
XKET BpallaTbCsa BOKPYT BEPTUKAIbHOW ocH. [Ipn riaBHOM yBeIM4YEHHH YacTOTHI 3BYKOBOTO
reHeparopa OyJeT BO3pacTaTh 4acTOTa aKyCTH4YECKOW BOJHBI, MCITyCKaeMON JNHAMUKOM B
HalpaBJIeHUU PE30HATOPOB U UTPAIOIIEH POJIb rapMOHMYECKOH BBIHYXJaromen cuibl. [Ipu
MIOCJIENOBATEIbHOM COBIIAZICHUN YaCTOThI 3TOW BOJIHBI V € COOCTBEHHBIMH 4acTOTaMH V|,
V, H V; pe30HaTOpOB JaBICHUE BO3AyXa B UX 00beMax OyneT KosebaThcs ¢ MaKCUMaJIbHOM
(pe3oHaHCHOI) aMIUIMTYI0H. M3 33aIHUX OTBEpCTHH Pe30HATOPOB Oy/yT OMTH CHIIBHBIE CTPYH
BO3/lyXa, YTO (PUKCHPYETCs 110 Hadaly BpalleHUs BEPTYIIEK cHavyana y OOJibIIOro, 3areM y

CpE€AHETO U, HAKOHEL, Y CaMOT0 MaJICHBKOIO

r Pe30HaTOpa, UMEIOIIETO CaMyIO BBICOKYIO CO0-

/4 CTBEHHYIO 4aCTOTY V.

YMmecTHO OTMETUTH, YTO IPHU 4aCTO-

)i Te pezoHaropa V ~10” ' niuHa Bo30yx-
Jaromei ero BoIHbI A =c¢/V =33 M. Ora

T JUIMHA 3HAUUTENIbHO OOJbIIe XapaKTEPHBIX

pasmepoB pesonaropa: A >>V'"3 . Crenosa-

T TEeJIbHO, HE MOXKET OBITh U peuu O CTosuei

aKyCTHYECKOW BOJIHE Y4aCTOTHI V, B CaMOH

Puc. 3.14. chepudeckoii MOMOCTH.
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OpHaKo ¥ B caMOM TTOJIOCTH MOYKHO BO30OYIUTH CTOSTIME BOJHBI C JUTHHOH A < '3 u

qactotoit V =c/A2c¢/V'? . Ecim XapaKTEepHbIH pa3Mep pe3oHaropa yl3

~10 cmMm, TO gac-
TOTHI 3THX BOJH V >3000 I'u. Tako#i pezonarop OyzneT obiasaTh MHOXKECTBOM COOCTBEHHBIX
YaCTOT B KMJIOTE€PLIOBOM AMAIa30He.
HawnGornee npocThiM B M3rOTOBJIEHHH aKyCTHYECKUM PE30HATOPOM SIBIISIETCS Jiepe-
BSTHHBIH SIIIUK WK TPYOa, OTKPBITHIE IMOO C OAHOM, TNOO € IBYX ITPOTUBOIOIOKHBIX CTOPOH.
[Iponenaem cremyrommii OIBIT. 3aITOTHUM BOIOHW HIKHIOIO YaCTh BEPTHKAIBHOU TPYO-
k1 T, HCTIONB3yA CHCTeMy COOOIIAKONIMXCS COCY/IOB, M TotHeceM —— K
K ee BEpXHEMY KOHIly 3Bydallni Ha yactore V kamepToH K T
(puc. 5.15). Ilepememiast BopoHKY B BBepX, MOXKHO 10OUTECS yeu- /¢ T
JICHUS! TOHAJIBHOTO 3ByKa, CO3/1aBAEMOT'0 CUCTEMOH «KaMepToH + l
4acTh TPYOBI, 3aII0JTHEHHAST BO3AYXOM». JTO YCHJICHHE Oy/eT Ha-

6J'IIO,HEITBCSI IIpA COBHAJICHUHM YaCTOThI V C 0,HH0171 13 cOOCTBEH-

HBIX YacTOT V, PEe30HATOpa — TPYOBI C BO3AYXOM JUIMHOH [,
«3aKpBITOI» y HIKHETO KOoHIIa. COOCTBEHHBIE YaCTOTHI CTOSYHX
BOJIH B TAKOM PE30HATOPE JIETKO MTOACUUTATD, €CIIN YUECTh, YTO HA
HIDKHEM KOHIIE JOJDKEH OBITh y3€ll CMEIIEHHH, a HA BEpXHEM —

MYYHOCTb. DTO BOZMOXKHO JIUIIb IS JJTHH BOJIH A p » YIOBIICTBO-

Puc. 5.15.

PAIOMINX W3TI0KEHHOMY B MIPEABIAYIIEH JEeKINH ycaoBuio (4.40):

)‘p
(=@p-H—F,p=LILIL...,

Korjga Ha OJIMHE pr6BI YKIIaABIBA€TCA HEUYETHOE YUCIIO quBepTeﬁ JJIMH BOJIH. CoOTBETCTBEH-

HO, YaCTOTHI KosileOaHuH OyyT paBHBI

v, :i=4i€(2p—l). (5.36)
XoTs ycriIeHne 3ByKa BO3MOXKHO IPH HECKOJIBKHX JUTHAX BO3IYIIHOTO CTONN0a £ , OTHAKO CaMbIM
3¢ pexTBHBIM OHO OyneT pu V =V Wik { = <.

Oco60 mogYepKHEM, YTO PE30HATOP co\é/:[aeT Gonee GmarompusT-

HbIC YCJIOBUS I 3BydaHUd KaMCPTOHA, MO3BOJIAA NEPEPACIIPpEACIIUTD, a

CTano OBITh U YCHIINTH 3BYK IIO ONpPEIECICHHBIM HalpasieHus M. VIMeHHO é

IO3TOMY B OIbITAX KAMEPTOHbI YCTAHABJIMBAIOT HA ,HepeBHHHLIﬁ AWK, OT-

KpBITBIH C OAHOTO KOHIIA X HACTPOCHHBIN HA YaCTOTy KamepToHa (puc. 5.16). Puc. 5.16.

HexoToprblie cBeeHNsI 0 My3BIKAJIBHBIX HHCTPYMeHTAaX. JlepeBsiHHBIC JIEKH MY-
3bIKAJIBHBIX HHCTPYMEHTOB BBINOIHAIOT (YHKINY PE30HATOPOB, 00ECIIeUnBasi XOPOLINe yC-
JIOBYS 3By4aHUs. YacTOTHI CTPYHHBIX HHCTPYMEHTOB HE 3aBUCAT OT pe3oHaTopa. OCHOBHas
4acToTa 3ByKa V| M 4acTOTbI OOEPTOHOB 3aBHCAT TOJIBKO OT MACChl, HATSXKEHHUS U [UIUHBI
ctpyHbsl. OmHAKO TeMOp 3ByKa 3aBHCHUT OT cItocoba BO30Yy X ICHHUS U OT PEaKIiy pe30HaTopa u
3 }eKTHBHOCTH, ¢ KOTOPOH PE30HATOP KIIOAACPIKUBACT) 3TH YaCTOTHI U ITOCHIIAET COOTBET-

CTBYIOIIIMEC BOJHBI B OKPYKArOUICC IMPOCTPAHCTBO.
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B nayxoBbix HHCTpyMeHTax (OPMUPOBAHKE 3BYKa CBSI3AHO C
HAJTMYUEM aBTOKOJICOAHUI M 3aBUCUT KaK OT KOHCTPYKIIMU UHCTPY-
MEHTa, TaK 1 OT CI0c00a, C TOMOIIBHI0 KOTOPOTO BO3AYX BAYBAETCS B
HMHCTPYMEHT. B KauecTBe WILTIOCTpalMU PacCMOTPUM Kaue€CTBEHHO

MpoIiecc BO3ZHUKHOBEHHUS aBTOKOJIEOaHHI B OPraHHOH TpyOe, pazpes

i

I

|

|

G}a KOTOpO# M300pakeH Ha puc. 5.17a.
IIpu paBHOMEPHOM NOCTYIJIEHMM B MYHIAIITYK M
1] (puc. 5.176) Bo3ayx mpoxoAuT depe3 y3Kyto menb LI, 3a koTopoit
AN
M

obpasyercs TypOyneHTHbIH moTok. OOpasyromascs Ipu TakoM Te-
YEeHHUH BUXPEBas JOPOXKKa SABIIIETCS HCTOYHUKOM «ILEIEBOTO» TOHA,
OCHOBHas1 4aCTOTa KOTOPOT0 0OPaTHO MPOIOPLHOHAIBHA IEPHOLY

cnenoBanus Buxper T, . Ilo cymecTBy cucrema «MyHIIITYK +

6)

Puc. 5.17 ICJIb» NpeACTaBIIACT coboi CJIOXHYIO aBTOKOJ'I€6aTCJ'IBHyIO CUCTE-

MY, TEOPETHUYECKOE OIICaHNe KOTOPOil — cepbe3Hast npoodiema.

Buxpu, BeIX0OSIIIME U3 LIEITH, TIO0YEPETHO TPOXOIAT CIIEBA U CIIpaBa OT sI3bIYKa 51, BBI3bI-

Bas ero BUOpaIMIO. SI3bIYOK OKa3bIBAET NEPUOIMIECKOE BO3/IEHCTBHE Ha CTONO BO3ayXa B TpyOe.

BoszHukatomye B cTonde HMITYIbChI CXKaTHs, T0OEekKaB 10 OTKPBITOTO KOHIA TPYObI, OTPAKatoTCs B

BHJIE UMITYJIECOB Pa3peXEHHst M BO3BPAILAIOTCSI K meny uepe3 Bpemst 1 = 2/ /¢ (¢ — juiHa Tpy-

ObI, ¢ — CKOpPOCTB 3BYKa B BO3/IyXE), YIIPARJIA MOCTYIUICHHEM BO3IyXa depes mieib. Takum oOpa-

30M, OCHOBHas 9actoTa V; = 1/T Qopmupyercs pe3oHaTopHOH crcTeMoil. OTHAKo MOKHO BIyBaTh

BO3ILYX TaK, YTOOBI B TPyOe OJHOBPEMEHHO CYIIIECTBOBAIIH ABA UMITYJIECA COKATHS, i MBI YCIIBILINM
3ByuYaHHe TPyObl Ha YACTOTE TIEPBOro 00epTOHA (YIBOSHHOW 4acToTe).

OpranHble TpyObl 00BIYHO KOHCTPYHPYIOTCS 711 3ByYaHUst Ha OCHOBHOM yactore. B iy-

XOBBIX MHCTPYMEHTaX BO30Y’>KIAIOLIMM BHOpPAaTOpOM (aHAJIOTOM si3bldka S B OpraHHoOM Tpyoe)

B A MOXHO YIIPaBISTh, YTOOBI

Tpyba

MIOCBIIaTh B TPYOy OVMH HIIX

Oonee HUMITYJILCOB, MPEKIAC

YEM NEPBBIA OTPA3UTCH OT
-|- -|- -|- T T T OTKpI)ITOFO KOHIIA. BLICOTa
2 4 6 8 10 12 14 16

—
wn O

=

OTtHOCHTEIBHAA
ITPOMKOCTb, 1b

v/v,  3ByKaHMHCTpYMEHTa OIpese-
JeTCsl KOJIMYEeCTBOM UM-
ITybCOB B CEKyHIY, OTpa-

A

B JKEHHBIX OT OTKPBITOTO KOH-

11a lyXOBOTO HHCTPYMEHTA.

Banrophna

I[Ipousnocumsle

YEJIOBEKOM 3BYKHU CBA3AHBI C

-|- '|' TEM, YTO TOJIOCOBBIC CBS3KH
T rrxr~ > ropTaHyu BUOPUPYIOT ITOJT Ha-
0 2 4 6 8 10 12 14 16 Vv,

TIOPOM JIBHIKYIIIETOCS BO3TY-

Puc. 5.18.
Xa, a TOpTaHb SBIACTCS
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00beMHBIM pe3oHaropoM. Kak mpaBuiio, y My»K4uH 00beM ropTaHu OOJbliie, YeM Y JKEHIIHH,
MIOATOMY B COOTBETCTBUH ¢ popmMyrno (5.34) Myxckue rosoca 6os1ee HU3KHE.

Ha puc. 5.18 mokazaHbI CHEKTPHI 3BYKOB, M3BJIEKAEMBIX Ha TPyOe U BaJITOPHE C O~
HaKOBOI OCHOBHOH 4actotoil V, =440 I'u. [To ocu opauHar OTIOKeHa TPOMKOCTh 3 (HOp-
MHpPOBaHa Ha TPOMKOCTb BOJIHBI OCHOBHOI 4acTOThI). B criekTpe 3Byka BaaTOPHBI OTCYTCTBY-
10T yacToTel V >10 xI'1, mosToMy e€ 3ByKk OoJiee MpUITYIIEHHBIH, HEXXEIH 3BYK TPYOBI.

3aBepiasi OnrcaHUe OCHOBHBIX IPHHIUIIOB JEHCTBHS MCTOYHHKOB 3BYyKa M MY3bI-
KaJIBHBIX HHCTPYMEHTOB, YMECTHO YIIOMSHYTb O IByX aKyCTHYECKHX 3 (eKTax, C MpOosBICHN-

SAMHU KOTOPBIX MbI ITPAKTUYCCKU €KCAHEBHO BCTPEIACMCH.

ekt Jonaepa. Habnronas 3a npoxoAsiMM MUMO HOE30M HIIH JIBUKYIIAMCS
aBTOMOOWIIEM, MBI 3aMeYaeM, 4TO BEICOTA TOHA I10/IaBAEMOT0 UMM 3ByKOBOT'O CHTHaJIa IIOCTO-
STHHO M3MEHSETCs. DTO U €CTh OAHO W3 MPOSB-
neHuit apdpexra Jlomiepa, COCTOSIIETO B H3Me- ! ,\/\/»1\7»0/1«\/
HEHUH YaCTOTHI 3ByKa IIPU OTHOCUTEIBHOM JIBU- I;)<] e
KEHUH MCTOYHHKA U pueMHuKa. PaccMoTpum I

v
=" ke
3TO SIBJIEHHE HECKOIBKO MOAPOGHEE. |<] ’\/\/\/\ —. l>|
6)

[Tycts ucrounuk U (puc. 5.19a) uzmy-
4aeT MOHOXPOMATHYECKYHO (T.€. TapMOHMYEC- Puc. 5.19.
KyI0) aKyCTHUYECKYIO BOJIHY 9acTOTHI V. Torna JuriHa 3TOH BOJNHEL, PacpOCTpaHsIoNeiics B
BO3/yXE CO CKOPOCTBIO ¢, OyJeT paBHa:

Ay =c/v,. (5.37)

Ecnu Tenepb HCTOYHUK OyIET JBUTaThCS CO CKOPOCTHIO ¥ < ¢ B HAIIPABICHUH pac-
IPOCTPaHEHHs BOJHBI, TO BOJIHA OYAET «OTPHIBATHCS» OT HCTOYHHMKA CO CKOPOCTBIO ¢ =7/,
u eé qmHa yMeHbImuTCes (puc. 5.196):
c-v

Vo

JlocTHTHYB HEMOABMKHOTO nMpueMHuKa 1, 3Ta BonHa OyneT Bo3aeiCTBOBATh Ha

A= (5.38)

HETO C 4YacTOTOH

cvy = =vy— (5.39)
c—v 1-v/c

KOTOpast 6yIIeT Oonble I/ICXOHHOﬁ HaCTOThI VO . HpI/I JABUKCHUU UCTOYHUKA B IPOTUBOIIOJIONK-

V=

>|a

HOM HaIPaBJIEHUU 3Ta 4YaCTOTa yMEHbIINTCS. IMEHHO 3TO M3MEHEHUE YacTOThl TOHA CUTHAJIa
MBI QUKCHpYeM IIpH NPHOIIMKEHNH U MTOCIIEAYIOEM YIaJICHUH 10e3/1a HIIH aBTOMOOMIISL.
W3menenne 4acToThl OyJIeT TaKoke U IIpH IBM>KeHNU npueMHuka [1, onnako dpuszngec-
Kasi IPUYMHA 3TOr0 M3MEHEHHMS COCTOMT B TOM, 4TO BOJIHA C JUIMHON A, =c/V,, Oyaer mocry-
1aTh B IPUEMHUK CO CKOPOCTBIO # + ¢ (€C/IM IPUEMHHUK ABMKETCS HaBcTpedy BonHe). Cieno-

BaTeJIbHO, YaCTOTA BO3AEHCTBUS HA IPUEMHUK OyIeT paBHa

+ +

v=t oy, S oy B+ 2H (5.40)
Ao c O cO

1 MIPEBBICUT HUCXOIHYIO YaCTOTY.
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B cuty pasnuuus Gu3nuecKux NPUYHH, TIPUBOAAIINX K U3MEHEHHIO YacTOTHI MPU

JIBHYKEHUU HCTOYHUKA U IPUEMHUK, pasHaTcst 1 popmyiisl (5.39) u (5.40). OnHako npu 7 << ¢,

KaK HETPYAHO YOemUTHCS, C TOYHOCTHIO IO WICHOB MOpSIKa %D ¢bopmyia (5.39) moxer

ObITh 3anucana B Buje (5.40).

[Ipn OHOBPEMEHHOM JABM)KEHHH HAaBCTpedy APYT APYTY MCTOYHHUKA CO CKOPOCTHIO
v, Y IIPUEMHHKA CO CKOPOCTBIO 7, 00€ GOPMYIIBI MOKHO OOBEIMHUTE B OAHY
l+v,/c
l1-vu,/c’
[Mpu ynaneHnu KCTOYHMKA UK TpUeMHUKa B hopmysie (5.41) cieayer U3MEHUTh 3HaK

V=V (5.41)

IIPU COOTBETCTBYIOIIEH CKOPOCTH.
[Tpu ckopocTix v > ¢ (GOPMHUPYIOTCS yIapHBIE BOJIHBI, U ()OPMYIIBI, OMHCHIBAIOIIIE

HU3MCEHCHUC YaCTOThbI, CTAHOBATCA HECIIPABCAJIMBBIMU.

Bunaypansnslii 3¢ dexT. OT0T 3ddeKT nmpeacTapiser coboi ncuxopuznoIornuec-
KOE€ SIBJICHHUE, 3aKIIFOYAOIIEECs B CIIMTHOM BOCIIPUSTHH 3BYKOB, IPHHUMAEMBIX IIPABBIM H JIe-
BEIM yxoM. OH JiaeT BO3MOXXHOCTb ONPENENIUTh HANpaBlIeHNE HA NCTOYHMK 3BYKA M MIPaeT
CYILECTBEHHYIO POJIb B My3bIKaJIbHOI aKycTHKe (CTepeoOHMs).

Pucynok 5.20 wutnioctpupyer atot 3¢dext. Eciu BoiHa nafaer moj ywioM K JIMHAH, CO-
eIMHSIONIEH 00a yXa (ITyHKTUPOM U300paXkeH KOHTYp pajuyca R, UMUTUPYIOLIUI TOJOBY YeIOBe-
Ka), TO BOJIHA JIOCTUTHET JIEBOTO YXa MO3/JHEE MPaBOI0, a BpeMsI 3a/IeP>KKH COCTABUT BEJIMUNHY

_ Rsina + Ra

N =—"T " (5.42)
c

rae RO — KpUBOTUHEWHBIN Ty Th, TPOXOAUMBIN 3BYKOBOH BOTHOHM IPH OTHOAHUH €10 TOJIOBEI
4eJoBeKa 3a cueT Audpakiuu (CM. HIKe).

Kpome Toro, mocKoibKy rosioBa YaCTHYHO 3KPAHUPYET 3BYK, TO aMIUIUTYZA BOJIHBI,
JIOCTHTAOLIeH JIEBOTO yXa, HECKOJIbKO yMeHbIaeTcs. CoBMeCTHOe AeHCTBHE ITHX ABYX (ak-
TOPOB JA€T YEJIOBEKY BO3MOXXHOCTB OIPE/IE/INTh HAIlPaBJICHUE HAa MCTOYHUK 3ByKa. Ecnu me-
pHox KoeOaHuil 3ByKOBOM BOJIHBI CPABHUM CO BPEMEHEM 3a/ICPIKKH:

A <T/2, (5.43)

TO BOJIHBI, TaJIAI0IIKE NTO]] YTJIOM, BBI3bIBa-

&, ‘(/ 10T KoJ1eOaHust 6apabaHHBIX NTEPETIOHOK JIe-

BOr'o u mpaBoro yxa €co CABHUTOM (1)33

¢~ 3 \\ / &zﬁ 0 < Ad < TT, 10 KOTOPOMY UETIOBEK U OTIpe-
\ ®
\ S

Re R T IeNsieT HAMPaBJIeH e IPHXO/Ia BOJHBL.
Q@O& Ecnu monoxutre R =10cMm,
\)‘\\ ’ ,’D\A—\Hom - sin 0 = 1, To ANl BOJNH C MEPHOIOM
o | X gOCTB,,HHOﬁ T<103 ¢ (v21 kT'n) yenosue (5.43) e
el a3bl

BBITIOJIHACTCA, U OIPEACIIUTD HAIIPABJIICHUE

110 COABUTI a3bl CTAHOBUTCA 3aT HHU-
Puc. 5.20. y o pyI
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TCIIBHO. O,IIHaKO OCTAa€TCA BO3MOXHOCTH CPDAaBHUTDH aMIIJIUTYAbI BOJIH, JOCTUTAIOIINX 00oux

yIIeH, ¥ TEM CaMbIM ONPENEIUTh yron O .

HNuTepdepennms Boan. B npeasiaymieil 1€KUY Mbl IOTYYNIN ypaBHEHHE CTOAYEH
BOJIHEI (4.34), onuchIBarolee KoJieOaHus MHypa (I HHOH Cpesibl), 10 KOTOPOMY HaBCTpedy
JIPYT IpYyTy PacHpOCTPAHSIOTCS BE FTAPMOHNYECKUE BOJHBI OJJMHAKOBOM YacTOTHl () U aMIl-
JUTYNBI S, . B pe3ynsrare HaoXeHNs BOJIH IPOUCXO/IHUT Iiepepaciipe/ie/ieHHe B IPOCTPAHCTBE
00BbEMHOI IUTIOTHOCTH dHEPTUH KojieOanuit. B y3nax, rjie BoiHbI BCTpeuaroTes B IpoTuBodase,
3Ta SHEprus paBHa HyJI0. B mydHOCTSX, HAIIPOTHB, BOJIHBI CKIAABIBAIOTCA B (ha3e, M SHEPrHs
MaKCHMalIbHA. SIBICHNE HAJIOKEHUSI BOJH, IPUBOJIAILEE K IEPEPACTIPEACICHHIO B IPOCTPaH-
cTBe 00BbEMHOH INIOTHOCTH SHEPTHHU KoJeOaHUi, HOCUT Ha3BaHUE HHTEP(EPEHIIHH.

Wurepdepenuns sBnsercss OAHUM U3 (QyHAaMEHTAIBHBIX SBICHUH, IPUCYIINX BOJI-
HaM pa3IM4YHOHN NPHPOABbI (aKyCTHYECKHM, 3JIEKTPOMArHUTHBIM, BOJIHAM Ha MOBEPXHOCTH
XKHJIKOCTH, TUTa3MEHHBIM BOJIHaM H Jip.). OHa Obli1a XOpoIo u3BecTHa elle Bo BpeMeHa Heto-
TOHA, KOTOPBII OCYIIECTBIII 3aMEYaTENIbHBII OIBIT, IPUBEIIINI K OTKPBITHIO 3aKOHOMEPHOC-
Teil nHTep(hepEeHIMOHHOI KapTHHBI ¥ TIOJyYMBIINI Ha3BaHUE «Kojibla HeroToHay. DTH 3ako-
HOMEPHOCTH JIETKO MPOCIIEKUBAIOTCSA B ONBITAX 10 MHTEP(EPEHINH KaMUIAPHBIX BOJH Ha
MIOBEPXHOCTH XHUJKOCTU. B ciemyromeii IeKIuy Jaercst onmicaHie XapaKkTepa JBHKESHUs yac-
THII KUIKOCTH B TAKUX BOJIHAX U yCTAHABINBACTCS CBSI3b MEXIY YaCTOTOM, JUIMHOM BOIHBI U
CKOPOCTBIO €€ pacTpOCTPaHEHHs.

OpMH U3 TaKUX OIBITOB BEIIISIUT CeayronM oopasom (puc. 5.21). B HermyOokyro
koBety K ¢ GosbIoi miomagpo OCHOBAaHHS HAJIMBAIOT BOLY. BONHEI Ha ee MOBEPXHOCTH
BO30YKJal0T C TIOMOIIbI0 BHOparopa B, mpuBoasiiero B mepuogudeckoe IBUKEHUE JBA Ma-
nenpkux mapuka O, u O,, KOTOPBIE ABIAKOTCS TOIEIHBIMA HCTOYHHKAMH BOJIH. OTH MIAPUKA
CITerKa MOrpy’KeHbI B BOLY M COBEPIIAIT CHHXPOHHBIE KoeGanus ¢ uactotoit V ~10% ' B
HalpasJIeHUH, TIEPIIEHANKYIIIPHOM TTOBEPXHOCTH BOAbI. OT KaXI0T0 U3 TOYEUYHBIX HCTOYHHU-
KOB PACIpOCTPAHSETCS BOJHA C JUIMHOW A ~3 MM u cKopocTbio ¢ ~ 40 cm/c. I'pebuu sTHX
BOJIH B (PMIKCUPOBAaHHbIH MOMEHT BPEMEHH N300pakeHbI Ha pUCYHKE MYHKTHPOM. B pe3yinbra-

T€ HaJIOXKEHHS BOJIH 00pasyeTcst HHTephepeHIIMOHHAs KapTHHA, KOTOPYIO YI00HO HAaOII0AaTh

B CTpO6OCKOHI/I‘-IeCKOM OCBCHICHNH (OCBG-

11as €€ BCIbIIIKAMHU CBETA, CJICAYIOIIUMHA

TaKKe ¢ yactoToit v ~ 102 I'm). [pu Ta-
KOM OCBEIIEHHU BOJHBI OYIyT Ka3aThCs

TIPAKTUICCKN HETIOABM)KHBIMH.

HaunGonee cunpHBIE BO3MYyIIE-

HUS TIOBEPXHOCTH OyAyT HAOIIOMAaTHCS B

TEX MECTaXx, I'’I€ BOJIHBI CKJIaJAbIBAIOTCA B

¢aze. ['0BOPAT, 4TO 37€CH PacroNararoT-

¢l nHTep(EepPEHIUOHHBIE MAKCUMYMBI.

Puc. 5.21.
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B mMecrax, Kyza BOJHBI IPUXOAT B IPOTHBO(]A3e, IOBEPXHOCTH OyAET MPAKTHISCKU HE BO3MY-
IIEHA: 3ECh PACHOIaralTCs HHTEPPEPEHIIMOHHBIE MUHIMYMBI. Bo3MyIieHne TOBEPXHOCTH
B IPOM3BOJIBHON TOUYKe M 3aBUCHUT OT pasHOCTH Xona Ar =7, —#,TO€ | U ¥, — PACCTOSHUSL
OT TOYKH M /10 COOTBETCTBYIOLIEIO TOYSYHOTO HCTOYHUKA. [[eHCTBUTENBHO, CMEIIICHHE S T10-
BEPXHOCTH JKUAKOCTH B TOYKe M MOXKHO PacCMaTpUBAaTh KaK Pe3yJIbTaT HAIOKEHHS JBYX CH-
HYCOHAQIBHBIX (T.€. MOHOXPOMATHYECKHX ) BOJIH, IPOIICAIINX PACCTOSHUS 7] U F;

s(t) = so sin(wrt —kry =) + 5, sin(wt —4r, —d,) . (5.44)
31ech npenrnoaaraeTces, 4To 00e BOJIHBI B TOUKe M UMEIOT OJJMHAKOBBIC aMILTUTYIIBI (XOTS 3TO
U HE COBCEM BEPHO), U MOCTOSHHEIE (a3oBble nobaBku ¢; u ¢,, Tak 4TO UX Pa3HOCTD
Ad = ¢, — ¢, He 3aBUCHUT OT BpeMEHHU.

Brmonssas B (5.44) cymmupoBaHue, MOTydaeM:

s(1) = 25, cosg‘ﬁ—r + Az—q)@sinléot ! 2+ 1) _ 9, “;4’ 2 @. (5.45)

Ecnu nonoxuts juist mpoctotel AQ =0, To monokeHne UHTEPHEPEHIUOHHBIX MAK-

CHMYMOB OIPEEINISETCS U3 YCIOBUS

cosB& Ho 41 (5.46)
020
IMockonbky 4 = 2Tt/ A, TO OC/IEHEMY YCIOBHIO COOTBETCTBYET PA3HOCTh X014
Ar=r,—n =mA, (5.47)

rme m=0,£1,£2,... .
Kaxxnomy MakcuMyMy MPHHSTO NMPHCBAMBATh IOPSAKOBBIM HOMEp, ONpeIeiseMblii
COOTBETCTBYIOIIUM YHCIIOM 71 (MAKCHMYM HYIIEBOTO, IIEPBOTO, MUHYC MIEPBOTO U T.1I. TIOPS/I-

Ka). MHTepdepeHMOHHbIE MUHUMYMbI PACHIONAraoTCs B TEX MECTaX, TIIE
A
Ar =1, —n :(2m+l)z, (5.48)
U TaK xe HyMepyroresa (m =0,+£1,%£2,...).
PaccMmoTrperHas HHTEpPEPEHIINOHHAS KaPTHHA COOTBETCTBYET HMICATU3UPOBAHHOM

CUTyaluu. PeanbHbBIE BOIHEI JaXKe B JIYUHICM CJIy4ac ABIAOTCSA KBA3BUMOHOXPOMATUYCCKHUMU.

JIitst TAKMX BOJIH aMILTATYIBI S, U hassl ¢, 1 §, SBISIFOTCS MEVICHHO MEHSIFOIIUMHECS (QyHK-

. 21
LUSIMA BPEMEHH (3aMETHbIC U3MEHEHUS dTHX (PYHKIMI POUCXOJIT 3a Bpemst T>>T = —).
w

OpHaxo, eciii 00a MmapyKa IPUBOIATCS B KoJeOaTenbHoe ABIKeHHE OMHIM BUOPAaTOpPOM, pas-
HocTh pa3z AP B (5.45) ocraercs MOCTOAHHOM, MONOKEHHE MHTEP(PEPEHIIMOHHBIX MAKCHMY-
MOB 3a/1aeTcst popmyiioi (5.47) ¥ He 3aBUCHT OT BPEMEHH.

B mpakTH4ecKy BaKHBIX CIIy4asX HCTOYHHKH HHTEP(EPHUPYIOIIUX BOJIH MOTYT OBITH
HE3aBHUCHUMBI. B HaIlleM onbITe 3TO MOXXHO OCYLIECTBUTb, €CJIM UCIIOJIBL30BAThH IBa BUOpaTopa,
K KaJKJIOMY U3 KOTOPBIX IIPUCOEINHEH MaleHbK1H miapuk. Torna pasHocts (a3 Ad Oymer Tak-

’K€ U3MEHSThLCS Ha MaciuTade BpPEMCHHU T, M €€ MOXXHO 3aIlMCaTh B BUJC

A1) = D +8(1) » (5.49)
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rae A_q) — CpeJIHee 10 BpeMEHH 3HaYeHIE PasHOCTH (a3, O(f) — 3HaKomepeMeHHas (yHKIIHSL.
Cunras s mpocToTsl B (5.45) 5 = const, MPUXOaUM K BBIBOJLY, 9TO HHTEP(EPEHIMOHHAS Kap-
THHA, KaK LleJI0€, Oy/IeT TOCTaTOYHO Xa0THYHO CMEIAThCSI B Pa3Hble CTOPOHBL. Eciu Takyro Kap-
THUHY CHIMAaTh Ha KHHOIUICHKY CO BPEMEHEM JKCIO3MLMHU Kajapa Af > T, TO Ha KaKAOM KaJpe
Oyzer oTnevaraHa ycpeaHeHHas 3a Bpems Ar «pa3mazaHHas» kKapTHHA. OHa MOXKET CTaTh COBCEM
HEPa3IM4UMOH, €CIT HHTEPPEPEHIIOHHBIE MAKCUMYMBI OyJyT CMEILAThCSl HA BEIUYHHBI, PaB-
HBIE WITH NPEBBIIIAIONIHNE PACCTOSHUS MEXK/Ty COCETHUMU MaKCUMyMaMH. Takast CHTyarys J10cTa-
TOYHO YacTO BCTPEYAeTCst MPU UHTEP(EPEHIINH CBETOBBIX BOJIH. YTOOBI HOJTHOTO «CMa3bIBAHHUSD»
KapTUHBI HE IPOM30IIUIO0, OYEBH/IHO, HEOOXOMMO BBITIOJTHEHHE CIIE/TYIOIIETO YCIOBHSL:
| O(¢) |<< 2Tt. (5.50)

UYeM syuliie BHIOIHAETCS 3TO HEPABEHCTBO, TEM BBIIIIE KaUueCTBO KapTHHBI. Tak, Hanpu-
Mep, JJI CBETOBBIX BOIH T ~ 107 +10™" c,u NP BU3yaJIbHOM HaOJIOeHNH (J171s1 OPTaHoB 3pe-
Hust Af ~ 0,1 ¢) MBI Bceria perucTpupyeM «pasMazaHHyI0» HHTep(QepeHIIMOHHYO KapTHHY.

C Ka4ecTBOM KapTHHBI HAIPAMYIO CBA3aHO ITOHATHE KOTePEHTHOCTH HHTEP(epupyto-
mux BodH. KorepeHTHOCTh XapakTepusyercs 6e3pazmMepHbiM ko3 dunreHToM Y (CTeneHbo
KOTepEHTHOCTH), KOTOPBIM MOJKET MEHATHCS B mHTepBane 0 <y <1.Yem BHIIIE Ka4eCTBO Kap-
THHBI, TeM OOJIbIIE CTENIeHb KOTEPEHTHOCTH. [|J11 MOHOXPOMaTHYEeCKUX BOJIH, KOHEYHO, Y =1.

OTHM 3aMeYaHHEM O KOTEPEHTHOCTH BOJIH MBI 37IECh U OTPaHHYMMCS, a JAeTaJIbHOE

omnmcaHue MOHATHS OyeT JaHo B Kypce «OnTukay.

Judpakumst BosH. B yrpoienHoM cMmbicie o qudpakiyei HOHUMAIOT KPyT siBlie-
HUM, B KOTOPBIX IPOSBIISIETCS OTCTYILUIEHUE OT IPSIMOJIMHEIHOTO PacpoCTpaHeHus BOIH. Takoe
MOHUMaHKe AU(PaKIIK, BOOOIIE TOBOPS, HEBEPHO, ITOCKOIBKY IPSIMOINHEHHOE PaclpoCTpaHe-
HHE BOJIH SIBJISIETCSI JIMILIb ONPEACIICHHBIM NpHOkenneM. [leficTBUTeNbHO, crienuguka Jiro0oro
BOJIHOBOTO JIBW)KEHHS MPOSIBIIIETCSI B TOM, YTO 3TO ABIKEHHE, BOSHUKHYB BHaYaJIe B OTPaHHYCH-
HOI1 00J1aCTH, CTPEMHTCS PACIIPOCTPAHUTLCS B PaBHOI CTETIEH! BO BCE CTOPOHBL. BriGopoM crie-
LUaIBHOM (GOPMBI 3TOH 00J1ACTH MOXHO JOOUTHCS TOTO, YTO BOJIHA IIOOEKHUT IIPEUMYILECTBEHHO
B HEKOTOPBIX HalpaBJIeHMsIX. BIOJIb O/IHOTO M3 TaKKX HANpPaBIEHUH NOOSKHUT (hparMeHT BOJIHBI,

KOTOPBIH C OIpeIeTIEHHON TOYHOCTBIO MOKHO CUMTATD JIBIKYILIIMCS ITPSIMOIIMHENHO.

Jli1st HaOJMrOIEHKST OCHOBHBIX 3aKO-

HOMEPHO crei I[I/I(l)paKHI/II/I BUJOU3MCHUM 1"1

0)
1
XapaxkTep BO36y)K)IeHI/I$I BOJIH Ha ITOBEPXHO- W I/ e i R
CTH BOABI B OIMMCAHHOM DPAHEC OIIBITC. B B

Ka4€CTBC UCTOYHUKA BOJIHBI BMECTO LIapU- £ 0

KOB OyzieM Mconb30Barh muactudy O,0,,
JumHa KoTopol £, = (3 +5) cM, T.e. 3amer- O T \ -

2
HO IPEBBIIIACT JUTHHY BOJHBI A ~3 MM I,

(puc. 5.22). B pesynsrare 1o moBepXHOCTH

BOIBI MOOESIKUT «IUTOCKAsD BOJIHA B HarpaB- Puc. 5.22
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JICHUH, IEPIICHINKY/IIPHOM TTacTiHE. OTYeTIIBO HAOMIONAIOTCS [IBE MIPSIMOIMHEHHBIE TPAHHUIIBI
Fl " Fz, OTZEISAIOLIME BO3MYLICHHYIO BOJIHOW U DIAAKYIO YacTH IIOBEPXHOCTH BOIbL. [l 3TOM
MOCIIEHEH YaCTH MOYKHO YIIOTPEOUTH 3aMMCTBOBAHHBIN N3 ONTHKH TEPMHH: «00TaCTh TEOMETPH-
yeckoi TeHm». CaMy BOJHY 9acTO Ha3bIBAIOT BOJHOBBIM ITyYKOM, WM JIydoM. B aToM sxcnepu-
MEHTE MOXKHO CYHTATh, YTO BOIHA PACIIPOCTPAHIETCS MPSIMOIMHEWHO U HE 3aXOIUT B 00/1acTh
TEHHU. DTO CBS3aHO C TEM, UTO pa3Mep ee BOJIHOBOTO (poHTa £ >> A .

YMEHBIIUM TeMephb 3TOT pa3Mep. DT0 Haubolee MPOCTO OCYIIECTBUTD, €CIH Mapa-
nenbHo iactune 0,0, ycTaHoBUTE iBe BepTHKaTbHbIE cTeHKU C, 1 C,, paccTosuue { MeEX-

ZIy KOTOPBIMH MOKHO M3MEHATH (puc. 5.23).

Ecnu cnenats ¢ < 5A =

= 15 MM, TO BOJIHA HAYHET ITOCTE-

0 ¢
B_]
0

Puc. 5.23. paHndeHHOH yrmom 29 . Ilpm

MIEHHO 3aXOJMTH B 00JIACTh TEHH, a
Y4 iR 9 ee QpoHT Oyner UCKpUBIATHCS. Ha
4

1
RS HEKOTOPOM XapaKTEpPHOM paccTosi-

!
1=
B
4

r HUM L BOJHOBOH Iy4oK mpuoOpe-
2

TCT 3aMCTHVYIO VIJIOBYHO pacCXOdU-
(e s YIO YIVIOBYIO Pacxof

. MOCTb U Jajiee OyzieT pacripocTpa-

HATBHCS 110 9aCTHU MOBEPXHOCTH, OI'-

YMEHBIIEHUH 3a30pa / MEXy CTeHKaMH yroi 20 BO3pacTaer, a pacCTOsIHHE L yMEHbIIAeTCS.
3TO0 OTCTYyIIEHHUE OT NPSIMOJIMHEHHOTO PACIPOCTPAHEHUS ABIISCTCS PE3YIBTaTOM AUPPAKIIH
U CyIIECTBEHHO TOT/NA, Korna £ ~ A .

He cocraBisier Tpy/a OUEHUTD BEJUYHHBI U U L, HCIIONB3YsI OIXOJ, IPETIOKEHHBIN
¢dpanmy3ckuM yaensim O. @penenem B XIX cronernu juis 00bsicHeHHS qU(PAKIIII CBETOBBIX
BoiH. Cenyst @peHnento, y4acToK (pOHTA ITaJa0MIEH BOIHBI B 3a30p€ MEXLy CTEHKaMH MOX-
HO paccMaTpHBaTh Kak IEro4ky u3 N >>1 OIM3K0 pactoyIoKEHHBIX OJMHAKOBBIX TOYEUHBIX
uctounukoB O,, 0,, ..., Oy (puc. 5.24).

Bo3smyuienue B 1t000it Touke M OBEpXHOCTH BOJIbI €CTh PE3YJIbTaT HHTEPHEPEHIIUH
N BOJH OT 3THX, TaK Ha3bIBAEMbIX «BTOPUYHBIX» UCTOYHUKOB, M 3aBHCHUT OT Pa3HOCTH XOJa
BCEX MHTeP(EPUPYIONIMX BOJH. B mMpakTH4ecKy BaKHBIX CIy4asX PacCTOSHUS 7|, 7, ...,
ry >>( ,nosromy orpesku O;M, O, M, ..., OyM MOKHO cuuTaTh MapaienbHeIMH. [IoHsTHO,
4TO B TOUKY P, nexxaiyro Ha 0CH BOJHOBOTO ITy4Ka, HHTeP(EPHPYIOLINE BOIHEI IPUXOIAT B

M ®as3e u Bo3amMylEHHE ITOBEP-

XHOCTH B HeH OyJieT Makcu-

MaJIbHBIM. HaHpOTI/IB, B TO4Y-

Ke M BOJIHEI MOr'yT IOraCuThb

JpyT pyTra, eciIu pa3sHOCTh

i

xona Ar =ry,, =1 MeXay

Puc. 5.24. BOJIHAMH OT KPaWHETO HC-
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tounrka O; u cpennero ucrounuka O, , Oyner paBna A/2. IlockonbKy 5Ta pa3sHOCTb, Kak

BUJIHO U3 pHc. 5.24, paBHa ésin{) , TO

l . A
Ar=—sind =—. (5.51)
2 2
AmnayornyHo, B IpoTuBodase OyayT MPUXOAUTH BOJHBI M OT JPYTUX Iap UCTOYHHUKOB
(09, Onpz 115 O3, Oppn 4 25 o3 Opgp 1, Opy). ToBOPAT, uTO B TOuKe M OyzieT HabmronaTbesl mepBbIi
MHUHHMYM JupaKkiMoHHO# KapTHHBL. He cocTaBisieT Tpy/a Hanucars ycioBue, nonooHoe (5.51),
W T IpYTUX MUHUMYMOB. OJTHaKO, KaK IT0Ka3bIBAaeT CTPOTMii aHaim3, bonee 90% Beeit sHeprun
TIEPEHOCUTCs BOJHOM B pezienax yria 28 . IToatomy Ha pucynxe (5.23) rpanuupt I') u I, Becbma
YCIIOBHBI X OYEPUMBAIOT JIMIIB OCHOBHYIO, HaH0O0JIee SHEPTOEMKYIO YacTh ITyqKa.
Jliist oneHKH 1M (PAKIIMOHHOM PACXOJUMOCTH BOJHOBBIX ITyYKOB HCIIOIB3YETCS YoMl

9, KOTOpBIiA Ipu £ >> A omeHnBaeTcs coracuo (5.51) mo popmyie

A
O=—. 5.52
7 (5.52)
Takyro pacXoAUMOCTb Ty4OK MpUod- I —>
- I
peTaeT Ha HEKOTOPOM XapaKTEPHOM paccTos- ! / 1 P
: > i ______ _—_—_—_—:::::—';‘" 8
Huu L. Ero MOXHO JIETKO OUEHUTh U3 PUCYH- |—> f +==ZZZ--------_--__- 241 - -
:—» T ________ FRTIaeeall 9
ka 5.25, Ha KOTOPOM MyHKTHPOM M300paXKeHbl 1~ \ 7B~
acuMmnToThl K rpanuiam I'; u T',. Byniem ycios- i_. L,
HO CYMTATh, YTO HA PACCTOSIHUU L MONepedHbIi
pasMep IydKa YIBOWICS M CTajl PaBHBIM 2/ . L
Torna ¢ yuetom (5.52) MBI MOXEM 3aIHCATh: Puc. 3.25.
¢ _A
d=—=—. 5.53
777 (5.53)
Orcrona
€2
L=—. 5.54
X (5.54)

Bennunna L HazpiBaeTcs AMGPaKMOHHON JUTMHOM ITy4Ka C JUIMHOM BOJHBI A | TO-

NEpEUYHbIM pasMEpoOM /. Ona OIpeaAcsAeT Macitad paCCTOHHHﬁ, Ha KOTOPBIX PAa3BUBACTCA

3aMeTHas Au(paKuus mydkKa.

CnenaeM HCKOTOPbIC OLCHKH.

o

B omeiTe, H300pakeHHOM Ha PHUCYH-
ke 522, {=5cm, A =3 mm,u L ~ 80 cm.

DTO 03HAYAET, YTO B KIOBETE JU(PPaKIHs

IMPOCTO HEC YCIIEBACT 3aMCTHO PA3BUTHCA.

[Ipu ymenpmenuu ¢ (puc. 5.23) no Bemu-

yunpl ¢ =5A =15 mm, audpakuuonHas

JUHA mydka L =7,5 oM, u nudpakuus

K
CTaHOBHUTCA OTUCTIIMBO BUIHA. Puc. 5.26
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Ecnu Ha myTH BOTHOBOTO IyYKa IMOCTaBUTH npenaTcTBue — cTeHKy C (puc. 5.26), To
cpa3y 3a CTEHKOM OyJIeT TeHb, OIHAKO BOJHA, MPOWIS paccTosHUE ~ L =/ /X, oGorrer npe-
naTcTBUE. MnmrocTpariieil kK cka3aHHOMY SIBIISIETCS, HAIPUMED, BOZMOKHOCTb YCIIBIIIATD 3BY-
KOBOH CHTHaJl aBTOMOOMJISL, HAXOAACH 1103311 HeOONbIIOro cTpoeHus. OIHaKO 38 MHOTO3TaX-

HBIN JOM 3BYK IPaKTU9YECKU HE TPOHUKAET.




121

JEKIHAA 6

Bonnwl na nosepxnocmu scuokocmu. I pagumayuonnvie gonnvl. Kanunispnuvie gon-
Hol. L{ynamu. Buympennue 6onnvl. Akycmuueckue 60nHbl 601bWON aMAAUmMyobl. Jlunetinvlil u

HeUHEUHbL PeXCUMbl pACNPOCMPAHeHUs. YeouHeHnble 80HbL (CONUMOHDL).

BostHBI Ha IOBePXHOCTH KHAKOCTH. [ paBUTALMOHHbIE BOJHBI. MHOTHE U3 HAC MOTYT
JIOJITO JIFOOOBATHCSI TOBEPXHOCTHIO MOPSI MITH PEKH, TI0 KOTOPOH IepeKaThIBaloTCst BOIHEL. PoxneH-
HbIE BETPOM, OHH PACIPOCTPAHSIOTCS 3aTeM 3a CYET CHJIBI TSDKECTH. Takue BOJIHBI Ha3bIBAIOTCS
IPaBUTAIMOHHBIMU. YaCTHIIBI BOIbI COBEPILIAIOT B HUX JBMKEHHE 110 KPYTOBBIM M LTI THIECKAM
TPaeKTOPHSIM («BBEPX—BHHU3» U «BIIEPEI—HA3aD»
OTHOBPEMEHHO), T03TOMY TaKHe BOJIHBI (KaK 1 54

BONHBI JI51Ba) HENB3sT OTHECTH HU K IIPOAOIBHBIM,

HH K IorepedHbIM. [paBUTAIIIOHHBIE BOJHBI
00m1aJaro0T PSAIOM YAUBUTEIBHBIX CBOWCTB, K aHa-

JIM3Y KOTOPBIX MBI U TIPUCTYTINM. H 77T
ITycTs 0o MOBEpXHOCTH BOAOEMA Iy~

VA A
ounoit H pacmpocrtpansercs BIoiab ocu Ox Puc. 6.1.
MOBEPXHOCTHAS TAPMOHHUYECKAsI BOJIHA
s(x,1) = s sin(r — kx) , (6.1)

IJie § — CMEIIEHUE IIOBEPXHOCTU BOJBI BBEPX OT PABHOBECHOIO FOPU30HTAIIBHOTO MOJIOXKE-
HUsI, OTMEUEHHOT0 Ha puc. 6.1 myHkTupom. bynem cuurars, uto | s << H .
[MpenmnonoxuM, 4To AaBIEHHUE KUIKOCTH Ha TIIyOHHE Z paBHO:
p(z,x,t) =pgz +dp(z,x,t), (6.2)
rae Op — no0aBKa K THAPOCTATHIECKOMY JaBICHHIO PZZ , 00yCIOBICHHAS BOJIHOBBIM JIBH-
XKEHHEM MoBepxHOCTH. CrienaeM TakKe MPEeAoNoKEeHUE, YTO
(z,x,0) = f(2)pgs(x.1) . (6.3)

Bripaxxenue (6.3) 3anucano B MpUOIIKEHUH, 9TO BO3MYIIIEHUE TaBICHUS BOIH3H 10-
BepxHOCTH (z — 0) ompenenseTcs IOMOIHUTEIbHBIM IHIPOCTATHYECKUM JaBJICHUEM Pgs ,
CBSI3aHHBIM C M3MEHEHHEM YPOBHS JKHJIKOCTH TP PACIIPOCTPAHEHUH BOJIHBI:

(0, x,1) = pgs(x,t), (6.4)
IpuYeM ¢ TIyOHMHOW 3TO BO3MYIIEHHUE J0JDKHO YObBaTh. CienoBarenbHo, GyHKIus f(z) ¢
POCTOM z TaKXke JTOJDKHA YObIBaTh, ipu 3ToM  f (0) = 1. [To3ke MBI TOKaKeM, UTO IMPECTaABIIC-
HHE BO3MYIIEHHS JAaBjieHus B Buze (6.3) onpaBraHHO.

Jlyist ormMcaHust BOJIHOBOTO JIBW)KEHHMS KHKOCTH HaM HEOOXOIMMO, BO-TIEPBBIX, JUIS
3a/JaHHOW YaCTOTHI () HAWTH £, TO €CTh YCTAHOBUTH AUCICPCHOHHYIO 3aBUCHMOCTE () = (k)
U, BO-BTOPBIX, ONpenenuTh BuJ QyHKIMU f(z) . ITO MOXKHO clienarb, ecinu ¢ ydetoM (6.2)
3anucaTh ypaBHEHUs Diepa Julsl IBH)KCHNS HEC)KUMAEMOH U HEBSI3KOH )KUAKOCTH B IIJIOCKO-

ctit XOZ (cm. ypasaenue (3.30) B JIeKIHHU 1O THAPOANHAMHUKE):
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pEI%+0 vy 260 B_

0] ot Ox 0z [ ax (6.5)
0 Eyz ‘) dv, ‘o ov,
0ot Y ox 0z |] az

Ipu 3ammcy (6.5) MBI IpejonaraeM, 4To JBHKEeHHEe YacTull 1o ocu Oy OTCYTCTBYET.
ov 0v, dv, dv,

VureM panee, 4T0 WICHAMU ¥, —— , ¥, ——, v, —= U ¥, B CHUTY UX MaJIOCTH MOXKHO
Ox 0z Ox 0z
npenebpeus. Torna nmomyyaem
d 0v, _ _ 0dp
ot Ox ’ (6.6)
dv, _ 0dp
ot 0z
OTH ypaBHEHUS JOTIOJIHAM YCIIOBHEM HECKIMAEMOCTH:
dv., Ov
—X 4z =, (6.7)
Ox 0z

YpaBaenus (6.6) u (6.7) npu 3aJaHHBIX TPAHHYHBIX YCIOBUAX JAIOT BO3MOXXHOCTD
paccuuTarh v,,v, U Op U, TeM CaMblM, IOJIYYUTh PEIICHHE 3a/[a4l O ABHKCHUN KUKOCTH,
BKJIIOYAS IBUXKEHHE €€ ITOBEPXHOCTH.

[Mpomuddepennmpyem nepsoe u3 ypaBHeHui (6.6) 10 x, a BTopoe — 110 z:

00v, _ %,
or ox  ox?’
v azx (6.8)
000, __07%
ot 0z 9z2

B 71eBBIX "acTsIX 3TOH CHCTEMBI ypaBHEHUIA M3MEHEH MOpAI0K AuhhepeHIInpoBaHuUS.

Croxum Terieps ypaBHenus (6.8). Torna ¢ yuerom (6.7) MoxkeM 3anucars:

2
oo 00 ' 0HH (6.9)
0t []0x 0z [ ax az

YpaBHeHue
0%%p . 0%
ot a2

SBJIACTCA 3HAMECHUTBIM YPaBHEHUEM Hannaca, HCTIOJIB3YEMBIM BO MHOT'UX pa3feiiax (l)I/ISI/IKI/I.

=0 (6.10)

IMosToMy ero peleHHe XOpPOILO U3BECTHO.
Ha nosepxHocTu BozoemMa npu z = (0 IpaHUYHBIM YCJIOBHEM SIBISIETCSI PABEHCTBO
(6.4), a Ha nHe mpu z = H JOMKHO BBINOJNHATHCA ycloBue ¢, =0, U3 KOTOPOTO € y4eTOM
BTOPOTro ypaBHeHHS (6.6) momydaem:
0%p
0z |._py

2
[MoncraBum nanee (6.3) B (6.10) u yurem, uTo 3 62p =—/?8p.
x
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Torma (6.10) mpumer Bua:

2
‘;Z_{-wf:o. (6.12)

C METo0M peleHHs TAKUX YPaBHEHUH MbI TO3HAKOMIUTICH B JIEKIUSX IO KOIEOaHUSIM.
2 _ 2
Hcnonb3ys moncTaHosky f(z) = Ae™, TIOJTy4aeM XapaKTepUCTHIecKoe ypaBHeHne A~ — 4~ =0,

OTKyZa )\1’2 =/, u obmiee perene (6.12) MOKeT OBITH 3aITUCAHO B BUIE (DYHKIHL:

f(z)=4e” +Be™", (6.13)
[IPU ATOM TPaHUYHbIe YCIOBHs Ui f(z) cheayromue:
o=t Y o (6.14)
dz z=H

[Moacrapmsst (6.13) B (6.14), nomyyaem:

A+B=1; (6.15)
Ae —Be™ =0,
Orcroga
_ chik(z— H)]
f(z)= —Ch(/(H) (6.16)
rae GyHkmus cha = %(e" +e %) — runepboNMYECKUii KOCHHYC.
I'paduk pynkunn f(z) uzobpakeH Ha  f{z) 4
puc. 6.2. Temepb 0CTaNIOCh TONBKO OMPEHETUTH
BOJIHOBOE YHCIIO £, Bxozsmiee B (6.1) u (6.3). Dto 11
MOXKHO CHeNaTh, €cii cHadana u3 (6.1) HaiTi \
BEPTUKAJIBHOC YCKOPCHHE YaCTHUIIBI HA ITOBEPX- i
HOCTH XHIKOCTH. [IpH 3TOM HalO y4ecTs, 4TO 0 I-II z=
HOJIOXKUTENIbHBIE 3HAYEHHUS ¢, COOTBETCTBYIOT Puc. 6.2.
YMEHBIICHUIO S
aai; = —‘;Tzf = 500" sin(wr — fx) = W s(x,1) - (6.17)

[ToncraBum (6.17) B J1eByI0 YacTh BTOPOTO ypaBHEHUS (6.6), a MpaByIo 4acTh 3TOTO

YpaBHEHHUS 3alMIIEeM, UCTIONB3Ys npescTaienue (6.3). Torna moxydnm

pw’s = —pgs% = pgsith(tH) . (6.18)

z=0
B (6.18) yureno, uro (cha)' =sha, tha =sha/cha. [o3ToMy JUCIIEPCHOHHOE COOTHOLIEHUE

TMOJIYy4YacTCs B BUAC:

] o B
m_@@%g . (6.19)

O6Go3nauum ¢, =+/gH . Torna

/2
W=, @Q‘hg{ﬂg . (6.20)
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oA C A
e o
. = " >
0 H! k 0 H! k
Puc. 6.3. Puc. 6.4.

Ha puc. 6.3 3Ta 3aBHCHMOCTh H300pa)KeHa CIUIOIIHOM JIMHKEH, a TyHKTUPOM TOKa-
3aHa mpsAMas W= ¢,k . Da3oBas CKOPOCTh BOJNHBI ¢ = W/ Kak (yHKIHS BOIHOBOTO YHCIIA
MoKa3aHa Ha puc. 6.4.

Takum 06pa3zom, OBEPXHOCTHBIE TPABUTALIMOHHBIE BOTHBI IIOABEPKEHBI CUIIBHOMH JHC-
nepcur. DPPEKT AUCTIEPCUH SIPKO BBIPAXKEH Y OKEAHCKUX BOJIH, 3apOXKAAIOIINXCS B yAaJICH-
HBIX [ITOPMOBBIX paiioHax. [I0CKOIbKY JUTMHHBIE BOJHBI (C MEHBILIHM k) ABIKYTCS ObICTpee,
YeM KOPOTKHE, TO OHHU MPHUXOAAT K OeperaM paHbIie KOPOTKUX Ha 1—2 JHS.

DddexT qucnepcun MOXXET UCTIOIb30BAThCS ITPH ONPEIETIEHUH MECTA BOZHUKHOBE-
HUSI BOJIH, TIPOLIEAIINX O TOYKH HaOMI0IeHHs Upe3BbIUaiiHO Oonbinne paccrosHus. PaccTo-
SHHE OT IITOPMOBOTO paiiOHa IO MECTa, I7Ie BOJIHBI (PUKCHPYIOT, IIOACYUTHIBACTCS 110 PAa3HO-
CTH BpeMEeH NPUOBITHS BOJIH Pa3HO JAJIMHBI BOJIHBI U, CJIEJ0BaTEIbHO, Pa3Hoi yacToThl. [1pe-
oOnazarommas 4acToTa MpUOBIBAOIINX BOJIH PACTET BO BPEMEHH, a AJMHA IPOMICHHOTO ITyTH
HaXOAUTCS 0 CKOPOCTH M3MEHEHUs 9acTOThI. Tak, MO OIEHKE, OAMH U3 IIaKETOB BOJH, Ha-
OrogaBIIMXCs B ceBepHOI yacT Tuxoro okeaHa, pouIes MOJIOBUHY OKPYXHOCTH 3éMHOTO
mapa oT MIHauiickoro okeana 1o gyre O0NbIIOro KpyTa, MPOXOIAIIed I0okHee ABCTpaINH.

PeaibHBIE BOJHBI, Kak YK€ TOBOPHIIOCH PaHbIIIE, MPEACTABIISIIOT COO0H CYIIEpIIO3HIIHIO
BOJIH, MJIH BOJIHOBBIE ITAKETBI, KOTOPbIE [BIXKYTCSI C TPYIIIOBOM ckopocthio ¢ = dw/ dk . Ckopocts
1 TPYMIIBI MEHBIIIE, YeM CKOPOCTH ¢ = W/ k K30l u3 BONH B rpymme. Ecim paccmarpusars oT-
JIEJIBHYIO BOJTHY, TO MOKHO BHJIETh, UTO OHa IlepeMelaeTcs Obictpee, ueM rpymma. [Ipu goctike-
HUM (DPOHTA IPYIIBI OHA 3aTYXaeT, a €e MECTO 3aHUMAIOT BOJIHEI, JIOTOHSIOIIHE TPYIIITY C ThUIA.

®dazoBasi CKOPOCTh BOJHHBI ¢, Kak cienyer u3 (6.20), 3aBucHT OT mapamerpa

kH = 2TH /N . TIoaTOMY pa3inyaroT BOJHBI [TyOOKOM M MEIKOH BOJBI.

BoJtabl ry6okoii Boabl. Eciiu £H >>1 (H >> ), To Takue BOJHBI HA3BIBAIOT BOJI-
HaMH [Ty60Koit Boabl. Bosmymierns 8p COCPEIOTOYEHBI B IIPUIIOBEPXHOCTHOM CIIOE TONIIH-
HOM ~A M HE «4yBCTBYIOT» HPHUCYTCTBHUs JHA. IS TAKMX BOJIH, C YUETOM IIPUOIKCHUS
th(tH) =1, nucnepcuonHoe cooTHoLIeHue (6.19) mpumMert BUL:

w=./gt. (6.21)

Takum 06pa3zom, 3TH BOJTHBI 001 1AI0T CHIILHOM ANCTIEPCHEH.

CremaeM HEKOTOpbIE OleHKH. B okeaHe mpeo0magaroT BOIHEI C IEPHOOM Kojeba-
uuii T ~10 c. Comtacho (6.21) nyuna BoiHel A =270/ £ ~ 150 M, a ¢asoBas cKOpoCTb
¢ ~15 m/c. Takast CKOPOCTb SIBISETCS THITUYHOM, TaK KaK OHA COBIA/Ia€T C XapaKTEePHON CKO-

POCTBIO BETpa BONM3U MOBEPXHOCTHU, TEHEPUPYIOIETO BOJIHBI IITyOOKOH BOJIBI.
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Ecnui npoanani3npoBars pacipesiesieHne BO3MYILCHHH TaBIeHus C NTyOUHO#, OmichiBae-
Moe dynkieit f'(z) (cM. (6.16)), To MOXHO MoKa3aTh, uto f =~ mpu z =A/6 =25 m. Takum

00pazom, IpruOIKeHHE NTyOOKOH BOJbI CIIPABEINBO B TEX MECTAX, e NTyOuHa H > 25 M.

Bounbl Meskoii Boabl. [Ipu npubmmxenun k Oepery miryonHa H yMeHbIIAeTcs, U
peanusyercs yenoue kH <1 (2T6H <) . XoTs 4acToTa BOJHBI OCTAETCS MPEKHEHN, OIHAKO

JAUCTICPCUOHHOC COOTHOLICHUE ITPUMET HHOM BUJI:

w=kJgH = ey, (6.22)

13 KOTOPOTO CIEAYET, YTO Ha MENKOW BOJE AMCIIEPCHS BOTH OTCYTCTBYeT. CKOPOCTh BOJH
cy = \/g_H YMEHbIIAETCs ¢ NIyOWHOM, 1 Ha Tiyoune H = 1 M ckopocTh ¢, ~ 3 M/c, a anvHa
Bonubl ipu ' ~ 10 ¢ paBHa A =c,T ~ 30 m.

B HenocpencTBeHHOM Onu3octy K Oepery, rae myouHa H cpaBHuMa ¢ aMIuiuTy 06
BOJIHBI S , BOTHA MCKAXAETCSI — IMOABIAIOTCS KPyTble IPEOHH, KOTOPBIE JBIKYTCS OBICTpEE
caMO¥ BOJIHBI U 3aT€M OIPOKHIBIBAIOTCS. DTO IPOUCXOINT ITOTOMY, YTO IITyOMHA 1O rpeOHEM
paBHa H + s, 1 IpeBOCXOAUT IIyOuHy HoJ BuaguHoit H — s, . B pe3ynsrare xonebaHus yac-
THUI] BOJTHBI IPHOOPETAIOT CIIOKHBIN Xapakrep. [1o aHamoruu co 3ByKaMy My3bIKaJIbHBIX HHCT-
PYMEHTOB, OCHHJUIOTPAaMMBI KOTOPBIX OKa3aHbI B IPEBIAYIIEH JIEKIINU, MOXXHO CKa3aTh, YTO
KOJIeOaHMsI YacTHUI] BOABI SIBJISIFOTCS CYIEPIO3UINEH KoJIeOaHnii MHOTHX 4acTOT, TPUYEM MO
Mepe IpUOIKeHNs K Oepery MHUPHHA YaCTOTHOTO CIIeKTpa yBennunBaercsi. C Ho100HbIM Hc-
Ka)KCHHEM aKyCTHYECKHX BOJIH MBI BCTPETUMCS HECKOJIBKO TTO3/IHEE, KOT/Ia OyIeM H3ydaTh He-
JIMHENHOE PAacIIPOCTPAHEHUE BOJIH KOHEUHOH aMIIIUTY/bL.

W3 npuBeeHHON BBIIE KIacCH(UKAIMK TPABUTAMOHHBIX BOJH CIEAYeT, YTO IS
OKeaHa ¢ NIyonHoM H = 5 KM BONMHBI ITyGOKOH BOIBI JOMKHEL IMETh A < 2TH ~ 30 km. Co-
macHo (6.21) ux mepuon kosebanuii 7= 2TVW > 2 MuH, a ckopoctb ¢ = A/T < 250 m/c. s
KOHTHHEHTaNbHOro 1eibda H ~ 50 M, 03TOMY BOJHAMH TIIyOOKOH BOJIBI OYIyT BOJIHBI C
A<300Mm, T<15cuc<20wm/c.

C apyroii cTopoHbl, Ha riyouHe H ~ 5 kM BOJHBI ¢ JyinHaMu BOSH A > 30 kM OyayT
BOJTHAMH MEJIKOW BOJBI. DTH BOJHBI MMEIOT MEepHoN Koebanuii 7 > 2 MHH, a UX CKOPOCTh
¢ > 250 m/c. Takue BOJHBI IBUTAIOTCSI CO CKOPOCTHIO PEaKTHBHOTO CaMojIeTa U MOTYT Iepe-

cedyb ATIAHTHUYECKHUI OKeaH MPUMEPHO 3a 7 4acoB.

XapakTep ABHKEHHs YaCTHII AKHAKOCTH. PaccunTaeM CKOPOCTH 9acTHLl 7, | 7, ,
KaK (YHKIIMH KOOPJMHAT X, Z U BPEMEHHU £. DTO JIETKO C/IeaTh U3 ypaBHeHUH (6.6) ¢ yueToM
(6.3), (6.1) m (6.16):

v, 0
P T o Op = f(z)pghsg cos(wx — kx),

ay 3 dr (6.23)
p—= =——03qp = ——2pgs, sin(wr — £x).

o oz dz
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Ortcrona
v, = f(z)g(%so sin(wr — £x),

v, = %iso cos(wr — £x).

Ha puc. 6.5 noka3aHbl BEKTOPEI CKOPOCTH YacCTHUI Ha IIIyOUHE z ¥ Ha IOBEPXHOCTH B

(6.24)

(UKCUPOBaHHBIH MOMEHT BpeMeHH. [IyHKTHPOM HM300pakeHO MOJIOKEHHE BOJIHBI Yepe3 Ma-
JIBIN IPOMEKYTOK BpeMeHH. I1ox rpeGHeM BOTHBI YaCTHITH UMEIOT COCTABIIIONIYIO0 CKOPOCTH
v, >0, a nox BnaguHoit 7, <0. CKOpOCTh HEKOTOPOW HacTUIIBI A HampaBlIeHa BHU3, U C
TEUEHHEM BPEeMEHH OyeT N3MEHATHCS. JIeTKO MOHSTH, YTO B MOCIEAYIOMINI MOMEHT CKOPOCTh
qacTUIBl A OyJeT TaKoW, KaK y 4acTHUIlB B B HACTOSAIIMIT MOMEHT, 3aTeM — Kak y 4yacTuIsl C B
HACTOSIIIIUI MOMEHT, U TaK jajiee. [103ToMy TpaeKTOpus YacTHIBI A OyleT SIUIMIITHICCKOM.
Mo Mepe yBenuueHus KOOPAUHATHI Z (IIyOUHBI IOTPYXKeHUs) 2, — 0, SIUIUICH CIUIIOIIMBA-
FOTCSI, ¥ TIPH Z > A YACTHUI[BI XKHUKOCTH KOJEOIIOTCS MPaKTHYeCKu B0JIb ocu Ox.

Pa3Mep £ OOMbIION TOJIYOCH DJIJTUIICA MOXKXHO OLICHUTDH U3 YCIIOBUA

}{C
fz(”x)maxT:gZ)SOT~ (625)
CpaBHUM { C JJIMHOW BOJNHEI A :
gk
—=S8 T, 2
Aw " (6.26)

Vuarem, uto W/ 4 =c, A=cT, ¢, =+/gH — ckopocTb BoiH MenKoi Boxsl. Torma

0 ¢t
—=070 (6.27)
A 2 H

Jlia Menkoi BoAsl ¢ = ¢, U
f SO
— =20 <<« 6.28
N, (6.28)

ITockonbKy B 3TOM ciiydae A ~ H , 10 { ~ s, T.c. BO3PACTACT C POCTOM aMILTUTY/IBI

BOJNHEI §, . Ho Tak kak s, << H , TO aMIUINTyJa TOPH30HTAIBHBIX KOJIEOAHUH ¢ << ) .
SA

< 7\‘ »|
[ >

B 777777777 7777777777777777777 7777777777777

zV

Puc. 6.5.
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YacTuis! Ha MOBEPXHOCTU NIYOOKON KUIKOCTH JIBIKYTCS IO TPAEKTOPUSIM, ONu3-
KHM K KpyToBbIM. [To TakuM ke TpaekTopusiM OyIeT ABUTaThCs U IJIaBarolee Ha TOBEPXHOCTH
HEeOOJIBIIOE TEIO, HAIPUMED, MPUTONIICHHBIH HOIIABOK.

Jlo cux mop Msl Ipeanongaraigy, 4To Mmpo-
(Wb BOJHBI SIBJISICTCS CHHYCOWAAIBHBIM, YTO BO3-
MOYKHO TOJIBKO B TOM CIIy4ae, €CJIH aMIUIUTy/ia BOJI-
HBI OYEHB MaJla 110 CPABHEHUIO C €€ JUINHOU. B mpu-
poze TakuM NpoduiIeM pealbHO 00IaaloT TOIBKO

MPUJIMBHBIC BOJIHBI, JJIMHA KOTOPBIX ‘-Ipe3BLI‘IaI71H0

BEJIMKA [T0 CPABHEHUIO C MX BBICOTON. OOBIYHBIC BET-

POBBIE BOJIHBI UMEIOT Oostee cioxHbIN Brul. Kak mo- Puc. 6.6.

Ka3bIBAIOT PacUeThl, YACTULIBI )KUIKOCTH B HUX ABMXKYTCS I10 OKPYKHOCTSM, PaJiyC KOTOPBIX
SKCIIOHEHIIMAILHO yObIBaeT ¢ m1yOuHOit (cM. puc. 6.6). CIUIONIHBIMY JIMHUSAMHU HA PUCYHKE
MOKa3aHbl JMHUU PABHOTO JABIEHHUS, JII00asi U3 KOTOPBIX MOKET COOTBETCTBOBATh IIOBEPXHO-
CTH BOJBI IIPH ONPENIeNICHHOH aMIUTUTY/E BOIHBI. DTH JIMHUH SBIAIOTCS TPOXOUIAMU — Tpa-

CKTOPUAMU TOYCK, PACIIOJIOXKCHHBIX HA painyCce MEKIAY LICHTPOM U O6OI[OM KoJieca, KaTslic-

A
rOCs IOl TOPU30HTAIIBHON MPSAMOH, PACHOIOKEHHOM Ha BBICOTE = HaJl YPOBHEM HEBO3MY-
Tt

IEHHO MoBepXHOCTH BOIbL. [109TOMY Takas BoIHA Ha3bIBAETCSI TPOXOUIAIBEHON U OTIIMYAEeT-
Cs1 OT CHHYCOUIAJIbHOM rapMOHNYECKOI BOJHBI, 33/1aBaeMoii hopmysioit (6.1). OueHb OU3Ku-
MH K TPOXOUIAJIbHBIM SIBIISIOTCS BOJIHBI [IOCIIE HACTYIUICHHS Ha MOPE IITHIIS. DTO TaK Ha3bIBa-

emast MepTBast 3bI0b. B wacTHOM citydae, koria pajuyc OpOMTHI YacTHIbI, HAXOAsIIEeHcS Ha

A
MIOBEPXHOCTHU BOJIBI, PaBEH Py poduiIb BOTHBI HMEET BHUJ IMKIOHM/IBI (BEPXHSIA KpHUBasi HA
Tt

puc. 6.6). OHAKO, OIBIT TOKA3BIBACT, YTO IIUKJIONIATBHAS OpPMa MOBEPXHOCTH BOIBI MOXKET
HAOTIONATHCS TOIBKO Y CTOSYUX BOJH.

ONBITHBIM IyTEM TAKXKE YCTAHOBJIICHO, YTO Y OETYIIUX TPOXOHIANBEHBIX BOJH yrO
MEXy KacaTelIbHOM K MOBEPXHOCTU BOJbI U TOPU30HTOM He mpeBbimaeT ~30°. Eciu yron

CKaray rpe6H;1 BOJIHBI ITPEBBIMIACT 3TO 3HAYCHUE, KOTOPOE€ COOTBETCTBYET OTHOUICHHUIO aMII-

s70~1

JIUTY/BI TPOXOUIAJILHOW BOJIHBI K €€ IJTUHE 4— = (0,08, T0o BoJIHA TEPSIET YCTOMUYUBOCTb.

3710 sIBICHNE UTPAET OOJBIIYIO POJIb B IPOLECCE 3apPOXKACHHS U PAa3BUTHS BOJIH, YTO MOKHO
3aMeTUTbh, HAOIIOAAs 32 HUMHU B IPUCYTCTBUH BeTpa. BBICOKHME BOJIHBI C OCTPBIMHU rpederka-
MU HE MOTYT ITPOJIOJDKATH CBOM OET, TaK KaK MX IpeOHM ONPOKHU/IBIBAIOTCS M Pa3pyLIalOTCs, U

BOJIHBI YMCHBIIAKOTCA 11O BBICOTC.

Kanunasipasie Boanbl. [Ipu aHann3e 3aBUCUMOCTH CKOPOCTH OT BOJTHOBOTO YHMCIIa,
n300pakeHHOH Ha puc. 6.4, BO3HUKAET BOIIPOC: A0 KaKOi BETHYNHBI AIaeT CKOPOCTH ¢ TIPH
YBEIMYEHHUHU BOJIHOBOTO YHCIA k (MM yMEHBIIEHUH JITHHBI BOJIHBI). OTBIT TOKAa3BIBACT, UTO C
YMCHBIIICHUEM JUTHHBI BOJHBI CKOPOCTH JJOCTUTACT MUHIMYMa, a 3aTeM HaYWHACT BO3PACTAaTh.

37O CBA3aHO C TEM, YTO IPH MAJIOM pajnyce R KPUBHU3HBI MOBEPXHOCTH (R ~ A) HAYMHAIOT
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UTPaTh 3aMETHYIO POJIb CHIIBI IOBEPXHOCTHOTO HATsDKeHUA. [1ox MX eficTBHeM OBEPXHOCTD
BOZBI CTPEMHTCS yMEHBIIUTE CBOIO IIOoIa b, CUTyalns HAIOMHHAET PAaCCMOTPEHHYIO paHee,
B CJIy4yae ¢ HaTSHYThIM PE3UHOBBIM IIHYPOM. Takye BOJHbI Ha3bIBAIOTCS KAMIIIAPHBIMH.
Ecnu npu yBenmyeHnn HaTsHKeHUS LIHYPa CKOPOCTh PaCIPOCTPAHEHHS [0 HEMY BOJIH
BO3pacraia, TO [P YCUJIEHHH POJIM [IOBEPXHOCTHOTO HATSOKEHUs (yMeHbLIeHnH A ~ R ) cko-

POCTh KaITMJUIAPHBIX BOJH JIOJDKHA TaK)KE YBEIHMUUBATHCA. MI3BECTHO, YTO aBIICHHE TIOJ HC-
., o (0}
KPHBIIEHHOH LMIIMHAPUYECKOH IOBEPXHOCTBIO p ~ — ,I1€ O — KO3 PUIMEHT IIOBEPXHOCT-

HOTO HaTshKeHusl. Eciiu npuOImKeHHO cunuTarh, 4To A =2TR , TO 10 aHauoruu ¢ GopMysoi

JUISl CKOPOCTH 3ByKa B Tase (Ipu Y = 1) MOXXHO onleHUTH (pa30Byr0 CKOPOCTh TAKUX BOJIH:

(6.29)

Pacuet nmoxassiBaer, uto hopmyna (6.29) s KamIIISIPHBIX BOJTH TITyOOKOH BOABI OKa-
3bIBAETCS TOUHOM. Y4eT KOHEUHOCTH INTyOHHbI BOZOEeMa JaeT VIS 3THX BOJH Pe3yJIbTaT, aHaJIo-
THYHBIN TTOJTyY€HHOMY BBIIIE JJIS TPAaBUTAIIMOHHBIX BOJH: B opmye (6.29) mox kopHEM 10-
MOJIHUTEJBHO TOSIBIISIETCS MHOXHTEND th(/H ) .

KanuuispHble BOJTHBI TaKKe UCIIBITHIBAIOT AUCIIEPCHIO, OJHAKO, B OTIIMYUE OT IPaBHU-
TaLOHHBIX, UX (ha30Bast CKOPOCTH BO3PACTAET C YBEINUESHIEM BOITHOBOTO YHCHIA K, T.€. C YMEHb-

menueM A . [lone3Ho 3amucarh AUCIEPCUOHHOE cooTHOMeHHE (6.29) B BHIE:

=243, (6.30)
p

Kax cnenyer u3 3T010 COOTHOIIEHUS, TPYIIIOBAs CKOPOCTB U, KAITMIUTAPHBIX BOJIH IITy-

B/IBOE MeHbIIe (a3zoBoii. Pasmiune rpynmnoBoii u ¢pazoBoii CKopocTel KamUISIPHBIX BOJIH XOPO-

1110 3aMETHO Ha TIOBEPXHOCTH BOJIBI IIPH TIOPBIBAX BETPA: BUIHO, UTO MEJIKas psiOb BHYTPH IPyTI-
ITbI BOJIH IBMDKETCSI MEJUICHHEE, YeM BECh BOJITHOBOH ITaKeT.

Ecnu Obl MBI ¢ caMOro Hayalna MpH PaCCMOTPEHHH MOBEPXHOCTHBIX BOJIH YHIIH Kak
JICWCTBHE CHIIBI TSDKECTH, TAaK M IIOBEPXHOCTHOE HATSXKEHHUE, MBI ObI TIOJTYYHIIH JUISL BOJIH IITy-
0OKOi1 BOJIBI OJTHO TUCTIEPCHOHHOE COOTHOIIEHHE, U3 KOTOporo Gopmyisl (6.21) u (6.30) mo-
JY4HITUCH ObI PeeTbHBIMU MEPEX0AaMHU B 001aCTH MaJIbIX U OOJBIIHX £.

JIy1st BOJTHOBBIX yncen k >> H™" Mbl MOXeM 0GbeanHITD (6.21) u (6.30) cnexyro-

IIIM 00pa3oM:

w= gk + 213 (6.31)
p

Ortcrona CKOpOCTh FPaBUTAIIMOHHO-KAMMILIAPHBIX BOIH IITyOOKOH BOABI IIOMydaeTCs paBHOM

(6.32)
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JI71st BOTHOBBIX uncel £ << H ' (BOIHBI MEJTKOH BOJIBI) B COOTBETCTBHH C (6.22) CKO-
POCTh CTPEMHUTCS K 3HAUCHHIO ¢ = 1/ gH , a JUIsl IPON3BONBHBIX 3HAYEHHUIA £ B COOTBETCTBUH

¢ (6.20) MOXKHO 3anucaTh BEIPAKEHUE ISl CKOPOCTH BOJIH CIIEAYIOIUM 00pa3om:

Eﬁ +94 %h(m). (6.33)
kop

3aBucuMocTh (6.33) CKOPOCTH ¢ OT BOTHOBOTO YHCIIA k TOKa3aHa Ha puc. 6.7. BuaHo,

YTO CKOPOCTh JOCTUTaeT MHHUMAIIbHON BeTMUMHBL. B cooTBeTcTBIY € (6.32) 3TO MpOUCXOAUT

upu g/k,,.. = sk../P, OTKyna ky,, = g0 CrenoBaresbHO,
o
e, =480 (6.34)
p
Hns Boxet 0 =0,073 H/m, ¢, =232 em/c, A, =210k, = 1,73 cm.
Takum 06pa3om, Ha TMOBEPX- c A

HOCTH BOJBI HE MOTYT CYIIECTBOBAThH
BOJIHBI, PACIIPOCTPAHSIOMUECS CO CKO- ¢
pocThio MeHbIIe 23 cm/c!

KaHI/IJ'IJ'ISIpHBIG BOJIHBI 4acCTO Cvmn

HUCIHOJB3YIOTCA AJIsI OIPEACTICHUA KO-

3(1)(1)I/IIII/ICHT3 MOBEPXHOCTHOT'O HATA-

JKEHHUS )KUIKOCTEH.

Bouanbl mynamu. Kpome BoJH, reHepupyeMbIX BETPOM, CYIIECTBYIOT OU€Hb JJIHH-
HBIE BOJIHBI, BOSHUKAIOIINE BO BPEMs TOIBOAHBIX 3eMIICTPSICEHUMH, K MopeTpsiceHuil. Han-
Ooree 4acTo TakKe 3eMIIETPSICEHHs IPOUCXOAT Ha AHE THXOro oKeaHa, BIOJb [UIMHHBIX IIe-
neit Kypmiibckux u SIHOHCKMX OCTPOBOB. ['poMajiHbIe BOJIHBI, BO3HUKAIOIINE ITPHU MOIIHOM
TOJTYKE, UMEIOT BBICOTY S5 ~10—15 Mmu A ~ 10° xwm. Hocruras Oepera, OHM CMBIBAIOT HE
TOJIBKO TOPOZIa ¥ JEPEBHH, HO M PACTUTENBHOCTh BMECTE C 104YBOH. bonbmme Oencreus onu
NPUYHUHSIOT HACENIEHNIO SIMOHNN, KOTOPOE JaJI0 UM Ha3BaHUE «ITyHaMI» (IO-SIOHCKH — «00Ib-
m1asi BOJTHA B TABAHW» ).

WHTepecHb! cBeieHUs 0 BelMMYMHAX JedopMalii 1Ha OKeaHa BO BpeMs 3emieTpsce-
Huid. B 1922 rony sinonckue rugporpadsl cenainy npoMepsl IIyOrH B 3arBe Caramu, HeJJaIeKo
ot Tokuo, a yepe3 ron — 1 centsiopst 1923 roga — Tam MPOU3OILIO KATACTPOPHUIECKOE 3eMIIe-
Tpsicenue. [IoBTOpHBII IpoMep NTyOUH HoCIe 3eMIIETPSICEHHS ITOKa3all, 4T0 HU3MEHEHHS pebeda
JTHA TIPOM3OILTH Ha TUTOMAM 0KoJIo 150 kM2, PH 3TOM OJTHM YaCTH JHA TOJHSAIMCH MECTAMH Ha
230 m, a mpyrue omyctrwinch 10 400 m. [TonHsBIIasCS YacTh THA BEITOIKHYIIA TPOMAIHBIN 00beM
BOJIBI, KOTOPBIii 11O OIEHKAM COCTABMI BemumHy V ~ 23 kM. B pesynsrare Takoro TojTaka 06pa-
30BaJICSI OTPOMHBIH BOJISTHOM XOJIM (yeIMHEHHas BOJIHA), KOTOPBIA IIPH PaclipoCTPaHEHUH BBI3BA

MOABEM YPOBHS BOIBI y Oeperos Snonnu B pa3HpIx MecTax ot 3,3 10 10 m.
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BHyTpeHHHe rpaBUTAlMOHHBIE H HHbIE BOTHBI. Hapsiy ¢ MOBEpXHOCTHBIMHM I'paBu-
TAIMOHHBIMH Y KalIWJUIIPHBIMU BOJITHAMH B OKEaHe CYIIECTBYET MHOXKECTBO JJPYTHX BHIOB BOJIH,
KOTOPBIE UTPAOT BAYKHYIO POJIb B ANHAMUKE okeaHa. OKeaH, B OTIIMYHE OT HACIbHOM KUAKOCTH,
CTPaTU(UIMPOBAH — TO €CTh €T0 BOJIBI HE SIBJISIOTCS OTHOPOHBIMH, 8 U3MEHSIIOTCSI 110 TIIIOTHO-
CTH ¢ DIyOnHOI. DTO pacnpe/erneHne o0yCIOBIEHO MOTOKaMU HEpPruH (Teruia) U BelecTsa. B
YIIPOLIIEHHOM BHJIE OKEaH MOXKHO TIPE/ICTABUTH COCTOSIIIIMM U3 JIBYX CJIOEB BOJBL: CBEPXY JIEXKUT
Oonee nerkas (Temias M MeHee coJIeHast), CHU3y — Oostee TIoTHas (Ooree coeHas Witn XOJIoA-
Has). [TomoOHO TOMy Kak MOBEpXHOCTHBIE BOJIHBI CYIIECTBYIOT Ha TpaHHUIIE BOa—BO3/IyX, HA I'pa-
HHUILIE pa3zielia BOJl Pa3HOH INIOTHOCTH OyAyT CyIECTBOBATh BHYTPEHHHE IPAaBUTAIIOHHbIE BOJI-
HBI. AMIUIMTY/Ia BOJIH 3TOTO THIIA B OKEaHE MOXKET JJOCTUraTh COTHH METPOB, JJIMHA BOJHBI —
MHOTHX KHJIOMETPOB, HO KOJIEOaHUs BOAHOM MOBEPXHOCTH IIPU 3TOM HUYTOXHEL BHyTpeHHHEe
BOJIHBI IIPOSIBIISIFOTCS HA TIOBEPXHOCTH OKEaHa, BO3/ICHCTBYSI Ha XapaKTEPHCTUKH TOBEPXHOCTHBIX
BOJIH, TIepepacpenesisisi HOBEPXHOCTHO-aKTUBHBIE BELIECTBA. 110 3TUM HpOsIBIEHNSIM OHU U MO-
I'YT OBITH OOHAPYKEHBI HA TIOBEPXHOCTH OKeaHa. TakK Kak IMOBEpXHOCTHBIE I'PaBUTAIlMOHHO-Ka-
MWUIAPHBIE BOJIHBI M IOBEPXHOCTHO-AKTUBHBIE BEIECTBA CHJIBHO BIMAIOT Ha KO3 (QUINEHT OT-
PpaXkeHUs AIIEKTPOMArHUTHBIX, B TOM YHCJIe CBETOBBIX BOJIH, BHY TPEHHHE BOJIHBI XOPOLIO OOHapy-
KMBAIOTCS AVMCTAHIIMOHHBIMU METOJJAMH, HAIIPHMED, OHU BUIHBI U3 KOcMoca. BHyTpenHue Bo-
HBI 110 CPABHEHHIO C OOBIYHBIMH MOBEPXHOCTHBIMU TPABUTALIIOHHBIMU BOJIHAMH 00JIaatoT psi-
JIOM YIMBHUTENbHBIX CBOHCTB. Hanpumep, TpynmnoBasi CKOPOCTh BHYTPEHHHX BOJIH MEPIICHANKY-
nsipHa (ha30BOM, YTOJ OTpayKEHHs! BHYTPEHHHUX BOJIH OT OTKOCA HE PaBEH yIITy MaJICHUSL.

ITpm paccMoTpeHnn KpymmHOMAacIITabHBIX sIBJIeHHH B MIPOBOM OKeaHe He0OXOIUMO YIu-
THIBaTh 3(QEKTH BpaleHus: 3eMId, M3MEHEHHEe ITyOMHBI M HaJMYue OOKOBBIX rpaHmil. Cuia
Kopnonuca siensiercst Tpu4nHON BO3HUKHOBEHHUSI HHEPIMOHHBIX, MM THPOCKOMMYIECKHX BOJH.
V3mMeHeHns OTEHIMATEHOM 3aBUXPEHHOCTH BCJISICTBHE N3MEHEHHS! reorpadIecKoi HPOTHI
1 TTyOMHBI OKeaHa 00yCIIaBIMBalOT BO3HUKHOBEHNE IIaHETapHBIX BoiH PoccOu. bokoBble rpa-
HUILIBI 1 U3MEHEHNE ITyOHHBI Ha 1esb(e IMPUBOJT K CYIIECTBOBAHHIO HECKOJIIBKHIX THITOB Oepe-
TOBBIX 3aXBaYE€HHBIX BOJIH — LIENb(OBBIX, KpaeBhIX, KenbBrHa, TONOrpaduueckux BosH Poccomu.

KpynnomacmtaOHble BosHBI THIA BOIH PoccOu, KenbBrHA 1 1p. OKa3bIBaIOT CylIe-
CTBEHHOE BIIMSTHHE Ha TEPMOTHJIPOJHHAMUKY OKEaHa, B3aMMOAIEHCTBHE aTMOC(Ephl U OKea-
Ha, KJIuMar ¥ noroy. CBOWCTBa MHOTHX M3 3THX BOJIH CYLIECTBEHHO OTJIMYAIOTCS OT CBOWCTB
IIOBEPXHOCTHBIX TPABUTAIIMOHHBIX BOMH. Harpumep, BonHb! KenbBrHA T0KaIM30BaHbI B y3-
Kol 1menb(oBOI 30HE, PaCIpPOCTPAHSIOTCS B CEBEPHOM IMONYIIAPUHU BJOJIb Oepera MpoTHB
4acoBOH CTPEJIKH. DKBaTOpHANIbHBIC BOIHBI PoccOu, nMest MpoCTpaHCTBECHHBIE MACIITA0bI B
COTHHM KHJIOMETPOB, JIOKJIM3YIOTCS BIOJIb 9KBATOPA U IIPOSIBIISIIOTCS] HE B MI3MEHEHHUHN YPOBHS,

a Tpexk/ie Bcero B (hopmMe BUXPEBBIX TEUEHHUH.

PaCHPOCTpaHeHl/Ie AKYCTHY€CKHUX BOJIH KOHEYHOM AMILJIMTYABI. Ecimm BO3MYyNIC-
HUSA IIJIOTHOCTH 6[3 " JaBJICHUSA 6p B axycmqecxoﬁ BOJIHC HC ABJIAIOTCA UCUC3AX0IIC MAJIbI-
MU 110 CPAaBHEHUIO C PaBHOBECHBIMHU 3HAYCHUSIMUA pO hpg, TO TOBOPAT, 4YTO BOJTHA UMEET KO-

HEYHYIO aMIUITUTYOY. OOBIYHO TaKHE BOJIHBI O6J'Ia,Z[a}OT BBICOKOM HMHTCHCHUBHOCTBIO, M JIA OITU-
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CaHMs UX PACHPOCTPAHEHHs HEOOXOJMMO PELIaTh HEIMHEHHbIC YPAaBHEHHUS THPOAMHAMHKH.
AHaIM30M paclpoCTPaHEHUS BOJH KOHEYHON aMIUTHTYABI 3aHUMAeTCs OT/AeTbHAsI HayKa, Ha-
3pIBaeMas HETMHEHHOW aKyCTHKOW. B HammX JeKIusax Mbl OTPaHUYUMCS JIUIIb HEOOTBITUM
00BeMOM CBEACHUH U3 HETMHEHHON aKyCTHKU.

ITycts B raze Baoab ocu Ox pacmpocTpaHsieTcsl MOLIHas akycTudeckast BojaHa. Eciau
npeHeOpeyb BI3KOCTHIO Ta3a, TO OJHOMEPHOE JIBUXKEHUE YaCTHIL BJIOJIb 3TON OCH OyJeT oru-

ChIBAaTHCS YPABHCHUCM 917mepa 1 YPAaBHCHUEM HCHPEPBIBHOCTU:

6.35)
p 0 (
%49 ps=0.

o T P

CIOXKHOCTb peIIeHHUs 3TOI CHCTEeMbl yPaBHEHHH COCTOUT B TOM, YTO B MX JIEBBIX Ya-
CTAX COZiepXKaTcs HeJMHEeHHbIe WieHbl. OOBIYHO 3Ty HENIMHEHHOCTh Ha3bIBAIOT KMHEMaTH4ec-
Kol HenmHeWHocThio. Ilockonbky ypaBHeHHs (6.35) comepikar Tpu HeW3BeCTHbIE (DYHKIMN
p(x,t), p(x,t) u v(x,t), TO HECOOXOAMMO UX JIOTIOJHUTH TPETHUM YPAaBHCHHEM, CBSI3bIBAIO-

UM p 1 P. ,Z[J'IH ra3a OHO, KaK YK€ OTMEHAJIOCh PAHCE, ABIACTCA YPABHCHUEM aZ[I/Ia6aTLIZ

P =p(P) =Py Ef% (6.36)
0

IIpencraBuM p u P B BUAE:!

pP=pytop; p=p,+op. (6.37)
3arem moacraBuM (6.37) B (6.36):
0
Po +5p=po§+—pg. (6.38)
Po

Ionaras, uto |5p/ p0| <1, pa3noxum npaByo 4acTb (6.38) B psa:

O _ O
Po +5p=pog+y6p+y(yl)% +.0 (6.39)
0

Po 2 H
IIpeneOperas uieHaMH, MMEIOIIMMHU MOPAA0K ManocTd (Op/ p0)3 U BBIIIIE, OKOHYA-
TeJIbHO 3allMLIEM YPaBHEHHE aquabaThl B BUIE:

& =c;

_ 2
5+ c2 VTWSL) , (6.40)

Po
rie of =y£0.
BTo%oﬁ YIIeH B IpaBoif yactu (6.40) HaunHAeT qaBaTh 3aMETHBIN BKJIAJI TP CHIIBHOM
CKaTthK (paspeskeHn ), TI03TOMY CBS3b MEKIY BO3MYIICHUSAMH IaBICHUS Op W IUIOTHOCTH
Op CTaHOBUTCS HEIMHEWHOU. DTa HEMMHEHHOCTH 00YCIOBIIEHA HETMHEHHOCTBIO CHIT MEXKMO-
JICKYJISIPHOTO B3aMMOJICHCTBUS ¥ Ha3bIBACTCS (PU3NIECKON HEMMHEHHOCTRI0. OHA BMECTE C KH-
HEMaTHYECKONW HETMHEHHOCTHIO MOXET KapJHHAJIBHO MOBIHATE HA XapaKTep paclpocTpaHe-

HUS UHTCHCHUBHBIX aKYCTUYCCKUX BOJIH.
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[lepeiineM Tenepp K yCTaHOBJIEHUIO OCHOBHBIX 3aKOHOMEPHOCTEHN TaKOTO pacnpocT-
panenwus. [{yist atoro nozxcrasum (6.37) B ypaBHenwus (6.35). Torna nomyunm:
ov ov 0dp
+0p)— + +dp)y— = ——;
(Po +0p) o (Po +0p) o Py

adp , 0 (6.41)
—+—[(py +3p)2] =0.
o Tl Po P)]

UYT0oOBI TOMOYb YATATENIO PEOAONIETh ICUXOIOTUIECKIH Oapbep, CBI3aHHBIH C aHa-
JIM30M CHUCTEMBI HeJIMHEHHBIX ypaBHeHui (6.40)—(6.41), Mbl HokakeM BHa4alle, Kak U3 3THX
YPaBHEHH MOYKHO JIETKO MOJTY4UTh BOJTHOBOE ypaBHEHHE, ONMCHIBAIOLIECE IMHEHHBIH PEXKUM

pacIpocTpaHeHHs BOJIH, U3y4E€HHBIH ITOAPOOHO paHee.

Jluneitnblii pexum (| Op |<< P, | Op [<< p,) . Yaepxum B ypaBHeHUsIX (6.41) TONB-

KO JIMHEHHBIC YJICHBI. Torz{a MoJIy4ynm

0 dv __0%p,
o ox

%p *Po 9 =0; (6.42)
ot Ox
dp =i dp.

HckinrounM 1Be Hen3BeCTHbIE QYHKIMU, Hanpumep, Op u Op . Il storo npoaudde-
PEHIMpPYEM IePBOE YPaBHEHHUE 110 BPEMEHH ¢, @ BTOPOE — IOMHOKHM Ha cé u mpoaud depen-
IPYEM 10 KOOPAWHATE X, & 3aT€M BBIYTEM OHO ypaBHEHHE u3 JApyroro. C y4eToM TpeThero
yPaBHEHUS WIEHBI, cofepxkainie Op U Op , COKPATATCS, U Mbl [IOJyYMM U3BECTHOE HAM BOJI-
HOBOE ypaBHCHHE

or’ ox’

OIIMCHIBAIOIIEE PACIIPOCTpaHEeHHE Oe3 HCKaxeHMH BIoib ocl OX CO CKOPOCTBIO ¢ BOJHBI

=cf >, (6.43)

TUIPOAMHAMUYIECKONH CKOPOCTH.

AHanornyHbIM 00pa3oM MOXHO IOMYYUTh BOJHOBBIC YPABHEHHUS IJIS1 BOSMYIIEHUH
nasiendst Op W WIOTHOCTH OpP . He oCcTaHABIMBAsCH Jaliee Ha PEIICHHAX TaKUX YPaBHEHHIA
(MBI 3TO cAenany AEeTaJIbHO B MPEABIIYIINX JEKINAX) MEPEiiieM Tenepb K HEMHEHHOMY pe-

KHUMY paclpoCTPaHEHHS BOJIH KOHEYHOW aMIUTUTYHbI.

Henuneiinblii pexxum (| 0p <Py, |Op |< p,) . BHauase mombIraeMcest Ka4eCTBEHHO
OIMcaTh OCHOBHBIE YEPTHI HETMHEHHOTO PacipoCTpaHeHHs BOJIH, He IpHOeras K MaTeMaTHKe.
Hawubonee npocTo 3To caenars, eciid 00paTuThCs K BIUSHUIO pru3nuecKkoi HenuHeitHocTH ((op-
Myia 6.36). Eciii BCIIOMHUTB, YTO CKOPOCTb 3ByKa ¢ = +/dp/dp , TO JIETKO NOHATH, YTO pas-
JIMYHBIC YaCTU BOJHBI MOT'YT JABUTaThCs C Pa3HBIMH CKOPOCTSIMH.

Ha puc. 6.8 u306paxxena 3aBUcUMOCTb (6.36) u 17 Tpex 3HAYCHHI MIOTHOCTH
Py, P; U P, IpOBeEHBI KacaTelbHble K rpaduKy GyHKIUU p = p(P) , yIIOBbIe KO3 hu-

HUEHTBI KOTOPLIX paABHBI KBAAPATY CKOPOCTU PACIIPOCTPAHCHUSA BOJIHBI. U3 sToro rpa(bn—
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Ka MOKHO cJieflaTh KaueCTBEHHBII BBIBOJ O TOM, YTO
YeM BBILIE IUIOTHOCTH y4acTKa BOJIHBI, TeM 00JIb-
II€ ero CKOPOCTh.

Ecnn, HanpuMep, rapMOHNYECKash BOJIHA
(BOJIHA IUIOTHOCTH) pactpocTpansercs BIoib ocu Ox
(puc. 6.9), TO U3-3a pa3NUYUA CKOPOCTEH €€ pa3HbIX
yacTell oHa OyJeT MOCTENEeHHO MEHATh CBOIO (op-

Mmy. Ha PUCYHKE IJid HPOCTOTHI ITOKAa3aHbI JIMIIb TPU

CKOPOCTH ¢ =,/‘dp/dp5‘ , Co =,/de/dp5‘ u [sB Po P2
P Po Puc. 6.8.
¢y = Jdp/dp)
P2

Kak moxa3sIiBaeT OIBIT, paCOPOCTPAHCHUC BOJHBI MOXHO OXapaKTEpPHU30BaTh

A\

TpeMs 3TalaMu.

Ha I arare BostHa TpancopMupyeTcs B MHI000pa3Hy1o, 0011301y 0 CKaYKOM IIIOT-
HOCTH P (a TakXe JaBIEHHS p U CKOPOCTH v). DTa NUI000pa3Has BOJIHA IpHOOpeTaeT yuap-
HBIH (POHT, IIMPHHA KOTOPOTO qu) 110 MEpe PaclpOCTPaHEHHsI yMEHbIIAETCS M JOCTHUIAeT
BEJIMYMHBI ITOPS/IKA JUIMHBI CBOOOIHOTO IIpoOEra MOJIEKYJI rasa.

Ha Il aTane nporncxoauT HEIMHEMHOE 3aTyXaHUE BOJIHBI JJa)Ke IPU OYE€Hb MaJIOH BA3-
KOCTH M TETIONPOBOHOCTH CPE/IbL. DTOT, Ha MEPBHIH B3I, HEOXKHMIaHHBIN 2 heKT cBsizaH ¢
MIEPEXOJIOM B TETIJIIO YaCTH KMHETHYECKOI 3HEPTHU MOJIEKYII, 00J1aJafOLNX THAPOITHAMHYEC-
KHMH CKOPOCTSIMH v. DTH MOJIEKYJIBI IO ACHCTBUEM TI€pEeTaioB AaBIeHHS Ha JUIMHE CBOOOI-
HOTO IIpo6era npuoOpeTaoT KNHETHYECKYI0 S3HEPTHI0, KOTOPAst 3aTeM NEPEXOAUT B TEIUIO MPH
HEYNpYIrux cToJIKHOBeHUsAX. [IpocTeiimmii pacueT moka3pIBaeT, 4YTo YHEPTHsl, Nepene/mas B
Teruio, OyaeT CyliecTBeHHO Oosblne, yeM Ha | 3Tame, Korga Ha IIUPUHE Ax(b TIPOUCXOTUIH
MHOT'OYHCIIEHHBIE CTOJIKHOBEHHS. EcTeCTBEHHO, UTO 3Ta TEmyIoBast SHEPIUsl 3aUMCTBYETCS Y
pacupoCTpaHsIIOIIEHCs BOJIHBL.

III sram cBs3aH ¢ BO3PACTAIONIMM BIMSIHUEM BI3KOCTH U TETUIONPOBOIXHOCTH, KOTOpHIE
0COOEHHO CHIIBHBI B 00IacTsIX OOJBIINX MEpernaoB CKOPOCTH U TEMITEpaTyphl (BCIEACTBHE JIO-
KaJILHOTO a/11abaTH4ecKoro Harpesa Wik OXJIaXICHHs IIPH KojebaHunsx ra3a). Peskue nepenaap
CKOPOCTHU TIPUBOJAT K BO3PACTaHUIO CHJI BSI3KOCTH, a MEPEmNajbl TEMIIEpaTypsl Ha MacIiTabax
TIOps1/IKa JUTHBI BOJIHBI BJIEKYT OTTOK TeIlIa U3 Ooliee HarpeThix onacTeil B MeHee HarpeTsie. 13-
3a 3TUX MPUYMH YaCTh SHEPTUH BOJIHBI IEPEXOIUT B TEIIO, M €€ aMILTUTyAa yMeHbiuaercs. [1o-
CKOJIbKY TTOIVIOLIEHHE 3ByKa IPONOPLHOHAIBLHO KBAAPATy YacTOTHI, OBICTpEe 3aTyXatoT BOJIHBI

BBICIIMX YaCTOT, M BonHa Tpancdopmu- P 4

Ax,
% —h(—d)

pyeTcd B TapMOHHUYCCKYIO BOJIHY C HC- P,

XOITHOM (Ha9aIbHOM ) 9aCTOTOM. o

PaCCY)KZ[eHI/ISI, MMPUBCACHHBIC o} -
1

BBIIIE, HOCAT Ka4€CTBEHHBIHN XapaKTep.

=V

& Istar = Il stan —>— Il »ran

JI71st KOJIMYECTBEHHOTO OITUCAHUS HEJIH-
Puc. 6.9.
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HEHHOTO PacHpOCTPaHEHNUS BOJIH MbI HCIIOIb3yeM Han0oJIee yIPOIIEHHbIN TOIX0] K aHATH3Y
CHCTEeMbI HelIMHEHHBIX ypaBHeHuit (6.40)—(6.41). OroBopumcs cpasy, 4TO IIOCKOIIBKY ypaBHe-
Hust DHepa ONMCHIBAIOT OBECHNE HEBSI3KOH CPEIbl, TO MBI CMOXKEM ITPOAHAIN3UPOBATH Pac-
MIPOCTPaHEHKE BOJHBI JIMIIb HA NIEPBBIX ABYX JTamax.

[epenmmenm ypaBuenus B (6.41) B Buze:

pog_j+(2ip -9 ——pOyBa— épra—
X

6_5{3+ dv _ 0 (6.44)
ot P Ox Ox
I7Ie BCE HEJIMHEHHBIE YIICHBI, TI0 OPSAIKY BEIMYMHBI MEHBIINE INHEWHBIX, IEPEHECECHBI B ITpa-
BbIE YaCTH ypaBHEHHH.
C y4eToM MaJoCTH HEJTMHEHHBIX WICHOB IS 3THX YPaBHEHHH B HETMHEHHOM aKyCTH-
Ke pa3paboTaHbl MPHOMMKEHHBIE METO/IBI PEIICHHUS, CMBICT KOTOPBIX COCTOUT B NOIY4YEHHH
3HAYUTENBHO 00JIee IPOCTHIX YPaBHEHMH, HMEIOIINX B PAAE CIy4aeB HECIOKHbIC aHATIHTH-
yeckue pemieHusi. OMHO U3 TaKUX ypaBHEHHMH MBI CeHdac M MOIYy4HM, OZHAKO CAENAEM 3TO
MIPE/IeNBHO MPOCTO. JIs 3TOr0, BO-NIEPBBIX, MBI OTPAaHMYMMCS BHAYaJIe JINIIb KHHEMaTuiec-
KO HEJIMHEHHOCTHIO, a, BO-BTOPBIX, Oy/1eM Ipe/Ioararh, YT0 MEX/Iy CKOPOCTBIO ¥ i BO3MY-
mieHreM O CyIIECTBYET TAKas XKe CBsA3b, KAK U B JIMHEHHOM PEXUME:
—f=—=—=—, (6.45)
Po  Po o
I71e € — OTHOCHTENbHAs JeopMalys aIeMeHTapHoro oObema rasa (€ < 0 npu cxxaruu u € >0
TIIPY pa3pekeHNH). ITa CBSI3b MO3BOJISIET HAM OTPAHUYUTHCS OTHUM M3 JIByX YPaBHEHUI M-
ponuHamuk. [IpexnouturensHee, HaMpUMep, BOCHOIB30BaThCs 00JIee NPOCTHIM YpaBHEHUEM
HenpepbIBHOCTH. [IpH MOICTaHOBKE BO BTOPOE ypaBHeHuUe (6.44) BO3MYIIEHHS IIIOTHOCTH OP ,
MIPOIIOPINOHATIBHOTO, COMMIACHO (6.45), THAPOAMHAMIYECKOI CKOPOCTH v, TIOJIydaeM HeJTMHEeH-

HOE ypaBHEHHE:

00 40, 9 = 5,97 (6.46)

o Coax Ox

3ameTnm, 4TO B JINHEHHOM peKMMe, KOT/Ia IpaBasi 4acTh ypaBHEHHs paBHA HYJIIO, €r0
pemieHneM sABisgeTcs Tr00as QyHKIHS BUAA:
v(x,t)= f(t—x/cy), (6.47)
ONMCBIBAIOIIAS GETYIIYIO CO CKOPOCTBIO () 0€3 NCKaKeH s BIIOIb 0CH Ox aKyCTHYECKYIO BOJHY.
B HenuHeHOM pexxuMe cuTyalus yCloxKHseTcs. B camom zaene, nepenuiieM ypas-
Henue (6.46) B Bujie

9 +(co + 27/)— =0. (6.48)
ot Ox

OTcrona BUJHO, YTO CKOPOCTh y4acTKa BOJIHBI PaBHA

c=cy+2v (6.49)

M 3aBHUCUT OT FHL[pOHPIHaMH‘IeCKOﬁ CKOpPOCTH YacCTHUll.




Jlekyusi 6 135

Jnst hparmenTta rapMoHH- v
YeCKO# BOJTHBI TUPOJMHAMUYECKON
CKOPOCTH, H300paX€HHOTO Ha
puc. 6.10, 3To 03HaUAET, YTO CUHYCO-
UJaIbHOE pactpeielleHue CKOPOCTH

B710116 ocu Ox TpaHchopmMupyercs B

0 >
moo6pasHoe. CrenoBarensHo, 00a , X
/
MeXaHH3Ma HEJIMHEHHOCTH CIoCc00- //
4
CTBYIOT TpaHC(OPMAIIMU TapMOHH- N SN 7
0
YEeCKOH BOJIHBI B IIIJIO00PA3HYIO. c,— 2,
Ecnm 6b1 MBI ¢ camMoro Ha-
B Puc. 6.10.
gasa y4iIu JercTBHE 000MX MeXa-
HU3MOB HEIMHEHHOCTH, TO U3 ypaBHeHUH (6.44) u (6.40) MBI ObI TOTYYIHIIN ypaBHEHHE
ov ov
Lt (co +Bo) e =0, (6.50)
ot Ox
rne B=(y+1)/2 — HenuHEHHBIA MapaMeTp, OTPAXKAIOIIUN JEHCTBHE 000MX MEXaHH3MOB

HenuHeHHoCcTH. CrpaBeUIMBOCTH pajyd OTMETHM, 4To (hopMy:a (6.49) He sBisieTCsl TOUHOM,
HOCKOJIBKY B OTCYTCTBHE (hu3HuecKol Henuuelnoctu (Y =1) Henunelnsiil napamerp =1,
1 Ha CaMoM JIeJie ¢ = ¢, +# . DTO CBA3aHO C TEM, YTO MBI HCIIOJIb30BAJIM CBA3b B BHJE (6.45),
KOTOPpast ISl BOJTH KOHEYHOH aMIUIUTYAbI HE SIBIISICTCS. BEPHOM.

[To anamoruwu ¢ (6.47) MBI MOXKEM 3amucarh penicHue ypapaenus (6.50) B Buje:

”(x’t):fﬁ_ﬁg (6.51)

3TO perieHre ONMHUCHIBAET IBOJIOIHIO MPOCTHIX (PUMAaHOBBIX) BONH. Temepp He co-

CTaBJIACT TPyAda KOJIMYECTBCHHO OIUCATh TpaHC(bOpMaIII/IIO FapMOHquCKOﬁ BOJIHBI B IIMJIO00-

pasHylo.
ITycTs Ha BxOze B cpeny (npu x = 0)
v(0,0) = f(t) =7y sinwt . (6.52)
Torna Ha pacCcTOSHUU X
0o o
v =7, sin +Sxl (6.53)
BO <
3nece T=¢—x/c, — TaKk Ha3bIBAEMOE JIOKAIEHOE BPeMsi, OTCUNTHIBAEMOE HalIoarenem,

HaXOJAMIMMCS Ha PACCTOSHUHM X OT Havajia KOOP/MHAT, OT MOMEHTa BPEMEHH X/C,.
[t moctpoenus rpaduka 3aBucuMoctH (6.53) nepenuiieM ee B SBHOM BUJIE
v X
Wt = arcsin— — — [3—, (6.54)

) ¢ w20
rae

(6.55)
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v/, XapaKTepHOe PaccTOsHKE, Ha KOTOPOM Pa3BUBALT-

1 Cs 3HAYUTEIbHOE HEJTMHEMHOE MCKAKEHNE BOJTHBL.

B 3TO paccTosHUE COKPAIIAETCS C POCTOM aMILTUTY-
3 1 Jbl ¢, UCXOIHOMW BOJIHBI U HEIMHEWHOTO IapaMeT-

pa.
Ha puc. 6.11 n300pakeHbI pacipeaeneHus

A/

CKOpPOCTH B IIpCaACIax OAHOIO IIepruoaa KOJIeOaHHUH

o’ n| ot
JU1s BOJIHBI Ha paccTosHuAX x =0 (1); x </, (2);
x>/{,, (3). U3 3TuX KPUBBIX BUIHO, YTO CUHYCO-

A U/IaJIbHAS BOJTHA IPEBPALIASTCs IIOCTEIIEHHO B ITH-
-1 | n000pa3Hylo, a mpu x > (. B Ipoduiie BOIHEI
Puc. 6.11. MOSBISIETCS HEOJHO3HAYHOCTh. JTa HEOJHO3HAU-

HOCTb He MMeeT (PM3MYECKOro CMBICNIa ¥ BO3HUKIIA JIMIIb M3-32 IPEHEOPEKEHHUS BAKOCTHIO
raza. B neifctBuTenbHOCTH U WT = 0 CKOPOCTB UCTIBITHIBAET CKAYOK, MIIN PA3pPhIB (OT BENH-
YHHBI CKOPOCTH B TOUKE A JI0 BEIMYHMHBI CKOPOCTH B Touke B). [TonoxkeHue ynapaoro ¢ppoHTa
3amaercs TuHUeH AB, KOTOpyI0 IPOBOAAT Tak, YTOOBI 3alITPUXOBAHHBIE IIOIIAH CBEPXY H
cHu3y oT AB Obutn OBI OTMHAKOBHI (B paccMaTpuBaeMoM cirydae AB coBmamaet ¢ ocsio Oy).
TakuM nmocTpoeHreM aBTOMaTHYECKU yYUTHIBAETCS HEIMHEWHOE 3aTyXaHue BOJIHbL. Paccros-

Hue / KaK HETPYAHO TCHECPb IIOHATD, ABIACTCA paCCTOAHUEM, HA KOTOPOM Y BOJIHBI ITOSIBJISA-

HII °
FOTCSI Pa3pBIBBI CKOPOCTH ¥, INIOTHOCTH P 1 japienust Op . K coxanenuro, 6e3 yuera BA3KOCTH
LIMpHHA yIapHOTo ()pOHTA MTOITYyYMIIach PaBHON HYIIO. B peanbHOl cuTyanuy OHa KOHEYHA U
BO3pPACTaeT C yBEIMYECHUEM BI3KOCTH.

VYuer Ba3kocTu n1o3BoJseT onucars 111 3tan pacrpocTpaHeHus, OMHAKO 3TO BBIXOAUT
3a paMKH Hallero Kypca.

T'oBopst 00 0Opa3oBanny yaapHoro ¢ppoHTa B KoHIE | aTamna u nocueayomnem Helu-
HeltHOM 3aryxaHuu Ha Il 3Tamne, MBI He TOJDKHBI 3a0BIBATH O HATMYUH OOBIYHOTO (JIMHEHHOTO)
MIOIJIOIIEHHUS BOJIHBI BCIIEJCTBHE BA3KOCTH CPEbl. DTO MOMIOLIEHHE XapaKTePU3yeTcsi Kodd-
¢uenToM o (cM. popmyiy (5.19)) 1 3aBUCUT OT 4aCTOTHL. AMIIIMTYAA BOJIHBI IIPH JIMHEH-
HOM IHOTJIOMICHUHM YyMEHBLIAETCS IO KCIOHECHIMAJIBHOMY 3aKOHY yXke Ha | srame:
v (x) = ?/oe_X/é“ , Tme ¢, = a’! XapakKTEPHOC PACCTOAHUE, XapAKTCPU3YIOIIEE IOIIOIICHUE
3ByKa. ECTECTBEHHO, UTO yMEHBIIIEHHE aMILIUTY/Ibl ¢, «IIPUTOPMAKUBACT» MPOLIECC HCKaXKe-

HUA HpO(bI/IJ'ISI BOJHEL. Ecim IIOIJIOIICHUE TaKOBO, YTO f3 </ TO HEJIMHEHHOE MCKaKCHHUE

HII °
MOXET U HE IPOSIBIATHCS BOBCE.
B akycTuke oTHOLIEHKE

Re=1¢,/0,; (6.56)

Ha3BIBAKOT aKyCcTHYeCKUM ynciioM Peiinonbaca. Eciu Re >10 | To BostHa cunTaercst MOIIHOM,

U JJI Hee IMEeeT MeCTO HelmHeiHoe uckaxenue. [Ipu Re <1 Bonna ciabas, u HenuHEHOE
HCKKEHHE MOJIABJICHO OOBIYHBIM JTMHEHHBIM MOIIOIICHHEM.

Ecnu y4yecTs asee, 4To aMIUIMTYAa CKOPOCTH ¢, CBSI3aHA C aMILIUTYI0H BO3MYIIIe-
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Hus faBienus (Op), akycraaeckum 3akoHoM OMa, TO HelTMHeHHas AinHa Oyiet 00paTHO mpo-

HOpIHOHANbHA BenauHe (Op),

3
0 =_P% (6.57)
21BV(dp),

CJ'ICZ[OBEITCJ'II)HO, BBIPAKCHUEC U1 aKYCTUYCCKOI'0 Yrciia PeﬁHOJ’IBZ{Ca MMpUMET BUA:

Re = L2 = ZTVPV(®) _ D(@p)o (6.58)
V4 1 p cg \Y)
31ech y4TeHO, 4TO B COOTBETCTBUH C hopmy:oii (5.21) £, =a ' ~v™?, D— xoucrauTa, Xa-

paKTepu3yolas HelIMHEHHbIe U BI3KOCTHBIE CBOMCTBA CPEMBL.

B kxauecTBe mpuMepa BBIIOIHUM HEKOTOPbIE OLIEHKH, MILIFOCTPUPYIOIIIE KONUYECTBEH-
HbIE XapaKTEPUCTHKM PACTIPOCTPAHEHUs 3BYKOBOM BOIHBI B Bofte, rae D = 300 ([a-c)!. ITpu
yacToTe ynbTpasByka V =1 MI'n paccrosaue /.= 50 m, u ycnoBue Re >10 Bwimonnsiercs,
coracHo (6.58), IS BOIH ¢ aMILTUTYIOH 3ByKOBOTO HaBieHus (Op), >3 10 IMa, wm unTeH-

CHUBHOCTBIO

2
1> @0 _ 300 g (6.59)
2pcy

CootBercTByrOIMKiT ypOBEHB 3BYKOBOrO AaBienust L, >180 ab. [ist BOIH ¢ TaKUMHU HHTCH-
cuBHOCTIMH (., </{,/10 =15 M, mO3TOMY yXe Ha IEPBBIX METPaX CBOETO pacIpOCTPaHEHHS

YABTPa3BYKOBas BOJHA OyJIeT ITPEeBpaIlarhCst B MMII000pa3HyIo, ¥ 3aTeM IpH X > (- HauHeTCs

JT
ee HeJIMHEeIHOe 3aTyXaHue.

Kak noka3ssiBaet aHanu3 Gopmyiisl (6.54) ¢ y4eToM OCTPOSHHS MTONOKEHUSI YIapHO-
ro poHTa, n300pakeHHOTo Ha puc. 6.11, ammuTyna nuoodpa3Hoi BonHbI ipu Re >>1 yobI-
BaeT C MPONUAEHHBIM PACCTOSHUEM X 10 3aKOHY

(®p)o
p(x>Ly,) T+ x/t

C nomolibro 310ii (hopMyIIbI Cpa3y MOXKHO ClIeNIaTh BaXKHBII BBIBOJ O TOM, YTO BENU-
upHa Op He MOXKET MPEB30UTH HEKOTOPOE MPEAEITbHOE 3HAYCHHE, KAk ObI MBI HU YBEJINYHUBAIN
AMIUTATYAy FapMOHUYECKOH BONHBI (Op),, . JleHCTBUTEIBHO, IPH yBENHYeHHH (Op), BEIHYH-
Ha /. ~1/(dp), ymeHbinaercs, u Op crpemurcs K Op,,. . Bennunna dp,,,, MOXET GbITH
KOPPEKTHO MOJCYNTaHA TP OHOBPEMEHHOM y4€eTe JTUHEHHOTO MOMIOMEHNUS U HETUHEHHOTO

3aTyXaHus (3TO BBIXOAMT 33 PaMKH HAIIEro Kypca) M OKa3bIBaeTCsl paBHON

N
D = —e ' (6.61)
max *
D
OuenuM MakcMMaabHOE 3HaYEHUE MHTEHCUBHOCTH [, , KOTOPAs MOXKET OBITh Mepe-
JTaHa B BOJIE YIBTPA3BYKOBBIM JIy4OM C 4acToToi V =1 MI'1Ha paccrostane x =2/, =100 m:
2 2
_ P _ 8V

B Y
2pcy  peyD
Takum 00pa3zom, B yCIIOBUSX, HAMITYYLINX /sl BO3OYKAEHHS MOIIHBIX YABTPa3BYKO-

1

e 2% =1 Br/M2, (6.62)

max

BBIX BOJIH B BOJC, HA paCCTOAHHUE X = 100 m qyepes miomanab CCUCHUA 1 M2 MOXHO I€peaaTb

9HEPTHUI0, JOCTATOUHYIO JIMIIb JIS CBEYEHHS JIAMIIOUKH OT KapMaHHOTO (hoHapHKa. JTO HH B
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KaKoe CPaBHEHUE HE UIET C TOH SHEPrHei, KOTOPYIO IOChUIAIOT YIIBTPAa3ByKOBbIC IIYIIKH, UC-
0JIb3yeMbIe TeposIMU Hay4HO-(aHTacTuueckoro pomana . Anamosa «TaitHa AByX OKeaHOBY,
IZie YIBTPa3BYKOBBIM JIy4OM SKOOBI IIOBPEXKIAIOT KOPAOIH U paKeThl.

B cBsI31 C BBIIIEN3/I0KEHHBIM BO3HUKAET €CTECTBEHHBIH BOIIPOC — a KaK ke 00bsc-
HUTb pa3pylIarolee ASHCTBUE B3PBIBHBIX YIAPHBIX BOJH Ha OONBIIOM PacCTOSIHUU OT MECTa
B3pbIBa? OTBET HA ATOT BOIPOC KPOETCS B TOM, YTO B3PbIBHAS yJapHasl BOJIHA IPEJCTaBISACT
co60I1 OMHOYHBIN UMITYJIBC, U €r0 aMILUTUTYIa Op yOBIBAET C pacCTOSHHEM X Goliee MEIJIeH-
HO, 4YeM Y TapPMOHHUYECKOM BOJIHBI:
(3p)o

(+x/0,)""
ITpu BO3pacTaHMHM B SMMIEHTPE B3PIBA aMILTUTYIbI HMITylIbca (Op), Oymer Heorpa-

p(x>1y,) = (6.63)

HHYCHHO yBEJINYMBATHCS U BEJIMUMHA Op , KOTOpAs P OOJIBIION MOIHOCTH 3aps/ia OKakKeT-
Cs JOCTATOYHOM AJIs pa3pyILICHUS PSS TCTBUSL.

Hano oTMeTHTh, 4TO TEM HE MEHEE HETMHEHHOE 3aTyXaHHe He OTPAaHNYMBACT LIIUPO-
KO€ MPUMEHEHHNE YIBTPa3ByKa B 1aO0OPaTOPHBIX YCIOBUSX, HOCKONIBKY ¢, OOBIYHO CpaBHUMA
¢ pazMepamH J1abOPaTOPHBIX aKyCTHYECKUX CHCTEM HJIM IPEBOCXOIUT HX.

Jlo cux mop Mbl TOBOPUIIM O PACIPOCTPAHEHUU TOJIBKO OAHOM BonHBEL. OfHAKO ecnu
PacIpoCTPaHAIOTCS, HAIPUMED, JIBE BOJIHBI C YACTOTaMH W, U ), , TO HEIMHEHHOE B3aUMO-
JieficTBUE MEXy HUMU IPUBOJUT K MOSBIECHUIO BOJIH C JpyTrUMH yacToTamu. Cpeu HUX BOJI-
HBI C KPaTHBIMHU YaCTOTaMH 7, U 71,0, (TapMOHHMKH) ¥ BOJIHBI C KOMOMHAIMOHHBIMH YacTO-
TaMH 1m0 * 1,0, (1, U 1, — Heyble yhcna). B akycTrke, rie TUcrepcust OTCYTCTBYET, BCE
9TH BOJIHBI JABIKYTCS C OMHAKOBOH CKOPOCTBIO, IIOITOMY OHH MOTYT 3((EKTHBHO B3aHMO-
JICWCTBOBATH MEX/1y COOOH, TPOX0/isi OONBIINE PACCTOSHUSI.

I'eneparnus rapMOHUK 1 BOJH ¢ KOMOHMHAIIMOHHBIMU 9aCTOTaMH IMEET MHOTOUHCIICHHBIE ITPHU-
MeHeHus. [IpounmocTpupyeM cka3aHHOE Ha ABYX pUMepax.

1. IIpu u3yueHnu ynpyrux v IpOYHOCTHBIX CBOIMCTB TBEPABIX MaTEPHAIIOB UX OObIU-
HO ITOABEPratoT OOJBIINM Harpy3KaM C IIOMOIIBIO CHENHATBHBIX IIPECCOB, PA3BUBAIOLINX JIaB-
JIeHus1, OMTU3KHUE K IIPEAeIaM MPOYHOCTH STHX MaT€PHUAIOB UM IPEBOCXOAAIINE UX, T.€. IECAT-
KM THICSTY atMochep. BMmecTo 3Toii rpoM03aKoil 1 JOPOTOCTOSIIEH anmaparypsl HCTIOIB3YIOT
METO/Ibl HEJIMHEHHON aKyCTHKH. J{J1s 3TOT0 K OTHOMY TOpILy 00pasiia HccilelyeMoro MaTepya-
JIa IPUKIIEUBAIOT NbE30IEKTPUUECKUI U3TydaTelb MOLUTHON aKyCTUUYECKON BOTHBI YaCTOTEI
. Ha npyrom koHIle 00pa3ia MOMENIaloT TaKoH ke Mbe303JIeKTPUIECKuil mpeodpa3zoBareb
(IpueMHUK 3ByKa), Ha BBIXOJIE KOTOPOTO PETHCTPUPYIOT U 3aTeM 00padaThIBaIOT AEKTPHYEC-
kuit curnai. [locnenuuii mpeacrapisier coOOl Cyneprio3uIUio KonebaHuii Ha 4acTotax «,
2w, 3w 4 T.4. [OBOPAT, 4TO CUTHAJl COCTOUT U3 OCHOBHOM, BTOPOM, TPEThEH U T.A. TAPMOHUK.
CurHan Ha OCHOBHOH YacToTe HeceT nHdopManuio o JuHeitHOM Moayne FOHra, Tak Kak co-
1acHo 3akoHy 'yka nedopMariun mponopuoHaibHbI MPUIIOKEHHBIM HaNpsDKeHUsAM. B obmna-
cTH OOJBLINX HAIIPSHKCHUH BCIIECTBUE INIACTUYHOCTH M TEKy4eCTH MaTepuana cBA3b aedop-

Malliil U HaIPsDKEHUH OMUCHIBAIOT C UCTIOIb30BaHUEM HeJMHEHHBIX Moayitel. Mudopmariuio
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0 TAKUX MOAYISIX HECET YK€ aMIIIIUTY/Ia CUTHAJIa C YacTOTON 2 (BTOpasi TapMOHUKA), U T.1.

2. JIpyruM sipKuM IPUMEPOM HCIOIb30BAHUSI METO/I0B HEITMHEIHOM aKyCTUKH ABIIS-
©TCsI FeHepalysi B BOJE Y3KOHAIIPABICHHBIX [IyYKOB aKyCTHIECKUX BOJIH C [UTHHO# A. DT0 0Cy-
IIECTBISCTCS C MOMOINBIO TaK HA3bIBAEMBIX MAPAMETPHUYECKUX aHTEHH. lIpu 3HAaKOMCTBE C
SIBIICHHEM TU()PAKIUK BOJH MBI OTMEYANH, YTO YIIIOBAsi PACXOAMMOCTh U 3ByKOBOTO ITy4Ka
TeM MEHbIIIe, YeM Oouble pa3mep ¢ nepenaromero n3nydarens (anteHHsl). [Ipobiaemy usro-
TOBJIEHUSI OTPOMHBIX M3JTyYalOIIMX aHTEHH C pa3MepaMH B JECATKH METPOB MOXXHO 000HTH,
UCTIONB3YS HEJIMHEIHOE B3aMMOEHCTBUE B BOJIE JIBYX ITapajlIeNIbHO PACIPOCTPAHSIOIIMXCS
MOIIHBIX 3ByKOBBIX BOJIH C OJIM3KMMU YaCTOTaMU W U ), . DTU BOJIHBI U3]Iy4at0TCsl TOPU3OH-
TAJBHO MOTPYKEHHBIM B BOJlY OZJHUM IIbe30n3iydareneM pazmepoM ¢ ~ 10 cm. OGe BosHBI 10
UX 3aTyXaHUs NpOUAYT paccTosiHHE L ~ 10° M. B sroii MIPOTSDKEHHON 00JIacCTH POXKIAETCS
BOJIHA HU3KOH (Pa3HOCTHOM) 4acTOTHl W= W, — (W , KOTOpas 3aTyXaeT ropaso ciadee u Mo-
KET IIPOMTH OYeHb OOoJIbIINE paccToSHUA. TakuM 00pa3oM, BBITSHYTHIN 00BEM BOJIBI ¢ MaJIbIM
MTOTIEPEYHBIM pa3MepoM ¢ 1 OONBIINM HPOJOITBHEIM pa3MepoM L mpencTaBiseT co0oi ruran-
TCKYIO €CTECTBEHHYIO aHTEHHY, N3/Ty4aloOlly0 3ByKOBOH Iy4OK Pa3HOCTHOI 4acTOTHI BAOIb
camoii BBITSIHYTOH aHTeHHBI. OfHAKO, PACXOAUMOCTh O ITOTO MydYKa yKe OymeT 3amaBaTbCs
BBIPaKCHUEM

g=0\/L)\2 (6.64)

IMpu wyactote V=Ww/2TM~1kly, A~ImM u npu L~ 10° M nojydaem
9 03.1072 pag = 1,8°. Takas upe3BEIYAHO Majas PACXOAMMOCTh MydKa Pa3HOCTHO 4acTo-
THI ITO3BOJIAET C OONBIION TOYHOCTHIO IPOBOANUTH MOPCKUE HCCIIEOBAHUS: HU3ydaTh pelbed
JIHa, 3aHIMATbhCsl apXEONOTHYECKUMH U3bICKAHUSIMU B TIPUIOHHBIX CJIOSIX TPYHTA, B 3aUJICH-
HBIX 03€pax, 00HAPYKUBATh CKOILUICHHS PBIOBI Y IOBEPXHOCTHU U IHA MOPS, HA MEIKOBOJ[BE —

TaMm, T1e 0OBIYHBIE THAPOIOKATOPEI HEI((PEKTHBHEL, U T.A.

YenuHeHHbIe BOJHBI (cOTUTOHBI). B 1834 roxy mornanackuii nHxXeHep-Kopaodie-
cTpouTens U ydenslit Jx. Paccen, Habmionast 3a aBrkeHreM 0apXu M0 KaHaly, KOTOPYIO Ta-
IIHJIa mapa jomasneii, oopaTii BHIMaHUE HA YIUBUTENbHOE siBIeHue. [Ipu BHe3amHON ocTa-
HOBKE Cy/IHa Macca BOJIbI BOKPYT Oap 1 B y3KOM KaHaJle He OCTaHOBHJIACh, a coOpaIach OKOJIO
HOCa Cy/lHa, U 3aT€M OTOPBajach OT HETO U B BU/E OOJIBIIOrO yeIMHEHHOTO BOJHOTO XOJIMa
CTaJa IBUraThCs CO CKOPOCTBHIO OKOJIO 8 MHJIb B Yac. YIUBHUTEIIBFHO, 4TO (hopMa XOIMa B IPO-
L[ECCE €r0 JIBI)KCHUS IPAKTUIECKU He MEHsUTach. Paccen Ha3Ball 3TO IBMXKYIIEECs MO TOBEPX-
HOCTH BOJIbI 0Opa3zoBaHMe «great solitary wavey, 4To B IepeBojie 0O3HauaeT «OobIIas yenu-
HCHHAsl BOJIHAY.

Teopernueckoe 00bsICHEHNE YeIMHEHHbIE BOJIHBI TTOJYYHIIN BIIOCIIEACTBUH B pabo-
Tax (panmysckoro yaenoro K. B. ne bByccunecka u anrmiickoro ¢usuka Jx. Panes. Oun
000CHOBaIN MaTeMaTH4YeCKH BOSMOKHOCTh CYIIIECTBOBAHHS YEIMHEHHBIX BOJH B MEJIKOBO/I-
HBIX KaHaJax.

IMocne cmeptu Paccena B 1895 rony romnanackuit pusuk /1. Kopreser u ero yueHuK
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I'. ne ®puc BBIBENHN YpaBHEHNE, OIICHIBAIOIIEE YEJMHEHHBIE BOJIHbL. JDTO YpaBHEHHUE IOy -
110 Ha3BaHue ypaBHeHus Kopresera—ne ®@puca (ypaBuenue K®) u nmeer Bux
2 33

0s s 3 0s H”0's

—+¢ t—s—+——F0. (6.65)

ot x 2H Ox 6 9x
OHO ONuUCHIBAET PACIPOCTPAHEHUE TOBEPXHOCTHBIX IPAaBUTAIIOHHBIX BOJH Ha MEJIKOH BOJIC.
3nech ¢, =+/gH — CKOPOCTB BOJIH MEJIKO# BOfIbI, H — rityGuHa Bogoema. OTMETHM Ccpasy,
yro no Buy ypasHeHne K/I® orianuaercs ot HenuHelHoro ypaBHeHus (6.50) HanuaueM j10-

H? 3°s
TIOJIHUTENIBHOTO WICHA —— —,
X

1 HEOOJIBIIYIO Ha MEJIKOH BOJIE).

OTBETCTBCHHOTO 3a JUCTICPCUTIO 'PABUTAITMOHHBIX BOJIH (XOTﬂ

PaccMoTpuM HECKOIBKO MOAPOOHEE BIMSIHUE HEIMHEHHOCTH M JUCIIEPCHM HA pac-
MIPOCTPaHEHHE MOBEPXHOCTHBIX IPaBUTALIMOHHBIX BOJIH. [10 aHanoruu ¢ HeIMHENHBIMU aKyC-
THYECKHMU BOJTHAMH CpPa3y MOXKEM CKa3aTb, YTO CKOPOCTh PA3IHMYHBIX yYaCTKOB IOBEPXHOCT-

HOU BOJIHBI Oy/IeT paziuyHa:

3s
= B+— . 6.66
¢ CoD 2H O ( )

W3-3a pasmanst ckopocTel (rpeOeHb BOJIHBL BHIKETCSI OBICTpEE BIaANHBI) IIPOUCXOANUT
NpeBpallieHne rapMOHMYECKON BOIHBI B MUI000pasHyto. KpyToit GppoHT moz ielicTBHEM CHITbI
TSDKECTH OIPOKH/IBIBAETCSI, M HA TOBEPXHOCTH BOJIBI TOSIBIISFOTCS IIEHUCTHIE rpeberiky. Onpoku-
IbIBaHue (PPOHTA JIETKO HAOMIIONAaTh MY JBM)KCHHUH BOJHBI [0 MEJIKOBOIbIO BONM3M Oepera

(pI/IC. 612) OﬂHaKO B pdaae CiiydacB HEJIMHEHHOE UCKAKECHUE BOJIHBI MOXKET KOMITICHCHUPOBATLCA

_..-""'ﬁ nucrniepeueid. B camom nene, -

H""h.,_‘_‘_ J1006pa3Ha;1 BOJIHA IIPEACTAaBJIA-
_._'_'_.___,———-—._ -

eT co0oit Habop TAPMOHIIECKIX

BOJIH € pa3HbIMU 4YaCTOTaAMMU. Us-

ﬂ"’ﬁ“\\_ 3a IUCTIEPCHH 3TH BOJIHBI JIBU-
e —

JKYTC C pa3HbIMH CKOPOCTAMMU,

U TO3TOMY MHI000pa3HBIN
fﬂt (bparMeHT BOJIHBL, IT000HO HM-
—=—="""" IyJIbCY, CTPEMUTCS PaCIIHPUTh-

cs. [Ipu onpenenceHHO# dhopme

(hparmeHnTa ob6a KOHKYPHPYIO-

-/—'M_ _  [IMX MEXaHU3Ma MOT'YT KOMIICH-
——-——-‘———"""'_'_F'; CHPOBATH JIPYT APyTa, ¥ TOTIa 10

TMOBEPXHOCTHU BOAbI MOOEKUT yc-

..—--""'#-F

TOM4YMBasg CTPYKTypa B BHUAC

—— ____.-~"'"F'f . , YEIMHEHHOM BOJTHBI (COJTUTOHA).

BorsicHHM HEKOTOpBIE CBOMCTBA

Puc. 6.12. 9TOM yeTMUHEHHOU BOJIHBIL.
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Ky A
[Ipennonoxum, 4To COJHU-
TOH MMEET aMIUIUTYAY S, TPOTH-

XKEHHOCTH BAONb ocu Ox, paBHYIO /,

U TpejacTaBiseT co00i HEKOTOPBIH

XOJIMUK, H300pakeHHBIH Ha PUCYH- .
ke 6.13. OueHuM BEITUYUHBI HEJH- H
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Takum 06pasom, yem GonblIe aMILIUTY/Ia COUTOHA (), TEM MEHBIIE NOJDKHA OBITH
ero quHa ¢. CKOpPOCTb COJIMTOHA ¢ BO3PACTAET C POCTOM aMIUIUTY/BI, YTO XapaKTepHO JUIs
HEJIMHEHHOTO pacrpoCTpaHeHHs BOJH.
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Ecimm ) <<H , TO MOCJICAHEC BbIPAKCHUEC MOXKHO IEPEIIUCATh B BU/IC

e= sl %%E: Je(H +59) . (6.73)

9Ty (bOpMyJ'Iy MbI YK€ 3alIUChIBAJIN TPU KAYCCTBEHHOM O6CY)KI[CHI/II/I NOoBEACHUA I'pa-

BUTALMOHHBIX BOJIH IO MEPe UX NPUOIIKEHNUS K Oepery.
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Ba)xHO OYEpKHYTh, YTO COJIMTOH SABJISIETCS yCTOMYNUBOM cTpyKTypoi. Ecin nepBo-
HaJabHO COOTHOIIEHHE (6.71) HE BBINOIHAETCA U AMILTUTY/IA S, CIMIIKOM BEJIMKA, TO BOMI-
HOM XOJIM pacHagaeTcsi Ha HECKOIBKO MEHBIINX XOJIMUKOB, U3 KOTOPBIX C(HOPMUPYIOTCS COMH-
TOHBI. HampoTuBs, ecim s, CIMIIKOM Maja, TO TaKOH HH3KHH XOJIM PacIoN3eTCs BCIIENCTBHE
JHCHIEPCHU.

ITo coBpeMeHHBIM ITpeACTaBICHUSIM OOJIBITMHCTBO BOJIH IlyHAMH 00pa3yroTcs, Korjaa
JIOCTaTOYHO KPYITHBIN, HO O€3BpEIHBII B OKeaHe COIUTOH BEIOpackIBaeTcs Ha 6eper. [Ipu mox-
Xo0Jie K Oepery OH CTaHOBHUTCS BBIIIE U KOPOYE, M €T0 BHICOTAa CTAHOBUTCSI CPaBHUMA C IITyOu-
HOW okeaHa BONM3M Oepera.

B 3akiroueHue 3Toi TEMBI OTMETHM, YTO B HACTOALIEE BPEMsI 00HAPY KEHBI COTUTOHBI
JUISL BOJTH Pa3iIMYHOM npupoabl. Tak, HanmpuMmep, CyIEeCTBYOT COMUTOHBI IPH PacIpOCTpaHe-
HUM aKyCTHYECKHX BOJIH B KPHCTAJUIaX, CBETOBBIX MMIIYJIHCOB B BOJIOKOHHBIX CBETOBOJIAX,
HMOHHO-3BYKOBBIX BOJIH B ITa3Me U Ap. Bo Bcex ciryyasx cyliecTBOBaHNE COTUTOHOB 00YCIIOB-
JICHO B3aMMHOM KOMIIEHCallel HeTMHEHHBIX U ucnepcnonHbIX addekTos. EcrecTBeHHO, UTO
SHEPrHsl, IEPEHOCUMas yeANHEHHOH BOTHOH J1F000# MpUpoabl, OyAeT IUCCUTTPOBATH B TEILIO,
MIO3TOMY 10 MEPE PACIIPOCTPAHEHUsI aMITIUTY/Ja CONUTOHA OYy/IET CTPEMUTHCSI YMEHBIIUTHCS,

9TO, €CTCCTBEHHO, PaHO WJIX IMTO3AHO NPUBEAET K €I0 NCYE3HOBEHUIO.
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TIPEIHCIIOBHE «.cccuevriernrecssnresssnressssnessnnesssssessssssssssssssssssssssssnsssssnsssssnsssssnsass 3
Jleknus 1 5

Hesaryxaromue rapMOHHUYECKHE KOIEOAHHsI CHCTEM C OfHOH cTeleHbio cBobons! (6). Merox
BeKTOpHEIX uarpamu (10). CrnoxxeHne B3anMHO NEpIeH UKy ISIPHEIX Konebanui (11). da3oBbrlit
noprpet konedarensHoit cucteMsl (14). Herapmonnueckue konebaHust MaTeMaTHIECKOTO MasiT-
nuka (18). CBoboHbIE KoNleOaHus B IUCCUTIATHBHBIX CHCTEMaX C BI3KUM TpeHueM (20). 3aryxa-
HUE KOJIeOaHUH B CHCTEMaX C CyXHM TpeHHEM (24).

Jlexknus 2 27

BemyxeHHble KoneGaHus MMoj AefcTBHEeM rapMoHudeckoi crisl (28). MemneHnsle koneba-
uus (29). beictpsie xonebanus (29). Pesonancusiii pexum (30). MeTos KOMIUIEKCHBIX aMILTH-
Tyn (31). Bemyxnennsle konebanus ¢ mpon3BoibHOI gacToTol (31). Bammcriuecknii pexum
konebannii (35). Yeranosnenue xonebanuii (36). XapakTepUCTHKH Pa3IMIHBEIX KOJIeOaTeIbHBIX
cucreM (ocumistopoB) (37). [lapamerpuueckue konedbanus (39). Aprokonebanust (41). Mast-
HHK Ha Bpamjaiomemcs Bary (MastHuk Opyna) (42).

Jlexmus 3 47

CB00OO/IHBIE HE3aTyXaloIIHe KoJIeOaHus B CHCTEMAaX C IByMsI CTereHs MU cBoOoxe! (47). Mertonu-
Ka aHaJI3a KojeOaHui CBA3aHHBIX OCHMILIATOPOB (53). COOTHOIIEHNE MEXK/Ty MapIHAIEHBIMU 1
HOpMaJbHBIMH YacToTami (55). 3aryxanune konebanuii (56). Dueprus konebaTeIbHON CHCTEMEI
u ee muccunanus (56). Beiayxnennblie konedanus (57). Konedanus cucteM co MHOTUMHE CTETIe-
HsME cBOOOEI (58).

Jlexnus 4 63

Pacripocrpanenue Bo3MyIeHHI B CHCTEMe ¢ OOJBIINM YUCIOM cTeneHei cBoboss! (63). Bos-
Oy nenue BosH (65). I'pynmna BonH 1 ee ckopocTs (68). BonmHoBoe ypasnenue (71). Otpakenue
BOJIHBI Ha KoHIE mIHypa (73). Bo30yxaeHue crosunx BoyiH B mHype. Mons! konebanuii (75).
Bomnner B ynpyrux Tenax. [Tonepeunsie Bonus! (79). Dueprus, nepeHocumast BostHoit (80). [Ipo-
noneHbIe BOJHEI (83). CKOpOCTh BOJH B TOHKOM cTepskHE (85). CKopoCTh BOJIH B TOJICTOM CTEp-
xHe (86). SIBnenns Ha rpaHuIe pasaena IByx cpex (88).

Jlexkuusa 5 91

TennoBsle Ko1e06aHNUs KPUCTAUIMIECKOHM PEHIETKH TBEPABIX Tel. AKyctuueckue GpoHOHHI (91).
Ob6bemusle celicMuueckue BoiHBI (92). [ToBepxHOCTHEIE ceiicMuueckue BoaHbI (96). BomHs! B
KUKOCTSX 1 Tra3ax (97). DHeprust, mepeHocumast 3ByKoBoi BoiHoH (99). [Tormomenwue 38yka (100).
W3myyarenn 3Byka (101). [Ipumenenue axycrudecknx meronoB (103). OcHOBHEBIE XapaKTepuc-
Tuku 3ByKa (104). 3akon Bebepa—Dexuepa. [lnarpamma ciyxa (106). Akyctudeckue pe3oHaro-
pst (109). Hexotopsie cBenieHust 0 My3bIKanbHbIX HHCTpyMeHTax (111). Dddexr Jomnepa (113).
Bunaypansnsiii a¢pdexr (114). Marepdepennns Boa (115). Andpaknns Bomx (117).

Jleknus 6 121

BouHb! Ha MoBepXHOCTH )HAKOCTH. [ papuTannonnsie BOHBI (121). BonHbl niry6okoit Boas! (124).
Bomnusr menxoit Boas! (125). Xapaxrep qBrkeHus dacTl xxunkocty (125). Kanmnspasre Boi-
ubl (127). Bonas! mynamu (129). BayTpennune rpaButanuonusle n nasle BoHs! (130). Pacipoc-
TpaHEeHHE aKyCTUIECKHX BOJH KoHeuHoi ammuTyzs! (130). JIuneiinstii pexxum (132). Hennaei-
HBI pexxuM (132). Yenunennsie BonHbI (connuToHE) (139).
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