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MNPEAUC/IOBHUE

Ha raghedpe obweni pusuxu sedemes paboma no nodecomoske u us0aHu Opuau-
HanvHo20 Kypca «O6wasn usuray, RPeOHA3HAYEHH020 08 CIMYOEHMO8 (DUUYECKUX CHeyl-
anvHocmel 8y308.

Kypc 6yoem oxsamwvisams uemwipe pazdena: «Mexanuxa», «Monexynapuaa gusu-
Kay, «Inexmpomaznemuzmy u « ONmuxa», COOmMeemcmeo8ams HOGbIM Y4eOHbIM NPOSPaAMMAM,
paspabomannvim na gusuueckom parxynememe MI'Y, u ompasxcamo cospemennvie menoeH-
YUY 1 MEXHON02UYU PU3UUEcK020 06paA3068aAnU.

OmauuumenvHol 0cO6EHHOCMBIO OAHHO20 KYPCA ABNAEMCS O, MO 8 Hem Hauboiee
NOCe008AMENbHO 8 MEMOOUYECKOM OMHOUEHUY NPOBOOUMCA MOYKA 3PENUL O CYUECTIBEH-
HOM eOuncmee 0CHO8HbIX (hopm o6yuenus gusuxe: rekyuil, 1a60pamMopHBIX IKCHEPUMEHNOS U
cemunapckux ynpascuenul. Jlexyuu no xaxcooi meme HaUUHAIOMCs ¢ OeMOHCMPAYUL OCHO8-
HbIX OKCHEPUMEHMANbHBIX (DAKMO8, KOTHOPpbLE 3aMeM AHATUSUPYIOMCS U 06001aromca 6 sude
Pusuneckux 3axono8 u coomuouienul. Tako no0xX00 K UONCEHWIO MAMEPUANLA 3AKPENIISLEn-
€5 npu gbinonnenu 1ab6opamopHvix IKCREPUMEHNOS, Yelb KOMOPbIX — HAYHUMb CIYOEHN 08
HABBIKAM CAMOCTROAMENLHOU HOCTHAHOBKY U peuierus Quaudeckux npobiem, npogedeHuio K-
CHEPUMENMANLHBIX UCCAED08ANUL, KOMUBIOMEPHO20 MOOENUPOBAHIUA, A MAKI’CE MEMOOam
UHmMeEpnpemayuy U AHAIU3A IKCHEPUMERMATbHBIX Oannblx. Bonee anyboxoe nonumanue oc-
HOGHBIX (DU3ULECKUX ABLEHUU U 3AKOHOMEPHOCEN GOCMULAEMCA HA CEMUHAPCKUX 3ANUAMUSIX.

B coomsemcmeuu ¢ nocmasnennuvimu 3a0auamu Kaxcovii pazden Kypca 6ydem co-
cmoame u3 wemvipex nocobuii: «Jlexyuuy, «/Iexyuonnsiii sxcnepumenmy, «JIlabopamopnwiti
axcnepumenmy, « Cemunapcxue zauamusny. [locobus, nanucannvie 8 eOUHOM MEMOOUYECKOM
Ka104e, 6YOYm KOMARAEKIMO08ANbLCA BUOECO3ANUCAMU IEKYUOHHBIX OeMOHCMPAYUT 1 OUCKEMaMU
€ ORUCAHUEM MOOETBHBIX IKCLEPUMEHNOB.

Yuebnoe nocobue «Konebanus u sonuwi. Jlexyuuy A619emca 4acmuio 20MoBAe20C
K #30anuio Kypca « Mexanuxay u Moxcem paccmampueamscs Kak cCamocmoamenvphoe yuebnoe
nocobue no dannou meme. Jlexyuy Hanucanvl Ha4 OCHOBE KYPCOS8, YUMAEMBIX ABMOPAMU HA
duzuueckom paxyromeme MI'Y. Kax u 8 npeduidyiyux blnyckax smou cepuu, npedrazaemcs
MHO20YPOBHEBDIIL NOOX00 K UZYUEHUIO FMO20 BANCHENWE20 pa3dend.



4 KonebaHus n BORHbI

B uacmu, noceswennon konebanusm cucmem ¢ 0OHOU cmenenvio ce0b00bl (Lekyuu
1-2), Hapsdy ¢ MPAOUYUOHHBIMU CUCTEMAMU PACCMAMPUBAIOMCA XAPAKMEPUCHUKY PAZAUY-
HbIX OCYULIAMOPO8. 8bICOKOOOGPOMHO20 KAMEPMOHA, NPEYUSUOHHO20 (DUBUUECKO20 MAAM-
HUKA, UCHOTBbIVEMOR0 8 KAUECBE 2PAGUMAYHOHHON AHMEHHBL, KOeGAMENbHO20 KOHMYPA, MHO-
20aMOMHBIX MOTEKYL U ONNUHECKO20 OCYULIAMOPA — INEKMPOHA 8 amome. AHATUZUPYIOmCa
¢hazosvie nopmpemui NPU PAFTUMHBIX PEHCUMAX KOREOAHUU, A MAKICE HETUHETIHbIE KONe6anus
Mamemamuuecko2o masmuuka. Ilpednoxcena ynpouennas KOHYenyus KOTU4ecmeeHH020 Onl-
Canus agmoKone6anuti (MASMHUK HA 8PAWAIOWEMCS 8ATY) U NAPAMEMPULECKUX KONebaHUl
(MamemamuuecKuil MASMHUK ¢ USMEHAIOWEUC ONUHOU HUMU) C UCHOTb308AHUEM YCOGUL
anepeemuueckozo bananca. bonee demanvno, uem obviuno, paccmompensv c60600ubiE U 8bI-
HydcOeHnble Konebanus cucmem ¢ 0syms, mpems u N cmenensmu c0600vl u 88edeHo oucnep-
CUOHHOE COOMHOWEHUE, NO38OTAIOUYEE CEAZAMb YACTHOMY MOObL M U €€ KOHpUypayuio, 3a0a-
8aeMyI0 BOTHOBVIM HUCAOM  (HeKkyuu 3—4). Beodumces nonamue mennoguix (poHOHOE 8 Kpuc-
mannax. Cmosuue 601HbL 8 CHIOWHBIX CPEdax pACCMAMPUBAIOMCS NYMEM HPEOETbHO20 nepe-
x00a npu N — oo,

Jexyuu 5—6 nocesyenvt Geayupum 8oaHam. 30eco paccmMampuearmes He moabKo
06w enpunamole MOOEAU BONHOBBIX OBUNCEHUL HACTHUY TMBEPOLIX MEL, HCUOKOCTHU U 2a3d, HO
makgice 0bvemuvle U HOGEPXHOCHHbIE CEUCMUNECKUE BONIHbL U COBDEMEHHAA CEUCMUNECKAS
modens 3emau. Ha ocnoee cucmemol ypaguenuii Jinepda, 66e0eHHON 8 NPeQbLOVIYUX YHeOHbIX
ROCOBUSIX DO cepuu, NPedaa2aemcs A0anmupo8antblil LOOX00 K ONUCAHUIO 2PASUMAYUOH-
HO—KANUIAPHBIX GOH U OYEHUBAIOMC XAPAKMEPUCHUKY THAKUX 80TH, GKILIOUAS B0THbL Y)-
Hamu. [na naubonee nOO20MOGIEHHbIX CIYOEHMO8 U3AALAIOMCA OCHOGHBLE DAEMEHMBL HEl-
HeHO020 PACHPOCMPAHEHUS AKYCIUYECKUX 80/IH KOHEUHOU AMIAUMYObL.

Aemopbl cuumanm ceouM HPUSMHBLIM Q0A20M 8bIpA3UMb OAA200APHOCTb
yn.—kopp. PAH npog. O.B.Pydeuxo, npoch. B.II. Mumpodgpanoey, doy. B.U. Baraxwuio,
npog. K.B.Ilokazeesy, c.n.c. E.B.Boponunoi 3a noneznoe 06¢cyxcoenie codeprcanus omaoeno-
HbIX MeM, 6X00yux 6 061acms NPOpeCCUOHATLHBIX HAYUHBIX UHMEPECO8 HAWUX KOIEL.

Mo mpaduyuonno npusnamensuol 0oy. M.B.Cemenogy u acc. A.A.Axyme 3a snuma-
MeIbHOE NPOUMEHUe PYKORUCU U YeHHble 3ameuanus, a maxoce H.c. A.B.Cerusepcmosy,
m.H.c. MI1. Bunoepaoosy, A.A.Bapanosy, A.A.Bapanosy u H.A.Axyma 3a nodeomoexy

PYKonucu K uzoanuio.




JEKIUSA 1

Hesamyxarowue eapmonuueckue konebanus cucmem ¢ 0OHOU CMENEHbIO c80600bl.
Memoo sexmopnuix ouazpamm. Croxcenue 3auMHO NePReHOUKyIapHblx konebanul. Pazo-
8vlil nopmpem Konebamenvrou cucmemol. Heeapmonuueckue Konebanus Mamemamuiecrkoo
masmuuka. Ceoboduvle KONebaHUsL 6 OUCCUNAMUBHBIX CUCTHEMAX C A3KUM MPEHUEM.
Kosagdpuyuenm u epems samyxanus, ro2apugmuyeckuii dekpemenm, dobpomuocms. Koneba-

HUA 6 cucmeme ¢ CyxXxum mpenuem. Hsnenue 3acmos.

OxpyKaroIuii HaC MU MOJOH ABIXKYIIUXCSA 00BEKTOB. Upe3BBIYaiHO BaXKHBIM KJIAC-
COM JBIKEHHH SBISIOTCS TAKHE, B KOTOPBIX OOBEKT COBEPIIAET QHHUTHOE (OTPaHUIEHHOE)
JBICKeHHE BOJNM3U HEKOTOPOrO MONIOKEHHUS paBHOBecHd. Pazymeercs, mon ABHKEHHEM MBI
MIOHUMAaEeM HE TOJNBKO €ro MpOCTEHIIyio (hOpMy — H3MEHEHHE MONIOKEHHS 00BEKTa B Mpo-
CTPaHCTBE, — HO U JII000€ N3MEHEHHE BO BPEMEHU CBOHCTB MaTepHH, PacpeaeleHHOH B IPo-
crpaHcTBe. KoneOaHUAMHU Ha3BIBAIOTCS MPOLIECCHI, MOBTOPAOIINECT (HIIH NPUOIH3UTETBHO
MIOBTOPSIOIINECS) BO BPEMEHH.

JIro6as cucrema, konebGaHUI KOTOPOH MBI OyIeM H3y4aTh, MOKET OBITh OXapaKTe-
PU30BaHa HEKOTOPOH (PU3UYECKON BETHUHHOMN, OTKIIOHEHHE KOTOpoi f{x, ¥, z, f) OT paBHOBECHOTO
3HAYEHUS 3aBUCHUT OT KOOPAWHAT H BPEMEHU.

B ciyyae MexaHMYECKUX CHCTEM (2 HMEHHO TaKHe CHCTEMBI MBI OyJaeM nanee
U3yyarh B Kypce «MeXaHHUKay) IBIKYIIUMUCA OOBEKTAMU ABJISIOTCA TOUEUHBIE MACCHI HITH
(hU3HYECKH MaJble SIEMEHTHI 00BeMa MaTepUATBHOM Cpebl ((KUIAKOCTH, Ia3a, TBEPAOro Tea
uT.1.). [Tosromy mpu onucaHuy koTeGaHUH TAKUX CUCTEM (DYHKIUS f{X, V, Z, {) MOJKET XapaKTe-
PH30BaTh CMeLIeHHe (JTMHEHHOE WK YIIIOBOE), CKOPOCTh, YCKOPEHHE, 1€ HOPMALIHIO, KHHETH-
YECKYIO WIH NOTEHIHATBHYIO SHEPTUIO, AaBICHHUE H Mp.

ITpu KoneGaHuAX B HNMEKTPHUECKUX CUCTEMAX KOJEOIOIEHCS BETUIUHONH [ MOXKET
OBITH TOK B LIEMH, 3apA] Ha IIACTHHAX KOHIEHCATOPa KOJIe0aTeIbHOTO KOHTYPA, HallPsUKEHUE
Ha KaTy[IKe HHAYKTUBHOCTH. B ciryyae OTKpBITOro KonebaTeIbHOro KOHTYPA B OKPY KaroLIeM
MPOCTPAHCTBE KONeOmoTCa anekTpudeckoe E(x, y, z, ) u marautHoe B(x, v, z, f) mous.

KoneGanust MOryT OBITH pe3yJIETaTOM KPaTKOBPEMEHHOIO BHEIIHETO BO30YKIEHHUS.
Torna oHu Ha3BIBAIOTCS CBOOOAHBIMU, HITH COOCTBEHHBIMH. Takue KoIeGaHU IPOUCXOIAT Ha
YacTOTaxX, 00YCITOBIEHHBIX HCKITFOUHUTENBHO KOHCTPYKTHBHBIME 0COOSHHOCTIMU CUCTEMBI —
COOCTBEHHBIX YaCTOTaX, U IPOJOJDKAIOTCA B TEUEHHE HEKOTOPOTO XapaKTepHOTO BPEMEHH —
BPEMEHH 3aTyXaHH, 3aBHUCSILIET0 OT AUCCUIIALNHU SHEPIHH B CHCTEME.

Jns nonnepkaHys He3aTyXarolIUX KoJieOaHUl K CHCTEME JOKHA HEMPEPBIBHO MOIBO-
JIUTHCSA SHEPTUS OT BHEITHEr0 HCTOYHUKA. B 3TOM cimydae komebGanus OyayT BEIHYKIACHHBIMH.
B 3aBucumocTu ot criocoba moiepsKaHus He3aTy XaloIHX KOJMeOaHHH Pa3InYatoT BBIHYKICHHBIE
KoJeOaHus 1oJ ASHCTBUEM MEPUOANYECKOHN CHIIBI, aBTOKONE0aHNs, TapaMeTPUIECKUE KOJle-
GaHus1, perakcalnOHHbBIE KOJleOaHus U T.10.

I[a.nee MBI MO CTCIICHHO PACCMOTPHUM BCC MHOTI 0061)331/16 MeXaHHYeCKHUX KOTeCaHuH.
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Puc. 1.1.

He3zaryxaromue rapMoHHYeCKHe KO1e0AHMS CHCTEM € OTHOI CTeneHbI0 CBO0O-
b1, Ecoiu momoeHHne CHCTeMBI MOKET OBITh ONHCAHO OTHUM €IWHCTBEHHBIM MApaMeTpoM
f(f), 3aBUCAIIUM OT BPEMEHH, TO TaKasd CHCTEMa UMEET OAHY CTereHb CBoOonbl. [TpuMepamu
TAKUX CUCTEM SABISIOTCA XOPOILIO U3BECTHHIE U3 MIKOJBLHOTO KypCa MAaTeMaTHUSCKUN U TpY-
SKUHHBIH MasTHHUKH, U300pakeHHbIe HA puc. 1.1, eclii mepBbId U3 HUX OBUKETCS B ONHOH
MJIOCKOCTH, & BTOPOH — MO MPAMOIL.

Jma MaTeMaTHUe CKOTO MasgTHHUKA f{f) MOXKET XapaKTepHU30BaTh JIN0O YIIIOBOES CMEIIIe-
Hue (f{f) = a(¢)), 6o THHEHHOE CMEIIeHHe BAONb TpaekTopuu (f{(f) = 5(f)) TOUeUHON MACCHI m
OT TONOKEHUS PABHOBECHS, a [UTA TPYXUHHOTO MasgTHUKA f(f) = s(f), tae s(f) — cMemieHue
MAacChI 71 OT €€ PaBHOBECHOIO MOJOKEHNS, H300PaKEHHOTO TYHKTHPOM.

JBrkeHHE TaKUX W MOOOOHBIX UM CHCTEM MOXXHO OMHUCATh HA OCHOBE BTOPOTO
3akoHa HeroToHa:

ma=F (1.1)

Ecnu npeHeOpeus BHAYANE CUIAMH CONPOTUBICHUS (B NaTbHEHIIEM MBI YUTEM UX
IeHCTBHUE), TO HA MACCY M MAaTeMaTHYECKOro MagTHUKA OyaeT NelCTBOBATH Pe3yIbTUPYIO-
mas cuna F= N+ mg (N — cuia HaTsSKeHUs HUTH), HalpaBJeHHas, BOOOIIE roBops, oA
YIJIOM K TPaeKTOPHUH, a HA MACCY 71 MPYKUHHOTO MasSTHUKA, JICKAILETO HA T AKOH TOPU30H-
TaJIbHON MOBEPXHOCTH, — FOPH3OHTaNbHAA cuna I, apnsromasics QpyHKIueH CMeIeHus §
OT MOJIOKEHUS PABHOBECHS.

Tak kak cMeIleHue s(¢) B CIrydae MaTeMaTHIeCKOro MasiTHHKA ONPEAeNIeTCsa TAHTCH-
HUATBHBIM YCKOpPEeHHEM, TO ypaBHeHue (1.1) nnsg 000ux MasTHUKOB 3aMHUIIETCS B BUAEC

2 2
m3S — F,(s) = -mgsin™, md—zs:FT(s), 12)
dt ' dt

rae { — nIUHa HUTH.
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B nepBoM ypaBHEHHH HCMONTB30BaHA MTPOEKNHUA £ (s) pesyIsTUpytomel cuel F Ha
HaIpaBIeHUEe CKOPOCTH B BHJE F = —mgsing, = —mgsin(s/f).

B paccMarpuBaeMbIX NpUMEPaX BO3BpaILaoIas cuna F (s) AsngeTcs, Boobure ro-
BOp#A, HENMUHEHHON (yHKUHeH cMemenus s, [ToaroMy TouHOe pemenue ypasHeHui (1.2), ko-
TOpbIE ABJAIOTCH HEMUHEHHBIMU, MOMYUYHUTE He yaaercs. Jlamee MBI pacCMOTPHM HEKOTOPBIE
MIPUMEPBI TAKUX HETUHEHHBIX KOICOaHHH.

3nech ke MbI OyZleM CIMTaTh CMELIEHUS MaJBIMH [T0 CPABHEHHIO C JUTMHON HUTH HITH
JUTHHOH Heae(opMHUpOBaHHOH NpYKUHBL. [IpH TAKUX NPEAIOIOKEeHUIX BO3BPAILAIOIIAN CHIIA

MpONOPHUOHATBHA CMCILICHUIO!
S
FT(S):_ng; FT(S):—kS. (13)

BrlpakeHHe CIeBa 3aMKUCAHO TPH yUeTe YCIoBHS sin(s/{) =~ s/4, a cnipaBa — ¢ UCTIONB30-
BaHHEM 3akoHa ['yKa, CipaBeINTUBOrO MPH MANBIX Je(hOPMALIHAX IPYXKUHBI C )KECTKOCTHEO XK.
C yuertom (1.3) ypaBuerus (1.2) npuMyT ONHHAKOBBIN BUA:
d’s g d’s  k
5 =——; — =——5S. (1.4)
Pasmuuarotes TUIIb KO3(D(OULIUEHTH! B IPABBIX YaCTAX ITHX YPABHEHHH, KOTOPBIE YHCIEHHO

PaBHBI OTHOLLICHHUIO BO3BpaH.[aIOH.[€ﬁ CHJIBI IIPU €TUHUYHOM CMECILICHUU K Macce KOJ'IG6J'IIOH.ICFOCH

Tena M UMEIOT pasMepHOCTh [¢2]. Eciti Hemomb30BaTh 0603HAYEHUS

2 & 2 _k
W=7, 5=, (1.5)

10 ypaBHeHHUA (1.4) mpuMyT BUI yPaBHEHUS HE3aTYXAOMINX TAPMOHUYCCKUX KOTCOaHUH, HITH

YPaBHEHUA TAPMOHUYECKOTO OCLIJLIATOPA:

dzs 2
— = —W5S. 1.6
dt2 0 ( )

Pemennem ypaBHeHus (1.6) apnsgeTcs CeMEHCTBO rapMOHUYIECKUX (DYHKIM

S(t) = 8, sin(@yt + @), (1.7
B UEM JIETKO YOEAUTHCS, ABAXK B! POTU((HEPEHIIUPOBAB (DYHKIUIO $(f) O BPEMEHU:
ds d’

s

2 .
dt _500)0 Sln(®0t+(p0).

3amMeTHM, UTO €CJIH ypaBHEHHE IBIKEHNS IPUBOANUTCA K BUAY (1.6), To ero perueHu-
€M SBJIAIOTCA rapMOHUYeCckue GyHKUuH (1.7) ¢ 9acToTOM (), PABHOU KOPHIO KB3IPAaTHOMY U3
KO3 (HIIHEHTA TIPH 5.

3HaueHUs 3THUX TaPMOHHYECKHX (YHKUHH B HAYANbHBI MOMEHT BPEMEHH
(mpu ¢ = 0) onpenensOTCA HaYANBHOU (a3oli @ (CM. HUXKE) U AMIUTUTYAOH KONEOAHUH 5.
VY onHOU U TO# e CHCTEMBI 3TH 3HAYEHHUSI MOTYT OBITh Pa3THYHBIMHU MPH PAa3HBIX CIOCO-

6ax Bo30yKICSHUS KOIeOaHUH.
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YroOs1 BO3OYAUTE COOCTBEHHBIE KOTEOaHN, Ha 0 BHavaue (npu ¢ = () 1100 OTKIIOHUTE

Teno (3a1aTh HadanbHOE cMereHue s(0)), THOO TONKHYTH €ro (3a[aTh HAYAIBHYIO CKOPOCTb

ds
E(O) = v(0)), mbo caenars U TO, U APYroe OTHOBPEMEHHO. 3HAHHE HAYANBHBIX YCIOBUH

CMECIICHUA U CKOPOCTH ) TIO3BOIACT ONPCACTUTE AMILITH S, 1 HAUAJTBHYIO (ha3y komeCaHui
0 0

N3 QUCBHIAHBIX YPABHE 131215 M

$(0) = 51, = 50 SIn(@ot +9o)| _, = o siny; (1.8)

ds
v(0)= g R ) cos(myt +(p0)|t=0 = 5@, COSP,. (1.9)
=0

Pemenue 3THX ypaBHEHHH UMEET BHA:

®y5(0
: ©y = arctgs—()

O (1.10)

BaxHO OTMETHTB, YTO aMIUIMTYAA KOJNCOAHHUH § ), PABHASA BENHINHE MAKCUMATIb-
HOTO CMEIICHUS TeJIa OT MONOKCHUS PABHOBECHUSA, MOXKET TIpe-
BOCXOIUTH HAYANbHOE cMeneHue s(0) Mpu HaTHYUU HAYaTBHO-
ro TONYKA.

Hapany ¢ kpyroBoii uactoTolt 0, KonebaHus XapakTepu-
3YIOTCS LIMKITHYECKOU YacTOTO! V,, = (0, / 2T, PABHOU YHCITy Kolle-
Oanuli 332 EIWMHHULY BPEMEHHU, U MEPUOAOM KonebaHUU

T=1/v,, paBHBIM ATUTEILHOCTU OAHOTO KONEOAHHA.

INepuon rapmoHHYecKuX KONeOaHUH (PaBHO KaK U 4acTo-

ThI 0)0 u VO) HE 3aBHCHUT OT HAYaJIbHBIX YCJIOBI/Iﬁ U paBCH

r=2m |t T:m‘/z (1.11)
g k

JpyruM npuUMepoM SBISIOTCS KoJieOaHHs (DH3MYECKOro MasTHUKA — TeJa Mpou3-

BOJBHOH (hOPMBI MACCHI 71, 3aKPEIIEHHOTO Ha TOPU3OHTaNbHOU ocu O Tak, YTO €ro LEHTp
Macc HaxoAuTcA B Touke O, yIaleHHOH OT OCH Ha paccTosHue a. [Ipu OTKITOHEHUH MAATHUKA
OT BEPTUKAIH Ha HeOONMBLIOH Yyron o OH OyaeT coBepLiaTh CBOGOAHBIE TAPMOHUYECKHE KO-
OaHHs oA ASHCTBUEM CHITBI TSKECTH, MPHIIOKEHHOH K LEHTPY Macc (puc. 1.2).

Ecnu usBecTeH MOMEHT WHEpPLUH Tena J OTHOCHTENBHO OCH BPALLEHHUs, TO YpaBHe-
HU€E BPAILATENbHOTO ABXEHHUS 3aNUIIETCA B BUIE

2
Jd—(x:M:—mgasin(x. (1.12)
dt’

Ecmu CUHTAaTh, YTO MIPU BPALLCHUH, HAIIPUMEDP, [IPOTUB YacoBOH CTPEIIKH YIOJI Ol YBETUYHBACTCA,
TO MOMEHT CHIJIEI TSKEeCTU M BBI3HIBAET YMCHBIIICHUC 3TOr0 yIia H, CIeI0BaTeIIbHO, IIpU Ol > 0

MOMeHT M < (). D10 U 0TpakaeT 3HAK MUHYC B mipaBoii yactu (1.12).
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Jns Manmeix yritoB oTknoHeHUd ypaBHeHue (1.12) mepexoauT B ypaBHEHHE rapMo-
HHUYECKHX KoIeOaHui
d*o mga
— =0, (1.13)
dt J
U3 BUJIa KOTOPOTO CPasy ACHO, YTO 4acToTa O, U nepuoi T koneGaHuli COOTBETCTBEHHO PABHbI
mga J

: T=2m |- (1.14)
J mga

0} =

CpaBHHUBas BbIpaskeHUs U1 neprona konebanuii ¢pusuueckoro (1.14) u maremaTtn-

yeckoro (1.11) MasTHHKOB, JIETKO BHIETH, YTO 00a NMepHoa COBNAAAIOT, €CITH

== (1.15)
ma

IMosTomy usHUecKuil MaATHUK XapakTepu3yeTcs npuBeaeHHoH mruHOH (1.15), koTopas
paBHa AJTHHE MaTEMAaTHYECKOT0 MasTHHKA C TAKHM K€ IEPHOJIOM KOJeOaHnH.

Iepuon koneGanui GU3NIECKOro MasTHHUKA (3, CIEA0BATENBHO, U €r0 IPUBEISHHAST
JUIHHA £) HEMOHOTOHHO 3aBHCHUT OT PACCTOSHUS @. DTO JIETKO 3aMETUTh, €CIIH B COOTBETCTBUU
¢ Teopemoii Iolirerca—llreliHepa MOMEHT HHEPLMH J BEIPA3UTE Y€PE3 MOMEHT UHEPLIUH J)
OTHOCHTENIBHO MapajIeIbHOM TOPH3OHTAIBHON OCH, MPOXOAAIICH Yepe3 LEHTP Macc:

J=J,+ ma?. Torna nepuoa konebanuii (1.14) Gyaer paben:

2
r=ox [fotma” (1.16)
mga
HsmeHeHue nepuona koneGaHul pu yAadeHAH OCH BpalleHus oT LeHTpa Macc O B 00e
CTOPOHBI Ha PAcCTOSIHUE a IOKa3aHo Ha puc. 1.3.
T A Jlerko BHAETH, UTO OAUH U TOT XK€
nepuoa koneGaHuil MOKET pearu30BaThCs
OTHOCHUTENHHO MO00H U3 YeThIpex ocel, pac-
{ MOJOXKEHHBIX MOMAPHO MO Pa3HbIE CTOPOHBI

OT LCHTpa Macc. MoxHo NOoKa3aThb, YTO CyM-

o+ 2K o
Ma pacCTOSAHHH @y H A PaBHA IPUBCACHHOH

a, a; a + +
IuHe GU3NIecKoro MasTHuka: £ =a; +a,.
Puc. 1.3.
B cuny cummeTpuu rpaduka ICHO, UTO
P
f=a5 +a; . (1.17)

D10 0GCTOATENBCTBO TO3BONIAET A MOOOH ocu Bpamenus O onpenenuTh CONPAKEHHYIO
ock O ™. Ilepuon xoneGaHuil OTHOCUTEIBLHO 3TUX OCEH OJMHAKOB, 4 PACCTOSHHE MEKIY HUMU
PaBHO MPUBEACHHON [UTHHE (DU3HUESCKOTO MASTHHKA.

Ha puc. 1.4 usobpaxens: nonoxenus oceii O m O, npu 3TOM 0Ch BpalleHUs, yaa-

JICHHAA HA PacCTOAHUEC az_ , [IpA TaKou (lJOpMe MaATHHKa HAXOOAUTCA BHE €TO0.
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DU3HIECKHUN MAATHUK OPUMEHAETCS U U3MEPEHHUS YCKOPEHHUS CBO-
6omHoro naaeHus. C 3T0H LEBIO H3MEPSAIOT 3aBUCHMOCTD MISPHOAA KOTeOaHHU
MAasTHHKA OT MOMOXEHHUA OCH BPAILEHUS U 110 3TOH SKCTIEPUMEHTANBHON 3aBU-
CHMOCTH HaXOIAT B COOTBETCTBHH ¢ (popmynoii (1.17) mpuBeNeHHYO ITHHY.
OnpeneneHHas TAaKUM 00pa30oM MPUBECHHAS JTHHA B COUETAHUU ¢ H3MEPEH-

HBIM C XOPOILLEH TOYHOCTHIO IIEPUOIOM KoNeOaHNH OTHOCHTEIBHO 00eHx oceil

TO3BOMISCT PACCUUTATE YCKOPEHHE CBOOOMHOTO NaaeHuUs, BaskHO OTMETHTB, UTO

TIPU TAKOM CTioco0e U3MepeHHi He TpeOyeTcs OnpeaeeHue MONMKEHNS LIEHT-

Puc. 1.4 Pa Macc, YTo B PAE CITYYaeB MOBBIIIACT TOYHOCTH H3MEPEHUH.

MeTtox BeKTOpPHBIX AuarpamMm. I'apmoHndeckue komebanus (1.7) qOMycKaroT Ha-
[ISOHYEO TPAPUUYECKYIO HHTEPIPETALMIO. Ee CMBICT COCTOUT B TOM, UTO KaKIOMY FAPMOHU-
YeCKOMY KONEOAHHIO ¢ YACTOTOH () MOKHO MOCTABUTE B COOTBETCTBHE BPAIAFOIIHHCS C yIIO-
BOU CKOPOCTBIO (), BEKTOP, JINHA KOTOPOTO PaBHA aMILIUTYJIE S, 4 €T0 HAYANBHOE (CTapTo-
BOE) MONOKEHUE 33J12€TCAA YITIOM @), COBIIAAAIOIIMM C Ha4albHOH (a3oii (puc. 1.5).

BeprukansHas OpoekUus BEKTOPA S, H3MEHAETCA CO BPEMEHEM: 5(f) = s, Sin (7).
MrHOBEHHOE MONOKEHHE BEKTOPA §, OMPENENIETCH YIIOM O(f), KOTOPbIH HA3BIBAETCA

(a3oli U paBeH:

O(t) =0t + 9, . (1.18)

0]
» . _ 0
[pu yrnoBsol cKOpOCTH (KPYroBOH 4acTOTE) (), BEKTOP COBEPIIAET V, = o 06opoTOB

(UMKITOB) B CEKYHAY, a MPOJOJDKHUTENBFHOCTh OJHOTO 000poTa (MepHoI) PaBHA OTHOIIEHHIO
yria 27 K yrioBoi ckopoctu 0 T'= 27/,
C NOMOILIBIO BEKTOPHBIX JUATPAMM JIETKO OCYILECTBUTE CIOKEHHE FAPMOHHYECKUX

konebanunii. Tak, eciu HEOOXOAUMO CIOKUTE ABA KOJIEOAHUS ¢ ONUHAKOBBIMH YaCTOTAMU

$(6) = 5,(8) + 5,(8) = 55, 8in (@t + @) + 5, SIN (W + @) = 5, SIN (O + @),

v
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- L So

A s

$,(2)

\ 4

Puc. 1.6a. Puc. 1.66.

TO aMIUTUTYAY S, U HAYaNbHYIO (asy @, CyMMapHOro koneGaHus s(f) ¢ TOM Ke YacTOToH @),
MOXXHO JIETKO PacCUuTaTh U3 puc. 1.6a, Ha KOTOPOM TpadHuecKu H300paxeHa onepaLus Cio-

HKEHUS BEKTOPOB §, = $y; T §), B MOMEHT BPEMEHH / = 0:

2 : : 2
Sy = \/(501 COSP; + S5y COSP, ) + (5 SINP; + 5, SINP,) 7,

$01 Sin(pl +502 Sin(p2
SO] COS(pl +502 COS(pz '

@, = arctg

SICHO, UTO BEPTHKATBHAS MPOEKIHS BEKTOPA S OYAET TAKIKE H3MEHATBCS MO TAPMO-
HHYECKOMY 3aKOHY C 9aCTOTOH (), IOCKONBKY B3AUMHOE PACTIONIOKEHUE BEKTOPOB S5 1 Sy, HE
HU3MEHAETCS C TEUCHUEM BPEMEHH.,

U3 3101 muarpaMMel HADTSAHO BUAHO, YTO CYMMapHOe Konebanue s(f) onepexaer mno
(ase xomebanue s,(f) U orcTaeT no ase or konedanud s,(f). [lonnaa dasa nna kaxaoro U3
Tpex KoneGaHuil B MPOU3BONBHEIN MOMEHT BPEMEHHU OTIHYAETCSA OT UX HAYANBHBIX (Da3 Ha
OJIHY U Ty %€ BETHIHHY ()f, KOTOPYFO IPU MOCTPOEHUH BEKTOPHBIX IUATPAMM HE yUHUTHIBAOT.
Ipu s3ToM KonmebaHue H306paxkaeTCsa HEMOABIKHEIM BEKTOPOM (puc. 1.60), a yacToTa Komeba-

HHA OpeanoaaracTcs HU3BECTHOU.

ChoskeHne B3aHMHO NMEPNEHIUKYSIPHBIX KoJTedanuii. PaccMoTpuM komebaTens-

S5 T HYIO CHCTEMY, COCTOAIIYIO U3 TOYCUHOI'0 rpy3a MacChbl

M U YETBIPEX CBA3AHHBIX ¢ HUM mpyxuH (puc. 1.7) —
YCOKHEHHBIH BAPUAHT PACCMOTPEHHOTO BBIIIIE MPYKHUH-
HOTO MasTHHKA,

Ecnu Macca aBrxeTCs 1o DIaKOH TOPH30HTANb-
HOU NIOBEPXHOCTH (HA PUCYHKE MOKA3aH BU CBEPXY), TO €€
MTHOBEHHOE PACTIONOKEHNE OMUCHIBAETCA JBYMS CMELIIE-
HUAMU U3 TONOKEHNA PaBHOBECHA — Touku O: 5, (1) B, (?).

Taxkas cucrema o0nanaeT AByMs CTereHsIMU CBOOOBL. By-

JEM CUHATaTh CMEIICHUA MAJIBIMU, ‘{TO6I>I, BO—TICPBBIX, BbI-

Puc. 1.7. noNHsCA 3aK0H [ yKa, U, BO—BTOPBIX, IPU CMELLIEHUH BAOTH
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HaNpaBNeHn s, AeQOPMaIiU NPYKHH C JKECTKOCTHIO K, HE PUBOIMIH K CKONBKO—HUOYIb 3aMeT-
HOMY BKJTa/Ty B BO3BPALIAIONIYIO CHIY /| = —2k;s,. AHANOIrUYHO, IPH CMEIIEHHH B NEPTICHIMKY -
TAPHOM HAlPABIECHHH 5, BO3BpAILAtomas cuna F, =—2k,s,. Ilpu Takux ycroBuax koneGaHus B
JIBYX B3aUMHO NEPIEHUKYIAPHBIX HAPABJIEHHUIX TPOUCXOAAT HE3ABHUCUMO APYT OT Jpyra:

$1(D) = 50 8I0(@, 2 + @), $5(8) = 5,8IN(W ¢ + @,). (1.19)
3nechb COGCTBEHHBIE YaCTOTHI TAPMOHUYECKHUX KONEOAHUH PaBHBI

|2k |2k,
Q)01 - ’ Q)02 - ’ (120)
m m

a aMIUTUTYABl K HaYaNbHbIE (ha3bl ONPeeIsFOTC Ha4a bHBIMHU YCIOBUSIMH.

ITpu B0o30OyxneHnu KoneGaHUil B TAKOH CHCTEME MPU NPOU3BOIBHOM COOTHOIIEHUH
COOCTBEHHBIX YaCTOT (), U (), TPACKTOPHS KONEOMOLIEr0Cs rPy3a MOXKET OBITh UPE3BBIYAHHO
croxHO|. Ee, B IpHHIHIIE, MOXKHO POAHATU3UPOBATE, IPHHUMAS BO BHUMAHHE TOT (DAKT, 4TO
Pe3yIBTUPYIOIIeE ABIKEHHE IPy3a ABIAETCS CYNEPIO3HINEH IBYX B3aUMHO ITEPIEH TUKYIIAP-
HBIX HE3aBUCHMBIX KOJIEOaHHH.

PaccmoTpuM BHAuane ABHXKEHHUE IPY3a, €CIU M), = (O, = 0, ((KECTKOCTHU BCEX Npy-
JKHH OINHAKOBBI). UTOOBI MOMYYHTh TPAEKTOPHIO ABIKEHHA, HCKIounM u3 (1.19) texymiee

Bpems. s storo nepenuineM (1.19) B Buze:

s .
“L =sin®yt cos@, +cos® sing;,

So1

s (1.21)
—Z = §in Wyt cOSQ, +CoSWyL SINGQ,.

So2

YMHOXHM NepBoe ypaHeHHe (1.21) Ha cos ¢,, a BTOPO€ — Ha COS (9, H BEIYTEM BTOPOE ypas-
HeHue u3 nepsoro. B pesynerare momyunm:
$1 ) .
——COS@P, ——=C0SP; = cOSWyf Sin(P; —P,). (1.22a)
So01 So2
Teneps yMHOXHMM TIEPBOE yPaBHEHHE Ha SiN @,, a BTOPOE — Ha $in @, NOBTOPUM BEIYMTAHHE U
MOTYYUM
S . Sy . . .
——8inQ, ——=—sin@; =sinWy¢sin(P, —@,). (1.2206)
So1 502
HaxoHen, Bo3BenieM B KBaapar Kaxkaoe u3 paeHcTs (1.22) u cnoxkuM ux. B pesynerare Bpems

OyZIeT HCKITIOUEHO, 4 YPaBHEHHE TPAeKTOPHHU ABHKYLIErocs rpy3a OyaeT ypaBHEHHEM 3JUTHIICA:

2 2
51 52 51 5 -2
+ —2———=cos(9, — @) =sin" (9, —¢y). (1.23)
So01 502 So1 So2
Takum 06pa3zoM, B 00IIEeM ciTydae rpy3 OyAeT COBEPINATh MEPUOANYECKUE ABHKEHUS
MO IUIHOTAYECKON TpaekTopun. HanpasneHne ABMKEHHUS BAOIL TPAEKTOPHU U OPUEHTALUS

BIIMICA OTHOCHTENBHO ocel Os; 1 Os, 3aBUCAT OT HaYaNbHOH pasHOCTH (a3 AQ = @, — @,.
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8, o)
A A
So2 S0z
"
St / S1
—So1 5 P> —So1 - >
0l / ol
="
o2 —So2
Ap=0 0<AQ<m/2
s S
A 2 A 2
o So2
e
§1 ( \ S
—So1 S> —So1 ) S=
0l 0l
\
—So2 2
Ap=m/2 /2 <Ap <0
Sy $2
A A
So2 S0z
R
81 ( \ 8,
o " \ "
0l ol
\ )
—So2 —So2
Ap=mx T<APp<32m
s $2
A A
So2 S0z
"""
$1 / ) $y
o1 5 ' —So1 / = P>
0l 0l
/
—So2 —So2
Ap=312r 32n<Ap<2n

Puc. 1.8.

Ha puc. 1.8 n3o0paxeHb! TpAEKTOPUN IBHKEHUS IPy3a OPH PA3TUYHBIX 3HAYCHUAX AQ.

Bce TpaekTopHH 3aKITIOUEHBI B IPIMOYTONBHHK CO CTOPOHAMH 25, U 25, [Tpu A@ = 0
U AQ = T rpy3 ABHKETCS MO mpsaMoi uHuM. [Ipu AQ = TT/2 u A@ = 37/2 nomyocH srutmrca co-
BragaoT ¢ Os, u Os, (Ipu 5, = 5, HUIMIC BRIPOKAAETCI B OKPYKHOCTB). [Tpu pasHocTu das

0 <A@ < T Tpy3 ABIXKETCSA MO YaCOBOH CTPEIIKE, a IPH T < AQ < 27T— MPOTHB YaCOBOU CTPEJKH.
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Puc. 1.9.

m=1,n=3

A Y.
m=2,n=3
m=3,n=4

TUHYHBIM TPUMEPOM JIBYMEPHOTO OCLIILIATOPA (MasTHUKA) ABISAETCSA 3JEKTPOH B

aToMe, KOTOPBIH IBIKETCS BOKPYT Apa MO MUIHNTHYECKOU OpOuTe ¢ MepruoaoM oOpalieHus

T~ 10713 ¢. MOXHO CUHTATh, YTO TAKOHU 3IEKTPOH OJHOBPEMEHHO COBEPIIAET JBA B3AUMHO

TePIeH/IUKYTAPHBIX KONeOaHus ¢ YacToToi 00y = 271/T ~ 1016 ¢!,

Ecmu yactoTer ABYX B3aUMHO NECPHOCHOUKYIIAPHBIX KoyebaHui He COBIIAJAr0T, HO AB-

JAKTCA KPAaTHBIMUA: m®,, = B, ,, TIC M U 1 — LCABIC YUCIIA, TO TPACKTOPUH IBIKCHUA ITPEea-
02 01

CTaBIISIOT COO0H 3aMKHYThIE KPHBBIE, Ha3bIBaeMble (urypamu Jluccaxy (puc. 1.9). Otmerum,

YTO OTHOIIEHUE YACTOT KoebaHui PaBHO OTHOLICHUIO YUCCIT TOUCK KaCaHUA (l)I/Il" YPBbI Jlucca-

KY K CTOpPOHAM NPAMOYTOJbHUKA, B KOTOpBIﬁ OHAa BIIMCAaHA.

Ecmm KparHOCTB MCKAY YaCTOTaAMU OTCYTCTBYET, TO TPACKTOPUH HE ABJIAIOTCA 3aMK-

HYTBIMHA U OCTCHICHHO 3alIOJHAIOT BECh MPAMOYTOJIBHUK, HAIOMUHAA HUTH B KJ'Iy6Ke

®azoBblii NOPTPeT KoedaTeNbHOM cucTeMbl. B 000l konebarensHON cHcTeMe ¢ off-

U A
P

7

Puc. 1.10.

=% 4

HOU CTENeHBI0 CBOOOABI CMEIeHHUE $(f) U CKOPOCTh

v (f) = ds/dr mensrotca co BpeMeneM. COCTOSIHHE CHC-

TEMBI B Ka)K,Z[LIﬁ MOMEHT BPEMCHU MOKHO XapaKTCpU-

30BaThb ABYMs SHAUCHUAMH S U U, U HA INTOCKOCTH 3THUX

NEePEMCHHBIX 3TO COCTOAHUE OAHO3HAYHO ONPeaCIACT-

s NONOKEeHHeM n300paskaroriei Touku P ¢ koopauHa-

Tamu s U v. C TeueHreM BpeMEeHH H300pakaroIas Tou-

ka P OyneT nepeMernarses 1o KpuBoH, KOTOPYEO Ha3bl-

BaroOT (pa3oBoli TpaekTopreli ABrKeHNs (puc. 1.10).
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ITHOCKOCTh MePEMEHHBIX § U ¥ HA3BIBACTCA (ha30BOH ILTOCKOCTHIO, CeMeHCTBO (Da30BBIX
TpaeKkTopHii 00pa3syeT (ha30BbIH MOPTPET KOIEOATENBHOH CHCTEMBL. AHANMK3 (ha30BOTO HOPTPETa
JIaeT XOTA U HE MONHYIO, HO OOIIMPHY0 HH(OPMALIUEC 0 KostebaTenbHol cucteme. K mocTpoeHuro
TaKOro MOPTPETa MPUOEratoT TOTAA, KOTAA HE YIAeTCs PELINTh aHATUTHYECKH YPAaBHEHHE, OTUCHI-
BakOLLee CIOKHBIE Konebanus. B nepsyro ouepeab 3T0 OTHOCHTCA K HETMHEHHBIM KOeGaHusIM,
AHAJIU3 KOTOPBIX 3aTPYAHEH U3—32 OTCYTCTBUSA TOUHBIX PEILeHHH HeUHEHHBIX YPABHEHUH.

BHauane mpowUTFOCTpUPYEM CKa3aHHOE Ha
npuMepe TpOCTeHIINX TapMOHUYECKUX KoneGaHuit

Buaa s(f) = s, sin(wyt + @;). [ockonbky ckopocTh

[P 4

ds T
uh) = 5 = somosin(mot +@,+ E) OMIEPEKAET CMELLIEHHE

TN
&

no (asze Ha T/2, To (hasoBas TpaekTopus OydeT

ammarcoM. Touka P Oynmer IBUraTsCs Mo UTHITHYESCKON
TPACKTOPHUH T10 YaCOBOH CTpeKe (Tipu v > () CMEIIeHHUE § Puc. 111
yBeNMUUMBaETCH, a Mpr v < 0— ymeHsinaercs (puc. 1.11)).
IapameTps! smIIca ONIPEAENSIOTCS SHEPTHeH, 3aaceHHOH rapMOHUYECKUM OCLIHIIIS-
TopoMm. [ToTeHImabHas 3HEPrUs IPYKUHHOTO MasITHHKA ITPOOPLMOHAIBHA KBAPaTy CMELIECHUS:
1 1 )
E _=—ks’= Eksé sin¥(©,¢ + @) (1.24)

IoT 2

Kunetnueckas SHEPrud NponopuuoOHAIBbHA KBAAPATY CKOPOCTH:

E — l — l 2.2 2 + 2
= 2m = 2m0)0s0c0s (ot + @) (1.25)

KHH

Ecmm MPUHATE BO BHUMAHUE PABCHCTBO k= mw%, TO JICTKO BUACTH, YTO B3AaUMOIIPCBPALICHUA

OOHOTO BUa SHEPruu B ,Z[pyl"Oﬁ 3a NepUoOa NPOUCXOAAT ABAXKIBIL. HpI/I 3TOM MOJTHAA 3HEPrusd

CHCTEMEBI OCTAETCA MOCTOSTHHOM:

1
Ey<E  +E, = Em(m%}sz +2). (1.26)

PaBenctBo (1.26) Kak pa3 u ABIAETCA YPaBHEHHUEM BILIHICA, KOTOPOE MOKHO
nepenucaTs B 60Jee yI0OHOM BHIE:

2 ’02 2E0
S +72 = 5

(1.27)

®Da30BbIH MOPTPET TAPMOHUIECKOTO OCLUIIIATOPA IPEACTABIAET COO0H CEMEHCTBO
BIUTHIICOB, KAKAOMY M3 KOTODBIX COOTBETCTBYET SHEPIHA k), 3alaCeHHAs OCUUILIATOPOM.
IMonoxeHue pasHOBecUs B Touke () Ha (Pa30BOH IITOCKOCTH ABNIETCA 0COOOH TOUKOH U HA3KI-
BaeTcs 0COOOU TOUKOH THTIA KLIEHTPY.

C yBenuueHneM SHEPruH £ BO3PACTAIOT aMILTUTY IbI KONEOAHHH CMELIEHHUS S, H CKO-
pocru s, . KoneGanus, kak MpaBuiio, NEPECTAIOT ObITh TAPMOHUYECKAMY, & (Ha30BBIE TPACK-

TOPHUHU — JIITUINICAMH.
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Ipoanamu3upyeM Ha (Ha30BOH IUIOCKOCTH KONEOAHUS MATEMATHUECKOTO MASTHHKA
MIPH TIPOU3BOIBHBIX YINIAaX O OTKIOHEHHS OT MOMOXKEHUA paBHOBecHd. [Ipu aToM Oyaem cum-
TaTh, YTO TOUCUHAS MAcCa /1 MPUKPEIUTCHA HEe K HUTH, a K )KECTKOMY HEBECOMOMY CTEPIKHIO

qumaHe! £. [lepBoe u3 ypaBHenuii (1.2) 3amumem B BUae

d*a

— =—0g sinQL . (1.28)

310 HeNMUHEHHOE YPaBHEHHE HE UMEET MPOCTOTO AHATUTHIECKOTO
PeLICHNS, IO3TOMY MO3IHEE MBI PUBEAEM €TI0 NPUOTIKeHHOE peenue. Of-

HAKO MHOI'MC 3aKOHOMEPHOCTU TaKHUX KOTe0AHHA MOKHO MPOoaHATTU3NPOBATH

do

¢ HCMOJB30BaHHEM (Ha30BOTO MOPTPETa HA IIIOCKOCTH (O O = d—).
t
C atoii nenbro ypasaenue (1.28) Hamo npeoGpa3oBaTh K TAKOMY BUY, UTO-

§ OBI B HEM OCTAJIHCh TONBKO 3TH MECPEMCHHBIC, & BPpEMA OBLIO OBI HCKITIOUE-
m

0 Ho. [l 3TOTO yImoBoe yckopeHHe B JeBoil yactH (1.28) mpeobpasyem k
Puc. 1.12. BUAY:
d’a_dé da do dé . 1d(&
—2:—:—-—a:—-a:— ( ). (1.29)
de d¢ da dr do 2 do
IMoncrapnsas (1.29) B (1.28), nomyunm
1, ., 2 .
Ed(oc ) = —; sino do. (1.30)

VYpaeuenue (1.30) orpaskaeT TOT (haKT, UTO MPUPAIICHHAE KHHETHYECKOH SHEPTUHA MASTHUKA
PaBHO YOBUTH €10 IOTEHLMAIBHON SHEPTUX B 1ote cuibl Tokectd. MaTerpupys (1.30), momyunm

('XZ
7—0)3 COosQ = const. (1.31)

Ecmm MPUHATH, YTO NOTCHUUATBHAA JHECPIrud MAATHUKA B MOTOKCHHUHU PABHOBCCHA
1
2
PaBHA HYJIIO, TO KOHCTAHTA BBIPAKACTCA YEPE3 3alIaCCHHYIO MaATHUKOM SHCPIHIO EO = Emf A o 0

(¢ — yrmoBast CKOPOCTb MAasITHHKA B IOJIOKEHUH PABHOBECH ):
E
const:—o—wg. (1.32)
2
ml

VYpaBHeHue (a3oBoi TpaekTopuu (1.31) OKOHUATENBHO 3aITUIIETCS B BUAE!

162 E
—— t+(1-cosat) =—=2—. 1.33
2 02 ( ) By (1.33)

HpI/I 3TOM MOTCHUHUATTbHAA U KHHCTHYCCKAA SQHCPIrUuu 3aJa0TCA BBIPAXKCHUAMHA

1
By = 5mt? a%; E..=ml* @51 - cos ). (1.34)
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Puc. 1.13.

Hcnone3sys (1.33), moctpoum tha3oelid mopTpet cuctemsl (puc. 1.13).

OT4eTIHBO BUIOHBI B TUMA (Pa30BBIX TPACKTOPHUI, COOTBETCTBYIOIIHE ABYM THIIAM
IBIKEHUSA. 3AMKHYTBIE TPACKTOPHHU, OKPYKAIOLIHE 0COObIe TOUKH TUIA KLEHTP» ¢ KOOPAHUHA-
Tamu O =0, o0 = 27tn (n — LEN0E YKHCIO), COOTBETCTBYIOT KONEOAHUAM MASATHUKA OTHOCH-
TENBHO YCTOUYHBOTO HIXKHETO TIONIOKEHH paBHOBeCH . Takue KoneOaHua HMEIOT MEeCTO, €CITH
3HEPruUs CUCTEMBI ) < me? 0)3 = 2mg( (cm. puc. 1.13). Tpu stom, ecmu Ej << 2mg(, To Kome-
Ganus OyAyT rapMOHHYECKUMH, a (a30Bble TpaekTopuu — snnuncamu. Ecnmu £, ~ 2mgl, 0
konebGanus GyayT HerapMOHHUeCKUMU. [IpH yBeTHYeHUH SHEPruy, a, 3HAYUT, U AMILTUTYIBI
koneGaHui OCUUIUTATOPA, UX Meproa OyoeT BO3PacTaTh, HOCKONBKY BO3BPALIAOIIAS CHNIA B
ypaBHeHuH (1.28) MeHbIIIE, YeM B CITydae rapMOHUYIECKOTO OCLIIUIATOPA.

BepxHeMy NONOKEHUIO PABHOBECHS ¢ KoopauHatamMu O = 0, 0. = (2n — 1)T cooTBeT-
CTBYIOT 0COOBIE TOUKH THIA «ceano». Da3oBble KPUBHIE, IPOXOMALLUE UePe3 «Ceanay, COOT-
BETCTBYIOT Hepruu £, = 2mg/{ v Ha3bIBAIOTCA CEMAPATPUCAMH.

Ecnu, Hakonen, E, > 2mg{, TO IOy 9aK0TCA HE3aMKHY ThI€ (YOETaroLue ) TpaeKTopun,
COOTBETCTBYIOLIHE BPAILATETEHOMY ABHKEHUIO MAsSTHUKA.

Takum 06pa3zoM, cemapaTpUChl pasaensoT (pasoByro MIOCKOCTh Ha IBe obmacTu:
o6NacTh 3aMKHYTHIX TPACKTOPHIA U 0ONACTE TPACKTOPHHA, MPUXOAIILINX U3 GECKOHEUHOCTH U
YXOOAIUX B 6eCKOHEYHOCTb.

OTMeTHM, YTO IS HErapMOHUYECKUX KONeGaHul HeNb3s yIOTPeOIATh TEPMUH KKPY-
rOBas YacTOTa», MOCKOINBKY, Kak OyIeT MOKa3aHO HUKe, Takue KoneGaHus SBISIOTCSA, KaK pa-
BUJIO, CYMEPHo3ULHeii rApMOHUYECKUX KONeOaHUl ¢ pasmuuHbIMU yacToTaMu. [lepuon xe

ABIACTCA MO—NPECKHEMY O,Z[HOﬁ N3 DIAaBHBIX XapPaKTCPUCTUK koneGannii. ®a3oBwIit MOPTPET HE
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MO3BOJIACT ONIPECOCIIUTD, KaK 6BICTPO JABIDKCTCA TOUKaA Poo TPACKTOPHH. O,Z[HaKO NepUoOa HEJTH-
HEHHBIX KOJMIEOAHUH MATEMATHUECKOTO MAATHUKA MOKHO MOJYYHUTh HA OCHOBE HpI/I6JII/DKeHHO—

ro penreHus ypasHenus (1.28).

Herapmonndeckue Koj1edanna MaTeMaTHIecKkoro MmasTauka, Konebanus mare-
MAaTHYECKOTO MAITHUKA MpU OONBUINX aMIUTUTYIAX, KaK YK€ OTMEUaNOChk, He OyIyT rapMOHH-
YECKHUMH. ITO MPOUCXOIUT MOTOMY, UTO BO3BPAILLIAIOIIAS CHJIA B MPABOU YaCTH YPABHECHUS
(1.28) mponmopuuoHanbHA Sin O, v npu GONBIINX ¢ CTAHOBUTCSA MEHBIIE TOH «IHHEHHOMWY CHITBI
(nponopUHOHANBHOM Ol), KOTOpas BO3BpaILaeT KOJIEOTIOMIYIOCS Maccy B ITOJIOKEHHE PABHOBE-
CHS 33 HEU3MEHHOE BpPeMs, PAaBHOE UETBEPTHU Mepuoaa komebanuti. Takas «TuHelHas» cuia
00eCreynBaET HE3ABUCUMOCTD HTOTO BPEMEHH OT aMILTHTYABI O, T.€. H30XPOHHOCTE KONEOAHHUIA.

Jns ananusa koneGaHuk npy GONBIINX aMILTHTY/AX Of, 3AMUIIEM PAsTOKEHHUE Sin 0L B P

sinoc=0c—%oc3+..., (1.35)

B KOTOPOM OTOPOIIEHEI YIeHE! GoIee BEICOKOro mopsaaka: o, o u T.10. Iloacranoska (1.35) B
(1.28) npuBOAMT K HETTMHEHHOMY YPAaBHEHHUIO KOO HHA:
2
o , o
— =%’ (1.36)
Petenuem 31oro ypapHeHus yke He OyneT rapMonudeckas GpyHkiud. JleficTBuTens-
HO, JOMYCTUM, 4TO peuieHueM ypaBHeHus (1.36) OymeT rapMOHHYECKOe KOJNICOAHUE BHUIA
o?) = o, sin(? + @). IloacTasnss 970 BHIPAKEHHE B IPABYIO YacTh (1.36) U yUHTHIBAs TPUTO-

HOMETPHUYCCKOC TOXKICCTBO

sin® ot = %sin ot —%sin 3o, (1.37)

IIPUXOANM K npoTuBopeunto. Ilomyyaercs Tak, YT0 HEMMHEHHBIN WIEH B IPaBOM YacTH ypaB-
HEHUs U3MEHAETCS BO BPEMEHH HE TOJIIBKO ¢ OCHOBHOH YaCTOTOH (), HO TAKKe M C YTPOSHHOH
yacToTod 3® (JacToToll TpeThel rapMoHuKH). UTOOB! yCTPaHHUTh 3TO MPOTHBOpEUHE, OyaeM
CUHTATh, YTO KONEOaHNI MaITHUKA POUCXOIAT ONHOBPEMEHHO HA YacTOTax M U 3() TaK, 4To
o) = O, sin(f + @) + €ay, sin3(wr + @), (1.38)

rae € — Oe3pasMepHBIH mapaMeTp.

MMoncraenas (1.38) B (1.36), cHOBa 0OHAPYKUBAEM, UTO HETUHEHHBIHA WICH, TOMUMO
JIBYX 4acTOT () B 3(), MEHAETCA BO BPEMEHH M Ha 4acTOTe 9(). DTO FOBOPUT O TOM, UTO PEIIEHNE
(1.38) He ABNAETCA NONHBIM (B HEM OTCYTCTBYFOT BBICIIIHE FAPMOHUKH 9®, 270 U T.A4.). Mexny
TEM, €CIIH aMILTUTYAA KOTEOaHHUH O HE OYEHD BEJIMKA, TO IapaMeTp € << 1, U OTCYTCTBYIOIIKE
YWIEHBI C BEICITHMH FapMOHHKAMHE UMEFOT aMILTHTYbI 82060, 83% U T. JI., KOTOPbIE MHOTO MEHb-
L€ AMILTUTYAbI TPETHEH TAPMOHUKH €04,

Teneps paccunTaem 4acToTy . Jljis IpOCTOTEI ONOKUM @, = O (MAATHUK MONYYAET
HAYAIBHBINA TOMYOK B MOJNIOXKEHUH paBHOBecHS ). Micnonbsys (1.38), 3amuiiem kaxablid U3 Tpex

unenos ypaHenus (1.36), onmyckas cnaraeMele, HMEIOIHE NOPAIOK MATOCTH £ U BBIIIIE:
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dzoc 2 . 2 .
—— = -0 0, sin®r — 90 €0, sin 3;
2
dr
o’ = oo, sinof + e, sin3ar; (1.39)
2 2 2
1 30 . ® . ® . .
——wpor’ = — %o sinor +—2 o sin 30 — —> o€ sin® of sin 30
6 24 24 2

3aMeTHM, U4TO B OCIEAHEM PaBEHCTBE TPEThE CIaraeMoe B IIPaBoi YacTH, coleprKallee
MHOKHUTEIb (xgs, MaJIo 110 CPaBHEHUIO C AByMS NPEABLAYLINMU, H €10 TAKXKE MOKHO OTOPOCHTE.
CrnoxuM momydeHHbIe Tpy paBeHcTBa. B cuiry (1.36), cymma neBbIX yacTeli paBeHCTB

(1.39) paBua mymro. [Tosromy
3 . 1 .
0=0to(—0> + ) —amgocﬁ)s1n0)t+oc0(—90)2£+ m§£+am§oc§)sm3mt. (1.40)

IMockonbky paBeHCTBO (1.40) JOMKHO BEIIONHATHCS 1T TFIOOOT0 MOMEHTA BPEeMEHH,
TO KaXKJ0€ U3 BRIPAKCHUM, CTOAIINX B KPYIIIBIX CKOOKAX, JOJDKHO PaBHATHCS HYIO. U3 paBeH-

CTBa HYJIIO MCPBOr'0 BRIPAKCHUA JICTKO ONPEACIIUTD KBAAPAaT YaCTOTHI OCHOBHOH T: APMOHUKHA
1
o’ :m§[1—§a§ . (1.41)

o
Ecan ? << 1, To AMg 4aCTOTHI NOTY YUM

5 \I/2 ,
%o %o
0=y 1-— =Wyl 1-— | (1.42)
8 16
TocmenHee BEIpaskeHHE MOKA3BIBAET, UTO C BO3PACTAHHEM aAMILTHTYAB! KONeOAHHUH X 4aCTOTA
yMeHbIIaeTcs (IEPUOA YBEININBAETCS), T.€. HAPYIIAeTCs H30XPOHHOCTD KOJIEOaHHH.
[IpupaBHsAeM Aanee HYJO BTOPOE BEIPAKECHUE B KPYIIBIX CKOOKax B popmyre (1.40):

2
—90)28+0)%8+%063 =0. (1.43)

Cunras, 4To M = (), HAXOAUM BEIHYHUHY MAJIOTO KO3(QQHULMEHTa € :

_ 9%

€= . 1.44
192 ( )

Ecnu nonoxuts o, = 15° = 0,26 pan, 10 € = 3,5-107*, 1 BKIaA TpeTheil FApMOHHKH B KoeGaHus

HHUYTOKHO MAJL, OTIHYKE YACTOTHI (0 OT YACTOTHI T APMOHUYCCKUX KOIeOaHuit 0)0 COCTaBHUT BCIIMIUHY

2
®, —®
DomB_%o _ 459073, (1.45)
W, 6
Oy —®

Haxe mpu o) ~ 1 pag € = 5107 3 a ~ 6%. Takum oOpazoM, NpUGTHKEHHBIM

0
pewennemM ypapaerus (1.36) Oyaer (1.38), roe yacrora o onpeaensercs (1.41), a mapameTp €
Haxogurcs u3 (1.44).
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3aMeTHM, UTO HETaPMOHUYECKUE KOJeOaHUS MOTYT BO3SHUKATE HE TOMBKO NPH OOMB-
IIUX OTKJIOHEHHSAX OT MONIOKEHUS paBHOBeCHS cucTeMbl. Hanpumep, eciiv B pa3ioKeHUH BO3-
BpaIIAIOIIEN CHITBI F (5) MO CTENEHAM § OTCYTCTBYET JIMHEHHBIH UlleH, H OHO HAYHHAETCA C

3

YieHa, MPOHOPLUHOHAIIBHOTO §°, TO KosebaHus OyIyT aHrapMOHUYECKUMH TIPH JIFOOBIX, Aaxe

CKOJIb YTOOHO MaJIbIX, OTKIOHCHHUAX.

Cpodonnble KOIE0AHUS B JUCCUIIATHBHBIX CHCTEMAX ¢ BSI3KHM TpeHueMm. B pe-
ANBHBIX CHCTEMAX BCETA IPOUCXOIUT AUCCUTIAIUS 3Heprud. Ecnu notepu 3uepruu He 6yayT
KOMIEHCUPOBATRCA 34 CUET BHEIIHUX YCTPOUCTB, TO KONEOAHHS C TEUEHHEM BPEMEHHU OyIyT
3aTyXaTh U Yepe3 KaKoe—TO BpeMs MPeKpaTaTcs BooOLIe.

DopMATBHO 3aTyXaoIIHe KOJTeOaHU OMUCHIBAIOTCS YPABHEHHUEM

ms =F (s)+ FTp(s'), (1.46)

KOTOPOE, B oTIH4IHe OT (1.2), MOMHMO BO3BpaIIAONIEH CHITBI ., CONEPKHUT U CHITY TPEHUA FTp.
Cuna conpoTUBIEHUS IBHKEHUIO, BOOOIIE FOBOPSA, 3aBUCHT KaK OT HANPABIEHHA CKOPOCTH
(HampuMep, NpU CYXOM TPEHHUH), TAK U OT BEHYHUHBI CKOPOCTH (MPH ABHKEHHUU B BA3KOH
cpene). Ecm BosBpaiaromas cuiia NponopyoHanbia CMeIeHuro: F (s) = —ks, rie kK — koa(-
(HHIHEHT NPOMOPLIHOHATBHOCTH (151 IPYKUHHOTO MAATHUKA — YKECTKOCTH IPYKUHBI), TO yPaB-

HeHue (1.46) MOXHO Mepenucarb B BUJIE

F
i-——L4rwis=0, (1.47)
m

’ k
rae My = ,/]— — COOCTBEHHAs YaCTOTa HEe3aTyXAIOLIUX TAPMOHUYECKHUX KoNeGaHu.
m

Brauase MBI pacCMOTPUM 3aTyXaoLIHE KOIeOaHuA B CIIydae, Korna Ha KoTeOmomee-

Cd TeNOo AEUCTBYET CHUJA BA3KOTO TPEHUS, MPONOPLHOHAIBHAS CKOPOCTH: FTp =-T'§. Takas

CUTyaIusg MOXET UMETh MECTO, HApUMeEp, MPpH KoJaeOaTeTbHOM IBIKCHHUH Tea B BO3NYXE

WK KUAKOCTH, Koraa uucio PefiHomsaca Re ~ 1 wiu Re < 1. Toraa ypaeHenue (1.47) MOXHO
3anucarh B BHAE:

§+28+mps =0, (1.48)

r
rae 8 = Py KO3 (PULIHEHT, HMITH [IOKA3aTeNb 3aTyXaHHs.
m

O01mas uzes pemeHns OAHOPOIHBIX JINHEWHBIX ypaBHeHUH Trna (1.48) 3akirouaercs
B CJIEAYIOLIEM: B KaueCcTBE (DYHKINOHAIBHOH 3aBHCUMOCTH §(¢) HaJ10 BLIOPATh TAKyH0, KOTOpas
ipu JuhepeHINPOBAHIK MO BPEMEHH MEPEXOIUT B caMy ce0s1, TO €CTh SKCIIOHEHTY: S(f) = sOe”.

IMoncraruM ee B ypasHeHue (1.48):

sOex’(Kz 28N + 0)3) =0. (1.49)
IMockoneKy eM # 0, moTyuaeM Tak HA3BIBAEMOE «XapPAKTEPUCTHUECKOEY YPABHEHHE:
A2+ 280+ ) =0, (1.50)

KOTOPOE B JaHHOM CITy4ae (U YPaBHEHHUS BTOPOTO MOPAIKA) UMEET ABa KOPHS

M N PO (1.51)




Jlekyus 1 21

Mt _ Aat
YU s ()=s,e". B

CIITY TUHEHHOCTH ypaBHEeHHUS (1.48) cymMMa TFOOBIX €ro pelIeHU TAKKe SBIAETCS PEIICHUEM,

a camo ypasHenue (1.48) — 1Ba HE3aBHCUMBIX pelieHus: §,(f) = s, €

TO €CTh CIPABCATHUB TaK Ha3bIBa€MBIT CMPUHLAN CYNICPIO3ULIUIY peLHeHPIﬁ, u O6I.L[I/IM peme-

HHUEM OAHHOTO YPABHCHUA ABIACTCA

N e I =)

s(t) = sy € +5pe (1.52)

Pemenne conep uT ABE HE3ABUCUMBIE KOHCTAHTEI Sy U S),, KOTOPBIE ONPEAENAIOTCA U3 Ha-
yansHbIX yermoBui s(0), v (0).

B 3aBHCHMOCTH OT COOTHOLIEHHS O U 0)0 BO3MOKHBI TPpU ClTyUuad.

Ecnu & < @y, T0 \/ 8 -0 = i\/ o3 —8% , rae i =v—1 — «MHuMas» eaunuLa. Pewe-
HHE ABNAETCA KOMILIEKCHBIM Y, HO, MOCKOBKY HAYalbHBIE YCTOBUS JEHCTBHTENBHBIE, TO C
MOMOILEIO (hOPMYITBI DiiTepa;
€ =cos@+ising (1.53)
HETPYIHO MOKA3aTh, 4TO o0LIee peleHue Oyner NeHCTBUTENBHO U MOKET ObITh 3aITHCAHO B BUE:
s(£) = sy sin(0r + ;) , (1.54)
TO €CTh MPEICTaBIIsAET COOOH 3aTyXaroUIne KoeOaHHs, YacTOTa KOTOPBIX () MEHBIIE, 9YeM Y
COOCTBEHHBIX HE3aTyXaIOLIUX KOJMeOaHn :
w=0l-5. (1.55)
KoneGanus, onuceiBaemsle (1.54), He aBisatorca rapmonuyeckumu (puc. 1.14). ITon
UX aMILTATYAOU OyneM NOHUMATH BETHYHHY
A(t)=s0e™, (1.56)

KOTOpasi MOHOTOHHO YOBIBA€T CO BpeMeHeM. «J[TuTembHOCTEY) KoneOaHui XapakTepu3yeTcs

BpEMEHEM 3aTyXaHHs
T= : (1.57)
5 .
Ecnu noacraButh T B (1.56), To terko S
BUJIETH, YTO [0 HCTEUCHHH BPEMEHH 3aTyXa- S
T~ A(f
HUS T aMIUTUTYAa yOeiBaeT B e pa3. Komuue- “~enl @
CTBO COBEPIICHHEIX CUCTEMOH KOJNeOaHWH 32 /\ ]‘ /\' ‘7\--,\
>

BpeMA T paBHO OTHOIICHUIO 3TOr0 BPEMECHH K 0 \/ \/ v V V V— t

MEPHOAY 3aTyXamouux konedanui T =27/ ®.
Ecou 3aTyxaHue B cHCTeMe Mano (8 << 0), TO .

Pl

nepuoa konebanuii T = 27T/ 0, U YHUCIO 3TUX

. Puc. 1.14.
KoneGaHul BETHUKO:

! 1.58
T 21 ' (d25)

1) Bomee monpo6HO METON KOMILTEKCHBIX AMILTHTY OyET OGCYKIaThesl HIKeE, MPH PACCMOTPEHHH Bhi-

HYXJICHHBIX KOTIeOaHHH.
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OKCIOHEHIUANBHBIN 3aKOH YOBIBAHUS aMILTUTYIBI CO BPEMEHEM IMO3BONSIET BBECTU
0e3pasMepHBIA mapaMeTp — JIorapu(hMUISCKUN JEKPEMEHT 3aTyXaHus 6, KOTOPHIN PaBeH J0-

T apI/I(l)My OTHOLICHHA ABYX IMOCICOOBATCIIBHBIX OT KJIOHEHUH B OOHY U TY K€ CTOPOHY!

A _
= nA(t+T) = (1.59)
M3 (1.57), (1.58) u (1.59) vaxomuwm:
1
0 =N (1.60)

Jlorapugmuueckuii AEKPEMEHT 3aTyXaHHUA MOKHO OLICHUTE, €CJIU MOACUYUTATE YHUCIO
KoneOaHUiA, COBEPIIEHHBIX CHCTEMOH 3a BpeMs 3aTyXaHuA T, TO €CTh IO YMEHBUICHUS aMILTH-
TyABI KOeOaHul mpuMepHO B 3 pasa. UeM GoMbILe YHCITO 3THX KOICOaHUH, TeM MEHBILE OTe-
PH 3HEPTHH B CHCTEME.

ITpocnenum 3a yOBIBaHHEM 3HEPrHH, 3aI1aCEHHON OCLIMJUIATOPOM, C TEUEHHEM Bpe-
Menn. Ucnomssys (1.54), sanumem mo ananoruu ¢ (1.24) u (1.25) BeIpakeHus A1 MOTEHIH-

aTbHOM U KHHETHYECKOU SHEPTUM OCLMILIATOPA!

1, 5
E,o :Eksge 2 sin (@t +9,) , (1.61)
1 i}
E, :Emm%ge 2 Cos? (O + ) - (1.62)

3amMeTHmM, 4TO, CTPOro TOBOPS, CKOPOCTh paBHA
: =3t : —ot
v=25§=—5,0e"" sin(®f + Q) + 5,0e™" cos(@ + Q) . (1.63)
OueBHIHO, UTO €ClH § << (M, TO NEPBBIM ciaraeMeM B (1.63) MOXHO npeHeGpeys u
3aMUCaTh BRIPAKCHUE T KHHETHYeCKOM sHepruu B BUAe (1.62). CymmapHas 3HEPrusi OCLIAI-

nSTOpa YOBIBAET CO BPEMEHEM:
U o adiry o2 2 coal
E®=E  *E .~ 5 50€ [k sin“(of + @) + m®~ cos=(0f + @,)]. (1.64)
TTpumeM BO BHUMAaHHe, 4TO MPH 8 << 0, 4acToTa 0 =~ @). Tak kak k = mm% ,T0 (1.64) okoHua-

TEJIBHO 3alIUIICTCA B BHOC

E(t):%sgmmge_zat = Eye >, (1.65)

1
ITomHas 3HEprus OCLUINATOPA, PaBHAsA BHavane F, = 5 sommg, MOHOTOHHO YOBIBA€ET CO Bpe-

MCHEM IO 3KCIMIOHCHIUAJIBbHOMY 3aKOHY U YMCHBIIACTCA B € Pa3 3a BpeMA

SR S 1.66
ET357 5" (1.66)

«KauecTBO» KOJIeOaTeNbHON CUCTEMBI XapaKTepHU3yIOT 6e3pasMepHBIM Mapa-
MeTpOM (J, Ha3bIBAEMBIM AJOOPOTHOCTEIO. JJOOPOTHOCTE NPONOPLUHUOHATBEHA OTHOIIIE-

HHIO 3aMaceHHol sHeprun E(f) k sneprun AE ., TepaeMoi 3a nepuon (puc. 1.15):

L B _ Ee® o
Q =2r . =2r Eoe_zat _Eoe—28(t+T) - 1—6_23T . (1.67)
Ecnu wucno xonebanuii Bemuxo, o 87 = 1/N << 1. Torna
21 27 T
= = ~—_= nN . 168
¢ 1-¢ 27 1-(1-28T+..) 9 (1.68)
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L 4

0 t t+T
Puc. 1.15.

ITpu 3KCHOHEHIINATIBEHOM 3aKOHE YOBIBaHHS 3HEPTHU CO BpeMeHEeM JOOPOTHOCTh () OKa3bIBa-
€TCs IOCTOSIHHOW BETHYHHOM, KOTOPYIO, KaK M JOrapu(hMHYECKAN NEKPEMEHT 3aTyXaHusd 0 ,
MO)KHO JIETKO OLEHHUTH MO YUCITy KoXeOaHui N 0= TN = 3N, COBEpPILIEHHBIX CUCTEMOH 0 KX
TIONTHOTO MPEKPANIEHUs (38 BpeMs 3T aMILTHTYa KoleOaHuli yMeHbIIaeTcs B &> ~ 20 pas, To
€CTh KoneGaHHs MPAKTHYECKH MOITHOCTHIO 3aTyXakoT).

Crnenyer OTMETHTB, YTO TOOPOTHOCTH HE TOJNBKO XapaKTepU3yeT 3aTyXaHue Kosreda-
HHMH, HO U ABJIIETCS BAXKHOH BEITMYHHOH, ONPEIEIAIOIEel NapaMeTpsl BEIHYKISHHBIX KoTeOa-
HUH, OCYIIECTBIIEMBIX MO ISHCTBHEM BHEIIHEH MEPUOINYECKON CIITBI (CM. Jajee).

PaccMoTpuM Tenephb cyyait 8 = @, Korna KOpHH XapaKTePHCTHIECKOTO YPaBHEHHS

KkparHele: A, = A, = 0. IIpu 3T0M yacToTa M= \/0)3 —8% =0, To ecTb KONEGAHHS OTCYTCTBY-
10T, O0l1ee PELICHUE, KAK HETPYIHO MPOBEPHTD MOICTAHOBKOH, HMEET CIIEIYEOLIHHA BUA:

s(6) = (sy +Ct)e™, (1.69)

IJie HE3aBHCHMBIE TIOCTOAHHEIE 5, B C OTIPENeNAIOTCA, KaK U PAHbIITe, HAYaTbHBIME YCII0-

BUSAMU. BO3MOKHBEIA BUJ 3aBUCHMOCTH $(f) TIPU PA3HBIX HAYANBHBIX YCIOBHAX H300pa-

JKeH Ha pucyHke 1.16. 54

Hx xapakrepHOll 0COOEHHOCTBIO SABISAETCA

TO, YTO OHHU IepecekaroT ock Of He Gonee OIHOTO \\

pasa, 1 BO3BPAaT K paBHOBCCHOMY COCTOAHHUIO Y CHC-

~ ¥

TEMBI, BBIBe,Z[eHHOﬁ H3 HEro, MpOUCXOOUT 3a BpEeMA

HOPsAIKA HECKONBKUX T. Takoi pesKuUM IBUKEHUS Ha-
3BIBAETCH KPUTHYECKUM. Puc. 1.16.

Hakonen, ecmu & > 0y, To obuiee permeHue
(1.52) sBnseTca cymMMoit OBYX YOBIBAIOLUIMX C TEUEHHEM BPEMEHH 3KCHOHEHT, MOCKONBKY
-9 J_r\[?}z — ) < 0. BO3MOKHBIii BHI 3aBHCHMOCTEH S(f) TIOXOK Ha TO, YTO H300PAKEHO Ha
puc. 1.16, HO BO3BpAT K PABHOBECHUIO OCYILECTBISIETCA METICHHEE, YEM B KPUTUYECKOM PEXKU-
Me, OCKONBKY BA3KOoe TpeHue Gonbire. JIaHHBIH PEKUM ABHKEHUS HA3BIBAETCS allEPHOANYEC-

KAM, WIH 3aKPUTHYCCKHM.
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OtMetnM, uT0 Haubosee OBICTpOE
BO3BPAILEHNE CUCTEMBI K TOTOKEHUIO PABHO-
BECHUS MPOUCXOUT B KPUTHUECKOM PEKUME, 4
B KOJIEGATETEHOM H AIEPHOMUECKOM PEKUMAX
3TOT TpoLece AMuTcs gonbiue. [lostomy, Ha-
MpUMEP, TaIBBAHOMETPBI — OPUCOPHI JJIs

JNEKTPUUECKUX H3MEPeHUN — paboTaroT

OOBIYHO B PEXKUME, OIH3KOM K KPUTHYECCKOMY,

KO[Ja TPOLIECC YCTAHOBICHUA UX MOKA3aHHUII,

0' t

Puc. 1.17 TO €CTh CMEILIEHH S PAMKHU K yCTOUYUBOMY OT-

KIIOHCHUIO § HMECT HAUMCHBIIYIO ATTUTCITb-

yer?
HOCTB (cM. puc. 1.17).

HNnmocTpanuei K pacCMOTPEHHBIM 3aKOHOMEPHOCTIM 3aTyXarOIIUX KoJMeOaHuil SB-
ns0TCA (hasoBbIe MOPTPETHI, MOCTPOECHHBIE A KoneGaTenbHOro (8 < @), a TakKe KPHTHYEC-
KOTO H arepHoIHIecKkoro (8 > ) pexumos (puc. 1.18).

Tpu 6 < 0, ha3oBbIH NOPTPET MpeaCcTaBAAET COGOH COBOKYMHOCTE CIUPANEH, CTArH-
BaIOIIUXCA B 0COOYIO TOUKy THNa «hokycy. Ha puc. 1.18 nzobpaxkeHa ofHa U3 TaKUX CITHPa-
Tiei. 3a Kaxk bl 060pOT paaryc CIMPATH YMeHbIaeTcs B €9 pas. Jlng kpuTHeckoro u anepu-

ONIHYECKOTO PEKUMOB O > (), (ha3oBble TPACKTOPUU CXOAATCA B OCOOYFO TOUKY THTIA «Y3€T.
3aryxaHue KoJedaHMil B cHcTeMax ¢ cyxuM Tpennem. Ha npakruke mMbel yacto

HMEEM JEJI0 C CUCTEMaMU, B KOTOPBIX [MABHYIO POJb UTPAET CHIIA CYXOTO TPEHUS, HE 3aBHCA-

11as OT CKOPOCTH. THNHUYHBIN IPUMEP — OPYKUHHBIM MasTHUK, TPy3 KOTOPOTO CKOJIB3UT MO

LHepOXOBaTOﬁ T OpPI3OHTaJ'II:HOI>i MOBCPXHOCTH, UITA KoIrebarenbHAd CHCTEMA Y CTPEIIOYHBIX U3-

MEPUTCIIBHBIX HpI/I60pOB, OCHOBY KOTOpOﬁ COCTABIACT BpAaLIAOIIAACA paMKa, HCTIBITBIBAKO-

S A \ $ A

7 ‘

R

S <®, 8> ®,

17\

t \

Puc. 1.18.
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as JeHCTBUE CUJ CYXOr0 TPEHUS B OCH BpalleHus. XoTd cuna F, 1p CYXOTO TPEHHSI U HE MEHsI-
€TcA M0 BEJIMYUHE, TEM HE MEHEE OHA MEHSET CBOE HalpaBIeHUE NPU U3MEHEHUH HallpaBlie-

HUS CKOPOCTH. B crity 3T0ro Heo6xoanMo 3anucars JBa YpaBHEHU S

F,
§+ops=——2 i §>0; (1.70)
m
. Fp :
§+ogs=+ i § <0, (1.71)
m
Fip
Ecnu B (1.70) ncrone30Bath NepeMeHHy0 sy = s+— -, aB(1.71) — 5, = s ———=, 10 062
0 mw,
YpaBHEHHUS IPUMYT OAUHAKOBBIH BULI:
..5:1’2 + 0)3.5‘1’2 = O . (172)

®a30BbIE TPAEKTOPUH, COOTBETCTBYIOIINE 3TOMY YPABHEHHIO, IPEACTABISIOT COOO0MH

FTP
2
0

JIUMNCHI ¢ UEHTPaMH, UMEIOLTUMH KOOPAUHATEL §_ = — (s, = 0) nng BepxHEH MOMyTIOC-

E
koctd §>0,u 5, = +—T2 (s, =0) wra HIKHEH nomyurockoctd § < 0. UtoGel Hapuco-

0
BaTh (lJa3OBI>II/I MOPTPET, HeO6XO,Z[I/IMO COMKHYTBb (l)a3OBI>Ie TPACKTOPUU BEPXHCH U HUWKHEU 110~

JTYIUTOCKOCTEH Ha ux oOuiel rpanuue § = 0.

M3 nocrpoerHoro Ha puc. 1.19 ¢a- Sty A
30BOr0 MOPTPETA BUAHO, YTO ABHKEHHE TIpe-
KpaIiaercs Mocjie KOHEYHOro YHcia Koje-
Ganwuii. Upe3BBIYaiiHO Ba)XKHO, YTO CHUCTEMA
He 0043aTeTbHO NPUAET K COCTOSHUIO 5 = 0,

a MOXET OCTaHOBHUTLECA, IONAB B 30HY 3aC-

TOA §, —S_. 30Ha 3acTos TeM OOINbILe, YeM

A(F) A@+T) s | st s
Goxnpine cuna F, - U3 ¢azoBoro moprpera
JerKo ONMpelNeNuTh yOBIBAHHE AMIUTUTYABI
koJNe0aHul 3a OJUH MEePUOI. ITO U3MEHE-
HHUE aMIUTUTYIBI B JBA Pa3a MPEBBILAET PO-
TSKEHHOCTE 30HBI 3aCTOS: Puc. 1.19.
4F,
AA:A(t)—A(t+T):2(s+—s_):m =, (1.73)

TaxumM 00pa3oM, B OTIHYKE OT IKCIIOHESHIUATIBHOTO 3aKkoHa (1.56), XapaKkTepHOro A1 BA3KOro
TPEHUs, aMIUTUTYAA KoneOaHul yObIBaeT CO BpeMEHEM JIHHEHHO.
Ha puc. 1.20 noka3aHa 3aBUCHMOCTb OT BPEMEHU CMELIEHH KOIeOIIOerocs Teina
IIPU CYXOM TpeHUH. UHCIT0 COBEPIIAEMBIX CHCTEMOH KOJIeOaHUH 10 UX MPEKPAIIEHHS 3aBUCUT
OT HAYANIBHOU aMIUTUTYABL 4y, U €10 MOXKHO OLEHUTH 1O (HOPMYIIE:
A A

ey (1.74)
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OHO 3aBUCHUT OT HAYATBLHOU aMILTH-

Tyasl A, . Yacrora xonebGaHui

’k N
S ®, = ,/— OCTaeTcd TaKOH XKe, KaK
m
U OpUA OTCYTCTBHHU CHIIBI TPEHUSA
(em. (1.72)).
KoneGanus nponomkaroT-

—— CcA o0 Te€X nop, MOKAa UX aMILTUTY-

L~ Ja 0CTacTCAa 0OMbIe MOJOBHHEI

Puc. 1.20. INHPHHEL 30HBl 3aCTOA §,—S_.
ITpu 5TOM B peanbHBIX yCIOBHAX KONEOMIOIMAACA MACCa OCTAHABIMBAETCA B CIydalHOM

MOJIOKEHUH BHYTPH 3TOH 30HHI (B Touke P Ha puc. 1.20).
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JEKIMS 2

Buinyowcdennvie konebanus noo oelicmauem 2apmoHuueckol cunsl. Pexcumot mednen-
HbIX, ObICMPBIX U PE3OHAHCHBIX KOAeOanuil. Amnaumyono-yacmomusle u (pazo-uacmomubsie Xa-
paxmepucmuku. Bannucmuueckuti pexcum konebanui. Yemanoenenue konebanun. Xapakmepu-

CHIUKU PASTUYHBbLX KOnebamenbubix CUCeMm. Hapamempuuecxue Konebanus. Asmoxonebanus.

B npenpiayIei JIEKIHHA MBI PACCMOTPENN CBOOOAHBIE 3aTyXafOLIHE KOMeOaH s, BO3-
HUKAIOIIKE NPH HAYAJIEHOM KPATKOBPEMEHHOM BO3ACHCTBHH BHEIIHUX CHI HA KOJNEOATENb-
HYIO CUCTEMY. MexXay TeM, B OBCEIHECBHOU MPAKTHKE MBI CTAJIKUBACMCS C HE3aTyXaIOLIHMU
KoNeOaHUSIMH, 1T MOANSPKAHUS KOTOPBIX HEOOXOAHMO MOIBOAUTE SHEPIHIO K KOIeOaTeIb-
HOW cUCTeMe, UYTOOBI KOMICHCHPOBATH €€ YHEPreTHUCCKUE TOTEPH.

OaHUM U3 pacpOCTPaHEHHBIX CIIOCOO0B MOAEPKAHUS HE3aTYXAIOMINX KOJeOaHHH
SABIIAETCA HENPEPHIBHOE BO3ACHCTBHE Ha KOJEONIOUIYIOCS Maccy MEPHOAHYECKOH CHIIBI
(BBIHYK IAIOLIEH CHITBI)

F)=F@+T1), 2.1
MEHSIOIIEHCS BO BPEMEHH ¢, BOOOILE rOBOPS, POU3BOJIBHO B IPEAENax MEPUOAa JITUTENBEHOC-
110 7. Ecity, HarpyuMep, TaKyro CHITY IPWIOKHTE K KOTEOIIOIeHcsl Macce OMMCAHHOTO BBIIIE
MPY>KUHHOTO MasATHUKA (pHC. 2.1), TO ypaBHEHHE €€ NBUKECHUS PUMET BU:
ms =—1's—ks+ F(2). 2.2)

OnBIT TOKA3BIBACT, YTO €CITH CHJIa BHE3AMMHO HAYUHAET ISHCTBOBATE (HAIPUMEp, B MO-
MEHT BpeMeHH ¢ = (), TO MaSTHUK HAYHET MOCTENEHHO PACKAUUBATBCS, H CITYCTA KAaKOE-TO BPeMs
€ro KoJe0aHus YCTaHOBATCA. 110 MOpAIKY BETHUHHEI BPEMS YCTAHOBICHHUS TAKUX BBIHYKICH-
HBIX KoneGaHuii GyleT cOBMAATh ¢ BpeMeHeM 3aTyxaHus T = & | = 2m/T". Jlanee MBI CKOHIIGHT-

pHUpyeM BHUMaHHE UMEHHO Ha yCTAHOBUBLIHMXCS KOIe0a-

HUIX. ECTecTBEHHO, UTO MapaMeTphl TaKHUX KoseOaHuii Oy- K@)

JyT 3aBUCETH OT KOHKPETHOTO BUAA CUbl F(f). UsMateMa-  777777777777777777 777777
L

THKH XOPOIIIO U3BECTHO, UTO TFOOYIO MEPHOINUECKYIO (hYH- 0 s
KI[HUEO MOXHO MPEACTABUTH B BUAE paaa Dyphe: Puc. 2.1.
= . [2x
F@) = ZFOn sin| ?nH-\pn (2.3)
n=0

DU3NYECKUN CMBICI 3TOI0 MPEACTABICHUA COCTOUT B TOM, YTO MEPHOTUIECKOE BO3-
neticTere F(f) 5KBUBAIEHTHO OJHOBPEMEHHOMY BO3IEHCTBUIO IOCTOAHHON CUIIBI ), 1 Habo-

Pa rapMOHHYCCKUX CHIT ¢ COOTBECTCTBYIOIIUMHA aMILTUTYIaMA F " HavaJIbHBIMHA (lJa3aMI/I \Vn u

9aCcTOTaMU (), = 2—Tnn = (K, KPATHBIMH HHU3ILIEH (OCHOBHOM) YacToTe M= 2% .

UToOB! HOMYYHTH NONHYIO KAPTHHY BBIHYKASHHBIX KOJIEOaHHN MO/ JeHCTBHEM CHITBI
(2.3), HeoOxoAMMO MPHHATH BO BHUMAaHHE JHHEHHOCTH ypaBHeHHS (2.2). DT0 mo3Boiser
MIPEACTABUTE €r0 peIeHue 5(f) Kak CyMMY FapMOHHUYECKUX KOJMeOaHHI:

- . [2%®
s(t)= Zso,, sin ?nt +0, | (2.4)
n=0
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MPOUCXOAAMIUX € YCTAHOBUBIIMMUCSH aMILTUTYAaMH S, H (azaMu @, Ha 4aCTOTax O,
COOTBETCTBYIOIIUX rapMOHUK BBIHY:KAArOIeH cuisl (2.3). Kaxnoe cnaraemoe B (2.4) Moker

paccMaTpuBaTbCA KaK BBIHYXKIACHHOC FapMOHHUYECCKOC KOJ'IC63HI/IC, OPOUCXOOAIICEe MO

. . . . N 21
JCUCTBHUECM BHEIITHCU I‘apMOHI/I‘{eCKOI/I CHIIBI ¢ AMILTUTYAOU FOVI U 9acToTOUu (Dn = ?I’l

AMOuATy et 5, U Gasel @, TpeOyrOT ONpeneneHus, U Mbl NepelneM ceiduac K ux

HaXOXKICHUIO.

Beiny:kneHHbIE KOJICOAHUA NMON AeHCTBHEM rapMoHm4Yeckoi cuiabl, ITycTeb

BHECIIHAA CHUJIa MEHACTCA O TapMOHAYCCKOMY 3aKOHY

F(t)=Fysinot. 2.5)
YpaBHenue (2.2) B 3TOM CIy4ae NPUHUMAET BHA:
m§ =—I's — ks + F sin @t (2.6)

IMox nefictBueM 3TOH CHIIBI MASTHHK B YCTAHOBUBIIEMCS PEKUME OyIET COBEpILIAT

rapMOHHYecKue KonebaHus
§(t) = s sin(t + Q). 2.7

Kak mokaseIBaeT OMBIT, aMILIUTY/A §, U HAYaIbHas (asa @ (T.e. cIBUT (asbl MEX Ty
CMEIIEeHHUEM § U CHIOH F) YCTAHOBHBINHUXCA KONEOAHHUI 33aBHCAT HE TOJNBKO OT aMILTHTY/IbI
cuniel Fy (410 04€BUAHO U3 ypaBHEHHU (2.6)), HO H OT TOr0, HACKONIBKO YaCTOTA BBIHYKAAOLLEH
CHJIBL () OTIHYAETCA OT COOCTBEHHOH YacTOTHI KONeOAHHUI MasTHUKA (), = vk /m. HauGomee
CUJIBHO MasATHHK OyET PACKAIUBATEHCS, KOTA 3TH YaCTOThI IPAKTUYIECKHU COBIANAIOT: O =~ Q).

IIpesxae yeM MPUCTYUTE K HAXOKICHUEO S, U @,

F(t
] —(2 3aMETUM, YTO T MEXaHHYECKHX KOJeOaTelbHBIX CHCTEM
L1777 77777777777/ 777777 HE TaK NPOCTO ¢ TEXHUYECKON TOUKHU 3PEHUS OCYLIECTBUTD
0 § 0 S BospeiicTBue TapMOHUYECKOH CHIIbI HEMOCPEACTBEHHO HA

Puc. 2.2.
IBIXKYITYIOCH Maccy. Topasno mpoine 3To cAenarh A

SMEKTPUYECKUX U OMTHISCKUX KoNeGaTeNbHBIX CHCTEM, HAlpUMep, Ui Kone0aTensHOro KOH-
TYpa, MOAKIFOYEHHOr0 K BHEIIHEMY HCTOYHHKY MEPEMEHHOrO HanpsukeHus. JIerko, omHako,
BUIETh, YTO MOKHO MOOAEPKUBATH BEIHYKICHHbIE KONeOaHUI MasTHUKA, H300paKeHHOTO Ha
puc. 2.1, UHBIM cIOCOOOM, HE TIPUKIIAIBIBAS HENOCPEACTBEHHO BHEIIHIOK CIITY F(f) K Macce m.
JlOoCTaTOuHO JHIIB 3TY CHTY NPUIOKUTH K JTEBOMY KOHLLY CBOGOAHOMN MpYKHUHBI TaK, YTOOBI
3TOT KOHEI] JIBHTAJICA [0 FapMOHHYeCKoMY 3aKoHy &(f) = & sinot (puc. 2.2). Torna ymmiHerne
OPYKUHBI COCTABUT BEMUYUHY § — &, 4 CHIId YOPYTOCTH, NPUIOKEHHAS K MAcCe 1, OYAET paBHA
k(s — &). TloaTOMy YpaBHEHUE IBUNKEHUS MACCHI 72 3aTIULIETCS B BUJE:
m§ =-Ts—k(s—¢). (2.8)
Ecnu npuHATE BO BHUMaHHE, UTO CHUJIA YOPYTOCTH NPYKUHBL B OTCYTCTBUE CMe-
uieHus rpy3sa (s = 0) paBHa
F(r) = KE(t) = k& sin o, 2.9
TO ypaBHEHHE (2.8) MONHOCTHIO 3KBUBAJIEHTHO ypaBHEHUIO (2.6). Cuna (2.9) BRIIOTHIET POk

BHEIITHEH rapMOHUYECKOU CUITB B KITACCHYCCKOU cXeMe, n300pakeHHOH Ha puc. 2.1, Dra cuna
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JETKO MOXKeT OBITh BU3YalTH3WPOBAHA, MOCKOIBKY €€ BETHYHHA U HANPABICHHE OJHO3HAYHO
ompenensgeTca CMeUIeHHEM OABWKHOTO JIEBOTO KOHIIA MTPYKUHBL. JTO, B CBOKO Ouepeb, AaeT
BO3MOXHOCTbH HADIISITHO MPOAEMOHCTPUPOBATE (ha30BBIE COOTHOILIEHHUS MEXAY crutor F(f) (umm
cMemerneM E(1)) U cMeleHreM s(¢) KoneOmommeics Macchl.

IMepenuinem ypapaeHue (2.8) CrenyromuM oopasoM:

F,
5+ 285 + s = —Lsin o, (2.10)
m

rne Fy=kg,.
Perenue 31oro ypaBHeHHs OyIeM HCKATh B BUAE FAPMOHHIECKOTo Konebanus (2.7), rae
aMILTHTYa S, U (a3a @y MOTYT OBITh OMPEIENEHbL, €CIIU MOACTABHUTE (2.7) B (2.10). MbI cienaem

3TO HECKOJIBKO MMO3AHEE, a IMOKa PAaCCMOTPHUM TPU BaXKHBIX PEKAMA BBIHYKIACHHBIX KOIEOaHUI,

MepieHHBIe KoJe0anus. Eciiy yacToTa BEIHYKIAOMIEH CHTBI () 3HAYUTETBHO MEHB-
LLIE (), TO CKOPOCTb § U YCKOPEHHUE § KONEOMIOLIEtcs MacChl OyayT 04eHb ManbiMu. TTosTomy

MOXHO MpeHeOpeYs NePBBIMH ABYMS WIEHAMH B JIEBOW yacTH ypaBHeHus (2.10) u 3amucathb

€ro B HpI/I6J'II/DKeHHOM BHUOC!

2 Ky
Wys = ——sin w¢. (2.11)
m
Ero pemenne 04eBUIHO!
FO . FO .
s(t)= sin ¢ = —sin ®¢.
mm% k (2.12)

B 3TOM pexxuMe CMeIeHne TPy3a NPONOPUUHOHATBEHO BHELIHEH CUIIE U HE 3aBUCHT OT
BEJIMUUHEI €10 MacChl m. Petnenne (2.12) apnsercs, Mo CYIIECTBY, MATEMATUIECKUM BRIPAXKe-
HHeM 3akoHa ['yka Ais cTaThyeckoii aedopmaruu npy:uHbl, [103TOMY 3TOT PEXKUM MOKHO
HA3BATh KBA3UCTATUIECKUM (IOYTH CTATHYECKUM ), AMILTUTYA KONEOAHUH B COOTBETCTBUH C
3TUM 3aKOHOM PaBHa 5, = F/k, a cMewenne s(f) usMensercs B (pase ¢ BHEIIHEH CHIIOH.

B cxeme, u300paxeHHON Ha pHC. 2.2, 3TO 3KBUBATIEHTHO TOMY, UTO CMELIEHHE MACCHI 71

MPaKTUICCKHA MOBTOPACT CMCLICHUEC JICBOTO KOHLA NIPYKUHBI:

s() :%sin ot = kéTOsin ot =&(1), (2.13)

NoCKoNbKy Fy = k€. OTo 1 He yIHBHTENBHO, T.K. 171 IBIKEHHSA MacChl M C IPEHEGPEKUMO

MaJbIM YCKOpEHHeM § He Tpebyercs GombIumx aedopMaruii npyxuHsr: s(¢) —&(t) = 0.

BoicTpeie konebanus. Ecnu o >> @, TO NEPUOL BEIHYKACHHBIX KoeGanuii T'= 27/
MaJl. DTO 03HAYaeT, YTO Macca in UCHBITHIBAET IEHCTBHUE JTNILIb BHEIIHEH cuitbl F(¢), a cuia ynpy-
roctu ks v Baskoro Tpenus I's mMaunbl. JlelcTBUTENBHO, 33 ONOBUHY KOPOTKOTO MepHoaa koneGa-
HH, KOIJa Macca ABIDKETCS B OJHOM HAIPaBICHHUH, OHA HE YCIEBaeT HaOpaTh KaK 3aMETHYIO
CKOPOCTB § , TAK H CMECTHTBCS Ha JJOCTATOUHYIO BETUUKHY § OT ONOKeHHs paBHoBecus. [1oaTo-
My B ypaBHeHHH (2.10) MOXHO OIYCTHTB WIEHBI, COIEpKalIie S U § , U 3allUCaTh €r0 B APYTroM

pUOIHKEHHOM BUJIE:
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. Fy

§ =—=sint. (2.14)
m
Huterpupys 370 ypaBHEHHE [Ba pa3a, HAXOIUM 33aKOH IBIKEHHS KOIeOmrouencs
MAcCCBI:
FO . FO .
$(t) = ——sin ot = ——sin(wr — 7). (2.15)
me me

U3 (2.15) cnenyeT, 4To CMEILEHHUE MO OTHOIICHHUIO K BHEITHEH CHJIE 3aMa3abIBaACT MO
(ase Ha TT (P, = —T), & AMILTATY/1A, KAK MBI M IPEIIONATANH, YOBIBAET C YBENUUEHHEM YACTOTL.
B cxeme, n300pakeHHOH Ha pHUC. 2.2, B TAKOM PEKUME JECBHIH MOABMKHBIA KOHEL]

MPYKUHBI 1 Macca m BCCraa ABHKYTCA B IPOTUBOIOIOKHBIX HAIIPABICHUAX !

o Ko @)
s(t) = - sin ¢ e E@®). (2.16)

ITo aGconroTHOM BENWYHHE CMEIIEHHE MACChl /M B 0)2/0)3 >>1 pa3 MeHbIIE

CMEILICHHSA JICBOrO KOHLIA MPYKUHBI, T.€. IPAKTUYCCKA HE 6yz[eT 3aMCTHBIM.

Pe3onaHCHBIIT peKuM. Ecnu yacrora o = 0)0, TO BBIHYKICHHBIC KonmeOaHud mnpouc-

XOOAT HA COOCTBEHHON YacTOTE KONeOaHHHi. DTO 03HAUAET, UTO
§+05s=0. (2.17)
CrepoBarensHo, ypaBHernue (2.10) npu yuere (2.17) npumer BuA:

. F, .
285 = ~%sin myt. (2.18)
m
HHuTerpupys ero, Noxy4aeM BRIPAKEHUE U1 CMEILICHUS:
F, .
$(t) = ————sin(wyt — /2).
Q) 2omon, (@0t —7/2) (2.19)

IMocmenHee BEIpaXeHHE YIOOHO MEPEMUCATE B BUAEC
Fy, .
s(t) = TOQsm(mOt —-1/2), (2.20)

T
rne 0= T IobpotHOCTE MaaTHUKA. Eciu moGporHocTs O >> 1, TO aMIUTHTYaa KoNeOaHui

MOKET BO MHOTO Pa3 MPEBHIIATH aAMIUTUTYIY MEIICHHBIX KBAa3UCTATHUECKUX KoineOaHuU
(cpaBHute ¢ (2.12)). [To3TOMY TaKol PeXUM HA3BIBACTCS PE3OHAHCHBIM,

Benuku Takke aMIUIUTYABI CKOPOCTH U YCKOpeHHs. [TOCKONBKY CKOPOCTH § , KaK
cnenyet u3 (2.18), usaMeHseTcA B (ha3e ¢ BHEMIHEH CHIOH, TO ¢ S3HEPreTUYSCKOH TOUKH 3PSHUS
3TO BEChbMa ONArOMpHUITHO MM «HNOAKAYKKW» 3HEPTHU B KONeOaTenbHYIO cucreMy. Pabora
BHEIITHEH CHITBI 32 epuoA KoneGaHui paBHa:

FET
40m
U 3HAYATEIBHO MPEBOCXOAUT PaboTy 3TOH CHITBI B 00OHX PAaCCMOTPEHHBIX BBIIIEC PEKUMAX.

T F02 T 5
A= {F(t) -$(t)dt = E{ sin® oyt = (2.21)

Takas Gomnbias pa60Ta HeO6XO,Z[I/IMa JUIA KOMICHCALUU 3HAYUTCIIBHBIX MOTECPh HU3-3a CUJIBI

BA3KOIO TPCHUA.
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Jms GonpIei HAMMSITHOCTH TOCIEAHETO PE3YNBTaTa 00PaTUMCA K CXEME C MOIBHKHBIM
JIEBBIM KOHIIOM MPY>KUHBL, [, KaK 3TO BUIHO U3 pemmenns (2.20),

s(t) =&,Qsin(myt —7f2) . (2.22)

AMILTUTYA CMELIEHHUS PaBoOro KOHLA NPYKHUHBL B ) pa3 NPEBOCXOAUT aMILTUTYIY
CMeIlIeHus JIeBoro KoHNa. [Ipu NpoxoKaeHUN Maccoi m MOJOKEeHUs paBHOBecHd s = 0, koraa
€e CKOPOCTb MaKCHMAJIBHA, JIEBBIH KOHEIL IIPYKHHBI CMEIIEH HA MAKCHMATbHYIO BETHUHHY &,
B HANPAaBICHUH CKOPOCTH OBHXKYILEHCS MAacCHl. B 3TOT MOMEHT BpeMEHH MOLIHOCTH CHIIBI
YIOPYTrOCTH OPYKHUHBI HMEET MAKCUMATBHO BO3MOKHOE MONOKUTENBHOE 3HAUCHUE [TPHU 38 1aH-
Hoii BenmumHe §. B mocienyromume MOMEHTEI BpeMEHH 3Ta MOIIHOCTE GYJIET OCTABATECA 110-
JOXKUTETBHOM, YTO, €CTECTBEHHO, 00ecHeunBaeT Hauboree 3P(EKTHBHYIO epeaady 3HEPruu
IBIXKYLIEMYCS C TPEHHEM TENYy.

Ecnu cuna (2.5) MeHs€TCA ¢ NPOU3BONBHON YaCTOTOH (), TO aMILTHTY/A S, U (hasa @,
BXOASIIHE B pemeHue (2.7), MOryT ObITh HalAEHBI, KaK OBUTO CKA3aHO BBILIE, [TOACTAHOBKOH
peurenus (2.7) B ypasHerue (2.10). Takyro moacTaHOBKY MOKHO OCYILECTBHTE HAHOOJEE TIPO-
CTO, €CITH BOCTIONB30BATHCA METONOM KOMILTEKCHBIX aMIUTUTY, IIHPOKO MPUMEHSEMBIM B Pa3-

JIHYHBIX 00IACTIX (l)I/I3I/IKI/IZ TECOpHUH KOJ'IG6aHHI>i, TCOPHUH BOJIH, JJICKTPOMArHCTU3ME, OIITUKE U OP.

Meros koMiLIercHbIX aMmiuiaTyl, Eciu B hopmyne Ditnepa (1.53): €/ = cos @ + isin @
oA @ MOHUMATH (Ha3y rapMOHHYECKHUX KOJIeOaHu
©=0t+ @), (2.23)
TO KXKIOMY TAKOMY KOJeGaHUIO S(f) MOKHO MOCTABUTD B COOTBETCTBHE KOMILTEKCHOE YHCIIO
5(t) = 54" = 556" ™™ = 55 cOS(O + Q) + s SIN(WL + Q) - (2.24)
H3(2.24) BunHo, uto peruenwe (2.7) sBISETCS MHUMOK YaCTHEO KOMIUIEKCHOTO BBIPaKEHHS:

s(t) = 5o sin(@ + Q) = Ime™™ (2.25)
e §, = soei‘PO — KOMILIEKCHAS aMILTHTY3, KOTOPas HECET UHPOPMALMIO 00 aMILIUTYLE 5, U

HaYaNbHOM (ase @) konebanmuii. Hago 0TMETHTE, YTO METOA KOMILTEKCHBIX AMILTUTY SABIAETCH,
(haKTUUIECKH, aHATTUTUICCKUM BRIPAKEHHUEM METOIA BEKTOPHBIX Auarpamm. Eciu B mocieaHemM
METO/IE KONIEOAHUE ¢ YaCTOTOM () TIONHOCTBEO 3a1a€TCS BEKTOPOM Sy, TO B METOE KOMILIEKCHBIX
AMIUTHTY/ KoneGaHue 330aeTCs YHCTIOM §; Ha KOMIUTEKCHOMH IOCKOCTH. TIOCKOMBKY € KOMILIEK-
CHBIMH YHCIIAMH YAOOHO U MPOCTO MPOU3BOIUTE MATEMATUYCCKHES OMIEPALIHH, TO MBI HCITIONB3Y-

€M 3TO 0OCTOATENBCTBO VTS OMYYSHHUS PEeLIeHHUs] ypaBHEHN BBIHYKIEHHbBIX KoneGanui (2.10).

Briny:KkIeHHBbIE KOJe0aHIA ¢ MPOU3BOJIBHOI YacTOTOi. bynem uckarh pemenne
ypaBHeHHUs (2.10) B KOMIUIEKCHOM BHAE:

§(t) = 5™ . (2.26)
BeiHyX narornyro cuiry B npaBoi yacTu (2.10) Taxoke 3anHIIEM B KOMIUIEKCHOH (hopMe:
F(1) = Fye'™, (2.27)
rae 1:“0 = F, — IHEUCTBUTENBHOE YHCIO, NOCKONBKY NI NPOCTOTHI MBI MONOXKHIHU, 9TO

HavyaJIbHAA ()a3a B BRIPAKCHHUU AT CHIIEI (2.5) paBHA HYIIO.
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Torna ypasuerue (2.10) MOXKHO 3aMUcaTh B BHIE:

s oen 2. Ky
§4+285 + 05§ =L (2.28)
m
KoMIMeKkCHY 0 aMIIuTYy S, = soei‘PO JIETKO HAXOAUM MOACTAHOBKOH (2.26) B (2.28):

A

o E
(—0% +2i80 + )™ = 2 (2.29)
m
Orcrona noryyaem:
. £y
Sy = (2.30)

Com(ed -0 +2idw)
N3 (2.30) HeTpyAHO HAUTH aMIUTUTYAy KOJeOaHul S, = |§0| :
Fy

0 =
my(@% - 0?)? +4520?

N

(2.31)

u dazy @, =args,:
tggy =0 __200 232)
Res, o —oj

MOTHOCTHIO ONPEACTSIONINE BEIHYKACHHBIE KoleOanus (2.25).

3aBUCHMOCTD aMILTUTY/IBL S, OT YACTOTHI (9, 331aBaeMas popmynol (2.31), HaseBaeTcs
aMILTUTYHO-4aCTOTHOU XapakTepUCTUKOH (AUX), a 3aBUCHMOCTD @ (), onuchiBacMas Gopmy-
noti (2.32), HaseiBaeTcs (paso-uacToTHOU xXapakrepuctukoii (OUX). Ha puc. 2.3 usobpakena
AUX, koTopas 0T00pakaeT HAPACTAHUE AMIUTUTYIBI S, IPH NPUOTIHKEHUU () K (). ITO SABIECHHUE
MOy YHIIO Ha3BaHUE pe30HaHca cMenieHuid. MHTepecHo, YTo MakCHMallbHOE 3HAUYEHHE aMILTH-
TyIel, B ) pas IPEBOCXOAALIEE CTATUYECKOE CMEILEHHE F/k, IOCTHraeTCs Ha YacToTe

o, = w/mg 282, (2.33)

KOTOPast HECKOJIbKO MEHBLIE KAK COOCTBEHHOH YaCTOTHI (), TAK U YACTOTHI 34Ty XAKOLIUX KOJE-
Ganuii ng —§%. Jlns npaKTHUECKHX UeTel A YaCTOT (), IEKAMMX BOIM3H YaCTOTHI (),

dopmyna (2.31) MokeT OBITH 3HAYUTENBHO YIIPOIIeHa. Tak, MOKHO MOTOKUTE

(05 —0%)? = (0, —0)*(0) +0)* = (0, —0)” -40;

2.34
48’ 0” = 48%w;. (234
C yuetom npubmkenunti (2.34) dopmyna (2.31) npumer Bua:
50(0) :%Q;. (2.35)
B ¢usuke Ge3pasMepHYO (YHKIHMIO
L(o) = (2.36)

Ha3BIBAOT JIOPEHLEBOH, a rpa(uK 3TOH (YyHKIUH Ha3BIBAIOT JOPEHIEBEIM KOHTYpoM. [lIupu-

HY A® 3TOro KOHTYPa, ONPeIeNIoIyI0 OCTPOTY PE30HAHCA, HAXOAAT U3 YCIOBUA YOBIBAHUS
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So

ey

Jil
k
0 ©; o) ©
Puc. 2.3. Puc. 2.4.

BIBOE€ SHEPIHH KONEOATENbHON CUCTEMBI, IPONIOPLUHOHATIBHON KBAPATy aMILTATYIBL S;(®W) B
(2.35), 4T0 3KBUBANICHTHO MPUONKEHHOMY COOTHOLICHHIO
1 1
——— - 07, (237
2
Awy/2 2

d

A
KOTOpOe mosAcHsAeTcsa pucyHkoMm 2.4, Ilpu 3ToM ycmoBUm 70) =9, r.e. Aw=2d. Ulupuna

JIOPEHLIEBA KOHTYPa XaPaKTePU3yeT MOI0CY TPOIYCKaHUs KONeOaTeNbHOM CHCTEMBI, T.€. TAKYHO
06J13CTB qacToT BHeI.HHeﬁ CHUJTIBI, AN KOTOPBIX CUCTEMA 3(1)(1JCKTI/IBHO OTKIIUKA€TCA Ha
rapMOHI/I'{eCKOe BHEIIIHEES BO3,Z[eﬁCTBHe. HCFKO BHIOCTH, YTO ,Z[O6POTHOCTB CUCTECMBI paBHa
o==L - Dy
8T Aw’
T.¢. 00PaTHO NPONOPLUOHANBHA MTOJOCE IPOILY CKAHHKA.

(2.38)

C ymenbiienneM ko3 dunpenta & AUX MeHseT CBOKO GopMy, KaK 3TO H300PAKEHO
MYHKTUPOM Ha puc. 2.3 mma & < d. Tonoca npornyckanus A® yMeHbIIaeTcs, 100poTHOCTE O

BO3pacTacT, U pe30HAHC CTAHOBUTCA Gomee OCTPBIM.

®a30-4acTOTHASA XaPAKTEPUCTUKA UTA IBYX pas- 5o
THYHBIX KOI((OHULHEHTOB 3aTyXaHus H300pakeHa Ha puc. () - ,(.00
2.5. DU3NIECKOE CONEPIKAHUE 3aBUCUMOCTH @) MBI IOA- . 3 \\? :< ) ®
poOHO OOCYaMIM AT TPEX PA3NUYHBIX PEKUMOB BBIHYXK- 2 [ oy
JIeHHBIX KOTeOaHni. OTMETHM JIUIIb, YTO C YMEHBIIEHHEM _n_\\-_n ______
3aTyXaHus & KpuBas @ (®) CTaHOBUTCA GoNee «IyBCTBH- Pig. 55

TENBHONY K H3MEHEHHIO YaCTOTHI BONM3U Pe30HAHCA.
Hapsny ¢ pe3oHaHCOM CMEIIEHUM MOXKHO TOBOPHUTH O PE30HAHCE CKOPOCTEH § U

pe30oHaHCe YCKOPeHHit § .
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CroOpocThb KoleOmomelics MACCHl PaBHA:
§ = so@sin(of + Qg +1/2), (2.39)
4 €€ YCKOPEHHE:
§ = 5,07 sin(ot + @, + ), (2.40)
T.€. aMIITUTYOAHO-YaCTOTHAA XaPAKTCPUCTHKA A CKOPOCTH NOIMYYacTCA YMHOXKCHHEM AUX

(2.31) Ha @, a AA YCKOPEHUA — Ha M

FO
Z/OZSOQ):
o -0 Y
m|| ——— | +48% ,
®
F
WOZSOQ)ZZ 0
o2 Y8
m,|| —2 — +472 :
® ®

Ha puc. 2.6 u3006paxeHbl YaCTOTHBIE 3aBUCUMOCTH aMIUTUTY CKOPOCTH ¥y = §3M U
YCKODEHHS W, = s00)2.

XapakTepHO, YTO PE3OHAHC CKOPOCTH NPOHCXOJUT HA YACTOTE ®y = (),  PE3OHAHC
YCKOPEHUA —IpH M > ). OTMETHUM, YTO BCE PE3OHAHCHBIE YaCTOTHI CBA3aHBI MEXKIY COOOM:

o, -0y =0k =0, (2.41)

OTMETHM TaKOKe, 4TO [0 IPHYHHAM, PACCMOTPEHHBIM paHee, B 00JIacTH HU3KHX Yac-
TOT MaJIbl KaK YCKOPEHHE, TaK H CKOPOCTb. B 00/1aCTH BBICOKHX YacTOT YCKOPEHHE KOHEYHO
(5o 0> - F,, /m) n obecrieunBaeTCs MMIIb BHEUTHEH cunol. ONHAKO CKOPOCTh NO-TIPEKHEMY
HE3HAYNUTEIbHA, TOCKOJIBKY TEJIO HE YCIEBAET Pa30rHATHCS.

He npeacrasiser Tpyaa HapUCOBaTh CAMOCTOSITENBHO (ha30-4aCTOTHBIE XapaKTepHC-
THKH JJI1 CKOPOCTH U JUIS1 yCKOPEHHSI, TOB3ysAch opmynamu (2.39) u (2.40), mockoIbKy OHU
MOTy4aroTCs MpocTeIM caBuroM GUX s cmemmenus (2.32), u3obpaxeHHOH Ha puc. 2.5, BBEpX
COOTBETCTBEHHO Ha TU/2 WK Ha T.

B 3aknroueHne paccMOTPUM BOIPOC O MOABOJE 3HEPTHH K OCLHHIUIATOPY MpHU

l'[pOPBBOJII:HOﬁ JacToTe BBIHy)K,Z[aIOH.[Cﬁ CHJIBI. Cpez[H;m 3a 0€pruoa MOLITHOCTH 3TOU CHJIBI paBHa

’UO A WO A

1 1

1 1

1 1

1 1

1 1

1 1

1 1

1 1

1 1

1 1

1 1

1 1

1 1

! L Y S LT
1 m 1

1 1

1 1

1 1

1 1

! > — >

0 0, = Wy o 0 My O o)

Puc. 2.6.
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17 e , |
N = —j F(t)s(t)dt =— j Fysinot - vosm((m +@,+ Ijdt =—Fy, j sin oz sin{mt + ) )dt =
Ty Ty 2 T

T T
1 . 1 . . 1
=— Fovoj sin® ¢ cos Y od +— Fovoj sin ¢ cos®t sin Y ydt = — Fyu, cosWy,
T 0 T 0 2
v .
rae Yo =@y + 5 — casur (a3 Mexay CKOPOCTBIO M CHIIOH. MBI BHIUM, UTO MAaKCHMYM

OOABOAUMON K OCLMIIATOPY MOLIHOCTH AOCTHTAETCS HA HaCTOTE (), MOCKONBKY MPU 3TOM
MaKCUMAJIbHBl U aMIUTATYd CKOPOCTH vy, H cosW, (W, =0) . IIpu apyrux wacrorax
BEIHY)KJAFOIICH CHIIBI 3Ta MOIHOCTE OBICTPO YMEHBIIAETCA U CTPEMHUTCA K HYJIO, KaK MpU

O—0, Taku IpH M —> oo .

Banaucruyueckuii peskuM KoJiedanuii. PaccMoTpuM koeGaHus CHCTEMBI, K KOTOPOH
MIPUIIOXKEHa TPOU3BONbHAA cuna F(f), nelicTByomas B TeUeHHE MPOMEKYTKA BpeMeHU At,
3HAYUTETbHO MEHBLIET0 Meproaa COOCTBEHHBIX KOeOaHu: Ar << T. OTKIIHMK CHCTEMBI HA TAKOe

BO3IeHCTBHE OYAET MPOMOPLHOHATIEH UMITYJIbCY JEHCTBYFOLIEH CHITBL:

1 At
p== | Fydt . (2.42)

B camom nene, npu KpaTKOBpEMEHHOM BO3EHCTBHH (B TEUEHHE BpEMEHU Af) MasITHUK

HE YCIEBaeT 3aMETHO CMECTUTRCA U3 IOJIMKEHHA PABHOBECHL, OfHAKO OyneT 00/1a1aTh yCKOpPEHHEM
. F(t

§= LUl .
m

ITpu 3anmcw (2.43) Mbl IpeHeOperyH CUITOH BA3KOro TpeHus. ITo oOkoHYaHuH neicTBHSA

(2.43)

CHIIBI MAATHHUK npn06peTeT CKOpPOCThb

RS

| A
=§=—|§dt=—, 2.44
Vo =S="7 {sdt (2.44)
MpoOnoOPLUUOHATBHY IO UMITYJIIBCY CHUJTIBIL.

Janee MasaTHUK GyneT COBEpLLIATE COOCTBEHHBIE MAPMOHHYECKHE KoNeGaHKS C AMILTUTYIOH

sp= =P (2.45)
Wy, Moy

Ecan napaMeTpel m U 0)0 H3BCCTHBI, TO MOXKHO ONPECACTUTD p, U3MEPAA aMILUTUTYOyY
MEePBOro KoIe0aHua mocie BO3,Z[€I>'ICTBPI$I.

B xauecTtBe NpuMepa pacCMOTPUM NPOLCAYPY U3MEPECHUA 3apaaa, NPOTCKALICTO 110
3JIeKTpI/I'{eCKOI71 Ooenu, ¢ HCINOJb30BaHHUEM OaIIUCTHYE CKOTO raJbBaAaHOMETPA. DTotr
TaTbBAHOMETP COACPKHUT PaMKYy, KOTOpasd MOXECT COBCPILIATE KPYTHIBHBIC KOJIeﬁaHI/IH. Pamka
HUMECT yBeJII/I'{eHHHﬁ (HO CPaBHCHUIO C O6LI‘iHI>IM FaJILBaHOMeTpOM) MOMECHT UHEPLHH, UYTO
YBCIIUYHUBACT NICPUOT €€ COOCTBEHHBIX KOIeOaHUI A0 HCCKOJIBKHUX CCKYH. Tx. PaMKa HAaXOAUTCA
B MAarHUTHOM MOJI€ MOCTOAHHOTO MarHuTa, TO NpHd NPOTCKAHHH Y€PE3 HEC ICKTPUUYCCKOro
TOKa Ha paMKy OyaeT NelCTBOBaTh MOMEHT CHII, IPONOPLHOHATBHBIA TOKy. ITpu mporekannu

KPaTKOBPEMEHHOTO TOKa PaMKa IPHOOPETAET YIIOBYIO CKOPOCTh U 3aTEM 33 UETBEPTH HePHOAA
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KONeOaHul OTKIOHAETCS Ha HCKOTOpHﬁ MaKCHMAJbHBIN yroada, KOTOpBIﬁ MMPONOPLUHAOHATICH

HHTErPaTy OT IPOTEKILEro Yepes PAMKY TOKa, T.€. BETHYHHE MPOTEKIIEro 3apsa.

YeranosiieHne koedanuii. MbI yke OTMEUalH, YTO €CIU IPHIIOKUTE K MOKOAIIIEMYCS
MAajTHUKY FapMOHUYECKYIO CHITy B MOMEHT BpeMeHH f = (), TO MasTHHUK Ha9HET ITOCTENEHHO
PacKauMBaThCS, KaK 3TO KaUECTBEHHO H300paskeHO Ha puc. 2.7a. YCTaHOBIIEHHE KONeOaHNH CBA3aHO
C TeM (PaKTOM, UTO HAPAIY C BEIHYKICHHBIMU KONCOAHUSAMH HA YaCTOTe () OyAyT BO3OY:KIOEHEI U
cOOCTBEHHBIE KONIEOaHHUS Ha YacTOTe ,/ 0)% — 82, KOTOpble, KOHEUHO, GyTyT 3aTyXaTh.

W3 MareMaTHKH H3BECTHO, UTO O0INee pelleHHe JTUHEHHOTO HEOOHOPOAHOIO
ypasuenus (2.10) mpu 8 < ®, UMEET BUL:

s(t) = sge sin(yJ@g — 821+ @, ) + 5¢ sin(at + @), (2.50)
IIPEACTABISIONINH CO00H CyNepro3HIUI0 COOCTBEHHBIX 3aTyXaOINX KOIeOaHUH Ha 4acToTe
,/0)3 8% un HE3aTyXaIoIIKX BBIHYKIEHHBIX KoNeGanui Ha yactote 0. U3 (2.50) BugHO, yTO
KoNeGaHus yCTaHOBATCS JIUIIB TOTA, KOIa 3aTyXHYT COOCTBEHHBIE KOeOaHus. DTO MPOU30HIeT

MO UCTCUCHHUU BPCMECHHU

Atycr NT:g. 2.51)
3a 3TO BpeMs B CHCTEMY «3aKaUHBAETCS» SHEPrus, MOCKOIBKY IO YCTAHOBIEHHS
koneGaHuii paboTa BHEITHEH CHITBI IPEBBIIAaeT paboTy CrJl TpeHHd. B ycTaHOBHBIIEMCS pexXuMe
HMeEET MeCTO 0aJIaHC MOCTYNAIOUICH U PACXOAYEMOH SHEPTHMA.
B uactHOCTH, €Cliu (= ,/0)3 —-8%, 10 (2.50) mpu $(0) =0, §(0)=0 u d << 0, KaK
HETPYIHO [OKA3aTh, UMEET BU
(1) = so(1—e ) sin(wt —1/2), (2.52)
NOCKOIBKY IPH 3THX YCIOBUAX So, = g, @ =—@p = g .
OtMmetnM, uTo dopmyna (2.51) onpenenser UL TOPSINOK BETUIUHBI (BPEMEHHOU
macwtab) Afyc. [ NPaKTHYECKUX LeNel BpeMs YCTAHOBIECHHS (PABHO Kak H BpeMs

3aTyXaHUs) KoeOaHUH MPUHUMAIOT PaBHBIM Aly, = (3+5)T.

N

SO __________________________________________

_SO ____________________________________________

Atyer
Puc. 2.7a. Puc. 2.76.
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Ha da3osoii mrockocTu (puc. 2.76) dazosas TpaeckTopus OyaeT MOCTENEHHO «pac-
KPYYHBATHCS» U3 Hauasla KOOPAWHAT U CTPEMHTECS K MPEIeTbHOMY LUKITY — 3JUTHIICY, H300-
PaKEHHOMY Ha PHUCYHKE ITyHKTHPHOH JINHUEH.

XapaKkTepHCTHKH Pa3JHYHBIX K0J1e0aTel1bHBIX CHCTEM (OCHULIATOpPOB). MHTE-
PECHO COIOCTaBHTh OCHOBHBIE XapPaKTEPUCTHKH PA3THIHBIX KOJIEOATENbHBIX CHCTEM (HHOIIA
WX A7 KPAaTKOCTH Ha3bIBAIOT OcumiuIaTopamMu) IlpuMepaMu TakuX OCHHUILIATOPOB MOTYT
OBITH MEXaHUYECKHE (PACCMOTPEHHBIE BBILIE), SITEKTPHUECKHE (M3BECTHBIE U3 IKOJIBHOTO
Kypca (OU3HUKH, HanpuMep, KoIeOaTeNbHBIH KOHTYP), ONTHYECKHE (HAIPUMED, 3TEKTPOH B
aTOM€) U APYTUe CUCTEMBL.

Burauane oOpaTuMcs K XapakTepucTHKaM HauOoJIee pacripoCTPpaHEHHOTO OCLHIUIATO-
pa — MasTHHKA, IPEACTABIAIOMIEro coOO0M TeN0, MOABEIEHHOE HA HUTH.

MasTHHK SBIIAETCS OAHUM U3 APEBHEHUIINX (HU3HUECKUX PHOOPOB. C MOMOIIBIO KPy-
THJIBHBIX MASTHUKOB OBUTH OTKPBITHI 3aKOHBI IPABUTALHOHHOTO K JIEKTPHYECKOTO B3aUMO-
JeUCTBHH, U3MEPEHO JIaBJIeHHE CBETA, BBIMOIIHEHO MHOKECTBO APYTUX (PH3UIECKUX SKCIIEPH-
MeHTOB. B mocnenHee BpeMs IPEATIOKEH H pEaTU3yeTCs Psil HOBBIX 3KCIIEPUMEHTOB [UIS U3Y-
YeHUs (PYHIAMEHTAJIBHBIX CBOHCTB MaT€pUH, B KOTOPBIX OUYEHb MAJIbIE CHJIBI H3MEPSIFOTCS C
MOMOIIBFO KPYTHIIBHBIX MasTHUKOB. UyBCTBUTEIBHOCTE TAKHX SKCIIEPHMEHTOB 3aBUCHT OT TOTO,
HACKOJIBKO OCIallieHbl cCeHCMUYeCKHe BO3MYIIEHHS, ASHCTBYIOIINE Ha MasTHHUK, a TAKKE OT
CTabMIIBHOCTH €T0 MapaMeTpoB, HAlIPUMeEp, YIPYTHX cBOHCTB HUTH noaBeca. Ho naxe ecin
YCTPaHEHBI BCE BHEITHHE BO3MYIIAIOIINE BO3AEHCTBU, OCTAETCA OHH NPHHLUIAATBHBIN HC-
TOYHUK (UTYKTYaIHi €ro aMIUTUTYAbI U (ha3el KOTeOaHUH. DTO Xa0THIECKOE TEILIIOBOE JBHKE-
HHE MOJEKYJ B HUTH [OABECA U MOABEIIeHHOM Telte. JlelicTByrolas Ha Hero (hIyKTyannoHHAs
CHJIA 3aBUCHT OT TEMIIEPATYPhI U OT JOOPOTHOCTH MasTHHKA. HeM BbIIIE TOGPOTHOCTD MasAT-
HHKa, TEM MEUTEHHEE 3aTYXaIoT ero KONeOaHus U JUCCUITHPYET €r0 SHEPTHs, MPEeBpallasich B
TEIIO, T.€. Xa0THYECKOE ABIKEHUE MOJTEKYI. DTO 03HAYAET, YTO OCcIaldeBaeT u 0O paTHBIH Ipo-
LIECC PACKAaUKH MasATHUKA Xa0THYECKHUM JBIKEHHUEM MOJIEKYJI, T.€. yMEeHbIIaeTca (QIIyKTyanu-
OHHasl CUJIa, IEHCTBYIONIas Ha MasATHHK. {7151 TOro, YToGhl YMEHBIIUTD 3aTyXaHHUE, TETO0 U HUTh
IO/IBECA U3TOTOBIAIOT U3 BBICOKOKAYECTBEHHOTO [UTABIEHOTO KBaplia — MaTepHaia ¢ HU3KHU-
MH [IOTEPSIMH YIIPYTOH 3HEPTHH, 2 TAKXKE MPUHUMAIOT CIICLHATBHBIE MEPBI JUTS HCKIIFOUEHUS
JIpPYTHX UCTOYHUKOB JAUCCHIIALNH 3HEPTHH. B pesynsrare JoOpOTHOCTE KPYTUIIBHBIX MAsSTHH-
KOB JIOCTUrA€T BeTHYHHE! ~107.

B Hacrosiee BpeMs B HECKONBKHUX CTPaHaX CTPOSATCA JIa3epHBIE IPAaBHTALIMOHHBIE
AHTEHHBI [T PETHCTPALMH IPABUTALHMOHHOTO H3ITyYeHUS OT KOCMUYeCcKuX 00bekToB. [TpuH-
LU AeHCTBUS aHTEHHBI OCHOBAaH Ha TOM, YTO I'PaBUTALIMOHHASA BOJHA ASHCTBYeT Ha cBOOO-
HBIE MACCHI, TOMEIEHHBIE B Pa3HbIe TOYKU IPOCTPAHCTBA, U3MEHSSA PACCTOSHHUE MEKTY HUMH.
DT0 U3MEHEeHHe MPONOPLUOHATBHO HHTEHCHBHOCTH BOJIHBI U PACCTOSHUIO MEKIY MacCaMH.
ITo sTo¥i NpUYHHE B rpaBUTAL[HOHHBIX AaHTEHHAX ITPOOHBIE MACCHI PACTIONATAFOT B HECKOIBKHX
KWJIOMETpax JPYr OT APYTa B CIIEMHATBHBIX BAKY YMHBIX KAMEPAaX, 4 PACCTOSHUE MEXIY HUMH

N3MEPSIOT YHUKAJIBHBIM JIa3epHBIM HHTephepomerpoM. Kaxkaas npobHas Macca noJBeInyBa-
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€TCs Ha TOHKHUX HHUTAX, 00pa3ys MasaTHHUK KadaHus. C MaccaMu CBA3BIBAIOT ABA 3€PKaa, OTpa-
JKAFOIIHE JIa3€PHBIN TyY, PacupOCTPAHSIIOMIHICS BAOIb NPIMOH, COSIHHSIOMEH 3TH MACCHI.
ITo caBury uHTEpHEpEHIMOHHOMN KaPTHHBI, 1aBAEMOU TAKOU CIIO}KHOH ONTHYECKON CHCTEMOH,
MOKHO «[OYYBCTBOBATH» B3aHMHOE CMEIIEHUE Mace Ha BeTHuKHy nopsaka 10717 cm, uto na 7
MOPSIIKOB MEHbIIIEe pa3MepoB aroMa! UyBCTBHTENIEHOCTE MPAaBUTALIHOHHON aHTEHHBI OTPaHH-
YeHa TEITOBBIMH (TYKTYalUsIMH KOJIeOaHNH TAKOro MasTHHUKA, a 3HAYMT, TAKKE ONPEAeeT-
cs1 €10 J0OPOTHOCTHIO. B oTiInyne 0T KPpyTHIBHBIX, JOOPOTHOCTD MASITHUKOB Ka9aHHUS 3aBUCUT
HE TOJBKO OT MOTEPH B YIPYT'OM 3IEMEHTE — HHUTH [OJBECA, HO U OT €€ HATHKEHHs. 3a cueT
3Toro 3(heKTa MOKHO 3HAYUTENBHO YBETHYUTD JOOPOTHOCTH MasTHHKA KagaHus. Tak, no0-
POTHOCTH MasTHUKOB KauaHWs, LIETUKOM H3rOTOBJIEHHBIX N3 ILTABIEHOrO KBapLa, MOXET Ipe-
BeimaTh 103, T.e. Bpems 3aTyxanus ux koneGaHuil NocTHraeT Heckonbkux net. Koneuno, npu
CTOJIb MAJTON TUCCHUIIALMH SHEPTUH MasATHHUKA HA €r0 JOOPOTHOCTH BIHSIOT BECHMA Cla0ble
BHEIITHHUE BO3ACHUCTBUSA, HAIPUMED, 3IEKTPUISCKUE U MATHUTHBIE MOJIA, HJIH YaCTHLBI ITBLTH,
OCEBIINE HA HUTH MOIBECA, U T. [I.

ITpu TakuX BEICOKHX 3HAYEHUIX JOOPOTHOCTH U COOTBETCTBYIOLIEM HONABIEHHUH CEH-
CMHYECKHX BO3MYILIEHHH [TPOSBIAIOTCA KBAHTOBBIE CBOMCTBA MasTHHKA. B 3TOM Cciryuae mose-
JIEHUE BIIOJTHE MAaKPOCKOINIECKOTO 00BEKTa OyAeT ONpeaesIThCs MPUHIKUIIOM HeopeaeeH-
HoctH I'etizenGepra. [IpaBaa, HEOOGXOMIUMBIE YCIIOBUS PEATHU3YIOTCS TIOKA AJIS MAJIBIX BPEMEH-
HBIX HHTEPBANOB (0K00 1073 ¢), U ANd HAGMIONEHHS KBAHTOBLIX 0COOEHHOCTEH MOBEAEHHS
MasTHHUKOB TPeOYIOTCS OYeHb UYBCTBUTEJBHBIE PETHCTPHPYIOIINE YCTPOHCTBA, HO HMEHHO
TaKHe MasTHUKH, 00T AA0IIHE [TPEALITBEHO BBICOKOH JOOPOTHOCTHIO, IPEAIIOaraeTCs HCIoib-
30BaTh B OyAyIIUX IPaBHTALIMOHHBIX aHTEHHAX.

KameproH, ciy:kaniuii A7 HACTPOUKH My3bIKaJTbHBIX HHCTPYMEHTOB, TAKXKE SBIIIET-
51 BBICOKOAOOPOTHBIM OCLIHJUIATOPOM. 3BYK, H3AaBa€MbIl BHOPUPYIOIINMH HOKKaMU KaMmep-
TOHA, 3aTHXAeT 3a JOCTATOYHO JIUTENHHOE BPEMS [0 CPABHEHHIO C EPUOAOM HX KOJIEOaHHHA.
Ecnu, Harmpumep, cOGCTBEHHAS YacTOTa KAMEPTOHA JIEKUT B Ananazone v =300+400 I'n, a
MIPOJOJDKUTENFHOCTD 3BYYaHUs (BecbMa Ipy0o) cocrapiseT Bpems mopsaka T ~ 10 ¢, To ka-
MepToH coBepuuT VT ~ 3000 +4000 koneGanuii. IT0 03HAYAET, YTO €ro JOGPOTHOCTE HO MO~
PAIKY BeMHUKHBI paBHa O ~ 104,

Kak 3T0 HU MOKakeTcsd MapaJoKCalbHBIM, HEKTPHUECKHN KOJIeOaTeNbHBIH KOHTYP
SBISIETCS MeHee JOOPOTHOH CHCTEMOMH, XOTS 4acTOTa €r0 COOCTBEHHBIX KOIeOaHHUH UMEET Mo-
PAOOK BETHYHHEI V ~ (105 + 108) I', JoOpoTHOCTE KOHTYPa OTPaHHYEHA, TIABHBIM 00pa3oM,
OMHYECKUMH TOTEPAMH U UMEET Nops 0K Bemuunnbl Q ~ 102, ITo, B CBOIO OYepeb, 03HAYA-
eT, uTo monoca nponyckarus Av = Q' -V, BBeleHHAS PaHEe PH PACCMOTPEHHH BhIHYK/ICH-
HBIX KoneOaHwul, paBHa AV ~ (103 +106) I,

Ecnu yacToTa paanonepenaromedl cTaHIHH V. BBICOKA (V. > 10® Tm), To ee
peo0Opa30BbIBAIOT B PAAHONPUEMHBIX YCTPOHCTBAX 10 HU3KOH (HA3BIBAEMOM MMPOMEKYTOUHOL)
YACTOTHI V,, ~ 10° T, Tora komeGaTebHbI KOHTYP PaJUOTIPHEMHIKA OYIeT UMETE OUEHb MATYIO

TONIOCY TPONyCKaHus AV ~ Qv ~5- 10° I't1, D10 3HAYUT, 4TO ECITH YACTOTEI JBYX CTAHIHH V,
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U V,, COOTBETCTBEHHO pa3IHualoTcs Oolee, 4eM Ha BEIMYHUHY IMOJOCH MPOIMYCKaHUA
(|v 1e — Vo | > AV), 10, epecTparBasi COGCTBEHHYO YaCTOTY KONEOATENBHOIO KOHTYPa IPHEMHUKE,
MOXKHO MO OTAENBHOCTU HACTPOUTHCS Ha KAXKAYIO U3 3THX MEPEAAIOIIX CTaHLIUH.

OnTrueckuii 3IEKTPOH B aTOME, OCYIIECTBIISS MEPEX0IBI C ONHOH OpOUTHI Ha APYTYIO,
B COOTBETCTBHUH ¢ OocTyAaTaMu Bopa u3iyyaeT KBaHT cBeTa ¢ 3Hepruelt Aw=E, — E;. C kiac-
CHYECKOH TOYKH 3PEHHUS 3TO MOKHO HHTEPIIPETHPOBATH TAKUM 00pPa3oM, YTO HJEKTPOH COBEp-
IaeT KOTeOaHus Ha 3TOM YacToTe (), T.€. ABIAETCS ONTHYECKUM OCLIIIIATOPOM. [TOCKONBKY Hiek-
TPOH TepseT SHEPrHIO Ha H3TYYeHHUE, TO aMIUTUTYAA €ro KoJMeOaHu JODKHA 3aTyXaTh B TEUEHHE
HEKOTOPOro XapakTepHOro BpeMeHu T. s yeqHHEHHOTO aroMa (He B3aHMMOIEHCTBYIOIIEro C
COCENHUMH aTOMaMH) 3TO BpeMs ONPEAeTAeTcs 3apaaoM M MacCOH 3EKTPOHA U 3aBHUCUT OT
gacToThl (. OIHAKO AT BCEX aTOMOB OHO MMEET OJWH U TOT K€ MOPAJOK BEITHYNHBI:
T~108+107 c. YuuTsBas, 4To B BUAUMOM ONTHYECKOM JHANA30HE MEPHO KONeOAHHI

T=2m/m ~ 10715 ¢, nerxo nogcuuTars YHCcI0 KONEGAHUIA 10 UX 3aTyXaHus. OHO UMEET MOPATOK

T
BEMHHMHBT — ™ 10° =107, IMo3TOoMy JOGPOTHOCTE ONTHYECKOTo ocuunaTopa (Q ~ 107), 6ymy-

un BI:ICOKOﬁ, BCEC K€ yCTynact ,Z[O6POTHOCTI/I MPCUHU3HOHHBIX KBAPLECBBIX MAATHUKOB.

IMapamerpudeckne Konedannsa. B moBceaHEBHON KU3HU MBI
CTAJNIKUBaeMCs C HE3aTYXAOUUMH KONeOaHUSIMH, JUTS TOANEPKaAHUA
KOTOPBIX TpebyeTcs MepuoJnvIecKH MEHATh KaKOH-TH0O0 mapaMmerp
koneGarenbHOH cucTeMbl. OMHUM U3 APKUX PUMEPOB SBIISIOTCS KOJIeOaHus
Kauesneil. Xopouio U3BECTHO, YTO MOXKHO MOJAEPKHUBATH KOJIeOaHUs
JUTUTENBHOE BPEeMs, €CITU OBICTPO MPHCENaTh B MOMEHT HaHOOJBIIEro
OTKJIOHEHHA Kauesiel U Takke OBICTPO BCTaBaTh MPH MPOXOKIACHUH
MOJIOXKEHHS paBHOBecud. brmaromaps s3tomy mapameTp (QHU3HYECKOTO
MasTHHKA (KaueJiel) — pacCTOSHUE a MEXKAY OCBIO BPAILEHHUS H IEHTPOM

Macc — MEeHAETCS CKauKo00pa3Ho Ha BemnuuHy +Aa (Aa << a). Bennunna

Aaq J0mKHA OBITH TakoH, YTOOBI 00ECTIEUNTE OAIAHC YHEPTUU CHUCTEMEI:
MOTEPH FHEPTUH MASTHHUKA 33 IEPUOL JOKHBI KOMIICHCHPOBATHCS 38 CUET Puc. 2.8.
COBEpLICHUS PAOOTHI, OCYILECTRBIACMOM PH NPUCCAAHNN U BCTABAHUH.

Hanumem ycroBHE 3HEPTeTHUYECKOTO OallaHCa IS MPOCTEHIIEro cryvyas
KoJIeOaHU MAaTEeMaTHUECKOTO MASTHHUKA C ITUHOW HUTH ¢, KOTOPas MCHAETCSA Ha BETHYUHY
+Aa (puc. 2.8.). 3T0 MOXHO OCYIIECCTBHUTH, €CIU MPOMNYCTHTh HUTh MAasSTHHKA 4Yepe3
OTBepCcTHE B TOUKe P (TOuke moaBeca) U 3aTeM, MPUKIAABIBAS BHELIHIOW CHITy F K KOHIY
HUTH, IEPUOAUYECKH MEHATH €€ JITUHY.

PaccMoOTpHUM yCTaHOBUBIIHECS TAPaMETPUICCKHUE KOIeOaHNA MASTHUKA C HE CITUIL-
KOM GONBIIMMH AMILIUTYIAMH U Gy1€M CUHTaTh, YTO 3aTyXaHHe Malo (8 << ). [Tockombky
Aa << @, TO NPUOTMKEHHO MOXHO CUUTATh, YTO YTON O OTKIIOHEHUS MAsSTHHUKA OT TIONIOKEHUS

PaBHOBECHA MEHACTCA BO BpCMCHHU 1O FAPMOHUYCCKOMY 3aKOHY

o) = ol sin o, (2.53)
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2
o
rae cormacHo (1.42) o=, 1—% .a ) =,/g/a.

B MoMeHT HaubOIBIIEr0 OTKIOHEHHUS HA yroan (X’O CHUJIa HaTAXKCHUA HHUTU paBHa

N, =mgcosa,. [TosTomy, yATUHAS HUTE HA BENUYUHY Aa, BHEIUHAA cuna F'| = N| coBep-

WaeT OTPULATENBHYIO PaboTy A =-—mgcost, - Aa. Packnaneisas cos 0, B pan
cosSol Nl_(x_§+(x_g+ MOTYYHUM
0 2 o4 W
al af
A =~-mg|1- =242 W, (2.54)
2 24

Ilpu mpoxoxaeHHU MaATHHKOM MONOXKEHHSA paBHoBecua (00=0) F,=N,=
mvg
= mg+—2, r1e v, = Qywa. TIo3TOMy MONOKUTENBHASA PaboTa IPH YKOPAYUBAHUU HHTHU C
a

TOYHOCTBIO IO WIEHOB MOPSAIKA ocg paBHa:
ot
A, =(mg+m(x§0)2a)Aa =~ mg 1+(x§ —?0 a, (2.55)
[e YYTEHO, UYTO m%a =g

IMonuas pabGota, coBepuiaeMas 3a NepHO] BHEIIHeH cunoi F, OyaeT moNoxu-

TEJIBHOU U PaBHOU

4 2
o o
A=2(A4, + A) =3mgoiAa — 2820 Ag = 3mgaAal 1 - 70 (2.56)
HOTepI/I 3HeprI/II/I 3a HepI/IO,Z[ YUCIICHHO paBHBI pa60Te CHUJIBI TpeHI/Iﬂ:
T T
Ap = | Fpudt =—[To’dz (2.57)
0 0

rae FTp =—Tw
Ipu rapmonnueckux konebanusx (2.53) ckopocTs
v(t) = a () = ac,m cos wr. (2.58)
IMoacrasnsas (2.58) B (2.57) u BBINONHSAS HHTETPUPOBAHUE, TTONTYYaEM:

T 2
T T;
4, = —Faz(xgmzjcoszmtdt = —Faz(xgmz By =~ —F(xgga[ _?(6)]20’ (2.59)
0

nockonbky o7 = w7, = 27.
CrrenoBarenbHO, yeroBue GalaHca SHEPIHH COCTOUT B PABEHCTBE HYIIO CYMMBI

pabot: A+ A4,, =0, umm

2 2
3mgogAa l—% =F(x§ga% l—?—g (2.60)

TTpoBoAsS COKPAIIEHUS U HCIONB3YA ONpPEAETCHUE BRIPAXEHHE [T J0GPOTHOCTH

T
Q = 67 , IOJTy4aeM HpI/I6J'II/DKeHHOe BBIPAXCHUC A1 AMIUTUTYABI (X,O YCTAaHOBHUBIIUXCA Mapa-
0

METPHYECKHUX KOJIeOaHHI:
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=2 flo— & 2.61)
V7V 3Q(Aa/a)
OTtHOWeHne Aa/a Ha3bIBAIOT ITYOWHON MOIynsauy napameTpa a. U3 (2.61) BugHo,
9TO A1 BOSHUKHOBEHUS IAPaMeTPUUECKUX KoneOaHuii IyGHHa MOTYIHILHH JOJDKHA IPEB30HTH
HEKOTOPOe MUHUMAJIBHOE ([IOPOroBO€) 3HAUCHHE, NPHMEPHO PABHOE BEJIMUMHE, 0OpaTHOH

IOOPOTHOCTH:

|
M2, (2.62)

a @

Yem Goree moGpOTHA cHCTEMa, TEM MeHBIIIE TOporoBas nryouHa Monysauy. C mo-
BBILIEHUEM BENIMYUHBI Aa/a aMILTHTY2 KONEOaHul Oy, KaK 9To cleAyeT u3 popmynsl (2.61),
OyzeT yBennuuBaThes. OHAKO MPH GOMBIIMX aMILTHTYAAX (O > 1) hopmyna (2.61) craHosuT-
Csl MaJI0 IPUEMITEMOH, MOCKOJBKY CIETaHHBIE HAMHU MPHONFKEHUS CTAHOBATCS HEPUMEHH-
MBIMH.

Crenyer OTMETUTD, UTO ApaMeTPUUECKOE BO30YKIEHHE SBIIAETCS CYIECTBEHHO HE-

JTUHEHHBIM 3()(eKTOM. ITO BUAHO, B YACTHOCTH, U3 ypaBHeHHS (2.60): ecnu nmpeHeOpeds B

HCM MAaJbIMU CIAaraCMbIMH ~ (X,g , KOTOPBIC OMHUCBIBAIOT HeﬂHHeﬁHOCTB, TO (X,O U3 YPaBHCHUA

Aa T
BEINAIACT, U MOTYYAETCA COOTHOIeHHE — = —— ., DU3HYECKH 3TO 03HAYAET, YTO MPHU TAKOM
a

3HAYEHUHU TTYOUHBI MOAYTALMH SHEPreTHIeckuii 6aaHc B cucTeMe 0becrieunBaeTCs MpH JIFo-
ObIX aMILTUTYZAX Oy, YTO HEBEPHO.

3ameTuM, 4TO BO30YXKAEHHE MapaMeTPUUIECKHX KoiebaHui, BooOIIe ropops, Mo-
JKET POUCXOUTH He TONBKO Ha YABOSHHOU YacTOTe COOCTBEHHBIX KoNeGaHUI CHCTEMBIL, KOraa
napaMeTp MeHSeTcs OJUH Pa3 3a KakAble MONNepHona, HO U Impu Oonee peIkoM Bo3jeH-
CTBUU: Y€PE3 OJUH, JBA, TPHU U T. . IONYNIEPUOAOB KONEOAHHUH, T.€. HAa YacToTax 2(/n, rae
n — moboe Lenoe ynucio. Bo30yxneHue Takxke BO3MOXKHO BHYTPH HEKOTOPOH 00XacTH —
BONH3U KaXKIOU U3 3THX YaCTOT, HO MOPOTOBBIE 3HAUEHHS DTYOUHBI MOAYISUUH AT PA3HBIX

4acToT OyyT pa3iuyHbL.

ABTorone6anus. HaGmronas komeGaHus TUCTHEB NEPEBLEB, JOPOKHBIX 3HAKOB HAJ
MPOE3KEH YaCTRIO YIULI, OJOTHHUIL HA BETPY U AP., MBI IOHUMAEM, UTO BO BCEX MEPEUUCTEH-
HBIX CITy4Yasax He3aTyXarllne KomebaHusa MPOUCXOIAT 34 CUET JHEPIHU OCTOSHHO TYIOIIEro
BeTpa. [Ipu 310M cama KoneGarensHas CUCTEMA IPOU3BOAUT OTOOP SHEPTUHU BETPA B HYKHBIH
MOMEHT BPEMEHH U B KOJIHUECTBE, TPEOYEMOM I KOMIEHCAIIMU HEU3OEKHO MPUCY TCTBYIO-
[IHUX YHEPreTUIECKUX MoTeph. KoneGaHus B 3THX CHCTEMAX HAYHHAIOTCA CaMONPOU3BOIBHO
34 CUET HAYANBHBIX (QIyKTyauui (apoxanuii) konebmomuxcs npeamMetoB, YacTora u aMIuim-
Tyla YCTAHOBHUBIIMXCA KONEOAHUM ONpPENENIeTcsa KaK NapaMeTpaMu CaMOl CHCTEMBI, TaK U
napaMeTpaMH €€ B3auMOAEHCTBIUS ¢ BeTpoM. Takue KojiebaHus ABIAIOTCA IPUMEPAMHU aBTOKO-

J'Ie6aHPII>i, a caMU CUCTEMBI — MPpUMEpaMu aBTOKONI€0ATEeNMbHBIX CHCTEM.
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Y

A B 'K
UCTOUHUK
)y KII — >
3HEPrun ot konebarTenbHas

CHCTCMA

O A
4

HEJIUHETHBIA
OTPAHUYHTENH

&

Puc. 2.9a. Puc. 2.96.

KnaccuueckuM mpuMepoM aBTOKONE0ATeIBHON CHCTEMBI CITYKAT MEXaHUYE CKUE YaChI
C MasATHUKOM W THPSAMU. DTH YaChl NEPUOAHYECCKHU «UEPIIAIOT» SHEPTHUIO ITPU ONYCKAHUH THPB,
MOJBEIIEHHBIX K EMOYKe, MEPEKUHYTON Yepe3 MISCTEPHIO YaCOBOIO MEXaHU3MA.

IpuHLHD paboTH BCEX aBTOKONEOATENBHBIX CHCTEM MOKHO TOHATH, OOPaTHBIIHCE K
cxeme, N300 pakeHHOH Ha puc. 2.9a.

IMepuomuveckuM NOCTYIUICHUEM SHEPTHH B KONCOATENBHYIO CHCTEMY OT UCTOUYHHKA
sHepruu no kaHary AB ympasnser cama konebarenbHas CUCTEMA OCPEACTBOM 00PaTHOH CBS-
31, CXeMaTHYeCKU 3TO U300paKEeHO B BHIE HEKOTOPOrO 3anuparomero kanan AB yctpoiictea
(x1r0Ya), KOTOPBIN YIPABIIETCA CaMOH CUCTeMOM. Tak, B 3aBUCUMOCTH OT HONOKEHHUS U CKO-
POCTH KONEOMIOIIETOCS IUCTA HA BETPY OyIeT pa3nuuHON MOITHOCTE CHJ a3POANHAMUYECKOTO
JIaBieHUs. B KOHCTpYKUMH YaCOBOTO MeXaHU3Ma (puUC. 2.96) NpUCYTCTBYET COELHATBHOE YCT-
POWCTBO — aHKEP, BRIMONHAFOLINHA POIB KITFOUa. DTOT aHKEP, TPEACTABISIOMINN cO00H KOpo-
MBICTIO, IPUBOAUTCS B KONeOaHUe CAaMUM MasTHUKOM 4yacoB. [Ipu onpeneieHHBIX TOTOKEHH-
SIX OH KOTOHPAET» OIHY U3 IIECTEPEH YaCOBOr0 MEXaHNU3Ma. B 3TOT MOMEHT BpeMEHH LIeCTep-
HA MPOBOPAYUBAETCA 33 CUET MOMEHTA CHJI, PHUIIOKESHHOTO CO CTOPOHBI HATIHYTOU LICTH C
rpy3oM. [py3 npu 3T0M onyckaeTca Ha HeOOMbIIYIO BeMHuuHy. KonnuecTBO 3HEPrun, mOCTy-
MAIOIel B YaCOBOM MEXaHH3M, PABHO IO BETUYHWHE YMEHBIIECHUIO MOTCHIHANEHONU SHEPIHU
rpy3a B MOJE CHUITBI TSXKECTH.

BaxHO 0TMETHUTB, UTO JII00asA aBTOKONIEOaTeNbHAd CUCTeMA HenuHelHA. Ha cxeme 310
OTPakKCHO HATUYHEM B CHCTEME OOPATHOH CBI3U HENUHEHHOTO OTPAHUYUTENS CUTHANA, YII-
PaBIAOLIEro KIFOYoM. HelTHHeHHOCTE CHCTEMBI MPOABISIECTCSA B TOM, YTO NP HAYAIEHOM Ha-
PACTaHUH aMILTUTYIBI KONeOaHUH, MOPOXKACHHBIX (IYKTYalUIMH, MOCTYIUICHHE YHEPTUHU B
CHCTEMY 3a KaXIbIH MOCTESAYIOINIA IepUo KoneOaHui YBETUIHBACTCS HEMUHEHHO, T.€. IPH-
POCT NOCTYMAIOIIEH 3HEPTUU CTAHOBUTCS BCE MEHBINE U MEHbIIE, ECTECTBEHHO, YTO aMILTH-
Tyaa koneOaHui JOCTUTHET TAKOU YCTAHOBHUBIICHCS BEIMYHUHEIL, [TPU KOTOPOH NPUTOK SHEPTUU

U ee oTepu OyAyT paBHBI IO BEJTHYHHE.

MasTHHK HA BpamawmeMmcs Baay (MaaTHuk ®pyna). Ina Gonee yrmyOneHHOTO
H3yYEeHHUS MPUHIKNA ASHCTBUSA aBTOKONeOaTeNBHOM CHCTEMBI IPOAHANN3UPYEM KoJleOaHus Ma-

STHHKA, TOABEC KOTOPOTo CKpeIUieH ¢ My To# 1, omeToli Ha ropu3oHTaNBHBIH Bax 2 (puc. 2.10).
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ITycTe Ban Bparmaercs ¢ NOCTOSHHON YIIIOBOH CKOPOCTBIO
0 YacoBOW CTpenke. Eciy yrom OTKIOHEHUS MAaATHUKA OT BEPTHKATH
B(?) MensieTcs ¢ TeUEHHEM BPEMEHH, TO CUITA CyXOTO TPEHHUS B TIOABECE,
HEJIMHEeWHO 3aBUCAIAS OT OTHOCHUTENBHOH CKOPOCTH My(THI H Baja
Q- [3 , Takke OyZIeT MEHATHCS BO BPEMEHU ([3 — yIIIoBas CKOPOCTh
My(TBI). MOMEHT 3TOH CHITBI MTp OyzeT OKa3pIBaTh EPUOIHIECKOE BO3-

JIeiCTBHE HAa MASTHHK, OAASPKUBas ero konebanus. Ha puc. 2.11 u306-

pakeHa HeJNUHEeNHas 3aBUCUMOCTH MTp OT OTHOCHUTENBHOH YIIOBOM
ckopoct My(Tel 1 Baya. Ha u300pakeHHOU KPUBOH UMEETCS TOUKa

neperu6a P. TTon6epeM ckopocTh BpalleHHs Bana Q TakoH, 4ToOkI B Puc. 2.10.
OTCYTCTBHE KONeOaHHH ([3= 0) momacts B 3Ty TOuKy. B 3TOM ciydae k MydTe MasTHUKa Oyner

MIPUWIOKEH NOCTOAHHBIA MOMEHT CHJIBI TPEHHS: MTp =M, [lna naneneiimero ananusa Gonee
YOOOHO BOCIIONB30BATECS 3aBUCHMOCTBEO MTP([S ), n300paskeHHON Ha puc. 2.12. CnemyeT moa-

YEePKHYTh, YTO HaYaJIbHOE (JTNHEHHOE) HapacTaHue MTp € YITIoBOH CKOPOCTBIO [3 obecrneunBaeT
YCIOBHUE I CaMOIPOU3BOIBHOIO HapacTaHUs koneOaHui U3 (UIyKTyaluu, 9To 3KBUBATEHTHO
HAJTHYHUIO MOTOXKUTENBHON 00paTHOH cBA3H, a MOCIeNyIolIee 3aMeUIeHHEe POCTa M., npu yBe-

TIMYEHHUH 3 ABJIAETCSA NPUYNHOH HEMMHEHHOTO OrPAHMYEHHS HAPACTAHUS KONeOaHUH: aMIUTUTY-

Jla CMEIIEHNS MAasTHHKA (2 3HAYUT U aMIUTHTYAA €10 CKOPOCTH Bm ax ) AOCTUTHET MAKCHMATBHOH
(ycTaHOBHBIIIEHCA) BETUYHHBL, YTO SKBHBAJIEHTHO HATHYUIO HETWHEHHOIO OrPaHUYUTEINS.

OTKIOHHM OCTOPOXHO MASTHHK OT BEPTUKAIU Ha Yo 3, TakoH, 4TOGbI MOMEHT CHITbI
TPEHHUS, ICHCTBYIOIMI HA HEMOJBUXKHBINA MAATHUK, M) = MTP(O), OBLT ypaBHOBEIIEH MOMEH-
TOM cHIb! TsoKecTH M(3)) = mga sin f3,:

M, (0)=MB,), umu M, = mgasin,. (2.63)

3neck m — Macca MasTHHKA, ¢ — PACCTOSHUE OT BaJa A0 LEHTPA MACC MajgTHHKA.

Ha nmepBblii B3DIAA, MOXKET MOKA3aThCA, YTO MASTHUK TAK U OCTAHETCS BUCETH MOA
yrmom B, k Bepruxanu. Ha camom nene 510 nonoxenue 6ynet HeycToiunsbM. ITpencrapum,

YTO B Pe3yNBETaTe HUUTOKHOTO TOMYKA MASTHUK TPHOOPETET HEGOMBIIYIO YIIIOBYIO CKOPOCTE

M

R_

>
>
.

- Bmax O Bmax B
Puc. 2.11. Puc. 2.12.
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B > 0.IIpu 3T0M BO3pacTyT MOMEHTHI CUII TKECTH M 1 Tpenua M , 1 ycnosue (2.63) MoxeT
HapyIWUTHCA. B HavaIbHBIN HAKIIOH KPHUBOU MTP( ) Ha puc. 2.12 10CTaTOYHO BEIUK (CHIb-

Has TONOKUTENBHAS 00paTHas CBA3b), TO MTP(B) > M (B,). OT0 03HAYAET, UTO YIOBAs CKO-
pocts 3 Oyaer HapacTarb. OMHAKO 3aTEM 3TO HAPACTAHUE MPEKPATUTCA, T.K. H3-32 HEITHHEH-

Horo 3aruba KpuBoH MTP(B ) PaBEeHCTBO MOMEHTOB OIISITh BOCCTAHOBHUTCA (cpaboTaeT Mexa-

HU3M HETHHEHHOrO OrPaHUICHHUS )
Mo, Brnae) =M B) . (2.64)

VYenosuro (2.64) cootBeTcTBYET Touka R | Ha KpuBoi MTP(B ). Ilocne atoro yrmoBas
CKOPOCTh HAYHET YMEHBUIATECS, HOCKONBKY ¢ pocToM yria 3 moment M(B) nponomkaer pac-
TH, & MTP(B ) — yObIBarh. CrieoBaTeNbHO, MASTHHUK CITYCTS KAKOE-TO BpeMs OCTAaHOBHTCS,
€ro yroj OTKIOHEHHUs JOCTUTHET MAKCHMANbHON BemuuuHbl B . [TOCKONBKY B 3TOT MOMEHT
MBiax) > M, =M, TO MasiTHUK HayHET JABHTAThCS B 0OPATHOM HanpasneHud. MomeHT
CHJIBI TSKECTH HAYHET YMEHBINATHCS, & MOMEHT CHJIBI TPEHUS OyeT Takoke yMEHbIIATHCSA, HO
ObIcTpee, YeM MOMEHT CHITBI TSKECTH {ONATH CPadaThIBAET MONOKHUTENBHAS 00paTHAsA CBA3D).
CHauana 3To IBH)KeHHE OyleT yCKOpPEeHHBIM, moka M > MTp (mo Touku R_ Ha puc. 2.12), a
3aTeM pu M < MTp — 3aMeueHHBIM (10 Touku P Ha puc. 2.12). OcTaHOBUBIIKCH IPH HEKO-

TOPOM yITIC HAKIIOHA B MasaTHHK OIATH ABHJKCTCA BICBO, T.K. BCC CIIIC M< MTp' HaKOHeI_l,

min’
OH JTOCTUTAET CTAPTOBOH MO3ULIKHU, ONHAKO MPHUOOPETEHHAS UM CKOPOCTH OyaeT GONbIIe CKO-
POCTH Ha4aJILHOTO TOM4YKa. TakuM 06pa3oM, B TeUeHHE OAHOTO NEPHOIa KoJeOaHUH yBEeTHIH-
JIach 3HEPTUS MAsTHUKA 33 CUET €€ 3aMMCTBOBAHHS OT YCTPOICTBA, BPAILAIOLIEro BaJl.

B nocnenyromue neprozp! koneGanuii Touku R, 1R Ha kpusoit M, (B) Gyayr caBu-
raThCs B Pa3HbIE CTOPOHBL, OJJHAKO H3-32 HEJIMHEHHOCTH KPHUBOM 3TOT CABUT ITpeKparuTcs (cpa-
GarpIBaeT MEXaHN3M HEJTMHEHHOTO OrPaHUYEeHN ), U KONeOaHU yCTAHOBSTCS.

UYToOBI KOIIMYECTBEHHO MPOAHATU3HPOBATH ABTOKOJIEOAHUS MasgTHHKA, 3aIIUIIEM YPaB-
HEHUE BPallaTeNbHOrO IBIKEHHS MAsTHUKA C MOMEHTOM HHEpLUU J:

JB =M, (B)—mgasinp. (2.65)

B 310M ypaBHEHHH MBI [TOKa MPEHEOPEKEM MOMEHTOM CHJTBI BSI3KOTO TPEHHUS, AEHCTBYEO-
el Ha ABXKYIIUHCS MasTHUK. MOMEHT CHUJIBI CyXOro TPEHHUS B OABECE, HEMUHEHHO 3aBUCSLIUMN
OT yrmoBoii ckopoctd B (cM. puc. 2.12), MOXHO alIpOKCUMHPOBATE CIIETYIOLIUM BBIPAKEHHEM

- . 3
M (B) =My + k- k87, (2.66)
rae k, u k, — pasMepHbIe Ko3(QQUIHMEHTEI, ONPENENIIONHe OOPaTHYIO CBA3b U HETHHEHHOE
OrpaHHYeHHE COOTBETCTBEHHO. Eciy KorebaHue OMUChIBATh YITIOM OTKIIOHEHHUS ¢, OT IOJO-
JKEHHS HEY CTOHUMBOTO PaBHOBECHS, 3aaBaemoro yrioM 3, (u=p—f,), To
mgasin 3 = mga(sin B, cos ot + cos B, sin o). (2.67)
Jms MabIX yomoB cos O, = 1, sin O = o Eciiu yuecTs nanee, 4to B =, TO ypaBHEHUE

(2.65) npumerT BUA:
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JO+ mga cosBoow = ky 0 —ky 0. (2.68)
370 ypaBHEHUE ABIAETCA HETHHEHHBIM U (D (epeHHATBHBIM YPaBHEHHEM U HE UMe-
€T aHATIUTHYECKOro pelleHus. B Teopuu koneGaHuil pa3sBUTHI METOIBI, TO3BOMSIOLINE PELIUTD
€ro NpuOIHKEHHO, UCCITENOBATh YCIOBHS, PH KOTOPBIX BO3MOKHO CaMOBO30Y:KIEeHHE KO-
GaHuH, U HAWTH aMILTATY/Y O/, U YaCTOTY () yCTAHOBHBLIMXCA KONEOAHNUI:
ot) = oy sin o, (2.69)
Mg e nocTynum 6oniee NpoCTO U ONPEAETHM (O, U3 YCIOBHS SHEPTETHIECKOTO 6a-
naHca. [TockonbKy mpaBas 4acThb (2.68) Mana, TO 4acToTa KoJMeOaHUH NpUONMKEHHO PAaBHA:
o= JmgacosB,/J.
Toacuuraem pabory 3a nepuon koneGanuii T = 27/ (), COBEPIIAEMYIO YCTPOHCTBOM

(HampuMep, JEKTPOABHUIaTeNeM), BpamatomumM Bax. OHa, OYEBHIHO, PABHA:

T
A= M, (B)Qdt = M)QT . (2.70)
0

3,[[60]: YUTCHO, YTO HHTCTPAJIBI IO BPEMECHU OT B u 83 PaBHBI HYIIHO, MOCKONBKY
B=0=0,mcosmr. 2.71)
HOTepI/I SHEPruu B CKOJB3ALICM MOABECE 3a 3TO BPEMA COCTABAT BCIIMUHUHY
koiw? . 3,000
2 8

T
q = My, BYQ-B)dt =| MQ- F. 2.72)
0

Ha puc. 2.13 u3o6pakeHsl 3aBHCUMOCTU A

U g OT aMILTHTYBI O, BUAHO, YTO PHU CITyYalHBIX MOT A R
0

(rykTyanusx, Koraa o, Mano, 4 > g. 310 03HaYaeT,

uTo KomeOanus OynyT HapacTaTh. OIHAKO C poc- 7

TOM aMIUTUTYAbl HAUUHAKT PacTH NOTCPH g. Ko-

0 [0 Oycr O'LO
Puc. 2.13.

neGaHus ycTaHoBarcs npu A = g (Touka R Ha rpa-
¢uke). AMITIUTYa YCTAHOBUBIINUXCA KOJMEeOaHUH

ONpeaAcInuTCA U3 PaBCHCTBA

2 4

2 4
klocoycrm 3k2(XOYCT0)
2 8

2 |k
Qoyer = p. % (2.74)

3aMeTI/IM, YTO TEOCPb MBI MOXKEM JICTKO YY€CTh CHUJIBI BAZKOIO TPCHHA, 1A 4Y€ro B

Orcrona

NpaByro YacTh ypaBHEHHs (2.68) crenyeT 100aBHTh uieH —I'¢l . DTO NpHBENET K TOMY, uTo k|

B (2.74) Gynet ymenblieH Ha Bennuuny I [Toaromy (2.74) namenures:

2 |lg-T
%ym—a W (2.75)

W3 nocnenHero BeIpaKeHHS cienyet, 4yto npu I >k; komeGaHHA HE MOLYT

CaMOIIPOU3BOJIBHO HAYAThCA.
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ABToKONEebaTebHbIE CHCTEMBI HAXOAAT IIHUpOYaliiee MpUMeHeHNEe B TeXHUKe. Tak,
HanpuMep, JyXOBblE H CMBIYKOBBIE HHCTPYMEHTHI, OPraHHBIE TPYObI, T€HEPATOPHI
MEKTPOMArHUTHOTO H3JIYYEHHS B MPUEMHO-TIEPEAAIOIINX JTHUHHUAX CBSA3H, ONTHYECKHUE
KBaHTOBBIE F€HEPaTOPHI (J1a3€PhI) U AP. MPEACTABIIIOT IPHUMEPHI ABTOKONE0ATETBHBIX CHCTEM.

OnHako, aBTOKOTEOaHUS MOTYT HIPaTh U HEFATHBHYIO POJIb, HAUMHAS OT 6e3001 JHBIX
KoJeOaHuH AeTaed KpaHOB BOAOMPOBOJHBIX CUCTEM, «PEBYLINX» IPH JOCTATOYHOM HArope
BOJBI, IO OMACHBIX KOJNEOaHHUN KPbUIBEB CaMOJIETOB, MONYYHBIINX Ha3BaHue «diartep». B
Hos6pe 1940 1. noaBecHoii MocT uepes pexy Takoma B CILIA paspymuics u3-3a KpyTHIBEHBIX

aBTOKOJIG6aHPII>i, BO3HHUKIIHUX 10O ﬂeﬁCTBHeM AYBIIETO BOOJb PCKHU BETPA.
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JEKINHA 3
Ceob00HblEe HEe3amMYXarOUjUe KOTEOAHUS 8 CUCTNEMAX ¢ 08YMSL CHENEHAMU C80600bL.
Hopmanwvruie konebanus (moowt). Ilapyuanvuvie u nopmanvhsie yacmomst. Buenus. Iouamue
cnexmpa konebanutl. Memoouka ananuza Konebanun 08yx CeA3aHHbIX OCYUIIIMNOPO8. 3amy-
Xanue Konebauut u ouccunayus suepeun. Boinyscdennsvie konebanus. Pesonanc. Konebanus

cucmem Co MHOZUMU CENEHAMU C806O0bL. ﬂucnepcuormoe coomnouierue.

Habnronas koneGaHusa Macch!l 71, OABEIEHHOK Ha IETKOH MPY/KUHE JKECTKOCTH &, , HENB35
He 0OpaTuTh BHUMAHUE Ha TO, YTO, HAPSIAY C BEPTHKAJIBHBIMH KOJIEOaHHAMH IPy34, BOSHUKAIOT U
TaK Ha3bIBAEMBIE MASITHUKOBEIE KOEOAHUS (U3 CTOPOHBI B CTOPOHY ) — CM. pHC. 3.1,

HawnGonee cubHBIME 3TH MasTHUKOBBIE KOeOaHus OyIyT TOT-

J1a, KO[JIa 4acTOTa BEPTHKAJBHBIX KOTeOaHui / k; /m Oyner paBHa yiBO-

EHHOH YaCTOTe MAasTHUKOBBIX Konebanuil /g /a (a— AmuHa pacTaHy-

J

TOH NPY>KUHBI [IPU HENOABUKHOM Ipy3e). Takol pe3yssTar Jerko moHsTh,

3

!

ll

©CJIH PacCMATPHUBATH MASTHHUKOBBIC KONMEOAHHS KaK PE3OHAHCHEIC Mapa-

= ere
MeTpUYecKHe KonebaHus, IPU 3TOM MapaMeTp MasATHUKA — JTUHA IIpy- =3 \%”2!\“
JKUHBI ¢ — MEHSETCS IIPU BEPTUKAIBHBIX KOJIeOaHHAX Ha BEUUUHY TAq = "'Eﬁ_ 3
(cM. IpeIBITY LI O JIEKIIHIO). B TeueHne HEKOTOPOrO BPEMEHHU MAsTHHKO- 4 A . L/
BBIE KOEOAHUS MOTYT YCHIIMBATBCA 32 CUET YMEHBIITEHHS SHEPTHI BEPTH- "
KaJbHBIX konebaHui. 3areM npoLecc Moiaer B 00paTHOM HalpaBIeHHUU: Puc. 3.1.

MAATHUKOBEIE KOJICOaHN S HAUHY'T OCTIa0CBaTh, «BO3BPALLAs SHEPTHIO YCH-
JIUBAIOIIIMCS BEPTHUKANBHBIM KoNeOauusaM. ClleIoBaTeNbHO, BEPTUKATBHEIE KONeOaHus He OyIyT
TAPMOHHYECKAMH, YTO CBA3aHO C HAIMYHEM MASTHUKOBBIX KOJICOAHHIA, COOTBETCTBYIOIINX BO3-
Oy’KIEHHUIO BTOPOH cTeneH: CBOOOMEI. [Ipy onpeaeneHHBIX YCIOBHIX MOTYT BOSHHKATH U KPY-
TUITBHBIE KOEOAHUA IPY3a BOKPYT BEPTHKAJBHON OCH MPYKUHBL, OITBIT MOKA3BIBAET, YTO HAUOOTeE
CHJIBHBIMH 3TH KOJICOaHUS OyAyT B TOM CIyuae, KOLAa X 4acToTa ,/kz /J (ky — o3 purpenT
JKECTKOCTH MPY>KUHBI TIPH €€ CKPYUHUBAHHUH, PACCMOTPEHHBIH B TIEKLHH N0 AS(OPMALIHH TBEPAOTO
Tena, J — MOMEHT HHEPLIUH Tea OTHOCHTENBHO BEPTUKANBHON OCH) OyJIeT MPUMEPHO B IBA pa3a
MEHBILIE YaCTOTH BEPTHKATBHBIX KoneOanuii, B o0meM cimydae B 3TOH CHCTEME MOTYT IPOUCX0-
JUTH YETHIPE TUA KONeOaHHIA, COOTBETCTBYFOILHX YETHIPEM CTEIECHIM CBOOOBL; OHO BEPTHKATb-
HOE, IBa MASTHUKOBBIX B JIBYX B3aHMHO-TIEPIICHIUKYIAPHBIX IIOCKOCTAX U OJJHO KPYTIBHOE.
Takum 00pa3oM, mepen HAMU BO3HUKAET 3a]1a4a U3YYCHUS OCHOBHBIX 3aKOHOMEP-
HOCTeH KoneOaHul B CHCTEMAaX C ABYMS, TpeMs U 00lree CTENEHAMHU CBOOOIR], 3aT€M MOKHO
PaccMOTPETh U KONeOaHus CILIOITHOH Cpe/Ibl, KAK CHCTEMBI ¢ 06 CKOHEYHO OONBIINUM YHCIIOM

cTerneHed cBo0OIbI.

CBo0onHbIe He3aTyXalolue KOJe0aHH B CHCTEMAX € IBYMS CTENeHSIMH CBOOOIBI.
Ha puc. 3.2 u300paxeHBI TPU pasiUYHBIE KOJeOaTeNbHBIE CHCTEMBI C ABYMS CTENICHAMH CBOOOMBI.

IepBas 3 HUX (a) — 3TO Ba Pa3TUYHBIX IPYKUHHBIX MASTHUKA, CBA3aHHBIE IPYKUHOU C )KECTKO-
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3" ,
T

Puc. 3.2.

. 4
d T

CTBIO &', BTopas (6) — /Ba rpy3a ¢ Maccamu #t; U /., 3aKPETUIEHHBIE HA HATAHYTOM HEKOTOPOH
cuiIol F HeBeCOMOM Pe3UHOBOM IIHYpe. Tperhs (B) — /ABA CBI3aHHBIX NPYKHUHOM &~ pa3TuuHBIX
MAaSTHHKA, KOKIBIH U3 KOTOPBIX COCTOUT U3 IPy34, TOABEIIEHHOTO Ha HEBECOMOM CTEpIKHE.

KoneGanus rpy30B B K&KOOH U3 TPeX CHCTEM OMHCHIBAKOTCS ABYMS BPEMEHHBIMH
3aBUCUMOCTAMH HX CMEIIEHHUH 5, (f) U 5,(f). IlomokuTenbHOe HaNpaBNeHHe CMEIIEHHS 5 HA
PHUCYHKE YKa3aHO CTPEJIKAMHU.

OnBIT MOKA3BIBAET, YTO MPU MPOU3BOIEHOM CIIOCco0e BO30YKaeHHA KonebaHus He Oy Iy T
rapMOHHYECKUMH: AMIUTUTYa KoJleOaHui Kaxknoli u3 Macc OymeT NepuoanYeCKd MEHATHCS BO
BpeMeHH. OIHAKO MOXHO CO3aTh TAKHE HAYANbHBIE YCIOBHUSA, OPH KOTOPBIX KAKABIH IPy3
OyzaeT coBepIIaTh rApMOHUYECKHE KOJeOaH!s ¢ OAHOMN U TOH JKe 4acTOTOH (:

51(1) = So1 SIN(OF +@);

$5(t) =S¢, sin(OF + ). )
YactoTa 3THX KoeGaHu () onpeaensercs CBolicTBaMu cucTeMbl. OTHOIIEHHE

G = S00/So1 3.2)

TaKoKe OMpPEAeIIeTC NapaMeTpaMy CUCTEMBL. JTa Ge3pa3MepHast anreOpanveckas BETHINHA G
HasbIBaeTCsd KOI(DQULHEHTOM pacnpeneNeHus aMILUTUTYA MPU TAPMOHUYECKOM KoneGaHuu.
OTmeTnM, YTO 5); U Sy, MOTYT UMETB JE000H 3HaK. Eciu ¢ > 0, To cMelienuns obenx Mace Beeraa
TPOUCXOIAT B OOHY CTOPOHY (CHH(a3HBIe KoneGanus), a mpu ¢ <0 — B MPOTUBOMOTOKHEIE
CTOpOHEI (TIpoTHBO(ha3HBIe Konebanus ). 'apmMoHmueckue konebanus (3.1) Ha3bIBAIOTCA HOPMAJIb-
HBIMHU KONEeOAHUSAMH, WITH MOJAMH, 4 YaCTOTA () HA3BIBAETC HOPMATBbHOH yacToTol. Takum 06-
Ppas3oM, MoJia XapaKkTepu3yeTcs ABYMs apaMeTpaMu: YacToToH () B koadduumenToM ¢, onpene-
JSFOLIUM «KOH(PUTYPALIHEO» MOJBL.

IpakTHKa MOKA3BIBAET, YTO B CHCTEME C IBYMs CTENEHAMHU CBOOOIBI MOTYT CyILe-
CTBOBATh CHH()a3HBIE FAPMOHHYECKHE KOJIEOaHUS C YACTOTOH (); U MPOTHBO()A3HBIE TAPMOHH-
YyecKue KoneOaHud ¢ 4aCTOTOH My > Oy .

Cen0BaTeNbHO, B CHCTEME MOTYT OBITH BO30YKIEHEI IBE MOJIEL:
1 1. .
51 (t) = 501 SIn(OF + Qp);
1 I ..
I mona $2 () = s Sin(@1f + @p); (3.3)

I I
gI 2502 /‘SOI >0
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511 () = 51 sin(@t + Op);
Mmoma S5 (2) = sgp SIN(@pt +Prp); (3.4)
op =8 155 < 0.
Herpyaao Tenepb NOHATH, YTO JIFO00E KOMeOaHUe CBA3AHHOW THHEHHOW CHCTEMBI C
JIBYMs CTENEHAMH CBOGOIBI (4 UMEHHO TAKHE CUCTEMBI MBI OyZIeM Jaliee paCcCMATPUBATE) MO-
JKeT OBITh MPEACTABICHO B BUAE CYNEPIO3ULINH JBYX HOPMATBHBIX KoneOanuii (3.3) u (3.4):
$1(8) =51 (1) + 51 (¢) = 55, sin(@yt +@p) + 5y Sin(Oyt +Qrp);
55() = 53(8) + 53 (£) = 552 sin(ot +@y) + 553 Sin(@y? + @), @-3)
He npuberas noka kK 1eTaTbHOMY MaTeMaTHYESCKOMY HCCIIeTOBAHUIO, TPOAHATH3HU-
PYEM MOBEJCHUE CUCTEMBI C IBYMS CTEMEHAMH CBOOOMBI, MONB3YICh OCHOBHBIMU HAEIMHU,
Pa3BUTHIMH B NpeApIAyINUX Jekuusax. [Ipeacrasum
TMOOYIO U3 CUCTEM, H300paKEeHHBIX HA PHUC. 3.2, KaK

CIOKHYIO CUCTEMY, COCTOALIYIO U3 ABYX MapLHAaib-

HBEIX CHCTEM. DTH MapLUHAaJIbHBIC CUCTEMBI, COOTBECT-

CTBYIOIIHME ciiyyaro (a) puc. 3.2, moKa3aHbl Ha

puc. 3.3: KaxkIad U3 3TUX NapLUUATBHBIX CUCTEM

HMECT CO6CTB€HHYIO JacToTy KOJIG6aHPIﬁ, KOTOpas

Ha3bIBACTCA HalePIaJILHOﬁ YaCTOTOU.

Bemuunne! 3THx NapuuaJbHBIX YaCTOT, COOTBETCTBCHHO, PaBHBI:

ke +k ky +k
_ % . 2
o= 1, = [ (3.6)
m my
CoBepIIeHHO 0YEBUAHO, YTO YACTOTA (), — JTO YACTOTA KOJNIeGaHUH MacChl

B CHCTEME JBYX CBS3aHHBIX MasATHHKOB, KOIJa Macca i, HEMOJABIDKHA (3a0I0KHPOBaHA
BTOpas CTENEeHb CBOOOABI). AHAIOIHYHO, C YaCTOTOH ®, OymeT koimebarbcs Macca m, ,
KOTJia HEMOABHKHA MAcca m, .

Tenepsb mepelineM K OMpeNeNeHUI0 HOPMATBHBIX YaCTOT M; U O . BecmoMHuM, YTO
KBaJIpaT YACTOTHI TAPMOHHYECKUX i i X

KoneGaHuil paBeH OTHOIICHHIO BO3-

BPALLAFOLLEH CHITBI K CMEILIEHHIO TPY-
3a § U BEMUYHHE €70 Macchl mt. [log-  8)
OepeM HaualbHBIE CMELIEHHUS Mace

1
my U m, TaKuM 00pa3oM, YToObI 1714 mem
] L

o0enx Macc 3TH OTHOILEHHUA (a, Clie- v

onuHaKoBBl. Takol moadop Jierko

I
JOOBATENBHO, U YacTOTHI) ObLTH GBI 6) (.) So1 S (.) S 5

1 1
1 1
1 1
1 1
1 1

1

yraaelBacTCa OJd CHMMeTpH‘{HOﬁ

R R R R R R R R R R R EEES Ry

CHCTEMEI (m, = m, =m, k; =k, =k),
e —————
(puc. 3.4), y koTOpoOli NapiuaibHele  B) sg0 8 0 sB s,

YaCTOTHI COBIAJAOT: Puc. 3.4.




50 Kone6aHus v BONHbLI

Ik+k’
0)1 :Q)z = P . (37)

I I
Ecmu o6a rpysa CMECTHUTh BIIPABO HA OAUHAKOBBIC PACCTOAHUA S = Sqp , TO CPpEAHAA

npyxwuHa k* (npyxuHa cBa3u) He Oyner aedopmupoBana (mosuuus 6). Tlocne ormyckanus
pyXuHa Oy#eT ocTaBaThes Hefe(opMupoBaHHOU. [ToaToMy KaxaBIH U3 rpy30B GyneT coBep-

maTh TapMOHAYCCKHE KonmeGaHus ¢ O,Z[HOﬁ U TOU K€ YaCTOTOU

k
ON :\/%, (3.8)

KOTOpas U ABMIETCA NEePBOU HOpMaNbHOU yacToToi., KoHurypauus 3toro cuH(pa3sHOro Koie-
GaHus (Monbl) 3aaaeTca KO3 (OUIMEHTOM pacpeIesieH s aMIUTUTya Gy =+1.

Ecnu Tenepb 006e Macchl
CMECTUTB B pa3Hble CTOPOHBI HA ONTU-

I I
HAKOBBIC PACCTOAHHA Spy = S

(nosuuus B), To IpykuHa k yum-

HUTCA Ha BEIUYHHY 2s512 .IHoatomy

K OpaBoii Macce OymeT MpuioKeHa

BO3BpaIlaloIlas CUNa, paBHAs
i il
—(ksgy +2k'sg) , a Ha IeBYIO Mac-

cy Oyner neHcTBOBaTh B MPOTUBO-

MOJOKHOM HanpaBJICHHU CHIIA

—(ksgy +2k’sg;) . Tlocae otmycka-

HUSA TPY3BI OyAYyT COBEPIIATH MPO-

TI/IBO(I)33HI>IG TapMOHHYCCKHUE KO-

Puc. 3.5. neGaHus CO BTOPOH HOPMAaJbHOH

JacTOTOH

° _fk+2k’ 55
i . 3.9

KoHdurypauus BTopoii MOABI XapakTepu3yeTcsa Ko3QQUUUEeHTOM pacmpeaere-

Hus G =—1.

Ecimu rpy3sl, n300paxkeHHBIC HA PUC. 3.5a, CMECTUTH HA MPOU3BOIBHBIEC PACCTOSHUS
(Hampumep, B OJJHY CTOPOHY Ha BEIUYHMHBL S H Sy , KaK 3T0 H300pakeHo Ha puc. 3.50), To
3TO SKBUBATEHTHO CYNEPIO3ULIMH JBYX THUIIOB HAYATBHBIX CMELIEHUH: B OOHY CTOPOHY Ha OIH-

HaKOBBIE BETNYNHBI (ITO3ULIHSA B)

1
I I
So1 =S 25(501+502); (3.10)
U B Pa3HbIE CTOPOHHI (O3NS I') HA BEJTHYHHBI
1
I il
—So1 = Sp2 25(502—501). (3.11)

TMockonmbKy KoeOaTeNbHAsA CUCTEMA JIUHEHHA, TO CHH(A3HBIE KONeOaHYs, BO3HUKAO-

IIKE [OCITE OTITYCKAaHUS IPY30B B O3HLIUH (B), OYAyT MPONUCXOIUTH HE3aBHCHMO OT IIPUCYTCTBHUS
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MIPOTHBO(A3HBIX KOIeOaHNH, BO3HUKAIOLINX [PH OTIYCKAaHUH IPY30B B MO3HULHH (T'). CMeIeHus
000HX IPy30B € TEUCHUEM BPEMEHH OyIyT OnuchIBaThCS hopmynamu (3.5), B KOTOPBIX aMILTHTY-
Ibl onipenenstores paseHcTBaMu (3.10) u (3.11), a HavanbHbIe ha3bl O = Q@ =T/2.
ITpoananusupyem Goree moapoOHO KoeGaHuUs B CUCTEME, N300paKeHHON Ha prc. 3.5.
ITycTh MBI CABUHYIH JIEBYIO MAacCy BIPaBO Ha PACCTOSHUE S , 4 IPaByIO0 MacCcy OCTaBHIU B
HECMELIEHHOM NOIoKeHUU (Sg, = 0) . ITocne oTmyckaHus 000UX IPy30B B CHCTEME BO3HHUK-
HyT koneGanug. U3 (3.10) u (3.11) onpenenseM aMILTUTYABl MOJ: sél = séz =50/2;
— sgl = s(I)Iz =—5y; /2 . TlockonbKy (haspl @; = @ =7/2 (T.K. HAYAJIBHBIE CKOPOCTH ¥ TPy30B

OTCYTCTBYIOT), TO CMEILIECHUS

s, s
51(8) ==L cos ot + =2 cos oyt;
1 5 (LS i
(3.12)
_Sm So1
s,(t) = =y cos Ot — TCOS Ot

ITpousBoas cyMMHpOBaHNE TPUTOHOMETPHUYECKHUX (QYHKIWMH B (3.12), momryunm:

O — O O+ 0
$1() =89 cos I_"T¢ cos—1 3 L

O — O O + 0 (3.13)
55 (t) = 5¢; sin——2L¢.cos—L—L¢,

Bpemennsie 3aBucuMoctd (3.13) u3o0paskeHs! Ha puc. 3.0.

S A

A
A 4

A\
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Bunno, uro konebaHus KaxkI0H U3 Macc uMeroT hopmy Ouenuti. [lepuon 3Tux Oue-

Huii paBen !

21 21
Tﬁz—zg_, (3.14)

O — O 6

[€ 4YacToTa OUEHUA
Qs =A0= oy — ;. (3.15)
Ecitiu BBECTU CPEeTHIOIO YacTOTY
O+
@y =——=L, (3.16)
2
21

TO C 3TOH YaCTOTOH CBA3aH nepuon konebanuii T = P

Ecnu yactora OueHuil Q5 << 0, Kak 3T0 I/Ig‘Oﬁan(eHO Ha puc. 3.6, 10 T5 >>T.B
3TOM ciTyuae KonedaHus 000uX rpy30B OyAyT NOYTH rapMOHHYECKHMU (KBa3HI'aPMOHUYECKH-
mu). Ecim nepenucars (3.13) ¢ ucnonab30BaHUEM CPEIHEH YacTOTBL (), U YaCTOTHI OUEHUH

Q¢ B BUAE:
Qs
§1(t) =59 cos Tt cos Wyt = A (1) cos wyt;

Q 3.17
$9(t) = 5 Sin 76 tcos Wyt = A, (1) cos wyt; (317

TO mpH Q5 << 0, Konebanus (3.17) MOKHO TPAKTOBaTh KaK KoJaeOaHUS ¢ YACTOTOH ©) H

MEITIEHHO MEHSIOIIEHCS aMILTUTYI0H A(f).

2 kv
sy 4 B teopun koneGaHuii U B Ipyrux pas-
52 nenax (U3MKK U aHaJIN3a KoIe0aTeslbHOTO
01
4 MPOLIECCa UCTIONB3YIOT CIEKTPATIbHOE NPEICTaB-

JIeHUE, WK CHEKTP KoNeOGaHuH. DTOT CHeKTp
300 pakaroT rpayuueCKU: O 0CH aOCIHCC YKa-
3BIBAKOT Y4CTOTHI KONEeOaHUl, 4 1O OCH OPIUHAT
OTKIIAJBIBAIOT KBAAPATHl UX aMILTATYH. Tak, B

YaCTHOCTH, AT KOJeOaHNH, N300 paKeHHBIX Ha

I
I puc. 3.6 (5, WM S, ) U ONHUCHIBAEMBIX (HOPMY-

A

® ©, Oy ®  pamu (3.17), T€rKo HAPUCOBATH CHEKTP, MO-
Puc. 3.7. CKOJIBKY Y2K€ U3BECTHO CIIEKTPAJIbHOE Pa3IOKe-
HUE 3TOro KoieGaHus (IpeICTaBIeHUe B BUE CYMMbI TaPMOHUYECKUX KoJeOaHuk), 3a1aBae-
Moe opmymamu (3.12).
Takoii cnekTp U300pakeH Ha puc. 3.7.

D) Komre6anmst (3.12), Boo6ire TOBOPS, He ABIAIOTCS MEPHOTHICCKHMH, T.€. Hellb3s yKA3aTh TAKOE BPeMs
T*, crycTs KOTOPOE OHH TOUHO MOBTOPAIOTCS (OTHOLIIEHHE YaCTOT M) / 0
Sulamme Beero HpRANKOHATL
m®; = n®W; OyayT Hcue3alolle peAKH). I103ToMy
HOQE THCIIO, A CII X PAHOHATBEHOTO OTHOIICHHS! .
HEPHOROM gy ]?’g DT HASH BAGM HEepHON I(lf’».]f}ﬁ{noaropeﬂm oeubaroyeti CyMMapHOTO KoJIeOaHH,
. TR ) 21
PABHEIH MOTIOBHHE TIePHONIA KOTEOAHHS ¢ YaCTOTOH % Qg = o = Onon
s a [
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DTOT COEKTP COOEPKUT IBE CHEKTPATBHBIE KOMITOHEHTHL, Ero MOXKHO OXapakTepu3o-
BATh CPEJJHEH YaCTOTOH ), U ITUPHHOH Ac). B cooTBeTcTBHU ¢ hopmynoii (3.14) npoussene-

HHE A Hanepuon Ty paBHO MOCTOAHHON BENUYMHE!
Aw-Ty =2m. (3.18)

®dopmyna (3.18) umeer rmybokoe pusuueckoe conepkanue. Tak, €Ciid MPOUCXOTUT

HEKOTOPOE KBa3UTapMOHHYECKOe KoneGaHue BUaa
s(t) = A(t)cos[wyt + @(1)], (3.19)

IUTSL KOTOpOro aMmIumuTyna A u $asa ¢ MeMIeHHO MEHAIOTCA Ha Macmrabe BpeMEHH T
(puc. 3.8a), TO COEKTP TaKOro KONEOAHUS MOKET COCTOATH U3 OONBIIOrO YKHCIIA YACTOT.

3TH 4aCTOTHI TPYIIUPYIOTCA BOMU3H LEHTPATBHOH (OCHOBHOI) 4acToThl My =270/ T
B IpeAenax XapaKTepHOro HHTEPBAa YacToT A®, 00paTHO NPONOPLHOHATEHOTO BPEMEHHO-

My macmraly T. Ha puc. 3.86 Sy 4 .

A
Y

I/I306pa>KeH 3TOT CIICKTP, LAC O

OCH OPANHAT OTIOKEH KBAPAT [ H "n H- ” ]
AMIUTHTYABI S, KaXHOH U3 rap-

MOHHYECKHX COCTaBIAIOIIHUX, 0

npu4eM Mexay T U A@ cyie-

CTBYET CBA3b: A®-T~ 2T. U__“— B -Hu_ V__u-

KomuecTBeHHAs CBA3D r

MEKITy KoeOaTebHBIM ITPOLIeCc- a)

coM $(f) ¥ ero CHeKTpoOM mped- X

A
crapsercs (10 aHanorum ¢ pop- o(®)

Mmynamu (3.12)) B BHIE CYMMBI At ~ 21/

KOHEUHOIO WIH 0eCKOHEUHOro \
YUCIa TAPMOHUYCCKUX COCTaB-

JSFOINKX (B BUAE PAla WIN UH-

v

terpana ®ypee). Takoe mpea- 0 @ ®
cTapieHue OyleT HIMPOKO HC- 6)

TIONB30BATHCA B Kypee «OnTHKa, Puc. 3.8.

MeToguka aHAAH32 KOJeOAHHI CBA3AHHBIX OCHHLIATOPOB, Bhime MEI pac-
CMOTpEINTH KOJIeOAHUS IBYX OAUHAKOBBIX CBA3aHHBIX MPYKUHHBIX MASITHUKOB, HE puberas
K PEUIEHUIO ypaBHeHUN uX NBKeHUA. OOHAKO, €CITH KECTKOCTU MPYXHUH U MacChl TSI
HMEIOT IPOU3BONBHEIE BETHYUHBI, TO 339aCTYIO OBIBAET TPYIHO JOTAAATHCA O KOH(UTYpa-
WU MOJ U UX 4acToTax. [[03TOMy HmpencTaBIgaeTcs BasKHBIM BOOPYKHTHCS YHUBEPCAE-
HBIM METOIOM, MO3BOJIAIOIINM MO €IUHON CXeME MPOBECTU MOCICAOBATCIBHBIN aHATH3
m060il KonebaTenbHON CHCTEMBI ¢ ABYMS CTENCHIMH CBOOONBI, SBISIOMICHCS CHCTEMOM

JEOOBIX CBA3AHHBIX OCHUTLITATOPOB.
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3amuriem YPaBHCHUA OBUKCHHUA ABYX CBA3AHHBIX MPYXAHHBIX MAATHHUKOB B BUOC:

m1.§1 = _klsl - k’sl + k/Sz,
. . (3:20)
m2S2 = —k2S2 _kSZ +/€S1.
Pasnenus nepBoe ypaBHeHUE Ha 1, , 4 BTOPOE — HA M, H UCIONB3YS BBIPAKEHUS
(3.6) nng napUuaTbHBIX YacToT, nepenuineM (3.20) cneayromuM o0pa3om:
2
81 == 5] =045,
. 2 (3.21)
Sp =08 — W57,
’ ’ 7
rae o, =—k"/my, 0y =—k"/ m, — K03 (PULIHEHTHI, 3aBUCAILHE OT )KECTKOCTU &~ MPyHKUHBI CBA-
3u. OOparuM BHUMaHHE, YTO YpaBHEHHS (3.21) He MOTYT peIarses 1o OTAeTBHOCTH, T.K. KaKI0e
U3 HUX COTEPXKHUT §| U §, . [[03TOMY LienecooOpa3HO nepeiTr OT CMEeILeHUi §; U §, K HOBBIM
Gyskupam &; u &, , Ha3KIBAEMBIM HOPMATLHBIMU KOOPAUHATAMH, CMBICT TIEPEXOA COCTOUT B
TIOMYYEeHHH ABYX HE3aBUCHUMBIX YPaBHEHHI JBHKEHHS, KOTOPBIE MOKHO PELIATH O OTAETBHOCTH.
OnHako, B 06IIeM CIydae 3TH KOOPAUHATHI HAUTH He npocTto. [loaToMy mis ummoc-

TPaurHU TaKoro Mepexoaa PaCCMOTPUM CHCTEMY C OMUHAKOBBIMU MaccaMu (m; =m, =m) U

npyxuHamu (k) =k, =k). TlockonbKy NaplHanbHbIE YaCTOTEI COBIANAIOT (0, = (), = () =

k+k kK
), a Takke O =0y =0 =——, TO cucTeMa ypaBHeHuH (3.21) ctaHoBuTCa Gonee
m
npoctoid. CroxuB 06a ypaBHEHHS, ONYIAeM:
y 5
& =—(0" +)k,;, (3.22a)

rme & = s, +5, — NepBasg HOPMaIbHAs KOOpOUHaTa. BeunTas BTopoe ypaBHEHHE U3 EPBO-

0, HAXOOUM:

£, = (" -0, (3.226)
rae &, =s; — s, — BTOpas HOpMaJbHas KoopauHatd, Teneps ypaBHenus (3.22) HE3ABHCHUMEL

HepBoe 13 HHUX OMHUCBIBAET KoebaHue LCHTPa MacC CUCTEMEBI C YacTOTOU

’

k
of =0’ - =
m

MEHBIIEH napunanbﬁoﬁ YaCTOTEL (O . BTopoe YPaBHCHUEC OMHUCBIBACT U3SMCHCHUEC PACCTOAHUA

: (3.23)

MEXIY ABYMS MacCaMH € YaCTOTOM

2 2 K
o =0 +—, (3.24)

m

MIPEBBILIAOIIEH MapLHATbHYIO YacToTy. Pemenns ypaBaenui (3.22) OueBUAHBI:
E1(t) = s1(t) +5,(t) = Egy sin(@t + @p) 5 (3.25a)
(1) = 51(1) = 5, (t) = Ep sin(wp? + @pp) . (3.256)
Bosppamiasck K QyHKLIHIM S| U S, , TOMYIAeM:
s1(1)= é‘“ 2L sin(rt + Q) + 22 g‘” sin(0g? + Q) ; (3.26a)
_ém _&

§2 (1) = =—sin(®rf +Pr) 7 sin(®yf +Qpp) . (3.260)
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Yersipe BemuuuHbl &y, &, @ U @ ONPENETAIOTCA M3 HAYANBHBIX yCIOBHIL:
51t=0), 5,(t=0), 5,(t=0), $§,(t=0).

IIpounatocTpupoBaB Hepexoa K HOPMaIbHBIM KOOPAUHATAM, BEPHEMCS K METOIUKE
aHaym3a KoJeOaHHui B POU3BOJIBHBIX CHCTEMAX, OIHCHIBAEMBIX YpaBHEHUAMH (3.21).

ITycTh B cucTeMe NPOUCXOAUT HOPMAJIbHOE KOJeOaHHE ¢ HEM3BECTHOM MOKA YacTo-

. S
TOH @ H KO3((GUIUEHTOM PacTpeaeNeH s AMILTHTY C = —22- :
Sot
‘Sl (t) = ‘SOI Sil‘l((})t + (p), Sz (t) = 502 Sil‘l((})t + (p) . (327)

IMoncrasum (3.27) B cucremy ypaHenui (3.21). Toraa noimyduM cucremMy u3 IByX
anreOpanyecKuX YpaBHEHHUH:
(OF —0)sgy + Uy =0;
0y80; +(®5 — 0 )sg, =0. (3.28)
CucTema THHEHHBIX ONHOPOIHBIX YpaBHEHHH (3.28) uMeeT OTIIHYHBIE OT HYJIA pere-

HUS TOJBKO B TOM CIy4ae, €CIIU €€ ONpPEeAeTIUTeNb PABEH HyIIIO!
2 2

mlazm mioilmz = (@ -0~ 0" -0y 0y =0. (3.29)

JT0 — KBaApaTHOE YPABHEHNE OTHOCHTEIBHO o, npuueM ® > O, TToaTomy, permas
ypaBHeHue (3.29), MOXHO HAHTH HOPMaJbHBIE YaCTOTHI (O U Oy . ITocie HaxoKaeHH YacTOT
HE COCTABIACT TPYAA HAUTH KOH(PUTYPALIUIO MOJ, T.€. KO3()(PHUILIHEHTHI pacupeIeTeHUS aMILTH-
TYZ Gp U Gpp - IX MOXKHO OIpenenuTh, HallpuMep, U3 IepBoro ypapHeHus (3.28), npuyem ove-
BUHO, YTO JUIS KaKIOH HOPMAJIbHOHN YacTOTHI { (1 HITH My ) 3TH KO3P(UIUEHTH! Pa3THYHbL:

2 2 2 2
| Se2 | _ O -0y [ So2 | _On—0
Si=|— | T/, Su=|— | =——.

1 o

(3.30)
So1 j Oy So1

Takum o6pa3zom, ypasHeHEE (3.29) U paBeHCTBO (3.30) MO3BONAIOT MOMHOCTHIO Pac-
CUHTATh APaMETPBI KAXKI0H U3 ABYX Mo, JIBUKeHHE KaKIOH U3 Mace, Kak y)Ke HEOTHOKPAT-
HO OTMEYANIOCh, ABTAETCA CYNeprno3uLueii AByX HOPMaTbHBIX KoTeOaHuii:

$1(8) = g1, sin(@f + Q) +5q;, SIn(Of +Prp)
52(1) = Gr - So1, SIN(WZ +@p) +Gyp - Sgp,, SIN(Dyf +Prp),

Irjle aMIVTHTYABL So1, U So1, W HAYaJlbHBIE a3kl @ U @p ONPEAETAIOTCA, KAK U PAHBIIE, U3
HayabHBIX ycnoBui: s;(0), 5,(0), 5,(0), 5,(0).

Pacuer Moa muts oGOl CHCTEMBI IBYX CBA3aHHBIX OCLIUIUIATOPOB YATATENB MOKET

npoacaaTe CaMOCTOATCIBHO.

CoOTHOLIEHHE MEKTY NAPUUAJILHBIMA H HOPMAJIBHBIMEA YacToTamu, [ ycra-
HOBJICHUA CBA3U MG)K,Z[y napuuaabHBIMA U HOPMAJIbHBIMU YaCTOTAMU Heper[I/II.HeM (3 29) B BUC
2 2 2 2 2.2 2
(0] —07)(0; —07) -y wjn; =0, (3.31)
rae
_ o0y K?
,Y - 2.2 - » N
07 0, (ke + & )(ky +K)

(3.32)
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BbespasmepHsbIii ko3ddunueHT cBasu Y

! 1 ! 1 1 >
T T T T T >

0 0, O o, Oy ®  MeXAy ABYMS CHCTEMaMH MOXET MIPUHUMATH 3HAYE-

Puc. 3.9. Hug 0 < y<1.Ecnuu3 (3.31) onpenenuts HOpMab-
HBIE YaCTOTHl M U Oy , TO OHU OYIYT BRIPAXKATHCA Uepe3 MapLUaIbHBIe YACTOTEL M U M, H
ko3 duImeHT Y . DTH YEThIPE YacTOThI OyAyT PacmoiaraTbcsl Ha OCH YaCTOT B [OCJIENOBATEIh-
HOCTH, H300pakeHHOH Ha puc. 3.9.

ITpu cnaboii cBa3u (Y <<1) HOpPMasbHBIE YaCTOTHI OJHM3KH K MapLHUaIbHBIM, a IPU
CUIBHOM cBA3HU (Y < 1) pasnmuume B 4aCTOTaX CTAHOBUTCS CYLIECTBEHHBIM. JTO XOPOLIO BUI-
HO, €CJIU NIAPLHATBHBIE YACTOTBI COBNIAAIOT (M; = ®, = ). Toraa (3.31) mpumer Bua:

(@) —0*)? —y*a; =0.
Orcrona
of = w5(l-7), o =05 (1+7). (3.33)

3aryxanue kosedanuii. Ecru sHeprus He NOABOIUTCS U3BHE, TO KONEOAHUS CBA3aH-
HBIX OCLIJLTATOPOB OyayT 3aTyXaTh. [[OCKONBKY CHJIA BA3KOTO TPEHHS OPONOPLHOHATBHA CKO-
poctH, To ypaBHeHHd (3.21) ¢ yueToM 3aTyXaHUA IPUMYT BHI:
5 =—0ps; — 28,5 —as,,
§y =—0lyS) — 0355 —28,5,. (3.34)
3mece 8, =1,/2m u 8, =T, /2m, — k03PHUUHEHTEI 3aTyXaHUs AT TEPBOTO U
BTOPOTO OCUMILTATOPOB. ECITH HCKATh pellieHre 3TOi CHCTEMBI B BUIE HOPMAITBHBIX 3aTYXAI0-
X KOJIEOAHHH:
s(t) = sOle_S’ sin(®t + @), Sy (1) = soze_& sin{ 0 + @), (3.35)
TO mocye noactaHoBKH (3.35) B (3.34) MOXHO HAHTH HOPMAJTBHYIO YaCTOTY () , KOS((HUIHUEHT
3aTyXaHus O U KOHOHUIYPALHUIo G KaKAOU U3 AByX Mof. OmycKas MPOMEKYTOUHBIE BRIK/IA-
KU, OTMETHM, YTO IPU () >>O; U W, >> 0, (cnaboe 3aTyxaHHe) HOPMAIBHBIE YACTOTHL H
pacnpeaeneHue aMILIUTYA B MoIax OynyT GIMHU3KH K TeM, YTO U B OTCYTCTBHE 3atyxanud. s
ko3 hULKEeHTA 3aTyXaHud & MONYYAeTCs BRIPaKeHHE:
_ (0 ~0")} +(@) ~0")3,
(@f —0")+(0; —’)
MOKHO BHIETH, YTO OPH HPOU3BOIBHOM COOTHOLIEHHH MEXIY O, ,, O; H O,

(3.36)

KO3 OUIMEHTE 3aTyXaHusd MOA O; U O, monyuaemeie us (3.36) opu @=O; 1 O =0y,

OyayT pa3mHYHBIMU.
Ecnu mapupanbHele YaCTOTHI COBOAAAIOT (M) = (0, ) , TO
1
61 :811 :E(SI +8H)' (337)
Ecmu o #®,,2a 8, =8,=38,T0

HOCJ’IG,Z[HI/IM PE3YIBTATOM MBI BOCIIOJB3YEMCA IIPU PACCMOTPCHUNU AUCCUTNIALIAN SHEP-

U B CBI3aHHOU KOJe0aTENLHOMH CHCTEME.

JHeprus KoaedarebHOH CHCTEMBI H ee JUccHnanus. PaccMorpuM konebanus AByX

OIUHAKOBEIX Mace (puc. 3.10a), 3aKperuieHHBIX Ha PACTIHYTOM JIETKOM PE3HHOBOM IIHYPE.
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Ecnu onuH U3 rpy3oB

Q3
Q3

Z)
Z

OTTAHYTH Ha PacCTOSHHE 25
(0) u 3aTeM OTHOBPEMEHHO OT-

MyCTUTH 0be MAacCCBI, TO UX KO-

7777 7T

nebanus OynyT UMeTh BHJ OU- y
enuii, C Ipyroi CTOPOHBL, IPU 6) 0
ATUX HAYATBHBIX YCITOBUSX OY-
IyT BO30YKICHBI ABE MOIHI (B
U T) ¢ OAUHAKOBBIMHU aMILIHATY-
JaMu koneOaHuid 00enx Mace,

PaBHBIMU S . DHEprus, 3ama-

CEHHad B EPBOI MOJIE, paBHa
CYMME KMHETHUECKHX SHEPrUi Puc. 3.10.

00erx Macc IpH IPOXOKICHUN HMH TIONIOKEHHS PABHOBECHS CO CKOPOCTBIO Z/g =550, TE.
I_ M, 1.2 2.2
Ey = 23(2/0) =msy07 , (3.39a)
a BHEeprus BTOPOU MOABI, aHAIOTUYHO, PaBHA
m_ M, 112 _ 2.2
Ey = 2?(2/0 = msjyoy. (3.396)
BakHO OTMETHUTB, YTO SHEPTOOOMEH MEKAY MOAAMHU OTCYTCTBYET, a OJTHAS SHEPTHS
CHCTEMEI PaBHA CyMMe 3HEPTHi ee Moa. B TO ske BpeMs B ipoLiecce OUeHUH SHEPTHS IEPBOTO
OCIIWILIATOPA 33 BpeMs, paBHOE MOJIOBUHE NEepUoAa OUEHHH, «IepeTeKaeT» KO BTOPOMY OC-
HULIATOPY U 3aTE€M 32 TAKOE XKe BpeMd Bo3Bpamaerca oopaTHo. [TonHEIH dHeprooOMeH Mek-
Iy OCHHJUIATOPAMH BO3MOXEH JIUIIE TOTAa, KOrAa 00e MacChl OQWHAKOBBI U OTHOIICHUE

(07 + O ) /(O — ®;) paBHO LETOMY YHUCIY #, T.€.:
O+ 20,
op-—op Qg

CrnenoBarenbHO, 4acTOTa (), JODKHA OBITH KpaTHOH yacToTe OueHuii. B camoMm nere,

=n. (3.40)

IpH BBIMOJHEHUH ycroBus (3.40) kaxpaas u3 Mace GyAeT NepUOJHIECKU OCTAHABIHBATHECA B
MIOJIOKEHUH paBHOBecHs (Kak cienyer u3 opmyn (3.17)). C TeueHueM BpeMeHH KOIEOaHHS
Oy@yT 3aTyXaTh, U OyAeT IKCIIOHEHIUANEHO YMEHBIIATHCS SHEPI U, 3AIIACEHHAS B MOJIaX:
I 2 28 2 1
E' () =msje ™ o} = Eje™, (3.41a)
ENt) = msde 0k = EJe™, (3.416)

1 .
Baxno NOAUEPKHYTH, UTO YE€PE3 BpPEMA Ty = 2_6 SHEPrusa Kaxaou U3 Mod YMEHb-

LIUTCA B € pas, pu 3TOM HpOTI/IBO(l)a3HaH MOIa «IOTECPACT» Gomblie SHEPruy, Yem CI/IH(l)a3Ha$I,

HIOCKOJIBKY HAYANbHAS 3Heprus EL v Hee Obuta Gombure, veMm EL (oM. (3.39)).
0 0

Briny:kneHHble Ko1edaHus. PaccMOTpUM OCHOBHBIE 3aKOHOMEPHOCTH BBIHYKACH-
HBIX YCTAHOBHBIIHUXCS KONeOaHUH B CHCTEME, N300paKeHHOH Ha puc. 3.11, ecnu Ha JTEBYIO
Maccy my aerctByet cuna F(f) = F, sin ©f. YpaBHEHUs ABUKEHUS B 3TOM Cirydae OyayT oTiu-

yaTbed oT (3.34) Hanu4neM 3TOH CHIIBI B IPaBOH YaCTH EPBOTO YPABHEHUS:
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.. 2 . Fy .
S =—M 8 _26151 — 0157 +—OSIH t,
my

(3.42)

.'5;2 = —062.5‘1 - (D%Sz - 262.5“2.
Hepr,Z[HO A0rajaarbCid, YTo

peICHUAMA JTOH CHCTEMEI B ycra-

HOBHBILEMCS PEXKUME SABIIIOTCSA
rapMOHHYECKHE (OYHKIHN Puc. 3.11.

$1() =8¢ IO+ Q1) , §5(F) =S¢ SIN(WF + @, ), (3.43)
KOTOPBIE OTPAKAIOT TOT (PAKT, YTO 00€ MACCHI KOJEOIIIOTCS Ha YaCTOTE BBIHY)KJAIOMIEH CHITBL.
IMoncrasmas (3.43) B (3.42), MOXKHO BBIYUCIIHTD aMIUTUTYABI M (ha3bl BEIHYKIEHHBIX KoreOa-
HUH. MBI OrpaHHYHMCS JHIIB 00CYKIEHHEM PE3YIIBTATOB.
Soi 4 Ha puc. 3.12 uzo6paxena AUX s
MEPBOr0O OCHIIIIATOPA, K KOTOPOMY IIPUIIOKEHA
cuna. OOpamaer Ha ce0s BHUMAHHE HATHYLE
JIBYX PE30HAHCOB, KOTOPBIE IIPU MAJIOM 3aTyXa-

HHHU Ha6JIIO,Z[aIOTCH Ha HOPMAaJBbHBIX 4YaCTOTaXx

®; 1 O . [Ipu U3MEeHEHUH YacTOTBL @ OT g

®; 0 0, O ®  HEMyMa Ha BTOPOM MapUUATBbHON 9acToTe ) ,
Puc. 3.12.

A0 O aMIUTUTYAA S§g MagaeT U JOCTUraeT MU-

\ 4

IIPH 3TOM C YMEHBIIEHHEM 3aTyXaHUs aMILTATY-

Jla Ha 3TOM 4acToTe CTPEMUTCA K HYII0. DTO 00CTOATENBCTBO UCTIONB3YIOT NI NOJABIESHUS

OTKJIUKa CUCTEMBI Ha ielicTBHE BHELTHEH CHITBI. B paanoTexHUKe, I1e UCTIONB3YOTCS CBA3aH-
HBIE KOJe0aTeIbHBIE KOHTYPBI, HX IPUMEHSIOT KaK (HIBTPHI U JeMIT(epsl.

JBa pe3oHaHCa IMEIOT MECTO M [T CMEIIEHHA 5, BTOPOH Maccel. Ecnu mpoananusu-

POBATH OTHOLICHHUE AMIUTUTYA Sy, /Sy, B 3aBHCHMOCTH OT YACTOTBI () , TO OKa3BIBAETCH, UTO

3TO OTHOLIEHUE BOIU3U YaCTOTH! (); PaBHO KO (QULMEHTY paciipeleleHus aMIUIUTYA G; AT

nepBoOH MOJBI, a BOMM3M YacTOTHl ® — KO(P(UIMEHTY paclpeeneHus aMIUIUTY Gy AT

BTOPOH MOJIBI. DTO UCTIONB3YETCA [UTA ONpeNeNeHns 3THX KO3 (QHUIHEHTOB, MOCKOJIBKY MPH

BBIHYKJCHHBIX KONEOAHUAX 3TO caenarhb npoe, 4YeM npu COOCTBEHHBIX.

Konebanus ciucreM ¢0 MHOTHMH cTeneHsIMH cB000OAb1. OCHOBHBIE HeH, CHOPMYTHPO-
BAHHBIE [TPH PACCMOTPEHHH KOeGaHUE CHCTEM ¢ IBYMS CTENIeHIMHU CBOOOBL, Tereph MOTYT ObITH C
YCIIEXOM HCTIONB30BAHBI UTS AHAITH32 KOJIEOaHHH CHCTEM C TPEMS], YETBIPbMS, ..., N CTETIEHIMH CBO-
0ompl, 1 B mipenene, npu N — o0, s aHANH3a KoNeOaHU B CIUIOLIHBIX CPEAax, T.€. BOIH.

OG6paTtumcs BHauaNe K KomeGaHuAM TPpexX ONHHAKOBBIX MACC 1, 3aKPEIUICHHBIX Ha PaB-
HBIX PACCTOSHUSAX @ HAa HATTHYTOM JIETKOM PE3MHOBOM IIHYpE, Kak MoKa3aHo Ha puc. 3.13a. JIro-
6oe komeGaHUe 3TO CHCTEMBI MOJKET OBITh ITPEICTABIEHO KK CYIIEPIO3HULIHS TPEX HOPMAJIBHBIX
KoneGaHul ¢ yacToTaMu (O, Oy U Oy . OMyckas Ha BpeMs BOIIPOC O BETUYHHE YaCTOT, HAHIEM
KOH(Urypanuro 3Tux Moz. [IpuMemM Bo BHUMaHHE, 9TO KB3APAT YaCTOTHI KOJEOaHHH KasK 10k Mac-

ChbI B ,Z[aHHOﬁ MOOC JOTIKCH OBITE OJHUHAKOB. 3T0ro MOKHO ,Z[O6I/ITI>C$I B CIIy4ae, Koraa OTHOLICHUA
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BO3BPALIAIOLIEH CHITB K

4
N
@3
2
(R
2
Q3
2

BENTMYHHE MACChI 711 U €€ a a) h
CMELICHHIO S Y BCEX TPY-

30B OyIyT OAUHAKOBEIMU. &
I

Takue ycmoBus peanu-
3YIOTCSA TIPH CMEIIECHUH
Mace Tpems crnocobamu
(0, B 1 T Ha puc. 3.13).
Ipu oTITyCKAaHUU FPY30B
13 nonoxkeHus (0) B cuc- O
Teme OyIIeT MPOUCXOIUTE

HEPBOE HOPMAIIBHOE KO-

nebGaHue Ha 9acToTe Oy ;
u3 moyokeHus (B) — Puc. 3.13.

BTOPOE Ha 4acToTe Oy ;

13 MONOKEHUS (I) — TPeThe Ha YacTore Wy . OUeBHUAHO, 4TO Wy > Wy > 0.

Kongurypauus kaxao0i U3 Mo MOXKET OBITh OIMUCAHA C IOMOIIBIO ABYX Kodddurm-
€HTOB pacTpeleNeHns aMIUTUTyA. 3aberad BOepen, OTMETHM, YTO JJIS YETBIPEX MAcC TaKHX
KO3((HUIIHMEHTOB TOIKHO OBITH TPH, H T.1.

OnHako cuTyarys MOXeT ObITh YIPOLIEHa, €CITH 00OPaTHUTh BHUMAHUE, YTO PACTIONOXKE-
HHUE Macc B no3uimsax (0), (B) u (1) Ha puc. 3.13 HANOMHUHAET «CHHYCOUAANBEHOE» (TYHKTHPOM
n300paxeH GparMent QYHKUUK Sin 4x , [e 4 — HEKOTOPBIH NAPAMETP, XAPAKTEPUYIOIIHI ne-

puon s1oii pyskumn). Torna koHMUrypamys nepBoi MOIB! OyAeT OMUCaHA CIEAYIOIINM 00pa3oM:

sé (x)=s¢sinkyx; hy = %, (3.44a)

Jia BTopoit MoabI:
501 (xX) = 5o sinkyx; kg =2k, (3.446)

Jiia TpeTbel MoABL:
$00(x) = So Sin fx; Ay = 3y (3.448)

Pormb Ge3pasmepHBIX KodddurinenToB ¢ BEMONHAET hyHKIHA Sin £ ,x (p =1,11,11I), Beramc-
JeHHAs BTOUKAX X =X =a, X=X, =2a, X=Xy =3a.

Jpyrumu npuMepaMu CBA3aHHBIX OCLIHJIISTOPOB SBISIOTCS aTOMBI B Mostekynax CO.,,
H,O u 1. n. Ha puc. 3.14 n306paxeHbl KOHQUIypalluid MO 1 TIPUBEACHEI 3HAYEHHSA YaCTOT
HOPMaJTBHBIX KoneGaHui Monekyn. OGpaTiM BHUMAaHHE, YTO 3TH YACTOTHl UMEIOT MOPIIOK
BEIUYUHBI (1013 +1014) ¢! M 3HAUNTENBEHO MPEBLIMAOT (HA HECKONBKO MOPSAKOB) YACTOTHI
MEXaHHYECKHX KOTeOaHul MaKpOCKOIMIECKUX CHCTeM. Pe3oHaHCHbIe konebaHus 3TuX (U Apy-
TUX) MOJEKYJT MOXHO BO3OYIUTH MPH B3aUMOASHCTBUH Pa3HOMMEHHO 3aPSKEHHBIX HOHOB,
COCTABJISFOIIUX 3TU MOJIEKYJIBL, C HIEKTPUUECKHM ITOJIEM CBETOBOH HIIEKTPOMATHUTHON BOJTHBI

nHppakpacHoro (MK) nuanazona, uMerorneii 6:1M3Kyr0 4acToTy.
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*_@_, <_©_+ +-@_> o, =4,16-10" ¢
P @_. @ <—@ > oy=7,05-10" ¢

%)) é) #}) on=2,00-10% ¢

x L 4 BON e O
QLW o e @ e,

-1

o =11-10% ¢ op=1127-10"c™  ou=478-10"¢
Puc. 3.14.

B kypce «OnTHKa» MBI MO3HAKOMHMCS € TAKHM B3aUMOAEHCTBHEM, PUBOASAILNM, B
YACTHOCTH, K OCIA0ICHHU IO (TIOTITOIICHHUIO ) SHEPTHH CBETOBOH BOJHBI U €€ PACCESHUIO B cpele
C KONEOMIOIUMHCA MOIEKYTaMU (KOMOHHAIIHOHHOMY PACCESHUIO).

Byaem yBenmUUHBATE YHCITO MACC, 3aKPEILTIEHHBIX HA LIHYPE Yepes PaBHbIE MPOMEKYTKH d.
Eciu N— uncino 37X Macc, To OJTHAs JUIHHA IHypa paBHa £ = a(N +1) (puc. 3.15). Paccunraem
HOPMAJTBHBIE YaCTOTHI BCEX MO M UX KOH(UTYpauu. byaeM CUiTaTh, YTO HEBECOMBIH IIHYD HATS-
HYT ¢ cuIo F, U Npu MaJbIX OTKIOHEHUAX Macc OT MOMOKEHUS PaBHOBECHS § << / 3Ta CUJIA HE
Mensercs. Kaxnas Macca HCTIBITBIBAET NEHCTBUE CHIT HATSHKEHHS IHYPA [0 00 CTOPOHBI OT Hee.

Ha puc. 3.16 nmoka3aHo MrHOBEHHOE MONOKEHUE (PparMeHTa MIHYpa U Tpex Mace. Eciu

YIIBL 91 Hu 92 MaJbl, TO BO3BPpALIAroIas Cuna, ,HeﬁCTBYIOLHaH Ha CPCOHIOIO MAcCy, paBHaA!

f=—F-(sin0; +sin0,) =-F(0,+0,) . (3.45)
Benuuusbl yrioB 0; U 0, ONpeensroTcs B3aHMHBIM PACTIONOKEHHEM MACC:
6, ~ -2 tnd; g, ~Zntwl (3.46)
a a

C yuetom (3.45) u (3.46) ypaBHEHUE ABMKEHUS CPEIHEH MACCHI PUMET BUI:
—Spa + Sp ~ Sy

sn
ms, =—F (3.47)

a a
Ecnu kome6aHus ABISIOTCS HOPMATBHBIME, TO
S, (t) =50, SINOF,
S, (t)= o, SIN O, (3.48)
Sn+l (t) =S0,n41 sin @,

TOC 4acTOTy (0 H pacnpeaciCHUue aMIUTUTYA NPEACTOUT ONIPECACIUTD.

Ada MmagMagMmg Mg Mmgmg Mg’ |
(. (M b Ve 1 Vg 1 Ve 1 Vg 3 (M

a A4 o - - A 4 o A4 A 4 b
} t t t + + + + t >
0 X1 Xy X3 Xy-1 Xy x

Puc. 3.15.
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IMoncrapnas (3.48) B (3.47), monyuum
maw®

—Sopat|2- 0~ Soue1 =0 (3.49)

Mockomeky =1, 2, 3, ..., N, To (3.49) npeacrasmsaer coboli cuctemy N THHEHHBIX
OIHOPOOHBIX ypaBHeHui. S 4
U3 ycnoBus paBeHCTBa
HYIIO €€ ONnpeacIuTens
MOXHO PacCUuTaTh Bce N
HOPMAJIBHBIX Y4CTOT, 4 33~

TEeM O Ka)K,Z[Oﬁ U3 3TUX

=y

4acToT ONpEeACIUTh pac- ()

TpeJeNeHIe aMILTUTYI B Puc. 3.16.
KaKI0H MOJie, YHCITO KOTOPBIX, OUEBUAHO, OyaeT paBHO N,

MBI e UCTIONB3YEM YIKE OMTUCAHHBIH paHee Gosee nerkuii myTh u OyaeM UCKaTh KOH-
(DUTYPALUIO KAXKIOH MOJIBI B BUJE «CHHYCOUTATBHON) KOH(UTYPALHH:

8o(x) =59 sinfx, wia 5,5, = 5¢(x,), (3.50)

rie x, =a,x, =2a,...,x, =na,..,xy = Na.

Yo6eaumcsa, uro koH(purypauus (3.50) ynosmerBopser ypaBHeHHO (3.49), koTOpOe
MEPENUIIEM B BUJIE:

S0, T80, 207 — @

S0,n B Qr (P21
e O :i .
ma
IMoncrarum (3.50) B meByto vacTs (3.51):
s Y )
sin#%(n+ 1)? +sink(n—la _ 2 cosha = 207 - ' (3.52)
sin #na Q?

OueBuaHo, uto (3.50) yoosneTBOpUT ypaBHeHHO (3.49), ecnu momoOpaTh LT JaHHO-
ro £ MOAXOAAIIYIO YACTOTY .

IMapameTrp % Ha30BEM BOJHOBBIM YHCIOM. OOBSICHEHHE 3TOMY OyZEeT AaHO B IOCTe-
OYIOLIMX JEKUUAX. DTOT NapaMeTp JOJDKeH ObITh TaKuM, YTOOBI HA KOHLIAX 3aKPEIIEHHOTO
IIHypa YIOBIETBOPAIUCH MPaHUYHBIE ycrnoBusA. [Ipu x =0 3TH yCIOBHS BBINONHSAIOTCA:
sin(%-0) =0 . Ha apyrom koHne, rae x = a(N +1) , norpebyeM, 4ToOBI

sintfa(N+1)=0, (3.53)
OTKyJa MONYYaeM:
fpa(N+1)=p-m, wma £, =—25 (3.54)
a(N +1)
rae uenoe wucno p = I, 11, ..., N xapaktepusyeT HOMEp MOABI (KOIUYECTBO MOJ, KaK OBLTO
MOKa3aHo BhIIIE, paBHO N). Kaxkmoii p-oii Mozie COOTBETCTBYET CBOS YaCTOTa, KOTOPas JIETKO

HAXOIWTCA U3 ypaBHeHus (3.52):

2 _h02 N "02 pr
o, =2Q7(1-cost ,a) =2Q (1—c0sN+lj (3.55)
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N:1 (1)2: rana
N=2 o = nlja
2 F
Oy= 3na
u 2_ 2F [y 1
N=3 0] = ma( ﬁ)

0= ma

gt 5l

4 m— " ma
Puc. 3.17.

3Hast BONHOBbIE YUCTA £, H HOPMATBHBIE YaCTOTBI (), , HE COCTABIIAET TPY/A 3AIACATh
BBIP)KEHUS JJIS1 CMEIIEHHH BCEX Macc, Kak (OyHKIWH BpeMeHH. [Iist p-0ii MOIIBI MOXKHO 3aITUCATH:
S5 (Xy,1) =S¢, SiNk, X, -SIN(O L+ ,); (3.56)
3peck x, =na, n=1,2, .., N.
AMIUIIHTYza S), ¥ HadanbHas Gasa @, ONPEAENAIOTCA HAaYaIbHBIMA YCIOBHIMH, &
%, m ®, — cBocTBAME caMoii cucTeMs! ((hopmymsl (3.54) u (3.55)).
B cuny nuHelHOCTH KOIe6aTENbHON CHCTEMBI B CAMOM 00IIEM cirydae KoieOaHui

MOayvaeM i CMECLICHHUA BCEX YACTUL BBIPAKCHHUEC!

5, 0)=Y 5, (x,.1) (3.57)
»

rJe CyMMHPOBaHHE IIPOBOIUTCS TONBKO MO TEM MOJAM, KOTOPBIE «y4YacTBYIOT» B KOIICOAHHAX.

Tak, HanpuMep, yAep:KHUBas BCEe BPEMs CPEIHIOI0 MacCy B MOJOKEHUH PaBHOBECHS,
MBI HE MOXeM BO30YAUTH MOJBI C HeUeTHBIMU HOoMepamu p = I, 111, ..., HOCKONBKY 3TH MOZBI
«TpelyIoT» CMEIEeHHs LIEHTPATbHON MacChI.

IMone3ysick hopmymoii (3.55), HETPYAHO BEIYHCITATH HOPMAIBHBIE YaCTOTHI KOIEOTIO-
IIMXCS Macc Ha IIHYPe.

Ha puc. 3.17 uzo0paxkeHsl MOIBI KOJIEOAHUH B CHCTEME C OTHOM, ABYMS U TpeMms
MaccaMH U IS Ka&KI0H MOl YKa3aHBI BETHIUHBI HOPMAJTBbHBIX 9aCTOT.

B 3akimroueHue oTMETHM, YTO CBA3b THIA (3.55) MeXIy 4acTOTOH ® W BONHOBBIM
YHCITOM % Ha3bIBAETCA AUCIIEPCHOHHBIM COOTHOLIEHHEM. JTO COOTHOIIEHHE OyaeT Jajee ue-

MOJB30BAHO MPH aHATTU3C PACIPOCTPAHCHHA BOJTH B ICPUOAUYCCKHUX CTPYKTYypax.
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JEKINHA 4
Pacnpocmpanenue eoamywenuii 6 cucmeme ¢ 6OnbUUM YUCIOM cenenell c60600bi.
Cropocmw pacnpocmpanenus. Bosbyscoenue eonn. I pynna éonn u ee ckopocmw. Bonnogoe ypas-
nenue. Bomnwvl 6 cnnownom wnype. Ompascenue eonn. Bozbyscoenue cmosuux omn 6 wnype.
Moowt konebanuii. Bonnwt 8 ynpyeux menax. [lonepeunvie gonnvl. JHepaus, NEPEHOCUMASL 6OTHOU.
Bexmop Ymosa. [Ipodonvusie sonnsi. Ckopocms 6o 8 monkom u moicmom cmepycnsax. Ompa-

JHCEHUE U NPOXOHCOEHUE BOH HA 2PAHUYAX 08YX cped. Yoenvnoe 8onH080€e conpomusienye.

PacnipocTpaneHue BO3MYILIEHHiT B CHCTeMe ¢ 0OJIbILIMM YHCIOM CTereHei CBo0oIbI.
Paccmorpum konmeGanus N>> 1 Macc Ha pe3HHOBOM IIHYpe (puc. 4.1a). OTKIOHUM HECKOBKO Mace
B CEpeIMHE [IHYPa OT MONTOKEHUS paBHOBeCH (puc. 4.10), U 3aTeM OTIYCTHM UX B MOMEHT BpeMe-
HH ¢ = 0. Kak nokasbIBaer OIIbIT, 3Ta Ha4aIbHas KOH(QUryparys, IpeacTaBIsoLIas coO0H 1o opme
HMITYJTbC, C TEYEHHEM BPEMEHH TPaHC(HOPMHUPYETCS B ABA OMHAKOBBIX HMITYJIBCA, KOTOPbIE Mobe-

T'YT B Pa3HbIC CTOPOHEI ¢ HEKOTOPOH KOHEUHOH CKOPOCTHIO ¢ (prC. 4.1B). 3TH UMITYITBCEHI JOOCTYT A0

KOHIIOB IIIHYPa, U3MCHAT CBOKO OTAP- m a N

HOCTb [PH OTPaXKEHHUH U ITOOETyT B 00- 5 = £
a) £,

partHOM HanpaBieHuH (puc. 4.1r). IMoc-

JIe BCTPEYH B CepeAHHE LTHYPa OHH OT- 3 5) T 2;0 —f

PasaTCs elne pas, BOCCTAHOBAT HCXOI- g 35 Soy ¢

HYIO MONSPHOCTL U CIYCTS Bpems = ) R N

At =2{/c BHOBb BCTPETATCA B Cepe- 4

uHe, cOPMUPOBAB HCXONHBIA UM- r) \_S:I-:Zc i

MyIIBC. 3aTeM 3TOT MPOLECC C NIEPHO- ¢ ’ . ’ »

oM At GyaeT MOBTOPATHCS A0 TeX TOp, : >

TIOKA UIMITYITBCHI HE 3aTYXHY'T U3-38 JIAC- 0 X

CHMALIAN SHEPTUH, Puc. 4.1.

C TOUKH 3peHHs OBCEIHEBHOIO OIIBITA B 3TOM HET HHYETO YAUBHTEIBHOTO, TOCKOIBKY CMe-
IIEHHs TPYTIITBI Macc BEAYT K BOSHUKHOBEHHUIO YIIPYTUX CHII, CTPEMSIIUXCS BEPHYTD 3TY IPYIIIY B
TIOJIOXKEHHE PABHOBECHSI U OHOBPEMEHHO BBIBECTH COCEHHE YaCTHLIBI M3 TIOTIOKEHUS] PABHOBECHS.

C TOUKH 3peHus ONUCAHUS KONeOaHNH «Ha A3BIKE MO TAKOKE IMOHITHO, YTO OTKIIOHHB,
a 3aTeM OTITYCTHB I'PYIITY YacTHL, MbI BO30Yx)aaeM MHOTO Moa. KoneGanus Bcex N gacTHil po-
HCXOIT OJHOBPEMEHHO Ha HOCKONBKHUX HOPMATIBHBIX YaCTOTaX (), . Bee a1 yacToTsl pasmuy-
HBI, 1 CyMMa HOPMAaJIbHBIX KOJeOaHui mpeacTapiseT coboli Ouenus. ITockombKy uepes Bpems,
paBHOe neproay OueHui, KolmeOaHus TPYIIIBI YACTHUL] B LIEHTPE IIHYPa BOCCTAHOBATCS, TO OYe-
BHUJIHO, YTO NEPHO/] OUEHHH PaBeH YIIOMUHABILEMYCS HECKOJIBKO paHee BpeMeHu At =2//c.

OnpeneriM CKopocTb ¢, NCXO U3 MPEICTABIEHH 0 OUEHUSIX, KaK CYTIePIIO3ULIMN HOP-
MAJBHBIX KomeOaHuil. [ 31oro BHaYANe nepenuiieM TUCIePCHOHHOE COOTHOLITeHUE (3.55) B BUe

ko a 1 P
®, =2Qsin £—=2Qsin —| £
i 2 2{ N+1 1)
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O Crporo roBops, NpU HATMYHN MHOIHX YacTOT B
P £ cnekTpe KoneGaHui, naBaeMbIX (opmyitoi (4.1), GueHns
Opf — === = = - - - He OyIyT NepuoIuYecKUMH — HavalbHAas KOHQUTyparms
: He MOBTOpsieTcs. BuzyabHo 310 OyIeT nposiBIATECS B HC-
1] O : KaykeHHH (POPMBI OErylIuX HUMITYJTBECOB, €CITH [UTHHA UM-
: : nynsca £, > a (MMITYJTbC «HaKPhIBAET» MANl0 YacTHl), a
o - -- : : IIHYP AOCTATOYHO JUTHHHBIH. [ 0BOPAIT, YTO HCKaXKEHVE M-
| I : ITyJIbCa CBSI3aHO ¢ AUCHepcHeli «cpempl» (IIHypa ¢ Macca-

: : : MH), TI0 KOTOPOH HMIY/IbC PacpOCTPAHICTCS.
0 kll %” fun ;k D10 nckaxxkeHue OyneT HUYTOXHBIM, €CIH
Puc. 4.2. £, >>a (rpynma cCOCTOHT M3 GOJIBIIOro YHCia Komeo-

Jroruxcs Macc). Tak 0GBIYHO B HPOUCXOIUT MPH PaclipoOCTPaHEHHH BO3MYILEHHH B TBEPIOM
Tene, tae a ~ 1070 M (paccTosiHIe MeXIy y3TAMH KPHCTAILTHYECKOH PEIIETKH, OKOTO KOTO-
PBIX KONEOIIOTCS aTOMBI).

Ecmu £, >> a, 10 B criekTpe koNeOaHu JOMUHUPYIOT HU3IIHE MOABL, KOTOPBIE XapaK-
TePU3YEOTCSA BONHOBBIME YHCTaMu 4p, e p = L, 1L 111, ... << N. HacToTBI 3TUX MOJ TOMYYAIOTCS U3
topmyns (4.1):

Qmn
N+l
31eck MCMONB30BAHO NMPUOMMKEHHE Sinx ~X MpH x <<1. DTa 3aBHCHMOCTE © (%)

®, =Qat, = p; p=LILIIL .. 4.2

n3zobpaxeHa Ha puc. 4.2.

OO0paTuM BHUMAaHHE, YTO HU3IIHE YaCTOTHl PACHONArarTCs 3KBUIHUCTAHTHO:
A® = O — O = O — O = ... [Tosromy nepuoa Guenntii (cM. Takxke hopmyiny (3.14)) momy-
YaeTCsA PaBHBIM:
2 2(N+1)
Ao Q
Ecmu yuects, uro miuHa mHypa £ = (N + 1), T0 CKOPOCTh IBHKCHUS UMIYJILCA B

20 ,Fa
cOzA_t:aQ: ? (44)

Ecnu MBI Gynem yBeTHUHBaTh YHCIO Mace N Ha IIHype (QUKCHPOBAHHON JTHHBL, TEM

At = 4.3)

cpene Ge3 OUCTIEPCHU PaBHA:

CaMbIM YMEHBIIAS PACCTOSHHUE ¢, TO MBI CACTAEM MPEAETbHBIN NEPEX0/] K HEMPEPHIBHOMY Pac-
npeJeneHHIo Macc — T.€. K OHHOPOJHOMY BECOMOMY LIHYPY, TIPH 3TOM

pp=m/a 4.5
ABIAETCH MACCOM €IUHUIBI ATHHBI OJHOPOIHOrO HIHYPa (MHOTJA YIOTPEOIIIOT TEPMUH
«IUTOTHOCTh €IUHHUIIBI JTHHBD)). TT03TOMY OKOHUATENBHO IS CKOPOCTH PACTIPOCTPAHEHUS

HMITYJTbCa ITPOU3BONIBHOMN (DOPMBI 10 IITHYPY HMeeM

F
Co=.—. 4.6)
0 P
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Hanmpumep, B caydyae TOHKOTO PE3WHOBOTO ILIAHTA C JUHEHHOW IMIOTHOCTBIO
p; ~ 0,1 kr/m, HaTsHYTOrO C CHITOH F ~ 10 H, CKOPOCTB ABHXEHHUS UMIOYIbCA NOTYYAETCS
paBHOH ¢, ~ 30 M/c. Takad cpaBHUTENIbHO HEOONBIIAL BETHYHHA CKOPOCTH MO3BOJIAET JIEIKO
HaOTFOAaTh PacIPOCTPAaHEHNE U OTPAKEHNE UMITYIIBCA.

Hrak, noneeaeM HEKOTOPBIE HTOTH.

1. Ecnu npeHeGpeyb NepUoJHYeCKOH CTPYKTYpOl Cpeabl, TO CKOPOCTh ¢, PaclpocT-
PAHEHHUS UMIYIBCA HE 3aBUCHUT OT €ro (JOPMEL, 4 CaM UMITYJbC MPH PACIPOCTPAHCHUH HE UCKa-
JkaeTcd (HeT JUCTICPCUN).

2. Ecnu ochb X HalpaBUTh BAOJH HTHYPA U 334aTh HAYAIBHOE BOSMYILEHHE (B MOMEHT

t=0) B Buze s(x), To ¢ TeUEHUEM BPEMEHH BO3MYILEHHE IHYpa OyAeT UMETh BHA:

%s(x —cot)+ %s(x +cot) . @.7)

IlepBoe cnaraeMoe OMUCHIBAET BO3MYILEHHUE, OEryIIee CO CKOPOCTBIO ¢; B IONOXKH-
TEJIbHOM HallpaBJIeHUH OCH X, YKa3aHHOM Ha pHcC. 4.1, a BTOpoe COOTBETCTBYET HMITYIIBCY, pac-
OPOCTPAHAIOILEMYCS B IPOTHBOMONIOKHOM HANPABICHHH.

3. Y KOHIIOB HEBECOMOTO IIHYPA C MacCaMu N
06a uMImymbca oTpakarTca. OTpaskeHHBIH UMITYITBC ,—4_/-;
HMEET NPOTHBONONOKHYIO IOMAPHOCTD (HAPABIECHUE

CMCITCHHA S) O CPAaBHCHHUIO C MAOAIOIIHM,

7,
AHaJIOrnyHbIE TPaHUYHBIC YCIIOBUA peau3y- N —

Co

FOTCA JUTA CIUIOIIHOTO MAaCCHBHOTO IIHYPa C 3aKper- Puc. 4.3
JIEHHBIMH KOHIaMH (puc. 4.3). e

4. B o0macTy nepeKphITHS OETYIIUX UMITYIECOB 00pasyeTcs KoneOaHue, Ha3bIBaAEMOE CTO-
srueli BOMHOH, Tak MBI IPUXOAUM K OHATHAM OETYIIUX U CTOSUMX BOJH, IIPH 3TOM CTOSYAs BONTHA

MOXKET pacCMarprUBaThCA KaK Cyneprio3uiia BOIH, 6ery WX B IPOTUBOMOIOKHBIX HAIPABIICHAAX.

Bo30y:knenne BoH. PaccMoTpuM KoneGaHus HEBECOMOTO IIHYPA ¢ TPY3aMH, mpa-
BBIH KOHEL| KOTOPOTO 3aKpeIUieH, a IeBbIH Noa AefiCTBHEM BHEIIHEH CHITBI B MOMEHT BpEMEHH
t = () HauMHAET CMEILATHCA O FAPMOHUYECKOMY 3aKOHY:

s(t) =5, sinot . 4.8)

Ton neficTBrEM 3TOM CHITBI TPY3bL, CBA3aHHBIE IPYT C APYTOM OTPE3KAMHU HATSIHYTOTO
IIHYPa, PAHO WU MO3AHO HAYHYT COBEPIIATH BHIHY)KACHHBIE TAPMOHHYECKHE KONeOaHus ¢
4acToTOH ®. EcTecTBeHHO, 4TO CHCTEMY IPy30B (110 aHAIOTHH C CHCTEMOM C IByMSA TPy3aMH)
MOXXHO 3aMETHO PACKauaTh JIULIb B CITyUYae Pe30HaHCa, KOTAA YaCTOTa () COBOAIAET C ONHOH U3
HOPMAJIBHBIX YaCTOT O, .

BHauane npuayT B JBHKEHHE [PY3bI BOMHU3U IEBOr0 MOABIKHOIO KOHLIA LITHYPA, 8 C
TeYeHHEM BpeMeHH B KoneOaHusa GyIyT BOBIEKATHCSA BCE HOBBIE TPY3bL.

Takue komeOaHus NMPEACTABIAIOT CO00H BOMHOBOMU Mpouecc (BOJNHY), PacIipOCTPaHSIO-
IIUKCS «CTIeBa — HAIIPaBO» C HEKOTOPOH CKOPOCTBIO C,. Ha puc. 4.4 u300paxeHbl OTOKEHUS

KONEOMIOMIHUXCSA MAacC B HEKOTOPBIA MOMEHT BpeMeHU /, . IT0CKOIBKY IPy3bI KOTEOMIOTCA «I10MIe-
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Puc. 4.4.
peK» HampaeeHus pacnpoctpanenus (ocu Ox), TO BONHA HA3BIBAETCS MOMEPEYHON. DT BONHA
I0GEeKUT 0 IPABOTO 3aKPEIUTCHHOIO KOHLIA IHYpPa U oTpasutcs. [Tocne s1oro GyayT cyiuecTBo-
BaTh JBE BOJHBL: HCXOAHAS Oeryruas (HHOLAA €€ Ha3hIBAOT AIAFOIIEH BOTHOM) M OTpakeHHAs BOJI-
Ha, KOTOpast GexKUT HaBCTpedy najarowel. Crycts Bpems At = 24/ ¢, OTpaxKeHHas BOJIHA JOCTUI-
HET JICBOTO KOHLA, CHOBA OTPA3UTCsA, U «chopMuUpyercs» Moaa konebannii. Kondurypauus stoii
MOJIBI 33/1a€TCSI BOTHOBBIM YHCIOM £ ,, (CM. COOTHOLIeHUE (4.1)).

PaccMoTpuM moapoGHee NaAoLyio BOIHY ¢ 3THM # , . IIpoCTpaHCTBEHHBII epHoa A -
H300paKeHHBIN Ha pUC. 4.4 KAK MUHUMAITBHOE PaCCTOSHHUE MEXKIY MACCaMH, KOMEOMIOIIIMUCS B
(haze, Ha3BIBAETCS JUTMHOH BOMHBL. JTHHA BONHBI CBS3aHA C BONHOBBIM YHCIIOM £ ,, COOTHOLUEHHEM:

k,=2m/N,. 4.9)

Eciu cuItbl BA3KOTO TPEHUS, IPUIOKEHHBIE K KAKIOMY U3 TPY30B, MAJIbL, TO AMILTHTYIBI
KoneOaHUi Beex rpy30B OyAyT ONMHAKOBEI H PaBHEI S, . Temeps MBI MOJKeM 3aIHCATh ypasHenue
6e2yyeil 80nHbL — YPABHEHHUE, OMUCHIBAIOLIEE CMEILEHHE TF060H U3 Mace B IPOU3BOIBHBIA MO-

MEHT BpeMeHH. JUis YaCTOTBI ), , BOJIHOBOIO YHCIIA # , U AMIUIHTY/BL S OHO UMEET BHJ:

8§ p(Xy,1) =50 SIN(® )t — £, %, );
4.10)
x, =a; 2a; ...; na; ...; Na.
Beipaxenue @ =0 ,t—4,x, HasbiBaeTcs (asoii BonHbL. YpasHeHue (4.10) orpaxkaer
TOT (haKT, YTO BCE MACCHI KONEONIOTCS ¢ OJHHAKOBOH YaCTOTO! (0, , UMEIOT OJIUHAKOBYO aMIl-
TUTYRY S , OTHAKO 3TH KoneOaHus pasiuyarorcd mo dase @ .
Onpenenum Tenepb CKOPOCTE ¢, IBHKEHHS 3TOU BOIHBL J71s1 3T0T0 NPOCIIENNM 32 [BHIKE-
HHeM IpeGHs BOJIHEL BEPIIFHA KOTOPOTO B HEKOTOPBIH MOMEHT BpeMEHH HaxoauTes B Touke M. ITycts
3a BpeMsa Af 10T rpebeHb CMECTUTCA Ha paccTosHue Ax, >> a . Ilockonbky Ha BepiIMHE rpeCHS

MACChI UMEFOT MAKCUMATTBEHOE MOJIOKUTETBHOE CMEILEHHE, TO (ha3a X KoNeOaHuii IOCTOSHHA U PABHA

f oy =
©,f—k,%, =g 4.11)
IToatomy
o,At—f,Ax, =0 4.12)
Ortcrona CKOpoCTh ¢, MOIMyYaeTesi paBHOU
_ Axn — ®p _
0 = pr —E—Vp'%p. (4.13)

CkopocTh ¢, HasbiBaeTca (a3sOBOH CKOPOCTBEO FAPMOHUYECKOH BOJHBI € 4aCTOTOH
®, =27V, . [IpoaHanu3upyeM 3aBHCHMOCTB 3TOH CKOPOCTH OT BOJHOBOTO YHCI, [OMB3YACH

JUCTIEPCUOHHBIM cooTHOIEeHUeM (4.1). [lng 3Toro nepenumieM ero ¢ yuetom (4.4) B Buze:
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Puc. 4.5a. Puc. 4.56.
k. a
sin%
®, =cok, - < 4.14)
¢
2

I'paduk 3aBucumMocTH (4.14) HasbIBaeTCs TUCTIEPCHOHHON KPUBOH U M300paskeH Ha puc. 4.5a.

Ha 570l KpHBOH TOYKAMH OTMEYEHbI 3HAYEHHS YaCTOT (), U BONHOBBIX YHCEN £ , .
ITynkTupoM u3o0paxkeHa npsamMas ®, = cyk, . OHa nomydaercs us (4.14) npegenbHbM nepe-
xomoM npu g — 0 (HempepeIBHAS cpena).

N3 dopmynsr (4.14) unu u3 puc. 4.5a MOXKHO cAeNaTh pAl NPUHLHIHAIBEHO
BaXXHBIX BEIBOJOB.

1) VI3 HeuHEHHOM 3aBUCUMOCTH (), = (% , ) , OIHUCBIBAeMOii hopMyioit (4.14), creny-

eT, uTo (ha30Bas CKOPOCTb TAPMOHHYECKOH BONHBI €, =@, /%, 3aBHCHT OT & p (Wmor ®,):
2 4.15)
a

3aBucumMocTs (4.15) uzobpaxkena Ha puc. 4.56.

370 ABNEHHE HOCUT HA3BaHKUE AUCTIEPCHHU CPebl O OTHOIICHUIO K PACTIPOCTPAHSIO-
iietics B Hell BOMHE. DKBUBAJIEHTHBIM ABIAETCS BBHIPAKEHHE «IUCIEPCHUS BOIHBI B CPEAE».
Ecnu (pasoBast CKOPOCTh BOIIHBI HE 3aBUCHT OT £ ,, KaK, HAIPUME, B CITy4ae HENpPEPHIBHOM
CpenBbl, TO FOBOPAT, YTO JUCTIEPCHUS OTCYTCTBYET.

2) Jins mManeHbKHX BONHOBBIX umcen (% ,a <<1, mmu A, >>a) mucnepcus mana.
CKOpOCTB TaKUX UIMHHBIX BOJIHY €, = C( , U CPEJia MOXKET CUUTATHCS CILIOLIHOM.

3) C yBenuueHHEM BONHOBOIO YHCTA £ p (2 3HAUUT U M, ) CKOPOCTH €, , KaK 3T0
cnenyet u3 (4.15), yobiBaet. Takoe NOBeAEHUE CKOPOCTH HA3BIBACTCA HOPMANBHOU TUCTIEPCH-
eii. CreyeT OTMETHTD, YTO B ONTHKE, IOMUMO 3TOH, pealu3yeTcs U Apyras CUTyaLus, Koraa
(ha30oBas CKOPOCTh CBETA B HEKOTOPOM JHANA30HE YACTOT MOXKET BO3PACTATD C YBENUUYCHUEM
yacToThL. B 3TOM ciiyuae aucnepcus HA3BIBACTCA AHOMANBHOM.

4) lucniepcHOHHAS KPUBAas 3aKaHUHBAETCA, KOTIa BOTHOBOE YHCIIO U YaCTOTa JOCTH-

rarT MAKCUMATBHBIX 3HAUEHHUN £ U Oy . Oun nomyvarorcs u3 (4.14) u (4.1) mpu N >>1:

by =2 Oy =20,
a
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DT0 03HAYaeT, YTO BOIHEI C YaCTOTOH > M, B Takol cpele pacIpoCTpaHATbCS He
MoryT. JIeficTBUTENBHO, TIPH YaCTOTe (0= O, ITHHA BONHBI A, =27/ %, = 2a. BosHbl ¢ MeHb-
el JUIMHOU BOIMHEI HE MOTYT CYHIECTBOBAaTb, MOCKONBKY Ha JUIMHE PaclpoCTPaHAOIICHCS
BOJIHBI JJOJDKHO HAXOAUTHCSA HE MEHBILIE JBYX KOIEOMIOIUXCA TPy30B.

3amMeTHM, 4TO B HEKOTOPBIX CIydasx, HalpUMep, IPH PaclpoCTpPaHEHHU HEKTPO-
MarHUTHBIX BOJH B TBEPAOM TEJE U B IIa3Me, KpUBasd JUCMIEPCHH MOKET HAYUHATHCS C HEKO-
TOpoi ToukH Ha ocK 9acToT 0)(0) . B Takux cpeax MOTyT paclpoCTPaHAThCA HIEKTPOMArHUT-
HBIE BOJIHBI TOJIBKO C YaCTOTaMH () , JIEXKAIIUMHU BHYTpH HHTepBana (0) < @ < My

B kauecTBe mpuMepa yKaxeM, 4TO Ul KPUCTAIOB BenuuuHa F/a ~ 15 H/m (F —

yhopyras cuiia, BeIHINHA KOTOPOH onpenemnseTcs MeKaTOMHBIM B3auMoerncTeremM). Eciu npu-

. _ ’ F 13 -
HATh MAacCy HOHA paBHOU m ~ 6-10 %6 kr, o Oy =2,[— ~3-10 3¢, I1a vactora, Kak n
ma

4acToTe! Konebanui monekyn CO, u H,O, nexut B nHppakpacHod 001acTH 3MeKTPOMArHUT-
Horo criektpa. [Toatomy mpu pactpocrpaneHuu UK—u3iryueHns B KpUCTAIUTaX HOHBI MOTYT
COBEpIIATh PE30HAHCHBIE KOJIeOaHusA. B 3TOM 4acTOTHOM ONTHYECKOM AHANa3oHe MOXKET Cy-
II€CTBOBATh CHIBHAS JUCIIEPCHUS CBETA.

OTMeTHM, UTO NIPH PacTIpOCTPAHEHHUH BOJH B IPOTHKEHHBIX Cpelax MpoOIeMBl «Ha-
CTPOMKN» YaCTOTBI () BHELIHErO BO3ACHCTBHS, OPOXKIAIOLIET0 BONHY, HA YacTOTy O, Of-
HOH U3 MOJ cpeibl He cymecTByeT. JIroGoe Bo3elicTBHE BHELTHEH CHIIBI, JaKe CKOJIb YTOAHO
OIU3KOH K TaPMOHHYECKOH, HA CAMOM JieJie Beerna OyeT KBa3UrapMOHHYECKHM, XapaKTepH-
3yEMBIM y3KUM HHTEPBAJIOM YaCTOT A << @ . C Apyroi CTOpOHSIL, A7 NPOTSHKEHHOU Cpebl K
yacTore (® OyayT OIU3KH 9aCTOTBL ®, MOJ ¢ OONbLUIMMH HOMepaMmu p (p >>1). PasHocts
4acTOT JBYX COCENHHUX MOA A®, = ®,,) —®, , KaK 3TO JIETKO BUIETh U3 PUCYHKa 4.5, Oyner
HACTOJNBKO MAJIOH, UYTO A® p << A®, CrneaoBarenbHO, 114 TFOOOH YaCTOTHl (0 BHEIIHETO BO3-
JeWCTBHA, TPUKIAABIBAEMOT0 K TPAHHULIE CPEIbl, M0 Hell MOOEeKHUT BONHA, KOTOPYIO B pAle
CITy4aeB MOKHO MPHOIFKEHHO CUNTATH FAPMOHHYIECKOH:

s(x,t) = 5, sin(@t —£x). 4.16)

I'pynna BoaH u ee ckopocThb. Kak 1 BHENTHEEe BO3EHCTBHE, BOTHA, BOSHUKAIOIIAS B
cpene, OyaerT, CTPOro roBops, KBasUrapMOHUIECKOH, T. K. A® , << A® . [Tostomy BMecTo (4.16)
CIIEAYET 3alucaTh YPaBHEHUE BOJHEI B 00Jiee YCIIO)KHEHHOM BHIE:

8(x,1) = 50 (%, 1) sin[@yf — £y x + @ (x,1)]. “4.17)

3nech aMIUIUTYAA So(X,7) U Da3a @, (x,¢) SABIAFOTCA MEIIEHHO MEHAIOIUMHUCS (QyH-
KIHSIMH BPEMEHHU Ha HEKOTOPOM MacinTabe BpeMeHH T (cpaBHUTE ¢ popmynoti (3.19)). Ecre-
CTBEHHO, UTO TaKas BOJHA MPEACTaBIAeT COOOH rpymniTy rapMOHHYECKUX BOJIH, YACTOTHI KO-
TOPBIX PacloNaraloTcs BOIM3KM OCHOBHOMU YacTOTHI (), B IpeleNax HHTepBala A =~ 27/T.
Kaxnas u3 BOJH I'pyIIBI B CPEAE C JUCTIEPCUEH UMEET COOCTBEHHYIO (ha30BYIO CKOpOCTh. B
cpele ¢ HOPMAaNbHOU AUCTEPCUEH BONHBI OONBLICH YacTOTHI OYOYT ABUraTbCAd MEIJICHHEE,

YyeM BOJHBI MEHBIIIEH YacTOTEL. BO3HHUKAET eCTeCTBEHHBIN BOIIPOC: UTO ABIACTCA CKOPOCTHIO




Jlekyus 4 69

KERATL

11 T e
.1 1

Puc. 4.6.

X

TPYIIBL BOJH, U €CIH Takasd CKOPOCTh CYHIECTBYET, TO KaK ee BhiuucauTh? Kakoit gusnuec-
KHHA CMBICT HMEET 3TA CKOPOCTh U B UEM €€ OTIIHYHE OT ()a30BOM CKOPOCTH 7
Yro6bI OTBETUTH HA 3TH BOMPOCHI, PACCMOTPUM JIS IPOCTOTHI TPYIINY U3 ABYX BOJH

C OJUHAKOBBIMH aMIUTUTyAaMH S, H C OIU3KUMU YaCTOTAMU W um, Oer YIIHUX B NOOXKU-

o+

TEJILHOM HAITPaBICHUU OCH X. bynem cuurars, uto A®W = M, — ) << ®y = —1 2 C raxoit

CHUTYaIHeH MBI )K€ BCTPEYaTICh IIPU aHATH3e ONEeHHUH ABYX CBSI3aHHBIX OCHMILISATOPOB. 3aaa-
IUM JHCTICPCHOHHBIE CBOWCTBA CPEAbl IUCHEPCHOHHBIM COOTHOIIEHHeM M = (%) . C ero mo-
MOILBIO BBIYMCIUAM 3HAYEHUS %; U %, JBYX BONHOBBIX YHCEN, COOTBETCTBYIOLIUX YaCTOTaM

o, U M, . Torna ypaBHeHUe rpynnbl BOIH NPUMET BHA:

S(x,£) = 50 sin(@f —£,x) + 5 SIN(W,f —£,x) =25, cos[%t — A?kxjsin(mot —kpx).  (4.18)

Ha puc. 4.6 uzobpaxeHa rpynna u3 ABYX BOJTH B HEKOTOPBIH (PUKCHPOBAHHBINA MO-
MEHT BPeMeHHU f, . Bernenum ase Touku: M u R. IlepBas U3 HUX OTBeYaeT (YUKCUPOBAHHOMY
3HAUEHHUIO (hasbl Qpp = Wy — kX , IPH KOTOPOH sin @y = 1. OueBUAHO, YTO CKOPOCTD 3TOMH

TOUKH, onpeaensieMas u3 ycnosust d@y, = 0ydf —£ydxy; =0, paBHa

dx 0]
c=—M__20 4.19)
dt
U COBIAOACT C (lJa3OBOI>'I CKOPOCTBIO BOJHEBI C YaCcTOTOH 0)0 %

AMILTUTYA KBAa3UTAPMOHUYECKOH BONHEI (4.18) onpenensaercs Kak

2
U ee paclpenercHue Ha puc. 4.6 H300pakeHO MyHKTHPOM B BHAEC MEIICHHO MEHSIOIIEHCS

So(x, 1) =25, cos(%t = A—kx} 4.20)

BJIOJIb X OTHOAIONIEH BOIHBI OCHOBHOM 4acToTEl . Touka R Ha BepruuHe 370l orubaromei
OyAeT IBUraThCs CO CKOPOCTHIO, OTIHYAOLIENCS OT ¢. JleHCTBUTENbHO, AT KOOPIUHATHI X

3TOH TOUKH, KaK 3T0 cneayet u3 (4.20), MoxkeM 3aUCATh YCIIOBHE

&t—A—kx = const 421
2 2R ' (421)

3a BpeMA dt oHa cMecTHTCH HA paccToaHue de , KOTOPOC HAXOOUTCA U3 PaBCHCTBA!

A® Ak
—dr— dek =0. 4.22)
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CrenoBaTenbHO, CKOPOCTH ABIXKEHHS BEPIIUHBI orubaromieli Oyaer paBHa
% A
A
OTa CKOPOCTh XapakTepHU3yeT IBIKEHNE

(4.23)

Ap~2E TPYMIIB! BOJH U HA3BIBAETCA IPYIIIOBOM CKOPOCTHIO.

Ee cMbIch craHet enie 6oliee MOHATHBIM, €CIH B

a

mpeaenax HHTEpBasa A® B rpynme OyayT Haxo-

a) JUTHCS BOJHBI ¢ GIU3KO PACTIONOKEHHBIMUA YACTO-
TaMu, KaK, HampuMep, u3o0paxeHo Ha puc. 4.7a.
Cama rpymnmna UMeeT BU OAHOTO UMITYJTb-
ca AMUTENBHOCTRIO T, , PACTIPOCTPAHAIOUIETOCS
BAONE ocH X (puc. 4.76). Ummynbc OymeT JBUTaTh-

cs ¢ rpynmoBoii ckopocteio # =dw/dk . Ha muc-

MIepCHOHHON KpUBOH (pHc. 4.7B) 3Ta CKOPOCTD PaB-
HA YIIOBOMY KO3()(WULIMEHTY KacaTembHOH npaMoi
B Touke A. «CHHYCOUAa» BHYTPH UMITYIIECa OyaeT
€ro OOroHATH U ABUTATHCA C (DA30BOM CKOPOCTHIO
¢ =0 /%, . UucaeHHO 3Ta ckOpocTh GyAeT paBHA

yrmoBoMy ko3ddunpenty otpeska OA. B cpene 6e3

AUCTICPCHUU IUCTICPCUOHHAA KPHUBas ABIIACTCA IPsA-

MoH uHueH = cf . [Toaromy
_0 Ao _
k, Ak
T.€. (pa3oBas U IPyMNoBas CKOPOCTH COBNAAAIOT. B cpene ¢ HopManbHOMH AUCTIEPCHER, KaK 3TO

", (4.24)

BUAHO U3 puc. 4.78, u < ¢. B ¢pene ¢ aHOMANBHON AUCTIEPCHEN KpuBas M = (k) AOKHA
3aru0arbcd BBEpPX H, (GOPMaNbHO, ¥ > ¢. OJHAKO OOBIYHO 3Ta 3aBUCHMOCTH HACTOJBKO
HEJTUHEHHA, YTO HOHATHE IPYNIIOBON CKOPOCTH TEPSET CMBICI.

JeficTBUTEIbHO, KOTIA UMITYITBC, H300paKeHHBIH Ha puc. 4,70, IpoiaeT OueHb OOIb-
II0€ PacCTOSIHUE B AWCHEPrUPYIOIIEH cpene, To (hopMa ero HCKa3uTcs, U OH PacTIHETCH B
MPOCTPaHCTBE. B cpefie ¢ CIIbHON aHOMATBHOU JUCTIEPCHEH 3TO HCKAXKEHUE TPOUCXOIUT YIKE
Ha MaJIBIX PacCTOSHUAX, [IO3TOMY FOBOPUTH O PacIIpOCTPAHEHUH UMITYJIbCa KaK LEIoro ¢ rpyI-
MTOBOM CKOPOCTBIO # HEKOPPEKTHO.

JlucnepcroHHOE YIIHUPEHNE UMITYJIECOB HETATHBHO CKa3bIBAETCS, HAIPUMEP, Ha CKO-
POCTH nIepeaadr HHPOPMALHH (KOITUIECTBO OUT B €THHULYY BPEMEHH) MOCPEICTBOM KOPOTKHX
CBETOBBIX UMITYJIbCOB, OETyIIHX MO BOJOKOHHO-ONITHYECKUM JINHHUAM CBSA3H, JTHHA KOTOPBIX
JOCTHUraeT HECKOJIBKHX THICSY KHJIOMETPOB. [IBa CileNyoMuX ApYT 33 APYroM UMITYIIECa MO-
T'YT PACIIHPHUTHCS HACTOIBKO, YTO COMBEOTCS B OIUH (CTaHYT HepasTUuUMbIMU). EcTecTBeHHO,
YTO NPUEMHHK, YCTAHOBIIEHHBIN B KOHLIE JIUHUH, «BOCIIPUMETY ABA UMIYJIbCa KaK OWH, H

YacThb NepelaBacMoi HHPOpMaIuu OyaeT yTepsaHa.
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BoanoBoe ypaBHeHnne, YpaBHEHHE Oeryieii rapMOHHYECKON BONHBI B OMHOPOIHOM

IIHype, TAe AUCHEPCHs OTCYTCTBYET (M = ¢yk) , Mo aHanoruu ¢ (4.16) uMeet Bua:

s(x,8) = 5¢ sin(@t F kx) = 5 sin| @ ¢ F =) (4.25)
I :

3HaK «—» COOTBETCTBYET BOJNHE, OeryIiel B MOMOKUTEITbHOM HanpapieHuu o ocu Ox, a 3HaK
«+» — B OTPHLIATETIEHOM.
B Gosree o01em ciydae pacripocTpaHeHHs POU3BOIBEHOTO UMITYJIBCA (TPYIIITBI BOJH),

JBHUTAOIIETOCS C TOH Ke CKOPOCTBIO €, YPABHCHUE BOMHBI MOKHO 3alIHCATh B BUAC!

s(x,t)=s/t+ . ) (4.26)
€

rae §(0) — npousBonbHas (hyHKLUA CBOEro aprymMenta 0 =¢F x/c;.

TMokaskem, 4TO 3aKOH JBHKEHUS IHYPa (4.26) U, KOHEUHO, €r0 YacTHBIN ciry4aii (4.25)
ABIISAOTCA PEIIECHUAMU HEKOTOPOro ypaBHe-  s(x,#,) 4
HUS JABHKEHHS, KOTOPOE HA3BIBAETCS B80IHO-
8bLM ypasHenyuem. ITO BOTHOBOE yPaBHEHHUE
MOKHO [TOTYYUTh PEAETBHBIM ITEPEXOI0M U3

ypaBHeHus (3.47).

Ha puc. 4.8 mokasaH (yparMeHT KO-

=y

nebmomterocs mwHypa. Ha aTom dparmen- 0

T€ U300paKEeHbI TPH OTPE3Ka IIHYpa IITH- Puc. 4.8.

HOU Ax u Maccol dm kaxaplid. CMeIIeHUs 3THX OTPE3KOB B HEKOTOPBINA NPOU3BOIBHBIH MO-

MEHT BPEMEHH PaBHBI S, ;| = 5(x —Ax,t), 5, =s8(x,1), 5,1 =8(x+Ax,f). YckopeHue LeHT-

0%s(x,1)
ot

KUUH $(X,!) IO BpEMEHU. YUTeM Jajee, 4To

PaATBHOIrO OTPE3Ka S, = . OHO 3amuCcaHo B BUAEC BTOPOU YaCTHOU IPOU3BOIHON (l)yH—

lim Snt = Sn S(x+Ax, 1) —s(x,0) _ os (4.272)
a0 g Ax—0 Ax ox|, &
2
LS, =S, . s(t)—s(x—Ax,t) s
lim 527581y SED =S )9 (4.276)
a0 q A0 Ax ox|, &
s .
O6paTI/IM BHHMAaHHE, YTO CHIIa F.-— ABIACTCA NMPOCKUUCH HA HAIPABICHUE
X /2

CMEIIEHUS § CUIIBI F, IPUIOKEHHOHN K LIEHTPATbHOMY 3I€MEHTY cripaBa (B Touke x+dx/2).

. os
AHanoruuHo, cnesa (B Touke x —dx /2 ) mpoekuus 3To CUIBI paBHA — F - — . PaBHO-
. ox x—dx/2
IOeUCTBYIOLIAA 3TUX CHI, OYEBHIHO, OMpeaeNsIeTca NpUpalleHHeM NepBoli MpOU3BOAHON Ha

JIHHE 0eCKOHEYHO MaIoro yiemMenta dx:

8_2sFas

_ F [ os] _as
o dm| ox

el (4.28)
x+dx/2 ox

x—dx/2
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Ecnu Teneps yuects, uto dm =p dx (p, — IUIOTHOCTH €AUHULIBI JUIUHBI, HIH JIH-
HeHHas IUTOTHOCTD IIHYPa), TO (4.28) npuUMeT BUJA BOJIHOBOIO YPaBHEHUSA:
d’s F s
ot 2 P ax2 '
3T0 BOIHOBOE YPaBHEHHUE SBIAETCA MATEMaTHIECKUM BBIPAKEHHEM BTOPOTO 3aKOHA

(4.29)

HeloTOHA, B KOTOPOM YCKOPEHUE €IUHULIBI ATHHEI ITHYPa U ASHCTBYIOIIAA HA HETO CUJIA 3aIlU-
CaHBI B BHJIE BTOPBIX YaCTHBIX MPOU3BOJHBIX CMEILEHUS § [0 BPEMEHH H KOOPAHHATE COOTBET-
ctBeHHO. C MaTeMaTHYeCcKOH TOYKH 3pPEHHs OHO SIBISIETCH JHHEHHBIM Ju()(hepeHIHATBHBIM
YPaBHEHHEM C YaCTHBIMHU MPOU3BOJHBIMH BTOPOro nopsAaka. Ero pemeHue Xxopomo u3BecTHO:

UM MOKET OBITH JIF00ast hyHKIu s(0), apryMeHT KOTOpOH «CKOHCTPYHpOBaH» B Buae (4.26), a

F

CKOPOCTB ¢, = |— . Y6equMcs B CHIPaBeATHBOCTH 3TOTO yTBePKAeH:s. JITa 9TOro BEIYHC-
P1

JIUM BTOPHBIE MTPOU3BOAHBIE B COOTBETCTBUH C TPaBUIaMH AU((EPEHIIUPOBAHHA (BYHKIUH CO

X
CIOKHBIM apryMEHTOM 0 =¢F+—:

Co
Os ds 90 ds os ds 00 ds [_ 1
e e e e iyl l (4.30)
o dOo or d0 ox dO ox doO o

o _dbs 9 _ds (L1 y
o> de?’ aw? de® | ¢ | (@.31)

IToacraensas Bropele npou3BoaHble U3 (4.31) B (4.29), npuxoauM K BEIBOAY, YTO HPH

’F
cy= p_ ypaBHeHHE (4.29) TOXKIECTBEHHO YIOBIETBOPSETCH, T.€. hyHKuuA s(0) neiicTu-
1

TECIBHO SBIIACTCA €0 peH.IeHI/IeM.

BosHOBOE ypaBHEHHE ABNAETCA OAHUM H3 (DYHIaMEHTANBHBIX YPaBHEHUH. B pasHbIX
O6JIaCT$IX (IJI/I3I/IKI/I 3TO ypaBHeHI/Ie nonyqaeTca KaK pe3YJII>TaT HpI/IMeHeHI/IH COOTBeTCTByIOH.[I/IX
34KOHOB, OIIHCBHIBAIOIMHUX MMOBCACHHUC CUCTCM pa3JIPI‘iHOI>i HpI/IpO,Z[I:I (MexaHI/I‘{eCKI/IX, 3J'I€KTpO—
MAarHUTHBIX U JAp.). B o0iem ciyyae 0HO OMUCHIBAET PACOPOCTPAHEHUE BOJH B TPEXMEPHOM
IIPOCTPAHCTBE B UMEET OoJiee CIOKHBIN BUM:

3% L[ 9% 9% 9%
Wi W R YY) (4.32)
ot ox° dy° oz

HO,Z[ § MOXCT MOApasyMeBaTbCA JIIOﬁaH KOJIeﬁJIIOH.IaHCH BCIINYHHA: CMCIICHHUE, CKO-
pOCTB, ILIOTHOCTh, AABJICHUE, 3JI€KTpPI‘i€CKPIﬁ TOK, 3J'IeKTpI/I‘{eCKOe Hanpﬂxceﬁne, Hanp;mceH—
HOCTB 3JIeKTpI/I‘{eCKOF ou I/IH,Z[YKI.[I/IH MAarduTHOTO HOJIGf/i u ,Z[p.

Ba)KHO HO,Z[‘{epKHyTL, qyTO €CJIU HAM yz[aeTca HOJIy‘{I/ITI: BOJIHOBO€ ypaBHeHI/Ie (BI:IBe—
CTH €T0) TS KaKOTo-Tu00 MpoLecca, TO CTOSIINH Nepe] BTOPBIMU MPOCTPAHCTBEHHBIMH MPO-
HU3BOJHBIMUA MHOXKUTEID CPasy OMPENEIIeT KBaApaT CKOPOCTH PacipOCTPAHEHNU BOIHEI B Cpelie
663 AUCTICPCUU. 3TI/IM MPUCMOM YaCTO MOJB3YIOTCA OJI1 BRIMUCICHUA CKOPOCTH pactpocTpa-
HCHHA BOJIH pa3JIPI‘iHOI>i HpI/IpO,Z[I:I. HI/DKe MBI TOXK€ TaK HOCTyl'II/IM, KOorga 6y,£[eM paCCManI/IBaTL

BOJIHBI B TBEPABIX TCIAX, XKUAKOCTAX H rasax.
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OtpakeHne BOTHbI HA KOHLE IIHYPA. MBI yke yIOMUHAIH B HAYAJE 3TOH JIEKLIUHY,
YTO BOJIHA, JOCTUTHYB KOHIA THYPA, OTPa3UTCs. XapakTep 3TOro OTpakeHus 3aBUCHUT OT yC-
JIOBHUI 3aKpeNIeHHs KOHIA [IHYPa (TPaHUIHBIX YCITOBH).

PaccmoTpuM BHavane Gonee noapoOHO MPOLECC OTPAKEHHU UMILYIbCA OT 3aK-
PEIUIEHHOTO KOHIA [IHYPA.

Ha puc. 4.9 noka3aHsl NOCIEN0BATENIbHBIE CTAJUU OTPAYKEHUS UMITYIIbCa TPEYTONbHOH
(hopMBL, [ MyHKTUPOM H300pasKeHbI «I1aJAIOIIHA B «OTPasKeHHBIN» UMITYIBCHL. Ecitu mumurenns-
HOCTB UMITYIIbCa PaBHA T, , TO €T0 NPOTSLKEHHOCTD B0 CTPYHEI PaBHA Cy T, . IIycTh B MOMEHT
Bpemenu ¢ = 0 oH 10GEKUT 10 KOHLA CTPYHBL. B mocrnemyromupe MOMEHTBI BpeMeHH IIHYP OyaeT
BO3/CHCTBOBATH HA KPOHILTEH, K KOTOPOMY IIPHKPEIUICH €ro KOHEL, C IEPEMEHHON CUIIOMH, Tep-
MIeHANKYJISIPHON HaTPaBIIEHUIO JBIKEHUS HMITYJIECA. DTa CHIa B MOMEHT BpeMeHH ¢ > () HaunHa-
€T TAHYTh KPOHILTEIH BBepX. B Teuenun Bpemenu 0 < ¢ < T, /2 OHa O0CTaeTCs MOCTOSHHOM, U B
MOMEHT BpEMeHH { = T, /2 cTaHOBUTCH paBHOH HyIo. [1o TpeTbeMy 3akoHy HeroToHa ¢ Takoi

K€ CHJIOW KPOHIUTEHH AeHCTBYeT BHU3 HA KOHEl IHypa. B MomeHT Bpemernu ¢ =1, /2 mHYyp

Puc. 4.9.
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CTaHOBHTCA NPAMBIM. ONIHAKO 9aCTh IMHYPa JNTMHOM T, / 2 MPOIOIKaET ABUTATHCA BHUS 110 HHED-
tpu. [lpu ¢ > 1T, /2 mWHYp TAHET KPOHIUTEHH BHU3, M 3TO NEHCTBUE MPEKPAIaeTCa pH =T, .
EcrecTBeHHO, YTO KPOHIUTEHH BO3ACHCTBYET HA KOHEL] IIHYpa ¢ CHIOH, HAMPaBICHHOU BBEPX,
TOPMO3$ IBIKEHHE €10 3JIEMEHTOB BHU3. OKOHYATETBHO OMEPEIHOE AEHCTBHUE IIIHYPA Ha KPOH-
IITeHH OPEKPaTUTCS IPH. ¢ > T, , KOLAa CHOPMHUPYETCS OTPAKEHHBIH UMITYJTbC, UMEFOLINE POTH-
BOIOJIOKHYO (T10 OTHOLIEHHIO K MAAAF0MIEMY ) TOISIPHOCTE.

Ecim o mHypy Ge:KUT rapMOHHYECKas BOJHA, TO IO JIOCTHXKEHHH 3aKPEIIEHHOIO KOHLA
IIHYpa BO3HUKAET O0palleHHas OTpakeHHas BOJHA. UTOOBI yUecTh H3MEHEHHUE €€ MOJISIPHOCTH, B
apryMeHT YpaBHEHUS OTPaKeHHOH BOJIHBI JOOABISFOT (DAa30BbINA CBUT Py =T IosTomy roBopsr,
YTO B 3TOM CIIydae MpPH OTPaKeHHH (ha3a BONHBI CKAYKOM MEHSETCS Ha T, W «TEPSIeTCs MOIBOJ-
HBD. B 00Imem ciydae npu mpou3BOIBHBIX TPAHHYHBIX YCITOBHAX CIBHT (ha3bl @ orp MOKET MCHSATE-

cs B uHTepBate 0 < Py < TosicHUM CKa3aHHOE MPOCTEHILIM PACYETOM.

s A2 IMycTts o wHYpy GeXKUT TapMOHUYEC-
it & kag BoJHa. J[OCTUTHYB KOHLA IIHypa
”\\ ﬁ\ A\ npu x = £ , oHa OyneT orpaxkarsed (puc. 4.10).
0 | V'I \‘3//’ CwMermmeHne mo00ro yyacTka, HMEIOIIEero Ko-
£ opauHaTy x </, olpenensercs Kak CynepIo-
Puc. 4.10. 3unus Oerymiel u OTpaskeHHOU BOJH:
$(x,1) = 5 SI(OF —4x) + 5 SIN[OL — k(20 — X) + Py, |- (4.33)

B (4.33) yureHo, 4T0 OTpaskeHHAsA BOJHA, BO-IEPBBIX, IPOXOOUT PACCTOSHHUE «TYIA U
obpatHO», paBHOe { + (£ — x) = 2/ — X, H, BO-BTOPBIX, IPUOOpETAET CABUT (Da3bI @y TIPH €€

orpaxenud. [Iposenem cymmupoBanue B (4.33) u nomyunm:

s(x,t) =254 cos| k(£ —x)+ (poTTp sin| ¢ — &£ + (p;p \ (4.34)

ITonaraem, 4T0 aMILTUTYa BOJHEL §; OCTA€TCA NOCTOSHHOM IIPU PacIpOCTPAHEHHU
U HE MEHSAETCA MIPHU OTPAXKEHUH.

OT0 BHIpaKEHUE ABNIETCA YPAaBHEHHEM CTOSUCH BONHEBI, (JCHOBHBIC €€ XapaKTepUC-
THKHA MOTYT OBITH CBEACHBI K CIETYFOIINM:

1. B crosueii BOJIHE BCE YYACTKH IIHYpa KOMEOMOTCSA ¢ ONUHAKOBOU YaCTOTOH () U B
(hase, OMHAKO aMILTUTYa 3TUX KOJeOaHUH MEHIETCA BAOND IHYPA, T.€. CTOSYAas BOJTHA SBISIET-
¢4 MOZIOH KoNeOaHuH.

2. AMmiutyaa koneGaHuil B cTosuel BOHE nomyvaerca us (4.34) paBHoi:

Porp
2

A(x) =25 cos| (£ —x) + 4.35)

W3 3TOro BeIpaskeHUs BUAHO, YTO HEKOTOPBIE YYACTKH ITHYPA KONEOIFOTCS ¢ aMILTH-
TYJOH, paBHOH 25 . DTO TaK Ha3BIBAEMBIE KITyYHOCTH» CTOsuel BOMHBL. C Jpyroii CTOPOHEI,
CYLIECTBYIOT YYaCTKH, KOTOPBIE OCTAlOTCS HEMOABHKHBIMH, T.K. JUId HUX ammiutyaa 4 = 0.

DTO TaK HAa3bIBAEMBIE «Y3JIBD» CTOSUYEH BOIHEI.
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Ha puc 4.11 usobpaxens °
CMEeINIeHHs (parMeHTa CTPYHBI I Ax t,
S .x~/
TPeX MOCIEN0BATENBHBIX MOMEHTOB S- e
BpEMEHH 1,1, U t;. HetpynHo moka- 0 G °~1~- x
Sex ‘ t2 t3 L
3aTh, YTO PACCTOSHUT MEKTY ABYMS CO-
S e Puc. 4.11.

CCOHHUMH y3T1aMu, YKa3aHHBIMH TOYKa-

MU, PAaBHO PaCCTOAHUIO MCK Y ABYMs COCCOHUMH IMyYHOCTAMH, OTMCUCHHBIMH KPECCTUKAMH,

T A

U COCTABNAET BENUYHHY Ax = i

3. Bce uacTu WHypa, TexaIIHe Mex Iy AByMs COCEIHUMH Y3IaMHU, COBEPILAIOT KoJe-
Oanus B (hase. [Ipu nepexome uepes y3en (asa koneGaHHU CKAUKOM H3MEHSAETCS HA T, YTO
COOTBETCTBYET U3MEHEHHIO 3HaKa A(Xx) .

4. Ha xoHIe WIHypa (X = £) aMILTUTyda

(p0Tp
; 4.36
5 (4.36)

Jlst 3aKpereHHoro KoHLa wHypa A(£) =0 1 @, = 7. Ha puc. 4.10 nokasan yuyactok
B TIOJIBOJTHBL, KOTOPBIH «TepsAeTcsa» MPH TaKOM OTpaskeHUH. PacmonokeHHas mpaBee 3TOro yuacTka
YACTB BOJHBI, H300paXkeHHAsS TyHKTUPOM B 00NACTH X > £ , OCIE IOBOPOTA HANIPABIICHHUSA PaCIIPO-
CTpaHeHus Kak pa3 u OyJeT ABTATHCA BONHOM, OTPAXKEHHOH B 3aKPETICHHON Touke X = £,

O6parumMcs Tenephb K OTPasKeHHEO BOJHBI OT CBOOOAHOTO KOHIA MHYpa. TexHuuecku
3TO MOXHO Peaiu30BaTh, €CTU KOHEL LIHYPa MPUBA3aTh K TOHKOH U JIETKOH HHUTH, KOTOpas
CITYKUT JULIB [T CO3AaHUA HATSKEHU IHYPa ¢ CUnoii F.

Ipouecc oTpaskeHus TPEYTOIBHOIO HMITYJIBCA OT CBOGOIHOrO KOHLA LIHYPa MOKA3aH
Ha puc. 4.12. O0pamatotr Ha ce0d BHUMaHHUE JBa 00CTOSITEIBCTBA!

1. OTpaxeHHBIH UMOYIBC COXPAHALT TY %Ke NONAPHOCTD, YTO U NAAAOLIHA. DTO CBS-
3aHO C T€M, YTO MPU JBWKEHHH CBOGOIHBIH KOHeL OyaeT TAHYTh BBEpPX MPUIIEraioIIne K HEMY
ClIeBa YYaCTKH IIHYPA, U, B pe3ynsrare, 6yaeT Bo30y:KIeH OTPaKeHHBIH UMITYIbC, B KOTOPOM
SIEMEHTHI LIHYPa TAKXKe CMEILEHBI BBepX. B cTyyae rapMOHUYECKOU BONHBI OTPaKeHHAS BOJ-
Ha HAXOAWTCA B (hase ¢ nagaromeit. OOpas3yromascs cTos4as BOIHA OyIeT OMUCHIBATECS YpaB-
HeHueM (4.34), B KOTOPOM @y, =0

2. KoHen n1Hypa coBepILAET «B3Max», BETHYWHA KOTOPOTO BIBOE MPEBIIIAET AMILTHTYIY
HMITYJTbCa B €10 cepenuHe. [ rapMoHIYecKol BOJHBI Ha KOHLIE HYpa (x = £) oOpasyercs myy-

HOCTB CTOsIYEH BOTHBL. D10 cliefyeT U3 HopMyIbl (4.36), B KOTOPO# CIIEAYET MONOKHTE @y, = 0.

Bo30y:xkneHne cronuux BOJIH B IHYpe. Moabl konedanmii. [Tycts kKpoHIITEHH, K
KOTOPOMY OPHBS3aH JIEBBIH KOHEI LIHYpa, COBEpIIaeT FapMOHHYECKHE KOoNeOaHus
s(t) =&, sinwt, ne &, — ouenp Manas ammutyga. [109ToMy JIeBBIi KOHEL LIHYPa MOXHO
CUNTATh 3aKperuieHHBIM. [To mHypy mobGexuT rapMoHudeckas BoHa (puc. 4.13), kotopas nocie
OTpaKeHHs OT MPABOTO 3aKPEIUICHHOTO KOHLIA MPHOOpeTeT cABUT (paskl, paBHEIH TT. JloGexkan

A0 JEBOro KOHLA, OHA €LIC pa3 OTpasuTcHd, a CABUT (1)33]:1 CTAHET PaBHBIM 27,
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Puc. 4.12.

JByKpaTHO OTpaskeHHAS BOTHA HATOXKHUTCS HA MOCTOSHHO OEryITYIO BIPaBO rap-

MOHHUYECKYIO BONHY. Eciu caBur da3el komeGaHu y 3TUX BOJTH OyAeT KPaTHBIM BETUIHHE
27, TO pe3yTBTATOM HAJOXKEHUA OyAeT BONHA, AMILTUTYAA KOTOPOU NPEBBIMIAET AMILTUTY-
ay &, ucxomuoii Geryuieit Bomusl. Takum 06pasoM, Gerymas BonHa ycunutes. Eciu 6b1
He OBUIO MOTEePh HEPrUH, TO HAPACTAHHE AMILTHTYABI TPH MHOTOKPATHOM OTPaXKeHHHU
OBLTO OBI HEOTpaHUYEHHBIM. QTHAKO MOTEPH, KAK MBI HE pa3 BHAETH, TAKXKE YBETUYATCS
C POCTOM aMILTUTYABL. [103TOMY KONeOaHUA YCTAHOBATCA: B CHCTEMY OyAeT 3aKauaHO He-
KOTOPO€ KOTUUYESCTBO DHEPTHH, 4 JATbHEHIINHA NPUTOK ¢ OyAeT paBeH AUCCHIALNH.

i OnpenenuM  4acTOTy
BHEIIHETO BO3ACHCTBHUI (), C KOTO-
poli ciienyeT ABUTATh JIEBBIA KPOH-
IITEeliH, YTOObI 00eCTIEUNTh MaKCH-

MaJbHOE yCHJIeHHE BOJHBL. [lo-

CKONBKY Oeryias rapMoHHYecKas

BOJIHA MOJKET pacCMarpuBaTbCA KaK

Puc. 4.13. Ha0OP CIEAYIOUINX APYT 33 APYTOM
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€O CKOPOCTBIO ¢, UMITYITBCOB Pa3HOU MOMAPHOCTH, TO MBI NPOCTEUM 33 YCHICHUEM JIF000TO U3
HUX (HanpuMep, 3aIITPUXOBAHHOTO Ha puc. 4.13). Bpems aBrkeHNs NMITYITbCa (U151 ONpeIeTeHHO-
CTH TOYKH A B €10 HauaJie) 1o IHyPy Tya i 00paTHO paBHO At = 2//c, . YuTeM Janee, uTo nocne
JIBYX OTPaxK€HHI 3TOT UMITYIILC J1Ba pa3a oOparutcd. [ ero ycruneHus HeoOX0AUMO, YTOOB! B MO-

MEHT ¢ = Af TIEBBIA KOHECL IIHYPpa NPOXOOAI NOIOKCHUE PABHOBCCHA U ABUTAJICA IMPHA 3TOM BBEPX!

s(Af) =€ sin(wAr) =0,

' 4.37)
$(A) = Eymcos(wAr) = +E .
IMo3ToMy YacTOTa () AOMKHA YAOBIETBOPATH YCIOBHIO
o, Ar =27p, (4.38)
rmep=LIL 1L, ....
Orcrona
Co
= e p. (4.39)

Kouduryparnmro konetmorieiics CTpyHbI Ha yactotax (4.39) MOKHO JIETKO HAPHCOBATS,
KOIZIa aMIUTHTYABI Oerymied U OTpakeHHOH

BOJIH HC MCHAIOTCA BOOJIb [IIHYPA U PABHBI MEJK-

Iy coboii. O4eBHUAHO, YTO 3TO OYAyT CTOSUHE
BOJIHBI, PACCMOTPEHHBIE HAMH BBILIE U COOT-
BETCTBYIOLINE OTUHAKOBBIM PAHUYHBIM YCIIO-
BHUAM: Ha 00OUX KOHLIAX IIIHYPa JOTKHEI OBITH
V3IIBI CMEILIEHUS.

Jutst npumvepa Ha puc. 4.14 uzo6pa-

JKEHBI TPU BO3MOXHBIE KOH(HUTY ANy [IHY-

Pa B MOMCHT BPEMECHH, KOIIa CMELLCHUA 3J1C-

(DIII
MEHTOB [IHYypa MakcuMmalbHbl. KomeGanus,

COOTBETCTBYIOLIVE 3THM KOH(HTYPALIUSIM, SB-
JISIFOTCS. HOPMAJTBHBIMH KOTEOaHUSMH (MOfIa- Puc. 4.14.
MH), 3 9aCTOTBI )y, Wy}, Oy — HOPMATBHBIMH
yactoTamu. Eciti eficTBUE BHEIIHEH CHITBI IPEKPATHUTCS, TO 3TH KoebaHus! OyAyT NpONOIDKaTh-
51 KaKk COOCTBEHHBIE, [TOKa HE 3aTyXHYT.

Ycnosue (4.39) MOKHO epenucath B 60Jee HATAIHOM BHJIE, €CIIH NEPEHTH OT
YaCTOTEl (), K JUIHHE BONHEI A, =27c) /"

A

{=p-2t. 4.40
P (4.40)

DT0 YCIOBHE 03HAYACT, UTO MPU HOPMATBHBIX KOMEOAHUIX HA ITHHE ITHYPA JOTKHO YKIaIbI-
BaThCA LIENIOE YUCITO MOMYBONH, JIErko Teneps BUAETH, YTO KaXKAasd U3 MOA MOXKET OBITh BO3-
Oy’KIeHa, €CITH NPUKITAIBIBATE CHITY HYKHOH YaCTOTHI K JIFOOOMY YUaCTKY IIHYPA, 38 HCKITIOUE-

HHEM TE€X, KOTOPBIC COBNAOAIOT C y3JIaMH ,Z[aHHOﬁ MOABI.
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BuaousMeHUM MPaHUYHBIE YCITIOBHS
U caenaeM 00a KOHLA IIHYpa CBOCOTHBIMH

(IpUBSKEM X K HATAHYTBIM JIETKUM HHUTAM).

INoncunTaem 4acTOTHI BEIHYKAAIOLIEH CHIBL,
Ha KOTOPBIX BO30YKIAFOTCA CTOSYHE BONHBI
(Monpel). YureM, 4TO MOCIE ABYX OTPAKEHUH

HMITYJIEC HE MCHACT CBOIO NOJAPHOCTD, IMO-

stomy yenosue (4.40) ocTaHeTcs npesKHIM.
Ha puc. 4.15 nokaszaHsl KOHOUTY-

paLMU MOJ IS IIHYPa CO CBOGOTHBIMH KOH-

aMi. BUnHo, YTO mpU HOPMATBHBIX KOJe-

OaHUAX HA JUTHHE HIHYPa TAKXKE OOJIKHO YK-

JAIBIBATHCS LENI0e YHCIIO MOIYBOJH, HO Ta-
Puc. 4.15. KuM 00pa3oM, 4ToObl HA KOHLAX IIHYpa
OBLTH IyYHOCTH.
3akpenum Tenephb TONBKO JEBBINA KOHEL IIHYpa U OyeM IBUraTh KPOHIITEHH ¢ MaJIoH
ammmuTynoi &, . Yemosre onTUMAanbHOTO BO3OYKIEHHS CTOSUHX BONH (MOL) OTY9aeTcs U3
Tex cOOOpaskeHHUH, YTO UMITYIIEC 0OPAIIaeTCs TOMBKO MTPH OTPasKEHUH OT JIEBOTO KOHIIA IHY-
pa. g ycuneHus uMmyibca HeoOX0AUMO, YTOOBI JIEBBIH KOHEI B MOMEHT BPEMEHH ¢ = A¢

JABUTAJICA BHU3, IPOXOAA MOTOKCHUEC PABHOBECHA!

S(Af) =&, sin(OA?) = 0,

4.41)
S(At) — &MDCOS(O)AI) E —&00).
IMoaToMy wacToTa () AOMKHA YIOBIETBOPATE YCIIOBHIO
0,Al=2p-1), (4.42)
roe p=1 1L, 111, ...
Orcrona
Tc
0, =—202p-1). (4.43)
Iy 2p-1)

Tlocnenuee YCIIOBUE CTAHOBUTCA Ooree Har: TTAOHBIM, €CIT nepeﬁm K IJIHHC BOJTHBI A P :

£=Q2p- 1)%”, (4.44)

rne p=LILIII, ....

CoOoTBETCTBYIOLIHE TPH HU3MIHE MOABI N300paxkeHs! Ha puc. 4.16. OueBHIHO, 4TO
3T0 OyAyT CTOSYHE BOJHBI, OTBEYAIOIINE PA3HBIM IPAHUYHBIM YCIIOBHSAM: HA JIEBOM KOHILIE
JIOJoKEH OBITH y3€lI, 8 Ha MPaBOM — IYYHOCTh. Ha /JuInHe IIHypa MpH 3TOM YKIIAJBIBAETCS
HEYETHOE YHCIJIO YETBEPTEH JITHH BOJH.

3ameuanue. ITpu Bo30yxKIEHUU MOMBI MBI 33aBalli 3aKOH ABIDKEHUA 3aKPEIUIEHHOTO
KOHLA [HYypa B BUIE s(¢) = & sin ®f , ITO MOKET BBI3BATh Y UATATENS HEKOTOPOE HEAOYMEHHE —

KaK MOKCT IBUIaTbCA 33erHJIeHHBII>i KOHGI.[? O,Z[HaKO AMIIuTYyaa KoneGaHuH &0 OOBIYHO 3HAYH-




Jlekyus 4 79

TCIbHO MCHBILC aMILUTHTYABL KOIeOaHuii
B MMYYHOCTAX, MO3TOMY HE3HAUHUTCIIBHO

BUOPHPYIOIIHI KOHEL] IITHYpa MOXET pac-

CMATpPUBATLCA, KAK HeHO,Z[BI/DKHLIf/'L

Bounb! B ynpyrux tesax. Kak
MBI BUJIENH, CUIIBI B3aHMOACHCTBHS MEXK-
Iy COCETHUMU KOMeOMOIUMUCS 3IeMEH-
TaMU HIHypa 00eCIeYUBAIOT PaclipocTpa-
HEHHE B HeM BOJH. B ynipyrux Tenmax takue
CHJIBI CBOJISITCS K KACATENBHBIM K HOPMATIb-
HBIM HANPSKEHUAM, BOSHUKAIOIHM MPU

nedopMarysaX CABUTa U pacTsHKeHUs (CKa-

THUS). 3TUM Je(hOPMALIHSIM COOTBETCTBYFOT

2 TUIa BOJH: MONCPEUYHBIC U MPOOOJIBHBIC,

Puc. 4.16.

P ACCMOTPHM 3TH BOJIHBI 110 OTACBHOCTH.

Ionepeunbie BoAHBI. ECTU M0 CTEPKHIO, H3TOTOBICHHOMY U3 YIIPYTOro MaTepha-
712, yIapuTh MOJIOTKOM B €10 cpeaneii yactu (puc. 4.17), To K ero KOHI[aM MOGEryT UMITYIIbCHI,
KaK 3TO UMEJIO MECTO B IIHYPeE ¢ IPy3aMH, U300pakeHHOM Ha puc. 4.1. OnHako nonepeyHble
CMeEILEHHS YaCTHL] CTep>KHA OyayT He3aMeTHBI I [Ma3a, MO3TOMY I PErHCTpalun Gery-
IIUX [0 CTEPXKHIO BO3MYLIEHHH TPeOYIOTCA ClieLHaTbHbIe METOIBL.

TockonbKy qucnepcus BOJTH MEXaHHUeCKOH IPUPOABI B CILIOLTHON Cpeie OTCYTCTBY-
€T, TO CKOPOCTD UX PACIPOCTPAHEHHUA MOKHO PACCUHTATE C IOMOILBIO BOMTHOBOTO YPABHEHHUS.

Ha puc. 4.18 noka3zan ¢parmeHT koneOmomerocsa crepkuaa. Ha cpeaauii 3meMeHT
JIUHOU dx AefCTBYIOT KacaTellbHbIe HANPsDKEHU (ClleBa G, (X) U cnpaBa O, (x +dx) ), Benu-

YHUHBI KOTOPBIX MPONOPUUOHANTBHBI ,Z[e(l)OpMaL[I/IHM CABUTA COCCAHUX 3JICMCHTOB!

’

" (4.45)

O (x+dv)=Gtgy(x+dx) = Gg—s
X

0.() = G1gy(n) = G2
29

x+dx
3necy G — MOIYIb CABUTA, Y — YTOJ CABUTA.

)

S A

0 x—dr x x+dx

=v

Puc. 4.17. Puc. 4.18.
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Ecnu niomajps DONEPeYHOro CEUYEHUs CTEPXKHA paBHA S, TO Macca dIeMEHTa
dm = Spdx (p — mrorHOCTE MaTepuana). ClienoBaTeNbHO, YPABHEHUE €T0 ABHKEHHS MOXKET

OBITH 3aIIUCAHO B BUJE:

Spdxi e K os (4.46)
ot’ x|, g Bx
IMonemus o6e wactu (4.46) Ha S u dx, HOTy4aeM BONHOBOE YPaBHECHHUE
az i az 4.47)
3t pat '

Ero PELIICHUECM, KaK MBI YK€ OTMCUAJIH BBILIEC, ABIACTCA mobas (lJyHKLlI/IH apry-

MeHTa O0=(F x/c:
s(x,t)=s(6) = s(

a CKOPOCTh PACTIPOCTPAHEHHS BOTHBI

Q|><

j (4.48)

c= S . (4.49)

p

IIponecce pacOpOCTPaHEHUS U OTPaKEHUS MOMEPEUYHBIX BOJH B CTEPIKHE MOIHOC-
THIO AaHATOTUYHBI TAKOBBIM B OJHOPOIHOM HATSHYTOM IIHYPE, IO3TOMY MBI HX PacCMaTpUBaTh
He Gynem. CKOHUIEHTPHPYEM BHHUMaHUE Ha 3aKOHOMEPHOCTSX MEPEHOCa MEXaHHYECKOH 3Hep-

ruu Oerymie BOTHOH.

JHeprusf, NepeHocuMan BOJIHOM. B nekunu mo aedopMaysaM yOpyrux TBEPIBIX
TEJI MBI OTMEYaJTH, YTO HPH Ae(opMallii CABUTA B €AHHHULIE 00beMa TeJla 3aracaeTcs HOTeH-

OUaJIbHAA SHECPrUa

Gy _1 ‘ls (4.50)
Bx
Ha3bIBaeMas 0OBEMHOU IIOTHOCTBIO 3Heprm1 neopmanuu capura. B (4.50) momaraem
Y=1gY= %
ox

TMomumo 31010, equHnLIa 0GbeMa ¢ MacCoi, paBHOH P , U KonebaTenbHOH CKOPOCTBIO
v = 0s /0t UMeeT KHHETUYECKYIO SHEPTHIO

1 2 1 os
= — = 4.51
w, 2pz/ p(atj ( )

Tlonuas SHEPrusa ¢AUHULIBL 00BeMa paBHa

1 os as Y
=w, +w, =—|G +pl=— | | 4.52
w=w, tw, 2 (ax ] p( % ] ( )

Toxaxem, uto B Gerywieii Bonue (4.48) wy, = w,, . Jlnisl 3TOr0 BHIYHCIIMM IPOU3BOIHBIE:
a_s ds 00 ds(+l} é ds 06 _ds

x doox do| <) o door do (4.53)

c
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U3 (4.53) nonyuaem
os 5 1 ds _v
W o o Wm Y=F—. 4.54)
OTMeTHM, UTO ¢ be2yyeil sonne deopmayuu Y Kako20-1ubo 1eMeHma RPoOnopyuo-
HabHbL €20 KONEOAMENbHOU CKOPOCHUL .
BosBons B kBaapaT JeBoe paBeHCTBO (4.54), mens €ro momojiaM U YUUTBIBAS, YTO

2 =G/ p , HOTy4YaeM

2 |ox ot
PaBeHCTBO BENUUHH Wy U W,, TIO3BOIIAET 3aMUCATS MIOIHYFO IIOTHOCTh SHEPTHH W B BHJIE:

2 2
1G(asj :;p(asj , T Wy =W, (4.55)

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

TockonbKy BONHA JBHKETCS, TO OHA OCYILECTBIAET IEPEHOC MEXAHUUYECKON SHEPTUH.
Tak, HAIPUMEP, 3 BPEMS A¢ Yepe3 IUTOMIIKY € AMHUYHOM [IOMAH, 3aIITPUXOBAH-
HyI0 Ha puc. 4.19, Gyaer nepeHeceHa 3HSPrus, paBHAs

AW =wcAt . 4.57)
B ¢usuKe HCOONB3YIOT MOHATHE [IOTHOCTH MOTOKA w
SHEPTHH, OTPeCTAEMON KOTHIECTBOM 3HEPIUH, IEPEHOCUMON i / i $_>c
BOJIHOH 32 €IHHHLY BPEMEHH Yepe3 eIUHUYHYIO [LIOLIAIKY, . T’ >
NePICHIUKYTAPHYIO HATPABIECHHUIO PACTIPOCTPAHEHU A BOTHBL e }c)ﬁé 419 b
CornacHo (4.57), 3Ta IIIOTHOCTE PaBHA
7=22 e (.58)
At
U IMeET pasMepHOCTh [J] =[x /(M2 -¢).
Ecnu nnowanka umeeT miomanpb dS, a ee HOpManb 1 Co- o 4
CTaBISET C HAIIPABTEHUEM PacIPOCTPAaHEHU BONHEI (0Cbi0 Ox) yron C j
o (puc. 4.20), TO KOTUYECTBO 3HEPTUH, IEPEHOCUMOE BOIHON Ye- Puc. 4.20.

pes3 3Ty IUTOMIaIKy 3a €AUHHILY BPEMEHH (IIOTOK 3HEPTHH) PaBeH

d® =wc-dScosa . 4.59)
IIpodeccopom Mockoeckoro yHuBepcuteTa H. A, YMoBBIM B 1874 1. OBLT BBEACH BEK-
TOP IUIOTHOCTH MOTOKA SHEPTUU

J=we, (4.60)

MOJNIyYHUBIIKH Ha3BaHUE BekTOpa YMoBa. C €ro ucnons3oBanueM notok dd moxer GbITh
3allUCAH B BUAE

dd=J-dS =JdScosa, (4.61)
rae dS=dS -n.
C noa06HBIM MPEACTABICHUEM MOTOKA BEKTOPA CKOPOCTH MBI BCTPEUANUCH MPH U3Y-
YEHUU JBUKECHUS KU IKOCTEH.
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y,Z[O6CTBO BEKTOpa YMOBa CTAaHOBHTCSA OCOOEHHO OILIYTUMBIM, KOTAd BOJHA pacpoc-
TPAHACTCA B TPEXMCPHOM MMPOCTPAHCTBE. Toraa moTok SHEPruu Yepe3 NpOUu3BOJIBHYIO TOBEP-
XHOCTB S BBIPAXKACTCA B BUAC HHTCIpayia 1o 3TOU MOBECPXHOCTH:

®=[J-ds. (4.62)
S

TMocmenuss Gpopmyna Gyner HCMONB30BaHA HUXKE.
TMoacuuraem cpeaHee 3a mepuo 3HAUSHHE BEKTOPa YMOBa [Ts GeryIueii BIoIb cTep-
JKHS TIONEPEYHOM rapMOHHYECKOH BOIHBI

s(x,t) =5, sin(@f — £x) . (4.63)
OO0BbeMHas IJIOTHOCTB 3HEPTUH {CyMMa IOTEHIUATBHON H KHHETHIECKOH SHEPTHi) PaBHA
2
os
w=p > =ps§0)2 cosz(mt—%x), (4.64)

B HekoTOPBI MOMEHT BpeMe-
HU OHa pacrpeneneHa BAONb CTePKHIA
TaK, KaK Moka3aHo Ha puc. 4.21. C Teue-
HHEM BPEMEHH 3TO paclipeielieHHe CMe-
maetcs BAoib 0cH OX cO CKOPOCTHIO C.
[T10THOCTH MOTOKA SHEPTUM Yepes3 JIo-

Goe ceuenue x = const Oyzer nepuoau-

Puc. 4.21. YECKU BO3PACTaTh OT HyJA J0 MaKCH-
ManbHOH BETHYHHEI psgo)2 . IlToaTomMy ymoGHO MONB30BaThCA CPEHUM 3HAYeHNEM J 3a Mepu-
on T =27/ ®. DTa BEMUYHUHA HA3BIBAETCSA HHTEHCHBHOCTBIO OEryIeli BOJHBI U paBHA

1% 1 53
I=—|Jdt ==cpw’s;. 4.65
Tg 7 PO 5o 02

BaxHO OTMETHUTE, YTO HHTEHCHBHOCTE MPONOPLUOHANBHA KBAAPATY aMILTUTYEI,

B crosiueii BoMHE HET MEPEHOCA YHEPTUH, T. K. OHA ABNICTCA CYNEPHO3ULUCH ABYX
Oerymux BOJH, IEPEHOCIIIUX OJUHAKOBOE KONUUYECTBO 3HEPIrUU B MPOTHBOMONIOKHBIX Ha-
npaBneHusIX. OIHAKO, TIOKAIbHOE JBHKCHUE SHESPTUH B OTPAHHYEHHOM MPOCTPAHCTBE MEK-
Iy COCEAHUMH Yy3JIaMH BCE e IMPOUCXOIUT. B camom nesre, 3amuiieM ypaBHEHUE CTOSYEH
BONHEI (4.34), OMyCTHB B HEM NOCTOAHHBIC ()a30BBIC JOOABKU Qorp /2 1 4L

s(x,t) =25, coskxsin r. (4.66)
OGbeMHas [ITOTHOCTD 3HEPrUU AeOPMALINY CABUTA PABHA:
2
1 _(os . .
wy==Gl — =25242Gsin? fxsin? o, (4.67)
2 |ox
a 00beMHas IUIOTHOCTD KHHETHIECKOHM YHEPIHH BBIPAKAETCA KaK:
1 (asY
w, = Ep il 25007 pcos” kxcos” of = 2s¢4>Geos” kxcos” o (4.68)
0 G
TMOCKOIIBKY ¢~ = —=—.
k p

JlokanbHoe JBHKEHHE SHEPTHH HADTAAHO AEMOHCTPUPYET prc. 4.22, Ha KOTOPOM MOKa-
3aH (PparMeHT CTOSUeH BOTHBI B MOMEHTHI BpeMeHH 4, =0 u ¢, =1, + 7 /4 (a) u cooTBeTCTBYIO-

e pactipenencHus Wy (6) u w, (8).
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BugHo, uto npu ¢ =t,, korna sne-  S1

MECHTBI CTCPKHA MPOXOAAT MOJOKCHUE paB-

h
HOBCCHA M HMCIOT MAaKCHUMAaJIbHEIC CKOPOC- :/\
'A%

1, nedopmanus orcyrcTeyer (wy =0),a 0

}{V

a
BCS JHEPrus 3allaceHa B BHIE KHHETHYEC- )
KO SHEPrHH W, H JOKaIu3oBaHa BOMM3H Wy 1
nyuHocTH. OJHAKO Yepe3 YeTBEPTh MEPUO-

Aa KoJIeCaHuH YaCTHLBI CTCPKHA CMECTAT-

=Y

Cd Ha MaKCHUMAaJIbHbIE PACCTOSHHUS U OCTa-
HoBATCA (W, =0). DHeprus OyneT 3amace-
Ha B BHJIE OTEHIUANBHOM SHEPTUKH Wy nno- W,
KaTu30BaHa BONIHU3H y37I0B. DTO O3HAUaeT,
YTO 3HEPrus U3 006MacTu BOIU3N MYyUYHOCTH

34 4eTBEPTh Mepuoaa KonebaHui mepereka-

)

eT B 00e CTOPOHBI [0 HAMTPABIEHHUIO K y3JIaM. B) L,
3areM OHa ABUXKETCA B OOpaTHOM HampaB- Puc. 4.22.
JEeHWH, U 3TOT MPOLECC MOBTOPIETCA MHO-
rokpatHo. [IoTok sHeprun Yepes y3abl OTCYTCTByeT. CpeliHee 3a mepuo 3SHaYeHHe MOTOo-
Ka SHEPTHH 4yepes Joboe ceueHue x = const Oyaer pasHo Hyno ([ =0).

ITpoxonsHbie BoHBL. Takue BOTHBE MOTYT ObITH BO30Y>KIEHBI YAAPOM MOJIOTKA IO OAHO-
My U3 TOPLIOB YIIPYTOro cTepkHA. BosMyllieHHe, pacipoCTpaHsoILeecs BAONb CTEPKHS, BU3YaTb-
HO HE3aMETHO, OHAKO OCHOBHBIE 3aKOHOMEPHOCTH TAKOTO BOTHOBOTO MPOLIECC MOKHO CMOTENH-
POBaTh, €CITH BMECTO CTEPKHS UCTIONB30BATE ATUHHYIO IPYKUHY ¢ GONBLUINM IHAMETPOM BHTKOB
(puc. 4.23). Ecnu 31y npyXuHY TOIBECUTH FOPU3OHTANHHO HA HECKOJNBKHX HUTIX (HE MMOKA3AHHBIX
HA PUCYHKE) H PE3KO YIAPUTH JIAJOHBIO 0 JIEBOMY TOPLY, TO O HEH MOGKHUT UMITYIIBC CHKATHSA C
HEKOTOpoH ckopocThio ¢. Ha puc. 4.23a 3ToT UMITynbC UMeET JUIMHY ¢T, (T, — JUIHTEIBHOCTD
HUMIYINBCA, PaBHAS ITHTENBHOCTH yaapa). JoOexaB 10 NpaBoro KOHLA IPY)KUHBL, OH OTPA3HTCH,
TIPU 3TOM, €CJTH KOHell 3akperuieH (puc. 4.230), o1
TO OTPAKEHHBIH UMITYIBC OYIET TAKKE UMITYITb- g |y
coM cxarust. Eciu npaBblii KoHer| CBOGOAEH, TO
OTPaKEHHBIH UMITYITBC OYET UMITYTBCOM PacTs- a) c
skerns (puc. 4.238). OH BOSHUKAET B MOMEHT CMe- —CTf—
ILIEHHS BIIPABO CBOGOIHOTO KOHLIA IPYKUHBL, KOT-

Ja 10 HEro ,Z[O6G>KI/IT HUMITYIIBC CKATUA. DOta CUTY- 6)
C

— on f—

aryst HAOMHHAET CMETIEHNE CBOOOIHOIO KOHLA
mHypa. OTMETHM, YTO B PACCMOTPEHHOM CITy4ae
CMEIIEHNS BUTKOB MPY>KHHBI IPOHUCXOIST BAOITH
HAaIpaBIeHNs] PaCPOCTPAHEHHS BOJHBL, IO3TO- B) c

BOJIHA HA3BIBACTCA IT OﬂOﬂBHOﬁ.
wy P Puc. 4.23.
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/S(x,t) /S(x+dx,t) PaccMOTpEM Temephb

‘Li [ PacpOCTPaHEHUE HMIYIBCOB
: COKATHSA U PACTSIKEHUSA B CTEPIKHE.

MeIcneHHO pa3obbeM

=y

1
[
% x+dx

CTEPKECHBb HA PA O 3JICMCHTOB AJTU-
Puc. 4.24. P P

Ho# dx xakasiid, [Tpu pacopoct-

PaHEeHHH MPONONBHON BONHBI KOHLBI KAKIOT0 3EMEHTa, OTMEUEHHBIE Ha PHC. 4.24 CIUTOLIHEBI-
MU JTUHUAMH, 6YIyT CMEILEHBI B HOBBIE MONOKEHNS, OTMEUSHHBIE TYHKTHPOM. DTH CMELIeHHS
s GyaeM CUHTaTh MONOKUTETbHBIMHA, €CITH OHU MIPOUCXOIAT B MONOKUTEIEHOM HANIPABICHUH
ocu Ox, ¥ OTPULIATENBHBIMH — B MPOTHBOMONOXKHOM CITyJae.

ITycTh TeBblii KOHEL HEKOTOPOTO HEMEHTA, IMEIOLINH KOOPIUHATY X, CMECTHIICA B JaH-
HBIH MOMEHT BpPEMEHH ¢ Ha paccTosiHue s(X, 1) , a MpaBbIid KoHen— Ha s(x + dx, ) . ledopmarus
pacTsKeHHUS (CKATUA) OTPENeNAeTCA OTHOCUTENBHBIM YITHHEHHEM dieMeHTa dx:
s(x+dx, ) —s(x,1) :é (4.69)

dx ox

OTtMmeTnM, ne(OopMallul PacTHKEHUS COOTBETCTBYET € >0, a okarua — €< 0.,

e(x,t) =

B oTimume oT monepevHoH BOJHBL, IPU PACTSKEHHUH (CKaTHH) YMeHbIIaeTcs (YBEIH-
'{I/IBaeTCH) NIIOTHOCTH Cpe,Z[I:I p Ee MQXKHO Hpe,Z[CTaBI/ITL B BUC

P =Py +0p; [dp << py- (4.70)

3nece Op — Manas A0GaBKA K PABHOBECHOM MIOTHOCTH Po, IpUUeM Op MOKET GBITH Kak

TIONIOKUTENBHOM, TaK U OTPULATENBHOH. C yUeTOM MOCTOAHCTBA MAaCChI Ae(hOPMUPYEMOTO 3lTe-

MEHTa dx MQOXKEM 3aIllucaTh
Podx = (Pg +Op)[dx + s(x + dx, ) — s(x,1)] = (py +Op)dx(1+€) . “.71)

PackpbiBas cKOOKY U mpeHeOperas Maiol BEMUIUHON € - Op , HaxoauM

(4.72)

SA v SA v
e L - C
> - -
X i o - X
€A EA
2T~ C
. ,, > .
N x X
- C
SPA N c Spn
’ N > < = :
X X

Puc. 4.25.
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CrycTs HEKOTOPOE BpeMs ¢ TIOCITE yIapa 10 TOPLY CTEP>KHS (HJIIH [TOCIIE PE3KOro OTTAIHBA-
HUSA 3TOr0 TOPLIA) PaclpeaeleHue CMELIEHH I 5, qe(hopMalii € i BOSMYIIEHHI TIOTHOCTH Op B
OeryImmx UMITyIIbCax CKaThs U pacTshkeHHs OyIyT UMeTh BUI, TOKa3aHHbIN Ha puc. 4.25. ITyHkTH-
POM MOKA3aHBI PACTIPEIETEHIS BCEX BEJIMYHH B OfUH U3 MOCIEAYIOIIX MOMEHTOB BPEMEHH.

YpaBHeHHEe BONHEI, Oerymei Bgonb ocu Ox, B 000HUX CIydyasXx UMEET BUJI
s(x,t) = s(t — x/ ¢). To ananoruu ¢ (4.54) nedopmanns € = ds/0x u KonebGaTENbHAA CKOPOCTD

v = 0s /0t BIEMEHTA CBA3aHBI COOTHOIIEHUEM

os 1 os v
—=——— ,WIH €=——. 4.73)
dx cot c
TMonuepkaem, uto B uMITyIbCe Ckatus (€ < () ckopocTh
U COBIIAZIAET 110 HANIPABIEHHIO CO CKOPOCTBIO ¢, 4 B UMIYIBCE 5 (x £) /crn(x+dx,t)
AN
PacTSKEHHS OHH IMEIOT POTHBOIOIOKHBIE HAITPABIICHHUS. % Fi
Rt ——
Paccuntaem ckopoCTh pacipoCTpaHEHUs POAOIb-

HBIX BONH. Ha puc. 4.26 nzobpaxeH (QparMeHT CTEPKHI U

1 L.
’

1

1

1
MOKAa3aH €ro 3MeMeHT dx, K KOHIAM KOTOPOTO MPUIIOKEHBI x  x+dx  x
HOpMaJIbHBIe HANPDKEHHA ©, . YPaBHEHHE IBIDKEHUS - Puc. 4.26.
MEHTA C MOMEPEYHBIM CEUCHHUEM PABHBIM S HMEET BUI:

0%s

dm_8t2 =S8[o,(x+dx,t)—0,(x,0)], “4.74)
rae dm = p,Sdx . YtoOer (4.74) npeobpa3oBaTh K BONHOBOMY YPaBHEHHUIO, HEOOXOAUMO CBS-
3aTh HAIPsDKEHUS O, ¢ AedopManuaMu yeMenTos crepxia. HauGonee npocto 310 MOXKHO

COCnaTh O TOHKOrO CTCPI/KHA.

CkopocThb BOJIH B TOHKOM cTep:kHe. Ecii cTep:KeHb TOHKHH, To AedopMarud U

HapAXXKeHUA BAOJIb KOOPOAUHATHI X CBA3AHBI H3BCCTHBIM 3aKOHOM T YKa:

0

o, (x,f)=E= | o, (c+duty=ES| (4.75)
a‘x X a‘x x+dx

rae £ — monyns FOwra.

TMoacraenss (4.75) B (4.74) u nmpousBons aenenue Ha PySdx , mory4yaeM BONTHO-

BOE€ YPaBHEHHE!

2 2
1Ly (4.76)
ot Po ox
CKOPOCTB MPOaOJIEHBIX BOJIH MOJTYYaCTCA paBHOﬁ
E
c= |—. 4.77)
Po

DTa CKOPOCTH MPEBBILIAET CKOPOCTH MONEPEYHBIX BOMH (cM. opmyiy (4.49)), no-
ckonbky E > G. Tlo nopaaKy BeMUYHHBI 00€ CKOPOCTH COBIAAAIOT H JUTA Pa3IHUHBIX MaTepH-

aJTOB IPEUMYILECTBEHHO JIEXKAT B UANIA30HE C ~ (103 +10%) m/c.
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CropocTh BOJH B TOJCTOM cTep:kHe. [IycTh BIONB OCH TOJCTOrO CTEPXKHA
(ocu x) pacupocTpaHseTcsa NPOAOIBHAS BOJHA, IPH 3TOM KOJIEOIIOTCS 37I€EMEHTHI CTEp-
JKHA, HAXOAAIIHeCS BOTU3H €ro OCH.

OauH U3 TaKuX 3JMEMEHTOB MOKa3aH Ha puc. 4.27. Tlox aelicTBueM HOPMaIbHO-
ro HAOpSXKEHUA G, OTHOCHTENBbHOE YIIMHEHHE €; OMpPEAeNaeTCs NEPBEIM YPABHEHUEM
(1.27), npuBeACHHBIM B JIEKIUH 10 MEXaHHUKE YIPYTUX TEI:

G; — (0, +03)1

&=
! E

(4.78)

3T0 ypaBHEHHE OTPakaeT TOT

A (haKT, YTO MpU YATUHEHUH 3TeMeHTa dx,

xl
I n300paskeHHOTO Ha puc. 4.27, mwromaab

€ro NornepeuHoOro CCUCHUuA YMCHBIIACTCA

6, Ao, L (CBA3b IPONONBHON U MOMIEPEUHOH Ae(op-

A 5 Malui onpenensercsd Ko3(QQUIUEHTOM
i 5 p iy

5,¥

Iyaccona 0 < <1/2). 3TOT 3MeMEHT

Q
-

MOTAHET K OCU CTEPKHA OKPYKAIOIIHEC €0

\ 4

3JICMCHTHI, pa3BUBAasA HAIIPSLKCHUA G, H

G5 . OTH 3JIEMEHTHl (JIeXKalye Mexay

TUTOCKOCTSIMH X = const U x + dx = const)

Puc. 4.27.
HAYHYT NPUXOINUTH B ABMKEHUE: CHAYa-

J1a — HaXOAAIIHeCd BONMHU3H OCH CTEPK-

L/2

Hsl, @ 3aT€M M IEMEHTHI, ONU3Kue K moBepxHocTH. Yepes Bpemsa Ar = —— (L — momnepeuHbIi
c

pasMep CTepiKHS, ¢ — CKOPOCTb PACTIPOCTPAHEHHs BO3MYILIEHHS) BCE DIEMEHTBI CMECTATCA, U
HAIPDKEHUA G, H Gy HCYE3HYT.

Ecnu pnurensHOCTH T x AMITYIBCA, PACpOCTPAHAIOIICTOCA BAOb OCH CTCPKHA, BETHU-

L
Ka, TaK 4T0 T, >> Af = > TO B (4.78) MOXHO HE YUHUTHIBATh G, U G5 . CKOPOCTB TAaKOrO JATUH-
c

HOT'O UMITYJIBCa OyaeT onpenensTees hopmymnoi (4.77). Takol pesKuM MOKHO PeaU30BaTh, €CITH
L<<er,. 4.79)
VYenosue (4.79) 03HauaeT, 4TO MOMEPEYHBIH pa3Mep CTEP)KHSA L 3HAYUTEBHO MEHBIIE
IUTHHBL UMOYbCa. Takoil CTepkeHb MOXHO CUHTATH TOHKHM. ECITU peus uaeT o rapMoHHYec-
KO BOJIHE, paCIPOCTPAHAIOLICHCS BIONb CTEPKHS, TO yeinoBue (4.79) uMeert BUI

L <<, (4.80)

rae A =cT — nmuHa Bonubl, T— nepuoa konebanuil. Tak, HanpuMep, A CTATBHOTO CTEP-

KHI ¢ = g 5000 m/c. TIpu vacrore vV =5000 I'u, A=c/v ~ 1 M, IO3TOMY CTEPKHH C
p

MOMEPECYHBIM pasMepoM L~1cMmmMor YT CHUTATHCA TOHKUMU.
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L N
Ecau AnuTensHOCTH UMIYIbCA T, << Af = o (cTepkeHB TONCTHIN), TO B (4.78) cre-
c

JYeT y4ecTb G, U Gy . UToOBI HaliTH CBA3k €, U G, , BMECTe C ypaBHeHHeM (4.78) samuuiem

AHAJIOTUYHBIC N9 €, U 83 U CJIOKHM BCEC TPU YPABHCHUA!

_(0,+0, +03)(1_2M)'

€1 +&)+83= z (4.81)

Jns KpaTKOCTH BHIKIAIOK BBEAEM CPEAHHE 3HAYCHHS

1 1
825(81+82 +€3); (5:5((51+(52+G3).
Torna (4.81) nepenuieTcs B BHE

= %2“) (4.82)

C yuetom (4.82) yparaeHue (4.78) BUIOU3MEHIETCS:
g oMe _ItR (4.83)

1-2u E

Eciu momxoxuTh B TOJNCTOM CTEpXHE €, =€ =0, To €=¢,/3, U UckoMad

CBA3b MOJYUHUTCA B BUAC!

__ 6 _od+wd-2w ' (4.84)
Ef (W) El-p)

B stom cirydae CBA3b z[e(bopMauI/m W HAIPSKCHUA ONPEACTACTCA KAK MOOYICM IOnra

g

E, Tak u cnenyromel ¢pyHkuneii kosddurnuenta [Tyaccona

1-p
- , 4.85
7w I+ -2u) @59

Jlerko yOenuThcs, UTO MPH JIEOOBIX BOSMOXKHBIX 3HAUCHHUIX Kod(unuenTa [Tyaccona

f(u)>1.ITo3ToMy CKOPOCTB MPOAOIBLHOMN BOJHBI B 3TOM CITydae

c= £ W (4.86)
Po

MIPEBBIIAET CKOPOCTH BOJTHBI B TOHKOM cTepskHe. Benmunny E - f (1) 0OBIYHO HA3BIBAIOT «MO-
JyAeM OTHOCTOPOHHETO PACTKCHHA.

OrmMeTrM, uTo HAUOONIEE CIIOMKEH aHANH3 [T IPOMEXKYTOMHOrO CIydast, koraa L~ A .
Jist BOJTH ¢ Tako JUTHHOW BOJIHBI UIMEET MecTO aucnepcus ((ha3oBasi CKOPOCTb FAPMOHHIECKON
BOJIHBI 3aBUCHUT OT €€ 4acToThl). PactipenieeHrie aMIUTHTY 161 BOJTHEI B IONIEPEYHOM CEUEHUH CTEP-
JKHA BJOIb OCEH X, H X3 GHATOIHYHO PACHPEACICHHUIO aMILIUTY/bI JUIs IIHypa JUIMHOK L o
CBOOOIHBIMU KOHLIAMH ITPU HOPMAJIBHOM KoJTeOaHnH. CTep:KeHb B 3TOM CITy4ae BBITONHAET POITh
BOJTHOBOJA. [TpH ero mi1aBHOM M3rHOaHNH BOJIHA PACIIPOCTPAHAETCS BAOIb €r0 OCH.

ITponombHBIe BOTHEI IEPEHOCAT SHEPTHIO, U I HUX CIPaBEATHBLI BCE PACCYKAEHUS
1 BBIBOJIBI, TIOJTyYeHHBIE IS IONEPEYHBIX BOTH. DOPMATBEHO BO BCE BEIPAKEHUS IS TUTOTHO-
CTH 3HEPrUH W, BEKTOPa YMoBa J U p. CeAyeT BMECTO MOAYNA CABUTra G MOACTaBUTh MOAYIB

IOsra Eumu E - f(W) . IlpenocTapisieM YHTATENIO IPOAEIATH 3T0 CAMOCTOATENBHO.
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SIBjeHMA HA rPaHHIE pa3fesia ABYX cped. PaccMoTpuM moapoOHee mpoxokae-
HUE MPOJOJIBHOM BONHBI Yepe3 CPAHUILY pa3Aeia ABYX YIPYCHX Cpe] MPU HOPMAIBEHOM
MaJeHUU BONTHBI Ha 3Ty TPAHHUILY.

IycTe mpomonbHas BOMHA PACPOCTPAHS-

E, p, E, p, eTCsl CO CKOPOCTBIO ¢, =4/E, /p; B cpesie ¢ Moay-
S neM IOHra E, U paBHOBECHOH IUIOTHOCTBIO
NAN o !
\/ \j V > (puc. 4.28). OnBIT NOKA3BIBAET, UTO 3TA BOJIHA HA IPa-
0

HULE pa3aena AByX cpel (x = 0 Ha pUCYHKe) YaCTHY-

HO OTPaAXaCTCd U YaCTUYHO NPOXOAUT BO BTOPYIO

cpeny, KoTopas XapaKkTepusyeTcs mapaMerpamu £,

Puc. 4.28. U P, . CrenoBareasHo, MOXKEM 3aIKACATE
2
1-s1 cpena 2-1 cpena
(nadarwas + ompaxcennan 0iHA) (npowedwasn eonna)

51(x,1) = 51 sin(@t — k; x) + 55 sin(@t + k; x) 8o (%,8) = 8¢ sSin{t —kyx)  (4.87)
31ech 0 —YAaCTOTa, Sy, So; H Sy, — AMILIATYbI NAJAFOLIEH, OTPaKEeHHOM U IIPOLLIe-
el BOJH COOTBETCTBEHHO, £ = /¢ H £, = 0/ ¢, — COOTBETCTBYIOLINE BOTHOBBIE YHCIA.
YToOB! HAUTH COOTHOLIEHHUS MEXKIY aMILTUTYAAMH TPEX BOJH, ONIPeeNIIOIIHe OTPa-
KATENBHYIO U MPONYCKATENBHYIO CIIOCOOHOCTE («IPO3PAYHOCTDY) TPAHULIBI pasaena, 3amu-
IIeM JIBa YCITOBHSA, KOTOPBIE JOJKHEI BRIONHATHCSA HA TPaHULE pasaena npu x = 0.
TepBoe — 3T0 ycnoBHE HEPA3PBIBHOCTH BELIESCTRA:
51(0,8) = 5,(0,8) . (4.88)
BTopoe — paBeHCTBO HAMPSKEHUIA:
61(0,1) =0,(0.7) , umu E€,(0,7) = E,€,(0,7). (4.89)
C yuetom (4.87) U3 3TUX YCIOBHI MOTyIaeM:

&
So1 501 = Sp25 (4.90)
" .
—sqErky + 501 Erky = —Sop By
B akycrrKe (yHIaMEHTANTBHBIM ABISETCA IOHATHE UMIEAAHCA, UIH YISIBHOTO BOI-

HOBOI'O (aKYCTI/I‘{eCKOF O) CONPOTHUBICHUA MaTepuaia. OTa BeTUYHHA Z ONpeacIACTCA KaK:

CKUMAIOIECE HAMPAKCHUEC —O
Z = =—

. 4.91)
KOJ'Ie6aTeJ'IBHaH CKOpPOCTH v

HmneaaHc Ierko MOXKHO BBIPA3UTh YE€PE3 XapaKTEPUCTHUKU MaTepuana, BOCIOIb30-
BaBIIKCEH (opmynoti (4.73):
=2 (4.92)
Orcrona

z=—=—=pc (4.93)
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C HCONB30BAHMEM 3TOH BEMTUUMHEBI M BBIPAKESHUHN 1T 4, U 4, ycnoBus (4.90) npuMyT BUL;

&
Sp1 T 501 =S

, (4.94)
— 80121 + 50121 = —Sp223-
OTcroa MoNy4aeM HCKOMYIO CBI3b MEKAY aMILIATYaMU BOJH:
1—2z,/z 2
;o 2/ 2 _
Son =7 Sois S =77 So- (4.95)
1+22/Zl 1+22/Zl

Jna npakTryeckux nereii nonb3yoTes Ko3(QHULIHEHTaAMHU OTPaXKEHUS R U POy cKa-
HUA T, XapaKTePU3YIOIIUMHU OTHOUICHHUE HHTEHCHBHOCTEH OTPaXEHHOU U MPOIISALIeH BOIH K
HWHTCHCUBHOCTH MAJAFOIIEH BOMHEL JTH KO3((QHULIHEHTH HOMyYatoTcs u3 (4.95) ¢ yuetom (4.65):

, s \2 2 2
pel _[Su| _(lzz/z T_I_Z_Z_Zsﬁ _ Nz /z)

(4.96)

Il B sOl 1+22/Zl ’ Il Zl sOl B (1+22/Zl)2 ’

[JIe UCTIONB30BAHO TO O0CTOATENBECTRO, UTO HHTEHCHBHOCTE OeryILel BONHEI (CM. popmyny (4.65))
_ 202 _1_ 99
I= Ecp(x) Sy = 520) ) 4.97)

3aBHCHUT HE TOJBKO OT aMIUIUTYABL S, M YaCTOTH (), HO U NPONOPLUUOHATHHA aKyCTHYEC-
KOMY CONpPOTHUBIEHUIO z. CIeAYeT OTMETUTE, YTO (hOpMYIEI (4.96) cripaBeITUBEI U TS
MOMEPEYHBIX KONeOaHU,

U3 pucynka 429, R T A
Ha KOTOPOM H300pakeHBI 1=
3aBHUCUMOCTH (4.96), BUAHO,
4TO €CIU Z; = Z, , OTPaXKe-
Hus He poucxomut. [Tosto- 0,5 1
MY Ha IIPaKTHUKE, KOra HAJI0

YMEHBIIUTH OTPAXCHHUE,

1 I -
T >

CTaparwTCcs COrIacoBaTh t - ¥ ¢ y
0 0,01 0,1 1 10 100 1000 z/z
(coenarb MpaKTUIECKU OU-
HAKOBBIMH) BOJHOBBIE CO-
) Puc. 4.29,
TIPOTHBIIEHUS JIBYX CPell.
3aMeTHM TakKe, YTO IPH. 2z, << Z; , KaK B ClIy4ae CBOOOJHOr0 KOHIIA CTEPKHA (2, —
COIIPOTHBIIEHHE BO3AYXA), HIIH Z, >> z; (3aKpeIUIeHHBIH KoHen), R = 1, T.e. POUCXOAUT Mpak-
THYECKH MOJIHOE OTPAKEHHE BOJIHBI, YTO MBI U UCIIONB30BAIH BBIIIE IPU PACCMOTPEHHH OTPa-

JKCHUA B 3TUX NPCOCIBHBIX ClIyUaax.
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Axycmuueckue ononvt. Obvemuvle ceucmuneckue eonnvl. Cospemennas modens
3emau. Bonuwt Pones u Jlnga. Bonust 8 scudxocmsx u eazax. 3eyk. Humencusnocms 36yKa.
Hoznowenue 38yka. Hanywamenu 3eyka. Ipumenenue axycmuueckux memoodos. Ocrnoguuie
xapaxmepucmuku 38yka. 3axon Bebepa—Dexuepa. Juacpamma cayxa. Akycmuueckue peso-
namopul. Mysvikanvusie uncmpymenmsi. dpgpexm Jonnepa u 6unayparorotii sgppexm. Un-

mepghepenyus u QupPAKYus 601H.

TenioBble KOI€0AHUSA KPHCTAJIHYECKO PelIleTKH TBEPIbIX Tell. AKyCTHYECKHE
¢oHOHBI. B TBEpAOM TEITE HOHBI COBEPILIAIOT TEILTOBBIE KOMEOAHHUS OKOJIO MOJIOKEHHI PaBHOBE-
CHA B y371aX KPUCTAJUTHYECKOH pereTky. [TocKombKy OHH B3aUMOAEHCTBYIOT APYT € APYTOM, TO
CHCTEMa HOHOB JOJDKHA PacCMaTpUBAThCA KaK COBOKYITHOCTD CB3aHHBIX OCILIIIIATOpoB. Takue
TETUIOBbIE KoNMeGaHUS HOHOB MOKHO MIPENCTABUTE B BUIIE CYMEPHO3ULIMH CTOSTUHX 3BYKOBBIX BOJTH,
YACTOTHI KOTOPBIX (O JeKaT B quanazoHe 0 < W< @y ,rae M, — MaKCHMabHAS YaCTOTa KOJe-
GaHuiA, 00yCIOBIEHHAS JUCKPETHOCTHIO CPEIBI (CM. MPEABITYIITYIO JIEKLHIO).

ITpu HarpeBaHUM KPUCTAJUTA SHEPTUS TETUTOBBIX KoeOaHui yBennunBaercs. EcrecTpeH-
HO, YTO HH(OPMALIHEO 00 3THX KOJNEOaHNIX MOYKHO [TOITYYHTh, H3MEPSS TEIIOEMKOCTh KPUCTAJIIOB.

Ecnu kaxaplii HOH paccMaTpUBaTh KaK KITACCHYECKHUH OCLIHIUISATOP, KOIEOMIOIIHICS
B TPeX B3aUMHO MEPIEHANKYIAPHBIX HAIPABIEHUX, TO, B COOTBETCTBHH C TEOPEMOH O PaBHO-
pacIpeeNeHIH SHEPTHH M0 CTENEHIM CBOOOBI, OH 00nanan Obl sHepruei €, =6k7 /2, rae
k — nocrostHHas bonbumana, a T— abGcomoTHas TeMieparypa. 34ech YUYTeHO, UTO KoJeOIrto-
mutics HOH 00a1aeT CpeaHe KHHETHYECKON 1 PaBHOH el cpefHell NOTeHIAIbHON SHEPrHU-
el kT/2 mo kaxxaoH U3 Tpex creneHel cBoGoarl. [10CKONBKY SHEPTHS KPUCTAIIA, COCTOAILETO

n3 N atomoB, U = Ne; =3NkT , T0 €ro TEIIOEMKOCTH ITPU MIOCTOSHHOM O0BEME paBHA!

w
oT

U HE 3aBHCHUT OT TeMIieparypsl (3akoH Jrononra u I1tn).

cy = = 3Nk .1)

Mexay Tem, hopmyna (5.1) cormacyercs ¢ 3KCIIEpUMEHTOM JIULI [IPH BEICOKHX TEMITEPa-
Typax, a Ipy MPUOHKEHHN TEMITEPATyPBI K A0COMFOTHOMY HYJTIO, KaK MOKA3BIBAET OIBIT, ¢y ~ T 3.

YToOB! 00BACHHUTE TAKOE MIOBEACHIUE TEIIOEMKOCTH, A, DUHIITEHH MPEITOKUIT pacCcMaT-
pHBaTh MOHBI KaK HE3aBHCHMBIE OCLIUISTOPEI, OONaJa0IHe AUCKPETHBIM HA00POM 3HAUEHHH
sHepruu. Panee nonoGHas unes Oputa Brickazana M. ITnaHkoM npu BREIBOAE HOPMYITBI TS TEILIO-
BOTO U3Ty4eHHs TBepAoro Tena. OnHako, A, DHHIITElHY He yIanoch HOMyYHTh 3aKoH T3,

Ha camom neste, Kak y:ke TOBOPHJIIOCH, TEIIOBBIE KOJIEOaHUsI HOHOB MOT'YT OBITh IIpea-
CTaBJIEHBI KaK CYNEPIIO3ULHA HOPMATBHBIX KOJIEOaHUH, HITH MOJ CHCTEMBI CBA3aHHBIX OC-
mwaTopoB. Kaxknas Moaa 4actotel ® o0namaeT 3Hepruel, kpatHod hw, rae h=h/2%
(h=6,67-10"* Ix/c — nocrosnuas Inamka).

Ecnu npuHATE BO BHUMaHHE, YTO B TBEPAOM TEJIE BO3MOXKHO PACIIPOCTPaHEHHUE MPO-

,Z[OJIBHOﬁ BOJIHEL YaCTOTEI (0 W ABYX IMONCPCYHBIX BOIH TOU K€ YJaCTOThI, HMCIOLIHUX OABa pas-
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JUYHBIX B3aUMHO MEPNEeHIUKYIIPHBIX HANPABICHUSA CMELICHUS aTOMOB (JBE Pa3IUYHbIE MO-
NAPU3ALUH), TO C YIETOM Pa3sMEPOB KPUCTAIIIA U €r0 AUCKPETHOU CTPYKTYPBI MOXKHO IOACUH-
TaTh YUCIO Mo B Kpucrasue, Takoli moacuer Opin Bnepebie BeinonaeH 1. [lebaem, u mostomy
3TH BOJHEI OTYYHITH HA3BaHHUE 1e0ACBCKHUX.

Crnemyer HOAYEpKHYTH, YTO, B OTIIHYHE OT KIACCHYCCKOTO MPEACTABICHUS, IPH BEHI-
YHCIICHUH SHEPTHH KPUCTAITA MOIA MPEACTABIAETCS KaK KBAHTOBBIH OOBEKT, 00IaaaroIuii

JUCKPETHBIM Ha0OpOM 3HAYEHUH 3Heprud (HaGOpOM SHEPreTHUECKUX YPOBHEH)
g, =nho, (5.2)

rie 7 — LEeNoe YUCIO.

ITpu TepMOAMHAMUYECKOM PaBHOBECUHU BEPOATHOCTH P, B0O30y:KAeHHI MOIBI YOBI-
BA€T [0 MePe YBEIUUEHUs €€ PHepruu €, (WIH YHCIA 71) B COOTBETCTBHU C PaclpeaeneHneM
bonbumana: P, ~ e /KT TIpu HarpeBaHHH KPUCTANNA BEPOATHOCTh ), PACTET, 4 3HAYMT
YBENTUYUBAETCS H 3aNlaceHHas KpucTamioM sHeprus. [Tpu noacuere nocnenueii Jlebaem Obuia

BBEJICHA XapaKTepHas TeMneparypa (Temneparypa [lebas) Oy ¢ moMOLIbIO paBeHCTBA
Koy =hooy . (53)

OGeraHo Oy mexut B mHTepBane (10° +10°) K. Tlpu T >> 6 cnpaBeniuB 3aKoH
Hrononra u Iy, a npu T << Oy TemnoeMkocts ¢ ~T 3

CootHourenue (5.2) i sHepruu KoneGaHui B MOE YaCTOTHI (0 aHAJOTHYHO BBIPA-
JKEHHIO 1S SHEPrHHU (POTOHOB (KBAHTOB CBETA). DTO MO3BOMNAET PACCMATPHBATH MOIY KaK KBa-
3UYACTHILLY, HA3BIBAEMYIO TEIUTOBBIM (DOHOHOM. BBemeHHe 3TOr0 HOBOTO MOHATHS ABIAETCA
BEChMa MUIONOTBOPHBIM U, C MATEMATHYECKOMH TOUKH 3PEHHUS, 3HAUUTEIBHO 00lleryaet aHamm3
TEILTOBBIX KoNe0aHUH KPUCTALTHIECKON peleTkuy. [IpencraBnenne o GOHOHHOM rase B TBep-
IOM Telle LIHPOKO UCTIONB3YeTCA NMPH ONHUCAHHH TAKUX CBOWCTB, KAK TEILTIOEMKOCTD, TEILIO-
POBOAHOCTD, TEILIOBOE PAaCIIHPEHHE, IMEKTPUIECKOe COMPOTHBICHUE U Ap. B dusuke uc-
MOJB3YFOTCS U IPYTHE KBA3HYACTHILIRL; TUTA3MOH (BOJHA 3EKTPOHHOM IUTOTHOCTH), MATHOH (BOJ-
Ha MIePEeMATHUYMBAHUA ), HOMAPOH (ANEKTPOH + ynpyras aehopMaLys ), SKCUTOH (BONHA MO~

pusangun Cpe,Z[I:I). Ot KBa3su4vacCTULbI ABTAOTCA MOAaMU COOTBCTCTBYOIIUX KONmeOaHUH.

O0beMHbBIe celicMuYecKHe BOJIHbI. Upe3BEYaliHO Ba)KHBIM MPHUMEPOM BOJH B yII-
PYT'OM TBEPAOM TEJE ABIIOTCS CEHCMUYECKHE BOJHBI, BO3HUKAIOIINE B OrPaHUYEHHON 00a-
CTH IPOCTPAHCTBA (0Yare) pa3sMepoM B HECKOIBKO KHIOMETPOB U PaclpoCTpaHAOIHecs Ha
OTPOMHBIE PACCTOSHUS O] MOBEPXHOCTHIO 3€MJIH. DTH BOJHBI OBIBAIOT MOTIEPEYHBIMH {BOJI-
HBI CABUT'A) U IPOJOJIBHBIMU (CKATHA U PAa3peKeHHs) U MOT'YT IPOHU3BIBATH BCIO HALTY IUTAHE-
Ty. OT0 N03BOMAET (IOA0OHO PEHTTEHOBCKOMY aHAIH3y) UCCIEA0BATh BHYTPEHHEE CTPOCHUE
3emin. OTHM 3aHUMaeTCA OTAeNbHAS Hayka, Ha3bIBaeMas celicMonorueil. Jlonroe BpeMs ceii-
CMOJIOTHS, ONHUM H3 OCHOBarenell KoTopol sBisiercs pycckuil ¢usuk b.b. lommueH, 6puta
HayKoH 0 3eMJIETpACEHHAX U CeiCMUYECKHX BOIHAX. B HacTosMIee BpeMs celicMonorus 3aHu-

MacTCAa aHAIU30M pa3HOO6pa3HBIX ,Z[BI/DKCHI/Iﬁ B 3€MHOU TOJIIIE.
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CKOpOCTh MPOAONBHBIX BOJH NPUOTH3UTENBRHO B 1,7 pa3a GoJbIIe CKOPOCTH MOTIe-
PEYHBIX, [IO3TOMY 3TH BOJHBI PETHCTPUPYIOTCS HA celicMOrpaMMax MocIea0BaTeIbHO: BHAYA-
Jie mpuxoaAT 6osee GBICTPBIE NPOAOIBHBIE (IEPBHYHBIE), KOTOPBIE HA3BIBAIOTCS P-BOJNHAMH, &
MIOTOM IIOTIEPEYHBIE (BTOPUYHEIE), HAa3bIBaeMbIe s-BOTHAMU. KpoMme Toro, ceficMorpadel peru-
CTPUPYIOT U 3aMETHBIN (DOH, HITH IIYMBI, CBA3aHHBIE KaK ¢ pabOTOlH NPOMBIIITEHHBIX YCTAHO-
BOK U TPaHCTOPTA, TaK U C CEHCMUYECKUMH BOJIHAMH {MHKPOCEHCMaMH), FeHEPUPYEMBIMH
IITOPMaMH M BOTHEHHEM B OKEaHaX.

Eciru OBI CKOPOCTH P- U $-BOJNH B 3eMJI€ HE MEHSITUCH OBl ¢ MTYOWHOH, TO BOJHEI
PacIpoCTpaHsuIUCh OBl M0 MPAMBIM JIMHUAM (TIPSIMBIM CeHcMHYECKHM Jrydam). B netficTBu-
TENBLHOCTH CKOPOCTH MPOJONBHON €, M IONEPEUHOH ¢, BOIH BO3PACTAIOT C MOTPYKEHUEM B
Henpa 3eMiTd, 33 HCKITFOYeHHeM HeGombIIoi 30Hb! Ha nryOuaax S0-250 kM. [TosTomy ceticmu-
YECKHE YU UCKPUBIAIOTCA. B ceficMOnorum 3KcrepuMeHTaIBHO ONPeNeIoT ronorpad —
BpeMs T mpodera celHCMHYECKHX BOJIH KaK (DYHKIHUIO 3MULEHTPANBEHOTO paccTosHUS A (pac-
CTOSIHUSA B TPalycax WIH KHIOMETPax Mo Ayre GOJbIIOro Kpyra MeXay 3MULEHTPOM U IpHeM-
HUKOM BoiH; 1° = 111 km). SIcHO, uTo QyHKIHUS T ="T(A) CBA3aHa C paclpeIesieHneM CKOpOC-
TH BONHBL () ( / — TryOMHA), U MOUCK 3TOr0 pactpedeeHus MPEACTaBIsgeT HHTEPEC MPH
HCCIEeIOBAaHUN BHYTPEHHETO CTPOEHHS 3EMITH.

Ha puc. 5.1 mokasaHsI ITyTH P-BOJIH U YKa3aHO BPEMS UX PaclpoCTPaHeHNs B HEAPax
3emun OT 3MHUNEHTpa D 10 YCTAHOBIEHHOTO HA MOBEPXHOCTH NPHEeMHHKA. [IpeprIBUCTEIE JTH-
HUH (W30XPOHBI) YKa3bIBAIOT BpeMs IIPUXOAa P-BOIH B PA3IHYHBIE TOUKH 3€MHOH TOBEPXHOC-
TH. H3-32 HCKPHUBJIEHUS JTyYeH BOJTHBI HE MTONAAAI0T B OOIIUPHYIO 30HY TEHH.

HccnenoBanue 3aBHCUMOCTU CKOPOCTeH ¢, (£) U ¢ (¢) OT NIyOUHBI O3BOMNHIIO Clle-
JIaTh BBIBOJ, YTO 3eMJIS pa3lelseTcd Ha TPH OCHOBHBIE YacTH: KOPY, MaHTHIO U sapo. Kopa
OTIENICHa OT MAHTUHU Pe3KOU CeHCMHUUYECKON IpaHULIeH, Ha KOTOPOH CKauKo0Opa3HO BO3pacTa-

0T [UIOTHOCTB P U CKOPOCTH ¢, U ¢ . DTa rpaHulia Oblna OTKpHITa B 1909 I I0rociaBcKUM

P
ceficMonorom MoxopoBHUHYEM U HOCUT Ha3BaHUeE rpaHuLibl M. TonuHa neskalien BeIIIe rpa-
HULBI M 3¢MHO# KOPBI MEHSETCSA OT BETHYHHBI ~ 10 KM ( HOI CTOeM BOIBI B OKEAHUYESCKHUX
00MacTax) J0 HECKONBKUX JECATKOB KIJIOMETPOB B TOPHBIX PalioHAX KOHTHHEHTANBHBIX 00mac-
Tell. Huoke kophl B HHTEpBaNe 10

rmyOuH ~2900 KM pacmonoKeHa CH- 12

JUKATHAS 000NTOYKa, WIH MAHTHSA
30Ha TeHH
3emun. CymiecTBoBaHUe SApa C 8
TUTOTHOCTBIO, MPEBOCXOAALICH Cpe-
HIOIO [UTOTHOCTB 3eMIH ~ 5,5 r/cM?, 4
CleayeT U3 TOro (paKTa, YyTo IIoT-

HOCTB 3eMHOH KopeI (0T ~2,8 r/em® |

1
4 6 8 10 12 14 16 18
Bpems B MunyTAX —>

Puc. 5.1.

y rpanuToB 10 ~3,0 r/cM’ y Gasans-
TOB) CYIIECTBEHHO MEHBIIE 3TOM

cpeaHel MIOTHOCTH.
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§ Hapuc. 5.2
& w2
- 124 o MOKa3aHBl TyOUH-
2 Yy
= HBEIE 3aBHCHMOCTH
o [y
; CKOPOCTEHA pP- U S-
3
Z4 3. BOIH U Ha 6a3¢ 3TuX
3 BOJHA 5
g Easa= 3aBHCUMOCTEH Mpo-
=i e |
é _ : BeJEHO pa3bueHHe
8 4T I 3emun Ha TpH 00a-
£ : ctu. Takad monenb
2 Mantna —e— Aqpo ——>
=% I 3eMiIu Ha3bIBaeTCA
2 «— Bremnee —»<« BryTp. > .
O opa | KIIACCHYECKOM MOJIe-
0 2000 4000 6000 T neio Jixeddpuca—
I'my6buna B kM ———» Lentp I yrerGepra. OHa oc-
Puc. 5.2. 3eMIN  Tapanach HeH3MEH-

Hol 10 koHIa 60-x rogoB XX Beka. OCOOEHHOCTH U3MEHEHUS CKOPOCTEH BOJH C DIIyOHHOH
CBSI3aHBI C U3MEHEHHUEM CTPYKTYPBI 3eMHBIX mopod. [Ipu nepexone ot KopsI (TPaHUThL, 6a3alb-
ThI) K MAHTHH (YJITPAOCHOBHBIE TOPHBIE OPOBI) CKOPOCTH BO3PACTAIOT. YBETHUEHHE CKOPO-
cTeli pu NpUOIIKEHUH K SOPY CBA3aHO C HATHYHEM (PAa30BBIX HEPEX0A0B MHHEPANIOB B Gonee
IUTOTHBIE U JKECTKHE B MEXaHUYECKOM OTHOLIEHHWH KpUCTaIuTHYeckue Moauukauu. Iane-
HHUE CKOPOCTH P-BOJH MPHU MEPEXOe U3 MAHTHH B AP0 €CTh CIEICTBHE TOTO, YTO BHEIIHAS
YACTh AApa KUAKAA. SAPO COCTOUT B OCHOBHOM H3 Kele3a U HeGONbLIOH MPUMECH JIErKUX

3neMeHTOB. Bo BHeLTHEM AAPC MIaBHOEC BO3PACTAHUEC CKOPOCTH ¢, CBA3AaHO ¢ HAPACTaHUCM

P
JaBJIeHUS K LEeHTPY 3emMii. Bo BHyTpeHHEM sSpe CKOPOCTH P-BOJH HE MEHAETCSA, TaK KaK JAaB-
JIEHUE K LEHTPY 3€MJIH BO3PAcTaeT HE3HAUYUTENBHO. ECTECTBEHHO, YTO ONEPEUHBIE S-BOJTHBI
BO BHEWTHEH (KUAKOW) YaCTH AApa PaCpOCTPaHATHCS HE MOTYT.

B nocnennue rons! ObLTa BRISIBICHA JETANBHAS CTPYKTYpa MaHTHH 3emurd, Ha puc. 5.3
MOKAa3aHO pacipeleleHue CKOPOCTH ¢ (£) B MaHTHUH, U3 KOTOPOTO MOKHO CAENATh 3aKII0Ue-
HHE 0 e€ CTPYKType. 3eMHas Kopa U BepXHUi coll MaHTHH A0 ryOuHbl £ = 70 kM 0Opasyior
HapyXHYIO 30Hy — JUTOC]EpY, WIN JTUTOC(HEPHYIO TUUTY. DTa KECTKas IUTUTa PACKOIOTa
puMepHo Ha 10 GONBIINX IUTUT, IO TPAHULIAM KOTOPBIX PACIIONOKEHO ITOJaBISIOIee YHUCIIO
ouaroB 3emuerpscenuid. ITox xecTkol muTochepHor mMTol Ha rryburax 70 < £ <250 kM
PACIIOJNOKEH CIION MOBBIIEHHOH TEKy4eCTH, HasbIBaeMBIH acTeHoc(hepoi. H3-3a e€ mamoit
BsA3KOCTH (L~ 10% +10?! [Tya3) suTocdepHsIe IUINTHI Kak OBl IUIABAIOT B «aCTEHOC(HEPHOM
okeaHe» 3emin. B acteHochepe, rie Temneparypa BemecTBa OIH3Ka K TEMIEpaType IUIaBire-
HHA, CKOPOCTH BOJIH MOHMKeHBL. HauuHas ¢ £ = 250 KM CKOpPOCTH BO3PACTalOT U3-3a YBEIU-
yenns gapnenus. [pu £ =400 kM BO3pacTaHHEe CKOPOCTH €CTh PE3VIIBTAT (ha30BBIX MEPEXO-
0B (MUHEpaJbl OJUBUHBI MEPEXOAAT B IINHHENEBYI0 MOJU(UKALHIO), a Ha IIMyOuHaX
400 < £ < 650 kM cKOpOCTB BO3pacTaer u3-3a pocra Aasnenus. Ha rmybunax 650 < £ <700 kM
PAacIooKeHa BTopas 30Ha (Pa30BBIX MEPEXOI0B, OHAKO OCTAETCA OTKPBITHIM BOIIPOC O TOM,
KaK{e KOHKPETHO MEPEX0/Ibl OTBETCTBEHHBI 33 OBICTPBIN POCT CKOPOCTH.

Ha puc. 5.4 u3obpaxeH paspes 3eMITH, NOCTPOSHHBIA B COOTBETCTBUHU C COBPEMEH-

HBIMHU CEHCMUYECKIMU JAaHHBIMH.
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Puc. 5.4.
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ITpu pactipocTpaneHnH 00BEMHON CEHCMUYECKOH BOTHEI B TPEXMEPHOM CITy4yae am-
IUTATYJa YMEHBILIAETCA C PACCTOIHUEM T, IPOUAECHHBIM BOTHOH OT TOUEYHOTO HCTOUHHKA. YPaB-

HEHHE TAKOH BOJHEBI, HA3BIBAEMOH C(HepUIeCKOH, UMEET BHI;

s(r,t)= 20 g~ ginl e 1~ 2 || (5.9
r c

W3 3Toro ypaBHEHH BUAHO, YTO aMILTUTY/1A BOJHEI YOBIBAET, BO-IIEPBBIX, U3-3a €€ TeOMETPH-
YECKOr0 PACXOXKACHHSA BO BCE CTOPOHBI OT SIHULEHTPA; 3TO YOBIBAHHE MPOUCXOAUT OOPaTHO
MIPOTIOPLIMOHATEHO MPOHIEHHOMY BOJTHOH PaCCTOSHHIO . BO-BTOPBIX, aMIUTHTYa BOJTHBI YOBI-
BaeT W3-3a [ePEexo/a YacTH SHEPTUH BOTHBI B TEIIO BCJIEICTBUE HEUEANBHOH YIIPYTOCTH 3€M-
HBIX HEApP. DTO OCTA0NCHUE XapaKTepusyeTcs Kod(uImeHToM 3atyxanus o . Koadduruent
0. TPOTOPLHMOHANEH YacTOTe CeHCMHYECKOH BOJHEL, MOITOMY KOPOTKHE BOJHBI 3aTyXaroT
ObicTpee IMHHBIX. PacdyeT MokaseIBaeT, YTo 1 K03 (UIHUEHTOB 3aTyXaHHs S- U P-BOJH MO-
ryT OBITH 3aIMCaHbl COOTHOLIEHUS
o (M) ~1:107v (Tw); o (ew ') ~0,25- 1073y ()

YacToTel 00BEMHBIX CEHCMHUYECKUX BOJTH JIesKaT B HH(pa3BykoBoM auanaszoHe 0,1 I'm <v <10 I'o.
CrenoBarebHO, U1 BOJH ¢ 4acToTol V ~ 1 T’ yMeHbIIeHNne aMIUIATYABI B € Pa3 y MOHEePEedHOH
BOJIHBI IPOUCXOAUT Ha myTH ~1000 KM, a y MpomonbHOH BoHE — Ha My TH ~ 4000 kM.

ITomumo Gerymux BOJNH, B 00beMe 3eMITd MOTYT HaONIONaThCsA M CTOSYNE BOJHBI,
KOrJa BCS 3eMis KoneOnmeTcs, KakK eNoe, ¢ Pa3InYHbIMU YacTOTaMH, COOTBETCTBYIOIIUMHE
pa3nu4HbIM MozaM konebGanuii. KoHpurypanun 3THX MO OTHOCSTCA K IBYM OCHOBHBIM TH-
nam: ceporgabHEIE KoneGanus (HanGoIbIINi MepPHOX ~55 MHH., yacToTa ~ 3-10~* ') n
TOPCHOHHBIE (KPYTHIbHBIE) KoNeOaHud (HaubGonpmui nepuon ~44 MuH., 4acTOTa
~38- 107*r ). B HacTOsIICE BpeMS CHIEKTP 3TUX KONCOAHUN HACUUTHIBAET HECKOJNBKO ThI-

CAY SKCOCPUMECHTAIIBHO O6Hapy)KeHHI>IX HacToT.

IMoBepxHOCTHBIE ceiicMImyeckue BOaHbL. Hapsmy ¢ 00beMHBIMY, 110 3eMJIe MOTYT pac-
MIPOCTPAHSATCA U TOBEPXHOCTHBIE BOJHBL. JTH BOJHEI OBIBAIOT JBYX THIIOB U HA3BIBAFOTCS BOTHAMHA
Panes u JIssa. Oru ObUTH TEOpETHUCCKH Nipencka3ansl [k, Pameem B 1855 . u JIssom B 1911 & B
PaneeBckoli BOJTHE YaCTHIIBI FPYHTA CMELIAIOTCS B BEPTHKAIBHOH TUIOCKOCTH, OPHEHTHPOBAHHOH
BJIOJTb HAITPABJICHHUS PACIIPOCTPAHEHHUS BOJH, & TPASKTOPHHU MX JBIKEHHS MPEACTABISIOT COO0H
SIUTHTICHI (CM. JaJiee IPaBUTALHOHHBIE BOJHBI HA IIOBEPXHOCTH *KUAKOCTH). B Bonae JIsBa yacTuIp!
JBIDKYTCS B TOPH30HTAIILHOMN TIOCKOCTH MONEPEK HAPABIECHHS PACPOCTPAHEHNS BOTHBL.

JTMHBI MOBEPXHOCTHBIX BOJH A , BO30Y)KIAEMBIX MPH 3eMIETPACEHHH, JICKAT B HH-
TEpBaJIe OT AECATKOB JI0 MHOTHX COTEH KHJIOMETPOB. B MOBEPXHOCTHBIX BONHAX aMIUTHTYAA
yOBIBAET ¢ DIYOUHOM, U HA TIyOUHE £ > A KomeGaHus MAHTHU Maibl, [103TOMY ¢ MOMOIIBIO
TaKUX BOJH MOKHO HUCCIEI0BATH JIUIIB HAPYKHBIE CIIOU 3EMITH.

H3-3a nByMEpHOTO PacrpoCTpaHEHHU aMIUTUTYAA TOBEPXHOCTHBIX BOJIH YOBIBAET MeI-
neHHee (00paTHO MPONOPLUOHATBEHO Jr ), 4eM y 00BeMHBIX BONH. [T03TOMY Takue BOJHEI
MOTYT 10 HECKOJIBKO pa3 00erarb BOKPYT 3¢MHOro mapa. CKOpOCTh MOBEPXHOCTHBIX BOJH

3aBUCHUT OT YaCTOTEHI, T. €. OHHU o0nanarT J:[chepcneﬁ.
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BOJIH, aMILTUTYABI KO-
TOPBIX ONPEeAeTIeHHBIM 00pa3oM YOBIBAIOT ¢ TIyOHHON. BO3MOXKHEI MOBEPXHOCTHBIE BOJI-
HBI U ¢ IPYTHMH PaclpeacICHHIMHU aMILTUTY O T1yOuHe.

CelicMuYecKre BOJHBI MOXXHO BBEI3BATh MPH NOMOIIH B3pbIBa. HeGoMbIIHe B3PHIBEI
HCTONB3YIOTCS B HHXKEHEPHOU CeHCMONOTHY A7 MPOBSACHUS PAa3BEIKH MONE3HBIX UCKOMAS-
MBIX (He()TH, pyasl, Ta3a U T. 1.). [log3eMHbIe SIepHbIe B3PBIBEI CO3AAF0T HHTCHCHBHEIC BOJ-
HBI, KOTOPBIE MOKHO PETHCTPUPOBATh HA JIFOOBIX PACCTOSHHUAX. JTO JAET BO3MOKHOCTH Ha-

ACKHO NPOBOAUTH KOHTPOJIb HaO MOA3CMHBIMA AACPHBIMUA HCTIBITAHUAMH.

BoJiHBI B 5KHIKOCTAX U ra3ax. B JKHIKOCTIX U razaX BO3MOXHBI JIUIIH Ae(hOpMaIiiu
CKATHA U PACTAKEHHS, TOITOMY B HUX MOTYT PacpOCTPAHATCS TONBKO MPOIOTBHEIE BOIHEL.
XoTa MBI paHee U PACCUHTHIBATH CKOPOCTH PACHIPOCTPAHEHHS BO3MYIIEHUN B ra3e, TEM He
MEHEE BBIYUCIHM CKOPOCTE PACIPOCTPAHEHHS POAOIBHBIX BOJIH ¢ UCHOMB30BAHUEM BOITHO-
Boro ypasHeHus. [locnennee MoskeT OBITh MOMTy4YeHO U3 (4.74), B KOTOPOM G, CleIyeT 3aMe-
HUTH BENMUYHHON —Op = py — p , Te P — JaBIEHUE B BONHE, P, — PABHOBECHOE NABTEHHE B

cpene, 6]7 — BOSMYILLUCHUEC OAaBJICHUA. Torz[a MBI MOKEM 3aIIUCaTh

2
S = [Bp(x 45, ) + Sp(. S 5.5)

Uro6sl u3 (5.5) NOXYyYHUTH BONHOBOE P4

YPaBHEHHUE, HGO6XO,Z[I/IMO 3HaTh MaTCpUaJIbHOC

YPaBHEHHE CPEIbI p

P=p@). 6

KauecTBEeHHO 3Ta 3aBUCUMOCTD H306pa—

skeHa Ha puc. 5.6, [Tpu oueHb MaNBIX BO3MYIICHHU-

AX IIIOTHOCTHU |5p| <<Py 4 JaBICHUA ‘5}7‘ << py po\_ 8p P
u3 (5.6) momyyaem: Puc. 5.6.
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sp=| 2| .5p=cp. .7
dp Po
¢ BBCACHO 0603Ha‘ieHI/Ie
A (5.8)
dp Po

C yuetoM (4.69) u (4.72) Bo3MylLeHHs IIOTHOCTH Op B (5.7) CBA3AHBI CO CMEILECHH-

€M § COOTHOIICHHUCM!

os
dp =—¢€p, :_Poa_' (5.9)
X
CrenoBarensro, (5.7) npuMeT BUI:
os
& =—poc’ —.
P =—PoC . (5.10)

Ioacrapnas (5.10) B (5.5), 3amuceiBas dm =p,Sdx U nepexoas K mpeaery Mpu

dx — 0, moIyYuM BOTHOBOE yPaBHEHUE

2 2
d°s _ 02 d°s
Wl e
ot ox
U3 KOTOPOro ¢pa3y BUAHO, YTO CKOPOCTE BOJHBI 337a€TCS BhIpakeHueM (5.8) U He 3aBUCHT OT

(5.11)

YaCTOTHI (IUCTIEPCHS OTCYTCTBYET). ECTECTBEHHO, UTO C TAKOH CKOPOCTBIO PACHIPOCTPAHSIIOT-
¢S BOJTHEI ¢ JUTHHOM BOJIHBI 2, , IPEBOCXOAMALIEH AMMHY CBOGOAHOIO mpobera MOJEKY B rase
TN MEKaTOMHBIE PACCTOSHUSA B XKHUAKOCTAX /. B 3TOM ciydae >KHAKOCTB U Ta3 MOT'YT pac-
CMATPUBATBCA KaK CIUIOIIHBIE Cpedbl. Jisi BONH BBICOKUX YaCTOT, KOrAa A ~ £, BOSHUKAET
JIUCTIEPCHA, 3 BOJIHBI ¢ JTUHOH A < / pacipoCTpaHATHCA BOOOIE HE MOTYT.

VIpyrue BONHBI B SKHIKOCTIX U ra3ax, KaK, BIIPOYEM, U B TBEPIOBIX TeNaxX, HA3bIBAIOTCS
aKyCTHYECKUMH, a Pasaen (PU3UKH, KOTOPBIH UX H3y4aeT — aKyCTHKOH. YacTOThI 3THX BOJH Jie-

AT B IMANa30He oT Jonei repua (uHdpassyk) 10 1013 'y (runep3syk). DTHM YacTOTaM COOTBET-
CTBYIOT JJIMHBI BOTH A, OT JECATKOB KIJIOMETPOB JI0 HECKOIBKUX aHICTPeM. 3HaUEHHA CKOpPoCTei

(ha30BBIX U FPYNIOBEIX ) AT PA3HBIX CPE JISKAT B TUANA30HE OT JOJEH A0 AECATKOB KM/C.
Jis Bo3myxa MarepuansHOe ypaBHeHHE (5.6) ABIAETCS ypaBHEHHEM aanabaTel U B

AKyCTHKE OOBIYHO 3aIUCHIBAETCA B BHIEC (CM. TAaKXKe MpeabLayIIHe J'IeKI.[I/II/I)Z

pP=po|— |, (5.12)
Po

e Y=c, / ¢y — nokaszarens aquadaTel

Toraa u3 (5.8) ckOpoCTh BOJIHBI (B aKyCTHKE YIOTPEOISIOT TEPMUH «CKOPOCTH 3BY-

c= /y& - /YE, (5.13)
Po u

Ka») B ra3e MojydJaercs paBHOH

roe | — MOJApHadg Macca rasa.
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CKOpOCTB 3ByKa 3aBHCHT, TAKHUM 00Pa3oM, OT poAa ra3a U MO MOPSAKY BEIHUYHHEI
COBIMAJAET CO CPEIHEH CKOPOCTHIO TEILIOBOIO JBIKEHUS MOJEKYIL.
JLis1 JKUKOCTH MaTepHaTbHBIM YPaBHEHHEM SBIISETCA OMYIMITUPUIECKOE ypaBHeHUE TeTa:
r

p=pull & | -1]. (5.14)

0
[ae p,, — XapakTepHOoe BHYTpeHHee AaBleHue, 00YCIOBICHHOE MEKMONEKYISIPHBIM B3au-

MOAEHCTBHEM (OHO COCTABIIET Ul GONBIIHUHCTBA KUIKOCTEH 0€3 My3bIPHKOB H Pa3IUYHBIX
BKJTFOUEHHH HECKOJIBKO ThICSY atMochep). [Tapamerp I” uMeeT mopsiIok HECKOTIBKHUX €AMHHUIL
(sanpumep, s Boasl ['= 7).

B Tabnuie npuBeaeHB! 3HAYECHHUS CKOPOCTH 3BYKa, H3MEPEHHBIE B HEKOTOPBIX ra3ax
(npu Temneparype t = 0°C) 1 KUIKOCTAX.

N
Bonmopon 1265 Bopa (¢ =20°C) 1490
Iemmti 965 Orun. compr (¢ = 20°C) 1180
Asor 334 Bopopon (+ =-252°C) 1127
Bosayx 331 Kucmopon (+ =-183°C) 911
Kucmopon 316 Azor (t =-196°C) 867
YraekucnoTa 216 Tlemii (¢ =-269°C) 180

JHeprus, NepeHoCHMAas 3BYKOBO# BOJIHOH. IHTEHCHBHOCTE 3ByKa 3aJaeTcs
dopmynoti (4.65)

I:%cpomzsg (5.15)
W IPOMOPLIMOHANTBHA KBaApary 4acToTsl. [ToaToMy mpu nepexose B 001acTh BBICOKHX YacTOT 00-
JervaeTcs 3a1a4a norydeHus GOMbIIHX HHTEHCHBHOCTEH, HeOOXOIUMBIX, HaOpUMep, 1 Habmro-
JEeHUS HeTUHEUHBIX 2(h(DeKTOB (CM. CIeAYIONYI0 TeKLHI0). B 3aBHcHMOCTH OT pelnaeMot 3a1auu
B aKYCTHKE HCTIONB3YFOTCA BOTHBI ¢ HHTEHCHBHOCTBIO 0T 108 Br/em? o 100 Br/em?,
Jis mpakTUYeCKUX LieNed HHTEHCUBHOCTD / BRIPAXKAIOT Yepe3 BO3MYLIEHHUE daBiie-
HUs Op , KOTOPOE Ha3hIBAKOT TAKAKE «3BYKOBBIM JaBieHHEM», Haubomee IpocTo Takyro 3aBH-
CHMOCTB MOXHO MOMYunTh U3 (5.15) mpH yuete, 4TO aMILTUTYIa CKOPOCTH KONeOaHUH YacTHL
vy = 05, . C apyroii CTOPOHBI, B COOTBETCTBUH C aKyCTHYECKHM 3akoHOM OMa (popmymna (3.53)
B JIEKLIUAX N0 MEXaHHUKE CILTOLIHBIX CPell) 3T CKOPOCTH PaBHA

)
vy =P (5.16)
Poc
e (8p), — aMmIuTyna KonmeGaHui BO3MyIIeHUH naBnenns op . [Tosromy
1 (dp);
=10 (5.17)

2 poc
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BEINOTHUM HEKOTOPBIE MPOCTHIE OLICHKH.

1. BOnu3u cTpyw rasa, BEITEKAIOIIEH U3 COIUIA PEaKTHBHOTO JBUraTeNs CaMoJeTa,
aMIUTUTY A Kone6Ganuii 3BykoBoro nasneHus (9p), =300 Tla (BcmoMHuM, 4TO P = 10° Maun
(9p)y << py . Takoe maBneHHUe HAXOOWTCA Ha mopore GomeBoro ommymeHns (cM. ganee). Io-

CKONIbKY aKYCTHYECKOE BONHOBOE COMPOTUBIEHHE BO3AyXa z=pyc=41 cm ¢!

, TO
vy =73 cm/c. Ecnu npuHATE, YTO 9acToTa V = 10° I'y (X0T4 U3 TypOWHBI HCXOOUT MHOTOYAC-
TOTHBIA ITYM), TO AMILTUTYAA CMeIleHns So = ¢, /27v = 0,01 cm.  Takum o6Gpasom, cMere-
HUE YACTHIl BO3yXa AaXKe MPU TAKOM CHIIBHOM 3BYKE OKA3bIBAETCA MAJIbIM.

2. 3ByKH Ha TIpeeNe CIBIIHMOCTH Ha yacToTe vV =10 I'i[ (yX0 4eToBeKa BeChMa
IYBCTBUTEIBHO K 3TOH Y4CTOTE ) UMEFOT AMILTUTY/TY 3BYKOBOTO JIaBNICHUS (p), =2 - 107 Ila,
a CMEIIEeHUE YacTHll Bo3nyxa s, = 0,8 107 cM. YMECTHO 3aMeTHTb, UTO COBPEMEHHBIE METO-
JIbI U3MEPEHHUS CMEIIEHHUH B MIPUHIIAINE JAI0T BO3MOKHOCTD 3apErHCTPUPOBATh KOJTEOaHUS C
aMIUIUTYAOH $q ~ 1071 oM.

3. B ynbTpa3ByKOBBIX BOJNHAX C YaCTOTaMH MOPAAKA HECKOIBKUX MErarepl HHTEH-
CHUBHOCTH MOTYT JOCTUIaTh HECKONBKUX COTeH BT/cM?, a ¢ HCMONMB30BaHHEM (hOKYCHPYIOLIHX
yCTpoiicTB — aaske Gomee aecsaTka KBT/cM?. DTo MPHBOAKT K MOSBICHHIO OFPOMHBIX YCKOpE-
HUM 9acTHIl Cpellbl, B KOTOPOU paclpocTpaHieTcs yibTpa3BykoBasd BonHa. Hanpumep, npu
PacupoCTPaHEHHUH B BOJE BONHBI C YACTOTOH V = 10° T'u 1 ueTeHCHBHOCTBIO ] = 100 Br/cv2
AMIUTUTYa YCKOPEHUS g = 0)2s0 , cornacHo (5.15), noryuaerca paBHOU

ay =@ 2 6,3:10° emc? ~10° g, (5.18)

Po
YTO HA IATH NOPAJKOB IPEBOCXOAUT YCKOPEHNE CBOOOAHOIO NaIeHUs g. Y UET MOABICHHS
TaKUX TPOMAJHBIX YCKOPEHHH 0COOSHHO BaskeH B OHOIOTHYECKUX HCCIEA0BAHUAX C MPH-

MEHEHHUEM YIBTPA3BYKA.

IMornomenue 38yka. Hamuure BA3KOCTH U TEILIONPOBOAHOCTH CPEABI IPUBOJUT K
noTepe SHEPrHU 3ByKOBOM BOJHBI, U 3T4 SHEPrHUsl PACXOAYeTCd Ha HAarpeBaHHe cpeabl. BomHa
naenenus Op(r,t), a TakKe BONHBI cMewIeHus s(r,f) U ckopoctu z(r,t)=0ds/0dt 1o Mepe
PacpoCTpaHeHUs 3aTyXaoT. 31eCh F — PaAHUYC-BEKTOP, 33 JA0MINH HOI0KEHUE TOYKH B TPEX-
MEPHOM MPOCTPAHCTBE, B KOTOPOH (DUKCHPYIOTCSA BO3MYLICHHS aBIEeHHS, CMEIIEeHHE YaCTHII
U UX CKOPOCTh. B cltyuae rapMOHHYECKOH BONHBI, PACIIPOCTPAHSAIOIIEHCS MO OAHOMY HAIPAB-

neHuto (Broib ocu Ox), BOMYIIEHHs JABJIEHHS 3aITUCBIBAIOTCA B BUE

- X

ax .

Op(x,t) =(dp)ge " sin t—; , (5.19)
rae O — Ko3(QHUIMEHT 3aTyXaHus. DTO ypaBHEHHE XapaKTEPU3YET IIOCKYIO BOJIHY (BO3MY-
meHne Op B IUTOCKOCTH X = const OMHaKoBo). B 3TOM cilyuae OTCYyTCTBYET reOMETpUYECKOE
PacXoKIeHHe BOTHEL AMILTHTY/A 3Toii BONHEI (3p)ge " 3KCHOHEHIUANBHO YObIBAET C MPOii-

JEHHBIM paccTosHUeM. B cootBeTcTBHU € (5.17) HHTEHCHBHOCTD BOJIHEI paBHA
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1 (3p)2 _ _
] :——( P)O e 20 :]Oe ZOOC, (520)
2 poc
1 (3p)3
rae ] 0= _p— — HaYaJIbHAs1 UHHTCHCHUBHOCTH BOJIHEI. ECJ’II/I npeHe6peqL HOTepHMI/I, CBA3aHHBI-
Oc

MH C TCIUIONPOBOAHOCTHIO, TO KOZ‘)(IJ(IJI/H.I,I/ICHT Ol , COMMaCHO r’UAPOAUHAMUKE, OKA3bIBACTCA PaBHBIM

2
4 o

BEYNE)

32pgc )

rac uv — BA3KOCTb JKHMAKOCTHU MUK ra3a. Baxno OTMETHUTH, YTO o~® ., 3TI/IM O6’LHCHH€TCH

(5.21)

]

TOT (DAKT, YTO Pe3KUil 3BYK BBICTPENA WU LIETUKA KHYT4, B COEKTPE KOTOPOrO MPUCYTCTBYET
MIHPOKHUE HAGOP YACTOT, MO Mepe PaclpoCTPaHeHHs TpaHCHopMupyeTcsa B Goliee MATKUIA,
MOCKONBKY B CHEKTPE OCTAIOTCA MPEUMYIIECTBEHHO HU3KHUE YACTOTBI, 3aMETHUM, YTO MOLNIO-
IIEHHE 3BYKA B BOJIE CYIIECTBEHHO MEHBIIE, UM B BO3JYXE, 4 B TBEPABIX TENAaX €€ MEHBIIIE,
yeM B Bojie. QUeHb HU3KUM MOMIOIIEHHEM 3BYKA OTIHYAIOTCSA TaKUe KPUCTAILIBI, KaK candup,
TOMa3, 0PI, HUOOAT TUTHS U APYyTHE.

B 3akiroueHre OTMETHM, YTO MOTIOIIEHHE 3BYKA ABIAETCA [IABHBIM MPENSITCTBUEM,

OrPaHUYHBAOIIAM NPUMECHCHUC MHOTUX MAaT€PHATTOB HA BBICOKHX YacTOTax.

HM3nyquarenu 3Byka. [IpuMeHseMble B aKyCTHKE HU3ITy4YaTeNld YOPYTHX BOJH MOXHO
MIOAPa3IeNUTh HA 1Be GOJBIINE TPYIIIBL.

K nepBoii oTHOCATCA H3MyYaTeIH-reHepaTopsl; KOTeOaHus B HUX BO30YKIAFOTCS U3-
32 HAJTMYHsA MPEMsITCTBUSA HA ITyTH MOCTOSHHOTO MOTOKA I'a3a HIH JKUAKOCTH (CHPEHBI, CBUCT-
Ku, reHeparopsl 'aprmana). Takue reHepaTtopbl IPUMEHSIOTCS B OCHOBHOM B THAIIa30HE 4ac-
ToT 10 30+ 40 xI'u. OHH OTIHYAIOTCH BBICOKUM KO3 (UIIHEHTOM NpeoOpasoBaHus KHHETH-
YeCKOH SHEPIHH CTPYHU B aKyCTHUECKYHO (10 50%), MPOCTOTON KOHCTPYKIMHU U 3KCILTyaTalHH,
JemeBu3HOH. IHTEHCHBHOCTD 3BYKa B HEMOCPEACTBEHHOU GIIM30CTH OT H3ITydarens MOXET
nocturats 10 Br/cm?. K HenocTaTkaM 3THX H3TyyaTeneii OTHOCATCS IIMPOKHI CTIEKTp U3MTy-
YaeMBIX YaCTOT, HECTAOHIBHOCTE U3ITy4aeMOH MOIIHOCTH, HEBO3MOKHOCTD MTOTYYEHHS 3BY-
KOBBIX KONeOaHUU 3aaHHOU (hOPMEL.

Bropyto rpynmy usnmydareneid COCTaBIAIOT 3JEKTPOaKyCTHIECKHE MPeoOpa3oBarTey.
CBoe Ha3BaHUE OHH MOTYYHIH OTTOTO, YTO IPe00pPasyoT MMEKTPHIESCKHE KOIEOAHUS B MEXaHU-
YECKHE KOJeOaHNs1 KaKoro-JnO0 TBEPIOTO TeNa, KOTOPOE U H3TYYaeT B OKPYKAIOILLYIO CPEMY aKy-
cTrueckre BONHBL. Hanbonee pacnpocTpaHeHHBIE HIEKTPOaKyCTHIECKHE ITPpeobpa3oBaTeny, Ta-
KH€, KaK MEKTPOIUHAMHYECKUE H3Ty4aTelld, MATHUTOCTPUKIUOHHBIE U MbE303TEKTPHYECKUE
peoOpa3oBaTelTH, IPEACTaBIAOT COOOH IMHEHHBIE YCTPOCTBA, Onaroaps ¥eMy OHH BO30Y /13-
0T aKyCTHYIECKYFO BOJTHY TOH e (POPMBI, UTO H 3TEKTpUIecKui curHai. Kpome Toro, 3tu ycrpoii-
CTBa OOPATHUMBI, TO €CTh MOTYT PabOTATh U KaK H3JTy4arTelH, U Kak PUeMHHKH 3BYKA.

B nuana3soHe CABIIUMBIX YACTOT [IUPOKOE PACIPOCTPAHEHHE MOy YUIH HTEKTPOIU-

HAMHUYCCKHUEC HU3JTYyUaTe/Id, IPUHLAI ﬂeﬁCTBHH KOTOPBIX OCHOBAH Ha B3aHMO,Z[€I>iCTBPIPI nepe-
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MEHHOTO JTEKTPUIECKOr0 TOKA C MArHUTHBIM ITOJIEM (Tene(OoHbL, IPOMKOroBopHuTeIH). B Mar-
HUTOCTPHUKLHOHHBIX [TPe00pa3zoBaTeax HCHONb3yeTcs 3 (heKT MAarHUTOCTPUKLIUHE — Aedop-
Malyy TBEPAOrO TeJIa B MATHUTHOM TIOJIE.

B ynBTpa3ByKOBOM U FHMNEP3BYKOBOM AHANA30HAX (0 10° T 1) Haubosee MHPOKO
MIPUMEHSIOTCS bE303TEKTPUIECKHUE MPe00pa30BaTeIy, IPUHIIKI ASHCTBUS KOTOPBIX OCHOBaH
Ha 00paTHOM Mbe303¢(heKrTe — neopManyy Tela MNox AeHCTBUEM SIEKTPHIESCKOTO MOJS.

Ha puc. 5.7 cxeMaTHYHO NOKA3aH MPOCTEHIIH peoOpa3oBa-
TeJb, OCHOBY KOTOPOTO COCTABIIAET MbE30IUTACTHHKA, BEIPE3aHHAS CIIe-
HUATBHBIM 00pa3oM W3 MOHOKPHCTAJIa KBapla, HHoOara JUTHA

(LiNbO;) unu npyroro neesomarepuana. K npoTUBONONOKHBIM OBED-

—»74— XHOCTSIM ILUTACTHHKH (OOBIYHO METAJUTU3UPOBAHHBIM HIIH MOKPBITHIM
O ~ O METATNYECKUMH JJIEKTPOJAMH) TPUKITABIBAETCA IEPEMEHHOE HAIPS-
U sxenue U ¢ yactoroii v. TommuHa minacTuHky ¢ OyIeT NpH 3TOM HepH-

Puc. 5.7.

OOUYCCKH U3MEHATHCA C TOU K€ ‘{aCTOTOﬁ, MMPUYEM 3TO U3SMCHCHUEC HE
MPEBOCXOANUT HCCKOJIBKUX MUKPOH. BI/I6pI/IpyIOH.[I/Ie MOBCPXHOCTHU IITACTUHKU IPUBOOAT B ABH-
JKCHUC COHpPIKaC&IOH.[HﬁCH C HUMHU BO3OYX. Haubonsmas AMIITUTYaa KonebaHuit 6yz[eT napu

PE30HAHCE, KOraa Ha TOIIUHE b4 YKIaABIBACTCA HEUCTHOC YU CIO MOTYBOJH:

A
fznT”; n=135.. (5.22)

OTMCTI/IM, YTO OpHA Y€THOM 7 HA 3ICKTPOAax BOIHUKIIA OBl SNICKTPUICCKUEC 3apAaabl

OOHOI'0 3HAKa, YTO HCBO3MOXKHO. Pe3oHaHCHBIE YaCTOTHI NOJYYIarOTCA PaABHBIMU

v, =—=2¢ (5.23)
A, 2

Hampumep, ans nbe30KBapLia NpH CKOPOCTH OPOTONBHBIX BONH ¢ = 5700 M/c U TOI-

IIMHE UIACTUHKU £ =1 MM PEe30HAHCHBIE YaCTOTHI PABHBI
v, =n-2850 kl'm. (5.24)

HauGonpryro aMmuinTyay koneGaHuN UMeeT BOJIHA OCHOBHOM 4acToThI (7 = 1), mo-
3TOMY MbE30U3MyYaTeNH IPUMEHSAIOTCS, KaK MPABHUIIO, HA OCHOBHOH YaCTOTE.

Ha yacToTax 10 HECKONBKUX Merarepll IIHPOKOe PactpoCTpaHeHHe NOMYYUITH Tpe-
obpasoBatenu u3 nbe3okepaMuku. [Ibe30kepaMuKa MpeacTaBasgeT coboli HOMUKPUCTATTHYEC-
KHH CErHETONEKTPUYECKUM MaTepuan (TBepable pacTBopbl Ha ocHoBe BaTiO;-CaTiO;,
PbTiO;~PbZnO; u apyrue), obnaparomuii nocne NoNIpU3aLUU B SIEKTPUIECKOM TIONE YC-
TOUYHBBIMH U CHIBHBIMH MbE30TEKTPHISCKAMU CBOMCTBAMHU. 3 MbEe30KEPAMHUKH MOXHO
U3TOTABIUBATH U3NYUATENN CaMOU pa3HOi HOPMEI (B BHAE IIACTHH, CTEPXKHEH, KOTeL| U TaK
nanee). C NOMOIIBIO NpeoOpa3oBaTenei chepryuecKor WiIH LITHHAPHYECKOH (hOPMBI [OTy4a-
0T C(HOKYCHPOBAHHBIH YITBTPa3BYKOBOM MYYOK, B JOKYCE KOTOPOrO HHTEHCUBHOCTD 3BYKA J0-
cturaer 10° +10° Br/em?.

Ha uactoTax nopsiaka JecsTkoB U COTEH Merarepl TONIHHA ¢ CTAHOBUTCH HACTONBKO Ma-
JIOH, YTO W3TOTOBUTH MPE0OPa30BaTENb MOKHO JIUIIE B JKECTKOM COSAHHEHHHN CO 3BYKOIPOBOIOM —

MAaCCHUBHBIM KYCKOM 3BYKOIIPOBOAALLICTO MaT€pUaia. Batom CITyJae Ha XOpOLIO OTHOTAPOBAHHY IO [10-
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BEPXHOCTH 3BYKOIPOBO/IA HABUTAETCS METAIITNYECKAs! IUTEHKA (OIMH HEKTPOH), K KOTOPOH IPHBApH-
BaeTCs TONCTAS (MOPAIKA | MM) IUIACTHHKA [The30EKTPHUKA. 3aTeM 3Ta [UIACTHHKA COUTH(OBBIBACTCS
JI0 HY>KHOU TONMUHEI £ , IOCTIE Yer0 HA He€ HAHOCUTCA BTOPOH 3IEKTPO.

Ha vactorax mopsaaka 1 I'T'n TonmmHa nbe30npeo0pa3oBaTens COCTABNIET £ ~ 1 MKM.
HzroroBnenue Takux npeoOpa3oBaTeel MPeACTaBlIseT CEPhbE3HYI0 TEXHOIOTHIECKYIO MPOo-
Gnemy. B 53ToM yacTOTHOM JHaNa30He MPUMEHSAIOTCS IUIEHOYHBIE Peo0pa3oBaTelty, MomyJae-
Mbl€ HAIbUIEHHEM Ha TOPELl 3ByKOITPOBO/A MbE303TEKTPUUECKUX IUIEHOK U3 TaKUX MaTepHa-
108, kak CdS, ZnS, ZnO u apyrue. CoBpeMeHHbIE TEXHOIIOTHH ITO3BOJIAIOT CO3/1aBaTh MPeod-
pasoBarei ¢ KO3 (HUIUEHTOM NPe0OPasoBaHUs IEKTPUIECKOH SHEPTUH B AKyCTHIECKYIO 10

90% U MOIIHOCTBIO BOIHEI, JOCTUTAIONIEH HECKOMBKUX BATT.

IMpumeneHne aKyCTHIECKHX METONOB. )11 COBPEMEHHOTO YPOBHS Pa3BUTHS aKycC-
THKH XapakT€PHO YPE3BbIYAHHO IIHPOKOE MPUMEHEHHE aKyCTHIECKUX METOIOB JUTS PEIICHUS
Pa3HOOOpa3HbIX 3a/1a4 HE TOJNBKO B (PU3HKe, HO TAKKe U B HH(OOPMALIMOHHOW B U3MEPUTEb-
HOH TEXHHKE, IPOMBIIIIIEHHOCTH, MEAULMHE, OHOJIOTUH, BOSHHOM JIeJie U T. [I.

ITepBoe (B mOpsIKE HCTOPUYECKOTO CTAHOBIEHHS ) BAKHOE IIPUKIAIHOE HATpaBie-
HHUE B aKyCTHKE CB3aHO C MOJyYEHHEM IPH HOMOIIN aKyCTHYECKHUX BOJH HH()OPMALIUH O
CBOWCTBAX U CTPOSHUH BEILECTB, O NPOUCXOAANINX B HUX npoueccax. [IpumeHsemble B 3THX
CITydasiX METOIBl OCHOBAHBI Ha U3MEPEHHH CKOPOCTH PaclpoCTpaHEeHUsd U KO3((HUIIEHTa
MOITOMIEHH YIBTPa3ByKa Ha Pa3HBIX YaCTOTaX ( 10* +10° TuBrasax u 10° +10" I'u B xux-
KOCTSIX U TBEpABIX TeNax). Takue uccieoBaHuA TO3BOJAIOT HOTy4YaTh HH)OpMALUIO 00 yII-
PYTHX U MPOYHOCTHBIX XaPAaKTEPUCTHKAX MATEPHAJIOB, O CTEHNEHH HX YHCTOTH M HAJTHYUH
MIpUMeECeH, 0 pasMepax HEOAHOPOAHOCTEH, BBI3BIBAIOIINX PACCESIHUE U MOMIOIIEHHE BOJH,
u T. 1. bonbinas rpynna Metogos 6azupyercs Ha 3¢ (eKTax OTpaKeHHs U PaCcCesiHUA YIPYTrUX
BOJTH HA TPaHHULIE MEXAY Pa3UYHbIMU CPEAaMHU, YTO O3BOJAET OOHAPYKHUBATH IPHCYTCTBHE
HWHOPOIHBIX TN U UX MECTOMOIOKEHHE. DTHU METOABI JIEKaT B OCHOBE TAKUX HAIIPABICHUH,
KaK CHIPOJIOKALHS, HEpa3pyIIaOMIHi KOHTPOIb U3AETHH U MaTepUAIOB, MEIUIIMHCKAS IHAT -
HocTuKa. [IpuMeHeHHe aKyCTHYECKOH JIOKalUU B THAPOAKYCTHKE HMEET UCKIIOUNTETBHOE
3HAYEHHE, [TOCKOIBKY 3BYKOBBIE BOJHBI SIBIIAIOTCS €JUHCTBEHHBIM BHAOM BOJIH, PaclpocTpa-
HAIOUIUXCSA HAa OONBIINE PACCTOSHUS B €CTECTBEHHOH BONHOU cpene. Kak pa3HOBUAHOCTH Ae-
(heKTOCKONHH, HPOKO IPUMEHIEMON B TPOMBIIUIEHHOCTH, MOKHO PacCMaTpHBaTh YJIbTpa-
3BYKOBYIO JHArHOCTHKY B MeauLuHe. Jlaske npu HEOOIBIIOM Pasiiiiny B ILIOTHOCTH OHOTIO-
THYECKUX TKAHEH MPOMCXONT OTPaKEHHE YIBTPa3ByKa Ha UX rpaHunax. [Tostomy yierpa-
3BYKOBas JHATHOCTHKA MO3BOJISIET BBIABIATH 00Pa30BaHU, HE 0OHAPYKHBAEMBIE C [IOMOIIIBIO
PEHTT€HOBCKHX JIydeil. B Takol AnarHOCTHKE HUCIIONB3YIOTCS YaCTOTHI YIIBTPa3ByKa HOPsIIKa
10’ T 11; HHTEHCUBHOCTB 3BYKa ITPH 3TOM He Tpesbimaet 0,5 MBT/cM?, UTO CUHMTaeTCs BIOTHE
Ge3omacHeIM A7 opranu3Ma. B HacTosiee BpeMs pa3BuTHe Ae()eKTOCKOIHY MPUBETIO K CO-
3[JaHHIO aKyCTHYeCKOH ToMorpaduu. B 3Tom MeTone ¢ moMomipio Habopa IPUEMHUKOB YIIBT-

Pa3sByKa HJIA OOHOTO CKAHUPYIOLICTO MPUCMHUKA PErUHCTPUPYIOTCA YOPYITUeC BOJIHBI, PACCCH-
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BaeMbl€ B Pa3sHBIX HalpPaBIEHUAX, & 3aT€M C HCIONBb30BAHUEM KOMITBIOTEPHOH 00paboTKH
CUTHAJIOB Ha 3KpaHe Auciuies hopMupyercs 00beMHOE H300pakeHHe BHYTPEHHEH CTPYKTY-
PBI HCCITEAYEMOTO 00BEKTA.

JpyruM BasKHBIM MPHKJIAJHBIM HAOPaBICHUEM aKyCTHKH SBIAETCS aKTHBHOE BO3IEH-
CTBHE YIBTPa3ByKOM Ha BellecTBO. Takoe BO3AEHCTBHE MUPOKO UCTIONB3YETCA B IPOMBIIUICHHON
TEXHOJIOTHH T TIOBEPXHOCTHON 00paboTKK AeTanel, CBapKH, HHTEHCU(DHKALUN XUMUIECKHX
MPOLIECCOB U T. JI. B )KUAKOCTAX OCHOBHYIO POJIb IPH TAKOM BO3JAEUCTBUM UTPAECT KaBUTALIUAST —
00pa3oBaHye B HHTEHCUBHOMN 3BYKOBOH BOJIHE ITYJIBCHUPYIOLIHX ITy3bIPKOB. CXJIONBIBAHHUE ITY-
3BIPBKOB COMPOBOXKAAETCS MOLIHBIM FHAPOAUHAMUYECKHM BO3MYIIICHHUEM U CHIIBHBIM JOKalb-
HBIM Pa30rPEBOM BEILIECTBA, B PE3YIBTATE YETO PAa3pyLIAETC OBEPXHOCTH TBEPAOTO TeNa, HAX0-
namierocs B oomacty kaputanuu. [IpuMeneHne yirsrpasByKa A7 BO3ASHCTBUS Ha KUBOH Opra-
HHU3M B MeJHIFHE OCHOBBIBAETCS Ha 3((eKTax, BOSHUKAIOMIUX B OHOMOTHYECKUX TKAHAX MPH
MIPOXOXICHUH Yepe3 HUX aKyCTHYECKHUX BOJNH. IIpH yMepeHHOH WHTEHCHBHOCTH 3BYKa (10
1 Br/cM?) KoneGaHus YacTHIL CPEIbl BBI3BIBAIOT MUKPOMACCAK TKAHEH, a TIOMTOMEH e 3BYKa —
JIOKaJIbHBIH Pa3orpeB, YTO IPHMEHIETCS B YIIBTPa3ByKoBOH Tepari. [Tpu GoNbIIHX HHTEHCHBHO-
CTAX CHJIBHOE HATPEBAHHUE M KABUTALHMS BBI3BIBAIOT paspylleHHe TKaHel. Ui Xupyprudeckux
orepalyi HCTIONB3yeTcs ChOKYCHPOBAHHBIH YITETPa3BYKOBOM MyYOK, KOTOPBIH ITO3BOJISAET MPOH3-
BOAUTH JIOKAJTBHBIE Pa3pyIIEeHUS B DIYOUHHBIX CTPYKTypax (HalpUMep, MO3ra WM ITOYKH) 6e3
MOBPEKACHUS OKPY)KAIOIIUX TKaHeH. B Xupypruu npuMeHseTcsl YIBTpPasBYK € 4acTOTaMH

0,5+ 5 ML, HHTEHCHBHOCTB KOTOpOro B okyce gocturaet 10° Br/em.

OCHOBHBIC XaPAKTEPUCTHKH 3BYKA. YIIPYTHe BOTHEI B BO3AYXE, UMEIOIINE YacTO-
7ol B ipeaenax oT 20 I'u 1o 20 k"1, BRI3BEIBAIOT y 4ETOBEKA OLIYIEHUE 3BYKa. B y3KOM CMEICTE
yOpyrue BOJIHEI B JII000H cpelie, UMEIOIIHe YacTOTy B 3TOM HHTEPBaJle, HA3bIBAIOTCS CIIBIIIH-
MBIMH 3BYKOBBIMH BOJTHAMH, WJIA OPOCTO 3ByKoM. BonHe! ¢ wactotamu v < 20 I'i Ha3bIBaroT-
csl HH(Pa3BYKOM, a ¢ yactotamu v > 20 k'l — ynbTpassykoM. MH(GPa3BYK U yIBTPa3ByK de-
JIOBEYECKUM YXOM HE BOCIIPUHUMAIOTCS.

B nelicTBUTENBHOCTH, CAaMBbIE HU3KUE U CaMbIE BBICOKHE YaCTOThI HHTEPBAJIA CIBIIIH-
MBIX 3BYKOB JOCTYITHBI, KaK HPaBHJIO, JIUIIb OYE€Hb MOJOABIM JIFoasIM. C BO3pacTOM 3TOT WH-
TepBall CyXKaeTcd, IpUYeM MY)KYHHBI HAYUHAIOT YTPAYUBATh UyBCTBUTEIBHOCTD K BHICOKUM
YacTOTaM paHbllle, 4eM >keHIIHHBL. [Tocnme 50 mer momu yamie BCero yTpauyHBarOT CrOCO0-
HOCTb K BOCIPHATHUIO 3BYKOB € YacToTaMu v >12 kI'm.

3BYKH pa3iHYaroTCs IO BBICOTE, TEMOPY B FPOMKOCTH.
,OC Besakuil peanbHBIN 3BYK, KaK IOpaBU-

J10, IpeICTaBIIAET COOOH HE IPOCTOE rapMOHH-

M ((( K  ueckoe KoieOaHue, a ABIAETC HATIOKEHUEM KO-

nebaHuii ¢ ONpPeCaCACHHBIM Ha60pOM YacToT.

°X Y. yC
— I‘ITO6I>I y6e,Z[I/ITI>C$I B 3TOM, IIOJAKITFOYUM MI/IKpO—
Puc. 5.8.

o M uepes ycunurens YC ko Bxogy Y oc-
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munrorpatga OC (puc. 5.8) u GyaeM perucTpupoBaTh OCHHILTOrPAMMBI Pa3IUYHBIX UCTOYHH-
kOB 3Byka. HauGonee GIU3KUM K rapMOHHYECKOMY SBIAETCA 3BYK KaMeproHa K — ocuumior-
pamMma o CBoeMy BUAY OYeHB OIHU3Ka K CHHYCOHIE.

M3 npou3sHOCUMBIX 3BYKOB Goliee BCero MoXoaaT Ha FAPMOHHYECKUE [TACHBIE 3BYKH.
OnHako yKe 30eCh 3aMeTHO OTITHYKE OCLUIOrPAMMBI OT CHHYCOH/IBIL, YTO YKA3BIBAET HA CIOMK-
HBI COCTAB MIACHBIX 3BYKOB. ['0pas3ao Gonee CIOKHBIN BUA XapaKTepeH M OCLIALIOrPaMM
COTNACHBIX 3BYKOB. [[pHHIMIHANTEHO BO3MOXKHO, HCTIONB3YS HAGOP Pe30HATOPOB (CM. HIDKE)
WITH KOMIBIOTEPHYO 06paGoTKY OCLUILTIOrPaMM, IPOU3BECTH FAPMOHHUYECKHE aHATH3 3BYKA,
TO €CTh YCTAHOBUTD TOT HAGOP YaCTOT, KOTOPBIH MPUCYTCTBYET B AaHHOM 3BYKe. M3Mepss uH-
TEeHCHBHOCTH Ka)XIOU U3 TAPMOHHK, MOKHO HONYYHTh aKyCTHYESCKUHA CIIEKTD.

Eciu B pesynerare Takoro aHaIM3a OKa- IA
JKETCA, UTO 3BYK COCTOUT U3 KOeOaHUI ¢ UCK- [ —
PETHBIMH YaCTOTaMH Vy,V,,V; U TaK Jalee, TO 1
CIEKTP Ha3bIBaeTcd JuHeuaTeiM. Ha puc. 5.9a L=="=""- -
MOKa3aH MPUMEP TaKOrO CIEeKTpa, LAe MO OCH | |

|

OpAHUHAT OTJIOKCHBI HHTCHCUBHOCTH 1 MPOCTBIX

TapMOHHUYECKHX ) 3BYKOB.
(rap ) 3BY AV)

MozkeT OBITH U APYTas CUTyalus, KOr-
Jla B 3BYKe IPUCYTCTBYIOT KOJIeOaHUs BCEX Hac-
TOT B HEKOTOPOM HHTepBane v <v <v,. Ta- 81 0)

KOW CHEKTp, N300paxkeHHBbIH Ha pHc. 5.90, Ha-

3BIBAETCA CILIOMIHBIM. 1o ocu OpAHUHAT 30€CHh

OTIOXKEHA TaK Ha3bIBAEMAs CIICKTPaTbHAS TUTOT- v, Sv v, v
HOCTh HHT€HCUBHOCTHU 3ByKa f(V)=dl/dv.B Puc. 5.9.

3TOM CITy4ae MOXHO TOBOPHUTH 00 HHTCHCHUBHO-

ctu dI = f(v)dv 3ByKa, 3aHUMAIOIIETO Y3KUI YACTOTHBIN UHTEPBANT dV . DT HHTEHCUBHOCTD
YHCIEHHO PaBHA 3AIITPUXOBAHHON HA PUCYHKE IUTomanan., ECTecTBeHHO, YTO MONHAS HHTCH-
CHUBHOCTB [/ CITOKHOTO 3BYKa CO CILTOMIHBIM CIIEKTPOM OyAeT paBHA ILIOIIAIH MON KPUBOU
f(v) . CIUTOIIHBIM CIIEKTPOM OOBIYHO 0013 JAF0T ITYMBI,

KoneGauus ¢ MUHEHYATHIM CIIEKTPOM BBI3BIBAIOT OLIYILCHUE 3ByKa C OONIee WK MEHEe
onpeneNreHHON BBICOTON. Takol 3BYK Ha3bIBAETCH TOHAIBHBIM, BBICOTa TOHAIBHOIO 3ByKa OIpe-
Jelaerca OCHOBHOU (HauMeHblIel) yactoToi v, . Konebanus ¢ yactotamu V,,V, U Tak Jaiuee
HasbIBaroTCa 0GepToHaMu. COOTHOLIEHHS! HHTEHCHBHOCTEH OCHOBHOrO TOHA I; W 00EpTOHOB
1,15, ... ompeaensroT TeMOp 3ByKa, NPUIAIOT €My OTPeIeNeHHYFO OKpacKy. dassl rapMOHUK Ha
TeMOp 3BYKa HE BIHAIOT. B OTCYyTCTBHE 00EPTOHOB TOHANBHBIN 3BYK HA3BIBAIOT YHCTHIM TOHOM.
KamepToHBI JAFOT YHCTHIN TOH U UCTIONB3YIOTCA MPU HACTPOUKE My 3BbIKATBHBIX HHCTPYMEHTOR.

M3 kaskaoro My3bIKaJbHOTO HHCTPYMEHTA U3BIEKAIOT 3BYKH C XapaKTepHBIM HA00-
POM rapMOHHK. DTO MO3BOJIAET Ha CITYX PAa3IHYaTh 3BYKH OJJHOTO TOHA (C ONHHAKOBOH OCHOB-

HOM 9acTOTOH V, ), U3BJIeKaeMble U3 (ueiTol, TpyOs!, hoprenssHo u ap. Ha puc. 5.10 nokaza-
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a) 0) B)
Puc. 5.10.

HBI OCLIJITOrPaMMBI A7 TOHAIBHBIX 3BYKOB ¢ 4acToTodl vV, =440 I'n (HoTa «i» nepeoi
OKTaBbI) (prielThI (), Tooca (6) u TpyOsI (B). Bee ocummmorpaMMel HMEIOT OJMHAKOBBIH TTe-
puoa nosropenus T =1/440 ¢, 0MHAKO CHIIBHO PAa3HATCS CBOMM BHAOM. DTO YKa3bIBAET HA
TO, 9TO OCHOBHBIE YacTOTHI V; =1/T y BCeX 3BYKOB COBIIAJAIOT, OJJHAKO 3BYKH OTIIHYAIOTCS
CBOHM CIIEKTPATBHBIM COCTABOM.

Ha puc. 5.11 u3o0paskeHa KITaBUATYPa POSUIA C YKA3aHHEM OCHOBHBIX YaCTOT KIIABHILL, &

TAKKE HpI/I6JII/DKeHHBIe Arana3zoHbl OCHOBHBIX YaCTOT /I APYTAX HHCTPYMEHTOB U T'OJIOCOB.

3akoH BeGepa—@exnepa. [Juarpamma cayxa, OnpenereHue rpoMKOCTH 3ByKa OC-
HOBaHO Ha MCUXO(HU3NIECKOM 3aKOHE, YCTaHOBJIIEHHOM B 1846 rony O.—I. BeGepom, koTopeIil
340U OCHOBBI KIICHXOMETPHI, T.€. KOMHYECTBEHHBIX H3MEePEHUH ourynieHui. [TockombKy
OLIYIIEHHE ABIAETCSA CyOBEKTHBHBIM MIPOLIECCOM, TO a0COIFOTHBIE H3MEPEHHS CHIBI OLIYIIE-
HUH HEBO3MOXKHEI, U Bebep nepenec npobieMy B 00IaCTh H3MEPEHNST OTHOCUTEIBHBIX BEITH-
YHH U UCKAT MUHUMAJBHBIE PasiuuKs B OLIYLIIEHHUAX, KOTOPbIe MOXHO 3a()UKCHPOBATH.

CyTh 3aKk0oHa Bebepa 3akiroqaeTcsd B TOM, YTO MUHUMAIEHOE H3MEHEHHE HHTEHCHB-
HOCTH 3ByKa A] , KOTOPOE Pa3jinyaeT YeJIOBEUECKOEe YX0, HE 3aBHCHUT OT HHTEHCUBHOCTH / CITBI-

[IUMOT0 3BYKa U COCTaBIIACT HpI/I6JII/I3I/ITeJIBHO 10% oT ee BETUYHHEI:

% =107". (5.25)

TTomMuMO CcITyXOBBIX OIyIIEHNH, BeGep u3yuan Takke OCsI3aHHUE U 3pEHHE U yCTAHOBHI,
YTO JUIS OCA3aHUS MUHUMATBHOE Pa3iNuue B OLIYIIEHNH TSHKECTH IPy3a HE 3aBHCHT OT BEJTHYH-
HBI 3TOTO I'py3a U cocTasiser ~1/30, a 1 3peHus MUHUMAaJbHAs BOCIIPUHUMAaeMasi pa3HHULA B
WHTEHCHBHOCTH CBETA TAKKE HE 3aBUCHT OT BEJIMYMHBI HHTEHCHBHOCTH H cocTaBmseT ~1/100.
Hcxons n3 3akona Bebepa, MOXKHO MOCTPOUTS IIKATY YPOBHS OLIYIIEHHS 3BYKa, HITH
KAy TPOMKOCTH [3 , 3aIIHCaB CIEAYIOIIEe COOTHOIIEHHE:
d7

—=AdB, (5.26)

rae df — mpupocT rpoMKoCTH, 00YCIOBIEHHBIH IPUPOCTOM HHTEHCUBHOCTH, 4 — K03()(u-
LIUEHT, onpeAensomuii MacuTad mkansl. MaTerpupys (5.26), noryyaem:
I
lnl— =Ap. (5.27)

oop
Jns Toro, 4ToOBI BRI3BATH 3BYKOBOE OIMYIICHUE, BOTHA JOMKHA 00IaIaTh HEKOTOPOH

MUHIMAJIbHOH HHT€HCUBHOCTHIO IHOp H COOTBCTCTBCHHO, HCKOTOPBIM MUHHUMAJIBHBIM 3BYKO-
BBIM JTABJIICHUEM Spnop , KOTOpPO€ Ha3bIBACTCA OPOrOM CIIBILIHUMOCTH. ECTCCTBCHHO, uTo Ipu

I=1,,, TPOMKOCTE B =0. CrenosarenbHo,
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Poans Tonoc Hucmpymenmut
v, Iy v, Iy Cmpynnvie /[epesannvie  Meousie
g )yx06ble dyxoesle
27,50 <
42,10 34,65 S
36,71 =
38,89 —s—
41,20 ° x S _ =
43,65 5 S S
46,25 = 8 —E—
49,00 2 S 5
51,91 3 -
55,00 5 A
58,27 ]
L
el 69,30 S 3
73,42 7778 g
82,41 ' &
87,31
98,00 9230 T 5 8
' 10383 13 § 2
e 1654 +& § g 3
123,47 A Bl E g <
1 = LY
1508 1386 3 s % 2
146,83 3 X ~
1556 = g
164,81 $ g
= K
174,61 185.0 S 3 3 5
196,00 S S 8
207,7 Q S 3
220,00 pii g =y
246,94 ’ S
261,63 2772
293,66 3112 2
329,63 ’ g
349,23 3700 s
392,00 o
Ja 4153
» 440,00 1502 5
-l OKMAGl 493 g¢ , é
523,25 5544
387,33 622,3
659,26 ’
698,46 7400
783,99
830,6
880,00 0323
987,77 ’
105630 1108,7
1174,66 12445
131851 ’
1396,91
1567,98 1480
1661
1760,00 1865
1975,53
2093,00 2218
2349,32 2489
2637,02
2793,83 2060
313596
3322
3520,00 3729
3951,07
4186,01

Puc. 5.11.
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1 I
=—In
B AT (5.28)
Ecmu BeIOpate 4 =1n10 = 2,301, To (5.28) nepenuiercs B BUze
I
B= lg——. (5.29)

mop
3T0 COOTHOIIEHUE Ha3bIBaeTCH 3akoHOM BebGepa—DexHepa u oTpakaeT TOT (akr,

YTO YyBCTBUTEIBHOCTD yXa YETOBEKA K 3BYKY MEHSAETCH, KaK JIOTApU(M HHTEHCHUBHOCTH 3BY-
Ka. AHanoruussle (5.29) cooTHomeHus OblIM ycraHoBleHB! O.—I. Bebepom u I.-T. Dexne-
POM H IS IPYTHX OLTYIIEHHUH, JaBaEMbIX OPraHaMH YyBCTB YEIOBEKa, — OCA3aHUA U 3PEHUS
(DexHepy NPUHAAIEKUT OONBIIOE KOIHYECTBO PAOOT IO «ICUXO(DHU3UKE», KOTOPYIO OH OIpe-
JIEIST, KaK «TOYHYIO HayKy O (DYHKIIMOHAIBHBIX 3aBUCHMOCTAX MEXIY TEJIOM U IyIIOH, 00-
ee — MEKAY MaTepPUATBbHBIM H Ty XOBHBIM, QU3NIECKUM U IICUXUIECKHM MUPOM» ).

Ha puc. 5.12 uzo0paskeHa «anarpaMmma cryxa», Ha KOTOPOH OKa3aHbI 00IaCTH YacTOT U
3BYKOBBIX JJaBJIEHUH, 2 TAKXKE YPOBHH HHTEHCHUBHOCTH 3BYKOB, BOCIPHHHMAEMBIX YEJIOBEUECKUM
yxoM. HopManbHOE yX0 CIBIIIUT TOIBKO T€ 3BYKHU, KOTOPBIE JI€XKaT BHYTpU 3Toi obnactu. Hik-
Hs TPaHULA 00IacTH XapaKTepu3yeT 3aBUCHMOCTD MOPOra CIBIIHUMOCTH OT YacTOTHI, 4 BepX-
Hs11 — NOPOTr GOJIEBOTO OLYIIEHHS, KOIIa BOIHA IEPECTaeT BOCIPUHUMATHCA KaK 3BYK, BBI3bIBas
B yXe OllylleHue O0MU U JaBleHud. OTMETHM, YTO YEIOBEYECKOE YXO SABIAETCS YHHKAIBHBIM
MIPUEMHUKOM aKyCTHYECKHX BOJH, BOCITPHHUMAIOIMM 3BYKH, PAa3THYAOIIHECS 10 HHTEHCHBHO-
ctu Ha 12—15 mopsakoB B o0nactu yactot okono 1 k[, rae quarpamma ciyxa nMeeT Haubob-
I1ee BEPTHKAJIBHOE ceueHue. 13 marpaMmMsl BUIHO, YTO MPH OAWHAKOBOM 3BYKOBOM JIABIICHHUH 1
OIMHAKOBOM HHTEHCHBHOCTH 3BYKH Pa3INYHOM 9aCTOTHI MOTYT BOCIIPHHUMATECS, KaK 3BYKH Pas-
Hol rpoMkocT 3 . [T03TOMY B aKYCTHKE, IOMUMO CYGBEKTUBHON BETMIUHBI — FPOMKOCTH 3BYKA
B, ouenmnBaeMoli Ha CITyX, UCTIONB3YIOTCS M OOBEKTUBHBIE XaPaKTEPHCTHKH 3BYKa, KOTOPIE MO-

TyT OBITh HENOCPCACTBCHHO U3MCPECHBI, — YPOBCHB 3BYKOBOI'O JaBICHUA L p H paBHI:Iﬁ €My ypo-

dp, a A A L, [1B]=B [doH] Al Br/v*
200 10°
. /
5 s 120 SN 1
$§C 5 / \\_/‘>\
2 / 100 10-2
[—— R0 / ] —4
0,2 vt 10
2:107 N 60 /1 10
N \ s ~—— 7
210° |40y = 40 10
2-10° R i S i, "
= —— 10
CTQ\ /
2-10° ) - 107
\V/

16 31,3 62,5125 250 500 100020004000 800016000 v, I'n
Puc. 5.12.
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BEHb HHTeHCUBHOCTH. IToCKoNBKy cornacHo (5.17) HHTEeHCHBHOCTh PONOPLUOHANTBHA KBAAPATY

3BYKOBOI'O JaBJICHUA, 00e 3T XapaKTCPUCTHUKU OMNPECOACTIAIOTCA (IJOPMYJIOﬁi

L,=2lg =lg—. (5.30)
nop nop
B npunuune, L, — BemuunHa Ge3pasMepHas, HO TS THCIIEHHOTO 3HAYEHHS JIorapud-

Ma UCTIONB3YIOT Ha3BaHue «Oem» (B uecTh usobperarens renedona I. bemra). Ha nmpakruke 00br4-
HO UCTIONB3YIOT B 10 pa3 MEeHBIIYIO AUHHLYY — «AeH0er», Tak uto (5.30) mpuHUMaeT BUL:

op I
=101 . 5.30
5 g7 (5.30a)

oop Hop
B ONpeaAcICHUN Lp OPpUHATO UCTONB30BATH CTaH,Z[apTHBIﬁ nopor CIBIMHUMOCTHA

L,[nB]=201g

Ppop =2 107° Ila, a cooTBeTCTBYIOIIEE €MY 3HAUECHHE MUHUMATBHONW HHTEHCHBHOCTH [,
3aBHCHUT, contacHo (5.17), oT cpensl, B KOTOPOH PacOpoCTpaHIeTcs 3BYK, U JUIA BO3LyXa MPH
HOPMAJIbHBIX YCIOBHSAX COCTABIACT [, = 1072 Br/m2.

JInst rpOMKOCTH 3ByKa [3 HCTIONB3YIOT €IMHMILY 110/ Ha3BaHHEM «(oH». [POMKOCTE
TOHa B (hoHaX I M0O0H YaCTOTEI PaBHA YPOBHIO 3BYKOBOIO JaBIeHUA B Aelu0enax A1 TOHa
c gacroroii V=1 kI'u, BocOpUHMMaEeMOro Kak 3BYK TOH K€ IPOMKOCTH.

Ha puc. 5.12 n3006pakeHb! TakKe KPUBBIE T YPOBHEH paBHOW IPOMKOCTH TIPH Pas-
JIMYHBIX YPOBHSIX 3BYKOBOT'O IaBJIE€HU H HHTEHCUBHOCTH, U3 KOTOPBIX BUAHO, yTo ipH V =1 KI'11

B =L po a AN ApYrux CIBIIMUMBIX YXOM 4aCTOT B ul P MOr'YT 3aMCTHO OTJIIHYAThCA.

AKyCTHYECKHE Pe30HATOPHI. B psge cryuaeB BO3HUKAECT HEOOXOOUMOCTE BBIACIE-
HUS TAPMOHHYECKUX COCTABIAIOUINX U3 CIOKHBIX 3BYKOBBIX KoyeOanuil., C Takol 3amadeti
MPUXOAUTCA CTATKUBATHCA TPU YIOMSAHYTOM BBIIIE CHOEKTPATBHOM aHANN3€E CIOKHBIX 3BY-
KOB, TIPHU CO3JaHUH Y3KOMOJOCHBIX MPUEMHHUKOB 3BYKA, UYBCTBUTENBHBIX K OMpPEASTICHHON
YacToTe, My3bIKATEHBIX HHCTPYMEHTOB U Ap. JJId TaKHUX LENeH HCIOMb3yeTCA aKYCTHISCKUN
PE30HATOP — YCTPOKCTBO, 00Namaromee OOHOH I MHOXKECTBOM COOCTBEHHBIX YaCTOT.

TUOHYHBEIM IPUMEPOM aKYCTHUECKOH CHCTEMBI, pearHpyOLIeH Wb Ha OJHY YaCTOTY,
SABISIETCS cocyl cepuieckoil (OPMBI C OTKPBITONW TOPIOBHHOMN
(puc. 5.13), koTopbIii Ha3eIBaeTCs pesoHaropoM lembmrombiia. B 3az-
Hel YaCTH Pe30HATOPa UMEETCH SILE OJJHO MAJIEHBKOE OTBEPCTHE B BUE
COILIa, CITyXKaIIee [T OOHApYkeHus KoneGaHuil. Bosayx B ropmoBrHe

sBngeTca koneOmometics Maccoil. Ilpu cMemmeHun 3Toii Macchl, Ha-
MpUMeEP, B CTOPOHY CepUUECKOro o0beMa J BO3OyX B 3TOM 00beMe Puc. 5.13.

CIIETKA CHKAMAETCS, U BOSHUKAIOLIHE CUJBI H30BITOYHOrO JaBIEHUS BBITOMHAIOT POJIb BO3BpAILa-
foILedt cunel, ECiu miommaap rOpIoBHHEI paBHA S, 4 ee AuHa — £, TO Macca KoneOmoIerocs
ctonba paBHa m = PylS ,Iae P, — IUIOTHOCTh HEBO3MYIIEHHOr0 Bo3ayxa. ITpu cMeleHun Mac-
cBl m Ha paccrosHue & << ¢ (MONOKUTENbHOE Hampapnenue ocu O MokasaHoO Ha PHCYHKE)

IUTOTHOCTH BO3yXa U3MCHACTCA HA BETHUUHY 8p » YAOBJICTBOPAOIIYIO PABCHCTBY

S _, S5 (5.31)

Po v
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CornacHo (5.7), u30BITOYHOE JaBIeHNE OKA3BIBAETCS PaBHBIM

2
S
5p=c25p=—m%§. (5.32)
CJIe,Z[OBaTeJ'IBHO, YPaBHCHUEC OBHKCHUA CTOJ'I6a BO3ayXa NPUHHUMACT BUI
2
m d_§ = 6]) . S ,
dr
nin
d 2 g P oC 2 Ky 2
Sp—==- 2
PoSt— = €. (5.33)

Orcrona HaxXo4uM, 4TO coOCTBEeHHAd 4acToTa KonebaHuii cTonba BO3ayXa B rOPJIOBUHE, WITA

qacToTa pe3oHaropa T €JIBMIOJIBLIA, PABHA

0 = | 5.34
b=y (5.34)

Ipu oGpeme pe3oHaropa V = 107 M3, momaau OTBEPCTHS FOpIOBHHEI S =1 cM? U

e€ uHe £ =1 cM, CKOPOCTH 3ByKa ¢ =334 M/C Il 4acTOTBI V, TOTYYUM BEIUYUHY

(5.35)

COOTBETCTBYIOILYIO CIBIIIUMOMY THAIIA30HY 3By KOBBIX YacTOT.

3aBUCHUMOCTD COOCTBEHHOU 9acTOTHI KOJIEOaHUHA pe30HaTopa OT €ro napaMmeTpoB U
mpexe Bcero oT o0peMa V 3((heKTHO TeMOHCTPHUPYETCS B ClIEAYIOIeM ombITe (pHc. 5.14).
IMepen nuaaMukom JI, HOAKITFOYEHHBIM K FEHEPATOPY 3BYKOBOH YacToTh! I ycTanaBimmBarorcs
HECKOJIBKO PE30HATOPOB, OTITHYAIOIIUXCS CBOUMH pasMepaMu. QKOO 33JTHEr0 OTBEPCTHS KaXK-
JIOr0 U3 PE30HATOPOB IMOMEIIAETCA JErKUH OyMasKHBIH NMPOMNeIUIep-BEPTYIIKA, KOTOPBIH MO-
JKET BpallaThCs BOKPYT BEPTHKAIBHOH ocH. [Ipy miiaBHOM yBeNHYEHUH YacTOTHI 3BYKOBOT'O
reseparopa OylIeT BO3pacTaTh 4acTOTa aKyCTHYECKOW BOJNHBI, HCITyCKaeMOH ANHAMHKOM B
HaIlPaBJICHUH PE30HATOPOB U UTPAOLIEH PONb FrapMOHUYECKON BBIHYKAAroel cunbl. [Ipu
HOCIEN0BAaTeIbHOM COBIAJEHUU YAaCTOTHI 3TOH BOJIHBL V ¢ COOCTBEHHBIMU YaCTOTAMU Vi,
V, H V; PE30HATOPOB JaBIEHUE BO3yXa B X 00beMax OyJeT KonebaThes ¢ MAKCUMATbHOM
(pe3oHaHCHOW) aMITUTYR0H. M3 3a1HUX OTBEPCTHI pe30HaTOPOB OyayT OUTH CHITEHBIE CTPYH
BO3/yXa, YTO (PUKCHPYeTCs [0 HavYaTy BPALICHUS BEPTYIIEK CHadala y OOJBIIOro, 3aTeM Y

Cp€OHEro U, HAKOHEL, ¥ CaMOro MaJICHBKOIO

r " PEe30HATOPA, HMEOIIEr0 CaMYIO BBICOKYIO CO0-
3
// CTBEHHYIO YaCTOTY Vj.
v, YMECTHO OTMETHTD, UTO MPHU YaCTO-
bl T€ pe3oHaTopa Vv, ~ 10 T'y winHa BO30YX-

Jatomei ero BomHBL A=c/v, =33 M. Ora
IUIMHA 3HAYUTENbHO OOIBIIE XapaKTEePHBIX
pa3mepoB pesonatopa: A >>V'? . Crenosa-

TCIbHO, HC MOXECT OBITh U peun o croguen

aKYCTPI‘{eCKOﬁ BOJIHC YaCTOThI VO B camMoH

Puc. 5.14. cthepuueckol MoNTOCTH.
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OHAKO U B CaMOii ONOCTH MOKHO BO3GYAUTE CTOSUHE BOJNHEI ¢ AmuHol A < V'3 u
yactotolt v=c/A>¢/V'? . Ecim XapaKTepHBI pasmep pesonaropa V3 ~10 cm, To uac-
TOTBI 3THX BOJMH V > 3000 T'u. Takoii pesonarop OymeT 00magaTs MHOKECTBOM COOCTBEHHBIX
YaCTOT B KWJIOTE€PLIOBOM AHAIA30HE.

HauGoree mpocThIM B H3rOTOBICHUH aKyCTHYECKUM PE30HATOPOM SIBIISIETCS Jepe-
BAHHBIN AIIUK WK TPYOa, OTKPBITHIE IUOO C OAHOH, IN0O ¢ ABYX MPOTHBOMOIOKHBIX CTOPOH.

[IponemaeM ciie IyFOLTME OMBIT. 3aOJTHUM BOAOH HHKHIOO YaCTh BEPTHKATBHOU TPYyO-
ki T, HCTIONB3Y4 CHCTEMY COOOIIAOIINXCA COCYIOB, H MogHeceM —— K

K €€ BepXHEMY KOHLY 3BYYallUd Ha 4acToTe V KamepToH K T

T

(puc. 5.15). Ilepemeras BOpoHKy B BBEpX, MOKHO JOOUTBCS yCH- £
JIeHUS TOHANBHOTO 3BYKa, CO3AaBAEMOTO CUCTEMOM «KaMepTOH + l
YacTh TPYOBI, 3aMOTHEHHAS BO3AYXOM». JTO YCHUIICHHE OyAeT Ha-

6JIIO,Z[3TLCH Mpu COBNAACHHUU YAaCTOTHI V C OMHOU U3 coOCTBEH-

HBIX YaCTOT V, PE30HATOpa — TPYOBI ¢ BO3AYXOM IHHOH £,
«3aKpBITON» y HUKHETO KOHIa. COOCTBEHHBIE YaCTOTHI CTOAYHX
BOJIH B TAKOM P€30HATOPE JIETKO MOACYUTATh, €CIIH YIECTh, UYTO HA
HIDKHEM KOHIIE JOJDKEH OBITh Y3€JN CMEIIeHHH, a Ha BEpXHEM —

MYYHOCTb. 9T0 BO3MOXKHO JTUIITH JJIA JJIAH BOJIH A P YAOBICTBO-

Puc. 5.15.

PAOIINX U3IOKEHHOMY B IPEABLAYILEH TeKIUH ycaoBuIo (4.40):

7\'17
¢=@p-h—t p=LILIL..,

KOI1a Ha JJTHHE TPYOb! YKIIaIBIBAETCS HEUETHOE YUCIIO YeTBepTeli AiiH BoiH. COOTBETCTBEH-
HO, YaCTOTHI KOJIeOaHui OyIyT paBHBI
c c
=—=—_(_2p-1). (3.36)

v
p
A, 4

X014 yCUIeHHE 3ByKa BO3MOKHO MPU HECKONBKUX JITHHAX BO3AYLIHOTO cTonGa £ , OMHAKO CAMBIM
¢
3(hEeKTUBHBIM OHO OyIeT IpyU V =V WM £ = —.
Y
Oco00 moguepKHEM, UTO PE3OHATOP co3aaeT Oomee OmaronpusT-

HBIC YCIIOBHA OJIA 3BYUaHU KaMEPTOHA, MO3BOIAA NCPCPacpeacinib, a

CTano ObITh U YCUIIUTH 3BYK IO ONPCACITICHHBIM HAIIPABICHUAM. HNmenno 9

MO3TOMY B ONBITaX KAMECPTOHBI YCTAHABIUBAIOT HA ,Z[epeBHHHBIﬁ AIMUK, OT-

KPBITBIH ¢ OAHOrO KOHLIA M HACTPOSHHBIN Ha YaCTOTY KaMepToHa (puc. 5.16). Puc. 5.16.

Hexoropselie cBeieHHS 0 MY3bIKAJIBHBIX HHCTPYMEHTaX. JlepeBAHHBIE IEKU MY-
3BIKAJIBHBIX HHCTPYMEHTOB BBIMONHSAIOT (DyHKIHK PE30HATOPOB, 00ecneurnBas XOpoIlne yc-
70BUs 3By4YaHus. YacTOTEl CTPYHHBIX HHCTPYMEHTOB HE 3aBHCAT OT pe3oHaropa. OCHOBHAA
YacToTa 3ByKa V; W YacTOThl 0OEPTOHOB 3aBHCAT TOJNBKO OT MACCHI, HATSHDKEHHUS U JJTHHBI
cTpyHbL. OfHAKO TeMOP 3ByKa 3aBUCHT OT cl1oc00a BO30yKAeHHA U OT PeaKLUH Pe30HATOPa U
30 (PEKTUBHOCTH, C KOTOPOH PE30HATOP IOAAEPKUBAETY» 3TH YACTOTHI H OCHIIAET COOTBET-

CTBYIOILIME BOJHBI B OKPYKAKOIICC NPOCTPAHCTBO.
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B nyXoBBIX HHCTpYMEHTaX ()OPMUPOBAHHUE 3BYKA CBA3AHO C
HaJIMYHEeM aBTOKOIEOAHUH U 3aBUCUT KaK OT KOHCTPYKLMH HHCTPY-

MCHTA, TaK U OT cnoco6a, C MOMOIIBIO KOTOPOIro BO3AYX BOYBACTCA B

HHCTPYMEHT, B KauecTBe WILTFOCTPALMH PACCMOTPUM KAYECTBEHHO
MPOLIECC BO3HUKHOBEHHUS aBTOKONEOaHUH B OPraHHOH TpyOe, paspes
KOTOpOH n300paskeH Ha puc. 5.17a.

IIpu paBHOMEPHOM MOCTYILUIEHHH B MyHAHNTYK M

(puc. 5.176) Bo30yx mpoxoauT uepes y3Kyto menb 111, 3a koropoit
oOpasyetca TypOyneHTHBIH NOTOK, OOpa3yoImasics Mpu TaKOM Te-
YEHHH BUXPEBas JOPOKKA ABIAETCA HCTOUHHUKOM «IIETICBOTO» TOHA,
OCHOBHA$ 4aCTOTa KOTOPOro 00paTHO MPONOPLUOHATIBHA IEPUOAY

cnegoBanud Buxped T, . Ilo cymecTBy cucTeMa «MyHIIITYK +

Puc. 5.17. IIENTb» IPEACTABIAET COOOH CITOKHYIO aBTOKOIE0ATENBHY O CUCTE-
MY, TEOPETHYECKOE OIUCAHUE KOTOPO — cepbe3Has npobiema.
Buxpu, BRIXOOAIIHE U3 LLIENTH, IOOYEPEAHO IPOXOIAT CIIEBA U CIIPABA OT A3bIYKA 5, BRI3BI-
Bas €ro BUOPaIHIO. SI3BIMOK OKa3bIBAET MEPHOIHIECKOE BO3AEHCTBHE Ha CTONO BO3AyXa B TpyOe.
BosHukarorpe B cToN0e HMITYIIBCHI CKATHS, T00EKaB 10 OTKPBITOr0 KOHIIA TPYOBI, OTPAKAIOTCA B
BUIE UMITYJTECOB Pa3pEKEHHUS U BO3BPAILAIOTC K [IenH uepes Bpemsa I =2/ /¢ (£ — mmiHa Tpy-
OB, ¢ — CKOPOCTb 3ByKa B BO3IyX€), YIPaBIIsd MOCTYIUICHUEM BO3/IyXa yepe3 Iwenb. Takum o6pa-
30M, OCHOBHas yactoTa V; = 1/7 dopmupyercs pe3oHaTopHOH cucTeMoi. OHAKO MOXHO BIYBaTh
BO3/YyX TaK, YTOOBI B TPyOE ONHOBPEMEHHO CYILIECTBOBAJIN [BA UMITYJTECA CKATHUSI, H MBI YCIBIIIAM
3By4YaHHe TPyObl Ha YaCTOTE HEPBOro 00epToHA (YIBOSHHOH YacTOTe).
OprasHble TPyOBI 00BIYHO KOHCTPYHPYOTCS TS 3ByYaHUs! Ha OCHOBHOM yactore. B y-
XOBBIX HHCTPYMEHTaX BO30Y)KIAIOIIUM BHOPATOPOM (AHANOTOM A3bIYKa SI B OpPraHHOH TpyGe)
B A MOXHO YIPaBIATh, YTOOBI

Tpyos MOCBUTATH B TPYOY OZIHH HITH

=
)
=
2
o 5190 ________ 0onee UMIYITBCOB, MPEKAL
59 YeM MEPBBIA OTPasHTCa OT
50,54
g g ’ -|- T T T T OTKPBITOr0 KOHLA. BrIcoTa
0 2 4 6 14 " vlv,  3BYKaHHCTPYMEHTA OTIpEsie-
NSeTCI KONIUYECTBOM HM-
OYJBECOB B CEKYHAY, OTpa-
A
B - JKEHHBIX OT OTKPBITOrO KOH-
a IyXOBOTO HHCTPYMEHTA.
Banropna
IIpousHOCUMBIE
YEITOBEKOM 3BYKH CBA3aHBI C
-|- '|' TEeM, UTO TONOCOBBIE CBA3KU
T TTTTT, FOPTaHH BUOPUPYEOT MO Ha-
0 2 4 12 14 16 v,

MIOPOM JBHXYILErOCS BO3AY-
Xa, a TOpTaHb fABISETCA

Puc. 5.18.
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00beMHBIM pe3oHaTopoM. Kak mpaBuio, y My:KYdH 00beM TOpPTaHH OOJNBIIE, YeM Y KEHILHH,
MIO3TOMY B COOTBETCTBUH € (hopMyitoii (5.34) Mykckue ronoca Gosee HU3KHE.

Ha puc. 5.18 noka3saHsI CIEKTPBI 3BYKOB, M3BIEKAEMbIX HA TPYyOe U BaJITOPHE C OfH-
HAKOBOH OCHOBHO#M yacToTol v =440 T'u. [To 0CH OpAHHAT OTIOXKEHA TPOMKOCTE 3 (HOp-
MHPOBaHa Ha IPOMKOCTE BOJTHBI OCHOBHOM 4acTOTHI). B criekTpe 3Byka BalTOPHBI OTCYTCTBY-
10T 9acToThl V > 10 kI, mosToMy e€ 3ByK OoJee MPUITYLICHHBIH, HEXEIH 3ByK TPYOBI.

3aBepinas ONHCAHWE OCHOBHBIX NMPHHIUIIOB JEHCTBHSA HCTOYHHKOB 3BYKA M MY3bI-
KaJIbHBIX HHCTPYMEHTOB, YMECTHO YIIOMIHYTH O IBYX aKyCTHUECKHX 3()(heKTax, C MPOSBICHHU-

AMHA KOTOPBIX MBI IPAKTUYCCKU €KCIHEBHO BCTPCUACMCA.

Iddext Jomnepa. Habmonas 3a mpoxXoasmyM MUMO MOES3A0M HIH JBIKYIIAMCS
aBTOMOOHIIEM, MBI 3aMEYAEeM, UTO BBICOTA TOHA MOAABAEMOTO HMH 3ByKOBOI'O CHTHAJA IOCTO-
SHHO H3MEHAETCA. ITO U €CTh OOHO U3 MPOSAB-
nenuii 3 dexra Jomiepa, COCTOALIETO B U3ME- H ,\/\M
HEHHUHU YaCTOTHI 3BYKA [IPH OTHOCUTENBEHOM JBH- Ia)ﬂ e
JKEHHU UCTOYHHKA U pUeMHuKa. PaccMoTpum n_.—Y 2 i
3TO ABJIEHHE HECKOIBKO MOPOGHEe. q ’\/M —s . D

Mycts ucrounuk U (puc. 5.19a) usny-  0)

YaeT MOHOXPOMATHUECKYIO (T.€. FAPMOHHYEC- Puc. 5.19.
KYIO) aKyCTHUYECKYIO BOJHY 4acTOThHI V. Torna mmiHa 3Toi BOJNHBI, pacIpOCTPaHSIOMIEHCS B
BO3IyXe CO CKOPOCTHIO ¢, OyaeT paBHa:

Ao=c/v,. (5.37)

Ecnu Tenepb HCTOYHUK GyIET OBUTATHCA CO CKOPOCTBIO ¢ < ¢ B HANIPABIECHUH Pac-
OPOCTPaHEHUS BOJHBL, TO BOTHA OYIET «OTPBIBATHCA» OT HCTOUHHKA CO CKOPOCTBIO ¢ —7 ,
u e€ nuuHa ymeHbmuTed (puc. 5.196):

c—v

A= . s
. (5.38)

I[OCTI/IFHyB HCTIOABHUXXHOIO IPUCMHHUKA H, 3Ta BOJIHA 6y,Z[CT BO3,Z[€I>'ICTBOB3TB Ha

HETo ¢ 4YaCTOTOH
c @ 1
A c—v 1-v/c
KoTopas OyneT OOIbIle HCXOAHOH YacTOThL V. IIpy ABHXKEHUU HCTOYHUKA B IPOTUBOMOIOK-

HOM HAaIIPaBIECHUU 3Ta YaCTOTa yMEHbIIUTCSA. IMEHHO 3T0 H3MEHEHUE YaCTOThI TOHA CHTHAJA
MBI (QUKCHPYEM MPH NPUOIIKEHUH U MOCTEAYIOMIEM YIAIEHUH M0e3/1a WIH aBTOMOOHITS.

H3meHeHne yacToThl OyeT Takke U IPpH ABIKEHUH IpueMHuKa [1, onHako dusuyec-
Kas IIPHYHHA 3TOTO H3MEHEHHS COCTOHT B TOM, YTO BOJHA C ATHHOH A, =c /v Gyder nocty-
aTh B IPUEMHHK CO CKOPOCTBIO # + ¢ (€CJIH IPUEMHUK ABIKETCS HaBcTpeuy BosHe). Creno-
BaTeJIbHO, YaCTOTa BO3AEHCTBUS HA IPUEMHUK OyJeT paBHA

v=tl oy, Sy [1+L (5.40)
Ay ¢ ¢

H IIPEBBICUT UCXOAHYIO YaCTOTY.
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B CUITY pasiinuuna (IJI/BI/I‘{CCKI/IX MIPUYHH, OPUBOAAIIUX K U3MCHCHHUIO YaCTOTHI IIPU

JBIKEHHU UCTOYHUKA U IPUEMHUKA, pasHATcs U opMyasl (5.39) u (5.40). Onnaxo pu » << ¢,
2

v
KaK HETPYAHO YOeANTHCHA, C TOYHOCTBHIO IO WIEHOB MOPAIKA " tdopmyna (5.39) moxer

ObITh 3anucana B Buae (5.40).

IIpu 0JHOBPEMEHHOM IBHKCHHH HABCTPEUY IPYT OPYTy UCTOYHHUKA CO CKOPOCTBIO
¥, ¥ IPUEMHHKA CO CKOPOCTBIO 7, 00€ (hopMYITbI MOKHO OOBEHHUTD B OHY

I+ /e
V_Vo—l—zzﬂ/c : (5.41)

ITpu ynaneHun HCTOYHHKA HITH IPUEMHUKA B hopmyie (5.41) criemyeT H3MEeHUTD 3HAK
MIPU COOTBETCTBYIOLIEN CKOPOCTH.

IIpu ckopocTax v > ¢ HOPMHUPYIOTCH YAAPHBIE BOTHEBI, H (HOPMYIIBI, OMHUCHIBAFOLIUE

HU3MCHCHHUEC YAaCTOThI, CTAHOBATCA HECCIIPABCAJIUBBIMU.

Bunaypanbubiii 3dert. DT0T 3(hhexT npeacrasnsier cobol NCUXODUIHOIOTHIEC-
KO€ SIBJIEHUE, 3aKITFOYAIONIEeCcs B CIIMTHOM BOCIIPUSATHU 3BYKOB, IPHHUMAEMBIX ITPABBIM H JIe-
BbIM yxoM. OH JaeT BO3MOXKHOCTH ONPENeNUTh HAlpaBlIeHNe HAa HCTOYHUK 3BYKa U HIPaeT
CYIIIECTBEHHYIO POJb B My3bIKaJbHOH aKyCTHKE (CTepeodoHus).

Pucynok 5.20 wmmoctpupyet 310t 3¢ dext. Ecnu BomHa nagaer noa yoioM K JIHHAH, CO-
eIMHSOIEeN 002 yxa (IyHKTUPOM H300paskeH KOHTYP paauyca R, IMHTHPYIOLIHI rOJIOBY YeJIOBe-
Ka), TO BOJIHA JOCTUTHET JIEBOTO YXa MO3JJHEE MPAaBOr0, 4 BPEMsI 33IepKKH COCTABHT BEJTHUNHY

Rsin o+ RO

A= (5.42)
[

rae RO. — KPHUBOJMHEHHBIHN My Th, IPOXOJUMBIN 3ByKOBOH BOJTHOH NPH OrHOaHUH €0 FOJIOBBI
YeJIoBeKa 3a cueT JU(PAKIUH (CM. HIKE).

KpomMe Toro, nockonbKy rojloBa YaCTHYHO IKPAHUPYET 3BYK, TO aMIUIUTYA BOJHEI,
JOCTHUTAOIIEH JIEBOTO yXa, HECKOJIBKO yMeHbIIaeTcs. COBMECTHOE eHCTBHE 3THX JBYX (ak-
TOPOB Ja€T YEIOBEKY BO3MOXKHOCTh ONPENCIUTH HAMIPABICHHUE Ha HCTOYHUK 3BYKa. Ecnu me-
puox koxeGaHui 3ByKOBOH BOJIHBI CPABHUM CO BPEMEHEM 3a/1€PIKKH:

At<T/2, (5.43)

TO BOJTHBI, TI3IAFOLIHE MO YTIIOM, BBI3bIBA-
. &d / 0T KoNeOaHus 6apabaHHBIX MEPENOHOK Jie-
< / BOT0 M MPaBOro yXa CO CABUIOM (a3
R N ( / &q& 0 < AQ< T, o KOTOPOMY UETOBEK U OTIpe-

Rg 3 % »/q&%@q, JIeNAeT HATIPABJIEHNE TIPUXOA BOJHBI,
o QQ,QS& Eciu mnomoxutre R=10cmMm,
\}\\ ,'ID\‘_?IOBGPXHOCTL sin ¢ = 1, TO AN BOTH C NEePUOAOM
% -~ mocrosuuon I < 1073 ¢ (v =1 xI'w) yenosue (5.43) He
B il (baser BBINOJIHAETCSA, U ONPEAESIUTH HATIPABICHHE

o CABUI a3bl CTAHOBUTCA 34T HHU-
Puc. 5.20. asury ¢ pyA
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TCIBHO. O,Z[HaKO OCTaeTCA BO3SMOXKXHOCTH CPABHUTH aMILTTATYABI BOJTH, JOCTUTAOIIINUX oboux

yuIeH, U TEM CaMbIM ONPEAEIUTD Yo O .

HNurepdepennnd BosH. B npensiaymei TeKIUH MbI OTYYWIH YPABHEHUE CTOAUYEH
BOJHEI (4.34), onuckIBaroIIee KoeOaHus IIHYpa (WK UHOM Cpenibl), 0 KOTOPOMY HAaBCTPeUy
JIpyT APYTrY PaclpoCTPaHAIOTCS JBE TAPMOHUYECKHE BOIHBI OJUHAKOBON YacTOTHI () U aMIl-
TUTYABL S, . B pesynsrare HATOKEHUS BOJH IPOUCXOJUT NIEPEPACIPENeNICHHE B IPOCTPAHCTBE
00BEMHOMH IUTOTHOCTH 3HEPTUH KonebaHuii. B y3nax, rae BOJHBI BCTpedYaroTcs B IPOTHBO(hA3E,
3Ta 3HEPTHA paBHA HYJIO. B MyYyHOCTAX, HAPOTHB, BOJIHBI CKIAABIBAIOTCS B (hase, U SHEPrUs
MaKCUMalbHA. SIBIeHUE HATOKEHUS BOJH, IPUBOASAILEE K NEpepacnpeeCeHUIO B IPOCTPaH-
cTBe 00BEMHOMN IUIOTHOCTH SHEPrHH KOJeOaHNi, HOCUT Ha3BaHHE HHTEP(EPEHLHH.

Hurepdepenimsa spiserca oqHUM U3 (QyHIAMEHTAIBHBIX ABICHHH, IPUCYITHX BOJI-
HaM PasiIHYHON MPHUPOAB! (AKyCTHYECKUM, 3IEKTPOMATHUTHBIM, BOTHAM Ha MOBEPXHOCTU
JKHIKOCTH, IUTa3MEHHBIM BOJIHaM | jp.). OHa OblIa XOPOIIO U3BECTHA eIlie BO BpeMeHa Hefo-
TOHA, KOTOPBIH OCYIIECTBHI 3aMEYATEIbHBIN OMBIT, IPUBEAIIHN K OTKPBITHIO 3aKOHOMEPHOC-
Tell uHTephepeHIHOHHON KapTHHBI M MOMYYHBIIHI Ha3BaHue «koibla HetoToHa». DTH 3aKko-
HOMEPHOCTH JIETKO MTPOCIIEKUBAIOTCS B OIBITAX [0 HHTEP(OEPEHLNH KATWUIAPHBIX BOJH Ha
MOBEPXHOCTH JKUAKOCTH. B crenyrommeli meKIUMU faeTcs ONUCAHUE XapaKTepa IBIKECHUS Yac-
THUI JKUAKOCTH B TAKHX BOJIHAX U YCTAHABIMBAETCS CBA3b MEXKAY YACTOTOH, NMHHOU BOIHBI U
CKOPOCTBIO €€ PACIIPOCTPAHEHHS.

OnuH U3 TaKUX OMBITOB BEINISLAUT CIEAYIOMEM 00pa3oM (puc. 5.21). B HermyGokyo
koBeTy K ¢ GonbIroli mroniafiblo OCHOBaHHS HAJIUBAIOT BOXY. BONHBI Ha €€ MOBEPXHOCTH
BO30YXJal0T ¢ OMOIIBIO BHOparopa B, mpuBoadmiero B NepuoauyecKkoe ABIKEHHUE 1B Ma-
nenpkux mapuka O, u O,, KOTOpbIE ABNAIOTCA TOYEIHBEIMU HCTOTHUKAMHE BOMH. DTH IIaPUKH
CIerka TOTPYKeHbI B BOAY U COBEPIIAIOT CHHXPOHHbIE KOTeGAHMS ¢ 4acToTol v ~ 10% 'y B
HaIlpaBJIeHUH, NEPIEHANKYIIPHOM HOBEPXHOCTH BOABL. OT KaXKI0T0 U3 TOYEYHBIX HCTOYHHU-
KOB PACIPOCTPAHAETCS BONHA C JUTHHOW A ~3 MM H CKOpocThio ¢ ~ 40 cm/c. I'pebuu 3THX
BOJTH B (PMKCHPOBaHHBIH MOMEHT BPEMEHH N300 PakeHbI Ha PUCYHKE MyHKTHPOM. B pesynbra-

T€ HAJIOKCHUS BOJH 00pasyeTca HHTep(EePEeHINOHHAS KAPTHHA, KOTOPYIO YIOOHO HAOMIONaTh

B CTpO6OCKOHI/I‘{eCKOM OCBCHICHUU (OCBC-

as €€ BCOBbIIIKaMU CBETA, CICOYOIIUMHA

TaKke ¢ yactotolt v ~ 10% T'm). Mpu Ta-
KOM OCBEILEHUHU BOJHBI OyIyT Ka3aTbCs

MPaKTHYCCKHA HENOABUKHBIMU.

Haubonee cuibHBIE BO3MYyLIE-

HUSA TOBEPXHOCTU OYIyT HAONIOOATHCH B

T€X MECTax, i€ BOIHBI CKIIaJAbIBAIOTCA B

(aze. TOBOPAT, UTO 3A€CH PACTIONATAIOT-

cq UHTEeP(EPEHUUOHHBIC MAKCUMYMBI,

Puc. 5.21.
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B mecTax, Kyz1a BOIHBI IPUXOAAT B IPOTHBO(]A3E, IOBEPXHOCTH OyA€T MPAKTHYECKH HE BO3MY-
IIEHA: 3/1eCh PACHIONATAIOTCS HHTEP(hepeHIHOHHbIE MUHUMYMBI. Bo3MyIeHne moBepxXHOCTH
B NIPOU3BOJILHOM TOYKE M 3aBHCHT OT pasHOCTH Xofa Ay =r, —#,TA€ 7| U ¥, — PACCTOAHHA
0T TOUKH M 10 COOTBETCTBYIOILEr0 TOUEYHOTO UCTOUHHUKA. JIeHCTBUTENBHO, CMEILIEHHUE § TO-
BEPXHOCTHU JKUAKOCTH B TOUKe M MOXKHO pacCMaTpUBAaTh KaK pe3yabTaT HAIOKEHUS ABYX CH-
HYCOHUJANBHBIX (T.€. MOHOXPOMATHYECKUX ) BOJH, MPOLIESAIINX PACCTOSHUSL 7} U 75 :

s(#) = s¢ sin(@t — iy — @, ) + 5 sin(®f —hry —@,) . (5.44)
3nech npeanonaraercs, 9To 00€ BOJIHBI B TOUKEe M HUMEIOT OTUHAKOBBIE AMIUTHTYIBI (XOTS 3TO
U HE COBCEM BEPHO), U MOCTOSHHbIE (ha30BbIe NOOABKH @ U ¢, , TaK YTO UX Pa3HOCTh
AQ@ = @, — @, HE 3aBUCUT OT BPEMEHU.

Beinonnas B (5.44) cyMMupoBaHHE, TOTYYaeM:

s(t) = 25, COS(MTF + %j sin(mt _Hn ; 1) _ @ ; P2 j . (5.45)

Ecnu nonoxuts g npoctotsl AQ =0, T0o nonokeHne HHTEPHEPEHUHOHHBIX MaK-

CHUMYMOB OIPCACTACTCA U3 YCITOBHUA

A
cos ATF =1, (5.46)
TMockoneky £ =27/ A , TO MOCIEAHEMY YCITOBUIO COOTBETCTBYET PA3HOCTE X014
Ar=r,—r =mk, (5.47)

rme m=0,=1,+2,... .
KaxxaoMy MakCUMyMy MPHUHSATO NPUCBAMBATH MOPAIKOBBIA HOMEpP, OMPEACHISMBIH
COOTBETCTBYIOIIUM YHCIIOM 1 (MaKCUMYM HYJIEBOTO, IIEPBOT0, MHHYC MEPBOTO U T.1. TOPA-

ka). MuTephepeHInOHHBIE MUHUMYMBI PACTIONATAIOTCA B TEX MECTax, Tae
Ar=r,—n =(2m+1)%, (5.48)
U TaK ke Hymepyrorea (m=0,1t1, 12, ...).
PaccmoTpenHas WHTEphEPEHLIHOHHAS KAPTHHA COOTBETCTBYET HACATH3HPOBAHHOM

CUTyaluu. PeanbHBIE BOMHEI JAQXKE B IYYLICM CITy4ae ABIAOTCA KBASUMOHOXPOMATUYCCKUMH.

I[JIH TAaKUX BOJIH aMILTTATYABI S H (1)33]:1 ©; 1 @, ABIAOTCA MCUICHHO MCHAOIIUMUCA (l)yHK—

. 2n
LUAMH BPEMEHHU (3aMETHBIC U3MEHEHHUS 3TUX (D)YHKLIHEH IPOUCXONAT 3a BpeMa T>>T =—).
0}

OnHako, eciu 00a MapuKa IPUBOAATCA B KosleOaTeNbHOe ABIKEHUE OJHUM BUOPATOPOM, pas-
HocTh a3 A® B (5.45) ocTaercs MOCTOSHHOM, ONOKEHUE HHTEP(HEPEHINOHHBIX MAKCUMY-
MOB 3ajaerca Gopmyinoli (5.47) U He 3aBUCHT OT BPEMEHH.

B npakTH9eckn BaXHBIX CIy4asx HCTOUHHKH HHTEP(EPHPYIOIINX BOJIH MOTYT OBITh
HE3aBHCHUMEI. B HallleM OIBITE 3TO MOXKHO OCYIIECTBUTh, €CIIM HCIONB30BaTh 1Ba BUOpaTopa,
K Ka)X/IOMY U3 KOTOPBIX IPUCOEHHEH MATEHBKUH mapuk. Toraa pa3HocTh a3 AQ Oyaer Tak-

JKe U3MEHATLCA Ha MaciTade BPEeMCHHU T, U €€ MOXKHO 3aIllUCaTh B BUOEC

AQ(t) =A@+ (1) , (5.49)
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rae Ep — cpeHee Mo BpEMEHH 3HAUEHHUE PasHOCTH (a3, O(f) — 3HakomepeMeHHas (YHKIIU.
Cunras 114 npoctotrsl B (5.45) s, = const , IPUXOAUM K BBIBOAY, YTO HHTEp(EepeHLIMOHHAS Kap-
THHA, KaK Lieyoe, OyeT TOCTaTOuHO Xa0THYHO CMEIaThCs B pasHble CTOPOHBL. Eciu Takyro Kap-
THUHY CHAMATh Ha KUHOILUICHKY CO BPEMEHEM 3KCMO3HIUH Kafpa Af > T, TO Ha KaXIOM Kajape
Oyner oTreuaTaHa ycpeHEHHas 3a BpeMsa At «pa3MasaHHas» KapTuHa. OHa MOJKET CTaTh COBCEM
HEPazINIUMOM, €CITH HHTEPEPEHIIHOHHBIE MAKCUMYMBI OYIyT CMEIIAThCS Ha BETUYUHBI, PaB-
HBIE HJIH NPEBBIILIAIONIHAE PACCTOSHUSI MEXKIY COCEAHUMU MakcuMyMaMH. Takad cutyanms 1octa-
TOYHO YaCTO BCTPEIALTCS PU UHTEP(EPEHIINH CBETOBBIX BOJIH. UTOOBI OIHOIO «CMa3bIBAHHUSD
KapTUHBI HE MPOU30IIUI0, OYEBUIHO, HEOOXOIMMO BBIOIHEHHE CIIEAYIOIIETO YCIOBHS:
| 8(t) << 27 (5.50)

UeM JTyurire BBITIONHIETCS 3TO HEPABEHCTBO, TEM BBIIIIE KaUeCTBO KapTHHbL. Tak, Hanpu-
Mep, A5 CBETOBBIX BOJH T ~ 10° 210" ¢,u TIpH BU3YaJIbHOM HAOJFOAEHUH (/10T OPraHoB 3pe-
HUg At ~ 0,1 ¢) MBI Bceria perucTpupyeM «pa3Ma3aHHYIO» HHTEP(EPEHIIMOHHYIO KapTHHY.

C KauecTBOM KapTUHBI HAIPAMYIO CBA3aHO MOHATHE KOrePEHTHOCTH HHTEPHEPUPYIO-
myX BOJH. KorepeHTHOCTD XapakTepusyercs 6e3pasMepHbIM K03 GUIHEHTOM Y (CTENEHbBIO
KOTEPEHTHOCTH), KOTOPBIN MOXKET MEHAThCA B HHTepBane 0 <y < 1. UeM BbIIIe KaueCTBO Kap-
THHBI, TEM OOJBIIE CTENEHD KOTePeHTHOCTHU. JJI1 MOHOXPOMaTHYECKHUX BOJIH, KOHEYHO, ¥ =1.

DTUM 3aMeYaHHEM O KOTEPEHTHOCTH BOJIH MBI 3[€Ch U OTPaHHYUMCS, a A€TAIBHOE

OIMHUCAaHUEC MOHATHUA 6yz[eT JAaHO B KypcCe «Onruka.

Judppaxuus BoaH. B ynpoineHHOM cMBICTe oA AUGPaKIUe IOHUMAIOT KPYT SBJIe-
HHI, B KOTOPBIX MTPOSABIIAETCS OTCTYILIEHHE OT MPSIMOIIMHEHHOTO pactpocTpaHenus BoiH. Takoe
MOHUMAHUE JU(DPAKIIH, BOOOIIIE TOBOPS, HEBEPHO, IOCKOIBKY MPAMOIUHEHHOE PacpocTpaHe-
HUE BOJH SIBIAETCS JIUILIB ONPEASIeHHBIM NpHOkeHneM. JlefcTBHTENBHO, creluIKa JIF000ro
BOJTHOBOTO JIBHKEHHS IIPOSIBIIAETCS B TOM, UTO 3TO JABIKEHHE, BOSHUKHYB BHAYAJIE B OTPaHHYEH-
HOH 00acTH, CTPEMHTCS PACIPOCTPAHUTECS B PABHOM CTENIEHH BO BCE CTOPOHBL BriGopoM cre-
LHATBEHOH (hOPMBI 3TOH 00JIaCTH MOMKHO JOOUTHCS TOTO, YTO BOJHA TOOEKUT IPEHUMYIIECTBEHHO
B HEKOTOPBIX HAIPABIEHUAX. BIOIB ONHOIO U3 TaKKX HANPABIEHUH MOOEKUT (hParMeHT BOJTHBI,

KOTOpI:Iﬁ C OHpe,Z[eJIeHHOﬁ TOUHOCTBIO MOKHO CUUTATh ABWKYIITUMCA HpﬂMOJIHHGﬁHO.

Jns HaGmromeHH T OCHOBHBIX 33KO0-

HOMEPHOCTEH AU(PaKIUHA BUIOUIMEHUM T,

Xapaxtep Bo30y KICHHS BOJIH HA OBEPXHO-
CTU BOABI B OMHMCAHHOM paHee ombite. B B

Ka4€CTBC HCTOYHUKA BOJTHBI BMECTO [IapH- £ 0

KOB OyZieM HCTIONB30BaTh mnacTudy O, 0,,
nnuHa kotopoit £ =(3+35) cm, Te. 3aMeT-

HO MNPEBBIIACT OJIUHY BOJHBI A~3 MM

(puc. 5.22). B pesynbrare 1o moBepxXHOCTH

BOJbI MOOEIKUT «ILIOCKAS BOJIHA B Harpas- Puc. 5.22
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JIEHUH, NEePIeHAUKYISIPHOM IUTacTrHe. OTYETITHBO HAOMIONAIOTCS IBE IPSIMOIMHEHHBIE TPAHHLIBI
I'; u T, oTnensroniie BO3MYIIEHHYO BOJIHON U DIAJIKYIO YaCTH MOBEPXHOCTH BOAbL Jliia sToi
MOCTEAHEH YaCTH MOYKHO YIIOTPEOUTH 3aUMCTBOBAHHBIA U3 ONTHKU TEPMHUH: «O0IACTb TEOMETPH-
yeckoli TeHW», CaMy BOJIHY YaCTO HA3BIBAKOT BONHOBBIM ITyUYKOM, HJIH Ty4oM. B 3TOM 3kcmiepu-
MEHTE MOKHO CUHMTATh, YTO BOJNHA PACMIPOCTPAHICTCS MPAMOTUHEHHO U HE 3aXOIUT B 00IacTh
TEHH. DTO CBA3AHO € TEM, UTO Pa3Mep ee BOITHOBOTO (poHTa £ >> A .

VYMEHBIIUM Tenephb 3TOT pasMep. ITo HauboIee NPOCTO OCYIIECTBUTE, €CITH Hapa-
nenbHo muacture O, O, yCTaHOBHTE IBe BepPTUKANbHEIE cTeHKU C,; 1 C,, paccToanne £ Mex-

Jy KOTOPBIMU MOXHO HU3MEHATH (puc. 5.23).

Ecnu caenare £ < SA =

=~ |5 MM, TO BOJTHA HAYHET IOCTE-

1 Cl

0]

MIEHHO 3aXOIUTH B O0NACTh TCHH, a
B 4" K G ee poHT Oynet uckpusiarscs. Ha
1 1
;o Y _
r HEKOTOPOM XapakTEPHOM PaccTos

r HUH L BONHOBOH My4oK mpuoOpe-
2

C, TET 3aMETHYIO YIIOBYIO PAaCXOIH-
2 L

?
11
L
151
T
-
o
\
-
1

MOCTb U Jaliee OyaeT pacnpoctpa-

HATHCS IO YaCTU MOBEPXHOCTH, OT-

Puc. 5.23. pannueHHOU yraoMm 29. Ilpu
YMEHBIICHUH 3330pa ¢ MEKIY CTeHKaMHU yron 20 BO3pacTaeT, 4 pacCTOSHUE L yMEHBIIAETCA.
DTO0 OTCTYILICHHE OT NPAMOJHHEHHOTO PACIPOCTPAHEHUS IBIAETCS PE3YABTATOM TUDPAKLAN
U CYIIECTBEHHO TOTAA, Koraa £ ~ A .

He cocraBiseT TpyAa OLEHUTH BETUUUHB! ¥ U L, HCOOMB3YA TOIXO, PEITOKEHHBIN
¢dpaniysckum yaeHbsiM O. @penenem B XIX cronerun 1is 0ObICHSHUS U PAKLIUN CBETOBBIX
BoxH. Crenys @peHento, y4aCTOK (YpOHTA MAJArOIIEH BOJTHEI B 3330P€ MEKIY CTCHKAMH MOXK-
HO PacCMaTPUBATh Kak Lenouky u3 N >>1 GmU3Ko pacnoNOKEeHHBIX OJUHAKOBBIX TOUCYHBIX
uctounukos O,, O,, ..., O, (puc. 5.24).

Bosmymienue B 1060t Touke M MOBEPXHOCTH BOABI €CTh PE3yNBTaT HHTEPHEPEHIIUN
N BOJIH OT 3THX, TaK HAa3bIBAEMBIX «BTOPUYHBIX)» UCTOUYHHUKOB, H 3aBUCHUT OT Pa3HOCTH XoAa
BCEX HHTep(hEepUPYIOMIUX BONH. B MpakTH4ecKH BaKHBIX CIyYasX PacCTOSHUA 7|, 7, ...,

ry >> £, nostomy orpeskn O,M, O,M, ..., OyM MOXHO cIUTaTh MapantensHeIMH. [oHATHO,
YTO B TOUKY P, TexKalryro Ha OCH BOJTHOBOTO MyUKa, HHTEPHEPUPYIOIIKE BOTHBI IPUXOIAT B
M ase u Bo3MyIIEHUE TOBEP-

XHOCTH B Hell OyneTr Makcu-
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MAJIbHBIM. HaHpOTI/IB, B TOU-
—

I—
—
| —
—
—
—

Ke M BOJHEI MOT YT IOTraCuTh

Apyr apyra, €Clid pasHOCTb

xoma Ar =ry,, —# MeXay

Puc. 5.24. BOJTHAMHU OT KpPaHWHETO HC-
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Tounuka O; u cpeanero uctounuka O, Oyner paBHa A/2. IToCKONMBKY 3Ta Pa3sHOCTh, KaK

BHUIHO U3 puc. 5.24, paBHa %sin ¥, TO

Arzﬁsinﬁ:&. (3.51)
2 2

AmnanornyHo, B IpoTHBO(a3e OyayT NPUXOAUTH BOJHBI M OT APYTHX Hap HUCTOUYHHUKOB
(02 Oap2 4 15 O3, Oppa 4 25 o3 Ona_ 15 Opy). ToBOPAT, uTO B Touke M GyzeT HaOIFONaThCA MEPBBIH
MHHHMYM JH(PaKIHOHHOH KapTHHBL. He cocTasmnseT Tpyaa Hanmcarhb yelloBHe, noxooHoe (5.51),
U U1 APYruxX MUHUMYMOB. OQJIHAKO, KaK MMOKA3BIBACT CTPOruil aHamms, 6onee 90% Beel sHepruu
HEPEHOCUTCA BOMHOM B peaenax yrma 20 . Ilostomy Ha pucynke (5.23) rpanuup I'y u I, BecbMa

YCIIOBHBI U OYEPYHMBAIOT JIUIIH OCHOBHYIO, HAHOOJIee 3HEPTOEMKYIO YacTh IyJKa.
Jns oneHku AupakHOHHON PACXOJHUMOCTH BOJHOBBIX IMyYKOB HCIIONB3YETCS YIOI

¥, KoTOpBIi ipH £ >> A OLeHHUBaeTCs cormacHo (5.51) mo Gopmyne

A
U= R (5.52)
TaKy!o pacxoauMOCTh MyYOK NpHOG- | —>
KYIO pacxon y p i T,
peTaeT Ha HEKOTOPOM XapPaKTePHOM paccTos- 1 —_, / T
! > £1 B _—_-_-_—_—::—-—‘"""" 9
Huu L. Ero MOXHO JIETKO OLEHHTh U3 PUCYH- |—> f hesZZlZlooooooooo ST e
:_> T I Rt L S
Ka 5.25, Ha KOTOPOM ITyHKTHPOM H300PakeHbI i_’ \ ~E__
acumMnToTh! K rpanutam I'; u T, Bynem ycnos- i I
HO CYUTATh, YTO Ha PACCTOAHHUU L NonepeaHbIi
pa3Mep My4yka yABOWJICA U CTAN paBHBIM 2/ . L
Torna ¢ yuetoM (5.52) MBI MOKEM 3aMUCATH: Puc. 5.23.
o= % _ % , (5.53)
Ortcrona
22
L= o (5.54)

Benuuvna L HasbBaeTCd AU(PAKIHOHHON AMTHHON MyYKa ¢ ATHHOM BOMHBI A U [0-

nepeuHsIM pasMepoM £ . OHa omnpenenseT MaciuTald pacCTOSHUH, Ha KOTOPBIX Pa3BHUBAETCH

3aMeTHas AUQPAKLHUS MyYKa.

Cnemaem HCKOTOPBIC OLICHKH.

MpOCTO HE YCIICBACT 3aMECTHO Pa3BUTHCA.

B oneiTe, H306pakeHHOM Ha PHCYH- Oll TP
ke 522, £=5cm, A=3mMmu L ~ 80 cMm. LT rrrral
5 B FICIC LI LT
TO O3HAYAET, UTO B KIOBETE NUPPAKIHs Ll /rIE_ [—=sl | |
I 1€ T
I 1

IIpu ymenbenuu ¢ (puc. 5.23) 1o Benu- 0
gpnel £ =5A =15 MM, audpakIHOHHAS :

uiHa nyuka L =75 cM, u audpakums

K
CTaHOBHUTCA OTUCTIIHUBO BHIHA. Puc. 5.26
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Ecimi Ha myTH BOTHOBOTO MyYKa MOCTABUTH MpenarcTBUe — ¢TeHKy C (puc. 5.26), To
cpasy 3a CTeHKOU OyeT TeHb, OJHAKO BOMHA, OPOHAS paccTosHue ~ L =/ 2/h , 00orHeT mpe-
narctere, MmocTpatueii K CKa3aHHOMY ABIAETCA, HAOPUMED, BO3MOKHOCTD YCIBIIIAT 3BY-
KOBOU CHTHAJ aBTOMOGHJISA, HAXOAACH 033,01 HeGONBIIOro cTpoeHnsa. OOHAKO 32 MHOTO3TAX-

HBIN JAOM 3BYK MMPAKTUYCCKH HC IPOHUKACT.
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Boanwr na nogsepxnocmu scuoxocmu. I pasumayuonnvie sonnvl. Kanunnapuvie 6on-
nol. Lynamu. Buympennue gonnvt. Akycmuueckue e0nnbl 60avuion amnaumyost. Jlunetinotil u
HeNUHEUHbLI peXcuMbl pACnpocmpanenus. Yeounenvie 60anvl (COAUMONbL).

BosHBI HA TOBEPXHOCTH SKHAKOCTH. [ paBHTANHOHHBIE BOJIHBI. MHOTHE U3 HAC MOTYT
JIOJITO JIFOOOBATHCS [TOBEPXHOCTHEO MOPSI HITH PEKH, T10 KOTOPOH MEPEKaThIBAIOTCS BONHBL. PokneH-
HBIE BETPOM, OHH PaCHpOCTPAHSIOTCS 3aTeM 33 CUET CHJIBI TSDKECTH. Takwe BOJHBI HA3BIBAIOTCS
IPaBUTALHOHHBIMHA. YacTHIIBI BOIBI COBEPILAIOT B HUX JBIDKEHHE 10 KPYTOBBIM U UTHITHYECKAM
TPAEKTOPHAM (KBBEPX—BHHU3» U «BIIEPEI—HA33D»
OIIHOBPEMEHHO), TI03TOMY TAKHE BOJHBI (KaK K o1

BOJHBI JIsIBa) HENB351 OTHECTH HU K IPOAOIBHBIM,

HH K MONECPECYHBIM. I PAaBUTALIMOHHBIC BOJTHBI

00Ma2F0T PAIOM YIUBUTENBHBIX CBOKCTB, K aHa-

JH3Y KOTOPBIX MBI H IPHCTYIIHM. H [7777777777777777777777777
ITycTh M0 MOBEPXHOCTH BOJOEMA DTy~ 5 ¥
ouHoli H pacnpocTpansercd BIomb ocu Ox Puc. 6.1.

MOBEPXHOCTHAS TAPMOHUYECKAs BOJIHA
s(x,t) = s¢ sin(@t —#x), 6.1)
rJe § — CMEIIEeHHE MMOBEPXHOCTH BOJBI BBEPX OT PAaBHOBECHOI'O TOPH30HTATIBHOIO MONIOXKE-
HHS, OTMEUEHHOTO Ha pHC. 6.1 myHKkTHpOM. bynem cunrars, 4to | s |[<< H .
[Tpeanonxoxum, 94To AaBIEHUE )KUAKOCTH Ha DIyOHHE z PaBHO:

p(z,x,t) =pgz + dp(z,x,1), 6.2)
rae Op — n00aBKa K THAPOCTATHIECKOMY JaBICHUIO PLZ , 00YCIOBIEHHAS BOMHOBEIM JIBH-
JKEHHEM MOoBepxHOCTH. CaenaeM TakKe MPEANOIoKeHHE, YTO

Sp(z.%.1) = f(2)pgs(x.1) 63)

Beipakenue (6.3) 3anucaso B IPUOTIKEHUH, YTO BO3MYILIEHHE AaBIEHHA BOIHU3H MO-
BepxHOCTU (z — 0) ompeaenseTcsd AONOTHUTEIBHBIM MHIPOCTATHIECKAM AaBICHUEM Pgs ,
CBSI3aHHBIM C H3MEHEHUEM YPOBHS JKUIKOCTH IIPH PACTIPOCTPAHEHUH BOJIHBI:

dp(0,x,1) = pgs(x,1), 6.4)
IIpUYeM ¢ TTYOHHOH 3TO BO3MYIIEHHE JAOJLKHO YObIBaTh. CrenoBaTenbHO, yHKIHS f(z) C
POCTOM z TaKoKe AOJDKHA YOBIBaTh, pH 3ToM f (0) = 1. [To3:ke MBI TOKa)KEM, YTO HPENCTABIIE-
HHUE BO3MYIICHUS AaBIeHUA B Bue (6.3) onpaBaaHHO.

Jlist omucaHus BOSHOBOTO ABHXKEHHSA KUIKOCTH HAM HEOOXOIHUMO, BO-TIEPBBIX, [UTS
33JaHHOU YaCTOTHI () HAWTH %, TO €CTh YCTAHOBUTH AUCIIEPCHOHHYIO 3aBUCHMOCTD (0 = ((£)
U, BO-BTOPBIX, ONPENeTuTh BHI QYHKIMK f(z) . DTO MOXKHO CHeNaTh, €CIu ¢ ydeToM (6.2)
3amucaTh ypaBHEHUS Dtepa Ut IBHKEHN ST HEC)KUMAEMOH U HEBSI3KOH )KUAKOCTH B ITOCKO-

cta XOZ (cMm. ypasraenue (3.30) B JIeKIHU 110 THAPOAUHAMUKE):
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av, v, v, odp
p +o, +ov,—* |=——=;
ot ox oz ox
dv, ey dv, +2/ dv, \_ 0%
o T T T e

TTpu 3amucw (6.5) MBI peATIONAraeM, YTo ABWKEHHE YacTUL 1o 0cd Oy OTCYTCTBYET.
v, av, dv, av,

(6.5)

YuTem ganee, 4To WIEHAMH ¢, —— , ¥, ) ¥y u v, B CHJTY UX MAJIOCTH MOKHO
ox oz ox oz
npenebpeus. Toraa nomyuaem
dv, _ddp
ot ox ’ (6.6)
dv, _ ddp
ot oz

Dt YPaBHCHUA OOMOTHUM YCITOBHEM HCCKUMACMOCTH!

dov. Odv
x 9% g 6.7
x oz ©7

YpaBHeHus (6.6) u (6.7) mpu 3aaHHBIX TPAHUYHBIX YCIOBUSAX JAIOT BO3MOKHOCTE

paccuurarb v,,v, H 6]) H, TCM CaAMBIM, NOTYYUTH PCIICHUEC 3a0a9H O IBHKCHUH JKUOKOCTH,
BKJIIOUAA ABHKCHUE €€ MOBECPXHOCTH.

Iponuddepennmpyem neppoe u3 ypasHeHuii (6.6) 1o x, a BTopoe — 10 z:

ddv, 9 *op
P ot dx ax2 ’
5 (6.8)
0 0ddy, _ I°p
af aZ aZZ ’
B 1€BBIX YACTAX TOM CHCTEMBI YPABHEHUH U3MEHEH MOPAAOK AU (HepeHIUPOBAHUS.
CnoxumM Tenepsb ypasHerus (6.8). Toraa ¢ yueroM (6.7) MOXKeM 3aIHUCATH:
9 2 2
pi vy Ov,\_ |9 I (6.9)
oty ox oz o oz2
YpaBHeHUE
2 2
J §P+a iP:o (6.10)
ox oz

ABIIAETCSA 3HAMEHUTHIM ypaBHeHHeM Jlamnaca, HCIoNb3yeMbIM BO MHOTHX pa3aenax (DU3UKH.
IToaToMy ero pereHHe XOpOLIO U3BECTHO.
Ha noBepxHoCcTH BomoeMa mpH z =( TPAHUYHBIM YCIOBHEM SBIAETCH PABEHCTBO
(6.4), a Ha OHe NpU z = H [ODKHO BBIMONHATHCH yCHOBHE ¢, =0, U3 KOTOPOrO ¢ y4eTOM
BTOPOTO ypaBHEHHS (6.6) moryyaem:
vy
oz z=H

—0. (6.11)

2
TMoxacrasum panee (6.3) B (6.10) u yurem, uro aa 52p =—4%8p.
X
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Torna (6.10) npumeT BUA:
dzf 2
—2—%; f=0. (6.12)

C MeTOmOM penIeHns TAKUX YPABHEHHH MBI IO3HAKOMIITHCH B JIEKLIUAX IO KOMEOAHHUIM.
Hcnonb3yd noacTaHoBky f'(z) = AeM , IOMYYaeM XapaKTEpUCTHUECKOE YpaBHEHUE A4t =0 5
oTKyHa A, =tk , u obiee pemenue (6.12) MOKeET GbITh 3aMMCAHO B BHAE QyHKUMU:

f(z)=A4e" +Be™, (6.13)
IIPU 3TOM IPaHUYHBIE YCIIOBUA U f(z) cheayromue:
f(0)=1; LA - (6.14)
dz|,_y
IMoncraenas (6.13) B (6.14), moryuaem:

A+B=1; 6.15)
A — e =,
Orcrona
chl#(z— H)]
f(z)=w, (6.16)
rae Gyskmua cho = %(e“ +e %) — runepGonuyuecKkuii KOCHHYC.
IPpaduk pysxuun f(z) usobpakeH HA  flz) A
puc. 6.2. Temepb 0CTaNOCH TONBKO OMPEACTUTE
BOJIHOBOE YHUCIIO £, Bxosmiee B (6.1) u (6.3). D1o 1
MOXHO CIeNaTh, €cny cHauana u3 (6.1) HaiTu \
BEPTUKANBHOE YCKOPEHUE YaCTHLBI Ha MOBEPX- i
HOCTH JKHUIKOCTH. T[Ipy 3TOM HAJ0 y4ecTb, UTO 0 1_'[ 2
TIONIOKUTENBHBIE 3HAYEHUA ¢, COOTBETCTBYIOT Puc. 6.2.
YMEHBIIEHHIO S
aa”; = —3%; = 5,0 sin(ot — #x) = 0>s(x,1) - (6.17)

IMoncraBuM (6.17) B NEBYIO YaCTh BTOPOrO ypaBHEHHUS (6.0), a MPaBYIO YaCTh 3TOTO

YpaBHEHHS 3aITUILIEM, HCTIONB3YS peacTasienue (6.3). Torma momyuum

= pgskth(tH) . (6.18)
z=0
B (6.18) yuteHo, uto (cha)” = sha., tha, = shat/ chot. [To3ToMy JUCIEPCHOHHOE COOTHOLIEHHE

2 df
0°s =—pgs—
pw-s pngZ

MOIyvacTCAa B BUAC!

: 1/2
0= JgH A(tthﬂj . (6.19)
O603Ha4YUM =,/ gH . Torna

1/2
o=cy- A(tthﬂ) . (6.20)
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A C A
,*”’ S
0 H! k 0 H! %
Puc. 6.3. Puc. 6.4.

Ha puc. 6.3 31a 3aBUCHMOCTD H300paskeHa CIUIOIIHON JINHKUEH, a MyHKTHPOM MOKa-
3aHa mpaMas O = ¢y . Pa3oBast CKOPOCTH BONHBL ¢ = /4 KaK (hYHKUHS BOJHOBOLO YHCTA
MoKa3aHa Ha puc. 6.4.

Taxum 06pa3oM, MOBEPXHOCTHBIE TPABUTALIMOHHBIE BOHBI IOABEPKEHBI CUITBHOM JHC-
nepcud. DHOEKT AUCHePCHU APKO BBIPAKEH Y OKEaHCKUX BOJH, 3apOXKIAIOIINXCS B YIATEH-
HBIX [ITOPMOBBIX paiioHax. [TOCKONBKY JTHMHHBIE BOMHBI (C MEHBILINM 4) IBIKYTCS OBICTpEe,
yeM KOPOTKHE, TO OHU MPUXOIAT K GeperaM paHblle KOPOTKUX Ha 1-2 aHs.

Dddext qucnepcun MOKeT UCONBb30BATHCA MPU ONPEAETCHUH MECTa BOSHUKHOBE-
HUS BOJH, POIIEIINX 10 TOUKH HAOTIOAeHUs Ype3BhluaiiHo Gonbune pacctosHus. PaccTo-
SHHE OT IITOPMOBOTO PaiOHA O MECT4, TA€ BONHBI (DUKCHPYIOT, MOACUUTHIBAETCA O PA3HO-
CTH BpeMEeH NPUOBITHA BOJH PAa3HOH ITHUHEI BOJNHEI H, CIIeOBATENBHO, pasHoi yacToTel. [pe-
obnafaronias YacToTa NpUOHIBAIOIIKX BOH PACTET BO BPEMEHH, & JITHHA TPOHAESHHOTO MyTH
HAXOOUTCS O CKOPOCTH U3MEHEHHS YacToThl. Tak, Mo OLEHKe, OAUH U3 MAaKeTOB BOJH, Ha-
OnropaBIIUXcs B ceBepHOil vacTH TUXoro okeaHa, MpowLIen NONOBHHY OKPYKHOCTH 3€MHOTO
mapa or MHAniicKoro okeaHna no ayre GOMbLIOTO KPyra, MPoXoAsiieii kHee ABCTPaIHy.

PeanbHble BONHBL, KaK y)Ke TOBOPUIOCEH PaHbLle, MPEACTABISIOT COO0H CYNEpIO3HLIUIO
BOJTH, FJTH BOJIHOBBIE MIAKETHI, KOTOPBIE ABIDKYTCS ¢ IPyNmoBoi ckopocteto # = dw/ df . Crkopocts
4 TPYIIBI MEHBLIE, YeM CKOPOCTH ¢ = 0/ 4 KKIOH U3 BOJH B rpymme. Eciu paccMarpusars o1-
JENBHYEO BOJHY, TO MOKHO BUAETD, YTO OHA MiepeMelniaeTcs OpicTpee, YeM rpynma. [Tpu nocTike-
HUH (DPOHTA TPYIITIBI OHA 3aTYXAET, & €¢ MECTO 3aHHUMAOT BOJTHBI, TOTOHSIOLINE TPYIIITY C ThUIA.

®a30Bag CKOPOCTh BOJHEI ¢, Kak cirenyeT u3 (6.20), 3aBUCHT OT mapamerpa

tH =27H /A . Tlo3TOMY pasiUYaroT BOJHBI DTYOOKOM U METKOH BOJIBL,

Bouinbl r1y6okoit Boubl. Eciu #H >>1 (H >> A), T0 TaKKe BOIHBI HA3LIBAIOT BOJI-
HaMH DTyOOKoH Boabl. BosMyeHns Op COCPENIOTOUEHB! B IPUMNOBEPXHOCTHOM CJIOE TOJIIIH-
HOH ~ A W HE «UyBCTBYIOT» MPHCYTCTBHUA AHA. [N TAKHX BOJH, ¢ YUETOM NPUOIHKEHUS
th(£H) = 1, nucnepcuoHHoe coorHoueHue (6.19) npumer Bux:
o=lgt. 6.21)
Takum 06pa3oM, 3TH BOIHBI 00TaJAF0T CUIBHON JHUCTIEpCHE.
Crnenaem HeKoTOpble OLieHKH. B okeaHe mpeoGiafaroT BOMHEI C MEPHOAOM KoeOa-
uuii T ~10 ¢. Cormacuo (6.21) qmuua BonuHel A =27/% ~150 M, a (a3oBas CKOPOCTbH
¢ ~ 15 m/c. Takasg ckOpOCTb ABIAETCA TUITHYHOH, TAK KaK OHA COBIIAAAET C XapaKTEPHOH CKO-

POCTBIO BETpa BONM3U MOBEPXHOCTH, FEHEPUPYIOILETO BOIHBI ITYOOKOH BOMBI.
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Ecnu npoaHanu3HpoBarts pacpeaeneHne BOMYILIEHNH TaBIeHNs ¢ DTyOUHOMH, ONIUCHIBae-
Moe yHKIHMer f(z) (cm. (6.16)), ToO MOKHO NOKA3aTh, UTO f = ¢! mpu z=A/6=25wm. Takum

o0pa3oM, NpuOTKeHHe NTyOOKOH BOMBI CIIPABEIUTHRO B TEX MECTaX, re nryOuna H » 25 M.

Boanbl menkoii Boabl. [Tpu npubnmwkennu k Oepery riryOuHa H yMEHBIIACTCA, U
peanusyercs yenosue kH <1 (2nH < A) . XoT4 4acTOTa BONHBI OCTA€TCA NPEKHEN, OIHAKO

AUCTIEPCUOHHOC COOTHOLLICHUE MPUMET HHOU BUI;

o =#fgH = ke, (6.22)

U3 KOTOPOro CIEAYET, UTO Ha MENKOH BOAE AUCTIEPCHSA BOMH OTCYTCTBYeT. CKOPOCThH BONH
co= Jg? YMEHBIIAeTcs ¢ NIyOuHOH, U Ha riryOuHe H = 1 M ckopocTb ¢y ~ 3 M/c, a JuHHA
Bonebl opu T ~ 10 ¢ paBaa A =c,T ~30 m.

B venocpeacTeeHHol Gnu3ocTu K Gepery, rae nryonHa H cpaBHuUMa ¢ aMImuTyI0H
BOJIHEI S, , BOTHA HCK)KAETCA — IMOSBIIIOTCSA KPYThIe TPeOHH, KOTOPBIE ABIKYTCA GBICTpee
caMoii BOJTHEI U 3aTeM ONPOKUABIBAIOTCA. DTO MPOUCXOAUT MOTOMY, UTO DTYOUHA MO rpebHeM
paBHa H + s, U IPEBOCXOAUT NTyOUHY NoA BOaauHoi H — s, . B pesynsrate konebanus yac-
THUL BOJHEI IPUOOPETAIOT CAOKHEBIH Xapaktep. 10 aHATOrHH €O 3ByKaMH MY 3BIKATBHBIX HHCT-
PYMEHTOB, OCLHLTOrPAMMBI KOTOPBIX MOKA3aHbI B TIPEIBIAYILIEH TEKIIUH, MOXHO CKa3aTh, UTO
KOIe0aHUS YaCTUL| BOABI ABJIAIOTCA CYNEPNO3ULIKEH KOMeGaHUi MHOTHX YaCTOT, IPUUEM [0
Mepe npubImKeHns Kk 6epery HHPHHA YaCTOTHOTO CEKTPpa yBenuunBaetca. C noqoGHBIM HC-
KaXEHUEM aKyCTHUECKUX BOJIH MBI BCTPETHMCS HECKONIBKO MO3/IHEE, Koraa OyaeM u3yuarh He-
NUHEHHOE PacpoCTPaHEHUE BOIH KOHEUHOH aMILTUTYABL.

W3 npuBeaeHHON BbIllle KTACCH(DUKAINHN MPABUTALIMOHHEIX BOJNH CIAEAYET, YTO I
OKeaHa ¢ Ty6uHoi H = 5 KM BONHEBI [IyGOKOH BOABI JOMKHEI HMETh A < 27TH ~ 30 kM. Co-
rracHo (6.21) ux nepuon konebanuii 7= 27/m > 2 MuUH, a ckopocTh ¢ = A/T < 250 m/c. s
KOHTHHEHTANBHOrO mwenbha H ~ 50 M, 103TOMY BOJTHAMHU [TyOOKOH BOABI GYIyT BONHBI C
A<300M, T<15¢cuc<20mec.

C apyroii cTopoHsI, Ha DIyouHEe H ~ 5 KM BOJIHEI ¢ ATUHAME BOJH A > 30 kM GyayT
BOJTHAMH MENKOH BOJABI. DTH BOJHBI UMEIOT nepuoa konedanuii 7 > 2 MHH, 4 UX CKOPOCTh
¢ ? 250 m/c. Takue BOMHBI ABUTAIOTCA CO CKOPOCTBHEO PEAKTUBHOIO CaMOJIETa U MOTYT mepe-

ceub ATTaHTUYECKUM OKeaH NpUMEPHO 3a 7 4acoB.

XapakTep ABH:KeHHS YACTHIL :KUAKOCTH. PaccuntaeM CKOPOCTH YacTHI v, U 7,,
KaK (YHKIUH KOOPAUHAT X, z U BPEMEHH f. JTO JErKO CAENATh U3 ypaBHeHUU (6.6) ¢ yuetoMm

(6.3), (6.1) 1 (6.16):

Vs _ 9 5= flzpghsy cos(@r — k),
ot ox 6.3
du, B df (6.23)

p =——20p :—Epgs0 sin(mf — £x).

ot oz
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Orcrona
= @) o sin(or— )

6.24
f ¢ (6.24)

., s cos(mf — £x).

Ha puc. 6.5 nokasaHe! BeKTOpBI CKOPOCTH YacTHI| HA DIyOUHE Z U Ha IOBEPXHOCTH B
(hUKCHPOBAHHBIA MOMEHT BpeMeHH. ITyHKTHpOM H300paskeHO MONOXKEHUE BOMHBI Yepe3 Ma-
IBIH MPOMExyYTOK BpeMeHu. [Toa rpeGHeM BOJIHBI YaCTULIBI HMEIOT COCTaBIIOIIYIO CKOPOCTH
v, >0, a noa BoaauHoH 2, <0. CKOPOCTh HEKOTOPOH YaCTHIBI A HalpaBleHa BHU3, U C
TEYEHUEM BpeMeHU OyeT U3MEHAThHCA. JIerko MOHATH, YTO B MOCIEAYIOLUTHH MOMEHT CKOPOCTh
gacTUlpl A OyneT Takoi, Kak y 4acTHIBI B B HacTOAIIUM MOMEHT, 3aTeM — Kak y yacTuLbl C B
HacToAIud MOMEHT, U Tak jganee. Ilo3ToMy TpaeKTOpHs 4acTULBI A OyAeT IUIUNTHISCKOH.
ITo Mepe yBenuYeHHS KOOPAUHATHI Z ([NIyOUHBI IOIPpyxKeHud) ¢, — 0, 3IUICH CIUTIOIIUBA-
FOTCS, M [IPH Z > A YaCTHLBI JKHAKOCTH KOJIEGIIOTCSA NPAKTHIECKH BAOTB ocH Ox.

PasMep / GonbLIONH MOTYOCH IUICA MOXHO OLICHUTD U3 YCIOBHUS

%
L= (0 ) max T = gasoT . (6.25)
CpaBHUM / C JIHHOW BOJNHBI ),
L gtk
—=8 7T, 2
WS (6.26)
Yurem, uto 0/i=c, A=cT, ¢y = ,/ gH — cxopocTh BOJTH MeNKoi Boasl. Torma
2
L. S0 (6.27)
A c2 H
Jlns Menkol BOABI ¢ = ¢y, U
£_%0 g, (6.28)

A

TMockoneky B 3T0M ciyuae A~ H ,To £ ~ Sg » T.€. BO3PACTAET C POCTOM aMILTUTYABI
BOJIHEI 5 . Ho Tak kak s, << H , TO aMIJIUTYJa TOPU30HTAIEHEIX KoOIebaHuit ¢ << ) .
SA

J_N__ﬁ__)_z_J__t_S_L'e_Yc__&__§_+_z_j__T_'

BT 777777 777777777777777777777777777 77777777

zV

Puc. 6.5.
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YacTUIB! HA MOBEPXHOCTU TYOOKON MHUIKOCTH JBUKYTCA MO TPAEKTOpUSIM, BIu3-
KHM K KPyroBbIM. [To TaKuM ke TpaekTopusaM OyAeT ABUrAThCS U IUIABAIOIIEE HA TOBEPXHOCTH
HeGONBIIOE TEN0, HAIPUMED, MPUTOILTCHHBIH MOMTABOK.

Jlo cux mop Mel MPEANONAraii, YTo mpo-
(HITE BOJHEI ABIAETCA CUHYCOUAANBHBIM, UTO BO3-
MOXXHO TOJNBKO B TOM CITydae, €Cld aMIUTUTYIa BOJ-
HEI OUEHBb Majid M0 CPABHEHHUIO ¢ e¢ AMUHOU. B npu-
pone TaKuM mpohHIeM pealtbHO 0ONaJatoT TONBKO

MPUITHABHBIC BOJHBI, OJIUHA KOTOPBIX ‘ipe3BBI‘iaI>iH0

BEJINKA [10 CPABHEHUIO C UX BBICOTOH. QOBIYHBIE BET-

POBBIE BOJIHBI IMEIOT Goriee CIOKHBIN BUA. Kak mo- Puc. 6.6.

Ka3bIBaIOT PacUEThI, YACTHLIB! KUAKOCTH B HUX JBHXYTCA [0 OKPY)KHOCTSIM, PaJIuycC KOTOPBIX
SKCTIOHEHINANBEHO yOBIBaeT ¢ MIyOuHOH (cM. prc. 6.6). CIUTONTHBIME JIMHUAMH Ha PUCYHKE
MOKa3aHbI JTJHHUH PABHOTO AABIEHHs, TF00ast U3 KOTOPBIX MOXKET COOTBETCTBOBATH IIOBEPXHO-
CTH BOZBI [IPY ONPEIeNIeHHON aMIUTUTYAE BOJHBL. DTH JIMHUH ABISAIOTCA TPOXOUAAMH — TPa-

CKTOPUAMH TOUCK, PACHIOTOKCHHBIX HA paanyCe MEXKAY ICHTPOM H O60,Z[OM KoJIeca, KaTale-

rocd 1noa I‘OpPBOHTaJ'II:HOﬁ HpHMOﬁ, paCHOJIO)KeHHOﬁ Ha BBICOTEC 2— Haa ypOBHEM HECBO3MY-
T

IIEHHOU NOBEPXHOCTH BoAbL. [103TOMY Takas BONHA HA3BIBAETCSA TPOXOUIANBHOH U OTITHYAET-
Cs1 OT CHHYCOWJaTbHON rapMOHNYECKOH BOJNHBI, 3aaaBaeMoii hopmyaoii (6.1). OueHb GU3KH-
MH K TPOXOHJATBHBIM SBIIAIOTCS BOMHBI OCIE HACTYILIEHHA Ha MOPE LTS, DTO TaK Ha3bIBa-

€Masg MepTBasd 36I0b. B wacTHOM ciyvdae, Korga paauyc Op6I/ITI>I YAaCTHULIEI, HaXO,Z[HH.[GﬁCH Ha

MOBECPXHOCTH BOABI, PABCH ? 5 HpO(lJI/IJII: BOJIHBI HMECT BUA LIHKIOHUOBI (BerHHH KpHUBad Ha
T

puc. 6.6). OnHAaKO, ONBIT MOKA3BIBAET, YTO LUKJIOUAATbHAS (hOPMa MOBEPXHOCTH BOJBI MOKET
HaOMIOAATHCS TOJMBKO Y CTOSYUX BOJH.

ONBITHBIM MYTEM TaKkKe YCTAHOBIEHO, YTO Y GErylIuX TPOXOUAANBHBIX BOJNH YO
MEXIy KacaTeNbHOW K MOBEPXHOCTH BOIBI U FOPU3OHTOM He mpeBbiuaeT ~30°. Ecnau yronm

CKara 'y I‘pe6Hﬂ BOJIHBI IPEBBIIIACT 3TO 3HAYCHUEC, KOTOPOC COOTBECTCTBYCT OTHOLICHHUIO aMII-

. s 1 .
JII/ITy,Z[I:I TpOXOI/I,Z[aJILHOI/I BOJIHBI K €€ NJIUHE TO = 47 = 0,08 , TO BOJTHA TepHeT YCTOI/I‘{I/IBOCTL.
T

310 sABNEHUE UrpaeT GONBIIYIO PO B MPOLIECCE 3apOKACHHS U Pa3sBUTHA BOIH, YTO MOXKHO
3aMETUTh, HAOMIOAAsA 33 HUMHU B IPUCYTCTBHH BeTPa. BBICOKHE BONHBI ¢ OCTPBIMU Ipederika-
MH HE MOTYT MPOJIOKATH CBOU Oer, TAK KaK UX rPeOHU OMPOKUIBIBAIOTCA U Pa3pyLIAlOTCs, U

BOJIHBI YMEHBILIAKOTCA IO BBICOTE.

Kanunaspusie BoiHbl. [Ipy aHATN3€ 3aBUCUMOCTH CKOPOCTH OT BOTHOBOTO YHCIIA,
n300paskeHHON Ha puc. 6.4, BO3HUKAET BOMPOC: A0 KAKOH BETUYHHBI NAAAET CKOPOCTD ¢ TPU
YBENHUUEHUH BOTHOBOTO YUCIA k (MM YMEHBIIEHUN THHBI BONHEI)., OMBIT MOKA3BIBAET, UTO C
YMEHBIIEHUEM JTHHBI BOJTHBI CKOPOCTh JOCTUTAET MUHUMYM4, 4 33T€M HAUHHAET BO3PACTaTh.

DTO CBA3aHO C TEM, UTO MPU MAIOM Pauyce R KPUBH3HEI MOBEPXHOCTU (R ~ A) HAUMHAIOT
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UTPaTh 3aMETHYIO POJb CHIIBI TOBEPXHOCTHOTO HATsKeHUs. [Toa nx AeficTBHEM MOBEPXHOCTD
BOJBI CTPEMUTCS YMEHBIINUTH CBOKO IUTOMTa,1b. CHTyalns HAMOMUHAET PACCMOTPEHHYIO paHee,
B CIIy4ae C HaTAHYTBHIM PE3HMHOBBIM IIHYPOM. TaKyie BOJHBI HA3BIBAIOTCS KAIMIUISIPHBIMH.
Ecnu ipu yBesTnueHnN HATSKEHHS [IHYpa CKOPOCTE PACTIPOCTPAHEHHS [0 HEMY BOJIH
BO3pACTaNa, TO IPU YCUIECHUH POJIU MOBEPXHOCTHOTO HATSIKEHUS (YMEHBIIEHHH A ~ R ) cKo-

POCTb KaUIISPHBIX BOJTH AOJKHA TAKXKE YBETUUHUBATHCA. U3BECTHO, UTO AaBIEHUE O] UC-
o - (¢

KPUBJICHHOH HUTUHAPUIESCKOH IOBEPXHOCTBIO p ~ — ,[€ G — KOMDHUIUEHT MOBEPXHOCT-

HOTO HaTssKeHusA. Ecu npuOiIukeHHO CYUTaTh, YT0 A =27R , TO MO aHAIOrHU ¢ GopMyIIoi

JUTA CKOPOCTH 3BYKa B raze (Ipu Y = 1) MOKHO OLIEHUTH (ha30BYIO CKOPOCTH TAKHUX BOJIH:

cK=9=\/Z= /94. (6.29)
£ Xp Vo

PacueT mokaseiBaert, uto opmyna (6.29) and KanAIISPHBIX BOIH NTyOOKOH BOABI OKa-
3BIBAECTCSA TOYHOH. Y UeT KOHEUHOCTH DITyOHHEI BOAOEMA AET TS 3TUX BOJH PE3YIIBTAT, aHATO-
TUYHBIA TOTYYCHHOMY BBILIE )T TPABUTAL[HOHHBIX BOMH: B hopmyte (6.29) mox KopHeM 10-
TIONHUTENBHO MOABIAETCS MHOKHUTEND th(4H ) .

KanwinspHeie BONTHBI TAK)KE UCITBITHIBAKOT AUCTIEPCUIO, OMHAKO, B OTIHYHE OT IPABH-
TaIMOHHBIX, UX (ha30Basi CKOPOCTH BO3PACTAET C YBEIMUEHHUEM BOITHOBOTO YUCTA K, T.€. C yMEHB-

menneM ) . [Tofe3Ho 3anucatTh AUCTIEPCHOHHOE COOTHOIIEHHE (6.29) B BHIE:

c
o’ ==4>. (6.30)
Y
Kak cneyeT u3 37010 COOTHOIIEHNS, FPYNNOBas CKOPOCTD ¥, KAHILTAPHBIX BOJTH LITy-
. . do 3 Jo 3
GoKol BoaIb! GobIlte HX (ha3s0BOH CKOPOCTH ¢, B TIONTOPA Pasa: u,,, =— =— [—k =—c

H_df( 2 p 2 Kar ?
l\/g —lc T.€ TIIOBAs CKOPOCTh
2\ e i

B/ABOE MeHbIIe (pa3oBoii. Pasmuune rpynmoBoii u (a3oBoii cCKOpocTel KaTHILUIIPHBIX BOIH XOPO-

TOLA KaK [1sl TPABUTALHOHHBIX BOMH (CM. (6.21)) Uy, =

II10 3aMETHO Ha MIOBEPXHOCTH BOBI [IPH MOPHIBAX BETPA: BUAHO, UTO MeJKas psA0h BHYTPU [PyIi-
Tl BOJIH JBHKETCS MEUIEHHEE, YeM BECh BOTHOBOU MAKeT.

Ecau GbI MBI ¢ CaMOr0 Haualla MPU PACCMOTPEHUH TOBEPXHOCTHRIX BOJIH YUIH KaK
JEHCTBUE CUNBI TAXKECTH, TAK U MOBEPXHOCTHOE HATHKEHUE, MBI Obl TIONYYHITH AJIS BOJIH [TY-
0OOKO BOIBI OHO NUCTIEPCHOHHOE COOTHOLICHHUE, U3 KOTOPOro opMyisl (6.21) u (6.30) mo-
JYYHITHCEH ORI MPEAETBHBIMU NEPEXOIaMU B 00IACTH MAJBIX U OOMBIIHUX £,

Jlyis BOMHOBBIX uncen k >> H ~! MBI MOXeM 06BEAUHATD (6.21) u (6.30) cnemyro-

LIUM 00Pa3oM;

o= ak+2k3. (6.31)
p

OTCIO,Z[a CKOPOCTb I'PaBUTAHUOHHO-KAMMUIIITAPHBIX BOJIH I HY6OKOﬁ BOJBI MMOTY4YaCTCA paBHOﬁ

(6.32)
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J1st BONHOBBIX uncel £ << H ' (BOTHBI MEJTKOH BOJBI) B COOTBETCTBHH ¢ (6.22) CKO-
POCTB CTPEMHUTCS K 3HAYEHHIO C( = +/gH , a JUTA NPOM3BONBHBIX 3HAYEHHIH B COOTBETCTBHH

¢ (6.20) MOKHO 3aMUCATE BRIPAKEHUE TS CKOPOCTH BOJNH CIEAYIOIUM 00pa3oM:

%+94— th(H). (6.33)
P

3aBucuMocTh (6.33) CKOPOCTH ¢ OT BONHOBOIO YHCTA 4 IOKa3aHa Ha puc. 6.7. BuaHo,

YTO CKOPOCTb IOCTUraeT MUHUMAJILHOH BeHYHHBL B coorBeTcTBu ¢ (6.32) 3T0 mponcxoaut
o i - |8P
npH g/, = Sk, /P, OTKYAA %y = /= . ClleI0BATENBHO,
(¢

s =425 2. (6.34)

MHH ~—

p

MHH

Jna Bogel 6 =0,073 H/m, ¢, =232 cM/c, A

Takum o6pa3oM, HA TOBEpPX- c A

=27/, = 1,73 oML

MHMH

HOCTH BOJBI HE MOTYT CYII€CTBOBATH
BOJIHBI, PACIPOCTPAHSIOIUECS CO CKO-
pocThio MeHbIe 23 cm/c!

KaHI/IJIJIHpHI:Ie BOJHEI 4acCTO

HCOOJB3YOTCA O ONPCOCTICHUA KO-

3 duIreHTa MOBEPXHOCTHOTO HATA-

SKeHUA JKHAKOCTEN.

Bounbl nyHamu. Kpome BOJNH, reHEpHpPYEMBIX BETPOM, CYIIECTBYIOT OU€Hb JJTHH-
HBI€ BOJIHBI, BOSHUKAIOLINE BO BpeMs MOIBOAHBIX 3€MIIETPACEHUMH, WIH MopeTpsAcenuii. Han-
Goree yacTo Takue 3eMIIETPSICEHHS MPOUCXOAAT Ha AHe TuXoro okeaHa, BAOJb [UTHHHBIX LIe-
neii Kypunbckux u SIHOHCKHX OCTPOBOB. I poMajiHBIE BONHBI, BO3HUKAIOIINE MIPU MOLTHOM
TOJTYKE, UMEIOT BRICOTY s) ~10—15 mu A~ 10° kM. Hocrturas Gepera, OHH CMBIBAIOT HE
TOJBKO rOpOAa U AEPEBHU, HO U PACTHTENBHOCTh BMeCTe ¢ MouBoi. bombine GencTBus oHU
MIPUYHHSIOT HACEIEHUT0 SIMOHUH, KOTOPOE JaJT0 UM Ha3BaHUE «LyHaMI» ([O-IMOHCKH — «00Mb-
I1as1 BOJTHA B FABaHUY).

HuTepecHs! cBefeHNS 0 BETMYMHAX Ae(OpPMaLli JHA OKeaHa BO BpeMs 3eMJeTpsice-
Huii. B 1922 ropy snonckue ruxporpadsl ciemnany npoMeps! DIyOHH B 3auBe Caramu, HeJaeko
ot Tokwo, a yepes rom— 1 cenTa0pa 1923 roma — TaM NpPOU3OILIO KATACTPOPHUECKOE 3eMITe-
TpsAcenue. [[oBTOPHBIH MpoMep NTYOUH MOCITe 3eMIIETPACEHHS [IOKa3aJl, YTO U3MEHEHNS pebeda
JIHA IPOM30LLTH HA TUIOIIAAM OKOIo 150 KM, IIpH 3TOM OHH YacTH JHA TOHAINCH MECTAMH Ha
230 wm, a apyrue omyctrmuck 10 400 M. TToansBIIAsCA YacTh JHA BEITOIKHYIA TPOMaIHBIN 00beM
BOJIBI, KOTOPBII 10 OLEHKAM COCTABIII BEMHUHHY V ~ 23 kM3, B pesysTare TAKoro Tomuka oopa-
30BaJICA OTPOMHBIH BOISHON XOJM (yeIHHEHHAas BOJIHA), KOTOPBIH PH PACIIPOCTPaHEHUH BBI3BAT

MOABEM YPOBHS BOIIBI y Gepero SmoHuu B pasHbIX MecTax ot 3,3 mo 10 m.
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BHyTpeHHHE rPABHTALHOHHbIE U HHBIE BOJHBIL. Hapsany ¢ HOBEpXHOCTHBEIMH [PaBH-
TALHOHHBIMU U KATHJLISAPHBIME BOTHAMH B OK€aHE CYLIECTBYET MHOXKECTBO JPYTHX BHIOB BOJH,
KOTOPBIE HIPAIOT BayKHYIO POJIb B IMHAMUKe OkeaHa. OKeaH, B OTIIHYNE OT HeaIbHOH JKUAKOCTH,
CTPaTH(HULHMPOBAH — TO €CTh €0 BOABI HE SBIISIOTCS ONHOPOAHBIMH, 2 U3MEHSAOTCS O [UIOTHO-
CTH ¢ TTyOHHOH, 210 pacnpenenceHue o0yCIOBICHO MOTOKAMU YHEPTHH (TeIa) U BerecTea. B
VIIPOILEHHOM BUIE OKEaH MOKHO HPEACTABUTE COCTOSLINM K3 JIBYX CIIOEB BOJBI: CBEPXY JIEKHUT
Oorree erkad (TerTas ik MeHee COJIeHas ), CHU3y — Ooree IioTHas (0omee ConeHas HTH X0 -
Had). [TonoOHO TOMY KaK MOBEPXHOCTHBIE BOJIHBI CYIIECTBYIOT HA TPAaHULIE BONa—BO3IYX, HA IPa-
HHLIE pa3ziesna BOJ pasHOH IIOTHOCTH OyAyT CYIIECTBOBATh BHYTPEHHHE IPaBUTALMOHHBIE BOJ-
HBL. AMIUTUTYZIa BOJIH 3TOTO THIIA B OKEaHE MOXKET JOCTUraTh COTHU METPOB, AJIMHA BOJHBI —
MHOTHX KHJIOMETPOB, HO KoNeOaHUS BOTHOM MOBEPXHOCTH TPU 3TOM HUYTOXHBL. BHyTpeHHHE
BOJTHBI IPOSBISIOTCS HA IOBEPXHOCTH OKeaHa, BO3AEHCTBYS Ha XapaKTePUCTUKU MOBEPXHOCTHBIX
BOJTH, Mepepacipeneisis HOBEPXHOCTHO-aKTUBHBIE BeriecTBa. [10 3ThM posBIeHNIM OHU U MO-
ryT OBITH OOHAPYKEHBI HA MOBEPXHOCTH OKeaHa. Tak Kak MOBEPXHOCTHBIE MPaBUTALMOHHO-KA-
MIJUTSIPHBIE BOJHBI U MOBEPXHOCTHO-AKTHBHBIE BEILIECTBA CHIIBHO BIHSAIOT HA KO3((HIIHMEHT OT-
PaKeHUS SIEKTPOMATHUTHBIX, B TOM YHCIIE CBETOBBIX BOJH, BHYTPEHHHUE BOMHEBI XOPOLIO 00HApPY-
JKHUBAIOTCA JUCTAHLHOHHBIMH METONAMH, HAIPUMEP, OHH BUAHBI U3 KOCMOCa. BHyTpeHHUe BOI-
HBI 110 CPABHEHHUIO ¢ OOBIYHBIMHU MOBEPXHOCTHBIMH TPABUTALIMOHHBIMH BOJNHAMH O0NaJak0T Ppsi-
JOM YAUBUTENBHBIX CBOKCTB. Hampumep, rpynmnoBas CKOpOCTh BHYTPEHHUX BONH MEPIICHIAKY-
nsipHA (ha30BOM, YTON OTPasKEHHs BHYTPEHHUX BOJH OT OTKOCA HE PABEH YDy MaJeHUs.

Tpu paccMOTpeHHH KPYITHOMACIITAGHBIX SBIEHHEH B MUPOBOM OKeaHe HeOOXOIUMO YUH-
TBIBATH 3(M(EKTHI BPAILeHUs 3eMiIH, U3MEHEeHNe DIYOWHBI U HANUYHe OOKOBBIX rpanun. Cuma
Kopuonuca seisercs OpuvHHON BOSHUKHOBEHHUS HHEPLUOHHBIX, UM CHPOCKOMUYECKUX BOJH.
H3MeHeHUs MOTeHIMATBHOM 3aBUXPEHHOCTH BCIEACTBUE H3MEHEHHUS reorpapuuecKor IIHpPOTHI
U DTyOHHBI OKeaHa 00yCIIaBIMBAIOT BOSHUKHOBEHHE IDTaHETApHBIX BOIMH Poccou. bokoBele rpa-
HULB! U H3MEeHEeHHe TTyOHHB! Ha IeNb(e OPUBOIAT K CYILIECTBOBAHHIO HECKONBKHUX THIIOB Gepe-
FOBBIX 3aXBAYEHHBIX BOJTH — LIENB(OBBIX, KpaeBblX, KenbBrHa, Tomorpaduueckux BoiH PoccOu.

KpynuomacmtaGHele BostHBI THNA BOTH PoccOun, KesbBruHA U Ap. OKa3BIBAIOT CYIIE-
CTBEHHOE BIIHAHUE HA TEPMOTHAPOJAUHAMHUKY OKE€aHa, B3aHMOAEHCTBHE aTMOC(EPHI H OKea-
Ha, KTUMaT U norony. CBOHCTBA MHOTHX U3 3THX BOJH CYILIECTBEHHO OTIHYAIOTCS OT CBOWCTB
MOBEPXHOCTHBIX TPaBUTALHMOHHBIX BONH. Hampumep, BonmHbl KenbBrUHA TOKATH30BAHEI B y3-
KO 1mesb(hoBOI 30HE, PACHPOCTPAHAIOTCH B CEBEPHOM IMOYIIAPHU BAONH Oepera MpOTHB
YacOBOH CTPEJKH. DKBAaTOpUaNbHBIE BOMHEI PoccOun, MMes MPOCTpaHCTBEHHBIE MACIITAOH! B
COTHH KHIIOMETPOB, JIOKATU3YIOTCSA BIOIb KBATOPA U MPOSBIAIOTCA HE B I3SMEHEHUH YPOBHS,

a Tpeskae Bcero B (popMe BUXPEBBIX TEYSHUH.

Pacnipocrpanenne akyCTHYeCKHX BOIH KOHEYHOH aMILIuTyabl. Eciu Bosmymie-
HUSA TUIOTHOCTU Op U JaBi€HUs Op B aKyCTUUYECKOU BOJHE HE ABISIOTCSA HCUE3AOIIE MAJIBI-
MU [0 CPABHEHHUIO C PABHOBECHBIMH 3HAYEHHAMH ) U P, TO TOBOPAT, UTO BONHA UMEET KO-

HECYHYIO aMILTTATY Y. OOBIYHO TAKHUE BOIHBI O6J'Ia,Z[aIOT BBICOKOU HHTCHCHUBHOCTBIO, U AJIA OITHU-
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CaHHA UX PACHPOCTPaHEHH HEOOXOIUMO PEIaTh HETHHEHHBIE YPAaBHEHUS THPOIHHAMHUKH.
AHanu30M pacnpoCTpaHEHH BOJTH KOHEUHOH aMITITUTYABI 3aHUMAETCA OTACIbHAS HAyKa, Ha-
3bIBaeMast HEIMHEWHOH aKyCTHKOH. B HaIMX JeKnuAx MBI OrpaHHYUMCS JIUIID HEGOTBIIHM
00BEMOM CBEICHHH U3 HETUHEWHON aKyCTHKH.

ITycts B rase Baoab ocu Ox pacpoCTpaHaeTcs MOIIHAA aKyCTHYecKas BolHa. Eciu
npeHe0peyb BI3KOCTRIO ra3a, TO ONHOMEPHOE IBIDKEHHE YaCTHUI] BAOIB 3TOH OCH OyIeT oru-

CBIBATHCS ypaBHEHHEM Jirepa U ypaBHEHUEM HETPEPBIBHOCTH:

dv o, 0v __9p.
P ot P ox ox’
Jp 0
—_—+— =0.
ot Bx(pzj)

CIOXHOCTE peLeHua 3TOU CHCTEMEI ypaBHeHI/Iﬁ COCTOHT B TOM, YTO B HX JICBBIX Ya-

(6.35)

CTAX COAEPKATCA HeNMUHeHHbIe WieHbl. OOBIYHO 5Ty HEMHHEHHOCTH HA3BIBAIOT KUHEMATHYEC-
Kol HenuHeHHOocThio. TlockobKy ypaBHeHHA (6.35) comepkar TpH HEH3BECTHBIE (DYHKIHH
p(x,1), p(x,t) u v(x,t), TO HEOOXOAUMO UX AOMOJIHHUTE TPETHUM YPaBHEHUEM, CBI3BIBAIO-
wuM p U P. s raza oHo, Kak yxKe 0TMEUAOCh paHee, ABIIETCH YPaBHEHHEM aJHabaThl:
Y
P=p()=po| - | . (6.36)
Po
IpencraBum p u P B BUIE:
pP=po+dp; pP=pPo+3p. (6.37)
3arem noxcrasum (6.37) B (6.36):
Y

)
Po+3=py 1+p—p . (6.38)
0

IMonaras, yto |8p/p0| <1, pasnoxum npasyro yacthb (6.38) B paa:

2
Po+dp=p, 1+Y@+M % +

(6.39)
Po 2 Po

IpeneGperas WieHaAMH, HMEIOUIUME NOPAAOK MATOCTH (Op/ po)3 U BBIIIE, OKOHYA-
TEJILHO 3aITUIIeM YpaBHEHUE aanabarsl B BUAE:

&p =cidp+c

_ 2
5771—(89) , (6.40)

Po
rae cg = y& .
BTO%Of/i yIieH B IpaBoi yacTu (6.40) HaUMHAET JaBaTh 3aMETHBIN BKJIA [TPU CHITBHOM
CKATUU (PA3PEXREHNUH), IOITOMY CBA3h MEKIY BOSMYIICHUSIMH JaBJCHUS Op W IUIOTHOCTH
Op craHoBUTCS HeMHHENHOH. JTa HemHHEeHHOCTh 00YCTOBIeHA HETHHEHHOCTBIO CHIT MEXMO-
JIEKYISAPHOTO B3aUMOJEHCTBHS U HA3BIBAETCS (PH3HIECKOH HENMMHEHHOCThIO. OHA BMECTE C K-
HEMAaTHYECKOH HEIMHEHHOCTHIO MOKET KapJHHAIBHO MOBIUITH Ha XapakTep paclpocTpaHe-

HHA HHTCHCHUBHBIX aKYCTHYCCKHUX BOJIH.
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Tepetinem Teneps K yCTAHOBISHUIO OCHOBHBIX 3aKOHOMEPHOCTEHN TAKOrO pacipoct-
panenus. [Jng storo noacrasum (6.37) B ypaBueHus (6.35). Toraa moxyunM:

ov ov ddp
p)— o)y —=—-—=;
(Po +0p) 5 +(po +0p) . F

dp o 3 (6.41)
o T [(po +Sp)2]=0.

YToOBI IOMOYB YHTATEIIO MPEOOJIETH ICUXOJIOTHYECKHUI Gaphep, CBI3aHHBIH C aHa-
JIU30M CHCTEMBI HeJTMHEHHBIX ypaBHeHuH (6.40)—(6.41), MBI NOKakeM BHadaje, Kak U3 3THX
YPaBHEHHUI MOKHO JIETKO ITOJYYHTh BOTHOBOE YPAaBHEHHUE, OMHCHIBAIOILEE JINHEHHBIN PEKUM

PaclpOCTPaHEHHUS BOJTH, U3YYCHHBIN NMOAPOOHO paHee.

JIuneitnbiii peskum (| Op |<< py, | Op |<< py) . Yaepxum B ypasreHusX (6.41) oMb~
KO JIMHEHHBIE WIeHBl. Torna nomryyum
dv Jddp
Po5 =7
ot ox

adp ov
—_— —=0; 6.42
ot TPo ox (642)

op = cg op.

HckmrounM Be HEN3BECTHEIE (DYHKIUM, Harpumep, Op u dp . Jlna storo npoaudde-
PeHLUPYeM [IEPBOE YPABHEHHUE 110 BPEMEHH £, 4 BTOPOe — JOMHOKHM Ha C; W poaud deper-
LUPYEM I10 KOOPIHHATE X, 4 3aT€M BBIUTEM OJIHO ypaBHEHHUE U3 Apyroro. C yYeToM TPEThEro
ypaBHEHU WIEHBI, colepKalie Op U Op , COKPATATCA, U MBI [IOIYYUM H3BECTHOE HAM BOII-
HOBOE YPABHEHHE

0%
ot?

OIMHUCBIBAKOLICE PAaCOPOCTPAHCHHUE 0e3 HckaxkeHHUH BAOIL ocH Ox o CKOPOCTBIO C(; BOJIHBI

0%
2
= axiz, (643)

TUAPOAHHAMHYECKON CKOPOCTH.

AHanOruyHbIM 00pasoM MOXKHO HOJNYYHTh BOJTHOBBIE YPaBHEHUSA TS BOSMYIIEHUH
JaBiaeHus Op W IWIOTHOCTH Op . He OCTAHABIHBAACE JANEE HA PELICHUAX TAKUX YPABHEHUH
(MBI 3TO cHeNaau JeTaNbHO B IPEIBIAYIIHIX JIEKIHAK) NepeliaeM Tenepb K HETHHEHHOMY pe-

KUMY pacnpoCTPaHCHHA BOJH KOHEUHOU AMIITUTYABL.

Hesnueitnbiii peskum (| 3p |<py, |9p |< py) . BHauane nonbITaeMcs KaueCTBEHHO
OIMUCATH OCHOBHBIE YEPThI HETHHEHHOTO PACTIPOCTPAHEHHUS BOJH, HE IPUOEras K MaTeMaTHKe.
HauGonee mpocTo 310 caenars, i 00paTuThCs K BIUSHHIO (PU3NYeCKON HeMHHEHHOCTH ((hop-
Myia 6.36). Eclii BCOMHHUTE, YTO CKOPOCTB 3BYKa ¢ = 4/dp/dp , TO JIErko NOHATH, YTO pas-
JUYHBIE YaCTH BOJHBI MOTYT JABUTATHCA C PA3HBIMH CKOPOCTSIMH.

Ha puc. 6.8 uzo0pakeHa 3aBUCUMOCTD (6.36) U A Tpex 3HAYeHUH ITOTHOCTH
Po, P1 U P, IPOBEIEHH KacaTeNbHbIe K I'pauKy GyHKIUU p = p(P) , YIIOBEIE KO3 (U-

LHUEHTHI KOTOPBIX PABHBI KBAIPaTy CKOPOCTHU pacupocTpaHeHus BOJHBL. M3 3toro rpadu-
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Ka MOKHO CIIeNIaTh KaueCTBEHHBIH BEIBOJ O TOM, YTO
YeM BBILIE UIOTHOCTH YYACTKa BOJHBI, TEM OONb-
IIe ero CKOPOCTbh.

Ecnu, HanpuMep, rapMOHHYECKass BONHA Ll
(BOJTHA IJIOTHOCTH) PacTpoCTpaHsAeTcs BAONb ocH Ox
(puc. 6.9), To U3-3a pa3IHUUs CKOPOCTed ee pasHpix Po [~7"7="7="7="-7

yacTell oHa OyleT MOCTENEeHHO MEHITh CBOIO (op-

my. Ha puCyHKe 15 IPOCTOTH IOKa3aHsl mumb Tpu D1 [ 77777 22 i

cxopoctn ¢ =(dp/dp)| . ¢y ={dp/dp)| m PP P
i Po Puc. 6.8.
¢, =4/(dp/dp) ;

Kak nmokasniBaeT OIIBIT, PAaCpoOCTPaHCHUE BOJHBI MOXHO OXapaKTCpHU30BaTh

Ty

TpeMs 3TanaMu.

Ha I stane BoHA TpaHCchOpMHUPYETCS B THT000Pa3HYFO, 00JIa JaI0UTYIO CKAYKOM IUTOT-
HOCTU P (a TaKkKe JAaBICHHUS p U CKOPOCTH ). ITa NII000pasHas BOTHA MPUOOPETaeT yaap-
HBIA ()POHT, IIUPHHA KOTOPOTO qu) MO MEpe PACHpOCTPAHEHUS YMEHBIIACTCS U JOCTUTAET
BETUYHHEI MOPAIKA JJTHHBI CBOOOIHOTO Mpodera MOIeKyYIT rasa.

Ha II sTane npoucxoauT HEMTUHEHHOE 3aTyXaHHUE BONHBI Jaxe IPU OYEHb MAJIO BS3-
KOCTH U TEILTONPOBOIHOCTH CPebl, DTOT, Ha NEPBBIH B3MIA, HOOXKUAAHHEIH 3 (eKT CBA3aH C
MEPEXOJIOM B TEIUIO YACTH KHHETHYESCKOHN SHSPTHH MONEKYT, 001aJaI0INUX THAPOIUHAMUYEC-
KHMH CKOPOCTAMH v. DTH MOJIEKYIBI O ASHCTBHEM MEePenaaoB AaBICHUSA Ha ATHHE CBOOOI-
HOTO MpoGera NpruoGPETAIOT KHHETHYSCKYIO SHEPTUI0, KOTOPAs 3aTeM NEePEXOAUT B TEILTO MPU
HEYIPYTUX CTOJNKHOBEHUAX. [IpocTelIuii pacueT NOKa3bIBAET, UTO SHEPIHA, IEPEIICAIIas B
Temio, Oyaer CyIIeCTBeHHO Oonblie, yeM Ha | 3Tane, Koraa Ha IIHPUHE qu) MPOUCXOINTH
MHOT'OYHCIICHHBIE CTONKHOBeHHS. ECTECTBEHHO, UTO 3T4 TEILIOBAS YHEPrUs 3aUMCTBYETCA Y
PacIpOCTPaHIIOLICHCSA BOTHEIL.

[T 3Tam cBA3aH ¢ BO3PACTAIOIINAM BIUSHUEM BA3KOCTH U TEILTOMPOBOAHOCTH, KOTOPEIC
0COOCHHO CHITBHBI B 0ONACTAX OONBIINX MEPENagoB CKOPOCTH U TEMIIEPATyPhI (BCICACTBHE JIO-
KaJBHOTO aHabaTHIeCKOro HArPEeBa WK OXIIaXICHUS TP KollebaHusax rasa). Peskue nepenaabt
CKOPOCTH TIPUBOAAT K BO3PACTAHUIO CHJI BA3KOCTH, a MEPenaabl TEMOEePaTyphl Ha MacIITabax
TIOPSIKA [UTHHBI BOJTHEI BIEKYT OTTOK TEILIA U3 0oJiee HarpeTrIX o0nacTeli B MeHee HarpeThie, M3-
33 3TUX NPUYKH YaCTh SHEPIHU BOJNHBI ICPEXOUT B TEIUIO, U €€ aMILUTUTYAA YMeHbIaeTcs. [To-
CKOJIBKY TIOTJIOIIEHHE 3BYKA MPOMOPLIMOHANBHO KBAAPATy YaCTOTHI, OBICTPEE 3aTyXAaIOT BONHEI
BBICIIIHX YACTOT, ¥ BOTHA TpaHcdopmu- P 4

pyercsa B TapMOHUYECKYIO BOJHY C UC- P,

XOIHOU (HaYaIEHOMN) YaCTOTOM. o)

Paccyxnenus, mpusefieHHsIe

o

BBIIIEC, HOCAT KauyeCTBEHHEIN XapakTep.

=y

I sram —><— Il stan —>— III stan

Jl71g KoMMYeCTBEHHOTrO ONUCAHUS HEMU-
Puc. 6.9.
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HEHHOTO PacIpoCTPaHeHHS BOJH MBI HCIIONB3YeM HaHOoIee YIPOIIEHHBIN MOIX0A K aHATTH3Y
CHCTEMBI HETUHEUHBIX ypaBHeHUH (6.40)—(6.41). OroBopuMcs cpasy, 4T0 MOCKONBKY ypaBHE-
HUA JHNepa ONUCHIBAIOT MOBEICHUE HEBA3KOH CPebl, TO MBI CMOKEM MPOAHATH3UPOBAT Pac-
MPOCTPAHEHHUE BOJTHEI JIWIIE HA IEPBBIX ABYX Taax.

INepenumem ypaBHenus B (6.41) B BuAE:

dv ddp dv dv dv
_+_:_6 - _ .__6 v—,
Poor T T P P e P
odp v d (6.44)
gop 2L (w-p),
ot TPo ox Bx(Z/ P)

i€ BCE HEJUHENHBIE YWICHBI, 0 MOPAAKY BEIUUYUHBI MEHBLINE TUHEHHBIX, IEPEHECEHEI B Ipa-
BBI€ YACTH YPaBHEHHH.

C y4eToM MaJOCTH HETHHEHHBIX WICHOB [T 3TUX YPABHEHUA B HETWHEHHOH aKyCTH-
K¢ pa3paboTaHBl NMPUOTHKEHHBIE METOIBI PEIICHHUS, CMBICI KOTOPBIX COCTOUT B MONYYCHUH
3HAYUTENHHO 0O0Jiee MPOCTRIX YPaBHEHHI, UMEIOIINX B PIAE CTYUYACB HECIOKHBIC aHATUTH-
yeckue pemernd. OQHO U3 TAKUX YPAaBHEHHUN MBI ceHUac U MONYYHM, OOHAKO CACNAEM ITO
npeaenbHo npocTo. g 3Toro, BO-N€PBHIX, MBI OTPaHUYUMCS BHAYAJE UL KUHEMATHIeC-
KOU HETUHEUHOCTEIO, 4, BO-BTOPBIX, OyAeM IPEANoararb, YTO MKy CKOPOCTHIO ¥ U BO3MY-

IMCHUCM 5p CYLICCTBYECT TakKasd )K€ CBA3b, KAK U B JIMHEHHOM PEKUME!

e v (6.45)
Po Po <o

1€ € — OTHOCHUTENBbHAS Ae(hOPMALIUS TEMEHTapHOro 00beMa rasa (€ < 0 mpu cxaruuu € > 0

TIPH Pa3pekeHnr). ITa CBA3b MO3BONAET HAM OTPAHUYUTHCS ONHUM U3 ABYX YPaBHEHUU TU-

ponuHaMukH. [IpeanodTUTeNbHee, HAPUMEP, BOCTIONB30BAThCA Goiee MPOCTHIM YPaBHEHHEM

HerpepbiBHOCTH. [Tpn MoICTaHOBKE BO BTOpoe ypaBHEHHE (6.44) BO3MYIIEHHS IIIOTHOCTH Op ,

OPONIOPLHOHATBHOTO, CODTACHO (6.45), THAPOANHAMUYECKOH CKOPOCTH ¥, TONyYaeM HeTHHeH-

HOE YpaBHEHHUE:

97 4 9% = 9,97 (6.46)
ot ox ox

3amMeTnM, 4TO B JINHEHHOM PeKUME, KOTJIa IPaBas YacTh YPaBHEHUS PaBHA HYJIIO, €T0
pereHreM sSBiseTcs Jro0as QYHKIKSA BHAA:
v(x,t)=f(t—x/cy), (6.47)
ONHCHIBAIOLIAA GETYIIYIO CO CKOPOCTBIO ¢, 663 HCKakeH s BOMB OcH Ox aKyCTUYIECKYIO BOJIHY.
B HenuHENHOM pexXHMe CUTyalusd ycaoxkHaeTcs. B caMoM aerne, nepenuineM ypas-

HeHue (6.46) B Bue

ov ov
—+(cy+20)—=0. (6.48)
ot (o ) ox

OTcrofa BUIHO, YTO CKOPOCTh YYaCTKa BOJHBI PABHA

c=cy+2v (6.49)

U 3aBHCUT OT I H,Z[pO,Z[HHaMH‘{eCKOﬁ CKOPOCTU YaCTHUL.
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Jma pparmenra rapMoHU- v
YECKOU BOMHBI THAPOAUHAMUYECKOU
CKOPOCTH, H300paXKE€HHOTO Ha
puc. 6.10,3T0 03HaYaeT, 4TO CHHYCO-
UAATBHOE paclpeneieHue CKOPOCTU

B0Jb ocu Ox TpaHChHOPMUpPYETCS B

munoobpasHoe. CleaoBaTerbHo, 002
MeXaHU3Ma HENMMHEHHOCTH CIOCo0-

CTBYIOT TPaHC(HOPMAIMN TapMOHH-

9EeCKOH BOIHEI B MATO00Pa3HYIO. &y — 2%,

Eciu GBI MBI ¢ CaMOro Ha-
Puc. 6.10.
yala y4wim AelcTBHe 000MX MeXa-

HHU3MOB HEJTUHEHHOCTH, TO U3 ypaBHEHHH (6.44) u (6.40) MBI ObI NOTYYHITH ypaBHEHHE

ov ov
a—t+(00+B2/)g:0, (650)

rae B=(y+1)/2 — HenuHeHHBIN MapaMeTp, OTPAKAIOIIUN IeHCTBHE 000HX MEXaHH3MOB
HenuHeHHOCTH. CrpaBeUTUBOCTH palid OTMETHM, 4To hopMyna (6.49) He sABIsAETCA TOUHOH,
HOCKOJNBKY B OTCYTCTBHE (DH3HUECKOH HEMUHEHHOCTH (Y =1) HenmuHelHbH napamerp =1,
U Ha CaMoM JieNie ¢ = ¢, + 2 . DTO CBA3aHO C TEM, YTO MBI HCHIONB30BAIH CBA3b B BUJE (6.45),
KOTOpas [Tl BOJTH KOHEYHOH aMILTUTYABI HE SBISETCS BEPHOM.

ITo anamoruu ¢ (6.47) MBI MOKEM 3alUCaTh pelieHue ypaBHeHus (6.50) B Buze:

X
v(x,0)=f f—m . (6.51)

D10 pelleHne OMUCHIBAET IBOMIOLMIO MPOCTHIX (PUMaHOBBIX) BONH. Teneps He CO-
CTaBIAET TPYAA KONMUYECTBEHHO OMUCATEH TPAHC(HOPMAIIUIO TAPMOHHYECKOH BOTHEI B TUT0006-
PpasHyo.

ITycte Ha Bxome B cpeny (mpu x = 0)

v(0,8) = f(t) =v,sinwt . (6.52)

Torna Ha pacCTOIHUU X

B

v=vysin| O TH—5x-2 || (6.53)
€

3nech T=t—x/c, — TaK Ha3bIBAE€MOE JIOKAJIIbHOE BpeMs, OTCUUTHIBAEMOE HaOIIOaTeNeM,
HaXOAAUIUMCA Ha PACCTOSHUHM X OT Hauasia KOOPAHHAT, OT MOMEHTA BPEMEHH X/Cy).
Juis moctpoenus rpaduka 3aBucuMocTH (6.53) nepenumniem ee B ABHOM BUIE
(mtzarcsini——-—, (6.54)

rae

(6.55)

HII

0B
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Uy, XapPaKTEPHOE PACCTOSHUE, HA KOTOPOM Pa3BUBAET-

1 5 CA 3HAUUTENbHOE HENMUHEWHOE UCKAKEHUE BOTHEI,

B 3T0 paccToAHHE COKPALIALTCA C POCTOM aMILTUTY-

3 { OBl 2/, HCXOIHOH BONHEI U HEIMHEHHOTO [apaMeT-
f pa.

Ha puc. 6.11 u300paxeHbI pacpeaeTeHus

\ 4

CKOPOCTH B NIpeaciaax OQHOro nepuoga KonebaHui

—n n| ot
Juts BOHBI Ha pacctoguuax x =0 (1); x </, (2);
x> £, (3). U3 3TuX KPUBEIX BUAHO, YTO CUHYCO-
A HAAJTbHAS BOJNHA PEBPALIaeTCs NOCTENEHHO B ITH-
-1 | noobpasHyto, a mpu x > £, B NPOQUIe BOITHBI
Puc. 6.11. MOABIIAETCSA HEONHO3HAYHOCTb. ITa HEOJHO3HAY-

HOCTH HE UMEET (PU3UUYECKOTO CMBICTA U BO3HHUKIIA JIUII H3-33 TPeHeOPEKeHUs BA3KOCTHIO
rasa. B neficTBUTENbHOCTH pU T =0 CKOPOCTB UCITBITBIBAET CKAYOK, HITH Pa3phIB (OT BEITH-
YHHEI CKOPOCTH B TOUKE A 110 BETUYUHEI CKOPOCTH B Touke B). IMonoxkeHue ynapHoro gppoHTa
3amaercs TuHueH AB, KOTOPYIO TPOBOAAT TaK, YTOORI 3aIUTPUXOBAHHEIE TUIOIIAAN CBEPXY U
cHu3y oT AB Obutn OBI OIWHAKOBEI (B paccMaTpuBaeMoM cnyuae AB coBmagaer ¢ oceio Oy).
TakuM NOCTPOCHHUEM aBTOMATHUYECKH YUUTHIBACTCA HETHHEHHOE 3aTyXaHUe BOJHEI, Paccros-

Hue / KaK HCTPYAHO TENCPh MOHATH, ABIACTCA PACCTOAHUEM, HA KOTOPOM Y BOJIHBI TOABJIA-

HII °
I0TCA Pa3phIBEI CKOPOCTH ¥, INIOTHOCTH P U AapneHua Op . K coxaneHuro, 663 yueTa BI3KOCTH
LIMPHHA YIAPHOTO (YPOHTA TONYYMIACH PABHOU HYI0. B peanbHOl CUTyalluu OHA KOHEYHA U
BO3PACTAET C YBEITHUCHUEM BA3KOCTH.

VYuer BI3KOCTH NO3BONAET onucath [11 3Tan pacnpocTpaHeHus, OAHAKO 3TO BBEIXOIUT
33 paMKH Hallero Kypca.

T'oBops 00 06pa3zoBaHuy ynapHOro (YpoHTa B KOHLE | 3Tana 1 mocireayromemM Helu-
HelHOM 3aTyxanuu Ha Il 3Tamne, MBI He JOKHBI 3a0BIBATE O HATHYHH OOBIYHOTO (JINHEHHOTO)
MTOTJTOIIEHHS] BOJIHBI BCIIEICTBHE BI3KOCTH CpeIbl. DTO MOMIOMIEHNE XapaKTepusyeTcs Koag-
¢unpentoM o, (cM. popmyry (5.19)) U 3aBHCHT OT YaCTOTHL. AMILTUTYa BOTHEI IPHU JTHHEH-
HOM MOTJOUIEHHN YMEHBIIACTCA MO 3KCMOHCHIHATBHOMY 3aKOHY yke Ha [ stame:
V(%) = zzoe')% ,Tae £, = o' xapakTepHOE paccTosHHeE, XapaKTepU3YIollee MONTOMEHHE
3ByKa. ECTECTBEHHO, UTO YMEHBIIEHHUE AMILIUTY Bl ¢/, IIPUTOPMAKUBAET» IPOLIECC UCKAXKeE-

Hud npo¢uis ol Eciu nmornomenue TakoBo, 4To £, < £, , TO HeIUHEHHOe UCKaKeHUe

HII *
MOXKET U HE TPOSBIATHCA BOBCE.
B akycTuKe OTHOLIEHHE

Re=/,/¢,, (6.56)

HA3BIBAIOT aKyCTHYECKUM uncioM Petinonpaca. Ecu Re > 10 | 1o BonmHa cunTaeTcs MOLIHOM,

U U1 Hee UMEeeT MeCTO HennHerHoe nckaxenue. [Ipu Re <1 Bonna cnabas, u HenmuHEHHOE
HCKaXCHUE MOAABNICHO OOBIYHBIM JINHEHHBIM NOTIOIICHUEM,

Ecmu YU€CTh Jallee, YTO aMILIUTYyAa CKOPOCTH ¢, CBA3aHa C aMHJIPITy,Z[Oﬁ BO3MYIIEC-
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Hus gapnenus (Op), akycTHIecKuM 3akoHoM OMa, To HeMHHelHHas AnuHa GyaeT 06paTHO mpo-
HOPLUOHANBHA BETUYUHE (Op),,
o3
g, =—P (6.57)
21Bv(dp)o
Crie0BATENBHO, BEIPAKEHHUE [T aKYCTUYECKOTO YUCa PeHHONECA IPUMET BULT:
A5 _2me,Bv@p)y _ D(Bp)o (6.58)

3
L Pco Y -1
3nech yuTeHo, UTO B COOTBETCTBUH C (hopMmynoit (5.21) £, =0 ~Vv ™~ , D — KOHCTaHTa, Xa-

Re =

paKTepusyollas HeTHHEeHHBIE U BA3KOCTHEBIE CBOKCTBA CPebl.

B kauecTBe npuMepa BEIOTHUM HEKOTOPBIE OLEHKH, HILTFOCTPUPYOILHE KOTHYECTBEH-
HBIE XaPaKTEPUCTHKH PACTIPOCTPAHEHHS 3BYKOBOH BOMHEI B Bojie, rie D = 300 (TTa-c) . Ipu
9yacToTe yAeTpasByka vV =1 MI'n paccroanue £,= 50 m, u ycnoBue Re >10 BemonnaercH,
cormacHo (6.58), U1 BOJH ¢ aMILTHTY/0H 3BYKOBOTO JaBieHus (op), >3- 10* IMa, Wik HHTEH-

CHBHOCTBRO

()3
I>-22 300 Br/m?%. (6.59)
2pcy
CootBeTCTBYOLIMI YPOBEHD 3BYKOBOIO JaBieHus L, >180 ab. Jlis BONH ¢ TaKUMU HHTEH-

cuBHOCTAMH £, </, /10=5 M, 103TOMY yKe Ha NEPBBIX METPax CBOETO PacHpOCTPAHEHUS
YABTPa3BYKOBas BOIHA OyJeT IPeBpaLaThes B MI000PasHyIo, U 3aTeM IIpU. X > £ HauyHeTCs
ee HeJIUHeHHOe 3aTyXaHue.

Kaxk mokaspeiBaeT aHasmu3 hopMyitel (6.54) ¢ yueToM HOCTPOEHHS TOTOKEHNS YIapHO-
ro ()poHTa, H300paKeHHOr0 Ha puc. 6.11, aMmuuTyna mmroo6pazHoii BONHEI Ipu Re >> 1 yObI-
BaeT C NPOHUAEHHBIM PACCTOSHHUEM X I10 3aKOHY

b
Sp(x> £, :%. (6.60)

C nomoIbko 3Tol (hopMyIEI cpasy MOKHO CIeIaTh BaXKHBIN BBIBOJ O TOM, YTO BENIH-
uMHA Op HE MOXKET MPEB30NTH HEKOTOPOE NPEETBbHOE 3HAUCHHE, KAK Obl MBI HU yBEIHYHBAIN
AMILTUTYAY FapMOHUYECKON BOMHEL (Op), . JelicTBUTENbHO, IPH yBeIUueHUH (Op), BEIUYH-
Ha £, ~1/(3p), ymenbuaercs, u Op crpemurcs Kk Op,,, . Bemuuuna dp, ., Moxer ObITh
KOPPEKTHO MOJCYUTaHA NIPH OJHOBPEMEHHOM y4eTe THHEHHOrO MOMIOMIEHUS U HETUHEHHOTO

3aTyXaHuA (3TO BBIXOOHUT 34 paMKHU HAILICIO Kypca) H OKa3bIBACTCA paBHOﬁ

v _,
OP max =3e s (6.61)

OI_leHI/IM MAaKCHMAJIbHOE 3HAY€HHE HHTEHCUBHOCTH [ m: KOTOpasa MOXET OBITH nepe-

ax’

JlaHa B BOJI€ YABTPa3ByKOBBIM JIy4oM ¢ 4acToTol vV =1 MI'1 Ha paccTosHue x =2/, =100 M:
S’ gv:

=P - PV 7t o1 B2, (6.62)
2pcO pC‘OD

Takum 06pa3zom, B YCIOBUSX, HAMIYYIIHX AT BO3OYKASHHUS MOIIHBIX YIBTPA3BYKO-

Tina

BEIX BOJH B BOJIE, Ha paccTosaue X = 100 M uepes muomaas ceueHns | M? MOXKHO MepeaTh

SHEPruro, JOCTATOUHYIO JIUIIBb I CBC€UCHHA JTAMIIOYKH OT KApMaHHOTO (IJOHapI/IKa. DT0 HU B
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KaKO€ CPaBHEHHE HE UJET C TOH HHEepruel, KOTOPYIO MOCHIIAIOT YIBTPAa3ByKOBBIE IYIIKH, HC-
MOJB3YEMBIC TCPOAMHA Hay‘{HO—(l)aHTaCTI/I‘{eCKOF 0 pOMaHa T. A,Z[aMOBa «Tatina ABYX OKCaHOBY,
TOC YIBTPa3BYKOBBIM JTyYOM HKO6I>I MOBPEKAAOT KOpaﬁJII/I H PAKCTHI.

B ¢Bf13U C BBIIIEU3TI0KEHHBIM BO3HUKAET €CTECTBEHHBIH BOIIPOC — a KakK XKe O6’LHC-
HUTH PaspylIaroIee ,Z[Gf/iCTBI/IG B3PBIBHBIX YA4APHBIX BOJH HA 6OJII>I.HOM PacCToOAHUHA OT MECTa
B3pI>IBa? OTBeT Ha 3TOT BONPOC KPOCTCA B TOM, UTO B3PBIBHAA yAapHaa BOJHA IPCACTABIACT
¢000M OIUHOUHBIN UMITYJIBC, H €10 aMILIUTYAa Op yOBIBAET C PACCTOAHHEM X (ONEE MEIEH-
HO, YEM Y T apMOHquCKOﬁ BOJIHBI:
dp),

2 -
(I+x/£.)
ITpu Bo3pacTaHUU B SIHULEHTPE B3PhIBA aMIUIHTYIbI UMIYIbCA (0p), Gyaer Heorpa-

p(x>Ly)= (6.63)

HHYEHHO YBEIUYUBATLCA U BEUYUHA Op , KOTOpas NpH GONBLION MOLIHOCTH 3apA1a OKaKeT-
¢4 AOCTAaTOUYHOM ISl pa3pyLIeHHs IPEnaTCTBHS.

Hano oTMETUTE, YTO TEM HE MEHEE HENUHEHHOE 3aTyXaHUe He OTPAHUYUBAET U PO-
KO€ IPUMEHEHHNE YIIBTPa3BYKa B TAOOPaTOPHBIX YCIOBHSX, TOCKONBKY £ . OOBIYHO CpaBHUMA
¢ pa3MepaMu 1a00paTOPHBIX AKYCTHYESCKUX CHCTEM HITH MPEBOCXOANT HX.

Jo cux mop MBI TOBOPHITH O PACHIPOCTPAHSHUH TONBKO OOHOH BONHBL, OOHAKO €CU
PpacnpoCTpaHIIOTCs, HAaPUMED, ABE BOJHBI C YaCTOTAMU () U O, , TO HEMTHHEHHOE B3aHMO-
JIelCTBHE MEX Iy HUMH MPUBOAUT K MOSABJICHHUIO BOJH C APYTUMH YacToTamMu, Cpeay HUX BOJ-
HBI C KPaTHBIMH 9aCTOTaMH 71,() H 71,0), (TapMOHHKH) M BOJIHBI C KOMOWHAIIMOHHBIMH YaCTO-
TamH 10, T 1,0, (1, U 1, — nenble yucna). B akycruke, e QUCnepCHs OTCYTCTBYET, BCE
3TH BOJHEI ABIXKYTCA C OOUHAKOBOH CKOPOCTBIO, IO3TOMY OHU MOTYT 3()()eKTHBHO B3aUMO-
JIeHCTBOBAaTh MeXXAY coOOl, Ipoxoas OOTBIIHE PACCTOSHHSA.

T'eHeparys rapMOHHK U BOJH ¢ KOMOMHAIHOHHBIMH YaCTOTAMH HMEET MHOTOUHCIIEHHBIE PHU-
MeHeHHd. [IpounmocTpupyeM CKa3aHHOE Ha JBYyX NpUMeEpax.

1. TIpu u3ydeHUH yIpyrux v MPOYHOCTHBIX CBOHUCTB TBEPABIX MATEPUANOB UX OOBIU-
HO MOBEPraroT GONBIIHM HATPY3KaM ¢ MOMOIIBIO CHELHUANBHBIX MPECCOB, PA3BUBAIOLIHNX AaB-
JeHus, OMU3KHE K MpeAenaM MPOYHOCTH 3THX MATEPHAIOB WU MPEBOCXONAIINE UX, T.€. JeCIT-
KH TRICAY atMochep. BMecTo 3Toli rpoMo3aKoil 1 JOPOroCTOSIIEH annaparypsl HCIONB3YIOT
METObI HETHHEHHON aKyCTHKH. JIJTs1 3TOr0 K 0AHOMY TOPILY 00pa3siia HCCIleIyeMoro MaTepHa-
J1a PUKIEUBAIOT NhE303EKTPUUESCKUM U3TyUYarenb MOIMHON aKyCTHYECKOW BOMHBI YaCTOTHI
® . Ha npyrom koHIle o0pa3iia MOMEIIAI0T TaKOH e MbE303IeKTPHIECKU TpeoOpa3oBareib
(IpUEeMHUK 3ByKa), HAa BBIXOJIE KOTOPOTO PECHUCTPUPYIOT U 3aT€M 00pabaTRIBAIOT HMEKTPUIEC-
kuii curnain. Ilocnenauii mpeacrapnser cobol CyNepro3HINI0 KOIeOaHUH Ha 4acToTax ®,
2m, 3@ U T.A. [OBOPAT, YTO CUTHAJ COCTOUT U3 OCHOBHOM, BTOPOH, TPEThEl U T.J. TAPMOHHUK.
Curaan Ha OCHOBHOH 4acToTe HeceT HH(OPMALIHIO 0 JIMHEeHHOM Moayne FOHra, Tak Kak co-
[IacHO 3akoHy ['yka aedopManiu nponopurHoHaTbHE IPIIOKESHHBIM HANPSDKCHUAM. B o0ma-
CTH OONBIINX HANPSKCHUE BCIICACTBUE IUTACTHYHOCTH U TEKYUYECTH MaTepUaa CBa3b aedop-

MalUi U HAPSKEHUH OMUCHIBAIOT C HCMONb30BAaHUEM HETUHEHHBIX Moayireli. MH(popMaIuio
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0 TaKUX MOAYJAX HECET YiKe aMILTUTYa CUTHANA C YacTOTOlH 2(0 (BTOpas rapMOHUKA), U T.1.

2. lpyruM SpKuM OpUMEPOM HUCTIONB30BAHUSA METOIOB HEMHMHEHHOMH aKyCTHKH SBITS-
€T reHepaLys B BOAE Y3KOHAIPABIEHHBIX [TYYKOB aKyCTHUECKUX BOJH C UTHHOM A, DTO 0Cy-
IIECTBIAETCSA C MOMOIIBIO TAK HA3BIBAEMBIX MAPAMETPUUECKUX aHTeHH. IIpH 3HAKOMCTBE C
SBICHUEM TU(DPAKIHUU BONH MBI OTMEYAIH, YTO YITIOBAsA PACXOAUMOCTD U 3BYKOBOTO IyUKa
TEeM MEHBIIE, YeM OoNblIe pasMep ¢ nepearouero u3myyarens (anreHssl). [Ipobnemy usro-
TOBJIEHHS OTPOMHBIX H3TYUYAIOIINX aHTEHH C PAa3MEPaMU B JECATKH METPOB MOXKHO OOOHTH,
UCTIONB3Ys HENUHEHHOE B3aUMOEHCTBHE B BOJE ABYX MAPAIIICIBHO PACIPOCTPAHAIOIIHXCS
MOIIHBIX 3BYKOBBIX BOJH ¢ GTU3KUMH YaCTOTAMU (O U (), . DTH BOJTHBI U3TyYalOTCA TOPU3OH-
TaJIbHO MOTPYKEHHBIM B BOJY OJHUM Mbe30H3MyuaTeneM pasmepoM £ ~ 10 cm. Obe BomHEI 10
UX 3aTyXaHUS OPOHUIYT paccTosHHue L ~ 10* m. B sroii MPOTSKEHHOU 00JTacTH poXAaeTcs
BOJTHA HU3KOU (Pa3HOCTHOI) 4aCTOTEl = M, — O, , KOTOpas 3aTyXaeT ropasno ciabee u Mo-
JKeT OpoiTH oueHs Gonbline paccToauus. Takum 00pa3oM, BRITAHYTBIH 0GBEM BOABI C MATBIM
MONEPEYHBIM pasMepoM £ U GONBIINM OPOAOTBHBIM pa3MepoM L mpecTapiseT coGoH ruraH-
TCKYIO €CTECTBEHHYIO aHTEHHY, U3TyJYaoIlyr0 3BYKOBOIH MyYOK PA3HOCTHOH YaCTOTHI BAOIb
caMoli BBITAHYTOH aHTeHHBL. OOHAKO, PACXOIUMOCTB U 3TOro Mydka yke Oyner 3a1aBaThCs
BBIPaKEHHEM

8=(A/L)2. (6.64)

Mpu wyacrore v=0/2t~1kl'u, A~IM u opu L~ 10° m nojyygaem
¥ ~3.1072 pan = 1,8°. Takas upe3BBIYAHHO MaNas PACXOJUMOCTH MyYKa Pa3HOCTHOH 4acTo-
TBI TO3BOJNAET ¢ GONBUION TOUHOCTHIO POBOAUTE MOPCKUE UCCIESAOBAHNS: U3YUATh penbed
IHA, 3aHUMAThCS apXEONTOrHYECKUMH U3BICKAHUAMH B IPUIOHHBIX CIOAX TPYHTA, B 3aHIIEH-
HBIX 03€pax, OOHAPYKUBATH CKOIUICHHS PHIOBI Y MOBEPXHOCTH U AHA MOPS, HA METKOBOABE —

TaM, rae OOBIYHEIE THUAPOTOKATOPBI He3(1)(1)eKTI/IBHBI, U TA.

YenuneHHble BOIHBI (COJIMTOHBI). B 1834 rony mornanackui uexeHep-kopatie-
crpoutens U yueHsli Jix. Paccern, HaOmronas 3a ABIKeHHEM 0apU 10 KaHATY, KOTOPYIO Ta-
muIa napa Jomajei, oOpaTiuil BHUMaHUE Ha yAUBUTENbHOE ApneHue. [Ipu BHe3amHoH ocTa-
HOBKE CyJJHAa Macca BOABI BOKPYT Oapoku B y3KOM KaHAJIe He OCTaHOBHIACKH, 8 coOpalach OKOJIO
HOCA CyAHa, U 3aTeM OTOpBaJlach OT HEro U B BHJE OONBIION0 yeAUHEHHOIO BOJHOIO XOIMA
CTaJa JBUIAaThCA CO CKOPOCTBIO OKOIO 8 MIJIb B 4ac. YIUBUTENBHO, 9TO (hopMa XOJIMa B IIPO-
Liecce ero IBIKEeHHA NPaKTHYeCKU He MEeHsIach. Paccen Ha3Bal 3To ABIKYIIeecs 110 IOBEPX-
HOCTH BOABI 00pa3oBaHue «great solitary wavey, 4To B IIepeBojie 03HAYaeT «OoNblIas yeau-
HEHHAas BOJIHAY.

Teoperuueckoe 00bICHEHNE YeTUHEHHBIE BOTHEI TOJMYYHIIH BIIOCIEACTBHH B pabo-
Tax ¢panmysckoro yueHoro JK. B. ne Byccunecka u anrmmiickoro ¢usuka Jx. Paned. Onu
000CHOBAIN MAaTEMAaTHIEeCKH BOSMOKHOCTD CYIIECTBOBAHHS YEIWHEHHBIX BOJH B MEJIKOBOM-
HBIX KaHaJIaX.

ITocne cmepru Paccena B 1895 rony romnanackuii gpusuk J{. Kopreser u ero yueHuk
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I'. ne ®puc BLIBENMH YpaBHEHHUE, OMMUCHIBAIOIICE YEANHECHHBIE BOTHEBI, JTO YPaBHEHUE IOy YH-
no Ha3BaHue ypaBHeHus Kopreeera—ae @puca (ypasaenue K@) u umeer Bua
8s+c 8s+ 3 s8s+H2 ds
o lox 2H ox 6 o

OHO ONHUCHIBAET PacnpoCTpaHCHHUEC MOBECPXHOCTHBIX PAaBUTALIMOHHBIX BOJTH HA MEJIKOU BOOE.

=0. (6.65)

3neck ¢y =+/gH — CKOPOCTB BOJH MeNKO# Boabl, H — rimyGuHa Bogoema. OTMETHM cpasy,

uyto mo BuAy ypasHeHune KJ® otnuuaercsa ot HenuHEHHOrO ypaBHeHus (6.50) Hanuuuem 10-
H? 9%

[OTHUTENBHOTO WIeHa —— —,

6 ox

1 HEOOJBIIYIO HA MEJTKOH BOJE).

OTBCTCTBCHHOI'O 38 JUCTICPCUIO IPABUTALIMOHHBIX BOJTH (XOTH

P ACCMOTPUM HECKOJIBKO noz[p06Hee BIUSHUE HETUHEUHOCTU U AUCTIEPCHUU HA pac-
MPOCTPAHCHUEC MOBEPXHOCTHBIX I'PABUTALIMOHHBIX BOJIH. Ilo aHanoruu ¢ HeTUHEHHBEIMK 4aKycC-
TUYCCKUMH BOJTHAMHU Cpasy MOXKEM CKa3aTh, YTO CKOPOCTH PA3JTHYHBIX YYACTKOB IIOBCPXHOCT-

HOH BOJIHBI OyZIET PaszIHyHA:

c=cy 1+23—;I . (6.66)

M3-3a pasmuuus ckopocTei (rpeGeHb BOMHBI IBUKETCS OBICTpee BIaUHBI) MPOUCXOTUT
MPeBpAILeHNEe TAPMOHHYECKOH BONHBI B MT000pasHyro. KpyToil GppoHT moa AelCTBHEM CHITBI
TSKECTU ONPOKHUIBIBACTCS, U Ha MTOBEPXHOCTH BOJBI MOSBIIAIOTCA NEHUCTEIE rpeberku, OnpoKu-
IbIBaHHUE (DPOHTA Jerko HAONIOAATh MPH IBIKEHHWU BOIHBI MO MENKOBOIBIO BOMM3U Oepera

(puc. 6.12). OnHako B psze CITy4aeB HETMHEHHOE UCKAKEHHE BOTHBI MOKET KOMITEHCHPOBATHCS

‘,.-"‘F'\ Jucnepcuei. B camom nene, nu-

H\_\_ n006pa3Has BONHA IPeACTABIS-

€T co0oii Habop rAPMOHHIECKUX

BOJH € PAa3HBIMU YaCTOTaMHU. Us-

3a JUCOCPCHH 3TU BOJTHBI JABHU-

o
g™ —J__,L-_-
—_— —— HKYTCA ¢ PA3HBIME CKOPOCTAMH,

P N

U MO3TOMY MHI000pPasHBIN

_'.i"'f t (hparMeHT BOJHEI, TOTOOHO UM-

e T— === IyIBC EMUTCS PACILHPUTE-
b

.—ﬂ-"-d-.-_

ca. Tlpu onpeneneHHol hopme

A (parMeHTa 0062 KOHKYpPUPYIO-

M ~  LIMX MEXaHU3Ma MOTYT KOMITEH-
_____—-—-“"_'_'Fr CHPOBATD IPYT APYTa, U TOLAA IO

- TIOBEPXHOCTH BOZBI IOOEKHUT yC-

TOlUMBasg CTPYKTypa B BHIE

— —-“'ﬁr ) ' YeIUHEHHOH BOJHBI (COTUTOHA).

BBIICHUM HEKOTOPBIE CBOKCTBA

Puc. 6.12. 3TOU YeAUHEHHOU BOJTHEL
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Ry A
IIpeanonoxxum, 4TO CONH-
TOH HMEET aMIUTUTYAY S, TPOTH-

JKEHHOCTb BIONb 0cH Ox, paBHYIO £,

U TpeacTaBiageT co00H HEKOTOPBIH

XOJIMHUK, H300PaKeHHBIN HA PUCYH- *
ke 6.13. OueHUM BENUMYHHEI HEJIH- H
HEHHOro U AUCTIEPCUOHHOTO YIEHOB i
B ypasrennu KId: LLLFLLTE T L LT TLET LTS
3 A 1 s Puc. 6.13.
2H ox H' ¢’
H? 93 2 S (6.67)
6 ox° A

3
s
B (6.67) yureHo, 4TO Ha MepeaHEM U 33THEM (PPOHTAX XOIMHKA 8_3 < 0. EcTecTBeHHO, YTO
X
06a MexaHu3Ma OyayT KOMIIEHCHPOBATH APYT APYyra IpH yCIOBHH

1 5 2 So
—sg——H " —=0. 6.68
H 0 f f3 ( )
HOCJ’IG,Z[HGG HAaKJIaAbIBACT CBA3b HA AMILTATYAY SO U JNTUHY { COJIUTOHA:
H3
2
LS m— (6.69)
So

Takum 06pasoM, 4eM GONbILIE AMIUTUTYa CONUTOHA (), TEM MEHBILE JOIKHA OBITh
ero qiuuHa £. CKOpPOCTh COIMTOHA ¢ BO3PACTaeT ¢ POCTOM aMILTUTYABI, YTO XapaKTepHO A
HEIIUHEHHOTO PaclpoCTPaHEHHsA BOIH.

Tounoe pemenue ypauenus K ®d, onuckiBaroiiee COMMTOH, UMEET BUJ

s(t, ) =——0 (6.70)
Ch2 ()C —ct j
,

HpI/I 3TOM JITHHA COJTUTOHA ¢ CBSI3aHA C aMHJIPITy,Z[Oﬁ 84 COOTHOLICHUECM

H3
0= ‘;s , 6.71)
0
a CKOpoCTh
c=co(1+;—;[j. (6.72)

Ecnmu §¢ << H | To nocnensee BHIPAKEHUE MOKHO MEPEMHCATE B BUJE

o= gH[1+%SE0jz,/g(H+s0). (6.73)

Oty hopMyITy MBI YK€ 3alUCHIBAJIH TP KaUeCTBEHHOM 00CY KIEHUH TOBEACHHS IrPa-

BUTALUHUOHHBIX BOJH IO MEPE UX l'[pI/I6J'II/DKeHI/I$I K 6eper Y.
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BaxHO MOAYEPKHYTh, UTO CONUTOH ABIAETCSA YCTOUUUBOU CTPYKTypoli. Ecau nepBo-
HAYaJIbHO COOTHOLIEHHE (6.71) He BBINONHACTCS U AMIUTUTYAA S, CIUIUIKOM BENUKA, TO BOIS-
HOWH XOIIM PachaaaeTcs Ha HECKOIBKO MEHBIITHX XOJIMHKOB, U3 KOTOPBIX C(HOPMHUPYFOTCS CONU-
TOHBL. HampoTus, €Ciiu s, CIULIKOM Mana, TO TAKOH HU3KHE XONM Pacron3eTcs BCICACTBHE
JUCTIEPCHU.

ITo coBpeMEeHHBIM MPEACTABICHUAM OONBITHHCTBO BOJH [IYHAMH 00pa3yroTCsA, Koraa
JIOCTaTOYHO KPYIHBIHA, HO O€3BpeIHEIH B OKEaHE COMTOH BRIOpackiBaeTcs Ha Oeper. [Tpu nox-
xoJie K Oepery OH CTaHOBUTCS BBIIIE H KOPOYE, U €r0 BHICOTA CTAHOBUTCS CPaBHUMA C ITyOU-
HOW OokeaHa BONU3HU Oepera.

B 3aximroueHne 3TOH TEMBI OTMETHM, UTO B HACTOSAIIICE BpeMs 00HAPYKEHBI COTUTOHBI
J7s BOJH PasiuyYHOUN npuponsl. Tak, HAIPUMED, CYIIECTBYEOT COMTUTOHBI IIPU pacpoCTpaHe-
HHUU aKyCTHUYECKHX BOJIH B KPUCTalIaX, CBETOBBIX HUMIYALCOB B BOJIOKOHHBIX CBETOBOAAX,
HMOHHO-3BYKOBBIX BOJIH B IJIa3mMe U ap. Bo Bcex ciydasx cymiecTBOBaHHE COIUTOHOB 00y CIIOB-
JIEHO B3aUMHOH KOMITCHCALUEH HETMHEHHBIX U TUCTIEPCHOHHBIX 3(dekToB. ECTecTBEHHO, YTO
JHEPrud, NepeHOCUMas YeAUHEHHOH BOMHOM Mo00H npupos!, OyneT AUCCUMTUPOBATH B TEILIO,
MO3TOMY IO MepPE PaclpOCTPAHEHU AMILTUTYIA COTUTOHA OyIeT CTPEMUTBCA YMEHBIIUTHCA,

4TO, €CCTCCTBCHHO, PAaHO WK NMO3AHO NPUBCACT K €0 HCUC3HOBCHHIO.
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HAMH CBOOOAEI (58).
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BomHb! Ha TOBEpXHOCTH KHAKOCTH. [ paBuTanmonHbie BOMHEL (121). BomHsb tmyOokoit Bonet (124).
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HBIH pexuMm (132). VennneHnsie BOIHEI (COMHTOHE) (139).
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