I' 1aBa 4. OCHOBHBIE YITPABHEHUSI
PACIIPOCTPAHEHUA BOJH TUJIATALINN

B npeppiyIux riaBax Mbl paccMOTPENH paclpoCTpaHeHHe BOJH B MPYXKUHAX
1 CTpyHaX. DTOT MOAXOJ MO3BOJNUI HaM JIaTh NPOCTOE OIMCAHKUE BONHOBOIO IIPO-
11ecca U TaKUX BaXKHBIX SBIEHUI, KaK POXOXJIEHAE U OTPAXKEHUE BOJNH, a TaKXKe
thopMEpoBaHue COOCTBEHHBIX KOJIEOAHMUH.

KoHeuHo, Halell OCHOBHOII LIETIBIO SABJISETCS U3yYEHHUE BOTHOBBIX IIPOLIECCOB B
YIPYIHX Cpefiax, Ifie, B 00IeM cyyae, CylecTBYeT TpH THIa BoJH. [1epBblil Tum —
9TO BOIHBI IUIATALUHN, PACIPOCTPAHEHHE KOTOPBIX CBSI3aHO C U3MEHEHUSMH 00'Db-
eMa cpefibl, IPU 3TOM ero (opMa MOXKET U3MEHAThCS TOJbKO ONpPEleeHHbIM
o0Opa3oM. Bropoii Tun BonH (BONHBI cABUIa) COMPOBOXKAAETCS IOBOPOTOM HPOU3-
BOJIHOTO 00'beMa cpefibl ¥ u3MeHeHueM ero ¢opmbl. Hakonen, TpeTuiit Tun BosiH
XapakTepu3yeTcs BeceMu TpeMst a¢gpektamu cpasy. KiaccuueckuM nmpumepom Imo-
CIIeJIHErO CNyXaT IOBEPXHOCTHbIE BOINHBI, HANpUMEp BONHbI Parest ¥ BONHBI
Crounnu. Bee Tpu THNa BONH UTPAIOT BAXXHYIO POJIb B IPUKJIAJHON U 1006aIbHOM
ceficMonoruy. BaxkHO TakKe 3aMETUTh, YTO B HEOTHOPOAHON Cpefie BOJHBI pa3-
JIMYHBIX TUNOB B3aUMOCBSI3aHbl. Tak, B pe3ynbTaTe OTpPaskKeHUsl BOJIHbBI AWIATaly
MOT'yT 00pa30BaThCsl BOJNHBI AUIATALUU U CABUTA.

ITogoGHOE B3aMMOJEHCTBHE OIPENECIEHHBIM 00pa3oM 3aTPy[HAET H3yYcHUE
TIOJTHOTO BOJHOBOTO 10OJIsA. [103TOMY €CTeCTBEHHO BHAyajie paccMOTPETh pa3iiny-
HbIE TUIbI BOJH OTAENBHO APYT OT Apyra. Mbl HauHEM C M3Yy4YeHHsl BOJH JuiaTa-
11U, KOTOPbIE HAa3bIBAIOTCS TAKXKe MPOROJIbHBIMU BOJHAMY WM P-BOnHAMH.

B aTo0i1 m nocneyronmx riaaBax BMECTO YIPYToil cpefibl Mbl OyJieM paccMaTp-
BATh I'a3 WK XUAKOCTb. B 9TOM ciydae HET HMKAKuX APYIUX BONH, KPOME BOIH
[UNaTaluy, ¥ aHAJIU3 BOIHOBOTO IOJISl CUJIBHO YNPOLIAETC. JTO AET HaM BO3-
MOXHOCTb PAacCMOTPETh OCHOBHbBIE XapaKTEPUCTHKH 3THX BOJH, NPOSBISIOLIHAECS
Takxke U B ynpyrux cpepax. OObIYHO, BOJHBI B ra3ax M KMAKOCTSX Ha3bIBAIOTCH
3BYKOBBIMH MM aKyCTHYECKMMHU BonHaMu. OHU Majo 4eM OTIMYAOTCS OT BOJH
[AaTalUy B YIPYTUX Cpefax.

B aT0i1 rmaBe Mbl onuiuieM (hU3MYECKUE 3aKOHBI, KOTOPbIE YIPABIIOT IOBE-
IeHUEM BOJIH fujaTauuu. B ortnuuue oT KoneOaHuil NpyXuHbl, Mbl OyieM pac-
CMaTpHBaTh 37leCh TpexXMepHyto cpefy. OCHOBBIBASICH HA ITHX 3aKOHAX, Mbl IOJY-
YUM CUCTEMY YPaBHEHHUI1, ONUCHIBAIOLIYIO CMEILCHUS M CKOPOCTH YaCTHI], a TAKXKe
naBneHue B cpefie. Mbl chopMyaupyeM Takxke 3ajady ¢ TPaHMYHbIMKE M Hayalb-
HbIMH YCIOBUSIMU U, KPOME TOrO, OOCYAMM TaKue BONPOCHI, KAK IJIOTHOCTb U
MOTOK 3Heprum, BekTop [lofHTHHTa, W auM OOBSICHEHHE TeopeMe eIMHCTBEH-
HOCTH.



4.1. BOJJHOBBIE AABJEHWA B 'A3E U KNJIKOCTH

Kak u3BecTHO, B3aUMOJIEICTBAE MEK/TY AaTOMaMH B JKUIKOCTSX M, OCOOCHHO, B
ra3ax 4pe3BbIUAiHO cnaboe. B cocTosTHI paBHOBECHS aTOMBI MOKHO PacCMaTpu-
BATb KaK OTJIENBHBIC YACTHIIBI, ABIKYIIACCS HE3aBICHMO JIPYT OT fpyra. Pacmpe-
JICTICHe aTOMOB XapaKTEPH3yeTcsl INIOTHOCTBIO P, KOTOpas ONpefienseTcs Kak
KOJIMYECTBO JKUAKOCTY WK T'a3a B eUHUIE 00beMa:

p = Am/AV, ecmu AV — 0, 4.1

rae Am — Macca BelecTBa, 3aKJII0YEHHOro B 00heMe AV,

ITpu TakoM nopxope Nofgpa3yMeBaeTcs, YTo pa3Mepsl o0beMa AV 3HaUYUTENb-
HO MPEBOCXOIAIT CPEAIHION0 NTMHY MpoOera aToMOB, KOTOpast, HAIIpUMED, JiJIs Fa30B
cocrasiseT 0kojo 107 M mpn aTMocepHOM JIaBieHun. J[pyruMu clloBaMu, 00h-
eM AV CcolepXHAT OYeHb OONBLIOE YMCIO aTOMOB. B COOTBETCTBHHM C 3THM MpH-
ONMKeHNeM Ta3bl M KHUAKOCTH PacCMaTpWBAIOTCd KaK HENPEPBIBHBIE CPEMbI C
IJIOTHOCTBIO P. B TO ke Bpems aneMeHTapHbI 00beM AV, KOTOpBI MBI OyeM
MHOT/la Ha3bIBATh 3JIEMEHTOM UM YaCTULEH, A0TKEH OBbITb 3HAUMTENLHO MEHBbLIE
TAKUX XapaKTePHBIX PACCTOSHUM, KaK JJIMHA BONHBI MU PACCTOSHUE MEXJY HC-
TOYHHUKOM M TOUKOH HAOJIONECHUS.

BHYTPEHHHME CUIIbI U JABJIEHUE

Teneps npepicTaBuM cebe 3TEMEHTAPHYIO TUIOMIANKY BHYTPH, HApuMep, raza
(puc. 4.1, a). OueBugHO, YTO, KOTJIA Ta3 WIN XUJKOCTH HAXOAUTCS B COCTOSHUM
PaBHOBECHSI, ATOMBI JIBUT'AIOTCS CTyJaitHbIM 00pa30oM OJMHAKOBO BO BCEX HAMpaB-
nenusix. COOTBETCTBEHHO KOMMYECTBO ATOMOB, CTANKMBAIOIUXCS C 3JIEMEHTAPHOM
IJIOIA/IKOM, HE 3aBUCUT OT HAMPABJIECHUS M NPSIMO TPONOPLUOHANBHO INIOTHOCTH
rasa p.

Iepexons K HeNMPEPBIBHOMY MPEACTABIECHAI0, MOXHO CKa3aTh, YTO JECHCTBHE
3THUX YaCTHL IPUBOAUT K NOSIBICHUIO CUiIbl F(p), IPUIOKEHHOA K 3NEMEHTAPHON
mnomagake dS. ITockonbky miomapb aneMenTa dS mana, MOKHO NPEeNoN0KUTb,
YTO pacipefieJieHHe aTOMOB 1O TOBEPXHOCTH PaBHOMEPHOE, W, CIENOBATEILHO,
cuny F(p) MOXHO mpefcraBuTh Kak

F(p) = P(p)ds. 4.2)

CkanspHad ¢yHKuus P(p), XapakTepusyromas 3Ty CUy, Ha3bIBaeTCs ABJICHU-
eM. B cucreme CU faBnenne uamepsieTcsi B HBIOTOHAX, JIETIEHHBIX HA KBJIPATHBIN
MeTp:

[P] = H/M?.

Enunnna uamepenns faBnenus, paBHas | H/M?, Ha3biBaeTcs nackaneM (I1a):
1 a=1Hn

A
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B UH
1 H koM Kr oI _ ol
M2 C2 'M2 M'C2 CM'C2 CM2
Yacro I/ICHOJII)SYCTCH TaKXKeE prl"aﬂ CIMHULIA I/I3MepeHI/Iﬂ, KOTOpaﬂ Ha3bIBACTCA
oap:

1 6ap = 10° L =10° ITa.
MZ

Tax, Hanpumep, aTMocepHOe JaBleHHe Ha YPOBHE MOpS MPUONHU3UTEIHHO
pasHO 1 dapy:

1 atm =~ 1,013 6ap = 1,013-10° ITa.

B To ke BpEMs INIOTHOCTL BO3/AyXa MPU TaKOM JTaBJICHUN PABHACTCA

p= 1,22“—2 = 1,22-10‘3%.
M CM™
Yro6b! MPOMITIOCTPHPOBATh aBieHUe, paBHoe 1 armocdiepe (aT™.), mpef-
CTaBUM cebe BEPTHKAILHBII CTONG BO3/yXa C IUIONIAbI0 CEUeHns S, paBHoil 1 M2,
u BbIcOTOl £ = 0,8-10* M.
Bec W atoro Bo3pyiHoro cronda paBHSIETCs

W =mg = phSg,
T7ie ¢ — 3TO BepTHUKallbHAs KOMIOHEHTA TPaBUTAMIOHHOTO TIOJIS:

M
g = 9,8c—2

Takum 06p3.30M, npeamnoaaras ajist IpoCTOThI, YTO IJIOTHOCTH BO3AyXa OCTACT-
Csl MOCTOSIHHOM, nojayunm

W =9,821,22°20,8-10° M’ ~ 10" H =1 6apm’.
C M

COOTBETCTBEHHO, JABICHUE
P=10’Tla= 1,0 aT™m.

Hecmorpst Ha “mpo3pavyHocTh” BO3AyXa, HA HAC ACHCTBYET OYEHb OONBIION BEC.

PaccMoTpuM Tenephb cuibl, OpUEHTHPOBAHHbIE Pa3lM4yHbIM 00pa3oM MO OT-
Homennto K momaake dS (cm. puc. 4.1, a). Ilpexpe Bcero, paccMOTpUM CUIY
F,, Hanpasnennyto napannensbto dS. 3pech dS = dSn, rjie n — eIUHUYHbI Bek-
TOop HOpMaiM K momanke. [lox pefictBreM cuibl F; aTOMBI BIKYTCS, CTalKu-
BAKOTCS € ANIEMEHTAPHOM TUIOIAAKON dS M OKa3bIBAIOTCS HA €€ IPOTHBONOIOXKHON
cropoHe. [Ipyrumu coBamu, feiictBue cuibl Fy nepefaercs yepes a1eMeHTapHYIo
miowaaky. Ecnu teneps npunoxuts cuny F,, oproronanshyto Bekropy dS, To
aToMbl OYRYT JIBUraThCsl B HalpaBleHUU CUNbl F,, U 4uciI0 yacTul, nepecekaro-
II1X TOBEPXHOCTD dS, OCTaHETCH MpeXXHUM. JTO O3HayaeT, yto cuia F, He oka-
3bIBACT HUKAKOTO BIMSHUS Ha JIBKCHHE MOJIEKYJ, PACIONOKEHHBIX 1O JAPYIYIO
CTOPOHY OT IITOIANKH.
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[Toatomy B o61meM cnyyae, korfa cuna F; HampasiieHa Mpou3BOJbHBIM 00pa-
30M, HEOOXOAUMO YUUTBIBaTh TOJBKO €€ HOPMAIIbHYIO KOMIIOHEHTY. JTO IO3BO-
ST epenucaTh PaBeHCTBO (4.2) KaK

F(p) = P(p)dS. 4.3)

W3 Belpaxenus (4.3) BUfHO, uTo, eciu cuna F oproronanbaa Bexropy dS, To
OHA HE 0Ka3bIBAET HAKAKOTO [ICHCTBHS HA 3JEMEHTApHYIO INIOMAKY. ITO 00bAC-
HSIET TOT (PaKT, YTO B Ta3ax M KUIKOCTSX CYLIECTBYIOT TONBKO BOJHBI UNATALML.

ITepen TeM, KaK IIPUCTYIUTB K BBIBOJY OCHOBHBIX YPABHCHMI JIBIKCHUSA, Pac-
CMOTPHM paclpefielieHie BHYTPEHHUX CUJ XKUNKOCTH ISl Cy4dast, KOTAa KUIKOCTb
HAXOJIUTCSL B COCTOSHUM PAaBHOBECHS, a BJIUSHUE BSI3KOCTH IIPEHEOPEXKUMO MAJIO.
Kaxk u3BecTHO, paccTosiHHE MEXIY aTOMaMU B ra3e 3HAUUTENLHO IPEBBIIIAET pa-
IAYC EACTBHS CUJI, BbI3BAHHBIX KaX[IbIM OTAEIBHBIM aTOMOM. B cooTBeTCTBHE C
9THM, B3aUMOJICHCTBUE ATOMOB C XOPOIIEH TOYHOCTBIO MOXKHO OIHMCAaTh Kak
CTOJIKHOBEHME 4acTull. B oTimyme OT ra3os, aTOMbI B JKUIKOCTH PaCIOJIAraroTCs
ropaspo Ommxe pyr K apyry. Tak, Hanpumep, IIIOTHOCTb XUAKOCTH Ha TPH IO-
psaka Oomnblie IIOTHOCTH rasa. I10aToMy paccTosiHuS MEXY aTOMaMy B XKIIKOC-
TH TaKOBBbI, YTO aTOMbI B3aHMOJEHCTBYIOT IPYT C APYTOM M CHJIbI MEXAaTOMHOLO
B3aMMOJIEACTBYS UTPAIOT (DYHJAMEHTANIBHYIO POJIb B PAacIPOCTPAHEHNH BONH. TeM
HE MEHEE, 110 CPABHEHHIO C TBEPHBIMH TENAMH, MEKATOMHBIE PACCTOSHUS B KHJ-
KOCTSIX MO-IIPEXHEMY OTHOCHTEJILHO BENVMKH, M IIPU M3YYCHUH PACIPOCTPAHEHHU
BOJIH XHUAKOCTH MOXHO paccMaTpuBaTh Kak rasbl, oOlafaromye OO0JbIIOH ILUIOT-
HOCTBIO.

ITpennonoxum, 4To B HEKOTOPO TOUKE IPOMCXOAUT YBEIUYEHUE ITIOTHOCTH.
JaBnenue B 9TOR TOUKE Takxke yBeamuutcs. IIocKombKy paBneHue OymeT mocTe-
IIEHHO YMEHBIIATHCA ¢ PACCTOSHUEM OT 3TOH TOYKH, aTOMBI HAYHYT JBUTaTbCs B
CTOpOHY oOJacTeil ¢ MeHbIIMM fiaBneHueM. [losBieHne B aTHX OOMACTAX HOBBIX
YaCTHUL| IPUBOJIUT K YBEJIUYCHUIO IIOTHOCTH, ¥ 3TO CHOBA IIPUBOAUT K BbITAJKH-
BaHuto yacTul. OueBHAHO, 4TO MO MNPOLIECTBHM HEKOTOPOTO BPEMEHU 3TOT BOJ-
HOBOY IIPOLECC IIPOSBUTCS U HA €l1je OO0JIbIIEM PACCTOSHUN OT TOLO MECTA, INie OH
ObLT BO30YX/IEH.

Kak 6b1710 YIOMSIHYTO paHee, MONEKYISPHbIE CHIIbI IEPEHOCAT SHEPTHIO BOJH
B HallpaBIICHUM NPUIIOXKEHHOA CHNbL. AHAJNOTUS C CHCTEMOH MPYXHUH U TPY30B
COCTOHUT B TOM, YTO Tpy3 UIPAaeT pOJib aToOMa, a NMPYXUHA HPENCTABIET CHILY
B3aUMOJIEHCTBUS MEXNy aToMaMu. TakuM 00pa3oM, ¢ YBEJTUYEHUEM MAcChl aTOMa
CKOpOCTb paclpOCTPAHEHUs BOJHbI CTAHOBUTCS MeHbIIE. Takas Xe TEHJCHIM
Ha0/IOflaeTCs IpY YMEHBIIEHUH MEXAaTOMHOTO B3aUMOJIEHCTBYSI.

Panee, ocHOBBIBasICh Ha (hU3MUECKUX COOOPAKEHUSX, Mbl IPHIILIA K BBIBOAY O
TOM, 4TO JABJICHAE KUIKOCTH, HAXOMALIEHC B PABHOBECHH, HE 3aBUCHT OT OpHEH-
Talyy 3JEMEHTApHON TIOLIANKY, T. €. JABICHUE SBISETCS CKANSPHOHR (hyHKUMEN
OT KOOpPAUHAT TOYKU HAOMIOAEHNS U ITIOTHOCTH:

P =P(p,p).

Tenepn, npuHEMas BO BHUMaHUE TOT (haKT, YTO CHJIA HAMpABIEHA TEpPIECHNIN-
KYJISPHO IUIOIIAAKE dS, MBI JOKAaXeM 3TO 3aMEYaTeNbHOE CBOKCTBO JaBJICHUS.
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PaccmoTpuM OueHb ManeHbKYH TPEYTOJNBHYIO NPU3MY C LEHTPOM B HEKOTOPOMH
TouKe p (puc. 4.1, 6). IlockonbKy npu3Ma HaXOJUTCS B PABHOBECUHU, CHJIbI, Jei-
CTBYIOIIME HA €€ BEPXHEE M HIDKHEE OCHOBAHMS, PABHBI 110 BEJIMYMHE N IPOTHBO-
nonoxuel o Hanpasnennto. Cunel F, F, u F;, npunoxenHbie K 60KOBBIM Tpa-
HAM [PU3MBI, IEPIEHANUKYIIAPHBI 9TUM TPAHAM U JIEXKAT B INIOCKOCTH, Tapanielb-
HOW OCHOBaHMSM Ipu3Mbl. ITOCKONBbKY IIpH3Ma HAaXOJUTCS B PaBHOBECHH, CyMMa
9THX CUJI PaBHSIETCS HYJIIO, T.€. 3TU CUJIbI 00Pa3yIOT TPEYTOAbHUK B FOPU3OHTAIb-
HOH INTOCKOCTH. YYWTBIBAs, YTO CTOPOHBI 3TOTO TPEYTONbHUKA NMEPHEHMKYJIp-
HBI COOTBETCTBYIOLIMM CTOPOHAM TPEYTOJBHMKA, JIEKAIIETO B OCHOBAaHWM MPH3-
MbI, MOXHO 3aKJIIOUHTb, YTO 3TU TPEYrOJIbHUKU NOROOHBI. Clief0BaTEeNbHO, CHIIb
F, F, 1 F; IpOnopUyOHaJbHbI JIIMHAM COOTBETCTBYIOLIUX CTOPOH IPU3MBbI:

F\la=F,/b=F;/c
i 03
F,/ah = F,/bh = F5/ch = P,

T7ie & — 3TO BbICOTA MPU3MBL; ah, bh U ch — iolagu 6OKOBBIX TpaHeii.

Taxkum 00pa3oM, eciu KUKOCTb HAXOJUTCS B COCTOSIHMA PaBHOBECHS, JJaBie-
HUE B MPOU3BONBLHON TOYKE KUKOCTH OAMHAKOBO BO BCEX HAMPABIEHHUSX M HE
3aBUCUT OT OpPUEHTALMH 3JIEMEHTAPHOH MLTOMA[IKH.

ITockombKY CUIIBI MEXKATOMHOTO B3aUMOJIECTBHSI OYEHb C1a0bl, a PACCTOSHUS
MEX[y aTOMaMi OTHOCHTEJIBHO BENIMKH JaXe B XKUAKOCTSX, YIOPSNOYEHHOE JBU-
KEHUE aTOMOB HE OKAa3bIBACT 3aMETHOI'O BJUSAHUA B HAIlpaBJICHUHU, NEPINECHANKY-
JSPHOM HATpPABJICHUIO TMPUIOXKEHHON CHJIbl. OTO (DyHJAMEHTAJIbHOE CBOWCTBO
UJIeaJIbHOM XKUKOCTH MOXHO C(DOPMYJIMPOBATH CIENYIOLUM 00pPa30oM: KUAKOCTh
HE MOXET MOJIJIePKUBATh TAHT€HIMANBHbIE CHIIbI, HE3aBUCKMO OT TOTO, KaK J0J-
ro 3TH cunbl feiictByeT. [IpowsmtocTpupyeM 3To Ha JByX IpuMmepax. B mepBom
npumepe (puc. 4.1, 6) UUIUHAPAYECKAs. EMKOCTb, 3alIOJTHEHHAS UACANBHON KUJ-
KOCTBIO, BpaIlaeTcsl BOKPYT CBOEH OCH C MOCTOSIHHOW CKOPOCThIO v. B aToMm ciy-
Yyae Ha Bce TOUKM IWIMHApPA ACHCTBYET TaHT€HIMANbHAS CHNa, HANpaBleHHAs IO
KacaTellbHO! K TIOBEPXHOCTH XKUAKOCTH. ITa MOBEPXHOCTD, TEM HE MEHEe, OCTaeT-
Csl B COCTOSHUY TIOKO$1, IIOCKOIIbKY PACCTOSHUS MEXY MOJIEKYJIaMU B paiiaIbHOM
HaIpaBJIeHIK OCTATOYHO BEJHKH.

Bropoii npumep WITIOCTpUPYET AEHCTBIE NOPIIHS (PUC. 4.1, 2), ABIXYILETOCS
CO CKOPOCTBIO V, HANpUMep, BAoab ock x. Kak u B mpefpiyiieM npumMepe, CUIbI,
HPUIOKEHHbIE K OOKOBBIM NMOBEPXHOCTSIM MOPIIHS, HE OKa3bIBAIOT HUKAKOTO
JIENCTBYSI B HAIPABICHNH, NEPIEHANKYISIPHOM JIBIKEHNIO. B TO Xe BpeMs MIIoT-
HOCTb XUJIKOCTH Tepef] NopuHeM u3MeHseTcs. COOTBETCTBEHHO U JIaBIeHUE Nepe]
TOpLIHEM HAYMHAET OTJIMYAThCA OT TOrO, KOTOpPOE HAOMIONAETCS B COCEHUX 00-
nactsx. [To 9Toil mpuyMHE MOXHO OXUJATh NOSIBIEHUS BOJH, PacHpOCTpPaHsIO-
UXCs1 BO BCEX HAIIPABJICHUAX.

Tenepb MbI MOXXEM TIPUCTYIUTD K ONMCAHUIO PACIPOCTPAHEHHUS BOMH. JTO SB-
JIeHWE COTPOBOXK/AETCS CENYIOIMMHI TpeMsl 3¢ eKTaMu:

1) ynopsIoYeHHbIM JIBIKEHIEM MOIIEKYL;

2) U3MEHEHNEM ILIOTHOCTH;

3) u3MEHEHHEM JIABIICHMSI.
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CBA3b MEXY IB2KEHUEM YACTHUII U INIOTHOCTbIO

YT0O0BI OMMcaTh pacIpOCTPAHEHHE BOJIH, HEOOXOAUMO, IPEX/E BCETO, YCTaHO-
BUTb CBA3b MEXJy U3MEHEHUSMH IUIOTHOCTH M CMelleHueM dvactuu. s aToro
paccMOTpUM 3IIEMEHTApHbIA 06beM V) ¢ INIOTHOCTBIO P, UMEOLII (hopMy ma-
pamenenunepa (puc. 4.1, 0):

Vo = AxAyAz.

[Tpennonoxum Takxke, 4YTO CMEIIECHUS YacTUL] BHYTPH ¥ BHE O0beMa MMEIOT
TOJIBKO KOMIIOHEHTY X'

s =s.(x,y, z, O,
U YTO CMEIeHNE KaXXJOoll 4acTUIbl M3MEHSeTCs IMHEHHO OT 3ajjHell K mepefHei
CTOPOHE 3JIEMEHTapHOr0 00bEMa.

B PE3YJIbTaTE TAKOr'O0 ABMKCHUSI 3a[IHSAL CTOPOHA obbeMa NEPEMECTUTCA B HO-
BOC ITOJIOKEHUE C KOOpINHATaAMU

X+S5,Y, 2,

e s.(x, y, z, t) — 0003HaYaeT CMEIICHUE 3TOU CTOPOHBI. B TO Xe Bpemsl nepef-
Hsisl CTOPOHA NEPEMECTHUTCS Ha PACCTOSIHUE

S(x+Ax,y,z,1)
U 3afiMET MONOXKEHNE C KOOPAMHATAMI
X+ Ax +s(x+Ax,y,z,1).

Takum 06pa3zom, TO Ke caMoe KOIMYECTBO Ta3a (KUAKocTu) OyAeT Tenepb 3a-
HUAMATh HOBBII 00'bEM, PaBHBI

V=AyAz[x + Ax + s.(x + Ax, y, z, 1) —x — s(x, ¥, z, D)]. “4.4)

MBI npeAnonoxuiy, 4To 00beM HaCTONBKO Mall, 4TO (DYHKLKS S, U3MEHSAETCS
JIMHEHHO MEXy CTOPOHAMH 3JIEMEHTAPHOTO 00beMa. JTO MO3BONSET MEepenucaTh
Pa3HOCTb, CTOSIIYIO B IIPaBOi yacTu ypaBHeHus (4.4), B BUe

ds,

sdx+Ax,y,z, ) —s(x,y,2, 1) = Ax, 4.5)

ax

rfie ds,/0x XapakTepu3yeT OTHOCUTENbHOE U3MEHEHHE CMELIEHNs YacTHLbl BHYTPH
o0beMa.
Taxum 06pa3zom, BMecTO ypaBHeHHs (4.4) MOXKHO 3aMucaTh

V =AyAz(Ax + s.Ax) =V [1 + s.(p, D] (4.6)

31ech p — NPOM3BONBHASI TOUKA BHYTPH 3JIEMEHTAPHOTO 00 BEMA.
ITocnennee ypaBHEHUE faeT

V-V as . (p,t
0 =£= Y,\(p ) - S:., (47)
Vo Vo ox ’
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T.€. IPOU3BOJJHAA CMEIICHUS 10 X XapaKTEPU3YET OTHOCUTEIbHOC NU3MEHEHNUE 00b-

ema V.
OueBHIHO, YTO €CIH
as./dx =0,

TO 3a[IHsAA 1 NEPENIHSASA CTEHKA o0bema CMEIIA0TCA OJUMHAKOBO, 1 00BeM HEe MeHs-
C€TCA.
HpeJ.IHO.T[O}KI/IM, qTo

sx+Ax,y,z, ) > s/x,y, z, ).
3TO 03HAYaEeT, 4TO 00BEM YBEIMUMBALTCA, U, TIO OIPEIETIECHHIO,
as,/dx > 0.
Hao6opor, ecnu
Sdx +Ax,y,z,0) <s/x,y, 2, 1),
TO 3JIEMEHTAPHBII 00'bEM YMEHBIIAETCT 1
as./dx < 0.

CrouT 3aMETHTh, YTO ypaBHeHHe (4.6) OcTacTcsl CIPABE[JIUBLIM TONLKO IpU
MallbIX U3MEHEHHSIX 00beMa V..

Tenepb MbI TOTOBBI K TOMY, 4TOOBI YCTAHOBUTb COOTHOLIEHHE MEXJY M3MEHE-
HUSAME 00beMa 1 IOTHOCTBIO. [TockonbKy B 00beMax V, 1 AV 3akiroueHa ofjHa
¥ Ta JXe Macca BEeIecTBa, IMEeM

PoVo = (P + pI(Vy +AV)
I
0=p AV +p,V, +p, AV, 4.8)

rne p, — nNpupaucHue MIOTHOCTH, MOSBIISAIOLICECHd U3-3a NBUKCHUA YACTHII. Ona
3aBUCUT OT TOYKM INPOCTPAHCTBA U OT BpEMCHU.
[Tonuas mIOTHOCTH PaBHACTCA

p(p’ t) = pO(p7 t) + pu(p’ t)- (49)

y‘II/ITI)IBaﬂ, YTO NIpU pacnpOCTpaHCHUU 3BYKa 00bEM U IJIOTHOCTL MEHSIFOTCS
OYCHb Malio, T.C.

P, <K Py U AV <V, (4.10)

cnaraeMbiM p,AV B ypaBHeHuM (4.8) MOXHO IIpeHeOpeub. YpaBHeHuE (4.8) B
9TOM IIPUOJIKEHUN AT

AVIVy ==p./Po-

Ortcropia, ucnonb3yst BeipaxeHue (4.7), Hoayunm

P./Po =— 0s,/0x. “4.11)
Harua nepBas 3afaya, TakiuM 00pa3oM, BBINONHEHA, TOCKOJIBKY MbI YCTaHOBU-
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J1 COOTHOILLIEHUE MEXJTy IIPUpallicHAEM IVIOTHOCTH M cMelleHueM vactuu. Hamu-
Yype 3HaKa MHHYC B IIPABOW YacTH paBeHCTBA (4.11) MOXHO JIETKO OOBSCHHUTE.
JleiicTBUTENBHO, €CTH MPOUCXOMIUT CXaTHe 00beMa, TO 4s,/dx < 0, HO 00beMHas
IMIOTHOCTB YBEJMUYUBAETCS, U, CIIEJOBATENBHO, P, > 0. Y HaobopoT, ecnu mpouc-
XOfIUT paclmpenre 00beMa, TO MPOU3BOfHAS ds,/dx SBISETCS MONOXKUTETHHOH,
HO IUIOTHOCTh YMeHbIIaeTcs, u p, < 0.

CBA3b MEXKIY JABJIEHUEM U IINTOTHOCTBIO

Kak yxe orMmeuanoch, U3MeHEHHE IUIOTHOCTH JIOJKHO NPHUBONUTH TAKKe K
u3MeHennto fasienus. [IpencraBum Qynkumio faBneHus P(p) crefyrommMm oopa-
30M:

P(p) = P(py + po) = P(py) + P, (4.12)

3nech P(p,) — 3TO HaYANBHOE JIABICHAE, COOTBETCTBYIOIIEE COCTOSHUIO PABHO-
Becus, a P, — pupalleHue AaBJIeHNs], BLI3BAHHOE JIBIDKEHUEM BEIIECTBA BIOJIb OCH
x. Pasnaras ¢yukmuto P(p) B psipt Tefisiopa 1 nprHIMasi BO BHUMAaHKE, UTO

pa <<p0’

MOXHO NpeHeOpeuh BCEMHU WICHAMH Pa3NoXKeHns, KpoMe nmepBoro. Torma
P(po+p,) = P(po) + %pa. (4.13)

3pech NpOU3BOAHAS
dP/dp = P'(p,)
XapaKTepu3yeT CKOPOCTh M3MEHEHHS JaBNEHUS Kak (DYHKIMIO TJIOTHOCTH TIPH
YCIIOBHH, YTO
P = Po-
W3 Boipaxkennit (4.12) u (4.13) cnefyeT, 4To
P,=ap,

o = dP/ap, ecmn p = p,. (4.15)

[TapameTp ot 3aBUCUT OT HECKONBKHUX (DAKTOPOB, TAKUX, HANIPUMED, KaAK TeM-
nepaTypa 1 flaBleHue, BIUSIOMMX Ha COCTOSHKE ra3a Wid xupgkoctd. Kak Oyner
NIOKA3aHO HUXKE, 3TOT MapaMeTp OMpEMENseT CKOPOCTh PACIPOCTPAHEHHST 3BYKO-
BBIX BOJIH.

Takum 00pa3oM, Mbl NPEANONOXHWIN, YTO TpHUpAIIECHHE MAABIEHUS MPSIMO
MPONOPIMOHANBLHO MPUPALIEHNIO TIOTHOCTH BeliecTBa. B cBsi3u ¢ 3TUM 1eneco-
00pa3HO OTMETHUTH ciefyromee. [I0CKONbKY NMpHpaleHue JaBIEeHUs], BbI3BaHHOE
pacpocTpaHEHNEM 3BYKOBOH BOITHBI, OYEHb MAJIO:

P, << P(py), (4.16)
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AMILTUATYla 3TOTO TaBJICHUS 1aCTO U3MEPSIETCS B IIBIII/I6€J18.X, KOTOpbIE ONpEAcsI-
FOTCA KaK

I =20log’ 1B, @.17)
P.

e

P,=2-10" 6ap wmu P, =2-10" Ila.

Tax, HanpuMep, eciu IpUpaIeHUe JaBIEHHUs

P,=2-10" Gap,
TO BeanunHa / paBHa 60 b, YTO COOTBETCTBYET [JOCTATOUHO IPOMKOMY 3BYKY.
OTO [jaBlIeHNE, OJHAKO, YPE3BBIYANHO MAIO 1O CPABHEHMIO C HaYallbHbIM JaBiie-
HueM P(p,) = 1 Oap. ITO 00CTOATENLCTBO YUUTHIBANIOCH IIPY BBIBOJIE ABYX BasKHBIX
dhopmyi, a umeHHO (4.11) u (4.14):

Sy

_ ad
pa pO P

u P, =oap,

X

Hcnone3yst 06e oTH (hOpMYIbI, MOMYYUM CIEAYIOIEE COOTHOLICHHE MEXIY
CMEIIEHUEM S, U TIPUpPALIECHAEM faBleHus P,

as,

P,(p, t)=-ap, (4.18)

ax

W3 nocnenHero BbIpaXeHUs XOPOIIO BUAHO, YTO INIPH PACIIMPEHNH, KOIAa
ds,/dx > 0, HaBieHNe MafJaeT, ¥ ITO NPOUCXONUT UMEHHO OJarofiaps YMEHbIICHIIO
mnoTHocTd. Y, Ha000poT, MpH CKAaTHU BELIECTBA, KorAa ds,/dx < 0, faBieHue
yBenuuuBaeTcs. AHajorus Mexqy ypasHeHueM (4.18) u 3akoHoM I'yka B ciydae
CHCTEMBI NPYXMH OYeBHAHA. Tak, HampuMep, BEIWYMHA ds,/dx XapaKTepH3yeT
nehopMaIuio AMEMEHTApPHOTO 00 BeMa.

Ypasuenne (4.18) comepXxur e Hem3BecTHble pyHKIUU: P, (p, 1) 1 5,(p, 1).
YToOb! HaiiTi 3TH (DYHKIUU, HEOOXOAUMO 3aaTh, IO KpaiiHedl Mepe, elle OfHO
COOTHOILIEHUE MEXY HUMHU. [IJIs1 3TOr0 pacCMOTPHM CHITBI, JICACTBYIOIIME Ha 3lle-
MeHTapHbIi 00beM V. Tlpexne Bcero, He0OXOAUMO OTMETHTH crefyomee. o cux
MOp MBI paccMaTpWBaIM 3JE€MEHTAPHBIA 00bEM, B KOTOPOM CMEINEHHUE S,(p, )
ObLTO NMHENHON (PYHKIMEH KOOpAMHATHI X. DTO O3HAYaeT, 4TO edopMaist
ds,/dx, MOTHOCTb P, ¥ IaBIeHNE P, TOCTOSHHBI BHYTPH JAHHOTO 00heMa:

as .

6_;=C17 p,=GC, P,=C,.

JpyruMu cIoBamu, MbI IPEATIONOXIIA, YTO 00HEM HAXOAUTCS B PABHOBECHH,
KOIZla Ha €ro MEPEJHIO M 3aJHIO0 IOBEPXHOCTH JICHCTBYET OfMHAKOBOE [aBlIe-
HHE.

YPABHEHUS IBMXKEHUA

W3yuynm Tenepp ABUKEHHE 3TIEMEHTAPHOr0 00beMa U NPEANONOXKIM, YTO BHY-
TpH Hero (yHKUMU 9s,/dx, P,, P, U s, 3aBUCAT OT x. [IpeAnmonoxum cHayana,
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YTO JAHHBIA O0OBEM HAXOAUTCS B COCTOSIHUM CXKATHS M JIBIZKETCS BAONbL OCH X
(puc. 4.1, 0). CoOTBETCTBEHHO, INIOTHOCTb 3TOT0 00bEMa YBEINUMBALTCA, U

P,>0.

Cuna, feficTByroIasi Ha 3a/IHIOI0 MOBEPXHOCTb 00bEMA, UMEET TOJNBKO OffHY
HEHYJIEBYIO MOJIOXKUTENbHYIO0 KOMIOHEHTY F:

Fx(x—%,y, , r) =PH(X—A—2X,y, 2, t)dS, (4.19)

rae P, - naBnenue; dS = dydz; x — KOOpAUHATA LEHTpa Macc.

B pesymbrate QBIDKEHUS 37EMEHTApHOTO 00bEMa BO3HMKACT HANpaBIECHHAS
BJOJb OCH X CHJIA, JICHCTBYIOMIAd HA PACHONOXEHHYIO Eepef HUM cpefly. B cBoro
oyepenib, KaK CIeyeT M3 TPEThero 3akoHa HbIOTOHA, cO CTOPOHBI CpPefibl Ha Iie-
PEHIOI0 MOBEPXHOCTh 00beMa TakxKe MEHCTBYET CHia, KOTOpas OTIAMYaeTcs OT
HpefbIAyLIEel CHIbI TONBKO 3HaKOM. CIefloBaTeNbHO, €€ CKasIpHast KOMIOHEHTa

Fr(x+ﬂ, y, 2, z) - —Pa(x+ﬂ, y, 2, t)dS. (4.20)
! 2 2

715t pe3ynbTUPYIOIIEH CHITbI IMEEM

F. =Fx_(x —ﬁ, y, Z, t) +Fv(x +£, y, z, t)

: 2 . 2

nin

Q:[Pa(x—ﬂ,y, z, t)—Pa(x+A—2x,y, z, r)]ds. (4.21)

2

ITpennonoxuM Tenepb, 4TO 3IE€MEHTapHbIH 00BEM pACIIUPSETCS M, COOTBET-
CTBEHHO, pHpaIleHue fiaBnenus P, sBiusieTcs oTpuiateabHbiM (puc. 4.1, e). Tlo-
CKOIIBKY CHJIa, TIPUJIOXKEHHAs K 3a/iHEll OBEPXHOCTH 00'beMa, HampaBleHa K Ha-
Yajly KOOpPAMHAT, IMEEM

F\,(x—ﬂ, ¥, z, t) =Pa(x—ﬂ, y, z, z‘)ds<0.
: 2 2

B To xXe BpeMs, CHOBa IpuUMEHsil TpeTuil 3aKkoH HbtoToHa, 3ameuaeM, 4To
CKaJspHas KOMIIOHEHTA 3TOIl CHJIbI HA NEPEfHEN MOBEPXHOCTH 00beMa SBISETCH
NOJIOXKUTENBHOM, 1, CNIE0BATENBHO, €€ MOXKHO 3aIICaTh KaK

Fv(x+ﬂ, ¥, z, t) = —Pu(x+ﬂ, y, z, t)ds>0,
! 2 2

MNOCKOJIBKY
P,<0.
Takum 00pa3oM, pe3yNbTUPYIOLIAS CHIA B 3TOM CIIy4ae PaBHAETCS
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F;(=|:Pa(x_A_2x9y’ Za t)_Pa(x-‘-A_;’y’ Z’ t):|ds' (4.22)

CpasnmBast Bbipaxkennst (4.21) u (4.22), IpUXOAUM K BBIBOAY, YTO CyMMa
BHEILIIHUX CHUJI, TPUJIOKEHHBIX K 3JEMEHTaPHOMY O0bEMY, HE 3aBUCHT OT THIIA
nedopMalm.

[TockoJbKY paccTosiHie dx OUeHb Mao, MOXKHO TPEANONOXUTh, YTO cuna F,
V3MEHSIETCS JTIMHEHHO B MPOMEXYTKE MEXy cTopoHaMu o6bema. COOTBETCTBEH-
HO, U fepopMaius ds./0x MeHseTcd B Ipefiefax o0beMa TakuM ke 00pa3oM.

T[105TOMY CMELIEHHUE S, ONPENENSETCS CIEYFOLIMM BHIPAXKEHAEM:
s.(x, ¥, 2, 0) = ay + a,x + a,x’ (4.23)

as

X

ax

=a, + 2a,x.
Kak cnegyer u3 cootHomennii (4.11) u (4.14), mnoTHOCTS P, U faBieHue P,
BeJyT cebsl TaK Xe, Kak U fiehopManusl.

3anuieM Tenepb BTOpoi 3akoH HbIOTOHA 151 HALIETO cilydas:

m _F, (4.24)

e
m = pAxAyA z = p,dSA x

1 F, 0003Ha4aeT pe3yIbTUPYIOLIYIO CHIY, ACACTBYIOLIYIO HA 3JIE€MEHTAPHbINH 00b-
eM V.
IToncranoBka cooTHomeHus (4.21) B ypaBHEHHE (4.24) IPUBOAT K

.0 : ‘
Axpodl = |:_Pa(-x +A_/\9 Yy, z, t) +PH(.X _A_)‘, y, z, t)jl (425)
at? 2 2

[Tpu BBIBOAE MOCTEHETO YPABHEHMsI, Mbl NPEMNONArani, 4TO MpHUpAIlCHHE
ITIOTHOCTH OY€Hb MAJIO, P, << Py, M UYTO TONBKO CHJIbI, MPUIOXEHHbIE K IOBEPX-
HOCTSIM 00'beMa, BIMSIOT Ha €ro ABIKeHue. Tak, HalmpuMmep, Mbl HE paccMaTpu-
BAJI BJIMSTHUC TPABUTALMOHHBIX CHIL.

ITockonbKy flaBneHue SBISeTCs. MMHENHON (PyHKUMER KOOpAMHATBI X, Pa3no-
xenue B pay Teilnopa (hyHKIUK IpHUpAICHNS aBACHUS JaeT

P "
Pa(x +ﬂ, ¥, Z, t) =P (x,y,z, )+ OF, Ax
2 ax
u (4.26)
2 oP
Pa(x —ﬂ, ¥, Z, t) =P (x,y,z, t)——“ﬂ.
2 ax 2

3neck P,(x, y, z, ) — AaBJIEHWE B OKPECTHOCTH IIEHTPA 3NMEMEHTApHOTO 00be-
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Ma, a IpOM3BOiHAs IP,/dx ONpeNeNseT BEeMNYMHY N3MEHEHNUS IABIEHAS C PacCcTOsl-
HHEM.
[ToxcraBnss Beipaxkenus (4.26) B ypaBHEHHE (4.25), IONY4InNM

a%s oP
v 427
Po P o ( )

Taxkum 00pa3oM, UCIOJB3Ysl MPUHIKMI COXpaHeHus! Macchl (4.11), cooTHoMIe-
Hue (4.14) Mexny fiaBleHueM P, U IIOTHOCTBIO P,, @ TaKXe BTOPOM M TPETHil
3aKOHBI HBIOTOHA, MBI TIOTYYMIIA CIEAYIOYIO CHCTEMY M3 JIBYX YPaBHEHMI OTHO-
CHTEJIHHO CMEICHNS ¥ M30BITOYHOTO NABICHHS:

S Lp oy Lo L% (4.28)
0x APg ar* po 0x

Jucpdpepenimpys Mo KOOpAMHATE X MEPBOE YpaBHEHHE M HCIONb3ysl BTOPOE
ypaBHEHUE, UCKIIOUNM 4YiIeH, COfepxKalluil fapneHue. B pesynbraTe momyumm
CIefyIolee YPaBHEHHE OTHOCUTENIBHO CMEILICHNUS:

2 2 2 2
s, =l8 Sy . s, =La Sy i (4.29)
ax? o g2 et
e
a=c?= ‘;—, ECI P =p,. (4.30)
P

Ypasrenue (4.29) npefcrasiseT co0oil XOpPOILIO M3BECTHOE BOIHOBOE YpaBHE-
HHE IS OJHOMEPHOTIO CIIy4asi, OUCBIBAOIIEE PACIPOCTPAHEHUE 3BYKOBOM BOJIHBI
BJIOJIb OCH X CO CKOPOCTbIO . TuhcepeHIupysi 3TO ypaBHEHHE 0 KOOPJUHATE X
1, 3aTeM, UCTIONB3Ys hopMyany (4.18), OTyunM BONHOBOE ypaBHEHWE JIISI [laBlie-

Hud Py
2 2
J Pa La P,

2 2 :
C

ar?

(4.31)

ox

Kak cnegyer u3 pasenctBa (4.14), npupaiieHue IIOTHOCTH P (p, f) TaKxke
YJIOBJIETBOPSIET BOTHOBOMY YPaBHEHHUIO.
Takum o6pazom, HyHKIUK

pa’ Pa) X, 1 axs/ax,

OMUCBIBAIOIIME PACIPOCTPAHCHUE 3BYKaA, SIBJIIFOTCA PEHICHUSIMUA BOJTHOBOTO YpaB-
HEHUS, T.C. UX NOBEICHNE BO BDEMEHU U ITPOCTPAHCTBE ABJIACTCSA BOTHOBBIM.

CHUHYCOUJAIBHBIE BOJHBI

B xadecTBe MILTIOCTpali paCCMOTPUM BOJIHY, B KOTOPOI CMEIIEHNS ONpefie-
JISFOTCS CEMYIOIMM BbIPAsKCHUEM:

C

5,(x, 1) = Acos (r - é) (4.32)
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¢ = 347 m/c.
W3BecTHO, YTO CIBIIIMMBII 3BYKOBOIT THANa30H OrPAHHYABAETCS MPEIEIaMi
20 I'y < £ < 20-10° T'n,
COOTBETCTBEHHO, JITINHA 3BYKOBOU BOJHEI
A =cT = clf = 2nc/w
MEHSIETCS B pefieiax
1,710 M< A < 17,4 M.

Hanpuwmep, ecnu yacrora f= 10° I'i, To [IMHa BOJIHBI
A=035m.

I[To ompepeneHuto, pa3Mepsl 3NEMEHTAPHOrO 00BEMA JOJMXKHBI ObITh 3HAYM-
TENBHO MEHbILIE TAKUX XapAKTEPHBIX MIAPAMETPOB, KaK JJIMHA BONHbL B Hamem
cnyyae (A = 0,35 M) MUHUMAaNbHOE pacTsKeHHe Ax, KOTOpPOE COOTBETCTBYET
JUIIb HE3HAUUTEIILHOR flepopMaliiy, paBHAETCS NPUMEPHO OFHOMY-JBYM CaHTH-
MeTpaM. DTU BeINYUHbI, GE3yCIOBHO, HA MHOTO NOPSAKOB OOJBbIIE, YEM CPEAHSS
miuHa cBOGOHOTO mpoGera Mosekyn (107 m). Brarogapst atomy, mpu H3ydeHHH
pacnpocTpaHeHus 3BYKa rasbl M KHAKOCTH MOXHO paccMaTpHBaTh Kak HeIpe-
PBIBHBIE CPEIBL.

JIns Toro 4TroObl OLEHUTH AMIUIUTYAY CMELIEHUS M CKOPOCTb, BEpHEMCS K
opmyrne (4.18). D10 ypaBHEHHUE, UCIONB3Ysd PaBEHCTBO (4.32), MOXKHO Mepemu-
caThb B CIIE[yIOLIEM BUJIE:

P = —apoﬁsinm(t-ij. (4.33)
C C
TakuM 06pa3oM, aMIUTUTYIa IABICHAS B paBHACTCS
B = cpoA, (4.34)
IOCKOJIEKY
o=c

ITpepnmonoxuM BHavase, 4TO 3ByK O4yeHb CHiIbHBIA. [lomaras B = 120 b,
nMeeM

120=20log—fe — wm P,=2-10*B=208
2-1071%B M

1 nipu Yacrore = 10° [ aMIuATy/1a CMEIEHNsl paBHSIETCS

A=_B _ 20 . 107 M.
cPow  347-1,2-2-7-10°

Takum 00pa3om, laxe B ciyyae OYeHb 'POMKOTO 3BYKa, MAaKCUMAaJbHOE CMe-
LICHHE YPE3BBIYANHO MAJIO.
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B OPOTUBOIOJOXKHOM CJlIydyac, Korja 3ByK TaKo" TI/IXI/IfI, 4TO €ro ¢ TpyaoMm
MOXKHO YCJIbIIIATh, TaBJICHUE PABHACTCA

P,=20p1B um P,=2-10"6ap.

Kak cnefyer u3 paseHcTBa (4.34), aMIUTMTYfja CMEILIEHNSI B 3TOM CIy4yae INpH
100 ke yacrore f= 10’ Ty pasHsieTcs

A=10"Mm.

CrejiyeT 3aMeTUTh, YTO pa3Mepbl aTOMOB MMEIOT MOPSAOK Kak pa3 107 m,
YTO HATJISIHO IEMOHCTPUPYET YIUBUTENBHYIO UYBCTBUTENBHOCTh HAIIETO CITyXa.

B cocrosHuM paBHOBECHs IBIDKCHIE MOJEKYJ SIBISCTCS XAOTUYHBIM, OTHAKO
TIpU TOSIBJICHAN BOJHBI OHM TaKxke MPHOOPETAIOT HEOOMBIIYI0 KOMIIOHEHTY CKO-
POCTH WITH B HATIPABICHUH OCH X, WM B MPOTHBOIONOXKHOM HANPABICHAN. JTO
TPUBOAMT K HEOOIBIINM KONEOAHUSAM IEMEHTAPHOTO 00 eMa, KOTOPBIH JABUKET-
¢S KaK offHa yactuia. TakuM o6pa3oM, IBIKeHIe 00beMa B HEKOTOPOM HAIpaB-
JICHUM COMPOBOXJIAETCS XAOTHUYHBIM JIBUKEHHMEM €ro MOIEKYJ, MPU KOTOPOM
CKOPOCTH YaCTHIl HE MMEIOT BbIJIETIEHHOrO HANIPaBJIEHUS.

B ornmume oT TBEpPABIX TENM W KHUAKOCTEH, MONEKYIbI Ta3a HAXONATCS B CPefl-
HEM JIOCTaTOYHO JIATIEKO JPYT OT Apyra. Kak yxe oTMevanoch, IepeHOC YCHInd,
MOMEHTA ¥ CMEIICHHSI TIPONCXONUT B OCHOBHOM 3a CUET CTONKHOBEHHSI MONEKYIL.
[To aTol mpUYMHE pa3HUIA MEXY CPeHEH CKOPOCTBIO MOJIEKYJBI V,, B CKOPO-
CTBIO 3ByKa ¢ OKa3bIBAaETCs HE TaKOM Y3k OoubIoil. Bonee Toro, Beerja BIMOMHS-
eTcsl cleflyrolee HepaBeHCTBO:

V,, > c.
Kak crnegyer u3 Bblpaxenus (4.32), CKOpPOCTb 3NEMEHTAPHOTO 00bEMA
(9acTHIbI)

V. (x, 1) = - Awsinw(t - x/c). (4.35)
CpaBHeHHE ¢ paBeHCTBOM (4.33) MOKa3bIBAET, YTO
V/c = P,/op, uma V = P /cp,. (4.36)

IToxoxee BbIpazkeHUe ObLIO OAYYEHO paHee sl BOJH, pacIpOCTPaHsIOIUXCS
B NIPY3KHHE.
Ecnn, xak u paHbliie, NpUHATH, YTO JIABICHAE UMEET OUYEHb OONBIIYIO aMIUTH-

TyRy:
P, =120 b wm P, =20 H/M,
TO aMILTATY/a CKOPOCTH V OYIET NIMETh BENTHUMHY

v=e—20 47102 wm/.
347-1,22

B ciyuae cnaboro curHasna, HanmpuMep, Ipu
P,=2071Bb wm P,=2-10" H/M?,
1MeeM
v =4,7-107 m/c.
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Takum 06p830M, ABUKCHUE IJIEMEHTAPHOT'O 06’I)€Ma, BbI3BAHHOE paclpocTpa-
HCHUEM 3BYKOBOﬁ BOJIHBI, XapaKTEpU3yeTCs ‘Ipe3BBI‘IafIHO MaJIbIMU CKOPOCTSMU,
KOTOPBIC 3HAYATEIBbHO MECHbBIIIE q)a?:OBOfI CKOPOCTH BOJIHBI:

Vv, >c>> V. 4.37)

B To xe BpEMsI CPENIHSAA CKOPOCTb MOJIEKYJT CpaBHUMaA IO BEJIMYUHE CO CKOPO-
CTBIO C:

v, ~1,7c. (4.38)

[Tpu pacnpocTpaHeHMH 3BYKa B rase B IOCIEJHEM BO3HUKAIOT 30HbI PACTSKe-
HUSA A CXKaTusl, B KOTOPBIX HaGJII-OHaI-OTCSI, COOTBETCTBEHHO, ITIOHM>KCHUE U IIOBLI-
IICHHE TEMIIEPATYPBL.

[ToaTOMY €CTECTBEHHO OXXMAATh CYILIECTBOBAHNUE MOTOKA TEIUla OT 30H CXKATHs
K 30HaM pacTsbxeHus. TeM He MeHee, CYIIECTBYIOT IO KpaiiHell Mepe fiBe Ipudu-
HbL, B CHJIy KOTOPBIX Mbl MOXEM IIpeHeOpeub OOMEHOM Tellla MexXpy Oonee Ha-
TPETHIMU M OXIIAX[CHHbIMU O0OJIACTAMH B Trasze. Bo-NepBbIX, paccTOSHUE MEXIY
9TUMH 00JTACTSMU 3HAUUTEILHO MPEBBIIIAET CPEAHION0 ATHHY CBOOOJIHOTO TIpobera
(cpemHee paccTosiHEE, MpoGeraeMoe MONEKYIaMH MEXJy CTONKHOBeHHsiMu). U,
BO-BTOPBIX, YUUTBIBASI CKOPOCTh TEILIOBOI AU((y3un, MOXHO CKa3aTh, YTO TEM-
nepaTypa KaxJoro 3JIeMEHTapHOTO 00'beéMa M3MEHSIETCsl JOBOJIBHO OBICTPO, faxke
npy YactoTe BoJHbI nopsiika 20 I'n. Takum oOpasoM, mpolecc cxkaTusi U pacTs-
JKEHHU SBIISETCS He M30TEPMUUYECKHM, a CKOpee ainabaTHYECKUM.

Wmes 310 B BUAy, NOMYYUM TeNEph OLEHKY (pa3oBoil ckopocTu BoaHbL. Co-
ri1acHO paBeHCTBY (4.30), umeeM

c=40P/dp, ecun p=p,. (4.39)

B kavecTBe HAaYaNBHOrO MPHOIZKEHNS MPEANONOXKAM, UTO CKATHE W PACTS-
JKEHWE TPOMCXOAAT TaK MEJICHHO, UTO TEMIeparypa B Iporecce AedopManun
npaktuyecku He Mensiercs. CornacHo 3akoHy boiins — Mapuotra,

rne m — Macca pacCMaTpuBacMoro 00beMa.
HOCJ’[CHHI/IG PaBEHCTBA MOZKHO NEPENMNCATL KaK

P0+Pa = Po +Pq
£y Po

Ortcropa nosyvaem, 4To

o i Pa ypy Pa=ﬁpa. (4.40)
P po Po

CpaBHeHHne 3THX COOTHOIIEHHH ¢ hopmyIoii (4.14) maet

a=Pyp, u c=+P,/p, . (4.41)
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IToxcraBnss B 3TV COOTHOLICHNS! 3HAUCHUE [IABIEHUS HA YpOBHE Mopsd P, =
~ 10° [Ta u 3HAYEHHE IUIOTHOCTH Py = 1,2 KI/M’, IONyunM

¢ = 290 M/c.

ECTCCTBCHHO, YTO 9TO 3HAYCHHUC q)a30301?1 CKOPOCTH 3HAYUTEIbHO MEHBIIE TO-
ro, KOTopoe HaGJ’IIOHaeTCﬂ B 9KCIIEPUMEHTE.

BJIMUSAHUE TEMIIEPATYPbI HA CKOPOCTb BOJTHBI

HecootBeTcTBUE MeXy pacCMOTPEHHOW BbIIE TEOPHER ¥ 3KCIEPUMEHTOM
BriepBbIe 00HapyXui Jlammac. OH 3aMeTHi1, 4To ObICTpbIe fepopMalun NeMeH-
TapHOTO 00'beMa, BO3HUKAIOIIKE PU PACIPOCTPAHEHIH 3BYKOBOK BOJHBI, COMPO-
BOXJIAIOTCS I3MEHEeHNeM TeMiepatypbl. Hanpumep, Kak yxe yIOMHHANOCh, €CIH
00bEM CKUMaeTced, TO ero Temieparypa pacreT. COOTBETCTBEHHO, [IaBlIEHUE MO-
XeT Bo3pacTaTh IO [ABYM IpMuMHaM. [lepBas mpuyuHa CBsI3aHAa C YMEHbIIEHHEM
aneMeHTapHoro oo’bema. [Ipy 3ToM MIOTHOCTD ra3a yBeNMIuBaeTCs U BCe OOMNbIIe
CTOJIKHOBEHMII MOJIEKYJ NMPUXOAUTCS Ha EIMHUIYY IUIOWIAAM 3JEMEHTApHO! MOo-
BEpXHOCTH. BTopas nmpuyyHa 3aKN0yaeTcs B YBeIMYEHUH TeMIepaTypbl U, clefo-
BATENbHO, KUHETHYECKOH 3HEeprui MoJekyn. [10CKONIbKY KOMMYEeCTBO JBMKEHHS
(UMITyJIBC) MOINIEKYI IIPU 3TOM YBEJIMYMBACTCS, JABJIECHHE TAKXKE BO3PACTaeT.

Pagencrsa (4.41) O6b1u osTy4yeHs! U3 3akoHa boitns — MapuotTa, B KoTOpOoM
YYATBIBACTCA TOJIBKO IIEpBas INMPUYMHA BO3pACTaHUA NABJICHUSA — YBCJIIMYCHUC
mnotHocTu. [loBefieHne faBieHusl ommchiBaeTcsl 3akoHOM boiing — MapuoTra B
TOM cilyyae, eciu fiepopMarys MPOUCXOAUT 3HAYUTEILHO MEJICHHEe MPOLECCOB
TEIJIOBOTO OOMEHa MEXJy 3JIEMEHTApHbIM O0OBEMOM U OKPYXKAIOIMM Ta30M.
Koneyno, 3TOT 3aKOH MOXHO HPUMEHSITh U TOTHA, KOraa Ipouecc AedopMariu
SABJIAETCS N30TEPMUYECKHM, T.€. KOIJ]a TeMIIepaTypa BOOOILE He MEHSETCS.

Tem He MeHee, B OONBIIUHCTBE CIYYaeB PaclpOCTPAHEHUs 3BYKOBBIX BOJIH U3-
MEHEHHE TIOTHOCTH INPOUCXOAUT HACTONBKO OBICTPO, YTO TEIUIO, BbI3BAHHOE
nedopmanueis, He ycrneBaeT OOMEHMBATHCS. MIMEHHO TMOITOMY B Clydyae CxKaTHs
JIABIIEHUE YBEIMIMBACTCA 10 OONBIINX 3HAYEHHIT, YeM 3TO NPEfCKa3bIBAETCs 3aKO-
HoM boiins — MapuorTa. I Ha060poT, IpH pacTsKeHUN M3-32 YMEHBIIICHNS] KUHE-
TUYECKON SHEPIUU NAJCHUE [IaBIECHNS CTAHOBUTCS OONEE 3aMETHBIM.

Takoe mnosefieHne HasbIBaeTcsl aauabaTwueckuM, W Jlammac mpepyoxXun wuc-
MONb30BaTh BMECTO paBeHCTBA (3aKoHa boilng — Maprorra)

PIPy = p/p,
CIIEMTYIOIIEE COOTHONIEHNE:
PP, = (p/py), 4.42)

rjae y — napaMeTp rasa.
HOCJIE‘,JIHGC BbIpaXKEHUE MOXKHO TIEPETIACATH KaK

Y

P [ p,)
1+P_0_L1+§J . (4.43)
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ITockonbky p,/py << 1, IpaBylo 4YacTb paBeHCTBa (4.43) MOXHO Pa3lOXUTb B
pan Teinopa. Torpa

i:yp_“ WIn Pa =yipa'
P Po Po

CpasHuBas 3Ty (opMyny ¢ BbIpaxXeHHuEM (4.14), I0Ty4nM HOBOE BbIpaKEeHNE
JUIst TIApAMETPA oL

a=y-4, 4.44)

1 HOBOEC BBIPAKCHUE IS (ba3OBOfI CKOPOCTH:
Fy
Po

(4.45)

C=

Ecnn nonoxurs
y = 1,402,
TO (pa30Basi CKOPOCTh BOJHBI OYIET PaBHATHCS
P
c=_|y-L =343 m/c,
Po

YTO OYEHb OJM3KO K pe3yabTaTaM IKCIIEPUMEHTA.

CUCTEMA YPABHEHUI B TPEXMEPHOM CJIYYAE

Jlo cux mop Mbl MPEANONarajin, YTo y CMEUICHHS JacTUIBI (3JIeMEHTapHOTO
00beMa) ecTb TOMBKO OflHA KOMIIOHEHTa: s,. PaccMoTpum Temepn Goree oOmmit
cilydyai, KOrjia BeKTOp CMEUICHHS § MPOU3BOIBHO OPHEHTHPOBAH OTHOCHTENHHO
KOOPIMHATHBIX OCEH:

s(p,t) =sd+ syj + s k. (4.46)

3peck i, j 1 k — eqMHIYHbIE BEKTOPBI, 3aJal0lIIe HAPABIEHUS KOOPIMHATHBIX
oceil.

CornacHo paBeHCTBY (4.7) OTHOCHTENbHOE M3MEHEHHE 3IEMEHTapHOrO 00be-
Ma, BbI3BAaHHOC IBU2KEHUEM BJIOJIb OCH X, OIIPENCIACTCA BbIpAKECHUEM

AV [V, = ds,/0x.

AHaJIOI‘I/IIIHO, CMEIICHUA BIOJb APYIUX KOOPAUHATHBIX oceit OpUBOIAT K ClE-
TYHOIIUM U3MEHEHUAM 3JIEMEHTAPHOI'O obbeMa:

AV, [Vy=0ds,/dy n AV [V, = ds,/9z.

Takum O6p3.30M, IIOJTHOE U3MCHCHUEC OGT)GMB., HOpPMAJIM30BaHHOE Ha €ro Ha-
YaJIbHOE 3HAYCHUE, PAaBHACTCS
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AV _ AV, + AV, + AV,
Yo Yo

U
AVIVy=ds,/dx + ds,/dy + ds,/0z. 4.47)

Kax cnepyer u3 BeKTOpHOro aHanu3a (pUnoxeHue 3), cyMMa IpOU3BOAHBIX B
TPaBOM YaCTH 3TOTO COOTHOIIEHNS ONPENENET AMBEPTEHINIO0 BEKTOPHOTO OIS S:

div s = AV/V,,. (4.48)

Ortctofa BUAHO, uTO divs XapaKTepu3yeT OTHOCHUTENbHOE M3MEHEHHe 00beMa,
BBI3BAHHOE OO0 CXKATUEM, MO0 PACTSKEHUEM.

B cBsI3u ¢ 3THM IONIE3HO 3aMETHTD CIEAYIOLIEE:

a) B div s cofiepaTcs MPOU3BOAHbIE CMEIIEHU (4.47), U MO3TOMY IMBEPrEH-
1Ml IMEET CMBICH TONBKO B PETYISPHBIX TOUKAX, IJie 3TH MPOU3BOJHBIE CYILECT-
BYIOT;

0) pynkuua div s 4acTo Ha3bIBaeTCs UiIaTaluell (BCECTOPOHHUM PaCIINpPEHH-
€M), XOTs OHa ONUCBIBAET KakK pacrsekenue AV/V, > 1, tak u cxarue AV/V, < 1.
Cnepyst 3TOI TEPMHUHOJIOTHH, BONHBLI, KOTOPHIE BBI3BIBAIOT M3MEHEHHE O0BEMa,
Ha3bIBAIOTCS BOTHAMH iistaTanyy. [IpuMepoM Takux BOJIH SBISETCS 3BYK;

B) ypaBHeHHUE (4.48) ObLIO NOIYyYEeHO B NPSAMOYTOJILHON EKapTOBOM CHCTEME
KooppuHatT. TeM He MeHee, KaK MOKa3aHO B NPUWJIOXKEHWH 3, MUBEPreHIys BEK-
TOPHOTO TOJIS ONPEMENSETCS er0 MUCTOYHUKAMHU U, CIEfJOBATENbHO, OT CHCTEMBI
KOOpAMHAT He 3aBHCHUT. [IpyruMu cioBamu, B JN00OH cucteMe KooppuHat divs
OIICBIBAET OJTHA M Te K€ OTHOCUTEbHELIE H3MEHEHNS 00 heMa.

O60061myM Tenepb COOTHOIIEHNS, CBSI3BIBAIOIAE CMEIIEHNS], ITIOTHOCTD U JIaB-
seHue. JI1st 3TOro CHOBa MCIOIb3YyeM IPUHIUI COXPAHEHUS] MacChl:

(Vo + AVY(po + Po) = PoV
nin
AVIVy==p. Pos (4.49)

MOCKONBKY p,/AV << 1.

Ortcrona, ncnons3ys cootHotienue (4.48), momydaem

div s =-p,/po, (4.50)
I7ie p, — NpUpaleHNE ITIOTHOCTH, BbI3BAaHHOE M3MEHEHUSIMU 00'beMa.

Takum 0Opa3om, Hallla iepBasi 3aj1aua OKa3bIBACTCS BBIIOJHEHHON, M PABEHCT-
BO (4.11) MOXHO 3aMEHUTb COOTHOLIEHHEM (4.50), KOTOpOE CHpaBEeNINBO U B
TPEXMEPHOM CIy4Jae.

[TockonbKy MbI IPOROIKAEM MPEANONAraTh, YTO M3MEHEHHUS INIOTHOCTH, BbI-
3BaHHbIE PACIPOCTPAHEHUEM BOIHBI, OYEHb Majbl, (opMyna (4.14), cBiI3blBato-
11ast IaBJieHue 1 IIOTHOCTD, OCTaeTcs 0e3 M3MEHEeHHN ], T.¢.

P,=ap,u a=09dP/dp,
eciu P = Py- 4.51)
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Crepyrolee ypaBHeHHe clefiyeT U3 BToporo 3akoHa HbroToHa (4.27):

E)zs " of
p X = a . 4.52
0 312 ox ( )

AHEU'IOI‘I/I‘IHO, I IBYX IPYTUX KOOPANHAT UMEEM

2 2

a°s, oP. 9°s. JoP,
Po—L=——% 1 p, 5: o Y, 4.53)

ar? ay ar? 9z

‘YMHOXas paBeHcTBa (4.52) — (4.53) Ha, COOTBETCTBEHHO, EIMHMYHBIE BEKTO-
pHl i, j 1 Kk, monyyum

0o g[—Z; - —grad P,. (4.54)

3TO ypaBHEHUe MpEfCTaBseT co00i BTOPOIl 3akoH HBbIOTOHAa B BEKTOPHON
thopme. M3 HEro BUHO, UTO YCKOPEHUE HANPABJIEHO TYAA, IJle HaOMOAaeTcs MaK-
CHMAaJIbHOE YMEHBIICHUE ABJICHHUS.

ITpu BBIBOJE 3TOTO YpaBHEHHUs MPEAIIONAranoch, YTO Ha 3JIEMEHTAPHBINA 00BEM
IEACTBYIOT TOJIBKO CHJIBI, IPUIOKEHHBIE K €r0 IpaHsiM. [Ipyrumu cioBamu, IIpH-
HUMAJIUCh BO BHUMAHUE TONILKO [OBEPXHOCTHBIE CUIbI. TeM He MeHee, B 00IIeM
CIlyyae CYLIECTBYIOT U APYTHE CUJIbI, HAalpUMep IpaBUTalMoHHblE. Torma BMECTO
ypaBHeHus (4.54) OyneM UMeTh

Po ‘;—225 =—grad P, +p,8, (4.55)
t

I7ie BeKTOp g 0003HaYaeT IPaBUTALIOHHOE TOJE.

B nanbHefiem Mbl GyfieM IpefmnonaraTh, 3a HCKIIOUEeHUEM HEKOTOPBIX CIeLHd-
albHBIX CIy4aeB, YTO BJIMAHME TPABUTALMOHHOIO MONS NPEHEOPEXUMO Malo.
Torpa pacnpocTpaseHue 3ByKa OIMUCHIBAETCS CUCTEMON U3 TPEX YpaBHEHUIA:

divs=-p,py P,=0p, pog—zzs =-grad P,, (4.56)
t

KOTOpbIE OMUCHIBAOT CIEAyIOLINe (PU3MIECKUE 3aKOHbI:

1) npuHIWI COXpaHEHUS MAacChl;

2) NMHEAHYIO 3aBUCHMOCTb [aBJICHHA OT IUNIOTHOCTH, NIPH YCJIOBUH, YTO OTHO-
CHTEJIbHBIE H3MEHEHNS INIOTHOCTH MaJIbl;

3) BTOpOI U TpeTuil 3akoHb! HbroToHa.

4.2. BOTHOBOE YPABHEHME Yl TPAHIYHLIE YCIIOBUS
IS BOJTH TWIATALIN

B npepnpiayimeM pasnene Mbl IPUILIKA K ypaBHEHUAM (4.56), KOTOpbIE CBA3bI-
BaIOT MEXJy co00ll IpypallieHne IIOTHOCTH P,,, CMelleHue s U fasnenue P,. Ilo-
CKOJIbKY MNpHpAIIEHUE IIOTHOCTH P,, BbI3BAHHOE PACIPOCTPAHEHHEM BOIHBI,
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OOBIYHO HE NPEJCTABISET MHTEPECA, ECTECTBEHHO HCKIIOUUThL 3Ty BEJUUUHY U3
MEPBBIX IBYX YpaBHEHMH yKa3aHHOU cucTeMbl. Torma BMecto (4.56) nomydum

divs=-CP,, po‘;t—zj - —grad P (4.57)
e MHOXHATENb C Ha3bIBAETCS CKUMAEMOCTBIO M XapaKTEpPU3yeT OTHOCHTENBHOE
U3MeHeHne 00beMa NPU N3MEHEHNH JIABIEHNS. Ha OfHY efAuHuLy. s Xugkocrei
3HaYeHHe 3TOTO MapaMeTpa Ipe3BbIYaiiHo Majo. CBOMCTBOM KHMAKOCTEN SIBISIETCS
OrPOMHOE CONPOTUBJICHUE K U3MEHEHUAM 00beMa. TeM He MeHee, XKUAKOCTH He
SIBJISFOTCS IOJTHOCTBIO HECXKMMAEMBIMU M MOTYT IPETEPIEBATh 3HAYUTENLHBIE U3-
MeHEHHs1 00beMa MPH BHICOKOM JIaBNeHNN. Tak, HapuMep, €Clli JIABJICHAE B BOJIE
pocruraet 1000 at™, ee 00beM yMeHbLIAeTcs IpUMepHo Ha 5 %. W Haobopor,
PacIpoCTpaHEHNE 3ByKa B KUIKOCTSX COMPOBOXKNACTCS YPE3BBIYANHO MAJOH H-
JlaTaIyen.
Kaxk cnepyet u3 ypaBHeHuit (4.56),

C = 1/ap,, (4.58)
7 3HaYEHNE 3TOH BENMUNHEI B KHUAKOCTAX COCTABIIACT HpI/I6III/IBI/IT€JILHO

C ~4-10" Ta™".

BBeHeM TaKKE BCIINYINHY, 06paTHy}0 CXKUMAEMOCTH:

K =1/C = ap,, (4.59)

KOTOpasi Ha3bIBACTCS MOIYJIEM CXaTHs 1 SBISETCS aHAJIOTOM YIIPYroro Iapamerpa
*

E" npyxunbr.
CooTBeTCTBEHHO, epBOE ypaBHEHNE (4.57) MOXKHO Nepenucath B BUJIE

P, = - Kdiv s. (4.60)

3To0 ypaBHEHHE MOXHO PaccMaTpUBaTh KaK aHANOTr 3aKOHA ['yka s ra3oB u
SKHATKOCTEH.

Cucrema ypaBHeHU# (4.57) CONEpXUT IBa HEW3BECTHBIX: M30OBITOYHOE JIaBIIe-
Hue P, u cmenienue s. Kak cnefiyer u3 onpepenenus AUBEpreHuuy (CM. MPUIIOXKe-
Hye 3), faBneHue P, MOXHO TPakTOBaTh KakK IVIOTHOCTb UCTOYHHMKOB IIOJISL CMe-
IICHUN S.

BOJIHOBOE YPABHEHME 151 JABJEHUA 1 CMENIEHUA

Teneps M0 aHANOTUU C OJHOMEPHBIM CIy4aeM IOJTYyYHM BOJHOBOE ypaBHEHHE
IS Kaaoi U3 3TuX (PYHKUMA. beps AuBepreHuuio ot obeux yacteil BTOPOro
ypaBHeHud (4.57), nonydaem

92 divs=-Ldivgrad P,. 4.61)
612 Po

Cnefyer 3aMeTUTh, YTO BBIBOJ] BOJHOBOTO YPAaBHEHUSI OCHOBBLIBACTCS Ha TIPET-
TIOJIOKEHUH O TOM, UTO CPefia B OKPECTHOCTH PETYJISPHON TOUKH SBISIETCS OFHO-
POJHOTA, T.e.
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po = const.
ITo onpepenennto (cM. NPAIOXKEHHE 3),
div grad P, = V°P,,

1 ypaBHenye (4.61) nepexomur B

2 PT
V°P,=-p,—divs. (4.62)
ar*
Wcnone3ys nepsoe u3 paBeHCTB (4.57), MOMyYaeM BONHOBOE YPaBHEHHE IS

NIABIICHNS B TPEXMEPHOM Clyvae:

2
vep, =Po

K o
NI
2
V2P=La P. (463)
2 .2
c” ot
BIIGCI) BMECTO Pa CTOUT P, MOCKOJIBKY JaBJI€HNE PO IIOCTOSHHO N
(4.64)

C=\/K/po

SBJISIETCS CKOPOCTBIO BOJIHBI.
Hepeu TEM, KaK IMOJIYYUTH BOTHOBOC YPABHEHHUE [IJIsI CMCIICHUA S, paCCMOTPUM

OJTHO MIHTEPECHOE CBOWCTBO 3TOr0 Moid. it 3TOro 3amuiieM CHayaja BTOPON
3akoH HbloToHa:

Bepst porop oT 06eux yacTeit 3TOro paBeHCTBa, MOTYUNM
92
—— rots =rot grad P,
t

MOCKOJIBKY IIIOTHOCTD P ITOCTOSIHHA.
s BEKTOPHOI'O aHajn3a N3BECTHO (CM. TIPUIOKEHNE 3), qTo

rot grad P =0,

H, CIIeIOBaTELHO,
a2 0
—rots=—rotv=0, (4.65)
2
ar
Tfle V. — CKOPOCTb YaCTHIIBI.
Orcrona
rot v = const.
[TpuaMast BO BHUMaHWE, YTO B HAYAIbHBIH MOMEHT BPEMEHHU CMEIIIEHNE U €T0
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Puc. 4.2. Mopens  KycouHO-

P ¢ OFTHOPOJHOM Cpefibl (a); TpaHWYHbIE
y_\/ YCHOBI ©
P,, ¢,

NPOM3BOHbIE IO BPEMEHN PABHSUINCH HYJIIO, 3aKITI0UaeM, 9TO B OJHOPOJHOM cpe-
Jic B IPOU3BOJIBHBII MOMEHT BPEMEHH

rot s = 0.

T'eomeTpuryecKuii CMBICT 3TOTO PaBeHCTBA OYJIET O0CYK/IaThCs NIO3XKE.
Teneps, Oeps rpafueHT OT 00EKX YacTell EpBOro ypaBHeHus (4.57), MOnyuuM

grad div s =-C grad P,.
Hanee, BTopoe U3 yKa3aHHbIX ypaBHeHUH (3aKoH HbtoToHA) faeT

grad div s = p,C 6_25.
ar*

W13 dopmyinsl (4.66) u paBeHCTBa (CM. IPUTIOXKEHUE 3)
rot rot s = grad div s — Vs,
clefyer, 4to
grad div s = V7.
CooTBeTCTBEHHO YpaBHEHHUE (4.67) epexofuT B
st=p—°0—zs AN st=ia—zs. (4.68)
K o7 & o’
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Takum o6pa3om, faBleHHe M CMEIEHUE YIOBIETBOPSIOT ONHOMY H TOMY 3Ke
BOJTHOBOMY YPaBHEHUIO, IpUYeM (ha30Bast CKOPOCTb ¢ OLPENENSeTC U3 YpaBHEHH:
(4.64).

B ornmume oT ogHOMEpPHOrO ciyyas JeBas 4acTh ypaBHeHuMi (4.63) n (4.68)
COTIEPKUT IIPOM3BOAHBIE IO BCEM TPeM KOoOopAuHaTaM. Tak, Hampumep, B fieKap-
TOBOII IPSIMOYTOJILHOI CHCTEME KOOPAUHAT

vepo P AP AP 10 (4.69)

a? eyt ezt Fart

OnHuM 13 HauboNee 3aMevaTelbHbIX CBONCTB Jamnaciana V2P umn Vs ssist-
€TCsl TO, YTO €ro 3HaUECHNE HE MEHSETCS MPH 3aMEHE KOOPAMHAT. DTOT Pe3yabTaT
OYEBHJIEH, IOCKOJIbKY NPaBast 4YacTh YPaBHEHUII /IBIKEHUS OT CUCTEMBI KOOP/MHAT
HE 3aBUCHUT.

ITockoBbKY BOJTHOBOE YpaBHEHHE CONEPXKUT BTOPbIE MPOU3BOJHBIE MO KOOp-
[MHATaM, OHO CIIPABEJIMBO TONBKO B PETYISPHBIX TOUKAX, B OKPECTHOCTH KOTO-
PbIX IIIOTHOCTH P, 1 ha30Bast CKOPOCTh ¢ MOCTOSTHHBIE.

[Tpenmonoxum, 4To cpefia SABISETCS KYCOUHO-OfHOpPOfHOI (puc. 4.2, a). Tor-
fla ofHa U3 (PYHKIMHA P, UK ¢, WIK OHU 00 TeprAT pa3pblB HA BHYTPEHHHX Ipa-
HAL@AX pasfena cpefpl. [103ToMy BOTHOBOE YpaBHEHHE B TaKMX MECTax HE BBINOMN-
HAETCS M ero HeOoOXONMMO 3aMEHUTh COOTBETCTBYIOIAMM TPAHWYHBIME YCIO-
BUSIMU.

YCJI10BUS HA BHYTPEHHUX ITIOBEPXHOCTAX PA3JEJIA CPEJBI

ITokaxeM, mpexyie BCETO, UTO AaBJIEHUE HA IPAHUIAX OCTAETCS HENMPEPBIBHOM
¢dyuknuei. PaccMotTpum aneMenTapHbIil 06beM (puc. 4.2, 6). ITOT 00BEM orpa-
HUYEH TOPU30HTANBHON OBEPXHOCTBIO S, , @ TaKXKe NoBepxHocTAMU dS; 1 dS,:

dS, =dSn, dS, =-dSn.

3pech n — eIMHUYHAS HOpMAallb, HATIPABIEHHAs OT 3aJJHE K NepefHeld CTOpOHe
TpaHHULBL.

Cornacno BTOopoMy 3akoHy HbioTOHa, yCKOpEH#e Takoro o0beMa OnpefeseT-
csl KaKk

a%s
m—2 = Fl + FZ .
at
B HanpapneHnu, NepneHUKYIIPHOM HOBEPXHOCTH, AIMEEM
a2s
ar’
e F, = P,dS; F, = P,dS; py, 1 py, 0003HAYAIOT TWIOTHOCTH CPEMBI MO 06e CTO-
POHBI TPaHULIBI.
B Boipaxkennu (4.70) h — BbIcOTa IWIMHpUYECKOr0 o0bema, a P, u P, obo-
3HAYaIOT JJaBJICHIE Ha HIDKHEN U BEpXHEN TOBEPXHOCTH LMITMHPA.
B npepene, korga BbicoTa IMIMHAPA CTPEMUTCS K HYIIO, JIeBasl 4acTh YpaBHe-
Hud (4.70) Takke CTPEMUTCS K HYJIO, TIOCKOJbKY YCKOPEHHE HE MOXET ObITh
6eckoneyno 6ompimM. OTClofja fielaeM BBIBOJ, UTO

g(pol"'poz) t=P-P,
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P, =P, Ha S,

T.€. JABIICHHE SIBIIIETCS HETIPEPLIBHOM (DyHKIMEH HA IpaHUIE, pasfeNsomel cpe-
[ibl C PA3IMYHBIMU apPaMETPAMIL.

Bropoe rpaHnyHOE yCcnoBUE CENYET U3 MPEANOIOKEHHS, YTO PACIpOCTpaHe-
HUE BOJIH HE MPUBOAUT K BO3HUKHOBEHHUIO IIYCTOT MEXKAY CpeflaMi WM K UX Tiepe-
KPBITHIO. JTO 03HAYAET, YTO HOpPMaJbHASl KOMIIOHEHTA CMEIECHUI JOXKHA ObITh
HENpepbIBHOM (PyHKIKE:

Stn = Son- (472)

Takum o6pa30M, Ha BHYTPEHHUX I'paHUllaX Mbl BMECTO BOJIHOBOI'O YPABHEHHUSA
UMEEM CIIEYIOUINE TPaHNYIHbBIC YCIIOBUS

Sin = Son I/IP1=P2.

B 10 ke BpEMs TaHI'€HIMaIbHasA KOMIIOHCHTaA CMCH_IGHI/IIjI MOXET HUMETH pas3-
JIMYHbIE 3HAUEHHS MO 00¢ CTOPOHBI I'PaHUIBI.

CKAJIAPHBIN HOTEHLIAJ

Cy1ecTByeT elle OfIHO BaxKHOE CIEICTBUE U3 ypaBHEHMH (4.66). VI3 BekTOpHO-
ro aHanusa (CM. IpUIOXKeHue 3) CIefyeT, 4To, ECIU

rot M =0,
TO 15l BeKTOpHOTO nonst M umeeM
M = grad o.
CnefoBaTenbHO, CMEIIEHNS S MOXKHO TIPEAICTaBUTh KAk
s = grad @, 4.74)

TJie ¢ — IPOU3BOJIbHAS CKASIpHas (PYHKIMS, UMEIOLAs B PEryNSPHbIX TOUKaxX Mep-
BbIE U BTOpbIE IPOU3BOJHBIE 110 BPEMEHH U KOOPJJUHATAM.

OueBHJIHO, UTO CYIIECTBYET OECKOHEYHOE MHOXKECTBO TaKUX (DYHKIUMIA, ompe-
JIETSFOIMX OfHO | TO Xe 1oje s. [JpyruMu coBaMu @(p, t) SIBISETCS BCIIOMOra-
TeJbHOI (hyHKUMEH, KOTOpask Bpsy, 11 MMEET KakKoH-mu0o (pusMyecKuil cMBbICIH,
OfJHAKO BO MHOTMX CJIydasX 3aMETHO YIPOLIAET U3ydyeHHe BONH. PyHKIMIO ¢
OOBIYHO HAa3bIBAIOT CKAJSPHBIM HOTEHIMAIOM BEKTOPHOTO IOJS S WM, MHAYE,
aKyCTUYECKUM MOTEHLMANOM. JTa (DYHKIMS UCIONB3YeTCs TakxkKe JUIS M3yYeHUs
BOITH [JUNIaTall{y B YIPYTO#l cpejie.

ITopcranoska pasencTBa (4.74) B ypaBHeHue (4.68) naet

[ 1 a%)
d{Vie-—22|=0
gra L ¢ g 6,2)
W
2
Vch—ia—q) = const.
cz Jat
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ITockonbKy KOHCTaHTA HE 3aBUCHUT OT MOJIOXKEHHS TOYKH, a BOJNHBI OTCYTCT-
BYIOT Ha OECKOHEUHOCTH, MOCIE/JHEE BbIpaskeHUE CHOBA NMPUBOJUT K BOJHOBOMY
YPaBHEHHUIO:

32
vig= L 2%, 4.75)
¢ ot

CyIecTBEHHO, UTO OJJHO U TO K€ BOJHOBOE YPABHEHHE OMMCHIBAET PACIpOCT-
paHeHue BONH AWIATALUN B ra3e, XUJKOCTH U YIPYroii cpefie.

Mb1 BBENH NOHSTHE CKAJISPHOrO MOTEHIMaNna (p, f) 1 HalluM, KaK OH CBSI3aH
co cmemieHneM (4.74). Boipazum Teneph aBieHWE B TEPMUHAX 3TOH (DYHKIWH.
[TopcranoBka Boipaxkenus (4.74) B iepBoe ypaBHeHue (4.57) fnaer

P, = - Kdiv grad ¢ = - KV?q.

B cootsercTBuu ¢ ypaBHEHHEM (4.75) HMeeM

2 2
P =_£_8 ¢ win P =-p I CP, 4.76)

a > 5 a 0 B

¢ ot at
TIOCKOIIbKY
—
oo K
Vpo

I'panuynbie ycnoBusl [ CKaJSpPHOTO MOTEHIMANa CIENYIOT U3 PaBEHCTB
(4.73). Ilo onpenenennto, HOpManbHas KOMIIOHEHTA CMEIEHUS

s, = 0g/on.
CnepoBaTenbHO, Ha TPAHMLAX BBINOMHSIOTCS CAEAYIOLIME YCIOBHS

991 _ 99, Vo _ Vg,
= n Po—=Po—-

on on ot ot

[MocnepHee paBeHCTBO MOXKHO 3aMETHO YIPOCTHUTH, IOCKOJIBKY MPOU3BENICHIE
PP obecrneynBaeT HENMpPEePhIBHOCTh JABINEHUS U, CIENOBATENbHO, CaMO SBISETCA
HenpepbIBHOY (pyHKIMeR. OTclofa IpaHMYHbIE YCIOBUS ISl MOTEHLMANA UMEIOT

BNl

il il
DTy Po1®P1 =P P2- (4.77)
an on

MbI nonyuunu ypaBHEHUS 711 CMELIEHUH, JABIEHHS M CKAJSPHOrO MOTEHIHA-
J1a, KOTOpBIE ABISIIOTCS IPOM3BONBHBIMI (DYHKIMAMI BpeMeHH. Teneps paccMoT-
pUM CHieUManbHblil cnyyail CHHYCOUaNbHbIX BOJH.

W3BecTHO (CM. MpUiIoXeHue 4), 4TO pacCMaTpUBaeMble BOJHOBBIE TIOJIST MOX-
HO MPENICTaBUTDh KaK

s = Re(Se™), P, = Re(P,e™™) (4.78)
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@ = Re(®e™), (4.79)

rie P, u @ 0003HAaYaIOT KOMIUIEKCHbIE aMIUIUTY/bI, & S — KOMIUIEKCHBIN BeK-
TOp, MPHUYEM Bce 3TU (DYHKIUH HE 3aBHCAT OT BpeMeHH. 1o ompeneneHuto, OHn
XapaKTepU3yIOT aMILTUTYRY U (ha3y COOTBETCTBYIOIIETO BOIHOBOIO OIS

ITopcraBisas Bbipaxenue (4.79) B ypaBHeHHE (4.75), HOIy4YHM CIEAYIOLIEE
YPaBHEHHUE, KOTOPOE HA3bIBAETCS ypaBHEHNEM I elIbMronbLa:

V2D + KD = 0, (4.80)
NOCKOJIBKY
L% 0 Re(e) 4.81)
2 ar? 2
n
k=w/c.

Takum 06pa3oM, BMECTO BOJTHOBOTO YPAaBHEHHUS /ISl CKAJSIPHOTO MOTEHIHUANA,
MBI OJTYYAIIH YPaBHEHHUE [Nt KOMIVIEKCHON aMILTUTYAbI .

N3 cootHOmEHw (4.74) u (4.76) cieayeT, YTO KOMIUIEKCHBIE AMIUTATYHBI
CMEILCHNUN U aBJICHUS CBSI3aHbI ¢ KOMIUIEKCHON aMIUIATYOM NOTEHIHANa ClIeqy-
omuM 00pa3oM:

S =grad® u P, = p,0’®. (4.82)

He3zaBncnMocTs KOMIIEKCHOH aMIUTUTY/bI OT BPEMEHH 3aMETHO YIIPOIIAET 3a-
Jlady ONpENENEeHns] BOIHOBOIO MOMsS. B TO Xe BpeMs, ecli NPEeRNoNOXATb, YTO
PEIICHNS AT CHHYCOMJAJIBHBIX BOJH M3BECTHBI, TO PEIICHUE AT ITPOU3BOJNBHON
BOJIHBI MOKHO HAaWlTH, TPUMEHSIS MHTErpan ®ypre (CM. NpuIoKeHue 7).

JE®OPMALMA 3TEMEHTAPHOIO OB BEMA

PaccMoTpuM Temeph OffHO BaxHOE CBOWCTBO BOMH junaraimuu. CornacHo
topmymnam (4.57) u (4.66), ToNe CMETEHNN ONMCHIBAETCS B PETYISPHBIX TOUKAX
OJTHOPOJIHOW Cpefbl CIEAYIOUIEl CUCTEMOH YPaBHEHHMIL:

rot s=0 wm divs=-CP,. (4.83)

W3 Hee BUIHO, UTO BUXPU B Cpefie OTCYTCTBYIOT (CM. NpUIOXKeHHe 3) U molne
CMEIIEHNUI S, BO3HUKAIOLIEE IPU PACIPOCTPAHEHUH BONHBI AWIATALMH, SBISETCS
noJIeM MCTOYHUKOB. Knaccuukauysi BEKTOPHBIX MOJIEH, OCHOBaHHAs Ha COOT-
HOIICHNN MEXKJY CAMHM IIOJIEM ¥ TeHepaTOpaMH 3TOTO MO (BUXPSIMU M HCTOYU-
HIKaMH), SIBASCTCS OOBIYHON MM M3YYCHHM TPABUTALMOHHBIX, SNMEKTPUUYCCKUX,
MarHUTHBIX ¥ 9JIEKTPOMATHUTHBIX Nojeld. OfHAKO B cilyyae akyCTHYECKUX U YII-
PYTHX BOJIH OCHOBHOE BHUMAHHE YEIseTCsl He MCTOUHMKAM U BUXPSIM TIONS CMe-
I[EHN § WM CKOPOCTH V, @ TeM TUIaM fiepopMallii Cpefibl, KOTOPbIE BO3HHKA-
10T TIPH PacCIpOCTPAHEHIH BOJHBL
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Y y
x X
Iepenoc Cocamue (pacmsasicenue)
6 2
Y y
//
a/2 7
o o
// o/2
X X
Yucmolit coeuz ITpocmoii coguz
0 e
Y

o X X
Iloeopom Iloeopom u oepopmayusn

Puc. 4.3. Tuns! ABzKeHus U iechopManiin

B cBSI3M ¢ 3THM paccMOTPHM HECKOJIBKO NPUMEPOB, WILTIOCTPHPYIOIIMX pas3-
JINYHBIE M3MEHEHUS 3IeMEHTapHOTO 06beMa. JIJIs MPOCTOTHI MPETIOTOKKUM, UTO
00’beM He U3MEHSETCS BOJb OCH z. B 9TOM cilydae TOCTATOYHO PaccMOTPETh H3-
MEHEeHHs ero ceueHus (puc. 4.3). B eficTBUTENBHOCTH OHK YPE3BBIYAHO MAJIbl,
1 Ha PUCYHKE YBEJIUYEHbI TOIBKO ISl HATMSAHOCTH.

Kax m3BecTHO, MuBepreHnys (TUMaTaIds) XapaKTepH3yeT OTHOCHTEIHHOE W3-
MeHeHne o0neMa:
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. i) as
divs=2:4 2 AV __cp (4.84)
ox ay Vo
TIOCKOJIBKY
ads./0z = 0.
HpI/IHI/IMaH BO BHUMAHHEC, YTO
s,=0u ds,/0z = ds,/0z = 0,
3anuiIeM KOMIIOHEHTHI rot § Kak
ds. Os
rot/{s:i__y = 0’
y 0z
ds, 0s,
rot, s = e 9% _
0z ax
n
as a
rot, s=—2_ Zx (4.85)
ox dy

YpaBuenus (4.84)—(4.85) N03BONSIOT ONMPEAENUTh T U3MEHEHHs] 00beMa U
€r0 MOJIOXEHHS, KOTOPBIE CBA3aHbI C PACIPOCTPAHEHUEM BOJIHBI IUIATALAH.

OueBuiHO, YTO B CiyJae mepeMemieHnmsi o0beMa KaK EAUHOTrO IEJ0ro
(TpaHCIALKS) KOMIOHEHTBI CMEIEHHUS S, U S, HE 3aBUCAT OT 00EUX KOOPAMHAT H,
CJIEIOBATENBHO,

rot s =0, divs=0.

CpaBHeHye ¢ ypaBHEHUsMHE (4.83) 1MOKa3bIBAeT, YTO TPAHCISALUM MOLYT IIPO-
UCXOJHUTb ¥ IPOUCXOMAT B TEX TOUKAX, A€ ABICHUE P paBHACTCS HYIIIO.

PaccmoTpum Tenepb Apyroil ciydaid W IIPERNONOXKHM, YTO OJIEMEHTAPHBIA
00beM b0 CKUMaeTcs, OO PacTSIrUBaeTCs, T.€.

ds,/ox = 0 uds, /oy = 0. (4.86)

B TO Xe BpeMsl KOMIIOHEHTBI CMEIIEHNS S, 1 S, HE 3aBUCAT OT KOODJJUHAT y W
X cooTBeTcTBEHHO. [ToaTomy

ds,/dy = ds,[ox = 0. (4.87)

Jecdopmanust, COOTBETCTBYIONIAS 3TOMY PaBEHCTBY, TOKa3aHa Ha puc. 4.3, 6.
W3 nocineqHux ABYX COOTHOLIEHUH CIEAYET, 4TO

rots=0 u divs=-CP,.

B cnepyromem npumepe (puc. 4.3, 8) paceMoTpuM AeOpMalio, PH KOTO-
poil 00'beM He MEHSETCS M COOTBETCTBEHHO

divs =0.
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Kak BUTHO U3 pUCYHKA, CMECHICHUC S XapaKTEPU3YCTCA ABYMSI KOMIIOHEHTAMU
S, 1 5, KOTOPBIC IIPAMO MPOIMOPIUOHATIBbHBI COOTBETCTBCHHO KOOPIMHATAM y B X!

=] ()
ninn

2y n s, =%x, (4.88)

S. =
2 L)

X

NOCKOJIbKY ITapaMETp oL MaJll 1

&
2

tg

0 R

3pech /2 0603HAYAET Yrom MeXAy HayaldbHbIM M HOBBIM MOJNOXKEHHEM CTO-
POHEI ab.

PaccrosHne Mexpy 4acTHIAMM C Pa3IMYHBIMA KOOPIMHATAMHA y (2 TAaKXKE X)
U3MEHSIeTCS], U BO3HUKAET HOBBI Tul fechopManuu 00beMa, KOTOPbIi Ha3bIBaeT-
Csl YACTBIM CBUTOM. B pesynbrare Takoil Aedopmanuu mpsIMOYTOJBHUK TpaHC-
(hopmupyeTcss B poM0, AHATOHATIN KOTOPOTO OJMHAKOBBIM 0OPa3oM OpUEHTHPO-
BaHbI OTHOCHTENBHO COOTBETCTBYIOIIMX KOOPAIMHATHBIX OCEl.

W3 ypasHenud (4.88) cnenyeT, 4To

ds /dy = a/2 m ds,/dx = /2.
ITO 03HAYAET, YTO, KK ¥ B CIIy4ae TPAHCISINY,
rots=0 u divs =0.

Crepyromue fiBa pUMepa AEMOHCTPUPYIOT MOBEJICHUE BEKTOPHOTO MOJIS S, KO-
TOpPOE HE YJOBIETBOPSIET cucTeMe ypaBHeHuil (4.83). B nepsoM u3 Hux (puc. 4.3,
2) CYLIECTBYET TOJBKO OfIHA HEHYNEBAs KOMIIOHEHTA S,, U OHA IIPSMO IIPONOPLHO-
HallbHa KoOpAuHate y. B atoM ciyvae

s, =0y unmm 9ds,/dy = a.
[Tockonbky
ds,/dx =0,
AMeEeM
rot s = 0.

OTOT IpEMep HILTIOCTPEPYET AeOPMALHIO IPOCTOTO CABHTA.

Hpyroii npuMep npuBeicH Ha pucyHKe 4.3, 0. OH OMUChIBAaCT BpaILCHUE dJle-
MEHTapHOro 06'beéMa BOKpYr ocHl z. IT0cKOIbKY IpU TakoM ABIKEHHU 00beM He
MEHSIETCH,

div s =0.
[To aHanoruy ¢ NpefbIAYIIM CTyYaeM, IMeeM
S, =0y H S, =-0x
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I
ds,/dy = o u ds,/dx = - q. (4.89)

[TopcranoBka cootHotenuit (4.89) B hopmyay (4.85) naet
rot, s = - 20. (4.90)

HocneuHee PaBEHCTBO MOKA3bIBAE€T, YTO BOJIHbI JUJIATalldM HE MOTYT IIPUBO-
JIUTh K BPAILICHHIO.

Takum 06pa3oM, BOJNHBI AWIATAMM MOTYT COMPOBOXKATHCSA TONBKO CIEIYIO-
MU TPeMs TUIIaMH Ie(hOPMALIUi: PACTSKEHUEM — CKATHEM, YHCTBIM CABUIOM H
TpaHCISALKEH.

B 1o xe BpeMms, eciu cpefia He SBISETCS OHOPOAHOMN, 3TO 3aK/IIOYEHHE HE
BepHO. JleficTBUTENBHO, KaK CIelyeT U3 BToporo 3akoHa HetotoHa (4.57), 00bIu-
HO BOJIM3U TOYEK HEOHOPOHOCTH rot S = 0, ¥ B TAaKMX TOYKaX MOTYT peaju3o-
BBIBAThCA KaK MOBOPOT, TAK U MPOCTOH CIBHI.

B 3akitoueHne 0TMETHM, UTO Ha puc. 4.3, e PEJICTaBIeH Pe3ylIbTaT OBOPOTa
Y CIBUTOBOH fiepopMalyiy.

4.3. KUHETUYECKAA U IOTEHLIIMATBHAA SHEPTUS BOJIH.
MOTOK SHEPTMU. BEKTOP IIOMHTUHTA

B atom paspene u3yyaercs pacupefieNieHie SHEPTHH TIpU PaclpOCTPaHEHUH B
Cpefie BOJIH JMaTaliy, BbI3bIBAIOIIUX COOTBETCTBYIOIME CMELIECHHSI U AedopMma-
UK 3NeMEeHTapHOro o0bema. PaccMoTpum Masblii 06beM V anmHbI [ 1 noneped-
Horo ceuenus S (puc. 4.4, a). I[IpeamnonoxuMm cHavyana, 4To 06bEM OPHEHTHPO-
BaH TaKUM 00pa3oM, UTO CMEIIEHHE YACTHUI| B HEM TPOUCXOAUT TEPNEHANKYISPHO
TONepevHoMy ceueHrto S. Bbidupas och x cucTeMbl KOOPAMHAT B HaNpaBICHUH
CMEILEHNS S, IMEEM

s =s5.(p, Hi. 4.91)

3pech i — eIMHIYHBIN BEKTOP.

[Tpennonoxum fasnee, YTO B HEKOTOPBII MOMEHT BPEMEHH f, BOIIHA, paclpo-

CTpaHAroIasiCa B CpeQie, NOCTUTaCT JIeBOM r'paHuIbl 3TOTO 06’L€Ma, HaXOAIIECTOCA
B COCTOSIHUHU PaBHOBECHS. B 3TOT MOMEHT BbI3BaHHOE BOIJIHOM TaBJICHUEC IPUBOJIUT

a 0 Y

Puc. 4.4. Unmrocrpanus

opmyn  (4.93) u
(4.103) (a); mnmoctpa-

Y 1yt Bbipakenus (4.107)
@
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K CMEIECHUIO YacTHll BOMM3M TpaHULbl 00beMa, U MO MPOLIECTBHE HEKOTOPOTO
BpEMEHH JIpyrHe YacTUIbl 00beMa TakXKe BOBIEKAIOTCA B 3TO JIBIKEHHE. B Mo-
MEHT BPEMEHH, KOTJIa BOJIHA JIOCTHTAET MPABOW I'PaHUIBI 00heMa, BCE COCTABIIS-
FOLIUE €0 YaCTHIBI IBUXKYTCS C OAUHAKOBON CKOPOCTHIO. IIpnunHON 3TOrO SIBMIS-
eTcsl TO, YTO B CPEJie, PacIOJOXKEHHO! CpaBa 3a MalbiM 00BEMOM, BO3HUKAET
cuia, KOTOopast IMEET Ty e BETMUUHY, UTO M CHJIA C JIEBOIl CTOPOHBI OT 00'bEMa,
HO IIPOTHUBOINOJIOXHOE HAlPaBIICHHE.

Takum o0Opa3oM, B pe3yibTate BO3JECTBUS BOMHBI 00beM fedopMupyercs,
TPHUIEM €Tr0 YAaCTHUIBI JIBIKYTCS C OMHAKOBBLIME CKOPOCTSIME BROJH och x. [lo-
3TOMY TONTHAS JHEPTHsl 00'bEMA COCTOMT U3 KUHETHYECKOH (F) M MOTEHIMATLHON
(U) aneprun.

MIOTHOCTh KUHETUYECKOU U MOTEHIUAILHOW SHEPTUU

ITonaras CKOPOCTb 4aCTHIL paBHOﬁ V., 0ad KHHETUIECKON QHEPrun o6BbemMa
UMEEM

E=Llmv (4.92)
ninm

E= %posz, (4.93)
ITOCKOJIBKY

m=p,V u v: =V’ =Vv2,

Jlerko nokasatb, 4To BbIpakeHue (4.93) cHpaBejuBO M B OOIIEM cryyae,
KOI7Ia CMEIIEHNE S OPHEHTHPOBAHO POM3BOIBHBIM 00Pa30M OTHOCUTENBHO OCH X
W MMEET BCE TPH HEHYIEBBIE KOMIOHEHTRL: S,, S, H .. JefCTBATENLHO, B 3TOM
ciTydae KUHETUYECKast IHEPTHS

2 2 2
mv mvy mv;
E=""x 4 Y 77z s

2 2 2

rae Ka)KHbIﬁ YJICH CyMM])I OIUCBIBACT 3Hepm}o NBI2KCHHIA BJOJIb COOTBCTCTBYIO-
1iei KoopauHaTHOM och. [TocreHee BbIpaXkeHne MOKHO 3aMEHUTh Ha COOTHOIIIE-

HHE

2 2
E="™"_p Y 4.94
" =p LV (4.94)

KOTOPOE COBIAJACT C BbIpaxeHneM (4.93).
3nech v 0003HAYAET BEKTOP CKOPOCTH

v=Vi+V,j+V.k

V=V V] 4V
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KuneTnyeckas sHeprus pacrupefieneHa B 00beMe paBHOMEPHO, OCKONBKY Bce
YacTuIbl 00'beMa JIBIKYTCS C OJMHAKOBOH CKOPOCTbIO, U IUIOTHOCTb P, CPEfbl
BHYTPH 00'beMa TIOCTOSTHHASI.

Ilanee, B COOTBETCTBUM C PAaBEHCTBOM (4.94), MMeeM IS ITIOTHOCTH SHEPIHH
e, =20v2 wm e, = p7052 (4.95)

[TnoTHOCTH €, XapakTepu3yeT BENMYNHY KHHETUUECKON IHEPTUU EJMHIYHOTO
o0beMa, KOTopasi paBHa MOJNIOBHHE TPOU3BEAICHUS IIOTHOCTH CPeibl Ha KBajpaT
ckopocTu. PYHKIKS €, KOHEUHO K€, 3aBUCUT OT BPEMEHM U KOOPAMHAT TOUKH
HaOMOfIEHUS].

Kax Mbl 3HaeM, BOJIHA IIPUBOJMT HE TOJBKO K ABIKEHHIO 00BeMa Kak efuHO-
TO TEJOro, HO U K ero fedopmanyn. [pyramu cioBamu, 4acTh pabOTBI CHIIBI,
BO3HUKAIOMIEH IPH PACHPOCTPAHEHHWH BOJHBI, 3aMacaeTcs B BHJE MOTECHIMATILHON
sHepruu. B 3ToM cMbicnie aHAOrusl MEXY IBUSKEHUSIMU 3JIEMEHTApHOTO 00beMa
U CUCTEMBI TIPYXUH U TPY30B OUEBH/IHA.

YTo0Bb! HANTH BBIpaXKEHUE U1 MOTEHINATIBHON SHEPTUN 3EMEHTAPHOTO 00Db-
eMa, MMEIOIIETo TOoNepeyHoe ceyeHne S U JUIMHY /, MPeAnoNoXuM, 4To fedop-
MaIus SIBJISIETCS OHOPOIHOM. DTO 03HAYALT, YTO BO BCEX TOUYKAX 3JIEMEHTAPHOTO
o6bema faBnenue P, u gechopmanust ds,/0x IMEIOT OfHA U T€ XK€ 3HAUCHUS:

P, = const, ds./dx = const (4.96)

U CBSI3aHbl MEX]y COOOM Kak

P, =-K%x - ke

. 4.97)

xx

B 3TOM BBIpaskeHNH MPEANONAraeTcs, YTO CMEIIEHNEe MEHSETCS] IMHEHHO BIIOIb
ocu x. B yactHOCTH, IMeeM

e, = xil. (4.98)

31ech x — 3TO CMEIleHUE IEBOM TpaHuUIbl 00'beMa, Ha KOTOPYIO BOJIHA MafacT
B HAaUaJIbHbI MOMEHT BPEMEHIL.

Kax 0bl10 IOKa3aHO B InMaBe 1, COOTHOLIEHHE MeXy pabOTO# CHIbI, IpH-
JIOXKEHHOM K JIeBOi rpaHulle o0beMa, U MOTEHIMANBHON 3HEPrHUell MOXHO 3aru-
caTh KaKk

[E-dl=U(p)-Upy), (499)

n

I7ie TOYKH p; ¥ p, XapaKTEPU3YIOT NMOJNOXKEHUE 3TON TPAHULBI.
EcrecTBeHHO Temnepb MPeANoN0XHUTb, YTO 10 NOSIBIEHAS BOJIHBI INOTEHIMANb-
Hasl SHEPTUs paBHANACh HyIr0. Torga BMecTo (4.99) nomyunm

U(s,)= —}F\.dx . (4.100)
0
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ITockomnbky
F. =P,

BoIpaxeHue (4.100) MOXHO IepenucaTh Kak

U(s,) = =S[Pdx. (4.101)
0

OueBHIHO, UTO B TeyeHHe nmpolecca AeopMUpoBanus 00beMa JlaBleHue P, n
nedopManus e, He OCTatTCS TTOCTOSHHBIMHL
HUcnonn3ys pasenctsa (4.97) u (4.98), moiydnm

U=KS j‘eudx (4.102)
0
nin
Sy 2
U=5spxar =", (4.103)
) 0 !
Takum o6pazom,
2 2
U=rsi=K (.
22 2\ ax

ITo onpenenennto, B OTHOMEPHOM ciydae (s = s,i)
div s = ds,/ox
1, CIIEJOBATENbHO, TNIOTHOCTb MOTEHUNABHON SHEPIUH UMEET BUJ|

e, = %(div s)2. (4.104)

[TockonbKy AMBEPreHIKs BEKTOPHOTO MO XapaKTepPU3yeT IIOTHOCTb €ro Hc-
TOYHUKOB, OHA HE 3aBUCUT OT OpPHMEHTALMM KOOPAMHATHBIX OCEdl M OT BbIOOpa
chcTeMbl KoopuHaT (cM. mpuinoxenue 3). Takum obpa3om, paBeHcTBO (4.104)
OCTaeTCsl BEpPHLIM U B OOIIEM ClIyyae, KOrja BEKTOp S MMEET BCE TPU HEHYJEBbIC
KOMITIOHEHTBI.

W3 n3noxeHus BUIHO, YTO MOJHASL SHEPTHs 3IEMEHTApHOr0 00beMa V' paBHsI-
ercst

W=U+FE

nim
(POV2 K 4. 2 )
W=L_+_dlv s|V. (4.105)
2 2 )

COOTBGTCTBCHHO, TIOJTHasA MIIOTHOCTL SHEPIUUA B OKPECTHOCTH HCKOTOpOﬁ TOY-
KU1 Ja€TCs CIETYIOIINM BbIPAXKCHUEM:
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2
e(p, )= p%+§div2 s. (4.106)

OTC}OJIa, HanpuMep, MOXKHO IPENICTaBUTL TAKUE TOUKH, B KOTOPLIX IIJIOTHOCTU
HOTeHHHaJ’[bHOfI U KHHETHYECKOI 3Hepr1/1151 B HeKOTOprfI MOMEHT BPEMCHU MOTYT
oo OﬁpaH.{aT])CSI B HOJIb, o0 JOCTUTaTh CBOMX MAaKCUMAJIbHBIX 3HAYCHUI.

MMPUHIUITI COXPAHEHUSA SHEPTUN

Kax cnenyet u3 Bblpaxenus (4.106), noJHas 9HEPrHsl NPOU3BOIBHOTO O0BE-
Ma (puc 4.4, 6) naeTcs BoIpaXKEHIEM

_1 2 )
W(t)—zﬂpov + Kdiv s]dv. (4.107)

[TprumHO¥ M3MEHEHNS IOTHON SHEPTUH MOTYT CITYKUTh CIEAYIOe Tpu (aK-
TOpa:

1) Hamuuue BHEIUHMX (NICPBUYHBIX) WMCTOYHMKOB BOJNH BHYTPH CaMOro
oobema V;

2) npeBpalleHAE 3TON IHEPTHH B TEILIO;

3) MOTOK 3HEPTHH YEPE3 OBEPXHOCTH 00bEMA.

Torpma cornacHo NPUHIMIY COXPAHEHUS 3HEPTHU UMEEM

W _[_Q-§Y-dS. (4.108)
ot 0

3pmech L — 3TO KOMMYECTBO KWHETHUECKON W TOTEHIMATLHON SHEPIHH, CO-
3[AaHHO¥ BHEIIHMMYI NCTOYHNKAMH B €IMHUIYy BpeMEHU, ) — KOMMIECTBO MEXaHH-
YeCcKOil 3HEPTHH, Tiepetiefiliell B TEII0 (Takke B eANHUILY BPEMEHH]).

[Tocnenmuuii wieH B npaBoii yacTu paBeHcTsa (4.108)

fY'dS (4.109)
N

Ha3bIBaeTCs MOTOKOM 3Hepruu. OH ompefiessieT KOAMYECTBO 3HEPIUH, Nepeparo-
IIeTicst Yepe3 MOBEPXHOCTh S 00beMa 3a OffHy cekyHAy. Bekrop Y xapakrepusyer
NJIOTHOCTDb NNOTOKA SQHEPTUUA U UTPACT TY KE POJIb, YTO U INIOTHOCTH TOKa J npu
U3YYEHUHN 3JTEKTPUYECKOTO TOKA.

Takum 006pa3zoM, MOTOK PaBHAETCS KOIMYECTBY IHEPTHH, NEPEHOCHMON depe3
9NIEMEHTAPHYIO NOBEPXHOCTh EAMHUYHON IUIOI[AfK 3a OfHY cekyHmy. Ilpu atom
BaXKHO, YTOOBI 3Ta MOBEPXHOCTb Oblla NEPHEHAUKYISPHA BEeKTOPY Y, KOTOPBIN
TaK Xe, KaK U B Cllyyae 3JeKTPOMATHUTHBIX MOJIeH Ha3biBaeTcs BeKTOpoM IlofiH-
THHTIa.

ITo onpepenennto, B cucreme eaunny, CU
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[Tockonbky BekTOp dS HampaBieH B CTOPOHY OT 00beMa, MOJOXKUTEIbHOE
3HaveHKe MOTOKA 03HAYAET, YTO 00beM TepseT IHEPruio, U, HA0OOPOT, IHEPTHs
BHYTPHM 00beMa YBEJMYUBAETCS], €CIM NMOTOK 3HEPTUHU SIBISIETCS. OTPULATENBHBIM.
B obmem cnydae B pas3nbix TOukax moBepxHOcTH S BekTop [lofiHTHHra mmeer
Pa3UYHYIO aMIUIUTYy ¥ HampapjieHue. B 4acTHOCTH, B HEKOTOPBIX TOUYKAX OH
MOKeT ObITh HAMPABIEeH BHYTPh 00'beMa, a B IPYTHX UMETh HATPaBJIeHHE B CTOPO-
Hy 0T 00'beMa WK MapallliebHO ero MOBEPXHOCTH.

Bripa3um Tenepb BEKTOp NOTOKA 3Hepruu Y uepes AaBjeHue U CKOPOCTh Yac-
THL. [I71s1 ynpolienusl BHIKIAJOK NPEANONOXKUM, YTO Cpefia BHYTPH o0beMa Ofi-
HOpOJIHAasl, @ BHELIHME MCTOYHUKM 3HEPIMM OTCYTCTBYIOT. Takxke npeHeOpexxeM
ahpekToM nepexofa MEXaHUUECKOI 3HEpruK 00'beMa B TEIIO, T.€.

L=0=0.

Torpma BmecTo (4.108) MOXHO 3amucaTh

Z—‘j’ =—fY-dS. (4.110)
N

OueBUHO, YTO B 3TOM Cilyyae NPMYUHON JTH000ro M3MeHeHus 3Heprum W
MOXET OBbITh TONBKO TIOTOK JHEPTHUN.

Tak, HampuMep, eclii MOTOK 4epe3 NOBEPXHOCTh S SBISIETCS MOJIOXHUTEIb-
HBIM, TPOU3BOAHAs 0W/dt OTpHUIATENbHA, W, CIEOBAaTENbHO, KONMMIECTBO JHEP-
A BHYTPU 00hEMa YMEHBIIIAETCS.

CHauana BbIpa3uM CMEIIEHHs Yepe3 CKAJSIPHBIN MOTEHIMAT U BBITIOIHIM He-
KOTOpbIE JIpyTHe JOBOJBHO MpOCThle aireOpamyeckue aeicTBus. IlpuHumas Bo
BHIMaHUE TOT (paKT, 4TO B OJJHOPOAHON Cpefic BEKTOPHOE TOJIE CMEILICHUN S
HpEACTaBISET COOOJ MONe HCTOYHUKOB (CM. MpHiIoXeHue 3), rot s = 0, MbI CHOBa
MOXEM BBECTH MOTEHIUAI (p:

s =grad @ = Vg.
Ortcrofa BeIpaXKeHHs! ISl IUIOTHOCTH KMHETUYECKON M TOTEHIMANBHON 3HEp-
T7il MOXHO 3aMHUcaTh B BUJE

2

Lpo[2) = Loy (Ve

e =20 2] =Lpu(Ve) @.111)
n

1 : K

= LKdiv2 s=2(V20p)2

e, 5 divzs 2(ch),
TOCKOJBKY

div grad @ = V.

IMopcranoBka dopmyn (4.111) B paBencTBo (4.107) maer crefyromee BbIpaxe-
HUe€ 714 IIOJHOM aHepruu oobema V-

W =J/‘[%O(Vc'p)2 +E(v2e)|av, (4.112)

e
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¢ = dp/ot.
JMuddepennupys paBeHcTBO (4.112) M0 BpeMeHH, NOTyIuM

& [IooV- Vo +poc” VigV3gla, (4.113)
\4

TIOCKOIIbKY
K = poc?

U ¢ gBnsieTcs a30Boii CKOPOCThIO BOMHBI, TPUYEM
. ach
P=—-

ar*
[TockonbKy CKansipHbI NOTEHIMAI YAOBIETBOPSET YPABHEHUIO [ABIKECHIS
Vip=qlc?,

topmymy (4.113) MOXHO NepenucaTth B BUIE

D pof [V Vi +V3§lav. (4.114)
Vv

CTOS[H.[CG 31€Cb NMOJBIHTETPAIBHOC BbIPAXKECHUE MOXKHO YIPOCTHUTL. HeﬁCTBH-
TEJIbHO, UCTIOJIB3Ys TOXAECTBO

V-(aVbh) =Va-'Vb + aV?b
1 BBOJIST 0003HAUECHUS
a=q@ub=q,
Oy YUM
V-(GVE) = Vi Vi + 5V,
Takum 06pa3om, BMecTo paBeHcTBa (4.113) monyuum
% = o [ldiVGVp)aV. (4.115)
v
Kaxk 0b110 oka3aHo B pefbIAyILeM pasjiene,
v=gradgp uP,=-p,9.
CooTBeTCTBEHHO, BbIpaxkeHue (4.115) MOXHO 3amucath Kak

W [div(P,v)dV. (4.116)
ot 4

Teneps, npuMenss TeopeMy 'aycca (cM. mpunoxenue 3)
JdivXdV = ¢X-dS,
v N
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BBIPA3UM CKOPOCTb U3MEHEHUs aHepruu oW/t yepe3 MOBEPXHOCTHBIIA HHTErpa:

aw _
> - fPavdS, 4.117)

I7ie S — MOBepXHOCTh 00Bema V.
Haxkownern, u3 gopmyn (4.110) u (4.117) nonydaem

§(Y - P,v)dS=0. (4.118)
N

BEKTOP IIOMHTHUHTA

MBb1 ynoBneTBopuM ypaBHeHuo (4.118), eciu N0I0XUM
Y=P,yv. (4.119)

BesycnoBHo, MOXHO TIpefcTaBuTh cebe OECKOHEYHOE YHMCIO BEKTOPHBIX
(byHKI[HIT, OMUCHIBAIOIIUX BEKTOP Y, KOTOPbIE TAKXKE OYAYT SBISTHCS PEIICHUAIMH
ypaBHeHus (4.118). YunTbiBasi, 4To paBeHCTBO (4.118) BBINONHAETCS AJIs MPOU3-
BOJIbHO MOBEPXHOCTH S, MPUXOAUM K BBIBOY, YTO TMOABIHTETPANBHOE BbIpaXKe-
HHUE B 3TO (hopMmyJsie paBHO Hymto. [pyruMu cnoBamu, BeKTop [lofiHTHHTa paBeH
TPOU3BENIEHUIO M30BITOYHOTO NaBleHusl 1 cKopocTH. OTcrofia ClefyeT, 4To eciu
faBieHue P, TOJOKUTENBHO, TO BEKTOPBI V i Y HANpaBIeHbI B OfHY CTOpOHYy. U
Hao00pOT, B OKPECTHOCTH TEX TOYEK, TJie laBleHne P, OTpUIaTenbHOe, BEKTOP
[TofiHTUHTa U BEKTOP CKOPOCTH MMEIOT MPOTHUBONOJIOXHbIE HanpaBineHus. Mox-
HO CKa3aTh, 4TO BeKTOp [IOMHTUHTA MO3BOISIET HATJIAHO TPECTaBUTh PACIPOCT-
paHEHNE BOJIHBI KaK [EPEHOC SHEPTHU.

PaccMarpyiBast moBeficHUE NABJICHNS U CMEILCHAS B OKPECTHOCTH TPAHUIBI pas3-
Jiena ABYX Cpef C pa3HbIMU IAPaMETPaMH, Mbl BUICIIH, YTO

P, =P, u s,=5,, (4.120)

B TO BpeMs KaK TaHTeHIUAIbHAS KOMIIOHEHTA CMEIIEHUS MOKET MMETD pa3phIB.
Bwmecro pasencTs (4.120) MOXXHO 3anucaThb

P, =P, u v,,=V,,

Takum 06pa3oM, HOpMalbHast KOMIIOHEHTa BeKTopa Y SBISETCS B OKPECTHOC-
TH TPaHUIbl HENPEepPhIBHOH (DYHKIMEH, a TAHTCHIMATbHAS KOMIIOHEHTA 3TOr0
BEKTOpa 00bIYHO PETEPIIEBACT Pa3phIB:

Y, =Y, uY¥, =Y, (4.121)

[Tocnemnee coOTHOMIEHNE OKA3BIBAET, YTO MO 00E CTOPOHBI TPAHHIBI BEKTOP
[ToiiHTHHTa NIMEET pa3Hble AMILTUTY/bI ¥ HANPaBJICHUS.

ITo onpenenenuto (cM. npusoxenue 3), BekTop [1ofHTHHIra HANpaBIeH MO Ka-
CaTEeNbHON K BEKTOPHOH NUHUM (JMHUM TOKA) mojs (puc. 4.5, a), a CeMEHCTBO
TAKUX JTUHUA 00pa3yeT reoMeTpuuecKyto Mofelb atoro nons. I[lpencraBum cebe
MPOM3BOJIBLHYIO 3aMKHYTYIO KPHBYIO /, HE COBMAJIAIONIYIO C BEKTOPHOH JMHUEH HU

147



6 2

RN
T ST

$,> S, $,<5,

a
Y- /
Yy~ 5
Y
S]

Puc. 4.5. JIuavm Toka BexTopa IlofnTrHra (a); BeKTOpHBIE TPYOKH Bektopa IloinTiHra (0);
HOpMAaJIbHOE MajIeHne BOJHEI (8); IOBEfIeHNe BEKTOPHBIX TPYOOK Y Ha rpaHuIe pasfena (2, 0)

B OJHOI TOYKE M IPOBEJIEM YEPE3 KAXKAYI0 TOUKY 3TOH KPUBOH BEKTOPHYIO JH-
Huto (puc. 4.5, 6). TakuMm 06pa3oM, Mbl TIOTYYUM BEKTOPHYIO TPYOKY mons Y.

[TockombKY TOpH30OHTalbHASL OBEPXHOCTb S; 00pa30BaHa BEKTOPHBIMH JIMHH-
amu, BeKTOp [TofHTHHra HanpaBieH MO KacaTeNbHOM K 9TOM IIOBEPXHOCTH:

Y,=0 na S, (4.122)

Jpyrumu cnoBaMy, TOTOK 3HEPTHY YEPE3 MOBEPXHOCTD S; PaBeH HYJIO, U 3TO
03HAYaeT, YTO NOTOK 3HEPruu yepe3 Jr000e NONEpeyHOe CeyeHHe BEKTOPHOM
TPYOKH OCTaeTcs mocTOSHHLIM. B obmmieM ciyyae BexTop [loitHTHHTa M3MEHsETCS
BOJIb pr6KI/I, T.€. MOXKET UMETH PA3JIMYHbIC 3HAYCHUA B Pa3HBIX TOUKaX CcevyeHui
TpyOKu. B TO Xe Bpems, MOCKONbKY aMmumuTyfa BekTopa ITofiHTHHra MeHseTcs
BJIONb CEUEHNUI HE3HAUUTEIBHO, TUMH PA3NAYASIMUI MOXKHO NIPEHEOPEYD.

Takas BekTOpHas TPyOKa Ha3bIBAaeTCA 3J1E€MEHTApHOI, IOTOK 3HEPTHH BHYTPH
TpyOKH

Y(p)S(p,) =Y(Pp,)S(p,) = ... = const. (4.123)
3nech Y(p) o603HauaeT aMIIuTyAy BekTopa IloiHTHHra.

Takum o6pa3om, BeanunHa Y 0OpaTHO NPOHOPLUOHANbHA MIOLIAAN CEUEHHS:

Y~ 1/S. (4.124)

PaccmotpuM noBefienne Takoli TpyOKM Ha TpaHule pasfena fpyx cped. CHava-
Ja TPEfoNOXUM, YTO TAHTCHIMANbHAS KOMIOHEHTA CKOPOCTU PAaBHSETCS HYIIO

(puc. 4.5, 6). ITockonbKy MOAyIb BEKTOpa Y OCTAETCS HEM3MEHHBIM, IUIOIIA/b
HOIEPEYHOTO CEYEHHS TAKXKE HE JOJKHA MEHATHCS:
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Sl = Sz.

PaccmotpnMm apyroit cnydant (puc. 4.5, 2), IpH KOTOPOM TaHTEHIMANbHAS
KOMIIOHCHTA CMEICHUN ¥, CIIEOBATEIbHO, TAHICHIMAIbHAS KOMIOHEHTA CKOPO-
CTH YJJOBJIETBOPSIET CIEAYIOIIEMY YCIOBHIO:

Vo > Vi

B cooTBeTCTBIM € 3THM YCIOBHEM, aMITUTYAa BekTopa [lofiHTHHra BO BTOpOM
cpene yBemmumBaeTcs. [10CKOIBKY MOTOK 3HEPTWH B TPYOKE OCTAETCS MOCTOSH-
HBIM, OTCIOJ]a ieJIaeM BBIBOJI, UTO

S, <S,.

Haxownen, paccMoTpuM nmociefiHuil cnyyail, Ipu KOTOPOM V,, < V,, (puc. 4.5,
0). B aTOM ciyyae nonepeyHoe ceyeHue 3JIeMEHTapHON TpPyOKH BO BTOPOIl cpefie
YBEJIMYMBAETCA:

S,>S,.

4.4. 3AJAYA CTPAHUYHBIMHA YCIOBUAMUN.
TEOPEMA EITUHCTBEHHOCTHA

Kaxk yxe ynoMuHanoch pasee, UCXOsl TOJBKO M3 (PU3MUECKUX 3aKOHOB, YII-
PABISIONINX TOBEECHNEM BONH, WA, YTO 3KBHBAJIEHTHO, OCHOBBIBASICH TONBKO Ha
BOJIHOBOM YPAaBHEHWH, HENb3s OJHO3HAYHO OMPEJEIUTh JJABIECHAE P, I CKOPOCTH
YaCTHI] V, BO3HUKAIOLIME NIPU pacnpocTpaHeHnd BonH. [TpnunHa aToro 3akimtoya-
€TCS B TOM, UTO BOJTHOBOE YpaBHEHHE MMEET OECKOHEYHO MHOTO PEUICHUH. Y 4H-
ThIBasl 9TO, HEOOXOAUMO C(POPMYIUPOBATh FPAHMYHYIO 3afady (CM. HPUIIOXKECHUE
3). lpyrumu cnoBaMu, HEOOXOMMO 3a3aTh TaKUE YCIOBHS, KOTOPbIE BMECTE C
BOJIHOBBIM YPAaBHEHNEM ONPENENSIIN Obl BOTHOBOE MOJIE EANHCTBEHHBIM 00Pa3oM.
AHAJOTHYHBIN MORXOJ MCTIONB3YETCA I 3JMEKTPUUECKUX, MATHATHBIX U 3JIEKT-
POMarHUTHBIX Toned. YToObl pemmTs 3Ty MpOOIeMY, MBI JIOKaKEM TEOpeMy
€IMHCTBEHHOCTH ISl Cllydas PaclpOCTPAHEHHS BONHBI B KYCOYHO-OJHOPOJHON
cpere.

Kak 6b110 okaszano B paspene 4.2, B peryasipHbIX ToUKax QyHKIun P(p, 1) u
v(p, t) YIOBJIETBOPSIOT BOTHOBBIM YPABHEHUSIM

ViP=LZP y yryo L2y (4.125)

c” ot c” ot
a Ha TPaHMLAX Cpef AaBJCHHE M HOpPMAllbHAsl KOMIIOHEHTA CKOPOCTH SBISIOTCS
HeTnpepbIBHbIME (PyHKIHAMH (puc. 4.6, a):

i i+1 n, i n, i+1

B 10 Xe BpPEMs TaHrCHUMAIbHASA KOMIIOHCHTA CKOPOCTH Vi MOXKET Ha 3THX
rpaHulax NpeTeprneBaTb pa3pbiB. 3)160]) CJIEAYET CACJIaTh IBa 3aMCYaHUS:
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P,= const

¢ = const

So

S Puc. 4.6. Nnmocrparyst Teopembl euH-
0 CTBEHHOCTH

a) BTOpoe U3 ypaBHeHUI (4.125) nmonmydeHo ¢ moMomibio AughepeHIIpOBaAHNS
II0 BpEMEHH BOJTHOBOT'O YpaBHEHMS 71l CMEILEHHUS S;
0) 1y ynporueHnst popMys Mbl Be3Jie OIMYCTUIN HUXKHUI MHJEKC a:

P, =P. (4.127)

Ypasuenus (4.125) un (4.126) onUCHIBAIOT MOBENEHNUE BOJIH AWIATALUA B KY-
COYHO-OJJHOPOJHOM Cpefie, 3a UCKITIOUEHNEM TeX TOYEK, IJiE PacIosararoTcs mep-
BUYHBIE NCTOYHUKH 3TUX BOMH. OTCIONA CEyeT, YTO 3TH YPaBHEHUS MMEIOT Oec-
KOHEYHO MHOTO PEIICHHUM, T.€. OHU HE ONPENENAIOT BOJIHOBOE IOJIE OHO3HAYHO.
YroOs! onpeenuTs (hyHKIUA P 1 v, HEOOXOAUMO UMETh O HUX JOIOTHUTENbHYIO
MH(OpPMAIMIO, KOTOPYIO OOBIYHO MOXHO TONYYUTh HCXOfSl U3 KOHKPETHOM
3aj1a4n.

B 3TOM cMbICIE CyIIECTBYET MOJIHAS aHANOTHS ¢ (POPMYIMPOBKAMH TPaHUY-
HBIX 3afiay ISl pyrux reodusmdecknx noned. UToObl MOMyYUTH HEOOXONUMYIO
MH(GOPMANMIO, MBI HAYHEM C TPHHIUNA COXPAHECHUS HEPTHMU U PACCMOTPHM
HECKONBKO MOfieNeli Cpefibl ¥ BOITHOBBIX MOJIEH.

TEOPEMA EJJMHCTBEHHOCTH [IJI1 HECTAIIMUOHAPHBIX MOJIEA

1. Ilpepmonoxkum, 9TO cpefa, 3aKkioueHHas B ooseme V (puc. 4.6, 6), sBis-
€TCs OJHOPOJHOM, W B HEW OTCYTCTBYET 3aTyXaHue. Kpome TOro, mpemnonoum
TaKXe, YTO HET HUKAKUX BHEIIHMX I'€HEepaTOpOB BONHOBOro mois. Torpa, Kak
cienyer u3 ypasHeHus (4.117),
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oW
=+ ¢Pv-dS=0, 4.128
A (4.128)

r7ie S, — 3TO 3aMKHYTasi MOBEPXHOCTh 00beMa V, a

“Leloy2 4 22
W= 2'ﬂpov + < JdV (4.129)

— TIOJIHAs 9HEPIHsl, 3aKJIIOYEHHAs B JaHHOM 00'beMe, KOTOpas SBISETCS BEIUdu-
HOI HEOTPHULATENBHOIL.

CylecTBeHHO, 4YTO ypaBHeHHE (4.128) cBA3bIBaCT BONHOBBbIE MOJIS BHYTPU
o0beMa U Ha ero NOBEpXHOCTH. VIMEHHO O3TOMY OHO HCIOJB3YeTCs [N JoKa3a-
TENBCTBA TEOPEMBI E[THCTBEHHOCTH. VIHTYUTHBHO TOHATHO, YTO NABJIEHUE W CKO-
POCTB YaCTHIbI B KAX/0# ToUKe 00beMa V' B HEKOTOPbIAl MOMEHT BPEMEHH ! 3a-
BHCST OT TIOBEJICHNUS BOHBI BHYTPH U BHE 00bEMa B MOMEHTbI BPEMEHH, IpELIe-
cTBytOIIMeE ¢. 3auKcUpyeM HEKOTOPbI HaYaNbHbI MOMEHT BpEMEHH t, 1 OyleMm
Jlaniee paccMaTpyUBaTh MOBEJICHAE BOJH B MOMEHTBI BPEMEHH £

t=t,

JInst Toro 4TOOBI OJHO3HAYHO OIPEAENUTh [IapaMeTPbl BOJHBI B MOMEHT Bpe-
MEHH f, HEOOXOUMO MMETh MH(OPMALMIO O BOTHOBOM NOBEICHUN B MHTEPBAJC
BpEMEHI

ty<t,<t.

Yro6bl ONpeNeUTh YCIAOBUS, HEOOXOUMbIE [T EAMHCTBEHHOCTH, PaccMOT-
UM JIBa IPOU3BONIBHBIX PEIICHNS] BOJTHOBBIX YpaBHEHUIL:

v, P, u v, P,

[TockonbKy ypaBHEHNS (4.125) SIBIAIOTCS TMHEHHBIME, PA3HOCTH

Vi=V,-v, uP;=P,-P, (4.130)
TaKXke SBMSIOTCA PEILEHISIMU YPaBHEHUI
Vv, =CL28;;3 " v2p3=cL2"’;f3, (4.131)
U, CJIE0BATEIBHO, PABEHCTBO (4.128) MOXKHO 3amucaTh B BUIE
M 4 §Py,dS = 0. (4.132)
o g

3pecb W, — oJHAs SHEPTrHsl Pa3HOCTHOTO 10714, a P; 1 V5, 0003HaYatoT, Co-
OTBETCTBEHHO, M30BITOUYHOE [JABIECHAE M HOPMAIBHYIO KOMIIOHEHTY CKOPOCTH Ha
MOBEPXHOCTH S,

[Tpepnmonoxkum Tenepn, uto 06a pemenns (4.130) UMEIOT OMHAKOBLIE 3HAYE-
HUsI M30BITOYHOTO AABIEHUS BO BCEX TOUKAX MOBEPXHOCTH S, T.€.

Pi(p,t.) = Pyp, t.) =fi(p, t.) HaS,. (4.133)
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B aToMm crnyyae faBieHue P, pa3HOCTHOTO TONSL HA MOBEPXHOCTH S, BCHOAY
PaBHSETCA HYIIO:

Pyp,t)=0 Ha S, (4.134)

U, B COOTBETCTBUM C ypaBHeHHeM (4.132), motok BekTopa IlofiHTHHra yepes aty
MOBEPXHOCTh TaKXKE UMEET HYJIEBOE 3HAUCHIE.

Takum o6pazom,

W,

%o, (4.135)

¥ CyMMa KMHETHYECKON ¥ MOTEHIMAIbHOI 3HEPTHil Pa3HOCTHOTO MOJS B YKa3aH-
HOM MHTEPBAJIE BPEMEHU OCTAETCS MOCTOSHHOIL.

ITycTb B JOMONHEHNE K 3TOMY M3BECTHO BOJIHOBOE NOJIE B HAYAILHBI MOMEHT
BPEMCHH /:

P(p. 1) =9(p, 1) nv(p, 1y) = N(p, 1,). (4.136)

Ecau oba pewenus: P,, v, u P,, v, yloBIeTBOpSIOT ycnosusaMm (4.136), To
Pa3HOCTHBIE MOJIA P3, V; B OTOT MOMEHT BPEMEHU paBHbI HYJIIO B KEDKJIOI?I TOYKE
obbema V:

P3(p, 1) =0, v5(p, 1) = 0. (4.137)
Takum o6pa3om, mosHasi sHeprust E; TakXKe paBHAETCS HYIIO:
Wi, 1)) = 0. (4.138)

3ateM, yuuThIBas BbIpaxkeHue (4.135), Mbl fienaeM BbIBOJ], UTO (pyHKIUS W;
OCTaeTCd PaBHOM HYIIO:

W3(p7 t*) = 09 (4139)

IpU YCIIOBHUH, UTO [ = f.

[TockombKy MOJHAS SHEPTHs SIBAAETCA CYMMOIl JBYX MONOXKHUTEIBHBIX Clarae-
MbIX, KOTOpbIE ONKCHIBAIOT KUHETUYECKYIO M IOTECHLUANbHYI SHEPruu (cM.
thopmymny 4.129), paBeHcTBO (4.139) BhIMONHSAETCS, €CIH

Ps(p,t)=0uv,s(p, t,)=0.

ITo onpepenennto pasHocTHOrO MO (4.130) 3TO O3HAYAET, YTO

Pl(p’ t*) = PZ(p’ Z*) u Vl(p’ Z*) = VZ(p’ t*)' (4140)

Takum 00pa3om, /Ba peleHNs] BOJTHOBLIX YPaBHEHWI, YAOBIETBOPSIOIIME YC-
noBusM (4.133) u (4.136), cOBIAfarOT APYr € APYrOM, T.€. 3TH PEIIEHUS EJUHCT-
BEHHBIM 00pa30M ONpEJEIIOT BOJTHOBbIE OISl BHYTpU o0beMa V. [Ipyrumu cio-
BaMH, Mbl I0Ka3aJIl TEOPEMY E€JUHCTBEHHOCTH, ¥ TPAHUYHYIO 3a/ja4y Terepb MOX-
HO c(hOPMYJIPOBATh CIEAYIOIUM 00pa3oM:

a) BHyTpH o0beMa V, T7ie BCe TOUKH SIBISIOTCS PETYISIPHBIMA, IMEEM

vepo L°P L oy2yo L@y,

T ot
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0) B KaxJI0li TOUKE IIOBEPXHOCTH S, H30BITOYHOE JaBJICHUE JOJKHO COBIA/IATh
co crepytomest (yHKIuen:

P(p, 1) =f(p,t.) Ha S (4.141)

B) B HayaJIbHbI MOMEHT BPEMCHH [, JaBJICHUEC Pu CKOPOCTbH V TOJIXKHBI OBITH
U3BECTHBI B Ka)KI[OfI TOYKE JaHHOI'O obbema:

P(p’ tO) = W(p’ tO) nvs= N(p’ Z‘O)'

B cooTBeTcTBUY C TEOPEMOIl E€MHCTBEHHOCTH 3TH TPU YCIOBUS OJHO3HAYHO
ONPENIENSIOT BOJIHY B KaxXf0ll TOUKe 00'beMa, TOKa3aHHOTO Ha pHC. 4.6, 6.

3nech HeOOXOAUMO CENATh CIEAYIOLIME 3aMEUaHIS.

Ycnosue (4.141) Ha3bIBaeTCS TPAHUYHBIM YCIOBHEM, M 7Sl HETO TpeOyeTcs
3HATb IABJICHUE B KaXIOM TOYKE 3aMKHYTON IIOBEPXHOCTH HA MHTEPBAJIE BDEMEHH

tyst, st

3TO TPaHMYHOE YCIOBKE MO3BONSAET YYECTh BIUSHHUE MCTOUYHUKOB, PACIONO-
>KEHHbIX BHE 00bema V.

B ornnune oT rpaHMYHOrO yCnoBud, BeIpaxkenue (4.136) onpefemnseT Havamb-
HbIE YCIIOBHMS, O3HAYaIoOLIMe, YTO B HAyaJbHbIl MOMEHT BPEMEHH f, HEOOXOAUMO
3HaTb IaBJeHUE P U CKOPOCTb V B KaxXJoll Touke obbema. MHpopmarnus, HeoO-
XOfUMasi 1Sl 3afjaHus TPAHMYHBIX ¥ HAavYalbHBIX YCIOBHI, ONpPENENIeTcs OObIYHO
U3 CBOJICTB KOHKpETHOM 3afaun. O0beM V MoxXeT ObITb OKPY:KEH HECKOJbKUMH
HOBEPXHOCTAMHU: Sy, So1s Sg2se-e» Son (CM. PHC. 4.6, @), ¥ HABIECHHE JONXKHO ObITh
M3BECTHO HA KaXMOW U3 3TUX IIOBEPXHOCTEN.

ITpepmonoxum, 4TO HAa MOBEPXHOCTH S) BMECTO JIaBJICHUS 3afjaHa HOpMaJIbHAs
KOMIIOHEHTa CKOPOCTH:

Vv, (1) = fx(t.) Ha S, (4.142)

Ecny Mbl CHOBa pacCMOTpPHM JIBa PELLEHNS] BOMTHOBOTO YPaBHEHUS, YOBIETBO-
psroLue yeaoBriO (4.142), MOBEPXHOCTHBIA HHTETPAN B BbIpaxkeHuu (4.132) s
Pa3HOCTHOTO OIS TakxKe o0paTUTCcs B Hylb. OTcrofa cilefyer, 4To 9TO paHuy-
HOE YCIIOBUE BMECTE C HAyajbHbIM YCIOBHEM TaKXE OJHO3HAYHO OHpPENENIIOT
BOJIHOBOE TI0JIE.

Hcxons U3 TeopeMbl €JUHCTBEHHOCTH, MbI MOMYYMIM [BA HE3aBUCUMbIX Ipa-
HUYHBIX YCIOBUS:

P(t,) = fi(t.) wmv,(t,) =f,(t,) HaS,.

Kaxpoe u3 HMX MOXHO WMCHOJNB30BATh st (POPMYIMPOBKM TPAaHUYHON 3a-
layn.

2. PaccmorpuM Teneps Oosee o0 ciny4ail KYyCOUHO-OSHOPOJHOM Cpefbl,
3anonusonei 06bveM V. [ MpoCcTOThI MPENONOXKAM, YTO CYIIECTBYET €JUHCT-
BEHHas! BHYTPEHHSI TpaHuna S, (puc. 4.6, ), o 00e CTOPOHBI OT KOTOpoil ¢u-
3MYECKHE CBOMCTBA cpefibl (P, ¢) MOryT pasnuyaTbes. [IpuHuMas 3T0 BO BHMMa-
HHUe, HapUCyeM BOKPYI 3TOH IpaHuLpbl NoBepxHocTh S,. Torma s oObema V7,
3aKJII0YEHHOTO BHYTPH IIOBEPXHOCTEN S, U S|, MBI CHOBA IMEEM
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% + QFPvndS +2§Pv,,dS =0. (4.143)

B npepene, korja NOBEPXHOCTD S| CTPEMUTCS K IIOBEPXHOCTH S,,, 00beM V*
CTPEMHUTCSA K V, U CIIEOBATENLHO, B NIOCIEAHEM crnaraeMoM (4.143) HyXHO uHTe-
TPUpPOBATh IO 00EUM CTOPOHAM MOBEPXHOCTH S,

YuuThIBast HANpaBJIEHAS EANHAIHBIX BEKTOPOB N, N; 1 Ny,

n=n;, HON=-n,,
NIOKA3aHHBIX HA PUCYHKE 4.6, 8, IONyYnM

$Pv,ds = [[PIVY - PEVD] as, (4.144)
M S12

rae PO, v 1 PP, 1) 0Go3navaroT fanenne 1 HOPMATbHYIO KOMIIOHEHTY CKO-

POCTH COOTBETCTBEHHO Ha 3aJHEN U JUIEBON IOBEPXHOCTH.

W3 3aK0HOB (DU3UKH CNERYET, UTO 00€ 3TH (PYHKIUU SBISIOTCS HENPEPHIBHBI-
MU IIpY NIEPEXOJIE YEPE3 NMOBEPXHOCTh PA3ieNa U, CIENOBATENBHO, PEIIEHN BOJI-
HOBOT'O YPaBHEHMS TAKXKe NOJKHBI YIOBIETBOPSTH paBeHcTBaM (4.126). IToaTomy
uHTerpan (4.144) oOpamaercs B Hylb, . Mbl CHOBA IPUXONMM K YPaBHEHHIO
(4.128). Takum 00pa3oM, B COOTBETCTBHH C TEOPEMON E[JMHCTBEHHOCTH, B
(hOpMYJIHUPOBKY 'PAaHUYHON 3afaud HEOOXOAMMO BKJIOUUTH €IIE OfJHO YCIOBUE,
a VIMEHHO YCJIOBHE HENPEPLIBHOCTU M30BITOYHOTO [aBIECHUS P ¥ HOpPMalbHON
KOMIIOHEHTBI CKOPOCTH V,, Ha BHYTpeHHel rpaHune. OYeBUHO, YTO TOYHO TaK
Xe OyneT (hopMynupoBaThCs 3ajavya ¢ TPAaHMYHBIMH YCIOBUSAMHU IPU HAIMYUH
HECKOJIBKYUX [paHul pasfena S; ;,, U NMOBEpXHOCTEd S,;, OKpyXaromux 00beM
V. CrnegyeT OTMETHTb, YTO IPAaHMYHbIE YCIOBHSI MOTYT pa3NMuaThcsd HA Pas3HbIX
HOBEPXHOCTSIX S,;, @ TAKKE B PAa3IMYHBIX TOYKAX OJHOH M TOH XK€ IOBEPXHOC-
TA S,

Cnenaem ee ofjHo 3amevanue. To, 4TO IpaHUYHbIE W HAYaJbHbIE YCIOBHS
OIPENIETISIOT EAMHCTBEHHBIM 00pa30M BOIIHOBOE IIOJIE, O3HAYaeT, NPEXJE BCETO,
HaJlM4ue ONPENETECHHBbIX COOTHOLICHUI MEXJY 3THUMHU YCIOBUSMU U BOJHOBBIM
H0JIeM B KaXJoil Touke o0beMa V. B pambHeillneM 3TOT BOIpoc OyfeT oOCyx-
faThes Oonee MOPOOHO, UTO MPUBEJET HAC K M3BECTHBIM (hopMyaaM ['eabMrons-
a n Kupxrogda.

3. J1o cux mop mpeanoaaranoch, YTO NEPBUYHBIC (BHEIIHKUE) UCTOYHUKU BOIH
BHYTpH 00beMa V oTCyTCTBYIOT. PaccMoTpuM Teneps Gonee oOmuii cyyaii, Korja
BHYTPH YKa3aHHOTO OO'bEMa HAXOfUTC HEKOTOPbI UCTOYHMK. OKpyXuUM 3TOT
UCTOYHUK 3aMKHYTOH IIOBEPXHOCTBIO S, (pucC. 4.6, 6) U CHOBa PMMEHUM 3aKOH
COXpaHEHNUS 3HEPIUH K BOJHOBOMY IIONIO, BO3HUKAOLIEMY B 00beMe V™, 3aKilo-
YEHHOMY BHYTPHU HOBEPXHOCTEN Sy, S), ¥ S,. B 9acTHOCTH, [JI1 pa3HOCTHOrO IIO-
JI AIMEEM

aw,

DL PV, S+ $PVs,dS + $PVs,dS = 0. (4.145)

Sy Sin S
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OueBuHO, UYTO B Clyyae MOBEPXHOCTH S, MOCIENHUA UHTErpan paBHAETCS
HYJIIO:

$PV,,dS =0, (4.146)
5

€CIY JIaBJeHue 1100 HOpMallbHasi KOMIIOHEHTA CKOPOCTH 3a/JaHbl Ha MOBEPXHOCTH
S, B arom ciy4ae ypaBuenus (4.145) n (4.143) cosmapator. Takum o0Opa3oM,
pelIeHNe TPaHNYHON 33/JauH, T.€. BOTHOBOE II0JIE, OJKHO YAOBIECTBOPSTh CIENY-
FOLIUM YCIIOBHSIM:

a) B PETYISPHBIX TOYKAX KyCOUHO-OTHOPORHOM CPENbL:

vep=L P gy L0,

] TS T 51
¢ ar? ? ar?

0) Ha MOBEPXHOCTH S, OKpyXkalollell HCTOUHKK:
P(t,) =f,(t.) wim v, (t,) =f(t,) Ha Sg;

B) Ha TpaHuLE pasfena S; ;,:

Pi=Piy UV, ; =V,

T') Ha rpanuIe S,, OKpyXaroleir 00beM, TOIKHO ObITh U3BECTHO JIaBIEHHE P
WA HOpMAalTbHasi KOMIIOHEHTA CKOPOCTH V,,:

P(r) =fi(r.) wm v, (1) = f,(r.) Ha Sp;

lI) B HAYaJIbHBIA MOMEHT BPEMCHH [, B Ka)KlIOfI TOYKe 00beMa JTOJIKHBI OBITH
M3BECTHBIMH N30BITOYHOE TaBJIC€HUE U CKOPOCTh:

P(p7 [0) = TP(Pa ’o) u V(p’ [O) = NP(I% [0)-

Kax cnefyer U3 TeopeMbl €JUHCTBEHHOCTH, BCE TIEpEUYUCIECHHbIE YCIOBHS OI-
PENETSIOT BOTHOBOE TOJIE EIMHCTBEHHBIM 00Pa30M.

Ouenb YacTO OKa3bIBAETCS BO3MOXKHBIM BMECTO PEaJbHOTO HMCTOYHHMKA HC-
MOJb30BaTh €r0 MOAXOMALIVIO MOJIeNb, HAPUMED TOUEUHbIH WM JTUHEHHBINA HC-
ToyHMK. Takas 3aMeHa, KaK NPaBWio, He BIMSIET Ha MOBEJICHUE BOJH HAa paccTos-
HUSX, B HECKOIILKO pa3 MpeBbIIIAIOIMX pa3Mepbl UCTOUHMKA. OJIHAKO TakKue Mo-
JIeJIM 3HAUUTENBHO YIPOLIAIOT IPaHNyHble ycnoBus BOMM3M Hero. Kak Oyper mo-
Ka3aHO B JJAITbHENIIIEM, IaBIICHIE U CKOPOCTh YaCTHIIbI BOJM3M TaKNX UCTOYHMKOB
YBENIMYMBAIOTCS 0 OECKOHEUHOCTH, W, CJIEIOBATENbHO, MONHOE BOJHOBOE MOJE
onpefieNsieTcsl TOIbKO CaMUM UCTOYHUKOM:

P(p,t) — P,(p,t.) umu V(p,t,) = Vy(p, ), ecmn R — 0, (4.147)

e P, u V,, ONHCBHIBAIOT NEPBUYHYIO BOJHY OT TOYEYHOTO WM JIMHEHHOTO HC-
TOYHMKA, a R 0003HaYaeT pacCTOSIHME MEXY MCTOUYHMKOM U TOYKOH HaOmrofe-
HUSl. ACHMITOTHYECKWE COOTHOIIEHUS (4.147) B fanpHeimeM OyfyT 4acTo Hc-
TOJIb30BAThCA B KAYECTBE IPAHNYHBIX YCIOBUI BOMM3K UCTOYHUKA.

[Tone3no Takxke OTMETUTH cnefytomiee. [Ipn M3y4yeHNH BONHOBOTO MOJS BO
BCEM MPOCTPAHCTBE MOBEPXHOCTH S, HY>KHO YCTPEMHTh K OECKOHEUHOCTH (pHC.
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4.6, 6). B aToM cityuae ee MOXHO paccMaTpuBaTh Kak MOBEPXHOCTb cchepbl Oec-
KOHEYHOro papuyca. ITocKonbKy BOMHBI paclpoCTPAHSIOTCS ¢ KOHEYHON CKOpO-
CTBIO ¢, MOXHO NPETIONOXHUTD, YTO BONHOBOE MOJIE HA 3TOJ MOBEPXHOCTH OTCYT-
crByeT. COOTBETCTBYIOLIEE FPAHIYHOE YCIOBHUE 3AMMIIETCS B BUAE BbIPAXKEHHUsI

P(t,) —0u v(t,) = 0,ecmn R — oo, (4.148)

KOTOpOE Ha3bIBAaETCs YCIOBHEM Ha OECKOHEYHOCTH. B eficTBUTENHOCTH HaYallb-
HbBIE YCIIOBUS YK€ cofiepskatr 3Ty WH(OpMaIWIo, H, CIEOBaTeIbHO, HET HEOOXO-
JMMOCTH KCIOJIb30BaTh aCUMIITOTHYECKUE COOTHOIIEeH!S (4.148).

B perynsipHbIX TOuKax KyCOYHO-OHOPOIHON Cpefibl CKOPOCTH YacTHIl M cMe-
IIEHNs! SBJISIOTCS MOJSIMUA UCTOYHUKOB. [103TOMY €CTECTBEHHO C(hOPMYIMPOBATH
TpaHWYHbIE YCIOBHS B TEPMUHAX CKANSPHOrO MoTeHIuana ¢. Kak Mbl yxe 3HaeM,
CKaNSIpHBIN MOTEHIMAN YOBNETBOPSIET BOJTHOBOMY YPaBHEHMIO U CBS3aH CO CMe-

LIEHUEM YACTHI] i H30bITOYHBIM JIABJCHUEM CEYOUIMME COOTHOIIEHHUMH:
2
9
s=gradpuP =-p2,
ar*

YuuTbIBas 3TH PaBEHCTBA, FPAHMYHYIO 3afady [l NOTEHIMaIa MOXHO cop-
MYIHPOBATH CIAEAYIOMIM 06pa3oM:
a) B PETYJISIPHBIX TOUKA CPENIBI:

Vi

_1
iz
c

6) B OKPECCTHOCTHU NIEPBUYHOTO UCTOYHHKA:
Q(p, t.) = @,(p, 1), ecmu R — 0,

IJIe ¢, — CKaIAPHBIA NOTEHIMA IEPBUYHOMA BOTHBI OT TOYEYHOTO W JIMHEAHOrO
HCTOYHHUKA;
B) HAa TPaHMLE ABYX CPeJ| C Pa3NNYHbIMK (PM3MIECKIMHU CBOMCTBAMU:

= acpi(t*) _ B(Pi+l(t*).
PPit) =PmPui(fy) U B P wa

) Ha N000# TPAaHUYHON TTOBEPXHOCTHU JOIKHBI OBITh M3BECTHBI CKANSPHBINA
NOTEHIMAJI WJIK HOpMaJlbHasi KOMIIOHEHTa CKOPOCTH:

o) =a(e) nm 2o,

JI) B HaYallbHbI MOMEHT BPEMEHU B Ka)K)IOfI TOYKe 00beMa JTOJIXKHBI OBITh W3-
BECTHBI CKaHﬂprIﬁ NOTEHIHUAJ U €ro BTOpast NpOU3BOJIHASA IO BpEMECHMU:

9(p. 1) = aglp) w SEEL) - (p),

MOCKOJIBKY 9TH IB€ BETUIUHBI ONIPENICIISAIOT CKOPOCTh U TaBJICHUE.



3AJAYA C TPAHUYHBIMU YCJIOBUAMMI NI CUHY COUJJAJIBHBIX BOJIH

W3-3a Hanuuus HavyanbHBIX YCIOBUH pELIEHME IPaHUYHOH 3afaud OOBIYHO
OKa3bIBAETCS IOBOJILHO TPYAHOM 3ajjayeil. DTO OffHA U3 TJIaBHBIX NMPUYMH, H3-3a
KOTOpO#l MBI PACCMOTPUM CIyyail, KOIla BOJHBI SIBISIOTCS CHHYCOMNATbHBIMH
¢ynkupusaMu BpeMenn. Torya ckansipHbIi MOTEHIKA MOXHO NMPENCTaBUTh KaK

@(p. 1) = Re[®(p, w)e™1], (4.149)

rae @(p, ) — KOMIUIEKCHAs aMILUTUTYAa [OTEHIMala, YIOBIETBOPSIOLIAs YpaBHe-
uuto ['espMronbia

V2O(p, 0) + K20 (p, ©) = 0.

3nech k = w/c — BOITHOBOE YHUCIIO.

I[Tepen TeM, Kak chOpMyIMPOBATh TPAHIYHYIO 3aauy, 3aMETHM CIefyIolee:

a) IO ONPENIENEHNI0, KOMIIEKCHAs aMIuuTyfa ®(p, ) HE 3aBHCHAT OT BpeMe-
HU ¥, CJEIOBaTENbHO, OTMAfaeT HEOOXOMMOCTh MCIONB30BaTh HAYAIBHBIE YCIO-
BUsI. HO 3T0fI HpI/I‘{I/IHe onpeueneﬂue CI/IHyCOI/IJIaJIbeIX BOJIH 3HAUUTECJILHO JIET4Ye,
YeM OIpefieIeHNe HECTalMOHAPHBIX (OETYIUX) BOMH;

0) 0YEBHHO, YTO M3 HETPEPBIBHOCTH JIABJIEHHUS M HOPMAIbHOH KOMIIOHEHTBI
CKOPOCTH CIIENYET HEMPEPBIBHOCTh KOMILIEKCHBIX aAMILTATYH.

B cooTBeTcTBMM € 3THM, TpaHWYHYIO 3ajayy Il KOMIUIEKCHBIX aMILUIATY]
MOXKHO C(hOpMYIMPOBATH CAEAYIONAM 006pa3oM.

1. B perynsipHbIX TOUKax

V2®, + k?®, = 0.
2. B6au3u TOUEYHOr0 WK JUHEHHOT'O UCTOYHHMKA
®—-®, ecmu R— 0.
3. Ha BHyTpeHHEl rpanune
PP =P Py 1 L‘)l=%
on on
4. B cnyuae OecKOHEYHOTO MPOCTPaHCTBA (PYHKIHMSA ¢(p, ) CTPEMHUTCS K
HYJTI0 Ha 6ECKOHEYHOCTH:
O(p, w) = 0, ecmu R — oo,

U ee MOBEJieHNe MO[UMHSIETCS ONPEeeeHHOMY TpaBuiy (YCIOBHIO 3oMMepgelb-
f1a), KOTOPOE Mbl pacCMOTPKM IIO3[JHEE.

Kak yxe ormedanoce, B pe3ynbTaTe PEILCHHS NAHHOH IPaHUYHON 3ajjaud U
TIOCTIEAYIOIIETO UCIONb30BaHNs uHTerpana POypbe Mbl MOXEM TAKXKE HAiTH BbI-
pakeHus [JI HeCTALMOHAPHBIX BOJIH.



4.5. TPABUTATIMOHHBIE BOJIHBI B KUJKOCTAX

Panee MblI paccMoTpenu IpUMepbI IPOOBHBIX U MONEPEYHBIX BOJH, B KOTO-
PBIX BEKTOP CMEILEHHUs § HAIPaBIEeH JIM00 MapamienbHo, 100 NepIeHANKYISPHO
BEKTOPY CKOPOCTH BOJIHBI ¢. B 000MX cnyyasx pacnpocTpaHeHHe BONHBI CONMPO-
BOXJAJI0Ch ONPEfieTIEHHbIMU JiepopMalusMu Cpefibl M, KaK CIEACTBHUE, NOSBIECHH-
€M BHYTPEHHHX (BOCCTAHABIHMBAIOIINX) CHIL.

PaccmoTpuM Temeps aGCOMIOTHO APYro¥l TUI BONH, KOTOPbIE BO3HMKAIOT B
SKMJKOCTH B TOM Cly4ae, KOrjja OHa TPAaHMYUT C BO3AYXOM (MMEET CBOOOJHYIO
HOBepXHOCTh). [Ipu pacnpocTpaHeHny Tako! BOIHBI (hopMa 3NEMEHTAPHOTO 00'b-
eMa cpefibl I3MEHSIETCS], HO 3TO He MPUBOAUT K MOSBIEHUIO BHYTPEHHUX CHI. B TO
e BpeMs Cijla IPaBUTALUU UTPAET B 3TOM CIIY4Yae TY XK€ Poilb, YTO ¥ BHYTPEHHSIS
CHJIa IIPU PACIPOCTPAHEHHUH BONH RUIATaluu. VI3710XeHHbIe 31eCh CBEACHNS MO-
TYT ObITh NOJIE3HBI NP M3yueHUH BouH Panes m CTOHMM, Tak KaK 3TH BOIHbI
MMEIOT HEKOTOpble 001IKe YePThl ¢ IPaBUTAIMOHHBIME BOJTHAMH.

PaccMoTpuM OfIHOpOAHOE MONYMPOCTPAHCTBO, 3aMONHEHHOE HJIEaNbHON He-
CXXUMAEMOYl XKHUKOCTbIO (BSI3KOCTb MAEATbHOM XUAKOCTH paBHsieTcs Hymo). Kak
9TO ceflyeT u3 puc. 4.7, a, B COCTOSHUU PAaBHOBECHS JABIECHHUE XKHUIKOCTH OIpe-
JIETSIETCS CIEMYIOIIM 00pa3oM:

P(z + Az) = P(z) + pogAz.

3mecsh z — paccTosiHre OT cBOOOfHON moBepxHOCTH: z = 0, a cimaraemoe pgAz
XapaKTEPU3YEeT BEC 3IEMEHTAPHOTO 00hEMA XKUIKOCTH AV, IMEIOIIETO BLICOTY Az
1 eIMHIYHYO IUTOMIAb MOTIEPEYHOrO CeUCHUS.

Takum 06pa3oMm, B COCTOSIHMM PAaBHOBECHS [aBEHHE JIMHEHHO 3aBUCUT OT
[1yOUHBL.

[Tpennomnoxum fanee, YTO B OKPECTHOCTU HEKOTOPOH TOUKH Ha MOBEPXHOCTH
z =0 obpa3yercsl BIajuHa, HAPEMEP, BCIENCTBHE MAfEHNs] KAKOrO-HUOYb Tea.
B pesymbrate 3TOrO YacTWIbl HE MOTYT JIBUTAThCS TOJBHKO MO BEPTUKAIU WIH
TOJIBKO TI0 TOPU3OHTAJIHM, TOCKONBKY XKHUIKOCTh HEC)KMMaeMa U ee Macca Mo obe
CTOPOHBI BIIAJIUHBI ABIsIETCS OECKOHEUHOH. BOKpYr BmaguHbl hopMupyeTcs rpe-
OeHb, W, B COOTBETCTBUM C NMPHMHIMIOM COXPAaHEHHS Macchl, B 3TOM rpebHe co-
IEPXKUTCSL TAKOE K€ KOJUYECTBO KUAKOCTH, KaKOe MNEpBOHAYAIbHO 3aHHUMAJO
00beM BIIAUHEL.

YPABHEHUME JBMXEHUA

OueBuHO, 4TO TENepb, B OTINUUE OT COCTOSIHUS PABHOBECHUS, [JABECHNUE U3Me-
HSITCS 1 BILOJIb TOPH30HTATHLHOIO HATIPABIIEHAS M 3aBACHMOCTD JIABNEHAS 10 TIIy-
OuHE yXe He SBJISeTCs THHEHHOH. V13-3a 3TOT0 ABMKEHNE JaCTHI| XXHAKOCTH TIPO-
ICXOJIUT C YCKOpeHneM. B qacTHOCTH, IO AeficTBIEM CHIIBI TDaBUTALAM JaCTHUILbI
rpe6HsI ABIKYTCS BHU3 M B Pe3yJbTaTe Ha €ro MecTe Takxke o0pa3yeTcs BIAfHHA.
Kax cnepcrBue, rpeOHE 1 BlafHbl 00pa3ytoTcd Ha Oonee JanekuX paccTOSHUAX U
TakuM 00pa3oM BO3HMKAET BOJHA, PaclpOCTPAHSIOMIAsACS B CTOPOHY OT TOYKH
CBOETO 3aPOKACHHS.
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Takast BosiHa Ha3bIBAETCS TPABUTALMOHHON W3-32 POIIH, KOTOPYIO B HEWl UTpaeT
IPaBUTALIOHHOE HOJIE.

B manbHefimeM Ham TOHAOOSITCS CIIEAYIONIHE TTPEATIONOKEHHS:

a) XUAKOCTb SIBISIETCA UCATBHOM, T.€. €€ BA3KOCTh CYMTAETCS PABHOM HYIIIO;

0) JKHMIKOCTD SIBNISETCS HecxKuMaeMoi: K — o

B) aMIUTUTY/bI CMEIIEHHUI § MaJIbl IO CPABHEHHIO C ATIMHON BOJIHBI.

W3yuenne rpaBUTalMOHHBIX BOIH €CTECTBEHHO HAUaTh CO CIEAYIOLIEH CUCTEMbI
ypaBHEHHUI, TONYYEHHON B pasfene 4.1:

. P 2
divs=--2 & poa—:=—gradP+p0g
K o
HJTH, TIOCKOMBKY KUJKOCTh SBISAETCS HECKIMAEMOI,

divs=0 u pLf--VPpg. (4.150)
3nech 1esaecoo0pa3Ho 3aMETHTD CleyIoIIee:

a) YCKOpEHHE YaCTHIl 3JEMEHTApPHOTO 00bEMa BbI3BAHO ABYyMs IIPUYMHAMMU:
IPaBUTALIOHHBIM IIOJIEM U Pa3HOCTBIO JABJICHUIL;

0) B cly4ae BOJH JUNATalUU Pa3HOCTb AABNECHAN SIBISETCS €JUHCTBEHHON IIpH-
YIHOM, KOTOpast IPUBOANT K NOSBIEHUIO H30bITOUHOI INIOTHOCTH Macchl. B ciy-
Yae IPaBUTALMOHHBIX BOJH 3Ta M30BITOYHAs INIOTHOCTb P, PABHSAETCS HYIIO, a
Pa3HOCTb JABJIEHUI BO3HMKAET U3-3a BEPTHKAIBHOIO JBIXKEHUS YacTHUl, BONU3H
CBOOOJIHOII TIOBEPXHOCTH U HUXKE.

CornacHo ypaBHeHUSIM (4.150), B peryASpHbIX TOUKAX BBIONMHSAIOTCS CIEMyHO-
IIAE PaBEHCTBA:

rots=0 u divs =0, 4.151)

T.€. BHYTPH XUAKOCTH OTCYTCTBYIOT HCTOYHUKY ¥ BUXPH OIS S.

I'eomeTpuueckas UHTEpIpeTaLys ypaBHeHui (4.151) cocTOMT B TOM, 4TO Ipa-
BHUTAIL[OHHOE T0JIE HEe MPUBOANUT K M3MeHeHnto oobeMa (div s = 0) u y nons
CMEILEHNI OTCYTCTBYIOT BpAILlEHHs ¥ IPOCThIE CBUTH (1ot s = 0).

Bmecro cMernieHus s, yroOHee HCMONb30BATh CKOPOCTh yacTuubl v. Hudde-
peHuMpys ypaBHeHus (4.151) no BpeMeHH, IONYIuM

rotv=0 udivv=0. 4.152)
Kaxk u3BecTHO, 13 IEpPBOTO YpaBHEHHUS 3TON CUCTEMBI CIIEMYET, UTO
v = gradey;, (4.153)

7€ ¢, — CKaJLIPHBLIA NOTEHIMAN IO V.
ITopcranoska ypasHenus (4.153) Bo BTopoe ypasHenue (4.151) maer

div grad ¢, =0
WK
Vi, = 0. (4.154)
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t
Ceoboonan l

Bosoyx | noeepxnocme r,
0

t,>1,

z
Kuoxocmp

Puc. 4.7. [laBnenne B mONOKEeHNN paBHOBECHS (@); IBIKEHHE YaCTHUI] BO BpeMeHH (0); pacrpo-
CTpaHeHHe TIOBEPXHOCTHOH BOJIHBI (6); JiehopMaiysl IeMEHTapHOro o0bema (2)

Taxum 006pa3oM, cKansipHbIA MOTEHINAN ¢, B PETYISPHBIX TOYKAX YIOBJIETBO-
psieT ypaBHeHuto Jlamaca, KOTOpoe B JIEKAPTOBBIX MPSIMOYTOIBbHBIX KOOPAMHATAX
(puc. 4.7, a) 3anUCbIBAETCA KaK

2 2 2
o, 20, 20, (4.155)
0x dy 0z

3TO ypaBHEHHE BBINOJHSAETCS BO BCEX TOUKAX MONYIPOCTPAHCTBA, 3a UCKIIIO-
YeHneM cBOOOIHOM ToBepxHOCTH z = (.

T'PAHUYHBIE YCJIOBUA

YroObl M3yYUTh NOBEJICHHE MOTEHIMANa Ha CBOOOJHOH IIOBEPXHOCTH, BOC-
noJb3yeMcst ypaBHeHueM (4.150), mpencraBmnstonM co0oit (popMyIHpPOBKY BTO-
poro 3akoHa HeroToHa. BBOAS CKOPOCTH 4acTHIbI

v = ds/ot

1 UCIONB3ys ypaBHeHUe (4.153), moayunm

pograd% =—grad P +p,g. (4.156)

ITo ompepeneHuo rpafueHTa CKANsSpHON (PYHKLMH, z-KOMIIOHEHTAa 3TOrO
YPaBHEHUS 3alIUCHIBAETCA KaK

099 _ _9P _ 4.157
Po 0 o o Pog- 4. )
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3pech g — aMIUIUTY/Ia IPABUTALMOHHOTO MONS, a 3HAaK "MUHYC" mepey Mocief-
HUM CIIaraeMbIM B IPaBOil YacTH MOSBISETCA M3-32 TOTO, YTO HAIpPaBIEHUE MO
€ BCIOJly IPOTUBOIIOIOXKHO HANPABJIEHHUIO OCH Z.

WNurerpupoanne ypasHeHus (4.157) o KOOpAuHATE z JA€T

Py = =P~ pygz + C. (4.158)

3neck C — NOCTOsIHHASL MHTETPUPOBAHUSI, HE 3aBHUCSIIAS OT z, a TOTEHIHMAN ¢,
SBMSIETCS. BCIOMOTATENbHON (DYHKIMEH, ONpeeNsieMOll ¢ TOYHOCTBIO JIO KOHC-
TaHThI.

YuuthiBad, 4TO JaBJeHHE HA CBOOOJHON TOBEPXHOCTH paBHSETCS aTMocgep-
HOMY JIaBJIEHIIO P, KOTOpPOE CUMTAETCS TOCTOSIHHBIM, TIEPENHIIEM YpaBHEHWE
(4.158) B BUjIe

Py ==po =L —pygs. +C, (4.159)

I7ie s, 0003HaUaeT CMEIeHNE YacTUI] CBOOOIHON MOBEPXHOCTH, U §, = Z.
YroOs! ynpocTuTs ypaBHeHue (4.159), 3aaiuM CKalLpHbIIA IOTEHIHUAT ¢, KaK

1
(' =(P_p—(Po_C)t-
0

Torna ypaBHeHue (4.159) nepenuiuercs cIegyromuM 00pa3oM:
]
Py = —poa—(f"'Po ~Po8S:

I

=10 (4.160)
: g ot

3T0 ypaBHEHHE 3aJ]aeT COOTHOIIECHIE MEXTY CMEIICHIEM s, W TIOTCHIUATIOM ¢
B TOYKaX CBOOOJTHON MTOBEPXHOCTH.

[TockombKy Halla 1edb COCTOUT B TOM, YTOOBI ONYYUTh pEllieHHe TPaHUIHON
3a71aull OTHOCUTENBHO CKANSPHOrO NMOTEHLMANa, €CTECTBEHHO Teleph 3aMEHUTh
cMetenwe s, B ypapHeHUH (4.160) ero BIpaskeHneM depe3 MOTEHINAT (.

Huddepenuupyst ypasaenue (4.160) mo BpeMeHH, TOTyIAM

2
e 100 (4.161)
ot 8 ar*

JleBast yacTb 3TOr0 BBIPAXKEHUS MPEJCTABISIET COOON zZ-KOMIIOHEHTY CKOPOCTH
YacTULpL: V.. B TO e Bpems, cornacHo ypaBHeHHIO (4.161), z-KOMIIOHEHTa CKO-
POCTH OIIPENENAETC KaK
a9, _ o0
0z az
Takum 06pazom, BMecTo ypaBHeHus (4.161) nmeeM

V. =

W _ 1% (4.162)
0z g ot '
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3TO ypaBHEHHE 3aMMCAHO [Nl TOUEK CBOOONHON MOBEPXHOCTH, CMEIIEHHBIX B
pes3ynbTaTe paclpOCTPaHEHHs! BOJHBI OTHOCHUTENBHO CBOETO MEPBOHAYAILHOTO
nonoxeHus. TeM He MeHee, YUMTbIBas, YTO CMELIEHHS YacTHl] Majbl, OyueM
MpEeNIIoaaraTh, 9To PON3BOAHbIE B ypaBHeHUH (4.162) HepyTest B Toukax z = 0.

CcopMynupyeM Tenepb IPaHUYHYIO 3afayy, COCTOSILYIO U3 CIENYIOLIUX Yc-
JIOBUA:

a) B PETYNSIPHBIX TOYKAX MOTEHIMAN YOBIETBOPSIET ypaBHeHNto Jlamnaca

Vig =0;
6) Ha cBOGONHOM OBEPXHOCTH BBINOJIHAETCA CIIENYIOIIEE TPAHUIHOE YCITIOBHE:

2
9% la—gp, ecn z=0;
9z 8 gt

B) C YBEJIMYCHUE PACCTOSIHUA OT CBO6OHH0171 NOBEPXHOCTH, aMIUIUTYla BOJIHO-
BOr'0 MOJI JOJKHA YMEHBIIATHCS A HA 0EeCKOHEUHOCTH CTPEMHUTLCA K HYJIHO:

@(z) = 0, ecmi z — — o0,

ITockonbKy Hamen 3ajayeil SBISETCA N3yYeHHE OOLIMX CBOJNCTB IPaBUTALMOH-
HBIX BOJNH, Mbl He OyfeM YYMTHIBATh BIMSHHME MEPBUYHBIX MCTOYHHKOB. Bomee
TOTO, MBI TIPEATIOIOKIM, YTO MOTEHIWAI (p HE 3aBUCHT OT KOOPAMHATHI y W OIIH-
ChIBAET CHHYCOMIATILHYIO BOJHY, PACIpPOCTPAHSIOIIYIOCS BOMb OcH X. B aToMm city-
yae ypaBHeHue Jlamiaca 3aMeTHO YIIpOIaeTcs:

*@/ox* + d*p/oz* = 0. (4.163)

JTO ypaBHEHHE MMeeT OECKOHEYHOe MHOXKECTBO pemieHmil. [T0CKONBKY MBI
HHTEPECYEMCSI BOJTHOBBIMH SIBJICHUSIMH, €CTECTBEHHO HMCKATh PEIICHUE YPaBHEHUS
(4.163) B BUjie

¢ = A(z)cos(wf — kx). (4.164)
MHoxuTeNnb

cos(wt — kx)
yKa3bIBaeT Ha TO, YTO BOJIHA PacHpOCTPaHAETCS B CTOPOHY OT HAa4allbHOH TOYKH
x=0.

B npenpbiymyx BolpaxkeHusx A(z) sBISEeTcS HEM3BECTHOI (pyHKUuEH, ® 000-
3HAuaeT KPYroBYIO YACTOTY, a k — BOJIHOBOE UMCIIO, IPHYEM (CM. [T1aBy 3)

k =w/c, (4.165)
rfie ¢ — (a3oBasg CKOPOCTb BOJHBI.
YroO6b! onpefenuTsb (hyHKIHIO A(z), TTOICTABIM BhIpaxkeHue (4.164) B ypaBHe-

Hue (4.163). B pesynbrate monyduM oObIuHOE AMQQEepeHIUaTbHOE YpaBHEHNE
BTOPOTO MOPS/IKA:

Al - KA = 0. (4.166)
I/ISBeCTHO, 4qTo peHICHI/Ie 3TOro ypaBHeHI/ISI HNMECT BUJ
A(z) = Ce™ + De*. 4.167)
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YuuThIBasi, 4TO BONHOBOE IOJIE JIOJKHO 3aTyXaTh MPH z — o, OTOPOCHM
wien Ce™ u monyum

A(z) = De*. (4.168)
BhoipakeHue [1si CKaIiPHOTO NOTEHIMANA TPUHIMAET BHJ
o(x, z, ) = DeFcos(wt — kx). (4.169)

3peck D u k sBnstotcs Hem3BeCTHbIME. [1OCKONBKY MEpBUYHBIE MCTOYHHKH
TPaBUTAIMOHHBIX BOIH 3/IECh HE PAacCMATpPHUBAIOTCA, KO3((UIMEHT D ocTaHeTcs
HEOIIPE/IECIICHHBIM.

CyIecTBEHHO, YTO OTEHIHAT ¢, 3afaBaeMblil BbIpaxeHueM (4.169), ynosne-
TBOpSIET ypaBHeHuto Jlamnaca U yciaoBusIM Ha OeckoHeyHOCTH. Takum 00pa3oM,
NiBa 13 chOPMYIMPOBAHHBIX PaHEe YCIOBUI TPAHWIHON 3af]auil OKA3bIBAIOTCS BbI-
NONHEHHbIMU. HEn3BeCTHOE BOTHOBOE YHCIIO k TENEPh MOXHO HAWTH M3 YCIOBHUI
Ha cBOOOJHOU IIOBEPXHOCTH.

[Mopcrapnss (4.169) B (4.162), nonyuum

kDcos(wt — kx) = %Dcos(mt - kx)
11001
k= w¥g. (4.170)

W3 mocnegHero paBeHCTBa BUHO, YTO I'PABHTALOHHBIE BOJIHBI CYIIECTBYEOT
TONBKO TOIJA, KOIJa BOJHOBOE YMCIO k M KPYroBas 4acTOTa 0 CBA3aHBI MEXHTY
co00il OIpefieNIeHHbIM COOTHOILEHUEM. [IpyriuMu C10BaMy, CKAILSIPHBIA NOTEHLH-
al ¢, 3ajaBacMblil BbIpaxkeHneM (4.169), sBiseTcd pelleHueM copMyJIUpOBaH-
HOU BbIIIE FPAHAYHON 3alaull, ECIIU TOIBKO BOJIHOBOE YMCIO K M KpYyropas 4dac-
TOTa 0 YIOBJIETBOPAIOT ycaoBuo (4.170).

W3 dopmyn (4.165) u (4.170) cnepyet, 9to hazoBas CKOPOCTh U JIIMHA BOJ-
HBI ONIPEMIETISIOTCS CNENYIOIMMH [IBYMs] BEIPAXKCHUAMMU:

c=glo=gT/2n 4.171)

A=cT =gT*2n = 2ng/w’. (4.172)

NOBEJAEHUE T'PABUTALIMOHHBIX BOJH

B ypaBHeHusix (4.171) u (4.172) copepXuTcd O4eHb MHTepecHas MH(opMalus
O IPaBUTALMOHHBIX BONHaX. IIpexne BCero, 3aMeTHM, 4TO MX CKOPOCTb 3HA4H-

TEJbHO MEHbLIIE, YeM CKOPOCTh aKYCTUYECKUX BOIH (CM. Ta0u. 4.1).

Tabnuma 4.1

£, Ty 0,1 1,0 10,0 100,0

¢, Ml 15,6 1,56 0,16 0,016
MM 1,56-10 1,56 1,56-1072 1,56-10*

K, 4,010 40 4,0-10? 4,0-10*
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W3 paseHcTBa (4.171) BupiHO, uTO (hazoBast CKOPOCTb SIBIIsIeTCs (PYHKIMEN dac-
TOTBl MNHM, TOYHEE, OHA OOpPAaTHO IpPONOPLUOHANBHA KPYroBO# yacroTe . B
o0IeM ciydae, 3aBUCUMOCTb CKOPOCTH ¢ OT YacTOTbl HA3bIBAETCS JUCIEPCHOH-
HbIM COOTHOILEHUEM U OYAET YacTO BCTPEUAThCS B JATBHEHIIEM U3T0KEHUH.

PaccmoTpuM Teneph ABUXKEHUE YACTHLl, CBI3aHHBIX C PaclpOCTPaHEHUEM Ipa-
BUTALUOHHON BOJHBL

ITo onpepenenuto, uMeeM

V,=9dp/ox U V, = 9¢/0z.

Ortcronia, yuntbiBas Boipakenue (4.169) mist cKalsipHOrO MOTEHIMana, Momy-
UM

Vv, = Dke"sin(w? — kx)
u “4.173)
Vv, = Dke“cos(ot — kx).

Takum 00pa3oM, CKOPOCTb YAaCTHIB! V UMEET JIBE KOMIIOHEHTHI C OfMHAKO-
BbIMHU aMIUTUTYAAMH U CABUTOM (pa3, paBHbIM 7t/2. OflHA U3 3THX KOMIIOHEHT, V,,
MMEET TO K€ HalpaBleHue, 4To U (pa3oBad cKOpPOCTh BOJHBI, a BTOpasd, V,, Ha-
TpaBlieHa BONb OCH Z.

W3 Beipaxenuit (4.173) cnepyeT, 4To aMILTUTY/]a BEKTOPA V ONPEfIeNsieTcs Kak

V=V? +V? = Dke" (4.174)

U B 00O0I TOUKe Cpefibl BEKTOP CKOPOCTU BPAIIAETCA B MIIOCKOCTH, NMapalienb-
HOH mnockocta XOZ.

Kpowme atoro, BugHO, 4TO MO Mepe YHaJeHHS OT CBOOOAHON MOBEPXHOCTH
AMILTATY/]A BOJHOBOTO TIOJSI M, B YACTHOCTH, aMIUIATY/A MOJsI CKOPOCTH YACTHI]
yMeHblaeTcs. MiMest B BUly IMEHHO 3Ty XapaKTepHUCTUKY TPAaBUTAIMOHHBIX BOJIH,
UX YacTO Ha3bIBAIOT OBEPXHOCTHBIMU. TeM He MeHee, 3TO He O3HAaYaeT, YTo rpa-
BHUTAL[IOHHBIE BOJIHBI KOHIIEHTPUPYIOTCS BOJIM3H CBOOOHOI OBEpXHOCTH. JIeficT-
BUTENBHO, HX 3aBUCUMOCTb OT KOOPIMHATBI Z OMKUCHIBAETCA MHOXHUTEIEM

e = e . (4.175)

Ecnu rnyOuHa |z| 3HAUNTENBLHO MEHBIIE JNIMHBI BOMHBI A, |z |<< A, TO 3aty-
XaHWe BONHBI ¢ TyOMHO! OYeHb Mano. COOTBETCTBEHHO Ha OONBIIMX [TyOHHAX
MOXXHO HaONIOFATh MPAaKTHYECKN TaKHe e aMIUIATYAbI BOTHOBOTO IO, KakK H
PSIIOM co cBOGOIHOM MoBepXHOCTHIO z=0. HaoGopor, eciu riayousa |z | mpesb-
IIAeT JUTHHY BOJHBI, |z| > A, aMIUTHTYJa BOJNHBI YMEHBIIAECTCS OYEHb OBICTPO.
Takum 00pa3oM, HHU3KOYACTOTHbIC BOJHBI MOXKHO HAOMIONATh M HA OONBLIMX
rnyOMHAX, B TO BpeMsl KakK BBICOKOYACTOTHBIC BONHBI KOHICHTPUPYIOTCS BOMU3H
CcBOOOJHOM MOBEPXHOCTH. 37eCh MPOCMATPUBACTCS OUEBHIHAS AHATIOTHS CO CKUH-
3((peKTOM B 3MEKTPOMATHETH3ME.

OmnpepenuM Tenepb TPaeKTOPHIO JBISKEHHS YacTHL| XUAKOCTH. MHTEerpupoBa-
HUE ypaBHEHUI
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v, =08/t U v.=03s/ot

aeT

s,=x-xy=-D fe"‘" cos(wt — kx)
n (4.176)

s,=z-zy=D K e sin(wr - k).
w

3pech X, 1 z, — KOOPAUHATBI TOUKH, KOTJ]a XUJKOCTb HAXOAUTCS B COCTOSIHUM
PaBHOBECHSL.

ITockombKy CMEILEHUS YacTHIl OY€Hb Mallbl, MbI MOXKEM 3aMEHUTb KOOpJMHA-
ThI X U Z B IPaBOW 4acTH ypaBHeHHUd (4.176), COOTBETCTBEHHO, Ha X, U z,. B pe-
3yAbTaTe TaKoll 3aMEHbI [Oy4iM

x-x,=-D Lapes cos(wt — kx,),
w
@4.177)

z-2zy=D Lapes sin(w? — kx,).
w

Orcrofia BUAHO, YTO TPACKTOPUS IBIKCHNUS YACTHIbI ONICHIBACTCA CIICAYIOLIIM
ypaBHEHNUEM:

2
(v =x0f + (2 -2 = D X e,
w

T.€. 4aCTHULA ABXKETCS [0 OKPYXKHOCTH pajjuyca

R=DXe" -D%ek ectnz < 0. (4.178)
o 8
KoopnuHaTbl X, 1 z, LEHTpa 3TOU OKPYKHOCTU COOTBETCTBYIOT IIOJIOKEHHUIO
paBHoBecus yacTuipbl. Kax cefyet u3 paBeHcTB (4.178), ¢ yBenneHreM riayOrHbI
|zo| pammyc 3TOM OKPYKHOCTH YMEHBIIIACTCS.
YToOBI ONpEfeNuTh HANPABICHUE [BMXKCHHMS YAaCTHUBI BJONb TPAEKTODHH,
MPENIOIOXKIM BHAYaE, 4TO

O=swr-kx< %

Torpa, Kak cnegyer u3 ypaBHeHuid (4.177), ¢ Te4eHHEM BPEMEHM TOPH30H-
TallbHasi KOMIIOHEHTA CMEIICHN |, | CTAHOBUTCS MEHBIIE, B TO BPEMs KaK BEpTH-
KallbHasi KOMIIOHEHTa |s.| yBenmumsaercst (puc. 4.7, 6). Otcioma criefyer, 4To
YaCTULA ABMXKETCS 110 4aCOBOM CTPEJIKE.

AHanornysbIM 00pa3oM MOXHO NOKa3aTb, YTO TAKOE XK€ HAIpPaBJICHUE BU-
SKEHUsI COXPaHSETC U AJIs APYroro MHTEpBaja MEPUOOB

%swt—kxsZn.

<I>0pMa BOJIHBI 1 IBU2KCHUS YaCTHUIL [TOKA3aHbl Ha pucC. 4.7, s.
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BesycnoBHO, MexX/y ABUKEHUAMH Pa3NlMYHbIX YACTHIL] CYLIECTBYEeT (Da3oBblil
cosur. Kak BujiHO 13 puc. 4.7, 6, KaXpnasd 4acTUL@A JBIXKETCS BIONb OKPY>KHOCTH
M0 9acOBOM CTPEJIKE, IIPAYEM LEHTPBI 3TUX OKPYXKHOCTEN MMEIOT OffHY U Ty X
KOOPMHATY Z,. [Tpr 9TOM CyIECTBEHHO, YTO B KaXMAbI MOMEHT BPEMEHH MOJIO-
XKEHUE YaCTHIbl XapaKTepU3YeTCsl CHHYCOMJANbHON (DYHKLMEH, 3aBUCAILEN OT
KooppuHaThl x. CoriacHo BbIpakeHuto (4.169), BoNHa pacmpoCcTpaHIeTcs MO OCH
X B CTOPOHY OT TOYKHM CBOETO 3apoxjieHusl. [I0CKONbKY Bce BOTHOBBIE MOJIS: TOJIE
CMEIIEHNH, TI0JIe CKOPOCTEN ! TOJIE ABNEHUS — HE 3aBUCAT OT KOOPAMHATHI Yy,
TaKasi BOJIHA HA3bIBAETCS IIOCKON. DTO Ha3BaHUE BIOJHE ce0s ONMpaBibIBAET, MO-
CKOIbKY (paza BOJHBI

ot — kx

OCTaeTcsl OIHOM U TOH XKe [/ BceX TOUeK, NMPUHAANEeKAIMX KaKoH-1100 MI0CKo-
CTH, TIapaienbHoil miockoctd YOZ. Takum 00pa3oM, KaxoMy 3HaueHuIo a-
3bl COOTBETCTBYET HEKOTOpasl IIOCKOCTb — (pa3oBasl MOBEPXHOCTb BOJHBI, CKO-
POCTb pacnpocTpaHeHusI KOTOPOH OMICHIBAETCS, TIO ONPENIETCHNI0, TTAPAMETPOM ¢
(cM. BeIpaxeHue 4.171).

B oTimume ot ¢pasbl, aMmuTya BONHBI Ha (pa30BOil IOBEPXHOCTH HE OCTAET-
CSl IOCTOSIHHOM, ¥ TO3TOMY IPaBUTALOHHAS BOJHA MPEJCTABMIseT cO00i mpuMep
HEOHOPOMHON MITOCKOM BOJHBI.

NurepecHo Takxke paccMOTpeTh noBefieHne Bekropa [loiinturra Y, rue

Y =Py,
1100
Y.=Pv, uY, =Pv.,. (4.179)

3ameHsisi MOTeHNAN @, Ha ¢ B BeIpaxkeHn (4.158), momyuum

J
P(z, f):PO—poa_cf — P8z
0071

PGz 0 =A- pO‘Z—‘f. (4.180)

3pech cnaraeMoe A He 3aBUCHT OT BPEMEHH.
ITopcranoBka BblpaxeHus: (4.169) Ais cCKansipHOro MOTeHUuUana B opmyny
(4.180) gaet

P = A + p,owDe“sin(wt — kx). (4.181)
[MocnenHee BbIpaxkeHue coBMecTHO ¢ popmynamu (4.173) u (4.179) mosBo-
JISIOT BBIPa3UTh KOMIIOHEHTHI BeKTOpa [1ofHTHHTa B CEAYIONIEM BUJIE:
Y, = Av, + p,wkD?*e*sin*(wt - kx)
u (4.182)

owkD 2
2

Y.=Av.+ £ e’sin2(wt - kx),

T7le TOPU30HTaNbHAS KOMIIOHEHTA Y, XapaKTepU3yeT pacipOCTPaHEHNE BOMHBI.
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CyIecTBeHHO, YTO B MI000H TNPOMEXYTOK BPEMEHH IOTOK KOMIOHEHTHI Y,
HaIpaBJIeH B CTOPOHY OT TOUKH 3apOK/IEHHS BOJNHBL. [leACTBUTENbHO, HHTETPUPYSI
NIepBOE M3 BhIpaKeHUH (4.182) MO BpeMeHH, NONyYAM

powkD2e?

T T
[Y.de =222 = fdt = mpokD2e, (4.183)
0 0

npuueM craraeMoe Av, He 1aeT HUKAaKOTO BKJIajja B 3TOT UHTETPal.

C 1pyroii CTOPOHBI, HA 3TOM MHTEPBAJE BPEMEHN KOMIIOHEHTA Y, MEHSIET 3HAK
1 IIOTOK Yepe3 eANHIYHYIO ITTOMAJIKy B ITIOCKOCTH z = const 00paIlaeTcs B HyJb.
JleficTBUTENBHO,

T T
[Y.di = ADke" [ cos(wr — kx)dr +
0 0

T
+¥D2e”2fsin Aot — kx)dr = 0.
0

Orcrofia BUTHO, YTO Ta YacTh HEPrHM, KOTOpas CBA3aHAa C KOMIIOHEHTOW Y., B
IIepBbIE NOJIEPUOJa IEPEHOCUTCS BHU3 OT CBOOOAHO! OBEPXHOCTH, @ 3aTeM BO3-
Bpataetcst oopaTHO. TakuM 00pa3oM, OJHOBPEMEHHO HAOMIOIAl0TCS pacupocTpa-
HEHHE BOJHBI BJIOJIb TOPM30HTANLHOTO HATIPABJIEHUS M KONeOaHNs YacTHI BIOMb
OCH z. 3aMeTUM, YTO AaHAIIOTHYHOE TOBEIeHHe HAOMIONAeTCS U B CIIyyae HEOHO-
POMHBIX BOJIH MIIATALAH.

PaccmoTpum Tenepb fedopManuio 3J€MEHTApHOTO 00beMa KUAKOCTH, BbI-
3BaHHYIO TPaBUTAIMOHHON BOJHOM. [[yist aTOro yoenumcesl emie pas3 B CIPaBEINBO-
CTH ypaBHeHuil (4.151).

[To onpepenenuto,

div s = ds,/0x + ds,/0z.

Wcnonw3ys aTo ypaBHeHue 1 BblpaxkeHus (4.176), moaydnm

2 2
div s = —*_ De* sin(wr - kx ) + X De* sin(wr - kx) = 0,
w w
T.€., KaK MbI y)Ke 3HaEM, [BUXKCHUE 4YaCTHI HE HpI/IBOHI/IT K M3MCHCHHUIO
o0beMa.
HOCKOIII)Ky CMCIICHHUE S UMCET TOJIBKO JBE HCHyJIeBI)IS KOMIIOHCHTHI: Sy n Sy,
1 9TH KOMIIOHCHTBI HE 3aBUCAT OT KOOpI[I/IHaTI)I y, HOHy‘II/IM

rot,s =0, rot,s =0

ds, ds,

9z ax '

rot, s (4.184)
Hanee u3 ypaBHenus (4.176) nmeem
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as

0z 0]

u
as,
ox o
T.C.
rots =0.

X k2 kz
=-D=—e" cos(wf - kx)

2
= DX e cos(wt - kx)

(4.185)

Kak yxxe ObLIO OTMEUYEHO, 3TO 03HAYAeT OTCYTCTBHE BpalleHus u Aeopma-
il mpocToro cisura. B To ke Bpems umeercs fiehopMars YHCTOTO CABUTA,
IpUd KOTOpOW IepBOHAYANBHBIN NPSMOYTONBHUK TpPaHC(OPMUpPYETCS B POMO

(puc. 4.7, 2).



