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4. JHeprusi MOHOXPOMATHYECKOH BOJIHBI

BonHOBOE  IBHMKEHHE  CONPOBOXKAAECTCS  M3MEHEHUEM  JHEPrMM  Cpelbl, B  KOTOPOH
pacnpocTpaHseTcs BOJIHA. VI3MEHEeHHe >Hepruu cpeasl NPU PacHpOCTPAHEHWU B HEM BOJHBI MPH
HEKOTOPBIX JIONOJHUTENbHBIX YCIOBUSAX MOXKET ObITh CBS3aHO C CYIIECTBOBAHHMEM DHEPIHH BOJHBI.
Jlnst ee omnpeneneHus HalaeM HW3MEHEHUE DHEPrUMM Cpefpl, Iojaras, 4TO aMIUIMTyJa BOJIHBI
JOCTATOYHO MaJjia, YTOObl BOCIIOJIB30BaThCS JIMHEHHOM TeopUeH.

OHeprus BbIIEICHHOIO 3JIEMEHTapHOro o0bema cpeibl V onpesnensercs Kak CyMMa BHYTPEHHEH
SHEpPruM BellecTBa B 3TOM 00beMe U KMHETUYECKOM HEpIruu ero ABMKeHus. [IpeacraBum ckopocThb
YaCTHIL CPEIbl B BHJE CYMMBI v =\/ + (] HEBO3MYIICHHOE JIBUKEHHE CPEIBI 3aaHO MOCTOSHHOM

CKOPOCTBIO \/ B KaIOH TOYKE IPOCTPAHCTBA, a MOJie BO3MYIIEHUS CKOPOCTH ([ HOCHT BOJHOBOI
Xapakrep, MPHYEM | << \/ . IIIOTHOCTE M 1aBlIeHHE HEBO3MYILICHHOM Cpelbl I U P, Takxke Oynem
CUMTATh MOCTOSIHHBIMU BO BCEX TOYKAX, @ BO3MYIIEHHUS MaJbIMHU, TAK 4YTO P=P,+ P,  =r, +r,
rae p, << Py, <<r,

Eciau e — MaccoBasi TUIOTHOCTh BHYTPEHHEH SHEPruu cpeibl (PHEPrus eIWHHIBI MacChl), TO
BHYTPEHHS DJHeEprus paccmarpuBaemoro obbema E =erV,. CooTBETCTBEHHO, KHHETHYECKas

I'\2
3HEPrUsl dTOr0 o0BeMa Enu' =r 6/ + u) Vo / 2. IloacraBists croa 3Ha4YEeHUSA IUIOTHOCTH U CKOpPOCTH

BOSMYIICHHOI'O ABMIKCHHA CpPCIbl, C TOYHOCTBIO OO0 KBaJAPaTUYHBIX I10 BO3MYIICHUIO YJICHOB
IMMOJIYYHM BBIPA)KCHHUC NI USMCHCHUA 00BbEMHOM TUIOTHOCTH KUHETUYECKOKN SHECPTUH.

r0+r1)6515).

Jns BBIUMCIICHUST W3MEHEHHS BHYTPEHHEH OJHEPIHMM BO3MYILUEHHOW CpEIbl BOCIOJIb3yEeMCS
IIEPBBIM HA4YaJIOM TEPMOJAMHAMHUKHM, IIOjaras, 4YTO pPacCMaTPUBAEMBIE IIPOLIECCHI SBIISIFOTCS
m3sHTponmyeckumu DS = O. [Ipu 3TOM TETII0O0OOMEHOM € COCEAHUMH 3JIEMEHTAPHBIMU O00BeMaMH
MOKHO MpeHeOpeub. V3MeHeHne BHYTpEeHHEH SHepruu 3aJaHHOW Macchl M B 3THUX YCJIOBUAX
OTpeieNsieTCs TOIABKO paboTOM Cril JaBICHUS

dE = mde = - pdV

VuuteiBast, 4ro V =NY/r, moiyd4aeM COOTHOIICHHE Il MAaCCOBOW IIOTHOCTH BHYTPEHHEH

r
DE =

OHECPIrHUU B a)II/Ia6aTI/I'-IeCKOM H3OHTPOIHUYCCKOM IIPOLECCE:

de= ﬁ dr
3meHeHne BHYTPEHHEN SHEPIUM SIEMEHTAPHOTO 00beMa V ) ONPENETAETCS BHIPAKEHUEM:
dE =V,d(r €) =V, (edr +r de) =V, (e+ r—p)dr

N3meHenne oOBEMHON IUIOTHOCTH BHYTPEHHEH SHEPrUUM C TOYHOCTHIO JO YJIEHOB BTOPOTO
MOPsIIKA UMEET BU/L:

D(re) = ‘I]E”rre) r (r e) ><— + o(r?) |

KoadhpurmenTsr paznoxeHus B psij JIETKO BEIYUCIISIOTCS

o) & , Po0

T S
09 _ Tz, po_afleo 6 ¢
r? ‘ﬂrge+r5 ‘|]r+ 2 rg‘ﬂr r

IJIe C —CKOPOCTh 3BYKa, YTO JIa€T BHIPAKEHHUE JJIsI N3MEHEHHSI 00beMHON TUIOTHOCTH BHYTpPEHHEH
SHEPIUu:
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gt o,

[lepBoe crmaraemMoe ONMUCHIBACT HM3MEHCHHE BHYTPEHHEH SHEPrUM BBUICICHHOTO o0beMa IpH
W3MCHCHWH  KOJHMYECTBA BemeCTBA B  HEeM. B YacTHOCTH, TIpU  paclpOCTPaHCHUH
MOHOXPOMAaTHYECKOH BOJHBI B JJOCTATOYHO OOJBIIIOM 00BEME BKJIQJ OT TOrO WICHA OCHUJUINPYET,
YTO HapyIIaeT MPUHIUIT aTATUBHOCTH JUIsI BHYTPCHHEW SHepruu. Takum o0pa3oMm, aJuTHBHAS
4acTh, cpeanee (M0 BpeMEHH) 3HAYEHHE KOTOPOM OTIHUYHO OT HYJISI, OMHMCHIBACTCSA TOJIBKO BTOPBIM
cJIaraeéMbIM, YTO W TIO3BOJISIET CBSA3aTh ATY YacTh BHYTPEHHEH SHEPTUU C BOJHOBBIM JIBIDKCHUEM.
AHaAJOTHYHBIM TPEOOBAHUSM HE YIOBIETBOPSCT YacTh KHWHETHYCCKOW JSHEPrUM, JIMHEHHAs II0
BO3MYIIICHUIO CPEJIBI.

Takum  oOpazoM, oObeMHass IUIOTHOCTh TIOJHOM OHEPTUEM  BOJHOBOTO  JIBM)KCHHS,
VAOBJICTBOPSIONIAS TMPUHIUIY aJIATUBHOCTH, MPOIOPIIMOHANIFHA KBAJAPATHYHBIM UICHAM I10
BO3MYIICHHUIO U JaCTCS BRIPAKCHUEM:

2
+2—9f
Qo

[Tpu pacmpocTpaHeHUH B Cpejie TUIOCKOH MOHOXPOMATHUYECKON BOJIHBI TOJ YTJIOM J K BEKTOPY
CKOPOCTH ITOTOKA BO3MYIIICHHUE TJIOTHOCTH U CKOPOCTH UMEET BHU]I :I
reor ck r (rr ,t)
u(r,t)=cx x1

w- ckbcosJ ro

u? Iy
AE = ESOJLH. = 902 +Ql U) ©

r 'r
r 1(r,t):r cos(vvt - kr),
rae b =V/c. IloacraBiss 3TH BBIpaXEHUs, MOIYYUM IUIOTHOCTh SHEPTUH MOHOXPOMATHYECKOI

IUTOCKOU BOJIHBI.
Ecmu ckopocTs motoka maina (b <1), To o0beMHast III0THOCTh SHEPTUHU BOJHBI KIMECT BH/I:

2
E +GOJLH. = C—(1+§COS )le
Qo -
Kak CJICAYCT U3 IMPHUBCACHHOI'O BBIPAXKCHUSA, 3Ta BCJIMYMHA IIOJOXUTCIIbHA JIsI BCEX BOJIH,
PacCIIPOCTPAHSIOMINXCS B JTFOOOM HAIPABJIEHHH MO OTHOIIEHHIO K HEBO3MYIIEHHOMY MTOTOKY.
Eciy e cKOpOoCTh HEBO3MYILEHHOTO MOTOKA IPEBBIMIAET CKOPOCTH 3ByKa (b >1), To BO3MOXKHO

CYIIIECTBOBAaHUE JBYX THIIOB BOJH, OBICTPOM M MEIJIEHHOHM, YacTOThI KOTOPBIX COBMAJAIOT, a
CKOPOCTB PacCIpOCTPAHEHHs Pa3JINYHA.
DHeprus ATUX BOJH ONPEICIISICTCS BHIPAXKEHUEM
2
= =% (1+pcos )o?
Qo -

Ecnu sHeprust ObICTpOi BOJHBI BCETJA MOJIOKUTEIbHA, TO PACIPOCTPAHEHHWE MEJICHHON BOJIHBI
BHYTpU KOHyca Maxa NpUBOIUT K YMEHBUICHHUIO IOJHOW SHEPrUU CpEelbl, TaK KaK JSHEPIrus
MEJUICHHBIX BOJIH OTPHIIATEJIbHA. YMEHBIICHUE SHEPrUU CPelbl MPU BO3ZHUKHOBEHUU MEJIEHHON
BOJIHBI CBUJIETEIBCTBYET O HEYCTOMYMBOCTH CHUCTEMbl OTHOCUTEIBHO T'€HEPAIMH BOJHOBBIX
BO3MYILIEHUH, TIPH KOTOPBIX SHEPTUSI IOTOKA OyI€T MEPEXOUTH B SHEPTUIO BOJIHBI.

Teopema [loitHTHHTa yTBEPKAAET, YTO U3MEHEHHE SHEPTHH CIUIOIIHON CPElbl B JAaHHOM 00BheMe
B OTCYTCTBHE OOBEMHBIX CHJI O0YCJIOBJIEHO MOTOKAMHU SHEPIHH Yepe3 Tpanuily. s ompeneneHus
BEKTOpa IUIOTHOCTA TIOTOKA DHEPrHUU JUIsi BOJIHOBOTO JBW)XEHHS YAOOHO BOCIOJIB30BATHCSA
YpaBHEHUSMH HEMPEPHIBHOCTH U DHjepa IS MalblX BO3MYIIEHUM. JJIs ypoIeHus] BEIYUCICHHI
OTPaHUYMMCS CITy4aeM U30TPOITHOM CPeJibl, TOJIOKUB CKOPOCTh IMOTOKA PABHOM HYIIIO.

YMHOXKasi ypaBHEHHE OWiepa Ha CKOPOCTh YaCTHI[ B JAHHOW TOYKE, MOJIYYHUM CIIEIYIOIIee
COOTHOILICHUE!

T u? _ c? To,
it 2 Qo X, . (1)

Ilocnennee ciraraemoe YJIO6HO MNpeaACTaBUTG B BUAC CYMMbI U 3aMCHHUTL BTOPOC cCjlaracéMoc C
IMOMOIIBIO YPAaBHCHUA HCIIPCPBIBHOCTH.

mhtml: http://www.chizh2006.narod.ru/Section 1/Part 5.mht 10/2/2005



http://www.chizh2006.narod.ru/Section_1/Part_5.mht

DHeprusi BOJHBI Page 3 of 5

T (XU . o), e Te,
k
X X, ' i, X e Tt ()
[TojcTaHoBKa 5TOro BhIpakeHUs B (1) MPUBOINUT K yPaBHEHHIO
i u 2 C 2 2 u
e yo Q0 1 {ngluk}

ﬂt% 2 20, g ix,

VYuurteBas BBIPAKCHUEC I 00BEMHON IUIOTHOCTHU BOJIHBI, IOJYYCHHOC BBIIIC, 3TO YPAaBHCHHC
MOXXHO pacCMaTpuBaTb KaK CJICACTBUC TCOPEMBI IToiaTHHTA IMPUMCHHUTCIIBHO K BOJIHOBOMY
JABWOKCHHUIO CPEIbI.

r
_ﬂEgt(,,,,, =-dvS

2 2

E :QOU +C_ 2

' r
—n2 o 80.H 1
rae S =C ;U - BeKTOp IOTOKA 06BEMHOM IIIOTHOCTH YHEPTHH, 4 2 29, .

OTMeTuM, YTO TMEPEeHOC BSHEPruu BOJHOM CONPOBOXKIAETCS MEPEHOCOM HMIYJIbCa, IOTOK
KOTOPOT'0 HETPYIHO OMPEEIUTh aHAIIOTUYHBIM 00pazoM.

5. CuibHBIE BOJHBI

B nmpenpinymux pasgenax Npd HU3YyYEHUM BOJHOBOTO JIBUJKEHUS Mbl OIPaHUYMBAIINCH
npuOIMKEHHEM CJ1a0bIX BOJIH, YTO IO3BOJISUIO JIMHEAPU30BaTh ypaBHEHHs. PaccMoTpum Temnepb
CWJIbHBIE BO3MYILIEHHUS, HE JOMYCKAIOIIUe JTUHEeapru3allii YpaBHEHUN ABM)KCHHUS.

Mogaeas cpeabl

B nanmpHeiitiem OyjeM mpenronarath, 4TOo 3aBHCHMOCTb JaBJICHHUS OT IUIOTHOCTH (U
CKOPOCTH) MOKET OBITh YCTAHOBJICHA B paMKaxX KIJIACCHYECKOW TepMOIMHAMUKU. bynem cuurtarh
JBY)KEHHUE U33HTPOIUNHHBIM U a1a0aTHYECKUM.

Jljig ynpolleHrs: aHaJIu3a MoJI0KHUM, YTO BCE XapaKTEPUCTUKU BOJIHOBOTO JIBUKEHHS CPEbl —
IUIOTHOCTb, CKOPOCTD, JIaBJICHUE U T. . ABJAIOTCS uddepeHpyeMbIMi QYHKIMSIMU KOOPAUHAT U
BpeMeHH. Torna B OCHOBHBIX YpPaBHEHHUSX MOXKHO IMepedtu Kk auddepeHnnanbHoil ¢dopme.
VYpaBHEHHE HENPEPHIBHOCTU UMEET BU/L:

o, 9w)
Tt T

OrpanuuuvMcs Cily4aeM UICaJbHOM HW30TPOIHOW Cpenbl, IpeHeOperas BSI3KOCTHIO.
JlunamMuueckoe ypaBHeHHe Diljiepa B 3TOM Moaenu

Mry), Truy)__ Tp
it X X

OrpaHn4uMcs MOJENBIO MJCAIBHOIO ras3a, JUlsl KOTOPOro 3aBHCUMOCTb JABJIEHHS OT
IUIOTHOCTH ompeaensercs aauadbaroit [lyaccona

p= po(r/ro)g-

=0

OnHomepHasi BOJIHA

HccnenoBanue CBOWCTB MOJENM YAOOHO HadaTh € IpPOCTEHIIero ciaydas OZHOMEPHOIO
BOJIHOBOTI'O JIBM)XCHUA.

HpeI[HOJ'IO)KI/IM, 9qTO B 663I’paHI/I‘IHOI\/’I Cp€ac MOIryT Cylmi€CTBOBATb BOJIHBI, 3aBUCAIIHUEC TOJBKO
oT O)IHOI\/’I KOOpAHWHAThI, HAIIPUMEP OT X. B aTom CJIydac BCC XapaKTCPUCTUKH BOJHOBOI'O JABUIKCHHA
Cp€abl — IUIOTHOCTB, CKOPOCTh, AABJICHUC U T. A. MOI'yT 3aBUCCTH TOJIBKO OT ITOH KOOpAWHAThI U
BPEMEHU.

YPaBHGHI/Iﬂ JABMKCHUS IIPU TAKOM IIPEAIIOJ0XKCHUH YIIPOUIAOTCS M IIPUHUMAIOT BU.
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C yueTroM ypaBHEHHS HENPEPBIBHOCTH IIOCIICTHUE JIBA yYPAaBHEHUS CUCTEMBI MPUHUMAIOT
(hopMy XapaKTEPUCTHUECCKUX

M+u &—o E‘FUXﬂUZ:

y = 0
It X qt X

910 03HAYacT, YTO HA TPACKTOPHUAX YAaCTULl Y U Z — KOMIIOHCHTBI BEKTOpPa CKOPOCTHU OCTAXOTCH
IIOCTOSSHHBIMH. TakuMm o6pa30M, paccMmarpuBacMad MOACIb JOIMYCKAaCcT CYIIECTBOBAHHWEC TOJIBKO
IMPOAOJBbHBIX BOJIH

u ={u, 0, 0},
KOTOpBIe OIINCBHIBAKOTCA CHCTCMOP'I
fr  Aeu) fu, Ju__ 1%p
it Ix Tt Tx rx.

Pemrennss Pumana
[TockosibKy HAac HMHTEPECYIOT BOJHOBBIE PEUIECHUS, E€CTECTBEHHO MPEIIOI0KHUTh, YTO
CKOPOCTb, IJIOTHOCTh U JIABJIEHWE CPEAbl 3aBUCAT OT OJHOM KOMOMHAIIMKA KOOPJAMHATHI U BPEMEHH.

OTO MO3BOJIAET HUCKaTh, HAIPUMEpP, CKOPOCTb M JaBICHHME KaK (QYHKIMU IUIOTHOCTH U =U(f),

p=p(r).
TOFHa YJaCTHBIC HpOI/I3BOHHBIC CKOpOCTI/I MOXHO BBIpa3I/ITB qepe:; HpOI/I3BOHHBIC IIJIOTHOCTU.
u r u r
Tu_ e Tu_ e
T % .

31ech MTPUXOM 0003HAUYECHA MPOU3BO/IHAS CKOPOCTH TIO IJIOTHOCTH.

3a)1aHHa51 3aBUCHUMOCTDb OABJICHUA OT IINIOTHOCTHU TAKXKC ITO3BOJISACT CBA3AaTh IIPOMU3BOJHYIO
AaBJICHUA 11O KOOPAMWHATE C HpOI/I3BO)IHOI\/’I IJIOTHOCTH I10 KOOPAUHATE:

P ()i
Ix I »
rac
()= - gpfr )r
qr

[IponsBoaHas B paccMaTpUBAEMON MOAEIN BBIYUCISAETCS IPU MOCTOSIHHOM SHTPOIHUH.

C yderoM cjAenaHHBIX NPENOJIOKEHUN YypaBHEHHWE HEINPEPhIBHOCTU W ypaBHEHUE Oilnepa
IIPUBOJSATCS K BULY:

r r r r
ﬂ—+(u+ru<1)xﬂ—:o ud><ﬂ—+(uu¢+c2/r)xﬂ—:o
fit fix it > .
DTH ypaBHEHHS] MOXKHO PACCMATPHUBATh KaK CUCTEMY JUIS ONPEIEIICHUS HEU3BECTHON (DYHKIIUH
r=r(tx).

VCIoBKE CyNIECTBOBAHMS HETPHBUAIBLHOTO PELIEHHS — OOPALIEHHE B HYJIb ONPEIETUTEIS:
(uue+c?/r )- ut{u+rug=o0.

Otcrofa cienyer, 4To CKOPOCTh JOJIKHA YAO0BIETBOPATh YCIOBUIO!
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Pemenne »storo amddepeHnnansHOTO YpaBHEHHS ONPENEISeT CBSI3b MEXIY CKOPOCTBIO U
IJIOTHOCTBIO CPEIbl

u(r) = i(‘)@dr + const

VYpaBHEHHE HENPEPHIBHOCTU TEHEpb MOXKET ObITh 3amucaHo B (QOpMe XapaKTEepUCTUYECKOTO
ypaBHEHUS

CooTHONICHHS MCXKIY CKOPOCTBIO U INIOTHOCTBIO, 3alITMCAHHBIC B (bOpMC

«ofr)

r
um O—dr = const
r

W BBIIIOJHAOIIMECA Ha XapaKTCPHUCTHUKAX

Ha3bIBAXOTCS UHeapuanmamu Pumana.
Pemenne YPaBHCHUA OJI IIJIOTHOCTH, CJICAOBATCIBHO, MOXET OBITH MMpeaACTaBJICHO B (bopMe:

r, =F(xmVv(r)x)

JUis TpUHATBIX YCIOBUH JedopMaluii  3JIEMEHTapHOro o0beMa HAealbHOro rasa
3aBHCHUMOCTh XapaKTEPUCTHYECKON CKOPOCTH, Hampumep, V. OT IJIOTHOCTHU BBIPAXKAaETCS MPOCTHIM

COOTHOIIICHUEM.
IS P
V., =¢,=—(r/r,)2
+ C0 g_ 1( / 0) ’
o= [P
e o

OTMeTHM OCHOBHBIE CBOMCTBA BOJIHBI B IaHHOM MOJEIH:

1. VYpaBHeHus razoBoil JUHAMHMKHU JTOMYCKAIOT CYIIECTBOBAaHHE BOJIHOBBIX PELICHHUI B BUIE
IIPOJIOJIBHBIX BOJH. Tak Kak BOJHOBBIE YPAaBHEHHs CYLIECTBEHHO HEJIUHEHHBI, TO
CKOPOCTb  pPAacIpOCTPAHEHHUS  BOJIHBI, 3alaHHOM B HAYaJbHBII  MOMEHT
mudpdepeHunpyeMoil (QyHKIMEW, 3aBUCUT OT BEJIMYMHBI HAYaJIbHOTO BO3MYLICHHS B
JAHHOM TOYKE ITPOCTPAHCTBA U YBEJIUYUBAETCSA C POCTOM BO3MYILEHHS.

2. JlroGoe BO3MYyIIEHHE, OIMCHIBAEMOE B HAYAIBHBI MOMEHT U (dEpeHIpPyEeMOit
GbyHKIMEH, chmycTs HEKOTOpPOe BpEMsl CTAaHOBHUTCS pa3pbIBHBIM. BoyiHOBoe pelieHue,
ONKCHIBAEMOE  Pa3pbIBHBIM  pEIIECHHWEM, Ha3bIBACTCS YyIAapHOM BOJNHOM. Bpewms
(opMUpPOBaHUS DPA3PBIBHOTO pEIICHUs omperensercs Kak (OopMoH, Tak U BEIUYUHOU
Ha4aJIbHOI'O BO3MYILICHHUS.

3. PacipocTpanenne ymapHOW BOJIHBI HE MOXET OBITh ONHCAaHO CHUCTEMOM
muddepeHunanbHbIX ypaBHeHU. JlJig onMcaHus ABMXKEHUS yNAapHOW BOJIHBI CIENyeT
BOCIIOJIb30BaThCSl TEOPEMaMU JTUHAMHUKU B HHTETpaJIbHOM popme.
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