4. JHeprusi MOHOXPOMATHYECKOI BOJIHBI

BonHOBOE  OBM)KEHHE  CONPOBOXKIACTCS HM3MEHEHHMEM DHEPrUM  Cpelbl, B  KOTOpPOU
pacnpocTpaHseTcs BoiaHa. VM3MeHeHne >Heprum Cpelbl IIPU paclpOCTPAaHEHUHM B HEH BOJHBI IIPH
HEKOTOPBIX JONOTHUTEIBHBIX YCIOBUIX MOXKET OBITh CBS3aHO C CYILECTBOBAHUEM SHEPIUU BOJIHBIL.
[na ee onpeneneHus HaWIeM W3MEHEHHE DHEPIHU CpPElbl, Ioyaras, 4TO AaMIUIUTYJa BOJIHBI
JOCTAaTOYHO MaJja, YTOObI BOCTIONIb30BAThHCS TMHEHHOM TEOPHEH.

OHeprust BbIAEICHHOTO 3JIEMEHTapHOr0 00beMa cpelibl V) onpeaensercsa Kak cyMMa BHyTpEHHEN
SHEPrUHM BEILECTBA B 3TOM 00beMe U KHHETHUECKOM 3Hepruu ero aAsmxenus. [IpeacraBuM ckopocts

YaCTHI[ CPElIbl B BUJE CYMMBI y = V+i. HeBo3myiieHHOE IBMKEHUE Cpebl 3a4aHO MOCTOSHHOMN
CKOPOCTBIO V B KaXJIOM TOUKE MIPOCTPAHCTBA, & MOJIE BO3MYIICHHUS CKOPOCTH i HOCUT BOJHOBOM
xapakrtep, npuyeM y << V. IIIOTHOCTh W JaBJICHWE HEBO3MYIICHHOH cpensl Po 1 Po Takke OyaeMm
CUYHMTATh MOCTOSHHBIMH BO BCEX TOYKAX, a BO3MYIICHUS MAJBIMHU, TaK 4T0 P = Po T P1, P =Py T P,

rae P << po, P <<Py.
Ecnu e — maccoBasi IUIOTHOCTh BHYTPEHHEW 3HEPrHMM Cpelbl (SHEprus €IMHUIBI Macchl), TO

BHYTPCHHAA OSHCPrust pacCMaTpuBacMoro o0beMa E :epVo . COOTBCTCTBCHHO, KHHCTHYCCKAasA

— 2
Ey, =pl7 +ii)'v, 2
SHEprus 3Toro obsema ~hy ~ P 0/<  TlogcraBiss CHOAA 3HAYEHHS IFIOTHOCTH M CKOPOCTH
BOSMyH_[eHHOFO JABUXXCHUA CpeL[LI, C TOYHOCTBKO 10 KBa,Z[paTI/IIIHLIX I10 BO3MyH_IeHI/HO qJICHOB
HOﬂqu/IM BLIpa)KeHI/Ie I UI3MCHCHUA O6L€MHOI‘/’I TIJIOTHOCTU KHHeTquCKOﬁ 3HepFI/II/I:

2
AE = p°2u +(py +p, Vi)

JIns BBIYMCIEHHS W3MEHEHUsS BHYTPEHHEW SHEPrMUM BO3MYLIEHHOM CpEAbl BOCIOJIb3YyEMCS
MEePBbIM HAYAJIOM TEPMOJAMHAMHUKH, II0ojarasi, 4YTO pPacCMaTpUBAEMbI€ MPOIECCHI SIBISIOTCA
uzsHTponuyeckumMu AS = 0. [Ipu 3TOM TemI000MEHOM € COCETHUMHU 3JEMEHTAPHBIMU O00bEeMaMU
MOXXHO TpeHeOpeub. M3MeHeHne BHYTPEHHEW JHEPruv 3aJaHHOM MacChbl 7 B 3THUX YCIOBUSX
OTIpeIeNIAeTCsl TOIBKO pabOTOM CHUIl 1aBICHUS:

dE = mde = —pdV

YuuTteiBas, 4To V=mlp , TOJIy4yaeM COOTHOLIEHHE JUJIi MAacCOBOM IUIOTHOCTH BHYTPEHHEU

SHEPTUU B aIMa0ATHIECKOM U33HTPOITUIECKOM TpoIiecce:

de=L_dp
p

H3meHeHre BHYTpEHHEH SHEPTUU DJIEMEHTApPHOTO 00beMa V() ONpeAesieTCs] BRIPAKCHUEM
dE =V,d(pe) = V,(edp + pde) = Vy(e+ Ldp
p .

N3meHeHrne 0OBbEMHOHN IUIOTHOCTH BHYTPEHHEW SHEPIMU C TOYHOCTHIO /10 WIEHOB BTOPOIO
MOPsIIKA UMEET BUIL:

dpe)  (pe) pr )
A(pe) = + 40
(pe) op Py apz > (py)
KoadduimeHTs! pa3inokeHus B psI JIETKO BBIYHCIISIOTCS
d(pe) _ e, + 20
op Po
2 2
P _o(, p) (%) p 1(®)

2 _c
op op p op), p~ pP\op), P
IJIe C —CKOPOCTh 3BYKa, UTO JIa€T BBIpAKCHHUE I U3MEHEHUS 00hEMHOM MIIOTHOCTH BHYTPEHHEH
OHEPIHHU:
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2
Mpe)=| e + Lo, +
Po 2p,

[lepBoe cnaraemoe ONMCHIBAET U3MEHEHUE BHYTPEHHEW SHEPruu BBIIEICHHOIO oObeMa Mpu
W3MEHEHNU KOJM4YECTBa BeHlecTBa B  HEM. B 4YacTHOCTM, TIpM  pacHpoOCTpaHEHUU
MOHOXPOMAaTHYECKOH BOJIHBI B IOCTATOYHO OOJIBIIOM 00bEMe BKJIAJ OT 3TOr0 WICHA OCHWIIIHPYET,
YTO HapyllaeT MPUHIUN aJAJUTUBHOCTU JJsl BHYTpeHHEW sHepruu. TakuMm oOpazom, ajJUTHBHAs
4acTb, CpeHee (110 BpEMEHH) 3HaUYE€HUE KOTOPOI OTJIIMYHO OT HYJIS, ONHUCHIBAETCS TOJBKO BTOPBHIM
CJIaraeéMbIM, YTO M IO3BOJIAET CBS3aTh ATy YacThb BHYTPEHHEH SHEPIUU C BOJHOBBIM JBIKCHHEM.
AHaJOrMYHBIM TpeOOBaHUSM HE YAOBJIETBOPSET YacThb KUHETUYECKOM SHEpruu, JUHEHHas o
BO3MYILICHHIO CPENIBI.

Takum  oOpazom, 0OBeMHas IUIOTHOCTh TIOJHOH DHEPTHEH  BOJIHOBOTO  JIBHIKCHHS,
YAOBJIETBOPSAIOIIAs NPHUHLHUIY aJJUTUBHOCTH, NPONOPLUOHAIbHA KBAaJPATHUYHBIM YIEHAM IIO

BO3MYLIICHUIO U JACTCS BBIPAKCHUCM
2

2
AE=E, =2" +Ql(‘7ﬁ)+c—gf
2 20,

B0OJIH

[Ipu pacnpocTpaHeHUN B Cpelie MIOCKOH MOHOXPOMATHYECKOW BOJHBI O] YIJIIOM 3 K BEKTOPY
CKOPOCTH MOTOKA BO3MYILEHUE IIJIOTHOCTU U CKOPOCTU UMEET BUI:

i) — k)
pl(?,t):pcos(cot—kF)’ ’ o—ckBcosS p,

rae B=V/c. Moncrasnss stu BBIPAKEHUS, MOJyYUM TIOTHOCTh YHEPTUH MOHOXPOMATHYECKOM
IIJIOCKOW BOJIHBI.

Eciu ckopocts notoka Mana (B <1), To 06beMHas MI0THOCTb SHEPrUuyM BOHEI HMEET B

2
E" som = C—(l +Bcos o
Qo .

Kak crnenyer u3 mpUBEAEHHOTO BBIPAKECHUS, dTa BEJIMYMHA TIOJOXKUTENIBHA JJISI BCEX BOJH,

PacIpOCTPAHSIOMIKXCS B JTF0OOM HalpaBJIEHUU MO0 OTHOLIEHHIO K HEBO3MYILIEHHOMY IOTOKY.

Eclu e CKOpOCTh HEBO3MYIIEHHOTO MOTOKA MpeBkImaeT ckopocTs 3Byka (P >1), To Bo3moxwo
CYILIECTBOBaHME JIByX THUIIOB BOJH, OBICTPOM M MEAJICHHOH, YacTOThl KOTOPBIX COBNAJAIOT, a
CKOPOCTb pacIpOCTPaHEHUs Pa3INYHa.

DOHeprust 3TUX BOJH ONPEAEISAeTCs BEIPa)KEHUEM:

2
E* =5 (14Bcos o
0 .

Ecnu sHeprust OpICTpOIt BOTHBI BCET/a MOJIOKUTEIbHA, TO PACIPOCTPAHEHUE MEIJICHHON BOJTHBI
BHYTpM KOHyca Maxa NpHUBOIUT K YMEHBUICHUIO IOJHOW 3HEPrUU Cpelbl, TaK KaK SHEPIUs
MEJJICHHBIX BOJH OTPULIATENIbHA. Y MEHBIIEHUE DHEPIUU CPENbl IPU BOZHUKHOBEHUHU MEIJICHHOU
BOJIHBI CBUJETEIBCTBYET O HEYCTOMYHMBOCTH CHUCTEMBI OTHOCHUTEIBHO TI'€HEpaluud BOJIHOBBIX
BO3MYIICHUH, TIPU KOTOPBIX SHEPTHUS MMOTOKA OYyIET MEPEXOIUTh B SHEPTUIO BOJHEI.

Teopema IloiiHTHHTa yTBEPKAACT, UTO UBMEHEHHE YHEPTUHU CIUIOIIHON Cpebl B JaHHOM 00BheMe
B OTCYTCTBHE OOBEMHBIX CHJI 00YCIIOBJICHO MOTOKaMHU DHEPrHH 4epe3 rpanuily. [ns onpenenenus
BEKTOpAa IUIOTHOCTU TIIOTOKA SHEPruu [UIsl BOJHOBOTO JBHKEHHSI YJOOHO BOCIIOJIb30BATHCA
YpaBHEHUSMH HENPEPBIBHOCTH U Dilepa Uisl MaJIbIX BO3MYILEHUN. ISl yrpollieHHs BBIYMCIEHUI
OTPAaHUYUMCS CIIy4aeM U30TPOITHOU Cpebl, ITOJIOKUB CKOPOCTh IIOTOKA PAaBHOM HYJIIO.

YMHOXasi ypaBHEHHE OWjepa Ha CKOPOCTh YacTHI] B JaHHOM TOYKE, MOJYYUM ClEAyHollee
COOTHOUICHHE:!

ou ¢’ 0o,
= uk
ot 2 Q¢ 8)Ck . (1)
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HOCJIGI[Hee cJiaracmoc yl[06H0 HpeI[CTaBI/ITL B BUJC CyMMBI U 3aMCHUTH BTOpoe cJyaracmoc C
HIOMOILLIO YPABHEHHUS HENPEPHLIBHOCTH.
L Oe _ odlew) - ou _ dlew) e e
k = Q, =

00X, 0x,. 0x,. 00X, 0, Ot )

IToncranoBka 3TOro BbipaxkeHus B (1) MPUBOAUT K YPaBHEHUIO

2 2 2
0 e u co| _ 0 2
+ == C QU
ot| 2 20, 0x;.
YuuTeiBas BBIPOKCHHE I OOBEMHOMN IUIOTHOCTH BOJIHBI, MOJYYCHHOE BBIIIC, 3TO ypaBHCHHE

MOXXHO paccMaTpuBaTh Kak ciencTBue TeopeMbl [IOWHTHHra NPUMEHUTENBHO K BOJIHOBOMY
JIBIKEHUIO CPEIbI:

aE@()fll-t = —div §
Y ,
2 2
QU + c
§ _ Cz a 8ot B 7 9,
rac B Q - BEKTOP IIOTOKa 00BEMHOM IUIOTHOCTH OHEpIruu, a Qo .

OTMeTuM, 4YTO NEPEeHOC SHEPruM BOJHOW CONPOBOXKAAETCS MEPEHOCOM HUMITYJbCa, IMOTOK
KOTOPOT'0 HETPYAHO ONPEAEIUTh aHAIOTUYHBIM 00pa3oM.

5. CuabHbBIE BOJHBI

B npenpiagymmx paszmenax Opu M3YYEHHH BOJHOBOTO JBWKGHHS MBI OTPaHHUYUBAIICH
NpUOIMIKEHUEM CITa0BIX BOJH, YTO IO3BOJISUIO JIMHEAPH30BaTh ypaBHEHHA. PaccMoTpuM Temepb
CHJIbHBIC BO3MYILICHHS, HE IOy CKAIOLIHE JINHEAPHU3allii YPaBHEHHI JIBHKCHUS.

Monaeas cpeasbl

B nmanpHeiimem OyneM mpeamonararb, 4TO 3aBUCHMOCTH JABJICHUS OT IUIOTHOCTH (M
CKOpPOCTH) MOKET OBITh YCTaHOBJICHA B paMKaX KJIacCHYeCKOl TepMoanHamMHKH. bynem cuutarthb
JBIDKCHNE U39HTPOITUIHBIM M aHa0aTHICCKIM.

JUis ynpoiieHus aHajau3a MOJI0KHM, YTO BCE XapaKTEPUCTHKH BOTHOBOTO JABIKEHHS CPEIbI
— IJIOTHOCTB, CKOPOCTB, JTaBJICHHE U T. J. SBISIOTCA quddepeHnrpyeMbMu GyHKIUIMHA KOOPIMHAT
U BpeMmeHU. Torma B OCHOBHBIX YpPaBHEHHMSX MOXHO mepeitu k auddepeHumansHoi ¢opme.
VpaBHEHHE HETIPEPHIBHOCTH UMEET BH/I:

@+ a(p”i) 0

ot Ox,

1
OrpaHuuuMcsl CiIy4aeM HJealbHOW M30TPOIHON Cpeapl, mpeHeOperass BsI3KOCTHIO.
Jlunamuueckoe ypaBHeHHe Dilsiepa B 3TOM MoAenn

a(pui) n a(p”i”k) a_p

ot ox, Oox,

1

OFpaHI/I‘II/IMC}I MOACIBIO HACAJIBHOIO TIasa, aJId KOTOpOI‘O 3aBUCUMOCTHh HOaBJICHUA OT
IJIOTHOCTH ompenensercs aquadaroi [Iyaccona

p=pp/py)

OnHomepHasi BOJIHA
HccnenoBanue CBOWCTB MoOJENH YOOOHO HadaTh C MPOCTEUIIETO Ciay4as OJHOMEPHOTO
BOJIHOBOT'O IBUXKCHU.
[Ipenmonoxxum, 4TO0 B OE3rpaHUYHON Cpele MOTYT CYIIECTBOBATH BOJHBI, 3aBHUCSIIUE
TOJIBKO OT OI[HOfI KOOpI[I/IHaTI)I, HaanMep OT X. B 3TOM cnyqae BCC XapaKTepI/ICTI/IKI/I BOJIHOBOTI'O
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JIBUKEHUSI CpEJbl — IUIOTHOCTb, CKOPOCTh, JABJICHHE U T. J. MOTYT 3aBHUCETh TOJBKO OT 3TOM
KOOPIMHATHI U BPEMEHHU.

VYpaBHEHUsI IBUKEHUS IPU TAKOM MPEATIONO0KEHUH YIPOIIAIOTCS U TPUHUMAIOT BH/I:

ap , dlpu) _ olpu,)  olpu?) __ap
ot Ox ot Ox ox
a(puy) + 8(puxuy) — 0 a(puz) + a(puruz) — 0
ot ox Ot ox

C ydeTroM ypaBHEHHUS HEMPEPHIBHOCTU IMOCIEIHHE JBa YpPaBHEHHUS CHUCTEMbl MPUHUMAIOT
bopMy XapaKTepUCTUICCKUX:

OTO O3HA4aeT, 4TO Ha TPACKTOPHUAX YaCTHI y M z — KOMIIOHEHTBl BEKTOpa CKOPOCTHU
OCTAIOTCSl IOCTOSIHHBIMU. TakuM 00pa3oMm, paccMaTpuBaeMasi MOJENb JOIMYCKaeT CYLIECTBOBaHHE
TOJILKO IPOJIOIbHBIX BOJIH

u, = {u, 0, 0}
KOTOPbIC OMHCBHIBAIOTCS] CUCTEMOM
o, obw)_, o, ou__1dp
ot  Ox ot Ox  pox.

Pemienus Pumana
[TockoyibKy HAac HMHTEPECYIOT BOJHOBBIE PELICHUS, €CTECTBEHHO MPEIIOI0XKUTh, YTO
CKOPOCTb, TJIOTHOCTh M JIABJICHUE CPEJIbI 3aBUCAT OT OJTHOM KOMOMHAITMU KOOPJWMHATHI U BPEMECHHU.

DT0 MO3BOJAET HMCKATh, HANPHMEP, CKOPOCTh W JaBiICHHE KakK (DYHKIHHM IJIOTHOCTH Y :”(P),

p=rpp).
Toraa yacTHbIe IPOM3BOAHBIE CKOPOCTH MOYKHO BBIPA3HTh Yepe3 MPOU3BOIHBIC MIIOTHOCTH:
ou 0 ou 0
ou_ p ou_ p

ot ot ox ox .
31ech MTPUXOM 0003HAUEHA MPOU3BOIHAS. CKOPOCTH T10 TUIOTHOCTH.

3ajaHHas 3aBUCUMOCTD JIABJICHHS OT IUIOTHOCTHU TaKXK€ MO3BOJISIET CBSI3aTh IMPOU3BOAHYIO
JIaBJICHUS 110 KOOPJMHATE C TPOU3BOIHOMN MJIOTHOCTH IO KOOPAMHATE:

D _ o)
ox - ¢ (p)ﬁx
rae
0
<*®)=53 =vp(p)/p
Pl

IIpousBoaHas B pacCMaTpUBAEMON MOJEIIN BEIYUCIIECTCS IIPU TOCTOSIHHOW SHTPOIIUH.

C yueToM cHenaHHBIX MPEANOIOKEHUM YpaBHEHUE HENPEPHIBHOCTH U ypaBHEHHME Oiiepa
MIPUBOAATCS K BULY:

ap ’ ap ! ap [ 2 ap
—+(u+pu')—=0 u-—+uu'+c -—=0
o Hlre) o ( h)ax ,

OTH ypaBHEHHsI MOJKHO PacCMaTpUBaTh KaK CHCTEMY ISl ONPEICIICHHSI HEU3BECTHON (YHKIIUU

p=plt.x).
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VYcinoBre CymecTBOBaHUS HETPUBHAIBHOTO PEIIEHHsI — OOpaIlleHHe B HYJIb ONPEACTUTEIS:
(uu’+ cz/p)— u' - (u +pu'): 0
Ortcrozia cieyer, 9To0 CKOPOCTh J0JIKHA yIOBJICTBOPSTH YCIIOBHIO:

du c
4=

o p,
Pemenue »3toro nud¢epeHanbHoro YpaBHEHUS ONpEAETseT CBS3b MEXKAY CKOPOCThIO U
IINIOTHOCTBHIO CpeI[BI

ulp)= ij?dp + const

VYpaBHEHHE HENPEPHIBHOCTH TEHepb MOKET OBITh 3alMucaHo B (opMe XapaKTepUCTHUYECKOTO
ypaBHEHUS

a—p+(uic)-@20
ot Ox .

CoOTHOIIEHUS! MEKAY CKOPOCTBIO M INIOTHOCTBIO, 3allMCaHHbIe B (hopme
_rc
u¥ j@dp = const
p

U BBITIOTHSIIOIIMECS Ha XapaKTePUCTUKAX
V.=uzxc

Ha3bIBAIOTCA uHeapuanmamu Pumana.
Pemienue ypaBHeHUs JUIsl IUIOTHOCTH, CJIEOBATENIbHO, MOXKET OBITh NPEJCTABIEHO B (hopMe:
P = (D(x + V(p)' t)

JUis  mpUHATBIX  yCIOBHHM aedopmaruii  sneMeHTapHOro o0beMa HUACaTbHOTO Tasa
3aBHCHUMOCTb XapaKTEPUCTUYECKOW CKOPOCTH, HANPUMED, V+ OT INIOTHOCTH BBIPAXKAECTCSA MTPOCTHIM
COOTHOLLIEHUEM:

y-1

+1 -
V. :Coy_(p/po) 2
y-1

Co =
rae Po .

OTMeTHM OCHOBHBIE CBOMCTBA BOJHBI B JAHHON MOJEIHN:

1. YpaBHeHus razoBoi JUHAMHUKU JOIyCKAIOT CYIIECTBOBAHUE BOJHOBBIX PELICHUI B BUJIE
IIPOJIOJIBHBIX BOJIH. Tak Kak BOJIHOBBIC YPAaBHEHHs CYIIECTBEHHO HEIWHEHHBI, TO
CKOPOCTb  pacHpOCTpPaHEHHUs  BOJIHBI,  3aJaHHOW B  HayaJbHBIH  MOMEHT
muddepeHpyeMoil (GpyHKIHEH, 3aBUCUT OT BEJIMYMHBI HAYaJbHOTO BO3MYIICHHS B
JTAHHOW TOYKE ITPOCTPAHCTBA U YBEJIINYUBAETCS C POCTOM BO3MYILEHHUS.

2. Jlroboe BO3MYIICHHE, OMHUCHIBAEMOE B HAYaIbHBIA MOMEHT TU(QepeHIHPYEMOi
(dyHKIMEH, CIycTs HEKOTOpOe BpeMs CTaHOBUTCS pa3pbIBHBIM. BoiHOBoe pemieHue,
ONMCBHIBAEMOE  PA3PBIBHBIM  PELICHUEM, Ha3bIBACTCS yJAapHOM BOJHOW. Bpewms
(GopMHpOBaHUS PA3PBIBHOIO PELICHUs ONpenessercs Kak (GopMoil, Tak M BEIMUYUHON
Ha4yaJIbHOT'O BO3MYILICHMUSL.

3. PacmpoctpaHeHue ymapHOMl BOJHBI HE MOXET OBITh  ONHCAHO  CHCTEMOM
muddepeHMaIbHbIX ypaBHEeHHH. [l onucaHus IBUKCHUS YIAPHOM BOJHBI CIEAyeT
BOCII0JIb30BaThCsl TEOPEMAMHU AUHAMUKH B UHTETPATILHON QopMme.
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