Pa3ged II. Teuenue naeajbHOM KHJIKOCTH.
1. PaBHOBecHe HeC:KUMAEeMOM KUAKOCTH
B noxostmeiicst sxuakoct Vi = 0 1 ypapHenne Diinepa 1 ONICHIBACT YCIOBUS PABHOBECHS:

op
ox. o

1 .

PaccmotpuM mpocreiine npuMepsl pelieHus ’TOr0 YpaBHEHHS.

a) Hecxxumaemast )uaKkocThb P = const mokoutcs B OZHOPOHOM I10JI€ TSKECTU fi=g. Omnpene-
JIUTH JABJICHUE B JKUIKOCTH.

B cucteme xkoopaunat OXYZ, B koTopoii ock OZ HampapjieHa BEPTHKAILHO BHU3 Si ~ {0° 0, g },
ypaBHEHHUA Diiyiepa UMEIOT BUJL:

Ox oy 0z

2 b

Pemmenue cucreMsl TPUBHUAJIBHO U UMCCT BUA!
p(x.y.2)= p,+pgz.

0) OnpenennTh paBHOBECHYIO (hOPMY MTOBEPXHOCTH KHUIAKOCTH, BPAIIAIOIICHCS KaK TBEPIOE TEJIO C
YTJI0BOW CKOPOCTBIO ® U JABJIEHHE BHYTPH XKUAKOCTU. ONpEesnTh CUIly, IEHCTBYIOIIYIO Ha He-
00JIbIII0E TEJ0, BPAIIAOIIEECs] BMECTE C HKUAKOCTHIO.

Jns onpenesieHuss paBHOBECHS KUAKOCTH, BPAILAOUIENCA B OJHOPOIHOM ITOJIE TSKECTH, BOCIIOJb-
3yeMcs ypaBHeHUEM Dujepa

pPg

o 1l I le
—+ =W +2[0)-v]:——Vp+g
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ov
MbI paccMaTpuBaeM CTallMOHAPHOE TEYCHHUE, MOITOMY Of . Pacnipenienenne ckopocTedl TeYeHUs

KHUJIKOCTH — TBEPAOTEIbHOE ¥V = [(’3"” ], YCKOpEHHE CBOOOIHOTO MaJEHHs IMOCTOSHHO - 8 = V(g r ) u

15, - @(ﬂj
IUIOTHOCTb KHUIKOCTH TTOCTOSTHHA P PJ.

IIpu TBEpAOTENBHOM BpallleHUH
2

[&-7]=[a[6-F]|= 66 7)-Fo
V2 =V[o-7f = Ve’ - (@7 )= 2o’ - a(®-7)}
U ypaBHEHUE Jijiepa MOKHO IIPUBECTH K BUY:
2
ﬁ[v——£+(g-f)J =0

2 p

2

Bribepem cructeMy KOOpIMHAT TaK, 4YTOOBI TOBEPXHOCTh KUIAKOCTH, BPAIIAIOLICIiCS BOKPYT BEpTH-
KanpHOM ocu OZ mpoxoauiia yepe3 Hayaio KOOPAWHAT, TaK YTO JIaBJIEHUE B ATOW TOYKE paBHO aTMO-

chepromy: P (O) = Po. Marerpuposanue ypaBHeHus Diliepa pu TAKOM yCIOBHH JIA€T:

2
p(an’aZ):po + i ();’y’Z)_ng

5

HJIH, YIYUTBIBAs 3aBUCUMOCTD BCJIMYHUHBI CKOPOCTHU OT KOOPAUHAT:

2 2 2
o \x +
p(xayaz):p0+p 7 Y —pgz

21



,Z[J'ISI OIMpECACIICHUC BBITAJIKMBAIOIICH CHUJIIBI T. €. CYMMBI IMOBEPXHOCTHBIX CHUJI, I[CP'ICTBYIOHIPIX Ha TCJIO,
HGOGXOI[I/IMO BBIYUCIIUTH UHTCTPAJI:

F =—§pds
N

[Ipeo6pasyst IOBEpXHOCTHBIN MHTETpall K 00BEMHOMY U BBINOJIHSS UHTETPUPOBAHUE (110 TEOpEME O
CpeaHeM), Ul MaJIOro oobemMa MoryyuMm:

—pV'x
F(x,y,z)= —J.ﬁpdu =J—plVw’y
Y pVe

2. CrannoHapHoe 00TeKaHHe TeJia
PaccmotpuM Ge3BUXpEBOE CTAIlMOHAPHOE TEUCHHE HACATHHONW HEC)KMMACMOW KUAKOCTH, TIPH KO-

| -

w=—rotv=0
TOPOM 2 BO BCEM INMPOCTpaHCTBe. Takoe TBMKCHHE MOXKHO OIMUCATh CIUHCTBEHHOW CKa-
JSIPHOW (PYHKIMEH - MOTEHIMAJIOM CKOPOCTH TCUCHHS KHIKOCTH, OTPEACISIONICH MM0JIe CKOPOCTCH:

V=V¢_ Cucrema YPaBHEHHMH COJIEPKUT JIBa ypaBHEHMsI - HEIPEPHIBHOCTH M Dilyiepa, KOTOpbIE MpU
C/IETIaHHBIX MPEANOIOKEHHUSIX B OTCYTCTBHE O0BEMHBIX CHJI HIMEIOT BUJIL:
Ap =0
2

— pv
VI—+p|=0
> p

WuTerpan ypaBHenust Dinepa (MHTerpain bepHysuin) mo3BosisieT onpeneanTh 1aBleHHe B KUAKOCTU

I10 3aJaHHOMY PacCIpeACIICHUI0 CKOPOCTEN
pv’
p+ T = const

Takum 00pa3zoMm, MpH CIENaHHBIX MPEINOIOKEHHUAX AJS TMOJHOTO PEIICHUs 3a7ayd J0CTaTOYHO

JMIIb YPABHEHUS HENIPEPBIBHOCTU
Ap=0

KOTOpOE HEOOXOMMO JOTIOIHUTh TPAHUYHBIMH yCIIOBUSMHU.
PaccmoTpuM Ba mpuMepa TeueHHsI HEC)KUMAeMOH JKUAKOCTH.

1) Obmekanue wapa cmayuoOHApHLIM HOMOKOM

[TycTh MOTOK KUIKOCTH IBHYKETCS C IIOCTOSIHHOM CKOPOCTBIO BIOJb ocu OZ. IToreHnnan nomis cko-
pocTeli HEBO3MYILIEHHOTO IOTOKA (B OTCYTCTBUE Il1apa) OMPEEIIM BbIPaXKCHUEM:

0,(F)= (V?)z Vrcos 3
Ecnu B jxuakocTu HaxoAuTCs IIap paauyca d, LEHTP KOTOPOro COBHAJAeT C HAauaJloM KOOpPIHHAT,

TO OH BO3MYIINACT IIOTOK XKUIAKOCTH. Byz[eM CUHUTaTh BOSMYH_IGHHHﬁ IIOTOK YCTaHOBHUBHIUMCS U 0e3-
BUXPCBbIM. B stom CJIydac MoTeHIalI MmoJisa CKOpOCTeﬁ MOJKET OBITh MNpCACTABJICH B BUJIC CYMMBI:

o(F) =y (7) + 9, (7).

rae (P1(” ) - MOTEHIIMal BO3MYIIEHHUS, co3qaBaeMoro ImapoM. [loTeHIHam BO3MYIICHHS] CKOPOCTH
yIOBJIETBOpSET ypaBHEeHUIO Jlamaca

Ap, =0
[TpenrmoiokuM, 9TO BO3MYIIICHHE ITOTSHITHAIA CKOPOCTH IIIAPOM TMPEHEOPEKMUMO MajIo Ha OOJIBITHX

paccrosiHusix, Tak uto P (” ) —0 npu 7 >>a . [loBepxHOCTh mIapa OyAeM CUUTATh HENPOHHUIAeMOMN
JUISL )KUAKOCTH, TaK YTO pajualibHas KOMIOHEHTa CKOPOCTH Ha MTOBEPXHOCTH IlIapa 00paliaeTcs B HyJb.
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3TO0 NPUBOAUT KO BTOPOMY TPAaHUYHOMY YCIIOBHUIO

6(P1(’7) :_M =—Vcosd

or or

r=a r=a
Hpennonaraﬂ, YTO BOBMYIICHHOC TCYCHUC KUJKOCTH TAKIKC KaK U JIBUKCHHUC HCBO3MYIICHHOT'O I10-
TOKa SABJIACTCA aKCHaﬂBHO-CI/IMMeTpI/I‘-IHI)IM, IJIA IIOTCHIOHaJia BO3MyHIeHI/IH HOHy‘-H/IM ypaBHeHI/Ie (B

chepruecKux KOOpAUHATaX )
i ,,2% +Li sinS% =0
or or ) sin8 09 0% )
Pemenne ypaBHEHHS METOIOM pa3AeICHUs IEPEMEHHBIX

¢,(r.9) = R(r)o(8)

NPUBOJUT K CJICAYIOIICMY YPaBHCHUTIO JJI yrHOBOf/'I qacCTHu:
L 0 (sin 86—6)) =-CO

sin$ 09 0%
rze C - KoHCTaHTa pa3ieieHHus IePEMEHHBIX.

Pemenne Gyaer peryasipusiv pu C = n(n+1) y YJIOBIIETBOPATH TPAHUYHOMY YCIOBUIO Ha TIO-
BEPXHOCTH Iapa npu 7 =1:

0(9)=cos 9
COOTBETCTBEHHO, paJHAIbHOE YPaBHEHHUE IS BO3MYIICHHS HMEET BHI
e
dr dr

b

W €ro pemieHne MOKET ObITh MOMyYeHO MOJACTaHOBKOH R = Ar’. Pellenne ypaBHEHHS, yIOBIETBO-
psitoliiee YCIOBHIO yObIBAHUS BO3MYIIEHUS Ha GECKOHEUHOCTH, CyIIecTBYeT 1pu § = —2 . Takum o6pa-
30M, BO3MYILEHHE MOTEHIMANA, CO31aBAEMOE HENPOHMIAEMBIM IIAPOM 3aJaHHOTO paIuyca MMeEeT
BHI;

¢,(r,9)= Ar cos9
a KOHCTaHTa A OIpEeNAeTCsl U3 yCIOBUS HA IOBEPXHOCTH 1Iapa

—a(pal (r) =-24a>>cosd=-Vcosd
-

r=a

3
u pasga A=Va /2 Orciona okoHuYaTeNbHO MOMyYaeM BBIPAXKEHHS I MOTEHIMANA BO3MYIIEHHUS
JKUIKOCTH

0,(r,9)= %(a/r)2 cos 9

a TaKKe MoJIe BO3MYIIEHUS BEKTOPA CKOPOCTH (B CHEPUIECKUX KOOPIMHATAX )
- = 3 .
ii =Vo,(r,9)=-V(a/r) {cos9, sin9/2, 0}
DTO MO3BOIIAET ONPE/IENUT PACIIPEAEIEHNE TABIEHNS HA TIOBEPXHOCTH Iapa

B pV;’ 9 .,
p|R =p,+ 20 (I—Zsm 8)

3

rac Po — AAaBJICHUEC B HCBO3MYIICHHOM ITOTOKC.
Tax kak pacnpeacii€cHuc OaBJICHUSA CHUMMCTPUYHO OTHOCHUTCIBHO BKBaTOpHaJIBHOﬁ IIJIOCKOCTH

9=n/ 2, TO CYMMAapHOE€ CHJIOBO€ BO3JECHCTBHE MOTOKA WCATbHOW HEC)KMMAEMOW KHIKOCTH BJIOJb
HaIpaBJICHUsI JBUKEHUS OKa3bIBACTCS PaBHBIM HYIIO. TO €CTh, BO3AEHCTBUE ABMKYIIECUCS KUIKOCTU
Ha HETOJIBIKHBIN 1map (MM BO3IEUCTBUE KUIKOCTH HA IIap, JBIKYIICHCS B HEH) paBHO HYJIIO. DTOT
pe3ynbTar GopMabHO MOKHO TOMYUYUTh, BEIUMCIS BO3CHCTBIE MOTOKA HA 3JIEMEHTAPHYIO TLIOIIA/I-

Ky dG Ha moBepxHOCTH cepbl. B crily akcHanbHONW CHMMETPHH MOTOKA JKMAKOCTH CHJIA, IEHCTBYIO-
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mas Ha cepy, MOKET OBbITH HAIPaBJIEHa TOIBKO BA0JIE ocu OZ :
dF, = —p|(8)cos 9do

BrInonHsAs uHTErpUpOBaHue MO BCel MOBEPXHOCTH C(hephl, MOTyUUuM
Y
F = —2nszp|R (S)COSSSin 3949 =0
0 :
OtoT 3 eKT HazbIBaeTcs napadokcom Janambepa.

B cucreme orcuera, rae )KUIKOCTb MOKOUTCSA, IIap ABUKETCS C MOCTOSHHOW CKOpOCThrO. MHTED-
npetaius napajaokca JlamamGepa B 3TON CUCTEME CBOIUTCS K YTBEPXKICHUIO, UTO HICAIbHAST HECIKU-
MaeMasi )KHJIKOCTh (IIPH MOTCHIIMATFHOM OOTEKaHWM) HE OKa3bIBAET COMPOTHUBIICHHS IBUKYIIEMYCS
mapy.

IIpucoenunennasi macca

Bo3mymienre moToka XKUIAKOCTH MIAPOM H3MEHSET (YBEIMYMBACT) KUHETHUECKYIO SHEPTHUIO 3TOTO
notoka. D¢ ¢deKT yBeTuueHrss KHHETHUECKON SHEpriuy MOTOKa NMPU 00TEKaHWU UM HETIOABMKHOTO IIa-

pa JETKO paCCYUTHIBACTCA C MIOMOMIIBIO IMOJTYYCHHBIX BI:Ipa)KeHI/Iﬁ AJIs1 BEKTOpa CKOPOCTHU u . I[JISI 9TOro
CIICAYCT YUCCTh, UTO IIOJIHAsA CKOPOCTH v B JIIOOOH TOYKe BO3MYHIICHHOT'O IIOTOKa OIPCACITICTCS CyM-

Mol V =V +1, u onpenenuTh N3MEHEHNE KMHETHIECKOHW JHEPIUH, BBI3BAHHOE MPUCYTCTBHEM IHApa.
OpnHako B OOJIBIIMHCTBE CIIy4yaeB MHTEPIPETALNs 3TOTO SIBICHUS CBA3BIBACTCS ¢ U3MEHEHUSIMH, KOTO-
pBI€ BBI3BIBAET B JKUIKOCTH JIBHIKYILEecs Telo (B JaHHOM ciiydae map). PaccMoTpum Takyro mocra-
HOBKY 3ajauu. [lycTb B HauaJabHbIII MOMEHT BPEMEHHU B BHIOPAHHOM CHCTEME OTCUETa XKHUJKOCTb I0-
kourcs. IIpennonoxum, 4To B 3TOM KUIKOCTH HAXOAUTCS HENPOHULAEMBIN map Maccoi M, KOTOpbIN
HA4YMHAET JBWKECHUE C HYJEBOM HAYaJIbHOW CKOPOCTBIO IIOJ JACHCTBHEM INOCTOSHHOW cuilbl. CIycTs
HEKOTOpOE BpeMs 1ap OyleT JBUIaThCs OTHOCUTENBHO KHUAKOCTHU € 3aJaHHOU ckopocThio V. Ipenro-
narasi, yTo oOTeKaHHe L1apa B JIFOOOW MOMEHT SIBJISETCS MOTEHLUAIbHBIM, IPUMEHUM K 3TOM 3ajaue
[IOJIyYEHHBIE BBIIIE PE3YJIbTATHI.

Jlnis onpeneneHns CKOpPOCTH Iapa MOYKHO BOCIOJIb30BaThCS TEOPEMOM 00 M3MEHEHUU KUHETHYe-
CKOI 3HEPTUU CUCTEMBI AP + )KUJKOCTh!

2
AT  =A MV + 1T,

Sys 2 hydr

=4

b

riie A — paGoTa IPUIOKEHHOM CHIBL, @ |/ — KHHETHYeCKast SHePrHs BO3MYLIEHHS KiakocTd. Bemu B
paccMaTpuBaeMbIii MOMEHT LEHTP JBIKYLIETOCS Iapa COBMAIAET C HAYAIOM (HETOBUKHOI) CHCTe-
MBI OTCYETA, TO PACIpPEETIEHHE CKOPOCTEMN KUIKOCTH, OOTEKAIOIIEH STOT Iap JAETCS BHIPAKEHHEM
s U

ii =V (a/r) {cos 9,sin 8/2,0},
a IUIOTHOCTH KMHETHYECKOW SHEPTHH BO3MYIIEHHOM KHIKOCTH -:

2 2
=PY i(a/r)(’ cos® 8 +Lsin® 9
2 T 2 4 .

WuTerpupys 310 BEIpaKeHHE IO BCEMY 00BbEMY, MOTyYUM KHHETHYECKYIO SHEPTUIO BO3MYIIICHUS:
2

T = %Zn_f sin 941’8{0052 8+%Sil’l2 S}I ridr(a/r)’
0 .

0

a

BolnonHsis MHTErpUpOBaHUE, MOITYYUM OKOHYATEIbHO:
T _pV2 2na’ _mV2
hydr -
e 2 3 2

>

1€ BBCIACHO 0003HauCHUE 3
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HOCKOJ’IBKy SHEPTIHU BOSMYUICHUSA B JKUAKOCTH OIMPECACIIACTCS JIUIIb CKOPOCTBIO ABMIXKCHUA IIapa, a
Macca KHUJAKOCTH, BOBJICUEHHON B ABUKCHUC, HC 3aBUCUT OT €TO0 CKOPOCTH, CYMMApHAsA SHCPrusa CUC-
TE€MbI OKa3bIBAETCA MPOMOPLUHOHAIBHON KMHETUYECKON SHEPrUU NIBHKYILIETOCS IIapa. Y4eT SHEepruu
KHUIOKOCTH, HpHBeHeHHOﬁ B JIBUKCHHUC, MOKHO IIPOU3BCCTU, ,Z[O68.BJI§I§I K MacCC IBMKYIICTOCA IIapa
«TPUCOETUHEHHYIO» Maccy m. Takum o0pa3oM, KMHETHYECKas YHEPTUS CUCTEMBI IIap + KUIAKOCTh
BbIPAKACTCAA BBCACHUCM HpHCOeI[HHeHHOﬁ MacCCHhI: M, =M+m . TeopeMa 06 HU3MCHCHUHN SHCPIrUuun
CUCTCMBI ITO3BOJIACT HOJIy‘II/ITI) 3(1)(1)CKTI/IBHOC JTUHAMHUYCCKOC ypaBHeHI/Ie ABUXXCHUA mapa B XKUAKOCTHU:

M¥=F,
BUJ] KOTOPOTO COBIIAAACT C YpaBHCHUC HLIOTOHa, HO KOTOPOC OIMHCHLIBACT ABUKCHUC CUCTCMBI IIap +
JKUIKOCTbD.
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2) Oomexanue yuaIUHOPA CMAYUOHAPHBIM NOMOKOM C WUPKYAAYUell

[Tpenmnonoxxkenre 00 akcHaIbHOW CUMMETPUU OOTEKAIOIIEro MOTOKA B PSAE CIy4yaeB HE BBIMOJIHS-
eTCsl. DTO MOXKET SIBIISATHCS CIEACTBUEM KaK aCHMMETPUH 00TEKaeMbIX TeJl, TaK U U3MEHEHHS TpaHu4-
HBIX ycioBHil. PaccMoTpum mpocreiiiyto Mojellb — 00TeKaHne HEMPOHHUIAeMOro WIMHpA paanyca
a, PacToI0KEHHOT0 NEePIEHIUKYJIIPHO MOTOKY MI€alIbHON HEC)KUMaeMOH KUJIKocTU. byeM cunrats,
YTO BCIOJIy B 00JIACTH, 3aHATON KUAKOCTHIO, IBUKEHHE MOTEHIHAIBHO, T. €. paclpeiesieHue CKopo-

creil onmchBaeTcsa moreHmanoM ckopoctu @, ynosnersopsrommm ypasaenuro Jlamiaca B LIMIAHA-

prdecknx koopauHatax > :

1o o 1 &
ror\ or r- 09
C YCJIOBHEM HETPOHUIIAEMOCTH
0
@ _p
or|,
ByneM kak u paHee CUMTATh, YTO BO3MYIIEHUE TIOTOKA KUIAKOCTH, BHOCHMOEC IIHJIMHIPOM, YOBIBACT Ha
0OECKOHEYHOCTH, YTO JIaCT ACHMITOTHYECKOE MTOBEICHHE MTOTEHITHAIA CKOPOCTH

¢

Perynsipuoe pemienue ypaBHenus Jlamnaca, ynoBiaeTBopsioliee cAeIaHHbIM MPEANONI0KEHUSIM, MOXKET
OBITH TIOJYYEHO METOJIOM pa3/ieJICHUs IEPEMEHHBIX U UMEET BUI:
2

a
¢, =V, | r+— |cosS
r

=V _rcosd
© .

r—

Yuecthb ACUMMCTPUIO 00TEKaHUS MOXKHO IMyTeM )106aBJ'IeHI/I$I K INOTCHOHAY CUMMCTPUYHOT'O pac-

— F 8
npezenenus ckopocteit Po morenumana mupkynsun bo2n
2
a r
e=0,+¢, =V | r+—|cos3+—3I
r 2n

OTO MPUBOJUT K aCUMMETPUYHOMY OTHOCHUTEIHLHO TOPU30HTAIBHON HaMETPaJbHOW MIIOCKOCTU IIH-
JMHJpa PacIpeeIeHUI0 CKOPOCTEN NIOTOKA:!
2 2

v, =V, 1_a_2 cosd, vy=-V, 1+a—2 sinS+L
r r 2nr

Takoe 1oJie CKOPOCTEH SBISETCS BCIOAY O€3BUXPEBBIM, KpoMe Toukk © =0, OqHako HUpKyJISIus BeK-

Topa CKOpOCTI/I 10 KOHTypy Cl , OXBaTLIBaIOH_IeMy I_II/IJ'II/IHI[p, OTJIMYHA OT HYJ'IHZ
{ﬁd? T
Cl

Breruucnsist ¢ momoiso uHTErpaia bepHysuiy mosje gaBieHui, noigyyaeM

r Y
p(S):pO —%(%—21/@ smS) |

Otcrona ompenenseTcs cuiia, ASUCTBYIONIAs Ha €AUHUILY ATUHBI HWINH]IPA, HAXOIAIIETOCs B MTOTOKE C
HUPKYJISIUEH, KOTOpast UMEET CIIETYIONINE KOMITOHEHTHI:

2n
F. = —Ip(S)a cos 3d9 =0
0

b

27
F, =—[ p(8)asin 949 = —p¥,T
0 .

26



Taxkum 00pazoM, MOTOK HICATLHON HEC)KUMAEMOW JKHIKOCTH JCHCTBYET Ha IUJIUHIDP C CHUJIOH, Tep-
MEeHIUKYJISIPHOM HAINpaBJIEHUIO CKOPOCTH HEBO3MYIIEHHOI'O MOTOKAa. JTa CUJia HA3bIBAETCS MOIBEM-
HOU ciitor JKyKOBCKOTO.

3. CTammHapnoe H33HTpOHHﬁHO€ TEYCHUE ra3a

B paccmoTpeHHBIX MpuMepax MpoLEecChl CKATHS CIUIOUIHON Cpelibl ObLTM HECYIIECTBEHHBIMH, UTO
IIO3BOJISIO UCIIOJIB30BATh MOJIEb HECKUMAEMON UACATBHON KUAKOCTU. PaccMoTpuM Temnepb npume-
pbL, Korna o0beMHbIE JedopMalui cpefibl CylIeCTBEHHbI. byieM Ha3bIBaTh TaKylO CIUIOIIHYIO CperLy
razoM. OrpaHu4uMCsi paCCMOTPEHHEM IPOILIECCOB, B KOTOPBIX BSI3KOCTBbIO MOXKHO NpeHeOpeub. [is
YIOPOIIEHUS MOJAeNu OyJeM CuuTaTh, YTO pacCMaTpUBAEMbIil HaMH ra3 sBISETCS WICAbHBIM, T. €.
YpaBHEHHE COCTOSIHMS 3TOr0 rasza — ypaBHeHue Kianeiipona — MenneneeBa, KOTOpoe€ B MEPEMEHHBIX
CIUIOIIHOM CpeJbl UMEET BUJI:

p=rpT

roe P = mlV IUIOTHOCTB raza, a I' = R/u .

YpaBHEHHE COCTOSIHHSI Ja€T 3aBUCUMOCTD JIaBJICHUS OT JIBYX MapaMeTpOB — IUIOTHOCTH M TeMIIepa-
TYpbI ¥ IPUMEHUMO JIJIs1 JTFOOBIX MporieccoB. Ecii onpene T KOHKPETHBINA BHJT ITpoIlecca, HarmpuMmep
M30TEPMHUUYECKUN WU aAnaOaTHBIA, TO OJHY U3 MEPEMEHHBIX YJAeTCs UCKIIOYNTh. Takum obOpa3om,
y4eT TePMOJAMHAMHYECKUX CBOWCTB CHUCTEMBI JaeT HEOOXOIMMYI0 WH(POPMAIUIO JUIS ITOJIHOTO pere-
HHA 3a7a4 O ABIM)KEHHH Tasa.

PaccMoTpuM B KadecTBe NMpUMEpa CTAllMOHAPHOE TEUCHHE ra3a 1Mo TpyOe MEepeMEHHOTO CEUYCHWS,
MEJJICHHO M3MEHSIOIIETOCs 10 HApaBIeHUIO TTOTOKA.

Byz[eM CUuTaTh, YTO CCUCHUC pr6LI 3aJaHO KakK (I)YHKI_II/IH KOOpAWHATHI S = S(x) , 4 IIOTOK Ia3a sB-
JACTCA OAHOMEPHBIM, T. €. €0 MCXaHUYCCKHUEC U TCPMOANHAMHUYCCKUC XAPAKTCPUCTUKN TAKKC ABJIA-

F0TCS1 PYHKIUSAMH TOJIBKO OJHON KOOpAMHATHL: P = p(x ), p= p(x ) , r=T (x ), u= u(x )

3aMeTHM, 9TO BBIOpaHHAst MOJIC)Ib HE CBOOOIHA OT BHYTPEHHHX MPOTUBOPEUHIA, TTOCKOJIBKY HMEHHO
COCTABJISAIOMIAs] CKOPOCTH IOTOKA, MEPICHINKY/ISIPHAs OCH TPyObl 00ECIEUUBACT BBHIIIOJHEHUE YCIIO-
BUSI HEMPEPhIBHOCTU. [10 3TON MpHUYKMHE MBI 3aMHUIIEM ypaBHEHHE HEMPEPHIBHOCTH B MHTETPATbHON
(dbopme, yUUTBIBAIOIICH 3TOT ASPEKT MOJICIIH.

puS = const

YpaBHeHue Diisiepa B MPOSKIMH HAa HANIPABIICHUE BIOJIb OCH TPYOBI IMEET BUJT
du  ldp
dx  pdx _

B ob6miem ciyuae maBieHue ra3a onpenessieTcs ero IIOTHOCTHIO U TEMIIEPaTypOi U3 TEPMUIECKOTO
YpaBHEHHUS COCTOSTHUS:

p=pp.T)

Bynem cuuTath ra3 WacajibHbIM, a €ro JBWKEHUE 0ApOTPONHbIM P = P(P). B sTom cnyuae npaBas
4acTh ypaBHEHUS Dilfiepa MOXKET OBITh PEJICTaBICHA B BUJIE

dp _dp do
dx dgdx
[Tpou3BoHAs MIOTHOCTHU ONPECIACTCS U3 YPABHCHUS HETPEPHIBHOCTH
Tdp tdu 1dS_
pde wudx Sdx
TaK 4TO ypaBHEHHE Dijiepa CBOJAUTCS K BUILY

uﬂzd_p(l%+ld_SJ

4TO MO3BOJICT OMPCACIINTE CKOPOCTh U AABJICHUC B KA’KAOM CCUCHUU TPY6LI, €CJIM U3BCCTHA CKOPOCThb

u NEINS

=Uy g ceuenun
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Paccmotpum 6oree moapoOHO aguabaTHIECKUi TTPOIIECC, CUUTAs TTPOIIECCHl 0OPATHMBIMHU.
B aToM cirywae amist BRIYHMCIIEHUS TIPABOM YacTH ypaBHEHUS Diiepa yA00HO 0OpaTUTHCS K MIEPBOMY
Havaxy TePMOJMHAMUKU:

dq =de+ pdv =0

Tepmuueckoe ypasuenne (Knaneitpona—Menzeneesa) paet cootromenne P4V +vdp =rdT | goro-

poe BMecTe ¢ KaIOpHuecKuM ypasHerneM v = COMST gppenernsier yaenbHyH BHYTPEHHIOK SHEPIHIO

e=¢,T =c, +r

UJICATFHOTO Ta3a M C y4eToM cooTHomeHHust Maiiepa C»
MIPaBYIO YacTh ypaBHEHUs Diinepa B Bue nuddepennuana:
du dT

Uu—=-c,—

dx P dx

MO3BOJIACT MPCACTABUTH

DTO AaeT MHTETpaN ypaBHEHUs Dityiepa:
u2
—+c¢,T = const
2 p

4
c,T . o .
Benuuunna "7 sBisieTcs yaeiabHON SHTaNbIMEH naeaqbHOTO ra3a, BBEACHHON paHee:
cpT:cVT+rT:e+pv:w’
TaK 4TO MOJIyYCHHBIH HAMHU MHTETPaI SABISACTCS HHTETpanoM bepHyum B OTCYyTCTBHE OOBEMHBIX CHUII:
2
u
—+ w = const

W3 coortHomIeHU (4) CJICAyCT, 4TO TCMIICpATypa B aIII/Ia6aTI/IquKOM IIOTOKC ra3a YMCHBIIACTCA C

POCTOM €TI0 CKOPOCTH. B YaCTHOCTH, €CJIKN B HCKOTOPOM CCUCHUU pr6LI SO , [JI€ CKOPOCTb UACAIIBHOTO

N /
rasza npeHeOpexumMo Maia, TeMreparypa paBHa I 0, TO r (u) =T, -u’/2c, . MakcuMasibHO BO3MOXKHasI

CKOpOCTh TEUEHUS Ta3a 1Mo TpyOe B 3TOM cilydae OIpeelsieTCsl CeUeHHEM, T/Ie TeMIIepaTypa ra3a paB-

Ha Hy.]HO
umax = \ 2cpTO X

VYpaBHeHue Diliiepa U ypaBHCHHUE HENPEPHIBHOCTH MO3BOJISIFOT ONPEIEIUTh 3aBUCUMOCTh CKOPOCTH
TEUCHHMSI OT IJIOIIAIN TIONIEPeYHOro ceueHus. [Ipeodpasyem mpaByro 4acTh ypaBHEHUs Diiepa:
du 1(dp) dp 2(ldu+1de
_ | — —=C _— -

u—=
dx pldp), dx udx S dx

dap

d
IJIe BBEIECHO 0003HAUECHUE PJs . Dra Benuumna umeer pa3MepHOCTh CKOPOCTH, U Kak Oyjaer
MMOKa3aHO B CIICAYIOIIEM pasJielie, SIBISICTCS CKOPOCThIO 3BYKa B Ta3e B NaHHOM cedueHud. OTcrofa 1mo-
Jy4aeM YpaBHECHHUE, CBS3bIBAIOIIECE CKOPOCTh MIOTOKA U CEUCHHE TPYOBI:
( ) 2)a’u u dS
u —cJ—=——
dx S dx.

CcC =

d—u<0

OnHo HasbIBaeTCs ypaBHeHueM I'roronno. U3 nero cuemyer, uro npu 4 <c¢ dS , T. €. TIPA CKO-
POCTH IBUKEHHSI TIOTOKA B JAHHOM CEYEHHUU, MEHBIIIEM CKOPOCTHU 3BYKa, YMEHBIIICHUE CEYCHHUSI TPYObI

ﬂ>0

NPUBOIUT K POCTY CKOPOCTH motoka. [pu u > ¢ dS T. €. IPH CKOPOCTHU JIBUKEHUS MOTOKa, Ipe-
BBIIIAIOIIEN CKOPOCTh 3BYKa, YBEJIMYEHHE CEUEHHS NPHUBOAUT K YBEIMUYEHHUIO €ro CKopocTH. Ecim

CKOPOCTBb TCUCHUS B HCKOTOPOM CCUCHUU S=S. paBHa MECTHOH CKOpPOCTH 3BYKa B IIOTOKC Ue = Co , TO

TaKO€ CCUCHUEC HA3bIBACTCA KPUTHUICCKHUM.
HOJIy‘IeHHBIC pPE3yJibTaTbl UMCIOT 00JIBIIIOE NPUKIAAHOC 3HAYCHUC IJI1 CO3JaHUSA CHUCTCM YCKO-
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psAomMX MOTOK ra3a. [Ipu HeoOXOaUMOCTH Pa3oTHATh Ta3 0 OONBIIONW CKOPOCTH, MPEBBIMIAIOIICH
CKOPOCTh 3BYyKa, CeYeHHE TPYObl JOKHO BHAYalleé YMEHBINATHCS JO KPUTUYECKOTO, B KOTOPOM CKO-
POCTh MOTOKa JOCTUTAaeT MECTHOW CKOPOCTH 3BYyKa, a 3aTeM yBeJIUYUBaThCs. TpyOa Takoro ceueHust
HasbIBaeTcs corioM JlaBals v BriepBbie ObLIa MPUMEHEHA B MAPOBOM TYpOHHE.

_ Y
Jnst anmab6atsl [yaccona P (P)=py(p/P0) CKOPOCTb 3BYKa JIETKO BBIUMCIIAETCS:

¢ = Y pP_ yrT
P
DTO COOTHOIIEHUE MO3BOJISIET BBIPA3UTh BHYTPEHHIOK SHEPTHUIO M SHTAIBIHNIO HI€ATLHOTO ra3a 4epe3
CKOPOCTh 3BYKa:

2 2
1 ¢ c

e=c, T = w=c, T =
vy-l

2 _
Eciu ckopocTh 3ByKa B okosmemest rase pasna S0 (€0 = V7'l
2

u
c, T, = 7+ c,T

), To ypaBHeHue bepHyinu

MO3BOJIACT OIIPCACINTE CKOPOCTh TCUCHUA I'a3da B KPUTHUICCKOM CCUCHUU

2
C=Cy |——
y+1
U OTIpEeACNUTh 3aBUCUMOCTh TEMIIEPATYPHI OT CKOPOCTH MOTOKA:
y—1u?
T 2
2 ¢
VYpaBHenue coctosiHust u aguadara IlyaccoHa mo3BOJIAIOT BBIYUCIUTH 3aBUCUMOCTh OT CKOPOCTH
IJIOTHOCTHU U JAaBJICHUS UACAIBHOIO rasa.

T(u)=T,1-

€ v
y—1u® | y—1u® |
S I P =p |12
p pO 2 cg p pO 2 cg
[IpuBeneM Takke 3HAaUCHHS] KpUTUUECKUX apaMETPOB MOTOKA!
% 1
g 2 B 2\t B 2 )t
S om’ P« = Pq 741 ’ P+ =Py r+1

4. Pa3pbiBHOE Te4yeHHe ra3a B TpyOe MOCTOSTHHOIO CeYCHUA

B psne ciydaeB nBMKEHUE ra3a IPOMCXOJUT TAK, YTO €r0 XapaKTEPUCTUKU (IUIOTHOCTb, CKOPOCTb,
TIaBJICHUE) SBJISIOTCS pa3pbIBHBIMU (GYHKIMIMHU. Kak nmokassiBaeT aHaIu3, JOMYCTUMO CYIIIECTBOBAaHHE
JBYX THIIOB pa3pblBOB. OIMH U3 HUX HE COIIPOBOXKAAETCS MIEPEHOCOM MACChl Ye€pe3 MOBEPXHOCTH pa3-
pbiBa. Takol pa3pslB HA3bIBACTCS TAHIE€HUMAIBHBIM. J[pyroi TN pa3pbiBa COIPOBOKIAETCS IEPEHO-
COM BEILIECTBA Yepe3 I'PaHuULly pa3pbiBa. Takue pa3pbIBbl HA3BIBAKOTCS yIapHBIMU BOJIHAMM, U MBI pac-
CMOTPHM CeWYac MPOCTEUIIYIO MOJENb 3TOTO SBJICHHUS.

[IpennonaoxumM, 4yTO JBMXKEHUE NMPOMCXOIUT MO TPyOe MOCTOSHHOIO ceueHus BAojib ocu OX Tak,

uro mpu X = 0 uMeercs cKa4OK XapaKTEPUCTHK.

Jlnist onrcaHusi pa3pbIBHOTO TEUYCHUS YpaBHEHUs ABIDKEHUs B auddepeHnuansHoi Gpopme Hempu-
TOJTHBI, IO3TOMY MBI OyJIeM UCTOIh30BaTh HHTETPAIbHbIE COOTHOILICHUS.

3aK0H COXpaHEHUsI MacChl B MHTETpaIbHOUN hopme

%}[ p(xk )dv = _i pu,do,

NNPUMCHUTCIIBHO K PACCMATPUBACMOMY CJIIyHar0 CTAlITMOHAPHOTO ABUIKCHUS 110 Tp}/'6€ IIOCTOAHHOI'O CC-
YCHUA OAaC€T IMPOCTOC BBIPAKCHUC:
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P =P, ,
3nech uHAEKcaMu 1 M 2 OTMEYEHBI APaMETPhI I'a3a [0 U IOCIIE CKauka B cedenuu X =0,

I/IMHy.]'IBC ra3a B BBIACIICHHOM KOHTPOJbHOM 00beMe M3MEHSIETCS 3a CUET nEpEHOCAa UMITYJIbCa 4YC-
PE3 KOHTPOJIbHYIO TOBECPXHOCTH U IO JeicTBHEM MOBCPXHOCTHBIX CUJIL:

%Ip(xk Ju,dv = _§P“,—”kd0k + §T[kdck
4 N N
Jlns paccMaTpuBaeMoro ciaydas 3Ta TeopeMa IPUHUMAET BHJL:
Pall; =Pty =P = P,

Heckonbko cloxHEe NPUMEHEHHE 3aKOHOB TEPMOJMHAMUKY JUIs Pa3pbIBHOTO TeueHus. Jleno B ToM,
YTO TEPMOAMHAMUYECKUE XAaPAKTEPUCTHKU Ia3a BBEJIEHBI TOJIBKO JUIl PAaBHOBECHOH CHCTEMBI, KO/
M000i dIIeMEHTapHbI 00bEM HAXOJUTCS B COCTOSHUM TEPMOJMHAMUYECKOro paBHoBecus. Ilpu nBu-
’KEHNH ra3a cjieBa M CIIpaBa OT pa3pblBa 3T0O Oe3ycioBHO BepHO. OJHAKO, HA caMOM CKayKe JII000i
CKOJIb YTOJIHO MaJblii 3JI€MEHTapHbIi 00beM MEepECTaeT YAOBIETBOPATh HyJIEBOMY Hadally TEPMOJIU-
Hamuku. [ToaTomy aguabaTuueckoe TeUeHUE ra3a NpHU NPOXOXKIEHHU YepPe3 CKAuOK IapaMeTpoB Iepe-
CTaeT ObITh U3PHTPONHKHHBIM. OUEeBHIHO, YTO HEPABHOBECHBIE NIPOILIECCHI, KOTOPBIE IPOUCXOIAT B BbI-
J€JIEHHOM 3JIEMEHTapHOM 00BbEME TIPU MPOXOKAEHUH CKAauKa MapaMeTpPOB, CONPOBOKIAOTCS POCTOM
suTponuu. Clien0BaTeNnbHO, UCIONB30BaHuE anuadaTel IlyaccoHa Ui yCTaHOBIIEHHS COOTHOLIEHHS
MEX[y JTaBJIE€HHEM U IUIOTHOCTHIO Ia3a HEBO3MOKHO. I109TOMy MBI BEpHEMCS K OCHOBHOMY IOCTYJIaTy
— IEepBOMY Haualy TepMoAuHaMukHu. OJHaKo, IPUMEHEHUE NEPBOr0 Hayanaa TpeOyeT HEKOTOPBIX J0-
nosnHeHui. IlocTynarsl TepMoAMHAMUKY COPMYIMPOBAHBI I CUCTEMBI OTCYETA, B KOTOPOH TEPMO-

JUHaAMHWYCCKasd CHCTCMa IIOKOUTCA KaK IICJIO0C. HOBTOMY BHYTPCHHAA SHCPTHA, U3MCHCHUC KOTOpOfI
paccMaTpuBaCTCA, BKIHOYACT JIMIIb CPEIHIOI0 DOHCPIUI0 XaOTHUYCCKOI'0 IBUKCHHUA

6q=de—p£2dp

B namem ClIydac ra3 JABUIKCTCA C HeKOTOpOfI CKOPOCTBIO, MOTOMY MBI paCCMOTPUM H3MCHCHHUEC HE
BHyTpeHHeﬁ OHCPIruu, a nostHor. Ha ocHOBaHuu TCOPCMbI Kenura ona paBHAa CYMMC SHCPIrun JABUIKEC-
HHUS «IIEHTPA MacC» M DHEPTUHM JBMKEHHMS OTHOCUTEIBHO LIEHTPA MAcC, T. €. BHYTPEHHEH dHEpruH (I1o-
cJle ycpenHeHus).

IIpu amuabaTUYECKOM MPOLECCE M3MEHEHHE TIOIHOM SHEPIUH B BBIICICHHOM 00BEME IIPOUCXOUT
3a CUYCT NICPCHOCA S3HCPTHUU ITOTOKOM Y€PE3 I'paHUIy 06’BeMa " 3a CUCT pa60TbI CHJI AaBJICHUA, I[Gf/iCT—
BYIOLIUX Ha TpaHule. B paccMarpuBaeMoM cilydae 3TO JaeT yPaBHEHHE:

u2 u2
PaU,| €, +72 Pty & +?1 = Py — PrlU,

9T0 YPAaBHCHUEC C YUCTOM C YpaBHCHUS HCIPCPBIBHOCTU IMPUBOAUT K YPABHCHUTIO BepHYJ'IJ'II/I, B KO-

TOpoe BXOOUT SHTAJIBIINUA CUCTECMBI w . /I .
“22 “12
W2 +—= Wl + —2

Bwmecte ¢ ypaBHeHHsMHU cocTosiHUsS uaeanbHoro rasa (Kmaneiipona-Menpaeneesa) P = (y—l)pe u

e=¢T cpcrema sBnsercs nonHoi cucTeMoit YPaBHEHUH, ONIUCHIBAIOLIEN pa3pbIBHOE TEUEHUE Ta3a.

Wckmarouass u3 3TOH CHUCTEMBI CKOPOCTH IIOTOKA, MOXXHO IOJYYUTH COOTHOIICHHEC, CBA3LIBAIOIICC
IINIOTHOCTBb U JAaBJICHHC I'a3a I10 00e CTOPOHBI OT pa3phbiBa:

e, —e, + (pz _pl)(pl +p2) -0
2p,p,

B MOCJICIHEM COOTHOHICHUN HE HUCIIOJIb30BAaHbI ITPEATIONIOKCHUA O TCPMOAUHAMUYCCKUX XapaKTe-

PUCTHKAX Tras3a (eFO I/II[eaJII)HOCTI/I) M OHO IIO3BOJIACT OMPCACIIMTL AABJICHUC ra3a IMOCJIC MMPOXOKIACHUA

pa3pbiBa Kak (bYHKI_II/IIO €ro IJJOTHOCTH. Takas 3aBHCHMOCTH Ha3bIBA€TCS yz[apHofI aI[Ha6aT01>i Ui

_ v
anuabaroit ['toronro. B otimune ot paccMarpuBasiieiics panee aguadatsl [lyaccona P2 = Pi (Pz/ Pl) ,
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JIaBIICHUE B yJapHOW ajuadaTe 3aBHCHT HE TOJBKO OT IUIOTHOCTH Ta3a IOCIe pa3phbiBa, HO M OT Ha-
JabHBIX XapakTepucTuk Pi u Pi. Jlns Mojeny uaeanbHOTO ra3a 3Ta 3aBUCHMOCTh MMEET BHIL:
_ o+ l)z=(r-1)
pz_pl( 1)_( _1)
Y+ Y=1)z,
rae £ = P»/P\ — orHomenue mioTHOCTEH Tasa. Ha pucyHke u3oOpakeHsl anuabdara [lyaccona u I'ro-
TOHHO.

10 7

Puc.
Anmunabara [Tyaccona (myHkTup) u [''oroHHo (CritonrHas)
[Ipu 3amaHHOM HaYaIbHOM COCTOSIHHHM Ta3a Tepel CKauKoM 3aJlaHue JIMIIh OJHOTO MapameTpa Io-

CJIC CKadKa, HaIIpuMcEp P2 , OIpeacIsICT AaBJICHUC I'a3da, a CJICA0BATCIIbHO, U BCEX OCTAJIBHBIX €T0 IIa-
pPaMEeTpPOB. O‘ICBI/II[HO, YTO IUIOTHOCTB ra3a HE MOJKET OBITH CKOJIb YroaHo OonbIoi. MakcuMaabHOE

oy +l
pmax - pl 7 = = 5 3
y—1 Y=¢,/¢ =
3HAYEHHE IUIOTHOCTH . J1s uyieanbHOro OJHOATOMHOTO Iasa P , TAK 4TO
Zax =4 , @ JUISl BO3JyXa Zmax — 6
L_p!
OTHOLLEHHE TeMIepaTyp 10 1 focie paspsisa 11 Pi 2.

Kak ormeuanock BBIIIC, TPOXOXKIACHUC I'a30M IOBCPXHOCTH pPa3pbiBa ABJISICTCSA HEPABHOBCCHBIM
Iponeccom. YcranoieHue TEPMOANHAMHUYCCKOI'0 PaBHOBCCHA JOJIKHO NPHUBOAWUTH K POCTY SHTPOIIHNHU
rasa. Beramcianm m3MeHeHHe yneanoﬁ SHTPOIINH, BOCIIOJB30BABIINCH COOTHOMICHUCM (4) I nAC-
aJIbHOTI'O ra3a

s=c,In(p/p")
HOL[CT&BJI;I;I Croa 3Ha4YCHUA JaBJICHHUA, IIOJIYYUM IJId U3MCHCHUS DHTPOIIUM:

As=s,—5 =c¢,In (y+1)z—(y—1)_i

(y+1)-(y-1)z 2

Poct sHTpomMu B cucTeMe BO3MOXKEH JIMIIb MIPU YCIOBUH Z = p./py > 1 , korma Y <U T e npu TOp-
MO’KE€HHMHM Ta3a B yJapHOH BOJHE. DTO yCIOBHE ONpEeNseT HalpaBlIeHUe IPOLECCOB PU pa3pbIBHOM
TedeHuH raza. CKOpocTH MOTOKA JI0 U MOCTIe pa3pbiBa MOXKHO BBIPa3UTh Y€pe3 COOTBETCTBYIOIINE CKO-
poctu 3ByKa. IIpyu 3a1aHHOM OTHOIIEHNH AAaBJICHUI OHN ONPEAEISIETCS BEIPAKCHUAMHU:

V2z L. V2
Jo+)-G-1)z RN () =R 2

e 6 =NYP/PL € =T /Py CKOPOCTH 3ByKa B TTOTOKE CJI€Ba M CIIPaBa OT Pa3phiBa.

Kak ciemyer M3 MPUBEICHHBIX COOTHOIIEHUH Y1~ €1, a Uy <C | mpuuem Y2 = u, /X <u; | Tagxum
00pa3oM, MOTOK ra3a, BTCKAIOUIMI B yIapHYIO BOJIHY, HMEET CBEPX3BYKOBYIO CKOPOCTb, a MOTOK 3a-
TOPMO3HUBLIETOCS Ta3a — J03BYKOBYIO.

u =c
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