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Jleknus 1.
BBEJIEHUE

['mnponuHamMuKa — 3TO HayKa O JBMDKEHUH KHUAKOCTH (Wi ra3a). C TOuKu
3peHUs] MAaTEMaTHUYEeCKOTO OMHCAHMS JBIKCHUS TEKYYHX Cpel, HET Pa3HUIIBI
MEXIYy >KHIKOCThIO U Ta3oM. MHOTJa >KHUIKOCTHIO HA3BIBAIOT HECKUMAEMYIO
Cpelny, a ra30M Ha3bIBAIOT CPEy, Y KOTOPOW MIOTHOCTh CYIIECTBEHHO MEHSET-
csl.

Kunkocts — Takoe cocTosiHue PU3NYECKON Cpebl, MPU KOTOPOM OHA Jier-
KO aedopmupyercs moja AeCTBUEM BHEIIHUX U BHYyTpeHHUX cuil. [Ipu omuca-
HUU JBW)KCHUS JIEMEHTAPHBIX 00BEMOB YKHJIKOCTH B THAPOMEXaHUKE HE pac-
CMATPHBACTCS IBHMKCHHE MOICKYI . B CBSA3M C 3TUM MCTHHHOE MOJCKYISIPHOE
CTPOEHHE JKUAKOCTH B THAPOMEXAHHUKE 3aMEHEHO YIPOIIEHHOM cxeMou. B
1753 r. Ditep B Ka4eCTBE MOJICTH KHIKOCTH MPEIIOKU IPHHITH CHIOULHYIO
HcUOKYI0 cpedy. Takum oOpa3oM, CYUTAETCS, YTO KUJIKOCTh CIUIOINIb 3aMOTHIET
3aHMMAaeMO€ MPOCTPAHCTBO 0e3 00pa30BaHUs KaKUX Obl TO HU OBLIO MYCTOT.

B otnuuue ot TBepaoro (ynpyroro) Tena >KMIKOCTh HE OKa3bIBaeT COMPO-
TUBJICHUS CTATUYCCKUM CIIBUTOBBIM HArpy3KaM, M IMOATOMY OOBEMY JKUIKOCTH
JIeTKO Tpujath 00y ¢opMy (Harpumep, HAJIUTh B COCYHA IMPOU3BOJILHOM
dbopMmbl). B TO ke Bpems JKHUIKOCTh CIIOCOOHA COMPOTHUBISITHCS HOPMaJIbHBIM
HANPSDKEHUSIM PACTSDKCHUS WIIM CXKATHUs, MHOT/IA Jake B OOJbIIeH CTeneHw,
yeM TBepable Teja. JlaHHOe CBOMCTBO MHUAKOCTH IIMPOKO MCHOIb3YeTCs B pa3-
HOOOPA3HBIX THJPABIMUYECKUX YCTPONCTBAX, HANMPUMEP B TUIPABINYCCKUX
npeccax v JOMKpaTax.

KuakocTh XapaKTepu3yeTcs] HECKOJbKUMH (DU3UYCCKUMHE ITapaMeTpaMHu.
OTO TJIOTHOCTH O, TUHAMHUYECKAsl BSI3KOCTh f/, TEIIOEMKOCTh C, TETUIOMpO-
BOAHOCTh A. Jlamum kpaTkoe HedopManbHOE ONMMCAHUE STHUX CBOWCTB M yKa-

KEM X Ppa3MCPHOCTH.

1 6
JIerko oLeHNUTH, YTO IPU HOPMAJIBHBIX YCIOBUAX YK€ B lMM3 conepxutcst 2.7 -101 MOJIEKYJL.
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[1TOTHOCTh KHMIKOCTH ONpEIeNseTcs] Kak TMpeael OTHOIICHHS MacChl
KUIKOCTHU K ee 00beMy:

Ke

= 1mm  — —.
dv—odV Jl/l3
BS3KOCTh JKUIKOCTH XapaKTEPU3yeT €€ CIOCOOHOCTh CONMPOTHBIISATHCS

caABUTOBbIM nehopmanusmM. [TosicHUM 3TO Ha MpUMepe MPOCTOrO CIBUTOBOTO
TEUYEHUSI OKOJIO TBepAoH cTeHkH (cM. puc. 1.1). [IpomonbpHas CKOPOCTh TUHEHHO

MCHACTCA OT HYJII HAa CTCHKC JO BCIMYMHBI U HA PaCCTOSAHHM Y OT CTCHKH.

IIpu 5TOM CKOPOCTH AedopMarin (CKopocTh ciBura) paaa e =du/dy, ¢, a

o1 peain3dalliid  TAaKOro TCUCHUA HeO6XOI[I/IMO IMPUIIOKUTL HAIIPSAKCHUC

T, [Ma=H/Mm>.
A
y
u > r
——»
——»
3 TR o3 > X

Puc. 1.1. K onpeaeneHuto CABUTOBOM BA3KOCTH KUAKOCTH

3akoH TpeHust CTOKca BhIpaXXaeT JUHEHHYIO CBA3b MEXIY HANpPsSKECHUEM
Y CKOPOCTBIO AehopMaliui,
d_u
dy '

npuyeM Ko3(h(UIHEHT MPpONOpLUUOHATIBHOCTH — BSI3KOCTh w4, Ila-c - oueBun-

T=ue=

HO, Pa3JIM4YCH OJIA Pa3JIUYHBIX )KI/II[KOCTef/'I. IIo OIIBITY MbI 3HACM, YTO BA3KOCTDH
Macia 6OJ'II>IH€, YEM BA3KOCTH BOIEI. BszkocTth KHUIOIKOCTH OOBIYHO 3aBHCHUT OT

ee TemrnepaTrypsl | ; OOBIYHO g YOBIBA€T C pOCTOM T .



Temnoemkocts C, Jlx/(kr-K) moka3piBaeT, HACKOJIbKO M3MEHUTCS SHEp-

rusi (TEIUIOCoAepKAHUE, YHTANBINS) KUJIOTpaMMa XKUIKOCTH MPU U3MEHEHHUU
ero Temneparypsl Ha | rpaayc.

TemnonpoBonHocts A, Br/(M- K) xapakTepusyeT crnocOOHOCTb KUIKOCTH
MPOBOAMTH TEIUIO0. MaTeMaTU4eCcKu 3TO CBOMCTBO MPEICTABICHO KOdhduUIineH-

TOM TIPOTIOPLIHOHATBHOCTH MEXKITY MIOTHOCTBIO TEIUIOBOTO MOTOKa 0, Br/M% 1

nepernagom Temmnepatypel dT /dx= lim (T, —T,;)/(X, —%;) B JuHeHHOM 3a-
Xo—>X%q
KOHE Dypbe
L
dx

3HaK MUHYC YKa3bIBacT Ha TO, YTO TCIUIOBOM IMOTOK HAIPABJICH OT TOPSUEIro K
XOJIOJHOMY: €CJIH TeMIleparypa Bo3pactaeT ¢ poctom X, to dT/dx>0, a
g<0, T.e. TEIJIO TEYET B MPOTHBOIOJIOKHOM HAIMPABJICHUN OT HAIPABICHHUS
pocTa TeMIepaTyphl.

[Tpu TeopeTUYeCKOM M3YyUECHUH TECUCHUH KHUJIKOCTH B KaKIOW TOYKE TPO-

CTPAaHCTBa X,Y,Z B KaX/blii MOMEHT BPEMEHH { PacCUMTHIBAIOT CIIEAYIOIIHE
BenmMunHbl:  ckopocth V= (Vy,Vy,V,) = (Vq,V,,V3) = (U,V,W), Temmepatypy
T, maBieHue P W BHYTPEHHHE HANpsHKEHUS O . [1o 3THM XapaKTepUCTHKaM

ONPENEIIAIT TMAPOIUHAMUYECKOE B3aUMOJICHCTBUE IOTOKA YXKUIKOCTH C Ipa-
HUIIAMHU TIOTOKa M oOTekaeMbIMU Teidamu. Hampumep, comnportuBieHue Tpyo,
NOJbEMHAs CUJIa KpbUIa caMoJieTa, IUIaBy4YecTb KOpabiisi U €ro COIpOTUBIICHHE
IpA IBWKECHUU. B MpUMEHEHWHM K pacdyeTaM NPUPOAHBIX ITPOLECCOB JTaHHBIE
XapaKTEPUCTUKU II03BOJISAIOT OINPENENINTh, HAPUMEpP, Pa3pyLIUTENbHOE ACH-
CTBHE NMOTOKOB Ha TTOBEPXHOCTH (IIOJIBMXKKH JISAHUKOB, CEJIU, TPUOOKA MOPCKHUX

BOJIH, IIyHaMHU, BETPOBAs ApO3Us U 1p.)

B rugponnHamMuke paccMaTpUBAIOTCA MAaT€MaTUYECKUE MOJIECNIA TEYEHUU
KUJKOCTH M ra3a B PA3JIMYHBIX YCJIOBMSIX. DTU MOJEINH, KaK MPaBUIIO, MPEN-

CTaBJISIIOT cO00M crucTteMbl AU(depeHIInaIbHbIX YPAaBHEHUN B YaCTHBIX MPOMU3-
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BOJIHBIX U KpaeBble (HayaJibHblE€ U TpaHUYHBIE) YCIOBUA. YTOOBI ¢ MOMOIIBIO
MOJIENU TIpeicKa3aTh, Kak OyAeT MPOXOAUTh (UM KaK MPOXOIUIIO paHee) Teue-
HUE KUJKOCTH, HAJO0 PELINTh 3T YPABHEHMUs, @ TOUHEE, KpaeBble 3a1auu. B He-
KOTOPBIX MPOCTEHIINX YACTHBIX CIy4yasX pelleHue 3TUX 3aJay MOJy4yaeTcs B
aHanutudeckour popme (T.e. B BUIE POpPMYyI), OJJHAKO OOJBIIMHCTBO PEATBHBIX
TEYEHUN MOJEIUPYETCS HA OCHOBE YHUCIEHHOTO PELIEHU 3a]1a4 Ha KOMIIbIOTE-

pax.

3agaum k jgexknuu 1

3azgaua 1.1. Han TBep1oii MOBEPXHOCTHIO IPOTEKAET CJIOM BOJbI TOJIIIU-
Hoii h=10cm. Onpenenure BEIUYMHY CIBHTOBOTO HAMPSIKCHHUS B KHIKOCTH,
€CJIM U3BECTHO, YTO Yepe3 MonepeyHoe ceueHue mupruHoil a =10cM KuaKocTh
mporekaeT ¢ oO0beMHbIM pacxogoM Q=200ms/c. Bs3kocTh BoOIbI paBHA
1=15-10"Tla-c. [Ipoduis NIPONONBHOH CKOPOCTU CUHTATH JMHEHHBIM II0

BbIcOTE (pHcC. 1).

Puc. 1.2. Cxema k mocta"HoBKe 3aauu 1.1

3ajaua 1.2. 3aBUCUMOCTH BA3KOCTH BOJIbI OT TEMIIEPATYPHI MOKET OBIThH

~0.022T(K)
HpI/I6J'II/I)KeHHO OIIMCaHa YPAaBHCHUCM ,u(Ha : C) ~ §e B TCMIICPATYPHOM

nuanazone ot 5'C no 50°C. Onpenenuth, Kak U3MEHUTCS BEJIMYMHA HampsixKe-
HUs B ycnoBusx 3anaun 1.1 mpu tremmneparype Boasl T =20°C.
3agaua 1.3. 3anucaTh ypaBHEHHUE ISl ONPEAECIEHUS MOJHOTO TEMI0BOIO

IIOTOKAa BAOJIb OTPC3Ka, COCANHATIOMICTO TOYKHU C TCMHCp&TYpOﬁ TO 151 Tl .



Jlekus 2.
KPATKHUE CBEJEHUS U3 MATEMATUKHU N MEXAHUKHU
B nanHoM pasznesne mMbl IpuUBEIEM HEKOTOPhIe 0a30BbIEC TMOHSATHS MaTeMa-
TUKH U MEXAHWKH, HEOOXOIUMBIE ISl M3JI0KEHUS OCHOB THIPOMEXAHWKH H
termooOMeHa. [Ipu 3ToM MBI HE TIPETEHIyeM Ha MOJTHOTY U MAaTeMaTUYECKYIO
CTPOTOCTh ONpPEACICHUN, aKIIEHT JIeJIaeTCs Ha COAep KaTeIbHOM CTOpoHE (op-

MYJIUPOBOK.

Ckanap — 3T0 BeTMYMHA, 3HAYCHUEM KOTOPOH SBIISETCS YHCIIO.

Dyurkyusa f(X) — oroOpaxkaeT YMCIOBOM apryMEHT X B YHCJIOBOE 3HadYe-
e QyHkun Y = f (X). OyHKIUIO NpeACTaBISIOT B BHJIE TPAQHUKOB U TAOIIHII
(B 0IHOM KOJIOHKE apryMEHT, B Ipyroi — 3Hauenue Qpynkuuun). Hapsay ¢ pyHk-
[Mel OJTHOM MepeMEHHOM, paccMaTPUBAIOT (PYHKIIUHA HECKOIBKUX MEPEMEHHBIX
y = f(X,X,...X,) . PyHKIHS MHOTHX IEPEMEHHbIX OTOOpaXkaeT Habop YHMCIIo-
BbIX API'yMEHTOB X, X{,...X, B OJHO YHCJIOBOE€ 3HAa4eHHE (PYHKLUU
y = f(X,X,...X,) . Hampumep, ypaBHEeHHEe COCTOSIHUS Ta3a 3a/JaeT JaBJICHUE
Kak (DyHKIIMIO TUIOTHOCTH U Temnepatypsl: P =F(p,T). ®yHKIMs OBYX mepe-
MEHHBIX OOBIYHO H300pa)kaeTcsi B BHUJAE KapTbl W30JMHUN (JIMHUM YPOBHS)
¢yukun. Hanpumep, gyaxmus T (X, Y), 3agaromas Temneparypy Ha HOBEpX-
HOCTU B JIEKapPTOBBIX KOOpJAMHATAaX X,y OOBIUHO MPEACTABISAETCS KapTOd U30-
tepm T (X, y) =const, cm. puc. 2.1.

B ciyuyae ogHONM MM HECKOJIBKUX MEPEMEHHBIX MBI UMEEM pacrpesere-
HUE 3HAaYeHWH (QyHKIMM HaJ O0JacCThIO M3MEHEHHUs aprymMeHTOB. COBOKYyII-
HOCTh 3HAUEHHUM CKaNsipHOW (DYHKIIMHM Ha3bIBaeTCA MOJIeM 3TOM (PyHKIUU (T10Jie

TeMIIEpaTyp, OJIE JaBJICHU).
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Puc. 2.1. [lone Temneparypbl Kak KapTa U30TEPM

Bexmop V - 3T0 00BEKT, KOTOPBIN XapaKTepuszyeTcs aOCOTIOTHON BEJH-

4nHOI |V| 1 opuenTaumeit B npoctpancTse (Hanpasieruem). CaM BEKTOp He 3a-

BHCUT OT CUCTCMbI KOOPAMHAT, OAHAKO CCJIN Kakas-au00 cucreMa KOOpAHHAT
BBI6paHa, TO MOJXHO OIIPCACIUTL IIPOCKIHNH BCKTOpAa HAa TPHU KOOPAHWHATHLIC

oCH, M 3TO OyayT KOMIIOHEHTHI BEKTOpa B JaHHOM cucTteMe KoopauHat. B mps-

—  —

MOYTOJIbHOW J€KapTOBOW CHCTEME KOOpPAMHAT X,Y,Z C OpTamMu i, J, k xommo-
HCHTBI BCKTOpa (Vl’VZ’VS): (VX,Vy,VZ) - 9TO CKaJIAPHBIC (bYHKI_[I/II/I, KOTOPBIC
OIHO3HAYHO 3a1al0T BEKTOP

V=V +v, j+vk,
a ero MoayJib (JJIMHA) M BBIYHCIISIETCS TI0 (hopmyIie

Mzﬂfvf +v)2, +vZ,

[Tosie BeKTOpHOM BEIMUMHBI — paclpeesieHue BEeKTopa Hajl 001acThio U3-
MCHEHHUs1 aprymeHTa. J[jsi ompenencHusi BEKTOPHOTO 1oJisi V JIOCTaTOYHO 3a-
JaTh CUCTEMY KOOpAMHAT U CKAJISIPHBIE MOJs KOMIIOHEHT BekTopa. B ciydae

IUIOCKMX TEYEHHMH 3TO ABA CKAIAPHBIX mous (V,, Vy ), a B ciydyae 0OBEMHBIX

TEYCHUH - TPH CKaSIPHBIX 10Js (Vy, Vy, V;) €ro KOMIIOHCHTOB.



Onepayuu Hao eexkmopamu

Bo3bmem Tpu BekTopa U, V., W.

1. YMHOXEHUe Ha ckajsip: W=a-V, rjae a — YKucliO WM CKaJIApHas BEJU-
yuHa. Kaxkas koMmnoHeHTa W eCTh KakJash KOMIIOHEHTa V, YMHOXKEHHas Ha
a:w =av, 1=12,3.

2. CioskeHue AByX BEKTOPOB. U =V +W o3Ha4aer U; =V; +W.

3. CkansipHO€ NMPOU3BEICHUE BEKTOPOB omnpeaenserca popmynamu

<

V=(0,7)= iZ::uivi =|ul|v| cos(u,v),

O4eBUHO, CKAISPHOE MPOU3BEICHHUE OPTOTOHAIBHBIX BEKTOPOB PAaBHO
HYJIIO, a CKaJSIpHOE IPOM3BE/IeHUE KOJMHEapHBIX (MapajijiesibHbIX) BEKTOPOB
PaBHO NPOU3BEACHUIO UX JJIMH.

4. Ksagpar BekTopa €CTh CKaJsIpHOE NPOM3BEJCHHUE €ro Ha ceos:
V2 =V-V

5. BekropHoe npousBeneHne U xV =W eCTb BEKTOp, OIPEAEIIEMbIN KaK
ONPENECTUTEIIb

Vi Vp V3
Bexktop W HampaBiieH OPTOTOHAJIBHO K IIJIOCKOCTH, HATSHYTOM Ha BEKTOpa

u,V, a ero yiMHa paBHa |W| = |u||v|sin(u,v). OueBHIHO, BEKTOPHOE MPOU3BE-

JIEHUE KOJMHEAPHbIX BEKTOPOB PABHO HYIIIO.
BekropHoe mone n3o0paxaroT pa3HbIMU criocodamu: 1) crpenkamu; 2)

JUHUSAMH TOKa; 3) SII0pamMH B IPOCKIUSX.

Onepamop NeNCTBYET Ha CKAISIPHYIO (DYHKIIMIO WM BEKTOP, B PE3yibTaTe

nostyyaeTcsi HoBass pyHkIus uau BekTop. Hampumep, onepatop nuddepeniiu-
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poBaHUs di’ neiictBys Ha GyHKIuo f(X) maeT HOBYIO (QYHKIIUIO — €€ MPOou3-
X
BonHYyO g(X)= f'(X).

) d .
pumep 1. f(x)zsmx. —sin X =C0S X.

dx
o> 0% 0?
[Mpumep 2. Oneparo Jlarutaca L= + + ) ITycts
pETOP X% oy oz’ g

f(xy,2)=1+2x>+e¥ —2.57%, Torna

2 2 2
Lf :8 I +6 I +8 : =6Xx+eY -5,

OX oy 0z

Oneparop MOXKET MPUMEHSTHCS K (QYHKIMSIM KaK OJHOU, TaK M HECKOJIb-
KHX IIEPEMEHHBIX.

Hamnpuwmep, oneparop nabna (V) B JIEKAPTOBOW CHUCTEME TPEX KOOPJIUHAT
MOKHO TIPEACTaBUTh KaK BEKTOP, KOMIIOHEHTAMH KOTOPOTO SIBJIIKOTCS OIlepa-

TOphl T depeHIIpOoBaHUS IO KOOPIUHATAM,

V{i,iﬁj_
OX oy 0z

Ecmu ¢ynxuus f(X,y,z) - ckanspHas, TO MPUMEHsS 3TOT OMEParop, MoydaeM

BEKTOP
gr (2 o)
oX oy oz
I'paguenToMm ckansapHoi ¢pyHknuu f Ha3bpIBacTCS BEKTOP
Vf =grad f =§T+ij+ﬂﬁ.
ox oy 0z

BekTop-rpaireHT B MPOM3BOJIBHON TOYKE HANPABIIEH B CTOPOHY HAWCKOPEHIIIE-
ro pocrta GyHKIUH.

[TpouzBoaHOM PyHKIIMN f mo HaAnpaBlIeHUIO N Ha3bIBAE€TCS BEIUMYMHA
n

of g1
on |n|
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Ecnu oneparop HabOna npuUMEHSETCs K BEKTOPY, TO pe3yJIbTaT paBeH CKaJSIPHO-

My TIPOU3BEICHUIO OTIepaTopa-BeKTopa V Ha BEKTOp V = (Vx,vy,vZ ):

oV
Ny Ny N2 _ iy y
ox oy oz

Z[I/IBepI‘eHI_[I/I}I BCKTOpPAa B TOYKC YKA3bIBACT HAa IMOTOKH BCKTOPHOI'O IIOJIA,

VW=V.-V=

MPOTEKAIOITNE Yepe3 AJIEMEHTApHbBIA (OCCKOHEUHO Mallblii) 00BbEeM, OKpYXKaro-
IIUI TOYKY CIIONMIHOM cpenbl. Eciii B 00beM BTEKAEeT CTOIBKO ke, CKOJIBKO BbI-
TEKaeT, TO JMBEPreHIUs] paBHA HYJIO; B MPOTUBHOM CJIy4a€ B TOYKE €CTh HC-

TOYHHUKH HUIIN CTOKMU.

Dynkyuonan. Oyukiponan Yy =F(f) nelictByer Ha QyHKIIHIO, B pe3yilb-
TaTe MojaydaeTcs ckaysap (uucio). Takum oOpa3oM, ¢ MOMOIILI0 (HYHKIIMOHAJIA

KaXJ10M (YHKIIUU CTAaBUTCSI B COOTBETCTBHE UUCIIO.

Ipumep 1. Hopma dyskimu y =||f ||C =max| f (x)

X ; TUIOIIA/Ih, OTCeKaeMast
b
rpadukoM QYyHKIIMU Ha OTpe3ke S = I f(x)dx.
[Tpumep 2. MeTteocTaHIUs U3MEPSET TeMIepaTypy B uHTepBaiie ¢ 1813 mo
2006 ron. Ilomywaercs ¢ynxumsa T (t), te [tl,tz], t, =1913,t, =2006.

[IpakTUueckuii HHTEpeC MPEACTABIISIOT CeaAyIolre QyHKIIMOHAIBI.

CpeHsisi TeMIepaTypa 3a epro | HAOTIOe i T = ———

Makcumanbnast T, =max T (t) n muaumaneras T, =min T(t) Temme-
f<t<t, t<t<t,

patypa.
EcTecTBEHHO BO3HHMKAIOT U Apyrue (ydkmuoHansl or Gyukuuum 1 (1),
HAIIpUMEp CpPEeIHssl 3UMHSsS, MUHUMalbHas 14 ¢eBpans, MakcUMallbHasl JHC-

nepcus (OTKJIIOHEHHE OT CpeIHEN) U T. 1.

Tenzop
B mMexaHuke TEeH30p — 3TO CIOXKHBIM 00BEKT, COJEp AU KOMIUIEKT CKa-

JSIPHBIX (PYHKIMM M HE 3aBUCALINI OT CUCTEMbl KOOPAMHAT (MHBAPHUAHTHOCTD
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OTHOCUTEJIBHO IIpeoOpa3oBaHus KOOpAMHAT). Belle Mbl paccMarpuBaiu Mpo-
CTEHIINE TEH30PbI: CKAJSIp U BEKTOpP. TEH30p XapaKTEepHU3yeTCsl paHroM, KOTO-
PBI MOYKHO OIPEAEIIUTh KaK KOJIWYECTBO MHJIEKCOB, UCIIONb3YEMbIX AJIs Mepe-
YUCJIEHUS! BXOJAIIUX B HETO CKAJSPHBIX QyHKIMM. Tak, ckaisp — 3TO TEH30p
HYJIEBOT'O paHra, a BEKTOp — 3TO TEH30p IepBoro panra. Okas3blBaeTcs, HE BCE
CBOMCTBA CIUIOIIHOW CpeIbl MOXKHO ONMCATh C IIOMOILBI ITUX IPOCTEHIINX
TE€H30pOB; B YACTHOCTH LIMPOKO MCIOJB3YIOTCSI TEH30pBhl BTOPOI'O PAHra C JABY-

XUHACKCHBIMH KOMIIOHECHTAMHU O ij > KaxxZasa U3 KOTOPBIX ABJIACTCH, BOO6HI€ To-

BOpsI, CKaISIpHOM (YyHKIIMEW TOYKH MPOCTpaHCTBA. B TpexMepHOM mpocTpaH-

CTBE MHJCKCHI 1, ] M3MEHSIOTCS OT 1 70 3, Tak 4TO TEH30p BTOPOrO paHra T

COIEPXKUT 9 KOMIOHEHT. DTH KOMIIOHEHTHI yI00HO MPEICTaBUTh B BHUJIE MaT-

PHILIBI
011 012 O13 O xx O-xy Oy;
T=|lon 0y Oxy3|= Oyx Oy Oy
031 O3 O33 O 2x Gzy Oz

MaremaTtuueckue ACUCTBUS C TEH30paMH MPOU3BOIATCS MO TEM XKeE Ipa-
BUJIaM, 4TO U ¢ MartpuuaMu. Cpeau TeH30pHBIX Omnepaiuii, IOMUMO TPUBHAIIb-
HBIX OIEpAINil CII0XKEHUS TEH30POB U YMHOXKEHUS TEH30pa Ha YHUCIIO, BBIICIUM

omnepauyy YMHOXEHHUs TEH30pa BTOPOTO paHra Ha BEKTOP
3
=1

PE3YJIAbTAaTOM KOTOPOTO ABJIICTCA HOBBIN BCKTOp, H IIPOU3BCACHUC TCH30POB

3

k=1
pEe3yNbTaTOM KOTOPOTO SBJISETCA HOBbIA TeH30p. Ilo cyiiecTBy, B 3TOM ormpe-
JICJICHUM BBIPAXKAECTCS TJIABHOE MATEMAaTUYECKOE CBOMCTBO TEH30pa: €ro Jewu-
CTBHE Ha WHBAPHUAHTHBIM OOBEKT MPUBOAWT K MHBAPHAHTHOMY OOBEKTY. DTO
CBOMCTBO TO3BOJISIET CPOPMYJIHUPOBATH OOIIME YpPaBHEHHUS THIPOMEXAHUKHU B
YHUBEPCAIHPHOM TEH30PHOM BHJE, CHPABEIIMBOM B JIFOOOW CHCTEME KOOPIH-

HaT.
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Mexanuueckuii cmvicii meH30pa
[TepBoHavyaibHO TEH30p OBLIT BBEJEH MJIs ONMMCAHUS BHYTPEHHUX Hamps-
JKeHHI B )KUJKOCTH. B Mpou3BOIILHON TOUKE X,Y,Z >KUIAKOCTU MBICIICHHO BBI-

OupaeTcs OecKOHEYHO Majblii (dyieMeHTapHbIi) o0beM dV =dx dy dX u pac-

CMaTPUBAIOTCS CUJIbI (HAMpPSKEHUS), JEUCTBYIONIME HA TOBEPXHOCTH 3TOTO
o0beMa CO CTOPOHBI OKpYXkaromie o0beM KHIKOCTH. DTH HampsbKeHus o0y-
CJIOBJICHBI, BO-TIEPBBIX, CTATUYECKUM JaBICHUEM [, KOTOPOE JEHUCTBYET MO
HOpMaJH K JIt000# MOBEPXHOCTH, a BO-BTOPBIX — Mepeaauelt uMmysbca (KoJau-
YecTBa JBWIKEHHUA) OT OKpPYXAIoIlel >KUIKOCTU Onaromaps BSI3KOCTH. BaxHO
MMOHUMAaTh, YTO BA3KHUE HANPSLKEHMS B JKMJIKOCTH BO3HUKAIOT TOJBKO H3-3a €€
nedopmanuii, a 1aBlIeHUE €CTh W MPH MOJHOM OTCYTCTBHUU TCUCHHS. DJIICMEH-
TapHBIM 00beM O0pa30BaH MIECTHIO TPaHSIMHU — BJIEMEHTAPHBIM IUIONIAIKaMH,

OPHEHTHUPOBAHHBIM 110 KOOPIUHATHBIM OCSIM (CM. puc. 2.2).

Oyy
A

el

XX

Puc. 2.2. DnemeHTapHbIil 00beM B KUAKOCTU U CTPYKTYpa HaMpsHKEHUI Ha ero

MMOBEPXHOCTHU

OpueHTaIUsl KaXI0M TUIONIAJAKKA B MPOCTPAHCTBE OIpeEesieTcs HopMa-

apto N . BekTop HampsokeHUs [, TEHCTBYIOIIMA Ha TUIOIIAJIKY, MOYXHO pa3iio-
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JKUTb Ha TPU KOMIIOHEHTBHI: HOPMaJbHYIO U JBE KacaTEJIbHBIX K JaHHOM ILIO-
maake. Tak, BEKTOp, OKAa3aHHBIM HA PUCYHKE, XapaKTEpU3yeTCsl HOPMAJIbHBIM

HAIIpSOKCHUCM O

Wy N KaCaTCJIIbHBIMU HAIIPSXKCHUAMHU O

yz+ Oy - IlepBblil HH-

JIEKC YKa3bIBACT HANPABJICHUE HOPMAJIM K ILIOIIAAKE, @ BTOPOM — HAIIPaBJICHUE
JIEUCTBUS ITOBEPXHOCTHOM CUJIbL. [lonHas cucrema BHYTPEHHUX HANPSIKCHUHN B
AKHUJKOCTU MOKET OBbITh MPEJCTABICHA TEH30POM HaIpPsDKEHUMU, AeHCTBYIOMIUX

Ha TPaHM JIEMEHTApHOTO KyOuKa.

Tabmuna 1. CTpykTypa HanpsKEHUH HA TOBEPXHOCTH 3JIEMEHTAPHOTO 00beMa

['panb u €€ mmomaap Hanpsixenue Tun

X; X+dx —P+ 0,y HOPMAaJIbHBIN
dydz =

Oyy1 Oxz KacaTeIbHBIN
y; y+dy —pt+oy HOpMaJIbHBIN
dxdz .

O Oy KacaTeJIbHBIN
Z, 7+dz —p+ 0, HOPMaJIbHbIN
dxdy =

Oxs Oy KacaTeJIbHBIN

Paznmuuarot CUMMCTPHUYHLIC, HCCHUMMCTPHYHLIC W AHTHCHUMMCTPHUYHBIC

TeH30psl. Ecn 0 = O’jj, TO TCH30p CUMMETPHYHBIN; a €ClU Oj; = —Oji, TO

TEH30p AHTUCUMMETPUYHBIA. OKa3bIBaeTCsA, YTO JUIsi OOJBIIMHCTBA TEUCHUI
TCH30p HaHpﬂ)KeHI/Iﬁ CUMMCTPHUYICH.

JlnaroHanbpHasi MaTpulla — €AUHUYHBIA TEH30p - cUMBOJ KpoHekepa
OIIpeCACICTCA KaK
1, i=j,
0, i1#].

C nmomo1ipto 3TOro CUMBOJIA YA0OHO NMPEACTaBUTh TEH30D MOJHBIX BHYTPEHHUX

5 =

. . © D = j
HAIPSDKCHUHN, KOTOPBIN BKIIFOYACT U AABJICHUE. Py =—PJ; + 0j;-
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Touku 3penusn Jlazpansca u Jiinepa Ha 0suriceHue CRIOUIHOU CPedbl

Cnoco6 Otinepa. Habmoparens (cucreMa KOOPAMHAT) HEMOJABUKEH WU

dbukcupyeT M3MEHEHUE CBOWCTB JBIKYIICHCS CPellbl B KaXKIOW TOYKE MPO-
CTpaHCTBA.

Hanpumep, B KauecTBe U3ydaeMoil XapaKTepUCTUKHU CPEIbl BEIOpaHA TEM-
nepatypa T(X,Y,z,t) motoka xunkoctu. [lo crocody Ditnepa cinemyer 3akpe-
MUTh TEPMOMETP B KOHKPETHOU TOYKE MPOCTPAHCTBA X, Y,Z U 3alHUCHIBATH €T0
MOKa3aHMs B pa3HbIe MOMEHTHI BpeMeHH 1. 3ameTnM, 4To Yepe3 MyHKT u3Mepe-
HUS IPOTEKACT KHUJIKOCTh, U B KAXKIIBII MOMEHT U3MEPSIETCS TeMIIeparypa pas-
HBIX MaTePUATBHBIX TOYEK Cpe/bl. MEeHSsS TOYKU HAOIIOICHHS, TIOTy9aeM I0JI-
HYI0 UHPOpMaIHio 00 H3MEHEHUH CIUIONIHOM Cpebl BO BCEM MPOCTPAHCTBE, a
uMeHHO QyHknuio T(X,Y,Z,t).

Cnoco6 Jlacpanoica. B moment Bpemenu t =0 BbiOupaercs pukcupoBaH-

Has MarepualibHas YacTUIA B JKUIKOCTH, TyJa MOMEIaeTcs HaOoaaTenb u
CBSI3aHHAs C HUM cHCTeMa kKoopiaumHaTr &,&,,&;. C TeueHHeM BpeMEHH, IpH
t >0, nabmonarenp nepemMeniaeTcs BMECTE C BHIOpaHHOM YacTULEH, PU ATOM
KoopauHaTHble JMHNN &, &), &3, TIPOBEICHHBIC 110 MAaTEPHAIBHBIM YaCTHIAM
Cpelibl, MOTYT PacTATHBaThCs M UCKPUBIAThCS (B criocobe Jlarparnika roBopsit o
BMOPOKCHHON CHCTeMe KOOpauHat). Hampumep, mpu M3y4eHHH TEMIIEPATYphI
HOTOKa 10 croco0y Jlarpamka cieayeT MPUKPENUTh TEPMOMETpP K Japeidyro-
niemMy Oyi0, KOTOPBI CBOOOJHO TIJIBIBET BMECTE ¢ MOTOKOM. CHUMAasI MOKa3aHUs
TEPMOMETpPa B Pa3MYHbIC MOMEHTHI BPEMEHH, MOJTydaeM TEMIEpPaTypy OJHON
¥ TOH € MaTepualbHON TOUKH. BbIOMpas MHOXeCTBO Takux Touek &,&,,&3,
HOJIyYlM TOJIHYI HH(pOpMANUi0 00 M3MCHEHHH BCEX MAaTePHATBbHBIX TOYCK
CIUTOLIHOI Cpebl BO BpeMeHH, a uMeHHo dyukumio 1 (&, &,,8,1).

OO6patum BHHMaHHE, YTO B criocoOe Jlarpanxa BO BMOPOXKEHHOM (COMyT-
CTBYIOIIIEi ) CHCTEME KOOPAUHAT CKOPOCTh KUAKOCTH BCET/Ia paBHa HYJTIO.

CyIIecTByeT Mmepexoj MEXIy OMHCAHUEM CBOWCTB CpPENbl 3TUMHU JBYMS

crrocobamu.
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Ecnau B cpene BbIAENIUTh KOHTPOJIBHBIA MaTepUallbHbIl 00beM V| U COB-
[aJaUil ¢ HUIM B Ha4alIbHBI MOMEHT 3inepoB 00beM Vi, To ipu t >0 00b-
em V| Oyner neopMHUpOBaThCS BMECTE CO CPENOHL, XOTS B JIATPAHKEBBIX KOOP-
JMHATaX OCTaHETCS HEMOIBMKHBIM. BriOepeM Hekoropoe cBoiicTtBo f cpenpl u
IPOUHTETPUPYEM €0 IO IIEMEHTAPHOMY JarpaHxeBy oovemy V, . bynem uzy-
4aTh €r0 U3MEHEeHHe Bo BpeMeHu. CrpaBemBa ¢popMyia

9
ot v, V. ot
KOTOpas CBS3bIBACT U3MEHEHHUE CBOUCTB B 00beMax Jlarpanxka u Ditnepa. 31ech

jde:j@dnjfvnds, (2.1)
S

V,, - CKOPOCTh MOTOKA I10 HOPMAITH K MOBepXHOCTH S obObema Vg . Bropoe cra-
raeMoe B IpaBoil yacth paBeHcTBa (2.1) Bepakaer motok [ uepes rpanumiy
siliepoBa o0beMa, a MEPBbIM WIEH XapaKTepu3yeT H3MEHEHHE H3y4aeMoro
cBoiicTBa BHYTpH Vi .

B marematudeckom cmbicie ¢opmyna (2.1) CBA3BIBACT MHTETPUPOBAHKE
o 00beMy M MHTErPpUpPOBAHKE MO MOBEpXHOCTH. Enie oHy BaxHyo GopMyiy,
KOTOpasi yCTaHABIIMBAET CBSA3b MEXY MOTOKOM BEKTOpA Y€pe3 3aMKHYTYIO I0-
BEPXHOCTh S W €r0 JUBEPreHiucii B oobeMe V , OrpaHUYEHHOM TaHHOU MO-

BEPXHOCTBIO, TaeT meopema Ocmpozpadckozo- I aycca:

j v, dS = j div v dV (2.2)
S V
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3agauu K JeKIuu 2

3anaya 2.1. B opToroHajabHON JIEKAapTOBOM CUCTEME KOOpPJUHAT OMpese-
JIUTH:

a) €IMHUYHBIN BEKTOP, MapauieIbHbIN BEKTOPY V C KOMIIOHEHTaMU (2;3; — 6) X
0) eIMHUYHBIA BEKTOP MPSMOK, COSTUHSIONICH TOYKH P(1;0;3) 5 Q(O; 2;1).

3ajmaya 2.2. Jlns BEKTOpPOB 52(3;0;4), 6:(0;2;—6) U TEH30pa

3 0 2
B =0 —4 0| BBIYUCIHUTH NPOU3BEACHUS A - B, BB ua- 56
0 50

3amaya 2.3. JI51g 3a1aHHOTO TOJIs1 CKOPOCTEN CIUIOIIHOM Cpeibl

2
v, =X, v,=-3y, v,=0

X
a) BBIYMCIIMTh M3MEHEHHE CONEPIKAHMSA JAHHOTO BEIIECTBA 3a EIUHMILY BPEMe-
au B o6beme V = L x L, x L, =[x, %, |x[y., ¥, |x[2, 2,];

0) ompeaenuTh YCIOBHS, IPU KOTOPHIX Macca BEIIECTBA B HEHYJIEBOM 00OBbEeMe
V' OyzaeT ocTaBaThCsi HEU3MEHHOM;

B) IMOCTPOUTD JIMHUHU TOKA.

3ajmaya 2.4. Haiitu npomsBomayro ¢yHKmmm A=X°+2Xy—2z°> 1o
HAIPaBIICHUIO, 3aJIaHHOMY €IUHUYHEIM BEKTOPOM N = (2/ 7;-3/7;-6/ 7) .
3amava 2.5. Hatitu TpagueHT byHKIIH
f(x,y,2) =(x—1)%+sinxz—exp(-4y). Bommcmrs grad f B Touke
(0, 0, 0) :
3anaya 2.6. Haiitn JTMBEPTCHITUIO BEKTOpa

V= ((X —1)?, sinxz, exp(—4y)). Boruucnuts dIV V B TOUKe (0,0,0).

3asaua 2.7. Boruucauts cpentee snavenne gynxkuun T (X) = (X —1)? na

orpeske 1< X <2,
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Jlexuus 3.
OCHOBHBIE YPABHEHUSA TNAPOJANHAMUKHA
YpaBHeHUe HEPA3PBLIBHOCTH (3aKOH COXPAHEHUS MACCHI)
B xunkoctu BeiiensieM o0beM V. IlepBoHayasIbHO 3TO MOMKET OBITH KY-
OuK, a 3aTeM, M0 Mepe ABMKEHHS JKUIKOCTU, OH Aedopmupyetcs. B mroboii
MOMEHT BPEMEHHU ATOT 00BEM COACPKUT OJHU U T€ K€ MaTepUalbHbIC YaCTH-

16l. B HEM HaXoauTCs BemIeCTBO, KOTOpoe o0JjagaeT TUIOTHOCThIO o . Torma

MacCcCa BCIICCTBA BBIYHCIIACTCA 110 (I)OpMYJ'IC

m= jp dV, kr. (3.1)
A
3aK0H COXpaHEHUS MacChl BeIpaxaeTcs: (hopMyoi
om
—=o. 3.2
- 3.2)

[MoacraBum (3.1) B (3.2) u oOpatumcs k Gopmyie (2.1), koTopasi BeIpaXka-
€T MPOU3BOJIHYIO OT AepopMupyemoro oobema. [lomyunm
ijdV=j8—pdV+jpvndszo. (3.3)
oty v, O S
L E
[Tepenummem (3.3) ¢ yuetom teopemsl Octporpaackoro-I'aycca (2.2) u noiny-
9UM

IpdeI%O dv + [ div(pV)dv =0 (3.4)

0
at VL VE VE

T.x. 00beM Vg BbIOpaH MpOW3BOJIBHO, M UHTETPAJl OT HEKOTOPOW BEJIUYHHBI TIO

3TOMY 00BEMY PaBEH HYIIIO, TO, CJIEIOBATEJIbHO, caMa 3Ta BEJIMYMHA TOXIE-

CTBEHHO paBHa Hymt0. [TosTomy u3 (3.4) cnenyer
%O+div(p\7)=0. (3.5)

DTO U €CTh ypaBHEHHE HEPA3PHIBHOCTH.
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Bapuants! ypaBHeHus (3.5) TakoBbl: €CIIM KUAKOCTh HEC)KUMAeMa, TO €€

IUTOTHOCTB IOCTOSTHHA, p=CONSt, ciegoBarenbHo, Op/ot=0 u p MOXHO BBIHE-

CTHU U3-II0J OIICpaTopa JUBCPICHINN U COKPATUTD. HOHy‘{I/IM

I oy,
divi=0, mm — =0 (3.6)
OX;
31ech TPUMEHEHO COTJIAICHHEe DWHINTEHHA O CYMMHMPOBAHHH IO MOBTOPSIO-

nmmMcs uHaekcam. B packpeiToit popme 3T0 03HaUaeT

ou, ou, au ou, Ouy, ou
Ly 24+ 2 -0wmwm 2 +—L+—
OX; OX, OXg ox oy oz

=0.

Cyocmanyuonanvhaa npou3zeoonasa (NOJIHAS WU UHAUBUAYaJIbHAs IPOU3-
BOJIHAs).

[Mycts f(X,y,z,t) — ckamsapHas (QyHKIUS, OMHCHIBAIOIIAs HEKOTOPOE
CBOMCTBO KUIAKOCTH. Toraa ee cyOcTaHIIMOHANIbHAS TPOU3BOJIHASL OIIpEIesIeT-
Csl paBEHCTBOM

ﬂzﬂ_kuii:q_k(\_j-?)f (37)
dt ot ox; ot

CyOcraHunoHalbHAsl MPOU3BO/IHAS BBIpAXKaeT U3MEHEHUE CBOICTB MaTe-
puanbHOM TOukW 1o Jlarpanxy, T.e. B (PMKCUPOBAHHOM MaTEpHAIIbHOW TOUKE
cpennt (&1, &, &) = const. IIpu sTom cama Touka nepemeriaercs. [lepBoe cia-
raeMoe CIpaBa BbIPAXKAET YACTHYIO MPOU3BOJIHYIO 10 BPEMEHH, T.€. U3BMEHEHHE

cBoiictBa f B (uKCHUpOBaHHOHN TOUYKE MpPOCTpaHCTBA X,Y,Z - mo Dujepy. [lo-
CIIEHEE CIaraéMoe 03Ha4aeT KOHBEKTHUBHYIO IPOM3BOJIHYIO, KOTOpPAasl ONHCHI-
BAaeT U3MEHEHHE CBOMCTB B (PUKCHPOBAHHOM TOYKE INPOCTPAHCTBA M3-3a TOIO,
4TO 4yepe3 3Ty TOUYKY MPOTEKaeT CIUIONIHAs cpeaa co ckopocThio V. KoHBek-
TUBHAs IPOU3BOAHAS paBHA HYJIO B cilydae, Korga aubo V=0 (HeT TedeHus),
160 xoraa pyHkus f He 3aBHCUT OT KOOPIUHAT.

C yueToM BbIpaK€HHUSI MAaTEPUAJIBHOM MTPOU3BOIHOM 110 BPEMEHU ypaBHE-

HUE HEPa3pbIBHOCTH (3.5) MOKHO 3amucaTh B BUAE

dp -
—/ + pdivvV =0.
at  *
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JInst onucaHusl TEUYEHHUs CIUIOLIHOM cpenbl, T.€. €€ THIPOJAWHAMUKHU, HaM
HaJI0 3HATh CKOPOCTH (3 KOMIIOHEHTHI), MJIOTHOCTh, JABJICHUE U TEMIIEpaTypy.
Htoro, 6 HEM3BECTHBIX CKAISPHBIX (QYHKIMI. 3aMKHYTasi CUCTEMa ypaBHEHUI
TUAPOJIMHAMUKH JIOJHKHA COJIEPKATh CTOJBKO K€ YPABHEHUM, CKOJIBKO U HEU3-
BeCTHBIX. [IOKa IMOMYy4YeHO TOJBKO OJHO YpaBHEHHE — 3TO YPAaBHEHUE HeEpas-

PBIBHOCTH.

YpaBHeHus ABUKeHUs] (MMITYJ1bCA)

DTO TpU ypaBHEHUS JJIs1 KOMIIOHEHT BEKTOPA CKOPOCTH, KOTOPBIE SBJISIOT-
csl KOHKpeTH3aluell BToporo 3akona Heiotona (d=F/m) mms sitzeposoro
KOHTPOJIbHOTO 00beMa V=0dxdydz, B KOTOpOM IPOMCXOIUT U3MEHEHHE KOJIUYEC-
CTBa ABWXKEHUSI pV. B MexaHuKe 3Ty BEIMUYHUHY HA3bIBAIOT VOEIbHbIM UMNYIb-

Ke*M Ke

COM, OH U3MCPACTCIA B 3 = > . I/IMHYJ'IBC oowema V OIIPCACIACTCA KaK
M -C M -C
WHTErpall
Ke Ms Ke M
[(pv)av, —5—= =H-c
vV M -C c

Brigenum B IBMKEHUHN KUAKOCTH 00beM V U MOCMOTPUM, KaK U3MEHUTCSI
€ro UMITYJIbC CO BpeMeHeM. YpaBHEHHE OalaHca CUJl BhIpaXkaeT U3MEHEHUE KO-
JUYECTBa ABMKCHUSI MaTEPHAILHOTO 00beMa Mo IeHCTBUEM MAaCCOBBIX U IO-
BEPXHOCTHBIX CHUJI, ACUCTBYIOMIMX Ha 3TOT 00beM. MaremMaTH4ecKu 3TO 3amu-
ChIBA€TCS B BUJIE BEKTOPHOTO YpaBHEHUS

0 . o, . ~ _ "
aj(pv)olv - ja(pv)dv + [ (pV)VvydV = [ pgadv + [ pds. (3.7)
A Ve Se Ve Se
Bce unieHbl 3TOro ypaBHEeHUSI UMEIOT pa3MepHOCTh cuiibl. B (3.7) § - 310 yCcKoO-
pEHHE MACCOBBIX CHJI (HAlpUMEp, YCKOPEHHUE TPABUTALIMK), @ [ - BEKTOpP BHYT-
PEHHUX HaNPsLKEHUM, paCCMOTPEHHBIN B Jlekunu 2.

PaccmotpuM mpoekIuio BeKTOpHOTo ypaBHeHus (3.7) Ha och X.
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Ja'[;tvdeJrI (pVy)v,dV =
\%

:j%dv +[div(pv,v)aV = [ pg, dV + [ p, ds
v \ v S

(3.8)

WNuTerpan ¢ auBepreHuren MOKHO MPEICTABUTH B BUJIE

jdiv(p v, V) dV =jp\7-grad(vx) dv +ij div(p V) dV ,
\% \%

a MHTErpaJj C MPOU3BOIHOM MO BpeMEHHU MpeoOpaszyeTcs CASAYIOMNUM 00pa3oMm:

ja”Vde j(v —+paVdev.
I at a ot

Takum 00pa3om, B JIeBO yacTu ypaBHeHUs (3.8) nonyyaem

j(v a@’i 8at V. (vx)+vxdiv(p\7)jdV:

V_j[ (Lsaivion) |+ o[ JJov

Ho mepBrIit uneH npeacTaBiseT co0oil ypaBHEHUE HEpa3pbIBHOCTH (3.5), u 1o-

ATOMY paBeH HyIt0. OKOHYATEILHO B JICBOM YacTH (8) mojryqaeM UHTETpaj
ov
X
J p[
v ot

BoerurcnuMm Tenephr MmpaByl0 4acTh, @ TOYHEE, MHTETPall MO MOBEPXHOCTH S

j av. (3.9)

syieMeHTapHOro oobema V (cM. puc. 2.2).

I P ds=Y [ pyas. (3.10)

_18

—

JlelicTBrE BeKTOpa HANpsbKeHUi P Ha s1eMeHTapHyIO IUIOMAAKY ¢ HOPMAJIbIO

N ompenensercs kak Bektop Pn. KommoHeHTa I 3TOro BeKTOpa paBHa

o 3
:(Pn)i :épij i =ph;.
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3nech Pjj - KOMIIOHEHTBI TCH30pa HOJHBIX HANPSLKEHUH, a N; =cos(N, j) - Ko-

CHHYC MEX]ly HOPMAJIbIO K TUIOMIAJIKE ¥ OChIO | . B wacTHOCTH, 1J1s1 KOMITOHEH-
Thl P, Ha KOKIOH IUIOLIAJKE UMEEM

I:)x = PuxNx + PxyNy + Py N, -
Paccmorpum Bxoasmue B (3.10) X -cocTaBisitoline MOBEPXHOCTHBIX CHII, JEH-
CTBYIOIIIME Ha pa3Hble TpaHW (MX 6 IITYK) BBIACICHHOTO oObema. Jljisg ATOoro

Hal0 YMHOXHWTDb HAIIPSXKCHUC Ha IJIOIIA/lb COOTBeTCTBYIOH_[eﬁ rpaH Ha KOCH-

HYC MEX1y HOPMAaJIbIO K HeH 1 ocbhio X (cM. Tabu. 2.1).

Tab6nuia 3.1. [ToBepXHOCTHBIE CHIIBI B HAMIPaBICHUU X

I'panb Cunel Tun
X (p—oy)dydz HOPMAaJTbHBIN
X+dx (—p+o,,)dydz HOPMAJIbHBIH
y —o,,dxdz KacaTeNIbHbIH
y+dy oy, dxdz KacaTeJIbHBIN
z —o,,dydx KacaTeJIbHbIN
z+dz o,,dydx KacaTeJIbHBIN

MBI BHIMHCATH BCE CHIIBI, KOTOPHIE JCHCTBYIOT Ha TPaHH AJIEMEHTapHOTO
obbema V B HampaBiieHUH OCU X. UTOOBI MOTYYUTh MOJHYIO CUITY (MHTETpal 1Mo

MOBEPXHOCTU S ) HAAO UX CIOKUTh.

fgﬂs:«—p+amﬂHw—(—p+amﬂdet+
S

(), ()], (), ()

Wurterpansl mo o0beMy OT MAacCOBBIX cull W uHTerpan (9) mnpu

(3.11)

y-+dy

V =dxdydz -0 npencraBum B Buie mpou3BeneHus V Ha MOJIBIHTETPATBHYIO

dbyHKIHIO (T.H. TEOpEMa 0 cpeiHeM 3HaueHun ). [lomydum
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[ pgy dV ~dxdydz pg,,
\

jp(évx +V -grad vxjdv ~ dxdydz p(avx +V-grad ij
v ot ot

O0wenuuanM 31U paBeHcTBa ¢ (3.11) u pazgenum Ha V = dxdydz — O:

(_p+0xx)‘x+dx _(_p+0xx)‘x +

dx

(0w )‘y+dy ~(ox )‘y N (O-Xy) 24dz _(O-XY)

dy dz

oV,
P p +V-gradv, |=p0, +

Z

+

Hetpyano BuaeTh, uTo B nipenene npu dx, dy, dz — 0 cnpapa 3anwcaHbl dacT-

HbIE MPOU3BOAHBIE 110 KOOpAMHATaM. OKOHYATEIBHO MOJYy4YaeM YPAaBHEHUE UM-

IIyJIbCa B HAIIPABJICHUH X B BHUJIC

Yy +V-grad v, :—£@+i

pox p

{agxx + 5O'Xy + 8ze

8x Y pe }+ g, (312)

YPaBHeHI/IH HUMIIYJIbCOB B HAIIPABJICHUX Y WU Z aHAJOIA4YHBI:

ov oo oo oo
—y+\7-gradvy:—£@+l L s A L +g,,
5 (3.13)
(o}
oV, +V-gradv, = _£@+1 00y y 00, g,
ot P 0z P OX ay 0z

VYpaBuenus nmxenus (3.11) — (3.13) yno0Ho 3anuchiBaTh B UHJEKCHOM

dbopwme (ypaBuenus Hapnbe):

_ _ _ 0o
dvi _ 9V, py 0 L1 199 g =123 (3.14)

BHGCB J - HHICKC CYMMMHPOBAHMH, KOTOpBIfI CIIC HA3bIBAOT HCMbBIM MHJACKCOM.

CreBa CTOUT CyOCTaHITMOHAIBHAS TIPOU3BOIHAS | -ii KOMIIOHEHTBI CKOPOCTH.
Hackonpko MBI NPOABHHYIUCH K 3aMKHYTOW CHUCTEME THIPOJMHAMUYeE-

CKUX ypaBHEHHUH, 3anucaB Tpu ypaBHeHUs: HaBbe (3.14) u oaHO ypaBHEHME He-

paspbiBHOCTH (3.5)? V Hac 4 ypaBHeHus u 11 Heus3BecTHBIX: 3 CKOPOCTH, P, O
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M 6 KOMIIOHCHT CHMMETPHYHOIO TEH30pa HAMPSHKCHUH oj;. i 3aMbIKaHHS
CHCTEMbI yPaBHEHHil TPeOYeTCsl BBIPA3UTh Oy 4Yepe3 APYTHe XapaKTePHCTUKH

NBWKEHUS )KUIKOCTH. OOBIYHO KOMIIOHEHTHI Ojj CBA3BIBAIOT CO CKOPOCTHIO Ve

IIOMOIIIBIO SMITMPHUYCCKUX 3daKOHOB, @ OHHU, B CBOIO OUYCPCAb, OIIPCACIIAOT MO-
IOEJIb )KUOKOCTH.

B IMOCJICAHCC BPCMsI O6H1€HpI/I3HaHHOI71 Haquoﬁ TUIIOTE30U SIBIIAETCS JIU-
HeWHasg MOACIIb TpeHI/ISI CTOKC&, KOTOpaSI HpI/IFO):[Ha IJIs1 OIIMCAaHUA CaMbIX
CJIOKHBIX JIJAMUHAPHBIX U Typ6yneHTHBIX TEYEHUN U JJIA HEC)KUMaeMOn KUO-
KOCTH BBITJIAOAT TaK:

v, &ﬁ
4+

R e 3.15
Tolox;  ox (3.15)

O-ij:/,leij, e

rae € ¢! - Temsop ckopocreii medopmanum; 1, Ila-¢ — AUHAMIYECKAs BSI3-

j ’
KOCTb. OHa ABIISICTCA CBOﬁCTBOM KUOKOCTH, KOTOpaﬂ XapaKTepI/IByeT BCHI/ILII/IHy

HaANpPSDKEHUN B JKUIKOCTH MpH ee Aeopmarun. Hapsay ¢ nunamudeckoi Bs3-
KOCTBIO YaCTO HCIIONB3YIOT KHHEMATHIECKYIO BI3KOCTb 77 = 4/ p, 1 2/f.
3akoH Tpenus (3.15) — 310 6 ypaBHEHHUN, NO3TOMY B Cllydae HECKUMae-
MOH XuakocTH (p=const) cucrema ypaBuenuit (3.5), (3.14), (3.15) cranoBurcs
3aMKHyTOM (monmyuaercs 10 ypaBHeHuil). B cinyyae cxxumMaeMol )KUIKOCTU Tpe-
OyeTcsi TOMOJHUTEIBHBIN 3aKOH I OmpeAcieHus IuioTHocTu. Hampumep,
YpaBHEHUE COCTOSTHUS JIJIs1 M/I€aIbHOTO ra3a
p=pRT. (3.16)

Ho 310 ypaBHEeHUE TpeOyeT elie 3HaHUSA TEMIIEPaTypPHOTO TOJIs T .
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3agaum K JeKnuu 3

3anaya 3.1. [IpoBepuTh, yIOBIETBOPSET JIM IOJE CKOPOCTEU HECIKHUMAE-
MOH KHUTKOCTH C KOMITOHEHTaMHU BEKTOpa CKOPOCTHU

V,=2X, V,=-2Y, V, =X+ Y ypaBHCHHIO HEPa3PHIBHOCTH.

3agauva 3.2. HanpsikeHHOE COCTOSTHHE B JII0OOOM TOYKE CILIOIIHOW Cpeibl

B HeKapTOBOﬁ CUCTCMC KOOPAWHAT 3aaHO TCH30POM

3xy 5y* 0
T=[5y* 0 2z
0 2z 0

OrnpenenuTh BEKTOP HAINPSIKEHUS] B TOUKE P(Z;l; \/§ ) Ha IUIOIIAJIKE, KacaTelb-

HOI1 B 3TO# TOUKE K [UIMHAPHUECKOH moBepxHOCTH Y +2° =4,

3agaua 3.3. J[aH 3aKOH ABUKEHUS CIUIOLIHON CPEIbI
X=£&,
y=e'(&+&)/2+e7(5,-4)/2,
z=e'(§+&)/2-e7(5-&)/2
OmnpenenuTh KOMIIOHEHTHI CKOPOCTH B SHJIEPOBOM U JIarpaH:KeBoi Gopme.

3azmada 3.4. 3a1aHO TOJIE CKOPOCTEN
v, =x/(1+t), v, =2y/(1+t), v,=3z/(1+t).
Hantn KOMIIOHEHTBI BEKTOpa YCKOPEHHS  CpeIbl B DWIEPOBOM TOUKE
dg =0V/0t u yckopenust marepuanbaoit yactunsl d =dV/dt B narpamxe-

BOH U dilsiepoBoit popme.
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Jlexuus 4.
3AMKHYTBIE CUCTEMbBI YPABHEHU I'MJIPOANHAMUKHU

YPaBHeHI/lSI Hasbe-CTokca JJIS1 HECKMMAEeMOH sKHIKOCTH

IImoTHOCTH HEC)KMMAEMOM KHJIKOCTHU MOCTOSIHHA, B MaTEeMaTHYECKOM MO-
JIeJIA OHA BBICTYIIAET KaK 3a/IaHHBIN MMapaMeTp. Y paBHEHUE HEPA3PBIBHOCTH MIPH

9TOM UMCCT BUJ

divv=0, wm %:O. 4.1)

OX;

VYpaHenust HaBbe, uinu ypaBHeHUs ABM>KEHUS B HanpsokeHusix (3.14), mo-

CcJie MOJCTAaHOBKM B HUX 3aKoHa TpeHus Ctokca (3.15) npeoOpa3yrorcs K BUAY

ov, ov, 1op 10us;
—+V = +——+0;,

A i=1,2,3 4.2)

Ecan Bs3KOCTB IIOCTOsIHHA, TO YJICH, BBIpa)KaIOH_[I/Iﬁ JUBCPICHIMIO BA3KHUX

HaNpsHKEHUN MOXKHO 3aIIMCaTh TAK:

= + =7AV, + n——.
ox, o ox | Tax ox, Tax ox T oK ox,

Ho mocneanee cnaraemoe paBHO HYIIO HM3-3a YPaBHEHHS Hepa3pbIBHOCTH (4.1),
no3toMy u3 (4.2) nomyyaem ypaBHeHus HaBpe-CTOkca s HECKMMAEMOM

KUAKOCTHU

%+v-%:—la—p+nAvi+gi, 1=12,3 (4.3)

ot lox;  pox

3nech
9 au_du dfu du

AU = = + +
ox; 0% ox?  oy* oz’

- oneparop Jlanmnaca.
Cucrema ypaBuenuit (4.1), (4.3) 3aMKkHyTa, T.K. OHa COJIEPKUT 4 ypaBHEHUS

JJIA TpéX KOMIIOHCHT CKOPOCTH U JaBJICHUA.
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B pasBepHyTO#l popme 11T KOMIOHEHT BeKTopa ckopoctu V = (U,V,W) B
JICKapTOBOM cUCTEeME KOOpAuHAT X,Y,Z ypaBHeHus HaBbe-CToKkca 1isi HECKU-

MaeMOH JKUJIKOCTHU C HOCTOSHHOU BSI3KOCTBIO UMEIOT BUJ

8_u+@+@20; (4.4)
ox oy oz
ou u6u+V8u a—uz—la—p+77Au+gx,

—+
ot oX oy 0z P OX

ov u@+ 8v @_—ia—p+nAv+gy, (4.5)
ot ox 8y oz poy

oW oW Oow oW 10p
— +tU—+V—+W—=———"—+7AW+(,.
ot OX oy 0z p 07

CrneBa B ypaBHeHHAX uMmimysbsca (4.5) croar yckopenust dv;/dt, a crmpaBa —
IVIOTHOCTYU TIOBEPXHOCTHBIX CUJI [aBeHust OP / OX;, BA3KUX CUII 17 AV;, U Macco-
BBIX CUJI ;.

Hanmomuum, yto npu BeiBoje ypaBHeHud HaBbe-CTokca ObLIH celaHbl
CIEAYIOLIUE MTPEIITOTO0KECHUS:

1) KHUIKOCTh HEC)KHMACMa,

2) HampsDKCHUS U CKOPOCTH JedopMaliuu cBsi3aHbl 3akoHOM CToKca,

3) BS3KOCTH JKUIKOCTHU MOCTOSIHHA.
YpaBHeHHe TEIUIONPOBOAHOCTH (KOHBEKTHBHOI'O TEIIONEPEHOCA)

B3rnsan Ha TemnepaTypy Kak Mepy BHYTPEHHEW dHEpPIuH, CBA3AHHYKO CO
CKOPOCTBIO JABMXCHUS MOJIEKYJI, HCIIOIBb3yeTCs B (PU3UKE, a B THAPOMEXAHUKE
NPUHAT (PEHOMEHOJIOTHYECKUN TOX0, TPU KOTOPOM HU3y4daroT MaKpOCKOIUYe-
CKHE CBOMCTBA IepeHoca Teria. B 4acTHOCTH, BBOJUTCS MOHSATHE TEIUIOBOIO
MMOTOKA MEXY MTO-Pa3HOMY HAarpeThIMU YaCTAMHU CIUJIOIIHOW CPEJIbI.

Tennogoti nomox Q — 3TO KOJMYECTBO TEIUIa, KOTOPOE MEPEHOCUTCS B
€AVHUIy BPEMEHU:

[Q] = [Ix/c = Br.
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IInomnocms mennosozo nomoxka =Q/S - 3To TEMIOBON MOTOK, MPOTE-
KaroUui yepe3 eIUHUILY TUTOLIAIH.

[q] = Br/m?.

Temo mepeHocUTCs pa3HBIMUA MEXaHU3MAMMU:

1. MonekynsapHas menionpogoorHocms unu tepmoanddysus. B rops-
4yeil 4acTu cpellbl MOJIEKYJIbl OoJiee MOJABMXKHBI, OHH BO30Y>KIAOT
COCeIHWE, W TaM TOBBIIAeTCA Temrmeparypa. llpomecc Temmomnpo-
BOJIHOCTHU TPOAOJDKAETCA, MTOKa TeMIIepaTypa BO BCEX YacTAX Teja
He cpaBHseTcs. TemoBoil MOTOK BCErJa HampaBjieH OT rOpsyYero K

XOJIOJTHOMY.

Xonoonoe T, T'opsiwee T,>T;

< Q

2. Koneexyusi. BbI3BaHa IBIWKEHHEM KUIKOCTH. IIOTOK JKHIKOCTH
HETOCPEACTBEHHO MEPEHOCUT CBOKO TEMIIEpATypy M3 OJIHOM 4acTH
MpOCTpaHCTBAa B Apyryto. Ecinu cpena Harpera paBHOMEPHO, KOH-
BEKTUBHOTO MOTOKA TeIIa He OyACT Ja)ke MpU HAJTUYUU IBUKEHUS.
KoHBEKTUBHBIN MTOTOK TEIIA PABEH HYJIIO U B TOM ClIy4yae, €CJIU Te-
JI0 HArpeTO HEPABHOMEPHO, HO TEYEHHUE OTCYTCTBYET.

3. Hznyuenue. ITo mepenava Teria B BUJE JICKTPOMArHUTHBIX BOJIH.

Hanpumep, cosiHeuHast SJHEPTHS WIIN TETUIO OT PACKAJICHHOM ITEUKHU.

[Ipn BBIBOJIE ypaBHEHHSI DHEPrMHA OTPAHUYUMCA PACCMOTPEHHEM IMPO-
CTEHIILIETO CiIy4das, Korjaa
a) Jluccunanus (HarpeB M3-3a BHyTPEHHETO TPEHHS ) OTCYTCTBYET.
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b) PaGota cui 1aBiaCHUS HE YUUTHIBACTCS.

C) VnenbHas smmanvnus (terocoaepxanue) h, Jk/kr ompenensercs
kak CT , rae c, Jx/(kr-K) — mennoemxocme.

BoigenuM, kak U paHblie, KOHTPOJIbHBIN 00beM V' U paccMOTpUM 3aKOH

W3MEHEHHS €0 MOJIHOM SHTAILIINU

H = [ phdV =] pcTdV, Jix
\% \Y

Ecmu q, B1/M* — IJIOTHOCTH TEIUIOBOTO MOTOKa, a T, Br/m® — yaenbHas

MOITHOCTb BHYTPCHHHUX HMCTOYHHKOB TCILIA, TO OaaHC OHCPI'MH BBIPA3UTCH

YpPaBHCHHUEM
oH o(ph
E = J‘%dv + v",OhVndS = —J‘ qndS + J- de
Vv S S V
UBMEHEHUE DHMAIbNUY — NOMOK SHMAbNUU npumoxK menia 6HYMpeHHUe
6 obveme uepes N0GEepXHOCMb  uepe3 NOGEPXHOCMb  UCMOYHUKU

3HaK MHHYC B TIPaBOW YacTH IOSBHJICS IOTOMY, YTO TIOJOXKHUTEIBHBIM, T.C.
HaIlpaBJICHHBIM Ha TMOBBIIIEHUE YHEPTUH 00bEMa, CUNTACTCS IMOTOK TeIljIa Yepes
IpaHMIly S BHYTPH Teia, T.€. MPOTHUBOIOJOXKHO BHEIIHEH K MOBEPXHOCTH S
HopMaim N. Ucnonb3ys Tteopemy Octporpanckoro-I'aycca, mpeobpaszyem mo-

BCPXHOCTHBIC MHTCTPAJIbI B O6’beMHI>Ie,

[ phv,ds = [V (phv)dv; [a,ds=[Vqdv
S \ S \

Y, YYUTHIBasA IPOU3BOJIBHOCTh KOHTPOJBHOTO 00beMa V , 3amuiiemM ypaBHEHHE

OHTAJIBITMH

%W([)w):_vq”, h=cT. (4.6)

Kak u st ypaBHEeHUS UMIYJILCOB, YpaBHEHHUE HEPA3PHIBHOCTU MO3BOJIAET
3amucaTh JIEBYIO 4acTh ypaBHEHHs (4.6) B BuIe CyOCTaHIIMOHAILHON TPOM3-

BOJIHOM YJIeIbHOM 3HTAIBIUU N . 3ameTnm, 4To
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é(gh)w%m%”; V(phv)=hdiv(pv)+pV-gradh =

+V(phv) :p%+p\7-grad h+ h{%—/t)+div(p\7)}.

ot

Jliis onpenenenust moToka § MpUBIEYEM JIMHEUHBIN 3aKOH Menionpogoo-
Hocmu Dypve

g=-AgradT =—AVT, 4.7

B kKoTopoMm A, Br/(M-K) — k03 dunmeHT TemnonpoBogHocTy cpeapl. B obiem

ciIy4dac A —23TO0 TCH30P TCIIJIOIIPOBOJHOCTHU

Ay A A
A=Ay Ay A | Aj =4
A1 A A

[TosicHuM mpupOy 3TOr0 TEH30pa Ha MPUMEPE TEIIOMPOBOJHOCTH KOMIIO3HUT-
HBIX (COCTABJICHHBIX M3 YaCTE€W C pa3HbIMU TEIIO(QU3NYECKUMU CBOWCTBAMMU)
TBepAbIX Tel. Eciin 0AHOPOJHBIE KOMIIOHEHTHI KOMITO3UTa UMEIOT Pa3HYIO Tell-
JIOTIPOBOJAHOCTh M BXOJAT B COCTaB Te€Ja C OMPEIEIECHHBIM T'€OMETPUUYECKUM
«PUCYHKOM», TO CpeAHHE TeIrio(U3NUecKre CBONCTBA TaKOr0 KOMITO3UTHOTO
TeJa He yAaeTcs 3a7aTh OJHOM CKaISIpHOU (YyHKIIMEH, HEOOXOAMMO HCIIOIb30-

BaTb TCH30D. Kommnonenra ﬂ"] O3Ha4YacT TCINIOIIPOBOAHOCTL YCPEC3 INIOIIAAKY C

HOPMAJIBIO | TIPHU TEIUIOBOM TMOTOKE B HampaBiieHUH | . [Ipumep — ciouctsie
KOMITO3UTHI. Ecniu HampaBlieHUs CIOEB COBIAJAIOT C HAIPaBJICHUEM OCEU KO-
OpJWHAT, TO TEH30p OyJET NMaroHaTbHBIM.

3ameTuM, 4TO MOCJEAHEE BhIpaKeHrEe B GUTYPHBIX CKOOKaxX — 3TO ypaBHe-
HHE HEPa3pbIBHOCTH, OHO paBHO HYJ0. [losTomy mpu h=cT c yuerom (4.7)

HOJTy4yaeM

y, @+(\7-V)CT =div(AgradT )+ f (4.8)

Ecnu temnmodusnyeckue cBONUCTBaA cpeibl MOCTOSIHHKI ( P, C, A =CoNst ), To

u3 (4.8) mosryuaeM ypasHenue KOH8EKMUBHOU Menionpo8oOHOCMU
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d—T:g+vi£:aAT+¢ (4.9
dt ot OX.

1

rie a=A/(cp), M* /c — ko3 dUIIEHT TemmepaTyponpoBoaHocTH, ¢= f /Cp.

VYpasuenue (4.9) Bmecte ¢ Tpems ypaBHeHMsiMH HaBbe-Ctokca (4.5),
YpaBHEHUEM HEpa3pbIBHOCTH (4.4) 00pa3yroT 3aMKHYTYIO CUCTEMY YpPaBHEHHIA
JUIST MAaTEMaTUYECKOr0 OMUCAHUSA HECTAIIMOHAPHBIX TPEXMEPHBIX TEUCHUU U
TEIJIOBBIX IMOJIEH BA3KON KUJIKOCTU C MOCTOSSHHBIMU CBOMCTBAMH. JTa CUCTEMA
MOJIyY€Ha C HCIOJIb30BAHUEM JIBYX YIPOIICHHBIX JUHEHHBIX 3aKOHOB: BS3KOTO
Tpenusi CTokca U MoJieKyJisgspHO# TemonpoBogHocT Dypre. Mctopusi mate-
MaTHYE€CKOT0 MOJIEITUPOBAHUS MTOKA3bIBAET, YTO ATH 3aKOHBI UMEIOT JA0CTaTOY-
HO IHUPOKYIO 00JIaCTh MPUMEHEHHUS B MPAKTHUYECKU BAXHBIX 33/1ayax.

B tBepapix Temax V=0 u JaHHOE ypaBHEHHE IMEPEXOJUT B ypaBHEHHE
TEIUIONPOBOAHOCTH, a B )KMJIKOCTSX M razax Mpu HaJIUYUU JABM)KCHHUS KOHBEK-

1A, KaK IIPpaBUjI0, UTPACT OIIPCACIIAIOIIYIO POJIb B IICPCHOCC TCILIA.

HavyanbHble M TPaHUYHBbIE YCIOBHS AJIS YPABHEHUHA TEPMOTHIPOAMHAMKH
BA3KOM HEeC;)KMMAaeMOH KHIKOCTH

JuddepeHunanbible ypaBHEHHUS, OMMCHIBAIOLINE JUHAMUKY KHJIKOCTH,
ONPENEIISIIOT PEIICHUE C TOYHOCTBIO 10 NPOU3BOJBHBIX IMOCTOSHHBIX. EIHH-
CTBEHHOE peIlIeHuEe MOKHO BBIOPATh, €CIIM 3a/1aTh JAOIMOJHUTEIBHO HavyajabHbIC
Y TPAaHUYHBIE YCIOBUS — 3TO KpaeBble ycinoBus. HauaibHOE yclloBHE 3a/1a€T UC-
KOMBbIe 1ot B MOMeHT t =0, T.e. B MOMEHT Havayia MOJAECIMPOBaHUS MpoIlecca.
['pannyHbIE YCIOBUS OMPEACISIIOT B3aUMOJEHCTBUE CKOPOCTHOTO MOTOKA HIIH
MOTOKA TeIjIa C TPAaHUIIAMH U HaXOASMIIUMUCA B ToToke Tenamu. Juddepeniu-
aJNbHbIE YPABHEHUSI B COBOKYITHOCTH C KPA€BbIMHU YCIOBUSIMU (OPMUPYIOT Kpa-
€BYIO 33/1a4y JIJIsl KOHKPETHOTIO THAPOAMHAMUYECKOTO IIpoLecca.

ITpumep 1. [locTanoBKa KpaeBbIX 3a1a4 115 ypaBHeHU HaBbe — CTokca.
N3ydenune o0TeKaHus Teaa IMIOCKUM ITOTOKOM HEC)KMMAEMOU BA3KOU KUJIKOCTH

B KaHaJIC.
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Puc. 4.1. K nmocra"noBke 3agauu 00 0OTEKaHWM TeJIa B KaHAJIE
IIOTOKOM BSI3KOU KUIKOCTH

JIBymepHble ypaBHeHUs: HaBbe-CTOKCa 11 HEC)KMMAEMOUM KUIKOCTH C
IIOCTOSIHHON BSA3KOCTBIO, IIPH OTCYTCTBUU MAaCCOBBIX CHJI, MOXKHO IIOJIYYUTH U3

TpexMmepHoi cucteMsl (4.4), (4.5), nonoxus W=0, g; =0.

ou ou ou 1op
—+U—+V—=———+1AU,
ot oX oy p OX

ﬂJru@+v@:—£a—p+77AV, (4.10)
ot ox oy poy

a—u+@:0.

ox oy

Ota cucTema 3aMKHyTa: 3 ypaBHEHHUS JJiA 3-X HEU3BECTHBIX U,V, p. UT0OBI Ma-

TEMATUYCCKAasA MOACJIb TCUCHUA 6BIJIa IOJIHOCTBIO OIIPCACIICHA, CIICAYCT 3a1aThb
Kpaesble ycnoBus. HauansHOE ycnoBue
t=0:u=0, v=0, (4.11)
O3Ha4YacT, 4YTO ABHKCHHUEC HAYNHACTCA U3 COCTOAHHUA ITOKOA.
F paHI/I‘lHBIG YCJ'IOBI/ISI JJIA CKOpOCTI/I MOFYT BBITJIAACTH TAK.

Ha crenkax kanana y=+1H craButcs yciaoBue npuiunauus, COTIACHO

KOTOPOMY HOPpMAJIbHAA U KaCaTCJIbHasA CKOPOCTH Ha CTCHKAaX paBHBI HYJIIO:
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y=tH:u=0, v=0. (4.12)
[Ipu sTtom paBeHcTBO U=0 o0O3HaYaeT OTCYTCTBHE CKOJBXKEHHUS, & YCIOBHE
vV =0 oTpaxaet TOT (pakT, YTO CTEHKA KaHaJla HEMTPOHUIIAeMa JIJIsl AKUIAKOCTH.
Ha Bxose B kaHai 3agaeTcst mpouiib CKOPOCTH, T.€. AIIOpa.
X=-L :u=uy(y); v=0. (4.13)
Ha BbIXOJ€ U3 KaHaa CTaBsATCA T.H. KMATKUE» YCIOBHS
X=L,: oulox=0, v=0, (4.14)
KOTOpPO€ O3HAYaeT, YTO B BBIXOJHOM CEYCHHH 3a TEJIOM TEYCHHE OJU3KO K
wiocko-napamwieabHoMy (V=0), W ero XapakTepUCTUKA HE MEHSIIOTCS
ou/ox=0.
Ha noBepxHoCcTH Tena 0OBIYHO TOXKE 33JIaI0T YCIOBUS MPUIIUIIAHUS
(X,y)ey: v, =ucos(n,x)+vcos(n,y)=0, v, =0. (4.15)
Kpome ycrnoBuii mjis CKOpOCTHM Ha BCEeX IpaHHUIAX, TpeOyeTcs U OJIHO
yCJIOBUE I AaBieHuA. M0OXHO, HampuMep, 3a7aTh MOCTOSHHOE JABJICHHE Ha
BXOJI€ B KaHaJ
X=-L:P=p,. (4.16)
IIpumep 2. IlocTaHOBKa KpaeBbIX 3ajay JJisl YPAaBHEHUS KOHBEKTHBHOU
TETUIONPOBOAHOCTH.
[Tycth Terio(pu3nIecKre CBOICTBa JKUIKOCTH IMOCTOSIHHBI
(p,c,A=const), Toraa TEIIONEPEHOC OMUCHIBACTCS ypaBHCHHEM KOHBEKTHB-

HOH TEIJIONPOBOIHOCTH (4.9)

a—T+ua—T+v6—T:aAT+f, (4.17)
OX oy

r1€ a — TEeMIIEepaTypONpOBOJHOCTb, U,V — KOMIIOHEHTHI BEKTOPBI CKOpPOCTH,

KOTOPBIE OTPENICTIAI0TCS, HapuMep, Kak pemienne 3aaaun Haere-Crokca (4.10)

—(4.16), f — UHTEHCHBHOCTHh BHYTPECHHUX HCTOYHUKOB TEILIA.

Chopmynupyem kpaeBble yciaoBus mjisg ypaBHeHus (4.17), monenupyto-

1IMe HeM30TEPMHUUECKOe O0TEKaHne Tena B KaHaie, cM. puc. 4.1.
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TemmnepaTypHoe mosie XuUAKOCTH B MOMeHT t=0 3amaercs HayaIbHBIM
YCIIOBUEM

t=0: T =Ty(x,y). (4.18)

Ecnn Ha BXOZI€ B KaHAJ )KUAKOCTh UMEET Ty K€ TEMIIEPATYPY, CTCHKH KaHaJia

TCIION30JIMPOBAHLI, A 00TeKaeMoe TeJIo HarpeTo A0 TCMIICPATYypPhbl T , KOTOpasa

MO/I/ICP KU BAETCS TTOCTOSIHHOM, TO TPAHUYHBIC YCIIOBUS OYAyT CJIEAYIOIINMH:
X==L:T=T,.

y=1H: a—T=O. (4.19)
on

(X,y)ey: T=T,.
or oT
X=L:—=—=0
on  oX
Ha BbBIXO/J€ U3 KaHAJIa BHOBb ITIOCTABJICHEI T.H. «KMATKHEC» I’paHI/I‘IHLIe YCJ'IOBI/ISI.
[Tockonbky KpaeBbie YCI0BHUS U KOIP(GUIIMEHTH YpaBHEHUH B TIOCTABJICH-
HBIX 3aJja4axX CTAllMOHAPHBI (HA 3aBUCAT OT BPEMEHM), TO U PELIECHUS 3TUX Kpa-
CBBIX 34a/1a4 IIpU t—>w MOI'yT 6BITB JII/I6O YCTAaHOBUBIIUMMUCA, J'II/I60 Iepuoan-
YCCKUMU.
HpI/IMepBI YUCJICHHOI'O pCUHICHH:A 3aa4 IIOKAa3aHbl Ha CIICAYIOIINX KAPTUH-

Kax.
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Puc. 4.2. Tlepnonuueckoe (aBTokonedarensHoe) penieHue 3aaaun Hasbe-
Crokca: BuxpeBas gopokka Kapmana B ciese 3a 00TekaeMbIM HMITHHIPOM

.:TTT

Puc. 4.3. Pa3zButue temnepaTypHOro mnojis mpu cBOOOAHOW KOHBEKIIUU BSI3KOU
KHUJIKOCTH OKOJIO HarpeToro KpyroBoro IHMIWHIpa B KaHaie. [lone ckopoctu
MOJIYYeHO Kak perueHne 3agaqu (4.10) ¢ npasoii vactero gy, =gB(T —Tj), Ko-

TOpOE B paMKax NMpUOIMKeHHs byccnHecka MOAETHPYET TEPMHUECKOE PACIIH-
pEHUE KUTKOCTH

IIpocreiimme anaJduTHYeCKHE pellleHUs KPaeBbIX 3a1a4
THAPOJIMHAMMKH M TeIIO0OMeHAa

1. IT;mockoe ycTaHOBUBILIEECS TSUCHUE B KaHAJIC.

Hpe)lHOJ'IO)KI/IM, YTO TCUYCHUC YCTAHOBUBIICCCH, IMONCPCYHAA KOMIIOHCHTA

ckopocTu otcyTcTByeT, V=0. Torna ypaBuenus (4.10) npuHUMAaIOT BUA
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—=—=LipAu,
OX P OX 7

—1@:0, (4.20)
p oy

ou _

OX

U3 YPABHCHUA HEPA3PBIBHOCTU CICAYET, YTO CKOPOCTh HEC 3aBHCHUT OT X,

KOHBEKTUBHBI 4IEH paBeH HymMo, a omeparop Jlamiaca mpeBpamaercst B

n0°u/ 6y?. B pe3ysbTaTe Moiy4aeM ypaBHEHHE
. o°u 1 0p

oy pox

JleBas yactb ypaBHeHus (4.21) He 3aBUCUT OT X, 3HAUUT U MpaBas 4acTh TOXKE

(4.21)

HE 3aBUCUT OT X. bosee Toro, u3z Broporo ypaBuenus (4.20) cienyer, 4To J1aB-

JICHHME HE 3aBHCHUT U OT Y, T.€. OP/OX - 310 KoHcTaHTa. O003HAYMM

c_1oa _1dp (4.22)
vp OX  p dx
u 3anuuieM ypaBHeHue (4.21) B Bune
2
d—‘; -_C.
dy

O6miee pemieHue 3Toro nudQepeHnaIbHOr0 ypaBHEHU — 3TO Mapadoia

u(y) =—0.5Cy? +ay +b. (4.23)
[Tpou3BoJIbHBIC TOCTOSIHHBIC &,D OmpeaeuM ¢ IOMOIIBIO TPAHUYHBIX YCIOBUN
npwinnanus (4.12) Ha cTeHKax KaHana

y=x2H: u=0;
[Tosmmywyaem cucremy ypaBHEHUM
u(H)=-0.5CH? +aH +b=0
{u(—H) =—0.5CH?-aH +b=0

Boruntass BTOpoe ypaBHeHHME U3 TmepBoro, HaxoauMm a=0, mnosTomy

b=0.5CH?.
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[ToactaBum 311 K03 duiineHTsl B (4.23) 1 HaieM MIOPY NPOAOIBLHON CKOPO-

CTH KUJKOCTH B KaHAJIC
u(y)=05C(H*~y?), ye[-H,H]. (4.24)
3ametumM, 4to Kodpdurment C, onpeneneHHpii B (4.22), UMEET pa3MEepPHOCTh

-1
(M-¢)™ ¥ mOJOXKHTENEH, KOT/Ia JaBJICHUE MaJaeT cJIeBa-Halpaso, T.€. C POCTOM
X . Ilpu aTom u ckopocth U= 0. Beruucauts koaddunment C jerko: 1js 3Toro
JIOCTaTOYHO 3aMEpPUTh NIaBJICHUE B MPOU3BOJLHOW TOYKE X W HA PACCTOSHUU

X+ L. ITocne 3TOro MOXHO BBIUKCIUTH IPOU3BOAHYIO

dp _ p(x+L)—p(L)
dx L ’

a 3arem u kod(ppunment C o dopmyne (4.22).

C nomompto pemieHust (4.24) MOXKHO OINPENEIUTh HEKOTOPHIE BaXKHBIC
(GyHKIIMOHAJIBI.

1) Maxcumanvhas ckopocmov, OYEBHIHO, HAOIIOAACTCS HA OCH KaHalla U

paBHa
U =u(0)=05CH?2 2.
C

2) Pacxoo »unkocty Ha | MeTp IMIMPHUHBI KaHaJla paBeH

H 3 3
szj'u(y)dyzc H3_H_ :ECH3 M o
5 3 3 C
3) Cpeoussa ckopocms paBHa
v:g:lCHZ M
2H 3 C

4) Hanpsiscenue cosuca (KacaTeIbHOE HAINPsDKEHHE) HA CTEHKE KaHaja

paBHO

7 :yg—;(—H):uCH _ blx+ "2_ PO 11

Ecnu B mocnenneit hopmyne BeiOpath L =H , momydum npoctyio Gpopmyiy us-

MepeHHs HalpsbKeHHs TpeHus Ha cTeHke: 7, = P(x+H)— p(H).
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2. TeMrepaTypHoOe 1oje

HpeHHOHO)KI/IM, YTO B TOM K€ OECKOHEYHO JJIMHHOM KaHaJI€ HWXHAA

CTEHKA MOJACPKUBACTCS IIPU TeMIepaType [, a BEpXHssA — IPU TeMIIepaType

T, . IIpu ycTaHOBHBIIEMCS TEYEHUU U3 ypaBHeHUs (4.17) nomydaem 3anady

d’T
V:O’ T(-H)=T,, T(H)=T,.

Ee pemenne naet nuHeitHOE pacnpeesieHue TeMIepaTyphl Monepek KaHasa

T -T
T(y)=To+1—L(y+H).
()=To+==(y+H)
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3agaum k Jexknuu 4

3amaya 4.1. Onpeaenuth QYHKIUIO TaBICHUS p(x, y) JUIA TUIOCKOTO Te-
YEeHHsI HEC)KUMAEMOW KUAKOCTH C MOCTOSSHHOM BSI3KOCTBIO B OTCYTCTBUHU Mac-
COBBIX CHJI 110 33/IaHHOMY TOJIFO CKOpOCTEN U =2X, V=-2VY.

3amauya 4.2. XKXuznkocTh BEITeKaeT nu3 Oaka mpu Temmeparype I =1 u
Te4€T 1Mo TOHKOM TpyOe co ckopocThio V =1. TemmnepaTtypa okpyxaroliei cpe-
ael T, =0, xoapdunment remnoodMena pasen o =1. Haiitu temneparypy

JKMJIKOCTH Ha PacCTOSIHUU X = 1 or Gaxa.

Vkazanue. Pactipenenenne Temmepatypsl | (X) OMHCHIBAaeTCS ypaBHEHH-

€M KOHBEKTHBHOM TCINIOIIPOBOAHOCTHU

dT  d°T
V&:W—Q(T _TS)’ X>0, T(O):TO,T(OO):TS.
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Jexknus 5.
AJBTEPHATHUBHBIE ®OPMYJIUPOBKHU YPABHEHUN I'maPoOaun-
HAMUKHAU

3aBUXpPEHHOCTH

Onncanne TeyeHuil ¢ nomouplo ypaBHeHnii HaBpe-CTOKCa 1 KOHBEKTHB-

HOM TCIUIOMMPOBOAHOCTHU IMOAPA3YMCBAJIO ITOCTAHOBKY KPAaCBBIX 3aJa4d, B KOTO-

—_

PBIX UCKOMBIMU (DYHKIMSAMH ObLIM CKOpPOCTh V = (u,v, W); JIaBJICHUE P; TEM-

neparypa I; IJIOTHOCTh p. B ciyyae M30TEpMUYECKUX TEUEHHUI HECKMMAEMOM
AKUJKOCTU C TIOCTOSSHHBIMU CBOMCTBAMM 3aJa4a JiJIsi CKOPOCTHU U JIABJICHUS OT-
JenseTcs OT TeIUIOBOM 3ajaud, T.€. MOKET OBbITh pelleHa He3aBucumo. Hucio

HCHU3BCCTHBIX COKpamaeTrcsa 10 4e€ThIpex: u,V,W, p. Takue YpaBHCHUA U 3a1a49U

HazbIBatoTcA 3anadamu HaBbe-CTOKCa 6 ecmecmeennvix nepemeHHbix.
Oxka3bIBaeTcs, YTO MOXHO CPOpPMYIUPOBATH MaTeMaTUYECKHE 3aJaud B
JIPYTUX TEPEMEHHBIX, KOTOPHIE TAK)KE TMOJHO OMHCHIBAIOT TEUCHUE KUIKOCTH.
B yacTHOCTH, HIMPOKO KCIIONB3YETCS Takas BakKHAs XapaKTEPUCTHKA TEUCHHUS
KUIKOCTHU, KaK 3aguxperHocms. OHa, Kak MpaBuio, o003HavyaeTcs OyKBOM @ .

B TpexMepHOM TEYCHHH 3TO BEKTOp C KOMIIOHCHTAMU @, @,

@, , KOTOPBIA

OTIPE/IENACTCS KaK BEKTOPHOE TIPOM3BEICHHE orepaTopa V Ha BEKTOP CKOPOCTH
V =(u,v,w):

d=VxV. (5.1)

HanoMHHM, 4TO BEKTOPHOE NPOU3BEICHHUE JBYX BEKTOPOB axb =C BBI-

YUCTISETCS CICAYIOIIMM 00pa3oMm:

b,a

¢, =a,b, —bja,, ¢, =a,b, -ba,, ¢, =a,b, —b,a,. (5.2)

I[Tpu 5TOM BekTop C HampaBjeH OPTOrOHAIBHO IIOCKOCTH, HATSHYTON Ha BEK-

Topa d ub.

[Ipumenus dopmyny (5.2) ansg BEKTOPHOTO TPOU3BEACHHUS BEKTOPOB

V=(38/dx,0/8y,8/0z) u V =(u,V,W), I0IyInM KOMIIOHEHTEI BEKTOPA BUXPS:
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oW v U aw v au

oy =———, O, ="—"—, O, =———. 5.3
oy o Y 6z ox ¢t oox oy 5:3)
Jpyrum crnocoO0M BBIUKCIEHUS BEKTOPHOTO MPOU3BEICHUS SIBISETCS
OIpECaACINTCIIb
| j ‘ oW =0 N N ~OW -0
o=|olox oloy olor |=T D jE kY 7 _jW _AH_
oy 0z ox oz OX oy
u v w (5.4)
~(OW oV 7(au awj ~(ov  ou
=i | ———|+]]| ——— |+k| ———|.
oy oz oz 0oX ox oy
31ech T, ?, IZ - OpTHI (BEKTOPHI AMHUYHON JIJTMHBI), HANIPaBJICHHBIC BIIOJIbH KO-
OpAMHATHBIX OCEU X, Y, Z.
y
u(y)
/ w=—du/dy <0
>

. X

Puc. 5.1. Dnropa ckOpoCTH B CABUTOBOM T€UEHHUH U 3HAK 3aBUXPEHHOCTHU

[Ipumep: mnockoe Teuenne U,V = 0; W= 0. U3 Bcex KOMIOHEHT 3aBUX-

PEHHOCTH OCTACTCA OJIHA

ov au

7 '

ox oy
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PaccMOTpPUM CIBHMIOBOE TEUEHHE HAJ T'OPM30HTaIbHOM crenkoit mpu V =0,

cM. puc. 5.1. IlonydaeM o, :—8—u. [Tockonbky Z—u>0 (CM. PHUCYHOK), TO
y

w<0.
BooO1iie, HampaBieHUE BpallEHUs KUAKOCTH 10 YaCOBOM CTPEIKE JaeT OTPHU-

LATENbHYIO 3aBUXPEHHOCTD, a IPOTHUB YaCOBOM — MOJIOKUTEIBHYIO.

YpaBHenus apuxenusi B popme I'pomexn - JlamoOa

3anuiem ypaBHeHne HaBbe-CTokca 11 X -KOMIIOHEHTBI CKOPOCTH.

ou ou ou ou 1op
—+U—+V—+W—=———+1AU+Q,.
ot oXx oy 0z L OX

JleBast yacTh TpeACTaBIAECT COOOM CyOCTAaHIMOHAIBHYIO MPOU3BOJHYI0. Dop-
MynupoBka I'pomeku-Jlamba ocHoBaHa Ha TOM, YTOOBI BBIPa3UTh CYyOCTaHIIMO-
HAJIBHYIO IIPOU3BO/IHYIO CKOPOCTH 4epe3 KUHETUYECKYIO SHEPTUIO V2/2 u za-

BUXPCHHOCTb @ .
I 2 oo 2 2 2
OCKOJIBKY V“ =V -V =U" +V° +W", TO
ou oV oW
+ +

1ov:_ o
OX OX OX

2 OX

O3TOMY

—=—t— + + ——
dt ot ox| 2 oy oz oX OX
ou o(Vv? ou oV U ow
=+ —| — |[+V] ——— [+ W] ———
ot ox| 2 oy oX oz oX

— —_—

HOCJICI[HI/IG JBa cjJara€MbIX MOXXHO 3aIIMCaTb B BUAC

du ou o(V? ou  ou oV ow
= V— \Y W

V@, +Waoy, = -(Uyo, ~U,0,)=-(Vxa) =(@xV)
¥ OKOHYATEIBHO II0Jyd4aeM ypaBHEHHE ABMkeHHA B (opme I'pomexn-Jlamba

JUISL X - COCTaBJIAIONIEH BEKTOpa CKOPOCTH
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2
a_u_i_g V_ +(&ij) :—£@+77Au+gx. (55)
ot ox| 2 X 0 OX

OcranbHble 1Ba ypaBHEHUS JUisl V 1 W MOIYYarOTCsS AaHAIOTUYHO U UMEIOT BUJT

2
AL +(@xV) =—£@+77Av+gy,
ot oyl 2 y p Oy
2 (5.6)
w, oV- +(a3><\7) :—ia—p+nAw+gZ.
ot oz| 2 1 por

Y 106HO 3anucath Bce TpU ypaBHEHUS ABMXKEHUS B UHACKCHOU (hopme:

ou o (V2
+
ot ox | 2

+(c?)x\7) :—£@+77Aui+gi, =123 (5.7
b p O

3ameuanue. B HayyHOIl nuTepaType MOXKHO BCTPETUTH (OPMYIHPOBKY,

IIPU KOTOPOW HCIIOJIb3YETCS 2(\7 X W)X. DTO CBS3aHO C TEM, YTO paHbIIE 3a-

BUXPEHHOCTbh HAXOAWIN KakK 2 OT TOTO, YTO UCIOJIb3YEM MBI.
VYpaBuenus B popme ['pomeku-Jlamba yn00HBI IpH pacCMOTPEHUU HEBS3-

KHX Te‘—IeHPIfI, Korga 4JICH 77Aui ucues3aer. Kak YBUIAUM IIO3OHCC, U3 3TOM

dbopMebI omyvaercs unrerpan bepuyim.

YpaBHeHHe ABHKEHUS B (pOpMe NEPEeHOCca 3aBUXPEHHOCTH

Ota popma 0ocobeHHO yn0O0HA ¥ IPUMEHSETCS ISl OMMCAHUS TUIOCKUX Te-
yeHul HecxxuMaeMon xkuakoctu (W=0, p=const). OcHoBHas ujesi BBEACHUS HO-
BBIX NMPeoOpa30BaHHBIX EPEMEHHBIX COCTOUT B TOM, UTOOBI BMECTO TpEX YpaB-
HEHU B €CTECTBEHHBIX MepeMeHHbIX (AByX ypaBHeHuil HaBbe-CTOkca u ypas-

HEHUS HEPa3pbIBHOCTH) TMOJIYYUTh 2 ypaBHEHUA [JIsi 3aBUXPEHHOCTH

ov ou

@ = — — — U PYHKIUHU TOKA V.

ox oy

@yHKI/,tu}Z moka onpeacisICTCa CICAYIOINMHA PABCHCTBAMMU:
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u¥ oy

N3 atoro onpeneneHus ciemyer, 9To GyHKIUSA ¥ MOXKET OBITh 3aJ1aHa C TOYHO-
CTBIO JIO MMPOM3BOJBHON NOCTOSIHHOU. B camom niene,

u_al//_é(w+C) _ Oy Ay+C)
dy oy X x

Takue (yHKIIUH, HEMOCPEACTBEHHBIC 3HAYEHUS KOTOPHIX HE Ba)KHBI (MMEHHO

MIOATOMY OHHU OIPEACINIAIOTCS C TOYHOCTBIO 10 MPOU3BOJBHOM MOCTOSIHHOM), a
BaYKHBI JIUIITb UX MPOU3BOIHBIC, HA3BIBAIOTCS NOMEHYUAIAMU.

®uznuecku Y 3a7aeT pacxol KUAKOCTH. M3onuHMM (QYHKIUU TOKa
w=CONSt ABISAIOTCS JIMHUSMH TOKA, T.€. TAKUMH JIMHUSAM, KacaTeJbHBIC K KOTO-
PBIM B KaXJI0W TOYKE COBMAAAIOT MO HAMIPABJICHHUIO C BEKTOPOM CKOpocTU. Uem

qaiic JMHHUHN TOKa, TCM 0oJIBIIIE pacxod B JaHHOM CCUYCHUMU.

0.751

0.5

0.251

-1 0 1
Puc. 5.2. Ilpumep nuHUM TOKa B TEPMOKOHBEKTUBHBIX TCUCHHSX

OyHKIMA TOKA 3aMedaresibHa TeM, 4TO ompeseiaeHHbie mo dhopmyne (5.7)
KOMITOHCHTBI CKOPOCTH aBTOMATHYECKH YJIOBJICTBOPSIOT YPaBHCHHIO HEpas-

PBIBHOCTH. B camom ACIIC,

2 2
M N_OY T _

OX Oy OXoy oyox
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Jns pyHKIMU TOKa mosydaeTcsi mpoctoe ypaBHeHue. [Ipoauddepenimpyem
U=0w/oy mo y,a V=—0w/OX mo X ® BBIYTEM BTOpoe u3 mepBoro. Ilomy-

yuM ypaBHeHue [lyaccoHa ¢ BUXpeM B paBoil 4acTy,

Oy Oy _u_
oy’ ox2 oy ox

W
-Ay =w. (5.9)
OcTanoch BBIBECTH YpaBHEHHE IS 3aBUXPEHHOCTH @ . Mcmonmb3yem uis

sToro ypasHeHus: HaBpe-Crokca

du 10op
—=———4+1nAU+ 5.10
dt~ p ox n Oy (5.10)
dv 1op
—=———+4+nAvV+ 5.11
&t ooy n Jy (5.11)

[Iponuddepenmupyem (5.10) mo Yy, a (5.11) — mo X © BBIYTEM U3 BTOPOTO

nepsoe. [lomyunm

d(ov ou 10°p 1 6°p v ou) 99, dag,
— ==t —— A ———— [+ ———==
dt{ ox oy 0 OYyOX  p OXoy oX oy oX oy

0
:d—:nAa)+ f, f E&—ag—x.
d ox oy
(5.12)

Hrak, BmecTo Tpex ypaBHenuit HaBbe-Ctokca (2 ypaBHeHus miig U,V U ypas-
HEHUE HEPa3phIBHOCTH IJIsi P ) MOJYyYWIHCHh JIBa YPaBHEHUS ISl npeobpaso-

BAHHBIX NepemenHblX — 3aBUXPeHHOCTH @ (5.12) u pynkuuu Toka ¥ (5.9):

oo Ow Ow

+U—+V—=n Ao+ f,
ot OX oy (5.13)
Ay =w

[Ipu 3TOM naBineHUE HE BXOAUT B MOCTAHOBKY 3anauu. Eciu Tpebyerca HalTu

u,V, P, TO B paMKax MOJICJIM IE€PEHOCA 3aBUXPCHHOCTH MOCTYIAIOT TaK: BHaYa-

ne st Beex t pemaercs cucrema (5.13), HaxoaaT PyHKIIMU @), i/, @ 320[THO TIO
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dopmynam (5.8) u ckopoctu U,V. Ilocne Toro, kak 3ajgaya peuieHa, 1js OT-
JEeTbHBIX MOMEHTOB BPEMEHHU PEIIaeTCs CaMOCTOSATENbHAs 3a/a4a /s JaBiie-

HUsA. YpaBHEHUE Uil P TOJYy4aroT M3 ypaBHeHUM ummyibcoB (5.10), (5.11).
[TepBoe auddepenHuupyoT o X, BTopoe o Y U CKIaabiBailoT. B pesynbrare

noJiy4aercs ypasnenue Ilyaccona nis naBieHus

Kpaesble 3aga4u 1J1s1 ypaBHeHHii B Ipeo0pa30BaHHBIX NlePEeMEHHbIX

B naparpade 4.3 mbl hopMynupoBalii HauadbHbIE U TPAHUYHBIC YCIOBHS
it ypaBHeHu HaBbe-CToKca B €CTECTBEHHBIX MEPEMEHHBIX IS 3a7a4u 00Te-
KaHus Tena B kaHasie. Hike Oyner maHa mocTaHOBKA KPAaeBbIX YCIOBUM ISl TOU

e 3a71a4u B IpeoOpa30BaHHBIX IEPEMEHHBIX I/ — @.

HavanbHble yCcIOBUS. HOCKOHBKy YpPaBHCHUC [JI1 ' CTAallMOHApHO,

Ha4YaJIbHOC YCJIIOBHC HYXHO JIMIOb IJId @ . Ecan B HayajabHBIE MOMEHT KUa-

KOCTb IOKOUTCSI, TO U BUXPEU HET,
t=0: w=0.

I PAHUYHBIC YCJIOBHUA HA TBEPAbLIX CTCHKAX. 910 BCPXHAA U HUXKHAA CTCH-

K1 KaHana, Y =+H, a Taxke moBepxHOCTh Tena ¥ . 3aaercs yCIOBUE MPHITU-

MaHWs, TO €CTh HOPMAJIbHAS M KacaTelibHasi KOMIIOHEHThI CKOPOCTH PaBHBI HY-
0. B Tepmunax ¢yHKIIMM TOKA, COTJIACHO OmpeaeneHuto (5.7), 3Tu KOMIOHEH-

ThbI 3allMITYTCA TaK:

v, =¥ o v -Y_o (5.14)

ot on
3nech, Kak M paHbllie, N U 7 - HOpMaJlb U KacatelbHas K rpanuie. M3 nepsoro
ycnoBus (5.14) cnenyer, yTo QyHKUMS TOKA i HE MEHsIETCS BAOJIb T'PaHUILIbL,
TO €CTh JIF0Oasi TBEpJas CTEHKa SIBJSICTCS JIMHUEW TOKa JJIi TEUCHHS BSI3KOM
xuakoctu. CiaenoBaTeNbHO, HA TPEX 00TEKaeMbIX MOBEPXHOCTAX UMEEM

X, yeli: w=y;, 1=123 (5.15)
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3Ha4eHHUs KOHCTAHT /; MOKHO 3a/1aTh CIEAYIOIIMM 00pa3oM:

y=-H/2: y=0; (5.16)
y=+H/2: y=Q; (5.17)
X,yey: y=y,=Q/2 (5.18)

3nech Q - MONHBIM PacXo/] JKUAKOCTH B KaHAJIC.

I'pannunoe ycnoBue (5.18) cnpaBeniMBO JHIIL IJs Ciayyasi, KOI/ia Telo
CUMMETPUYHO OTHOCHUTEJIBHO OCH KaHajla, U PEXHUM €ro oO0TeKaHusl CTaluOHa-

peH. B obuiem ciydae ompeneneHue sHadeHus {, (QYHKINM TOKA Ha KOHType

¥ TpeAcTaBisieT co0oi oTaenbHyto npobiemy. Boobiie roBops, MmaremaTuye-

CKoOe pelieHue chopMyIHMpoOBaHHOM 3a7jaui CYHIECTBYET MpHU JIF0OOM 3alaHHOM

3HAYCHUH Y/, , TIO9TOMY JUIS OJHO3HAYHOTO BBIOOpA ATOM KOHCTaHThI HEOOXO-

JIMMO JOTIOJIHUTENIbHOE YycioBue. JlaHHOE YCIIOBHE CBOAMTCS K TPEOOBAHUIO
HETPEPHIBHOCTHU JIaBlieHUs P Ha o0TekaeMoM KOHType. [locKkoNbKy naBiieHHe
OBLIO MCKJIIOUYEHO TPH BBIBOJIC YPABHEHUM B MPE0OOpPa30BAHHBIX MEPEMEHHBIX,
BOCITIOJIB3yeMCsl UCXOIHBIMH YpaBHeHUssMu HaBwe-Ctokca (5.10), (5.11), 3anu-
CaB UX B HETMIOCPEACTBEHHOMN OJIM30CTH K KOHTYPY ¥ W BbIOpaB B KauecTBE MPO-
CTPAHCTBEHHBIX KOOPAWHAT JJUHY IyTH S W HOpMayb N BMmecto X u Y. Ilo-
CKOJIbKY Ha KOHTYpE W3-3a MPUJIUMAHUS CKOPOCTh OOpalaercss B HOJIb, MOJY-
9UM

1op_

=1 Aug, l@—nAun. (5.19)
p 0s p

on
31ech AJi MPOCTOTHI Mbl OTOPOCHIIM MAacCOBBIE CUJIbl. B BEIOpaHHOI JTOKAJIBHOM
CHUCTEME KOOpJAMHAT S,N C HayajioM B TOYKE KOHTypa omneparop Jlammaca ot

KOMITIOHCHT CKOPOCTH 6y,ZICT COACPKATh JIUIIb IMPOU3BOJHBIC IT0O HOPpMAJIN:

o°u o°u
Aug=—>, Au, =—.
on on
KpOMe TOro, 3aBI/IXpeHHOCTB B6JII/I3I/I CTCHKU 6y;[eT paBHa
ou ou ou
w=—n_2T7s 77 ’
oS on on
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a U3 ypaBHEHUS HEPA3PbIBHOCTH MOIYYUM

on os

B pe3ynbrate umeem

Ausz_a_w’ Aun:i % zi _% :_g % :_a_a)_
on on\ on on\  0s os\ on oS
[ToactaBuB 31U BhIpaxkeHus B (5.19), moiyynum Tak Ha3bIBAEMbIE 2PAHUUHbLE
yenoeus [lupcona
»__00 d__ 00 (5.20)
oS on on oS

Ecnu B34Th Kakyto-1100 TOUKy A Ha KOHTYpPE ¥ WU IPOUMHTETPUPOBATH MEPBOE

u3 ycnoBuit (5.20) mo BceMy 3aMKHYTOMY KOHTYPY, TO CJIeBa MOJIYYUM CKa4OK

nasnenus B Touke A: [ p(A)]= p(A+0)— p(A—0). TpeGopaHue HelpepLIBHO-
CTH JaBJICHUS BBIPAKaeTCS PAaBEHCTBOM [p(A)] =0 mg mo0oi TOYKH KOHTYpA.

[Ipu stom u3 (5.20) monyuuM HeJOKalbHOE (T.€. 3alMCaHHOE HE JUISl OJIHOM
TOYKH, a JJIs1 BCEro KOHTYpa) yCJIOBUE
ow
j—dyzo, (5.21)
on
Y
KOTOPOE CIIE/YeT MCIIONb30BATh JUIs ONPECIICHUs] KOHCTaHTBI I/, .

VYcnoBus (5.16) — (5.18), xorma Ha rpaHuie 3agaHa MCKoMmas (YHKIIHS,
Ha3bIBAIOTCS TPAHUYHBIMH YCJIOBUSIMU 1-TO pojia, UM TJIaBHBIMU T'PAaHUYHBIMU
yCIOBUSIMU, WK ycloBusiMu Jlupuxie. Bee 3Tu rpaHuYHbIE YCTOBHS OTHOCSTCS
K YpaBHEHUIO /I (PYHKIIMH TOKA, B TO BPeMs KakK JJIsi BUXPS HET (PU3UUICCKH
COJIepKaTeIbHBIX TPAaHWYHBIX YCIOBUM Ha CTEHKax. BmecTo HHMX HMeEITCS

(IMOIHUC» T'PAHUYHBIC YCIIOBUA Heiimana oI, BBIPAXKCHHBIC BTOPBIM pa-

BeHCTBOM (5.14), a ”MEHHO

x,yel,: %—Z]’zo, i=1,2,3. (5.19)
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I'pannuHbIC YCIOBUS HA BXOJI€ U BBhIXOJIC KaHAJIA.

Ha Bxone X = —Ly 3aman npoduis npogosnsHoit ckopoctn Uy (YY), npudem

TaKoi, uto pacxoz paseH Q. ITo 3HAYMT, YTO

H

[ u(y)dy=0Q.

—H
CormacHo OIIpCACIICHUAM (I)YHKI_II/II/I TOKAa U 3aBUXPCHHOCTHU HAa BXOJC HMCCM

qua_l//’ a)z_%’

oy oy

MMOSTOMY I'PaHUYHBIC YCJIOBHA JId BXOOHOI'O CCUCHUA KaHaJIa MOXXHO 3allMCaThb

TaxK:
y
x=LiyW)= [uE@dn  oy)=-"2 5
4 o

B wactHOCTH, eciu MOTOK oxHOpoaeH, To Uy =Q/(2H), u ycnosus (5.20)

IIPUHUMAIOT BUJ

Q

x=—L:y(y)=—(y+H), =0 (5.21)
2H
Ha BBIXOAEC O6BILIHO 3a1ar0T «KMATKHUC) I'PaHUYHBIC YCHOBI/IH BHUOa
0 0
x=L,: -0 oo (5.22)
on on

HI/IGO, CCJIKM 3apaHCC M3BCCTHO, UTO TCUCHUC TaM YCTAHOBHIIOCH, UCIIOJB3YIOT

AHAJIUTHYCCKUEC PCINCHUA I I/ U ).
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3agaum K JeKnHuu 5

3ajaya 5.1. JlaHO MIOCKOE TE€YEHHUE HECKUMAEMOM KUIKOCTHU
u= A(x2 — yz)/r“, v=A(2xy)/r*, w=0,rme r’=x*+y’.
Jlokasarh, 9YTO Takoe TOJIe CKOPOCTEH YJIOBJIETBOPSICT YPAaBHEHUIO HEpa3phbIB-

HOCTHU U SABJIIACTCA 6€3BI/IXpCBI)IM.

3ayaya 5.2. 3anucatk ypaBHeHUs ABMWKeHUs B popme ['pomexu-Jlamba

2
Wy I (axv), =22y v+ gy, 12123
ot x| 2 LpOX

s ciydas miockoro tedenus xuakoctd U,V =0, W= 0 u ynocrosepurscs

B TOM, YTO BCE CJIaraéMbl€ UMEIOT OAMHAKOBYIO Pa3MEPHOCTh
3amaya 5.3. Jloka3aTh, 4TO IpPU YCTAHOBUBILEMCS JBM)KCHHM CPEIbI

OU, /0t =0 nuHUYE TOKa ¥ TPACKTOPUH COBITAIAIOT.

3amaya 5.4. OnpenenuTs U 0TOOPa3UTh HA TpaduKe TUHUU TOKA TIIIOCKO-

ro TEYEHUSI U OINHUCATh ABWKEHHE CpeAbl IO MO cKopoctet U=KX,
v=—KYy.
3agaua 5.5. IMeeTcs miaoCKuil MOTOK HEC)KMMAEMOM KHIKOCTH, B KOTO-
2 2 2 2 v
pom U=—Ay/r°, rae r°=x"+y“. HaliTu Bo BceM MOTOKE KOMITOHEHTY V, €C-
b0/ V(x =0, y) =0, npu Bcex 3HaueHHMAX Y. ITokazaTh, 9TO ABMKCHUE OC3BHX-

PEBOC, a JIMHHUHU TOKA — OKPY>KHOCTH.

3agaua 5.6. IlpuBenute npuMep momst ckopocteii (V,,V,) B BepTHKalb-

HOM IIJIOCKOCTH, OIMUCBIBAIOIICTO IICPEMCIICHUC Ooiee XOJIOAHBIX CJIOCB BOABI C

MOBEPXHOCTH B TIIyOUHY.
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Jlexkuus 6.
BAYKHBIE YACTHBIE ®OPMYJIUPOBKHU YPABHEHUI TEPMO-
I'MJIPOINHAMMUKHAU

B o0miem ciyyae HEM30TEpMUUYECKOE JIBHIKCHHE BS3KON CKUMAEMOM KU I-
KOCTH OIUCBIBACTCS CIEAYIONINMH YPABHEHHUSIMH.
1. VpaBuenus HaBbe-Ctokca (3 ypaBHEHHUs AJii KOMIOHEHT BEKTOpa CKO-
poctu U, V, W).
2. YpaBHEHHE HEpa3pbIBHOCTH (IUIs IaBJICHUS P ).
3. YpaBHEHHE KOHBEKTHUBHOM TEIJIONMPOBOJAHOCTH (IUIs1 pacueTa TeMIepary-
pul T).
4. YpaBHEHHE COCTOSIHHSA, KOTOPOE CBSI3BIBACT P, p, | (71 UACAIbHBIX Ta-
30B 3TO ypaBHeHUe uMeeT Bun P = pRT).
Hmeem 6 ypaBHeHuit u 6 Heu3BecTHBIX (1, v, w, p, T, p).
Ota cucTema 4pe3BbIUAHO CJI0KHA U B OOLIEM BUJIE C TPYAOM OJIaETCs
PEIICHUIO JaK€ COBPEMEHHBIMH YHCICHHBIMU MeToaamu Ha MomHbiX [1K. I1o-
ATOMY YacTO PacCMaTPHUBAIOT PA3JIMYHBIC YIPOIICHUS 3TOM CUCTEMBI, KOTOPHIE,

TEM HC MCHCC, B PAAC CIIYHIACB aJ/ICKBATHO MOACIUPYIOT TCUCHUC KUAKOCTH.

YcranoBuBlIeecs (KBa3UCTALMOHAPHOE) IBUKEHHE
JIBM>KEHME HA3bIBACTCS YCTAHOBUBIIMMCS, €CIM B KaXKJIOW TOYKE MPO-
cTpaHcTBa (X,Y,Z) ero mapaMmeTpsl (1, v, w, p, T, p) HE MEHSAIOTCSA CO BpEMEHEM.

PaccMmoTpuM npumep TeYeHUs KUIKOCTH B KPUBOJIMHEHHOM KaHaJe.

\ —
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C Toukwu 3peHus Duiepa, B KaXI0i PUKCHPOBAHHOW TOUKE MPOCTPAHCTBA
HHUKaKUX U3MEHEHUW MapamMeTpoB TEUEHHUSI CO BPEMEHEM HE MPOUCXOAUT. B Ma-
TEMAaTUKE ATO O3HAYaeT, YTO BO BCEX YPABHEHHMSX YACTHBIC IIPOU3BOJHBIE IO
BPEMEHU PaBHBI HYJIIO:

N _aT _op _dp_

ot ot ot ot
Jnst tpexmepHbix 3agau HaBbe — CTOKCAa B €CTECTBEHHBIX MEPEMEHHBIX
OTO MMPUBOJHUT K YPABHCHUAM
ou ou ou 10p

U—+V—+W—=———+nAu+0,,
ox oy oz pox 7 I

ov oV ov 1op
U—+V_—+W_—-=—-——+7Av+g,,
ox oy 0z
u%+v@+wﬂz—£a—p+nAw+gz, (6.1)
OX oy 0z p 0Z
ou av aw o
X ay o
uaT +V8T +W8T =aAT + f.
OX oy 0z

Baxxnoe cBoiicTBO YCTAHOBUBIINXCS TEUEHUH COCTOMT B TOM, 4YTO JIMHHUH
TOKa HCU3MCHHLI U COBIIAAArOT C TPACKTOPUAMU ABUKCHHA YACTHII. YacTHbIM
ciydyacM YCTAaHOBHBHICTOCA TCUCHHA ABJIACTCA PABHOBCCHUC KUIAKOCTHU. 910

IPOMCXONT, Korna Tedenus Het, T.e. V=0,

I'mapocraruka

Pazgen runponuHaMHuKy, KOTOPBIA U3y4aeT paBHOBECUE JKUJIKOCTH, HA3bI-
BaeTCsl eudpocmamurol. YpaBHEHUS THUAPOCTATUKH TMOJIYYarOTCS U3 OOIIMX
ypasHenuii (6.1), eciu B Hux $popmansao nosnoxkuts V = 0. ITpu stom u3 (6.1)
noyiyyaem 4 ypaBHEHUs

Zgrad p==vp=g,
p p

aAT =-f,
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N

lop_, top_ . 1dp_ .
0 OX o p oy Iy p 0Z Jz;
6.2
o*T 0°T o%T ©.2)

+ +
x> oy? oz

31ech Ox, Oy, §; — KOMIIOHEHTBI BEKTOPa YCKOPEHHUS MaCCOBOM CHIIBL.

3axon Ilackana
B caydae, korma MaccoBbie CHITBI OTCYTCTBYIOT, T.€. g=0, U3 3TUX ypaBHE-
HUW MOJTy4aeTcsi, 4To
grad p=0 (6.3)
OTKyZa CJIeIyeT, 9To P = CONSt. ITo pemeHne HOCUT Ha3BaHue 3axona Ilacka-
Jis, KOTOPBIN TJIACUT, YTO B TIOKOSIIIEHCS )KUIKOCTH (Ta3e) MPH OTCYTCTBUU Mac-

COBBIX CHJI JaBJICHHUC ITIOCTOAHHO.

Tuopocmamuueckoe oasnenue y nosepxHocmu 3emiu
ITycTh MaccoBast cuita mpecTaBiseT coO0M rpaBUTAIMOHHOE TI0JIe 3eMIIH,

TOrJJa YCKOPEHHE PaBHO
g =(0,0,—g), g=9.81m/c>.
Ochb Z HampaBlieHa BBEpX, a YCKOPEHUE BHU3, MO3TOMY 3HaK MHUHYC. 13 (6.2)

mojdydacm

op P_ P
— =0, —=0;, —=-pg. 6.4
x o 5 - P9 (6.4)

[lepBble ABa ypaBHEHUs KOHCTATUPYKOT, YTO JABJIICHUE HE 3aBUCUT OT IUJIAHO-
BBIX KOOpAWHAT X, Y, a U3MEHAETCSA TOJIBKO C BBICOTOM Z. Ecim mpouHTErpHU-

poBathb Tperhe ypaBHenue (6.4) or 0 no h, rme Hons coBnamaer ¢ mosepxHo-
CTBIO 36MJIH, a Yepe3 [Po 0003HAUUTH JaBJIEHWE HA ITOW MOBEPXHOCTH, TO TO-

JTy4YUM
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p(h)=py— g p(2)dz (6.5)

Tak xak ¢g>0 u p>0, To naBIeHKE YOBIBAET C pOCTOM BHICOTHI. bosee Toro, un-

Terpaja B MpaBoil 4acTu BbIpaxkeHUs (6.5) mpenctariser coOoil Bec crToida
. 2

KHAKOCTH BbicoToM N Ha ocHoBammu 1 M°. U3 (6.5) MBI BHIMM, 4TO JaBJICHHE

KUJIKOCTU B COCYJIax HE 3aBUCHUT OT UX (POPMBI, a OMpPEACNIIeTCS] TOJIBKO BBICO-

TO#. JlaHHBIN (aKT WITIOCTPUPYIOT CIEAYIOIINE TPUMEPHI.

1) JlaBmenwe B  JKMJKOCTH Ha  OJHOM  YpPOBHE  OJMHAKOBO,

PL= P2 = P +(Z2 =) P

2) Ha yamku BC€COB, BBIIIOJTHCHHBIC B BUIC CB06OI[HO CKOJIB3AIIUX ITO CTCH-

KaM TIOPIIHEH, TaBsAT OJMHAKOBBIC CHIIbI pgh. Becsl OynyT B paBHOBECHH.
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R

Pasnosecue uoeanvnozo 2aza 6 noje cuibl MAM3CecmuU.
Bapomempuueckasn ¢popmyna

VYpaBHeHHE COCTOsIHHS HaeanbHoro raza P = pRT , oTcioga HaxoauM IUIOT-

HOCTb T'a3a B 3aBUCUMOCTH OT TEMIIEPaTypPhI

P
=—. 6.6
p=nr (6.6)
[ToncraBum (6.6) B (6.4) 1 moyuum
op Pg
- _ ’ 0) = p,. 6.7
P RT pP(0) = pg (6.7)

D10 0O0BIKHOBEeHHOE au(depeHInanbHOe ypaBHEHUE TMEPBOTO MOPSAKA IS

JaBJIICHUA p(Z) . OHo peuIacTCAa METOAOM PaA3ACICHUS IICPCMCHHBIX !

d dz (2) gt dh
—=—-—0, |n[ ]:__ _—
p RT R'([ )

OTcrozia mosty4aemM 6apomempuiecKyro opmyny

p(z)=po exp[—% ﬂj (6.8)

T(h)

Ona 1a€T 3aKOH U3MEHEHUSs JaBJICHUs C BBICOTOM, €CIIM U3BECTHO pacipeese-

O ey N

HHC TCMIICPATYPHI 110 BBICOTC. B yactHOM clIy4dac, €CJIM CUHHUTATb aTMOC(I)pr

uzomepmuuyeckot, korga T=const, uz popmysl (6.8) momyuaem
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gz
= - 6.9
p(z)=pyexp T (6.9)

Ota popMyiia MOKa3bIBAET, UTO JIaBJICHUE B U30TEPMUUYECKON aTtMocdepe yObl-

BaeT C BBICOTOM MO OKCIIOHCHIOUAJIbBHOMY 3aKOHY.

Cmanoapmmnas ammocgepa

Ecnu armocdepa Henszorepmuyna, ucrounnkos temia et ( f =0), a ko-

3 GUIMEHT TeMmIepaTyponpoBOAHOCTH TMOCTOSHEH (A =Const), To ypaBHEHHUE
JUTs TeMrepatypsl (6.2) OyaeT UMETh CIIeTYIONTUN BU/T;
0°T
— = 0.
0z

O6uiee perieHue ITOro0 ypaBHEHUS

T(z)=Ty-kz, (6.10)
rae 1, - Temmeparypa Ha MOBEpXHOCTH 3emiH, K — koadduimeHT, KoTopslit

ompesenseTcs Ha OcHOBe m3Mepenuii. Jlnst armocdepsr K =0.65%/100 m.

D1y GopMyiTy MOKHO MPUMEHSTH 10 BBICOTHI 11 kM (Tpomocdepa), a BbI-
mie Hee mosararoT T=const=-56"C (ctpatoctepa). OnucanHyl0 MOJENb Ha3bl-
BAIOT CMAHOAPMHOU ammocghepoti, €€ UCTONb3YIOT Uil UMUTALUA BBICOTHBIX
noseroB. Ho mporneccsl B aTMocdepe Beerzia HecTallmOHapHbIe, Ha pacipesiene-
HUE JIaBJICHUSI U TEMIEpaTyphl BIUAIOT u3nydeHue CoJHIA, T€OTePMUYECKUN
NOTOK, U3MEHEHHE COCTaBa BO3JyXa MpH MOHM3auuu. [lepemMeHbl naBieHUs U
TEMIEPATypbl HEU30€KHO MPHUBOIAT K KOHBEKTUBHBIM TEUEHUSM, IMO3TOMY

CTaHJIapTHas TUIPOCTaTUUYECKasi MOJIEb aTMOC(EpHI SABISIETCS BeChMa rpyOoH.

Hecorcumaeman ammocghepa
[IycTe mioTHOCTH aTMOc(epbl mocTosiHHa, p=const. uTerpupyem ypas-

HeHue (6.4)

op
_— = , O:
pe ,9, p(0)=py
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10 Z ¥ MOJy4yaeM JIMHEeHHOe yObIBaHUE IaBJICHUS C BBICOTOM:

pP=po-pgh (6.11)
C nomompto popmyibl (6.11) merko BBIYUCIUTH TOYKY, B KOTOPOM JaBlieHHE

PaBHO HYJIIO:

h=p,/pg. (6.12)
OT0 rpydast OLleHKa sl TOJNIIUHBI aTMOC(EpHI.
5 5 H 5 KI'M 5 KT
p0=1aTM=10 ITa=10 —2:10 ﬁ:lo 5
M c™ M c* M
3 .2
p:lK—g, gle% — h=10* I;r M—C—=104M=10KM
M C c“°M Kl M

3akon Apxumeoa

N\ A /

PaccmoTpum cocyn, 3anmonHEHHBIN KUAKOCThIO. [lomMecTm B Hero teno

o0beMoM V, ¢ MTOBEPXHOCTBHIO S, BHEIIHIOK HOPMajibh K S 0003HAYUM uepes

—

A . C‘II/ITaCM, 4TO XUIKOCTb ITOKOUTCA, ITIOITOMY CHJIA A, HCﬁCTBYIOHlaﬂ Ha TC-

JIO, CBOJUTCA K JaBJICHUIO:

A:J'r)n dz:ijdz:jpng (6.13)
S V V

3necs npumeHena popmyna Octporpanckoro-I'aycca. Yurem, 9To y mOBEpXHO-

cTy 3eMI TIpU TUApOcTaTtuke VP = pog = p(0,0,—g). [TonyuuMm BbIpaXxeHUs

JAJIs1 KOMIIOHCHT BECKTOpPA CUJIbI ApXI/IMeI[a

A=(0,0,A), A =—g IpdV:—mg (6.14)
\Y
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Takum o0paszom, cuiia Apxumena paBHa BECy *KUAKOCTHU, 3aKIIOYEHHONU B 00b-
eMe Tella U JIeUCTByeT BBepX. TodHee TroBops, cuiia ApxuMmesa HarpaBjeHa B
CTOpPOHY, MPOTUBOIOJIOKHYIO BEKTOPY MaccoBbIX cuil. B ciayuae, korjga B kaue-
CTBE TaKOW CHJIBI BBICTYIIA€T MHEPIUS (HApuMep, MpY CTAIMOHAPHOM Bpallle-
HUM KUAKOCTU B HeHTpudyre), cuina Apxumena OyJieT HarpaBieHa K OCH Bpa-
menus. Ha 5ToM oCHOBaHBI cenaparopsbl, MpeiHa3HauYeHHbIE ISl OBICTPOTO U3-
BJICUCHUS IPUMECEHN U3 KUIKOCTH.

Ota ¢opmMyna crpaBeasinBa TOJIbKO A ruapoctatuku. Kpome toro, s
npuMeHeHus ¢popmyisl (6.14) HeoOxoauMO, 4TOOBI TOBEPXHOCTH TeNa S OblIa
3aMKHYTa.

[Ipumep 1. [TogBoaHas moaka.

[logBoaHas MoAKa MIIaBaeT, MOTOMY YTO €€ BEC YPaBHOBEIIMBAETCS BBITAIKHU-
Baroleu cuwioi Apxumena. Ho cTout et KocHyThCS JTHA, KaK caMa OHa OOJIbIle
HE BCIUTBIBET. JTO CBSI3aHO C T€M, YTO HA YacTh €€ MOBEPXHOCTH, JISKAIYIO HA
IIHE, HE JIeUCTBYET naBiieHHe. YTOObI MOAHATH JIOJAKY, HYXHO MOJABECTH KU /I-
KOCTb 1OJ] €€ AHO. B mpunnumne, ecnu qHO mopucTtoe (MeCok), TO B MOpax MoYTH
TO K€ JaBJICHHE BOJBI, YTO U B OKpykatouied Bojae. OgHako miomanb mop co-
CTaBJsIeT OOBIYHO HE OO0Jiee MOJIOBUHBI TUIOMIAAN KAaCcaHUs, MIOATOMY JaBJICHUE
CHHU3Y Ha JIOJKY Bcerjna OyneT MEHbIIe, U ApXUMEJoBa CUja HE BBITOJKHET

JOJIKY.

A

J\f;
|O1\T,,lt pJ\¢A¢

mg \ 1

L

mg
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[Ipumep 2. «BeuHbIl JBUTATEIIbY.
B 6oxoByI0 CTEHKY cocy/a ¢ BOAOW BMOHTHUPOBAH ITUIMHAP C 3aKPETUICH-
HOM OCBIO, CIIOCOOHBIM BpaliaThCsd BOKPYr OCH 0€3 TpPEHUs; MpPH TOM 3a30p

MCKYy HUM U CTEHKOM YCTPOCH TaK, YTO ) XUIAKOCTb HC BbIJINBACTCA.

Kaxercs, uto 3a cuer cunbl Ap-
XUMeJla IapuK, CIeTaHHBIA U3 JIETKO- A
ro (mIaBydero) marepuana, Oyner
BpalllaThCs, T.K. €ro JieBas 4acThb «3a-

X04ueT» BCIUIbITE. HO Ha camom pgeie

OH HE BpallaeTcs, TaK KaKk paBHOJICH-

CTBYIOILIAs] CWJI JJABJICHUS HaIlpaBJieHa — p
gyepes MEHTP IapuKa, U T0ITOMY Kpy- \

TSAIIMA MOMEHT PaBeH HYJI0. JTO fB-

JeHHEe Ha3bIBaeTcsl napagokcom XKy-

KOBCKOTI'O.
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3agaum K JeKnuu 6

3agava 6.1. Onpenenuts pa3HOCTH HaBJe- G

HUW B TOYKaX, HAXOJSAIIMUXCS Ha ocsX TpyO A u B B E H

(puc 1), 3amoJIHEHHBIX BOJOW, €CIM PAa3HOCTh

ypoBHel pryth h=30cm. Pa3HOCTH ypoOBHEH

h

oceii tpy6 H =100 cm, p,, =13600 xe/ M.

Omeem: 46844 Ila.
3amaya 6.2. BeicoTa cTonba pTyTH, U3MEpCHHAS

no nuddepeHnuaIbHOMy MaHOMETpy (puc. 2), paBHa

h =50 cm. Onpenenuts pa3HOCTh AABJICHUN B TOYKAX

A u B, ecmtu H =30 cm. TpyOsI 3amoaHeHbI BOJOM. A —4@
’ H

Omeem: 58800 [1a. &_ B

3anada 6.3. Onpenenuth TIYOMHY MOTPYXEHHS N TUTABAIOIIETO B BOJE

nepepsHHOro (0, =800K2/ M%) KOHyCa, €CIIH €T0 BBICOTA PAaBHA 3 M.

Omeem: 2.785 m (no 3akony Apxumeoa eec gblmecHeHHOU 800bl paGeH 8eC)y KO-
HyCa).
3amaya 6.4. OnpenenuTb paBHOCHCTBYONIYIO BETMUNUHY JTaBICHUS

P :J' pdo, (X — mOBepXHOCTD)
z

M IIOJIOKCHHEC LNCHTPA JaBJICHUS
1 1
xczgixpdo, yczglypda

BOJIbI HA BEPTUKAIBHYIO TUIACTHHY BBICOTOM N u mmpuHOU b, BepxHss rpanuna
KOTOPOI COBMAAAET C MOBEPXHOCTHIO BOJIBI.
Omeem: x=0, y=2h/3.

3amaga 6.5. 3BecTHO, UTO MIIOTHOCTH CPEbI 3aBUCUT OT TEMIIEPATYPHI.
[Ipn 3TOM KOA(pGUUUEHT TEMIOBOIO PACHIMPEHUs! ONMpPENEssieTCs CIAeYIOIINM

obpazom
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B = 1 (av ) 1 (@oj
t N, | A = = ]
viar ), p\dr ),
— A AT —
OTKyla p, = p,€ WM P, = P, (1— B AT )‘A IIPU MaJbIX WU3MEHEHHUSX
L—Mano
TUIOTHOCTH.
Onpenenuth IMIOTHOCTh BOJBI B OTKPHITOH €MKOCTH IPU TEMIIEpaType
okpyxkatomeii cpenst t=30°C, ecnn S, =6-10"K™.
3ajaga 6.6. M3BecTHO, YTO IJIOTHOCTH JKHUJKOCTH 3aBHCHT OT JIaBJICHUS.

HpI/I 9TOM KOB(I)(I)I/IHI/ICHT 00BEMHOT'O C)KATHS 3aIIMCHIBACTCS B BUAC

B __l(ﬁ] _1(5_/?j
" viap ), plan)’

UM Py = Py (l+ B, Ap)‘

otkyna p, = p,e”*"

Ap—mano
JlaBneHue B caMoi TIIyOOKOM TOYKE OK€aHa COCTABIISAET MPUOIU3UTEITHHO

1100 amm. Omnpenenuth IMIOTHOCTh MOPCKOW BOABI MPHU TaKOM JaBJICHUU.

[[moTHOCT  MOpCKOM  BOABI  HA  TMOBEPXHOCTH 0, =1030x2/ M,
Brooon =045 107° Ia ™.

Omsem: (pl p, =1.046, 16ap =10° I1a).

3ayaya 6.7/. KakoBa OyzneT MI0THOCTh BOJBI B MAPOBOM KOTJIE MPU TEM-
neparype t, =152°C u naBnenuun p, =56ap?
Omeem: p=909+916 e/ 1°.

3amaya 6.8. B HepacTspkuMoi 000JI0YKE BO3AYIIHOTO ITapa 00BEMOM
525 M°, uMerommeil B HIDKHEH 4acTH HEGOMBIIOE OTBEPCTHE, COLCPIKUTCS BO3-

nyx. Ha ckoapko rpagycoB HaJ0 HarpeTh BO3AyX BHYTPH Iapa, 4ToOBI IIap

aneren? Temmeparypa armochepsr 300 'K, nasnenne 10°TITa, macca o6o-

noukn 10 kr, R = 287.14]1)1(/(1(1‘ OK).
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Jleknusa 7.
YCTAHOBUBHINECS TEYUEHUS I/I,Z[EA.JILHOI?I KNJIKOCTU. UH-
TEI'PAJI BEPHYJIUIN

Vemanoesusuiuecs meuenus — 3TO TaKue TEUEHUS, B KOTOPBIX XapaKTepH-
CTUKU HE MEHSIIOTCS CO BpeMeHeM. MareMaTH4eCKH 3TO BBIPAXKaeTCs B TOM,
YTO YaCTHBIE MPOU3BOIHBIE TI0O BPEMEHU paBHbI HyIIO, 06/0t=0, rae 0 — pa3Hbie
THIPOIMHAMUYECKUE BEIMINHBI (CKOPOCTh, JABJICHUC U T.1I.).

XKuakocTh Ha3bIBACTCS UOeabHOU, €CIIM €€ BI3KOCTh HACTOJBKO Maa,
YTO COOTBETCTBYIOIINE HANPSDKEHUSI B YPABHEHUSX JIBUKEHUS MOXHO HE Y4U-
THIBATh.

3anuiiem ypaBHeHUs OBWKeHUs B popme ['pomeku-Jlamba

ov V2 1 -
—4+qgrad| — |+(Vxw)=——qrad p+nAV+F. 7.1
~ Hored| 5 (Vx®) pg pP+7 (7.1)

Jlns  ycraHoBuBIIETOCS TeueHus ovV/ot=0. Jlngd wuaeanbHOH KHIKOCTH
1n AV =0, T.x. BI3KHE HANPSKCHUS B UACATBHOM KUIKOCTH OTCYTCTBYIOT.
Bbinenum B KHIKOCTH JIMHHUIO TOKa (. BEKTOp CKOPOCTH HAampaBieH Mo

KacaTelIbHOU K DTOU JINHUMU.

@

Puc. 7.1. Opuenranus BEKTOPOB CKOPOCTH V , 3aBUXPEHHOCTH @
Y UX BEKTOPHOT'O NMPOU3BEICHUS HA IMHUU TOKa [
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3anuieM MpoeKIHio ypaBHeHUs ABMKEeHUA (7.1) Ha BbIIEICHHYIO JIMHUIO

toka (. OmepaTop TpaauWeHTa TepeisieT B MPOM3BOAHYIO TIO HAIMPABICHUIO:

gad=V —> % Bynem umeTh

2
OV v xa) =-~P i F (7.2)
a\ 2 o ol

HeTtpyaHO BUIETH, YTO MPOCKIUS BEKTOPHOTO MPOU3BEICHUS HA JIMHUIO TOKA
paBHa Hy;0. B camoMm jene, BeKTOop V X @ OPTOrOHAICH KaK 3aBUXPCHHOCTH,
TaK U CKOPOCTH, a HampasieHue ( KoJumHeapHO cKopocTH. [loaToMy BeKTOp-
HOE Tpom3BeacHHE V X @ OPTOrOHAJIBHO {, a MPOEKIHs MPEACTABIIET COOOM
MpOU3Be/IeHNEe MOJyJiel BEKTOPOB Ha KOCUHYC yIila MEXIy HUMHU. JTOT KOCH-
HYC paBeH HYJIO U3-32 OPTOTOHAIbHOCTH COOTBETCTBYIOIINX BEKTOPOB.

JlanbHeiiliee ynpolieHue ypaBHeHus (7.2) OCHOBaHO Ha ABYX JOMYIIEHU-
AX.

1) MaccoBble CHIIBI TIOTEHIHANBHEI, T.€. CYIIECTBYeT Takas (pyHkuuss G, 4To
F =grad G, cienosarenbno

G

I (7.3)
2) MoxHo BBecTH (hYHKIIMIO AaBJICHUs P, TaKylo, 4TO
grad P = lgrad P, op = 1o (7.4)
P o pd
[Toncrasus (7.3) u (7.4) B (7.2), monyyum ypaBHEHUE
2
O ip_gl-o.
ol | 2

Pa3 npou3BoiHas BIOJIb JIMHUK TOKa { paBHA HYIIIO, 3HAYUT, BIPAKCHUE B (PU-

TYPHBIX CKOOKaX MOCTOSIHHO BJIOJIb ATOM JINHUH,

V2
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3nechk | — mocrosiHHas bepHyiun. B o0iiem ciydae 3Ta MOCTOSHHAS UHTETPH-
pOBaHMsI 3aBUCUT OT BeIOpaHHOU nuHUMU [ . PaBeHCTBO (7.5) HAa3bIBAIOT TIEPBHIM

MHTETPAJIOM YPaBHEHUs IBUKEHUS WM HHTETpalioM bepHysuu.

ITpumeps!l GyHKIIMK TaBiieHUs P.

1. Hecxxumaemasi )UIKOCTh, p= const. Ouesuano, uto P = p/p, n

\Y .
-—+£—G:|
Jo,
2. Cosepuiennsiii (uaeanbubiii) ras, p= pRT, p= p/RT . IloacraBus 310
l1op OP
BBIP@KCHHE B OMpe/ieieHne (QyHKIIUU TaBICHHUS ~a0 = 3 MOy IUM
yo,
p dl ol ol

B uzorepmuueckom ciyuae, koraa T=CONSt (He 3aBUCUT OT JIaBJICHHUS ), UMEEM
P=RT Inp.

[Ipumep NOTEHIMAIA MACCOBBIX CHII G.

[Tycts MaccoBas cuna F — 310 cuna Tspkectd, —(Q - ee yckopeHue (och Z

HalpaBJieHa BEpTUKaJIbHO BBEpX). Toraa

dG

G=-gz, F=—g=—.
g 9=

Hcnoab3oBanue nHTerpaja bepHyiin npu pemeHun 3a1a4 ruApaBIdKu

Nurerpan bepuymiu cipaBeyuB Jyisl JIFOOBIX TEUSHHM, BKIIIOYAs! CUIIbHBIC
paspbiBbl B BUJE CKAuKOB YIUIOTHEHUS. [lo3ToMy mepBbIi MHTErpasl HIMPOKO
WCIIONB3YETCs MPU PEIICHUH CaMbIX Pa3HOOOpa3HBIX 3a/1ady TUAPOAMHAMUKUA U
TUIPABIINKU.

Ecnu 3nauenune nmocTossHHOW bepHyin n3BeCTHO B KaKOM-I1OO TOUKE TIO-
TOKa, TO ypaBHeHUE (7.5) NO3BOJISIET BBIYUCIUTH CKOPOCTh U JABJICHUE B 000

IpYroy TOYKE Ha JIMHUM TOKa. Huke mpeacraBiieHbl HECKOIBKO IIPUMEPOB.
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[Ipumep 1. Hcmeuenue necoicumaemoii sHcuokocmu uz 6axa.

ZA

Cuuraem, 49TO p=Cconst, ciieqoBaTeIbHO, (1)YHKIII/I$I JTABJICHUI U IIOTECHIMAJI Mac-
COBBIX CHJI paBHBI
p
P=—, G=-gz.
Yo,

B Touke 1 Ha cBOOO/IHOM MOBEPXHOCTH BOBI AaBICHUE PAaBHO aTMOc(hepHOMY,

a CKOPOCTb >KUAKOCTH Onu3ka K Hymo: P, = v, = 0. Boruucisem KoH-

amm!
ctanty bepnymnu (7.5) ajid npou3BOJBHON JMHUM TOKA, MPOXOASIIEH C mo-

BEPXHOCTH JI0 BBIXOIHOTO OTBEPCTHS (TOUKA 2 HA PUCYHKE).

2 2
i:V—1+&+gh:&+gh:V—2+&+O
p p 2 p

2
\'
Ho B Touke 2 naBieHHe Takke paBHO aTMOC(HEPHOMY, TOITOMY ?2 =g h, cie-

JOBATCIIbHO

V, = J2gh . (7.6)
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Ecnu B aByXMeTpoBO#l LucTepHE NMpOOUTH CHU3Y JIBIPKY, TO BoAa Oyaer

BBITCKATb U3 HEC CO CKOPOCTBIO

V, = \2gh = /2-10-2 = /40 = 7 m/c = 25 kw/u.

Llpumep 2. Booocaus uepes niomumy.

TpeOyeTcsi BBIYMCIUTE CKOPOCTH BOJABI B Touke 2. CBOOOJIHYIO MOBEpX-
HOCTh MOTOKAa MMPUHUMAEM 3a KOHTPOJIbHYIO JJMHHUIO TOKa [ B mHTEerpaie bep-
HyJud. [IpuHUMaeM MozeNb HECKUMAEMOU KUJKOCTH p=CONSt U MOTEHIMAIIb-

HOCTh MacCOBBIX CHJI. Bhranciinm nocrossHuyto bepuysu i muis Touek 1 u 2.

2 2
i = pamM +V_1+gzl — pamM _'_\/_2_|_gz2
yo, 2 yo, 2

Ecan Touxka 1 YAaJICHA OT IINIOTUHBI JOCTATOYHO OAJICKO BBCPX IO TCUCHHIO, TO

V; < V,, TaK 4TO MOXHO cuuTaTh, 4to V, = 0. [Tomyyaem

2
v
2=g(z-2,)=gh, v,=4/2gh.

2
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IIpumep 3. Obmekarnue Kpbiioo2o npopuis.

PaccMoTpuM nBmkeHHe Kpblia co ckopoctbio V,, =100 M/c B Hec:kumae-

Moit cpene. TpeOyeTcsi OLUEHUTHh MOJBEMHYIO CHIIy KpblLia, €CIM W3BECTHBI

OLICHKM CKOPOCTH HA €T0 BEPXHEU U HUKHEU TOBEPXHOCTSIX.

I/ICHOHBSYCM IIpUCcM, KOTOprﬁ B THAPOMCXAHUKC HA3bIBACTCs 06pameH1/I—
eM JABWXKeHus. Bmecto Toro YTOOBI paccMaTpuBaTh ABUXKXCHUC TCJIa CO CKOPO-
CTbIO Voo B HGHOI[BH)I(HOﬁ KHUIAKOCTHU, U3Yy4arOT HCIIOABUIKHOC TCJI0, HA KOTOPOC

HaberaeT paBHOMEPHBII MIOTOK CO CKOPOCThIO V,, BJAJIH OT TEja.

Bo3bmem e Touku — 1 1 2 Ha BEpXHEW U HUXKHEW MOBEPXHOCTH KpbLIa,

yCTh TOJIIMHA POt ~1 M. DKcIIepuMEHTaIbHbIC UCCIICIOBAHUS ITOKa3aIH,
yro V, >V _,a V, <V_ Ilpeanonoxnm, uro V,=105 m/c, V,= 95 m/c. Onpe-
JICIAM TIEpeTiaj] JIaBJICHUS, KOTOPHI 00eCIIeYrBacT MOJABEMHYIO CHITy KpbLIA.

Bocnons3yemcst naTerpanom bepHyIim, yMHOXKHUB €ro Ha p:

2 2
V. V.
p1+—p21 +p07;= p2+_,022 +p0 17,

[lepenan naBieHus:, 0becrieunBaIONii TOIFEMHYIO CUTY Kpbljia, paBeH
P2 2
Ap=p, =Py :Pgh+E(V1 _Vz)-

Bujmo, uto Ap >0, re. P, > p;.
[lepenan naBiieHUsE COCTOUT U3 JIBYX YaCTEW: TMAPOCTATUYECKUN TTepenay

Ap,.,, = o0h; u aunamuueckuii APy, = g(vlz —V§ ) OuenuMm niepenaasbl
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nasnenns npu p=1xkr/m®, g =10 m/c*, h=1m. Monyuaem rumpocraTude-

ckuit mepenax Ap, =1-10-1=10 ITa. ITpu V,=105 m/c, V,= 95 m/c nunamuye-

aocm

CKHH nepemnaa AaBJICHUA paBCH

Ap, = g(v1 +v, YV, —V, ) = g .200-10=1000 Ia.

B 3amagax oOTekaHus Tea JUHAMHUYECKHUN TIepernajl TaBieHUusS OOBIYHO HAMHOTO
BBIIIIE, YEM TUAPOCTATUUECKHUIA.

YroObl BBIYHUCIHUTH MOIBEMHYIO cuiy F , Hano ymHOXuTh AP Ha mio-

maas kpeuta S . IIpu S =10 M2 OJIy4aeM

KI'-M

2
C

=1000 krc .

F=ApS=10°la-m* =10* H=10"

-69 -



3agaun K JeKnuu 7

3amaya 7/.1. 3anucarh ypaBHeHue bepHymiu u yOenuThbCcst B TOM, YTO

Pa3MEPHOCTH BCEX €r0 CaraeéMbIX COBIIAIAIOT.
1
pO:p+§pV2ing (Z — anomumyoa)

3ajaya 7.2. JKmakocTh  IIpOTEKaeT (hH
MEXy JIByMS MIIOCKOCTSIMH. J[aT4nK CKOpo- =
cTu B cedyeHuM (1) moxasbIBaeT 3HAUYECHHE
U;=1 m/c, natuuk B ceueHuu (2) mokas3bIBaeT =t
3HAYE€HHUE CKOPOCTH Uy=3 M/C.
1. OLEHUTH CPENHIOK BEIUYHMHY YCKOPEHUS -—lr"""/—i—’

Ha ydactke dX, eciu dx=10 cm;

2. mpenamnosarasi )XUIKOCTh HEC)KUMAEMOMU, OMPENEIIUTh PACCTOSTHUE MEXKTY T10-
BEpXHOCTSIMH B ceueHuH (1), ecim B ceueHuu (2) 3TO paccTOSHUE COCTaBIIS-
eT 5 cM.

3anaya 7.3. Bona Owet cTpyeil u3 pontana Ha BbicoTy 8 M. DOHTaH HMe-

eT (opMy ycedueHHOro koHyca BbicoToii h=0.5M (Masoe BBIXOJHOE CEUCHHE

nrameTpoMm 10 MM, Oombiiee (BxomHoe) cedenue auamerpom S0 mm. Ompene-

JINTb pacxXod BOAbI 1 JABJICHUC Y HUJKHCTO OCHOBAHHA KOHYCA.

Omeem: pacxoo pasen 0.98-10° A’/c, oasenue PasHo

p=p,+0.802-10° H/m*

3anaua 7.4. [To ropu3oHTaIEHON TPyOE IEPEMEHHOTO CEYCHHS MTPOTEKACT
KHUIAKOCTD TIOTHOCTBIO 950 kr/mM° u pacxogom 101/c. Ompenenurbs Mbe30-
metpuueckue Boicotel H = p/pg B ceuenmsix 1-2-3, ecnmm d;, =d, =100mm,
d, =25mm, p, =0.3MIla. Tperuem npeHeOpeyb.
Omeem: hy =h, =32.2m, h, =11.12m.
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H1 a3
H2

D2

/ \DS

D1

Puc. Cxema x 3agaue 7.4.

3amaua 7.5*. Onpenenuts GOpMy OCECUMMETPUYHOTO COCY/a, YPOBEHb
KUIKOCTU B KOTOPOM MPU €€ UCTECUEHUH U3 JIHA OIIyCKAETCs PaBHOMEPHO (BO-
JSTHBIC 4achl — KJICTICHIPA).

3amaya 7.6. JKHIKOCTh € TUNIOTHOCTBIO p BpalaeTcsl Kak TBEPAOE TEJO B
BEPTUKAIBHOM LWIMHAPUYECKOM KPYTOBOM COCYZE C MHOCTOSSHHOM YIJIOBOM
CKOPOCTBIO @ BOKPYT' OCH LMJMHApa. B COCTOAHMM MOKOS >KUIKOCTH MMEET
ypoBeHb h OT JHA cocyna U Ha CBOOOJIHOW TOBEPXHOCTH JIABJICHUE PAaBHO HY-
mo. Pagnyc ocHoBanus paBeH R.

a) BeiBecTn ypaBHEeHHE CBOOOIHOM MOBEPXHOCTH BPAIIAIOIICHCS KHUIKO-

CTH ok _ @* X oP _ @’y oP__ g
ax e oy PO I 5, =7F

0) Onpenenuts paccTOsIHUE Z, BAOJb LEHTPAIBLHOH OCH COCyJa OT €ro

JTHA JT0 TIOBEPXHOCTH JKUIKOCTH.
B) C kako#l yriioBoi CKOPOCTHIO HAJ0 BpallaTh KUJIKOCTh, YTOOBI OOHA-
YKWJICS LIEHTP JIHa cocyaa?

r) HaliTu naBienue Ha HO cocy/a.
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Jlexkuus 8.
INOTEHIHUAJIBHBIE TEUEHUS PII[EAJIBHOfI AKNIKOCTHU. UH-
TEI'PAJI KOIIU-JIATPAHKA

PaccmoTpum ypaBHenue I'pomexu-Jlamba
oV ’ 1 .
— +grad v +(@xV)=—=grad(p)+F (8.1)
ot 2 yo,

IPU CIAEAYIOUIUX MPEINTOI0KEHUSX.
1. Jlsusicenue nomenyuanvto, T.e. CylIECTBYET Takas (QYHKIUS ¢ — NOTEHIIHU-

al Te4eHHWs, 9TO BEKTOp Cckopoctd V= (U,V,W) oOmpenensieTcs Kak

V = grad @ =V @, u1u B IeKapTOBON CUCTEME KOOpIUHAT

0 %, o0

U= VT (8.2)

Ecnu nBvXeHHe NMOTEHIMAIbHO, TO B HEM HET BUXpel. B camoM pene, BbIumcC-
JIUM OJJHY KOMIIOHEHTY BEKTOpa 3aBUXPEHHOCTHU:

o _a_u_@_ﬁ(@_wj_i 0p\_0%
‘ oy ox oy\lox) oxl\ oy

= — =0
OXo0y  OyoX

Amnarnorndso nomyuaercs, uro @, =0 n wy = 0, toecth @=0.

2. Jlns Bcero moToKa MOXKHO BBECTU eOuHyro (yHxyuio oasienus P, Takyio
49TO
1
—Vp=VP. (8.3)
Yo,
3aMeTuM, 4TO paHee IIPU PAaCCMOTPEHUM MHTerpaia bepHymum GyHKIMS 1aBie-
HUS BBOJAWIACH JJISI KaXKJAOW JIMHUM ToOKa. [ Hec)KMMaeMoH >XUJIKOCTU
P=p/p.
B o6miem ciydae BBecTH eauHYIO0 (QYHKIHMIO AaBICHUS MOXXHO JUIS T.H.
O0apOTpPONHBIX TEYCHWH, KOTrJa JaBJICEHWE 3aBUCUT TOJBKO OT IIJIOTHOCTH,
p=p(p).

[Ipu cnenaHHbIX TPEAIONIOKEHUIX U3 ypaBHeHuH (8.1) moayyum
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2
giv¢p47h%i-:—VP+ﬁ. (8.4)

ECIIM MacCOBbIC CHIIBI TAKKe MOTCHUHAIbHSL, T.c. F = VG, To u3 ypaBHEHUS
(8.4) momyuaercsi paBEHCTBO
2
0 \%
—£+L£L+P—G =0.
ot 2

OHO 03HayaeT, YyTo BbIpaK€HUE B (PUTYpHBIX CKOOKaX HE 3aBUCHUT OT KOOPAU-

HaT, HO MOJKCT 3aBUCCTh OT BPCMCHH. HOBTOMY MOKHO 3aIlucCaTb

o9 Vol
% VP p_G=f(t). 8.5
a2 () (8:5)

3nech f — mpousBosbHas QyHKIMS BpeMeHU. Y paBHeHUE (8.5) Ha3bIBAIOT WHTE-
rpainom Komm — Jlarpanxa.
JIerko 3aMeTHTb, YTO ISl YCTAHOBHUBIIMXCS TEUCHHH, Koraa O0g/ot=0, a f
HE 3aBUCHUT OT BpeMeHH, naterpan Kommu — Jlarpanxka coBmnagaeT ¢ HHTETpaaoM
bepnymmu. Mcnons3oBanue naterpana Komm-Jlarpanka npecneayer e ke 11e-
J¥, 9TO W HWHTETpal bepHy/uM, a UMEHHO: €CIIM MOTCHIHAT ¢ W3BECTCH, TO
MOJKHO HaiTH jgaBjieHue. OOBIYHO MpaByO YacTh f ompenensior mo u3BeCTHBIM
3HAYEHUSIM CKOPOCTH M JaBJICHUS Ha IPaHHUIIC MOTOKA. Tak kak pyHkius f onu-
HAKOBA ]ISl BCEX TOYCK MOTOKA, JIOCTATOYHO 3HATh €€ 3HAYCHUE XOTs OBl B O/I-
HOW TOouke. Takum o0Opa3om, B 3agade SBISETCS HEU3BECTHBIM JIUIIL OJIHA
(GYHKITHUS - IIOTEHIHAT CKOPOCTH ¢ . UTOOBI €r0 HAalTH, UCIIONIb3YIOT YpaBHEHHE
HEPa3pBIBHOCTH
divv=0 (8.6)
U OTIPE/ICJICHUE CKOPOCTH Yepe3 moTeHuual (8.2):
V=grade. (8.7)
[TonctaBus (8.7) B (8.6), mosyyaem kiaccuueckoe ypaBHeHue Jlammaca st mo-

TCHIIKMAJIa

divgrad ¢ = Ap =0. (9.8)
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B nexkapToBol cucTeMe KOOPAMHAT OHO UMEET BU/T

o'p 0'¢p O'¢p
+ + =0

ox* oy* oz’
OTO ypaBHEHHE CTAllMOHAPHO, T.€. ¢ HE 3aBUCHUT OT BpeMeHH. [loTeHnnanpHoe
TE€YEHHE MPEACTABIIAECT BAXKHBIM Ki1acc (PU3NYECKU COJIEPIKATEIbHBIX ITOTOKOB.
Harmpumep: BOJIHOBBIE ABMKEHUS BOJBI; IBWKEHMs BO3JyXa IIPU paclpocTpa-
HEHMM B HEM aKyCTHYECKHX BOJIH; HEIPEPHIBHOE BMIKEHUE KUJKOCTH IPHU 00-
TEKaHUU TBEPIBIX TEN; CTpyHHbIe TedeHUs. [loTeHnInanbHOe TeUeHNE SBIIAETCS
UJieanu3anyed peajabHbIX TEYCHUU U B PEabHOM JKU3HM BCTPEYACTCSA KpauHE
penko. [IoTeHmanbHOCTh HapylIaeTcs U3-3a BSA3KOCTH, KOTOpas MPOBOLUPYET
IIOSIBJICHUE BUXPEH.

TeM He MeHee, BO MHOTHX CIIy4asix pELICHUE, ITOJyYEHHOE Ha OCHOBE I10-

TEHIMAJIBHBIX MOJIENEH, I0CTATOYHO XOPOILO MPUOIMKAIOT 1EHCTBUTEIBHOCTD.

PaccmoTpum npuMep NOTEHIUATBHOTO TCUEHHUS.

J{BMKeHHe mapa B M1eaabHOM KHUIKOCTH

Bynem u3ydarb TeueHue )KMIKOCTH, BBI3BAHHOE JABMIKEHUEM IlIapa paany-
ca @ co CKOpocThio V B JIeKapTOBO# cucTeMe KOOPAUHAT X, Y, Z, IpUYEM Iap
JIBUJKETCS B HAIIPABIICHUU OCHU X .

Bribepem npousBosibHyt0 Touky M Ha moBepxHocTH mapa. E€ ckopocTh

V' MOXXHO pa3loKHUTh Ha JBE KOMIIOHEHTHI: HOpManbHyto V, =V COS @ u kaca-

TenbHy0 V, =V SIN 8. 3nece @ - yron Mexay paanyc-BeKTOPOM WIIH HOpMa-

Jbi0 B Touke M ¥ HampaBieHHEM ABMKEHUS (WK 0cbio X ). OueBUIHO,
5:5:00367. (8.9)
r a
Tpebyercst omnpenenuTh IMOJE CKOPOCTEM U JaBJICHUS B OKpYXKaroIIeH
JKUJIKOCTH, BBI3BAHHOW 3TUM JIBUKEHUEM. Bocmolib3yeMcsi YpaBHEHUSMU T10-
TEHIUAIHLHOTO TCUCHHUS HEC)KUMAEMOM KUJKOCTH

V=grade, divVi=0 = A@=0. (8.10)
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Puc. 8.1. K moctaHoBKe 3a7a4u O JIBH>KEHUU 1Iapa B BSI3KOM )KUAKOCTH

Oto muddepeHnnansHoe ypaBHEHHE 2-TO TOpsAIKa UMEET OCCKOHEYHO
MHOT'O PEIICHUM, BEIOPATh OJTHO M3 HUX MOYXHO C MOMOIIBIO TPAHUYHBIX yCIIO-
BUuil. Branu oT Tena BO3MyIIEHHE, BHOCUMOE IIAPOM B HEMOABUKHYIO KHI-

KOCTh, 3aTyxaeT. To ecTb B OCCKOHEYHOCTH MOYKHO IIOCTABUTh T'PAHHYHOE
yCIOBHE F =00 |V = |V(p| — 0. beckoHEYHOCTH yI00HO MPEACTABUTH KaK IIap

00JIBIIOTO pasnyca, 1 BMECTO I'PAJHEHTa UCIIOIb30BaTh IPOU3BOAHYIO IO HOP-

MaJlu:

I’:oo:a—¢:O (8.11)
on

Jlis Toro ytoObl chOpMYyJIMPOBAaTh T'PAHUYHBIE YCJIOBHUS Ha MOBEPXHOCTU (B

IPOM3BOIILHOM ee Touke M ), pasnoxkum Bekrop ckopoctu V = (V,0,0) na tpu
KOMITOHCHTBI (Vr WV, V, ). Kak yxKe OBLITO IMOKa3aHo,
v, =Vcos @, v, =0, v. =Vsin 8. Hac unrepecyer iuub paguanbHas (OHa

XKEC HOpMaJ'ILHaSI) KOMITIOHCHTA CKOPOCTH

Fr=a: v :6—¢:—8—¢:VCOS(9=V§ (8.12)
oo on a
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T.0. 1y MOTEHIMaIa Mbl MOJIYYMIA KJIACCUYECKYHO 3anadyy Henmana. {ns to-
ro, 4YToObl HAWTH pelIeHHE 3a/layd, M3yYUM BHa4aje HEKOTOPBIE CBOUCMmBd

2apMoHuyecKux ()yHKyuil v 9acTHbIe pelieHus ypaBHenus Jlamnaca
1) Ilycte ¢, ynoBnerBopsier ypaBHeHHIO (8.10). DyHKIUM, yHOBIETBOPS-

IOIMUC YPaBHCHUIO Hanﬂaca, Ha3bIBAOT cAPMOHUUECKUMU. Tak BOT, €CJIN

0
@, TrapMoOHMYecKasd QYHKUUA, TO (@, = P TOXKE€ TapMOHUYECKas
dbynakuus. B camom nerne,
0 0
Ap,=A—q@,=—(A@,)=0.
% o ?1 8X( (01)

AHaJIOTUYHO, BCE TPOU3BOIHBIC OT TAPMOHUYECKUX (PYHKITHI 10 KOOPAUHA-

TaM CaMH SIBJISIFOTCS] TADMOHUYECKUMHU.
2) ®yuxius @, =Ceq + B, rae ¢, ynosnerBopsier ypasuenuto (8.10), a C

uBb-— IMOCTOAHHBIC, YAOBJICTBOPSCT YPABHCHHIO Hanﬂaca, T.C. ABJIACTCA

rapMOHUYECKOU (PYHKITHEH.

3) Oyukius —, rae I = \/ X* + y2 +2° , — 9TO YaCTHOC PCIICHHUE YpaBHE-
r

Hus Jlamumaca (8.10). B camom nene,

2 2 2
ax\r r2ox  r? ox o2 +y2+2 O
0 (1) y 0 (1) Z
Ananornyso, —| — ===, |- |/
oy\r r z\r r

Boruucnsiem BTOpble IPOX3BOIHbIE:

2 2 2
202 X) (Laxd) (1 ) 1pf )
oxé\r) ox\ 3 Pt ox 2ot Bl
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2 2 2
%H:_ 1oaY ]ty )
:

2 2 2
8_(1]:_ 1 .7 :ig 32 4]

oz?\r 2o flr

CnoxuB ux, MOJIy4uM TpeOyemMoe paBeHCTBO

1) 1( . x*+y?+22 3(r?
A(Fj:—g 3 2 —3 :—3 —2—1 :0.

r r r\r

Wtak, Mbl moKa3anu, 4To QyHKIUS

Q=-— (8.13)
r

ABIIETCA perieHneM ypaBHeHus Jlamnaca. Takoe penieHre onuchbiBaeT TeUEHHUE

KUAKOCTHU OT moYeuHOo20 UCMOYHUKA. CormacHo IICPBOMY CBOﬁCTBy rapMOHH-

o(1

TaKXKC 6y,ZICT FapMOHquCKOﬁ. Takoe PCUICHUC YPABHCHUA Jlanmaca onuchIBaeT

YecKuX (yHKIMM MPOU3BOIHAS

TEUEHHUE OT OUNOJsA C OChIO B HampasiieHuu X. [1o Bropomy CBOMCTBY (pyHKIIHS

3 o
Cx/r® Takxke rapmonnueckas. C ee MOMOIIBIO MBI IOCTPOMM KPaeBoil 3aauu
(8.10), (8.11), (9.12), ynoBieTBOPUB I'PaHUYHBIE YCIOBUA 32 CUET BbIOOpA KOH-
crautel C . Vtak, uirieM pereHne 3a1a4u B BUIE

Cx Ccoséd
Q= 3 = 2 (8.15)

VYcnosuto Ha 6eckoHeuHocTH (9.11) dyHKIMA yI0BIETBOpPSIET MpH 1000 KOH-
craute C, MOCKOJIBKY
dp  2Ccosd
o P

CMoO3keM T MBI € TTIOMOIIIBbIO BEIOOpA MOCTOSIHHOW BeMUrHBI C yJIOBIETBOPUTD

—0, r > . (8.16)

ycioBuio (8.12) Ha MOBEpXHOCTH ABMXKYIErocs mapa? JIjist 3Toro Hao BBIYHC-
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JUTH TIPpOoU3BOAHYIO (8.16) mpu I =a ¥ MOACTaBUTH €€ B TPaHUYHOE YCIOBHE

(8.12). Umeem

0 0 2Ccosd
A =———=-Vcosb,
on|,_, or|,_a a
OTKYI[EI HaxoanuMmM KOHCTaHTy
V 3
c=_212
2

[ToncraBus ee B hopmyity (8.15), oOkOHUATETHHO MOTYYUM HOTEHIIUAT TEUCHHUSI

va® x  Va®cosd
p=——"—Z="""75 (8.17)
2 r 2r
[Tone cxopoctu nerko Haiitu, nuddepennupys pemenue (8.17) mo koopanHa-

TaM.

% _ Va38(xj_ Va3(1 3xarJ_

a2 e

(8.18)
_dp  Va®o(x) Vaxo(1l) 3vaxy 3va’xy
_E:TE(FJJT@(FJ_ ot r 28
op 3Vaixz
oz 2r®

B miockoctu Z =0 dopmyisi (8.18) maroT KapTHHY TEUCHUS, IPESICTABICHHYO
Ha puc. 8.2. Takue TUHUM TOKa TEUYCHUE MMEET C TOUKH 3peHUs DHiepa, Koraa
HaOmroAaTenb (KHHOKaMepa) (PUKCUPOBAaH B MPOCTPAHCTBE, a MUMO HETO TMPO-
msiBaeT map. Ecnm ke HabmomaTens (KMHOKaMepa) CBS3aH C JBIDKYIIEHCS
cdepoil, To OH OyneT BUAETh COBEPIICHHO JIPYTyI0 KapTUHY (Touka 3peHus Jla-
rpaHXxa), KoTopas MoJiy4aeTcs ¢ MOMOIIBI0 CYNEPIO3UIMU (HATOXKEHUS) ABYX
TEYCHHUI:
1) reuenus (8.17), (8.18) — ¢ Touku 3penus Diinepa, u

2) TMOCTYMaTebHOTO ABMXKEHUSA CO CKOopocThio (—V ,0,0) u moTeHmuamom

-VX.
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Puc. 8.2. ITose ckopocTH NpH ABUKEHUH Iapa B UICATHHOU KUIKOCTH.
Touka 3penus ditnepa

910 3HA4YUT, 4TO oOTeKaHue C(I)epBI B CUCTCMC KOOpAMUHAT, CBSI3aHHOM C e¢
OCHTPOM, 6yz[eT OIIMCBIBATHCs ITIOTCHIHUAJIOM

3

P = ¢ —Vx=-Vx 1+% LU =u=V, v =V, W =w (8.19)
r

[Tone ckopocTeit 3TOro TeueHus moka3aHo Ha puc. 8.3.
UtoOb! HaliTH AaBjieHUE UCTOab3yeM uHTerpan Komm — Jlarpanxka (8.5) ,

KOTOPBIH JIJISI HECXKUMAEMOM JKHIKOCTH O€3 MacCOBBIX CHJI IIPUMET BHU/T

2
CUINL Y (8.20)
oo 2 p

W13 ycnosuii Ha Oeckoneunoctu (V=0, p=p,) waxomum f =p_/p. s

MPOCTOTHI B TajbHEHIIEM MMOJOXKHM L = 1.
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Puc. 8.3. Ilosie ckopocTH NpH IBMKEHUU [IApa B UICATBHON KHUJIKOCTH.
Touxka 3penus Jlarpanxa

VYpaBuaenue (8.20) crnpaBeaiMBO B CUCTEME KOOpJAWHAT, Korna X,Y,Z OT-
CUHMTBIBAIOTCS OT IIEHTpa Iapa. UToObl BEpHO HAWTH AAaBJICHHUE B KUIAKOCTH,
clIemyeT nmepeiTu K GUKCUPOBAHHBIM B KoopauHaTaM. [Ipu mocTtossHHOM CKOpo-
CTH JIBVDKEHHUS 3TO JOCTUTAE€TCs 3aMEHOM
8(0_)8(0+8(0%:8¢_V8(0

ot oxot ot OX

Torna unrerpan Kommu-Jlarpanxka (8.20) mpu ycTaHOBUBIIEMCS IBHXKSHHUH I11a-

X — X —Vt,

paB HEC)KMMAEeMOU KUIAKOCTHU IMPUHHUMACT BU

2

—Vu + v + P_Pe :
p P
OTtcroa HaxOaUM ITI0JIE JABJICHUS
V2
p(X,y,2) = p,, + p| UV | (8.21)

KOTOpPOE MOKa3aHO Ha PUCYHKE 8.4.
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Puc. 8.4. Ilosie naBneHus Npu IBUKEHUU 1Iapa B HEBSA3ZKOU KUIAKOCTH

N3 dpopmynel (8.21) u puc. 9.4 BugHO, 4TO GYyHKUKS P CHUMMETPUYHA OT-

HOCHUTEJIBHO IICHTpA IIapa, a 3HAYUT MHTETpajl OT JIaBJICHUS IO MOBEPXHOCTHU
1apa paBeH HyJ0. DTO 3HAYMUT, YTO HA IIAp, TJIBIBYIINN B UCATIBHON KUJKO-
CTH, HE JNEHCTBYIOT CHJIBI COTPOTHBIICHUs. Takas HE COOTBETCTBYIOIIAS JKU3-
HEHHOMY OTIBITY U HAyYHBIM HU3MEPEHUSM CUTYAIHs SBISIETCS CIECTBUEM MO-
JeU UJICAIbHOM KUIKOCTU M Ha3bIBACTCS napadokcom Jlanambepa. ITOT Tia-
PaJIOKC OTHOCUTCS K JBM)KCHHIO JIIOOOTO Teja B HMJCATbHOW JKHIKOCTH, a HE

TOJIBKO Iapa.

Oo0paimeHue IBHKEHNS B 32/1a4aX BHEIIHEr0 00 TEKAHUSA TeJl

OO6pailieHue ABUKEHUS — 3TO MPUEM, KOTOPBIN UCTIOIB3YETCS B THIPOIH-
HaMUKE JJIs pEelIeHMs 3aJad O JBWKEHUU Tel B KUAKOCTH. CyThb COCTOUT B
CJIETyIOIIEeM: BMECTO TOr0, UTOOBI PACCUMTHIBATH ABM)KEHUE TeJla B TTOKOSIIEH-
Csl AUJKOCTH, pACCMAaTPUBAIOT HETMIOJIBIKHOE TEJI0, 00TEKaeMOE MOTOKOM.

PaccmoTpuMm npumeneHne 3Toro nmpuéMa Ha 3azade O ABMIKCHHMM 11apa B
uJeanbHOM XUAKOCTH. byieM cuuTaTh, 4yTO 1Iap HEMOJBHKEH, U3 OECKOHEUHO-

CTH Ha Hero Haberaer MOTOK co ckopocteio U=—-V, V=0, w=0. [ToreHuunan
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00pAIIEHHOTO BIKCHHS 0003HAYNM Yepe3 (P , OH TaKXKe YAOBICTBOPSET ypaB-
Henuto Jlarnaca, a Ha 0€CKOHEYHOCTH \r\ = o0 oH paBeH —VX. Ha moBepxuoctu
mapa (1 11000 HEeMPOHUIIAEeMOM TpaHUIe 00TEKAEMOTO Tela) TeNeph CTaBUTCS
ycrnosue Henporutaemocta V, =V, =0, wm 0@ /or =0.

Wrak, MaTemaTiueckasi KpaeBas 3ajaya 00 oO0TeKkaHuU mapa (Win Jro0oro
JPYroro TBEPJOro Tejia) Oe3rpaHUuYHbIM OJHOPOJIHBIM TOTOKOM HJI€abHOMN
KUIKOCTU (OPMYITUPYETCS TaK:

op
on

Ap=0, Vi|_ =— - =0 (8.22)

r=a
Pemenue 3Toi 3anaun B CUILy €€ JIMHEMHOCTH MOKHO HalTH, UCIIOJIb3Ysl Cynep-
nozuyuro. Cynepnosuuus — 3T0 KOTJa peuleHUue OJHOW 3aa4M IIPEICTABICHO B
BUJIE CYMMBI JIpyrux, Oosiee jerkux 3anad. CrpaBeajuBa TOJBKO AJIsL JIMHEH-

HBIX 3a/1a4. JTO 3HAYUT, YTO Ha pELICHUE IPEAbIAYIIEN 3a/1auu

_va®x _ va®cosd

ST
HaJ0 HAJOXHUTH (IIpUOABUTH) MOTEHIHUAT (P, = —VX KOTOpBIN ONUCHIBAET pPaB-
HOMEpHOE JIBIKEHHE MOTOKA cOo ckopocThio U =—V . [lonyuum perieHue 3aaa-

9y 00TEKaHHS B CICAYIOIIEM BHUJIE:

3
(ﬁ:—QCOSH—VX=—%COS¢9—VI‘COS@=—VI’C089 a—3+1 (8.23)

2r 2r 2r
HpOBepI/IM, y,Z[OBJ'IeTBOpHeT JIM 3TOT NMOTCHIIHUAJI FpaHHqHBIM yCJ'IOBI/ISIM Hero—

TEeKaHUs Ha oBepXHOCTH mapa. [loxcraBum I = a B (8.23) u nonyuum

— 3
vr:a—(D:—Vcose- —213+1 =0.
0 2r

Taxum 00pa3zom, TpaHUYHBIE YCIOBHS OKa3aJUCh BEPHBIMHU, TOBEPXHOCTD IIapa

HENPOHUIaeMa.
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3anaum K JeKnuu 8

3agayva 8.1. 3amaHo pacnpeneneHne CKOPOCTEH I TCUCHHS KUIKOCTH:
u=4ax, v=0, w=-4az.
OnpenennTh MOTEHIMANI CKOpocTel. OmpeneianTh pacrupeeicHUE JTaBICHHS,

IPUHUMAs KUIAKOCTh HICATIHOMN C YJIETbHBIM BECOM ) .
Omeem: p=p, —8pa2(x2 + 22)—72 :
3aaya 8.2. JIBmkeHue uacIbHON KUIKOCTH 33J]aHO YPaBHEHUSIMHU:
U=Yy+z, Vv=2+X, W=X+Y.
ABnsercs nu aBMwkeHUe O6e3BuXpeBbiM? Ecim na, To HAWTH MOTEHIIUAl CKOPO-
CTHU. SIByIsieTCs M JaHHAs cpejla HECKUMAEMOM?

3ajaua 8.3. JlaHO moje CKOpPOCTEH MIIOCKOTO YCTAaHOBHMBIIETOCS MOTOKA

JKUJIKOCTH
2X 2y SR
U=—fF, V=—F, I'=4yX + .
NN

Haiitu: 1) moTeHIMAI CKOPOCTH, 2) YpaBHEHHE SKBUNOTEHIHAeH, 3) divV .

4 3 R
Omeem: y = g(x2 + y2)4 , X*+y?=c, divV =—=, SKBHUIIOTCHIMAIN — JH-

N

HMU NOCTOSIHHBIX 3HAYCHUM V.
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Jlexkuus 9.
IMOJI3YUYUE BSA3KUE TEYEHUS

OTO MeJIeHHbIE TEYCHUS, B KOTOPBIX BCE TUIPOJIMHAMUUYECKHE XapaKTe-
PUCTUKH OTPEICIAIOTCS BSI3KUMH HaIPsSOKEHUSIMH, a WHEPIUOHHBIC 3P EKTHI
MPEHEOPEIKUMO MaJIbI.

[IpuBeneM HECKOIBKO MPUMEPOB BSAZKUX MOJI3YUHX TCUCHUH.

1. JIBwkeHre METKUX YacTHI] CYCIICH3HUH.

2. TymaHbI (MEITKHE KaIlIu KUJKOCTH B Tase).

3. Teuenue neaHUKOB (BSI3KOCThH JibJIa BEIMKA HACTOJIBKO, YTO MHOTOKHUJIIO-
METPOBBIE MACCHI JIbJIa IBHXKYTCSI OU€Hb MEIJIEHHO).

4. TIpomecchl cMa3ku. B TeXHHUECKHUX yCTpPOMCTBAX CMa3Ka MpPEACTaBIISCT
co0olf ouyeHb TOHKHE cJoW (TJIEHKU) JKUIKOCTU, KOTOPBIE HAXOIATCS
MEXy IBIXXYIIUMHCS TMOBEPXHOCTSIMHU (Hampumep, noamumnHuk). He-
CMOTpPSI Ha TO, YTO CKOPOCTH TPYUIUXCS JeTajiel BEIWKH, CMasKa
HACTOJIbKO TOHKA, YTO BCE HAMPSKCHUS B HEM OMPEACIISIIOTCS BI3KOCTHIO.
[Ton3yuue TedeHHUs ONMUCHIBAIOTCS CIEIUATbHBIMU YPAaBHEHUSMH, KOTO-

pBI€ BBIBOJSATCA U3 00X ypaBHeHuit HaBbe-CTokca

N o= 1 _ ~
aﬂ%th/: -—Vp + npAvV + § (9.1)
— i_/ BSI3KUE MaccoBbIe

yCKOpeHHe (MHepLys) IPAJIMEHT JaBlIeHNs ~ HAIPSDKCHIS CHIIBI

JIist mon3y4ynx TeUeHUu yCKOPEHUsI HACTOIBKO MaJibl, YTO UMH IpeHeope-
ratoT. OTO O3HAYAET, YTO CHJIbI JABJICHUS U MAaCCOBBIE CHJIbl YPaBHOBEIIMBAIOT-
csi cuiiaMu BA3KOcTU. B ypaBHenusix (9.1) ocrarorcst auillb COOTBETCTBYIOIIHE

YJICHHBI,
1 .
—Vp=nAV+g. (9.2)
Yo,

HeoOxoaumo 100aBUTh ypaBHEHHME HEPa3pbIBHOCTH (CUUTAEM IJIOTHOCTH IO-
CTOSIHHOI)

W =0. (9.3)
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DTa cucTeMa ypaBHEHUH Ha3bIBaeTca ypaBHeHUsAMH CTOKca.
Hasnenue 6 nonsywux meyeHusx A6NAemMcs capmoHuyeckou @yukyuei. B
caMOM Jelie, IPUMEHUM ONEpaTop AMBEPreHLUUH K BEKTOPHOMY YpPABHEHUIO

(9.2). [Momyuum
ldiv(grad p) =nA(divv)+divg.
Yo,

Tak Kak aj1s HeC:KMMaeMo xuakocty B cuiy (9.3) divV =0, to 7 A(divv) =0.
Eciu k Tomy ke div § =0 (MaccoBble CHIIBI COeHOUOGNbHBL), TO

Ap=0. (9.4)
[TpoCTBIM PUMEPOM MACCOBBIX CHII, YIOBIETBOpstomux ycnosuro div § =0,

sBisieTcst cuna Tsokect. E€ yekopenue — Bektop 9 =(0,0,-g). OueBuaHO, uTO

PaccmoTtpum nBa mpuMepa moa3yuyux TEUEHUN: IEPBBIM U3 HUX OTHOCHUTCS
K BHEIIIHUM, BTOPOU — K BHYTPEHHUM TCUCHHSIM.
Ipumep 1. Teuenune CTokca okosio mapa (1815 r).

Cxema o0TexaHusi 1 0003HaUEHUs TOKa3aHbl Ha prUcyHKe 9.1.

A

z

poo’ Uoo H

A 4
o
v

Puc. 9.1. Cxema oOTekaHus 1iapa 1 OCHOBHbIe 0003HAYEHHUSI
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CxopocTh Haberaromiero moToka U, HampaBjieHa BIoib ocu x. Cumna Ts-

JKECTH HE yuuThiBaeTcs. Panguyc mapa a, cosé =x/a, r= \/xz + y2 +22 .

[Tose ckopocCTelt ONMUCHIBACTCS CACAYIOMIMMEI (GOpMYyIaMHu.

2 2 2
izli% 3_2_1 _la 3+a_2 |
U, 4 ¢ r 4r r
2
v _3ayfa’ | ©5)

u 4 3| r?

0

w 3axz| a
T T3 _2_1
u 4 r r

0

[Tpu r = a mosrydaeM CKOPOCTH Ha MOBEPXHOCTHU apa. Jlerko Bumets, uro U=0,
v=0, w=0, 3T0 rpaHUYHOE yCIIOBUE MPUIUIAHUSI.

Teuenue B ockoctu Z =0 moka3aHo Ha puc. 9.2 ¢ TOMOIIBIO CTPEIIOK.
B ornnume ot oOTekaHUs WICANbHOM >KUIKOCTBIO 3/1€Ch BUIUM TOPMOXKEHHUE

IIOTOKA Y MOBCPXHOCTH.

Puc. 9.2. Teuenue BA3KOM )KUIAKOCTH OKOJIO 11apa. [lone ckopocTu

I[aBHCHI/Ie B JKUIKOCTH paBHO

P(X,Y,2) = P, == —5— (9.6)
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Kapra n3o0ap nokazana Ha puCyHKe.

Puc. 9.3. Teuenue BsA3KOM KUAKOCTH OKOJIO 1m1apa. [Tone naBmenus

[Tepen moGoBO¥M YacThIO IIapa JAaBICHHE PE3KO BO3pPACTAET, 3aT€M OHO
najaeT v B T.H. IOHHOW TOYKE, JISKAIUI HAMIPOTUB JIOOOBOI TOUYKH, JOCTUTAET
MHUHMMyMa. Bpaim oT Tena kKak BBEpX, TaK U BHU3 IO MOTOKY JIABJIEHHUE CTpE-

mutcs Kk P, . CnenoBaTensHo, napagokca /lanamOepa HET, U cujia COMPOTHBIIE-

Husi OyneT paBHa uHTerpaiy naBieHus (9.6) muroc MHTErpajl KacaTelbHBIX
HaMpPsDKEHUH O MOBEpXHOCTU Iiapa. CIOXHbIE BBIYHUCICHHUS NAIOT BEIUYUHY

CHJIbI COITPOTUBJICHUA

2

R=6mu a=C,Sra’ 2= S=ra%
2 9.7)
R 12y 24n 24 Re _ud '
* Spu?/2 apu, du, Req d n

3mecs d =2a — mmamerp 1mapa, Ge3pasmepHbiii kommieke Rey =u, d /7 —
uncno Peitnonsaca, C, — xoaddunuent conpotuBienus (0e3pa3mMepHast BEIH-
yuHa). @opmyna (9.7) roBOPUT O TOM, YTO CHUJIA COMPOTHUBIICHUS MPOMOPIUO-

HaJIbHA TUIOIIA/IN CEUCHHS I1apa S = za® u CKOPOCTHOMY HAaIopy pufo /2. Tlo-

CIeTHUA MMeEeT pa3MepHOCTh naBieHus. KoadduiumeHnt conporuBieHus mapa
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C, =24/Rey mpu nonsydeMm BS3KOM OOTEKaHMH OOPATHO MPOIHOPLMOHATCH

yucny PeliHonpaca.

Yucno Pelinonbiaca Rey urpaer dyHAaMeHTaNIbHYIO pOJb B MEXaHHMKE

BSI3KOW KUJKOCTH, BCE XaPAKTEPUCTUKU TEUCHHS pacCMATPUBAIOTCS KaK (yHK-

iy yncna Rey .
DKCIIepUMEeHTHI Mokasand, 410 dopmyna Crokca C, =24/Re, ymosie-

TBOPUTCJIBHO COBIIAAACT C 3aMCpaMH COIIPOTUBJICHUA BIUIOTH 10 3HAYCHUH

Re, <5, a nansuie, ¢ poctom uncia PeiiHonbaca, HaOmM0gaeTCs CyIECTBEHHOE
pacxoxnaeHue. HepaBeHcTBO Ry <5 yKas3blBaeT IpaHULBl IPUMEHHUMOCTH

YHpOHlCHHOﬁ MOZCIN II0JI3y4YCTO TCUCHUA Crokca JJIA BHCHIIHETO 0o0TeKaHus

TCII.

Ilpumep 2. TeueHne BA3KOM KUIKOCTU B TPyOe

Ha mpaxTuke ucnosp3yloTcss TpyObl KpYIJIOTO CEUEHHs, MO3ITOMY JUIs
TEOPETUUECKOTO M3YUEHHUs TEUEHUS JKUIKOCTH B TpyOe yZOOHO HCHOJIb30BaTh

MUINMHAPHUYCCKYIO CUCTCMY KOOPpAUHAT.
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[Munnaapuyeckas cucTeMa KOOPAMHAT SIBJISIETCS YaCTHBIM CIy4aeM Kpu-
BOJIMHEWHBIX CUCTEM KOOPJIMHAT, KOTOPbIE€ aKTUBHO U3y4YalOTCA U IPUMEHSIOTCS
MEXaHMKE CIUIOIIHOM cpenbl. IIpexne, yeM MpUCTYNUTh K PELICHUIO 33Ja4d O
BSI3KOM TE€UYEHMHU >KUJKOCTH B TpyOe, mpuBeseM HeoOXoIuMble CBeAeHHs 00 Oc-

HOBHBIX OIEPATOpPax B LMJIMHAPUYECKON CUCTEME KOOPIUHAT.
JluBepreHius Ipor3BOIBHOIO BeKTopa V = (ur,uz,u(p) U TPaJuCHT CKa-
nsipaoit pyskiuu f (r,z, ) onpenensrorcs kak
10 ou, 1ou of of 1of
divi==—(ru )+—2+=—2; grad f =| —, —, =—|.
ror oz r Op or o0z rop

Wurerpan pyukuu f(r,z,¢) no oovemy tpy6sl mnoit H pasen

2z H R

[fav=]dp[dzfrdr.
\% 0 0 0
Oneparop Jlamnaca B HHJIMHAPUYECKON CUCTEME KOOPJUHAT UMEET BH/]T
2 2
Af =divgrad f = li(rij % + %8_1‘2
ror\ or) oz r°op

KoMmmoHeHTbl BekTOpa YCKOpEHHUs B KOOpAMHATaX I,Z, 3alUCHIBAIOTCA

CJIETYIOIIUM 00pazoMm.

ou ou ou. U,ou U
a=—t+Uu—+u,—"—+-2—"L-F2

ot or oL I 0p r

ou ou ou, U,oau
a,=—2+U —2+u,—2+-2—2,

ot or oz r Op

ou ou ou u_ ou u.u
a=—2+u —2+u,—2+ 22, T2

ot or oz r op r
OOpaTM BHUMaHHE HA HAJUYUE JIBYX JIOTIOJHUTEIBHBIX (IO CPABHEHUIO

C TPSIMOYTOJBHON JEKAPTOBOW CHCTEMOM KOOPJMHAT) ClaraeMbIX Il KOMITO-

2
HEHT B &, U @,. [lepBoe n3 HUX, —U, /T - 3TO LEHTPOCTPEMHUTEIBHOE YCKOPeE-
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Hue; BTopoe, U U, /r - yckopenune Kopuonuca. DTuM yCKOPEHHEM OOBACHSET-

Csl, B YaCTHOCTHU, CMEIIECHUE PYCEJ PEK BIIPaBO MO HAIMIPABICHUIO TCUCHUS.
Nrak, ypaBHeHus HaBbe — CTOKCa M ypaBHEHHE HEpa3pbIBHOCTH B LIU-

JUHAPUYECKONW CHUCTEME KOOPAMHAT UMEIOT CJIEIYIOIIUI BUL:

2 2

u us u
%—'_ur%+uz%+_¢%__(p:_¢_£@+nAur7
ot or oz r Op r r por

u
%+ur% z%_'__(p%:_l@_'_nAup
ot or oz r Op p Oz
ou ou ou, u,ou, uu u.u
— oy —L4u, L+ L2, T r¢_£8p+77Au¢’
ot or oz r Op r r yoXoli;
10 ou, 1au,

——=0.
rar(rur)+ oz op

[Ipu pacuere TeueHus B TpyOe Mbl OTPaHUYUMCS PACCMOTPEHUEM IPO-
CTEHIIET0 CHMMETPUYHOIO IO ¢ CTAlMOHAPHOTO TeueHus. B aToMm ciyyae Hama

CUCTCMA CYHICCTBCHHO YIIPOHIACTCA, IIOCKOJbKY

u, =0, i:O, g:o_
v op ot

B PE3YIbTATC MMOJTYy4YacM ABA YPABHCHHA UMITYJIbCA

o, u_ 10p, ( au, j o,
U —/+u,—F=———+—-— +—
or 0z o, ar ror\_ or 0z

u, ou, 1dp - ou du,
U —=%+uU,—%4=———+ +—
or 0z p 0L T 8r ar 0z

Kpome Toro, Tak e Kak ¥ Ipy TEYEHUH B IUNIOCKOM KaHaje, OTCYTCTBYET IOIIe-
peuHasi KOMIIOHEHTa TeueHus (B HanpasieHud paauyca), U, = 0, cienosareis-

HO, BBINAQJAET BCE MEPBOE yPAaBHEHUE, a BTOPOE YPaBHEHUE UMITYJIbCa U ypaB-

HEHHE HEePa3phIBHOCTH MPUOOPETAIOT BUJ

ou, __1op, ( au, j o,
u—“~=———+—-— +—,
0z yo, az rorl or 0z
N: g,

oz
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[Tocnennee paBeHCTBO 03HAYAET, YTO CKOPOCTH B JIFOOOM TOYKE CEUYCHUS TPYObI

(z=const) 0 MHAKOBA, TO €CTh POAOJIbHASL CKOPOCTh U, 3aBHCHUT TOJIBKO OT I .

OKoHYaTeNBHO MOTYYaeM €AMHCTBEHHOE YPAaBHEHHE

no o, _1dp
ror or pozr’
50) 041
ﬁgr%:a—p, O<r<R. (9.8)
ror or oz

210 YPaBHCHUC H€06XOI[I/IMO JAOIIOJTHUTDb I'PaHUYHBIMHA YCIIOBUAMU CHUMMCTPHUH
Ha OCH TPYOBI ¥ PUITUTIAHUS HA CTEHKE:
ou,

or
Marematuueckyto 3amady Ha ocHoBe cooTHomieHu# (9.8), (9.9) moxHO

r=0: ur =0, r=R:u,=0. (9.9)
chopMynupoBaTh ABYMs CIIOCOOaMHU.

p

1-# cioco6. CunTtaeM 3aJaHHBIM MEepena 1aBlIeHUs P TOT/Ia KpaeBas 3a/aya
z

(9.8), (9.9) onHO3HAYHO OIpEAEIIAET BCE XapaKTEPUCTUKU T€UEHUS, & UMEHHO:

- CPEHIOI0 CKOPOCTh TEYCHUS B TPyOe

2 R
1
U=——|de|u,(r)rdr. (9.10)
- HAIIPSDKEHUE TPEHUS HAa CTEHKE
ou,
7, =—-u—=(R). 9.11
w=—#_"(R) (9.11)

2-1 croco6. 3aman pacxon depes Tpyoy Q =U7zR?. B stom clly4yae TpagvieHT

0
L MOUIEKUT OIIPENEIIEHHUIO.

0z
Pemmm BHauanme mepByro 3agauy. [l 3Toro ymo0Ho nepeiTu k 6e3pas-

MCPHBIM IICPCMCHHBIM

y=riR, x=z/R, u=u,/U, P:p/(pUZ), o, = (9.12)

ZwR
1J

VYpasuenue (9.9) B nepemennsix (9.12) umeer Bua
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2
—ﬂuzﬁ( 5_Uj_,0U 2, 0<y<t
yR“ oy~ oy R &
uJ
[Tonenus 31O ypaBHEHHE HA ?, nosy4aem (HopMyIHUPOBKY 3a/iauu B Oe3pas-
MCPHBIX IICPEMCHHBIX
iﬁ[ a_uJ: ReZ_P’ Re:%, O<y<],
y=0: ya—uzo; r=1. u=0.
oy

be3pa3mepnbiil komiuieke Re - ducino PeliHonbaca - sSBIsSE€TCS €IUHCTBEHHBIM
napaMmeTpoM 3agaudu. IIpu 3TOM ncxoaHas 3a1ada ONpEAeseTcss HE YEThIPbMS
HEe3aBHCUMBIMHU pa3MepHbIMU Napamerpami (U, p, R, U), a eauHcTBeHHbIM 0€3-
pa3MmepHbIM napamerpoMm Re. IIpaBas yacts ypaBHenus (9.13) B qanHoi nocra-
HOBKE CUMTAETCs 3aJaHHON KOHCTaHTOM; 0003HAa4YHUM €€ 4epe3

C:Re@: eZ_Rza_p. (9.14)
OX pU“ oz

3ameTHM, 4TO IIPH TCUCHHUH B HANIPaBJICHUH Z naBicHue nanaet, dp/dz <0, mo-

9TOMY KOHCTAHTa C OoTpuLaTcIbHa.

3amaua (9.13) nerko pemaercs. YMHOXKUM ypaBHEHUE HA Y U MPOUHTE-
rpupyem o Yy oT HyJs 70 Y. C ydeToM mepBoro u3 rpaHuyHbIX yciioBuid (9.13)

MMoJIy4Yum

y y
j(9.13) dy=y—-0=2-C.
5 dy 2

CokpatuM Ha Y W UHTErpupyem eui€ paz mo y ot 1 go y. bynem umers

AN T
y‘C[Z_Tj‘Z(l_y )

Hcnosnb3yst rpaHUYHOE YCIIOBHUE MPUJIMIIAHHUS HA CTEHKE, OKOHYATEJIBHO IONY-

u(l)—u(y):CyT2

yuM napadonudeckuit mpoduiib CKOPOCTH B TPyOe

u(y)z—%(l—yz). (9.15)
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['maBHBIM BOMPOCOM IPH U3YYEHUU TE€UEHMs MO TpyOam sIBIsieTCs oIpe-

JeneHre ux koapdunueHTa conpoTusieHus. KoagppunueHToM conpoTuBieHus

TPCHUA Cf Ha3bIBACTCA OTHOIICHUC KACATCIbHOI'O HAIIPAXKCHUA Ha CTCHKE

(9.11) Kk KHUHETUYECKOI PHEPTUU TTOTOKA,

Ty, _ 20,J 20,

Cf = 2 2 - '
0.5pU pUR Re
(9.16)
o - __C
w 8}/ - 2

[Tpu 3anucu popmyisl (9.16) ucnonszoBanock pemenue (9.15) s smopsl cko-
poctu u dhopmyisl (9.12), cBsa3bIBarOIME pa3MepHbIEe U Oe3pa3MEpHbIC BEIUYH-
Hbl. UTak, koa(duumeHT conpoTuBiieHus: TpyObl MajgaeT ¢ pocToM yucia Peii-
HOJIbJICA 110 3aKOHY

IC| oP 2R op

f=—=——=—"—"-—>0.

Re ox pU?oz

[lepBas 3agada o TeyeHUH B TpyOE C 3aJaHHBIM I'PAIUEHTOM JIaBJICHHUSI PEIICHA.
[lepeiinem Kk pemieHHI0 BTOPOM 3aJa4d, B KOTOPOW 3aJaH pPacxon

Q =US, wu, 9to paBHO3HAYHO, cpeanss ckopocth U =Q/S . Jlnsg Toro utoObI
ONpEeAEIUTh IPATUEHT AaBICHUS, HEOOXOAUMBIHN JUIsl IPOKAYKU JKUJKOCTH C Ta-
KOH CKOPOCTBIO, Bocmonb3yemcsi dopmyroit (9.10), koTopyro 3amuiieM B 0e3-

pasmepHoit hopme

or 1 1
U :—ZRzuju(y)ydy =X 1=2Iu(y)ydy.
7R 5 5
[MoacraBuB croga pemenue s ckopoctu (9.15), Haiinem koncranty C u xo-

3 GUITHUEHT COMPOTUBIICHUS

a 3aTCM U I'paJUCHT JaBJICHUA

®__8 p__pt8
ox Re' oz 2R Re’
[TonmyuenHoe penieHue Ha3bIBaeTcs peuieHueM XareHa-Ilyaszewns mist rmagkou

TPYOBI.
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Jlexuus 10.
YPABHEHUS TIOT'PAHUYHOT O CJ1041

MHorouunciaeHHble HAOMIOACHHS 32 CKOPOCTBIO KUAKOCTU TMOKa3aiH, YTO
Ipy BHEIIHEM OOTEKaHWM TeNl M BHYTPEHHHX TEUYCHMSIX B TpyOax M KaHallax
BSI3KOCTh >KHJIKOCTH OKAa3bIBa€T BIIMUSAHHME HA TOTOK TOJILKO BOJHM3U TPAHHUIIBI
pazzena MEeXIy KHUAKOCTbIO M MOBEPXHOCTBIO Tena. TakuM oOpa3om, MOTOK
YCJIOBHO JICJIUTCA HA JIBE 30HBI: BSI3KOE€ TEUEHUE B MMOIPAHUYHOM CJIO€ U MOTEH-
L{MAJIbHOE TEYEHNE B OCHOBHOM IIOTOKE 3a 'PaHULIEH ITOTO CJIOS.

OTO UCHONB3yeTCs I pacyeTa OOTEKaHUs TeJl MO CIEIYIOIIUM MpUYU-
HaM.

1) IloTeHmanbHOE TEUEHHE OMUCHIBAETCS MPOCTHIMU YPABHEHUSIMU TUIIA
unrerpanoB Komwu — Jlarpanxa win beprynu.

2) Buyrpu norpanuuHoro cios ypaBHeHuss HaBbe-CTokca 3HaYUTENBHO
YHOPOIIAIOTCSI, TIOCKOJBKY caM 3TOT CJIOM Mpu Oonpmmx uucnax PeiiHonbiaca
OYEHb TOHOK, TaK YTO T'PAJAMEHTHI TMIPOJIUHAMUYECKUX XAPAKTEPHUCTHUK IOIIe-
PEK CJI0St HAMHOTO OOJIBIIIE, YEM B MPOJIOJILHOM.

OTMeuyeHHBbIE OCOOEHHOCTH TEYEHHSI HAXOJAT CBOE OTPaKEHHE B CIICIIH-
aJbHBIX YIPOIICHHBIX YPABHEHUAX, IPEIHA3HAYCHHBIX IS MOJAEIUPOBAHUS TE-

YeHHUH JaHHOI'O KJIaccCa.

JIMHAMUYeCKUUA MOTPAHUYHBIN CJI0M

[Ipu oOTekaHWH TEJI TOTOKOM BSI3KOM JKHIKOCTH ITPOHUCXOJHT €€ TOPMO-
KEHUE Ha TBEPJbIX CTCHKAX (MpUIMIaHUE), U OJaronaps BI3KOCTH 3TO TOPMO-
XKeHHe, ocnabeBasi, paclipoOCTPAHSIETCS OT CTEHKH BIITyOb MOTOKA HA HEKOTOPOE
paccTosiHue o, 3a mpejesiaMd KOTOPOTO JKUAKOCTh JBIKETCS 0e3 3HAYUTEIb-
HBIX JehopMaIiuii, U BA3KUE CHIIBI TaM HE UTPAIOT CYIIECTBEHHOH posu. Takum
o0pazom, 3(hGEKT BSI3ZKOCTH MPOSIBISICTCS B CPAaBHUTEILHO TOHKOM CJIOE , KOTO-

pBIi Ha3bIBA€TCS MOTPAHMYHBIM CJI0€M. {1 MPOCTOTHI paCCMOTPUM MPOAOIb-
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HOE oOTekaHue TUIocKor cTeHku (puc. 10.1) oIHOPOIHBIM TTOTOKOM CO CKOpPO-

cThiO U, (€& — external — BHemHuif).

>

0.995u, _ — = —

-_.__‘_--—_.-

Puc. 10.1. JlaMmuHapHbI# TOrpaHUYHBIN CJIOHN MPU TPOAOIHLHOM 00TEKaHUN
IIJIOCKOY IIJIACTUHBI

BriBenem ypaBHEHHMS MOTPAHUYHOIO CJIOSI U3 JBYMEPHBIX YpaBHEHUM

Hasre-Croxkca

ou  ou  au 1op 8(6u) a[auj_
—+U—+V—=-——+— +—|n—1

o ox oy pox ox\lox) oyl oy
@+u@+v@=—la—p+£(n@j+i 77@ ; (10.1)
ot ox oy poy ox\  ox) oyl oy

a—u+@:0.

ox oy

Brengem MacIITaobI AJIUHBI B IMIPOAOJIbHOM HAIIpaBJICHUHU I , JJIMHBI B IOIICPECY-

HOM HAIIPaBJIEHUU O ; NMPOJOJBHOW CKOPOCTH U,; MONEPEUHON CKOPOCTU V,;
naBineHust P,; Bpemenu t,. Cpeau »Tux mMacmraboB U, BbIOMpaeM Kak Cpel-
HIOI0 CKOPOCTb BHEIIHEr0 TE€YCHUs U, :(ue>, | accomuupyem ¢ MmpoaoabHOMN
KOOpAMHATON X, a 3HaueHus o, V,, P,, t, moka He u3BecTHHI. [lepenuiem cu-

cremy (10.1) B 6e3pazMepHBIX IEPEMEHHBIX

x=XyYy-Yy-Yp_P _L (10.2)
| o U, v, Py t,
W3 ypaBHEHUs HEPA3PLIBHOCTH II0JIy4aeM
Lol %oV _g
| oX | & oY
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OTKyZla HAXOJUM MacIITad IONEepedHON CKOPOCTH
Vo=¢&U,, ¢=0I/l. (10.3)
C y4eToM 3TOro COOTHOLICHUS Ipeodpa3yeM ypaBHEHHE HMITYJIbCAa B HAIPaB-

JIEHU" X.

Uo
[t

U Uy 0U eug U py P U, O°U | U, OV
or 1 aX & oY  plax 1P ox* 5% oy’

Pasnenum 310 ypaBHenue Ha U/l u o6Go3Haunm uepes Re GespazmepHblit

xomrutekc Uyl /7. Bynem numers

2 2
| /u, oU +U8U +V8U __ P 8P+ 1 8Li+826U2
oY oX

— . (104
t, or  oX Y  pu?ox Reg’? j (104)

2
Br16op macmraboB Bpemenu t) =1/uU, u naBnenus p, = pu; Tenepb OYEBUJIEH,

MpUYEM TMOCJIEAHUN BIIOJHE COIVIACYETCS C JAaBJICHHWEM BHE IOTPAHUYHOTO
CJI0f, T/I€ T€UEHUE IPOUCXOIUT 110 ypasHeHuto bepuynnu

p+ pu? /2 =const, __a_p du,
pox  Cdx

(10.5)

CYH_IHOCTL IMOrpaHU4YHOr o CJIOA 3aKJIII04YacTCAd B TOM, YTO B HEM HMHCPI A
IIOTOKAa B IIPOJOJIPHOM HaIIpaBJICHUM X KOMIICHCHUPYCTCA CABUIOBBIMU BA3ZKHMH
HaAIIPsSOKCHUAMHA, IIPOINOPHUMOHAJIBHBIMHU T'PaIUCHTY CKOPOCTH B IIOIICPCUYHOM

HarpaBJeHUu Y. ITO O3HaudaeT, 4To B ypaBHeHuu (10.4) HE0OXOIMMO TOJIO-

KUTh ko3 durment npu 0°U /0Y ? pasueiM exunune. Torma

1

1
:1’ =—
Regz uin & ,—Re ,—

CootHomenue (10.6) moka3pIBaeT, 4To MpH OONBIIUX yKciaax PeitHonbaca mo-

s =

i o(l) = (10.6)

I'PaHUYHBIN CJIOM SBIAETCSA TOHKUM, £ <<1, MpUYeM ero TOJIIHHA PACTET KaK
KBaJIpaTHBI KOPEHb OT PACCTOSHUS B MPOJOJLHOM HampasjieHuu (Maciirad |
MO>KHO 3aMEHUTh Ha X ), ¥ TEM OOJIbIIIE, YEM BBIIIE BI3KOCTh KUIKOCTH M HUXKE
€ CKOPOCTb.

WTak, ¢ TOYHOCTHIO 710 caaraeMbix mopsaka O(s°) X-ypaBHeHHe JIBHKe-

Hud (10.4) B morpaHM4HOM CJI0€ IPUHUMAET BUJT
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oU o oU oP oU
+U +V—=—

—+ :
or X dy  ox oY’

(10.7)

[IpeoOpazyeM Teneps BTOpOE ypaBHEHUE UMITYJIHCOB.

gu, OV eu? oV gul oV
+ U + V—=

[

I /u, ot | oX o oY
__u_§@+778ue RV +778Ue RV
Soy 17 oX* 5% ov*

[Tomenum 310 ypaBHEHHE HA ue2 / 6. Bynem umeth

2
, OV N, AN _ NV 1V

& —+eU—+eV_—= — 5t ==
ot oX oY oy ReoX Re oY
I ~| & 82\/2+g4 82\/2 _ P 82\/2 +&° 82\/2 :
oy Reeg oY oX oy oY oX

Takum 00pa3oM, U3 BTOPOTO YPABHEHHUS ABHXKECHUSI CIEIYET, YTO C TOYHOCTHIO
2
1o BenmuuuH nopsaka O(e°) momyyaem
opl/oy=0. (10.8)
DTO 3HAYMT, YTO JABJICHUE MOMEPEK MOTPAHUYHOIO CJI0S HE MEHSCTCS M PABHO
JaBJICHHIO BO BHEIIHEM IOTOKE, Te P MOTYMHSIETCS ypaBHEHHIO BepHymm

(10.5). D10 MO3BOJNSET WUCKIIOYUTH J1aBJIEHUE M3 PACCMOTPEHHUS M 3alucaTh

YPaBHCHHUA INIOCKOT'O IMOTPAHUYIHOI'O CJI0s

2
oU U oU +V8U U 8Ue+8U

e 2!
oJ oV
KA A
oX oY

B KOTOPBIX TOJIBKO ABC HCU3BCCTHBIX: KOMIIOHCHTHI 663p33MepHOI‘/JI CKOpPOCTHU U

n V , a ckopocTs BHemHero notoka U, (X) ~1 3anana.

Ten0Boi MOrpaHUYHBINA CJIOH
YpaBHEHHE TEIJIOBOrO IMOTPAHUYHOTO CJOS IOJIy4aeTCsl U3 ypaBHEHUSA

SHEPruu
2 2
dl uéT +v£:a(aT ﬂj (10.11)

- TU— 2 T
ot ox oy ox° oy
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aHAJIOTUYHO TOMY, KaK 3TO ObUIO CAENIaHO JIJIsl IEPBOTO YPaBHEHUS UMITYJIbCOB.
BMecTo TONIMMHBI TUHAMUYECKOTO MOTPAHUYHOTO CJIOSi O MBI OIpenessieM

TOJIIMHY TEIUIOBOTO IMOrpaHciod J;. bynem m3ydars TO ke OOTEKaHUE IuIa-
CTUHBI, HO 100aBUM YCIIOBHE, YTO BHEIIHUI IOTOK UMEET TeMueparypy T,, a
CTeHKa — TeMueparypy I, <T,. be3pazMepHble IPOCTPaHCTBEHHBIE KOOPAHHA-

ThI BBOJISATCA TakK ke, kKak B (10.2), a 6e3pa3zmepHas TeMiiepaTypa OnpeaeaseTcs
CICAYIOIIUM 00pa3oM:
gt "Tu
Te _TW
VYpasuenue (10.11) npeoOpaszyercs Kk BUILY
2 2
00,20,y 00 __1 (50, 00)
ot oX oY & Pe oX® oY

(10.12)

oTKyzaa 1o anajioruu ¢ (10.6) nonyyaem

1

1 I al
_:l’ & = —, o.(Hh=—= |— 10.13
LTI o

2
001,80 00 _&0.
or oX oY oY

(10.14)

3necy & =0; /1, ancno Ilekne Pe=uyl/a. CpaBauBas ¢opmynsr (10.13) u

(10.6), 1erko comocTaBUTh TONIIMHBI JUHAMHUYECKOIO U TEILIOBOIO MOTPaHUY-

éz\/LJp—r, pr=1.
o; a a

Yucno Ilpanarns Pr sBrsercs TeriohU3WYECKUM CBOMCTBOM KHUIKOCTH, B

HOTO CJIOCB:

obmeM cioydae Pr 3aBucut oT Temmeparypsl. [lonarHo, yto npu Pr=1 u ort-
CYTCTBUHU TpaJueHTa JAaBlieHUs Oe3pa3MepHble ypaBHEHHUS Uil MPOAOJIbHOU
CKOPOCTH U TEMIIEPATYPhI COBIAIAIOT, 4, 3HAUUT, COBIAJAIOT U UX TPapUKH.
[Ipu pemennn 3a1a4 TeII000MEHA, B TOM YKCIIE U HA OCHOBE ypaBHEHUI
MOTPAHUYHOI'O CJIOS, TJIABHYIO POJIb MIPAlOT I'PAHMYHBIE YCIIOBUS Ha CTEHKE.

MBbI paccMOTpUM TpU BapUaHTA.
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1) 3aoana memnepamypa crenxu. y=0,T =T . B 06e3pasmepHoM Bue
3TO0 3KBUBaJICHTHO ycioButo Y =0, 6 =0.
2) 3aoana nromnocme mennosoco nomoka. Y =0, A0T /oy =(. B 0e3-

pa3MEepHOM BHUJIE ITO YCIOBUE UMEET BUJ

AT -T)o0 _ 00 a5,

T _StPpe,
s oY oY  A(T,-T,)

y201

rae yuciio CTaHToHa orpeaensercs GopMyioi

q
St= .
UOCIO (Te _TW)

3) 3aoan mennoobmen MeXAy CTCHKOW M MMOTOKOM IO 3akoHy HbioTOHa.

y=0, A0T/oy=a(T -T,). 3necb a, Bt/M’K — koodp@uiment Temioodme-
Ha, KOTOPBI MOXET 3aBHCETh OT TEMIIEPATYPhI, a TAaKXKe dhcel PeiHonbaca 1

[TpanaTns. B 6e3pazMepHOM BUE 3TO YCIOBUE UMEET BH/T

A(T,-T
y =0, M%:a(T —TW), 3R 0 | %:Nué’,
o; oY oY
riae uucio HyccenbTa onpenensiercs: hopmynoit
Nu = GOy :
A

HeobOxonumMo momuepkHyTh, 4To Kod3pduiuent ¢ (wnmu yucio NU) KOHIEH-
TpUpyeT B cebe mHDOpMAII0O O TETUIOOOMEHHBIX IMpoIleccax B IMOTPAHCIIOE;
IIPU MCIIOJIb30BAaHUH TPAHUYHOTO YCIOBHS TPETHETO pojaa Oe3pazMepHOe perie-
HUE 3a7aud 6 He 0053aHO PAaBHATHCS HYJIO HAa CTEHKE (I pa3MEepHOM TemIie-

parypsl 310 o3HagaeT T(0) =T,).

3agaum K Jexknuu 10

3agauva 10.1. 3anucarh ypaBHEHUS IUIOCKOTO IMOTPAHUYHOIO CJOS s
YCTAaHOBUBLIETOCA MOTEHIMAIBHOIO TEUEHHUs, BbIPAa3UB KOMIIOHEHTBI CKOPOCTH
yepe3 GYHKIHIO TOKa.

3amauya 10.2. 3anucarth ypaBHEHHUs MOTPAHUYHOTO CJOS, MOJIYYEHHBIE B

3agade 10.1, ¥ rpaHUYHBIE YCIOBHS IS CiIy4as MPUCTEHHOTO MOTPAHUYHOTO

-99 -



CJIOS Ha TIPOJIOJIBHO O0TEKaeMOM TUIACTUHKE, CYUTask MPOodUIb CKOPOCTEN Habe-
TafoIIero Ha TUIACTUHKY MOTOKAa HeBO3MYIIeHHBIM. [IpearmnonaraTs, 9to och OX
HaIpaBJieHA BIOJb MOBEPXHOCTH IUIACTHHKH, ochb OY 10 MmepneHAuKysspy K
MOBEPXHOCTH, a HAYaJI0 KOOPAWHAT BHIOPATh B TMEPEIHEH KPOMKE IUIACTHHKHU

(3a0aua Brasuyca).
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Jlexknus 11.
MATEMATHUYECKOE OIIMCAHUE TYPBYJIEHTHBIX TEUEHUI

BBenenue

HaGmronenus 3a TeueHUEM KUIKOCTH B TIPUPOJIE U TEXHUUECKUX YCTPOU-
CTBax B Pa3JIMYHBIX YCIIOBUSX IMO3BOJISIOT BBIACIUTH JBa peKUMa TeUeHUS: 1)
JIAMUHApHOe — CIIOUCTOE, KOTIa BCE JKUJIKUE YACTULBI JIBUTAKOTCS B JOMHUHH-
pPYIOILLEM HANpPaBJIEHUH, & IONEPEYHBIE IBUKEHUS OTCYTCTBYIOT, IIPU 3TOM II€-
PEMEIIUBAHUS «CIIOEB» KUIKOCTU HE MPOUCXOJUT; U 2) mypOyieHmHoe — Tie-
peIUIeTaroneecss TeYEHUE, XapaKTEPUCTUKON KOTOPOTO SIBJIETCSI UHTEHCHUBHOE
MepeMEIIMBaHNEe KUIKOCTH B TMONEpPEeYHOM HampaBieHuu (cm. puc. 11.1 u

11.2). Tlepexox OT JaMMHAPHOTO TEYEHUS K TYpPOYJIEHTHOMY OIpEIeseTCs
o * *

Kkputuueckum yucioM PeitHonbiaca Re : mpu Re < Re  Halmromaercss namu-
*

HapHoe, a npu Re>Re - typOynentHoe Tteuyenue. [jis TeueHus B TpyoOe

Re” ~ 2300.

|

LS

Puc. 11.1. be3oTppiBHOE CTallMOHAPHOE JAMUHAPHOE OOTEKaHHWE Iapa IpH

Re=8.15.
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Puc. 11.2. Ob6tekanue mapa npu Re=15 000. JlamuHapHblii OrpaHuy-
HBII CJIOW OTPBIBAETCS MEPE] SKBATOPOM, HO OCTAETCs JIAMUHAPHBIM Ha
JUTMHE, TI0YTHA PaBHOW pajnycCy. 3aT€M CJIOW CTAHOBUTCSI HEYCTOWYHUBBIM
U IIPEBpPAILAETCS B TYpOYJICHTHBIM.

HO,[[&BJ'IHIOH.[CC OOJIBIIMHCTBO BayKHBIX JJIA 4CJIOBCKA TCUCHUM B nmpupoac
N TCXHUKC ABJIAIOTCA Typ6y.]'I€HTHBIMI/I, " 3Ta 00J1acTh TUAPOAMHAMHUKHU 6ypH0

pa3sBUBACTCA B IIOCIICAHCS BPEMA.

YpaBuenus Peiinosibaca

3amepsl peajbHOTO TOBEIEHUS XapaKTEPUCTUK TYpPOYJIEHTHOTO IMOTOKA
JIAI0T CHEAYIoIYy0 KaptuHy, puc. 11.3, xoropas no3zBonuna O. PeliHombicy
MPEJACTAaBUTh MTHOBEHHYIO XapaKTEPUCTUKY KaK CyMMy cpeaHero U U mysbca-

U,
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/
’ u
o/ ,W/}’\V/\ A/\N/\/\ il i s
4 \WVAl AV,PVAY

Puc. 11.3. Cpeanee u nmynbcanus

[TpencraBnenue Buma U=U+U" TeM Oojice TMPOIYKTHUBHO, YTO B MHYXKE-
HEPHBIX NPWIOKEHUSAX MHTEPEC MPEACTABISIOT UMEHHO cpeanue nois. Ilox-

u!

YepKHEM, 4TO HE Ipearnoaraercs, uro |U'| << ‘U‘ [Tox cpennnm 3HadeHuem f

B Ka)K)IBII\;I MOMCHT BpCMCHHA t moHumMaem BCIIMYHHY

_ 1 t+T/2
ft)y== j f(r)dr (11.1)
T t-T/2
/i€ TIEPHOJ OCPEIHEHUSI JOJIKEH OBITh JOCTATOYHO BEJIUK MO CPABHEHHIO C Tie-

PHOJIOM MYJIbCAIlMi, YTOOBI CpeaHee 3HAUYCHHE CIy4YalHOH MyJbCcallii OBLIO
pPaBHO HYJIO, HO M HE CTOJIb OOJIBIIUM, YTOOBI HE CIIIAXHBAIUCH TI100AJIbHBIC
W3MEHEHHUS CPEAHUX BO BPEMEHU. B manpHEeNIeM IpearonaraeTcs, 4ro onepa-

oy OCPpECAHCHUA YAOBJICTBOPACT CICAYIOIINUM Tpe6OBaHI/IHMZ

=0, f=f; T

g+fog'=Fg;

Il
—|‘|

9
fg=(f+f)g+9)=fg+fg'+gf'+fog'=fg+fQ" (11.2)
of _of

—=_—; |fds=|fds, se{xt
0s 0S '[ I ot}
[IpoBenem ocpennenue no PeliHonbacy ypaBHeHuid HaBbe-CTokca 1 HECKHU-

MaeMoM KHUIKOCTHU

ou, ou, 1op . ou,
—4+U,—=———+1nAu,; —=
ot ! OX; 0 OX OX.

0.

[ToncraBum B Hero pasnoxkenue U, =U +U, p= P+ p'. Byaem nmets
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ou; a_ a. + ') %4_% :—la_p_la_p+77Au +77Au +0

ot OX;  OX, pOX P OX
Gy Mo,
ax oX;

(11.3)

[Tpumenum k (11.3) omeparop ocpeanenus. M3-3a mepBoro u TpeThEro CBOWCTB
ocpenHenus (11.2) Bce nuHEWHbIE BXOXKICHUS MyJbCALUNA MOCIE OCPEIHEHUS

nponagyt. OcraHercs

ou _oéu ,ou  14p

L+U0 —+U —t=———+nAU +0;
ot ox, oxg  pox

_ : (11.4)
%:o; au —0.
OX; ax

Ucnons3ys nocnennee ypapHenue (11.4), MoxeM 3anucathb

, ou’ auirur_ auirur_
u’ i J — J
' ox e X,
HpOI/I?)BeI[eHI/IC Hy.ﬂBca]_II/Iﬁ HA3bIBAKOT UX Koppenﬂuneﬁ BTOpOFO HOpﬂI[Ka, a BC-

_ AN
JINMYUHBI Z-ij = —puiu i HAa3bIBAOTCS myp6y]l€HmelM1/l HanpAdNCeHusAMuU, KOTOPBIC

o0pa3yloT TeH30poM HampsokeHuit Pelinonbaca. Ypasaenus (11.4), nepenucan-
HBIC B BUJIC

L o 1o,

L+ U, — Au; +
a ek T pox p axj 1S
——. oy,
T =—puuj; 8x =0.
(11.5)

Ha3bIBAIOTCA ypasHenusmu Peuinonvoca (4epra Haja CpPEeIHUMHU OITYIICHA).
CpaBuuBas (11.5) ¢ ucxoanoi cucremoit ypasuennit HaBre-Crokca, nerko 3a-
METHUTh, YTO B OCPEAHEHHBIX YPABHEHUSIX MOSBUIIUCH JOMOJIHUTEIbHBIE TPaIu-
eHTHI HanpspkeHur. OueBuaHO, Mojienb (11.5) Teneps He 3aMKHYyTa, U TPeOyeT-
Csl JOMOJHUTEIbHO 6 YpaBHEHHUW [Jii KOMIIOHEHT CHUMMETPUYHOIO TEH30pa
TypOyJNeHTHBIX HampstkeHui. [lpocrtelimmii cnoco® 3aMbIKaHUS YpPaBHEHHIA

PeﬁHonbz[ca COCTOUT B TOM, YTOOBI BBIPA3UTDH Tij qepe3 XapaKTCPpHUCTUKU

OCpPEHEHHOTO TCUEHUSI, HAIIPUMEDP
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ou.

ou i
! ! ox; o

3nech KO3(pPUUUEHT 44, Ha3bBaeTcad TypOYJIEHTHOM BSI3KOCTbIO, KOTOPBIM B
OTIIMYHE OT MOJICKYJSIPHOW BS3KOCTH (I HE SIBIIIETCS CBOMCTBOM KHJIKOCTH, a

3aBHCHUT OT OCOOCHHOCTEH TypOyieHTHOro TeueHus. OnpeaeneHue TypOyIeHT-

HOH BSI3KOCTH My dCPE3 CPCAHUC XaPAKTCPUCTUKH IIOTOKA COCTABILICT IIPCAMET

T.H. MOJIYIMIIUPUIECKUX MOieTiel TypOyJIeHTHOCTH.
Tewm He Mmenee, Boipakenue (11.6) MOKHO MOACTaBUTH B ypaBHeHUs (3.5).
[Ipu 3TOM MBI HCTIOJIB3YEM PAaBEHCTBA
: 0 ou
=u | p, nAu=div(npgradu)=—7|n—
=t lp (77gradu) =— Tox

j
U [I0JIy4aeM OKOHYATEJIbHO YpaBHEHUs PertHonbACa B BUIE

ou, ou, lop 0O ou. _
A e o | PO

j I j (11.7)
OX;

[Ipocreiimmm ciocobom 3ambikanus ypaBHeHui (11.7) sBisieTcst Moiensb
nmyTH cMmetnieHus [Ipanaris, KoTopyo Ajid BHYTPEHHUX T€UEHUN MOXKHO chop-

MYJIMPOBATH TaK:

ou.  Ou

2

m=le le|= e e =+ =L I=xy, (11.8)
OX;  OX

rae | — mmHa myTH cMemeHus, € - TeH30p cKopocTel nedopmarmid, x =~ 0.4 —

noctosHHas [Ipanaris, Yy — paccTosiHue 10 CTEHKHU.

OcpenHeHHOe ypaBHEeHHE KOHBEKTHBHOM TeNJIONPOBOAHOCTH

TemnepatypHoe 1osie B TypOyJIE€HTHOM MOTOKE TOXE HUCIBITHIBAET MYJIbCALINH:
T=T+T'. Ecmu moacTaBuTh 3TO pasioKeHUE B JIMHEWHOE YpaBHEHHE TEILIO-

ITPOBOAHOCTH, ITOJIYUUM
or  oT’ 0 (=
—+—+ (T +U')—(T +T')=aAT +aAT '+ 4. 11.9

1
Packpoem ckoOKM B KOHBEKTHBHOM YJICHE.
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Jor oT er T

U, —+ U, | —
OX,; OX,; OX,; OX;

I I
[Ipu ocpennenuu (11.2) ypaBuenus (11.9) cnaraembie ¢ IMHEHWHBIMUA BXOXJIe-

HUSMHM MyJbCallui, KaK U MpHU BbIBOJAE ypaBHeHUM PeliHonbiaca, oOpatarcs B

HOJIb. B pe3ynberare nomyuum

ﬂ+Ui gzaAf—ui’i
ot OX. OX.

+0. (11.10)
Hcnonb3ysi ypaBHEHHE HEPa3phIBHOCTU IS IYJIbCAIIMA CKOPOCTH, MOXKEM
MPEJICTaBUTh HEJIMHCWHBIN WICH CIIpaBa B BHUJIC JTUBEPTCHIUU TypOYJIECHTHOTO
moroka terra O(UT')/dx,. B ormmume or MomekymspHoro motoka ®ypse
g, =—AJT /OX. 3TOT NOTOK MMeeT KOHBEKTUBHYIO IIPUPOY: IyJIbCAIUs TeMIIe-
patypbl T' mepeHocuTcs MmyJbcaleil CKopocTH U, .

Ecnmu ymuoxuth ypaBHeHue (11.10) Ha Cpo u BepHYThCS OT omepaTtopa
Jlannmaca K OUBEPreHIMU TEIUIOBOTO TMOTOKA (, MOMXYYMM OCPEIHEHHOE YpaB-

HEHUE KOHBEKTUBHOM TEIJIONPOBOAHOCTHU NPU TYpOYIEHTHOM TEUEHUHU

oT oT 0 oT —
cop| —+U— |=—| A——-CpuT' |+ f. 11.11
p(at 'axJ 8xi( ox j (1)

[lo ananmoruu ¢ TeM, Kak ObLT BBeAEH KOADPUIIUEHT TypOyIEHTHON BA3KOCTH B

ypaBHeHUsAX PeliHonbca, MOKHO BBECTH KO3(PHUIIMEHT TypOYyJIEHTHON TEIIO-
TIPOBOJIHOCTH A, BBIPa3HB IyJbCAlMOHHBIH MOTOK (' =—CoUT’ Yepe3 rpauu-

€HT CPEJIHEr0 TeMIIEPATyPHOTO IMOJIS:
— oT
cCouT'=-4 — 11.12
pUT' =~ = (11.12)

[Toactasus (11.12) B (11.10), omyckas 4epTy HajJ CpEIHUMH U BHOBH JCJNs Ha

C, , OKOHYATEIBHO MOJIYYUM YpaBHEHHUE IJIs1 CPEAHEN TeMnepaTypbl

oT aT _ o oT
- 4+U—=—"o|(a+a, )— |+ 4. 11.13
ot ox  ox, {( T)ax} ’ (1149

3nece a; — TypOyJeHTHas TeMIepaTyponpoBOJHOCTh. OOBIYHO HCIOJIB3YIOT

TypOyneHTHoe uucio IIpaHaris, 4ToObl BBIpa3UTh a; YEpE3 BUXPEBYIO BS3-

KOCTb 77;
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pr. =1 (11.14)
ar

B npocreimux cABUroBbIX TEUEHUSAX 3HaueHUe Pr, Oim3ko k equHuLE (PaBHO

0.5+0.9).

Mopeas nytu cMemienus Ipanaris.
Jlorapugmuyeckuit npoguiib CKOPOCTH

MHorue npocTele cXeMbl 3aMbIKaHUs ONUparOTCsA Ha uaer Ilpanaris
(1825 1.) 0 maMHE MyTH CMEIICHUS — XapPaKTEPUCTHKE MOTOKA, I0J] KOTOPOM
INOHMMAIOT PACCTOSIHME, IPOXOJAMMOE MKHUAKOW YacTULEH Nolepek IOTOoKa,
OpeXIe 4YeM MPOUCXOAMT €€ CMelleHHe (T.e. BBIpaBHMBAHHME CKOPOCTH) C
OKpY>KaroIlen >XKUAKOCThIO. [IoHATHE MyTHM CMEUIeHHs] UCXOAMT U3 aHAJIOIMH
MEXy TYypOYJIEHTHBIM NEPEMEIINBAaHUEM U MOJIEKYJISIPHBIM HepeHocoM (Opo-
YHOBCKUM JBHKEHHEM), KOT/1a XapaKTEPUCTHKU MOJIEKYJ OCTAIOTCS MOCTOSIH-
HBIMHU B MIPOMEXYTKAX MEXKIY COYAApEeHUSIMH (T.H. JJIMHA CBOOOJHOTrO mpooe-
ra). B TypOyneHTHOM TeUE€HUU POJIb MOJIEKYJ UIPAIOT <GKUIKUE KOMKH», T.€.
BUXPHU.

Mopnens IIpanaris oOblYHO HpPUMEHSETCS K MPOCTBIM MOTOKAaM, KOTrJa
CpEIHssl CKOPOCTh UMEET OJHY KOMIIOHEHTY (IIOrpaHUYHbIE CJIOU, TPYOBI, Ka-
Haubl). [IycTh 9TO cKOpoCTh U B HampaBlI€HUM X, a MONEpPEYHasl KoOOpAuHaTa Y
OTCUUTBIBAETCS OT CTEHKH.

®opmyna [Ipanaris ans TypOyJIeHTHON BSI3KOCTH UMEET BU/T

e~ 12|ou 1 oy, (11.15)

B KOTOpO# | — myiviHa myTH cMeleHus.
JliuHa Tyt cMenieHus | B pa3HBIX TEUCHUSX 3aJaeTCsl MO-pa3HOMY.

Hanpumep, B CcBOOOJHOM CABHIOBOM cjoe¢ InUpuHOM O  mojararor
| =Cd, C~0.1./lns reuenus xuakocty B kanane uim tpyode | =Cy1-y/d
(d — rmyOuHa OTKPBITOrO KaHaa, MOJYyIIHpUHA 3aKPBITOr0 KaHalla WK Pagnyc

TPYOBI).
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Hnsa typOynenatHoro mnorpanndnoro cios (TIIC) skcnepumeHTanbHO

HaleHa 3aBucuMocTh | = kY, k ~0.41 — nocrossuas [IpanaTis. bonee Tou-
HbIE Pe3yJIbTaThl TOYYaAIOTCS P BBEACHUU AeMIIpupyromero koddduimeHTa
Bau-Jlpucra | = xy[1—exp(-y/A)].

Yuusepcanvusiii npoguns ckopoctu B TTIC momydaercs U3 ypaBHEHHUS C

HYJICBBIM T'PaJJUCHTOM OABJICHUA. Mpgb1 Y4YUTBIBACM, YTO HOFpaHHqHBIﬁ cJion

UMEET COCTABHYIO CTPYKTYpPY: TOHKUII JJaMUHapHBbIN noaciaon 0<y <o, u cod-

CTBEHHO TYpOYJIEHTHBIN clioii. YpaBHeHHe umnyibca B TIIC umeeT Bu

d(z) d( du
il N P — |=0. 11.16
dy(p] dy(m dy} (119

NuTerpupys 3T0 ypaBHEHHE IO Y OT O, A0 Y u oOo3Hauas yepe3 7, =7(J;)

HaIps>KCHUE CABUTI'da HAa I'PAHUIIC BA3KOI'O IIOJACJI0A, UMCEM

do r
— = 11.17
Ty p (11.17)
Ecim moncraButh crofa Beipaskenue (11.15) mpu | = xy , momyuum
_\2 _
szz(d_uj Ll du _ w1 (11.18)
dy p dy \p«xy

Bennunna U, =.[7,,/p Ha3bBaeTCca Ounamuueckoi ckopocmvio. O603HAUNM
yepe3 Y, XapakTepHBIN JIMHEHHBIA pa3Mep, BBEAEM Oe3pa3MEpHbIE IEPEMEH-
Hele U" =U0/u_, y" =y/y, u nepenumem (11.18) B 3THX nepemeHHbIX. Bynem
umerp du® /dy” =1/(K‘y+), OTKyJa CJeAyeT T.H. JorapuMUUecKuil mpoQuib
ckopoctu B TIIC
+ + 1 +
u (y )=u0+—lny . (11.19)
K

Koncranra nuaterpupoBanus U,, COTJIACHO AKCIIEPUMEHTAIbHBIM JTaHHBIM, paB-

Ha 5.0+5.2. YroOsl npuaath 6e3pa3MepHOil KOOpAUHATE Y  pealbHBIA CMBICI,
HAJI0 OMpPEAENUTh MacmTad Y,. TO MOXHO caenaTh, pACCMOTPEB TEUCHUE B

BA3KOM JIaMHMHApPHOM IIOACJIOC W IIPHUHAB, YTO KAaCAaTCJIIbHOC HAIIPSXKCHUC B HCM

IIOCTOSIHHO U PaBHO 7, , & CKOPOCTb HA I'paHMIle UMeeT nopsanok U . Torma us
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paBeHctBa npdu/dy~nu_/y,=7,/pp, B KOTOpO€ BXOAUT MOJEKYJSIpHas KHU-

HEMAaTH4YCCKasa BA3KOCTh V , HAXOAUM

Tw  Nudp U

W3 onpexneneHus ciemyer, 4yTo Y, HMMEET MOPANOK TOJLIMHBI JIAMHHAPHOTO
nonciost o, . IloHATHO, 4TO B AEHCTBUTEIBLHOCTH MIEPEXO OT BA3KOIO MOJCIION
K TTIC npoucxonuT MmiaBHO, U MOJYYEHHbIE PE3YJIbTAThl BEPHBI HA HEKOTOPOM
yIAJIEHUH OT MEPEXOHON 30HBI. DKCIEPUMEHTAIILHO YCTAaHOBJICHO, YTO JIOTa-
pudmuueckuii npodwib ckopoctr Habmromaercs B npeaenax 50<y’ <0.29,
rae 0 — tomuwmua TIIC.

Jlns BHermHe# obnactu (T.H. cioit ciena) 0.20 <y’ <J XapakTepHO To-
paszzno OoJsiee MEAJICHHOE M3MEHEHHUE THIIPOJWHAMHUYECKUX MapameTpoB. B ka-
YyecTBe MaciTaba CKOPOCTH B 3TOM 00JacTU MPHUHSITO UCIOIB30BaTh CKOPOCTh
Ha BHEIIHEH I'PaHUlle IOTPaHUYHOIO CJIOs U,, a B KauecTBE JIMHEHHOIO Mac-
mraba — TonumHy O (pamuyc TpyObl). B psime moxmeneit TypOyneHTHast Bs3-
kocTh Bo BHemHed oOiactu TIIC mpeamonaraeTcsi MOCTOSTHHOM BETWYMHOM.
Knayzep nmpemnoxun ans TedeHuid B ciene Gopmyiny 7 =aU,0, rae
a =0.0168 — smnupuueckuii KO3 HUIIHEHT.

Ha puc. 11.4 nokazan tunuunsiii npoduis ckopoctu B TIIC, pazBuBato-

mEeMCia Ha IJIOCKOM IIacTHHE 0e3 IrpaaucCHTa JaBJICHUSI.
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Sle Sle

ut B ™ g .
Bsskuii mogcnoi JlorapudMudeckuit Cnoii cnena

cioi

S|
2

Puc. 11.4. Tpu ydactka pazoueHust npodusis: BI3KUH MOICIIOMN,
JorapuMHUYECKHI CIION ¥ BHEITHUH CJIOH (CJIOH ciena)

Ilpumep pacuema. OObeTUHUM TIOTYUCHHBIC PE3YJIbTAThI JIJI1 BHYTPCH-
Herr vactu cios (TIIC + mamuHapHBIN TOACIONW) U B MPEANON0KEHUN (I10I-

TBEPXKIAEMOM MPAKTUKOM), UTO CyMMapHO€ KacaTelbHOE HANpPSIKEHUE MOCTO-
SIHHO TIOTIEPEK CIIOS U PaBHO 7, = pU-. ToNydnM ypaBHEHHE C TPAHUYHBIM

YCJIOBHUCM IIPUIIMIIAHUSA Ha CTCHKC

du du du ’
2
(77+77T)E:nd—y+(’(y) (d_yj =u?, y>0; u(0)=0.

ITepeiinemM k Oe3pa3MepHBIM BenmmuuHaM Y' =UY/7, U’ =u/uU_ u moxy4um

KBaJ[paTHOE ypaBHEHHE OTHOCHUTEIBHO mpom3BomHoi z=du’ /dy’, a umeHHO

2
Z+(K‘y+) 2> =1. TlonoXuTeNbHOE pEIIEHHE JTOr0 YpPAaBHEHHS HMMEeT BH]I

z

(—1+ «/1+ 4(Ky+)2)/ (Z(Ky+)2). YMHOXUB YHUCIUTEIh U 3HAMEHATENIb Ha

1+1+4(xy")? , momyunm 3amauy Komru st ckopoct
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du* 2

dy' 1+ 1+4(xy’)?

DTy 3a7a4a pelaeTcsi YucaeHHo. Pelienne 3a1aun nokasaHo Ha pucynke 11.5 B

u(0)=0. (11.21)

norapudmuueckux koopauHarax. [IpencraBieHsl nBa ciiyudas: pelieHHE ypaB-
Henus (11.21), B KOTOpOM JJIMHA TIYTH CMEILIEHUs OMpesesieHa coryiacHo (op-
myne Kapmana | =xy, u penieHre aHAJIOTUYHON 3a1auyd C JEeMI(PHUPYOIIAM
ko3¢ dunuentom Ban-/pucra | = xy(l—exp(—y/A)). 3aMeTHO CylleCTBEHHOE

OTJINYHE TMPOPHIICH CKOPOCTH.

0.1*u+

16 //
/

A |~
i Pl /

“Yon Karman

04 ]

v
0.0 / /

0.0 0.6 1.2 1.8 2.4 Infy+)

Puc. 11.5. YauBepcaibHblii Tpo@uilb cpeHEN CKOPOCTHU BO BHYTPEHHEH YyacTu
TypOYJEHTHOT'O MOTPAHUYHOTO CJIOSI P OINPEAETICHUH JITMHBI ITyTH CMEIlIeHUs
no ®oun Kapmany (Buu3y) u Ban-/[pucty (BBepxy)

B 3aximrodeHre oTMeTHM, YTO B HACTOSIIEE BpeMs ISl pacdera TypOy-
JICHTHBIX TEYEHUHN HCIIONB3YIOTCS Oosiee ClokHBbIC nuddepeHinaibabie MOJe-

¥ TypOYyJIEHTHON BSI3KOCTH.
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3agaum K Jexnuu 11

3amaya 11.1. Kakoit qomkHa OBITH CKOPOCTh M KHHEMATHYECKAs BA3KOCTh
JKUJIKOCTH TPY MOJCIIMPOBAHUY JIBMKEHHUS CyJHA MPU YCIOBHUH, YTO JTMHA MO-

nen B 100 pa3 MeHbIlle AIWHBI Cy/nHA. B kadecTBe KpuUTEpHEB MOAOOHS HC-

. VL ?
MOJIb30BaTh MOCTOSAHCTBO uncen Peltnonbica Re =— u Opyna Fr= oL

3amaya 11.2. Konaencatop mapoBoil TypOuHbI cocToUT u3 250 TpyOoK
JUISE TIPOTOKa OXJIakaaronie Bonbl. OmnpeaenuTs MaKCUMalbHO JOMYCTUMBIHI

nuameTp TpyOok, oOecrieunBaOImUi TYpOyJIEHTHBIM PEXUM TEUeHUs Mpu 00-

1eM 06EMHOM pacxozie Bojbl uepes Bee Tpyokn Q =100 /4 . Kosddumment

KMHEMATHYECKOH BSI3KOCTH MPMHATH paBHBIM 1 MM*/c. IIpeamonaraercs, 4To
YCTOMUMBBIA TYpOYJEHTHBIN pEXUM TEUEHHs] BOJbl B TPyOKaxX yAepKUBAETCA

npu Re>10*, To ecTs mpu uncnax PeiiHoNbCA, MPEBBIAIONINX KPUTHIECKOES
3HaYEHHUE.

Omeem: d <14 ym.
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Penienust 3axau

Pemenue 3aiaun 1.1. HampsikeHue B )KUAKOCTH MOXKET OBITh PACCUUTAHO

u . .
U3 YpaBHEHUSA T = ,ud—. B cnyuae nuneliHOro npoguiist Mpo10JIbHON CKOPOCTH

M0 BBICOTE€ 3aBUCUMOCTD u(y) MOKHO TpEICTaBUTh B BUAe U=U,Yy/h, mo-
CKOJIbKY Ha TBEPJOH MOBEPXHOCTU CKOPOCTh PaBHA HYIIIO. 31eCh U, — BEJINYH-
Ha IPOJI0JIBHOI CKOPOCTH Ha BBICOTE N OT TBEp/0i MOBEPXHOCTHU. 3HaUeHHe U,
MOXHO OINpPEACNIUTh MO 33JJaHHOMY PacXojay, KOTOPBI paBeH MPOU3BEICHUIO
TJIOIIAIU TIOMIEPEYHOT0 CEYCHHSI Ha CKOPOCTh TCUCHUSI KUAKOCTH U BBIPAKALCT-

Csl B HAIlIeM CIlydac 4epes NePEeMEHHYIO POJIONBHYI0 CKOpocTh U(Y) ciemyro-

UM 00pazoM

h h

Q=aju(y)dy=ajuo%dy:ah

0 0

Yy
5

2
Takum O6p330M, UO = —ﬁ . HOIICT&BJISISI IMOJIYYCHHOC BBIPAXKCHHUC B YPABHCHHC
a

AJIA OIIPCACIICHUSA HAIIPAXKCHUA, MOXKHO ITO0JIYYUTh!:

-3 3
T:luﬁZZ,u?ZZ 1.5-10 Ha2CQ:3Ha3C-0.2-1073M—:6-1074Ha.
h ah 0.1m-0.01m M C

Pemenue 3amaum 1.3.

f todT 1
Q= qux:—fﬂ&dx=—ﬂﬂ; =-A(T,-T,).
X %o

Pemienue 3agaun 2.2. Pacuer npou3BeIeHUII BEKTOPOB U TEH30POB OCHO-

BBIBACTCA HA MCXAaHHU3MC IICPCMHOXKCHUS MaTpPHUILI.

ITIycts a-D =V. Torma

3 0 2
(Viivyiv, ) =(3:0;4) 0 -4 0|=(9-20;6).
0 50
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ITycts D- b=w. Torma

w) (3 0 2)(0) (-12
w,|=|0 -4 0]l 2 |=| -8
w,)] (0 -5 o)l-6) (-10

Ilycts d-D-b=V-b=A.Torna

0
/12(9;—20;6) 2 |=-T6.
—6

Pemienne 3amaum 2.3. MI3MeHeHHE COAEpKaHUS BEIIECTBA CIUIOLIHOW

Cpcabl 3a CAMHUIY BPCMCHH B ooneMe V ecTh PasHOCTb MCKIAY BTCKIINM H
BBITCKIIIMM 4YCPC3 OI'PaHUYMBAIOIIYIO 06”beM MNOBCPXHOCTb KOJHUYCCTBOM JIaH-
HOIro BEHICCTBA. OTO0 U3MEHECHHUE MOXKET 6BITB BBIYUCIICHO C HUCIIOJB30BAaHUEM
dbopmynsr Octporpaackoro-I'aycca:
dM = [v, ds = [divvdV .
S V

B pamkax 3aaHHBIX YCIOBUI 3TO YPaBHEHHUE 3aAITUILIETCS B BUJIE:

23 Yo X5

dMm :j_”(Zx—S+O)dxdydz:[x22—xf—3(x2—x1)}(y2—yl)(22—zl).

LM%
Takum 0o0pa3om, Al 3alaHHOTO MOJISI CKOPOCTEH B JHO0OM 4YacTH MOJIOCHI,
OIPaHUYEHHON IUIOCKOCTAMHU X=X, U X=X, =3— X, U3MEHEHUS KOJUYECTBA

BCHICCTBA HC IIPOUCXOIUT. Jlunuu Toka JAHHOT'O TCUCHUA CTPOATCA U3 3aBUCHU-

moctu y =Ce¥*,

Pemenue 3agaun 3.2. KOMIIOHEHTBI HAPSKEHUS B TOYKE P IIPpUHAMAIOT

3HAYCHUA
6 5 0
>=|5 0 23]

0 23 0

EnvHn4HbINA BEKTOp HOPMAJI B TOUKE P onpenesnsercs BEKTOpoM
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gradp=V(y* +2° —4)=2yj+2zK.
CnenoBarenbHo, B TOUke P
Vop=2]+23k.
Toraa eMMHUYHBIA BEKTOp HOpMaJIU B Touke P ecTh N = ] / 2+ \/§ k / 2. Bekrop

HaIIpsAKCHUA Ha IIOIIAAKE, HCpHCHI[HKYHHpHOfI K N B Touke P , PaBCH

6 5 0 0 5/2
5 0 23| 1/2 |=| 3

0 23 0 J\\3/2 J§.

OTBeT K 3a1aue 3.4._{&,’; =

2y 6z
{ax =0,a, :W, a, _(1+—t)2} la,=0,a,=2£% a, =6°(L+1)}.

iovl i v v v V'
a1:6—+v'viv1_a—+v a—+v V1), LA Flild—.
0 ot ox' dt dt
B JNEKapTOBOU CHUCTEME KOOpJIMHAT TIOJTYYUM:
; ovl o savl av!
a’ = +V — = :
ot ox' dt

Pemenue 3anauu 4.1. /Ins onpenenenuss GyHKIUU aBICHUS CIEIyeT 3a-

nucath ypaBHeHusi HaBbe-CToKkca 1Uisi COOTBETCTBYIOLIEH MOJENIU CIIOIIHOMN

cpensbl
6_u+u6_u+va_u:_£@+7mu’
ot oX oy L OX

ov. v v 1op

—+U—+V—=———+7nAV,
ot ox oy p oy

au 8v Ny

x 8y

[TocnenHee ypaBHEHHE, SIBISIOLIEECS BBIPAXKEHUEM 3aKOHA HEPA3PBIBHOCTH JJIS
HEC)KUMAaeMOM >KMJIKOCTH, BBITIOJHACTCS aBTOMATUYECKH JUTSl 3aIaHHOTO TIOJIS

cKkopocTeil. /IBa mepBbIX ypaBHEHUS IEPENUIIYTCS B BUJIE
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op

—=—4pX,
OX P
P

~ =4pY,

oy

OTKY/Ia MOKHO 3aIIMCaTh BEIpAKEHHE MOIHOTO Auddepenirana qaBiecHus
dp=—2p(2xdx+2ydy).
W3 nocienHero BeIpakeHust HaiiieM (QyHKIIHIO JaBJICHUS
p(x,y)=—2p(x*+y*)+const.

Pemienne 3amaun S.1. YpaBHEHME HEPA3PBIBHOCTH IS HEC)KMMAEMOM

xuakoctr umeet Bu divi =0 umu Ou, /0%, =0. B nanHOM ciydae

—4x(x*—y? 2
ou_ | (X =y*) 2x @:A{zx 8xy]

O X re r‘|" oy r* e
ou ov
CkrnaapiBasi, MOTyYaeMm: 6_+8_ =0. Takum oOpa3om, 3alaHHOE TOJIe CKOPO-
X oy

cTen YAOBJICTBOPACT YPABHCHUIO HCPA3PBIBHOCTHU HEC)KMMaeMOU KHUIKOCTH.

JI1st 6€3BUXPEBOT0 TEUCHHS HEOOXOAUMO BBITIOJIHEHHE yciioBus rotu =0.

IIpoBepsieM U BUIUM [T JAHHOTO CIIyYas:

i i K

_ 0 0 0
rotd = — - =

O X oy 0z

A(x*—y?)/r* 2Axy/r* 0

:A[Zy/r“—8x2y/r6+2y/r4+2y(x2—y2)/r6]lz=0

Pemienne 3amaum 5.4. U3 ompenenenuii GyHKIIMU TOKA W JMHUN TOKa

CJIETyeT, YTO JIUHUH TOKA B JAHHBIH MOMEHT BPEMEHHU | SIBIIIOTCS PEUICHUSIMU
nrudepeHITMaTbHBIX YPaBHESHUN:

dx:ﬂ:%

u Vv w

B ciygyae miockux TeueHuit octaeTcst 0aHO auddepeHIanbHoe YpaBHEHUE:
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KOTOpPOE JJIsl TaHHOM 3aJ]a4yl IPUBOJUTCS K BULY:

dx __dy

Kx -Ky’
Pemiennem maHHOTO ypaBHEHHs SIBISIETCS 3aBUCHUMOCTh XY =C — ypaBHeHUE
runepOosbl. Pa3znuunbie 3HaueHust noctossiHHOM C OyayT COOTBETCTBOBATH pa3-
JUYHBIM JIMHUSAM TOKa (cM. puc.). HampaBiieHne TeueHus MOXXHO OIpenenuTh

I10 3aIaHHBIM CKOPOCTIM. Hpezmonara;[ K MonoXuTeIbHBIM mapamMeTpom, I10-

JIY4UM, YTO IIPH NOJIOKUTECIIbHBIX 3HAYCHUAX Y KOMIIOHCHTa v=—-K Yy 6yz[eT
OTpHHaTCHBHOﬁ, a xommnoHeHTa U= K X IIPHU ITOJOXKHUTCIIBHBIX X — IIOJIOXKH-

TenpHOW. HampaBiieHHsI TeueHusl B APYruX YETBEPTAX KOOPIUHATHOM ILJIOCKO-

CTH ONPEAEIISIOTCS aHAJIOTUYHO (CM. PHUC).

Puc. k 3agaue 5.4. U3o0paxxeHue JIMHUIA TOKA U HAIIPABICHUS TEUCHUS
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Pewienne 3amaun 6.3. Bec koHyca B ; ,
I E
Bosayxe F,,=p gV, :%ﬂrfhK £, 9. |

! i
Ly
Bec Boawsl B 00beme, paBHOM 00BEMY I "
|
- e R - |—
MOTPY)KCHHOW B HEE 4YacTh KOHyca —1 4+ L
R - | - -
1 —L 1 i,
Fe=2-7 r’hp, g. s pucynka Bugno, — __\ 1 f h_ s
3 T _i_ g L
e _ N — | Sy
yro — = —. Ciie10BaTeILHO — . — 4+
r h — A\/— —[—T
e h— — —Yy — ¥
2 '
r2 = r2 h_K :
K h2 .

[Tocne moACTaHOBKU I} B (hopMyTy s F,« ¥ y4uTBIBasi, 9TO MO 3aKOHY Ap-

xumena F , =F ., moirygaem

9 98>
3 3 IO,[[
P9 =p,gh’, h=hK3/p—:2.785M.
B

VYkazaHus K PCUICHUIO 3a1a49 6.8. YcnoBue Havana NOAHATHIA 1apa OThICKHBA-

€TCSl M3 YCJIOBHS PAaBEHCTBA CYMMApPHOM MAacChl I'a3a BHYTPU IIapa C €ro 000-

JIOUKOM Macce BLITECHEHHOI'O 1IApOM BO3JyXa:

m
m060ﬂowcu + mea3a = meosbyxa = mo&o,wlmu + IO 2V = IO 1V ,02 = 101 N \0/6(”
1 1 Rm T, PV
pl RTl = pl = pz = pZ RT2 = — = _ 0601 1

= T,=
T, T PV PV -T,Rm

o0bon

Pemenne 3amaun 7.4. IlbezoMeTpudeckue BoICOTHI B ceueHusx (1) u (3) Oyayt

p, 03-10° .
pg 950-9.81

h=h=

Jnst onpeneneHusi Mbe30METPUUYECKON BBICOTHI B C€UEHUHU (2) 3alHUILIEM ypaB-

HEHHE bepHyIun 11 IepBOro U BTOPOro CEYEHUM:

3nech Z, = Z,, Tak Kak TpyOa ropusoHTanbHa. Ckopoctu
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V—4Q V. 4Q

1 27 2= 2"
7d; zd,

TOFI[a HCKOMas IbEC30MCTPHUUCCKAsA BLICOTA BO BTOPOM CCUCHHUHA 6}’I[GTI

P _V' PV, _ 8Q°  8Q°

pyg 29 pg 29 gx’d! gr’d; pg

2
:8Q2(£%—é%}+—EL=1112M
g7 d; Py

2

H

2

K pemenno 3agaun 7.6. Ilentpobexnas cuna: F =mRw®. YpaBHenne

YCTAHOBMBLIETOCS IBUKCHUS: GP/ X' = pF.. YpaBHeHne MOBEPXHOCTH HaiiaeMm

2
U3 YpaBHEHHUS THApPOCTATHKH: dp = %d(x2 +y? ) — pgdz, KOHCTaHTYy WHTeE-

rpuposannst — u3 yenosus P(0,0,z,=0), z, - u3 obbemMa KHUIKOCTH
z,=h —(a)ZRZ /(49)) . OtBet: P=7 pghR? - coBnaaer ¢ BECOM KUIKOCTH.

Pemwienne 3amaum 10.1. YpaBHEHHS IUIOCKOTO NOTPAHUYHOIO CIIOS JJIS

YCTaHOBUBIICTOCA TCYCHUA UMCIOT B

U@U ou | du, oU

+V —_— U e + 2 1
oX oY dX oY
o oV
~ i+ <o
oX oY

I/ISBGCTHO, 4TO B CJIy4ac MOTCHUUAIBHOIO0 TCUCHHA KOMIIOHCHTBI CKOPOCTH Uu

V' BbIpakaroTcs 4epe3 PYHKIMIO TOKA i CIETYIONIUM 00pa3oM:

v y__9v

YA oxX
[Ipu >TOM BTOpOE ypaBHEHHE IIOCKOTO MOTPAHUYHOrO cJiosi (ypaBHEHHE He-
C}KI/IMaeMOCTI/I) BBIITIOJIHACTCA aBTOMATHUYCCKU U ypaBHCHI/ISI HpaHI[TJ'IH HpI/IBO—
IATCA K OI[HOMy ypaBHeHI/IIO B 4aCTHBLIX HpOI/ISBOI[HLIX TpeTBGFO HOpHI[KaZ

2 2 3
oy Ow _81//8(//_U du +8(//

[

oY 0XoY oXaY?: fdX oy®

Pemienue 3agauun 10.2. 3aMCTI/IM, 4YTO B IaHHOM CJIy4dac BHEIIIHUI MO OT-

HOITIICHUIO K TTOTPAHUYHOMY CJIOIO TTOTOK OYAET OJHOPOIHBIM, C OJTMHAKOBOW BO
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BCEU oOJracTn TEUYECHUSA CKOpPOCTBIO U.. CrnenoBaTebHO,

U, =const, dU,/dx =0 u ypaBHEHHSs IOrPAaHUYHOTO CJIOS IPUMYT BH:

oy y oy dy

oY OXoY oXoY? ov®

['pannyHbIE YCIOBHS ISl pACCMATPUBAEMOTO CIIydast 3alHIITyTCS B BHJIE:

w=0, ow/oy=0 mpu y=0, x>0,

oy /oy >U, npu y—> oo,

owjoy=U, mpu x=0, y>0.
[lepBoe ycnoBue SBISIETCS YCIOBHEM MPHIIMITIAHUS KHUIKOCTH K TUIACTHHKE.
Bropoe ycioBue onuchiBaeT MOBEICHUE BEIIMYMHBI TPOJIOIHHON CKOPOCTH MPH
ylaneHuu oT IutactuHkd. [locneaHee ycioBue SIBISIETCS BBIPAKCHHEM HEBO3-
MYIIIEHHOTO MPOQUIIs CKOPOCTEH Haberaroiero moToka.

3anucaHHble YpaBHEHHS TOTPAHUYHOTO CJOS U TPAaHUYHBIC YCIIOBUS SIB-

astoTes GopMynHpoBKOi 3a1aun brasuyca.
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KounTtpoJubHbIe 3a1aHus

1. 3amucath SIBHBIH BUJ COOTHOIICHUH X' = X' (x'j ) , €CIIH {x‘} — chepuye-
ckas, a {x"} — npsMoyrombHas nekaproBa CK. Haiitu sikoOuan npeoGpasopa-

Hust ox'/ox”!

2. 3anucaTth SIBHBII BHUJ COOTHOLIEHUH X' :xi(x’j), eclu {x‘} — LWIYH-
JIpyUYecKasi, a { x”} — npsimoyronbHas nekaproBa CK. Halitu sxobuan mpeoOpa-
30BaHus [ox'/ox') .

3. IlokasaTh, u4To mone ckopocteii U=AXx/r®, v=Ay/r’, w=Az/r®,

e r’=x’+ y2 +72°u A - MIPOM3BOJIbHAsA KOHCTaHTa, YJOBJICTBOPSACT ypaBHE-
HHWIO HCPA3PBIBHOCTHU HeC)KHMaeMou KUOKOCTH.

4. OnpenenuTs JUHUU TOKA U ONKCAThH JIBHXKEHHUE CPEJIbI TI0 OO CKOPO-
crei U=KYy, v=—KX.

5. Jloka3zaTp, 4TO [UId T€UYEHUS U, = X; / (1+t) JIMHUY TOKAa M TPACKTOPUH

COBIAAIOT.
6. JIoka3aTk, UTO JUIS TIONA CKopocTeit U=X"Yy+Yy°, v=—X—xYy*, w=0
JIMHUYU TOKa OYyT OKPYKHOCTSMH.
7. Jloka3aTb, UTO TEUEHUE C MOJIEM CKOPOCTEM
u=-2xyz/r*, v:(x2 —yz)z/r“, w=y/r*,rae r’=x*+y?,
YJIOBIIETBOPSIET YCIIOBHIO HEC)KUMAeMOCTH. byneTr nm 310 TeueHue Oe3BUXpe-
BbIM?

8. Haiitu pasnocts BbicOT h (puc 3), ecnm

H=40cm, p,— py =1470Ila, a nyiga u3mMepeHuit npu- }14'
1

3
MEHSIICSI KEPOCUH ¢ IUIOTHOCTBIO 750 ke/ m”. Omeem:

100 cm




9. Cyano nonyumio npoborHy Ha riyoune 3 m. luamerp oOpa3oBasiiie-

rocs Kpyraoro orsepctus paseH 0.8 M. OnpenenuTs cuity W30bITOYHOTO J1aBiie-
HUs Mopckoit Bogel ( p =1030ke/ m*) Ha «IITACTHIPBY, 3aBe/ICHHBII Ha TPOGOH-
Hy. Omeem: 15.2 kH.

10. Ha nepenHIO0 4acTh MOrPY>KEHHOIO B PEKY TeJa, HaXOIALIErocsl Ha
rnyOuHe 5 M, JeicTByeT MakcMMajibHOE U30BITOYHOE JaBJIEHUE, PABHOE
0.815*1075 ITa. Onpenenutb CKOPOCTh TCUSHUS PEKH.

11. Onpenenuts yncio PeiHombaca ISl ABMKEHUS BOJBI B TpyOe aua-
metpoM d =10cm ¢ oObemubIM pacxogom Q =101/c. Koaddumment kunema-
THUYECKOM BA3KOCTH BOIbI V =1.5mm? [ c. Omeem: 84666.

12. Onpenenuts ynciao PeliHonbica i TeY€HHUST MOTOPHOTO TOILIMBA TI0

Tpy6onposoxy muamerpom 100 MM mpu pacxoae 10.4°/v. Kunematnueckas

Bs3KOCTH TorumBa v =35-107° 4%/ c. Omsem: Re=1011.

13. OnpenenuTs JaBICHKUE U MOJOKEHUE LIEHTPA AaBJICHUS BOAbI HA BEp-
TUKAJbHYIO TUIACTUHY B BHUJIC YETBEPTH Kpyra pajuyca a, BEPXHsS MPSIMOJIH-
HEWHAas rPaHUIla KOTOPOW COBITAIAET C MOBEPXHOCTHIO BOJIBL.

3a 3ra
O s P= a’l3, x.=—, =,

14. bouka 3amojiHeHa CMa30YHBIM MaclIOM M TUIOTHO 3aKpbITa MPU TEM-
neparype t, =10°C u nasnenun P, =10°Ila. Onpenenuts jgapieHue B Gouke
pu  TeMIepaType OKpYyXaroleu cpelbl t, =40°C, MIpUHUMAS
By suea =14-10°Ta™, B, .. =0.001K™. Omeem: Ap=214-10°Ila (s 3a-
noiHeHHoU boyke p =CONSt).

15. Ilpu ruapaBIMYecKUX HCHBITAHUSAX TPyOONpoBOAa TUAMETPOM

D=05x u gauHor | =4.m B cucTteMe MoAHMMAIOT AaBiieHue. OnpeneaInTh Mac-

CYy BOJIbI, KOTOPYIO TpeOyeTCs JOMOIHUTENBHO 3aKayaTh B TPYOOTIPOBO/I, YTOOBI

JIaBJICHHE TTOBBICHJIOCH HA BETUYHHY AP =2.50ap .

Omeem: 0.0883 kr.
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16. YeMy paBHO OTHOCHUTEIbHOE M3MEHEHHE IUIOTHOCTU MOPCKOW BOJbI
(B MPOIICHTAX ) TIPH BEPTUKAIHLHOM MOTPYyKeHUHU Ha riryouny h=300?
Omeem: 0.13 %.

17. 3anucaTh ypaBHEHHE HEPA3PHIBHOCTH JIJIsl HEC)KUMAEMOM JKUIKOCTH B
chepuueckoi cuctemMe KoopIuHarT.

18. 3anucare ypaBHEHHE HEPA3PBIBHOCTH MJI CKUMAEMOU KUJIKOCTH B
HUATUHAPUYECKONU CHCTEME KOOPANHAT.

19. B HepacTspkuMO#M 000JI04Ke MET€030HAa 00beMoM 75 M°, IMeromeit
B HIDKHEH 4acTH HEOOJBbIIOE OTBEPCTHE, HAXOAUTCS Boaopoa. Ha kakyro mak-
CUMAJIbHYIO BBICOTY MOJHUMETCS 30H], €CIIM U3BECTHO, UTO aTMoc(epHoe aaB-

JICHUC YMCHbIIACTCA B 2 pasa 4epe3 KaAXKAbIC 5 KM BBICOTBI? I[aBJ'ICHI/IC BO3ayXa

y mosepxuoctn 3emmu 1-10°Tla, Temmeparypa Bosgyxa B crpatocdepe

223°K, macca 060510uku 7 KI. Bwicommuvle mMemeo30HObl NOOHUMAIOMCS 00
40 km; pexopo Ona becnunrommnozco aspocmama cocmaeiiem 51,8 km.
R=R,/u; R, =8317xc/(mom K).

20. B HEeKoTOpOM ydacTke aTMoc(ephl U3BECTHO pacipeesieHne CKopo-
CTeH V, =(K y) m/c, Vv, :—(K X) M/c, K>0. 1) Onpenenuts AMHUU TOKa U
OmucaTh JABMKEHHUE cpeibl. 2) OnpenaenuTh MoJ0KEHHE METEO30HAa, €CIIU U3-
BECTHO, YTO T MHHYT Ha3aJ OH HaXOJWJICS B TOUKE (XO, yo), Y 13-3a CONPOTHB-

JICHUA CpCabl CKOPOCTDL ICPEMCIICHNA MCTCO30HAA B ABA pa3a MCHbIIC CKOPO-
CTH BO3AYIOIHOI'O ITOTOKA. Jlunuu moka — OKPYOICHOCMU C YEHnpomMm 6 Hadane

KOOPOUHAmM, O8UICEHUE NPOUCXOOUM NO YACOBOU CMpeKe (AHMUYUKIIOH).
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