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0azupyromuMcsi Ha Kakux-IM00 MoAensix TypOYJIeHTHBIX TedeHuH. Psn  MOCTOSHHBIX,
burypupyommux B MOJy4aeMbIX TaKUM OOpa3oM COOTHOIICHUSX, ONpENeIseTcs U3 HKCIIEPUMEHTA.
OKCIEPUMEHT XK€ SIBISIETCS U KPUTEPUEM MPABMIBLHOCTH, pabOTOCTIOCOOHOCTH MPUHATHIX THIOTE3. B
CBSI3W C OTUM  YKa3aHHO€  HANpaBJIIEHHE  WCCIENOBAaHMS  TypOYJIEHTHOCTH  Ha3bIBaeTCs
MOJIyDMIUPUYECKUM, OHO COCTaBJISI€T COAEpPXKAHUWE TaK Ha3bIBAEMOW NOJYSIMIUPUYECKOH TEOpUU
TypOyneHtHoctu. [lomysmnupuueckas Teopusi TypOyJICHTHOCTH UTPAET BAXKHYIO POJIb MPHU PELICHUU
0OJIbIIMHCTBA MPAKTUYECKUX 3a/1a4.

Mpbl He OylneM OCTaHaBJIMBATBCS A PACCMOTPEHUU HTOrO HANpPaBICHUS, TaK KakK OHO
noApoOHO M3ydaeTcs B Kypcax «MexaHHKa XKMIKOCTH U raza» u «TemmomaccooOmen». [Ipobiaemy
3aMBIKAHUSI OCPEHEHHBIX YPAaBHEHUW - YPaBHEHWH JIsI MEPBBIX MOMEHTOB - MBI PACCMOTPHUM C
JIpyrof TOYKU 3pPEHHUS.

Kaxk nokazanu ®punman u Kemnep [14], s nonydeHus: BbIpakeHUH, ONUCHIBAIOIIAX
JTUHAMUKY BTOPBIX MOMEHTOB Withys 00yCJIOBIMBAIOIINX HE3aMKHYTOCTh ypaBHeHUs (3.10),

MO’KHO CHOBa BOCIOJIb30BaThcs ypaBHeHneM Haswe-Ctoxkca (3.2), a mis ' — ypaBHeHHEM
(3.3). Kazanocp Obl, TakuM o0Opa3oM npoOiaeMy 3aMblKaHUs MOXHO PELUUTb CTPOIO, HE
npuberast Hu K KakuM runore3am. OHaKo 0OKa3bIBACTCs, TO HE TaK: CTPOTHM ITyTEM 3aMKHYTh
CUCTEMY OCPEIHECHHBIX YPAaBHEHUH TYypOyJICHTHOCTH NPUHLMINUAIBHO HEBO3MOXKHO. B nony4eHHbIe
IS uitt, BHIPAXKCHHUS BOMIYT HOBbIE HEU3BECTHBIE- MOMEHTHI TPETHEro TOpAAKa. B .npuHIHME ¢
nomoIbio ypaBHeHUs: HaBbe-CTOKCa MOKHO MOJYYHTh BBIPQXKECHUS U JUTSI STUX MOMEHTOB U JJIS
MOMEHTOB JIt000r0, 00JIee BEICOKOTO MOPSIKa, HO OHHU BCer/ia OyAyT HE3aMKHYTBIMH, TaK KaK
coJiepKaT HOBBIE HEM3BECTHBIE - MOMEHTHI ellIe 0oJiee BRICOKOTO MOPSIKA, IPUYEM KOJHYECTBO ITHX
HEU3BECTHBIX C YBEJIMUYEHHUEM IOPsJIKa MOMEHTa OBICTPO BO3pacTaeT.

YpaBHEHUST [ MOMEHTOB BTOPOTO TOPSAKA titly U tiylh
UTpaloT B COBPEMEHHOH TEOpHM TypOYJIEHTHOCTH BaxHYI0 poiib. IloaTomMy mmeeT cmbici
MOJYYUTh U NPOAHATU3UPOBATH 3TH YPABHEHUS.

3.2. ypaBHeHI/Iﬂ ANHAMHUKH MOMECHTOB BTOPOI0 MOpAJAKaA MOJA CKOPOCTH

(ypaBHeHHs 6ajlaHCa JHEPTHUH)

3.2.1. banaHc MOMHOM dHEPTUU TypOYJIEHTHOCTH

Brauane mosiydum ypaBHEHHE COXpaHEHHUS JUIsl TIOJHON PHEPruu TypOyJIEHTHOTO TEYEHU,
BKJIIOYAOMIEH B ce0s1 M SHEPTUI0 OCPETHEHHOTO, U YHEPTUIO MYJIbCAIIMOHHOTO ABUKEHUS.
Jns 3TOro ypaBHEHHE JBUXKEHHUS JJIs aKTyallbHBIX BEJIUYMH — ypaBHeHue HaBbe—

Croxkca
ouU U apP :
W pp dloowe lapol, pililee o (3.12)
ot Oxp p ox p Ox
ozl ot
e op=p { = - =, | ~BA3KHMC HANPSDKEHHs, JOMHOKHM Ha U,
2 i
ol ot/ a3
U =L 4+ U;U ‘:wm—-U_.* - —U; £ 3.13
byl by Foe s (3-13)
3anuiieM TakKKe YpaBHEHHE JBWIKCHHUS IS j- KOMIIOHEHTBI CKOPOCTH, JOMHOKEHHOE
maUg:
auy oy 1 apP 06;;;
U"&T“Ur(}fz oxy ﬂHTU;ﬁ}T-{'- D U; oxp (314)

Cnoxwus (3.11) u (3.12), nomyunm
21 a4 -
01(“}’ Uj) + 7 (U Uy Up) =

w | (]p oP 03‘;‘ (]0'”“
__——IJ—(Ui‘a“;;"‘l—‘UJf'(ﬂ'}) + P (UI 0xk ! Uf Ox ). (3415)

IIpoBenas ocpeanenue ypasuenus (3.15), MONOKUB i=j M yMHOKHUB Ha p/2, NOTy4YUM

(P 75) + = (07 Un) = — UG+ U it - 310
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Bce CllaraeMble 5TOT0 YPaBHEHHA ~ MMEIOT SHEPTETUUYECKUM CMBICT. B yacTHOCTH, BeTMYMHA

UU

E=p= _p——+ ”n’-ﬂi—EmpiE (3.17)

mpeacTaBiseT co0Ol CyMMapHYH0 KHHETHYECKYI0 JHEpPrui0 TYpOYJIEHTHOIO IOTOKa B €IMHUIE

obobema. PapenctBo (3.17) mokasbiBaeT, 4TO IOJHAss dHEprus TypOyneHTHOCTH I ecTh cymma
Eucp =[)UiUiJ(2
SHEPIHMH OCPEIHEHHOI'O JIBHKEHHS U HHEPIrud MyJbCallMOHHOTO IBHKEHUS:

Ev=pug2=p (wu+us?) /2.

[IpeoOpasyem ciraraemple B mpaBoii yactu ypaBHeHus (3.16). K mepBomy wu3 HUX
n00aBUM paBHOE HYJIIO BBIpAXKEHHE .
P(0U,Jox,)

e VI d = ,
P { '_—-W(PU;:). ' ((’).18)

“U‘C]Xf Ox,»
UroObl ndyuille MOHATH CMBICJ BTOPOTO CJlaracMoro B TNPaBOW YacTH (3.16),
BOCIIOJIB3yEMCSl OUYCBHJIHBIM COOTHOIICHUEM

05y, AET 9
axk —i— (OFP 0xk S (319)

o T = U,

JleBasi 4acTh, ITOTO BBIP@XKCHHUS IPEACTABISICT CcO00i MOMHYI0 paboOTy CHI BSI3KOCTH,
3a[1aBa€MbIX TE€H30POM BS3KUX HANPSDKEHHH gy, Caraempie mpaBoi yactu (3.19) nokaseiBaior, Ha
4TO 3aTpaunBaercs 3ta pabora. [lepsoe u3 wux — U;dou/0x, — Ta wacTh paGoOTHI BA3KUX CHII,
KOTOpasi  3aTPayMBAETCi Ha HM3MCHEHHE KHHETHYECKOH DHEPIMH  JKUJAKOH  YaCTHUILHL.
JlefiCTBUTENEHO, d0;,/0%,, KAK H3BECTHO, €CTh PABHOJEHCTBYIONIAS CHI BA3KOCTH, IPUIOKEHHBIX K
KUAKON yactune, Ecium 3Ta paBHOAEHCTBYIOAas paBHa ITYJIO, TO BSI3KHE CHJIBI HE OKa3bIBAIOT
BJIMAHHSA HA YCKOPEHHE JKHIKOH YaCTHIIBI.

Bropoe cnaraemoe 0w (0Ui/0x;) onuchiBaeT Ty dYacTh padOThl BSA3KHX CHJI, KOTOpas
IPEeBPANMIAETCA B TEIUIO. DTy BEIUYHHY OOBIYHO HA3BIBAIOT CKOPOCTHIO BSI3KOW TUCCHIALUU H
0003HAYAIOT pe:

au, = (oU U, \ U,
I__L( ] !z) bt (3.20)

B = O;p —— =— s e
P A oxp, dx;

e dx B

HeTp}I)IHO IIOKa3aThb, UYTO BA3Kad JUCCUIIALUA PE BCETJa IOJIOKHUTCIbHA. PaCCMOTpI/IM SIBHO
HCOTPULATCIbHYTO BCJ'II/IIII/IHy

(GU! dUk) ~0.

0xp, ax;

HpOI/IBBe)IH HCCJIIOXKHBIC Hp606p330BaHI/I5[, MOJIy4YuM

(e&f_s,h*_%)*:%% pUL Wy ; Oy 00\
0xp, dx; dx, Ox, = dxp Ox; dx; 0x;
Q@Ug TR T
e )

0xy 0xy

OTKyHa IJId BS3KOM JMCCHITAIIUHU MoJiydacM BBIPpAXKCHHUC

) o, bUfc - ‘
g = e s
po = ;:(axk . ax{) : (3.21)

Bocnonb3oBaBmuck BeipaxkenusiMu (3.18) u (3.19), moxkem 3anucaTh ypaBHeHHE OamaHca
sHepruu (3.16) B Buze

oF 0 [0, U, , =+ ol
e it Gx—k(‘“—a— + PU, + oy Ul) R (3.22)

IlepBoe ciaraeMoe 3TOTO YpaBHEHHS OIpeleNseT CKOPOCTb H3MEHEHUS CyMMapHOU
KUHETHYECKOH »SHeprusi TypOyJE€HTHOrO TEUYEHHs B MPOU3BOJIIbHON Touke mnoToka. OcranbHble
CJaracMble€ ONUCHIBAIOT IPUUHUHBI, 110 KOTOPBIM IIPOUCXOAUT 3TO U3MEHEHUE!
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U, U o T
dxyp, (;Tf U + PU, + o, U;‘)

B G

— cllaraeMble IUBEpPreHTHoro Tuna. OHU XapaKTepUu3yoT
nepepacnpeseseHue 3Heprun 1Mo IPOCTPAHCTBY 3a CUET COOTBETCTBEHHO

A - KOHBEKTHBHOI'O IE€pPEHOCa OCPEAHEHHOH CKOpocThio, B - paborbl cun pgasienus u C -
MoJiekysspHoil nuddys3uu Gmaromaps BszkoctH; P& —ckopocTs BA3KOW gECCHNANUM, KOTOpasd,
OUEBUJHO, BCEra JacT OTPULIATEIbHbIN BKJIAJ B YHEPreTHYECKUM OanaHc.

[Tpounrterpupyem ypaBHenue (3.22) mo o0wvemy V, orpanvueHHOMY 3aMKHYTON TBEpHOM
HOBEPXHOCTBIO S.IIpu  3TOM yureM, 4Yro Ha oOcHoBaHuM TeopeMbl Octporpanckoro-I'aycca
UHTETPUPOBAHUE CJIATA€MbIX JMBEPreHTHOrO THUIAa MO 00beMy CBOIMIICS K MHTETPUPOBAHUIO I10
MMOBEPXHOCTHU:

d IO LY Ve LN WP
’[ _.o_zk—(pgt_{j‘ b? —E IU& 1—01;{ U:) dV
v

Y(p A B, 4G ) dS =0, (329

PaBeHCcTBO HYyJNIO 37€Ch cCleAyeT M3 TpPaHUYHOrO YCJIOBUS U,=(0 Ha TBEpAOH
noBepxHocTu. YpaBHeHHe (3.23) mokasbIBaeT, YTO YJICHBI ITUBEPreHTHOTO TUIA HE MOTYT W3MEHUTH
CYMMapHyI0 2HEpPruI0 B o0beMe V, a JIHIIb ImepepacHpeealoT €€ IO MPOCTPAHCTBY B mpenenax
3TOro oobrema. CieaoBaTellbHO:

Ol BCEY B (3.24
m‘quv é"p av. (324

CymMmapHas KHHETHYEecKast 3HEprus B oobeMe V' yMmeHblIaeTcsi, HeoOpaTuMo npeolpa3ysch B
TEIJI0 MEXaHU3MOM BS3KOM JUCCHMIAMU. OTOT BBIBOJ HACTOJBKO OYEBUJIEH, YTO IOSBIAETCS
YYBCTBO HEY/JOBJIETBOPEHHOCTH pe3yJibTaTaMH IPOBEJIEHHOTO aHanu3a ypaBHeHus (3.22).
JleficTBUTENBHO, ATO YpPaBHEHHE HE CIUIIKOM HH(GOPMATHBHO, IMOCKOJBKY SBISAETCA Yepecuyp
oOmuMm. OnuceiBas 6ajaHC CyMMapHOW SHEPIUH, OHO HE JaeT BO3MOKHOCTHU CYAUTh O CIOKHBIX U
MHTEPECHBIX Mpoleccax oOMeHa Heprueil MeK1y OCpPEeIHEHHBIM M IyJIbCAIIHOHHBIM JIBH)KEHHEM, B
KOTOPBIX 3aKJII0YEHA MPUPOIa TYpOyIE€HTHOCTH.

3.2.2. banmaHc sHEeprumM OCPETHEHHOTO JIBUKEHHUS

Ecnu anamoruunsie onepanuu nNpoJcjaTtb C YpaBHCHHUEM PeﬁHoan{ca, TO IIOJIYYHM.

i s I A 1 (— a7 — 9P
o Uy Uneh s Ul ) = erin (Ur T Ufﬁ?r}) +
1 (= 03z , {7900 e o S AL ]

73 T(U} ai: i U;'Tf) 5 [UI«E () + U g (r102) |

(3.25)
HpI/I f:f.1, 0003HaYNB Eocpﬂp. _—G-Ig{- » OJTyIMM

0 Loep o e Lo

5z - (,xk (UxE mp)=—uk0xk + U,‘ e — Uy g ),
(3.26)

™

Beipakass nBa mOCIEIHHE cCjaraeMble J3TOTO YpaBHEHHS C IIOMOINBIO COOTHOLICHHH,
aHajornyHeix (3.19);

— oy e . ! wetidEm

(_"!' 6x;£_.% 0%y (U 01)— o 0ku i (3.27)
o A 0 = e ——9T
(/J{ dxp, (H{ ;'E,lz) = -—a'z (Ul- Uy ff-k)—‘-‘—&! H‘,rev—é-x% y

[I0JIy4aeM ypaBHEHUE OajaHCca JHEPruu yCPEJHEHHOI'O TCUCHMUS:
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Bjpt 0 JHER) e
ot "{" (]JC,F Uk ozp i“ U.k T Uf Oip + T L"It ”i H‘k] ==
1 : 11

i by (ﬁjg *——OD} :
- e Jx -+ Py u.fg—'d}': 5 (3-28)
I v
Cunaraemoe I »Toro YPpaBHCHHUA - CKOPOCTh U3MCHCHHA JHCPTHUU OCPCAHCHHOI'O ABUXXCHUA,
ciaaraemoe II - IIEPEHOC 3TOH SHEPruM II0 IIPOCTPAHCTBY, I11-Bsa3kag AJUCCHUIIAINA OHCPIrur

ocpenHeHHoro apwkeHus. [locnennee 1V-ciiaraemMoe 3TOro ypaBHEHHs ONMCHIBAET OOMEH JHEpruei
OCPEITHEHHOT0 M MYJbCALMOHHOrO JABIKeHMH. Haumbonee yOenuTenbHbIM HOATBEPKIACHUEM
IPaBHJIBHOCTH TOJ00HOH TPAaKTOBKH (U3WYECKOTO CMBICIA 3TOTO CJIaraeMoro SBISETCS TO, YTO B
ypaBHEHUH OajaHca TypOyJeHTHOW sHepruu E: (CM. HUXKE) MMEETCS TOYHO TAKOHW K€ WIeH, HO C
IPOTHBOIIOJIOKHBIM 3HAaKOM. Ecim 3TO ciaraemoe OTpUIaTeNbHO, TO OCPEIHEHHOE TEYEHHE OTIAeT
SHEPTHUI0 MYJIbCAIUOHHOMY JABUXKCHUIO, C€CJIHU IMOJOKUTCIBHO - NEPEHOC SHCPIrUHU MNPOUCXOAUT B
00paTHOM HaNpaBlICHUH.

3.2.3. bananc sHepruu MyJabCallMOHHOTO JBH)XCHUS

Ilomyuyum BHayane ypaBHEHHE, ONUCBIBAIOLIEE JUHAMUKY MOMEHTOB BTOPOTO MOPSIAKA Uill;
Ocpenuum ypasHeHue (3.15) u BeruteM u3 Hero (3.25). B pesynbraTe nomyduum

—(u, u;)-i— — [U, U iy L i g - Bl up + u g, =

: o dsjp 09y :
ik {7 (u;‘ (}xf - & J‘Oxl) - ( 1 Ixy -+ 1y dx;‘," ){_ (32(])

= 0 —— 4
-} (U'- a‘h‘.; Uy -I" U,‘ E-F'—Hi Uk) .

xn
3TO ypaBHEHHE MOXKHO IIpeoOpa3oBaTh K BUAY

% R el N L
- (i u) + = (Upy 1y +1y 1) =

§

! 1 aGJ"k ()G,& )
”—“(“‘dx; +”’dx;) e s (’f o, T M 1T

—(@mL + ). B30

VYpaBuenue (3.30) onuchiBacT AMHAMUKY KOMIIOHEHT TEH30pa TYpOYJICHTHBIX HaNpPsKCHUI
(nanpsixkenud PeliHosbAca) M B HOpUHLUIIE, KaK 00 3TOM YK€ TOBOPUJIOCH BBILIE, MOXHO
HOTBITATBCS MCIOJB30BAaTh €ro s 3aMblkaHUS ypaBHeHHs PeifHonbpaca (3.10). OgHako He
TPYJAHO BUJAETH, 4TO ypaBHEeHHE (3.30) COMEPKUT HOBBIE MOMEHTHI BTOPOTO U TPETHETO MOPSAIKA:

ap a5}y
ittty Uy -5;} i ; _(W
U, cienoBaTenbHo, cucteMa ypaBHeHuH (3.10) u (3.30) BHOBb OKa3bIBaeTCsl HE3AMKHYTOM.
U, nakonen, monaras B (3.30) i==j, BeIpaxkas mepBoe W BTOPOE cjaraemMple B IpaBou

yacTu aH”ajnoruyHo (3.27) u JOMHOXKas Ha p/2, MOIYy4YMM YypaBHEHHE OajaHca >SHEPTHH
NyJbCallMOHHOTO ABUXKCHUS:

pmteen il DS el e
ET=-"2"u1u;:_(uf+ué+ng)!

9E, U, E, u:u;J 4
puoe TR | 7 -—u Ot PHI ==
= 4 6x,r‘,[ i AT P 5
B C D

SEThL e e 5
—u_anz—gg?:ra—puf ukadxé : (3.31)

@U3NYECKUN CMBICI CIIaraeéMbIX 3TOr0 ypaBHeHI/ISI JIOCTATOYHO OYEBUIICH.
0F./0{ —CKOPOCTh U3MEHEHHs TypOyJEHTHOW »HEPTrUU B paccMaTpUBaEeMON TOUYKE IMPOCTPAHCTBA.

/]
OcTanbHble cllaraeMble OMUCHIBAIOT MPUYMHBI ATOTO U3MeHeHus. Ciaraemoe o (A + B+C+]I)
K

XapakTepu3yeT NoABojA (0TBO) TYpOYJICHTHON SHEPTUHU B JAHHYIO TOUKY IPOCTpaHCTBa Oiarogaps
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KOHBEKTUBHOMY IE€PEHOCY MYyJIbCALMOHHON 3HEPIrUU OCPEIHEHHOI CKOpOCThIO - A, muddy3uun no
IIPOCTPAHCTBY 3a CYeT MyJjbcaluil naBieHus - B, mouekynsapHoil auddysum, T. €. mepeHocy
TypOyJIEHTHOI SHEPTUH MO MPOCTPAHCTBY MEXaHU3MOM MOJIEKYJISIpHOH BsA3KOCTH - C, TypOyJIeHTHOM
mudoysun - D, koTopas mpeicTaBisieT co0oil mepeHoc TypOyJIeHTHOW SHEPruu 1O MPOCTPAHCTBY
TypOyJTeHTHBIMH  IYJIbCAUSAMUA W ONpEJENAETCA  OAHOTOUEHHBIMHU TPOMHBIMH MOMEHTaMU

du;
Hy.TIBCﬁI_II/II/I CKOPOCTH. Craaraemoe pE-T*-—U;h ) ‘
xp

TypOyJeHTHOM 3Hepruu (cpaBHUM ¢ ypaBHeHusiMu (3.20) u (3.28)), Bsaskas auccunanus Bcerna gaet
OTPUILIATENIbHBIA BKJIaJ B OalaHC KNHETUYECKOW SHEPTHUH.

Bropoe crnaraemoe B mpaBoi 4acTH 3TOr0 YpPaBHEHHMsI COBMAAAET C MOCIETHUM ClaraeéMbIM
ypaBHeHHs (3.28) U MMeeT MPOTHUBOMOJOXKHBIA 3HaK. OYEBUIHO, UTO ATH CjaraeMble OMHUCHIBAIOT
o0OMeH 2Heprueit MexXay OCpeIHEHHBIM U IyJIbCAllMOHHBIM JIBIDKeHUsIMU. Haso cka3aTh, 4TO OOBIYHO B
IIPUCTEHHON TypOYyJE€HTHOCTH 3TO cjaraemoe B ypaBHeHUHU (3.28) oTpuULIATENIbHO, a B YpaBHEHHUU
(3.31) mosoxUTENBHO. DTO O3HAYAE€T, YTO OHHEPrus IEepeaacTcss OT OCPEAHEHHOTO JABUKECHUS
nynbcarmoHHoMy. [lo 3To#l mnpuwumHE OOBIYHO TOBOPSAT, YTO paccMaTpUBaeMoOe ClaraeMoe
OTUCHIBAET reHepanuio (MopoxkaeHne) TypOyICeHTHON SHEPTUH B JAaHHON TOYKE MOTOKA.

Ecau npu mepexome ot ypaBHenus (3.30) x ypaBHeHuto (3.31) He NpPOU3BOAHTH
CYMMMpPOBAaHUS O 1, TO .IOJyYUM YPaBHEHHE AJS DSHEPIUM OJHOM KOMIIOHEHTHI IYyJbCAal[HOHHOIO

XapaKTCpU3lyeT CKOPOCTb BSI3KOH AJUCCHUIIallM N

IBHKEHUS (ET)f=~g—-Jiz_z.-, roae i=1, 2, uiu 3:

2 (Eq) 0 Sl D
—531—2‘"{ [k(E) un:’)am'—”i"i& I‘Pﬂk QL]:

du — AU c?u.
= %-aja: = put“é'&'}é *{",-f_? -;375}- 2 (3.32)

o
DT0 ypaBHeHHME OTJIIMYaeTcs OT YypaBHeHusa (3.30) HanuuumeM claraemMoro aX:

ONMCHIBAIOLIEr0 OOMEH SHEPrueil MeXAy TpPeMs KOMIOHEHTAMU IyJIbCALIUOHHOW CKOPOCTH 3a CHET
nyibcarmid naBicHus. [Ipm cyMMHpOBaHWMHM 1O i BCICACTBHUE TOTO, YTO Ouifdxi=0, , 3TH
claraeMble B CyMMe JalT HyJIb, T. €. OOMeH »JHeprueil Mexay TpeMs KOMIIOHEHTaMH
MyJAbCAIIMOHHON CKOPOCTU HE U3MEHSIET CYMMApHOU SHEPTUHU MyJTbCAIIMOHHOTO ABUXKEHHUSL.
NuTepecHbIlt pe3ynabTaT ngaeT NpuMeHeHue ypaBHeHHS (3.29) K cTaOMIM3UPOBAHHOMY
CTAallMOHAPHOMY TE€UYEHHUIO B IJIOCKOM KaHasle, B KOTOPOM OTJIMYHA OT HYJIS TOJIbKO OJIHA KOMIIOHEHTA
OCpEIHEHHOI CKOPOCTH — U, N3MEHSIOMAsCs 1O KOOP/IMHATE X,.:

oo aU, T ouy
g;r;[{)uztfé—fi‘- — Ogq ul]: — PEyy — pulu, O%s e Fp . y (3.33a)
9 L g SO T - '
T [p usa—';j + dyp — Oy u,] - PEyy -1;- il : ”2 (3.336)
1% S g 5
a“x_,{P iy —u‘%—u’_s—-ﬂss us]:——-psar——i—paz: ; (3.33[!)

Cymmupys ypasuenus (3.30 a,0,B), moiaydyaeM ypaBHEHHE OajaHca CyMMapHOW JHEpTHU
BCEX Tpex HyJ‘II:caI.[I/IOHHBIX KOMITOHEHT

0 IV} i
. (IJ iy o ”1) =k dx (N,P) i ("1 Ogy) =— P&y — Pu1 Uy %Li .
AT AP AM A r
(3.34)

B ypaBuenuu (3.34) cnaraemoe ﬂT- typOynentnas audpdysusa, AP —auddysus 3a cuer
nyJbcauuid nasiaenus, JJM — Bs3kas auddysus, ciaraemoe J{ — Bsi3Kas auccunanus, cinaraemoe I —
reHepanus SHEPTUU TypOyTE€HTHOCTH.

Ananu3 ypasHenuit (3.33) u (3.34) MO3BOISET CACNATD CIECAYIONINE BBIBOBL:
iz 20

X3
PHUCYTCTBYET TOJIHKO B YpPaBHEHUHU OalaHca YHEPTUU MPOOJIBHBIX MyJIbCAIIHHA.

1. Cnaraemoe —uytiz ,OIIMChIBAIOLIEE TeHEepaLuIo TypOyJIEHTHO JHEpIuH,

OOBIYHO B IPUCTEHHOU TypOYICHTHOCTH Uty 0@”‘ >0. D10 yTBEpXkJAEHNE MOXXHO MOSCHUTD

caenyommum  00pasom. CyuTacM, YTO OCPCAHCHHAs CKOPOCTb MOHOTOHHO —BO3pacTacT B

HaIPaBJICHUU OT CTCHKU;: 0 1/0x2>0 (puc. 3.1).
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Cnenys paccyxnenusm JI. Ilpanarns, nmojaraem, 4TO MHyJdbCallUM CKOPOCTH B JaHHOMU
TOYKE BBI3BIBAIOTCS TEM, UTO B 3Ty TOUYKY IOIMAAAIOT BCIEACTBUE CBOEI0 XaOTUYECKOTO JBUKECHUS
MOJIN JKUJIKOCTH M3 COCEIHHUX 00JacTell TeueHus, Tjie OCPEIHEHHAas CKOPOCTh Uy MMEET APYTYIo
BennunHy. Jloruka paccyxaenunil Ilpanaris duTaTento XOpOIIO W3BECTHA M3 Kypca MEXaHUKHU
xunkoctd. (Cremyer NOAYEpPKHYTb, YTO IPH BCEM CBOeW KaxylleWcs MPOCTOTE 3Ta MOJIENb
[IparaTns sBaseTcs BecbMa (QU3MYHOW M, KaK JOKA3bIBAIOT CTPYKTYPHBIE MOCJIEIHUE W3MEpCHHS
MNPUCTEHHOW TYypOYJICHTHOCTH, B II€JIOM TPaBUIBHO OTpaXkaeT CyTh sABIeHUs). Mtak, ciemys
[IpanaTiro, HETPYAHO ybeauTbes, 49TO IIOJIOKUTEIBHBIM MONEPEYHBIM
[yJIbCALUAM Uy COOTBETCTBYIOT OTPULATE/ILHBIE POJONBHBIE MYIbCALUN i, U Ha000poT (puc.

3.1). TloatoMy B cpenHeM ity <0, OTKyJa C YYETOM OU [0 > 0 cienyer (— u|Hzt?U|/c?xg)>O B
ypaBuenuu (3.33a),

du;
d.Z'g>3
. =
ﬂzbg U/<0 X3
AT
&

Puc. 3.1

a B ypaBHeHMH  OajaHca  DHEPIMM  OCPEJHEHHOIO  JIBKEHHMS  COOTBETCTBYIOIIEE
cnaraemoe (i1t 0U1/0%;) <<0. DTO 0O3HAUACT, YTO reHepanus TypOYICHTHOCTH B PACCMATPUBACMOM
TEYCHUH TPOMCXOJUT CJIEMYIOIMIUM 00pa3oM. DHEprusi OTOMpaeTcs OT OCPETHEHHOTO JIBIDKCHHS H
nepeiaeTcss  TOJIbKO  MPOJOJBHONM  KOMIIOHEHTE  IyJjbcaluil. OTUM  0OBICHSETCS  TOT
SKCIIEPUMEHTaIbHBIA (akT {cM. puc. 1.15), 4TO HHTEHCUBHOCTH MPOJAOILHON KOMIIOHEHTHI MyJIbCAIlui
BOJIM3U CTEHKH CYILIECTBEHHO BBIIIE, YeM MONEPEUHBIX.

2. IlonmepeyHsle MyJIbCALUU Uy U Uz MOJyYalOT SHEPTUIO0 HE HEMOCPEICTBEHHO OT OCPETHEHHOTO
TEYEHUs, a OIOCPEIOBAHHO. DHEPIUsl, BOCIPUHATAA MPOAOJIbHON KOMIIOHEHTOH, MepepaclpenceisieTcs
MEXJy BCEeMH TpeMs KOMIIOHEHTaMH .MyJbCAalMi CKOPOCTHU Oraromaps MyjiabCalUsM aBJICHUS.
[Mynbcanuu JaBJIEHUS HE MOTYT HM3MCHUTH CYMMapHYyI TYpOYJEHTHYIO JHEpPruto LB JaHHOM

TOYKC, 0 yeM CBUACTCIBCTBYCT TO, qyTO B YpaBHCHHUHU Oamanca
(3.34)

giil + duﬂ _]- aus e 0 (3 35)

ﬁxl- p 515 R ¢

Pons nynbcaunﬁ JaBJICHUs 3aK/II04YaeTcsi B TOM YTO OHH CTPEMATCA  PaBHOMEPHO
nepepacrpeienuTh  JHEPrui0 MEXIy  TpeMs KOMIIOHEHTaMM MyJlbCalud, T. €. NpHOIU3UTH
TypOyJIEHTHOCTb K U30TPOIHH, IPU KOTOPOH L ==L ra=Lg.

3. T'enepupyemas B JaHHOM TOYKE TOTOKAa TYpOyJIEHTHas »HHEpPrus YacTUYHO
JUCCUIUPYET 3a CYET MOJEKYIIPHOM BA3KOCTH, a OCTajlbHas €€ 4acTh IIEPEHOCUTCS B JApYyTue

TOYKH IPOCTPAHCTBA. OTOT IIEPEHOC OIIKCBIBAIOT CJaracMbpI€ BHUOA
0

dxa
MOYET BHOCUTHCS B TAHHYIO TOUKY M 3/1€Ch JUCCUIIUPOBATE.

C pa3BUTHEM TEXHUKHU HU3MEPEHUS MyIbCAIllMi CKOPOCTU C MOMOIIBI0 TEPMOAHEMOMETpA C
HarpeTrod HUTHIO [3,4] mpeaocTaBUiach BO3MOXXHOCTh U3MEPHUTh KCIEPUMEHTAIbHO MOYTH BCE
BEJIMYUHBI, BXOJAIIME B ypaBHeHUE OanaHca TypOynentHou sHeprun (3.34). [lomoOGubie n3MepeHus
BIEpBbIe OBLIU BBIMOJIHEHHBI B 50-¢ rojabl Jlaydepom (omucanue onsiToB Jlaydepa npusoautcs B [3]),
YTO TO3BOJIMJIO €My COCTaBUTh SHEPreTHUECKH OallaHC MO OMNBITHBIM JaHHBIM, KOTODPBIA OBLI
HECKOJBKO cKoppekTupoBaH TayHcengom. Paccmorpum puc. 3.2, Ha  KOTOpPOM IIpUBEJEHA
nuarpaMma Oajnanca TypOyJeHTHOU 3Hepruu mo Jlaypepy—TayHceHay i1 TPUCTEHHOH o0iacTH
TeYeHHUs, TJAe 3Ta JuarpaMMa B PaBHOW CTENEHU CIIpaBeIJIMBA JUJIS KPYTJIOH TPYOBI M IJIOCKOTO
KaHala.

.) B eBbix yacTax ypaBHeHuit (3.33) u (3.34). B cBoro ouepear U3 APYrux TOUCK IHEPrUs
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Pue. 3.2

Kak BHIHO, MakCHMyM TeHepaluu TypOYJICHTHOW JHEPTMM HAXOIUTCS y CTEHKH, HO 3a
npesieaMu BA3KOTO MOJCIOSA, T, €. B MepexoAHol obnactu. bojibias yacTh HEPrHM 37eCh K€ U
TUCCHUITUPYET, O YeM CBHJIETEIBCTBYET TOT (PAKT, YTO KOOPAMHATA MAaKCHMyMa IHCCHIIAIIUN dHEPTUU
TypOYJIEHTHOCTU NPUOIUZUTEILHO COBIAJAET C MOJIOKEHHEM MaKcUMyMa reHepanuu. Kpome toro, u
110 BEJIMYMHE 3T CllaraeMble B paccMaTpuBaeMoi oOnacTu TedeHus OMu3Ku. B To ke BpeMs dacTh
HOPOXKJASHHOM SHEPTUU BBIHOCUTCS U3 00JIACTH MaKCUMaJbHOI reHepanuu. [IpuueM monekyispHas
Iu(pdy3uss BBIHOCUT DSHEPIrUI0 IyJbCAallMil NPEUMYLIECTBEHHO B HAIPABIEHUM CTEHKH, B BSI3KUI
HOJICIION, TJIe 3Ta PHEPrusi JUCCHUIUPYET, HeoOpaTUMo mnpeodpasysck B Temino. ['opa3go Oosbiias
N0l TypOYJIEHTHOW SHEPruM BBIHOCUTCA U3 00JIACTM MAaKCUMaJbHON TreHepauuu TypOyJIeHTHOM
mupdysueit, npuaem 3ToT 1upPY3HOHHBIN MEXaHU3M CO3/1aeT MEPEHOC SHEPTHH B HANPABJICHUH sIpa
TypOyJICHTHOTO TOTOKA, TJE, KaK TOKAa3bIBAET aHalM3, CYIIECTBYET IUHAMHUYECKOE PaBHOBECHE
MEX1y MPUTOKOM dHEpruu Omaroxaps TypOyiaeHTHOH nuddy3nn u BI3koit nuccunanueit (Ha puc. 3.2
obnacte GonblMX 3HauYeHMH y+ HE nokasana). M TonbKO OXHO ciaraeMoe ypaBHeHusi (3.34),
cojepxainee Iysibcanuu pgaBieHus, Jlaydpepy He ynanzoch oOmpeaenuTh HEMOCPeICTBEHHBIMU
U3MEpPEHUSMH, II09TOMY OHO OBUIO pacCUMTaHO Kak BeJIMYMHA, 3aMblKalolias OayaHc.
(CrpaBeIMBOCTH pajyl OTMETHUM, YTO, HACKOJILKO HaM M3BECTHO, IO CHUX IOpP HHUKOMY HE YJAJIOCh
BBINOJIHUTD 110/100HBIE U3MEPEHUS. )

[Iycth TOYHOCTH H3MEpEHHUH OBUIA HE CIMIIKOM BBICOKOHM, OJHAaKO B KaueCTBEHHOM
OTHOILECHUY IPABHIBHOCTh PACCMOTPEHHOM CXEMBI HE BBI3BIBAET COMHEHHH. BaxxHO OTMETHTH, 4TO
BOIM3M CTEHKHM TEHepalus NPUOJIMKEHHO YPaBHOBEIIMBAETCS AWCCHIAIMEH, W MOXXHO 3amucarh

npuOIMKEHHOE BbIpakeHHe OanaHca TypOyJIeHTHOM SHEPrUH B «6e3auddyznonHom
MPUOITHKEHUID:
dU, odu; (duy duy
Uy Ug —— e = v—= (£ L L], 3.36
172 dx, B dxp (dx; ¥ Oxk) =t

Takum 00pazoM, MBI PacCMOTPENTH UMEIONIUE MPO3PAUYHBIA (DU3NYECKUI CMBICIT YpaBHEHHUS
SHepreTMyeckoro 6amanca Buaa (3.34), cojepxkalie HEW3BECTHBIE KOPPEIAIMH il [Tom00HbIe
ypaBHEHHS WU UX MoOAW(PUKAIUHU, yOpoIleHHs, B ToM dyucie u (3.36), yacTo MCHONB3YIOT Kak
OCHOBY TIPH MTOCTPOECHUH MOJICTbHBIX YPAaBHEHUM ISl 3aMBIKAHUSI CUCTEMBI OCPETHEHHBIX YpaBHEHHUH
Pentnonpca.

3.3 YpaBHeHue 6ajlaHCa «JHEPTUN» TEMIIEPATYPHBIX MyJIbCalui

, Cnoco0 mosryyeHHst 3TOr0 ypaBHEHMs aHAJIOTMYEH CIIOCO0Y, OMHCAaHHOMY B IIPEIbIIyIIeM
naparpade, Io3ToOMy MbI .HE Oy1eM MOAPOOHO OCTAaHABIMBATHCS HA COOTBETCTBYIOIIMX BBIKIAJKAX.
Ecnu w3 ypasuenus (3.3) Bwiuecth ypaBHeHue (3.11), TO moayuyum ypaBHEHHE,

OMUCBIBAOIICC TUHAMUKY ITYJIbCAllUU TEMIICPATYPhI:
2 A ) 5 I e 020 |

0 20 ”
o -+ Ufega + H,g.m +!ﬁ¢m e !t,g»a'k—' SQW. (J,B?)

Homuoxum (3.37) Ha ' 1 npou3Beau OCPEAHEHHE, TTOTYUUM
0 (e = 9 (07 —=d0 S L 020
W(T) Ll 5::@(7) + i g + o (e ) = a9

(3.38)

[Ipeobpa3yss mpaBylo YacTb A3TOTO YpPaBHEHUSI C IOMOIIbIO CIEAYIOUIET0 OYEBUIHOTO
COOTHOILICHUS
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i (d—)-—ﬂ 0o it 90
dxp dxp, S _Otk ox, ]~ day dxg : Oxp dxp '
HOJyHM _
g A [ a g —= g0 d% 09
w7t dxk(U*T thele > e 5};"“2—) s L e T
pioie AT M
_ (3.39)
Bemmuuny 002==102 Oynem Ha3bIBaTh «HEpruem» TEeMIepaTypHBIX MyJibcaluil (B
KaBBIYKAxX), UMEJI B BHJy MOJIE3HYIO aHAJIOTHIO IMOJy4eHHOro OamaHcHoro coortHomenus (3.39) c
pPacCMOTPEHHBIM BBILIE ypaBHEHUEM OanaHca TypOyJIEHTHOM SHEPTUU (3.34).

Bennuuna 02, BISACH JUCTIEPCHEN IMyJbCallMil TeMIEpATyphl, XapaKTepU3yeT pasMax IMyJIbCaluii,
HO, KOHEYHO, HE€ SBIIIETCS YHEPreTHUeCKOW XapaKTepUCTHKOH B OOLICTIPUHATOM IMOHMMAHHUH, YTO
BUIHO XOTsA Obl u3 ee pasmepHoctu. Kak Obimo mokazano A. M. OGyxosbiM [15], aTa BennuuHa
XapaKkTepU3yeT U3MEHEHUE YHTPONHMHU €IMHHIBI MACChl XKUAKOCTU IIPHU MEPEX0e €€ OT HEKOTOPOro
NEPBOHAYAIBHOTO COCTOSAHMS, B KOTOPOM HMEIM MECTO TEMIEPATypHbIE HEOJAHOPOJHOCTH C
nucnepeueil % K COCTOSHUIO TEPMOAMHAMHMYECKOTO PABHOBECHS MMOJ JCHCTBUEM BHYTPEHHHX
HEOOPaTUMBIX MTPOLIECCOB.

L
at 2 .
Hrak CKOpPOCTh HM3MEHEHMsS IUIOTHOCTH «QHEPTHUW» TEMIIEPATYPHBIX MIyJIbCALIUH
B Touke. OcTanbHbIE ClaraéMbl€ YPaBHEHHUS ONKUCHIBAIOT MPUYUHBI 3TOI0 U3MEHECHUS:
d
oxp,

(IK+/IT+/IM) mnepeHOC «3IHEPruM» MO MPOCTPAHCTBY 3a CUET KOHBEKIUHU
ocpeHeHHOH ckopocThio - /[K, TypOynentHoi muddy3un -7, nudpdy3un  MoNEKyISpHOM
TEIUIONPOBOIHOCTEIO JIM;

— 0 00/dx, - -reHepanus TeMIlepaTypHbIX IyJIbCallui;
Uy 0xp
TEMIIEPATYPHBIX HEOJHOPOJHOCTEN MOJ IEWCTBUEM MOJEKYJISIPHON TEIUIONPOBOJHOCTH.

gp=1 TCMIICpaTypHasa JAuccCulianusa, T. €. PpacCCUBAHUC, PacCaCbIBAHUC

WNuterpupys (3.39) no 3aMKHYyTOMY 00BEMY, OTPAaHUYCHHOMY TBEPIBIMH TETIJIOMPOBOIHBIMHU
CTeHKaMHU U IMPUMEHsIS K claraeMblM JUBepreHTHoro tuma ¢opmyny Octporpajckoro—I aycca, ¢
Y4€TOM I'PaHUYHBIX YCIOBUNA UMEEM

A o0 (SRR
5 g ‘FJ 1y’ o5 AV + j AL “J T

Vv

45 (340

Bripaxenue B npapoii wactu' (3.40)., Boo6me roBops, He paBHO mynr0. OHO ONUCHIBAET
NEPEHOC «IHEPTUW» IMYJIbCAIMA TEMIEPAaTyphl MOJEKYJISIPHON TEIUIONPOBOJHOCTBIO Yepe3 TPaHHUILy
KHUIKOCTH M CTEHKH. OJTOT HpOLECcC IepeHoca SBISIETCS, €AMHCTBEHHBIM MEXaHH3MOM IepeHoca
TypOYJIEHTHBIX TeMIepaTypHbIX MyJbcalMii B CTEHKY. MOXHO T1OKa3aTb, YTO YpPOBEHb
TEMIEpPaTypHBIX MyJIbCalMii B CTEHKE W B KUAKOCTH 33aBUCHT OT COOTHOIICHHUS CBOWCTB
(koa(purmenTa TeIIONPOBOHOCTH; TEINIOEMKOCTH M TUIOTHOCTH ) )KMAKOCTU U TBEPAOU CTCHKH.

Bepuemcs k (ypasuenuto (3.39). Ha kadenpe Umxenepnoit tremmopusznkn MOU ono 6bi10
MOAPOOHO 'MCCIIEIOBAHO NMPUMEHUTEIFHO K 00JacTH THIPOJAMHAMUYECKOW M TEIUIOBOW CTaOMIM3aIH
IpU CTAlMOHAPHOM TYpOYJICHTHOM TCUCHUU KHJKOTO0 MeTayia (pTyTH) B Kpyrioid tpy6e. B aTtom
ciydae 0/di=0 M KOHBEKIH OCPETHEHHOH CKOpOCThIO (cnaraemoe /[K) paBHa Hymo, OcTajabHbIE
ciaraeMble ObUIM pacCUMTaHbl MO OMNBITHBIM JaHHBIM. Pe3yiapTaThl 3TOro aHajgu3a MOKa3aHbl Ha
puc.3.3.
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He TpyaHo BUIeTh, 4TO, TEHEpAIUs TEMIEPATYPHBIX MyJbCalui .Hauboee HHTCHCUBHA
B obnactu tedenus 0,7< <r/r<0,9, 1. e. B 00macT, rje NyjiabCallid CKOPOCTU M TPAJUCHT
OCPEAHCHHOW TeMIepaTypbl AOCTATOYHO BEIMKHU. ['eHepalusi CHUXKACTCS B HANpaBICHUU KaK K
[EHTPY, TaK- U K CTEHKE TPYyObl. B 1leHTpe TpyOBl reHepalus paBHa HYJIIO, TOCKOJIbKY PaBCH ITYIIIO

TPAJIAEHT OCPEAHEHHOW TeMIeparypsl. bonblias d9acTb «IHEPrUW» IIyJIbCAlUH TEMIIEpaTypHl,
BO3HUKIIMX B 00JacCTH HamOOJblIEH TeHEpaluH, 3[eCh X€ U JUCCUNUPYET, TaK KaK MaKCHUMYMBbI
FEHEPALMM U JHUCCHIMIALIMKM NPUMEPHO COBNAAAIOT. B TO ke BpeMsl 4acTb «3HEPIHM» BBIHOCHUTCS W3
00J1aCTH MaKCUMaJIbHON reHepaluy TypOyJIeHTHOM U MOJIEKYIsIpHON T dy3uel npeuMynecTBEHHO B
HaIpaBJICHUH K I[EHTPY MOTOKa, Tae oHa AuccunupyeT. MonekynspHas nuddysus npeobiaanaet B
0071aCcTH BSI3KOTO MOJCTIOS U, KaK YK€ OTMEYaJIoCh, SIBJISETCS €AMHCTBEHHBIM UCTOYHUKOM; IyJIbCallui
TeMIlepaTyphl B cTeHKe TpyObl. bonee moapooHo—cwMm. [6].

3amMeTuM, 4TO B TOM 001acTH T€UEHHUS, T/ie U T'eHepalus, U JUCCUTIAIUS BEJIUKH, MEXKYy HUMU
CYIIIECTBYET NPUMEPHOE AUHAMUYEeCKOe paBHOBecue. s 3Toil 06JaCTH MOXKHO 3amucaTh ypaBHEHHE
OaslaHca «dHEepPrum» MyJibCcalllii TeMIepaTypsl B «6e31udPy3uoHHOM NPUOIMKEHUU

—gf L (00 f&') | 3.41)
—H k{)a_;- sz (a‘-h oxy, ' # ( :

Cootnomenus .(3.39) wu (3.41) w™MoryT OBITb HNPUHATHI 32 OCHOBY IIPU COCTaBJIICHUH
MOJCNBHBIX YPAaBHEHUHN C IMIUPUYCCKUMHU KOIPPUIMEHTAM IS 3aMBIKAHHUSI CHCTEMbI yPaBHECHHI

TypOyJIE€HTHOTO TeII00OMeHa.

3.4. boaee pa3zBuTasi MojieJIb CTPYKTYPbI HIPUCTEHHOH TYpPOY/JIEHTHOCTH.
IToHsiTHE 0 KOT€PEHTHBIX CTPYKTYpax.

TpaaulMOHHOE MPEICTABICHHUE O CTPYKTYpE MOTPAHUYHOTO CJIOSI HA 00TeKaeMOoU TBepaOH
MOBEPXHOCTHU MOKa3aHO Ha puc 3.4.

Puc.3.4.

Oo0macth 1 — 06/1acTh BHEIIHETO IIOTOKA;

Ob6mnactp 2 — nepemesxaromascs 00J1acTb, B KOTOPYIO BpeMs OT BpeMEHH IMPOHUKAIOT BUXPH U3
IPUCTEHHOH 00JacTu;

O6macth 3 — TypOyJIEHTHOTO TEYCHHS, PACTIPEACIICHIE CKOPOCTH B KOTOPOH OIMCHIBACTCS
J0TapuPMHIECKON 3aBHCHMOCTBIO;

O6macts 4 — nepexoHasi 001acTh, 001aCTh, B KOTOPO UMEET MECTO MaKCUMaJIbHAs TeHepaIus

TYpOyJIEHTHOCTH;
O6macTh 5 — BA3KUU MOJICIION, B KOTOPOM CKOPOCTh H3MEHSAETCS 110 JTMHEHHOMY 3aKOHY .
Taxast cxema UMeeT psJi HeJOCTaTKOB, 0COOEHHO MHOT'O BOIIPOCOB U BO3PA)KEHHIA BHI3bIBAET
IPE/ICTABIICHHE O BSI3KOM IO/ICIIOE, IMEIOIIEM TIOCTOSHHYIO TONMIHHY 8. XOPOIIO H3BECTHO, YTO



