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Annomayua: B craTbu TpHUBeAeHAa MaTeMaTHYecKash MOJEIUPOBAHUS JIBHXKCHHS BSI3KUX
HEC)KMMAEMbIX JKUIKOCTEW uepe3 TpyObl BHYTPH KOTOPOTO PACIIOJIOKEHA MYy4OK TPYOKH. YKazaHbl
JAMUHApHBIE U TYpOYJICHTHBIC PEKUMBI JBMKEHUS KUIKOCTH, a TAKKE aHATM3UPOBAHbI (PU3HUECKUI
CMBICTT BO3HHUKHOBEHHS OSTHUX PEXUMOB. B mpsmoli TpyOe C TNagkoil CTEHKOM M TOCTOSHHBIM
MIOTIEPEYHBIM CEUYCHUEM KaKJas YacTHIA KUJAKOCTU MPU HEOONbIIUX unciax PeiHonbIca ABUKYTCS
M0 MPSMOJIMHEHHOM TpaekTopuu. M3-3a Hammuus BSI3KOCTH YaCTHUIBl KUAKOCTU ONM3KUE K CTEHKU
JIBIDKYTCS MEJICHHEE, YeM BJIald OT CTCHKU. TeueHue ABUKYTCS B BHJE YIOPSIOUYCHHBIX CIIOCB
JIBUXKYIIUXCA OTHOCUTEIBHO JIpYyr oT npyra. OpHako, HaOMIOAEHUS MOKa3bIBAIOT, YTO MPU OOJBIIMX
yucinax PeiHonmbaca TeEUYeHHME TMEPEXOAUT B HEYMOPSJAOYEHHOE COCTOSHUE WM TEPEXOIUT B
TypOyneHTHOe TeueHue. [IpoXoauT cuibHOe MepeMenInBaHue B )KHIKOCTH, B 3TOM MOXHO YOEIUTHCS
€CJIM BBECTH B KHUAKOCTh JABUXKYIIEHCsS B TpyOe kpacky. Ilepexon nmamunapHoro ¢opma TeueHuUs B
TypOyJIeHTHOE Haubosee sPKO WILUTIOCTPUPOBAHA C MTOMOIIBIO ombiTa poBeaeHHOoro O. PeliHonbacTom
00 OKpallleHHOW CTPYHKU M YCTAaHOBJICHBI, YTO TAKOW MEPEXO0J OCYIIECTBISETCS MPU OJTHOM U TOM K€
KpUTHYECKOM 3HaueHue uncio PeitHonpaca. Korma teueHne mamMuHapHOE Kpacka JBIKYTCS B BHJIE
YETKO OUYEPUYCHHOM CTPYHKM U KaK T€UEHUE CTAHOBUTCA TYpPOYJICHTHBIM KpacKa pacTiieBaeTcs Mo BCei
TpyOe U OKpallMBaeT BECT KHUJIKOCTh. DTO MOKAa3bIBAET YTO, B TYPOYJIEHTHOM TEUYEHHE K >KUIKOCTU
JIBIDKYIICHCS 1O OCH TpyOe MACHCTBYET TMIONEpPEYHOE JIBM)KCHHE, WM BO3HHUKAET JIBI)KCHHUE
NEPIEeHIUKYIAPHOE K OCH TpyOe. DTO K€ TOMEpPEYHOe JABIKEHHE MPHUBOIUT K TMEPEeMEIIUBAHUIO
KpacKy IO BCEW >KHAKOCTH. PaccMOTpUM MpsMyr0 KPYriyi TpyOy € MOCTOSIHHBIM 1O BCEH IMHE
nuameTpoM. CKOpOCTh TEUEHHS Ha CTEHKaX TPYOBI BCIEACTBUE MPHIIUIIAHUS PaBHA HYIIO, B CEPEANHBI
TpyObl OHa HMeEeT HauboJjbIlee 3HaueHHWe. PaccMOTpPEHO UMIMHIAP C XapaKTepHOW IMHON U
XapaKTepHBIM PATUYyCOM BHYTPH KUAKOCTH, OCh KOTOPOTO COBMAJAET C OChIO TPYOBl M H3Y4YECHBI
TEUEHUE IKUJKOCTU dYepe3 UWIuHApa. BeiBeaeHsl pacdy€THbie QOPMYNBI 1T  BBIYUCICHHS
MaKCHMaJIbHOW CKOPOCTH TEUYEHHS, OOBEM KHUAKOCTU TMPOXOAAIIee dYepe3 IOMEepPeuHOe CEUeHUe
TpyOKH, Kod(puIMeHTa CONPOTHUBICHUS K TPEHUIO B TPYOKH IO JJMHE TEUCHMs, a TaKKe
MaKCHUMaJIbHOE 3HAYCHHE KAacaTeIbHOTO HATPSKCHHS .

Knwuegvie cnoga: uncno PeitHonbica, TaMUHAPHOE TEYEHHE, TYpOYIEHTHOE TEUYEHHE,
napabonuyeckoe TEYeHHe, CUJIa TPEHMs, HHTErpayl, KOOpJHHATa, TpyOa, BSI3KOCTb, IIOTHOCTH,
OCHOBHAsl CKOPOCTh TEYEHHs, CpeJHee CKOpPOCTh, MAaKCHMalbHas CKOpOCTb, pamuyc, [yk, ['eruw,
[Tyazeiin, Japcu-Beiic6ax, 00bEM KUAKOCTH, KOAPPHUIMEHT CONPOTUBIICHHUS.

Abstract: The article presents a mathematical simulation of the motion of viscous
incompressible fluids through tubes inside which a tube bundle is located. Laminar and turbulent
regimes of fluid motion are indicated, and the physical meaning of the appearance of these regimes is
analyzed. In a straight pipe with a smooth wall and a constant cross section, each particle of the liquid,
with small Reynolds numbers, moves along a rectilinear trajectory. Due to the presence of viscosity,
particles of liquid close to the walls move more slowly than far from the wall. The flow moves in the
form of ordered layers moving relative to each other. However, observations show that for large
Reynolds numbers the flow goes into an unordered state or goes into turbulent flow. Strong stirring
takes place in the liquid, this can be seen if the paint moving in the pipe is introduced into the liquid.
The transition of laminar flow to turbulent flow is most clearly illustrated by the experiment of O.
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Reynoldst on the colored trickle, and it is established that such a transition occurs at the same critical
value as the Reynolds number. When the flow laminar flow moves in the form of a clearly delineated
trickle and as the flow becomes turbulent the paint is crimped all over the pipe and stains the vest
liquid. This shows that, in the turbulent flow, a transverse motion acts on the liquid of the axis moving
along the axis, or there is a motion perpendicular to the axis of the tube. This same lateral movement
leads to mixing of the paint throughout the liquid. Consider a straight circular tube with a constant
diameter over its entire length. The velocity of flow on the walls of the pipe due to adhesion is zero, in
the middle of the pipe it has the greatest value. We consider a cylinder with a characteristic length and
a characteristic radius inside a fluid whose axis coincides with the axis of the tube and the flow of
liquid through the cylinder is studied. Calculation formulas are derived for calculating the maximum
flow velocity, the volume of liquid passing through the cross section of the tube, the coefficient of
resistance to friction in the tubes along the length of the flow, and also the maximum value of the
tangential stress.

Keywords: Reynolds number, laminar flow, turbulent flow, parabolic flow, frictional force,
integral, coordinate, pipe, viscosity, density, main flow velocity, mean velocity, maximum speed,
radius, Guk, Gegin, Poiseuille, Darcy-Weisbach, volume of liquid, coefficient of resistance.



1. BBenenue

TeueHWe peanbHBIX KUJAKOCTEM BO MHOTHX CIIy4asgX pe3KO OTIHYAETCA OT
JaMHUHApHBIX TeueHuil. OHM 00J1alaeT TaKUM CIEIUaIbHBIM CBOMCTBOM, KOTOPBIN
Ha3bIBACTCS TYpOYJIEHTHOCThbIO. B peasibHbIX TEUYEHUSIX, KOTOPHIA MHPOUCXOAUT B
TpyOax, KaHajaXx M B IIOFPAHMYHOM CJIO€ C BO3pacTaHUEM 3HAYEHUS YHCIIA
PeiiHonbpaca SBHO HaOMIOAAaeTcss NEpexoi  JIAMUHApHOro (QopMy TEUYeHUs B
TypOyneHTHoe. Takol mepexo]l JaMUHAPHOTO TEYECHHUS B TypOYJICHTHOE Ha3bIBACTCA
BO3HUKHOBEHUEM TYpOYJIEHTHOCTH M OHM UIpaeT (PyHIaMEHTaJbHOE 3HAUYECHUE TI0
Bcel TupoauHaMuKu. [lepBoHauanbHO TakoW mepexos OblUT OOHAPY>KEH B TEUEHMSIX
POUCXOAIIMN B MPSAMBIX TpyOax U KaHamax.

B npsimoit Tpy6Oe ¢ riankoil CTEHKON U MOCTOSHHBIM MOTIEPEYHBIM CEYCHUEM KaXKast
JacTUIla IKUJKOCTH TMpU HEOONBIIMX 4Yuciaax PelHonblica JABMXKYTCA —TIO
MPSMOJIMHEMHON TpaeKkTopuu. M3-3a Hanuuus BA3KOCTH YaCTHIIBI KUJIKOCTU OJIM3KHE
K CTEHKH JBH)XYTCS MEJJICHHEE, Y€M BJAJIM OT CTCHKHU. TedeHue ABMXKYTCS B BUJE
YHOOPSIAOYEHHBIX CJIOEB JBWKYLIMXCS OTHOCHTENIBHO Apyr oT apyra. OnpHako,
HaOMIOACHUS TMIOKA3bIBAlOT, YTO MpU OONbIIMX 4Yuciaax PellHonblaca TedyeHHe
MEePEXOIUT B HEYNOPSAJOUYEHHOE COCTOSHUE WM TNEPEXOJAUT B TYypOyJIEHTHOE
TedueHue. [IponcxoauT CHIBHOE NEPEMEIIMBAHUE B KHUAKOCTH, B 3TOM MOXHO
yOeIUThCs €CIIM BBECTH B JKHJIKOCTh JIBUXKYILIEUCS B TPyOE Kpacky.

B 1883 1. OcOopn PeitHonbac, wu3yudas JBHXKEHHUE BOJABI B KPYyIJod Tpyoe,
OOHapy>XWJI, YTO C YBEIUYCHHUEM CKOPOCTH IMOTOKA YCTOWYMBBIM JIAMUHAPHBIN
XapakTep ABWXKEHHs HapymaeTcs. 11osBIs0TCS BO3MYILEHNUSI, KOTOPBIE BBIPAXKAKOTCS
B TOM, YTO paHee MNPSMOJMHEMHOE IABWKEHUE YaCTHUIL] KUJKOCTH, JIJAMUHAPHOE HAa
HEKOTOPBIX YJaCTKaX CTAHOBHUTCS OECIOPSI0YHBIM, COXPAHSSI BMECTE C TEM OOIIYIO
HANpaBJICHHOCTh JBWXEHHMS. JlanpHenlee yBEIMYEHHE CKOPOCTH NPUBOJIUT K
Xa0TUYECKOMY JIBMKEHUIO BO BCEM NOTOKE. Kak MPUHATO TOBOPUTH B HACTOSLIEE
BpeMsi, TE€YEHHWE M3 YCTOWYHMBOIO-JAMHUHAPHOIO NPEBPATUIIOCH B HEYCTOMYMBOE,
BO3MYIIIEHHOE-TYpOYJIeHTHOE [2].

Hanmnume BI3KOCTH B KHAKOCTSIX COMNPOTHUBISACTCS TEPEIBUKEHHUIO CIIOEB
KUJIKOCTA OTHOCUTEIBHO JApPYyr OT Jpyra. [Ipyrumu cioBamMH, B JIAMHUHApPHBIX
(CIIOMCTBIX) TEYEHHSIX 3a CYET BA3KOCTHM BO3HUKAET BHYTPEHHEE TPEHUE, OHO
BBIPAXKAETCS KOJIMYECTBOM KacCaTEJbHBIX HAIpPSHKEHWM Ha TpaHULAX CIOEB, WU
XapaKTEepU3yeTcsl KOJIMYECTBOM KaCaTEJIbHBIX CHJI OTHOCSUIMMCA Ha €IUHUYHOU
momaan. OTlenbHble KOHIICHTPUYECKUE CIIOM KHAKOCTU OTHOCHUTENIBHO JIPYr OT
Ipyra JABUXKYTCS TaKUM 0Opa3oM, UYTO CKOPOCTH KUIKOCTH OyJeT HampaBleHO TIO
HaIpaBJICHUIO OCHOBHOM OCH. [[BIKEHHE >KHUIKOCTH MOJOOHOTO THIMA HA3bIBACTCS
JaMHHAPHBIM TedueHueMm [1-12].

[Ipyu IBMKEHHUSAX HECKUMAECMOW BS3KOW JKMAKOCTH HAUMHAS IPU OJHOM U TOM K€

3HAUCHHE YMuCI0 PeliHosbAcCa Re:/’U%, JJAMUHAPHOE TEUYECHUE IMEPEXOIUT B

TypOyJE€HTHOE, 3TO € , 3HaueHue 4ucio PeifHonbaca Ha3pIBaeTCS KPUTHUYECKUM
yucioM PeiHOnbACA, TO€ p -IUIOTHOCTB, 4 -B3KOCTh KUJIKOCTH, U -MaKCHMaJlbHasl

CKOPOCTb OCHOBHOI'O TCUCHUAA, L -XapaKTeprIﬁ Macmitad JJINHC.



TypOyaeHTHOe TedeHHe

> { »
» 7 “
— — X S - .
» X
{ > o N
JIamnHapHoe
TedeHHe Cioe

Puc. 1. Ilepexoo namunapnoco ¢hopmy meuvenus 6 mypoyienmHoe.

N3 puc. 1. BUgHO, 4TO MpPHU Re<Re,,, TEUCHUE JJAMUHAPHOE, & MIPU Re,, < Re TCUCHUE
MEePEXOIUT B TYPOYJICHTHBIN PEKUM.

2. ITocTanoBKa 3a1a4u

B pabGore [2] mpuBeneHa cBeACHUA O CWiIaX JCUCTBYIOIIUX [JIi TEUCHUM B
HUIMHApUYECKOM TpyoOe. byneM paccMmarpuBarh TE€YEHUE JKUIKOCTH B MPSIMOU
KpyrJioil TpyOe€ C MOCTOSHHBIM 1O BCEH JJIMHE JIUaMETPOM BHYTPU KOTOPOU
PaCIIOJIOKEHBI MYYOK N TPYOKHU C JUIMHOW L U paanycoM r. B peambHbIX KUIKOCTAX
KUJKOCTh MPWISITAETCA K CTEHKaM TPYOKU U MEpPeaeT KacaTelbHOE HANpsHKEHUE K
MMOBEPXHOCTU OOTEKAaeMOM KUIKOCTU. 3/1€Ch MOSIBISIOTCS TaK Ha3bIBAEMOE CHJIa
BHYTPEHHETO TPEHUS, B KUJKOCTSAX JIAHHAs CUJa ABJISETCS BS3KOCTHIO. BS3KOCTBH-
SIBJISIETCSI TAKAM CBOMCTBAM T'a30B M KUJIAKOCTEN, KOTOPOU SIBIISIETCS COMPOTUBJIEHUEM
NPUBOJSIIMNA K JBW)KCHUIO KUJKOCTEM Ha BO3JICMCTBHE BHEIIHUX CwWil. Hamnuume
KacaTeJIbHBIX HAMPSKECHUN U TIPUWIHITAHUE KUJKOCTEW K TBEPAbIM CTCHKAM IPUBOIUT
K KQUECTBCHHBIM Pa3JIMUUsIM PEATbHBIX KUAKOCTEN OT UJICATbHBIX. Tenepb n3yyaem
JIBIDKCHUE JKHJAKOCTEH B TpyOe BHYTPH KOTOPOTO pACIOJIOKEHAa n TPyOKH
oJMHAKOBOU JiuHe W paguyca. C y4€ToMm BA3KOCTH Ha CTEHKAX TPYOKH CKOPOCTH
paBHa HYJIO, CBOET0 MaKCUMAJIbHOTO 3HAYEHUS JOCTUTAET Ha cepeluHbl TpyOku. Ha
JIOCTATOYHO YAQJICHHOM PACCTOSIHUE OT BXOJla TPYOKH, pacHpeiesieHHEe CKOPOCTH
TEUECHUS HE 3aBUCHUT OT KOOPAUHATHI HAMPABICHHOTO BJIOJb PAINyCa.

JIBIDKEHHME XKUAKOCTH B TpyOEe MPOUCXOIUT TOJ JECUCTBHEM Mepernaaa JaBJiCHUS B
HaIpaBJICHUU OCU TPYObI, HO B KaXJOM MOTIEPECUHOM CEUCHUH, IEPIIEHIUKYIISIPHOM K
OCH TpyOBbI, IaBJICHUE MOKHO paccMaTpUBaTh Kak MOCTOSHHOE. [[BH)KEHHE KaKI0TO
AJIEMEHTA KUJKOCTHA YCKOPSIETCS BCIIECICTBUE TMEPENaaa MABJICHUS W 3aMEIJIACTCS
BCJICJICTBUE HAPSDKCHHS CABHIa, BBI3BAHHOTO TpeHueM [2-12].

JlaBaeHre p CUYHATAETCS IOCTOSTHHOM, TO €CTh MPEAIOJIararoTCs 4YTO IO CEUYCHUIO

TpyOKH Py, p, =const [3].

B HampaBiieHMM OCHOBHON OCH Ha TPYOKM ICHCTBYIOT CWJIbI JaBICHHS p,nry’ |
pnry’ TPUIOKEHHbIE K BXOJAHOMY M BBIXOJHOMY OCHOBAHHUSM TPYOKH
COOTBETCTBEHHO, a TaK)XE KacaTeiabHass cujia 2znylr JEHCTBYOIIass Ha OOKOBYIO

MOBEPXHOCTh IMIHMHApPA. Tpebyercs onmpeaenuTs MaKCUMaIbHYIO CKOPOCTh TEUEHUs
B TpyOKH, OOBEM JKHUIKOCTH MPOTEKAIOIIUE Yepe3 IMONEPEeyHOe CeueHue TPYyOsl,



KO3 (ULKUEHT COMPOTUBIEHUS TPYOKHM K TPEHHUIO TO JUIMHE TEUEHHUs, a TaKkKe
MaKCHUMaJIbHOE 3HAaUE€HUE KacaTeJIbHOTO HAIPSIKCHHUS.

3. Penrenue 3agauu

[IpupaBHKMBas CHUJI JACHCTBYIOMIAS KUIKOCTH B TPYOKH, MOJTyd4aeM B KaueCTBE
YCIIOBHSI PABHOBECHS B HAIIPABICHHUH JIBM)KCHUS ypaBHEeHUE (pHC.2.)
p,Nzy? = pnzy’ +2xnylr . 1)

Puc. 2. B Tpy0e pacmionoxxeHa my4ok N TpyOoku

IIpoekuus cuita BHYTPEHHOTO TPEHUS B3ATa CO 3HAKOM ILIOC, [IOTOMY YTO, TPAJAUEHT
CKOPOCTU OTPHUIATEIbHBIA (CKOPOCTh TEUEHHUS CJIOS C YBEIMYECHHEM paauyca y

YMEHBIIIACTCS).
N3 hopmysel (1) onpenenum KacaTelIbHOE HANIPSHKCHHUE 7
_P=b Yy 2
=T (2)

B paccmarpuBaeMoM ciiydae CKOPOCTh TE€UEHHUS u YMEHBIIACTCS C YBEIUYECHUEM
KOOpJMHAThl y W paBHA HYJIO NpU y=r. [I03TOMy Ha OCHOBaHMH 3aKOHA TPEHUS

I'yka 7= yg—u CIEAYET MPHUHATH, YTO f:—yg—u. [MoacraBnss 310 BhIpakeHHe B (2),
y y

HOJTY4UM
_,8u_Po—p Yy
a dy L 2
OTCrO4a, MOKHO BUACTH, UTO
du__p-P Yy 3)
dy uLl 2

Tenepb, yunuThIBas, 4TO MPU y=r CKOPOCTb u(y)=0 W UHTErpupys ypaBHenue (3) c
ATUM HaYaJIbHbIM YCIIOBUEM UMEEM

__ PP 2
u(y) = o) +C, (4)



JUISl OTIPENICNICHHs] TIOCTOSIHHOM C U3 ypaBHeHUE (4), UCMOIyb3yeM YCIOBHE u(r)=0
pH y=r , WK

u(ry=—Po P2 c_g,
4ul

OTCIOZIa MOYKHO BHUJETH, YTO
c=P=h 2 (5)

4ul
[ToxcraBisis 3HaYCHHE KOHCTAHTHI C 13 (5) B ypaBHeHHE (4) nMeeM

Po—=P 2, Po—P 2

u = — + r y
) 4ul y 4ul

N B cBOWO ouepenp, MOJyYUM YpaBHEHUE ISl OINPEIEICHUS CKOPOCTH TEUYEHHUS
cienyrouyo Gopmyny

PP 2
U(y)——4ﬂ|_ (r’—=y?). (6)

Takum oOpazoMm, uMeeM TapabONMYECKOE paCIpeeiCHUe CKOPOCTEH MO0 paanycy
TpyOsI (puc. 3.). HaubompIiee 3Ha4eHHE CKOPOCTh UMEET B cepeuHe TPYOKH (y=0),
rJic OHA paBHA

:po_p| 2 7
U = E B0 (D)

}r
O X
P, I/I b

Puc. 3. Pacxoo sicuokocmu 0151 00HOU mpyoKu

[TosTHOE KOJMYECTBO Q KHMJIKOCTH, MPOTEKAIOIIee CKBO3b CeUCHHE TPYOKH (pacxon
KHUJIKOCTH) OTMpeeliieTcss Kak o0beM mapaboiionjaa BpamieHus (puc.3.) © B CBOIO
ouepajib ONpeAeIseTCs CASTYIOUIUM 00pa3oM.

VYpaBuenue (6) nepenuiieM B CICIYIOIIEM BUJIE:

Po—P 2 2
u(y) =2 (r*—y?,
(y) 4L (r’'-=y")
OTCIO/Ia, MOYKHO BHICTH, YTO
Po— D 2 rz_yz y2
u(y) = r =u_|1-L-1|. 8
(=220 ax( : ®)

OOmuii MOTOK JXUIKOCTH Q depe3 TPYOKH ¢ KPYIJIbIM CEYeHHEM Ha OCHOBAaHHE
dopmyitel ["arena-Ilyaseins onpenensercs ciemyrommm oopaszom [1,3,7,8,11,12]



2 4"

r iy Y Y.y
Q= [u(y)2aydy = 2ﬂumaxf(y —r—szy = 27zumax|:_ ——2}
0 0 0

2 4r

WM yuutbiBas hopmyiy (7), 11 pacxojia KUJIKOCTH uMeeM (popMyIty
2 _ r4
Q2r PP 2. _ABmp)r ©)
4ul 4 8uL
BBoauM cpeAHIO CKOPOCTh TEUEHHWs, 3HAYEHUS KOTOPOM OIpeessieTcsl 1o
MOMEPEYHOMY CEYEHUIO TPYOKH CIIETYIOIIUM 00pa3oM:

_Q (10)

7Zf2

<

VYpasuenue (10) ¢ yaérom popmyity (9) 3amuceiBaeTcst B BUIC

2
8uL '
CpaBHHUBaA (I)YHK]_II/II'O u(y) € MaKCHUMaJIbHOM CKOPOCTBIO U OHpeﬂeﬂﬂeMBIﬁ 110

dopmyne (7) MOKHO BHUIETH, UTO U(y):%umax WJIN CPEIHSISL CKOPOCTh JIAMUHAPHOTO

TEYCHUs B TPyOE paBeH MOJIOBHHY MaKCHMaJIbHOHN CKOpocTH (pHc. 3).
Onpenenum pa3HOCTb TaBICHUN (P, — P,)

8uLu
Po— P = /;2 )

OTCIOZIa UMEEM
_8ulu 32/¢u L 32yu 11
pO pl - rz 2r 2r ( ) ( )
371€Ch D=2r AuameTp TpyOBbI.
[loTtep naBieHus MO JJIMHE TEYEHUs oOmpenensercs Mo ypaBHenuto Jlapcu-

deiicOaxa

PPy =T (5), (12)

31ech A -KOA(h(UIMEHT THAPABIMYECKOTO TOTeps M0 JJUHE TPYOKH WIH
Koa(uimeHT conporuBieHus Tpyoku. M3 nocnennero ypaBHeHUs UMEEM

7= BB (2 (13)
270

[Moncrapisis 3nauenue p,—p, u3 dopmynsl (11) B ypaBHenuto (13) momyumm, s

K03 UIIMEeHTa CONPOTUBICHUS pr6I<H CIIEYIOLYI0 GOopMyITy

32,uu 2 D 64 u
(5 ) —— ()=
pu“-n L° puD-n

WK OTCIOAa MOXXHO BHUICTH, UTO

64
A =—, 14
" Ren (14)
snech Re=U2 - uncyio PeifHonbaca.
7,
N3 dpopmynsl (12), nmeem
Po=P _ A NPge (15)

L D 2



KacarenpHoe HampspkeHUE TOCTUTaeT CBOE MaKCHUMalbHOE 3HAUYE€HHE B CTEHKE
TPYOKH, 3/1eCh TaHHOE HAIPsLKEHUE OmpeaenseTcs mo GopMyimy.
7, = (Po—p) 1 (16)
L 2’

naHHasi (OpMyJia UIMEET MECTO HE3aBHCHUMO OTTOTO Ha KaKOM peXHMe (JJaMUHapHOE
Wi TypOyJICHTHOE) HaXOAUTCs TedeHne. Takum o0pa3oM, KacaTeIbHOE HAMPSHKCHUE
Ha CTEHKE TpPYOKH OIpenensercss IyTeM W3MepeHHsl YMEHBIICHHs JaBJICHUs
AKCIIEPUMEHTAIIbHBIM 06pa30M

Toncrasnss 3Hauenune P L u3 hopmyiel (15) B popmyiy (16) umeeM cieTyromnyro
hopmyiry
A,-n
= 17
o 8 (17)

OTO ABIISIETCSA (1)OpMYJIOI>’I JJI1 BBIYHMCIICHUS MAaKCHUMAJIBHOI'O 3HAUYCHUA KaCaTCJIbHOI'O
HaIIPpsSKCHUA.

4. AHau3 pe3yJibTaTOB
CornacHo dhopmyiny (14) mis BerarcieHus: KO3(PQHUIIHEHTa COMPOTHBIICHUS IIPUBEIEM
pe3yabTaThl pacquOB TUTS paBHHqHOFO YKCIIa y4IOK TPYOKH n. (4-puc. )

w— KOnNeecTEo oy lan-200
w— KONUNOCT B0 Ty G300

— KONUeCTOO0 TRy Su
— K onNeCTBO TRy Sn-500

Puc. 4. 3asucumocms xod3¢hpuyuenma conpomuenenus 07 21a0KUX MpyoKU om KOJIULeCmao
mpyoxu n u wucno Petinonvoca Re: 1) n=200, 2) n=300, 3) n=400, 4) n=500.

Ha puc.d nns n rmimagkux TpyOKHM TPUBEACH PE3YJIbTAThl HILTIOCTPUPYIOIINE
3aBJIEMOCTH KOd(huIeHTa conpoTuBieHus 4, ot yucna PeitHombaca Re.

CpaBHEHHE TOYYCHHBIX PE3yJbTAaTOB MOKA3bIBAIOT YTO MPU BCEX 3HAUYCHHUSAX YHCIIO
Petinonbaca teopernueckas (opmyna (14) umeer Mecto. B BhIUHCIUTEILHOM
AKCIIEPUMEHTHI PacCMaTPUBAIMCEH CIEAYIONIMNA TUANa30H W3MEHEHUS XapaKTepPHBIX
napameTpoB Re u 4,: Re=500+5000, A, =0.0001+0.0007. M3 puc.4 BUAHO, YTO C

POCTOM KOJIMYECTBO TPYOKH N KO3 (ULIMEHT COMPOTUBICHHS YMEHBIIIACTCA.



Jlnana3oH U3MEHEHUs MPUBEICHHOIO KPUTHUYECKOTO YUCIIO PeitHonbaca, HAXOIUTCS
B XOPOIIEM corjiacue C KPUTHYECKUM YUCIIOM Petinomnnpaca I
IUTOCKOMapaslIeIbHbIX TeueHuit [5,17-24].

5. 3akiaouyenue

Takum oOpa3oM, mHoOKa3zaHbl YTO JBMKEHHE HECKHMAEMbIX BSI3KMX TEUECHUH B
KaHajax, Tpy0ax U B MOTPAaHUYHOM CJIO€ MOTYT OBITh JAMHUHAPHOM U TypOYyJIECHTHOM
peXHUME a TakXKe, yKa3aHbl (PU3HMUECKUI CMBICT BOZHUKHOBEHUS 3TUX PEKUMOB. s
KUJAKOCTH MPOTEKAIOIUX Yepe3 n TPyOKM pacHoIOKEHHOTO BHYTPU TpPYOBI
BBIBEZICHB (DOPMYJIbI BBIYMCIICHUS MaKCHUMAaJIbHON CKOPOCTH 00BEMa >KUIAKOCTU
MPOTEKAIOIIUE YEpe3 MONEPEYHOE CEUEHHE TPYOKH, KOd(PPUIMEHTa CONpOTUBICHUS
TPYOKH K TPEHHIO IO JUTMHE TEUEHUS.
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