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I'taBa 6

JIBM>KEHUE BA3KOUN YKNIKOCTN

B sroii rmaBe pacCMaTpUBaCTCAd BAUAHNE TPpEeHUA Ha TeIYCHUd 2KUJIKOCTH. Wznaraercsd moHaTHe

IIOI'PAHUYIHOT'O CJIOA, IIO3BOJIAIONIEE BbIACHUTDL IIPUPOAY COIIPOTUBJIECHUA IIPU o0TeKaHNu TeJI.

6.1 Cuna tpenns. Teuenne Ilyazeiinga. @opmysna Crokca

B orsmuawme ot razos, mig KUIKOCTEl He yaaeTcsd CKOJTbLKO-HUOYIb HAIEXKHO BBITHCIUTD B3~
kocTh. Ho cymecTBoBanme BA3KOCTH M ee BaKHasi POJib He BHI3BIBAIOT coMmuenwuii. [loaromy
MbI 3aiiMeMCsl MeXaHUYeCKUMU TPOSIBJICHUSIMU BSI3KOCTHU, CYUTAS €€ BEJIUYMHY U3BECTHON U3
KCIEPUMEHTA.
[TonesHo BBeCTH BA3KOCTHh 3aHOBO MOJEIhHO-HE3a- Y

BHCHUMBIM CIIOCOOOM. PaccMoTpum KUJIKOCTH, <«3axKa- %
TYIO» MeXKJy JBYMsl IUIOCKOCTsIME (pucyHoOK 6.1), mpu-
deM HUZKHS HENOJBUZKHA, & BEPXHSS JBUKETCA CO CKO- V(y )

poctbio V. JIBuxkenue cumraeMm ycranoBupmmmcs. [Ipu

HEeOOJIBITIX CKOPOCTSX M JIOCTATOYHO TOHKOM 3a30Pe IKC- \ X
N
MMePAMEHT JAeT JIMHEHHYIO CBA3b CAJBI TPEHUd, NeiCTBY-

I0Iell Ha BEePXHIO TLJIACTUHY, U CKOpOCTH V': Puc. 6.1.

B nVv.s

F
h

(6.1)

Ecmu npu pasimudabix 3Hadenusx V) S, h Bbimonasercsa 3akod (6.1) ¢ OJHUM U TeM e KO-
appunumentom 1, 30T KOIDDUIUEHT U OYJIET BA3ZKOCTHIO PACCMATPUBAEMON KUJIKOCTH.
Taxkas ke cuia JeficTByeT Ha HUKHIOIO ILTACTHHY, HO B CTOPOHY JBHKeHusI. Pazymeercs,
STU CHJIBI — He IPsSMOe B3auMOIeicTBHE ILTACTHH. 3-3a MaIocTH MeXKMOJIEKYISIPHBIX pac-
CTOSTHUI TIJIACTUHBI B3aMMO/IEHCTBYIOT Yepe3 Moc/Ie/0BaTe/IbHble cou Kujakoctu. Ha joboit
caoit neficrByer mapa cusi +F', npuyeM BepxHsisl HallpaBJ/IeHa 10 TEYEHUO, & HUXKHSSA — MPO-
TuB. B pe3yabrare cioit aBuzKercsa 6e3 yckopenus. Huzkame cjiom TOJTKAOTCA BEPXHUMH, a

CaMbIil BepXHUIl — JABUZKYIIENCA IJIaCTUHOM.
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Ho Bemuuunnt V' u h He uMeOT CMbICIA JIJI TPOU3BOJIBHONW I'PAHUIBI pa3/ie/ia MexK Iy
caosimu. ZKuakocTh, KpoMe BepXHell U HUZKHeH [OBepXHOCTei, BOOOIEe He B3auMOJIeiicTByeT
¢ wiactuHamu («He 3HaeT» 00 ux cymecrBoBanun). OrHomrenne V/h cremyer 3aMeHUTH Ha
JIOKATTBHYI0 XapaKTEePUCTUKY TeYeHHsI, & UMEHHO Ha TPOU3BOIHYO d V. /dy, MMEIOIILYI0 CMBICIT
Tt TI000# ToUKn B KuAkocTh. [loaToMy 3aKOH TpeHus HAJIO 3aIMCATh B BUIE

o dV
=T7=7n dy

< (6.2)

B onmcannom Beimre npocreiiniem Tedenns Kyarra cuibl, gefictByoniue B 1000t 1m10c-
Koctn, opuHakoBbl. CresoBarenbHO, mpou3Boauas dV, /dy He T0/7KHA 3aBHCETH OT KOOD/IH-
HATBI . DTO BBIMOJIHACTCS TOJBKO TIPH JIMHEHOM PACIPE/IETeHIN T — KOMIOHEHTHI CKOPOCTH
wugrocru: V, =V - y/h. Bugnwm, ato okaabHbiil 3akoH Tperns (6.2) m03BoMI HAiTH CKO-
pPOCTH TeYeHUsI B JIIOOOM MecTe.

Cua Ha eIMHUILY IIOMAAM T (Pa3MepPHOCTb KaK y JaBJIeHHsI) HA3bIBACTCS HAIPSIYKEH M-
eM TpeHusi. B ommune oT CHJIB TABIEHHS CHJIAa TPEHUS HAMpPaBJIEHA BIOJb MTOBEPXHOCTH,
HO OIIpeJIe/IsIeTCs MO-IPeXKHeMy yCJIOBUSIMU Ha 3TOi nosepxuoctu. Koagdunuent 1 nazpisa-
ercsi TMHAMUYECKON BSI3KOCTBIO KUJAKOCTH, ee pazmepHocTh B cucreme CU [Ma-c = r/(m-c),
B cucreme CI'C r/(cm-c) = mya3. HacTo ucmosb3yercs KHHeMAaTHIeCKas BA3KOCTb V = 1)/p
pasmepuoctu M2 /¢ (B CT'C em? /¢ = cTokc). B Tabiune npuseena KHHEMATHIECKAS BAZKOCTD

HEKOTOPbIX }KI/I,Z[KOCTGI‘/'I U BO3/AYyXa IPU PA3JIMYIHBIX TeMIlepaTypaX B €JIUHUIaX CMQ/C.

temreparypa, °C | 0 10 20 40 60 80 100
BOJIA 0,018 | 0,013 | 0,01 | 0,0066 | 0,005 | 0,004 | 0,003
TJITUTEPUH 6,80

pPTyTh 0,0013 0,001
BO31yX(1 aTm) 0,15 0,25

[Tpu 20 °C aunammyeckas BA3KOCTH BOAbI ) = p- v = 103 - 1072 - 107% = 1073 Ia-c. Ecin
IJIACTHHBl UMEIOT IJIOMAAh 1 M2, paccTOSHUe MeXKIy HEMH 1 MM, CKOPOCTH BepXHeil mia-
cruabl 1 M/c, To cuna tpenust pasa 1 H ~ 100 I, eciu B 3a30pe HAXOAUTCSI BOJA, U OKOJIO
1072 H an4 Bo3IyXA.

Ecyin BHagasie KuJKOCTH ObLIa HETIOJBUKHOI, & 3aTeM BHE3aIlHO TPUBECTU OJHY U3 Ilja-
CTUH B JIBUKEHUE, TeUCHHE YzKe He Oy/leT cTalMoHapHbiM. BHavaJie JBUHETCs CJION, npujera-
IOIMUil K IJIACTUHE, 3aTeM CaeyIonui, u T.;1. OmeHuM BpeMs, 3a KOTOpoe IPUIeT B IBUZKEHUE

cJI0i ToMMIUHBL 0. Bs3Kast cua MpuIaeT CJI00 CKOPOCTh MOpsaKa V:

”‘gs.tg,xssv S PN LS
p

MozKHO cKa3aTh, YTO HPOUCXOAUT «AuMpDYy3us CKOPOCTH» B HEMOABUKHYIO MCXOTHO YKH]I-

KOCTh (9Ta aHaJorus yzxe orMmedasnach B 1. 5.2). Teuenne Kysrra ycranoButcs, korja o
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BO3pacTeT NpuUMepHo J0 h, T.e. uepes Bpems nopsjaka h?/v. JIas paccMOTPEHHOTO Bbile
IpUMepa BPeMs yCTAHOBJIEHHsI COCTABUT OKOJIO 1 C.
Paccmorpum Gostee ciokuoe TeueHue Ilyaseiinsa (1799-1869) B Tpybe (puc. 6.2). Ha
ydacTke TpyObl JytuHON L mMeercs nepenaj gasienust AP, KOTODbIii U BbI3bIBAET TEUCHHE.
[Ipodbusib CKOPOCTH, OYEBUIHO, CUMMETPHIEH OTHOCH- y

TeJIbHO OCHu, rjge CKOpoCTb MaKCHUMaJIbHA. BbI,ZLe.HI/IM B 2KHJI-

KOCTH HUIMHID pajauyca y. Ero Tonkaer Bnepen cuia jgas- -—
=+ 59D

nerusa AP - 7y? u Topmosur cuna tpenns — L - 2wyn - dV/dy.

B CTalMOHapHOM TE€YE€HHUHU 9TU CHJIBI PAaBHDI:

av AP AP
— =——— -y, orkyma V=Vy— —y>.
dy 2Ly ALy Puc. 6.2.

[Tpu y = R (Ha cTeHKAaX) CKOPOCTH OOPAIIAETCS B HYJb, TAK ITO

7

AP, AP 9 9

OTMeTnM, 9TO HeBS3Kas *KHIKOCTb TeKJja Obl 0e3 IpaJueHTa JaBIeHHS U MOLJa Obl IMEThb

Vo

J1000€e pacipeaeaeHne CKOpOCTeil momepeK TedeHus.
Pacxon xxugkoctn
TAPR*

= (6.4)

R
Q:/V-wa-dy:
0

Cpeansas ckopocTh /7 R? paBHa II00BHHE MaKCUMAJILHON M IPONOPIMOHAILHA IPAIUEHTY
JaBiaennusd. depe3 Kamuargap paamyca 1 MM, qmuHoit 1 M, npu mepenajie mgaiaennd 0,1 atm =
1 M BOZAHOTO €TOJIGA BOJA MOTEUET CO CKOPOCThIO 1,25 M/c, mpu pacxone 4 cm®/c. Teuenne

[Tyaseiins (omybsmkoBano B 1840 r.) ymo0HO 115t m3Mepenust Bsi3kocTH 110 dopmyste (6.4).
pyras Baxknas dopmy/ia — JJjisi CUJIbI CONPOTUBJIEHUS, JEHCTBYIONEH Ha map B BA3-
Koii xuakoctn — noaydena Crokcom (1819-1903) B 1851 r. Mbl orpaHmYmMCcs OIEHKOM T10
nopsaaky Beanduubl. Ecau map pagumyca R obTekaeTcs KUIKOCTHIO, UMEIOIIeil CKopocTh V'
Ha OECKOHEYHOCTHU, TO BOJIU3U MOBEPXHOCTH TIapa €CTECTBEHHO OYKUJIATh, YTO MPOU3BOIHAS
ckopoctu dV/dr ~ V/R. Hanpsizkenue tpennst T 6yaer uMerh nopsiziok nV/ R, a cuia Tpernst
MOJTyvJaeTcs YMHOXKEHHeM T Ha IJIOMAAb MOBepXHOoCTH mapa: F ~ 47nV R. YauButenbHO,
HO 3TO — TOYHAd (OpMyJIa JIJIs CHJIBI, BOSHUKAIONIEH N3-33 HANPIXKEHUN TPEHUs Ha MOBEPX-
Hoctu. Kpome TOro, BA3KOCTH MPUBOJIUT U K Pa3HUIle JaBJIeHUI Ha nepeaHeil u 3a/neii cTo-
poOoHaxX Hiapa. OKaSbIBaeTCH, 9TO JaBJICHUE BHOCHUT BIBOEC MeHbITNU I BKJIa/J B COIIPOTUBJICHUE

n OKOH4YATEJ/JIbHO CHUJIa UMEET BHU/I:

F=6mVR. (6.5)

ConporuB/ieHne ONSITH MPOMOPIUOHATBHO CKOPOCTH.
Kakosa npumenumocts mosydenubix ¢opmyin? @opmyna Crokca He w3 TeX, KOTOPHIE
BBITOJTHAIOTCS Beerya u Be3ze. [lonpoOyiiTe 6pocuTh MeTaIInIecKuii MapuK B BOLY U CPaB-

HuTe Ha6JIIO,ILaeMyIO CKOPOCTDL C BBIYHUCJIEHHOM. COBH&,ILGHHH HE IOJIYIHUTCA. CKopee MOZKHO
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CKa3aTb, 9YTO C HEKOTOPbLIM TPYJAOM J[Jid OYCHb BA3ZKUX )KI/I,ZLKOCTGIL/'I MOZKHO IIOJIYYUTDH IIO/-
tBepxkienne 3akoHa Crokca. @opmyna [lyazeitns Beimosrasiercs: «jterdes. Ho Bce ke, ecim

VBEJIMIUTDH B HAIEM MpHUMepe pajuyc TpyOku 10 1 cM, MBI HE HOJIydnM CKopocT 125 M/c.

6.2 UYwmcao Peitmoapaca. Ilapagokc /damambepa

Kakyio B43KOCTb HAJ0 CUYUTATH JOCTATOYHO OOJBIION /i BBIMOJHEeHHa 3akKoHa (CrTokca?
Cuia TpeHHS JTO:KHA OBITH OCHOBHOM CHJION B TEUEHHH M MPEBBIIIATH M'UIPOIMHAMITIECKII
HAIOP, KOTOPHIi nMeer nopaaok pV 2. OTHomenne ruipoInHAMIYECKOTO HATIOPA K BAZKOMY

HAIPAZKECHUTO

pViL pVL V-L
= = Re (6.6)
nVv n v
Ha3biBaerTcst yucaoM Pefinoapaca (1842-1912). Bosbmioii cieyer cantarh BA3KOCTb, MPH
koropoit Re < 1. Ecim ke Re Be/iuKo, BsI3KHe CHJIbI HECYNIECTBEHHBI, T.€. BI3KOCTbH Ma-
na. Pasmep L, Bxoggmmii B qucsio PeitHosb/aca, Xxapakrepen Jjisi TedeHus (quaMerp mmapa,
TpyOBI, JTMHA KPBLIA U T.JI.).

CresraeM HECKOJIBKO OTEHOK. Eciin destoBek ryasgeT nNpu OTCYTCTBHH BETPA CO CKOPOCTBHIO
1,5 m/c, To uncio Peiinobiaca 150-50/0,15 = 5 - 10%. Tlonepeunsiit pazvep, cylecTBeHHbII
Jtst obrekanust, mpuHAT paBHbIM 50 oM. Karurst goxkst, magatomnas co ckopoctbio 10 m/c,
nMeer Re = 2 - 103; cTpya BoabI, MeJJIeHHO BBITeKalollas U3 KpaHa, — okojo 10%; umcio
PeiiHombaca aKBapIyMHBIX puI0 pasHo 10% — 104,

Jlaxke neboibinme Tejia, 0OTEKaeMblie ¢ MAJIOW CKOPOCTHIO, UMEIOT OY€Hb OOJIBIITNE YHUC/Ia,
Peitnosibjica, He roBopsi yzke o KOpadJ/isix u camoJieTax. Bsi3kue CUJIbI MOYTH BCEra JIOJIZKHbBI
ObITH mpeHebpekuMo MaJsbl. Kazamoch ObI, OTCIO/A MPIMO CJIe/lyeT MPUTOIHOCTD TTOYTH HA
BCe CJyYal YKU3HU MOJETN WIeaTbHo#l Kuakoctu. Ho peasbHOCTH OKa3bIBAeTCS CJIOXKHEe,
9YTO XOPOIIO BHJIHO Ha 3a/1ade O cCONpOTHBAeHNN Tes. Ha mepBblit BIMVIAM, caemnyeT OKUJIATh,
4TO CUJla CONPOTUBJIEHUS B IOTOKE HjeabHOl KuakocTu Oyjer nopsjka pV2S/2 — npous-
BeJICHUS JIMTHAMUYECKOI0 HAIlOPa Ha, IJIOIIA/Ib TOIMEePEeYHoro cedenus. PaccMoTpuMm, 0JIHAKO,

map, o0TeKaeMbIil n1ealbHON YKHIKOCTDIO.

A B

a 0
Puc. 6.3.

N3 cummerpuyanoit KapTUHBI JUHUIT TOKA HA puUcyHKe 6.3,8 BUJIHO, 9TO B TOYKax A u
B CKOpOCTH OJMHAKOBBI W, CJEJOBATENbHO, OJMHAKOBBI jaBienns (3axon Bepuysin). Ho

TOr/Jla Ha IMap B UEAJbHON *KHJIKOCTH MOTOK He jeiicTByeT. CHyia CONPOTUB/IEHHUS paBHA



66 Imasa 6. JIBU>KEHUE BSI3KOH >KHJIKOCTU

uyo! Dror BEBOJ — mapamoke JdanambGepa (1717-1783) — cupaBemius s Tesa J00O0i
(I)OprI. HpI/I JBU?KEHUU TeJia C HOCTOSIHHO CKOPOCTBIO dHEPrud TeYeHusd He MCEHAETCd, TaK
4TO paboTa cuabl conporuBaenus F'Vt pasua mymio u F'= 0.

Bomee TounbiM Oymer yTBepzKIeHHe, UTO HIeaJTbHasd KUIKOCTH MOXKET O00TeKaTh TeJI0
0€e3 CONPOTUBJIEHUS. DTO HE 3HAYHUT, OJJHAKO, 9TO OHA OOA3aHA TAK TE€Yb U UTO B UJLA/Ib-
HO¥ YKUJIKOCTU COIPOTHBJICEHHE HEIIPEeMEeHHO PaBHO HYJ/I10. Hampumep, KUJIKOCTH MOXKET OT-
PBIBATHCS HA 3aJ(Hell KpOMKe Tesia, 06pasysl MoJ0CTh (KABUTAIIMOHHOE OOTEKAHUEe, PUCYHOK
6.3,6). Tora He OymeT CHMMETPUH B PACTIPE/IeJIeHIN JABIeHHsI, TOCKOJIbKY ¢33/ KUJIKOCTh
HE TOPMO3UTCHA, U TTOABUTCA 3HAYUTEJIbHOE COHpOTI/IB.HeHI/Iel.

Bompoc B ToM, KaKast KApTHHA 00TEKAHIS COOTBETCTBYET peatbHoCTH. OKa3bIBAETCS, ITO
BOBCE HE PEJIKOCTh OOTeKaHme, OJN3KOe K «JIaTaMOEpOBCKOMY» M COOTBETCTBYIONIEE MpaK-
THYECKH TOJHOI KOMIIEHCAIIMH THIPOJINHAMUYECKHX HAIIOPOB. VIMEHHO MOTOMY MapaoKC

Jlanmambepa u 3ac/1y:KuBaeT BHUMaHUSA.

400

f
100\

AN
10 AN

1 \
0.1 j A

3 5

107! 10 10 10 Re

Puc. 6.4.

Eciiu gucno Peitnosibjica Jijisi peajbHONW »KUJIKOCTH BEJIMKO, T.€. BSI3KOCTbH HCUYE3AIOINEe
MaJsia, TO JOJZKHA ObITh Masoii (ckazkeM, MOpsijika CTOKCOBOIT) CHJIA CONPOTHUBIICHUS. DTO
COBEPIIIEHHO He corjacyercs: ¢ npaktukoit. ComporuBjeHne ropasnio O0JbIlne, MEHSeTCs u
KapTuHa TedeHnsd. OT BeTpa MOYKHO COPATATHCS 3a YIIOM 37anusd. Ho uieanbHas KUIKOCTD
00s13aHa 00TEKATH TPEHSITCTBUE, U 38 YIVIOM CKOPOCTH BeTpPa, JIOJKHA YBETUIHTHC!

Ha pucynke 6.4 npuBejien sKkcriepuMeHTAIbHBINA I'PadUK CONPOTHB/ICHUS MAPOB B 3aBU-

CUMOCTH OT 4ncaa Peitnonpaca, BRIYHCIEHHOTO MO AuaMeTpy mmapa. [lo BepTukaabHOM ocu

IKpome Toro, B paMKax MOJEIH HIeaJbHON KUJKOCTU CHJIA CONPOTUBJICHUS NOABUTCH IIPH yCKOPEHHOM
JBUKeHuu Tesia; ona pasua pW, rue W — yckopenue, a (@ — NPUCOeJIMHEHHAs MACCa, KOTOPas MOPAaKa (11s
niapa — POBHO IMOJIOBUHA) MAaCChl BBITECHEHHOH KuAKOCTH. ILIbIByIIuil KOpab/ib CO3/JaeT Ha ITOBEPXHOCTU
BOJIHBI, YHOCSIIINAE YHEPTUI0 HA OECKOHEYHOCTH; BOJTHOBOE COMPOTUBJIEHUE B WJI€AJIBHOMN KUIKOCTH TaK¥Ke He

PaBHO HYJIIO.
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otsoxken Kosddunuent conporusienns Cy, onpejaendemMprit n3 HhopMyIibn

2

g PV
2

Ecnn semosasiercs 3axon Crokca, To Cf = 24/Re. Takas 3aBucumocts, B torapudmmte-

F=C (6.7)

cKOM Mactrrabe — npsimasi ¢ HakJIoHOM (—1), coryacyercst ¢ skcrepumenTom, moka Re < 1. Ho
Jajee B OYeHb IMHPOKOIl U IMpaKTHIeCKH BazKHOI obmacTu uncesn PeiiHosnbaca Koaddumnment
COIPOTHUBJIEHUsT TOpa3ao GosbIne, yeM mo CTOKCY, U He 3aBHCHT OT BSI3KOCTH, BXOJSINE B
Re. ITocrosncrso xkoadgdummenta conporusienns npu Re = 102 + 10° u onpegesser mojes-
HocTh ero Beejiennst. Oy nokasbiBaeT 3bGeKTUBHYIO JOII0 cedenns .S, Ha KOTOPYIO JlecTByeT
ruaponHaMuieckuii Hanop pV?/2. Kpusas nmeer ynupepcanbbiii xapakrep: Cy 3aBucur
ot Re, a we ot d, V', v no ornenbHoctu. CaegoBaTeIbHO, IPH 33JaHHONK (hopMe Tesia THCI0

Peitnosb ica ornpejesisier KapTuHy OOTEKAHUS.

6.3 Ilorpammunsbiii cjaoit. Conporusienne. O6TekaeMoOCTh

[Toka MBI HE yJ1e/IsI1 JIOCTATOYHOIO BHUMAHUS YCJIOBUSM Ha rpanuiie tesa. VlaeanibHast xKuji-
KOCTh, UMEIOIasl TOYHO HYJIEBYIO BI3KOCTb, MOYKET CKOJIb3UTh BJI0JIb TBEP/IbIX TOBEPXHOCTEI].
Ho maxke mpm ovenb MaJioif BA3KOCTH CKOJIbXKEHWE HEBO3MOXKHO: YKHUJIKOCTH TPUJIAIAET K
TBepALIM TpanunaM. Hanpumep, npu oOTeKaHUH Iapa U1ealbHOH KUJIKOCTHIO CKOPOCTh JI0-
crurasa Obl MAKCHMAJBHOIO 3HaYeHus Ha 9KBaTope mapa (1,5-V), a B zeficrBurebrocTH Ha
mape CKOpocTh paBHa HyJ110. Ho TOor1a J0/I2KHO MEHSATHCS BCe TeYeHNe U HesICHO, TJIe JOJIKHA
MPOSIBUTHCS MaJIOCTh BSI3KOCTH.

Permenne mpobembr ucdesatomeit Ba3koctu B 1904 r.

wamtes JI. [Tpanras (1875-1953). On mowstt, 910 Iipn 06-

TeKaHWH TeJI ¢ OOJIBITNMEU YucjiaMu PeifHosIb1ca BSI3KOCTh ——

CYIIECTBEHHA, B TOHKOM CJIO€, HEeIIOCPE/ICTBEHHO ITpuJIera- | 1)
fo1eM K Testy. BHe 3Toro ¢ost CKopocTh YKHUIKOCTH TaKas \ 4
Ke, KaK B TeYEeHUU HIeaJbHONU KUAKOCTH. B aTOM Jrer- L

KO yOe IuThCsI, TPOTACKUBas depe3 YKUAKOCTh IJIACTUHKY

(mpITasich «paspe3arby Bomy HoxoM). [Tourm Best BOsA Puc. 6.5.

IPU 9TOM OCTAETCs HEIOJBUKHOM, U TOBKO MPHUIETAIONINI K HOXKY CJI0H yBIEKAeTCs.
Pazbepem mpocreiinyio 3ajady — oOTeKaHHe TOHKOW ILTACTHHBI MOTOKOM CO CKOPOCTBIO

V' (pucynok 6.5). Tosmuny morpaHu9HOro cJios orennM u3 auddy3nonHoii anamorun (1r.

6.1, ctp. 64): § ~ \/vt, rae t = L/V — xapakTepHoe Bpems, B TeUeHle KOTOPOTO HATeKAIoIIast

HOPIHUS YKUJIKOCTU B3AMMOIEHCTBYET ¢ ILIacTuHOM jmuHbl L. OTciona

Ln v 1
d~\|—=L-\/=—=L-/=. 6.8
T Re (6.8)

3nech uncao Peiinosbica BeIYKMCIEHO 10 JauHe IaacTubl. Tak kak Re Bemuko, § < L —

IMOTPAHUYHBINA CJOW TOHKWIA.
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BayTpu ¢/10si CKOPOCTH pacTer OT HyJIsl 10 WIeaTbHOrO 3HAYeHHUs V', MOITOMY HAIPsizKe-
Hue Tperust T &~ 1V /0. 1o 3HaunTEHHO GoJIbIe cToKCoBON BesmauHbl 1V /L. Cuia conpo-
TUBJICHUS, IeHCTBYOIAs Ha wiactuny, F' = 7-2bL, riae b — mupuna miactuabl (06TekaemMoii
¢ n1Byx cropoH). Ucnonbsys (6.8), moxyanmm

vV LV pV? 2

= oL =" 9L .
L v 2 VRe

Buanwm, aro kosddunnent conporusienns pasen 2/v/Re. Tounoe perenne Biasmyca
(1914) maer 6im3koe 3nadenne koybdumuenta: Cy = 1,328/v/Re .

TOIIHII/IHa IIOI'PAHUYIHOTO CJIOA OIIpeJesdeTCd IO NOPAAKY BEJIUYMHDBI, TaK KaK CKOPOCTDb

F

(6.9)

crpeMuTcsa K V' acumnrorudecku. O IHAKO BEJTUYUNHA CUIBI MOYKET OBITH u3Mepena. s mia-
CTUH, MPOTACKUBAEMBIX 9Yepe3 YKUIKOCTb, MOTyIaeTCs XOPOIee COBIAIeHNE ¢ IKCIIePUMEH-
tom. Kak suano w3 (6.9), cuma mponopmuonaabia V32, Jlaa naactunsr pasmepos 1 X 1 M,
obrexaemoit Bozoit co ckopocrsio 50 em/c, Re = 5-10°, § ~ 2 mm, C; = 0,0019, cuna
compotuBaenud 0,47 H = 0,047 kI

Ho ny1s 06beMHBIX TeJT THIA Iapa MoJydeHHOe COITPOTUBIEHHE BCe eIlle CJAUIIKOM MaJio:
B VRe pa3 Goubie, yem 1o dopmysie Crokea, Torga Kak Hago B Re pa3 Gosbiie, 4ro0bl
TOJIY YHJIOCH TPOTIOPIMOHAILHOCTE V2. HeMm oTamuaeTcss 06TeKaHne BBITYKJIOH TOBEPXHOCTH?

[IycTh POUCXOAUT OOTEKAHUE ¢ TOHKAM HOTPAHUYIHBIM coeM (pucyHok 6.6). Bue cios
KIJIKOCTh TeJeT KakK mjeaqbHad. B Touke A jnapienue mopbimeno wa pV?2/2) a B Touke
B nonmxeno. Ot Toukn A 10 B, r71e ckopocTh MakcuMaJibHA, KUIKOCTH PA3TOHSIETCS IO/T
JeiicrBueM pasHocru fgapiennii. 3arem ot B 10 C KuakocTh (CHAPY KU TTOMPAHUIHOTO CJI0ST )

ABUZKETCA B CTOPOHY YBeE/JIUWYCHUA JaBJICHUA 3a CUHET Ha6paHHOI71 NHEePIHH.

e
48 \F~(‘\
BV 2N

—

Puc. 6.6. Puc. 6.7.

Ho BHYTpHU norpanuydHoro cjios TOpMOKEHUEM HeJIb3sl IpeHebpedb, TaM CKOPOCTb KU/I-
KOCTH yMeHbIlleHa (Ha cTeHke — BooOine 10 Hyssi). [losromy cioii He B cHitax MpeoaosieTh
pasHocTh jgaBienuiit Mexkay B u C. OcTtaTKu HHEPIUU MO3BOJIAI0T MY JIUIIb HECKOJIBKO MPO-

ABUHYTbHCA OT TOYKH B B CTOPOHY IIOBbIIIECHUA JaBJICHHUI. Ot touku C B 3aTOPMOZKEHHOM
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cJI0e noJ JAeficTBHeM Pa3HOCTH JABJIEeHHH BO3HUKAET BO3BpaTHOEe TedeHue (pucynok 6.7). B
HEKOTOpOit Touke D MOBEPXHOCTHBIE MOTOKU BCTPETATCA U BBIHYZKJIEHBI OYIyT OTOPBATHCS
oT Tesa. B mampmeiimem dopMmpyeTcss oOTeKaHHe ¢ OTPHLIBOM2. BHYTpPH OTPBIBHOI 30HBI
BO3BHHUKAET OoJiee WK MeHee TYpOyIeHTHOe (6ecmopsiIouHoe) Tedenne, mpudeM BOIU3M Mapa
JKHJIKOCTH B CpeJIHeM HeIloJBHKHA. /laBieHne B Heil MOpsKa JaBI€HUS B OCHOBHOM ITOTOKE
U 3aBeJOMO MEHbIIe, 9eM Ha JIOOOBOW YacTu Teja. ITUM U O0bIICHIETCS BUJ 3aKOHA COMPO-
TUBJIEHUS 1IpH OoJibIoM ducje Peitnosibiaca. Koaddurument conporusienus, rpydbo roBops,
OTpazKaeT JOJII0 CeUeHHusI, COOTBETCTBYIOIIEro OTPBIBHOIT 30He. B OosbImoit ob1actu Re obTe-
KaHne IPaKTHIecKH He Menserca n Cy mouTn mocTosHen (cM. pucyHOK 6.4).

Maﬂaﬂ BA3SKOCTDH BJINAET HE HpHMOHHHeﬁHO, A OKOJIbHBIM IIyT€M, BbI3bIBasl IMOABJICHUE T10-
I'PAHUIHOTO CJIOST, HEYCTOWIUBOCTH KOTOPOTO YK€ MPUBOIUT K OTPHIBY. DTUM U O0bSICHSIETCST
nosiBJIeHHe OOJIBIIOIO COMPOTHB/ICHU, IPUTOM TOYTH HE 3aBHCIIEI0 OT BA3KOCTH.

IIpu Re = 5 - 10° y mapa HabonaeTcss Tak Ha3biBaeMblii Kpu3uc conporubesans. C
pocroM ckopocTu C'; Pe3Ko maJaeT IpUMepHO BUETBEepO, IPH 3TOM YMeHbIIaeTCsd H CUIa CO-
HPOTHUB/IEHUSI. DTO MPOUCXOIUT MOTOMY, UTO HOTPAHUIHBIN CJIOI CTAHOBUTCS TYPOY/JIEHTHBIM,
ero CIOCOOHOCTH TPEOI0IeBATH POCT /IAB/I€HUsI YBEINIUBACTCS, 8 30HA OTPHIBA, Y MEHBIITAETCS.
Eciu uckyccTBeHHO TYypOyIN30BaTh CJIOW HUTKOW, HAJIETON Ha 0OTEKaeMoe Te0, COMPOTUB-
JIEHHe MOXKHO YMEHBIINTh Ipu MeHbIuX Re. TakuM npueMoM mo/Ib3yI0TCS aBHAMOIETUCTHI.

WNuTepecHsrit mpuMep oO6TeKaHUsT — BUXPEBbIE
KOJIBIIA, CIIOCOOHBIE TTPOXOIUTH OOJIBIITNE PACCTO-

SIHWSI B BO3/LyXe WJIN BoJie 0e3 3aMeTHOTIO TOPMOKe-

uus. Kapruna redenus (pucyHok 6.8) TakoBa, 4To

HET BBIPAKEHHOTO MOIPAHHYIHOTO CJI0A U, CJIEI0-

BaTe/JIbHO, OTPbIBA. BO3/IYIHBIN MAPUK TaKUX ¥)Ke

pa3mepoB criocoben mposererh Bcero 10-15 cBomx

JIMaMeTPOB, TaK KaK MMeeT HEeMOJBUKHYIO T'DaHU-

1y. BoickasbiBasiach ujes (MOKa HE peaTH30BaH- Puc. 6.8.

Hast) BHIOPACHIBATD JIBIM B BUJIE TAKUX BUXDEil 1 TeM n30aBUTHCS OT JBIMOBBIX TPYO.

ConporuB/ieHne TPeHUsI B MOTPAHUIHOM CJIOE TPUMEPHO TaKOe ¥Ke, KaK y TOHKOMW Iiia-
CTUHBI, T.€. HEBEJIUKO. HO3TOMy JJId YMEHbHICHH A COIPOTUBJIEHUA CJIeAyeT IpezKae BCero
MUHHMHU3UPOBATH OTPHIB.

Xopotro oO0TeKaeMoe Tejao JIOMKHO OBITh 3aKPYIJIEHHBIM CIEpPeId, HO OYeHb ILTaBHO
cyzKaromuMcest BHU3 110 110ToKy (pucynok 6.9,a). Torma poct naBieHusi Ha ydacTKe CyKe-
HUst OyIeT MeJJIeHHBIM U 30Ha OTPhIBa OygeT MaJja. 3aMeTHM, 9TO IPU ITOM TEeJI0, HATIPUMED
KPBLIO caMoJIeTa, HeobI3aTeIbHO JOKHO OBITh OU€Hb TOHKHM, YTO BayKHO C TOUKU 3PEHU
npodHocTu. Korjma-To KpbLabg Jiesfajd TOHKAMH U HPUXOIMIOCH YKPEILIITh UX JTOMOJTHH-

TEJbHBIMHA pacCdYaJJIKaMM, OTYEro CaMoOJIeT HallOMHUHAJI 9TazKEPKY U POCJIO COIIPOTUBJICHUE.

’TIpu BHE3AMHOM pa3TOHe TeYeHHs CHAYMasIa OOTeKaHHe TTOYTH UeaJbHoe, KaK Ha pucynke 6.5. Paspurue

OTPbIBA IIPOUCXO/IUT 32 BPeMs MOpsiiKa Bpemenu obrexanus d/V .
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Brepsbie cBoboaHOHECYIIIEe KPBLIO (6e3 pacdaiok) npuvenns FOnkepe (1915 r.). [Tapa-
noke Jamambepa st obTekaeMbIx Tea paboraer (¢ Tounocrnio g0 Mastoro Cp)! Ecim ke

00paTHTH OOTEKAHHe, OTPHIB MPOU30iiIeT odenb OpicTpo 1 C'p OyAeT OKOIO eAUHUIB! (PHCY-
HOK 6.9 0).

6.4 Typbyneunrnoctb. TypOyseHTHBINI ci0ii

B 1883 r. O.Peiinob1c omybimkoBast ¢BOit 3HaMeHUTHIHT onbIT. OH MOJKPACHI TOHKYIO CTPYii-
Ky BOJBI, TeKyIeit B Tpybe. [Ipu Mabix CKOPOCTSIX CTPYHKaA CMEITaeTcs: B0 b TPYObl, OCTa-
BasCh POBHOI W PE3KO OKPAIEHHON. DTO 3HAYUT, YTO KUJIKOCTDH JIBUKETCS B HAIIPABJICHUN
oCH, TedeHue CIOUCTOe, Wan JamMuHapHoe. Ho ¢ yBesmdenueM CKOpOCTH CTpyiiKa pa3MbIBa-
eTCs, PACTATUBACTCS B TOMNEPETHOM HAIMPABJEHUU U MOYTH PABHOMEPHO OKPAINBAET BECh
noTok. B TakoM TypOyJIeHTHOM TedeHWr MMEIOTCsl OeCropsiIOTHbIEe MTPOIOIbHBIE U IMOIepet-
HbIe MYJIbCAIINN CKOPOCTH, MPUBOJAIINE K epeMemunBannio. OKa3biBaeTcs, YTO JaMIUHAPHOE
reuenne [lyaseilsist Tepsier yeToRInBOCTD P 3HAYeHNH 4ncIa Peiinosbaca okono 2300 (Bbi-
GUCJIEHO TI0 CPeJIHeli CKOPOCTH ¥ JUAMETDY ).

3a mpoIeine cTo JeT He yIaJ0Ch MOJTHOCTBIO Pa30dparThes B Iepexojie K TYpOY/IeHT-
HocTH. JlOCTATOYHO 3aMETUTH, YTO KPUTHYECKOe YHCJI0 PeitHoIbIca OTHIONL He OJHU3KO K
eMHUIE, KaK 3TO ObIBaeT ¢ Oe3pa3MepHBIM ITapaMeTpoM B TpocToit Teopuu. YTobObI momy-
9UTH TAKOe DOJIBIIOE YHCJI0, HY’KHA JOCTATOYHO CI0XKHAs aprymeHTanus. MoKHO mpuBecTn
JBa coobparkeHus (BHIMMO, HEJIOCTATOYHBIX): BO-TEPBbIX, MOTEPs] YCTORIMBOCTH BbI3BaHA
BS3KOCTHIO (MPUJIMMAHKEM K CTEHKAM), KOTOPasg B TO YK€ BPEMs OMpPEeJeISeT JUCCUTAIII0
(3aTyxaHue mysabcanuii) U J0JZKHA OBITH MaJia; BO-BTOPBIX, Tedenue [lyaseiins umeer 60Jib-
o 3a1mac yCTOMYMBOCTH.

OmnennmM, Koraa Npou30iIeT mepexom K TypOyJIeHTHOCTH B TOTPAHUYIHOM ciioe. Kcm pac-
CUUTATh KPUTUUECKOEe YHCJIO0 PellHOIb/Ica MO TOJIMUHE CJIOS, MBI JOJZKHBI TOJYIATH ITPH-

MEPHO TOT K€ pe3yJIbTaT, YTO JJisi TPYObI:

L /2
Re(S:V_(S:V_. R—Z\/Q-Re%2-103,
v e

v

orkyna Re = VL/v ~ 2-10°% B onbire no/tyuaercs Kpuruieckoe Re, paccuutanuoe 1o Jijiume,
B muanaszone (0,3 — 1)-10°, Bo3MoKHO, U3-32 MeHbIIEil yCTONYMBOCTH T€UEHHs B TAMHUHADHOM

IIOTpaHUYIHOM CJIO€.
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Kpbi/10 7103BYKOBOTO caMosieTa mupuHoit 4 M na ckopoct 250 m/c nveer Re ~ 6,7 - 107,
T.e. TIOYTHU HA BCEl MOBEPXHOCTH NMOTPAHUYHBIN CJION TypOy/tenTHbiil. Kak yxke roBopusioch,
TYpOyJIEHTHBI CJION ycTOiuMBee K OTPBLIBY, UeM JAMUHAPHBIA. Y peajbHOr0 KpbLIa MpH
HEOOIBIUX YIIAX ATAKU OTPHIB MPAKTHYECKH He BOZHUKAET, COMPOTHB/IeHHE (DOPMBI (IaB-
JIEHUsI) He MPEBBIIIAT CONPOTUBICHUs TPEHHUS.

st TypOyJIeHTHOTO TOTPAHUYHOIO CJIOS JIOBOJIHHO XOPOIIO BBITIOJIHAIOTCS MOJIyIMIUPU-
geckue (hopmyibt

§~0,04-L-Re”™,  Cp~0,074-Re ™.

Jl1a KpBLTa camosera mpu Re = 6,7 - 107 § = 6 m, Cy = 0,002. ConporuiieHne TpeHUs

KpbLTa pazmepoM 30x4 m>

okoJ10 1,2 Tonnbl. /IBa Kpblia u (pro3eisizK, CONMPOTUB/IEHHE KO-
TOPOT'O TOT'O Ke Mopsijka, gaoT o5 — 6 T. Ecian oTpbiB yaBauBaeT CONPOTHB/ICHUE, TTOJTYIUM
10-12 T. Makcumasibaast Tsira jgpuraresieit TV-154 papua 3x9,5 T, uro maer npejcraniie-
HUe O TOYHOCTH omeHOK. Ha BbicoTe 10 KM IJIOTHOCTH BO3/AyXa WM, 3HAYUT, COMPOTHUBJICHUE
YMEHBIIIAeTCsS MPUMEPHO B TPU pasa.

[Toxbemuast cuita (Bec) Toro ke camosiera 0koso 90 T, Ha 1 M KpblIa MPUXOAUTCST OKOJIO

3 T. Mo dopmyne 2Kykosckoro (1847-1921), noayvennoit B 1904 r., mobeMHuas cuia
F,=pVT, (6.10)

e I' = 39 (V - dl) — nqupKyagamms BOKPYr Kpblia, a WHTerpaa Gepercs mo KOHTYDY, OXBa-
TBHIBAIOIEMY KpbL10. Kak Bo3HmKaeT Takas 3aBucuMocTh? [loa KpblioMm mgaBiieHue JTOTZKHO
OBITH GOJIBIIE U, 3HAYUT, CKOPOCTH MeHbIIe. [[ist TOHKOro Kpbiia (pucyHoK 6.10) MOKHO cun-
TaTh, YTO HA OCHOBHOI TOTOK CO CKOPOCTHIO V' HAKJIAJbIBAETCS JIONOJHUTE/IbHAS CKOPOCTD

+u cBEpXy W —u CHU3Yy Kpbljia. Pa3HocTh 1aBiieHnii

g (V4 u)? = (V—u)?) =2pVu,

a nojbeMuas cusia pV - 2ul na epuauiyy jayuabl. [Ipoussegenue 2ul, u Oyjaer nupKy/siuei

I BoKpyT KpbLia.

; VHu
—-—C\

E—— o 0
V-u "

Puc. 6.10. Puc. 6.11.

Qopmyna 2KyKoBCKOTO He COTEPKUT BA3ZKOCTH, B HALATBHON KUJIKOCTH TUPKYISAIIHS MO-

JKeT ObITDH J11000i1. Ha camom gese I' ongaTh omnpeensercsd MOBeJIeHHEM IIOTPAHIIHOIO CJIOS.
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Hupkyasnust ycTaHaBIMBAeTCS TaKOil, 4TOOBI MOIPAHUYHBIE CJIOM € 0DEUX CTOPOH KPbLIa
CXOMJIN ¢ OCTPOIT 3ajHelt Kpomkn (pucyHOK 6.11,a). O6rekanne ¢ APYrUM pPacoIOKEeHHEM
TouKd cxona (pucynok 6.11,6) HeycTORYHMBO, TaK KAK HA KPOMKe CKOPOCTH OYJeT BeJuKa, a
Jlajee JKUJIKOCTh, MMPUOINKAICH K TOUKE CXOJ/a, Oy/IeT TOPMO3UThCA. TaK Ke Kak mpu ooTe-
KaHUH BBIMIYKJIOTO TeIa, PACCMOTPEHHOM B 1. 6.3, B cJI0e pa30BbIOTCI BCTPEUYHbIE TeUeHUd,
u OH oTOopBeTcs. B pe3ysibrare TedeHue mepecTpouTes U TOYKA BCTPEYH CJI0EB IepeIBUHETCS

Ha KPOMKY. /1 MaJIbIX yIJIOB M TOHKHUX KPBLIHEB TEOPETHYECKAsT MOIbeMHast CHIa

2
:27T~sina-pT-L,

F,

Y

Te. '=7VL - sina, rne a = yroa ataku. Ha Beicore 10 kM mra TV-154 nmoayuaem o = 6°.
Kosddurment nogvemuoit cust Cy, = 27-sin o = 0,6. Ornontenne C,/C, B Hamem npumepe
nopsika 10, Ha3bIBaeTCs a3pPOANHAMUYIECKNM KAaveCTBOM H ITOKA3bIBAET, BO CKOJIHKO pa3
BEC CaMOJIeTa MOYKET MPEBOCXOIUTH TATY JBUTATEIEH.

OrcacpiBasi TIOTPAHUYIHBIN CJIOH, MOYKHO JOOUTHCSI €r0 MaJIoil TOJIIMHBI HA BCEM KPbI-
jie. JlocraTouno TOHKUi c/I0f OyjeT JIaMUHAPHBIM M, 3HAYUT, CO3/IAIONUM MAaJIOe TPEHHeE.
[Ipu 3TOM OTHOBPEMEHHO IpeIOTBpaIaeTcs OTphIB. I1o onenKam, ynpas/ieHne MOrpaHuIHbIM
CJIOEM CHU3HUT CONPOTUBJIEHHE M YBeJUIUT JaJbHOCTL mojera Ha 30%. IToka Takme mmen me

BHEIPAIOTCA H3-3a yBeJIMYEHUA CJIOZKHOCTU KOHCTPYKIIUU.

6.5 KoHBeknusg n Temjaonepeaada

Kaxk mokazano B 1. 5.2, Ipyu HAJUYUNA PA3HOCTH TEMIIEPATYP BO3HUKAET MOTOK TEILIa. DHEP-

Ihsl, MPOXOIAIIAd Yepe3 eJIMHNIHYIO TJIOIIA/IKY B €IMHUILY BPpeMeHN

dr

= —K—.
¢ dx

Bu sroit 3aBucuMocTH HAllOMUHAET 3aKOH BsI3KOTO TpeHus. KosaddunmeHt TemaionpoBo-
HOCTH, WU IPOCTO TEIIOMPOBOJAHOCTD, MMEET Pa3MepHOCTh dHeprus/(cM rpaz ). Kupnna
nmveer Kk = 0,5 kkas/(m ac rpax) = 0,6 Br/(m rpan). 113 KoMHATHI, 4epe3 CTeHY IMIIOMIA/IHIO
10 m? B asa kupnuua (0,5 M) npu nepenaje remueparyp 50 K yxoaur na yaumy 600 Tx
KaykKJIylo cekyH;y; Tpedyercsa momuocth 600 Bt mias oborpesa. Ecin kupnuum ciaenath u3
MeJii, TIOHAZI00UTC MOMHOCTH B 660 pa3 Gosbmras (k = 400 Br/(m rpax)). ¥V Bomsl k = 0,6
Br/(m rpan), y Bozmyxa 0,027 Br/(m rpax). OkpyzKaroimast HAC cpeia HMeeT MaJIyIo TeIio-
IPOBOJIHOCTb.

Kaxk pacnpocTpangerca Temno B cpefe? Harpeem crep:kenb cedenmeMm 1 cm?

C OOHOI1
cropoubl Ha AT. 3a Bpems t BoaHa npoiiger paccrostane L. Temnosoit notok ¢ ~ AT /L.
Temio qt pactnpocrpansiercst 1o 3romy yuactky: gt ~ CLAT. Tlonyuaem L? ~ kt/(pC) (p —
WI0THOCTD, C' — y/Ie/bHas TemI0eMKOCTh). Benmunna xy = k/(pC') Ha3biBaeTCs Temmepary-

PONPOBOAHOCTBIO U UMEET Ty 7K€ Pa3MepHOCTH (M?/¢), 9TO M KMHEMAaTHYeCKasd BA3KOCTD.



6.5. KoHBekImsa u TelLIomepesada 73

JLnst ra3oB Y ~~ v, TaK KaK W TEIJIO, U UMILY/JIbC MEPEHOCATCS BMecTe ¢ Mojekyaamu. OTHO-
menne v/ HaspiBaoT gnciaom [pangras Pr. st sogst Pr = 7, nig xunkux merasios Pr
~ 0,01. Jlna Bozayxa x = 0,2 cm?/c.

JlotmycTuM, 9TO JIETKO OJIeTHIi Ye/ToBeK BhImes Ha Mopo3 —23,4 °C. [lomycTuMm, 9T0 rpa-
JueHtT Temieparypbl Oyger mopsaaka 3 K/cum, Te. 60 K Ha 20 cM — xapakTepHOM pas3Mepe,
Ha KOTOPOM JIOJI?KHA MEHSATHLCS TeMIepaTypa Bodayxa. Torma ¢ 1 M2, miomaanm Termmoobme-
Ha, OyneT yxomuTh oko1o 10 BT. Yepes OKHO ¢ ABOMHBIME paMaMi IJIOMAABIO 2 M2 MOMKHO
oxkuaTh yreudkn B 30 BT. DTu omeHKN siBHO HEBEpHBI. 3UMOII MOXKHO 3aMep3HYTb, a depe3
OKHO BBIXOJUT ropa3/io OOJbIIe Telia, HHade B HallleM KJUMaTe Jelaad Obl OKHA BO BCIO
creny®. asee, cioit Bozayxa B 20 cM goszKeH mporpesarhes 3a Bpems 2000 ¢ — 3T0 HUKAK
HE TOXOYKe Ha BPeMsl YCTaHOBJIEHHsS TeIIOOOMeHa YeIoBeKa ¢ OKpysKaromeil cpemoit. Axa-
JIOTHYIHO TAapaIOKCaM MaJIoi BA3KOCTH MbI HAOJII01aeM IMapaoKC MaJIoi TeILIOImpPOBOIHOCTH:
peabHBI TeII000MeH ropasao OOJIbIIe.

[Tepemaga remia depes3 ra3bl U KUIKOCTH BO3MOYKHA B OCHOBHOM ITyTeM Koupekinn. CHa-
JaJja pacCMOTPUM BBIHY2KJIE€HHYIO KOHBEKIIMIO 1TpU O0TeKaHWH Tejia IOTOKOM C JAPYyroit
Temueparypoii, ormaaomeiics na AT. s ra3oB, y KOTOPBIX BSI3KOCTh W TEIJIONPOBOJI-
HOCTb, IO CYTH, OJUH U TOT K€ IIPOIECC, X = V, B 0OCOOEHHOCTH OYEBHUIHO, UTO TEILIO HPHU
O0TeKaHUN MepelaeTcd depe3 MorpaHnydHbiil coif. Kak Ma/as BI3KOCTh CKa3bIBAE€TCs TOJBKO
BOJIM3M Tejia, TaK W TeMIepaTypa B MOTOKE MEHSeTCs B IMpejeax TeMIIepaTypHOro Mmorpa-
HUYHOTO CJIOY.

Bpems ¢ KOHTAKTa YACTUIBI KUJAKOCTH ¢ TeJoM mopsiika L/V | u ycrmeBaeT mporperbest

CJIOH, TOJIIIAHA KOTOPOTO

v L
LV VRe

HOSTOMy 'paJieHT TeMIiepaTypbl U TeILJIOBOIl ITOTOK CUJIBHO VYBEJINYUBAIOTCA:

dT AT
q=—K— ~K——.

dx )

S xt =Vt~ L-

TLyist JIaMHHAPHOTO CJ10st yBesmdaenue Oyaer B v/ Re pa3. Ec/in qesoBex 061yBaeTcst XOI0LHbIM
BETPOM CO CKOPOCTBIO 2 M/ ¢, T0 Re = 6-10%, m BMecTo 10 BT moydaenm TemmooTaady okomo 2,5
KBT, uTo yKe moxozke Ha mpasy. 30ekarh 3aMep3aHus MOMOTAeT 0K /1a, B IIOpaxX KOTOPOit
BO3/IyX He JIBUZKETCS, ¥ TaKUM 00Pa30M MCIOJIBL3YeTCsl €ro MaJiasl TeIlJIONPOBOIHOCT.

B KUAKHUX MeTaJlJIaX BASKOCTL OllpeaesdeTCd ABUZKEeHUEM aTOMOB, a IepeHoC Tellla —
JIETKAUMU 3JIeKTPOHAMH, MOITOMY WX TeILTONPOBOIHOCTH HEMPOIOPIUOHATLHO BeJUKA, Tell-
JIOBOU MOTPaHUYHBINA CJ0OU MPUMEPHO Ha MOPAI0K TOJIE TUHAMAYIECKOTO.

B tTypOysieHTHOM NOTpaAHUYHOM CJIO€ JIJI a30B XOPOIIO BHIOJHIETCS TOJIYIMITMPUYe-

CKad 3aBUCHUMOCTD:

AT
q=—r—7 0,037Re%® .

3BopoueM, HHOMMA UX KaK pa3 JAeTaloT, K HEeYI0BOJbLCTBHIO KILTBIIOB.
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B srom ciaydae yxe Hesb3st oneHuTh ¢ Kak kAT /6 — depe3 TosmuHy TYPOYIEHTHOTO CJIOSI.
[Tpu TypOyIEHTHOCTH TEIIONepeada CTAHOBUTCS ellle DOJIee HHTeHCUBHOM 13-3a MOIepPedHO-
IO JBHZKEHHUsI 5JIeMEHTOB IOTOKa U IepeMernuBanusd. To ke, KcTaThH, OTHOCUTCS U K (DOpMYyJIe
TpeHHs.

[Ipu camocTosITeTLbHON KOHBEKIUN CAMO JIBUKEHIE BHI3BAHO IePernagoM TeMIEPATYP.
[Tycre BeprukasbHas crenka Ha AT Temee okpyzkaromero Bosjayxa. Cioit BOJM3M CTEHKH
TaK’Ke HAIPEBAETCsl W PACIIUpsIeTCs; n3MeHenue ero miotaoctu Ap pasuo pSAT, rae § —
K03 PunmeHT oObeMHOr0 pacuinperns. Bo3HUKaeT BHRITAIKHBAIONIAS CHIA.

Pasnocts gasiennit AP = Apgh npu Manoif BA3KOCTH, KaK Beersa, nopsaka pV2, or-
KyJa CKOpoCTh B HarperoMm cioe V ~ \/BATgh. Yucio Peiinosbica, BHIYUCIEHHOE 1O Bbl-
core crenkn, Re ~ /[BAT gh3/v?. Beanauny mnoj kopaem HasbiBatoT dnciaom ['pacroda Gr.
HamobrocTh B HOBOM 0e3pa3sMepHOM YHCJIE MOIBIIACH IIOTOMY, UTO KOHBEKIIMS BO3HHKA-
eT TOJILKO IIPU OIpeIeTeHHOM IIeperajie TeMIepaTyp, U 9ucJI0 PeiiHoibaca MOKeT He HMeTh
embicsta. [Tpu Terioodmene otonmTebHOM HGatapen ¢ Bozayxom B komHare 3 = 1/T ~ 1/300,
AT =30K, h=0,5m Gr = 5-10%, Re = 2-10%, T.e. TeueHne B HOrPaHIIHOM CJI0€ JAMHHAD-
noe. Tormuma caost h/v/Re = 3,5 vy, Uepes 5TOT TOHKHMIA C/I0f H TPOMCXOMAT TEILIOOTIAYA
(nnave Garapest Obta 661 HEIDDEKTUBHA).

HaI'peTbIﬁ BO3YX IMOAHUMAECTCA BBEPX U CO34A€T IMOCTOAHHYIO IMUPKYJ/JIANINIO B KOMHATE,
nepeMeninBadch JaJjiee ¢ XOJIOJHBIMUA O6'beMaMI/I n TaK nepegaBad UM TeEILIO. AHaﬂOFI/IqHO
POUCXOJIUT YHOC TEIIa Yepes3 JIBOWHBbIE paMbl: OCHOBHOE M3MEHEHHE TeMIIEPATYPhI MPUXO0-
JINTCS Ha JBA MOMPAHUYHBIX CJIOS HAa BHYTPEHHEM H HApYZKHOM CTeKJaX, T.e. apdeKTuBHasd
TOJIIIMHA, TEILTOM30ISIIN HeBetuKa. [1o Tem ke mpuamHAM 3UMOIi XOJTOIHO JazKe IIPH IOJ-
HOM 0e3BeTPHHI: CKOPOCTh KOHBEKTHBHOIO TedeHus Oymer mopsiaka 1 m/c.

Eciu coit »kukocTy TOIIUHBL A 10I0TPeBaeTCs CHU3Y, KOHBEKIIHSI BOBHUKALT TP YCJI0-
sun (Peseii, 1916 r.)

_ gBATH?
=

Gr-Pr > 1700 .

[Tousth 31y HEOX)uJIAHHO OOJIBITYIO TUMPY MOXKHO U3 Takux coobparkenuii. [Ipu obbranom
obrekanuu Texa Jg Re ~ 1 jaxke uMerolneecs: JIBUKEHHE TACUTCS BA3KOCTHIO (TedeHme
Crokca). [Toaromy 0:KuJATh BOSHUKHOBEHUsI KOHBEKIUH ¢ Re ~ 1 He MPUXOIUTCS: BSI3KOCTH
CJIMIITKOM BeJIMKa, JIn0O HexBaTaeT nepenaja remieparyp. Jducjio Peiinosbiaca, cooTBeTcTBY-
folee HadaJIy KouBeknuu, nmopsjiaka v/ 1700 ~ 40. Ho npu obrekanuu kak pa3 npu Re B quamna-
30HE HECKOJIBKUX JIECATKOB HABIIONAETCS MePUOIMIeCKUil OTPBIB BUXPell OT Tesa (JI0poKKa
KéapMmana, ¢ KOTOPOii CBA3aHO, HATIPUMED, TY/IeHHe TPOBOJIOB [IPU BETPE), T.e. BO30Y K IAI0TCS
BTOPUYHLIE TEUYEeHUS.

[Ipu HEOOBITOM HpPEBBINIEHUN YCI0BUs Pejiesi BOSHUKAIOT KOHBEKTUBHbIe g9eiiku Be-
Hapa, umenlre (OpMy HMOUTH TPABUIHHBIX MECTUYTOJBHUKOB, TPUIEM YKUJIKOCTH BCILIbI-
BaeT B NEHTpe M olycKaeTcd 1o Kpaam. Boma cioem 1 em mpu 20 °C (3 = 1,8 - 107* 1/K)

MOZKeT OBITh Harpera cHu3y He Oosiee uem Ha 0,15 °C 6e3 KouBeknuu. B HeBecomocTn J11d
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TerI000MeHa HeoOXOIMMa BbIHYKI€HHAsI KOHBEKINS (ClenuaabHbie BEHTHISITOPH). B mopu-
CTBhIX MaTepHaJiaX KOHBEKIUA IMpEeKpallaeTCd ITPpU MUJJIUMETPOBBIX pa3MepaXx I10P.

B xu3nn ouenn BarkHa arMocdepHasg KOHBEKIud. boJbine Mmacmradbbl TpeOYIOT yue-
ta czkumaemocTu. [Iycrs CostHIle HarpeBaeT MOBEpXHOCTh 3eMJIU, TaK UTO HUKHUE CJIOU BO3-
JyXa Teliee BepXHUX, HMeromux teMmeparypy 1o, na AT. I[logaunmasch BBepX, 00beM rasa

ajnabaTuaeckn OXJIarKJIaeTcsl W3-3a MaJIeHusl JaBJIeHus ; Ha BbicOTe h

y—1

po — pgh\ 7

T = (Ty + AT) -
Po

3/ech p — cpeJiHdd IJIOTHOCTb BO3JyXa B cTOJiOe BhicOTOi h. Eciam Temmeparypa 1’ Bbiie,
yeM «3aKoHHas» 1y Ha BbICOTe h, TMOAHABIIHIICA 00beM OYIEeT Jierde OKpyzKaroIero Bo3ayxa,

9TO 3aCTaBUT JPYTroit 00bem omyctuthest Buu3. Cunrast h u AT majibivu, morydaem

AT v —1pgh AT  v—1pug
> , mwm  —— > .
Ty Y Po Ty v R

Hng Bosayxa v = 1,4; 1 = 30 r/Mosib 1 KPUTHYECKHI I'PAJMEHT TeMIepaTypbl Oyuer
10 rpajg/km. Takue ycaoBust BO3HUKAOT 4acTo. CTPYH TEIIOrO BJIAYKHOIO BO3JLyXa JIEIKO
pacno3HaTh mo obgakaMm, CHAAIUM Ha uxX Bepimaax. (IIpu agumabaTuveckoM MAJIeHUN TeM-
nepaTypbl Ha HEKOTOPO# BBICOTE HAYMHAETCH KOHJCHCAIMS TTapa, MOJHATOTO BMECTE C BO3/LY-
xoM ¢ oBepxHoctn ). Konpexiust B CoJtHIle pacpoCcTpaHsIeTcsi OT MOBEPXHOCTH IIPUMEPHO JI0
HOJIOBUHBI PAJNYCa, ITO OObACHIET BO3HUKHOBEHUE MATEH, MPOTYyOepaHIeB ! T.0., MpUIeM
BayKHYIO POJIb UTPaeT MarHUTHOE TOJIe.

KonBekmus onpejesisier JuHaAMUKY 3eMHOIl armocdepnl B mejaom. Bo3ayx mogHnmaer-
cs Ha YKBATOPE M OIYCKAETCS B CPEJHUX MHUPOTax. B pesy/brare BO3ZHUKAET MUPKY/ISIUS.
Broas nmosepxunocTr 3em/in K 9KBATOPY IYIOT MMOCTOSTHHBIE BETPHI — MMACCAThI, KOTOPHIE Bpa-
menneMm 3emin (cunoii Kopuosuca) oTkIoHsIIOTCS K 3amary. [leperekanue BO3IyXa MeKLy
MaTepUKaMU U OKeaHaMH W3-3a PA3HOTO HATrPeBa BBHI3BIBAET MYCCOHHYIO IUPKYJIANHUIO C CY-
XUM ¥ BJIA2KHBIM BpeMeHamu 1oja. [Ipu O0/IbIIoil B/IaKHOCTH KOHBEKIIUS C ITOC/IE/ Y IOIUM
BBIITA/IEHUEM JIOZKJISI BBI3BIBAET PE3KYIO0 CMEHY TeMIIepaTyp, 4TO HPUBOJIUT K TPOIMUIECKUM
yparanam. /s yparana HeoOXoamMa KapKas MOT0/Ia, BLI3BIBAIONIAS CHJIHLHOE UCHAPEHUEe U
HO/IHATHE HArPeToro Bo3/yxa, u cuia Kopuonuca, KoTopas 3aKpydInBaeT CXOIIINECT K OCBO-
bonusrremycst Mecty noroku. Cuna Kopuosuca B 10:KHOM MOJIyIapun 3aKpydnBaeT yparaH
[0 YacOBOI CTpeJIKe, a B CeBepHOM — NpOoTUB. Ha 3KBaTOpe ee B/MSHUE HYJIEBOE, U MOITOMY
yparabl BOSHHKAIOT B COPOKOBBIX («PEBYIIHUX») MIMPOTAX, [JIe elle JOCTATOTHO YKAPKO.

Wurepecna mpobsema mpornosa moroisl. Kazamoch Obl, 3Had ypaBHEHUS JIBUZKEHUS W
ycJoBus B aTMocdepe, MOXKHO MpeCKa3aTh OYyIee cocTosHe noroapl. Hayaueiv nporno-
30M BIIepBble 3aHsuicst aavupan Punpoii (1805-1865), ObiBinuii Kamuran kKopabias «Buriby,
Ha KOTOPOM COBepIIuI cBoe 3naMenutoe miasanue 9. {apsun. Ouipoit moHsiI, 9T0 BayKHa He
IOT0/Ia B TAHHOM MeCTe B MPOINLIOM, a Pa3/Indue JaBAeHUI B OKPECTHOCTIX, B OCOOEHHOCTH

HOJIOYKeHUe Pe3KUX IepenajioB gaBaeHns — arMocdepHbiX (ppoHTOoB. B niease, 3uas ycaoBus
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Ha JIOCTATOYHO T'YCTOI CeTKe TOYEeK, MOYKHO IMpejcKa3arh apu:keane ¢pponros. Ceityac pas-
paboraH TUAPOANHAMHYECKU ITPOTHO3 MOT0/bl IPUMEpPHO Ha Hejesto. [lodemy He ymaercs
IPEJICKA3aTh MOrOJY Ha MeCsIl Bepe i (3T0 ObLIO OBl MOJIE3HO /IS CeTbCKOrO XO3sIHCTBA ) WK
Ha ro’

KonBeKTUBHBIE MPOIECCHl TECHO CBA3aHBI C HEYCTONIMBOCTHIO. Pamee 3Ta TpyaHoOCTh He
ocosnaBastach. Oxuako B 1963 1. D.J/lopenmy obHapyKuji IPUHIUNHAIBHYIO HEBO3MOYKHOCTH
JIOJITOCPOYHOIO TIPOT'HO3a, HA, YIPOIIEHHOH MaTemaTudeckoit moesn. [IpeacraBum cebe KoIb-
11e06pasHy0 TPYOKY, 3al0JTHEHHYIO BSI3KOH KUJAKOCTBIO (cM. puc. 6.14 ma crp. 81). Tpybka
pacmooKeHa B BePTHKAJBHON IJIOCKOCTH W MOAOoTpeBaeTcd cHu3y. [Ipm mocraTrounoit pas-
HOCTHU TeMIlepaTyp HarpeThlii BHU3Y yYaCTOK HAUYHET MOJHUMATHCS U YKHUJIKOCTH TPHUIET BO
BpallleHne, HalpaBIeHHe KOTOPOrO 3aBUCUT OT HAYAJIbHOTO Bo3MymeHus. C yBeanmdeHneM
AT KuUIKOCTh BpeMsi OT BPeMeHU HadHeT MeHsITh HalpapjaeHue BparieHus. CkazkeMm, OHA
Pa3rOHSIETCS HACTOJIBKO, UYTO KaKOi-TO 00beM IPOCKAKHUBAET HUKHEEe IMOJIOKEHUe, He YCIeB
BHOBDL KaK CJIeyeT HarpeTbcsd. B pe3yabrare He JTOXOIUT 10 BepXa W MOYKET OCTaHOBHUTHCH,
a 3aTeM JIBUHYTbCS B OOPATHOM HAIPaBJIEHUH. JKCIEPUMEHT W UUCACHHBIH pacder MmoKa3bi-
BAIOT, UTO NMPHU OOJIBIION PA3HOCTH TEMIIePaTyp MOMEHTBHI CMEHbl HalPABJIEHUS CJIyIaiHbI.
Tpybra mMomenupyeT KOHBEKTHBHYIO d49eiKy B aTMmocdepe.

[Tpumep Jlopenma — 3T0 07HO W3 MEePBLIX HAOJIIOMEHWI JUHAMUYECKOTO Xa0cCa, KOrma 0e3-
ObOUITHBIE C BUJY JETEPMUHUPOBAHHBIE CHCTEMBI PA3BUBAIOTCS HEMpeICKa3zyeMbIM 06pa3oM. ATmo-
cepHbIil HPOHT MOKET pacChIaThCsd 063 BUAMMBIX MPUYUUH WM BO3HUKHYTH HA «POBHOM MECTE»
n3-3a CJAA0BIX BO3JEICTBUIT, KOTOPbIE HEBO3MOYKHO KOHTPOnpoBaTh. [lo Boipaxkenuto Jlopenra, cy-
mectByeT «3ddext 6abouKmy : B3MaX KPbLIbeB 06a00UKM Yepe3 HEKOTOPOE BPEMS MOYKET COBEPITIEHHO
U3MEHUTH TOrojy. Pertenne ypaBHeHUI TMHAMUYECKON METEOPOJIOTUN HEYCTONINBO: MaJIble OTK/I0-
HEHUs HApPACTAIOT CO BpeMmeHeM. Bpems yiaBoenus cjaydaiiHoit ommmOKu cocTaBjiger 3 — 5 JIHEil, a
vyepe3 2 — 3 HeJeaM pacder He OyJeT uMeTh HUYero OOHIEro ¢ PeajbHOCTBIO (XOTS M JJACT BIIOJIHE
BO3MOXKHYIO B IpUHIMIE 110rofy ). Ilepexo K TypOy/IeHTHOCTH, MO-BUMMOMY, TOXKE CBSI3aH C JMHA-
MuueckuM xaocoM. [logpobuee 3T BOIPOCHI OCBEIEHBI HUYKE, B MPUIOKEHIH.

Bpewmst oT Bpemenu razeThbl MpomaraHgupyoT JTOCTUKEHUsT OTAeTbHBIX CUHOITUKOB C JINAIa30-
HOM JIeficTBUST OPsiKa, rojia. [Ipu 9TOM yIOMUHAIOTCS 0O0CHOBAHUS TOJIBKO CAMOTO ODIIEr0 XapaK-
repa (Bcemy npuunnoii — CosHIe), Je1aeTcs yrnop Ha BaKHOCTH PAbOT st HAPOJHOTO X03sicTBa
u 6e3paznuune opUIUaIbHON HayKu. V310KeHne UIioCTPUPYETCss MHOXKECTBOM BEDHBIX ITPeICKa-
zannii. Hanpumep, HEKTO 3aHs/ICI METEOpOJorueil ciaydaiino, 6e3 crenuajabHoro 00pa30BaHUs, M0-
CKOJIBKY KOMY-TO HaJI0 OBLIO JaBAaTh MTPOTHO3LI. 1lepBhiil ke mporuo3 oxkasaJjcd ymadabiM. [Toka 9o

dusnka HEe MOXKET 00bLICHUTH TaKue (PEHOMEHBDI.
IIpunoxenne. Jlormctmaeckoe orodbpakeHme n Mmoae b Jlo-

peHIia

Ha mpocreiiniem mpumepe mokakem pe3ysIbTaThl CPABHUTEIHHO HOBOTO pa3jesia COBpeMeHHO ¢hu-

BUKW — TUHAMWYIECKOTO, WIN JeTEPMIHIPOBAHHOTO, Xaoca. [IpoTuB oxmaanms, caMble TPOCTLIE 9BO-
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JIIOIMOHHBIE 3aBUCUMOCTHA MOTYT MPUBOJUTH K HEMPEJICKA3YEMOMY TTOBEJIEHUIO.
[Iycrs Ha HEKOTOPOM OCTpOBe obuTarorT Kpoauku (rabbits). EcrecTBeHHO MpeamosioKuTh, 4To

opn MaJIoil HaceJeHHOCTH UX KOJaIu4ecTBo lRa IIOAYNHACTCA YPaBHEHHIO!:

dRa
—=k-R 6.11
- . (6.11)

TO €CTh CKOPOCTDh YBEJIMYEHNT HACETEHHOCTH ITPOMOPITMOHATBHA Y2Ke UMeIoIeMycs Hacenennio. Be-
JmanHa k — KO3 PUIIMEHT Pa3MHOKEHMS.

Pemenve ypasuenusi (6.11) n3BectHo — HaceeHre pacTeT SKCIOHEHINAIBLHO:
Ra = Ray - exp(kt),

rie Rag — 91csio KpomKoB B HauaIbHbIH MoMeHT. Uepes xapakrepHoe Bpemst, pastoe 1/k, 910 quciio
BO3pacTeT B € = 2,71828 pa3, elle 0IMH TaKO# MPOMEKYTOK CHOBA JACT TAKOE YKe YBeJudeHue, u T.JI.
Buama mosHasg aHagorng ¢ MEXaHHMIECKOH HeyCTONYMBOCTBHIO, KOTOPYIO MBI yxKe obcyxmann. Ceii-
Jac TOJIBKO HAIIOMHUM, 9TO SKCIOHEHITHAJILHO PA3BUBAIOININNCS IPOIECC CO BpeMeHeM IprodbpeTaer
XapaKkTep B3pHIBA.

Ckopo Halr ocTpos nepenoaauTcsd. Ilycrs ero «emkroctby Ng = 1000 kposukos. [Ipu menbIeit
YUCIEHHOCTH KPOJIMKK PA3MHOXKAIOTCS, pu O0JIbIell — MpyT OT rojioja. B ypaBHeHue naji0 BBeCTH

nonpaBky Ha Lebensraum (Hem. — KU3HEHHOE MTPOCTPAHCTBO):

d
% — k- Ra(l — Ra) . (6.12)

Baeck u ganbine aucao Kpoankos n3mepsiercsa B exuannax Ny (kilorabbit). Ecim Ra = 1, o cko-
POCTL TPUPOCTA HaceJTeHUsd PaBHA HYIIO — JTOCTUTAETCA PABHOBECHe MEYKTy YHCIOM POYKIEHW I
cmepreit. [Ipu g0060M HAaYAIBHOM 3HAUEHUHU, KpoMe HyJisd, Ra cTpemurcs K 1 — paBHOBECHOMY 3Ha-
vennto. [eficteurensno, npu Ra < 1 npasas wacts (6.12) mosoxuTebHA, 1 HACETEHNE BO3PACTAET.
[Ipu obparHOM HEpaBEHCTBE IpaBasi YacTh OTPUIATEIbHA, U HACEJEHUE YMEHBITACTCH.

Kposukn Bpsiz1, i 3HaKOMBI ¢ udbbepeHma bHbIMU yPaBHEHUSIME (KAK 1 MHOTHE TITKOJLHUKH ).
Cxopee, pa3sMHOKEHIE KPOJUKOB HOCHUT CE30HHBI XapaKTep M IMOMIHHSIETCS PA3HOCTHOMY ypaBHEe-

HUIO: ,
e =k - Ra(l — Ra),
7—

nJin

Ra' = Ra + kTRa(1 — Ra).

MoOKHO CKa3aTh, 4TO IO TEKyIeMy 3HadeHuio Ra IIaHupyercs HOoBoe 3HaueHne Ra' wepes mepmon

pa3mHuOxkKeHust 7. BoiOpas 7 3a eIuHUIlY BPEMEHU, OKOHIATETLHO NMEeM
Ra' = Ra(1 + k — kRa) . (6.13)

VpaBHeHnd Takoro BUIa, KOT/Ia CAeAYIOIee 3HAUEeHNe BeJIMINHBl BLIUNC/IAETCI Tepe3 TpeIblayIree,
HazbiBaloTCs uTepamuoHubiMu. Cpasy Bugmo, uto npu Ra = 1 noayuaerca Ra’ = 1. Takum
06pa30M, PABHOBECHOE 3HAYEHME JIjIsi HEeNPEPBIBHOTO ypasHenus (6.11) u ero muckpernoit mojenn

(6.13) ommo u TO XKe.
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Ho 370 He 3natuuT, 910 perienne TuCKPETHOH Moe/ i 00g3aTe/ IbHO OyIeT HAlIOMUHATE TTOBEIEHIE
HerpepbiBHON. OKa3bIBAETCsI, YTO MpU OOJBIIOM KO3(hDbUIIMEHTe Pa3MHOKEHNsI (TOYHee, TPOu3Be-
nennn kT) paBHOBECHOE 3HAYEHUE B JTUCKPETHON MOJE/TH HEeyCTONInBO.

Jlerge 310 momarts npu rpadpuaeckoM moaxoge. Touka Ra’ = Ra = 1 — 310 nmepecedenne rpa-
dbukos (puc. 6.12)

y=xz un y=x(1+k—kzx)=f(x).

Basucumocts (6.13), ecsim TOBOPUTH O PABHOBECHOM 3HAUEHWH — TOUYKE MEPeceveHusi rpahuKkoB —

MOKHO TTOHUMATH KaK CIIOCOD pEIeHUs YPABHEHUS

z = f(x)

MeTomoM urepanyii. IlycTh MBI HA9aIM ¢ KAKOro-TO 3Ha4Yenns xg = Rag. OTMedaem ero Ha aeiicTBu-
tesibHOl ocu. Emy cormacuo (6.13) coorsercryer HOBOE 3Hauenue ' = f(xg), mexariee Ha rpadguke
dbyukimn (Touka 1). Ero cHOBa HAJI0 MOJCTABUTH B ypaBHEHUe uTepanuii. [lepeHOCHTh 3T0 3HAUeHHe
HA TOPU3OHTAIBHYIO OCh He 00s3arebHo. [Iporie Haiitn nepeceuenue ¢ npsavoit y = x (touka 2). 13
Hee ONATh MPOBOAMM BepTHKaJb 10 rpaduka f(x) (rouka 3), u v.a. Bugum, aro nocnemosarenbubie
SHAYEHNS OPpUOINKAIOTCA K TOUYKE Iepecedennd o coupaan. Kak ropopar, urepanuy cxomarcs. Pe-

IeHne Kak Obl mpuTaruBaeT K cebe Tpaekropuio. Ho tak 6eiBaer we Bcerma. Ha puc. 6.13 mokazan

V=X y
12

Y =J(x)
e

X, X X,
Puc. 6.12. Puc. 6.13.

IpUMEp PACXOSAIINXCS UTePAIHil, «OTTAJTKUBAIOIMXCA» OT pernerus. Jlerko ybeurbes (HapucoBaB
HECKOJIbKO TpadukoB Tuma puc. 6.12 u 6.13), 9To 1yst cXOAMMOCTH UTeparuii HeoOX0AUMO, ITOObI
rpaduk y = f(z) umes B TOUKe mepeceveHusi MEHBINUH HAK/IOH, YeM y NpsAMoil y = x, 10 ecrb f
ciabee 3aBuCea OT X, YeM Y = .

Meros nrepanuiit 9acTo IPUMEHSETCS Jijid YUCIEHHOTrO pernenus ypasuenwuii. [lompobyiite pe-
muTh, HanpuMep, £ = cos(z). [IpaByio 9acTb MOXKHO BBIYHCIATH HA KAJbKyasTope. HadambHoe
npubimzkenre Bo3bMuTe B mHTepBase 0 < z < 7/2. IlompofyiiTe Tak Ke PEIIUTh ypaBHEHUE
x =10 — tg(z). Cxougres sm urepannu?

13 (6.13) Bugno, uro ¢ Bo3pacranuem k dyuxnus f cranoBurcs Bce Hoee kpyroii. OxkaspiBa-
eTCs, YTO HEYCTOWYMBBLIM PABHOBECHE CTAHOBUTCH mnpu k > 2.

Yro ke OyJIeT ¢ KPoJauKaMu, eciu pasHoBecue HeycToianso? OO0bsICHUTH 9TO Ha, CJI0BAX HE Tak

mnpocto. OnuireM KpaTko pe3y/bTaThl, KOTOPhIE 1aeT KOMIIbIOTEpHAs MPOrPaMMa.



6.5. KoHBekImsa u TelLIomepesada 79

ITpu k < 2 nosenenne Ra(t) 6im3ko Kk HenpepbiBHO Mozen. [Ipu 11060M HAavYaILHOM 3HAYEHNH
CO BpeMeHeM peIlleHne CTPEMUTCA K 1 — paBHOBECHIO.

Onmako npu k B naTEpBase oT 2 10 2,44 mabmomaiorcs Kouebannd. [lpn 60bImoi I010BUTO-
CTU MaJiasi 3aCeIeHHOCTh JlaeT OBICTPBIN POCT U MEePexXoj] Yepe3 PaBHOBECHE; 3aTeM MepeHACeIeHIe
MPUBOUT K BHIMUPAHWUIO. YCTONYINBO He PABHOBECHOE 3HAUEHNE, a IUKJI C EPUOIOM 2.

[Ipu masnbreiiiem yBeautdeHun k BO3ZHUKAET NMUKJI C mepuojgoM 4, u T.., a npu k > 2,5699457
HAYMHAETCS XaoTH4ueckoe (becrmopsmounoe) mosesgerne. [Ipu k okoso 3 mocsenoBaTebHbIE UTEpa-
AW JTAI0T MPAKTUYECKU CIyYaiiHble UNCIa. DTO MPOUCXOUT, HECMOTPSI Ha BIIOJIHE OTPeIe/IeHHbII
(merepMMHMPOBAHHBII) XapakTep BCex BhramucaeHuil. Takoe mMoBeieHre U HA3LIBAETCS JIeTEPMUHIPO-
BaHHBIM XaocoM. Kak BuIHO, K HEMY MOT'YT MPUBOJUTH C BUJLY BIIOJTHE 0€300MTHBIE MOIEJIH.

Eciu nepeiitu x unciam ¢ = Ra - k/(1 4 k), noayuaercsa 6oJiee mpocToe ypaBHEHMe
¥ =rz(l-2), (6.14)

rae 7 = (1 + k). Beawunna x ygobree TeMm, ITO He HpeBHIMIAeT eIuHANbL. YpasHenue (6.14) mHas3wl-

BaeTCd JIOTUCTUYIECKNUM OTO61T)E).)K€HI/I(3M4

, mm orobpazkernuem Deiirendayma.

Ml paccys1a/iu 0 Kpoaukax, ciaemys jgekimn JI.Mapkca®, n3secTHoro BeHrepckoro (busmka,
€IMHCTBEHHO JIIs IPUIAHNS M3JI0KEHUI0 U3BECTHOM 3aHnMaTesbHoCTH. Ha camoMm ke jiesie paccMoT-
pEeHHAas 33/1ava UMEeeT OTHOIIeHrne K TypoyiaenTHocT. C yBe/IMYeHNEM CKOPOCTU TEUYeHNe CTAHOBUT-
CsT HEYCTOMYIMBBIM; BO3HUKAIOT TepBuUHbIe Buxpr. OquH 000pOT BUXPST MOKHO PACCMaTPUBAThH KaK
K1 orobpaxkenns tuma (6.13). Jasee sTu BUXpH TOXKE TEPAIOT YCTOWUNBOCTD: MOSBJISIETCS UK
c mepuosoM 2. Ha mecro k B ruapogmHaMuKe Cieayer mOCTaBUTh ducao Peiimonbaca Re. Kak u B
Hareil 3a/ade, mepexos] 0T JJAMIUHAPHOTO TeUYeHud K TypPOyJIeHTHOMY MPOUCXOIUT IIPU HEDOJIBITIOM
OTHOCUTE/IBHOM MU3MEHEHUUN 4Yucjla PeﬁHOJ’[bﬂC&.

Boobirie merepMIHIPOBAHHBIH Xa0C Ceiiac HAXOIAT BO MHOYXKecTBe objiacreit. Hampuwmep, ObicT-
PO Pa3BUBAIOIIASICA IKOHOMUKA, MPU OOJIBIIIOM IEepUOJie IJIAHUPOBAHUS TOXKE MOYKET JTaTh XaoTH-
qeckoe moeejenne. U, B moBepinerune Bcero, maxke B COJIHEUHO CHCTEME eCTh JIEMEHTHI Xa0Ca.
Korma-to Jlamnac mpegaran paccautarh Bce dymyinee Bceesiennoil, 3uast ee HAIAIbHOE COCTOSTHUE
1 3aKkoHbI pa3puTus. [loxoxke, 9TO 9TO HEBOBMOXKHO HE TOJIBKO TEXHUYECKU, HO U MPUHIUIHAIBHO.
Co Bpemen HproToHa cumTasoch, 9TO poJib HAyKW — IMpejickazanue Oymyinero. Temeps Mbl BUINM,
910 OY/IyIee MOYKET OBITH CaydaiiHbiM. BO3MOXKHO, Xa0THIECKUE SIBJICHUS TIOMOTYT Pa300pPaThCs B
TakuxX MpobsemMax, Kak CBoDOa BOJIH.

Teneps onwmiieM pe3ybTaThl mpocTeiinieli Mojesan JlopeHiia, OnuchIBaoIeil KOHBEKITHIO U
TOXKE JIeMOHCTPUPYIOIIEH TUHAMIUYECKU Xa0C. DTO JTACT HAM HEKOTOPOE MPEJICTABIEHHE O COBPEe-
MEHHOM B3IVIsije Ha 1PobJjieMy TypOyJIeHTHOCTH.

Konbueobpasnast Tpybka, CTOsIIAs BEPTUKAILHO, 3aM0HEeHa KUJAKOCThIo (puc. 6.14). TpybOka
TOJTIOTPEBAETCS CHU3Y TaK, UTO TeMIepaTypa ee cTeHOK paBHa —AT sin . YTOI (¢ 0TMepseTcst OT
ocu z: B HIKHEH Touke nmeercss +AT, a B Bepxueit —AT OTHOCHTETHLHO CPEHErO YPOBHI.

Ter0Boe PACIIMPEHNE U3MEHSIET TLIOTHOCTH YKHMJIKOCTU U BBI3bIBAET KOHBEKIWIO (BpAIEHME);
BA3KOCTH <«IIBITACTCA» CAEP2KaTh KOHBEKIIUIO. OKaBbIBaeTCﬂ, 9TO IoBeJeHre CUCTEeMbl 3aBHCHUT OT

MHTEHCUBHOCTHU Tomorpesa — Beanauasl AT, [Ipeacraum TemMmepaTypy KUIKOCTH B BUE

T=—-ATsinp+ycosp + zsiny ,

4 «Jlorucrukas (He myTaTh ¢ JOrUKOii) J0BOJILHO GJIM3KO [EPEBOAUTCH PYyCCKUM TEPMUHOM «CHADKEHUE>.
>George Marx, Simulation games in science education, Proc. of GIREP Conf. on the teaching of physics

in schools, Budapest, 1981. He myrars ¢ K.Mapkcowm.
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TAaK 4TO Y — 3TO TeMIlepaTypa B IIPABOil TOUKe, & 2z — OTKJIOHEHNE OT TeMIIePaTypPbl CTEHKN B BepXHeEHR
TOYKe TPYOKHU. YpaBHEHUE JBUKEHUS KUTKOCTH
dv  mgby
m— = —>=—
dt 2
3/ech m — Macca KUJIKOCTH B TpYOKe, v — CKOpOCThb TeueHus. [lepBoe ciaraemoe cripaBa OMUCHIBAET

kv

«JIBUZKYIIYIO CHJIY» W3-33 MEPEKOCA MaCChl IIPU TEILJIOBOM pacimuperun ¢ kodddurmentom b. Ilpu
TOJIOXKUTE/ILHOI aMILINTY/Ie  CIPaBa JKUJIKOCTh TeIlee u, 3HAUUT, MeHee 110THast® . Bropoe ciara-
eMO€ B TIPABO YACTH — IPOIMOPIIMOHAIBHOE CKOPOCTU TpeHue. YI00HbI 6e3pa3MepHbIe TTepeMeHHbIe

(c HEMU MeHbIe Ko3DMOUIHEHTOB).

av
- sV —
dt 8( V) ?

rIe s — KOHCTAHTA, 3aBUCAIIAT OT TeOMETPUN 1 CBOCTB »KUAKOCTH. Kire 1Ba ypaBHEHUS OMUCHIBAIOT
u3sMmenenuda Y u Z:
dy

— =-Y-VZ+RV
dt + ’

dz
—=—Z+VY.
dt *

[lepBbie ciaraemMble B IPaBbIX YaCTIX — 9TO TEIJIOOOMEH CO CTeHKOii. V3-3a Hero reMmeparypa Bbl-
PaBHUBAECTCA: TMOJIOZKUTE/IbHAA AMILIUTY/IA Y IPpUBOAUT K YMEHBIIICHUTIO Y OCTaJIBHbIe cJIaraeMbIe
ONMCBHIBAIOT KOHBEKTHBHBIN MepeHoc remna (om comepkar ckopocts V). Hampuwmep, cornmacuo mo-
CJTeTHEMY YPABHEHUIO, IPU TIOJIOKUTETBHON CKOPOCTH (IIPOTUB YaCOBOI CTPEIKN) U MOJOKUTETHHOM
TeMIepaType CIpaBa, Yepe3 HeKOTOPOEe BPeMsl BO3PACTET TEeMIIEPATypPa BBEPXY M3-3a MEPEHOCA T'0-
psueit xuakocru. Takyio xe npupomy umeer ciaaraemoe (—V Z) BO BTOPOM ypaBHEHUM; C/IAraeMoe
ke RV — 910 nepenoc «paBHOBeCHO» Temieparypbl 1’ CHU3Y B IIPABYIO TOYKY.

Beipaxkenus: mjig 6e3pa3mepHoit ckopocTu V. U aMILIUTY/I AT
Y u Z Mbl 37€Cb He BBIIHCBIBaeM. J[0CTATOYHO 3HATDH, 9TO OHH | &
TPOMOPINOHAJIbBHBI COOTBETCTBYIOIIUM DPA3MEPHBIM BEJIMYNHAM
v,y,%z. Tpu ypaBuenuwsi 00pa3yroT 3HamMeHuTyio cucremy JIo-
penra (E.Lorenz, Deterministic non-periodic flow. Journal of
Atmos. Sciences, 1963, v.20, p.130).

Kaxk 06brano npunsro, 3adukcupyem mapamerp s = 10 (3ro

\j

O3HAYaeT J0BOJBHO Gosbinoe Tperne). [lapamerp R nponopru-

onajsieH mepermaay temmeparypbl AT u moxer MmeHsaThed. On

anajorudex uncay PeitHonbaca B mpobseme TypOyJIeHTHOCTH.

Omnuiiem moBeJIeHNE CUCTEMBI P PA3IUIHBIX R, TO eCTh mpu +AT
Pa3HOIT MHTEHCUBHOCTHU MOJ0IPEBA.

Puc. 6.14.

[Ipm R < 1 ycTOWYNBO COCTOSIHIE TIOKOST KMIKOCTH, TO €CTh
V=Y=2=0,

B KOTOPOM O6pa.]l[a.IOTC5{ B HYJIb TIDAaBbIC 9aCTU ypaBHeHHﬁ. Ha.LIaJH)HbIe OTKJIOHEHWA OT PaBHOBECUA
3aTyXaloT.
IIpu 1 < R < s(s+4)/(s —2) = 17,5 yCTORIUBBIM COCTOSIHIEM Oy/IeT KOHBEKIINS — IIOCTOSTHHOE

Bpalienne >KNJKOCTU B CTOPOHY, OIIPeJe/ A€My IO Cﬂy‘{aﬁHbIMI/I OTKJIOHEHUAMMN OT COCTOAHMA ITOKOA.

6Tounee, Bpamaer }KUAKOCTb MOMEHT ciiI. Ho ypaBHeHHe BpalleHus IPHBOAUTCS HMEHHO K TAKOMY BHIY.
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CHoBa TIpaBble 9acTH JIOJYKHBI 00palllaThcs B Hysb. 3 mepporo ypashenusi umeem Y = V| us
Broporo torjma Z = R — 1, a u3 tperbero ¥ = V = /R — 1. Cocrosinue MOKOsI TO-TIPEXKHEMY
OCTAHeTCsl PABHOBECUEM, HO YK€ HEYCTONIUBBIM.

Hakonern, npu R > 17,5 HeycToitumBOil CTAHOBUTCA CTAIlMOHAPHAs KOHBEKIWs. Perenue cra-
HOBUTCSI XQOTUIECKUM: TeMIIepaTypa U CKOPOCTh M3MEHSIIOTCsT HerpeackasyeMbiM obpaszom. Mojess
JlopeHtia — mepBbIit 0OHADPYKEHHBIN TPUMED JTUHAMUYECKOTO, WU JeTePMUHUPOBAHHOTO Xaoca. OKa-
3aJIOCh, ITO JETEPMUHUPOBAHHBIE CUCTEMbI, KOTOPBIE JOJIZKHBI PACCUUTHIBATHCS TOYHO, MOTYT Be-
cTu cebst coBepirieHHO Heokugauuo. OTCioma BUHA TPYAHOCTH MPOTHO3a MOroAbl. Ecan perreHne
HEYCTONYINBO, TO OTKJIOHEHHUsI OT Hero Hapacraior. Kak yKe roBOpPUJIOCH, Yepe3 2 — 3 Helleln Mpo-
THO3 He OY/IeT UMEeTh HUYero obIEero ¢ peajbHOCTHIO.

Ecnu cienuth 3a mocseoBaTeIbHBIMA MAKCUMyMaMU OJHON W3 TMEPEMEHHBIX, TO TaK0e OTOD-
paxenue (n = n + 1) Gyger noxoxke Ha orobpaxenne Deiirenbayma. Paznuna ke cocront B TOM,
aro 3aa4qa Deiirendayma — qucKperTHasi, a Mojeb Jlopenita — HenpepbiBHast. OKa3bIBAETCsT, UTO B
HEIIPEPBIBHOW MOJIETH /IS BOSHUKHOBEHUS JTUHAMIYECKOTO Xa0ca HYKHO He MeHee Tpex jguddepen-

A bHBIX ypaBHeHuit. lHTepecHo, uTo Gojiee c/I0KHBIN BapuaHT JIopeHIa ObLT HAl/IEH paHbIIIe.



