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BJIUAHUE HOBEHXHOCTHBIX 3ATHA3HEHUI
HA HHOLECCbBbI KOHBEKTUBHOI'O HEHEMEHINBAHUA
B BEHXHEM CJIOE BOJIOEMA

H. C. Hioxuna, A.E. Opaanosnu

Hccnenyercs BiMsiHMe MOBEPXHOCTHBIX 3arpsi3HEHHMI HA MPoOLeCcChl KOHBEKTHBHOTO INepeMeNlUBAHUS B
BEpXHEeM CJI0¢ BOJ0eMa NpU Pa3/MYHbIX ruapoMereoyciaopusix. IlocrasiieHHasi 3a1ava HCCjIelyeTcs Ha
pa3paGoTaHHOli aBTOpaMH MaTeMaTHdeckoii Mojeau nupkyisuii Jenrsopa (LIJT). Iloka3zano, uro Hamm-
e 3arps3HeHUii YMeHbIIAeT UHTEHCMBHOCTh ABu:KeHus LIJI, BnuioTh 10 UX nojaasieHusi, 0COOEHHO NpH
00JbIIUX CKOPOCTAX Berpa. IIpH ITOM KAK CKOPOCTH NMOBEPXHOCTHBIX TeUeHHUil, TAK U UX Mepenaj Mexay
30HaMH KOHBepreHiuu u auseprennun B LIJI ysemumsarorcs.

ITporteccbl KOHBEKTUBHOI'O TIEPEMEITUBAHHS B BEPX-
HEM KBa3UOAHOPOHOM CJIO€ BOAOEMA HIPAKT BAXKHYIO
posb ipu GOPMUPOBAHUH €TI0 TEPMUUCCKUX W THAPO-
JTHHAMHUYECKUX XapaKTepucTHK. Kak IOoKas3elBalOT Ha-
OMIOICHUS M TEOPCTUUCCKUE MCCICAOBAHUS, OCHOBHOM
MPUYUHON BO3HWKHOBEHHWS KOHBEKIIUH SBJISIETCS HEP-
ro-MaccoobMeH Mexay atmochepoil U BomoeMoM (IIo-
TOKU SIBHOTO W CKPBITOTO Temiia, MoToKH Biaru). Cy-
MECTBEHHYIO YaCTh 3TOTO OOMEHa COCTABISIOT MOTOKH
TEIIa 32 CYET WCHApEeHHs, KOTOPBIE NMPH IMOIXOISIINX
TUAPOMETEOYCIOBHSIX JAK0T OCHOBHOM BKJIAJ, OXJIAXK/AS
noBepxHocTh BOAEI [1]. Ilpu 3ToM Hamuuue BeTpa Ha
BOJIOEMOM MPHUBOJUT K NEPECTPOUKE TPEXMEPHBIX KOH-
BCKTHUBHBIX SUCCK B BEPETECHOOOPA3HELIC BAJbl, BEITSHY-
TBHIE BJIOJIb HAIIPABIEHUS BETpa — IHPKYISAIAA JIeHr-
MIOpPa, KOTOPBIE OXBATBIBAKOT BeCh KBAa3HOIHOPOIHBIN
cnoii. OIHAKO HCTIApeHHe ¢ MOBEPXHOCTH BOABI CHIIBHO
3aBHCUT OT €€ 3arps3HEHUSL.

ITo omeHkam [2-5] oHO MOKeT yMEHBIMATHCA 10 60%,
YTO B CBOKO QYEPE]b BIWSET HA TEMIEPATYpPy HOBEPX-
HOCTH BOJIBI U YCTOWYHMBOCTH BOJHBIX Macc. [losromy
MPEJCTABISET HHTEPEC BBICHUTD, KAK CUJIBHO U MPH Ka-
KUX THAPOMETEOYCIOBHSIX MMOBEPXHOCTHBIE 3arPSA3HEHUS
(npexse Beero HeTAHBIC TUICHKH) BIUSIOT Ha KOHBEK-
THUBHBIE MPOIIECCH B BOJIOEME.

B nacrosmieil padoTe MOCTABICHHAS 3adadya HCCIC-

JyeTcs Ha pa3paboTaHHOH aBTOpaMU MaTeMaTHUYCCKOM
MoJienn upKysun Jlearmropa [1, 6-11]. B aToi mozne-
JIA CHUTAETCS, YTO MUPKYJIIHK JIeHrMiopa npencraBiis-
10T CO0OI BaTUKOBBIC BUXPEBBIC CTPYKTYPEI, BEITSIHYTHIC
BJ/IOJIb HAIIPABJIEHUS BETPA W 3aHHMAIOIIUE BeCh KBA3U-
OTHOPOAHEIN cloi BogoeMa. Bo30yxacHHe BUXpeld mpo-
HCXO/IUT 32 CYET KOHBEKTHMBHOW HEYCTOWYHMBOCTH CIOS
BO/IBL.

B paccmarpuBaeMoi MaTeMaTHYECKOU MOJIENIU IIPO-
IecChl B BOJOEME ONMCHIBAIOTCS IOJIHOW HETWHEWHOH
CUCTEMOU ypaBHECHUNA TCPMOTHAPOAUHAMUKH B MPpUOIU-
skeHuu Ilyccunecka. Cuuraercs, 4TO NOBEPXHOCTEL BOJIO-
¢Ma SIBISICTCS CBOOOMHOM M Haja HEell AyeT MOCTOSHHBINA
M0 BEJIMYMHE W HANPABJIEHHUIO BETEP CO CKOPOCTBIO V.
ITa cBoOoaHOI BepxHEH IpaHUIlc BOJOCMA YIUTHIBACTCS
€r0 B3aUMOJICHCTBHE ¢ aTMochepol, KOTOPOE 3371aeTCs ¢
TIOMOTIIBIO TPEX MOJIYIMINPUUECKHX COOTHOIIEHUMN:

JUIA HAIIPSDKEHHS TPEHUS BeTpa

To = PaCUV2, (1)
JUISL HOTOKA SIBHOTO TEILIa
Qr = cppaCr(T - Tu)V, (2)
JUTSL TIOTOKA BJIATW B atMocdepy TpH UCTTapeHun
My = Cy(q — 4.)V, (3)

Mockosckuil rocynapcTBeHHbI yHHBepcuTeT uM. M. B. JlIomoHOCOBA, Qusuueckuil GakynbTeT; MEXaHUKO-MaTeMaTHIeCKUH (paxympTer.
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JJIS1 IIOTOKa CKPBITOIO TCILIA, BOSHHKAIOIICTO OAHO-
BpPEMCHHO C IIOTOKOM BJIaru,

Qq = LM,. (4)

3neck V' — CKOPOCTH BeTpa Ha HEKOTOPOM PacCTos-
HUHU OT TMOBEPXHOCTH BOJIBL; p, — IUIOTHOCTL BO3yXa;
¢p — TEIUIOEMKOCTH BO3/lyXa HMPU MOCTOSHHOM [aBJc-
Hun; T u T, — TemIeparypa BOJABI U BO3/yXa COOT-
BETCTBSHHO; ¢, — Yy/e/bHAS BJIAXKHOCTE BO3/lyXa Ha He-
KOTOPOH BBICOTE OT TOBEPXHOCTH BOJIBI, ¢ — yAcAbHAS
BJIAJKHOCTH HACHIIMIEHHOTO BOJSIHOTO Mapa HEMOCPECT-
BEHHO BOJIM3M MOBEPXHOCTH BOJBI, OMpeAcTsIcMas TEM-
nepatypoit ee nmosepxnocru: ¢ = ¢(7T'); L — yaenpHas
remora napoodpaszosanus; Cyr, Cr u Cy — Koddpdum-
CHTEHI TpeHUS Berpa, unciaa CreHroHa U JladbToHa A
MEpeHoca TeIUia U BOASHOTO Tlapa COOTBETCTBEHHO.

Kak craenyer u3 coornomeHuii (1)—(4), B3auMoaeicr-
BHe ¢ arMochepoli onpenensercss koagdunmenTaMu 06-
Mena Cyr, Ct u Cyy. IIpu 9TOM, KaK TOKa3bIBAIOT HAOIIO-
JICHUSI ¥ TEOPETUICCKUE OICHKM, B HaMOONBIIEH Crere-
HH OT 3arpsasHeHMs 3aBucuT umciao [ameroma C. Ile
BHMKAsl B JICTAlId 3aBUCUMOCTH Koddpdumuenra C, or
BEJIMUWHEL 3aTrpsI3HCHUS, B JaHHON pabore momaraercs,
gro hakTHUeckoe 3HadeHHMe Kodddumuenra JlaabroHa
Cy = 1Cymax, A€ Cymax — Koddpdumment Jamsro-
Ha A7 9icToi BoAwl. Takum 00pa3oM, xapaKTepuUCTH-
KOU 3arps3HEHHS B JaHHOM pabote cuuracrcs 4ucio 1,
B 3aBUCHUMOCTH OT KOTOPOTO U OyAyT paccMaTpUBATHCS
pe3yapTaTh MoAeupoBaHus. [Iro Yucmo u3MeHseTcs ot
77 = 1 npu 4ncToil Boze 10 77 = 0 IpH MOJHOM 3arpss-
HEHUH TTOBEPXHOCTH.

Mojens KOHBEKTHBHOTO TIEPEMENTHBAHUS BOIOEMA C
yUETOM BO3HHUKAIONIMX B HeM IMpKyJsui JleHrMiopa
noApoOHO OMHUCEIBANIACE B psijic paboT aBTopoB [1, 7-11]
1 371ech He MpuBoanTcsa. OTMETHM TOBKO OCHOBHEIE MO-
MEHTBI: TEOPHSI OCHOBAHA Ha MPENCTABICHAH O TOM, UTO
BCE TIPOTIECCH B KUKOCTH TTPOUCXOIST B YCIOBUSIX TTOT-
HOH TypOyIu3aIiuu Ccpebl; MHTCHCUBHOCTE TypOyIeHT-
HOCTH (H, CIIE/TOBATENBHO, MUKPOTICPEMEIITHBAHNE, KOTO-
poe ompeAensier KoagdurmeHTH TYPOYISHTHOH BI3KOC-
TH W TEIUIONPOBOHOCTH B CPeJie) BRIUUCISICTCS B MPO-
Iecce pelieHus 3a71a4d U3 ypaBHeHHS OamaHca Typdy-
JIEHTHON 3HEPIUH.

Kak crnenyer u3 ykazaHHBIX paboT, yCHJIEHHE BeTpa
YBETMUHBALT KakK KoadurpeHT TypOyIeHTHOTO OOMeHa,
TaK U MOTOKH CKPBITOTO U SIBHOTO Terwia. [1pu 6ombimmx
ckopoctsax Berpa (V' > 10-16 m/c) ycaoBus Bo3Oy:Xie-
HUSI KOHBEKITMH HAPYITIAIOTCS 3a CUeT pocTa KOa(ppHIT-
gHTa TypOYICHTHON BI3KOCTH. I[Ipu MEHBIHMX CKOPOC-
TX Berpa (4-8 M/C) [ YUCTOH BOJBI MTOTOKU SBHOTO U
CKPBITOTO TEILIA JOCTATOTHO BEJIUKH, YTOOBI TIOACPKH-
BaTh KOHBEKITNIO. OIHAKO HAIWINE 3aTPSI3HCHUN MOXET
CYITIECTBEHHO YMEHBITTUTE TOTOKH CKPBITOTO TEIUIA, ITO
MPUBOJNT K TOIABJICHUIO KOHBEKIMH U JTa’ke, B HEKOTO-
PBIX CIydasx, K «CPBIBY» KOHBEKTHUBHBIX ITHPKYJISIIHMA,
[Tpu 3TOM CyIIECTBEHHO U3MEHSIOTCS CKOPOCTH, pacIpe-
JIeNIeHHe TeMIIepaTyphl B BOAE, a TakKe TepeMelTUBaHNe,

YTO CHHIJKACT HACKHIIICHUC BOABI KUCIOPOAOM U BEI3HIBA-
CT IPYTUC HEXKEIATCIBHBIC MOCICACTBUL

ITpuBeACHHBIC PACCYXXACHUS WUIIOCTPUPYIOTCS pe-
3yAbTATAMU pacucTa MO MPEII0KCHHOU MaTeMaTHdeC-
KON MOJIENH.

Ila puc. 1 uzodbpaxeHa ogHa U3 HauboJiee BaKHBIX
XapPaKTEPUCTUK MPOIECCa MEPEMEIIIHBAHNS B BOJOCME —
MaKCUMaJIbHAs BECPTHUKAJIBHAS CKOPOCThH B KOHBCKTHB-
HBIX UPKYISIASIX Wi ,x B 3ABUCHMOCTH OT 3arpsI3HCHUS
(mapametp 7)) IpH pa3IUYHBIX 3HAUEHUAX CKOPOCTH BET-
pa V mag pomoemoM. L{udpamu Ha KpUBEIX 0003HAUSHEI
3HAYCHUST CKOPOCTH BeTpa (B M/C).
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YBenuueHue CKOPOCTH BETpa Ha MOBEPXHOCTH BOJTOE-
Ma Oe3 HaIW4us 3arps3HeHni (17 = 1) IpUBOUT K TOMY,
YTO MHTCHCUBHOCTH JABMXKCHUS NUPKYIAUNA JIeHrMIopa
yMeHBbITIaeTcs. Tak, mpu CKOpOCTH Betpa Vo = 2 Mm/c
BEPTHKAJIBHAS CKOPOCTh Wiy, B KOHBEKTUBHEIX CTPYK-
Typax OpubIU3UTeIbHO B 4 paza OoJblle, 4eM MpHU
V = 12 w/c. Tlanuuue 3arpssHEHUM CHUJIBLHO BIUSIET
Ha WHTCHCUBHOCTH IUPKYISIUN JIeHrMIopa, 0COOCHHO
npu 0oJbIMIUX CKopocTix Berpa. IIpu ckopoctu Berpa
V =12wm/cun = 0,6 (4TO COOTBETCTBYET YMEHBIIIEHUIO
ucnapenus Ha 40%), nupKyasmu JIeHrMiopa npekparta-
10T cBo¢ cymiectBoBanue. [lpu V' = 10 m/c BUXpHU ucue-
3a10T TOAbKO IpHu 7 < 0,2 (T.e. IpH yMEHBINIEHUN HC-
napeHus 6ojaee ueM Ha 80%). [Ipyu MEHBITUX CKOPOCTSIX
BeTpa AaXke MPH MOJHOM OTCYTCTBUHU HcnapeHus (n = 0)
MUPKYJISIAA JIGHIMIOpa CYIIECTBYIOT 3a CUET SIBHOTO ITO-
TOKa TeIlla U3 BOJIoeMa B aTMocdepy.

IIpeacraBiseT HHTEpPEC AHAIU3 TCUCHUS, BO3OYXKIac-
MOTO IAPKYJISIUASIMU JICHIMIOpa Ha TOBEPXHOCTH BOJIOC-
ma. [Tro Teuenne, HaIpaBJIEHHOE BJOJIb CKOPOCTH BETPA,
AMCET PA3IUIHOC 3HAUCHHUC B PA3MIUYHEIX 30HAX ITUPKY-
qanuid. Tak, B 30HaX KOHBEpreHIUU (pUC. 2) 3Ta CKO-
POCTH MOKET OBITH CYIISCTBCHHO OOJIBINE, YeM B 30HAX
nuBepreHiuu. [laauune 3arpsS3HeHUN CYyIICCTBEHHO BIIU-
SeT KaK Ha CPEAHIOID CKOPOCTH BOJABI HA HOBEPXHOCTHU
BOJIOEMA, TaK W Ha Mepenaj CKOpOCTed MeXy 30HaMHu
koHBepreHimHu U auBepreHIUn (AU = Uson — Ugiv).
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ITa puc. 3 m3o6paxeH rpaduk 3aBUCUMOCTH CpelHEH
CKOPOCTH TIOBEPXHOCTHOTO TeueHUS [/ B 3aBUCHMOCTH
OT CKOPOCTH BeTpa V mpHU pa3HON CTENEHU 3arpsSI3HCHUS
MOBEPXHOCTH BOJEI (ITapaMeTpa 7).

IMpu #HeOGoMpmUMx cropoctsix Berpa (V' < 4 M/c) mo-
BEPXHOCTHASI CKOPOCTH HE3HAUMTEIRHO 3aBUCHT OT IMa-
pamerpa 7. [Ipu OoNbITUX CKOPOCTIX BETpa U MOJHOC-
TBIO 3arpsi3HeHHON BoAe (1) = () CKOpPOCTh MOBEPXHOCT-
HOTO TEUEHHUSI CTAHOBUTCS 3aMETHO OOIbINe TIO CpaBHE-
HUIO co ciydaeM 77 = 1 (orcyrcTBHe 3arps3HeHnii). [lpu
V = 10 m/c pazauume COCTaBISICT OKOJ0 6 cM/c (6o-
nee 30%).

IcyHOK 2 Aaer mpencTaBicHNe O BETMIHHAX TIepera-
na AU. I1a HeM TIpeACTaBICHO paclpeieicHUe MOBEPX-
HOCTHON CKOpPOCTH Ugyr B pa3HBIX 30HAX ITUPKYJIAIUA
Jlearmiopa B 3aBUCUMOCTH OT MAPAMETPA 1) IPH Pa3IHy-
HEIX 3HAUEHUSIX CKOpocTH Berpa. Lndpamu npu kpuBeIx
0003HaYCHBI 3HAUCHUS CKOPOCTH BeTpa (B M/c). Bepxusisa
rpanuna obmxacru coorsercreyer 7 = 0 (Cy = 0), a HIX-
st — =1 (Cy = Cymax)-

ITpu ckopoctsax Berpa V' = 4 M/C CKOPOCTH TeUe-
HUS BOJBI B NUPKyJSIHSIX JICHTMIOpa Ha TMOBEPXHOCTH
MaJo 3aBHCAT OT MapaMeTpa 7. YBEIMUYEHHUE CKOPOCTH
BeTpa MPUBOUT K BO3PACTAHUIO KaK CPEAHEH CKOPOCTH
npeiica, Tak W mepenaga ckopocreil AU B pasaHUHBIX
30Hax TeucHUd. Tak, npu V = 6 M/c nepenaj CKOpOCTel
AU cocraBmsier 0oKojIo 4 cM/c, HO He CHIBHO 3aBHCHT
ot 7. Kaptuna pesko mensercs npu V. = 10 M/c. Ilpn
7 = 1 mupKkyasiud JIeHrMIopa CyInecTBYIOT W Iepenasi
ckopoctu AU mocruraer 9 cm/c, a ipu i = 0 IUPKyIS-
AN «CPBIBAIOTCS W TIOBEPXHOCTHOE TEUCHUE CTAHOBUT-
¢Sl OJMHAKOBEIM TIO0 BCEH TTOBEPXHOCTH BOJIOEMA.

Takum 00pa3oM, MPOBEJCHHBIE BEIYHCIATEIHHBIC
IKCIIEPUMEHTEL TOBOPSIT O CHIBHOH 3aBUCHMOCTH

U, em/e

25 n=0
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Huc. 3

WHTCHCUBHOCTH THPKYIAIUA JIeHTMIOpa OT 3arps3He-
HUH MOBEPXHOCTH BojloeMa. CBA3aHO ITO MPEXk/e BCEro
¢ YMCHBINICHUEM TIPU 3aTPA3HEHUN MCHIAPEHUS ¢ TIOBEPX-
HOCTH BOJIBI H, CIETOBATENLHO, ¢ YMCHBIIICHAEM TIPUTOKA
9HEPIHHU, KOTOpast WET Ha BO3OYXIeHHE ITUPKYISIIHOH-
HBIX CTPYKTYp. B psific clnydaeB 9TO MOXKET MPUBECTH K
MOJTHOMY TO/IABJICHHIO KOHBEKITHN U TIPEKPAITICHUIO TTe-
PEMEIITHBAHNS B BEPXHEM CJI0€ BOJOEMA.

ITh6ora BoLIIOAHEHA IIpU (UHAHCOBOH MOIAECPIKKE
Toccwmiickoro Qouma dyHmaMeHTATBEHBIX HUCCACAOBAHUH
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