Pasgen 2. KOHBEKUBHbIW TEMJTOOBMEH



OCHOBHbIe MNMOHATUA KOHBEKTUBHOINO TernrfiooomMeHa



[TOHATHE KOHBEKTMBHOIO TennoobmeHa oxBaTbiBaeT NPOLIECC
TennoobMeHa npu ABMKEHUU XUAKOCTU Unu rasa. [Npn aToM nepeHoc
TENNOThbl OCYLLECTBNAETCA OAHOBPEMEHHO KOHBEKLMEN U
TENNOnpPoOBOAHOCTbLIO.

Ecnu B eAuHuLYy BpemeHu Yepes eanHILY KOHTPOIbHOV NOBEPXHOCTM

HOpPMarnbHO K Hell npoxoAuT macca »xugkoctu I W , kr/(M*-c), roe W —
ckopocTb, I — NMOTHOCTb KWOKOCTU, TO BMECTE C HEll NePeHOCUTCS
Tennota, BT/m*;
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KoHBeKUUS TENNOThI BCeraa conpoBoxXgaetTc4d TernyionposogHOCTbIO,
T.K. Mpn ABMXEeHUn XNOKOCTnN Ui ra3a nponcxoanT CoOrnpmnKkoCHOBEHNE
oTAeJIbHbIX HaCTUL, NMEKLLUX pa3Jintv4Hble TeEMNEepPaTyphbl. B pe3yJibTaTe
KOHBEKTUBHbIN TEMNI00OMEH ONUCLIBAIOT YpaBHEHNEM
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[Tpy pacyeTax KOHBEKTUBHOIO TEMNI00OMEHA MeXAY TEKYLLEN
XXUOKOCTbIO N TBEPAOWU CTEHKOU UCMNOSb3YHOT 3akKoH HbloToHa — PruxmaHa
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KoadppuumeHT TennooTgayum a 3aBUCUT OT OONbLLOro KONMYecTBa
doakTopoBs. B obLiem cnyvae a aBnaetca pyHKumemn
- popMbIl U pasmMepoB Tena,
- pexxuma OBUXeHus,
- CKOPOCTU U TemnepaTypbl XXUOKOCTH,
- PU3NYECKUX MapaMeTpOoB XNOKOCTH,
- OpPYrux BeIMYunH.



UToObI NPMBECTN XXNOKOCTb B ABUXXEHME, K HEW HEODXOANUMO MPUNOXKNTD
cuny. Cunel, AEUCTBYIOLLME HA KaKON-INTMDO 3fIEMEHT XXUOKOCTU, MOXKHO
pasgennutb Ha MaccoBble (UMM 06 bEMHbBIE) N MOBEPXHOCTHbLIE.

MaccoebiMu Ha3bIBalOT CUMMbI, NPUITOXKEHHbIE KO BCEM YacTuLaM Xua-
KOCTU U 00YCNOBMEHHbIE BHELLUHMMW CUITOBLIMWU NONsiMK (Hanpumep, rpaBu-
TaUWUOHHbLIM NN ANIEKTPUYECKNM).

[logepXxHOCMHbIEe CUNbl BO3HUKAIOT BCNeACTBME OEUCTBUA OKpyXKatoLlen
XXNOKOCTU NN TBEPAbIX Tes; OHN NPUIMOXEHbI K MOBEPXHOCTH
KOHTPONbHOro oobema Xnakoctn. Takumm curnamm siBrsgoTCst CUMbI
BHELUHEro AaBrieHUda N CUNbl TPEHUS.



Pasnun4yatoT ce0600HYI0 U 8bIHYXXOEHHYO KOHBEKUUIO.

B nepBom cnyyae »XuaKkoCTb C HEOAHOPOAHbIM pacnpeaeneHnem
TemnepaTypsbl, U, Kak cneacTteme, C HEOQHOPOAHbIM pacnpeaeneHnem
MNNOTHOCTN, HAXOAUTCS B MONe 3eMHOro TArotTeHns. [N1oaTomy B HEV MOXET
BO3HUKHYTb CBOOOJHOE rpaBmUTaLIMOHHOE OBWMKEHNE.



BbiHyK0eHHOe 08uxeHuUe 0bbema XNUAOKOCTU NPOUCXOAUT noa
OEVNCTBMEM BHELLUHMX MOBEPXHOCTHbLIX CUI, NPUMOXEHHbIX Ha ero rpaHuuax,

3a cYeT npeaBapuUTEenbHO COODLLIEHHOM KMHETUYECKOWN aHeprum (Hanpumep,
3a cyeT paboTbl Hacoca, BEHTUNSATOPA, BETPA).

BbIHY>KAEHHOE ABMKeHNEe B 0OLLEM Crly4ae MOXET COMpoBOXAaTbCS
cBob6oaHbIM ABMKeHneM. OTHOCUTENBHOE BNUSIHNE MOCNEAHEr0 TEM
bonblue, Yem Oornblle pa3HMLUa TeMNepaTyp OTAENbHbIX YacTUL, cpeabl 1
4YeM MEHbLLIE CKOPOCTb BbIHY>KAEHHOIO ABMKEHUS.



OudrchepeHUumnanbHble YypaBHEHUA KOHBEKTUBHOIO TensiooomeHa
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N3 ypaBHeHUSA 4= n cneayeT, YTo NMOTHOCTb TEM10BOro

NOTOKa B NIOOOWN TOYKE XNOKOCTU OIS KaKO0Oro MOMEHTa BPEMEHU
O[HO3HA4YHO OMnpeaensieTcsl, eCnn N3BECTHbI NONSA TeMnepaTyp, YAenbHON
SOHTanNbMUM N CKOPOCTMW.



CBs3b Mexay TeMnepaTypon 1 sHTanbnmen MoxeT ObiTb YCTaHOBMNEHA

cnenyroLmm obpasom. [ns peanbHom xuaxkoctn | = f(t, P) u cornachHo
NOHATUIO O NOJSIHOM andodpepeHunane
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[1nss MHOrMX 3aga4 B NpeanonoXXeHNM O HECXKUMAEMOCTMU XUOKOCTU
(po=const) c 4OCTAaTOYHOWU CTEMEHBLID TOYHOCTU MOXKHO MPUHATL

(ﬂl /ﬂp)t - O, T.€. NoJ1Ib30BATbCA COOTHOLLUEHUNUEM, CMpaBeasiMBblM AOJ14
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TepMoauHaMUYEeCKn naeanbHoro rasa di = det "



YpasHeHue aHepauu.

BbiBeoem anpopepeHumanbHoe ypaBHeEHNE, ONUCbIBAKOLLEE TEM-
nepaTtypHoe nofe B ABMXYLLENCS XXUOKOCTW.

[1pu BbIBOAE Byaem nonaratb, YTO

- XKMOKOCTb U30TPOMNHa,

- ee hn3n4veckne napameTpbl MNOCTOAHHbI,

- 9Heprna gedopmauunm mana no cpaBHEHUO C UBMEHEHUEM

BHYTPEHHEWN SHEPTUN.



‘ dgz+dz/d@ Bbigenum B NoToKe XMOKOCTU HEMOOBWMXHbIN
Z -
OTHOCUTENbHO KOOPAMHATHOU CUCTEMbI ne-

{
1% J’_ 2¢.+4, MEHTAPHbLIN Napannenenunen c pebpamu dx, dy n dz.
/
Wyray fdgz z Uepes rpaHu napannenenunena Tennora ]
nepeHoCUTCHa TENNONPOBOAHOCTbLIO N KOHBEKLIMEN, B
Y obLlem crny4yae B paccMaTpmMBaeMoM OObLEME MOXET

BblAEJIATBCA TErJjiota BHyTPpEeHHNMU MCTOYHUKaMMW.



BbiBOO YpaBHEHNSI 3HEPIUN, COOTBETCTBYHOLLErO NPUHATLIM 34€eChb YCI10-
BUAM, OblST NONy4YeH paHee:
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[Tpoekummn NIOTHOCTU TENSIOBOrO MNOTOKA § Ha KoopanHaTHble ocn Ox,
Oy n Oz paBHbI

Tt . I . _ o T :
Oy =-1 —+r i gy =-1 —+r i g g, =-1 —+r »w,i

fix ’ Ty )|



[NoacTtaBnss 3HayeHus gy,gy U g, B ypaBHeHNe dypbe, MOXHO MOSy4YnThb
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[1ns HeCXXUMaeMbIX Xuagkocten (p=const) N3 3akoHa CoXpaHeHUS Macchl
crenyer:
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[locnegHee ypaBHEHUE ABNSAETCH ypasHEeHUEeM 3Hepauu,
onucbiBaloLWMM pacnpegeneHne TemnepaTyp BHYTPU ABMXKYLLLENCS
XKNOKOCTH.




Ecrin Wx =Wy =W, =0 yhaphenne sHeprim nepexoaut B ypasHeHme
TennonpoBOAHOCTW.

Kak cnegyeTt U3 ypaBHEHUSI 3HEPTUX, TEMNepaTypPHOE Nose B

OBVKYLLECS KMOKOCTM 3aBUCUT OT cocTasnsitowmx ckopoctn WxsWy Wz

UToObI caenaTb CUCTEMY YPaBHEHUN 3aMKHYTON, HEOBX0AMMO
0o6aBUTb YpaBHEHUS, KOTOpble Bbl onMckLIBann N3MEHEHUE CKOPOCTU BO
BPEMEHMN U NPOCTpPaHCTBE. TakuMn ypaBHEHUAMMN ABNAIOTCA
onddepeHunanbHble YypaBHEHUA OBUXKEHUS.



YpasHeHuUs1 OBUXKEHUS.

YpaBHeHne asmxkeHnsa Boonb ocn Ox

OnuncaHue OBMXeHUsS XNOKOCTU YCIOXHAETCA, €CI1n CKOPOCTb USMEHA-
eTC4d No TpemM HarlpaBJieHNAM.
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B o6wwem cnyyae coctasnsitowme ckopoctyt Wx:Wy Wz pamensitotes Bo

BPEMEHMN 1 B NPOCTPAHCTBE. YneH, CToAWNN B JIEBOUN YaCcTW YpaBHEHUH,
npeacrasnseT cobon NONHy NPON3BOAHYIO OT CKOPOCTU MO BPEMEHMN.

Ha ocHOBaHWM NMOHATUA O NONHOU (cybcTaHunanbHON) NPON3BOLHON
ans ocn Ox nmeem
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AHarnorn4dHbole ypaBHeHUs MOXHO 3anucaTb 1 ans oceun Oy, Oz.



Icnonb3ya BEKTOPHYO popMy 3anncu:
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YpaBHeHME OBMKEHNSA NOMNy4YeHO Oe3 yyeTa 3aBUCMMOCTU (PU3NYECKUX
napamMeTpoB XMOKOCTU OT TeMnepaTtypbl. B yacTHoCTH, He yyTeHa
3aBMCUMMOCTb NITIOTHOCTU OT TEMMNepaTypbI.

B 10 Xe Bpems cBOOOAHOE ABMXXEHME XKNOKOCTU OnpeaensaeTcs
PA3HOCTbLIO MMOTHOCTEN XONOAHbIX U HAarpeTbIX YaCcTuL, XKUAKOCTH.



[TpUbNMKEHHBIN YYET NEPEMEHHOCTN NITIOTHOCTN BO3MOXKEH C
BBeEHMEM TeMrepaTypHOro kKoaddpuumeHTa 00bLEMHOIo pacLunmpeHuns .
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T.k. B ypaBHeHue asmxeHusi, nommmo Wx:Wy,W; J BxoguT ewe
Hen3BeCTHasi BENMMYMHA P, TO CUCTEMA YPaBHEHWI He SBNSIeTCS
3aMkHyTol. Heobxoammo fo6aBuThb eLle 0JHO YpaBHEHNE — ypaBHEHME
CNMAOLWHOCTU (HEpPa3PbLIBHOCTN).



YpasHeHue crinowHocmu.

Bblaennm B NoToke OABMXYLLENCS XXUOKOCTU
Heno4BWXXHbIN 3fIeMeHTapHbIN Napannenenunen
co ctopoHamu dx, dy u dz n nogcymtaem maccy
XUOKOCTU, NpOTEKaloLLEN Yepes3 HEro B Ha-
npasneHun ocen Ox, Oy n Oz 3a Bpems dr.




B HarpaBJieHNN OCU Ox B napannenenunen BTekaetT MacCa XNOKOCTU

dM, =r >w,dydzdt

BennumHa [ Wy npencraBnsieT cobon KOMYEeCTBO Macchl,
npoTekalwLllen B egMHNLY BpeMEHU Yepes eanHNLY NonepeyvyHoro cevyeHus.
13 NpOTUBOMNOMNOXHOW rpaHn BbiTEKAET Macca

dM x+dx =T 7° Wx+dxdyd2dt



OrpaHnymBadack nepBbIMU ABYMSA YnNeHaMn pasnoXXeHus B pag, nony-
YyaeMm, YTo Mmacca dM,.qx, BblITEKAIOLLAA N3 3fIEMEHTApPHOro napansnenenuga
B HanpassrieHnn ocn Ox
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3nuLuek macchbl XXUOKOCTHU, BbITEKAIOLLMN N3 SNIEMEHTAPHOro obbema B
HanpaBreHum ocn Ox
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AHanornyHolM 06pa3omMm MOXKHO MOSTYyYUTb YpPaBHEHUSA AN HAanpaBlieHUN
no ocam Oy n Oz.



[TONHbIN U30bITOK MaccChl XXNOKOCTU, BbITEKAIOLLEN N3 3NEMEHTAPHOIO
obbema B HanpaBneHUN BCEX TPEX OCEN 0DYCNOBMNBAETCA UBMEHEHNEM
NAOTHOCTU XNOKOCTU B 00beMe dv U paBEH UBMEHEHUIO MacCChl JaHHOro
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ob0bema BO BPpEMEHU qt



[Tlpon3Bens cokpaileHne Ha dov n dr 1 nepeHecs Bce YneHbl B NIEBYIO
YacTb paBeHCTBA, OKOHYaTeNbHO NonyvynMm guddoepeHumnansHoe
ypasHeHue cr/ioWHoCmMu ans CxXnMaeMbliX XXUOKOCTEN
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[1na HecXXUMaeMbIX XUOKOCTeN, nonaras p=const, nony4yaem

ypaBHeHI/Ie CMJIOWWHOCTU ABINAEeTCA YpaBHEHNEM COXPAHEHUA MACChI.



