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Ky3HellOB A.Ii. 
AH:1.11113 3KCnepHMeHT0B no peaKll1111 caepxTeKy'lero reJJH!I 
Ha 11MnyJJbCHble TenJJ0Dble n0T0Kl1 60JJbWOH AJll1TeJJbH0CTl1 

PS-92-571 

TToKa3aH0, 'IT0 peaKlll1SI reJJl1SI 11 Ha 11HTeHCl1BHble TenJJ0Bble n0T0Kl1 60JJbWOH AJll1TeJJbHOCTl1 
11 npS!M0yroJJbHOH q>opMbl xopowo cornacyeTCSI C npe11cTaBJJeHl1IIMl1 /IBYX>Kl1/IK0CTH0H rn11po1111Ha
Ml1Kl1 co caepXTeK)''leH ryp6yJJeHTHOCTblO. Ha6JJIO/laeMhle npe11eJJbHble nJJ0TH0CTl1 TenJJ0BblX n0T0-
K0B cornacylOTCII C pean113all11e11 yCJJ0Bl1H napoo6pa30BaHl111. Attan113 noKa3hIBaeT, 'IT0 np11 
TellJJ0BblX n0T0Kax UbIWe npe11eJJbHblX nepexo11 K pe>1<11My TenJJ00TB0/la C napoo6pa3ooaH11eM npo-
11CX0/111T '1epe3 AJll1TeJJbHYIO CTa/111!0 JJ0KaJJbH0l'O neperpeaa >1<11/IK0l'O ren1111 . Ha6JJIO/laeMble B p1111e 
::JKCnep11MeHT0B rny60K11e nyJJhCallHl1 TeMneparypbl HarpeaaTeJJ11-TepM0MeTpa OObllCHIIIOTCII: JJ0-
KaJJbHblM neperpeB0M reJJHSI; o6pa30Ba1111eM B o6JJaCTl1 neperpeaa B6JJl1311 lleHTpa KaHaJJa napOBOH 
cjJa3bl, BblTaJJKl1Ba10w.e11 'laCTb neperpeTOro reJJl1SI 113 KaHana; pOCT0M ny3b1pe11 BnJJ0Tb 110 o6pa30-
uaHl1SI yCT0H'll1B0l'O ny3bIp11 T0p011,!\aJlbHOH cjJOpMbl 11 ero nocne11y10llJ,l1M p0CT0M /10 pa3Mepa, 
onpe11en11eM01'0 rpaHl1lleH ero yCTOH•IHR0CT11; pa3py111eH11eM T0p0H/laJJbll0l'O ny3bIpS1 C 110rJJ0llJ,eHl1-
eM napouoft (j)a3bl ll0CTynalOllJ,HM D KallaJJ H3 cocy11a X0JJ0/IHblM ren11eM. 

Pa6orn Dblll0JllleHa B Jla6opaTOpmt cuepxobtC0KHX 311epr1111 OH5Ut . 

Coo6w,eH11e O61.e1111He1111oro 1111cT11-ryTa 1111epHbIx 11ccne11ooaH1111. ,ny6Ha 1992 

IlepeBOA anTOpa 

Kuznetsov A.B. 
Analysis of Experiments by Superfluid Helium Reaction on Impulse Heat Flows 
of a Long Period 

PS-92-571 

It is shown that helium II reaction on intensive heat flows of a long period and a rectangular form 
conformsratherwell toan idea or two-fluid hydrodynamics with superfluid turbulence. The observable 
limit densities of heat flows conform to realization of saturate steam conditions. The analysis shows 
that for heat flows higher than limited ones transition to a regime of heat removal with steam creation 
occurs by long stage of local overheat of liquid helium. The observable deep pulsations or heater
thermometer temperature in some number or experiments are explained by the following: the local 
overheat of helium, the formation in an overheat region near the channel center of a steam phase 
pushing a part of overheat helium out of the channel , the increase of bubbles up to formation of the 
steady bubble in the form of toroid and its following growth to size determined by the boundary of its 
stability, the destruction of Jhe toroidal bubble with steam phase absorption by cold helium which 
arrives into the channel from the vessel. 

The investigation has been performed at the Particle Physics Laboratory, JINR . 

Communication of the Joint Institute for Nuclear Research . Dubna 1992 



1. BBE,n:EHHE 

B PMe pa6oT [l-3 ]onncaHhl pe3yJibTaThl 3KCnepHMeHTOB no peaKll;HH 

CBepxTeKytJero renm1 Ha HMnyJibCHhle npOAOJI)KHTCJibHhle TeilJIOBhle Harpy3KH 

co cra6HJIH3HpOBaHHOH MOru;HOCTblO TeilJIOBhl,l\CJieHH51. B pa6oTe [ 4 ] no~o6Ho 

OnHCaHhl KOHCTPYKll;H51 ll;HJIHR,l\pH'leCKOro TeilJIOBhl,l\CJl51IOru;ero 3JieMeHTa-H3-

MepHTCJI.sI H COOTBeTCTByroru;a.si: annapaTypa. 3KcnepnMeHThl npOBOAHJIHCb KaK B 

<<CB060AHhIX yCJIOBH.sIX>>, KOrAa TeilJIOBhl,l\CJI.sIIOru;H:u 3JieMeHT norpy)KaJIC51 B BaH

HY C renHeM 6e3 orpaHH'IHBaIOru;Hx ero 3KpaHOB, TaK H B <<CTeCHeHHhIX YCJIOBH

.si:x», KOrAa TeilJIOBhl,l\CJI.sIIOru;HH 3JieMeHT npeABapHTCJibHO noMeru;anc.si: B ll;HJIHH

APHtJeCKHH 3KpaH C MaJihIM 3a3opoM Me)K'Ay 3KpaHOM H TeilJIOBhl,l\CJl.sIIOru;e:u no

BepxHOCTbIO. B pa6oTe (3] 3KCnepHMeHTaJibHO noKa3aHo, 'ITO B "crecHeHHhIX 

YCJIOBH.sIX" pe3yJibTaTbl npn pa3JIHIJHhIX 3a3opax 3aBHC51T TOJibKO OT IlJIOTHOCTH 

TeilJIOBOro nOTOKa Ha BhIXOAe H3 3a3opa, T.e. B 3KCnepnMeHTaX peaJIH3OBaJIHCb 

YCJIOBH.sI "mHpOKOro" KaHana. 3TO cornacyCTC.sI c (5 ], rAe OTMetJeHO, 'ITO AJI.sI 

KaHaJIOB C AHaMeTpOM 6onee 0, 1 MM BJIH.sIHHeM TpeHH.sI O CTeHKH MO)KHO npeHe6-

petJb no cpaBHeHHIO C BHyTpeHHHM TpeHHeM, CB.sI3aHHhIM co CBepxTeKytJeH Typ-

6y neHTHOCTblO. AHano11ItJHhle 3KCnepnMeHThl onHCaHhl paHee AJI51 <<CB060AHhIX 

yCJIOBHH>> s (6,7 ], a AJI.sI <<CTeCHeHHhIX yCJIO,BHH» - B HHOH KOH<fmrypau;HH Ka

HaJia B (8 ]. 
3KcnepnMeHThl [ 1-3] npOBOAHJIHCb s pe)KHMe HaChlru;eHHhIX napoB s mn

pOKOM AHana3oHe TeMnepaTyp (T = 1,45 + 2,09 K) npn aMilJIHTYAax HMnynb-

CHhIX Harpy3OK AO 30 BT (B «CB060AHhIX yCJIOBH.sIX» AO 1,5 BT. CM -
2
). B TetJeHHe 

cepHH 3KCnepHMeHTOB rny6nHa norpy)KeHH.sI TeilJIOBhl,l\CJI.sIIOru;ero 3JieMeHTa H3-

MeH51JlaCb OT 15 AO 5 CM. :Sonee TO'IHO OHa He q:>HKCHpOBaJiaCb. 

IlpoBeAeM aHaJIH3 3KCnepHMeHTaJibHhIX pe3yJibTaTOB [l-3] Ha OCHOBe 

npeACTaBJieHHH ABYX)KffAKOCTHOH ~OAHHaMHKH C ytJeTOM CBepTeKy'leH Typ-

6yneHTHOCTH (9,10 ]. 

2. 3KCTIEPI1MEHThI B «CBO:SOAHhIX YCJIOBI1.5IX>> 

B pa6oTax [l-3] B «cso6oAHhlX yCJIOBH51X» BO BCeM AHana3oHe HMnyJibC

HhIX TeilJIOBhIX Harpy3OK H npH BCex TeMnepaTypax He Ha6JIIOAaJIOCb H3MeHe

HHH TeMnepaTyphl TeilJIOBhIACJI.sIIOru;ero 3JieMeHTa BO BpeMeHH. B 3THX yCJIOBH-
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P11c.l. 3aBHCHMOCTH OT TeMneparypbl reJIHSI B 

BaHHe To npeAeJibHbU{ TIJIOTHOCTeii MOUJ.HOCTH, 

BhIAeJISieMoii HarpeaaTeneM nptt pa3JltttIHbU{ rny

OHHax norpy}KeHttSI h: wc («cao60AHh1e ycno

Bttll>►), h - 5 CM• l - paccq11rnnHaS1 no (l), + -
3KCnep»Mel!TaJibHble 3Ha qeHHSI H3 [7]; W ck -
( «CTeCHeHHbie YCJIOBHSI>►), paccqHTaHHble no (2), 

2 - h - 15 CM, 3 - h - 5 CM, @ - 3KcnepttMeH

TaJihHhie 3HaqenHSI tt3 [2] 

51X TeMnepaTypa reJIH51 y nOBepxHO

CTH HarpeBaTeJI51 TI' B I.l,HJIHH,qpHqe

CKOH reoMeTpHH onpe,qeJI5leTC51 Bhlpa

)KeHHeM 

T 
r dT R 3 

I b(T) = 2 w ' (1) 
To 

r,qe T0 - Te.MnepaTypa reJIH51 B BaH

He, R - pa,qnyc HarpeBaTeJI51 (R = 
= 0,57 5 CM), b(T) - K03q>q>HI.J,HeHT, 

3aBHC51IIJ;Hll OT TeMnepaTyphI [ 11 ], 
yqHThIBarow;HiI npn TenJionepe,qaqe 

CBepxTeKyqyro Typ6yJICHTHOCTh, w 
- IlJIOTHOCTb TeilJIOBOro nOTOKa Ha 

noBepxuocTH uarpeBaTeJI51 (npe,qno

JiaraeM, qTO oHa o,quopo,qHa). I1Me51 

B Bn,qy, 1ITO H3Meueune TeMnepaTyphI 

uarpeBaTeJI51 BO BpeMeHH B03MO)KH0 

TOJibKO npH' no51BJieHHH nJieuo•rnoro 

umenHH, T.e. npn Tr > T , r,qe T (P) - 3aBnrnw;aH OT ,qaBJieHHH TeMnepaTypa C C 
paBHOBeCH51 cpa3 )Kll,qKOCTb - nap [12] (P, onpe):leJI51eTC51 my6HHOH norpy)KC-

HH51 TeilJIOBhl):leJl5IIOIIJ,ero 3JieMeHTa), H3 (1) noJiyqaeM 3aBHCHMOCTb npe,qeJih

HOll aMilJIHTYJ:lbl Bhl):leJI51eMoii B uarpeBaTeJie IlJIOTHOCTH MOIIJ,HOCTH we. 3aBHCH

MOCTb WC (To)'· COOTBeTcrnyrow;a51 MHHHMaJihHOll my6nue norpy)KCHH51 h = 5 CM, 

npnBe,qeua Ha pnc.1; TaM )Ke OTMeqenbl O)KH_qaeMbie B 3TOM CJiyqae we, noJiy

qenHhIC Ha OCHOBe 3KcnepnMeHTaJibllblX pe3yJihTaTOB ):IJI51 CTaI.J,nouapHbIX ua

rpy30K [7 ]. B [7] Ha6JIIO):laeMa51 IlJIOTHOCTb MOIIJ,HOCTH COCTaBJIHJia npn6JIH3H

TeJlhHO 80% OT paccqnTaHHOH no (1), qTo COOTBCTCTByeT ,qonOJIHHTeJlbHOMY 

HarpeBy remrn y noBepxHOCTU UCToqnnKa, B ):IBa pa3a MeHbillCMy npe,qeJibHO ):10-

rryCTUMOro. OTCIO,qa BH,qHO, qTO B 3KCnepHMeHTaX npC):leJlbHhle IlJIOTHOCTU MOIIJ,

HOCTH ue ):IOCTUraJIHCh, qeM U OOb5ICH5leTC51 OTCYTCTBHe H3Meuemrn Te~mepaTy

p1:,1 HarpeBaTeJI51 BO BpeMeHu. YTBep)KJ:leuue B [2 ], qTo TaKne OTKJIOHCHH51 Mor

JIU 6bl Ha6JIIO):laThC51 npu 6oJiee ):IJIHTeJibHhIX HMnyJihCax (t > 6,4 c), 
Heo6ocHOBaHHO. 

3. 3KCTIEPMMEHTbI B <<CTECHEHHbIX YCJIOBUSIX>> 

a. AliaJIU3 npe):leJibHhIX CTau,noHapHblX 3KCnepnMeHTOB 

CxeMa KOHCTpyKI.l,UH HarpeBaTeJI51 C I.l,HJIHH):lpuqeCKHM 3KpaHOM npe,qCTaB

JieHa Ha puc.2 [ 4 ]. Ha yqaCTKe 2/l B KaHaJI c reJIHeM BO BpeMH npHMoyroJinHOro 
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P11c.2. CxeMa KOHCTPYKl.\HH l.\HJIHHApttqecKo

ro 11arpeaaTeJIS1 c 3Kpa110M [4). 2/
1 

- MH!Ia 

l.\HJIHIIAPHqecKOH noeepxHOCTH paAnyca R 
yrnepOAHOl'O TOHKOTIJieHOqHOl'O narpeaaTe.nSI

H3MepHTeJISI, d - umpmia 3a3opa Me>KAY 

HarpeeaTeJieM H l.\HJIHHAPHqecKHM 3KpaHOM, 

(l - /1) - MHHa KOaKCHaJibHbU{ KaHaJIOB 

IIIHpltHbl d, He COAep>KaW.HX narpeaaTeJISI, 

(R = 0,515 CM, /I = 2,7 CM, (l - LI)= 0,675) 
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HMnyJinCa npOT5l)KeHHOCTbIO 6,4 c paBHOMepHO BbIJ:leJIHJiaCh MOip;HOCTh w. 
Tipe,qnoJIO)KHM, qTo TeilJIOBOH nOTOK crau,uouapHO pacnpocTpaH5leTC51 no KOaK

CHaJihHOMY KaHaJiy mupnHhl d O):IHOPOJ:IHO no ceqeHUIO n CUMMeTpnqHO B o6e 

CTOpOHbl OT I.J,eHTpa KaHaJia. Ha BhIXO):le U3 KaHaJia nOTOK paccenBaeTC51 npu6mI-

3UTeJihHO no mnep6om1qecK0My 3aKoHy c xapaKTepHhIM napaMeTpOM R
1

• Hop

MnpoBaHHa51 3aBHCUMOCTb IlJIOTHOCTH TeITJIOBOro nOTOKa OT KOOp,qHHaThl KaHa

Jia npnBe,qeHa ua pnc.3. Tor,qa MaKCHMaJihHaH TeMnepaTypa reJinH B u,eHTpe Ka

HaJia Tm onpe,qeJI5leTC51 qepe3 ITJIOTHOCTb TeITJIOBOro nOTOKa Ha BhIXO):le U3 

KaHaJia wk= W/2:rcd (2R + "d) cpopMyJioiI, aHaJiomqHoii (1), 

T 
m dT 3 
f b(T) = Wisc!>' 
To 

(2) 

11 R1 . 
r,qe 1

3
<1> = l - 11 + 4 + 2 - scpcpeKTHBHa51 ,qJinHa KaHaJia, R 1 He onpe,qeJieHo. 

J13 SKCnepHMeHTOB [11 ] (Mo,qeJib II) MO)KHO 3aKJIIOqHTh, 'ITO BCJIHqnHOH Rl 
B l ,t-. MO)KHO npeHe6peqh; Tor,qa l ,t-. = 1,35 CM. 

3~ · 3~ 

B paccMaTpHBaCMbIX npe,qCTaBJieHH51X npeJ:teJihHa51 ITJIOTHOCTb MOIIJ,HOCTH, 

cnoco6Ha51 ycroiiqnBo pacnpocrpanHThC51 no KaHaJIY w ck' CB513aHa c npe,qeJI1:,

noii IlJIOTHOCThIO MOIIJ,HOCTH B <<CBOOO):IHhIX YCJIOBH51X» WC npOCTblM reOMCT

pnqeCKHM cpaKTOpOM 

wck = (R/2ls<l>t3wc. (3) 

Pttc.3. 3aBHCHMOCTH BCTal.\HOHapHbU{ yCJIOBH

SIX OT npOAOJlbllOH KOOpAHHaTbl Ka11ana y (OT

CqHThIBaeMOH OT l.\eIITpa KaHana): l - HOpMH

poaaHHOii TIJIOTHOCTH TeTIJIOBOl'O nOTOKa w/wk, 
2 - HOpMHpOBaHHOl'O OTKJIOHeHHSI TeMnepa

TYPhI / = ll.T/ ll.T m 
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P11c.4. 3aBHCHMOCTl1 ):IOnyCTHMbIX CTaU.HOHap-

HblX HarpeBOB reJIHll y noBepxHOCTH TenJIOBbI):le

JllllOILI.ero 3JieMeHTa /"!.Tc= Tc - T
0 

OT TeMnepa-

TYPbI reJIHll B BRHHe To. IlpH my6HHRX no1y

,KeH11ll: l - h - 5 CM, 2 - h - lS cM;'t' -
3Ha'leHHll, paCC'111TaHHbie no (2) H 3KCnep11-

MeHTaJibHblM ):IRHHblM WBX H3 [2] 

Ha puc.1 npnBeAeHhI rpacfnurn 

wck(T0) npn (R/2/3Qlf3 = 0,6 AJHI 

rny6nH norpy)KeHHSI h1 = 5 CM u 

h2 = 15 CM n cooTBeTCTByrom.ue 3KC

nepnMeHTaJihHhle 3HalleHHSI WBX [2 ]. 
B~HO, llTO npu BCex TeMnepaTypax 

3a ncKJIIO'leHneM TO = 2,09 K 3Ha-

1IeHnsi: w He npOTHBOpellaT o6JiaCTH 
BX 

AOnyCTHMhlx wck· Ha puc.4 npnBeAe-
HhI 3Ha'leHHSI HarpeBOB !iT , COOT-

3K 

BeTCTByrom.ne W • Ifa 3aBHCHMO-
BX 

CTeii:, npIrneAeHHhlx na pnc.1 u 4, 
B~AHO, llTO paccMaTpHBaeMhie 3KC

nepnMeHTaJibHhle pe3yJihTaThl nyq

Ilie COOTBeTCTBYIOT npeACTaBJieHHSIM 

ABYX)K~KOCTHOH ~POAHHaMHKH 
co CBepxTeKyl!eH Typ6yneHTHOCTbIO, 

'leM pe3yJihTaThl, noJiy'leHHhie B 

«CB060AHhlX yCJIOBIHIX>> B [7 ], II CO

rJiaCyIOTCSI C pe3yJihTaTaMH, noJI
y'leHHhlMH npn T0 > 1,8 KB «cTec

nennhlx YCJIOBHSIX>> B [8 ], rAe 3KCne

pHMeHTaJihHO IlOKa3ano, l!TO 

AOCTHraeMhie l\,faKCHMaJihHhie CTa-

6UJibHble TeMnepaTypbI B o6JiaCTH B03M0)KHbIX JIOKaJihHhIX neperpeBOB COBna

AaIOT C paBHOBeCHOH 3aBHCHMOCTbIO T(P) Ha rpaHHU,e )K~KOCTh - nap. l1c

KJIIO'leHHeM S1BJIS1IOTCS1 pe3yJihTaThl npn T0 = 2,09 K, rAe HapymeHne yCJIOBHH 

TeTIJIOOTBOAa OT narpeBaTeJISI K · reJIHIO HaCTynaeT npn narpeBe, B TPH pa3a 

MeHbilleM MHHHMaJihHO AOnyCTHMOI'O. 3TO npOTHBOpel!He Tpe6yeT AOnOJIHH-

TeJihHOI'O HCCJieAOBaHHSI H npoBepKH. 

6. Anann3 BpeMeHH cpopMHPOBHHSI CTaU,HOHapttoro COCTOSIHHSI 

IlonaraS1 TeMnepaTypy Ha BhlXOAe H3 KaHana paBHOH TO (npene6peraeM Ma
JihlM H3MeHenneM TeMnepaTyphl B o6JiaCTH. paccenBaHHSI TeTIJIOBOro nOTOKa) , 

crau,nonapHoe pacnpeAenenne TeMnepaTyphl BAOJih KaHana MO)KHO npeACTa

BHTh B B~e 

!iT = liT ,/(Y), (4) 

rAe !iT = Tr - T 0, 

4 

\ 

'!,; 

f,) 

'I' 

\ 

{

(/ - y)/l3qJ 

f(y) = [l - ll + ¼ 11 (1 - (y/ 1,)4) ]/ /3QJ 

npn l > y > 1
1

, 

npn /1 > y > 0 ; 

y OTCllHThlBaeTcsi: OT u.enTpa Kanana, /3QJ = l - 311 I 4 (cM. pnc.3). 

(5) . 

L(onOJIHHTeJibHaSI TenJIOBaSI 3Heprnsi:, 3aKJIIO'leHHaSI B reJIHH B KaHane B 

CTaU,HOHapHOM COCTOSIHHH, /iQ CJia6o 3aBHCHTOT To H npu npeAeJibHhIX Harpe-

Bax Ha rny6uHe norpy)KeHusi: KaHana h = 15 CM /iQ = 30 + 45 ML()K. CneAOBa

TeJihHO, npou.ecc cpopMupoBaHUSI crau.uoHapHoro COCTOSIHHSI B 3TOM CJiyllae AOJI
)Keff 3aHuMaTh 6onee 10 MC. 

PaccMoTpuM STOT npou.ecc. Ero MO)KHO npeACTaBHTh cocTOSIIu;HM H3 ABYX 

llaCTeH. BHallaJie B o6JiaCTh KaHana HaA HarpeBaTeJieM 211 ~eT HaKallKa 3Hep
mn, KaK B pe30HaTop, MHOroKpaTHO OTpa)KeHHhlM cppOHTOM BOJIHhl [ 101 C no

CTeneHHhlM OTBOAOM 3Hepmu B npOAOJihHOM HanpaBJieHHH Hapacraroiu.eii: TeM

nepaTypHOH BOJIHOH. 3TOT npou.ecc MO)KHO onucaTh ypaBHeHHeM 

d!iT 
11 w = l1dpCP dt + dpCPC2tiT, (6) 

rAe p - IlJIOTHOCTh reJIHSI, C P - ero TennoeMKOCTh, c2 - CKOpOCTh BTOporo 

3ByKa, pemeHue KOToporo 

liT - wll 
- dpC C [l - exp(-C tll)] 

p 2 2 I • 
(7) 

3a BpeMSI t - 4 MC 3TOT npou.ecc BbIXOAHT Ha CTaU.HOHapHhlH. L(OCTHraeirnSI npu 

3TOM TeMnepaTypa npu 
w/1 -d > (pC C bl )-1/z 

P 2 3QJ 
(8) 

MeHbille !iT . B 3TOM npou.ecce cpopMupoBaHHSI nOJISI TeMnepaTyp npu W AO-m BX 

CTHraJiaCb TeMnepaTypa, npu6JIH3HTeJibHO Ha nop51AOK MeHbillaSI !iTC. 

IlpeAnOJIO)KHM, l!TO B KOHU.e paCCMOTpeHHOI'O npou,ecca C<pOpMHpOBaJIOCb 

pacnpeAeJieHne TeMnepaTyphl BAOJih KaHana, 6JIH3KOe K crau.uoHapHOMY (CM. 
(5) H pnc.3). 3To npeAnOJIO)KeHHe 03Ha'laeT, l!TO 3a 4 MC ccpopMHpOBaJiaCh H 

COOTBeTCTByrom.asi: CBepxTeKy'laSI Typ6yneHTHOCTh. TorAa AaJihHeHilIHH npo

u.ecc B03paCTaHHSI TeMnepaTyphl B KaHaJie AO CTaU.HOHapHOH MO)KHO onncaTb 

ypaBHeHHeM 

= lpC Kd!iT + (!iT/ bl )1/3 
wk P dt 3 QJ ' 

(9) 

rAe K = 0, 74 _:__ OTHOilieHne cpeAHeii: no KaHany !iT K !iT . PemeHue 3TOro 
cp m 

ypaBHeHHSI 

5 
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P11c.S. 3anHCHMOCTH: l - t:..T/ t:..T m OT K, 2 

- (W - Wck)/Wck OT t/Tc H 3 - Tc OT T0 

nptt h = 15 CM 

K = 3[-Z2/2-Z-ln(l-Z)], (10) 

rAe z3 = !!.Tl l!.T , K = th, • = m 

= -rc<w/wck)
2
, •c = -rc<L, ll'h,T0) = 

= !!.Q/ Wck· Ha pnc.5 npeAcraa

JieHhl 3aBHCHMOCTH r c OT TO npH 

h = 15 CM n l!.T/ !!.Tm OT K. J,fa rpa

<pHKOB 3THX 3aBHCHMOCTeii BMHO, l!'fO npH wk= wck COCTO.sJHHSI, 6JIH3KHe K CTa

U,HOHapHbIM, AOCTHraIOTCSI 3a 100 + 200 MC. 

Ha pnc.5 npHBeAeHa TaK)Ke 3aBHCHMOCTh npH wk> wck BpeMeHH lcAOCTH;>Ke-

HHSI B U,CHTpeKaHaJia TeMnepaTyphI Tc. IlpH wk> 1,05 wck3Ta 3aBHCHMOCTh Bhl

pa)KaeTCSI npocroii <popMyJioii 

1,14w/wck = 1 + -r/tc, (11) 

KOTopasi: MO)KCT 6b1Th HCilOJih30BaHa AJISI ou,eHOK AOilYCTHMblX BpeMeHHI>IX npo

TSl)KeHHOCTeii HMilYJihCOB C aMilJIHTYAaMH, 60JihIUHMH wck· 

B. AHaJIH3 nyJihcau,nii TCMnepaTyphI HarpeBaTeJISI 

IlpoBeAeM aHaJIH3 Ha6JIIOAaBIUHXCSI B [ 1-3] npH w > wck nyJihCau,n:ii TeM

nepaTyphl HarpenaTensi:. AHanomqHhle H 6oJiee peryJisi:pnhle nyJihcaU,HH TeMne

paTyphl Ha6JIIOAaJIHCh B (8 J, rAe B o6JiaCTH B03MO)KUOro JIOKaJibHOro neperpena 

OAHOBpeMenuo C nyJihCaU,Heii TeMnepaTyphl BH3YaJihHO ua6JIIOAaJIOCh JIOKaJih
HOe napoo6pa3onaHne. 

OTMCTHM cym.eCTBeHHhle pa3JIHqHsi: 3KCnepHMeHTOB, onn:caHHhIX B [8 J H B 
(1-3 ]. B [8] TCMnepaTypHhle YCJIOBHSI y noaepxHOCTH HarpeBaTeJISI 6bmH OA

HOPOAHhIMH, a conpoBo~aIOW.HHCSI perymIpHbIMH nyJihcaU,llSIMH TeMnepaTyphl 

neperpen rennsi: npn TO > 1,8 K peaJIH30BhIBaJICSI BAMH OT HarpeBaTen.s1' B nep-

xHeii qacrn KOHHqecKoro KaHaJI. B [1-3] TeMnepaTypHhie yCJionnsi: y nonepx

HOCTH HarpeBaTeJISI cym.eCTBeHHO HeOAHOPOAHhl (CM. (5) n puc.3), n neperpeB 

peaJIH30BhIBaJICSI y noaepxHOCTH HarpeBaTeJISI B ero U,CHTpaJibHOH 'laCTH. B [8 ] 
Ha6JIIOAaJIHCb KOJie6aHHSI TeMnepaTyphl TepMOMeTp0B, H3Mep.sJBIUHX TeMnepa-
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P11c.6. 3anHCHMOCTH nJIOTIIOCTH TCnJIOUOl'O no

TOKa W OT TCMneparyp11oro CKatJKa KanHI..{bl 

t:..Tk: l-To-l,8K,2-To-l,5KH3 [13); 

3-To- l,82K, 4-To- l,45 KH3 [2). 

TYPY reJIH.sJ, H B aepxHeii qacrn KOHH

qecKoro KaHana Ha6JIIOAaeMoe 3aKH-

naHHe reJIHSI conpOBO~aJIOCh naAe
HHeM TeMnepaTyphl Ha 2-3 MK, T.e. 

Ha6JIIOAaJIC.sJ neperpeB reJIHSI Ha STY 
BeJIHqHHy. 8 [1-3] Ha6JIIOAaJIHCh 

nyJihCaU,Hll cpeAHeii TeMnepaTyphl 

HarpeBaTeJISI TH' aMilJIHTYAhI KOTO
pbIX COCTaBJ.i.sJJIH HeCKOJihKO K. 

TeMnepaTypHhlii cKaqo* Kann

U,hl Me~y HarpeBaTeJieM, KOHTaKTH-

PYIOW.HM c renneM, H renneM 

~ 

,5 
" 'Q 

(() 

, IO'· 
·ti 

10·' 

!O''--,--~..,....,--~~.,........-~~-~~.....-".'_ 
(O·J /0~ 10·1 ( {0 

4TKjK 

l!.T k = THO - Tr = THO - TO' KaK IlOKa3hIBaIOT 3KCnepnMeHThl [1-3 ], B HH-

Tepecyrom.eM Hae AHana30He w > 0,04 BT·CM-2 CHJihHO HeJIHHeHHO 3aBHCHT OT 

w (pnc.6) 

l!.Tk = THO - To - wllm, (12) 

rAe m = 2. 3TH pe3yJihTaThl cym.eCTBeHHO AOil0JIHSIIOT pe3yJihT3Tbl [13 J, rAe 

npn MeHhIUHX w 6hlJia 0TMeqeua CJia6asi: HeJIHHCHHOCTh !!.Tiw). 

B 3KCnepHMeHTaX [1-3] BpeMSI HaCTyllJieHH.sJ nyJihcaU,HH B HeCK0JihKO pa3 

npeBhIIUaeT BpeMSI t A0CTH)KeHHSI B u,eHTpe KaHaJia paBHOBeCHOH TeMnepaTyphl 

Tc (cM. pnc.5). IlosTOMY iipeAnOJiaraeM, 'ITO npn TellJI0BhIX Harpy3Kax 

W > Wck npn t > t c B6JIH3H u,enTpa KaHana 06pa3yeTcsi: o6JiaCTh neperpeTOro re-

JIHSI B MeTaCTa6HJihHOM COCTOSIHHH. MaKCHMaJihHhlll pa3Mep o6JiaCTH neperpeBa 

Yr Ha OCHOBe (5) npn (wc/wk)3 > 1 - l/4l3<p onpeAeJISICTCSI <popMyJIOH 

(yr//1)
4 = (4/

3
<1/11)(1 - (wc/wk)3). (13) 

B o6JiaCTn neperpena rennsi: Ha nonepxHOCTH HarpeBaTeJISI 06pa3yroTc.s1 ny-

3hlpn HaChlill,eHHOro napa B BHAe IUap0BhIX cerMeHTOB. IlpeAilOJiaraeM, 'ITO Ten

JIOilp0B0AHOCTb HarpeBaTeJISI BMeCTe C ero KepaMH'leCKOH IlOAJIO)KKOH Bhlllle 

TellJIOilp0BOAH0CTH napa B ny3hlpe. TorAa 3Hepmsi:, BbIAeJISieMaSI B o6JiaCTH Ha

rpeBaTeJI.sJ IlOA ny3hlpeM, B 0CH0BH0M nepeAaeTC.sJ BA0Jih nonepxHOCTH HarpeBa
TeJISI K rpaHnu,e ny3hlp51, n, CJieA0BaTeJihHO, MO)KHO cqnTaTh, 'ITO B yCJIOBHSIX 

cra6HJIH3nponanHoii MOW.HOCTH HarpenaTeJisi: neperpeTOCTh renn.s1 noMep)KHBa

eTC.sJ n npn o6pa3oBaHnn ny3hlpeii • .D:anJienne B ny3hlpsi:x, cooTBeTCTByrom.ee 
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TeMrrepaType rreperpeBa, BhlIIIe BHeIIIHero AaBJieHHSI. Tiy3blpH pacTyT H CJIHBa

IOTCSI. KorAa BhlCOTa IIY3hlpS1 AOCTHraeT IIIHpHHbl KaHaJia d, rry3blpb rrpHHHMaeT 
If 

cpopMy ll;IIJIHHAPa BbICOThl d n paAnyca r = d[l/ (1 - cos 0) - 1/3] 2, rAe 0 -
KpaeBoii yroJI. 3TH ny3hlpH TaK)Ke IlPOAOJI)KaIOT paCTH H CJIHBaTbCSI, PocT ny3hl

peii conpOBO)I<AaeTCSI BhlTaJIKHBaHHeM HarpeTOI"O reJIHSI H3 KaHaJia H yMeHbIIIe

HHeM )KffAKOH cpa3hl B HeM. TioCJieAHee YBeJIH'IHBaeT TenJIOBOe conpOTHBJieHHe 

H, CJieAOBaTeJibHO, YBeJIH'IHBaeT HarpeB. 3TOT npoll,ecc KOHKypnpyeT c OXJia)K

AeHHeM, CBSl3aHHhlM C napoo6pa30BaHileM. KorAa paAHYC HaH60Jiblllero ll,HJIHH

APHlleCKOI'O ny3hlpS1 AOCTHraeT IlOJIOBHHhl nepnMeTpa KOJibll,eBoro KaHaJia ;n;R, 

06pa3yeTCS1 TOPOffAaJibHhlii ny3hlpb c noJiyIIInpnHoii yH = n 2 RI 4 = 1,42 CM 

(jiH = yH/ z. = 0,525). TipeAilOJIO)KHM, 'ITO BHe TOPOHAaJibHOI"O ny3blpS1 pacnpe

AeJieHne TeMnepaTyphl rro-npe)KHeMy OilHChlBaeTCSI (5). B AeiiCTBHTeJibHOCTH 

npH pocTe ny3bipeii TenJIOOTBOA no KaHaJIY MO)KeT He IlOJIHOCTblO KOMnencnpo

BaTb TenJionpHTOK H OTBOA 3anaceHHOI"O TenJia, H TeMnepaTypa BHe ny3blpS1 MO

)K(!T 6hlTb 6oJibllle. TorAa npn yH < Yr TaKoii ny3hlpb ycTOH'IHB, TaK KaK AaBJie-

HHe BHYTPH ny3hlpS1 BbIIIIe BHellIHero. Tipn noCJieAHeM npeAnOJIO)KeHHH ycroii

.'IHBhle TOPOffAaJibHhle ny3hlpH MOryT o6pa30BhlBaTbCSI TOJibKO rrpu 

W/Wck > 1,013. 

.lI:aJibHeHIIIHH pOCT TOPOffAaJibHOI"O ny3hlpSI onpeAeJISleTCSI ypaBHeHHeM 

.:.: gfl.Pl (!CJ) :-- 1), 
Y = z P I( Yr) I 

(14) 

rAe g = 9,8 M·c-2, y = y/l., ll.PI = p - Po, Po - AaBJieHile Ha IlOBepXHO

CTH )KffAKOCTH B coCyAe, Tipnyr :S 1 (w/wck < 1,26) BpeMSI pocra TaKOI"O ny3bl-

PSI t npn6JIH)KeHHO onpeAeJISleTCSI Bhlpa)KeHHeM 

t = - 1- I 1/2 w /w 3 - 1 -1/2 H (15) 
( 

l P ) 1/
2 

2( y/y - 1) 
- 2gM1 (jiH q) [( k ck) ] l+(l+(y/yH _ 1)/q/h. 

B (15) q = ~ I ~ 0 > 1, yH - Ha1IaJihHaS1 cKopoCTh pocra ny3hlp5I, onpeAeJIS1-

eMaS1 H3 npoll,ecca ero o6pa3oBaHHSI, a YHo - Ta )Ke BeJIH'IHHa npn yc.noBnn, 'ITO 

poCT TOPOffAaJibHOI"O rry3hlpS1 AO pa3Mepa y~ onpeAeJIMCSI 6bl (14) C HyJieBOI"O 

pa3Mepa. 

B npHHSITOH MOAeJIH IlJIOTHOCTb HMilYJibCa Ha IlOBepXHOCTH ny3bipeii MOHO

TOHHO paCTeT npn HX pocre H CKatJ:K006pa3HO YBeJIH'IHBaeTCSI npn HX CJIHSIHHH 

BBllJ\Y yMeHbIIIeHH5l IlOBepXHOCTH. B 'laCTHOCTH, npn o6pa30BaHHH TOPOffAaJib

HOI"O ny3hlp5I IlJIOTHOCTb HMilYJibCa YBeJIH'IHBaeTCSI B ;n;/2 pa3. Tio3TOMY M())KHO 
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ClIHTaTb q = ;n;2 
/ 4. B paCCMOTpeHHOH MOAeJIH neperpeToro reJIIHI He YlIHThlBa

JIOCb norJiolll,eHue 3Heprnn npu napoo6pa3oBamrn. Oll,eHKH noKa3hlBaIOT, 'ITO 

3TO onpaBAaHHo.KpoMe TOI"O, y1IeT AHCCHilall,HH He MeHSleT KapTHHY npHHll,HIIH

aJibHO, a JIHWb HeCKOJibKO H3MeHSleT BpeMeHHhle xapaKTepHCTHKH. 

TIOA TOpOHAaJibHbIM IlY3bipeM TeMnepaTypa HarpeBaTeJISI onpeAeJISleTCSI 

ypaBHeHileM 

d2T 
,l--2 + WH = 0, 

dy 
(16) 

rAe wH = la, j - noBepxHOCTHaSI nJIOTHOCTb TOKa, a - 3aBHCSllll,ee OT TeMne

paTyphl IlOBepXHOCTHOC conpOTHBJieHHe HarpeBaTeJISI, ,t - IIOBepxHOCTHaSI Ten

JIOilpOBOAHOCTb narpeBaTeJISI H ero IlOAJIO)KKH. TioJiaraeM TeMnepaTypy Harpe

BaTCJISI Bne ny3bipS1 OAHOPOAHoii H pasnoii T
1 

(np~He6peraeTCS1 H3MeneHneM T
1 

y rpaHHll,bI IlY3blpS1 Ha paCCT051Hll51X IlOPMKa TOJilll,HHbl IlOAJIO)KKlf HarpeBaTe

JISI). 3To ecTb rpaHH'IHhie yCJIOBHSI npu pewennH ( 16). TioA ny3MpeM a onpeAe

JIS1eTc11 Tenepb He THO' a TeMnepaTypoii HarpeBaTeJI51, BbllIHCJI51eMOH H3 (16). 

Cl>HKCHpyeMa51 B nyJihCall,HSIX TCMnepaTypa HarpeBaTeJI51 B [ 1-3] COOTBeTCTBy

eT ero cpeAHeMy IlOBepXHOCTHOMY conpOTHBJieHHIO. 

Tipn AOCTH)KeHHH ny3b1peM pa3Mepa Yr HJIH HeCKOJibKO OOJihmero, o6yCJioB-

JieHHOI"O OTMe'leHHbIM BhlWe HeAOCTaTO'IHhlM TenJIOOTBOAOM, OH IlPOAOJI)KaeT 

paCTH 3a C'leT HaKOnJieHHOI"O HMilYJibCa, HO CTaHOBHTCSI HeycTOH'IHBblM H pa3-

pymaeTCSI (MeHSleTCSI ero TOpOHAaJibHaSI cpopMa). Tipu 3TOM 1IaCTb napa MO)KeT 

6h1Tb BbIIlJiecHyTa H3 KaHaJia, a B KamUI IlOCTynaeT HeAOrpeThlH reJIHH H3 cocy

Aa, H ny3hlpll 6bICTpo norJIOlll,aIOTC51. CpeAHS151 TeMnepaTypa HarpeBaTeJISI naAa

eT. TipHlleM naAeHHe TeMnepaTypbl MO)KeT npOHCXOAHTb 6blCTpee HapaCTaHH51. 

B AaJibHCiimeM 3TH npoll,eCCbl MoryT II0BT0P51TbC51. 

AHaJIH3 peweHH51 (16) C yttCT0M (12) Il0Ka3bIBaeT, 11T0 TeMnepaTypbl nep

Bb!X nHKOB npu pa3JIHttHhIX 1,013 < W./W k < 1,26 AOJI)KHhl YA0BJieTBopS1Tb co-
1 C 

0TH0IIIeHHIO 

3 
THI - THO WI Yn 

T H2 - THO = W2 Y-:i, (17) 

rAe Yr·(W.) onpeA. eJIS1eTc11 (13). OTCIOAa noJiy11aeM cpopMyJiy, onpeAeJISIIOIIJ.YIO I I 

Wck 11epe3 napaMeTphl IllIKOB, [(T H

2 

- THO 

Wck = WI - (W2 - WI) / T - T 
HI HO 

4/3 

w2l 
w. - 1]. (18) 

PacCMOTpenHaSI MOAeJib xopowo OTpa)KaeT OCH0BHhle 3aK0H0MepHOCTH Ha-

6JIIOAaeMblX 3KCnepnMeHTaJibHhlX Pe3YJibTaT0B [2 ]. 3aBHCHMOCTb OT To·BpeMeH-
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HhlX rrpoTSDKeHHOCTeii rrepeJ].HHX cppOHTOB 60JibIIIHX nHK0B TeMnepaTyphl co
rJiacyeTCSI C CJie.u.y10w,eii HJ (15) rrponopu,HOHaJibHOCTbIO KOpHIO HJ .u.aBJieHHSI 
Hachlw,eHHhlX napoB. KoJIHlleCTBeHHO 3TH BpeMeHHble rrpoTSI)KeHHOCTH xo-

2/ - - 0 porno cornacyIOTCSI c (15), eCJIH IIOJIO)KHTb q = :rr 4 u y = Yr rrpeJ].eJISieMble 

no (18) Ha OCHOBe .u.aHHbIX pa60Thl [2] (pHc.3, rpacpHKH 2 H 3) JHalJeHHSI 
wck (rrpu To= 1,45 K wck = 1,97 BT, npu To= 1,82 K wck = 3,10 BT 

rrpu To = 2,09 K wck = 1,06 BT)CornacyIOTCSI c [2 ]. 

B paCCMOTpeHHOH MOJl.eJIH BpeMSI HaCTyIIJieHHSI OTKJIOHeHHSI TeMrrepaTypbI 
CKJiaJ].hlBaeTCSI HJ HeCKOJibKHX nOCJieJ].OBaTeJibHbIX CTaJl.HH. IlepBaSI CTaJ].HSI -
BpeMSI Jl.OCTH)KeHHSI B KaHaJie rrpe.u.eJib,HOH TeMnepaTyphl - orrpe.u.eJISieTCSI H3 
(11) (CM. puc.5). CJie.u.y10w,aSI CTaJ].HSI orrpe.u.eJISieTCSI BpeMeHeM cyw,eCTBOBaHHSI 
MeTaCTa6HJihHOro COCTOSIHHSI neperpeToro reJIHSI. 3aMeTHOe OTKJIOHeHne TeMrre
paTyphl HalJHHaeTCSI B cepe.u.HHe cra.u.uu napoo6pa3oBaHHSI npu pocTe IJ;HJIHHJl.
pnlleCKHX rry3hlpeii, nepe.u. o6pa3oBaHneM TOPOHJl.aJibHoro rry3bipSI. BpeMeHHhle 
rrpoTSI)KeHHOCTH Ka)KJl.oii CT3Jl.HH nponopu;noHaJibHbI We/ (W - Wck), HO, oqe-

BHJl.HO, C pa3HblMH IIOKa3aTeJISIMH CTeneHH 3TOro OTHOIIIeHHSI. Ilo3TOMY BpeMS! 
HaCTyIIJieHHSI 3aMeTHOro OTKJIOHeHHSI TeMnepaTypbl HarpeBaTeJISI He OIIHChIBa
eTCSI eJ].HHhIM CTeneHHbIM 3aKOHOM 3TOro OTHOIIIeHHSI. 

B rrpoBeJ].eHHOM aHaJIH3e· 3KCIIepHMeHTOB [ 1-3 ] H·e YlIHThIBaJIOCb H3MeHe
HHe m.u.poCTaTHlJeCKOro .u.aBJieHHSI B OObeMe 06pa3u,a. Ilpu ropH30HTaJibHOM 
pacrrOJIO)KeHHH HarpeBaTeJISI 3TO Jl.OCTaTOlIHO onpaBJl.aHHO, a npu BepTHKaJibHOM 
pacnoJIO)KeHHH YlleT H3MeHeHHSI rHJl.POCTaTHlleCKoro .u.aBJieHHSI BHOCHT B pac
CMOTpeHHe PS!Jl. rrorrpaBOK. B 3TOM CJiyllae TOlIKa, B KOTOpoii B rrepByIO Ollepe.u.h 
Jl.OCTHraeTCSI TeMrrepaTypa HaChlW,eHHbIX napoB, CMew,ena OT u;eHTpa KaHaJia 

BBepx Ha BeJIHlIHHY y0 = /1 (/
3
4'/ h)113, H, CJie.u.oBaTeJibHO, 3aKnnanue rreperpe

Toro reJIHSI HalJHHaeTCSI B OKpeCTHOCTH 3TOH TOlJKH; IloCJie cpopMHpOBaHHSI u;u
JIHHJl.PHlleCKHX ny3hlpeii OHH HalIHHaIOT BCIIJihIBaTb, lJTO TO)Ke BHOCHT HeKOTO
phle KOppeKTHBhl B KapTHHY IIYJibCau;uii TeMnepaTyphl. 

4. 3AKJIIOIJEHl1E 

B "CTecHeHHhIX yCJIOBHSIX" B COOTBeTCTBHH C npe.u.CTaBJieHHSIMH Jl.BYX)KHJl.
KOCTHOH m.u.poJl.HHaMHKH co CBepxTeKylleH Typ6yJieHTHOCTbIO rrpe.u.eJibHhle CTa
IJ;HOHapHbie IIJIOTHOCTH TeIIJIOBbIX nOTOKOB w ck onpeJ].eJISIIOTCSI corJiaCHO (2) JIO-

KaJibHhlM Jl.OCTH)KeHHeM TeMrrepaTypbI HaCbIW,CHHbIX rrapoB [8,1-3 ]. IloBTOp
Hhle 3KCnepnMeHThl THIIa [ 1-3 ] rrpu Q)HKCaIJ;HH OTHOCHTeJibHOH my6nHhl 
rrorpy)KCHHSI HarpeBaTeJISI JIYlIIIIC 10% H npu He3aBHCHMOH Q)HKC<lll;HH TeMrre
paTypbl reJIHSI B u;eHTpe KaHaJia MOrJIH 6hl SIBJISITbCSI HC3aBHCHMblM crroco6oM orr-

pe.u.e.rreHHSI napaMeTpa b(T). Ilpu TeIIJIOBblX nOToKax w > 0,04 BT·CM-2 TeMrre-
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paTypHbiii CKatioK Kannu,hl cyw,ecTBeHHO neJinHeihm 3aBHCHT OT w. Ha6JI10.u.ae-. 
Mhle B [ 1-3] IIYJibCau,nu TeMnepaTypbI, KaK n B (8 ], orrpeJ].eJISIIOTCSI o6bltIHblM 
rry3bipbKOBbIM 3aKunanneM B 06Jiacn1 JIOKaJibHOro neperpeBa reJIHSI. Ho B 3KC
rrepHMeH1ax [ 1-3 ] JIOKaJibHOC 3aKnnaHne reJIHSI npnBOJl.HT K o6pa3oBaHHIO yc
TOHlIHBOro ny3blpSI TOpOHJl.aJibHOH cpopMhl H ero pocTy Jl.O pa3Mepa, onpeJ].eJISie
MOro rpaHnu;eii ero ycTOlllIHBOCTH, noCJie qero TOpOHJl.aJibHbIH IIY3hlpb pa3pyIIIa
CTCSI C nornow,eHHCM rrapOBOH cpa3bl XOJIOJl.HblM reJIHCM, nocrynaIOW,HM B KaHaJI 
HJ cocy.u.a. Ilpn w, CJia6o npeBbJIIIaIOW,HX wck' 3TH npou,eccbl nOBTOpSIIOTCSI. O6-

pa30BaHite TOPOHJl.aJibHOro ny3blpSI cyw,eCTBeHHO yxy.u.IIIaeT TeIIJIOOTBOJl. OT Ha
rpeBaTeJISI-Jl.aTlIHKa TCMnepaTypbI TaK,lITO OH, KaK TCPMOMeTp,HalIHHaeT pa6o
TaTb BHe pe)KHMa CBOCH rpa.u.ynpOBKH. 3To OTpa)KaeTCSI B pe3KHX CKalIKax ero 
noKa3aHHH C aMIIJIHTYJl.aMn nopSIJ].Ka HCCK0JibKHX K. 
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