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Ynp0IIJ:eHHhIU MeTO~ Onpe~eJIeHUH 3KCepreTUlJeCKOrO Kll,n;
 
CJIo*Hoii TenJIOBOU CXeMhI TeXHOJIOrUlJeCKOrO nponecca
 

Ka3aKoB 8. r., AOKTOp TeXH. HayK, nYKaHII1H n. 8., KaHA. TeXH. HayK,
 

CMlI1pHOBa O. C., II1H)I(.
 

CaHKT-lleTep6yprCKH'" rocYAapcTBeHHbl'" TeXHOnOrH"4eCKH'" yHHBepcHTeT 
pacrwrensasrx nonHMepOB 

TIpe.L\JlO:lKeH ynpomeaauti MeTO.L\ JfH:lKeHepHOro axceprerasecsoro pacxera, OCHOBaHHhIH na 

npapauienaa 3KCeprI1H B npouecce TepMI1'leCKoro B3aI1MO.L\eHCTBI1j1 MaTepI1aJIhHbIX nOTOKOB. 

Onpenenena csass sxceprertorecxoro KTI,ZJ: TerrJIOBOH cxeusr C 3KcepreTWieCKI1M KTI,ZJ: ee 3JIe­

MeHTOB xepea npnasrsnsre .L\JIjI nOJIh30BaTeJIjI napaverpsr - pacxozr pafiosero TeJIa, TerrJIOBOH 

rrOTOK, I1CTJfHHaH 'resmeparypa TenJIOHOCI1TeJIH 11 np. TaKaH I1H<p0pMal(I1H n03BOJIHeT BbIIlOJI­

HJfTb 3KCepreTJf'leCKJfH aHaJIJf3 paCCMaTpI1BaeMOH TenJIOBOH cxesisr Jf C<POpMyJIJfpOBaTh TepMO­

.L\JfHaMJf"leCKJfe Tpe60BaHJfH no ee COBepweHCTBOBaHJflO C n03I1l(JfH sneprocfiepesceaaa. 

KmOqeBbie CJIOBa: 3KCepreTJf"leCKJfH pacser TenJlOBOH cxexsr, 3KCepreTJf"leCKJfH aHaJIJf3, 3K­

ceprerasecroui KTI,ZJ:, aneprocfiepeacenae, TerrJIoo6MeHHJfKJf. 

Ol(HMM M3 OCHOBHbIX rrapaxrerpon B pac-rerax narpesaeasnt rrOTOK 

axcepreraaecxoro KII)J, 'rerrnorrepena-ur 51BJI5IeTC5I 

Cpel(HeTepMOl(MHaMMqeCKa51 'resmeparypa narpesa (2)
 
(oXJImKl(eHM5I) MaTepMaJIbHbIX rrOTOKOB B npouec­

ce MX 3HepreTMqeCKOrO B3aMMOl(eikTBM5I. OHa OXJIa)l(l(aeMbIH rrOTOK
 

onpenenaerca KaK OTHOIIleHMe M3MeHeHM5I (npn­

pameuna) 3HTaJIbrrMM narpeaaenoro (OXJImKl(ae­
 (3)
 
MOro) rrOTOKa K COOTBeTCTBylOllJ,eMy npnpame­

HMlO 3HTporrMM sroro rrOTOKa. B rrpaKTMqeCKMX me T \ M To~ - cpel(HeTepMOl(MHaMMQeCKMe TeM­


H

MH)I(eHepHbIX pacserax rrpn COCTaBJIeHMM 6aJIaH­
neparypsr aarpesaeaoii M oxnazcnaeuoii cpen. 

COB 3HeprMM B $OpMe TerrJIOTbI 06bIqHO ncnons­
B 60JIbIIlMHCTBe CJIyQaeB npn TepMOl(MHaMH­

3YlOT rrOH5ITM5I reuneparypst, 3HTaJIbrrMM M np, 
QeCKOM aHaJIM3e TerrJIOBbIX cxeu TeXHOJIOrMqe­

B HaCT05lllJ,eH crarse paCCMOTpeH MeTOl( 
CKMX rrpOlJ,eCCOB Cpel(HeTepMOl(MHaMMQeCKa51 TeM­onpeaencmrs sxceprernsecxorc KII)J, CJIO)l(HOH 
rreparypa OTl(eJIbHbIX rrOTOKOB TT MO)l(eT 6bITb

TerrJIOMCrrOJIb3ylOllJ,eH cxesrsr M rrosasana CB5I3b 
ssipaacena -repea MX MCTMHHble reurreparypu:

Me)l(l(y 3KcepreTMQeCKMM KII)J, ee 3JIeMeHTOB M 
l(JIR rrpOlJ,eCCOB 6e3 $a30Bblx npeapameuaii3KcepreTMQeCKMM KII)J, CJIO)l(HOH TerrJIOMcrrOJIb3y­

IOllJ,eH cxeMbI Qepe3 rrpMBbIQHble l(JI5I rrOJIb30Ba­
(4)TeJI5I napaxrerpu. IIepBa51 TaKa51 norrsrrxa 6bIJIa 

rrpenrrpanara B [1]. 
l(JIR rrpOlJ,eCCOB npn $a30BOM nepexone rrep­

)J,JI5I BbIQMCJIeHM5I sxceprerasecsoro KII)J, 
soro pozta

CJIO)l(HOH TerrJIOBOH cxeMbI paccaorpav cneztyto­
utne COOTHOIIleHM5I. (5) 

Yl(eJIbHbIH TerrJIOBOH rrOTOK, rrepenanasnl 
(BocrrpMH5ITbIH) B i-M TerrJIoo6MeHHMKe me T M T - resmeparypsr rrOTOKa B nasane H 

H K 

(1) 

rne !':J.Qi - TerrJIOBOH rrOTOK, nepenamrsni (BOC­

rrpMH5ITbIH) B i-M TerrJIoo6MeHHMKe; I:!':J.Qi - CyM­

Ma TerrJIOBbIX rrOTOKOB, rrepeztaansrx (aocnpmra­
TbIX) BO scex 3JIeMeHTax paccsrarpaaaenoii CMCTe­

MbI. 

TIpMBel(eHHbIH TerrJIOBOH rrOTOK l(JI5I i-to ren­

JI006MeHHoro annapara: 

KOHlJ,e TerrJIOBOrO npouecca; T, - renrteparypa 
$a30BOro nepexona. 

OTHOCMTeJIbHbIe norpeuraocra rro rrpM6JlH­

)l(eHHbIM Bblpa)l(eHM5IM (4) M (5), rrOJIYQeHHbIe 

nyrev pa3JIO)l(eHMR B pan TeHJIOpa TOQHbIX cPop­

MyJI l(JI5I rrpOlJ,eCCOB 6e3 $a30BbIx npenpameaas, 

(6) 

a l(JI.S 

npn I 

KOHl(~ 

rzte c 

rpero 

OXJIa)l 

$a30B 

K 

ypaB 

rne I: 
rMH B 

p 

HID! 

06Me 

nOJIy 

a)l.Ha 
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a ~JIH nponeccos C y-rcrox <pa:JOBbIX nepexonos 

ap" HaJIMqMH neperpeBa napa H nepeoXJIa~,lJ,eHMH 

KOH~eHcaTa 

° 2 ::::: Ts [c](L\TtlTl- ciL\T2/Ts)2], (7)
2r(2) 

rnc C] H ~ TenJIOeMKOCTH KOH,lJ,eHCaTa H nepe­C2 

rperoro napa; L\T2, L\T] ~ neperpes napa H nepe­
OXlla~,lJ,eHHe KOH,lJ,eUCaTa; r ~ ynern.na» TenJIOTa

(3) 
q>aJOBoro nepexozta. 

KaK H3BeCTHO [2], :3KCepreTHqeCKHR KI1)J,
TeM­

CllO)l(HOR TenJIOBOR cxexn» TJ MO~HO HaHTIi: H3e 
r 

ypaBHeHHH" 
aMH­

Uqe­ TJe = LL\eqH/LL\eqo' (8) 
TeM­

)blTb rne I:L\eqHH LL\eqo ~ CYMMbI npHpaIIIeHHR :3KCep­

sr: ruii scex aarpeaaensrx H OXJIa~,lJ,aeMbIX nOTOKOB. 

mil Pacspoejr qHCJIHTeJIb H 3HaMeHaTeJIb ypasne­
HHH (8) xepes 3HaqeHHH ,lJ,JIH e,lJ,HHHqHOrO TenJIO­

(4) o6MeHHoro annapara: 

nep-
T L\QH (1-To.c IT:) 

(9)TJe IT'L\Qo (1-To.c To) 
(5) 

rne L\QH H L\Qo ~ TenJIOBbIe nOTOKM narpesaexroii 
ie H H oXJIa~,lJ,aeMOH cpen; T ~ TeMnepaTypa OKPy­o.c 
rypa )I(aIOIIIeH cpensr (,lJ,mI 60JIbIIIHHCTBa BCTpeqaIOIIIMX­

ClI B npaxrnxe cnysaes MO~HO npMH5ITb 

5JIH­ t.: = 300 K). 
asre Orcrona C yqeTOM <pOpMyJI (1) - (3) MO~HO 
pop­ nOJIyqMTb:3KCepreTHqeCKHH Kn)J, ,lJ,JIH CJIO~HOH 

MR, anHa6aTHQeCKOH TenJIOBOH CXeMbI: 

1-To.cLQnp.H
(6) (10)TJ e 

1-~.cLQnp.u 

~ 

HaH,lJ,eM CBH3h Me~,lJ,y :3KCepreTHQeCKHM Kll)J, 

:3JIeMeHTa TJei H TenJIOBOH cxexrsr B ueJIOM TJe. 
PaCCQMTaeM ,lJ,OJIIO 3aTpaQeHHOH :3KCeprMH B i-M 

3JIeMeHTe Yi OT 06IIIeR sxceprun, 3aTpaQeHHOH B 

cxexte: 

L\eqoi qJ1-To.c ITo~) 
(11) Yi 

LL\eqOi L [qi (1-Tu.c I r; )] 
OTCIO,lJ,a 06IIIHH Kll)J, TCIlJIOBOH cxestsr 

(12)TJ e = LYiTJei' 

B Tenno06MeHHHKax pexyneparasnoro rana 
npn pacxere sxcepreranecxoro Kll)J, onpcnene­
HMe npHpaIIIeHHH :3KCeprMH narpeaaenux H ox­

na~,lJ,aeMblX nOTOKOB He npe,lJ,CTaBJIHeT rpyna. 
Hexoropoe 3aTpY,lJ,HeHHe BbI3bIBaeT onpenenenne 
npHpaIIIeHHH :3KCeprHM B rrpoueccax, OCJIO~HCH­

HbIX Maccoo6MeHOM. MO~HO npHBeCTH TenJIOBOH 

npouecc C Macco06MeHOM K npoueccy B pexyne­
paTHBHOM TenJIoo6MeHHHKe H H,lJ,eaJIbHOM CMeCH­

TeJIe (pa:J,lJ,eJIHTeJIe), soropue pa60TalOT nOCJIe,lJ,O­

BaTeJIbHO. 3Ta yCJIOBHaH cxexra (npn coxpaaeuan 
MaTepMaJIbHbIX M ::mepreTHQeCKMX 6aJIaHCOB) no­
3BOJIHeT OTHOCHTeJIbHO rrpOCTO paCCQHTaTb npa­
paIIIeHH5I :3KCeprHH MaTepHaJIbHbIX rrOTOKOB B 

TerrJIOBOM npouecce, OCJIO~HeHHOM Maccoo6Me­

HOM. 

PaCCMOTpHM THnMQHble TenJIOHCnOJIb3YlOIIIMe 

yCTaHOBKH: rrpOH:3BO,lJ,CTBa nenmonosu M 6YMarH, me 
rennossre rrpoueccu OCJIO~eHbI Macc06MeHoM. 

TenJloo6MeHHHK CMemeHHH (pHC. 1) npen­
Ha3HaQeH ,lJ,JIH uarpesa pafioxero TeJIa TenJIOHO­

CHTeJIeM ~ HaCbIIIIeHHblM napoxi. B cxexrax 

rrpHHHTbI cJIe,lJ,YIOIIIHe 0603HaQeHHH: G], c], T] H 

G3, c3' T3 ~ paCXO,lJ,bI, ynensuue TenJIOeMKOCTH 

H TeMneparypbI narpeaaesroro nOTOKa ua BXO,lJ,e 
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Ie,", i, T, 

G " "T" ./l,cl, 1 ./ 

Gt, i, t, 

a) 6) 

Puc. 2 

If BbIXO,lJ,e TerrJIo06MeHHIfKa; T2 - pac­G2, i2, 
XO,lJ" 3HTaJIbIUUI If resrneparypa OXJIa)K,lJ,aeMOrO 

rrOTOKa na BXO,lJ,e B TerrJIo06MeHHIfK; C -- ync­
B 

nsnas TerrJIOeMKOCTb BO,lJ,bI. 

ITpIfBe,lJ,eM paCCMaTpIfBaeMbIH npouecc TerrJIO­

06MeHa (puc. 1, a) K npoueccy B pexyrreparna­
HOM (rrOBepXHOCTHOM) TerrJIo06MeHHIfKe. ~JI}I 

sroro yCJIOBHO pa3,lJ,eJIIfM BbIXO,lJ,HOH (narpersni) 
rrOTOK na zma: rrepBbIH - paBHbIH rro Macce na­
rpeaaeuosry noroxy, BTOPOH - paBHbIH rro Mac­

ce OXJIa)K,lJ,aeMoMy noroxy (pnc. 1,6). ITPIf 3TOM 

,lJ,JIH 060IfX rrOTOKOB T3 - idem. TaK KaK npa 
onpeztenenna npnpamenna sxceprmr IfCrrOJIb3Y­

lOTCH 6aJIaHCbI MaCCbI If aneprnn rrOTOKOB, npax­
TIfqeCKIf y,lJ,06HO narpersrii rrOTOK pasztemrrs He 

rro MaccaM, a rro IfX BOMHblM 3KBIfBaJIeHTaM. 

3KcepreTIfqeCKIfH KIT~ raxoro npouecca 

T ~eqH 
~e=--

~eqo 

G\C\(T3-T2)(1-To.cITHT) 
= 

G2( i2-cB T3) (1-To.c ITo 
T) 

I-To.c ITH 
T 

i-z., I TOT 
(13) 

A,l],ua6aTHIJeCKUH castoacnapnrens (pnc. 2) 
npezmaanaxen ,lJ,JIH KOHQeHTpIfpoBaHIfH If OXJIa)K­

,lJ,eHIfH amowaaarnoro pacrsopa, Ilpouecc B 3TOM 

3JIeMeHTe OTHOCIfTCH K npoueccy ,lJ,pOCCeJIIfpOBa­

HIfH neperperoro aJIlOMIfHaTHoro pacrsopa C 

BHYTpeHHIfM 3Hepro06MeHoM. 3TIf casroncnapa­
TeJIIf HaIIlJIIf mnpoxoe npujaeneaae B annaparyp­
HO-TeXHOJIOrIfQeCKIfX cxesrax napxa utensr npa 
rrpOIf3BO,lJ,CTBe QeJIJIlOJI03bI, 6yMarIf, B KOTeJIbHOH 

npaxrnxe B KaQeCTBe pacumpnreneii npozryssa If 

,lJ,pymx TerrJIOIfCrrOJIb3yIOIl."(IfX npoueccax. ~JIH 

npnseztemra TerrJIOBOrO npouecca (CM. pnc, 2, a) 
K npoueccy B pexyneparnsnov TerrJIo06MeHHIfKe 

yCJIOBHO pa3,lJ,eJIIfM BXO,lJ,HIl."(IfH rrOTOK na ztsa: 

O,lJ,IfH no Macce paBeH HarpeBaeMoMy rroToKy 

(rrapy), npyroii - OXJIa)K,lJ,aeMoMy (puc. 2, 6). 
Ha puc, 2 npnnarsr cnenyiounre 0603HaQeHIf}l: 

1I 1Ic:\' c\' rr\ If o:2' C 2 , r:2 - paCXO,lJ,bI, ynerrs­
nsre TerrJIOeMKOCTIf If TeMrreparypbI neperperoro 
pacrsopa aa BXO,lJ,e If BbIXO,lJ,e ncrrapnrena; G;, 
i, T, - paCXO,lJ" yzrensnas saransnna If rexme­
parypa rrapa BCKIfrraHIfH pacrnopa. 

3KcepreTIfQeCKIfH KII~ raxoro npouecca 

T 
T ~eqH G3(i-cBTt) (I-To.c ITH)
 

~e =~eqo =G2C2(Tt - T2
11 

) (1-t., ITOT )
 

I-To.c IT: HIUI 

(14 )T peK;
I-To.c ITo 1 

BbIIIapHOH annapar (pnc. 3) - OCHOBHoe cf 
TerrJIoo6MeHHoe yCTpOHCTBO ,lJ,JIH KOHQeHTpIfpoBa­ rrpe 
HIfH pacrsopoa npn rrpOIf3BO,lJ,CTBe QeJIJIlOJI03bI. nor 
B 3TOM armapare nporexaior npoueccsr TenJIo06­


MeHa C Macc06MeHoM. B 06Il."(eM cnyxae yziane­

HIfe BO,lJ,bI ns pacrsopa rrpOIfCXO,lJ,IfT aa CQeT KaK
 

anyrpennero aneproofixtena (a,lJ,Ifa6aTIfQeCKOrO
 

,lJ,pOCCeJIIfpOBaHIfH neperperoro pacrsopa), TaK If BbI
 

naeruaero nyrea rennonepcnasa anepran
 
rrapa K pacrnopy -repea TerrJIoo6MeHHyIO nosepx­

HOCTb.
 

Paccsrorpasr If30TepMIfQeCKIfH npouecc KOH­

QeHTpIfpoBaHIfH QepHOrO Il."(eJIOKa, rrocrynaioutero 
TeB BblrrapHoH arrrrapaT rrpIf TeMrreparype KIfrreHIfH 

B HeM (CM. pnc. 3, a). C QeJIblO rrpnaenena» pa 

TerrJIOBOrO rrpoQecca K rrpoQeccy B peKyrrepaTIfB­ rr 

HOM TerrJIo06MeHHIfKe BXO,lJ,HOH rrOTOK pa3,lJ,eJIIfM e 
na zrsa: O,lJ,IfH - pannsrii rro xracce ofipasytoute­

MyC}I BTOPIfQHOMY rrapy, npyroii - KOHQeHTpIf­

pOBaHHoMy pacrsopy Torna npouecc astnapnsa­
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HH5I MO)KeT 6bITb npaaeztea K npoueccy B 

(14) pexyrreparnanou Terrno06MeHHIIKe (pliC. 3, 6). 

Ilocxonsxy nOTOK C napaverpamr (Gf - Gr), 

Hoe cf H Tt rrpOX02l,HT Qepe3 Tenno06MeHHHK, He 

isa­ nperepnesas HHKaKHX H3MeHeHHH, HMeIOTC5I. zma 
13bI. nOTOKa: 02l,HH ­
106­

BpaIl.J,aeTC5I. H3 B02l,bI 
me­

HOM nap, ztpyroa -KaK 

30Boro nepexO)l,anro 

narpeaaeasrii, KOTOpbIH rrpe­

C resmeparypoa Tt B B02l,51.­

OxnmK2l,aeMbIH, aneprus clla­

KOToporo Hcnonb3YeTC5I. 2l,n51. 

( II BbIIIapnnanWI pacrsopa, Ha pHC. 3 npanarn cne­
rlIH 2l,ylOIl.J,He 0603HaqeHH5I: Gf, cf, Tt - pacxon, 
~px- ynensnas 'rennoesrsocrs H 'resmeparypa nepaoro 

menoxa, nocrynaiouiero B BbIIIapHoH arrnapar; 
:OH­

G2, i~, Tt - pacxozt, ynensnaa 3HTanbrrH5I. II 
ero 

r 
flII5I resmeparypa napa ncnapeaas; D, T H T; ­s 

HH5I pacxozt, TeMneparypa HaCbIIl.J,eHH5I rperomero 
'HB­ napa H renneparypa KOHAeHcaTa; c

B 
- Tenno­

111M eMKOCTb BOAbI. 
ute­

3KcepreTHQeCKHM KIT,lJ, TaKoro npouecca 
pn­
IBa-

T)
~eqH GrOg -cfTt) (l-To.c ITH 

r T)n, = ~eqo DO~ -cBT ) (l-T . IT s o c o 

1-To.c IT: 
(15) 

1-To.c IT"T 

,lJ,OCTOHHCTBOM npeanoacenaoro MeTOAa pacse­
'ra 3KcepreTHQeCKoro KI1,lJ, TennOBOH cxexrsr 5IB­

n5IeTC5I He .rorrsxo B03MO)KHOCTb nocrreayrourea 
cllopMynHpoBKH TepMOAHHaMHQeCKHX Tpe60BaHHH 

no ee COBeprneHcTBOBaHHIO C n03HU;HH anepro­
c6epe)KeHH5I, HO H IICnOnb30BaHHe npaesrsnux 
An5I TennOTeXHHKOB II .rexuonoroa nOH5I.THH "pac­
XOA pafioxcro rena", "TennOBOH nOTOK", "HCTHH­

Ha5I resmeparypa TennOHOCHTen5I" H 2l,p. 
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