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BOCCTaHOBJIeHMe TepMO,nMHaMMQeCKOH pa60TOCIIOCo6HOCTM
TeIIJIoo6MeHHMKa B IUIKJIe BhICOKOrO ,naBJIeHIDI rryreM

BaphMpOBaHIDI TeXHMQeCKMXIIOTeph OT Heo6paTMMOCTM

j(-p meXH. HayK A. B. TPOQEHKO, M. B. IIO,IJ,II;YEHMl
OaeCCKafl 20cyaapcmeeHHafl aKaaeMUJl XOIlOaa
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Computer experiments were carried out to restore the thennodynamic operational capabilities of expander heat ex-
changer and high-pressure cycle for cryogenic refrigeration plant. As the control actions on the restoring process, it
was selected the heat leaks from surroundings and hydraulic resistance of the working fluid flows in the heat exchanger.
It is shown that actually restoring ofthese operational capabilities is possible only by increasing the heat leaks from sur-
roundings. The changes in energy perfonnances of the test heat exchanger and cycle were obtained and analyzed.
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BBe,lJ.eHHe

llo.u TepMo.uI1HaMWIeCKoH pa6oTocrroco6HOCTblO

TeIUloo6MeHHl1Ka rrOHI1MaeTC5I B03MO)l(}fOCTb BbIIlOJI-

HeHl15I BToporo 3aKOHa TepMo.uI1HaMI1Kl1 rrpl1 rrapa-

MeTpax B Y3JIOBbIX TOqKaX .uaHHoro arrrrapaTa, y.uOB-

JIeTBOp5llOl..Ql1X ee rrepBOMY HaqaJIY. TepMI1H «TepMo-

.uI1HaMWIeCKa5I pa60Tocrroco6HOCTb» BBe.ueH B pa60Te

[1] .LJ.JI5IToro, qTo6bI BbmeJII1Tb cpe.u11 MHO)l(eCTBa Tex-

HWIecKl1X 3a.uaq, CB5I3aHHbIX C Hel1CrrpaBHOCTHMI1 Terr-

JI006MeHHI1Ka, rrpOBepKY orpaHWIeHI1H, o6yCJIOBJIeH-

HbIX BTOPbIM 3aKOHOM TepMo.uI1HaMI1Kl1. ):LJuI peaJIbHO

C03.uaHHoro TeIUloo6MeHHl1Ka 6y):(yT BbIIlOJIHHTbCH

o6a HaqaJIa TepMo.uI1HaMI1Kl1, o.uHaKO eCJII1 TeIlJIoo6-

MeH 6y.ueT ocymecTBJIHTbCH rrpl1.upyrl1X yCJIOBIDIX, 3TO

6y.ueT COnpOBO)l(,lJ,aTbCH cymecTBeHHbIM 113MeHeHl1eM

TepMo.uI1HaMI1y.ecKl1X rrapaMeTpOB Ha ero KOHu:ax [2].
B CBOlO Oy.epe.ub 3TO MO)l(eT rrpl1BeCTI1 KaK K yxy.urne-

Hl1lO 3HepreTI1QeCKl1X xapaKTepl1CTI1K BceH yCTaHoB-

Kl1, TaK 11ee Hepa6oTocrroco6HoCTI1. llo3ToMyaHaJI113

TepMo.uI1HaMI1QeCKOH pa6oTocrroco6HOCTl1 TeIlJIoo6-

MeHHbIX arrnapaToB HBJIHeTC5I aKTYaJIbHbIM rrpl1 rrpo-

eKTl1pOBaHl1l1 Kpl10reHHbIX CI1CTeM 11TeIlJIOBbIX ceTeH.

I13BecTHbI rpaQ:>WIeCKl1e [3, 4] 11aHaJIl1TWIeCKl1e crro-

C06bI [5] rrpOBe.ueHl15I TaKoro aHaJIl13a, OCHOBaHHble

Ha pa3JIWIHbIX Q:>OPMYJIl1pOBKax BToporo Hay.aJIa Tep-

Mo.uI1HaMI1Kl1.

Borrpoc BOCCTaHOBJIeHI1H TepMO,ll;I1HaMWIeCKoH

pa6oTocnoco6HoCTblO TeIUloo6MeHHl1KOB B JII1Te-

paTYPe npaKTI1'leCKl1 He 113JIO)l(eH. B .uaHHoH pa60Te

rrpe.ucTaBJIeHbI pe3YJIbTaTbI KOMrrblOTepHoro MO,ll;eJII1-

pOBaHl15I npou:ecca TaKoro BOCCTaHOBJIeHl15I.LJ.JI5I,ll;BYX-

rrOTOQHOrO TeIUloo6MeHH11Ka ,ll;eTaH,ll,epHOH cTYJIeHI1

OXJIa)I(,lJ,eHl15IB U:I1KJIe BbICOKoro .uaBJIeHl15I. llpl1 3TOM

B Ka'leCTBe yrrpaBJIHlOl..Qero B03,ll;eHCTBl15I Ha .uaHHbIH

rrpou:ecc BbI6paHO 113MeHeHl1e TeXHWIecKl1X rroTepb.

<!>OPMaJIbHO oCYl..QeCTBJIHTb ero MO)l(}fO Bapbl1pyH JIlO-

60H TepMO,ll;I1HaMI1QeCKl1H rrapaMeTp, 3HepreTWIec-

Kl1H rrOTOK l1JI11 pacxo.u pa6o'lero TeJIa, cBH3aHHbIH

C I1cCJIe,ll;yeMbIM TeIlJIoo6MeHHI1KOM. O,ll;HaKO I1HTepeC

rrpe.ucTaBJIHlOT JIl1rnb crroco6bI BOCCTaHOBJIeHI1H, KO-

Topble MOryr 6bITb peaJI1130BaHbI rrpl1 KOHCTpYl1poBa-

HI1I1 arrrrapaTa. B CTaTbe [1], Harrpl1Mep, paCCMaTpl1Ba-

JIaCb aHaJIOrWIHaH 3a.uaQa.LJ.JI51CJIy'Ia5I, KOr,ll;a yrrpaBJIH-

lOl..QI1MB03.ueHCTBl1eM HBJIHJIOCb OTHOrneHl1e paCXO,ll;OB

pa60Ql1X TeJI.

B COOTBeTCTBl111 C KJIaCcl1Q:>I1KaU:l1eH rrOTepb

OT Heo6paTI1MocTI1, rrepeMeHHble rro rrpWII1HaM

l1X B03Hl1KHOBeHI1H MOryr 6bITb OTO)j(.LJ.eCTBJIeHbIJI1160

C TeXHWIecKoH, JI1160 C co6cTBeHHoH rroTepeH [6].
,UaHHa5I KJIaCcl1Q:>I1KaU;I1Hrr03BOJIHeT pernaTb ,ll;aHHYIO

3a.uaqy BOCCTaHOBJIeHI1H, Bapbl1py51 .LJ.JI5ITeIlJIoo6MeH-

HI1Ka 3Ha'leHI1HMI1 TeIlJIOrrpl1TOKOB 113 OKpy)l(alOl..QeH

Cpe,ll;bI 11 rI1,ll;paBJIWIeCKl1MI1 corrpOTI1BJIeHl15IMI1 pa6o-

Ql1X TeJI. TaKOH rro,ll;XO,ll;,ll;aeT B03MO)l(}fOCTb coxpaHHTb

rrpl1 perneHl111 3a.ua'll1 cxeMY Kpl10reHHOH yCTaHOBKl1.

OCHOBHaH u;eJIb 3a.uaQI1 BOCCTaHOBJIeHI1H TepMO-

,ll;I1HaMWIeCKOH pa60Tocrroco6HOCT11 COCTOI1T B yCTa-

HOBJIeHl111 rrpl1HU:l1rrl1aJIbHOH B03MO)l(}fOCT11 ero ocy-

l..QeCTBJIeHI1H rrYTeM 113MeHeHI1H TeXHI1':leCKl1X rrOTepb

B TeIUloo6MeHHOM arrrrapaTe. llpl1 nOJIO)l(J1TeJIbHOM

perneHl111 3a.uaQa rr03BOJIHeT:

- BbUIBI1Tb Ha1160JIee 3Q:>Q:>eKTI1BHble C TOQKl1

3peHI1H TepMO,ll;I1HaMWIeCKOH 3Q:>Q:>eKTI1BHOCTI1BI1,ll;bI

TeXHWIecKl1X nOTepb, KOTopble MOryr 6bITb I1CnOJIb30-

BaHbI B KaQeCTBe He3aB11C11MbIX rrepeMeHHbIX .LJ.JI5Ipe-

rneHl15I 3TOH 3a.ua'll1;

- orrpe.ueJII1Tb 11 rrpOaHaJI113l1pOBaTb 113MeHeHl15I

3HepreTWIecKl1X 11 TeXHI1Y.eCKl1X rrOKa3aTeJIeH I1CCJIe-

,LJ;yeMoro TeIlJIoo6MeHH11Ka B rrpou:ecce BOCCTaHOBJIe-

HI1H;

- 113yql1Tb B3a11MOCBH3b Me)l()l;y o.uHOI1MeHHbIMI1

3HepreTWIeCKl1MI1 rrOKa3aTeJIHM11 BOCCTaHaBJII1Bae-

Moro arrnapaTa 11yCTaHOBKl1.

B KaQeCTBe o6'beKTa I1CCJIe.uOBaHl15I BbI6paH U;I1KJI

BbICOKoro .uaBJIeHI1H B peQ:>pJ1)l(epaTOpHOM pe)l(J1Me,

cxeMa KOTOpOro rrOKa3aHa Ha p11C. 1. B .uaHHOM U:I1KJIe

113-3a pa3HOCTl1 pacxo.uOB rrpHMoro 11o6paTHoro rrOTO-
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PUC. 1. CxeMa l{uKJla eb/COK020 aaeAeHUJI aM perjJpUJlCepamOpH020
peJICUMa pa60mb/:

K - KOMnpeccop; J( - aemaHaep; If - ucnapUmeJlb;
Tl, T2 - menA006MeflHUKU; J(p - apOCCeJlb;)1,2 - a02peeameAb

KOB HaH60JIee Bep05lTHbIM arrrrapaTOM, rrO)JJIe)J(aI.u:HM

TepMO,lJ,HHaMWleCKOMY BOCCTaHOBJIemIlO, 51BJI5leTC5I

TenJlo06MeHHHK T1.
Ha pHC. 1HCn0JIb30BaHbI CJle,1J,YIOmHe0603HaqeHIDI

3HepreTWlecKHX nOTOKOB: L
K

- pa60Ta, 3aTpaqeHHa5I

B KOMnpeccope; LIJ. - pa60Ta, rr0JIY'IeHHa5I B ,lJ,eTaH,lJ,epe;

Qx - XOJlO,lJ,OnpOH3BO,lJ,HTeJIbHOCTbyCTaHoBKH; Q3l' Q32'
Q2- COOTBeTCTBeHHOTeIlJIOnpHTOKH H3 OKp~aIOmeH
Cpe,lJ,bIK TeIlJIo06MeHHHKaM T1, T2 H ,lJ,orpeBaTemo ,ll;r;

Qo - TeIlJIO, OT,IJ,aBaeMOeB OKp~aIOI.I.J:YIO cpe,lJ,y.BeJIH-

q].1HblMm, Mn 03HaqalOT COOTBeTCTBeHHOpaCXO,lJ,bIrrp5l-

Moro H 06paTHoro nOTOKOBB TeIlJIo06MeHHHKe Tl.
B ,lJ,aHHOHpa60Te yCJIOBHe TepMO,lJ,HHaMWlecKoH

pa60Tocnoc06HoCTH )J,JI5ITeIlJIo06MeHHHKa Tl oc-

HOBaHO Ha <P0PMYJlHpOBKe IIHaqaJIa rro KJIaY3HYcy,

B COOTBeTCTBHHC KOTOpOH B JIlO60M CeqeHHH TeIlJIO-

06MeHHHKa no TenJlOBOH Harpy3Ke TeMnepaTYpa rrp5l-

Moro nOTOKa Tm ,lJ,OJI)J(Ha6bITb He HJ.1)J(eTeMrrepaTYpbI

06paTHoro rrOTOKa Tn' 3TO yCJIOBHe rrpHBO,lJ,HTK Tpe-

60BaHHlO BbIIlOJIHeHH5I HepaBeHCTBa

L'lTmin~O,

r,lJ,e L'lTmin - MHHHMaJIbHbIH TeMrrepaTYPHblH Harrop

Me)l()J,y rrp5lMblM H 06paTHbIM nOTOKaMH B CeqeHHH

TeIlJlo06MeHHHKa.

B cJIY'Iae I1Tmin = 0 HMeeT MeCTO TeopeTWleCKa51
TepMO,lJ,HHaMWleCKa51 pa60Tocrroc06HoCTb, KOr,lJ,a

)J,JI5InpaKTWlecKoH peaJIH3a.u:HH arrrrapaTa He06xo-

,lJ,HMa 6eCKOHeqHO 60JIbllIa51 rrOBepXHOCTb TeIlJIo06-

MeHa F. IIPH rrpoeKTHpOBaHHH KpHOreHHbIX TeIlJIO-

06MeHHHKoB 06b]qHO HCrrOJIb3YIOT 60Jlee cTporoe,

qeM HepaBeHCTBO (1), yCJIOBHe [7]

L'lTmin ~ L'lTo'

r,lJ,eL'lTo::::: 3-5 K.

B 3a,1J,aqeCqHTaJIHCb H3BeCTHbIMH H <pHKCHpO-

BaHHblMH 3HaqeHH5I: XOJIO,lJ,OnpOH3BO,lJ,HTeJIbHOCTbQx;

,lJ,aBJIeHHe,lJ,O(PI) H rrOCJIe (P2) KOMrrpeccopa; TeMrre-

paTypa oKp~alOmeH Cpe,lJ,bl Toc H TeMrrepaTypa ox-

JIa)J()J,eHH5I Tx; H30TepMHqeCKHH KII,ll; KOMrrpecco-

pa 11
K

H H303HTporrHbIH KII,ll; ,lJ,eTaH,lJ,epa11s• IIepBo-

HaqaJIbHO ,lJ,eJIaJIHCb,lJ,OrrOJIHHTeJIbHbIe ,lJ,Orryw,eHH5I

06 OTCYTCTBHH TeXHHqeCKHX rrOTepb, 06ycJloBJleH-

HbIX rH,lJ,paBJIWleCKHMH corrpOTHBJIeHH5IMH nOTOKOB

pa60qero TeJla H TeIlJIOrrpHTOKOB H3 oKp~alOmeH
Cpe,lJ,bI. IIo HallIHM rrpe,lJ,CTaBJIeHH5IMBC5IKa51nOTep51

OT He06paTHMocTH crroc06cTByeT BOCCTaHOBJleHHIO

TepMO,lJ,HHaMHqeCKOH pa60Tocrroc06HoCTH, qTO MO-

)J(eT 6bITb 060cHoBaHo 06meH <pOPMYJIHPOBKOH II
3aKOHa rrpHMeHHTeJIbHO K paccMaTpHBaeMoH 3a,1J,aqe

[8]. II03TOMY ,lJ,aHHOe,lJ,OrrymeHHe B onpe,lJ,eJIeHHOH

Mepe YCJIO)J(H5leTBOCCTaHOBJIeHHeTepMO,lJ,HHaMHqeC-

KOH pa60Tocrroc06HoCTH H, B TO)J(e BpeM5I, n03BOJI5l-

eT HCrrOJIb30BaTb B 3a,1J,aQeMeHbwee QHCJlOHe3aBHCH-

MbIX rrepeMeHHbIX.

PaCQeTbI TepMO,lJ,HHaMHQeCKHXCBOHCTBpa60QHX

TeJI rrpOBO,lJ,HJIHCbC rrOMOmblO e,lJ,HHOrOypaBHeHH5I

COCT05lHH5IPe)JJIHXa-KBoHra-BHJIbCOHa [9].
B Ta6JI. 1 rrpHBe,lJ,eHbI pe3YJIbTaTbI )JJI5IHCXO,lJ,HbIX

3HaQeHHH rrpH paCQeTe .u:HKJIaHa a30Te. OHH COBrra-

,lJ,alOTC ,lJ,aHHblMH pa60Tbl [1], QTO n03BOJI5leT cpaB-

HHTb pa3JIHQHbIe BapHaHTbI BOCCTaHOBJIeHJ.151TepMO-

,lJ,HHaMWlecKoH pa60Tocrroc06HoCTH TeIlJlo06MeHHH-

Ka Tl. HaQaJIbHoMY COCT05lHHlO HCCJIe,lJ,yeMoro Ten-

Jl006MeHHHKa COOTBeTCTBYIOT3Ha'leHH5I: T2 = 298 K;

T3 = 117,5 K; T7 = 113,0 K; Ts = 283 K; M/ Mm = 1,73;
L'lTmin = -3,0 K. HJ.1)J(HHeQHCJIOBble HH,IJ,eKCbl0603Ha-

'lalOT HOMep Y3J10BOHTOQKH UHKJIa (CM. pHC. 1).
,ll;JI5I orrpe,lJ,eJIeHH5I COCT05lHHH pa60'lero TeJIa

B Y3JIOBbIX TOQKaX TeIlJIo06MeHHHKa B npo.u:ecce BOC-

CTaHOBJIeHH5I TepMO,lJ,HHaMH'leCKOH pa60Tocnoc06-

HOCTH HCrrOJIb3yeTc5I ypaBHeHHe ero 3HepreTHQeCKO-

ro 6aJIaHCa, KOTopoe )J,JI5Iy,lJ,eJlbHbIX BeJlH'lHH HMeeT
BH,IJ,

Ta6Jluu,a 1
.II:aHHbIe ,lJ,JUI TepMO,lJ,HHaMH'leCKOro paCqeTa u,HKJla

BeJIU'lUHa 3Ha'leHUe

Qx' BT 100

PI'MIla 0,1

P2, MIla 20,0

Toc' K 298

Tx,K 77,35

11c 0,65

11s 0,80



r,Ue h - 3HTaJIhIU151; q31 - y,UeJIhHhle TeruIOrrpl1TOKl1

113OKp}')KaJOlUeti Cpe,UhI K TerrJIo06MeHHl1KY Tl.

TIOCKOJIhKY 113 ypaBHeHl15I (3) MO)J(eT 6hITh HaH-

,UeHa TOJIhKO O,UHa BeJIWll1Ha, TO ClJl1TaeTC5I rrOCTO-

51HHOH 11 3a,UaHHOH TeMrreparypa rrOTOKOB T2 11 T7
Ha BXO,UeB annapaT. )J,aJIee paCClJl1ThIBaJOTC5I Bapl1aH-

ThI, KOma O,UHa 113 TeMneparyp T311JIl1 Tg HaXO,Ul1JIaCh

113 ypaBHeHl151 (3), a BTOpa51 rrpl1HHMaJIaCh nOCT05lH-

HOM 11 paBHOM 3HalJeHHJO B HalJaJIhHOM COCT05lHl1l1

TepMO,UHHaMl1lJeCKl1 Hepa60Tocrroc06Horo TeIIJIo06-

MeHHI1Ka. TOlJKa, B KOTOpOM 3a,UaBaJIOCh 3HalJeHl1e

TeMnepaTyphI, ClJHTaeTC5I <pHKCl1pOBaHHOM, a ,UPY-

ra51 TOlJKa - orrpe,UeJI5leMoM. Pe3YJIhTaTbI rrpOIJ,eCca

BOCCTaHOBJIeHl15I paCCMaTpl1BaJOTC5I B 3aBl1CI1MOC-

TI1 OT BeJIl1lJl1HhI ~Tmin' COOTBeTCTBeHHO )J,JI5I ee Ha-

XO)J()J,eHl15I peaJI113yeTc5I aJIfOPl1TM, l1CnOJIh3yeMhIH

npH nOCTpOeHl1l1 q, T-,UHarpaMMhI TeIIJIo06MeHHl1-

Ka. OH CBO,Ul1TC5IK yCJIOBHOMY pa36HeHl1JO arrrrapaTa

Ha n 3JIeMeHTOB, O,UMHaKOBhIX rro TeIIJIOBOM Harpy3Ke

q. )J,aJIee Ha OCHOBaHl1l1 3HepreTl1lJeCKOrO 6aJIaHCa,

COCTaBJIeHHOfO)J,JI51 3JIeMeHTOB (k = 0, 1, ... , n), orr-

pe,UeJI5IeTC5I TeMnepaTypa B k-OM CelJeHHI1 TeIIJIo06-

MeHHl1Ka

q = hm-~ +q3Jk = ;n (fig -h.),
m

r,Ue hm, hn - TeKYlUl1e 3HalJeHl15I 3HTaJIhnHM rrp5lMOrO

11 06paTHoro nOTOKOB; q3J k - TeIIJIOrrpl1TOKl1 K k-hIM

3JIeMeHTaM arrrrapaTa.

113 nOJIYlJeHHoro MaCCHBa TeMrreparypHhIX Harro-

pOB B Cel.JeHH5IX HaxO,Ul1TC5I l1X Ml1Hl1MaJIhHOe 3HalJe-

Hl1e. 3aTeM BeJIl1lJHHa n y,UBal1BaeTC5I,UO Tex rrop, rrOKa

pa3HOCTh ,UByx rrOCJIe,UHl1X pe3YJIhTaTOB orrpe,UeJIe-

Hl15I ~Tmin rrpeBhIIIIaeT 3a,UaHHYJO TOlJHOCTh.

PaBeHcTBo (4) npe,UrrOJIaraeT OTClJeT TeIIJIOBOrO

nOTOKa C XOJIO,UHoro KOHIJ,a TeIIJIo06MeHHl1Ka. B 3TOM

paBeHCTBe BeJIl1lJl1Ha q3J k rrpl1Hl1MaeTC5I nponopIJ,l1-

OHaJIhHOM TenJIOBOH Harpy3Ke )J,JI5I k-hIX 3JIeMeHTOB

TeIIJIo06MeHHl1Ka.
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Pe3YJIbTaTbI rrpou;ecca BocCTaHOBJleH~ TepMO,LUllla-
Mlf1IeCKOH pa6oTocrroco6HoCTH TerrJloo6MeHHHKa

B COOTBeTCTBl1H CKJIaCCl1<pl1KaIJ,l1eM rrOTeph OTHe-

06paTl1MOCTl1 rro rrp113HaJ<Y l1X rrpOHCXO)J()J,eHl15I [6]
B KalJeCTBe TeXHWlecKl1X rrOTeph paCCMaTpHBaJIHCh

TeIIJIOrrpl1TOKl1 q31' rl1,UpaBJIWleCKl1e corrpOTHBJIeHl15I

rrp5lMOrO ~Pnpl1 06paTHoro ~P06pnOTOKOB.

TIPl1 Baphl1pOBaHMM B rrpOIJ,eCce BOCCTaHOBJIeHl15I

TeIIJIOnpl1TOKOB q31 HMeeT CMhICJI <pl1KCl1pOBaTh TOJIh-

KO Y3JIOBYlO TOlJKY 8. TIPl1 3TOM OCTaeTC5I He113MeHHOM

CYMMapHa51 MOJIhHa51 TeIIJIOBa51 Harpy3Kl1 qe' BhIlJHCJI5I-

eMa51 H3 COOTHOIlleHl15I

B CJIYlJae rrOCT05lHCTBa rrapaMeTpOB TOlJKl1 3, YBe-

JIWleHHe BeJIWll1HhI TeIIJIOrrpl1TOKOB B arrrrapaTe co-

rrpoBo)J()J,aeTC5I rrOBhIIlleHl1eM TeMrreparyphI Tg• B CBOJO

OlJepe,Uh 3TO BJIelJeT, KaK nOKa3hIBaJOT HaIlll1 I1CCJIe,Uo-

BaHl15I, YMeHhIlleHHe BeJIWll1HhI ~ Trnin11, CJIe,UOBaTeJIh-

HO, ,UaJIhHeHIllee YXY,UIlleHl1e Cl1TyaIJ,l1l1 C TepMo,Ul1Ha-

MWlecKoH pa60Tocrroc06HoCThJO TeIIJIo06MeHHl1Ka.

Ha Pl1C. 2 rrOKa3aHhI q, T- H q, d -,UHarpaMMhI

TeIIJIo06MeHHMKa T1 B l1CXO,UHOM 11 K~HelJHOM co-

CT05lHl15IX npl1 <pl1KCl1pOBaHHoH Y3JIOBOM TOlJKe 8.
Cl1MBOJIhI de 03HalJaJOT TeKYlUee 3HalJeHl1e MOJIhHhIX

rrOTeph OT He06paTl1MOCTl1 B arrnapaTe, l.Jepe3 Tm 11 Tn
COOTBeTCTBeHHO 0603HalJeHhI Kpl1Bhle np5lMoro H 06-

paTH oro rrOTOKOB.

BeJIWll1Ha de BhIlJl1CJI5leTC5I 113 paBeHCTBa, rroJIY-

lJeHHOrO 113 3HepreTWleCKOrO H 3KCepreTWleCKOrO

6aJIaHCOB TeIIJIo06MeHHl1Ka T 1

r,Ue S - 3HTpOrrl15l; Sm' Sn - 3HalJeHl15I 3HTpOrrl1H rrp5l-

Moro H 06paTHoro rrOTOKOB, COOTBeTCTBYlOlUl1e Terr-

JIOBOM Harpy3Ke q.
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B COOTBeTCTBHH C 06lI.1;J1MrrpHHu.JUlOM pa60Toc-

rrOC06HOCTH TerrJIo06MeHHbIX arrrrapaTOB [5] KpH-

Ba51de(q) rrpH TepMO,ll.HHaMHqeCKH Hepa60Tocrroc06-

HOM arrnapaTe ,ll.OJDKHa HMeTb 3KCTpeMYMbI B TOq-

Kax rrepeCeqeHH5I JIHHHH T)q) H Tn(q). L!,mI CJIyqa5I

TepMO,ll.HHaMHqeCKM pa60Tocnoc06Horo arrrrapaTa

KpHBa51 de(q) 5IBJI5IeTC5IMOHOTOHHO B03paCTalOIIJ.eM

<pyHKUHeM.

B Ta6JI. 2 npHBe,ll.eHbl pe3yJIbTaTbl, xapaKTepH3Y-

lOIIJ.He H3MeHeHHe rrOKa3aTeJIeM TeITJIo06MeHHHKa Tl

npH ero nepeXO,ll.e H3 HCXO,ll.HOrOB KOHeqHOe COCT05I-

HHe B 3aBHCHMOCTH OT MOJIbHbIX TeITJIOrrpHTOKOB q31'

LI.mI TeITJIo06MeHHHKa Tl BeJIM:qHHa 3KCepreTM:qeCKO-

ro KilL!, lleTlpaCCqHTbIBaeTC5I rro <poPMYJIe

llTI = Mme3 + Mneg

e Mme2 + Mne7'

me e - 3KcepreTWleCKa5I <PYHKIJ.M:5I[6].

113 ,ll.aHHbIX Ta6JI. 2 CJIe,ll.yeT, qTO B rrpou.ecce YBe-

JIM:qeHH5I MOJIbHbIX TeITJIOrrpHTOKOB K arrrrapaTY rrpo-
HCXO,ll.HTYXY,ll.lI.IeHHe Bcex 3HepreTHqeCKl-iX rrOKa3aTe-

Jleti TeITJIo06MeHHHKa Tl. ITPH 3TOM 3KCepreTM:qeC-

KHti KITL!, YMeHbllIaeTC5I Ha - 6%, 3KcepreTHqeCKHe

rrOTepH B03paCTalOT rrpH6JIH3HTeJlbHO B 8,5 pa3a, ,ll.OJUI

TenJIOnpHTOKOB B TerrJlOBOM Harpy3Ke YBeJIWmBaeTC5I
,ll,08,5%.

L!,aJJee rrpe,ll,CTaBJleHbI pe3YJIbTaTbI BOCCTaHOB-

JleHH5I pa60Tocrroc06HoCTH TeITJIo06MeHHHKa rry-

TeM YBeJlM:qeHM:5I rH,ll,paBJlHqeCKl-iX corrpOTHBJleHHM

no np5lMOMY H 06paTHOMY rrOTOKaM. 3aBHcHMoCTb
l>. Tmin OT rH,ll,paBJlM:qeCKl-iX corrpOTHBJleHHM rro rrp5IMO-

MY rrOTOKy H306p<DKeHbI Ha pHC. 3.
YBeJlM:qeHHe fH,ll,paBJlWleCKl-iX corrpOTHBJleHHH

no np5lMOMY nOTOKy rrpH <pHKCau.HH TO~ 8, rrpH-

BeJlO K YMeHbllIeHHlO 3HaqeHM:5I l>.Tmin OTHOCHTeJIbHO

HCXO,ll,HOrO COCT05IHM:5I, qTO ,ll,eJIaeT HeB03MO)l(}{bIM

HCnOJlb30BaHHe TaKoro rrO,ll,XO,ll,a,ll,mI BOCCTaHOBJIeHM:5I

pa60Tocrroc06HoCTH arrrrapaTa. HaJJM:qHe rH,ll,paBJIH-

qecKl-iX corrpOTHBJleHHM rro np5IMOMY nOTOKy npHBo-

,ll,HTK pocTY TeMrrepaTYP rrp5IMOra rrOTOKa, BCJIe,ll,CTBHe

qero H YMeHbllIaeTC5I MHHHMaJJbHblti TeMnepaTYPHbIM

Hanop B annapaTe.

1I3MeHeHHe xapaKTepHCTHK TenJIoo6MeHHHKa Tl
npH BOCCTaHOBJIeHHH ero pa60Tocnoco6HOCTH

q31' ,lJ,)I(/MOJIb IJ.Tmin,K T] TI de T1, ,lJ,)I(/ MOJIb Q3/Qce

° -3,0 0,992 133,8 °
150 -1,9 0,979 354,2 0,017

300 -0,6 0,966 565,0 0,034

450 0,6 0,954 767,2 0,051

600 1,8 0,942 959,8 0,068

750 3,0 0,930 1147,1 0,085

B cnyqae YBeJIM:qeHM:5IrH,ll,paBJIM:qecKl-iXCorrpOTHB-

JIeHHM npH <pHKCaIJ.MM:TOqKH 8, BeJIM:qHHa l>.Tmin B03-

paCTaeT, HO He,ll,OCTaTO~O ,ll,Jl5IBOCCTaHOBJleHM:5Ipa60-

Tocnoc06HOCTH TeITJlo06MeHHHKa B rrpe,ll,eJlax peaJJbHO

B03MO)l(}{OrO YBeJIM:qeHM:5I,ll,aHHOrO fM:,ll,paBJI~eCKOro

COnpOTHBJIeHM:5I.3TO M:JlJIlOCTpHpyeTC5IHaKJlOHOM KpH-

BoHIHapHc. 3. KaKrrOKa3bIBalOTpaCqeTbI, nOJIHOeBOC-

CTaHOBJIeHHepa60Tocrroc06HOCTH B03MO)l(}{O B cnyqae,

ecJIJ.1rH,ll,paBJIM:qeCKOeCOrrpOTHBJIeHHeno rrp5IMOMY no-

TOKy 6Y,ll,eTCOCTaBmITb rrpHMepHO 50% OT,ll,aBJIeHM:5IP2'

Pe3YJlbTaTbI n03BOJlM:JIH C,ll,eJIaTb BbIBO,ll, 0 TOM,

qTO YBeJIM:qeHHe rH,ll,paBJIM:qeCKl-iX conpOTHBJIeHHM

rro 06paTHOMY nOTOKy, BHe 3aBHCHMOCTH OT BbI60pa
<pHKCHpOBaHHOM Y3JIOBOH TOqKH, Ha BeJlM:qHHY l>.Tmin
rrpaKTM:qeCKH He BJIM:5IeT. IT03TOMY ,ll,aHHbIM cnoc06

He peKOMeH,ll.OBaH ,ll,mI BOCCTaHOBJleHM:5ITepMO,ll,HHa-

MHqeCKOM pa60Tocnoc06HOCTH TeITJIo06MeHHHKa Tl.

KpoMe H3MeHeHM:5I B npou.ecce BOCCTaHOBJIeHM:51

3HepreTM:qeCKl-iX nOKa3aTeJIeMTeITJlo06MeHHHKa Tl, HH-

Tepec rrpe,ll,CTaBJI5IeTBapHaIJ.M:5Iera TeXHM:qeCKl-iXxapaK-

repHCTHK. B qaCTHOCTH,TIO KaCaeTC5InOBepXHOCTHTerr-

JI006MeHaFaHaJIJ.13HpyeMora annapaTa. OrnoCM:TeJIbHOe

ee H3MeHeHHe of onpe,ll,eJI5IeTC5ICOOTHOllIeHHeM

of = FKC / FVtC'

r,ll,e M:H,ll.eKCbI«HC», «KC» 0603HaqalOT COOTBeTCTBeHHO

HCXO,ll,HOeH KOHe~oe COCT05IJ-IIDITeITJIo06MeHHHKa Tl.

1'13 OCHOBHoro ypaBHeHM:5I TeITJIOnepe,ll,aqH H yc-

JIOBHH nOCT05IHCTBa K03<P<PHu.HeHTa TeITJIOnepe,ll,aqH,

paCXO,ll,OB MaTepHaJIbHbIX nOTOKOB H TeITJIOBOM Ha-

rpY3KH TeITJIo06MeHHHKa CJle,ll.yeTBbIp<DKeHHe,ll,mI Ha-

XO~eHM:5I3HaqeHHMOF

of = (l>.Tn~: / l>.~~:).

BeJIM:qHHa l>. Tnor' rrpe,ll,CTaBJUIlOIIJ.a5IC060M cpe,ll,-

HHM JlOrapH<pMM:qeCKHM TeMnepaTYPHbIti Harrop,

paCCqHTbIBaeTC5I no <poPMYJIe, npHBe,ll,eHHOM B pa-

60Tax [3, 7]. I1cxO,ll,HOe COCT05IHHe TeITJIo06MeHHHKa

xapaKTepH30BaJJOCb napaMeTpaMH, COOTBeTCTBOBaB-

llIHMH yCJIOBHlO l>.Tmin 2: O. TaKoM BbI60p 06YCJlOBJleH

oc06eHHOCT5IMH <pOPMYJIbI M5I BbJqHCJleHM:5I 3Haqe-

HM:5I l>.Tnor' Pe3YJIbTaTbI orrpe,ll,eJleHM:5I xapaKTepMCTH-

KH oFrrpe,ll,CTaBJleHbI B Ta6Jl. 3.

0,5 1,5 2
IJ.Pnp' MIla

PUC. 3. 3a6ucUMocmb L1Tmin om 2Uapa6JlUlteCKuX
conpOmU6JleHUU no npJlMoMy nomOKy:

1 - aflJl!jJUKcupo6aHHou mOI{KU 3; 2 - aflJl!jJUKcupo6aHHou mOI{KU 8



1I3MeHeHHe OTHOCHTeJlbHOH nOBepXUOCTH TenJloo6MeHa

WUI annapaTa Tl npH BOCCTaHOBJleHHH

ero pa60TOCnoco6HOCTH

Q3' ,ll,)I(/MOflb !'>.Tmin,K !'>.TnnrKC, K of
380 0 10,99 1,00

500 1,0 12,04 0,92

600 1,8 12,87 0,85

700 2,6 13,66 0,81

750 3,0 14,09 0,78

113 npl1Be.n.eHHhIX B Ta6JI. 3 .n.aHHhIX CJIe,rryeT,

qTO npl1 BOCCTaHOBJIeHl1l1 pa6oTocnoco6HOCTl1 Ten-

JIOo6MeHHl1Ka Tl rryTeM 113MeHemur TeIlJIOnpl1TOKOB

113 OKp}')KalOllJ,ell Cpe,lJ.hI Ha6JIIO,lJ.aeTC5I POCT BeJIJ1ql1-

HhI 11~,or'3TO B CBOIO Oqepe,lJ.h COnpOBO)J(,lJ.aeTC5I cy-

IIIeCTBeHHhIM YMeHhllIeHl1eM nOBepXHOCTl1 TeIlJIO-

06MeHa 3Toro annapaTa. TaKl1M 06pa30M, B ,lJ.aHHOM

npOIIecce Ha6JIIO,lJ.aeTC5I npOTl1BOpeqJ1e Me)l()l,)' 3Hep-

reTl1qeCKl1Ml1 11 TeXHl1KO-3KOHOMJ1qeCKl1Ml1 nOKa3a-

TeJI5IMl1 l1CCJIe,rryeMoro TeIlJIoo6MeHHl1Ka.

BJIH5IHHe npou.ecca BOCCTaHOBJleHIDI TepMO)J,HHa-

MHtleCKOH pa60TOCnoco6HOCTH TenJloo6MeHHHKa

Ha 3HepreTHtleCKHe nOKa3aTeJlH u.HKJla

O,lJ.HOM113qaCTHhIX, HO BIDKHhIX3a,lJ.aq, CB5I3aHHhIX

C BOCCTaHOBJIeHl1eM TepMO,lJ.l1HaMJ1qeCKOM pa60TOC-

nOC06HOCTl1 TeIlJIoo6MeHHl1Ka T1, 5IBJI5IeTC5I l1CCJIe-

,lJ.OBaHl1e BJIl15IHl15I 3Toro npOIIecca Ha 3HepreTJ1qeC-

Kl1e nOKa3aTeJIl1 IIl1KJIa. He l1CKJIlOQaeTC5I Bapl1aHT,

KOr,lJ.a l1MelOIIIee MeCTO CHIDKeHl1e 3Tl1X nOKa3aTeJIell

)l,JI5ITeIlJIoo6MeHHl1Ka T1 MO)l(eT npl1BeCTl1 K l1X POC-

TY, B03Hl1KalOllJ,eMY 113-3a nepepacnpe,lJ.eJIeHl15I nOTeph

Me)J(,lJ.y3JIeMeHTaMl1 yCTaHOBKl1 [6].

Ilpl1 3a,lJ.aHHOll XOJIO,lJ.Onp0113BO,lJ.l1TeJIhHOCTl1, no-

Ka3aTeJI5IMl1 3Toro IIl1KJIa 5IBJI5IIOTC5I3HaQeHl15I L
K

, Ln.'
nOJIHble 3aTpaThl pa60ThI B IIl1KJIe L 11 3KCepreTJ1qeC-

Kl1M KIlLI. yCTaHOBKl1 11e

LK = MnEToc(sJ -S2)-(~ -~)]/11K;

Ln. =(Mn -Mm)(~ -~);

L= L
K

-Ln.;
11e= Lmin IL,

r,lJ.e Ml1Hl1MaJIbHa5I pa60Ta OXJIa)J(,lJ.eHl15ILmin paBHa

Lmin=Qx(Toc-T,,)/T. (12)

113MeHeHl1e xapaKTepl1CTl1K IIl1KJIa npl1 BOCCTa-

HOBJIeHl1l1 pa6oTocnoco6HOCTl1 TeIlJIoo6MeHHl1Ka T1

rryTeM yaeJIJ1qeHl15I TeIlJIOnpl1TOKOB q3J nOKa3aHO

B Ta6JI. 4.

KaK Bl1,lJ.HO113 Ta6JI. 4, BOCCTaHOBJIeHl1e pa6oToc-

noc06HOCTl1 TeIlJIoo6MeHHl1Ka T1 MeTO,lJ.OMyaeJIJ1qe-

Hl15I TenJIOnpl1TOKOB K annapaTY COnpOBO)J(,lJ.aeTC5I MO-

HOTOHHbIM pOCTOM KaK 3aTpaQeHHOM B KOMnpeccope,

TaK 11 no~eHHoM B ,lJ.eTaH,lJ.epe pa6oT. CyMMapHble

1I3MeHeHHe xapaKTepHCTHK lJ,HKJla B 3aBHCHMOCTH

OTBeJl~ITeOJJonpHTOKOB

Q31' ,ll,)I(/MOflb L
K

, BT LA' BT L,BT 11.

0 799,1 72,3 726,8 0,379
150 849,5 76,9 772,6 0,357
300 906,6 82,1 824,5 0,334
450 971,9 88,0 883,9 0,312
600 1047,3 94,8 952,5 0,289
750 1135,5 102,8 1032,7 0,267

3aTpaThI 3Heprl1l1 npl1 3TOM yaeJIJ1qJ1BalOTC5I Ha 42,1 %,

QTO npl1BO,lJ.l1T K YMeHhllIeHl1IO KIlLI. IIl1KJIa Ha 29,6%.

Ta )f(e TeH,lJ.eHIl,lUI Ha6JIIO,lJ.aeTC5I 11 B npOIIecce BOCCTa-

HOBJIemur TeIlJIoo6MeHHl1Ka MeTO,lJ.OM113MeHemur pac-

XO,lJ.OBnOTOKOB pa60Ql1X TeJI. KaK nOKa3hIBaeT cpaBHe-

Hl1e C,lJ.aHHhIMl1 pa60ThI [1], 113MeHeHl1e paCXO,lJ.OB5IBJI5I-

eTC5I 60JIee 3¢¢eKTl1BHhIM cnoco6oM BOCCTaHOBJIemur

no 3Hepr03aTpaTaM B CpaBHeHl1l1 C yaeJI11qeHl1eM Ten-

JIOnpl1TOKOB. ECTecTBeHHo, YXY)l,llIeHl1e 3HepreTJ1qeC-

Kl1X nOKa3aTeJIeM, KaK caMoro annapaTa, TaK 11 IIl1KJIa

6y,lJ.eT 3aBl1CeTh OT napaMeTpOB l1CXO,lJ.HOrO11KOHeqHoro

COCT05!Hl1i1 Hepa6oTocnoco6Horo TeIlJIoo6MeHHl1Ka.

Ilpl1 ,lJ.aHHOll nOCTaHOBKe 3a,lJ.aQl1 Bce BeJIl1Ql1Hhl,

BXOMllJ,l1e B paCQeTHhle COOTHOllIeHl15I )l,JI5Ionpe,lJ.eJIe-

Hl15I 3HepreTJ1qeCKl1X nOKa3aTeJIeM IIl1KJ1a (8)-(12),

5IBJI5IIOTC5I np5IMO npOnOPII110HaJIhHhIMl1 3HaQeHl1lO

Qx' Ilo 3TOll npJ1ql1He KIlLI. IIl1KJIa 11e He 3aBl1Cl1T OT XO-

JIO,lJ.Onp0113BO,lJ.l1TeJIhHOCTl1.

(8)

(9)
(10)

(11)

AHaJI113 nonyqeHHbIX pe3YJIhTaTOB ,lJ.aeT B03MO)f(-

HOCTh C,lJ.eJIaTb CJIe)l,ylOllJ,l1e BbIBO,lJ.hI OTHOCl1TeJIhHO

BOCCTaHOBJIeHl15I TepMO,lJ.l1HaMJ1qeCKOM pa60Tocno-

C06HOCTl1 ,lJ.eTaH,lJ.epHoro TeIlJIoo6MeHHl1Ka Kp110reH-

HOM yCTaHOBKl1, pa60TalOllJ,ell no IIl1KJIY BhICOKoro

,lJ.aBJIeHl15I, MeTO,lJ.OM113MeHeHl15I TeIlJIOnpl1TOKOB:

1. YBeJIJ1qeHl1e TeIlJIOnpl1TOKOB 113 OKp}')KalO-

llJ,eM Cpe,lJ.bI ,lJ.aeT npl1HIIl1nl1aJIbHYlO B03MO)f(HOCTb

BOCCTaHOBl1Tb pa60Tocnoco6HOCTb TeIlJIoo6MeHHl1-

Ka. B TO )f(e BpeM5I yaeJIJ1qeHl1e rl1,lJ.paBJIJ1qeCKl1X CO-

npOTl1BJIeHl1ll nOTOKOB pa60Ql1X TeJI peaJIbHO He n03-

BOJI5IeT ocymecTBl1Tb 3TY npOIIe)l,ypy.

2. Ilpollecc BOCCTaHOBJIeHl15I pa6oTocnoco6-

HOCTl1 TeIlJIoo6MeHHl1Ka COnpOBO)J(,lJ.aeTC5I yXy,lJ.llIeHl1-

eM 3HepreTJ1qeCKl1X nOKa3aTeJIell KaK caMoro annapa-

Ta, TaK 11BceM Kp110reHHOll yCTaHOBKl1.

3. LI.AAl1CCJIe,lJ.OBaHHbIX ,lJ.l1ana30HOB 113MeHeHl15I

XOJIO,lJ.Onp0113BO,lJ.l1TeJIbHOCTl1 11 ,lJ.aBJIeHl15I B IIl1KJ1e,

3HepreTJ1qeCKl1e nOKa3aTeJIl1 TeIlJIoo6MeHHl1Ka 11 YC-

TaHOBKl1 B 3aBl1Cl1MOCTl1 OT 3Tl1X BeJIJ1ql1H HOC5IT MO-

HOTOHHbIM xapaKTep.

4. l1cnOJIb30BaHHbIll no,lJ.XO,lJ.MO)f(eT 6blTb npl1-

MeHeH He TOJIbKO )l,JI5I BOCCTaHOBJIeHl15I pa60Tocno-

C06HOCTl1, HO 11 )l,JI5I nOl1CKa KOMnpOMl1CCa Me)l()l,)'

TeXHl1KO-3KOHOMJ1qeCKl1Ml1 11 3HepreTJ1qeCKl1Ml1 no-

Ka3aTeJI5IMl1 TeIlJIoo6MeHHl1Ka.
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