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PaCqeT 3<:);><:);>eKTMBHOCTMrrepeKpeCTHO-TOqHbIX

IIJIaCTMHqaTbIX TeIIJIoo6MeHHMKOB
H.B. BEJIOHOrOB, a-po meXH. HayK B.A. llPOHMH

CIl6rYHuIlT

A procedure for the calculation of efficiency of cross-flow plate heat
exchangers is presented which allows to take into account the influence of
condensation (the process withphase transition). The system of differential
equations describing heat exchange is solved by numerical methods. The
example of calculation of a particular heat exchanger is given.

B HaCTOHI.QeeBpeMH nJIaCTlmqaTbIe peKynepaTHBHbIe

TenJIoo6MeHHHKH llIHpOKO HCnOJIb3YlOTCH,l(JIHYTHJIH3aQHH

TenJIOTbI KOH.n;eHcaQHHH OXJIaJK)J;eHHHra30B B pa3JIHqHbIX

OTpaCJIHX npOMbIllIJIeHHOCTH. 3«p«peKTHBHoCTb peKyne-

paTopOB 06bIqHO onpe.n;eJIHeTCH KaK OTHOllIeHHe KOJIHqe-

CTBa TenJIOTbI, nepe.n;aHHOH "<Jepe3 nOBepxHOCTb TenJIO-

06MeHa, K nOJIHoMy KOJIHqeCTBY TenJIOTbI, KOTopoe Mor-

JIO 6bI 6bITb nepe.n;aHO B COBepllIeHHOM TenJIo06MeHHH-

Ke. ECJIH npeHe6peqb nOTepHMH TenJIOTbI B OKpy:II<aIO-

I.QylO cpe.n;y, a TaK)I(e nOTepHMH, Bbl3BaHHbIMH KOHeqHOH

paJHOCTblO TeMnepaTyp ra30B, TO B COBepllIeHHOM Ten-

JI006MeHHHKe O,l(HHH3 ra30B MO)l(HO HarpeTb (OXJIa,l(HTb)

,l(0 HaqaJIbHOH TeMnepaTypbI ,l(pyroro ra3a. IIpHHHMaH BO

BHHMaHHe BbIllieCKa3aHHoe, nOJIyqHM BbIpa)l(eHHe, qaCTO

HCnOJIb3yeMoe ,l(JIH onpe.n;eJIeHHH 3«p«peKTHBHOCTHpeKY-

nepaTopa,

E = ~ t12 -tll .100 %
W2 t21 -tll '

r.n;e tll, t21 - TeMneparypbI HarpeBaeMoro H OXJIa)l(.n;aeMO-

ro ra3a Ha BXO,l(eB peKYnepaTOp;

t12 - TeMnepaTypa HarpeBaeMoro raJa Ha BbIXO,l(e H3

peKynepaTopa;

WI' W2 - BO,l(HHbIe3KBHBaJIeHTbI HarpeBaeMoro H OX-

JIa)l(.n;aeMoro ra3a COOTBeTCTBeHHO.

W =Gcp'

r,l(e G - MaCCOBbIH pacxo.n;;

cp - y,l(eJIbHaH H306apHaH TenJIOeMKOCTb ra3a.

3«p«peKTHBHOCTbpeKynepaTopa onpe.n;eJIHIOTnpH H3BeCT-

HbIX HaqaJIbHbIX H KOHeqHbIX TeMneparypax ra30B. 1l03TO-

My B03HHKaeT He06xo.n;HMOCTb paCqeTa pacnpe.n;eJIeHHH

TeMnepaTyp no ,l(JIHHe TenJIo06MeHHHKa. B CJIyqae npH-

MOTOKaH npOTHBOTOKa H3 ypaBHeHHH TenJIOBOrO 6aJIaHCa

nOJIyqeHbI TOqHble pellIeHHH ,l(JIHnOJIeH TeMnepaTyp H paJ-

pa60TaHbI MeTo.n;bI paCqeTa Ha OCHOBeyKpynHeHHbIX no-

Ka3aTeJIeH, HanpHMep MeTO.n;qHCeJI e.n;HHHQ nepeHoca -

NTU. IIpH 3TOM HCnOJIb30BaHHe cpe.n;HeJIOrapH«pMHqeC-

KOH pa3HOCTH TeMnepaTyp OnpaB,l(aHO O,l(HOMepHOCTblO

TeMnepaTypHoro nOJIH no ,l(JIHHe peKynepaTopa. ,uJIH Ten-

JI006MeHHHKOB C nepeKpeCTHbIM H CMellIaHHbIM ,l(BH)I(e-

HHeM cpe.n; onpe.n;eJIeHHe Cpe,l(HerO TeMnepaTypHoro Ha-

nopa HBJIHeTCHCJIO)l(HOH3a.n;aqeH. B CBH3HC 3THM 3«p«peK-

THBHOCTb nepeKpeCTHO-TOqHbIX peKynepaTopOB paCCqH-

TbIBalOT JIH60 no cpe.n;HeJIOrapH«pMHqeCKOHpaJHOCTH TeM-

nepaTyp ,l(JIH npoTHBoToKa C BBe.n;eHHeM nOnpaBOqHbIX

K03«p«pHQHeHTOB,JIH60 C nOMOIQblO HOMorpaMM.

IIpH nepeKpeCTHOM TOKe ,l(BH)I(yI.QHeCH napaJIJIeJIbHO

3JIeMeHTapHble 06'beMbI raJa OT,l(alOTPaJJIHqHOe KOJIHqe-

CTBO TenJIOTbI, BCJIe,l(CTBHe qero nOJIe TeMneparyp ,l(By-

MepHO [11]. CJIe.n;OBaTeJIbHO, nOHHTHe Cpe,l(HerO TeMne-

paTypHoro Hanopa Bo06I.Qe BpH,l(JIH npHMeHHMo K CJIyqalO

nepeKpecTHoro TOKa, qro .n;eJIaeTcYIQeCTBYIOI.QHH no.n;xo.n;

HeTOqHbIM.

PaCqeT TenJIo06MeHHHKoB 06bIqHO npoBo.n;HTCH no CJIe-

.n;ylOI.QeHcxeMe [3, 6]:
• BbIqHCJIeHHe BO.n;HHbIX3KBHBaJIeHTOB WI H W2 H onpe-

,l(eJIeHHe MHHHMaJIbHOrO Wmin H MaKCHMaJIbHOrO Wmax 3Ha-

qeHHH;

• onpe,l(eJIeHHe qHCJIa e.n;HHHQnepeHoca NTU = kF/W min;

• paCqeT 3«p«peKTHBHoCTHTenJIo06MeHHHKa

• onpe.n;eJIeHHe TeMneparyp TenJIOHOCHTeJIeH Ha BbIXO-

.n;eH3 peKynepaTopa no COOTHOllIeHHIO (1).
Pa3JIHqHbIe JIHTepaTypHble HCTOqHHKH npe.n;JIaralOT npo-

BO.n;HTbpaCqeT 3«p«peKTHBHoCTHKaK «PYHKQHHNTU no-paJ-



HOMy [2, 5,10,12,14]. II03TOMY BhI60p BH,na 3aBHCHMOC-

TH (2) onpe,nemleTCjf npe,nnOqTeHHjfMH npoeKTaHTa.

B HaCTOjf~ee BpeMjf MeTO,n qHCeJI e,nHHHU nepeHoca

,nOBOJIhHOnmpoKo npHMeHjleTCjf npH paCqeTe TenJIoo6MeH-

HhIX annapaToB. YKpynHeHHhIe nOKa3aTeJIH, TaKHe, KaK

NTU, CTaJIHHCnOJIh30BaTh BMeCTO K03t1>t1>HUHeHToBnepe-

Hoca H3-3a 3HaqHTeJIhHhIX Tpy,nHocTeM npH onpe,neJIeHHH

HCTHHHOMnOBepxHocTH KOHTaKTa cpe,n, BO,nhIH B03,nyxa B

qaCTHOCTH [10]. Y,n06CTBO ,naHHoro no,nxo,na 3aKJIlOqaeT-

Cjf B TOM, qTO KpHTepHM NTU H, CJIe,nOBaTeJIhHO,3t1>t1>eK-

THBHOCTh TenJIoo6MeHHHKa He 3aBHCjfT OT TeMnepaTyphI.

O,nHaKO ,naHHoe npe,nnOJIO)l(eHHe cnpaBe,nJIHBO B ,nOBOJIh-

HO Y3KOM ,nHana30He H3MeHeHHjf TeMnepaTyp. DOJIee BhI-

COKHeTeMnepaTypHhIe rpa,nHeHThI npHBo,njfT K 60JIee HH-

TeHcHBHoMy npOTeKaHHJO TenJIoo6MeHa H, CJIe,nOBaTeJIh-

HO, 3t1>t1>eKTHBHOCThTenJIoo6MeHHHKa npH HeH3MeHHOM

3HaqeHHH NTU B Pa3JIHqHhIX pe)I(HMaX 3KC~JIyaTaUHH Heo-

,nHHaKOBa.

IIPH HCnOJIh30BaHHH KpHTepHjf NTU 3t1>t1>eKTHBHOCTh

jfBJIjfeTCjf t1>yHKUHeMO,nHOM6e3pa3MepHOM BeJIHqHHhI, H

3aBHCHMOCTh E = .f{NTU) JIerKO npe,nCTaBHTh B rpat1>H-

qeCKOM t1>opMe.

KaK H3BeCTHO,K03t1>t1>HUHeHTTenJIOOT,naqH npH TeqeHHH

Ha HaqaJIhHOM yqaCTKe KaHaJIOB onHChIBaeTCjf HeJIHHeM-

HOM 3aBHCHMOCThJO.JIoKaJIhHOe qHCJIO HycCeJIhTa H KO-

3t1>t1>HUHeHTTenJIOOT,naqH B 06l.I.J.eM CJIyqae 3aBHCjfT OT

,nJIHHhI KaHaJIa x, qHCeJI PeMHOJIh,nca H IIpaH,nTJIjf:

Nux = .f{Re, Pr, x).

II03TOMY KOMnJIeKC NTU = kF/W min jfBJIjfeTCjf, B CBOJO

Oqepe,nh, CJIO)l(HOMt1>yHKUHeMTaKHX rrepeMeHHhIx, KaK pac-

xo,n B03,nyxa, ,nJIHHa, nmpHHa H BhICOTa rrJIaCTHHhI rraKe-

Ta, a TaK)I(e TerrJI0t1>H3HqeCKHX CBOMCTBBJIa)l(HOrO B03-

,nyxa (KoTophIe rrpH yKpyrrHeHHoM paCqeTe CqHTaJOTCjf

rrOCTOjfHHhIMH). MeTO,n NTU cpaBHHTeJIhHO rrpocT, o,n-

HaKO CJIe,nyeT yqHThIBaTh, qTO OH pa3pa6oTaH ,nJIjf yCJIO-

BHM cyxoro TerrJIoo6MeHa. KaK H3BeCTHO, rrpH OXJIa)l(,ne-

HHH y,naJIjfeMOrO BJIa)l(HOrO B03,nyxa HH)I(e TOqKH pOChI

rrpOHcxo,nHT KOH,neHcaUHjf Bo,njfHOrO rrapa. BhI,neJIeHHe

CKphITOM TerrJIOThI rrapoo6pa30BaHHjf CYl.I.J.eCTBeHHOH3-.

MeHjfeT xapaKTep TerrJIoo6MeHa, qeM HeJIh3jf rrpeHe6pe-

ran rrpH paCqeTe.

OTMeTHM, qTO HCrrOJIh3yeMoe rrOHjfTHe (ot1>t1>eKTHB-

HOCTh» He TO)l(,neCTBeHHOKII,a, TaK KaK nOCJIe,nHHM, jfB-

JIjfjfCh cpaBHHTeJIhHOM xapaKTepHCTHKOM TenJIoo6MeHHH-

KOB, ,nomKeH BhPIHCJIjfThCjf npH o,nHHaKOBhIX BO,njfHhIX 3K-

BHBaJIeHTaX ra30B. II03TOMY t1>opMyJIa (1) jfBJIjfeTCjf He-

KoppeKTHOM ,nJIjf yCJIOBHM TenJIoo6MeHa C t1>a30BhIMH ne-

pexo,naMH.

ABTopaMH pa3pa60TaHa MeTo,nHKa paCqeTa peKynepa-

TOpOB nepeKpeCTHoro TOKa, n03BOJIjfJOI.I.J.ajf yqHThIBaTh

BJIHjfHHe KOH,neHcaUHH [1]. TenJIoo6MeH npH nepeKpecT-

HOM TOKe onHChIBaeTCjf CHCTeMOM ,nHt1>t1>epeHUHaJIhHhIX

ypaBHeHHM (3), nOJIyqeHHhIX KaK pe3YJIhTaT ynp0l.I.J.eHHjf

ypaBHeHJfjf coxpaHeHHjf 3HeprHH

G a'_1 --.!l = k(t -t)·
2B ax 2 l'

G2 ai2 - k( )--- t-t2B iJy I 2'

r,ne Gl' G2 - COOTBeTCTBeHHOMaCCOBhIe pacxo,nhI Harpe-

BaeMoro H OXJIa)l(,naeMoro ra30B qepe3 O,nHy nJIaCTH-

My;
B - IImpHHa nJIaCTHHhI;

k - K03t1>t1>HUHeHTTenJIOnepe,naqH;

f1, f2 - TeKYI.I.J.HeTeMneparyphI ra30B;

iI' i2 - y,neJIhHhIe 3HTaJIhnHH ra30B.

KaK rrOKa3hIBaJOT 3KcnepHMeHTaJIhHhIe HCCJIe,nOBaHHjf,

npH KOH,neHcaUHH napoBo3,nylliHoM CMeCH B 60JIhlllHHCTBe

CJIyqaeB HMeeT MecTO KaneJIhHajf KOH,neHcaUHjf napa [7,
8, 9]. CyMMapHhIM TenJIOBOM nOTOK Ha CTeHKe rrpH KOH-

,neHcaUHH Ha nOBepXHOCTH onpe,neJIjfeTCjf KaK cyMMa KOH-

BeKTHBHOMCOCTaBJIjfJOl.I.J.eM,TerrJIOThI t1>a30Boro rrepexo,na:

q}; = al:1f + jr, (4)

r,ne a - K03t1>t1>HUHeHTTenJIOOT,naqH;

I:1t - pa3HocTh TeMneparyp nOTOKa H CTeHKH;

j - nJIOTHOCTh MaCCOBoro nOTOKa KOH,neHcHpYJO~e-

rOCjf napa;

r - TerrJIOTa nap006pa30BaHHjf.

C yqeTOM (4) cHcTeMy (3) rrepenHllIeM B BH,ne

me 13 - K03t1>t1>HUHeHTMaCCOOT,naqH;

Y2 - TeKYl.I.J.eeMeCTHoe BJIaroco,nep)l(aHHe y,naJIjfeMO-

ro B03,nyxa;

YeT - BJIarocO,nep)l(aHHe, COOTBeTcTByJOl.I.J.eeCOCTOjf-

HHJOHaChIl.I.J.eHHjfnpH ,naHHOMTeMrrepaType CTeHKH.



YrrpomeHHa.ll MaTeMaTMqeCKa.ll MO,ll,eJIh TerrJIo06Me-

Ha rrpe,ll,CTaBJI.lIeT C060H cMcTeMy ,ll,MepepepeHUMaJIhHhIX

ypaBHeHMH B qaCTHhIX rrpOM3BO,ll,HhIX. CYlllecTByeT ,ll,0-

CTaTOqHO MHOrO rrpMeMOB MX perneHM.lI qepe3 3JIeMeH-

TapHhIe MJIMCrreUMaJIhHhle epyHKUMM. CJIe,ll,yeT, O,ll,HaKO,

MMeTh B BM,ll,y, qTO OqeHh qaCTO B rrpaKTMqeCKMX 3a,ll,a-

qaX TaKMe MeTO,ll,hI JIM60 HerrpMMeHMMhI Bo06111e, JIM60

rrpMBO,ll,.lITK perneHM.lIM TaKOH CJIO)l(HOCTM, qTO 3aTpaThI

Tpy,ll,a Ha MX rrOJIyqeHMe He OrrpaB,ll,aHhI. IIocJIe,ll,Hee

MO:>KeT6hITh 06yCJIOBJIeHO, K rrpMMepy, HeJIMHeHHOCThIO

K03epepMUMeHTOBMJIM epyHKUMH, CO,ll,ep:>KalllMXC.lIB ,ll,Mep-

epepeHUMaJIhHOM ypaBHeHMM, MJIM ,ll,MCKpeTHOCThIO MX

3a,ll,aHM.lI. TaKMM 06pa30M, ,ll,JI.lI3a,ll,aq, KOTophle He MO-

ryT 6hITh pa3perneHhI KJIaCCMqeCKMMM MeTO,ll,aMM, 06-

pallleHMe K qMCJIeHHhIM MeTO,ll,aM perneHM.lI .lIBJI.lIeTC.lI

e,ll,MHCTBeHHhIM OrrpaB,ll,aHHhIM marOM. AHaJIMTMqeCKOe

perneHMe CMCTeMhI (3) HaH,ll,eHO He 6hI!I0' rr03TOMY rrpo-

Be,ll,eHO qMCJIeHHOe MCCJIe,ll,OBaHMe TerrJIOrrepe,ll,aqM C

MCrrOJIh30BaHMeM MeTO,ll,a PYHre-KYTTa qeTBepToro rro-

p.ll,ll,Ka TOqHOCTM B rraKeTe MatLab.

JIoKaJIhHhIH K03epepMUMeHTTerrJIOOT,ll,aqM MO:>KeT6hITh

orrpe,ll,eJIeH M3 COOTHOrneHM.lI,ll,JI.lIqMCJIa HycCeJIhTa

3.10-5 GzO.33
Nu =Nu +-------.

x ~ (3.10-3 + GZ~,98)2 '

Gz = Re·Pr·d3KBlx - qMCJIO fpeTua;

Nuoo- 3HaqeHMe qMCJIa HycCeJIhTa rrpM rM,ll,pO,ll,MHaMM-

qeCKM cTa6MJIM3MpOBaBrneMC.lI TeqeHMM B llleJIM. IIpM M30-

TepMMqeCKOH CTeHKe Nuoo= 7,54 [4].

TeOpeTMqeCKMe MCCJIe,ll,OBaHM.lITerrJIOMaCCo06MeHa B

rrOrpaHMqHOM CJIoe Ha rrJIaCTMHe, rrpMBe,ll,eHHhle B [1] M [8],

\ \ \
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,ll,aIOTOCHOBaHMerrpe,ll,rrOJIO:>KMTh,qTO rrpoueCChI rrepeHO-

ca B KaHaJIe rrpM HM3KMXKOHueHrpaUM.lIX KOH,ll,eHcMpyIOllle-

roc.lI rrapa 6y,ll,yT rrO,ll,06HhI. IIoCKOJIhKY Nux = fiRe, Pr), a

JIOKaJIhHOe qMCJIO lllepBy,ll,a Shx = fiRe, Sc), TO epOpMyJIy

,ll,JI.lIpaCqeTa JIOKaJIhHOrO Macco06MeHa MO:>KHOrrOJIyqMTh

M3 (4) rryTeM 3aMeHhI qMCJIa IIpaH,ll,TJI.lI Pr Ha ero ,ll,Mepepy-

3MOHHhIH aHaJIOr - qMCJIO lllMM,ll,Ta Sc [13]. ,l:t:Mepepy3MOH-

Hoe qMCJIO fpeTua B 3TOM CJIyqae 3arrMrneTC.lI

GZd = Re.Sc'd3KBlx,
M Shx B COOTBeTCTBMMC aHaJIOrMeH QMJITOHa-KoJI6epHa

MMeeT BM,ll,

3 10-5 G 0,3
Sh =Sh + . Zd

x ~ (3.10-3 + GZ;;o,98)2

Shoo= Nuoo - qMCJIO lllepBy,ll,a, cooTBeTcTByIOlllee yCTa-

HOBMBrneMyc.lI TeqeHMIO.

PaCqeTHOe rrOJIe rrpMTOqHOrO B03,ll,yxa rrpe,ll,CTaBJIeHO Ha

pMc.l.

HaqaJIhHhle YCJIOBM.lI:t11 = 0 °C; t21 = 25°C; <Pl1 = 80 %;
<P 21 = 70 %; VI = V2 = 500 M3/q; B = 0,45 M,

r,ll,e <P11' <P21 - OTHOCMTeJIhHhle BJIa)l(HOCTM rrpMTOqHOrO M

y,ll,aJI.lIeMOrO B03,ll,yxa;

VI' V2 - o6beMHhIe paCXO,ll,hI rrOTOKOB B03,ll,yxa.

PernMM KOHKpeTHyIO 3a,ll,aqy 0 rrpOeKTMpOBaHMMrrepeKpe-

CTHO-TOqHOrOpeKyrrepaTopa. IIycTh O,ll,MHM3pa3MepOB Terr-

JI006MeHHoro rraKeTa He MO:>KeTrrpeBhlrnaTh 0,4 M. IIpM

3TOM orpaHMqeHMe MO)l(eT 6hITh HaJIO:>KeHOKaK Ha BhICO-

Ty rraKeTa H, TaK M Ha ,ll,MarOHaJIh C, a CJIe,ll,OBaTeJIhHO,Ha

,ll,JIMHyrrJIaCTMHhI TerrJIoo6MeHHoro rraKeTa B (pMc.2). IIc-

rrOJIh3Y.llorrMcaHHyIO MeTO,ll,MKY,BhI.lICHMM, KaK M3MeHMTC.lI

3epepeKTMBHoCThpeKyrrepaTopa rrpM M3MeHeHMM pa3MepoB

rraKeTa.



Puc.3. 3a6UCUMOCmb3rjJrjJeICmU6HOCmUU o6~eu 1lJ1O~aaU
1lJIGCmUHpeICynepamopa om pa3Mepa B (H=O, 4 M)

YBeJIHqeHHe B rrpHBo)J;HT K pocry rrJIOlI(a)J;HTerrJIoo6Me-

Ha. C )J;pyroH CTOpOHbI, rrpH yBeJIHlteHHH BbICOTbI rraKeTa

H (rrpH HeH3MeHHOM 06lI(eM pacxo)J;e) YMeHbllIaIOTcH CKO-

POCTb )J;BH)f(eHHHTerrJIOHOCHTem H, CJIe)J;oBaTeJIbHO,pac-

XO)J;qepe3 Ka)f()J;YIO lI(eJIb. 06a )J;aHHbIX <paKTopa rrpHBo-

AAT K B03pacTaHHIO 3<p<peKTHBHoCTHTerrJIoo6MeHHHKa, qTO

nOKaJaHO Ha pHc.3 H 4. 3)J;ecb )f(e rrpHBe)J;eHbI rpac}mKH,

)J;eMoHcTpHpyIOII(He B03pacTaHHe cOBoKynHoH rrJIOlI(a)J;H

nJIaCTHH S.
AHaJIH3HPYH )J;aHHble 3aBHCHMOCTH, npHxo)J;HM K BbIBO-

)J;y, qro )J;JIHBbI6paHHbIx yCJIOBHH peKYnepaTOp C <pHKCH-

pOBaHHbIM paJMepoM B HBJIHeTCH 60JIee 3<p<peKTHBHbIM,

HO BMeCTe C TeM HMeeT ropaJ)J;o 66JIbllIyIO rrJIOlI(a)J;b (CM.

pHc.3). TenJIoo6MeHHHK, BKJIIOqaIOII(HH rraKeT rrJIaCTHH

60JIbiliOH BbICOTbI npH HeH3MeHHOM pa3Mepe B, 6y)J;eT

HMeTb npH TOH )f(e 3<p<peKTHBHoCTH nOqTH B)J;Boe MeHb-

llIyIO MaTepHaJIOeMKOCTb (CM. PHC.4).

AHaJIOrHqHbIe paCqeTbI MoryT 6bITb rrpoBe)J;eHbI )J;JIH

JII06bIX KOM6HHaQHH pacxo)J;oB, reoMeTPHqeCKHX napaMeT-

pOB TenJIoo6MeHHHKa H HaqaJIbHbIX TeMneparyp TenJIOHO-

CHTeJIeH.Ha 6aJe nOJIyqeHHbIX 3aBHCHMOCTeHMO)f(HOnpo-

BO)J;HTbMHoroKpHTepHaJIbHyIO onTHMH3aQHIO rrepeKpecT-

iW-TOqHbIX nJIaCTHHqaTbIX peKyrrepaTopoB.
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