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Pedepar. B cratbe m3yueHa BO3MOXKHOCTH HOBBIEHUS 3((GEKTUBHOCTH TypOOAETaHICPHBIX
LUKJIOB Ha HU3KokHIAmux pabounx tenax (HKPT) mpu momomy MeTonoB, MPUMEHSEMBIX AT
MapoBBIX TypOWH (TOBBHILICHUE MTAPAMETPOB pabovero Tena nepen TypOoaeTaHAepOM B HCIONb30-
BaHME BTOPHYHOTO Ieperpesa). PaccMOTpeHB! 4eThIpe CXEMBI TypOOAETaHIEpHOrO IHKiIa: Oe3
neperpesa HKPT, ¢ oHOKpaTHBIM IeperpeBoM, ¢ IByKpaTHbIM IIEPErpeBoM, C ABYKpPaTHBIM Iepe-
TPEeBOM Ha CBEPXKPHTHUYECKUX MapameTpax. Bce mccnemyemble IUKIBI paCCMaTPUBAINCH C TETIIO-
OOMEHHBIM amIapaToM Ha BBIXOJE M3 TypOomeTaHaepa, MpeAHa3HAUYCHHBIM Ul MOAOTPEeBa KOH-
nercata HKPT, oGpa3oBaBiierocs B KOHACHCATOpe TypOOACTaHACPHOH ycTaHOBKU. [l u3ydae-
MBIX CX€M MOCTPOEHBI IIUKIBI B P—A-koopanHaTax. PaspaboTana MeToauKa TEpMOINHAMUIECKOTO
aHaNM3a BHIINICYKAa3aHHBIX IIUKJIOB HA OCHOBE 3KCEPTeTHYECKOTO KO3 (HUIMEHTa MOJIE3HOTO JeH-
cTBHs. PesynbraTel nccienoBaHuii mpencTaBieHsl B Buae auarpamm I'paccmana — Illapryra, Ha
KOTOPBIX B MacITabe U300pa)keHb! MMOTEPH SKCEPTUH MO DIIEMEHTaM M3y4aeMbIX UKIIOB, a TAKKe
MOKa3aH MOJIOKUTENbHBIA 3¢()(eKkT oT paboThl TypOOJETAHACPHOTO LHKIA B BUJE ICKTPHICCKOM
MOIIHOCTU. AHAIU3 MOJTYyYCHHBIX PE3yJbTATOB MO3BOJSET YTBEPXKAATh, YTO OCHOBHBIE MOTEPH,
OKa3bIBAIOIIUE CYILIECTBEHHOE BiMsAHUE Ha skceprernueckuil KIIJI, mpoucxomsar B KoTie-
yrunuszarope. IloBeimenue napamerpos HKPT, a taxke mcrnonp3oBaHHE IPOMEXYTOUHOTO Iepe-
TpeBa MPHUBOIAT K CHIDKCHHIO TOTEPh B KOTJIE-yTHIM3ATOPE M, KaK CIEICTBUE, K MOBBIIICHUIO
akcepreruueckoro KIIJI typGoxmeranaepHoro iwmkia. HamGompmum skceprermdaeckum KITJ w3
HCCIIeAyeMBbIX cXeM o0nagaeT TypOoaeTaHAePHBIH UK C ABYKPATHBIM IIEPETPEeBOM Ha CBEPXKPH-
THUYECKUX MapaMeTpax HU3KOKHUIIAIIETo paboyero Temna.
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Turbo-Expander Units on Low Boiling Working Fluids

A. V. Ovsyannik", V. P. Kliuchinski"

YSukhoi State Technical University of Gomel (Gomel, Republic of Belarus)

Abstract. The article examines the possibility of increasing the efficiency of the turbo-expander
cycles on low-boiling working fluids using those methods that are used for steam turbines, viz.
increasing the parameters of the working fluid before the turbo-expander and using secondary
overheating. Thus, four schemes of the turbo-expander cycle are considered: the one without over-
heating of the low-boiling working fluid, the one with single overheating of low-boiling fluid,
the one with double overheating and the one with double overheating at supercritical parameters.
All the studied cycles were considered with a heat exchanger at the outlet of the turbo expander,
designed to heat the condensate of a low-boiling working fluid formed in the condenser of the
turbo expander unit. Cycles in P—/ coordinates were built for the studied schemes. The method
of thermodynamic analysis of the studied cycles based on the exergetic efficiency has been deve-
loped. The results of the research are presented in the form of Grassman-Shargut diagrams, which
show exergy losses in the elements of the studied cycles on a scale, and also show the positive
effect of the operation of the turbo-expander cycle in the form of electrical power. The analysis
of the obtained results showed that the main losses that have a significant impact on the exergy
efficiency are the losses of exergy in the recovery boiler. The increase of parameters of low-
boiling working body, and the use of intermediate superheating reduce losses in the waste heat
boiler and, consequently, increases exergetic efficiency of turbo-expander cycle. The turbo-
expander cycle with double overheating at supercritical parameters of the low-boiling fluid is of
the largest exergetic efficiency out of the schemes that have been examined.

Keywords: trigeneration, freon, secondary energy resources, thermal waste, energy saving, ther-
modynamic efficiency, exergetic analysis, overheating of the working fluid, supercritical para-
meters, Grassman — Shargut diagrams, exergy losses, work performed, products of combustion,
electric energy

For citation: Ovsyannik A. V., Kliuchinski V. P. (2021) Turbo-Expander Units on Low Boiling
Working Fluids. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 64 (1), 65-77.
https://doi.org/10.21122/1029-7448-2021-64-1-65—77 (in Russian)

BBenenune

OnHOI U3 IPUOPUTETHBIX 3a7a4 YHEProcOepeKeHHS sIBIIsieTCsl 9P PEKTHBHOE
Y paIfoHANIBHOE WCIOJIh30BAHHE TOIUIMBHO-YHEPTETHUECKUX pecypcoB. I1oBHI-
[ICHUE TEPMOJAMHAMUYCCKON 3(PPEKTUBHOCTH TEHEPALMU 3HEPTUU PA3IMIHBIX
BHJIOB HEOOXOAMMO pPacCMaTPHUBATh KaK OJMH M3 BO3MOXKHBIX ITYTEH pemIeHHS
aToM 3amaun [1].

JIJis yTHUIIM3aluu TETUIOBBIX OTXOJOB MPOJIYKTOB CrOpPaHHS Ta30TypPOMHHBIX
YCTaHOBOK, & TaK)K€ BTOPUYHBIX SHEPTETHYECKUX PECYPCOB, B OOJIBIIIOM KOIH-
YECTBE MMEIOIIUXCS HA TPOMBIIUICHHBIX MPEANPUATHIX, MOXHO UCIOIh30BATh
TPUTCHEpAITMOHHBIC TypOOAeTaHIepHBIE YCTaHOBKHU [2—6] (puc. 1). B Typbome-
TaHJCPHOM IIMKJIC Ha TaKUX YCTAHOBKAaX HCIIOJIb3YIOTCS HU3KOKUISIIUE pado-
gue tena [7, 8].

Lenpto naHHO# Pa0OTHI ABNSIETCA U3YYCHHE CIIOCOOOB MOBBIMICHUS 3PPeK-
TUBHOCTHU TypOoaeranaepHoro ukina Ha HKPT.
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Puc. 1. Cxema TpureHepalMoOHHOH TypOoieTaHJepHON YCTaHOBKH HA HU3KOKHUIIAIINX pabodnx
tenax: 1, 4, 13 — TermnooOMeHHHUK; 2 — KOMIIPECCOp Ia30TypOMHHON YCTaHOBKH;
3 — kamepa cropaHus; 5 — ra3oBas TypOuHa; 6, 12 — reaepatop; 8, 9 — mogorpeBaTens ceTeBOi
Boxsl; 10 — koTen-yrrm3sarop; 11 — typbonerannep; 14 — kongencarop; 15 — Hacoc;
16 — komnpeccop; 17 — KOHAEHCATOP NAPOKOMIIPECCUOHHOMN XOJIOIUIIBHOM MallMHBbI;
18 — mepeoxnoautens; 19 — npoccens; 20 — ucnapurens

Fig. 1. The scheme of the trigeneration turbo-expander unit on low boiling working fluids:
1, 4, 13 — heat exchanger; 2 — compressor of the gas turbine unit; 3 — combustion chamber;
5 — gas turbine; 6, 12 — generator; 8, 9 — system water heating boiler; 10 — waste heat boiler;
11 — turbo-expander; 14 — condenser; 15 — pump; 16 — compressor;

17 — condenser of the vapor-compression refrigeration machine;

18 — overcooler; 19 — throttle; 20 — evaporator

IlocTanoBka 3agaun

B 3aBucuMocTH OT HakJIOHa JIMHWM HACBHIIIEHHOTO Tapa Ha 7-s-muarpamMme
HKPT MOXHO pazfienNTh Ha «CYyXHe», «BIAKHBIE» U «U309HTPOIHBIE» (puc. 2) [7].

Bonpmme wccnemoBaHus B 00JIACTH TOBBIMIECHUS 3()(OEKTUBHOCTH IIUKIIOB
MPOBOJMJIIVCH TSI TAPOBBIX TypOMH, I/ie B KaueCTBE pab0vero Teja HCIoIb3yeT-
csi BoAstHOM map. OCHOBHBIMU MYTSIMH TOBBIMICHUST 3QPEKTUBHOCTH MAPOBBIX
IIUKJIOB SIBIITIOTCS: TIOBBIIIEHHE ITapaMeTPOB Tapa mepea TypOMHON U UCTIOBb30-
BaHHE MPOMEKYTOUHOIO MEPerpeBa C 1eJbl0 NpeA0TBpaIleHH HEAOMYCTHMOM
KOHEYHOM BIIaXHOCTH Tapa [8].
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Puc. 2. T-s-guarpaMMbl BEIIECTB: a — «BIAKHOTO»; b — «M309HTPOIHOTO»; C — «CYXOTO»

Fig. 2. T-s-diagrams of: a — “wet” substance; b — “isotropic” substance; ¢ — “dry” substance

W3BectHO, uTO 7—Ss-muarpamMma BOJBl UMEET JMHHUIO HACHIIIEHUS, CXOXKYIO
¢ «BnaxaeiMu» HKPT. Omnako 0OJbIIoe KOJIMYECTBO HU3KOKUMAIIUX Pabo-
YUX TeNl UMEIOT «CyXyIo» JIHOO «HM303HTPOITHYIO» JHHUIO HACHIIIIEHHOTO Iapa
Ha T-s-muarpamme. Takum 06pa3oM, BO3HHKAET HEOOXOIMMOCTH HCCIEIOBATH
BO3MOXKHOCTh TOBBIIICHUS 3(PPEKTUBHOCTH TYpOOJCTAHICPHOTO IIMKJIA Ha
HKPT npu momorm MeTo10B, TPUMEHSEMBIX JIJISl TAPOBBIX TYpOHH.

Hccnenyemble cxeMbl M MIPUHIUI UX Pa0OTHI

HUccnenoBanus NpOBOAMIKCH JAJISL YETHIPEX CXEM TYpOOAETaHIEPHOTO [TUKIIA!
0e3 meperpeBa HKPT (puc. 3a); ¢ omHOKpaTHEIM TieperpeBoM (puc. 3b); ¢ nBy-
KpaTHBIM IeperpeBoM (puc. 3¢); ¢ AByKpaTHBIM IIEPETPEBOM Ha CBEPXKpPUTHUE-
CKHX Tapamertpax (puc. 3d).

[IpuHIHT pabOTH M3yYaeMBIX CXEM CIEIYIOIINNA: U3 KOHJEHCATOPa JKHUIKOE
HKPT nacocom mopmaeTcs B TEIUIOOOMEHHUK, rae Harpesaercs mapamu HKPT,
MTOCTYTIAIOIIMMHE U3 TypOojeTanaepa. 3aTeM paboduee TEIO HaIpaBisIeTCsS B KO-
TEeN-yTUIN3aTOp, T/Ie HarpeBaeTcs, mapoodpaszyeTcst U meperpeBaeTcs (s Ciry-
4aeB, NpeACTaBICHHBIX Ha puc. 3b, ¢, d). [lanee pabouee Teao mocTymaer B Typ-
OozmeraHzep, TIe COBEpIIaeT MEXaHMYECKYIO0 padoTy MO BpalleHHIO Bajia Typ-
OoneraHnepa, CBS3aHHOTO My(TOH C TEHEepaTopoM »JIIEKTPHUYECKOTO TOKa.
Hns caydaes, moka3aHHBIX Ha puc. 3c, d, paboyee Teno mocie COBEPILEHHS pa-
00TeI B TypOomeTaHmepe BHICOKOTO [ABJICHHS CHOBA HAIPABIAETCS B KOTEIN-
YTUIU3aTOp ISl TIOBTOPHOTO TeperpeBa B IPOMEIIIJICHHOM IeperpeBarere,
Mocje 4ero MocTymaer B TypOoJeTaHAep HHU3KOTO JaBJIEHUS, IJIe CHOBa COBEp-
maeT paboty. 3arem HKPT oxmnakmaercs mo TemrmepaTypbl HACHIIICHHS IIPH
JAHHOM JIaBJICHUW B TEIUIOOOMEHHHKE W TIOCTYTAaeT B KOHACHCATOP, INie M KOH-
JIeHCUPYeTCSl.

B xaugectBe HKPT npunsar ozonobe3omacHbIit ¢hpeon R236EA, nMerommmii
«CYXYIO» XapaKTePHCTUKY JMHUH HACBIIICHHS, HYJICBOW MOTEHIMAN pa3pylie-
HUS 030HOBOTO CJIOS M MOTEHITMAN T7I00amsHOr0 moTerieHus, paBHeid 1370 3a
100 net. cxomHblie qaHHBIC, TPUHSATHIC B pacdeTax, MpeCTaBICHBI B Ta0I. 1.
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Tabruya 1
HcxonHble qJaHHBIE 1JIs1 pacueToB

Initial data

TypOoneTanaepHbINA UK
H 0e3 C OJJHOKPATHBIM | C IBYKPATHBIM ¢ AABYKpATHbIM
aUMEHOBaHHE MOKa3aTeNs TeperpeBoM Ha
meperpeBa | IeperpeBoM TePerpeBoM CBePXKPHTHIECKIX
HKPT HKPT HKPT napaverpax HKPT
Temnepatypa IbIMOBBIX
ra3oB Ha BXOJe
B KoTeN-yTran3arop, °C 300 300 300 300
Hasnenne HKPT nepen typ-
OoxeraHIepoM
BhICOKOr0 maBnenus, MIla 1,935 1,935 1,935 4
Temnepatypa HKPT nepen
TypOOAETaHIEPOM BBICOKOTO
nasnenus, °C 110 180 180 180
Jasnenne HKPT nepen
TypOOAETaHIePOM HHU3KOTO
nasaenus, MIla — — 0,428 0,841
Temneparypa HKPT nepen
TypOOAETaHIEPOM HHU3KOTO
nasnenus, °C - — 180 180
Temneparypa HKPT
B KoHzieHcarope, °C 25 25 25 25

IuKmel BccaeayeMbIX CXeM IpeACTaBIeHB Ha puc. 4—7. OHH COCTOST U3
cienyromux mponeccoB: 1-2 — nmoBeimenue nasineHuss HKPT B nacoce; 2-2' —
n300apubii HarpeB HKPT B TemmooOMmenHumke; 2'-3 — n300apHBIH Mporiecc
HarpeBa, kumeHus u mneperpeBa (puc. 5-7) HKPT B KkoTie-yTuimsaTope;
3—4 (puc. 4, 5), 3-3', 3"-4 (puc. 6, 7) — pacumpenue napos HKPT B typ6o-
netanaepe; 3'-3" — m3obapHbI mportece neperpesa HKPT B mpomexxyTouHoOM
maponeperpesaresie KoTia-yTuiau3aTopa; 4—5 — u300apHbIil mpolecc oxXJaxe-
Hus napoB HKPT B temmooOMenHuke; 5—1 — n300apHO-M30TEPMHUUYECKUI TIPO-
necc konaeHcauun HKPT B koHaeHcarope.

T T T I T T 7 [ T T T T T T r
140 160 180 200 220 240 260 °C 280
I 1

Hige= ,\\\

200 300 400 500 Ouransnus h, kJHk/xr - 600

=)
=]

Jasnenue p, MIla

=

JI\\JH‘

Puc. 4. luxa TypOoneTaHAepHON YCTAaHOBKH 0€3 IeperpeBa HU3KOKHUILAIIETro pabodero Tena

Fig. 4. The cycle of the turbo-expand unit without overheating
of a low boiling working fluids
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Fig. 5. The cycle of the turbo-expand unit with single overheating
of a low boiling working fluids
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Fig. 6. The cycle of the turbo-expand unit with double overheating
of a low boiling working fluids
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Fig. 7. The cycle of the turbo-expand unit with double overheating
of a low boiling working fluids on supercritical parameters
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TepMoanHaMu4ecKuii aHAIU3

Onenuth 3((HEKTUBHOCTh HCCICIYEMBIX LUKIOB MOXKHO IPU IOMOIIH
IKCEPreTHYEcKOTO aHaIN3a, PEe3ylIbTaTOM KOTOPOTO SIBIISIETCS OMpeielieHHe
skcepretuueckoro KII [9, 10]:

_2E, D
m_ZEg_l_ZEg’

rae Z E;3 — IIOTOKHM IKCEPrur, CymMmmMa Ui pa3HOCTb KOTOPBIX ONPCACIIACT I10-

(1

nmy4daeMbiid 3Qdekr; ZE3 — IIOTOKH 3KCEPruu, CymMma WIN Pa3HOCTb KOTOPBIX

OTIpe/ieTIsieT 3aTParTkl; Z D — norepu sxceprun B mukiie, KJHK/KT.

Takum oOpazom, mia ompenenenus skceprernueckoro KITJ HeoOxommmo
OTIPEIETUTH TOTEPU IKCEPTUU B ITUKJIE, KOTOPbIE MOYKHO MPEACTABUThH KaK CyM-
MYy MOTEPb 3KCEPTUH 110 HIEMEHTaM HUCCIIEAYEMOTO LIUKIIA:

> D =Dyy+Dy+Dy+ Dy + Dy, )

rae Dyy — TOTEpU JKCepruu B KoTie-yrunusarope; Dp; — To xke B Typbo-
neranzepe; Dp, — TO ke B TeI00OMeHHUKE; Dy — TO e B KOHJEHCATOPE;

D, —To e B Hacoce.

IToTepu sKcepruu B KOTIIC-yTHIN3aTOPE HAXOAUM I10 (hOpMYyIIe

Dy =E,+E, - E, 3)

rne E, — okceprus ropsumx JbIMOBBIX Ta30B, NOJBOJMMBIX K KOTIY-
yTunusaTopy, kJx/kr; E, — TO jk€ HU3KOKHUIIAIIETo paboyero Tena Ha BXOJE
B KOTEJI-yTHIIN3aTop; £, — TO jke HU3KOKUITALIEro paboyero Tesia Ha BBIXOJE U3
KOTJIa-yTHIIM3aTOpA.

B cBoro 04CpPCab SKCEPrusd ropauux JbIMOBBIX I'a30B OIPCACIISICTCA KaK

T
Eq:antOHK:QLu I_T_O > (4)

ar
rae Qm — KOJIMYECTBO TCILJIIOTHI, HOHBCﬂeHHOﬁ B KOTCJI-yTUJIN3aTOP C AbIMOBLI-

OLIK .
MU Ta3aMu; 1, e _ tepmudeckuii KI1J] o6patumoro mukna Kapuo; 7, — tem-

neparypa okpyXaromen cpeapl; 7. — TO XK€ ropsguero MCTOYHUKA TETIOBOU

TAr
SHEPruH (TOPSIYUX JBIMOBBIX Ta30B, MOCTYMAIOIIMX B KOTEI-yTHIU3ATOP).
[Torepu 3xcepruu B TypOoIeTaHAEPE ISl CXEM:
— 0e3 meperpeBa 1 ¢ OAHOKpaTHBIM neperpeBoM HKPT

DT}] = E3 —-E, - L;(TI[nMS3TI[nreH; (5)
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— ¢ nBykpatHbiM neperpesom HKPT

D =E;—Ey+Ey —Ey— LM errnMNrens ©)

rae L, — AeiicTButenbHas pabota, cosepuiaemas B TypOoneranaepe, KIDk;
Nyestn — Mexannyeckuii KI1JI ryp6onerannepa; ., — KII/ reneparopa.

JeticTBurenbHas pabota, coBepiiaeMasi B TypOOJeTaHIepe, IS CXeM:
— 0e3 meperpeBa u ¢ OMHOKpaTHEIM nieperpeBoM HKPT

Ly = (s = hy)Giyeprs (7
— ¢ n1ByKpatHbIM neperpesoM HKPT

Ly = (hy = hy + hy — 1) Gyypr» 3)

rie Gypr — pacxon HKPT B umkie; A3, hs, hzr, hy — satansmnn HKPT Ha BXo-

JIe ¥ BBIXOJIC U3 TypOoOJeTaH/epa, TypOoAeTaHAepPOB BEICOKOTO U HHU3KOTO JIaB-
JIeHus1 (U1l CXEMBI ¢ IBYKPATHBIM TeperpeBoM), KJK/Kr.

ITorepu skcepruu:

— B TEIJIOOOMEHHUKE

Do = (E, = E5) = (Ey — Ey); )
— B KOHZIEHCATOPE
Dy, =Es—E; (10)
— B Hacoce
Dy =Ly~ (E,~E), (11)

rae L, — nelcTBuTeNnbHasA paboTa, COBEpIIacMas HaCOCOM, OTPEIEINSETCS Kak

Laﬁ = (hy = 1) Gyypr- (12)

Pe3yabTaTrhl HCCIe10BAHUI

[IpuHAB >KCeprur0 MPOAYKTOB CTOPAHUS, MOCTYMAIOMINX B KOTEN-yTHIIH-
3aTop, 3a EOUHHIYy, MOXXHO HAaWTH OTHOCHUTEIBHOE pachpeelieHHe MOoTeph
SKCEPI'UH IO IJIEMEHTaM UCCIIEIYEMBIX IIUKIIOB.

Jns ynoOcTBa aHam3a MOMYUYSHHBIX TaHHBIX TMPEICTaBUM PEe3yNIbTaThl B BH-
ne nuarpamm ['paccmana — [lapryra [11-13] (puc. 8—11).

Kax Bunno u3 auarpamm (puc. 8—10), OTHOKpATHBIN U BTOPUYHBIN [IEpErpeB
HKPT B xOHEYHOM HTOTe MPHUBOIAT K yBeIW4YeHHUIO0 sKkcepreruueckoro KITJI
¢ 28,16 mo 36,22 % wu ¢ 36,22 no 37,20 % COOTBETCTBEHHO. DTO CBS3aHO,
B MEPBYIO OUYepeNib, CO CHIKEHHUEM IOTEPU IKCEPTUU B KOTJIE-YTHIH3ATOpE U
YBEIMYEHUEM dKCEPTUH, TIPEBPAIlaeMoil B 3JIEKTPUIECKYIO SHEPTHUIO B TypOoie-
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TaHzAepe. YBETUYEeHHE TapaMeTPOB paboUuero Teia MPUBOIUT M K YBEIUICHUIO
pEereHepaIyy YKCEPriH B TENIOOOMEHHHUKE.

Tlotepn B Hotepn s
ROMIE yIMINGATODe Ternno06MeHHNKe
o
5787% Torepn s 0,28 % Totepn B
Losses in the TypbomeTanepe Losses in the kofiiencatope
waste heat boiler 769 % heat exchanger 5,68 %
Losses in the LOS;ES e
Oxkceprus turbo-expander condenser
JBIMOBBIX
Ta30B j 0,18 %
100 % ) =
IEKTPIIeCKs
Exergy of ( MOIIHOCTD 9 ;:72% ower, consumed
flue gases 1 it g 2977 % v
Electric powel .
3 BHEKTPI/I“IEC](M MOIITHOCTB,
e TIOTpebIeMas HacgcoM
MOIIIHOCTE \%
28,16 %
Electric power I Totepu B Hacoce
A4 A
7 1.48 % O %
% 70 Losses in the pump
o 4 /
N

Puc. 8. Inarpamma I'paccmana — LllapryTa i TypOoAeTaHASPHOTO [IUKIIA
0e3 meperpeBa HU3KOKHUIIIIEro padodero tena: I — koren-yrunmsarop; 11 — typboxerannep;
III — Termoo6Mennuk; IV — kornercatop; V — Hacoc

Fig. 8. Grassman — Shargut diagram for a turbo-expander cycle without overheating
of a low-boiling working fluid: I — waste heat boiler; II — turbo-expander;
III — heat exchanger; IV — condenser; V — pump

Tlotepu B Torepu s
KOTJIe-y TIIH3aTOPe TEIT00BMEHHIKe
0,
46,16 % Torepu s 3,72 % Ilotepu B
Losses in the Typ6ozeTaszepe Losses in the KOHJIeHCaTOope
waste heat boiler 826 % heat exchanger 5,34 %
5 0
L : Losses in the
osses in the i
Sxcepr turbo-expander COREEEE
JIBIMOBBIX Zj
TasoB 0,17 %
100 % OnexTpIaeckas \ \
gxergy of MOIIHOCTS ;'13)83 3 Electric\gower, consumed
ue gases 1 It N 3773 % v
Electric powd F R
5 DJIEKTPITIeCcKast MOLIHOCTD,
VIEKTpHIeCKas TOTpe6IsIeMast HachcoM
MOIIHOCTB
v
36,2M
Electric power i [ToTepu B Hacoce
139 Y T 029%
15,22 % ’ Losses in the pump

S

P-. §
S

Puc. 9. luarpamma I"paccmana — llapryTa s Typ6oaeTaHAEPHOr0 LUKJIA C OTHOKPATHBIM
TeperpeBoM HU3KOKHUIIALIETo padouero tena: [ — V — 1o ke, 4To Ha puc. 8

Fig. 9. Grassman — Shargut diagram for a turbo-expander cycle with single overheating
of a low boiling working fluids: [ — V — the same as in the Fig. 8
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[NoBblIcHNE TaBIICHUS TIEPE]] TYPOOICTAHICPOM JI0 CBEPXKPUTHUCCKOTO TAKIKE
MPUBOAMT K yBenmmaeHuto skceprerudeckoro KII/ ¢ 37,20 mo 42,55 % (puc. 11).
Kpome TOro, moBbIlICHHE JaBJICHUS IMepen TypOOIeTaHIECpPOM, B OTJIIMYHE OT
ClIy4dacB, paCCMOTPCHHBIX BBIIIEC, IPUBOAUT K CHUKCHUIO KOJIMUCCTBA DKCEPTHHU,
nepenaBaemoii koHneHcaTy HKPT B TeruiooOMeHHHKE.

Ilotepu B
TTotepu B
KOTIIe-yTINIH3aTOpe 5
e Torepn TEILIO0OMEHHHKE
L 42,62_ (] " TypozeTanzepe 6,51% Ilotepu B
ossesl MLL be - . Losses in the KOHJeHCaTope
waste heat boiler 8,10 % heat exchanger 529 %
Losses in the Losses in the
DKceprust turbo-expander condenser
JIBIMOBBIX J
rasoB \ 0,17 %
100 % \ DIIeKTpHYe CKpst N
Exergy of MOIIHOCTH v22,38 0 Electric p
flue gases 1 N 38,70 % IV | by the pump
Electric powel 1,50 %
DIeKTPHIecKast MOIIHOCTb,
OnexTpitecka, noTpednsiemMas Hac§com
MOIITHOCTB
37,ZM
Electric power I
N
1,389
23,76 % 7
\ : /
\ , J

er, consumed

A%

TTorepu B HACOCE

P~ 0,29 %

Losses'in the pump

Puc. 10. Inarpamma I'paccmana — Ilapryra muis Typ6oaeTaHaAepHOTO LIUKIA C JBYKPATHBIM
MeperpeBoM HU3KOKHITAIIEro paboyero Tena: [ — V — 1o e, 4To Ha puc. 8

Fig. 10. Grassman — Shargut diagram for a turbo-expander cycle with double overheating
of low boiling working fluids: I — V — the same as in the Fig. 8

Tlotepn B
KOTIIe-y TIII3aTOpe

37.41% Tlotepu B
Losses in the Typbonerannepe
waste heat boiler 9,78 %

Tlorepu B

TEIo0OMEHHIKE
4,55% Totepu B
Losses in the KOHJIeHCaTope
heat exchanger 5,10 %

Losses in the
condenser

18,48 {o
v

Lossesin the
DKoeprus turbo-expander
JBIMOBEIX
Ta3oB
0,

100% OneKTpuIecKps
Exergy of 'd MOIITHOCTD
flue gases 1 Y 15.73%

Electric powqr
OnexTpudeckal
MOIIHOCTh

&

42,5M

Electric power

2123 %

1T

BHEI(TPI/I‘IECKM MOIITHOCTB,

HOTPEGHXEMM HacgcoM

\%

<l
A\

A 4
2759

J

TTorepu B Hacoce
0.6 %
Losses in the pump

Puc. 11. Inarpamma ['paccmana — Hlapryra st TypOoaeTaHAEPHOTO IIUKIIA C IBYKPATHBIM
TIepEerpeBOM Ha CBEPXKPUTUUECKHX ITapaMeTpax HU3KOKHUIIAIIEro pabodero Tena:
I -V — 710 ke, uro Ha puc. 8

Fig. 11. Grassman — Shargut diagram for a turbo-expander cycle with double overheating

of supercritical parameters of low boiling working fluids:

[ -V —the same as in the Fig. 8
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BBIBO/J]

OcHOBHEBIE MOTEPH, OKa3bIBAIOIIHE CYHICCTBECHHOC BJIMAHHUEC HA SKCEPreTHU-
yeckuit KIIJI, npoucxoastT B Kotie-yTuiauzatope. [loBblllieHHME MapaMeTpoB
HU3KOKHITAIINX PabouuX Tel, a TakKe MCIOIh30BaHNE MPOMEKYTOYHOTO TIepe-
T'p€Ba NPUBOAAT K CHUIKCHUIO IMMOTEPH B KOTJIIC-YTUIIN3AaTOPE U, KaK CJICACTBUC, K
moBhIIIeHUI0 dKkceprerudeckoro KIIJ typOomeranmeproro mukia. HamGoms-
M skceprerruaeckuM KTl u3 uccnenyeMbix cxem obiagaer TypOoaeTaHaep-
HBII IIUKJ C JBYKPaTHBIM IEPErPEBOM HA CBEPXKPUTHUECKHUX IapamMeTpax HU3-
KOKHITAIINX PabOYuX Tell.
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