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MeToauka pacueta u aHanu3a 6asoBoro Srackser
TpaHcKpuTuyecKkoro uukna CO,
M.C. TanbI3uH

MexnyHapoaHas akagemus xonoga, Mocksa, Poccuiickaa Qefiepauua

AHHOTALMA

YKecToueHMe 3aKoHOAATeNbCTBA B 0671aCTM 3KONOr MM NPUBENO K HEOOXOAMMOCTM NOMCKA XNaAareHToB, ABNAIOLLMXCA allb-
TepHaTMBON NPUMEHAEMBIM paHee.

OnHoM M3 Takux anbTepHaTMB ABNAETCA WCMOJb30BaHWME TaK Ha3blBaeMblX «MPUPOAHbIX XNaAareHToB», K KOTOPbIM
oTHocATcA aMMumaK, CO,, nponaH v ap.

BonbLuow unTepec K ucnonb3oBakuio CO, B KauecTBe xnapareHTa TpebyeT cOOTBETCTBYIOLLMX METOAMK pacyeTa, KoTopble
HeA0CTaTO4HO NpefcTaBeHbl B UTepaType.

Hapsagy c pacyeToM LIMKNOB W onpedeneHneM napameTpoB B 6a30BbIx TOUYKax TpebyeTcA NpoBOAWUTL aHaNM3 3deKTUBHO-
CTU C LieNblo onpeaeneHna ONTUManbHOMo PeLleHmA.

Llenblo HacToALlero uccnefoBaHWA ABnAeTcA paspaboTka METOAMKM pacyeTa U aHanu3a 6a3oBoro TPAHCKPUTUHECKOro
umkna CO,.

PacyeT TPaHCKPMTMYECKOr0 LMK 0CHOBaH Ha PyHAAMEHTasbHbIX 3aKOHaX TePMOAMHAMUKM, B OCHOBY METOJMKM aHann3a
MOMOMEH 3HTPOMUNHO-CTAaTUCTUYECKWIA MeTOA TepMOAMHAMMYECKOr0 aHanu3a. PacyeT uMKna BKNKYaeT aHanu3 notepb
paboTbl CXKATKUA N0 KOMMOHEHTaM CUCTEMbI.

MpnBeaeHo onucaHne paboTbl 6a30BOro TpaHCKpUTUYecKoro umkna CO, ¢ AByMA TeMnepaTypHbIMW YPOBHAMM, NpUBEAEHa
MeTOAMKA pacyeTa M aHanu3a noTepb B 31€MeHTaX XOM0AUBbHON YCTaHOBKM, paboTalolleit No 6a3oBoMy TpaHCKPUTUYe-
cKomy umkny CO,.

lpVMeHeHWe [aHHON METOAWKM MO3BONAET ONpEeAeNUTb 3MEMEHTHI U NPOLECChl C HaMBONMbLIMMKU NOTEPAMU U NPUHATHL
Mepbl ANA NOBbILEHNA 3GPEKTUBHOCTM paboTbl XONOANUNBLHON CUCTEMBI.

KnioyeBble cnosa: TpaHCKpUTMYECKMIA LMKA; CO,; SHTPONMIAHO-CTATUCTUYECKWIA MeTO TEPMOAMHAMUYECKOr0 aHanu3a.
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Procedure for the calculation and analysis
of the basic transcritical cycle CO,

Maxim S. Talyzin

International Academy of Refrigeration, Moscow, Russian Federation

ABSTRACT

The increasingly strict legislations in the field of ecology have necessitated the search for novel refrigerants that can be
alternatives to the existing refrigerants.

One option is the use of so-called “natural refrigerants,” including ammonia, CO,, and propane.

Although there is considerable research interest in the use of CO, as a refrigerant, the required calculation procedures have
not been sufficiently described in literature. In addition to the calculation of cycles and the determination of parameters at the
base points, conducting an efficiency analysis to determine the optimal solution is necessary.

The purpose of this study was to develop a methodology for calculating and analyzing the basic transcritical CO, cycle of.
The calculation related to the transcritical cycle is based on the fundamental laws of thermodynamics, and the analysis is
based on the entropy-statistical method of thermodynamic analysis.

The calculation includes the analysis of compression loss with respect to system components.

Adescription of the operation of the basic transcritical CO, cycle having two temperature levels and the procedure for calculating
and analyzing losses in the elements of the refrigerating unit operating according to the basic transcritical CO, cycle are
reported herein.

Using this method, identifying the elements and processes with the maximum losses and taking measures to improve
the efficiency of the refrigeration system would be possible.

Keywords: transcritical cycle; CO,; entropy-statistical method of thermodynamic analysis.
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KPATHOE COOBLLEEHNE

PacueTtbl KnaccuM4eckux XONOAWNbHBLIX LMKNOB Npep-
cTaB/eHbl B y4ebHuKe [1]. [InA pelseHnn KOHKPeTHOW 3a-
[aum TpebyeTcA Npou3BeCTU aHanK3 3¢GeKTMBHOCTH TPaHC-
KPUTMYECKOTO LMKNa.

B KauecTBe MeTofa TepMOAMHAMWYECKOr0 aHanu-
3a NPUMEHAETCA 3HTPOMUMHO-CTaTUCTUYECKUI MeTod [2]
KaK Haubonee NpeanoqTUTENbHBIA A TEXHUKU HU3KUX
Temneparyp [3], [4].

MpuBepeM onucaHue paboTbl XONOAWNBHOM YCTa-
HOBKM, paboTalolleit no TpaHcKpuUTUYeckoMy Lmkny CO,
C OBYMA TeMmnepaTypHbiMM YpoBHAMK. Ha puc. 1 npeg-
CTaBneHa MPUHLMNKUANbHAA CXeMa X0NoAWUNbHON YCTaHOoB-
KM, @ Ha pUC. 2 — TPAHCKPUTUYECKMW LMKN B Ouarpamme
3HTaNbNWA-OaBMEHNE.

Mapbl xnapareHTa, 06pa3oBaBLUMECA MPU KUMNEHWUM
Ha HU3KOM TeMrepaTypHOM YpoBHe B ucnaputene W, ot Te-
MA0BOM HarpyskM Q, ., CHMMaIOTCA KOMNPECCOPOM HUMKHE
ctynein KM 1 oT faBnenua Touku 1 4o AaBEHWA TOYKM 2.
CMelumBaloTCA C napaMmu xnapareHTa, 0bpa3oBaBLUMMM-
CA NPU KUMEHWUW XNTafareHTa Ha CPefHeM TeMnepaTypHOM
ypoBHe B ucnaputene M, oT Tennoson Harpysku Q.
1 napamu, 06pa3oBaBLUMMMCA NPV [POCCENUPOBaHUKB PB4
oT TouKM 8 o ToukmM 10, nocne 3TOro MPOMCXOOMUT CHaTUe
B KOMMpeccope BTOpon cTyneHn KM2 ot faBneHua ToUku 3
[0 OaBEHWA TOYKM 4.

Mocne sToro mapbl momagaloT B oxnagutens rasa Or,
rOe OXNaxaaloTcA OT TeMnepaTypbl HarHeTaHUA [0 Temne-
paTypbl, MPEBLILLAIOLLENA TEMMEPATYpPy OKpYyHaloLen cpe-
Obl Ha BENMYMHY HepopeKynepauuu. [lpouecc npoucxogut
B CBEPXKPUTUYECKOM 06M1acTu.

OxnapaeHHble napbl gpoccenupyiotca B PB3 go pas-
neHuaA npoMexyTouHoro cocyna IC, yactb napoB oTKaum-
BAeTCA KOMMPECcCOpOM Yepe3 ApOcCCenbHbIM BeHTUb PB4,
3HTaNbNWA 0CTABLUEICA YacTV NPM 3TOM MOHUMKAETCA 40 CO-
CTOAHWA TOYKM 7.

[lanee HacblleHHaA KMOKOCTb TOUKM 7 [poccenu-
pyeTcA 40 CPeAHETEMNEPATYPHOr0 U HU3KOTEMIEPATYPHOo
ypoBHen B PB2 n PB1, cootBeTcTBEHHO. LIKN noBTopAeTcA.
MpuBeneM HuKe GopMynbl ANA pacyeTa OCHOBHbIX XapaK-
TEPUCTUK LIMKNA.

YaenbHaa MaccoBas X0no0NPOM3BOAMTENBHOCTL Cpea-
HeTeMNepaTypHOro KOHTYpa paccuMTLIBAETCA Mo popMyne:

quCT :hlz _h9' (1)

YnenbHasa MaccoBas xonononponssoanTeNibHOCTb HU3-
KoTeMnepaTypHoOro KOHTypa onpenenAeTcA cornacHo:

qofHT :hll _hl' (2)

MaccoBble pacxofbl HU3KOTEMMEPATYPHOr0 U CPeaHe-
TEMMepaTypHOro KOHTYpOB
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Puc. 1. lpuHuMnuanbHaA cxema TPaHCKPUTUYECKOW XOMo-
punbHoi cuctemsl CO, (Cuctema 3): KM1 — Komnpeccop nepsoit
cTyneHn cxkatua, KM2 — KoMnpeccop BTOPOM CTYMeHW CiaTus,
Ol — oxnapgutens rasa, 1C — npoMexyTouHbIiA cocya, U, — ucna-
puTenb cpegHeTeMnepaTypHelx notpebutenen, U, — ncnaputens
HU3KoTeMepaTypHbIX notpebuteneit, PB1, PB2, PB3, PB4 — pe-
ryNpyioLLMe BEHTUIIN.

Fig. 1. Schematic diagram of the transcritical CO, cycle (System 3):
KM1 - compressor of the first stage of compression, KM2 —
compressor of the second stage of compression, OG - gas cooler,
PS - intermediate vessel, E,, — evaporator of medium temperature
consumers, | — evaporator of low-temperature consumers, PB1,

' 'nt

PB2, PB3, and PB4 — regulating valves.
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Puc. 2. TpaHckputiuecknit umkn CO,.
Fig. 2. Transcritical CO, cycle.
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OTHOCMTENbHBIN MacCoBbIiA Pacxof BTOPOM CTYMeHM
CKaTUA g, OonpefenAeTcA U3 3HepreTMyeckoro banaHca
npomesyTouHoro cocypa MC.

g2 ><h6 = (gHT +gCT)Xh7 +(g2 _gHT _gCT)XhS’
hy —h, (5)
= + N ——
g = (8w +8u) h,_h,
JHTanNbNMA TOUKM 2 onpedenAeTcA N0 U3BECTHOMY 3Ha-
yeHuto apgmabatHoro Kl koMnpeccopa nepeoi cTyneHu:
h,. —h

2s

h,=h+ L. (6)

2 1 1

N

JHTaNbMUI0 TOYKM 3 MOXKHO HaWMTW M3 YpaBHEHMA CMe-
LLIEHWA MOTOKOB:

gCT ><h]2 +(g2 _gCT _gHT)Xhlo +gHT ><h2 =g2 Xh}’
h — gCT B h12 + (gz _gCT _gHT) X th + gHT x h2 (7)
3 .
253

JHTanNbNMA B TOYKE 4 HaXOAWTCA U3 ypaBHEHUA aHano-
rnyHoro (6).
MuHuManbHana HeobxoaumMas yaenbHana pabota ans re-
Hepauwmu xonofa onpegensetca B ¢opMe
T _ T HT

HT oc 11
X—"

THT

i
cT
X TOC B TH
T cT

ud

b

) )
Lo =17 xg, +1.." xg,..
AnmnabatHan paboTa craTua
1,'=h, —h
1, =h, —h,, 9)

1a11 zlanl X8 +1aH2 Xgs-

1°

[enicTBUTeNbHAA 3aTpauMBaeMan yaenbHasa paboTa

CHKatnAa
lcml = h2 - hl’
1,2 =h,—h,, (10)
1c>|c = lcml x gHT + lcmz x gZ‘
CreneHb TepMoanMHaMnyeCcKoro coeepLUleHCTBa
1min
nTepM = - (1 1)

1

CK
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XonoamnbHbIA KoadMLMEHT nNpy aguabaTHoOM npouecce
cKatuA

cT X + HT X
San — q() gCTl qO gHT . (12)
an

[lenicTBuTENbHOE 3HAYeHME X0N0AMNbHOr0 Koaddu-
LMeHTa

CcT + HT
s = qo X gCT qo X gHT . (1 3)

a

CK

HeobxoguMble ymenbHble 3aTpaTtbl paboTbl CHaTWA
ONA KOMMeHcaLumMn NPOM3BOACTBA 3HTPOMUM B OXNaauTene
rasa:

A101" = [(h4s - hS) - Toc x (S4s - SS)] X g2' (‘IA)

HeobxoauMble ypenbHble 3aTpaTtbl paboTbl CHaTWA
ONA KOMMeHcaLuum NpoM3BOACTBA SHTPOMUM NpW Apocce-

NMPOBaHUM onpefienseM AnA 4 NpoLeccos (BepXHUM MHOEKC
YKa3blBaeT Ha caM NpoLecc):

5-6
Alﬂp =g, xT x(sg—s;),
7-9
A111p = gCT X Toc X (S9 - S7 )7
7-11
Alnp =8 X Toc X (Sll -8, )s (1 5)
8-10
Alnp :(gZ _gCT _gHT)XTOC ><(SIO _SS)’
_ 5-6 7-9 7-11 8-10
AL, =Al " +AL 7 +ALT +AL T
H906XOHMMble yaenbHble 3aTpaTthbl paﬁOTbl CHatuAa
ONnA KoOMMeHcauun npon3eoacTea 3HTpPONUKU B UCnaputene
npu nepefadye TennioTbl 0T 0X/1axKaaeMoro obbeKTa B unKne

npu cpegHen TeMnepatype Bo3ayxa B noTpebutensx (kune-
HWe WUOKOro XnajareHTa):

CcT _T
Al “"=(h,-h,)xg xT x-=2 >
M. KHIT ( 13 9) gCT oc TD XT cr
T T (16)
Al "™ =(h,—h, )xg xT x—L —<°
H.KAIT ( 14 11 ) gHT oc Tu x T HT

HeobxoauMble ypenbHble 3aTpaTbl paboTbl CaTuA
ANA KOMMeHcaLuW Npou3BOACTBA SHTPONUU B UCMapwTene
npy Nepeaaye TeNoTbl OT OXNaXAaeMoro 06beKTa B LIMKIe
npu cpeaHen TeMnepartype Bo3ayxa B noTpebutensx (nepe-
rpeB xnafareHTa B Ucnapurene):

Alu.ncpCT = gCT x ':THCT x (SIZ - Sl3) - (h12 - hlB):| s
Aly[.ncpHT = gm X |:TnHT X (Sl - S14) - (hl - h14)]-
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O6wme HeobxoauMble ypaenbHble 3aTpaTbl paboTbl
CHKaTMA ANA KOMMEHCcaLMM NpoM3BOACTBA SHTPOMMM B UC-
napurene:

CcT + Al CcT

naep

ALT =Al
AL = AL T AL T
Al =AL +AL™.

U.KAIT

U KHAIT

HeobxoguMble yaenbHble 3aTpaTtbl paboTbl CHKaTvA
ANA KOMMEeHcauum NpoM3BOACTBA SHTPONWK B ApYrux npo-
Lieccax (cMeLLeHMe B TOUKe 3, NPOLeCChl B MPOMEKYTOUHOM
cocyne):

Al =T, Xl:gz XS _(gm X8, T & st)_:|’
_(g2 _gCT _gHT)XSlO

AIHPOM :TOC ><|:g2 Xsé _(gCT ><S7 +gHT XS7)_:|’ (19)
_(g2 8 _gHT)XSS

Al =Al_ +Al

npyrue pom *

CyMMUpya BenuUuMHbl HEO0OXOAMMBIX YAEeNbHbIX 3a-
TpaT paboTbl CXKaTUA [NIA KOMMEHCaUuMU NpoM3BOACTBA
JHTPOMNUU BO BCEX 31eMEHTaxX XOJ'IO,EWIJ'IbHOVI CUCTEMBI,
HaxoguM pacuyeTHyl0 BeNUYMHY apuabatHo paboThbl
CHaTUS:

lmp =1 +Al, + Alﬂp +Al, + Alﬂpyme (20)
JHepreTMUeCKMe NOTEPU B KOMMPECCope:
AIKM = lcxc - laz[.p (21)
PacueTtHan paboTa ckatua:
lmp = IMp +AlL, (22)
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MorpeluHocTb onpeaeneHna paboTbl CHaTUA:

A =[1—llijx100%

CK.p

(23)

Pe3ynbTaTbl aHan13a ABNAIOTCA YI0BNETBOPUTENbHLIMU,
€CNIN BEJIMUYMHA MOrPELLHOCTY, OnpeaenseMon Nno ypaBHe-
HuIo 23, HaxoauTcs B nepedenax 3 %.

Pe3ynbTatbl, Nofy4eHHbIE N0 AaHHOW MeToAMKe, npeq-
cTaBneHsbl B [5].

3ARJTIOYEHUE

 [lpegnaraeMan MeToAMKA OCHOBAHa Ha M3BECTHbIX
3aBMUCMMOCTAX, LUMPOKO NPUMEHAEMbIX MPY aHanuse
X0NOAWNbHBIX LWKNOB;

« Pacyet umkna BKNKOYaET aHanu3 noTepb paboTbl CaTUA
MO KOMMOHEHTaM CUCTEMbl;

« [lpuMeHeHWe [aHHOW METOAWKM NO3BONAET Onpefe-
NIUTb 3MEMEHTbI W NpOLEecCkl C HanbonbWKUMK NoTepA-
MW W MPUHATb Mepbl ANA NOBbILUEHNA 3GDEKTUBHOCTM
paboTbl XONOANIBLHON CUCTEMBI.

AONONTHUTEJIbHO

KoH$pnuKT mHTepecoB. ABTop AeKnapupyeT OTCYTCTBME
ABHbIX M NOTEHLMANbHBIX KOHPSIMKTOB MHTEPECOB, CBA3AHHbIX
C NyBAMKaLMEN HaCcTOALLIEN CTATbM.

McTouHUK  ¢uHaHCMpoBaHMA. ABTOp 3aABRAT
06 OTCYTCTBUW BHELLHEro GUHAHCMPOBaHUA NPY NPOBEAEHNN
MOMCKOBO-aHaNMTUYECKOM PaboTbl U MOArOTOBKE PYKOMUCH.
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