YOK 621.51+621.56
DOI: 10.25206/2588-0373-2024-8-4-29-38
EDN: WYAYGR

AHAJIM3 TEPMOONHAMUYECKOU SDDEKTUBHOCTMH
TEOPETUYECKOIO MHOTOCTYINEHYATOIO KOMITPECCOPA
C KOMBMHHNPOBAHHbLIM NMPUMEHEHUEM AQUABATHOTIO,
U3OTEPMHUYECKOTO U CYBU3OTEPMUYECKOIO
MPOLLECCOB CXXATUA
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MpeactaBneH TepMOAMHAMMYECKMM aHanNM3 MNPOLECCOB CKaTMS MPU MHTEHCMBHOM OTBOAE Tenna
B NPEeANONOMEHNM O BO3SMOMHOCTH €ro peanMsalum NP1 noKasarene nofIMTPONbl, MEHbLLIEM €MHHULbI.
MpeanoeHa TepMHHONOrMYECKas KNacCM(PHMKaLMsa NOAMTPONHLIX MPOLLECCOB, B TOM YMCNIe PacCMO-
TPEeHO NoHATHE O cybusoTepmMMUecKoMm npouecce. PazpaboTaHa MeTogMuKa onpegeneHMs Nokasartens
NONMTPONbLI Cy6bHM30TepPMHMUECKOro npoLecca NpM TeoOPeTHYECKOM KOMOUHMPOBAHHOM MHOFOCTYyNEeHYa-
TOM CXKaTHM, @ TaKXKe METOAMKM CPABHMTENBLHOMN OLLeHKM 3HepProa(hpeKTMBHOCTM Pa3nMUYHbIX BAPMAHTOB
TeoOpeTHYECKOro KOMOGMHMPOBAHHOrO MHOrOCTYMEHYATOro CXKATMS M TENNIOBOM HAarpy3KM Ha Tennoo6b-
MeHHoe o6opyaoBaHMe. BbINONHEH CPABHUTENbHLIN TEPMOAMHAMMYECKMIA aHaNM3 PasNMYHLIX BapMaH-
TOB T@OPETHMYECKOrO MHOFOCTYMEHYaTOro CXKaTusi NP KOMOGMHMPOBAHHOM NMPMMEHEHMM aarabaTHbIX,
M30TepPMMUECKMX M CybusoTepmmuueckux ctyneHei. MonyyeHHble pesynbTaThl NO3BOASIIOT Npejnona-
rathb, YTO TEOPETHUYECKHM, C TOUKM 3PEHUS TEPMOAMHAMHYECKMX KPpUTEpHEB 3(P(PEeKTUBHOCTH, KOMOMHK-
POBaHHOE MHOTOCTYMEHYaToe CXKaTHe NpefnoYTMTeNbHEee B CPAaBHEHMM C MHOrOCTyneH4YaTbiM agMabar-
HbIM OKaTMeM. MepcneKTMBbI NPaKTMYECKOro NMPMMEHEeHNs] Cy6GM30TepPMMYECKMX CTyneHel B cOoCTaBe
MHOTOCTYMEHYaTbIX KOMMPECCOPHbIX YCTAHOBOK OMNPEeAensiioTC BO3MOXHOCTAMM MX KOHCTPYKTMBHOM
peanusaumu.

KnioueBble cnoBa: KnaccugmKaums MOAMTPONHLIX MPOLLEeCcCcOB, CyOM3OoTepMHYECKOe CKaTHe, Teope-
TMYECKMH KOMOMHMPOBAHHLIM MHOrOCTYNEHYaTblM KOMNPECCOop, AOMMMHOM MOPLUHEBOH TUXOXOLHbIN
ANMMHHOXOJOBOM KOMNpPeEeCccop, 3Hepro3ppeKTMBHOCTb, TENNOBas Harpy3Ka Ha Tennoo6meHHoe o6o-

pyAoBaHue.

BBepeHue

Komnpeccopusle ycranosku (KY) cpepHero u BBI-
COKOTO A@BAEHUS IIUPOKO IIPUMEHAIOTCS KaK B CTallu-
OHAPHBIX TEXHOAOTUYECKUX CHCTEMaX, TaK M B COCTaBe
MOOUABHBIX WM IE€PEeABUIKHBIX KOMIIDECCOPHBIX CTaH-
nuii (MKC) uaM Ha TPaHCIOPTHBEIX 0O0beKkTax [1—7].
B cuny pspa npuunH Takue KY KOMIAEKTYIOTCS MHOT'O-
CTyIeH4YaTBIMU KoMIpeccopaMmu [8 — 13]. Kak mpaBunao,
9TO MHOTOCTyIIeHYaThble IIOPIITHEeBbIe KOMIIPECCOPHI,
OAHAKO AASI TIOBBIIIEHWsT KoMImakTHocTH KY B Kaue-
CTBe CTyIleHell HU3KOTO AABA€HMSA MOTYT NPUMEHSATHCS
BUHTOBBIe KoMmIipeccopsl [1, 3, 4, 6, 7]. [ToBrilleHHEBIE
TpeboBaHUg K KoMHIakTHOCTH MKY U TpaHCHIOPTHBIX
KY npuBopaT K HEOOXOAUMOCTH HOpUMeHeHus Qop-
CHUPOBAHHBIX pabOuMX PE’KMMOB, XapaKTepHU3YIOIIUX-
Cs1 TIOBBIIIEHHBLIM OTHOIIIEHWEM AABACHUSI HarHETaHWs
K AABAEHMIO BCACBIBAHUSA B OAHOM IOPIIHEBOMW CTyIle-
HHM, KOTOpOe B 3TOM CAydae MOJKeT IIpeBbIIIAThL 3,5,
a B HEKOTOPBIX CAydYasix Aocturath 5 [12]. Ilpu srtom
B CHUAY raGapuUTHBIX OrpaHUYeHUM TeAOOOMeHHEIe all-
napatsl (TA) MOryT okasaTbCs HeAOPasMepeHHBIMU,
YTO IIPW OKCIAyaTalli¥ B IIOAEBBIX YCAOBHUSIX U IIPHU
MIOBBIIIIEHHOM aTMOC(EpPHOU TeMIlepaType Hen30e>KHO
NPUBOAUT K CYILIECTBEHHOMY HEAOOXAAKAEHUIO Tasa
[8 —13]. Takue >kécTKue TeMIepaTypHble YCAOBUS CHU-
JKAIOT 3Heprod(p@eKTuBHOCTbL U IPOU3BOAUTEABHOCTH
KY, eé mapéxaOCTL M Oe3omacHOCTE [7, 14, 15].

Pemenue sToi mpoOAeMBI IIpU IIOMOINY KOHTAKT-
HOT'O OXAQKAEHHS C)KMMAeMOro rada HIyTéM IIOAQYU
SKUAKOCTH B IIPOTOYHYIO YacCThb CTYIEHH pPEearn3yeTcs
AUIIb Ha CTyIEeHSIX HU3KOTO AABA€HUSI IIPU UCIOAB30-
BaHUM BUHTOBBIX UAM APYTMX THUIOB POTOPHBIX KOM-
npeccopoB [6, 7, 13]. CArepOBaTEABHO, TPEACTaBASET
UHTepeC TeXHOAOTHS IMOBBIIMICHUST AQBACHUS Ta3a B OA-
HOW MaAOPaCXOAHOW TUXOXOAHOM IOPILIHEBOU CTYIIeHU
(AATTIK) A0 cpepHUX M BBICOKMX 3HAUe€HMM, [103BO-
AdIOIIasl peaAru30BaTh KBA3UM30TePMUUECKUM IIpoliecc
C>KaTus 3@ CUET BBICOKOM MPOAOAKUTEABHOCTH pabo-
Yero IIMKAA U WHTEHCHBHOTO BHEIITHETO OXAa’KAEHUS
nuAmHApa [16—18]; AOCTHTHYTBEIE Ha CETOAHSIIHUU
AEHL OCHOBHBIE PE3yABTAQTHI 110 3TOMY HalPaBAEHUIO
00001eHH! B [15].

OueBupHBIE TIPOOAEMEI, CBSI3aHHEIE C OOecIlede-
HHeM TpeOyeMoro TeMmepaTypHoro pexuma MKC
U TpaHCHOPTHBIX KY cpepHero u BBICOKOTO AABAEHN,
U YHHKaAbHBIE BO3MOJKHOCTH WHTEHCHBHOTO OXAaK-
peHmd rasza B AATIIK onpepeadroT aKTyaAbHOCTB pe-
LIeHusd 3aAa4, CB43aHHBIX C npuMeHeHueMm AANTIIK
B COCTaBe MHOTOCTyIIeHYaThIX KOMIIPEeCCOPOB CpeAHe-
TO U BBICOKOTO A@aBA€HMSA. B cBSA3U ¢ 3TUM IpepMeTOM
paccMOTpeHHUsl 3TOM CTaTbU SIBASIETCS aHaAU3 TepMo-
AMHAMHUYECKOU 3(P(PEKTUBHOCTH TEOPETUUECKOTO MHO-
rocryneryaroro kommnpeccopa (TMK) (cooTBercTByeT
TEePMUHOAOTHH, NpuHATOM B [11]) ¢ KOMOMHMpOBaH-
HBIM TNIpUMeHeHHeM aAuabaTHBEIX IIPOIeCCOB CJKATUS
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Puc. 1. K Bonpocy o Kaaccu(uKanuu UAeaAbHBIX
MOAMTPOIHBIX MPOIECCOB C)KaTHsl: apnadaTHbIe
1-2 u 1'-2' (n = k); noaurponssie 1-3 u 1'-3' (1 < n < k);
uszorepmuyeckue 1-4 u 1'-4' (n = 1); TpancapnabaTasie 1-5
u 1'-5' (0 > n > k); cyouszorepmuyeckuii 1'-4 (0 <n < 1)
Fig. 1. On the issue of classification of ideal polytropic
compression processes: adiabatic 1-2 and 1'-2' (n = k);
polytropic 1-3 and 1'-3' (1 < n < k); isothermal 1-4
and 1'-4' (n = 1); transadiabatic 1-5 and 1'-5" (o0 > n > k);
subisothermal 1'-4 (0 < n < 1)

1 IIPOIEeCCOB CXATud C WHTEHCUBHBIM BHEIIHHWM Te-
IINOOTBOAOM.

TeopeTm{eCKoe 000CHOBaHNE BO3MO>XHOCTH
n HeAeCOOﬁpaBHOCTIfI peaArn3anun
CY6H3OTele/I‘-IeCKOI'0 mnpoiecca cCXaTtus

[Tpu paccMOTpeHHU IIPOLECCOB UAECAABHOIO Tasa
NPUHATO MCIOAB30BaTh TaK Ha3bIBaeMBIN ITOKa3aTeAb
MOAUTPONEI N, KOTOPHIM B OOIIEM CAydae MOXKeT U3-
MeHATbCST OoT 0 A0 oo, mpuuéMm ecam n — 0, TO Ipo-
IIecc CTPeMUTCs K M300apHOMY; €CAM N — 0, TO IIPO-
IIecCc CTPEMUTCS K M30XOPHOMY; Ipu n = 1 mpoiecc
SBASIETCSI M30TepMUYECKUM, IIPU n = Kk mpolecc sB-
AdeTCd W303HTPOIHBIM (apuabaTHBIM), a mpu n # 1
U n # k mpolecc sBASeTCS NOAUTPONHBIM [19—21],
B COOTBETCTBUHM C YeM B TEOPUU KOMIIPECCOPOB IIU-
POKO IIPUMEHAIOTCA 9TH TEePMHUHBI U IOHATUA (puc. 1):
apmabaTHBIN npouecc 1—2 (n = k), ©30TepMUYECKUU
npouecc 1—4 (n = 1), noauTponHsle npoueccel 1 —3
(1 <n<k)ul-5(n > k). Ilpu aToM noppazyMeBaeTcs,
4TO TeMIlepaTypa Hadara Iporecca cxkatusg T, paBHa
TeMIlepaType OKpy’Karollell (M, COOTBETCTBEHHO, OX-
AaRpatolien) cpeast T

OAHAKO B CHAY YKa3aHHBIX BBINIE NPUYMH UAU
B CB43M C OCOOEHHOCTSIMM 3KCIAyaTAllMOHHBIX pe-
KUMOB TeXHOAOTUYECKHX CHCTEM, B COCTaB KOTOPBIX
BXOAAT KOMIIPECCOPHI, TeMIlepaTypa HaudaAa Ipoliecca
cxarust T,' MOXKET CyIIEeCTBeHHO IPEBBIIATh TeMIepa-
Typy T, (puc. 1). CooTBeTcTBeHHO, apuabaTHOe, U30-
TEPMUUYECKOE U IMOAUTPOIIHOE CrKaTHe OyAET IIPEACTaB-
AeHO mponeccamu 1'—2' 1'—4" 1'=3"u 1'=35". Tlpnu
9TOM, C Y4€TOM BHOBb OTKPBIBIIMXCS BO3MO’KHOCTEM
C)KaTUsl C MHTEHCUBHBIM OXAaKAeHHEeM rasa B paboueit
kamepe AATTIK [14 — 18], mpeAcTaBAsSeTCS BO3MOKHBIM
IIPEALIOAOJKUTE, YTO IIPU TeMIlepaType Hadaaa Iporec-
Cca CKaTUsl CYLIeCTBEHHO BBILIE TeMIIEPAaTyphl OXAdK-
MAIOIIEeN CpeAbl BO3MOJKHA peaAnsalys Ipolecca Io-
BBIIIIEHUSI AQBA€HUSI C OAHOBDEMEHHBIM CHU’KeHHEeM
TeMIlepaTyphl c’KuMaeMoro rasa 1'—4 (puc. 1), To ecTb
BO3MOJKHA pearu3anys npoiiecca cxatus mpu n < 1.
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Puc. 2. K Bonpocy o peaaru3anuy KOMOMHHNPOBAHHOTO
TeopeTUYeCKOro MHOTOCTYIIeHYaTOro CoKaTus
Fig. 2. On the issue of implementing combined
theoretical multi-staged compression

B aTOM CBAA3U AAS IPOBEAECHMS AAABHEMIIIEeTO aHaANU-
3a B paMKax AQHHOM CTaTbU IIPEACTaBASIeTCSI HEOOXOAU-
MBIM yTOYHUTH TEPMUHOAOTHYECKYIO KAACCUPHUKAIUIO
TIOAUTPOIIHLIX IIPOIECCOB (IO aHAAOTHH, HaIpuMmep,
C TEpPMHUHOAOTHEHN, IPUHATOU B XOAOAUABHOU TeXHUKEe
MST CyOKPUTUYECKUX M TPAHCKPUTUYKECKUX ITUKAOB
[22—25]) caeayromuM oOpa3oM: TpaHcapuabaTHBIE
(TPaHCHM30HTPONHBIE) IIOAMTPOIIHBIE IIPOILECCHl (IpHU
k < n < o), moanTponusle nponeccs (mpu 1 < n < k),
CcyOM30TepMUYECKUE IIOAUTPOIHBIE IIPOLECCHl (HIpHU
0<n<1).

PaccmorpuMm BapuaHThl peaamsanuu TMK ¢ kom-
OMHUPOBAHHLIM IIpUMeHeHHeM aAuabaTHBIX, U30Tep-
MHUYECKUX M CyOM30TepMUUEeCKUX IIPOIeccoB (puc. 2).

[Tpu paBACHUU BCAChIBaHUsL P, 1 HU3KOM AABAEGHUU
HarHeTanvst P, MOXXeT OLITb PeaArM30BaH OAHOCTYIICH-
4JaThIM aprabaTHBIM TIpollecc ckaTust 1 —2, mpu KOTOo-
POM BeAMYHHA TeMIePaTyphl HarHeTanus T, —He Ipe-
BBIIIIaeT AOIIYCTHUMBIX 3HaueHUM. OAHAKO IIPU CPEAHUX
¥ BBICOKMX AABACHWSX HarHeTaHws P, W3BeCTHbIe
TpeOoBaHMs IO obecHedyeHUI0 O0e30MaCHOM BEAWYMHBI
TeMIlepaTypsl HarHEeTaHWsI IIPU OAHOCTYIIEHYaTOM aAU-
abaTHOM C>KQTUU BBIIIOAHUTH HEBO3MOJKHO [15].

B HEeKOTOpEBIX CAy4Yagx TpeOOBaHUS IO TeMIlepa-
Type HarHeTaHUsI MOTYT OBbITb PEaAU30BaHLI B OAHOU
CTyIIeHU IIPU M30TepMUUYeCKOM IIpollecce ckaTus 1 —3
(n=1,T, =T, = T,) uAu TIpU IOAUTPOITHOM IIPOIIEC-
ce cxxatusi 1—-22 (1 <n<k T7=T,< T,,)- To ecTs
IIPU WHTEHCUBHOM OXAAKAEHHU CTyHeHH. [ I0CKOABKY
BUHTOBBIE U POTAIJMOHHBIE KOMIIPECCOPHEBIE CTYIIEeHHU
NIPUMEHSIOTCSI TA@BHBIM 0Opa3oM IIPU HU3KHUX AaBAe-
HUAX HarHeTaHWs, TO IPU BBICOKUX AABAEHUSIX ITOT
BApUaHT BO3MOJKEH Aulllb npu npumeHeHuu AATTIK.
OAHAKO 3TOT THUII IOPILIHEBBEIX KOMIIPECCOPOB IlEAEeCO-
00pa3HO NPUMEHATh AUIIb IPU MAABIX IDOU3BOAUTEAD-
HoCTax [15].

B cBsI3W C BHIIIEU3AOKEHHBIM B IIOAABASIOIIEM
OOABIIMHCTBE IPAKTHMUYECKM 3HAUUMBIX CAydaeB CKa-
THe ra3a A0 CPEAHUX M BBICOKUX AABAECHUU B OAHOU
CTyIleHU HEeBO3MOJKHO HAU HellerecooOpasHo. U aag
3THUX IleAel, KaK OTMeueHO BEIIIe, IPUMEHSIOTCS MHO-
rOCTyIleH4aThle KOMIIPECCOPHI C aAMabaTHBIMU MAM T10-
AUTPOIHBIMU CTYHIEeHsIMU cKaTus [8 — 13].

[Mpyr >TOM yMeCTHO OTMETUTH, UTO IIPU IOBHIIIe-
HUU A@BAGHUSI OT CTyIeHU K CTyIeHH WX ONUCAHHBIN
00BEM yMEHBIIIAeTCd, YTO IIO3BOASIET PACCMOTPETh BO-



npoc 00 aKTyaAbHOCTH YAaCTUYHOU 3aMeHBl HEeCKOAb-
KUX apuabaTHBIX CTyIeHeM C’KaTusl Ha OAHY CTyIeHb
ANTTIK.

[Mpeapnoaoskum, 4TO B 6@30BOM CcXeMe apruabaTHOTO
TMK crkaTue OCyIIeCTBASIETCS B Z IOPIIHEBBIX CTyIle-
HSIX, B Ka’KAOUM M3 KOTOPBIX OAWHAKOBBIE TEeMIIepaTyphl
BCACBIBAHUSI M HAaTHETaHUs, a TakK’kKe OTHOIIEHHEe AAB-
AeHUsd HarHeTaHMs K AABAEHHIO BCAaCbIBaHUSA (CXeMa-
Tr3anud 1o [8— 13]). PaccMoTpuM HEKOTOpPBIE aAbTep-
HATUBHBIE BAPUAHTHL KOMOMHUPOBAHHOU cxeMbl TMK
(puc. 2).

[TepBEIl BapuaHT: IOCAe CXKaTud B i-H apuabaTHOMU
CTYyIIEHH ra3 IOAHOCTBIO OXAaKA@eTcs (mporecc 2'—
3) m 3aTeM B M30TEepPMUYECKON CTYyIE€HH CKUMaeTCs
MO KOHEUHOTO AaBAaeHus (mporiecc 3'—3). Tlpu atom
C IEepBOU IO [-}0 CTyIleHW NpUMeHATcsa X apuadar-
HBIX CTyIIHEH, a IIOCAe TOM CTyIleHU — OAHA H30Tep-
Muueckas, 3aMeHsmoomas (Z—X) HOCAeAyIOUIUX 3a I-U
aprabaTHBIX CTyIeHew.

Bropoii BapuaHT: mocAe ckaTus B i-Ui apauabaTHOMU
CTyIIeHU ra3 He OXAa’KAaeTcs, a C)KUMaeTcs B CyOu-
30TePMUYECKON CTyIeHU AO KOHEYHOIO AABAECHHUS
(mporecc 2'—3). Tlo aHaAOTMU C MEPBBIM BapHUaHTOM
3A€eCh C IIePBOY IIO I-}0 CTyIleHU IIPUMeHSI0TC X ajpu-
abaTHBIX CTyIIHeH, a MOoCAe [-H CTylleHH — OAHa Cy-
ousoTepMuueckasi, 3aMeHsronas (Z—X) MOCAeAYIOIIUX
3a i-M apmabaTHBEIX CcTyneHed. [Ipu 3TOM BapuaHTe
IIOAHOCTBIO MCKAIOYAEeTCs IIPOILeCC Me’KCTYIIeHYaTOIo
OxXAaKAeHUsA 2/— 3!, TO eCTh B KOHCTPYKTHUBHOMN cXeMme
nocae cryneHu 2' TA IOAHOCTBIO OTCYTCTBYeT.

[TocKOABKY B paccMaTpUBaeMOU 3apadye BO3MOJKHEI
pa3AuYHBIE BapUaHTHI BeAWYUH Z U X, IpPeACTaBASIET
uHTepeC aHaau3 3PPEeKTUBHOCTU IIPUMEHEHUsI apua-
OATHBIX, U30TEePMUYECKUX U CYOU30TEPMUUECKUX IIPO-
neccoB B kKomMOouHupoBaHnHoM TMK mipu pa3AndHOM CO-
oTHOuUIeHuu Z u X.

AAsl TIpDOBeAeHUsS CPAaBHUTEABHOTO TePMOAWHAMU-
YeCcKOro aHaAM3a yIOMSHYTHIX BEIIEe BapHUAHTOB KOM-
ounupoBanHoro TMK Heo6xoaMMa MeTOAUKA OIIpeAe-
AEHUS IIOKa3aTeAsl IOAUTPOILI CyOM30TepPMUYECKOTO
npouecca cxatusg B opHou crynenu (0 < n < 1), pac-
CMOTpEHHasi HUKe.

Ars TMK ¢ Z aprabaTHBIMU CTyIIeHIMU B COOTBET-
cTBUU C [8—11] cpaBepAUBHI CAEAYIOLINE COOTHOIIe-
HUS:

g, = &4 (1)
e, = (T /T, )"0, (2)
TOTAQ
e = (T /T,)*, (3)
OTKyAa CAepYeT, 9TO
e =(T /T, )k (4)
VAU, COTAQCHO PHUC. 2, TAE Tm. = T2 nu Tm. = T1
e = (T,/T)%/1, (9)

Anst kombuHHUpoBaHHOrO TMK HIpUMeHUTEABHO
K CyOM30TepMHYECKOU CTYIEeHU (PUC. 2) IPEACTABAA-
FOTCSI KOPPEKTHBIMU CAEAYIOIIYEe COOTHOIIEHMUS:

*

g = g@X = gzxz (6)

i

e = (T /T )V, 7
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Puc. 3. Baussuue cootHomeHusi X/ Z u nnoka3aTteAst apuadarsr k
Ha BeAMYMHY NOKA3aTeAsi HOAMTPOIBI CXKATHS 1= 11
B CyOM30TepMUYECKOM CTyneHn KoMOuHuposanHoro TMK:
1—7=4,k=12,2—27=4, k=143 — Z=4, k=1,66;
4—Z=7,k=12,5—2Z=7,k=146—Z=7, k=1,66;
7—Z=4,k=11;8—2Z=7, k=1,
Fig. 3. Influence of the X/Z ratio and the adiabatic index k
on the value of the compression polytrope index n = n
in the subisothermal stage of the combined TPC:
1—7=4,k=12,2—27=4, k=143 — Z=4, k=1,66;
4—Z=7,k=12,5—2Z=7,k=146—Z=7, k=1,66;
7—Z=4,k=11;8—2Z=7, k=1,

Torpa
eZX/Z = (T /T ]n/(n—n’
OTKYyAQ

e = (T /T )&/z=Xn=1], (9)
B paccmaTpuBaeMoM cAydae CyOM30TEPMHYECKOTO
cxkarus (puc. 1, 2) T = T, u T T, Torpa BBIpa-

>KeHHe (9) MOXKeT OBITH NMPEACTAaBAEHO B CAEAYIOIIEM
BUAE:

e = (Tl/T2]Zn/[(Z—X][n—1|]' (10)
[MpupaBHUBasg IpaBble YacTU BBIpa’KeHUH ()
u (10), moaydaeMm, 4TO
(Tz/Tl)Zk/lk—l) = (TI/TZ)ZH/[(Z—X)ln—U] (11)
UAKA
(TQ/TI)Zk/(k—u = (TQ/TI)Zn/nz—xun—n]. (12)
Torapa
Zk/(k—1) = Zn/[(Z—X)(1 —n)]. (13)

OTKyaa IIOAy4YaeM BBIDa’KeHHEe AAS ONpPeAeNeHUsd
IIOKa3aTeAss IOAUTPOINBl CyOM30TE€PMHYECKOro Ipo-
1mecca C’KaTUsl IPHUMEHUTEeABHO K pacCMaTpUBaeMOMY
TMK, npu KOTOPOM B OAHOM CTYII€HU IIPU CKATUU
rasza nocae X apuabaTHBIX CTyIIeHeH oOeclieunBaeTCs
CHUJKeHHUe ero TeMIIePAaTyphl A0 TeMIIePATyphl BCACHI-
BaHUSA B IIePBYIO CTylleHb KV:

n = {1+(k — 1)/[k(Z=X)]} " (14)

Aerko BUAETH, YTO IpU (PUKCUPOBAHHOM X U IIPU
Z— oo n — 1, To eCcTh IPOIlecC CTPEMUTCS K M30Tep-
MuyeckoMmy; a npu X/Z — 1: n — 0, To ecTb nporecc
CTpeMUTCd K n300apHOMy (puc. 3). OTO COOTBETCTBYET
M3BECTHBIM TOAOJKEHUAM TepMOAMHaMUKH [19—21],
HO He IO3BOASIET AeAaTh KaKUX-ANOO BBEIBOAOB O IleAe-
CcoO0Opa3HOCTM peaAn3alliyl paccMaTpyUBaeMON TeXHO-
AOTMHU B KOMIIDECCOPHOM TeXHUKE.

™

202 ¥'ON 8 TOA ONIIIINIONT JIMOd ANV IDIDOA-NOILVIAVY SII¥IS "NILITING DIHIINIIDS XSWO

202 5N 8 NOL IUHIOALOOHUMYIN JONDIhULIIdIHE U JOHLINVA-OHHOUNIVUEY BUID MNHLOIE UIGHhAVH UMIDNO




B. Jl. FOLLA. C. 29-38
V. L. YUSHA. P. 29—-38

/ 7
ar 0z 03 04 g5 g5 47 08 g9 V_V
:
Puc. 4. CxeMaTN3upOBaHHbIE NHAUKATOPHBIE AMarpaMMbl
npu apuabatHoMm (I), mzorepmuyeckom (II)
u cyousorepmuyeckom (III) mpomeccax cykarus

Fig. 4. Schematic indicator diagrams for adiabatic (I),
isothermal (II) and subisothermal (III) compression processes

Anst onpepeneHUs PabOTHL MAECAABHOM CyOH30Tep-
MHMYECKOM CTyIIeHH BOCIIOAB3yeMCs M3BECTHBIM BBIPa-
JKeHUeM AN UACAaAbHOU NMOAUTPONHOM cTyleHu [11]:

L =nn-1)—-1(PV —PV)=
=n(n — 1)"'mR(T, — T, ). (15)
Kak Obino mokazano Boitte, ipu T, = T, u T, =

=T, cupaBepauBo cootHourenue (10). M3 mero caepy-
eT, 4To:

g Nn=1en = T /T, (16)
T, = Tge#Nm-1/zn, (17)
Toraa
L, = nn — 1)7'mRT (1 — @ Xn-1/znm) (18)
UAR
L = n(l — n) 'mRT (e“Mr-VEm — 1), (19)

noa

[ToAygueHHOE COOTHOIIIEHVE IIO3BOASIET BBITIOAHSTH
pacuéte npu 0 < n < 1.

Kpome 00mmx ocoO0eHHOCTe CyOM30TepMUYECKUX
NpOIeCCOB, B TOM YUCAe IIPU pearnsalu KOMOWHU-
poBauubix TMK (puc. 1, puc. 2), HeAb3s He OTMETUTH
U OCOOEHHOCTH pabouMuX ITMKAOB THUXOXOAHBIX ITOPIII-
HEBBIX KOMIIPECCOPHBIX CTyIeHed ¢ HHTEeHCUBHLIM
BHEILIHUM OoxXAakpeHHueM (npeuMmyinectseHHO AATTIK),
B KOTODBIX IMPOUCXOAUT CyOM30TEPMHYECKHUI IPOIlecc
cxatus (puc. 4, puc. d).

AHaAM3 UHAMKATOPHBIX AMarpaMM (pUcC. 4) IOKa3bl-
BaeT, UTO NIPU YCAOBUM paBEHCTBA IOKa3aTeAel IOAU-
TPOTBLI IIPOIIECCOB CXKaTHUSI W OOPATHOTO PaCIINpPEeHUs
(B mepBOM NPUOAMIKEHUN NIPUHUMaeM B KadeCTBe AO-
NylleHNs) U3MeHeHne pabodyero IMKAA COOTBETCTBYET
OOIIUM 3aKOHOMEPHOCTSIM AAS CXeMaTHU3UPOBAHHBIX
UHAMKATOPHBIX AMAarpaMM IIOPIIHEBBIX KOMIIpec-
COPHBIX CTyIeHeM: IpU yMEeHBIIEeHUM N HHAUKAaTOp-
Hasi paboTa U AEUCTBUTEAbHAsT IIPOU3BOAUTEALHOCTH
yMeHpmatoTca [8 —11]. Ha npuBepA@HHBIX MHAUKATOD-
HBIX AMArpaMmax 3TO HUAAIOCTPUPYETCS COOTHOIIEHU-
eM maomapaen 1—2'—3—4'—1 > 1—-22—3—-4>—1 >
>1—23—3—4%— 1, nponopIrOHAABHBIX HHAMKATOPHOMI
pabore, m oTpe3koB Ha ocu abcmumcc 1—4' > 1—42 >
> 1—4% NOponOpIMOHAABHBIX AEUCTBUTEABHOU IIPOM3-
BOAUTEABHOCTH.

[lpu 3TOM TeMIlepaTypHEBIE AATPAMMBI CYIlleCTBeH-
HO uaMeHsorcs (puc. 9). Ecau nipu aprabaTHOM U U30-
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Puc. 5. CxemMaTn3npoBaHHbIE TEMIIEPATyPHbIE AMarpaMMbL
npu apuabaraom (I), nzorepmuyeckom (II)
u cy6usorepmmuyeckom (III) mpoueccax cxxaTus
Fig. 5. Schematic temperature diagrams for adiabatic (I),
isothermal (II) and subisothermal (III) compression processes

TEePMHUYECKOM IIPOIleccaxX 3TH AMArpaMMbI BIIOAHE CO-
OTBETCTBYIOT U3BECTHBIM IIPEACTAaBAECHUSAM (AMarpamMma
1'—2'—=3'—4'—1 npu apuabaTHOM IMpPOIECCe CXKATUS
¥ BBIPOAMBIIASICSI B IPSIMYIO AMHHIO AMarpamMma 12—
22—3?—4>—1 npW M30TEPMUYECKOM IIpOIlecce CxKa-
THd), TO NIPU CyOU30TEPMUYECKOM IIPOIlECCEe CIKaTUA
TeMIlepaTypHasg AuarpaMMma CTQHOBUTCI  OAM3KOU
K 3epPKAAbHOM IIO OTHOIIEHUIO K AMarpaMMe IIpU aAU-
abaTHOM CXKaTuu (Amarpamma 13—23—33—4%—13%), Co-
OTBETCTBEHHO, IIPY YBEAUUEHHUU AABAEHUS B IIpoIlecce
cxxatus 1°—2% reMneparypa raza CHU)KAeTcs, a B Ipo-
mecce obpaTHOro pacumpenus 3°— 4% — noBbIIaeTcs.
[To-BupuMOMy, Takume OCOOEHHOCTH pabO4yero IMKAA
IIOPIIHEBON KOMIIDECCOPHOM CTYIIEHH MOTYT OKa3bl-
BaTh BAUSHUE Ha e€ paboyme MPOLECCH U MHTErpasb-
HBIe XapaKTEePUCTHKH, OAHAKO Ha 0a3e IPeACTaBAEH-
HOM B AQHHOU CTaThe UACAABHOU MOAEAM IIPOBEAEHUE
TaKOTO aHaAM3a He IPEACTaBASIETCSI BO3MOJKHBIM.

MeTtoapuKa pacyéta

[TpuMeHUTEeABHO K paccMaTpUBaeMbIM BapHaHTaM
pearuszanuu TMK (puc. 2) U B COOTBETCTBUHU C IIO-
CTaBAEHHOM BHBILIIE 3aAauedl HEeOOXOAMMBI PACUE€THBLIE
METOAUKU AASI OIleHKU 3HeproagdexktuBnoctu TMK
U TENAOBOU HArpy3Kd Ha ero TeIAOOOMeHHoe 00opy-
AOBaHUe.

CpaBHUTEABHBIM aHaAWU3 JHeprod@eKTUBHOCTU
5TUX BApPUAHTOB MOKET OBLITh BBIIOAHEH IIO CAEAYIO-
el MeTopuKe. [1pu TemMnepaType BCaChbIBAHUS B KOM-
npeccop T, T, ¥ AABACHUSX BCACHLIBAHUSI W Harte-
Tanuss P, u P, (puc. 2) yaeAabHass paboTa MACAALHOTO
opHocTyIreHuaToro 1 TMK ¢ 0OAMHAaKOBBIMU CTYII€HSIMU
Ipu aArabaTHOM, IOAWUTPOIHOM U HU30TEePMHYECKOM
mpolleccax OMPEAEAsIeTCs IO M3BECTHBIM COOTHOIIIEHU-
am [8—11]:

L, = k(k—1)"'mRT,(e" "% —1), (20)
Lagz = Zk(k—1)"'mRT,(e*~ 11 —1), (21)
on = N(n—1)7'mRT, (e~ —1), (22)
L = Zn(n—1)"'mRT, (g1 —1), (23)
Luz = mRT Ine = ZmRT Ine"*. (24)

C y4éToM 3TOro, a TaKKe HCIOAB3Ys MOAyYEHHOE
BeIpaKeHUe (19) arg onlpepereHUs YAEABHOM pabOThI
IIpM CyOM30TepPMUYECKOM IIpOoIiecce CKaTus, 3aIlullieM
BBID@KEHUS AAS OIPEAEAEHUS CYMMapHOW yAEAbHOMU



paboTe aAr KoMOuHHUpoBaHHOTO TMK 11pm 3amene (Z—
X) apuabaTHBIX CTyHeHel AUOO Ha U30TePMHUYECKYIO,
An0O Ha CyOM30TEPMUYECKYIO CTYIIeHb:

L, = Xk(k—1)"'mRT,(e% /@ —1)+
+ (Z—X)mRT Ine"?, (25)

L. = Xk(k—1)"'mRT, (g%~ —1) +
+n(1—n)~'mRT, (e @N0-n/zn—1), (26)

AHaaM3 BapUaHTOB 3aMeHBbl aAMabaTHBIX CTyIeHel
Ha noamTponuyio (1 < n < k) mau TpaHcapnabaTHYIO
(k < n < ) moppobHO TpeapcTaBAeH B [8], B cBsa3m
C 4yeM pe3yAbTaThl X CPAaBHUTEABHOT'O aHaAM3a C IPU-
BEAEHHBIMU BHIIIe BapUaHTAMH OYEeBUAHEBI U AAAbHEMU-
lllee UX PAcCMOTpeHUe B AQHHOM CTaTbe HeIleAeCOO-
OpasHo.

BeamurHy OTHOCHTEABHOM YAEABHOM MOIIHOCTH
A KaKAOTO M3 pacCcMaTpUBaeMbIX BapUaAHTOB, INPU-
HAB 3a 0a30BBIM, OAHOCTyIIEHYaTOe apuabaTHOe cyKa-
THe MOJKHO OIIPEAEAUTH CAEAYIOHIUM 00pa3oM:

Ny, =L, /Li N, =L,/L.;
New = Lew/Legi Newor = Lino/ Lo (27)
IMpu aToM u3 BeipakeHut (20) — (26) cooTHOUIEHUN
CAEAYET, U4TO
N, = Z(eh=1/@ — 1)/ (ek- 1k —1), (28)
N, = (k—1)Ine/[(e%~ ", —1) k], (29)
Nk-uz = [X(ek- V& —1)+

+ (k—1)(Z—X)Ine/1#0] / ek~ V/k — 1), (30)

o = [ X(*VE— 1)+ (k= 1)k~ 'n x
x (1=n)~!(e&H0-n/zn —1)]/(gk-1k—1). (31)

B pspe caydaeB KpoMe 3Heprod®@EeKTUBHOCTU
KC mMeer 3HaueHme Macca U rabapUTHBIE pa3Mepbl
TEIIAOOOMEHHBIX allllapaToOB, BXOAAIINX B COCTaB eé
KOHCTpyKIuu. [TockoAabKy Macca u pas3Mepsl TA mpo-
TOPIIMOHAABHBI UX TENAOBOU Harpyske Q [7, 26 —28],
MIPEACTaBASIETCSL I[eAeCOO0OpPa3HBIM IPOBECTH CpPaBHU-
TEeABHBIM aHAaAU3 BeAMYUHBI () IPU peaArsallum pac-
CMOTPEHHEBIX BbIIIe BapuaHToB TMK. Aag sTOrO MOXK-
HO NIPUMEHUTH ITPEACTAaBACHHYIO HUJKE METOAUKY.

Paccmorpum TakoM pexkuM paboThl, TPU KOTOPOM
B MeXKCTyIIeHUYaThIX U B KOHIeBOM TA C’KaThIU ra3 ox-
A@’KAQeTCs TMOAHOCTBIO (pHC. 2). OUeBHAHO, UTO AASA
TIOAHOTO OXA&KAEHUS ra3a, C’KaTOTO B MACAALHOM OA-
HOCTYIIEHYaTOM apuabaTHOM KoMIpeccope, B TA HeoO-
XOAVMO OTBECTH TEIAOBYIO HArPY3KY, OIPEAEAsIEeMYIO
CAeAyIOIIMM BeIpakeHueM [11, 13, 27, 28]:

Q=mC,(T, - T,).

BC

(32)
TOI‘Aa, IIPUMEHUTEABHO K pPACCMATPUBAEMBIM HAE-

anbHOMY OApHOCTyneH4aToMy  TMK mpu apmabaTHOM
C)KATUM, MOKHO 3aIMCaTh:

Q,,, = mC,T (e —1), (33)

Q,,; = ZmC,T (g% —1), (34)

[Npu m30TepMHUUECKOM C’KATHUU TelAOBasg HarpyskKa
TA paBHa paboTe MA€AABHOU M30TE€PMHYECKOM CTyIle-
au [8, 11, 19—21]:

Q. = mRT Ine. (39)

COOTBeTCTBEHHO, TENAOBbIe HArpy3ku Ha TA KoM-
ounmpoBanHoro TMK ¢ mpuMmeHeHUHEM HU30TepMUYe-
CKOU U CyOM30TEepMUYECKOM CTYIEHU (PUC. 2) MOIYT
OBITH OIIPEAEAEHBI CACAYIOIIAM 00pa3oM:

Qx-us = XmC,T (e —1)+(Z—X)mRT Ine"%, (36)
Qppor = (X=1)mC T (%12 — 1) + (k—n) (k— 1) !
Xl'l(l —n)_1mRT1(£lZ—X](1—n)/(Zn) — 1) (37]

WAm, c yuéToM TOTO, YTO AAS MASAABHOTO Iasa cIipa-
BEAAMBO COOTHOILIEHHEe R/Cp = (k—1)/k [19, 21]:

Qk-uz = meTl[X(g(k—li/(Zk) —1)+
+ (Z—X) (k— 1)Ine"\#¥)], (38)

Qon = MC,T[(X— 1) (el 12 —1) +
+ (k—n) k~'n(—n) "' N0-n/@0) —1)], (39)

C y4éTOM NOAYYEHHBIX BHIPa’KEeHUH BEAWMYHHY OT-
HOCUTEABHOM TEeIIAOBOM HArpy3ku Ha TA AAST KaXKAOTO
13 paccMaTpUBaeMbIX BapUAHTOB, IPUHSIB 3a GA30BBIN
TEIIAOBYIO Harpy3Kky Ha TA IIpu OAHOCTYIIEHYaTOM aAU-
abaTHOM CJKATHH, MOJKHO IIPEACTABUTL B CAEAYIOIIEM
BUAE:

W = Qu/ Qi W, = Q,/Qy
W, = 0/ Qi Wy = @/ Qe (40)
Toraa ¢ yuérom cootHOmeHu# (33)...(39) MOKHO 3a-
IINCATh.
W, = Z(ek" V2 —1)/(ek- 0k —1), (41)
W, = Inet=Vk/ (kK —1), (42)
= X (e — 1)+
+ (Z—X) (k— 1)Ine"#0] / (e~ 1k —1), (43)
W, =[(X—1)k 2 —1)+
(k—n)k~'n(1 —n)~(e@N0-n/E — )] /(ek-1k—1). (44)
[Tpu 9TOM AETKO 3aMEeTUTD, UTO:
W, = Ny (45)
W, = Ny (46)
W .= XNagZ/Z+(Z—X)Nu3/Z, (47)
on = (X — 1)Nagz/Z+
(k—n)k~'n(1 —n) " !(e@N0-n/@n — 1) /(ek-Dk — 1), (48)

Pe3yabTaTsl pacyéra U UX aHAAHU3

B oOmemMm caydyae, UCXOASL M3 YCAOBHSA oObeclieue-
HUA 0e30IIaCHOTO TeMIlepaTypHoro pexxuma KV [29,

™
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Puc. 6. BAusinne oTHOIIEHUSI AaBA€HUS] HarHeTaHUs
K A@BAEHHIO BCAaChIBaHHUSI HA OTHOCUTEABHYIO

sHeprosddexkTuBHOCTs apnadbarnoro TMK (1), mpearbHOro
M30TEePMUYECKOro Kommpeccopa (2), kom6uauposanHoro TMK
¢ u3oTepMuyeckoi (3) u cy6usorepmudeckoit (4) cryneHsMu
Fig. 6. Influence of the ratio of discharge pressure to suction

pressure on the relative energy efficiency of an adiabatic
TPC (1), an ideal isothermal compressor (2), a combined TPC

with isothermal (3) and subisothermal (4) stages

30], 1noKaszaTeAb IIOAUTPOIBI CyOH30TEPMUYECKOI'O
nporecca CXaTud n, < n <1, rape n, = ONpeAeAdeTcs
u3 BoulpakeHus (14). CoOTBeTCTBEHHO, HIpPU IIPOBe-
MAEHUU PAacu€ToB IeAecOOOpa3sHO PacCMOTPeTh ABa
FPaHMYHBIX peXuMa: n = 1 m n = n , IpeAloAaras
BO3MOJKHOCTE OOOOIIEHUSI IMOAYYEHHBIX Pe3yAbTaTOB
C Y4€TOM AMAIa30HA ITOAYUYEHHBIX PEe3YABTATOB.

Ha puc. 6 npepcTaBAeHBI pe3yAbTaThl PACUETOB OT-
HOCUTEABHON YAEABHOM MOIIHOCTU IPU 3aMeHe OAHO-
CTyIIeHYaToro apmMabaTHOrO C’KaTUsl Ha MHOTOCTYIIeH-
yaToe apuabaTHoe (kpuBasg 1), Ha HM30TepMHYECKOEe
cKaThe (KpuBasg 2), Ha KOMOWHUPOBAHHOE MHOTO-
CTylleH4YaTOe C’KaThe IIpA 3aMeHe 4YacTH CTylleHel
Ha OAHY H30TepMHMYecKylo (KpuBasg 3) M Ha KOMOU-
HUPOBAHHOE MHOTOCTyIIeHUaTOe C’KaTHhe IIPU 3aMeHe
4acTU CTyIleHel Ha OAHY CyOM30TepMUYECKyIO (Kpu-
Basg 4). IlpepcTaBAeHHBIE pe3YyABTAQTHl ITOKA3bIBAIOT,
4TO 3Hepro3(deKTUBHOCTb KOMOUHUpPOBaHHOTO TMK
OJKUAQEeMO XyJKe, 4eM Yy H30TepMHYecKOro, HO Ayd-
ure, yeM y apmabatHoro TMK. Tlpuuém npumeHeHHe
U30TEePMUYECKOM CTyIeHu B KoMOmHHpoBaHHOM TMK
obecrieunBaeT AYUIIUY pe3yAbTaT 110 CPaBHEHUIO C Cy-
OuzoTepMuyecKou. Kak OBIAO OTMEYEeHO BHIIIE, IIPHU-
MEHUTEABHO K PEaAbHBIM OOBEKTaM OAHOCTYIIEHYaToe
U30TepMHUYECKOe C>KaThe B OOABIIMHCTBE CAy4YaeB
orpaHMYMBaeTcs TpeOOBAHUAMU IIO TrabApPUTHBEIM pa3-
MepaM 000OpyAOBaHHsA. B CBSI3M € 3TUM MOJKHO OXKU-
AATh, UTO IIPH PeaAn3alliy MHTEHCUBHOIO OXAAKACHUS
CTyIleHU M O0eClleYeHUU BEeAUYUHBI n, < n < 1 mpu-
MeHeHUe CyOHM30TepMUYECKON CTyIIeHU B KOMOUHUPO-
BanHoM TMK c Touku 3peHus 3Heprod@eKTUBHOCTU
1eAecooOpa3HoO B IIMPOKOM AHMana3oHe pabouuX AaB-
A€HUMY, TaK KaK IPOTHO3Hasl BeAMUYMHA OTHOCHUTEABHOMU
YAEABHOM MOIIHOCTH HaXOAUTCS MEXKAY KPUBBIMU 3
U 4, TO eCTb HU)K€ OTHOCUTEABHOM YAEABHOU MOII-
"Hoctu apuabatnoro TMK nHa 2...3 % (kpuBas 1). Kpo-
Me TOro, IpU 3aMeHe YacTHh apuabaTHBIX CTyleHeln
Ha OAHY CyOM30TepMUYECKYIO0 CHU3SATCS IIOTePH MOIIL-
HOCTH Ha IIpOTAaAKMBaHUe pabouero rasza yepes3 MeiK-
CTylleHYaThle KOMMYHUKAIIUU U KAQIIaHbI, YTO SIBASETCS
AOIIONHUTEABHBIM IIPEUMYILIECTBOM TAKOI'O BAaPUAHTA.

Ba>kHO OTMeTHUTH, YTO IPU 3aMeHe 4acTu apuadart-
HBIX CTyIlleHell Ha OAHY CyOM30TepMHYECKYIO MOTYT
OBITH yAyUllleHBI U TabapuTHble paszmepbl KY. Tloa-
POOHBIN CpaBHUTEABHBIM aHaAU3 MacChl U raOapUTHBIX

m pa3MepoB CepPUUHBIX MHOTOCTYIEHUYATHIX IIOPIITHEBBIX

KOMIIPDECCOPOB C AHAAOTUYHBIMU XAPAKTEPUCTUKAMU
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Puc. 7. BAusiHue OTHOLIEHMSI AABAE€HHS HarHeTaHUs
K A@BAEHHUIO BCACBIBAHHUSI HA OTHOCUTEABHYIO TEMAOBYIO
Harpy3Ky TeAOOOMeHHOro o60pyAoBaHHUsI apAnabaTHOTO
TMK (1), nA€aABHOT0 U30TEPMHYECKOro Komipeccopa (2),
KomOuHupoBanuoro TMK ¢ mzorepmuyeckoit (3)
u cy6u3zorepmMuyeckon (4) cryneHsiMu
Fig. 7. Influence of the ratio of discharge pressure to suction

pressure on the relative heat load of the heat exchange

equipment of an adiabatic TPC (1), an ideal isothermal
compressor (2), a combined TPC with isothermal (3) and

subisothermal (4) stages
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Puc. 8. Bansuue cootrnomenusi X/Z npu k= 1,4
Ha OTHOCUTEABHYIO 3Hepro3(deKTnBHOCTh aAnabaTHOToO
TMK (1), nAeaAbHOr0 U30TEPMHYECKOro KomIipeccopa (2),
KoMOuHuposanuoro TMK ¢ uzorepmuyeckoii (3)

U cy6GU30TepMUYecKoi (4) CTyneHsIMA U Ha OTHOCUTEABHYIO
TENAOBYIO Harpy3Ky T€IAOOOMEHHOIo 000pyAOBaHUS
apuabaraoro TMK (1), npearbHOro M30TEPMUYECKOTO

Kommpeccopa (2), kom6uanposanaoro TMK ¢ uzorepMuyeckoin
(5) u cyousorepmuueckoii (6) cryneasmu
Fig. 8. Influence of the X/Z ratio at k = 1,4 on the relative
energy efficiency of an adiabatic TPC (1), an ideal isothermal
compressor (2), a combined TPC with isothermal (3) and
subisothermal (4) stages and on the relative heat load of the
heat exchange equipment of an adiabatic TPC (1), an ideal
isothermal compressor (2), a combined TPC with isothermal (5)
and subisothermal (6) stages

ANATIIK moappoOHO TipepcTaBAeH B [15] u HarAsiAHO
MOKa3bIBaeT IIPEMMYIIEeCTBO IHOCAepAHUX. UTo Kacaet-
cs1 Macchl U TabapUTHBIX Pa3MepOB Me’KCTYIIeHYaThIX
1 KOHIIEBBHIX TA, BXOASIIIMX B COCTaB paCCMaTPUBAEMBIX
KY, To pe3yabTaThl, IpeACTaBA€HHBIE HA PUC. 7, ITOKa-
3BIBAIOT 3aMeTHOe IPeNMyILIeCcTBO KOMOMHUPOBAHHBIX
TMK (kpuBbie 3, 4) nepep apuabatabiMu TMK (kpu-
Bas 1) C TOYKU 3pEeHUsT BEAUUUHBI TEIIAOBOU HArPy3KU
Ha TA U, COOTBETCTBEHHO, C TOUKU 3PEHUS BEAUYMHBI
Macchl ¥ TabapUTHBIX pa3MepoB IOCAeAHuX. M3 mpu-
BeAEHHBIX DEe3yAbTATOB BUAHO, UTO AASL PACCMOTPEH-
HOTO BapHaHTa BO3AYIIHOrO KoMIpeccopa npu Z = 6
u X = 3 TemnnroBble Harpy3ku Ha TA Ipu NpUMeHeHUU
U30TEPMUUYECKOM U CyOM30TEpMUYECKOU CTyILIeHEeU
TIPaKTUYEeCKU COBIIAAAIOT, IIPK 3TOM OHU BO BCEM pac-



Tabauna 1. YcaoBHBIE 0603HAYEHUST 1 HMHAEKChI
Table 1. Symbols and indexes

O603Ha- Eaunuiia
Haumenosanue
JeHue U3MepeHust
YcaoBHBIE 0003HAYEHUS
KY KoMmmpeccopHEle yCTaHOBKKA
MKC MoOuABHBIE U TTePeABUIKHBIE
KOMIIPECCOPHBIE CTAHITUU
TA TenanooOMeHHBIE anmapaThl
TIHK AAMHHOXOAOBAsT TUXOXOAHAS
TIOpIITHEeBasi KOMIIPeCCOpHasi CTyleHb
TMK TeopeTnyeckKuii MHOTOCTyTIeHYATHIN
KOMIIPECCOp
OO011ee KOAUYECTBO CTyIIeHel
V4
B apnabaTHoM TMK
KoandecTBo aprabaTHBIX CTylleHel
X
B KOMOuHHIpPOBaHHOM TMK
¢ OTHOIIIeHUsT A@BACHUSI HaTHETaHUs
K A@BAEHHIO BCACBhIBAHUS
L MupuKaTopHas paboTa AR
N OTHOCHTEeAbHasi MHAMKATOPHAst _
MOIIIHOCTb
Q TemnaoBast Harpy3ka TA AR
w OTHOCHUTEeABHAasT TEIIAOBAs o
Harpyska TA
k TTokazaTeab apuabaTh
n TTokazaTeAb IOAUTPOIIBI
T TemnepaTypa K
m Macca KT
R T'azoBasi mOCTOSTHHAS (Ax-kr)/K
P AaBreHne Ila
C, YaeabHasdg u3dobapHasg TEIAOEMKOCThb Ak/ (kr-K)
MuapeKCh
ag ApnabaTHBIN
agl ApnabaTHBIM OAHOCTyTIeHYaubIH
agZ ApnabaTHBEIA MHOTOCTYII€HYAThIA
i Opana u3 crynesenn TMK
H Harneranue
BC BcacrsiBanue
noa IMoAUTPOIIHBIN
noaZ TTOAUTPONIHBIM MHOTOCTYTIEHYATEIN
us M3oTepMuyeckui
3 Komb6unuposanusii TMK
K-U .
C U30TEPMUYECKOHN CTYIEHBIO
Kenon Komo6unuposanusiii TMK
C CyOM30TepMUYECKOM CTYIIEeHbIO
INpepeAbHOE 3HaUEHUE MTOKa3aTeAs
n TIOAUTPOIIBI CYOU30TEPMUYECKOTO
p rporiecca CKaTHUsl B COCTaBe
paccMmaTpuBaeMoro Bapuanta TMK

CMOTPEHHOM AMAlla30He paboYnX AABAECHUU MPUMEPHO
Ha 6 % HUJKe, YeM IIPU IPUMEHEHUN B MHOTOCTYIIeHYa-
TOW CXeMe OAHUX AMIIb aAnabaTHBIX CTyIIEHEH.

PesyabTaThl, IpepCTaBA€HHBIE Ha PHUC. 8, MOKAa3hI-
BAIOT, UYTO 5Hepro3ddeKTUBHOCTb KOMOUHUPOBAHHBIX
TMK u TennaoBasi Harpy3ka Ha TA cyllecTBeHHO 3a-
BUCAT OT COOTHOIIEHUs OOLIero KOAMYeCTBa CTyIleHel
Z B 6azoBou cxeMme apmabatHoro TMK m KoamuecTBa
apmabaTHBIX CTyIeHel ckaTug X B pacCMaTpUBaeMOM
koMOuHupoBaHHOM TMK. C y4éToM aHaAu3a MpPEABI-
AVIIUX Pe3yAbTaTOB (pUC. 6, 7) MOKHO OTMETHUTh, 4TO
B CAydYae NPUMeHEeHMs M30TepPMUYEeCKOTro C’KaTusl OT-
HOCUTEABHBIe JHepro3aTpaThbl M TeIAoBas HarpysKa
Ha TA 3aMeTHO CHMI)KQIOTCS IIPU YMEHBIIEHUU BEAUYH-
Hel X/Z (KpuBble 3, 5); 9TO CHM)KEHNE MOJKEeT AOCTUTATh
10 % mo cpaBHeHuto c apuadbataeiM TMK. B cayuae
IIpUMeHeHHUs CyOU30TepPMHUYECKOro CKaThs dHeproad-
(PEeKTUBHOCTA KOMOMHUPOBAHHBIX U aparabaTHbeix TMK
cousMepuMbl (KpuBble 1, 4), a TemnroBas Harpyska
Ha TA npu cyOU30TepMHUYECKOM C)KQTUU HUJXKE U IIpaK-
TUYECKU He 3aBUCHUT OT COOTHOIIeHus X/Z (KpuBas 6).
COOTBETCTBEHHO, peaAu3anus CyOM30TepMUYeCKOTO
COKATHUA TIPY 1, < n < 1 OpeAnoYTHUTEeAbHA IIPU MUHU-
MaAbHOM COOTHOIIIeHUuUu X/Z, KOTOpPOe, IPUMEHUTEAD-
HO K pearbHBIM OOBEKTaM, OYAET OIPEAEAATHCS B TOM
4YUCAe BEAUYMHOM NIpou3BopUTeAbHOCTH KY 1o ycao-
BUSIM BCACBIBAHUS II€PBOU CTYIIEHU.

BBIBOABI 1 3dKAIOYEHHe

Takum 00pa3oM, B pe3yAbTaTe BBIIOAHEHUS TEOpe-
TH4YeckKoro aHaamsa TMK OCHOBHBIMH pe3yAbTaTaMU
HaCTOAIEU CTaTbW SABASAIOTCA CAeAyromne. Paccmo-
TPEeHBI NPOIeCCHl CKAaTUs IPU HMHTEHCHUBHOM OTBOAE
TellAa B IPEANIOAOKEHUHN O BO3MOKHOCTH €O pearnsa-
LMY NIPU NIOKa3aTeAe IMOAUTPOIBLI, MeHBIIeM eAUHUIIH,
U TIPeAAOKeHA TePMHHOAOTAYECKAss KAACCU(PUKAIIUS
UAECAABHBEIX TOAUTPOIHBIX IIPOIIECCOB, B TOM YHCAE
BBEAEH TEePMUH «CyOM30TE€PMHYECKHUIT» IIPOIlecC CyKa-
Tus. IlpeprosKeHa MeTOAUKA OIPeAeAeHUs ITOKa3aTeAs
IIOAUTPOIEI CyOM30TePMHUUECKOrO Ipolecca IpU KOM-
OMHHUPOBAHHOM TEOPEeTHYEeCKOM MHOTOCTyIIeHYaTOM
C)KATUH, & TaKKe METOAUKKA CPAaBHUTEABHOU OIEeHKH
9Heprod@EeKTUBHOCTU Pa3AMYHBIX BapuaHTOoB TMK
U TeNAOBOM HArpy3KuM Ha MX TeImAOOOMeHHOoe 000-
pyAoBaHUe. BBIIIOAHEH CpaBHUTEABHBINM TepPMOAWHA-
MUYECKUN aHaAWu3 pas3sAUuHBIX BapuaHToB TMK mnpu
KOMOVWHUPOBAHHOM TIPUMEHEHUU aAnabaTHBIX, H30-
TEPMUYECKUX U CyOM30TepMHUYECKUX cTylneHel. [lo-
Ay4YeHHBIE PEe3yABTATBl IIO3BOASIOT IIPEAIIOAAraThb, 4TO
C TOYKM 3PEHUs] TEPMOAWHAMHYECKHUX KpHUTepueB dd-
(eKTUBHOCTH B CAydae HEBO3MOJKHOCTU NPUMEHEeHUs
U30TepMHUYECKUX CTyleHel KoMOuMHHpoBaHHBIe TMK
MIpEeANloOUYTUTEeABHEee B CpaBHeHUM ¢ apnabatasiMu TMK.

B TO Xe Bpemsa 1eaecoOOpPa3HOCTb M BO3MOJK-
HOCTB IIPAKTU4YeCKOU pearn3alnuy KOMOMHUPOBAHHOIO
MHOT'OCTYIIEHYAQTOr'0 CXKaTHd C IIPUMeHeHueM CyOu3o-
TepPMUYECKUX CTylleHel OyAeT ONPeAEeASIThCS APYTUMU
TeXHUKO-3KOHOMUUYECKUMHU KPUTEPUSMU U BO3MOJKHO-
CTSIMU UX KOHCTPYKTHUBHOU peaamsanum [15, 31].
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ANALYSIS OF THE THERMODYNAMIC EFFICIENCY
OF A THEORETICAL MULTI-STAGE COMPRESSOR
WITH THE COMBINED USE OF ADIABATIC, ISOTHERMAL
AND SUBISOTHERMAL COMPRESSION PROCESSES

V. L. Yusha

OISC «Sibneftetransproekt»,
Russia, Omsk, Irtyshskaya Embankment St., bld. 11/1, 644042

A thermodynamic analysis of compression processes with intensive heat removal is presented under
the assumption that it can be realized with a polytropic index less than 1. A terminological classification
of polytropic processes is proposed, including the concept of a subisothermal process. A method has
been developed for determining the polytropic index of a subisothermal process under theoretical
combined multi-stage compression, as well as methods for comparative assessment of the energy
efficiency of various options for theoretical combined multi-stage compression and the thermal load on
heat exchange equipment. A comparative thermodynamic analysis of various options for theoretical multi-
stage compression with the combined use of adiabatic, isothermal and subisothermal stages has been
performed. The results obtained suggest that, theoretically, from the point of view of thermodynamic
efficiency criteria, combined multistage compression is preferable to multistage adiabatic compression.
The prospects for the practical use of subisothermal stages as part of multi-stage compressor units are
determined by the possibilities of their constructive implementation.

Keywords: classification of polytropic processes, subisothermal compression, theoretical combined
multistage compressor, booster piston low-speed long stroke compressor, energy efficiency, thermal

load on heat exchange equipment.
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