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NMONYYEHUE TASOAMHAMMUYECKUX XAPAKTEPUCTUK
LUMPKY NAUMOHHOIO LEHTPOBEXXHOIO KOMIMPECCOPA
BOAOPOACOAEPXXALLEIO rA3SA HA OCHOBE AHAJIU3A

DAKTHUYHECKHUX SKCINTYATALMOHHbBIX PEXXMMOB
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BbimonHeH aHanM3 aKTMHYECKMX 3KCMMyaTauMoHHbIX PeXMMOB paboTbl LeHTpoberkHoro Kommpecco-
pa, obecneumBatoLLEro LIMPKYSLMIO BOLOPOACOAEPIKALLEro rasa B peakTopHom bOrioke KatanMTHyeckok
M3OMepM3aLMM METAKCHIona u 3TMNbeH3ona B OPTOKCHIONbI M MapaKcuronbl. TeXHONMOrMYeckui npouecc,
a TaK»Ke COCTOSHME M CBOMCTBA KaTanm3aTopa B peakTOPHOM Brioke onpepenstoT KOHLEHTPaLUMIo BOAoPOoaa
M MOTEKYNSPHbIM BEC ra3oBOM CMECH, YTO, COOTBETCTBEHHO, MPMBOAMT K HEOBXOAMMOCTH PErynmMpoBaHus
pexumoB paboTbl LEHTPOBEIKHOrO KOMMpeccopa APOCCENMPOBAHMEM Ha BCAacbiBaHMM. YTOUHEHA MeETO-
OMKa pacyeTa rasogMHaMMUYECKMX XapaKTEPMCTMK KOMMpeccopa MpMW PerynuMpoBaHuMM JPOCCENUPOBAHMEM
Ha BCaCbIBaHWM C yY4ETOM OCOBEHHOCTEN PaboTbl B LMPKYNSILMOHHOM PEKMME, @ MMEHHO M3MEHEHUs AaB-
neHusl nepep, ApPOCCenbHbIM YCTPOMCTBOM. YCTaHOBMEHO, YTO MPM PEryrMpoBaHMM [POCCENUPOBAHMEM
Ha BCACbIBaHMM LIMPKYMSLMOHHOIO LIEHTPOBEKHOro KOMMpeccopa MpPoUCXOAMT M3MEHEHUE (PYHKLIMM OTHO-
LUEHHUs [aBreHMd OoT 06beMHONM MPOU3BOAUTENLHOCTHU. YCTAHOBMNEHO, YTO haKTMHECKAs rpaHMLa MoMMaxa
CMeLLEHa OTHOCUTENBHO TEOPETUHECKOMN BNEBO, B 30HY HUCXOASLLEN HYAaCTH HANMOPHOM XapPaKTEPUCTUKM.
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OBTAINING GAS DYNAMIC CHARACTERISTICS
OF THE CIRCULATION CENTRIFUGAL COMPRESSOR
OF HYDROGEN-CONTAINING GAS BASED ON THE ANALYSIS
OF ACTUAL OPERATING MODES

A. D. Vanyashov', D. V. Bychkov?, A. V. Belikov?

'Omsk State Technical University, Russia, Omsk, Mira Ave., 11, 644050
2JSC "Gazpromneft-ONPZ", Russia, Omsk, Gubkin Ave., 1, 644040

The analysis of actual operating modes of a centrifugal compressor providing circulation of hydrogen-
containing gas in a reactor block of catalytic isomerization of metaxylene and ethylbenzene into orthoxylenes
and paraxylenes has been performed. The technological process, as well as the state and properties of
the catalyst in the reactor block determine the concentration of hydrogen and the molecular weight of
the gas mixture, which, accordingly, leads to the need to regulate the operating modes of the centrifugal
compressor by throttling at the suction. The calculation method of the gas-dynamic characteristics of the
compressor when regulating by throttling at the suction has been clarified, taking into account the features
of operation in the circulation mode, namely, the change in pressure before the throttling device. It has
been established that when regulating by throttling at the suction of a circulation centrifugal compressor,
the function of the pressure ratio on the volumetric productivity changes. It is established that the actual
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surge limit is shifted relative to the theoretical limit to the left, into the zone of the descending part of the

pressure characteristic.
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AKTyaABHOCTh U IPpeAMeT UCCAEeAOBaHMSI

l'azopuuammueckue xapakrepuctuku (I'AX) men-
TpobeskHbIX KommpeccopoB (LUK), mpeacraBasionive
3aBUCHMOCTUA JHEPreTUYeCKUX IlapaMeTpoB OT pac-
XOAHBIX, SBASIOTCS HEOOXOAUMBIM HHCTPYMEHTOM
MASI @aHaAM3a BO3MOJKHBIX PEXKUMOB pabOTHI arperaTta
C IeAbI0 O0ecleYyeHNsT KAKOT0-Au00 TeXHOAOTUYECKOIO
porecca.

Pasmepnble TAX LK 0OBIYHO IIPEACTABASIOTCS
B OAHOM M3 ABYX BHUAOB: IIPU ITOCTOSHHOM Ha4aAbHOM
AABACHUU Ha BXoAe P = const; mpu MOCTOSHHOM KO-
HEYHOM AABACHUU Ha Bbixope P = const. Takke 3apa-
eTCs HaYaAbHas Temieparypa T, U COCTaB COKMMaeMOoro
ra3a, KOTOPBIM XapaKTepPU3yeTCs ra3oBOM IMOCTOSHHOU
R, Ax/(kr'K) 1 mokasaTereM M309HTPOTHI K.

M3BecTHO, 4TO METOABI PEryAMpOBaHUS DPeKUMOB
paboTsl LIK, peaausyeMble € IIeAbl0 OOecIleueHUs Tpe-
OyeMBIX TEXHOAOTHYECKHUX IIPOIIeCCOB, IPHUHATO Ae-
AUTH Ha rpynne! [1]:

1) m3ameHeHue XapakKTEepPUCTUK KOMIIPECCOpPa;

2) u3MeHeHUe XapaKTePUCTUK CEeTH.

K mepBoii rpymnme oTHOCATCA TaKuhe CIOCOOBI, Kak
u3MeHeHNe 4YacTOTHl BpallleHHsI poTopa U Uu3MeHe-
HHEe yTAa 3aKpyTKU IIOTOKa Ilepep PaboOYMMH Koaeca-
MM BXOAHBIM HAIIPABASIIONIMM ammapaToM. Ko BTopon
rpymne OTHOCATCSA TaKWe CIOCOOBI, KaK APOCCEAUPO-
BaHMe Ha BCACHIBAHWM UM HarHeTaHWU, a TaKKe OauIia-
CHpOBaHUe.

CrocoObl peryAupoBaHus pekuMoB paboTel LIK
BTOPOM I'PYIIIBl ABASAIOTCA HedddeKTuBHbIMU. baiimna-
CHpOBaHME MCIOAB3YyeTCsI KaK KpaTKOBPEMEeHHBIM pe-
JKUM B CHCTeMaX aHTUIIOMIIaKHOM 3allfUTHI, a TaKKe
KaK AUTEABHBIM PEKUM MIPU HAAUYMM Ha OalliacHOM
AUHUU TIa300XAaAUTeAss. ApOoCceaupoBaHUe Ha HarHe-
TaHUM OOBIYHO UCIIOAB3yeTCS KaK CIOCOO IOAyUYeHUs
T'AX UK mpu ero uMCHbITaHMAX, a TaKyKe MHOTAQ IIpHU
SKCIIAyaTallUM AAST TIOAAEPIKAHUS HY’KHOTO TeXHOAOTH-
YeCKOTOo Ipoliecca.

[Tpu KOHCTPYKTHUBHOM M TEXHOAOIMYECKOMU CXO-
JKeCTH! CIIOCOO0OB APOCCEAMPOBaHUS Ha HarHeTaHUU
U BCAChIBAHUU IIOCAEAHUM IpeACcTaBAsieT coO0M Goaee
CAOJKHBIU IIPOIIECC, CBA3aHHBIM C M3MEHEeHHeM Ilapa-
MeTpOB rasa Ha BcacbiBaumu B LIK u ux BAusHUEM
rHa [AX.

[TpepMeTOoM HCCAEAOBaHUS B AQHHOUW paboTe sB-
AfeTCs  CIIOCOO PeryAupoBaHHus APOCCEAMPOBAHUEM
Ha BcacbiBaHUU. CAepyeT OTMETHUTD, UTO IIPOBEAEHHBIN
aHaAW3 OTeYeCTBEHHBIX U 3apyOe’KHBIX ITyOAMKalun
Ha TeMy HCCAepOBaHUU padoThl LIK Ha pexumax pe-
TYAUPOBaHUS APOCCEANPOBaHMEM Ha BCAaCHIBaHUU
IIOKa3an IIOAHOe OTCYTCTBHe pPaboT IO AQHHOMY Ha-
npaBAeHUIO 3a IocaepHue 20 aer. [lpakTmyecku
€AVHCTBEHHLIMU paboTaMHi, TAe OINMCAaH MeXaHu3M
usmenenus ['AX LIK mpum aTtoM cmocobe peryau-
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poBaHus, siBAastorcst pabdorel . H. Aena, B. @. Puca
n ®. M. Yucrakosa [1—3]. B To >)xe BpeMs AaHHBIN
cr1oco6 peryAupoBaHMsI AOCTATOYHO YacTO IIPUMeHseT-
Csl Ha Pa3AMYHBIX TEXHOAOTUUYECKUX OOBEKTaX rasole-
pepabaTbiBalolnX, HedTenepepadaThIBAIOIIUX U He-
PTEeXVMIIECKUX TPEAIPHUSTHY, HECMOTPSI Ha Pa3BUTHE
APYTUX CIIOCOOOB PEryAHpOBaHUS, B TOM UYMCAe KOH-
TPOASI TIOAOJKEHUsI pabodeil TOYKU, CUCTEM KOHTPOAS
U 3alIUTHl OT ImoMmaxka [4—11].

WMzBectHo [1—3], 4TO TpU APOCCEAVMPOBAHUU Ha
BCACBIBAHUU IIPOUCXOAUT U3MEHeHUe pa3MepHbIx 'AX
LK, nampumep 3aBUCUMOCTH KOHEUYHOTO AABAECHUS
OT MaccoBo# mpousBoputTervHoctu P = f(G). Tlpu
3TOM Oe3pas3MepHble MapaMeTphl, HallpuMep 3aBUCU-
MOCTU OTHOIeHusi pAaBaeHud u KIIA or o6beMHOM
npousBopuTerbHOCTH £ = f(Q), n, = f(Q), ocTatoTcs
"HeusMeHHBEIME [1—3]. TlooToMy He OYEBHMAHO OTHO-
CUTh AQHHBIN CIIOCOO PEryAUPOBAHMSA B IIOAHOM Mepe
KO BTOPOU IpyuIle.

Ipadbmueckue MaTeprasbl, OIUCHIBAIOUINE MeXa-
HHU3M IIpOollecca APOCCEANPOBAHHUS Ha BCcacbIBaHUM, I10-
KasaHbl Ha puc. 1.

ApocceabHass 3aCAOHKA HAW BEHTHAB, PacCIIOAO-
KEeHHBIM BO BCAacChIBAIOIIeM IIaTpyOKe KOMIIPEeCcco-
pa (puc. la) u mepemelniaeMbli B pPa3AUYHBIE ITOAO-
JKeHUsI Ha YTOA 0, BBI3bIBAeT CHUJKEHHE AABACHUS
U TAOTHOCTM Ta3a Ha BCAChIBAHUU B KOMIIPECCOP
IO CPaBHEHUIO C TOAHOCTBIO OTKPBITHIM APOCCEAEM
(P, < P mup' <p) VsmeHenue Ha4aALHOTO AABAe-
HUS IPU PA3AWYHBIX ITOAOKEHUSIX APOCCEAs ITOKa3aHo
Ha puc. 16.

HauanbHOe Aa@BAeHVE 3a APOCCEAEM MOJKeT OBITh
OIIpeAEAEHO BLIpa’KeHUEeM:

P, =P (l-05¢,-@*/(R-T,-F2), (1)

rae §, — KO3(@UIUEHT CONPOTUBACHUS ADPOCCEAS,
3aBUCAIINN OT yrAd IIOBOPOTA O PETYAHPYIOIIEro sAe-
MEeHTa WAW CTeleHU 3akpoitus (%) apoccens; F-—
TIAOIIAAb CEYEeHMSI BCACHIBAIOIIET0 TPyOOIPOBOAR, TAe
YCTaHOBAEH APOCCEAb, M% Q — OOBEMHAs ITPOU3BOAU-
TeABHOCTB, M*/c; P', < P, — COOTBETCTBEHHO AABACHHE
rasa mocae W A0 Apocceas; T — Temieparypa rasa
20 Apocceas, K; R — yaeAbHas ra3oBasi NOCTOSTHHAS,
MK/ (KT K).

B Ge3pasMepHOM BUAEe COOTHOILIEHHE MEKAY AABAe-
HUSMU AO U IIOCAE APOCCEAS IMOAy4YeHO u3 (1):

’ 02
P, :1_0’5.%172; . (2)
P, F'R-T,

[Mpungaro cuutaTh [1 — 3], 4TO IpoOLECC APOCCEAUPO-
BaHUA SIBASETCS U309HTAABIUHHBIM, I03TOMY AAS HAE-
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Puc. 1. ApocceAnpoBaHUe Ha BCAaChIBaHUM: a) CXeMa;

0) XxapaKTepHuCcTHKa APOCCEABHOr0 YCTPOJICTBA; B) N3MEHEHHEe
pekuMa paGoThl: TOYKa A — MCXOAHBIN pexuM (o = 0);
Toyka A' — Tpebyemslit pexxum (0. > 0);

— OTKPBITHI APOCCEeAb;
— — — — — 3aKpbIThI YaCTUYHO APOCCEAD
Fig. 1. Suction throttling: a) scheme; 6) throttle device
characteristic; B) change of operating mode: point A — initial
mode (o = 0); point A' — required mode (o > 0);
—— — open throttle;
— — — — — partially closed throttle

aABHOTO Tasa TeMIlepaTypa rasa NpU TeUeHUU dYepes
Apocceab He mMensercs (T = T).
W3 ypaBHEHUN COCTOSIHUSI B CAyYae
3aCAOHKM P, =p, -R-T, ¥ TPHUKPHITON
’ r ’
P, =p, -R-T, chepyeT COOTHOIIEHHUE:

OTKPBITOU
3aCAOHKH

PP, =p,/p.

YuuTHIBasg, 4TO OKPY’KHasI CKOPOCTH He MEeHSeTCsI
U, = U, (Ipy HEM3MEHHOM 4YuCAe OOOpOTOB, N . =
idem), OyAeT BBIIOAHATBECSA YCAOBHE AMHAMUYECKOI'O

HoAOOWUsI TI0 YCAOBHBIM 4rcAaM Maxa M', = M,

Uy v,

JKRT, — JkRT,

AAST COOAIOAEHUST YCAOBUSI KWHEMATUUECKOTO IIOAO-
Ous, T.e. paBEHCTBA KO3 (PUIIMEHTOB PAacXopa 95 = ¢, ,
AOAJKHO BBIIIOAHATHCS paBeHCTBO Q' = @, T.e. o0beM-
Hasl IIPOM3BOAWUTEABLHOCTH II0 YCAOBUSIM BCACHIBAHUSA,
oInpepeAsieMast pa3MepaMu padodero Koaeca U YUCAOM
000pPOTOB, OCTAETCSI TTOCTOSTHHOM.

[lpr sTOM MaccoBasi NPOM3BOAWTEABHOCTH H3Me-
HSIeTCS

G'=G-,/p,)=G- (R, /P,).

AT TOAOOHBIX PEKUMOB COOAIOAAETCSI PAaBEHCTBO
BCcex Oe3pa3MepHBIX apaMeTpoB, B TOM YUCAe U OT-
HOIIIEHUSI AABAEHUU CJKATUS IIPU OTKPBITOM U ITPUKPHI-
TOM APOCCEAe PAaBHBI:

(3)

P, P,
P, P

H H

(4)

U3 ycroBust (4) oueBupmo, uro P, /P, = P! /P,.
C yuetoMm (1) caepyeT, UTO Ha puC. 1B UCXOAHAsI TOUKa
A u TouKa A', OmpeAeAsioNias PeXuM PabOThl MOCAE
MIPUKPBITUSA APOCCEAs, Ae’KaT Ha OAHOU INPAMOM, BHI-
XOAAIIEH 13 Hadara KOOPAWHAT.

Takum 0Opa3oM, IOCKOABKY PEeKMMBI PabOThI IIpU
TIOAHOCTBIO OTKPBITOM M YaCTHUYHO 3aKPBLITOM Apocce-
Ae SIBASIOTCS TTOAOOHBIMU, TO O6e3pa3zmepHblie TAX LIK
OCTAIOTCSI HEeU3MEeHHBIMH, OAHAKO pa3MepHBIe Xapak-
TEePUCTUKHU M3MEHSIOTCS BCAEACTBHE H3MEHEHMs Ha-
YaALHBIX [lapaMeTpos rasa (P, p').

B monmubrye cems
>

ATK
Uyprynupyouud BT
= o hva

Todnumasid BT

Lopoe

Puc. 2. YnpoujeHHast TEXHOAOTUYECKasl CXeMa peakTOPHOro
6A0Ka KaTaAMTHYECKOH M30MepH3aluy MeTaKCHAOAA
H 3TUAOEH30Aa B OPTOKCHAOABI ¥ TaPaKCUAOABI:
IJK — neHTpOOEKHBIN KoMIpeccop; P — peakTop;
IT — neub; TO — TenA0OOOMEHHUK;
ABO — anmapar BO3AYIIHOIO OXA@’KAEHUSsI;
C — cenapartop; AITK — aHTUNOMIIa>KHBIH
KAana; Ap — Apocceab
Fig. 2. Simplified flow chart of the reactor block for
catalytic isomerization of metaxylene and ethylbenzene into
orthoxylenes and paraxylenes: IJK — centrifugal compressor;
P — reactor; IT — furnace; TO — heat exchanger;
ABO — air cooler; C — separator; AIIK — anti-surge valve;
Ap — throttle

OOBEKT NCCAEAOBAHUS

OOGBEKTOM HCCAEAOBAHUS SIBASETCS IUPKYASIIUOH-
HBIA ABYXCTYIEHYATBIM LIeHTPOOEKHBINM KOMIIPEeCCop
BopOpPOAcoAepikaliero rasa (BCI) ¢ wacroTolt Bpaiiie-
Hust poropa 10 250 06/MUH M TPUBOAOM OT SAEKTPO-
ABUTaTeAsl dyepe3 MyABTHIIAMKATOp. B KoMmIpeccopHoOU
YCTaHOBKe IIPeAyCMOTPEHO PeryAupoBaHUe APOCCEAU-
poBaHMEM Ha BCACHLIBAHUM.

TeXHOAOTMYECKHUN IIPOIleCC, a TaK’Ke COCTOSTHUE
W CBOMCTBa KaTaaW3aToOpa B PEaKTOPHOM OAOKe oIpe-
AEASIFOT KOHIIEHTPAIIMIO BOAOPOA@ M MOAEKYASIPHBIN
BeC ras3oBOY CMeCH, YTO, COOTBETCTBEHHO, IPHUBOAUT
K HeOOXOAUMOCTU PeryAupOBaHUsS PEeKUMOB PabOThHI
MeHTPOOEKHOTO  KOMIIpeccopa APOCCEAMPOBaHUEM
Ha BCACBHIBaHWU.

YupoireHHasi TEXHOAOTHMYECKAsI CXeMa PeakKTOPHO-
ro OAOKa KaTaAUTHMYeCKOU H30Mepu3aluid MeTaKCU-
AOAA U ITUAOEH30Aa B OPTOKCHAOABI U IIAPAKCHUAOABI
npuBepeHa Ha puc. 2. Lupkyaupyromuii BCI, koTto-
PBIN IHOpaeTca LUPKyAAnuoHHBIM LIK, cMmemmnBaercsa
C coIppeM. Aanee ra30CHIpheBasi CMeCh HarpeBaeTCs
B TENAOOOMEHHWKE U IIeYH, a 3aTeM IIOCTyIlaeT B pe-
aKTOp, I'A€ OCYIIEeCTBASIETCS IIPOIleCC M30MepU3alluu.
Ha BBIXOAE M3 peakTopa ra30lpOAYKTOBas CMeCh IIO-
CAEAOBATEABHO  OXAQKAQETCI B TEIAOOOMEHHUKe
U anmapaTe BO3AYIIHOTO OXA&KAEHUS, IIOCAe Yero
B cellapaTope IPOUCXOAUT pPasjpeAeHre Ha >KHUAKYIO
U Tra3oo0pa3Hyio ¢azy, KOoTopasg 3aTeM IOCTyllaeT
Ha BcackiBaHue B LIK. AaBaeHue B peakKTOpHOM OAO-
Ke peryAupyeTcs 3a cueT OTBOAA YacCTU ra30BOU cMecHu
B TOIIAMBHYIO CeTh, a KOHIIEHTPaIus BOAOPOAA B IUP-
kyampytommeMm BCI' obecneunBaeTcss MOCTOSTHHON TIOA-
nuTtkou csexxum BCT.

Pe3yAbTaTnl nccaepOBaHUS

W3BecTHBIE U3 KAACCHUYECKOU AuTepaTyphl [1— 3]
MeTOABl TeopeTrudeckKoro noaydenus I'AX LIK nHa pe-
KUMax PeryAupoBaHUs APOCCEAMpPOBaHMEM Ha Bca-
ChIBAHUU, a TaKKe MCCAeAOBaHUs [J], onmparoiuecs
Ha JKCIepUMeHTAaAbHBIE METOABI UX IIOAYYEeHUs, OCHO-
BaHBEI Ha TOM, UYTO HavyaAbHOE AA@BA€HHE, COOTBETCTBY-
Ioljee MOAHOCTBIO OTKPBITOMY IIOAOJKEHUIO APOCCEAS,
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coxpaHseT CBOe 3HaueHHe IIPU AI0OO0M CTelleHU OTKPHI-
THUSA APOCCEAs 0, B CEUEHWU MIePeA HUM, T.€. BBITIOAHSET-
cst ycaosue P = const npu P, = f(o) = var, npu 5ToM
g = f(Q; a) = const.

OCO0eHHOCTBIO paCCMaTPUBAEMOY 3aAaUU SIBASIETCS
cnenuduKa paboTe IuUpKyAsnuoHHoro LIK, koropas
NPOSIBASETCSI B CYIIeCTBEHHOM 3aBUCHUMOCTH HadaAb-
HOTro AaBAeHUS (Ha Bxope B LIK) OoT KOHeUHOTro paBae-
Hua (Ha BbIXOAe U3 LK), 4To 00yCAOBAEHO BAUSHUEM
TUAPaABAMUECKOTO COIPOTHUBACHUSI CHUCTEMBI, BKAIO-
4yasi ApPOCCEABbHOE YCTPOMCTBO, a TaKKe COCTOSHUEM
U CBOMCTBAMHU KaTaAM3aTOpa B peaKTOPHOM OAOKe, W3-
MeHeHUeM cocTaBa ckuMaemoro BCI' B onlpepeAeHHBIX
npeAeAax.

B cBg3u € 9TUM IIOAyYE€HHE PEeaAbHOM pa3MEpHOU
I'AX IIK B ycAOBHAX 3KCHAyaTallud, OCOOEHHO B yC-
AOBUSIX TEXHOAOTMYECKOM BapMaTHUBHOCTH, 3aTPYAHU-
TEABHO.

AHanu3 (aKTUYeCKUX JKCIAyaTAlJMOHHBIX pabo-
YUX PEe’KMMOB IIOKa3an, YTO MPOMCXOAUAO M3MeHeHUe
cocraBa BCI' B onpepenreHHBIX IIPEAEAaX IO MOAEKY-
AAPHOM Macce UAM IIO Ta30BOM MOCTOSHHOU R oT 1900
20 900 Ax/(kr-K).

KoaebOaHusa ra3oBOM NMOCTOIHHOU R OTHOCHUTEABHO
CpeAHero 3HaueHUs HaXOAUAUCH B AuanasoHe +35 %.
IIpuyem HamboAee CylLIeCTBEHHOE M3MEHEeHUe ra30BOU
noctosuHOU R ot mpumepnHo 1100...1300 Ax/(xr-K)
20 1600...1700 A>x/(xr-K) mpom3oiao B pe3yAbTaTe
3aMeHBl B PEaKTOPHOM OAOKe CTaporo KaTaAM3aTopa,
KOTOPBIA BBIpAOOTaA CBOM pecypc, Ha HOBBIM, KOTO-
PBIM OTAMYAETCS IO CBOUM (DU3UKO-XUMUIECKUM CBOMU-
cTBaM. YTOOBI 00ecneuuTh 3(PPEKTUBHOE BHIIIOAHEHUE
XUMUYECKOM peakIud B PeaKTOPHOM OAOKE C HOBBIM
KaTaAM3aToOpoM, ITOTPeOGOBAAOCEH PEryAMpOBaHUE IIPO-
uzBopuTerbHOCTH LIK, 4TO pearn3oBEIBAAOCH U3MeHe-
HHEeM IOAOKeHHsI ApOocceAsl Ha BcachbiBaHUU LK.

AAsT TOTO YTOOBI NPUBECTH Pa3AWMYHBIE YCAOBHUS
skcnayaranum LK, KoTopble OTAMYAIOTCS HaYaAbHBIMU
napaMeTpaMy (AaBAEHHEM, TeMIIepaTypoM, COCTaBOM
CRMMaeMOro ra3a), K eAUHBIM YCAOBHUSM, WCIIOAB30Ba-
HBI MeToABI Tepecueta 'AX LUK [12—14] ¢ yueTOoM us-
MeHeHUsI COIPOTUBAEHMS CHCTeMBI Ha BCAChIBAloOllelN
AWHUU IPUKPBITUEM APOCCeAs o MeTopaM [1—3].

PesyabraTtel  moaywenua [AX LK pacuerom
IO KhaccudeckoMy MeTopy [1—3], ocHOBHBLIE ypaBHe-
HHSI KOTOPOT'O IIPUBEAEHE! BHIIIE, IPU Pa3HOU CTeIeH!
OTKPBITHSI APOCCEAST 0, AAST HambOAee AeTKOTO COCTaBa
C)KUMaeMoTro rasa (ch = 1600 Axx/(xr-K)) mokaszaHbI
Ha puc. 3, a Ha puc. 4 — ¢ HaHeCeHHBIMU (DaKTUUeCKU-
MM JKCIAyaQTallMOHHBIMU Pe’KMMaMU, IIepeCuYUTaHHBI-
MM Ha Te >Ke YCAOBHUSI.

BupaHo, uTO (pakTHUECKUEe PEeKUMBI AOCTATOUYHO XO-
PpOIIO COBIAAAIOT C rpapuKoM (MYHKLIUU KOHEUYHOI'O
AaBaenust P = f(G; o), a ¢ rpaduKoM (PYHKIUHU OT-
HolleHMsI AaBAeHM g = f(G; 0) COBHIAAAIOT TOABKO
MAST TIOAHOCTBIO OTKPBITOTO Apocceas. Ilpu aToM OT-
YEeTAUBO BUAHBI TPYIILI TOUEK HKCIAYaTallMOHHBIX pe-
KUMOB, COOTBETCTBYIOIINX OIIPEACACHHOMY IIOAOJKe-
HUIO APOCCeAst. DTO O3HayaeT, uTo ¢, = f(Q; a) # const,
a 9TO BO3MOJKHO TOABKO KOTAa P’ ~ const mpu yBeau-
YEHUU CTENeHU NPUKPBITUS APDOCCEAS 0, B AMAlla30He
paccMaTpuBaeMbIX pekuMoB. OOBACHSIETCS 3TO OCO-
OEeHHOCTBIO pabOThHl HUPKyAAnMOHHBIX LIK, mpu Korto-
pO¥ TPUKPLITHE APOCCEAsT Ha BCACBIBAHUU IIPUBOAUT
K IIOBBIIIIEHUIO AABACHUS AO HETO, a 3HQUUT, BEIUHCAE-
HHe AABAEHHUS IIOCAe HEero CAepyeT NPOU3BOAUTH yiKe
OT APYroro 3HaueHwusi P, KOTOPOe MOKHO O003HAYUTH
kak P . Kpome TOro, cHu>xeHue HPOMU3BOAUTEABHO-

noi

m ctu 1IK 3a cueT IPUKPBITUSA APOCCEAST BAEYET 3a CO-

OOM CHU>XKeHUEe CKOPOCTM ra3a B dAEMEeHTaX CHUCTEMBI

P, Mlla
1.40 T —
:' -~ - —
et —
a - S—
1.30 S o S
-~ -~
Ve ~ ~
~ ~ e
1.20 S ~ :
~ \
% \
1.10 A .

— R=1600 Ta/(kr K); a0
= = R=1600 Tx/(5r K); o2

= R=1600 Tai(er K)ol
== = R=1600 Ta(sr K); o3

1.00
5 7 9 11 13 G, Kr/c
£
1,12
1,10
1.08
1.06 P —
—R=1600 Tw{kr K); a0 m— R=1600 Txixr Ki; ol
104 - = B=1600 Tafxr K o2 - R=1600 Ta/(xr K); a3
T 7 9 11 13 G xrfe

Puc. 3. TAX IIK, moayyeHHbIe pacyeToM IO KAaCCHYEeCKOMY
MeToAY [1—3] npu pa3HoOIl cTeneHN OTKPBITUSI APOCCEAS o
(R = 1600 Ax/(xrK))

Fig. 3. Gas-dynamic characteristics of the centrifugal
compressor obtained by calculation using the classical method
[1—3] with different degrees of throttle opening a
R=1600 J/(kg-K))

P. MIla
1,40 . —
-:nl - e —
s i s
1,30 S e e
"\\ - S
~ ~ S~ »
1.20 L3 ~
. .

A -
= B=1600 Tac{xr K); al
- = R=1600 (kT K); 03
@ P.rcRep=1600 Twisr K)
4 P cRep=1100 Tx/(kr K)

— R=1600 [/ (xr K); al

= =R=1600 T/ (kr K. a2
¢  Por.cRep=1700 Twirr K)
®  Por.cRep=1300 TxiEr K)

1.10

1,00
4 6 g 10 12 G, Kr/c
8&
1,12
1.10
1.08
1.06 R=1600 Ta(gr Ky ol = R=1600 Jx/(kr K, al '
N - = R=1600 Tuisr K o2 - B 600 Tw/{xr K); a3
* P.r.cRep=1700 Tu/(kr K) @ P.r.cRep=1600 Tx/i(kr K)
1.04 = P.1.cRep=1300 Txi{kr K) 4 P1.cRep=1100 Ixikr K)
4 6 8 10 12 G, k'

Puc. 4. TAX IIK, noay4eHHBIe pacyeToM MO KAACCUYEeCKOMY
MeToAy [1—3] mpu pa3HoO# cTeneH! OTKPHITHS APOCCEAS o
(R=1600 Ax/(xr’K)) ¢ pakTH4eCKHUMH HKCIAYATaXOHHBIMI
paboynMu pexuMaMH, IepecYuTaHHbBIMY Ha Te jKe YCAOBUS
Fig. 4. Gas-dynamic characteristics of the centrifugal
compressor obtained by calculation according to the classical
method [1—3] with different degrees of a throttle opening
(R=1600 J/(kg-K)) with actual operating modes recalculated
for the same conditions

LIUPKYASIIMOHHOTO KOHTYPa, CHUKEHHE ero COIPOTUB-
AEHHS W, COOTBETCTBEHHO, CHUKEHNE AABACHUS HarHe-
Tauuga LK.

Ha puc. 5 Hanecenbl (pakTUuecKue 3HaYeHUs Ha-
JyaabHOTO (Ha BxoAe B LJK) M KoHedyHOTO (Ha BBIXOAE
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Puc. 5. PakTuYeCKHe 3aBMCUMOCTH Ha4aAbHOTO P,
U KOHEYHOro P_AaBAeHHsI OT 00bEMHOM PON3BOAUTEABHOCTH

AAg pasanmyHoro cocrasa BCT (R = 1100; 1300; 1600;

1700 Ax/(krK)) 1 creneHn OTKPBITUS APOCCEAS
Fig. 5. Actual dependence of initial P and final P_pressure on
volumetric capacity for different composition
of hydrogen-containing gas (R = 1100; 1300; 1600;
1700 J/(kg'K)) and throttle opening degree

u3 LIK) AaBAeHUd rasa, COOTBETCTBYIOIIME Pa3HBIM CO-
craBaM BCI' u pasHOM cTeleHM 3aKpbLITUS APOCCEAS.
BuaHo, uTOo paboune TOUYKM, XapaKTepU3yIollue 3a-
BUCUMOCTB P’ =~ = f(Q) 1 COOTBETCTBYIOIINE HAUOOAD-
ey CTeleHM 3aKPLITHUSI APOCCEAs], YTO MMEAO MeCTO
Arst HamGoaee TsKenoro cocrasa BCIN (R = 1100
u 1300 Ax/(kr-K)), TOATBEPIKAQIOT CKa3aHHOE BHIIIE.
Hanporus, pabounie TOUKH, COOTBETCTBYIOLIUE ITOAHO-
CTBIO OTKPBITOMY M MWHHMAABHO NPUKPBITOMY APOC-
CeAlo, AEMOHCTPUPYIOT CYIIeCTBEHHOe CHIKeHHe
P = Q).

C meabro pocToBepHOro noaydenus 'AX Ha pexu-
MaxX PeTryAMpPOBaHUS APOCCEANPOBAHMEM Ha BCAChIBa-
HUU IUpKyAsanuoHHoro LK mpearoskeHa yToOYHeHHast

MeTOAUKQA, KOTOpas OCHOBAHA HA UHCIIOAB30OBAHUU H3-

BECTHBIX 3HAYeHWU AaBAeHUU Ao (P ) u mocae (P
Apocceas (Ha BcackiBanum LK) B hopmyae (2).

BBINTIOAHUB BBIYUCAEHUS 110 (DOPMYAE (2), IOAYUEHBL
3HaueHUd KO3(P(UIIMEHTOB COIPOTUBAEHUS APOCCEAS
IIPY Pa3HOM CTENeHU €ro IPUKPBITHUA.

[Toayuennsle s3aBucumoctu P’ /P .~ = f(Q; a) am-
IIPOKCUMUPOBAHBI U NPEACTaBA€HBI B BHUAE IIOAMHOMA
2-11 cTeneHu

mxi)

P)’{oti/PHaizl_ai.Q _bz"O% (9)

B kauectBe mpuMepa B TaOA. 1 IpeACTaBAEHBI pe-
3yABTATHl pacueTa AAd ABYX YCAOBUHN IIPUBEAEHUS
pexxumoB pab6oTrel m AX LIK: K Haubonree AerKoMy
U K HaubOonee TsKeaoMy cocrtaBaM BCI, B KOTOpBIX
TaK)Ke TPUBEACHLI IMIIUPUYECKUEe KOOPMUIUEHTE a,
u b, AAst 3aBUCHUMOCTH (9). PeKOMEHAOBAHHLIE OMITUPU-
yeckue KO3(pUIMEHTHl, IpuBeAeHHbIle B TaOA. 1 aadg
ypaBHeHUs (5), CIIPaBEeAAMBEI TOABKO AASI pacCMaTpH-
BaeMOM CHCTeMBI. AAS APYTHX OOBEKTOB TpeOyeTcsl UX
YTOYHEHHE.

PesyapraTsl pacuera 'AX LIK 110 yrouHeHHOMY Me-
TOAY C HCIIOAB30BaHMEM 3aBUCHUMOCTeU (2) m (9) anda
ABYX YCAOBUM IIPUBEAEHUs], YKa3aHHBIX B TaOA. 1, Ipea-
CTaBAE€HBI COOTBETCTBEHHO Ha puc. 6 u 7.

[Mo pesyabTaTaM BUAHO, UTO ITIOAyUEeHHBIE pacyeTHbIe
FAX Ha pe’kxuMax peryAupOBaHus AOCTATOYHO XOPOIIO
COBIAAAIOT C (PAKTUUECKUMU IKCIAYATaIlMOHHBIMU pe-
SKUMaMHU.

YCcTaHOBAEHO, UTO B CAydYae PeTyAMPOBAHUS APOC-
CeAupoBaHMEM Ha BCACBIBAHUU ITUPKYASIIUOHHOTO
LUK npoucxopuT m3MeHeHUe (CHU)KEHHE) He TOABKO
P_= f(Q), Ho m pynkumm &= f(Q), 9TO, KaK OBIAO MO~
Ka3aHO BEINIE, OOBACHAETCS POCTOM AABAEHUS IIEPEA
ApoccenreM. AaHHOe OOCTOSATEABCTBO ITO3BOASIET CYH-
TaTh, YTO APOCCEAMPOBaHHE Ha BCACBIBAHUM MOJKHO
OTHeCTU TaK’Ke U K IepBOM IpyIIe MeTOAOB PeryAu-
poBaHus.

CaepyeT UMeTh B BUAY, UTO IIOAYUEHHLIE Ilepecue-
TOM 3aBHCHMOCTHA C YYE€TOM DPEeryAnpOBAaHUS ApOCce-
AWPOBaHVEM Ha BCACHIBAHUU SIBASIOTCSI CIIPABEAAVBHI-
MU B CAyYae, KOTAQ HMCXOAHAsl XapaKTepHUCTHUKa (Ipu
a, = 0 %) COOTBETCTByeT «IACMOPTHON» KPUBOU.
B cayuae m3amMeHeHus (DAKTUUECKOTO COCTOSIHUSA IIPO-
Tounou uactd LK, T.e. m3HOCa (Aerpapaluu), CAeAy-
€T BBIIIOAHUTb KOPPEKTUPOBKY (apanrtanuo) 'AX LK
110 pe3yAbTaTaM 0OpabOTKM 3KCIAYaTAIllMOHHBIX PesKU-
MoB [19].

W3 aHaau3a pe3yAbTaTOB, NTOKa3aHHBIX Ha pHUC. 6
u 7, crepyeT, 4To (pakKTHUeCKue pabouue pe>KUMBI Ha-

Tabauna 1. Pe3yApTaThl pacyera peXKMMOB APOCCEAUPOBaHMS Ha BCaChIBaHUU

Table 1. Results of calculation of throttling modes at suction

PesKuM pabOoTHI, COOTBETCTBYIOMIMEL P Ma % saxpermis ¢ OMnupuyeckre Kod(ppHIMEeHTE
cocraBy BCT Hai a, b,
INpuBepeHMe K HanboAee AerkoMy cocTaBy BCTT ch = 1600 Ax/(kr-K)

R, = 1700 Ax/(kr-K) 1,27 0 0 - -
R, = 1600 Ax/(krK) 1,296 15 25 3-107* 3-1073
ﬁe = 1300 Ax/(kr-K) 1,322 45 50 3107 551073
R, = 1100 Ax/(krK) 1,34 65 70 3-107* 81073

IMpuBepenue K HanGonee TsReroMy cocraBy BCT'R = 1100 Ax/ (kr-K)
ﬁp = 1700 Ax/(kr-K) 1,27 0 0 - -
R, = 1600 Ax/(kr-K) 1,305 25 35 3-10~* 4-1073
R, = 1300 Ax/(krK) 1,342 65 70 3-1074 8,5-1073
R, = 1100 Ax/(krK) 1,37 90 95 31074 1,1-1072
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Puc. 6. PesyabTaTsl nepecuera I'AX IIK npu pa3Hoii
CTeNeHN OTKPBITHUSI APOCCEAS ¢ II0 YTOYHEHHOMY MEeTOAY
Ha 6oaee Aerkuit coctaB BCT (R = 1600 Ax/(krK))

u (pakTHYecKHe 3KCIAyaTaluOHHbIe paboyne peXHuMBl,
nepecydTaHHble Ha Te Xe ycaoBus (R = 1600 Ax/(krK))
Fig. 6. Results of recalculation of gas-dynamic characteristics
at different degrees of throttle opening according
to the updated method for lighter composition
of hydrogen-containing gas (R = 1600 J/(kg-K))
and actual operating modes recalculated for the same
conditions (R= 1600 J/(kg'K))

XOAATCSL 3HAUYUTEABHO A€Bee TeOpPeTUYeCKOU TPaHUIIbI
TOMIIa)ka, YCTAHOBAEHHOM COTAQCHO «IIaCIOPTHBIM»
T'AX LIK, npuyeM yacTb pabouyux pe>kMMOB HAXOAWT-
CsI Ha HUCXOAMIIEN AeBOM YacTU HAIllOPHOM XapaKTe-
PUCTUKH, KOTOpasg OTCYTCTBOBaAa Ha «IIACIIOPTHOM»
I'AX. I'lpu atom LIK paboTaa Ha 3TUX pe’KUMaxX yCTOM-
4YMBO, MPU3HAKOB IIOMIIa)ka He HabAIOAAAOCH. AaHHOE
0OCTOATEABCTBO TIO3BOASIET CAEAATH BBIBOA O CMellle-
HUU pearbHOM TpaHUILI IOMIaka Ha pe’kuMax pe-
T'YAUPOBAHUS APOCCEAUPOBAHMEM HA BCACBIBAHUU
OTHOCHUTEABHO TEOPETUYECKON BAEBO II0 XapaKTepu-
cTuKe. Ha puc. 6 © 7 IyHKTUDHBIMM AMHHUSMH IIOKa-
3aH npepnoAaraembli Bup AX B AeBOM 4aCTU KPUBBIX
U IIpeAlionaraeMasi peaAbHasl TpaHUIla TTOMIIaXKa.

3aKka04YeHue

[TpepcTaBA€HHBIE PE3YABTATBl HCCAEAOBAHHSA Xa-
PaKTEePU3YIOT Pa3AMYHBIE SKCIAyaTallMOHHbBIE PESKUMBI
padotel LIK BCI', koTOphle 3aBUCAT OT HEOOXOAUMOI'O
Ha A&HHI)IfI MOMEHT TE€XHOAOTHYEeCKOr'o IIpoliecca, Co-
CTOSIHUSI U CBOMCTB KaTaAM3aTopa B pPeaKTOPHOM OAO-
Ke, CIIOCOOOB PETryAUPOBAHUA.

Ha ocHOBaHUU IPOBEAEHHBIX UCCAEAOBAHUN PEKU-
MOB 3KCIAyaTalluy IUPKyAsnuoHHoro LIK B ompeae-
AEHHOM Amaria3oHe m3MeHeHust cocraBa BCT, cremnenu
3aKPBITUS APOCCEABHOI'O YCTPOMCTBA HA BCACBIBAHUU
TIOAYUYEHBI CACAYIOIINe Pe3YAbTATHL:

— yTOYHeHa MeToAuKa pacdera 'AX npu peryau-
POBaHUU APOCCEANPOBAHKUEM Ha BCACHIBAHUU C yYETOM
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Puc. 7. PesyabraTsl nepecuera 'AX IIK nipu pasHoit
CTEeNIeHN OTKPBITUSI APOCCEASI (. II0 YTOYHEHHOMY METOAY
Ha O6oaee TsKeAbIn coctaB BCT (R = 1100 Ax/(kr'K))
n aKTHYecKue dKCIAyaTallIOHHbIe pabo4ne pe>XuMsI,
nepecyuTaHHble Ha Te ke ycaosus (R= 1100 Ax/(krK))
Fig. 7. Results of recalculation of gas-dynamic characteristics
at different degrees of throttle opening according
to the updated method for heavier composition
of hydrogen-containing gas (R= 1100 J/(kg-K))
and actual operating modes recalculated for the same
conditions (R= 1100 J/(kg-K))

ocobeHHOCTeN paboThl HUpPKyAsdnuoHHoro LIK, a numMeH-
HO M3MEHEeHUsI AABAEHUs IIepeA APOCCEABHBIM yCTPOM-
CTBOM;

— IOAyYeHBl 3aBUCHUMOCTH M3MEHEHUS AABACHUSA
Ha APOCCEABHOM YCTPOMCTBe C SMIIMPUYECKUMU KO3d-
duleHTaMy, KOTOPble MO3BOASIOT IMOAyYaTh pasMep-
uele [AX Ha pe)XuMax peryAupoBaHuUsd IIPU H3MeHe-
uun cocrasa BCT;

— YCTaHOBAeH (DAaKT M3MeHeHUA (PYHKIUU OTHO-
IIeHUd AA@BACHUN OT IIPOU3BOAUTEABHOCTH IIPU U3Me-
HEHHUU CTelleHW 3aKPBITHSA APOCCEABHOT'O YCTPOMCTBA,
UYTO SIBASETCSI OCOOEHHOCTBIO NUPKYASIIMOHHBIX LIK;

— YCTAaHOBAEH (PaKT cMelleHus (PaKTUYEeCKOU rpa-
HUIBI ITOMIIa)ka OTHOCUTEABHO TEOPEeTHUYeCKOMU BAEBO,
B 30HY HHCXOAAIIEN 4YaCTU HAIIOPHOM XapaKTepHC-
THKH.

[MoArydyeHHBIE pPeKOMEHAAIIUN U YTOUHEHHBI METOA
pacueta 'AX Ara nupKyaanuoHHbIX LIK ¢ peryaupo-
BaHMEM APOCCEeAMpPOBaHMEM Ha BCACBIBAHUU MOTYT
OLITH UCIIOAB30BaHbLI Ha PA3sAWYHBIX TEXHOAOTHUECKHX
o0BbeKTax TrasonepepadaThIBalONUX, HedTenepepa-
OaThIBAIOIIMX U He(TEeXUMHUUYECKUX HNPEeANpPUATUN
C IeABIO BHEADEHHUs B aBTOMATU3MPOBAHHBEIE CHUCTEMBI
YIpaBA€HUS TeXHOAOTMYECKUMU IIpolleccaMu. DTO II0-
3BOAUT BECTHM MOHMTOPUHI 3a uaMeHeHuem ['AX LIK
NIpU U3MEHEeHUU TeXHOAOTMUYEeCKUX IlapaMeTPoB U CO-
CTaBa C>KMMAeMOro ras3a, B TOM YHUCAE C y4eTOM pe-
TYAMPOBAHUSA, U KOPPEKTHUPOBATH I'PAHUILy IIOMIIAXKQ,
pacummpss TeM CaMbIM AMANa30H pabOuYnX Pe’KMMOB.
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