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MOAE/IUPOBAHUE TASOANHAMUYECKUX XAPAKTEPUCTUK
HA NMPUMEPE MOZEJ/IbHOU CTYMNEHU
LLEHTPOBEXKHOIO KOMIMPECCOPA

B pabGore npencraBieHbl pesyiabtaThl CFD-pacueToB ABYX3BEHHOH LIEHTPOOEXHON KOMIIPEeCccop-
HOIi CTYNEeHU C ocepalualbHbIM BbICOKOHATIOPHBIM MOJYOTKPHITHIM pabOuMM KoJjiecoM U 0e310-
natoyHbIM auddy3opom. CryneHb crpoekTupoBaHa mnpodeccopoM A.M. CumoHoBbiM B IIpo-
O61eMHoIt 1abopatopuu KomipeccopocTtpoeHus JIIIW Ha ciemyiolue pacyeTHbIe ITapaMeTphl: yC-
JoBHBIN K03 dumuent pacxoma 0,080, koadpdumuent teopermyeckoro Hamopa 0,74, yciaoBHOE
yucino Maxa 0,78. beutn mprMeHEeHBI ABE pacueTHBIe CeTKU — ¢ 2,4 1 4,4 MJIH s9eeK IJI1 ceKTopa
C OJJHAM MEXJIONMATOYHbIM KaHaJIOM, a BCSl CTYMEHb 1IEJIMKOM paccuuTaHa ¢ 0oJjiee penkoil cet-
Koi. st compsikeHUsl Ta30AMHAMUUYECKUX IMapaMeTpOB Ha TIpaHUle 00JacTeil MCMOJb3yloTCs
criellMalibHble yCJIOBUSl MHTepdelica Tuna «Stage». B pacuerax ucmofb3oBajach Mojeib TypOy-
nentHocTu SST. PesynbpraThl comocraBieHust xapakrepuctuk KIIJI u Hamopa mokasaiu cienyio-
1Iee: Ha MCCIIeyeMOM peXuMe Bce TPM BapuaHTa pacyera 3aBbIIIAIOT KOADOUIIMEHT TeopeThye-
ckoro Haropa Ha 14,3 %; BUI XapaKTePUCTUKU TOJUTPOITHOTO HAIopa, PacCYMTaAaHHOW B TOCTa-
HoBKe 360 rpamycoB, Hanbosiee OJM30K K BUAY OKCIIEPUMEHTAIBHOM, HO aOCOIIOTHAsI BeJIMYMHA
6ombie Ha 12 % npu ycinoBHOM KoadhduumenTe pacxoma 0,085; MakcMMallbHBINM pacCYMTAHHBINA
KIT[ ctynmenn (oKpy>kHOCTb 360 rpamxycoB) IMPaKTUYECKH PaBEeH MaKCHUMAaTbHOMY M3MEPEHHOMY.

Kniouesvie cnosa: CFD-pacueT, 11eHTpOOEXHBI KOMIIPECCOp, OcCepaauajbHOe paboyee KOJeco,
K111, KO3(OULIMEHT TeOPETUIECKOTO HaIlopa.
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ISSUES OF GAS DYNAMIC CHARACTERISTICS MODELING
ON THE EXAMPLE OF THE CENTRIFUGAL COMPRESSOR MODEL STAGE

The paper presents the results of CFD calculations of a centrifugal compressor stage with a high-
pressure 3D impeller and a vaneless diffuser. The stage was designed by Simonov at the LPI
Problem laboratory of compressors for the design parameters: flow rate coefficient 0.080, loading
factor 0,74, and the relative Mach number 0,78. Two design grids were used: 2,4 and 4,4 million
cells for the sector with one blade. The entire stage was calculated with a rarer grid. Special
«Stage» interface conditions were used to interface gas-dynamic parameters at the region
boundary. The SST turbulence model was used in the calculations. The results of efficiency

44



3HepreT|/|Ka N SNEKTPOTEXHUKA

characteristics and work coefficient comparison showed the following: all three variants of the
calculation overestimate the loading factor by 14,3 % in design flow rate; the calculated
characteristics of the polytropic work coefficient in the staging of 360 degrees are closest to the
experimental characteristics, but the absolute value is greater than 12% at a flow rate coefficient of
0.085; the maximum calculated efficiency of a stage (the circle of 360 degrees) is almost equal to

the measured maximum efficiency.
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BBenenne

CyMMmapHas MOIIHOCTb II€HTPOOEXHBIX
KOMIIPECCOPOB B TPOMBIILIEHHOCTA WU3MEpSIi-
eTcsl JEeCSITKAMU MUWUIMOHOB KBT (TOnbKO B
ra3oBoil MpoMbIlUIeHHOCTH P® ux mnopsiaka
55 muH kBt). ExeromHblii BBOI MOIIHOCTEH
IJIST pa3BUTUSI MPOU3BOICTB M 3aMEHbI yCTa-
pEeBIIMX MallMH — Oojiee MWLIMOHA KBT.
EnvHWYHas MOILIHOCTh MPOMBIILIJIEHHBIX 1IEH-
TPOOEXKHBIX KOMIIPECCOPOB U3MEPSIETCS ThICS -
yamu KBT (10 32 Thicau kBT u Gojee y kom-
IIPECCOPOB Ta30BOM ITPOMBIIIJICHHOCTH), I10-
3TOMY MHOTHE KOMITPECCOPBI BHITYCKAIOTCS
10 WHIWBULYAJBbHBIM mpoekTaMm. Jlaboparo-
pus «l'azoBast nuHaMMKa TypoOomamnH» O0b-
€IMHEHHOTO HAayYHO-TEXHOJOTUYECKOTO WH-
CTUTyTa C y4yacthuem WHCTUTyTa NepemroBBIX
TMPOU3BOJCTBEHHBIX TEXHOJIOTHUM COBEPIIEHCT-
BYET COOCTBEHHBIE WHXXEHEPHBIE METOJbI OI-
TUMATBHOTO Ta30[IMHAMUYECKOTO MPOEKTUPO-
BaHWSI W BBITIONHSET TMPOEKTHI MO 33AaHUSIM
KOMIIPECCOPOCTPOUTENEH.

l'azonuHamMuuyeckuii MPOEKT AOKEH Ta-
paHTUpPOBaTh, UYTO KOMIIpeccop OyAeT OTBe-
YaTh IBYM OCHOBHBIM TPEOOBAHUSIM:

MOJYYEHUI0 HYXHOTO KOHEUHOTO JaBJie-
HUS TIPU HYXXHOW MACCOBOW TMPOU3BOAUTEJIb-
HOCTU;

MUHUMQIBHOW  3arpare
makcumanpbHoMy KITJI.

VYpaBHEeHNST NBMXKEHUSI BSI3KOTO CXUMAae-
MOTO MPOCTPAHCTBEHHOTO TOTOKA B TMPOTOY-
HOM 4YacTM — 3TO HEe MMEKIINE aHAIUTUYE-
cKoro peleHus auddepeHiManbHble YpaBHe-
HUS BTOPOTO TMOPSIIKA B YACTHBIX MPOU3BO/I-
HbIX. COBpEMEHHBII ra30JMHAMUYECKUI MPO-

SHEpruu, T. €.

€KT OCHOBAaH Ha TOM WM HWHOM CHOCO0€
0000IIIeH!SI 3KCIEPUMEHTOB U IMpeariojaraeT
CJEAYIOIIWI TTOPSIIOK BBIITOJIHEHUS:

MEepPBUYHOE IIPOEKTUPOBAHUE, MpPU KOTO-
POM OCHOBHBIE pa3Mepbl BbIOMPAIOTCS Ha OC-
HOBE HEKOTOpPOro Habopa MpaBWI W OTHO-
MEPHOIo TePMOAMHAMMYECKOro pacuera IMpHU
KIId, xoTophlii IPOEKTUPOBIIMK Ha3HayaeT
Ha OCHOBaHMUM CBOEro OIbITa, KaK OXuiaae-
MYI0 BEJIMUYMHY;

ONTUMM3ALIMI0O W YCTAHOBJICHUE OKOHYA-
TEJbHBIX Pa3MepPOB B Pe3yJIbTaTe COMOCTaBIIE-
HUS BapuaHTOB ¢ pacueroM KIII mo Toit wiu
WHOW MareMaTu4yeckKoil mojenu (Habop aj-
rebpanyecknux YpaBHEHMH C BKCHEpUMEH-
TaJbHBIMU KO3((PUlIMEeHTaM1), UYTO CYIIECT-
BEHHO YIIPOIIIaeT padouuii mpolecc;

pacuyeT Tra30IMHAMUYECKUX XapaKTepu-
CTUK KOMIIpeccopa Ha pexume paboThl,
YKa3aHHOM B TEXHWYECKOM 3aJaHWu, U B
BO3MOXHOM JMamna3oHe 3SKCIUTyaTallMOHHBIX
YCJIOBU.

CoBpeMeHHbIE METOIbl BBIUMCIUTEIbHOMN
razoauHamMuku (CFD-MeTonsl) B COCTOSIHUU
paccynTaTh IBVDKEHME Ta3a B MPOTOYHOM Yac-
TH. B oTimure OoT MaTeMaTUYECKUX MOJIEIEN,
pe3yJbTaTOM TaKOIO pacyeTa SBISIOTCS He
TOJbKO Ta30IMHAMMYECKHE XapaKTepUCTUKU
KOMIIpeccopa, HO M MoyHast MH(pOpMalus O
CTPYKTYpe II0TOKa. BOTO TMO3BOJISIET HaWTU
MECTa MOBBIIICHHBIX MOTEPH AABJICHUS W OII-
TUMM3UPOBaTh IPOTOYHYIO YacThb M3MEHEHU-
eM ee ¢opMbl U pasMepa. CrenyeT TOJbKO
pelUTh BOIMPOC BepudUKaALMM pe3yIbTaTOB

pacuera.
OtHocutenbHO noctoBepHOCcTH CFD-pa-
cyeTta Tra3oAMHAMMYECKHUX  XapaKTepUCTUK
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LIEHTPOOEKHBIX KOMITPECCOPOB M MX CTyIIe-
Hell ecTh pa3Hble MHeHUs1 [1—4]. ABTOp Me-
toma Agile engineering [5—14] wucmonb3yer
3TH pacyeThl B CBOEM METOJE IIPOCKTUPOBA-
Hus. [lpuBoaarcss mpuMepbl OZHOCTYIEHYA-
TBIX TPAHC3BYKOBBIX M CBEPX3BYKOBBIX KOM-
IIPECCOPOB Ta30TYpOMHHBIX ABMUIaTelieil ¢ oce-
pamvaibHBIMKA  TPOCTPAHCTBEHHBIMU  IIOJIY-
OTKPBITBIMUA PabOYMMHM KojJecaMu. Y aBTOPOB
CTaTbU TOXE €CTb TOJOXMTECIbHbBII OIBIT
npuMmeHeHus1 CFD-pacueToB Takux KOM-
npeccopoB [15—17]. OO0 ycmemHoM Moae-
JIMPOBAHUM CTYIEHENM IPOMBIILICHHBIX KOM-
MPEeCCOpPOB COOOIIAET aBTOp JAMUCCEpPTalluM
[18]. OnHako OH MOJb30BaJCS MAaKeTOM IIpO-
rpamm ¢upmbl GE, mosTomy mpoBepuUTh pe-
3yJIbTaT U UCMOJb30BaTh €ro He MpeacTaBis-
€TCSI BOBMOXHBIM.

CoOCTBEHHBIN OIBIT AaBTOPOB W JIpyrue
UCTOYHUKU [19—27] yKa3plBalOT Ha IBOSIKUIA
XapakTep pe3yJabTaTtoB. JIBuXeHue rasza B He-
MOJBMKHBIX BDJIEMEHTAaX CTyIEHU KOMIIPECCO-
pa Momenupyetrcss koppektHo. CFD-pacuetsl
VCIICIIHO MCIIOJB3YIOTCS B HCCIEAOBaTEIb-
CKMX M MPOEKTHBIX padotax [22, 23, 25—28].
B To ke Bpems paccuyMTaHHBIE KOMMEpYE-
ckumu nakeramu ANSYS CFX u Numeca
Fine Turbo xapakTepUCTUKU CTYNEHU LEIU-
KOM OTJIMYAIOTCSI OT 3KCIIEPUMEHTAIbHbIX.

Ieabp paGoTel — corocTaBjieHUE KCIEpH-
MEHTaJbHBIX Ta30AMHAMMUYECKUX XapaKTepu-
CTUK MOMAEJIBbHON CTYyIIEHM LIEHTPOOEXKHOIO
KOMIIpeccopa ¢ XapaKTepUCTUKaMM, PacCuu-
TaHHBIMU ¢ momolupio makera ANSYS CFX,
NpU pa3lIdyHBIX METomax pacuera. B ciyuae
ycIexa OTKPHIBAe€TCS MYTh IOJHOIO OTKa3a OT
(pu3ryeckux 3KCIePUMEHTOB IPU CO3JaHUU
MOJIEJILHBIX CTYNEHEM U NPOTOYHBLIX YacTei
MHOTOCTYMNEHYAThIX KOMITPECCOPOB.

MeToauka 00padOTKH pe3yJbTATOB

XapakTepuCTUKNA MONEIbHBIX CTyIEeHEH
MPEICTaBIIAIOTCS B Oe3pa3sMepHOM BUIE, Ha-
npuMep n , y;, \y: B BUAe (DYHKIIMIT YCITIOBHO-

ro kospduumenrta ®° [29]. B zaBucumoctn

" Bee IIPUHATBIC 0003HauYeHUsI U COKpallCHuUA
TIPUBEOCHLI B HpI/IHO)KeHI/II/I B KOHII€ CTaTbU.
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OT pa3MepoOB KOMIIpeCccopa U YCIAOBUM pabOThI
nepexol K pa3MEpHBIM MapaMeTpaM OT 0e3-
pa3MEPHBIX XapaKTEPUCTUK OCYIIECTBISETCS
110 YpaBHEHUAM

*

i =0, 7850 D2u, L0 1
m h Uy RT, (1)

% * Ln*
Py =po [ 1+ (k=1)y, M7 [ 5 (2)
N, =iy ,143. (3)

IIpu 00paboTKke pe3yJbTaTOB MCIIBLITAHUS
crynenn 1 CFD-pacueToB K03(PULIMEHT pac-
XOJla pacCUMThiBaeTcsd I0 ypaBHeHUIo (1), mo-
JmutponHblid KIT mo MmojJHBIM MapamMeTrpam —
no gopmyie (4), KoaddULMEHT BHYTPEHHETO
Hanopa — 110 dopmyde (5), K03 GUIIUEHT T10-
JIMTPOITHOTO Haropa — 1o ¢opmyie (6):

*

In p’,ﬁ
: p
= 4)
" Lln TK
k-1"\T,
¢, (Tc-T,
w,-=—”( ) ); (5)
)
v, =wm . (6)

MonenupoBanue ABYX3BEHHOI
mojenbHoi ctynend OPK + BJIJI

CryneHb Obula pa3paboTaHa M MCIbITaHA
HayyHolt rpynmnoii npodeccopa A.M. Cumo-
HoBa B IIpoGaemHoli TabopaTopund KOMITpEC-
copoctpoeHus JITIN ¢ 1enbio pa3BUTUS Me-
TONOB pacyeTra M IPOCKTUPOBAHUS U HU3yYe-
HUSI BO3MOXHOCTH TPUMEHEHMS CTYIEHEH C
BBICOKOHAITOPHBIMU MOJYOTKPBHITBIMU  pabo-
YUMHU KOJeCaMM i1 TPOMBIILICHHBIX KOM-
npeccopoB [30]. IloayoTKphIThIE Kojeca Y
MPOMBILIEHHBIX KOMIIPECCOPOB HE HAIIUIA
IIMPOKOTO TIPUMEHEHUsI, HO OOBEKT IIpel-
CTaBJIsIET MHTEepeC IJIs1 arperaToB TypOOHAaIIy-
Ba JIBC.

OO0BbeKT MoaeaMpoBaHUs u300paxkeH Ha
puc. 1.
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Puc. 1. IIpotounas yacts cryrieaun OPK + BJIJI 1 pabouee Kojieco ¢ CETOUHON MOMIEIIBIO
Fig. 1. Flow part of the 3D impeller + vaneless diffuser (VLD) and impeller with grid model

CryrieHb ¢ ocepaavajibHBIM pPabOYMM KO-
necom (OPK), GesnomaTouyHbiM Augdy30poM
1 cOOpHOI KaMepoil CIpOeKTUPOBaHA Ha Clie-
Aytouye pacuetHble mapamerpsl: .., = 0,080,
Vrpacs = 0,74, M, = 0,78. OcepanuanbHoe pa-
O0ouee Kojeco umeeT auametrp D, = 410 mm.
®opma OPK 061m3Ka K cxeMe «Bpalllaroluiics
HaIpapJIIIOLIMI anmnapaTr + paavanibHasl 3Be3-
nma». Jlomatku B pagMalbHOM YacTU MMEIOT
(opMy pamuanbHBIX IUIACTUH C BBIXOIHON 4Ya-
CTBIO, OTOTHYTOI NPOTWB HAIIpaBJICHUS Bpa-
IIEeHNWS. YTOJ BBIXOHA JIOMATOK — P, = 63°,
YUCJIO JIONaToK — 24.

Pesynbrarhl 3KCnepMMeHTa MHpPeICTaBICHBI
B TabaulIe.

N3mepennbie xapakTepuctuku ctynend OPK + BJIJ
Measured characteristics of the 3D
impeller + VLD stage

@ W:Z—Z ‘V:474 Tl;—z T1251—4 Vi
0,067 | 0,746 | 0,693 | 0,929 | 0,866 | 0,8037
0,073 | 0,730 | 0,690 | 0,932 | 0,870 | 0,783
0,080 | 0,713 | 0,680 | 0,939 | 0,877 | 0,760
0,089 | 0,690 | 0,656 | 0,929 | 0,870 | 0,743
0,101 | 0,640 | 0,603 | 0,873 | 0,823 | 0,733
0,113 | 0,430 | 0,420 | 0,656 | 0,573 | 0,655

CeyeHne 2—2 C WH3MEpPEHUEM MOJHOTO
JaBJIeHWsI pacIiojioxkeHo Ha amametrpe 1,05D,.
CeueHue 4—4 ¢ u3MepeHUEM ITOJIHOTO IaBie-
HUSI Ha BbIXoje U3 cTyneHu (Boixon u3 BJII B
JTaHHOM CJIy4ya€) pacIlojloK€HO Ha IhaMeTpe
1,6D,.

IIpy mocTpoeHUM pacyeTHOW MOJEIU UC-
MOJIb30BaJlaCh CTPYKTYPUPOBAaHHAS CXeMa C
reKCcaroHaJIbHbIMUA 3JeMeHTamMu. Mg ydera
MOTPAaHUYHOTO CJI0SI K TpaHMIaM, OIpese-
JISIOIIM CTEHKHW TPOTOYHOM 4YacTh, 3aaaBa-
JIOCh CTylLlIEHHWE, HeoOXOomuMoe IJisd YOOBJIe-
TBOPEHUSI TPEOOBAHUAM MOAENEH TypOYJIEHT-
HOCTM M MNPUCTEHOYHbIM GyHKuMsAM. Pazmep
MEePBOII MPUCTECHOYHOM SYECUKU BapbUPYETCH
B muamnasoHe 0,002—0,004 mMm. Koadpdpunment
yBenmaeHus1 pasmepa — 1,2—1,5. O0miee Ko-
JIMYECTBO  pPACYETHBIX SYEEK  COCTABUIIO
1350525 pns cekropa ¢ ONHOM JIOIIATKOM
(cexTop 360°/24 = 15°). PacueTsl BBINOJHEHBI
KakK IS CeKTopa, TaK M IJIs1 BCEl pacyeTHON
obmactu. Mg compspkeHUs Ta3oduHaMuye-
CKMX ITapaMeTPOB Ha TpaHUIE O0JacTel ucC-
MOJIB3YIOTCSL CIELIMAJbHbBIE YCIOBUS WHTEP-
¢deiica Tumna «Stage». B pacuerax McCIonb30Ba-
Jlack Mozenb TypoyneHTHoctn SST.
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C 1enpl0 WCCIACHOBAHUSI BIMSHUS pas-
MEpPHOCTH pacuyeTHON MoOnaead Ha ra3oauHa-
MMWYECKUE XapaKTEPUCTUKMU OBLIM pPaccMOTpe-
Hbl JB€ CETOYHBIX MOMAEJM [JIsI CeKTopa MO-
JIeJIbHOM cTyneHu. B mepBoil Moaenu KoJimde-
CTBO SIYE€EK MJIsI ONMCaHUs MPOTOYHOI objac-
™A cocTaBisio 2 429 380 syeek, BO BTOpoOi —
4 448 897 sueexk (MomucULIMpOBaHHAsI XapaK-
tepucTtuka). Ilo Ooyblieit yacTM M3MEHEHUS
KOCHYJIMCh CEeTKM pabodero Kojeca. B memom
pa3Mep dJieMeHTa ObLT yMeHblIeH B 1,4 pasa,
B IIPUCTEHOYHON 00JacTu pa3Mep IIepBOro
snmemeHTa yMeHbmeH c¢ 0,005 mo 0,002 mwm.
KonnuecTBO 3/1eMEHTOB B 3a30pe YBEJIMYEHO
¢ 14 no 34. baaromapsi 3ToMy CpeaHee 3Haue-
HMe Y Ha TOBEPXHOCTU JIOMATKU W3MEHM-
Joch ¢ 15 Ha 4.

Takum obOpa3oM, ¢ 3KCIIEpUMEHTAMU CO-
MOCTaB/IeHbl TPU BapuaHTa pacyeTa:

1) PC-15 — penkast ceTka, OOWH MEXJIO-
MaTOYHBII KaHaJl M CEKTOp Oe3/I0MaTOYHOro
auddy3opa 15 rpagycos;

2) PC-360 — penkasg ceTka, pabouee
Kojieco U OesnomnartouHblit Aucdy30p Leau-
KOM;

3) I'C-15 — rycras ceTka, OMMH MEXJIoIa-
TOYHBI KaHaJl M CEeKTOop O€3JI0NaTOYHOro
nuddysopa 15 rpagycos,

OcHOBHasl 4acTh MEXaHWYECKOM SHEPruu
nepenaeTcsl rasy Jjornarkamu pabouyero kose-
ca. CooTBeTCTBYIOLIMI 0Oe3pa3MepHBI KO-
a(puLmeHT Ha3bBaeTcsl  KO3(P(PUIMEHTOM
TeopeTudyeckoro Hamopa. FEro BenuuuHa
ompeneiseTcsl M3MEHEHUEeM OKpPYXHOI Co-
CTaBJISIIONLIEH aOCOMIOTHOM CKOPOCTU U BHITE-
KaeT M3 OCHOBHOTO ypaBHEHUs TypOOMaIIIMH.
[Ipr ycmoBUM OOBIYHOTO Ui TIPOMBIII-
JICHHBIX KOMIIPECCOPOB OTCYTCTBUSL OKPYXK-
HOI COCTaBJISIIOIIEH CKOPOCTM Ha BXOAE B
KOJIECO

VY, =Cp /Uy, (7)

TpeHue HapyXHBIX MOBEPXHOCTEH NMCKOB
M TIPOTEYKH B JJAOMPUHTHOM YIUIOTHEHUM I10-
KPBIBAIOIIETO AMCKA AOMOJHUTEILHO II0ABO-
JISIT MEXaHWYECKYI0 SHEPruio, YTO YUYUTHIBACT-
CA SMIMPUYECKUMM KodpduuueHtamu B,
Bup [3, 32]. CooTrBeTcTBYIOIINIA OEe3pa3sMepHBIIA
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K03 duUIIMeHT Ha3biBaeTcs Ko3GhdUIIMEHTOM
BHYTPEHHEro Haropa:

Vi = (B, By 8)

JIuHelHbI XapakTep 3KCHepUMEHTAILHOI
3aBUCUMOCTH ; = f{D) OTMEUeH ellle B IepPBhIX
MOHOTrpausIX II0 LEHTPOOEKHBIM KOMIIPECCO-
pam [31, 32], a B pabote [33] 3TO TTOATBEPXKIE-
HO aHaJIM30M XapaKTEPUCTUK OOJIBIIOTO KOJIU-
YecTBa MPOMBIIIUIEHHBIX KOMIIpeccopoB. B pa-
6ote [34] mokazaHO, YTO 3TO €CTb CJEACTBUE
JIMHEMHOIO XapakTepa 3aBUCUMOCTH Koa(pdu-
LIMEHTa TEOPETUYECKOro Hamopa oT Koadduiim-
€HTa pacxola Ha BbIXOJA€ M3 padoyero Koueca —
v, = fley). Kosbobuumentsl B, By, Wi 00b-
IIMHCTBA IPOMBIILICHHBIX KOMIIPECCOPOB
HEBEJIMKM U MaJo OTKJIOHSIOT 3aBUCHUMOCTh
y; = flgp,) OT JIMHEHHOTO Xapakrepa.

Y paccmatpuBaemMoil CTYIEHU C TIOJIyOT-
KPBITBIM paboYMM KOJIECOM TMOKPBIBAIOIINI
JIHUCK W €T0 YIUIOTHEHHWE OTCYTCTBYIOT, TO €CTh
Bup = 0. Teuenue B 3a30pe MEXIYy OCHOBHBIM
JUCKOM M KOPIYCOM HE MOACIMPOBAIOCD,
nosromy PB,, = 0. Takum obOpasom, paccyuTa-
Hbl XapaKTepUCTUKU Ko3(dUIMEeHTa Teope-
TUYECKOI'0, a He BHYTPEHHEIo Haropa.

Ha puc. 2 no pe3syiabratam pacyeTa C JIBY-
MSlI BUIOAMHU CETKM OIHOIO MEXJIOIIaTOYHOTO
kaHaia (cextop 15°) u jionaToOYyHOU peleTKu
earkom (360°) mpeacTaBieHbl 3aBUCUMOCTU
ko3¢ duIIMeHTa TEOPETUYECKOTO Haropa.

Pe3ynbTaThl pacyeToB BO BCEX CIydasx
MOKa3blBajyd TPEBbILIEHNE PacCUMTAaHHOTO
Ko3dduumenra Hamopa Haja ~ U3MEpPeH-
HbIM [19, 20, 24]. Yrom mexay paccuuTaH-
HOM JIMHEMHON XapakKTePUCTUKOU U OCHIO
abcumcc Bcerga OOJbBIIE WM pPaBeH YLy
9KCIIEpUMEHTAJIbHOI XapakTepucTuku. Kaxk
U y Opyrux McciaeaoBaTeseid, paccuMTaHHasl
HamopHas XapaKTepPUCTUKA JIEXKUT BBIINIE U
HakJoHeHa Tof OosbiiuMm yriaom. K nuHeit-
HOMY XapakTepy OJMXe XxapaKTepUCTHKA,
paccuuTaHHas ¢ OoJjiee TyCTON CETKOM s
cexropa 15°.

Ha puc. 3 mokaszaHbl 10Js1 aOCOJIOTHOM
CKOPOCTH B KoJjiece NMpu Tpex KoadduiimeHrax
pacxona.
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Puc. 2. 3mepeHHast 1 pacCUMTaHHbBIE XapaKTEPUCTUKU KO3 UlMeHTa TeOPeTUUECKOTO Hamopa

MOJIyOTKPBITOI'O OCepamsralbHOro pabouero koseca (a — cekrop 15°; 6 — 360°)
Fig. 2. Measured and calculated loading factor characteristics of semi-open 3D impeller
(a — sector 15°; 6 — 360°)
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a) 0)

6)

Puc. 3. I1ons abconoTHOI CKOPOCTH B ocepaauaibHOM pabodyeM KoJiece:

a—P=0,007,6— D=1

pacu

=0,080; 6 — ® = 0,113

Fig. 3. Fields of absolute speed in 3D impeller:

a—P=0067,6—DP=0]

30HBI MOBBILIEHHON a0COJIOTHON CKOpO-
CTM Ha 3aJHEli CTOPOHE JIOMAaTOK — 3TO 30HBI
«cnema»  [29], T.e. HU3KOIHEPreTUYECKOM
30HBI, TAE OTHOCUTEIbHAsI CKOPOCTh (CKO-
pOCTh BO Bpalllalolleiicss cucTeMe KOOpAu-
HaT) MaJIeHbKasl, I03TOMY a0COJIOTHAsI CKO-
pocTh OJIM3Ka K OKPYXXHOM CKOPOCTH KoJjieca.
[Ipu pacxome MeHbIIEe PacuyeTHOrO M IOJIO-
KMTEJILHOM YIJIe aTaku 30Ha clieja — Hau-
Oosiblllasi, KaKk M CJAeAyeT U3 BKCIIEPUMMEHTOB
n Teopuu pabouero mpoiecca. OTMETUM, UTO
B CpPaBHEHUM C TUIMWYHBIMU CTYIICHSIMU
MPOMBILIJIEHHBIX KOMITPECCOPOB, TNI€ BHIXOI-
HbIC YIVIbI JIONIATOK OOBIYHO HAMHOTO MEHb-
e, 30Ha paboThl CTynmeHUW — y3Kasa. M3me-
PEHHBII MaKCHUMAaJbHBIN KO3(GQGUIMEHT IT0-
JIMTPOIIHOTO  HAIopa  JOCTMTHYT  IIpH
® = 0,067. DTO COOTBETCTBYET I'PaHUIIE YCTOM-
YyrBOM paboThl — 30He moMmnaxa. bosbiias
obnacTh cjega B PacyeTHOM 3KCIEPUMEHTE
TaKKe CBMAETEJILCTBYET O OJM30CTU T'PAHUIIBI
YCTOWUMBOM PabOTHI.

Ha puc. 4 nokazaHbl XapakKTepUCTUKU KO-
a¢hGuLMeHTa MOJUTPOITHOTO HAropa CTyMeHU
«ocepaguanbHOe pabouee Koseco + Oesynomna-
TOYHBIN AUPDY30p».

Pacuer cexTopa 15° mpu «peakoil» ceTke
JaeT  HEYAOBJICTBOPUTE/IbHBIM  Pe3y/abTarT.
MaxkcuManbHBIN KO3(GGUIIMEHT Hamopa IIpu

koadduumenre pacxoma ® = 0,080 (3T0
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pacy

=0,080; 6 — ® = 0,113

rpaHulla TOMIIaxa) SIBHO HE COOTBETCTBYET
5KCIIEPUMEHTAJIBHBIM TaHHBIM. PacyeT npwu
YIBOEHHOM KOJMYECTBE SYeeK I10 XapakTepy
Onke K 3KCIEPUMEHTY, HO KO3(h(PUIUEHT
MOJIUTPOITHOTO HAropa 3HaYMTeJIbHO OO0Jb-
e — mpuMepHo Ha 15 % Ha pacyeTHOM pe-
XKuMe. biarke Bcero K 3KCIEpUMEHTY IO Xa-
paKTepy 3aBMCMMOCTM OT pacxoja W IO Be-
JIMYMHE JaeT pacyeT IIOJHOM JIOMaTOYHOM
pelIEeTKU TIPU «PEIKOI» CETKE.

Paccuutannbie xapaxkrepuctuku KIIJ Ha
puc. 5 UMEIOT 3aKOHOMEPHYI0 (popmy, HO Je-
MOHCTPUPYIOT TEHIAEHIMIO CMEILIEHUSI B CTO-
pOHy OoJIbllIer0 pacxoia, Kak U y APYIMX UC-
CJIE[IOBATEJIEN.

PesynabTaThl pacyeTOB I1OKAa3bIBAIOT Clie-
Qylollee:

1) B Bapuante PC-15 camoe mioxoe co-
pragenue no KITJI v xoagduimeHram teope-
TAYECKOTO Y TOJUTPOITHOTO HAIOPOB;

2) BapuanT PC-360 mokxasan yIoBJIETBO-
putenbHoe coBrageHue 1o KIIA n koaddpu-
LIMEHTY TIOJMTPOIIHOIO HAIlopa M IUIOXO€
coBmaseHue Mo Ko3(pduIMeHTy TeopeTnye-
CKOTo Hamopa;

3) B Bapuante I'C-15 Habmomaaoch ymoB-
JIETBOPUTEIBHOE COBHAAeHUE MO KO3 duim-
€HTY TeOpEeTHMYECKOro Hallopa U IIJIOXO€ COB-
nagenue no KIII v kKoap@ULUMEeHTY MNOJau-
TPOITHOTO Harmopa.
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Puc. 4. Xapakrepuctku Ko3¢GGHUIIMeHTa TOIUTporTHoro Haropa ctyriean OPK + BJI
(a — cextop 15°; 6 — 360°)
Fig. 4. Polytropic head characteristics of the 3D impeller + VLD stage
(a — sector 15°; 6 — 360°)
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Puc. 5. U3mepenHas u paccuutanHble Xxapakrepuctuku KITI ctynenn OPK + BJI/
(a — cextop 15°; 6 — 360°)
Fig. 5. Measured and calculated efficiency characteristics of the 3D impeller + VLD stage
(a — sector 15°; 6 — 360°)
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O6cyxnenne pe3yjibTaToB

VY BapuaHta 3 XapakTepucTUKa Ko3(pdu-
LIMEHTa TEOPEeTUYEeCKOro Hamopa OJmke K
9KCIEPUMEHTAIbHO TOATBEPXKIACHHOMY JIM-
HeilHOMy xapakTepy. Bapmantel 1 u 2 parot
OIMHAKOBBIM pe3yJabTaT — HeJMHelHas Xa-
pakTepucTKa C OTKJIOHEHHEM B CTOPOHY
MeHblIero Hanopa npu @ < @, Ha pa-
CUECTHOM peXMME BCE TPW BapuaHTa 3aBhIIIA-
0T KO3(pPULIMEHT TEOPETUIECKOTO Harmopa Ha
14,3 %.

VY BapuanTa 1 npu @ < @, KIIJI 6bicT-
po cHuxaercd. ITostomy nmpu @ ~ @, Ko-
3G GUIMEHT TOJIUTPONHOIO HaIopa J0CTUraeT
MakCcuMyMa, T. €. Y pacCYMTaHHOW IO Bapu-
aHTy | XapakKTepUCTHUKM IIOJYYMJIOCH COBMAa-
JIeHWE TPaHMWIIBI ITOMIIaXXa C PACUCTHBEIM pe-
KUMOM. Takass HETOYHOCTh pacyeTa XapakTe-
PUCTUKM HEIOIYCTHMA.

Bun paccumTaHHON Mo BapuaHTy 2 Xxapak-
TepUCTUKU IIOJUTPOITHOIO Haropa HauboJjee
OJIM30K K BMIY B3KCIEPUMEHTAJIbHOM, HO ab-
CONIIOTHAsI BeJIMYMHa Oosblie Ha 12 % mipu
D, = 0,085.

MaxkcuMallbHbI pacCUMTAHHBIN MO Bapu-
anty 2 KIIJ[ cTymeHM mpakTUYECKM paBeH
U3MEPEHHOMY MaKCHMaJlbHOMY.

3akimoyeHue

BhinosiHEHHOE pacyeTHOe MCCIeI0BaHue
MOATBEPAWIO Pe3yJbTaThl, paHee IMOJyYeHHbIE
aBTOpaMM IIpU MOJIEJIMPOBAHUM BBICOKOHA-
MOPHBIX LIEHTPOOEXKHBIX CTYIEHE Ta30Typ-
OVMHHBIX JBUTATeICi, W pe3yJbTaThl APYTUX
uccinenopareieii. KoppekTHoe MojaeanpoBa-
HUE XapaKTePUCTUK LIEHTPOOEKHBIX KOMITPEC-
COPHBIX CTYIEHE ITO-TIpEXKHEMY OCTaeTCs
HepeleHHoM 3amaveii. Haumxymime pesynbra-
THl IOJIyYCHBI aBTOpaMM NpPU Haubojee DKO-

HOMHOM pacueTre (peakas ceTka, ceKTop 15°).
bonee 3aTtpaTHBII pacyeT — peaKas CeTKa,
MoJiHasl JomaTo4yHas peuierka 360° — maeT
MmakcumanbHbit KITJ cTyneHu ¢ gocraTod-
HOIl TOYHOCTBIO. OLEHUTHh BO3MOXHOCTHU Ca-
MOTro 3aTpaTHOIO pacyeTa — TIycTas CceTka,
TOJTHasl JloTlaToyHasi peieTka 360° — aBTOPBI
MpearoaaraloT B JaJbHEHIIEM.

PacyeTsl TPOBOAMIMCH B CYMEPKOMIIbIO-
TepHOM LieHTpe «Ilomutexunueckuii» CIIOITY.

IIpunoxkenue

Yenosnuvie obosnauenus: ¢, — OKpy>XXKHas COCTaB-
JAI0masg CKOPOCTH; €, — TEIUIOEMKOCTb TPU TI0-
CTOSIHHOM pAaBiieHuu; D — nuamMetp; kK — mokasa-
TeJIb W302HTpOMNbI; M, — ycloBHOe yucio Maxa;
m — MaccoBblii pacxon; N; — MOIIHOCTb, Tiepea-
BaeMasl rasy paboyuMmu KojecamMu (BHYTPEHHSIS);
p — HaBieHWe; R — Ta3oBasl MOCTOSHHAS; paguyc
KpUBU3HBI, T — TeMIleparypa; ¥ — OKpYXKHasl CKO-
pOCTB; B, — Yrod MeXay KacaTeJbHOW K CpemHeil
JIVHUM JIOMATKU pabodero Kojieca U OOpaTHBIM
OKDYXHBIM HarpasieHueMm; f,, — K03(pbUuUUeHT
[IPOTEYEK B JIAOUPUHTHOM YILIOTHEHUU; B, — KO-
3¢ GUIIMEHT TUCKOBOTO TpeHUs; ¢ — Ko3dduim-
eHT pacxona; @ — yCIIOBHBIM KO3(G@UIIMEHT pac-
Xola; n — Ko3(@UIMEHT I0Je3HOro IeiCTBUS;
y, — KO3(UIIMEHT TeOPETUUEeCKOro Haropa; \,; —
KO3(hMULMEHT BHYTPEHHETO HAmopa; y, — Koad-
(buIIMeHT MOJIUTPOITHOTO HaTopa.

Cokpawenus: KIIJI — koadbduUlIMeHT MoIe3HO-
ro aeiictBus; OPK — ocepamnaibHoe pabouee Ko-
neco; BJIJI — 6e3nomarounblii nuddyzop; CFD —
computational fluid dynamics.

Tloocmpounvie undexcer: 0, 0°, 2 — MHAEKCHI
KOHTPOJBHBIX CEUEeHWI; K — KOHEYHOe; H — Ha-
YajJbHOE, pacd — OTHOCSIIUICSI K pPacuyeTHOMY
pexumy (II0 pacxomy); u — MPOEKLUsS CKOPOCTU
Ha OKpYXHOE HampaBjieHHWe, maxX — MaKCH-
MaJIbHBIN.

Haocmpounote underxcor: = — OTHOCUTCS K TIOJI-
HBEIM ITapaMeTpaM (mapaMeTphl TOPMOXEHU).
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