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PaboTa mocBsillieHa M3yYeHUIO BIUsiHUS uncia PeitHonbaca (Re) Ha xapakTepuCTUKM CTYIIEHW KOMIIpeccopa BhICO-
kxoro napneHus (KBJ). beuio mpoBemeHo unciaeHHoe 3D-MomennpoBaHUE BS3KOIO TEUSHUS B KaHalaX TUIIOBOM IIEPBOM
CTyIeHu KoMrmpeccopa Beicokoro napieHusi K-8b ¢ ucnonb3zoBanuem nporpammHoro komiiekca ANSYS CFX. 3anava
paccMaTpuBajach B TOCTAHOBKE C TTOJTHOCTBIO TYpOYJIEHTHBIM TTOTPAaHUYHBIM c10eM (Mozelb TypOyiaeHTHocTu SST), BTOpOit
BapuaHT MOCTAHOBKU 3a7lauy 3aKJII0YaJICsl B yueTe JaMUHAPHO-TYpOyJeHTHOTO nepexona B TeueHuu (Mozaenb SST B mape
¢ Mozenbio Y — Reg). [ MonennpoBanus CHUXKEHMA YKciia Re Ha BXOIHOM IPaHUYHOM YCJIOBUM BBICTABJIAINCH CIEY-
IOlMe 3HAYeHUs MOTHOTo HasieHus: p,” = 101325 Tla, p,"= 73040 Ia, p," = 28990 Ila, p,” = 21210 Ia (cOOTBETCTBEHHO
Re, = 1157494, Re, = 826805, Re; = 331127 u Re, = 242027), npu yacToTax BpallleHus poTopa, pasHbix 100 % u 95 %
OT PacueTHOM YacTOTHI (npm). CHMXeHUe mapaMeTpoB TpU YMEHbIIIEHUU yucia PeiiHonbaca misi MaKCMMaJIbHOTO pac-
Xo/a coctaBuiio B cpenHeM 1.8 %. CHuXXeHue MakcUMalibHOTO KoadduimenTa nonesHoro aeiictsus (KITI) cocTaBuio B
cpemHeM 4.5% 1Sl cTaHIAPTHOM TTOCTAHOBKY M 3.8 % — TIpM MOIETMPOBAHUY JJAMHUHAPHO-TYPOYJIEHTHOTO repexona. Cpas-
HeHue TIpu # = 95% dKCIepUMEHTATbHBIX U PACUETHBIX TaHHBIX TTOKA3bIBAET, UTO IPUMEHEHNE YTOYHEHHOM MOJCIIH Typ-
OYyJIEHTHOCTU MO3BOJISIET HAMHOT'O TIPUOIM3UTHCS K 9KCIIEPUMEHTaIbHBIM pe3y/ibTaTaM 110 3HaueHUsIM MakcuMaibHoro KIT
Kak MpHU MaKCUMaJbHOM, TaK ¥ MpW MUHUMaIbHOM Re (TorpemrHocth MeHee 0.5%) u 1Mo 3HaYeHUSIM CTETIeHU TTOBBIIIE-
HUS TIOJIHOTO JaBJeHMSI B ToukKax MakcumanbHoro KIT (morpemrHocts pumepHo 0.5%)

Karoueswie cnosa: uncno PeitHombaca, CTyIeHb KOMITpeccopa BEICOKOTO AaBICHUS, IITMPOKOXOPAHAs CTYTIEHb, YUCICHHOE
MOJZICJIUPOBAHUE.

BBenenue

B HacTog1Iee BpeMsI aKTyaJTbHOM 3amadeil SIBiIsieT-
s TIOBBIIIIEHE BBICOTHOCTH pabOTHI JIOMATOYHBIX Ma-
ILIMH, KOTOpasl HaNpsIMy1o cBsi3aHa ¢ 3 dekTamu, Bo3-
HUKAOIUMA B IMTPOTOYHON YacTW TIpW U3MEHEHUU
yucyaa PeiiHonbaca. OcCoOEHHO OCTPO 3TOT BOIIPOC
BCTaeT TPU MPOCKTUPOBAHUM JIOTIATOYHONM MAITWHBI
JUTSI CUJIOBOM YCTAHOBKM JICTATEIIHLHOTO aITiiapara, Tpe-
Ha3HAuYeHHOTO IS ToJieTa Ha OOJBIINX BHICOTAaX M,
COOTBETCTBEHHO, C CWJIBHBIM pa3peXeHWeM Ha BXOJe
B aBUTaTeb. JJIST 0CeBOTO KOMIIpeccopa M3ydeHHe
3TOTO BIVSTHHS Ha XapaKTEPUCTUKH W TTOJS TCUCHUIMA
MOXET JaTh OCHOBAHWSA IJiI OOBEKTUBHOW OICHKHU
peabHbIX XapaKTepuCTUK KoMmpeccopa [1—8]. Pa3Bu-
tue CFD (computational fluid dynamics) TexHomorui
MO3BOJISIET C JOCTATOYHOM JIJIT MHXKEHEPHBIX PacueTOB
TOYHOCTBIO TIOJTYYUTh WHTETPATbHBIC XapaKTePUCTUKI

U KapTUHBI TEYCHUS B MMPOTOYHOM YACTU JIOTIATOYHOM
MAaIllMHbI, OTHAKO MOJAEIMPOBaHUE PabOYEro Mmpoliec-
ca IpM MOHMKEHHBIX Re mpeacrasiseT codoii 3amady,
TpeOyIo1IyIo ocoboro noaxona. B padore [9] nmpusene-
HBI pe3yJbTaThl PACYETHOTO U DKCIIEPUMEHTATBHOTO
uccienoBaHus AByx cryneHeir KB B 3aBUCUMOCTH OT
yuciaa Re. IToayyeHHbIe pe3yabTaThl IIOKA3aJIU CYILE-
cTBeHHO Oosbiee cHiKeHue KIIT/ B pacuéTe 1o cpaB-
HEHUIO C 9KCIIEPUMEHTATbHBIMU JTaHHBIMU TIPU CHU-
>)keHuu yucia Re. OcHOBHAs TIpUYMHA PACXOXKICHMS
PacYETHBIX M IKCIEPUMEHTAIbHBIX JaHHBIX, TI0 MHE-
HMIO aBTOPOB JAHHOI CTAaTbU, 3aKJII0YAETCSI B HECOBEP-
IIEHCTBE HMCIOJIb3yeMON MOIeau TypOYyJIeHTHOCTH,
KOTOpas He YYUTBIBACT HAIMYMS yJacTKa JaMUHAPHOTO
IMOTPAHUYHOTO CJIOS (€ro MPOTSKEHHOCTh COCTABIISIET
ot 10 1o 30 % ot xopnb!l ipoduiist) [10—12]), u coot-
BETCTBEHHO TOYKH ITepexo/ia JAMUHAPHOTO TTOrpaHny-
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HOTO CJI0s B TypOy/JIeHTHBIN. ['eoMeTpus paccMaTpuBa-
eMoii crynenn KB/l K-8b Takke nmeeT MIMPOKOXOp-
JHYIO JIOMAaTKy paboyero Kojeca, U Mo pe3yjbTaTaM
pacdeToB HaOJIIOmaeTcs aHaJOrMyHas TCHICHIWS IS
CTaHAAPTHOM MTOCTAHOBKU C MOJHOCTBIO TYpOY/JIEHTHBIM
norpaHWYHBIM cjioeM. OgHakKo MpuMeHeHUe MOACIN
TYpOYJIEHTHOCTH, YUYUTHIBAIOIIEH JJaMUHAPHO-TYpOY-
JICHTHBIH TIepeXo, TTO3BOJIIET IIPUOJIN3UTHCS K DKCIIe-
PUMEHTY Mo 3HaYeHusIM MakcumaiabHoro KIIJI u 1o
CTETIeH! MOBBIIIEHMS ITOJTHOTO HaBJICHMUSI.

Oo0bekT uccaenopannd. IlocrtaHoBKa 3a1a4u

Crynenb K-8b — 510 nepBasi cBepx3ByKOBasi Bbl-
COKOHAarpy>eHHasi CTyleHb KOMITpeccopa BbICOKOTO
JaBJICHUSI, COCTOSIIIASI UX TPEX JIOMATOYHBIX BEHIIOB
(puc. 1). BxogHoit Hanpapisitomuii anmnapat (BHA)

Puc. 1. Crynenp K-8b

nmMeeT 46 jtormatok, pabouee koneco (PK) — 35 moma-
TOK, Hampasisgiomuit anmapar (HA) — 76 jgomartoxk.
CtyrneHb MMeeT IMPOKOXOPAHbIC JIONAaTKK pabodyero
KoJseca ¢ ywmHeHneM 0.729, 94To COOTBETCTBYET COBpPE-
MEHHBIM TEHICHIINSIM B pa3BUTUH TTEPCTICKTUBHBIX JIO-
NaTOYHBIX MaliMH. OCHOBHbIE T€OMETPUUECKUE Tapa-
MeTpbl, pacueTHbie anuadbatudyeckuii KITJI u creneHb
MOBBILIEHUS TTOJIHOTO JAaBJCHMSI MPUBEAEHBI B Ta0. 1.
[TpoBoauTCst pacueTHOE UCClIeAOBAaHUE XapaKTePUCTUK
BoicokoHaropHo# ctyneHu KBl K-8b nipu pabdote B
YCJIOBUSIX OOJIBIIMX pa3psLKeHU Ha Bxofae. B pesynb-
TaTe KOMITbIOTEPHOIO MOACIUPOBAHUS MOJYYEHbI NH-

Tabauuya 1

OcHOBHBIE T€OMETPUIECKHE W PadoUNe MapaMeTpbl
crynein K-8b

Hapy>xwHb1it nuametp kopmyca D, 307.4 mm
Huawmetp BTyku PK Ha Bxone D,, 168 MM
Hapyxwnbiit nuametp PK ctynenu D, 306.5 MM
Huametp Bryaku PK Ha Beixone D,, 261.4 Mmm
Yanunenue nonatku PK 0.729
CrenieHb MOBBIIIEHUS TTOJTHOTO TaBJICHUS Tt 2.0
Amnabarnueckuit KIT n", 0.86

TeTpaJibHbIe Ta30JIMHAMUYECKHUE XapaKTePUCTUKU U
M0JIsl TeYSHUT 17151 OTpeeIeHHOro Habopa uucen Peii-
HOJIBJICA MPU YacTOTax BpallleHUs1 poTopa, paBHbIX 100
n 95 % ot e

MoaenupoBaHue TPEXMEPHOIO TeUEHUsI B BeHIAX
MepBOM BHICOKOHATPYKEHHOU CTYMEHU KOMIpeccopa
Bbicokoro napieHust K-8b nmpoBeneHo B pacueTHOM
komruiekce ANSYS CFX B ctalimoHapHOI ITOCTaHOB-
ke [13—15]. KomMruiekc Mcroab30oBaicst ISl pelIeHUs
OCpeIHEHHBIX TT0 PelfiHOMBACY CTallMOHAPHBIX YpaBHE-
Huii HaBbe—Ctokca (RANS). B pacuerax npumeHe-
Ha MoJeb TypoyneHTHocTr SST, a 151 yueTa nepexoa-
HBIX SIBJICHUIA €€ TOTONHWIN Mozieibio Y — Re g (SST

Y— Reg) [16—20]. [lnsa cornacoBanus perieHus: Ha

poTop-cTatop uHTepdeiicax NCIoIb30BaIach TEXHOJIO-
rus «Mixing plane». CeTka pacueTHOI 00JacTU OXBa-
TBIBAET OJMH MEXJIOMATOYHBIN KaHaJ KaXKI0To BEHIIA,
OHAa MOCTPOEHA C MOMOIIbIO UHTETPUPOBAHHOTO B T1a-
KeT cerouHoro reHepatopa ANSYS TURBOGRID
(puc. 2 u 3). O0l1ee KOJIMUECTBO STUEEK, COCTABUBIIIEE
3643432 syneMmeHTa, pacipeaesaeHo Mo BeHIaM CIIedy-
oM obpazom: BHA — 1488565 sueiiku, PK —
920635 aueek, HA — 1234232 gueex. PagnanbHble
3a30pbl B PETYJIMPYEMbIX HANPaBJSIOIMX arapaTax
cocranisioT 0.4 MM Ha niepucdepnn 1 0.6 MM — 10 BTYJI-
Ke. 3a3op Ha mnepudepun pabodyero Kojieca MPUHST
0.5 mM. Ha BXOmHOM TpaHMYHOM YCJIOBUU yCTAHOBJIC-
HbI 3HaUeHM MOIHOI TeMmepartypsl (7 = 288.15 K) u
nosHoro gasienust p,” = 101325 Ila, p," = 73040 Ila,
p; =28990 Ila, p,” = 21210 IMa. laHHble 3HAUCHUS
TOJTHOTO NaBJIEHUS COOTBETCTBYIOT UnciaaM PeiitHob-
nca: Re, = 1157494, Re, = 826805, Re;=331127 n
Re, = 242027. Yucna Peiinonbaca 1is CTyneHu pac-
CUMTaHbI IO (hopMmyJie

JIuHeHbII pa3Mep OPUHST PaBHBIM XOPAE JIOMATKU
pabouero Kojieca Ha CpeHEeM paauyce; W — OTHOCU-
TeJIbHAsI CKOPOCTh; | — KO3((ULMEHT TMHAMUYECKON

BSI3KOCTU BO3Ayxa Ilepen pabodyum KojecoM. B ceue-
HUU BbIXOA MCIIOIb30BAHO YCIOBUE PATMAIBHOTO PaB-
HOBecus TeYeHUs ¢ (PUKCUPOBAHHBIM CTaTUYECKUM
naBiaeHueM Ha nepudepun. Ha TBEpAbIX mMOBEepXHOC-
TSX 3aaHbl YCIOBUS MPUIUMAHUSI U OTCYTCTBUS TeIl-
Jloriepenaym.

Pe3ynbTaThl pacyéTHOro McCiaeI0BaAHUS

CorniacHO MOJIyYeHHBIM pe3yJibTaTaM pacuéra, 1o
WHTErpaJibHbIM ra30AMHAMUUECKUM XapaKTepUCTUKAM
crynenu K-8b HaGnomaeTcst cuiibHas 3aBUCUMOCTD
Bcex e€ mapaMeTpoB CTYIIeHU OT umcia PeliHosbaca.
ITpu ymeHblIeHUM Re MpOUCXOIUT CABUT XapaKTepH-
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Puc. 2. KoneuHo-pa3HocTHas ceTka cryneHu K-8b B MepuaMoOHaIbHOM II0CKOCTH

Puc. 3. KoHeyHO-pa3HOCTHAsSI CeTKa B MEXKJIONATOYHBIX KaHanax. CedeHHe OT JIOIATKHU K JIOMATKe B CEpeauHe IMPOTOU-

Hoii yactu cryneHu K-8b

CTUK B 00JIACTh MEHbIIINX 3HAYEHUI pacxoaa BMECTE CO
3HAYUTEJIbHBIM CHIDKeHUEM aguadatndyeckoro KITI u
CTENEeHMU TOBBIIIEHMSI TIOJHOro nAaieHust (puc. 4) [5].

Yrto KacaeTcs pa3IMuMii MeXIy ABYMSI UCIIOJb3Y-
€MBbIMU MOJEISIMU TypOYJEHTHOCTH, TO HAOIIOHaeTCs
yBeIMYeHUEe 00I1Ier0 3HAUeHUST MAKCUMAJILHOTO PacXo-
Jla JJIsk BETBEil XapaKTepUCTUK, MIPU pacdyeTe KOTOPhIX
MNPUHUMAJICS BO BHUMaHME JJAMUHAPHO-TYpPOYIeHTHBIN
nepexon. BMecre ¢ 3TUM MOAHSIIMCH YPOBHU MaKCH-
mManbHbix KII u 3HaYeHU# CTEeNeHU ITOBBLIILICHUS
noJyiHoro napieHus. [Tpu sTom 001Kt XapaKTep ToBe-
JIIEHUs TTapaMeTpoB CTYIIeHU 1o uuciy PefiHonbaca
ocrajcs npexHuM. KoauuecTBeHHbIE U3BMEHEHUS Xa-
PaKTEepPUCTUK TIpU MOHMKEHUU Re oTpakeHbI B Ta0I. 2

JUTST 9acTOThI BpaleHust poropa 100% w 95%, pasuu-
1Bl B3SITHI MEXIy MaKCUMaJbHBIM M MUHMMAaJbHBIM
3HayeHueM uucia PeiiHonbaca.

Huzke mist yacToThl BpalueHust poropa n =95 %
MPUBENCHBI SKCIIePUMEHTAIbHBIC JaHHBIE U Pe3y/IbTa-
Thl PACYUETHOTO UCCIIEI0OBAaHUSI B 00€MX MOCTAHOBKAX 10
BIUsIHUIO yncna PeitHonbaca (puc. 5). Mcronb3oBaHue
MOJI€JIY, YUYUTHIBAIOLIEN JTaMUHAPHO-TYpPOYIEHTHBIN
nepexo/1, MO3BOJISIET 3HAUUTEJbHO TTPUOIU3UTHCS K
SKCIEPUMEHTAIbHBIM JaHHBIM B 3HAYEHUSIX MaKCH-
manbHoro KIII (pacxoxnenue npu Re, cocrapnser
0.44%, npu Re, — 0.5%), a Takxe JIydllle OTPaxKaeTcs
XapaKTep pacclIOeHMsST MapaMeTpPOB MPU CHMXKCHUU
yrcna PeifHonbaca, eclii yuecTh OINpeaeIeHHYIO T0-
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Puc. 4. Bnusinue yucna PefiHonbaca Ha aguabatuyeckuii KITJI v cTeneHb MOBBIIIEHUST TIOJTHOTO JABJIEHUs CTYTIEHU

K-8b nipu n=100% st 1ByX IMOCTAaHOBOK 3a1auK

Tabauuya 2
PasHuua no mapamMeTpaM CTYNEHH MEXIY MAKCHMAJIbHBIM M MUHHMAJLHBIM PACCMOTPEHHbIM umcioM PeiiHobaca
n=100% n=95%
SST SST y-Reb SST SST_y-Reb
Amax G, 1.52% 1.6% Amax G, ,,, 2.3% 1.6%
Ay 4% 3.9% Ay 5% 3.7%
ATC B TOYKAX Max Ny 2.8% 2,2% ATU B TOYKAX mMax Nyg 4.3% 2%

I'PCIIHOCTDL B 3HAYCHUAX pacCXOId0B. B Touke makcu-

mabHoro KITJI pacxokueHne 1o T MeXIy pesylb-
TaTaMM pacyeTa ¢ yUeTOM Tepexona U dKCIepUMEHTa
cocrapnget 0.17% npu makcumanbHoMm Re. s Re, B
Toukax Makcumyma KIIT/I Mexmy pacyeToM ¢ MOAEIM-
poBaHMEM Iepexoa U SKCIIEPUMEHTOM CTEIIEHb MTOBbI-
LLIEHUS TOJTHOTO NaBJEHUST PACXOAUTCS MPUMEPHO Ha

0.6%, B TO BpeMsI KaK B CTaHAapTHOI ITOCTAHOBKE 3Ta

BeJIMUMHA TU HUXKE SKCIIEPUMEHTATBHOM MpH Re, Ha
1.4%, a npu Re, — Ha 4%.

AHanMM3 pacripenejeHnii OTHOCUTEIBHOTO YKCiIa
Maxa B ce4eHUsIX OT JIOMATKH K JIOMATKe ITOKA3aJl, YTO
XapakTepHbIE U3MEHEHUS B 00TEKAHUU TTPOQUIIEi J10-
MaToK CTYIEHU MPU MOHWKEHUM yncia PeifHonbaca
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Puc. 5. 9KCHCpI/IMCHTaJ'[bHI>Ie M paCyY€THBLIC JAHHBIC I1O0 BJIMAHUIO YHUC]Ia PeiiHonbaca Ha nmapaMeTphbl

crynenu K-8b

Inpn n = 95% niist MAaKCUMAaJIbHOTO ¥ MMHMMAaJIBLHOIO uncia Re

MPOUCXOMAT B TIOTPAHUYHBIX CJIOSIX M Ha BBIXOME T1O-
TOKa BOJM3M 3aIHEil KpoMKH JionaTok. K Takum m3-
MEHEHUSIM B XapaKTepe 00TeKaHUsI OTHOCSTCST YBEIIH-
YeHMEe OOIIei TONIIMHBI OTPAHUIHOTO CJIOST KaK CO
CTOPOHBI CITUHKM, TaK M CO CTOPOHBI KOPHITIIA Ha CTa-
TOPHBIX M POTOPHBIX JIOTIATKAX CTYTICHU U YBEJIMUCHUE
MHTCHCUBHOCTH OTPBIBHBIX SIBJICHUI BOJIM3M 3amIHEI
KPOMKMU JIOIIaTOK paboyero Kojeca v HarpaBJIsoIero
arapara.

st 100%-Holi 9acTOTHI BpallleHUsT poTopa B TOY-
KaX MaKCHMaJIbHOTO pacxoja MpH IOHIKEHUU Y1CIia
PeliHomBICA BO BCEX CEUCHUSX, TTIOMUMO MEPEUMCIICH -
HBIX BBIIIE SIBJICHUI, HAOJIIOMaeTCsl 3alMpaHye B Ha-
MpaBJIsIIoNIeM anrmapare. Bo BTyJIOYHOM ceuyeHUH Tede-
HMe B MEXJIONaTOYHOM KaHajle pabouero KoJieca TpaHC-
3BYKOBOE, TIPUYEM HaOJI0OIaeTCsl ONpee/IEHHOE 3aMe/I-
JICHUE TIOTOKa ¢ YMeHbIIIeHneM Re, 4To ¢Bsi3aHO ¢ ycu-
JieHreM 3armpaHust B HA.

B ceuenusx 0.1h, 0.5h u 0.9h TeyeHue B nepegHei
obiacTu paboyero KoJjieca UMeeT CTPOro CBEPX3BYKO-
BOU XapakTep € 3aMbIKAIOIIMM CKAaYKOM YIIJIOTHEHUS,
KOTOpBII pacriosaraeTcst Ha paccTossHum ~38% xopibl
JIOMATKN OT mepeaHeit kpomku (puc. 6). OgHako ¢
YMEHbIIEHUEM YKciia Re MHTEHCMBHOCTb CKaukKa He-
CKOJIbKO cHUXaeTcs. bosiee oTUeTIMBO BUIHBI U3MeE-
HEHUSI B OTPBIBHBIX 30HAX Ha 3aJHE KpoMKe paboue-
ro koJsieca. TeueHue B HaNIpaBJISIOLIEM anIapaTe CooT-
BETCTBYET PEXUMY 3alMpaHusi, U €ro UHTEHCUBHOCTD
pacTeT BMeCTe CO CHIKeHueM uucia PeiliHosibaca. B
nepudepuiiHoit 0b6JacTu HaOIOAAETCS B3aUMOJIEH-
CTBHUE€ BUXPEBOU 30HBI, 00pa30BaHHOM 3a CUET IIepeTe-
KaHUS BO3/yXa Yyepe3 pajauaibHbIi 3a30p JIOMATOK pa-
Oouero KoJjieca U OTPBLIBHOTO cjiefa BOJIU3U 3aaHei
kpoMmku. Co cHIXKeHUeM YKciia Re MmosBIsIioTcs: OTphI-
Bbl Ha CIIMHKE JIONIATOK HAIPaBJSIONIETrO arrapara
BOJIM3M MepeaHeil KpoMKu. JIjisl 4acTOThI BpallleHUs
n=95% crpaBemuBo BCE BbIIICCKA3aHHOE 00 U3Me-
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Puc. 6. IMons otHocutenbHoro uucia Maxa n=100% Re, u Re,, monens SST

HEHUM XapaKTepa TeUeHMsl TPpU YMEHbIICHUU YMCa
PeiiHosbica; OCHOBHbIE OTJIMUMS 3aKJIIOUAIOTCS B Me-
Hee MHTEHCUBHbBIX CKauKax yIJIOTHEHUSI B paboueM Ko-
Jiece M HeCKOJIbKO 00Jiee pa3BUTOM OTPbIBE CO CIMH-
KM 0KOJIO 3aaHeit KpoMku Jionatok PK, uro BbIpaxa-
€TCsl B UyTh 0OJIbllIEM pa3TOHE MOTOKA B CPeAHEN u
MNPUBTYJIOYHOM 00J1aCTSAX MEXJIONATOUHOTO KaHaia.
IIpuMeHeHne YyTOYHEHHOM MOJeIU TYpOYJIEeHTHO-
CTU BHOCUT OIpeeIeHHbIE U3MEHEHMSI B KApTUHY Te-
YEHUH MO CPAaBHEHUIO CO CTAaHIAPTHOM IMOCTaHOBKOM
3afauyu. ['1aBHOE OTJIMUME — BTO pas3pelleHue JaMu-
HapHOTO MOTPAHUYHOTIO CJIOS B IEPEAHUX YACTSIX XOPI
JIONATOK; KaYeCTBEHHO IPaBUJIbHOE MOJEJUPOBaHUE
OTPBIBHBIX W TIEPEXOTHBIX SIBJICHUI, TIPOUCXOASIINX Ha
CIMMHKAaX ¥ KOPbITLIAX JIONATOK, TaKMX KaK OTPbIB Jia-
MUWHAPHOTO MOTPAHUYHOTIO CJIOS C MOCENYIONIUM MPU-
COEMHEHUEM; OTPbIB U MHIYIIMPOBAaHHAs TypOyn3a-
111s1 B 00J1aCTH CUJIBHOTO TPaii€HTa IaBJICHUSI; OTPbIBbI

¢ TIepeX0JI0M OKOJIO 3aaHel KpoMKH Jioratok. Ha puc. 7
rokKaszaHa 00J1acTb OTpbIBa U TypOY/IU3allMK MOTPaAaHUY-
HOTO CJIOSI Ha CIIMHKE JionaTKu padoyero koiyeca 0.5h
npu MakcuMajibHOM uucie Re, BumeH ToHkuit namu-
HapHBIN TToAcaoN (TEMHas1 00J1aCTh HAa CITMHKE JIoMaT-
ku). Ha puc. 8 nmokazaHa 06;1acTb OTpbIBa U TypOyJIU-
3allMM MOTOKA BOJM3U 3aJHE KPOMKU JIOMAaTKU pabdo-
yero kosieca 0.5h nmpu mMuHuUManbHOM uuciao Re Ha
CIIMHKE JIOMATKU, BUACH TOJICTBIN JJaMUHAPHBII MOorpa-
HUYHBIA CJI0M HAa KOPBITLE JIOMATKU.

IIpu cpaBHeHUU ABYX Mojesieil TypOyJIeHTHOCTU
HauboJjiee HarIsIAHbIE U3MEHEHUs B TEUEHUU Ha JaH-
HBIX 000POTaX MPOUCXOAST IMTPY MUHUMAJILHOM 3Haue-
Huu Re. Ilpu nannom uucie PeitHonbaca Ha nepude-
PUM BUXPb MEpeTeKaAHUS UYepe3 paauaabHbIi 3a30p 1S
MepexoaHON MOAEIN CTAHOBUTCSI 3HAYUTEBHO MEHb-
11I€ TI0 pa3Mepy U MHTEHCUBHOCTH, YeM JIJisl CTaHaap-
THOI Mogen (puc. 6, puc. 9). OTpEIB ¢ 3aTHEN KPOMKHI
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Puc. 7. PacnipenencHue nepemexkaemoctr, Mozesb SST y —Reg, crimaka sormatku paboyero koseca 0.5h, MmakcumaibHOe

guciao Re

Puc. 8. Pacnipenenenue nepemexxaeMocTtu, moaenb SST y —Reg, 3aaHs5 KpomKa jonaTku padodero koseca 0.5h,

MUHUMaJIbHOE unciio Re

PK taxke HAMHOTo OOIIIMpPHEE, YeM I TOJTHOCTHIO
TypOyJieHTHOM TocTaHOBKU. B ceuenuu 0.9h nipu mMu-
HUMaJIbHOM uuciie PeitHobaca TeyeHe paauKalibHO
OTJINYAETCS OOIIMPHBIM OTPBHIBOM C 3aTHEN KPOMKU
PK, B To Bpemsl Kak 3acToiiHasi 30Ha, 0Opa3oBaHHAasI
MepeTeKaHueM Yepe3 paauaibHbIA 3a30p, 3HAUUTEb-
HO YMEHBIIIaeTCs B pa3Mepax.

B toukax makcumanwHoro KITI mpm n= 100 %
CTaHAapTHasT TOCTAaHOBKA TTOKAa3bIBaeT, YTO B HAIpaB-
JsIoleM anmnapare npu Re, npucyrctByer cnaboe 3a-
nupaHue OT MPUBTYJIOYHOU obsactu ao 0.8h, Ha me-
pudepun MoJHOCTbIO OTCYTCTBYeT. CKayoK B paboyeM
KoJiece pacrionaraetcs Ha 38% Xop/bl JIONaTKyu OT Tie-

penneit kpoMku. IIpu cHuxenuu yucna PeitHonbaca
no sHayeHus Re, ckauok B PK uyrh BhIOMBaeTcs B
nojioxenue 36% mo xopze, 3anupanue B HA coxpa-
HseTcst npubausutensHo g0 0.8h (puc. 10).

Pacuer no mepexonHoii Moaeau TypOyJIeHTHOCTHU
npu Re, mokaseiBaeT Oosiee BISHYTBIA CKauOK B pabo-
yeM Kourece 42% 1o xXopJe JIONaTKy, 3alipaHue B cTa-
TOPHOM BeHIIe coxpaHsieTcs yxke 1o 0.7h. B mecre pac-
MoJ0XeHUs1 ckauka yruioTHeHus B PK Ha cnmHkax
JIOIMATOK YCTAaHABJIMBACTCS 30HA OTPhIBA U TypOy/Iu3a-
UM norpaHuvyHoro ciosi. Ha nepudepun padouero
KoJieca TakKKe YCTaHABIMBACTCS PEXUM TEUCHUS C
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Puc. 9. INona otHocutenbHoro yncaa Maxa n=100% Re, u Re,, momens SST y—-Reg

MHTEHCHUBHBIM OTPBIBOM CO CIIMHKM JIOMATOK U CUJIb-
HO YMEHbIIEHHOM 3acTOiHON 30HOM (puc. 11).

ITpu n = 95% B cTannapTHO nocTaHoBKe 1pu Re,
3anypaHue B HAMpPaBJSIOLIEM afmnapare NporagaeT Ha
0.6h. IMpu cHkeHUM ymncia PeitHompaca IpoucXoauT
MOHOTOHHOE HapacTaHUe IMOrPaHUYHOTO CJI0s1, YBEM-
YUBAIOTCS OTPBIBBI y 3aAHEl KpoMKu jonaTtok PK u
HA Bo Bcex ceueHusx, Kpome nepudepuitHoil 30HbI,
I1Ie OTPBIBBI B HAIMPABJISIOLIEM ammapaTe OKa3blBaloT-
Csl MEHBILIMMU IO CPAaBHEHUIO C TOJIEM TEUEHMSI, CO-
orBercTBYIOLIMM Re . TlepexonHas Mozienb Ipy MUHK-
MaJlbHOM Re mokasbiBaeT pa3BUTHE CUJIBHOTO OTpbIBa
Ha nonatke PK Ha nepudepuu, oTpbiBbl B HarpaBJisi-
IoleM arnmnapare npu Re, Bo Bcex cedeHUAX OOJIbLIE,
yem 1pu Re,.

BbiBoabI

1. ITpoBeneHO pacyeTHOE UCCIEIOBAHUE BIUSIHUS
yucyia PeitHoibAca Ha XapaKTepUCTUKU TIepBO# TUIO-
BOI1 BbICOKOHarpyxkeHHoi ctyrieHu K-8b B mocraHoBke
C TIOJTHOCTBIO TYpOYJCHTHBIM MOTPAHUYHBIM CI0EM U
C MOJAEJUPOBAHUEM TOYKM JIAMUHAPHO-TYPOYJIEHTHO-
ro mepexosja.

2. TlonyyeHHbIE B IOCTAHOBKE C TOJTHOCTHIO Typ-
OYJIEHTHBIM MOTPaHUYHBIM CJIOEM MHTeTpajbHbIC Xa-
pPaKTepUCTUKU MoKa3biBatoT cHukeHue KIT/I ctyrenu
B cpenHeM Ha 4.5% mnga n=100% u n=95% u aHa-
JIOTUYHOE CHUXKEHME CTEeTIeHU TOBbBIIIEHUSI TTOJHOTO
JaBJIeHUS B ToUKax MakcuManbHoro KITJI Ha 3.5% mipu
noHmwxeHuu uucia PeitHonbaca. st Moaeau, yauTbi-
BaIOIIEH JIJAMUHAPHO-TYPOYJICHTHBIN MEPEXO, 3TU BE-
JuunHbl 110 cHKeHuo KITJI v creneHu MOBBIIEHMST
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Puc. 10. ITona oTHocuTenbHOrO yncaa Maxa n=100% Re, u Re,, monean SST, Toukn makcumanabHoro KITJ

MOJIHOTO JTaBJIEHUSI B ToyKax MakcumaibHoro KIT/I
paBHbI 3.8% 1 2.1% COOTBETCTBEHHO.

3. CpasHenue 1ipu n = 95% 3KCTIepUMEHTATbLHBIX
W PacyETHBIX JaHHBIX ITOKA3BIBAECT, YTO IIPUMEHEHUE
YTOYHEHHOI MOAEIN TypOyJIEHTHOCTH ITO3BOJISIET Ha-
MHOTO NPUOIM3BUTLCS K 9KCITEPUMEHTAJIBHBIM I10 3HA-
yeHussM makcumanbHoro KITJI kak mpu MakcuMaib-
HOM, TaK W TIpU MUHUMAaJILHOM 4uciie Re (morpermr-
HOCTb MeHee 1%) ¥ 110 3HaYCHUSIM CTEIIeH! TIOBBIIIIe-
HUS TIOJIHOTO HABJCHUS B TOYKAaX MaKCHUMaJbHOTO
KIIJ (morpemHocts mpumepHo 0.5%)

4. AHaIu3 TI0JIei TeUeHMI TToKa3asl, 4TO, IOMUMO
HapacTaHMUs MOTPAaHMWYHOTO CJIOS Ha JIOTIaTKaxX BCEX
BEHIIOB, MOSIBJISIIOTCSI OTPBIBHBIE SIBJICHUSI, KOTOPHIE
BO3HMKAIOT BOJIM3M 3aJHEil KPOMKM JIONIATOK padode-
ro KoJjieca M HallpaBJsgioniero annapara. I[1pu ncrmoib-
30BaHMM YTOUHEHHOI MO TypOyJICHTHOCTH Ha JIO-
naTKax MOSIBJISIOTCS 30HbBI ITOJJTHOCTBIO JIAMWHAPHOTO
MOTPAaHUYHOTO CJI0sI, 30HBI TYpOyJIM3allMy MOrpaHNY-
HOTO CJI0sI, 30HbI JJAMMHApHOTO OTpbIBa. [Ipn MuHM-

MaJibHOM umcie Re yrouneHHas Mojesas Ha mepude-
pun pabodero Kojeca IMoKa3bIBaeT OOITUPHBIN OTPHIB,
B TO BpeMsI KaK 3HAYUTEIbHO CHIKAETCS ITepeTeKaHue
yepe3 pamuaibHBIN 3a30p. B cTraHmapTHOI TTOCTaHOB-
Ke «bobble» nmepeTekaHus MPaKTUYECKHU COXPAHSIET CBOU
WICXOIHBIE pa3MephI.
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COMPUTATIONAL STUDY OF REYNOLDS NUMBER EFFECT ON THE TYPICAL
FIRST STAGE OF A HIGH-PRESSURE COMPRESSOR
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CIAM, 2, Aviamotornaya str., Moscow, 111116, Russia
* e-mail: mileshin@ciam.ru
** e-mail: semenkin@phystech.edu

Abstract

At present methods of blade machines characteristics
are widely used by many scientists all over the world.
However, the applied methods of problem setting while
flow modeling suppose the boundary layer to be fully
turbulent in all regions, and do not reflect transient
effects actually in the flow in effect. For the flows with
low Reynolds numbers the problem setting with no
account for laminar-turbulent transition might lead to
significant disagreement between experimental and
computational results.

The article presents the results of the computational
study of Reynolds number effect on the first stage of high
pressure K-8B compressor with the low aspect ratio of
the rotor wheel blades (RW) (0.729). The stage has the
following key geometry and gas-dynamic parameters:

— the hull diameter above the rotor wheel
D, ,=306.5 mm

— relative hub diameter at the inlet al =0.742 mm
— relative hub diameter at the outlet az =0.853 mm

— adiabatic efficiency n,,=0.86

— total pressure ratio 1@ = 2.0.

The values of corrected specific mass flow rate
through the stage are related to the values at the design
point. The compressor stage regulation allows vary the
setting angles of the inlet control assembly (ICA) and
distributor, though at the rotor rotation frequencies
under consideration (100% and 95%) zero angles were
set. The ICA row, RW row and distributor row contain
46, 35 and 76 blades respectively. The gaps at the
periphery and hub of guiding devices were assumed as
0.4 mm and 0.6 mm correspondingly in the stage model.
The rotor row gap was assumed as 0.5 mm. The value
of the total temperature at the input boundary condition
is 288.15 K. For Reynolds number decrease modeling
the values of total pressure were assumed as P, = P,
P, = 0,72P, P, = 0,29P,, P, = 0,21P, where P, =
= 101325 Pa is the standard atmosphere. The values of
static pressure at the periphery were fixed on the outlet
boundary condition.

Simulation of 3D viscous flow in blade channel of
the stage was performed with ANSYS CFX SOLVER
MANAGER in the setting of 3D averaged Navier-
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Stokes equations (3D RANS). The computational mesh
was created with integrated automatic mesh generator
ANSYS TURBOGRID and contains 3643432 elements.
The solution for the setting with fully turbulent flow was
obtained by Menter SST turbulence model. The
calculations accounting for laminar-turbulent transition
were also performed. For this purpose the Menter SST

turbulence model supplemented with y —Re, transition

model by Langtry and Menter was applied. For solution
concordance, “stage” or in other words “Mixing planes”
option was used at the rotor-stator interfaces.
According to the calculation results the stage
characteristics degradation between maximum and
minimum Reynolds numbers was as follows: adiabatic

efficiency n., (4%), pressure ratio (T ) at the points

of max r]:d (2.8%), corrected specific air flow rate
(1.52%) at rotor rotation frequency » = 100%, and
4.3%, AG,,= 2.3% for

n=95%. Thus, the shift of characteristics corresponding
to lower Reynolds numbers occurs to the area of reduced

Amax N, = 5%, A=

flow of r];d and 10 . The transitional model addition
affects these differences as follows: A max n:d =3.9%,
ATt =2.2%, AG,,=1.6% for n=100% and A max
Ny = 3.7%, AT =2%, DG, .= 1.6% for n=95%.

Comparing to the experimental results, obtained for
n=95%, application of transitional model of turbulence
increases significantly the accuracy of the numerical
study. Namely, deviations between experimental data
and calculations with transitional model by values of max

nzd pressure ratio at the points max nzd is less than 1%,

while for standard SST model these deviations are of
about 2% for maximum Re number, and 3.5% for
minimum Re.

Comparing the fields relative to Mach numbers for

two models (SST and SST y —Rey), the basic difference

in the flow while laminar-turbulent transition modeling
consists in qualitatively true modeling of the processes
occurring in the boundary layer. In this case, laminar
boundary layer near the front edge of the blades, laminar
separation and attachment really exist. Turbulization at
the rotor wheel blades occurs at the shock wave location,
after which the boundary layer already has turbulent
structure for the most part with preservation of a very
thin laminar layer. Besides, the changes in flow through
the radial clearance in the rotor wheel are being present.

For y-Re, “bubble” flow-over while Re number

reduction slightly reduces its size. The separation near
the back edge herewith becomes more intensive.

Keywords: Reynolds number, stage of high pressure
compressor, wide-chord stage, numerical modeling.
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