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O IIEJIECOOBPA3HOCTH MPUMEHEHHW A KOHIEBBIX YINIOTHEHUMA CO
BCTPEYHBIMU I'PEBHSIMHU B IMJIMHAPE BBICOKOI'O TABJIEHUSA

AHHOTAILTHA B pabome 6binoaneno ucciedosanue 803mMoiCHOCHU NPUMEHEeHUs. YRIOMHEHUsl CO 6CMPEUHbIMU PA3HOUA20-
BbIMU 2PEOHAMU 8 KOHCMPYKYUU NepeoHe20 KOHYe8020 YNIOMHEHUs Npu YCI08UU PAaseHcmed pacxood yepe3 UCXOOHbIU U
npeonazaemviil 6apuanmvl KOHCMpYKyui. s oyenku npomeyex uepes yniomHenue ObL10 6blNOIHEHO pACYemHoe UCCre00-
BaHUe €20 CeKmopd, COCMOAWE20 U3 B0CbMU HENOOBUIICHBIX U ceMu epawarowuxcs epednei. Ilposedeno cpasmenue pacxo-
006 napa 6 paccmMampugaemvlx KOHCMPYKYUAX Npu PA3NULHBIX 3HAYEHUAX PAOUANbHBIX 3A30p06. Bvinonnennas oyenxa noka-
3b18aem B03MOICHOCMb UCHONL306AHUS YNIOMHEHUTI CO 6CIMPEYHbIMU 2PEOHAMU NPU NPUHAMOL cxeme NepeoHuUx KOHYegblx
ynnomuenutl mypounvt K-325-23,5 [1AO « Typooamom».

Kniouesuvie cnosa: mypouna, nepednee Konyegoe yniomHenue, yniomuerue co 6CmMpedHbiMu 2pedHAMU, pacxoo, paoudnbHbli
3aszop.

V. GOLOSHCHAPOYV, O. KOTULSKAYA, T. PARAMONOVA

APPROPRIATENESS OF THE USE OF END SEALS WITH CROSSED CRESTS FOR THE
HIGH PRESSURE CYLINDER

ABSTRACT The efficiency of operation of the steam turbines of a high power is defined by the values of steam leakage
through the seals, and first of all through the end seals that can occupy more than 30% of the length of high pressure rotor.
The seals of a step type used at the present time change their performances if the crests are worn down during the overhaul
period and can be restored at mid-life and/ or subjected to capital repairs. Therefore, the search for the rotor seal construc-
tion that would allow for an increase in the reliability of turbine operation is rather vital. The purpose of this research was to
estimate appropriateness of the replacement of HPC step-type seals by noncontact seals with crossed crests. The method
used for the solution of stated problem was the computation investigation of the flow of viscous high temperature steam
through the sealing sector with crossed crests at different values of the radial clearance and axial movements. The flow rate
comparison data showed that the original step-type seal with the radial clearance of 0.7 mm can be replaced by the noncon-
tact seal with crossed crests with the radial clearance of 0.5 to 0.6 mm at the typical operation to provide a reliable opera-
tion. Moreover, steam leakages through the front end seal can be reduced for the offered structure option in comparison with
the original option.

Key words: turbine, front end seal, the seal with crossed crests, the flow-rate and the radial clearance.

co0OH psiI ITOCIIENOBATENbHO PAaCIONOXKEHHBIX pyT
3a IPyroM y3KHX KOJIBIEBBIX MIEIEH-3a30pOB M HPO-
CTOPHBIX KaMep. 3a30pbl MEXIY POTOPOM U CTATOPOM
00pa3yroTcsi MX KOHIIEBBIMH MOBEPXHOCTSIMH M 3a0CT-
PEHHBIMH KPOMKaMU IpeOHEH pa3aessiolX KaMepsl.

BBenenue

O¢ddexTuBHOCTE PaOOTHI TAPOBBIX TypOUH
0O0JIBIIIOI MOITHOCTH BO MHOTOM 3aBUCHT OT IPOTEYEK
napa 4epe3 YIUVIOTHEHHUS W, IIPEXKIe BCETO KOHLEBHIC,
JUISL 4eTOo NPHUMEHSIOTCS JTaOUPUHTOBBIC YIUIOTHEHHSA

Pa3IMYHBIX THIIOB, U3 KOTOPBIX JUI KOHIIEBBIX yILIOT-
HEHUI IMJIMHAPOB HauOoiee MIMPOKOE NPUMEHEHHE
MOJIYYWJIM YIUIOTHEHMsI cTyneH4aroro tuma. Kiaccu-
(ukanms TaOMPHUHTOBBIX YIUIOTHEHHH W BBIOOp HX
THIIA JJIs1 CTAIIHOHAPHBIX MTAPOBBIX, FA30BBIX TYPOUH 1
KOMITPECCOPOB TPEACTAaBICHEl B PYKOBOISIIEM TEX-
HUYecKoM MaTepuare [1].

JlabupuHTOBEIE OCCKOHTAKTHBIC YILIOTHEHHS
CIy)KaT Ul OTpAaHWYeHHs yTedeK paboueil cpensl
BOJIb IIOBEPXHOCTH Bajla U3 KOpIyca TypOOMAIINHEL,
a TaKKe MepeTeyek MEeXAY CTYNCHSMH U JIONAaTOYHbI-
MH BeHLAMH poTopa M craropa. OHHU MPEJCTaBISIOT

Po6ota BukoHaHa B pamkax mpoekty Ne O6. 4.1-17/11-85-16 «Ilig-
BHUIICHHS e(heKTHBHOCTI MPOTOYHHUX YAaCTHH LIMIIHAPIB BUCOKOTO Ta
CepeTHbOr0 TUCKY MapOBUX TypOiH BEMHKOI MOTY)KHOCTI Ha OCHOBI
ONTHUMI3allii BiJICIKiB CTYIEHIB y IIMPOKOMY Jiana3oHi X poOoTH»
LiIp0BOI mporpamu HaykoBux gociimkedb HAH Ykpaiun «Hayko-
BO-TEXHIYHI OCHOBHM €HEPreTHYHOI CIiBIpali MiX YKpaiHowo i €B-
pomneiiceknM Corozom» «O0’eqHAHHS-3.

ean paboTbl

BBINONHUTG OLIEHKY Lienecoo0pa3sHOCTH 3aMe-
HBI B KOHIIEBBIX yItoTHeHMsX LB/l ynnotHenuit cry-
MEHYaTOro0 THMA Ha YIUIOTHEHUS CO BCTPEYHBIMU
rpeOHSIMH TpH CMELICHHOM Iare, OJHOTHIIHOE C
MPUMEHSACMbIM B KaU€CTBE HaJl0AHAAKHBIX B IIMIHHA-
pax BBICOKOTO U CPEIHEro NaBJICHUI TypOHH, BBIITyC-
kaeMbIx [TAO «Typ6oaTom».

MMoaxon k OIIPEICJTCHUI0 TUIIA YIINIOTHCHUS

Pabouwmii mporecc B YIUIOTHEHUH — JIPOCCEIIH-
POBaHUE — 3aKJII0YAETCs B IEPEBOJE PA3HOCTH MOTEH-
IUaTbHBIX DHEPTUI Cpellbl pa3AesieMbIX MOJOCTEH B
KUHETUYECKYI0 DHEpPIHI0, a 3aTeéM B TEIUIO 3a CYET
ranieHus CKOPOCTH CTPYH, MCTEKAIOIIUX U3 KOJIbLEe-
BBIX MIEJNCH, TpeHHeM, 00pa3yIOMIUMCS B HHTCHCHB-
HBIX BHXPAX, QOPMHUPYIOMNXCS B KaMepax.
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OrpaHuueHne yTEYKH MOOCTHraeTcs CIeIylo-
MU cpeacTBami [1]:

— YMEHBIIICHHUEM 3a30Da;

— YMEHBIIIEHHEM CeYeHHs CTPyH B 3a30pe 3a
CYET CO3J[aHUsl OTPHIBHOIO TEUEHHsS 3a0CTPEHHEM
KPOMOK I'peOHel U pe3KUM M3MEHEHHEM HaIlpaBlICHUS
TIOTOKa;

— YMEHBIIEHHEM CKOPOCTH B 3a30pe IyTeM 0o-
Jiee TIOJIHOTO TallleHns] CKOPOCTH B KaMepax.

OmnpenensomuMy pa3MepaMn YIZIOTHEHHS SB-
JSIFOTCSL HEOOXOANMBIE 3HAUCHHUS PalaIbHOTO 3a30pa
O u oceBoro pasbera poTopa NpH NPOEKTHPOBAHWUHU
TypOOMAIIMHBI 3TH pa3Mepbl Ha3HAYAIOTCS C yUETOM
BEPOSITHBIX PaJUalbHBIX U OCEBBIX B3aUMHBIX IIepe-
MEIIEHUI poTopa U cTaTopa IoJ BIMSIHUEM TeMIIepa-
TYPHBIX, JUHAMHUYECKUX M JPYTUX SKCILIyaTallMOH-
HBIX (hakTopoB. [ yIUIOTHUTENBHBIX TpeOHEN B 00-
JacTH BBICOKMX TEMIIEpPaTyp HCIIOJB3YIOT —CTaln
I5SXIM1®, 12XIM®, 15XMA npu Temmeparype
t=530°C, u cramu 08X18HI10T, 12X18H10T npu
temneparype ¢ = 650 °C.

BpiOop THma yIUIOTHEHWH HPOHM3BOAUTCS IO
YCIIOBUIO JTOCTIDKCHUSI MUHMMAJIBHOM NPOTEUKH IPU
3aJaHHBIX OCEBBIX M PAJNANIBHBIX rabapuTax ydacTka,
OTBOJIMIMOTO IO yIJIOTHEHHE.

B KOHIEBBIX YIIIOTHEHHSX COBPEMEHHBIX Ia-
POBBIX TYpOWH OJHOCTOPOHHHE OCEBBIEC YIJIOTHEHHS,
HECMOTPS Ha UX MPEUMYIIECTBA, TAKHE KaK MPOCTOTA,
HEOTPaHUUEHHOE OCEBOE TEpPEeMEICHNE, TIPAKTUIECKH
HEC IMTPUMEHACTCA.

B MMPpAMOTOYHBIX YIUIOTHCHHUAX C JBYXCTOPOH-
HHUM DacrioJIoKeHueM rpeOHel It ocaablieHnst Ta3o-
JUHAMUYCCKOTO BO30YXKICHUS aBTOKOJICOAHUI pOTO-
pa TypOOMaIIuHBI MEXIy TPeOHSMH CTAaTOpa BBINOJ-
HSIIOT TIEPETOPOJIKY, YMEHBIIAIOMINE 3aKPYTKY MOTOKA
B CTOpPOHY BpamieHus. PoTopHass yacTh yIUIOTHEHHS
TIPY 3TOM MMEET KOJIbLIEBbIE TPEOHHU.

st cTyneHyaTslX YIUIOTHEHHH C BBICTYIAIO-
MAMH U 9EPEAyIOIUMHACST KOPOTKMMH W JUITMHHBIMHU
TpeOHSIMH TPEIMOYTUTENFHBI 3a30pEl O B Mperenax
0,4-1,0 MM, oceBrle pazberu He 6omee 12—14 M.

B nocnenHue necatunieTus B MapoBbIX TypOu-
Hax TP OTHOCHUTEIBHO HU3KUX TeMIepaTypax Uit
CHIKCHUSI yTedeK ObUI YCTaHOBJIEH PsiJl COTOBBIX YII-
JIOTHEHUH B LWJIMHIpPAX HU3KOTO NaBJICHUS, 3aJ{HEM
KOHIIEBOM YIUIOTHEHMHU U nocnequux cryneHsx LICI,
TemnepaTtypa B kotopeix Hmxe 350 °C [2, 3]. He-
CMOTpsI Ha OMpeneieHHYI0 3((EKTUBHOCTh COTOBBIX
YIDIOTHEHUH (0Ha com3smepuMa ¢ yrtotHenueM LIKTU
CO BCTPEYHBIMH TPEOHAMH TpH 3a30ope O = 1 MM),
CJIO)KHOCTH TEXHOJIOTHHM WX H3TOTOBJICHHS C MpUMeE-
HEHHEM BBICOKOTEMIIEPATYPHOH IMaliKK COT K KOpITy-
caM, OrpaHMYECHHOCTh 3((PEKTHBHOTO KOJIHMYECTBA
rpeOHel B MPSIMOTOYHOM COTOBOM YIUIOTHEHHH Tpe-
OyeT 0OBEMHBIX HCCICIOBAHUN C yYETOM TEIIOBBIX
cXeM yIuIoTHeHu# [3].

Hccnenosanne pacxoga napa B ynJoTHEHHSIX
€0 BCTPECYHBIMH IPeOHAMU

B ITAO «Typb6oarom» mpu co3paHuu TypOUH
it TOC u ADC ucnonb3yloTes HaaO0aHOaXHbIE YII-
JIOTHEHHS CO BCTPEYHBIMH Pa3HONIATOBBIMH I'PEOHIMU
(puc. 1), monobueiMu npuBeaeHusiM B PTM [1] ym-
notHeHussM 1IKTU u YT3, rpeOHE KOTOPBIX BBIMOJI-
HEHBI C PaBHBIM IIIarOM.

JBmkeHne mapa B YIUIOTHeHHH (puc. 2) co-
MIPOBOXKJAETCSI MHTEHCHBHBIM BHXPEOOpa3oBaHHEM B
KaMepax MEeXIy IpeOHAMH, 9TO 00eCTIeYMBACT BOJIHO-
00pa3HBIil XapakTep CTPYH, CHWXKasl BIHUSHHUE MPSIMO-
TOYHOCTH Ha pacxon napa [4].

- bn—lo—bb

Puc. 1 — @opma naobanoasicuvix yniomuenuti [{BJ]
mypbunvt K-325-23,5

Puc. 2 — Cmpyxmypa meuenus napa 6 yniomuenuu
CO BCMPEUHbIMU 2PEOHAMU

Ha puc. 3 npuseneH npoaonbHBIN paspe3 me-
penHero koureoro yrutotHeHus I[[BJl TypOuHBI
K-325-23,5, tme B 00oiiMax YCTaHOBJICHBI KOJbIA
YIUTOTHEHUS ¢ 14-10 TpeOHAMHU B Ka)XIOM, KpOME Ha-
BEeCHOU 000OWMEI A, B KOTOPOH [1Ba yINIOTHUTEIHHBIX
KOJIBIIa IMEIOT TI0 CEMb TpeOHEi.

B o6oiime JI BHyTpeHHEro Kopryca MexXIy
JINCKOM PEeTYyJUPYIONIeH CTyNeHn U KaMepon 6, HaBa-
peHHOIT Ha 00oliMe M COeIMHEHHOM ¢ IMPOTOYHOM Ya-
cThi0 3a 10-# cTyneHbl0, HAXOAUTCS IIECTh Kouell ¢ 84
IpeOHSIMH U eIlle OTHO KOJIBLO ¢ 14 TpeOHAMMU.

B oOoiimax b u I HapyxHOrO KOpITyca ycTa-
HOBJICHBI IO JIBa KOJbla, B 00oiiMe B — Tpu koibia.
IIpucoenuHenne kamMep NEPEAHEr0 KOHIEBOIO YILIOT-
nernst (IIKY) k cucreme yrutoTHeHuWit ompezemser
pacxonbl mapa 4depe3 KOJblla MEXIy KaMepaMmH, Tak
KaK JaBJIECHUS B KaMEpax CBS3aHBI C PEKIMOM PaOOTHI
MIPOTOYHOH 9acTH (Kamepsl S—7) U pabOTON TEIUIOBOH
CXEMBbI TypOUHBI.

JIJisl OLIeHKH MpOTEYeK uepe3 YIUIOTHEHHE Me-
TOJIOM MaTeMaTHYECKOTO MOJEIHPOBAHHsI OBUIO BbI-
MIOJIHEHO PacyeTHOE HMCCIeI0OBAHNE TEUCHH Mapa de-
pe3 CEeKTOp, COCTOSIUI U3 BOCBMHU HEMOJBM)KHBIX U
CeMHU Bpallaroumxcs rpeOHel, B Anana3oHe H3MeHe-
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HUS paguanbHoro 3azopa o or 0,5 mo 1,5 MM npu Ha-
yagpHOM naBieHun Py =991 Mlla, ¢, =455 °C u
vo = 0,03036 M*/kT.

Pacxonx mapa yepe3 yImmoTHEHHS MEXITy Kame-
paMu pacCUUTHIBAJICS 110 3aBUCUMOCTH [5]

(R /1—52
G:qu Z T

rae Fy — naBieHWe Ha BXOJE B CEKLIMIO YIIOTHEHHS,

PAcCIIONOKEHHYIO MEXIY Kamepamu; € = B /P0 ; B —

JIaBJICHUE Ha BBIXOJIE; | — KO3 (UIMEHT pacxoja yii-

JIOTHEHUS, Fy — IUTOW[aJb MPOXOJHOTO CEYCHHS,

F,=nd,8; d, — nnamerp ymIoTHeHHs; & — paiu-
AJIBHBIHN 3a30p; Vv, — YACIbHBIH 00BbEM Iapa Ha BXOJE

B CEKIHIO YIUIOTHEHUS; Z — KOJMYECTBO TpebHEil B
CEKIINH YIIOTHEHUS.
®opMyiia npUMEHNMA IIPH

h 085 <0,5457.

K

B z+15

B ucxomnom Bapuante IIKY pamuanpHbiii 3a-

30p MEXIy MOBEPXHOCTAMH POTOpA M TPEOHSAMHU pa-
BeH 0=0,7 mMm. Pacxonm uepe3 ymnotHeHHE Gy

NN

-14”. 14/. 1‘%} -/;:z- ljll. ) B
A NN N N N

ompenersuics mpu ko3¢ dunuente pacxoxa p=0,76
[5]. Jns mpeamaraeMoro ceKTopa YIUIOTHEHHS CO
BCTPEUHBIMH TPEOHSIMHM U HEPABHOMEPHBIM IIaroM
KodpdummeHT pacxonma | (IPUBEACHHBIH MO BCEM
rpebHAM cekTopa) mpuHuMaincs paBHeiM 0,81 mpu
paauansHoM 3a3ope 0,5 mm u 0,7 MM,

IIpu coxpanenun ko3¢ ¢unueHra pacxoga
s npeanaraemoro BapuanTta IIKY u yMmeHbiieHHH
3azopa 10 3HadeHus O = 0,5 MM (momycTuMoe 3Have-
HHE 3a30pa B CTYICHYATOM YIUIOTHEHHU COTJIACHO
PTM 0,4 mM) pacxon mapa, IpUBEJCHHBIN B Tabm. 1,
MO KaXJIOW CEKIMH YIUIOTHEHUS HWXKE, YeM B BapUaH-
Te, 3AI0’KEHHOM B KOHCTpyKImio ITKY TypOuHsI.

AHanu3 BIMSHUS PagHaIBHOTO 3a30pa B YII-
JIOTHEHHH CO BCTPEUHBIMH IpeOHsIMH (pHc. 4a) TI03BO-
JSET TPEINOJIOKHUTh, YTO €ro BBIOOp it obecrede-
HUSI MHUHHUMAJIBHOTO pacxofa NpH OOECHEeYeHUH OT-
CYTCTBHUSI KOHTAKTa IPeOHEH B YCIOBHSAX OCEBOTO IIe-
pemenienus poropa B obmactu IIKY mpu terioBom
PACIIMPEHNH OTHOCHTEIBHO KOpIIyca Leaecoo0pa3Ho
MPOBOJIUTH C YYETOM ONpENeNICHUs] OTHOCHTEIHLHOTIO

pacuIMpeHust poTopa B yCIOBHSIX NMEpEMEHHBIX Harpy-
30K TypOUHBI.

S SN
YA

Puc. 3 — Ilpooonvuwiii pazpes nepeonezo yniomuenus L{B/] mypounvt K-325-23,5:
A, B, B, I, /I — oboiimer ynromuenuti, 1-6 — nomep kamepsi, 7 — nonocms L{B/]

Tabmuna 1 — Pacxon napa uepes cexropsl [IKY, pacnonokeHHbIe MEXy KaMepaMu

Tapametp 8, MM M 76 56 54 453 352 1-2
BO3IYX

Grrons KI/C 0,7 0,76 3,48 1,680 1,462 0,885 0,427 0,054
G, xrlc 0,7 0,81 3,715 1,791 1,917 0,944 0455 0,058
G, xrlc 0.5 0,81 1,284 1,279 1,369 0,674 0325 0,041
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Puc. 4 — Bausnue 3a30pos 6 yniomueHuu co 6cmpey-
HbLMU 2PEeOHAMU HA NPOMeEYKU napa.
a — om GenudUnbl paduaIbHO20 3a30pa; 6 — om 0cego-
20 cmeuenus; 1 — P = 0,81;2— P =0,71;
3- P =061

Ha wu3MeHeHue pacxoja mapa HOpPU OCEBOM
CMEILEHUH IpeOHel YIIIOTHEHUS ¥ UX B3aUMHOM pac-
oJI0KeHUN (pHC. 46) CYILIECTBEHHO BIHUSIET cpadaThl-
BaeMBbIi iepenas JaBieHus P = P,/ Py, rne P, — nas-

JeHHe Ha BBIXOJE M3 CEerMeHTa, Py — JaBJicHHE Ha
Bxoze. IIpu aToM Gosiee cuIbHOE BIUSIHUE Ha pacipe-
JieJIeHHe Pacxo/ia OKa3bIBaeT 00jee BHICOKOE OTHOIIIE-
HHE JaBJICHUH, YTO, O-BUIMMOMY, BBI3BAHO ITOJIOKH-
TEJILHBIM PaJIiajIbHbIM 3a30POM T.€. CHIIBHOE BIIUSHHE
OKa3bIBAaET yCJIOBHE IIPSIMOTOYHOCTH YIUIOTHEHUS NIPU
TIOBBIIIICHUH CKOPOCTH T€UEHHS Iapa B CTpYe.

C yueroM OeCKOHTAKTHOM pabOTHI TpebHEel
YIUIOTHEHUS IJIsI KOHCTPYKIMH HEOOXOIUMO NPHHH-
MaTh TaKoe IMOJOKEHUe TpeOHel, MpU KOTOPOM B ycC-
JIOBHU CTAllMOHAPHOTO TEIUIOBOI'O COCTOSHHS POTOpa
U KOPITyCHBIX JIEMEHTOB YIJIOTHEHHUsS 00ecleunBaeT-
Csl MUHUMAJIBHBIN Pacxo]] 4epe3 CeKTopa yIUIOTHEHHUS.

BoiBoabI

BrimonHeHHast oneHKa paboThl GECKOHTAKTHO-
TO YIUIOTHEHHS CO BCTPEUHBIMH T'PEOHSIMH, CMEILEH-
HBIMU MO IIAary, U COMOCTaBJIE€HHE C UCXOJIHBIM YII-
JIOTHEHHEM CTYIIEHYaTOI'0 THUIIA ITOKa3bIBAET BO3MOXK-
HOCTh ucnonb3oBaHus ansg IIKY ymnotHenuit co
BCTPEUHBIMH TpeOHsIMU 0€3 yBeIW4eHHs pacxona ITa-
pa mpu npuHATON cxeme ymnotHenud anst LIBJI u co-
XpaHEHHH KOJIMYeCTBA IPeOHEH B OTCEKax YIUIOTHE-
HUSI MEKIY KaMepaMH.
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