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(REBRENMTEER, KiE 300072: REWFEMH N HREBHESLRE, KiE 300072: ARHUREFEFREGLRE. KiE 300072)

W B NETEHHHNENRBEETLREENGR, FIEH MRS HERE FHNFERE. BIR
WAEREERRHBTTNE. BERETHHEAHRSANLANTE: (1) HEHHER RSB EOBR:
(2) MEHNEBSH @M HRED KRS G) ARBREH (FRBESAMTIES) MEFREBHEMA;
(4) B T/EHNTERBORIFNMT . HEBOETERRMIEN: (1) U Muszynska A R RMELSY
WA, (2) BHAOKMUNDRBERATIE: Q) MRETF/EHRENNIZ HRESERTH: 4) EEEEF
Fef) CFD (Computational Fluid Dynamics) 5% #/# FAHLSHHARBHSE. LEHELE2ARESE
BRI 100 RFSE M. AL RNBEEHETHHETAOARARS S,

KRR BT B A i

A REVIEW OF MODERN ROTOR/SEAL DYNAMICS

CAO Shu-gian , CHEN Yu-shu
(School of Mechanical Engineering, Tianjin University, Tianjin 300072, China:
Tianjin Key Laboratory of Nonlinear Dynamics and Chaos Control, Tianjin 300072, China;
State Key Laboratory of Engines, Tianjin University, Tianjin 300072, China)

Abstract: A review of rotor/seal dynamics is given, focusing on the issues of problems, contents, and main
results achieved in modern rotor/seal dynamics. Researches of modern rotor/seal dynamics are divided into four
parts: (1) modeling and calculation methods of the seal force; (2) identification of the eight lumped parameters
of the seal force (the eight dynamic coefficients of the seal); (3) effect of different structure of seals (including
damp-reduced structure and pre-swirl) on rotor stability; and (4) modeling and analysis of rotor/seal dynamic,
especially the nonlinear dynamics of the rotor/seal model. The achieved main results are summarized as follows:
(1) proposed the lumped parameter seal force model by Muszynska and Bently; (2) obtained some techniques to
identify the lumped parameters of the seal force; (3) studied some complex behaviors including bifurcation and
chaos on some simple rotor/seal models; and (4) applied CFD (Computational Fluid Dynamics) to seal force
calculation and rotor/seal dynamic analysis. Over one hundred of references are listed at the end of the paper.
This review will be helpful for researchers of rotor/seal dynamics.

Key words: rotor; seal; dynamics; review
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HRER BBV BT (B 1), HEREERWHETIMY LSRR FREN., &5
WEERZSY (RR. K. BHE. BXENEAR) BT, BSHOEHTEMRE,
PAREFHAMA R R FHS R E. BN ERSHEATER 16.7MPa/537°C/537°C 1252881k

YHEME: BRARMFESIN(10632040): HTTHARY 1444 TR H(200800560037): KiFily M Sk RHEY 45 11(09JCZDIC26800)
EFRA: WHRRO964—), HER. M. EMGIREMRD . BF5) %K SR 5) % i) i fFF5(E-mail sqcao@tju.edu.cn):
Bk FRB(1931—). #R. M. DETERR L. FEMHEIREMESD h% ROSH JrbifaEF
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5 24.1MPa/538°C /538°C B 566°C (£EH), FREEIELIKT 28.0Mpa/580°C/580°C (BRK) =
24.1MPa/538°C/593°C (A7) 2, Bk 1998 B EIKIE 17 ERBBIEFHLA AD700 v+, THERI5ERK
B HL 1000WM. ¥ 37.5MPa/700°C/720°C/720°C FIHLARTE®). BRI F AT LT 8 KB 1B,
HEBEHRRE XETF TR KER CO, Hi%, 11 AD700 %1 - FIHLAH AW 30%1 CO, Hii. B,
EER CHLES S ERMIRHE R (SSME HPFTP, B 2)$3# 7 36000rpm LA b, SR BET 1500°C.
IE &% 22Mpal*®l. NASA T 1999 R H TBREMKRSINBAR (UEET) &I, 7 KIEERESRKF
B, ATR B AN 8~10%3E IR/ MiFE 3~10%"; X B SRR = th IR AFIAF] 2700°C LA L ESH KT 4.0MPa.
REZE (BAFT KR EAEARRBEARNE2006-2020)) +, ¥ “ERRSLH” M “HSHEE
RHA” FIARERBEEE". BPHMABRSELERNEERFRZ —RENT A REYE, LR
EEREANAY, RBRRND, ERREESEND, FHERRTAEIIRIVA R LIBITHEE
faRE K, HPFTP F RGBT L BRI HBEHFETEHY, Hk b, M 1976 EERRFERRIZEA
B, HF 1981 FEMR KN E R CET), 5 Otto Geotz S/ MAEFH HFEN THEEEEXRL.

: ; ¥ CENTRIFUGAL
”"n PUMP INLET  PUMP

BH1 KEVETHRRESES RIEREH ) B2 EEMKRKHESIESERMIRHEE(SSME HPFTP)W

FEHRBRIABZARE. RERGSEEETRSERANER, RETHRNERREYE, Eit
ERITAEBITHLAEENEERE. REEFEHABENES (HTHSEMERSE) fiRiss
(HiE), UAREHERANE. BHARESZHERERETX, AERELRYE, Lomakin . Alford K
M. SREERBNRN .. =R K RPN S E5ER LBE X" ELRIAY, BXRITRREE
RIFAREHN KB FEERRE, FEitvon Pragenau GL 1 THEBFHESY, WmEsiaeh
KK$##, 34 von Pragenau GL RHK—FABEFH . R, dTHEHRBEHELRYE, UERRAE
U BB AW R BT BBk, B R BRI E EHET AL 0 — A 1 R . NASA 1«35
BHERTHA%E” HHite (BRA “BHEZRREL”) ME—IMFIHE. HM 1980 £ Childs DW 447
TEREHERTHNETEE, £4 NASA BERETER THMTITE FT=EHEER—E).
M NASA MEFH M LAEZ], NASA BEHFEZ 5EHHEXMRE LA,

AXRETHNFPERREHRBOIIAS, EXPET —ERERRM U, B AgEEY
ATE: (1) HESDEYRETEFEORR: 2) ABHNERSH GBI HRED KRR (3)
AREAEH (FHEZWATIES) METRBIEN, @) BF/EHHNEEHNE TR %t
BATEATE. EEWHLHEMLE, NERUAREREFHAEARNETRE. SXTHRE
WMMNBERETHNERR. HHRE () BARKRRENATH ABHAN THESRE—H RSN
HRER.
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Smooth
surface

Stator
oto! Lower level circulation
Y == (Couette flow)
hinders rotor whirl
(a)

B 3 von Pragenau GL )= e & % &L 5|9

2 FASEEm

M Thomas HJ FF#f, BREH KBHIR TR EN T R4, FENEIN AR E R 4% L 5 ERE
TEX#E. 1958 45, Thomas HI' 4 3B N RLHI R T F BEIRS), HIIASBHEENBOR
HERERER T LM A8, FOTRREE 2. Alford ISR BT ST A RS ML ) 2t
e, [BV)MEEREHARES RO TERE, HAUTELH Alford H1~3. Benckert H 1
Wachter J "' T 46 s 7 AMI0 3534 1 HIAGE, FRUEB[RER B EEESAER ARYTER
R, BUFERATE T BRI OB S0k S S MMM, BAJS, von Pragenau GLUSRH T a3
HEME, LML FEBERHRMNLI. F% SSME HPFTP (9778, Childs DW Z Otto Goetz gk
MADNETHRT KERFESIRR T, % NASA MR KM BT R S T sk, 3L, Muszynska
AUSPIEn Bently DE 237 942 4 S 508 %Y, Tam LT3 61| CFD TIEBAESR BRI RRE.
Y, AREHNRESEH T RABENHRIEABERERED,

FL L BESGEHTN TR ERBERE. R — L] I # B 2I(41 NASA [f) Seal/Secondary
Air System Workshop) L4, M#H —47W 2 (4 European Turbomachinery Conference, ASME
Turbomachinery Symposium, ASME Turbo Expo) & K BMEH 8, #2557 FHXHEW (4
Conference on Modelling Fluid Flow, IFToMM, ICDVC %) #3514 &5 BEFH %M.

3 WARIK

DAL HRREHE FH Y5 TR RE.
3.1 EHAEARHITEAE

EH IR APIZE: (1) Muszynska A B S S HER (SRR Bently/Muszynska, B/M #%); (2)
AR,

Muszynska A" L /|~ (B B9 4 7 LA fo S8 B ARAR 20 R 0 =T BT EEHFRES.

F=[K,+y, ﬂz[)]z + [D +y, (jz,)kz - jAwgz)
+ M -2jA0y 2 - 20?2)
AF, 2 =X+, W, = 1.2'2I2’ By A EFH.

BRIBYESISb, M DRI a4 3 IR GRRER 7). AR T E AR 5N PR A
A ZBHLHEHEFRBEENE, 2EHERT, PR BEES AR LY, X8 T 5wk
BEEERHEHTE FABRNTERE. WRIE B A% F IR, Muszynska A 1 Bently DE 182 T i1k
BRI B HRE R, EST8 B AR (direct stiffness ). REHR A2 XM (quadrature stiffness ).
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T ERS SRR BT R RIE, FEATHETRANBITEBEMSN: it BFEIGHE
R GREIMEME) WIELEXAN, ZERR DERMER, THTHTFRENEREST. KSR,
HTFR—AENER, ZENEEEELZRFHENNEY, SSENRLEFTFELRNE. Bk,
W ¥EIRMNRE N FHFBERBEERBREDOBUETTE.

B BE T ERSE T AIRAMEA (bulk-flow model). Black HF F1 Jensen ND¥ 5 EL i 4 FR 4
RN F#8 W, 2J5, Iwatsubo T?), Childs DW #1 Scharrer JK®, Kirk RGP, &k &P, &/
P2, Marquette ORPY, EHPYZEAFPERFER TiZEE, W 4. ZHEEERR, BHTMT RL
Chn AR R R XU AR, B R B FRE), Moore IPNEH, {FR1E4H Bulk-flow BEH!
AR, BHEAAESDEGTHESETFH INFERKRE. FL EZRBEIUER TOHILMNE
B (MREEH), TELZEBHMAFEREHRAY.

nT
"; I ]”Wuuu I 'i‘nl, <
o,

[—I It P; Wi 4 -

- s M . P e e EE T W AP am e e s s W s D

(c) ZBARER]
B4 SRAKE

M Tam LTPFF 448 37 3D #E R 3+ K F CFD 5 3R A8, [ 40,45 Nordmann REP® . Rhode DLE”. Athevale
MMP (& B3 T SCISEAL &5 )+ Moore JIP* 4515 A T i34 &Y, (B4 Wi #h B3t . Kwanka K14V
A B kES, (BESHEE (100kPa). Moore JIESIUI S Ik 3D MRS FH F 2K B 25 330 1 RS R it
REEVTE, B S5 BRZD.

M, 3IDRBMKEZI THEENRS, 3D MEATENKEARRERXBE. TR, —%&
24 3D MRIEEAL S 2D HRIHHAT RKAEYZ ), 5FR b ¥E 3D A %Y (quasi-three-dimensional CFD-perturbation
model) ™, ZHEEEEFRRILTHEFEBHENA—NE, BYERLEEREW, FHRXR
THZMWEHEN. Kim N F Rhode DLMIEE T 2D i, WMFF TLHFHE BB HLFEH, HILF
FBHZTENTBGEEH TR,

Thomas S“Ixt Bt 1 R EHEL H T 554
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B 5 Moore NPLHEHFHBHNSRAELE

32 EHIERSH GIMHARED &R

LRHAREHNN N EN—REELE, BEHANMEFTESRERNRIEFNBE. &R I3 H
SENRBEEAFHEFTE: BN, LPSRiEN B % . Benckert H fl Wachter JI'*' 7 B
FRTREEHNKMERAA, FHET NS FRNNER, EREIFHR, BUKETRIER
¥. ZJ5, Iwatusbo TN (1982, as well as 1985)4H Xt B FI F E K B M HIER!, T BAHME T AR
R, WETRESNSEHZUR 8 M HEH RS Nordmann RSN R, BT UEHEFE
SR ESFYE: Nolan SABFS T R EH s M, HSABBEHMALEER BT T L, &
AEPY, RREC TN, BT REFH NN . Muszynska A f1 Bently DE?,
Muszynska AP o8RBT BB SINIEREE (R EBIRIEE, direct dynamic stiffness Kp) FgE
# (IEBIRIE, quadrature dynamic stiffness Ko)o Li IMPARINF SR IRBIEEAR, M IXNBEHETFRS
TR % 8 R BT TRRAFF. %EH N 4 o (four-blade). S 4 $845#H) (two-four-pocket), B
BHEIE 6000rpm, KL 1~3. Seifer BAPI LB # 3 H#AT T RBH A, BHEH X TEH KRB
miR/N, TMEEMERBX.

B8 —1&K2, #EE DEMAG DELAVAL Turbomachinery f] Wagner NG 76 8.0y R4 L2 R~ #5348
RIS T A T (B 6). EZ XYY 7 Structures & Dynamic Committee (1999)3X B8 30 %2
EEMEAR RN R ER OEENFR 2 RTRRE (High-pressure centrifugal compressor, full-scale
testrig), A N, (BR) ERENK, ESHTIE 25Mpa. HAFAN: OLERNALRFEME, WL

6 DEMAG DELAVAL Turbomachinery #7850 JE 48012 R~ 55 3 MR 5000 4154
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