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Abstract: Since there is a large difference in geometrical scale in the side chamber and comb-labyrinth

seal of Francis turbine runner, the fractional step method is used to solve the unsteady, three-dimen-

sional, incompressible Navier — Stokes equations for the flow in the chamber and tortuous path of the
seal. In order to capture vortex structure more exactly, the hexahedral mesh with refinement near the
wall boundaries are adopted. The Quick upwind and second-order central difference schemes are se-
lected for convection and diffusion terms, respectively. The velocity and vorticity profiles in the path of
labyrinth seal are obtained at different Reynolds numbers; meanwhile the pressure distribution in the
side chamber, axial thrust on the runner and torque on the shaft are estimated. It is turned out that a
vortex structure can be developed as soon as the fluid enters the path of the labyrinth seal to consume a
certain amount of kinetic energy, and a pressure drop is established to prevent the leakage. Note that

the vortex structure is largely affected by Reynolds number. The results may be helpful in understan-
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ding the physical mechanism of complex flow in the path of comb — labyrinth seal and the influence of

the seal on rotordynamics of Francis turbine.
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experiment

H B R T ¥ 2 8 A K 1 HLAR I 2K Tk
HRR SRS P2 Tz s R Y R
SCERBIFSE T /K S L 3 38 P B S AR AE S L IR
AUKEFEALT &, fE R e e 18 A b, s 7 B
SEE (ANRK B B ARG % B 55 ), M BT FERG 46 Lo
5T Z (8 LA S 58 I S IR Z BIE AL 2 S E
2 A S A AR T B — SR He 2 (e R
M, 5% 5 Z A oK AL 2 A8 A ) il 155 2
(AR 1) U 45, AT UL A B i 3 B L] 25 4 S AR H:
AR

— S 5 1 S T IA A R e (8] B R ) 43 A7
YERI R /N Ak ) 32 8 R 3R 3 2 i A PR R 25 ()
2 BRI AR E AT BT B (B el e i S i
PRI DAt s 9 St 7 R 0 [ i 9 % L 2L A 1 1)
IR SIS XK R B 0 B T T R B
HHLBL G SR IR RN 6. B 25T BE g
TR R A B RN A ) 6 B OC R
AR %% 5 [B) B 0 LA A A7 A e A i 5 ). 2
EORHEEDS o 5 el A 1 SRR K R WL AT = 4 40
SER R =N TRl CYS & e S L N R AN
Wk HIE G R I HL 2B 10U 8 5 e % ) 1]
Bt Js 12 14 G &R, D R g TR i s 7 ik Bl 25 5 el
PMLAHIZ TR E IR ST (9 — 11 ] %) 0 5 %% B FE RE
ML LA SAE 7K F AL L 04 i FH 64T — 50 1K 36 Fh 4
EBLHL, PR Y 25 B 454, DA pLAL AR k. 3¢
BRCI2 R Veeman AR F RKIRBIAL TR T /K4 HL
T2 3k T 2 TR B g G PN O Bl IR A A, IR AR T
3% 5 ] Bt 9 B X T 55 1 ) B8 T O 1 1 . {HLAR
M5 2, K TR K 5 AL 4% [ 5 1892 B ] B it 1Y)
IFFEARE R AN 22, 25 18 7 8 P9 3 3 8] Bt it A B
TP A A 8 3 PN 1% A B R 1 SR R B 2
HRAS Ji PR TE T 1] B ) RUJE 55 A s g s R A 22
R AE CFD SERiH A JZ 17 L 23 18 31— L8 R 3.
U, A TRIBELEE 1 1 (R B o 10, i RO i B R AR Ak,
NG = ikt YRR N Ak N TSN =R ]
FEws it sl P, TE VAR T Be 5 T, HOAR H AT
XA A8 R PR s it 58, A A0 S 2 0 il ik,
H X SRR AR — 05 0 T 538 Ve 22 R OK R LEL fe
5 B [B) B o %) B JE 108 Y 3 , i >R FH R RS 1 %K

{ERLTT k. feda, o 3 BRARCH I 60 £ 38 7 S Jon At
SRR IR, AR B Fe
BHRILHE 1 ) MU 2R sh 2 R AE 1
235 | B TR B N A ) SRR AL, SR BUK A
HLZHL B 2R 32 T B R IE AR AL, 52 00 2 7K I AL 19 2 42
RSB AT TE/K AL = 45 8 3 A2 b, %5 5 [A] B
T IE A LA ) 28 Sh S RO T R

DA, SCHR S A A [ B A 7 P A ] B
PP AR T K G AL 5 B T BT 4 3 AR
TR AT HAR 52 BRS RO 1 KM i it
B A& B RS E PERCF ISR AN T 4 N - S J7 R g
Iy BT, e 7 FE I PRI -5 TR] B IR A B
PULAS oK T3 485 25 n] BE 5 1S 114 [8] B BE 171370 30 7 7 4K
(AL, 3 X A [8] T o B80T 18] B 3 4R 1 1
A, $82 e A B B T PN A2 2% 9L 3l ) A TR s et )
TP TR E PR RS

1 BEHERZE

L1 #HFERE
[FI it R ) 2 A PR ) 0 3l #BAIRE h AS AT T 4
R AR A RETE R 2l , e S AN sl i 5 Al g3 S
TRN
V -u=0, (1)

5+(u-V)u=—Vp+iV2u, (2)
X u HER G Re sl Fik AL
1.2 BEE# T E

{5 % Chorin 3 AR5 KA AT 46 N - S Jr
RSB, SR TR Bt sl s il X (1), (2) , BAA

AU .
O Zmg I3, sKAT B w |, R
u' -u" 3., 1 o
R A (3)

2 2 2
A:ual+val+w8l_L ail;+ail;+ail; .
X dz  Re\ox™ 9y 0z
(4)

Xt (4) B s ) I 6 R0 i) R =
B XU 2R Quick 388 JXUAS X, 97 BLIER T — i
LZEE




FEr A

AR EHEH TR RINKR A2 (8] BB IE AR E D AT

(13|

@ K T u " R
u(n+1) =u* _Atvp(n+1) , (5>
Arfap Y R — B A A A TR (B 3 5 AR Y R
77 Poisson J7 K H, B

vipttt =§v cut (6)
2 (6) BRI J7 FEAE XSG 5L B ™ s
J& Neumann 311 5451, B
W —ut S -
At

W (3) = (7) A58 n B[RS R )56
n +1 B [a) A5

O3 AR B T B S A T R R i e
77 Poisson JyFE. Fs JJIARA J5 R3] B HICR FFR HE Y
F5 225046 2, X F Neumann 31 54514, #6301 5t 45
bR RGBS 0, AR S 2 SR 13 ] X
B ) R B R B 2 T R AL, S U R RO
UMFPACK 4 AR HUR A, 76 AL b e PE Ty BRI &
BRI R A i ) i B, R T R Eigen K 3 850
PRI 25 1 20 A, ROR B AR T A7 it 2 [A], 52
PR v 4 2 A Jr AR ) DRGSR A

2 HEFERIE

NSRRI R PR 7E— K 7 m Bk
FEE b4 — P BB GE N B =30 em , KOy L =
50 cm, FRINIEIRE N h =152 mm, 55 & b =22.5
mm, Y& 1 s,

(a) Mitkies et

(b) PIf%

I R N o S R R
Fig.1 Computational model of comb-labyrinth seal
B A B 5EE 7 I 0.5,1.0, 1.5 mm. X5
PP 30 Ao 38 M T 10 R 4 ) % AR R R T,

BEAT 12 FASTR] 1 170 e 3 1 ik 4 B 19 78 e it i
s Cili i VAP AR LR Cl=R R RPN
T2 1] 2 HC o3 ) R FH B it XU 2R Quieke 3 XU
= BER B I Q.. U0 AU T3 25 21— 1
XFECUNE 2 B, B py, TR ). i AT O 3
B2 BB T3 45 R BT, RS R T SR Y
BUETTIEWTFE AR S T i sl 2 vl 47 9. [/l el &
H, Bl XU ORI Quick A JXUAR A3 45 SR A 22
B, SR L Quick I KUK 3UAE TR A 47 18] B 3 3
I B I I 45 A, O T — ot AU 3. St
BAEARR A Quick XA K.

Lar__ g
12 Bl il
Lok * B{H, Qiuck #l 4

-

208 B=1.5 mm 4
&
= A
N 0.6 V4
0.4 [a]B=1.0 mm
A
0.2 //‘//
0 |‘ﬂ‘[5ﬁ=0‘5 mm
1000 3000 5000 7000
p,/Pa

B2 BfE RS R I Y 5 B T A X L
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Fig.4 X direction velocity contour in ¥ =0 cross-section of path of seal
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Tab.1 Time-averaged vorticity in three labyrinths s
Comb 1 Comb 2 Comb 3
Re

w, w, w, w, W, w, w, w, w,
5 —2.56x107°-6.14x107"'=5.55x1077 -2.13x107°-6.14x107" 2.81 x107® —-4.71x107°% 6.14x10"" 8.68 x1077
10 -8.26x107%-1.32 -2.21x107%  -2.11x107°-1.32 9.34x1077 -1.37x107° -1.32 -3.54x10°°
50  -9.57x107%-9.38 -1.70x107°% -1.02 x107°-9.38 1.17x107°  =3.21x107% -9.39 4.80 x10°
100 -1.49x107°-1.65x10" -3.59%x107% -1.93x107°-1.65x10" -6.71 x10"® -3.20x107> -1.65x10"' -1.22x107
500 -2.56x107%-5.59x10" -1.68x1072 —1.32x107%2-4.92x10" 9.81 x1073 4.06x107° —4.82x10" —1.41 x1072
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Tab.2 Axial thrust and moment on
hub and runner shaft

Re F,/N Fy/N 7/(N - m)
5 0.83 x10? 9.93 x10~* -5.08x107°
10 2.19x1073 2.56 x10 73 1.28 x10°8
50 1.86 x10 72 3.36 x10 72 1.04 x1077

100 1.08 x10°! 1.18 x10 7! 1.26 x10 7

500 -1.87 2.24 -0.71 x10 73
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