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Prediction of Combination-Type-Staggered-Labyrinth
Seal Leakage Using CFD
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Abstract — Leakage reduction through annular type labyrinth seals of steam turbine is necessary for enhancing
their efficiency and the precise prediction method of seal leakage is needed. In this study, numerical analysis for
leakage prediction of the combination-type-staggered-labyrinth seal has been carried out using FLUENT 6 which
is commercial CFD (Computational Fluid Dynamics) code based on FVM (Finite Volume Method) and SIMPLE
algorism. The present CFD results are verified with the theoretical analysis based on Bulk-flow concept which
has been mainly used in predicting seal leakage. Comparing with the result of Bulk-flow model analysis, the
leakage result of CFD analysis shows good agreement within 7.1% error.
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Fig. 1. Configuration of labyrinth seals.
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Fig. 2. A typical combination-type-staggered-labyrinth seal geometry and control volume.

Vol. 22. No. 2. 2006



23 two-control-volume model
ARE HAFY At gy
5ted, Scharrer[9]= Childs and Scharrer[6]
d& Ao] AEPHS &8te] Blasius
npZAE AE AN SAERE BRI, 2
Ha[10]= Moody vhzHAl4 A8 A18g Ad 34
AE Xﬂ/*]ﬁ}"j‘:} gk sHile S ewds A9

137 fAEE Yeille s5ATES 58 &
Je MY 7S Adeta 2 ASE wsich

B AT gl 288 A7 g A o)
3l 3 521 Fig. 20 vebd RA¥ Llus
FAske Vi s 2EYE Bobd #e 2E
HE o duEl 358 shuie] AojAdes o

2

tjo

off

%

)

rx
) "

i

3= one-control-volume model 3141H-& A+
tt. R, R, B, B, L, L, L, D, T,, o, C:& 77}
IAF ukg, AR v 7l g 2EY

7o), Fe dz 2Ege] o), 7 A 2E
Y3t Fe s 2EY Alle] 3 pich), He
dHEs 2EYJS Alold 9%, FAR vl =, 54
399 gol, Bus 22y Auyel w, g
2 2EQY A, A 132 Yepli), A8 W
PV, me 22t AR o, AR 4%, A
FEES T 7 Wee ol EA = mA A
A4 L oojdit. o2k AAHE Zr)e o
0] $U BES ol2T Uk (1) B 97
& Zo| AoAlFel] g ALPRAE epla o

d (R+D) R

+Lo A, — =
Zpd)t oy e, %

= =

=

m=0 (1)

A7 pe BE, A AlojAH ] A5 dEe)a,
R (R+R)2E o)t §o] HY
Ak 5 WHAS =5 /;'(2)g], 7},

p,VA@V R,
V-V,
( )+ R, FY R my 1)
A@P
=ity T
R. 30 a,Ti—a, T, 2)

APl TR o a2 DRI B A
o] 25l PAASE Ao EA Zololw] 7% 1,
€ A4 Y 249 QLG dues 90y
£ AFWT ADLHS YT Moody?) w3
A% A% Agstel e, A0-20] Ze 2

== ¢EAlI(compressibility factor) Z& EE3Ie=

Journal of the KSTLE

Al e EEY Jalo)] o3 /\1(3)_‘,]. 7ro] <
g goz 58 Atk AN RS JAAE, T
2

__b
P~ ZRT )
A FES UEE ZFR-58mi)ye Neumann

(1114 23 —1°ﬂ oJaf A4 golstdct. olwf kinetic
energy carryover factor[12](z)E 29| 3]AF thzo)
(Dt AZE(CHET 84 =7] wize] 1.002 Ao
=™, flow coefficient[13] () 21(5)% 7o) e}
d Aok 4714y Bgn]elu).

PZ

“IRT @

m; = b, Licnd it
V4

#hi= +2-55,+2s?

kg

i
TN
5
N

|

)

deEs Qo) 4 fEe ol
4)9} A(1)S ARl Ao et
% xR o Ave) gelssl
S ‘?}%(iteratlon) ho] ola) Lako) ek 9

= "R A o) /\]( )g_ Zo0)xl %oﬂ)\-],]

_lz
==

% iy
S
o ofk
RS
i
)

e
Sy
2

oft
o

it 4N o Jo W Ho
ok, o
ot
:Lo
1B
kX
[‘_\AL
_l
_‘Tl

By

o

N

N

5

z

lo

o
-1N

o

oft

; :LO
1o

> mlo
-
=
T4

i

O, off x0 2 dﬂ

o
3,
o]
o
2
N
4
S
X,
A
9
29

>
O:
It
o
O
olN
)

N
)
e,

2% 4%
ROV
R

2

2

1o

. 2

m>~
o 2

ok 239 ‘31?—:}"{1 Eﬂﬂ‘lﬂi "e‘iﬂ i fE Al
3k ZAE Ao ot S[2]9 =2l veht A
0.667
NC —’ZT;"IZP veHye 6)
2-2. CFD aliMy
Bulk-flow 3j49 o)X= /“9] B4 wgo g &uy
wi7E glE B f4e] & Q5] A ale
w3hel ot A 4 %"H W e SEEX

£ o7 w2l 5842 57 f8iME Navier-



Stokes HAAF FFEAE AHgsle fEH Lxd??}
g 2o & Feteiof @t o]FA FEE A
AL 2SS Felrlsh of@s] mEo]
CFD(Computational Fluid Dynamics)?|®H-S A=
t] Dietzen?} Nordmann[15}> HZ& H4 2 1FH
el sl k- @ 293} FDM(Finite Difference
Method) 7IH& AM-E-3+ B4 AASIIT) CFDE
ARERE Ae] dld[16-171 el ofelest AFE A
o A o g JIYPHA Rt g=Fo
= ZFEe G 7MY BEE e aTEY o
7F AEo] 2 &R 7FsAdo] AR Sirh. & A
AMe He A4 E - A S48 22T FLUENT
E olgsle] 2TF AZd Huds Hof i f5
g T8 A 7 CdF ARE ARSI g

FLUENT[18}= BIt&4d - 4544, 22k - 32k
8 FAEAE S8 igE ZRaPor HXYF
291 GAMBIT# solver B §42)44]¢] FLUENTZ
T3] $lth. FLUENTE SIMPLE# SIMPLEC &
) Ee 7)1&3 A 1/ (fully implicit scheme)
S AR F-3HA A (FVM : Finite Volume Method)
g de gy 2Fe 2 B2 A AAeke
H] 22} 2} Al (non-staggered  gridyS ARSI} WHR
de fg REE 7|HOE AREEEY RSM(Reynolds
Stress Model)3} RNG(Renormalization Group): 2
& A"z o= AT £ JoH tFES Alkter]
L5t ARZE] B2 power-lawd, 23F ARFARHEH
AP

FAHEEEl QUICKY 5 AHd & 9l

lo

4] 4

ZF2 bulk-flow J_E—J'Oﬂ AN Qﬂ% A}l FluentE

A& CFD 314 248 vl $4staat gt Fig
201 Ve Tl o] A R3S slls] A

43 21 270] Table 19] AAE] it #u
22 AEfo] AHolEjol] Sli=(teeth-on-stator) H-$E
2AeAle 424 AL T71E AR A YT
Y@L 22.8bar, 2E9] ML= 3600 pmolth. 71
AL 2Efe] 7)), #E AL 2EHo] 127)]
2 o]Fojd glom QHIAE o|fE LEYH I 9
MNE2 Aol & Zdoles 63.6mm, A2 EA] Zol&=
1.016 mme|t}. F57¢2 ZE 9 2HolE] HOZ £

69

Table 1. Input data for the analysis of combination-
type-staggered-labyrinth seal

Seal geometry(Teeth-on-stator)
Radius of seal stator (R,) 344299 (mm)
Radius of seal rotor (R) 336.425 (mm)

Tooth height(long one) (B) 6.858 (mm)
Tooth height(short one) (B,) 3.683 (mm)
Tooth pitch (L) 47752 (mm)
Tooth pitch (L) 3.175 (mm)
Step height (D) 3.175 (mm)
Step width (L,) 3.429 (mm)
Tooth tip width (¢,) 0.254 (mm)
Strip angle () 0.3838 (rad)
Clearance of seal (C) 1.016 (mm)
Number of throttling teeth (N7) 9
Seal length 63.6 (mm)
Operating condition (steam)
Reservoir pressure 22.8 bar
Sump pressure 19.4-3 bar

Inlet swirl ratio (V,/(R, w)) 0.0

Rotor speed 3600 (RPM)
742 (K)

171 x 107 (m’/s)

287.06 (J/i(kg * K))

Reservoir temperature
Kinematic viscosity (air) (v)
Gas constant (R)

Specific heat ratio () 1.4
Compressibility factor (Z) 1.0
AL 2 BAE S Fades 2a8I2D),

thA (axis symmetric)2 7FA ey FZ§¢d 4ol CFD
S 9 EA] Zlo] = 7o) WEECE (.05 mme)
e z}(3so 95270)s GAMBITi ARg-sted A7
3| 2 A Uil FA% Axle] B
Eﬁ REFAE o]FE HHEA REYY
Exﬂfﬂl—t— Holutgko g 207H’l Azt B = A
FLUENT solvers AM&3te] oz, Hui3, hid
(swirl) 550l gk d=4 FssiMe o, 2H
o] FHo] W& feHe IAREL olFFHEA
(moving reference frame)2 ARE-Ste] At &
FEYL ke RNG BEE ARl oH $EAAS
A3 zHREtel o] 107 osb) HEE A
3L RS BUEE st FEAES

Bulk-flow 2o 7123 239 Q24 gvids 4
o] FAF dE2 ()60 12T 3 F[2J°
control-volume {4 =5 AME-SF4ICE.
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Fig. 3. Mesh generation for combination-type-staggered-
labyrinth seal using GAMBIT.

CFD &)4& Intel Pentium 4(2.6 GHz CPU, 1.6 GB
RAM) 78218 AFEE TR A S92 (sump
pressure)®] 19.4 bardl 7A-$- 5 A7HA] AA)zko g o
10A17k0] 48 Hglom v AlXE 42= 80008 o]
’Fo] AQEU). Fig. 4= A9] $ixlo] we Ay B
of thsle] FLUENTS] 314 Zx2} bulk-flow =4
3N A== vl@stz vk o714 A 9F] omE A
P55 VERATE CFD #1412 A Ul f-5el A 2]
e B &k P thsle] de] Zo) weko g Az}
271 0.05mm 7HH22 63.6 mm7EA] A3 S
AlF3t7] Wil Fig 4 HOR A A=HEEA}
el ok 28y bulk-flowsd 2] 842 Fig. 2014
Bl 27 gHe] AejAF o] Ao} 2} Alojx 2
FaghEo] AMg o= AE Hog fHEyy) I

2400000
2300000
2200000

2100000

2000000

Pressure (Pa)

—— CFD(Fluent)
| Bulk-flow model

1800000 T T T T T T T
-0.01 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Seal Location (m)

1900000 ~

Fig. 4. Pressure distribution vs. seal location (reservoir
pressure : 22.8 bar, sump pressure : 19.4 bar).

Journal of the KSTLE

1.46e+02

8.76e+01
8.03e+01

7.30e+01

6.57e+01
5.84e+01
5.11e+01
4.38e+01

Fig. 5. Velocity contours of combination-type-staggered-
labyrinth seal (m/s).

Atk CFD 314 A9} bulk-flow 24e] si4 4
7 viwA A AXEE Hola glon, do) AR
Z Hoe 75 HoAM TS & IS 1Y)

Fig. 5& 8% Az« fwedXs d9 FLUENT
PFHE T T4 5 A5 HoiF ok A
A4 (reservoir pressure)®] 22.9 bar, A19] &3¢k
o] 194bard] 7459 £& WHE el g
TE(cavityell R ofFe HmEs 2EY B
EARAAMe] B AEE & wetet 5= ) Ale]
RE ATE 5 AP s ge

ec|

gojA] 3
& Z/E &+ Utk 53 el ojFk
e 22y Bl T8 ZEAge] dop
M el AAE FUFL B 5 ool BF A f
F AL PAE FLT A o) wel ur Be
2El9 2T oRE Yuis AEYS e B4l b

o
Y
)
.
i
s
i
i
v

Leakage (kg/s,
54
1 1
/O .

Sump pressure (bar)

Fig. 6. Comparison of leakage prediction between bulk-
flow model and CFD analysis.



2 49

it
oft

o

a%tﬂﬂi Aol tiste] A
A AN A &
3 3ba10ﬂ)\1 194 baw}xl el AZE o F
A §F d2 43S vlwst ok Bulk-flow 2d
o 7128 di4 Ade S| Fagel webA
A fo] 7K Bon E7RHHC] oF 42
bar o]3lAME A& (choke)e] Foltt F4 {7Fo]
ol ol Z71EA RS Bk 94 FLUENTE
AMEEE 1A A ErgEe] Fagd mEbd A
fiFo| Z7HgHe Bout dadde] dojue &
g olslollde siE 7+ 5 Tk MkHoe=
CFD fﬂW A7} bulk-flow 24 4 BB} ¥4
FHS A dEFL BHow, 2 Aol ETrYE

o] ZolALZ(AEat ARSE) AX AN 7.1%2
o2 Ho) viwA & IXFE eI dAl &
gerle] 238 4 guas A dele At
7b ARG 0] dopte ddnnt A 22 GEA}
ool exE-S F2{sPE CFD 314 A2t bulk-
=g 4 A= 5-6% olUle) o8 2Y A
o7 g}

Fig. 72 2E9] 3|d&Eo]
A#HE Hol Yk 4 d7d=e| 228bar, d ET
gze] 10bard]l 27X ZE] 3d £=F 0rpm
oA 10,000 pm7HK] 7AW CFD 84 A=

flow

& w4 fe o

oF 3.6% FA f2fo] A4S Holx Yt ol B
Blo] e o] wa® AFWEF f5o] 74 %

3 #AEE & ek 52 WElisl TA el A
7Hele Ao olajEltt. ey bulk-flow Edlof 7
%3} 31438 one-control-volumes AFESH Ao =

2.3 —m— Bulk flow model
22 O CFD(Fluent)

@ 214

o

<

q.)20— a n ] n
g

_rzw19- o @] &)

L5 (¢]
—

(‘) 20'00 40‘00 60‘00 80‘00 10(‘)00 12(‘)00
Rotor speed (rpm)

Fig. 7. Comparison of leakage vs. rotor speed between

bulk-flow model and CFD analysis.

A

71

29 3o e T4 {3 HIE dFA £
s ©3o] Utk Fig 791 B ZME 2Ee 3)H
&% 7} 3600 rpmoll A bulk-flow Ede] Asrt oF
54% 3A ==, 10,000 pmelME F 8.8% A
d&Ee & ¢ Uk

CFD—% }\}‘%_?:5} %;leﬂ. zsﬂ)\o}_q aﬂ\ﬂa)\ Al o] 1—)\4
f2F P 71E F2 AREHOIR bulk-flow B
24 My} vas] & o 3 FF
o] vlwa & A=, A R {53 4 B
Zol 3 AT AHE AlF FH, ZEQ] A

2 fko] HIlE 428 & Jde T B Al
gtk ZEyg A ade] WM duitt ARE A
AAgslor H3, & AFEHe] ot Aol 2
2 Aeld, ZEe A& F A9 Ao deEle
Az 2 AS FEgo] AL g T8
oAHYA = wdo] gtk B A¢e] AAEFH B3
3 Aol PuiEa A v {F oS 48 CFD
Fzo) &g 7FsAdo)l AEHY e g do] A
gs Yepie 5

B4 A 159 B FUHA Q77 288 AL

O

43 B
Aot G YA AU s e A

Bz
=
S

95l 44E CFD ZEE o] 83 {530
6@6}21@ o] a4 Axtel BlFAES HE] Ak
19717 Z2 AHEol bulk-flow Zdo] 7]%3
Sayzt vt Aue olelst 2tk o

(1) CFD 81212 A3= bulk-flow 2] 4
2 ARt HA) 7.1% o2 ZA dSEo ¥l
2 dAEs 2vh

(2) CFD #4le] 28X Zie bulk-flow
Ao} A es & AL ZAT

(3) CFD #1412 bulk-flow 549 sagz= e
2E] 3HEEd e A FH] HlE & oS
ated 0 rpmellA 10,000 rpm7HA] 37T F718E AS-
oF 3.3%2} _‘T:g Oako] 7L/\z‘ﬂ-£ y_oir/}

=3, CFDEAES 4 UiY f54¢] o4 4 /5
o thak S AAE AT FoEM f5 549
ol 2RE T FHE HAHY F U ¥
ol A 7ol & Floz Frkdrh, et 49
o] W wujch AxE oAl AAsjo Ha, 2

N

z2d9

11

f\!

Vol. 22. No. 2. 2006



~J
[ 3]

F83e] Bask ANAe] o7 L], 289 3]
Aol Aol gL 2 AT &

e LH“PZWL} H—‘E— 7571 0184$ I% =

*E g dSol e CFD Ho %L%— 7Fs4
AFEHAY. 2oy 4o dAlde w4 §% A
l‘g_ 23 3RA 2S5 o}z% Aol sRAk &
AYOoE CFD 314E &3 H9 334
& 8}H2] ‘—34‘3741#«94 AFo] 87H o] FF 5
A A%l B 27499 477k Bag Ao

[e
O:

¢

F

ok off 2 ME O mx ¥R ¥ & X

>
il
rit
o

2o 28

Mo

1. S, “d2d s Ao w4F 3% 554 9
A §8813)7], A184, A 1E, pp. 24-33, 2002.

2 S, I8, USE, AU, 9 g 27
3 ozt Fuas Ao AP 55/\(; SIS
FAZIAAE, A 74, 7<1]6§, pp. 45-54, 2002.

3. Alford, 1. S., “Protecting Turbomachinery from Self-
Excited Rotor Whirl,” ASME Trans. Journal of Engi-
neering for Power, October, pp. 333-344, 1965.

4. Iwatsubo, T., “Evaluation of Instability Forces of
Labyrinth Seals in Turbines or Compressors,” NASA
CP 2133 Proceedings of a Workshop at Texas A&M
University 12-14 May Entitled Rotordynamic Insta-
bility Problems in High Performance Turbomachin-
ery, pp. 139-167, 1980.

5. Jenny, R. J., Wyssmann, H. P. and Pham, T. C., “Pre-
diction of Stiffness and Damping Coefficients for
Centrifugal Compressor Labyrinth Seals,” ASME 84-
GT-86. Presented at the 29th International Gas Tur-
bine Conference and Exhibit, Amsterdam, The Neth-
erlands, June 4-7, 1984.

6. Childs, D. W. and Scharrer, J. K., “An Iwatsubo
Based Solution for Labyrinth Seals: A Comparison
to Experimental Results,” ASME Trans. Journal of

Journal of the KSTLE

10.

11.

12.

13.

14.
15.

16.

. Scharrer, J.,

. 3HElE,

. Moore, J., Palazzolo, A. and Na U. J.,

Engineering for Gas Turbines and Power, April, Vol.
108, pp. 325-331, 1986.

“A Comparison of Experimental and
Theoretical Results for Labyrinth Gas Seals,” Ph. D.
Dissertation, Texas A&M University, 1987.

olohy, QHE/)E e~ Aol $54 )
A S-SR ST A, AW, ASE, pp. 849-
855 1998.

. Scharrer, J. K., “Rotordynamic Coefficients for Stepped

Labyrinth Gas Seals,” ASME/ASLE Tribology Con-
ference, Paper No. 88-Trib-42, 1988.

Ha, T. W., “Rotordynamic Analysis for Stepped-Laby-
rinth Gas Seal Using Moody's Friction-Factor Model,”
KSME International Journal, Vol. 15, No. 9, pp.
1079-1089, 2001.

Neumann, K., “Zur Frage der Verwendung von Dur-
chblickdichtungen im Dampgturbinebau,” Maschi-
nentechnik, Vol. 13, No. 4, 1964.

Vermes, G., “A Fluid Mechanics Approach to the
Labyrinth Seal Leakage Problem,” ASME Journal of
Engineering for Power, Vol. 83, No. 2, April, pp.
161-169, 1961

Gurevich, M. 1., “The Theory of Jets In an Ideal
Fluid,” Pergamon Press, London, England, pp. 319-
323, 1966.

John, 1. E. A., “Gas Dynamics,” Wylie, 1979.
Dietzen, F. J. and Nordmann, R., “Calculating Rotor-
dynamic Coefficients of Seals by Finite-Difference
Techniques,” the 4th Workshop on Rotordynamic
Instability Problems in High Performance Turboma-
chinery, pp. 77-98, 1986.

Park, S. Y. and Rhode, D., “CFD Solution Allowing
Modeling Improvement to the Bulk Flow Rotordy-
namic Code of Dr. Childs for Grooved Seals,” Texas
A&M University, TRC-SEAL-6-98, 1998.

“CFD Model-
ing for Dynamic Coefficients of Labyrinth Seals and
Impeller Leakage Paths,” Texas A&M University,
TRC-SEAL-2-98, 1998.

. Fluent User's Guide Ver. 6.2.



