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(1) Martin’ s Equation

g dAmMas Ao FAZFS #H/ A9 191340
Martin [14]0] oleisl ol W% Astgich. o WAL
sEEE e ohie 0 R HRIAY AgH Ao
TGS ANsd AMSee, we A"EW Bl =Roht
Bojx o] Equationd 7IWe EM Ul £ A% o3shiv)

7Iekg kol Qlvk [11].

o = FHATFAL ) [29 2.6 FE]

X = g AS Fe 4] Pi/Pd (FAHY )
Pi= g x A 5 43 (psi)

Pd = #dx AE 343 75 49 (psh)

Vs,= 475 ol dig vl Al A (ft%/1b)

N =i d 2 4 Toothe

k = F% A4 (0.472lbs/s = 1,7001bs/hr)
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=

[e)
g S5 dg oduA BAAs i fFE7F Jhesttha

Sxd g PAAe 9He s Fash: AP fPe

of tjsle] St. Venant Equation

tlo 1o

(3) Neumann’ s Equation

Egli [16], Hodkinson [17], Vermes [18]+ Martin' s
Equation®|A] 118]8}#] & oy AE Hestr] fslA A=
kel whHo R AFE T 1 EwelyAR Ak FAH

EoYA WH3E Carry—over Coefficientztal &3t}
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?1 AU A = Tooth Apole] ®l FZbe] WA= A ojw,
Hhgukel g A 7o) F7FE 9= Carry—over Coefficient
Tk ST [19].

Neumann [20]1¢] 79 Martin’ s Equation®} ©32] Tooth
Aolol digt g A A Aol k= digt &4E F3l Carry—
over CoefficientE® AFEst Qom, [FHAF T Fgn| g
g5 S8 Aaks st 9k A Szymanski [21]¢] mEE ST
Equationg 4A-&A] 37019 ToothE T st dHds A TG
st etz AR oin] fFAFS AFFoE voa gl (4 2-
9l B3 #o] Neumann s Equations 7d 2 sl

P’ - P
= Cf Ayt e (4] 2-9)
m = Cfu, 2T
= z S (2] 2-10)
o+ 2-5B8 + 28
k-1
k
p = (iJ T (4 2-11)
BH
o = N (4 2-12)
N1 - «a) + ¢«
@ =1-—r (4 2-13)

A= % ¥AWA = 7 xDs x CI (mm?
Cf = Carry—Over Factor

N = A A g

= AT

C= guas A B

L= Tooth®} Tooth7Fe] Az
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(1) 0|83 4 F4F ¥4L I 24
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rlt

Ao wmds Ao wAF #Ae 98 2% 3EelA
A#§ Equationd ARgslob @tk @Y Equationd 28317
B4 7 @) g, % v Stofol g}, Y3ts] Aut

HA 55
3H7] el = slg EHY X542 2% 3D A3 dte] Fluent=

AbgE fredidE ke Aol BE FS ZAloldh sHA &
AgEs @A B Fske 2 g7 wiEel WAE (8],
Cotton [26]9] 714 7|Hto® FAS siAs) Bl 3o

[Z9 3.40] 298 WF 73 54 o0& @3 24 [27]

Cotton [26]¢] W= ZFFEH, ¥HEERle]l oz JHH|E
g2 AAsta Qo AA AL FAFsE A (3, HEsER) 9
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o)A [ 3.441%} 7ol AEEHW U AxE A~ RS
e (F2ekv] R )& FElok st dld dEs ¢

Aa A= WEEERIS] @ Root{-¢F TipH-o] WHe =& dolof 3hH,
(e}

P,
(larEh

() 27 FA

[Z2% 3.44] 1 B o 48 A e A4
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HIP E{%l EHE Root & TipF YIS E

16 20b 3% afh sEb 6Tt 7EF 8Eh oft 10T 11fh 12%h 13% 16 2fb 3Tt afh sEt eft 7T 8Eh oft 10fh

=tmRootE et TiptE

[Z¥ 3. 45] HIP ¥¥l @ Root}, Tip

Tt
r-i‘-‘
olfl
b

SL Dixon [28]°] W=, & HlE T (R)E 34 Ego]=ofA
Jojut AA ey ZaFES 3 oA dojud HA gy
detgo g yFE Aolgtal (2] 3-3)A"d gostal At

R=to ol (4 3-3)

hl - h3

A3t A 297 SAEEI WA fFAFSHA EE Uit
frEol ZETha 7Hgskd, (4 3-4) ¢4 Tds = 022 & 5 9lof
ekd]o] gt BAA (A 3-5HE FFIT F vk wEhA
Rbe=s (4 3-6)9F #Zo] 4"l disk #AXow xY
7 Rk

Tds =dh —dp |p —————————————————— (& 3—-4)

dh =dp |p —————————————————————— (2] 3-5)

R (] 3-6)

b~ Ds

(A 3-6)°l wek WEis Z47 Afste] Hwya As
&#%st= Root#9 TipH ¥¥s +& F A dv wepA
FTFAY T2l Agsh7] g qEgS A7) wEel AL
et A=
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(2) o]&3 A 4% A7 4 v

kA 34 (1)9 At 2152 7|WHS 2 Martin® s Equation
(2] 2—4)9} St. Venant Equation (2 2-8), Neumann s
Equation (4] 2-9)4&o] 7Isalxt}. dld Equation &85 ¢3]
ZHZFY 3d Egol=s doj(xd 4w A dolg)E 7o g
T FAWAAe) = [E 3.2]18 Zo] Aibskidth HEB(X) =

QoA AALS WHE T o] WE RootH-9F Tipe ¢8-S A &slo] [
3.31¢ #o] At Th
T4ER Z4ER

vr zas o) T SATSS ur zas ey 00 EANSS
1%k 2,500.06 1%k - 3,848.05
2¢k 1,862.65 2,447.79 2¢k 2,445.30 3,573.06
3¢k 1,932.08 2,460.16 3¢k 2,445.30 3,733.25
4k 1,883.78 2,472.53 4k 2,344.81 3,662.70
5k 1,682.32 2,252.71 5k 2,478.80 4,388.80
6%k 1,696.46 2,226.42 6%k 2,411.80 4,408.61
7k 1,696.46 2,243.79 7k 2,200.21 4,518.03
8¢tk 1,649.34 2,255.89 8t 2,168.33 4,818.24
h%s 1,790.71 2,302.11 9t 2,072.67 5,032.29
10%+ 1,750.70 2,281.41 10¢+ 2,072.67 6,041.63 J
114 1,691.28 2,260.84
12% 1,589.25 2,138.18
13¢k 1,544.49 2,153. 28

[¥ 3.2] ¢}, ¢ Ei‘?l @ F AW FE (Ae)

T EER Z4Eul

9+ | =63 | 4 2dol=%  wx | =HE: | 54 Sdol=%
14+ 1.01 14k 1.06 1.06
2%k 1.05 1.05 2%k 1.07 1.07
3% 1.05 1.05 3 1.08 1.08
4t 1.05 1.05 4k 1.09 1.10
5%k 1.05 1.05 5¢k 1.11 1.11
6k 1.05 1.05 6k 1.12 1.12
7k 1.05 1.06 7k 1.13 1.13
8¢t 1.05 1.06 8ct 1.15 1.15
9%k 1.05 1.06 9%k 1.17 1.16
10 1.05 1.06 10 1.17 1.17
11k 1.06 1.06
12k 1.06 1.06
13%+ 1.06 1.06

[£ 3.3] 1, ¢ EHH &8 4R X .
42 A =



)= (2™ 2.6], (29 3

AE AE, W BHol=e Ae 0.38% AEgskolon,
Mol  ¢+d  Rubbinge] HYotx ALt [29].
Aol Toothte & A syt ubA ute(wle] H$-
THENY 3, 5, 6715 Agst] o3 2ol HF Martin' s

Equationel wW& FAZFES [ 3.4]19F o] AArst3oh
k-1

Tooth?} 174

ToothZ} 274

ToothZ}t zto| !

Hi-Lo® 2212 A (17H)

0.30
Hi-Lo¥ 2fj{21A 2l (271)

[2% 3.46] IJAEHI=E § A X e FFAF

ALHER THER
@ 25 A Byol=F 9 Z2HSH A B =EF
(kg/s) (kg/s) (kg/s) (kg/s)

1 - 1.61 1 - 1.45
2% 2.43 3.01 2% 0.76 1.33
3t 2.34 2.82 3t 0.74 1.33
4%t 2.13 2.63 4%t 0.67 1.21
5t 1.76 2.23 5t 0.65 1.32
6%t 1.65 2.04 6%t 0.57 1.19
7k 1.53 1.91 7k 0.42 0.66
8%t 1.38 1.78 8t 0.36 0.60
9ct 1.38 1.68 9ct 0.29 0.53
109+ 1.25 1.53 109k 0.24 0.52
11k 1.11 1.40

12% 0.97 1.22

139 0.86 1.13




oAl s FAR WE A”HENIS Y5 AAre] fsliA e
Euler Turbine Equations ZAg&|oF 3str}. o] A2 A
yx  ®BES WHP} 7t EE EEY HFHS THie=
o] FolA A, BRI fFo]l =& w ERlo] 3| Ast= A L5 EF
ke e E¥HS (4 3-7)%F Zo] mEsislon, AP &
A=ty wWztgFoew  AAbsieltk [30]. [ 3.5] Martin s
Equatione #83to] 1 mm <7} wf wWslsi= ARER
T Uit Hwe 29e e meam AsEH:
ZEFol & Zer Ko, IYPEN F=o] AHEN E3 Fraio
715 & F dve Ae dA Hdh

P=mh, —h) ————————— = ——— (2 3=7)

IHER ZHER
. | EHZ | Fa Bdes=s | . | =HE | 34 2eo=E

cr (KW) (KW) cr (KW) (KW)
1% - 6.11 1c - 5.08
o% 35.89 47.87 o% 18.95 20.83
3% 33.25 44.65 3% 20.90 20.23
e 30.80 41.58 e 21.90 19.17
54 28.35 38.65 5% 21.99 17.76
gt 25.67 35.80 6 21.26 16.20
7 23.66 33.27 7 17.30 8.92
8t 21.78 30.78 8t 15.81 7.87
9% 20.02 28.45 9t 14.19 6.78
105 17.83 26.28 105 11.48 5.70
11w 16.36 24.26

12% 14.71 22.42

135 13.28 20.39

[¥ 3.5] 1 mm S71E o H33s= A"HEHY 83}
- Martin’ s Equation & &

olHelli= St. Venant Equatione #&3sto] 7 W S8 E
gla Hea drh (4 2-8)& AHEsH] A 7] 9w A,
s A d e 4y T ®Wes skl iR TS
etk FrH4e 247 #HdI7] wdnuE 1308 7MY
st om,  FEAFE oA Martin® s Equation®  EU3HA
A8ttt [ 3.6] St. Venant Equationg 243 1 mm
s7td W Wstele 24 9o E¥s YEhiith Marin® s
Equation9} Hlwatd tiAgoz 1.704% & A4ES It

_—
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LAER R Al
263 | g4 2Yol=S 263 | g4 2gol=S

w (kW) (kW) w (kW) (kW)
1 - 10.46 =5 - 8.28
2 53.59 78.69 2 39.94 33.53
3¢t 49.79 73.33 35t 44.80 32.16
4k 45.98 68.23 4k 47.58 30.12
5t 41.84 63.36 ek 48.28 27.57
6% 37.96 58.64 6% 47.06 24.86
T 34.97 54.44 T 42.14 17.31
gt 32.06 50.34 8k 38.61 15.07
ks 29.69 46.48 ks 34.65 12.79
109 26.45 42.90 10% 28.69 10.71
11% 24.17 39.57

12% 21.62 36.52

13¢ 19.45 33.21

[# 3.6] 1 mm F71E o HEs= AHEHA SYAS

- St. Venant Equation 3§

nlx] 8t O 2 = Neumann s Equationg AMEste] 7 o =
HsleRs geld] ®okth (& 2-9)S AFEE] YEiA 4 =
Carry—Over Factor® F&AI4E At=st e, & Equation$}
24 Toothe Izolel #3 #|AXE ALt [F 3.7]2
Neumann' s Equation €3} 1 mm F71g u Walsh= 2 @9
=95 YERSY. Marin® s Equation®} H|wshd oAz o2
39MAE & AdES AU

LHER THEHR

Y 2HS A4 BANES | 255 JA Edo=s

kW) kW) &W) &W)
1 - 21.70 1< - 18.13
2 115.11 172.24 2g 83.73 73.82
3% 107.51 164.24 3 93.84 72.05
4% 99.16 152.91 4%t 100.99 67.51
5¢ 89.56 140.91 5% 105.34 63.73
6% 81.50 130.32 6% 104.15 58.12
7 75.16 121.22 7 91.07 50.98
8t 68.82 112.18 8 84.45 44.60
9 64.28 103.82 9 76.74 38.49
109 5751 93.70 10%* 64.88 32.57
g 52.75 86.40
12 47.02 79.35
139 42.23 72.19

[£ 3.7] 1 mm S71E o H33s= AHEHY 83}
- Neumann’ s Equation & &

7 1
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3789 Equation EF FTAFHS 7|wtoz gl &4 =9 &
AR 4 Q7] wiEel 5 F7bel e =¥ wslt Ak ghotol

oo
o
(O

Ao woldEnk A, SZYMANSKI [21]1, A. Eldin[13]9]
Addst Azl fARHA dds AS Fdete FAEARES
AbeteE W AlS thekel, 7 A3 w=§ Toothe Zol, o¥ =
Now QA3 AF xxel wel A8¥E Equation©l
A& & F vk wEd EPRI R 9 e

=

2SS Aaksts =%A¥W  Martin® s Equation®® &k

g
sebgt ® thekst AN WAooz AF &9 wWalRs Fi Aol
esitia g7k

: BERE



A4 A 2PN 58 2 29 BY

(1) A=ty Drop Testel W& EHul & #4

Hule a&& AAsH] f8lA odEd Drop Test WHE
AFESE T o] WS a/E EHl ", ko] AXAEo Qe
AT & =7 Y 2% ASHS 7Ntz Yl yYH a&S
SA4st7] diel Atz golstH,  AA dAeA A

0p]

AFeE 3 Qe v o)k, (18 3.47]8 <lery] Drop TestE H-—

Are =23 silon, 7 oMY SdERY HA 9
AR 7bs st g T ol Al ARESE "I o] #E EHR UF a8
= 7 A [31]
) ZOole{H| §8
ollEHT| IUEY §E P 14 8 o
== ? \4"\5&\% ° ? \%oéﬁ\ev °
(H)
9 4
1 ] pprn® part®

o MEIHSH A
HU2E = SrEsrsaroan

A=) (5)

[23 3.47] 9= Drop Test(H-S A %)
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(2) Aadse] wE d4H|

fitfo
Me,
i
L)
M
X

oAl ALl HEL3le] wWE IiHE
ol 1 3tt}h. Cotton [26]°] W= EHHE UF &89

=
Hste W danEd F

)
iy
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i
BRI -

©
2
o
)
2
_O|L
rlr
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%
2
_1
(0]
i o huomp R

=)
¥
S
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Y
tlo
offl
2
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b
A2
&e
ofN
@
i)
e
27
rr
2
(]
o,
i)

o (Z

=
o
—V‘—l‘
(o
L)
(o
oy
[N
ol
o
rl
po)

A Addse] wE dAau&e Wi (4 3-1DS
] 0.57% EAivE S7HES

3

. 818} o] danay EH1He

GA Addste] wE WslgEu

AiH|Eo] 21.7 KIJ/KkWho] =HSla, A"HEH Fgo
847kW7t F7FA o2 FFAE v

=+ AFA8s  ZUEE OH | W3z

AA ST &9 MW 299.4 296.4 -3.00

94 &9 MW 299.4 297.2 -2.15

AA 948)&  KJ/KkWh | 9,804.0 | 9,882.1 | 78.09

g dAHE | KI/KkWh 9,804.0 = 9,860.4 | 56.40

[£ 3.8] A &9 & aH & =o] At

o R
o 2 > o
o o we rr hu

L oo 3N

Eoof & oo gmt (Z
o

R P N N
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(3) HHIEL A FAF W& 78 ASH Hlu

ojfcl= WU A FAY Sl mE FY AFs Al

s e i ghrh okAl 24 (2) oA 1Y

dole] Wstae FAson, 38 (2) A

94 1 mm 7 o dstels BHY &Y Qg e

BNl AAA A 29 & Eajstel ®IFE dwyds A 54
oS

= =
goJg & 7|¥FC 2 Martin® s Equationg & g£3 o¥ FTAHS
2 4
7

¥ 3.91¢ o] AxEEY. 1 Ay udEW @ 344.83kW,
FTUHER &2 99.9kW TAE F oF 444.68kW A ACR
gotE gt TUEN 109 ZEHFE] A% gh=o] AAX WLl <ol
A OkW= 2§33t
aSHEN FSEN
e Z2H S 33 EYol=F 9 Z2H S A By =F
(kW) (kW) (kW) (kW)
1k - 2.98 1er - 0.15
ot 18.75 29.32 ot 11.66 2.12
3% 17.62 24.97 3% 14.91 2.06
4 17.48 24.60 4 9.60 2.73
5 13.25 18.58 5 6.60 5.37
6 12.19 19.63 6 6.68 6.93
75 10.65 13.81 T 10.89 2.77
s 11.22 16.14 s 6.47 2.27
g 8.56 12.47 g% 3.36 2.88
10%H 7.58 12.42 10%H - 2.41
115 7.00 10.70
12+ 6.91 11.27
135 7.14 9.60

[£ 3.9] ZAA 7|F 75 23E o 2" 28 4%
- Martin’ s Equation & &

Cotton [26]¢] w=m emels Aol wade it %9
wase B AzAblA AFss FZAZ Al bsett
A

=
stoh, [ 3.10]> ARbd Aol 7F=of sk &
A A8 HIPHS B8 Al e EE5i o
ZH & (kW/mm) ALY ot & (kW/mm)

TEEA | FEEW | AGEHT | 24ER | F4H

100MW | 157.48 39.37 78.74 98.43 39.37 59.06
299.4MW| 235.98 59.00 117.99 186.74 78.62 147.37
500MW | 314.96 78.74 157.48 275.59 118.11 236.22

[£ 3.10] 1 mm & 25 F7HA Z4she €9

- Reference ¥¢ Data & &
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st 7R A =S dolElE st AAE Af
Weol A 2,594kW7F F7F, FtEWe A 499kW7t
Ak, ATrb Apo] Y= Aozl 7h ol o Qg
gl -abA Fskar Qlvk eiud s A o] A

\lmg
)

-
ol
-

o 2o o R

oo B om
o

st AAl *d =Y 4
A A FA= Equation g0 wE FA Reference #3l
golge] 7kt #AS A= vl dd A4S FaEl
A Ae] AA &4 dHole gl 7Pd Ak 412 St Venant
Equationg #&3 ZHiE4 WHolglen, Reference w3
o]y o] A% 1 gko]l wWol Hoju= A s &% &
Hulo] A 7k F7tel] we 98 2437 984 Martin® s
Equation%t & £3}7] Bt} St. Venant Equation® #Zo| & &34
dksk= Al EFo] d ZAloletar Azhsi

BHEA Y EH ZAY B

RN

ofo

X

3500

3000
2500
2000
1500 501

2,594
1000

222
00 1,191
100 o
345
0

Aof ofst Martin's Equation St. Venant Equation Neumann’sEquation  Reference 231 Data
|
=

¢ FEIANT FEIAUY FEYAUY Ha

B DYUHE mSYHE

[23 3.49] #¥dA 2 =9 744 vl
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(2) ¥l Y Casing 33 ¥

Me 71 BRI JEete] divds Ae SASeT
oA ol tief A ofofr]eRith. oMol iR A A
Q3% ¥4 UF Casing FEEHE st

of tisliA HEZ Folth. HEF IYHRNISY A5 HEl 2R,
i, trolojz= 9 Casing (A #AF & th&), Gland F & ThFsh
T2 Casingel] A= FHFEol Qth. o]#gt Casing 7
A5 SA ot 3w Q& HFo] Hu, JENHE H=x
AEe Gl AE SolXA "k olel wet Yeke FEdH

9 Fol@erl dQasty, o AAAHE #HMEA As

ol
g o=t A &3fof st

Z

o
2 20| 2%
-~

I
o
aa
X
=
4o
)
o
2
(&
o
N
ol
i
B\

_

4319} %ol EHW UF Casings =S xHs7

Casing vt} 37448 KeyE 7HA L

ATk o] k= el weh WA~

Ao FddxE FEFFS A "ok 3% 2delx] FAs Al

AAAQ dolg Ziwtoz 7z ' o]F S o AX], A<
v =)

ol ol HeaA = A delsh=d 3l v T stk [32]

% Casing 4= 222 918 Ade iz 7|2 =
F Lo Adulolgo] 91k glT).
I oA Helge Fael ZEY FA3 FAsy] wEe] AP
<] 7tk 3



ALY (HR] i, thojoj =l Casing) o &
Vest™, [ 4.4]19F o] AN, S Wk
7124l A& A AV ARESaL A S
Y Casinge ddstal Qlth [33].

ol [34]° wEW 9 dE VINe®
st dolA dA HHLoA F 47FA W
BN A=
B yo}:=- A (Tight Wire Alignment) =744
B Dummy % (Dummy Shaft Alignment) 7%
m 4 (Optical Alignment) =734
m o)A A&v](laser Alignment) =74
A7k o w ERlL WFe ko] FAo] JhsskA
A i FEY AFelM TP Wol 2ol WS
]

Ao, 1 thee vohwd AY WHE AFstw ok s
=7 gulo] U Aol &AL B AR AL o AFE A7
wol Mz fAbskth

7)
afskdE, o] WA 1984 U9 gk s|Abe A o] A o] Al
FAFE o] &3 7|EAR F AEEs AHAS AFeE dA WEA
719 Hddtof] el Wl Q] Aol wol Akg-Ea Qlr} [33]
A Ag WHoRE o E wWodHd 7MY B2Y TAHAES
71Zo 2 HolAE Rud =



N7Nel weiHA @A 7k % Casingdl 3 A o %
Ak weba ag guw glow AA 1AL 7 eyl g
o

g % &, $UAG 39 ex} a4 gL A FHol

T FetARE, HolA e 544 T g el
e exlrp wAgE o] Fo 3o gt} Janusz Kwiecien
[35]el W= U Fite] dRAHE fsol &5 A5 #HolA9
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Abstract
Analysis of Turbine Efficiency
Variation by Deformation in the
Steam Turbine Labyrinth Seal

Si Hyeong GIM
Department of Engineering Practice
Graduate School of Engineering Practice

Seoul National University

Coal—fired power and nuclear power plants have been operated
priorly due to peak loads. However, the introduction of
environmental and safety dispatching concepts made a difference in
electricity markets. One of the changes is that plant efficiency
management, determining the operation order of combined cycle
power plants, has emerged as an essential issue. Major power
producers strive to select optimal operation methods and overhaul
cycles to maintain the high dispatch ranking. Although wvarious
factors can degrade the efficiency in turbines, only a little research
has discussed on the labyrinth seal clearance significantly affects
turbine thermal efficiency reduction.

This study found that labyrinth seal clearance in a steam
turbine made changes to a correlation of the major operating
elements about a power plant, to increase a steam turbine’s
efficiency. It first demonstrated the cause of turbine degradation
and labyrinth seal with a detailed literature review. The actual

turbine operation data and trend data were compared, based on
%
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previously studied seal leakage quantity calculation methods. As a

result, it was found that the more labyrinth seal clearance increases,

the more the various operation factors in the turbine change. It was
confirmed that the clearance in a turbine increases by a constant
strain every year, which enables the prediction of future clearance
before the disassembly of the steam turbine. It also presents
current methods of maintaining a steam turbine used in Korea and
the latest technology about measuring seal clearance. This research
suggests the overhaul cycle, considering an economic cost of

replacing the labyrinth seal in a steam turbine.

Keywords : Labyrinth Seal, Turbine Efficiency, Seal Clearance,
Maintenance technology
Student Number : 2019-27754
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