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Effect of Clearance on the Heat Transfer Characteristics of a
Shroud with Squealer Tip and Tip Seal on the Turbine Blade End

Won Seok Lim*, Hyeok Je Kim®, Jong Su Oh*, Young Jun Kang®, Jae Su Kwak*

Key Words : Gas turbine(7}=E®), Tip(EHH), Shroud(77E}--5), Transient Liquid Crystals Technique(H ] <J°§%), Tip Leakage
Flow(d 7&+78), Tip Clearance(’d 7+)

ABSTRACT

In this study, the squealer tip and the plane tip with tip seal were tested in a linear cascade in order to measure the effect
of the tip clearance on shroud heat transfer coefficient. The transition liquid crystal technique with a 1D semi-infinite solid
assumption was used to obtain the distribution of heat transfer coefficient on the shroud surface, and three tip gaps of 1.5%,
2.0%, and 2.5% of the span were considered. The Reynolds number of the mainstream flow 6.8 X 10° based on the inlet
velocity of the cascade and the blade chord length. The results showed that the heat transfer coefficient on the shroud with
tip seal was lower when comparing with the squealer tip case, and both tip geometries showed the lowest heat transfer

coefficient at the smallest clearance.

715 Mo i L AR mEo 27] 24
m il
w x4 =4
C L 2do|E AE [mm] e e 1A
. L Bgjols | 712 (%] testduration : A A& 24
h DAY Ag [Win® K]
k P AHES [Win K] .M E
Re : Reynolds 4>
T 2% [°Cor K . = ul <na
t D ARAEE 2 A1) A% W WY AN FHL o
; ols % 2t et L qxleE, Eul BeolEet 42k Alo] 1o He] |
#d(tip leakage)> 5% &AM 7EAEHIO A g & G
aglA 2X} e mR Tl SH oF Y Aol ofste] Ay
g 7 52 Edlol=e oUAE YA il ERle
a AR Aok, [ OIREL 4T 482 B4 | SRS Yol L5
T + ARE 2~ )(Dubamel 33 ) o] AR ofojir}, Egh, BE FEO| V|t g
- 7] fleiAe Edg S48 Ttk Aol FastH, 9o
st&xt S 95 s wol o] GHTE | 4 450 Je
=174 =i ¢} St E o] Z~Ao
0 Caw 2] 27 A 7] wfZe] ofef] thgt ®Ao] FpA ol
* kg st 33 9-F 9 7] AE8HL(Korea Aerospace University, School of Aerospace and Mechanical Engineering)

T WAIA A}, E-mail : jskwak@kau, ac, kr

The KSFM Journal of Fluid Machinery: Vol. 27, No. 1, February 2024, pp.16~22(Received 31 Jul. 2023; revised 04 Sep. 2023; 12 Sep. 2023; accepted for pudlication 14 Sep. 2023)
16 SRRV IHER] =28 M27d, HNE, pp.16~22, 2024(=28 +=L &k 2023.07.31, =24 Uk 2023.09.04, 2023.09.12, AAIZ UL 2023.09.14)



Bgl S0l EHo| A% Gat B 2ol H

EfolE g 15 58 4 f52 oY Fol
2] 7] (separation bubble)S &
HAglo] FHHOF Lo
Z|asfsto] A TT‘E’_ AlojshH

I S|B9 7| ShE e 4= QAT BRIl 4
ofjxo] dHAS AU uf frEkEeke] upEE <l
k0] 7hs/do] EAE), webA, 't ksl =
oS 3usty o A 52 Alolshr] fistel § 34
HAGs= A A7 olF AT

229 H(squealer tip) © EHO| SE57F A=
For, A4y g 7huE(cavity)= © +H F52t
S5 F2A7I Azad 5P Hol WS o] %
& oA g =3 b el uhE dHEA
stglom Ay o] A8H Eol= HojlA A
QA AG7E Wbl AL 8183t} Chyu 57

3 awu i

=1

il IS SRS 01%0 =
o =
5]

-

oft
2

o

> oL 2 o
2

e e

o &

]

=]

)
o
fu

ﬂ.l

flo &

pe)

vl €]

¢}

9
9]

_,d
oo

of

]

N

K
o

=

t}, Jeong 5Y& HE Ay
AL Apet g7t aeS AFHoR SH57| flsto]
IR 7ho|et 9 =789 "LE—E—' H-8-5F3iTt

HoAle] olekiolel
Edol= ‘%1011*1—4 Uzerglo] 43} zlo|2 zx%zﬂoix,q
Sherwood 5 &5t on 7|50 7[& U= Aol €
LM 5= 7HAESIGIT

9 A(tip seal)> -5 A= T7H1717] fIste] AA|

o] 7§9] A(fin)S AASH= A1 7o

%sm T 5 il 43 Assich Fgol Uk
O

ﬁé
ulm © wittig 57 9 @94 %% 4ol g deat
1;_]— A

HALlA S Aast] A
wapsigon geut 2 —E&S&P QA A% Fao] v
%

g
= S sz o s 03%%} c}. Willenborg 5%-& 741
13|

o
=
ol 4 ool AL FHE

[¢}
| o] 458 st Aol A

A Ae RIS Agl00] olF A Lst v

XIEVJ}X] A e ARl HE Edlol= g TRt ¥
Jol AXENAL A2 F-E Aol W Qe SAdoll ut

S=ERMDIASE =28 27, M3, 2024

8E #22C9| 230 B2 BY EN

A7k ol ol AR, BelolAl WA erefulo] Bt
T At AREOoE FAIgo Tl 4R
A 2N B 7t BAG B4 Blmel st 8 A
o, webAl, B AT ARAER A YA 2o
o AYUL ol §3te] 2e} Yo HgH Hefol=e} Y
o A g% Eeol=o| 2Hol W kS EroAel
A A%E Zste] wmshelct

e > 2 o o e

2.1 A Fx|

Fig. 12 =3 d
duje] Aol @R ddd 37] ¥A(30
2 EA)ZRFH
blow—down E}]Q] &5
Apo] AR Azte] Ehug 4 Om} 43 Aol 5 340
FErt A en 1, 3 Szl A SIEsk 4
Hol F959 LELE 150 °C OO AT 4 YEg A

A= AT

3lE 2= oe] HAEET | ofste] AlojEm doE
SHoR AAHE A ALAlEE ARAE BEsh] 9
sho] e Ujiiel EbEglc Aol = Qo) wEke.
2 8&S ZJHO]-OEI otq o|lZ 341:13}1 I:ﬂ—o]— AEZE WH 9] 7
U 5 o

of
L
El
1o

bar,

=
T 3o A 7&]]/\ 22 AlF2 46} A1 7H/\;q]o]ggq
ig. 29F Ltk FAACI=S A= TR 368
mm, A2 116 mmo|™ A7y} AEe 12 mm Trzﬂsq NE]
duon Asldn, Eiel 45 2awRe) 4w 248
B3to] AxA|=E FHE 50 714 IR S
=2 swu} iAol 57}14 49 telo)=t 414
AR
2oz }%OE R @194 e, 71 e
Faste] 71 vl 00% WS ZH= P4 A

o
~
>

rlo

=

Q
11]
mI
E
Iyl
I
E:
_\;
[>
_WL
T
111
o F
o ©
[rm
1o
T
it
2:
|o
N

On/Off Valve Air Receiver Tanks

(30m?, 2EA)

Exhaust Line

=
Mainstream I

Test Chamber
/

Control valve

Regenerative Type

Air Heater Heater Controller

(10)

Fig. 1 Schematic of test facility



Inlet Flow

(a) Cascade with squealer Tip

Camera

LED light

‘3
4 >
el
A

Inlet Flow

(b) Cascade with Tip seal

Fig. 2 Linear cascade for shroud heat transfer

measurement

140

x

b i Shroud

(a) Squealer tip

T Shroud
T

Inlet
clearance

(b) Tip seal

Fig. 3 Schematic of the test blades

FrEbEet § Afo] Th(e)& A3 4ol9] 1.5 %, 2.0 %,
2.5 %= AASII oM Z12F 1.8 mm, 2.4 mm, 3.0 mmol
o, 28y § 19 27l Eeols wAlE Foto] WA
skl © Ao 759 A7 ekt sidshe /2)-&—4
EolE 2dsto] WAt Edol: 99| e Fig.
33} gt

A (liquid crystals)2 EA
7teio] . uhaAo] Fofut REEOH*H we el o
W A BEE 24T 4 Ao AdelNe 1T 54
73 m/so|H, Y $5<L3 FE(Chord) Zo|E 7|ELE
Reynolds 4=, Re.= 6.8Xx10°0|t}, F8-%9] 2%(7,)= 7
2Al0|1E R HEE 60 mm Holzl fjx]of At T B4
A (SCPSS—040E—6, Omega) 2 S & Tt AJdEE 1
A wEE DA el F45e) Lwrt 3T A
HISHE Mol A9, AR W ewe] Wske 4] ()3} 2
o) hepd 4 Sick, Has el Aol A Ao} 2
o] 2 ol AlAFRE FUHE AF SR F43] =
£ LER SUAVIE AL vl otk uehd HE L
7HR 9] &= WSS A4E A8 Wk 73 & Duhamel

o] FHUE A gstd AR 3 2= 4] (2)¢ Zol
Ebd 4= g}
T -T 2,
;_ jzzlfexp(hkzt)erfdh\/ka) o)
7 7 = (7, 7)< OO
ul hyfalt—1,) @
T HIEa ARV
i=1
A7IA, Flz) =1 — expla?)erfelz) (3)

o 2
A g ﬁH(SAl T, Omega)e 50}04 = 33}1, ?rEP—OrEOﬂ
T35 HA(R40CIW, Hallcrest)o] AMAF o]
27] 2ERRE W 2%5(7,)7H4] =Eshe

ol 4 QF B Fehr HHSl AU AN

S 4 gt A9 A W= shHel(Herol0, GoPro)Z

R mﬁl
ol
o)

S=EFAIIAEE =28 M7, M1E, 2024



Bl S0l EHo| A% gut g 2o

U2 WHESE A S 7R Hol A A Al
Qb FrEb-E il EHO| 2% Wslr} glojof sh, o

sto] WQslrh Wagner 5120 7]5(4]
(4)& Farste] Aol AHgH of=d Adutel A8k o
AT THs AT urarion S 3602018, B Ao A= A
3 AZFE 4022 A3Hskeit,

i3

attestduration < 1 (4)

thickness® 4

A

3.1 ABY H HE #2A2C INY SY

Jm

Fig. 4= £¥2] go] Sdo|=0] 285U 459

5 oA e A Al 225 YERd Aol &
2 Jef 71E A7 ke v e e ARzl
sto] e Hrim) A o F29) "ol w2 &
g AlsE Hdo v ks 2R E = 5ol
H ol ARatshe 9 FolA W AT At
R, A freol | EE WAk s ZE-3
A FZoA e AT AeE Bk &, #8659 4
25 w2t gif pehes 29U QY Alg 27 EEA|
ghalgt 4= 9ot W

of g FEhEolM e -G A B A
M= 2 A7t YAAT, | =50l
A EAG ATt SR8 ol=
59 S7Fel o3t Ao R AT, FYEE fgol
7ol wet AulE Rt ddg 4 doolA =
A A7 W=l oH, el s Siv 94
oA B w2 A At SAE[MY. B, S
o & W2 QG A7t BT A 9] P G YA =
b=ol 7l w2t @RE A7t ks Aol
AT

Fig. 5= FehtE9 574 F9olMe u#] B3 Bt
A Al 228 vehd Jzn, 94 A £25
sto] 2RIt viel ol Eefol= 3 o= B @A

Z

o

2 1o pl 9y

rr

DO LN

o g

o o

_I

Iy
»&Li
)

N
s

g A =2 ol A AN, | 7o) 2 Ao
o] 2.5 %Rl A% 1=l e WA B Ht A At

el Fhe4E A7) A ol | 2153e] Ao
wet 4 o7k e W Aol st
oo} gt o] o]5l57] wpolet

S=FADASE =28 M27d, W15, 2024

100 150 200 250 300 350 400 450

@c=15%

©)c=25%

Fig. 4 Distribution of heat transfer coefficient on the
shroud surface with the squealer tip at Re, = 6.8X10°

400+ —a—c=15%

(W/m?K)

h
axis

100 T T T T T T

XIC,

Fig. 5 Pitchwise averaged heat transfer coefficient
along blade axial chord on the shroud surface with
the squealer tip



o 4+ H=(Fig. 3)

%ﬂ?& i 5] feese] S viel Qo) Ho] SN gelel e 512 4 B

3.2 H & M2 #fIRE @MY EM ZF A RdoA AdHer o dHg A4E Bt ot
Ak AREA o 2= ShRolA ARG ATt Fadhs A
g Alo] 28 A FheE HHoMY AT A B & Holed, ols | Aol A 5% avrer i
Ei=Fig, 63 2}, | Aol ot =4 fF5 S5 WSt ol 717] mEelrt
sto] A2 EJA] o5 F9-(Fig. 4 28] tg EAF A Fig. 72 © Ho] 288 fehe-=9] o] Wk Hat 24
4 BEEE Hrk g 7ho] Ao upel Mkl dAd Al 2£EE UEhd I 2o Fig. 69] 0] whE
A7t Ao, A G frEtesodE fEle =AY A 228 B9 5T 5 %ol °H A J?LToﬂ
FEOR Qo] B MY A5E Ho|i, | 7Ho] A A & A A Bxe § AS TR U FRA
Hof wpet Mwb o R AH Agvt Frlehe AFS B o W2 AE Al ZE7F I B3 Fig. 6014

Sol} 2 99 ASS

20

won, f50) sido] Wl A ASS BT 5 Yot S, © 71F0] &
0]9] 2.5 %3 H ¥ 7150] ofd, 3 mm= FYsH 5’-7]e
2 01 15l o9 2

Il 7] wjELof To| 9)x|5t

100 150 200 250 300 350 400 450

i ru\I

12 mlo

Fashs {3 ol AR
o9l G A% Fp} 2
A syt

Fin1 Fin2

250

2004

150

(W/m?K)

@c=15%

axis

h

100

50

Fig. 7 Pitchwise averaged heat transfer coefficient along
blade axial chord on the shroud surface with the tip

seal

—a— squealer tip|
(b) c =20 % 3004 —e— tip seal

R

250

200

(W/mK)

area

h

e

150

100 r . . . .
1.5% 2.0% 25%

tip clearance(%)
Fig. 8 Area averaged heat transfer coefficient on the

(c)c=25%

shroud surface for various tip clearance
Fig. 6 Distribution of heat transfer coefficient on the
shroud surface with the tip seal at Re, = 6.8X10°

S=EFAIIAEE =28 M7, M1E, 2024



A
|

NN o @ oglo O pe uf o oo

O

o

Alo|EoflA Ho] HHY
2o Ar},

T2 T M

Bgl S0l EHo| A2 Eut B o] HE

£l frebmo] 7k
% ez, 2ge Yol 7

2 2% 99 P7 94
g St C B W B DA A LE(Fig. 5)E
sto] B vie} ol | o] F7k wE g B
A A F718 BT 4 glom, § 10l 2.5 %
w3 B AR AT FAsA S | A
HgH FoHC B4 F 00] 1Y B W U 9F
ARHOR oAEte] freteC EHAHS G B @
2 A% grol Wtk © A1) 7o) A o9 2.5 %
29 2.0 %91 Aol vlastel YT JHANHY %L o
W B QA ASE AT S U, G 715
0 %91 A9 ol AT YA Daigol o s
H27) el G 7150] 2.5 %21 A9uT o B JY
# 9 A7t 249
A E

= Aolae 2 "t g do) #8d Edol=of o
st} Ek-EoM Y dHE B4 wEshaa AF Al

A sdsier e 22 2
. 289 "ol Eeol=o A
oMo} S A EE= AN
&g 7L, S A
ot ERL ERpEoM e g Alee
Ao} Qe Al Hidjo] FEe Hylon
oA F4 7Eo wde= et 2
L3EaL A 9 o] % de AXE

]

—

PRUD)
N

o
N

JIN’ N ) Iﬂ l

W oo
)
32
o
ol
o

N HO )y
z
[
=S|
5

tr

o)

o

R
LT R i)

o

| 4o

P
Sond 2

ox

¥2 A
huuy
o,
iy
op
it}
M,
2R

s

4]

Ir
E=)
rn o

J
2
¥
ru

kg moli

g
Holx| ¢FAut ¢
o]

o

(>
o ol L
2N

(ORI

R
_ELJ—%

=
=

Wi
By
o,
i

)

A
FP Flll

i
Hr
&

2
Y
v

s A

4
ey
4 2
£y
4o W om
E i

P
%
2 ["I% of

&

2

T

3
o I
il
T
g
o ©
2
S ae:)
©
4o
R
e

)
oo
i_l“
)
|o
o -
1A
of +

12
2

fil rlo

N
5

lo >t pe A
do Hfr w
o mi

M
-
ot

o
H
(o O
r\l
J
o
N
filo
\
J
o ™
v M
oL X
o
o2
12
ot

1o
olN
N
N
r

A7t oA

2} 2.5 % 7B
-

Ir
o,
ok
o
X3
o
1
32
i)
_C?I_’,
R
g

A ool
_§ o] 48 Belol=e] A9 4 95 ANAow
o)

i)
H
i)
o
2
oo
i

oo do pR 1o

QUL A BITE 1 Ba st
-

=
95 A7t Z7RHE A%l BEH we

de e
e B
o M
>
[e]

e AFERPIEFEEAM Y AYer Al

—n|ef=g Al 7| s 7] 2 ¥(NRF-2021M3F6A1085955) 1}
2022¢ %= AR (S 9 Yoz Sh=rAFATEe] 2] (2
A3 2022R1IA6A1A03056784)- Hro} S=allE] &719]

(1

@

©)

@

)

©)

™

®

©

References

Azad, G. S, Han, J. C, & Boyle, R. J. (2000). Heat
transfer and flow on the squealer tip of a gas turbine
blade. J. Turbomach., 122(4), 725-732.

Chyu, M. K., Moon, H. K., & Metzger, D. E. (1989).
Heat transfer in the tip region of grooved turbine blades.
Kwak, J. S., Ahn, J., Han, J. C, Lee, C. P., Bunker, R.
S., Boyle, R, & Gaugler, R. (2003). Heat transfer
coefficients on the squealer tip and near—tip regions of a
gas turbine blade with single or double squealer. ]J.
Turbomach., 125(4), 778-787.

Jeong, J. Y., Kim, W., Kwak, J. S., & Park, J. S. (2019).
Heat transfer coefficient and film cooling effectiveness on
the partial cavity tip of a gas turbine blade. Journal of
Turbomachinery, 141(7), 071007.

Papa, M., Goldstein, R. J., Gori, F. (2003). Effects of tip
geometry and tip clearance on the mass/heat transfer
from a large—scale gas turbine blade. ]. Turbomach.,
125(1), 90-96.

Bunker, Ronald S. (2006). Axial turbine blade tips:
function, design, and durability. Journal of propulsion and
power 22.2 (2006): 271-285.

Wittig, S., Jacobsen, K., Schelling, U, Kim, S. (1989).
Heat transfer in stepped labyrinth seals.

Willenborg, K., Kim. S, Wittig. S. (2001). Effects of
Reynolds number and pressure ratio on leakage loss and
heat transfer in a stepped labyrinth seal. J. Turbomach.
123.4 (2001): 815-822.

Lehmann, K, Thomas, R., Hodson, H., & Stefanis, V.
(2009). Heat transfer and aerodynamics of over—shroud
leakage flows in a high—pressure turbine Vol. 48845,
515-525.

(10) Kwak, J. S., Jeong, J. Y., Kang, Y. J., Kim, G. M., Lee,

S. L (2021). Development of a Transonic Cascade Facility
for the Heat Transfer Research of Gas Turbine Blade Tip.



[e]]
=

PSS

=

4

- 71

Y
_|0

The KSFM Journal of Fluid Machinery, 24(2), 28-33.

(1) Lee, S. I, Kang, Y. J., Kim, W. J., Kwak, J. S, Kim, T.
S, Kim, D. H, Jung, L Y. (2021). Effects of tip
clearance, number of teeth, and tooth front angle on the
sealing performance of straight and stepped labyrinth
seals. Journal of Mechanical Science and Technology, 35,
1539-1547.

(12) Wagner, G., Kotulla, M., Ott, P., Weigand, B., & Von
Wolfersdorf, J. (2005). The transient liquid crystal
technique: Influence of surface curvature and finite wall

22

A - B4 - 4

RS

M

thickness. J. Turbomach., 127(1), 175-182.

(13) Jeong, J. Y., Kim, W., Kwak, J. S., & Park, J. S. (2019).
Heat transfer coefficient and film cooling effectiveness on
the partial cavity tip of a gas turbine blade. Journal of
Turbomachinery, 141(7), 071007.

(14) Mumic, F., Eriksson, D., Sunde ™ n, B. (2004). On
prediction of tip leakage flow and heat transfer in gas
turbines. In Turbo Expo: Power for Land, Sea, and Air
Vol. 41707, 1521-1531.

S=ERHDIHEE =28 M27R, M1, 2024



	터빈 블레이드 끝단에 스퀼러 팁과 팁 실이 적용된 슈라우드의 간극에 따른 열전달 특성
	ABSTRACT
	1. 서론
	2. 본론
	3. 실험 결과
	4. 결론
	References


