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Heat/Mass Transfer Characteristics on Stationary Turbine Blade
and Shroud in a Low Speed Annular Cascade (I1)
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Abstract

Experiments were conducted in a low speed stationary annular cascade to investigate local heat transfer
characteristics on the tip and shroud and the effect of inlet Reynolds number on the tip and shroud heat
transfer. Detailed mass transfer coefficients on the blade tip and the shroud were obtained using a naphthalene
sublimation technique. The turbine test section has a single stage composed of sixteen guide vanes and blades.
The chord length and the height of the tested blade are 150 mm and about 125 mm, respectively. The blade
has flat tip geometry and the mean tip clearance is about 2.5% of the blade chord. The inlet flow Reynolds
number based on chord length and incoming flow velocity is changed from 1.0x10° to 2.3x10° to investigate
the effect of Reynolds number. Flow reattachment after the recirculation near the pressure side edge
dominates the heat transfer on the tip surface. Shroud surface has very intricate heat/mass transfer
distributions due to complex flow patterns such as acceleration, relaminarization, transition to turbulent flow
and tip leakage vortex. Heat/mass transfer coefficient on the blade tip is about 1.7 times as high as that on the

shroud or blade surface. Overall averaged heat/mass transfer coefficients on the tip and shroud are
proportional to Rec™®® and Rec>7", respectively.
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Fig. 2 Schematic view of guide vane and blade at tip

Naphthalene coated surface \ \

N e

) S
(b) Shroud
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Table 1 Blade configurations
Number of blades 16

Chord length (C) 150 mm
Axial chord (C)) 131.5 mm
Pitch to chord ratio Hub | 0.84
(/C) Mean | 1.01(22.5°)
Tip | 1.17

Aspect ratio (//C) 0.87
Spacing between vane
and blade

hub/tip radius ratio 0.711
Blade inlet/ exit angle | 3,=56.4° / $,~-62.6°
119.0°
3.8 mm (¢/C=2.5%)

34 mm (0.227C)

Turning angle
Mean tip clearance ()
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Fig. 5 Contour plot of She on the tip surface at

Rec=1.5x10°
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Fig. 6 Local distributions of Shc on the tip surface at
Rec=1.5x10°
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(a) Rec=1.0x10°
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Fig. 12 Contour plots of Shc on the tip of blade at various Reynolds numbers

r/Cx

r/Cx

04
x/Cx
(a) Rec=1.0x10°

06

02 04

FZ7tA s ARAME 5 e, AR
& EAol F Jeudd AR 49L 3k
Aoz gFAEG oy, o] 492 Fig. 5o A
d/EAAG 48EFA) F dAd w9, o
g3t JehtxE A9, Egolz Mo
A QW Zog WAL= $EH ] BIE
o, o2 RE 1HAAM AT AR Zo] AR
FAFE AHHE AL 7HFoR #AAY

k.

5ol

o @ 1o

422 #2E HolMe IXY 5N

Fig. 85} Fig. 9€ +reh$E EddA Y &
Ad £ & vetdls agolth Fig 8914 A
Eelol=9 9X& Y.

2
flo n2

FUHE L FARTA o

z

s

sk

o

s

i}

g

l

oL

j‘cz o
odl
i)
£

e £

> £ 0 X o
>'mer9.=l
rd B

o2 i
= o zo M 2 o
@ in g
m]oﬂ
o p 8B feLh

-
3

i
N
3

>
£
o
A
oy
2

rir ﬂﬁ 2

N
—

H
b
s
b

mi
v
)
2 o
X
o
)

| BEEE, oA% A9
AR H 3 Aol A wot,

0.6
x/Cx
(b) Rec=1.5x10°

x/Cx
(¢) Rec=2.3x10°
Fig. 13 Contour plots of Shc on the shroud at various Reynolds numbers

S
2
R
Jo
off

A2 kst gol, Tuw
7 Aol §4H]
F2HHo] ZAasA Ha,
% 59 7taol AW WA, T
450 HEHEd AR

=
Ju
o, JE‘

2
B3 Mo
2

lo
fu
e

s £

A+ Tilt2} Moore,!”
AFoj s [HE £
Han'72] Z3E Fzsind,
F 2L GFAE =2 Ay, ASHE A
ksl E AV B EA] UE T UL AL
"ol FAg o]lFo dHFEZ o Holo 9F

e}
Trol

=)
EEE]
Fol A AfolA
oJ% oz 4zt

FREEC<0)NA wA U2 FAFES L
ol=e] Ewe] okt 4FL F F (VI Fig 10)
S7z AR Zelol= melold WolA



2y AzAo= Wl 23" gl Edo=

A ¥, 3 F FHEHe A5REoR Ad)
2 TA%4RI G450 #e9E ol JBL F
7 ME Aoz AT odd AL B 4
BolA ALER Belol=o) Hzztol 27| wEol
z o 4aaA dehd Aoz Azhn, A4 2
wd gAY HAzol o AL A @
Agol A5 Aoz Az wuld, oF =

o4 BASE FHLEL Baols ERd A
A #4592 Beol=g wet 527 W Fig
10 ANE 243 ol Faol= e 2 o
F¢ FAW, FUH9E Al I 1 %

t RA22 Azdr ol¢ Fo] dgAHE K55
f\gp_ Fig. 119] 7|&FFH oz AA %)

AAA LR oA dAGAsFE EG
Aol Ao FdAGAF vis] Hd & 70%, B
HoZ o 50% AL FALATE 23, £
ol HWA A9 dAGAFd v&d A7E 2
T Aoz Yergrh

Fig. 98 BW, x/C=02, 0.59) FolAx ¢zdH L

£¢ 459 #9, @Rz dol, rasfal o

A % 3709 Fugel WAHE AL BRY 5
S, o1 AR08 AE YeE ZAH 3
Ue Soige 23, YU SolNE dRed

Aolol ol@ wHsh FAFol A% EF} B
A FEHA gt AL ¢ 5 A

43 Reynolds & Hislof| WE X EN

431 =T HHE AE= BEx

Fig. 125 ©4d Edol= 4T Reynolds ol
e BYol= Tuwdre YEAADAF B
ZTE JeiE ol B AdEdedM=
Reynolds =7} S/} % '&% sdsA T A
AHoz EuwdAe /E2RAAZL Fhsie
Aoz veg

Fig. 13& Reynolds g dglo w& Fefs §
HAolM e T4 QEBAAZGAFT EEXE YglE
agoltt ’14“‘011*14 A5 wtANE ek
SEAY F/EEAY SAHAE B A ¥y U
ol A Reynolds ﬁ}oﬂ TMI"*OI YA A F3A
He Aoz vt &, 459 & ASFH
3h, dH29 Mol 59 %Etﬂ*&% A #H9 u
oA 25 #FHUC AL, FRHE
F7F e AAY GRZ2E e e B, A
2735 2 dH2o Holgae ks 2
2 7hsAol don, oo g A X
g = olof g},

S

R ek EoAe d2dAL 54 () 501

20 T T
——Re_=1.0x 10°

e : —o—Re =1.5x 10°
—+—Re~2.3x 10°

x/Cx
Fig. 14 Pitchwise averaged Shc on the flat tip of blade at

various Reynolds numbers

04 T T T T T T

—e—Re_=1.0x 10°

S ... —5—Re=15x10° |

—o—Re =23 x 10°

x/Cx
Fig. 15 Pitchwise averaged She on the shroud at various

Reynolds numbers

2500 T T T T
—eo—Tip
0 _g— Shroud

Tip: Shyec Rec06s

. ® . .
1500 | . / y - 4
o f : o

i Shroud: Shgec Red7!

0 N X . A
100000 150000 200000 250000
Re,
Fig. 16 Total average Shc on the flat tip of blade and
shroud
432 B3 HMEN S B

Fig. 149} Fig. 155 Zdol=

colq HAYPOR BFE TANLAS BE

p

g Yehle agold. o), Zuw #at$so
Nel SAweg WE YrAAAFe 27
Re®3} Re'2 T3} sQon, 2 An A
2 g ZAN9 kS0l W T YA s

[e] A~
£ %+ AU

Baols e 7E oMo {5 Moored}t
Tilton!! 0] A} A & 7/1‘3’—} 7L°] g “H"ﬂ*ﬂ—"f] S is
Feoz ©@43}sle] 4
P2 Reoll vl }%

>i



502 o) B & -

e, B d7dAed ARE BY {59 4
2 AR Foz Add I AHSd ujs
Reynolds 9] gdo] AL AL & 5 Ut

webrEe] AeE nfAstNE, BE df #F
ol EAste THA 9 AL Reo) vlY
A, FE59 HE, ASFE, GHR Hol
e 53T FESAHE FAA 2] gl o
2l 7 %o H]s] Reynolds ¢ gako] <kt
Rog AztdAd. ol AL Fig. 169
Alg ukel o] AA Hy F/EAXGAF B
£ 3 #AT + Ut

ol

2

rlo

5. 2 B2

2 =FdAME BEols Eud % fEl$=d
Ao FAAEQ H/EAME S el mEs)
3, Bdgol= 43 H%59 Reynolds & W 3to] u}
g 4F%S HAunglon, o Adge oIy o
a%d 4 Qg

() Edlel= Baddae ¢dEd S 49

= fEo ¢8Ed & 2AYA west Lol
H ARFAA ¥ QAGAFE Zev) oF
5 oA AASol REEEA Mz dAd

A7y Fa3 g 2= ARz 95
AAGA G B A7, Eole ¥ &
2 7Eh9= Ao vlE] FFHoz oF 159 o)y
gdAgo] 22 Aoz el

Q) FHE=dANE F5Y k&, AEFE, ¢
FRol Hol & FAHGFA & uje Bz,
Aoz EFYI d/EAAY E
Roz ey, E3|, Edol= X
L FA g AoZ Ued AHFS

o
o
UL
M

q

i)

I

dolld & A4S F& Aoz dvepd nky,
5 FAEGTY Y2 Ao BEHA Pt
@) Edlol= EdddMe Edg B4 £y
o= EolAel 799 vpRItA 2 Reynolds F
Hatol] wre} AAAYA A7l WA E4L
YA FAHE Aoz vewd =3 HFF
22 Re%el BlHEle Ao YEIY BF £F
oAl M 2l ExZel Hls| Reynolds 79 FFo| HL
Aoz ygyon, ozl 4E™ AR F oA
+5o e #® AR @l sidEe ez
Aztd.

(@) b= oA e Reynolds 7t F:7hgtoll
uzt /2 ZALATTE Re ol widste] Fbs}
Rez yexo o Eudedie ¢
AetAl FES ThE, ASHE 2 FR29 A

S rlf

B A7E BAER TR IARAATA

(NRL) Abgle] o] slg Azfolsl, olo] A}
=¥y

rar

=

il

(1) Rhee, D. H. and Cho, H. H., 2005, “Heat/Mass
Transfer Characteristics on Stationary Turbine Blade
and Shroud in a Low Speed Annular Cascade (I) —
Near-tip Surface,” Trans. of the KSME B, Vol. 29, No.
4, pp. 485~494.

(2) Metzger, D. E., Dunn, M. G. and Hah, C, 1991,
“Turbine Tip and Shroud Heat Transfer,” ASME J. of
Turbomachinery, Vol. 113, pp. 502~507.

(3) Bunker, R. S., Bailey, J. C. and Ameri, A. A., 2000,
“Heat Transfer and Flow on the First Stage Blade Tip
of a Power Generation Gas Turbine Part 1:
Experimental Results,” ASME J. of Turbomachinery,
Vol. 122, pp. 263~271.

(4) Ameri, A. A. and Bunker, R. S., 2000, “Heat
Transfer and Flow on the First Stage Blade Tip of a
Power Generation Gas Turbine Part 2:Simulation
Results,” ASME J. of Turbomachinery, Vol. 122, pp.
272~277.

(5) Azad, Gm S., Han, Je-Chin, Teng, S. and Boyle, R.
J., 2000, “Heat Transfer and Pressure Distributions on
a Gas Turbine Blade Tip,” ASME J. of Turbomachinery,
Vol. 122, pp. 717~724.

(6) Azad, Gm S., Han, Je-Chin and Boyle, R. J. 2000,
“Heat Transfer and Flow on the Squealer Tip of a Gas
Turbine Blade,” ASME J. of Turbomachinery, Vol. 122,
pp. 725~732.

(7) Saxena, V., Nasir, H. and Ekkad, S. V., 2003,
“Effect of Blade Tip Geometry on Tip Flow and Heat
Transfer for a Blade in a Low Speed Cascade,” ASME
J. of Turbomachinery, Vol. 126, pp. 130~138.

(8) Saha, A. K., Acharya, S., Prakash, C. and Bunker, R.,
2003, “Blade Tip Leakage Flow and Heat Transfer
With Pressure-Side Winglet,” ASME Paper, No. GT-
2003-38620.

(9) Jin, P. and Goldstein, R. J., 2002, “Local Mass/Heat
Transfer on a Turbine Blade Tip,” 9t of International
Symposium on Transport Phenomena and Dynamics of
Rotating Machinery, Paper No. HT-ABS-012.

(10) Papa, M., Goldstein, R. J. and Gori, F., 2003,
“Effects of Tip Geometry and Tip Clearance on the
Mass/Heat Transfer From a Large-Scale Gas Turbine
Blade,” ASME J. of Turbomachinery, Vol. 125, pp.
90~96.

(11) Kwak, J. S. and Han, J. C., 2003, “Heat Transfer
Coefficients on the Squealer Tip and Near Squealer Tip
Regions of a Gas Turbine Blade,” ASME J. of Heat
Transfer, Vol. 125, pp. 669~677.

(12) Cho, H. H., Rhee, D. H. and Choi, J. H., 2001,



g4y slzAel=s W nAHE g€y Beol=

“Heat/Mass Transfer Characteristics on Turbine
Shroud with Blade Tip Clearance,” Annals of The New
York Academy of Sciences, Heat Transfer in Gas
Turbine Systems, Vol. 934, pp. 281~288.

(13) Rhee, D. H., Choi, J. H. and Cho, H. H., 2001,
“Effect of Blade Tip Clearance on Turbine Shroud
Heat/Mass Transfer,” ASME Paper, No. 2001-GT-158.

(14) Goldstein, R. J. and Cho, H. H., 1995, “A Review
of Mass Transfer Measurement Using Naphthalene
Sublimation,” Experimental Thermal and Fluid
Science, Vol. 10, pp. 416~434.

2 el oEoMe A/BAARY 54 () 503

(15) Kline, S. J. and McClinetock, F., 1953, “Describing
Uncertainty in  Single Sample Experiments,”
Mechanical Engineering, Vol. 75, pp. 3~8.

(16) Rhee, D. H., 2004, “Local Heat/Mass Transfer
Characteristics on Turbine Rotor and Shroud in a Low
Speed Annular Cascade,” Ph. D. Thesis, Yonsei
University.

(17) Moore, J. and Tilton, J. S., 1988, “Tip Leakage
Flow in a Linear Turbine Cascade,” ASME J. of
Turbomachinery, Vol. 110, pp. 18~26.



