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Internal cooling passage of mist/steam two-phase flow
enhanced cooling gas turbine blade
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School of Mechanical Engineering,

Xi’an Jiaotong University, Xi'an 710049, China)

Abstract; A square channel of a geometry commonly used in heavy-duty gas turbine
blade as forced convection cooling channel was experimentally studied. The effect of Reyn-
olds number, wall heat flux and mist mass flow rate on the heat transfer characteristic of
mist/steam cooling channel wall were analyzed. A experimental correlation of heat transfer
was developed to account for mist flow working conditions and channel wall heating condi-
tions. Results show the heat transfer coefficient of mist/steam two-phase flow is significant-
ly higher than the pure steam. Heat transfer performance of mist/steam decreases with in-
creasing of heat flux and increases with increasing of Reynolds number and mist mass flow
ratio. The average heat transfer coefficient of upper wall surface is lower 13% than bottom
wall surface under higher heat flux and lower mist mass flow ratio, while in the case of low

heat flux and high mist mass flow ratio, this ratio increases to approximately 25 %.
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Fig. 4 Diagram detailed thermocouple locations
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Fig. 5 Distribution of heat transfer coefficient ratio between mist/steam two-phase flow and pure steam

MHE T O,/ m=1. 0% B . 7555 5 4l 78 7 %% %€
IRECHYLLAE R 1.08. fHIEl 5 i W] A, i Tl i
T IR EBOK 55 AN B 2% VAL W B Sl TE R 1) 7RSS
TR R S 18 X 4 2% 95 B4 4 HAR B 0 5 H
1 HRO B L B A BRI 55 T I LG
B 76 38 38 T ) DX N vt/ N e 23 1 BLASBEE JSZ
FHR B FE X FARIE T » 7555 PR AH U 76 A4 5 35
Boh e B AT 43 3 N B SR 1 AN B
s B TEIE T X2/ D<<4). TE LB B, B
T ORI & A A% 0132 2y, ) i 1138 8 RE 1 R

R RN , 58 R I8 B — s R ) . i T3
DI T 09V A 2 55 B v e 28 J a1 1) 23 L O
TR0 R T 3 AR EL A P A A B PR AT X T AR OR
i JEE 3 55 L LR 5 K 55 AN I 28 A, T o 48 B g 1Y
i 2 AN TS5 . 5 2 B BE Sy OB U R LA B S R
TE 28 K B B, AR 925 BEAP R X B (4. 0<z/D<<
6. 0) s Nttwisr/ Nuteom FERINGL S L T 52 TF 50
TE 1o AU 65 BE I TLF- PR AN A I B B R
TR L 55 e il B THT 4 2 M S 200 R () 2%
o 75 O DX 4G RO P15 21 I 25 04 9. 5 3 B Bl



5114

SRR AR VR 5 P U B AL Ve VR A AL Jr A v 2565

T S5 VR RO . TE S5 B T UiF X Bk (/D>
6. 00 FH T 1 DX Jal B T ok AR R X6 ¢ 1 o BE THT VR
JEE 8 A2 25 e, R R iR S R PR R AR, 54 T R0
R B ) 2 VR A P RE ) AH I

VR 55 TR 8 TP A A R TR AR RR O 28 Kk
TP B0 4 T G X 1 TR A B ) ) L R 4
7 A 33K Tl g 2l 4 R G2 S IR T3 T R T 5 AR
BE AT, YRET o $EE B AS , AT /N T 5 T 38 8
BETHT 1 I S 2ok TR (AT ) VBTG 5 8 T 2 4% 4%
fie o HE R A8 B AR R A I BB N Y B 2. i Y BE T A
JEAR = AT> AT AR 3 S 36 Bt 113 BE
DX REAR PRl o 42 7% VAL A 23 10 B KR T
TR E 22 K.

TR E R SE 1Y I Sl U DL AT R
A58 3 b R W AR B SCRR (15 ] 51 A H1 350 52 i) A
FF

F= q/[Re(my,/m,) ] 4)

P 20 () AT UL, ¥4 00 T 52 el PR 7 114 B4 5 A
UL 2% B 1 B AR ], AT s BE TR AR A 1E O L O
A sk RE RO R R g B R DL oK 5 o R
I om/m, X 3N SEGEAT R Y F — g,
W ERE AT IR AT Wt — . AR SCE I T ALY
Fanfel 6 przs il FHE 200 23k W/m?,

FI(kW/m*)

20 1

B6 “HMTHET F
Fig. 6 Cooling condition factor F

B 1555 PIAR L A9 J 0 5 28 JRK BOBURA - 2
ARAF 4 55 FE /KB N, 7 W78 T A [ 75 3 4
T SRR S Ve B I b ¥ T e 0 BE DL KR
BE T I A7 8 DL BT 4) 19 - 2 4% 8 ZR B A (3
P 2 8% 8 R BER R L B N AU el DL
SR Bt 55 JBE B 380 925 4 AV BE THT ) - 3% £ 4
F A B W g8 AR FFE b BE T (y=40 mm) #Y P
PG Z 80 T RE T (y=0mm) W #AT HLE &

I Re=10000 A} I BE 1f7 (14 $ $4 M 68 T B IR 5 it
R A o P B R AOK 35 T i it bR L
HAHZE R 13 % 1 AEAR AR I % B 5 i /K 55 i i
T LG BT 2 L B i B R 2y 25 %, i il
FHZEVREHIET 8 T8 [ RETH 55 T BE A9 O 24 1% 34
RBURKRZESIUN 11%.

T T RE ]S [A] 42 A7 B A B SF 38 £ T R L
W 8 Fron. IE AT L& B, 2430 38 R 5 M
AR VAT ¥ H B L W 30 30 A2 ) F R b B T Y P
PG R R BOR BTG N, X TAEASL R, Y &
2RV AR 1) VY 58 Bl B, A Y R/ oK 32 R
IS T 1 & A8 32 3l O 1 BT 3 19 . 78 488 v FA O
R RAR K i i . 2 Re= 70000
I, 38 3 BE TR I A2 (] 0 7 34 4% BER B 22 0
12. 1%, M AR AR A 25 12 5 R K 55 o & Uk 2 LU 1Y
15 50T 5 1 s 1 e R 4 PP g 2 00 G i B K 4
16. 7 Y. T 7E AR [F] T80 F A FHZ8 R AT 200, E
R THT VR A8 ) 1) T 25 3/ o LT AT LA 22005

TR PRIV G IR R BORM 32 E i 2277

300 n
—8— Re=10000,7K FE 751K
250 L -8 Re=10000,7%7%
= - @ Re=26000,7K % /7514
-©- Re=26000,757%
200F A B A
=3 ~4 Re=T0000,751%
150 ®@--mmm-eoooonn & -
______________ L ]
G il ~ -5
100 b 5&5\____\:5
m fm=1.0%~1.5%. q=12~20 kW/m*

30 0 10 20 30 40

ymm
(a) P AU EE A K 3 b i e
900
800 £ M,/m=53%~6.7%, g=5~10 kW/m’
700 F —8— Re=10000,7K 3 /7575,
600 —5- Re=10000,7%7%
s00 | - @ Re=26000,7K H /757K
5300 - Re=26000,751%
= 400 F & Re=70000,7575
300 T e
200 F
Y S — —
0 L L L L L
0 10 20 30 40
ymm
(b) ARG B N K 55 B i L

&l 7 EEAS R REE E 0T R B A
Fig. 7 Distribution of average heat transfer coefficient

of different wall surfaces of channel



2566 it o= 8 o 4R 930 &
350 900 R
m_[m=1.0%~1.5%, g=12~20 kW/m* Nu =0.023Re"*Pr* [1.65+(FIF _y"7] -
s g00f * cr s |
300 F a -
[ Y T e 700 £
250 F A Re=10000,7K % ZEIR F .. -
i - & Re=26000,7K % 17515 600 | K
s 200 A Re=70000. /K /2514 5 500t ’
3 200F 5/ 3 500 F
= &~ Re=10000, %% - /
e ® 400 £ .
E @ P - T
150} °-- s B —RiE
[ e _ E— 300 . q=5 kWim*, m_/m=1.2%
100 F = 200 £ o ® G2 === USE2
b 2 ¢=8 kW/m?*, m_/m =5.6%
50 L L L IOO L L 1 Il 1 Il 1 1 1
0 10 20 30 40 0 10 20 30 40 50 60 70 80
x/mm Rel10?
(a) PR T R R S Lt L GRS T3
1000 Fig. 9 Experimental correlation
m_[m =5.3%~6.7%, g=5~10 kW/m?
900F " A
E . ke Ry
800 A —_— 4 & it
200 F —m— Re=10000,7K 55 /7815
3 - @ Re=26000,7K% R IA T 2 — o 5 e g
- 600 A Re=T0000.7K % ARSI ST T RS PR IR AEBAL B i 7 N
= sank T e AT v v 5
s00f - Re=10000.757% VAL AR S BT T S B AR
400 N [T y " /,
200l o @ T ECLA KoK 55 5T O e LE R 55 2 OR B 52 0
ol g I 5 R T 6 Y0 1 3 R HOIAT T Lo 7
00 . . . DR
0 10 20 30 40 s - . .
x/mm 1) 1355 PIAR L A9 1% 0 R B0 X T 2l 2531 2

(b) R R K 35 b i ik L

P8 EIE T RE T3 R R B TR
Fig. 8 Distribution of average heat transfer coefficient

of bottom wall surfaces of channel

VBRI B3R 251 52 i ) I 3 55 5 HOAH 7K 25 1Y
UL B T 0 RIS TERE T B SR A 4 DDA DG, B 8
HTHH T FAATEREME 2 F/F.<<1 B (F. 4
VAT AL R e YT il R, A L FL = 23
kW /m®) , 3 8 oS DX sl 30K W T e 2k
AT 3 A5 0 v 1) ~F 28 4% 40 3R B TR ot 3 1 4 it
Dittus-Boelter A3, 5| AR H T.OLH F F 5 jEE
FRORH 7K 25 19 A 20 T 0 R 30 B T I A R R X VR 55
e A5 R R 22 o0 2 [ 3 Dy 3 X6 O i 1A
R S5 PR AR O 52 96 500 AT 4 A 18 B A T SE 5
KHEA
Nu, = 0. 023Re** Pr*'[1. 65+ (F/F..) *°]
(5

A Pro % DAL

TERE AN S0 T 0030 H N, e B OC IR TR
£ 15 06 iR 22 Y0 L RE TR 55 92. 5 06 1Y S5 I A
B WP A ] 1) 52 35 T A1) 2 (50 e 0 5 A5 40
DGR =X T B AT LA, A5 R WAL 9 o, A
B AT L& B, 5 IR 2576 10 0 LUA.

FHE LR i 0 R R U R ) 48 R
B == 3L B A 5OR VBTG IO A I e B Y B R B K
AR A I 25 B R /85 7K 25 0T o L et LU B, 7E S5 06
TE PR D PR T A TR R R 5 R IR R TR
P2 7% 2 7R A T DA B S S 4 v

2) TEH P BE R AR K B R R L
T A I OBE T EG R BE 1A OF Y AR R IR Y
13 %0, 11 AEAR AR L 25 B 5 i /K 55 5T dak U ek b Y 1
WT Z BN E 29 25 %, T 4l FH 25 7508 HI R,
M JE FRE T 5T OBE TR Y - 249 45 TR R K2 S AR
9 11%.

3) SR 2 Jo 4 nl )3 5 v % % 8l R
55 R I S I s AT USSR B O R L A
HEA LG TG BB P L 5 56 DG S £ 15 %0 1 i
250 Bl N BE T 25 92. 5 %6 Y S 36 K8

CESd ¥

L1 ERBRNI, Egms, &5, 55, BB M A 8 1 5 1 5 i 3
B3R PELT 1. 25 3 J3 241, 201,26 (12) : 2648-2654.
QIU Qingang, WANG Haipeng, ZHAO Liang, et al. Heat
transfer and friction behavior in international cooling duct
with cuniform-fins[]]. Journal of Aerospace Power,2011,
26(12) :2648-2654. (in Chinese)

2] s s, BEm, 5. Nl 8 7E T 7 51854 o
A RS [T ). i zs 3 012540, 2009, 24 (9) : 1989-1993.



5114

SRS ZE A < 55 PAR I SR A ¥ 2D

A

AL A EE 2567

[3]

[5]

[6]

(7]

[8]

[9]

MA Shiyan, XU Guoqgiang, DENG Hongwu. et al. Re-
search on application of micro channel in the blade cooling
structure[ J |. Journal of Aerospace Power, 2009, 24 (9):
1989-1993. (in Chinese)

KB AR BN RS T R AR [T ], ARE3h
5 TH,2008,23(1) :1-6.

ZHANG Xiaowei,ZHU Huiren. Blade cooling tech-nology
of heavy duty gas turbines[]]. Journal of Engineering for
Thermal Energy & Power,2008,23(1):1-6. (in Chinese)

Mori Y, Hijjkata K, Yasunaga T. Mist cooling of very hot
tubules with reference to through-hole cooling of gas tur-
bine blades[ ] ]. International Journal of Heat and Mass
Transfer,1982,25(9):1271-1278.

Guo T,Wang T,Gaddis J. Mist/steam cooling in a heated
horizontal tube;Part II results and modeling[ ] ]. Journal
of Turbomachinery,2000,122(2) :366-374.

Higuchi S, Hatamiya S, Seiki N,et al. A study of perform-
ance on advanced humid air turbine systems[ R]. Interna-
tional Gas Turbine Congress, IGTC2003-03,2003.

Li X, Wang T. Simulation of film cooling enhancement
with mist injection[ ] ]. Journal of Heat Transfer,2005,128
(6):509-519.

Guo T,Wang T,Gaddis J. Mist/steam cooling in a 180-de-
gree tube bend[ ]J]. Journal of Heat Transfer, 2000, 122
(4):749-756.

Li X,Gaddis J,Wang T. Mist/steam heat transfer with jet
impingement onto a concave surface[ ] ]. Journal of Heat

Transfer,2003,125(3) :438-446.

[10]

[11]

[12]

[13]

[14]

[15]

Dhanasekaran T S, Wang T. Mist/air cooling in a two-pass
rectangular rotating channel with 45-deg angled rib turbu-
lators[ R]. ASME Paper GT2011-45954,2011.

LW WU D E %, 55 K SE/ZEVRAR AL vh i v A0 B BU(E
BT ] R I T AR K22 248, 2009, 30(10) :1098-1102.
JIANG Peng, HUANG Hongyan.FENG Guotai,et al. Nu-
merically simulating mist/steam impingement cooling with
phase change[]]. Journal of Harbin Engineering Universi-
ty,2009,30(10):1098-1102. (in Chinese)

Kumarii N, Bahadur V, Hodes M. Analysis of evaporating
mist flow for enhanced convective heat transfer[]J]. Inter-
national Journal of Heat and Mass Transfer,2010,53(15/
16) :3346-3356.

Terekhov V 1, Pakhomov M A. The numerical model-ing
of the tube turbulent gas-drop flow with phase changes
[J]. International Journal of Thermal Sciences, 2004, 43
(6):595-610.

SGEZE B, iy A R, A 2R VRS A A R G 1% #
IR RS2 9 D 65U LT . VY %2 3830 K2 2441, 2013, 47 (1)
1-6.

SHI Xiaojun,SHUI Lingi, GAO Jianmin,et al. Heat trans-
fer and pressure drop correlations for rectangular channels
with ribs[ J]. Journal of Xi'an Jiaotong University, 2013.
47(11) :1-6. (in Chinese)

Kline S J, Mcclintock F A. Describing experimental uncer-
tainties in single-sample experiments[ ] ]. Journal of Me-

chanical Engineering,1953,75(1):3-8.

(h#E. L8 B)



