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Study on the Film Cooling Characteristics of Multi-Cavity Turbine Blade Tips
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Abstract: To improve the film cooling performance of turbine blade tips and reduce the leakage
loss induced by the leakage flow at the tips, experimental investigation and numerical simulation
were conducted to study the film cooling and aerodynamic characteristics of multi-cavity turbine
blade tips, including one-cavity, two-cavity, three-cavity and four-cavity blade tips. Pressure
sensitive paint technique was adopted to obtain the film cooling effectiveness distributions among
these multi-cavity tips under a Reynolds number of 1. 75 X 10° of the main flow inlet and three
different coolant blowing ratios, including 1.0, 1.5 and 2.0. A turbulence-validated
computational method was employed to indicate the flow field and the aerodynamic performance of
the multi-cavity tips. Results show that the ribs in the multi-cavity tips can alter the flow
structure and prevent the coolant moving downstream. Compared with the traditional one-cavity
tip, four-cavity tip can enhance the film cooling performance in the tip mid-to-rear part.
However, one-cavity tip still achieve the best film cooling effectiveness in the tip mid-to-rear

part. Meanwhile, as for the aerodynamic performance, multi-cavity tips can reduce the total
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pressure loss effectively. Compared with the one-cavity tip, the two-cavity and three-cavity tips

can reduce the loss value by 17. 9% and 20. 9% respectively.

Keywords: gas turbine; blade tip; film cooling; pressure sensitive paint
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Fig. 1 Schematic of experimental facility
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Fig. 2 Schematic of tip structures
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Fig. 3 Schematic of cooling air supply
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Fig. 4 Calibration curves of pressure sensitive paint
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Fig. 5 Computational model and the boundaries
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Fig. 6 Comparisons of the measurements and the predictions by different turbulence models
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Fig. 7 The film cooling effectiveness distributions of multi-cavity tips under three coolant blowing ratios
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Fig. 8 The distributions of pitch-averaged film cooling effec-

tiveness distributions of different multi-cavity tips
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Fig. 9 Comparisons of the pitch-averaged film cooling effec-

tiveness distributions of different multi-cavity tips
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Fig. 11 The coolant migrations in the tip gap
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the cut-plane of cascade exit

Bl 13 B 1 AN [l 5 4 22 TUURE i T80 R 400 2R &
B AR YR L ] 0 A X B HS I AT — U I T5 Y
SRR RIEPZLENK . M Ry 15 B AT
& &8 1) FL IR I ToL L 22 YDA - T50 R % B I (IR s
55 JHE e MR R T A R AR U S )
B T 17.9%.20. 9%,

http: // zkxb. xjtu. edu. cn

BE
BigE
(=3

oWk 0.16 [
HK /
oS
0.14 1 1 J
0.5 1.0 1.5 2.0 25
R R M

K13 2 M TR R 46 2 R H0m AR Yl
Fig. 13 The area-averaged total pressure loss coefficient of

multi-cavity tips

N TR 12 P 13 R K O3 A B 22 5
14 28 7 ik TR g 00 T8] it i 10 S O 37+ ¥ 10
oA s 1B 14 H O 0 2% D R AR L B

0.08
0.06

0.04

- T30 18D ik 8 R &/ %
f=3
S

-0.02

-0.04¢

P14 ok T s O A2t ¥ S 1) 0 A

Fig. 14 The distributions of leakage flow mass flow rate

in the axial direction

HiPd 14 AT, fE =/C, =0~0. 1 Ju [ A, it T
(1 Y AL 2 2% O 97 (L 3R PR Dy T ST T % AR 1Y
e U O P R R T 2 22 9K Bl 2 3 A I T R A
IO I 5 i S IR T 37 e i TR Bt A =/ C, =
0~0. 338 Bl Y » 22 MRS i T0 A 3t s 3 B v AL SR 19
P TV O T G e = T T DO [T e T O O
Ko X2 PR Sy = TV 0 D 1 T T ) 2 — A Ml s
F =/C,=0.32, i F Wy A B9 BELA S JME Jhs 0 A0S SO
RETE [T P9 A JR T A ik T 8] B3t b o A2 55 — A
5 P8 o = TUEAE 00 (L0 e T s O R i A
R0 TS I TOT ) i O e 2 B o AR TR R (2/C,
=0.3~0.7) , FL [T I 5 14 ik Y 2 LU 22 TR it Tt B
IR T I DX 3 it T O R e e G . D
12 Hp MRS - TO0AE b e R BOR . T =
(V1R ok T3 b DX I A ) R I (LA [
e =/C.,=0.52 A — A B LI U1 A = [l
i L VT o A PSR L T v o N = L1 L o T




158 [T T N - % 56 %
12 o = [T TG 1 9% 1952 T o1,
BATULRE TR, E T ST R 2 A (2/C, = 0.7 ~ [4] KWAK ] S, HAN J C. Heat transfer coefficients and
1. 0) o B U4 0 50 4 0 O 37 e 0 20 5 T 42 U1 R - T film cooling effectiveness on the squealer tip of a gas
lﬂﬁ[ziﬂﬁ RS 7 3 ﬂ[’ﬂ] TR PR 12 EF‘%M turbine blade [J]. Journal of Turbomachinery, 2003,
A T 8 2 A 2 e e e -
[5] KEY N L, ARTS T. Comparison of turbine tip leak-
3 é[j:l: ib age flow for flat tip and squealer tip geometries at
high-speed conditions [J]. Journal of Turbomachin-
A SCHIEGE 1325 V- 2l - 2 [V R I T ) <08 20045 ery. 2006, 128(2): 213-220.
P B U R PR B R W T 2 MMM (6] gpfuss. EUR. 0T X RSB T 3 S e
T2 THT B9 IR V8 20 A 28082 2 A1 [ R 45 45 (B AE A0 R TAE S e ()], P62 5858 k24 . 2008, 42
ik b 7 22 MU TR B R A S5 L B e T (7): 838-842.
R [ 54 1 o T4 O T B 5 B M R L 48 b S YANG Dianliang. FENG Zhenping. Effects of squeal-
L er tip on blade aerodynamic performance and tip heat
(1) Z VIR T T o (9 B - A8 T 0 5 [ ]Kﬁ P transfer in gas turbine [J]. Journal of Xi’an Jiaotong
S R A AR T 0% U A P T University. 2008, 42(D): 835812 |
W B A T T R R T B B L 4 [7] SAKAOGLU S, KAHVECI H S. Effect of .Cavlty
) depth on thermal performance of a cooled blade tip un-
T%’lfﬁﬂ/ﬂyy\fﬂﬂl%o il Hjﬁ:éﬁﬂ/ﬂﬁm*g I P der rotation [J]. International Journal of Heat and
R THLE 250 R WXL L IS 2 g 1 P T+ A ¥ AL Mass Transfer. 2019. 143: 118561
AN TURE B ACSE I SR RN DU MAE IR . [o) apmr, mes ., S, 4. REE T TR
TBAE WX LG BAR N o 22 U1 RE i T50 5 G B ARG 3 TS S EAE [T, ek AR, 2020, 41(9).
(2) Z MU - 50 BE 9% 1Y 2 3% A - 40 30 3 P ) 1975-1987.
FE 2% . AH L 4% 50 0% BA RS - T, — (W14 | Py U] il ZOU Zhengping, YAO Lichao, XUAN Liming, et al.
I TH0 b 45 2 R EUE A BIREAR T 17. 9% .20. 9%, Aero-thermodynamic characteristics of tip leakage flow
5| ?Iitg(ﬁ%%ﬁ: BE‘FE'J , Zl—‘j(ﬁ)f;éﬁﬁ Byt I T in turbine rotor with squealer tip [J]. Journal of Pro-
8 1 T, 5 52 R R A3 7 30 I 1 725 9L 72 o pulsion Technology, 2020, 41(9); 1975-1987.
T AT A ] EL i 00 TR0 3 i VT 52 Bk [9] YANG Dianliang, YU Xiaobing, FENG Zhenping. In-
ORI IE LAY VST kR R S vestlhgatlon of l-eakaAge flow an(lzl heat transfer in a gas
S B S BRI T B 5T T B8 v 1 T A t.urblne blade tip with emphasls‘on the effect of rota-
tion [ J]. Journal of Turbomachinery, 2010, 132(4):
T8 O TR Vo 104 P PR A% S 75 BB 253 T 1 010,
D Mt BA A E E S5 (. [10] LEE S E, LEE S W, KWAK H S. Tip leakage aero-
dynamics over stepped squealer tips in a turbine cas-
%%j{ﬁk cade [J]. Experimental Thermal and Fluid Science,
[1] BUNKER R S. Axial turbine blade tips: function, de- 2011, 35(1): 135-145.
sign, and durability [J]. Journal of Propulsion and [11] ZHOU Chao, HODSON H, LOCK G. Thermal per-
Power, 2006, 22(2) . 271-285. formance of different cooled tips in a high-pressure tur-
[2] SUNDEN B, XIE Gongnan. Gas turbine blade tip heat bine cascade [J]. Journal of Propulsion and Power,
transfer and cooling: a literature survey [J]. Heat 2012, 28(5): 900-911.
Transfer Engineering, 2010, 31(7): 527-554. [12] #fl=, FHEF. R X 3h T 55 3h FE 30y
(3] w7, KRB, W ESR, & JRAFCHLIR 5 il T M B < SmREIE [V, 7923858 K AE R, 2008, 42(5): 537-

MR R [T]. Mz %4, 2017, 38(9): 71-
101.

GAO Jie, ZHENG Qun., YUE Guogiang. et al. Re-
search progress on turbine blade tip aerodynamics and
heat transfer technology for gas turbines [J]. Acta

Aeronautica et Astronautica Sinica, 2017, 38(9); 71-

http: // zkxb. xjtu. edu. cn

541.
YANG Dianliang, FENG Zhenping. Effect of squealer
geometry arrangements on tip leakage flow and heat
transfer for turbine blade [J]. Journal of Xi’an Jiao-
tong University, 2008, 42(5); 537-541.

[13] KIM J, SEO W, BANG M, et al. Effect of shelf




L4l R, 2 V- 3l 22 MU I T TR R AR A9 B 5

[14]

[15]

[16]

[17]

(18]

(19]

(20]

squealer tip configurations on film cooling effectiveness
[C] // ASME Turbo Expo 2018: Turbomachinery
Technical Conference and Exposition. New York,
NY, USA: ASME, 2018. VO5CT19A006.

LEE W S, KIM D H, PARK J S, et al. Effect of tri-
angular grooved tip on blade tip region heat transfer
[J]. Journal of Thermophysics and Heat Transfer,
2014, 28(2): 226-235.

PARK J S, LEE SH, LEE W S, et al. Heat transfer
and secondary flow with a multicavity gas turbine blade
tip [J]. Journal of Thermophysics and Heat Transfer,
2016, 30(1) . 120-129.

DU Kun, LI Zhigang, LI Jun, et al. Influences of a
multi-cavity tip on the blade tip and the over tip casing
aerothermal performance in a high pressure turbine
cascade [J]. 2019,
147, 347-360.

LI Feng., JIA Zhe, ZHANG Weixin, et al. Experi-

Applied Thermal Engineering,

mental comparisons of film cooling performance for the
multi-cavity tips at two different tip gaps [J]. Interna-
tional Journal of Heat and Mass Transfer, 2022, 187.
122566.

WSS BER, 22 g, SF. WAL E XS MURY i T4 A
e HPERE R R ()], PEZ 8@ R4 . 2018, 52
(3): 55-62.

YE Mingliang, HUANG Yan, YAN Xin, et al. Effect
of rib location on the heat transfer and cooling charac-
teristics of squealer tip [J]. Journal of Xi’an Jiaotong
University, 2018, 52(3); 55-62.

MBS R AT R AR A X 3 O % MR - TH A%
PRI EIVERE R [T ], V9 %2 38 K oE 2 4l . 2018,
52(5): 116-124.

YE Mingliang, YAN Xin, HE Kun. Effect of rib loca-
tion on the heat transfer and cooling characteristics at
the squealer tip in turbine stage [J]. Journal of Xi’an
Jiaotong University, 2018, 52(5);: 116-124.

ZHANG B, ZHU H, YAO C, et al. Investigation on
aerothermal performance of a rib-slot scheme on the
multi-cavity tip of a gas turbine blade [J]. Internation-
al Journal of Heat and Mass Transfer, 2021, 176.
121408.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

http: // zkxb. xjtu. edu. cn

SHIAU C, SAHIN I, ULLAH I, et al. Transonic
turbine vane endwall film cooling using the pressure-
sensitive paint measurement technique [J]. ASME
Journal of Turbomachinery,2020, 142(8): 081004.
YRR, RN, BRRA, 5. REEWMTAEGM
Ji B L S e 3R T Y OB AR LI T Y [T,
VG %2 A8 38 KAl . 2019, 53(9) . 167-175

LI Jichen, ZHU Huiren, CHEN Dawei, et al. Experi-
mental study on film cooling effectiveness of the tur-
bine blade with compound-angled fan-shaped holes un-
der wake influence [J]. Journal of Xi’an Jiaotong Uni-
versity, 2019, 53(9). 167-175.

CHOWDHURY N H K, QURESHI S A, ZHANG
M, et al. Influence of turbine blade leading edge shape
on film cooling with cylindrical holes [J]. International
Journal of Heat and Mass Transfer, 2017, 115. 895-
908.

JEONG J Y, KIM W, KWAK | S, et al. Heat trans-
fer coefficient and film cooling effectiveness on the par-
tial cavity tip of a gas turbine blade [J]. ASME Jour-
nal of Turbomachinery, 2019, 141(7). 071007.
HAN J C, RALLABANDI A P. Turbine blade film
cooling using PSP technique [J]. Frontiers in Heat
and Mass Transfer, 2010, 1(1). 013001.
LIU T, GUILLE M. SULLIVAN ]J.
pressure-sensitive paint [J]. AIAA Journal, 2001, 39
(1). 103-112.

JONES T V. Theory for the use of foreign gas in sim-

Accuracy of

ulating film cooling [ J]. International Journal of Heat
and Fluid Flow, 1999, 20(3) . 349-354.

MOFFAT R J. Describing the uncertainties in experi-
mental results [J]. Experimental Thermal and Fluid
Science, 1988, 1(1): 3-17.

ROACHE P ]J. Perspective: a method for uniform re-
porting of grid refinement studies [J]. ASME Journal
of Fluids Engineering, 1994, 116(3): 405-413.
DENTON ] D.
[J1]. ASME Journal of Turbomachinery, 1993, 115
(4): 621-656.

LLoss mechanisms in turbomachines

(i A AFR)




