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Investigations on Uncertainty Quantification of Film Cooling Effectiveness

and Aerodynamic Performance of Turbine Blade Squealer Tip

HUANG Ming, LI Jun, LI Zhigang, SONG Liming

(Institute of Turbomachinery, Xi’an Jiaotong University, Xi’an 710049, China)

Abstract: Combining the non-embedded polynomial chaotic expansion method, sparse grid, Sobol
Indic technology and Reynolds-averaged Navier-Stokes (RANS) equation solving method, an
uncertainty quantitative analysis method for the aerodynamic and heat transfer performance of the
turbine blade squealer tip was proposed. Numerical simulations were consistent with
experimental data, which verified the effectiveness of the numerical method for predicting the
aerodynamic and heat transfer performance of the squealer tip. The aerodynamic and heat transfer
performance of the GE-E® rotor blade tip was quantified on the basis of the uncertainties of the tip

clearance, the total temperature of the mainstream inlet and the blowing ratio. The influences of
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the uncertain inputs on the average film cooling effectiveness, gap leakage and downstream total
pressure loss coefficient were analyzed in detail. The Sobol Indic method was used to quantify the
contribution of each uncertain variable to the uncertainty of the tip aerothermal characteristics.
The results of the uncertainty analysis show that the leakage in the leading edge area of the blade
tip is not sensitive to the uncertain input, but the uncertain deviation of the leakage in the trailing
edge area can reach 25%. The downstream total pressure loss coefficient is generally less affected
by uncertain fluctuations. Under the influence of the uncertainty of geometry and working
conditions, the statistical mean value of the blade tip film cooling effectiveness is reduced by
29.52% compared with the design value, and the probability of 10% deviation from the design
value is as high as 91. 83%. The sensitivity analysis results show that the tip clearance deviation
is the dominant variable in the uncertainty of the tip aerodynamic performance. The variances of
the tip clearance deviation to the leakage and the total downstream pressure loss coefficient
account for 88.02% and 85.31%, respectively. Among the three variables studied in this paper,
tip clearance has the greatest comprehensive influence on the aerodynamic performance and film
cooling effectiveness of the blade squealer tip, so the machining accuracy of tip clearance should
be strictly guaranteed in the process of blade machining and assembly.
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Table 1 Main geometrical parameters of turbine blade
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Fig. 1 Computational grid of the turbine blade squealer tip

with film cooling
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Table 2 Grid independence test results
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Fig. 2 Comparison of film cooling effectiveness contours
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Fig. 7 Leakage flow features of the squealer tip
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at different tip clearances
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Fig. 17 Statistical histogram of film cooling effectiveness
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Fig. 18 Distribution of film cooling effectiveness and its

deviation
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Fig. 24 Contribution of each parameter to the leakage flow

rate

H SR A AT S P T 22 5 e AR OR
H1 T 24 W LU Y T 00AN A 1 0 3k s O LT
AN A SR R A TS [ R 4 A Al — R
I AEE R FEORIE . 5 BRI, 5
TE4] 11 Iy 5 F 280 % ik TS B BB 9 AN 2 1 LT
BA R

4 g5 w8

AR SCHGHE T BT 2 300 2R I 7 3 ) MRS AR - To
SMPEREA I EE =L B B o RGP T E i
HEFIR EE WXL DA R P T ] B2 6T i 56 2l i TR R
TSR PR N B R AL A A AR B DL S8

<1>ﬁw+m§w+r)ﬁ 10 2/ %l 1) 5% 4 DX 35k 1) 1tk Y
%wwmmw‘ S TR RN R E AN S 3OS B
B, fE 10/~80/§Hﬂﬁ§2kEhﬁ{iﬁﬂﬁi$E’JTﬁfﬁm
P O 22 35 140 ATk 2 2500, st O R g 2R
FBO R 2 - THLR] B L TR I R R LG AS B RE
B A FE R /N E T 90 X6 i i b i 25 d KA 29 K
11%,

(2) AE - TO0[a] B F 118 3 R0 X B AS i 22 1 e

AL T o REAR i T00 /= 8 ¥4 04 508 1 1 4 1 3
AR AT T35 A R B 29. 52 %, I H H 5 25 35 8
10 % (AR ik 91. 83 % . AH HL il 2% X 88k, i 0 )8
5343 X AN M A iﬁﬁuﬁi i,

(3 Pt T[] B 2 10 5 ek R PR XL b X THE At R, P T
SN R I U D T . P TS BT Y O 22 % TR R
W50 A4 A< B0 PR BB S B o M 1 DT R S v o L) i O B
LJ&T“@?EETE%%%&E@?‘?% b b g Al e
88.02% .81. 31 % , [T 2t 1 W R L AS B 5 1 %o
b 904 3 2850 23 A 5 T D S /) T T[] R i 25 38 Y
AN e .

http: // zkxb. xjtu. edu. cn

B2 3Lk -

[1] BUNKER R S. A review of turbine blade tip heat
transfer [J]. Annals of the New York Academy of Sci-
ences, 2001, 934 64-79.

[2] HAN]J C, DUTTA S, EKKAD S. Gas turbine heat
transfer and cooling technology [M]. London, UK.
CRC Press, 2012.

[3] MONTOMOLI F, MASSINI M, SALVADORI S.

tip gap
and fillet radius [J]. Computers & Fluids, 2011, 46
(1) 362-368.

[4] DE MAESSCHALCK C, LACOR C, PANIAGUA G,

Geometrical uncertainty in turbomachinery:

et al. Performance robustness of turbine squealer tip
designs due to manufacturing and engine operation
[J]. Journal of Propulsion and Power, 2017, 33(3):
740-749.

[5] WUNSCH D, HIRSCH C, NIGRO R, et al. Quanti-
fication of combined operational and geometrical uncer-
tainties in turbo-machinery design [ C] // Proceedings of
the ASME Turbo Expo 2015. New York, USA.:
ASME, 2015. GT2015-43399.

[6] SHI Wei, CHEN Pingting, LI Xueying, et al. Uncer-
tainty quantification of the effects of squealer tip geom-
etry deviation on aerothermal performance [J]. Pro-
ceedings of the Institution of Mechanical Engineers:
Part A Journal of Power and Energy, 2020, 234(7) .
1026-1038.

[7] MONTOMOLI F, MASSINI M. Uncertainty quantifi-
cation applied to gas turbine components: uncertainty
quantification in computational fluid dynamics and air-
craft engines[ M/OL]. [2020-09-10]. DOI: 10. 1007/
978-3-319-92943-9_4.

[8] BUNKER R S. The effects of manufacturing toler-
ances on gas turbine cooling [J]. Journal of Turboma-
chinery, 2009, 131(4). 041018.

[9] D’AMMARO A, MONTOMOLI F. Uncertainty
quantification and film cooling [J]. Computers &. Flu-
ids, 2013, 71. 320-326.

[10] BABAEE H, WAN Xiaoliang, ACHARYA S. Effect




[ . ]

P

R

Eird i 55 4

[11]

[12]

[13]

(14]

of uncertainty in blowing ratio on film cooling effec-
tiveness [J]. Journal of Heat Transfer, 2014, 136
(3): 031701.

Mas, SEIRAR, BERA, &, BT Kriging WA & M
A B B B (U] TRy H R,
2019, 40(3): 537-542.

TAO Zhi, GUO Zhendong, LI Chenxi, et al. Re-
search on Kriging-based uncertainty quantification and
robust design optimization [ J]. Journal of Engineering
Thermophysics, 2019, 40(3);: 537-542.

KU BB, WA, 5. =R A 5 20K 8 R
AL [J] TR IR, 2015, 36(8): 1666-
1671.

SONG Yingjie, NIE Jun, GUO Zhendong, et al. Un-
certainty quantification of heat transfer performance of
high temperature blade [J]. Journal of Engineering
Thermophysics, 2015, 36(8): 1666-1671.

PG BRI, RS, & BT EPRE R
M R 2R AN e e s Al [T, HESERER, 2017, 38
(8): 1767-1775.

YAN Yong, ZHU Peiyuan, SONG Liming, et al. Un-
certainty quantification of cascade manufacturing error
based non-stationary Gaussian process [J]. Journal of
Propulsion Technology, 2017, 38(8): 1767-1775.
KWAK J S, HAN J C. Heat transfer coefficients and
film cooling effectiveness on the squealer tip of a gas
turbine blade [J]. Journal of Turbomachinery, 2003,
125(4) ; 648-657.

[15]

[16]

[17]

[18]

[19]

[20]

(21]

http: // zkxb. xjtu. edu. cn

AHN J, MHETRAS S, HAN ] C. Film-cooling effec-
tiveness on a gas turbine blade tip using pressure-sen-
sitive paint [ J]. Journal of Heat Transfer, 2005, 127
(5): 521-530.

XIU Dongbin, KARNIADAKIS G E. The Wiener:
Askey polynomial chaos for stochastic differential
equations [J]. SIAM Journal on Scientific Computing,
2002, 24(2) . 619-644.

BUNGARTZ H J. GRIEBEL M. Sparse grids [J].
Acta Numerica, 2004, 13: 147-269.

HALILA E E, LENAHAN D T, THOMAS T T.
High pressure turbine test hardware detailed design re-
NASA-CR-167956 [R]. DC.
USA: NASA Lewis Research Center, 1982.
YOUNG ] B, WILCOCK R C. Modeling the air-

port: Washington,

cooled gas turbine: Part 2 Coolant flows and losses
[J]. Journal of Turbomachinery, 2002, 124(2): 214-
221.

WANG Yabo, SONG Yanping, YU Jianyang, et al.
Effect of cooling injection on the leakage flow of a tur-
bine cascade with honeycomb tip [J]. Applied Ther-
mal Engineering, 2018, 133: 690-703.

ZOU Zhengping, SHAO Fei, LI Yiran, et al. Domi-
nant flow structure in the squealer tip gap and its im-
pact on turbine aerodynamic performance [ J]. Energy,

2017, 138 167-184.
(e )




