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Abstract: To improve the film cooling and heat transfer performance on the squealer tip of the
first turbine stage in aero-engines, a design platform for optimization was constructed using a
self-developed program, aiming at enhancing the film cooling effectiveness and minimizing heat
transfer on the squealer tip. The Hooke-Jeeves searching algorithm combined with the third-order
response surface model was utilized to find a proper double-rim squealer tip geometry with excel-
lent aero-thermal performance. Additionally, a comparative analysis was conducted to assess the
heat transfer and film cooling effects of the optimized double-rim squealer tip against those of the
conventional squealer tip as well as four commonly used double-rim squealer tips. The study also
investigated the influence of various geometrical parameters for inner-rim on the flow structures,
heat transfer and film cooling effectiveness in the tip region, and involved evaluating the sensitivi-
ties of heat transfer and film cooling performance on the double-rim squealer tip to various design

variables. The findings indicated that the optimized configuration of the inner rim in the double-
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rim squealer tip consisted of two layers, an upper and a lower layer. The selection of appropriate

geometrical parameters for the inner rim resulted in a reduction of the impingement effect caused

by the leakage flow, providing effective coolant coverage on the internal and external squealer

cavities. In comparison to the conventional squealer tip, the optimized double-rim squealer tip

showcased a 24. 96 % reduction in the area-averaged heat transfer coefficient and a 5. 38% en-

hancement in the area-averaged film cooling effectiveness. The height of the lower layer in the in-

ner rim had the most significant impact on the area-averaged heat transfer coefficient, while the

starting location of the upper layer in the inner rim played a crucial role in the area-averaged film

cooling effectiveness among the studied parameters. On the other hand, the height of the upper

layer in the inner rim exhibited a relatively minor influence on the film cooling and heat transfer

performance of the double-rim squealer tip.
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Ty de T A K s AL YO8 2R AR AR <&
R HE IR B H 45 52 5, T BOE P 5 — sl it TR
Z AR IR . H AT, SR RS P M T IR
SRR EE AT 1400°C 3z 8 A R T B BRE
I 5 R RO R A I T00BE T R ) A R K i AR i
FIBATRY R A RN MRS I TTUR R RE F 5 —
Gt w B e TR S, A AR G 7 T A, R
A PTG T NSRRI TR R s AT
R R AR AR . ARk RS A 4R
T B R XUA BE A 0 T0 S5 A A R S T A
W T A ¥4 0 9 B 5 0T R A T I TR B A, B
AT T3 3k B 5 38 i h ] T8 A3 1 s, ok
AL TR T — 20 52 T MRS ot 00 ) ¥ 200 4% B R 32 T
SR TR B AR N A

H T XA BE MURE i T5U B2 A I 1) A PR ot H
A /D 1 8 B0 AL TR R S 30 PR (B SR 45 2R 2
JF k&%, Cernat 885 B4 T WA B U144 m- 5
G548, A BLHAE X T A% 4 M1 RS i T EL AT AR Y A R
i AR T2 5 AR 8 MRS it AR 3T . Bl S, Paty
PR Cernat Z85 ) F X B BE U1 0 10 19 A< 34 1
AT Jie 1 KA A 400 A1 52 36 0 BF 5, 495 R 3R W - BUR
R LU o T T A 205 41 ) s 2 90 s Y R, AT A X
J RE M1 A TR A B far LR RN TN R TO R AR T
20% A0 . Yan A5VRE UL BE MRS i T07E & S HL T
LR BV A M RE T R T BUEIE O, R AN T
A 2 U1 RS W T, SR FH 6 LAY PN A RE 25 4 R e A1 v R
P AR ZR B 90, 3 04 BT TR 35 B A AR
49. 6 % o AE M TR BRI 16 7 T, B AR 9T LT
Xof R TR o TR A BE T R 5T i R T e XL
JA R U T2 A SR RE R DR AE R TR SE . Buc-
chieri S50 X AU MEFLHE AR 78 R g T Y 104 e T 3k

http: // zkxb. xjtu. edu. cn

17 T 28R, JF A i B 3l Ak A% >R JH st A% vk
X ASREAL B o3 A A T R T Ak it A o £ T
T MR T A AR A PERE . Dawes S5V RS T
Tt P T304 G A I R S0 T I T A R L AR R ]
FEVRBEEAT T EMEAL A RUEAR T i T A 57 47
Kang %5 R ] Kriging 3t R 8 1 £ B 5 it 1% 5
T 0T MRS i R JELRE VR RE RN 2% L R 2 i R AR T R
TARABETT 2 B MIRE R B A T R] B A A — D IR A
8 LG B A A5 U1 R i T00 S 3 M BE A . Schabowski
AR R T g A SRR X /N B TR - T < Bl P e R AT
T Al IE R S 56 45 R SR T O BT i AT S,
PFBRAEN R Kriging ST VSRS R4 s (18 AL 3
P SBELALAE MR T R LR AT T 2 H
WAL ST T 4% B TR 1 X B A ek R 5
FLEF . De Maesschalck 55019 3% FH #ilt 28 W) 2% J7 1 X
T Bl A% PR R HEAT 1AL BT AL 3R AR TR
S0 BN A T B 5 A Y I TR £ RS A
fLAJR . Vincekovie 1 % F £ 55 3T Lk X 47 11
R TR 25 M 64T T AR BT B 5 L 3 7 R B)
ROCEARETE T 1. 4%, Maral 557 5% FH 38t % 5 1 % 10
TR LD AR 2647 T 2 B stk it wF e &
5 A JLART RO B W 35 B2 T i 001X sl 19 A< AR 1
fit. Zhou 207 Caloni 21 Maral Z0 1AL BF
SEA AR TE T /N F5-[UURE I 58] B2 N B9 it 3l 4% 4
PERE . X LEHIF5E R W], XA BE 45 F %F WA I T 619 v
AMEIAERE A W BCEE M, HAA B otk it
T3k Al k20 B T DR o T ) AR RE . PR, R
7 T J& XA BE MRl I T5 8 K0 4% B B8 ) U0 Ak B 1t
AR IR R BA w8 RE 9 XUR BEZS ), 5231
RAIZF TMURE I T80 T SE MR B AT

ACLL GE-E® MR EV5 — H OB x 5L, R




70 W% o i

PN

58 &

FH = Bir 2 3 X i 17 187 A5 7 T Hooke-Jeeves #5518
FIE LA DAk O W X LU BE MRS i T 9 R
BE JLAR[ 25 49 T Je v 1 4% Ak e 2 B An Ak, T 1
A48 S 55 B IR R T00 4 ol i R XU RE [ A - T3
() I8 7 235 ¥ R E0 AL S PR RE AT X L L IR R A
R HE P RE 1Y N JE BE LAl S50 4, I AN TR
1) PN T BE 485 A X I T DX 3R v A0 9 VR T AL S 43
BT RS BE I TH S K0 A TR RE X P ) BE OGS L TH 2 5K
) U

1 R R 5k

e
VA 144t T U BE TR T 3
T BT SRR T GEE % % 5
BLIB 50— 26, SR T Gl 9 A LA 3 o
IS T2 R B

7L

1.1

HMF BE

70
g
70

Bl 1

XU BE [ o T3 A

Fig. 1 Computational model for the double-rim squealer tip
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in turbine stage
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Fig. 2 Cooling hole configurations on double-rim squealer tip
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Fig. 3 Heat transfer coefficient and film cooling effectiveness

contours on squealer tip with different turbulence models
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Fig. 4 Pitch-averaged heat transfer coefficient and film cool-
ing effectiveness on squealer tip cavity floor along axi-

al direction with different turbulence models
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Fig. 5 Numerical simulation meshes for the double-rim squealer tip
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Fig. 9 Scatter diagram for the target variables

Ca) 1% 45 W1 A - T3 (b BUE R 0. 75H

(D BFHE Case A

(OMF'E 1H

(e) WA Case B
10 6 A T L AT AR A

Fig. 10 Computational models for six different squealer tips

(DXUBE Opt

F A G T E 10 S SR R R L LK
Xof 107 45 A6) %) TET V- 349 A% T4 R BRI DT B ROV AL
F, ATLLE N A RS B N R E o L
TWZ, TR RANEE = 42.69% . 1R
JENANEEEER 7.37% ., L2 E B RIK 5 N8
B AY 86.00% ; WA 0. 75H . XA Case
B.SUAE Opt 11 24 4% 34 R UL T 1% S8 MRS i Tt
XURE 0. 75H FIRUFE Opt #F 35S BE % Hs0R
KT A% G MR T LR B Opt 454 19 ¥ 200 1% $uobk:
REWT i AL T At 5 Fh 5 44 A X T 4% e MR i T, 3
- T 1 F- 359 15 38 R B0 B 24, 96 %0, I T00 1 3 35 <,
BV 21 30R BT 5.38% . Mk nl L, HA A B A W
JE BT A BB B AR MDA - T %) B 671 iy I £ RS
R,

(4 6 AT EE B B AL

Table 4 Design variables and target variables for six squealer tips

- WA i ) ER7N(EN _

A, A, A, A, h/(Wem?+K") 7
18 G2 A T T5 0 0 0 0 693. 30 0.420 0
WFREE 0. 75H 0 0 0.750 00 0 533. 41 0.434 4
W BE 1H 0 0 1.000 00 0 958. 44 0.3279
WU BE Case A 45,35 53. 450 0. 750 00 0. 250 000 778. 51 0.405 5
XUH BE Case B 58. 42 23.270 0. 750 00 0. 250 000 635.92 0.4158
WU BE Opt 0 86. 004 0.426 91 0.073 723 520. 24 0.442 6

2.2 RMBEMRShEBES JIM, A MR R A0 R A ) ¥4 R T I O 1)

11 AL 12 2 6 Ffr VRS IO G — 4 2R R LR
T A IE I R I 2 4 A BT 43 = 6 B Y
=R TR AESL P ~P, [ ~1,.S, ~S; (LA
PR HR . N E AT L L A G0 R I T Y v
VP FEAS R0 7 25 A MRS JES 17T 5 6 TR b, ¥ 20
R 9 3 TR VR FHE B T A M 25 0 s AR AR T AR e 1M
I T0T, T ACHE XU R AR 1 T 1% Yt U 90 0 2 B
DS TERUR R G5 R R, Py~ Py WV 1R B B 55 /1
R X388, T, ~ 1, v 303 32 27 56 oY U1 X0,
S, ~Ss HVA I 35 B 55 A MU T % DX sl R A 9

http: // zkxb. xjtu. edu. cn

% RS IX BT AR I8 55 R4k X,

XFFRUR R 0. 75H & HIFE AT LI H Y MRS E A
AU AR ) H A RE R PR R IR
Mg, X FRURE 1H . T P8 B A BR & 4E L 2 3
T2 B b ST, TE i 5 LAt DX 88 ) 2 F AT 2R L O
JA'E Case A FIXURE Case B AU 37 58 & BL L B
G R ENGE AT LB N JE R T 2 5 HAD X IR A e A
WILE M RN EE LJEEP . X TR
JEE Opt 2546 , P XA v v 200 38 0 itk e U 2 1010 s =5
5 RUBE W/ I, Bt Y R v E0n 35 hn , S B0 JI




51

ZRIE L 45 OUR BE MRS - T304 5 % Bk B i A AL BF 52 7

JE TN R ’%Tﬁiﬁﬁxﬁk—/\ﬁﬁ?ﬂ’ﬁ}fﬁﬁ%

() XBUH % Case A

(e)XX}bﬁg Case B (f)XXF'% Opt
Bl 11 6 Fifr [MUAR - TOT(A] Bt 9 19 = 4 Ik
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Fig. 12 Velocity contours and streamlines on streamwise cut-

planes for six squealer tips
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after optimization
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er tip along axial direction
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Fig. 15 Film cooling effectiveness contours on squealer tips
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squealer tip along axial direction
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0450
04d5) e, . )
e - ey
0.440 s ﬁx’/\ “',,m"_' ~~\\~\//
Wee e v
- Y Y,
1= 04351 /”/ﬁ //
0.430 P ecsovooooao0eod
, .
”- o AZ
0425}, —
- —
0420 . . . . |
’ o2 04 06 08 10
X

K19 B — A8 d A2 £k I RS BE VTR i T3 ARV 20
&R

Fig. 19 Variations of film cooling effectiveness on the
double-rim squealer tip when a single design

variable changes

HTE 18 FE 19 & Bt A8 & A2 AL H AR 28
i AR A2 ) L A 1R TR U R ML I T A% A
RECRA RS HRBCEZ A PRRIE . IR 20 il
B 210 LA HY . B A5 A X 45 35 11 A8 B SR
JE « TRV 49 £ 5 R 00 8 R )2 Y o R e R B
JR 5 I THUP B BV ORI R B R B s Oy
e Ry U,




1 ZRIE A OBUA BE RS - T00 8 5 £ S0 58 19 AR AL BT 5% 7
SE k.
A
ﬁﬁé 1:‘4%0/ 4 [1] BUNKER R S. Axial turbine blade tips: function, de-
D70 20.1%
|:]Aj § sign, and durability [J]. Journal of Propulsion and

A

k A,
34.4%

31%

20 XA BE MRS it TO04% 30 2R B0 5 728 J 1 SRR
Fig. 20 Sensitivity of heat transfer coefficient on doub-

le-rim squealer tip to the design variables

A

4, 4
L4, 13.7% 4
=B 1
A, 36.7%
A3
26.7%

AZ
23%

21 OUR BE MR i THU IR B RO R 51742 1 1 BURR
Fig. 21 Sensitivity of film cooling effectiveness on the

double-rim squealer tip to the design variables

3 %45 ®

(DIRALSE RN EE A R R, WEE T
R R ERANE SRR 42, 69% . NEE L2 R
J R N R R 7,37 % R R B R
FE P RS A 2 SR YRR 2 R IR R
ST Y 86. 00% . HF & G 1M i 15, £ 4k e
(o XL RE U1 Al T TP A AR BCTNRRT
24.96 % JHPF AR AIRE LT T 5.38%.,

() B FRY N R B T )2 e B mT A ks 2 | B i
Ui A0 X [MCL R T %) o o 4 S 102 00 300 AE D4 A I A
DX A 002K 4 I X U0 R T TR A R 7 A I
I T B B0 AR TR JI PR RE . AL B R
B2k TR 432 45 K0 T8 B W 1 ) ke 101 T LA i 3k A
P TR o ) 8 DU I R 0F — 2B B R O A v v
G IR,

(3) I THLSF- 35 7 0 R 0%t 9 R R )2 00 80 B e
R BEURE 5 W TR 35 ARV FIRIOCR AT B R 12 Rk
WO B O UK, ERTRR A 4 ST AE R L N
J BE I J22 1R R 6 XU BE [ I T (7 44 4% $AbE
S0 A X85/

[2]

[3]

[4]

[6]

7]

(8]

[9]

[10]

[11]

http: // zkxb. xjtu. edu. cn

Power, 2006, 22(2). 271-285.

HAN J C, DUTTA S, EKKAD S. Gas turbine heat
transfer and cooling technology [ M]. 2nd ed. Boca
Raton, FL, USA: CRC Press, 2013.

CERNAT B C, PATY M, DE MAESSCHALCK C,
et al. Experimental and numerical investigation of opti-
mized blade tip shapes: part I turbine rainbow rotor
testing and numerical methods [J]. Journal of Turbo-
machinery, 2019, 141(1) . 011006.

PATY M., CERNAT B C, DE MAESSCHALCK C,
et al. Experimental and numerical investigation of opti-
mized blade tip shapes: part II  tip flow analysis and
loss mechanisms [ J]. Journal of Turbomachinery,
2019, 141(1): 011007.

CERNAT B C, LAVAGNOLI S. Experimental inves-
tigation of tip design effects on the unsteady aerody-
namics and heat transfer of a high speed turbine []J/
OLJ. Journal of Turbomachinery. 2021: Tubro-20-
1377 [ 2023-06-13 J]. https://doi. org/10. 1115/
1.4050443.

DE MAESSCHALCK C, LAVAGNOLI S, PANIAGUA
G. Blade tip shape optimization for enhanced turbine aer-
othermal performance [ J]. Journal of Turbomachin-
ery, 2013, 136(4): 041016.

YAN Xin, YU Jinxing, HE Kun. Modifications of
double-rim geometry to improve thermal performance of
squealer tip in a turbine stage [J]. Proceedings of the In-
Journal of
Power and Energy, 2023, 237(6): 1203-1219.
BUCCHIERI G, GALBIATI M, COUTANDIN D, et
al. Optimisation techniques applied to the design of gas
turbine blades cooling systems [ CJ//ASME Turbo
Expo 2006 New
York, USA: ASME. 2006: 1395-1405.

DAWES W N, KELLAR W P, RICHARDSON G A.
Application of topology-free optimization to manage
cooled turbine tip heat load [CJ]//ASME Turbo Expo
2009: Power for Land, Sea, and Air. New York,
USA. ASME, 2009: 533-543.

KANG Y S, RHEE D H, KIM C T, et al. Aerody-

stitution of Mechanical Engineers; Part A

Power for Land, Sea, and Air.

namic optimization of axial turbine tip cavity with ap-
proximation model [CJ]//ASME 2013 Turbine Blade
Tip Symposium. New York, USA:. ASME, 2013:
VO001T01A005.

SCHABOWSKI Z, HODSON H, GIACCHE D, et al.

Aeromechanical optimization of a winglet-squealer tip




80 [ T I N 4 %5 58 %
for an axial turbine [J]. Journal of Turbomachinery, squealer tip geometry in axial flow turbines: a constant
2014, 136(7): 071004. tip gap approach [J]. Journal of Fluids Engineering,

(12] ZRAS, SBURZR, AROLWL, 45, MHRRR TS FLAR fL 2020, 142(2); 021402,
TSI U], MR, 2019, 40(2) . 276-284. [20] HALILA E E, LENAHAN D T, THOMAS T T.
LI Chenxi, GUO Zhendong, SONG Liming, et al. High pressure turbine test hardware detailed design
Film-cooling holes design optimization and knowledge report [ R/OLJ]. (1982-06-01) [ 2023-05-01]. ht-
mining of a squealer tip [J]. Journal of Propulsion tps://searchworks. standford. edu/view/12755983.
Technology, 2019, 40(2): 276-284. [21] KWAK J S, HAN J C. Heat transfer coefficients on

(13]

[14]

[15]

[16]

[17]

(18]

[19]

LI Chenxi. Aerothermal performance analysis and
knowledge discovery of film holes on the squealer tip of
a gas turbine blade [J]. International Journal of Ther-
mal Sciences, 2023, 186: 108114,

DE MAESSCHALCK C, ANDREOLI V, PANIAGUA
G. et al. Aerothermal optimization of turbine squealer
tip geometries with arbitrary cooling injection [J].
Journal of Turbomachinery, 2021, 143(11): 111010.
VINCEKOVIC L, JOHN A, QIN Ning, et al. Explo-
ring topology optimization for high pressure turbine
blade tips [J]. Journal of Turbomachinery, 2022, 144

(7). 071013.

MARAL H. ALPMAN E, KAVURMACIOGLU L,
et al. A genetic algorithm based aerothermal optimiza-
tion of tip carving for an axial turbine blade [J]. Inter-
national Journal of Heat and Mass Transfer, 2019,
143: 118419.

ZHOU Zhihua., CHEN Shaowen, WANG Songtao.
Aerodynamic optimisation of a winglet-cavity tip in a
high-pressure axial turbine cascade [J]. Proceedings of
the Institution of Mechanical Engineers: Part G Jour-
of Aerospace Engineering, 2018, 232 (4).
649-663.

CALONI S, SHAHPAR S, COULL ] D. Numerical

nal

investigations of different tip designs for shroudless
turbine blades [J]. Proceedings of the Institution of
Mechanical Engineers: Part A Journal of Power and
Energy, 2016, 230(7): 709-720.

MARAL H, SENEL C B, DEVECI K, et al. A ge-

netic algorithm based multi-objective optimization of

[2

[2

[2

[2

2]

3]

4]

http: // zkxb. xjtu. edu. cn

the squealer tip and near squealer tip regions of a gas
turbine blade [J]. Journal of Heat Transfer, 2003,
125(4): 669-677.

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.

RIRR, [, 2 dE. BV G R J7 /038 R - T5
ML G S A RERT Y [T, VU458 il R4,
2022, 56(3): 147-159.

WU Chengi, HE Kun, YAN Xin. Investigation into
heat transfer and film cooling performance at pressure-
side winglet-squealer tip in a turbine stage [J]. Journal
of Xi’an Jiaotong University, 2022, 56(3): 147-159.
Ta&A, HBIsE, s, S S5 700 v H X M AE
TSRV A S AL AR i 2w [T, 7 22 52 38 R 2 2
. 2022, 56(3): 160-172.

YU Jinxing, YE Mingliang, HE Kun, et al. Effect of
pressure-side cooling flow on film cooling and heat
transfer performance at squealer tip [J]. Journal of
Xi’an Jiaotong University, 2022, 56(3): 160-172.
Ta&A, s, 28&. KIIHP LT EF-HMEH
TV HL L RE B 5T [T, VY& 38 K% 4, 2021,
55(7): 106-116.

YU Jinxing, YE Mingliang, YAN Xin. Investigations
on the heat transfer and film cooling effect at squealer
tip of a turbine stage under engine conditions [ ] ].
Journal of Xi”an Jiaotong University, 2021, 55(7):
106-116.

(w7 HHD)




