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Abstract: To meet the requirements of efficient heat transfer and low flow resistance in the cooling
channels of the new generation of gas turbines, this study proposes a solution involving the
construction of three bridges with varying dimensions within a U-shaped channel. This approach
aims to mitigate the excessive pressure drop in the turn region and the uneven heat transfer
distribution in the vertical regions. First, a U-shaped channel with adjustable bridge dimensions
and angles is constructed. Unstructured meshes are generated using ANSYS Meshing, and
computations are performed with CFX. Initial sample data are generated using the central

composite design method, followed by the integration of response surface method and multi-
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objective genetic algorithms to address complex engineering optimization problems. The effects of

bridge dimensions and angles on flow and heat transfer performance are analyzed. Through a

comprehensive evaluation of multiple candidate solutions, this study presents an optimized design

recommendation. The results indicate that the optimized channel exhibits a more uniform flow

field distribution, and the presence of the bridges mitigates the uneven heat transfer between the

leading and trailing surfaces caused by Coriolis forces under rotating conditions. Although the

heat transfer intensity is slightly reduced, the flow resistance of the channel decreases by 62. 09 %

and 56. 26% under stationary and rotating conditions, respectively. This structure can reduce

local temperature spikes and lower flow resistance, thereby improving cooling efficiency and

enhancing the safety and reliability of high-pressure turbines. The study provides valuable data

references for the development of mid-chord cooling technologies in turbine blades with high

efficiency and low resistance.

Keywords: turbine blade; U-channel; rotation; resistance reduction
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Fig. 1 Schematic of reference channel structure
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Nu 110. 25 1.72 110. 00 1.49 109. 37 0.91 108. 86 0. 44 108. 38

) /1o 2.032 9. 90 1. 974 6. 76 1. 904 2.97 1.861 0.65 1.849
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Table 2 Comparison of CFD numerical calculation and experimental results in the literature

¥ ok ik %
S S W22/ % FEHUE S E 2=/ %
Nu/Nu, 1.78 1.77 0.71 2.12 2.10 1.17
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Table 3 Experimental design and loudness value of static and rotating

i A1 53Ry 500 r/min
F5 P,/mm P,/mm P;/mm P,/

S Sl P Nu S Sl F#) Nu
1 7.500 7.500 7.500 75.000 1.871 09 103. 663 1.918 69 106. 659
2 5. 000 7.500 7.500 75.000 1.966 97 105. 526 2.023 89 108. 317
3 10. 000 7.500 7.500 75.000 1.807 91 101. 656 1. 844 96 104. 893
4 7.500 5. 000 7.500 75.000 1.929 96 104.792 1.984 98 107. 555
5 7.500 10. 000 7.500 75.000 1.831 67 102. 289 1.867 76 105.595
6 7.500 7.500 5. 000 75.000 1.909 33 104. 225 1.961 29 107. 000
7 7.500 7.500 10. 000 75.000 1.849 95 102.978 1.881 52 106. 019
8 7.500 7.500 7.500 30. 000 2.07511 103. 002 2.087 56 106. 779
9 7.500 7.500 7.500 120. 000 1.764 23 104.993 1.81592 107. 432
10 5.739 5.739 5.739 43.311 2.161 93 106. 594 2.21501 108. 859
11 9.261 5.739 5.739 43.311 2.017 80 102. 867 2.052 02 106. 355
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ik 4 500 r/min
F5 P, /mm P,/mm P;/mm P,/
oS! FH#) Nu VRN FH) Nu
12 5.739 9.261 5.739 43.311 2.069 91 104. 465 2.097 09 107.576
13 9.261 9.261 5.739 43.311 1.961 08 101. 248 1. 969 57 105. 092
14 5.739 5.739 9.261 43.311 2.105 20 104. 965 2.139 11 108. 166
15 9.261 5.739 9.261 43.311 1. 980 64 102. 161 1. 990 88 105. 651
16 5.739 9.261 9.261 43.311 2.036 34 103. 569 2.037 77 106. 679
17 9.261 9.261 9.261 43.311 1.931 10 100. 101 1.926 04 104. 104
18 5.739 5.739 5.739 106. 689 1. 948 30 106. 984 2.012 72 109. 185
19 9.261 5.739 5.739 106. 689 1. 800 65 104. 352 1. 849 99 106. 693
20 5.739 9.261 5.739 106. 689 1.835 07 105. 539 1. 888 37 107.923
21 9.261 9.261 5.739 106. 689 1.718 63 102. 780 1.761 77 105. 463
22 5.739 5.739 9.261 106. 689 1.872 98 106. 470 1.925 17 108. 569
23 9.261 5.739 9.261 106. 689 1.741 68 103. 501 1.785 15 106. 125
24 5.739 9.261 9.261 106. 689 1.779 05 104. 632 1.822 04 107. 188
25 9.261 9.261 9.261 106. 689 1.676 30 101. 819 1.716 59 104. 788
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Fig. 5 Response surface for channel resistance and average Nu at static state
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Table 4 Calculation and CFD simulation values of optimization design based on response surface model

fefol Nu
g 1% = P, /mm P, /mm P, /mm P,/ - - -
Wi R E A CFDFEAE Wit RE CFDFHEM
1 5.681 7.252 7.951 119. 27 1.8327 1.837 1 106. 37 106. 38
2 5.718 7.427 7.813 117.75 1.826 7 1.8336 106. 25 106. 15
3 5.593 6.775 7.412 116.03 1.8610 1.8652 106. 67 106. 55
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Table 5 Calculation and simulation values of optimization design based on response surface mode

fe ot Nu
fE3E S Pi/mm P,/mm P;/mm P,/
EPVAT TR =R i B8 M 17 TAT 3 i FLAH
1 5.156 6.212 8. 046 119. 290 1.9530 1.9536 109. 37 109. 39
2 5.177 5.394 8. 549 110. 040 1.977 0 1.977 4 109. 31 109. 33
3 5. 000 5.001 5.001 30.011 2.354 3 2.3647 109. 94 109. 70
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Table 6 Optimal combination of U-shaped channels for connecting bridges based on response surface model

, ik 500 r/min
AR AL P,/mm P,/mm P;/mm  P,/(") i 3E Ay 44
oS! Nu fef! Nu
0 4.9150 123.620 4. 386 121. 990 JCAF 18 i
3 5.681 7.252 7.951 119.27  1.8327  106.380 fige 3k 5 1 1k
3 5.156 6.212 8. 046 119. 29 1. 953 109. 390 fige 3k o5 1 B
3 5. 000 7.500 7.500 120.00  1.8630 106.881 1.918  108.987 ABB il i

ARISCULTCHE R ABB =B 45 9 ], X i 1k AT
BRSSP AT 0 B, B 10 g i
T b R A DR AT T A gt R AR T i 2l E 3 A K
WL . XTI aE PR L # RS TT
o 1 B0 IE I B B 3 A Ho Bl g — ELAL TR

zkxb. xjtu. edu. cn

IR s NIRRT 26 2 9138 3 A Tifi 5 B R T 545
LAVEIE R . TE e HOIR AT 78 5 75 X U5 30T I 4%
T DX 38 1) i 3l E AR ST I I HUR 2 e R e IR &
T I8 T — 4> v i 2 5 X4, [ B 7 o T el
VA B, 5 5 Jo A A T AR B R Y i i 20 BE X3, I —




11

R I A6 SR T 7 T 92 F) 25 - v 0 300 T 2 492 A9 5 82 A A B2 A 1A 141

HAELE A 2 51 IE P,

0 055 1.10 1.65 220 275 330 3.85 440 495 550
ialfE/(m’ . s7)

PR ABB

(b) Jie %
10 b T8 A i 25 1 T B e RO 4 A

Fig. 10 Typical section turbine kinetic energy and streamline

diagram of two channels

X T ABB W2 G ok U, 5 T I8 T AR LE 7
TETR S TR 4 DX RE T i S0 RE K COE AT RN
[ EF, 565 2 )38 1 R R~ 3% 45 M I 350 30 BE 1 AL B
T AN T B e X3 A 97T U U ) 9 i BT g
R, st 1 AT I R DR A B, FERR LIS LR L5 2
A1) 368 3R ) S O 1 it 2 R FE L A A SRR L —
HWUN B T RE .

LRAORT R BRAR T % A IR0 T 3 R K
- AHGE A TR A AR R T I S EO T S
P I3 S (AR 174 3 30 BHL ) KR b

Sk BRSO TR AT b X EL 4% 3 BE TE Y N 43 AR K
10 Z5H 7 JaH A1 ABB 19 i 38 & 1k R 2 0 o 15 A
ST R A FTLLE T IoH a5 1 55
W) Nu BN 3 A5G4S X8R 78 10 B
B TV 5 AR o i A ™ A T R AR & Nu X

zkxb. xjtu. edu. cn

WS 2 AN 2 R R HI R R A RIL R
JF H AR BE T A9 X BGA 2] T Nu e K. Z )5 Nu
AR/ The SN

Wi 3 ARSI AR X T %
B, RILER T XA 2 5@ E B T %
IR 55 FL R 555 1) O B B N TR AR RS L. X
ABB B KU 5 3 AR I AR N T 3 BE T
AR Nu DK B0aE S 8] B I 38 AT 78 A X S8y
ok B 5 1) 1 OB AL

ERE RS T B R T 5% 44 U 2l 6 4% 19 52 i
. U RLGEE D RHT ) 4 548 1m0 56 1 @ 5E S
S5 H RIS 2 38 T T Z0E 5 O R 1) L A R
WAk, X — S FE R 11 3 o A P AR E] TR R
PR, U HE A I Bl 28 ik 18 A A A s R A A 1R ) £
feR2E IR, BIATE SN A Y T 76 15 38 3 rh g
St Bl B A T e VR (o S AR o AT
JE B, T AR R O 1 S s
] A 2 T AR AE 2 A7 P 3 R B0 s DA 5 T[] 1) 5% T
T e g XA PR R AL AR L R B0 A %
B 77 7

50 73 96 119 142 165 188 211 234 257 280

Kt

ABBIliji

[T—
P11 P 3 i ok SR RS N o3 A 5

Fig. 11 Nu distribution for two channels in static

e I 2k

and rotating states




142 Wow o Kk ¥ ¥ R

AR Ui 9 JE A B D | I AE R i AT B e 8% 2 IR B X
S, T 7E — 8 R BE L] 7RG S B 5,

T ik — 2 R A G I AR 0 AL I B AR
P ¥ ABB 8 5 SCilk[12-13, 15 e 77 14 i 1 3 3
HEAT X H W] 12 JF s, o A A 2 TG e 40 A AR
RELHBbr E @B L ENME S, ATLLEH,
ADBDB 3# 38 # 1E AU 3R 500 r/min 89BN 25 AE # 5
AT AR AR U A A A B T I L 3 R AR RS Y
e S U P i S o NS 2 20 7 -

18 - .

= ABBifiid .
6l o Luan®FiE44L" )
Ruan % fLIN % pareto i I
s R Ruan?7f7 4 fLI AL A i £
. Jing % AR A5H
12
Tt ;
< :
sk
6L
at .
s
2 L bl | L L ]
1.0 1.5 2.0 2.5 3.0 3.5
Nu « Nu(;'

Bl 12 ABBEJE 5 I U2 #1415 B TR X L
Fig. 12 Comparison of heat transfer economy between ABB

channel and approximate structure

455 L Lo Mr AR 7w L AR RS DL T
ABB 8 5B T 18 AL B IR O 2
R BTN 2 G A L Bl BHL Ty T e b A R T A
KRR A5 R AL TR B R DL AR B

3 45

(DFEZE U B 5| A S AT e 22 it %
A DR A T R A e T DX e e
Bk MG A LR . T R AE# ik 2
JEFRZS S 3838 o A 2 A RO A [ 1Y 3% H2 477 g
5 A0 P e T A A Sl RS B I A B g

(2) U B3 3E 1 224 2 547 X BB fE ) 52
M 7 2 I A B0 /N T S HE A 5 RiT A9 BF IR 1 19 A
JE HEA S S B R

() HERE B FE B B 415 ABD RE 8 76 1% {3l
R T 5 P BE A A0 R B R GEE B . 7R
RS T Gl BB I FER T 62, 0906 s 7E R FE AR S
L TERH I REAR T 56.26% ., Zead Xt LR L {1k
T7 58 W 240 A B BOTHAE e e U PILIY ¥ B0 R Gt e
T B A EE N OE . S 5 Ik RE A E AR
{9 3L 3y BHL 3 o8 R Ay e % T 0 T BRARL Y E 4 L BE
% 0 R THE ARG RCE iz tr & a1t .

zkxb. xjtu. edu. cn

PR SR 2 it — R R Z W B A DAL . AR
W S B RIALAR 27 ~) J7 1 o LU 4 T M AL AL 3% $2 f
MIPERE . AN b 2o X 4 45 A4 217 SR 1Y) 58 JEE 19I5
SOMAHEAT R GE 00 M o O S P O i 3t B T A S A
X LEHI T L B AR B SRR T A B v A S ]
PERYHE— P52 T, A i T LB LR AL A%

Sk

[1] HAN]J C, DUTTA S, EKKAD S. Gas turbine heat
transfer and cooling technology [ M]. 2nd ed. Boca
Raton: CRC Press, 2012.

[2] ZHANG Guohua, ZHU Rui, XIE Gongnan, et al.
Optimization of cooling structures in gas turbines: a
review [ J]. Chinese Journal of Aeronautics, 2022, 35
(6): 18-46.

[3] Wffd, XFEE, 2, 5. EHAMT UR@EHE

25 BOR WAL 2 RS BURp2E 1 52 (3230 [T, K
BLEL A, 2023, 65(3): 33-42.
YOU Ruquan, LIU Zexuan, LI Haiwang, et al.
Effects of turn shapes on flow and heat transfer char-
acteristics in U-shaped channel under rotating condi-
tions [J]. Chinese Journal of Turbomachinery, 2023,
65(3): 33-42.

[4] XU Tao, SHI Dongbo, ZHANG Di, et al. Flow and
heat transfer characteristics of the turbine blade varia-
ble cross-section internal cooling channel with turning
vane [J]. Applied Sciences, 2023, 13(3): 1446.

[5] LIU Qilong, SHI Dongbo, XIE Yonghui, et al. A new
spiral cooling structure located in the U-shaped cooling
channel for turbine rotating blades [J]. Applied Ther-
mal Engineering 2025, 265: 125620.

[6] GUO Xinxin, WANG Shanyou, LI Xueying, et al.
Aerothermodynamic features of a Coriolis-applied smooth
U channel for gas turbine blade [J]. International Journal
of Thermal Sciences, 2024, 197. 108815.

[7] LIU Jie, WANG Jiabing, YANG Kun. Heat transfer
enhancement in a triple-layered turbine blade internal
cooling channel [J]. Applied Thermal Engineering,
2024, 248(Part B); 123341.

[8] YAN Han, LUO Lei, ZHU Peimo, et al. Effects of
varied bend turning vanes on flow control and heat
transfer performance in a smooth two-pass channel []].
International Communications in Heat and Mass
Transfer, 2022, 135: 106044.

[9] CHANG S W, CHEN Chian, LU Yongen. Experi-
mental study of heat-transfer and pressure-drop per-

formances of a rotating two-pass channel with compos-




11

R I A6 SR T 7 T 92 F) 25 - v 0 300 T 2 492 A9 5 82 A A B2 A 1A 143

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

ite stepped skew ribs and internal effusion [J]. Inter-
national Journal of Heat and Mass Transfer, 2023,
212 124308.

CHANG S W, HSU C J. Effect of internal effusion on
aerothermal performance of a three-pass channel rough-
ened by angled ribs and pin-fins with lateral flow exit [ J].
International Journal of Heat and Mass Transfer,
2022, 198: 123387.

CHANG S W, WU P S, LU Yongen, et al. Aerothermal
performances improvement by novel stepped zebra-ribs in
two-pass channel [J]. International Communications in
Heat and Mass Transfer , 2023, 142: 106632.

LUAN Yigang. YANG Lianfeng, BU Shi, et al. Effect
of connecting holes on flow and heat transfer in a two-pass
channel with and without rib turbulators [J]. International
Journal of Heat and Mass Transfer, 2019, 133: 80-95.
RUAN Qicheng, XU Liang, XI Lei, et al. Optimiza-
tion design and experimental research on cooling per-
formance of U-shaped latticework cooling structure
with perforations used for gas turbine blade [J]. Ap-
plied Thermal Engineering, 2024, 247 123044.
GHOSH S, WARDELL R, MONDAL S, et al. To-
pology optimization and experimental validation of an
additively manufactured U-bend channel [ J]. Journal
of Fluids Engineering, 2022, 144(7): 071206.

JING Qi, ZHU Fahui, LIU Zhufeng, et al. Rotating
cooling performance of two-pass rectangular channels
with cross bridge and oval-shaped dimple [C]//ASME
Turbo Expo 2021: Turbomachinery Technical Confer-
ence and Exposition. New York, USA: ASME, 2021 .
VO5BT15A022.

LIU Qilong, SHI Dongbo, ZHANG Di, et al. Optimi-
zation of heat transfer and friction characteristics of a
rotating U-channel with a combination of variable size
connecting bridges [J]. International Journal of Heat
and Mass Transfer, 2024, 220: 124913.
MUJUMDAR A S. Handbook of single-phase convec-
tive heat transfer [J]. Drying Technology, 1989, 7(1):
149-150.

WANG Longfei, WANG Songtao, WEN Fengbo, et
al. Heat transfer and flow characteristics of U-shaped
cooling channels with novel wavy ribs under stationary
and rotating conditions [ J]. International Journal of
Heat and Mass Transfer, 2018, 126(Part B): 312-333.
SHI Dongbo, HUANG Chengming, XU Tao, et al.
Thermal-fluid-solid coupling mechanism of a novel

friction reduction cooling structure for gas turbine [J].

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

zkxb. xjtu. edu. cn

International Journal of Heat and Mass Transfer,
2023, 213 124343.

UM, XL, FEF. U ALE I N 8 5 0 5L
EAFZE [J]. T & %Y 824, 2014, 35(9):
1733-1738.
LIU Na, LIU Zhao, FENG Zhenping. Numerical
study on flow and heat transfer in U-bend channel [J].
Journal of Engineering Thermophysics, 2014, 35(9):
1733-1738.

ZHENG Shaofei, LIU Guoging, LIAN Wenkai, et al.
Fluid flow and heat transfer in a rectangular ribbed
channel with a hierarchical design for turbine blade in-
ternal cooling [J]. Applied Thermal Engineering, 2022,
217 119183.

WANG Zhongyi» YIN Yue, WANG Yanhua, et al.
Similarity characteristics of geometric scaling matrix
cooling channels in turbine blade [J]. Applied Ther-
mal Engineering, 2022, 212:. 118601.

ZHANGQiang, WANG Tao, HOU Qingzhi, et al.
Thermal hydraulic performance augmentation by petal-
shaped ribs in a two-pass cooling channel [J]. Case
Studies in Thermal Engineering, 2022, 40. 102542.
FAIZAN M. SHUJA S Z, YILBAS B S. et al. Flow
analysis of a rectangular channel with triangular and
semi-spherical protrusions [J]. International Journal of
Thermal Sciences, 2021, 162: 106793.

GUO Xinxin, XU Haonan, LI Xueying, et al. Flow
and heat transfer characteristics of Coriolis-utilization
rotating rectangular smooth cooling U-channel []].
Applied Thermal Engineering, 2022, 211: 118420.
SINGH P, LI Weihong, EKKAD S V., et al. Experi-
mental and numerical investigation of heat transfer in-
side two-pass rib roughened duct (AR=1 ¢ 2) under
rotating and stationary conditions [J]. International
Journal of Heat and Mass Transfer, 2017, 113.: 384-398.
SARAVANI M S, DIPASQUALE N J. ABBAS A 1,
et al. Heat transfer evaluation for a two-pass smooth
wall channel: stationary and rotating cases [J]. Journal of
Energy Resources Technology » 2020, 142(6) . 061305.
FETE, mER, e, S R vk X AL 4
W 3 T v JPERE AL AL (). Wz 3 1% 4. 2024, 39
(1): 19-27.

XI Lei» GAO Jianmin, XU Liang. et al. Optimization
of cooling performance of X-type truss array channel
based on response surface methodology [J]. Journal of

Aerospace Power, 2024, 39(1): 19-27.
(i AFD




	未标题

