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Multi-objective Optimization of Trailing-edge Profile of
Pump-turbine Runner Blades

Li Qifei'” Liu Yang' Guo Ming' Tang Hongqiang' Yang Zihao'
(1. School of Energy and Power Engineering, Lanzhou University of Technology, Lanzhou 730050, China
2. Key Laboratory of Fluid Machinery and Systems of Gansu Province, Lanzhou 730050, China)

Abstract; The engineering demand for improving efficiency and operational stability of pump-turbine
units in pumped-storage power plants under both pump and turbine modes was addressed by proposing a
multi-objective optimization approach that combined a radial basis function surrogate model with the non-
dominated sorting genetic algorithm II. Four key control points (P,, P,, P,, P,) of the runner-blade
trailing-edge profile were parameterized. An improved optimal Latin hypercube sampling scheme was
employed, 60 design cases were generated, and numerical simulations were performed in ANSYS CFX. A
predictor with pump efficiency and turbine efficiency as outputs was established; its overall prediction
error was maintained below 2% . The objectives were optimized with NSGA — ]I , and a Pareto-optimal
solution was obtained, yielding turbine-mode and pump-mode efficiencies of 95.67% and 92.28% ,
which represented increases of 4. 01 and 0. 921 percentage points over the prototype, respectively. Flow-
field comparisons revealed attenuated high-pressure peaks, contracted low-pressure cavitation cores, and
a marked suppression of tip-leakage vortices after optimization. These results demonstrated that the
proposed RBF — NSGA — [ framework efficiently explored the design space with limited samples,
achieved simultaneous efficiency gains in both operating modes, and provided robust theoretical support
and practical guidance for the high-efficiency, stable design of pumped-storage pump-turbine units.
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Fig.2 Calculation domain of target pump-turbine
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Tab.1 Geometry parameters of pump-turbine
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Fig.3 Fluid domain meshing of unit model
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Fig.5 Test platform diagram
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RBF neural network prediction and CFD calculation

3.4 RITTEEXMRUETENGRES
BT L i) R ) B R N TR 12 i L4
AETGAES S (P Py Py Py BRI X DLAL (B 3R

71N, Ut 2% 72 X PP ol T D0 A8 A K R W T ) — Bk
B B S —— BV AR e B R RO = B8R TR

P P

1

%?};;{#]ﬁ: P, )Ef;‘;;*;ﬁf; P,
(a) ZK BT (b) KFE T
12 s AT AR I
Fig. 12 Bar charts of sensitivity analysis

AT 12a B D, 7K %6 AL T 0 25056 6 2 ol st 110 B
R = BRIy Py Py PPy R Py 5
A BE T RIEER R P, F1 P, b TIREZ
e, P, AR S E T . L 12b A 0L, K 5
THRCR U ey P, P, P, P KRBT P 5
P, fm] K E R AR, P, KRR 00 JE
i P, BB p0AE BN o

GAMIRETTUER,P, 5 P, BIHBKES
IKEE LR T S A, Py 5 P, B B
28 (AR O A B 5 R UG, £ JR SR i 2k 0 L] 4k
o LS XT P, Py BEAT AR A4k R T IR TE G R 2R
MY $E T 3% B A P, P, DLSE LK K SR AL XL n)
LG IUEL TN §7i 8

SR, B PR 3R BB R AR R 1 45 1 S By ik 57 5
M, R R AR s B ARG . MR ER 58 A UM O R
JEmE BRI, A S — 2 e® T P, Py 5
P, P AA RCRA R, BT 2 AR B ) T 1 RCE
M) 7 P AIE

wE 13a PR, KFEHLHCR T 11.32 mm<s P, <
11.38 mm H 13.60 mm < P, <13.75 mm X ik 5]
96% , 1M 24 P, <11.05 mm H P, <13.50 mm F} &=
83% it P, J7 In) B B e B 5 X 07 i AE [&] 13D rh K 5
HORFE 1128 mm<P,<11.34 mm.13. 40 mm<P, <
13.60 mm & Fl 48 £ 91% ~ 92%, 1 4 P, <
11.00 mm P, =13.78 mm i} &% %= 88% ., 7£ [ 13c
i, K L AR #E 8.25 mm < P, < 8.35 mm,
13.40 mm < P, < 13.65 mm [X 3 {% ¥ 91.8% ~
92% , %5 P, =8.60 mm H P, =14.05 mm |3 ¥ 5|
88.3% ,IFRILM AT P, i BB s £ 13d K
ERHERT L. 05mm<P, <8 15mm.13. 55 mm<P, <
13.80 mm X i) 35 %] 91.2% ~91.5% ,1fi 24 P, =
8.30 mm H P,=14.25 mm I [FRERE % 88.3% , 45
AP, 5 PRI T 00 32 5 BURAS & 4

F11.3d mm< P, <11.39 mm,12.40 mm < P, <



306 fe Mk Bl ¥ R 2026 4
et ety
96.15 92.24
94.82 91.84
93.48 91.45
92.15 91.05
o 90.81 90.66
S p 90.26
= 89.48 89.86
88.14
89.47
8681 89.07
85.47 88.68
84.14 88.28
» 1125 82.80 k
2/9,0] 11.00 38 ‘2},& U, 11.00 133 ‘eyﬂ‘
(@) P, P& Fn LA b) P, P KT LT

BB % ' BOREREE %

100 91.94

98.71 91.58

97.17 91.21

95.63 90.85

94.09 90.48

92.55 90.12

91.01 89.75

89.47 89.39

87.93 89.02

86.39 88.66

84.85 7.8 88.29

() P, \P KT, LR
B3 Al s it 2 ) b 5 B0 AL i i 29 SR

Fig. 13 Constraint surfaces between optimization variables and design variables

13.1 mm 58.05 mm < P, <8.35 mm, 13.40 mm <
P, <13.80 mm BE&Z i /K 58 ML 5 /K R BRI PR IF1E
90% LA I, i M bR X m, Ju HoE P, IR T
11.05 mm 8 P, & T 8. 60 mm A}, P T 5 R 15 4
T 53
3.5 NSGA -TiEE&ERMK

BEXF 22 H AR A I R e g AR WS Sk 5 22 R X LA
DIl T B Pk, AE S C HE P a5t 4% 5 (NSGA —11)
Wit EHEF AL S A S N 2 R R R
W&, o A2 A AR UG Ak B A T B ™ Y oK i HE
B DL P R S HE T R A A T
TEFPHE rh 3R S W2 G 38 A 0L ) B 45 A K
FE AN PRIA] B 32 S 06 &, 6 B ) 2 2% R A AL & O AR
BEGMBERAF TRHR, B EMR TR LN
SEOT R AR EE o RS T OR WG 2 A IR ACAR S T AR R
PRI R A A, A Ok B 2 Ak SIS A (W] B 45
B P BE B o ) Ak AR, P IR R E R A A
i 2 18] v R 40 1 S 0 R B 2 A R e A iR
LSRN EWM, R E M St
HE R, AR B R L i 22 X 22 5K
A S s T AR RN R, L b g SOME R 5 R S R R B
AL S S WO 2 R R R J5 R Ak
JRTRIF K, A R SRS BN LR S
IR TR B R A NG R 8 3R R I UK 'd
5 WS e T4 T R AR o DR A O T AT M
3.6 NSGA-NE{LgER

A SO R E W) IR RS RO 200, B 5 AR
FRECH 800 AR, 38t 4% 2o A8 Hh F JE > 1A 119 28 U8 RN A2

) P, P Ty, 2y

SR IHL0.9 0. 65,

Z& i i NSGA — 11 st & 53k 2 H n 3015 2
BAET R H bR R AE N 95.12% ,m,. N
92.08% , % 3d ANSYS CFX % {H it 5 )5 #: %4 15 %
.4 95.67% ,m, Ny 92.28% , (AL 5 F i - - A
R4 DSBS IR 14 TRl a5 5 R g
TYERI LR L B S P, il 8.239 878 mm A5 Ky
8.299 mm, ¥ #l 5 P, BU{E i 11.332 4 mm %5y
11.375 mm, P, ¥l 5 B0 i 13,323 457 mm 25 K
12. 874 mm, P, $# 5 80 i 13. 842 027 mm 48
13.596 mm, [ 14 {4k J5 5% 5 5 90 6 5 58 vk A

Xt AT
fRAEHIE LIRS MR

il W

e

N\ N\

K14 PEALHT R 5% 48 i X L
Fig. 14  Comparison of rotor blades before and after

optimization

R AR IR e X L B RTS8 W AS B 5K TR IR AL
S ACHLA Y & F o — R E Lol 0% 8h = ot JF
6 =27°, KEEHL LI AL 3, =53. 780 08 r/min |
AR Q) =0.710 6 m*/s, K FE T 50 B {37 4
n,, =130 r/min, B4 i Q,, =0. 827 3 m’ /s, HE
REXT LL AN 4 iR KA HL T OURCRIE = 20 4. 01 4>
A3 KR LU AR 29 0. 921 AN 40 s, KR
TR R 0. 372 m, Fe 5 R AG R Lk AL



%194

IR A RFOKRILFE R ARG RL Z Afnitit 307

FALE HLA AE XU AT #R s B 7 — 8L T AR
F4 RMEBIMYBILAMEREIT
Tab.4 Comparison of optimal solution and initial

unit performance

S8 IR HLA Ptk JE HL4 P
o 0.920 794

IKEE T B % 91.3553292 92.276 1232 N
‘ 4.007 806 32

KEHL TR/ % 91.66090277 95.668 709 1 P
KETHAKS H/m  48.399154  48.771018  0.371 864 m

3.7 RHHETEAER RSB

B 15a oKk B AL T B0 A0 A6 BT Jm e 4 it e 14T, 1t
PR FE %% 5 9 DX A B0 R £k R IR A O S R L
B, D i B & AR W AN, A BE
SEHE BT U1 2% 0, o R B R R T S RE R
s B 5 D0 A J5 i MR A O B I 3 T 4 L R S
P TF oA S X, U 2 MR BRI AR 1] a0 Al X AR D
A BTYI 2 SO R R W R R S [l B il L i
VLB 85, J A B IXR B A R S AR e 3 AT P AR
W] R UGE

/(<)
15

- q
» V! £
“/qr X
7 \

X /__, =~/
IALHT Rt
(a) ZRECHL LR LR

LR

(b) KFE T IS4 LR
B 15 Eipiiskr

Fig. 15 Rotation line charts

P 15b S 7K 5 T 0L AL T 5% e v e i 1
TE 7K A T O AR T 14 0 46 2o A P o, 200 48 [ el i o
DX 35 07 7 I R I 2 8 G0 0 H T Ak O 4 7 2% DX 22
LW S 45 BRI Jm B B s, Jey 0 U 4 M) B L 3 ik /) -
PR 5 10 58 A T8 B — 2 by U DI Y Y e i R
UL, 2 B MG M TR ) 2 S itk T 45 K o K AL 2l R AR
W IR AR Ty T 2 VR T R A AR B TR 22 3K E) , i
e Jay Vi AR B A T S JE B8 O i A%, T S 1R
DX BE T S YOI R . PL Ak, TR A ] X R
W, IS A 3R A T 2 T 2 BT, Sy U £k O 1) 5

J R S HE AT AT R R B Z R[] o A A, R A
{ELER T N 2 5], T i T , 156 1Y Pt 2 i O 3 3
A RN o e Al R R G I 3 R A R DDA G A
PRJE B LA B T AR XY s T g A, A R
IR a7 R NSRS SR A B St 7 1 o7 W NTTOR: 22
TR K& ST T R R Ak i 3 2 B R S
fh 1) 366 1 P

16 7R KK S ML T O M Jr 7 43 A1, ] 16a
oy AT A, D84 R TR B2 i 2 41 i
JEAtF T % 1) A8 7 1) A6 88 58 78 5 DAL R, oo T 0
(ELHI 55 22— DX, TR T A 2 i S W 2 3 P
O3 G , 2 B W AR TR R I L 2y S 249 ) EL I e 0
A e T2 15 i R e A (&1 16b) Hr, A4k Aif T
AT DR B R L1 e T R T I B TR AR
Jis 1T S 7 e 9 s R I 5 0 A 03 1 X s A A
TR M B B8 I 55 ] [ DX 6 R, TS g T
B S35  BE A, T g A AR RSP B R TG g TR X
XY SR e A AR BRI, DT D6/ Jd 5 fok 5l

I st W T A R Bl

HiE/Pa FiE/Pa
278976 278976
257735 257735
236495 236495
215254 | 215254
194014 S 194014
172773 172773
151533 151533
130292 130292
109052 109052
87811 87811
66571 66571
45330 45330

i) ALE
(a) IEHIFH

HHE/Pa HHE/Pa
226224 226224
211743 ‘ 211743
197263 i 197263
182782 — 182782
168301 168301
153820 153820
139340 139340
124859 124859
110378 110378
95897 95896
81417 81417
66936 66936
52455 52455

AT =
(b) FF T

& 16 KEHL T AR Rt R ) 0 A
Fig. 16  Pressure distribution map of runner blades

in turbine operating conditions

17 e Aemr 5004 s # e e T T
0.5 f5 - miAb i 7 (9 s g 43 A, 78 0.5 A% i s o
FRESAIL T30 1 8 1 il 26 S 7 O Ak 5 R i 2 3 o7 7543
e« A0 X 5% 4 0 B 3 A9 06 {H &% & W) Im i i 2y
2.8 x10° Pa P % 2. 4 x 10° Pa, i J5 41 f8 ph £ VS 5% 7]
(18 S0 DRl AR R U 0% HL e 25 A 9 R TR s 4, 3 ) I T R
e DA A 1) 5553 L 28K Ao DR AL In) 5 HE RS | R T 6 B8 T I o



308 o ML M % iR

2026 4

350
300( = WG
o fRfkn R
250
& 200
=
150
i .
100F as,,
“"‘ﬁ,
50 .\'...
nay,
0,
0 02 04 06 08 10
HERFFL AL
(a) ZKFEHL T
4001
3501 = WA A
o Rk A
300+
- 2500
2
= 200¢
H 50t
100F
500
0,
0 02 04 06 08 10
LK ALE
(b) K T4

K17 st 0.5 £ b s il 2k
Fig. 17 Pressure curves at 0.5 times blade height of runner
T, AT AR A AR 58 A8 B i ) 43 8 KU 5 i AE K 9 T
O RAGTT IS 26 LT A, AR A X 5% K 0. 15 ~
0. 35 X [A] 21 €2, iy 2 W& w5 | 2 2 A A, 156 B3 JL AT 4
B E YRS FCE KA TR 1o A, AU R T A

JK 8 BILON Y g T e 9] 9 1 g 6 B2 A A A A 3
1713 %5k 7K 5 MASAE 40 3318 T AR 355 2R sk PR RE L IR B T
XL ] ASLEE AN X Bk 18 153 B o

1 &

(1) AR LSRR R % 4 ADFH (P, .
P, Py POVERPEALBEIT AR B, 35X 4 A 50 F
2 % 8 S5 S 07 B, %o 3 45 W R K M i i
JEME L 38 A e Ak RE S A SO T i A s 0 B AR
AT Bl 7K A8 HILRZK 5 T80 R ik JMese

(2) Ky T 3 F 60 4l 47 T 8 57 7 A A9 RBF
ARBRASE AR AR T3 IR 8 A R, 2050 3 T i 2 4 T
2% LI . 454 NSGA — 11 £ Hprs AL 5k k4 i1k
AR, I 800 ARHHEE , SE L T KA AL T R R AR T
4.01 A 43 5 KR T OLRCRIETEZ) 0. 921 AN FH 41
SEEAE B AR, SE B T TR O iAW A AU S AT
FEME.

(3) R H CFD B4 7 ¥5 XA AR IS 1 5% 56 45
FEAT T AT 3 o b, 45 R R L AL 15 11 3
B TR N R T4 A 1SS T R ER AR AR i
W XA s, R M E TR B TR
i 1t 363 4 T B, AR AR T O B R 1T 1 2 Ak At
BeAh ARG B s R ik B O sh Em Y A ke A
RUHE T AEARMLAL N 03 SR A AR K FE 5 K

5% B TR I W SR % T 22 LA o Jm) 39 23 1, R AR 2
iy A AR A o 3 X HE 4B s AR U R AR A A X

(1]
[2]

(3]

[4]

[9]

RHLT O F sy B3, 2 — 2B 4R T TPl %
PRI I8 47 A E P A AT SEE

& % x Wt

MR 2. AR FERE A BRI M. JbaT HLB Tk th jiAE 2000,

Meng F, Wang L, Xiao Y, et al. Multi-objective optimization for the impeller parameters of centrifugal fan based on kriging
model and GA — PSO algorithm[ J]. Recent Patents on Mechanical Engineering, 2018, 11(3) . 242 -250.

Omidi M, Liu S, Mohtaram S, et al. Improving centrifugal compressor performance by optimizing the design of impellers using
genetic algorithm and computational fluid dynamics methods[ J]. Sustainability, 2019, 11(19) . 5409.

Deb K, Agrawal S, Pratap A, et al. A fast and elitist multiobjective genetic algorithm; NSGA — Il [J].
Evolutionary Computation, 2002, 6(2): 182 - 197.

T FH . Tsight 28000 AL B IE 5 SR [ M. Jb 5t Lm0 28 T R R4 At ,2012.

Wang W, Osman M K, Pei J, et al. Artificial neural networks approach for a multi-objective cavitation optimization design in a
double-suction centrifugal pump[ J]. Processes, 2019, 7(5) . 246.

L3, FE T, 207 50, 5. SR T P M 46 15 5 4% 50 22 10 88 0 SR I R AR AR AL BT [T ] i R AT K IR e, 2024(3) ¢
206 -213,224.

Ma Wensheng, Bai Weiyu, Li Fangzhong, et al. Optimization design of centrifugal pump cavitation performance based on neural
network and geneticalgorithm[ J]. China Rural Water Conservancy and Hydropower, 2024 (3): 206 —213,224. (in Chinese)
skE R AT R, E LS. BT HARAEENEOCEN R T AmMAARITT]. HENL TR %R, 2024, 42(4) .
325 -332.

Zhang Jinfeng, Yu Xinhou, Gao Shuyu, et al. Optimization design of meridional surface of centrifugal pump impeller based on
high-dimensional hybrid model[ J]. Journal of Drainage and Irrigation Machinery Engineering, 2024, 42(4) . 325 -332. (in
Chinese)

AL R, AR, S BT NSCGA - I e Wk R b s & 0 R 2 HAR SO0 [T]. M3 T K% %4k, 2020,
46(4): 55 -61.

Zhao Weiguo, Xia Tian, Sheng Yuanzhi, et al. Multi-objective parameters optimization of low specific speed centrifugal pumps

IEEE Trans.



%19 R A RFOKR IR A RE R Z Afr it 309

(10]

[11]

[12]

[13]

[14]

[15]

[17]

[18]

[19]

[20]

[21]
[22]

[24]

based on NSGA —1II genetic algorithm[ J]. Journal of Lanzhou University of Technology, 2020, 46(4) : 55 —=61. (in Chinese)

Qin Yonglin, Li Deyou, Wang Hongjie, et al. Optimization on high-pressure side of pump-turbine runner based on high
efficiency and stability criterion via multi-objective genetic algorithm method[ J]. Proceedings of the Institution of Mechanical
Engineers, Part A: Journal of Power and Energy, 2023, 237(8) . 1743 - 1761.

Qin Y L, Li Donglin, Wang Haotian, et al. Parametric design and multi-objective optimization on blade high-pressure side of
a pump-turbine[ J]. IOP Conference Series: Earth and Environmental Science, 2022, 1079 (1) :012040.

Qin Yonglin, Li Deyou, Wang Hongjie, et al. Multi-objective optimization design on high pressure side of a pump-turbine
runner with high efficiency[ J]. Renewable Energy,2022,190:103 - 120.

Li X,Dong H,Lu Y, et al. Study on transient flow characteristics of pump turbines during no-load condition in turbine mode
startup[ J]. Water, 2024, 16(19) : 2741.

Fu X,Li D, Wang H, et al. Numerical simulation of the transient flow in a pump-turbine during load rejection process with
special emphasis on hydraulic acoustic effect[ J]. Renewable Energy, 2020, 155 1127 - 1138.

Zhang Fangfang, Xiao Ruofu, Zhu Di, et al. Pressure pulsation reduction in the draft tube of pump turbine in turbine mode
based on optimization design of runner blade trailing edge profile[ J]. Journal of Energy Storage, 2023, 59:106541.
TS . R R R K KR AL L RR RS [T ], KO R dAE R, 2019, 38(5) : 97 - 105.

Ning Nan, Lai Xide, Li Ping. Effects of low pressure edges of short blades on cavitation performance of pump-turbine[ J].
Journal of Hydroelectric Power, 2019, 38(5) : 97 —=105. (in Chinese)

BOWE , BTN, 2 RTS8 I R IR 323 00 Fal Az B X e K Sk R K S AL s (b e B [V ] Aol TR 244z, 2016,
32(16): 73 - 81.

Ruan Hui, Liao Weili, Luo Xingqi, et al. Effects of low pressure meridional position oncavitation performance for high-head
pump-turbine[ J]. Transactions of the CSAE, 2016, 32(16) : 73 —81. (in Chinese)

MR Dy i TR SR AR M. b aff o e xh a g  ZE M RE I S [ 7). HEME LAY ToAR 2% 40, 2021, 39(11): 1093 -
1099.

Chen Jianfang, Shi Weidong, Zhang Desheng. Influence of blade inlet edge position on performance of single-blade centrifugal
pump[ J]. Journal of Drainage and Irrigation Machinery Engineering,2021,39(11): 1093 —1099. (in Chinese)

AT 05 SR i R A T O SRR R [T] . HEE ML L AR 2R, 2019, 37(7) : 568 - 573.

Zhao Wanyong, Guo Qiang. Effects of blade leading edge position on hydraulic performances of centrifugal pump[ J]. Journal of
Drainage and Irrigation Machinery Engineering,2019,37(7) : 568 —573. (in Chinese)

Zhang S,Zhang R,Zhang S, et al. Effect of impeller inlet geometry on cavitation performance of centrifugal pumps based on
radial basis function[ J]. International Journal of Rotating Machinery, 2016, 2016 6048263.

LA KFE G AW S A7 7 LM . bt . v B KR K S R AL ,2020.

AEHBR, PN TC, RSO SF L B TR RS A0 R AR R R ) KO IR R ST SR AP ICRME (1], B SCIE KA,
2025,59(10) :1498 - 1509.

Li Jianlin, Sun Haoyuan, Zhao Wending, et al. Power allocation strategy for wind powerhybrid storage system based on
variational modal decomposition-multi-fuzzy control[ J]. Journal of Shanghai Jiaotong University, 2025,59(10) ;1498 — 1509.
(in Chinese)

W . 2T RBF M M R 85 T SE BEOR AR T ik [T ]. B A i 27, 2014, 35(11) ¢ 1271 - 1279.

Li Gang, Meng Zeng. Structural reliability optimization method based on RBF neural network model[ J]. Applied Mathematics
and Mechanics, 2014, 35(11): 1271 —1279. (in Chinese)

TR KT R, — MR T IS0 F N0 NSCA T 5[], H3hfk2#ii, 2019, 45(7) : 1325 - 1334,

Qiao Junfei, Li Fei, Yang Cuili. An NSGA Il algorithm based on uniform distribution strategies[ J]. Journal of Automation,
2019, 45(7) : 1325 —1334. (in Chinese)



