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Abstract: To improve the aerodynamic performance of a U-shaped impulse turbine, a collaborative
multi-objective optimization study on the flow passage and blades was conducted. First, the rotor
blades of the impulse turbine were parametrically modeled, and the rotor blade profile and flow
passage width were selected as design variables. Second, optimal Latin hypercube sampling was
employed to generate a sample set in the high-dimensional decision space and obtain the sample
response values, based on which a Kriging surrogate model was constructed. Third, with turbine
efficiency and output power as the optimization objectives, the non-dominated sorting genetic
algorithm [l (NSGA-1 ) was utilized for global optimization to obtain the Pareto solution set.

Then, the technique for order preference by similarity to an ideal solution(TOPSIS) method was
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adopted to select the geometric parameter combination with the best comprehensive performance
from the solution set, yielding the optimized turbine model. Finally, numerical investigations
were conducted on the internal flow characteristics of the optimized and original designs.
Combined with global sensitivity analysis, the influence mechanisms of key geometric parameters
on performance were clarified. The results indicate that the geometric angle of the rotor blade
camber line is the key parameter affecting efficiency, while the heights of the guide vanes and
rotor blades are the main factors influencing output power. The efficiency and output power of
the optimized impulse turbine are increased by 3.35% and 3.13%, respectively. Moreover, the
optimized design effectively suppresses flow separation on the rotor suction surface and reduces
overshot losses in the downstream guide vane region, thereby improving internal flow stability
and enhancing energy conversion efficiency. These results provide a theoretical reference for the
collaborative design of flow passages and blades in impulse turbines.
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Fig. 1 Complete structure of U-shaped impulse turbine
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Fig. 2 Schematic diagram of mesh generation
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Fig. 4 Grid independence verification
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Fig. 5 Comparison of numerical results and experimental

resultst' of turbine efficiency
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Fig. 6 Schematic diagram of definition method for blade
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Table 1 Decision space of U-type impulse turbine flow

passage-blade

oA e WA AE AR Ak 7
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U #fiiE
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Fig. 7 Schematic diagram of U-shaped impulse

turbine flow passage structure
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Fig. 8 Flowchart of optimization design

G R IR BEHLAE BB S 100 7Y 4
BRFORE AR A 2 6 MR B A A
107 B2 i O 4 Y Krriging AR 2 AU JF 17 ek 2
i o BlR - SAET PO AR SCEEHE L K3 Pareto S2IC
KRN A AR 53 BL R 5 95 18 7] — AR SZRE R 9
MR I B B B HE AT HEY L LUOREr Rl e 22 R O
PEfRAETE F bR 2 6] R 349 2] o0 A . AE e R Al L SR
T ICHRBR BRI FEHL ] L 5 T A B BT I S R0 U B
JRE B O 0 I A MR S ACAR X ACARAS AR SR AT
BEADL = il 52 L (SBX) 45 £ 31 548 5 A 7 AU
e R 22 S AR SR BB 0.8,0. 1, B
TR FIRG D O B SR 7 SRR A 55 T AURR i 5 0T
SR A W IR R L ) JHG B PR T IR SIS R R S A B
FiﬂE%ﬁ%ﬁ#ﬁ@EﬂF? 452 R I 25 G A 1 B
JEE BB A A v s e A BB — AURRRE . LR AR




202 [N 7 . i

PN

%60 %

LR B R RUWEE  Ie Ze it — H AR SR AR & 1
Pareto Fif¥Y .
2.3 EFRITSEERESH

R L5 A VEAL £ BT AR X 3% 7P AR Y R L R
FHEARHL T 8 AR LS & Sobol 1 1Y 42 Ja) U PR
T AR . A SCERRT 6 AR R R R T
ST DT AR AE BT 25 B A T 120 SRR L JF
B F AR 1% (CFD) {5 B 8088 Il 25 Kriging Q3
FEAY A PEAk AR B ARE 78 T 00RS B 2 1 B0 A R R A
meE 9 fiR .,

075
- Wil .
) S
0708 ---- sy 7
065} r‘/
Z 060} L
= o
= S .
B L 5
= 0.55 . .,1-
’
A
0.50 '/'
04st &
37
./
1 1 1 1 1 1 1
0.40 045 050 055 060 065 070 075
R T
(a) BV R
1.0 p
’
- BFA ,"
08| - FRELK ’;E'I
&
,f-
Fa 0.6 e
s ~*
R04F 4
o
I‘
I"
02} _,'
54
pi
’." ! i i L 1
0 0.2 0.4 0.6 0.8 1.0
ThA P
(b) i FI)%

B9 R FNE - D A5

Fig. 9 Goodness of {it for turbine efficiency and power

AP 9 BT AR AL A 5 CFD 1 BLH &
EW G YR BLA LR R R 0.989 4, ¥ AR iR
% Exuse M 0,018 73 ORI GILE R® R 0.920 7,
P ARIR 2 Equse 4 0. 041 7, 3X 328, Bir 48 57 A9 4L
PSR EL A 85 e 1 AT SR S WODNORG B, W TS 2L
AREAL T

zkxb. xjtu. edu. cn

it — L A T S B E PR (RUR S
I3 i ik 57 53k A 22 5L R L Sobol 4 JR sk
PRI BT IR TT MG . 2007 5k T A8 4 o 1) O 22 93
fiff » B 8 Ak B — S B RN (— B RO A & S
B 1) 22 FAE G i S i o i sk, 0 S T
B AR R 5 2 R G AT

SPEREREI N y = f(prapoacessp) o prs
prseers o B RABHSE y Mk PERERE AR . Sobol
T3 BB T 25 V() 4 il R 45 S 808 S R K
HAZ AR stk Jr 222 /. BikFiah
2 Vit

1< <<

2 Vijl +"'+V12--~k

1< U<k

k
Viy) = 2V, +
i=1

10
K Vo WS Bp, MG —0 5 22V, hESH
pi 9 p; CHAE BTG B B 75 22 5 3 i B R i
Fefe

i3 U — b B A B — | TR U R B R

Vi

Vi
LS"‘ TV
Ao — O BURMEFE RS, BB p, ST AR AR X
B AT EPERY TTRR ; R BUBEFE B S, IR LS B
b5 p, ZEIMZEHIN ; &I N 1,

H T AT VAL SN LR A, 5] A B U

45 %l

an

_ Vi
Viy)
L Vo, BHEBRSE p, F R SEUT SR T 2,
St AWETSE p, W FRON KIS BT AL S50
2 H RN 5 2 R Wi S HOR: 75 B & R R AR .
SR B B T 88 57 7 SRR ik AR aS [R
A AR L A EN R B AL, TR ROR 5 )
) — W S IR TR B, X T E RO, R L
fal 1 B. 1 — B BB AR B 2 v T S 8 2
SRR A B T R b X E TR
S0 e ok €, LS AR Ak B 4 OQ B U A 3 I 1 AR
R EATICH R AHFEEN I A 5 b, X
ROR BB BUBRMEAR B S ¥ W T I — B Rk
FEEL S, L X A S 3 38 A 2 el A o i e Y
MR B IS e 2 53 & R R B A1 B R
P AL Z T o 2R o, 5570 sz K X )
RGO UR A 8 B TR AROK . BT 2l 2R
B A ST 5 ) e 32 B FH A R . B ) U
Oy AT EE SR 10 FioR .

Si =1 (12)




5510 34 TR AESF 5 . U o 205 7 3 -1 A B IR Ak 203
07r — ':’:| 07 r gil 0.76
s S
oo ' OEos 1 . « Paretoffift
gm e 0.72 x " :
ZO05F ZO05F i N ';--\ x JSUAREA KL
%04l # x % xx
;{0'4 g 04 068F X x x % .
MO03F 503 gl Fox x|
= = 0w xR x XK X
Zo02f =02 o 064 x X x X
= = A e
0.1 0.1 ES x A
0 ol mdl, o 0.60 x % X kX x
x X XX
hy hg L B b Z h, hg L B b Z 0.56 % y \
s W » s " X
(a) B P AR (b5 2 % x oxow i
052F x
N . — . - X
10 Bt S5O H b o8 50 8 i X .
. . ) . 048 1 1 1 1 1 1 1
Fig. 10 Influence of design parameters on the objective 15 20 25 30 35 40 45 50
Di#/kW

function

3 Pt gs ot
3.1 Pareto Z{ifii&E

K NSGA- I 5 k#647 2 HAr Ak, 15 5 808
5% Pareto S L. WE 11 Frox., W]
U, Pareto Fif VT 2 9 A0 % I 4 Ty & (9 42 TH 1T T B
PR T B AL B AR Z A7 AU G &R, T0 Tk ()
IR B AR . B 11 rp 22 50 Ak i xRz 1 1 BE 2
e T AR ASE R, B0 T H A 50k B A kb

M\ Pareto Fif i 1 6 BU— 4> 25 4 1 R 35 10 1
Pro& O %8 ok A 38 3 A HE T 2 (TOPSIS) , B4R
BBEIT 1 % ¥ Pareto T WY & 7 1% 5 %8 103K
Ko M P A6 HE Ry P S 5 L A
FUAR(E R AT M2 22 0 — 4k b 31, DL B 49 5 00 %
HYSZ A s 5 TR BN OR 9 MR P, Y8 U #ahidi X
BRI %0 B AR, 0B 4 AR
B ) S L, R EAE RO 0.5 %
& B IF PR AR R CR0% IR e L T R da e ) R 67 3 AL
GURRAL IR  HF RS PR S5IE.,

B 11 BT NSGA-I BEMmAE S RZ Hirih b
Pareto Hi#F
Fig. 11 Pareto front for the multi-objective optimization of

efficiency and power based on NSGA- [l algorithm

REfF: 22 10 14 I EG B 5 0 T AR e R G 8 AR 45 A
T3 58 5 BRARR R 0T 2 T R L AR A X 42 00 B AR
B /INHE T, 3 BURH XoF 42 30T B S5 K 1 O A R e 4
%, @it bR TOPSIS #ife . i &3k iy %
R IR B E O R T T

R YR T Kriging fHLASE A 10 25 2R 09 7T ¢
P WA U BIUR FRA5 1Y Pareto BT APk 5 41
BATRR MW AL Tr 58, B 3 5 22 %0 B F AR 6] H br
B TR EF 458 . 40Xt ik 5 etk &, JF e
SRR =Y R CED U HAAAZ , Bl )5 ik ol A 5%
TSR RIR R EE — 3. &Ik R AR S B
BRI FNAE 5 CFD {5 B3 H 5 (8 /9 X He 45 4 2
JiR . MEIL, B0R g MR P, 1352
1 2% LA, 2 BAR AR A EL A R 47 1) T0000 RS B L
AR L PRz 4T T,

% 2 A F Kriging X2 44 64 454 3% 3+ A & 09 FAM (A & Az B AL T M

Table 2 Comparison of predicted and simulated values of optimization design parameters based on Kriging surrogate model

F%5  h./mm  h,/mm /,/mm B/ () t,/mm ‘H]%E/W - ‘5&%3/% -
A5 TR T {E 1 HAH A TR 0 1 1 HAH
1 150 100 191 66.0 24.7 26 4 887.6 4 977. 4 56.5 55.95
2 150 117 227 62.6 20. 8 22 3 741.9 3691.9 68. 4 67.0
3 149 109 230 63.8 20. 1 24 4 155.3 4 077.5 64. 3 63.8
4 142 120 238 61.9 20.9 22 3 456. 3 3399.2 70.4 69. 3
5 150 100 202 62.6 19.1 23 4 107. 4 4 070.7 64. 3 63.2

TERE AL |, 3R F TOPSIS J7 ¥k %t Pareto Bij #f
VR HATE A IE %2 TOPSIS § 3% H 19 f A0 J5
FIFRET it CFD i ER L R EW 2T E
T W P 355 23R i X6 0L 1 T 050 T (R RS RN 2y 2R 43 531 oy
68.3% . 3 026 W, tH# T ¥ tn B AU 19 64. 926 Al
2934 W, 4T 3.35%. 3.13% ., HFr A%t

zkxb. xjtu. edu. cn

SRR LR KA. R, i — 2 2 AR
07 S0 TR IS M R 58 X b T AR AR )5 fe t O &6
ORI ESE R EIEE (6= 0.1~ 2.5 WA
THMERE, &5 R 12 Fros . il EAT L ZE AR i R
(<< 0. 5) X, AL RS 1) 1 BB 4K R 4R I T A
R s A BT TR K R R R (P > 0. ) X




204 o' o

NI 4

%60 %

B AR M RE R IR R A B E R T B
L, R T (P =1.0) T, %CF 4R TR ¥ ik
3.35% s RIMlTE 6 = 2.0 MM i T 0L T . ORI
T e AT BELRFFAE 6. 71 %,

0.8 —
=== AT
0.7 -
0.6 -
=
0.5F e
1, H s
1 h
OO b \
04r 1 WL S e
' oL L PN
PO
03 1 1 1 1 1
0 0.5 1.0 1.5 2.0 25

B 12 PEAbET 5 3 RCR R XT L
Fig. 12 Comparison of turbine efficiency before and after

optimization

Sh B EDUL 48 7 OGBS TR B 37 P RCR I AL
LSRR L T A A AQ RIS Y, 22 ] LR S O
A 2803 R 8L T A0 PR 13 7 o i BT A R fE 2
5 T SO TR I B 25 A2 46 ) P> e T A e Ah L AR iR
THAR R 3 T E DI R AG 1 .

(b) B N R, i385 -0 R 4 g o [T

zkxb. xjtu. edu. cn

0.72
0.68
0.64
0.60

0.52
0.48
0.44

12
s 13
gy 14

Cedhy FI B, K] 385 - 280 3% 14 Wil o T
&l 13 SCHEJLART 2 vt 32 - 2802 14 il 7 T
Fig. 13 Response surfaces of key geometric parameters on

turbine efficiency

3.2 RALET. S5 BUHFE 535 S A Xt bL 43 A

Bl 14 JE7R T AUALRT i B3 5 i v B LA
FRAE . PRALHT 5 MBS SR 3 B s . T
UL S5 B i B LA B B AR TR DX ]
BEAL A IS B9 It 7 TLART i3 6 A 2 455 A 78 5 1L Ak 5 1) 2
52 A AR AT Ity i 0 I 35 B O, I U JE DU/
B0 X T iy 3 B B 1 A O 0 Rk
CIE- s R A QS R oy oy (R AR VA S E
T T 1) 3555 W8 3 TR ) 30 5 G XIS 5 LA 4 B A
5% AT JIE R AR AE M P 2 THT A B IR TR] L Dk 2D
O3 5| A i R T % L AT 4 THRE B e R OR

— R
- - - RAEIT IR

Bl 14 HRALTHT G R R BIZR X L
Fig. 14 Comparison of blade profile before and after

optimization

A3 ARACET B et A AR S R A A ed A e
Table 3 Comparison of blade profile and flow passage

parameters before and after optimization
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