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Efficient Aerodynamic Optimization Method for Turbine Blades Based on
Multi-degree-of-freedom Parameterized Dimensionality Reduction
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Abstract: In view of the high design dimension and difficulty in constructing surrogate models in the
aerodynamic optimization of three-dimensional turbine blades, a multi-degree-of-freedom parameterized di-
mensionality reduction method was proposed to construct an efficient optimization framework, that inte-
grated DFFD and PCA, and combined the pre-screened surrogate model assisted differential evolution
(Pre-SADE) algorithm. Taking a small gas turbine as the object, a snapshot set was generated through ex-
perimental design, and the 36-dimensional DFFD design space was mapped to the 10-dimensional basis
modal coefficient space. A concise and effective surrogate model was established in the dimensionality re-
duction space and rapid optimization was completed. The results show that the proposed method signifi-
cantly reduces the shock wave intensity and aerodynamic loss while improving the design point flow
(+0.46%) and isentropic efficiency (+3.191% ), and the optimization time is reduced by 24.58%. The
study verifies the intuitiveness, effectiveness and optimization efficiency improvement advantages of this di-
mensionality reduction method in high-dimensional design problems, providing a more efficient and low-
cost solution for blade aerodynamic optimization.
Key words: principal component analysis(PCA) ; direct manipulation free-form deformation (DFFD)
method; parameterized dimensionality reduction; turbine blade aerodynamic optimization
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Tab.l1 Turbine design parameters

Wit S, R,
P42 /mm 72.7 68.4

HME /mm 85.7 85.7

HE R A/ () 0 34.3
A A /() 61.3 58.0

i 38 58
469 /(remin™") 0 54 000

Wit/ (kges™ ") 1.9632+0.0038
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Tab.2 Grid independence verification

PR KR /10" | TEHELL Tl /(kges ') | HRIRCE/ %
137.1212 2.8837 1.9646 84.710
167.8328 2.8866 1.9636 84.808
209.5852 2.8743 1.9644 85.190
238.2220 2.8713 1.9665 85.192
270.6436 2.8711 1.9665 85.190

23 SR inE

SR SBCREL D A FI A o 240 T s 30T 1) 00 A 5
TEAR Ak 3k 72 v A A st 10 4% SR A U 4 D Ak 25
ol P il YL D) I O 1 400 %8 T Ak a8 AT P BB AR AL
Bk . Bl ThHE 42 2 BRI 0% B bR bR AL
FERAS R e AR i A R X U RN 9 T
S RAL ik @% BURA L A DONES R AN ¢ )1
RORIED] AR R .

m, — m,

<5% (10)
m,
T M5y (11)
ys|

BT 2 A WS B RE LR DT ik 0w oL
BT HE B R R W B 8 TR . IR TR A E
O At JLAR o 7= A2 R AQRR A L BE4T B 52 CFD
BUETHI Al AUEARRY s O B DAl IR £ ] S 468
A5 R T A2 K pR R AT E R AR A A o

(4 B AR JLAT L MU AT RS K] o 3 5K Al P e

PEAG IR IR 8] H AR e& K O i DE AL A% 7™ A= 1 37—

PR A R BT 25 20 K 0 DA LS 75 %0 REAL T

B0 DA 4 2R (] BT AR B AR 5 @ 24 3K B 4 K

FEACACE B A2 1k L BRI AL 5 TLAT .
v

HAELZHRAL | o REETTAY [ [ AT
ARG B AL | (F125%) | | UG75%)

s 45 DE {f /b
\/
CFD Wi K fige pr¥ifEHN
HEILARKL?
PR A Y

HEIRAL R
YRCEY A

B8 SahfiiEL

Fig.8 Aerodynamic optimization framework
24 SEBESHABEESS S

Bt 30 R I B B B I R e 1A A e B
B WA SE Sl DFFD 2 1 i B 28U R Ak
G R IR 30 BB ) R AR L i A2k =
A~ AR Sk LA KW A TiE 33040 A 7 T 66 24
AE RSl o) % A B A TN 9 R AL BT R . IR
G bR R A b ) 2 F% W T T R4
A JE 1 SRS L B I R 3R 18 AN A AL

o — 41
. . ' i

| . .

B9 MAEHSMERE
Fig.9 Displacement direction of blade control point

i e S R Bl i B LA B 4R S R B TR
M AT 5 11 A 4w e b 25 2] 0 A1 64 S, A T v
AR AL, BEAS A B BE D 1000 B, S 4
AR AR IR /INHE L i 0 B 4 07 F) BTk 3 43 98.74 %6
oy A5 A (R R /0N HE A T 5 T 0T B A BT R R 2L 3
98.16 %6 » & FI AT 5 B e A5 285 v B B A SR AE I
BT 5 B S A5 255 R HIONS S it R gl ik i R A B i R
(S=0.9) . 1 (S=0.5) AR (S=0.1) /Y 5 il
e 10 s,

+ 259 -



REALA T RE B 37 & 5 23 2026 4F 2 H

- Original Point 5:0%
* 2nd Model Point

(b) 55 Hr Bt

.. . 5=0.9
- Original Point /
- 3rd Model Point

() B =P A

- Original Point
*4th Model Point

B
;

2 S:O,%
2

= %0.1 /
- Original Point

(d) 55 U By FEASE A
: :S:0.9
- 5th Model Point /

T

() ST AR
E10 EMEES
Fig.10 Fundamental modes of each order
Z [ 2 B 4R A B A9 RS 5 B B
i B9 49y BERRAIE < S I 0 Bl I ) 5 — B A A et
Fr T AR VE T 4K T i R AR AL 5 S 2R
55585 DU A R B R i R o3 6 S 1 i A
I 5 B 1w E SRR 5 17 3l I B9 55 5 58 D
HEE B BATT 8l s 28 = B S A i FE 2%
FLARIE JE& T Bl A 28 = RS R BN R R
+ 260 -

T3 B4 R [ D AT o O 5 B S 1) e Bl 5 5 A 5 T
WA 25 2 B O e Gk Ak g 1) 25 4 5 Tl e 4 8 L T 5
I 14 545 B A 25 AN 7 T A e B S o ) 254

6 IR “H T 52 B4 T 2 R R f SR AL P IR AR
B AR BRI R LT Y RS R R
Hay ~as Fll ag~an, 73 51 52 5 RSl Y R AR
B MR IX 28 AR B0 B E SRR R BT
LI 3,

£3 RRTEHR

Tab.3 Decision variable boundaries

oA 1t Tis i 5
a 0.03 0.04
a —0.08 0.10
a, —0.10 0.10
a, —0.08 0.09
as —0.10 0.14
ag 0.02 0.04
a —0.09 0.10
ag —0.10 0.10
aq —0.08 0.09
an —0.10 0.10

3 MERE A

3.1 Sohlkgexttb o
b i B 7E A b 3 5 HL (AMD Ryzen
Threadripper 3960X 3.79 GHz/24 #% 48 £ 12 , 64
GB W A7) #E47 5000 I IEAL . &l 11 fF 75 2 DFFD
SR AT DFFD-PCA 2 50k [ 2 (1 50t Iy 72 %
F » 2 B W 4 A AR 18 S DA AR SR RO B 2410
T — SR AL . S B 4RO A B FE
i} 56.38 h, Al B — S B LAk HT B 74.75 h FEAIR
T 24.58%6  de P AEAE A SRR AR R 0.67 20 .
AL SRR S HALRE 4 7 7k 4% 7K T DFFD 2
Bk J5 v 0 RS A0 Ak e 0 R PCA B 2 J7 15 1
Oy FEBLRREE E T 42 A E RSB
89.0r

—— DFFD
885k — DFFD-PCA

B n/%

0 1.0 2IO 3‘0 4.0 5.0
HEAAREL
B11 FESHEAFEIMEIIE
Fig.11 Comparison of optimization results using

different parameterization methods



ETZ AmESHACREAE R R s i —3m e BRI e dE

i A DA PR 5 S BEpR AL T A e L
TR FES A T FIRRCE,
KA R B AL A BT R Pk REXT L2
UL 4, Forp it it Vi T LG 22 A = AR H, SR Y
AR AR o 0F B . 2 BOAL I 4E AL S R R A
0.46 26  J& T LUREAIR 1.58 6 . SRR 4455 3.191 %4
AT B — S B ALl SR 505 0.616 06 . b 1k
RO T A 2 () N 9L R M T L 4R 5 A B DR
RYEINEY AR AT R N B ARV RETE 4
x4 RESIRAAEEREST L
Tab.4 Performance comparison of turbine before and

after aerodynamic optimization

Wiik/(kges D) | IR | FRROR/%
B 2 1.9644 2.8743 85.190
-2 1.9859 2.9931 87.765
ZHAL AL 1.9734 2.8289 88.381

SRR EEIATEN R i Gl W AP E 3 1§l
ek 2 D10 A 1 BT T 4 T AR PE L AN BT 12 iR
P 12a 2 It 1 - v T L ARe PR 2 PR IR AR i 1) v 5
R 2R R AT e A AR A 5 [ 12D R R -
7 TR HERRPE AR UL AR B9 i 48 42 T 00 T AR 8y

200r
1.95
T, 1.90
9
< 185
< —a— Original
ﬂﬂﬂﬂ 180 % Design Point
B L —a— DFFD-Optimized
%  DFFD Design Point
175 —e— PCA-DFFD Optimized
1 % PCA-DFFD Design Point
1.70 A A A ;
1.0 1.5 2.0 2.5 3.0

JEE L Rya
(a) ¥ - F Lo AR 2

—=&— Original
—a— DFFD-Optimized

% Design Point
% DFFD Design Point

90 [—e— PCA-DFFD Optimized * PCA-DFFD Design Point
2 4
gs |
"
s
M
&
86 |
1
0 . . . .
1.0 15 2.0 25 3.0

FEHELL Ry
(b) - V4 I Lok 2
E12 REETEESTRFES
Fig.12 Turbine design speed full operating condition

characteristic line

AT SROCR B 2.728%6.3.327 % . ZR
B — BB S IR e I R TE R A2 R
QiR TN Q) s T o N 0 s e Y E 7
FEARN S B R e B2 T RO T B 0 UE T S 4L
A B A A T4 e R P SR T RS o Y 4 R 2 RBR
il o J2 T i S Rl P Ak B T TR S B ) Y R
R I7 %
3.2 JU{a LRt tb oA

e AR BT 5 S 0 A0 Bl i = g LA X e dn A 13
FiE R B R o nk B ol SRR 21 et i Sk 4 4k
A, S JUAE AR K A A R 2R A R R
PUAE T 2 2% X B el AL s gy it L] B AR A8 45K
MR R REAE IR AR S i R 5 KA B
KA ) T I0aE I Fe  25 K B EE

bRl
= fAbfE

(I) lb ZIO 310 4I0 SIO
B 13 fAALETEr R ILAEL
Fig.13 Optimized front and rear blade geometry

P 14 J7 7 S L AR RIS i 8 i A L rp (AR 2
ZENS L . 3 LA 2% T 2R 4R I 2 2 A A iR i
IR A SR T R G ARy B -F- 22 St R sh
SR IR0 /0N i DR JRE B AT T /1 Wk T T R R K 5 Bl
JUAR] W 22 LI v 48 TRT 28 2k 5028 B L i A JE JRE Uk
JIN st KR JEE L IS L R R R K B KRR
(OACWEE 2 ) L e i o S 0 N N L i R e
A A T U AR AL T DAY 8 R T o R X
W BETE TR FE A T AR L L O ) D B S A
A PERE BN A B RAR T
3.3 &It RmIAN S

P 15 2 i fe e s AL BT S, 1 AH X 5
B A s P 22 30 O SR ae R A i o AR A
LIS R S Wi B RO Rk o AR A i o PR o1
IRTRE Sy AR b LT RN R R R R T Y
KT R s fE b O R A L S BUR Ak B
REMC S5 L R h sh i Rk b B v 1 i R B
R P AT R R - FE R A S 5 A R I B
P ORI, PoAb s . S i aE i sh g
U Bl AL A Al R B A7 Sl i I A A I Sl
I o 3 e A O P AR e BE D A AL AR AT DX R R
ol L4 JR i A 0 A1 2 5l R R Ak 1 AR 4

- 261 -



REALA T RE B 37 & 5 23 2026 4F 2 H

Y/mm

X/mm
(2) M- G 2 2
=20
5[t
—ieE
g -10
£ S Sg
>~ -5
0
—510 (I) ll() 2IO 3I0 4IO 5I0
X/mm
(b) - Hr g AUk
=20 e
15 — AR
— fib)E
£ -10
E
>~ -5
—510 6 1‘0 2‘0 3‘0 4IO 5I0
X/mm
(c) MR T 0 2

14 RUFTEREHR . HHHRE %
Fig.14 Turbine blade tip, blade center and blade root

profiles before and after optimization
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Fig.15 Relative Mach number distribution cloud

diagram of each S, flow surface of the turbine before

and after optimization
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Fig.16 Extreme streamline distribution of turbine

suction surface before and after optimization
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Fig.17 Entropy distribution cloud diagram of turbine

guide vane and moving blade outlet before and

after optimization
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