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Multi-objective collaborative robust optimization for
turbine rotor radial deformation

CHEN Zhiying, ZHOU Ping, LIU Yong

(School of Energy and Power Engineering,
Beijing University of Aeronautics and Astronautics, Beijing 100191, China)

Abstract: A Multi-objective robust collaborative optimization method for turbine rotor
radial deformation was presented. The influence of turbine rotor radial deformation was con-
sidered for turbine blade tip clearance and labyrinth seal clearance. The approximation func-
tion model of parameters with rotor and labyrinth seal radial deformation was built by the
Kriging method based distributed collaborative response surface method (DCRSM). The sin-
gle objective robust optimization result was generated by using those response surface ap-
proximation models. The ideal point method was selected to construct the multi-objective ro-
bust collaborative optimization model of turbine rotor and labyrinth seal radial deformation.
The multi-objective collaboration robust optimization process was implemented. Compared
with the results of single objective optimization, the results of presented collaborative robust
optimization showed that the turbine rotor and labyrinth radial deformation standard devia-
tion decreased by 2. 6% and 4. 9%, respectively. The proposed method provides a reference

for turbine rotor parameters design.

Key words: turbine rotor; labyrinth; Kriging model;

multi-objective collaborative optimization; robust optimization

W is B H#3:2017-01-10
ELWH :FKHRBRES (51275024)
TEE R A Wras e 1960 —) , 55, #3401 1 BN R SHLES AL T 5 vk B 4 B v TR A BT

SRR PRGN, F L X B R R m AR Y 2 B AR YRR E OR AR L) 1. A% ) J1 % 4, 2018, 33(7) : 1537-1543. CHEN Zhi-
ying,ZHOU Ping,LIU Yong. Multi-objective collaborative robust optimization for turbine rotor radial deformation[]].

Journal of Aerospace Power,2018,33(7):1537-1543.



1538 i o= 3

AN S ¢ EHRRE

ft s 2 s B 48 e 1 AT R L RS 0 4
167 B A 25 PRIE T & T i 8 P AR A 1) [ B 2 Bl L
PERE AT SRR R AR H AT AR
ZoE AR IR T A AR 18] (] B T5 T TR T R A AT
FET ST N A P RO e A ] B Y
T7k AR T SEPE AT A o H T HE I A AR ) 1] Bt
A A 0 S e A T A o LI A5 AR 1 . HL 3
B FE AR DL T AN T A4 4 1) A2 T #B 23 368 -2 ]
B AR R e R A A 2 O W R
WHOUT 5 5% T 48 0] A28 S B RE LT L Xl
TR T AR B 8 RE AR A 1 8] B AR X JEE o AR T 0t
IRTE] BRI 75 - 0 8 BE 1A 0™ 25 4 o Ay L 7 (6] i
B3R A AR DL R AL R ARV O B AT
R S AT ST I AR AT ) e R 5
HEHBCRM M RZ —. K E B T '
JUART 2 300k 2 T A% 38 22 B0 B2 iy O 45 1 B Ok
F ) B R W AR A R R e
WFST 1 oy e NS 38 ™ R R 52 L A T e T
S A 5 | R A B A AR 1) AR TR 5 R ™ ] AR
(IR ATE W S 5 e VS IV ST AR ety o R E T ]
55 0 e o R TR] IR X T A B LA R B R AR 1] AR TR
BEFT RGBT A B8 T 5 B BE AT AR A B LA K
FEIE BB T RS BOR I E TR UL T AR
S BT HOBE SE 2 808 A X A2 1) A8 TV 52 0 B B, O
A RE W /N 2 B s o R s R AR TR 14 R
RERECT

R A P G A 1 i o B T SRk A Al F AR
M 7 X 25 2 £ 748 Ak 11 SRR R g AT L s i T L
X b e L R AT B8R RS B A A T . AR R R AR AR
K HLEE K L 55 73 di AL 75 T 15 B T 0
RN R A T R A =R DR E RN IR
AL U AR . e X I B A 1 DA I B A
A2 1) A8 R AT RS A Bl [ 010 A B 3t o AT LA i v
F8 X6 I i) B DL R B 1A A ) s 7 ) i A Ak AT
it

Xt TR A A5 R AR A RO A T Ll R & R
Monte Carlo fili B G2 370 7 55 & AUTH 5. 2R B
HeR A BROCTT 1 BEAT DAL AT FOR AR 2 R
IS T . 25 P B s 5 e 7 e BE 1A 2 0 A TR Wi
Z[6] B BRI KOG FR g HE AR SRR B DL L AS SO
Kriging 58111 Sy B A8 R 4 5] 2 57 % 56 % 1
DA K BE A 2 B A% 0] 8 22 [ 1) 73 A1 =PI ] ) i
AT ST MRS RY o AR I M) P 9 S e ) ) O TR ASE 2R LA
LA R GET 7 15 K s AR A P D AR TR I 23 ) 1k A7
DAL AT SR AR B F bR 1) fe 0 A O R ] BEAR

SRR ST R A e LB O AR 1 AR TR £ B AR
e PE DR AR A . d5 5 R FDRL 1 B AL A 3
X IH A ) R R AT 5 i

1 H=Es

1.1 EF Kriging #2489 5 7 =t 5 I8 Bz | %

BEXF LR Al LI A5 A 2R A5 A AT 20
G BRI R Ay BT O R T AR
A SCTH 18] B 45 K8 0 fift DR 1 5 4548 SR s 20 i A
A H BT SRR . 25 R A R LS
2 B) AR 5 R M) P I I] o 7 TG 53 6 5 W R TT
RIS AT BIp ) W R0 B o X PR — 2> — 45 AT R
P TSR BT SRR . A SCH R 2R T Krig-
ing 73 A1 2 bl 1) WD I AT e ) O A P A
v

| aanmsn |
|
| wwm] [P | -
!
4J'I5Eijtf'§£ﬂl| AWTTHAL | o | ARIEH
' | !
i
| FIPHANS Y SHUBEFE THPDS) U= S RS FEA
I
)
‘Kriging&’.ﬂll‘ ‘Krigingﬁé:’fﬂ ‘Kriging’ﬁé’f—[f

RSB 2 [ AR SC R AL T
Kriging 3 fi X B[] i 1z 1T 5 51

K1 HT Kriging 8811 5345 2 B 8] o 107 0 32 0 72 151
Fig. 1 Flow chart of Kriging based distributed

collaborative response surface method

RE— UGS n(n€ 2 AT A 2H AL
BT S0 5 e B 22 0] R Kriging A5 81 4 37
M 7 T #8580 i =X (D i s

yi(ziop) = fI(ziap)p +
rl (z, s pOR (Y, — F; B)
i: 19"',7’[ (1)
Hop oz, =z, 2 IR Po=[p -, pi ] (G =
Loessmsk =1, 53 i i+ S8 UL R BEHL 2
B, yEHABIEN ., REEAMASHE X =
“tt xnl]*ﬁjéﬂ‘] %E%E‘ R = I:Rij :|1/1><1n ’
Rwwsa)=e 'l 1" Hh 9=>0,r(2) =R,
21.2) s RO, 2,201 s Y=[y10 3500
S 5 A SE X AR XTI e

[11a Xy

] ynl]



573

RGBS IR R TR M AR TE £ B bR 0 R RS AR E A AL 1539

2S8R Wi/ TR A TN (2) FioR
B=(F'R'F)'F'R'Y (2
) i F o2 22 000 X L ek 50 m) o 26 Y [l 9
FEan=N O s, B fCo =011 (o) fo (x) e,
fa(o ],
F=[f(x), f(a),e, ()] (3)
HENT A 45 F TR A Kriging #8815 . AR 4 45 4>
TRAE S ECZ 0 0 R A R SR A 2 P T o )i
AT 5 v 57 2R 0 ) o T A A AR 40 X (4) B R
yz.p) = ffz.p)p+r'(z.p) R (Y — Fp)
(4)
Horpz=[z 250z, W p=[pi.pssspi 15000
N R G 2 80 BEHL 2 RO
1.2 ZERMEKEDR
FH T 308 50 T 0 A A 1 A I A A I ) ) A S
Wk ZA-Bin R4, R AR T R — 2
H btk B, Sk 2 B sk i e, 58 H
PR A A [R] B 2 38 5 5 B 45 1> B b bR 80 8] 2E
A VI JRASCAE o DRI B A SR AR A gt A 2R H A ]
Ze—ue . Z H b LAk n) R E 2 45 8 3% 5K 5 4n =X
(5) 7~
minF(x) = [ £, (x)) s f2(x) s fi ) ]T
x =[x x5 %, ]" (5)
A FO=LF () fo(xy) e, £ (e T Hyn)
W EHRREL X =[x x| NS EUERE .
SR NEEINTE SN Al PSP S g ]
i) o Z 500G T A AE 2 A 4 )R Je i B TR AL
Z AR R RO . X T TR A T A A
o 2 — 2 e MR T S SR i AR o R I R FH R AR Ak
WA B A T i R — 2 B A i AR SCR T AR
EUk M i 2 B AR AL TE O sR R A5 PR R 4
fift . 150K A T H bR oA BOTE BT AT 0 B B
fige » BDXEF b R BT 0 TR 7 J5 A SR D18 L 4
K6 R,
min [, (x) = [/ i= 1,2,k (6)
X £ AREER © A B bR R B AT B B AR AR SR
M, x, M55 @ A HEsHE IS5
BEEAS N R IR N4
UX) =D ] filx) — /7| <)
A w, FINACE 3 g PE O R B 51T L
KA 2 H AR LAk R 241
130 (7) 0] 15 2 H A e Ak 0 45 8 i =X ()
ZiRan

findx = [x,,x; ., x, ]
minF(x) = Zlewi‘f‘i(xi) — /7|
sote x <<x<ux, (8)
A x MBS EOER o x, 8T H AR R
i A\ ZHum it

2 ARTEBEKRSHIER

e HOCR BB 8 5% 5 9 3 B Xk &L 5 R
FINE 2 Ca) Bl s o i 8 e A BR T I 3 A8 18 A
Bl 2h) fros. R A RS o8 GH4033, kit
MR RS Dy K419, B 5 B4R GH742 il
B Ao Sl I R SR Y T - TR ik O ST R B0 SR
fife 42 i JEE 8 PR ARCE 0. 3, 24 S 4 T S 42 1A
T ) S i A0 ] 1) 57 % o IR I R 1A BT i TR
[ (5 8% o i 28 Aoy 30 o 47 0 Ot 3] 3 598 7
L 2R SOSR ] — 4 g3 B o BOH (BT 35 0 TR A e T
PEAT IR B 2R A

(b) A7 FRoCHTR

(a) &5 I

P2 e T T 4 A 1) P RAT B DT A 7

Fig. 2 Structure diagram and finite element model

of turbine rotor

AR 10 6 45 M R A5 2 TR R B T ) A6 A8 1)
RGT BT HEER AR AN B 90 IR 48 ) RO 45440 F i
HOIs 5 B 5 A PR i 42 e i it e RS XL
O X A nyihm R X, RG0S
FgrhRALEEE X, iRt Bk EUAL
B 2Ca) Fras . LA 75 I R ARV T R
DL KR A ot 20 oA O R 3k iR T S 80U Ak X
), BARBE R 1 s, R LR FRZE
NS ER T A B O X R A RS AS B
P X 8] 4 [ —0. 001, +0. 0017,



1540 it = 8 ¥ R %33 %
1 EHSHMALKE HARBEINFE 2 s,
Table 1 Optimization interval of design parameters %2 BEREEENSN
LR A im = Z
L QIEh Table 2 Random parameters of speed and temperature
Wil S8
TRR HBR Ml
BEHL S %
X, /mm o1 69 H ¥ifE brifi 22
X, /mm 9.6 13.2 w/ (rad/s) 1040 15
X, /mm 32 45 4 /C 200 3
X, /mm 24 35 t,/°C 450 5

% BB 3 RS e i LA R E AN E PR
e R AR AL M o PR RS e T 5 . o 2
O E 1 DA S W O 3 B 0 A Oy B A BE B R R

SCHL

v B/
=2

MRS Bk #E i e A i e it i A B
W RIR RS BN SRR E VR o R 5 R
AR AN M BB @ BB AN SR 3 s

RI REMRF.RRERBESHENSHHHENTE
Table 3 Mean value and standard deviation of random parameters of turbine blade, turbine disk and labyrinth
o A & B
FE ML 2 $
¥IE b 22 ¥ME b2 ¥IE b2
E/GPa 179 5 184 6.4 178 5
a/(107°/°C)H 1.549 0.0871 1. 507 0.0871 1.29 0.0871
A/(W/(m -« C)) 26.8 0.834 20.8 0. 834 14. 2 0.834
p/(kg/m“) 8500 125 8200 123 8230 123
. . 3.80
3 REMmiEBRESr sl 5 + Wi
e " ° o BEAcfi
E370}te e
3.1 EMAERIE ST B 265t
Sl 353 6 T s O R 308 A7 4 BRROE k1 AN- = 560] e o |
SYS HEF7AS I SR i 5+ 25 18 2 B R W 1 L A I 3551 Ve, e
FELT 7 FiRE I kR 150 1 REAS B 130 4 2350 ° e o
REAS 4004 2 850 5 4 1 725 9 080 . 1A 30 L A6 28 T 35| ®
20 BEAR SR 3o E BLA SR . e R (1) 4 340 i > 2
SV 7 3 A A U e R LA B R S R AR ARt/
[ 25 W 30F L 55 K 7 5 TR0, 4% U o5 <7 0 ) T . (&) KaweF
s g .
ARA L) 73530 1 57 T e e 7 DA BB W 4 ) 230 ) + Fifi
S ) BB A o T 50 TR S 0 T g0 ® % o
U S 3 T B2 1 20 211 50 SIE BE AR K T T 48 398 45 0o %”” . L .
B4 AN 3 . 28 4 R b T (8 R RE AR 1 S . °o e
Jr AR iR 2% (RMSE) & 130 il °
b
3.2 HAFBERERL 125 °
Rt AL B 0 2 s T4 A R B8 120, s 0 s 20
BEVE L 8 AR R X A 5 8088 1k 1 BB *Tgfﬂ
{15 . B2 5035 AL A 50 F L W 7 A0 0 30 9 RS (oY
3 TIAE B REARAE

SC v £ L Sl YU T ) v 2 A D i e L RG f AR
JE R BT o 2 R R A M B L R 2 A

Fig. 3 Result of predict value and sample value



573

RGBS IR R TR M AR TE £ B bR 0 R RS AR E A AL 1541

22 /N A A

x4 BRFMEEHALMUERGTHENTERRZE
Table 4 RMSE of approximation model estimate

value of rotor and labyrinth

A FEA RO EL

s ke A  BIERA  BRZE/100
W1 130 20 6.3364

BN 130 20 4.7176

X TR FE LA o BE X — A0 2 B T AR B 1
B A TR R AR 1) AR TR A RT3 A 9 R ) 46 ke T 18] B
R A2 T S % 1) B 1) 52 060 T A 45 2 BOAS B
ey S Bl R I —E s, N T
FEOR Bt 3t 00 400 i 24 T ) B 3k 47 8 E 0 201 {6 904 2
702 FBLBSE /)N B o DAY e 30 BBCRG A 1) 28 T 4 14 s 1 22
R PP A28 1) 728 E A A 1 i B ) 46 B L OF 2 S AW
BEACACRERY . BARE A R A =X (9) firR

find x
min o(f(x,2))
s.t.ox < x < x, 9

K x HIESE i, 2 HEEYL S8 & x X,
A3 R TS HO AR Ak TR R R B £ C )
F IR T AETE w0 o ) SRR 0] AR T 12 11 A 7
26 0] DUl S O g Oy kAR . Kbt 24
MEMACX BN 1 s, LS 5n®E 2 5%
3 PR

W T 48 T G ) e 7 TR AR R 3l AZK(9)
ot ST B H AR AR R AR B AL . PR IR R
FURERERNAIE &ENREZE 6" G=1,2) DL
SRR BT S EO RT S AR 5 s .

x5 REFRTHEERABRERAUER
Table S Result of single objective robust optimization of

turbine rotor and labyrinth

B

2%

W T Bk
X, /mm 67.7 51.1
X, /mm 9.6 9.6
X, /mm 33.5 33
X, /mm 31.9 34.2
s/ mm 0.0513 0.0206

M5 Hh B 5 A A ) AR Y R F AR AR A
PUALEE R T LA s 5 AR e )5 e 0 2 80 4R

ATF . TR R H AR 0T RIS R
Xt o5 — H ARS8 0 3 bR AR s B9 2 BUUA TS
— [F e . T AT N A R BT TR S
F 6 Pin . AU R T R B AR AR ZHUR
AB R R E R R A TE AR E2 0 0. 0226,
ARSI T 9. 7%, KE KRB RS
SRR T A3 B4 ) AR T AR 2208 0. 0535,
Feo HARRAEE I T 4. 320, AT AT 45 SR ml A
B AR A HRE PR IE BT AL B AR B9 f 0P . DY O
N T ARIEZAS A bR Ak T W3 [R] e AR 2 L b 2T kA7
Z BRI .

F6 HBAMRRULERIIEMERHZIE
Table 6 Influence of single objective optimization result

on other objective

HME

B

ekt e Bk
X, /mm 51.1 67.7
X, /mm 9.6 9.6
X, /mm 33 33.5
X,/mm 34.2 31.9
o/ mm 0.0535 0.0226

3.3 RREMEREESERRENEML

A 1 X i B B 1 A5 R A DA H bR R AT B
KA A ) FE AL I A S5 M AR 10 8 2 H AR
R At P BIp [ D10 A 50~ A Y, S ST A A R A =X (10D
RN

find x=[X.X;.X;.X,]
min F(x) = >0 o |e(fi(x,2)) =0 |
soteox <<x < x, (10

Lrh x=[X, . X0 . Xs . X, RIS 80m &, in &
VIR o o, G=1.2) 9 i 58 e 5 LA LB 44 A9 428 1)
R HEZE . o 5 H R AL I ) S 0 E
N 5 B AR - n] LAAR B H ARG e 5l i %
FEEE I A SR 0, =1/2G=1,2) . BF X ST
19 22 A B[] S A 1 DIE A A TR R R 1 B Ak
L BT AR SR L DK R B 2 AR BB 45 2R 3k
7T HR

W R T 5 S PSR AT X ]
VA - 2 F bx O ) B3 4 1 D8 AL S ) F B fH b 5
FI b B #RAT i 384 3 2 TR 4% H s 22 18] AR A F
SR MR Y 2 H AR R R R AL i 2R
6 2 R EL R B B A e AR R B o 22



Ji

FOA

e %33 %

R7T ZENBRALER

Table 7 Result of multi-objective robust optimization

BAE
ZH

Wi+ Bk
X, /mm 55.6 55.6
X, /mm 9.7 9.7
X, /mm 33.3 33.3
X, /mm 33.3 33.3
¢/ mm 0.0521 0.0215

WNT 2. 606 B A AR 1) AR T ik A AR o 22 RN T
4.9% . WIRALHIZERKE . 5 50 H bnfa e 0L b
HH EE 22 A b [ R A P D0 A 7T A fel 45 20 A )
I T T 4% A A D 228 T 3K 3 0 R e 0 AR
B 2% F A M 07 B AR JEE A A [ A R A N 5
PEAT IR
4 &

=A

D ZBIES BT ETER 0T R 1 &
VAR ) AR A R AT A A A AL BT BRI T
A A 1) 78 T oF 2 008 Al 1 50 e Sy B RS
Mo XF AR 18] Bt L KB A ™ 18] B R AT BT A
2%,

2) FM AR TS E W 2 B AR b R AR
PRI BT 7 ik 5 o B AR R M AL TT A A L
AT LAE Z2 A4~ H AR b T 03 [ e PR

S 3k :

(1]

it

HENNECKE D K, TRAPPMANN K. Turbine tip clear-
ance control in gas turbine engines [ R]. NASA N83-
29254,1983.

BROCHL BT B A 23 R gl AL R F I 4 ) B B0 4
BT, B BN AR K2 2241, 2003, 35 (1) : 63-67.

QI Wenkai, CHEN Wei. Tip clearance numerical analysis

[2]

of an aero-engine HPT[]]. Journal of Nanjing University
of Aeronautics and Astronautics,2003. (in Chinese)
PADOVAN J,CHOY F K. Nonlinear dynamics of rotor/
blade/casing rub interactions[ J]. Journal of Turbomachin-
ery,1987,109(4) :527-534.

[4] PADOVA C,DUNN M G,BARTON J,et al. Casing treat-
ment and blade tip configuration effects on controlled gas
turbine blade tip/shroud rubs at engine conditions[]].
Journal of Turbomachinery, 2011, 133 (1) 011016. 1-
011016. 11.

FEI C, BAI G, TANG W. Probabilistic design of HPT
blade-tip radial running clearance with distributed collabo-

rative response surface method[ J]. Journal of Aerospace

[6]

(7]

[10]

[11]

[12]

[13]

[14]

[15]

Engineering,2014,28(2) :1-11

BB A SR L R RN AR E LM S
BE AR ATL0 . AL 525 R K2 2 Ji 2013, 39 (7) ;927
931.

ZHAO Heyang, BAI Guangchen, FEI Chengwei, et al.
Probabilistic analysis for turbine disc radial displacement
[J]. Journal of Beijing University of Aeronautics and As-
tronautics,2013,39(7):927-931. (in Chinese)

PR )b WA K Sh AL R R AR 1) AR T 1 A R 4y
BT iz % 8h#l.2012,38(1) :17-20.

FEI Chengwei, BAI Guangchen. Probabilistic analysis of
turbine blade radial deformation for aeroengine[ J]. Aero-
engine,2012,38(1) :17-20. (in Chinese).

ST RN R i T T A T B A A i B 43 BT
LI, & AR 2E 24 4R (T2 JD - 2009 (1),33-37,

QI Xingming, PTAO Ying, JIAO Jinyi. Numerical analysis
of high pressure turbine tip clearance variation[ J]. Journal
of Jilin University (Engineering and Technology Edition) ,
2009,39(1) :33-37. (in Chinese)

BAZR N BT g o ST B U 7 0 O R A S R [T . A A
1124 . 2014,29(3) :549-555.

HU Dongxu. JIA Li, YANG Lixin, et al. Experiment on
leakage characteristics in labyrinth seal[ ] ]. Journal of Aer-
ospace Power,2014,29(3) :549-555. (in Chinese)

FlR T 3 HE) L i LD G LA S 8O EE
J Y A R e 1 OF B8 S g [T ] i = 8l Jy 4, 2013, 28
(4) :825-831.

DU Faqing,JI Honghu, SHUAI Haishan, et al. Orthogonal
experiment of effect of fin geometrical parameters on leak-
age of straight-through labyrinth seals[J]. Journal of Aer-
ospace Power,2013,28(4) :825-831. (in Chinese).
SRl R R AR BT IR AS Y BLE B
TE U] 2 B500F e 2R M 522 e (3 38 98 9 5 (0 . WA T 2
%,2013,49(4) :134-139.

ZHANG Bo,JI Honghu,DU Faqing, et al. Orthogonal de-
sign experimental investigation of effect of tip geometrical
parameters on heat transfer of straight-through labyrinth
[J]. Journal of Mechanical Engineering,2013,49(4);134-
139. (in Chinese)

X R T, SR, AR R e BN E A B R
S ARG ] BRSO AR 88 5 B9, 2007, 20(2) ¢
45-48.

WANG Pengfei, LIU Yufang, GUO Wen, et al. Influence
of high rotational speeds on the labyrinth sealing charac-
teristics [ J ]. Gas Turbine Experiment and Research,,
2007,20(2) :45-48. (in Chinese)

ROBINSON T J, BORROR C M, MYERS R H. Robust
parameter design:a review[ ] ]. Quality and Reliability En-
gineering International,2004,20(1) :81-101.

BEYER H G,SENDHOFF B. Robust optimization:a com-
prehensive survey[ J]. Computer Methods in Applied Me-
chanics and Engineering,2007,196(33) :3190-3218.
0N 7 R A A S R A TRz N SR R e s R



573

b AE R A T T AR AR 22 B AR P R RS A A 1 Al

1543

[16]

[17]

(18]

B AL, fiias 30 F1 243 . 2013, 28(8) : 1784-1790.
PENG Maolin, YANG Zichun, CAO Yueyun, et al. Relia-
bility robust design optimization based on response surface
method[ J]. Journal of Aerospace Power, 2013, 28 (8):
1784-1790. (in Chinese)

JAE B ST A A M g SR BRI R T A
RRAE 195 55 77 i f M PR B 1 [T 1. Wit s 3 01 % 4. 2013, 28
(5):1013-1018.

ZHOU Ping, BAI Guangcheng. Robust design of turbine-
blade low cycle fatigue life based on neural networks and
fruit fly optimization algorithm[]J]. Journal of Aerospace
Power,2013,28(5):1013-1018. (in Chinese)

B A IR W, L R i T 2 A BT R M KRR
BeH AL L], #i 2 HER . 2010.81(2) : 193-197.

HE Qian, LI Yuansheng, WEN Zhixun,et al. Multidiscipli-
nary probabilistic and robust design optimization for tur-
bine blade[J]. Journal of Propulsion Technology.2010,31
(2):193-197. (in Chinese)

FAN L,XIANG Z,XUE M, et al. Robust optimization of
thermal-dynamic coupling systems using a Kriging model
[J]. Journal of Spacecraft and Rockets,2010,47(6):1029-
1037.

[19]

[20]

[21]

[22]

[23]

SAKATA S, ASHIDA F,ZAKO M. Structural optimiza-
tion using Kriging approximation[ ]J]. Computer Methods
in Applied Mechanics and Engineering 2003; 192(7/8):
923-939.

LI A D,HE Z,ZHANG Y. Bi-objective variable selection
for key quality characteristics selection based on a modified
NSGA-]I and the ideal point method[ J]. Computers in In-
dustry,2016,82:95-103.

VENTER G, SOBIESZCZANSKI-SOBIESKI J. Particle
swarm optimization[ J]. AIAA Journal,2003,41(8):1583-
1589.

BAI G, FEI C. Distributed collaborative response surface
method for mechanical dynamic assembly reliability design
[J]. Chinese Journal of Mechanical Engineering, 2013, 26
(6):1160-1168.

YR ERH 20, % RS EESER TR R
SRR AT T LI, VR B 28 AL K K 2 2 41, 2011, 28 (4) ¢
17-21.

AT Shumin, WANG Keming, MIAO Hui, et al. Research
on turbine blade vibration characteristic under steady state
temperature field[]J]. Journal of Shenyang Aerospace Uni-
versity,2011,28(4) :17-21. (in Chinese)

(¥ . 2EE)





