I AHZE AT D] 56 32 455 5 10 3 Applied Mathematics and Mechanics
2011 4F 10 H 15 H R Vol. 32,No. 10,0Oct. 15,2011

T E %S :1000-0887(2011)10-1161-08 © J¥ FHECF R 72 425 2% ISSN 1000-0887
BTN FEHEREENES
RERSHMALET

IR, KWE, KEE"

(L PEIE Tk R fizs2Be, PE%E 7100725
2. Bl AL, i 200232)

WE. ETARER R MO AR AR 52 ok B i 48 i A5 AR G TR 07
B TR B SREL, IR T WS B 5 i — 2P M AR B T A S g ARG I B T R
ZREME e T BRI A RISk, AR T BESR N SERE 25 A R R Y AR BB DL R
HEASHA T ik A T AR @A S S A BT R e, 41 BT B ML S AR 3R D R LR /N
RS SR BTSRRI AR5 3RV S R AR X 400 1h 35 R A A TR i i e N A T
TR R v

X 8 A SR TRRL; fQHEEOR; B BP MM, IR AREE; Rkt
hESES: V211.3 MERERERE . A

DOI: 10.3879/j. issn. 1000-0887.2011. 10. 003

C1—

RATER I BT R G AR B 80T S Y CFD ( computational fluid dynamices)
BT, 2R R AR Rk | Je o0& B BT 23 8] 55 25 18, e BAR R B 5 3 T HE
55 A ARG BA TS Rtk i < A ME.

TETIA BT RGBS 1 @ 8 AUk 2 R i Ui R ACR P T e et
RGBT BRI , J& 75 BAT 58006 PR B2 18] RIS EU B 5 vk g TR R 7Eixix
THRGMESL T 1 52 5 BN B SME. ARERL T 57 % H Kennedy FlI Eberhart £ESCHR[ 1]42
PASK , DI 8 4 AR LA S SRR A R PP AR U S O A, e 2 W 28 )11 2k S BOMER DL R AT 55
PR RO B T — e BN IR AR R TR R A BT LR — R R B R
MRS BOE A T REF AR R i LA A RESR IS 2R it

AR SO AR AL TR ik A T 2 (8] A L SOt , IR R OB 7 Ik R S ARG IR B
T DT BCSGE E VL 2 R AU R BE TT . SR UL Tk A9 BP B 22 2% 1 I AU TS, 55 |
N A 47 28 50 s i 22 o 5 B ORI 23 0], A0 2 Y22 B AY A 35 R DL K BELAR /)
FBTIPEAT TR g R eIt

« WFSHHE: 2011-01-30; f&iTHHEA: 2011-07-07
EE®N: Tooon(1982—) , 5 i i% BH A, 14 (Tel ; +86-29-88494846 ; E-mail ; wyy 7758521@
hotmail. com) ;
SRRz, HIR (BER A, E-mail: bgzhang@ nwpu. edu. cn).
1161



1162 £ Jt C o W M @ F

1 R BT R SR

ASCHIRR S LT R SEr L TREDLAL SRS S RO Tk (CFD ST AR
TSR, A% SO LR E R S 1 B,
o | | BRI AT B TR 25 F 34T SO R AL B3

parameter X'

e ceriment dosian BT 1 REOAAE | 3 — 5 R AR AT R g, Ao e 7Y
> ; £ B B bR RO AR
CFD analysis 2 2 M ma
SR . _fM%“(j(X’Mb)P@Ma)&Wa (1)
v K, C(X,Ma) HBHSI R, P(Ma) i Ma BIHER
surrogate model evaluate FEA G, w A o 43 2 B R B SEERN 22, Mk A
Lt SO HESE 9 (R FIRBS5 4 Monte Carlo 5222437, 5%
robust design T AR fL N [8]
min (¢*+0?) Ma,,
v w o+ o’ —j C (X, Ma)P(Ma)dMa =

[ robust design results ]

L 2
B BRI Z Ca(X, Ma,), (2)
Fig.1 Robust airfoil optimization flow chart —EEP C (X Ma) jﬂzlixﬁiﬁﬁfﬁﬁﬂ‘%ﬁ” ?ﬁ{ﬂ" ,J

2 IR R A P RE I K
AT BT AR AL RS WAL R S AR 3 A5 5 L AR SR A 2 i3 1 i e
THREFE P 20 s B T e R TERE
2.1 ZHRHHRFREZE
TEARERL T E S b RE A9 AT B AR 1~ Y AL 1Y RS, — kL IS ]
AR 7R AL 5 R0 0 6 8 AR A AT G, R SR 0
v, (0 + 1) =w(t)v, (t) +er[p,; = 2% (1) +x, (1 =1)] +
C2r2|:pg,j_2‘xi,j<l> +xi,/’(t_1)]y (3)
o, p, WA AT TR R AR p, | RFTA R AT IR P S, 7T LAGE W), 7
JE Ry s (A1 B ) 0K B PRI, ISR Bl R B8 Sy i — 20 B AR 0 2R 25 IR TR Bk
TREA DG A— D IRGG PR, R B2 A 10 4 S S S5O 39 32 S A S Ao o T )y A
v (t+ 1) =w(t)v, () +er[p ;= (1 +&)x (1) +&x, (0 -1)] +
{A Czrz[Pg,j_(l +§2)xi,j(t> +§2xi,j(t_1>19 (4)
e+ 1) =x, (1) v, (0 +1),
Hr, &8, NBENLEL ¢, ¢, 5301 H FEEE K7 Fl Il e A 422 T IR, SR (530 0 HL A e
42 SR R ARE )  TESETTI £, &, ROIRE 2

£ < 2 /ery =1 £ < 2./c,ry, — 1
1 )

TEREIR I €, €, RIBUE 2
2. /er; =1 2. /c,r, =1
‘fl 2 L ’ 52 2 22 ’ (6)

ry S

(5)




T et by AR SR AR R S B A Tt 1163

NP SE 2 Al &
BeAh, o 14/ S0 5 R SR RE Ty, 2P A A e BBCR T BE 25 AR £y 36 i
ANE Y T B
w(t) = (Wi = W) (T =) /T + 10,35, (7)
Ho ) T e RIEARE w0 ABIIRERUEL R 2 do AR A PR A (L M 7Y
B 2w,y =0.9,w,,, =0.4.
2.2 ZMiRHHFREE R ERENIK
T BAEAR SCHY B A T - R SRL I 10 42 Ry 48 R SR ARG B, 1B I — 22 WA ek B8 1000 3
PRI, 1 BRI E SUIN AT 2/ IMEL, J/MELAR T (0,0) s, 20t R Bk ik =0y
f(X) =« + x5 - 10cos(2mx,) -
10cos(2mx,) + 20, x,x € (-1.5,1.5). (8)

‘ i —— PSO
! N : “H —— SGA
= W, e e i —— SOPSO
8 ( AAAA i H : -
AN 0““ S ST
N\ Vo
6 NN I
N KGN \ e
IR O S N Nl i :
W TaR 3
o SRS [
X
- \L \\,.M,y
0 10 20 30 40 30
t
B2 (e ek 5o ) B3 3 AR R
Fig.2  Space surface of a multimodal function Fig.3 Comparison of three optimization methods

B 2 Bon Tz R B 2 Rl e oA 6 3 A B AR ek FRERR (PSO) (bRifEis (L A
2 (SGA) B =% BT HEF 5 (SOPSO) HMERE b, i Ak b ¢ ARFRIEALAREL, DAk bs f 1R 3R
& JRy i A IE WAL 7T LA H ARk - TR 2 U bR v 1AL B W SSGE B R Fh R b1 AR
EIEN ZBRE BE IR0 ASRG I, R I Z iR b HE S LR MR R o T 2R i
A% & fe s LA SIS
3 ARBEIAL CFD 73t 5 S8 e
3.1 REKR
o T BRI AL AR k> CFD BT B T AR &, A SCOR R ) BP o 28 24 ) 57,
ARPRBEAY 2 AR AL T Ma B0 B8 i 580 01 Z A e g,V e fd AL i RL il
BP 122 I 248 B J22 45 S50 S0 R AIOBCR Sigmoid 2 pRI, ¥ 6, 55 6, 43 S FLBIE, H )2
R R
yj:f(zwijxi_gj)' (9)
ey 1YY SR R R
Zl:f(zvjlyj_el)' (10)



1164 £ Jt C o W M @ F

&l 4 Jy BRI BP 1 25 R 28R = A

Ma=0.73, 2=3.19°, Re=6.5E+06

nerve cell

a=f (wp+b)

L a=f(wp+tb)
4 BP Bz 4R E B 5 RAE2822 FME ) /M 5 SL 4 X e
Fig.4 A schematic of BP neural network Fig.5 Comparison of pressure distribution

of RAE2822 airfoil

A ZER A x, FSEBRAm T 2, SR 1, Z AR 2E E N

E:%zl:(t,—z,)z. (11)
PR E, ARG Jry 3k B T ik otk Shy 3 L A6 B L A T AU w B IE .
Aw(k + 1) =w(k) +p(k)S(k), (12)
Hrr p(k) R R DK R S(k) Fibh
S(k) == Vf(w(k)) +v(k - 1)S(k - 1), (13)

I VAwk) |I?
D = e - 1)
3.2 CFD ##rAESREI&IT

BT IX 25 A% 25 IR f# Reynolds ~F-3 Navier-Stokes J7 B2 #E4T CFD $U{E AL, R H
AUSMDV 25 [H] B Bl 1 (SA — 7 RTm AR LU-SGS a2 i [a) #1777 | 22 7 A% i 3k ie 65
SRR 12 BOR, B S &R AR S CFD 4387 5 B 31330/ RAE2822 31 1) 1K 1 43 4 55
SEIECE B X L, G5 SRR BHAR ST CFD 2B 7 i nl S ).

AR SR P T B B e BUREAS 5, P T8 7 7 e i MeKay 2800 48 %005 %
PP TGS [ AT, P EOREAS ()RR AT L pl 0T AR 40 B 8 B ] 358 18 o 45 A
A 1 H AR, IR bR E A T8 Prix it
3.3 EBBHWLTGE

RIS BT R FH 22 i Hicks-Henne REL

(14)

Y=yt ickfk(x>’ (15)
~ x0.25(1 _x)e—ZOx’
fi(x) = {Smmm ’ (16)

Hrf e(k)=1g0.5/1gx,,0 <x, < 1,c, NSy, AHEAERBPIEAR, ik — LK
23 [, [m] B sk S 3R AL AR AR b R R X, SI AR B L A R A e (0.5,
1.5) . AR R B i 63500



TECHERL T A AR B et 1165

yup = yuph +

\
t =~

Ao+ Y fi(a),
k=1

Niow

(17)

4
yl()w :ylowb + ‘C‘./\ - 7 + ;clowkfk<x) ’
=1

A 1, € SN FRAG I 43 5
4 FERL BT

4.1 HAEZHNERBRSHEAIZIT
P R B LI ATE RN BOR BT AL BE i FE AT R B C, =0. 69 ,Ma =0. 73,
Re =2.0E + 7, JBJEAMET 13%.

! S initial
0.140 N 0.08 —— robust design
i 0.06F
0.136} 004r
0.02}/
i y ¥
0.132 of
- -0.02
0.128 -0.04F
i -0.06 | Rt
PRI IS ST S T ST SN S Y Y ST S N Bt I I NS RIS R |
0 10 20 30 40 0 0.2 0.4 0.6 0.8 1.0
t x/C
Bl6 LRI 7 ARAHT/ R BB AR KT L
Fig.6  Comparison of convergence history Fig.7 Comparison of airfoil shape between
between PSO and SECPSO initial and optimized airfoil
-5 e initial 0.018F ---v--- initial 4
F oo —— robust design L —o— robust design
I s
0.0151 o

d -
0.02F— o —o—

0.009 -
15:,,.|“,|.“|“,| 1 >||\\\|\v\|\|\|\\\||\\\||\\\\|\
0 0.2 0.4 0.6 0.8 1.0 0.72 0.73 0.74 0.75
x/C Ma
B8 RALET/ 5 RISLTL IR T 43 A %) B9 i/ 5 r3E AR ) R R X L
Fig.8 Comparison of pressure distribution between Fig.9 Comparison of airfoil drag divergence character
initial and optimized airfoil between initial and optimized airfoil

IR FE A HAL I AL 3 Y | 3R R R4l R 9 AR AR R T RS R BT K
Ma fER REFABERZ , Hih Ma e (0.72,0.75) HIRMIE 345,
MR YRR AT LA 7R DL R B Bl



1166 £ ;& © o W M @ F

----- initial R —— initial
L Purs——_ —— optimized -1.0 A —— optimized
0.04 Ve N [ Tk
/ o~ Rt
o~ e SR
- 2\ 3 VP A
I /f/ a \\ _05 \\_\\
0.02f # AN i Y
[/ AN TNy
y :7' //)/"a\?\ Cp -PWMEE; \A\“;
Oé ! b S S
e
002z 04 06 08 10 02 04 06 08 10
x/C x/C
10 fuAbi/ f5 3 AU AR RS L 11 ARHET/ 5 AR S 3R L
Fig. 10 Comparison of airfoil shape between Fig. 11 Comparison of pressure distribution between
initial and optimized airfoil initial and optimized airfoil
o min u’ + 0,
| —o— optimized .
0.0147 —— initial subject to; (18)
N X eV, C(X,Ma)=0.69,
b——o——o—0 ¢
0.012f b = 0.13.
¢ | 6 ZE 1 9 353 o 1 Gk 1 J5 15 AR 3C
0.010F oo —o—o—oo—o
b TR R R L L D I 9 3
0008 20drag units gtk 4040 L RREL ) & B 2R DAk s 3
Tl TUTEIRAT Ma ANH0 52 S R Y LU R UG SR Bl R
e I A BEBRIUE AL Ma =0.72 ~ 0.75 JLHIRKR

07T 02 093 04 075
Ma W/ T A ).
B2 flris e AR ) AU LY 4.2 BRH/NEBRSIHHELIEIT
Fig. 12 }():nmparis.nrf ofl airf;)il dl.‘ag. di;'eligerl'ce character ot 0 2 LTS /N 1 B SR AT AL
chveen el anc optinized i BT EA/NEE BT R C, =0.72,
Ma =0.72,Re = 2.0 + 7, BRJENMET 7%.

B R BRI 53 B LA NSRBI T P AR SR TR R S/ N EOR AL BT
e S AR GH R R LU R 3 T D R, SCRE NASA(SC)-0712 %ﬁll FREIIHT AR 46/
86% ,JSEEEAR/ NS 7% AWIGRILAY, bR 0R 9 AR TR R B Ma 1R
N ITABER R, A Ma e (0.71,0.75) HIRAIIEI 3.

HRAE 2R AT DU ST R LA S b R B A

min u’ + 0,
subject to; X € V, C, (X ,Ma)=0.72, (19)
L = 0.07,

110 Z 8 12 5330 L5 U BRBUBAR T 3 43046 DA BB 2650 248 5 0 L 4 LA
GG L3 H A IS Y R8P X L) 4y 3 U BEL g AR 25 A BEL B in ) MR A st 2
SED 3 AIEES B 2 AR A BA A Im SR AU AR W 3 A B 5 T S A
FURRAE , o —Fh B B AR 9 v T D 3R %o Tl 5 X/ N ERUR 3, 33k T A DRIE RS 3 i



TECHERL T A AR B et 1167

PR A=A 1= A 5 IR BE T TR) I [ 8 B /N AH S S BUE 0T 3 /NS 211t
AR R WA NP, Sk s VAR s AN AR

MEERFE R, 2RI REHEZR T, TSRS T 5Bkt
A, AEMECOR T ihas ], SEELT iR I AR 38 Y 1) EL A M I SRR G s T ) AL A 1k
B,
5 %% 1w

ARSCHYEE T R T iR Rk AR A S S i T R G, i e LR R 5] 5

ZEIR R

1) iRk PR B2 R I RAE T 5 T L R G Sk i

2) IR R ot BP 2% ﬂ”§%§&4b7iﬁﬁggfi7k?ﬁé},E§3Z37§§
ﬂ%@ﬂ%mm% RS, XA ML FE AR FLRY DL K SRS /N ) A B T
R SRR, B/ NSRRI T—IU\EILH,EE?W/\T%WJR‘#X; EHHCR T
Beitasa), S8l T ph R I A 3R AR ) EL AR I AR 1 s T I AR AL A AR

S Xk

(1] Kennedy J, Eberhart R C. Particle swarm optimization | C|//Proceedings of the 1995 IEEE
International Conference on Neural Networks. Vol 4. Perth, Australia, 1995, 1942-1948.

[2] Eberhart R C, Kennedy J. A new optimizer using particles swarm theory[ C|//Proceedings of
the Sixth International Symposium on Micro Machine and Human Science. Nagoya, Japan,
1995 39-43.

[3] Eberhart R C, Shi Y. Comparing inertia weights and constriction factors in particle swarm op-
timization| C]//Proceedings of IEEE Congress on Evolutionary Computation. San Diego,
America, 2000 84-88.

[4] Eberhart R C, Shi Y. Particle swarm optimization; developments, applications and resources
[ C]//Proceedings of IEEE Congress on Evolutionary Computation. Vol 1. Seoul, Korea,
2001 ; 81-86.

[5] Abido A A. Particle swarm optimization for multimachine power system stabilizer design

[ C]//Proc Power Engineering Soc Summer Meeting. Vol 3. 2001 ;1346-1351.

[6] Boering D W, Werner D H. Particle swarm optimization versus genetic algorithms for phased
array synthesis[J]. IEEE Transactions on Anetnas and Propagation, 2004, 52(3) .771-779.

(7] ww, #ek, RAMR, T sRIIRATRT I AR S R REOL AL SR [ I ). il 5K, 2004,
19(11): 1286-1289. ( GAO Shang, HAN Bin, WU Xiao-jun, YANG Jing-yu. Solving traveling
salesman problem by hybrid particle swarm optimization algorithm [ J]. Control and Deci-
sion, 2004, 19(11) .1286-1289. (in Chinese) )

(8]  THkig, 2K+, k55, FEM. T ma N py S AR B HRRSE ], =S RBJi2Ek, 2007, 25
(1):19-22. (DING Ji-feng, LI Wei-ji, ZHANG Yong, TANG Wei. Robust airfoil optimization
based on response surface method[ J]. Acta Aerodynamica Sinica, 2007, 25(1) . 19-22. (in
Chinese) )

[9] Patnaik S N. Neural network and regression approximations in high-speed civil transport air-
craft design optimization[J]. Journal of Aircraft, 1998, 35(6) :839-850.

[10] McKay M D, Beckman R J. A comparison of three methods for selecting values of input varia-



1168 £ Jt C ik MW w M @ F

bles in the analysis of output from a computer code[ J]. Technometrics, 1979, 21(2) : 239-
245.

[11] Hinks R M, Henne P A. Wing design by numerical optimization | J ]. Journal of Aircraft,
1978, 15(7) : 407-412.

Robust Airfoil Optimization Based on Improved
Particle Swarm Optimization Method

WANG Yuan-yuan', ZHANG Bin-gian', CHEN Ying-chun'"’
(1. College of Aeronautics, Northwestern Polytechnical University,
Xi’an 710072, P. R. China;

2. Shanghai Aircraft Design Institute, Shanghai 200232, P. R. China)

Abstract: A robust airfoil optimization platform was constructed based on modified particle
swarm optimization method(i. e. second-order oscillating particle swarm method ) ,which con-
sists of an efficient optimization algorithm, a precise aerodynamic analysis program, a highac-
curacy surrogate model and a classical airfoil parametric method. There are two improvements
for the modified particle swarm method compared to standard particle swarm method. Firstly,
particle velocity was represented by the combination of particle position and variation of posi-
tion, which makes the particle swarm algorithm become a second-order precision method with
respect to particle position. Secondly, for the sake of adding diversity to the swarm and enlar-
ging parameter searching domain to improve the global convergence performance of the algo-
rithm, an oscillating term was introduced to the update formula of particle velocity. At last,
taking two airfoils as examples, the aerodynamic shapes were optimized on this optimization
platform. It is shown from the optimization results that the aerodynamic characteristic of the

airfoils was greatly improved at a broad design range.

Key words: modified particle swarm method; surrogate model; modified BP neutral network;

supercritical character; robust design



