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XL S BNME I — B CALBOTH A 58 1Y B BN 25 4 ok, TSR i 3l g 2
( computational fluid dynamics, CFD) FEIEALAL AR 1 H B0 ik S8 0, HLELIL TR 2 R 2 1Y
CFD 58, B W, Jo HJRAE 2R R AT ST B, R A CFD R Al 5 (8 s 1Y)
THEEHRTE AR BK, EOH SIS XE AT . R I S AR R 90 5 BN i A T 5 TS g0 ik it
I N T ) B Ak i g A B 8 B S 56 R S Bl A i e i AR R E AR =2 TR
K ZR ) 1 [T A S 7 B 1Y CFD BB, TR A AR K o i de Ak ad B v CFD 345
AYRRIAR I ) L, A SCRIFGE L TR 3l ) BB B RS i AR Ak 7 vk,

BN SRR R ( aerodynamic reduced order model, aerodynamic ROM ) J&— Ff f# 1A 3 51 5
SRR 2 2 [E) S R St 56 R AR A ) el s 0 ) S0 B o 1 B R,
ISR PEZ RN G AR | I DA S B0 pRECI AR R | TS S 0T i [ R 17 A A
F1oR it tH T3 1 B BRSBTS T B TR BRI Aok R Vi Rk ) 2 -l TR
BB PENR 2 I FSE . Ghoreyshi 451 Z53R T A2 5 8h 1 B WA 78 TRLA il RN B 43 BT v 11
BB HE R AAEAE B TR L Silva * B T 5T Volterra 208 AR M 8h S BB T A
BiR. Su 5 ZTF Volterra ZAA BRI T 1 M (0 B 1R P . Xu 25177 ) 35 A i T =X
1) Volterra %[5 H A BT 5 475 1 4 I8 IR 21y, 25 R 3R I, i 55 Y B A% AR 47 b P B 00 B 3l 3
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4 Wong 25" Fl Volterra ZUE M ERIAFFE T L UFIRXT NACA0012 3RS 1 B A5 1. He
A1 T FH T A AU AR 20 1Y Fourier (8 BLIH) J5 1%, Yao 25110 $ Y T —Fil il SP-7 ( har-
monic balance , HB) 35, WF5¢ T | It r 5L 1 2 (1A A4 % J8 R 20 A 00 238 400 R0, 455 SR R W)
I S R A M T, 2 A BRI A T TR BRI (4 T R Sl e A A,
Bourguet e l12] 5 T ARAEIEZE 43 fi# ( proper orthogonal decomposition, POD) BRI T T
INARTE SR AR 5 AT TR AR e R L 25 Sy T A ANV AE R SIS A 11 (auto re-
gressive with exogenous input, ARX) B33l 1 BBV | T30 AL, &30 i TR im 1Y
KBES 8, KRR PR A U 5 CFD RS, AN 2288 K Kou 25105 ARX 5 AUF
P 1) B b 22 I 8 BERUAR S, &, s T —FPEEBT A | AU i Kz 3l F AR tEE 7R
EIPIL IS

S PR EAS TARKHE R B BA 3 ) BB A H B X 45 2 R 4 )i A ok, B
FEN G T RFSE AT AR R BB T R AR T, E A AT T Zhang 45 4 009 R & PR,
H i 930 1 B AR BN B F T 25 A PR 0 AT AR g [R]8, — B2 80el sl 5 R IR B AR 1k, SE 020
FOFT N RS IR R AL AR SR AL R AT S B ) B G54 S8 (R i R Ay
B SRR A ) T SR W A | A AU BT AT CFD SR, THR s AROR. BT X g aT
AR )L, ARV Zhang 261 40 B4R H DAAR 1] J bR BCIR U A PCA R 784 11 AR J2 45 #4114
[ PRI Ry SRS S T — RIS T 4540 T AR (Al A2 H R 3 J1 BB 7 ik, Chen 2617 45 4
Kirsch 1 POD N7 1 —Fh I T ] AR G548 1) <30 ) B MR AL, A AT T A I AR PT AR 4540 1) 3l
Raf A A 5 AL T3 L. 3k H AT RS RO, TR T AR 254 19 A3 3l g [ A 7Y fy A

FEAVACIRTE — DI UG 3 1Y JEAl - 5 52 ) 8 38 A SR LA SRR B ) R 3 11453
S PLE ARt R — IR AR AT S 04 S5l 7 D0 A )L A A A A v I B A ] 5 i
AN B 5 BAL A SB JR] LSk A 3h 1 BT RLR i LA 1933l 1 BB R AL RR 2 5C T3
SO FNAZIE )R , T3 RO — iR S0 2l ) 8, {H i 285 [ 2 3 285 1) R ) — A ke 491
PR3 77 B A A FH T 3R AR A ) 0, 35 T3 R et A SO T B AU AR i S 3l T R i
AL,

(IR S W ) i BN D S Y SRS

1.1 BRTUINSE AR ImE R

HEBA B GEE— DS  R S, REnim A2 BATE RS 5 REE R4
SRS i AR R ) R R A X B SRR I 1 s B (R )
Shyfi B DB R AR AR X S Bl T Y R G R RO

{p(x),7(x)} =V{a,}, i=1,2,-,n, (1)

K, p(x) BEARBERE, 7 (x) BEMBRRELEHY, VERS, o 25 i MER
Pl ,x = (x,y,z) HFARME LIRS,

TE/NR BN ZRAT TR RGEFARLNME R SE, R G0 Ly W] LA AR Ze P 1) J5 38 8 < 3 77 F
Pzl | S iy e i Ze Pk B e o L ik, 38R AR AR S 3h 7 s e a] AR R R

p(x) = Ay(x) + 2Ai<x>ai, 7 (x) = By(x) + ilBi(x)ai, (2)

S, A () REREIE N EACA, (x) S5 1 IR S o, 317 FE 1 2 K0 b R R
By(x) SR AT ) R B (x) S i ATBIRE o, S T B0 fl R
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M Ag(x) A (x) ,By(x) Fl B, (x) TR, 75/ FIAR SR f5 38 0 ) Z50R
BH 7 2 B0AT LAd 2K (3) TR

C =j(—pcos€ +7sin0)ds, C, =I(TCOS‘9 + psin 0)ds, (3)

K, 0 RFAREE S « WIS, ¢ BATIRE, C, RMITREL, ds =/ (dx)* + (dy)?
JEHEARMINK,
1.2 ETREERHENEBRAERMNISEL

Y T ELR 1R 2R 0 2 A TCRR A A s AL, WS BN, RSl T B RS R 2 s RSB A I 4
i ASBCH AR 20X BT AU, W 3 T BB R AL i A S B TR AR AL
MZEA T AR Z T Ferguson MBS B, AR A% S m &% 6 2 it
AL IR Z A3 A LT Hicks-Henne 36 pRELAY 3R L2 IR AT 6 A5 1A 14 LI 3 pF
B, 3 a0 4% 5 pR R B0 42 R 16 1E 3 T 28 BT IR R AR . (class shape transformation
CST) W3S HA 7 et — P TIEAR RS 43S R B R (0 i Al o 2% i R L R 2
BOEAT WA 0 U 5 S0 TR il S 808 > TR R BE 5 v, (H 238 N BE A BR R 2%
it 23 AU S0 1 0 s e | PR BSR4 i A R G A AR 1 T AR Ak v E A TR R Y R
T, 35 S BN BB RTZ T R BRI RE A AR RS i 0 L BRax S vk A, B B S b
WA FAES AR B R B0  Bezier ZRTE Bernstein [MIZR7E B G WUk,

AR SRS R AL R F JE T 428 1) 2L R Y (radial basis function, RBF) 20 S E T ,HL
AR 732 P AR 1) 22 pRERCAUL G B R AR Bl i, Bk 28 o i 3 R NI 2y A ol 3 7R R FH
SRR T 5 04 S PR AR 1) 35 PR BSOTT LAY T R ST R AR AR A ), 53 A1, 4% 1) 3 R B S O
SR RZ R SR A, LA/ N AN SO0 B R R 3 7 495 M Y LR 2 i 5 B2, 30 P 3 TR 4
WIS IR AL B 28 4 — 30, 8 TA% R AR IR A AH B0, H3E A FE 3 A
(B R RL R

FETAR 0 B R SEEE AT .

y(20) =yo(x) + X filx)ay,
k;l (4)
ya(w) = yy(x) + I;fk(x)ak+6,

fk<x)=e—<x—x,{>2/o.01’ L= 1,2,'--,6, (5)

A,y (x) Ty o(x) 20 BRI b R SR AR, « D9 JR3ERAY I R 2RI Y
BEARER , v, (x) Fly (x) 309 ARL SN 5 ALY b N RENALER, £,(x) WAL, a,
TRV AR S B, TR BTGNS S Z B AL E, 0=, <, < -+ <x,_,
< 1, A3k x, =0.25,x, = 0.35,x, = 0.45,x, = 0.55,x, = 0.65,x, = 0.75.
1.3 EFSINENMEENERAUTRE

ST N R AL TR I AR T AP BR

1) KA 3 R RO AV R Sh it 17 281k

2) HSLJFFEAIAY CFD RRL, SR R R R <8 1 70 A

3) XFEATEARM S BT, ] CFD 15 3 280 a5 3 AU <8 1 3 A

4) RS E R A RS ) BRI RSB AR F AV S T35 B R

5) F(2) g RIS ) R BOMBE ) 280 s s B AR R

6) Zith—HILRSHE A I AR AN (3) THE S AR I
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7) T AW 6) AFFURFSHECRRTHILE , AR Fe A FL BRI 3R
2 TR R R A S A AL D5 1 i SR ek

2.1 NACA0012 BRISF HEMERIHE ST
PIXTFRAY NACAO012 F AL R F 58 X 42 | S0E 5 TS, s g R PR 784 () 38 AR Ak Jr vk 3 Y
SRR RN BN 07 B IR (A% PR AR CFD BE4EIA 21 CFD AR A Spalart-Allmaras Ji i 52
R PSSR, 0.63Ma, FAIICA Ry 00, 1 R 3 iR FAH R 9 2 5ik 7 k. [ NACA0012 37
RURXTFRELRD | b 3 i S B0 38 8 30 7 A2 SRR G, R R S A B4 S8
PRIRE S5 1 B RS B ) FA% R
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Fig. 1 Airfoils with parameter perturbations
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Fig. 2 Upper surface aerodynamic forces due to parameter perturbations
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Fig. 3 Kernels of upper surface aerodynamic forces due to parameter perturbations
22 ETRINEMERN NACAC012 BRIMHAL
HES7 NACA0012 ARG TN S e B, I (3) TH5 3R THBHL B, SR s A% 30k 0k A 0
e, AR T EOR Al A, DL R 3 SO0 B AR & B 2R By B PRIV 1Ak
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Table 1  Optimized results of the airfoil

parameter lower bound upper bound optimized
a, 0.01 -0.01 0.01
a, 0.01 -0.01 0.01
as 0.01 -0.01 0.01
upper surface
a, 0.01 -0.01 0.01
as 0.01 -0.01 0.01
ag 0.01 -0.01 0.01
b, 0.01 -0.01 -0.01
b, 0.01 -0.01 -0.01
by 0.01 -0.01 -0.01
lower surface
by 0.01 -0.01 -0.01
bs 0.01 -0.01 -0.01
be 0.01 -0.01 -0.01
lift-drag ratio C,/C, 9.417

AT BN FE I LA 5, A IR B 4 1 T 2R BOMEE 352 11 RO I 6.0 1 Bl < sl g
BRSO ASIR I 6 didh i T CFD THEAF BRI A 5 3R A0 TR 2 O R4 5 DB K
HR] DUA A8l J BTN CFD A2 SR — 803X Ul W 5L T3 I R B L i 0 AL 7 vk 02 vl
T ARG 6 B I 1 A BOMEES 7 N8, X (3) i+ S 3R BT R BRI AT RELEE
SERIFR 2.3 2 R T ARSI BRI ESELRT CFD AR B T ) R B ) R BCR A THRR
P, SRR BT AL A CFD BI85 RAEA —EL.
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Fig. 4 The optimization procedure

T ELAE R AR SO T 13N ) B AR AR R ST /N S A S AR LR M R R SR,
SPEREMISME Z 18] B K RSB ARLAERY , fESELE N B0 T 381 Ay 28 10 v] RE- S Bk i < 3h 1 41k
TR AR A3 B AR A TR I, Y B A AR b B R B A AU S R AR e 1 K Bl T R Y
ASTHY T SR FH A 2 W 408 1 A0 (1L 92 B pR SS9 1 S sl g B A 101423

0.2

—=— optimized
baseline

B5 fife)mmsm
Fig. 5 The optimized airfoil
F2 TJHHE ¢/C, BTSSR
Table 2 Optimized lift-drag ratios C,/C

method lift coefficient C, drag coefficient C optimized lift-drag ratio C,/C,
CFD 0.151 0 0.015 23 9.915
ROM 0.119 6 0.012 70 9.417

F T30 SRR B0 AL 7 B4k NACA0012 B A, MAEm 4 h, Hirh 35, 5
NACAO0012 F Y CFD FHEFERT 0.5 h;6 X RERN CFD i1, B FERT 0.5 h; 326 I
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PACEACHERS 12 min R 2T CFD BRS04k, AR CFD TFEFEE 0.5 h, WLETHFERS
163 h . AT AT, R T80 I BB R AT LU R 32 S AR,
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Fig. 6  Optimized aerodynamic forces
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Optimization of RBF Parameterized Airfoils
With the Aerodynamic ROM

ZHANG Jun', LI Lizhou’, YUAN Meini’
(1. Department of Mathematics, Taiyuan University, Taiyuan 030001, P.R.China;
2. College of Mechatronics Engineering, North University of China,
Taiyuan 030051, P.R.China)

Abstract: Under the assumption of small perturbations and weak nonlinearity, a new airfoil
optimization method was proposed based on the aerodynamic reduction order model (ROM)
and the radial basis function (RBF') parameterization. The RBF was used to parameterize the
airfoil shape perturbations, the ROM kernels of the airfoil aerodynamics corresponding to shape
perturbations were identified with the computational fluid dynamics ( CFD), the aerodynamic
ROM was built through superposition, and the airfoil lift-drag ratio was calculated and opti-
mized with the ROM. The optimized results of the NACAO0012 airfoil show that, the proposed
optimization method based on the ROM is feasible and can greatly accelerate the airfoil optimi-

zation procedure.

Key words: ROM; airfoil; optimization; RBF; parameterization
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