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PROPER ORTHOGONAL DECOMPOSITION APPLIED
IN THE ANALYSIS OF SIMULATING
AERO-OPTICAL DISTORTIONS

WU Lin, FANG Jian-Cheng, YANG Zhao-Hua
(School of Instrumentation Science & Opto-Electronics Engineering, Beijing University of

Aeronautics and Astronautics, Beijing 100083, China)

Abstract: The connection between coherent structure in turbulence and the aero-optical distortions was studied through
proper orthogonal decomposition (POD). The computational fluid dynamics ( CFD) solutions of high speed turbulence a-
round a missile IR window were used as resource data. Singular vector decomposition was adopted to achieve POD for the
spatial-dependent mean flow field. As optical path difference (OPD) is often used to describe optical performance, the low-
order singular value of the refractive index fields has good agreement with OPD caused by the source data. Then a plain
method for simulating aero-optical distortions was proposed, in which only singular values of refractive index were used. By
using the first order singular value, the method can represent the characters of aberrated wave-front, and the relative error

of OPD is no more than 2% . The results also validate the argumentation that most aero-optical distortions are caused by co-

herent structure.

Key words: aero-optics; coherent structure; singular value decomposition

il

51

AN S EAREA B iR BAREE 3
FERBER ERABH TR RENA EF
RN R TSRS i g A B RAT R E KRR
R AT, B A A SRR s , e AR At
5| W R G B R I8 AR AL AR AL, ZL5h R
PR AMEE RIS, FERW TR

i 7% B 59: 2006 - 09 - 04, 4 [5] F #9:2007 - 01 - 08
BeTH : ARXE S EMBIRZ R (513230103-3) B0 B

B, FIIERE B SO, # B iR R 3EH E
MR SR, T O B WA A R

VAR, O BRARIE i U R S R A S .

SMFFE R, AR AT R, TS ERE
BT RIS B sh 2R . REBUHE T 4 4 3%
ST T S5 A1 S 3 2 W 2R (B B SE 2% , AT R
KT ESEERENE R, XA R ER
KRB E T EAEEEA.

Received date; 2006 - 09 - 04, revised date; 2007 - 01 - 08

1EE M I RHK(1983-) , &, INRTFA LB , EEFTIT R ETHH S


http://www.cqvip.com

43 RO AMEIER BRSSO FRE T ST S 313

Cicchiello F| B A< 1iF 1E 32 43 f#% ( proper orthogonal
decomposition, POD) #3% T 2 4kmt A i 3%, RA £
JCZE 4% ( principal component analysis, PCA) J5 £
SCHL POD, 45 0 TR S R B AT R AL, 48 1
TR PR B BEZS it BB A8 S AR SR 3 7= A I KBl
WA POD 132 B A T30 W A T2 1R B
L7 Cicchiello & 46 ¥ 3 7 Al T i 9 37 5 3R LA BF
REPZAMN KL FWA. {8 Cicchiello IR &£
FIES ARG IR B B R BB AR B X R 3l
FRETERERN 0T, G R AR B wy
TR EWM A 5. &30 A 5 —F POD LUy
¥: %7 5 {8 4> ## ( singular value decomposition, SVD)
XFBFRIE S W R AT S R G TR, 4T A
F#E L& FES P4 SRR E R R
R LR -FMEEFRNSINFREHE
T5 k.

1 SHRFEWE

3% 81T & i 4k F7 % ( Computational fluid dy-
namics , CFD ) 25 SR B4R 4 53 B AT (8] [A] B% 3 4 B4R
LREEGEE, R AZEEGEEE DTSRG
BRI E R4 N R R, BRI 3E BT/ T8
B, BOCH A RE N W im iR R R R, bk R U TE
ARG R ESARTR R RE. B, T EE
BT R %S RIS G M s e AR &
SCR B B] -2 B 3% B B HOHE , AR R BT ) &
L1 VA=l s T =i it R
1.1 #igtE

SN THTHHE « MEE p AKX R A Glad-
stone-Dale AR 45

x=1+kgp =1+kyp(A)p (1)
K ,p BT EA{E, koo 2 Gladstone-Dale # %, &
B AN FMS SRS SHE TR

ke, = 0.133 +0.00092/A% (2)
K, A BCEEK, 8479 um.

1.2 (EMEEE

¥ B B 5 E % A1 6 2" (optical path
length, OPL) R 78 . #B RIELK M IERIBE R4 AA
B, 56 k BrL ik xR OPL Kt

OPL, = ALx(A,p), , (3)
K, AL, A5 k BAfERiBERNKE . ~

fekuigie ERY% ik OPL K4 Beig 42 L OPL i
AL OEBE AT L E £ A (optical path
difference , OPD ) /R

OPD = OPL - OPL_, , (4)
H 4 ,0PL B E LT EZHNSE R,

2 R ZEIFY POD S ERELMAE
SVD

POD MFEEEBHEE—HFEH PRI -4
TEATHE BRI, (R A 25 (8] Fh O RE AR AT R A B B
¥ IANERBRMFER. POD B—FBEE RS
{REHBR A RO, R IEE T H &t BB
HIRGEMESH R G ERE RS & TERS.
1967 4F, Lumley ¥ 552K A1 POD 42 BUim it 2 5 14
T, X EAT TR AT 28R A
PrE M EIR, X LR R TR ENAE TS
MR LA EEEA, WEEARREZRRN
POD [ FARR ST , F04E & 1) 53 B i B s F 52 48 I 3
(particle image velocimetry, PIV) /v, 3548 T 324§ op
TR AT &4
2.1 EEIFHE POD 547

FI A POD AL T 4 R « R — R 5
RIRIERE RS o | [, MR, AT IRIREE
BZEMRRIER RN

Ef |x-x(D) |*} <sE{ |x-2(D) % , (5)
A, x() BRASEW | M ERIREZEFZRWITH R
x, ()RR I MEBEERTH «.

B RBE ST « R LT IR A

ming’(1) = E{ ||x —x(1) ||*} ,

s.toi@ =8, i,j=1.2,m (6)

A, x(1) = Yyl <m).

2.2 HHEHEFWHFRESHESVD

POD & 3 #f 3¢ ¥ & ¥, Karhunen-Loeve 4} fi#
( KarhuNem-Loeve decomposition, KLD ), PCA #lI
SVD, B 3 Oy EARSRY . RS D, R
5 AR AE e 0 [ A R AE , A B foRa e i, B
LT R K4/ NESE, AT R EEAR/DN, Fat
HE A R B BRI A B A AT R
I, A3 A SVD B POD, 43 ¥ i W 3 89 % 3 [
AFEFEE R KL F R R LR,

W2 B ERITHEGRH X, m B2 H
RGN —FRAMBAELR, n AHEXE L X =
(%,,%,,%,),MXX" € R B m xn REEH
R
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% =0y H eyt t e, (1=12,m) , (7)
iﬁ':':', i = ‘Piji .
By § AN IEREEMERN, 153
xi(l) =Cupy t ey + 0t Oy (8)
RERECH
82(1) = [| x; _xi(l) ”2
i1
m 2 n m 2
= 2 G| T 2 G
=1 j=l+1 =1 =1+
~ T T
= X 2 exae,
=1j=i+1

= 2 (p}TXXT(p} = ” XT¢m-l ”i' ’ (9)

ittP,(pm—l = (‘plﬂ yPrazs """ 7¢m) ’ ,"ﬂgﬂ%'f‘h%}ﬁu?
R AE (5] R
ming’ (1) = z’": o XX"p;,
j=l+1
s. t(piT(pj =48, - (10)

5] A Lagrangian ¥ u,,15 3| Lagrangian R

L=3 ¢jXX'¢ = 2 3 usoig; = 8;)

j=l+1 i=i+lj=i+1
(11)
BT ¢ PG
=2XX"p;, -2, u;,
G=l+1,142,:--,m) (12)

J_‘J:EF', u, = (u(lu)jyu(nz)jy‘”,umj)T ,%Jiitgyﬂfﬁ
55 W)

a;ﬁ_l = XX, -20, U, ,  (13)
AH, U, = (u, yu1+27”'7um)T .

ﬁagi_l = 0,183

XX'¢,, =o,U,, . (14)

FiZER o, 1B

Uu,, =&, xx'o,., . (15)

WU, R¥EEHEE, FE—IEZEREP, &
5

A=PU,_P . (16)

BRA5)RAK16)7

A =P@ xx'¢ P (17)

KA, A BXHRE, R(14) A P15
XX'¢, P =o, U, P . (18)

B P RIEXER, B PP =1 RALRE

xx'¢, P =&,  PP'U_P . (19)
megx(16), EXELA
xxX"¢, P =&, P\ . (20)

MERFTH, A 2 XX B4R ER A, @, P H
XXT HEEAR A, BOSTDIASAE (5 B . 18 XX BURRE
RIERETFHIIAAL Z A, =24, >4, = =
A, = 0. HEERE, 0, = /A (=12, m)FKH
R X" RIERE, B A X AR TR N IRE
WX WHRME o, D, P H o, BIXTRFHERE
2 AL

TEAIMIERES| BT et

WAeR" ™, Qe RV BIEZHERE, | - I« 2
Frobenius JE£, W | A || ¢ = || AQ || ¢-

3 (9) f1 bR EHE

) = | X'D, 15 = 1 X'®P 5
tr( (X'®,_P)'X"d,_,P)

=tr(A) . (21)

AR AENE, BN AL TREEER X
AFREKRTF, BT, BEE83 () WR/ME, RE
& A BIXTALTEN X MRE m - AEFRME, B

() =tu(A) = Y o . (22)

i=l+1

H M, UEAS R AT ST R R B X A
A X LA RFE 5 B AR B R IE SRR IRE & /D,
BIFIF SVD FTSEHL POD, $2 B 1 o7t A T 45449
R, R R & 58 RUXT R R AE 1) 8 B BB S B
IR I E A

3 ZRRERSHH

3.1 %3 CFD &%

LIS AT AN DA SRR I R B, G &M
H D #FE Tmach, B 30km, K4 %FEHINE 1
R b= A VR € AR AR i -
¥ 64 x 80 x 64 {Y X3, , ELSCH R X SR Y A AR

x € [69mm,132mm],y € [0,79mm],z € [ -
31mm,32mm]. B x =78mm &b #Y XZ #E N H, Xt
HEEHIER Gladstone-Dale 2235 IS R 40
B 2 fR.
3.2 £RESH

RE « AL E EHY ZY BRE AT SRR R
SVD,UIE 2 BEHE G, T RELERWE 3
iy


http://www.cqvip.com

44 R OBEERAE R R RSOt ER AN AR R T 5 R 315

e

60 70 80 90 100 110 120 130 140

B PHEESSEA o
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Fig.4 The first order singular value of ZY plane
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Fig.5 Optical path difference at z = -30mm
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Fig.2 Refractive index field of ZY plane at x =78mm
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Fig.3 The singular value of ZY plane at x =78mm
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R R R R

F—M AT FER x 7R 4
R BWIRERIE y T e, = (3) A= (4) iHEE
WX AR (FB 2 = - 30mm £b x J7 [m] §95%
BEWE S Fin.

xtHeE 4 FE 5 AT, ZY i RS- R R
BBl « RN LBEBRTEYETFTER B L
BB ZERE « J7 W AR E S, IRBR T i it B4R T
SRS INIHERBUNH FERE. Bk
RAE—mMamElEil - &« gz, B
AR ERULFIRE L FEM E/NRER™
HENBZEHNGITM, %P R E 5 CFD Mgl
R E pE A 36, A3 CFD 8 Wk Y 4 38 8] Bg Ry
Tmm, BIEX k=10 7. & « J7 (6 L BYSE— B AF A )
B85

O =[0,,0,,,06] . (23)

NERERHFHTEWTENTIE NE L
Fi 18 B9 OPD RmH

OPD, =Lk-0 . (24)

BR/DREREAMABE S5, 2mE
LR, BEDLEZAMEXREANBT £2% , E
6 FR.

4 HiE

ACAEIEHE R ABUE T BT IC T SVD 4L
ShBERRSEICEER T BN, 8T T iR AR TS
MBI R E B K R . 48 1 RSR AR B3 R
EER R ER T B, T AR A RTRIRE,
(P ERR Z R ARXTIRZEAR T +2% . AERRAEIE
SRR D REEIR = A e B 2 MG T A Pk
THHBHAR.
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