%43 % £ 24 H1/2023 F£ 12 B/HFFR

kIR
P2 N B8 0 PRI 2 1 R v AR 4T 1 58 43 R
BELAEHL FR hna BRF L BB 2R

U E A S RS KR L s B S M EOR TSR, UL 4B 6210005
SR 2SR RS S R R R BT A RS s OE S e, U1 4B 621000

WE  ARMEIES 0 F(POD) ik B2 3z W T R 28 AL B AL 09 20 07, (H H: B 3 Tk sl B R A7 7 B B 1A BRI, A
A6l 5 IOk i P SR i AR O AR A 1] b A5 TRV ME L 5 A 1) B AR Wit 450 2 52 i X BE AL 1 e 3T Rk A A o ST AR SC o ST
T3 F B JE 7 (Zernike ) Z 1 XX MAL R L) Zernike-POD J7 7% , FH TS 80 6 #8500 19 B BB S G871 20 o X6 7 [52 4ak [m] 5t
Zernike Z2 30 2 B4 € 5, 45 B IR B0 0 A0 23 A1 2 — — X B9, OF HLIE & UL S By 22 500 sl 2 LB DR 45 Fh &8 2% Ik 1
JEAR o Zernike-POD J7 32 th X U 7 A% B 20 X Zernike 22 300 SO AN 5 B0 20 fif AR A 3153, h 1 22 30 20 B #0027 1 I i
1) 25 [ T 0o 5, DRI, S TR A o 100 i B R I, T 5 B i/ T B AR B 4R 5 . Zernike-POD 5 3k AN 48 2k 25 (8] 43 38 % | [F]
ik AN 75 T R o] i o SR R WURC, DR B ) 8 31 AN 52 5 i, TR (0% O AR S LA R (G A R . R IR TR T 1A
B R IA AL 7 1 FF I (5 8 3 A0 0O 0, 31330 (50 R B 98 % 10008 8 55 g 7 A 1 I 1) R 401 5 sl ol 2 R B L e
BRIl AU S S0 BT, IR S 18] 43 HE R O 100X 100, SRAEEWIE R 2 J7 W1, Zernike Z2 30 B0 R 217 By . — B
TS VEAT /AT AR AL, B 5 =B DU By 5 T B A A 3 A A TS X 96 R 5 T 10 B A AS BB A8 3 A AT SR DR TR IR B 49 B AR S
TTREAE 97 %0 LA b, FH 50 RS FE A ) U0k T 5 R It TR A AR T 25 5 A A N AL R R L T R B B B i R R
BT RS L R KU Ty S 4 04 A 2R 5 0 A B T s i Tk sl R 0 A SRy — B, 6 I 1T A 0 A B 5 0y
IRELSt 2 0. 22, Zernike-POD J7 v 18 FI T 5 3 I 57 AR A4S 43 M7, B35 - 3R B R0 1E D7 TR 38k, IR BB 4k ) B 3 S 45 4
KI5 515 5 55 b J 4k

KEW KA MRS, KRB e w20

hESES  0436;0355 XERFRER A

1 9 =

ARAE 1E 38 43 it (POD) L FR Ry 3 B 40 43 it , & S
— % BT IE 38 BB S il A B ML, RS 5 RE R/
HEFP ) T 2 G 0 B B 2 DA R R L D
I, 4 A B4 AL BRI fE W H TR M T 450 4
UINGEE SIS S E TR B XS e i
290N GE T R AR S M O TR )2 . 2001 4R
Cicchiello 2" POD I F 75 I 45 il T #Am8 i — 4 37
SR 053 B, AT 20 OB 2 B AR & R T B R 3
I3 A5 52007 4F L HREEFH POD B 4 S H 43 it (SVD)
D7 3R REAS L 4 A T 9 R 3 4 A 5 2013 4F Gao
UV POD 5 ik #7622 (OPD) 45 By B2 I AL &
BB B ) 9 A Ak OC &R L 5 I H T OPD 19 & i A8 4k fil
ffi 3 2014—2016 4F Mathews 254 POD 43 fi# 75 1 1
T OGRS =g GRS S UTiRE i
U AR S X L IR, DA R 4% B X A 3 R Bl O S s
T ASE 285 9 5% 0 1A 45 5 2016—2019 4E Tumper #5471 19 <
ot aE H AT % POD 5 35 H FHLER sl ek kAT

DOI: 10.3788/A05230559

I BOE A3 BT, 5 B AT BE AR RRAE R Bl R A S D
Fext [ 38 I 2 A TE R TG A R AT S 5 2022 4F
Sahba %" 3 T POD J7 ¥k, & J& T o & #5 X 43 it
(DMD) J5 i , FHF ML 85 75 o S sl ol 2 3 50 Hh s B s
M o

POD J5 ik b L A Bk o B #35 H
Lumley """/ 7£ 1967 4 € 57, H T R fift 2 [] 2 16 40 B 1)
R AEAE RN R AIE 1) £, DG G I 100 4 5000 3 10 245 ) 8
SR, s A B R O i AP AR TR R R
FH A7 22 %5 3R f TR e o DB i Sirovich ™ 7E 1987
AR FE ST, B B R SR B TR) %) SC IR AR B L R FH £ 200 i Y
Bl AL RE |, O 15 R 4 4 % A B 35 PR IR, i POD
05 9 o ELA S PR AT SRR (8 A /0 i ik RE TR T 40
THRRE A3 A 20 SR S AN FE 40 B0, 1150 A0 25 2 i 5
5 i A i) B B R) S [R) RS TR o 2007 AF I SCRR ST X
PR PR AT R 2 18] 20 B R AL HR 4 AR R AR MK,
FHF- (AR, W) 24 i) S B 194 24 250 1 IK 22 Dok /) 1/
16, (HIZ 7 1 23 B A2 1] 40 90 R 52 M 50 285 J0047k 40 v
Mo 24 Mk, BRI B VLR CF F 17 e 45 2

i BHEE: 2023-02-16; 1B BH: 2023-03-30; FABHI: 2023-04-13; MEEHEZBH: 2023-05-08

BIS1EE . yqeardc@163. com

2420001-1


https://dx.doi.org/10.3788/AOS230559
mailto:E-mail:yqcardc@163.com
mailto:E-mail:yqcardc@163.com

R R WF 5T N B B X POD 7 #5 5] A Karhunen-
Loeve (K-L)4rf# . 350 K 3 (PCA) 43 ff 1 SVD 4§
D7 3B AR R 5 R AE R AT) SR A L TR
T H SR TC B MARAS | i v POD J7 i i+ B3R 51t
SRS FE ARG — 1 [R)

YT, B X POD 7 ¥ A 76 0y L3 ) 8, AR S
3. T Zernike POD(Z-POD) J5 &, 51 A T 3 F Zernike
Z2 3 X 19 U i EE A IR T, T I ] 2R B Bl ot 2 A
BB AT RS G . 2 Zernike £ 51 2 B 4L
Y Ja AR BB A B I R B S BT A A ——
YR 5 2, FF H S 2 500 B 19 Zernike 22 11 2 5t 2 DA
52 I 45 Pl IR 2 D TR AR, % HiE 4 A ELAT B A ik 2 1)
fig o Z-POD J7 I /N 5 X5 I 1 A% B F 47 43 i, 2 %)
Zernike 45 By IR EHEAT 20 i 45 B0 45 B D AT R A 9
I O T I A 5 S R AR T B ROCR A LU R . &
325 X 5 T 5 R A BSORI B v SR A S A PR ) IR I, 7R
75 (8] 5 W] A R i HER . BE T Zernike 22T
21 Pk A R A B e I 7 R St A SR
= Z-POD J5 ¥ 88 % 1 FH 3 38k 21 JE S50 A0 1 7 T 3801
PERTREAS o, R i) DAHE ) B0 3% BMR S 15 5 51
E5100 7 2 T8

2 7-POD Kk

15 il B 1] 22 A6 B9 8 1R w (e, oy, 2), 5 A BT ARH AH 22
23 W T R I R 22 40 A R Ry T b A B 0 A A R
fIE B S I I O AR AR 22 o AR (I 20 R S A
BB AH 22 8 ax + by + e, X B a A1 b 43 5] & o 1] Fl oy
Tl 60k R, e Sk 5 BEORE A, U0 R Y e /s - 3 D 34 T A
f(a, b,e):[w(x,y,z‘)*(aerbere)T
o of of - (D
W
K, I a b e PR, B 0 AT B AHAE 22 ax +
by + e, FF M ¢ B 2P HT w (e, y, ) AN BR o 78 LR 3
HI POD H N RE 51 356 B I8 A X8 4 77 0 AR A 22 o
TE ¢ W) ZI W) AT w (e, y, ¢ ) 2K ] K Bt Zernike 2 5
KXHFE K
w(x,y,1)22;<:l(‘k(1)z&(1,y), (2)
A A & MR 22, 13X B k= 10K 5 3 B Zernike
Z Wi,
PR FEWIECN N Zernike 230 28 B 4k K, 1)
B HOE =X i [E] R 51 Zenike Z2 0128 2 BGE M ¢, (), H

han=1,2, -, NHkE=1, 2, -, K, MK ZEIEF U
P W)
(1) (1) cx (1)
U= Cl(.z) Cz(‘z) CKFZ) ) (3)
ci(N) ¢, (N) -+ ¢x(N)

$43%5 £ 24 H/2023 £ 12 B/REFZFR
FI S FR IE 22 45 (8] ST [
R=U"U/N, (4)
Ao, B R R K X K B (4 S5 FR 1 7 [ A7 72 KA
A T LB AR AE DL K KA H S H S RRAE 1) . 3 0E B
R RRAFE A 4 B K X K B X fA AR BE R A R AE ) o 7
BN K X KRR o, A
RO=AD. (5)
WM R B K AR 9 A, MR AR 0 8 @, (k) p=
1~K fl b= 1~K, ¥ iE{H A, I IR K /ANHERF A =2, =
A= = A FRIE T B @, (B) 2 K HEAT ) 4
A1

AF IV L, 75

A= & . ®=[p, ¢!, 0k
AK

(6)
A (5) AT AR H Jacobi 75 ¥k R i, 43 il 45 256 BF R 1) K
A FEAEAE A, A6 B AR AE [0 5 @, (k)oK AN FEAE ) 5
@, (k)R H Schmidt Jy ¥ 47 1IE 38 A6, [ i 247 B A7
A Ak P, H I 2 8 — 2H T T I A ) B B R R, SRR
Zernike Z2 I A MAL R EL ¢, (1) POD AL o BRI IERS
FEeR B o, ()5 12

e, ()|=1, p=1,2,-,K
1, p:q o (7)
B)eg, (k)=
0, (k)eg, (k) 0. p#g

FRIEE A, R EE p S o, ()T B ERMH
AL, WA p B A2 (L5 58 p B2 ) i B é s
Pmliuj‘j

P
Pro= % L% 100%. (8)
i&kf (BT 2B Zernike Iﬁ”@%%& e COTESS p MRS

k) ERIBEEBUIN R BN d, (1),

( :ch(t)%(/e),

TE ¢ i Z ) Zernike 22 T 2 & %0 ¢, (¢) FH A1 P B 452
B, (WEMEIR (1), 1 <P<K,JHEILEY
BB AT w (2, y,0), BRI — 752 X 5] T 5 b 1
Zernike ZI X R E ¢, (1) ST w2, y, 1):

Hep=1~K, A
p=1,2,K, (9

E(I,y,Z)ZZf:lE(Z)Zﬁ(I,y)
— B , (10)
C (Z)Zzpzldp(t)gm(/?)
T % /T 56 p BB
{wp(x,y)ZZflcﬁzk(x,y)o (1)
h=eq. (k)
3 uie b

o BAIE 7 -POD J7 % B9 ] 47 P, % 5 A Rl R 1)

2420001-2



AR e T D Rla Y SO R W) b ok =Y QIS G [E R S B =S 1 RS & i X
TR WE 1R, BHEAMERD=0.14m,
PLIRI A A2 D JC 4940 3 X 0k 30 X 20 X 1, H
HE 1) 30 R i) 20 W R FE Sl 1) R 1, 6 2A SR B 5
B AMES L, =5 LR >=1.5 LiFhHY
A AMBEE L, =5, Flif 5 WEEW B
L,=20,BmihHL,=L,=10, KR L#HBEM=
0.4, A EBZED WS HERENFHEHEEH Re =1.0 X
10°, WK B A 2A=0. 6328 um. FiHM# =24 29T, I
T 2% 1] 25 1l 5 %k 100 X 100, 3K 8 2 T it 36 1 45 1 T
B2 43 BT, v ot 5 it i 8] B B 1] A Az 0. 84 ps.
M 53 62RO A D5 F R 5 SCHk 19 JAH 2 oI
B 7 % AE R SRS A AL A L 4, R FH IR AL (LES)
) B TR 3 I S BB T RS (WALE ) B #80 JF J2 (51 k% 3 o
BOE AT B E LU T SR B oA
e sl , 2R 1 A BE A 3R AR TE 4R % (WENO) #% 28
FZS BRG BE vt 22 43 4% 5 5 RS B B 1A =, sl (] 4
HE[R]ARE SR L OBCHS 8] 26 e 2k AR SR e b X FR g -2
IR (LU-SGS) J7 ik Ay Bt [ 26 7 10 47
AR T B RSN o 2 RN 5 | A 1 U8 I IR A SR L AT
D 5 BRI R = A

B 43 % 24 H9/2023 £ 12 B /KSR

______

BT RS MR
Fig. 1 Calculation area and observation window

Fl24 0 TWAB 20 D85S AL = By
o Wahgead B2 kB DB R E sz, -
Ry S U B AE R X R A T 8 V)2 19 Kelvin-
Helmholtz (K-H)AFa g % S A4E |, 78 R 3l X JE B A M0
B 1T A R R BE L 4 48 o R AR 2R R T T iR A 4%
4 7 [0 A R 9 0 2 v B o o bl R v, U R o R
TE X3 3 2 B SRS, R T EE SR Vo DULRE B 1 0T
TR St (= D)V ) —RAE0. 2072 4 &

(@

©))

B2 ASTA I 20 B B b K3 A o () SR Z (b)

Fig. 2 Mach number distributions at different time. (a) Iso-value lines; (b) cloud chart

345 T2 WA B vt s B B 43 it V Bl A
] 9 78 Ak B H Ty i o R4 23l 3t 3 1T A AT e
A ) A v a2 B, S BOREE S VAR AL S BT G
1 FE A FEXE 2 5 AN BE i ge v A B b A5 20 TR
B R R T~ 0.0046s, XF I 17708 #5400 R f~
216 Hz, KM JE V.( = Ma. )~ 133 m/s, A #= & 12
D =0. 14 m, 52| W55 95 14 KRB S~ 0. 23, S JE 4
VI SFEYE 2 0 —10 m/s, AR PV HZ 254 m/s,
¥ 2 (MSE){H R 67 m/s. 7EE 3(b) i H 5 & V
[ Ty 2R3 o A v A5 3] 00 f~ 217 He, 5 2R A 131
SRR T A A T, AT A, DR
NI I T = Y B S S N N ]

P, fF fA~1.5~36.7TkHz It ¥F A M 7 X, 5
Kolmogrov [ —5/3 & B AH LE , R 0w K o

LA 25 31 AT I 200 18 30 BT 4 A1, 0456 5t 2 D
LB R A 25 0 B ET L F0BR R A 22 S R D
Zernike 22 391 =X H A4 19 P AT, 5 AT EE A I 22 I B A
K=217. T 7E 41 BR 6URH 22 15 22 5200 A B 8L JE
W2l G 2 R8N 8 A AR RHAR 22 5 HEAS & o T BR (AR
AR 225, ER I A I AT B Jeg P A T S AT 25 S L B AR 1
W) 45 55 4, IE WA SCHL Zernike 22 50 3 B B K=217 fig
fig 2 LA B T A AR AR

545 T £ A % Zernike £ T R AL R %
(1) TR RIS TET B B R LSRR BB A (E B 25 2R 0 A
FHc, (o) BB I Ok 52 B0 B 3, B0 45 B A

2420001-3



HRILX S5 43 % £ 24 H1/2023 £ 12 B /2R

(@ 200+ (b) 10'¢ 217 Hz
0
150 F 10
10t
100 o
2 "." 102
w 50r E 108
. ~
E o} = 1074
N & 10
. 10
100 10"
- 107 1.5kHz 36.7kHz
_150 1 1 1 1 1 1 1 1 10—8 L [ i i
0 002 004 006 0.(}8 0.10 0.12 0.14 0.16 10t 102 10° 10t 100
t/s f/Hz

K3 B i Ak B2 AR A B AR5 o Aii o () B BEAR A 5 (b) ) AR 3%

Fig. 3 Density variation and power spectrum distribution at point B. (a) Density variation; (b) power spectrum

NN
COLOCONIBINO === OO
TN N

Reconstruction /A Reconstruction /A

©

L0 TIO WO M= DD

LLLI LT bll 199

DU COCOCONINI = = O Oho o
LI 1] | 990
P OLICONININI = O Oy

SNWOHWO WO R
AR

o G O BRI 0 v
DO WD~k =0T

4 T [l 20 A R 23 A1 o (a) SR 5 (b) R AR s (o) FAS

Fig. 4 Wavefront distributions at different time. (a) Original; (b) de-tilt; (c) reconstruction

22 I A 508 o i /0N AV B R RUBE AH 22 o L B K A 0.9
FBCLE A [R) B 220 0 50 P 15 Xl A K ik T g i i i
R [70) 25 £ 5858 K, AN [R) s 2] 1) 0 T o0 A 25 SRR . 1B 6 :
S K=217 1, H R AT & By (425 kB ) 50 5 H L 5 i o 06
HILE SO0, b D, J& 35 07 RO AR 2% |, B & kK
Ao D, AE B B B3 35 T B AR AR T o8 i 348 0% s 2%
HE— 25 UE B AT A AR B A 22 5 LK Y K=217 /), AN

° scatter
mean

7] B 220 5% 2 B P 19 D, (316 F 0. 0062, 3E— B4 i oy o B
B 2 SC T 36 B Zernike 25 51 2% 19 5K A 5 11 4 Mo 4 J5E .

TR , T4 1 5 1 D 25 5 1 T 45 4 P 2 1 0 demie BAARH
ST 2 W R S ACRCR 167 2 1 T R e o T e

2420001-4



243 3% 524 H1/2023 £ 12 B/ ¥ EHR

scatter
mean

0 1
1 25 49

73 97 121 145 169 193 217
k

K6 sk

Fig.6 Wavefront residual

@
Mean /A
= il

T L] | Ooooo
HHEEEEOOO0OO DRG0

COHDNOCOTHSDND

CIESRIAINOE RN e =B s 14 =1 7 B 4 1
PSS A 2] . PEATEE 1A 5 R A A 7E 2 )
B 43 A1 A A AL, 78 B G b A R a0, 3 o I A i
HEHZ R PV A~3.0 . AR Z-POD J ik fEdE17
BRI POD B & A bR RS A 25, I 0L, #ig I
55 1 AR A R 1% 5 R A TR AN o

KOS T WAl 2~5 I L A I 20 A . X 4 By
BEASER M E R BRI PR 25 3
Wy V5B AR S5 5 B g E X 56 B L i B 4 4 R AE 4
Sl 1 S A=< )l S IR I € el 1 O ol o
FRAE

®)

Model-0 /A

| OO =N
HOOOOSLIUN~ION ™SO

= OO

7 FaaSUnT 550 1B s iy e EE . (a) B ZS I HT s (D) 59 1B

Fig. 7 Comparison between steady-state wavefront and 1" mode. (a) Steady-state wavefront; (b) 1" mode

B8 IEHTE 2~5 i A4 A

Fig. 8 2" to 5" mode distributions of wavefront

Pl O 2 R FH AN [R) [ A5 25 A8 B4 7 4 S AS ) i 220 1)
VAT, 5 4 R B 2 S X YL 45 T AT 10 B RS
49 BB M e ) 217 RS E A P AT A 25 R .
T 10 i 455 245 5 4, 8 8 35 AR B2 JiT I8¢ T R R JBE i &5 4 e
J3E s FH AT 49 BB A (F REAE 97 % LA ) EEM P AT, 44
P T RS AN 25 R, IR 5 R 4 () R R DR AT 0 A LA B
Wi s S8 ) K=217T h BE S E A AT, 5 15 4(c)
WU A 0 AR AN AFTEAR T 22 57 B AR A AR
—3

P10 25 T 4% B A5 25 XoF o7 ) R A B =X (8) 3
T B REE A . B L BRI L o RS A
25 FRIE(E A, = 0. 80, BB &= 5 FL 2 44 %6, UE B % A 1 B
BAHZE N K. AT 10 By B BB & 5 Hh 2 88 % , i 49
B i 2 e B oy HAE 97 %0 DL b, T 50~217 By A 45 fiE
m HAN K 3% Ze Ao DAIED O F AR R I8 AT 0 A R BRAR

o RS S R o o L IR AS 0] I8 TR 4 45 o A A
FRERS A

P11 R A TR 2R B0 A8 Ak S ) 3 o A, 4
TH 1~5 B F K=217 By B 25 i AL R 500 A 1 O,
RS IMA 2 B 20 (9) THER o B A AT R 55 b B[] &
JEE 1 A5 Ak S B B S A R B O Y O i 2 B
TS S K=217T SN R 838 T %
Ty 3% o A7 A7 78 B 10 4R 04 45 R /=220 Hz. f=
450 Hz, #4f b Sl 3 57 55 B3 B 43 i VI 2 BT
T A4 W A S AT AL Ay [ A 5 37 8 38 I 3h R 1T iR A 4
F4J32 By 1) 5 000 A% 3

4 45 %

£+ POD X LA [R] B FH T 5 B 1] 43 3 2R 5 3 ok b
TR BE AL 3 19 G 3 F o0 B 0 ), AR SC 7. T Z-POD

2420001-5



24 H9/2023 4 12 B /FFR

Front10 /A Front10 /2| Front10 /4
0.9 08 0.8
06 05 05
03 03 03
01 0 0
2o -0.2] ~02
—-0.4| | -0.5| -0.5
207 -0.7] -07
—-09 -0.9i -0.9]
~1.9) -1.2 -1.2
—1.4] -1.4| -14
217 -1 -17
-19 -L9| -19
-2 -2.2 -2.1
—25 -2.4| 2.4
27 -2.7] -2.6|

97% /A
L1
0.8
0.5
0.2
-0.1 .1
-04 -0.4
-0.7 -0.7
-1.0 -10
-1.2] -12
-15 -15
-18 -18
-2.1 -2.1
-2.4 -24
2.7 -2.7
-3.0] -3.0

E

RN

- GOCOCONININ = = O O 3
SNWODWOIWO R

E9 AR BT AT (2)105(b)49;(c)217

Fig. 9 Wavefront reconstruction with different modes. (a) 10; (b) 49; (c) 217
10} 100 (@)2.00 —s—mode-1
..." —a—mode-2
190 1.75 —s—mode-3
0.8%, 180 | —s—mode-4
* J70 1.50 —o—mode-5
0.6 BEER i{f {60
&& LN N | 50 \QQ
®
04 140
130
0.2 120
N 110
0 u ol & E e e .y
1 25 49 73 97 121 145 169 193 219 t/s

p

®) 101 220 —=—mode-1
B0 45 i A6 45 1 J% il 5t T 40 HL 4 A 10 e
Fig. 10 Characteristic  values and energy percentage 105 —o—moge—g
—— -
distribution of each mode B 15 +$8dg-217
‘ e e e &
VP T I T 4L R B 30 3 2 R A 48 B * g0
Z-POD 77 #: 4 i 47 POD Jr % 19 3l 1=, 51 A 3 T o
Zernike 22 150 =X 19 I Hi5 T A8 FR YT, H ORI AT A S S0k X 103
Zernike Z I 20 AL &R BT & POD, f1 T 3¢ T Zernike 105 ; ; . ’ ;
10! 10? 10° 104 10°

Z2 351 3 I8¢ T T A 0T 0 i LA R A b BRI RE
JL Bir 22 50 2l RE 6 52 D 52 2 T I AR () I 0
R ORI R A WK AT T A PR N ik, Z-POD T
T ) ST [ A 0 35 AR TR AR B R e OF HL
AE A DR UL AT AR 25 0 A AT I 8 s A I 25 0 Bk 7
I8l 4 S U e 3 U 3 % 17036 457 77 A 4 s [ 28 51 30 i K0

f/Hz

LT A ISR B 78 A B 2y 3848 3 A1 o () BiEL IR [ 9 28 4K 5
(b) T A3 o3 Aii

Fig. 11 Variation and power spectrum distribution of mode

weighting coefficient. (a) Variation with time; (b)

power spectrum distribution

2420001-6



&5 43 % % 24 H1/2023 £ 12 B /R3320

S Hreh, Z-POD J5 ik [A) A H 25 F /D BB B 25 0 R 6 &2
JE D s U5 T T AR A P A, G PP 1B L 10 B BT 49 B A
Afeh b Ay BIALE 44 % 88% F197% UL |, FH 52 % ()
K=217 B A5 2 5 M4 11 I8 17 5 58 s 2 0 AS A7 7 AR Joft 2
. Z-POD FiEBE 4B B MR LW LR, HT
Zernike 22 35 3 ¢ 117 5 A4 X T B0 B L OE 5 2 1R
FH 802 0 2 3l 1 3 2 X3k i) 9 A 2 4 14
M, ) Bt W DA ) 21 4k 1 G R RS S 2 B 4
Mrab B

(1]

(3]

[4]

(6]

(7]

(8]

& £ x

Cicchiello J M, Jumper E J. Low-order representation of fluid-
optic interactions associated with a shear layer[C]//39th
Aerospace Sciences Meeting and Exhibit, January 8-11, 2001,
Reno, NV, USA. Reston: AIAA Press, 2001: 952.

Sk, BN, A MR AL R A2 O i AR T Sl W AR 4
{937 5 8 T 20505 22K i, 2007, 26(4): 312-316.
Wu L, Fang J C, Yang Z H. Proper orthogonal decomposition
applied in the analysis of simulating aero-optical distortions[J].
Journal of Infrared and Millimeter Waves, 2007, 26(4): 312-316.
Gao Q, Yi S H, Jiang Z F, et al. Temporal evolution of the
optical path difference of a supersonic turbulent boundary layer
[J]. Chinese Physics B, 2013, 22(1): 014202.

Mathews E R, Wang K, Wang M, et al. LES analysis of
hemisphere-on-cylinder turret aero-optics[C1//52nd Aerospace
Sciences Meeting, January 13-17, 2014, National Harbor,
Maryland. Reston: ATAA Press, 2014: 323.

Mathews E R, Wang K, Wang M, et al. LES of an aero-optical
turret flow at high Reynolds number[C]//54th ATAA Aerospace
Sciences Meeting, January 4-8, 2016, San Diego, California,
USA. Reston: ATAA Press, 2016: 1461.
Mathews E R, Wang K, Wang M,
investigation of aero-optical distortions over a hemisphere-on-
cylinder turret with gaps[C]//46th ATAA Plasmadynamics and
Lasers Conference, June 22-26, 2015, Dallas, TX, USA.
Reston: AIAA Press, 2015: 3248.

Kalensky M, Gordeyev S, Jumper E J. In-flight studies of aero-
optical distortions around AAOL-BC[C]//ATAA AVIATION
Forum, June 17-21, 2019, Dallas, Texas, USA. Reston:
ATAA Press, 2019: 3253.

Burns W R, Jumper E J, Gordeyev S. A robust modification of

et al. Numerical

a predictive adaptive-optic control method for aero-optics[C]//
47th ATAA Plasmadynamics and Lasers Conference, June 13-
17, 2016, Washington, DC, USA. Reston: AIAA Press,
2016: 3529.

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

2420001-7

De Lucca N G, Gordeyev S, Jumper E J, et al. Effects of
acoustic waves on optical wavefronts in flight on AAOL-T[C]//
48th ATAA Plasmadynamics and Lasers Conference, June 5-9,
2017, Denver, Colorado, USA. Reston: ATAA Press, 2017:
3832.

Sahba S, Sashidhar D, Wilcox C C, et al. Dynamic mode
decomposition for aero-optic wavefront
Optical Engineering, 2022, 61(1): 013105.

Lumley J L. The structure of inhomogeneous turbulence[M]//

characterization[J].

Yaglom A M, Tatarski V I. Atmospheric turbulence and wave
propagation. Moscow: Nauka, 1967: 166-178.

Lumley J L, Poje A. Low-dimensional models for flows with
density fluctuations[J]. Physics of Fluids, 1997, 9(7): 2023-2031.
Sirovich L. Turbulence and the dynamics of coherent structures.
I. Coherent structures[J]. Quarterly of Applied Mathematics,
1987, 45(3): 561-571.
Breuer K S, Sirovich L.
procedure for the calculation of linear eigenfunctions[J]. Journal
of Computational Physics, 1991, 96(2): 277-296.

WISCRE, Z258AR . ARSI I AR T B AR 1E 38 53 % R B 3
WALT] hE O, 2007, 34(4): 491-495.

Xie W K, Jiang Z F. Proper orthogonal decomposition and low

The use of the Karhunen-Loeve

dimensional approximation of aero-optical aberrated wavefronts
[J]. Chinese Journal of Lasers, 2007, 34(4): 491-495.

Liang Y C, Lee H P, Lim S P, et al. Proper orthogonal
decomposition and its applications: part I: theory[J]. Journal of
Sound and Vibration, 2002, 252(3): 527-544.

BRO3, B, 3E0m, 55— R R R 2 AT O R R R G
CN114238862B[P]. 2022-09-13.

Chen Y, Xie W M, Yuan Q, et al. Wavefront characteristic
analysis method and system: CN114238862B[P]. 2022-09-13.
XA . LR AR AV, JL AT B AR AL, 1990: 110-112.
Zhao D X. Linear algebra[M]. Beijing: Higher Education Press,
1990: 110-112.

BRog, R ET, R, S5 I Rl i g R RS DAL
BERIFFELT]. S22 4, 2020, 40(16): 1601001,

Chen Y, Xie W M, Lu D J, et al. Study on unsteady aero-
optical effect of turret wake[J]. Acta Optica Sinica, 2020, 40
(16): 1601001.

Tamaki Y, Fukushima Y, Kuya Y, et al. Physics and modeling
of trailing-edge stall phenomena for wall-modeled large-eddy
simulation[J]. Physical Review Fluids, 2020, 5(7): 074602.
Sebastian K, Shu C W. Multidomain WENO finite difference
method with interpolation at subdomain interfaces[J]. Journal of
Scientific Computing, 2003, 19(1): 405-438.

Jameson A, Yoon S. LU implicit schemes with multiple grids
for the Euler equations[C]//24th Aerospace Sciences Meeting,
January 6-9, 1986, Reno, NV, USA. Reston: AIAA Press,
1986: 105.



%43 % F 24 #1/2023 £ 12 B/ RFFR

Zernike and Proper Orthogonal Decomposition of Wavefront Modes of
Aero-Optical Effects

Chen Yong', Li Yudong', Yuan Qiang", Yao Xianghong', Shen Junqi', Chang Wei’,
Li Hongxun'
'Facility Design and Instrumentation Institute, China Aerodynamics Research and Development Center,
Mianyang 621000, Sichuan, China;
*Institute of Computational Aerodynamics, China Aerodynamics Research and Development Center, Mianyang
621000, Sichuan, China

Abstract

Objective Proper orthogonal decomposition (POD) method has been widely applied to time-dependent field analysis, but
its direct method and snapshot method both have their inherent problems. The former makes it difficult to solve
eigenvalues and eigenvectors of correlation matrices, and the limited sampling number of the latter will affect statistical
random field analysis. The direct method needs to solve eigenvalues and eigenvectors of spatial correlation matrices, and
the correlation matrix dimensions are the spatial discrete points of the field. When there are more discrete points in the
space, the matrix dimensions are high, which results in a large amount of computation, consumed time, occupied
memory, and even difficult solutions. The snapshot method is to solve temporal correlation matrices. Generally, by
sampling about 200 frames, the correlation matrix dimensions and computation amount are significantly reduced, which
makes the POD method practical and operable. However, the few sampling frames will affect the statistical analysis of
random field modes, and the calculated modes will vary with the frame number and interval time between frames. Thus,
the Zernike and proper orthogonal decomposition (Z-POD) method based on the Zernike polynomial weighted coefficient is

established for statistical wavefront mode analysis of aero-optical effects.

Methods The Z-POD method which introduces the wavefront reconstruction method based on Zernike polynomials is
changed from the decomposition of the wavefront itself to that of the weighted coefficients of Zernike polynomials. For the
circle domain, given the Zernike polynomial order, weighted coefficients correspond to wavefront distribution one by one,
and polynomials of several hundred orders are usually enough to recover various complex wavefront shapes. Since the
polynomial order is far less than the discrete point number in the wavefront space, the correlation matrix dimensions are
reduced, with reduced computation amount and significantly improved computation calculation efficiency. The Z-POD
method does not lose spatial resolution and does not need to limit the maximum samples. Therefore, the temporal

statistical characteristics are not affected and predicted wavefront modes have high spatio-temporal resolution.

Results and Discussions To verify the effectiveness of the Z-POD method, we employ the large eddy simulation (LES)
method to simulate flow around a cylinder and calculate the time series aero-optical effect wavefront generated by the
Karman vortex street structure in the cylinder wake for wavefront modal analysis. The spatial resolution of the wavefront
1s 100100, the sampled frame number is 20000, and the order of Zernike polynomials is 217. First-order mode and
steady-state wavefront distribution are similar (Fig. 7), second-order and third-order modes, and fourth-order and fifth-
order modes are approximately paired with each other (Fig. 8). The first ten modes can restore the wavefront shape, the
first 49 modes contain more than 97 % energy, and the wavefront reconstructed with the complete modes has no essential
differences from the original wavefront (Figs. 9 and 10). The modal weighted coefficients and their power spectrum
decrease with increasing order. The peak frequencies of the power spectrum of weighted coefficients of the first five modes
are consistent with those of fluctuation velocity at the center point of the optical window, corresponding to the main

frequency of Karman vortex street, with the Strauhal number of about 0. 22 (Figs. 3 and 11).

Conclusions  As it is difficult for us to employ the POD method for statistical analysis of random fields with high spatial
resolution and high sampling frames, the Z-POD method is proposed for wavefront modal analysis of time-dependent series
aero-optical effects. Based on the original POD method, the Z-POD method introduces wavefront reconstruction based on
Zernike polynomials and carries out POD of the weighted coefficients of Zernike polynomials instead of the wavefront
itself. Since wavefront reconstruction based on Zernike polynomials has the function of dimensionality reduction for
wavefront, the complex wavefront shape can be usually restored with polynomials of several hundred orders, and there is
no strict restriction on the number of discrete points and sampling frames of wavefront. Therefore, the correlation matrix

dimensions for the Z-POD method are significantly reduced, the computational efficiency is significantly improved, and the

2420001-8



%43 % 5 24 #1/2023 £ 12 B/ RFFR

wavefront modal analysis can be guaranteed to have a sufficiently high spatio-temporal resolution. In the time series data

analysis of wavefront by Karman vortex generated in the wake flow around a cylinder, the Z-POD method also has the
advantage of restoring the original wavefront shape with a few modes, and the energy ratios of the first order, 10th order,
and 49th order modes are above 44%, 88%, and 97% respectively. Additionally, the wavefront reconstructed with the
whole 217 modes is not substantially different from the original wavefront. The Z-POD method has been authorized by a
China National invention patent. Since the wavefront reconstruction method based on Zernike polynomials is also
applicable to the ring domain and square domain, it is also suitable for statistical analysis of wavefront modes on such
domains, and can also be extended to analysis and processing of images, flow fields, and signals on two-dimensional

fields.

Key words aero-optics; wavefront mode; proper orthogonal decomposition; Zernike polynomial
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