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Density Reconstruction Method for Complex Flow
Based on Light Deflection
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High Speed Aerodynamics Institute, China Aerodynamics Research and Development Center,

Mianyang 621000, Sichuan, China

Abstract The reconstruction of flow field density from the measured value of light deflection angle passing through
the disturbed flow field, it is great significance for the in-depth understanding of complex flow phenomena. Based on
the deflection angle of light passing through the disturbed flow field obtained by the wind tunnel video measurement
method, the reconstruction method of complex flow density is studied. According to the relationship among
density, refractive index, and light deflection angle, the partial differential equation of density with prior
information is derived by variational method. The artificial neural network is used to model the measured data, and
the error magnification caused by the loss of local peak value is effectively suppressed. The results of numerical
simulation and wind tunnel experiments show that the density reconstruction result of this method is obviously
better than that of the direct partial derivative method, especially at the peak, this method has higher accuracy in
terms of value, which provides a new way for the quantitative analysis of complex flow structure.

Key words atmospheric optics; video measurement; density; complex flow; reconstruction

17 = ARG 0 CAT L R A kAT A,

23 JE S 2R i S AT s BOW I A B TN 2R i 3

2SR AT AR S TR RS B N R ST O Bh B O IR R R W HE AL 4R AR

D05 EAE S W N T A AT AR A R R R e AT AR B TR S B i) Y B
RERBIE, s s iR shmsm TR

(IR N i R A VAL LRI D=y i /N P B BUE AR 5 AR Ny 15 G 0 3 s B R

) o G 3 I N s T Bkl R 20 R R IR 25 A eI 2R TS on R AR R T N A TR AL

KmB . 2021-10-11; & HEF: 2021-11-09; FHAABAHE.: 2021-11-17
BE£WmB. EXARB%IESE (11472297)
BIEEE . *huangxuhui_carde@163. com

0901001-1



MR

=42 % £ 9HI/2022 F£5 B/RFEHIR

PSR 14 BF 5 B A4 T UL A B {E e A B i e
gEIL . T OREEY IR 3 Won Tk EOE S Tk
JECLIF) F AR ki BRI (PTV) $ AR kT
L0 0 3 AR AR 4 A 1 P 9 B s T
T IR ERT AL R P 2 BT — B A R 25 i 3h B
G BXSF R RN L 7 B 4 M DL AE A0 R ) Y 345 b
B ARCOE 15 0 X 38K Py, A 3 3 B IR BT V2 LK
FRUPE 103 55 v 1 2 2% U 8l &5 R B 7S B 0 AR i S B 5
SRS EREES

HREUGE (BOS) HARRG T 8052 R PIV
R 38 3 0 64 2 3 B B0 i 3 0 I A 6L % ok 3k
Bk 3h T 3 45 4 HL A O I T 5L R AR AR
SEEE T AR R B PR BT P R A S A
P A5 # o L £ 25 5 A % T AR AL L S AR A AR X A7
BTG RIRS IR ZE . M. YE SRS
A A Z DX, R R e A e R A Ok
A] BB AN B i 45

R T 3R BOS A 78 & 2% i 8l W /s 5 1 A FE
AN A2 SCHK [ 18-19 1R U B 450 I & 7 75 5 BOS
e 4 A LAY ST HER B B AR 5 3 5 R A
BB R M B R 5 BT R R 7T DL RS B b
A5 FE A TG 2l I 5 B D2 AR i s iR & B
O AT AR . B SR 25 o 8l B AR Y k/
/By U2 & RS AR BEAEH R N E 24
5 i s SR T T B AR ARORE iR AT A A
S5 5 S W IR A AR R0 R B iR A
RS HGHAT IR, MO T IF i 52 56 45 5 0 0, it
e DL H A B R T BB A8 i 4 kAT e e, B
SRA 24 TE BOS B AR M 15w 4 46 B8 1 B il |, 3 2o
SR itk A R T R SR AR A5 U M 4 R A A AR
1E K 2 1 i 57 % s )t 2 SR ) e £ 5 2 s 1 %
DUt 152 22 , 177 HL SR i oF 72 vb a] B 25 o 30058 22 i R B
2, FHCR AR R E

Rt AR SCHE SCERL19 TR BE Al b, 51 X S B 3
() A A5 L T R T R A U B % R A T IR
WFoe . MOBRALEIE & AR5 B 53 5% Ot
LRARAT A A S F S T T B W IR st oy A
T N T AR SR G T A i RS B AR o
Jey S WAL 25 2R T Y O 1) 15 2 IO [)

2 FEARJFEH

2.1 BEHESAZEIANXE
e N S B bR iE s A i DR SR PO

S B 98 0 R AR R e, e R

PEGER 315, BOS 6 I T 15 1 % 2 A 3 A S 3
ST B R U L R AL AR = MR Rk
KA

~ 1 J
e, =— J M, (D
di

Khi=zx,ysn, M on 5350 EA T 3 i 5 ) =5
BT Zy A SR BN BN i 3 vh o T Y R
B L RGO 1 P S i i v .
MTEINBHE p SIS R ZEH
Gladstone-Dale 3¢ R T] 3R/~ N
n=1+Kepps (2
K op N Gladstone-Dale ¥ %4,
i 15 T Ol 2k A% i i AR 09 3T S SRS R IR 4R R
AR 2R () AR (L) B AT 5 2 40 3 i 4 1 2k
ek A b % BB L G AR & D7 1 F y 7 1] B9

WA 518 p Mg Feik

1+ K(;D‘Oo“

— > €.
AZl)[{(}l) »

, (3)
L‘ 1 +K(;Dpo‘

T N7 Ko
Kr:o) WARZMIMEERE .
2.2 ZEEEERE
W Fp R AR X IR D1 148 B 43 A bR A o (s
) LHChH B AR Sl HARiz R, KB AN

do  ~\' (dp ~\®
— P @
Jmﬂp)ﬂ[th p) (5 q)}dx¢y+
Azﬂ(p*p/ﬂ)zdjfdy, €Y

2 o) kR SR ik DX SR 25 BE o3 A SE s A K GE )
280, BB 1 Hansen %570 32 H A9 Ll 28 125
E. RDFESH Y E T NFEREE o(x,y)
B A 3 5 5K (3D T 2 00 i L 1 10 2 MR Ry 5 56
TN IE W AR I, T 5] oK i A R ) T
HR,

iz FAZAE 4 IR E ] 5K (4) i 32Z bR R (L ) 4 Ak
SRR A3 T R SR A T, B Y 2 () B MBS S o (o s
) il g A 53 T A B

b=

Po  dp dp  Iq
dz*  9y* dx  dy
2 (5) K Poisson JrFE, 45 G i F oAk A BR
2253 75 15 BOA BROTIT R AR OB (EL A
2.3 HENKER
32 B AW A DR/ SR IE 5T BR L BOS 3

2o —p. (5

0901001-2



MR

=42 % £ 9HI/2022 F£5 B/RFEHIR

A5G AT 7 1 A AN RE A 3 9 B B A PR AR
DUAEL - — 7 81 12 DR AN 7 sk O b A 35 17 0 4 1% 22, )
F A7 Jry 0 U (25 2% 1 [ R, o 2R 4 AT 4
15 BT RE 23 Y PR 22 R A 0 5 53— J7 T BU(ELR
il T3 0 AR Ak Ao DL 5 AR i R e 2 A

Sy 1R 25D B i R UE BE L 0 T AR 2
XTGPy GE R AT B, B4 W 4 I 4R Fh 4
HIE 1 R mEmAR RS ESEN)ZE =4
R/ R TN =B Sk TNG 7 B TR S0 WA L P £
A b R R RS R DU B A R O
2. NEEE S T0% B ECEE RN 2R T
TR S50 40 1 15 Y0 MBI AE M S0 uE 46 . T
W25 D AG B AL RO, 10 0 B 2 0 Bl 2 e B
Pl 15 20 MBSO 1 S ik 48 L T O Ak B 7Y Y o
2z AL hE

DA B8 ey (RIS 7R S R i P (B Y 38 7 R 25 R
F F5 26 2, {# [ Levenberg-Marquardy it 4k & ¥ 3

input layer

hidden layer

output layer

gradient
value p

gradient
value q

=t Y—"cs

________

P R 4 A
Fig. 1 Topological structure of neural network
SRR A 2 00 26 A5 R AR AR A R 2 o TR R A N
AR AR 199 2 0, B 31 3k B s R Ok K s
WA A 2 O 15 22 Wl RS AR R N AR B A S
i Z A AR LB N O AR . X AR A E A
(g sy o 00 FH 2R A5 18 A0 4 28 X T 58 i & B, 3R

b
oz

N 4[P(xy, +0.5h,y,) —P(x, —O. 5h,y0)]7P(x0—0—h,yo)*P(x0*h,yo)

(xgayy) 3h 6]1
AR , (6)
gﬁ N 4[Q(xysyy +0.50) —Q(xysyy — 0.5h) ] 7Q(xo,yo +h) —Q(xy sy, —h)
dy (g sy) - 3h 6h
o 9p Jq o . R
o2 mg? sy p o DR
o (yeyy) o (xy2yy)

Flq 26 (g sy ) Wb BIIR SR h RS 5K P (o
W QCx y) FUL (s y) WA 2 W 25 455 7 Y
iy i
2.4 EWEMIT

HR 4 A R 22 43 KR, SR FH IE 7 T A% Of 25 B 7
SR DX, I g S ¢ T SR B po 19 B AR bR
¥, B

D, vee(p)
E.i(po) = D vec(p,) —

Vec((})

b (7)

2

A vec(p,) wvec(p) Hl vee(q) 43 MWK A p, . p

Fil q v 45 3 5T 2 A VCHE B TR 9 510 1 ks D, A
D, 53500« Jr i Ay J5 ) A BR 2% 5 L AR AT
JLE = R S R A U E . KX
(T B e/ e figp A S X () B SE B 1

SR T BRI 3 T 2 X 45 1) S OB AR AR
BT B AR SCHEAT T L BT

1) MR %0 0 7 5 2 5 B eR ROk 7 AR B B
A5 3 9 B 0 i i M

2) 4y BB AR SCRY Rl g W45 R Oy vk
(NNMM) F1 B $ 5K fw 5 % (DCPD) J5 2 2k Al i1
Poisson 4 F& 555 45 v Y A TR0

3) AR AT RIS AL A i R A B 22 43 O ok
= (5.

P BRI 2 0y R B oA, Hoog I D = {(x
) | —1<<e<<10, — 1<<y<<10 ), H A7 6 £ 06 i 4%
M, %R Bh Harker 2577 38 L 2 0 F i 46 5 Bodis
R T B RS M TR A A BRI

¥ D 45 8] BE R 4 BIE 7 T A AR B R
% 5 PRBUI A BT 2 38 XK T A3 I A a5 Ak 1) e (L
JEUS s B e L LR AR 250 5%, 4y Bl
JANNMM #1 DCPD J5 ¥ > A 11 Poisson 5 # % 5

0901001-3



FE42E FIH/2022F5 B/REFFR

[ 2 R B A R B R
Fig. 2 Distribution diagram of density

function to be reconstructed

—
Do
(=3
(=]

1000

800

600

400

200

Number of times residuals occur

0
-2 -1 0 1 2
Residual

A Vit B A Y5 3L TR A% a5 Ak ) BBULEL PO A B 25 43
Tk KR AR 7 . AR A B 25 43 1 ik AR R
1 FE ¥ 5 — 2T A 45 A R W L S 56 RN W) 4 1B
B 0, Mk 22 0 R W SUAR R B0k B o R AR
UH 20k R,

& 3 451 T i NNMM Fil DCPD 75 WA A
VRIS A AR 2 B O L R iR 2 BLA
TEZR A3 2, 1 e A b 3R 7R 58 22 U A bR R
TN HR 25 AE B X R) 9 B B, N 3 T LR
i NNMM frf5 1y 5% 22 F 2L Eh o4 T (—1, 1),
B 22 e XHE R P BB R 0. 2275 DCPD J5 ¥ i 45 1
FRZEM A6 F (—10,10) , 5% 22 4 XHE 0 F {8 K
3.0592, HEA I m 10 ik £,

(©))

r

—_
S
S
(=]

800

600

400

200

Number of times residuals occu

0
-20 0 20 40
Residual

3 AFJ7 AT R A S IR 2 BT . (@) NNMM; (b) DCPD J5 i
Fig. 3 Residual histograms of theoretical values and active terms estimated by different methods.

(a) NNMM; (b) DCPD method

B4 25 THE y AbRfE o 8 B, bl T b 5 v Al
THAA TR S B E = A bR s b rg Mgl . A 4
A LUF 1, DCPD J5 ¥ fir 15 (1 75 V5 101 [ 2% 216 {1
U SR B O i L BT R 2 W O R 4
NNMM k145 5 5 B8 [H W) & 54 28 s 3
A — 2, 5B A 7E BEE 09 22 I DCPD Jf
MR Z . L LU 8 b2 9 45 10 2 2 )N 2T
LSS G 1 iR 5310+ 5 A 5 T 2 DA 5 o ' = [l g
LRAMERFE

FR A b3 Ry ik A5 2 A9 A8 IR, 4
022 AKX ) TR A B 5 4510 T WA 5 ik
AR R 45 R 5 PR (E M 5k 22 0 A 18 . NIl 5 W LLR
i NNMM 7 15 /) 45 5 5 3138 {5 14 5% 22 29 16 (0,
0. 3) LN . ifif DCPD JikAE(—5.3) LI,

K6 4 T y =38 Wf. W Fh 5 125 B 45 1 45
SRS R 220 « ARtk 4. M 6 1]
DL H :DCPD J7v5 25 3R 5 B (A 22 R K B
TR L K IE SR A TR IR A T AR % A bR

—— DCPD
| —— NNMM
—=— true value

—
(= ()] =]

I
at

Value of estimated source term

Bl 4 HIRTASTHE S BB o A AnAsfh iyl 2k
Fig. 4 Curve of estimated and theoretical values

of active terms varying with x coordinates

A PR K A 22 5 B s NNMM T 15 14 25 5L 5 33
WY AR, BARTE A b A 22 5, (3 05 (8 R
fiE AR AL B — B,

T 2 1Y £ 0 pR K, NNMM JIr #5145 3% 09
AT DCPD J5 ik, 5 FS (8 M 58 22 78 (i L L
DCPD J5 ik /N—Hi 4

0901001-4



=42 % £ 9HI/2022 F£5 B/RFEHIR

Residual Residual

0.30
2

0.25 8
0.20 6 0
0.15 Sy )
0.10 5
0.05 -4

0
0

0 0 5 10
x

5 B E AR S IR 2 A . () NNMM; (b) DCPD J5 ¥
Fig. 5 Residual distribution of density reconstruction results and theoretical values. (a) NNMM; (b) DCPD method

@ 4[~DCPD ®)
~NNMM
—ture value 0 kﬁ ,,,,,,,,,
3 2l
=
(o'
| —DCPD
~- NNMM
-4 -0
-0.3
-5
0 5 10 0 5 10
x x

6 HHAERMAMZ . (DIRERE « AR L 5 (b) 5% 2 1 28 1k il 48
Fig. 6 Variation curve of reconstruction result. (a) Variation curve of residual with x coordinate;
(b) variation curve of residual
4 RUA SR 2 S e Fﬁﬂ@t’dﬁé\tt“ﬁ G%jj 90 mfn,‘WJﬂJJi@ZZA%ETE%J
5 mm BOGF PR, SCI DA 1.5,
7t CARDC #y FL-21 KR G % B R F b measurement
0.6 m>0.6 m)#&H T T BOS By 9045 I ' i test model
mE 7 iR, BEE ORI RRANEREICN Z,.
TR B35 A TAT A A B A S L B AR 3 mm
1 1 B B 90 5, A 28 AR T2 s i R0 8] B R
6 mm, I EMNT N 1.2 mX1.2 m, K6 NBEMA,

33.3 mm
N |
200 mm : 200 mm !

———y e —

FAHLAF BER N 5120 pixel X 5120 pixel AR IC R K P8 SEHR A I X A

4.5 pm,%ﬁ%ﬁﬂﬁﬂﬂ 35 mm. B G E] 1 ps, Fig. 8 Experimental model and measurement area
SCE RN A 8 B, P i XN B R AR L 2 TETC KPR ST L Al AR BLIC % — IR 35 S R
background observation window test section camera )I%,ﬁ\:f;f(%? 5% IEH%O K R 3l i ke s 10
N 1 2 0 5280 269 7 5 19 68 R0 0 7
KA FAEA TS i I T SEH B E AR 92 A
A | K2 B ot B SR BT AR I e A R A 9 B
| 7o DNIEL 9 AT LUFE H 2% 25 A R0 52 3 1 e 35 1)
! z, | i | : JREET SN E L LA A B SRS R R . O TR R T
| z ' I 0 295 SR O 3 R S I Ok AR R 0

M S 25 AL [R5 A B R T Bk AT H A Al
NNMM i i & [X o % BF k47 8 2k,
TSI T 2 T i T AR O A SR

F7 AU

Fig. 7 Video measurement optical path

0901001-5



EA2E FOHI/2022 £ 5 B/HEER

-40

-150 -100 -50 0 50 100
2 /mm

P9 i A A 00 e 45 2R

Fig. 9 Measurement result of deflection angle
O F1h 8 S B0 B A AT A, T LARUSp) Y %85 R e 2 )
FEME S AR IC R AR AR 1] B AR LR PE R IR S 2R 5 46K
e FH XE D7 T8 A ) 23 0 4k DX 38, ol i /D o vk A
THE SR 56 (6 AR 5 AT 3K C6) T 58 A7 IR 30T 19 A 3
B fi e AT R 22 20 7 R AR MG (5) 5 2 7 e 9 4
{ELA#

P10 &5 Hh T 320 JEEASE ) 8 Ui 8 3 1Y o A 2
5 A HREE p., B AR, b B ik i 5 8 4% 55
RO R ARIC, E 10 W] LA 3% 45 s i R 2 i
o O 2 B 2 AL R Ok I AE I AR T 4 OF
Uy 53 ¥ W0 JC BT VD)2 9 15 3 s i BE il 45 B0 fd 2

@ plp..
) 1.10
1.05
é 1.00
= 0.95
0.90
-0 0.85

Z100 50 0 50 100
2 /mm

i T I 3T 14 2 A 1 R E 25 TR 2% 1 7 I b g DL
RO HABURHA R 42,17, T SRR RO 1.5 X
BRI T 6 R AL 8° X 5 A i I % B ik 16 AR
ZETRM DM E B EEBEAN.HT
TS T U B A A B ) . ARG b )
S5O SR B T 2 M DG BRAG T R SR U B S R L
Ji S AR 3 B B0 R S R T .

Plp..
1.10

1.05

-100 -50 0 50 100 0-90
& /mm

Bl 10 NNMM #0245 50

Fig. 10 Density reconstruction result of NNMM

T Bk NNMM frfs i 25 58 . 23 518 H DCPD.
A BRIC 5 i (FEMD X 28 (5) 47 BUE R A, T 15 45
mE 1 fE 12 o, B/ 13 4 T =R O RS
ZE BRI AL KRN —10 mm A1 35 mm Al ZR .
(®) Php..

e ' 0.08

0.06

0.04
0.02

-0.02
-0.04
-0.06

-100 -50 0 50 100
& /mm

11 DCPD FikfEERELLR ., (OE5H; (&R S5 NNMM Ar 1545 5 19 i 22
Fig. 11 Density reconstruction result of DCPD method. (a) Result; (b) deviation of result from NNMM results

php..

- 1.10
i ij 1.05
oud 1.00

B 0.95
o0 090

-100 -50 0 50 1
& /mm

(©) php..
60 &\ 2 I 0.04
10| i 4 Hoos
é 20 0.02
B
0.01
0
2R -0.01

S — =
-100 -50 0 50 100
& /mm

Kl 12 FEM M EEELSR . (O4H; (DOERS NNMM F7 45 245 5 1k 22
Fig. 12 Density reconstruction result by FEM. (a) Result; (b) deviation of result from NNMM results

0901001-6



1.00

0.95

plp..

0.90

0.85

0.80
-150 =100 -50 0 50 100
2 /mm

FE42E FIH/2022F5 B/REFFR

0.98
-150 -100 -50 0 50 100

& /mm

B 13 BEFREEREARNFE vy HETFOMLLE. () y=35 mm;(b) y=—10 mm

Fig. 13 Curve comparison of density reconstruction results under different y values. (a) y=35 mm; (b) y=—10 mm

P 11~13 0] LA H . = Ff 5 3k A9 37 3h 45 # 3
A—F L NNMM 4 i 25 £ 5 FEM W & 8 4, &
1B 22 5% T /N5 A 9% BE 43 A W {H &b, DCPD Jr ik 5
NNMM F1 FEM f i 22 8K, 3 02 i T B4 0 B9 1
DU R AT I 5 8508 35 & S B0 TR0 & ORI 22,
[7) A 12,350 ) T 38 2ot o 425 ) 4 0 A IR S I i AT
R, R A AR5 ) DR ) 0 e 25 2R Al R A 3% 25 R

[m] 51,
5 4% 1w

AR SCAE IR D7 v A B O 28 i 3 A BY SE Ak
b IF TR IR U S R AR T ik g . BUfE
FLRIXGI S g 85 R R AR SO ik e E B R
Z 1) L 20 9 BB 43 A, T A A R A R e
BTk JU IR AR 4 B o0 A 0 (A AR Y 1 LA B
FIAD T E

AR SCTT ¥ O e s U R 2 U 2l B4 B3 B A3
TR AT B B RTS )R, R — g g
SMRB Jy 2 AR OGBS | WIF ST S A it 2l b o L
S HE AR 2B R NG AR

s £ X #

(1] ZEHpmc, R, #E4, 5. a8 HLe o B A A M

WhoT 3 R 5 R [T, Mt & % i, 2020, 41 (10):
023809.
Ai B C, Song W, Dong L, et al. Review of aircraft-
store separation compatibility of internal weapons[J].
Acta Aeronautica et Astronautica Sinica, 2020, 41
(10): 023809.

(2] BE%, &, EEE, 5. NI SO0 i
BRI, Mz #4k, 2017, 38(1): 120114,

Xue F, Jin X, Wang Y C, et al. Wind tunnel test
technique on high speed weapon delivery from

Acta Aeronautica et

Astronautica Sinica, 2017, 38(1): 120114.

internal weapons bay [J].

[3]

(4]

(6]

7]

(8]

(9]

[10]

[11]

0901001-7

N R BoaR R M. deat: BB Tl
fAl, 2002: 1-2.

Fan J C. Modern flow visualization [ M]. Beijing:
National Defense Industry Press, 2002: 1-2.

Settles G S. Schlieren and shadowgraph techniques
[M]. New York: Springer, 2001: 28-34.

Stallings R, Wilcox F. Experimental cavity pressure
distributions at supersonic speeds [EB/OL]. (1987-
06-01) [ 2021-02-05 7.
citations/19870013193.
Zhang X, Rona A, Edwards ] A. An observation of
pressure waves around a shallow cavity [J]. Journal
of Sound and Vibration, 1998, 214(4): 771-778.
Unalmis O, Clemens N T, Dolling D S. Planar laser
imaging of high-speed cavity flow dynamics[C]//36th
ATAA Aerospace Sciences Meeting and Exhibit,
January 12-15, 1998, Reno, NV, USA. Virginia:
ATAA, 1998.

Ritchie S, Lawson N, Knowles K. Application of

https: // ntrs. nasa. gov/

particle image velocimetry to transonic cavity flows
[C] //43rd AIAA Aerospace Sciences Meeting and
Exhibit, January 10-13, 2005, Reno, NV, USA.
Virginia: AIAA, 2005.
Beresh S, Wagner ],
velocimetry of a three-dimensional supersonic cavity
flow [C] //50th AIAA Aecrospace Sciences Meeting
including the New Horizons Forum and Aerospace
January  9-12, 2012, Nashville,
Tennessee. Virginia: AIAA, 2012.

JE, 5, EHY, S AT W E M 2 B
LT I Ty s E R (0. ek, 2021, 41
(12): 1215001.

Zhou W, Wang F T, Wang X X, et al. Particle

Pruett B. Particle image

Exposition,

streak velocimetry method based on binocular vision
and multiple exposure[J]. Acta Optica Sinica, 2021,
41(12): 1215001.

EHW, A, Lo5m, % T B AR R T8
M )] . e, 2021, 41(19): 1912004,
Wang X X, Zhou W, Wang F T, et al. Particle



MR

F42F5E FIH/2022F5

S 24 24 4

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

streak velocimetry based on defocused imaging [J].
Acta Optica Sinica, 2021, 41(19): 1912004 .

XU, W7, A, . R E RS PIV HAR B
FTRAG R ] FLER A JI%%, 2016, 30(1): 28-
42.

Liu H, Chen F, Li X J, et al. Practices and
challenges on PIV technology in high speed complex
flows [ J]. Journal of Experiments in Fluid
Mechanics, 2016, 30(1): 28-42.

Venkatakrishnan L, Meier G E A. Density
measurements using the background oriented

schlieren technique[J]. Experiments in Fluids, 2004,
37(2): 237-247.

Moumen A, Grossen J, et al.

Ndindabahizi I,
Visualization and analysis of muzzle flow fields using
the background-oriented schlieren technique [J].
Journal of Visualization, 2020, 23(3): 409-423.
W, FHE, kB, FET BOS H AR M % B I 2
L. W%, 2015, 29(1): 77-82.

Zhang ], Xu D, Zhang L. Research on density
measurement based on background oriented schlieren
method [J]. of Experiments in Fluid
2015, 29(1): 77-82.
Tipnis T J, Finnis M V, Knowles K,

Journal
Mechanics,
et al. Density

measurements for rectangular free jets using

background-oriented schlieren[J]. The Aeronautical

Journal, 2013, 117(1194): 771-784.
Amjad S, Karami S, Soria J, et al. Assessment of
three-dimensional  density = measurements  from

tomographic background-oriented schlieren ( BOS)
[J]. Measurement Science and Technology, 2020, 31

(11): 114002.

B, AR, ToKSE, S KR A 36 % T
A a5 EA )], ¥ A, 2013, 33(10):
1012003.

Zhao T, Zhang Z Y, Wang S L., et al. Measurement

and reconstruction for large aero-optics wavefront

distortion field [J]. Acta Optica Sinica, 2013, 33
(10): 1012003.

RAET, EWE, HAUE, 5. mHEE A0S
AT [J] . Mz 24, 2017, 38(8): 120989.

Zhang Z Y, Wang X S, Huang X H, et al.

Videogrammetry  measurement for  high-speed
complex flow structures [J]. Acta Aeronautica et
Astronautica Sinica, 2017, 38(8): 120989.

REFWE, HALF, TR, S OB A E0RE A b
FERR 2 [T]. iR, 2020, 40(7): 0701001.

Zhao X H, Yi S H, Ding H L, et al.
optical path difference of supersonic semi-free jet[J].

Acta Optica Sinica, 2020, 40(7): 0701001.

Experiment on

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

0901001-8

FE, IR, AR SR T BP R R4 GNSS-
R0 XU S (] % % 4R, 2019, 40 (12):
323261.

Gao H, Bai Z G, Fan D D. GNSS-R sea surface wind
speed inversion based on BP neural network[]J]. Acta
Aeronautica et Astronautica Sinica, 2019, 40(12):
323261.

EAE L, WO, SR, S U O % R K gl
oI bz W 2% 0k D] A SRR, 2018, 39(10)
122244.

Wang Z K, Jin X H, Zhu Z B, et al.

method for

Neural network
predicting density fluctuations in
supersonic turbulence [J]. Acta Aeronautica et
2018, 39(10): 122244.

Ak, AR, fLASE, AL AR T N s R A i AL
WHRASH LT, Je¥¥ i, 2021, 41(11):
1117001.

Xu G, Dong L Q, Kong L Q,
inversion algorithm of biological tissues based on a

2021,

Astronautica Sinica,

et al. Parameters
neural network model[J]. Acta Optica Sinica,
41(11): 1117001.

Chen J B, Wang M, Xia W. Neural-network-assisted
femtosecond laser pulse duration measurement using
two-photon absorption [J]. Chinese Optics Letters,
2020, 18(12): 121901.
Cozzi F, Gottlich E,

Development of a background-oriented

Angelucci L, et al.
schlieren
technique with telecentric lenses for supersonic flow
[J]. Journal of Physics: 2017,
778: 012006.
Hansen P C,
the regularization of discrete ill-posed problems[]J].
SIAM Journal on Scientific Computing, 1993, 14(6):
1487-1503.
Harker M,

Conference Series,

O’ Leary D P. The use of the L-curve in

O’ Leary P. Regularized reconstruction of
a surface from its measured gradient field[J]. Journal
of Mathematical Imaging and Vision, 2015, 51(1):
46-70.

Sridhar V, Gai S, Kleine H. Some numerical studies
of rectangular open cavities at Mach 2 [C] //19th
AIAA/CEAS Aeroacoustics Conference, May 27-29,
2013, Berlin, Germany. Virginia: AIAA, 2013.
XR, BOEAE, o, S RS A R B AR
P B M s F S R R (D] A 24k, 2018, 39
(11): 022366.

LiuJ, Cai ] S, Yang D G, et al.

in wave evolution and noise control for supersonic

Research progress

cavity flows [J]. Acta Aeronautica et Astronautica

Sinica, 2018, 39(11): 022366.



