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Fig. 9 Single linear velocity, average velocity and standard velocity distribution(sinusoidal fuction)

3 A EFH

B AR AR 5 Ak T 52 56 R AR (L AR A AR RN AR SE BRI R 3 e 9 R R R ST O
T E T A 2 M 5 245 SR 14 - A A 3 e AN () Ay A AS L AR A AN ] - 0 R 1) 3 3 3 BE A+ /N
T A B A A R ORI S P el 58 5 R 22 i S A . T R DA B K R TR (1 10) ik Bk
TEANTR] BT X e P 5345 5 (PR 11 G 2% 48 258 2 73 A5 -5 b o3 JEE 73 A BEAT LR (18] 12~16)

5 1 3 38 4

10 KB JEE S el 1°)5 i & 11 SR OG5 T A 45 30 i 12 O o 1 R Ui 4k (]
Fig. 10 Grayscale image and its rotting image Fig. 11  Velocity vectors and the streamlines

HI P 12~16 B8l ol LA L BE B 390K 9N 1) 25 584k 1 3 B 375 14 43 A1 B 0% T8 - 3t 5 s 04 8 138 3 433 W)
o AESEPR N AR BRI AT 6 W B B AR e K R R K R LR [ T 33
I S IOCIX I MG A 5 BT AR B I 53 A5 A7 75— 19 8] BT L 7 2 A AU R BR e R 22 .

(s lapepy

W0 15 200 250 300 350 400 450 500
Y(Pixel)

B 12§ =1 N9 m % 44l B O3 A S AR B A0 LA P 13 =4 I i S 2 A T A 5 v A b A
Fig. 12 Velocity distribution when BZ =1 Fig. 13 Velocity distribution when BZ =1

T B2 B B IO R I P B S T FRATTAR I AN R AR R % D' U 37 S A A
B I3 A 2 (8] A OC R SRR B° X AR S AR . AR P 17 R B A SR T DL G R - AE
B MR 2 BN L 7R 10~18 Z [A) 1% P A2 By BOF A AE B 3 20 LUR T2 T R, PR e I



678 S, (2016 4F) 45 31 &

T A 3 (ELRE X A 1k AR A 4 R S (0 A A AR R B ANk B R R A S [ A 2 (] Ak
JRE 1) 88 R S 1) i 250, S s 1o T v B2 45 8 LR S e A7 e O3

w -

"~
afin min o w e e

Standard
- Vertical

— Standard
- Vertical

Ovmag)apeppy
(vPxddpopA

Y(Pixel) Y(Pixel)

B 14 F=7 BFYhm 224k i B o0 A S bR el B A0 A bh g B 15 B =10 I 1h] 25 4 2 B 43 A 55 b o R 40 A L
Fig. 14 Velocity distribution when §=7 Fig. 15 Velocity distribution when =10

]

* Correlation coefficent of U
* Correlation coeflicent of V
Correlation coellicent of Speed

X

=

— Standard
+ Vertical

Ovixd)ipops
e w
U0 UOTPE[ALIO)
= =
= &

5
1 .
5 065 *
o

100 150 00 50 300 350 400 450 500 1 5 10 15 20 25 30
Y(Pixel) I3
Bl 16 =13 B9k 25 4 2k B 437 5 4 off 38 2 2 A LU A K17 FARHREBE 7 sl £
Fig. 16 Velocity distribution when F =13 Fig. 17 Correlation coefficient curve

4 HREEZMNENFLESER

AR SCEE X S TR D 3 SRV X U 3 B R, HEAT TR ) 65 B P I A T 5 ) L S
1.1 XREEHMNELR

S0 P X A TE T 0T R IE S 50 A 1 T R R IR I S T S R R T R . AR R A 4 ML N A By
TR UL I 37 AT A B SR S B 1Y g K R EA A [R) 59 0% BR 254 AR QB G AR R B 2 B
ANBURK , IR FH o S AR LA 48 DR AR A #6 7E PIMR R LA - NI EA T A S i i B i 5

SEYGTE S A A AT HE 0 /N B XU R e N HEA T B FR G0 R XU 32 AR T s A R R G R R
TR ARG K R G0 WO IR SR 8 O B% R e R R B R G R B LA B R G 2H . 52 A JRy A
& 18,

DRG] 32 A 388 ok I B3 ) 42 B S e e XU B L 4 ) i 20 2 3 e 9 AR S AT RS I 28 i
5 B 19 U B0 2 B AR AR 1~20m /s 1438 FB PN 5 IRUTIR 3= A 38 e JHE e 38 1 6 6% R O 4 TR AR A R B R 1Y
SUIFHEAT BRI PRUE R I B B E A5 0T 5 A R R T RO L W] AR R B 5 IR A RRIR A
N%5) . PR UEAE E B 6 IR 2, 5256 R AU B - HO6 a8 St Y % 22 OGOl R 9 AR A R G IR i i
At % 22 /Y R o' BRI 5 R DR UEARE &0 P15 8] 5 B AN BOK K, 52 56 2R HH e 3 RE AL 1 A7 TR SR 4 L 0000 9 375 i 5
Xf b ROHEAT FA 55 T LA 7 25 8] RUBE , SR 465 TR A% Sy B H SR AL b A A O Ak 28
1.2 MFEGXRFIHSEGE—L

T LA R B9 )5 18] 5 B N 3 T R AN 1R 19, K v S 48 ks 1 R AE 5 T i SRk ok
T S M ZAE S T X, S TR S BRAA 48 A R R 8 D6 A S R AT I L A SOR SE PR
I A0 i 37 R BEAT e 55 AR A5 R v 7 B2 37 . W 20, R FH 5007 3 6 U A 530 07 1k 6 3 A ] 119 HE 4 0 5K
XF TSR AS B B BE S AT 5 48 ARl 21 FNEL 22, FF 43 A 1 BE 43 A 5 AR v R RE 43 A1 R) ) A X 15 25 A4
X2, i 23,



55 5 B AR BTG U B vk AR T PR A5 5 AR F 5 R 36k 679

RS LR R {2 s

_:. \ ,"’ D L e e . -

; X

REHE.

/ \ R R

o1

.;_:"l ‘\-\
.-"'. N / "
0 O
\ /

FRETEEESEMR.

4 .

B 18 67 55 5w A S B 19 J& WA B iR T ER K i 5 X

Fig. 18 Schematic of experimental set-up Fig. 19 Flow field image of Backward facing step

>

1 degree

¥ fm

20 fil B BB PR e 10 S s ) oo
ER R R H RS R 21 B B R 5 9 502
Fig. 20 Tracer particle image and verification region Fig. 21  Velocity vectors and the streamlines

M 21 & 22 FEl 23 W] LLE
FERER T ER L YR ENBENT
— EAE B, T AR A Y R S AT e 8
TR M 5 bR HEAE W) & 5 B 0] 25 S8 20
DI B b R Ry A 4 0] iR 2 BE AR

P

-

clocity{ Pixel'At)

/

e
. AL
f= ===
R
L 4

/ — bR
- WERS
EIoEEs

X¥(Pizel)

BT 5928 DLF ARk T 0 f 234 220 54 200 34 350 384
A7 TR XoF A /0N AT AR X R P&l 22 o 9 B 3 A1 RO ] 3 BE 4 A1 5 A v L AR
P=30 L 1pixel 157 B 45 of 1 2= FILAR Fig. 22 Horizontal and Vertical velocity distribution

X5 22 B /N ERIR B T 1% A A L A B 0. Spixel 4183 I 8 AH X6 A R R4 %o R B T L e 4 X 38K

H T O 28 0 HE 1B BT 1 B R OEAFTE —E B 5K L RO ROBAE #E S R b, R e S8R U6 A
AR BT DLOE Fr 7 T IX SR i fE 1 o A B 25 AS Ak L — 2 i 22 5% LA ik il T S8 96 By A AL
B ) 3 ARV 22 AR R OB R T R CRRE L S O6 A B A HL B 1 B I 4 S sl IR I L O
LW I — 0 RE R . T BUR AR S B RO e B R A A5 80 RIEOE e i R 20 A e A 1
FR . AR P DK RE B LA 5 A R Y AR AL

P T T A A B PR FR AT e SR R LA B A B BE 7 A R S R S Yk EE 3 L b B0 1 B A B
AR EE G AT AE IE o SR T BB TE J7 95 J A6 S 90 7 B 52 960 Jim 90 B — 5K 3% 20 7R Bk 1 K 5 BRI 5K K
JE 5 8 L B B BE o3 A AN 3 50 AHX TR R BAE 7 1 4% s ROE BRERAF L B AFRATT AT LUK 52 56 vh 411 5% 9 K
B TR AR 2K B T A3 3] — A AHXE KBS 17 X (8) FT 7w -

I'=1/1 (8



680 S, (2016 4F) 55 31 %

l i S B R R 3 L IR 4 T L
04 1 owmmmiez 7ESE 0 T BSE B S AR A — R E K

8351 { | —— R E

| —umgiez 3, PAF MR K E SR —FhO7 %R TR
! TR R B W B L A S A L X
FOBE DX 3, % S A H — B ), R 45 2 1Y
EG AT S 35, mt o] LA 32 M 35 K 39
Tnie o X I AFDNE IR JBE 375 1Y 22 3K 40 2K (9) B

VAN

I'= (1= I /(T — L) (9

4.3 KBHERSHH
SRR AR R H LR S
PRSP AT AN &L 24, 45 3R WOR R AL

[l 23 AR b W 3 AR B A X 1R 25 A X 1R 22

Fig. 23 Absolute error and relative error

2. 2pixels , & B DX 35l P 338 B8 31 530 45 S LA 1 AT {5 X R 1Y

F BT ORI 3 3 194 6 % 3 IR (<Z1m /) JiF 1) 13 9 P 97 3 485 ) AN LA LD 7 OS5 X R
DA S T Ak B 235 B (B 24) ) 5R R 6B 1 PIV 4550 (&l 25) T e, fERRE IR Z B T, 0%
VR 1 B0 45 SR A S R/ L 1 A S R R A b AR 5 PTV A 4 R AR — B, KRB R 4 A
B G H I ARTC 2 5 AEDG R TS A5 S b n] LI F) T/ RORE B4 T 45 4, 4 R 2 S

¥ (Pixel)

™ X Pixel)

X (Pixel) b

B 24 G455 (skip 8 X 8pixels) B 25 PIV 84558 (8 X Spixels #IHX)
Fig. 24 Optical flow result(skip 8 X 8pixels) Fig. 25 PIV result(8 X 8pixels interrogation area)
400 ARE RSN INRERERTAR 0 ARERES KA I REE R I

Y (Pixel)

’l 26 PIV 3154 09 i 3 25 4 K27 LW RS S
Fig. 26 Flow structure obtained by PIV Fig. 27 Flow structure obtained by optical flow

P i 2 I (Il 26 FIEl 27) T LR L FE R FER R 43 BT PIV B A B 45 R b BER R
JEE B iR 25 K4 T DA s R AR SO AR /N R B 108 25 0 B R B0 B L TR TR AT R A R g R
J3E i 235 440 o B S L I 7 Ok

Sy i — 25 AT B PR /N RO I68 25 0 X3 PR R (I 28 RET 29)  m LA Y, 6T T H 53 45 B A 1
MG FE LAERARAT — A B % &, ] DL B RS 40 0 3 3 45 4 L T PIV B3k th TR A T 8 X 8pixels 1Y



55 5 BOVEAE T OB B R T P 5 I B AR AT 5 AN 4 i 681

FTE/INDK T S 45 A8 RS 0 /s 52 B BRI

320
3
= =
o o
Y —
& 30 >

T -
2809 * . R
4%0 430 450 420 4300 1 440 450 450
X (Pixel) X (Pixel}
&l 28 PIV g5 4 /N RUBEE 25 4 IX S8t R & 29 e as Bt rb /N RUBE 45 4 IX U R
Fig. 28 Region magnification of small Fig. 29 Region magnification of small
scale structure of PIV scale structure of optical flow

DI Y ) 3 2 A A 3 3 N kvl o i A SR B R 91 A A AR I L A R AR S S i s e R g
I3 AT RO A B8 DX O 24 T 2 R 45 3 B A 3R A0 B9 245 1) DX /) B AR AR 3R o 3 (il TKOXTK
(49 3 BRI S 100 X100 B3 BER) o J3 Ah LTI E R B n] LU PTV 54 A 45 & A IRR R e L 3
FHQ R IR A& 1E J7 v TR [ 25 S I 3R 8, 52 BEA 8 B U 3 T o . WG Ah L 3 nl DA 3 4 F B VR 1Y
FIA R AR v R R T

5 ZitERE

A0 P E A A AR S B I A TR T b I A S L R AT TN KU N D
U JEE S S P RO IR BEE AN PTV XA £ A L 7 5 Ak BEAS B 1 R B2 375, 1T AR 4598 . TR AR 52
WP Bh A AT OIS AT AR R R G AR 00 R A0 T PIV RIS E R Y G & T2
U2l B E S, A e R T Rl o3 1 B A A R D Rk AR T R R R AN B X I IR T e B R R i — AP
2o B 9 A 5 R S o T B AT B

SEZ 0k

[ 1] Lang D B. Laser doppler velocity and vorticity measure-ments in turbulent shear layers[ D]. California: Caltech,
Pasadena, 1985.

[ 2] Adrian R J. Particle-imaging techniques for experimental mechanics [ J]. Annual Review of Fluid Mechanics,
1991, 23(1):261—304.

[ 3] Horn BK P, Schunck B G. Determining optical flow[ J]. Artificial Intelligence, 1981, 17:185—203.

[ 4] LiuT, Shen L. Determination of velocity and skin friction fields from images by solving projected motion equations
[C]. 22nd International Congress on Instrumentation in Aerospace Simulation Facilities (ICIASF) . Pacific Grove,
CA. June 2007.

[ 5] LiuT, Sullivan J P. Pressure and temperature sensitive paints experimental fluid mechanics(Chap. 3)[ M]. Berlin:
Springer-Verlag, 2004.

[ 6] Tikhonov A N, Arsenin V Y. Solutions of ill-posed problems[ M]. Winston: Washington, D. C. , 1977.

[ 7] Heeger DJ. Model for the extraction of image flow[]J]. Optical Society of America, 1987, 4:1455—1471.

[ 8] Fleet DJ, Jespon A D. Computation of component image velocity from local phase information[ J]. International
Journal of Computer Vision, 1990, 5:77—104.

[ 9] Tianshu Liu, Lixin Shen. Fluid flow and optical flow[ ]J]. Journal of Fluid Mechanics, 2008, 614:253—291.



682 D N (2016 4F) 45 31 &

[10] Corpetti T, Heitz D, Arroyo G, et al. Fluid experimental flow estimation based on an optical flow scheme[]].
Experiments in Fluids, 2006, 40(1):80—97.

[11] Ruhnau P. Kohlberger T, Schnorr C, et al. Variational optical flow estimationfor particle image velocimetry[ J].
Experiments in Fluids, 2005, 38(1):21—32.

[12] Zhan Huang, Hongwei Wang, Yu Ma. The research of particle image velocimetry based on optical flow (ISFV16-
1098)[C]. 16th International Symposium on Flow Visualization, June 24-27, 2014,

On the PIV Technology and Validation
Based on Optical Flow Algorithm

HUANG Zhan', ZHANG Miao®*, CHENG Pan*, WANG Hong-Wei'

(1. China Academy of Aerospace Aerodynamics, Beijing 100074, China;
2. Shanghai Aircraft Design and Research Institute, Shanghai 201210, China)

Abstract: Optical flow measurement technology, as a new aerodynamic experimental method, has
been widely used in vector field measurement due to its advantage of pixel scale resolution. By means
of optical flow scalar constraint equation, combining with smooth limit condition, optical flow
experimental technique can measure global velocity vector field with high space resolution. Firstly,
integral minimization optical flow velocimetry theory and algorithm were studied and programmed by
C—+ +; then, in order to verify the optical flow algorithm accuracy, three kinds of typical grayscale
image shifted from artificial displacement were used for processing by the optical flow algorithm;
finally, the obtained results were compared with the distribution of standard displacement to guide
how to obtain optical flow velocity field in practical application. A backward step experiment in small
wind tunnel was carried out. High speed camera was used to shoot tracer particle image; the velocity
vector field was calculated by optical flow algorithm. Calculated results from optical flow algorithm
were compared with result calculated by PIV correlation algorithm. Results show that optical flow
experimental technique presents the advantages of pixel scale resolution.

Keywords: optical flow; velocity measurement; particle image; motion estimation; integration minimi-

zation



