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Development of 1-Frame 3-D PTV and its Application to

Measurement of a Backward-Facing Step Flow

Abstract

In this paper, a new three-dimensional PTV (Particle Tracking Velocimetry)
technique using the concept of match probability between two-field (1- Frame)
images has been developed to obtain an instantaneous three-dimensional
velocity field of high speed flows. The measuring system consists of three
CCD (Charge Coupled Device) cameras, an optical instrument called AOM
(Acousto- Optical Modulator), a digital image grabber, and a host computer. For
verification of the developed technique, moving particles which are spatialy
installed on a rotating plate are tracked by the developed technique and are
compared with those of actua rotating speed.

The developed 1-Frame 3-D PTV system is applied to the measurement of
turbulent backward-facing step flow and the results are compared with those
of a Panoramic-PIV system which has been developed in this study. The
performance of the developed algorithm is verified by a benchmark test using
the three-dimensional velocity vectors obtained by the experiment on the
backward-facing step flow. An uncertainty analysis associated with the present
1-Frame 3-D PTV technique is quantitatively evaluated. The capability of the
developed technique is validated by probing three-dimensional veocity
fluctuation components (u', v', w') of a reatively high speed backward-facing

step flow.
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Nomenclature

A, B constants used for iteration calculation of match probability(A < 1, B >1)

ay rotation matrix
C plane distance from lens center
Cio correlation coefficient

CCD charged couple device

di displacement vector between S and T;

daT pulse time interval of illumination

dw pulse width of illumination

F* 3-D positions of particles obtained at (k- 1)A't
ki, ko lens coefficient

NT SC National T elevisition system committee

Pi match probability that S would coincide to T;

P ¥ no-match probability that S has no corresponding T, on F?

Rmin threshold distance

Ro expected existing area for particle positions of the second image
RES Reynolds shear stress

Ru Reynolds shear stress( - u'v' [/ Uq?)

Ruw Reynolds shear stress( - u'w'/U,?)

Ruw Reynolds shear stress( - v'w'/Uq?)

T maximum movement threshold

Ta neighbourhood threshald



Tq

Tu

Ty

Tw

Uo
Un

quasi-rigidity threshold
streamwise turbulence intensity( T,=V 'y Uo)
transverse turbulence intensity( T,=V e Uo)

spanwise turbulence intensity ( T, =V w'%/ U,)

free stream velocity
maximum velocity
3-D particle position in the first image field

3-D particle position in the second image field
turbulence kinetic energy ( TKE = El 9’/ Uy?)

variables used for calculation of 3-D particle position
streamwise fluctuating component

transverse fluctuating component

spanwise fluctuating component

total number of particles in 3-D measurement volume
deviation of the principal point from the center of image
photographic coordinate system

coordinates on photograph

distance from the principal point

absolute coordinate system

center of projection

time interval between obtained field image

lens distortion



Greek characters

2 tilted angle for X axis
¢ tilted angle for Y axis
x tilted angle for Z axis

ox, 0y, 0, Standard deviation of X, Y, Z

pn particle number density
be error ratio
b recovery ratio

Superscript
(n) number of iteration step

() non-normalized probability value
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3 (uv,w)

LDV

(Laser Doppler Velocimetry) . ,

(turbulence length scale)

, 3 LDV

PTV (Particle Tracking Velocimetry) (Adrian, 1991).



: PTV 2

3 PTV (Kasagi, 1987).

, 3 PTV
. Chang and T attersoon (1983) Chang et al.(1984)

Bolex Stereoscopic lens 16mm

Yamakawa and
Iwashige(1986), Racca and Dewey(1988), Adamczyk and Rimai(1988),
Kobayashi et al.(1989)
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Kent(1993) Trigui et al.(1995) 3
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3 PTV . Nishino et al.(1995, 1998)

3 PTV
3 PTV NT SC(National T elevision
Standard Committee) CCD (Charge Coupled Device)
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Kobayashi et al.(1991) AOM
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4-Frame PTV (Kaobayashi, 1990)

Baek and Lee(1996) 2-Frame PTV
. Baek and Lee(1996)
5 heuristics(Computer Vision, 1987)
95% . 2

, Multi-frame PTV 3
NTSC
160 . ,



Multi-frame PTV ,
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Multi-frame

, Baek and Lee(1996)
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LES(Large Eddy Simulation)

2 3
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4 3 2 Panoramic- PIV
1-Frame 3-D PTV
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Fig 2.1 1-Frame 3-D particle tracking velocimetry system



2.2

Fig. 22 3 . 3
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1-Frame 3D-PTV 3
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. Fig. 24
. Fig.
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X, Y, 2) (Xo, Yo, Zo)
x,vy) Fig. 26 . 3
P Pi
O(Xo, Yo, Zo), Pi(X, V) P(X, Y,
Z) (2.1

ap(X- Xg)+ap(Y- Yo)+ap(Z- Zy)

X =-¢C + AX
az( X - Xo)+agn(Y- Yo)+ ag(Z- Z) 2.0)
an( X - Xg)+ an(Y - Yo)+ axn(Z- Zy)
=-c + 4
y Az (X - Xo)+an(Y - Yo)+ ax(Z- Z) y
au i)
a;;= Cos¢cosx, ap=- COS¢sSinx,
a; = sin ¢
a,, = COSwSinx+ COSwsSIN ¢Cos x,
a, = COS@CoOsSx - sSinwsin ¢sinx, 22)
a3 = - SinwCos ¢ ’
a31= SinwsSinx- COSwsSin ¢Ccosx,
as = SinwCoSx + Coswsin ¢sinx,
a33 = COS®COS ¢
AXAy (2.3



Ax = Xo+ x(kyr?+ kor?),
Ay = yo+ y(kor?+ kor)
= (X + y)Ic
(2.3)

X= X- Xo, yz Y- Yo

Xo, Yo, Zo, @, ¢, x) (€ Xor Yo, ki, kp)

(Murai, 1980)
42 3
40
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Fig. 2.2 Procedure of 3-D measurement
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Fig. 2.3 Picture of landmarks for camera calibration for 1-Frame 3-D PTV

measurement
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Fig. 24 Schematics of landmarks
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Fig. 25 Shape of pins
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Fig. 2.6 Cdlibration of camera
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(Kobayashi et al. 1989)

Pi(Xs, Y3)
X _ 1
T1=3
Z

+

X,

Xor + X+ Xog Xpy -

Yoo+ Yot Y[+t YPy-

Loy +Zpt Ly Zp, -

Xpy - Xz Xps -

to| YP2 - Yoo+ t3| YPs -

Zp, - Zg, Zp; -
YOil ZOi

X 01
Y 01
ZOl
X 03
Y 03
ZO3
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Xpi,

Pi(X1, Y1), Pi(X2, Ya),
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(Image viewed by camera 1)

(Image viewed by camera 2)

(Image viewed by camera 3)

Fig. 2.7 A set of three simultaneous images of tracer particles
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Fig. 28 Definition of 3-D particle position
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(cross- correlation)

. PIV
3.2 PTV (Particle Tracking Velocimetry)
PTV (Particle Tracking Velocimetry)
. PTV
. PTV Lagrangian
3.3
33.1
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. 430
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. Fig. 3.1(a)
Fig. 3.1(b), Fig. 3.1(c)

PTV

V30 64

Fig. 3.2(a), Fig. 3.2(b), Fig. 3.2(c)
, Fig. 3.2(d), Fig. 3.2(e), Fig. 3.2(f)
128 , Fig. 3.2(g),
Fig. 3.2(h), Fig. 3.2()
2

- 23 -



3.3.2

(
2 A ,
a;;p ap ag
A= Ay Axp Ay
Az AaAg 1
Pixel A (x,y) B(sx,yy) Pixel
« = Ay X+ apy+ ag y = Ao X+ A Y+ ag

A X+ apy+l Ay X+ apy+l

(4, )

Ax= % (kar?+ kor)

Ay = —yr— (kar?+ kor*)
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. _ apXt apyt ag
F(anlllalzlalSl lkZ) - a31X+ a32+ 1 - X (34)
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_ _Au Y B ox + _pi(klrz_'_ k2r4)
agx+t apt 1 r

Ay X + Ay t+ Ay
azpX+ agpt 1

Y
_ QX+ axyy+ axn py 2 4
T agX+ ap+ 1l (py+ r (kar™+ ker ))

G(y;all,a]_z,alsl lk2) = (35)
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Gauss- Newton

3.3.3 (Centroid Tracking)

(boundary trace)

(raster scan) 0 1
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C = Min(2L, - (L, + Lyg)

(3.7)

3342 2

. Fig. 35
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3.35 1-Frame 3-D PTV

NT SC Y60

AOM (Acousto-Optical Modulator)

Fig. 33 NTSC AOM . AOM

dT
(Kobayashi et al. 1991)
, AOM
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dT NT SC

dT 3msec wT 0.5msec

dT

. Fig. 3.11

(Adrian, 1991)

CM 1982) 3
(@) Fig. 33 AOM
Fig. 3.12 Fig. 3.13 Ta
3
3

(b)
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(heuristic a)

4-Frame PTV
(heuristic b) . heuristic
. Fig. 312 s, T,
(F?)
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.Tm Fig. 3.12 . T
(T, T, Ty Sy

1-Frame 3-D PTV
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Fig. 3.12
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. Ta
ISi- Skl < Ta
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(3.13) T, Tq
dj - di| < Ta (3.13)
[ du Si TJ
dy Sk
T Sk
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dll . Flg 313 82, 83, 84 85 Sl
Tn dyy, dss
sz, dag Tq sz, dag dy
, Fig. 3.13
| dy- dg | <T, | dyg- da | <Tq
Pas, P
1
P, = A-P™Y 4+ B.QMY (3.14)

- 37 -



(n)

34

(3.16)

S; Fig. 33

- 38 -

dT

(3.15)

(3.16)

(3.13)



I EINED)
O BLeEED o
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x

X [ﬂ

3
(3.18)
C )
Tomson's value, T ,(Kasagi 1998) ( )
N o 12
= [g}l(xk- X )2/ (N - 1)] (3.18)
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PIV

. PTV

PIV  PTV

PIV 195(
) (3.19)

1-Frame 3D-PTV 3
300

Gaussian Window (Agui JC; Jimenez J 1987)
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ui(x; ,yi, zj) = kzlekUk/kzz Yk
N, N,
vilxi WYi. zi) = kZlykvk/kZlyk (3.20)
N, N,
wilx; yi, z) = kzlYka/k:Z Yk
Xi- X)2+ (Vi- YO+ (zi- 2)°
v = exp(— ( Wt (y thk) ( ) )
Yk 1 ) h=3mm
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Frame image(a)

Even field image(b)

Odd field image(c)

Fig. 3.1 Raw image from NT SC camera
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(@) (h) (i)

Fig. 3.2 Original images (a),(b),(c); Background images (d),(e),(f);
Subtracted images(g),(h),(i)
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Fig. 3.3 Relation between NT SC(camera signal) and AOM signals
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Fig. 34 Four-frame identification
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Fig. 35 Two-frame identification
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Fig. 36 Principle of cross-correlation method based on density

distribution patterns
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Fig. 3.7 Particle tracking with stereo-pair matching
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(1) Target area for searching the position of the particles at the second image

(2) Target area for searching the position of the particles at the third image

Fig. 38 Tracking method between the particle position of the first image

and the particle position of the third image(when R: £ Rmin)
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Fig. 39 Tracking area for searching the position of the particle at the third image
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Fig. 3.10 Procedure of digital image processing
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(c) Image of camera 3 with time difference dT

Fig. 3.11 Two consecutive particle images
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Fig. 3.12 Finding principle for the same particle paints in space using

neighboring match probability
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Flg 3.13 Rdations of Tm, Ta, Tq, d11, d33, (o 1
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35 1-Frame 3-D PTV system

LES

Fig. 3.14

(3.16)
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e
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F2

1-Frame 3-D PTV
2,000

1-Frame 3-D PTV
2000

Fig. 3.15

045m/ s

d 304
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Fig. 3.16 1-Frame 3-D PTV
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, Fig. 3.19

Fig. 3.20 00 = Ny Vo 3
(¢0) (¢e)
(¢0) (¢e)
3
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Fig. 3.14 Recovered velocity vector field of the backward-facing step flow (total

number of particles N = 2,000)



Fig. 3.15 Variation of match probabilities Pss vs number of iteration step

(Pso is the match prabability of S particle for T; in the second instance)
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Fig. 3.16 The effect of the neighbourhood threshold T. on the recovery ratio

(¢.) and error ratio( 4.)
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Fig. 3.17 The effect of the quasi-rigidity threshold T, on the recovery ratio

(¢,) and error ratio( ¢.)
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Fig. 3.18 The effect of the maximum movement threshold T~ on the recovery

ratio(¢,) and error ratio( 4.)

- 62 -



Fig. 3.19 The effect of the maximum movement threshdd T~ on computational time
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Fig. 320 Variation of recovery ratio(¢,) and error ratio(¢.) vs. number of

particles 98% while the error ratio remains very low
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Fig. 3.21 Experimental set of the rotating plate
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(@) Frame image (b) Even field image (c) Odd field image

Fig. 3.22 Unused AOM raw image from camera 1 (150rpm)

Fig. 323 Used AOM raw image from camera 1 (150rpm)
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(@) Frame image (b) Even field image (c) Odd field image

Fig. 324 Used AOM raw image from camera 1 (300rpm)

Fig. 325 Used AOM raw image from camera 1 (400rpm)
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Fig. 3.26 Unused AOM obtained 3-D velocity vectors(150rpm)
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Fig. 3.27 Used AOM obtained 3-D velocity vectors (150rpm)
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Fig. 3.28 Used AOM abtained 3-D velocity vectors(300rpm)
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Fig. 3.29 Used AOM abtained 3-D velocity vectors(400rpm)
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4 1-Frame 3-D PTV
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A B
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200 3
4.2
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Fig. 4.1
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(UH/v ) 11,000 . H 25mm ,V
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. Lee and Baek (1996)
X y/H = 15
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(a) Mean velocity profile (b) Turbulence intensity

(T,=V ul Uy, Ty=V v U, )

(c) Turbulence kinetic energy and
Reynolds stress( TKE = % 9/ Uy 2,
RES= - u'v'/U,?)

Fig. 4.1 Inlet flow condition at x/H = -

- 77 -



4.3

Fig. 4.2 1-Frame 3-D PTV
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Fig. 4.11, Fig. 4.12, Fig. 413 Z X-Y

,Cuv ), (uw' ), (viw' )

Z X-Y X-Y

Fig. 414 Z X-Y

Fig. 415 Fig. 416 X-Y
z

Fig. 4.17, Fig. 4.18, Fig. 4.19
. Fig. 4.20, Fig. 421, Fig. 422

(uv ), (Cuw ), (vw ) , Fig. 4.23

Fig. 4.24
, Fig. 4.25
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Fig. 4.2 Instantaneous 3-D velocity vectors of backward-facing step flow



(b) Section B

(a) Section A

(d) Section D

(c) Section C

Fig. 4.3 Integrated 3-D velocity vectors
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Fig. 44 Interpolated 3-D vectors of section A
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Fig. 46 Interpolated vector at center of Z axis
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Fig. 47 Mean velocity profile
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Fig. 48 Streamwise turbulence intensity profile ( T,=V 'y Uy )
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Fig. 48 : (Continued)
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Fig. 49 Transverse turbulence intensity profile ( T,=V v Uy )
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Fig. 49 : (Continued)
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Fig. 4.10 Spanwise turbulence intensity profile ( T, =V W Uy )
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Fig. 4.10 : (Continued)
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Fig. 4.11 Reynolds stress profile( - u'v' /Uy* )
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Fig. 4.11 : (Continued)
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Fig. 4.12 Reynolds stress profile( - u'w' /Uy )
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Fig. 4.12 : (Continued)
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Fig. 4.13 Reynolds shear stress profile( - v'w' [ U,? )
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Fig. 4.13 : (Continued)
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Fig. 4.14 Turbulence kinetic energy profile( TKE = % 9’/ Us? )
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Fig. 4.14 : (Continued)
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@ T,=V v, ®) T,=V v,

€ T,=V w?uy,

Fig. 4.15 Total turbulence intensity profile of X-Y plane
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(a)Ruv: - u'V'IUO2 (b)Ruw: - u'W'/UO2

(©Rw= - VW /Uy (d) TKE= 5"/ Uy°

Fig. 4.16 Total Reynolds shear stress profile of X-Y plane(ab,c);

Total turbulence kinetic energy (d)
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Fig. 4.17 Streamwise turbulence intensity distribution( T,=V U/ U,?
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Fig. 4.18 Transverse turbulence intensity distribution( T,=V v Us? )
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Fig. 4.19 Spanwise turbulence intensity distribution( T, =V W Us? )
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Fig. 424 3D Path line
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Fig. 425 3D Streak line
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4.4 Panoramic- PIlV

CCD 1
CCD 3
Panoramic- PIV ,
3 2
3 PTV
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Fig. 4.27
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Fig. 4.27(a), (b), (c)

Fig. 428
Panoramic- PIV
500 m ( 102) 20
Uy= 0.437m/s, (Re= UgH/y)
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Fig. 4.37 (uv ) . Fig. 438

Gd =5 (u7+ D) . Fig. 439, Fig. 440
xIH = 52,
y/H =06 ) u', v
. Fig. 441

, Fig. 442
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Fig. 4.26 Panoramic- PIV measurement system
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(a) image of camera 1  (b) image of camera 2 (c) image of camera 3

Fig. 4.27 Composite image from the images of cameras, 1, 2, and 3.

(Calibrator Image)
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(@) image of camera 1 (b) image of camera 2 (c) image of camera 3

Fig. 4.28 Composited image from the images of cameras, 1, 2, and 3

(Raw Image)
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Fig. 4.29 Instantaneous interpolated velocity vector field

Fig. 4.30 Fluctuating velocity vector field

—= [ 400 rpteas]

Fig. 4.31 Mean velocity vector field
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Fig. 4.32 Zoomed window of interpolated instantaneous velocity vector field
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Fig. 4.33 Zoomed window of fluctuating instantaneous velocity vector field
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Fig. 434 Zoomed window of mean velocity vector field
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Fig. 4.35 Streamwise turbulence intensity distribution (v 'y Uy )

Fig. 4.36 Transverse turbulence intensity distribution(v v Uy )
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Fig. 4.39 Streamwise turbulence intensity profile(v 'y Uo)

Fig. 440 Transverse turbulence intensity profile(v v Uo)
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Fig. 441 Reynolds stress profile( - u'v' /U,* )

Fig. 442 Turbulence kinetic energy profile(% 9’/ Uy? )
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