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Abstract

The multi-dimensional imaging techniques such as, 4D PTV, SPIV,
SPTV, FSIMS, Panoramic PIV and 2D PIV have been developed or
constructed for the measurements of the flows not only to provide
databases for fundamental researches in engineering and industrial
applications, but also to provide better design guides for thermal—fluid
flow systems. The purpose of the study is to develop multi-dimensional
imaging techniques that can provide quantitative three-dimensional vector

fields over the whole measurement volumes in thermal flows.

A new 4-dimensional particle tracking velocimetry (4D PTV) has
been developed using three high-resolution-high-speed cameras(lk x 1Kk,

2000fps), and it was used to measure spatial vector fields of a sphere



(d=30mm) wake. The Reynolds number is 1,113. Measurements with a
Stereoscopic PIV(SPIV) and a Stereoscopic PTV(SPTV) were carried out
under the same experimental conditions in order to compare those results
obtained by the three measurement techniques. Further, measurement
uncertainty analyses were carried out for the 4D PTV system, and it
was confirmed that the uncertainties of the constructed 4D PTV system
for the three components(U, V, W)of the velocity vector were #*1.2mm,
+1.6mm and *1.6mm, respectively.

In 4D PTV measurement, more than 5,000 instantaneous correct
vectors were able to be measured by the system and they were
interpolated onto the three-dimensional cell grids to obtain physical
properties of the wake. A experimental database on turbulent properties
such as turbulent Kkinetic energy and Reynolds stress over the whole
measurement volume have been constructed and some features of the
wake have been evaluated. The Strouhal number (St) was obtained at
x/D=153, y/D=0.53 and z/D=0.03 through FFT analysis using the
instantaneous velocity vectors and its value was 0.19, which showed
good agreements with those of the previous researches. An eigenvalue
analyses was carried out to get temporal evolution of the wake
structures using the grids vectors. Separation could be seen on the
circumference of the sphere and the separated flow was recirculated near

x/D=25 toward the sphere. It was verified from the 4D PTV, SPIV and
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SPTV measurements that the sphere wake has a two-—shells—structure
that consists of the inner shell (vortex core part) and the outer shell
(vortex loop part). The outer shell, vortex loop, was convected
downstream rotating clockwise and counterclockwise with some irregular
time interval. The inner shell looked like a hair pin shape. The axis of
this hair pin appeared vertically and horizontally alternatively with some
regular time intervals. It is thought that the velocity profiles of the
sphere wake has strong relations with a spiral motion of the vortices

that were shedded from the surface of the sphere.

The constructed 4D PTV system was also applied to the
measurements of an impinged jet flow. The distance between the nozzle
exit and the rigid flat plate, x/D=7.0 for the nozzle diameter D=20mm.
The Reynolds number is 40,000. More than 7,000 instantaneous
three—dimensional velocity vectors were measured by the system. A ring
vortex was clearly reconstructed by the obtained velocity vectors. The
location of the ring vortex, 0.9D from the plate, was at reasonable
positions. The thickness of the ring vortex was about 0.8D. The results
showed that the sweeping velocity of the ring vortex over the surface of
the impinged plate was about 20msec. It seems that the ring vortex
appears periodically and shows a squeezing motion in horizontal and in

vertical with some intervals. Some prerequisite features that the
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hardware of 4D PTV system should have were investigated regarding to

Kolmogorov’'s time and length scales.

Due to the wide range of applicabilities of the impinged jet that has a
phenomenon of fluid-to—flexible-structure interactions, A measurement
system that can capture simultaneously the motions of an elastic flat
plate and the motions of the flows impinged onto that flexible plate has
been constructed. The flow-structure interaction measurement system
(FSIMS) consists of four cameras, two(0.5k x 0.5k) are for the
measurements of the flow fields and two(1.0k x 1.0k) are for the
measurements of the motions of the plate.

For the measurements of the flow fields, the GA-3D PTV algorithm
has been used. For the measurements of the motions of the flexible
plate, a new measurement algorithm called 'bidirectional tracking
algorithm’ has been developed. The performances of this algorithm have
been tested using a set of artificial images of which data had been
obtained by a theoretically generated plate’s virtual motion and by an
actual experiment. Further, its performances were also compared with
that of a commercial measurement system through an actual test on the
motions of a 6-degree-of-freedom platform. The measurement
uncertainty of the motion tracking system were *1.2mm, *1.6mm and

+1.6mm for x, y and z, respectively, which implies 1~2 % relative error
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for the whole measurement volume size.

The jet flow coming from the nozzle diameter (D=15mm) was
impinged onto the flexible plate. The injection of the jet was made
upward from the bottom of a water tank by opening the valve installed
under the nozzle. The Reynolds number with the nozzle diameter is
20,000. The flexible plate (t=0.5mm, d=400mm) is made of silicon and the
distance between the nozzle and the flexible plate is x/D=4.0. To make
clear visibility of the targets which were attached onto the surface of
the silicon plate and were used for the motion tracking, a violet light
was used.

It could be seen from the measurement results and from experimental
experiences that the direction of the flexible plate’s motion was just the
opposite of the jet direction at the first stage of the jet's spouting. The
vortices came from the stagnation point at the flexible plate had a
tendency of separating relatively far away from the separation location

of the case of rigid plate (r/d=1.0~1.5).

In order to make maximum use of the benefits of the above
multi-dimensional imaging techniques onto engineering and industrial
applications, a Panoramic PIV which can be regarded as a revision of
the 4D PTV system has been developed and applied to the

measurements of the air flows of the air-conditioning system of a



building model. In this experiment, it has been verified that the similarity
between models and the practical one are not dependant on Reynolds
numbers but on mass flow rates, especially over Re=1,000. Further, 2D
PIV measurement on the freezing room of a refrigerator was carried out
for finding the best conditions of the room not to be frosted. It revealed
that the freezing of water droplets decreased largely when the chance of
meeting of the cooled air vented from the cooling coil was made rare

with the air in circulation regions like the room corners.

The experimental data on the sphere obtained by 4D PTV, SPIV and
SPTV can be used for the studies from fundamental to applications in
engineering fields. The measurement data on the impinged jet obtained
by 4D PTV can also be used for the theoretical studies of the physics
of the vortex separations from the impinged plate, which will help
develope a better physical model for CFD research area. The database
on the flow-elastic-structure interaction that has been obtained by the
FSIMS will open a new era in the research activities on the FSI
problems appearing in various engineering fields. The experimental
results obtained by a Panoramic PIV and a 2D PIV on the practical
engineering applications, on a building air—-conditioning ventilating system
and on a refrigerator, can be a good guide for best applications of the

imaging techniques into thermal-flow systems.
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Nomenclature

kh k2

My Mo M, M,

mx, My

Fitness for 3-D position of particle

Coefficient of area moment

Inverse matrix of M

Fitness for continuous fluid of vector

Distance from view point to imaging sensor of camera
Error of calculated 3-D position of particles
Divergence of velocity

Distance of projection

Thresholding value of D,

Diameter of particle to make a virtual image.

Equation of observation for x-direction

Equation of observation for y-direction

Intensity of particle to make a virtual image
Maximum intensity of particle to make a virtual image.
Lens coefficient

Rotation matrix

Movement value of principle pointMovement value of
principle point

Original point of photographic coordinate system

Original point of absolute coordinate system

Particle on images

Particle in space
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RUV Reynolds shear stress(— w0/ JUS)

RVW Reynolds shear stress(—m / UOQ)

RWU Reynolds shear stress(—m /i UOZ)

S* Standard deviation

TKE Turbulence kinetic energy( %QZ / U

TIU Turbulence intensity(V 2 / U,)

TIV Turbulence intensity(V 2 / Uy

TIW Turbulence intensity(\/T / Uy

AX, AY Lens distortion value

%y Center point of particle

Xy Y Deviation of the principal point from the center of image
X, Y, Value of the photographic position of particle
X W Z Absolute coordinate system

X, V.2 Photographic coordinate system

Xo 1 Yo 20 Center of projection

Xp Vi 2 Value of the 3-D position of particle

X Vour Zm Rotated absolute coordinate system

X Mean
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Greek characters

a, o Tilted angle for X axis
B, w Tilted angle for Y axis
Y, K Tilted angle for Z axis

Time averaged value
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Fig. 2.1 Image plane rotation process
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Table 2.1 Definition of chromosome with respect to camera.

Camera 1 Camera 2 Fitness Function

Start Point | End Point | Start Point | End Point | 3D Error | Continuity
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Stereoscopic PIV
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Stereoscopic PTV
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Ray from Camera 1
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Fig. 2.10 Definition of 3-D particle position.
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Fig. 3.2 Eulerian concept for 4D PTV.
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At : Image sampling time

D : Convection time scale
Uy

7 : Turbulence time scale (Kolmogorov time scale)
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Fig. 3.3 Comparison of the conventional 3D PTV vs. 4D PTV.
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Fig. 3.4 Pin typed calibrator.
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(a) Camera 1's image (b) Camera 2’s image

Fig. 3.5 Pin typed calibrator in air.

(a) Camera 1's image (b) Camera 2’s image

Fig. 3.6 Pin typed calibrator in water.
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Table 3.1 Relative errors for camera parameter in air.

No| Cal. x | ABS x| Cal.y | ABSy | Cal z | ABS z | dx dy dz
2| -43.00] -43.20] -43.07] -4251 46.17 46.16] 0.20] 0.56| 0.01
3 -7.44 =773 -3759| -37.23 68.57 68.47) 0.29] 0.36| 0.10
4 15.00 14.95| -33.49| -33.06 46.51 46.48| 0.05] 0.43| 0.03
5 43.78 4395 -42.28| -41.94 46.86 47.03| 0.17) 0.34| 0.17
6/ -30.01| -29.81] -30.41] -30.38 65.13 65.38| 0.21] 0.03] 0.25
7 -1874| -1885] -28.20] -28.26 80.91 80.98| 0.10] 0.06] 0.07
8 32.16 32.20] -31.73] -31.43 31.87 32.14| 0.04] 0.30] 0.28
9 24.01 2401 -2549| -24.90 37.50 3740 0.00] 0.59| 0.10
10 38.45 38.13| -23.20| -22.76 55.02 5495 0.32| 0.44| 0.07
11 21.55 21.16] -19.35] -18.92 27.75 2787 039 043 0.13
12 4.00 427 -16.17 -16.46 13.12 13.69| 0.27| 0.28| 0.58
13| -37.52| -37.58] -20.08] -19.44 16.56 16.87 0.06|] 0.63| 0.31
14 26.96 2715 -10.93] -11.04 64.07 64.08/ 0.20] 0.11] 0.01
15 9.06 9.02| -13.68| -13.84 48.18 48.13| 0.04] 0.15] 0.05
16| -24.82| -24.67 -7.84 =7.99 67.97 68.01| 0.15] 0.15] 0.04
17 -6.56 -6.51 -6.34 -6.58 53.09 53.03| 0.05] 0.24| 0.05
18 19.45 19.43 -4.25 -4.05 17.18 1757 0.02] 0.20 0.39
19] -14.09] -13.90 -3.17 8.5 31.29 31.59| 0.19] 0.17] 0.30
201 2853 -28.00 6.31 5.99 50.47 50.56| 0.52| 0.32| 0.10
21 -2.89 -3.06 3.32 3.89 15.69 16.01f 0.17) 057 0.32
22 16.00 15.90 5.44 5.42 70.26 70.11| 0.10] 0.02| 0.15
24 7.02 7.24 13.34 12.90 29.93 30.15] 0.22| 0.44| 0.23
25 32.40 31.93 11.85 11.89 41.56 41.47) 0.46| 0.04] 0.09
26 24.70 24.53 1894 18.66 7774 7765 017 0.28) 0.09
27 -5.38 -5.27 21.12 20.51 27.02 27.36| 0.11] 061 0.33
28| -21.59] -21.89 14.94 15.02 95.46 95.38| 0.29] 0.07] 0.09
300  -40.70| -40.20 26.95 25.89 27.61 2795 050 1.06] 0.34
31 -1842| -18.09 22.24 22.03 50.32 50.42| 0.33] 0.21] 0.10
33 16.78 16.82 29.91 29.62 41.61 41.87) 0.04] 0.29] 0.25
34 34.61 34.57 26.46 25.68 26.64 26.94| 0.04] 0.78 0.30
36 4.64 4.90 37.50 36.83 35.41 35.74| 0.26| 0.67| 0.33
37 -12.18| -11.90 32.23 32.04 55.52 5557 0.28 0.19] 0.05
38| -3261] -32.59 37.28 36.30 69.06 68.94| 0.02] 099 0.12
39| —41.78| -42.73 41.43 40.42 54.79 5483 095 1.01] 0.04
40 44.86 45.24 43.86 42716 60.36 60.33| 0.37] 1.10| 0.03

Averaged error : 0.22 040 0.17 Standard deviation : 0.29 051 0.22
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Table 3.2 Relative errors for camera parameter in water.

No| Cal. x | ABSx | Ca.y | ABSy | Cal. z | ABSz | dx | dy | dz
2| -43.03 -43.20| -43.73 -42.51 45.99 46.16| 0.17| 1.22| 0.17
3 -7.33 -7.73 -38.08] -37.23 68.52 68.47| 0.40| 0.85] 0.05
4 14.94 1495 -33.97 -33.06 46.41 46.48| 0.01| 0.91| 0.08
5 43.82 4395  -42.96 -41.94 46.71 47.03| 0.12| 1.03] 0.31
6| -30.05] -29.81 -30.88] -30.38 65.22 65.38| 0.24| 0.51| 0.16
7 -1875| 1885 2854 -28.26 80.97 80.98| 0.09] 0.29| 0.02
8 32.21 32.20 —32.22 -31.43 31.63 32.14| 0.01] 0.78] 0.52
9 24.06 24.01 -26.04|  -24.90 37.36 37.40| 0.04| 1.14| 0.04
10 38.45 38.13 -23.55 -22.76 54.92 54.95| 0.32| 0.79| 0.03
14 26.94 2715 -11.16 -11.04 64.02 64.08| 0.21| 0.12| 0.06
15 9.10 9.02 -14.07 -13.84 48.13 48.13| 0.08| 0.23| 0.00
16| -24.63 -24.67 -7.80 -7.99 68.12 68.01| 0.04| 0.20| 0.11
17 -6.52 -6.51 -6.40 -6.58 53.03 53.03| 0.00] 0.18| 0.01
19| -14.07) -13.90 -3 %R -3.34 31.12 31.59| 0.17| 0.11| 0.46
20] -2851 -28.00 6.34 5.99 50.43 50.56| 0.50| 0.35] 0.13
22 15.93 15.90 5.41 5.42 70.21 70.11| 0.03| 0.01] 0.11
24 6.96 7.24 13.27 12.90 29.76 30.15| 0.28| 0.37] 0.40
25 32.33 31.93 11.83 11.89 41.48 41.47| 0.40] 0.06] 0.01
26 2461 2453 18.98 18.66 77.75 77.65| 0.08] 0.32] 0.10
27 -5.37 -5.27 21.15 20.51 26.85 27.36| 0.10| 0.64| 0.50
28| -21.74] -21.89 15.08 15.02 95.73 95.38| 0.15| 0.06| 0.36
31| -18.37] -18.09 22.40 22.03 50.29 50.42| 0.27| 0.38| 0.14
33 16.76 16.82 30.00 29.62 41.60 41.87| 0.06| 0.38| 0.27
34 34.57 34.57 26.52 25.68 26.49 26.94| 0.00| 0.83| 0.45
36 4.67 4.90 37.77 36.83 35.42 35.74| 0.24| 0.95| 0.32
38| -32.65| -32.59 37.62 36.30 69.12 68.94| 0.06| 1.32| 0.18
39| -41.88] -42.73 41.71 40.42 54.83 54.83| 0.86| 1.29| 0.00
40 44.82 45.24 44.13 42.76 60.44 60.33| 0.42| 1.37] 0.11

Averaged error : 0.19 0.60 0.18 Standard deviation : 0.27 0.75 0.25
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xmm

Fig. 3.7 Image for camera calibration.

L A

Table 3.3 Plane calibrator’s information for SPIV/SPTV.
Calibrator x,y grid |z Interval
X y z
No. Interval | / Count
1 -30mm~ 30mm|-30mm~ 30mm/|-2lmm~ 2lmm| 3mm 3mm / 15
2 -24mm”~ 24mm|-28mm~ 28mm|-21mm~ 21mm 4mm 3mm / 15
3 -50mm~ 50mm|-40mm~ 40mm|-21mm~ 21mm 5mm 3mm / 15

-0l




(b) Calibrator number 2

(c) Calibrator number 3

Fig. 3.8 Plane calibrator’s for SPIV/SPTV.
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Fig. 3.9 Schema of mirror reflection system for calibration under the
water.

_53_



(a) Camera 1’'s image at z=Omm (b) Camera 2's image at z=Omm

Fig. 3.10 Plane calibrator 1 (air / camera angel 30).

(a) Camera 1’s image at z=Omm (b) Camera 2's image at z=Omm

Fig. 3.11 Plane calibrator 1 (water / camera angel 30J.
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(a) Camera 1's image at z=Omm (b) Camera 2’'s image at z=Omm

Fig. 3.12 Plane calibrator 1 (air—mirror / camera angel 30).

(a) Camera 1's image at z=Omm (b) Camera 2’'s image at z=0Omm

Fig. 3.13 Plane calibrator 1 (water-mirror / camera angel 30).
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Table 3.4 Error analysis of each calibrator for SPIV/SPTV.

Air 3mm 30 deg

Air 3mm 40 deg

X v z X v z
Ave. Error 0.0745 0.0561 0.1010 0.0795 0.0593 0.1199
St deviation 0.0904 0.0670 0.1194 0.0917 0.0723 0.1446
Water 3mm 30 deg Water 3mm 40 deg
X v z X v z
Ave. Error 0.0638 0.0567 0.1744 0.0692 0.0582 0.1667
St deviation 0.0790 0.0689 0.2049 0.0832 0.0718 0.1992

Air/Mirror 3mm 30 deg

Water/Mirror 3mm 30deg

X y z X y z
Ave. Error 0.0705 0.0837 0.2290 0.1578 0.0946 0.7282
St deviation 0.0902 0.1032 0.3066 0.2122 0.1221 0.8450

Air 4mm 30 deg Air 4mm 40 deg

X y z X y z
Ave. Error 0.0384 0.0300 0.0458 0.0372 0.0293 0.0442
St deviation 0.0483 0.0382 0.0586 0.0469 0.0373 0.0545

Water 4mm 30 deg Water 4mm 40 deg

X y Z X y Z
Ave. Error 0.0541 0.0371 0.1486 0.0569 0.0332 0.1448
St deviation 0.0673 0.0488 0.1818 0.0705 0.0435 0.1743

Air/Mirror 4mm 30 deg

Water/Mirror 4mm 30deg

X v z B y z
Ave. Error 0.0695 0.0639 0.2121 0.0814 0.0904 0.3727
St deviation 0.0892 0.0916 0.2761 0.1065 0.1121 0.5116

Air bmm 30 deg Air 5mm 40 deg

X v z X v z
Ave. Error 0.0600 0.0685 0.0693 0.0543 0.0690 0.0577
St deviation 0.0679 0.0770 0.0871 0.0626 0.0776 0.0718

Water 5mm 30 deg Water 5mm 40 deg

X y z X y z
Ave. Error 0.0920 0.0765 0.3287 0.0929 0.0783 0.3071
St deviation 0.1108 0.0915 0.4061 0.1130 0.0936 0.3788

Air/Mirror 5mm 30 deg

Water/Mirror 5mm 30deg

X y z X y Z
Ave. Error 0.0767 0.0696 0.2976 0.0679 0.0564 0.3640
St deviation 0.0942 0.0855 0.3870 0.0865 0.0698 0.4617
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T UAl EAA7A HH Ao ddREmAet A dAEA Fom s

¥ QIE(virtual point) WHo] HARMEHHT FJujdoz Q7 2HA #

e 5 FA L8 S (Bidirectional Motion Tracking algorithm)S
HAEat7] 91ske] 2] (352 AH&3te] Fig. 3.18% o] 7pake] ] Zukel o]
AAES T e, Fig. 3195 A HA Zg<d(frame)o] 7H A&
#ele] JAES vEd Aot it A #o AV(x, y)e (-40~40,
-40~40)°] g olm, o #Afel F 169719 7HEPAES SR F
ARG, =g 7P HAEgE B SineFHIE ol T, X Fo st 25

2 180z do] 15717k ¥ == kAT

{0

¢

7HE s fEl A E ZEe dFEE ofdd &
ang = (n-1)*PI/180%2; // n : Z# <], 180 ZH ¢ = 157
for j := 1 to 13 do begin

tang = (j-1)/6xPi; // F YAE Sine FE FA

for i := 1 to 13 do pp7lj,il.z := 20*Sin(tang+ang) + 40;

end;

an

Fig. 3.20% Fig. 318% &34 AEE 7M HdeF #5 4H6=d49434
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Table 3.5 List of index and explanation for each of it.

Index Explanation
MM HAEMEHS AR&ste BEAS 7%
VP 7S ZRNE B S AFESt EXS 73
CalX A2 B o] A sk x=2] AI}(averaged error)
CalY A B o] M3k y==9o] AI}(averaged error)
Calz Al B g o]t z=9] A} (averaged error)
L +F F4 gaYgEs AL x5 29
BMTAX
(averaged error)
g 5 F4 dugdss AL y=o 4%
BMTAY
(averaged error)
g L5 FH dagdss AL 259 A9
BMTAZ
(averaged error)
00& AMEslY TAS T3 &5 SAHAANZHY x5
MotionO OSYSX
A ¥} (averaged error)
005 Atgste =4S F38 &5 A=Y v=
MotionO OSYSY
A 3} (averaged error)
00E A&ty =AS F3 5% SHA2H &
MotionO OSYSZ
A} (averaged error)
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Bamvicaix=0.0008 , Svivicarx=0.0010 , onvmvicax=41
Bayvicary=0.0009 , Synicary=0.0010 , onvivcay=41

Bavicaiz=0.0036 , Swvivicaiz=0.0042 , onvicaz=41

Bvpcax=0.0000 , Svpcax=0.0000, vvpcax=41
Bvpcay=0.0000 , Svpcay=0.0000 , vvpcay=41

Bvpcaiz=0.0001 , Svpcaiz=0.0001 |, vvpcaiz=41

Bayvievrax=0.0059 , Syivievrax=0.6180, uvvievTax=895
Byvievray=-0.0099 , Svnvevmray=0.8274 , ovvismTay=895

Bayvievraz=-0.1359 , Svivevraz=0.8513 , ommviBvTaz=895

Bveevtax=0.0099 |, Svpevrax=0.6171 , vypeyTax=895

BVPBMTAY:_O-O()84 , SVPBMTAY:0-8286 , UVPBMTAY:895

Bveemraz=-0.1368 , Sveemraz=0.8514 , vveemTAz=895

2 2 2
(‘SA/IJWGLZX + S]LMIB]WTAX )

U Motion MMSYSX — i i
MMCLX. | PMMBMTAX

Vymvicux VyvBMTAX

_ (0.0010%40.6180%)"
0.0010* = 0.6180"

A1 T 805

= 895
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2 2 2
(*S}IJAIGLZ Y + S]WM'B]WT AY )

U Motion MMSYSY — i i
MMCLY. | PMMBMTAY

Vymvicay VMMBMTAY
_ (0.0010%+ 0.82742)*

N 000101+_082744
41 895

= 895

2 2 2
(SMYLJC&IZ + ‘SW]WBAJT AZ )

U Motion MMSYSZ

Sfmfazlz + SJ%IMBMTAZ
Vcaz VyiBrrAZz
_ (0.0042% 4+ 0.8513%)"

0.00424 +_0.85134
41 895

= 895

2 2 2
(Svpaux + Svrpurax)

UMotion VPSYSX = Sl 5l
VPG | OVPBMTAX

Vypcux VyppMTAX

_(0.0000%4 0.61712)?

N 000001+_061714
41 895

=895

2 2 2
(Svpcuy + Svppuray)

U Motion VPSYSY I I
VPGUY | OVPBMTAY

Vypcuy VypBuTAY
_ (0.0000% 4+ 0.8286%)*
0.0000* = 0.8286"

i1 T 805

=895
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2 2 2
(SVpcuz+ Sippuraz)

U Motion VPSYSZ — St Sl
VPQiZ | PVPBMTAZ

Vypcuz VyppyuTAZ
~ (0.0001%+ 0.85142)*

©0.0001* N 0.8514*
41 895

= 895

BJL[otiunﬂ/LMSYSX = \/ (BMMC&IX )2 + (BMMBA/ITAX )2
= /(0.0008 ) + (0.0059 )*
=0.0060

BMotionMMSYS y — \/ (BMM(MY )2 Vi (BMMBMTA Y>2
= v/(0.0009 )+ (= 0.0099 )*
= 0.0099

B]l/otion]lﬂl/S YSZ — \/ (B]V[M'CalZ ) ; + (B]LLWBMT AZ ) d

= 4/(0.0036 )2+ (—0.1359)*
=0.1360

Biptionvpsysx = \/ (Bvpcux )2 + (B VPBMTAX)2

= /(0.0000)? + (0.0059 )?
= 0.0059

Biptionvpsysy = \/ (Bypcu Y)2 + (Byppura Y)2

= /(0.0000 )+ (—0.0084 )*
=0.0084

BA]otion VPSYSZ — \/ (BVPC(LIZ)2 + (BVPRMTAZ)2

= v/(0.0001)?+ (—0.1368 )*
=0.1368
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S]l!otion]lﬂlls YSX — \/(SJIJMC(LZX )2 + (SJIJMB]MTAX )2
= 4/(0.0010)?+ (0.6180)?
=0.6179

S]l!otion]lﬂlls YSY — \/ (SJIJMC(LZ Y)2 + (SJIJMB]MTA Y)2
= 4/(0.0010)?+ (0.8274)?
= 0.8274

Sﬂfotion,ﬂfﬂfs YSZ — \/(SMAJGIZZ )2 + (SMAJBAMTAZ )2
= 1/(0.0042)? + (0.8513)?
=0.8513

Svvtionvesvsx = \ (Sypcux )” + (Svepimax)’
= /(0.0000 )*+ (0.6171)*
= 0.6171

*S}l/]()tion VPSYSY — \/ (SVPChl Y)2 + (SVPB]LITA Y)2

= /(0.0000)* + (0.8286)*
= 0.8286

Shiotion vPSYSZ = \/ (Svecuz)’ + (Svesuraz)’

= v/(0.0001)?+ (0.8514)*
=0.8514
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Uristionamasysx, app = Ung =% (Baptionsmsysx + tos * Shtionsmisysx)
=+ (0.0060+1.96 « 0.6179) =+1.2171

UMotionMMsysx app = Uy =% (B]lffotion]LﬂWSYSY Ftgs © S]l[otion]l/]l/SYSY)
== (0.0099 +1.96 « 0.8274) =+ 1.6316

[]]lfotionﬂ[]lfs YSZ ADD — []99 ==+ (Bﬂrfot'ionﬂrﬂWS Ysz + t95 * S]lfotzlonuM]US YsSz )
== (0.1360 + 1.96 « 0.8513) ==+ 1.8046

Ohivtion VPSYSX,ADD — Uy =% (BM;tm vesysy T tos *S}L”Iotion VPSYSX)
=+(0.0059+1.96 « 0.6171) =+1.215

Ohivtion VPSYSY,ADD — Uy =% (BMtionVPSYSY+ los © *S}L”Iotion VPSYSY)
=+ (0.0084+1.96 « 0.8286) =+ 1.6325

Ohistion VPSYSZ,ADD — Uy == (B]Wotion vpsysz +los © SMotion VPSYSZ)
=+ (0.1368 +1.96 o 0.8514) =74 1.8055

— - 2 2
U]l/lotion]lﬂl/lS YSX, RSS — %5 = \/B]Vﬁ)tion]V[MS YSX + (t95 ° Sﬂﬂ)tionﬂﬂlfS YSX )

=+ 1/0.0060%+ (1.96 « 0.6179)> =+1.2111

_ _ 7 2
Uritionsnasysy, rss = Ups == \/ Biwtionamisysy + (tos * Shotionrnisysy)

=+ 1/0.0099%+ (1.96 + 0.8274)% =+ 1.6217

— — 2 2
[]Aﬁ)tionﬂfﬂfs YSZ RSS — UZ)B =t \/B]lﬁytionilﬂllé’ Ysz + (t95 * Sﬂﬁ)tionﬂﬂlls YsSz )

=4 1/0.1360 + (1.96 + 0.8513)* =+ 1.6742
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_ _ 2 3
Oritionvesysx, rss = Ups =% \/ Biptionvesysy + (tos * Shptionvesysy)

=+ 1/0.0059%+ (1.96 » 0.6171)% == 1.2095

_ _ 7 2
Uristionsnasysy, rss = Uy == \/ Bittionamisysy T (tos * Shotionrnisysy)

=4 4/0.0084% + (1.96 « 0.8286)> =+1.6241

— — 2 2
[]Aﬁ)tirmilﬂlfs YSZ RSS — UZ)B =t \/leﬁ)tionilﬂlls Ysz + (t95 * Sﬂﬁ)tionﬂﬂlls YsSz )

=+ 1/0.13687+ (1.96 » 0.8514)2 =+ 1.6743
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Fig. 3.16 Pin typed calibrator.

Table 3.6 Absolute coordination of calibrator’s header.
No. X y z No. X y z
11 -0.003 0 6.314| 22| 27.524 0.962| 42.078
2| —44.45| -43.015 33y 3 8.097 4.537 94 .46
3] 15.724| -39.756| 68.602| 24, -2.362 4.922 9.014
4] 32.938| -39.052| 29.479| 25| -36.283 6.713| 53.782
5] =31.211| -37.048| 47.196| 26 4.991 9.336| 27.717
6| —10.608| -32.054 49.36| 27| -8.515| 10.114| 82.093
7 1.831| —29.847| 72.498| 28| -16.98| 15.539|] 22.916
8| 29.355| —29.258| 19.054| 29| —28.162| 18.047| 42.155
9] 21.083| —26.222| 33.095| 30| —37.092| 22.168| 91.507
10 8.382| —20.534| 51.365| 31| -12.933| 19.969| 47.426
11| —=20.916| —24.452| 30.119| 32| -0.477| 27.051| 54.863
12| —32.643| —22.962| 55.846| 33| 11.739| 25.871| 60.439
13| -16.379| -17.517| 77.677| 34| 31.016| 19.361| 28.436
14| 35.274| -16.236| 89.174| 35| 37.443| 31.842 50.96
15 37.6| —13.761| 63.954| 36| 16.157| 33.218| 27.955
16| 19.857| —10.544| 65.308| 37| 13.616| 37.226| 36.375
17| —=28.207| —11.339| 64.606| 38| —25.424| 28.157 65.76
18| —-40.821| -8.621| 11.496| 39| -33.374| 34.511| 54.862
19| -23.699| -4.104| 46.176| 40| —21.134| 41.209 81.33
20 -5.92| -3.569| 24.247| 41| 43.956| 44.596| 80.761
21| 24.332| -1.135| 60.957
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4 Sterenscopic Image

distance=600 distance=600
Scale x =4200 Scale x =4200
Scaley =4200 Scale y =4200
alppa =0 alnpa =
beta =0.261799 beta =-0.261793
kappa =0 kappa =0

MioYe X =

(e

Calbrafiory Al Cance|

Fig. 3.17 Real calibrator’s image for virtual camera 1 and camera 2.
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Table 3.7 Virtual camera parameters of each centroid tracking method.

Centroid using Virtual Point | Centroid using Moment Method
Parameter | Virtual Caml Virtual Cam?2 Virtual Caml Virtual Cam2
dis (mm)
599.99957 600.00036 599.90973 600.05945
cy (pixel)
4199.99658 4200.00244 4199.53955 4200.44629
cy(pixel) | 1199 99658 4200.00292 4199.48975 4200.46387
o (%) 1.97727E-8 | -4.94805E-8 | -9.50706E-6 4.9283E-7
v (©) 0.26180 ~0.26180 0.26179 ~0.26180
k (%) ~1.52469E-8 | -2.80223E-8 6.70973E-6 2.07719E-6
my “467221E-7 | -252919E-6 | -4.75010E-4 | -1.04989E-4
my ~10.00000 10.00000 -9.99936 9.99982
ky 775179E-11 ~0.00000 2.80433E-7 | -3.96361E-8
) ~4.30000E-16 0.00000 ~947270E-13 | 1.79650E-13
2

Table 3.8 Uncertainty analysis for each centroid tracking method of
virtual camera’s parameter.

Ave. Error 0.0000
* Standard Deviation 0.0000
. . Ave. Error 0.0000
Virtual Point y .
Standard Deviation 0.0000
Ave. Error 0.0001
z
Standard Deviation 0.0001
Ave. Error 0.0008
* Standard Deviation 0.0010
Ave. Error 0.0009
Moment Method y —
Standard Deviation 0.0010
Ave. Error 0.0036
” Standard Deviation 0.0042
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+ Stereoscopic Image

distance=600 distance=600
Scale x=4200 Scale x =4200
Scale y =4200 Scale y =4200
alopa =0 alppa =0
beta =0.261799 beta =-0.2617299
kappa =0 kappa =0

move ¥ =0

o= 0

Calibration Cancel

Fig. 3.18 Virtual plate image of each virtual cameras.

(a) Virtual camera 1’s image (b) Virtual camera 2's Image

Fig. 3.19 Virtual plate image for Virtual camera 1 and camera 2 by 1
frame.
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(i) VP result at 180 frame

(G) MM result at 180 frame

Fig. 3.21 Motion tracking results of the virtual plate with each method.
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Motion [mm]

Motion [mm]
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40 VP X1
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(a) Result of motion tracking at point 1
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(b) Result of motion tracking at Point 2
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(c) Result of motion tracking at Point 3
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(d) Result of motion tracking at Point 4
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Motion [mm]

) 20 40 60 80 100 120 140 160 180

Frame

(e) Result of motion tracking at Point 5

Fig. 3.23 Result of motion tracking of each points.

Table 3.9 Uncertainty analysis of motion tracking for each centroid
tracking method.

X y Z

Virtual Moment Virtual Moment Virtual Moment
Point Method Point Method Point Method

Averaged
0.005877 | 0.005922 | -0.0084 | -0.00989 | -0.13676 | —0.13593

error

Std. Deviation | 0.617067 | 0.617909 | 0.8286 0.82737 | 0.851403 | 0.851336
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(a) Space probe (b) K400CMM by Krypton

Fig. 3.24 6 Degree motion tracking system by Krypton.

(a) Camera 1 (b) Camera 2

Fig. 3.25 Targets of motion tracking for verification of Bidirectional
Motion Tracking algorithm.
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Motion [ mm ]

(a) Camera 1

Fig. 3.26 Calibrator image for motion tracking.

(b) Camera 2
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(a) Motion mode : Sway
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(b) Motion mode : Sway and Heave
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(c) Motion mode : Sway, Heave and Surge

Fig. 3.27 Result of temporal motions of the four targets. in Sway.
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Table 3.10 Motion Calibration Measurement Data.

Motion

Input

Case Mode | Tz System
Output Hz 0.648
Krypton
Relation Error | [%] | -0.012 1.89
Case 1| Sway | 0.636 — :
Bidirectional Output Hz 0.639
Motion T.A. | Relation Error | [%] | -0.003 | 0.47
Output Hz 0.638
Krypton
Relation Error | [%] | -0.002 0.31
Case 2| Surge | 0.636 — :
Bidirectional Output Hz 0.637
Motion T.A. | Relation Error | [%] | -0.001 | 0.16
Output Hz 0.649
Krypton
Relation Error | [%] | -0.013 2.00
Case 3| Heave | 0.636 b .
Bidirectional Output Hz 0.642
Motion T.A. | Relation Error | [%] | -0.006 | 0.94
Output Hz 0.499
Krypton
Relation Error | [%] | 0.001 0.20
Case 4| Pitch 0.5 T ;
Bidirectional Output Hz 0.499
Motion T.A. | Relation Error | [%] | 0.001 0.20
Output Hz 0.892
Krypton
Case 5 Sway 09 Relation Error | [%] | 0.008 0.89
ase . —
Heave Bidirectional Output Hz 0.896
Motion T.A. | Relation Error | [%] | 0.004 0.44
Sway Krypton Qutput Hz 0.750
Relation Error | [%] | 0.010 1.32
Case 6| Heave | 0.76 — .
Bidirectional Output Hz 0.756
Surge Motion T.A. | Relation Error | [%] | 0.004 0.53
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Camera 3
C?;:jr?el (Top of the Wave)
Wave Camera 4

/ Generator (Top of the Wave)

(Under the wave (Under the wave) — -

/N ANy ,
Camera 1 g Camera 2
)

ol

Pump Water

Fig. 3.28 Measurement system of verification of 3D FSIMS.
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Fig. 3.29 Calibrator for cameras.

Table 3.11 Hydraulic condition of the cylinder.

Draft 0.05 m
Center of gravity 0.035 m
Weight 0.030 kgf
Displacement 0.114 kgf
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A tracking target
il

N WAVE
0.04m —
[ = =
0.05m

0.28m

Fig. 3.31 Picture of floating structure for motion measurement.
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(a) image of camera 3 (b) image of camera 4

Fig. 3.32 Images of the measurements of structure motion.

(a) image of camera 1 (b) image of camera 2

Fig. 3.33 Images of flow fields.
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Sampling point (x, vy, z) :
J\ -20, =170, 0

Fig. 3.34 Mean velocity distribution and sampling point(-20, -170, 0).

| -=-Ref U/Uo — Ref V/Uo - Ref W/Uo |

Frame [1/60 sec]

Fig. 3.35 Temporal evolutions of 3D vectors measured by 3D PTV at x,
y, z = (=20, -170, 0).
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Motion [mm]

Frame [1/60 sec]

Fig. 3.36 Temporal motions of the four targets under the wave
generator frequency 1.33 Hz.
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(a) Flow Structure at 17 / 60 s (b) Flow Structure at 18 / 60 s

Fig. 3.37 Instantaneous ﬂc‘ﬁ‘!!’ % second—-mode motion.

(a) Flow Structure at 28 / 60 s (b) Flow Structure at 29 / 60 s

Fig. 3.38 Instantaneous flow structures at the highest-peak motion.
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Fig. 3.39 Virtual calibration images of virtual camera using real

camera parameters.
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Fig. 3.40 Virtual experimental images of virtual camera using real

3D FSIMS’s data.

- 101 -




(a) Real structure motion image (b) Real structure motion image
of camera 3 of camera 4

(c) Virtual structure motion image (d) Virtual structure motion image
of camera 3 of camera 4

Fig. 3.41 Structure motion image between real camera and virtual
camera.
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(a) Real flow field image of (b) Real flow field image of
camera 1 camera 2

(c) Virtual flow field image of (d) Virtual flow field image of
camera 1 camera 2

Fig. 3.42 Flow field images of the real camera and the virtual camera.
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Fig. 3.43 Structure motion field results obtained in the cases of real and
virtual images.
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—=—Ref U/Uo —— Ref V/Uo —— Ref W/Uo - - Vir U/Uo - #- Vir V/Uo - o- Vir W/Uo\

2

1.5

0.5

Frame [1/60 sec]

Fig. 3.44 Flow field results obtained in the cases of
the virtual image.

Table 3.12 Uncertainty of FSIMS

the real image and

) Averaged Error 0.04
U velocity .
Standard Deviation 0.0211
) ) ) Averaged Error 0.03
Velocity fields V velocity —
Standard Deviation 0.0168
. Averaged Error 0.06
W velocity —
Standard Deviation 0.0184
) Averaged Error 0.006
x displacement —
Standard Deviation 0.0021
) ) ) Averaged Error -0.01
Motion fields y displacement —
Standard Deviation 0.0071
. Averaged Error -0.14
z displacement —
Standard Deviation 0.0141
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Table 3.13 Rejection values for THOMPSON'S TAU

Sample Level of Significance

Size N P = 10% 5% 2% 1%

3 1.3968 1.4099 1.41352 1.414039
4 1.559 1.6080 1.6974 1.7147
5 1.611 1.757 1.869 1.9175
6 1.631 1.814 1.973 2.0509
7 1.640 1.848 2.040 2.142
8 1.644 1.870 2.087 2.207
9 1.647 1.885 2.121 2.256
10 1.648 1.895 2.146 2.294
11 1.648 1.904 2.166 2.324
12 1.649 1.910 2.183 2.348
13 1.649 1915 2.196 2.368
14 1.649 1.919 2.207 2.385
15 1.649 1.923 2.216 2.399
16 1.649 1.926 2.224 2.411
17 1.649 1.928 2.231 2.422
18 1.649 1.931 2.237 2.432
19 1.649 1.932 2.342 2.440
20 1.649 1.934 2.247 2.447
21 1.649 1.936 2.251 2.454
22 1.649 1.937 2.255 2.460
23 1.649 1.938 2.259 2.465
24 1.649 1.940 2.262 2.470
25 1.649 1.941 2.264 2475
26 1.648 1.942 2.267 2.479
27 1.648 1.942 2.269 2.483
28 1.648 1.943 2.272 2.487
29 1.648 1.944 2.274 2.490
30 1.648 1.944 2.275 2.493
31 1.648 1.945 2.277 2.495
32 1.648 1.945 2.279 2.498
o) 1.64485 1.95996 2.32634 2.57582
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o' —Pr*+ Qo —R=0 (3.13)
P=u,

R = Det (u; ;)

1, (LAY
A= (g@) +(7Q) >0 (3.14)
ol A E¥H(EL AFA)SRE FFH H77E o] Wi 54
WA S ofefe] 4 (315)¥ 2 A EA v AR FAAHE AE

=88+ R R (A Asgonn Ao Hi

Ave ARgend f5ae dTxs 49doz Brkena sdon,

= %(ui,j‘*'uj,i) DO "LA (3.15)
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dv dv dv
Ar dy dz (3.16)
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Fig. 4.1 Mean velocity profile of inlet.
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Fig. 4.3 Schema of 4D PTV system.
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Fig. 44 Schema of SPIV/SPTV at xy plane.
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Fig. 45 Schema of SPIV/SPTV at yz plane.
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S A

(a) Calibration process for 4D PTV

(b) Experimental image for 4D PTV

Fig. 46 4D PTV System.
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(a) View of camera 1 (b) View of camera 2

Fig. 4.7 Calibrator image for 4D PTV.

(a) Calibration process for SPIV/SPTV at xy plane
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(b) Experiment image for SPIV/SPTV at xy plane

Fig. 4.8 SPIV/SPTV system at xy plane.

(a) View of camera 1 (b) View of camera 2

Fig. 4.9 Calibrator image for SPIV/SPTV at xy plane.
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(a) Calibration process for SPIV/SPTV at yz plane

(b) Experimental image for SPIV/SPTV at yz plane

Fig. 4.10 SPIV/SPTV system at yz plane.

- 130 -



(a) View of camera 1 at x/D = 1.0 ) View of camera 2 at x/D = 1.0

(a) View of camera 1 at x/D = 25 (b) View of camera 2 at x/D = 25

Fig. 4.11 Calibrator image for SPIV/SPTV at yz plane.
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(a) Instantaneous image of cameral (b) Instantancous image of camera2

Fig. 4.12 Instantaneous image of each cameras. (4D PTV)

(a) Camera 1 at the xy section (b) Camera 2 at the xy section
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(c) Camera 1 at the x/D=1.0 of (d) Camera 2 at the x/D=1.0 of
yz section yz section

(e) Camera 1 at the x/D=2.5 of (f) Camera 2 at the x/D=2.5 of
vz section yz section

Fig. 4.13 Instantaneous image of each cameras and each section.
(SPIV/SPTV)
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Fig. 4.14 Measurement coordinate.
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(b) Mean velocity distribution.

Fig. 4.15 Results of sphere wake flow using 4D PTV.
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(a) 1/1024 (60 fps)

(c) 4/1024 (60 fps) (d) 17/1024 (60 fps)

(e) 34/1024 (60 fps) (f) 35/1024 (60 fps)
Fig. 4.16 Temporal evolution of the Cone-shape(C-shape) vortical

structure.
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(e) yz section at x/D=2.5 1/1024 (f) yz section at x/D=2.5 4/1024
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Fig. 4.17 Vorticity distribution each section (60 fps).
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Fig. 4.19 Dimensionless velocity profiles at each section.
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Fig. 4.20 Dimensionless velocity of 3D PTV [Hwang].
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2.5 of yz section

(i) Stream line with U component at x/D

Fig. 4.24 Mean velocity distribution of SPIV at each section.
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Fig. 4.25 Physical quantity of SPIV at xy section.
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Fig. 4.27 Physical quantity of SPIV at yz section. (x/D=2.5)
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Fig. 4.30 Result of FET analysis for SPIV.
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(a) xy section.

(c) x/D=1.0 of yz section (e) x/D=2.5 of yz section.

Fig. 4.31 Mean velocity distribution of SPTV at each section.
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Fig. 4.32 Velocity distribution of SPTV at each section.
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Fig. 4.33 Physical quantity of SPTV at xy section.
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Fig. 4.34 Physical quantity of SPIV at yz section. (x/D=1.0)
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Fig. 4.35 Physical quantity of SPIV at yz section. (x/D=2.5)
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Fig. 4.38 Result of FET analysis for SPTV.
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Fig. 5.1 4D PTV system for the impinged jet flow.
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(a) Instantaneous image of cameral (b) Instantaneous image of camera2

(c) 2 Instantaneous image of camera 3

Fig. 5.2 Impinged jet flow image of each camera.

- 201 -



SRR AR T

W

(a n Velocity di tion.

o

(b) Instantaneous Velocity distribution.
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Fig. 5.4 Temporal history of 3D-velocity vectors.
(x/D=5.6, y/D=-2.0, z/D=0.0).

Fig. 55 Instantaneous spatial distribution of eigenvalue at 5% vs the
whole Ay ranges (t=t0)
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(t= to) (t= to + 5 msec)

Fig. 5.6 Time history of vorticity distribution.

(a)at t=t0 + 10msec (b) t=t0+ 20msec

Fig. 5.7 Instantaneous spatial distribution of enginvalue at 5% vs the
whole A ranges.
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Fig. 5.9 Temporal evolution of velocity components.
(at x/D= 5.8, y/D= 24, z/D= 0, step= 10 msec)
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(a) at Time A = 1321/2000 sec. (b) at Time B = 1341/2000 sec.

(c) at Time C = 1361/2000 sec.

Fig. 5.10 Temporal changes of the vortex ring structures sampled at the
times figured on Fig. 5.9.
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Fig. 6.2 Scene of experimental setup.
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(b) for camera 3 & 4 (plate type was used)

Fig. 6.3 Scene of camera calibrations.
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viewed by camera 1 viewed by camera 2

(a) Images of calibrator for camera 1 & 2

viewed by camera 3 viewed by camera 4

(b) Images of calibrator for camera 3 & 4

Fig. 6.4 Images of the two calibrators used for the four cameras.
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viewed by camera 1 viewed by camera 2

(a) Flow field images

viewed by camera 3 viewed by camera 4

(b) Motion field images

Fig. 6.7 Raw images at the same instance.
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(c) at 185 frame
Fig. 6.9 Measured flow field of the impinged jet.
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(b) multiple open case

(a) single open case

(c) single opened case

Fig. 6.14 Distribution of turbulent kinetic energy at the top positions.
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Fig

. 1.1 Experimental setup.

Fig. 7.2 Experimental setup views.
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Table 7.1 Specification of three models.

Actual Model

4,800(W) x 4,900(D) x 2470(H)
with 150 inlet & outlet ventilations

Model A Model B Model C
Scale 1/9.6 1/13.7 1/19.2
Inlet & Outlet 1/3.0 1/43 1/5.0
Diameter
Table 7.2 Experimental conditions for models.
Model A Model B Model C
E diti Flow rate, Flow rate, Flow rate,
XDb. COnditiorgy L/min L/min L/min
Re number Re number Re number
6479 3175 233.20)
Constant 55 C
inlet 18,321 12,825 10,993
velocity, 412.3 202@ 1484
m/sec 35
11,659 8,161 6,995
206.1 144.3 148.4
Constant Re number
6,995 6,9952) 6,995@

¥ Re number is based on the inlet diameter.
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(a) camera 1 (b) camera 2
Fig. 7.3 Calibrator images.

Fig. 7.4 Panoramic image of the calibrator.
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(a) camera 1 (b) camera 2
Fig. 7.5 Experimental images.

Fig. 7.6 Experimental panoramic image.
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Fig. 7.7 Mean velocity vector distributions.
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Fig. 7.8 Turbulence kinetic energy distributions.
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Fig. 7.10 Turbulence kinetic energy distributions.
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(a) Section 4-1 (b) Section 7-1

(c) Section 8-1

Fig. 8.4 Experimental images for each section.
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(a) Original Model (b) Modified Model

Fig. 8.9 Three-dimensional flow patterns in the upper room.
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Fig. 8.10 2D Flow patterns of the original louver.
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Fig. 811 Volume flow measurement system.

Table 8.1 Volume flow measurement.
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Fig. 2.1 Concept of a standardization for PIV system.
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Fig. 2.2 Using system to convert standard image.

- 283 -



-
0 My Nro T 1ro
= 0 B o y
NR g e
A 5 i B
Ot @y m.AV _.E A_OI
s oA, X
_ . :
= B g © T
c * s 3 x
] % AR
K o] @ g > - -
< N 63 EA 2 -
T T 5
m o ﬂ T Ot mmo
€ G O ¢ -
N _ X |
- 4 " =
m ~es 7
= [ . A
5 M= ™ w L & 2
: ™ LT £ w
o ! 0 = T T2
m il : i % b o
= S ﬂ 5w F g
4 " < 1 o o
n LS Y - = %
ol I ?
™ 4qr ~o % 3 & F ;
™ oF X o] wa o >
g ~o —_— Nro ﬂoﬂ N ] Wﬁ
- : " oF M S
0 - s L
B Nd - ;
_ N .
N N S Nro m W M Wo
° " o Al RN
) o
(9]

- 284 -



1]

= 8PixelZ 3

tel o571 g

5|

CRVE !

H
=

o]

!

ASA 3=

ke
T

Table 3.1

!

o

3
)

B

To

o)
o

ol

- 285 -



Table 3.1 Result of cross correlation algorithm.

Correlation Averaged | Standard
Particle Particle Rotation
Domain Size Error Deviation
Num. Diameter Angle
(N x N) pixel| (pixel) (pixel)
17 0.00424 0.05239
1.0° 33 0.00180 0.01566
o 65 0.00067 0.00551
05710 Pixel 17 0.00494 0.05100
2.0° 33 0.00181 0.01582
65 0.00084 0.00543
10000 17 0.00448 0.04351
1.0° 33 0.00181 0.01439
o 65 0.00081 0.00470
L0715 Pixel 17 0.00378 0.04740
2.0° 33 0.00181 0.01408
65 0.00070 0.00487
17 0.00384 0.03539
1.0° 3 0.00189 0.01189
. 65 0.00071 0.00424
0.571.0 Pixgy 17 0.00352 0.03936
2.0° 33 0.00156 0.01287
65 0.00094 0.00451
15000 17 0.00384 0.03539
1.0° 33 0.00189 0.01189
o 65 0.00071 0.00424
L0715 Pixel 17 0.00394 0.03555
2.0° 33 0.00184 0.01195
65 0.00084 0.00419
17 0.00379 0.03416
1.0° 33 0.00194 0.01104
o 65 0.00106 0.00390
05710 Pixel 17 0.00416 0.03387
2.0° 33 0.00129 0.01158
65 0.00084 0.00403
20000 17 0.00356 0.03185
1.0° 33 0.00171 0.01081
o 65 0.00097 0.00369
L0715 Pixel 17 0.00347 0.03142
2.0° 33 0.00161 0.01075
65 0.00101 0.00363
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Fol o% 4T Aot

(a) Before rotation angle (b) After rotation (d© =2.0° / frame)

Fig. 3.1 Standard virtual image of the rotating disk(720 x 480 pixels).

(a) Original Image (b) Digital Cam Image (c) Analog Image

Fig. 3.2 Image grabbing result with image grabber (d© =2.0").
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(a) Displacement with AV image (b) Displacement

Fig. 3.3 Shifts of the Analog video image from the original image.

Table 3.2 Result of digital image and analog image [unit: pixell.

Rotation 1.0° Rotation 1.5° Rotation 2.0° SUM

Mean | Standard | Mean | Standard | Mean | Standard | Mean | Standard

Error |Deviation| Error |Deviation| Error |Deviation| Error |Deviation

Digital
0.00048| 0.00491 {0.00064| 0.00541 |0.00056| 0.00507 [0.00056| 0.00513
Video

Analog
2.35611| 0.13553 [2.37624| 0.13641 |2.37971| 0.14075 |2.37069| 0.13756
Video
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Fig. 3.4 Standard virtual image Fig. 3.5 Grabbing image for

(720 x 4K0). Image grabber (512 x 480).

(a) Odd field image (b) Even field image

Fig. 3.6 Field image of grabbing image.
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Table 3.2 Measurement conditions.

Condition Num, Particle Num. Particle Diameter(pixel), Rotation Angle(°),

Correlation Domain Size(pixel x pixel)

1 ]10000, 1.0, 1.0, 17| 13 [15000, "1.0, 1.0, 17| 25 [20000, 1.0, 1.0, 17
2 10000, "1.0, 1.0, 33| 14 15000, "1.0, 1.0, 33| 26 |20000, "1.0, 1.0, 33
3 |10000, "1.0, 1.0, 65| 15 [15000, 1.0, 1.0, 65| 27 120000, 71.0, 1.0, 65
4 110000, 71.0, 2.0, 17| 16 [15000, 1.0, 2.0, 17| 28 ]20000, 71.0, 2.0, 17
5 10000, 1.0, 2.0, 33| 17 ]15000, "1.0, 2.0, 33| 29 [20000, 71.0, 2.0, 33
6 10000, 1.0, 2.0, 65| 18 [15000, 1.0, 2.0, 65| 30 ]20000, 71.0, 2.0, 65
7 110000, "1.5, 1.0, 17] 19 ]15000, "1.5, 1.0, 17| 31 |20000, "1.5, 1.0, 17
8 10000, "1.5, 1.0, 33| 20 15000, "1.5, 1.0, 33| 32 [20000, "1.5, 1.0, 33
9 10000, "1.5, 1.0, 65| 21 |15000, 71.5, 1.0, 65| 33 [20000, "1.5, 1.0, 65
10 |10000, "1.5, 2.0, 17| 22 115000, 71.5, 2.0, 17| 34 [20000, "1.5, 2.0, 17
11 10000, 71.5, 2.0, 33| 23 [15000, 71.5, 2.0, 33| 35 [20000, "1.5, 2.0, 33
12 ]10000, "1.5, 2.0, 65| 24 ]15000, "1.5, 2.0, 65| 36 |20000, "1.5, 2.0, 65

= Relative error between absolute velocity and virtual result [%]
» Relative error between absolute velocity and capture result [%]

.00

1.00

%14

m 17

0.00 ngad Pmi2

e = w@m

=18

4
3.00 *

-2.00 ‘
~3.00

—4.00

Fig. 3.7 Relative error for standard virtual image and captured image.
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Table 3.3 Result of cross correlation algorithm for each images.

3
ﬂx}ﬂﬁ/g% ol g o e 4110 313927p | —gmEs | o=
o)z} 4= °E 7y iz |2.0| 6.27855D | 7o) sgujost| 5o Aot
7] A S| G S5
g o wEax| Aot geax el
17 3.09460 | 0.36900 | 3.07230 | 0.07290 | 142294 | 2.13330
051101331 3.09660 | 0.36490 | 3.05260 | 0.03910 | 1.35923 | 2.76083
- 65| 3.10470 | 0.36810 | 3.07900 | 0.05740 | 1.10121 | 1.91987
17 | 6.20960 | 0.53430 | 6.49620 | 0.23700 | 1.09818 | -3.46656
1012:0[33]6.20350 | 052990 | 651780 | 0.15960 | 1.19534 | -3.81059
10000 65| 6.20360 | 053480 | 6.35430 | 0.25310 | 1.19375 | -1.20649
17 | 3.14870 | 0.05440 | 3.09380 | 0.05840 | -0.30039 | 1.44843
L0} 1.0[337 315150 | 0.04630 | 3.09570 | 0.05280 | -0.38958 | 1.38790
- 65| 3.15010 | 0.05600 | 3.09690 | 0.04910 | -0.34498 | 1.34968
17 6.28990 | 0.09980 | 6.36810 | 0.21280 | -0.18077 | -1.42628
15/20[33] 6.29940 | 0.10600 | 6.40010 | 0.16200 | -0.33208 | -1.93596
65| 6.20690 | 0.11570 | 6.37430 | 0.13160 | -0.29226 | -1.52503
17 | 3.13480 | 0.05220 | 3.05350 | 0.04620 | 0.14239 | 273216
05110[337] 313290 | 0.04640 | 3.06900 | 0.04170 | 0.20291 | 2.23842
- 65| 3.21220 | 0.90420 | 3.08240 | 0.03010 | -2.32315 | 1.81157
17 | 6.29270 | 0.08330 | 6.48100 | 0.22180 | -0.22537 | -3.22447
1012:0[33] 6.27540 | 0.09000 | 6.47590 | 0.18450 | 0.05017 | -3.14324
15000 65| 6.31570 | 0.13800 | 6.38300 | 0.17210 | -0.59170 | -1.66360
17 | 3.14620 | 0.05470 | 3.08210 | 0.05530 | -0.22075 | 1.82112
L0} 1.0[337 3.14840 | 0.04190 | 3.08390 | 0.04370 | -0.29083 | 1.76379
- 65| 3.15230 | 0.03830 | 3.09730 | 0.03140 | -0.41506 | 1.33694
17 | 628170 | 0.08060 | 6.37010 | 0.18350 | -0.05017 | -1.45814
15/20[33]6.28790 | 0.08100 | 636640 | 0.15620 | -0.14892 | -1.39921
65| 6.29920 | 0.08770 | 6.36220 | 0.11910 | -0.32890 | -1.33231
17 | 3.14220 | 0.04800 | 3.06440 | 0.04730 | -0.09333 | 2.38495
051101331 3.13600 | 0.03640 | 3.07210 | 0.03840 | 0.10416 | 2.13967
- 65 | 3.14430 | 0.03940 | 3.08130 | 0.03530 | -0.16023 | 1.84661
17 | 6.27860 | 0.08100 | 651670 | 0.19860 | -0.00080 | -3.79307
1012:0[337]6.28960 | 0.07540 | 6.44630 | 0.13100 | -0.17600 | —2.67180
20000 65| 6.20950 | 0.09210 | 6.39280 | 0.13910 | -0.33368 | -1.81969
17 | 3.13880 | 0.04510 | 3.08110 | 0.03050 | 0.01497 | 1.85293
L0} 1.0[337 314360 | 0.03580 | 3.08470 | 0.03930 | -0.13793 | 1.73830
- 65 | 3.14060 | 0.03250 | 3.07890 | 0.03220 | -0.04237 | 1.92306
17 | 627890 | 0.07750 | 6.42600 | 0.12830 | -0.00557 | -2.34847
15/20[33] 6.28780 | 0.07830 | 639700 | 0.13610 | -0.14733 | -1.88658
65 | 6.28840 | 0.08610 | 6.35290 | 0.13210 | -0.15688 | -1.18419
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Fig. 3.8 Experiment system Fig. 3.9 Coated hallow glass on

for light source effect. on disk.

Fig. 3.10 Motor casing for driving disk. Fig. 3.11 Driving motor and

driver.
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Table 3.4 Measurement conditions.

Condition Num, Num of Revolution[rpm], Laser power[m]J], Correlation

Domain Size [pixel x pixel]

1 100, 17, 17 10 200, 17, 17 19 300, 17, 17
2 100, 17, 33 11 200, 17, 33 20 300, 17, 33
3 100, 17, 65 12 200, 17, 65 21 300, 17, 65
4 100, 22, 17 13 200, 22, 17 22 300, 22, 17
5 100, 22, 33 14 200, 22, 33 23 300, 22, 33
6 100, 22, 65 15 200, 22, 65 24 300, 22, 65
7 100, 26, 17 16 200, 26, 17 25 300, 26, 17
8 100, 26, 33 17 200, 26, 33 26 300, 26, 33
9 100, 26, 65 18 200, 26, 65 27 300, 26, 65

| = Relative Error [%] |

12 &
] =g
momg d W67 Cmg

10

6 L
4 F o o7
LB | n - n .z"l‘!J

o | 19 20 21 g 23

0
-2 14 17

|'n|1|'2].3"1575'-m
4 L

Fig. 3.12 Relative error for rotating disk.
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Table 3.5 Result of cross correlation algorithm for rotating disk.

ERRS e
[rpm] gl o] A - ) o )
o o5 99 | @wed | wzdd | Aded
AR e
[pixel] 7] [pixel] [pixel] [9%]
&4 b [m]] 0 Y
[Pixel]
[usec]
17 3.30610 0.20850 9.40901
17 33 3.25960 0.09040 10.68317
100 65 3.26200 0.06200 10.61740
17 3.24200 0.14910 11.16543
3.64948 2 33 3.22670 0.08810 11.53466
65 3.25340 0.04620 10.85305
1700 17 3.24240 0.13720 11.15447
% 33 3.23230 0.05500 11.43122
65 3.25530 0.04670 10.80099
17 4.83280 0.19340 232783
= 33 4.82850 0.04890 223678
200 65 4.84430 0.06500 ~2.57132
17 4.86590 0.10960 ~3.02867
472286 2 29 4.84060 0.05230 249298
65 4.84910 0.05740 ~2.67296
1100 17 4.83010 0.15540 ~2.27066
% 33 4.83010 0.08000 ~2.27066
65 4.85500 0.05830 ~2.79788
17 3.11500 0.10320 3.26478
17 33 3.11770 0.04680 3.18093
300 65 3.12710 0.04330 2.88901
17 3.13320 0.09710 2.69958
3.22013 92 33 311830 0.06360 3.14677
65 3.11880 0.06360 3.14677
500 17 3.11920 0.06740 3.13435
% 33 3.08160 0.32070 4.30200
65 3.08160 0.32070 4.30200
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Fig. 3.13 Difference of brightness and histogram distribution on the

rotating disk by light source.
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5 A PIV Alz=glo Aol B84 (1A (D7 BFE e
BSYS+:O.5046 , SSYS:0.0486 s USYSZI5O4
Bsys-=0.5185 |, Ssys=0.1710 , vsys=1108

(SE+ S5, + S+ SE)?
54 54 54 54
Vpry Vpa Ver v
(+) = (0.0188%+ 0.0051%+0.0445° + 0°)*

0.0188" _0.0051%  0.0445" 0"
1872 7120 1080 T 300

= 1504

(=) = (0.0188%+ 0.0051% +0.1699° + 0)*

0.0188%  0.0051* . 0.1699* 0!
1872~ 120 1080 ' 300

= 1108

Vsys =

Biys = \/(BPIV)2 + (Bpa)’ + (B )* + (BL)?
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