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Analyses of Influence Factors in
Tomographic PIV Measurements

by Dae Kyeong Kong

Department of Refrigeration and Air- Conditioning Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

In this paper, the influences factors in tomographic PIV calculations
are quantitatively investigated.

The error propagation coming from the camera calibration has been
investigated, and the error propagation coming from the reconstruction
of voxel images, in which MLOS (multiplicative line of sight), MART
(multiplicative algebraic reconstruction technique), SMART (simultaneous
multiplicative algebraic reconstruction technique) algorithms are adopted,

has been investigated.
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The influences of the camera calibration method (10-parameter and
transfer matrix) to the Tomo—-PIV results have been also quantitatively
investigated. It has been verified that the 10-parameter method has
shown better performance than transfer matrix.

Based on MLOS reconstruction algorithm, the calculation results of
Tomo—PIV showed shorter calculation time, and it has been adopted to
the calculation of a ring vortex, from which it has been validated that
the original flow patterns of the ring vortex has been reconstructed.

Further, the constructed Tomo—PIV system has been adopted to an
experimental flow images of the wake of a sguare bluff body, from
which the secondary flow structures of the wake have been clearly

captured.
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X 20 20 5

Y 20 20 5

Z -10 10 5
Table 2.1 Gird spec of virtual image for calibration
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10 parameter

Cam 1 2 3 4
dis 1000 1000 1000 1000
c 14000 14000 14000 14000
o 0.261799 0.261799 -0.2618 -0.2618
I6] 0.261799 -0.2618 0.261799 -0.2618
~y 0 0 0 0
m, 0 0 0 0
m, 0 0 0 0
transfer matrix
Cam.1 a; ;o ;5 a;,
ay; 13.5892 0.87382 3.26114 256
ay,; 0.06625 -13.587 3.38461 256
ay,; 0.00025 —0.0002 —0.0009 1
Cam.2 a; ;o ;g a,,
ay; 13.4567 -1.0018 -3.7388 256
ay, —0.0662 -13.587 3.38461 256
as; —0.0002 —0.0002 —0.0009 1
Cam.3 @iy Qi Qi3 iy
ay; 13.5892 —0.8738 3.26114 256
ay; 0.06625 -13.459 -3.8623 256
as; 0.00025 0.00025 —0.0009 1
Cam.4 ajy P 3 iy
ay; 13.4567 1.00182 -3.7388 256
ay; —0.0662 -13.459 -3.8623 256
ay; —0.0002 0.00025 —0.0009 1

Table 2.2 Each camera parameter of virtual image
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Cam 1 Cam 2

Cam 3 Cam 4

Fig. 2.5 Virtual image for calibration (Z=-10mm)
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24 10-LictO|E1H 0F BE HEY

232 0N HEs JHHetnE HdsEHIIE st JFAIAMUA JFSAICH
OFA 3 (Gaussian mask)J|1BHe] ZAI & (centorid) HIJIE A AGIFLCH SAA

RIJE 2z S JIECZ 10-Ict0IE S e -0 28 It

Fig. 26 ~ Fig. 2.15= J|I=1et0IEH g0l 2ot Md= Jiatgatol

H0ICt. Table 4.5= 2 Jt0H2te dz,dy & 40H Jt0I2t2l 2 dx,dyOll CHEt
RMS Error(root mean square)ats 2E0H=Ch Ol HE #HaEdHs 0|26t

= X0l Hgotkl Rlbes A= 2=
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Reference parameter 10 parameter calibration
Cam 1 2 3 4 1 2 3 4
dis 1000 1000 1000 1000 1008284 | 1004792 | 1003.740 | 1000.209
c 14000 14000 14000 14000 1411421 | 1406552 | 1405058 | 14001.35
o 0261799 | 0261799 | -0.2618 | -0.2618 | 0261858 | 0261866 | -0.261853 | —0.261862
B 0261799 | -0.2618 | 0261799 | -0.2618 | 0.261856 | -0.261845 | 0.261858 | -0.261847
v 0 0 0 0 0.000040 | -0.000041 | -0.000037 | 0.000038
m, 0 0 0 0 0.000470 | -0.000303 | 0.000329 | -0.000163
m, 0 0 0 0 0.000038 | 0.000152 | -0.000099 | -0.000213
Table 2.3 10 parameter calibration results
Reference parameter transfer matrix calibration
Cam 1 a; ;o g3 Gy Cam 1 Ay ;o a3 Ay
ay; 135892 | 0.87382 | 3.26114 256 ay; 135920 | 091208 | 3.38343 | 256.082
ay; 006625 | -13.587 | 3.38461 256 ay; 007265 | -13662 | 3.62507 | 256.490
ag; 0.00025 | -0.0002 | -0.0009 1 ag,; 0.00028 | -0.0001 | -0.0004 | 1.00000
Cam 2 iy Qo Qi3 Qg Cam 2 iy Qo Qi3 iy
ay; 134567 | -1.0018 | -3.7388 256 ay, 134479 | -0.9616 | 36193 | 255921
ay; -0.0662 | -13.587 | 3.38461 256 ay; -0.0716 | -13.662 | 3.62462 | 256.495
ag; -0.0002 | -0.0002 | -0.0009 1 ag; -0.0002 | -0.0001 | -0.0004 | 1.00000
Cam 3 @iy Qi Qi Qig Cam 3 @iy Qi Qi3 Qig
ay; 135892 | -0.8738 | 3.26114 256 ay; 135985 | -0.8127 | 3.408%4 | 256.065
ay; 0.06625 | -13.459 | -3.8623 256 ay; 007723 | -13.487 | -36262 | 256.171
ay; 0.00025 | 0.00025 | -0.0009 1 ay; 0.00031 | 0.00048 | -0.0003 | 1.00000
Cam 4 i1 Qio Qi3 Qi Cam 4 iy Qio Qi3 Qi
ay; 13.4567 | 1.00182 | -3.7388 256 ay; 134431 | 1.06126 | 3591 | 255937
ay; -0.0662 | -13.459 | -3.8623 256 ay; -0.0760 | -13.486 | -3.6260 | 256.170
ay, -0.0002 | 0.00025 | -0.0009 1 ay, -0.0003 | 0.00049 | -0.0003 | 1.00000

Collec
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Table 2.4 Transfer matrix calibration results
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dx1

0.6182
0.3771
0.2300
0.1403
0.0856
0.0522
0.0318
0.0194
0.0118
0.0072
0.0044
0.0027
0.0016
0.0010

K[mm]

(a)

Fig. 2.6 Pixel errors of x coordinate in camera 1(3D to 2D image, Z=—2mm)
(@) 10 parameter calibration (b) transfer matrix calibration

Z=-1mm Z=-1mm
dx1 dx1

1 0.6182 AR 0.6182
0.3771 0.3771
% 0.2300 el 0.2300
0.1403 0.1403
5 0.0856 5 0.0856
< 0.0522 = 0.0522
o 0.0318 R 0.0318
= 0.0194 = 0.0194
K 0.0118 5 0.0118
0.0072 0.0072
10 0.0044 -10 0.0044
0.0027 0.0027
£ 0.0016 s 0.0016
1% 10 5 ] 5 10 15 0.0010 EH EF] 5 [ 5 10 15 0.0010

K[mm] X [mm]

(a) (b)

Fig. 2.7 Pixel errors of x coordinate in camera 1(3D to 2D image, Z=—1mm)
(@) 10 parameter calibration (b) transfer matrix calibration
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Z=0mm

-15 -10 78 ] 5 10 15
K[mm]

(a)

0.6182
0.3771

0.2300
0.1403
0.0856
0.0522
0.0318
0.0194
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0.0072
0.0044
0.0027
0.0016
0.0010

Z=0mm

dxi1

0.6182
03771
0.2300
0.1403
0.0856
0.0522
0.0318
0.0194
0.0118
0.0072
0.0044
0.0027
0.0016
0.0010

Fig. 2.8 Pixel errors of x coordinate in camera 1(3D to 2D image, Z=0Omm)
(a) 10 parameter calibration (b) transfer matrix calibration

Z=1mm

-15 -10 78 ] 5 10 15
K[mm]

(a)

dx1

0.6182
0.3771

0.2300
0.1403
0.0856
0.0522
0.0318
0.0194
0.0118
0.0072
0.0044
0.0027
0.0016
0.0010

Z=1mm

dx1
0.6182
0.3771
0.2300
0.1403
0.0858
0.0522
0.0318
0.0194
0.0118
0.0072
0.0044
0.0027
0.0016
0.0010

Fig. 2.9 Pixel errors of x coordinate in camera 1(3D to 2D image, Z=1mm)
(a) 10 parameter calibration (b) transfer matrix calibration
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Z=2mm Z=2mm

dxi1 dx1
15 0.6182 e E 0.6182
0.3771 0.3771
g 0.2300 t 0.2300
0.1403 0.1403
§ 0.0856 § 0.0856
= 0.0522 = " 0.0522
il 0.0318 El | 0.0318
= 0.0194 - 0.0194
8 0.0118 -5 0.0118
0.0072 0.0072
10 0.0044 10 | 0.0044
0.0027 0.0027
15 0.0016 A8 ‘ 0.0016
] 10 5 ] 5 10 15 0.0010 5 EL] 5 [ 5 10 15 0.0010

X [mm] X[mm]

Fig. 2.10 Pixel errors of x coordinate in camera 1(3D to 2D image, Z=2mm)
(@) 10 parameter calibration (b) transfer matrix calibration
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Z=-2mm Z=-2mm

dy1 dy1
i 23057 15 ‘ - ' ! - l 23057
1.5524 | 1.5524
18 1.0452 10 B 1.0452
0.7037 0.7037
s 0.4738 I — B 0.4738
e 0.3190 - D — 0.3190
T | 0.2147 T - | 0.2147
- 0.1446 - 0.1446
E 0.0973 5 m 0.0973
0.0655 0.0655
10 0.0441 0 0.0441
0.0297 0.0297
15 0.0200 A5 0.0200
15 10 ] 0 5 10 15 15 10 ) a 5 10 15
X [mm] X [mm]

Fig. 2.11 Pixel errors of y coordinate in camera 1(3D to 2D image, Z=—2mm)
(@) 10 parameter calibration (b) transfer matrix calibration

Z=-1mm Z=-1mm

dy1 dy1
1 2.3057 1s ‘ ‘ ' ' ‘ l 2.3057
1.5524 1.5524
10 1.0452 L ] 1.0452
0.7037 — 0.7037
s 0.4738 s . E—— B 0.4738
- 0.3190 - '\'____7___ 0.3190
EE | 0.2147 El - [ 02147
- 0.1446 - 0.1446
5 0.0973 54 — 0.0973
0.0655 0.0655
10 0.0441 10 0.0441
0.0297 0.0297
15 0.0200 5 0.0200

15 10 5 0 5 10 15 15 10 5 a 5 10 15
X [mm] X [mm]

Fig. 2.12 Pixel errors of y coordinate in camera 1(3D to 2D image, Z=—1mm)
(a) 10 parameter calibration (b) transfer matrix calibration
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Z=0mm

dy1 dy1
1 2.3057 2.3057
1.5524 1.5524
i 1.0452 1.0452
0.7037 0.7037
g 0.4738 0.4738
< 0.3190 0.3190
Bk 0.2147 0.2147
- 0.1446 0.1446
5 0.0973 0.0973
0.0655 0.0655
10 0.0441 0.0441
0.0297 0.0297
15 0.0200 0.0200
15 10 5 0 5 10 15 15 10 5 a 5 10 15
X [mm] X[mm]

Fig. 2.13 Pixel errors of y coordinate in camera 1(3D to 2D image, Z=0mm)
(@) 10 parameter calibration (b) transfer matrix calibration

Z=1mm Z=1mm
dy1 dy1
5 " \ \ \ \ |
23057 l 23057
1.5524 1.5524
10 1.0452 B B 1.0452
0.7037 0.7037
s 0.4738 ; 0.4738
< 0.3190 0.3190
Fo 0.2147 0.2147
- 0.1446 0.1446
£ 0.0973 0.0973
0.0655 0.0655
10 0.0441 0.0441
0.0297 0.0297
15 0.0200 0.0200
15 10 5 o 5 10 15 15 10 ) a 5 10 15
X [mm] X [mm]

(a) (b)

Fig. 2.14 Pixel errors of y coordinate in camera 1(3D to 2D image, Z=1mm)
(a) 10 parameter calibration (b) transfer matrix calibration
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Z=2mm Z=2mm

dy1 dy1
& - \ \ \ \ ] \
. 23057 . 23057
1.5524 ol 1.5524
g 1.0452 . 1.0452
0.7037 0.7037
g 0.4738 5 0.4738
< | 0.3190 < 0.3190
ER P 0.2147 Elln H 0.2147
- 0.1446 = 0.1446
5 0.0973 sH. 0.0973
0.0655 0.0655
10 0.0441 10 0.0441
0.0297 0.0297
15 0.0200 15 0.0200
15 10 5 0 5 10 15 15 -10 -5 a 5 10 15
X [mm] X[mm]
(a) (b)

Fig. 2.15 Pixel errors of y coordinate in camera 1(3D to 2D image, Z=2mm)
(@) 10 parameter calibration (b) transfer matrix calibration

10 parameter transfer matrix
Total 0.018303 0.794304
dx, 0.018044 1.228521
dy, 0.017969 0.189684
dzx, 0.019246 1.232342
dys, 0.018248 0.270481
da, 0.018068 0.937229
dys, 0.017633 0.278811
dx, 0.019245 0.958333
dy, 0.0179 1.108386
Table 2.5 Total and each cam pixel x , y
RMS error
— 21 —

Collection @ kmou



N3 =S434 M2d 240 2

o
0
_>i
0Q
00!
gl
Jx

34 E& M=d el

Tomo—PIVOIA JIE SRst 222 33X Z22t0 M =& 348=2
(3C3D, 3-component 3—dimensional)s ol&ds =HI AN st A XHA

O X AT W(voxel image)2 Z2Hol= AO0ICH 0IE <dHA & FEH

ZHEH ©= ZY(CT, computer tomography)2 2|&HH L M 2SHAH Ol A

|HOICH 2= AHUAME &M WE2 2XtE sHEHsE 2|

= ==lAdsE A2 201 3XE FAEFEE MU JAWHA =2
XA OtaZa s 010t MLOSmultiplicative line of sight)(Atkinson
and  Soria;  2009), MART (multiplicative  algebraic  reconstruction
technique)(Herman and Lent; 1976), SMART (simultaneous multiplicative
algebraic reconstruction technique)?| 2 (Atkinson and Soria; 2009) &2

Sot M=dEs 22l ds= EJtotRLt.

_22_

Collection @ kmou



(38.1)Dt 20l Pixel’ s line of

0
Kl
ol

= UCH

LH
=

O=ZF LIE

|.

S
=

(intensity)2l

(3.1)

. Pixel value

P,

. Intensity source of particle field

I (z,y,2)

s line—of —sight

’

: pixel

5;

Ol&+E Q1 TIOIE 0121 &

CHsk &l(3.1)2 4l(32)2 0l

o oo
S M

A
=

=
=

ioll

otXI2H Jthiet &

GO & Ol

Ol &+ Ol

Cil O & 01

bSKe]
—/ —

A~
-/

1

il

Ol

0

(3.2)

: Weight of converting voxel to pixel

w,

: Voxel value

4

S0 et LA Fig.

= Al
1

%

Ol A 3t

F

A
S o

g§o=z

Al(8.2)2 Ht

_23_

Collection @ kmou



3.1t 20l MLOSZE S AtEotH =4 2% =Dl

Mo
ux
0
Q'E
9
a

Image /
/ i Voxel
I subgrid
— Pixel
Line-of-sight
Fig. 3.1 Schematic of MLOS
= g €80l & =

AF 200 CHol MART & SMARTEIZS OIE0otd M

=

Aol HUMS =0ICH A(33)2 MARTE S| HAAIS LIEFMCH,

— =

P.
FL = gk — 3.3
/ J (E% If) (3.3)

_24_

Collection @ kmou




nio
Ik

XE 02 A0l gt

_ =

—/

LUSTE S00D B IIE
HAAIZ LEEFICH

Ct.(Gordon et al; 1970) &1(3.4)= SMARTE& 2

Dy (3.4)

['k‘"rl — [k

mon

Fig. 3.2 A =242 &elol thet 2A 50|,

Camera2

Cameral

“ Line-of-sight
I (x2y2)

I (xuy1)

Fig. 3.2. Schematic of tomographical reconstruction
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3.2 Jtah & Al

og

MLOS, MART, SMART2| M3724d HEE 2020 fof Jtagas X
ASHCH, DAY A2 Fig. 330 22 292 MEAZH a9 slats
400 x 100 pixelOICt. TH=2A(reconstruction)til = &tst JIAIA MBS 2

of 3JtAI RAQOCHHe 2%, LX Ji=, LdXAIN)E BSctH MEGHA

I

Ct. Ol &Xt= A0 20l HEX =22 MH80HH UHHX
Table 44201 Z&otACH MART2 SMARTZ2l Z21t g2 20l 40HHE
of = gtOICt.

Camera angle | Particle humber | Particle size | Sigma
Fig 3.4 10 50 1 1
Fig 3.5 20 50 1 1
Fig 3.6 30 50 1 1
Fig 3.7 30 100 1 1
Fig 3.8 30 200 1 1
Fig 3.9 30 50 3 2
Fig 3.10 30 50 5 3

Table 3.1 Condition of reconstruction
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Virtual image

Camera 1 Camera 2

Fig. 3.3 Schematic of virtual image
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Fig. 3.7 Camera angle : 30, Particle number : 100, Size : 1 Sigma : 1
(a) Original (b) Inverse original (c) MLOS (d) MART (e) SMART
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(@) (b)

O (d)

Fig. 4.1 Particle density (Number=100,000)
(a) displacement=0.05mm before (b) displacement=0.05mm after
(c) displacement=0.20mm before (d) displacement=0.20mm after
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Vorticity Magnitude: 0.02 0.08 0.14 0.2 0.26

dr: 0.01 0.03 0.05 0.07 0.09-0.11 0.13

Fig. 4.2 Spatial vorticity of 0.125 with velocity
distribution(displacement=0.05mm)
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Vorticity Magnitude: 0.02 0.15 0.28 0.41 0.54

dr: 0.01 0.05 0.10 0.14 01 9-0.23 0.28

Fig. 4.3 Spatial vorticity of 0.250 with velocity
distribution(displacement=0.10mm)
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dr: 0.01 0.08 0.15 0.21 0.2.8-0.35 0.42

Fig. 4.4 Spatial vorticity of 0.370 with velocity
distribution(displacement=0.15mm)
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dr: 0.01 0.10 0.19 0.28 0.?-:7-0.46 0.55

Fig. 4.5 Spatial vorticity of 0.500 with velocity
distribution(displacement=0.20mm)

_41_

Collection @ kmou



A AOHE DA FASE HIE2Z MLOSIIEE HEAIFA 3XHE A

o
z_
Q'E
2
I

|
1
0Q
JQ
-
10
gy
0
oy
|'[I
o

ScaranoM. L. Riethmuller; 1999)
ot L.

W—=1H—1D—1 2 (ﬂ_Fﬂ ﬂ)
fly,2) =33 Y > Flunw)e ap (4.2)
u=0v=0w=0
W—1H-1D—1 —pm(ME v vz

Flu,v,w) = ZEZf:cy, WU H D (4.3)

T Oy=0z=
W, H, D: =& J&2 3|

212 HEt= SAAAN CHGH complex—conjugate multiplyS & AlGHA
Ct. 22 U= S49A0 CHolAl IFFT(F. ScaranoM. L. Riethmuller;

1999) 2 & Aot Ol I3 S F=ot) 1 X2 ot= #H

(vector)& zlE sTHHZ HOIYLH Fig. 4.7= Tomo-PIV HAIDFE S i

_42_

Collection @ kmou



=T E LIEtHCH Fig. 48 ~Fig. 4.162 0|2 22 8= Solf Table 4.1
O ZAZ JIE It AZ ol oftUES el "W Z2U0ICH
Case Particle density Move[mm] Figure
1 50,000 0.05 Fig. 4.7
2 50,000 0.10 Fig. 4.8
3 50,000 0.15 Fig. 4.9
4 50,000 0.20 Fig. 4.10
5 5,000 0.15 Fig. 4.11
6 10,000 0.15 Fig. 4.12
7 20,000 0.15 Fig. 4.13
8 50,000 0.15 Fig. 4.14
9 100,000 0.15 Fig. 4.15
Table 4.1 Condition of virtual image
w
folnyns 9nynyng
@ window @
FFT | T
Fkl,kz,k3 — G*k]_,kz,ks
m ©) 7
Frykoks l Gy kp ks
= FG*
IFFT | oncton o
Fig. 4.6 Schematic of 3D PIV
calculations
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Fig. 4.7 Schematic of Tomographic PIV process
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T A

Vorticity Magnitude: 0.02 0.08 0.14 0.20 0.26

dr: 0.01 0.03 0.05 0.07 0.09-0.11 0.13

Fig. 4.8 Spatial vorticity of 0.125 with velocity distribution
(displacement=0.05mm, number=50,000)
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T A

Vorticity Magnitude: 0.02 0.15 0.28 0.41 0.54

dr: 0.01 0.05 0.10 0.14 01 9- 0.23 0.28

Fig. 4.9 Spatial vorticity of 0.250 with velocity distribution
(displacement=0.10mm, number=50,000)
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T A

Vorticity Magnitude: 0.02 0.22 042 0.62 0.81

dr: 0.01 0.08 0.15 0.21 0.2-8-0.35 0.42

Fig. 4.10 Spatial vorticity of 0.370 with velocity distribution
(displacement=0.15mm, number=50,000)
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T A

Vorticity Magnitude: 0.02 0.28 0.54 0.80 1.06

dr: 0.01 0.10 0.19 0.28 0.?-:7- 0.46 0.55

Fig. 4.11 Spatial vorticity of 0.500 with velocity distribution
(displacement=0.20mm, number=50,000)
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Vorticity Magnitude: 0.02 0.22 042 0.62 0.81

dr: 0.01 0.05 0.10 0.14 0.1. 9- 0.23 0.28

Fig. 4.12 Spatial vorticity of 0.370 with velocity distribution
(displacement=0.15mm, number=5,000)
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T A

Vorticity Magnitude: 0.02 0.22 042 0.62 0.81

dr: 0.01 0.05 0.10 0.14 0.1. 9- 0.23 0.28

Fig. 4.13 Spatial vorticity of 0.370 with velocity distribution
(displacement=0.15mm, number=10,000)
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T A

Vorticity Magnitude: 0.02 0.22 042 0.62 0.81

dr: 0.01 0.05 0.10 0.14 0.1. 9- 0.23 0.28

Fig. 4.14 Spatial vorticity of 0.370 with velocity distribution
(displacement=0.15mm, number=20,000)
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T A

Vorticity Magnitude: 0.02 0.22 042 0.62 0.81

dr: 0.01 0.05 0.10 0.14 0.1. 9- 0.23 0.28

Fig. 4.15 Spatial vorticity of 0.370 with velocity distribution
(displacement=0.15mm, number=50,000)
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Vorticity Magnitude: 0.02 0.22 042 0.62 0.81

dr: 0.01 0.05 0.10 0.14 0.1. 9- 0.23 0.28

Fig. 4.16 Spatial vorticity of 0.370 with velocity distribution
(displacement=0.15mm, number=100,000)
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Fig. 4192 AMtZE S==H =257 HZSS AN HEE AAES LIEHH
0 RUCH HSAAEES 4002 D=3t 2HMIRO LAB 340), dIOIH&&
(Nd-Yag Laser, 8W, 532nm wavelengh), al§4&X 2L AI2ZE S4xH S2
2 FASIULCH 3FLEX2 M2 300 x 300 x 1200 mm?*0l04, 30mm x

30mm x 50 mm 2 At=2"e ==ME AMEotUlt. EA=FHE =S

2 0.12m/s0l0 AIZE SAF O X s|EZAx2EE o 2/3 K=
840mmOICH A FHAIZE 1280 x 720 pixeloll =Y =5 e=

200frame/sOICt. A SH2 xF -45 ~50mm, y= 25 ~ 20mm, z& 25

Hatee= 1188 x 563 x 625 0|04 off4 Grid= 36 x
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Laser

Camera 2

Camera 4

Fig. 4.19 Experimental apparatus
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Fig. 4.21 Area of experiment
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Fig. 4212 ofl&E S&29 Hzg =s&= LIEHHEH 0.08 m/s OlA <

DM (so—surface)S LIEFHCE.

oin

g= 0l8ot &2 d=d= Al ZE0ICH

dr: 0.00 0.02 0.04 0.06 0.08 0.09 0.11

Fig. 422 Time—mean vector field
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Fig. 4.23 Vector map of XY plane (Z = 824, t = 0.00)
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Fig. 4.24 Vector map of XY plane (Z =824 ,t = 0.01)
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Fig. 4.25 Vector map of XY plane (Z =824 ,t =0.02)

Fig. 4.26 Vector map of XY plane (Z =824 , t = 0.03)
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Fig. 4.28 Vector map of XY plane (Z =824 , t = 0.05)
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Fig. 4.30 Vector map of XY plane (Z =824 ,t = 0.07)
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Fig. 4.32 Vector map of XY plane (Z =824 , t = 0.09)
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