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SUMMARY

It is very important issues to monitor the phase distribution, void fraction
and water level for effective design and analysis of system in various
engineering fields such as chemical and nuclear industry.

For these reasons various measurement techniques have been proposed, for
example, radiation, micro wave, ultrasonic, and electrical impedance method.
However, most techniques have limitations in terms of economic point of
view and also these are difficult to apply to the case of the rapid change of
phase distributions. The probe level meter which has been widely used for
water level measurement tends to disturb the flow fields, in case of ultrasonic
level meter water level measurement can be hard when numerous bubbles
forms in the interface of two phases.

This study considers electrical impedance method which does not disturb
the flow field and is simple to design. In this work, a ring-type sensor was
designed to measure the water level in the stratified regime. Prior to loop
experiments, as a reference the relationship between the electrical signal and
normalized water level was constructed based on numerical calculation and
this relationship was compared with static phantom experiments. In addition,

a designed ring-type sensor was installed in the horizontal test section and



sensor signals for various water levels created by a variety of flow rate
conditions were measured. By applying these measured signals to
precalculated lookup table, corresponding water levels were evaluated. Also,
these results were successfully compared with those of images captured by

high-speed camera.
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Fig. 14. Numerical results for the electrodes width 0.25
(W, =0.25)
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Fig. 15. Numerical results for the electrodes width 0.25 and gap
width 0.2 (W, =0.25, W, =0.2)
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Relative error between numerical results and guide line (elec 0.25)
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Fig. 16. Relative error between numerical results and guide line
for electrodes width 0.25 (W, = 0.25)

Table 5. Relative error between numerical results and guide line for electrodes width

0.25 (W, =0.25)

Gap
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

W 0.1 4.1 13.9 | 235 | 294 | 335 | 362 | 383 | 399 | 411 | 422
a 02 | 108 | 0.8 5.8 103 | 136 | 16.0 | 179 | 193 | 204 | 214
2 0.3 85 3.6 0.1 2.6 4.7 6.2 75 85 9.3 10.0
r 04 4.4 2.5 1.2 0.1 0.8 15 2.1 2.6 29 3.3

05 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0
L 0.6 3.6 2.6 1.7 1.0 0.4 0.1 0.6 09 1.2 15
¢ 0.7 6.2 4.7 3.3 2.2 1.3 05 0.2 0.8 1.3 1.7
Z 0.8 75 5.8 4.3 3.1 2.0 1.1 0.4 0.2 0.8 1.3
1 0.9 7.2 5.6 4.3 3.3 2.4 1.7 1.1 0.6 0.2 0.2
Average 5.8 4.4 49 5.8 6.5 7.0 7.6 8.1 8.6 9.1

Fig. 16 ¥ Table 5= A3l 7lol= &3} = 3o mE H7]4l
e YeEdYg, vudy AlA Fo] 02590 FERAA e EFL

44%°] HAax Hdt LAE Bt
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Fig. 17. Numerical results for the electrodes width 0.3 (W, =0.3)
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Fig. 18. Numerical results for the electrodes width 0.3 and gap
width 0.2 (W, =0.3, W, =0.2)
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Fig. 19. Relative error between numerical results and guide line
for electrodes width 0.3 (W, =0.3)
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Table 6. Relative error between numerical results and guide line for electrodes width

0.3 (W, =0.25)
Gap

01 | 02 | 03 | 04 | 05 | 06 | 07 | 08 | 09 1

Wl ol | 13 [ 161 | 252 | 309 | 346 | 372 | 392 | 40.7 | 419 | 429

i‘ 02 | 82 | 15 | 7.7 | 120 | 150 | 172 | 190 | 203 | 214 | 223

o | 03] 68 | 21 13 | 39 | 58 | 72 | 84 | 93 | 100 | 107

N 04 | 37 | 1.9 | 05 | 05 14 | 20 | 26 | 30 | 34 | 37

05| 00 | 00 | 0.1 00 | 00 | 00 | 00 | 00 | 00 | 00

L 106 | 32 | 21 1.2 | 05 | 01 05 | 09 | 13 1.6 1.8

€ 107 | 56 | 39| 26 | 15| 06 | 02 | 08 | 14 18 | 22

Z 08 | 68 | 50 | 35 | 23 13 | 04 | 03 | 09 14 1.9

1 09 | 66 | 49 | 37 | 27 1.8 12 | 06 | 01 03 | 06

Average 47 | 42 | 51 60 | 67 | 73 | 80 | 86 | 91 9.6
Fig. 19 % Table 6& A< 7lol= &1y} b= Fxo W& A7]4lse] A
e yEhdTh Blady AlA Fo] 039 FEolA = 2 029 o

42%°] HAx Hd A5 Bt



Table 7. Relative error between numerical results and guide line

The geometry of ring—type impedance sensor
W, (electrode) 0.1 0.15 0.2 0.25 0.3
Width W, (gap) 0.5 0.3 0.3 0.2 0.2
We :t(ié; e 0.7 06 0.7 0.7 0.8
Water level Relative error (%)

0.1 211 154 20.6 139 16.1

0.2 2.0 19 2.8 0.8 1.5

0.3 2.7 4.9 2.1 3.6 2.1

0.4 2.3 3.2 2.0 2.5 1.9

0.5 0.0 0.0 0.0 0.0 0.0

0.6 2.5 3.0 2.3 2.6 2.1

0.7 45 5.3 4.3 4.7 3.9

0.8 5.7 6.5 5.3 5.8 5.0

0.9 55 6.1 5.2 5.6 4.9
Average 51 51 4.9 44 4.2
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The result of numerical experiment
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Fig. 20. The results of numerical experiment
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99 gAe e Fig 219 2ol Pl dvh 9 Y Az A

AgilentA9] 4284A LCR meterE 433l PCY LabVIEW #loj& F3 ulF
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Fig. 21. Diagram of measurement system
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Fig. 22. Production drawing of ring-type impedance sensor

Fig. 23. Picture of the ring-type impedance sensor

22



195

ol

7 &) =z =
=70 -1
Tzol wel AA Al FA

rlr
)
41
rlo
=
gJEL
oo =
ro
ox,
o
o
-
ol

O E g 1401_07 z] 7 < = o O—H ] =L 3
1= o T oH L]-Q,]. d ] }\L]- 7 < '—
=] [e) =
H = ‘AO %] 4_1‘]’]'

= Z o] T = H| 2 = 5_201 . €l 7|_v1——‘—-O ° ()q E] e} E] E = Z1 7z ()I—ci
- ]._A = - =
X
]E
= = AN

&)
IS

DO
DO
rlr
2
_t
[%
>,
o,
ki
1)
o,
H
&)
IS

DO
w2
rlo
By
i
[%
>,
o,
1t
2
Sl
oy
o
f
9
M

23



Fig. 24. Control and measurement program
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>,
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Fig. 26. Comparison between numerical and static experiment
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Fig. 27. Comparison between numerical and static experiment
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Comparison between numerical and static experiment (Capacitance)
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Fig. 28. Comparison between numerical and static experiment
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Comparison between numerical and static experiment (Reactance)
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Table 8. Comparison of water level measurement between high—-speed camera

and ring-type impedance sensor (j;=0.03m/s, j,=0~8m/s)

(@) j,=0.03m/s, j,=0m/s

FASTCAM SA4 model
1000 fps

115000 sec

1024 x 640

Start

frame : 0

+00:00:00.000
Date : 2012/4/11
Time : 19:10

Photron

S=2.4cm

High-speed Sensor (Normalized signal)

camera |11* | Z1* O* R* X*
Q‘;{ga}ﬁg 0.32 0.32 0.32 0.29 0.35 0.29
T 40,000 £0.000 | +0.000 | +0.000 | +0.000 | +0.000

(b) j,=0.03m/s, j,=0.5m/s

FASTCAM SA4 model
1000 fps

1/5000 sec

1024 x 640

Start

frame : 0
+00:00:00.000

Date : 2012/4/11
Time : 19:32

Phatron

S=2.3cm

High-speed Sensor (Normalized signal)
camera |7]* | Z1* C* R* X*
g‘;ﬁgailezveg 0.30 0.31 0.31 0.28 0.34 0.28
o +0.000 +0.000 +0.000 +0.000 +0.000 +0.000
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(¢) j,=0.03m/s, j,=1m/s

FASTCAM SA4 model
1000 fps

145000 sec

1024 x 640

Start

frame : 0

+00:00:00.000
Date : 2012/4111
Time : 19:35

Photron

S=2.2cm

High-speed Sensor (Normalized signal)
camera |7]* | Z1* C* R* X*
gzgailezveg 0.27 0.27 0.27 0.24 0.3 0.24
o +0.000 +0.000 +0.000 +0.000 +0.000 +0.000

(d) j,=0.03m/s, j,=1.5m/s

FASTCAM SA4 model
1000 fps

1/5000 sec

1024 x 640

Start

frame : 0

+00:00:00.000
Date : 201274111
Time : 19:37

Photron

S3=2.1cm

High-speed Sensor (Normalized signal)

camera |I* | Z1* O* R* X+
gzgailezveg 0.25 0.25 0.25 0.23 0.28 0.23
e +0.001 £0.001 | +0.001 | +0.001 | =000l | +0.001
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(e) j,=0.03m/s, j,=2m/s

FASTCAM SA4 model
1000 fps

115000 sec

1024 x 640

Start

frame : 159
+00:00:00.159

Date 21318

51

Photron

S3=2.1cm

High-speed Sensor (Normalized signal)
camera |7]* | Z1* C* R* X*
g Zg“ra%lezveg 0.25 0.26 0.26 0.23 0.29 0.23
o +0.003 +0.003 +0.003 +0.002 +0.003 +0.002

(f) j,=0.03m/s, j,=4m/s

FASTCAM SA4 model
1000 fps

1/5000 sec

1024 x 640

Start

frame : 605
+00:00:00.605

Date : 2012/3/9

Photron

S=2cm

High-speed Sensor (Normalized signal)
camera |7]* | Z1* C* R* X*
g Zg“ra%lezveg 0.23 0.25 0.24 0.22 0.27 0.22
7+ +0.003 +0.002 +0.002 +0.004 +0.002 +0.002
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(g) j,=0.03m/s, j,=6m/s

FASTCAM SA4 model .
1000 fps
1/5000 sec

1024 x 640
Start

frame : 289
+00:00:00.289
Date : 2012/3/9
Time : 00:08

Photron

S=1.7cm

High-speed Sensor (Normalized signal)
camera |7]* | Z1* C* R* X*
g‘;ﬁgaifveg 0.17 0.18 0.18 0.15 0.21 0.15
o +0.003 +0.04 +0.004 +0.004 +0.004 +0.004

(h) j,=0.03m/s, j,=8m/s

FASTCAM SA4 model
1000 fps

1/5000 sec

1024 x 640

Start

frame : 317
+00:00:00.317

Date : 2012/3/9

Time : 00:15

Photron

S=1.6cm

High-speed Sensor (Normalized signal)
camera |7]* | Z)* C* R* X*
g‘;ﬁgaifveg 0.15 0.15 0.14 0.12 0.18 0.12
I +0.009 +0.003 +0.003 +0.003 +0.003 +0.003
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Table 9. Comparison of water level measurement between high—-speed camera

and ring-type impedance sensor (j, =0.06m/s, j,=0~8m/s)

(@) j,=0.06m/s, j,=0m/s

FASTCAM SA4 model
1000 fps

1/5000 sec

1024 x 640

Start

frame : 0

+00:00:00.000
Date : 2012/4/11
Time : 19:47

Photron

S=3.2cm

High-speed Sensor (Normalized signal)
camera ViE | Z1% O* X
Normalized 0.51 05 05 0.47 0.52 0.47
T +0.000 +0.000 +0.000 +0.000 +0.000 +0.000

(b) j,=0.06m/s, j,=0.5m/s

FASTCAM SA4 model .
1000 fps

1/5000 sec

1024 x 640

Start

frame : 0
+00:00:00.000

Date : 2012f4111

Time : 19:50

Photron

High-speed Sensor (Normalized signal)
camera |7]* | Z* O R* X*
Normaized 0.42 0.42 0.42 04 0.45 0.4
T +0.001 +0.001 +£0.001 +£0.001 +£0.000 +0.001
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(c) j,=0.06m/s, j,=1m/s

FASTCAM SA4 model .
1000 fps

1/5000 sec

1024 x 640

Start

frame : 0
+00:00:00.000

Date : 2012/4/11

Time : 19:53

Photron

S=2.6cm

High-speed Sensor (Normalized signal)
camera |7]* | Z1* C* R* X*
g‘;{gailezveg 0.37 0.36 0.36 0.34 0.38 0.34
o +0.002 +0.003 +0.003 +0.0003 +0.003 +0.003

(d) j,=0.06m/s, j,=1.5m/s

FASTCAM SA4 model ...
1000 fps

1/5000 sec

1024 x 640

Start

frame : 0

+00:00:00.000
Date : 20124111
Time : 19:56

Photron

S=2.5cm

High-speed Sensor (Normalized signal)

camera |1]* | Z1* O* R* X*
giga{?ﬁ 0.34 0.34 0.34 031 0.36 031
e +0.003 £0004 | 0004 | 00104 | +0.004 | +0.004
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(e) j,=0.06m/s, j,=2m/s

FASTCAM SA4 model
1000 fps

1/5000 sec

1024 x 640

Start

frame : 433
+00:00:00.433

Date : 2012/3/9

Time : 00:38

Photron

S=2.5cm

High-speed Sensor (Normalized signal)
camera | 7]* | Z1* C* R* X*
g‘;ﬁgaifveg 0.34 0.34 0.34 0.31 0.36 0.31
e +0.004 +0.004 +0.004 +0.004 +0.004 +0.004

(f) j,=0.06m/s, j,=4m/s

Time : 00:44

Photron

S=2.3cm

High-speed Sensor (Normalized signal)
camera |7]* | Z1* C* R* X*
g‘;ﬁgaifveg 0.30 0.3 0.3 0.28 0.33 0.28
e +0.004 +0.005 +0.005 +0.005 +0.006 +0.005
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(g) j,=0.06m/s, j,=6m/s

FASTCAM SA4 model
1000 fps

1/5000 sec

1024 x 640

Start

frame : 80
+00:00:00.080

Date : 2012/3/9

Time : 00:49

Photron

S=2cm

High-speed Sensor (Normalized signal)
camera |7]* | Z1* Cc* R* X*
g‘;gr‘ailezveg 0.23 0.23 0.22 0.2 0.25 0.2
o +0.003 +0.007 +0.008 +0.007 +0.007 +0.009

(h) j,=0.06m/s, j,=8m/s

Photron

S=1.7cm

High-speed Sensor (Normalized signal)
camera |7]* | Z1* C* R* X*
g‘;gr‘ailezveg 0.17 0.17 0.16 0.15 0.19 0.14
o +0.009 +0.005 +0.005 +0.004 +0.004 +0.004
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Table 10. Comparison of water level measurement between high—-speed camera

and ring-type impedance sensor (j, =0.09m/s, j,=0~8m/s)

(@) j,=0.09m/s, j,=0m/s

FASTCAM SA4 model
1000 fps

1/5000 sec

1024 x 640

Start

frame : 0

+00:00:00.000
Date : 2012/4/11
Time : 20:10

Photron

High-speed Sensor (Normalized signal)
camera |I* | Z1* C* R* X*
ggga%lezveec} 0.64 0.63 0.63 0.61 0.65 0.61
+0.000 +0.000 +0.000 +0.000 +0.000 +0.000

(b) j,=0.09m/s, j,=0.5m/s

FASTCAM SA4 model
1000 fps

1/5000 sec

1024 x 640

Start

frame : 3000
+00:00:03.000

Date : 2012/4/11
Time : 20:13

Photron

High-speed Sensor (Normalized signal)
camera |7]* | Z* O R* X*
gg{g;a%iezveg 0.48 0.48 0.48 0.46 05 0.46
+0.001 +0.002 +0.002 +0.002 +0.001 +0.002
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(¢) j,=0.09m/s, j,=1m/s

FASTCAM SA4 model .
1000 fps

1/5000 sec

1024 x 640

Start

frame : 1000

+00:00:01.000
Date : 2012/4/11
Time : 20:16

Photron

High-speed Sensor (Normalized signal)

camera |I* | Z1* O* R* X*
gzgailezveg 0.44 0.44 0.44 041 045 041
e +0.005 £0006 | +0.006 | 0006 | +0.005 | =0.006

(d) j,=0.09m/s, j,=1.5m/s

FASTCAM SA4 model .
1000 fps

1/5000 sec

1024 x 640

Start

frame : 1644
+00:00:01.644

Date : 2012/4111

Time : 20:22

Phatron

S=2.7cm

High-speed Sensor (Normalized signal)

camera |7]* | Z1* O* R* X*
gzgailezveg 0.40 0.40 0.39 0.37 041 0.37
I +0.007 £0008 | +0.007 | 0008 | +0.007 | =0.008
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(e) j,=0.09m/s, j,=2m/s

FASTCAM SA4 model
1000 1ps

+00:0
Date
Time

Photron

S=2.7cm

High-speed Sensor (Normalized signal)
camera | 7]* | Z1* C* R* X*
g Zg“ra%lezveg 0.38 0.39 0.38 0.38 0.39 0.38
e +0.008 +0.003 +0.003 +0.002 +0.003 +0.003

(f) j,=0.09m/s, j,=4m/s

High-speed Sensor (Normalized signal)
camera |7]* | Z1* C* R* X*
g‘;ﬁgaifveg 0.30 0.3 0.29 0.29 0.3 0.28
e +0.012 +0.007 +0.007 +0.006 +0.007 +0.007
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(g) j,=0.09m/s, j,=6m/s

FASTCAM SA4 model

Photron

S=2.2cm

High-speed Sensor (Normalized signal)
camera |7]* | Z1* C* R* X*
g‘;gr‘ailezveg 0.27 0.27 0.26 0.26 0.27 0.25
o +0.017 +0.010 +0.008 +0.008 +0.009 +0.012

(h) j,=0.09m/s, j,=8m/s

FASTCAM SA4 model
1000 fps
S0

me : 17:06

Photron

S=2cm

High-speed Sensor (Normalized signal)
camera |7]* | Z1* C* R* X*
g‘;gr‘ailezveg 0.23 0.23 0.22 0.22 0.23 0.2
o +0.014 +0.016 +0.016 +0.017 +0.012 +0.015
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Fig. 39. Comparison of water level measurement between

ring—type impedance sensor and high-speed camera
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Fig. 40. Comparison of water level measurement between ring—-type impedance

sensor and high-speed camera (absolute current)
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Fig. 41. Comparison of water level measurement between ring-type impedance

sensor and high-speed camera (absolute impedance)
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Normalized Capacitance C*
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Fig. 42. Comparison of water level measurement between ring-type impedance

sensor and high-speed camera (capacitance)
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Fig. 43. Comparison of water level measurement between ring—-type impedance

sensor and high-speed camera (resistance)
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Normalized Reactance X*
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Fig. 44. Comparison of water level measurement between ring—-type impedance

sensor and high-speed camera (reactance)
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Fig. 45. Comparison between observed flow regimes and Mandhane map
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