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Fig. 1.2.1.  Schematic of two step model.
Ramakrishnan, et al. (1969)!'*!

Fig. 1.2.2. Schematic of finite element method
on bubble surface. Pinczewski (1981)!'”

Fig. 1.2.3. Chaotic change of intervals of
bubbles. Nguyen,N., et al.(1996)?*"
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Fig.1.3.1. (Left) Hot film probe signals. Flow rates ¢/(d’g)"”. (a) 37; (b) 60; (c) 83; (d) 110; (e)
130; (f) 165; (g) 205; (h) 225; (i) 345; and (j) 405. Time span is 1.43 sec for (e) and (g);0.43 sec
for all other cases. (ZRight) Return map based on maxima of records such as left hand side figure.
Flow rates q/(dsg)l/ . (a) 77; (b) 95; (c) 130; (d) 155; (e) 205; (f) 225; (g) 270; (h) 365; and (i)
405. (Tritton, et. al. 1992)

1500
1250 [

1000 | %,

=
oy
o

w
e
=3

~
.
o

100.0

=
o
o

Inter-pulse interval (ms)

500 +

00 s -
02 04 06 038 10 12 14

T() Gas flow rate (Umin)

Fig.1.3.2. (Left) Return maps based on differential pressure signals. (a) 1.0mm nozzle, 0.21/min;
(b) 1.0mm nozzle, 0.3/min; (c) 1.0mm nozzle, 0.451/min; (d) 1.0mm nozzle, 0.61/min; (e) 1.0mm
nozzle, 0.8/min; (f) 0.8mm nozzle, 0.7/min; (g) 1.0mm nozzle, 0.8/min; (h) 1.2mm nozzle,
0.71/min; and (i) 1.4mm nozzle, 0.71/min. (Right) Bifurcation diagram based on local maximum
values of pressure signals. 0.16]1 chamber for (a) distilled water, and (b) 72% glycerol-water
solution. Inset (c) shows an enlargement of the period-two window section observed in the
glycerol mixture.(Mittoni, et. al. 1994)
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Fig.1.3.3. Bifurcation diagram against chamber volume for gas injection rates of (a) 0.3, (b) 0.42,
() 0.52, and (d) 0.65 I/min using a 1.0 mm diameter injection nozzle(Mittoni, et. al. 1994)
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Fig.1.3.4. Bifurcation diagram based on local maximum values of hot film
outputs against flow rate. (Shoji, et. al. 1997)

Freguency (|

il X i P T
150 200 250 300 350 400 450 500
Flow rate (cc/min)

Fig.1.3.5. Spectrogram. d= 2.0mm, flow rate 150-500cc/min (Abe 1999)
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Fig.2.1.1 Experimental apparatus
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Fig. 2.2.1 (Left) Schematic of differential pressure transducer
(Right) Circuit of differential pressure measurement.
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Fig.3.1.1 (Upper) Hot film signals and bubble volume against time. (Lower) Velocity of
center of mass and bubble growth against time. d=1.0mm, Vc=0cc and g=15cc/min.

(Re=20).
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Fig.3.1.2 Snapshots of bubble. Origin is the center of orifice. d=1.0mm, Vc=0cc, g=
15¢cc/min (Re=20). (a) 0.044sec; (b) 0.054sec; (c) 0.064sec; (d) 0.074sec; (e) 0.084sec; (f)
0.094sec; (g) 0.104sec; and (h) 0.114sec.
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Fig.3.1.3 Snapshots of bubble. Figures show detachment stage. Origin is the center of
orifice. d=1.0mm, Vc=0cc, g=15cc/min (Re=20). O O 0O from 0.0840 0.094sec at every
0.001sec.
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Fig.3.1.4 Hot film output and horizontal radius of bubble at the height of probe (y=0.5
mm). d=1.0mm, Vc=0cc, g = 15cc/min (Re=20).
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Fig. 3.1.7 Hot film output and bubble volume against time. Continuous line indicates hot film
output, and dot line indicates bubble volume. Black arrow indicates bubble growth sage, and red
arrow indicates bubble detachment stage d=1.0mm, V.=0cc, flow rate g= (a) 15 (Re=20); (b) 30
(Re=40); (c) 40 (Re=53.6); (d) 50 (Re=67); () 100 (Re=134); and (f) 150 cc/min (Re=201).
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Fig.3.2.1 Spatial distribution of hot film probe signal intensities. Signals are single
period on this condition.. d=2.0mm, V.=0cc, g=100cc/min (Re=67). Intensity is defined
as differences between maximum and minimum of signal.

Table.3.2.1 Intensity data of hot film probe signals[V]. d=2.0mm, V.=0cc, g=
100cc/min (Re=67).

y/x 3.0mm | 3.5mm | 4.0mm | 4.5mm | 5.0mm | 5.5mm [ 6.0mm | 6.5mm

1.0mm | 1.343 1.027 0.804 0.616 0.447 0.310 0.276 0.215

1.5mm | 0.000 1.016 0.800 0.644 0.476 0.405 0.300 0.264

2.0mm | 0.000 0.985 0.789 0.617 0.524 0.418 0.309 0.245

2.5mm | 0.000 0.000 0.978 0.792 0.580 0.402 0.347 0.245

3.0mm | 0.000 0.000 0.978 0.847 0.657 0.467 0.377 0.297

3.5mm | 0.000 0.000 0.886 0.901 0.681 0.505 0.466 0.328

4.0mm | 0.000 0.000 0.000 0.875 0.764 0.525 0.420 0.314

4.5mm | 0.000 0.000 0.000 0.900 0.755 0.650 0.414 0.365

5.0mm | 0.000 0.000 0.000 0.000 0.810 0.664 0.495 0.357

5.5mm | 0.000 0.000 0.000 0.000 0.847 0.648 0.591 0.374

6.0mm | 0.000 0.000 0.000 0.000 0.710 0.714 0.489 0.392

6.5mm | 0.000 0.000 0.000 0.000 0.459 0.657 0.578 0.456

7.0mm | 0.000 0.000 0.000 0.000 0.000 0.660 0.648 0.429
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Fig.3.2.2 Hot film output and FFT. Probe position in lower right. &=2.0mm, V.=0cc, ¢

=100cc/min (Re=67).
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Table.3.2.2 Intensity data of hot film probe signals. @=2.0mm, V.=0Occ,

¢=300cc/min (Re =201).

y/x 4.0mm | 4.5mm | 5.0mm | 5.5mm | 6.0mm | 6.5mm | 7.0mm
1.0mm | 1.596 1.277 1.020 0.790 0.599 0.458 0.410
1.5mm | 1.662 1.311 1.074 0.779 0.682 0.553 0.423
2.0mm | 0.000 1.338 0.963 0.844 0.630 0.540 0.476
2.5mm | 0.000 1.302 0.999 0.841 0.625 0.553 0.483
3.0mm | 0.000 0.000 1.109 0.870 0.698 0.590 0.492
3.5mm | 0.000 0.000 1.310 1.001 0.845 0.694 0.578
4.0mm | 0.000 0.000 1.420 1.191 0.987 0.778 0.627
4.5mm | 0.000 0.000 1.633 1.308 1.075 0.868 0.662
5.0mm | 0.000 0.000 0.000 1.456 1.143 0.970 0.869
5.5mm | 0.000 0.000 0.000 1.512 1.260 1.093 0.838
6.0mm | 0.000 0.000 0.000 0.000 1.366 1.217 1.081
6.5mm | 0.000 0.000 0.000 0.000 1.437 1.349 1.096
7.0mm | 0.000 0.000 0.000 0.000 1.282 1.360 1.195
7.5mm | 0.000 0.000 0.000 0.000 1.358 1.329 1.351
8.0mm | 0.000 0.000 0.000 0.000 0.000 1.433 1.303
8.5mm | 0.000 0.000 0.000 0.000 0.000 1.076 1.281
9.0mm | 0.000 0.000 0.000 0.000 0.000 1.201 1.173
9.5mm | 0.000 0.000 0.000 0.000 0.000 0.000 1.100
10.0mm | 0.000 0.000 0.000 0.000 0.000 0.000 1.082
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Fig.3.2.5 Hot film output and FFT. Probe position in lower right. ‘f” in figures is
fundamental frequency. d=2.0mm, Vc=0cc, g=100cc/min (Re=201).
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Fig.3.3.1 Spectrogram. d=2.0mm, Vc=0cc,q= 5000 500cc/min (Re=3401 335).
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Fig.3.3.2 Spectrogram. d=2.0mm, Vc=0cc,g= 5000 1500cc/min (Re=3350 1005).
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50-500 cc/min (Re=34-335). (Lower) d=1.0 mm, g= 100-500 cc/min (Re=134-670).

44



45

L ° £ g . % _
b | l (a);+ | (b)+ | l (C)
FF I T HF I —t—HF I T H

F
HF

(T T T T T O T T T T T O T T T T T @
: hESE YA
I (@)T (b)T (©)]
[ R N T Y L % T L% T
' R R N B o ) N R R R R R N N R
I S 71 & T S S
! L1 ® (Id)l__:l [ Tl (Ie)l__
! S B B HE Y ) S N N S

e Tw

® . i
el W

Fig. 3.3.5 Return maps. (Upper) Local maximum of hot film outputs. 4V=0.5 V. (Lower)
Time at local maximum of hot film signal. A=0.01 sec. d=2.0 mm, V=0 cc, g=(a) 100
(Re=67); (b) 200 (Re=134); (c) 270 (Re=181); (d) 350 (Re=235); (e) 400 (Re=267); (f) 450
(Re=302); (g) 680 (Re=456); (h) 1000 (Re=1340); and (i) 1300 (Re=871).
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Fig. 3.3.6 Return maps. (Upper) Local maximum of hot film outputs. 4V=0.02 V. (Lower)
Time at local maximum of hot film signal. A==0.005 sec. d=1.0 mm, V=0 cc, g=(a) 150
(Re=134); (b) 230 (Re=308); (c) 300 (Re=402); (d) 350 (Re=469); (e) 400 (Re=536); and (f)
450 (Re=603).



Fig.3.3.7 Period one motion. d=2.0 mm, V=0 cc, g=100 cc/sec (Re=67). (Left Upper) Hot
film output and bubble volume against time. (Left Lower) Velocity of center of mass and
bubble growth against time. (Right) Snapshots of bubble. From 0.040sec to 0.080sec at every

Fig.3.3.8 Period two motion. d=2.0 mm, V=0 cc, ¢=270 cc/sec (Re=181). (Left Upper) Hot
film output and bubble volume against time. (Left Lower) Velocity of center of mass and
bubble growth against time. (Right) Snapshots of bubble. From 0.015sec to 0.085sec at every

0.01sec.
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Fig.3.3.9 Period four motion. d=2.0 mm, V=0 cc, =350 cc/sec (Re=235). (Upper) Hot film
output and bubble volume against time. (Middle) Velocity of center of mass and bubble growth
against time. (Lower) Snapshots of bubble. From 0.015sec to 0.165sec at every 0.01sec.
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Fig.3.3.10 Period one motion. d=1.0 mm, V=0 cc, g=100 cc/sec (Re=134). (Left Upper) Hot
film output and bubble volume against time. (Left Lower) Velocity of center of mass and
bubble growth against time. (Right) Snapshots of bubble. From 0.030sec to 0.060sec at every

0.01sec.
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Period two motion. d=1.0 mm, V=0 cc, g=300 cc/sec (Re=402). (Left ) Hot film

output and bubble volume against time. (Right) Snapshots of bubble. From 0.025sec to
0.085sec at every 0.01sec.
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Fig.3.3.12 Coalescence motion. d=1.0 mm, V=0 cc, ¢=400 cc/sec (Re=536). (Left Upper)
Hot film output and bubble volume against time. (Left Lower) Power spectra. (Right)
Snapshots of bubble. From 0.020 sec to 0.070 sec at every 0.010 sec.
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Fig.3.3.13 Complicated motion. =1.0 mm, V=0 cc, g=500 cc/sec (Re=670). (Left ) Hot film
output and bubble volume against time. (Right) Snapshots of bubble. From 0.025sec to
0.085sec at every 0.01sec.
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Fig.3.3.15 Bubble outline at detachment. (Left) 4=2.0 mm, V=0 cc, g=100
cc/sec (Re=67). (Right) d=1.0 mm, V=0 cc, g=100 cc/sec (Re=134)
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Fig.3.3.16 Spectrogram. d=1.0mm, V.=6cc, g=5001 400 cc/min, (Re=6701 536).
(Upper) Hot film probe signal, (Lower) Differential pressure signal.
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Fig.3.3.17 Spectrogram. d=1.0mm, ¥ .=60cc, g=500 400 cc/min, (Re=670 536).
(Upper) Hot film probe signal. (Lower) Differential pressure signal.
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Fig.3.3.18 Spectrogram. d=1.0mm, ¥.=100cc, ¢g=500 400 cc/min, (Re=671 536).
(Upper) Hot film probe signal. (Lower) Differential pressure signal.
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Fig.3.3.19 Spectrogram. d=1.0mm, ¥ .=200cc, g=500 400 cc/min, (Re=671 536).
(Upper) Hot film probe signal. (Lower) Differential pressure signal.
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Fig.3.3.20 Spectrogram. d=1.0mm, V.=460cc, ¢g=500 400 cc/min, (Re=671 536).
(Upper) Hot film probe signal. (Lower) Differential pressure signal.
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Fig.3.3.21 (Left) Hot film outputs and differential pressure signals. (Right) Power
spectra. Continuous line indicates hot film outputs, and dot line indicates differential
pressure signals. d=1.0mm, V' =6cc, q is shown upper right on figure.
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Fig.3.3.22 (Left) Hot film outputs and differential pressure signals. (Right) Power
spectra. Continuous line indicates hot film outputs, and dot line indicates differential
pressure signals. d=1.0mm, V' .=6cc, q is shown upper right on figure.
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(Left) Hot film outputs and differential pressure signals. (Right) Power
spectra. Continuous line indicates hot film outputs, and dot line indicates differential
pressure signals. d=1.0mm, V=60cc, q is shown upper right on figure.
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Fig.3.3.24 (Left) Hot film outputs and differential pressure signals. (Right) Power spectra.
Continuous line indicates hot film outputs, and dot line indicates differential pressure
signals. d=1.0mm, V,=60cc, q is shown upper right on figure.
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Fig.3.3.25 (Left) Hot film outputs and differential pressure signals. (Right) Power
spectra. Continuous line indicates hot film outputs, and dot line indicates differential
pressure signals. d=1.0mm, V;=100cc, q is shown upper right on figure.
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Fig.3.3.26 (Left) Hot film outputs and differential pressure signals. (Right) Power
spectra. Continuous line indicates hot film outputs, and dot line indicates differential
pressure signals. d=1.0mm, V,=100cc, q is shown upper right on figure.
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Fig.3.3.27 (Left) Hot film outputs and differential pressure signals. (Right) Power
spectra. Continuous line indicates hot film outputs, and dot line indicates differential
pressure signals. d=1.0mm, ¥.=200cc, q is shown upper right on figure.
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Fig.3.3.28 (Left) Hot film outputs and differential pressure signals. (Right) Power
spectra. Continuous line indicates hot film outputs, and dot line indicates differential
pressure signals. d=1.0mm, V,=200cc, q is shown upper right on figure.
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Fig.3.3.29 (Left) Hot film outputs and differential pressure signals. (Right) Power
spectra. Continuous line indicates hot film outputs, and dot line indicates differential
pressure signals. d=1.0mm, V,=460cc, q is shown upper right on figure.
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Fig.3.3.30 (Left) Hot film outputs and differential pressure signals .(Right) Power
spectra. Continuous line indicates hot film outputs, and dot line indicates differential
pressure signals. d=1.0mm, V,=460cc, g is shown upper right on figure.
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Fig.3.3.31 Figure of bubble at detachment. d=1.0, g=100cc/min, V.=
(Left) 60cc; (Middle) 100cc; and (Right) 200cc

I L I L I L I L I L
5 0.2k A
S, | S i
o) el
E B ,/’ 1
=) PR
© ‘ i
>
o i
S 0.1 -©—Vc=6c¢cc |4
3 = Vc=60cc |-
§ -— Vc =100 cc | 1
= —-4— \/c =200 cc| 1

0 I 1 | 1 | 1 | 1 | 1
0 200 400

Flow rate [cc/min]

Fig.3.3.32 Mean bubble volume against flow rate. d= 1.0mm.
Dot line shows chamber Occ.

69



4.0 0

70



71

ugoboooboboooboobobooboooboobbooan

gboobooboboobobgobooboobo1ooboobooboboo 2gb0oooooogonDo
gboobogoboobooboboooooooooogn
gbobobobobobobobobobobobob
gobooooboobobobooobooboboooooooboboboooobobobooboog
oooogooo
gboobgbobobobobobobobobobobobobobo
gbooooobooboboboobooboboooooobobobooobooboobobog
gobog occbboonobooboobbooboobboobbooboobog
goooooboobobgoboooboobobooooooboboboooobobobooboog
gbooooobooboboboobooboboooooobobobooobooboobobog
gbooogoboboobon



RN

72



A1000
d orifice diameter
f fundamental frequency
g gravitational acceleration
K bulk modulus of elasticity. xp.
L distance between two points
/ liter
r bubble diameter
time
De pressure in chamber
q inlet gas flow rate
qv bubble growth speed
Gin inlet gas flow rate
Re Reynolds number
s center of mass of bubble
A" volt
|28 bubble volume
V. chamber volume
X horizontal axis
y vertical axis
Greeks:
Q velocity potential
] stream function
K specific heat coefficient
& added mass coefficient
p density
Subscripts:
gas gas
/ liquid

[mm]
[Hz]
[m/s’]
[Pa]

[mm]

[mm]
[sec]
[Pa]
[cc/min]
[cc/sec]

[cc/sec]

[mm]
[V]
[cc]
[cc]
[mm]

[mm]
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Fig. A-2.1 Schematic of experimental apparatus for
pressure calibrations.
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Fig.A-3.1 Schematic of experiment to measure the
pressure resistance in porous medium
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Fig. A-4.1 (Left) Schematic of video analysis program. Center line and bottom line

on bitmap sequence are defined by hand. Blue arrow indicates scanning direction.
(Right) Result of the program. Output is the position data.
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Fig. A-4.2 (Left) Bitmap figures at bubble collision. (Right) Result of the program.
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Fig. A-5.1 Result from experiment and calculation. Inner tube diameter is
0.27 mm, and flow rate is 93.8cc/min.(Left) Picture from experiment.
(Right) Picture from calculation. (Oguzu, et al. 1993)1%*!
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Fig. A-5.2 Schematic of potential theory. (Left) Sorce potential with image
at bubble growth stage. (Right) Circular cylinder potential with image at
bubble detachment stage.
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Fig. A-5.3 Result of the visualization experiment and calculation by
potential theory. Continuous line indicates calculation data, and dot line
indicates experimental data. (Nakayama)
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