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ABSTRACT

Quantitatively characterizing long-period fluctuations, which reflect the large-scale structure of a bub-
bly flow in a bubble column reactor, is essential to improving the reactor efficiency. We propose a newly
developed method to extract the long-period fluctuations based on point-wise void fraction measure-
ments. The validity of the new method is demonstrated via characterization of long-period fluctuations
in a bubble column approximately 400 mm in diameter and 2000 mm in height. First, the characteristics
of liquid-phase motion induced by a single bubble-swarm are described based on the results obtained via
LDA measurements. The large-scale liquid-phase motion is characterized by an individual bubble cluster
(i.e. a region with the same void fraction). We explain the premise of our new method based on these
results. Second, we show that the bubbly flows in the bubble column can be divided into three regions
(i.e. a time-spatially fluctuated region, a transition region, and a pseudo-homogenous region) based on
differences in the distribution patterns of bubble diameters and velocities as well as those between
time-series point-wise void fractions obtained from four-point simultaneous measurements. The spatial
fluctuations fade out with height from the column bottom. Finally, analyzing the time-series point-wise
void fractions measured via four-tip optical-fiber probe (F-TOP), we demonstrate that the long-period
fluctuations can be extracted via waveform analysis. The characteristic spectrum pattern also fades out
with height. The extracted long-period fluctuations are in good agreement with those obtained from the

visualization results for the flows.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Bubble column reactors and gas lift reactors are widely used
in the chemical industry and other industries [1,2] due to their
structural simplicity and high-mass-transfer performance. How-
ever, due to the extreme complexity of the bubbly flows, details
regarding the phenomena occurring in the reactors have remained
unclear. Many researchers have been investigating the mass-
transfer coefficientin the reactors with regard to the average bubble
diameters and average void fractions [3,4]. Furthermore, the flow
regimes have been described as functions of the superficial gas
velocity and the geometrical properties of bubble columns [5,6].

In order to improve the chemical reactions in bubble column
reactors and to establish their similarity rule with regard to scale up,
the details of the physical phenomena (i.e. turbulence specification,
flow structure, axial dispersion of bubbles, and so on) have been
investigated with many experimental approaches. Based on these
investigations, the flows can be identified by three specific scales.
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On the scale of a single bubble, local pseudo-turbulence is
induced by the buoyancy current [7]. On an intermediate scale of
a single bubble-swarm, the vortical structure, which is character-
ized by eddies of its surrounding liquid, appears with a size on the
order of the bubble-swarm diameter. The vortical structure stirs
the liquid phase and radially transports the bubbles. The velocity
fluctuation intensity and the integral scale in the liquid phase are
modulated by a single bubble-swarm [8]. On a large scale, grav-
ity acts on non-uniformity in the spatial bubble distribution in the
bubble mixture. The gravity-driven flow can form results in inho-
mogeneous bubble distribution, leading to a turbulent flow. Based
on observation of the large-scale circulation, the buoyancy-driven
bubbly flows remain relatively unstable exceptin a completely con-
trolled bubble distributor, even if the superficial gas velocity is low
[9].

The time-spatial fluctuation above the entrance region gener-
ates a coherent structure observed in a large-scale flow. In order to
closely approach the essence of the phenomena, we should focus
primarily on the fluctuation characteristics of the bubbly flows at
comprehensive specific scales.

Over the last decade, several measurement techniques have
been carried out to quantitatively observe the characteristics of
fluctuation within the bubbly flows.
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Nomenclature

a(t) time-series void fraction

Aa area of a region in Fig. 4

Deq equivalent bubble diameter (mm)

Dmin chord length of minor axis (mm)

Dinaj chord length of major axis (mm)

fai point-wise void fraction at (x, y)=(x;, y;)

fa1 point-wise void fraction at (x, y)=(x1, y1)

Faq space-average void fraction at (x, y) = (X1, y1)

Ts integral time of time-averaged void fraction

Vi vertical components of bubble velocity (mm/s)

w vertical components of liquid-phase velocity
(mm/s)

®1 horizontal angle of bubble contact (°)

©2 vertical angle of bubble contact (°)

For instance, ECT (electrical capacitance tomography) has been
used to describe the distribution pattern of the gas phase and the
time evolution of this pattern [10,11]. Although the macroscopic
flow structures and the fluctuation can be well-described based
on this measurement technique, the local time-series void frac-
tion cannot be detected at high spatial resolution. Furthermore, in
order to improve the numerical schemes for gas-liquid two-phase
flows, quantitative understanding of the flows based on experi-
mental results from the small to large-scale physical phenomena is
essential.

From these results, we observed the fluctuations of bubbly flow
from the perspective of the comprehensive scales by using a point-
wise time-series void fraction.

We discuss herein how to extract the long-period fluctuations,
which correspond to the large-scale structure of the buoyancy-
driven flows, based on point-wise time-series void fractions in
the bubble column. Furthermore, using the newly developed
method, we characterize long-period fluctuations in a bubble col-
umn 400 mm in diameter and 2000 mm in height. First, we consider
the relationship between the time-average void fraction and the
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spatial-average void fraction. Second, characteristics of the liquid-
phase motion induced by a single bubble-swarm (i.e. a controlled
region with a uniform void fraction) are described based on the
results obtained via LDA measurement. The large-scale liquid-
phase motion is characterized by the individual bubble cluster (i.e.a
region with a uniform void fraction). We explain the premise of our
method based on these results. Third, we measured the void frac-
tions, bubble diameters, and velocities in the bubble column using
a four-tip optical-fiber probe (F-TOP) [12,13]. We found that the
bubbly flows in the bubble column are calcified into three regions
(i.e. a time-spatially fluctuated region, a transition region, and a
pseudo-homogenous region) based on the distribution patterns of
the bubble diameters and velocities. Furthermore, the spatial fluc-
tuations of the void fraction fade out with height from the column
bottom. Finally, analyzing time-series point-wise void fractions
measured via F-TOP, we demonstrate that long-period fluctua-
tions are well-extracted by applying the newly proposed method.
The extracted long-period fluctuations are in good agreement with
those obtained from the flow visualization.

2. Experiment
2.1. Buoyancy-driven flows induced by a single bubble-swarm.

The bubble-swarm examined in the present study was gener-
ated using a device diagrammed in Fig. 1(a). Nineteen needles (1)
(0.32 mm in inner diameter; 0.09 mm in thickness) were arrayed at
the bottom of an acrylic water vessel (2) in a lattice-like arrange-
ment, as shown in Fig. 1(b). Two lines supplied pure air from a
cylinder (10) to the needle groups of A and B. The flow rate in each
line was controlled by micro-control valves (6), respectively. Each
line was equipped with a pair of electromagnetic valves, (4),(4'), (5),
and (5), tripped by a digital timer (8). The valve-opening period was
1 ms (i.e. the pure air was injected in this period), and the opening
interval was 10 s. The trigger signal was simultaneously inputted to
both high-speed video cameras and PC-controlled precision-linear
lifts. The fluctuations in bubble diameters launched from the nee-
dles were smaller than 0.44 mm (i.e. 2.6% of the average equivalent
diameters of 5.44 mm).

(1) Water vessel, (2) Honeycomb table, (3) High-speed
video cameras, (4) Stroboscope, (5) Precision-linear
lifts, (6) Control PC, (7) Controllable delay circuit, (8)
Controllable delay circuit

(1) LDA system, (2) LDA probe, (3) Automatic 3-axial
stage, (4) Control PC, (5) Stroboscope, (6) Laser-optic
sensor for the LDA trigger, (7) Laser-optic sensor for
detection of a bubble swarm, (8) A/D converter, (9)
Controllable delay circuit

(a) For visualizing the motion of a bubble swarm. (b) For measurement of the liquid-phase motion.

Fig. 1. Experimental setup of a single bubble-swarm. (a) For visualizing the motion of a bubble swarm. (1) Water vessel, (2) honeycomb table, (3) high-speed video-cameras,
(4) stroboscope, (5) precision-linear lifts, (6) control PC, (7) controllable delay circuit, (8) controllable delay circuit. (b) For measurement of the liquid-phase motion. (1) LDA
system, (2) LDA probe, (3) automatic 3-axial stage, (4) control PC, (5) stroboscope, (6) laser-optic sensor for the LDA trigger, (7) laser-optic sensor for detection of a bubble
swarm, (8) A/D converter, (9) controllable delay circuit.
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(1) Bubble column, (2) Water inlet, (3) Water jacket, (4) Perforated plate, (5) Water reservoir,
(6) Compressor, (7) Mass-flow meter, (8) Air chamber, (9) Resistance material, (10) F-TOP,
(11) Laser-diode, (12) Beam splitter, (13) Photo multiplier, (14) A/D converter, (15) PC

Fig. 2. Experimental setup of bubble column measurement. (1) Bubble column, (2)
water inlet, (3) water jacket, (4) perforated plate, (5) water reservoir, (6) compressor,
(7) mass-flow meter, (8) air chamber, (9) resistance material, (10) F-TOP, (11) laser-
diode, (12) beam splitter, (13) photomultiplier, (14) A/D converter, (15) PC.

2.2. Bubble column

A schematic diagram of the experimental setup employed in the
bubble column experiments is shown in Fig. 2. An acrylic bubble
column 380 mm in inner diameter and 1500 mm in height is cov-
ered with an acrylic water jacket of 440 mm x 440 mm in square
cross-section and 1605 mm in height. The bubble column is con-
nected to a steel water inlet 400 mm in diameter and 600 mm in
height through a perforated plate (diameter of pores: 1.0 mm; equi-
lateral triangular pitch: 10 mm; the number of pores: 1240). Tap
water (temperature 290.5-296 K) is supplied from a water reser-
voir into the bubble column through the water inlet. Compressed
air (temperature 295-296 K), supplied from a compressor, is con-
trolled with a mass flow controller (mass flow rate 67 nL/min) and
injected into the air chamber (380 mm in diameter and 200 mm in
height).

2.3. Optical fiber probe

In order to measure equivalent diameters and vertical velocity
components of bubbles as well as local time-series void frac-
tions, we used four-tip optical fiber probes (so-called F-TOP). The
schematic diagram of the F-TOP measurement system is shown in
Fig. 3. The laser beam that was emitted from the laser diode prop-
agated through the optical fiber probe. In contrast, in the case of
the top of the optical fiber probe being positioned in water, the
laser beam was emitted into the liquid phase from the top due to
the small difference in the refraction index between the optical
fiber and water. On the other hand, while the top was positioned in
air, the laser beam was reflected at the top and then returned back
through the same fiber. The optical signal that backed through each
fiber was inputted into the photomultiplier through a beam split-
ter. The output signals from the photomultipliers were stored at PC
through an A/D converter.

An outline of the F-TOP is shown in Fig. 4. Every probe is set in
a needle 0.23 mm in diameter. Three outer probes (OP;, i: 1-3) are
set at the apexes of an equilateral triangle of 0.45 mm, and their
tops are positioned on the same plane. The center probe (CP) is
positioned at the center of the triangle. The clearance between the
top of the CP and the tops of the OP; is 2.0 mm.

(1) Q
‘ (5) (6) (M (8)
) _'O — g_’ @ —

(1) Laser diode
(2) Beam splitter

‘1 (3) Objective lens

(4) Optical-fiber probe
‘ | (5) Polarizer
(6) Photo multiplier
(7) A/D converter
(8) PC

Fig. 3. F-TOP measurement system. (1) Laser diode, (2) beam splitter, (3) objective
lens, (4) optical-fiber probe, (5) polarizer, (6) photomultiplier, (7) A/D converter, (8)
PC.
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Fig. 4. Structure of F-TOP.

2.4. Processing of F-TOP data

A typical signal of the CP from the photomultiplier is plotted in
Fig. 5. First, the output signals of F-TOP are smoothed via a 25-
point moving average method. Second, each gas-phase level Vg
and liquid-phase level V| are determined, and two types of thresh-
olds Ty and T,y are determined. Applying the threshold levels to
the smoothed signals, intersection points (A)-(D) are detected. In
the present study, the high threshold level T} is 40%, and the low
threshold level Ty, is 20% of the whole signal amplitude (i.e. Vg-VL).
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Fig. 5. Typical signal of single optical fiber probe.
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Fig. 6. Typical sample of the set of F-TOP signals and time-series contact process.

Third, t;e and t;5 (i=c, 1, 2, 3) are calculated; ts is the time that
the top of the probe touches the frontal bubble surface; t;s is the
time that the top goes through the rear bubble surface.

A typical sample of F-TOP signals is shown in Fig. 6. The equiv-
alent bubble diameter Deq and the vertical velocity component of
bubble V;, were calculated by the following equations:

3L

Vp = 1
b tys + tos + t35 — 3lcs (1

Dinin = Vb(tce — tes) (2)

Dmaj = Dminraxi (3)

Deq = \3/ Dfmijin (4)

First, the minor axis of bubble D,,;, was calculated from the
vertical velocity component of bubble V}, and probe clearance L.
Second, the major axis Dp,j was determined by referring to an
appropriate aspect ratio r,y; that was experimentally obtained by
Fan and Tsuchiya [14]. Finally, the equivalent bubble diameter Deq
was calculated from the bubble volume. Furthermore, intersection
angles (¢1 and ¢, shown in Fig. 7) between the probe axis and bub-
ble vector were calculated based on this measurement technique.

OP, OP,OP;

CP
i OP,
i | OP,
H OP;
g 1) 1305
Time

Output

Horizontal view

Fig. 7. Relationships between the time that the top of the probe touches the frontal
bubble surface t;; and intersection angles @1 ».

Out put voltage [V]

T, T, T
Time [s]

Fig. 8. The outline of time-series raw data of CP.

The angles were calculated by the following equations:

t3 —t
¢i1(7) =60 [ 22 (5)
3— 1
t1 +t+t
tavez% (6)

oy _ _1 [ (tave — t1) +(t3 — tave) +(t3 — t1)
#2(7) = tan \/ 3(tave — to)

When ¢ <0°, ¢q>45°, the calculation results of the bubble
velocities and diameters show a decrease in accuracy. Therefore,
in these cases, the calculation results are automatically rejected
[2].

2.5. Local time-series void fraction

The outline of the time-series raw data is shown in Fig. 8. A sum-
mation value of the time interval t; was calculated at each average
time T;: t; is the interval of time that the top of the center probe
existed in the gas phase. The local time-series void fraction a(t)
was calculated by the following equation:

St

alt) = T,

(i=0,1,2,...,n) (8)

2.6. Processing of LDA data

In applying LDA to bubbly flow measurements, scattering laser-
light noises are inevitably sampled. Considering that the number
of bubbles was very small (only 38 bubbles) in the present study,
a data-processing method utilizing the triple-peak Laser-Doppler
technique [15] has been newly developed.

A typical signal in measuring the surrounding liquid of a bubble
is shown in Fig. 9. Triple peaks are observed; Peak-A, Peak-B, and
Peak-C correspond to the focus-bubble positional relationships:
i.e. frontal bubble Doppler burst, scattering bubble noise, and rear
bubble Doppler burst, respectively. The signal usually lacks Peak-
A and/or Peak-C. The sequence of data processing is summarized
in Fig. 10. This sequence consists of five processes: (1) smooth-
ing of raw data; (2) calculating the threshold level for detecting
Peak-B; (3) calculating the threshold levels for detecting the desired
Doppler burst (liquid-phase motion); (4) detecting the Doppler
bursts; and (5) converting them to velocities.

In the first process, the raw data (i.e. A/D data from the photo-
multiplier through an A/D converter) were smoothed using a digital
low-pass filter (cut of frequency =400 Hz); hereafter the processed
data is called LPFD. In the second process, the standard deviation of
LPFD, o, was calculated. Focusing on the large difference in inten-
sity levels between the spike noise of the scattering bubble noise
(SBN) and the Doppler burst signal (DBS), the threshold level for
detection of SBN was determined to be 0.0950.

In the third process, the threshold levels for detection of DBS
were obtained from the iterative process of calculating the standard
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Fig. 9. A typical signal in the measurement of the surrounding liquid of a bubble.

deviation and removing some data based on the standard devia-
tion. Deviations larger than +30 were removed from the LPFD,
leaving the newly processed dataset NPDg. The standard devia-
tion o; of NPD; — 1 was then calculated, and deviations larger than
+30; were removed from NPD; — 1, leaving the newly processed
dataset NPD;. This process was iterated until |30, —30p+1] <1, and
the threshold levels for detecting DBS, 36 ,+1, and 20,41, were then
obtained.

In the fourth process, DBS were detected from NPDg using the
above threshold levels. Usually, the intensity level of DBS is on the
same order as those of the frontal bubble Doppler burst and the rear
bubble Doppler burst. Hence, as shown in Fig. 11, DBS detected in
the time interval of 1.2Tg before and after SBN was considered to be
FBDB and RBDB, and it was removed, with Tg corresponding to the

Raw data
(A/D data)
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Fig. 11. A typical signal in the measurement of the surrounding liquid of a bubble.

Peak frequency obtained
via Gaussian fitting

~

Power [arbitrary]

Peak frequency
obtained via FFT

Fig. 12. The FFT results analyzed by the Gaussian curve fitting.

duration of SBN. The DBS; finally detected were processed via FFT.
The FFT results were analyzed by Gaussian curve fitting, and the
peak frequency of the DBSs was then obtained, as shown in Fig. 12;
furthermore the frequency was converted to the velocity.

Smoothing the raw data

Detecting SBN and

1
1
1
(LPED) ;
1
1

2nd process l

Calculation of standard

deviation for the threshol d|

level detecting SBN
(0.095a;)

3rd process

Calculation of standard
deviation o; of NPD,

v

Processing NPD, using
*3g, and making NPD,

If |30,- 30, | <1

Threshold levels for
detecting DBS
30,.; and 24,

removing it from NPD,
using threshold level of]|
0.093a,

Obtaining occurrence time
and 7'g,, Calculating T,

)

Removing nose from NPD,
using threshold levels of
20,., and 3g,,,

!

Obtaining temporary DBS
and the occurrence time Tpps

If gy — Tppd > 1.2T¢
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Calculating the
Frequency of DBS
via FFT

1
1 1
1 1
1 1
1 1
1 1
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1 1
1 |Appling Gaussian| 1
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1 1
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result
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Fig. 10. The sequence of data processing of LDA signal.
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Fig. 13. A model of large-scale (i.e. long-period) fluctuations in a bubble column.
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3. Relationship between time-average point-wise and
spatial-average void fractions

We considered a method to extract the long-period fluctuations
formed in a bubble column based on time-series point-wise void
fractions. Fluctuations of the void fractions in time and space are
modeled as illustrated in Fig. 13. A point-wise void fraction f;; at
(x;, yi, t) in the region (a) should have very similar characteristics
to those of f31 at (xq, ¥1, t) in the same region (a); i.e. f3; ~f31. The
space-average void fraction at the region (a) Fa(t) is obtained by the
following equation:

_ $f(x,y,£)dS

Faf) = S5 ()

A, is the area of region (a). Assuming that F,(t) is approximated
by the time-average of the point-wise void fraction Fa/(x1, y1) at (xq,
y1)inregion (a), Fa(t) can be expressed by

t:
_ ffley.nds f k. nde

Fa(t) A b1

(10)

The larger integral range in time reflects the space-average void
fraction in the larger regions (e.g. regions (b), (b’), (¢), and (c’)). The
space-average void fraction at the larger region reflects some larger
organized structure of the bubbly flow. As a result, the time-average
point-wise void fraction at (x, y) in an appropriate integral time
range indirectly represents the corresponding organized structure.

4. Results and discussion
4.1. Buoyancy-driven flow induced by a single bubble-swarm

Time evolution of a single bubble-swarm. Fig. 14 shows the time
evolution of a bubble-swarm projected on the x-z and y-z planes.
The later bubbles form a line on a z-plane as well as the preceding
bubbles just after being released from the needles. At z=29 mm,
the later bubbles begin to collapse the line formation, while at
z=120 mm, the line formation of the proceeding bubbles is com-
pletely collapsed. Dispersion of the bubbles begins to occur in the
z direction at z>120 mm. The envelope of dispersed bubbles (i.e.
bubble-swarm) has an oblate-ellipsoidal-like shape. In this phase,
the bubbles behave as an organized cluster with a uniform void
fraction

Profiles of the average vertical velocity components. Fig. 15(a)-(c)
shows the profiles of the average vertical velocity component
w of the frontal region at z=100, 200, 300 mm, respectively;
(d), (e), and (f) those of the rear region. A plateau-like pat-
tern with a weak center peak is observed in the profiles of the
frontal region. In contrast, in the profiles of the rear region,
a clear center-peak pattern is observed. In addition, the maxi-
mum value in the rear region is 1.3-1.5 times larger than that
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a(nl-]
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Time [s]
g Pl P2
- T ()]

a(n[-]
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Time [s]

a(n)[]

1 L [ L | 1

0 1000 2000

Time [s]
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Fig. 17. Time-series void fraction obtained by four-point simultaneously measure-
ment: (a) z=100mm, (b) z=700 mm, (c) z=1300 mm.
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Fig. 18. Normalized spectra of pre-processed time-series void fraction: (a) integral time of 4s at z=700 mm; (b) 24 s at z=700 mm; (c) 24 s at z= 1900 mm.

in the frontal region at the same position of z. Furthermore,
width of the area where the average vertical velocity compo-
nent has significant values is 1.5-1.8 times larger than width
of single bubble-swarm. These results agree with that in frontal
region at the same position of z. Although the dispersion of the
bubbles develops with an ascent of the bubble-swarm, the anal-
ogy between a single bubble and the envelope bubble-swarm
can be understood from the shape and velocity profiles [7].
Hence, in this phase, large-scale liquid-phase motion around the
bubble-swarm (i.e. buoyancy-driven flow) is dominated by the
envelope bubble-swarm that has a uniform void fraction in itself.
In order to extract a large-scale structure (or long-period fluctu-
ation) of a bubbly flow, our attention should be focused not on
individual bubbles but on a bubble cluster. The bubble cluster
should be an aggregation of point-wise areas with similar void
fractions.

4.2. Characteristics of bubbly flow in a bubble column (statistical
bubble properties in a bubble column)

Fig. 16 shows histograms of equivalent diameters and vertical
velocity components of the bubbles. The distribution patterns of
the equivalent diameter (i.e. distribution range and peak-value) at
z=700mm and z= 1300 mm are the same. The frequencies take the
peak-values at 4.4 mm and the major distribution range (95% data
distributed) is 0.7-9.0 mm. In contrast, the distribution patterns
at z=1900 mm different from the others. Although the frequency
takes the peak-value at almost 4 mm irrespective of z, the major
distribution range at z=1900mm is 2.0-7.0mm. In the upper
region of the bubble column, the distribution range shifts to a
lower value with regard to the bubble diameters. Furthermore, the
vertical velocity components clearly shift to a lower value associ-
ated with an increase in height from the bottom. The distribution
ranges of histograms became so broadly as to close in the bot-
tom.

From the results of the flow visualization, we also determined
that the flow regime changes with the height from the bottom.
In the lower region, the flow is categorized as a heterogeneous
flow, while in the upper region, the flow becomes homogeneous.
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As such, our results regarding the statistical distributions of equiv-
alent bubble diameters and vertical velocity components directly
reflect these flow regimes.

4.3. Long-period fluctuations in a bubble column

Spatial variation of time-series void fractions. The void frac-
tions obtained simultaneously at four points [P1: (x, y)=(—95 mm,
—95 mm), P2: (x,y)=(—95 mm, 95 mm), P3: (x,y)=(95 mm, 95 mm),
P4: (x, y)=(95mm, —95mm)] are shown in Fig. 17. From these
results, it is indirectly found that the void fractions are located
eccentrically in space and that the magnitude of the fluctuation
becomes large at z=700mm. The region of high void fractions
moves in a circumferential direction with time. Although the mag-
nitude of the fluctuation clearly decreases, the spatial variation of
the void fraction remains at z=1300 mm. In contrast, the spatial
variation of the void fractions disappeared at z=1900 mm. Fur-
thermore, time-series void fractions have almost equal values at
z=1900 mm. Hence, the fluctuations of the void fractions fade out
with height. These results are a good reflection of the flow regimes
obtained by visualization

Cyclic quality of long-period fluctuations. A long-period fluctu-
ation in a bubble column is generated by fluctuations of bubble
clusters near the bottom of the bubble column. The long-period
fluctuation of alarge-scale bubble-swarm can be obtained by apply-
ing the newly proposed method. The dominant period is extracted
via FFT analysis. Fig. 18 [(a): pre-processed with an integral time
of 4s at (x, y, z)=(95mm, 95 mm, 100 mm); (b): with 24s at (x,
¥, 2)=(95 mm, 95 mm, 100 mm); (c) with 24s at (x, ¥, z)=(95 mm,
95 mm, 1300 mm)] shows normalized spectra obtained from the
pre-processed time-series point-wise void fractions. The spectrum
shows peaks at periods of around 200 and 4005 in Fig. 18(a). Fur-
thermore, at an integral time of 24s [Fig. 18(b)], the spectrum
shows a peak at a longer period of 900s. Hence, the peak period
becomes longer with increases in the integral time during pre-
processing. Therefore, the integral time shall reflect the size of a
characteristic bubble-swarm. Examples of the visualized images
obtained at the lower region are shown in Fig. 19. Based on anal-
ysis of the time-series images of the targeted area (indicated by

=80 sec #160 sec

Fig. 19. Examples of visualized results (test section: 600 mm<z <1130 mm).
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the red rectangle in Fig. 19), we observed a fluctuation period of
approximately 200s. This value corresponds well with the peak
period obtained in Fig. 9(a). In contrast, in Fig. 8 [(c): z=1900 mm)],
the spectrum has no dominant period. This difference between the
spectrum patterns in Fig. 9(b) and (c) is a good reflection of the
difference in the flow regimes.

5. Conclusions

The long-period fluctuations that reflect the large-scale struc-
ture of the buoyancy-driven flow in bubble columns are discussed.
First, we considered a relationship between time-average and
spatial-average point-wise void fractions. In our assumption of
the relationship, the envelope bubble-swarm has a uniform void
fraction. Furthermore, we thought that the space-average void frac-
tion should be reflected in an integral time range, which shows
a time-average sense of point-wise void fraction in the results
of four-tip optical-fiber probe (F-TOP) measurement. Second, we
demonstrated the analogy of the liquid-phase motion between the
ascent of envelope bubble-swarm and single-bubble in detail. The
liquid-phase flow structure induced by a controlled bubble-swarm
(i.e. a bubble cluster with a uniform void fraction) was discussed by
using LDA. The ascent of single bubble-swarm induced surround-
ing liquid-phase motion directly. In addition, the liquid-phase flow
structure which is induced by single bubble-swarm had analogy
to that of single bubble in perspectives of shape and liquid-phase
velocity profiles. From these results, we explained the validity of
our new method based on the F-TOP measurement which focuses
to the motion of envelope bubble-swarm. Third, we measured the
bubble characteristics in a bubble column 380 mm in inner diam-
eter and 2100 mm in depth using F-TOP. The bubbly flows in the
column were calcified into three regions (i.e. a time-spatially fluctu-
ated region, a transition region, and a pseudo-homogenous region).
Finally, we succeeded in extracting long-period fluctuations from
FFT analysis of the pre-processed point-wise void fractions by using
the newly developed method. The dominant periods were in good
agreement with those obtained from the flow visualization. Fur-
thermore, the characteristic spectra corresponding to each flow

regime faded out with height from the column bottom. This result
was in good agreement with the change in the flow regime.
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