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Abstract—Bubble flow characteristics were investigated in gas-solid bubbling fluidized beds (0.3 m-1.Dx2.4 m-high)
with or without internals by power spectral analysis of absolute pressure fluctuation. Metallurgical grade silicon parti-
cles (MG-Si) were used as bed materials. The particle density and mean particle diameter were 2,328 kg/m’ and
154 pm, respectively. Absolute pressure fluctuations were measured simultaneously at two different positions: plenum
chamber and beds. Absolute pressure fluctuation in the beds was measured according to the axial bed height in the
range of 0.1 to 0.8 m. The total sampling time of each data set was 60's, and the sampling rate was 200 Hz. Absolute
pressure fluctuation data were converted to a power spectral density (PSD) by a Fast-Fourier transform (FTT) algo-
rithm. The PSD in the beds was separated into coherent and incoherent output power. The bubble size was estimated
from the standard deviation of the spectrum of incoherent output power, which occurred due to the bubble flow. The
estimated bubble size determined by incoherence component analysis was compared to various empirical correlations
to determine the bubble size without internals. The estimated bubble size agreed well with the correlation by Choi et al.
[19]. The internals were installed 0.45 m above the distributor. With the installation of the internals, and at the bed
height of 0.5 m, the bubble diameter was decreased by 77% compared to the bubble without the internal at U;=0.15 m/s.
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INTRODUCTION

The contact between the gas and the particles in a bubbling flu-
idized bed is a very important factor for the efficiency of the reac-
tion. The bubbles generated in the beds are used to facilitate contact
between the particles, and the gas is used to induce mixing of the
particles, while increasing the mass and heat transfer efficiency.
On the other hand, gas bypassing that has not reacted reduces the
reaction efficiency. Therefore, research on the bubble characteris-
tics (e.g., bubble increasing velocity, bubble size) in the bubbling
fluidized beds is essential. One of the methods that can be used to
evenly distribute the bubbles in the beds is bubble breaking using
internal fittings. The internal inhibits the growth of the bubble and
redistributes the bubbles in the horizontal plane. Therefore, not
only the heat and mass exchange between the gas and the parti-
cles increases, but also the eruption of the bubble is suppressed
and the number of entrained particles is reduced. Dutta and Suciu
[1] studied the bubble breaking phenomenon with various baffle
internals in the bed of Geldart A particles (FCC). Their results de-
monstrated that the opening fraction from the horizontal plane of
the baffle had a direct impact on the bubble splitting phenomenon.
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However, in the case of the Geldart B particles, if the opening ratio
on the baffle is too small, the differential pressure in the beds is
increased. Therefore, not only is the operating cost too high, but
also bed mixing cannot be carried out smoothly. Consequently, in
the pilot-scale fluidized bed reactor, a vertical internal is used to
manage these disadvantages. The wetted perimeter of the internal
is adjusted to induce the bubble splitting phenomenon. Observa-
tion of the change of the bubble characteristics due to the internal
requires an accurate bubble measurement method. Other available
methods for analyzing the characteristics of the bubbles are nonin-
trusive measurements (pressure fluctuation, X-ray, and Gamma-
ray) and intrusive measurements (optical, capacitance probe) for
measuring the voidage inside bubbles. While the measuring device
using the intrusive type of method is inexpensive and the measur-
ing instrument and handling is easy; it has a disadvantage whereby
the bed voidage can only be partially measured. In addition, in the
case of the dual probe, it is difficult to accurately measure the gas
bubbles, as the distance between the probes is insufficient [2]. In
the case of measuring using a non-intrusive type method, such as
the X-ray or Gamma-ray method, the disadvantages are the diffi-
culty in measuring using the devices at a relatively large scale and
the increased expense. For these reasons, bubble size prediction
has been studied extensively using pressure fluctuation analysis. A
method of decoupling the pressure fluctuation of rising bubbles
merely by incoherent out-put power analysis (IOP) has been stud-
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ied in order to correct the defect in the inaccuracy of the global
pressure fluctuation analysis [3]. In comparison with measuring
bubble chord lengths using the optical probe, the bubble diameter
obtained from the power spectral density of the pressure time series
is relatively accurate [2]. IOP analysis has been used to investigate
the bubble diameter in a slurry bubble column [4] and to investi-
gate the bubble characteristics of gas-solid bubbling fluidized beds
with binary particles [5]. In the existing studies, the bubble charac-
teristics in bubbling fluidized beds were investigated with or with-
out screen cylindrical packing using pressure fluctuation analysis.
However, in another study, the change of bubble characteristics was
predicted from the main peaks of only the PSD distribution [6].
Thus, the pressure fluctuation of the bubble motion was not sepa-
rated from the entire pressure fluctuation. Furthermore, the trend
of the changing bubble diameter was not represented by a quanti-
tative value.

The present study investigated the mean bubble diameter, which
changes according to the equivalent diameter of the column with
various internals by IOP analysis.

THEORY

Pressure fluctuation in the bubbling fluidized beds occurs for a
variety of factors, such as rising gas bubbles, jetting, bubble coales-
cence, splitting, bubble eruption, and flow fluctuation [7]. The pres-
sure time series is measured according to time, with a constant
sampling frequency. From the measured pressure time series, the
Fourier transform algorithm converts the time domain into a fre-
quency domain. The distribution of the periods in the absolute pres-
sure fluctuations can be analyzed from the power spectral density
(PSD) in the frequency domain. Various hydrodynamic character-
istics have recently been analyzed in this way; for example, the
transition of fluidization regime, force balance between particles,
fluctuation on the bed surface due to bubbles bursting, etc. [8-11].
In addition, the PSD distribution due to the rising gas bubbles or
slug provides useful information for understanding the bubble
characteristics [12-14]. Van der Schaaf et al. [3] developed a tech-
nique to estimate the average bubble diameter using the Fourier
transformation of a pressure time series measured simultaneously
at different column positions in a gas-solid fluidized bed. The PSD
of the absolute pressure signals at the bed position can be sepa-
rated into two areas related to the absolute pressure fluctuations at
the plenum chamber: a coherent component (COP) and incoher-
ent component (IOP). IOP represents the PSDs due to rising bub-
ble or turbulence. The coherence between the two time series of
bed position and plenum chamber in a fluidized bed could be used
to distinguish the different components in the pressure fluctuations.
The global fluctuations such as flow fluctuations, jetting, bubble
coalescence, splitting, and bubble eruption, are generated through-
out all the beds because their amplitudes are strong. Thus, these
pressure waves are also measured in the plenum and bed position
in the fluidized bed instantaneously. However, the local pressure
wave due to a rising gas bubble or turbulence does not affect the
pressure wave traveling through the fluidized bed. Thus, these phe-
nomena are not measured in the plenum [3], and we can predict
the coherence of the simultaneously measured waves between the

bed position and plenum chamber. In the gas-solid fluidized beds,
the fluctuation characteristics between bed position (x) and ple-
num chamber (y) are defined using the coherent function (rf‘y(f)).
The coherent function is defined as the normalization of the cross-
power spectral density (cPSD) of the two time series at the bed posi-
tion and plenum chamber according to each power spectral den-
sity (PSD).
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If the measured absolute pressure fluctuations at both the ple-
num chamber and bed position have the same strength response
in exactly the same period, the coherent value is 1. For the case with
different response and difference period, the coherent value is zero.
Therefore, the PSD of the pressure time series in the bed position
for the incoherent components can be distinguished from that for
the coherent components by the coherent value as follows.

COP(f)=17(£) f (D) @
I0P(f)=[1- 13, ()] 4 (D) 3)

IOP(f) is the PSD of fluctuations due to the rising bubble in the
bed position. If the gas bubbles regularly pass through the meas-
urement position with a frequency of f,, the pressure fluctuation
has a sine wave shape with an amplitude proportional to the gas
diameter [15]. Therefore, the absolute pressure signal (b,(t)) gener-
ated by passing the gas bubbles at the bed position (x) is expressed
as a response (A,) having a frequency of f,.

b,(t)=Asin(27;t) @
A=pg(l- gmf)Db ®)

Thus, the standard deviation of the pressure fluctuations caused
by the rising gas bubble is proportional to the response of the pres-
sure fluctuations.

o, =A, /N2 (6)

Eq. (6) refers only to the wave of the sine function, but the form
of the pressure fluctuations due to the rising bubble is more com-
plex. The standard deviation of IOP can thus be proportional to the
response (g;~A,). Therefore, the response of the PSD of IOP can
be quantified through Parseval’s theorem with the standard devia-
tion.

o-?op:;IOPx(f) @)

By substituting Eq. (7) into Eq. (5), the standard deviation of the
incoherent component could be applied according to the length
scale for the prediction of bubble size.

Siop
pg(l- Emf)N b ®
As the size of the generated bubble increases, the response of
IOP further increases. Therefore, the standard deviation shows simi-
lar trends to those for the bubble size. In this experiment, we pre-
dicted the bubble size by analyzing the standard deviation of the
IOP with the increase of the superficial gas velocity and the meas-
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Fig. 1. Schematic diagram of experimental apparatus for bubbling

fluidized bed [16].

1. Fluidized bed 6. Cyclone 11. Air dryer

2. Distributor 7.Down comer  12. Compressor
3. Pressure tab 8. Flow meter 13. Bag filter

4. Upper hopper 9. Regulator 14. Internal
5.Bottom hopper  10. Air filter

ured bed position in the bubbling fluidized beds. Then, we evalu-
ated the reliability of the results by comparing with the results from
the existing bubble diameter equation.

EXPERIMENTAL

1. Apparatus and Particle Properties

Fig. 1 shows a schematic diagram of the bubbling fluidized beds
with the column diameter of 0.3 m and the height of 2.4 m, which
had been used in our previous studies [16,17]. The distributor
plate was a perforated plate with an opening ratio of 0.002 with
183 holes. 40 pim mesh was placed above the holes to prevent par-
ticles leaking into the plenum chamber. Some entrained particles
were recirculated through the cyclone and dipleg. The static bed
height was 0.8 m and the total bed weight was 75 kg. To prevent
internal absolute pressure change, after the chamber was filled with
the particles, the valve connected to the chamber was closed. Met-
allurgical grade silicon (MG-Si) was used as a bed material, which
is classified as belonging to the Geldart B group. The mean parti-
cle size was 153 um and the particle density was 2,328 kg/m’. The
fraction of fine particles (<38 um) was less than 2%. The material
of the internals was steel and the axial length was 0.8 m. The equiv-
alent diameter of the internal was determined by wetted perime-
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ter of the internal, and was calculated from Eq. (9):

_4A

D,, L

©)
A is the vertical cross-section area and L is the wetted perimeter.
All internals were made of stainless steel plate with a thickness of
2.0 mm. Three other internals were fabricated with equivalent diame-
ters, D, of 0.15, 0.17, and 0.19 m, respectively. The cross-sectional
area of the internal with D,,=0.15m was 0.00105 m?’; the area of
this internal has the most baffles in this study. Since the cross sec-
tional area of internal was 1.5% or less of the sectional area of the
column, it could be assumed that the internal did not significantly
affect the superficial gas velocity.

Fig. 2 shows schematic diagrams of the internals used in our
previous study [17]. The actual photograph of the internals is given
in our previous study. Each internal was installed 0.45 m above the
distributor in the beds.

2. Measurement of Absolute Pressure Signals

Fig. 3 shows the absolute pressure fluctuations measured in the

bed position and plenum chamber. Absolute pressure fluctuation

(a

(b (c

Fig. 2. Schematic diagrams of internals at various equivalent diam-
eters: (a) 0.19m, (b) 0.17 m, and (c) 0.15m [17].
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—— Bed position 0.5m Bed inventory ; 75 kg
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Gas velocity 5 0.15 m/s
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Fig. 3. Signals of absolute pressure fluctuation in an axial bed posi-
tion of 0.5 m and plenum chamber.
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was measured continuously at the same time in the plenum cham-
ber and the bed. Each signal of the bed and plenum chamber was
measured by an absolute pressure transducer (Setra 209 model)
within a 5 psig range. 38 im mesh was used to cover the pressure
tap in order to prevent particles from flowing into the pressure
transducer. The sampling frequency of the experiments varied from
100 to 1,000 Hz. The experiments confirmed the low error of 2.25%.
Thus, the measurement frequency was fixed at 200 Hz for the ap-
propriate calculation. The IOP of PSD induced by gas bubbles was
measured from 0.1 to 0.8 m from the axial bed position. The super-
ficial gas velocity ranged from 0.07 to 0.15m/s. The internal was
installed 0.45 m above the distributor. All measurements were con-
firmed by repeating five times.
3. Fast Fourier Transform (FFT) Algorithm

The Fast Fourier Transform (FFT) algorithm was coded using
MATLAB". The coding program converts a signal from the time
domain to a representation in the frequency domain. The PSD can
be used to compute the amplitude of a process by integrating the
overall frequency by the FFT algorithm. We obtained the PSD at
the plenum chamber and each axial bed position simultaneously
from 0.1 m to 0.8 m. The PSD was calculated from an ensemble
average of the five data sets.

RESULTS AND DISCUSSION

1. PSD in Bed Position and Plenum Chamber

Fig. 4 shows a comparison of the PSD measured at the bed posi-
tions of 0.1 m and 0.5 m, and at the plenum chamber. The curves
were smoothed by averaging the five data sets. All PSD distribu-
tions showed a response between 0 and 10 Hz because they have a
negligible value on regions higher than 10 Hz. PSDs less than 4 Hz
were typically superimposed at three different measurement points.
This is because the regions with a jetting/bubble formation have
substantially similar intensities [2]. The peak in the range from 0.4
Hz to 1 Hz at the plenum chamber was mainly generated by jet-
ting or flow fluctuations. To the exclusion of the region jetting/
bubble formation region, the PSD distributions were measured from
0.4 Hz to 10 Hz at the bed positions of 0.1 m and 0.5m. In this

—-— PSDat plenum chamber
345 b s PSD at axdal position 0.1 m
—— PSDat axal position 0.5 m

Bed inventory ; 75 kg
Gas velocity; 0.15 m/s
Sampling frequency ; 200 Hz

Power spectral density, |Pa2.-'Hz|

Frequency, [Hz]

Fig. 4. Comparison of PSD of absolute pressure signals at the ple-
num chamber and axial bed positions of 0.1 m and 0.5 m.

range, an additional PSD measured between 0.4 Hz and 4 Hz at
the bed position was generated due to rising bubble motion. The
bubble characteristics due to the differences in the measurement
heights changed. These differences could be determined through
the difference in the PSD distribution between the two points (bed
positions at 0.1 m and 0.5m). The measured PSD appears to lie
between 2.4 Hz and 4 Hz at the bed position of 0.1 m, and pre-
dominates in the range from 0.4 Hz to 1.6 Hz at the bed position
of 0.5m. The bubbles increased in size consistently with increasing
bed position due to coalescence. The measurements of the fluctu-
ations occurring due to the coalescence of bubbles differed at the
two bed positions. Because fluctuations by rising small bubbles oc-
curred at a low bed position, a peak emerged in the high frequency
region with PSD distribution. On the other hand, at a high bed
position, low frequency predominated due to the rising coalesced
bubbles. Consequently, by confirming that the main frequency of
the PSD distribution caused by the rising bubbles occurs at any
value, it is possible to compare the bubble size.
2. Standard Deviation of IOP

Fig. 5 shows the standard deviation of IOP at various gas veloci-
ties with increasing axial bed position. In all gas flow rates, the stan-
dard deviation of incoherent components due to bubble motion
increased almost linearly up to the bed position of 0.5m. The
standard deviation leveled off at the bed position of 0.6 m. As dis-
cussed previously, a standard deviation of IOP is proportional to
the bubble diameter. In terms of the flow characteristics of the
bubble, the bubbles grew continuously due to the coalescence phe-
nomenon. Then, if the size of the bubbles increased to two-thirds
of the bed diameter, the bubbles ceased to grow further. However,
this was found to be an inconsistent result when compared with
the measurement result of IOP. According to the study by van der
Schaaf et al. [3], the pressure caused by the rising gas bubble in the
vicinity of the bed surface is determined by the particle mass pres-
ent above the bubble. However, when the bubble reaches the bed
surface, the absolute pressure caused by the bubble is dispersed in
the bed surface direction. Thus, the standard deviation of IOP meas-
ured by the absolute pressure transducer was sharply reduced. As
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Fig. 5. Standard deviation of IOP versus axial bed height at various
gas velocities.
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Fig. 6. Comparison of IOP of absolute pressure signals at each vari-
ous axial bed position: (a) at U,=0.07 m/s and (b) at U,=0.15
m/s.

a result, the response of IOP will converge to 0 because the bub-
ble had erupted in the bed surface. Due to the limitations of such
a PSD analysis, we did an analysis at the bed position up to a cer-
tain interval of 0.1 m of the increment. The maximum measure-
ment point can be determined from the rate of increase of the
IOP standard deviation. Therefore, up to the bed position of 0.5
m, we determined the maximum measurement position in the
experiments and analyzed the changes of the bubble characteristic
up to 0.5 m. In addition, after the internal installation the PSD was
also measured at the bed position of 0.5 m.
3. Bubble Size by Incoherent Component Analysis

Fig. 6 shows the PSD distribution of IOP in various bed posi-
tions at Uy=0.07 m/s and 0.15 m/s. The response of the measured
PSD distribution increased with increasing axial bed height. Also,
the main peak of PSD occurred at a gradually lower frequency with
increasing axial bed position. The measured bubble size increased
with increasing axial bed position, and the bubble size could be
predicted from the increased relative frequency of the fluctuation
of a long period. These results occurred at all gas velocities. Also,
when we checked the PSD measured at U,=0.07 m/s and 0.15 m/s
at the same bed position, the frequency of the main peak occurred
at a lower frequency, at U;=0.15m/s. The bubble growth rate dif-
fered depending on the gas velocity. Regardless of the IOP distri-
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Fig. 7. Comparison between estimated bubble diameter and cor-
relations: (a) according to axial height at U,=0.15m/s and
(b) according to gas velocity at h=0.5 m.

bution, the abovementioned jetting/bubble formation occurred at
less than 0.4 Hz. This peak in the range below 0.4 Hz increased
with increasing axial bed position, because the pressure fluctua-
tion occurred for a long period caused by the bubble coalescence
[18]. However, since the range below 0.4 Hz did not occur due to
the bubble motion, the bubble diameter was estimated from the
standard deviation of IOP of from 0.4 to 10 Hz.

Fig. 7 shows a comparison of the estimated bubble diameters
between those obtained by IOP analysis and those from the cor-
relations in the literature. As shown in the figure, the estimated
bubble diameter increased with the increasing bed position and
superficial gas velocity. Comparing the values with those obtained
from the existing empirical formula, the bubble sizes calculated
from the equation by Choi et al. [19] were in reasonable agree-
ment with the bubble sizes estimated by IOP analysis. The experi-
mental conditions and the literature bubble diameter correlations
are shown in Table 1.

4. Influence of Internals

Fig. 8 shows the various PSD distributions of fluctuations by
IOP analysis at various equivalent diameters. Kang et al. [7] did an
analysis of the PSD of absolute pressure fluctuation depending on
the mesh size of cylindrical packing in a column. However, their



Table 1. Correlations of bubble diameters in the fluidized beds
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Author(s) Correlation Particle 4, P 3 Uo=Uny D (m) Type of
type (um)  (kg/m’) (m/s) measurement
Choietal.  (Uy—U,)(D—D,)+0.474g"°(D"*~Dyy) Coal 340- 2300 0.047-  03x03 Electro-
[19] =1.132(U,-U,)h 620 0.171 resistivity
probe
Rowe [20]  D,=(U,-U,,)"*(h+hy)**/g"* Ballotini, 135-  600- 0.003-  0.3x0.3 X-ray
Carbon, 323 2650 0.056 0.3x0.2 photography
Quartz, etc.
Darton D,=0.54g "“(U,-U,,)"'h"* Ballotini, 60-  600- 0.005-  03x03 Capacitance
etal Carbon, 323 2650 0.2 0.3x0.2 probe,
[21] Quartz, 1,061x061  X-ray
Glass photography
powder,
Alumina,
Sand, etc.
Horio and -(2) (2) FCC 60- 048000 0008-  0.099 X-ra
Nonaka /Dy~ /D j ' (AJ/E [5] ' 450 0.130 Pthograth
[22] Dbo_A/D_be Dbo_A/B‘
~exp(-0375)
=exp|— O.3Tt
Caietal ~ D,=0.138h"*(U,-U,)"" Sand, FCC,  66-  850- 0-0.006 0.3x1 Absolute
[23] exp(—2.5% 107°(U,— Umf)Z—IO_S(UO— U,.p) etc. 700 3186 0.3x0.2 pressure
0.17x0.12 fluctuation
0.13-0.38 analysis,
Probe,
X-ray, etc.

research was limited to the changes in the main peak. In the pres-
ent study, we decoupled the fluctuations according to the rising
gas bubbles through the IOP analysis and the quantitative value,
which was presented according to the standard deviation of the
IOP. The fabricated internals with D,,=0.15m, 0.17 m, and 0.19 m
were placed in the columns and the experimental results were com-
pared to the experimental results without the internals. As shown
in the figure, regardless of the equivalent diameter, the shape of
PSD distributions was similar to the case of Uy=0.07 m/s, and the
main peaks of the PSD distributions in all experiments occurred
between 1.8 Hz and 1.9 Hz. Since the frequency of the main peak
hardly changed according to the various equivalent diameters, the
bubbles were hardly affected by the internal at Uy=0.07 m/s because
the bubbles generated at U;=0.07 m/s were relatively small. The
bubble splitting phenomenon barely occurred in the presence of
the internal. Thus, the reduction of bubble size due to the internal
was not significant at U,=0.07 m/s. However, the PSD distribu-
tion of IOP changed according to the various equivalent diame-
ters with increasing gas velocity. Therefore, the estimated bubble
size definitely changed and the main peak of the PSD distributions
moved to a high frequency. The main peak of the PSD distribu-
tion at U,=0.15 m/s appeared at 1.2 Hz without the internal (D,,=
0.3 m). However, the main peak moved to 1.6 Hz when the inter-
nal of D,,=0.15 m was installed in the column. The result showed
that as the equivalent diameter of the column decreased, the fre-
quency of pressure fluctuation decreased, as expected, due to the

bubble splitting phenomenon at Uy=0.15 my/s.

Fig. 9 shows the variation of bubble diameter calculated from
Eq. (8) with increasing gas velocity at various equivalent diame-
ters. Analysis showed that the difference of bubble size according
to the equivalent diameter of the internal was minimal in low gas
velocity. However, without the internal, bubble coalescence was
significant at U,=0.09 m/s at the axial height of 0.5 m. In low gas
velocity, bubble coalescence was significantly decreased by the
internal of D,,=0.19 m. However, bubble splitting rarely occurred
because the bubble size was smaller than the span between the
baffles. However, the bubble size increased with increasing gas veloc-
ity. Also, bubble splitting occurred frequently due to the increasing
number of baffles. Therefore, the bubble size was significantly de-
creased with decreasing of D,, at high gas velocity. The measured
bubble sizes at Uy=0.07 m/s were 0.053 m in D,;=0.3 m and 0.047 m
in D,,=0.15 m. On the other hand, the bubble sizes at U;=0.15 m/
s were 0.144 m in D,,=0.3 m and 0.11 m in D,,=0.15 m. The results
of the experiment confirmed that the internals enabled effective
bubble redistribution. While D, 4,5/D;, o3 was reduced to 90% at U=
0.07 m/s, Dy, ¢15/Dy, 05 Was reduced to 77% at Uy=0.15 m/s. Thus,
because the bubbles did not sufficiently grow at the low flow rate,
the bubble splitting phenomenon due to the internal was less effec-
tive. Nevertheless, since large bubbles were generated at a high flow
rate, it was confirmed that the internals reduced the bubble size.
The sizes of the generated bubbles differed according to the bed
position and gas velocity.
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Fig. 8. Comparisons of IOP distributions in the fluidized beds at
various equivalent diameters: (a) at U;=0.07 m/s, (b) at Uy=
0.11 m/s, and (c) at U,=0.15 m/s.

CONCLUSION

We estimated the bubble diameter in gas-solid bubbling fluid-
ized beds, which changes depending on the equivalent diameter of
the column with various internals. The PSD of IOP due to the
bubble motion was quantified for the bubble diameter through the
standard deviation of IOP. The conclusions of the study are as fol-
lows.
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Fig. 9. Variation of the estimated bubble diameters in the gas-solid
fluidized beds at various equivalent diameters: (a) According
to gas velocity and (b) according to equivalent diameter.

1) The standard deviation of IOP showed a tendency to in-
crease at the bed position of 0.5 m, and then decrease from 0.6 m
upwards. The absolute pressure caused by the bubble was dispersed
in the bed surface direction, while the bubble reached the bed sur-
face. Therefore, the maximum measurement position in this exper-
iment was determined as 0.5 m.

2) The standard deviation shows a tendency to increase with
increasing gas velocity and measurement position, and the main
peak of the PSD shifted to a lower frequency because the period and
amplitude of fluctuations increased with increasing bubble size.

3) The estimated bubble diameter according to the standard
deviation of IOP matched the correlation by Choi et al. reason-
ably well [19], which was carried out under experimental condi-
tions that were most similar to those of our experiments.

4) After adjusting the D,, to 0.15, 0.17, and 0.19 m with the
installation of the internals, we compared the estimated bubble size
with the experimental results from the general bed (D,,=0.3 m).
As a result, we confirmed the effective bubble redistribution due to
the internals. Because bubbles do not grow sufficiently under a low
gas velocity, the bubble splitting phenomenon due to the internal
was less effective. However, since the large bubbles were generated
at a high flow rate, it was confirmed that the internals reduced the
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bubble size. While D,_,;5/D;_5 was reduced to 90% at U,=0.07
m/s, it can be seen that D,_;5/D;-; was reduced to 77% at Uy=
0.15m/s.
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NOMENCLATURE
A :cross section area of column [m’]
A,  :average attenuation of absolute pressure wave by rising bub-

ble [-]

b,(t) :absolute pressure signal by gas bubbles at position x [-]

COP(f) : coherent output-power of pressure time series at position
x [Pa*/Hz]

D  :column size [m]

D, :bubble diameter [m]

Dy, 0.15m : bubble diameter at equivalent diameter of 0.15 m with inter-
nal [m]

Dy, 03 : bubble diameter at equivalent diameter of 0.3 m without
internal [m]

Dy, :initial bubble diameter [m]

D, :equivalent bubble diameter [m]

: equivalent diameter of column [m]

dp  :particle size [um]

f,  :frequency of absolute pressure signal by ringing gas bubble
[Hz]

g :acceleration of gravity [m/s’]

h : distance from the distributor [m)]

h, :distance from the distributor at which initial bubble forms

[m]

IOP(f) : incoherent output-power of pressure time series at position
x [Pa*/Hz]

L : wetted perimeter [m]

r,  :coherence function [-]

t : time [s]

U, :superficial gas velocity [m/s]
U, :minimum fluidization velocity [m/s]

Greek Letters
% :constant correlation for bubble size in Horio and Nonaka

(22] [-]

0  :constant correlation for bubble size in Horio and Nonaka
(22] [-]

&y  :local voidage at minimum fluidization [-]

1 :constant correlation for bubble size in Horio and Nonaka
(22] [-]

o :particle density [kg/my]

o, :standard deviation of absolute pressure signal by ringing gas
bubble [-]

Op :standard deviation of incoherent output-power [-]

B() : power spectral density at x position [Pa’/Hz]

¢,(f) : power spectral density at y position [Pa’/Hz]

@,(£) : cross-power spectral density between x and y positions [Pa’/
Hz|
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