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Abstract—Hydrodynamic properties of bubbling flow through a three-phase fluidized bed with a moderately large
diameter have been characterized with statistical and stochastic analyses of a comprehensive set of experimentally
measured pressure fluctuations in the bed. The analyses have yielded the fluctuations’ histogram, mean, maximum,
minimum, standard deviation, skewness, kurtosis, and power-spectral-density function. As the gas flow rate increased
with other operating conditions fixed, the mean and standard deviation increased, the skewness decreased, the dis-
tribution of the power-spectral-density function broadened, and the major frequency increased. In contrast, as the liquid
flow rate increased, the mean and standard deviation decreased, the skewness and kurtosis increased, the power-
spectral-density function narrowed, and the major frequency decreased. The hydrodynamic properties of a three-phase
fluidized bed with a moderately large column in terms of pressure fluctuations are strongly affected by the flow rates
of both the fluidizing gas and liquid.
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INTRODUCTION ous flow regimes. Zheng et al. [1988] studied the pressure-fluctua-
tion signals in a three-phase fluidized bed of air, water, and glass
Three-phase fluidized beds are ubiquitous in chemical and allietheads and have found that the characteristics of the root mean square
industries and also in pollution control. Often, such a bed compriseand the power-spectral-density function of these signals apprecia-
the fluidizing-gas bubbles, fluidizing liquid, and fluidized-solid par- bly vary with the operating conditions and that the analysis of pres-
ticles, of which the first and third exist as dispersed phases, and ttseire fluctuations is effective for identifying flow regimes.
second, as a continuous phase. With its increasing applications to It has been pointed out that the formation, motion, break-up and
biochemical as well as chemical and petrochemical processes, thramsalescence of bubbles are the main causes of pressure fluctuations
phase fluidization has become one of the most important modes af fluidized beds [Fan et al., 1981]. While such pressure fluctua-
multiphase contacting. Various attempts have been made to develdipns have been extensively investigated, they are yet to be fully
reactors and contactors by taking advantage of the unique featuresderstood because of their highly random and stochastic nature.
of three-phase fluidized beds, such as high contacting efficiency This work is aimed at exploring in detail the hydrodynamic pro-
among different phases in terms of the heat and mass transfer rajgsrties of bubbling flow through a three-phase fluidized bed with a
and low pressure drop [Epstein, 1981; Shah et al., 1982; Fan, 198%hoderately large diameter (0.376 m) in terms of pressure fluctua-
Judicious design and effective operation of three-phase fluidizedions. A comprehensive set of experimentally measured, pressure-
beds as contactors or reactors demand a thorough understandingflattuation data was extensively analyzed statistically and stochas-
the hydrodynamic properties of the beds. Towards this end, predically.
sure fluctuations in these beds have been extensively studied by

numerous investigators [see, e.g., Fan et al., 1986; Zeng et al., 1988; EXPERIMENT
Kang et al., 1992, 1999; Kwon et al., 1994; Chen et al., 1995; Pang
and Kim, 2001]. The materials and facilities are outlined. Subsequently, the pro-

In previous works, the behavior of fluidized beds and the qualitycedure is described in some detail.

of fluidization have been successfully studied by analyzing presi. Materials

sure fluctuations [Fan et al., 1981, 1986; Lee and Kim, 1988; Zeng The fluidizing liquid and gas were water and oil-free compressed

et al, 1988; Hong et al., 1990; Kang et al., 1992; Kwon et al., 1994air, respectively. The fluidized solid comprised two groups of spher-

Chen et al., 1995; Shen et al., 1995]. Fan et al. [1986] were the firital glass beads, both with a density of 2,500 kgfne group had

to adopt this technique to study the pressure-fluctuation behavior i diameter of 1.0 mm (0.001 m); and the other, 2.3 mm (0.0023 m).

a three-phase fluidized bed; they have concluded that this tect®. Facilities

nique might also be effective for studying flow regimes and that The experimental facilities, shown in Fig. 1, consisted of an as-

the power-spectral-density function is distinctly different for vari- sembly of a three-phase-fluidized bed, a measuring assembly, and
a calculating/recording assembly. All experiments were carried out

To whom correspondence should be addressed. in a Plexiglas column at room temperaturé{25C) under atmo-

E-mail: drpark@woosuk.ac.kr spheric pressure. The column’s inside diameter was 0.376 m, and
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Fig. 1. Schematic diagram of experimental apparatus.
1. Main column 7. Liquid reservoir __osf
2. Distributor 8. Air compressor e
3. Calming section 9. Flowmeter =
4. \Weir 10. Pressure < O'O‘ﬂ
5. Pump 11. Data acquisition system | <
6. Flowmeter 12. PC 05}
its height was 2.1 m. A perforated plate with 786 evenly spacec 1.0 . -
holes, 3 mm (0.003 m) in diameter, served as the liquid distributor 0 1000 2002 3000 4000
Air was fed to the column through a grid of feed pipes, each with tx 107 [s]

an inside diameter of 6.4 mm; the grid was provided with 232 horijg 2 Typical pressure-fluctuation signals.
izontally drilled holes, 1 mm in diameter. Pressure taps to measure
the static pressure with a liquid manometer were mounted flush along
the wall of the column; they were axially distributed, and the dis-the liquid flow rate, and the particle size. The gas flow rate ranged
tance between any pair of adjacent taps was 0.14 m. from O to 0.10 m/s; the liquid flow rate ranged from 0 to 10 m/s;
The pressure tap for measuring pressure fluctuations was locateshd the particle sizes were 1 mm (0.001 m) and 2.3 mm (0.0023 m)
at 0.4 m above the distributor. One of the two channels of a difin diameter. The typical pressure-fluctuation signals recorded, as il-
ferential pressure transducer was connected to this pressure tap. Thstrated in Fig. 2, have yielded the estimates of statistical parame-
differential pressure transducer generated an output voltage propders or summary statistics in terms of the histogram, standard devi-
tional to the pressure-fluctuation signal. The signal was stored in ation, skewness and kurtosis, and power-spectral-density function.
data acquisition system (Data Precision Model, D-6000), and theifhe differences among the signals can be clearly discerned from
the one was filtered by using a low pass filter (<60 Hz) and pro-these statistical parameters despite the similarity in appearance of
cessed by a personal computer. the signals.
3. Procedure 1. Histogram
In each experimental run, the particles were suspended in the Histograms have been generated for pressure fluctuations, (p'
bed by the fluidizing gas at a flow rate within the range between (p"), recorded under various sets of operating conditions. Each his-
and 0.10 m/s, and the fluidizing liquid at a flow rate within the range
between 0 and 0.10 m/s. Once a steady state was reached, the fl

tuating voltage-time signals, corresponding to the fluctuating pres ~ "°[ d_ = 1.0 mm | ;ZO %
sure-time signals, from the differential pressure transducer wer , 140 U = 0.02 m/s e §
sampled at a rate of 0.01 s and stored in the data acquisition sy g 120 | Us =010 m/s 2
tem. The overall data acquisition time was 41 s, thereby yielding ¢ € . 1° 8
total of 4100 data points. The signals were transmitted to the con § | maximurm - ?-i‘%g f;a 1%° 2
puter. Statistical properties of the pressure fluctuations, including th & 20| 2:;:?3(560'24 KPa 2 1%° £
mean, standard deviation, skewness, kurtosis, and the power-spe 5 o | 40 g
tral-density function, were calculated from the digitized data acquirec £ wl B =
with the computer. z 20 2
20 | 10 E

RESULTS AND DISCUSSION 0 : . : o3

An extensive set of pressure-fluctuation signals was recorded by
varying the three major operational variables, i.e., the gas flow ratd;ig. 3. Typical histogram of pressure fluctuations.
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togram gives rise to the maximum and minimum as well as the mes 0.4
of the distribution under a given set of operating conditions. Aty- & | Ug 5 0-02 m/s
pical histogram of pressure fluctuations is shown in Fig. 3. X ° ° °
The random variable of concem in the present work, p', the pres § ol
sure fluctuations, is a specific value of which is denoted by p' a E o 5 o
given in the experimental section. Theoretically, the mean value c = 2§
the first moment of P', i.@: , given by g o4l
£
p'=["_ pf(p)dp’ @ % os}
b o
is zero for a steady-state, stationary time series of pressure fluctu 0.8 ;
tions. Nevertheless, for the digitally recorded or discrete data of thi 06
series, the sample mean computed by T oaf Usg 0.06mis
= o2} b .
=S DX @ E oo} *
i le :E D2 o o o)
where i is a number of recorded digital data of pressure fluctuatioo = -0.4
signals and xs probability of théth datum to occur, in usually a E osf
small value, slightly deviating from the theoretical value of 0, as not- E 08}
edin Flg 3. g 10} 0
2. Maximum and Minimum 42 . . . )
The maximum and minimum amplitudes of pressure fluctuations 2 4 6 8
in three-phase fluidized beds containing particles of 1 mm (0.001 m U, x 10° [m/s]

and 2.3 mm (0.0023 m) in diameter are presented as functions
the gas flow rate, §J in Fig. 4. The difference between the maxi-
mum and minimum amplitudes is magnified with the increase in

U, because bubbles are enlarged through coalescence [Kim et al.,

(I]-Iig. 5. Effect of the liquid flow rate on the mean, maximum, and
minimum (dp=21.0 mm).

1977; Han and Kim, 1993; Kim and Kang, 1996]. rowed due to the breakage of larger bubbles by shear exerted on
Fig. 5 illustrates the effects of the liquid flow ratg, dh the max-  these bubbles by the flowing liquid.
imum and minimum amplitudes of pressure fluctuations. As-U The effects of the particle size, dn the maximum and mini-

creases, the difference between the maximum and minimum is narmum amplitudes of pressure fluctuations can also be discerned in
Fig. 4. The difference between the maximum and minimum am-
1.0 plitudes is broader for the larger particles than for the smaller ones,

= even though the patterns of such decreases are similar. It is known
%_c 05 that the larger particles generate bigger bubbles than the smaller
E ) o ° particles [Kwon et al., 1994]. Hence, the differences in the maxi-
E ° ° b mum and minimum amplitudes of pressure fluctuations are broad-
£ oo} ened as dncreases.
= 0) -
£ O o 3. Standard Deviation
2 o5 o o The standard deviation of pressure fluctuations is the positive
'g d,=1.0mm
=
-1.0 * ; * : : 0.030
1.0 @ dp=10mm, U, =0.04m/s
= QO dp=10mm, U =0.06m/s v
o o5t > 0025} w dp=23mm, U =004m/s
x . ° ° ) 2 v dp=23mm, U, =006mis v
£ 0.0 L c v
S 00rf o
E w5 0020 A v P
[= s v
= -05¢}
= e} O o 3 v [ ) o
- 0.015 |
E 10 © o I I . o
E 2 . o
5 -15 d,=23mm % 0.010 |
= 8
2.0 L . L - .
2 4 6 8 10 0.005 L 2 L N L
2 2 4 6 8 10
Ug x 107 [m/s] )
) ) ) Ug x 107 [m/s]
Fig. 4. Effect of the gas flow rate on the mean, maximum, and min-
imum (dp=1.0 and 2.3 mm. Fig. 6. Effect of the gas flow rate on the standard deviation.
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Fig. 7. Effect of the liquid flow rate on the standard deviation (dp= Fig. 8. Effect of the gas flow rate on the skewness
1.0mm. o '
1.0
square root of the second central moment, i.e., the variance. Her
the standard deviation can be computed as 05y ° .
v
o=[f"_(p'-p)dp]”* ®) o0 e
[723
wherep' are the mean of pressure fluctuations. § 0.5
The standard deviations of pressure fluctuatioiss,are pre- S o o
sented as functions of the gas flow ratg,iFig. 6. They increase 73
with an increase in §) this may be attributable to the expansion of a5l dp=1.0mm
bubbles due to the enhanced bubble coalescence with the incree S L lcoime
in Ug. It has been reported that the bubble-coalescence regime e 201 v Ug=008mis
ists in a fluidized bed of the air-water-glass beads system of the dian 25 X , ) )
eters of the beads are less than 0.00254 m [Kim et al., 1972, 197 ' 2 4 6 8
Kim and Kang, 1996]. U, x 102 [mis]

The effect of the liquid flow rate, Uon the standard deviation
of pressure fluctuations;, is illustrated in Fig. 7. As Uncreases,  Fig. 9. Effect of the liquid flow rate on the skewness (dp=1.0 mm).

o decreases: the increase iniktensifies the breakage of larger
bubbles due to the enhanced shear.

The variation of the standard deviationwith the particle size, ~ Ness, S. As Uincreases, S of pressure fluctuations increases due to
d,, can also be discerned in Fig. 6. Thia the bed of the larger the enhanced breakup of the larger bubbles into the smaller ones.
particles is greater than that in the bed of the smaller particles un- In addition to the effects of the gas flow ratg, Big. 8 reveals
der the same operating conditions. This can be expected from tige variation of the skewness, S, with the particle sjz&he S in
decrease in the difference between the maximum and minimurthe bed of larger particles is lower than that in the bed of smaller
amplitudes of pressure fluctuations as indicated in Fig. 4. particles. It has been known that a bed with larger particles tends to
4. Skewness contain more larger bubbles than a bed with smaller particles [Kwon

The third central moment, i.e., the skewness, S, is a measure 6f &, 1994]. As stated repeatedly, the larger bubbles cause the am-
the lack of symmetry in the probability-density function about the plitude of pressure fluctuations to magnify. This makes the proba-

mean. The S is defined as bility-density function skew to the right for the larger particles more
than for the smaller particles.
s=1f @-pyie)dp @ 5. Kurtosis
o

The fourth central moment or the kurtosis, K, is a measure of the
where p' is the fluctuating pressype; |, the mean of the pressure; extent of sharpness in probability-density function about the mean;
the standard deviation; and f(p"), the probability density function ofthe K is defined as
p’; thep' is zero here. The effects of the gas flow ratallustrat-
ed in Fig. 8, indicate that S decreasesdatdeases. As stated ear- K :%f _(p'—P)f(p")dp’ (5)
lier, the greater k) the larger the bubble size, thereby causing the o
amplitude of pressure fluctuations to magnify. This, in turn, makesThe value ofp' is 0 in this work.
the probability-density function or histogram of pressure fluctuations  Fig. 10 exhibits the effects of the gas flow ratg,duh the kurtosis
to increasingly skew to the right. of pressure fluctuations, K; note that K is nearly constant for the

Fig. 9 presents the effects of the liquid flow ratg,dd the skew-  particles of either size at a given liquid flow rate,A$ U increases,
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Fig. 10. Effect of the gas flow rate on the kurtosis.
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Fig. 11. Effect of the liquid flow rate on the kurtosis (dp=1.0 mm).

however, K decreases sharply, thereby indicating that the distribL
tion about the mean of pressure fluctuations is broadened appreci

125
P I
Ry(1) =imZ[ p(Op(t+T)dt

A peak or peaks in ) correspond, respectively, to a major pe-
riodic component or components in the random variable. T(iis G
can show the intensity of corresponding objects, usually bubbles,
in a sampling period. In the present worl(f)as been computed
by the fast Fourier-transform method [Fan et al., 1981, 1983, 1986;
Lee and Kim, 1988; Shen et al., 1995].

Note that in Fig. 12, a distinct peak appears between 0 and 2 Hz
in the power-spectral-density function(f§s As the frequency;, f,
exceeds 20 Hz, () becomes negligible regardless of the gas flow
rates, 4. The greater the d)the broader the distribution of (€
and the higher the major frequency, apparently as a result of the

0.012
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bly; see Fig. 11. This is attributable to the breakup of the larger bub- o . . .
bles into the smaller bubbles due to shear exerted by the fluctuafg- 12. Variation of the power-spectral-density function with the

ing flow of the fluidizing liquid.

The effect of the particle size,, @n the kurtosis, K, can also be
observed in Fig. 10; the larger the the greater the K. This im-
plies that the distribution about the mean of pressure fluctuations i
flattened by the enlargement in the particle size. This is attributabl
to the breakup of the larger bubbles into the smaller bubbles due 1
the impact exerted by the fluidizing particle: the larger particle, the
greater impact.

6. Power-Spectral-Density Function

The power-spectral-density functions of pressure fluctuations
G,(f)'s, have been calculated and are presented in Figs. 12 and 1
the former illustrates the effects of the gas flow rate,add the
latter, the effects of the liquid flow rate,. The G(f) is the Fourier
transform of the auto-correlation function of pressure fluctuations,

R,(1), i.e.,
Gy(f) =2ﬁ . R,(T)e *"dt
where

©)

gas flow rate.

0.025 5o
_5 d,=1.0mm
g 0.020 U_=0.08 m/s
5 0.020 - Ug =0.06 m/s
'; 0.015
= |
S 0.015 0010
[s]
™ 0.005
£ 0.010 1
1]
Q 0.000 4 =
n 001 2 3 4 5 6 7 8 9 10
o 0.005 1
2
]
£ JL

0.000 sl T T T t
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Frequency (Hz)

Fig. 13. Variation of the power-spectral-density function with the

liquid flow rate.
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bubble coalescence. L :liquid

In contrast to Fig. 12, Fig. 13 shows that the greater the liquidMax : maximum
flow rate, Y, the narrower the distribution of the power-spectral- Min : minimum
density function, Gf), and the higher the major frequency. This is P : particle
attributable to the break-up or dispersion of bubbles.
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