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a b s t r a c t

In the processes involving the movement of solid particles, acoustic emissions are caused by particle fric-
tion, collision and fluid turbulence. Particle behavior can therefore be monitored and characterized by
assessing the acoustic emission signals. Herein, extensive measurements were carried out by microphone
at different superficial gas velocities with different particle sizes. Acoustic emission signals were pro-
cessed using statistical analysis from which the minimum fluidization velocity was determined from
the variation of standard deviation, skewness and kurtosis of acoustic emission signals against superficial
gas velocity. Initial minimum fluidization velocity, corresponding to onset of fluidization of finer particles
in the solids mixture, at which isolated bubbles occur, was also detected by this method. It was shown
that the acoustic emission measurement is highly feasible as a practical method for monitoring the
hydrodynamics of gas–solid fluidized beds.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Fluidized beds have provided an effective means of gas–solid
contact in chemical industries. In spite of their advantages, lack
of reliable knowledge about the hydrodynamics of fluidized bed
reactors has limited their application in large scale units. In some
applications, a well defined and stable contact regime is difficult
to maintain. For instance, defluidization phenomenon can be
reached due to agglomeration when the superficial gas velocity is
slightly below minimum fluidization of agglomerates. Thus, if the
region where the latter takes place is detected on time, it would
be possible to actuate in the fluidization process at the appropriate
moment to avoid the defluidization (Parise et al., 2008).

Most investigators have used pressure signals and their fluctu-
ations to determine formation, rise-up and eruption of bubbles (Lu
and Li, 1999; Sasic et al., 2006), velocity and size of bubbles (van
der Schaaf et al., 2002), minimum fluidization velocity (Parise
et al., 2008; Sau et al., 2007), minimum slugging velocity (Lee
et al., 2002), regime transition in the bed (Briens and Ellis, 2005;
Shou and Leu, 2005; Yang and Leu, 2008; Alberto et al., 2004),
gas–solids flow behavior (Wu et al., 2007) and particle size moni-
toring (Davies et al., 2008). Optical fiber probe measurements and
their fluctuations also have been extensively used for measuring
the local solids velocity (Ellis et al., 2004; Hatano and Ishida,
1981) and cluster identification (Afsahi et al., 2009) in fluidized
ll rights reserved.
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beds. These fluctuations can provide valuable information about
the hydrodynamics of the beds. Yet in some cases, these methods
are not reliable means of measurement since their intrusiveness
can alter the local hydrodynamics of the fluidized bed. Therefore,
new non-intrusive monitoring systems, suitable for characterizing
the bed dynamics, especially under severe, corrosive, reactive and
high pressure/temperature conditions are always necessary.

A technique to perform a non-intrusive detection is through the
analysis of acoustic emissions (AE). The measurement devices of
such a method are applicable to a wide range of process conditions,
low costing and reliable to the process being monitored. Moreover,
direct contact with the process is not required, allowing real-time,
on-line monitoring with little or no intrusion (Boyd and Varley,
2000; Villa Briongos et al., 2006; Abbasi et al., 2009). Acoustic
emissions have been used in chemical engineering processes for
hydrodynamic characterization and regime transitions in bubble
columns (Al-Masry et al., 2007; Ajbar et al., 2009; Al-Masry and
Ali, 2007), detection of oversized material in pipe (Albion et al.,
2007a), granulation (Briens et al., 2007; Tsujimoto et al., 2000)
and coating process (Naelapaa et al., 2007). In the gas–solid fluid-
ized beds, the sounds generated by the friction, collisions and fluid
turbulence can provide the listener with valuable information on
the bed hydrodynamics (Boyd and Varley, 2000). Villa Briongos
et al. (2006) investigated the values of frequencies in fluidized
beds. They showed that measurement of low frequency passive
acoustic emissions analyzed in frequency domain is useful for
monitoring gas–solid fluidized bed hydrodynamics. Difficulties in
extracting the information from the AE signal have been one
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Fig. 1. Schematic of the fluidized bed.
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possible reason why AE monitoring is not more widespread. Dy-
namic measurements of various signals extracted from different
measurement devises in fluidized beds were analyzed using statis-
tical (Hong et al., 1990; Wilkinson, 1995; Abbasi et al., 2009), frac-
tal (Briens and Ellis, 2005), chaos (Ellis et al., 2003; Chaplin et al.,
2004; van der Schaaf et al., 2004; Lin et al., 2001) and wavelet anal-
ysis (Wu et al., 2007).

This work highlights the use of AE measuring technique by
applying passive acoustic emissions created by a gas–solid fluid-
ized bed as a potentially non-intrusive, real-time monitoring tech-
nique to be used in the process control. The main objectives of this
study were to test the applicability of acoustic emissions to charac-
terize the hydrodynamics of fluidized beds as well as to investigate
the suitability of statistical methods for the analysis of acoustic
emission signals.

2. Theory

Statistical analysis in the time domain is a technique which is
more commonly employed. This technique, comprising standard
deviation, skewness and kurtosis, is very fast and of easy applica-
tion (Briens et al., 2007; Parise et al., 2008).

2.1. Standard deviation

The standard deviation is a measure of the degree to which the
data spreads around an average value and is defined as:

r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n� 1

Xn

i¼1

ðxi � �xÞ2
vuut ð1Þ

where the mean value is calculated from:

�x ¼ 1
n

Xn

i¼1

xi ð2Þ
2.2. Skewness

In the statistics, skewness is a measure of the asymmetry of the
probability distribution of a real-valued random variable. Roughly
speaking, a distribution has a positive skew (right-skewed) if the
right tail is longer and negative skew (left-skewed) if the left tail
is longer. Skewness is calculated from:

S ¼
Pn

i¼1ðxi � �xÞ3

ðn� 1Þr3 ð3Þ
Table 1
Size distribution of sand particles used in this work.

dpi (mm) Weight fraction

Sand I Sand II Sand III Sand IV Sand V

1 0 0 0 0 0.04
0.85 0 0 0 0 0.20
0.71 0 0 0 0 0.22
0.5 0 0.01 0 0 0.36
0.42 0 0.01 0.08 0.60 0.13
0.355 0 0 0 0 0
2.3. Kurtosis

Kurtosis, or the fourth moment, is a measure of the relative
peakedness of the distribution. Kurtosis is calculated by:

K ¼
Pn

i¼1ðxi � �xÞ4

ðn� 1Þr4 ð4Þ

Data sets with high kurtosis tend to have a distinct peak near the
mean, decline rather rapidly and have heavy tails. Data sets with
low kurtosis tend to have a flat top near the mean rather than a
sharp peak (Albion et al., 2006, 2007a; Dash et al., 2008).
0.3 0 0.16 0.44 0.38 0.04
0.25 0 0.11 0.10 0 0
0.18 0.64 0.50 0.27 0.02 0.01
0.15 0.35 0.14 0.08 0 0
0.125 0.01 0.05 0.02 0 0
0.106 0 0.02 0.01 0 0

dp (mm) 0.167 0.187 0.230 0.356 0.560
3. Experiments

The experiments were carried out in a gas–solid fluidized bed
made of a Plexiglas pipe of 15 cm inner diameter and 200 cm
height (see Fig. 1). The whole system was electrically grounded
to minimize electrostatic effects. Air at room temperature entered
into the column through a perforated plate distributor with 435
holes of 7 mm triangle pitch while its flow rate was measured by
a rotameter. A cyclone, placed at the column exit, returned the en-
trained solids back to the bed. Sand particles with mean sizes of
167, 187, 230, 356 and 560 lm and particle density of 2640 kg/
m3 were used in the experiments. Their size distribution and min-
imum fluidization velocity determined by bed pressure drop meth-
od are shown in Tables 1 and 2, respectively. The experiments were
carried out at different bed heights (L/D = 0.5, 1, 1.5) and were re-
peated three times at the same operating conditions to ensure the
reproducibility of the sampled signals.



Table 2
Minimum fluidization velocity (m/s) of sand particles at L/D = 1.5.

dp

(lm)
From bed
pressure drop

From Puncochar
et al. (1985)

From
standard
deviation

From
skewness

From
kurtosis

167 0.03 0.015 0.028 0.03 0.032
187 0.037 0.018 0.035 0.032 0.034
230 0.056 0.026 0.052 0.042 0.042
356 0.13 0.038 0.12 0.11 0.12
560 0.282 0.093 0.21 0.21 0.21
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A Bruel and Kj�r free-field microphone type 4190 with sensi-
tivity of 50 mV/Pa was used to record the acoustic emission. The
microphone was located above the bed surface (in the freeboard),
68 cm from the gas distributor, in order to reduce the noise due
to impact of particles. Also, it was desired to test this technique
non-intrusively. Of course, different locations for the microphone,
including inside the dense bed, outside the wall and in the free-
board, were tested and it was observed that only amplitude of
waves would change by changing the location of the microphone
but not the locations of the peaks. The microphone produced ana-
logue signals that were conditioned and converted to digital using
the B&K PULSE system along with 3560C hardware. According to
Wentzell and Wade (1989) the signals of acoustic emission from
chemical reaction are distributed mainly in high frequency ranges
such as 50 kHz to 1.5 MHz. Although no chemical reaction was car-
ried out in this study, at first the sampling frequency was set to
65 kHz to make sure that no information is lost during data acqui-
sition. This frequency was determined using the Shanon–Nyquist
criterion which states that the sampling frequency should be
greater than the maximum frequency component within the fre-
quency spectrum (Oppenheim and Willsky, 1997).

4. Results and discussion

A Typical acoustic signal, recorded by the microphone is shown
in Fig. 2. The fluctuations may represent three types of basic
sources of passive acoustic emission in the fluidized bed: (i) parti-
cle–particle or particle–wall collision (impact sounds), (ii) particle–
particle or particle–wall friction (friction sound) and (iii) air turbu-
lence (aerodynamic sound) (Naelapaa et al., 2007; Albion et al.,
2007b; Tsujimoto et al., 2000). Apparently, it may not be possible
to extract reliable information directly from the raw signals. There-
fore, for further investigation, statistical analysis was performed.
Fig. 2. Typical time series sound signal for 230 lm sand.
The most common method used by many researchers is the
study of the standard deviation of the time series which is a mea-
sure of the degree to which the data spreads around an average va-
lue. The change in amplitude of the time series with operating
condition has been of interest for characterization of fluidization
regimes (Parise et al., 2008). Some researchers such as Parise
et al. (2008) and Yang and Leu (2008) used this analysis to deter-
mine the minimum fluidization velocity. Puncochar et al. (1985)
proposed a methodology to determine the minimum fluidization
velocity based on the relationship between the gas velocity and
standard deviation of pressure fluctuations. It should be noted that
Puncochar et al. (1985) observed that there is nonlinearity be-
tween rp and UG at high superficial velocities and recommended
using a superficial gas velocity between 1 and 3 times Umf for
determining the minimum fluidization velocity by this method.

Standard deviation of the acoustic signals for 167 lm sand is
illustrated in Fig. 3. As the gas velocity increases, so increases the
number of flowing bubbles, thus, their sound level. Therefore, the
standard deviation of the acoustic signal intensifies with increasing
the gas velocity. Similar to the method of Puncochar et al. (1985),
Umf was determined from the intercept of the linear part of the
standard deviation of the acoustic signals with the gas velocity
axis. The minimum fluidization velocities obtained by this method
are listed in Table 1. It is evident from this table that these veloc-
ities are considerably lower than the minimum fluidization veloc-
ity determined by the bed pressure drop. Therefore, the standard
deviations were studied more thoroughly. As can be seen in
Fig. 3, at low velocities that the bed is still fixed, no sound can be
detected from the particles and the standard deviation of the
acoustic signals is nearly zero. By increasing the gas velocity, stan-
dard deviation starts to increase sharply at 0.016 m/s and the first
transition can be observed at this condition. This velocity is lower
than the minimum fluidization velocity determined from bed pres-
sure drop data (see Table 1). However, formation of isolated bub-
bles was observed visually in the experiments at this velocity.
Therefore, this velocity can be corresponded to the start of mini-
mum fluidization of the powder, i.e., minimum fluidization of
smaller particles in the mixture. In fact, the smaller particles reach
their minimum fluidization sooner than the larger ones and pro-
duce bubbles before the whole bed becomes fluidized. In other
words, this velocity is the initial minimum fluidization velocity
of the powder. Beyond this point, the standard deviation increases
up to 0.023 m/s, then it decreases leading to the second transition
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Fig. 3. Variation of rp with superficial velocity for 167 lm sand and L/D = 0.5.
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point. At this velocity, the whole bed is fluidized, thus, the second
transition occurs at minimum fluidization of the powder. Table 1
confirms this conclusion.

Influence of the bed height on the first and second transition
points is shown in Fig. 4 for 230 lm sand. At L/D = 0.5, the two
transition points can be seen at 0.028 and 0.032 m/s, respectively.
With an increase of bed height to L/D = 1, small particles cannot be-
come fluidized separately and the initial bubbles start to show up
at a higher gas velocity. As a result, both transition points increase
to 0.035 and 0.037 m/s, respectively. At moderately large bed
height, i.e., L/D = 1.5, the bubbles start to form at higher gas veloc-
ity, where the whole bed (or most of particles in the mixture) be-
comes fluidized. Consequently, only one transition point can be
observed at 0.052 m/s which is closest to the actual minimum flu-
idization velocity according to Table 1.

In order to demonstrate the effect of bed height on first and sec-
ond transition points, these values at various bed heights are
shown in Fig. 5 for two different sands. As can be seen in this fig-
ure, by increasing the bed height, these two points become closer
to each other and become identical at high enough aspect ratio.
In other words, initial minimum fluidization can be observed at
shallow beds. In the deep beds, only final minimum fluidization
can be observed.

The third central moment, or skewness, of the acoustic emission
signals was also evaluated. This is shown against gas velocity in
Fig. 6 for different initial bed heights. At the gas velocities lower
than the minimum fluidization, the skewness remains almost un-
changed. At the initial minimum fluidization, isolated bubbles
are formed, leading to a distinct change in the acoustic emission
signals. The skewness exhibits a minimum (against gas velocity)
at this point. As the gas velocity reaches the minimum fluidization,
the skewness exhibits another minimum. Afterwards, the distribu-
tion extends towards positive values because of increasing ampli-
tudes of the acoustic emission signals. Like what was observed in
the case of standard deviation, with increasing the bed height,
the two transition velocities become closer and at L/D = 1.5 only
one transition point can be seen at minimum fluidization. It is
worth mentioning that Vial et al. (2000) also used skewness for
analyzing the pressure fluctuations but they were not able to ob-
tain any useful information out of its trend.

The fourth central moment, or kurtosis, was also calculated for
the acoustic emission signals. The effect of gas velocity on kurtosis
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of the acoustic emission signals in the bed of different sand parti-
cles is illustrated in Fig. 7. As can be seen in this figure, the kurtosis
also exhibits two maximums against gas velocity for smaller parti-
cle sizes (167, 187 and 230 lm). The first maximum corresponds to
the initial minimum fluidization and the second one occurs at the
minimum fluidization velocity of the mixture. For the larger parti-
cles (356 and 560 lm), the bubbles form only beyond minimum
fluidization velocity. That is why only one maximum is seen in
the kurtosis curve of large particles.

Fig. 8 illustrates the kurtosis of 230 lm sand at different initial
bed heights. As mentioned earlier, with the increase of bed height,
the weight of bed increases and even the smaller particles cannot
become fluidized easily. Therefore, no single bubble may appear
before minimum fluidization in deep enough beds; creation of
bubbles occurs only after minimum fluidization. As a result, only
one maximum can be observed in the kurtosis of the acoustic emis-
sion signals.
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5. Conclusion

In this study, the hydrodynamic state of the gas–solid fluidized
bed was determined by statistical analysis of the acoustic emission
signals measured by a microphone. Plotting the standard deviation
of the acoustic signals against gas velocity showed two transition
points in the fluidization of gas–solid mixture. The first transition
point corresponds to initial fluidization velocity (i.e., fluidization
of small particles in the mixture at which isolated bubbles occur)
and the second transition point corresponds to the full minimum
fluidization of the bed. It was shown that by increasing the bed
height, the velocities of these two transitions merge together. In
other words, at high enough aspect ratios, the initial fluidization
fades and only fluidization of the whole bed can be observed. Sim-
ilar information can be extracted from variations of skewness and
kurtosis of acoustic emission signals against superficial gas veloc-
ity. Results of the present work demonstrate that acoustic signals
can be used to characterize the hydrodynamics of fluidized beds
efficiently.
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