
595

†To whom correspondence should be addressed.

E-mail: sotudeh@ut.ac.ir

Korean J. Chem. Eng., 29(5), 595-600 (2012)
DOI: 10.1007/s11814-011-0216-0

INVITED REVIEW PAPER

Conditional monitoring of moisture content in a fluidized bed dryer
by the acoustic emission signature

Farhad Karimi, Rahmat Sotudeh-Gharebagh†, Reza Zarghami, Mojgan Abbasi, and Navid Mostoufi

Multiphase Systems Research Lab, School of Chemical Engineering, College of Engineering,
University of Tehran, P. O. Box 11155/4563, Tehran, Iran

(Received 29 April 2011 • accepted 17 August 2011)

Abstract−Wetted rice particles were dried in a fluidized bed and the corresponding passive acoustic emissions signals

(AES) were recorded at a given frequency to study the drying phenomena and bed hydrodynamic changes as well.

The results show that the end time of the constant rate zone and the end of the falling rate can be determined from the

variation of standard deviation and kurtosis of AES, respectively. Frequency domain analysis was also used to quantify

the moisture content of solids. For this end, the original signal was decomposed into ten sub-signals, and it was found

that the energy of the 4th sub-signal can be correlated with the moisture content. The results show that the acoustic emis-

sion measurement is applicable as a practical method for on-line condition monitoring of drying process in fluidized

bed dryers.
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INTRODUCTION

According to the interesting advantages of fluidized beds, many

researchers have investigated these dryer applications in new indus-

trial plants and design aspects of these beds [1-3]. Several methods

have been reported in the literature for monitoring fluidized bed

hydrodynamics, including pressure fluctuations [4,5], acoustic emis-

sions (AE) [6-9], vibration signature [10-12], three-dimensional X-

ray imaging [13] and electrostatic measurements [14,15]. Among

the devices used, the acoustic sensors are inexpensive and can with-

stand a wide range of process conditions. They provide reliable,

on-line and non-intrusive monitoring. Nevertheless, difficulties in

extracting the information from the acoustic signals hinder the wide-

spread application of AE monitoring [16].

Friesen et al. [17] proposed a method for determining the mois-

ture content (MC) of wheat grains by dropping them from a certain

height on a plate and measuring the sound pressure level of the con-

tact. They showed that a correlation exists between the sound level

(dB) and the MC and demonstrated that the sound level decreases

across the entire frequency range as the MC increases. Vervloet et

al. [18] compared passive acoustics and vibration signals with pres-

sure measurements for monitoring gradual process changes in flu-

idized bed reactors. They measured all signals at frequencies up to

400 Hz. After comparing with pressure fluctuations, they have con-

cluded that both acoustic and vibration measurements may be useful

for monitoring purposes, provided that both the sensor and the data

analysis method are chosen suitably.

In the gas-solid fluidized beds, the sounds generated by the fric-

tion, collisions, fluid turbulence [16], and eruption of bubbles at the

bed surface can provide the listener with valuable information on

the bed hydrodynamics. Each sound source has one or more spe-

cific distinct frequencies in power spectra diagram. Therefore, dom-

inant frequencies of each source, if determined accurately, may show

the corresponding phenomena inside of the bed. In addition, a logi-

cal relationship may exist between the physical phenomena and the

statistical parameters derived from the AE. Therefore, the aim of

this study is to test the applicability of passive acoustic emissions

for on-line condition monitoring of drying process as a potentially

non-intrusive technique. For this purpose, the suitability of statisti-

cal and frequency analyses for exploring the acoustic emission sig-

nals was also investigated.

EXPERIMENTS

Experiments were performed in a Plexiglas column with an inner

diameter of 15 cm and a height of 2 m. The column was equipped

with a perforated distributor plate of 435 holes of 7 mm triangle

pitch. The whole system was electrically grounded to minimize elec-

trostatic effects. Air at room temperature and atmospheric pressure

entered into the column through the distributor, and its flow rate

was measured by an orifice plate connected to a water manometer.

Bruel & Kjær free-field microphone type 4190 with sensitivity of

50 mV/Pa was used to record the sound signals. The microphone

was located 50 cm above the distributor.

Salehi-Nik et al. [9] and Briongos et al. [8] concluded that the

measured sound signals are independent from the microphone situ-

ation. The microphone produced analogue signals that were condi-

tioned and converted to digital using the B&K PULSE system along

with 3560C hardware. The sound measurements were collected using

a specific sampling rate of 4,096 Hz during 72 minutes in eighteen

periods of 256 s. The sampling frequency was high in order so as

not to lose information in the acoustic pressure changes. Neverthe-

less, cutting off the frequencies above 500 Hz did not change the

signals. A high-pass filter was integrated on the signals at 7 Hz.

Wetted rice particles (Geldart B) were added to the bed with the
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initial aspect ratio equal to 1. Rice was selected as a representative

grain due to its economical importance. However, this method can

be used for measuring moisture content of other grains as well. Some

of the physical properties of rice particles are presented in Table 1.

Initially, the superficial gas velocity was raised to 0.8 m/s for approx-

imately 5 min to make sure that no wetted material would stick to

the bottom or the wall of the bed and then the bed was operated

under the bubbling fluidization regime with 1.1 m/s as the superfi-

cial gas velocity. Between any two consecutive periods, air flow

was cut to allow measuring reduction of static bed height and deter-

mining MC of particles. Wetted particles were then taken out from

the bed by scooping the bed material. These samples were weighed

and dried for three days at 50 oC in an oven. The MC of the samples

was calculated by the weight difference of the samples before and

after drying based on the weight of dried particles (dry basis).

METHOD OF ANALYSIS

Different methods have been utilized for processing the signals

generated from the fluidized beds. These methods can be divided

into three categories: (i) time domain analyses, (ii) frequency domain

analyses, and (iii) state-space analyses [18,19]. In the present work,

statistical analysis in time domain as well as the frequency domain

analysis was used.

1. Time Domain

In the time domain, statistical techniques consider changes of

amplitude and frequency of raw data. This technique includes stan-

dard deviation, skewness, kurtosis and average cycle frequency (ACF).

The standard deviation (σ) is a measure of the degree to which

the data spreads around a mean value defined as follows:

(1)

where the mean value is evaluated from:

(2)

Van der Schaaf et al. [20] used standard deviation of pressure fluctu-

ations as a qualitative indicator of the relative bubble size in the bed.

Skewness is a measure of the asymmetry of the probability dis-

tribution of a real-valued random variable. A distribution has a posi-

tive skew (right-skewed) if the right tail is longer and negative skew

(left-skewed) if the left tail is longer. Skewness is calculated from:

(3)

Kurtosis, or the fourth moment, is a measure of the relative peaked-

ness of the distribution. Kurtosis is calculated by:

(4)

The average cycle frequency (ACF) is defined as the number of

cycles in signal fluctuations per second. The number of cycles is

equal to half of the time that the signal amplitude crosses its average

and is calculated by sign change of the raw date per second. Worms-

becker et al. [21] and Zarghami et al. [19] used ACF of pressure

fluctuations to characterize the passing of bubbles in a fluidized bed.

2. Frequency Domain

It is often impossible to observe hydrodynamic changes directly

in the signal from the raw data alone [18]. The power spectral den-

sity function (PSDF) is a tool to analyze and to characterize the hy-

drodynamics of fluidized beds and is calculated by:

(5)

Johnsson et al. [22] used the shape of the PSDF of pressure fluctua-

tions to determine different modes of bubbling (single, multiple and

bursting of bubbles). The averaged power spectrum is:

(6)

The PSDF has low resolution due to constant width of the analysis

window for the whole frequency band of the experiment. Thus, for

obtaining a better resolution and more precise frequency informa-

tion at both low and high frequencies, wavelet transform (WT) analy-

sis can be used. The WT is suitable for analysis of irregular or un-

steady data patterns, such as impulses occurring at various time in-

stances. The wavelet transform of a signal f(x) is defined as:

(7)

Where

(8)

For practical implementation, the discrete wavelet transform can be

used. The following discrete wave filter functions are constructed

corresponding to:

(9)

The original signal can be decomposed into approximation sub-

signals aj(t) and detailed sub-signals Dj(t) by the theory of Mallat

[23]. In this theory, the signal is passed through a series of low-pass

and high-pass pairs of filters called quadrature mirror filters. At each

step of the decomposition process, the frequency resolution is dou-

bled through filtering and the time resolution is halved through down-

sampling. The original signal x(t) can be recovered in terms of the

sub-signals of different scales:

σ = 

1

n −1
---------- xi − x( )2

i=1

n

∑

x = 
1

n
--- xi

i=1

n

∑

S = 

xi − x( )3
i=1

n

∑

n −1( )σ3
-----------------------

K = 

xi − x( )4
i=1

n

∑

n −1( )σ4
-----------------------

Pxx

i
f( ) = 

1

w
2

n( )
n=1

N

∑
------------------- xi n( )w n( )e−j2πnf

n=1

N

∑

2

Pxx f( ) = 
1

L
--- Pxx

i
f( )

i=1

L

∑

Wsf x( ) = f u( )ϕs x − u( )du
−∞

+∞

∫

ϕs = 
1

s
---ϕ

x

s
---

⎝ ⎠
⎛ ⎞

DWT j k,( ) = 
1

2
j

--------- x t( )ϕ t − k 2
j⋅

2
j

----------------
⎝ ⎠
⎛ ⎞dt

−∞

+∞

∫

Table 1. Physical property of rice particles

Particle

density Mass

Major

diameter

Intermediate

diameter

Minor

diameter

Mean

diameter

(g cm−3) (mm)

1.136 0.026 8.27 2.85 1.98 3.596

Moisture content as 38% (on dry basis)

1.152 0.036 8.53 2.68 1.93 3.525
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x(t)≈aj(t)+Dj(t)+Dj−1(t)+…+D1(t) (10)

The energies of aj(t) and Dj(t) are evaluated as:

(11)

(12)

Therefore, energy distribution of x(t) can be calculated by Eqs. (11)

and (12) at various sub-signals. Based on the orthogonality and the

energy conservation of the WT, the total energy of the original signal

x(t) can be calculated by:

(13)

In the present study, the third-order Daubechie’s wavelet (Daublet

3) was used as the wavelet function.

RESULTS AND DISCUSSION

Once every 256 s during the 72-minute test, the MC of the solids

was measured. These values are shown in Fig. 1. According to the

trend of drying process shown in this figure, two periods can be

identified:

1. Constant drying rate period: drying is continued until the end

of surface moisture at 20 min.

2. Falling-rate period: drying is continued after the end of free

moisture on the surface. This transition point, denoted as the critical

MC, occurs when a continuous film of moisture cannot be main-

tained on the surface of the particles. This period continues up to

equilibrium moisture content (EMC) is reached. The EMC is the

final MC of the grain that can be determined by the temperature

and relative humidity (RH) of the air surrounding the grain. This

period in industrial dryer usually prevails in the overall drying to

EMC. Fig. 1 demonstrates that critical and equilibrium moisture con-

tents are about 23.8% and 10.19% on dry basis (is defined as: (Mwet−

Mdry)/Mdry), respectively.

The drying rate and moisture content of rice particles during the

drying rate is shown in Fig. 2. Three regions are shown in this figure.

In the first region, the rate of drying is around 0.71%/min and con-

stant. This constant rate continues until 20 minutes of drying as men-

tioned above. In the second region, referred to as the falling rate

region, the drying rate levels off and it almost changes linearly with

time until it reaches zero. This occurs at around 60 minutes of dry-

ing process, where the equilibrium moisture content is attained (third

region).

Based on the visual observations, bubbles were not formed in

the bed until the surface moisture vanished. In fact, the liquid bridges

prevent particles from freely moving and the air passed through the

bed by creating channels. Only after elimination of the surface mois-

ture were the first bubbles visible in the center of the bed, and the

bubbles were then evenly distributed in the bed. The same obser-

vations were reported by Chaplin et al. [24]. A decrease in static

bed height, approximately 5 cm or 33% initial bed height, was also

observed during drying process. Variation of the static bed height

of the bed during drying is shown in Fig. 1.

During the drying operation, size and number of bubbles are af-

fected by two events:

1. Decreasing the aspect ratio in the bed due to shrinkage of par-

ticles. The bubble size decreases in a shallower bed because bub-

ble coalescence is less frequent in order to create large bubbles.

2. Decreasing moisture content causes the particles to become

lighter and need lower minimum fluidization velocity; hence, the

amount of air going to bubbles becomes greater.

Thus, during the drying process, increasing the excess air leads

to an increase in the number of bubbles passing through the bed
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Fig. 1. Moisture content and static bed height over time. Fig. 3. Standard deviation values and moisture content over time.

Fig. 2. Evolution of moisture content and drying rate over time.
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but not the bubble size. Of course, if the decreasing static bed height

during operation is not significant, the bubble size can be increased

as reported by Wormsbecker et al. [21].

1. Time-domain Analysis

Acoustic emissions were analyzed in the time domain by stan-

dard deviation, skewness and kurtosis. Fig. 3 shows standard devi-

ations of acoustic emission signals at every 256 s interval during

the drying process. It can be seen in this figure that the standard

deviation reaches a maximum at the end of constant rate zone. How-

ever, at moisture content below this point, it does not follow a particu-

lar trend. Fig. 4 shows the changes of skewness in the course of dry-

ing. This figure reveals that there is no specific trend of skewness

during the drying process and the skewness is almost constant. There-

fore, this parameter cannot be considered for following the changes

of MC of particles in fluidized bed dryers.

Another statistical parameter that was used to examine the acous-

tic emission signals is the fourth central moment, kurtosis. Varia-

tion of this parameter during the drying process is demonstrated in

Fig. 5. As can be seen, kurtosis of acoustic emission signals shows

a small peak near the critical MC. Also, there is a sharp peak near

the EMC. Hence, changes of kurtosis can be considered as a crite-

rion in determining the EMC and the end time of drying. Salehi-

Nik et al. [9] also reported a sudden rise in the kurtosis at mini-

mum fluidization velocity. Thus, the fourth central moment, or kur-

tosis, can observe the sudden changes in passive acoustic emissions

of fluidized bed properly.

2. Frequency Domain Analysis

The PSDF analysis of sound signals were used to investigate the

evolution of sound signals as a function of MC for rice particles in

the bubbling regime of fluidization. Fig. 6 shows an overview of

the PSDF of sound signals for several MCs during the drying period

with the initial aspect ratio of 1 at 1.1 m/s superficial gas velocity.

Despite the high-frequency measurements, this figure is drawn up

to 500 Hz because no distinct frequencies were seen greater than

500 Hz. Therefore, the sampling frequency for acoustic signals can

be selected at 1,000 Hz without losing any information. The sam-

pling frequency should be greater than the twice maximum frequency

component within the frequency spectrum [25]. As illustrated in

Fig. 6, five frequency peaks can be observed for every PSDF dia-

gram. Each peak can be related to the interaction of several sound

source frequencies. Contrary to pressure and vibration signals which

have only one distinct frequency in most part of the bubbling regime

[11,19], the PSDF diagram of acoustic signals has several distinct

frequencies. As mentioned earlier, emission of sound in gas-solid flu-

idized beds is generated by numerous events such as coalescence of

bubbles, bursting of bubbles on the bed surface, friction and collision

of particles with the wall and each other and passing of air through the

column. Among all these cases, only sound of air passing through

the column has a constant value because air velocity was constant

in the entire course of drying. Because every sound has specific fre-

quencies in the PSDF diagram and since the PSDF of the empty

bed does not show any peak in the frequency range of 115-165 Hz

(third distinct frequency rang), it can be concluded that the fre-

quency observed in this range is generated by other sound source

factors related to the change in the moisture content of the solids.

Although few differences at other peak can be seen, a close-up view

of them indicated that their frequency differences are less than the third

peak and the third peak is more sensitive to the moisture changes.

Due to a direct relationship between sounds and bed hydrodynamic

condition, this peak can be chosen as the hydrodynamic peak of

Fig. 6. Fourier transform of acoustic signal of rice particles (Gel-
dart B) in several moisture content (M.C) and the close-ups
of the frequency range of 115-165 Hz of the same graphs
with the initial aspect ratio of 1.at 1.1 m/s superficial gas
velocity.

Fig. 4. Skewness values and moisture content over time.

Fig. 5. Kurtosis trend of signals and moisture content curve over
time.



Conditional monitoring of moisture content in a fluidized bed dryer by the acoustic emission signature 599

Korean J. Chem. Eng.(Vol. 29, No. 5)

the fluidized bed dryers in the PSDF of acoustic emissions.

During the drying process, the location of third distinct frequency

shifts to lower values, while the location of other distinct frequen-

cies does not change noticeably. A close-up of the third distinct fre-

quency range, between 115-165 Hz, is given in the right hand side

of Fig. 6. As seen, the third dominant frequency shifts approximately

from 140 Hz to 130 Hz by decreasing the MC of solids.

Fig. 7 illustrates ACF and MC during the drying process. These

values also decrease approximately 10 units. Decreasing of third

distinct frequency and ACF confirms that the sound of the bed be-

came more bass during the drying process.

Since the frequency in the range of 115-165 Hz, as shown in Fig.

6, is more sensitive to the change in the MC of solids than other

dominant frequencies, this range was more thoroughly investigated.

The corresponding raw acoustic signal was decomposed by wave-

let transform into ten sub-signals. Frequency ranges of these sig-

nals are given in Table 2. As shown in there, the above-mentioned

frequency range is consistent with the 4th sub-signal or D4. Energy

of this level during drying process was analyzed and illustrated in

Fig. 8. This figure shows that the energy of D4 increases by decreas-

ing the MC. Friesen et al. [17] reported similar results. They com-

puted the sound pressure level (proportional to the energy of sound)

of raw acoustic signal and observed that the sound energy increases

across the entire frequency range as the MC decreases.

This figure shows that there is a linear relationship between MC

and the energy of D4 until the EMC is reached. The linear relation

is also included in this figure as well as the coefficient of determi-

nation. The coefficient of determination is near unity, indicating that

there is a good correlation between this linear model and experi-

mental data.

In addition, the energy of D4 becomes constant by approaching

the EMC. Hence, this method can be considered as a criterion for

determining the MC and the end-point of the drying process. Drying

operation ends while energy content of D4 becomes constant, which

is a valuable criterion for determining the overall drying time to

lower MC. The same relationship can be found for other gas veloci-

ties; however, it can affect the rate of drying [26]. The same trend

can be seen for other gas velocities as we discussed in the literature

[27] for pressure signals.

CONCLUSIONS

Passive acoustic emission signals were measured for drying of

wetted rice particles in fluidized bed dryers. It was shown that the

statistical analysis of the corresponding signals can be used to deter-

mine extent of constant rate zone and the falling rate zone. The peak

in the frequency range of 115-165 Hz of the PSDF diagram was

shown to be more sensitive to changes of the bed hydrodynamics

than other peaks. Thus, wavelet analysis was used to focus on this

range of frequency. Average cycle frequency of signals was used

to monitor changes of the location of the peak. The frequency of

this peak decreases during the drying process. Plotting the moisture

content of solids against the energy of D4 level (the same frequency

range as the above-mentioned peak) helped to determine moisture

content and the end point of drying. Results overall proved that ana-

lyzing the acoustic signals can be an effective nonintrusive tech-

nique to characterize the drying hydrodynamics of fluidized bed

dryers.

NOMENCLATURE

aj : approximation sub-signal

Dj : detail sub-signal

Ej
a : energy of approximation coefficient [mVolt2]

Ej
D : energy of detail coefficient [mVolt 2]

f : frequency [Hz]

F : discrete Fourier transform [mVolt]

Fig. 7. Average cycle frequency values and moisture content over
time.

Table 2. Frequency range of raw acoustic signal (Hz)

j a (j) D (j)

1 0-1024 1024-2048

2 0-512 512-1024

3 0-256 256-512

4 0-128 128-256

5 0-64 64-128

6 0-32 32-64

7 0-16 16-32

8 0-8 8-16

9 0-4 4-8

Fig. 8. Moisture content over energy of D(4).
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k : time lag coefficient

K : kurtosis

L : number of the time-series segments [-]

n : counter

N : length of the time series [-]

Pi

xx : power-spectrum estimate of each segment [mVolt 2/Hz]

Pxx : averaged power spectrum [mVolt 2/Hz]

s : scale factor

S : skewness

t : time [s]

w(n) : window function [-]

xi : amplitude of the time-series signal [mVolt]

Greek Symbol

σ  : standard deviation
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