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Particle motion is a major determinant of the dynamical performance of a fluidized
bed. It plays an important role in determining and optimizing the complex correlation
of fluidization condition between particle-particle and particle-environment in a sys-
tem. A passive acoustic emission (AE) technique is applied to monitor, characterize,
and control the fluidization condition of polyethylene particles in a gas-solid fluidized
bed. Experimental results show that AE signals are very sensitive to the particle move-
ments by analyzing energy distribution, which can help to understand the status of the
system. The AE energy temporal analysis is further used to identify the transition of
flow regimes. Moreover, the activity of particle motion can be quantitatively deter-
mined by using a combination of granular temperature and AE spatial energy analysis.
This work provides valuable insights into the dynamic behavior of particles in a gas-
solid fluidized bed based on AE technique. VVC 2009 American Institute of Chemical Engi-

neers AIChE J, 56: 1173–1183, 2010
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Introduction

Fluidized beds are widely used in the chemical industry,
not only because of its excellent mixing ability, but also its
efficient heat- and mass-transfer rates. The stable operation
of a gas-solid fluidized bed at a specific fluid-dynamic state
is important for the control of flow regimes and fluidization
condition. Hence, the understanding of fluid-dynamic behav-
ior in the bed is critical for rational design of the fluidized
bed and optimization of operating conditions. However, it is
a very challenging task to control fluidization conditions for
a conventional fluidized bed due to its invisible access to the
inner bed.

Fluidization regimes can be characterized and determined
by fluidization states of the bed, which have typical common

features independent of change of operating conditions. The

fluidization state can be characterized and quantified by ana-

lyzing parameters such as the minimum fluidization velocity

(Umf), and the onset of turbulent fluidization (Uc). Numerous

studies have been conducted to investigate Umf and Uc by

using pressure gradient and pressure fluctuation methods.1–7

Davidsion and Harrison1 developed the classical Umf method

to determine the fluid-dynamic behavior. After that, Wen

and Yu2 proposed a semi-empirical formula to calculate Umf

using various particles of size. Alternatively, pressure gradi-

ent method3-7 is widely used to determine Umf, evaluate the

onset of turbulent fluidization, and characterize the transition

from bubbling to turbulent regimes in fluidized beds due to

its intuitivistics and simplicity. However, the pressure gradi-

ent method suffers from disrupting pressure fluctuation re-

sponsive to gas velocity, especially for adhesive powder and

fines systems, leading to the difficulty in the determination

of Umf and Uc..
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On the other hand, it is commonly accepted that the stable
run of the fluidized bed is very important in the industrial
processes.8-9 Stable operation can be achieved by controlling
particle behaviors including the enhancement of particle
mixing and motion, and the prevention of particle sintering
and agglomeration. Many conventional methods using elec-
trostatic,10-11 pressure,12-13 temperature, radiation and optic
measurements14 have been used to control stable fluidization
state. However, it is very difficult to detect early the occur-
rence of particle sintering and agglomeration, because of its
slow aggregation and heterogeneous size using the aforemen-
tioned conventional methods. For instance, the temperature
and pressure signals are not sensitive to the defluidized sta-
tus,13-18 radiation technique is harmful to the human health,
and optical method is only effective to the regions close to
the sensor and is not suitable to the rigorous fluidized condi-
tions in a realistic plant. Hence, it is important to find a new
technique, which can effectively and detect early the unsta-
ble state prior to defluidization.

Comparing with the other methods addressed previously,
passive AE signals provide affluent information about the size
and movement of fluidized particles. Since particle frictions
and collisions generate AE waves, the hydrodynamics in fluid-
ized beds such as particle flow velocity, type of flow, and flu-
idization condition in the bed can be detected by analyzing
the time series of the signals. In other words, AE signal is
sensitive and selective to the movement of the particles. Many
recent publications on the applications19-26 of AE measure-
ment indicate that they lead to reliable quantitative results and
do not function just as qualitative indicators, as was the case
in the beginning phases of AE-based applications in nondes-
tructive testing.19 In this work, we for the first time developed
and applied a passive acoustic emission (AE) technique, to
investigate the flow regime and fluidization condition of poly-
ethylene particles in a gas-solid fluidized bed. The relation-
ship between AE temporal energy distribution and flow
regimes was obtained. Furthermore, we proposed a model to
describe the activity of particle motion in different regions by
combining the granular temperature and AE spatial energy
analysis. This work provides valuable insights into the
dynamic behavior of particles in the fluidized system.

Experimental apparatus

Figure 1 is a schematic diagram of the experimental appa-
ratus used in this study. It consisted of two parts: a fluidized
bed and the acoustic emission measurement system.

The fluidized bed was made of transparent Plexiglas with
an inside diameter of 250 mm, and a height of 3,000 mm.
The fluidization status and particular behavior of bubbles
and particles in the bed can be explicitly observed. The per-
forated-plate distributor with pore diameter of 2.0 mm, and
an open area ratio of 2.6% was installed at the bottom. Com-
pressed air was provided at the bottom to facilitate pneu-
matic transport of the particulate materials. The superficial
gas velocity was controlled within 0 to 1.1 m�s�1. LLDPE
particles (SINOPEC) with different average sizes were used
in the experiments, including 0.306, 0.482, 0.522, 0.584,
0.640 and 0.820 mm. The density of particles is 944 kg�m�3.
The particles were classified as Geldart B group. The height
of the fixed bed was 800 mm.

The acoustic shot noise online collection and analysis sys-
tem was developed by UNILAB Research Center of Chemi-
cal Engineering in Zhejiang University. It consisted of the
data collection system and the computer. The data collection
system included AE signal sensor, amplifier and A/D conver-
sion. AE sensor used in this study was piezoelectric acceler-
ometer with resonance frequency of 100-kHz, which is
widely used in collecting the acceleration of vibration with-
out the noise transferred via the air (PXR 15, 50 – 250 kHz,
150 dB). The sensor was mounted at special locations with
silicone. The sampling frequency was 500 kHz, and the sam-
pling time was 5 s.

In this work, AE was the mechanical energy released in
the form of characteristic mechanical vibrations.21 Piezoele-
tric devices can easily detect these characteristic waveforms.
As is shown in Figure 1, AE waves generating in the fluid-
ized in the bed can be sampled by the AE sensor. The signals
pass through the amplifier and then pressure signals were
converted to electric signals by A/D conversion. Finally, elec-
tric data was collected automatically by computer.

Results and Analysis

Temporal distribution of AE average energy and
transition of flow regimes

Selection of AE Sensor Location. As discussed previ-
ously, AE signals provide abundant information of particle
movement and can reflect the fluidization status in bed.
Appropriate location for AE sensor is also important to the
result. In the process of particle fluidization, gas bubbles are
formed and developed gradually from the gas distributor,
thus, the particles begin to move due to the interaction and

Figure 1. Schematic diagram of experimental apparatus.

(1) Orifice flow meter; (2) AE sensor; (3) distributor; (4) preamplifier; (5) signal conditioning; (6) computer. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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coalescence of bubbles. The AE signals near the gas distrib-
utor are generated as a result of the interaction between par-
ticles and bubbles, so they indicate the change of particle
motion in the first instance. In this experiment, the AE sen-
sor was installed under the gas distributor to determine the
flow regimes.

Temporal Energy Analysis of Signals. The AE time se-
ries collected by AE sensors are [x1, x2, x3…, xN]. Hence, the
average energy of signals is defined as

E ¼
PN

i¼1 x
2
i

N
(1)

As the gas velocity varies from 0.01 to 1.0 m�s�1, AE sig-
nals under different velocity were collected from the sensor
mounted under the gas distributor. According to Eq. 1, the
relationship between the average energy of signals and gas
velocity can be obtained. Take the particles with dp ¼ 0.482
mm as an example, Figure 2 shows the detail of AE energy
at low-velocity scale (Ug \ 0.1 m�s�1). As shown in Figure
2, when the gas velocity is less than 0.07 m�s�1, the average
energy E changes little with gas velocity, and the amplitude
maintains around 10 (�103V2). In general, the system is a
fixed bed and not up to fluidization status when the gas
velocity is less than Umf. There are no practical acoustic
emissions, because there is no movement of bed particles.
Therefore, the average energy of signals measured in this
region is only background noise from the equipment (E ¼
10 V2). Once the gas velocity increases to above Umf, the
bed starts expansion. The ‘‘threshold point’’ from the fixed
bed to the fluidized bed is the minimum fluidized velocity.
Upon onset of fluidization at Ug ¼ 0.07 m�s�1, bubbles
formed in the bed (Umf � Umb for Geldart B particles) cause
mild expansion, and the distributor gives consistent uniform
flow with the formation of small bubbles evenly distributed
symmetrically across it. Meanwhile, the average energy

E increases significantly as the gas velocity Ug goes beyond
0.07 m�s�1. The reason of the increase of E is considered to be
the increase of the frequency and strength of the particle-parti-
cle and/or particle-distributor frictions and collisions. Hence,
the ‘‘threshold point’’ at Ug ¼ 0.07 m�s�1 indicates the transi-
tion of flow regime from the fixed bed to fluidized bed.

Figure 3 shows the correlation between E and Ug in large-
scale gas velocity. It can be observed from Figure 3 that the
average energy of AE signals maintains relative stable when
the gas velocity is less than 0.31 m�s�1. While beyond
‘‘turning point’’ at Ug ¼ 0.31 m�s�1, the average energy
starts to increase rapidly with the gas velocity. In a fluidized
bed, the coalescence and growth of bubbles and the breakup
of bubbles are two opposite behaviors. At the beginning,
when the gas velocity starts to increase, the average size of
the bubbles increases with gas velocity in the process of flu-
idization. However, when the gas velocity reaches Uc, which
equals to Ug at 0.31 m�s�1 in Figure 3, the trend of breakup
of bubbles becomes more significant than that of coalescence
and growth. Consequently, the population of larger bubbles
gradually diminishes and the population of smaller bubbles
increases. More bubbles cause more changes to the motion
of particles in the bed, and increase the amplitude of AE
energy. The emergence of abundant small bubbles promotes
a high degree of mixing between the particles, and ensures
that the particles are circulated throughout the bed. In this
process, the transition of flow regime from the fluidized bed
to the turbulent bed takes place. Likewise, the ‘‘turning
point’’ of AE energy at Ug ¼ 0.31 m�s�1 indicates this
transition.

As previously illustrated, AE energy analysis is proved to
be sensitive to the transition of flow regimes, which results
in the sudden increase of energy amplitude at Umf and Uc.
The derivative of E with respect to superficial gas velocity
RE is defined as follows for more detailed analysis

REðjÞ ¼ Ejþ1=Ej (2)

where j is the ordinal number of sample points from Ug ¼
0.01 m�s�1.

Figure 3. Relationship between average energy and ve-
locity in big scale (Ug 5 0.01–1.0 m�s21, dp 5
0.482 mm).

Figure 2. Relationship between average energy and ve-
locity in small scale (Ug 5 0.01–0.1 m�s21, dp
5 0.482 mm).
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In Figure 4b, the change of RE of particle with dp ¼
0.482 mm is obtained as a function of gas velocity Ug. It
can be observed that there are two obvious peaks in this fig-
ure, which means sudden increases of AE energy at these
two ‘‘turning’’ points. The first peak occurs at Ug ¼ 0.07
m�s�1, and the value of RE is approximately 9. The second
peak occurs at Ug ¼ 0.31 m�s�1 with RE of 5. According to
the aforementioned analysis, the bed starts to fluidize upon
the gas velocity of 0.07 m�s�1, and the flow regime turns to
‘‘turbulent’’ beyond the gas velocity of 0.31 m�s�1. The
value of RE at Ug ¼ 0.07 m�s�1 is larger than at Ug ¼ 0.31

m�s�1. This is possibly because that the AE sensor is more
sensitive to the change of bubble behavior from nothing to a
low level than the change from the low level to the high
level.

According to the significant changes of AE energy as flow
regime changes, a criterion to determine the flow regimes
based on AE measurement is obtained. This can be presented
as follows.

The derivative of AE energy RE (dE/dv), is proposed and
used to obtain the minimum fluidization velocity (the first
peak in the curve of RE vs. Ug), and the onset of turbulent

Figure 4. Relationship between RE and Ug with different particle size: (a) dp 5 0.306 mm; (b) dp 5 0.482 mm; (c) dp
5 0.522 mm; (d) dp 5 0.584 mm; (e) dp 5 0.640 mm; (f) dp 5 0.820 mm.

1176 DOI 10.1002/aic Published on behalf of the AIChE May 2010 Vol. 56, No. 5 AIChE Journal



fluidization (the second of peak in the curve of RE vs. Ug),
in good agreement with the classic pressure gradient and
fluctuation methods.

Effect of Particle Size on AE Average Energy. One par-
ticular issue of the criterion based on AE method is its
adaptability when the particle size changes. Figure 4 shows
the correlations between RE and gas velocity Ug with differ-
ent particle sizes. The data revealed that the relationship
between RE and Ug is consistent as particle size varies and
all curves present two peaks at certain gas velocities (Umf

and Uc). As shown in Figure 4, the peak values increase
with dp, which we assume that the AE average energy is
proportional to particle size under the same condition and
sample properties such as particle density and particle shape.
In this instance, the presumed criterion to determine the tran-
sition of flow regimes through AE energy analysis is suitable
to particles with different sizes.

Effect of Sensor Location on AE Average Energy. It is
necessary to address that a proper measurement place is of
crucial importance to the effectiveness of this methodology.
As the transition of flow regimes in the fluidized bed is
essentially caused by bubble behavior, it is important to
understand the bubble behavior in the bed. Figure 5 presents
the results obtained from the AE sensors placed in various
positions. One sensor was located under the distributor, and
the other two were mounted on the outer wall of the bed
with an axial height of 5 cm and 15 cm, respectively. As
shown in Figure 5, the highest amplitude peaks appeared to
be the sensor mounted under the gas distributor.

Under most fluidization conditions, the gas bubbles gener-
ate and grow up from the orifices of the gas distributor. The
small bubbles that form at the bottom of the bed interact,
causing larger bubbles to form. These larger bubbles lead to
the particle movement; hence, the bubbles develop in the
way of down-to-up. Accordingly, the particles in the bed
move due to the motion of the bubble phase. This process is
progressive with height and results in the distinct influence
of sensor location on the AE energy. That is, the transition
of flow regimes generally develops from down-to-up. On the

other hand, the measurement applied in this study was done
for vibration. According to acoustic theory, AE waves
attenuate exponentially as they are propagating. So, the sen-
sor mounted under the distributor is more sensitive to the
change of particle motion, and can indicate the transition of
flow regimes in the first stance.

Results of AE Measurement Compared with Other
Methods. Furthermore, in order to check the veracity of the
criterion, formulas and classic measurements (pressure gradi-
ent and fluctuation methods) have been estimated. The
results listed in Figure 6 indicated that the results from the
AE method are consistent with that from the formulas and
classic method.

Spatial distribution of AE average energy and particle
motion activity

Gas-solid fluidized bed is a system which involves
extremely complicated interaction between particles-bubbles
and particles-particles. For industrial applications with such
processes, it is important to monitor and control the fluidiza-
tion status to prevent the occurrence of defluidization, such
as agglomeration and blocking. However, understanding of
fluidization status is difficult for conventional fluidized bed,
because the random behavior of particles in bed and operator
cannot be visually observed. Consequently, there is a strong
demand to find effective solutions to tackle these problems.

Relationship Between AE Energy and Flow Pattern in the
Bed. In deep fluidized beds, agglomeration formation
occurs typically near an elevation from 1=4 to 3=4 of the reac-
tor diameter above the fluidization gas distributor. The bed
circulation near the wall changes from generally upward at
lower elevations to generally downward at higher elevations,
resulting in a ‘‘stagnant’’ zone at this elevation. Hendrick-
son28 first pointed out the ‘‘stagnant’’ zone between the two
main fluidized circles. Activity of particle motion is mini-
mized in this ‘‘stagnant’’ zone. Also, research by Fujino
et al.29 indicates a stronger tendency for particles to agglom-
erate in the ‘‘stagnant’’ zone. Thus, it is crucial to detect the
fluidization structure- the location of ‘‘stagnant’’ in order to
forecast the onset of defluidization.

Figure 6. Comparison of Umf and Uc from different
methods.

Figure 5. Relationship between RE and Ug for different
sensor locations (dp 5 0.482 mm).
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In this instance, the analysis of spatial distribution of AE
energy was applied to monitor the activity of particle motion
and fluidization status in the gas-solid fluidized bed.

Figure 7 shows the relationship between the AE energy
and the bed height when AE sensors are located axially
along the wall. There is a ‘‘stagnant’’ zone approximately at
the bed height of 0.1–0.2 m, which corresponds to lower am-
plitude of AE energy for less activity of particles in this
region. Typically, agglomeration formation occurs in this
zone. Except for the ‘‘stagnant’’ zone, AE energy appears to
be higher where fluidization and particle motion are well
developed by two particle flow circulations (two main fluid-
ized zone). These two particle flow circulations are formed
as a result of the bubbles movement in the bed. Thus, the
details about the particle motion activity and the position of
‘‘stagnant’’ zone can be monitored through axially distribu-
tion of AE energy. In addition, since unstable fluidization
state (agglomeration) often occurs in the position where par-
ticles have less activity. Hence, it is feasible to monitor the
fluidization state and forecast the emergence of unstable
state by AE measurement.

By this way, we obtain the method to estimate the region
with particles having relative less activity by analyzing AE
spatial energy distribution. However, here comes a prob-
lem—what is the threshold of particle activity to occur
defluidization, or maybe the relative less activity do not
result in the agglomeration?

Theories of Particle Granular Temperature and AE
Energy. On the other hand, some granular flow concepts
have been employed to reduce the complexity and multiplic-
ity of equations which describe the dynamics of particles,
gas, and their interactions. According to the similarity of
molecular thermodynamic motion, Campbell30 proposed the
concept of the granular temperature as the ‘‘single most im-
portant key to understanding the behavior of granular

flows’’. Granular temperature exploits the analogy between
the random motion of a dense dusty gas of particles in a flu-
idized bed and the thermal motion of molecules. However,
T* is not a thermodynamic property, but a steady-state con-
stant determined by the complex interaction between the vis-
cous and inertial forces exerted on a particle by its local gas
and particle environment. Often, the conception of granular
temperature is quoted to describe the particle motion and ac-
tivity. Since particle collisions within a fluidized bed are
inelastic, the granular temperature can only be a dynamic
constant through the power supplied to the bed by the fluid-
izing gas.

In recent theoretical work on the properties of fluidized
beds, there has been an increasing interest toward the granular
temperature concept. It gives insights into the study of trans-
port phenomena in such complex systems as, for example,
sound propagation, diffusivity and viscosity of dusty gasses,
developed from the kinetic theory of dense gasses.31-34

Unfortunately, despite indications of increasing theoretical in-
terest in the granular temperature concept,35 there are few
reports of the measurement of the granular temperature. Since
the concept of granular temperature represents the particle
motions, in this article we correlated the AE method and the
granular temperature to comprehend the particle motion in the
gas-solid fluidized bed.

For n identical particles (with a diameter of dp, and a
mass of m) impact on an area DA of the wall of a bed with
the normal velocity of vi, the resultant force F(t) is, thus,
given by36

FðtÞ ¼
Xn
i¼1

2mvidðt� tiÞ (3)

where d (t) is a Dirac delta function of t, ti is the arrival time of
the ith particle on the wall, and vi is the vertical velocity of
particles impact into the wall for ith particle. Hence, the mean
force of particles in unit time can be written as

\FðtÞ[¼
R T
0
FðtÞdt
T

¼
2mv

R T
0

Pn
i¼1

dðt� tiÞdt
T

(4)

where v is the mean vertical velocity of particles collide to the
wall in the bed. Let fp denote the average arrival frequency of
the particles on the wall, the number of collisions between
particles, and the wall in a time interval T is fp�T. So\F(t)[
can be described as

\FðtÞ[¼ 2mvfp (5)

fp ¼ qF
m

DAv (6)

where qF is the mean density of the fluidized system. For the
acoustic pressure Pa can be estimated using \F(t)[ and DA
with the transformation efficiency from the collision pressure
to acoustic pressure detected by AE sensor of g

PAE ¼ g\FðtÞ[
DA

¼ 2gmvfp
DA

(7)

Figure 7. Relationship between AE average energy and
bed height (HDPE dp 5 0.482 mm).
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Thus, acoustic flux J in unit time and acoustic energy E in
a time interval T can be expressed as follows

DJ ¼ PaDAv ¼ 2gmv2fp ¼ 2gmv3
qF
m

DA ¼ 2gv3qFDA (8)

E ¼
Z T

0

Jdt ¼
Z T

0

Z A

0

2gv3qFdAdt ¼ 2gv3qFAT þ C0 (9)

where A is the valid receiving area of sensor, and C0 is the
integral constant. It can be seen from Eq. 9 that the AE energy
E is a function of transformation efficiency g, fluidized system
density qF, particle normal velocity v, and the valid receive
area of sensor A. Maintaining the constant operation condi-
tions, such as superficial gas velocity and level of material,
both g and A could be considered to be almost constant.

For n identical particles with the same shape, we suppose
wi and Ei as the mass fraction and AE average energy of
particle with particle size of di, respectively. Emix is the total
AE energy all of the particles. According to the linear super-
position principle of AE energy,37 Emix can be expressed as

Emix ¼
X
i

Eiwi ¼ 2gv3qFAtþ C1 (10)

C1 is the integral constant. As shown in Eq. 10, the
express of energy for single particle size also fits for the
mixed particles. For the fluidized bed, the density of the sys-
tem can be determined by following equations

qF ¼ H0

Hf

qB (11)

qB ¼ aqp (12)

where H0 and Hf are the fixed-bed height and fluidized-bed
height, respectively. qB and qp are the packing density and
apparent density of particles, and a ¼ 1�emf � H0/Hf. Batu
et al.38 gave the correlation between H0 and Hf as

Hf

Hmf
¼ 1þ 14:311ðUs � Umf Þ0:738d1:006p q0:376p

U0:937
mf q0:126F

(13)

Since Hmf � H0, so

Hf ¼ 1þ 14:311ðUs � Umf Þ0:738d1:006p q0:376p

U0:937
mf q0:126F

 !
H0 (14)

Take, Eqs. 11, 12 and 14 into 10, the total AE energy
Emix can finally be written as

Emix ¼
2agv3qpAt

1þ 14:311ðu� umf Þ0:738d1:006p q0:376p

u0:937mf q0:126g

þ C1 (15)

For the same settings and conditions, parameters C1, g
and A are constant. Since a is a variable only related to par-
ticle property, agA is also constant in this instance.

The granular temperature T*, is defined as the ensemble
average of the squared fluctuation velocity. The value of T*

can be given by 3T*¼ \w’2[ ¼ \w2[ �W2, where w’ is
the squared fluctuation velocity, w and W are velocity vector
and mean velocity, respectively. For fluidized beds under
stable conditions W2 �\w2[ and W2�0, hence, the mean
square of the sphere velocity \w2[, dominates the granular
temperature T*. With the assumptions of spatial uniformity
and isotropy, \w2[ can be expressed as \w2[ ¼ \wx

2[
þ \wy

2[ þ \wz
2[ ¼ 3\wx

2[ ¼ 3\wy
2[ ¼ 3\wz

2[. In
that respect T* can be expressed by one component of
\ w2[, and the chosen velocity component to be normal to
the wall \wx

2[, and, thus, we write T* ¼ \w2[/3 ¼
\wx

2[. According to the definition of wx, wx ¼ v, T* can
be written as

T� ¼ v2 (16)

Take Eqs. 16 into 15, the relationship between AE energy
Emix can be obtained, and the granular temperature T* in the
entire system can be written as Eq. 17

T� ¼ v2 ¼
Emix � C1ð Þ 1þ 14:311ðUs�Umf Þ0:738d1:006p q0:376p

U0:937
mf

q0:126g

� �
2agAqpt

0
BB@

1
CCA

2
3

(17)

Miller and Gidaspow39 pointed out the correlation among
the vertical velocity v, superficial velocity Us, and the parti-
cle size dp for Geldart B particles in the main zone. This has
been shown in the following equations

v ¼ Ug
D0

dp

� �
(18)

where D0 is the experiential constant, and D0 ¼ 0.3 mm for
polyethylene particles.39 So the granular temperature T* in the
main zone can be written as

T� ¼ v2 ¼ U2
g

D0

dp

� �2

(19)

Relationship Between Emix and T* in Different Zone. Expe-
riments have been taken out with particles of different
sizes as superficial velocity Ug varied from 0.28 to 0.70
m�s�1. Take particle dp ¼ 0.640 mm for example, Table 1
shows the correlation between mean energy and superficial
velocity in the main and stagnant zone. The value of T* in

Table 1. Relationship Between Mean Energy and Superficial
Velocity in Different Zone (dp 5 0.640 mm)

Ug/m�s�1 x
Mean energy

of main zone/V2
Mean energy

of stagnant zone/V2

0.28 2 110.4 52.2
0.35 2.5 196.3 87.6
0.42 3 383.8 130.2
0.56 4 751.4 328.5
0.70 5 1480.6 675.2
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main zone is calculated through Eq. 19, and has been shown
in Figure 8. In this region, the granular temperature T* is
proportional to the superficial velocity Ug. The cause of the
increase in granular temperature was assumed to be the
increase in the frequency and strength of particle-particle
and/or particle-wall collisions, due to the movement of bed
particles as superficial velocity increases.

Take the data of AE mean energy and granular tempera-
ture in the main fluidized zone into Eq. 17, the parameters
C1 and agA can be obtained: C1¼�13.4 and agA ¼ 1961.6.
Hence, the expression of T* can be written as

T� ¼ v2 ¼
Emixþ13:378ð Þ 1þ 14:311ðu�umf Þ0:738d1:006p q0:376p

u0:937
mf

q0:126g

� �
3923:2qpt

0
BB@

1
CCA

2
3

(20)

According to Eq. 20, the granular temperature in the
‘‘stagnant’’ zone can be calculated. The results with varied
gas velocity have been shown in Figure 8 (the dotted line).
As is shown, T* also increases with Ug in this region, but
the values are less than that in main zone under the same
gas velocity. This is due to the less particle activity in stag-
nant zone.

Determination of Particle Motion Activity. Considering
the ideal flow pattern without stagnant zone (only main flu-
idized zone exists), the fluidization state is at its best with
no agglomerations when superficial velocity Us is 3–10 mul-
tiples of minimum fluidization velocity Umf.

32,37 That is, the
granular temperature in the whole bed should satisfy that
T� � ð3 D0

dp
umf Þ2 according to Eq. 19. Due to T* in stagnant

zone is less than that in the main zone, the whole system
will be ensured under stable fluidization, and the particles
show appropriate activities if the granular temperature in the
‘‘stagnant’’ zone meets that T� � ð3 D0

dp
umf Þ2.

According to the aforementioned analysis, a criterion to
guarantee a stable fluidization and appropriate particle

motion activity in gas-solid fluidized bed can be obtained
based on AE method: The granular temperature in all

regions (including main zone and ’’stagnant’’ zone) should

satisfy that T� � ð3 D0

dp
umf Þ2. Defining the critical granular

temperature T�
cr ¼ ð3 D0

dp
umf Þ2, the criterion can be simplified

as T� � T�
cr. T*cr is only related to the particle properties.

The Critical Operation Velocity. For particles of dp ¼
0.640 mm, the critical granular temperature can be calcu-
lated as T*cr ¼ ð3 D0

dp
umf Þ2 ¼ 0.039 m2�s�2, and the corre-

sponding superficial velocity is obtained by line two in Fig-
ure 8 as Ug ¼ 0.58 m�s�1. Beyond the superficial velocity
(Ug ¼ 0.58 m�s�1), the particles perform appropriate activ-
ities, and the whole system is under stable fluidization with
no agglomeration in the bed. Although the activity of par-
ticles in ‘‘stagnant zone’’ is relatively less, the system still
runs stably. To determine the critical point through gas ve-
locity, we define the critical operation velocity Ucr as the
corresponding superficial velocity to the critical granular
temperature T*cr, which can guide and control the operation
in industrial processes.

Effect of Particle Size on T*cr and Ucr. Figures 9 and 10
show the critical granular temperature and critical operation
velocity, respectively, for particles with different sizes. As is
observed, both the critical granular temperature and critical
operation velocity increase with particle size proportionally.
The cause is supposed to be the increase of particle powers
with particle size, which leads to larger flow rate needed to
maintain a good fluidization status.

Determination of Defluidized Zone Above the Distribu-
tor. In order to investigate the fluidization details above the
distributor for the radial nonuniform distribution of particle
movement in the same cross-section, energy analysis was
applied based on AE measurement.

In this instance, the fixed-bed height was 20 mm for con-
venient observation of the fluidization details. AE sensors
were mounted under the gas distributor. The measurement of
particle distribution above the distributor with the vision sys-
tem provides a visual indication of the movement of

Figure 9. Relationship between T*cr and dp.

Figure 8. Relationship between granular temperature
and superficial velocity in different zones
(dp 5 0.640 mm).
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particles by photograph device. Thirteen sample points have
been arranged and were presented in Figure 11. The average
energy of all points have been obtained when the bed fluid-
ized with particles dp ¼ 0.482 mm at superficial gas velocity
Ug ¼ 0.65 m�s�1.

The result of photograph method has been shown in
Figure 12a. In the process of experiments, defluidized
regions had appeared above the distributor. This has been
illustrated in Figure 12b. The defluidized regions mainly lay
in the middle of the distributor, since the structure design is
known to play a significant part in influencing the introduc-
tion and distribution of the gas stream.40 From Figure 12c, it
can be seen that the distribution of AE energy above the gas
distribution and the AE energy amplitude vary remarkably in
different sample regions.

Comparing to other points, less amplitude of AE energy
appears to occur at point 1, 2 and 3, which are in the
regions corresponding to the defluidized zone indicated in

Figure 11. Schematic of distributor.

Figure 10. Relationship between Ucr and dp.

Figure 12. Results comparison between AE method and photograph method: (a) Picture of fluidization; (b) distribu-
tion of defluidized zone, and (c) acoustic energy distribution of measure points.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 12b. Hence, different regions can be distinguished by
energy analysis as vigorous changes of local particle per-
formance. With the maximum of AE energy Emax as a refer-
ence, the ratio of the energy of different samples to Emax,
RM, was listed in Table 2. It can be found that higher values
of RM were obtained when the measurement points located
in fluidized zone. As shown in Table 2, the mean RM in the
defluidized zone is less than 0.4; while in the fluidized zone,
it is more than 0.7 by contrast.

Considering the effect of the flow rate, the correlation
between the distribution of AE energy and gas velocity was
shown in Table 3, with Ug in the range of 0.35–0.55 m�s�1.
The results obtained are quite satisfactory. The analysis dem-
onstrates that the distribution tendency with different gas
velocities is consistent with that in Ug ¼ 0.65 m�s�1, which
has been discussed previously. Measurements have been
made for particles with different sizes, and the results also
show high agreement. Thus, a criterion to detect the deflui-
dized zone above the distributor based on the AE method
can be proposed, which is, the defluidized zone exists in the
region that the RM � 0.4.

Conclusions

In this article, we developed and applied AE technique to
real-time monitor, characterize, and control the dynamic
transition of flow regimes and particle motion of polyolefin
particles in a gas-solid fluidized bed. The AE signals were
proved to be sensitive and selective to the movement of the
particles.

Signals from AE sensor located under the gas distributor
analyzed by AE temporal energy distribution were proved to
be able to indicate the transition of flow regimes. The deriv-
ative of AE energy RE (dE/dv), was proposed and used to
obtain the minimum fluidization velocity (the first peak in
the curve of RE vs. Ug), and the onset of turbulent fluidiza-
tion (the second of peak in the curve of RE vs. Ug), in good

agreement with the classic pressure gradient and fluctuation
methods.

In order to control and optimize the fluidization status, the
activity of particle motion in different regions was monitored
by analyzing AE spatial energy. We proposed to use granu-
lar temperature to detect early agglomeration by comparing
of granular temperature T* with T* cr at the critical condi-
tion (i.e., T* �T*cr). The correlation between AE energy and
granular temperature showed that highly active particles dis-
play high AE energy, leading to high T*, and, thus, not tend-
ing to aggregate (Ug �Ucr). In addition, the definition of
critical operation velocity was introduced, which provide
significant guides to production in pilot-scale.

Furthermore, experiments were carried out to determine
the fluidization details above the gas distributor. AE sensors
located under different regions of distributor were able to
indicate the distribution of particles above. Then, we pre-
sented a criterion to detect the defluidized zone based on the
introducing of AE method, which is, defluidized zone exist
near the region that the RM � 0.4.

Taken together of T*, RE, and RM enables one to identify
the fluidization condition system (stable vs. unstable) and
particle agglomeration (active vs. inactive).

In this work, the AE technique was proved to be a powerful
tool to provide reliable information on the behaviors of particle
motion. This methodology showed adequate sensibility and accu-
racy in the range of experimental conditions analyzed.
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Notation

A ¼ valid receive area of sensor, m2

C0, C1 C2 ¼ integral constant
dp ¼ average particle size, mm
di ¼ average size of particle i, mm
D0 ¼ experiential constant
E ¼ AE average energy, V2

Ei ¼ AE energy of particle i, V2

Emix ¼ AE average energy of particles with different size, V2

Emax ¼ maximum of AE energy, V2

Edefmax ¼ maximum of AE energy in defluidized zone, V2

Eflumin ¼ minimum of AE energy in fluidized zone, V2

fp ¼ frequency of particles impact to the wall, s�1

F(t) ¼ force of particles impact to the wall, N
H0 ¼ fixed-bed height, m
Hf ¼ fluidized-bed height, m

Hmf ¼ bed height at Umf, m
m ¼ particle mass, kg
N ¼ points of AE signal serial
J ¼ AE energy flux
Pa ¼ acoustic pressure, Pa
Uc ¼ onset of turbulent fluidization, m�s�1

Ucr ¼ critical operation velocity, m�s�1

Umf ¼ minimum fluidization velocity, m�s�1

Umb ¼ minimum bubble velocity, m�s�1

Ug ¼ superficial gas velocity, m�s�1

v ¼ velocity of particles impact into the wall, m�s�1

vi ¼ velocity of particle i, m�s�1

xi ¼ sample points of AE signals
ti ¼ time for the number i particle arrives at the wall, s

T* ¼ granular temperature, m2�s�2

Table 2. Distribution of Acoustic Energy (Ug 5 0.65 m�s21)

Regions Sample points Ei/Emax

Defluidized zone 1 0.32
2 0.40
3 0.34

Fluidized zone 4 0.78
5 0.91
6 0.77
7 1.00
8 0.77
9 0.79
10 0.72
11 0.94
12 0.88
13 0.73

Table 3. Distribution of Energy in Different Velocity

Ug/(m�s�1) Edefmax/Emax Eflumin/Emax

0.35 0.35 0.72
0.45 0.39 0.71
0.55 0.38 0.75
0.65 0.40 0.72
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T*cr ¼ critical granular temperature, m2�s�2

w ¼ velocity vector, m�s�1

wx ¼ velocity vector in x direction, m�s�1

wy ¼ velocity vector in y direction, m�s�1

wz ¼ velocity vector in z direction, m�s�1

wi ¼ mass fraction of particle i, m�s�1

w’ ¼ squared fluctuation velocity, m�s�1

W ¼ mean velocity, m�s�1

RE ¼ derivative of E with respect to superficial gas velocity
RM ¼ the ratio of the energy of different samples to Emax

a ¼ 1�emf

emf ¼ void fraction of bed at minimum fluidization velocity
g ¼ transition efficiency

qB ¼ packing density of particles, kg�m�3

qF ¼ mean density of the fluidized system, kg�m�3

qg ¼ gas density, kg�m�3

qp ¼ apparent density of particles, kg�m�3

x ¼ fluidization number
d(t) ¼ dirac delta function of t
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