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Abstract:    Particle size distribution (PSD) is an important parameter in the process of fluidization, and it always plays a crucial 
role in a gas-solid fluidized system. A PSD model for on-line PSD determination based on acoustic emission (AE) measurement 
was developed according to the mechanism of particle collision with the inner wall of the cylinder and multi-scale wavelet de-
composition analysis. This PSD model illuminates the quantitative relationship between the energy percentage of AE signals for 
different scales and the PSD, which indicates the feasibility of the application of the PSD model. Experiments were undertaken 
both in lab and plant gas-solid fluidized setup with polyethylene particles, and the parameters of the PSD model were calibrated 
and revised. The experimental conditions and results proved that the PSD model was suitable for on-line measurement and was 
sufficiently sensible and accurate. Concerning agglomeration, the PSD model also showed exact serviceability on detecting the 
onset of agglomeration by abnormal PSD, and the result agreed with that from the radiation method. Ultimately, AE measurement 
was found to be a reliable and credible means for understanding the PSD information that affects the behavior of a system, which 
can provide valuable guidance for practical applications. 
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1  Introduction 
 

Particle size distribution (PSD) is a fundamental 
parameter in the process of fluidization, and it has 
become increasingly attractive in many different in-
dustrial applications during the past decade. There are 
many situations where the knowledge of PSD during 
fluidized bed operation is desirable. For example, in 
the mining and mineral processing industry, on-line 
measurements of coarse PSDs have been used to 
monitor the size distributions of crushing/grinding 
products (Lange, 1988; Lin et al., 1995; 2000), and in 
the rock blasting industry, blast control modeling 
requires information on the blasted PSDs (Hunter et 

al., 1990; Monoro and Gonzalez, 1993; Franklin and 
Katsabanis, 1996). 

In most cases, PSD has a strong influence on the 
hydrodynamics and related characteristics of gas- 
solid fluidized beds, such as mixing and conversion. 
Most powder handling/processing operations rely on 
the measurement of size distributions, which is a key 
factor in improving process efficiency (Fuerstenau 
and Kenneth, 2003). Therefore, it is an essential 
quality control characteristic of many industrial 
product specifications that often affecting important 
bulk characteristics; e.g., the PSD is a major deter-
minant regarding flow properties. 

As a means of obtaining the correct method of 
monitoring PSD, many applications have been pre-
sented. However, conventional PSD monitoring 
technologies, such as sieving, image analysis of pre-
pared samples, laser diffraction, and laser backscat-
tering, do not provide the monitoring capability  
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necessary to achieve on-line PSD control especially 
for systems in which the particles are highly non- 
spherical (Braatz, 2002). The sieving method can be 
tedious and time-consuming particularly when han-
dling large amounts of fine particles (Allen, 1990; 
Fuerstenau and Kenneth, 2003). The laser diffraction 
overestimates the broadness of the spherical diameter 
distribution for high-aspect-ratio particles due to 
orientation effects and the spherical models used to 
interpret the diffraction data (Naito et al., 1998; Xu 
and Guida, 2003). The chord length distribution 
measured using laser backscattering can be inverted 
theoretically to obtain the PSD for high-aspect-ratio 
particles, but the inversion is highly ill-posed 
(Worlitschek et al., 2005; Larsen et al., 2006) and 
requires assumptions regarding the particle shape. To 
summarize, the shortcomings of the methods used at 
present limit their applications in practice. Therefore, 
it is of crucial importance to find an effective on-line 
measurement to monitor PSD in gas-solid fluidized 
beds.  

Often, an on-line technique should both be fast 
and robust in delivering the results, typically for a 
large number of measurements, and reliable in having 
high levels of accuracy and precision. In comparison 
with those methods mentioned above, passive acous-
tic emission (AE) signals, which are generated as a 
result of the collision by particles and sampled by 
accelerometers, have much information about the size 
and movement of fluidized particles (Cody et al., 
1996; 2000; Halstensen and Esbensen, 2000; Boyd 
and Varley, 2001; Mylvaganam, 2003; Jiang et al., 
2007; Ren et al., 2008). In other words, AE signals are 
sensitive and selective to particle movement, which 
makes it possible to monitor information of particles 
by analyzing AE signals. Also, AE measurement is 
proved to be a reliable and well-established technique 
for machinery condition, and has been proved sensi-
tive, environmentally friendly, non-invasive, and 
suitable for on-line measurements (Wang et al., 2007; 
2010; He et al., 2009). In this paper, the AE method 
and multi-scale wavelet analysis were applied, and a 
PSD model was obtained. To our delight, the results 
demonstrated that AE technique and energy analysis 
can serve as reliable tools to monitor PSD both in 
cold-model equipment and pilot-scale setup. 

 
 

2  Particle size distribution model based on 
acoustic emission method 
 

For homogeneous particles with the same di-
ameter D and mass m impact on an area ΔA of the 
internal wall of a fluidized bed, the resultant force F(t) 
is given by 

 

1
( ) 2 ( ),

n

i i
i

F t mv t tδ
=

= −∑                     (1) 

 
where the Dirac delta function δ (t) related with time t, 
ti is the arrival time of the ith particle, and vi is the 
vertical velocity of the ith particle colliding with the 
wall. Thus, there are fp·T impacts in the time interval 
T, where fp is the mean arrival rate of the particles on 
the area ΔA. The mean force of particles in the unit 
time can be written as  
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where v is the mean vertical velocity of all particles 
colliding with the wall, and n is the particle number. 
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This relationship should be familiar as the 
starting point for the calculation of the pressure ex-
erted on the wall of a vessel by the impact of the 
molecules in a gas. The acoustic pressure PAE can be 
written by 
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where η denotes the efficiency of the impacted pres-
sure that transforms to the acoustic pressure. Assume 
that the concentration of the particles impacted on the 
wall is C, which is in inverse ratio to the projection 
area of the particles to the wall; that is, C=ξ/D2, where 
ξ is the coefficient. The mean arrival rate of the par-
ticles on the area ΔA, fp, is given by 
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p .Avf C Cv
A

Δ
Δ

= =                           (5) 

 
Therefore, the average acoustic energy flux in 

the unit time can be written as 
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The acoustic energy E is given by 
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where the acoustic energy E is the function of particle 
diameter D, density ρs, and time interval T. That is to 
say, if ρs and T are invariable, the acoustic energy E is 
associated with particle diameter D, even the PSD. 

For j component particles that the jth component 
particle mean size is Dj with the mass fraction xj im-
pact onto the inner wall, the acoustic energy for the 
mixture Emix can be written as (Haar, 1954) 
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where E(Dj) is the acoustic energy of the particle j. 
For j component particles, j kinds of formulas are 
needed at least to obtain PSD. In this study, Daube-
chies 2 wavelet is chosen to analyze the experimental 
data. By wavelet decomposition with the Mallat al-
gorithm as shown in Fig. 1, the original signals will be 
decomposed into k scales of orthogonal approxima-
tion and detail functions, and the number k (k=1, 
2, …, K) reflects the decomposition level. 
 
 
 
 
 
 
 
 

Define the energy of AE signals in all scales 
decomposed by wavelet transform as follows: 
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where a ( )k jE D  and d ( )k jE D  represent the energies of 

approximation signal components and detail signal 
components in the kth scale of the jth component 
particle, respectively, and t is the time of the signal 
from 1 to T. Then, the energy of the jth component 
particles would be given by (Peng, 2000) 
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For the independency characteristic of acoustic 

waves (Wu, 1999), their properties (frequency, am-
plitude, etc.) remain invariable when several waves 
are mixed. Consequently, we could assume the con-
servation of the energy in each scale, and the rela-
tionship between the energy of particle j and the 
mixture can be written as 
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Apparently, the accuracy of the PSD results 
calculated by Eq. (11) relates to the decomposition 
level k. For instance, 7 components of particle sizes 
need 7 or more decomposed scales. By defining the 
characteristic parameters as 
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the PSD model can be simplified as 
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where a
mix,kP  and d

mix,kP  (k=1, 2, …, K) represent the 
approximation and detail energy fractions of mixed 
particles in each scale. Since pre-experiments indi-
cated that particles with the same size had the same 

d0 

a1 

d1 

a2

d2

aK

dK 

 

Fig. 1  Signal decomposition using the wavelet Mallat 
algorithm 
ak: approximation signal; dk: detail signal (k=1, 2, …, K) 
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characteristic parameters in all scales, the character-
istic parameters of the particle j, a ( )k jP D (k=K) and 

d ( ) ( 1, 2, , ),k jP D k K= …  and those of the mixture 
a

mix,kP  (k=K) and d
mix, ( 1,2, , )kP k K= … can be cali-

brated through designed experiments. From Eq. (12), 
we find that the parameter λi can be obtained from the 
ratio of E(Di) and Emix, which can be obtained in the 
calibration process in pre-experiment. Subsequently, 
once the parameter λi is given by experimental data, 
the mass fraction xi would be calculated by Eq. (14), 
which is defined as the PSD model. 
 
 
3  Experimental apparatus 
 

Fig. 2 shows a schematic diagram of the ex-
perimental apparatus used in this study. It consists of 
two parts: a fluidized bed and the AE measurement 
system. For cold-model equipment, the fluidized bed 
is made of transparent Plexiglas with an inside di-
ameter of 0.15 m and a height of 2.0 m. The  
perforated-plate distributor (with a pore diameter of 
2.0 mm and an open area ratio of 2.6%) is installed at 
the bottom. Air was used as fluidization gas and the 
velocity varied from 0 to 1.1 m/s. For the pilot-scale 
setup, the fluidized bed is made of stainless steel with 
a diameter of 4.5 m and a height of 12 m. The super-
ficial gas velocity is 0.6 m/s, and the distributor is 
perforate plated with an open area ratio of 3.2%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

The acoustic shot noise (the acoustic signals 
generated from the particle shooting) on-line collec-
tion and analysis system developed by the UNILAB 
Research Center of Chemical Engineering in Zhejiang 
University, China consists of the data collection system 
and the computer. The data collection system includes 
an AE signal sensor, an amplifier, and an analog to 
digital conversion. The AE sensor is a piezoelectric 
accelerometer, which is broadly used in collecting the 
acceleration of vibration without the noise transferred 
via the air (PXR 15, 50–250 kHz, 150 dB). AE sen-
sors were mounted on the outer wall of the column at 
0.1 m above the distributor in the experimental appa-
ratus and 1 m in the industrial fluidized bed, respec-
tively, with a sampling frequency of 500 kHz. 
 
 
4  Results and discussion 

4.1  Applications of PSD model 

4.1.1  Influence of decomposed level k 

In this study, three kinds of polyethylene parti-
cles with different PSDs were chosen for the ex-
periments: linear low density polyethylene (LLDPE, 
PSD of the large particles dominated), high density 
polyethylene (HDPE, PSD of two peaks), and bi-
modal PE (fine particles dominated). The physical 
properties of experiment particles are shown in  
Table 1. As the decomposition level changed with 
k=1, 2, …, 16, the PSDs of LLDPE, HDPE, and bi-
modal PE were calculated through PSD model. All of 
the results suggested that the difference between the 
estimated value and the actual value decreased as the 
analysis scale increased, and it reached a minimum at 
a special scale level, which is called the optimum 
scale. In our case, the optimum scale is found to be 7 
by comparing the estimated value from PSD model 
with the sieving method, with the maximum error 
being 4.3%. The frequency ranges of 7 scales were 
shown in Table 2. 
 
 
 
 
 
 
 
 

Fig. 2  Schematic diagram of the cold-model of fluidized 
bed reactor 
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1: Fan; 2: Dryer and heater; 3: Flow meter; 4: Mixing room; 5: 
Distributor; 6: Fluidized bed; 7: Expanding section; 8: Acoustic 
sensor; 9: Data acquisition system; 10: Computer 

Table 1  Physical properties of particles 

Material Particle den-
sity (kg/m3)

Mean particle 
size (mm) 

Young’s 
modulus (N/m2)

LLDPE 920 0.710 109 
HDPE 961 0.670 109 
Bimodal PE 940 0.365 109 
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4.1.2  PSD model for lab and plant setups 

Experiments were carried out in cold-model 
equipment and pilot-scale setup, the superficial ve-
locity of gas U was kept constant at 0.6 m/s, and the 
weights of the fluidized particles were 500 and 
2000 g, respectively. In plant setups, e.g., LLDPE 
particles, seven kinds of particles were chosen pre-
viously for the experiment, whose particle sizes were 
0.14 mm (j=1), 0.18 mm (j=2), 0.36 mm (j=3), 
0.50 mm (j=4), 0.71 mm (j=5), 1.19 mm (j=6), and 
2.00 mm (j=7) by the sieving method. The mixture of 
seven kinds of particles and the single particle were 
fluidized, and the AE signals were obtained. The 
energy distributions of each particle in all scales 

d ( )k jP D  (k=1–7) in detail part and a ( )k jP D  (k=7) in 

approximation part were calibrated by experimental 
data (Fig. 3a). Fig. 3b illustrated the energy distribu-
tion of the mixture in all scales d

mix,kP  (k=1–7) and 
a

mix,kP  (k=7). Since λi can be calculated by experi-
mental data, the mass fraction of each particle xj can be 
deduced by the PSD model as demonstrated in Fig. 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Concerning the influence of particle kinds on the 
results, AE signals from three different polyethylene 
powders of LLDPE, HDPE, and bimodal PE were 
obtained for experiments both in cold-model equip-
ment and industrial fluidized beds (Fig. 4). The re-
sults from the PSD method were in high agreement 
with the sieving method for all three particles. The 
corresponding deviations in cold-model equipment 
were 3.2%, 5.3%, and 8.8%, while for the industrial 
setup the average deviations were 6.2%, 8.3%, and 
15.8%, respectively. 

The above illustration for different particles 
demonstrated that PSD model based on AE method is 
suitable for on-line PSD prediction and showed a 
reliable accuracy. 

4.2  Parameter revision of PSD model 

By comparing different values of results be-
tween the PSD model and the sieving method for 
three different particles, we could find that the dif-
ference of bimodal PE system is obviously greater 
than those of LLDPE and HDPE both in plant and 
laboratory (Fig. 4). The reason can be that bimodal PE 
particles have lower crystallization (the crystalliza-
tion level is low in the process of production) and less 
molecular weight, which lead to lower mechanical 
strengths (such as elasticity and Young’s modulus). 
Moreover, the decrease in Young’s modulus of the 
particles affects the energy ratio of a single particle to 
mixed particle λj. In other words, the decrease affects 
the contribution of energy of each single PE particle 
to the total energy of mixed PE particles, which  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2  Frequency ranges of 7 scales wavelet transform
Energy  

distribution 
Frequency  

range (kHz) 
Energy  

distribution 
Frequency

 range (kHz)
d1 250–500 d5 15.63–31.25
d2 125–250 d6 7.82–15.63
d3   62.5–125.0 d7 3.91–7.82 
d4 31.25–62.50 a7 0–3.91 

(b) 
d1 d2 d3 d4 d5 d6 d7 a7

Fig. 3  Energy distribution of single particles (LLDPE) (a) and the mixture (b) in seven scales in experimental appa-
ratus (U=0.6 m/s; ρs=920 kg/m3) 
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results in less accuracy for bimodal PE particle system. 
Conversely, the fluidized particles in the plant setup 
under the condition of 85–100 °C whose Young’s 
moduli are obviously lower than those in the laboratory 
will also cause the change of λj. This explanation 
supports the result that the PSD errors in the plant setup 
are bigger than those in the laboratory. To sum up, λj 
varies and affects the accuracy of the PSD model under 
special conditions. As a consequence, the parameter λj 
in the PSD model must be revised before practical 
application to obtain an accurate result. 

Fig. 5 shows the energy distribution of acoustic 
signals of LLDPE particles in laboratory and plant 
setups when signals are decomposed into 7 scales. It 
is demonstrated that the energy distributions in both 
situations are similar. We can also find that the energy 
percentage of the plant setup is higher than those of 
the laboratory in low frequency parts (d5 and d6). This 

phenomenon is caused by the increase of temperature 
in the plant setup, which leads to the change of 
Young’s modulus and parameter λj. According to 
Landau (1970) and Ma (1983), the ratio of elastic 
modulus at the temperatures of 25 and 85 °C is 0.77 
for PE particles. Therefore, the ratio of frequency in 
the laboratory and plant setups is given as 
flab/fplant=1.11 according to the relationship between 
the frequency and elastic modulus parameter f∝D−0.4 
(Ni et al., 1997). This also indicates that the frequency 
of acoustic signals in plant is lower than that in 
laboratory; that is to say, the data calculated from a 
laboratory setup (energy ratio λj and characteristic 
parameters Pk,d(D) and Pk,a(D)) are also suitable for a 
plant setup through revision. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.3  Forecast of the agglomeration in gas-solid 
fluidized beds 

The control of fluidization quality is already 
known to play an important role in the processes of 
industry production in a gas-solid fluidized bed. In 
nearly all these processes, it is of crucial importance 
to prevent the onset of agglomeration. Under most 
fluidization conditions, the onset of agglomeration 
always results in a rapid decrease of frequency of 
acoustic signals (Jiang et al., 2007), which provides 
important information about detection of the ap-
pearance of agglomeration. As shown in Fig. 5, 
compared with normal operation, the energy per-
centages under agglomeration conditions seem to 
have an increase in low frequency parts (a7, d7, d6, and 
d5) whose energies are mostly attributed to the impact 
of particles with a large size according to the fact that 
the collision of particles with different sizes leads to 

Fig. 5  Comparison of the energy percentage of LLPDE in 
experimental apparatus, industrial unit, and agglomera-
tion appeared  
U=0.6 m/s; ρs=920 kg/m3 
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and sieving method for LLDPE (a), HDPE (b), and bi-
modal PE (c) 
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specific frequency ranges. Meanwhile, the energy 
percentages in high frequency parts (d1–d4) decrease 
correspondingly. That is, the energy distribution with 
agglomeration in all scales is distinctly different from 
that under normal operations, which means that dif-
ferent operational conditions result in different PSD. 
Eventually, the mass fraction of particles with sizes 
larger than 2.00 mm under abnormal conditions is 
calculated as 27.8% through the PSD model, which 
greatly exceeds the value of 9.7% under normal con-
ditions. From another point of view, high percentage 
of particles with a large size also testifies the exis-
tence of agglomeration. Also, the on-line radiation 
measurement and sampling methods proved the 
above conclusion, and the fluidized bed was used to 
detect the existence of agglomeration with a size of 50 
mm. In summary, the results indicated that the PSD 
model based on the AE method can also be applied to 
the fluidization systems for flow quality detection, 
and the results can be used to predict the onset of 
agglomeration by abnormal PSD. This proposed 
measurement shows sufficient reason and accuracy in 
the range of experimental conditions analyzed and 
plays an important role in practical production. 
 
 
5  Conclusions 
 

In this paper, we have presented a PSD model 
based on the AE method and multi-scale wavelet 
decomposition analysis for on-line PSD determina-
tion. Experiments were undertaken both in laboratory 
and plant gas-solid fluidized setups. The results 
showed that the PSD model revealed the quantitative 
relationship between the energy distribution of AE 
signals in different decomposition scales and the 
PSD, which proved the feasibility of the PSD model. 
To our delight, the results from the PSD model agreed 
well with the sieving method for three kinds of ex-
perimental particles. Comparing the differences be-
tween the results under cold-model and pilot condi-
tion, the parameters of the PSD model were calibrated 
and revised, which ensures the accuracy and practical 
applications of the PSD model in a pilot-scale proc-
ess. Moreover, the PSD model also proved to be 
suitable for detecting the onset of agglomeration. 
With the presence of agglomeration, energy per-
centages have an increase in low frequency parts (a7, 

d7, d6, and d5) and a decrease in high frequency parts 
(d1–d4) correspondingly, which leads to abnormal 
PSD. That is, PSD model based on AE technique and 
energy analysis can be successfully used to monitor 
the fluidization quality and detect the unstable condi-
tion in gas-solid fluidized systems by abnormal PSD, 
which plays an important role in practical production.  
 
 
Acknowledgements 
 

It is a pleasure to acknowledge Ms. Xiao-jing 
JIANG and Dr. Xian-bo YU, Department of Chemical 
and Biological Engineering of Zhejiang University, 
China. The field data presented here cannot have been 
accomplished without their assistance.  
 
References 
Allen, T., 1990. Particle Size Measurement (4th Ed.). Chap-

man & Hall, London, UK, p.59-63. 
Boyd, J.W.R., Varley, J., 2001. The uses of passive measure-

ment of acoustic emissions from chemical engineering 
processes. Chemical Engineering Science, 56(5):1749- 
1767.  [doi:10.1016/S0009-2509(00)00540-6] 

Braatz, R.D., 2002. Advanced control of crystallization proc-
esses. Annual Reviews in Control, 26(1):87-99.  [doi:10. 
1016/S1367-5788(02)80016-5] 

Cody, G.D., Goldfarb, D.J., Storch, G.V., Norris, A.N., 1996. 
Particle granular temperature in gas fluidized beds. 
Powder Technology, 87(3):211-232.  [doi:10.1016/0032- 
5910(96)03087-2] 

Cody, G.D., Bellows, R.J., Goldfarb, D.J., Wolf, H.A., Storch, 
G.V., 2000. A novel non-intrusive probe of particle mo-
tion and gas generation in the feed injection zone of the 
feed riser of a fluidized bed catalytic cracking unit. 
Powder Technology, 110(1-2):128-142.  [doi:10.1016/ 
S0032-5910(99)00275-2] 

Franklin, J.A., Katsabanis, T., 1996. Measurement of Blast 
Fragmentation. Balkema Press, Rotterdam, the Nether-
lands, p.79-82. 

Fuerstenau, M.F., Kenneth, N.H., 2003. Principle of Mineral 
Processing. SME Press, Colorado, USA, p.9-60. 

Haar, D.T., 1954. Elements of Statistical Mechanics. Rhinehart 
Press, New York, USA, p.468-469. 

Halstensen, M., Esbensen, M., 2000. New developments in 
acoustic chemometric prediction of particle size distribu-
tion—‘the problem is the solution’. Journal of Chemom-
etrics, 14(5-6):463-481.  [doi:10.1002/1099-128X(200009/ 
12)14:5/6<463::AID-CEM628>3.0.CO;2-Y] 

He, Y.J., Wang, J.D., Cao, Y.J., Yang, Y.R., 2009. Resolution of 
structure characteristics of AE signals in multiphase flow 
system-from data to information. AIChE Journal, 55(10): 
2563-2577.  [doi:10.1002/aic.11878] 

Hunter, G.C., McDermott, C., Miles, N.J., Singh, A., Scoble, 



Ren et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2011 12(4):260-267 
 

267

M.J., 1990. A review of image analysis techniques for 
measuring blast fragmentation. Mining Science and 
Technology, 11(1):19-36.  [doi:10.1016/0167-9031(90) 
80003-Y] 

Jiang, X.J., Wang, J.D., Jiang, B.B., Yang, Y.R., Hou, L.X., 
2007. Study of power spectrum of acoustic emission (AE) 
by accelerometers in fluidized beds. Industrial and En-
gineering Chemistry Research, 46(21):6904-6909.  [doi: 
10.1021/ie070457i] 

Landau, L.D., 1970. Theory of Elasticity. Pergamon, Oxford, 
UK, p.97-102. 

Lange, T.B., 1988. Real-Time Measurement of the Size Dis-
tribution of Rocks on a Conveyor Belt. Proceedings IFAC 
Applied Measurements in Mineral and Metallurgical 
Processing, Transvaal, South Africa, p.25-36. 

Larsen, P.A., Rawlings, J.B., Ferrier, N.J., 2006. An algorithm 
for analyzing noisy, in situ images of high-aspect-ratio 
crystals to monitor particle size distribution. Chemical 
Engineering Science, 61(16):5236-5248.  [doi:10.1016/j. 
ces.2006.03.035] 

Lin, C.L., Yen, Y.K., Miller, J.D., 1995. On-Line Particle Size 
Measurement—Industrial Testing. SME Annual Meeting, 
Denver, Colorado, USA, p.95-241. 

Lin, C.L., Yen, Y.K., Miller, J.D., 2000. Plant-site evaluations 
of the OPSA system for on-line particle size measurement 
from moving belt conveyors. Minerals Engineering, 
13(8-9):897-909.  [doi:10.1016/S0892-6875(00)00077-7] 

Ma, D.Y., 1983. Acoustics Handbook. Science Press, Beijing, 
China, p.58-60 (in Chinese). 

Monoro, J.J., Gonzalez, E., 1993. New Analytical Techniques 
to Evaluate Fragmentation Based on Image Analysis by 
Computer Methods. Proceedings of the 4th International 
Symposium on Rock Fragmentation by Blasting, Vienna, 
Austria, p.309-316. 

Mylvaganam, S., 2003. Some applications of acoustic emis-
sion in particle science and technology. Particulate Sci-
ence and Technology, 21(3):293-301.  [doi:10.1080/02726 
350307485] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Naito, M., Hayakawa, O., Nakahira, K., Mori, H., Tsubaki, J., 
1998. Effect of particle shape on the particle size distri-
bution measured with commercial equipment. Powder 
Technology, 100(1):52-60.  [doi:10.1016/S0032-5910(98) 
00052-7] 

Ni, J.R., Han, P., Zhang, R., 1997. Variations of sediment 
characteristics in the middle reach of Yellow river with 
respect to regional water and soil conservations I: sedi-
ment size distributions. Journal of Natural Resources, 
12(1):1-9.   

Peng, Y.H., 2000. Wavelet Transform and the Application in 
Engineering. Science Press, Beijing, China, p.153-160 (in 
Chinese). 

Ren, C.J., Jiang, X.J., Wang, J.D., Yang, Y.R., Zhang, X.H., 
2008. Determination of critical speed for complete solid 
suspension using acoustic emission method based on 
multiscale analysis in stirred tank. Industrial and Engi-
neering Chemistry Research, 47(15):5323-5327.  [doi:10. 
1021/ie0714347] 

Wang, J.D., Yang, Y.R., Ge, P.F., Shu, W.J., Hou, L.X., 2007. 
Measurement of the fluidized velocity in gas-solid fluid-
ized beds based on AE signal analysis by wavelet packet 
transform. Science in China Series B: Chemistry, 50(2): 
284-289.  [doi:10.1007/s11426-007-0037-5] 

Wang, J.D., Ren, C.J., Yang, Y.R., 2010. Characterization of 
flow regime transition and particle motion using acoustic 
emission measurement in a gas-solid fluidized bed. AIChE 
Journal, 56(5):1173-1183.  [doi:10.1002/aic.12071] 

Worlitschek, J., Hocker, T., Mazzotti, M., 2005. Restoration of 
PSD from chord length distribution data using the method 
of projections onto convex sets. Particle and Particle 
Systems Characterization, 22(2):81-98.  [doi:10.1002/ 
ppsc.200400872] 

Wu, Z.H., 1999. College Physics. Zhejiang University Press, 
Hangzhou, China, p.200-203 (in Chinese). 

Xu, R.L., Guida, O.A.D., 2003. Comparison of sizing small 
particles using different technologies. Powder Technology, 
132(2-3):145-153.  [doi:10.1016/S0032-5910(03)00048-2] 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


